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Abstract

:

This review generalizes and specifies the oxidizing ability of a number of oxidants used in palladium (Pd)-catalyzed aromatic C–H functionalizations. The redox potentials have been analyzed as the measure of oxidant strength and applied to the reasoning of the efficiency of known reactions where catalytic cycles include cyclometalated palladium complexes (and other organopalladium key intermediates).
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1. Introduction


Transition-metal-catalyzed direct C–H functionalizations open a new road for diverse C–C, C–P, and C–N bond construction in a one-step and atom economical way, without the requirement of prefunctionalized C–H coupling partners [1,2,3,4,5,6]. The cleavage of high energy C–H bonds (E ~ 110 kcal·mol−1 for C(aryl)–H bonds) typically requires harsh reaction conditions that result in limited substrate scope and low functional group tolerance. The driving force of the current research is the development of the next generation of C–H transformations, which will help make these processes truly useful synthetic tools and develop reactions that proceed under milder conditions. A greater understanding of the mechanistic aspects of C–H functionalization is essential in order to choose the optimal catalytic conditions.



C–H functionalization reactions might be redox-neutral, and hence do not require the presence of an external oxidant. However, in numerous transformations, such as dehydrogenative coupling, reoxidation of the catalyst is necessary. The role of the oxidant in many cases is not only to regenerate the catalyst active form, but also to promote the reductive elimination of organometallic intermediates, which affords a product with the desired C–C (C–N, C–P) bonds, and to generate reactive radicals capable of functionalizing the desired C–H bonds. An appropriate choice of the oxidant of the appropriate force determines the success of the entire catalytic reaction.



The chemistry of palladium (Pd) compounds in higher oxidation states is extremely useful in oxidative functionalizations, in which a C–H bond can be catalytically converted into another functional group [1,6,7,8,9,10,11,12]. One of the major problems in Pd(II)/Pd(III)/Pd(IV) chemistry, however, is that the co-oxidants used are either expensive to purchase (silver and other metal salts are often used), or to separate from the product mixture (particularly in the case of high molecular weight organic oxidants). Moreover, every time a new ligand or substrate or reaction condition is used, screenings must be performed in order to identify the optimal oxidant; that is, in general, the oxidants are not selective. Therefore, the choice of the optimal oxidant is one of the main difficulties of these reactions. In most cases, however, oxidative C–H transformations still rely on the presence of super-stoichiometric amounts of oxidants, which can be problematic in terms of functional group tolerance, waste generation, and cost. Electrochemical oxidation can be a cheaper, greener, and more controllable alternative to these oxidative reactions [13,14,15,16,17,18,19,20,21,22,23,24,25].



Controlling the “strength” or oxidizing ability of the oxidant is important in order to achieve high yields of products. Namely, the stage of selective oxidation of organometallic intermediates, including metallacycles affording high-valent species, is generally the key step in C–H functionalization reactions, while the catalyst regeneration stage is much less capricious and less sensitive to the nature of the oxidant. Thus, the relevant oxidant is the one that redox potential corresponds to, or the one that is higher than the oxidation potential of the key organometallic intermediate. Since intermediate compounds have not been determined and are only assumed for the most known reactions of this type, our observations reveal only some redox trends, the relationship of oxidant strength, and the redox properties of the organometallic key intermediates. It should be noted that in a number of cases, the mechanisms of aromatic C–H functionalization processes are described even without the participation of Pd(III)/Pd(IV) intermediates, but rather as Pd(II)/Pd(0) transformations, although there is no convincing evidence refuting the high-valent pathways.



In the literature, there are no summarizing publications to compare the redox properties (the “strength”) of various oxidants and the redox properties of organometallic intermediates, including palladium (Pd) complexes, to purposefully select the oxidizing conditions for successful synthesis. This review analyzes quantitative data on the redox properties of known oxidants of various natures in connection with their activity in Pd-catalyzed C–H functionalization reactions proceeding through metalacyclic or non-cyclic organometallic intermediates.




2. Oxidant Screening in Palladium Catalysis


To date, many C–H functionalization reactions are known where oxidant screening is performed and a significant effect of oxidant on the yield of product is observed. A few examples are considered below.



Among the other oxidants examined in ligand-directed halogenation (Scheme 1), N-halosuccinimides proved to be the best oxidants for these Pd-catalyzed reactions, providing the highest isolated yields of chlorinated (65%), brominated (56%), and iodinated (79%) products [26].



The chelate-directed oxidative functionalization of sp2 C–H bonds was reported in the presence of PhI(OAc)2 (Scheme 2) [27]. No product was formed when PhI(OAc)2 was replaced by Cu(OAc)2 or 1,4-benzoquinone.



A more powerful oxidant PhI(OAc)2 promoted the desired oxidation process, producing cyclopropane (Scheme 3). The key stage of the cycle is the oxidation of a Pd(II) intermediate into a Pd(IV) complex, suppressing the side reaction of its decomposition via β-H elimination from alkyl-Pd intermediate [28,29].



The palladium-catalyzed phosphonation of a C(sp2)–H bond occured by the use of a pyridyl as the directing group (Scheme 4) [30]. The use of oxidants such as Cu(OAc)2 and Ag2CO3 were less effective than silver(I) acetate.




3. Mechanistic Considerations


Pd-catalyzed reactions can be basically separated into two groups depending on the high- or low-valent organopalladium intermediates involved in the catalytic cycle [3]. However, the exact nature of those mechanisms is still under discussion; in some cases, catalytic cycles based on Pd(II)/Pd(III) or Pd(II)/Pd(0) redox shuttles are proposed [11,12,31]. In both cases, the reactions start from ligand-directed C–H activation at Pd(II) centers affording cyclopalladated intermediates, which then undergo functionalization by two distinct pathways. The first is based on a Pd(II)/(0) redox shuttle (Scheme 5a), where functionalization occurs via a reductive process (typically reductive elimination or β-hydride elimination/deprotonation) to release the product. The resulting Pd(0) intermediate is then oxidized to regenerate the Pd(II) catalyst. The second pathway involves the functionalization of the cyclometalated Pd(II) intermediate with an electrophilic reagent (Scheme 5b). Such reagents can react by several distinct mechanisms, including direct electrophilic cleavage of the Pd–C bond without a change in the oxidation state at the metal center, or one- or two-electron oxidation of the palladacycle generating high-valent Pd(III) or Pd(IV) intermediates, depending on the nature of the ancillary ligands at the metal center.



The ability of Pd(II) to activate C–H bonds through chelation-assisted processes has been known since the 1960s. Nitrogen-containing directing groups were found to promote the insertion of palladium into an ortho-C–H bond, which led to the formation of stable and isolable cyclopalladated complexes from Pd(II) starting material (Scheme 6) [25,31,32,33,34,35,36,37,38,39,40].



Despite the large literature devoted to the synthesis of various palladacycles and studies of their reactivity, their redox properties, which are necessary to describe and understand the mechanisms of catalytic reactions involving them, are elucidated only in few works [11,15,24,25,41,42,43,44]. However, the electrochemical properties of cyclometalated Pd(II) complexes (reduction/oxidation potentials) determine the mechanism of the reactions.




4. Electrode Potentials as the Measure of Oxidant/Reductant Strength


Knowledge of the oxidation potential of these important intermediates, and a comparison study of redox trends of cyclopalladated complexes depending on the ligand environment, can simplify the control over the catalytic reactions. This is very important in processes where several possible intermediates with different oxidation potentials are present. The adequate choice of the oxidation potential (or a chemical oxidant) minimizes or even prevents the formation of byproducts in these reactions.



In order to facilitate discussion, Connelly and Geiger [45] proposed to define categories of reagent strength on the basis of their formal potentials. Recognizing that the limits are subjective, the ranges in Table 1 are the basis for discussing a reagent as a weak, mild, strong, or very strong oxidant or reductant.



Table 2 shows the potentials of the most common oxidants used for catalytic C–H functionalizations; meanwhile, data for some palladium derivatives, possible, or proven intermediates in such reactions, are given in Table 3. Redox properties are not described for all palladacycles and other palladium derivatives with established structures, so only data where this estimate exists is considered for discussion. Electrochemical data for palladacycles, as established intermediates for many ligand-directed C–H-substitution reactions, are given in [25]. The potential range of the second oxidation peak of palladacycles, for the Pd(III)/Pd(IV) stage [23,24,25], is taken from supporting information data [25]. It is noteworthy that this work revealed a regularity of the complexes’ oxidation potential on the metal–metal distance in the complexes: the larger the Pd–Pd distance, the higher the oxidation potentials; in particular, monomeric palladacycles are more difficult to oxidize than dimeric ones.



A fundamental quantity providing an indication of the relative reactivity of oxidants reagents is their electrochemical standard potential, E°. Most of the oxidants used in organic chemistry for the C–H bonds functionalizations are reduced reversibly under voltammetry conditions (Table 2), and in this case E° is defined as the half-wave potential E1/2. If a redox agent undergoes chemically irreversible electron transfer, the standard potential E° can be approximately elucidated as peak potential EDPV from Differential Pulse Voltammogram (DPV), onset potential, or peak potential from slow cyclic voltammetry experiment. Nevertheless, the irreversible potentials (usually peak potentials from slow cyclic voltammetry experiments) listed in Table 2 may be used as approximations of the formal potential.



Such data (at specified experimental conditions) have proved useful in providing some measure of the relative reactivity of reagents. Studies of the reactivity of reagents in terms of their redox properties were previously carried out, for electrophilic NF fluorinating agents [71], for example, and showed good agreement between the electrochemical data and the observed experimental efficiency of the reagents.



In Figure 1, the approximate ranges of standard redox potentials (or close to them) are given for some of the most commonly used oxidants and possible palladium intermediates. Certainly, the range of potentials attributed to each participant in the redox cycle (oxidant, metallocycle, or other organometallic intermediate) is not constant, and can vary depending on the process conditions, the composition of the reaction medium, and the nature of aromatic substrates. The diagram shows the known values of redox potentials published in the literature to date, and refined in this paper, and also shows when there was a discrepancy between the literature data or the data was absurd (for example, for PhI(OAc)2). Unreproducible data is shown in red.



Based on the literature data [58], where the reduction potential of PhI(OAc)2 is −1.29 V (vs. Fc+/Fc) or −0.91 V (vs. SCE) (Table 2), it should be recognized as a very weak oxidant or even a mild reductant (Table 1). This contradicts the results of plenty of oxidative transformations, where it works perfectly. That is, this data [58], which then was quoted in [43], is obviously erroneous. Perhaps the error is due to the instability of PhI(OAc)2 under the selected conditions used in the voltammetric measurements (acetonitrile with Et4ClO4 and LiClO4 elecrolytes), which prompted the authors to conduct kinetic studies of these first-order decomposition reactions [58]. To get reliable data and avoid possible side reactions, we investigated both the commercial (Acros Organics) and the PhI(OAc)2 obtained by the procedure [72], which we found to be more efficient than what [73] used in previous studies [58]. Cyclic voltammograms were taken both in acetonitrile solution (Bu4NBF4 electrolyte), and in solid state when PhI(OAc)2 crystals were added to the carbon paste electrode, according to the previously described procedure [62]. The first reduction peak potential of PhI(OAc)2 was found to occur equally both in the CH3CN solution and in the carbon paste electrode (1.70 V vs. Fc+/Fc) as a two-electron process. These redox properties are in good agreement with the experimental data on their high oxidative ability, as hypervalent iodine oxidants have been used for the two-electron oxidations of numerous Pd(II) to Pd(IV) cyclometallated complexes [3,7,8,10,11,12,26,27,28,29,31].



The recently reported work [31] analyzes the oxidant dependence and radical participation in Pd-catalyzed dehydrogenative alkoxylation of arenes (Scheme 7), as well as the efficiency of the procedures and key intermediates proposed in the literature. The latter are mainly Pd(IV) complexes for reactions with PhI(OAc)2, K2S2O8, or oxone, which seems to be fair and corresponds to the strength of these oxidants (the strongest). Only two Pd(II) intermediates and a Pd(II)/Pd(0) cycle were proposed for these reactions [31]. In 2011/2012, Reddy’s team proposed a Pd(II)/Pd(0) catalytic cycle for N-(2-benzoylphenyl)benzamides [74] and 2-arylquinazolin-4(3H)-ones substrates [75], but nevertheless proposed a Pd(IV) intermediate for the alkoxylation of 1-aryl-3,4-dihydroisoquinolines [76]. However, no evidence was provided. Considering the unexpected stability of the known palladacycles(II) to reduce [25], this path Pd(II)/Pd(0) seems to be unbelievable, since the Pd(II)/Pd(0) transfer occurs at high negative potentials (−1.8 to −2.6V). To form the products under reductive conditions, the palladacycles need to be treated with strong reducing agents, rather than strong oxidants, which actually work here (PhI(OAc)2, K2S2O8, or oxone). Some other unproven assumptions about the possible pathways that are based on Pd(II)/Pd(0) shuttle [77] in the presence of strong oxidants, such as PhI(OAc)2, also seem to be unlikely.



Sometimes, TEMPO (2,2,6,6-tetramethylpiperidyl-1-oxyl) is used as an oxidant or a radical trap. However, in oxidative conditions, conclusions should be drawn with caution. For example, to clarify the reaction mechanism of the pd-catalyzed direct ortho-C–O bond construction of azoxybenzenes with carboxylic acids and alcohols [78], 4.0 equiv. of TEMPO was added to the reactions under the optimized conditions, and no desirable products were detected. Therefore, it was suggested that these reactions involve a free radical pathway. So, a Pd(II) intermediate was reacted with the alkoxyl radical or carbonyl oxygen radicals to form a Pd(III) or Pd(IV) complex. However, the failure of the reaction in the presence of TEMPO can be explained; the latter is easily oxidized itself by the applied oxidant PhI(OAc)2 (Table 2). Moreover, if TEMPO was taken in two-fold excess over the oxidant, the entire oxidant was consumed by the side reaction of TEMPO oxidation, which is easily oxidized to about 0 V [60,61], but not by the oxidation of more difficultly oxidized palladacycles. It is known that oxammonium salts are effective oxidant species derived from TEMPO [79].



Reoxidants such as Cu(OAc)2, AgOAc, Ag2CO3, and 1,4-benzoquinone typically mediate the Pd(0)/Pd(II) catalysis of a dehydrogenative Heck reaction [80]. For example, intramolecular Pd(II) catalyzed 1,2-addition to allenes (Scheme 8). The reaction proceeds through an external nucleophilic attack of bromide anion on a (π-allene)palladium complex, which produces a (π-allyl)palladium intermediate. A subsequent intramolecular attack by the second internal nucleophile gives the product. The intermediate (π-allyl)palladium complexes were isolated and characterized [80]. Two different reoxidants for this Pd(0)/Pd(II) system (1,4-benzoquinone or Cu(OAc)2) were used.



Another example, a Pd(II)-catalyzed carboxylation of ortho-C–H bonds in anilides to form N-acyl anthranilic acids has been developed using 10 mol % Pd(OAc)2 and 1 equiv of benzoquinone (BQ) as the terminal oxidant [81]. The monomeric palladacycle containing p-toluenesulfonate as an anionic ligand is the well-characterized intermediate of the Pd(II)/Pd(0) catalytic cycle. According to the diagram (Figure 1), in this case, the oxidant is only able to reoxidize Pd(0) into a Pd(II) complex.



Therefore, in order to establish the mechanism of a reaction proceeding through Pd(IV)/Pd(II), Pd(III)/Pd(II), or Pd(II)/Pd(0) transformations, or the apparent redox-neutral pathway, one can focus on the redox properties of the process participants: key cyclopalladated intermediates and oxidants (or reducing agents). Thus, it is obvious that such weak oxidants as oxygen (−0.78 to −1.26 V), 1,4-benzoquinone (0.16 to −0.875V) are not able to oxidize many palladacycles even up to Pd(III) (~0.25 to 1.4 V) complexes, the more so to Pd(IV) (~1.0 to 1.6V) [25]. This explains the numerous failed attempts to use them in such Pd-catalysed C–H functionalizations, such as 1,4-benzoquinone [27,28,29,75,82,83,84,85], and O2 [77,82,86,87,88] for example.



There are reactions catalyzed by Pd(II) complexes involving oxygen under mild conditions, such as the C–C couplings for example. However, in these cases, the mechanism should include Pd(0)/Pd(II) reoxidation of the catalyst, but not high-valent palladium intermediates [89,90,91]. However, as can be seen from the diagram in Figure 1, the oxidative strength of oxygen may not be enough to oxidize Pd(0) under certain conditions (the potential ranges of Pd(0) oxidation and O2 reduction overlap insignificantly, at about −0.5 V). A strategy to facilitate directed Pd-catalyzed C–H functionalizations conducted in the presence of heterocycles that relies on the relatively inefficient oxidation of Pd(0) by air was demonstrated by the groups of Dai and Yu [92] (Scheme 9). More detailed discussions on air or oxygen used as oxidants are described in recent reviews [93,94,95,96].



At the same time, a mild oxidant, AgOAc, is sufficient for the success of many Pd(OAc)2-catalyzed reactions, especially in CH2Cl2 or DCE [97,98,99], passing through Pd(III) but not Pd(IV) intermediates, for which its strength is not enough [74,75,87,100,101].



Functionalizations of aromatic C–H bonds under oxidative conditions can be controlled in two ways. Shifting the oxidation potential of the key palladacycle to less positive potentials (through using additives capable to replace counteranions in the palladacycles, changing its structure, etc.), decreases the HOMO energy and facilitates oxidation. The second way is to choose a stronger oxidant (it should be taken into account that the oxidant’s power depends on the solvent medium, and the presence of acids or bases).



Coordinating solvents capable of converting dipalladium complexes into monopalladacycles leads to an increase in the oxidation potential of palladium intermediates [24,25]; that is, their oxidation is more difficult, and stronger oxidants or more harsh conditions for their oxidation are required. For example, for a Pd(II)-catalyzed carboxylation of ortho-C–H bonds in anilides affording N-acyl anthranilic acids [81], it was demonstrated that the key intermediates are dipalladacycles in CH2Cl2 or THF, and monopalladacycles in dioxane. Correspondingly, the yield of product in the latter case is lower, and additives are required to succeed the reaction.



Many inorganic strong oxidants are poorly or completely insoluble in organic solvents; as a result, reactions with them take place under heterogeneous conditions (especially in the case of generally accepted large excesses of oxidants). The known data for the redox potentials of such inorganic oxidants are in most cases measured in aqueous solutions, and therefore are not suitable for the discussion of non-aqueous reactions. The data of solid state electrochemistry is more appropriate, and generally more correct, because such oxidants do not dissolve in organic solvents, and the oxidation stage is heterogeneous.



Aqueous media, especially when acidic, significantly increase the strength of some oxidants through shifting their reduction potentials toward the less negative region (Table 2). This effect is observed when protons of the medium participate in the oxidation/reduction reactions and shift the equilibrium potential to higher positive potentials. Such effect is a property, for example, of K2S2O8, 1,4-benzoquinone, O2.



The revealed regularity in the oxidation chemistry of cyclopalladated complexes might be useful to determine conditions in ligand-directed C–H functionalization reactions. For example, as phosphonate-bridged palladacycles are significantly more difficult to oxidize than acetate-bridged ones [25], the reactivity of both complexes (key intermediates) should be considered in C–H phosphorylation reactions, such as the phosphorylation of 2-phenylpyridine with H-phosphonates catalyzed by palladium acetate [14,15,25,30]. Selective C–H phosphonation requires the correct choice of an oxidant (or electrolysis potential) to promote the oxidation of the phosphonate-bridged dipalladacycle. In the case of a “weak” oxidant (or a low electrolysis potential), the oxidation of an acetate-bridged dipalladacycle is the dominant process that results in the formation of an acetoxylated byproduct. The problem of finding an appropriate chemical oxidant likely explains the low yields and very few aromatic C–H phosphonation reactions in the literature, which are usually carried out at high temperature, with special additives (NMMI, Scheme 6 [30]).




5. Electrocatalytic Ligand-Directed Substitution of C(sp2)–H Bonds


An important aspect of electrochemical methodology is that many electrochemical processes meet standards for environmental cleanliness. From the viewpoint of implementation, electrochemical reactions have several advantages: mild conditions, high rates, selectivity, and convenient operational control through switching current density and potential. Electrochemical methods can be recommended for the preventive protection of the environment, because they do not require any special reagents [13,14,15,16,17,18,19,20,21,22,23,24,25,102,103,104].



We propose developing cheaper, greener, and more controllable electrochemical alternatives to these oxidation reactions. One can easily see the advantages of having a recyclable and much cheaper redox co-catalyst (the electrode vs. silver or organic oxidants), where you can simply dial in the potential. Scheme 3 shows an oxidative cyclization reaction where (diacetoxyiodo)benzene was employed. An example of the utility of the electrochemical alternative is the replacement of this expensive reagent with just a graphite electrode in the presence of sodium acetate, which is more than 200 times less expensive than (diacetoxyiodo)benzene. Moreover, ligand effects were noted to affect the yields and selectivity in this reaction, so bulk electrolysis could combine different ligands without worries of overpotential effects.



Also, ligand-directed substitution at the C–H bond in 2-phenylpyridine, which was earlier employed for acetoxylation and perfluoroalkylation under electrochemical conditions [23,24] in the presence of Pd(II) acetate, proved to be effective in the case of phosphorylation [13,14,15,25]. The introduction of the phosphonate group is based on the electrochemical oxidation of a mixture of palladium acetate, phenylpyridine, and diethyl phosphite at room temperature, with phenylpyridine orto-phosphonate being obtained without special external oxidants (Scheme 10).



In order to empower the ligand-directed phosphonation of aromatic C–H bonds, a series of diphosphonate-bridged dipalladacycles (with 2-phenylpyridine, benzo[h]quinoline, and 1-phenylpyrazole) was prepared and characterized by NMR spectroscopy and cyclic voltammetry in acetonitrile solutions and in carbon paste electrode [14,15]. A comparative quantitative study on the redox properties of structurally related diphosphonate-bridged dipalladacycles under the same conditions, their stability in high oxidation states, the influence of aromatic ligand nature on the potentials of Pd(II)/Pd(III) and Pd(III)/Pd(IV) transfers and electrochemical synthesis of arylphosphonates from these complexes was performed [14,15,25].



The electrochemical oxidation of diphosphonate-bridged palladacycles was explored in a divided electrolyser in CH3CN solution and monitored by 31P NMR spectroscopy. It was found that the amount of electricity required for the complete conversion of the complex into the product is 2 e per each atom of palladium, so, Pd(II)/Pd(IV) pair runs. It should also be noted that the mononuclear arylphosphonate palladium complex was detected as reaction intermediate. Thus, phosphonate palladacycles are oxidized irreversibly and quantitatively, thus affording corresponding arylphosphonates.



Therefore, this method of oxidation may be applied to the synthesis of new arylphosphonates from different arenes in ligand-directed aromatic C–H phosphonation reactions. Advantages of the method are the mild conditions (room temperature), and absence of specially added chemical oxidants.




6. Conclusions


Selective oxidation reactions have extraordinary value in organic chemistry, ranging from the conversion of petrochemical feedstocks into industrial chemicals and polymer precursors to the introduction of heteroatom functional groups into pharmaceutical and agrochemical intermediates. The search for the optimal oxidant for these transformations is very important. The selective choice of a suitable oxidizing agent should be based on the redox properties of both the oxidants themselves, including their reduction potentials, the number of electrons (one, two or more electron oxidants), and the substrates and intermediates of the catalytic conversions. The series of potentials used herein involving possible participants of such Pd-catalysed C–H transformations can be further extended to other oxidation reactions with other metals, if the potentials of organometallic intermediates are known, or to induce researchers to obtain such useful electrochemical data ahead of planning new costly syntheses, and only after that to choose more effective catalytic conditions.
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Scheme 1. Effect of the oxidant on the product yield in ligand-directed halogenation [26]. 
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Scheme 2. Effect of the oxidant on the product yield in ligand-directed functionalizations. Reprinted with permission from American Chemical Society [27]. 
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Scheme 3. Effect of the oxidant on the yield of cyclopropane I—[28], II—[29]. 
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Scheme 4. Effect of the oxidant on the product yield in ligand-directed phosphonation [30]. 
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Scheme 5. Proposed catalytic cycle pathways. 
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Scheme 6. Examples of Pd(II) palladacycles resulting from a directed C–H activation. 
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Figure 1. Diagram of the redox potentials of selected oxidants and some Pd intermediates in catalytic reactions. Red points are erroneous literary data. 
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Scheme 7. Directing groups used in the Pd-catalyzed dehydrogenative alkoxylation of arenes [31]. 






Scheme 7. Directing groups used in the Pd-catalyzed dehydrogenative alkoxylation of arenes [31].



[image: Inorganics 05 00070 sch007]







[image: Inorganics 05 00070 sch008 550] 





Scheme 8. Intramolecular palladium(II)-catalyzed 1,2-addition to allenes. Reprinted with permission from American Chemical Society [80]. 
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Scheme 9. Directed Pd-catalyzed C–H functionalizations using air as the oxidant. Adapted with permission from Macmillan Publishers Ltd: Nature [92]. 
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Scheme 10. Electrochemical aromatic palladium-catalyzed C–H phosphorylation [14]. 
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Table 1. Suggested Categories for Strengths of Chemical Redox Agents (V vs. Fc). Reprinted with permission from American Chemical Society [45].
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	Strength
	Oxidants
	Reductants





	Very strong
	>0.8
	<−2.5



	Strong
	0.8–0.2
	−1.5 to −2.5



	Mild
	0.2 to −0.5
	−0.5 to −1.5



	Weak
	<−0.5
	>−0.5
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Table 2. Formal Potentials of Selected Oxidizing Agents (all potential values are recalculated to Fc+/Fc redox couple).
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	Oxidant
	Solvent
	E° (V vs. Fc+/Fc)
	Reference





	Oxone
	H2O
	1.98
	[46]



	K2S2O8
	H2O
	1.48
	[47]



	
	H2O
	1.39
	[48]



	
	H2O + [H+]
	1.50
	[48]



	
	CPE, solid
	1.58
	a



	[N(C6H2Br3-2,4,6)3]+
	CH3CN
	1.36
	[45]



	Ag2+
	H2O
	1.36
	[49]



	
	CPE, solid
	1.16
	a



	Mn(OAc)3
	CPE, solid
	1.32
	a



	[N(C6H3Br2-2,4)3]+
	CH3CN
	1.14
	[45]



	H2O2
	H2O
	1.18
	[47]



	[NO]+
	CH2Cl2
	1.00
	[45]



	[Ru(phen)3]3+
	CH3CN
	0.87
	[45]



	[NO]+
	CH3CN
	0.87
	[45]



	[N(C6H4Br-4)3]+
	CH2Cl2
	0.70
	[45]



	
	CH3CN
	0.67
	[45]



	Ag+
	CH2Cl2
	0.65
	[45]



	
	THF
	0.41
	[45]



	
	acetone
	0.18
	[45]



	AgOAc
	CPE, solid
	1.16
	a



	AgOAc
	formamide
	−0.198
	[50]



	AgNO3
	CH3CN
	−0.08
	[51]



	AgBF4
	CH3CN
	−0.04
	[52]



	Ag2O
	CPE, solid
	−1.26
	a



	[Fe(η-C5H4COMe)2]+
	CH2Cl2
	0.49
	[45]



	[CuTf2]
	CH3CN
	0.40
	[45]



	Cu(OAc)2·H2O
	CPE, solid
	0.33
	a



	[Ni(tfd)2]
	CH2Cl2
	0.33
	[45]



	[PtCl6]2−
	H2O
	0.31
	[45]



	Cl2
	CH3CN
	0.18
	[45]



	DDQ
	CH3CN
	0.13
	[45]



	1,4-BQ
	H2O
	0.16
	[53,54]



	
	H2O
	−0.535
	[55]



	
	H2O
	−0.526
	b



	
	CH3CN
	−0.73
	[56]



	
	CH3CN
	−0.86
	[55]



	
	CH3CN
	−0.88
	c



	
	CH3CN + [H+]
	
	d



	
	CH2Cl2
	−0.805
	[55]



	
	Acetone
	−0.875
	[55]



	Br2
	CH3CN
	0.07
	[45]



	(FcBF4) [FeCp2]+
	
	0
	[45]



	I2
	CH3CN
	−0.14
	[45]



	
	
	0.0
	[57]



	I+
	
	0.33
	[56]



	TCNE
	CH3CN
	−0.27
	[45]



	TCNQ
	CH3CN
	−0.30
	[45]



	[FeCp*2]+
	CH3CN
	−0.59
	[45]



	
	CH2Cl2
	−0.48
	[45]



	PhI(OAc)2
	CH3CN
	−1.293
	[43,58]



	
	CH3CN
	1.70
	c



	
	CPE, solid
	1.70
	a



	O2
	H2O
	−0.78
	[59]



	
	H2O
	−0.81
	b



	
	DMSO
	−1.16
	[59]



	
	DMF
	−1.24
	[59]



	
	Py
	−1.24
	[59]



	
	MeCN
	−1.25
	[59]



	
	Quinoline
	−1.25
	[59]



	
	EMIBF4
	−1.23
	[59]



	
	PMIBF4
	−1.20
	[59]



	
	BMIBF4
	−1.24
	[59]



	
	[bmim]HFP
	−1.26
	[59]



	TEMPO
	CH2Cl2
	0.014
	[60,61]







a Redox potentials were measured in CPE (carbon paste electrode) according to the reported procedure [62]; b Redox potentials were measured in H2O/0.1M NaBF4 at 20 °C, 100 mV·s−1, platinum working electrode; c Redox potentials were measured in CH3CN/0.1M Bu4NBF4 at 20 °C, 100 mV·s−1, platinum working electrode; d Redox potentials were measured in CH3CN/0.1M Bu4NBF4 at 20 °C, 100 mV·s−1, platinum working electrode, [DMF-H+]BF4 was used as a proton source [63].
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Table 3. Formal Potentials of Selected Palladium Intermediates (all potential values are recalculated to Fc+/Fc redox couple).
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	Palladium Complex
	Solvent
	E° (V vs. Fc+/Fc)
	Reference





	Pd2+/0
	DMF
	−0.38
	[64] a



	
	DMF
	−0.02
	[65] b



	
	0.1 M phosphate buffer
	−0.64
	[66]



	
	
	−0.29
	[67]



	
	H2O
	−0.02
	[68] c



	PhPdIL
	DMF
	−0.88 reduction
	[69] d



	PdCl2(PPh3)2
	DMF
	−1.29 reduction
	[70]



	Pd(OAc)2(TFP)2
	
	−1.34 reduction
	[65]



	ArPdCl(PPh3)
	DMF
	>−2.03 reduction
	[70]



	[Pd(C^N)(OR)]2
	ACN
	−2.03 to −2.37 reduction
	[25]



	
	
	0.44–0.58 oxidation
	[25]



	
	DCM
	−1.81 to −2.47 reduction
	[25]



	
	
	0.4 to 0.75 oxidation
	[25]



	[Pd(C^N)X]2
	ACN
	−1.85 to −2.35 reduction
	[25]



	
	
	0.63 to 1.00 oxidation
	[25]



	
	DCM
	−2.29 to −2.43 reduction
	[25]



	
	
	0.73 to 0.74 oxidation
	[25]



	Pd(C^N)(CH3CN)ORF
	ACN
	−1.61 to −1.71 reduction
	[25]



	
	
	1.19 to 1.32 oxidation
	[25]







a Pd0(PPh3)2(OAc)-HNEt3+; b Pd0(TFP)3, TFP = tri-2-furylphosphine; c in the presence of Br−; d L = AsPh3.
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