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ABSTRACT: The presence of site-isolated and well-defined metal sites
has enabled the use of metal—organic frameworks (MOFs) as catalysts
that can be rationally modulated. Because MOFs can be addressed and
manipulated through molecular synthetic pathways, they are chemically
similar to molecular catalysts. They are, nevertheless, solid-state materials
and therefore can be thought of as privileged solid molecular catalysts
that excel in applications involving gas-phase reactions. This contrasts
with homogeneous catalysts, which are overwhelmingly used in the
solution phase. Herein, we review theories dictating gas phase reactivity
within porous solids and discuss key catalytic gas—solid reactions. We
further treat theoretical aspects of diffusion within confined pores, the
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enrichment of adsorbates, the types of solvation spheres that a MOF might impart on adsorbates, definitions of acidity/basicity in
the absence of solvent, the stabilization of reactive intermediates, and the generation and characterization of defect sites. The key
catalytic reactions we discuss broadly include reductive reactions (olefin hydrogenation, semihydrogenation, and selective catalytic
reduction), oxidative reactions (oxygenation of hydrocarbons, oxidative dehydrogenation, and carbon monoxide oxidation), and C—
C bond forming reactions (olefin dimerization/polymerization, isomerization, and carbonylation reactions).
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stability (e.g, in the case of the strong nitrogen—nitrogen triple
bond of N,), high oxidation potential and over-reactivity (e.g,,
in the case of oxidation of substrates using O,), and selectivity
(e.g, in the case of olefin oligomerization to a distribution of
products), among others, arise in the course of upgrading these
simple, inexpensive gases into desirable commodity chemicals.
The recognized value of addressing these challenges has
engendered the search for so-called designer catalysts, able to
selectively transform substrates into specific products. The
rational design and synthesis of these ideal catalysts typically
require precise control of the immediate and long-range
chemical environments surrounding the catalytic center. To
this end, a great deal of research has been carried out over the
past many decades using soluble transition metal complexes,
due to their ease of characterization and rational design.'~®
Although the advances in homogeneous catalysis have been
and continue to be instrumental in the quest for efficient small
molecule reactivity, heterogeneous catalysis represents an
advantageous alternative. With respect to small molecule
reactivity in particular, the use of solid-state catalysts for gas
phase reactions provides an attractive option. From an
application standpoint, gas—solid catalysis provides several
industrial and environmental benefits. In the absence of
solvent, solid catalysts are less prone to demetalation, leaching,
and aggregation, leading to an improvement in lifetime. The
lack of solvent also reduces the cost and energy consumption
of separation and purification processes, while also producing
significantly less chemical waste.” Solid catalysts can be easily
recycled and reused and even used under flow conditions for
continuous industrial processes. Additionally, the use of solid-
state catalysts in the absence of solvent opens up new reactivity
pathways, as common unproductive mechanisms, such as
intramolecular or bimolecular degradation pathways, are
greatly discouraged or entirely prohibited on solid supports.”
Among solid materials primed for catalysis with small
molecule substrates, metal—organic frameworks (MOFs)
emerge as particularly attractive candidates. MOFs are porous
lattices composed of well-defined molecular building blocks:
organic linkers and inorganic secondary building units
(SBUs).”"? The distinctive characteristic of MOFs, compared
to other solid platforms, is their well-defined structure and
chemistry. As in the case of molecular complexes, MOFs are
modular and highly tunable materials (Figure 1). The ability to
methodically vary the metal used, the oxidation state of the
metal, the electronic density at the metal by changing the
electronics of the linker, and the steric profile of the active site
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Figure 1. Metal—organic framework catalysts combine aspects of both
homogeneous and heterogeneous catalysts.

by changing the topology of the MOF offers the possibility to
fine-tune the primary and secondary coordination spheres of
the catalytic active site. Additionally, the inherent porosity of
MOFs leads to very high surface areas and, therefore, high
concentration of active sites for catalysis within the pores of
the materials.""'* Moreover, within MOFs, the active sites can
often be easily studied and understood: they can be directly
observed, via single-crystal X-ray, electron or neutron
diffraction, or indirectly determined, via spectroscopy,
diffraction, and computational methodologies.B_N

On the other hand, the use of MOFs as solid catalysts for
small molecule reactivity comes with its own caveats and
limitations, some shared with molecular complexes and some
unique to this class of materials. Similar to many organic and
organometallic materials, but distinct from other classes of
solid catalysts such as zeolites, MOFs have more limited
thermal stability windows, which might lie below the
vaporization temperatures of certain substrates. This window
can become more restricted in the presence of strong oxidants,
such as nitric oxides and dioxygen, which destroy the structural
components of MOFs at elevated temperatures.'® In addition,
the low heat capacity of gases causes heat dissipation in gas—
solid reactions to be nontrivial. For catalysts that are sensitive
to temperature, highly exothermic reactions may require the
use of lower catalyst loadings and lower reactant concen-
trations to circumvent thermal deactivation. That said,
controlled thermal decomposition of MOFs can sometimes
be exploited to create highly reactive intermediates.'>"”
Additionally, some commonly used synthetic methodologies
in solution chemistry are incompatible with MOFs. For
example, chloride abstraction to create coordination vacancy
can be achieved by soluble silver(I) reagents in solution, but
the insoluble silver halide produced would clog the pores and
cause irreversible contamination in the case of MOFs.*
Similarly, solid-state reductants, such as potassium graphite or
sodium metal, are also incompatible due to the poor contact
between the solid reagent with the solid substrate and difficulty
in separation. Lastly, kinetic studies of gas—solid reactions,
while extremely informative, require more sophisticated setups
and careful consideration of diffusion, defects, surface
reactivity, as well as reaction processes.

Despite these obvious challenges, it has become increasingly
evident in recent years that great synergy exists between the
fields of MOFs and small molecule catalysis. This work aims to
provide an overview of and contextualize recent advancements
in this area of research, focusing specifically on those reactions
involving exclusively gas and solid reactants and products under
the temperature and pressure conditions of the reaction. First,
general considerations of gas—solid reactivity within MOFs, in
the context of catalysis and in contrast to homogeneous
systems, will be discussed. Fundamentally, reactions occurring
at the gas—solid interface can have drastically different energy
profiles along the reaction trajectories due to changes in charge
screening, and specific interactions with solvent molecules or
the catalytic active site (e.g., in the form of hydrogen bonding,
van der Waals interactions, Lewis acid—base interactions, etc.).
The surface of MOFs can also provide favorable interactions to
reactants, intermediates, or products, thereby further altering
the energetic landscape of reactions and potentially influencing
specificity and selectivity. Second, selected works from recent
literature will be presented and analyzed. Key advances will be
discussed, with an emphasis on innovative scientific discoveries
and ingenious ways to circumvent apparent limitations in
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MOF-catalyzed gas-phase reactivity studies, by either catalyst
or experiment design. Some practical examples of stoichio-
metric gas—solid reactions in MOFs are also presented in those
cases where catalytic turnover might be achieved in the future.
This review is intended to comprehensively discuss key
reaction classes for gas—solid MOF catalysis with illustrative
examples, rather than discuss all possible types of gas—solid
reactivity in MOFs. Readers interested in further content are
directed to a previous relevant review on related topics.”’
Lastly, emerging trends in MOF-catalyzed small molecule
activation will be identified and discussed, with the goal of
drawing meaningful insights from literature precedents.

2. KINETIC AND THERMODYNAMIC
CONSIDERATIONS OF GAS—SOLID
HETEROGENEOUS CATALYSIS

The following sections strive to inform the readers of some key
factors that deserve consideration when studying heteroge-
neous catalysis, with a focus on gas—solid, MOF-catalyzed
reactions. Naturally, the most fundamental principles of
catalysis govern this type of reactivity as well. That is, MOF
catalysts act to promote chemical reactions that are
thermodynamically feasible by providing alternative reaction
pathways with lower energy transition states, and hence lower
activation energies, compared to the uncatalyzed reactions.
This reactivity is achieved by the specific binding and
activation of substrates and/or intermediates. As in all
reactions, the rates of MOF-catalyzed reactions are affected
by the intrinsic abilities of the MOF active sites to activate
substrates, which are dictated by the nature of active site—
substrate interactions, and by the concentration of substrate
(Figure 2). The strength of these interactions can be
modulated via synthetic design and tuning of the MOF active
site for the specific desired reactivity. However, the likelihood
of these interactions depends on the concentration of the
MOF active site and the concentration of substrate. While
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Figure 2. During a catalytic reaction inside the pores of a MOF,
reactant molecules (a) diffuse to a MOF particle and then within the
pores, (b) accumulate within the framework, (c) interact with various
sites within the framework, including the active site as well as inert
acidic/basic components of the framework, (d) may react in a manner
different than that in homogeneous media due to site isolation, and
(e) may react differently at defect sites within the framework.

reactivity may occur on the outside surface of MOFs, the
number of active sites is generally many orders of magnitude
higher inside the pores of these materials and, hence, it is
reasonable to assume that, given the right size match between
the pores of the MOF and the substrate, as well as reasonably
swift transport through the pores, reactivity occurs essentially
entirely within the pores of the MOFs.”” Thus, the
concentration of substrate molecules inside the pores of
MOFs must be considered, which is, in turn, influenced by the
adsorption properties of the MOF as well as the diffusion of
new substrate into the MOF as product diffuses out.

The following sections will track a general reaction in which
gas-phase substrate is converted into gas-phase product under
MOF catalysis, illustrating important concepts with examples
from recent literature. First, the diffusion of the substrate inside
the pores of the MOFs will be discussed, and the role of gas
pressure will be analyzed. Second, the accumulation of
substrate in the pores and possible ways to increase its
concentration will be considered. Next, the main factors
dictating the chemical binding and activation of substrate
within the pores will be reviewed, specifically solvation effects
and acid—base interactions. The stabilization of reactive
intermediates within the pores of MOFs via site isolation will
then be discussed and contrasted with strategies commonly
employed in solution chemistry. Lastly, the role of defects in
MOF-catalyzed reactions will be analyzed.

2.1. Diffusion of Substrates within Confined Pores

A key advantage of MOF catalysis is the large concentration of
active sites within the pores of these materials. An important
consideration specific to MOF (and other porous material)
catalysis is the ability of gas substrates to reach the active sites
within these pores via diffusion. This section analyzes the
factors governing the diffusion of gas molecules inside the
confined pores of porous materials.

Diffusion within the confines of a MOF pore may be
drastically different than that in homogeneous or nonconfined
heterogeneous systems, thus greatly affecting reaction kinetics.
Molecules surrounding MOF particles only move according to
the bulk molecular diffusion and the motions of the fluid (e.g,,
in the case of flow reactions). However, the movement of
molecules within the MOF pores is also affected by the fluxes
of reactants and products into and out of the pores. The added
complexity to molecular motions can greatly impact reaction
rates and, if not considered properly, these diffusion factors
may greatly inhibit overall reaction kinetics.**

Specifically, the mean free path of gas molecules, and hence
all substrates considered later in this review, is often much
greater than the diameter of MOF pores; understanding the
implications of this fact is paramount to understanding the
kinetics of MOF-catalyzed reactions involving gas-phase
substrates. For example, the mean free path of dry air at 298
K and 1 atm is 67 nm,”* whereas the vast majority of MOFs
are microporous, with the pore diameter below 2 nm.” Even
MOFs most renowned for their large pores, such as IRMOF-
74-XI and MIL-101, with pore apertures of 9.8 and 3.4 nm,
respectively, have pores far narrower than the mean free path
of dry air.”>*® This results in much more frequent collisions of
the gas molecule with the pore walls than of the gas molecule
with itself, giving rise to a regime termed Knudsen diffusion.
Notably, this behavior does not typically apply to liquid
molecules within porous materials as the mean free path of
liquid molecules is on the same order of magnitude as the size
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of liquid molecules. Therefore, the diffusion of liquid
molecules in pores tends to fall under a molecular or
intermediate regime.

Under a Knudsen diffusion regime, because collisions of the
gas molecule with itself are significantly less likely than the
collisions of the gas molecule with the porous material wall, the
pressure of the gas molecule does not influence the diffusion
flux. Broadly, the diffusion flux of a molecule is proportional to
the diffusivity constant, D, and to the concentration gradient.
In the limit of an unconfined molecular diffusion regime, the
molecular diffusivity constant, Dy, is inversely proportional to
the pressure. This is the result of increasing pressure leading to
an increase in the number of intramolecular collisions given a
set time frame. This, in turn, decreases the mean free path of
the molecule and leads to an overall slower diffusion process.
However, in the limit of Knudsen diffusion where the relevant
collisions are those with the framework walls, the Knudsen
diffusivity constant, Dy, is independent of pressure (Figure
3).” Instead, the Knudsen diffusivity coefficient scales with the
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Figure 3. Relation of molecular and Knudsen diffusion on pressure
and pore size. Under the Knudsen diffusion regime, commonly
operating in the confined pores of MOFs, pressure changes do not
impact the diffusion coefficient. However, increasing the pore sizes of
MOFs increases the diffusion coefficients, and hence diffusion rates, of
substrates within porous materials. Under bulk molecular diffusion or
intermediate regimes, diffusion coeflicients are larger in systems at low
pressure.

pore radius and can be modulated by modifying the pore
apertures of the framework. For example, in a 1D cylindrical

2r |8RT . . .
channel, Dy = N where r is the pore radius, R is the
Tt

ideal gas constant, T is the temperature, and M is the molecular
weight.”® This is to say that in a small pore framework, if the
reaction is diffusion-limited, reaction rates cannot be enhanced
by pressure changes once steady-state concentration is
established, but they could be influenced by varying the pore
size of the porous material.

Besides Knudsen diffusion, other possible diffusion mecha-
nisms in small-pore solids include viscous flow, surface
diffusion, and single-file diffusion. For viscous flow, the
molecules behave as a continuum and move in concert. The

« » g . ByP ,
apparent” diffusivity will scale as Dy = %, where B, is a

parameter that scales with the square of pore diameter, P is the
pressure, and y is the viscosity.””*" The surface diffusion
regime is one in which fluid molecules hop between surface
sites. In this case, the diffusivity has a nonlinear dependence on
surface coverage but typically increases with loading.” In the

limiting case in which the pore size is comparable to the
molecular size, single-file diffusion may occur, where molecules
cannot pass by each other within the pore. Here, the mobility
will decrease with increasing adsorbate—adsorbent interaction
strength,31 as well as with high concentrations of sorbate.>
Even though the effective diffusivity constant for a gas in a
porous framework is three orders of magnitude greater than
that for a liquid near room temperature,” if the pores of the
framework are sufficiently small, the diffusion rate can be
slower than the catalytic rate, which can be determined by
calculating the Weisz—Prater parameter, pr.27 Qualitatively,
the Weisz—Prater parameter is equal to the actual reaction rate
divided by the diffusion rate. Therefore, a large C,, (>1) is
indicative of a mass transfer limited process because the
reaction rate is much larger than the diffusion rate. In this case,
catalysis occurs almost exclusively on or very close to the
surface of the MOF. Quantitatively, the Weisz—Prater
2
parameter can be calculated as C,, = %
the observed reaction rate, R is the catalyst particle radius, V,,
is the total catalyst volume, D, is the effective diffusivity
constant, and C; is the substrate surface concentration. Because

, where kg is

all of the parameters needed to calculate the Weisz—Prater
parameter can be experimentally measured or otherwise
determined, it is relatively straightforward to determine
whether a reaction is mass transport limited or not. The
observed reaction rate can be measured in the regime of low
conversion, the catalyst particle radius and volume can be
estimated by scanning electron microscopy, and the substrate
surface concentration can be estimated assuming ideal gas
conditions. The most challenging estimation, the effective
diftusivity constant, can be determined using one of several
experimental techniques, of which we will highlight a few. (1)
Diffusion kinetics may be quantified using gas sorption
gravimetric methods.”””* Assuming that the adsorbent particle
has a spherical shape, at low time values ¢, the transient fraction
uptake relates to the effective diffusivity constant as
Q _ 6
Qe  RVE
per mass of adsorbent at time ¢, Q,_, is the quantity of sorbate
adsorbed per mass of adsorbent at equilibrium, R is the radius
of the particle, and D, is the effective diffusivity constant. This

equation generally holds well for transient fraction uptake

Dit, where Q; is the quantity of sorbate adsorbed

Q

values of < 0.6. Significantly, these adsorption measure-

t=c0
ments can be run on routine sorption instruments. (2) Another
related approach involves quantifying diffusion kinetics using
changes in spectroscopic observables instead of changes in
mass. By performing time-dependent spectroscopic measure-
ments, such as monitoring the time dependence of infrared
absorption bands for the sorbates, it is possible to relate the
transient fraction uptake of a gas to its diffusivity constant, in a
similar fashion to the method described above.*® (3) Another
technique that can be used to calculate diffusivity coefficients is
pulsed field gradient solid-state NMR spectroscopy.”®” This
method relies on the fact that sorbates inside crystals with
different orientations with respect to the magnetic field applied
will show different NMR signals, which will decay in time with
the anisotropic reorientation of molecules inside the
asymmetric pores of the adsorbent. The decay of the NMR
signal intensity, I, is related to the diffusivity of the molecules

e—hD(F))

inside the pores by the equation: IL = , where I and I
0
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are the current and initial signal intensities respectively, b is a
time constant that depends on experimental parameters, and
D(0) is the diffusivity constant, which can further be
deconvoluted into the through-channel and across-channels
diffusivity constants. Notably, this third technique measures
self-diffusion, or the movement of molecules in the absence of
a concentration gradient, while the previous two techniques
measure transport diffusion, or the movement of molecules in
the presence of a concentration gradient. Other methods to
determine if the system is mass transport limited include the
Madon—Boudart test, which characterizes the dependence of
activity on the concentration of active sites.”®”

There are several strategies MOF chemists can employ to
transition from a diffusion limited process to a bond-breaking
and forming limited process (i.e, C,, < 1). For example, the
particle size can be decreased (decreasing R), the flow rate of
reactants can be increased (increasing C,), or frameworks
consisting of 1D channels can be altogether avoided given that
single-file diffusion decreases D,."” Other methods for avoiding
the diftusion-controlled regime include using frameworks with
low acidity and large pores, increasing the external surface area
(i.e, decreasing crystal size or introducing mesopores), and
using composites of active catalysts with materials in which
transport is fast."' A recent example where the interplay
between particle size and internal diffusion flux has been
demonstrated is with the Co,(dobdc) framework, where
modulated solvothermal synthesis can be used to control the
aspect ratio of the crystallites. Crystallites with large aspect
ratios (long 1D channels) have longer diffusional path lengths,
slower diffusion, and are more likely to exhibit mass transfer-
limited transport.*” Modulating the temperature of the
reaction can also prevent a reaction from operating under a
diftusion-controlled regime. However, both reaction rates and
diffusion coefficients have complex temperature dependencies.
Reaction rates will likely follow an Arrhenius dependence,
while the effective diffusivity constant may follow a polynomial,
exponential, or a more complicated temperature dependence,
conditional on the diffusion regime.

Although this section focuses exclusively on intracrystalline
diffusion, the permeability of gaseous reactants through the
pore mouths at the surface of MOF crystallites can also play an
important role in modulating reaction kinetics. A more
thorough discussion of this process is presented in section
2.6, when discussing surface defects. For additional discussion
of diffusion inside MOF catalysts, interested readers are
directed to a recent review on the topic."’

2.2. Enrichment of Gaseous Reactants in Pores

Similar to solution-based catalysis, the reaction rates of gas—
solid reactions are directly corelated, and often proportional, to
the concentration of the substrates at the active site. As such,
increasing the concentration of gas molecules in the pores of
MOFs is essential for facilitating reactivity and catalysis. In
transitioning from solution-based to gas-phase catalysis, the
concentration of gaseous reactants generally increases. For
example, at 298.15 K and 1.01 bar, the solubility of H, in n-
hexane is only 13% of the bulk concentration of gaseous H,
(5.45 mmol/L vs 40.9 mmol/L).** Better yet, owing to the
micro- and mesoporosity of MOFs, enrichment of gaseous
reactants in the pores can occur in the form of three main
mechanisms: (1) surface adsorption, (2) pore condensation,
and (3) oversolubility in confined liquid (Figure 4). Overall,
these processes are sometimes referred to as confinement

effects.*> =" Below, we will provide a brief account of the three

mechanisms as they occur in porous materials.

a)

mo o0-0 @0
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Increases Non-linear increase Cooperative interactions
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Figure 4. Three dominant interactions of adsorbate molecules in a
porous material: (a) interaction with the adsorbent surface, (b)
interaction between like adsorbates, which may cause pore
condensation above a critical concentration, and (c) interaction
between different adsorbates, which may increase the concentration of
either adsorbate above the concentration if only one adsorbate were
present.

For gas—solid interface reactions, surface adsorption
equilibria of both reactants and products greatly influence
reaction rates. For sorption in which only a single-layer of gases
adsorb to the surface of the porous solid, the coverage is well

described by the Langmuir equation, 8 = lf—f@, where 0 is the

fractional occupancy of adsorption sites, P is the pressure of
the sorbate, and K is the equilibrium constant for the
adsorption process.”® According to this model, at low pressures
(ie, 1 > KP), 6 ~ KP (ie, the Henry regime). In other
words, the extent of adsorption is proportional to the pressure
of the sorbate. On the other hand, at high pressures (ie, 1 <
KP), 6 ~ 1, and all adsorption sites are occupied. However, this
equation assumes that all adsorption sites are identical in
nature and that each adsorption site can only accommodate
one sorbate molecule. In reality, adsorbent surfaces are rough,
present multiple types of adsorption sites, and sorbate
molecules often generate multilayers. Explicit calculations of
the adsorption sites and interaction strengths with adsorbates
may be probed using molecular dynamic simulations. To
capture the complexity of surface adsorption processes, several
more sophisticated theories have emerged over time.*’

All things considered, the exposed pore surface can interact
strongly with gases and induce the formation of densely packed
adsorbate layers far below the saturation pressure. This effect
manifests as excess uptake capacity and can be measured by
adsorption measurements at pressures and temperatures
relevant to the reaction. Here, excess uptake is defined as the
difference between amount of gas adsorbed (total uptake) and
amount of gas displaced by the adsorbent. This distinction is
particularly relevant at high pressures, a regime under which
many gas phase reactions take place, when the excess uptake
capacity noticeably deviates from the total uptake capacity
because the amount of gas displaced by the adsorbent becomes
non-negligible.

The interaction strengths between the adsorbate and
different chemical moieties within a porous solid affect the
degree of adsorption, and thus the overall catalytic rates of a
reaction. Derouane and co-workers were early in recognizing
the molecular nesting effect in microporous materials; they
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rationalized the higher pentane cracking activity of smaller-
pore zeolites as the result of enhanced adsorption due to
matching surface curvature and molecular dimension. In
particular, a quantitative relationship between heat of
adsorption and catalytic activity was established.”® Similar
arguments have been invoked to explain the enhanced catalytic
CO, cycloaddition activity of sulfone-functionalized USTC-
253 versus EL-MIL-53,” although the effect of adsorption has
not been quantified in this case. Another example of the
adsorption-based enrichment, albeit not strictly a gas phase
reaction, can be found in the work of Xijao et al.,, where they
demonstrated that differences in cyclohexane adsorption
enthalpies give rise to different alcohol versus ketone selectivity
in cyclohexane oxidation reactions.’

For mesoporous materials, gases with higher critical
temperatures can condense into liquid-like phases within the
pores through capillary condensation, the second substrate
enrichment mechanism in the pores of MOFs we will consider.
Pore condensation can occur only if the temperature is lower
than the critical temperature of the confined sorbate, which is
always lower than the bulk critical temperature of the sorbate.
In fact, the critical temperature of the confined sorbate
decreases as the pore size shrinks.’” Pore condensation can be
readily discerned by steep rise in the relevant adsorption
isotherm and is sometimes accompanied by hysteresis. The
partial pressure at which capillary condensation occurs can be
correlated to pore size by the Kelvin equation.”” Intrapore
condensation has been invoked to explain the abrupt
improvement in ethylene dimerization catalyst stability above
a threshold ethylene pressure in mesoporous Ni-MCM-41.>

A third mechanism of gas enrichment arises when the liquid-
like condensate in mesopores enhances the sorption of a
second gas, which is often known as oversolubility. A striking
example was reported by Soubeyrand-Lenoir et al.,, who found
that MIL-100(Fe) adsorbs S times more CO, upon increasing
the relative humidity from 3 to 40%.%° Later that year, Clauzier
et al. found that the H, uptake was enhanced 1.9-fold in MIL-
101(Cr) when 60% of the pores are filled with hexane. This
hybrid adsorbent dissolves H, 42 times more than bulk hexane
in terms of volumetric concentration.”” The same authors later
studied the mechanism of oversolubility with grand-canonical
Monte Carlo simulations and attributed it to three factors:
adsorption at liquid—solid interface, enhanced solubility in
confined liquid, and adsorption at gas—liquid interface.’®
Applied to catalysis, oversolubility was first proposed to explain
the zeroth-order H, dependence of nitrobenzene hydro-
genation in mesoporous y—A1203.59’60 More recently, Liu et
al. reported enhanced methane oxidation catalytic activity for
molecular tricopper complex immobilized onto mesoporous
silica nanoparticles. The improvement was attributed to
oversolubility of methane and oxygen.”'

While reactant enrichment in the pores promotes reactivity,
the accumulation of reaction products (or other off-pathway
side products) in the pores may slow down or fully prohibit
further reactivity, or lead to undesired further reactivity. In an
experimental setup that admittedly did not involve strictly gas-
phase reactivity, the Dinca lab has shown that increasing the
pressure of ethylene in the ethylene dimerization reaction
increases the formation rate of the desired kinetic product, 1-
butene, while decreasing the formation rates of the
thermodynamic 2-butene products and limiting the formation
of larger Cg, oligomers.”” In the presence of larger amounts of
reactant, product accumulation in the pores is minimized, and

over-reactivity is prevented. In a more extreme case, the
formation and accumulation of large solid products (such as
large polymers in the example above) could lead to pore
clogging and eventual catalyst deactivation. We note that
running gas phase reactions in flow, as opposed to in batch,
should lead to less product accumulation in the pores, as the
active stream of reactant molecules can help elute product
molecules from the pores of the material.

2.3. Solvation by Framework and Sorbate

As discussed in the previous section, the strength of sorbate-
framework interactions affects the degree of adsorption. In the
context of reactivity, framework interactions directly modulate
the energies of substrates, reaction intermediates, and
products, as well as any transition states along the reaction
trajectory. Framework interactions should lead to substrate
binding to promote accumulation of the substrate, but the
stabilization should not be as strong as to prevent the reaction
from proceeding forward. Similarly, framework interactions
should stabilize the bound product to promote the substrate to
product transformation but not so strong as to prevent the
product from desorbing to allow new substrate molecules to
bind to the active site. In fact, as with all catalytic reactions, the
ideal MOF catalyst should stabilize the productive transition
state most to facilitate the selective transformation to the
desired product (Figure 5a). This section will consider sorbate-
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Figure S. (a) Solvation effects within MOFs greatly alter the energies
of species along the reaction coordinate. Ideal MOF catalysts should
stabilize the desired transition state most to minimize the activation
energy of the reaction. (b) For microporous solids, adsorbate may
preferentially orient, which will increase the dielectric constant and
provide charge stabilization.”*

framework dipolar and dispersive interactions, understood
together as solvation interactions. The next section will analyze
sorbate framework acid—base interactions.

Even though gases provide significantly less stabilization of
charged species through solvation than liquids in solution due
to the smaller dielectric constants of gases compared to
liquids,®” solid supports in this case exert a strong influence on
guest molecules through dipolar and dispersive interactions. In
the case of anhydrous zeolite Y exchanged with alkali metals, it
was determined that the exposed cation sites render the
framework more polar than water, as manifested by the large
red-shift of the absorption spectrum for the dye Nile Red.
Interestingly, the apparent polarity of the framework is reduced
when the sample is exposed to polar solvents and enhanced
when exposed to nonpolar solvents.”*®® In the context of
catalysis, Corma and co-workers found that while 1,8-
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bis(dimethylamino)naphthalene (DMAN) catalyzes Knoeve-
nagel reaction more efficiently in polar solvents, the depend-
ence is much less pronounced if DMAN is grafted onto pure-
silica MCM-41. They argued that the higher polarity of the
silica support serves to stabilize the transition-state comglex,
diminishing the role of the solvent and its polarity.” In
addition to the dipolar interactions, guest molecules can be
stabilized through attractive van der Waals interaction. For
example, the excellent size- and shape-matching between para-
xylene and SAPO-34 gives rise to a very high heat of
adsorption (ca. 90 kJ/mol).”” It is worth noting that such
dispersive interaction is often factored into heat of adsorption
and is sometimes effectively the same as the molecular nesting
effect aforementioned. In terms of catalysis, Iglesia and co-
workers have observed that the low temperature carbonylation
of dimethyl ether is catalyzed by zeolites containing 8-member
ring cavities, but not by zeolites with larger pores, which can be
explained by a 30 kJ/mol difference in calculated activation
energies when considering dispersive stabilization effects.’®
Analogous effects have also been found for mesoporous
materials, where the curvature is much smaller. Raja et al.
found that when immobilized into mesoporous silica, the
stereoselectivity of chiral hydrogenation catalysts are vastly
enhanced, and the enhancement decays as pore size increases.
They purported that the reason is that a curved support
reinforces anisotropic access of substrate toward active site,
beyond the effect of the ligand itself.”’

In cases where pore condensation happens, as discussed in
the earlier section, solvation of various species by the intrapore
liquid can occur. It should be noted, however, that for smaller
mesopores, as is common for MOFs, the properties of
intrapore liquid (e.g, dielectric constant) can be significantly
different to bulk liquid (Figure Sb). Rieth et al. recently
examined the water condensed in MOFs containing open
metal sites lining 1D hexagonal channels of 2.2 nm diameter
and found that the water molecules bound to metal sites and
their immediate H-bond partners are essentially translationally
immobile and reorient much more slowly than bulk water
molecules.”® The mobility of the water, they found, increases
as it gets closer to the center of the pore, where it is similar to
bulk water. The H—AI-f-F zeolite catalyzed ethanol
dehydration reaction is first-order in water at low H,O
pressures but third-order at higher H,O pressures as a result of
the different water cluster formed at higher partial pressure.”!

Catalytic performance of porous solids can be significantly
altered by the presence of coadsorbed molecules, even in the
absence of capillary condensation. Paolucci et al. observed that
at temperatures below 225 °C, the rate of the copper-
exchanged chabazite catalyzed reduction of nitric oxide scales
quadratically with volumetric copper concentration in the
zeolites, which they attributed to a bimetallic oxidation step,
where two ammonia-solvated Cu' species can diffuse away
from their lowest-energy ion-paired location and jointly react
with O, to form Cu,0,(NH;),>*.”> Haw and co-workers
observed that acetone dimerization on acidic zeolite in flow
can only be observed when nitromethane, which solvates the
charged transition state and facilitates proton transfer, was co-
fed into the gas flow reactor.”

2.4. Acidity and Basicity at Gas—Solid Interfaces

Acid—base interactions can similarly stabilize compounds or
transition states along the reaction coordinate. Many reviews
and accounts have been dedicated to acidity and basicity of

solids, some of which specifically concern MOFs.”>~"” Herein,
we provide a brief summary of key concepts and methods used
to study them. Due to the very limited solvation, the scale of
Bronsted acidity and basicity in the gas phase can be vastly
different from the scale in solution. Hence, the pK, and pK
scales commonly used for acids and bases in solution become
inapplicable.”® Instead, absolute scales, such as proton affinity
(for gaseous species), and relative scales from spectroscopic
and thermal desorption techniques (for solid surface) are more
suitable. As for Lewis acidity and basicity, absolute scales that
are commonly used in molecular chemistry, such as fluoride
affinity and hydride affinity,””*" are intrinsically gas-phase and
thus can be applied to gas—solid interfaces readily.

Consider the surface of a simple metal oxide: the
coordinatively unsaturated metal (M"") and oxide (O®") ions
are the origin of surface acidity and basicity.”® The overall
property of the surface depends on the relative strength and
abundance of the two and in many cases can be indeed
amphoteric. As a general trend,”" small cations with high
charge tend to make acidic metal oxides, such as Nb,Os and
MoOj;, whereas large cations with low charge tend to give basic
metal oxides, such as Na,O and MgO. Doping and surface
modification of a simple metal oxide with a second element
will modify the surface following the same guiding principle of
charge-to-radius ratio. Without rigorous high-temperature
activation, hydrated metal oxide surfaces also contain —OH
groups, which can be either acidic or basic.”® The same
principle applies in the case of zeolites. All-silica zeolites are
only weakly acidic due to the presence of silanol groups at
defect sites. Similar to doping in metal oxides, substituting Si
with Al necessitates an additional cation for charge balance,
and in H-Zeolites such cations are H*. The Al—(OH)-Si
thereby created is much more acidic than silanols, and it was
found that the acid-catalyzed hexane cracking activity in H-
ZSM-5 is solely proportional to Al content.*” Similar to surface
modification, exchanging protons for alkali metal cations
eliminates the acidity and cracking activity and indeed makes
the zeolite basic.”’

Experimentally, Bronsted acidity of O—H in zeolites can be
measured by infrared spectroscopy, as detailed in the review by
Bordiga et al®* Briefly, a series of probe molecules with
different basicity (e.g, from N, to deuterated acetonitrile,
CD;CN) are dosed onto the zeolites and the red-shift of the
acidic O—H bands are used to calculate the deprotonation
energy. IR spectroscopy with a single adsorbate (often CO) is
also useful for obtaining the relative strength of the Bronsted
acid sites. Other commonly used techniques in zeolites include
temperature-programmed desorption (TPD) of basic mole-
cules such as ammonia, calorimetry,85 and solid-state nuclear
magnetic resonance (ssNMR) spectroscopy.*”®’ It should be
noted that many of these methods are heavily influenced by
confinement effect (i.e., dispersive stabilization) when applied
to zeolites®® and probe both Brensted and Lewis acidic sites.
Lewis acidity, for example, is readily probed by monitoring the
IR frequency of adsorbed CO.”*** In absence of z-interaction,
the Lewis acid forms a nonclassical carbonyl complex and
raises the v(C—0) above the value of free CO (2143 cm™).
Other common methods include CD;CN-dosed IR, TPD and
ssNMR.”#%%¥7%% Lewis and Bronsted basicity are most
commonly studied by TPD or IR study with CO, as a probe
molecule, although the results are often more complicated due
to the multitude of surface reactions that can happen.*”’
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2.5. Stabilization of Reactive Intermediates via Site
Isolation

Following the catalytic cycle, after diffusion of the substrate
through the MOF framework, accumulation in the pores, and
binding to the active site, the chemical transformation may
occur, often involving high energy reactive intermediates.
Common reactive intermediates in organic reactions include
carbocations, carbanions, radicals, and carbenes. In metal-
catalyzed reactions, they can include species such as metal
hydrides, alkyls, aryls, nitrenes, oxos, and nitro/nitritos.
Overall, the observation and characterization of such reactive
intermediates has become an attractive target in solution-based
chemistry because these transient species may offer mecha-
nistic insight. However, unsurprisingly, many attempts at
isolating these intermediates result in the isolation of the
lowest-energy state in the catalytic cycle, the resting state. A
common strategy employed in solution chemistry involves the
addition of only a subset of the reagents that, in theory, could
generate the reactive intermediate. The hope is that, in the
absence of other substrates, this reactive intermediate can then
be isolated, or at least observed. However, many times, these
intermediates are so reactive that even without substrate they
will decompose, be it through intramolecular pathways,
bimolecular decomposition in solution, or reaction with
solvent. To circumvent these deleterious side-reaction, solution
chemists often employ steric bulk to shield the active site of the
reactive intermediate and kinetically prevent it from reacting, a
strategy which has allowed for the successful isolation of some
reactive species.

On the other hand, MOFs provide an attractive alternative
platform for the isolation of reactive intermediates owing to
site isolation.”’~> Due to the geometrical arrangement of
metal active sites in MOFs, certain decomposition reaction
pathways become forbidden. The anchoring of the metal active
sites within the MOF framework spatially separates the reactive
intermediate site from other active sites, preventing bimo-
lecular decomposition pathways, as well as from the organic
linkers of the MOF, preventing intramolecular reactivity
(Figure 2d). Moreover, being able to carry out many of the
MOF catalyzed reaction at the solid—gas interface (i.e., in the
absence of solvent) prevents solvent-related decomposition
pathways. As a direct result, highly reactive species can be
stabilized within MOFs. While a similar argument can be made
for other solid supports, such as frozen glass matrices, one of
the many advantages of using MOFs for the isolation and
characterization of reactive intermediates is the well-defined
geometry within the MOF environment. We note that certain
reactions do require the cooperative interaction between two
or more active sites. Some of these reactions may not be
suitable inside the rigid framework of MOFs. On the other
hand, we anticipate that the development and exploration of
MOFs with carefully designed active sites, whereby two
reactive intermediates can be generated in close proximity to
each other, could facilitate cooperative reactivity inside MOF
frameworks.

One emblematic example of the usage of site isolation to
alter reaction pathways is the work by Zhang et al, who
utilized site isolation within Zn-IRMOF-3 to install well-
defined single atoms of Au(II).”* Unlike in homogeneous
media, where during the progress of the reaction the gold
atoms may accumulate together and form nanoparticles, the
gold atoms remain monatomic within the confines of the
MOF. The differentiation allows for a clear demonstration that

monometallic gold active sites are capable of achieving the
desired reactivity for olefin hydrogenation.

In situ spectroscopic and diffraction methods are valuable
tools for the characterization of reactive species inside the
pores of MOFs.”™"” For example, vibrational spectroscopies
have been used to identify the nature of certain reactive
species. Dinca and co-workers studied the stoichiometric nitric
oxide disproportionation in Fe-MOF-5 and Cu(I)-ZrTpmC*
with diffuse reflectance IR spectroscopy and identified the
previously unobserved radical M—N,0,°” as a key inter-
mediate.””” Baek et al. used resonance Raman spectroscopy
to identify a bis(y-oxo) dicopper active site capable of selective
methane to methanol oxidation using N,O as an oxidant,
within the pores of a postsynthetically modified MOF-808
framework.'” Using neutron powder diffraction, Bloch et al.
determined that O, reacts reversibly with Fe,(dobdc) below
220 K to from a symmetric side-on O, ligand (d(O-0) =
1.25(1) A, intermediate between superoxo and free dioxygen),
while the same combination reacts irreversibly at higher
temperature to from a slipped side-on peroxo (d(O—0) =
1.6(1) A)."”" In the IR spectra, the low temperature Fe—O,
adduct has a v(0O—0) at 1129 cm™, while the room
temperature adduct shows a 790 cm™" band, which are again
consistent with the assignment of superoxo and peroxo,
respectively.'’" Similarly, Dinci and co-workers characterized a
V(III)-0O, adduct formed by the gas—solid reaction of
dioxygen with V(II) and were able to assign a ¥(O—0) at
1013 cm™" to a side-on superoxo species. Anderson et al. went
further to characterize the O,—heme adduct in PCN-224 via
single-crystal diffraction and provided the first structural
characterization of the elusive five-coordinated end-on ferric
superoxo complex.'’”

2.6. Generation and Characterization of Defect Sites

Defects in extended structures such as MOFs can promote or
fully inhibit catalysis. For example, the oxidation of CO
catalyzed by copper carboxylate-based MOFs, discussed at
length in section 3.2.3, only occurs after defects have been
introduced in the framework by thermal decarboxylation of the
linkers."” It is therefore necessary to develop an understanding
of both the role of defects and methods to characterize them,
in order to identify catalytic active sites, draw structure—
function correlations, and inform the rational design of future
synthetic targets (Figure 6). However, defects in MOFs, as well
as other materials, have proven very difficult to properly
characterize.

Given their extended structures, MOFs are inevitably
defective.'”™'% Yet, our ability to control and characterize
MOF defects lags compared to more mature fields of study,
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Figure 6. Types of defects present in metal—organic frameworks.
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such as zeolites. Nevertheless, the robust field of zeolites has
provided MOF scientists the knowledge and intuition needed
to start defect characterization in MOFs. Notably, three
different kinds of defects can be identified in MOFs: point
defects, extended defects, and surface defects.

Point defects most often arise from linker, metal, or cluster
vacancies, or linker or metal substitution. On one hand, they
can be the result of rapid crystallization that does not allow for
the equilibration of the system toward the local energetic
minimum.'”” On the other hand, adding modulators to slow
down crystallizations by competitive binding of either metals
or linkers can result in the incorporation of said modulators
into the final MOF structure as point defects.'”*'®” Some-
times, decomposition of the MOF during catalysis or during
the preactivation step can also lead to the introduction of point
defects. These defects can be deleterious and completely
prohibit catalysis. For example, a possible deactivation pathway
includes the deposition of coke in the MOF pores during
catalysis, which leads to pore clogging and/or active site
blocking. We note that due to the organic linkers of MOFs,
these materials cannot be regenerated under oxidative
conditions after coke deposition, which might inhibit or
prohibit their usage for certain reactions. Conversely, the
generation of point defects under catalysis conditions or during
the preactivation step can turn on the catalytic activity. This is
the case for copper(Il) carboxylate-based MOFs which
promote the CO oxidation at the Cu(I) defects generated
via reductive linker decarboxylation during preactivation.'’
Additionally, the active sites for catalytic reactions may be
defect sites and not the SBU sites which one might naively
expect. Therefore, it is always necessary to thoroughly
characterize MOF catalysts and their defects, both as
synthesized and post operando, in order to gain a better
understanding of the operative reactivity pathway. Techniques
to characterize point defects in MOFs include: acid—base
titration," "' nitrogen adsorption isotherms,"*~"'* water
adsorption isotherms,'*> TGA,'!>113116 R 117=119 gpR 17
XPS,120 TEM,HZ’121 PXRD,IM_123 anomalous X-ray scatter-
ing,'”* pair distribution function (PDF) measurements,
EXAFS, *° high resolution neutron scattering,'”” or post-
digestion NMR,"">"'”'** HPLC,""* or ICP-MS."*" Most of
the time, multiple techniques must be used in tandem to
appropriately characterize defects.

The second type of defects, extended defects, are the result
of imperfections in the crystal structure, and can be one- or
two-dimensional. They often result from microcracks in the
macroscopic crystals/crystallites, the cocrystallization of differ-
ent MOF polymorphs with similar energies, or simply from the
growth of multiple nearby crystallites, which generates grain
boundaries. TEM can often be employed to analyze extended
defects.'”* We note, however, that many MOFs may be
damaged by the intense electron beam of TEM instruments.
Other methods that can be used to probe extended defects in
MOFs include atomic force microscopzf (AFM)'** and
confocal fluorescence microscopy (CEM)."“*'*

The last type of defects, surface defects, are prevalent on the
outside surface of all crystallites and can also be understood as
a particular case of extended defects. Close to the outer layer of
such crystallites, the approximation of the local structure as
ever-repeating unit cells fails and lattice instability is
pronounced. On the surface of the crystal, the valencies of
the terminal linkers or metal ions are often completed by ill-
defined species from the crystallization solution or the

environment to generate complex surface layers. These layers
can have profound effects on the efficiency of a MOF catalyst,
as all substrate molecules have to pass through these surface
layers to reach the catalytically active sites. Gas transport
models at the surface of nanoscale crystallites (as well as at
other interfaces such as extended defects) often consider a thin
layer of drastically decreased diffusivity to account for the
changes in lattice properties close to the surface.'”¥'*” Kirger
and co-workers studied the transport resistances at the crystal
surface, referred to as surface barriers, of Zn(tbip) (tbip = S-
tert-butyl isophthalate), a MOF with one-dimensional
pores."*”"*" The authors used varied temperature interference
microscopy (IFM) and IR microscopy (IRM) measurements
to quantify the uptake of gas molecules in the MOF crystallite
and calculate the surface permeability and intracrystalline
diffusivity for each gas (ethane, propane, n-butane) at various
temperatures and loadings. This work showed that only 1 in
every ~2000 pore mouths is accessible on the surface of
Zn(tbip), the others being blocked, although the exact
mechanism of blocking remains unclear. However, the
distribution of guest molecules within all one-dimensional
pores (despite the vast majority of them being blocked on the
crystal surface) suggests that local defects inside the crystal,
connecting the 1D pores, are also prevalent. In addition, the
authors unexpectedly observed that the ratio of the
permeability and diffusivity constants calculated for any given
crystal stays invariant with changes in the identity of the gas,
gas loading, or diffusion regime, i.e, equilibrium or non-
equilibrium conditions. This observation suggests that surface
permeation and intracrystalline diffusion in Zn(tbip) are
controlled by the same molecular mechanism. Overall, while
surface defects are prevalent and greatly impact the diffusion
inside the MOF crystallites, their characterization throughout
the literature remains wanting.

Defects are prevalent in MOFs and play an important role in
understanding catalysis in MOFs. Many point defects have no
effect on catalysis, but in some select cases point defects can
completely prohibit or, conversely, fully enable the catalytic
activity within MOFs, as discussed above. Extended and
surface defects, in turn, greatly impact transport within MOFs,
hence influencing the rate of catalysis if the reaction is
operating under a diffusion-controlled regime. Therefore, a
thorough characterization of MOF defects is necessary to
understand their catalytic performance. Additionally, the
possible introduction of defects during preactivation or under
catalytic conditions requires the careful post operando
characterization of the MOF catalysts. During catalytic
reactions, the frameworks may deteriorate, generating defect
sites or decomposition products (e.g., metal salts). These
products may be the key active catalysts. It is thus critical in all
reports on catalysis that there be a comparison between
detailed characterizations of the MOF catalyst before and after
catalysis. If there is any amount of catalyst deterioration, then
one cannot claim that the MOF itself is necessarily the active
species without proper experimental evidence. However, defect
characterization in MOFs is often non-trivial and, when
possible, usually requires multiple techniques used in tandem.
Nevertheless, the potential impact of fully understanding the
structure of defects within materials is high, and we strongly
encourage all MOF catalysis chemists to thoroughly character-
ize their materials pre and post operando.
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3. EXAMPLES OF GAS—SOLID REACTIONS IN MOFS

Here, we survey and discuss several key gas—solid small
molecule transformations, spanning reductive reactions (olefin
hydrogenation, alkyne semihydrogenation, selective catalytic
reduction), oxidative reactions (oxygenation of hydrocarbons,
oxidative dehydrogenation, carbon monoxide oxidation), and
C—C bond forming reactions (olefin dimerization and
polymerization, carbonylation, isomerization reactions).
Broadly speaking, we find two dominant strategies for the
design of MOF catalysts. The first method is best described as
a traditional heterogeneous catalysis approach, whereby the
secondary building units are considered as a highly dispersed
and well-defined mimic of heterogeneous metal oxides. The
second method is a molecular complex approach, whereby the
frameworks are considered inert hosts for molecularly defined
active species. In particular, we place emphasis on frameworks
hosting well-defined molecular active species.

3.1. Reductive Reactions

3.1.1. Olefin Hydrogenation. The hydrogenation of
ethylene to ethane has served as a model gas—solid reaction
to probe the behavior of porous solids under reductive catalytic
conditions (Table 1). The reaction C,H, + H, - C,H, has a
negative AG® of —25 kcal/mol and remains thermodynami-
cally favorable below ~1000 °C."** MOF catalysts that have
been shown to promote this reaction typically consist of
catalytically inert frameworks that have postsynthetically
installed active metal sites. Predominantly, the metals of
choice are noble metals, such as iridium, rhodium, gold, and
palladium, as well as nickel. These metals are known to form
stable hydride and/or alkyl species, key intermediates in the
hydrogenation reaction, and undergo oxidative addition and
reductive elimination reactions toward H-H and C-H o
bonds, key elemental steps. The frameworks typically used are
considered inert: Zr-carboxylate frameworks, such as NU-
1000, UiO-66, and UiO-67 (e.g, Ir,133_136 Ni,"¥7"% and
Rh'*’), known for their high thermal and chemical stability.

Although one of the key features for performing catalysis
within MOFs is the well-defined active sites, Peralta et al. have
demonstrated that during the catalytic cycle the active site can
degrade and form other species.'*' Rh(I) can be incorporated
into the dipyrazole binding pocket of the framework
Mn(bcpdmpm) (bepdmpm?™ = bis(4-carboxyphenyl-3,5-di-
methyl-pyrazol-1-yl)methane) whereby the metalated frame-
work is crystallographically well-defined (Figure 7). This
resulting framework is active for the hydrogenation of ethylene,
with the highest activity being demonstrated for a bis-
(ethylene) bound Rh(I) with a weakly coordinating BF,”
anion in the presence of an excess of ethylene. The MOF-
supported [Rh(ethylene),]|BF, species showed full conversion
of H, within 25 min and a turnover frequency (TOF) of 64 h™*
in a batch reactor. The TOF remained high on subsequent
cycles (44 h™' for cycle S), indicating a long lifetime of the
catalyst. If an excess of hydrogen is present, however, then the
Rh(I) is reduced to Rh(0) nanoparticles, which are initially
active for ethylene hydrogenation (TOF = 32 h™"' for the first
cycle). However, the turnover frequency quickly diminishes
after multiple cycles (TOF = 9 h™' for the second cycle).
Moreover, based on the system’s ability to engage in C—H
bond oxidative addition at the Rh(I) center, the system also
acts as a good catalyst for the isomerization of 1-butene to 2-
butene, discussed more in section 3.3.2.

Figure 7. Metalloligand centered Rh(I) incorporated into Mn-
(bcpdmpm) catalyzes the hydrogenation of ethylene.'*'

Zhang et al. investigated the hydrogenation of 1,3-butadiene
employing a gold-incorporated framework.”* The postsynthetic
installation of Au(III) into Zn-IRMOF-3 results in a unique
system in which gold atoms are site isolated, preventing the
formation of gold nanoparticles which often takes place in
solution. Taking advantage of the site isolated, monometallic
active sites, the study demonstrated the ability of single gold
atoms to catalyze the hydrogenation reaction. It was found that
the catalyst was quite active for the hydrogenation of 1,3-
butadiene, resulting in a conversion of 96% with selectivity for
1-butene and E-2-butene over Z-2-butene and n-butane, when
the H,:1,3-butadiene ratio used was 1:49. However, no post
operando characterization (such as PXRD or TEM) has ruled
out the possibility of gold aggregation. We note that for the
other catalytic cycle that the authors present (three component
coupling), the post operando PXRD does not scan to a value of
20 that is sufficiently high to allow potential observation of
gold metal. Under identical reaction conditions but using the
nongold-incorporated framework, the 1,3-butadiene conver-
sion was <1%. Importantly, this study confirms the ability of
single-site Au(IIl) atoms to catalyze the hydrogenation of «
bonds.

It has recently been demonstrated that Crabtree’s catalyst,
[Ir(cod) (PCy;)(py)]*, can be appended to a framework with
preserved catalytic activity toward the hydrogenation of 1-
butene.'*> Grigoropoulos et al. demonstrated that postsyn-
thetic cation exchange of sodium for the Ir(I) species in MIL-
101(Cr)-SO;Na resulted in 7% exchange (compared to a
theoretical space filling limit of 9%). The exchanged framework
exhibits a roughly 6-fold increase in the TON per Ir site
compared to that of finely ground [Ir(cod)(PCy;)(py)][PF],
which was attributed to the porosity of the MOF framework
and the higher number of exposed active sites. It was also
demonstrated that the system is competent for the hydro-
genation of other various alkenes, including oct-1-ene, 3-
methylhex-1-ene, 2-methylhex-1-ene, cyclohexene, as well as
several alkenes bearing alcohol functional groups.

Babucci et al. have taken advantage of the modularity of
MOFs to further study the correlation between the electron
density on Ir single-atom active sites and ethylene hydro-
genation rates."* Ir(CO),(acac) (acac = acetylacetonato) was
chemisorbed to the Zr secondary building units of a series of
isoreticular UiO-66-type frameworks, forming Ir(CO), species
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supported by two additional O atoms belonging to the ZrsOg
SBUs. While the [ZrsOg]lr(CO), species was found to be
inactive toward ethylene hydrogenation, catalytically active
[ZrsO4]Ir(CO) (ethylene) was generated by flowing ethylene
through the pores of the MOF at 40 °C for 1 h. The electron
density of the Ir sites was modified by the usage of different
carboxylate linkers and modulators during the MOF synthesis.
Using a combination of infrared spectroscopy (probing the
symmetric and antisymmetric ¥(CO) modes) and XAS, the
study concluded that Ir centers with less electron density were
more active hydrogenation catalysts. In particular, the TOF,
calculated at steady-state under low conversions (<5%),
increased 7-fold upon changing the modulator used during
the MOF synthesis from benzoic acid to trifluoroacetic acid.
This work highlights the opportunity to perform structure—
function studies of MOF catalysts by systematically varying the
secondary coordination sphere.

Postsynthetic metal exchange of Rh(III) into HKUST-1
(Cuy(BTC),, BTC = 1,3,5-benzentricarboxylate), with sub-
sequent reduction to Rh(II), yields a framework competent for
the room temperature hydrogenation of propylene to
propane.'** This framework is the first example of a MOF
bearing Rh*" in the SBU. Similar isoreticular structures of
M,M’;_(BTC),, including the all Cu, all Ni, mixed Cu—Ry,
mixed Cu—Co, mixed Cu—Ir, and mixed Cu—Ni, are all
reported to be relatively inactive for propylene hydrogenation.
The Rh system appears remarkably stable, with no significant
changes to the crystallinity (as monitored by PXRD) or
chemical identities (as monitored by XPS) after catalysis. In
this example, computational studies suggest that the
carboxylate anion of the linker dissociates from the Rh(II)
site to generate a Lewis acid—base pair, which, in turn,
heterolytically splits H, during the hydrogenation reaction.

The majority of MOF-based olefin hydrogenation catalysts
function by the incorporation of catalytically active metals into
a framework, simply heterogenizing previously known
molecular catalysts. As discussed previously, this strategy
results in many advantages, including the ability to carry out
the reaction in flow and the increased access of the gaseous
reactants to the active sites due to the framework’s porosity.
However, this strategy also gives rise to low active metal
number densities. We hypothesize that frameworks in which
the catalytically active metals are also the structural metals,
such that every metal of the framework is competent for
catalysis, could result in even higher activities of the catalyst. It
is important to note that a key design criterion for such a
framework would require the SBU metals to have at least one
open coordination site (either in equilibrium or fluctional). We
note that MOFs with single-metal SBUs tend to be less stable
than those with multinuclear SBUs. Targeting the latter
becomes an important consideration for those considering
practical applications.

3.1.2. Semihydrogenation. The semihydrogenation, or
selective hydrogenation, of acetylene to produce ethylene
(AG® = —33.6 kcal/mol) is an important industrial process
that purifies the ethylene feed for polyethylene production
(Table 2). Ethylene produced from cracking contains about
1% acetylene, which needs to be reduced to <5 ppm to avoid
poisoning the polymerization catalyst. For this purpose, the
semihydrogenation catalyst must selectively hydrogenate
acetylene in the presence of ethylene without significant
production of ethane.'*™'*" Supported Pd catalysts are
currently employed industrially, and effort is devoted to

searching for a cheaper and more earth-abundant catalyst.'**
Here, we discuss three examples of MOF-catalyzed alkyne
semihydrogenation. The use of well-defined active sites in
MOFs allows for mechanistic studies, which would otherwise
be significantly more challenging to interpret. Moreover, the
use of MOFs allows for the generation of particularly active
metal sites that do not undergo bimolecular decomposition,
which might otherwise occur in homogeneous media.

Inspired by the selective hydrogenation reaction catalyzed by
iron oxides, Tejeda-Serrano et al. introduced mono- and
dinuclear Fe(III)-aqua complexes into the large channels of the
anionic framework, {Ni,[Cu,(Mesmpba),];}*~ (Mesmpba*~ =
2,4,6-trimethyl-1,3-phenylenebis(oxamate)) through aqueous
cation exchemge.149 At 150 °C, the MOF can reduce the
acetylene level from 1.2% to less than 10 ppm in a mixture of 2
bar ethylene and 4 bar hydrogen in flow (gas hourly space
velocity (GHSV) = 4000 h™"), similar to industrially relevant
reaction conditions for acetylene hydrogenation. The initial
selectivity for ethane, the undesired product, is low (<10%)
but it gradually increases, which suggests degradation of the
selective active site. The authors hypothesized that isolated
Fe'(H,0), species hosted in the pores of the anionic
framework are the catalytic active sites and showed that the
material is competent for H—H bond breaking in the absence
of substrate by H,/D, scrambling experiments.

Ji et al. demonstrated the ability of atomically dispersed
triatomic Ruj clusters anchored on ZIF-8 to catalyze the
selective hydrogenation of acetylene to ethylene.””” The Ru
units were generated by loading Ru;(CO),, into the pores of
ZIF-8 during synthesis, followed by CO removal via H,
treatment at 400 °C. The encapsulated Ru; units were
proposed to retain their trinuclear arrangement (rather than
agglomerating into nanoparticles) based on extended X-ray
absorption fine structure (EXAFS) and aberration-corrected
high-angle annular-dark-field scanning transmission electron
microscopy (AC HAADF-STEM). The resulting catalyst
(0.032 wt % Ru) was found to be highly active (603.6 (mol
C,H,)-(mol Ru)™"h™') and highly selective for ethylene
(84%) at 200 °C. DFT calculations suggest that the triatomic
Ru; cluster can oxidatively add both acetylene and H,,
facilitating the two C—H bond formation processes via two
reductive elimination steps.

Following the path of heterogenizing molecular catalysts, Lu
and co-workers grafted bimetallic py;trenGaRhX (py;tren®~ =
[N(CH,CH,N(0-C{H,N));]*~, X = PhO or Me) onto the Zr,
node of NU-1000."*" Inductively coupled plasma (ICP) metal
content analysis and '"H NMR clearly established the
stoichiometry to be one py;trenGaRh per Zry cluster. They
also ascertained that the Rh—Ga unit remained intact after
grafting through EXAFS analysis and pair distribution function
(PDF) study. The grafted MOF can catalyze the selective
semihydrogenation of propyne with 88% selectivity for
propylene (200 °C, excess H,, flow) (Figure 8). The catalyst
remained active for over 10 h, although the selectivity dropped
from 88.7% to 64.7%. Importantly, they found that the
ungrafted catalyst is inactive in solution due to the formation
of insoluble degradation products likely containing Rh(u-H)
Rh units. Notably, the computationally determined reaction
mechanism invokes the heterolytic splitting of H, by the
Rh(I)-pyridine couple acting as a Lewis acid—base pair, in
agreement with isotope labeling experiments. It has been
suggested that the Lewis acidic Ga atom serves to decrease the

https://doi.org/10.1021/acs.chemrev.2c00537
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Figure 8. Rh(I)-Ga bimetallic motifs grafted onto NU-1000 catalyze
the semihydrogenation of propyne.'”'

electron density at the Rh(I) site, facilitating the Lewis acid—
base activation of H,.

3.1.3. Selective Catalytic Reduction. Nitrogen oxides,
NO,, are highly regulated atmosghere pollutants often found at
the output of diesel engines.l\2 Methods to mitigate NO,
postcombustion emissions include selective reduction to
dinitrogen gas, as well as NO, storage. The selective reduction
reaction can be run either noncatalytically (i.e., combustion) or
catalytically, known as selective catalytic reduction (SCR). The
primary reaction in the process is NO + NH; + '/,0, = N, +
3/,H,0, which is energetically downhill with a change in free
energy of AG® = —99 kcal/mol."** Alternatively, urea can be
used as the reductant instead of ammonia. Additionally, the
reaction can also reduce mixtures of NO and NO, in the so-
called fast SCR reaction."*” Typical catalysts are composed of
metal oxides, such as V,04 and CeO,, which are also active
when embedded within MOFs.'**'** When developing new
SCR catalysts, one must address the issues of catalyst
poisoning and preventing solid salt formation.'>> The benefit
of MOF-based SCR catalysts lies in the higher specific surface
area, which can increase activity, as well as chemical tunability
to promote the desired reaction over detrimental side reactivity
and to lower the temperature at which the reaction can be run
(preventing coke formation and surface passivation, allowing
the catalyst to be moved downstream of desulfurization and
particle removal scrubbers) (Table 3).!°% A dedicated account
of the use of MOFs for SCR was previously published by Liu et
al.">® In this section, we will highlight a few key studies and
elaborate on design principles. In particular, we will focus on
results with MIL-100 and MOF-74. We note that if there is a
possibility that a SCF MOF catalyst can decompose into a
catalytically active metal oxide, then the catalysts must have
thorough post operando characterization to rule out a
decomposed metal oxide active catalyst. We find that many
of the MOF SCR catalysts are insufficiently characterized.

The first use of a MOF system for SCR was with Fe-MIL-
100.">” While the conventional V,0s—~WO;/TiO, heteroge-
neous catalyst is only active above 300 °C, it was demonstrated
that Fe-MIL-100 achieves above 97% conversion between 240
and 300 °C and 100% selectivity for N, between 100 and 260
°C (measured in flow with 500 ppm of NO, 500 ppm of NH;,
4% O, N, balance, gas hourly space velocity (GHSV) of
30000 h™"). At higher temperatures, the framework undergoes

irreversible decomposition concurrent with mass loss and loss
of crystallinity. The system also tolerates both SO, and H,O,
with only a decrease to 90% conversion upon introduction of
500 ppm of SO, and 5% H,O, with an increase in conversion
after the supply of SO, and H,0O was terminated. The authors
measured in situ DRIFT spectra and proposed two possible
mechanisms, including a Langmuir—Hinshelwood type mech-
anism by which NO is oxidized to NO, with Fe’ as an
oxidant, which can subsequently react with adsorbed NH," to
form N, and H,O, and an Eley—Rideal type mechanism by
which oxidative dehydrogenation of NHj; to a transient NH,
species is followed by reaction with NO to form the products.

Based upon the success of Fe-MIL-100 as an SCR catalyst,
as well as high activity for mixed metal Fe—Mn oxide catalysts,
the mixed metal (Fe,Mn)-MIL-100 frameworks were
probed.”*® In this study, monometallic Fe-MIL-100 only
displayed up to 78% conversion, while the mixed-metal
(Fe,Mn)-MIL-100 (Fe:Mn = 4:1) framework surpassed 96%
conversion (measured in flow with 500 ppm of NO, 500 ppm
of NH;, 5% O,, N, balance, GHSV of 15000 h™'). The
operating temperatures of maximum conversion for both
(Fe,Mn)-MIL-100 and Fe-MIL-100 is between 250 and 300
°C. Despite the disparity between activity of Fe-MIL-100
across the two studies, it is clear that the presence of a second
metal improves activity.

Density functional theory (DFT) calculations at the PBE
level were used to probe the mechanism for SCR on Fe-MIL-
100 and suggested an Eley—Rideal mechanism."*” The authors
put forward two catalytic cycles with a single iron atom as the
active site: the first generates equivalents of NO, from O, and
NO, while the second converts NH;, NO,, and NO into H,O
and N,. Here, the rate limiting step is the reaction of iron-
bound NO, with NH,* to form iron-bound nitrosamine and an
equivalent of H,O.

Recently, it has been demonstrated that both Mn-MOEF-74
and Co-MOF-74 can catalyze SCR."*® Both frameworks
display maximal activity between 200 and 240 °C, with that
for Mn-MOF-74 reaching 99% conversion, and nearly 100%
selectivity for N, (measured in flow with 1000 ppm of NO,
1000 ppm of NH;, 2% O,, Ar balance, GHSV of 50000 h™").
Above this temperature, both frameworks decompose, forming
metal oxides. In the presence of 100 ppm of SO, and 5% H,0,
activity for both frameworks decreases but is mostly restored
upon halting the flow of the poisons. It was subsequently
demonstrated that Cu-MOF-74 is also active for catalysis,
reaching 97.8% conversion and 100% selectivity for N, at 230
°C (1000 ppm of NO, 1000 ppm of NHj, 2% O,, Ar balance,
GHSV of 50000 h™').'®° Computational studies at the DFT
level have considered the effect of point defects (oxygen atom
vacancies) on the binding energy of NH;, NO, O,, and NO,
and found a substantial decrease in binding energies."®’ The
study suggests that the lower binding energies of defective
frameworks allows for the fast desorption of oxidized products,
improving reaction efficiency by increasing turnover frequen-
cies.

3.2. Oxidative Reactions

3.2.1. Oxygenation of Hydrocarbons. Natural gas is
composed primarily of methane (70—90%) and other small
gaseous alkanes (ie. ethane, propane, and butane) and is
extracted in large quantities across the world to be used as an
energy source for heat generation and transportation as an
alternative to petroleum. Natural gas therefore plays an
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important role in energy generation during the maturation and
implementation of emerging renewable energy technologies.
However, difficulties in storing natural gas, especially methane,
as well as its greenhouse effects, lead to flaring of large amounts
of natural gas each year (e.g., 4790 billion cubic feet of natural
gas were flared worldwide in 2015).'°> The functionalization of
small hydrocarbons is a desirable alternative. In particular, the
conversion of methane to methanol has been a holy grail in
catalysis research.'®'®* Methanol is an attractive product, as it
is both a commodity chemical with many industrial uses, and
an alternative liquid fuel, easier to store than methane and with
a much higher volumetric energy density. However, the high
energy barrier for initial C—H activation and the tendency
toward uncontrolled subsequent oxidation of increasingly
weaker C—H bonds of the oxygenated products makes the
selective oxidation of methane to methanol extremely
challenging. Industrially, the upgrading of methane is done in
multiple steps, involving the initial steam reforming reaction:
CH, + H,0 — CO + 3H,, AG® = +36 kcal/mol. The CO and
H, thus generated can further be used to synthesize larger
hydrocarbons, via the Fischer—Tropsch process, or methanol:
CO + 2H, — CH;0H, AG® = —7 kcal/mol. However, this
indirect synthesis is energy consuming due to the reforming
reaction; the direct functionalization of hydrocarbons through
oxygen atom insertion is a much-desired alternative to the
current multistep processes (Table 4).

Inspired by the C—H activation reactivity of high-valent
iron-oxos in nature, the Long group examined reactivity of five-
coordinated iron sites in Fe,(dobdc) (Fe-MOF-74) in the
presence of N,O and ethane (Figure 9). The weak-field,

- C,H,OH + CH,CHO

Figure 9. Exposed iron metal sites in MOF-74 facilitate the oxidation
of ethane to ethanol with nitrous oxide.'®®

tetragonal coordination environment provided by MOEF-74
was expected to facilitate the generation of highly reactive,
high-spin iron-oxo species. Indeed, the diluted solid solution
Fe, Mg, 5(dobdc) can mediate the oxygenation of ethane at 75
°C at the gas—solid interface with a TON of 1.6 (vs Fe) and
good selectivity (ethanol:acetaldehyde 25:1). Diluting the iron
sites with magnesium was found necessary for mitigating
overoxidation and improving selectivity for ethanol.'®® Future
experiments systematically varying the Fe:Mg ratio might be
interesting to test if the mechanism necessitates neighboring Fe
atoms: recent theoretical work has demonstrated that the
reactivity of terminal and bridging oxygen species can differ
substantially.'®® More recently, MIL-100(Fe) was found to
mediate the low-temperature (473 K), low-pressure (1.5 kPa

CH,, 1.6 kPa N,0) methane-to-methanol transformation using
N,O as an oxidant with very high yield (34% vs Fe).'®”

Drawing inspiration from the dicopper active site of
particulate methane monooxygenase, Yaghi and co-workers
installed imidazole ligands onto the Zrg clusters in MOF-808
and metalated them with Cu(I) in air to afford bis(u-
oxo)dicopper(1l) moieties inside the pores. The structure was
heavily disordered and thus could only be inferred from a
combination of XAS, Raman spectroscopy, and DFT
computation. In situ XAS revealed the oxidation of Cu(I) to
Cu(II) species upon dosing of N,O, followed by a subsequent
reduction of Cu(Il) to Cu(I) upon dosing of CH,.
Additionally, resonance Raman spectra of the MOF dosed
with isotopically labeled O, or by ex situ dosing of N, O reveals
a stretching band consistent with a bis(u-oxo) dicopper
species. Cu EXAFS fitting upon dosing with N,O is also
consistent with the possibility of a bis(u-oxo) dicopper species.
The catalyst was found to be active for methane to methanol
oxidation through a multistep N,O/CH,/steam cycle. The
yield was very low (1—2% vs Cu) but exclusively methanol was
formed at lower temperature (150 °C).""

Similar to copper oxo clusters exchanged into zeolites for
methane-to-methanol conversion, copper oxo clusters were
also deposited via atomic layer deposition (ALD) onto the
zirconium oxo cluster of NU-1000. The catalyst was subjected
to a stepwise O,/CH,/H,O cycle. Only 9% of the copper was
found to be redox-active by XANES fitting. The methanol yield
was low (19.7 pumolveonime20)/Geatalysw OF 1% vs Cu), but the
selectivity was decent (40—60% MeOH and Me,O, the rest is
CO,)."*® In a later study, the same authors introduced copper
into NU-1000 via aqueous cation exchange, achieving a mass
loading of 2.9 wt % (1 Cu per Zrg cluster). They found the
activity comparable to Cu-NU-1000 obtained via ALD,
discussed previously, with 1 bar CH, (1% yield vs Cu, or 4.4
HmOlhyeon/8eaatys) and the selectivity slightly higher (70%
MeOH, the rest is CO,). The performance was shown to
improve if higher pressure was used during the methane
treatment step (3.5% yield vs Cu at 200 °C, 40 bar, 90%
selectivity). The catalytic site was proposed to be dimeric
Cu"(u—OH),Cu"O"® supported on the Zrs node, albeit it is
the minority species according to calculations.'®

In addition to the oxygenation of alkane substrates discussed
thus far, oxygenation reactions of alkenes were also studied on
MOF platforms. Although this reactivity is often carried out in
solution, examining the reaction in vapor phase allowed Ahn et
al. to decipher the roles of solvent molecules. Specifically, the
authors examined the gas-phase reaction between cyclohexene
and H,0, over niobium oxo and titanium oxo clusters
deposited on NU-1000 and amorphous silica. NU-1000-
based catalysts were found to produce a significant number
of radical-derived products such as CO,, cyclohexanol and
cyclohexanone, whereas silica-based catalysts produce exclu-
sively cyclohexene oxide and cyclohexanediol. Because radical-
derived products stem from bimolecular decomposition of
cyclohexenyl hydroperoxide, the difference in reactivity was
attributed to the strong adsorption of cyclohexene and thereby
a high concentration on the MOF surface. They also found
that moving from condensed to vapor phase significantly
reduced the apparent AHT as a result of adsorption.'”’

Overall, we find that the use of dioxygen as an oxygen atom
source has been much more challenging to achieve than the
use of nitrous oxide. This can be attributed to the kinetic
stability of N,O, which prevents over oxidation. However, this

https://doi.org/10.1021/acs.chemrev.2c00537
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is also the result of the difficulty to promote the 4-electron
reduction of O, at single metal sites within MOFs. The ability
to use dioxygen as oxidant in the case of Cu-NU-1000 rests
upon the fact that the multinuclear copper cluster can
distribute the redox burden associated with the 4-electron
reduction of O, among multiple metal centers. We propose
that judicious design of well-defined multimetallic, redox-active
cluster SBUs within MOFs capable to cooperatively reduce O,
by 4 electrons could lead to improved technologies in alkane
oxygenation catalysis. To this end, Dinca and co-workers have
recently demonstrated the viability of four-electron reduction
of molecular O, to metal-oxo species by employing the
polynuclear, site-isolated tetramanganese cluster of
MnMnBTT."”" The resulting bis(u-ox0) species catalytically
oxidize weak C—H bonds in solution and, more importantly, is
able to evolve O,.

3.2.2. Oxidative Dehydrogenation. Propylene is an
important industrial chemical for the production of poly-
propylene and a variety of monomers, such as acrylonitrile,
acrylic acid, and propylene oxide.'”” Direct dehydrogenation of
propane is strongly endothermic and thus requires high
temperature (S00—700 °C) for productive equilibrium (Table
5).!”> Coupling the dehydrogenation reaction with combus-
tion of hydrogen brings the reaction into the exothermic
regime. The oxidative dehydrogenation (ODH) of propane is
therefore a promising alternative to direct dehydrogenation to
meet the increasing gap between demand and supply. The key
parameter of interest, and the current limitation, for ODH is
the selectivity of propylene versus combustion product such
and CO and CO,, especially at high conversion.

Inspired by the oxidative dehydrogenation reactivity of
supported vanadium oxides for various hydrocarbons, Nguyen
et al. installed V(V) onto the Zr clusters (0.6 V per Zrg) of
UiO-66 via impregnation in methanol and tested its activity for
ODH of cyclohexene to benzene, CH,, + O, = C¢Hg + 2
H,0."”* They proposed that V ligates to the missing linker
defect sites in mostly mononuclear form, based on combined
evidence from NMR, Raman, and diffuse-reflectance UV—vis
and IR spectroscopies. When fed with a flow of 1.6%
cyclohexene and 3.2% O, in N,, the catalyst V-UiO-66 can
achieve 100% selectivity for benzene at 250 °C, albeit with low
conversion (<2%). With increasing temperature up to 350 °C,
the selectivity drops rapidly and settles at ~80% above 270 °C
(versus total carbon, the rest being CO and CO,), while the
conversion gradually increases to >85% at 350 °C. The
conversion remains unchanged (>85%) after 48 h at 350 °C
and SEM and PXRD confirmed the crystalline framework
remains intact.

Reasoning that site isolation would improve the stability of
nanosized spinel Co;0, catalysts, previously shown to promote
the propane ODH reaction, Li et al. incorporated cobalt-oxo
clusters onto the isolated Zrs, nodes of NU-1000.""> Two
methods were used for cobalt deposition, the gas-phase
atomic-layer-deposition in MOF (AIM), and solution-phase
solvothermal-deposition in MOF (SIM). Despite similar metal
loadings (4 Co per Zrg), the two methods gave rise to cobalt
clusters with different local structures. Regardless, at 230 °C,
both MOF catalysts outperformed cobalt dispersed on zirconia
powder in terms of turnover frequency per Co (1.02 + 0.09
and 0.54 + 0.12 versus 0.15 h™!) and both remained stable
over a time-on-stream of 24 h. Between the two MOF
catalysts, Co-AIM+NU-1000 displayed better activity and
selectivity than Co-SIM+NU-1000 under identical conditions,

which the authors ascribed to the more spinel-like cluster
structure in the former as indicated by EXAFS measurements.
High propylene selectivity can be achieved at lower temper-
atures and lower conversion, i.e., selectivity up to 100% at 180
°C and <2% conversion, but combustion products (i.e., CO,)
become dominant at higher conversion or higher temperatures.
Additional modification to the cobalt-oxo cluster can be
achieved by selectively blocking certain binding sites on the Zr;
cluster with ditopic carboxylate ligands. The different cobalt-
oxo sites were confirmed by differential envelop density
(DED) analysis. The resulting catalyst was slightly more active
(TOF = 0.68 + 0.05 h™" at 230 °C) but undergoes similar
rapid loss of selectivity at higher conversion.'’® Larger
improvements, although still not significant, can be achieved
by deposition of different metal-oxo clusters before the
deposition of cobalt onto NU-1000. These metal-oxo clusters
installed via SIM were found to occupy roughly the same
crystallographic position as the initial Co-oxo clusters in Co-
SIM+NU-1000 based on DED analysis. The Co-oxo clusters
installed thereafter were determined to be mononuclear by
EXAFS. As one increases the Lewis acidity of the promoter
metal (Ni(II) < Zn(II) < AI(III) < Ti(IV) < Mo(VI)), the
turnover frequency decreases, and the least Lewis acidic metal
Ni(II) gives the highest TOF of 2.41 + 0.22 h™" at 230 °C. In
all cases, the cobalt-free material had no ODH reactivity, and
the selectivities were identical.'”’

Another class of MOF catalysts for ODH feature Fe,MO-
(RCO,); as the metal node, inspired by nonheme Fe enzymes
competent for C—H activation, as well as their molecular
mimics. In a recirculating batch reactor at 120 °C, the
Fe;O(RCO,), node of MIL-100(Fe) was found to mediate the
oxidation of propane with N,O into propylene and oxygenated
products such as 2-propanol.'”® Five-coordinated high-spin (S
= 2) Fe(Il) was determined to be the active site in the
precatalyst. Quantifications via NO titration and MG0ssbauer
spectroscopy suggested only 4—5% of all iron in MIL-100(Fe)
participates in the catalysis. Interestingly, no oxidation
products were observed when N,O and propane were fed
sequentially despite consumption of N,O, implying that the
active site is only transiently formed in the absence of propane.
Later, PCN-250(Fe,M), which contains the same trinuclear
cluster as MIL-100, Fe,MO(RCO,)s (M = Mn, Fe, Co, Ni; R
= 3,3,5,5-azobenzenetetracarboxylate), were tested for cyclo-
hexane ODH at 250 °C with N,O as oxidant.'”” Cyclohexane
was chosen because of its similar C—H bond strength to
propane but simpler product distribution. At low conversion
(<8%), all four MOFs gave relatively high selectivity for
cyclohexene (>75%). The highest possible selectivities are
obtained by extrapolation to zero conversion, which are 100%
for PCN-250(Fe;) and (Fe,Mn) and 95% for (Fe,Co) and
(Fe,Ni). The reaction rates follow the trend Fe; ~ Fe,Mn >
Fe,Co > Fe,Ni, which the authors correlated to the increasing
N,O activation barrier in the sequence.

Systems capable of promoting ODH of propane and other
small alkanes still suffer from low selectivities at high
conversion, and most probe reactions are carried out at low
concentration of reactants, diluted with inert gases such as N,
and Ar. In the future, more selective systems must be designed
and investigated. In particular, the pathways for alkane
dehydrogenation, and further oxidation reactivity must be
better understood on the studied platforms. This could
facilitate the informed design of new systems where the
undesirable pathways can be disfavored. Still, the main
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challenge arises from the tendency of O, to fully oxidize
hydrocarbons at elevated temperatures, in the presence or in
the absence of the MOF support. Therefore, selective
activation of alkanes at lower temperatures must be achieved
in order for ODH processes to become more eflicient.

3.2.3. Carbon Monoxide Oxidation. CO oxidation has
been pursued as a model reaction for heterogeneous catalysis,
as well as for practical purposes given that carbon monoxide is
an air pollutant (Table 6)."*° In particular, low temperature
CO oxidation catalysts are needed for catalytic converters.'"'
Typically, the CO oxidation reaction is interpreted as CO + '/,
0, — CO,, where AG° = —61 kcal/mol, and remains
thermodynamically favorable below ~3000 °C, at which point
entropy dominates and the reverse reaction becomes
favorable.'”” Alternative reactions have been proposed, such
as the utilization of nitrous oxide as the O atom donor, CO +
N,0 — CO, + N,, AG®° = —86 kcal/mol. Although such a
reaction has been computationally analyzed and there are
predictions for which materials to pursue this reaction with, a
practical system is yet to be realized.'®

CO oxidation is a useful model reaction due to positive
correlation scaling relations, which state that the adsorption
energies and reaction barriers involving CO can be correlated
with other bound ligands.'® In particular, the reaction
progress can be easily monitored with IR spectroscopy. For
example, CO bound to Cu(Il) and Cu(I) sites can be easily
observed and differentiated in situ during the course of the
reaction.'” As far as practical catalysis goes, much of the
current research focuses on decreasing the temperature
required for turnover, finding ways of increasing the rate of
catalysis (such as increasing surface area), and increasing
stability toward poisons (such as water).

Catalysts for this reaction can be grouped into two
categories: those based on late first row transition metals and
those based upon platinum group metals. We note that one of
the dominant industrially used catalysts for this reaction,
hopcalite, a Mn—Cu oxide, belongs to the former group.'*® Of
the former group, much of the research focuses on the catalytic
properties of copper. Copper metal, copper(I) oxide, and
copper(Il) oxide are all competent for CO oxidation, with
activation energies of 36.8, 58.2, and 69.9 kJ/mol,
respectively.'®* A key feature of this data is that the presence
of reduced copper species decreases the activation energy,
thereby allowing for catalysis at lower temperatures. This
attribute has been demonstrated by the inclusion of Cu in
CeO,, which stabilizes Cu(I) sites and improves activity.'®
Redox active supports also make a difference within MOFs. It
has been recently demonstrated that three-coordinate copper-
(I1) embedded within MOF-808(Ce) is active for CO
oxidation (with an activation energy of 48.1 kJ/mol), while a
similar Cu species supported within the isostructural MOF-
808(Zr) is relatively inactive, a difference that has been
ascribed to Ce participating in the catalytic cycle by way of
reducing the Cu.'* Interestingly, copper(II) supported onto
Ui0-66 (a framework chemically similar to MOF-808(Zr)) is
also active for CO oxidation upon pretreatment with H,, with
an apparent activation energy of 43.5 kJ/mol.'"®” The
pretreatment is the likely cause of this activity, as it generates
the reduced copper species active for catalysis. Contrary to
experiments, DFT calculations of a single copper atom on
UiQ-66 reveal that the barriers for CO oxidation on Cu(II) are
slightly lower in energy than those for Cu(I).'*® However, in
this case, the calculated activation barriers for CO oxidation

are 3 to 4 times larger than experimentally determined values.
These discrepancies between experiment and computations
could be due to the identified mechanism for the oxidation
reaction. In comparison to the late first row transition metal
catalysts, platinum metal has an activation energy of 83.3 kJ/
mol."**

The leading catalysts for CO oxidation are spinels, mixed
metal oxides."*” Many of these, such as MnCo,0, s, can have
Tyo and T4 values (the temperature at which half or all of the
feed stream is converted) near or even below room
temperature.'”” One key feature to note is that the activity
of these catalysts is intrinsically tied to the surface area. Thus, a
MOF mimic of such systems could result in a high-
performance material. Perhaps there is potential for such
mimics using mixed metal MOF-74 analogues,lgl however, the
success of such a material would depend upon the dominant
mechanism for CO oxidation in the spinel parent. Certain
mechanisms involving oxygen atom vacancies would be
prohibited in a MOF-74 structure as bridging oxo ligands are
absent, however, such a mechanism could be allowed if a
mixed metal framework with metal oxide SBUs was used as a
mimic instead.

Here we will discuss some of the progress toward using
MOFs as scaffolds to support active catalyst sites (such as
Cu(I)) while maintaining high surface areas. While this is a
relatively recent pursuit (with the first study of MOF based
CO oxidation occurring only as recently as 2006, using a
nickel-imizadole-4,5-dicarboxylate framework'*”), there has
been considerable progress more recently.

Similar to heterogeneous Cu, Cu,O, and CuO, many
copper-based MOFs catalyze CO oxidation. One of the most
widely studied system in this sense is HKUST-1, a prototypical
MOF composed of Cu,(tetracacrboxylate) paddlewheel SBUs
and 1,3,5-benzenetricarboxylate (Figure 10). Early on, it was
believed that every dimeric Cu(II) SBU was capable of
performing catalysis, as the IR handle for CO bound to Cu(II)
(2180 cm™") decreases as the reaction progresses, while that to
Cu(I) (2120 cm™) remains constant.'”* These Cu(I) sites
were believed to be inert defects. It was subsequently
demonstrated by comparing the catalytic activity of pristine
thin films of HKUST-1 against those with engineered defects,
that the active sites are in fact Cu(I)—Cu(II) SBU defects."’
These defective thin films are engineered by activating the
framework at elevated temperatures (>150 °C) under vacuum.
This process causes decarboxylation of the 1,3,5-benzene-
tricarboxylate linkers, a surprising occurrence at fairly low
temperatures as this temperature is in the pre-shoulder before
significant mass loss according to thermogravimetric analysis
(TGA)."”> While CO bound to Cu(II) sites decreases as the
reaction progresses for defective thin films, for pristine
frameworks, CO is not consumed. It was thus rationalized
that migration of CO from Cu(1I) to Cu(I) is fast on the time
scale of IR spectroscopy. DFT and wave function calculations
suggest that CO binds to Cu(II) and O, to Cu(I), which
undergo a bond formation process, followed by coordination
of a second equivalent of CO and release of two equivalents of
CO,. Considering that the reduced copper within defects is
responsible for the catalytic activity, further disorder and
defects may increase activity. As such, it has been
demonstrated that amorphized HKUST-1 promotes CO
oxidation at lower temperatures than pristine HKUST-1.
Loading of palladium(IV) oxide into this material (another
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2o,

Figure 10. Defective HKUST-1 with Cu(I)—Cu(II) sites catalyzes

1. 1193
the oxidation of carbon monoxide."”

active metal for CO oxidation) further decreases the
temperature at which catalytic activity begins.'”®

Another class of copper frameworks that has been explored
for CO oxidation catalysis comprises materials built from
pyrazole-4-carboxylates. Depending on the crystallization
conditions and metals present (as with combinations of
copper and zinc), pyrazole-4-carboxylate frameworks can adopt
one of several topologies. As a monometallic framework,
copper and this linker adopt a geometry containing trinuclear
triangular SBUs of Cu(II). This Cu material is competent for
CO oxidation with an activation energy of 72.8 k_]/mol.lg7
Mixed metal Zn/Cu frameworks (possessing the same Cu
cluster) have also been demonstrated to promote CO
oxidation. These frameworks exhibit two distinct CO binding
sites identified by respective C—O stretching bands at 2171
and 2109 cm™', which are assigned to Cu(II) and Cu(1)."®

A similar microporous framework, composed of dicopper
paddlewheels and S-methylisophthalic acid performs CO
oxidation catalysis with an activation energy of 70.1 kJ/mol
(similar to that of CuO)."”” Interestingly, the stretching
frequency of the bound CO is quite red-shifted for a Cu(II)
site, 2113 cm™. It is worth noting that this framework is
activated in air at 250 °C, and decarboxylation of linkers to
form Cu(I)—Cu(Il) defects cannot be excluded. S-Nitro-
isophthalic acid also forms frameworks with copper, containing
pentameric SBUs, which catalyzes the reaction with an
activation energy of 62.3 kJ/mol.”"

Other frameworks that have been explored include ZIFs, M-
MOFEF-74, MIL-125, and MOF-808. It has been demonstrated
that the thermolysis product of ZIF-67 yields a catalyst that is
moisture insensitive, all the way up to 500 ppm of H,0, and
has a low activation energy of 22 kJ/mol.**" These catalysts are

active at remarkably low temperature, down to 0 °C.
Interestingly, there is a slight dip in CO conversion between
90 and 130 °C under wet conversion. The M-MOF-74 series
has been demonstrated to catalyze CO oxidation, with higher
activity correlating with stronger Lewis acidic metals and with
redox-active metals: cobalt instead of zinc or magnesium.”*” A
different cobalt framework, made with 1,3,5-benzenetricarbox-
ylate, is also active for CO oxidation allowing near completion
at 160 °C.*”> For Co-MOF-74, its activity has been
rationalized by analogy with cobalt oxide: the infinite SBU of
Co-MOF-74 can be considered as a slice of bulk cobalt
oxide.””* Copper oxide nanoparticles can be embedded with
most frameworks (including MIL-125(Ti)*> and MIL-53-
(A1)**®), with the resulting composites acting as competent
catalysts.

3.3. Redox Neutral C—C Bond Forming Reactions

3.3.1. Olefin Dimerization and Polymerization.
Oligomerization of ethylene into longer-chain linear a-olefins
(LAOs) is a particularly important industrial process for the
upgrading of ethylene.””®*” The selective dimerization of
ethylene to 1-butene has been the topic of many studies in
recent years, as the latter is a comonomer for linear low-density
polyethylene and high-density polyethylene (Table 7). The key
challenge for heterogeneous ethylene dimerization catalysts is
selectivity. For one, the overwhelmingly desirable product 1-
butene is less thermodynamically stable than the internal
butene isomers. In addition, high selectivity for butene is
required over larger oligomers to prevent reactor fouling and
catalyst deactivation, a particular challenge given the structure
similarities between dimerization and polymerization cata-
lysts.”> We note that efficiently separating the MOF catalyst
from polyethylene resulting from polymerization remains an
unsolved problem. Hence, a key parameter to consider when
evaluating olefin dimerization catalysts is their selectivity,
which must be kept as close to 100% as possible, even at the
cost of the lifetime of the catalyst. A second consideration
arises from the exothermic nature of olefin dimerization. For
instance, for ethylene dimerization to 1-butene AH® = —25.0
kcal/mol of 1-butene formed. Given the heat generated during
the dimerization process, catalysts that are optimized for
operation at elevated temperatures (>50 °C) eliminate the
need for active cooling, which improves overall process
efficiency. In terms of catalyst design principles, it has been
shown that nickel aluminosilicate materials can catalyze the
dimerization of light olefins at their Ni(II) sites.”' 07212
Therefore, many studies have emerged in the MOF literature,
surveying the activity of Ni(II) nodes toward alkene
dimerization. We note that the use of later transition metals,
such as Ni, over earlier transition metals capable of promoting
olefin dimerization, such as V or Cr, generally results in better
selectivity for dimerization products over larger polymerization
products. Notably, most nickel-based ethylene dimerization
catalysts use a metal—alkyl initiator, often Et,AICL>"**'* It is
often suggested that the ethylene dimerization reaction at Ni
centers proceeds through a Ni-alkyl species in what is known
as the Cossee—Arlman mechanism, which was first suggested
for homogeneous reactions.”'¥*'® An alkene equivalent
coordinates to the Ni-alkyl species and the C—C bond
formation occurs via a migratory insertion mechanism to
generate a new Ni-alkyl species. Lastly, the alkene product can
be formed by a $-hydride elimination reaction. The next alkene
equivalent can coordinate to the Ni—H species thus formed,
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and regenerate a Ni-alkyl species followin% a migratory
insertion step, to complete the catalytic cycle.”'” Metzger et
al. verified the often-suggested ethylene dimerization mecha-
nism in a Ni-incorporated MFU-4l framework by a
combination of isotope labeling studies, mechanistic probes,
and DFT calculations, confirming that MOFs mimic
homo%eneous catalysts both functionally and mechanisti-
cally.”"®

In 2014, Milnar et al. investigated Ni-MOF-74, a Ni(II)
framework with open-metal sites, and demonstrated that the
material is active for both ethylene and propylene dimeriza-
tion.”"” Specifically, at 180 °C and $ bar olefin pressure, Ni-
MOF-74 catalyzes the dimerization in flow with >95% dimer
selectivity. For both olefins, an induction period was observed,
and maximum activity was reached at around 50 min time-on-
stream, after which the activity quickly diminished. The activity
for ethylene dimerization was higher than that for propylene.
The isostructural Mg-MOF-74 showed no activity, thus
supporting the hypothesis that the nickel ions act as the active
sites. The catalyst is apparently self-activating (i.e, no
alkylating activator used), avoiding the need for expensive
alkylaluminum activators, but the exact mechanism of
activation has not been elucidated. Nevertheless, it can be
hypothesized that the induction period noticed is caused by
the comparatively slow catalyst self-activation step.

Madrahimov et al. tested a bpyNi" (bpy = 2,2"-bipyridyl)
complex grafted onto NU-1000 for ethylene dimerization.**’
The presence of bpyNiCl, units in the grafted MOF was
confirmed through diffuse-reflectance UV—vis, but it was also
clear that a portion of Ni was directly deposited onto the Zrg
cluster. Under batch condition (15 bar ethylene, room
temperature), the Et,AlCl-preactivated catalyst displayed a
butene activity of 1560 mol C,/(mol Ni-h) with decent C,
selectivity (82%, rest hexenes and octenes) but poor 1-butene
selectivity (57%, rest 2-butene). Under flow condition (20%
ethylene in helium, 1 bar, room temperature), high activity
(>95% conversion), and high C, selectivity (98%) was
observed initially. The conversion decayed over time to 20%
after 19 h time-on-stream, while the selectivity remained good
(>75%). Polymer formation was observed and cited as the
reason for catalyst deactivation, but no quantification was
reported. In a related report, Kemurcu et al. studied bpyNi"
moieties incorporated into the framework of UiO-67, where
the linkers are gartially exchanged for 2,2'-bipyridine-4,4'-
dicarboxylic acid.”*" After an O, treatment at 300 °C, the UiO-
67 with bpyNi" is capable of ethylene dimerization in flow (26
bar C,H,, 250 °C) in a self-activating manner after an
induction period on the order of hours. Turnover frequencies
of up to 41 mol C,/(mol Nih) were observed. At conversion
below 6%, the C, selectivity in the gaseous portion was good
(99%) but the 1-butene selectivity was low (41%, rest 2-
butene). Weight increase in the spent catalyst (15%) suggested
formation of heavy oligomers/polymer as one reason of
deactivation.

In both cases of bpyNi" immobilized in Zri-MOF, direct
metalation at the defective Zry site was observed and partial
activity was attributed to the Ni in these sites. Direct vapor-
phase deposition of Ni(II) onto the node of NU-1000 and
activation with Et,AICl gave rise to oligomerization catalyst
with a turnover frequency of 252 mol C,/(mol Ni-h) (45 °C, 2
bar). The selectivity for C, (<46%) and conversion (<5%)
were low, and polymer formation was observed."*® Modifying
the Zrgs node with hexafluoroacetylacetone or acetylacetone,

which changes the accessibility of certain facets and the acidity
of OH in the cluster, improves the selectivity (100% C,, 80%
1-butene) at the cost of activity (<20 mol C,/(mol Ni-h)).***

More recently, Agirrezabal-Telleria et al. discovered that Ru-
HKUST-1 acts as a self-activatin% catalyst for ethylene
dimerization at 50 °C and 42 bar.”*’ It was hypothesized
that a catalytically essential Ru—H species is generated via
thermal defect engineering by heating the framework at 300 °C
under a nitrogen atmosphere. The same species can be
generated in higher concentrations by heating the framework
at 150 °C under a hydrogen atmosphere or by incorporating
defect-inducing ligands. Under optimized condition, activities
as high as 200 mol C,/(mol Ru-h) and mean lifetimes above
120 h (extrapolated) can be achieved. The selectivity for 1-
butene scales negatively with conversion but is high across a
decent range: 100% at 0% conversion (extrapolated) and 80%
at 6% conversion. Importantly, the authors found that the rate
of catalyst deactivation, which occurs by the irreversible
binding of oligomer byproducts, shows an accelerated decrease
with increased ethylene pressure and becomes essentially 0 and
ethylene pressures equal to or above 40% of the ethylene
saturation pressure in the MOF. This effect was attributed to
intrapore liquid ethylene accumulation through capillary
condensation.

Looking at the polymerization of ethylene, Park et al.
explored solvent-free ethylene polymerization with Cr(III)-
MFU-41 (Figure 11).”** Notably, the use of Cr, an early

s el
N_N\/ cl
-- .N' Cr—
MMAO+ | l
AN
VLN A7

Figure 11. Chromium(III) exchanged into MFU-4] catalyzes ethylene
polymerization (MMAO = modified methylaluminoxane).”**

transition metal, favors a higher degree of polymerization
products over competitive dimerization products. Inspired by
Phillips chromium-oxide catalysts used commercially for high-
density polyethylene production, Cr(III) was introduced into
the secondary building unit of the parent all-zinc framework
through cation exchange and adopted a pseudo-octahedral
coordination with 3 nitrogen ligands from the framework and
the rest from terminal chloride and solvent molecules. After
preactivation with modified methylaluminoxane (MMAO) and
removal of solvent, the solid catalyst displayed an activity of
52 000 mol C,H,/(mol Crh) (ambient temperature, 40 bar),
nearly 10-fold higher than the same catalyst operating in slurry
phase. The polyethylene produced also had exceptionally low
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Chem. Rev. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00537?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00537?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00537?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00537?fig=fig11&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.2c00537?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIEY

polydispersity index of 1.36, attesting to the single-site nature
of this catalyst.

Bronsted acidic sites within MOFs provide a second
mechanistic approach for olefin polymerization via carbocation
intermediates. One main limitation of the carbocation-
mediated olefin dimerization and polymerization strategy is
the ability to access the carbocation intermediate as well as its
lifetime, both factors being strongly correlated with the
carbocation stability. While tertiary (or conjugated) carboca-
tion intermediates can be generated with relative ease and have
high enough lifetimes to engage in bimolecular reactions, less
stabilized carbocations (i.e, secondary or primary) are
generally prohibitively high in energy, diminishing the scope
of the carbocation-catalyzed olefin polymerization approach.
Still, for the majority of industrial reactions involving a zeolite,
the zeolite acts as an acid catalyst.”*>**® Naturally, many have
wondered if MOFs, with their well-defined and tunable acid
sites, can catalyze the same reactions more effectively, such as
at lower reaction temperatures and/or with higher selectivities.
MIL-100 and MIL-101 have been extensively studied for their
Lewis acidity due to the coordinatively unsaturated trivalent
metal site in the [M;O(RCO,)4]" cluster. The Lewis and
Bronsted acidity were probed with IR spectroscopy coupled
with CO, CD;CN, and pyridine adsorption. Strong Lewis
acidity was identified at the S-coordinated metal sites within
fully dehydrated MIL-100(M) (M = Al, Fe, Cr) in the order
(Al > Fe ~ Cr). Medium Bronsted acidity was found for
partially hydrated samples at metal-bound H,O ligands, whose
A(O—H) upon dosing of CO are 160 cm™" (M = Cr) and 191
cm_l (M — Al).227_2 9

A strategy used to increase the Bronsted acidity of MOFs is
the incorporation of protic functional groups. Inspired by the
Bronsted superacidity of sulfated zirconia,”” Yaghi and co-
workers installed hydrosulfate onto the zirconium oxo cluster
of MOF-808 to synthesize MOF-808-SO,.””" The acidity of
the sulfated MOF-808 was determined to be slightly higher
than pure sulfuric acid, based on solid-state *P NMR of
adsorbed trimethylphosphine oxide, Me;P=0, thus making it
a superacid. The structure of MOF-808-SO, was determined
using single-crystal X-ray diffraction and powder neutron
diffraction, and the source of the superacidity was determined
to be a terminal aqua hydrogen bonded to a KO,KO—chelating
sulfate based on solid-state NMR and DFT computation.”’
The material was found to catalyze the isobutene dimerization
in a gas—solid flow setup with good selectivity (>90% Cg up to
160 °C) and better activity than benchmark catalysts at low
temperatures (<200 °C) (Figure 12). The catalyst was later
shown to be competent for carbenium-based isomerization and
oligomerization of a range of light olefins (C,—Cs) at relatively
low temperature (100 °C) with reaction outcome highly
dependent on the olefin. One of the deactivation pathways was
found to be desorption of the Bronsted acidic water, which
could be regenerated by a high temperature water vapor
treatment.”>® Nevertheless, these works demonstrated the
benefit of translating catalysis on metal oxides into SBUs of
MOFs, such as active site elucidation and improved perform-
ance at lower temperature.

3.3.2. Isomerization Reactions. As in the case of the
olefin oligo/polymerization, olefin isomerization can also occur
through two main mechanisms: either a metal-catalyzed
pathway involving metal—alkyl intermediates, or, more
commonly, an acid-catalyzed pathway involving carbocation
intermediates (Table 8).

Figure 12. Superacidity of MOF-808-SO, catalyzes the dimerization
of isobutene.”*>

In 2013, researchers from the Kitagawa group reported La-
BTTc (BTTc = benzene-1,3,5-tris(2-thiophene-S-carboxy-
late)) and measured its Lewis acidity at the monometallic La
centers by ammonia temperature-programmed desorption
(NH;-TPD) and IR spectroscopy (monitoring the red-shift
of y(C=0) of adsorbed acetone).””* They found that the
Lewis acidity of La-BTTc is higher than those of MIL-101(Cr)
and zeolite H-ZSM-5. The study tested the reactivity of La-
BTTc toward 1-hexene but found that there was very little
catalytic activity. In 2015, the same group tested the 1-hexene
isomerization activity of MOF-76(Yb) at 400 °C under a
reaction time of 2 min.”*> The conversion in the presence of
the MOF catalyst was noticeably higher: 5.8% compared to 2%
in the absence of any catalyst. The selectivity for 1-hexene
isomerization in the presence of the MOF-76(Yb) was
promising, ~92%, compared to ~88% in the absence of any
catalyst. The activity of the MOF-76(Yb) catalyst was
attributed to its Lewis acidity, which was determined via IR
measurements using acetone as probe, and NH;-TPD, and
placed between those of MIL-101(Cr) and La-BTTc.

Sabyrov et al. studied the hydroisomerization of n-hexane
using MIL-101(Cr) as a solid support.”*® To synthesize the
catalytically active material, Bronsted acidic phosphotungstic
acid (PTA) was first deposited into MIL-101(Cr). The MOF
here acts solely as a porous support that allows dispersion of
PTA at very high loading of 60% by weight relative to the mass
of the total material. Afterward, Pt nanoparticles, which
mediate hydrogenation/dehydrogenation, were deposited
onto the surface of the MOF. The resulting bifunctional
catalyst was highly active for gas-phase hexane hydro-
isomerization. The Pt nanoparticles dehydrogenate the alkane
to form an alkene, which can then be protonated by the PTA
Bronsted acid sites to generate a carbocation. The latter can
subsequently rearrange, eventually leading to the formation of
isoalkanes. At 250 °C and 1 bar, the catalyst generates
isohexanes with 100% selectivity and high activity (noting that
the selectivity reported for 60% PTA@MIL-101/Pt in Figures
2 and 4 disagree with each other and neither displays 100%
selectivity), on the order of 107® mol/g/s, a 9-fold increase in
mass activity compared to traditional aluminosilicate bifunc-
tional catalysts.
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Table 8. Comparison of Isomerization MOF Catalysts

e
5}
b=

selectivity

2.42% C,_:21.61% Cg,

activity

catalyst stability

reaction conditions

MOF

<
o
N

crystallinity is preserved after catalysis

400 °C, 1-hexene:catalyst ratio

La-BTTc

73.73% unreacted:2.24% C,, and

aromatics
0.39% C,_5:5.35% Cg,

not reported, 7 min

v
o
[\l

no post operando characterization

400 °C, 1-hexene:catalyst = 6:1,

MOE-76(Yb)

94.2% unreacted:0.09% C,, and

aromatics
0.18% C,_5:1.77% Cg,

2 min

235

400 °C, 2 min, 1-hexene

no catalyst (reference)

98.0% unreacted:0.08% C,, and

aromatics
~10.0 X 1078 mol/g/s for distribution of Cg alkanes not reported

236

activity decreases over time, possibly due to coking; crystallinity is

1 bar, 250 °C, 16 sccm H2, 1.2

PTA@MIL-101/Pt

isomerization
0.16 mol/mol(W)/h

mL/h n-hexane
250 °C, 1 bar, 10 sccm

preserved and some porosity is lost after catalysis

237

17% isomerization and 83%

conversion decreases and selectivity remains constant with time on

0.9PW,,@NU-1000

disproportionation

stream; crystallinity lost after catalysis

o-xylene/Ar, 10 sccm H,
250 °C, 1 bar, 10 sccm

237

100% isomerization

0.11 mol/mol(W)/h

regenerated at 300 °C
activity retained after S cycles; crystallinity retained after catalysis

conversion decreases with time on stream due to coking, can be

o-xylene/Ar, 10 sccm H,
1 bar 1-butene, 46 °C

WO,-ZrO, (reference)

141

reaches thermodynamic limit (98% 2-
butene) after 9 min

TOF? = 1845 h™!

Rh(I)BF,@Mn(bdpdmpm)

Similarly, PTA-impregnated NU-1000, a Zr based MOF
with Zr-oxo cluster SBUs, was found to be active in the rather
demanding o-xylene isomerization/disproportionation reac-
tion, which requires protonation of xylene. Tungstanated
zirconia, WO,-ZrO,, known to catalyze challenging reactions
such as alkane isomerizations, alcohol dehydrations, ether-
ifications, and xylene isomerizations, was used as a control
material. Compared to WO,-ZrO,, the initial activity of PTA-
NU-1000 at 250 °C was slightly higher and the selectivity
profile was quite different. In particular, PTA-NU-1000 was
much more active than WO,-ZrO, toward o-xylene dispro-
portionation (i.e., the formation of one equivalent of toluene
and one equivalent of trimethylbenzene from 2 equiv of o-
xylene). The activity of the MOF catalyst, however, gradually
decreases over time (i.e., its activity drops to 60% of its initial
value after 200 min). Coking and pore collapse were ruled out
for this. The authors instead suggested irreversible formation
of strongly bound catalyst—substrate complexes as the reason
for the observed decrease in activity.”®” It has also been
reported that acidic MOFs promote the alkylation of benzene
with ethanol at lower temperatures (100—200 °C) than
zeolites (>350 °C). Although the nature of the acid sites in
these MOFs was not elucidated, this reaction likely proceeds
through a mechanism that is related to o-xylene isomerization
and disproportionation.*****

Metal sites capable of engaging C—H bonds in oxidative
addition reactions can also catalyze the isomerization of
terminal alkenes to internal alkenes. The catalyst designed by
Peralta et al. by incorporating Rh(I) into the dipyrazole
binding pocket of the framework Mn(bcpdmpm) (becpdmpm?®~
= bis(4-carboxyphenyl-3,5-dimethyl-pyrazol-1-yl)methane),
discussed in section 3.1.1, for its alkene hydrogenation activity,
also displays high activity toward alkene isomerization.'*' The
suggested mechanism for this reaction involves the coordina-
tion of the alkene to the Rh(I) metal center, the activation of
the allylic C—H bond in an oxidative addition reaction to form
a Rh(III)-allyl anion intermediate, and a reductive elimination
step with the formation of a new C—H bond and a new alkene
product. The reaction studied was the isomerization of 1-
butene to 2-butene. Notably, this is a thermodynamically
favorable reaction, as E-2-butene is lower in energy by ~1.3
kcal/mol than 1-butene, and Z-2-butene is, in turn, ~0.7 kcal/
mol lower in energy than E-2-butene. Therefore, at
equilibrium, 1-butene should account for ~2% among all
isomers. Indeed, Peralta et al. observed that 1-butene in the
presence of the MOF-supported [Rh(ethylene),]BF, species
quickly isomerizes to 2-butenes. At 46 °C, 1 bar, and 2 mol %
Rh loading, the relative ratio of 1-butene in the gaseous
mixture decreases to the thermodynamic 2% value within 9
min. Similarly to the hydrogenation reaction, the activity of the
catalyst is inhibited by chloride anions; MOF-supported
[Rh(ethylene),]Cl species only shows a 19% conversion of
1-butene over the course of 9 h. The authors attributed this
observation to chloride’s ability to stabilize the Rh(III)
intermediate, which decreases the TOF of the catalyst, based
on computational studies as well as formation of an IR-
observable Rh hydride species in the presence of chloride.

3.3.3. Carbonylation Reactions. Transition metal-cata-
lyzed carbon monoxide insertion is a vital reaction for the
generation of carboxylic acid and derivatives such as lactones,
acyl halides, and amides (Table 9).**" For instance, the
dominant route for the production of acetic acid is through
carbonylation of methanol. This reaction is typically catalyzed
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Table 9. Comparison of Carbonylation MOF Catalysts

MOF
Rh(CO),@Mn-bcpdmpm

reaction conditions
25—120 °C

Co(CO),@Cr-MIL-101
oxide, 70 °C, flow
rate = 120 mL/min

(PtCL,),@ CaCuq[(S,S)-methox];(OH),(H,0) 4 bar CO, 2 bar NH;

(Pt,),5(PtCL)@ CaCuq[(S,S)-methox];(OH),(H,0) 4 bar CO, 2 bar NH,

0.95 bar MeBr, 9.4 bar CO,

20 bar CO, 0.05% propylene

by a homogeneous noble metal catalyst, such as Rh for the
Monsanto process and Ir for the Cativa process.”*!

The Doonan and Sumby groups have probed the
mechanism for Rh-catalyzed carbonylation of methyl halides
to generate acetyl halides through single-crystal X-ray
diffraction. Postsynthetic installation of [Rh(CO),]* units
into the binding pocket of the dipyrazole linker of [Mn;L,L’]
(L and L’ = bis(4-(4-carboxyphenyl)-1H-3,5-
dimethylpyrazolyl)methane, where the ligand has two
crystallographically unique orientations) yields a framework
analogous to homogeneous catalysts, with the added benefit of
site isolation.”** Exposure of the framework to MeBr in
acetonitrile leads to carbonyl insertion and the formation of
the MOF-supported [Rh(CH;CN),(COMe)Br]* species.
Further exposure to 10 bar of 1:9 MeBr:CO at 120 °C results
in catalytic formation of MeCOBr (TON = 11).*%
Interestingly, this catalytic reaction does not proceed in
acetonitrile, presumably due to low CO solubility in this
solvent. The reaction also stalls with Mel, which is attributed
to the larger size of iodide, preventing the cis—trans
isomerization and subsequent reductive elimination. In both
cases, single-crystal structures of the acetyl intermediate
provide unprecedented mechanistic insight and highlight the
advantage conferred by MOFs in mechanistic studies.

The carbonylation of epoxides is an emerging method to
produce f-lactones, which has been restricted to homogeneous
catalysis until recently. In solution, epoxide carbonylation
catalysts typically consist of a Lewis acid and Co(CO),~.>*#**
Park et al. utilized the Lewis acidic site in MIL-101(Cr) and
constructed the first heterogeneous epoxide carbonylation
catalyst (Figure 13). They demonstrated that under 20 bar
total pressure (0.02% propylene oxide in CO, 125 mL/min) at
70 °C, the catalyst Co(CO),CCr-MIL-101 is capable of 60
turnovers after 24 h.**® Even higher turnover number (1300)
was achieved using the same catalyst in liquid flow for the
related carbonylation reaction of B-butyrolactone to succinic
anhydride.”*

More recently, Mon et al. discovered that Pt(0) deposited in
the MOF CaCug[(S,S)-methox];(OH),(H,0) ((S,S)-me-
thoxH, = N,N-oxalyldimethionine) can catalyze gas-phase
condensation of CO and NH; to NH,CN, which they
proposed to occur via carbonylation of Pt-NH;**® This
framework features one-dimensional channels decorated with
thioethers. Pt(0) was introduced by impregnating the MOF
with K,PtCl, and reduction with NaBH,. Through a
combination of single-crystal XRD, AC-HAADF-STEM, and
XPS, they determined that Pt(0) and Pt(II) coexist in the
framework. Pt(1I) likely persists after reduction due to lack of
accessibility, while the accessible Pt(0) forms a Pt, dimer
bound by a single thioether ligand. We note that the low

AA

catalyst stability activity ref
crystallinity preserved after TON = 11 (10 h), TOF ~ 1 243
catalysis mol(acetyl bromide)/mol/h at
120 °C
crystallinity preserved after TON = 60 (24 h), TOF ~ 246
catalysis; activity decreases 6 mol(f-butyrolactone)/mol(Co)/h
with time on stream
no post operando characterization TON = 25, TOF = 612 248
mol(NH,CN)/mol/h
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Figure 13. MIL-101 exchanged with a noncoordinating anion
facilitates the carbonylation of epoxides to f-lactones.**®

occupancy (0.1667) and disorder of guest molecules likely
prevented accurate determination of the local structure.
Nevertheless, the MOF catalyzes at room temperature the
condensation of CO and NH; as a gas—solid reaction with a
total TON of 56 after 10 h. The unreduced Pt(II)-containing
MOF also catalyzes the same reaction, albeit with lower TON
of 25.

3.4. Other Gas—Solid MOF-Catalyzed Reactions

Hydrolysis of organophosphate chemical warfare agent (CWA)
is another example of a Lewis acid catalyzed reaction.”*’ Most
studies on MOF-catalyzed CWA hydrolysis are conducted in
buffered aqueous solution, but recently interest has arisen in
solid-state hydrolysis using atmospheric moisture, which is
more suitable for filters and personal protection.”*® Wang et al.
were the first to test solid-state hydrolysis with MOFs.”>"
Specifically, a series of MOFs with Zrg nodes (NU-1000, UiO-
66, and UiO-66-NH,) were mixed with CWAs or CWA
simulants under controlled relative humidity, and the
hydrolysis was monitored by digestion and 'H NMR. The
solid-state reactions were found to be uniformly much slower
compared to reactions in buffered solutions, which was
attributed to catalyst poisoning by the hydrolysis product
and potentially the reduced (catalytically competent) defect
formation that normally occurs in buffered solution. The
relative activity of the three MOFs tested was also found to be
different from previous solution-based results but lack of
particle size control precluded detailed analysis.
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Another reaction that proceeds via an acid-generated
carbocation intermediate is the alcohol dehydration reaction.
Hasan et al. attached sulfonic acid functional groups onto the
ligand of MIL-101(Cr) and demonstrated its improved
catalytic activity in the 2-butanol dehydration reaction which
is proposed to occur through the aforementioned mecha-
nism.”>” The sulfonic acid version, MIL-101(Cr)-SO;H, was
active at 225 °C, whereas regular MIL-101(Cr) showed little
activity even at 250 °C. The activity of MIL-101(Cr)-SO,H is
stable for 24 h on stream.

4. SUMMARY AND OUTLOOK

The potential utility of MOFs particularly in heterogeneous
catalysis involving small substrates is underlined by tremen-
dous recent progress in gas—solid reactivity studies involving
these materials. This survey of the current landscape of gas—
solid reactivity in MOFs reveals that the majority of reports to
date have been inspired and modeled after catalysis on
traditional heterogeneous supports like metal oxides and silica.
In such cases, the binding environment of the catalytic active
metal center is often not predetermined, and a distribution of
sites are observed as a result. The generation of active catalysts
by means of intrinsically less defined processes such as
autoreduction or pyrolytic defect generation further convolutes
the study of the active site. In contrast, in the limited cases
where a dedicated metal-binding site is present, the structure of
the active site is often much more predictable. The
performance of the resulting catalyst, often superior to its
solution counterpart, can be correlated to a set of defined
parameters, thus providing guidelines for rational design and
improvement. Therefore, there is an exciting opportunity in
transforming molecular catalysts into catalysts operating at the
gas—solid interface through creative MOF design. We would
like to note, however, that if MOFs are to become state-of-the-
art catalysts with real industrial value, further investigations are
necessary to find more active, more stable, and more cost-
effective materials.

Operating at the verge of traditional molecular and bulk
solid catalysis could bring about new concepts that are not
known or have not been demonstrated in conventional
systems. One example is the use of Lewis acidic sites in
MOFs as universal anion abstractors and, subsequently, as
anchoring sites for cationic catalytic species. While a similar
concept has been demonstrated with methylaluminoxane
((Al(CH;)0),, MAO) immobilized on silica,”>**** no well-
defined Lewis acidic sites in MOFs have been examined for
this purpose despite the relatively large number of MOFs that
present such sites.

Similarly, the use of Lewis acid—base pairs anchored on the
rigid MOF platform could open up a vast landscape of
heterogeneous catalysis which has not yet been explored in
depth. Among the examples discussed herein, Shakya et al.
proposed that their Rh(II)-carboxylate framework, discussed in
more detail in section 3.1.1, catalyzes the hydrogenation of
propene to propane by the initial dissociation of the
carboxylate ligand from the Rh(II) center followed by the
heterolytic splitting of H, by the two separated ions, to form a
carboxylic acid-Rh(II) hydride intermediate.'** Similarly,
Desai et al. suggested that the Ga—Rh(I)-grafted MOF,
discussed in more detail in section 3.1.2, catalyzes the
hydrogenation of propyne to propene by the initial dissociation
of a pyridine ligand from the Rh(I) center followed by the
heterolytic splitting of H,, to form a pyridinium cation-Rh(I)

AB

hydride intermediate.'>’ Both hydrogenation examples are
reminiscent of the way nature has been suggested to split H, in
hydrogenase enzymes, whereby a ligand-based amine grou
and an Fe(1) active site act as a frustrated Lewis pair (FLP).”>
Relevantly, this strategy is now well-established in homoge-
neous systems employing sterically crowded phosphine—
borane pairs to heterolyze H,,”****” and subsequently engage
in catalytic hydrogenation of weak, polarized bonds such as
imines, enamines, silyl ethers, a,f-enones, ynones, N-alkylani-
lines, as well as the partial hydrogenation of alkynes to
alkenes.””’~>*” The FLP strategy has been extended with
homogeneous systems to enable enantioselective hydro-
genation,260 as well as activate other small molecules, such as
CO, and N,O, and functional groups, including carbon—
carbon 7 bonds (in alkynes, alkenes, and conjugated dienes),
strained carbon—carbon & bonds, sulfur—sulfur bonds*®’ In
other words, the concept of Lewis acid—base pairs promoting
reactivity has been studied extensively and shown to be very
versatile. Site isolation in MOFs allows, with judicious
framework design, for the generation of FLPs comprised of
metal nodes and linkers or postsynthetically installed func-
tional groups. MOFs should offer an alternative, highly
modular platform for the design and study of FLP-catalyzed
reactions in the gas phase, perhaps by analogy with Lewis
acid—base pairs in MOFs that have already been used for the
design of carbon capture materials.””> We note that the
catalytic activity of FLPs within MOFs has already been
demonstrated in a number of cases in the presence of solvent
for several reactions, including CO, fixation and imine
hydrogenation.”**~>%

In a different context, the abundance of multinuclear SBUs
in MOFs provides an excellent platform for exploring
multicenter, multielectron activation and reactivity of small
molecule substrates such as dioxygen or dinitrogen, a long-
lasting interest in molecular chemistry.”*® As discussed in
section 3.2.1, we find that the use of dioxygen as an oxygen
atom source in controlled oxygenation reactions has been
sparse due to the limited number of systems designed to
promote multielectron reactivity. This stems primarily from
the research focus on single-metal units within MOFs which
are usually capable of upward to 2-electron transfer, as
evidenced by some of the hydrogenation, olefin polymer-
ization, and olefin isomerization reactions discussed previously.
Judicious design of well-defined multimetallic, redox-active
cluster SBUs within MOFs capable to cooperatively reduce O,
by 4 electrons could lead to improved performance in alkane
oxygenation catalysis. Likewise, the development of multi-
metallic, redox-active cluster SBUs could also promote the
much sought-after multielectron N, reduction to ammonia or
organic nitrogen-containing compounds.

On a more critical note, we would like to emphasize the
necessity for thorough characterization of MOF catalysts, both
before and after catalytic reactions. A clear comparison is
necessary to determine if any MOF decomposition occurs,
which may produce other active catalysts such as metal oxides.
At the very minimum, we would advise that all catalysts be
cycled multiple times/run on stream for as long as possible and
that diffraction be measured after cycling. We further suggest
that other post operando characterizations such as gas
isotherms, thermogravimetric analysis, and EXAFS are
performed (to determine if any coking or coking-like processes
occur, as well as if the local structure about the metal sites
drastically changes). We further recommend in situ character-
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ization or mechanistic studies if possible, in order to help
elucidate the true active site, as the active site may not always
be the assumed sites (i.e., defects or surface sites may drive
reactivity). For the mechanistic studies, we also suggest that
pressure dependence of rate and particle size dependence of
rate are both studied to determine whether the reaction is rate
limited by the intrinsic kinetics of the reaction of interest or by
diffusion. If the reaction is diffusion limited, then measures
should be tested to lift the limitation, such as running the
reaction in flow rather than batch or decreasing particle sizes.
Finally, we suggest that researchers probe the mechanism and
kinetics of MOF-catalyzed using isotope labeling experiments
when possible.''**¢’

A potential advantage and a line of future research for MOFs
is the possibility of using secondary coordination sphere
interactions to influence catalysis. Taking advantage of the
modular, well-defined three-dimensional structure around the
MOF active site, moieties could be installed in the vicinity of
MOF active sites to serve as hemilabile stabilizing ligands,
temporary proton shuttles, or H-bond partners to modulate
the selectivity and activity of the active site through
cooperative activation or colocalization of reaction partners.
Functionally, this allows the secondary coordination sphere of
MOFs to mimic the behavior of metalloenzyme cofactors,
where the environment around the activity is often crucial for
defining both selectivity and activity. Relatedly, MOF catalysts
have yet to take full advantage of the geometry of the host
structure. Systematic structure—function studies whereby the
same catalyst is installed in multiple frameworks of varying
pore size, shape, hydrophobicity, and Lewis acidity will be
critical for this purpose. Surveying the literature, we find that a
broad trend in the field of MOF catalysis is the relative lack of
detailed kinetic studies that are much more common with
homogeneous systems. While many reports comment on the
kinetics governing MOF catalysis (e.g., kinetic isotope effects,
rate-determining steps), the data presented is often unstandar-
dized. This is also in part due to the difficulty of accurately
measuring the concentration of active sites in MOFs, especially
in the case of the deposition of catalytic units inside the pores,
which leads to difficulties in calculating accurate TON values.
Therefore, more systematic and standardized ways of
measuring catalytic performance for MOFs should be
implemented. Nevertheless, heterogeneous MOF catalysis is
an emergent, fast-evolving field promising an expansive
landscape of underexplored transformations, both by trans-
lating molecular catalysis onto better-performing, well-defined,
solid supports and by providing opportunities for new
transformations unaffected by solvent-mediated decomposition
pathways.
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