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Abstract

:

The development of selective aromatic oxidation catalysts based on non-noble metals has emerged over the last decades, mainly due to the importance of phenol products as intermediates for the generation of pharmaceuticals or functional polymers. In nature, metalloenzymes can perform a wide variety of oxidative processes using molecular oxygen, including arene oxidations. However, the implementation of such enzymes in the chemical industry remains challenging. In this context, chemists have tried to mimic nature and design synthetic non-noble metal catalysts inspired by these enzymes. This review aims at providing a general overview of aromatic oxidation reactions catalyzed by metalloenzymes as well as synthetic first-row transition-metal complexes as homogeneous catalysts. The enzymes and complexes discussed in this review have been classified based on the transition-metal ion present in their active site, i.e., iron, copper, nickel, and manganese. The main points of discussion focus on enzyme structure and function, catalyst design, mechanisms of operation in terms of oxidant activation and substrate oxidation, and substrate scope.
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1. Overview of Arene Oxidations


1.1. Relevance and Challenges


Oxidations of organic compounds are essential reactions that are widely studied in academia as well as in the chemical industry [1,2]. The interest in these reactions is based on the fact that oxygenated organic molecules can be used as intermediates to produce different classes of chemicals and end products. Since the last decade, improvements have been made in the development of different catalytic oxidation systems, however, in most cases, the selective oxidation of the organic substrate represents a critical challenge. Of more recent interest are C–H oxidations that can be applied for late-stage functionalization, in which C–H bonds are basically considered functional groups [3,4,5,6,7].



A particular area of interest has been the direct oxygenation of aromatic compounds to the corresponding phenol products (Figure 1), which has been a challenging class of reactions for decades. Indeed, the direct hydroxylation of benzene to phenol using molecular oxygen as a benign oxidant has been known as one of the “10 challenges for catalysis” [8,9]. Phenols are essential intermediates in the generation of a broad range of products, such as pharmaceuticals or functional polymers, which makes them highly desired [6,10,11,12]. However, the direct transformation of an aromatic C–H bond into a hydroxyl functionality, such as in benzene oxidation, is difficult because of poor substrate reactivity (an aromatic C–H bond has a high bond dissociation energy of about 112 kcal·mol−1) [13]. To overcome this challenge, the generation of highly reactive and selective oxygen species is necessary. However, often phenol products are more easily oxidized than non-oxidized aromatic compounds, causing a chemoselectivity issue. Generally, the oxidation of phenols to the corresponding catechols, hydroquinones, or benzoquinones is well documented, particularly in oxidations catalyzed by metalloporphyrins (Figure 1) [14,15,16,17,18]. Additionally, a lack of discrimination between different oxidation sites produces a regioselectivity issue. This is particularly evident when alkylbenzenes are used, as oxidation at the weaker and activated (benzylic) aliphatic C(sp3)–H bonds is thermodynamically preferred over oxidation at the aromatic ring.



Generally, the field of homogeneous catalysis has been dominated by noble metal complexes, which are based on elements that are generally considered toxic for humans and the environment and are associated with high costs due to their low availability in the Earth’s crust [19]. In this context, non-noble metal complexes have appeared as attractive catalysts, particularly in oxidation catalysis. Within this field, chemists have typically looked to nature for inspiration. A widely applied approach has been the development of synthetic catalytic systems that can mimic the active site and functionality of metalloenzymes to carry out oxidative processes. A well-known inspiration example is iron-containing metalloenzymes that can activate molecular oxygen [20,21,22,23,24,25,26]. However, other kinds of metalloenzymes containing copper, nickel, or manganese have also been investigated in this field [22,25,27,28,29,30,31,32]. Generally, the active site is the only area of the enzyme that is being mimicked in such bioinspired complexes. A downside of this design strategy is that these synthetic complexes generally display poor selectivities, whereas their natural counterparts show outstanding selectivities due to their highly elaborated structure, including the second coordination sphere around the active site [22,33]. Thus, a lot of efforts have been devoted to understanding the geometric and electronic structure/function correlations between the synthetic and their enzyme “molds” [34,35].



In this review, we provide a non-comprehensive overview of homogeneous, non-noble metal catalysis for aromatic oxidation reactions. Several reviews can be found in the literature regarding heterogeneous catalytic systems for oxidation chemistry, also detailing arene oxidation reactivity [36,37,38]. Of note, a review on heterogeneous catalysts for the direct hydroxylation of benzene to phenol, with a special focus on mesoporous transition metal-based catalysts, was recently published [39]. The present overview of homogeneous catalyst systems specifically targets catalytic systems capable of performing the direct hydroxylation of an aromatic substrate using a metal-based oxidant and avoiding the use of unselective hydroxyl radicals generated via Fenton-type processes. We have classified this review based on the transition metals that are used in catalysis, i.e., iron, copper, nickel, and manganese, and provided typical examples that have been developed in the field. First, we introduce the most important families of metalloenzymes capable of catalyzing aromatic oxidation reactions, followed by a description of the development of synthetic bioinspired transition-metal complexes for arene oxidation. Special attention is given to complexes based on aminopyridine ligands, which have been extensively used and investigated in general in the field of homogeneous oxidation chemistry [40]. Initially, we will review enzymes and complexes based on iron and copper, since these are the two metals that chemists have employed most in the field of oxidation chemistry, in particular for aromatic oxidation. In the second part, nickel- and manganese-based complexes will be covered. Although fewer examples of arene oxidation using these metals are known, several publications show the recent interest in the development of arene oxidation catalysts based on these metals. At this point, it is important to mention that complexes containing other first-row transition metals, such as cobalt or vanadium, have also been proven to be active for aromatic oxidation. For further information on these complexes and their catalytic activity, the reader is referred to several selected examples [41,42,43,44,45,46]. This review is part of the Ph.D. thesis of Eduard Masferrer-Rius [47] and, as such, covers examples up until the beginning of 2022. A complementary and excellent review on homogeneous aromatic oxidation catalysis has since been published by Sankaralingam et al. [48]. This particular review focuses on the use of the complete series of first-row transition metals in catalysis and does not include a thorough description of naturally occurring metallo-enzymes capable of catalyzing aromatic oxidation reactions nor their comparison to synthetic systems.




1.2. Hydroxyl Radicals vs. Metal-Based Oxidants


Fenton-type chemistry has been known and studied in detail for quite some time [49,50,51]. Overall, this chemistry consists of the reaction between an iron(II) salt and H2O2 to generate an oxidized iron(III) species and hydroxyl radicals [52,53,54]. The oxidation of aromatic substrates, such as benzene and benzene derivatives, by Fenton-type chemistry using H2O2 as an oxidant has been investigated and is well understood, and studies have shown that hydroxyl radicals are added rapidly to the aromatic ring [55,56,57,58]. After the addition of the hydroxyl radical to the benzene ring, the reaction can proceed either by dimerization of the hydroxycyclohexadienyl radical and dehydration to form biphenyl or alternatively by oxidation to generate phenol (Figure 2). Other oxidants, such as tert-butylhydroperoxide (TBHP), can also engage in a Fenton-type process, generating free-diffusing tert-butoxy and tert-butylperoxy radicals that can engage in hydrogen abstraction reactions with aliphatic C–H bonds [59,60,61]. However, TBHP activation does not produce hydroxyl radicals, and tert-butoxy radicals, unlike hydroxyl radicals, do not add to aromatic rings [62]. For this reason, the effectiveness of using TBHP in arene hydroxylation reactions has been used as evidence against the involvement of hydroxyl radicals and consequently in favor of the involvement of metal-based oxidants.



In 1954, another process involving hydroxyl radicals was reported, known as the Udenfriend system [63,64,65]. This consists of a mixture of an iron(II) salt with EDTA (EDTA = ethylenediaminetetraacetic acid) and ascorbic acid under an oxygen atmosphere, which can generate hydroxyl radicals that can attack aromatic substrates in the same way as described for Fenton-type chemistry. A system using iron(II) salts and tetrahydropterins as reducing agents has also been reported to be efficient for the hydroxylation of aromatic compounds using dioxygen as an oxidant. In this particular case, hydroxylation of electron-rich arenes, such as anisole, phenetole, toluene, and ethylbenzene, is possible, favoring meta-hydroxylation in all cases [66]. Overall, free-diffusing oxygen-centered radicals are known to provide low catalytic efficiencies and selectivities, leading to side products through lateral site chain oxidation for alkylbenzene substrates [57,58,67,68]. For this reason, over the past years, research efforts have focused on the development of catalytic systems that make use of metal-based oxidants rather than hydroxyl radicals so that higher selectivities and efficiencies for aromatic oxidations can be achieved.





2. Iron in Biological and Synthetic Systems


2.1. Iron-Containing Metalloenzymes


Iron is one of the most often found transition metals in the active sites of metalloenzymes. Numerous iron-containing enzymes are known to be able to activate oxygen to perform oxidative processes. Among these enzymes, we can distinguish two groups based on the active site structure: heme- and non-heme-containing enzymes (Figure 3). The first group has been well investigated, and their chemistry is well understood.



The main feature of this group of enzymes is the prosthetic heme group that bears the iron center in their active site [26,69,70,73,74,75]. Within this group, we can distinguish heme-containing enzymes such as cytochrome P450’s, peroxidases, nitric oxide synthases, chloroperoxidases, heme oxygenases, indoleamine 2,3-dioxygenases, and tryptophan 2,3-dioxygenases. Non-heme enzymes, on the other hand, can be classified as mononuclear or dinuclear depending on the number of iron atoms in their active site [23,34,76]. Within the former type, different types of mononuclear active sites have been identified. One very common active site features an iron center bound to two histidine ligands and one carboxylate ligand in a facial manner; this structural feature is known as the “2-His-1-carboxylate facial triad” [23,25,37,71,77,78,79,80,81]. One remarkable example of this last family of enzymes is Rieske oxygenases, which can perform the syn-dihydroxylation of aromatic substrates, among other substrate oxidations, with high levels of regio- and stereospecificity [24,82,83]. In the following sections, some of the most important iron-containing metalloenzymes able to perform aromatic oxidation reactions are discussed in terms of the structure of their active site and their catalytic oxidation capabilities.



2.1.1. Cytochrome P450


Cytochromes (CYP) are ubiquitous in all life forms, from bacteria to humans. Within this family, cytochrome P450 is one of the most important classes of iron enzymes found in nature that metabolize atmospheric dioxygen in an oxygenase catalytic cycle, and a lot of details on the mechanism of dioxygen activation for this enzyme family are known. Overall, this class of iron enzymes takes part in several processes, ranging from the detoxification of xenobiotic compounds to drug metabolism and the biosynthesis of steroids [69,84,85,86,87].



Among the different oxidative processes, cytochrome P450 is best known for its monooxygenation capability, i.e., the insertion of an oxygen atom from molecular oxygen into an organic compound. Aromatic oxidations, arene and alkene epoxidations, and the oxygenation of heteroatoms are all examples of these reactions. Due to the catalytic capabilities of cytochrome P450 enzymes, a lot of research efforts have been devoted to the investigation of cytochrome P450 variants as catalysts for site-selective and enantioselective C–H hydroxylation reactions in the past decades [88,89,90,91]. Several studies have shown the coordination chemistry of the active site of cytochrome P450’s in detail, which nowadays has been well established based on several X-ray crystal structures [69,92,93,94,95,96,97]. It is based on a ferric iron center coordinated to four nitrogen atoms (protoporphyrin IX) and a cysteinate sulfur atom; this last residue occupies an axial position at the metal center, whereas the other axial position contains a hydroxide ligand or a water molecule [73,98,99]. The mechanism of cytochrome P450’s operation starts with the ferric compound accepting an electron to form the respective ferrous state of the enzyme. Next, reaction with molecular oxygen produces an Fe(III)-OOH species that undergoes O–O bond cleavage to generate the real active oxidant, which is a high-valent Fe(IV)-oxo porphyrin π radical cation complex, also known as Compound I (CpdI) (Figure 4a) [14,85,100,101,102,103]. For the oxidation of aliphatic C–H bonds, this last species transfers the oxo group to the substrate following a two-step process known as the “oxygen rebound” mechanism [87,104,105]. First, a hydrogen atom abstraction takes place from the substrate to the oxo group, and secondly, a fast rebound to the substrate carbon radical by the hydroxyl group occurs.



In contrast, the oxidation of aromatic substrates with CpdI proceeds via the oxidation of a π-bond, generating arene oxides that transform into an unstable ketone intermediate via heterolytic cleavage of the epoxide followed by migration of a hydride ion (known as the “NIH shift”) [106,109,110]. The last step is the tautomerization of the ketone compound to generate the final phenol product (Figure 4b) [106,107]. Worth mentioning is the use of hydro- and alkylperoxides, sodium hypochlorite, iodosobenzene, or peracids, which allow the conversion of the resting state directly to the high-valent iron-oxo species; this cycle is known as the “peroxide shunt” [73].




2.1.2. Rieske Oxygenases


Rieske oxygenases are a family of bacterial enzymes based on a non-heme iron center, with the metal facially coordinated to two histidine residues and one carboxylate residue (Figure 5b) [79]. This class of enzymes has been well studied, and they are effective in several oxidative reactions, such as selective C–H hydroxylations and stereoselective syn-dihydroxylations of arenes and alkenes [82,111,112]. The reactions performed by this class of enzymes are involved in the biodegradation of aromatic compounds [24,71,82,83]. Rieske oxygenases are based on a reductase and an oxygenase component [113]. The first one is a Rieske-type dinuclear iron cluster that mediates the electron transfer from NAD(P)H to the oxygenase component. The latter is characterized by an octahedral mononuclear non-heme iron(II) that can perform the activation of dioxygen to oxidize a hydrocarbon substrate [114,115].



One particular member of this family of enzymes is naphthalene-1,2-dioxygenase (NDO), which was crystallographically characterized in 1998 [111,112,113]. The proposed catalytic cycle for the syn-dihydroxylation of naphthalene consists of the reaction of dioxygen and an electron with the iron center to generate an Fe(III)-peroxo intermediate [79,112,116,117].



The cycle follows with the heterolytic cleavage of the O–O bond of the peroxo intermediate to generate what is proposed to be an Fe(V)(O)(OH) species, responsible for the oxidation of the substrate to form the syn-diol product (Figure 5a) [23,71,118,119]. Overall, the mechanism proposed for Rieske oxygenases resembles that of cytochrome P450 regarding the activation of dioxygen via a heterolytic O–O bond cleavage step. Moreover, NDO can also perform the reaction in the presence of hydrogen peroxide via a “peroxide shunt” [120].




2.1.3. Bacterial Multicomponent Monooxygenases


Bacterial multicomponent monooxygenases (BMMs) are a family of non-heme iron enzymes that comprise a carboxylate-bridged diiron core in the active site [121,122,123]. Such enzymes catalyze the oxidation of various hydrocarbons, such as alkanes, alkenes, and aromatic compounds [124,125,126,127]. Within this family, we can distinguish several classes of multicomponent monooxygenases, such as soluble methane monooxygenases (sMMOs), toluene/o-xylene monooxygenases (ToMOs), and phenol hydroxylases (PHs) [128,129,130]. Among these, sMMO is the only enzyme that can catalyze the difficult conversion of methane to methanol, which is one of the most challenging reactions found in nature, 124 whereas ToMO performs the hydroxylation of aromatics and alkenes [126,131] and PH hydroxylates aromatic compounds (Figure 6 left) [130]. The hydroxylation of toluene by ToMO occurs through the generation of an epoxide and a subsequent NIH shift that forms p-cresol in 95% yield (o- and m-cresols are formed in ~4% yield) [106,121,132].



One of the most studied catalytic cycles is the one of sMMO for methane hydroxylation (Figure 6 right). In addition, sMMO is capable of oxidizing benzene to phenol [134]. Initially, the oxidized diiron(III) species (MMOHox) is activated by two-electron reduction to a diiron(II) species (MMOHred). Then, the reaction with dioxygen forms the peroxo intermediate P* (via a superoxo species). Intermediate P* undergoes a proton transfer to form MMOHperoxo, which can either decay to MMOHox through the oxidation of electrophilic substrates or transform into diiron(IV) intermediate Q via homolytic cleavage of the O–O bond. The diiron(IV) intermediate Q can hydroxylate methane. In the absence of methane, intermediate Q decays to intermediate Q* and then to MMOHox [14,121,124,133,135,136,137,138].



The mechanisms of ToMO and PH have also been investigated in detail, but they are less well understood compared to those of sMMO. Overall, these classes of bacterial multicomponent monooxygenases show a very similar diiron active site, which may imply a similar mechanism regarding the activation of dioxygen-generating peroxodiiron(III) and Q-type species [129,139]. Nevertheless, an unprecedented peroxodiiron(III) species has been elucidated for ToMO, and no evidence of Q-type intermediates is known yet, which suggests that the mechanism may differ from that described for sMMO. The general mechanism for dioxygen activation and substrate oxidation has been proposed to proceed through an electrophilic attack by a peroxodiiron(III) intermediate on the arene to form an arene epoxide that ultimately leads to the aromatic oxidized product bound to the diiron(III) core (see Figure 7 for a representative scheme of phenol oxidation) [140].




2.1.4. Pterin-Dependent Aromatic Amino Acid Hydroxylases


Aryl amino acid hydroxylases, also known as pterin-dependent oxygenases, are a class of enzymes that utilize tetrahydrobiopterin (BH4) as a two-electron cofactor. Within this family, we can distinguish phenylalanine (PheOH), tyrosine (TyrOH), and tryptophan hydroxylases (TrpOH), which perform the hydroxylation of phenylalanine, tyrosine, and tryptophan, respectively (Figure 8) [23,34,141,142,143,144,145]. In addition, pterin-dependent hydroxylases can also perform epoxidations and benzylic hydroxylation reactions, in a similar way as the reactivity observed for cytochrome P450 enzymes [73,141].



A general mechanism has been proposed regarding oxygen activation and substrate oxidation by these enzymes (Figure 9). Initially, tetrahydrobiopterin (BH4) reacts with dioxygen to form a hydroperoxydihydropterin intermediate that reacts with the iron(II) center of the active site of the enzyme to generate an Fe(II)–O–O–pterin intermediate [34,141,143,146]. Alternatively, the direct reaction of dioxygen with the iron center to form an Fe(III)–peroxo complex may take place, which then reacts with the tetrahydrobiopterin compound [144,147,148,149]. Subsequently, heterolytic cleavage of the O–O bond takes place to form a hydroxydihydropterin compound and an Fe(IV) oxo species responsible for the arene hydroxylation reaction. Several studies using labeled dioxygen have corroborated this last step because of the incorporation of labelled oxygen into both the amino acid and the hydroxydihydropterin product [150,151,152]. Once the hydroxylated amino acid is formed, the resting state of the enzyme is restored, and the oxidized tetrahydrobiopterin undergoes dehydration to generate a quinonoid dihydropterin. This latter compound is reduced by an external reductase to regenerate the tetrahydrobiopterin and start a new catalytic turnover [146]. Computational studies have also been performed to investigate the mechanism of pterin-dependent aromatic amino acid hydroxylases [153,154].





2.2. Synthetic Iron Systems


Most of the synthetic iron complexes reported for aromatic oxidation are supported by polydentate N-based donor ligands and make use of the environmentally benign 2e− oxidant H2O2. Overall, these systems have been extensively studied for the oxidation of inert C(sp3)–H and C=C bonds, whereas aromatic oxidations using these complexes have mostly been studied in recent years. The mechanism of action of these bioinspired non-heme iron complexes has been extensively studied and is proposed to proceed through the involvement of highly stereoselective, high oxidation-state metal-based oxidants [26,155,156,157,158,159,160].



2.2.1. Iron-Based Systems and Oxidation Mechanism


The first example of a stereospecific hydrocarbon hydroxylation reaction catalyzed by a bioinspired non-heme iron complex was reported by Que and co-workers in 1997 using Fe(II) complex 8 supported by the tpa ligand (tpa = tris(2-pyridylmethyl)amine) with H2O2 as the oxidant [161]. The results shown in this study, based on the ratio of alcohol/ketone (A/K) products in the oxidation of cylcohexane (A/K > 5), retention of configuration in specific oxidation reactions (such as the oxidation of cis-1,2-dimethylcyclohexane), regioselectivity in the oxidation of tertiary C–H bonds over secondary C–H bonds (adamantane oxidation), and kinetic isotope effect (KIE) experiments, pointed towards a metal-based species as the active oxidant. Furthermore, the idea of a metal-based oxidant was also proposed in other studies using different aminopyridine ligands based on the tpa ligand scaffold [162].



Generally, this type of iron catalyst is supported by tetradentate aminopyridine ligands, with the ligands being either tripodal or linear. Different geometries around the metal center can be adopted in the case of linear tetradentate aminopyridine ligands, such as the bpmcn ligand (bpmcn = N,N′-dimethyl-N,N′-bis(2-picolyl)cyclohexane-trans-1,2-diamine). On the one hand, complexes with two cis positions open for coordination can form, whereas, on the other hand, the two open coordination sites can be trans to each other. For the cis topologies, two configurations are possible, namely cis-α and cis-β, and different reactivities have been found depending on the specific geometry that the complex may adopt (Figure 10) [72,158,161,162,163,164,165,166,167].



A lot of debate has emerged regarding the mechanism of activation of H2O2 by non-heme iron complexes that can perform the hydroxylation reaction. Nevertheless, a general mechanistic pathway has been elucidated for iron complexes supported by strong-field tetradentate aminopyridine ligands with two cis open sites. This pathway proposes the generation of an Fe(V)(O)(OH) species generated via the O–O bond cleavage of an Fe(III)(OOH) intermediate with the help of a proton provided by a water molecule, reminiscent of the mechanism of Rieske dioxygenases (Figure 11) [26,157,158,159,168,169].



This pathway has been called the “water-assisted mechanism,” and several studies on olefin epoxidation and syn-dihydroxylation reactions have pointed out the involvement of Fe(V)(O)(OH) species as the electrophilic oxidant responsible for the oxidation reactions by these kinds of complexes [170,171,172]. Indeed, several pieces of evidence that demonstrate the existence of these high-valent iron oxo-hydroxo species have been reported in recent years [173,174,175,176].



Another very important aspect of this chemistry was the introduction of carboxylic acid additives, which act as co-ligands binding to the metal center and modulating the reactivity of the complexes towards H2O2. For the first time in 2001, Jacobsen and co-workers introduced the use of acetic acid in combination with an iron complex supported by the bpmen ligand (bpmen = N,N′-dimethyl-N,N′-bis(2-picolyl)ethylenediamine) and H2O2, which enhanced the catalytic activity of the iron system in the epoxidation of olefins [177]. Later, White and co-workers demonstrated the same beneficial effect of carboxylic acids in aliphatic C–H bond oxidations [178]. This remarkable study showed for the first time that an iron complex supported by the robust bpbp ligand (bpbp = N,N′-bis(2-pyridylmethyl)-2,2′-bipyrrolidine) can perform C–H oxidations in synthetically useful yields. In addition, it can discriminate between different C–H bonds within a complex substrate molecule [179,180]. Various mechanistic studies have been carried out to elucidate the effect of the carboxylic acid in the activation of H2O2 and have led to a proposed mechanistic pathway now known as the “carboxylic acid assisted mechanism” (Figure 12) [26,59,72,157,158,159,168,169,181]. In this pathway, an Fe(V)(O)(OCOR) intermediate is postulated as the active species, which forms through the heterolytic cleavage of the O–O bond of an Fe(III)(OOH) intermediate with the help of the carboxylic acid instead of a water molecule. Overall, the use of carboxylic acid as an additive and co-ligand in aliphatic and aromatic oxidations, as well as epoxidation reactions, has been found to generate catalytic systems with higher activities in most cases.




2.2.2. Iron-Catalyzed Arene Oxidation


As discussed previously, bioinspired non-heme iron complexes have been widely investigated in the field of aliphatic C(sp3)–H oxidation and alkene epoxidation reactions, whereas catalytic arene oxidations with such complexes have remained challenging until recently [182]. Initial reports on aromatic oxidation reactions using iron are based on the incorporation of an aromatic ring into the ligand structure of the complex and therefore represent examples of intramolecular arene hydroxylation reactions. Even though these examples do not represent catalytic systems, their study has allowed for further insight into the mechanism of these reactions. In 1993, Moro-oka and co-workers described the hydroxylation of a series of trispyrazolylborate-based ferric bis-phenoxo complexes (1, 2, and 3) to form catecholato complexes using mCPBA as the oxidant, resulting in a system that acts as a functional model for tyrosine hydroxylase [183]. The reaction of the Fe(III) complexes with 1 equiv. of mCPBA resulted in the formation of the corresponding catechol in quantitative yields, and a proposed reaction mechanism includes the formation of an acylperoxo intermediate (Figure 13a). However, attempts to detect the (acylperoxo)-phenoxo intermediate were unsuccessful. Later, Fontecave and co-workers reported on diiron complexes that act as models for methane monooxygenase, based on an ethylenediamine tetraacetic acid (EDTA) derived ligand bearing two electron-rich phenyl groups [184,185]. Complex 4 can react with aqueous H2O2, which leads to the ortho-hydroxylation of one of the phenyl groups of the ligand, generating a monomeric iron species (Figure 13b). This intramolecular reaction also proceeds in the presence of dioxygen and excess ascorbate as a reductant, while alkylhydroperoxides, sodium hypochlorite, and mCPBA do not oxidize the diiron complex. Similar iron complexes supported by the N,N′-bis(13yridine-2-ylmethyl)-N,N′-bis(3,4,5-trimethoxybenzyl)ethane-1,2-diamine ligand ([Fe(II)(L)X2], 5 and 6) were reported to react with aqueous H2O2, leading to ortho-hydroxylation of one of the substituted phenyl moieties of the ligand as well (Figure 13c) [186]. However, for complex 6, in which the chloride ligands have been exchanged by acetonitrile solvent molecules, the organic ligand does not undergo aromatic hydroxylation, but instead N-dealkylation of the ligand was observed. In addition, this complex showed activity for epoxidation reactions and hydroxylation of alkanes [186]. For complex 5, it was proposed that the hydroxylation reaction proceeds through the reaction with H2O2 via an outer-sphere electron transfer to generate hydroxyl radicals that add to the aromatic ring of the ligand. In contrast, complex 6 is proposed to generate iron peroxo and oxo complexes because of the more labile sites of this complex, which allow for an inner-sphere reaction of H2O2 with the metal center [186].



In 1999, Que and co-workers reported on iron complex 7 based on a modified tpa ligand containing a pendant phenyl group, Fe(6-Ph-tpa)(NCCH3)2](ClO4)2 (6-Ph-tpa = bis(2-pyridylmethyl)-6-phenyl-2-pyridylmethylamine), that is capable of performing an intramolecular hydroxylation of the phenyl group of the ligand to form an Fe(III)-phenolate species (Figure 14a) [187]. The reaction of complex 7 with TBHP at low temperature afforded a transient blue species formulated as Fe(III)(OOtBu)(6-Ph-tpa) that decays over 4 h at −60 °C to give the final iron complex bearing the hydroxylated ligand.



Indirect evidence suggests the involvement of an Fe(IV) oxo species as the active oxidant in this reaction. Complex 7 also performs the ortho-hydroxylation of the ligand’s phenyl ring efficiently and selectively by reaction with iodosobenzene [188]. The same reactivity with TBHP was also demonstrated for other iron complexes with modified versions of the 6-Ph-tpa ligand [189]. In 2005, it was shown that the parent iron complex 8 supported by the tpa ligand is capable of oxidizing ligated perbenzoic acids through the self-hydroxylation of the aromatic ring forming iron(III)-salicylate complexes (Figure 14b) [190].



Iron complex 9, supported by the linear tetradentate bpmen ligand, was also found to perform the ortho- and ipso-hydroxylation of benzoic acids to afford salicylates and phenolates, respectively (Figure 14c) [191,192]. Later on, hydroxylation of externally added aromatic substrates without directing groups was found to be effective using iron complex 9 in combination with H2O2 as an oxidant, although strong coordination of the generated phenolates to the resulting iron(III) center prevented efficient catalysis, i.e., 9 performs up to 1.4 turn-overs (Figure 14d) [193].



A lot of effort has been devoted to the investigation of the active oxidant responsible for the arene hydroxylation reaction using these iron complexes. While for some an Fe(IV)-oxo species generated via the homolysis of the O–O bond has been postulated as the oxidant responsible for the oxidation reaction [187,189], an Fe(V)-oxo species has been proposed as an alternative active species in other cases [155,160,190,192,193,194].



Computational studies have also been performed to provide mechanistic insight into the ortho-hydroxylation of aromatic compounds by non-heme iron complexes. Particularly, DFT calculations have clearly shown that Fe(III)-hydroperoxo species are sluggish oxidants, whereas the heterolytic cleavage of the former species to generate a transient Fe(V)-oxo oxidant has been postulated as a plausible reaction mechanism for arene oxidations [195]. Moreover, some studies have demonstrated that Fe(IV)-oxo species are inactive in the hydroxylation of externally added aromatic substrates [193,196,197,198].



Nam and co-workers provided further insight into the capabilities and reaction mechanisms of the oxidation of aromatic substrates by non-heme iron(IV)-oxo complexes [199]. In these studies, iron complexes containing Bn-tpen and N4Py ligands (Bn-tpen = N-benzyl-N,N′,N′-tris(2-pyridylmethyl)ethane-1,2-diamine and N4Py = N,N-bis(2-pyridylmethyl)-N-bis(2-pyridyl)methylamine) were considered. Experimental data, such as a large and negative Hammett p-value and an inverse C–H/C–D KIE effect, together with computational investigations indicated that arene hydroxylation by these iron(IV)-oxo complexes do not occur via a hydrogen atom abstraction but instead proceeds through an electrophilic aromatic substitution pathway. Oxidation of anthracene as the substrate produced anthraquinone as the product, which is generated via the reaction of two metal oxo complexes, as has been described previously for the generation of quinone compounds [15,16,17]. Worth mentioning is that these non-heme iron(IV)-oxo complexes do not perform the hydroxylation of benzene or naphthalene, which highlights the low reactivity of bioinspired iron(IV)-oxo species in arene hydroxylation reactions [199].



In 2002, Mansuy and co-workers described a non-heme iron complex supported by the TPAA ligand (TPAA = tris-[N-2-pyridylmethyl-2-aminoethyl]amine), which is effective in the hydroxylation of aromatic compounds using H2O2 as an oxidant, whereas this complex shows poor catalytic activity for olefin epoxidation and alkane hydroxylation (see Figure 15a for the structure of the TPAA ligand) [200]. Overall, this complex shows up to 10 turnovers for the oxidation of anisole (53% yield based on the oxidant) but shows poor activities for the oxidation of less electron-rich substrates, such as benzene or chlorobenzene. Non-heme iron complexes with tetradentate and pentadentate aminopyridine ligands, namely L43, L52, and L53 (Figure 15a), have shown comparable arene hydroxylation capabilities in combination with H2O2. In addition, for most of these iron complexes, it has been demonstrated that the addition of an appropriate reducing agent, such as hydroquinones, thiophenol, or tetrahydropterins, dramatically enhances the yields of the hydroxylation aromatic products (up to 69% yield for anisole oxidation based on the oxidant catalyzed by an iron complex based on the L52 ligand, i.e., TON = 13.8) [201].



A more recent study on the non-heme iron complexes containing the TPEN (TPEN = N,N,N′,N′-tetrakis-(2-pyridylmethyl)ethane-1,2-diamine) and L624E ligands has shown activity for the hydroxylation of electron-rich anisole, as well as for benzene and chlorobenzene. In particular, the former complex performed best in the presence of 1-naphthol as a reducing agent, with a yield of up to 86% for anisole oxidation (TON = 17.2), whereas the latter complex performed best employing thiophenol as a reducing agent, with a yield up to 38% for anisole oxidation (TON = 7.6) [202]. Worth mentioning is that these systems make use of substrate-excess conditions, providing high product selectivities with low substrate conversions.



Bianchi and co-workers described a method for the selective hydroxylation of benzene to phenol catalyzed by an iron complex using H2O2 as a benign oxidant and trifluoroacetic acid as a co-catalyst in a biphasic system [203]. The study investigated a series of bidentate N,N-, N,O- and O,O-based ligands, finding that the most efficient catalyst system was obtained by using 5-carboxy-2-methylpyrazine-N-oxide as a ligand (see Figure 15b for ligand structures). The system was used under substrate-excess conditions, providing poor benzene conversions while H2O2 conversion was 94%. Selectivity for the phenol product was 85% based on benzene conversion. Remarkably, the use of a biphasic system (mixture of water, acetonitrile, and aromatic substrate) allowed easy recovery and recycling of the catalyst. Later, the same authors reported on the use of a similar system, using pyrazine-3-carboxylic acid N-oxide as the ligand (Figure 15b), for the direct hydroxylation of a series of aromatic substrates to the corresponding phenol products [204]. The authors highlight the low selectivity obtained for the oxidation of electron-rich arenes as well as possible competition for hydroxylation of the lateral alkyl chain in the case of alkylbenzenes. Finally, another study showed how small modifications in the structure of the ligand used in this biphasic system can produce significant differences in activities for the oxidation of benzene and toluene. The system used pyrazine-3-carboxylic acid N-oxide as the ligand, which is the most efficient for the synthesis of phenols [205].



Biswas and co-workers have also described an iron system for the hydroxylation of aromatic C–H bonds under substrate-excess conditions [206]. This system consists of diiron(III) complex 10, supported by the bpmen ligand (Figure 15c), which can carry out the hydroxylation of benzene and alkylbenzenes with high selectivities, albeit with very low turnover numbers. The addition of acetic acid was found to produce a small increase in phenol yields. For alkylbenzene oxidations, products derived from the hydroxylation of the lateral alkyl chain were also observed. Based on its dinuclear nature, this system mimics the activity of toluene monooxygenase and methane monooxygenase.



In 2014, Kühn and co-workers reported iron complex 11 capable of hydroxylating aromatic substrates to the corresponding phenol products under catalytic conditions with equimolar amounts of substrate/oxidant or excess of the oxidant [207]. This particular catalyst is based on a chelating di-pyridyl-di-NHC ligand (NHC = N-heterocyclic carbene; Figure 16). The difference between this complex and other complexes typically used in oxidation chemistry is that the iron center is coordinated in part by NHC-based carbon donors [208]. NHCs are considered good σ-donors and, therefore, the authors anticipated that the corresponding complex would exhibit high kinetic stability towards oxidation conditions [209,210]. Complex 11 can oxidize benzene to phenol using equimolar amounts of H2O2 and substrate, albeit with low conversion (7.4%) and phenol yield (6.9%, i.e., TON = 6.9) but high selectivity (94%). The major by-product of this reaction is para-benzoquinone. The involvement of hydroxyl radicals in this catalytic system was discarded since no formation of biphenyl was observed. Based on an experimental inverse C–H/C–D KIE of 0.9, the authors have postulated a mechanism that involves an sp2-to-sp3 hybridization change during the attack of a putative high-valent iron-oxo on the aromatic ring forming a σ-complex. Complex 11 is also capable of hydroxylating methyl substituted arene substrates, such as toluene, p-xylene, and pseudocumene (Figure 16). In some cases, mixtures of phenol products were observed together with some alkyl side chain oxidation products, overall showing a high selectivity for arene oxidation over benzylic oxidation reactions (up to 11.9% total yield for the aromatic oxidation of toluene and up to 12.6% total yield for p-xylene oxidation). A so-called NIH-shift for a methyl group was observed for the current system in the oxidation of p-xylene. This resembles the same process observed for arene oxidations catalyzed by cytochrome P450 or pterin-dependent aromatic amino acid hydroxylases. The system was also tested for the oxidation of pseudocumene, affording trimethylbenzoquinone (TMBQ) in a 7.5% yield (a valuable chemical for vitamin E synthesis) [207,211].



In 2016, Silva and co-workers reported on the reactivity of a series of iron complexes (12–17) based on acetylacetonate and Schiff base ligands in the direct hydroxylation of benzene to phenol with H2O2 (Figure 17a) [42]. Within this study, it was found that the complex based on a N4-donor Schiff base ligand shows the highest activity and selectivity for the hydroxylation of benzene under substrate-limiting conditions, with 65% conversion and 98% phenol selectivity, generating para-benzoquinone as an overoxidized side-product [42]. This system has shown some of the highest conversions and phenol selectivities ever reported for arene hydroxylation using iron catalysts with H2O2 as an oxidant.



A later study by Antunes et al. describes the reactivity of a series of iron(III) complexes (18–21) based on the BMPA and similar ligands as catalysts for the hydroxylation of toluene with H2O2 as an oxidant (BMPA = bis-(2-pyridylmethyl)amine; Figure 17b) [212]. All complexes tested in this study showed reactivity for the oxidation of toluene, generating mixtures of phenol products (ortho-, meta- and para-isomers), as well as products derived from lateral alkyl chain oxidation (benzaldehyde and benzyl alcohol). Complex 18, based on the BMPA ligand, showed the highest yields of all catalysts tested in this study, with a 30% total product yield for the oxidation of toluene at 50 °C after 24 h [212].



Despite the extensive investigation of non-heme iron complexes based on aminopyridine ligands, studies have also shown the effectiveness of imine-based non-heme iron complexes for different oxidative processes [213]. A remarkable example in the field of arene oxidations catalyzed by imine-based iron complexes was recently reported by Di Stefano and co-workers using iminopyridine iron(II) complex 22, prepared in situ by self-assembly of commercial starting materials (iron(II) triflate, 2-picolylamine, and 2-picolylaldehyde), and H2O2 as an oxidant under mild reaction conditions (Figure 18) [214]. The authors found that complex 22 is capable of oxidizing benzene in a 23% phenol yield after 90 min of reaction time, generating benzoquinone as an overoxidized by-product in only a 5% yield. The oxidation of benzene was also effective on a 0.5 g scale, generating phenol with a 26% yield. A metal-based reaction was postulated as a plausible mechanism for this system since no biphenyl product was detected, suggesting that oxygen-centered radicals are likely not involved. Additionally, the oxidation of benzene derivatives was also performed with this iminopyridine iron system. Oxidation of phenol afforded para-benzoquinone in a 13% yield exclusively. Oxidation of toluene afforded the corresponding cresol products (mixture of ortho-, meta- and para-isomers) a total yield of 20%, as well as overoxidized methyl-p-benzoquinone in a 3% yield, and the alkyl chain oxidation product benzaldehyde in a 2% yield. Oxidation of ethylbenzene provided products derived from hydroxylation at the aromatic ring as well as from alkyl side chain oxidation, albeit in smaller amounts. However, when cumene was considered, which bears a more encumbered isopropyl substituent with a weak tertiary benzylic C–H bond, the yield for the alkyl side chain oxidation alcohol product increased (6% yield). Hydroxylation of tert-butylbenzene was also proven to be effective, generating phenols with a total yield of 28% and a tert-butyl-p-benzoquinone by-product with only a 3% yield. For all the alkylbenzenes tested, mixtures of ortho and para-phenols were obtained, whereas meta-phenols formed in small amounts, suggesting that an electrophilic aromatic substitution-type mechanism is operative for this catalytic system. Oxidation of halobenzenes was also effective, exclusively generating ortho- and para-phenols, together with quinone by-products. The electron-rich substrate anisole was oxidized in 21% total yield, providing a mixture of ortho-phenol, para-phenol, and benzoquinone. This product profile agrees with the fact that electron-donating groups favor oxidation by electrophilic oxidants. On the contrary, electron-withdrawing substituents suppress the reactivity of the catalyst toward the aromatic ring.



Iron complex 22 has also been found to be effective for the oxidation of several aliphatic C–H bonds [217], as well as alcohol oxidation to ketones [218]. Noteworthy is that benzylic alcohols are oxidized in low yields due to competitive arene hydroxylation, showing that the 22/H2O2 catalytic system has a preference for oxidizing aromatic over aliphatic sites. Moreover, the oxidation of monocyclic and polycyclic aromatic systems showed clear chemoselectivity for aromatic over aliphatic side chain oxidation. However, for more activated polycyclic substrates with lower BDEs of the benzylic C–H bond, the chemoselectivity decreased [219].



A mechanism for H2O2 activation and substrate oxidation by complex 22 has been proposed to include the decoordination of one of the pyridine donor arms [214,220]. Initially, the starting Fe(II) complex is oxidized to an Fe(III) intermediate, after which detachment of one of the pyridine arms of the ligand allows the complex to react with H2O2 to generate an Fe(III) hydroperoxo species (Figure 19). Further generation of the active species is still a matter of debate, but the generation of a high-valent Fe(V) oxo species is proposed to be unlikely since imine-based ligands usually favor low oxidation states of the metal center [220].



Complex 22 was also shown to be capable of oxidizing an aromatic amino acid derivative with H2O2. Particularly, the oxidation of protected phenylalanine (N-AcPheOMe) yields the corresponding tyrosine (N-AcTyrOMe) as the main product (13% yield), together with the two isomeric phenolic derivatives in 14% total yield (Figure 18) [215]. Interestingly, no products deriving from benzylic hydroxylation were observed. An important point to highlight is that 22 does not seem to suffer from irreversible phenolate binding to the iron center, which generally avoids catalytic turnover by catalyst inhibition, as found in several examples presented in this review.



More recently, Di Stefano and co-workers designed a modified version of iminopyridine iron(II) complex 22 by decorating the ligand with crown-ether moieties. Complex 23 catalyzes the oxidation of aromatic compounds endowed with an alkylammonium anchoring group with H2O2 with moderate activity (up to 31% total yield) and selectivity for hydroxylation of the meta over the ortho site (up to 1.5 for meta/ortho ratio; Figure 18) [216]. The selectivity observed was proposed to be guided by the steric bulk provided by the crown-ether moieties of the ligand, with a minor contribution from substrate recognition.



In 2018, Talsi and co-workers described iron complex 24 based on a bpbp type ligand as a catalyst for the hydroxylation of aromatics with H2O2 or peracetic acid as oxidants and carboxylic acid as a co-ligand (Figure 20) [221]. Particularly, iron complex 24 is based on a diferric core, which was previously found to be effective in other oxidative processes, such as alkane hydroxylations and alkene epoxidation reactions [222,223,224].



Complex 24 was also found to be effective in the oxidation of different aromatic substrates, such as benzene and mono- and dialkylbenzenes (Figure 21). With 0.62 mol% of catalyst loading, 4 equiv. aqueous H2O2, and 10 equiv. acetic acid, a total TON of 12.6 in benzene oxidation was achieved, forming hydroquinone (TON = 11.4) as the major, overoxidized product, next to phenol as a minor product (TON = 1.2). For the oxidation of toluene, cresols were obtained in only 1.9 turnovers as a mixture of ortho- and para-phenols, whereas the major products were the corresponding methylhydroquinone (TON = 8.2) and 4-(hydroxymethyl)phenol (TON = 4.9). Products derived exclusively from the oxidation of the alkyl side chain were also obtained. Oxidation of other alkylbenzene derivatives provided similar results, with the corresponding hydroquinones as the major product (Figure 21). Overall, overoxidized products and poor selectivities for the oxidation of the aromatic ring were obtained, resulting in mixtures of products in which oxidation has taken place on aromatic as well as aliphatic positions [221]. Regarding the active oxidant responsible for the arene hydroxylation reaction, the mechanism was proposed to proceed through the Fe(V)-oxo species 24a, which is formed as a monomeric species upon the reaction of differic complex 24 with H2O2 and the carboxylic acid additive at low temperatures [222,223,225]. This assignment was based on characteristic EPR parameters that were similar to those for previously reported non-heme Fe(V)-oxo species [226,227].



Subsequently, Bryliakov and co-workers explored a series of related iron complexes 24–33 based on (substituted) bpbp ligands and containing different counter anions for the oxidation of alkylbenzenes [228]. Among the different counter anions tested, it was found that complex 24, containing triflate ions, performed the best, with the highest efficiency and selectivity for the oxidation of o-xylene. Complex 25, with perchlorate counter anions, showed a slightly lower catalytic activity, whereas complexes 26–28, with other counter anions, performed less efficiently for arene oxidation. Importantly, all these iron complexes are active in aromatic oxidation but show low selectivities, as shown by the formation of considerable amounts of mixed aromatic/aliphatic double oxygenation products.



Among the series of iron complexes tested in this study, it was found that the mononuclear, non-substituted bpbp complex 33 (1.24 mol%) performed best for the oxidation of several aromatic substrates with H2O2 (4 equiv.), employing acetic acid (10 equiv.) as an additive (Figure 22) [228]. Complex 33 is capable of oxidizing benzene, providing hydroquinone as the major product (TON = 9.6), together with small amounts of phenol (TON = 2.2). For toluene oxidation, hydroquinone was again generated as the main product (TON = 11.1), together with small amounts of cresol products (TON = 2.9). Products in which oxidation has taken place at the benzylic position were also observed in considerable amounts. Oxidation of other alkylbenzene substrates, including mono and dialkylbenzenes, was also performed. Of interest is the oxidation of p-xylene, in which a high conversion (TON = 51.5) and yield for the hydroquinone product (TON = 30.3) were observed. Overall, hydroquinone products were obtained as the main product, with small amounts of phenol products and benzylic oxidation products, in a similar way as observed for complex 24 (compare Figure 21 and Figure 22).



The authors also tested other mononuclear iron complexes based on the parent bpbp ligand and comprising differently substituted pyridine rings, but these were found to perform less efficiently compared to parent complex 33. For instance, the use of mononuclear complexes 30 and 31, containing an amino group at the pyridine ring instead of a methoxy group, did not improve the reactivity in the oxidation of o-xylene with respect to that of complexes 24 or 33. A similar reactivity was also found when the diferric trifluoroethoxy iron complex 29 was employed, whereas complex 32, bearing dimethylamino substituents, was less efficient. Finally, complex 8, which contains the parent tripodal tpa ligand, was also tested in this same study, also showing poor catalytic activity.



An exploration of different carboxylic acid additives in the aromatic oxidation of m-xylene catalyzed by complex 33 revealed that 2-ethylhexanoic acid provided the best results among a series of different linear and branched carboxylic acids tested [229]. Using optimized conditions, i.e., complex 33 (1.24 mol%), with 2-ethylhexanoic acid additive (10 equiv.) and H2O2 (4 equiv.), the oxidation of a series of aromatic substrates was performed (Figure 23). Benzene was oxidized to hydroquinone (TON = 10.9), with small amounts of phenol product being formed (TON = 0.2). For the oxidation of toluene, the corresponding hydroquinone was formed in 15.9 turnovers, with small amounts of phenol products and products derived from oxidation at the aliphatic side chain. Catalytic oxidation of a series of mono and dialkylbenzene substrates gave similar results to those obtained when acetic acid was employed. However, yields for the oxidized products were slightly higher when 2-ethylhexanoic acid was used (compare Figure 22 and Figure 23). Interestingly, m-xylene was oxidized with a conversion of 98.3 turnovers under these conditions, providing the corresponding hydroquinone in up to 47.9 turnovers.



In an independent study, Que and co-workers tested the reactivity of iron complex 34 ([Fe(β-bpmcn)(CH3CN)2]2+) in the oxidation of benzene (Figure 20), which was found to perform several catalytic turnovers to generate phenol in the presence of Sc(OTf)3 or HClO4 additives [230]. Generally, it has been established that iron complex 34 is a sluggish oxidation catalyst with H2O2 as the oxidant [166]. Nevertheless, it was found that by adding a strong Lewis acid such as Sc(OTf)3 or a Brønsted acid such as HClO4, a highly electrophilic oxidant is formed that is able to carry out four catalytic turnovers in the hydroxylation of benzene to phenol at −40 °C. The authors have proposed that an interaction between Sc3+ and the iron-oxo oxidant or its iron-hydroperoxo precursor occurs, in a similar way as has been proposed in other studies for related iron complexes [231,232,233,234,235]. In another study, Que and co-workers showed that activation of the non-heme iron-hydroperoxo species generated with the 34/H2O2 system can also be accomplished using FeIII(OTf)3 as a Lewis acid, leading to the formation of the iron(V)-oxo oxidant [236]. This system was found to be slightly more active in the hydroxylation of benzene to phenol, affording up to 5.4 turnovers. This finding is of interest since it provided insight into the role of a second iron center, which can be related to the activity of diiron active sites found in metalloenzymes, such as in sMMOs.



Finally, in 2021, Han and co-workers reported on an iron complex supported by the L-cystine-derived BCPOM ligand and its activity in the arene hydroxylation reaction with H2O2 as an oxidant (Figure 24) [237]. The selectivity of this system is excellent, with good yields and compatibility with a broad range of substrates. For instance, for the oxidation of protected anilines, oxidation takes place at the para-position with respect to the amide substituent, with up to 68% isolated product yield. Oxidation of arenes containing methyl, dimethyl, or isopropyl substituents was also tested and afforded the phenol products in up to 70% isolated yield. The BCPOM-based system is also active in the oxidation of strongly electron-deficient arene substrates, including aryl ketones and aldehydes. Of note, the system makes use of 10 mol% of FeCl2 as the metal salt precursor and 20 mol% of ligand.






3. Copper in Biological and Synthetic Systems


3.1. Copper-Containing Metalloenzymes


Copper-containing enzymes also play an important role in biological oxidation chemistry and, accordingly, are a big source of inspiration in the area of homogeneous oxidation catalysis [22,25,27]. Copper enzymes can be classified by the number of copper centers in their active site: either one copper center (mononuclear) [238] or two or more copper centers (di- or polynuclear) [27,239]. Examples that stand out among this class of copper-containing metalloenzymes are galactose oxidase (i.e., radical copper oxidases that use copper(II)-tyrosyl radical intermediates), amine oxidase, dopamine   β  -monooxygenase and peptidylglycine   α  -hydroxylating monooxygenase (i.e., enzymes that involve monocopper-oxygen species as intermediates during catalysis), and tyrosinase and catechol oxidases (i.e., enzymes that contain dicopper(I) active sites).



Tyrosinase and Catechol Oxidases


In this section, we briefly discuss copper-containing metalloenzymes capable of performing the oxidation of aromatic substrates. Tyrosinase and catechol oxidases are well-known copper-containing metalloenzymes that catalyze the two-electron oxidation of catechols to o-quinones [240]. The difference is that tyrosinase oxidases can also perform the o-hydroxylation of phenols to catechols, along with the further oxidation to o-quinones [241,242]. This reactivity is important in melanin biosynthesis.



The active site of tyrosinase comprises a dinuclear copper(I) center in which each metal center is coordinated to three histidine residues (catechol oxidases and haemocyanin share a similar active site) [243]. Reaction with O2 forms a (peroxo)dicopper(II) species in which oxygen is bound in a side-on bridging (µ-   η 2   :   η 2   ) binding mode [244]. The overall catalytic cycle for phenol oxidation by tyrosinase (phenolase cycle) to generate a quinone product is depicted in Figure 25 [14,106,239,241,242]. The deoxy species can bind O2 to form the oxy intermediate, as stated above. Then, the phenol substrate (in its phenolate form) coordinates to the oxy intermediate at only one of the copper centers and ortho-hydroxylation occurs to generate an o-catecholate dianion that binds in single-bridging mode to both copper centers and in a bidentate fashion to only one of the copper centers. Subsequently, two-electron oxidation yields the final o-quinone, thereby restoring the deoxy species. An additional catalytic cycle involves the oxidation of external catechol substrates to form o-quinones (diphenolase activity; not shown).





3.2. Synthetic Copper Systems


Inspired by copper-containing metalloenzymes, chemists have tried to copy their interesting activity and selectivity by mimicking their active sites. Accordingly, various studies have reported on the synthesis of bioinspired model complexes for these copper-containing metalloenzymes. In general, the ligands used in these models contain nitrogen atom donors to reproduce the histidine environment around the catalytic active site of the metalloenzyme. Within this context, these studies have mainly employed pyridines, secondary and tertiary amines, and benzimidazole donor groups.



Within this field, Karlin and co-workers have published numerous examples of copper complexes capable of performing oxidation processes related to the reactions catalyzed by tyrosinase oxidase [246,247,248,249,250,251,252,253,254]. Generally, the ligands used in their studies contain a meta-xylyl linker, which allows for the proper orientation of the two copper centers to react with external reagents cooperatively. Earlier examples are based on dinuclear copper(I) complexes of the general structure presented in Figure 26 for complex 35, bearing two aminopyridine moieties bridged by a m-xylyl linker, which react with O2 to form an intermediate species 36 that contains a side-on (µ-   η 2   :   η 2   ) coordinated peroxo ligand. Intermediate 36 is responsible for the intramolecular hydroxylation of the aromatic ring in the m-xylyl linker of the ligand to afford compound 37 [246,247,248,252].



Other dicopper model complexes have also been found to react with dioxygen, to subsequently display arene hydroxylation reactivity (Figure 27). For instance, a dicopper complex supported by triazacyclononan-based ligands bridged by m-xylyl groups reacts with dioxygen at −80 °C to form species 38 with a (µ-   η 2   :   η 2   ) peroxo moiety that could be spectroscopically traced using UV–Vis and resonance Raman. Such species are subsequently able to hydroxylate the bridging arene group of the ligand [255]. A dicopper complex supported by the 1,3-bis{[3-(N,N-dimethyl)propyl]iminomethyl}benzene ligand also reacts with dioxygen to afford a Cu2O2 species that performs arene hydroxylation of the ligand to afford compound 39, which was isolated and characterized by X-ray crystallography [256]. Similarly, a dicopper complex ligated to a dinucleating hexaaza macrocycle is capable of performing intramolecular arene hydroxylation of the ligand to yield compound 40 [257]. Casella and co-workers reported a synthetic dicopper complex derived from the ligand L-66 (L-66 =   α  ,  α  ’-bis{bis[2-(1′-methyl-2′-benzimidazolyl)ethyl]amino}-m-xylene), which for the first time performed the intermolecular hydroxylation of phenols, therefore displaying similar reactivity as found for tyrosinase oxidase [258]. The reaction of the dicopper(I) complex with dioxygen was shown by low-temperature UV–Vis and resonance Raman to generate intermediate 41 with a highly reminiscent structure to that of prototypical intermediate 36. Species 41 can hydroxylate external phenol substrates, such as the o-hydroxylation of 4-carbomethoxyphenolate to the catecholate product (about 40% yield concerning intermediate 41) and the oxidation of 3,5-di-tert-butyl-catechol to the corresponding quinone (the formation of the product was demonstrated by low temperature UV–Vis) [258]. Later, related benzimidazole-based copper-oxygen intermediates, such as 42, were also found to react with external phenols to form quinones at different temperatures [259].



Mononuclear copper complexes have also been used to generate Cu2O2 intermediates that can mimic the activity of tyrosinase [260,261]. For instance, Itoh and co-workers reported the synthesis of a side-on (µ-   η 2   :   η 2   ) peroxo complex 43, supported by the N,N-bis[2-(2-pyridyl)-ethyl]-  α  ,  α  -dideuteriobenzylamine ligand. This complex can perform the intermolecular hydroxylation of lithium salts of phenols (p-X-C6H4-OLi; X = Cl, Me and CO2Me) to generate the corresponding catechols with up to 90% isolated yield in a stoichiometric reaction [260]. Another mononuclear copper complex supported by N,N-bis(2-(N-methylbenzimidazol-2-yl)ethyl)benzylamine has also been found to react with dioxygen to generate a binuclear (µ-   η 2   :   η 2   ) peroxo complex 44 that can perform the o-hydroxylation of externally added phenols [261]. Next, (µ-   η 2   :   η 2   ) peroxo dicopper complexes supported by bidentate ligands have also been reported. For instance, complex 45 (supported by a bidentate secondary diamine ligand) was synthesized from the reaction of its corresponding mononuclear copper(I) complex with dioxygen, and its reactivity with phenolates to yield catechols and quinone products was described [267,268]. The mechanism through which complex 45 reacts with phenolate substrates in the presence of dioxygen has been shown to involve the formation of a bis(µ-oxo)dicopper(III) intermediate before the aromatic hydroxylation step (see Figure 28b) [269]. (µ-   η 2   :   η 2   ) Peroxo dicopper(II) complexes 46 and 47 supported by monodentate imidazole ligands have also been reported, and their reactivity has been explored towards the hydroxylation of exogenous phenolic substrates to afford catechols in good stoichiometric yields at −125 °C, representing more recent examples of bioinspired copper complexes based on the active site of the tyrosinase enzyme [262]. Along the same line, mononuclear copper complexes supported by imine-based ligands containing pyrazole groups have been reported, and their reaction with dioxygen has been proposed to generate a side-on (µ-   η 2   :   η 2   ) bound dicopper species that can react with 2,4-di-tert-butyl-phenolate (DTBP-H) to generate 3,5-di-tert-butyl-o-quinone (DTBQ) [270]. Suzuki and co-workers have reported on the side-on (µ-   η 2   :   η 2   )-peroxo dicopper(II) complex 48 supported by H-L-H-type ligands (H-L-H = 1,3-bis-[bis(6-methyl-2-pyridylmethyl)aminomethyl]benzene). This species is very similar to species 36 previously reported by Karlin and co-workers and not only performs the aromatic ligand hydroxylation of the m-xylyl linker but also the intermolecular epoxidation of styrene and the hydroxylation of THF [266].



Unsymmetrical dinucleating ligands have also been employed in the field of synthetic copper-oxygen chemistry. For instance, Itoh and co-workers reported on a dicopper complex supported by an asymmetric pentapyridine dinucleating ligand [264]. Upon reaction with dioxygen, they postulated that dicopper(II) species 49 with an unprecedented (µ-  η  1:   η 2   ) binding mode is formed by comparison of its UV–Vis spectra and resonance Raman features with those of well-characterized (µ-   η 1   :   η 1   )-peroxo dicopper(II) and (µ-   η 2   :   η 2   )-peroxo dicopper(II) complexes. Later, Costas and co-workers reported on a non-symmetrical dicopper(I) complex supported by a non-symmetric dinucleating ligand, which upon reaction with dioxygen generates (µ-   η 1   :   η 1   ) peroxo dicopper(II) complex 50 [265]. The reactivity of this species was studied using experimental and computational methods, and it was found to perform the ortho hydroxylation of externally added sodium p-chlorophenolate to form p-chlorocatechol in 39% yield with respect to 50.



Generally, a side-on (µ-   η 2   :   η 2   ) coordination mode of the O2-ligand in these kinds of Cu:O2 complexes has been proposed to be responsible for the hydroxylation reaction. However, an equilibrium has been demonstrated to exist between the side-on (µ-   η 2   :   η 2   ) peroxo dicopper species and a bis(  μ  -oxo)dicopper(III) species, in which the latter can be formed upon cleavage of the O–O bond [271,272,273,274]. Accordingly, the capability of bis(  μ  -oxo)dicopper(III) species to perform aromatic hydroxylation reactions was scrutinized, and indeed, in some cases, this reactivity has been demonstrated [242,257,263,269,271,272,275,276]. For example, Tolman and co-workers made use of a mononuclear copper(I) complex containing a bidentate pyridine/amine ligand with a pendant phenyl group, which, upon reaction with dioxygen, formed bis(  μ  -oxo) dicopper(III) species 51 that can perform the intramolecular aromatic hydroxylation of a phenyl group (Figure 28a) [276]. Stack and co-workers have studied the reactivity of (µ-   η 2   :   η 2   )-peroxo dicopper(II) complex 45 towards phenols, and they could demonstrate that upon addition of the substrate at −120 °C a bis(  μ  -oxo)dicopper(III)-phenolate complex 52 formed prior to the hydroxylation step (Figure 28b) [269]. This intermediate was characterized by UV–Vis, resonance Raman, and Cu K-edge X-ray absorption spectroscopy. Later, Costas and co-workers reported a dicopper(I) complex containing a tertiary N-methylated hexaaza ligand with a bridging m-xylyl linker, which generates the bis(  μ  -oxo)dicopper(III) species 53 upon reaction with dioxygen at −90 °C (Figure 28c). Intermediate 53 can bind and hydroxylate phenolates, and indeed, the authors were able to trap and spectroscopically characterize the species that results from the reaction of sodium p-chlorophenolate with species 53 and that precedes phenolate hydroxylation. The 4-chlorocatechol product was formed in a 67% yield with respect to the initial dicopper(I) complex [263]. Stack and co-workers reported another bis(  μ  -oxo)dicopper(III) species (54) supported by a permethylated-amine-guanidine ligand based on the 1,3-propanediamine backbone that can perform the ortho-hydroxylation of phenolates to afford catechol products (Figure 28d) [277].
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Figure 28. (a) Synthesis of a copper(I) complex that performs the hydroxylation of an arene of the ligand upon reaction with dioxygen through the bis(μ-oxo)dicopper(III) intermediate 51 [276]. (b) Mechanism of phenolate oxidation by a mononuclear copper(I) complex, involving the formation of intermediates 45 and 52 [269]. (c) Mechanism of phenolate oxidation by a dinuclear copper(I) complex, involving a bis(μ-oxo)dicopper(III) intermediate 53 [263]. (d) The reaction of bis(μ-oxo)dicopper(III) complex 54 with phenolates to afford catechol products [277]. 
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Mononuclear oxygenated copper complexes, such as end-on bound superoxo copper(II) species or copper(II)-alkylperoxide complexes, have also been shown to perform aromatic oxidation reactivity (Figure 29a,b) [278]. For instance, copper(II) complexes 55 supported by tridentate bis[(pyridin-2-yl)methyl]benzylamine ligands containing m-substituted phenyl substituents at the 6th position of each pyridine group were reported to react with H2O2 in acetone to form 2-hydroxy-2-hydroperoxypropane species 56. The latter intermediate undergoes an aromatic ligand hydroxylation reaction to afford copper(II)-phenolate complex 57 (Figure 29a) [279]. This reaction pathway has been studied using spectroscopic and kinetic analysis, and an electrophilic aromatic substitution mechanism has been proposed [280]. A carbonyl copper complex, supported by an electron-rich tripodal tetradentate aminopyridine ligand based on the tpa scaffold, was reported to react with dioxygen to generate end-on bound superoxo copper(II) compound 58. The reactivity of the latter complex was tested for the oxidation of phenol substrates, leading to the decomposition of complex 58 to generate a phenoxyl radical in 40% yield, together with the generation of 1,4-benzoquinone (24% yield) and arylhydroperoxide (Figure 29c) [250]. Thus, the reactivity of complex 58 was not exclusively toward aromatic oxidation. Another study reported on the reactivity of a similar end-on superoxo copper(II) complex (59), supported by the TMG3tren ligand (TMG3tren = tris(2-(N-tetramethylguanidyl)ethyl)amine), towards external phenol substrates (Figure 29d) [251]. Complex 59 could be characterized using X-ray crystallography, providing structural evidence for the existence of an end-on superoxo copper(II) species [281]. Reaction with phenol substrates showed products in which aromatic oxidation had occurred, in a similar way as the reactivity previously found for complex 58. Upon reaction of complex 59 with 4-MeO-2,6-tBu2-phenol, 1,4-benzoquinone was formed in a 22% yield, together with the stabilized phenoxyl radical (37% yield) and the arylhydroperoxide product. Interestingly, for the generation of the 1,4-benzoquinone product, the displacement of a methoxy group has taken place. Reaction with 2,6-tBu2-phenol and 2,4,6-tBu3-phenol leads to the formation of the benzoquinone product in 33% and 35% yield, respectively. Finally, reaction with 3,5-tBu2-catechol leads to the corresponding benzoquinone product in a 20% yield (Figure 29d). From all reactions of complex 59 with phenols, a hydroxylated copper(II) alkoxide complex in which a methyl group on the ligand has been hydroxylated was detected [251]. Later on, a new end-on bound superoxo copper(II) complex (60) supported by another electron-rich aminopyridine ligand containing dimethylmethoxy substituents on each pyridine ring was reported, and its reactivity towards para-substituted 2,6-di-tert-butyl-phenols was shown to afford 2,6-di-tert-butyl-1,4-benxoquinone in up to 50% yield [253]. Much more recently, copper(II)-superoxo species 61, in which the metal center is coordinated to two pyridyl groups, one tertiary amine, and one thioether donor, was also described to perform the oxidation of 2,6-di-tert-butyl-4-methoxyphenol to 2,6-di-tert-butyl-1,4-benzoquinone [254].



All the examples reported until that point were based on stoichiometric reactions. However, in recent years, examples of catalytic copper systems have been developed, and their catalytic activity has been demonstrated toward the oxidation of aromatic substrates [282,283,284,285,286]. Generally, chemists have tried to develop systems that generate metal-based oxidants to perform aromatic hydroxylation reactions, whereas systems that generate hydroxyl radicals through Fenton-type processes were aimed to be avoided because of their non-selective oxidation chemistry (see above). However, some examples have shown that hydroperoxyl radicals generated through Fenton-type processes can perform the aromatic oxidation of benzene to phenol with high activities and selectivities. For instance, Karlin, Fukuzumi, and co-workers reported on a system based on a mononuclear copper complex supported by the tpa ligand, which reacts with H2O2 to generate hydroperoxyl radicals and performs the oxidation of benzene to phenol [287]. Particularly, they demonstrated that by incorporating the copper complex into mesoporous silica-alumina (Al-MCM-41), they could enhance the activity of the system, reaching up to 4320 turnovers for phenol formation [288].



A study reported by Pérez and co-workers showed that catalytic amounts of copper complexes supported by trispyrazolylborate type ligands can perform the direct oxidation of aromatic C–H bonds with H2O2 under acid-free conditions (Figure 30, complex 62 for general structure) [282]. Particularly, they tested the system for the oxidation of benzene to phenol (and 1,4-benzoquinone as an overoxidized product), showing conversions within the range of 14–30% and selectivities towards phenol of 67–85%. In addition, the oxidation of anthracene to 9,10-anthraquinone (98% isolated yield) and 2-ethylanthracene to 2-ethyl-9,10-anthraquinone (98% isolated yield) occurred successfully. In a follow-up study, the same authors reported on a mechanistic investigation, combining experimental and DFT studies, in which they demonstrated that these copper systems perform aromatic hydroxylation through a copper-oxyl species [283]. Moreover, they proposed that hydroxylation occurs through two competing pathways either via an electrophilic aromatic substitution pathway in which the copper-oxyl species acts as the electrophile, or via a rebound mechanism in which the hydrogen on the substrate is abstracted by the copper-oxyl species before C–O bond formation [283].



Liu and co-workers reported a catalyst based on dicopper(II) complex 63, supported by two 2-((((1-methyl-1H-imidazol-2-yl)methyl)(pyridin-2-ylmethyl)amino)methyl)phenol ligands (Figure 30), that can perform the direct hydroxylation of benzene to phenol using H2O2 as an oxidant, with up to 11.9% phenol yield and 79.3 turnovers [284]. Later on, Kodera and co-workers developed the dicopper(II) complex 64 based on the bis(tpa) ligand (6-hpa). This complex was reported to catalyze the selective hydroxylation of benzene to phenol using H2O2, reaching a turnover number higher than 12,000 after 40 h for phenol formation in CH3CN at 50 °C and with a turnover frequency [mol phenol·(mol catalyst)−1·h−1] of 1010 [285]. Noteworthy, these are the highest values reported until now for benzene hydroxylation with H2O2 catalyzed by a homogeneous catalyst.



Concerning the mechanism for H2O2 activation and benzene hydroxylation, the authors proposed that upon the addition of 1 equiv. of H2O2 in the presence of Et3N at −40 °C, an end-on trans-peroxodicopper(II) (Cu2O2) complex is formed (Figure 31). Then, in the presence of excess amounts of H2O2, Cu2O2 decomposes to form the hydroperoxocopper(II) complex (CuO2H)2. This latter complex is proposed to release H2O reversibly with the assistance of H2O to give a copper-bound oxyl and peroxyl radical, which is stabilized by hydrogen-bonding interactions with H2O. Then, the copper-oxyl radical is proposed to react with benzene in the rate-limiting step through an electrophilic aromatic oxidation mechanism to form phenol [285].



Recently, Mayilmurugan and co-workers have described a set of copper(II) complexes based on tripodal tetradentate aminopyridine ligands and have reported that complex 65, containing an electron-rich pyridine, is the best for the aromatic hydroxylation of benzene with H2O2, affording phenol in 37% yield and with 98% selectivity [286]. The authors proposed that oxidation of benzene occurs, most likely, through the generation of a copper(II) hydroperoxo intermediate (Figure 32), and evidence for such species has been obtained using vibrational and electronic spectra, as well as ESI mass spectrometry.



Mayilmurugan, Ghosh, and co-workers also reported on catalyst 66, in which copper(I) is supported by bidentate nitrogen ligands (Figure 30), which can perform the direct hydroxylation of benzene to phenol in 29% yield with the benzoquinone by-product being generated in <1% yield [288]. The authors also reported on the effectiveness of using this catalyst for the oxidation of toluene, which afforded p-cresol and o-cresol in 37% yield and benzaldehyde in 21% yield, showing 42% selectivity for aromatic oxidation.





4. Nickel in Biological and Synthetic Systems


4.1. Nickel-Containing Metalloenzymes


Despite being less studied in the literature compared to iron and copper-containing metalloenzymes, several nickel enzymes are known to be involved in several different oxidation processes. Examples include glyoxalase I, quercetin 2,4-dioxygenase, acireductone dioxygenase, urease, superoxide dismutase, [NiFe]-hydrogenase, carbon monoxide dehydrogenase, acetyl-coenzyme A synthase/decarbonylase, methyl-coenzyme M reductase, and lactate racemase [289]. Among these nickel-based metalloenzymes, none of them is capable of performing arene hydroxylation, in contrast to what is known for iron- or copper-based Rieske oxygenases, pterin-dependent oxygenases, tyrosinase oxidases, and others. Despite this fact, several synthetic nickel-oxygen species have been identified and reported to be capable of performing aromatic and alkane oxidation as well as epoxidation reactions [290]. Because of that, chemists have also studied biological oxidation reactions proceeding in nickel-containing metalloenzymes, with a special interest in the (putative) reactive nickel–superoxo, nickel–peroxo, and nickel–oxo intermediates involved in these enzymatic oxidations. As an example, we briefly discuss nickel superoxide dismutases in this section in terms of their catalytic active site, their mechanism of action, and the nickel-oxygen intermediates involved.



Nickel Superoxide Dismutase


Superoxide dismutases (SOD) are a class of metalloenzymes that protect cells from the toxic products of aerobic metabolism. These nickel-containing metalloenzymes regulate the formation of superoxide by converting it into hydrogen peroxide and molecular oxygen (Figure 33) [31]. It was in 1996 that this class of NiSOD was found in Streptomyces and cyanobacteria [30].





4.2. Synthetic Aromatic Oxidation Systems Based on Nickel


An early study reported by Kimura and co-workers in 1984 described a nickel(II) compound supported by a macrocyclic polyamine that can activate dioxygen and oxidize aromatic substrates to generate hydroxylated products [291]. This study represents an early example of nickel-based systems that model biological monooxygenases in the selective hydroxylation of aromatic substrates.



More recently, Suzuki and co-workers reported on the development of bis(µ-oxo)dinickel(III) complexes supported by H-L-H-type ligands (H-L-H = 1,3-bis-[bis(6-methyl-2-pyridylmethyl)aminomethyl]benzene), in which different substituents were introduced onto the xylyl linker of the ligand [292]. This study was a follow-up on the exploration of copper complexes based on the same type of ligands performed by the same authors (Figure 27, complex 48 for general structure) [266]. Whereas the nickel complexes reacted with H2O2 to generate a bis(µ-oxo)dinickel(III) species, the copper counterparts reacted with dioxygen to form a (µ-   η 2   :   η 2   )-peroxo dicopper(II) complex. Both species have been demonstrated to undergo arene hydroxylation of the xylyl linker [266,292].



As a follow-up to the study on copper(II) complexes containing tridentate bis[(pyridin-2-yl)methyl]benzylamine ligands carrying m-substituted 6-phenyl rings on each pyridine group, in which intramolecular aromatic ligand hydroxylation occurred (see Figure 29a), Itoh and co-workers extended their investigation to the corresponding nickel complexes [293]. In this particular study, the authors synthesized and characterized a series of nickel(II) complexes supported by tridentate ligands that contain different substituents at the meta position of the phenyl substituents (OCH3, CH3, H, Cl, NO2) (Figure 34, complex 63 for general structure). These complexes were found to react with H2O2 in acetone give the bis(µ-oxo)dinickel(III) intermediate 64. This species decomposes to form the (µ-phenoxo)(µ-hydroxo)dinickel(II) species 65, in which one of the phenyl groups on the ligand has been hydroxylated. This aromatic hydroxylation reaction was proposed to proceed through an electrophilic aromatic substitution mechanism. Finally, mononuclear nickel(II) complex 66 is formed, containing the hydroxylated ligand together with a (µ-hydroxo)dinickel(II) species. Complex 66 was characterized by ESI-MS and X-ray crystallographic analysis (see Figure 34) [293]. Worthy of note is that the mechanism of action proposed for these nickel(II) complexes differs from the one proposed for the analogs copper(II) complexes. For the former complexes, a bis(µ-oxo)dinickel(III) species seems to be involved, whereas for the latter complexes, a 2-hydroxy-2-hydroperoxypropane adduct is generated (see Figure 29a and Figure 34 for comparison) [279,280,293].



Itoh and co-workers have also investigated nickel complexes derived from tpa ligands bearing one, two, or three aryl substituents [294]. Particularly, they found that nickel complexes with two (67) or three aryl substituents react with H2O2 to afford bis(µ-oxo)dinickel(III) species (such as complex 68) at low temperatures (Figure 35). This contradicted what was observed for the nickel complexes derived from tpa ligands bearing fewer aryl rings, which hardly react with the oxidant. Bis(µ-oxo)dinickel(III) species (such as complex 68) were detected using UV–Vis and resonance Raman, and their features were compared with other known bis(µ-oxo)dinickel(III) intermediates [295,296,297,298,299,300]. Interestingly, it was reported that the former complexes can undergo intramolecular aromatic hydroxylation of the aminopyridine ligand to afford mononuclear nickel species 69, in which one aryl ring on the ligand has been hydroxylated and binds to the metal center [294]. Remarkably, complex 67 was found to be capable of hydroxylating externally added benzene substrates at 60 °C, although phenol was only obtained in a 3% yield. The authors described that the extremely low yield can be attributed to the competition between intermolecular and intramolecular reactions.



In 2015, the same group reported an interesting study in which they described the catalytic ability of nickel(II) complexes as homogeneous catalysts for the direct hydroxylation of benzene to phenol employing H2O2 as an oxidant [301]. In these catalytic reactions, the substrate is mixed with H2O2 in the presence of a catalytic amount of the nickel complex (10 mol% catalyst loading) and triethylamine. The best catalyst in this study proved to be nickel complex 70, supported by the tepa ligand (tepa = tris[2-(pyridine-2-yl)ethyl]amine), which provided 21% phenol yield based on the amount of substrate and small amounts of overoxidized products. The same complex was also used for the oxidation of the alkylbenzene substrates toluene, ethylbenzene, and cumene. Interestingly, the selectivity for aromatic oxidation was up to 90% for these substrates. Nevertheless, reactions do not exceed two turnovers per nickel. In an independent experiment, the authors reported high turnover numbers using extremely low concentrations of the nickel complex and very long reaction times (TON = 749 after 216 h). Based on an experimental kinetic isotope effect, the authors excluded the involvement of hydroxyl radicals in these reactions and postulated a metal-based mechanism. In addition, it was proposed that the aromatic hydroxylation occurs via an electrophilic aromatic substitution mechanism and through the formation of a bis(µ-oxo)dinickel(III) intermediate (Figure 36) [301]. However, no experimental evidence was provided for the involvement of such an active oxidant. Recently, Itoh and co-workers reported on the synthesis and characterization of a bis(µ-oxo)dinickel(III) complex bearing a similar ligand that exhibited hydrogen abstraction and oxygenation reactivity towards external substrates but no aromatic oxidation reactivity [302]. In a study on a series of complexes related to complex 70, including complex 70 itself, Klein Gebbink and co-workers cast doubt on the molecular nature of the active catalyst [303].



Recently, Mayilmurugan and co-workers reported on related nickel(II) complexes supported by tetradentate aminopyridine ligands for the direct hydroxylation of benzene and toluene to the corresponding phenol products with H2O2 as an oxidant (Figure 37) [304]. Interestingly, oxidation did not occur when phenol was used as a substrate, thus preventing overoxidation to hydroquinone or benzoquinone products. By employing nickel(II), complex 71 bearing an electron-rich ligand (0.05 mol% catalyst loading), the authors reported up to 41% phenol yield and 820 turnovers. Aromatic hydroxylation was proposed to occur through the formation of a bis(µ-oxo)dinickel(III) intermediate, in a similar way as in the mechanism proposed by Itoh and co-workers (Figure 36) [304].





5. Manganese in Biological and Synthetic Systems


5.1. Manganese-Containing Metalloenzymes


Manganese, in a similar way to iron, is a non-toxic, inexpensive, and earth-abundant first-row transition metal. So far, no manganese-containing enzymes are known to perform aromatic oxidation in nature. Nevertheless, manganese plays an important role in the oxygen-evolving complex (OEC) in photosystem II (PS II). PS II is an enzyme present in the thylakoid membranes of oxygenic photosynthetic organisms. Particularly, it is in the oxygen-evolving complex (OEC) where the oxidation of water to dioxygen occurs [305,306]. Several X-ray crystal structure determinations have been successfully achieved for PS II, thus allowing for a better understanding of the structure geometry and components involved in the oxidation reaction [307]. The OEC consists of an oxo-bridged structure containing four Mn atoms and one Ca atom, linked via three di-µ-oxo and one mono-µ-oxo-bridged Mn–Mn interactions, and the Ca cofactor is linked by single-O bridging to two Mn centers [308].




5.2. Synthetic Manganese Systems


Due to the advantages of manganese (i.e., earth-abundant, non-toxic, and cheap), in the last few years, researchers have focused on the exploration of the reactivity of synthetic manganese-based complexes. This element has several available oxidation states (−3 to +7), consequently resulting in a great variety of reactivities for manganese-containing coordination complexes [309,310]. For instance, complexes in which the manganese center has a low oxidation state can perform chemistry similar to that of main-group elements, whereas high-oxidation manganese complexes can perform oxidation chemistry. Along this vein, manganese complexes have been widely studied in various catalytic oxidation reactions, such as asymmetric epoxidation reactions [311] and enantioselective aliphatic C–H oxidation [312,313], whereas only a few examples are known for aromatic oxidation reactions.



Nam and co-workers reported on manganese(II) complex 72 (Figure 38) bearing the Bn-TPEN ligand (Bn-TPEN = N-benzyl-N,N′N′-tris(2-pyridylmethyl)-1,2-diaminoethane), which upon reaction with iodosylbenzene forms a manganese(IV)-oxo complex that is active in the oxidation of naphthalene, among other types of oxidation reactions [314]. Nevertheless, no efficient catalytic turnover numbers were achieved.



In 2015, Fukuzumi and co-workers described the remarkably selective hydroxylation of benzene derivatives to phenols with H2O2 employing manganese-tpa complex 73 incorporated into mesoporous silica-alumina (Al-MCM-41) [315]. The selectivity obtained for phenol formation was excellent, and the authors showed the importance of the incorporation of the complex into the solid support, which prevents the formation of bis(µ-oxo)dimanganese(III,IV) species that are catalytically much less active.



More recently, Klein Gebbink et al. have reported on the oxidation of aromatic substrates to phenols using H2O2 as a benign oxidant in fluorinated alcohol solvents in combination with Mn-complexes derived from bpmcn-type aminopyridine ligands [316]. An initial screening of bpmcn-type ligands in the oxidation of propylbenzene showed a critical dependence of the product selectivity on the nature of the bpmcn ligand, i.e., the use of the electron-rich dMMbpmcn ligand in complex 75 resulted in preferential oxidation at the benzylic position, whereas the bulky tipsbpmcn ligand resulted in preferential aromatic oxidation (Figure 39). The likely role of the bulky silyl groups in the tipsbpmcn ligand in complex 76 was attributed to the prevention of binding of phenol products to the manganese center (product inhibition), resulting in higher catalytic turn-over numbers.



The catalytic reaction conditions for complex 76 were further optimized using the oxidation of tert-butylbenzene. The highest yield of 29% 4-tert-butylphenol at 65% substrate conversion was obtained using 1 mol% of complex 76, 1 equiv. oxidant (H2O2; slow addition), 0.5 equiv. dichloroacetic acid (DCA), and either hexafluoro-isopropanol (HFIP) or trifluoroethanol (TFE) as the solvent. Using these optimized conditions, a series of different (substituted) benzene substrates can be converted to the corresponding para-phenols with reasonable yields (Figure 40). Side products typically include the corresponding ortho-phenol and quinone, as well as traces of benzyl alcohol. The mass balance of these reactions ranges from 66–94%, which was attributed to the formation of overoxidized products that did not show up in the GC analysis. Mechanistic investigations pointed out that 76 operates via an electrophilic, metal-based oxidant with no significant involvement of hydroxyl radicals and that phenol formation proceeds via an arene oxide intermediate. Overall, complex 76 is among the most competent molecular catalysts for aromatic oxidation reactions, showing some of the highest product yields reported to date.





6. Concluding Remarks


This review has highlighted the inspiration that is drawn from the active site design of metallo-enzymes capable of catalyzing aromatic oxidation reactions to develop molecular catalysts that can form phenol products from benzene substrates. This field has undergone significant development over the past years. The initial endeavors resulted in synthetic metal complexes, such as those based on copper, which were capable of forming phenols in a (sub)stoichiometric fashion. However, more recent studies have led to the development of complexes based on, e.g., iron and manganese that can catalyze aromatic oxidation reactions with significant catalytic turnover numbers. To showcase the progress in the field, Figure 41 highlights the most proficient catalysts in terms of turnover numbers in the oxidation of benzene reported to date for each of the metals included in this review. Based on this development, it is to be expected that further activities in the field will yield molecular catalysts based on first-row transition metal ions that can catalyze aromatic oxidation reactions with high turn-over numbers and high selectivity for the phenol products, such that these may be part of the synthetic chemist’s toolbox.



These research endeavors face several challenges. One of the challenges is the over-mass balance of the reactions. In many cases, poor mass balances are encountered, i.e., significant substrate conversion may be achieved, yet the total amount of (identified) products is significantly less. These low mass balances may be the result of several site reactions occurring during catalysis. In particular, the occurrence of secondary, tertiary, or further oxidation reactions will result in the formation of more polar, over-oxidized products that may be harder to trace, characterize, and quantify. Yet, an in-depth analysis of all oxidation products formed in aromatic oxidation reactions will provide a detailed “map” of the chemical landscape that is built up during the reactions. This analysis will not only significantly improve our understanding of these reactions but will also aid in the development of more selective and efficient catalysts. A second challenge is also related to product selectivity and relates to substrates on which different sites for oxidation are present on the same aromatic target structure. As shown by many examples in this review, singly substituted benzene substrates most often yield a mixture of differently substituted phenol products (ortho, meta, and para). The formation of such products may be inherent to the chemical reaction being carried out, as in electrophilic aromatic substitution reaction, and might therefore be difficult to tackle. On the other hand, recent advances in such as site-selective aromatic C–H activation reactions have shown that inherent selectivity patterns may be overcome by intricate catalyst design. The design of such catalysts for the aromatic oxidation reactions described in this review has yet to be accomplished. A final challenge in the field is the productive conversion of complex substrates beyond a single turnover. Most of the examples described in this review deal with reactions on relatively simple aromatic substrates comprised of a single aromatic core with one or two substituents and no further functional groups, ring structures, chirality, etc. A true challenge in the field is to design first-row transition metal catalysts capable of dealing with complex substrates while converting them with decent turnover numbers. This is particularly important in order to produce real synthetic and catalytic tools. Overall, these challenges sketch out an interesting and motivating scenario for the further development of the types of catalysts described in this review and may also ask for more “disruptive” approaches to come to the next generation of catalysts that can tackle these challenges.
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Figure 1. Direct hydroxylation of aromatic substrates to the corresponding phenol products and overoxidation to catechols, hydroquinones, or benzoquinones products. 
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Figure 2. (a) Generation of free diffusing oxygen-centered radicals via the initial Fenton reaction. (b) Hydroxylation of benzene by addition of hydroxyl radicals to generate phenol and biphenyl. 
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Figure 3. Schematic diagram of the typical heme prosthetic group (iron protoporphyrin IX) found in the active site of heme enzymes (left) [69,70] and of the 2-His-1-carboxylate facial triad active site found in the mononuclear non-heme enzyme naphthalene dioxygenase (NDO; right) [26,34,71,72]. 
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Figure 4. (a) Established catalytic cycle for arene oxidation is catalyzed by cytochrome P450 [73,94,106,107,108]. (b) Oxidation of deuterated aromatic compounds catalyzed by cytochrome P450, illustrating the “NIH shift” process [106,109]. 
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Figure 5. (a) Proposed catalytic cycle for the oxidation of naphthalene catalyzed by Rieske dioxygenases, involving the generation of an Fe(V)(O)(OH) species. (b) Active site of naphthalene 1,2-dioxygenase (NDO), showing the Rieske [2Fe:2S] cluster (reductase component) and the catalytic iron center (oxygenase component) [113]. 
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Figure 6. Left: Hydroxylation reactions catalyzed by some of the most representative bacterial multicomponent monooxygenases [14,121]. Right: catalytic mechanism of sMMO for dioxygen activation and substrate oxidation, involving the MMOHox, MMOHred, intermediate P*, MMOHperoxo, and intermediate Q species [14,121,133]. 
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Figure 7. Schematic representation of the mechanism of PH for dioxygen activation and phenol hydroxylation. A similar mechanism is postulated for toluene hydroxylation; however, substrate orientation is controlled by residues of the active site rather than by coordination with the diiron core [140]. 
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Figure 8. Left: arene hydroxylation reactions catalyzed by pterin-dependent amino acid hydroxylases. Right: reaction of the tetrahydropterin cofactor with dioxygen in the presence of aryl amino acid hydroxylases. 
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Figure 9. Proposed catalytic mechanism for phenylalanine hydroxylases (PheOH) [23,34]. 
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Figure 10. Different topologies for complexes with linear tetradentate aminopyridine ligands. L is an open coordination site. 
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Figure 11. Water-assisted mechanism is proposed for the generation of an Fe(V)(O)(OH) species in hydroxylation reactions catalyzed by non-heme iron complexes supported by strong-field tetradentate aminopyridine ligands with two cis open sites. 
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Figure 12. Carboxylic acid-assisted mechanism is proposed for the generation of an Fe(V)(O)(OCOR) species in the hydroxylation reaction catalyzed by non-heme iron complexes supported by strong-field tetradentate aminopyridine ligands with two cis open sites. 
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Figure 13. Early examples of iron complexes capable of intramolecular aromatic hydroxylation of the organic ligand. (a) Hydroxylation of trispyrazolylborate-based ferric bis-phenoxo complexes using mCPBA. (b) Intramolecular hydroxylation of a diiron complex to form a monomeric iron species. (c) Intramolecular hydroxylation of a series of iron complexes to yield the corresponding hydroxylated ligand. 
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Figure 14. Iron(II) complexes are capable of performing arene hydroxylation reactions with different oxidants, generating phenolate or salicylate species. (a) Intramolecular hydroxylation of a monomeric iron complex supported by a modified tpa ligand. (b) Oxidation of perbenzoic acid with an iron-tpa complex complex. (c) Oxidation of benzoic acids with an iron-bpmen complex. (d) Oxidation of aromatic substrates without directing groups with an iron-bpmen complex. 
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Figure 15. (a) Aminopyridine ligands were studied in iron-mediated arene hydroxylation reactions under substrate-excess conditions in the presence of a reductant [200,201,202]. (b) Three-component system for the hydroxylation of aromatics using a biphasic reaction medium under substrate-excess conditions [203,204,205]. (c) Example of a diiron complex that mimics the reactivity of toluene monooxygenases [206]. 
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Figure 16. Reaction products of the catalytic oxidation of benzene and benzene derivatives catalyzed by NHC-based iron complex 11, with H2O2 as the oxidant [207,211]. C: substrate conversion. Y: product yield. 
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Figure 17. (a) Iron complexes supported by acetylacetonate and Schiff base ligands were tested for the direct aromatic hydroxylation of benzene to phenol with H2O2 [42]. (b) Iron(III) complexes were tested for the hydroxylation of toluene with H2O2 as an oxidant [212]. 
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Figure 18. Reaction products of the catalytic oxidation of benzene, benzene derivatives, and aromatic amino acids catalyzed by iminopyridine iron(II) complexes 22 and 23 with H2O2 as an oxidant [214,215,216]. C: substrate conversion. Y: product yield. 
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Figure 19. Proposed mechanism for H2O2 activation with iminopyridine iron(II) complex 22 [220]. 
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Figure 20. Structures of iron complexes supported by tetradentate aminopyridine ligands that catalyze aromatic oxidation using H2O2. 
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Figure 21. Reaction products of the catalytic oxidation of benzene and benzene derivatives catalyzed by diferric complex 24 as catalyst with H2O2 as an oxidant and AcOH as a carboxylic acid additive. Reaction conditions: complex 24 (0.62 mol% cat./1.24 µmol Fe), substrate (100 µmol), H2O2 (400 µmol), and AcOH (1000 µmol) in CH3CN at 0 °C for 1.5 h. See the corresponding reference for further details on the oxidation of other alkylbenzene substrates [221]. 
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Figure 22. Reaction products of the catalytic oxidation of benzene and benzene derivatives catalyzed by complex 33 as catalyst with H2O2 as an oxidant and AcOH as a carboxylic acid additive. Reaction conditions: complex 33 (1.24 µmol Fe), substrate (100 µmol), H2O2 (400 µmol), and AcOH (1000 µmol) in CH3CN at 0 °C for 1.5 h. See the corresponding reference for further details on the oxidation of other alkylbenzene substrates [228]. 
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Figure 23. Reaction products of the catalytic oxidation of benzene and benzene derivatives catalyzed by complex 33 with H2O2 as an oxidant and 2-eha as a carboxylic acid additive. Reaction conditions: complex 33 (1.24 µmol Fe), substrate (100 µmol), H2O2 (400 µmol), and 2-eha (1000 µmol) in CH3CN at 0 °C for 1.5 h. See the corresponding reference for further details on the oxidation of other alkylbenzene substrates [229]. 2-eha = 2-ethylhexanoic acid. 
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Figure 24. Arene oxidation reaction catalyzed by FeCl2, the L-cystine-derived BCPOM ligand, and H2O2 as an oxidant. 
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Figure 25. Oxidation of monophenols to o-quinones catalyzed by tyrosinase oxidase [14,106,241,242,245]. 
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Figure 26. Representative synthetic copper complex 35 inspired by tyrosinase oxidase, reported by Karlin et al. [246,247,248]. Upon complexation of copper with the dinucleating aminopyridine ligand, reaction with dioxygen leads to a side-on (µ-    η 2   :   η 2    ) peroxo copper intermediate that can perform an intramolecular aromatic hydroxylation. Py = pyridine; R = H, MeO, tBu, F, CN, NO2. 
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Figure 27. Selected examples of dicopper(II) dioxygen complexes (supported by mono- and dinucleating ligands as well as non-symmetrical dinucleating ligands) that mimic the activity of tyrosinase [255,256,257,258,259,260,261,262,263,264,265,266]. 
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Figure 29. (a) Aromatic hydroxylation reactivity of a mononuclear copper(II)-alkylperoxo complex [279,280]. (b) Selected end-on bound superoxo copper(II) complexes [250,251,253,254]. (c) Reactivity of complex 58 towards phenol substrates [250]. (d) Reactivity of complex 59 towards phenol substrates [251]. 
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Figure 30. Synthetic copper complexes display catalytic activity for the hydroxylation of aromatic substrates through a metal-based mechanism [282,284,285,286,288]. 
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Figure 31. Proposed mechanism for the activation of H2O2 and hydroxylation of benzene to phenol catalyzed by complex 64 supported by the 6-hpa ligand [285]. 
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Figure 32. Proposed mechanism for benzene hydroxylation catalyzed by complex 61 through a copper(II) hydroperoxo species [286]. TEA = triethylamine. 
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Figure 33. Catalytic cycle of nickel superoxide dismutase (NiSOD) [31]. 
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Figure 34. Reaction of nickel(II) complex 63 with H2O2 and triethylamine at low temperature to yield bis(µ-oxo)dinickel(III) intermediate 64 that can hydroxylate a phenyl ring of one of the ligands through the formation of intermediate 65 [292]. 
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Figure 35. Formation of a bis(µ-oxo)dinickel(III) intermediate, and intramolecular arene hydroxylation of the ligand [293,300]. 
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Figure 36. Proposed catalytic mechanism for the direct hydroxylation of benzene to phenol catalyzed by nickel(II) complex 70 supported by a tripodal tetradentate aminopyridine ligand and involving a bis(µ-oxo)dinickel(III) intermediate [301]. 
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Figure 37. Reaction products of the catalytic oxidation of benzene and toluene catalyzed by nickel(II) complex 71 with H2O2 as an oxidant and triethylamine as an additive. 
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Figure 38. Synthetic manganese complexes that display aromatic oxidation reactivity. Complex 73 is incorporated into a mesoporous silica-alumina (Al-MCM-41) [312,313]. 
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Figure 39. Bpmcn-based Mn-complexes studied in the oxidation of propylbenzene [314]. Ratio Arom./Aliph. represents the ratio between aromatic and aliphatic oxidation products. 
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Figure 40. Reaction products of the catalytic oxidation of benzene and benzene derivatives catalyzed by complex 76 with H2O2 as an oxidant and DCA as a carboxylic acid additive. Reaction conditions: complex 76 (1 mol%), substrate, H2O2 (1.0 equiv., slow addition in 30 min), and DCA (0.5 equiv.) in HFIP at 0 °C for 0.5 h. See the corresponding reference for further details on the oxidation of other alkylbenzene substrates [316]. rsm = remaining starting material (%). 
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Figure 41. The best-performing catalysts per metal covered in this review are for the oxidation of benzene to phenol. Catalyst performance is expressed in terms of turnover numbers. 
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