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Abstract

In a possibly biomimetic fashion, formally copper(III)−oxygen complexes LCu(III)−OH (1) and 

LCu(III)−OOCm (2) (L2− = N,N′-bis(2,6diisopropylphenyl)-2,6-pyridinedicarboxamide, Cm = 

α,α-dimethylbenzyl) have been shown to activate X−H bonds (X = C, O). Herein, we demonstrate 

similar X−H bond activation by a formally Cu(III) complex supported by the same dicarboxamido 

ligand, LCu(III)−O2CAr1 (3, Ar1 = meta-chlorophenyl), and we compare its reactivity to that of 1 

and 2. Kinetic measurements revealed a second order reaction with distinct differences in the rates: 

1 reacts the fastest in the presence of O−H or C−H based substrates, followed by 3, which is 

followed by (unreactive) 2. The difference in reactivity is attributed to both a varying oxidizing 

ability of the studied complexes and to a variation in X−H bond functionalization mechanisms, 

which in these cases are characterized as either a hydrogen-atom transfer (HAT) or a concerted 

proton-coupled electron transfer (cPCET). Select theoretical tools have been employed to 

distinguish these two cases, both of which generally focus on whether the electron (e−) and proton 

(H+) travel “together” as a true H atom, (HAT), or whether the H+ and e− are transferred in 

concert, but travel between different donor/acceptor centers (cPCET). In this work, we reveal that 

both mechanisms are active for X−H bond activation by 1−3, with interesting variations as a 

function of substrate and copper functionality.
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INTRODUCTION

Copper is a key element in several enzymes that oxidize a variety of organic substrates.1 

Exploiting such reactivity for the controlled oxidation of light hydrocarbons is of special 

interest, as it has the potential to address challenges in fuel liquefaction.2 Integral to 

understanding the reactivity of copper-based catalysts is the identification of reactive 

intermediates involved in the oxidative process.3 Toward this end, mononuclear, formally 

Cu(III) cores supported by a tridentate dianionic ligand (N,N′-bis(2,6-

diisopropylphenyl)-2,6-pyridinedicarboxamide, L2−)3c,4 and derivatives5 have been prepared 

as possible synthetic analogues of various putative copper−oxygen enzyme intermediates. 

The reactivity of selected [LCu(III)−Y] species (Y = OH, 1; Y = OOCm, 2; Cm = cumyl/

α,α-dimethylbenzyl; Figure 1) for hydrogen atom abstraction (HAA) involving substrate X

−H (X = C, O) bonds has been studied. For instance, 1 undergoes rapid HAA from 

substrates with weak C/O−H bonds,4b,c while 2 exhibits more limited reactivity toward 

similar substrates.4d,e Such differential reactivities dependent on the reactive ligand Y 

prompted us to explore in further detail how varying Y influences HAA reactions.

Transition-metal carboxylates are an additional class of compounds known for C−H bond 

functionalization.6 Use of formally Cu(III)-carboxylates for this purpose, however, is 

unprecedented.7 We report here the synthesis of a [Cu(III)− O2CAr1]2+ core, 3, (Ar1 = meta-

chlorophenyl), supported by the same L2− ligand as in 1 and 2. We systematically compare 

the HAA reactivities of 1, 2, and 3, toward the weak C−H bond in 9,10-dihydroanthracene 

(DHA) and the O−H bond in 2,4,6-tri-tert-butylphenol (Ar3OH). We also apply a suite of 

computational techniques to gain insight into the underlying mechanistic details of these 
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various HAA processes involving DHA and 2,6-di-tert-butylphenol (Ar2OH, which removes 

the para t-butyl group of Ar3OH for computational convenience).

X−H bond activation by a [Cu(III)−Y]2+ core formally involves the net transfer of both a 

proton (H+) and an electron (e−), i.e., the net transfer of a hydrogen atom. The mechanistic 

details with respect to “how” these transfers occur, however, can be complex, and a detailed 

understanding of reactivity and selectivity is critical if principles are sought for the design of 

new systems having tailored reactivity. Mechanistic behavior can, in principle, span a 

continuum of character, but discussion in terms of extremes offers heuristic value. Thus, one 

pair of contrasting limits for proton-coupled electron transfer involves(a) a concerted proton 

and electron transfer (CPET) process,8 in which the electron and the proton are transferred 

in a single elementary step, and (b) a stepwise process that includes the generation of a 

(reactive) intermediate: either the proton transfer first, followed by electron transfer (PT/

ET), or vice versa (ET/PT).9

CPET reactions themselves can also be discussed in terms of extremes, namely: (a) 

hydrogen-atom transfer (HAT) and (b) concerted proton-coupled electron transfer (cPCET). 

The nomenclature HAT generally describes CPET reactions where the electron and proton 

travel “together” between the same donor/acceptor sites, whereas the term cPCET is used to 

describe cases where the proton and electron are transferred in a single elementary step but 

they transfer between different donor and acceptor sites (Scheme 1).9–12 Distinction of a 

cPCET reaction coordinate can also be made with regards to how closely the concerted 

reaction approaches the limiting stepwise paths (Scheme 1, edges) and invokes 

“asynchronicity” in e−/H+ transfer.10,11b Accordingly, a concerted asynchronous HAA 

reaction displaying a more PT-like character in the transition-state is referred to as a basic 
asynchronous cPCET mechanism, while that having a more ET-like character is usually 

designated as being oxidatively asynchronous.13,14a

HAA reactions following a CPET pathway avoid the formation of possible high-energy 

intermediates associated with elementary ET or PT,9 but within the paradigm of CPET itself, 

it remains nontrivial to distinguish HAT from cPCET mechanisms, because both proceed as 

elementary processes with identical reactants and products.15 In this regard, modern 

computational techniques can be powerful tools for characterization of a CPET reaction 

coordinate.12,14,16 In this work, we apply multiple such diagnostic models to reveal that both 

HAT and cPCET mechanisms are associated with X−H bond (X = C, O) activation by 

[Cu(III)−Y]2+ cores, with the particular mechanism varying as a function of the reactive 

ligand Y and the nature of the X−H substrate itself.

RESULTS AND DISCUSSION

Synthesis and Characterization of LCu(III)O2CAr1.

Reaction of a solution of [NBu4][LCu(II)OH)]4a (1′) in tetrahydrofuran (THF) with meta-
chlorobenzoic acid in the presence of 3 Å molecular sieves yielded teal-green [NBu4]

[LCu(II)O2CAr1] (3′) (Scheme 2). The identity of this complex was confirmed by UV−vis 

(Figure S1) and EPR spectroscopy (Figure S2, Table S2), negative ion electrospray 

ionization mass spectrometry, CHN analysis, and X-ray crystallography (Table S1) 
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performed on an analogous NEt +4 salt (see Section 1 of Supporting Information (SI) for 3′ 
characterization information). The X-ray structure revealed a four-coordinate copper center 

with a distorted square-planar geometry (geometry index, τ4 = 0.19; Figure 2).17 The –

O2CAr1 moiety is bound via one oxygen atom in the equatorial position at a short distance 

(1.929(3) Å) and via the second oxygen in the axial position at a longer distance (2.516(3) 

Å). Disregarding the latter weak interaction, the overall geometry and Cu−N distances for 3′ 
are similar to those of 1′ and [NBu4][LCu(II)OOCm], 2′.4d However, the Cu−O distance is 

~0.1 Å longer in 3′ than in 1′ and 2′, perhaps due to charge delocalization in the 

carboxylate moiety.

Cyclic voltammetry measurements were performed with 3′ in THF at 25 °C in the presence 

of 0.3 M electrolyte (NBu4PF6). A reversible process (ipa/ipc = 1.0, scan rate = 100 mV/s, 

ΔEp = 0.157 V vs Fc/Fc+) was observed with half wave potential, E1/2 = 0.228 V vs Fc/Fc+ 

(Figure S3). This redox couple is ~0.3 V higher than previously reported LCuII/LCuIII redox 

couples supported by anionic ligands (1′/1,4aE1/2 = −0.074 V vs Fc/Fc+; 2′/24d = −0.154 V 

vs Fc/Fc+) and ~0.5 V lower than for [LCuII(THF)]+/0 (0.735 V vs Fc/Fc+) that features a 

neutral THF ligand.4c These results suggest that a stronger oxidant than those used for 1′ or 

2′ is required to generate 3 chemically, and we chose acetyl ferrocenium tetrakis(3,5-

bis(trifluoromethyl)-phenyl)borate, [AcFc][BArF
4], which has E1/2 = 0.270 V vs Fc/Fc+ in 

CH2Cl218.

UV−vis spectroscopy was used to monitor the one-electron oxidation of 3′ by [AcFc]

[BArF
4]. Upon addition of the oxidant at −80 °C in THF, two major features appeared. The 

growth of these features maximized after 1 equiv of [AcFc][BArF
4] had been added (Figure 

S4). The final spectrum of the intense blue solution contains a shoulder at 491 nm (ε = 5000 

M−1 cm−1) and features at 650 nm (ε = 13 000 M−1 cm−1) and 830 nm (ε = 10 500 M−1 cm
−1). While the observation of these spectral features is clearly indicative of formation of a 

formally Cu(III) complex (3),4a–d,5 the transitions themselves are significantly red-shifted 

compared to those observed for 1 (540 nm, ε = 11 500 M−1 cm−1) and 2 (507 nm, ε = 13 

000 M−1 cm−1; 578 nm, ε = 12 000 M−1 cm−1; 690 nm, ε = 9000 M−1 cm−1) (Figure 3).4 

The oxidation of 3′ is chemically reversible at −80 °C in THF, as evident from experiments 

using repeated additions of oxidant ([AcFc][BArF
4]) and reductant (Fc*) (Figure S5). 

Further corrobo- rating the formulation of 3, the oxidized solution is EPR silent (Figure S6). 

Once generated, 3 is sufficiently stable at −80 °C to perform reactivity studies, but decays 

slowly via an ill-defined process (t1/2 ~ 40 min, Figure S7).

Experimental Reactivity Studies.

The reactions of THF solutions of 1 and 3 (0.1 mM, both generated with 1 equiv [AcFc]

[BArF
4]) with excess (50 equiv) Ar3OH (O−H bond- dissociation free energy, BDFE = 77.1 

kcal mol−1)9 at −80 °C were compared.19 Consumption of 1 and 3 was indicated by decay of 

their UV−vis features; no such reaction was observed in the previous investigation of 2.4d 

Analysis of the product solutions after reactions of both 1 and 3 with Ar3OH by EPR 

spectroscopy revealed a signal at g ~ 2 assigned to Ar3O•(~80% yield for 1,4b ~20% yield 

for 3, a low yield for which we have no clear explanation, see Figures S6 and S8−S9 for 

EPR data).20 In addition to the organic radical, UV−vis data support formation of a Cu(II) 
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species we tentatively assign as LCu(II)(THF) on the basis of comparison to previously 

reported data (Figure S10).4c The kinetics for the reactions were followed by monitoring the 

decay of the reactant UV−vis spectral features. The resulting data were fit globally using a 

second order reaction model via ReactLab KINETICS;21 the resulting rate constants shown 

in Table 1 are averages of triplicate measurements (see Figures S11−12 for kinetic data). The 

reaction of Ar3OH with 3 (k2 = 3(1) × 10−1 M−1 s−1) was 2 orders of magnitude slower than 

with 1 (k2 = 2(1) × 101 M−1 s−1) under the same reaction conditions. We explore possible 

rationales for this difference via theory below.

The reactivity of 3 with C−H bonds was also explored by examining the kinetics of reactions 

with DHA (BDFE = 76 kcal mol−1).9 No reaction was observed in the previous investigation 

of 2 with 200 equiv DHA at −25 °C in 1,2-difluorobenzene (1,2-DFB).4d Upon treatment of 

3 with excess DHA (200 equiv) at −80 °C in THF, no enhancement of the rate of decay of 3 

was observed. We then prepared 1 and 3 at higher temperature (−25 °C) in 1,2-DFB, a 

solvent that is less susceptible than THF to attack by 1 at that temperature. The UV−vis 

spectrum of 3 in 1,2-DFB at −25 °C (prepared with 1 equiv [AcFc][BArF
4], t1/2 ~ 20 min) 

revealed slightly red shifted features (two major features appearing at 670 and 850 nm, 

respectively) compared to the analogous spectrum in THF. Treatment of the DFB solution of 

3 with DHA (200 equiv) at −25 °C revealed a sluggish decay of the reactant UV−vis features 

and the growth of features due to anthracene (358 and 378 nm);22 in a similar experiment 

using 10 equiv DHA, 0.6 equiv of anthracene was identified after workup and GC−MS 

analysis. The kinetic data were fit to a second order rate law, yielding k2 = 1.1(4) × 10−1 M
−1 s−1 (Table 1).23 The reaction of 1 with DHA under the same conditions revealed k2 = 

4.2(9) × 101 M−1 s−1, which is within error of the previously reported value.4c Thus, the rate 

of reaction of 3 with DHA is ~2 orders of magnitude slower than that of 1 (see Figures 

S13−14 for kinetic data). In summary, distinct differences in the rates of reactions of 1, 2, 

and 3 with Ar3OH and DHA were observed. Overall, 1 reacts the fastest in the presence of O

−H or C−H bonds, followed by 3, which is followed by unreactive 2.

Computation Protocol.

In order to better understand the origin of the strongly red-shifted features in the UV−vis 

spectra of 3 compared to that of 1 and 2, explain the differential reactivity of the complexes 

toward a given substrate, and explore the underlying mechanism of various HAA processes, 

a detailed computational study employing density functional theory (DFT) was undertaken. 

Complete details of all computational methods, including benchmark studies addressing 

molecular geometries and electronic energies with various DFT models, can be found in the 

SI. The remaining text reports results from B3LYP density functional24 calculations 

including Grimme’s three-body dispersion term (D3)25a and Becke−Johnson (BJ) damping.
25b For gas-phase geometry optimizations and vibrational frequencies, Pople’s split-valence 

6–31G(d) basis set26 was used for light atoms and the Stuttgart/Dresden effective core 

potential with its associated basis set (SDD)27 was used for Cu (basis-I). Improved 

electronic energies were computed from single-point calculations using the triple-ζ def2-

TZVP basis set28 for nonmetals and SDD basis and pseudopotential for Cu (basis-II). An 

experimentally relevant solvent reaction field was included in single-point calculations 

employing the SMD continuum solvation model29 using solvent parameters for THF (ε = 
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7.4) in the case of reactions with Ar2OH and for cyclopentanone (ε = 13.6, chosen to best 

mimic experimental 1,2-DFB (ε = 13.8)) in the case of DHA. For time-dependent density 

functional theory (TD-DFT) calculations, the PBE0 density functional30 together with the 

def2-TZVP basis set for nonmetals and the def2-TZVPP basis and SDD pseudopotential for 

Cu was used (basis-III).

Although a seemingly technical computational detail, it is critical to note that all HAA 

reactions studied here involve closed-shell organic molecules and formally Cu(III) 

complexes (3d8) as reactants, which are themselves also well-described by closed-shell 

singlet electronic states. Along all reaction coordinates, however, the reacting partners 

evolve into individual open-shell doublets (an organic radical and a formally Cu(II) (3d9) 

species). Thus, within the single-determinantal Kohn−Sham (KS) DFT formalism, all 

reaction paths must at some point evolve on a broken-symmetry (BS) singlet potential 

energy surface (PES), characterized by KS determinants having MS = 0 but ⟨S2⟩ values 

greater than 0 (and approaching 1 with increased separation of the radical partners).31 We 

found that for all cases studied here, the crossing to the BS singlet PES occurs prior to 

reaching the transition-state (TS) structure for CPET. Thus, all TS structures were optimized 

at the unrestricted level of theory using the BS formalism (BS-UDFT), which takes the static 

correlation of the open-shell singlet into account in a cost-effective way.32 Since the BS-

UDFT determinant is contaminated by higher spin-states32,33 (triplet in this case), an 

approximate spin-projection scheme proposed by Yamaguchi et al.34 was used to spin-purify 

the final electronic energies.

Computed Spectra.

TD-DFT calculations were carried out for all three compounds 1−3 at the PBE0-D3(BJ)/

basis-III/SMD(THF) level of theory on the B3LYP-D3(BJ)/basis-I optimized geometries to 

better understand the experimentally observed UV−vis spectral features. A qualitative 

picture of the electronic transitions was obtained by examining the KS orbitals, which, as 

Stowasser and Hoffmann have pointed out, are a good basis for qualitative interpretation of 

molecular orbitals and moreover have energy orderings consistent with more rigorous levels 

of theory.35 Accordingly, the calculations indicated that the N-arylamide functionality of the 

L2− ligand should be viewed as an extended π system with Lewis basicity concentrated in 

distinct regions, namely, the amide π-system and the aryl π-clouds (cf. the HOMO−5 and 

HOMO of 3, Figure 4). In every case, calculations suggest that pairs of low energy 

excitations into the lowest unoccupied molecular orbital (LUMO), which includes 

substantial Cu dx
2−y2 amplitude (Figure 4), are best described as ligand-to-metal charge 

transfer (LMCT) but coming as combinations from these two portions of the ligand, with 

varying degrees of aryl π versus amide π depending on the specific excitation. With respect 

to the red-shifted features for the benzoate case, this is entirely consistent with the more 

positive standard reduction potential for 3 (E1/2 = 228 mV vs Fc/Fc+) compared to that of 1 

and 2 (−74 mV and −154 mV vs Fc/Fc+, respectively).4 Put differently, the Cu atom in 3 is 

more electrophilic, which is manifested in the orbital energies for 1 compared to 3: the 

HOMO energies are similar (within 0.07 eV), but the LUMO in 3 is much lower in energy 

(by ~0.40 eV), leading to the observed redshift (Table 2).
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Unraveling Reactive Sites for HAA.

For complex 1, there is no ambiguity that the hydrogen atom from the substrate is 

transferred to the O-atom of the −OH functionality. For 2, by contrast, both the O-atom of 

the peroxo-moiety proximal to Cu (Oa) as well as the O-atom bonded to the cumyl benzylic 

position (Ob) may in principle be active (Figure 1). Similarly, for 3, HAA can occur at the 

carboxylate oxygen proximal to Cu (Oc) or at the more distal carbonyl O-atom (Od) (Figure 

1). To determine the active sites for HAA, we have characterized the reactivity at all four of 

these sites.

For 2, Oa is clearly the preferred site for HAA: computed activation free energies are lower 

by ~13 kcal/mol for Ar2OH and ~6 kcal/mol for DHA compared to site Ob (Table 3). This 

trend is consistent with what would be expected based on alternative Cu-based product 

stabilities, i.e., a copper coordinated cumyl hydroperoxide versus a copper-oxo-coordinated 

cumyl alcohol, and indeed, the overall free energies of reaction (ΔG0) for the 2/DHA pair 

are computed to be 3.9 and 18.6 kcal/mol at sites Oa and Ob, respectively (Figure S19). By 

contrast, HAA in 3 takes place preferentially at the distal site Od, with free energies of 

activation lower by8.7 and 4.5 kcal/mol for Ar2OH and DHA, respectively, compared to 

reactivity at Oc (Table 3). This preference may also be attributed to product stability, with 

reaction at Od leading to coordination of the more Lewis basic carbonyl of the product 

carboxylic acid to copper (Figures S18–19), but there may certainly also be some degree of 

steric influence (Od being more accessible), particularly with the bulkier Ar2OH substrate.

Comparative Reactivity with Ar2OH and DHA.

Considering only lowest energy pathways, the calculated free energies of activation for 1−3 

reacting with substrates Ar2OH and DHA are presented in Table 4. For both substrates, we 

compute the reactivity order to be 1 > 3 > 2, which agrees with the experimentally observed 

trends (see Table 1 for comparison). Greater basicity of the hydroxyl group in 1, which 

results in a strong O−H BDFE in the product Cu(II) aqua complex and thus a strong 

thermodynamic driving force, plays a key role toward its highest reactivity. As the basicity 

of a carboxylate is low, the (perhaps surprisingly) higher reactivity of 3 than that of 2 can be 

attributed to its better oxidizing power as gauged by their respective E1/2 values. Moreover, 

as discussed in more detail below, the higher reactivity of 3 may also be ascribed to a 

significant asynchronicity along the proton and electron transfer coordinates, since 

asynchronous transfer of H+/e−, together with other competing factors, has been 

demonstrated36 to lower HAA activation barriers in other circumstances.

Mechanistic Diagnostics: Component of Dipole Moment along the Intrinsic Reaction 
Coordinate (IRC).

Having demonstrated a good correspondence between computed free energies of activation 

and experimentally measured rate constants, we may proceed to analyze the evolving 

electronic structures of the reacting partners along their respective reaction coordinates in 

order to better characterize the nature of the various reactions. As discussed above, in a 

cPCET process, the proton and electron travel between different donor/acceptor sites. Given 

the opposite charges of these particles, varying degrees of separation must affect the overall 

dipole moment, and in particular the component of the dipole moment projected on the 
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reaction coordinate vector, i.e., the X−H−Y axis.16a For an HAT mechanism, however, only 

a very small change in the projected dipole moment would be expected as the separation of 

the electron from the proton is never large.16 Note that by focusing on the projection of the 

dipole moment onto the reaction coordinate (and its variation), quantitatively complicating 

factors associated with the magnitude and relative alignment of the overall dipole moment 

with the reaction coordinate are eliminated. Evolutions of the relevant components of the 

dipole moment along the reaction coordinate for HAA from Ar2OH and DHA with 

complexes 1−3 are shown in Figure 5. The changes in the projected dipole moment for 

reactions of 1−3 with Ar2OH (solid lines) range from 6 to nearly 25 D, consistent with the 

polar character of the O−H bonds involved and a cPCET process. By contrast, for 1 and 2, 

HAA from DHA (dashed-lines) proceeds with changes in the projected dipole moment of 

less than 5 D, consistent with a more “true” HAT process. Results for 3, however, are in 

striking contrast to those for 1 and 2: The change in the projected dipole moment for 

reaction with DHA is almost identical to that for reaction with Ar2OH. This suggests a clear 

change in mechanism for HAA from DHA across the three [LCu(III)−Y] species: For Y = 

OH and OOCm an HAT pathway is followed, while for Y = O2CAr1 the mechanism is 

cPCET.

Mechanistic Diagnostics: Intrinsic Bond Orbital (IBO) Analysis.

In order to further characterize the HAA mechanism, we have employed the IBO 

localization scheme of Knizia and co-workers.12,37 It has been demonstrated that changes in 

IBOs along a given reaction coordinate closely track the “curly arrows” generally used to 

explain bond-making/bond-breaking reaction mechanisms and, in the particular case of 

HAA reactions, for analyzing the nuances of HAT versus cPCET.12,38 Illustrative examples 

are shown in Figure 6, where evolutions of IBOs for α- and β-electrons of breaking X−H 

bonds along the intrinsic reaction coordinate have been carefully assessed to understand 

relevant charge flow. Figure 6(a–c) shows evolution of the IBOs for the activated C−H bond 

during HAA from DHA by 1. In this simplest case, it is clear that along the reaction 

coordinate, the α-IBO (Figure 6(b), purple lobe) transforms from a C−H bond in DHA to an 

O−H bond in [LCu(II)−OH2] as the electron follows the proton, while the β-IBO (Figure 

6(c), green lobe) evolves from being a C−H bond to a semilocalized radical on the 

monohydroanthracene product. This electronic redistribution exemplifies a “true” HAT 

mechanism as shown in Figure 7(a).

A similar analysis for the reaction of 1 with Ar2OH is shown in Figure 6(d–f). Evolution of 

the β-IBO of the O−H bond is shown in Figure 6(e), and the corresponding α-IBO evolves 

almost identically (Figure S20). Since both the α- and β-IBOs of the original O−H bond 

remain on the aryloxy substrate along the H-coordinate, the electron transfer must take place 

from another IBO to complete the overall HAA (recalling that this is a concerted reaction). 

As shown in Figure 6(f), in the vicinity of the TS-geometry, it is a β-IBO of the aryl π-cloud 

of Ar2OH that evolves into a copper dx
2−y2 orbital. As the transfer of the proton and 

electron involve different donor/acceptor centers, this process is best described as a cPCET 

pathway, as indicated with curly arrows in Figure 7(b).
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Continuing with the IBO analysis, a scenario similar to 1/Ar2OH is present for the reaction 

of 3 with DHA, i.e., both α- and β-IBOs of the C−H bond remain on the hydrocarbon 

substrate (Figure 6(h) for β-IBO, Figure S24 for α-variant). Interestingly, a β-IBO of DHA 

π-density is found to evolve into a Cu dx
2−y2 orbital through a ligand-assisted pathway 

(Figure 6(i)), that is, density in a ligand π-IBO flows to Cu concomitantly with density from 

a DHA π-IBO flowing to the ligand itself. While this π−π communication adds an 

additional layer of complexity with respect to detail, the overall electron flow makes it clear 

that the reaction of 3 with DHA is best described as a cPCET mechanism (Figure 7(c)), 

consistent with the conclusions drawn from analysis of projected dipole moment changes 

discussed above. IBO transformations of the remaining pairs: 2/DHA, 2/Ar2OH, and 3/

Ar2OH are presented in the SI (Figures S21–S23). The net conclusion from these analyses is 

that 1−3 all react with Ar2OH via a cPCET mechanism, 1 and 2 react with DHA via an HAT 

mechanism, but 3 instead abstracts a H-atom from DHA following the cPCET pathway.

In regard to details within the paradigm of a cPCET process, a varying degree of 

asynchronicity in H+/e− transfer is possible during the concerted event, which can have a 

significant impact on the reaction rate. Hence, it is informative to be able to quantify the 

extent to which transfer of proton and electron coupled. One way to quantify this is to 

calculate the asynchronicity factor (η), a thermodynamic parameter introduced by Srnec and 

co-workers for describing the relative contributions of two competing factors dictating a net 

HAA process: the acidity constant (pKa) and the redox potential.36 In cases where 

acidobasic contributions are more important, a negative value of η is expected, while a 

positive value of η indicates a more dominant role of the redox potential.13,36 For instance, it 

has been demonstrated recently that C−H bond activation by a Co(III)−oxo species with 

various hydrocarbons occurs via a basic asynchronous concerted pathway, where a H+ is 

transferred to the acceptor-site prior to e− transfer (cf. Scheme 1).13 The asynchronicity 

factor was computed to be negative in this case. The 3/DHA reactivity revealed here, by 

contrast, is concerted, but we compute it to be oxidatively asynchronous as we compute a 

positive value for η (+626 and +933 mV for reactions with Ar2OH and DHA, respectively; 

Table S7).

A more visual picture of the oxidative asynchronicity in 3/DHA could be obtained by 

examining Figure 6(i2), which shows the electron-transfer event occurring at a point along 

the reaction coordinate where the H+ is still primarily on the DHA fragment, consistent with 

an asynchronous cPCET mechanism having a more ET-like character in the TS. A 

comparative analysis of the cPCET mechanisms in 1/Ar2OH and 3/DHA is provided in 

Figure 8, where evolution of the Hirshfeld spin population along the H-coordinate for both 

systems is plotted. Interestingly, for 3/DHA, the spin-density on the Cu-fragment starts 

increasing (and, that of the DHA moiety starts decreasing) well before the TS is reached—

indicating early transfer of the electron from the substrate. This transfer is advanced even 

when comparing to the cPCET case of 1/Ar2OH, where a similar change in density begins to 

appear only in close vicinity to the TS, in spite of the more polar character of the O−H bonds 

involved. This variation may presumably again be attributed to the substantially more 

positive standard reduction potential of 3 compared to 1 and 2.
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CONCLUSIONS

A new [Cu(III)−Y]2+ species with Y = O2CAr1(3) has been prepared and characterized. Its 

reactivity toward X−H bond (X = C, O) activation has been studied and compared to that of 

two analogous [Cu(III)−Y]2+ cores with Y = OH (1) and OOCm (2) supported by the same 

L2− ligand. Systematic comparison of reactivity with a given substrate across the series (Y = 

OH, OOCm, and O2CAr1) has enabled us to discern the contribution of the acceptor Y-group 

toward the complex’s X− H bond functionalization reactivity. One key finding is that 3 is a 

better oxidant than 2 owing to the weaker carboxylate donor, which makes the Cu-center in 

3 more electrophilic, and this in turn makes benzoate 3 more reactive than alkylperoxo 2. On 

the other hand, the greater basicity of the hydroxide moiety in 1 contributes significantly to 

its highest reactivity.

There are other mechanistic differences as well: detailed examination of X−H bond 

activation by 1−3 indicates variations in the synchronicity of concerted proton and electron 

transfer (CPET), ranging from quite asynchronous to the near-perfect synchronicity of true 

hydrogen-atom transfer, with reaction coordinates sensitive to both reactive ligand Y and 

substrate. Measurement of the dipole moment component projected on the H-donor/acceptor 

axis16 proves one efficient means to assess relative synchronicity. Analysis of intrinsic bond 

orbitals12,37,38 enables direct visualization of electron flow along reaction coordinates, and 

has been used here to resolve a mechanistic dichotomy within the paradigm of CPET 

reactions. For Y = OH and OOCm, reactions with 9,10-dihydroanthracene are found to 

proceed by hydrogen-atom transfer, while reactions with a bulky phenol are found to 

proceed instead by concerted proton-coupled electron transfer. For Y = O2CAr1, by contrast, 

both reactions are found to proceed by concerted proton-coupled electron transfer, with a 

high degree of oxidative asynchronicity, driven in part by the greater oxidizing power of the 

Cu(III) species. Such a detailed mechanistic picture delineating the coupled nature of proton 

and electron transfer from the substrate to different copper− oxygen species should be of 

broader relevance in HAA catalysis and can be exploited for strategic tuning of reactivity 

and selectivity toward various substrate X−H bonds.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Two organic substrates, DHA and ArnOH (n = 2 in theoretical studies, n = 3 in experimental 

studies), used in this study together with three [LCu(III)−Y] complexes. The α,α-

dimethylbenzyl group in 2 is abbreviated as “Cm” and the meta-chlorophenyl group in 3 is 

referred to as “Ar1”.
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Figure 2. 
X-ray crystal structure of anionic 3′ with the NEt4 cation and H atoms omitted for clarity. 

All non-hydrogen atoms are shown as 50% thermal ellipsoids. Selected interatomic 

distances (Å) and angles (deg): Cu−O1, 1.929(3); Cu−O2, 2.516(3); Cu−N1,2.005(3); Cu

−N2, 1.912(3); Cu−N3, 2.018(3); N1−Cu−N3, 160.44(13); N1−Cu−N2, 80.48(12); N2−Cu

−O1, 176.17(12).
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Figure 3. 
Overlay of UV−vis spectra of LCu(III)OH (1, black), LCu(III)OOCm (2, blue), and 

LCu(III)O2CAr1(3, red), in THF at−80 °C.
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Figure 4. 
Spectroscopically relevant highest occupied molecular orbital (HOMO) and HOMO−5, 

together with the lowest unoccupied molecular orbital (LUMO) for complex 3.
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Figure 5. 
Evolution of the total dipole moment vector (Hirshfeld) projected along the axis of H-atom 

abstraction. (a), (b), and (c) correspond to HAA reactivity of complexes 1 (blue), 2 (black), 

and 3 (green), respectively. Solid lines are used for the Ar2OH substrate, while dashed-lines 

represent the DHA substrate.
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Figure 6. 
Plots of the change in electronic energies (computed at UB3LYP-D3(BJ)/basis-I level) along 

the intrinsic reaction coordinate (IRC/amu1/2-bohr) for (a) 1/DHA, (d) 1/Ar2OH, and (g) 

3/DHA pairs. Intrinsic bond orbital (IBO) transformations of the C−H bond along the IRC 

are shown in (b) purple (α-IBO) and (c) green (β-IBO). Changes in the O−H β-IBO for 1/

Ar2OH are shown in (e), while (f) shows changes in the β-IBO of the π-electron density of 

the aryl ring that eventually ends up on the Cu-atom. Transformation of the C−H β-IBO for 

3/DHA is presented in (h), with the density remaining on the DHA moiety. Changes in two 

β-IBOs corresponding to the π-density of DHA (blue-green) and that of the 

diisopropylphenyl moiety of the ligand (pink-orange) are represented simultaneously in (i). 

IBO transformations indicate that the density on DHA is transferred to the Cu-center 

through a ligand-assisted pathway. In all cases, isopropyl groups of the ligand and tert-butyl 

groups of the Ar2OH substrate are omitted for clarity.
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Figure 7. 
Electron flow during HAA from (a) 1/DHA, (b) 1/Ar2OH, and (c) 3/DHA.
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Figure 8. 
Changes in the Hirshfeld spin-population for 1/Ar2OH (green) and 3/DHA (blue), along 

their respective cPCET reaction coordinates. Solid lines represent total spin on Cu-

complexes (FragmentCu), while dotted lines reflect the total spin on organic substrates 

(FragmentSub). At the start of the reaction, both FragmentCu and FragmentSub are closed-

shell systems, thus the total spin on both fragments starts from zero. At/near the TS, single 

electron transfer leads to local spin on both fragments.
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Scheme 1. 
Stepwise (ET/PT or PT/ET) vs CPET Pathways for X−H Bond Activation by a 

Representative Cu(III) Species (1)a

aTwo key variations of CPET reaction, namely, HAT and cPCET, are also shown.
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Scheme 2. 
Synthesis of [NBu4][LCu(II)O2Car1], 3′, Starting from [NBu4][LCu(II)OH)], 1′

Mandal et al. Page 23

J Am Chem Soc. Author manuscript; available in PMC 2020 October 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Mandal et al. Page 24

Table 1.

Experimental Second Order Rate Constants (k2, M−1 s−1) for HAA from Ar3OH
a
 and DHA

b
 with Complexes 

1−3

species Ar3OH DHA

1 2(1) × 101 4.2(9) × 101

2 no rxn. no rxn.

3 3(1) × 10−1 1.1(4) × 10−1

a
Measured at −80 °C in THF.

b
Measured at −25 °C in 1,2-DFB.
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Table 2.

Most Intense Molecular Excitation Energies Computed
a
 for Different Cu(III) Complexes

b

orbital energy (eV)

species HOMO LUMO excitation energies (eV)

1 −6.49 −3.59 2.24 (2.30)

2 −6.36 −3.72 1.78 (1.76), 2.06 (2.14), 2.80 (2.48)

3 −6.42 −3.99 1.63 (1.49), 1.90 (1.91), 2.65 (2.53)

a
TD-DFT calculations performed at PBE0-D3(BJ)/basis-III/SMD-(THF)//B3LYP-D3(BJ)/basis-I level of theory.

b
Experimental excitation energies are provided in parentheses for comparison.
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Table 3.

Free Energies of Activation (ΔG‡, kcal/mol) Calculated for Different Reactive Sites Oa, Ob, Oc, or Od with 

Ar2OH and DHA Substrates
a

species
Ar2OH (ΔG193

‡
) DHA (ΔG248

‡
)

2 (Oa) 8.0 16.8

2 (Ob) 21.2 23.2

3 (Oc) 11.6 19.0

3 (Od) 2.9 14.5

a
B3LYP-D3(BJ)/basis-I/SMD(solvent)//B3LYP-D3(BJ)/basis-I at 193.15 K for Ar2OH and 248.15 K for DHA.
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Table 4.

Computed
a
 Free Energies of Activation (ΔG‡, kcal/mol) for HAA from Ar2OH and DHA with Complexes 1−3

species
Ar2OH (ΔG193

‡
) DHA (ΔG248

‡
)

1 2.6 7.0

2 (Oa) 8.0 16.8

3 (Od) 2.9 14.5

a
B3LYP-D3(BJ)/basis-I/SMD(solvent)//B3LYP-D3(BJ)/basis-I level of theory at 193.15 K for Ar2OH and at 248.15K for DHA.
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