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The last decade has seen a tremendous expansion of the field of heterogenized molecular catalysis,
especially with the growing interest in metal-organic frameworks and related porous hybrid solids. With
successful achievements in the transfer from molecular homogeneous catalysis to heterogenized pro-
cesses come the necessary discussions on methodologies used and a critical assessment on the advan-
tages of heterogenizing molecular catalysis. Here we use the example of nickel-catalyzed ethylene
oligomerization, a reaction of both fundamental and applied interest, to review heterogenization
methodologies of well-defined molecular catalysts within porous solids while addressing the biases in

rsc.li/chem-soc-rev

1. Introduction

Beyond an historical dichotomy, the frontier is continuously
blurring between homogeneous catalysis, where a typically
single atom in the same phase as the substrate is responsible
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the comparison between original molecular systems and heterogenized counterparts.

of the catalytic transformation, and heterogeneous catalysis,
where the cooperation between several surface atoms, in a
separate phase than the substrate, is typically at the origin of
substrate activation and transformation.

Using heterogenized molecular species enables to isolate
active sites from each other and, as a consequence, prevents
them from aggregating or interacting with one another,
which could lead to the catalyst deactivation or undesired
reactivity.'
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Fig.1 Schematic representation of selected differences in designing
heterogeneous single-site catalysts through the concepts of SAC, SOMC
and macroligands.

Moreover, the site isolation changes the interactions at play
during substrate activation on the heterogeneous catalyst,
leading to unprecedented reactivities which can be understood
in the light of organometallic chemistry mechanisms.®™*°

The usefulness of mobilizing organometallic chemistry
mechanisms in single-site heterogeneous catalysts is particularly
pertinent for catalysts baring organic-based ligand-like moieties
in their first coordination sphere since the metal-ligand environ-
ment is a key descriptor of the catalyst performance in organo-
metallic chemistry.

The heterogenization of ligand-bearing metal-centered
molecular catalysts can be achieved by grafting organometallic
precursors on oxide surface. This strategy, also known as Surface
Organometallic Chemistry (SOMC, Fig. 1),"*"*° gave access to well-
defined isolated sites derived from molecular organometallic
counterparts. Beyond the simple heterogenization, the SOMC
strategy has already proven to lead in some cases to unique
reactivity not accessible by any other molecular analogue, includ-
ing enzymes and organometallics.'®

More recently, the concept of porous macroligands proposed
a variation of the SOMC approach in the field of single-site
catalysts (Fig. 1)."”"° Here a porous organic or hybrid organic-
inorganic polymer, made with coordinating monomers like
bipyridine derivatives, is defined and used as a solid ligand for
the active metal cations. Macroligands include porous solids
among periodic mesoporous organosilica (PMO), metal-organic
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frameworks (MOF) and porous organic polymers (POP).>° The
macroligand strategy lies in the derivatization of traditional
organic ligand in coordination complexes, like bipyridine or
triphenylphosphine, with functional groups such as carboxylic
acids or polymerizable vinyl groups for subsequent reticulation
in carboxylate-based MOF or in POP, respectively. In macro-
ligands, the molecular catalyst is self-supported in the porous
framework, minimizing possible detrimental interactions.
Moreover, the nature of porous macroligands allows for an
unprecedented site density, in catalytic sites per mass, since no
bulk matter remains unused, unlike in traditional grafted
siliceous materials.

Porous macroligands like MOF and POP already account for
a wide variety of metal-ligand combinations for catalytic appli-
cations ranging from fine chemical synthesis to energy.”'
Such as for homogeneous and heterogeneous catalysts in
general, the evolution of the heterogenized molecular catalyst
during catalysis has to be scrutinized, especially in the well-
documented case of highly reactive palladium complexes
prompt to form clusters and particles, as well as prompt to
release single-atom from aggregates, and showing high activity
even at so-called homeopathic level.?*! Indeed, the retention
of the molecular nature of the active site, i.e. coordination and
structure, and the accessibility to substrates molecules when
immobilized are key issues to be addressed. If confirmed, this
allows for mechanistic studies at the molecular level following
both computational and experimental methodologies from mole-
cular science.®*® Furthermore, the electronic effect of the sup-
port on the active site dramatically affects its reactivity.'®'®
Therefore, the challenge remains to disentangle the electronic
effect resulting from embedding the complex within the macro-
ligand structure from the effect due to the confinement within
macroligand’s pores.

Since the early 2000s, a novel concept in heterogeneous
catalysis appeared with the single atom catalysts (SAC)
described as isolated single metal atoms or cations either
embedded or supported on solid surfaces (oxide, metal,
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graphene or polymer, Fig. 1).*”*° At the same time, the SAC
concept constitutes a proximal yet distinct class of catalyst with
respect to single-site catalysts of interest here if we follow
Copéret and Korzynski classification: while single-site catalyst,
a concept applicable to homogeneous and heterogeneous cat-
alyses, is centered on the reactivity of well-defined isolated
active sites, SAC are mostly defined by textural properties of
individual atoms in a surface rather than by the coordination
environment or nature of the bonding between the metal and
the support (Fig. 1).%

The SAC concept therefore implies no (or weak) influence of
other atoms in the first coordination sphere of grafted metal
atom beyond the metal to surface bonds (such as M-O or M-C
bonds at oxide or carbon surface respectively), while typically at
least one coordinated organic molecule, which is absent in SAC
systems, directly influences the electronic and/or steric proper-
ties of the grafted metal complex in SOMC or macroligand
strategies though M-X bonds where X = C, O, N, P, S. Therefore
the SAC systems, as well as the similarly ligand free catalysts
that can be obtained by the thermolytic molecular precursor
method,""*> are beyond the scope of this review, and will only
be sporadically mentioned if they lead to performing materials
against whose performance the performance of the SOMC or
macroligand-based materials can be compared and contrasted.

In summary, we aim here at focussing on approaches
directly influencing the ligand-based coordination environment
of heterogenized single-site catalysts. The support described as
an extended solid ligand for the active metal would allow direct
comparison between heterogenized and homogeneous analo-
gues beyond the practical advantages of using solid catalyst like
easy separation from the catalysis medium and recycling. For a
clear overview on the scope and limitations of molecular catalyst
heterogenization, it is essential to focus on molecular catalytic
application that has been extensively studied and documented.
Furthermore, this application should be of industrial relevance,
with particular attention given to sustainability with the use of
earth-abundant active metal catalysts. The overall sustainability
of a catalytic process can also be improved by the recycling of the
heterogenized catalyst and the easy separation achieved. The
absence of active species leaching and the high accessibility of
active sites within solid supports can give access to the full
productivity of the catalyst without diffusional limitation.*®

In this review we aim at highlighting the perspectives offered
by heterogenized molecular catalysts compared to homogeneous
counterparts using the prism of the nickel-catalyzed ethylene
oligomerization as widely studied and industrially relevant
reaction.

2. Tailor-made nickel-based
molecular catalyst for ethylene
oligomerization

Ethylene a-oligomers are typically used in copolymerization

with ethylene to modulate the properties of polyethylene. The
recent increase of the availability of shale gas makes economically

This journal is © The Royal Society of Chemistry 2023

View Article Online

Review Article

appealing to produce selectively o-oligomers or linear alpha-
olefins (LAO) directly from ethylene. Industrial processes of
ethylene oligomerization towards LAO rely mainly on titanium-,
chromium-, zirconium- and nickel-based catalysis.***>

Two types of mechanisms have been highlighted for ethy-
lene oligomerization:

- a cycle of activation/coordination/insertion/elimination and/
or propagation (also called Cossee-Arlman mechanism),*®*”

- a cycle of coordination/oxidative coupling/metallacycle
intermediate/elimination and/or propagation (also called
metallacycle mechanism).*®*°

In the case of a Cossee-Arlman mechanism, which has been
demonstrated to be the most plausible for the nickel-catalysed
reaction,’® either metal halide (like nickel dihalide or titanium
chloride) or metal hydride (like nickel hydride) complexes are
typically used. Metal hydride complexes readily react with
ethylene without prior activation.’" In contrast, metal halide
complexes, which are among the easiest to synthesize and the
most stable, required an activation step in order to obtain the
catalytically active species for ethylene oligomerization. This
step typically involves an alkyl-aluminum activator (also called
co-catalyst) which subtracts halides and subsequently generates
the active metal alkyl species.

The important role of nickel in catalysis and its development
as alternative to platinum group metals (PGM) during the last
decades was already comprehensively reviewed.”> >’

Beyond its acknowledged sustainability due to its large
abundance and reduced cost compared to PGM,>® nickel pre-
sents advantageous intrinsic electronic properties when deal-
ing with C-C bond formation. Indeed, as compared to
palladium and platinum, nickel-carbon bonds show the weak-
est dissociation energy which makes Ni-C intermediates highly
reactive.>®°

The proliferation of catalytic systems based on molecular
nickel species benefited to the field of polymer chemistry.®*™®
As of interest here, molecular nickel catalysts are well-known to
oligomerize ethylene, among other olefins such as propylene
and butene.®*%’

Linked to its high reactivity, nickel catalysis often proceeds
though a wide number of parallel pathways and elementary
steps which multiplies the number of active intermediates.®®*°

The reactivity of nickel species is highly dependent to their
coordination sphere which makes the design of ligand in mole-
cular catalysts crucial to obtained the desired product.”>”" In
terms of ligation, the cis-coordination of tetracoordinated Ni(u)
sites is shown to favor migratory insertion step.”> Moreover, the
hemilability of the ligand coordination, such as with N or P
groups, allows for the stabilization of actives species and for the
coordination of substrates.

In particular, two types of active nickel species were
described though the action of activating agent (cocatalyst) in
ethylene oligomerization (Fig. 2):

- cationic species, highly electrophilic, isolated by Wilke
et al. in 19667 from neutral ligand;

- neutral species, less electrophilic and isolated by Keim
et al. in 1978”* from monoanionic ligand.

Chem. Soc. Rev., 2023, 52, 8059-8076 | 8061
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Fig. 2 Neutral ligand to cationic catalyst (top) and anionic ligand to
neutral catalyst (bottom) upon activation with Al-based cocatalyst.

Among bidentate neutral ligands, the o-diimine ligands
developed by Brookhart®" allowed for producing highly electro-
philic nickel(n) active species upon activation and favoring
olefin insertion through B-H elimination (Fig. 2).”°

In contrast, monoanionic ligands give rise to neutral nickel(i)
active species (Fig. 2). Highly productive (P,0)-based nickel(m)
catalysts pioneered by Keim, known as SHOP catalysts,”® and
(N,0)-based phenoxyimine analogues by Grubbs®® were found to
produce a-olefins in a broad Schulz-Flory distribution, implying
that short oligomers are favored, as well as polyethylene with
high molecular weight.

The Shell Higher Olefin Process (SHOP) relies on a nickel-
based catalyst with a P-O ligand developed by Keim in 1978
(Fig. 3). This type of catalyst is synthesized with a phosphorus
ylide, a [Ni(1,5-cyclooctadiene),] (Ni(COD),) complex and a
phosphine.”” SHOP-based catalysts with a phosphino-enolate
component favors the elimination step rather than the propa-
gation step, leading to LAOs up to twenty carbon atoms.
Removing the phosphine part with a scavenger would lead to
a polymerization catalyst rather than an oligomerization
catalyst.”*”®8% The SHOP process enables to produce a broad
range of oligomers but mainly C;, to C,. olefins and one of the
challenge remains to make this type of catalyst more selective
towards 1-butene.

3. Molecular Ni catalysts grafted onto
siliceous materials
3.1 Purely inorganic supports

In the field of heterogeneous catalysis, inorganic solids are the
most established supports, with siliceous-based materials at
the forefront. This section will review the state of the art for
ethylene oligomerization by this class of materials.

Lallemand et al. tested different types of zeolitic materials
(Ni-MCM-36 and Ni-MCM-22) for ethylene oligomerization.®' %
The catalysts are obtained from zeolite structures, by cation
exchange. Cations are used during zeolite synthesis in order to
ensure charge neutrality within the structure. The pristine

R R
R 3\F’/ ’
2
| >Ni\
P—R
R4 o / \R 4
R, Ra

Fig. 3 SHOP catalyst with different groups that enable to tune its activity
and selectivity (R = alkyl or aryl).
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materials underwent a treatment with an ammonium nitrate
solution in order to replace the cations and then the ammo-
nium ions were replaced by nickel cations. This technique of
cation exchange with zeolites (for ethylene oligomerization
purposes) enables to obtain an optimal dispersion of the
catalytic active sites throughout the support, since they also
participate to the structure’s charge neutrality and do not
require any activation with an aluminum-based cocatalyst.
However, the activation of the catalyst requires high tempera-
tures in order to desorb any impurities within the pores and to
obtain an optimal porosity for the reaction. The authors
postulated that this activation was responsible for the occur-
rence of acidic sites and the reduction of Ni*" sites into Ni*
sites. For a reaction time of 30 minutes, under 40 bar of
ethylene at 70 °C, the catalysts Ni-MCM-36 and Ni-MCM-22
respectively achieved 1.1 and 10 Zoligomers Seatalyse ~ h * with a
selectivity in butene around 81% in both cases. A product
distribution close to a Schulz-Flory one is described by the
authors and they noticed the higher production of 2-butene,
which could be attributed to the acidic sites, decreasing the
selectivity in LAOs.

In 2011, with the NIMCM-41 catalyst, the authors observed a
Schulz-Flory distribution of the products. This distribution
remained steady during seven days at 30 °C and 30 bar of
ethylene in continuous flow, with an initial activity of
6.7 Zoligomers Zeatalyse | 11 . The production of heavier oligomers,
due to acidic sites increasing the dimerization of lighter olefins,
can lead to micropores blocking (3.5 nm for NIMCM-41) and the
high temperatures (150 °C) can boost coke production. These two
phenomena, due to a lack of control on the nickel environment,
can lead to the deactivation of the catalyst.

More recently, in 2020, Andrei et al. reported the use of
amorphous AlSiO, and ordered AISBA-15, mesoporous alumi-
num silicates.®* The Ni-AISiO, and Ni-AISBA-15 were prepared
the same way as described previously, by ammonium nitrate
treatment and with nickel nitrate hexahydrate. The catalysts
were tested for ethylene oligomerization. Despite initial con-
version of 87% and 80%, respectively for Ni-AISBA-15 and
Ni-AlSiO, with selectivities in butene of 55 wt% and 58 wt%,
the authors proved by TGA analysis that heavier products
(Cg and higher olefins) were responsible for catalyst deactivation,
especially due to acid sites. Ni-AlSiO, with a wider pore width
than Ni-AISBA-15 underwent a less significant deactivation.

The Ni exchange technique does not allow control over the
active site’s environment. The exact nature of the active sites is
still unknown and the occurring mechanism is not fully
understood.”® Acid sites represent also another type of active
sites, responsible not only for isomerization reactions but also
for dimerization of the products formed in the first place.
Combined to the microporosity of some catalysts, the produc-
tion of heavier products (Cg and more) can lead to pore
blocking. Working at higher temperatures also favors catalytic
cracking of the products.

Surface organometallic chemistry has been used for the
synthesis of two mesoporous silica-grafted catalysts for ethy-
lene oligomerization:

This journal is © The Royal Society of Chemistry 2023
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- a tantalum-based catalyst, [(=SiO)Ta"Cl,Me,], by grafting
TaMe;Cl, on SBA-15%°

- a niobium-based catalyst, [( = SiO)NbMe,], resulting from
the grafting and methylation of NbMe,Cl; on a SiO, surface
dehydroxylated at 700 °C.%¢

The niobium-based catalyst enabled to achieve 91.9 wt%
of butene selectivity with an activity of 1050 molethyiene consumed
moly, " h™" under 50 bars of ethylene at 100 °C during one
hour in toluene. In similar conditions (30 minutes of reaction
instead of one hour), the tantalum-based catalyst’s activity
reached 375 MOlethylene consumed MOly, * h™! with 82.7 wt% of
hexene products. Both catalysts are active without aluminum-
based cocatalyst activation. However, they suffered from deac-
tivation by polyethylene production, stemming from the com-
plexes geometry and coordination sphere on the surface.®”
Hence, the interactions between the active sites and the free oxide
or hydroxide sites might hamper the catalytic activity.*>***%

3.2 Hybrid periodic mesoporous silica

Periodic Mesoporous Organosilica (PMOs) is a class of siliceous
materials with organized mesoporosity and possibly containing
organic moieties.”>*>°"* They present high surface areas, high
porous volume and structural diversity (MCM-48 with a 3D
porous structure or MCM-50 with a 2D structure). Aluminum
can be introduced into the structure to tune its acidity.

Recently, Shin et al. synthesized a series of eight bpy-SBA-15,
with different molar amounts of bipyridyl (bpy) sites metalated
with NiCl,-H,O (Fig. 4).°> The design of these catalysts was
motivated by the attempt to minimizing polyethylene for-
mation and improving oligomer production, with heteroge-
neous (bpy)Ni(u)Cl, catalysts.

Ethylene oligomerization was performed in heptane during
30 minutes with 70 or 700 equivalents of Et,AlCl compared to Ni
and under 30 bar of ethylene, at 150 °C. First, the series of catalysts
were more active than their homogeneous counterpart Ni(bpy)Cl,
for the given conditions, with 406 MOlgjigomers MOly; ' h™* and a
selectivity in butene of 51%. The authors observed minimal
polyethylene formation with the catalyst made with 0.21 wt% of
Ni and a 4 nm pore size. It achieved 4422 molyjigomers MOl ™!

|, Ig
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—_— — 8
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bpy-SBA-15s Ni-SBA-15s
Si(OMe), ségé
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Fig. 4 From a synthesized SBA-15 PMO, the design of a series of eight
bpy-SBA-15 (bipyridyl sites embedded on the surface and within the walls
of the structure) and their metalation with NiCl,-H,O. Reprinted from
Appl. Catal, A, 590, Shin et al., A Way to Avoid Polymeric Side Products
during the Liquid-Phase Ethylene Oligomerization with SBA-15 Supported
(Bpy)Ni(1)Cl, Heterogeneous Catalyst, p. 117363, Copyright (2020), with
permission from Elsevier.9
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and a selectivity in butene of 77%, with 700 equivalents of Et,AlCl.
The catalyst has been recycled seven times, without nickel leach-
ing, suggesting the successful immobilization of the molecular
complex within the large pores of the material. However, catalysts
with higher pore sizes (7 and 10 nm) and higher nickel loadings
(0.27 wt% and 0.31 wt% of Ni respectively), proved to be less active
and less butene-selective in the same conditions. Same conclu-
sions can be drawn for 2.25 wt% and 1.51 wt% nickel loadings.

Different inorganic and non-porous materials have been
also synthesized and tested for catalytic purposes, like clays,
aluminum sulfates and oxide surfaces, but they will not be
developed here since they have not shown particular activity in
ethylene oligomerization.®%*%°

4. Molecular Ni catalysts embedded
into porous polymeric materials

In contrast to siliceous materials, molecular complexes hetero-
genized within porous polymers can be embedded within the
porous network, with a high site density per volume and per
mass of solid. Moreover, the high porosity of the solids allows
for high accessibility of the active sites. Porous polymers of
hybrid organic-inorganic nature like Metal-Organic Frame-
works (MOF),”*'** or purely organic, like Porous Organic
Polymers (POP) or Porous Organic Networks (PON) can be
made by design using coordinating motif as organic repeating
unit.’®** MOF and POP both allow for a wide versatility in
composition and porous network topology by varying organic
linkers/monomers (for MOF and POP) and metal nodes
(in MOF). The crystalline MOF present well-defined topologies
and their extended ordered nature allows for the control over
grafted sites environment within the MOF pores and in-depth
mechanistic studies using computational chemistry (Fig. 5).***"”
In contrast, POP/PON are amorphous or semi-crystalline and
present a more disordered network which however is made by
C-C bonds, much more stable than the MOF coordination bond-
ing towards hydrolysis, for example."** Among porous organic

MOF

crystallinity

POP/PON

carbon content

Fig. 5 Representation of classification of non-siliceous polymeric porous
materials. (MOF: metal-organic frameworks; POP: porous organic poly-
mers; PAF: porous aromatic frameworks; PON: porous organic networks;
COF: covalent organic frameworks; CTF: covalent triazine frameworks).
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polymers, Porous Aromatic Frameworks (PAF) are rigid frame-
works where C-C bonds connect aromatic units,'*® Covalent
Organic Frameworks (COF) are slightly crystalline layered
materials'*”'*' and covalent triazine frameworks (CTF) are a
sub-class of COF having triazine units as node (Fig. 5)."****

Different methods have been employed to embed isolated
active sites for ethylene oligomerization within MOF and POP
porous frameworks (Fig. 6):

- by one-pot synthesis, with Ni active sites already incorpo-
rated within the structure of the MOF (route A);'**

- by cation exchange in the MOF 1norganic node
(route B); 126,127

- by atomic deposition onto the MOF inorganic node
(route C);***

- by post-synthetic grafting of pending ligand inside the
MOF (route D);*28713°

- by coordination of metal cation into porous structures
containing vacant coordination sites as building monomers,
i.e. bipyridine™'"** or phenoxy-imine (route E)."*>

4.1 Self-assembled Ni-based MOF (route A)

In the following examples, the MOF are synthesized using
nickel salt through one-pot synthesis (OPS). The nickel is thus
present either coordinated to oxygens from carboxylates or to
nitrogen from imidazolates, either as single atom or as a dimer
within a paddle-wheel complex.

Ni-carboxylate MOF. In 2018, Hu et al. developed nickel-
based MOF nanosheets (Ni-UMOFNs), based on benzene-1,4-
dicarboxylate.'*® This MOF synthesis pathway enables to obtain
nickel-based stacked sheets, with isolated and full-exposed active
sites. Prior to catalytic experiments, Ni-UMOFN was activated
under vacuum at 190 °C, hence achieving Ni-UMOFN-190.
Ethylene oligomerization experiments were performed in
toluene at 25 °C and 10 bars of ethylene. Catalysts were activated
with 500 equivalents of Et,AlC] and achieved, after one hour of
reaction, a TOF of 5536 MOlethyleneconsumed MOlxi * h™" with a
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selectivity in butene of 75.6%. With the same catalyst, a TOF of
3000 mOlc¢hyiene consumed molyi ' h™! was already achieved after
thirty minutes of reaction with a selectivity in butene of 76.6%
whereas a lower TOF of 2500 MOlehyiene consumed MOl + h ™"
could be observed after one hour and a half, with an improved
selectivity in butene of 90.2%. Atomic Force Microscopy
(AFM) analysis enabled the authors to evaluate the thickness
of the catalyst nanosheets after four recycling experiments.
For one hour of reaction, Ni-UMOFN-190 achieved
4893 MOlethylene consumed MOl h ™! with a 72.1% butene selectivity
for a first cycle compared to 3929 MOlehylene consumed MOlni + h ™!
with a 71.4% butene selectivity for a fourth cycle. The stable catalyst
activity was attributed to the fact that fresh nickel active sites are
continuously exposed to aluminum-based cocatalyst and ethylene.

Later, in 2019, Kaskel and coworkers proposed seven nickel-
based MOFs, synthesized by one-pot synthesis for ethylene
oligomerization (Fig. 7):"*” the CPO-27(Ni) or [Ni,(dhtp)], from
a mixture of a nickel(u) acetate tetrahydrate in 1-butanol with
2,5-dihydroxyterephtalic acid (dhtpH,), the [Ni(bdc)(dabco)],
and [Ni(bdc)(dabco)ys], (bdc = 1,4-benzenedicarboxylate and
dabco = 1,4-diazabicyclo[2.2.2]octane, and the [Niz(ndc)s
(DMF),((CH3),NH),], (ndc = 2,6-naphtalenedicarboxylate and
DMF = N,N-dimethylformamide). The DUT-8(Ni) or [Ni(ndc)
(dabco)o 5], was obtained, from a mixture of nickel(n) nitrate
hexahydrate in DMF with 2,6-naphtalenedicarboxylic acid and
dabco, in two forms, [Ni(ndc)(dabco)y 5], rigid and [Ni(ndc)
(dabco) 5]._flexible. The two forms differ by the fact that the
flexible DUT-8(Ni) can switch between open and close pore
form whereas rigid DUT-8(Ni) remains in the open pore. Each
nickel-node represents an isolated active site for ethylene
oligomerization. Prior to ethylene oligomerization experiments,
the authors evaluated the integrity of the Ni-based MOFs after
leaving them to stir overnight with Et,AlICl (Al/Ni = 17) in
toluene. Powder X-ray diffraction (PXRD) measurements showed
that only CPO-27(Ni), [Nis(ndc);(DMF),((CH;),NH),],, DUT-
8(Ni)_rigid and DUT-8(Ni)_flexible remained structurally
unchanged, compared to the other MOFs.

The authors tested these seven catalysts for ethylene oligo-
merization in toluene, activated with 17 equivalents of Et,AICI
at 21 °C and 10 bars of continuous ethylene feed. The catalytic
activities ranged from 1 molyjigomers Mol ' h™' (100% C,
selectivity) with the CPO-27(Ni) to 49 molyjigomers MOly; * h™*
with [Niz(ndc);(DMF),((CH;3),NH),], (50% selectivity in C4) and
DUT-128 (47% selectivity in C,). It is noteworthy that with these
nickel-based MOFs no polymeric product could be observed.

More recently, another nickel carboxylate MOF, Ni-MIL-
77,5%° has been synthesized by Wang and coworkers, using
glutaric acid as linker. This MOF can present distinct 1D or 3D
topology as confirmed by PXRD, however without a clear
evidence of porosity.’*® Under 10-20 bars pressure range of
ethylene and using between 80 to 210 equivalent of Al-based
cocatalyst, the 1D Ni-MIL-77 was found to perform the best with
a TOF of 5544 h™' and a selectivity of 98% for butenes.
Unfortunately, the solid catalysts showed a drastic loss of
crystallinity after reaction and could not be efficiently reused.
Indeed, the authors found that hydrolysis products from the Al-
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Fig.7 (a)

CPO-27(Ni);  (b)
((CH3)2NH)2l,; (d) [Ni(bdc)(dabco)g sl,: (€) DUT-8(Ni); (f) DUT-128. Repro-
duced from ref. 138 with permission from the Royal Society of Chemistry.

[Ni(bdc)(dabco)l,; (c) [Nis(ndc)s(DMF),-

based cocatalyst cover the MOF’s surface leading to catalyst
deactivation.

Ni-imidazolate MOF. In 2021, Chen et al. proposed the one-
pot synthesis of a Ni-ZIF-8 MOF for the selective dimerization of
ethylene.’* From a mixture of Zn(NOs),-6H,0 and Ni(NO;),-
6H,0 with 2-methylimidazole as linker, the authors synthe-
sized four different Ni-ZIF-8 MOFs by varying the molar amount
of the Zn and the Ni salts, in order to achieve different nickel
loadings from 0.08 to 0.70 wt%. They speculated that the active
Ni** imine-like site, remains at the surface of the crystals, and
not within the porosity of the material, which enables to
circumvent mass-transport limitations within the porosity of
the material (Fig. 8). The authors also prepared another catalyst
by growing a ZIF-8 shell on the Ni-ZIF-8 surface, namely Ni-ZIF-
8@ZIF-8, in order to cover-up the surface nickel active sites and
observe its catalytic activity. The ethylene oligomerization
experiments were performed in toluene during ten minutes,
the catalysts being activated with methylaluminoxane (MAO,
between 660 and 19 900 equivalents), under 30 bars of ethylene
and at 35 °C.

This journal is © The Royal Society of Chemistry 2023
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Fig. 8 Representation of the ethylene oligomerization TOF (top), of the
MAO equivalents used (in toluene, at 35 °C and 30 bar of ethylene; middle)
and of the butene selectivity (bottom) with ZIF-8, four different catalysts
obtained from ZIF-8 and exhibiting different nickel loadings (0.08, 0.20,
0.40 and 0.70 wt%) and Ni-ZIF-8@ZIF-8.1%°

First, the ZIF-8 itself (with only Zn sites) was not active
whereas all the other Ni-ZIF-8 catalysts generate oligomers
(whatever the loading or the catalytic conditions), indicating
the necessity of nickel sites in order to observe a catalytic
activity. Besides, for given conditions, the Ni-ZIF-8 was seven
times more active than the Ni-ZIF-8@ZIF-8, indicating that only
some of the nickel active sites on the surface have been
deactivated by the ZIF-8 growth. No polyethylene was reported
by any Ni-ZIF-8 catalyst, with butene selectivities above 90%.
Among nickel-based catalyst discussed so far, Ni-ZIF-8 catalyst
seems to be more active and selective towards butene than
other self-assembled nickel-based MOF catalysts, for the given
conditions in each work. The catalytic activity enhancement of
the Ni-ZIF-8 catalyst could stem from the fact that the macro-
ligand is made of imine-like moieties. The effects of the
thousand-fold excess of alkyl aluminum seems poorly under-
stood (from 1320 to 15500 equivalents to Ni, see Fig. 8).

As an alternative to ZIF-8, Dong and coworkers recently
reported Ni-ZIF-L as highly active ethylene dimerization
catalyst."*" ZIF-L present similar composition and chemical
environment than ZIF-8 but with different topology, with quite
lower surface area of ca. 160 m”> g~ ', which allows the insertion
of nickel atoms only at the surface of the MOF’s particles.
According to the authors, the 2D leaf-like shape of ZIF-L would
allow for higher external accessible surface compared to ZIF-8.
Using MAO as cocatalyst under 30 bars of ethylene and 30 °C in
toluene, the NI-ZIF-L allowed accessing ethylene dimerization
with a TOF of 330230 h™" with a selectivity in 1-butene higher
than 90%. Unfortunately, after one hour of reaction, the
measured selectivity in 1-butene slightly dropped from 95%
to 77% (overall C4 selectivity constant from 97% to 94% with
same TOF), likely due to butene isomerization by Lewis acid
sites either from the MOF or the cocatalyst, and the possible
recycling of the catalyst was not demonstrated.

4.2 Single sites by Ni cation exchange in MOF (route B)

Following the above-described examples of Ni-based MOF, nickel
sites can be introduced post-synthetically by replacing metal
cations natively present at the MOF node, thus generating
isolated active sites for ethylene oligomerization.

MFU-4. In 2016, Dinca and coworkers reported the cation-
exchange of the Zn®* ions by Ni** ions of the MFU-4/ MOF
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Fig. 9 Representation of the effect of soaking conditions for MFU-4( in a
Ni(NOsz),-6H,O DMF solution on the number of Zn®* replaced by Ni**
(top), of the nickel loading on the ethylene oligomerization TOF (led in
toluene, at 25 °C and 50 bars of ethylene and activated with 500
equivalents of MAO) (middle) and on the butene selectivity (bottom).

(zZn5Cl4(BTDD);, with H,BTDD for bis(1H-1,2,3-triazolo[4,5-b],
[4',5'-i])dibenzo[1,4]dioxin)."*” An MFU-4/ is soaked in a DMF
solution of Ni(NO3),-6H,0. The longer the pristine material is
left to soak, the higher Zn>" replace by Ni**. This method
resulted in the synthesis of three additional -catalysts:
Ni(10%)-MFU-4/, Ni(3%)-MFU-4/ and Ni(1%)-MFU-4! (Fig. 9).

Ni-CFA-1. Later, in 2019, the same group developed a Ni-
CFA-1 MOF, formulated as Ni5(OAc),(bibtz); (H,bibtz = 1H,1'H-
5,5’-bibenzo[d][1,2,3]triazole), isoreticular to and more scalable
than analogous Ni-MFU-4/ based on costly bis(1H-1,2,3-triazolo-
[4,5-b],[4',5'-i])dibenzo[1,4]dioxin ligand."** Two Ni-CFA-1 cata-
lysts were synthesized by varying nickel content, Ni(7.5%)-CFA-1
and Ni(1%)-CFA-1. They were prepared according to the same
procedure as Ni-MFU-4. CFA-1 structure enabled to keep the
imine-like coordination, observed with MFU-4/, towards isolated
nickel active site (Fig. 10).

Ethylene oligomerization was performed in toluene with
50 to 2000 equivalents of MMAO-12, under 50 b of ethylene
at 22 °C. Under similar conditions, Ni(1%)-CFA-1 achieved
1800 MOleghylene converred MOl * h™' with a 88.6% butene
selectivity whereas Ni(1%)-MFU-4/ enabled to achieve
41500 mMOleghylene converted MOlyi + h™', with a 97.4% butene
selectivity when activated with 500 equivalents of MAO.

4.3 Single sites by atomic Ni deposition on MOF (route C)

So far, this methodology relies on the use of zirconium oxo
clusters of Zr-based MOF as a model inorganic surface to graft
nickel precursors.

Ni-AIM-NU-1000. Based on previous research work per-
formed on atomic deposition on MOF (AIM), Farha and cow-
orkers established a method to deposit isolated Ni ions on the

Ns AN H o H
! 1) ZnCl, D‘ 1)Zn(OAc), N N,

- 2 (V) e By
, NMNO, O.‘ N gNiNoy, o 1
H,bibtz e H,BTDD
(M1, M2 = Zn, Ni)

Fig. 10 Representation of how the  Hpbibtz  (1H,1'H-55'-

bibenzold][1,2,3]triazole)) linker and the H,BTDD linker, used respectively
to synthesize CFA-1 and MFU-4[ enable to obtain the same scorpionate-
like configuration with three coordinating nitrogen atoms embedded
within the MOF structure.
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Zr nodes of the NU-1000, a highly robust MOF made with Zrg
oxo clusters linked by 1,3,6,8-tetrakis(p-benzoate)pyrene.*>
Upon activation with Et,AlCl, the authors tested the Ni-AIM-
NU-1000 for gas-phase ethylene oligomerization at 45 °C and
2 bar pressure in a continuous reactor. Polymeric product was
formed during the first 10 hours of the process and afterwards
oligomers could be observed with a butene selectivity around
42% with a TOF of 1080 h™'. The findings on catalytic behavior
of the heterogenized Ni sites were supported by computational
data at the DFT level. By using the same strategy, a Co-AIM-NU-
1000 was developed and its activity appeared to be lower than
Ni-AIM-NU-1000.>* In a later work, the same group tuned the
electronic and steric environment of the active site of the Ni-
AIM-NU-1000 with the electron-withdrawing group hexafluor-
oacetylacetonate (Facac) and the weakly electron-donating
group acetylacetonate (Acac). They evaluated the effects of this
tuning with the catalytic ethylene oligomerization, in a packed
reactor under continuous flow of 100% ethylene gas feed at
2 bar and 45 °C, activated with Et,AlC1.*** Despite a twenty-fold
lower activity of these materials compared to Ni-Facac-AIM-NU-
1000, the two electronically/sterically tuned catalysts afforded
100% selectivity in butene (Fig. 11). A Gibbs free energy profile,
with a model where the Zrg node is functionalized with both a
single Ni atom and a Facac or Acac ligand, enabled to show that
with these specific ligands, the butene production is energeti-
cally more favorable than chain growth. However, since the
comparison of selectivity has been made at different conver-
sions, unambiguous conclusions can be hardly raised from
these data.

Ni/UiO-66. More recently, Bhan, Gagliardi and coworkers
followed the same methodology to study nickel-functionalized
Ui0-66."** Such as in NU-1000 described above, the UiO-66
MOF contains zirconium-based inorganic node in which nickel
atoms can be deposited at defective sites, typically in place of
missing linkers. The catalytic behavior of Ni/UiO-66 catalyst has
been studied under gas phase conditions without any external
cocatalyst. After a pressure-dependent induction period, the
catalyst showed a stable oligomerization rates for more 15 days
on ethylene stream. Using in situ NO titration, the authors
demonstrate that the number of active Ni sites increased with
the ethylene pressure, accounting only for 12% of the nickel

Ni-AIM-NU-1000 [Ni-Facac-AIM-NU-1000 |

CFy
f N electron-
FiC % withdrawal

[Ni-Acac-AIM-NU-1000 |

'_‘LO weak
electron- /@

I e
/Zb donation
..... 0.
:bﬁ/\”/

TOF =4.4x 103 st

————— 0.
Fs

TOF=3.5x10%s"

TOF =0.07 s

butene selectivity : 40% butene selectivity : 100% butene selectivity : 100%

Fig. 11 Ethylene oligomerization catalytic activity obtained with Ni-AIM-
NU-1000, Ni-Facac-AIM-NU-1000 and Ni-Acac-AIM-NU-1000 in
a packed reactor under continuous flow of 100% ethylene gas feed at
2 bar and 45 °C, activated with Et,AlCL
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atoms at 1800 kPa, and that ethylene oligomerization was
first order in ethylene pressure with an activation energy of
81 kJ mol " at temperatures from 443-503 K. DFT-level com-
putations using a cluster model of Ni/UiO-66 confirmed the
postulated the Cossee-Arlman mechanism.

4.4 Post-synthetic grafting of molecular Ni complexes within
MOFs (route D)

In this section, defined nickel molecular complexes are intro-
duced stepwise within the MOF cavity by immobilizing vacant
coordinating ligands which are then metallated with a nickel salt.

Ni@(Fe)-MIL-101. Canivet et al. achieved the isolation of
active sites by the imine condensation of a Ni(PyCHO)Cl, complex
on the dangling amino groups of the (Fe)MIL-101-NH,
framework,”>'*> to yield 10Ni@(Fe)-MIL-101 and 30Ni@)(Fe)}-MIL-
101 catalysts, where respectively 10% and 30% of the amino groups
were converted into the corresponding nickel imino complex.”®
These two catalysts were tested for ethylene oligomerization in
n-heptane, with 15 bars of ethylene at 10 °C during one hour and
with 70 equivalents of EtAICI per nickel. 10Ni@(Fe)-MIL-101 and
30Ni@(Fe)-MIL-101 achieved a similar catalytic activity (respectively
3166 and 3215 molyjigomers formed MOlyi + ™', with a selectivity in
1-butene around 94% in both cases), proving that the catalytic sites
are accessible (Fig. 12). It can also be assumed that, up to a certain
nickel loading, the reaction is not limited by diffusion. It is
noteworthy that no catalytic activity could be observed with only
(Fe)-MIL-101-NH,, or with (Fe)-MIL-101-NH, put into solution with
either NiCl, or PyCHO and with the filtrated catalytic solution
(leaching experiment) re-activated with Et,AlCl. Catalytic activities
of 10Ni@(Fe)-MIL-101 and 30Ni@(Fe)-MIL-101 originate from
the nickel-isolated active sites within the framework. In this
study, the most competitive result was obtained under mild
conditions (25 °C and 30 bar of ethylene, with 70 equivalents
of ELAICI) to reach 10455 molgigomers Moly; ' h™! with a
1-butene selectivity above 90%.

IRMOF-3 and MixMOF. Later, in 2014, Liu et al. also synthe-
sized a series of NH,-based MOF from Zn(NO3),-6H,0 and amino-
terephtalic acid (IRMOF-3) and three MixMOFs (MixMOF-a,
MixMOF-b and MixMOF-c), synthesized following the same pro-
cedure as IRMOF-3 with aminoterephtalic acid partially substi-
tuted with terephtalic acid.® The MOFs were post-synthetically

10Ni@(Fe)-MIL-101
TOF =3 166 h-'

Butene selectivity = 95%

diffusion
limitation

30NI@(Fe)-MIL-101
TOF =3215 h'

Butene selectivity = 94%

Fig. 12 10Ni@(Fe)-MIL-101 and 30Ni@(Fe)-MIL-101 catalytic activity
under 15 bars of ethylene at 10 °C with 70 equivalents of Et,AlCl per nickel.
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modified by imine condensation using Ni(PyCHO)Br, complex by
the same molecular complex immobilization technique as Canivet
et al.’*® Upon metalation, the authors tested the different catalysts
for ethylene oligomerization in toluene, under 20 bar of ethylene,
at 20 °C during 30 minutes and activated with 100 equivalents
of Et,AICL. MIXMOFs-Ni-b exhibited a catalytic activity of
6.91 x 10" Zoligomers MOly; ' h™" with a selectivity in butene of
79.5% whereas IRMOF-3-Ni-a achieved a catalytic activity of 6.29 x
10" otigomers MOly; ' h™'with a butene selectivity of only 35%
(Table 1). Comparing IRMOF-3 and MixMOF catalysts, it can be
concluded that higher amino content can hamper the catalytic
activity and that site dilution might improve diffusion within the
pores and thus the catalytic productivity and selectivity.

MIL-125(Ti)-NH,. Following a similar strategy, Chen et al.
reported in 2020 the stepwise post-synthetic grafting
2-pyridinecarboxaldehyde in MIL-125(Ti)-NH,, metallated after-
wards with NiCl,-6H,0."*° Ethylene oligomerization was per-
formed in cyclohexane, with 800 equivalents of MAO at 50 °C
and under 10 bar of ethylene during 30 minutes. This catalyst
achieved a catalytic activity of 18 X 10" goligomers MOly; ' h™"
with a butene selectivity of 19.6 wt%, corresponding to 27% in
moles of products formed, and including 87.2 wt% of 1-butene.

NU-1000. Farha and coworkers used as a platform the NU-
1000 MOF, with a molecular formula Zrg(1*-OH)g(OH)5(TBAPy),
(H4,TBAPy being 1,3,6,8-tetrakis(p-benzoic acid)pyrene) to per-
form condensation of phosphonate-functionalized bipyridyl
coordinating sites on the Zr node of the MOF, dangling bipyr-
idine being then metalated with a NiCl, salt."*® The catalytic
tests were performed afterwards in heptane, at 21 °C under
15 bar of ethylene, the catalyst being activated with 70 equiva-
lents of Et,AlCI during one hour. NU-1000-bpy-NiCl, allowed to
achieve an intrinsic catalytic activity for butenes of 1950 h™,
with a selectivity in butene of 93%. The same catalyst showed
similar activity for gas-phase reaction.

4.5 Nickelation of MOFs and POPs macroligands (route E)

In contrast to the previously described methods, here the MOFs
and POPs are not used as support to graft molecular complex at
the pore surface but are envisioned as porous macroligands, i.e.
solids acting as the organic ligand in the molecular complex.
The MOFs and POPs described below are made using coordi-
nating linkers/monomers which are derivatized from known
efficient organic ligands in molecular complexes.

[Al/Ni]-Ni-bpydc MOFs. Kyogoku ef al. initiated the research
in 2010 with two MOFs: [Al]-Ni-bpydc (MOF) and [Ni]-Ni-bpydc
(MOF)."* They were respectively synthesized by One-Pot Synth-
esis of Al(NO,);-9H,0 with a Ni-bipyridyl-dicarboxylic acid in
DMF and of Ni(NOj;),-6H,O with bipyridyl-dicarboxylic acid.
Ethylene oligomerization catalytic tests were conducted in
heptane, at 5 °C during one hour, under 15 bar of ethylene,
the catalyst being activated with 70 equivalents of Et,AlCl. [Al]-
Ni-bpydc (MOF) and [Ni]-Ni-bpydc (MOF) both exhibited a
productivity of ca. 20 Zotigomers Zeatalysc * h  and a 13% con-
version, with selectivities in butene of 89.1% and 92.7%,
respectively.
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Table 1 Characteristics and catalytic activity comparison between Ni-loaded iminopyridine-functionalized MOF catalysts for ethylene oligomerization.
Data are directly extracted or calculated from the corresponding published reports

NH, content® surface area before

MOF catalyst (10™*mol g7) PSM” (m* g™ ")

surface area after Ni content®
psM” (m? g7)

Butene
selectivity (%) Ref.

catalytic activity

(10°mol g ") (10" Zoligomers MOl ' h™Y)

MixMOFs-Ni-a 5.95 1080 262
MixMOFs-Ni-b 8.12 1213 176
MixMOFs-Ni-c 10.95 1671 125
IRMOF-3-Ni-a 36.81 1086 8
30Ni@(Fe)MIL-101 42.86 1884 155
Ni@(Ti)MIL-125-NH, 36.29 1164 1083

0.65 5.8 71.3 129
1.07 6.9 79.5 129
1.22 5.6 79.5 129
0.17 6.3 35 129
1.12 58.5 94 128
0.23 18.0 27 130

“ As determined by elemental analysis. ? As determined from nitrogen physisorption isotherm using BET method. ¢ As determined by ICP analysis.

Zr-MOFs. Later, in 2017, Long and coworkers proved that
site dilution within a porous framework enables to improve
diffusion of the reagents and the substrates towards the active
sites and of the products off the porous framework. The authors
synthesized a UiO-67, made only with biphenyl-4,4’-dicarboxylate
(bpdc), and two UiO-67-bpy frameworks made using additional
2,2'-bipyridine-5,5’-dicarboxylate (bpydc) with different amounts
of bipyridyl sites, with the respective formula ZrgO4(OH),
(bpydc)o.ga(bpde)s.16 and this ZrgO,(OH)4(bpydc)ysa(bpdc)s.1e, to
be compared with UiO-67-bpy, formulated as Zr;O,(OH),(bpydc)s,
that only contains bipyridyl sites (Fig. 13)."*' Each material was
post-synthetically metallated with Ni(DME)Br, (DME for dimeth-
oxyethane), using 1.0 equivalent of Ni per bpy site and ICP-OES
analysis enables to confirm that all the bipyridine sites of the UiO-
67-bpy materials were coordinated by NiBr,. More surprisingly,
the UiO-67 material, containing no bipyridyl coordinating sites,
turned to contain 2.3% Ni for each Zr center (obtained by ICP-

[—-—0o-]

[vio-67-bpy(14%) |

DME DME DME
Ni(DME)Br, | 80°C Ni(DME)Br, | 80°C Ni(DME)Br, | 80°C
one week one week one week
Ni@Ui0-67 [ Ni@uio-67-bpy(14%) | | Ni@uio-67-bpy(100%) |

TOF 4300 h' 36 000 h-'! 25000 h'
butene o
selectivity 37% 7% 75%

Fig. 13 Metalation procedure of UiO-67, UiO-67(bpyld%) and UiO-
67(bpy100%) with Ni(DME)Br, and TOFs and selectivity under the following
conditions: 59 bars of ethylene at 55 °C during one hour and with
100 equivalents of Et,AlCl per nickel.
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OES, which would represent 0.06 wt% of Ni for this catalyst),
despite several washings with dimethoxyethane in order to
remove any physisorbed Ni complex. Authors assumed that Ni
got coordinated to water and hydroxyl ligands on zirconium
nodes. The three catalysts were evaluated for ethylene oligomer-
ization in cyclohexane, with 59 bars of ethylene at 55 °C during
one hour and with 100 equivalents of Et,AlCl per nickel. The
authors observed a slightly higher activity using Zr¢O,(OH),
(bpydc)o.sa(bpdce)s.16(NiBry)o.s4 With a productivity of 370 gproduct
Searalyse - D', than with ZreO,(OH),(bpydc)s(NiBr,)s with a pro-
ductivity of 220 Zproduct Zeatalyst ~ " (Fig. 13). Along with oligo-
mers, polyethylene was also formed with the ZrsO,(OH),(bpydc)s-
(NiBr,)e catalyst.

These results showed that, in this case, higher metal loadings
might lead to detrimental steric hindrance around the active sites
consequently leading to polyethylene production. Furthermore,
the authors cannot rule out a catalytic contribution from wild
nickel sites at the MOF node with nevertheless a negligible impact
on the overall productivity and selectivity.

In 2020, Kaskel and coworkers synthesized two imine-based
MOFs, PCN-161 and PCN-164, and one phenoxy-imine novel
MOF, DUT133."®® For PCN-161 and PCN-164, the imine con-
densation between 4-formylbenzoic acid and 4-aminobenzoic
acid and p-phenylenediamine, respectively, in presence of
ZrCl,, enables to achieve imine-based MOFs. The authors also
proposed the DUT-133 framework, isoreticular to PCN-161,
where the imine condensation of 4-formyl-3-hydroxybenzoic
acid with 4-aminobenzoic acid, in presence of ZrCl,, enables
to achieve a phenoxy-imine based MOF. The nitrogen physi-
sorption measurements highlighted the microporosity of the
material, making it suitable for the immobilization of a mole-
cular complex within its structure. After metallation with NiCl,,
ethylene oligomerization has been carried out in an autoclave
with 1,2-dichlorobenzene and 51 equivalents of Et,AlCl at 21 °C
and under 15 bars of ethylene. The authors also synthesized a
NiCl,@UiO-67(bpydc) catalyst, similar to the one developed by
Long and coworkers."" The authors compared the 63%NiCI@
DUT-133 (63% Ni loading verified by ICP-OES) to NiCl,@UiO-
67(bpydc) (with a 5.3% Ni loading verified by ICP-OES) under the
same catalytic conditions described before. NiClL,@UiO-67(bpydc)
proved to be two times more active and less butene-selective
(25 mOlyjigomers MOly; + h™" with 28% of butene) than 63%NiCl@
DUT-133 (12 mOlgjigomers MOl h™" with 100% butene). It could
be concluded that, within Zr-MOF, a Ni active site coordinated to a

This journal is © The Royal Society of Chemistry 2023
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phenoxy-imine would be less active and more selective towards
butenes than a Ni complex coordinated to a bipyridyl site. The
phenoxy-imine seems to favor f-H elimination over propagation
step whereas the bipyridyl one favors propagation step, for the
given catalytic conditions.

POP-1. In 2017, Kim et al. proposed for the first time the
immobilization of a nickel complex within a bipyridyl-based porous
organic polymer (POP), used for ethylene oligomerization.** The
pristine material, named as POP-1, was obtained by reaction
between tetra(4-azidophenyl)methane and 5,5'-diethynyl-2,2'-
bipyridine tectons. Nitrogen physisorption measurement high-
lighted the microporosity of POP-1 and its suitability to immo-
bilize a molecular complex within its structure. TGA analysis
showed the thermal stability of the support up to 300 °C.
Metalation was done afterwards by placing the bpy-based
POP-1 in a mixture of NiCl,-H,O dissolved in DMF, in order
to get the Ni(u)-POP-1 catalyst. Ethylene oligomerization experi-
ments were performed in heptane, with 70 equivalents of
Et,AIC] compared to Ni during one hour, at 20 °C and under
20 bar of ethylene. Ni(u)-POP-1 achieved a catalytic activity of
1198 molyjigomers MOly; ' h™", with a selectivity in butene of
54%. Here again polyethylene was observed to be formed
around the POP particles.

PAF. Gascon and coworkers proposed the use of Porous
Aromatic Frameworks (PAFs) for the oligomerization of
ethylene."** Three different PAFs were synthesized: two Covalent
Triazine Frameworks (CTFs), respectively having a microporous
and a mesoporous structure, and one Imine-Linked Porous
Organic Network (IL-PON). CTFs exhibit triazine-anchoring sites,
which proved to be active when metallated for the ethylene
oligomerization. Two different synthetic pathways were used for
the synthesis of the three PAFs: by imine-condensation between
2,6-pyridinedicarboxaldehyde and 1,3,5-tris(4-aminophenyl)ben-
zene for the IL-PON PAF and by ionothermal synthesis, with,
on one hand 2,6-pyridinedicarbonitrile and ZnCl, to obtain
microporous CTF (microCTF) and on the other hand, 2,6-
pyridinedicarbonitrile with 4,4’-biphenyldicarbonitrile and ZnCl,
to synthesize mesoporous CTF (mesoCTF). The materials were
metalated afterwards with nickel(n) bromide ethylene glycol
dimethyl ether salt (NiBr,-DME) in THF, to afford the three
catalysts Ni@IL-PON, Ni@meso-CTF and Ni@microCTF. Despite
the triazine binding sites, which enable to obtain isolated active
sites upon metalation, X-ray photoelectron spectroscopy analysis
have revealed the presence of nickel particles physisorbed on the
material, which could be responsible for side reactions. Ethylene
oligomerization was performed in heptane in a batch reactor, with
between 75 and 125 equivalents of Et;Al during two hours, at
50 °C and under 15 bar of ethylene. The three catalysts Ni@IL-
PON, Ni@meso-CTF and Ni@microCTF achieved respectively
92.5, 75.3 and 63 mOlcthyiene converted moly; ! h™, with respective
selectivities in butene of 58%, 59% and 54%. Lower TOFs and
selectivities are obtained with Ni-based COFs, compared to bpy-
based MOFs and POPs.

More recently, Li et al. reported two Schiff-base CTF made
by condensation of melamine with either 2,3-butanedione,
MABD-COF, or p-phthalaldehyde, MAPA-COF."*” The subsequent
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metalation with nickel dichloride allowed obtaining two catalysts
Ni@MAPA-COF and Ni@MABD-COF with Ni loading of 4.53 wt%
and 7.58 wt%, respectively. The coordination of nickel to N atoms
from imine-CTF was assessed by FT-IR analysis. The Ni-loaded
CTF were evaluated for ethylene oligomerization using MAO as
cocatalyst (Al/Ni = 500 to 700) and the best activity were found in
cyclohexane as solvent under at 25 °C with a productivity of 7.62 x
10* g moly; * h™* and selectivity of 76% for mainly 1-butene using
Ni@MABD-COF and a productivity of 15.68 x 10" g moly; * h™*
and a selectivity of 57% mainly 1-butene using Ni@MAPA-COF.
The higher activity of Ni@MAPA-COF was attributed to its larger
pore size and accessible surface area compared to Ni@MABD-
COF, 192.6 and 6.8 m> g~ " respectively, as determined by nitrogen
physisorption. The two catalysts were reused three times with a
decrease in both the Ni content inside the CTF, indicative for a
leaching of active species in the liquid phase, and in the activity,
the selectivity remaining the same. In addition, the crystallinity of
both catalysts was also altered during the reaction, with a drastic
loss of crystallinity for Ni@MABD-COF.

In summary, the literature shows several attempts to obtain
very high ethylene oligomerization activity and selectivity
towards specific oligomers, by using different methods to
obtain isolated active sites. Isolating active sites with materials
already containing coordination sites, like bipyridine, present
high activity and selectivity towards butenes. However, the side-
production of polyethylene remains an issue yet unsolved.

5. Assessing the stability of
heterogenized molecular Ni catalysts
for reuse

Aiming at high production rate and increased sustainability,
the catalyst stability, including both solid integrity and metal
leaching, and its subsequent recyclability remains a key issue
which can be systematically addressed by assessing the tex-
tural, spectroscopic and elemental analyses of the used solid."*®
However, beyond the catalyst integrity, the active site can itself
evolve during catalytic runs, leading to a change in reactivity.

In 2015, Farha and coworkers observed that the reuse of
NU-1000-bpy-NiCl, catalyst for a second cycle led to the
enhancement of the intrinsic activity for butenes from 1950
to 6040 mMolyytenes Moly; ' h™" with a constant selectivity in
butene around 93%."*® Powder X-Ray diffraction together with
the analysis of products and microscopy allowed to evidence
that a polymer layer was created around the MOF crystals
during the first cycle. The authors assumed that this polymer
layer was increasing the local solubility of ethylene during the
second cycle at the origin of the enhancement in intrinsic
activity for butenes production. When the catalyst was washed
carefully with anhydrous ethanol before using it for two more
cycles, the observed activity remained the same from 3166 to
2972 molyjigomers Molyi + h™1

In 2017, with the POP-based catalyst Ni(u)-POP-1, Kim et al.
also confirmed that the “white insoluble polymer around the
POP particles” was polyethylene."®* Authors also recovered the
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catalyst for two more cycles and, each time, washed it with
dichloromethane before activating it under super critical CO,.
Despite the fact that the catalyst remained active for ethylene
dimerization, polyethylene continued to cover Ni(u)-POP-1
particles during each cycle, hampering the accessibility of the
active sites and hence, decreasing the activity.

Finally, in 2019, Long and coworkers observed that the
ethylene consumption of the molecular catalyst [NiCl,(bpy)]
(bpy = 2,2'-bipyridine) and of the MOF [Niz(ndc);(DMF),-
((CH3),NH)],, (ndc = 2,6-naphtalenedicarboxylate; DMF = N,N-
dimethylformamide), under 10 bars of ethylene at 21 °C, in
toluene, with 17 eq. of Et,AlCl, during one hour, gradually
increased in the first minute of each cycle of a five-cycle
experiment.”*® This phenomenon was partly attributed to the
increasing solubility of ethylene during the recycling experi-
ments due to the presence of oligomers from the previous cycle.
In addition, in 2019, Hu et al. recycled the Ni-UMOFN catalyst
for four consecutive runs, using 10 bars of ethylene at 25 °C, in
toluene, with 500 eq. of Et,AlCl, during one hour, without any
significant loss of activity and butene selectivity, by washing the
recovered catalyst with dry ethanol before each new cycle."*®

Thus, in most of the cases reported above, the solid catalyst
encountered textural modifications. Most of these modifications
occurred during catalysis with polymer formation leading to pore
blocking. This detrimental polymerization might be avoided learn-
ing lessons from molecular catalysis with better suited combi-
nation of active metal and co-catalyst (i.e. aluminium salt).®”" 4>
Also large porous system should allow fast diffusion of both C2
reactant and C4 products to limit further reaction towards higher
oligomers and polymers. Furthermore, the high confinement of Ni
sites in small pores, with strong steric constraints, would reduce
the probability for B-H elimination and favour further olefin
insertion and, consequently, detrimental pore blocking.”””® In
addition, layered solids like COF seem less suitable due to their
3D structure collapse through exfoliation under catalytic condi-
tions, concomitant with active site leaching in solution.” Indeed,
the spacing between sheets within the COF structure might be
affected by the growth of interlayered oligomers at the COF-
supported nickel sites, leading to a loss of the COF structure.

Finally, at the molecular level, the coordination of nickel
single-sites to the porous macroligand might be further tuned.
The most reported here are Ni-N species due to the wide avail-
ability of N-functionalized building blocks for macroligands, like
imidazoles or bipyridines."” However, new macroligands based on
phosphine and N-heterocyclic carbenes (NHC) should be investi-
gated considering that, in Ni-P, phosphine coordination strength
and basicity greatly impacts the selectivity by favouring -H termi-
nation for short oligomers’” and, in Ni-NHC, stabilization provided
by the carbene ligand prevents the catalyst decomposition.'*®

6. Comparing heterogenized molecular
catalysts with homogeneous analogues

The embedding of nickel sites into MOFs and POPs macro-
ligands described in the Fig. 6 proved to be an efficient strategy
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to design heterogeneous catalysts for ethylene oligomerization
inspired by molecular counterparts.

However, in self-assembled and cation exchanged Ni-MOF
catalysts (routes A and B in the Fig. 6), the Ni-O, (from
carboxylate) or Ni-N, (from imidazolate) species are constitutive
of the MOF nodes and relevant comparisons can hardly be
made with mono- or dinuclear molecular analogues (Fig. 14,
blue). Indeed, a single molecular nickel bis-imidazolate complex,
envisioned as analogue for Ni-ZIF MOF, can be hardly compared
to an extended MOF structure because the electronic effect of both
(i) the two other imidazolates on the nickel and (ii) the second
nickel atom coordinated to the imidazolate is impossible to
mimic using organic/organometallic functionalization. Consider-
ing the atomic deposition (route C in the Fig. 6) using the MOF
node as model inorganic surface, the electronic effect of the oxide
node on the complex and the effect of the MOF pore microenvir-
onment can also be hardly distinguished. In contrast, supported
molecular nickel complexes grafted onto or embedded within the
porous network (routes D and E in the Fig. 6) might be more easily
compared to homogenous molecular analogues. However the
reported heterogenized molecular catalysts often lack compari-
sons with homogeneous counterparts under the same reaction
conditions.">>"'>?

In the case of ethylene oligomerization, some of the hetero-
geneous catalysts developed referred to homogeneous catalysis data
previously reported, but often under different conditions.'>>'*”131154
Some other studies compared the catalytic activity of the newly
designed heterogeneous catalyst with homogeneous counter-
parts and under the same conditions (Fig. 14),'28132:138:146

10Ni@(Fe)MIL-101

3166
NU-1000-bpy-NiCl,
1950
Ni(ll)-POP-1
1198
Ny s oY
N N D N
o IS &
N S & N
& S&FQ palt &
<108 <210
) e
MOlgjigomers-MOly™.h"" MmOl mmoly; . h-! mOlcypg-moly *.h-1
Conditions: Conditions: Conditions: Conditions:
20°C, 21°C, 21°C, 10°C,
20 bars C,H,, 20 bars C,H,, 15 bars C,H,, 15 bars C,H,,
heptane, toluene, heptane, heptane,

ELAICI (70 eq.) ELAICI (17 eq.)  ELAICI (17 eq.) ELAICI (70 eq.)

Fig. 14 Comparison of the activity reported for MOF and POP hetero-
geneous catalysts with homogeneous counterpart for liquid phase ethylene
oligomerization under similar conditions: metallatated POP-1 (violet),**?
self-assembled Ni-MOF (blue), and post-synthetically grafted NU-1000
(green)**® and MIL-101 (brown).**® Data are given for similar amount of Ni
used under mentioned conditions.
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The Ni@(Fe)-MIL-101"*® and the Ni(u)-POP-1,"** respectively
a MOF and a POP, proved to be ten times more active than the
Ni(bpy)Cl, molecular complex, under the given conditions.

In the case of Ni@(Fe)-MIL-101, a kinetic model showed that
the reaction mechanism of the complex confined within the
MOF was similar to that of the molecular complex and included
the same elementary steps.'*® According to this kinetic model,
there was a small contribution of the solubility of ethylene to
the variation of activity as a function of pressure and tempera-
ture. The model was based on a reaction mechanism involving
the chemisorption of two ethylene molecules on an active
nickel site followed by an oligomerization step to 1-butene.

If the choice of organic homogeneous analogue to the MOF
and POP solid macroligand is driven by its synthetic or com-
mercial availability, like for bipyridine, a further parameter to
be considered is the electronic effect of the organic ligand on
the nickel site within the porous solid. Wisser et al. demon-
strated that the Hammett parameter is an adequate descriptor
of electronic effects on the heterogenized molecular active site
in the case of rhodium catalysts for reduction reactions in both
homogeneous and heterogenized systems.'®'>® The authors
showed a linear correlation between the intrinsic catalytic
activity and the Hammett parameter calculated for molecular
ligands as well as for MOF- and POP-based macroligands,
highlighting that the molecular nature of the complexes
remained after heterogenization and also the absence of diffu-
sion limitations in the selected solid platforms. For example,
organic ester does not account for the same o value of the
Hammett parameter than a zirconium or aluminum carboxy-
late usually found in bpy-based MOFs. Thus, beyond textural
effects due to the confinement into a porous system, the
electronic effect of reticulation nodes within porous supports,
i.e. inorganic units in MOFs or organic bonding in POPs,
should not be neglected when comparing MOF and POP
catalysts with homogeneous analogues. Such comparison has
not been considered in the reported examples.

Diffusion limitations into porous system remain the main
aspect addressed - if discussed at all - while comparing
homogenous and heterogenized catalysts. In reality, liquid
phase/triphasic catalytic systems, such as the case of ethylene
oligomerization, implies technical biases that are often not
considered such as the local concentration of substrate mole-
cules, especially in the case of different gases solubility between
the porous system and the bulk liquid and which will have huge
impact on reaction kinetics.

Finally, the most important methodological bias remains
the heterogenization of low performing homogeneous catalysts,
which is indeed the case of Ni(bpy) species for the ethylene
oligomerization, widely studied and discussed here. If a homo-
geneous catalyst gives outstanding productivity and selectivity,
the gain reached by its heterogenization within somehow
expensive porous solid becomes much less relevant, even
considering its potential recyclability. The immobilization of
performing catalysts within a solid porous system thus seems
only appealing and valuable if it allows accessing a unique
reactivity, impossible to reach in homogeneous phase.

This journal is © The Royal Society of Chemistry 2023
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7. Conclusion and perspectives

With the explosion of new families of hybrid porous materials
embedding organic ligands for molecular complexes, the het-
erogenization of molecular catalysts attracts a continuously
growing attention. In principle, heterogenized molecular
catalyst should benefit for both molecular-level control and
advantageous solid-substrate interface interactions. Among
catalytic applications, the ethylene oligomerization is a widely
and already comprehensively studied reaction in both homo-
geneous and heterogeneous catalysis and this makes this
reaction an example of choice to critically discuss the interest
in molecular catalyst heterogenization, as a part of the ever-
growing single-site catalyst family.

In the cases summarized here for nickel complexes hetero-
genization, metal-organic frameworks and porous organic
polymers appear to be highly appealing supports because of
their high porosity and site density, their infinite variety of
design and possible post-synthetic modifications.

For ethylene oligomerization, many MOFs have already been
developed, most of them employing Ni as catalytic active site
for its high activity and selectivity towards 1-butene. So far, only
one bipyridyl-based POP, metallated with a Ni molecular
complex, has been developed and tested for ethylene oligomer-
ization. However, a recurrent pitfall is the uncontrolled produc-
tion of polyethylene, leading to catalyst deactivation.

Beyond obvious technical advantages lying on the easy
catalyst separation from the product and its subsequent recy-
cling, the advantages of developing such heterogenized mole-
cular catalysts using sophisticated and costly supports has to be
demonstrated. Notwithstanding the wide variety of catalytic
conditions reported, this comparison can hardly be done since
the organic ligand in the homogeneous complex seldom repro-
duces the exact same electronic environment as the one in the
solid-embedded analogue. Furthermore, the lack of evidence
demonstrating the true heterogeneity of the catalysts, particu-
larly from hot filtration and recycling tests, impedes a compre-
hensive understanding of their nature.

Single-site catalysts, which bridge the gap between homo-
geneous and heterogeneous catalysis, offer an ideal platform to
elucidate the structure-activity relationship using molecular
chemistry mechanisms and through the integration of compu-
tational chemistry, transient spectroscopy, and advanced dif-
fraction techniques. To facilitate accurate comparison and full
comprehension, the geometry of the active site must be unra-
velled by employing a combination of extensive analytical
techniques such as in situ X-ray absorption spectroscopy
techniques supported by computational chemistry.'>%*%°
Meanwhile, computational chemistry was demonstrated to be
mature enough to give access to molecular mechanisms and
even predict reactivity for homogeneous catalysis but is still at
its infancy for heterogeneous counterpart.'®® The use of single-
site catalyst strategy would allow benefiting from knowledge
from homogeneous catalysis while considering the solid sup-
port as traditional ligand. However computational methodolo-
gies have to be carefully designed on purpose considering the
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nature of the support, including rigid organic-inorganic
hybrids or highly flexible organic networks.

Finally, an appealing objective of the transfer from homo-
geneous to heterogeneous phase catalysis is the implementa-
tion of heterogenized catalysts in fixed-bed reactor, for either
liquid- or gas-phase reactions. However, this often requires
prior shaping of the solid catalyst with non-trivial material-
and application-dependent strategies in order to avoid critical
pressure drop,'®*~'** the gas phase testing in fixed-bed reactor
being consequently scarcely reported for MOF and POP-based
catalysts.'®>™'%” Even with adequate shaping methodologies
linked to gas-phases applications, the fast discovery of high-
performing MOF and POP-based catalysts by high-throughput
testing remains hindered for sophisticated hybrid solids. One
main obstacle in this context is their lab-scale synthesis which
offers limited options for upscaling considering their synthetic
conditions and associated costs which include raw materials,
monomers and metal-based active sites, as well as solvents,
often toxic, waste produced and number of synthetic steps.

Thus, the knowledge required to understand and design
new generations of heterogenized catalysts could come from
the study at the molecular level of the catalyst configuration
and interactions at the solid’s interface. Moreover, macroscopic
behavior plays a crucial role in heterogenous catalysis, making
essential to study mechanisms of adsorption, diffusion and
kinetics using operando techniques.

This is only by combining the efforts from molecular chem-
istry, materials science and heterogeneous catalysis that het-
erogenized molecular catalysis will find its place in today’s
catalytic processes in order to discover new synthetic pathways
while increasing their sustainability.
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Acac Acetylacetonate

AFM Atomic force microscopy

AIM Atomic layer deposition in MOFs

ALD Atomic layer deposition

Bdc 1,4-Benzenedicarboxylate
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Bpdc 4,4'-Biphenyldicarboxylate

Bpydc 2,2/-Bipyridine-5,5’-dicarboxylate
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NHC N-heterocyclic carbene
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POP Porous organic polymer
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SIM Solvothermal deposition in MOFs
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TOF Turnover frequency
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