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Abstract

:

Metal–organic frameworks (MOFs) are emerging porous materials with highly tunable structures developed in the 1990s, while organometallic chemistry is of fundamental importance for catalytic transformation in the academic and industrial world for many decades. Through the years, organometallic chemistry has been incorporated into functional MOF construction for diverse applications. Here, we will focus on how organometallic chemistry is applied in MOF design and modifications from linker-centric and metal-cluster-centric perspectives, respectively. Through structural design, MOFs can function as a tailorable platform for traditional organometallic transformations, including reaction of alkenes, cross-coupling reactions, and C–H activations. Besides, an overview will be made on other application categories of organometallic MOFs, such as gas adsorption, magnetism, quantum computing, and therapeutics.
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1. Introduction


Catalytic transformations to design new and tailored commodity items have been of interest for many decades, both in the private, industrial, and academic world. This success is owed in part to the catalytic transformations of organometallic complexes, their functionalizable environments, and their active centers. Many important industrial processes that we rely upon in our modern lifestyle depend on the basic chemical transformations using organometallic chemical processes. In particular, the chemical transformations used to generate ammonia, synthesis gas, epoxyethane, sulfuric acid, nitric acid, and many polymer-based plastics involve an organometallic catalyst (iron, nickel, silver on alumina, vanadium, platinum and rhodium, and titanium respectively) [1]. It is estimated that 300 million tons of polymer-based plastics alone are produced globally each year at least in part from catalytic synthesis processes [2,3,4]. This area of research has long been a key feature in the modernization and globalization of our world as many of the everyday commodities we utilize are made through organometallic chemical processes. Thus, there are also many new approaches to design better and more effective ways of producing these commodities by further refining the organometallic catalytic processes that are utilized most heavily today. Among these approaches, Metal–organic frameworks (MOFs) have taken a central role in the improvement of organometallic catalytic research.



Within our context, MOFs, also known as porous coordination networks (PCNs), are a type of highly crystalline, well ordered coordination network compounds derived from both metal and organic components. MOFs originated in the late 1990s with seminal works published from Yaghi and Kitagawa and is thus still a very recent advance towards catalytic chemical systems [5,6]. Despite their relative infancy as a field, these materials are rapidly becoming well known for their versatility due to their diverse tunability of the linkers, pore voids, and metal nodes that make up the three key features of these structures [7,8,9,10]. Although MOFs are not considered to be traditional organometallic compounds in the most restrictive definition of organometallic chemistry, as many of them do not contain M–C bonds, the unique tunability and ability to design tailored chemical reactions allows MOFs to undergo many of the same chemical processes used in M–C type organometallic chemistry. Within MOF structures, most of the organic linker coordination bonds that hold the structures together are comprised of N, O, or S donor atom to metal cluster bonds [11]. Ultimately, many MOFs discussed in this review do perform catalytic organometallic M–C type chemistry as the scaffold material even though the scaffold itself is a coordination type complex [12,13,14,15,16].



The three main components of MOFs are their linkers, void spaces, and metal clusters. All three of these features can be tuned specifically towards desired transformations. For the purposes of this review, we will emphasize two main features of interest: the functionalization of organic linkers towards catalytic chemistry and the transformation of metal cluster centers towards these processes. We will expand upon the utilization of MOFs for traditional organometallic chemical applications, demonstrate the current directions of non-traditional utilization of MOFs in organometallic catalytic process, and give an outlook on the future directions of this field (Figure 1).




2. Linker-Based Functional Organometallic MOFs


MOFs are a class of crystalline porous material that have attracted considerable attention over the past few decades [17]. Due to their permanent porosity, large surface area, structural and functional diversity, and tunability, MOFs have been utilized in a diverse array of applications. Some of these applications include: gas sorption and separation, chemical sensing, proton conduction, and drug delivery [18,19,20,21,22,23]. Of particular interest, MOFs are considered to be promising candidates as heterogeneous organometallic catalysts [19,20,21,22,23,24]. For catalytic applications, MOFs offer two approaches: cluster mediated catalysis and linker mediated catalysis. The organic linker building block plays an important part in the reasonable design of MOF-based catalysts [25]. In this section, linker-based organometallic catalysis will be discussed. Additionally, the relationship between MOF structure and application will also be discussed.



2.1. Porphyrin-Based Linkers


Porphyrin chemistry has been of significant biological interest. It is no wonder than that porphyrin-based ligands would be of significant interest for MOF chemistry, particularly in light-harvesting, sensing, and catalysis [26]. As a result, porphyrin ligand-based MOFs have been substantially explored. Building porphyrins into MOF scaffolds eliminates the dimerization pathways and mitigates the solubility and chemical stability issues often associated with porphyrin chemistry. In return, porphyrins add additional functionality to the MOF scaffold, particularly in photo-sensing catalysis [27]. As a result, the introduction of porphyrins into MOFs as linkers has allowed for scientists to take advantage of both systems.



One example of a porphyrin-based MOFs came from the Zhou group, PCN-224. This MOF was assembled from 6-connected Zr6 secondary building units (SBUs) and metalloporphyrin ligands (Fe-TCPP (TCPP = tetrakis(4-carboxyphenyl)-porphyrin)) (Figure 2), into a 3D nanochanneled, highly stable framework. PCN-224 has been utilized as a highly active, recoverable heterogeneous catalyst in CO2/propylene oxide coupling reactions [28]. PCN-224(Ni) was tested to be extra stable for the remained property after 24 h immersion in over a wide range of pH in aqueous solution, from 1 to 11. Expanding upon this initial study, a series of PCN-224 analogues with ethyl, bromo, chloro, and fluoro to the β-position of porphyrin ligands was synthesized. This series was shown to be able to tune the chemical environment of the catalytic center for desired reactions by changing the electronic properties in the ligand scaffold. In this work it was also demonstrated that a substitution within the TCPP linker was able to increase the activity and selectivity of the catalytic iron sites in the 3-methylpentane oxidation catalysis [29].



Porphyrinic linkers can also be utilized as photosensitive building blocks in MOFs. Post-synthetic metalation of metal-free porphyrins is a common way of adjusting the catalytic property of porphyrins-based MOF. One particular example from the Rosseinsky group reported an aluminum-based porous porphyrin MOF that could perform water splitting under visible light irradiation. Within the rigid host structure of this MOF, the metal-free porphyrins could be metalated with Zn2+, allowing for the catalytic generation of hydrogen and oxygen from water [30]. Another example of a post-synthetic metalation of porphyrin for tuned catalytic reactions is PCN-223, showing high stability in aqueous solutions with a wide range of pH due to its extremely high connectivity. This metal-free porphyrin Zr-MOF was metalated with Fe3+, making it an excellent recyclable catalyst for hetero-Diels–Alder reactions [31].



In another work, a robust metalloporphyrinic MOF with perfluorophenylene functional groups, PCN-624, was synthesized utilizing rational structure design techniques. PCN-624 was constructed from 12-connected [Ni8(OH)4(H2O)2Pz12] (Pz = pyrazolide) nodes and fluorinated 5,10,15,20-tetrakis-(2,3,5,6-tetrafluoro-4-(1H-pyrazol-4-yl)phenyl)-porphyrin (TTFPPP) ligands. Pendant perfluorophenylene groups were fabricated onto the pore surface of PCN-624, resulting in the cyclable, selective synthesis of fullerene-anthracene bis-adducts. This example also demonstrates that MOFs can be utilized as a competitive platform for catalytic applications [32].




2.2. Polypyridyl-Based Linkers


In recent years, harvesting solar power through light harvesting materials has received interest in the scientific community in the application of renewable energy sources. The utilization of polypyridyl organometallic complexes in light harvesting devices is fairly well developed. As a result, MOFs designed for light harvesting have begun to incorporate polypyridyl moieties into their frameworks. This approach has attracted interest for applications in catalytic water oxidation, CO2 reduction, photocatalytic hydrogen evolution, and the photocatalysis of organic reactions [25].



One of the pioneer research groups for doping polypyridyl organometallic complexes into MOFs, the Lin group, demonstrated the usability of this system for solar energy harvesting. In 2011, this group incorporated Ir, Re, and Ru polypyridyl complexes into the UiO-67 (UiO = University of Oslo) topology, leading to a series of highly active heterogenous catalysts for visible light-driven organic molecule transformations [33]. Later, the same group merged a IrIII photoredox catalyst and a NiII cross-coupling catalyst into the same MOF scaffold to efficiently catalyze C-S bond formation between different aryl iodides and thiols [34].



Among organic transformations through organometallic catalysis, CO2 reduction is one that is of particular interest, since CO2 and CH4 are widely known to be of use in chemical energy conversions. One approach to accomplish CO2 reduction is through molecular iridium catalysts immobilized within a MOF. In one such study, Ir–UiO MOFs, mbpyOH–IrCl3–UiO and mbpyIrCl3–UiO (bpy = 2,2′-bipyridine), were synthesized and placed in a condensation chamber, facilitating CO2 reduction [12]. In another study, a metal-organic layer (MOL), a freestanding monolayer of a 2D MOF, was utilized as a novel platform for CO2 hydrogenation. As a result of modifications made to the Hf12 SBUs and the [Ru(bpy)3]2+ based linkers in the study, a new kind of MOL was prepared that showed efficient catalytic performance for the reduction of CO2 [35] The structural stability of the MOLs was approved by the repeatable PXRD (powder X-ray diffraction) patterns after 24 h of CO2 reduction.



An azide-functionalized UiO-66 was employed as a platform for the immobilization of a series of bidentate ligands on a MOF surface via an azide-alkyne “click” reaction. These immobilized ligands formed a highly effective mixed-ligand nickel catalyst. The product generated was demonstrated to be an effective heterogeneous organometallic catalyst for the Suzuki-Miyaura coupling reaction under mild conditions. The system was also shown to be recyclable with little to no change to the performance or properties of the original material [36].



An example of a metalloporphyrin MOF that is active towards C–H activation is PCN-602, which was reported by the Zhou group. This MOF is a base-resistant porphyrin-based system built from [Ni8(OH)4(H2O)2Pz12] (Pz = pyrazolate) clusters and 5,10,15,20-tetrakis(4-(pyrazolate-4-yl)-phenyl)porphyrin linkers [37]. The derived PCN-602(Mn) with Mn3+-porphyrin centers was used to catalyze C–H bond chlorination and bromination reactions for cyclohexane and cyclopentane reactions, demonstrating good performance. The metalated porphyrin species as a catalyst was able to yield a 95% conversion rates under room temperature conditions after 2 h. These results indicated that this particular MOF was a highly effective catalyst for C–H halogenation of hydrocarbons under basic conditions. Moreover, PCN-602 exhibited great stability in aqueous solutions of OH−, F−, CO32−, and PO43−.




2.3. Pyridyl-Based Linkers


One of the earliest examples of a pyridyl-based MOFs comes from the Humphrey group who prepared the first organoarsine MOF, ACM-1, using a new pyridyl-functionalized triarylarsine ligand coordinated to NiII nodes. Under facile conditions, postsynthetic metalation of the ACM-1 structure was accomplished through the installation of dimeric Au2Cl2 complexes via the formation of As–Au bonds. Due to the rigidity of the MOF, the AuI dimers displayed particularly short aurophilic bonds (2.76 Å) [38].



With growing focus on pyridyl-based MOFs, postsynthetic modifications are now fairly common. An example of this was with a Zr-MOF scaffold that was modified to obtain a bimetallic MOF with MX2(INA)4 moieties (INA = isonicotinate; M = Co2+ or Fe2+; X = OH−, Cl−, Br−, I−, NCS−, or NCSe−). The step-by-step modification process not only changed the composition, symmetry, and unit cell of the MOF by introducing MX2(py)4 (py = pyridine), but the exchange also endowed interesting magnetic and electronic properties to the diamagnetic framework [39].



MOFs serve as designable platforms to construct complex coordination architectures for desirable applications. A method to place trans-coordinate metal centers with exposed equatorial positions in a MOF matrix has been reported. PCN-160, a Zr-based MOF, was initially synthesized and subsequently underwent postsynthetic modification in the form of ligand elimination and installation of pyridinecarboxylate ligands (Figure 3). The proximity between a pair of neighboring pyridyl groups within the ligand was suitable for the formation of trans-metal-binding sites that were capable of accepting multiple diatomic metal cations. Some metals tested in this body of work included: Ni2+, Cu2+, and Pd2+. This particular trans-coordinated metal site in the MOF was utilized for the catalytic dimerization of ethylene. This catalyst in particular had high activity due to the exposed equatorial positions of the open metal sites [40].




2.4. Pincer-Based Linkers


Ligands that chelate a metal using three coplanar chelators are referred to as pincer ligands. In organometallic chemistry, pincer complexes have been extensively shown to be remarkable catalysts for a variety of applications [41]. It is no surprise then that pincer-based ligands have begun to be incorporated into MOFs in recent years. One such example is for a Zr-based MOF with modified Pd aryl diphosphinite (POCOP) pincer linkers. This particular system was shown to be remarkably active and recyclable as a catalyst for the transfer hydrogenation of benzaldeydes, together with the exceptional chemical stability even under strong acid (1 M HNO3) and base (0.1 M NaOH) for weeks [15]. Typically pincer-based ligands require postsynthetic metalation of the chelation site otherwise the as synthesized MOF fails to form. There are very few reports of pincer-based MOFs that do not require this post synthetic step. One such MOF, a 3D MOF CoII MOF was synthesized through first cyclometallation of the pincer ligand with PdIICl and subsequent use of the metalloligand as a starting material in a one pot solvothermal reaction. The Pd–Cl groups in the chelation site were highly catalytically active for CO2 insertion at 1atm and 298 K [42].




2.5. Other Linkers in MOFs


In addition to the porphyrins, polypyridyl, and pincer ligands discussed in this section, there have been other organometallic catalytic linkers that have been incorporated into MOFs. For example, N-heterocyclic carbene-based linkers (NHC) have been incorporated into MOF frameworks for catalytic applications. For these linkers, tuning the imidazole sidechains with different functional groups offers a dynamic array of possible catalytic activity. One example of an NHC-based MOF was published by the Zou group and contained an Iridium NHC metallolinker in a Zr-MOF. Through both direct synthesis and postsynthetic exchange, the MOF was able to be synthesized and adapted for allylic alcohol isomerization. This particular MOF demonstrated good catalytic activity and recyclability [43].





3. Cluster-Based Functional Organometallic MOFs


Metal clusters are widely known to be Lewis acidic sites within MOF structures. However, recent work has also explored the use of metal clusters within MOFs as organometallic catalysts and as a platform for the support of single-site organometallic catalysts. Single-site catalysts are preferred over metal oxide or metal nanoparticle catalysts for their greater catalytic selectivity. The most common method for creating single-site catalysts involves anchoring the catalytically active moiety onto a surface. This approach unfortunately tends to create problems with uniformity and surface-catalyst interactions [44]. MOFs have been presented as a solution to these problems as they are crystalline (i.e., highly uniform) materials and can be tuned with relative ease. Constraining catalytically active sites within MOFs can also prevent catalyst deactivation by ligand disproportionation. This type of functionalization leads to the formation of mixed-metal organic frameworks (M-MOFs). In this section, three methods for the functionalization of MOF clusters will be highlighted in regard to organometallic catalytic performance.



3.1. Post-Synthetic Metalation


Metals or organometallic species can be post-synthetically grafted onto a metal cluster. This technique is utilized when substitution within the cluster is not desired, but imparted functionality to the clusters is desired. Most often this technique is used to maintain structural stability in the framework where post-synthetic metal exchange (PSME) would result in structural instability or collapse. Post-synthetic metalation does not substitute metal atoms that already exist within the metal cluster, instead this technique grafts organometallic moieties onto the existing cluster in a structure. This approach can be accomplished through using techniques such as atomic layer deposition in MOFs (AIM) or through traditional organometallic chemical techniques. When considering the behavior of the organometallic moiety, the metal clusters in the scaffold can be treated as a both a ligand and as a support.



3.1.1. Platforms Suitable for Post-Synthetic Metalation


Group IV clusters, primarily [Zr6(μ3-O)4(μ3-OH)4(COO)12] clusters (hereafter Zr6 clusters), are the most common clusters used as supports for organometallic moieties. These clusters are common in MOFs, as they allow for high connectivity and are generally stable [45]. One of the earliest MOFs reported that contained a Group IV cluster was UiO-66. This structure contained 12-connected Zr6 cluster joined by linear benzene dicarboxylate (bdc) linkers [46]. UiO-66 also has stable isostructural frameworks, UiO-67 and -68, which can be generated through isoreticular expansion of the organic ligands [46]. These MOFs have been extensively studied in the literature [46,47,48,49,50]. The Zr6 cluster that is used in the UiO series has become perhaps the most popularly used Group IV cluster in MOF chemistry. A large number of Zr-MOFs: the PCN-700 series [51], NU-1000 (NU = Northwestern University) [52], MOF-545 [53], and NU-1200 [54], contain this cluster.



Zr-based clusters have several key advantages over other common clusters such as basic zinc carboxylates (BZCs) or paddlewheel clusters. Zr6 clusters are tolerant to defects and can have high connectivity (up to 12 linkers) [45] compared to BZCs (up to 6 linkers) [55] or paddlewheel clusters (up to 4 linkers) [56]. This higher connectivity creates a greater degree of tunability for this structure as compared to lower connected clusters. In addition to the high connectivity, Zr6 MOFs are also particularly stable due to their high cluster charge [45]. Although high connectivity is permitted by Zr6 clusters, their tolerance to defects means that MOF variants with lower connectivity can also be designed without major loss to structural stability, which can lead to the presence of open coordination sites around the cluster that are available for post-synthetic metalation (Figure 4). In addition to the catalytic behavior and further functionalizability of the open coordination sites [57,58], coordinatively unsaturated metal clusters are also more likely to form flexible MOFs. This category of MOF is currently a hotbed for the study of selective or switchable catalysis [51,59]. Combining these properties with post-synthetic metalation of clusters creates exciting opportunities for the expansion of the range of reactions that can be catalyzed using Zr-MOFs.




3.1.2. Post-Synthetic Metalation Techniques


One commonly used technique for post-synthetic metalation is the use of AIM [60]. A famous example of the use of AIM in MOFs comes from the Hupp and Farha groups. In their work, they demonstrated the usability of NiS as a grafting material onto Zr6 metal nodes in NU-1000 (Figure 5). In this method, nickel and sulfur precursors are vaporized and are deposited onto the MOF framework. The nickel binds to the hydroxyl/aqua ligand pairs in the first deposition step, and sulfur binds to the nickel in the second step [60]. Interestingly, the nickel species deposited by AIM are not distributed evenly across the structure. Clusters of nickel in the NU-1000 modified material were shown to gather predominantly within the smaller pores of the NU-1000 structure [61]. Following the deposition of nickel sulfide, the material could be used for photocatalytic water splitting experiments. It was found that the parent NU-1000 framework could not perform water splitting, but the NiS@NU-1000 composite material was highly active, evolving a significant amount of H2 [60]. In addition to Ni, other metals have also been deposited using AIM, including Mo, Nb, and Co [62,63,64].



An alternative to the utilization of the AIM strategy is through solution-phase metalation, sometimes referred to as solvent-assisted metal incorporation (SAMI) or solvothermal deposition in a MOF (SIM). In this technique, the preformed MOF is suspended in a solution of metal precursor for up to 24 h at relatively mild temperatures [54]. This technique is highly suited to stable Zr-MOFs, such as NU-1200 and NU-1000, as it is vital that the MOF be stable while suspended in solution at mildly elevated temperatures. As with AIM, metals are grafted onto the metal clusters via aqua/hydroxyl ligand pairs. A wide range of transition metals have been deposited on these two frameworks by Hupp, Farha, and Gagliardi, including Ti(IV), Mo(IV), Mo(VI), Nb(V), Co(II), and Cu(II) [62,65,66].



While a range of metal precursors can be used in SIM, a significant body of work uses with metal acetylacetonate species, due to their good solubility in organic solvents. In an early example of the versatility of this technique, the Farha, Hupp, and Nguyen groups functionalized UiO-66 with redox active V(V) ions. By treatment of UiO-66 with VO(acac)2 (acac = acetylacetonate) in methanol, it was determined that V(V) ions could replace ~5% of the bdc linkers, binding through the -OH groups at the missing linker site [67]. While no crystal structures could be determined, the group proposed the binding mode for these compounds through a combination of NMR analysis of the digested MOF and the growth of additional peaks in an in situ DRIFTS spectrum. This functionalized MOF was then used to catalyze the oxidative dehydrogenation of cyclohexene [67]. Later work in the Gagliardi and Gates groups demonstrated the same principle utilized with vanadium for iridium complexes supported on the Zr6 clusters of NU-1000 and UiO-66 [68]. Unlike the work from Farha, Hupp, and Nguyen, Gagliardi and Gates found that some of the ligands remained bound to the iridium center. No crystal structures were able to be determined for the iridium functionalization, however Gagliardi and Gates provided EXAFS (extended X-ray absorption fine structure) data with DFT (density-functional theory) calculations to assign the binding sites and modes of the iridium complexes. Later work demonstrated that these M-MOFs could be used as effective ethylene conversion catalysts [48].



Capitalizing on the principles outlined in the previous work in this field, several zirconium cluster systems as supports for earth-abundant transition metal catalysts have been investigated. One such example comes from the Lin group whose work primarily focused on post-synthetic metalation of the Zr6 clusters in UiO-68. Deprotonation of the Zr3(μ-OH) sites with n-BuLi and treatment with CoCl2 or FeBr2 resulted in a M-MOF in which cluster H atoms were replaced by an organometallic catalyst moiety. The heterometals were bound to one oxide moiety from the cluster, both oxygen atoms of an attached linker, and a single halide atom in a distorted tetrahedral geometry [44]. Metalation of other zirconium cluster nodes with cobalt through μ2 and μ3 oxide binding was also studied. In all cases, the zirconium nodes acted as tridentate ligands to the heterometal [69,70]. These M-MOFs had high catalytic activity towards a wide range of organic reactions including: hydrogenation, borylation, amination, and silation [44,70,71]. This work has been expanded to consider alkali earth metal organometallic catalysts as well. In one such report of a UiO-69 structure, when the structure was treated with MgMe2, highly decorated Zr6 clusters could be achieved. While the MgMe bound to the clusters through deprotonated μ-OH moieties, the zirconium nodes here could also act as a monodentate ligand. This is because the coordination from the carboxylate functionality is very weak. After functionalization, the structure was demonstrated to maintain high activity for hydroboration and hydroamination catalytic reactions [70].



The Lin group later expanded their work to Ti-MOF cluster-based supports for cobalt catalysts. This work utilized the MIL-125 (MIL = Materials Institute Lavoisier) structure, which contains 12-connected Ti8O8(OH)4(COO)12 clusters. As with their previous work, it was demonstrated that deprotonation occurs at the μ-OH sites. Upon treatment of the structure with CoCl2, insertion of a CoCl moiety into the center of the cluster was accomplished. Here the cobalt was bound through four μ-O moieties. An additional coordinated solvent molecule (THF, tetrahydrofuran) became bound to the cobalt center, creating a distorted octahedral geometry around the metal ion [72]. Upon treatment with NaBEt3H, the reductive elimination of hydrogen resulted in Co-mediated electron transfer from the hydride, causing two of the eight TiIV centers to be reduced to TiIII. This mixed valence M-MOF was then used to catalyze the hydrogenation of arenes and heteroarenes [72].





3.2. Post-Synthetic Metal Exchange


The composition of the clusters themselves can also be modified after the initial synthesis of the MOF through PSME. In general, this technique allows the metal clusters within the scaffold to be modified by substitution of existing metal ions with a different metal ion. This approach is advantageous as it allows the MOF to acquire additional functionality or stability through such substitution [73,74,75]. The major difference between PSME and post-synthetic metalation (PSM) is that in PSME, the metal ions in the clusters are exchanged with newly introduced metal ions yielding no net change in the total number of metal ions in a cluster. This is in contrast to PSM where metal ions are added to a cluster, yielding a net change in the total number of metal ions in a cluster. In particular, the approach of PSME offers the ability to synthesize desired MOFs that are otherwise unable to be formed due to steric, electronic, or stability concerns during synthesis.



PSME refers to a range of techniques by which metal ions in a cluster are exchanged with a more active metal cation. Typically PSME is performed on clusters containing relatively inert metals, however, this technique is fairly versatile and can be performed on a wide range of metal clusters [76]. One of the earliest examples of PSME in the literature was in the replacement of cadmium(II) ions with lead(II) and lanthanide(III) ions in the anionic MOF [(Cd4O)3(hett)8]6− (H3hett = ethyl substituted truxene tricarboxylic acid). Complete substitution was achieved by soaking the preformed MOF in aqueous lead nitrate or a lanthanide salt solution for two days. The partial substitution for this exchange could be achieved using shorter reaction times. The single-crystal to single-crystal transformation for this system was demonstrated to be completely reversible under mild conditions [77].



An important advantage for PSME is that it can be used to generate MOFs which are unable to be synthesized in a particular topology. Recent work in the Volkmer and Dinca groups has shown the usability of PSME for zinc MOF metal substitutions. MFU-4l (MFU = metal–organic framework, Ulm University), a zinc MOF with five zinc(II) cations in the cluster, is of topological and catalytic interest, but cannot be synthesized in situ with other metals beyond zinc [73,78]. Despite being unable to directly synthesize the isostructural MOFs of MFU-4l with other metals, PSME can be accomplished for the peripheral zinc ions with titanium, chromium, and cobalt (Figure 6) [73,75,78]. Substitution of the zinc ions with more active heterometal ions increased the activity of the MOF for a variety of catalytic applications, including: CO oxidation, olefin polymerization, and olefin insertion [73].



Similar to the work demonstrated in MFU-4l, substitution of inert nickel ions with active cobalt ions in Ni-MOF-74 has also been demonstrated. The resultant M-MOF demonstrated a higher catalytic conversion of cyclohexene than either pure Ni-MOF-74 or Co-MOF-74. This indicates the potential for high catalytic activity in M-MOFs in comparison to their homometallic MOF counterparts, per mole of active metal. It is believed that the increased catalytic activity demonstrated in this example stems from substitution of only the most accessible metal ions in the MOF [79].



PSME can also be utilized when the direct synthesis of a desired MOF cannot be accomplished in a predictable way. Titanium MOFs are highly desired as the titanium clusters within the MOF mimic the chemistry of titanium nanoparticles. Titanium is also a low toxicity earth abundant metal. Although titanium MOFs are highly desired for catalytic applications, it is often not possible to directly synthesize Ti-MOFs in a predictable way as the modulation techniques used for the analogous Zr- and Hf-MOFs do not work for titanium structures [45]. One highly accepted approach to the synthesis of Ti-MOFs is through the PSME of preformed Zr- or Hf-MOFs.



Cohen’s group reported a total metal replacement of up to 38% of the Zr(IV) cations with Ti(IV) cations could be accomplished for UiO-66. The resulting structures retained the crystallinity of the original material, and have been shown to be both highly porous and stable [76]. However, a later study by the same group disproved this analysis, as scanning tunneling electron microscopy revealed that the Zr(IV) cations were not in fact substituted. Instead, a nanoscale TiO2 layer was deposited on the surface of the particles, suggesting the exterior surface of the MOF was post synthetically metalated and that no cation exchange occurred. The Zr(IV) clusters in the interior of the crystal remained unaffected by the surface metalation and no zirconium was observed in the supernatant by ICP-MS (inductively coupled plasma mass spectrometry) following the supposed exchange [49].



Despite this setback, the Zhou group demonstrated that post-synthetic titanation is in fact possible and is not limited to substitution within preformed group IV MOFs. Their work demonstrated that replacement of metal ions such as scandium(III), zinc(II), and magnesium(II) with titanium(IV) in MOFs through the use of a Ti(III) intermediate can also be accomplished. By submersion of the preformed MOF in a Ti(III) rich solution, Ti(III) can be incorporated into the MOF structure and oxidized to yield Ti(IV). This can be accomplished without destroying the crystallinity or altering the overall structure of the parent MOF. However, judicious selection of the host MOF is crucial. The host MOF must be stable towards the Ti(III) intermediates, contain open metal sites and labile linkers to accelerate the metathesis, and contain a coordination site that will readily accommodate the substituted metal [80]. A similar technique has been used to replace magnesium with Fe(II) and Cr(II).



Other highly redox active metals such as iron(II/III) have also been investigated for PSME to improve the catalytic activity of the manganese(II) metal clusters. Using iron(III) chloride as an iron source, near complete substitution of manganese ions in Mn3L3 (H2L = bis(4-(4′-carboxyphenyl)-3,5-dimethyl-pyrazolyl)methane) was performed [81]. M-MOFs containing smaller fractions of iron were also obtained by using shorter reaction times, lower temperatures, and alternative iron sources. The similarity between the parent Mn3L3 structure and the resulting M-MOF suggests that the iron incorporated in the structure is iron(II), despite coming from an iron(III) source. Most likely, the change in oxidation state is due to the original Mn clusters acting as a reductant [81].




3.3. In Situ Cation Doping


In situ cation doping is a less common, one-pot method for cationic substitution in MOFs as compared to post-synthetic methods. Utilizing this method, it is significantly more difficult to perform and direct the desired structure change in the M-MOF [82]. Cation doping generally involves partial substitution of the metal source with a heterometallic source. This strategy leads to a M-MOF in which the cations in the clusters are partially substituted with the heterometallic cation. This approach can be utilized for a one-pot alteration of a parent MOF in regard to enhanced activity [83] or stability [82,84].



One well known example of in situ cation doping is exemplified in the Long group’s work on iron-oxo species within MOFs. The Long group used a Fe-MOF for the conversion of ethane to ethanol using NO2 under mild conditions. Although the iron sites are critical for the desired chemical conversion, it was necessary to substitute a large fraction (~95%) of the iron sites with redox-inactive magnesium ions. This was done to prevent oligomerization and overoxidation of the substrate. Rather than performing this substitution post-synthetically, the M-MOF was created by partial substitution of the iron source with a similar magnesium source during the solvothermal synthesis [83]. The oxidation state uniformity for the iron sites exhibited in the Mössbauer spectrum of the material indicated that the magnesium substitutions were distributed evenly throughout the structure. Although the final M-MOF was successful in catalyzing the oxidation of ethane to ethanol, it also suffered significant catalyst deactivation issues [83].



In situ cation doping has also been shown to be an effective technique for the increase in capture affinity of a desired substrate or to increase the stability of a desired MOF. In this work by the Shi and Cheng groups, MOF-5 was doped with either cobalt or nickel, demonstrating the improved H2 uptake capabilities of each respective MOF as compared to the parent MOF-5 [84,85]. In addition to improving the uptake performance, it was also noted that for the heterometallic MOFs, the hydrostability of MOF-5 could be improved. A key drawback to MOF-5 is its instability, as the Zn–O bonds of MOF-5 and other related benzyl chloride MOFs can be hydrolyzed by atmospheric humidity [84,86,87,88]. While MOF-5 begins to degrade within two days of exposure to atmospheric humidity, Ni22-MOF-5 (22% Ni-doped) remained stable for more than one week (Figure 7) [84]. Ni-doped MOF-5 could also be combined with reduced graphene oxide in order to produce a high capacity energy storage composite material [82].





4. Organometallic Catalysis in MOFs


One of the most important advances for the industrial scale production of chemicals is the incorporation of catalysts into chemical processes. By incorporating organometallic compounds, great developments in our modern world have taken place, particularly for oxidation, hydrogenation, C–H activation, and coupling reactions.



Although organometallic compounds have revolutionized the way we make and tailor chemical products, there are still some major drawbacks to organometallic compounds as catalysts for chemical processes. Many organometallic catalysts have limited lifetimes, which is most often caused by deactivation of the active site. Deactivation can occur through several pathways such as M–L redistribution, M–L oligomerization, and M–L conversion [89]. In addition, when used on an industrial scale, many organometallic catalysis are not recoverable from the reaction media as they are difficult to separate from the products in post-production. This decreases the overall economy of production.



The structure and tunability of MOFs provide a potential way to immobilize organometallic catalysts within the framework. This is advantageous as it increases both catalytic performance and the turnover number by protecting the catalyst. The added feature of the incorporation of heterogeneous catalysts within the framework also helps to prevent some common problems in homogeneous systems [90]. Here, we introduce several pieces of work that compare the performances of organometallic catalysts incorporated into MOFs to their free variants.



4.1. Reactions of Alkenes


Alkenes are very important chemicals for energy and chemical synthesis. Many important industrial alkene reactions, such as hydrogenation, oxidation, and isomerization reactions incorporate noble metals as catalysts [91,92]. For example, a catalyst that has been broadly incorporated into hydrogenation reactions for olefins, Wilkinson’s catalyst, is Rh-based. Other noble metals, such as Pd have also been incorporated for olefin hydrogenation and oxidation reactions. These metal centers have been utilized on a large scale for alkene reactions but are very expensive and there is a limited quantity available. MOFs have been demonstrated to be highly efficient, size and conformationally selective catalysts even without the incorporation of noble metals as catalytic centers. The potential of utilizing MOFs as catalysts for reaction of alkenes is to take advantage of the properties of the material such as high specific surface areas, functionalized selectivity, and high gas sorption while also eliminating the need for noble metals in the catalytic conversion. Many of the reported works also realize highly efficient conversions of alkenes.



Site-isolation of the active sites within the MOF scaffold is crucial to keep active centers active for a prolonged lifetime. A recent example of this strategy was reported by the Lin group. In their work, TPHN-MOF-MgMe (TPHN = 4,4′-bis-(carboxyphenyl)-2-nitro-1,1′-biphenyl) was prepared by introducing MgMe sites onto the μ3-OH groups in TPHN-MOF’s nodes (Figure 8). As a result of the well-separated Mg-species, the Schlenk-type ligand redistribution was successfully avoided. This MOF was then later successfully utilized for catalytic hydroboration of imines and hydroamination of amino alkenes under mild condition [93].



In addition to maintaining site activity, MOF scaffolds can be rationally designed to adjust the site specificity of the active-sites and inner structure. In this way, the framework can show improved performance as a kind of micro-reactor for chemical conversions. For instance, the Zhou group reported a one-step synthesis of a core-shell MOF, PCN-222(Fe)@Zr-BPDC (BPDC = biphenyl-4,4′-dicarboxylate), that enables the catalytic epoxidation of alkenes [94]. This hybrid core-shell structure was guided by differences in the nucleation rates of PCN-222′s fast homogeneous nucleation and Zr-BPDC’s accelerated heterogeneous nucleation. Its remarkable size-selectivity is studied through substrate expansion, which shows that the narrow open window will increase the diffusion resistance, thus block the reaction pathway for large-size alkenes like (Z/E)-1,2-diphenylethene. Moreover, Eddaoudi and co-workers successfully anchored W(≡CtBu)(CH2tBu)3 onto Zr6 clusters of NU-1000 [95]. The resulted material featured high catalytic properties in olefin metathesis.



In another study, trans-coordinate metal active sites were introduced into a MOF scaffold through sequential ligand elimination and installation. This trans-coordinate M-INA2 (INA = 4-pyridinecarboxylate) MOF demonstrated higher activity in ethylene dimerization reactions over any known cis-binding MOF variant. [40] The trans-binding site approach, although higher in activity, is much more difficult to generate than a cis-binding site variant. A trans-coordinated site was synthetically accomplished using PCN-160 as a start material and simultaneously replacing the parent azobenzene-4,4′-dicarboxylate (AZDC) linkers with 4-carboxybenzylidene-4-aminobenzate (CBAB) linkers [96]. The CBAB linkers were then exchanged with M-INA2 linkers. Through this multi-step ligand exchange, a MOF with trans-coordinated sites in the linkers was successfully synthesized. Neither a direct synthesis of the M-INA2 containing PCN-160 or the exchange of the original AZDC ligands with M-INA2 was unable to yield the desired MOF. The trans-chelated sites within this MOF demonstrated a significantly higher catalytic efficiency over the cis-binding sites previously demonstrated in any other MOF.




4.2. Pd-Catalyzed Cross-Coupling Reactions


Palladium-catalyzed cross-coupling reactions are considered to be one of the greatest breakthroughs in the field of organic chemistry in the modern era. This type of reaction is so important that in 2010 the Nobel Prize in Chemistry was awarded jointly to Drs. Richard F. Heck, Ei-ichi Negishi, and Akira Suzuki “for palladium-catalyzed cross coupling in organic synthesis.” This method is highly efficient for building carbon-carbon and carbon-nitrogen bonds directly, in high selectivity. These reactions also operate at relatively low temperatures and are often very high yielding [97].



After a long period of development, the usage of palladium-catalyzed coupling reactions to produce fine chemicals has significantly increased, but there are still some downsides of using the traditional catalytic protocols for industrial scale synthesis. For example, when performing the Heck coupling reaction, using ligands can prevent aggregation but it will make separation of the final products more difficult. If using palladium nanoparticles, the reaction will result in the catalyst precipitating after the reaction [98]. Immobilizing Pd species in MOF scaffolds can be utilized to transplant these Pd-catalyzed reactions into heterogeneous system [57].



NHC ligands can be utilized to fixate Pd catalysts within MOF scaffolds. One such example of this, reported by the Dong group, was in the case of Pd(II)-NHDC-UiO-67 (Figure 9). This MOF was developed for the catalytic Heck cross-coupling reaction of benzyne-benzyne-alkenes [99]. This approach demonstrated not only good catalytic efficiency for a broad range of substances, but also was highly recyclable. Another case of the NHC-MOF approach is in NH2-MIL-101(Cr). In this work, the framework was utilized to catalyze Suzuki-Miyaura cross-coupling reactions for a variety of substrates [100]. There have also been reports of Pd incorporated MOFs that utilize other ligand beyond the NHC ligand approach. For example, the Li group reported a bpdc (para-biphenyldicarboxylate) ligand-based UiO-67 framework to immobilize Pd [101] and the Cohen group used a bpy ligand to chelate a Pd sites on the same parent skeleton [102]. Both approaches were shown to be versatile in that each could catalyze multiple Pd-catalyzed cross-coupling reactions.



An interesting application for Pd incorporated MOFs is in their use as sensors for Cu(II) ions, this application was first reported by the Jiang group [103]. In their work, they doped Pd sites into PCN-222 to form PCN-222-Pd(II) as a sensor. When copper ions were present in solution, the strong binding affinity of the porphyrin centers in the MOF readily replaced the Pd centers with Cu. The Pd ions were leached into the framework and were then reduced into nanoparticles. The PCN-222 framework was able to stabilize the nanoparticles which could be utilized as catalysts. The freshly generated Pd NPs were demonstrated to be efficient in catalytic N-Allyl-2-iodoaniline Heck cross-coupling reactions. The substrate was easily converted into 3-methylindole by the catalyst. As 3-methylindole has strong fluorescence, this system could be quantitative for the concentration of Cu(II) ions in solution [103].




4.3. C–H Activation Reactions


C–H activation reactions are chemical conversions that transform relatively inert C–H bonds into C–X bonds (X can be C, O, N and so on) [104]. These reactions have great value to petrochemical conversions as they can simplify the process of synthesizing desired chemicals from cruder starting materials [105]. The greatest challenge for these reactions involves the relatively high stability of saturated C–H bonds and the issue of selectivity [106].



Traditionally, there are three main approaches for C–H activation. The first approach to initiation is the removal of a hydrogen atom by using either a base, radical, or electrophile and subsequent attack of the active carbon atom. In the second approach an oxidative reaction is used to activate the carbon atom. This is the most widely used approach. In this approach, a metal atom inserts itself into the C–H bond to activate the carbon atom. The third approach for C–H activation is derived from metal-oxo enzyme chemistry. In this approach, a metal-oxo complex reacts with the hydrogen atom in the C–H bond forming a hydroxyl group. As a result, the carbon becomes activated [107]. Many of the reported work on C–H activation use organometallic compounds and are often second and third row transition metal-based. Metals such as Ru, Rh, Ir, and Pd are good candidates for the C–H active metal centers. The vast majority of these reactions are still performed in the homogeneous catalytic fashion [108]. As a result, it is feasible to assist in eliminating several common drawbacks while maintaining high performance of the active sites through using MOFs as the platform for this catalysis [109].



One example of the utilization of MOFs for C–H activation comes from the Lin group who reported the use of UiO-Co and UiO-Fe for C–H borylation, silylation, and amination in 2016 [70]. In their work it was observed that the reaction proceeded through deprotonation of Zr3(µ3-OH) in the nodes of UiO-68 by nBuLi. The activated catalyst then reacted with a CoCl2 or FeBr2·2THF precursor, forming the active species µ4-O-M-H (M = Co or Fe) [44]. In the same year, the Lin group also reported a linker-based (mono)phosphine-M complex active site, P1-MOF·M (M = Rh and Ir), which was shown to catalyze the C–H borylation of arenes [110]. The active M-PR3 complexes were able to be stabilized through the isolation of catalytic sites in the frameworks. Another approach published by the Zhou group (Figure 10) shows the possibility of postsynthetic incorporation of active sites into MOF’s pores to realize C–H activation [111]. In this work an NNN-pincer-based PCN-308 MOF scaffold, synthesized from 4′-(4-carboxyphenyl)-[2,2′:6′,2″-terpyridine]-5,5″-dicarboxylic acid(H3TPY) and Zr6 clusters (Figure 10), was shown to be effective for C–H borylation reactions. This MOF had metal ions postsynthetically introduced to the pincer ligands forming highly active M@PCN-308, where M=Co being exceptionally effective.





5. New Horizons to the Use of MOFs for Organometallic Transformations


Owning to their high tunability and versatile pore environments, MOFs are promising candidates for applications that require the incorporation of diverse function groups within highly ordered molecular systems [112]. The combination of utilizing organometallic chemistry within the MOF frameworks can also introduce and improve the properties of MOFs for designer applications. In this section we will explore how the incorporation of organometallic chemistry into MOF frameworks can be utilized for real world applications beyond traditional organometallic applications. This work will only focus on gas sorption and separations, spin ordering in magnetism, and therapeutics, although there is a vast array of potential applications for these materials.



5.1. Gas Adsorption


In organometallics, metal centers with unsaturated coordination sites can possess high activities and strong interactions with specific gas molecules. For example, heme, the metal-porphyrin found in human blood and muscle tissue, contains a coordinately unsaturated Fe center. This Fe center is responsible for the controlled capture and release of O2 in hemoglobin and myoglobin. The controlled binding and release of specific gases can also be applied in application-based design of MOFs. When the metal centers within the MOF framework are designed with open metal sites and their electronic environment is tailored to a specific selectivity, the metal sites can selectively and reversely bind specific gas molecules. For instance, in 2014, the Harris group observed binding between O2 and a four-coordinate ferrous center in a porphyrin-based MOF, PCN-224(Fe). Their study generated a superoxide FeIII- porphyrin at −78 °C [113]. In later works, this system was be further extended to PCN-224(Mn) which also demonstrated selective reversible O2 binding [114].



Moreover, through tuning the ligand environment and metal site electronics, MOFs with open metal sites can be synthesized to achieve selectivity for a desired gas. For instance, the Dincă group once observed NO disproportionation on an [FeZn3O] center in a partial cation exchanged Fe2+-MOF-5 [115]. In 2015, the Long group reported a MOF, Fe2(dobdc) (dobdc = 2,5-dioxido-1,4-benzenedicarboxylate), which contained coordinately unsaturated redox-active Fe2+ centers. Upon exposure to NO gas, a Fe2(NO)2(dobdc) species was formed [116]. This reversable binding involved the formation of Fe3+-NO− adducts, which could be tuned for the gradual release of NO gas. In another example from 2016, the Dincă group designed a series of MOFs, M2Cl2(BTDD)(H2O)2 (M = Mn, Co, Ni, BTDD = bis(1H-1,2,3-triazolo[4,5-b],[4′,5′-i])dibenzo-[1,4]dioxin), that exhibited abundant, well-dispersed open metal sites with a highly selective uptake of NH3 [117]. Building upon their previous work and that of the Dincă group, in 2017 the Long group reported two similar Fe-MOFs, Fe2Cl2(BTDD) and Fe2Cl2(BBTA) (BBTA = 1H,5H-benzo(1,2-d:4,5-d′)bistriazole), containing unsaturated FeII centers (Figure 11) [118]. Upon exposure to CO, the neighboring Fe centers along the coordination chain underwent a high-spin to low-spin transition, leading to cooperative adsorption of CO with very low regeneration energies. The selective CO scavenging through the Fe binding site spin-state transition could also be observed in the MOF, Fe3[(Fe4Cl)3(BTTri)8]2·18CH3OH (BTTri = 1,3,5-tris(1H-1,2,3-triazol-5-yl)benzene) [119]. The Long group synthesized a MOF Fe2(dobdc) (dobdc: 2,5-dioxido-1,4-benzenedicarboxylate) with open Fe(II) sites, which can coordinate with olefins reversibly [120]. These properties were applied in membrane-based separation of olefin/paraffin.



Remarkably, redox-active properties at the metal site can also be applied for the capture of gas molecules. Some low-valence metals can form reversible binding with oxidant gas to give a high valence, while the robustness of the frameworks can still be maintained. In 2017, the Dincă group generated a MOF with reversable binding between Co2Cl2(BTDD) and the elemental halogens Cl2 and Br2 [121]. In this system, the CoII centers in the Co2Cl2(BTDD) MOF became oxidized by Cl2 or Br2 yielding a CoIII center. This process was quantitative and demonstrated the reversibility of the bond through the release of the halogen molecules while heating. A radical mechanism is proposed to explain the homolytic cleavage of the CoIII−X bond to give halogen elements.




5.2. Magnetism


Magnetism is one of the primary properties of organometallic compounds and porous magnets have drawn great attention owning to their potential applications in high-density information storage. The low working temperatures of many magnets, including porous magnets, restrict their practical application. For instance, the record high ordering temperature of magnetic MOFs was only 32 K in 2014 [122]. It is usually contradictory to design a MOF with a high ordering temperatures and large surface area. This is because the super-exchange coupling between the paramagnetic centers decreases dramatically with increased distance between centers. While ligands typically used in MOF synthesis seem to be too long to give strong coupling between magnetic centers, some groups in recent years have reported cyan-functionalized ligands as possible solutions to this problem. In particular, TCNE and TCNQ (TCNE = tetracyanoethylene, TCNQ = 7,7,8,8-tetracyanoquinodimethane) have been used to construct network magnets with voids and high ordering temperatures. However, the weak coordination bonds between these ligands and the transition metal centers make it difficult to obtain robust permanent pores in the structures [123,124,125]. Such an issue had not been solved until 2015, when the Harris group utilized a semiquinoid ligand, 2,5-dichloro-3,6-dihydroxy-1,4-benzoquinone to synthesize a radical-bridging MOF, (Me2NH2)2[Fe2L3]·2H2O·6DMF (DMF = dimethylformamide), that had an ordering temperature of 80 K and a BET surface area of 885 m2/g [126]. During the synthesis of this MOF, two thirds of the ligands could be reduced into a radical form. This unique property allowed for bridging between adjacent FeIII centers through strong antiferromagnetic coupling. Further studies indicated that once the ligands were fully reduced to their radical form, the ordering temperature of the MOF could be increased to 105 K [127].




5.3. Quantum Computation


Qubits, objects existing in any quantum superpositions of two states, are the fundamental units of quantum information systems. An individual paramagnetic compound can be utilized as a qubit due to the diversity in spin states that can exist in many transition metal complexes. The spin can be tuned from a spin up to a spin down, or visa-versa, allowing for precise control of the qubit spin state. A spatial organization of qubits into an array is a promising strategy for the construction of quantum sensors and information processing systems. Unfortunately, qubits have a downside. They are very sensitive to magnetic noise, ultimately impeding current development in this field. To overcome the barrier, in 2017, the Freedman group fabricated qubits into the framework of PCN-224 by mixing paramagnetic CoII-porphyrin and diamagnetic ZnII-porphyrin to achieve [(TCPP)Co0.07Zn0.93]3[Zr6O4(OH)4(H2O)6]2 [128]. The qubits in the framework exhibited a clock transition, thereby eliminating the influence of local magnetic noise, yielding a longer lifetime of 14 μs for the qubits (Figure 12). Building upon this work, in 2019, the same group constructed a PCN-224 framework that was fully substituted with CuII-porphyrin to achieve concise position control of the qubits [129]. In this system, a precise array of qubits, which were CuII sites on porphyrinic ligands, could be achieved by controlling the distances between CuII sites. This work not only showed that vibrational environments in the lattice could affect the spin dynamics of the qubits, but it also provided a pathway to construct qubit arrays precisely.




5.4. Therapeutic


Numerous organometallic compounds have been shown to have a variety of applications in medicine. For example, cisplatin is an organometallic chemotherapy drug derived from platinum. Although many organometallic compounds are highly effective for medicinal applications, they are often difficult to direct to precise locations within the body, leading to unwanted side effects. Owning to intrinsic porosity and surface tunability, nanoscale MOFs can also serve as drug delivery agents to improve location targeting for an organometallic complex within the body. Some of the seminal work in this field came from the Lin group who has been working on a systematic study on this field. In 2009, they loaded a cisplatin prodrug, ethoxysuccinato-cisplatin (ESCP), onto NH2-BDC ligands of nanosized MIL-101(Fe) (NH2-BDC = 2-aminoterephthalic acid) [130]. The bonding between ESCP and NH2-BDC was quite labile causing a more gradual release of the ESCP. In 2014, the Lin group reported a successful loading of the cisplatin prodrug onto a Zr-MOF. The MOF@drug complex could be further coated with small interfering RNA, improving the chemotherapeutic efficacy [131].



Specific organometallic compounds can generate active agents to inhibit cancer cell growth. In 2018, Lin group constructed a cationic nanoscale MOF, Hf-DBB-Ru (DBB-Ru = bis(2,2′-bipyridine)(5,5′-di(4-benzoato)-2,2′-bipyridine)-ruthenium(II) chloride), that featured a high mitochondrial targeting ability. In their study, it was found that DBB-Ru could generate singlet oxygen and the Hf clusters could produce hydroxyl radicals once exposed to X-ray during radiodynamic therapy and radiotherapy [132]. Such a strategy was further extended to Hf-MOFs loaded with photosensitive Ir(bpy)[dF(CF3)ppy]2+ ligands. This combination within the scaffold yielded instant and reproductive death of tumor cells even at a modest X-ray dose (Figure 13) [133]. In another example, the Furukawa group installed metal carbonyl ligands onto UiO-67, achieving CORF-1, MnBr(bpydc)(CO)3@UiO-67 (bpydc = 5,5′-dicarboxylate-2,2′-bipyridine). CORF-1 was demonstrated to be able to release CO under exposure to light and have great potential in therapy for several inflammatory diseases [134].





6. Conclusions


The purpose of this review is to showcase the ultra-high tunability, versatility, and originality of MOFs as a next-generation approach to organometallic catalytic processes. Due to the structural features and diverse utility of these structures, MOFs are emerging as premier catalytic systems for the chemical transformations of materials traditionally only converted using organometallic catalysts. From the linkers within the frameworks, we are able to design specific catalytic reactions for site-isolated catalysts with constrained systems not possible in traditional directions. These features offer a unique study of the impacts of ligand steric hindrance effects as well as the influences of electronics of catalytic metal centers. The metal center functionalization offers a unique approach to the tunability of a system towards desired chemical outcomes. As a result, both ligand-based and metal cluster-based studies have aided in the development of MOF centered organometallic chemical processes. As new and diverse structures of MOFs are developed, a greater understanding of the potential applications of these systems becomes available. MOFs offer a promising alternative for an even brighter future through their utilization in organometallic chemical processes. We expect that given the relative infancy of this field to that of catalytic chemical transformations, we will see many new approaches to this important area of research in the foreseeable future.
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Figure 1. Summarizing figure of organometallic chemistry in metal–organic frameworks. Blue = Zr atoms. Green = Hf atoms. Red = O atoms. Grey = C atoms. Yellow = F atoms. 
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Figure 2. (a) Assembly of D3d and D4h nodes into (4,6)-connected she topological network. The Zr6 cluster and TCPP(Fe) ligand can be viewed as 6- and 4-connected nodes, respectively. (b) View down the tetragonal channels of R-PCN-224(Fe) (black, carbon; purple, iron; blue, nitrogen; hydrogen and chloride, omitted). The yellow spheres represent Et, Br, Cl, or F. (c) Chemical structures of Et-TCPP(Fe), Br-TCPP(Fe), Cl-TCPP(Fe), and F-TCPP(Fe) linkers. Adapted with permission from [29]; Published by American Chemical Society, 2017. 
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Figure 3. Structure of PCN-160 (a) and PCN-160-R%M with trans-chelating ligands (b). Transformation of ligand fragment in PCN-160 (c) by CBAB exchange (d), linker labialization (e), and installation of M-INA2 (INA = isonicotinate) (f). These figures are based on respective single-crystal structures after removal of the disordered fragments. Cyan = Zr. Red = O. Grey = C. Blue = N. Adapted with permission from [40]; Published by American Chemical Society, 2018. 
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Figure 4. Synthetic scheme of Ti(IV) deposition on NU-1200, highlighting the exposed –OH/H2O groups of the Zr6 cluster that are available to post-synthetic metalation. Green = Zr, Blue = Ti, Red = O, Gray = C. Adapted with permission from [54]; Published by WILEY, 2016. 
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Figure 5. Idealized structure of NiSx-functionalized NU-1000. The ligand and proposed structure of the atomic layer deposition in metal–organic frameworks (AIM)-metalated cluster are also shown. Green = Zr, Red = O, Black = NiSx. Adapted with permission from [60]; Published by American Chemical Society, 2016. 
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Figure 6. Structure and post-synthetic cobaltation of MFU-4. Turquoise = Zn, Maroon = Co, Green = Cl, Blue = N, Red = O, Gray = C. Adapted with permission from [78]; Published by Royal Society of Chemistry, 2012. 
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Figure 7. (a) N2 and (b) Ar sorption isotherms of MOF-5 and Ni-doped MOF-5 with varying amounts of Ni; (c) color change of MOF-5 and Ni-doped MOF-5 under vacuum and re-exposure to air of CHCl3. Adapted with permission from [84]; Published by American Chemical Society, 2012. 
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Figure 8. The site-isolation strategy of introducing MgMe sites as alkenes activation center. Red = O, Black = C, Blue = N, Green = Zr. Adapted with permission from [93]; Published by American Chemical Society, 2016. 
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Figure 9. NHC (N-heterocyclic carbene) ligand bonded Pd sites in MOFs for Heck cross-coupling reaction. Orange = Zr-O clusters. Adapted with permission from [99]; Published by American Chemical Society, 2018. 
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Figure 10. (a) Trigonal-planar organic linker TPY and six-connected D3d-symmetric Zr6 antiprismatic clusters. (b) The β-Cristobalite network of PCN-308 simulated based on the reported PCN-777 structure. Blue = TPY ligand, Red = Zr6 cluster, Yellow = void space. Adapted with permission from [111]; Published by Royal Society of Chemistry, 2019. 
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Figure 11. Reversible CO scavenging observed in MOF Fe3[(Fe4Cl)3(BTTri)8]2·18CH3OH (BTTri = 1,3,5-tris(1H-1,2,3-triazol-5-yl)benzene) driven by spin-state transition in Fe centers. Blue = N. Red = O. Yellow = Fe. Green = Cl. Grey = C. Adapted with permission from [119]; Published by American Chemical Society, 2016. 
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Figure 12. (a) Depiction of the clock concept for electronic spin qubits. Clock EPR transitions possess frequencies (f) that are insensitive to small changes in magnetic field (ΔB). This property may enable a long T2 in magnetically noisy environments relative to a conventional EPR transition. (b) Crystal structure of the parent [(TCPP)-Co]3[Zr6O4(OH)4(H2O)6]2 framework (TCPP = tetrakis(4-carboxyphenyl)-porphyrin) [128]. This material is porous, exhibiting a high surface area (∼3200 m2/g), and hosts paramagnetic cobalt(II) metal ions. (c) Close-up view of the square-planar cobalt(II) ions in the structure and qualitative depiction of the d-orbital splitting. The cobalt(II) ions are low-spin, featuring one unpaired electron that is strongly coupled to the I = 7/2 59Co nucleus. This strong hyperfine interaction engenders an avoided crossing such as that shown in (a). Purple = Zr. Cyan = Co. Grey = C. Red = O. Adapted with permission from [128]; Published by American Chemical Society, 2017. 
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Figure 13. A combination of Hf12 cluster and photosensitive ligand featuring enhanced behavior in radiotherapy and radiodynamic therapy. Orange = Hf-oxo clusters. Red = O. Cyan = Hf. Blue = N. Green = F. Grey = C. Adapted with permission from [133]; Published by American Chemical Society, 2018. 
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