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ABSTRACT: The one-pot post-functionalization allows anchor-
ing a molecular nickel complex into a mesoporous metal-organic 
framework (Ni@(Fe)MIL-101). It is generating a very active and 
reusable catalyst for the liquid-phase ethylene dimerization to 
selectively form 1-butene. Higher selectivity for 1-butene is found 
using the Ni@(Fe)MIL-101 catalyst than reported for molecular 
nickel diimino complexes. 

The understanding of mechanisms involved in heterogeneously 
catalyzed reactions is a challenge continuously addressed for sev-
eral decades. One of the main approaches consists of the “hetero-
genization” of molecular catalysts, or in other words, the insertion 
of a metallo complex into or onto a solid by different methods, 
also known as surface organometallic chemistry.1 The role of the 
support is analogous to that of a rigid ligand in the corresponding 
molecular complex. However, the grafting of molecular catalysts 
on the surface of solid oxides has often led to a loss of activity 
due to detrimental interactions with the support or to mutual deac-
tivation between too close sites.2 Generally, the design of isolated 
single active sites at the support surface is thus essential.3 This is 
specially the case for the development of heterogeneous catalyst 
for olefin polymerization which remains a challenge because of a 
drastic loss of the activity upon grafting on support.4  

In this study we show that Metal-Organic Frameworks consti-
tute an appealing new and relevant platform for the seeding of 
supported single site catatlysts.5 They offer the key advantages of 
a high site density combined with well-defined and isolated sites 
for the anchoring of catalytic species. Compared to amorphous 
silica which has non-homogeneously scattered OH groups and an 
average site density from two to six per square nanometer,6 the 
crystalline MOF (Cr) MIL-101 exhibits three to four chromium 
atoms per square nanometer, equivalent to the density of the or-
ganic ligand, homogeneously distributed in a well-ordered 
framework.7 This represents an efficient compromise between 
high site density and site isolation.  

The post-synthetic modification, comprehensively reviewed by 
Cohen and coworkers,8 is a powerful tool for obtaining highly 
sophisticated functionalized structures. It consists of the introduc-
tion of functionalities after framework synthesis and allows the 
preparation of MOF-supported organometallics following various 
methods.9 However the post-synthetically introduced coordinating 
moieties could interact with metal nodes, as demonstrated by 
Banerjee et al. on the (Cr) MIL-101.10 In addition, the use of met-
al salts as precursors could also lead to pore blocking with metal 

aggregates 11 which may also contribute to unselective catalytic 
activity.12 

We report here the first one-pot post-synthetic grafting of a 
nickel-based organometallic catalyst within a MOF framework 
under mild conditions, preventing the interactions of the organic 
graft with the metal nodes and the encapsulation of metal particles 
(Scheme 1). This method allows the rapid preparation of a MOF-
based catalyst whose activity and selectivity are demonstrated for 
the selective ethylene dimerization to give the corresponding al-
pha olefin (1-butene) in liquid phase.  

The (Fe)MIL-101-NH2, which is isostructural to the (Cr)MIL-
101 7a,13 and is formed by trimeric  iron (III) octahedral clusters 
linked by 2-aminoterephthalate ligands, is selected as starting 
platform.14 Related to its giant-pore MOF parent, the (Fe)MIL-
101-NH2 can be considered as an ideal candidate thanks to its 
high pore volume which is able to accommodate organometallic 
species as well as substrates and to amino groups on its walls 
acting as a starting platform for post-synthetic functionalization. 
According to data reported on MIL-101 structure, the amino site 
density can be evaluated to four per square nanometer.7 

 
Scheme 1. One-pot synthesis of the MOF-anchored nickel 
complex Ni@(Fe)MIL-101a  

 
aConditions: (i) NiCl2 and PyCHO in MeOH ; (ii) (Fe)MIL-101-
NH2 ( ~ 0.3 to 1 eq. -NH2) stirred at room temperature. 



 

With the perspective to anchor organometallics into MOF cavi-
ties, we aim to create N,N-chelating centers from 2-
aminoterephthalate (BDC-NH2) by the reaction with 2-pyridine 
carboxaldehyde (PyCHO) to give the corresponding pyridine 
methanimino group (BDC-NCHPy) onto the MOF walls. In order 
to avoid the competitive N-coordination of the pyridyl moieties to 
the coordinatively unsaturated metal sites of the (Fe)MIL-101-
NH2,7c,14a we firstly N-coordinated the pyridyl to the desired nick-
el salt to allow the formyl group of the compound formed to react 
with the amino at the MOF walls (Scheme 1). 

The imine condensation occurs in the presence of the 
Ni(PyCHO)Cl2 methanolic solution to directly form the diimino 
nickel complex anchored into the MOF (Scheme 1). Indeed we 
can expect that the coordination of the nickel to the formyl group 
could increase its electrophilicity and thus could favor its conden-
sation to the weak nucleophilic amino groups at the MOF walls. 
The post-modification yield is measured from 1H NMR spectra 
after sample digestion in DCl/D2O/dmso-d6 (Supporting Infor-
mation). The condensation proceeds with 10% yield when one 
equivalent of PyCHO/NiCl2 per -NH2 moiety on the MOF are 
used and the suspension stirred for 24 hours at room temperature, 
to give 10Ni@(Fe)MIL-101. Following the same methodology, 
30Ni@(Fe)MIL-101, in which 30% of the amino groups are con-
verted, is obtained using three equivalents of PyCHO/NiCl2 for 72 
hours. The appearance in the NMR spectra of new typical aro-
matic signals at 8.1, 8.6 and 8.8 ppm, corresponding to pyridyl 
and imine CH protons, indicates the efficient functionalization of 
the BDC aromatic ring. 

Unfortunately, the paramagnetic effect of iron (III) leads to a 
low resolution and a peak broadening in NMR spectra. Neverthe-
less by using a very low concentration of the MOF in the deuter-
ated solution and consequently a high number of scans, workable 
spectra are obtained. 

PXRD analysis confirms the structural integrity of the materials 
after the functionalization step (Supporting Information). Addi-
tionally, the EDX analyses show the atomic ratios Ni:Cl to be 1:2  
which confirm that all the nickel remains in its dichloride form. 
Combining NMR and EDX data, we can formulate the desolvated 
functionalized solids as Fe3OCl(BDC-NH2)2.7[(BDC-
NCHPy)NiCl2]0.3 for 10Ni@(Fe)MIL-101 and Fe3OCl(BDC-
NH2)2[(BDC-NCHPy)NiCl2] for 30Ni@(Fe)MIL-101 (Supporting 
Information). 

As expected and according to the N2 adsorption isotherms, the 
post-modification is accompanied by a decrease of the BET sur-
face, from 1884 m2∙g-1 for (Fe)MIL-101-NH2 to 1110 m2∙g-1 for 
10Ni@(Fe)MIL-101 and 155 m2∙g-1 for 30Ni@(Fe)MIL-101 
(Supporting Information). The very low value reported for 
30Ni@(Fe)MIL-101 is due to the presence of a high number of 
nickel species inside the MOF pores. Indeed the actual complex 
loading onto the solid is approximately 10 and 33 nickel com-
plexes per MOF cage for 10Ni@(Fe)MIL-101 and 
30Ni@(Fe)MIL-101 respectively.7  

The continuous increase in the commercial demands for C4 to 
C8 linear α-olefins, which are promising co-monomers of linear 
low-density polyethylenes, presses forward the development of 
efficient catalysts for ethylene oligomerization. Major commercial 
processes, such as SHOP from Shell or Alfabutol from IFP-New 
Energy, are based on homogeneous catalysts.15 Moreover the 
development of heterogeneous catalysts for olefin polymerization, 
especially alpha isomers, remains a challenge because the grafting 
of molecular complexes on support usually leads to a drastic loss 
of activity compared to that of the homogeneous equivalent.4 

Having this MOF-supported nickel complexes in hand, we ex-
plore their potential as heterogeneous catalysts for this reaction in 
the liquid phase. Typically, Ni@(Fe)MIL-101 suspended in hep-
tane is allowed to react in the presence of Et2AlCl under 15 bars 
of ethylene. After quenching, the products are analyzed by gas 
chromatography to determine the catalytic activity defined as 

moles of oligomers formed per mole of nickel per hour. Results 
obtained with our solids as well as with analogous molecular 
species under these “early” conditions are summarized in the Ta-
ble 1.  

As expected, the reaction does not proceed in the presence of 
the (Fe)MIL-101-NH2 alone or combined with either NiCl2 or 
PyCHO (entries 1 and 5 to 7). Even if bis(triphenyl-
phosphine)nickel dichloride complex shows the highest activity 
(entry 2), the Ni@(Fe)MIL-101 catalyst remains more than 10 
times more active than its molecular analogue Ni(bipy)Cl2 (entries 
3 and 4). With turnover frequencies up to 3215 h-1 at 10°C, the 
catalytic activity found with Ni-functionalized (Fe)MIL-101 is 
higher than those found for coordination polymer catalysts report-
ed by Angelescu 16 and Miyake 17 in the literature (Table S2). 

Moreover, the similar activity obtained using 10Ni- and 
30Ni@(Fe)MIL-101 tends to demonstrate that all the catalytic 
sites are accessible (entries 8 and 9).  

It is noteworthy that here almost only 1-butene is formed during 
the reaction (> 95%, Supporting Information). Using nickel pyri-
dinimino complex anchored into (Fe)MIL-101, higher 1-butene 
selectivity is found than those commonly reported with molecular 
bis- or tridentate imino nickel species (≤ 80%),18 the data remain-
ing however difficult to compare due to differences in reaction 
conditions. 

 
Table 1. Ni-catalyzed ethylene oligomerization in liquid 
phase under “early” conditionsa  

Entry 
Catalyst  

(µmol)b 

Intrinsic  
Activity  
(h-1)c 

Selectivity (%)c 

C4 C6 C8 

1 none 0 0 0 0 

2 
Ni(PPh3)2Cl2  
(35) 

9540 84 15.6 0.4 

3 
Ni(bipy)Cl2  
(35) 

175 92 8 0 

4 
Ni(bipy)Cl2  
(2.8) 

210 92 7.5 0.5 

5 (Fe)MIL-101-NH2 d 0 0 0 0 

6 
(Fe)MIL-101-NH2 
+ NiCl2 e 

0 0 0 0 

7 
(Fe)MIL-101-NH2 
+ PyCHO f 

0 0 0 0 

8 30Ni@(Fe)MIL-101 
(8.4) 3215 94 5.5 0.5 

9 10Ni@(Fe)MIL-101 
(2.8) 3166 95 4.5 0.5 

aReaction performed in of n-heptane in the presence of Et2AlCl 
(Al/Ni = 70) under 15 bars of ethylene at 10°C; bBased on the 
amount of Ni, corresponding to 8 mg of Ni@(Fe)MIL-101; cEsti-
mated by GC analysis and calculated as moles of oligomer 
formed/(moles of Ni ∙ h); dReaction performed using 8 mg of 
MOF; eReaction performed using 8 mg of MOF and NiCl2 (35 
µmol, 4.5 mg); fReaction performed using 8 mg of MOF and Py-
CHO (10 µmol, 1µL), the activity is here calculated as moles of 
oligomer formed/(moles of PyCHO ∙ h). 

The temperature-dependence of the catalytic activity of 
10Ni@(Fe)MIL-101 is highlighted in the Figure 1. The catalytic 
activity reaches a maximum which is displaced to higher tempera-
tures when the pressure increases. At 30 bars and 25°C, the high-



 

est activity is 10455 moles of oligomers formed per mole of nick-
el per hour, which corresponds to 205 grams of butene per gram 
of MOF material per hour. A similar temperature-dependence can 
be found in literature in the case of homogeneous 18b,18d as well as 
covalently supported nickel diimine molecular catalysts.19 Moreo-
ver the activity obtained using 10Ni@(Fe)MIL-101 catalyst under 
optimized conditions is in the range of those reported for support-
ed nickel complexes coordinated either by phosphines 20 or by 
sophisticated Schiff bases (Table S2).19,21  
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Figure 1. Temperature-dependent activity of 10Ni@(Fe)MIL-101 
in the liquid phase ethylene oligomerization. 

Leaching test shows that the reaction does not proceed any 
longer if the filtrated catalytic solution is again put under catalytic 
conditions in the presence of Al-based co-catalyst. PXRD analysis 
of 10Ni@(Fe)MIL-101 after a catalytic run confirms that its crys-
tallinity is preserved. Furthermore, the 10Ni@(Fe)MIL-101 can 
be reused, after careful washings with anhydrous ethanol and 
drying, for at least two more catalytic runs without significant loss 
of activity or selectivity (Supporting Information). 

In conclusion, we have developed a novel one-pot post-
functionalization of a metal organic framework enabling the im-
mobilization of an active organometallic catalyst in its cavities. 
This new MOF catalyst is very efficient in the triphasic ethylene 
dimerization producing selectively 1-butene. The single-site isola-
tion combined with high site density onto the MOF leads to high 
activity. Furthermore higher selectivity for 1-butene is found us-
ing the Ni@(Fe)MIL-101 catalyst than reported for molecular 
nickel diimino complexes. Thus, this original catalytic porous 
material, made from relatively cheap precursors, opens new per-
spectives for the use of MOF-based catalysts in valorization pro-
cesses. 
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