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Abstract 
Examples of two metal centers working 
synergistically to catalyze challenging 
chemical transformations can be found 
throughout biological and synthetic systems. 
In each case, specific metal identities, ligand 
environments, and metal–metal distances are 
required. The structural precision needed to 
engineer a productive, surface-supported 
bimetallic active site represents an opportunity for metal–organic frameworks. In this perspective, 
we summarize the different ways binuclear metal active sites have been synthesized in metal–
organic frameworks and applied in catalysis. Selected examples from the literature will be 
highlighted to illustrate both the diversity of synthetic approaches as well as the diversity of 
bimetallic structures.  
 
1 Introduction 

Binuclear metal active sites can be found throughout all subfields of catalysis, from 
homogeneous and heterogeneous systems to enzymes. The mechanisms by which two metal 
centers may interact synergistically are as rich and varied as the diverse bimetallic structures that 
have been synthesized in the laboratory and evolved in biology. For example, two redox-active 
metals can work together to share the redox load of demanding multi-electron transformations.1–4 
Similarly, redox-inactive metal centers can cooperatively bind and orient reaction partners, 
enhancing their local concentration, electrophilicity, and/or nucleophilicity.5–7 In other cases, the 
second metal may have no direct interaction with the substrate(s), but serves a critical role in 
modulating the reactivity of its partner.8,9 While an exhaustive discussion of the different classes 
of bimetallic catalysis is beyond the scope of this perspective, these selected examples underscore 
the diversity of bimetallic structures and catalytic mechanisms. 

Even from the brief overview outlined above, it is evident that different bimetallic mechanisms 
require different metal identities, ligand environments, and metal–metal distances. Thus, both 
structural precision and tunability are key to engineering productive bimetallic catalysts. While 
these structural parameters are easily controlled in enzymes and molecular catalysts, comparable 
synthetic control is more difficult to achieve in a heterogeneous platform. However, while the 
synthetic barriers are high, the potential pay-off is also considerable. Heterogeneous supports 
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allow researchers to explore unique catalyst design parameters, including site isolation, highly 
constrained geometries, pore confinement, and microenvironment effects.10–15 

As crystalline porous solids built from metal nodes connected by bridging organic linkers, 
metal–organic frameworks (MOFs) maximize both structural precision and chemical tunability. 
From this perspective, MOFs are an ideal platform for investigating bimetallic motifs in a 
heterogeneous context. Indeed, many of the cooperative mechanisms observed in enzymes, 
molecular catalysts, and heterogeneous systems have been implemented in MOFs (Fig. 1). For 
example, redox-active diiron and dicopper pairs have been explored in MOFs for methane 
oxidation,16–18 and diiron sites have been studied for photochemical H2 production.19,20 Redox-
inactive pairs have also been investigated, such as Zr(IV) and Zn(II) sites for CO2 hydrogenation 
to methanol.21 Finally, bimetallic sites containing one redox-active and one redox-inactive metal 
have also been designed, such as the pairing of anionic [Co(CO)4]– complexes and Lewis acidic 
metal nodes for epoxide and β-lactone carbonylation (Fig. 1).22,23  

In this perspective, we summarize the different ways researchers have approached the synthesis 
of bimetallic active sites in metal–organic frameworks and discuss of the strengths and limitations 
of each method. Finally, we conclude with an outlook on the challenges and opportunities in MOF-
supported bimetallic catalysis. 

 
1.1 Scope and aims 

The aim of this perspective is to introduce readers to the different ways binuclear metal active 
sites have been synthesized in metal–organic frameworks. Selected examples from the literature 
will be used to illustrate both the diversity of synthetic approaches as well as the diversity of 
bimetallic structures that can be obtained. While catalytic applications will be touched upon briefly 
within the context of each example, more comprehensive discussions on MOF catalysis can be 
found elsewhere,12,24,25 including focused reviews on MOF electrocatalysis26–28 and 

 
Fig. 1 | Overview of bimetallic active sites in biological and synthetic systems. Top: Selected examples of 
bimetallic active sites in enzymes, molecular complexes, and heterogeneous systems, based off references 1–4, 
5–7, 10, and 15. Bottom: Overview of how these bimetallic active sites have been replicated in metal–organic 
frameworks, based off references 16–23. 
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photocatalysis.29–31 Furthermore, our discussion will be restricted to well-defined active sites 
where the two metal centers are colocalized within the same pore. Thus, we will not discuss 
systems where the metals are more spatially separated, such as core–shell structures,32–36 or 
systems that are less molecularly defined, such as MOF-derived amorphous materials36–39 and 
MOF-supported bimetallic nanoparticles.40,41 Finally, while there are several elegant examples of 
using cooperative metal–metal interactions to enhance gas sorption,42–44 the emphasis here will be 
on the use of bimetallic sites  for reactivity and catalysis. We encourage readers interested in these 
areas to consult the articles and reviews cited above. 
 
2 Synthetic strategies 

An overview of the strategies researchers have used to achieve two proximal metal centers in 
MOFs is provided in Fig. 2. The different synthetic methods can be broadly divided into two 
categories: 1) the use of multinuclear metal nodes directly for catalysis (Section 2.1), and 2) 
surface grafting approaches, where bimetallic sites are anchored to the pore walls (Sections 2.2–
2.4). The grafting approaches can be further subdivided according to where the metal center is 
attached, such as at the metal node (2.2), ligand strut (2.3), or a combination of the two (2.4).  

 
2.1 Multinuclear metal nodes 

In many metal–organic frameworks, the inorganic building blocks are not isolated monomeric 
metal cations, but rather multinuclear metal clusters or even infinite 1D metal–ligand chains. These 
clusters and chains can serve directly as binuclear or multinuclear active sites for catalysis, either 
in single metal or mixed-metal variants (Figs. 3 and 4). While this approach affords somewhat 
lower chemical tunability, as it is limited to the structures of existing metal nodes, the advantage 
of this approach lies in its relative synthetic ease. Bimetallic active sites can often be obtained 
directly upon MOF formation, with no additional post-synthetic modifications required. 
 

 
Fig. 2 | Overview of strategies to incorporate bimetallic active sites in metal–organic frameworks. Examples 
include (a) the direct use of multinuclear metal nodes and (b) surface grafting strategies: grafting to metal nodes, 
grafting to ligand struts, and combinatorial approaches. 
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2.1.1 Multinuclear clusters 
Frameworks containing redox-active bi- 

and multinuclear cluster-based nodes have 
been used to facilitate challenging multi-
electron processes, both stoichiometrically and 
catalytically (Fig. 3). For example, Powers and 
coworkers have studied C–H amination in 
Ru6btc4Cl3 (btc3– = benzene-1,3,5-
tricarboxylate), a framework containing 
dimeric Ru2(II/III) nodes (Fig. 3a). The axial 
chloride bound to each dimer was replaced with 
N3– and used to carry out the stoichiometric 
conversion of toluene to benzylamine.45,46  

Redox-active trinuclear metal nodes have 
also been explored for oxidative reactions. One 
example is MOF-818, which contains 
trinuclear copper(II) nodes with three open 
coordination sites (typically bound by water or 
solvent) (Fig. 3b).47 These tricopper centers 
have been explored as catalysts for bio-inspired 
catechol oxidation using O2.48 Similarly, the 
trinuclear iron nodes in MIL-100(Fe) (MIL = 
Materials of Institute Lavoisier) and PCN-250 
(PCN = Porous Coordination Network) have 
been investigated for the stoichiometric 
oxidation of methane to methanol in the 
presence of N2O. In these frameworks, the 
reactivity is attributed to the one coordinatively 
unsaturated Fe(II) site per cluster that forms 

upon framework activation (Fig. 3c).49,50 
Finally, intriguing stoichiometric O2 reactivity has been observed in the framework 

MnMnBTT (MnMnBTT = Mn3[(Mn4Cl)3BTT8]2, BTT3– = 1,3,5-benzenetristetrazolate), which is 
constructed from tetranuclear [Mn4Cl]7+ nodes.51 Recently, Dincă and coworkers discovered that 
a portion of the bridging chlorides can be removed post-synthetically, leaving behind an unusual 
cavity with four inward-oriented open metal sites (Fig. 3d). By distributing the redox burden 
across four metals, these square-planar tetramanganese clusters are able to reversibly cleave and 
re-form the O–O bonds in O2, a challenging 4 e– process.52 This example nicely highlights how 
the structural rigidity of MOFs allows the formation of unusual metal arrangements and geometries 
that would be difficult to achieve otherwise. 
 

 
Fig. 3 | Multinuclear MOF nodes, including (a) 
diruthenium sites for C–H amination, (b) trinuclear 
copper clusters for aerobic catechol oxidation, (c) 
trinuclear iron(II)/(III) clusters for methane oxidation, 
and (d) tetranuclear manganese sites for reversible O2 
cleavage. Figures based off references 45, 47, 49, and 
51.  
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2.1.2 1D chains 
 The short intermetal distances and strong metal–metal communication in frameworks 

constructed from infinite 1D metal–ligand chains have been leveraged to cooperatively bind 
molecules such as CO2 and CO.42,43 In addition to gas separation applications, such systems have 
also been investigated for cooperative reactivity. For example, Wade and coworkers synthesized 
Fe(bppdi)(DMF)0.5 (H2bppdi = 2,6-bis(1H-pyrazolyl)pyromellitic diimide), a framework  
containing 1D chains of coordinatively unsaturated Fe(II) centers, and showed it could be used to 
carry out the stoichiometric reduction of NO to N2O (Fig. 4a).53  

In addition to using the monometallic 
frameworks directly, researchers have also 
explored the use of mixed-metal frameworks to 
achieve site-isolated bimetallic species within an 
extended 1D chain. One example of efforts in this 
area is the work by Pidko, Gascon, and 
coworkers on the MIL-53 structure,16 which has 
the formula M(OH)bdc (bdc2– = 1,4-
benzenedicarboxylate).54–57 The framework is 
composed of infinite chains of corner-sharing 
M3+ octahedra bridged by bdc2– and hydroxide 
ligands to generate a framework with diamond-
shaped one-dimensional channels. Pidko, 
Gascon, and coworkers proposed that isolated 
monomeric and dimeric Fe(III) centers could be 
achieved in the electrochemically synthesized 
mixed-metal framework MIL-53(Al,Fe), which 
contains a mixture of Al(III) and Fe(III) sites 

(Fig. 4b).16 The researchers showed that the mixed-metal system catalyzed the selective oxidation 
of methane using H2O2 as the oxidant, with a combined selectivity for oxygenates (MeOH, 
MeOOH and formic acid) of ~80%. Spectroscopic methods such as Mössbauer spectroscopy 
suggested the presence of both isolated, monomeric Fe(III) sites and antiferromagnetically coupled 
Fe(III)–Fe(III) dimers, though longer chain oligomers cannot be ruled out based on the 
spectroscopic evidence provided. 

The distribution of monomeric, dimeric and potentially oligomeric active sites in MIL-
53(Al,Fe) highlights the main shortcoming of mixed-metal frameworks: controlling active site 
nuclearity. While the overall metal composition is readily tuned, the spatial distribution of metal 
cations is not. However, Gándara and coworkers recently showed that pre-formed molecular 
clusters can be used to control the relative arrangement of metals in mixed-metal MOFs.58 As such 
strategies mature, they may become promising routes to achieve the selective synthesis of site-
isolated bimetallic species in mixed-metal frameworks. 
 

 
Fig. 4 | Frameworks containing 1D chains, including 
(a) Fe(bppdi)(DMF)0.5, a framework containing 
coordinatively unsaturated Fe(II)-pyrazolate centers, 
and (b) electrochemically synthesized MIL-
53(Al,Fe). Figures based off references 53 and 16. 
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2.2 Grafting to metal nodes  
The surfaces of metal nodes often feature reactive functional groups, such as Brønsted acidic 

hydroxyl/aquo ligands, Lewis acidic metal centers, and loosely bound counterions. The chemistry 
of these reactive groups can be leveraged to attach additional metal centers via covalent bonds, 
coordination bonds, and electrostatic interactions. While many of these procedures were originally 
developed in the context of grafting mononuclear metal complexes, they have since been adapted 
to achieve bimetallic active sites. 

The majority of MOFs that have been explored for grafting at the metal node are constructed 
from highly oxophilic metals (e.g., Ti4+, Zr4+, and Hf4+). The polynuclear metal oxide clusters 
found in these structures have both high chemical stability as well as rich surface chemistry (Fig. 
5).59 For example, these metal oxide clusters are often decorated with surface hydroxyl and aquo 
groups, which can be deprotonated and used to anchor additional metal cations (Section 2.2.1). 
Similarly, dangling surface monocarboxylates can be exchanged for ditopic ligands that can react 
with additional metal cations (Section 2.2.2). Finally, charged metal nodes with loosely bound 
counterions can be used to tether oppositely charged metal complexes through ion pairing (Section 
2.2.3). 
 
2.2.1 Anchoring to surface hydroxyl/aquo groups 

The use of surface hydroxyl/aquo groups to anchor organometallic species and other metal 
complexes has been most extensively explored in zirconium-based frameworks. The structures of 
three representative zirconium frameworks, UiO-66 (UiO = University of Oslo),60 NU-1000 (NU 
= Northwestern University),61 and MOF-808,62 are illustrated in Fig. 5. While the nodes of all 

 
Fig. 5 | Overview of the hexanuclear Zr6 nodes found in UiO-66, NU-1000, and MOF-808. Both the reactive 
Brønsted acidic hydroxyl/aquo groups, as well as the dangling anionic ligands attached to Lewis acidic Zr4+ sites, 
can be used as attachment points for grafting additional metals. For clarity, the bridging ligand struts are omitted 
in the Lewis structure depictions of the Zr6 nodes. Figures based off references 60, 61, and 62.  
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three frameworks share the same hexanuclear Zr6(μ3-O)4(μ3-OH)4 core, the clusters differ in the 
number of bound bridging ligands. For example, the nodes in UiO-66 are 12-connected (i.e., bound 
by 12 ligand struts, see Fig. 5a), to give an overall formula of Zr6O4(OH)4(bdc)6 (bdc2– = 1,4-
benzenedicarboxylate). On the other hand, the nodes of NU-1000 and MOF-808 are 8- and 6-
connected, respectively. In NU-1000, the excess charge of the cluster and open coordination sites 
are balanced by additional hydroxide (4×) and water molecules (4×) to give an overall formula of 
Zr6O4(OH)8(H2O)4(TBAPy)2 (TBAPy4– = 4,4',4'',4'''-(pyrene-1,3,6,8-tetrayl)tetrabenzoate) (Fig. 

5b). In MOF-808, the remaining charge and 
coordination sites are balanced by six 
additional monoanionic ligands (e.g., a 
monocarboxylate RCOO–, such as acetate or 
formate) to give the overall formula unit 
Zr6O4(OH)4(RCOO)6(btc)2 (btc3– = 1,3,5-
benzenetricarboxylate) (Fig. 5c). 

Farha, Hupp, and coworkers were among 
the first to recognize that these zirconium 
nodes could be used as grafting sites. In 2013, 
they reported the gas-phase metalation of NU-
1000 with reactive organometallic 
complexes.61 In a procedure analogous to 
atomic layer deposition (ALD), NU-1000 was 
exposed to volatile organometallic precursors 
such as AlMe3 and ZnEt2 in the gas-phase, 
which led to the deprotonation of the surface-
bound hydroxyl/aquo ligands and subsequent 
metalation (Fig. 6a). The strategy, named 
atomic layer deposition in metal–organic 
frameworks (AIM), was later extended to other 
volatile organometallic precursors, including 
InMe3 and metal bis(amidinate) complexes 
(M(II) = Ni, Co, Cu).63–66 Conceptually similar 
approaches have also been developed for 
solution-phase metalation. For example, Lin 
and coworkers showed that the hydroxyl 
groups in UiO-68, the terphenyl-expanded 
analogue of UiO-66, can be deprotonated using 
nBuLi.67 Subsequent salt metathesis with MX2 
salts (e.g., CoCl2, FeBr2) can be used to 
quantitatively achieve mononuclear transition 
metal active sites. Wang and coworkers 

 
Fig. 6 | Grafting metal centers to the surface hydroxyl 
species in NU-1000 and MIL-125(Ti). In principle, this 
strategy can be used to install (a) monometallic sites, 
(b) bimetallic sites using mononuclear precursors, and 
(c) bimetallic sites using preformed binuclear 
complexes. Figures based off references 61, 18, 69, and 
70.  
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extended this strategy to MOF-808.21 They used ZnEt2 to simultaneously deprotonate and metalate 
the four surface hydroxyl groups with Zn(II), creating Zn–Zr sites for CO2 hydrogenation.21 

A major challenge in extending this grafting approach from mononuclear sites to binuclear 
sites is controlling and characterizing active site nuclearity. As the metal loading increases, the 
speciation of active sites becomes more difficult to control and can even vary depending on the 
synthetic route. For example, Lercher and coworkers have studied methane oxidation in copper-
metalated NU-1000 frameworks synthesized via gas-phase and solution-phase routes.18,66 Gas-
phase metalation routes led to higher Cu loadings (10 wt%),66 whereas solution-phase metalation 
with copper(II) acetate generated lower Cu loadings (0.6–2.9 wt%).18 Both samples were 
pretreated with O2 at 200 °C, exposed to CH4, and then purged with H2O/He to desorb the products 
of methane oxidation. While both frameworks exhibited similar methanol yields (11.1 mmol 
CH3OH per mol Cu and 9.7 mmol CH3OH per mol Cu for the gas-phase and solution-phase 
metalated materials, respectively), the solution-phase material shows markedly higher selectivity 
for methanol over other products (70% selectivity vs. 40–60%). For the gas-phase metalated 
material, the authors attributed the reactivity to predominantly tricopper clusters on the basis of 
extended X-ray absorption fine structure (EXAFS) data and density functional theory (DFT) 
calculations.66 On the other hand, for the solution-phase metalated samples, reactivity was 
attributed to dicopper sites (Fig. 6b).18 However, as both materials likely contain a complex 
distribution of isolated copper cations in addition to dimeric and oligomeric species, more rigorous 
spectroscopic investigation is needed to confirm the identity of the active sites.  

In principle, it is possible to limit the formation of higher nuclearity clusters by carefully 
designing the binding pocket. For example, the framework MIL-125(Ti) is formed from cyclic 
Ti8(μ2-O)8(μ2-OH)4 clusters, and has an overall formula of Ti8O8(OH)4(bdc)6 (bdc2– = 1,4-
benzenedicarboxylate).68 The octameric titanium cluster creates a small cavity lined by four 
bridging hydroxides, with opposing hydroxides slightly less than 6 Å apart (Fig. 6b). Due to these 
steric constraints, Lin and coworkers showed that deprotonation of the bridging hydroxides and 
metalation with excess Cu(CH3CN)4BF4 leads to the installation of just two copper centers per Ti8 
cluster (Fig. 6b).69 A short Cu–Cu distance of 2.80 Å was observed by EXAFS. Mononuclear 
control samples could be made by using a subcess of the copper precursor. The binuclear system 
exhibited substantially higher activity for the aerobic epoxidation of olefins, with a TOF of 175 
h−1 compared to 10 h−1 for the mononuclear control. 

Another promising approach to control active site nuclearity is to use pre-formed bimetallic 
precursors, a strategy that was pioneered by the Lu group (Fig. 6c).70,71 This approach is 
particularly attractive for installing heterobimetallic sites. For example, cobalt-aluminum sites 
were installed in NU-1000 by treating it with a predefined molecular Co-Al complex, (py3tren)-
AlCoMe (py3tren3− = N,N,N-tris(2-(2pyridylamino)ethyl)amine). Further heating of the material 
at 300 ºC under air resulted in the loss of the py3tren ligand and the generation of a Co-Al diamond 
core.70 Both the ligated and the heat-treated materials were competent catalysts for the oxidation 
of benzyl alcohol to benzaldehyde in the presence of tert-butyl hydroperoxide (TBHP), showing 
7.5-fold greater activity per Co atom relative to the monometallic control framework. Similarly, 
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Ga-Rh–functionalized NU-1000 could be synthesized by soaking the framework in a solution of 
(py3tren)GaRhX (X = Me, OPh).71 Compared to molecular analogues and the Rh-only MOF, the 
Ga/Rh-functionalized catalyst showed much higher selectivity for E-alkenes in the 
semihydrogenation of diphenylacetylene. 
  
2.2.2 Anchoring to Lewis acidic surface sites 

In addition to Brønsted acidic hydroxyl sites, Lewis acidic surface sites can also be used as 
grafting points for post-synthetic metalation. For example, the nodes of MOF-808 contain 
monocarboxylates anchored to Lewis acidic Zr4+ metal centers (Fig. 5). These surface ligands can 
be exchanged with other anions, including ditopic ligands capable of binding additional metals. 

Yaghi and coworkers leveraged the controlled stoichiometry of inward-facing capping ligands 
and the spatial constraints of the pores to install dicopper sites for the oxidation of methane to 
methanol (Fig. 7).17 Metal-binding sites were introduced into MOF-808 by exchanging the 
monoanionic capping ligands with different imidazole-containing carboxylic acids (e.g., L-
histidine, 4-imidazoleacrylic acid, and 5-benzimidazolecarboxylic acid). A series of oxygen-
bridged dicopper(II) sites were then installed by metalation with copper(I) iodide under air. To 
probe the reactivity of these copper-functionalized frameworks with methane, the frameworks 
were activated at 150 °C with flowing He, then treated sequentially with 3% N2O/He, CH4, and 
3% steam/He. After this treatment, roughly 12.5–25 mmol MeOH was generated per mol Cu, 
depending on the ligand used.17 Given these yields, the speciation of copper is likely more complex 
than what is shown in Fig. 7, with a subpopulation of copper sites active for methane oxidation. 
While the authors use computational modeling to propose the active bridged copper dimers, 
additional spectroscopic evidence is needed to confirm the active site identity.  

 
2.2.3 Ion pairing 

Ion-exchange methods can be used to install bimetallic sites in cationic or anionic metal–
organic frameworks containing weakly bound counterions. In an elegant example of this strategy, 
Dincă, Román-Leshkov, and coworkers used post-synthetic anion exchange to electrostatically 
tether anionic [Co(CO)4]− complexes to the cationic trinuclear chromium(III) nodes of Cr-MIL-
101 (Fig. 8).22 The strongly bound F− anions in the as-synthesized framework were first exchanged 

 
Fig. 7 | Grafting metal centers to Lewis-acidic surface sites in MOF-808. The exchange of anionic carboxylate 
ligands with imidazole-containing carboxylic acids is proposed to provide binding sites for copper(I) pairs. Figure 
based off reference 17.  
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for more labile Cl− anions, which were then exchanged for [Co(CO)4]−. This leads to 
heterobimetallic active sites where anionic metal carbonyl complexes are held in proximity to 
strongly Lewis acidic Cr(III) centers. Like the homogeneous [Lewis acid]+[Co(CO)4]− catalysts 
developed by Coates and coworkers,72,73 the Co(CO)4–-incorporated Cr-MIL-101 framework 
(abbreviated Co(CO)4⊂Cr-MIL-101) is a highly active catalyst for the ring-expansion 
carbonylation of epoxides22 and β-Lactones.23 We note that, relative to other tethering strategies, 
an advantage of the ion-pairing approach is that it offers much greater flexibility in the relative M–
M distance and coordination sphere. For example, in Co(CO)4⊂Cr-MIL-101, the Co(CO)4– 
complex is free to adjust its primary coordination sphere and the relative Co–Cr distance. 

 
2.3 Grafting to ligand struts 

In addition to grafting metal cations to the framework nodes, it is also possible to install metal 
chelating sites to the framework struts. One advantage of this approach is the diversity of ligand 
environments that can be obtained (Fig. 9). Binding sites can be pre-integrated into the ligand strut 
and installed during framework formation. Bipyridine,74–76 salen,77 porphyrin,78–80 and di-
pyrazole81 groups have been incorporated using this route (Fig. 9a). Chelating sites can also be 
installed after MOF synthesis through post-synthetic ligand exchange or covalent modification 
strategies. Iminopyridine,82 salicylidene,83 aminopyridineimine,84 and bis(2-
pyridylmethyl)amine85 groups, among others, have been introduced in this manner (Fig. 9b). 
These different strategies have been comprehensively summarized by Moon and coworkers in a 
recent review.86 

While the metalation of ligand struts was initially developed for mononuclear metal 
complexes, researchers have recently extended these methods to bimetallic active sites. As with 
grafting to the metal nodes, the dominant challenge is controlling active site nuclearity. At low 
surface coverages, mononuclear sites dominate, while at high coverages larger clusters can form. 
Several strategies to overcome this challenge have been reported, including the use of pre-formed 
clusters (Section 2.3.1) and exogenous bridging ligands to dimerize metals bound to neighboring 
struts (Section 2.3.2). In addition, templating approaches have been developed to selectively 
functionalize neighboring ligands (Section 2.3.3). 

 
Fig. 8 | Overview of ion pairing strategy in Cr-MIL-101. Anchoring of Co(CO)4

– near the Lewis acidic Cr(III) sites 
is achieved through stepwise ion exchange to yield bimetallic Cr/Co sites for ring-expansion carbonylation of 
epoxides and β-Lactones. For clarity, ligands have been truncated at the terminal carboxylate unit. Figure based 
off reference 22.  
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2.3.1 Anchoring pre-formed clusters 

Using a post-synthetic ligand exchange 
strategy, Cohen, Ott, and coworkers were able 
to attach dithiolate-bound diiron clusters to the 
struts of UiO-66 (Fig. 10).19 Up to 14% of the 
original 1,4-benzenedicarboxylate ligands 
could be exchanged for a diiron-functionalized 
strut, [Fe2(dcbdt)(CO)6]2– (dcbdt2– = 1,4-
dicarboxylbenzene-2,3-dithiolate). One 
advantage of using pre-formed clusters is their 
structural fidelity. Extended X-ray absorption 

fine structure (EXAFS) spectroscopy confirmed that the local coordination environment around 
the iron centers in UiO-66-[FeFe](dcbdt)(CO)6 is identical to molecular analogues, with a short 
Fe–Fe distance of ~2.4 Å. The MOF-supported diiron system, which closely resembles the active 
site of [FeFe] hydrogenases, catalyzes the photocatalytic reduction of protons into H2 in the 
presence of [Ru(bpy)3]2+ as the photosensitizer and ascorbate as the electron donor. Relative to a 
molecular analogue, the MOF-supported dimer showed both higher initial rates and greater overall 
production of H2. 
 
2.3.2 Anchoring to neighboring ligand struts 

Metal–organic frameworks constructed from 1D metal–ligand chains (also called “rod-
shaped” secondary building units) often display one-dimensional pore channels that are densely 
lined with bridging ligands.87,88 In these frameworks, anchoring metals to neighboring struts is an 

 
Fig. 10 | Overview of post-synthetic ligand exchange to 
install pre-formed dithiolate diiron clusters in UiO-66 
for photocatalytic proton reduction. Figure based off 
reference 19.  
 
 

 
Fig. 9 | Overview of strategies to install metal-binding sites on ligand struts. Chelating sites can be installed either 
a) during synthesis, or b) after synthesis via post-synthetic modification strategies. 
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appealing way to design bimetallic sites due to 
the short distance between adjacent ligands 
(~6–10 Å). 

A nice example of this strategy was 
reported by Cui and coworkers in 2016, who 
synthesized a Cd-based framework with 1D 
channels lined with chiral vanadium-salen 
units (Fig. 11a).89  The authors showed that the 
neighboring vanadyl sites, which are roughly 8 
Å apart, work together to activate and pre-
orient the substrates for the asymmetric 
cyanation of aldehydes. To confirm the 
bimetallic nature of the mechanism, an 
isostructural framework with alternating 
vanadium and copper sites was used, which 
showed both lower conversion (50% vs. 98%) 
and lower enantioselectivity (75% ee vs. 86% 
ee) than the all-vanadium framework. 

In 2023, Lin and coworkers used this 
strategy to generate bimetallic sites in a bipyridyl-decorated aluminum framework, MOF-253 (also 
known as Al(OH)bpydc, bpydc2– = 2,2'-bipyridine-5,5'-dicarboxylate).90 The framework, which is 
isostructural with MIL-53, contains rhombic, one-dimensional channels lined with 2,2’-
bipyridine-functionalized struts spaced roughly 6.6 Å apart. Metalation of the bipyridine units with 
FeCl2 followed by bubbling O2 in MeOH resulted in the formation of dihydroxo-bridged Fe(III) 
dimers (Fig. 11b). The Fe2(μ-OH)2 dimers were characterized by EXAFS, which showed a strong 
Fe–Fe scattering feature consistent with the expected ~3 Å distance between Fe sites. The diiron 
MOF was a competent catalyst for both benzylic C–H oxidation and alkene epoxidation reactions 
using O2 as the oxidant and pivaldehyde as the sacrificial reductant. A mononuclear control 
framework was synthesized where only ~11% of the ligands are functionalized with bipyridine 
units. The bimetallic framework showed a 27-fold increase in activity compared to the 
mononuclear control, highlighting the impact of the bimetallic sites. 
 
2.3.3 Templating approaches 

As described in Section 2.3.2, neighboring ligand struts can support the formation of well-
defined bimetallic sites with the addition of exogenous bridging ligands such as hydroxide (Fig. 
11). However, this strategy is less effective at lower metal loadings, as it is difficult to control the 
relative distribution of partially metalated ligand struts. At low loadings, isolated mononuclear 
metal sites are predominantly formed. This can be limiting, as lower metal loadings may be desired 
to reduce pore clogging or prevent cross-reactivity between neighboring active sites. 

 
Fig. 11 | Neighboring ligand struts can be used to install 
(a) bimetallic vanadyl sites for asymmetric aldehyde 
cyanation and (b) Fe(III) dimers for benzylic C–H 
oxidation and alkene epoxidation. Figures based off 
references 89 and 90.  
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To address this challenge, we recently reported a strategy to introduce closely spaced pairs of 
functional groups within MOF pores, irrespective of functional group loading.91 We first showed 
that thermolabile tertiary ester-based crosslinkers can be used to template pairs of carboxylic acids 
~7 Å apart down the pore channels of Mg2dotpdc (dotpdc4– = 4,4″-dioxido-[1,1′:4′,1″-terphenyl]-
3,3″-dicarboxylate), a mesoporous framework with one-dimensional hexagonal channels. We later 
developed tertiary carbamate-based crosslinkers that, upon thermolysis, reveal pairs of templated 
amines (Fig. 12a).85 These amine pairs could be post-synthetically elaborated into iminopyridine 
and bis(2-pyridylmethyl)amine chelating sites (Fig. 12b) and metalated with a variety of first-row 
transition metals (M = Mn(II), Fe(II), Co(II), Ni(II), Cu(I), and Cu(II)).  

Relative to the other synthetic approaches described here, templating strategies require much 
larger upfront synthetic investment, as a suitable labile crosslinker must first be designed and 
incorporated into the desired framework. However, once the templated functional groups are 
installed, there is the potential for rapid catalyst derivatization via well-established post-synthetic 
modification reactions. Indeed, the main advantage of molecular templating is the structural 
versatility. In principle, it should be possible to independently control the pore architecture, metal 
identity, local ligand environment, and metal–metal distance of the templated bimetallic sites. 

 
2.4 Other strategies 

A combination of grafting approaches can also be used to generate bimetallic sites, such as 
attaching one metal to the framework nodes and the other to the struts. For example, Lin and 
coworkers took advantage of distinct metal node and ligand strut chemistry to functionalize 
hafnium-based metal–organic sheets with both Ru-based photosensitizers and Re or Mn-based 
cocatalysts (Fig. 13).92 The Ru-based photosensitizer was bound to bipyridine-functionalized 
struts and installed directly during framework synthesis. The Re or Mn-based cocatalyst was post-
synthetically grafted to the metal nodes by exchanging surface-bound trifluoroacetate groups with 
carboxylate-functionalized bipyridine ligands and metalating with either Re(CO)5Cl and 
Mn(CO)5Br. Both Ru/Re and Ru/Mn systems showed good activity for the photoreduction of CO2 

 
Fig. 12 | a) Thermolabile crosslinkers can be used to template amine pairs, which can be elaborated into bimetallic 
sites with tunable ligand environments, such as b) iminopyridine and c) bis(2-pyridylmethyl)amine. Figure adapted 
from reference 85. 
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to CO in the presence of sacrificial electron 
donors, with turnover numbers of up to 3849 
and 1367 after 25 h, respectively. Greater than 
70-fold increase in catalytic activity was 
observed in the MOF systems relative to 
homogeneous controls, which the authors 
attributed to the proximity of the Ru 
photosensitizer to the catalytic Re/Mn centers.  
 
3 Critical assessment and future outlook 

The synthesis of binuclear metal active 
sites in metal–organic frameworks has seen 
significant progress over the last decade. 

While barriers to controlling active site nuclearity remain, promising solutions are already 
emerging, including the use of pre-formed clusters,19,58,70,71 sterically constrained binding 
pockets,69 and templating approaches.85,91 We conclude this perspective by shifting our focus away 
from synthetic strategies and towards the future potential of these materials as heterogeneous 
catalysts. Below, we highlight unique opportunities for MOF-supported bimetallic catalysis as well 
as outstanding challenges. 

Rigorous characterization of active site structure: The conclusive spectroscopic identification 
of binuclear sites remains an open challenge in MOF catalysis and is critical for advancing the 
field. In many of the examples highlighted in this perspective, a complex distribution of metal 
species is both observed spectroscopically as well as inferred by the relatively low yields of 
product per metal in stoichiometric reactions. While initial reports have placed greater emphasis 
on synthesis and reactivity, going forward more detailed spectroscopic investigations are needed 
to understand the initial metal speciation, identify which species are catalytically relevant, and 
determine how these structural distributions change over time.  

Balancing active site rigidity vs. flexibility: In certain cases, active site rigidity is beneficial. 
Geometric constraints enforced by rigid protein superstructures and zeolite lattices can lead metal 
sites to adopt unusual coordination environments, generating highly reactive “entatic” states.10,93 
At the same time, greater active site flexibility can also be advantageous, as different intermediates 
may be stabilized by subtly different active site conformations. One advantage of metal–organic 
frameworks is the ability to accommodate structures at both extremes as well as the many 
gradations in between. For example, the rigid multinuclear metal nodes discussed in Section 2.1 
greatly constrain the possible M–M distances and coordination environments that can be accessed 
during catalysis, while the electrostatically tethered ion pairs discussed in Section 2.2.3 offers 
much greater flexibility. Going forward, a challenge in catalyst design will be navigating the 
wealth of choices and selecting the appropriate balance of flexibility and rigidity for a given 
catalytic application. 

 
Fig. 13 | Multiple grafting strategies can be used in 
tandem. For example, Ru-based photosensitizers at the 
ligand struts can work cooperatively with Re or Mn 
cocatalysts post-synthetically grafted to the Hf cluster 
through carboxylate exchange. Figure based off 
reference 92.  
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Leveraging pore environment effects: Many of the reports highlighted in this perspective focus 
on tuning the primary coordination sphere of the two metal sites. In contrast, the interplay between 
the binuclear active site and its surrounding pore environment remains understudied. The enzyme-
like ability of metal–organic frameworks to control and confine the surrounding three-dimensional 
microenvironment is a distinct yet underutilized advantage of MOF catalysts.94–96 We note that 
this is a challenge and opportunity for all MOF catalysis, beyond the binuclear active sites focused 
on here. 

Higher throughput catalyst synthesis and screening: Studies in this field generally report a 
single bimetallic active site design for a single target reaction. To accelerate catalyst discovery, 
greater throughput in catalyst synthesis and screening is needed. If the synthetic advances 
described in this perspective have uncovered a treasure chest of bimetallic MOF systems, then 
high throughput experimentation may be the key to unlock their untapped potential as catalysts. 

Assessing active site stability: While significant strides in metal–organic framework stability 
have been made,97,98 active sites can be degraded even if the surrounding pore structure remains 
intact. For example, in the absence of strongly chelating groups, surface-grafted systems may be 
susceptible to metal leaching. Initially well-defined systems may lose structural fidelity if metal 
cations become mobile under reaction conditions. In addition to identifying active site degradation 
mechanisms, strategies to mitigate degradation and regenerate spent catalysts are needed. 
 

In conclusion, metal–organic frameworks provide an exciting opportunity to re-examine bio-
inspired and organometallic binuclear active sites in a heterogeneous context. It is possible that 
greater catalytic activity, selectivity, and/or stability can be realized due to properties unique to 
porous scaffolds, including site isolation, entatic states, and microenvironment effects. Going 
forward, coupling existing synthetic routes with greater throughput catalyst screening and more 
rigorous characterization may reveal new reactivity not yet observed in other heterogeneous or 
homogeneous platforms. 
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