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Abstract

:

Hoveyda–Grubbs-type complexes, ruthenium catalysts for olefin metathesis, have gained increased interest as a research target in the interdisciplinary research fields of chemistry and biology because of their high functional group selectivity in olefin metathesis reactions and stabilities in aqueous media. This review article introduces the application of designed Hoveyda–Grubbs-type complexes for bio-relevant studies including the construction of hybrid olefin metathesis biocatalysts and the development of in-vivo olefin metathesis reactions. As a noticeable issue in the employment of Hoveyda–Grubbs-type complexes in aqueous media, the influence of water on the catalytic activities of the complexes and strategies to overcome the problems resulting from the water effects are also discussed. In connection to the structural effects of protein structures on the reactivities of Hoveyda–Grubbs-type complexes included in the protein, the regulation of metathesis activities through second-coordination sphere effect is presented, demonstrating that the reactivities of Hoveyda–Grubbs-type complexes are controllable by the structural modification of the complexes at outer-sphere parts. Finally, as a new-type reaction based on the ruthenium-olefin specific interaction, a recent finding on the ruthenium complex transfer reaction between Hoveyda–Grubbs-type complexes and biomolecules is introduced.
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1. Introduction


Transition metal-catalyzed olefin metathesis (OM), the rearrangement of C–C double bonds, has gained its importance in organic synthesis because a variety of OM reaction fashions (shown in Scheme 1) are applicable for the syntheses of natural products and bioactive compounds [1,2,3]. Among transition metal catalysts used for OM reactions, a series of Grubbs catalyst and its derivatives (1–5; shown in Figure 1), catalysts with a ruthenium center, are the most popular catalysts both in industrial and laboratory-scale reactions [4]. This is because these catalysts are properly stable under the air compared to other transition metal complexes for OM reactions, such as Schrock-type complexes with a molybdenum center. The usability of these catalysts has motivated researchers to develop more diverted ruthenium catalysts equipped with various substituent groups. Especially, Hoveyda–Grubbs second-generation catalyst (HG-II, 5) shows the stability to some extent even in protic media, resulting from the strong coordination of an N-heterocyclic carbene (NHC) ligand and the bidentate coordination fashion of a 2-alkoxybenzylidene ligand (so-called Hoveyda-type ligand) [5]. Furthermore, HG-II is applicable for all types of OM reaction shown in Scheme 1. Consequently, HG-II has been a target of structural modification to develop a variety of derivatives with controlled reactivities [6,7,8,9,10,11].



Another advantage of ruthenium catalysts, other than the tolerance to moisture and air, is that the ruthenium centers in these catalysts have the higher affinity towards olefin than amide, ester, and carboxy groups (i.e., functional groups seen in biomolecules) [12]. Inspired by this fact, researchers have attempted to apply structurally modified HG-II-type complexes for biochemical demands (e.g., the construction of enzymatic olefin metathesis process, the regulation of bioreactions, and so on). This is an example for the marriage between organometallic chemistry and biological chemistry [13].



“No naturally occurring enzyme catalyzes olefin metathesis”—with this abiological aspect in OM reactions, a variety of structural modifications for HG-II-type complexes have been attempted to employ these complexes for biomolecule chemistry. Olefin metathesis in aqueous media has also been of importance as a diverted research topic. In this context, this review article introduces several types of structural modification of HG-II-type complexes for biochemical applications (Figure 2): At first, recent achievements on the development of hybrid materials composed of HG-II-type complexes and biomolecules are described. Next, the structural factors in HG-II-type complexes which influence OM reaction efficiencies in aqueous media will be discussed. Furthermore, in connection to the structural effects of biomacromolecules on OM reaction reactivities of HG-II-type complexes, the reactivity modulation of HG-II-type complexes on the basis of second-coordination sphere effect will be described. Finally, the application of ruthenium-olefin specific interaction, a driving force of OM reactions catalyzed by HG-II-type complexes, for a new type of protein modification will be presented.




2. Protein-Based Artificial Metalloenzymes with Olefin Metathesis Activity


The research field on organic syntheses using enzymes has a long history, which have been summarized in many review article and books including special issues in journals [14]. Most past works on enzymatic syntheses have mainly focused on the reaction types that are often seen in metabolism (e.g., oxidation, reduction, and hydrolysis). In contrast, artificial metalloenzymes (ArMs; ArM = artificial metalloenzyme), synthetically constructed enzymes with a metal complex embedded in protein scaffolds, have the potential to mediate abiological types of reaction, with the design of metal complexes inserted into the protein core. In this context, ArMs with OM activity (OM-ArMs) are attractive because no enzymes in nature mediate olefin metathesis: The scientific importance of ArMs with olefin metathesis activity can be seen in the fact that several review articles have taken up this topic [15,16,17,18,19,20,21,22,23,24]. Accordingly, this chapter, firstly, introduces the general concept for the construction of ArMs with olefin metathesis activity. Next, as one example, we introduce our work on the ArM with the scaffold of α-chymotrypsin (α-CT), a commercially available protease [25]. Furthermore, recent achievements in the application of OM-ArMs for in-cell systems will also be presented.



2.1. Choice of Host Proteins and Design of Hoveyda–Grubbs-Type Complexes


To construct ArMs with OM activity (i.e., OM-ArMs), the most frequently employed approach is to embed a HG-II-type complex, the active site for OM, into a host protein (so-called “hybrid metalloenzymes”). Figure 3 depicts typical strategies for the construction of OM-ArMs through the hybridization of a protein and an HG-II-type complex. For the fixation of a HG-II-type complex into a host protein, covalent conjugation and supramolecular anchoring are representative strategies [17].



Protein scaffolds in ArMs provide a hydrophobic environment in the vicinity of the metal complex site. As the guideline for the choice of the protein scaffolds in the construction of ArMs, several structural demands should be considered:




	
Sufficient space to accommodate a HG-II-type complex inside the protein core;



	
Possession of the structural mechanism for regioselective binding of a HG-II-type complex to a protein part;



	
Proper thermostability.








Table 1 lists the research examples of hybrid OM-ArMs. For example, the heat shock protein from Methanocaldcoccus jannaschii (MjHSP) forms a 24-subunit spherical capsid with large pores. The structure provides sufficient space for a metal complex site [26]. (Strept)avidin also has a glove-like wide space near the protein surface [27]. Proteins are structurally robust and tolerant to acidic conditions. FhuAΔCVFTEV and nitrobindin construct a metal complex space in the inside of their β-barrel and cylinder-type structures [28,29]. α-CT, a protease recognizing a hydrophobic side chain of Phe, Tyr, and Trp, basically has a structural cleft for the accommodation of a peptide chain [30], which is used as a reaction space for OM reactions.



According to the structural characteristics of the host protein, HG-II-type complexes incorporated into the protein should be decorated with some functional groups. In this case, the functional groups are attached to the NHC moiety in the complexes. Figure 4 presents several HG-II-type complexes developed for the construction of OM-ArMs. To introduce an HG-II-type complex through covalent interactions, the complex is equipped with a functional group to react with a nucleophilic amino acid side chain in host proteins (complexes 6–9) [25,26,28,29,31]. To apply the noncovalent anchoring strategy, the complexes should possess a “tag” moiety to attain a specific interaction with a host protein (complexes 10 and 11) [27,32].



The combination of the two strategies (i.e., supramolecular anchoring followed by covalent conjugation) is also useful to situate a HG-II-type complex near a specific amino acid residue. For example, complex 8, a complex used for the α-CT-based OM-ArM has a phenylalanine moiety at the terminal of the complex, where α-CT accommodates the hydrophobic side-chain of the phenylalanine part at the S1-pocket at the protease active site (Figure 5) [30]. As a result, the chloromethyl ketone group is forced to position near His57 imidazole, followed by the regioselective conjugation at the place. His57 is located in the protease active site in α-CT. The blocking of His57 by complex 8 was confirmed by the abolishment of the intrinsic protease activity of α-CT.



In the characterization of OM-ArMs, one of the most important issues to be clarified is the location of the metal center in the protein structure. In the studies of the α-CT-based OM-ArM with complex 8, the appearance of induced circular dichroism (CD) signals around 370 nm, the region of metal-to-ligand charge transfer (MLCT) in HG-II-type complexes [33,34], was used as an indicator to confirm the local environment around the metal center. The CD signals were observed for the complex in α-CT, whereas no CD signal appeared without α-CT. The finding proved that complex 8 attached to α-CT has structural torsion around the metal coordination site, resulted from the positioning of the complex in the cleft part of α-CT (see Figure 5).




2.2. Modulation of Catalytic Activities


The protein scaffolds of OM-ArMs help to situate a HG-II-type complex under different environments from that in bulk, regulating the OM catalytic activities. For example, the OM-ArM in α-CT showed the higher ring-closing metathesis (RCM) activity toward a glucose-pendant substrate (a water-soluble and electrostatically neutral compound) compared to an ammonium compound or N-tosyldiallyamide although the substrate specificity was low without the protein (see Table 1). This is because the positively charged protein surface of α-CT (pI ~ 8.6) interfered the access of the positively charged or hydrophobic substrate to the metal center embedded in the protein core. As a result, the structural characteristic of α-CT (the surface charge) brought about the substrate specificity.



Furthermore, the structural optimization of reaction space in OM-ArMs have also been performed using genetic mutation. The mutation of (an) amino acid residue(s) near the metal center can change the shape of the reaction space to regulate the access of a substrate to the metal center. As an example, the OM-ArM constructed by the mutant nitrobindin (denoted as NB4; see Table 1) showed the activity of ring-opening metathesis polymerization (ROMP) for 7-oxonorbornene; however, the conversion was very low (10% conversion, turnover numeber (TON) = 1100). This is because the inserted ruthenium complex in the protein almost occupied a small cavity in the protein core (the estimated volume: 855 Å3 vs. 795 Å3 for 7 (n = 3)). Consequently, the access of a substrate molecule was limited. After inserting an additional β-strand part into the original protein structure to expand the narrow cavity (up to 1389 Å3), the conversion was successfully increased up to 75% (TON = 9300) [35]. As demonstrated in this work, genetic mutation around the reaction center is a useful strategy for modulating the substrate specificity and the stereoselectivity in substrate/product as well as the increase in turnover numbers of catalytic reactions. In this context, the concept of “directed molecular evolution” (i.e., repetition of mutation and screening to find the best class of ArMs) has been recognized as a general idea in the development of ArMs [36,37]. For the optimization of the catalytic activities of OM-ArMs, one example based on in-cell systems will be introduced in the next chapter.



To utilize the structural effects of a host protein on the catalytic activities of OM-ArMs, the metal center in an OM-ArM should be placed inside of the protein core but be situated around the entry of the core to achieve a smooth catalytic cycle (i.e., approach of a substrate molecule, chemical processes, and a fast release of a product). In this situation, the reactivities of OM-ArMs are partially influenced by components in reaction media (e.g., pH, buffe, additives, and so on). For example, the OM-ArM with α-CT exhibited the RCM activities in 100 mM KCl aq, whereas the addition of buffer reagent significantly decreased the catalytic activity. Several OM-ArMs showed the higher OM activities under weakly acidic conditions rather than neutral conditions in spite of no significant change in the whole structures of the host proteins. This fact is a generally considerable issue in the OM reactions in aqueous media. This topic will be discussed later.





3. In-Cell Olefin Metathesis Reactions


Pharmacotherapy (in other words, regulation of bioreactions) requires site-specificity and chemo-selectivity in the presence of various substances in bodies. Because many bioactive compounds with olefin moieties have been known, the real-time production of the bioactive compounds at targeted tissues using olefin metathesis is expected to be an attractive approach. In this context, several research groups have attempted to develop in-cell olefin metathesis processes.



The pioneering research of in-cell olefin metathesis was achieved using the streptavidin-based ArM formed in periplasm of Escherichia coli cells (Figure 6) [38]. In this work, the expression system of streptavidin fused to the OmpA signal peptide was firstly constructed (OmpA = outer membrane protein A). The attachment of OmpA signal peptide helped the expressed protein to be secreted into periplasm. On secretion of the protein into periplasm, the protein encountered complex 12 added from the outside of cells, forming the streptavidin-based ArM in situ. The ArM catalyzes the RCM reaction to produce umbelliferon in periplasm. The RCM reaction in periplasm is useful for preventing the decomposition of the metal center by the reduced form of glutathione, a cysteine-containing peptide because glutathione is oxidized in periplasm.



Another advantage of the in-cell OM system is that the evaluation of the catalytic activities with umbelliferon fluorescence is applicable for a throughput screening system to discover the best mutant that has the highest catalytic activity from several mutants, without isolation of each mutant. Using this procedure, the K121R/N49K/A119G/T114Q/V47A streptavidin mutant was found to provide the most suitable reaction field for the RCM reaction of the umbelliferon precursor 13. This work is one of the examples for optimization of the OM catalytic activity based on “directed evolution” strategy.



The streptavidin-based ArM with complex 12 was also incorporated into a DNA protocell, a self-assembly DNA circular structure with A-T duplexes (Figure 7) [39]. In this system, the olefin metathesis-induced uncaging reaction accompanying 1,4-elimination was applied for the induction of protocell morphology (Figure 7a) [40]. Upon the RCM reaction for coumarin-derivative 14 in the protocell, the DNA duplexes intercalate umbelliferon (the RCM product), which is readily detected by umbelliferon fluorescence (Figure 7b). The protocells intercalated by umbelliferon show the change in their shapes (swelling of a protocell and fusion). This result indicates that the technique of in-situ uncaging of a sensor compound with OM reaction is applicable for monitoring the status of living tissues. The intercalation of umbelliferon into DNA strands driven by OM may be employed for a therapeutical demand such as the regulation of genetic transcription.



The potential of ArMs with a HG-II-type complex for therapeutical application was demonstrated by the RCM reaction on the surface of cancer cells. The albumin modified with N-glycans on the protein surface hydrophobically binds HG-II-type complex 14 into the protein core (Figure 8) [41,42]. Because the glycosylated albumin-based ArM with 14 is readily recognized by receptor proteins overexpressed in cancer cells (e.g., lectins, glucose transporter, and so on), the ArM is able to convert the prodrug compound 15 into an anticancer cytotoxic form (umbelliprenin (16)) through an RCM reaction in the vicinity of cancer cell surface. The RCM reaction catalyzed by the glycosylated albumin-based ArM having 14 successfully induced the umbelliprenin-based cytotoxicity towards SW620, HeLa, and A549 cancer cells. The albumin core ensures the biocompatibility of the ArM with the protection of the metal center from metabolites in living cells such as glutathione.




4. Application of Ruthenium Complexes for Sensing Small Molecules In Vitro and In Vivo


The ruthenium-olefin specific interaction is an important factor of the high chemo-selectivity in ruthenium complex-catalyzed OM reactions. This fact, from the different aspects of research targets, motivated researchers to apply a series of Grubbs-type complexes for sensing olefin compounds in vivo. One example was demonstrated in the detection of a Dapoxyl dye–olefin conjugate compound 17 by Grubbs first-generation catalyst (1) (Figure 9), where fluorescence resonance energy transfer (FRET) occurred in the dye moiety was used as an indicator of the olefin [43].



Recently, several research works have demonstrated the potential of HG-II-type complexes as an ethylene gas biosensor [44,45]. Because OM reactions produce ethylene as a concomitant, the accumulated ethylene molecules in reaction solutions bind to the catalyst metal center, resulting in the termination of OM reactions. On the other hand, ethylene produced in biosynthesis works as a plant hormone. Furthermore, ethylene is produced in the repining of several fruits. Focusing on the roles of ethylene in biological systems, ethylene sensing systems using HG-II-type complexes have been developed (Figure 10).



Although ruthenium complex 18 has a boron dipyrromethene (BODIPY) moiety, a typical fluorescent (Figure 10a) [44], the complex is a nonfluorescence compound because of quenching of BODIPY fluorescence by the ruthenium center. On the ligand exchange with ethylene, the release of BODIPY can be used as an ethylene indicator. The quantitative relationship between BODIPY fluorescence intensity and the amount of ethylene was experimentally confirmed. Complex 18 was also examined for the detection of ethylene in a live cell environment with a variety of ethylene sources such as ripe fruits. Another example is the human serum albumin (HSA) with complex 19 (Figure 10b) [45]. Before the binding of ethylene, the coumarin moiety is fluorometrically inert because of the intramolecular quenching by an azobenzene moiety. On binding of ethylene, the azobenzene moiety is released from the metal center to restore the fluorescence property of the coumarin part. As a result, the HSA works as a colorimetric sensor of ethylene produced from fruit slices. Furthermore, the albumin with complex 19 is applicable for a diagnosis senor to detect the defense response in plants towards pathogenic bacteria. As one example, the albumin detects the enhancement of ethylene biosynthesis in plants in the presence of bacterial pathogen-derived molecules.




5. Optimization of Catalytic Activities for Olefin Metathesis in Aqueous Media


In bio-relevant studies of HG-II complexes, researchers should notice that the reactivities of HG-II-type complexes basically decrease in aqueous solutions [9,46,47,48,49], mainly because a water molecule bind to the metal center (vide infra). The catalytic activities of the OM-ArMs presented above are sometimes influenced by medium components. For example, the α-CT-based ArM showed the significant decrease in the catalytic activity in the presence of buffer reagents [25]. Other OM-ArMs also showed the dependency of the OM activities on the medium characteristics (pH, additive salt, buffer reagents, and so on). This fact proves the importance of optimizing the OM efficiency in aqueous media considering the bulk solvent effects even if the metal center is located in the inside of the protein core.



For example, the chlorido ligands on the metal center of HG-II complex 5 undergo the ligand exchange with hydroxide anions in solutions to form a bis-hydrido complex 20 (Scheme 2) [49,50,51]. The complex reacts with ethylene (possible to be generated during conventional OM reactions) to form metallocyclobutane (MCS) intermediate 20, followed by the MCS-decomposed complex 22 or the olefin-exchanged complex 23. The density functional theory (DFT) calculation for this reaction proposed that the formation of μ-oxo-bridged complexes 24-cis and 24-trans produced by the dimerization of complexes 20 and 23 is thermodynamically favorable. These dimerized complexes are catalytically inactive. Consequently, the OM reactions in aqueous solutions are readily terminated at higher pH, under the conditions with an increase in hydroxide anion.



Furthermore, the coordination of a protic solvent molecule to the metal center may also induce the loss of a chlorido ligand, which was demonstrated by the reaction of Grubbs second-generation catalyst (2) with methanol (Scheme 3) [52,53]. The metal center of catalyst 2 is directly coordinated by a protic solvent molecule via associative or dissociative pathway, inducing the loss of HCl. A DFT calculation suggests the preference of the dissociation pathway for methanol. HG-II-type complexes are also expected to undergo a similar reaction with a solvent molecule after the dissociation of the phenolic oxygen in the initial step of a catalytic cycle. In the early stage of studies on OM reactions in aqueous media including OM-ArM-catalyzed reactions, the reactivities of water-soluble Grubbs complexes were investigated under acidic conditions (diluted HCl solutions) to avoid the catalyst decomposition resulting from the loss of HCl.



Normally, two chlorido ligands in HG-type complexes take the configuration of trans-form. However, the ligand exchange of chlorido ligands may induce the cis/trans isomerization around the metal center. As an example, complex 26-cis, a latent catalyst form, is activated to 26-trans through the cis/trans isomerization via the replacement of a chlorido ligand with pyridine (Scheme 4) [54]. Namely, the presence of coordinative molecules triggers the cis/trans isomerization at the metal center, resulting in the interconversion between a pre-catalyst form and an active catalyst form. Conversely, the active catalyst with a trans-form may decrease their activities with the cis/trans isomerization caused by the ligand exchange.



Recently, a systematic study on the tolerance of several water-soluble OM catalysts toward water content was reported. In the investigation on the intramolecular RCM reaction of diethyl diallylmalonate (27) (Table 2) [55], the catalytic activities of HG-II-type complexes with a fast-initiating catalytic cycle are more decreased by the presence of water in toluene, compared to the parent HG-II complex (5). It was proposed that the fast dissociation of a ligand (e.g., the benzylidene ligand with a nitro group in complex 5-NO2) produces more active catalyst molecules with an open site that is readily coordinated by a water molecule. According to a DFT calculation, a hydrogen bonding between a substrate and a water molecule interferes with the formation of a favorable conformation for the ring closing. Interestingly, the substitution of chlorine atoms with iodide on the metal center increases the tolerance to water (see the data for 5′-NO2). This fact suggests that the coordination of halogeno ligands on the metal center in HG-II-type complexes is also a noticeable factor to regulate their reactivities. The effects of halogeno ligand substitution in HG-II-type complexes on their catalytic activities depend on the fashion of OM reactions: The HG-II-type complex with diiodo ligands on the metal center showed significantly decreased ROMP activity compared to the parent complex 5, whereas similar RCM activities were observed between the two complexes [56].



In this context, the author’s research group reported that the addition of a chloride is a simple and useful method to effectively achieve the OM reactions in aqueous media. In our investigation using water-soluble complex 29-catalyzed RCM reactions (Table 3) [57], the RCM yield increased in the presence of KCl (see entries 1 and 2). Although the RCM yield decreased in buffer solution (entry 3), the presence of KCl in the buffer solution recovered the RCM yield (entry 4). The addition of KNO3 was not effective for improving the RCM yield (entry 5). Namely, the presence of chloride salt is essential to efficiently conduct OM reactions in aqueous media. The UV-vis analyses for the complex in water displayed a significant decrease in the MLCT band intensity in the absence of KCl. The decrease in the UV-vis band was ascribed to the replacement of a chlorido ligand with a water molecule or a hydroxide anion in a pathway similar to the aforementioned one. In turn, the additive chloride salt suppressed the loss of a chlorido ligand (Scheme 5). Although the deactivated form of complex 29 in aqueous media has not been exactly identified, a chloride- or oxo-bridged dimerization was proposed as a possible deactivated form. The presence of a chloride source in a solution “rescues” the complex from the deactivation caused by the ligand exchange with huge excess water molecules and/or hydroxide anions.



The aforementioned finding indicates that OM reactions in aqueous media can be effectively conducted by a simple procedure—the addition of chloride salt—under neutral conditions, especially for acid-sensitive compounds. The utility of chloride-salt additive was also confirmed in ROMP reactions catalyzed by complex 3′, a derivative of Grubbs third-generation catalyst (3) (Scheme 6) [58]. The ROMP of compound 32, an exo-norbornene derivative with a polyethylene glycol chain, the monomer conversion (i.e., the consumption of the monomer) reached 100% in the presence of NaCl, KCl, or TBAC (n-tetrabutylammonium chloride), whereas the conversion remained at ca. 20% without additive salts. The polymerization rate was found to increase with the concentration of TBAC increasing (0–100 mM). The monomer conversion also increased at pH = 2 (in HCl aq or H3PO4-HCl aq). In contrast, no improvement of the monomer conversion was observed in diluted H2SO4aq. The fact indicates that the presence of chloride anion is more important for the improvement of OM reaction efficiency in aqueous solutions, rather than the reaction conditions of acidic media.




6. Reactivity Modulation for Hoveyda–Grubbs-Type Complexes through Second-Coordination Sphere Effect: Utility of Structural Modification of Phenolic Moiety


The complexes employed for the construction of OM-ArMs (depicted in Figure 4) commonly have the coordination of an NHC, 2-isopropoxybenzylidene, and two chlorido ligands in their structures. Consequently, the reactivities of OM-ArMs are mainly regulated by the environment around the metal center in the protein core (polarity, steric hindrance for substrate access, and so on), in other words, the outer-sphere and indirect effects denoted as “the second-coordination sphere effect”. In contrast, most works on the reactivities of HG-II-type complex derivatives in the field of organometallic chemistry have traditionally focused on the direct perturbation to the metal centers (“the first-coordination sphere effect”) [7,59,60,61]. In this approach, the NHC or 2-alkoxybenzylidene moieties have been mainly targeted as a structurally modificative site because the introduction of substituent groups into these ligands affects the electron density on the metal center (see Figure 11a) [9]. On the other hand, the phenolic moiety (marked with a green background in Figure 11a) has not often been targeted in the modulation of reactivities, although the bulkiness of this part influences the catalytic activities of HG-II-type complexes [62,63]. In this situation, thermostable and catalytically reactive HG-II-type complexes (complexes 32-H and 32-Me) were successfully developed by modifying the phenolic moiety with a carbonyl group (Figure 11b) [7]. These complexes still attain the reactivity regulation through the first-coordination sphere effect, where the carbonyl group directly coordinates to the ruthenium center. Another example of phenolic moiety-modified complexes is complex 33 with an Weinreb amide (N,O-dimethylhydroxylamide) [64]. The moiety was introduced for easy removal of metal contaminants from products on silica gel, rather than the regulation of catalytic activity.



In general, the phenolic moiety in HG-II has not been significantly regarded as a structural modification site because the phenolic moiety is rather far from the metal coordination site. However, the author’s group recently found that a series of HG-II-type complexes with an amide or ester group at the terminal of the phenolic moiety (complexes 34–40) regulate their stabilities and OM catalytic activities through “the second-coordination sphere effect” (Figure 12) [65]. This fact suggests that, without using protein structures, the reactivities of HG-II-type complexes are controllable by precise modification of the phenolic moiety.



The stabilities of HG-II-type complexes 34–40 were evaluated by the ligand exchange reaction between HG-II complex 5 and ligand precursors 34-L–40-L with a stoichiometry of 1:1 (Scheme 7).



Table 4 lists the conversions of the ligand exchange reactions, where more than 50% conversion indicates that product complexes are more stable than HG-II. The stabilities (indicated by conversions of the ligand exchange reactions) were ranked as 34 (n = 2, N–H amide) > 35 (n = 2, N–H amide) > 36 (n = 3, N–H amide)|50%| > 40 (n = 4, ester) > 39 (n = 3, ester) > 37 (n = 2, N–Me amide) > 38 (n = 2, ester). Overall, the complexes with an N–H amide moiety have higher stabilities compared to the complexes with an ester moiety. The increase in the linker length tended to reduce the influence of a functional group attached to the end of the ligands: The conversion approached 50%. Although complexes 34 and 38 commonly have an ethylene linker (n = 2), they showed the opposite tendencies in their stabilities. As an exception among amide-type complexes 34–37, complex 37 was found to be less stable. Consequently, the N–H amide proton in complex 34 was attributed to a key factor of the highest stability in the complex. According to the X-ray structural analyses for complexes 34 and 38 (Figure 13) [65], complex 34 showed a hydron bonding between the amide N–H and a chlorido ligand (N–Cl distance = 3.233 Å, which is smaller than the sum of van der Waals radii of nitrogen and chlorine atoms), whereas the ester carbonyl group in complex 38 took away from a chlorido ligand to avoid electrostatic repulsion between the ester oxygen atom and the chlorine atom. Because both complexes have similar Ru–O distances (2.278 Å in 34; 2.277 Å in 38), it was concluded that the difference in the stabilities of these complexes should be attributed to the weak interaction (or repulsion) far from the metal coordination site.



The stabilities of complexes 34 and 38 were correlated to their catalytic activities. In the RCM reactions of coumarin precursor 41 (Table 5), the final conversions were >90% in all cases. The catalytic activities of 34, 38, and HG-II (5) based on the reaction rates at the initial phases (2 h) were ranked as 38 > HG-II > 34, which is opposite to the order of the complex stabilities. The similar tendency in the reaction rate was also observed in the RCM of N-tosyldiallylamine (43) and in the CM reaction of compounds 45 and 46. The slow initiation of 34-catalyzed reactions was attributed to the N–H•••Cl hydrogen bond in the complex: The hydrogen bonding deaccelerates the catalyst activation that involves the exchange between the benzylidene ligand and a substrate molecule. The electronic repulsion at the ester moiety in complex 38 contributes to the fast dissociation of the benzylidene ligand.



As expected from the similar Ru–O bond distances in complexes 34 and 38, the coordination of the phenolic oxygen to the metal center is similar between these complexes. Namely, the above-mentioned fact proves that the catalytic activities of HG-II-type complexes are controllable by the structural modification of the phenolic moiety that induces “the second-coordination sphere effect”, as well as traditionally conducted methods that involves the direct perturbation to the metal coordination site.




7. Immobilization of Hoveyda–Grubbs-Type Complexes onto Biomolecules through Ruthenium–Olefin Specific Interaction


One of the popular methods for chemical modification of biomolecules (peptides, proteins, and so on) with synthetic molecules is a reaction of the conjugative compounds with cysteine thiols because the cysteine thiols are nucleophilic under physiological conditions. Several OM-ArMs shown above have also been prepared by the conjugation of a HG-II-type complex onto a cysteine residue. However, metal complexes are sometimes deactivated by nucleophilic species through the direct coordination of the nucleophilic functional group. This unfavorable side-reaction is possible to occur in HG-II-type complexes as seen in the deactivation by the reduced form of glutathione.



The HG-type complex-catalyzed OM reactions result from the specific interaction between the ruthenium center and olefins. The ligand exchange reactions described above are also driven by the ruthenium-olefin interaction. On the basis of the fact that ruthenium favorably interacts with olefin rather than other functional groups that are seen in biomolecules, the ruthenium-olefin specific interaction may be applicable for the immobilization of a HG-II-type complex onto biomolecules following the procedure in Scheme 8. In other words, “ruthenium complex transfer reaction” will be possible. In this procedure, the benzylidene moiety is firstly introduced onto a biomolecule, followed by the ligand exchange between the biomolecule and a ruthenium complex donor. The complex stabilization through the second-coordination sphere effect is expected to enhance the efficiency of complex immobilization.



The occurrence of a ruthenium complex transfer reaction onto a biomolecule, at first, was examined using tripeptides with a benzylidene moiety at the side-chain of Cys residue (49 or 50) (Scheme 9) [66]. The reaction was readily monitorable by 1H-NMR spectroscopy, where a down-field shift of the benzylidene proton was used as a reaction indicator. In the product peptide 51 (originated from 49), the ethylene linker length between the amide moiety at the periphery of the cysteine side chain and the phenolic oxygen atom is suitable to stabilize the peptide in similar to complex, reflecting the higher yield compared to 52 (produced from 49). However, a serious problem was the slow reaction rate (120 h for the completion).



To accelerate the ruthenium transfer reaction, ruthenium complexes 53 and 54 were targeted as a ruthenium complex donor (See scheme indicated in Table 6). An electron-withdrawing group (nitro or trimethylammonium group) on the benzylidene ligand of the complexes facilitates the unligation of the benzylidene ligand from the metal center, resulting in the fast exchange with another benzylidene ligand on a peptide.



The reaction of 49 with complex 53 or 54 in chloroform reached the equilibrium at 24 h with a conversion of ca. 90% (Table 6; Entries 1, 2). The ruthenium complex transfer was found to proceed also in methanol, a protic medium (Table 6; Entries 4, 5). Furthermore, the reaction of water-soluble peptide 49′ with complex 54 proved that the ligand exchange strategy is applicable in aqueous media ((Table 6; Entries 6–11). As demonstrated in the OM reactions in water, the additive chloride salt was found to be essential to the ruthenium complex transfer reaction on peptides (See Entries 10 and 11).



The aforementioned strategy was also applicable for proteins (Figure 14). As an experimental model, two cysteine residues on the mutant adenylate kinase (A55C/C77S/V169C) [67,68,69], a phosphoryl transfer enzyme between ATP/ADP/AMP, were firstly modified with bromoacetamide 55 to attach benzylidene moieties on the protein surface, followed by the ligand exchange reaction using complex 54. Additionally, the optimization of solution pH (lower pH than pI (isoelectric point) of the protein (pI ~ 5)) and the addition of chloride salt were required. The protein modified with 54 showed the characteristic band around 370 nm after size-exclusion column purification, indicative of the immobilization of an NHC-Ru complex unit. The protein sample was obtained as a green color solution. In contrast, no green color nor the MLCT band characteristic to NHC-Ru complexes were observed for the unmodified protein with 55. The finding proved that the ruthenium-olefin specific interaction induced the ruthenium complex transfer reaction onto the protein surface.




8. Conclusion and Perspective


“Organometallic species” (i.e., chemical species with a metal-carbon bond) are rarely seen in in vivo bioreactions, except for a cobalt–alkyl species generated in vitamin B12-related enzymes. Therefore, chemical reactions involving organometallic complexes have been unfamiliar among biochemists. However, recent studies on hybrid materials composed of biomolecules and organometallic species have opened a door towards a new research field (so-called “bioorganometallic chemistry”), where many hybrid materials composed of biomolecules and organometallic complexes have been reported.



Olefin groups are involved in terpenoids and unsaturated fatty acid derivatives in biological systems although the functional group is not so often seen in metabolism compared to other functional groups such as amide, carboxylate, ester, hydroxy group, and so on. Because of the scarcity in biomolecules and in vivo systems, the biomolecule manipulation with the attention to olefins has been attempted; one example is the labeling of proteins with synthetic molecules through olefin metathesis [15,70,71,72,73]. In this context, Hoveyda–Grubbs-type complexes, with their stabilities in aqueous media and olefin specificity, will gain more attention as an experimental tool in the biochemical research field.
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Scheme 1. Reaction fashions of olefin metathesis. 
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Figure 1. Grubbs catalyst and its derivatives 1–5. 
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Figure 2. Outline of this review article: Structural modification of HG-II-type complexes for various demands. 
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Figure 3. Strategies for the construction of artificial metalloenzymes with olefin metathesis activity (OM-ArMs) [17]. 
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Figure 4. HG-II-type complexes used for the construction of hybrid artificial metalloenzymes with olefin metathesis activity (OM-ArMs) [24]. 
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Figure 5. Mechanism explaining the regioselective conjugation of complex 8 onto His57 in α-chymotrypsin [18,25]; (a) whole structure of α-chymotrypsin from bovine pancreas (PDB (protein data bank) code: 4CHA); (b) structure of complex 8. 
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Figure 6. In-situ preparation of the hybrid OM-ArM composed of OmpA-fused streptavidin and complex 12 in periplasm of E. coli cells [38]. In the figure, “Sav” stands for “streptavidin”. 
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Figure 7. Metathesis-induced uncaging and its application for hybrid OM-ArM with complex 12 in DNA protocells [39]; (a) Mechanism of uncaging induced by ring-closing metathesis (RCM) reaction; (b) Streptavidin-based ArM with complex 12 in a DNA protocell. 
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Figure 8. Hybrid OM-ArM with glycosylated human serum albumin (HSA) and ruthenium complex 14 [41,42]. 
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Figure 9. Detection of a dye–olefin conjugate by ruthenium-olefin interaction on Grubbs first-generation catalyst [43]. 
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Figure 10. Hoveyda–Grubbs-type complexes developed for ethylene detection; (a) Ethylene detection using boron dipyrromethene (BODIPY)-modified ruthenium complex [44]; (b) Ethylene detection using BODIPY-modified ruthenium complex using the human serum albumin (HSA) with complex 19 [45]. 
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Scheme 2. Deactivation pathway of HG-II complex in the presence of hydroxide anion [49,50,51]. 
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Scheme 3. Deactivation pathway of Grubbs second-generation catalyst in the presence of methanol [52,53]. 
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Scheme 4. Pyridine-induced cis/trans isomerization [54]. 
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Scheme 5. Role of additive chloride salt in the rescue of HG-II-type catalyst from the complex deactivation [57]. 
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Scheme 6. Effect of additives on the 3′-catalyzed ring-opening metathesis polymerization (ROMP) of exo-norbornene derivative 32 [58]. 
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Figure 11. Structural modification of HG-II-type complexes; (a) Possible parts for structural modification of HG-II-type complexes [9]; (b) Examples of phenolic moiety-modified HG-II-type complexes [7,9,64]. 
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Figure 12. HG-II-type complexes equipped with an amide or ester moiety at the terminal of the phenolic moiety [65]. 
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Scheme 7. Ligand exchange reactions between HG-II complex (5) and phenolic moiety-modified ligands [65]. 
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Figure 13. X-ray crystallographic structures of complexes 34 and 38; (a) structure of complex 34; (b) structure of complex 38 (reproduced from Ref. [65] with permission from The Royal Society of Chemistry). 
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Scheme 8. Ruthenium complex transfer onto biomolecules based on ligand exchange. 
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Scheme 9. Ruthenium complex transfer from HG-II (5) to tripeptide (Boc)2Lys-Cys-Phe-OMe with a benzylidene ligand at the side chain of the Cys residue [66]. 
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Figure 14. Immobilization of ruthenium complex onto the surface of the adenylate kinase triple mutant (A55C/C77S/V169C) through ligand exchange strategy [66]. 
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Table 1. Hybrid artificial metalloenzymes with olefin metathesis activity (OM-ArMs).
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	Host Protein

(Native or Mutant)
	HG-II-Type Complex

(See Figure 4)
	Fixation of Metal Center into Protein Core
	Representative OM Reactivities
	Ref





	MjHSP (G41C) 1
	6
	Cys conjugation
	 [image: Catalysts 11 00359 i001]
	[26]



	FhuAΔCVFTEV 2
	6 or 7
	Cys conjugation
	 [image: Catalysts 11 00359 i002]
	[28]



	nitrobindin (H76L/Q98C/

H158L; NB4)
	7
	Cys conjugation
	 [image: Catalysts 11 00359 i003]
	[29]



	α-chymotrypsin

(α-CT)
	8
	His conjugation
	 [image: Catalysts 11 00359 i004]
	[25]



	cutinase
	9
	Ser conjugation
	 [image: Catalysts 11 00359 i005]
	[31]



	(strept)avidin
	10
	biotin-avidin interaction
	 [image: Catalysts 11 00359 i006]
	[27]



	carbonic anhydrase-II
	11
	binding to Zn2+
	 [image: Catalysts 11 00359 i007]
	[32]







1 Heat shock protein from Methanocaldcoccus jannaschii. 2 A genetically prepared from ferric hydroxamate uptake protein component A (Fhu A) with removal of N-terminal part (Δ1-159)/insertion of Tobacco Etch Virus (TEV) protease cleavage sites. See the detail in Ref. [28].
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Table 2. Dependency of ligands on water tolerance in the RCM activities of HG-II-type complexes [55].
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	Ru Catalyst
	R
	X
	TON

(No H2O)
	TON

(1% H2O)
	H2O-Tolerance (%)





	5
	H
	Cl
	17,800
	5600
	31



	5-NO2
	NO2
	Cl
	18,200
	1800
	10



	5′-NO2
	NO2
	I
	17,400
	9800
	56
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Table 3. Effect of additive salt on the yield of the RCM reaction [57].
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	Entry
	Additive
	Yield (%)





	1
	none
	50



	2
	100 mM KCl
	80



	3
	10 mM MES (pD = 6.4) 1
	9



	4
	10 mM MES + 100 mM KCl (pD = 6.4)
	40



	5
	100 mM KNO3
	47







1 MES = N-(morphino)ethanesulfonic acid.
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Table 4. Conversions of ligand exchange reactions between HG-II (5) and phenolic moiety-modified ligand precursors 1 [65].
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	Entry
	Ligand Precursor
	Functional Group at the End of Ligand
	Product Complex
	Linker Length 2
	Conversion (%) (24 h) 3





	1
	34-L
	 [image: Catalysts 11 00359 i010]
	34
	n = 2
	82 4



	2
	35-L
	 [image: Catalysts 11 00359 i011]
	35
	n = 2
	77 5



	3
	36-L
	 [image: Catalysts 11 00359 i012]
	36
	n = 3
	61 4



	4
	37-L
	 [image: Catalysts 11 00359 i013]
	37
	n = 2
	31 4



	5
	38-L
	 [image: Catalysts 11 00359 i014]
	38
	n = 2
	19 5



	6
	39-L
	 [image: Catalysts 11 00359 i015]
	39
	n = 3
	41 5



	7
	40-L
	 [image: Catalysts 11 00359 i016]
	40
	n = 4
	51 5







1 [HG-II(5)]: [ligand precursor] = 1: 1; 25 °C; in CDCl3. 2 Length between the phenolic oxygen and an amide (or ester) group. 3 Determined by 1H-NMR spectroscopic measurements. 4 Determined based on the peak intensities of benzylidene protons in HG-II (5) and a product complex. 5 Determined based on the peak intensities of the iPr-Me protons in HG-II (5) and the Me (or tBu) protons in a product complex.
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Table 5. Catalytic activities of HG-II (5), complexes 34, and 38 1 [65].
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Entry

	
Reaction

	
Cat.

	
Cat. Load

	
Yield (%)






	
1 2

	
 [image: Catalysts 11 00359 i017]

	
34

	
5 mol%

	
15 (2 h); 94 (54 h)




	
2 2

	
38

	
5 mol%

	
53 (2 h); 99 (24 h)




	
3 2

	
5

	
5 mol%

	
23 (2 h); 95 (24 h)




	
4 2

	
 [image: Catalysts 11 00359 i018]

	
34

	
5 mol%

	
30 (0.5 h); >99 (7 h)




	
5 2

	
38

	
5 mol%

	
>99 (0.5 h)




	
6 2

	
5

	
5 mol%

	
>99 (0.5 h)




	
7 2

	
34

	
0.1 mol%

	
11 (0.5 h); 91 (24 h)




	
8 2

	
38

	
0.1 mol%

	
85 (0.5 h); >99 (24 h)




	
9 2

	
5

	
0.1 mol%

	
63 (0.5 h); >99 (24 h)




	
10 3

	
 [image: Catalysts 11 00359 i019]

	
34

	
1 mol%

	
47: 19 (2 h); 37 (24 h)

48: <5 (2 h); 5 (24 h)




	
11 3

	
38

	
1 mol%

	
47: 54 (2 h); 61 (24 h)

48: 7 (2 h); 8 (24 h)




	
12 3

	
5

	
1 mol%

	
47: 48 (2 h); 74 (24 h)

48: 5 (2 h); 6 (24 h)








1 25 °C; in CDCl3. 2 [substrate] = 42 mM. 3 [45] = 42 mM, [46] = 84 mM.
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Table 6. Conversion values of the ruthenium complex transfer reactions [66].
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	Entry
	Peptide
	Ru Complex Donor
	Solvent
	Additive
	Conversion (%)





	1 2
	49
	53
	CDCl3
	-
	91 (24 h)



	2 2
	49
	54
	CDCl3
	-
	89 (24 h)



	3 2
	49
	5
	CDCl3
	-
	53 (24 h); 70 (120 h)



	4 2
	49
	54
	CD3OD
	-
	75 (10 h); 86 (48 h)



	5 2
	49
	5
	CD3OD
	-
	46 (10 h); 72 (48 h)



	6 2
	49′
	54
	D2O 1
	MgCl2 2
	75 (72 h)



	7 2
	49′
	54
	D2O 1
	CaCl2 2
	72 (72 h)



	8 2
	49′
	54
	D2O 1
	KCl 2
	64 (72 h)



	9 2
	49′
	54
	D2O 1
	NaCl 2
	63 (72 h)



	10
	49′
	54
	D2O 1
	KNO3 2
	n.r. (72 h) 3



	11
	49′
	54
	D2O 1
	none
	<5 (72 h)







1 DMSOd6 25% (v/v). 2 100 mM. 3 No reaction.
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