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ABSTRACT: AuIII-oxygen adducts have been implicated as intermediates in homogeneous and heterogeneous Au oxidation catalysis but their reactivity is under-explored. Complex 1, ([AuIII(OH)(terpy)](ClO4)2, (terpy = 2,2’:6’,2-terpyridine), readily oxidized substrates bearing C–H and O–H bonds. Kinetic analysis revealed that the oxidation occurred through a hydrogen atom transfer (HAT) mechanism. Stable radicals were detected and quantified as products of almost quantitative HAT oxidation of alcohols by 1. Our findings highlight the possible role of AuIII-oxygen adducts in oxidation catalysis and the capability of late transition metal-oxygen adducts to perform proton coupled electron transfer.

Introduction
Au has demonstrated great efficiency in the oxidation of carbon monoxide and alcohols, the esterification of ethylglycol, and the hydrochlorination of acetylene,1-4 thus showing increased relevance for a somewhat counterintuitive reactivity of this soft metal in electrophilic oxidation. Discreet AuIII complexes have proven to be excellent catalysts for various classes of oxidation reactions, such as alkane oxygenation,5 olefin epoxidation,6-7 oxidative cross-couplings,8-9 and alkyne hydroamination.10 AuIII–OH species have been proposed as the active species in the oxidation of CO by Au supported on metal oxides,11-12 while in other cases the active oxidant has been postulated to be a terminal AuIII-oxo (AuIII=O) species, both in homogeneous7 and heterogeneous oxidations.2, 11, 13 A AuIII=O complex remains elusive precluding insight into its reactivity properties. Given the expected high basicity of a terminal AuIII=O, its protonation might be favored to yield AuIII–OH as the active oxidant. Bis-μ-oxo-AuIII2 species have been shown to be adequate oxidants in olefin hydroxylation and epoxidation.7, 14-15 Bochmann and coworkers have shown how a AuIII–OH complex, supported by a cyclometallated CNC ligand, allowed the isolation of AuIII–peroxide and -hydroperoxide complexes and showed OAT reactivity towards phosphines.16 Despite the existence of stable AuIII–OH complexes,16-19 little attention has been dedicated to their capability to perform oxidation chemistry.
High-valent mononuclear metal-hydroxide species have been widely implicated as intermediates in catalysis by several metallo-oxidases.20-22 For most of these systems the rate determining step was a metal-based proton-coupled electron transfer (PCET) reaction,23-24 in which the active high-valent metal-based oxidant, abstracted a hydrogen atom from a C–H bond via a hydrogen atom transfer (HAT) mechanism (a class of PCET).25-27 Biomimetic models of mononuclear mid- and high-valent hydroxides containing Mn,28-30 Fe,31-32 and Cu,33 centres have proven that these species are capable of performing HAT of substrates containing very strong C–H bonds. Given the dearth of insight into the active oxidants in Au oxidation catalysis and the underexplored reactivity of heavy and late transition metal-hydroxides we set-out to explore the oxidation reactivity properties of a AuIII–OH entity of relevance to putative intermediates in Au oxidation catalysis.
Results and Discussion
[bookmark: _Hlk14083635][AuIII(OH)(terpy)](ClO4)2 (terpy = 2,2’:6’,2-terpyridine) (1, Scheme 1) was synthesized as reported.17 The identity and purity of 1 was confirmed by 1H nuclear magnetic resonance (NMR) spectroscopy, attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy, and mass spectrometry (Figures S1-S7). The 1H NMR spectra of 1 in D6-dimethylsulfoxide (DMSO-D6) and D7-N,N-dimethylformamide (DMF-D7) displayed comparable resonances, in agreement with those reported for similar complexes (Figures S1-S5).34 The integrity of the hydroxide ligand in these solvents was confirmed by the presence of a signal at  = 6.35 ppm in DMSO-D6 and  = 6.65 ppm in DMF-D7. This signal disappeared upon addition of a drop of D2O and when the analogous [AuIII(OD)(terpy)](ClO4)2 was independently synthesized (Figures S3,S9,S10). 1 displayed a yellow color in the solid state but yielded pink solutions once dissolved in polar aprotic solvents such as DMF (λmax = 545 nm) and DMSO (λmax = 537 nm, Figure S8). Similar solvatochromism has been observed in analogous d8 complexes containing polypyridyl ligands.34-36 The cyclic voltammogram of 1 showed one irreversible reduction peak Ered = -0.13 V versus the ferrocene/ferrocenium (Fc/Fc+) standard (Figure S11). 1 was thus a weak oxidant which maintained its hydroxide ligand in a variety of solvents.
Scheme1. Reaction of 1 with 1,4-cyclohexadiene (CHD).
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1 (0.55 mM, DMF, 25 °C) was reacted with 1,4-cyclohexadiene (CHD, 1000 equiv.), resulting in a change in its electronic absorption spectrum (Figure S12). An initial growth of features at λ = 545, 630 nm was observed within 300 s, followed by a slower growth in the region between λ = 400-1000 nm over 2000 s, together with a drop in the intensity of the bands at λ < 380 nm. During the latter process a dark purple precipitate was observed, which we attribute to colloidal Au formation.37-39 We postulated that the initial reaction was the oxidation of CHD by 1 to yield a reduced form of 1 and benzene (Scheme 1).
To monitor the reaction by 1H NMR, the same reaction was performed in DMSO-D6 on a different scale (100 equiv. CHD, Figures S13-S14). We observed the growth in intensity of a signal at  = 7.36 ppm that was assigned to the C–H resonances of benzene (Table S1).40 The yield of benzene was determined to be 90 ± 15% with respect to [1] if each molecule of 1 was responsible for one H-atom transfer. To oxidise CHD to benzene requires that two H-atoms are removed. The calculation above takes this into account. Given the observation of colloidal gold at the end of the reaction, we cannot exclude that 1, 2, or 3 electrons and protons might be theoretically transferred to each equivalent of 1 which could lower the estimated yield of benzene with respect to [1]. The 1H NMR spectra also showed a significant shift and broadening of the residual signal attributed to H2O ( = 3.34 ppm to  = 3.55 ppm). Previous reports showed that increased water content can shift H2O resonances downfield,41 and notably a progressive peak shift is evident in DMSO-D6 mixtures with variable water content.42 This observation confirmed that the water content during the reaction between 1 and CHD increased significantly. A pseudo-first order constant for the rate of benzene formation was determined from the 1H-NMR data to be 1.2  10-3 s-1 in DMSO-D6 (Figure S14). Combined with the electronic absorption analysis, these results show that 1 was capable of oxidizing CHD to yield benzene, presumably through a PCET oxidation.
1 (DMF, 25 °C, 0.55 mM) also reacted with 9,10–dihydroanthracene (DHA, > 200 equiv.). As for the reaction with CHD, the electronic absorption spectra showed a slow increase of the bands at λ = 545, 630 nm, followed by indications of colloidal Au formation (Figures S15, S16). Anthracene formation was confirmed by gas chromatography (GC) with a measured yield of 65 ± 25% with respect to [1] (Table S1). Note that no oxygen-containing organic products (e.g. anthraquinone, anthrone) were idenitified by gas chromatography. This confirmed that 1 was reacting with DHA to yield anthracene, presumably as a result of PCET oxidation. 
The rate of the reaction with DHA was measured by monitoring the decay of the band at  = 369 nm, assigned to complex 1 (0.15 mM, 25 °C, DMF, Figure S17). Pseudo-first order rate constants (kobs) were obtained by exponential fitting of the plot of absorbance vs time up to 2800 s (Figure S18). At the end of the reaction, which appeared to be very slow, the characteristic absorption bands of anthracene were observed ( = 341,360 and 379 nm in DMF). A second-order rate constant (k2) was determined from the slope of the plot of kobs versus [DHA] to be 0.020 M-1s-1 (Figure S19). The same reaction was repeated with [D]4-DHA, showing k2 = 0.006 M-1s-1, yielding a primary kinetic isotope effect (KIE) of 3.3 (Figure S19). This result suggested that the cleavage of the C–H bond is involved in the rate-determining step. This KIE value lies in the classical range (2-7) and in agreement for what observed for other high-valent metal-oxygen adducts (M–O–X), including hydroxides, in contrast to high-valent metal-oxo (M=O) oxidants. For M=O large KIEs (>10) have been reported, which have been explained to stem from tunneling effects.43 The KIE value suggests that the rate-limiting step is proton or H-atom transfer.
For both hydrocarbon substrates we can obtain little mechanistic insight into the initial PCET reaction because the products that we can identify represent two-electron, two-proton PCET oxidised products, meaning exploration of the mechanism of the PCET is not possible. It is therefore also not possible to explore if AuIII 1 was solely responsible for all PCET oxidation steps or if the reduced derivates of 1 (AuII, AuI) also contribute to the oxidation of CHD and DHA.
In order to gain further mechanistic insight, the reactivity of 1 towards substrates bearing weak O–H bonds was then examined. When 4-methoxy-2,6-di-tert-butylphenol (4-CH3O-2,6-DTBP, 100 equiv.) was added to 1 (0.4 mM, DMF, 25 °C) an immediate reaction was observed. The electronic absorption spectrum displayed a sharp band at  = 407 nm, alongside the growth of features at  = 545, 630 nm (Figure 1). The band at λ = 407 nm reached a maximum after 160 s (Figure S21) and subsequently slowly decayed. After 1000 s a dark purple precipitate was observed to form in the reaction mixture, as observed for the latter stages of CHD and DHA oxidations.
[image: ]Figure 1. Electronic absorption spectra of the reaction of 1 (0.4 mM, DMF, black trace) with 4-CH3O-2,6-DTBP (100 equiv.) at 25 °C. blue = 160 s; red = 1000 s. Inset: X-Band EPR spectra of the reaction mixture of 1 with 4-CH3O-2,6-DTBP (blue trace) after 160 s and the independently synthesized 4-methoxy-2,6-di-tert-butylphenoxyl radical (grey trace). The spectra were acquired from a frozen DMF solution and measured at 77 K with a 0.2 mW microwave power and a 0.2 mT modulation amplitude. The spectra have been normalized with respect to the microwave frequency used.
An X-band EPR spectrum of the reaction mixture prepared at 160 s (initial phase of the reaction) showed an isotropic signal at g = 2.00 typical of an organic radical (Figure 1). We postulated it to be the 4-methoxy-2,6-di-tert-butylphenoxyl radical, which was confirmed by independent synthesis of this compound and comparison of its EPR spectra to that measured for the reaction mixture (Figures 1, S25, see SI for details).44 Likewise, the electronic absorption spectrum of the independently synthesized radical displayed a feature at  = 407 nm (Figure S26). The yield of 4-methoxy-2,6-di-tert-butylphenoxyl radical was determined to be 80 ± 15 % by EPR and 85 ± 15 % by electronic absorption spectroscopy (Table S1) when a one-electron reaction is considered. Thus, the initial product of the reaction between 1 and 4-CH3O-2,6-DTBP was 4-methoxy-2,6-di-tert-butylphenoxyl radical, presumably formed through PCET oxidation.
A plot of the absorbance at λmax = 407 nm versus time showed an initial phase (160 s, coinciding with the maximum yield of radical) with an exponential growth and a second phase showing its decay up to 400 s (Figure S24). Pseudo-first order rate constants (kobs) were obtained by exponential fitting of the plot of absorbance vs time up to 160 s (Figure S27). The rate of this initial phase was shown to be dependent on [substrate] and the plot of the kobs versus [substrate] exhibited a non-linear correlation (Figure 2). This was consistent with a saturation kinetic model, thus we employed the following kinetic equation to fit the obtained results: kobs = k1[substrate]/(K + [substrate]). A linearization of the data (Figure S28) was performed to determine k1 (0.0305 s-1), the maximum rate of the reaction, and K (0.016 M), the [substrate] at which half of the maximum rate was reached (Table 1).
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[bookmark: _Hlk16868917]Figure 2. Plot of kobs against [4-CH3O-2,6-DTBP] determined for the reaction between 1 and 4-CH3O-2,6-DTBP.
The kobs of the reaction of 4-CH3O-2,6-DTBP with different concentrations of 1 was measured in saturating conditions (350 equiv. of substrate) in order to ensure a maximum rate was achieved in the saturating region (Figure S29). The linear correlation observed between kobs and 1 suggested that the oxidation was first order in [1] in the range of concentrations explored.
The fate of the 4-methoxy-2,6-di-tert-butylphenoxyl radical, after it reached its maximum yield, was explored with 1H NMR in DMSO-D6. A 1H NMR of 4-CH3O-2,6-DTBP showed resonances at  = 6.52 (O–H), 6.62 (ArCH), 3.66 (OCH3), and 1.36 ppm (C(CH3)3) (Figure S30). Upon reaction with 1 in DMSO-D6 (Figures S32, S34), these resonances disappeared together with the growth of new features at  = 6.50, 3.16, and 1.23 ppm. It should be noted that we were unable to identify the 4-methoxy-2,6-di-tert-butylphenoxyl radical product by 1H NMR, and thus focus on the yield of the 2-electron oxidized, two-proton lost product by 1H NMR. The signals at  = 6.50 and 1.23 ppm have been attributed to 2,6-di-tert-butylquinone (2,6-DTBQ) and that at  = 3.16 ppm has been attributed to CH3OH (Figures S31-S34).40 Finally, as for CHD, we observed a shift and broadening in the H2O residual peak (δ = 3.33 ppm to δ = 3.90 ppm). The kobs for the rate of formation of 2,6-DTBQ measured with this kinetic experiment was 0.0034 s-1 (Figure S35), one order of magnitude lower than the k1 calculated for the formation of the radical (Table 1). The yield of 2,6-DTBQ was quantified by GC as 80 ± 12% when a 2-electron oxidation was considered (Table S1). These observations were consistent with the formation of the radical occurring first followed by its further decay to 2,6-DTBQ and CH3OH (Figure S33).
We observed no difference in the k1 for the 4-methoxy-2,6-di-tert-butylphenoxyl radical formation in the reaction between 1 and 4-CH3O-2,6-DTBP in an aerobic versus an anaerobic atmosphere (0.0318 s-1 vs 0.0305 s-1, respectively, Table 1, Figures S36-S39). This showed that O2 played no significant role in the oxidation of phenols by 1. For the reaction of 1 with deuterated 4-CH3O-2,6-DTBP a k1 = 0.0106 s-1 was determined, yielding a KIE of 2.9 (Figures S42-S43), which suggests that proton or H-atom transfer was rate-limiting in the oxidation of phenols by 1.
[bookmark: _Hlk20843656]Table 1. Kinetic parameters for radical formation from the reaction between 1 and O–H bonds.27, 45
	
	k1 (s-1)
	K (M-1)
	BDFEO–H (kcal/mol)b

	4-CH3O-TEMPOH
	1.2
	-
	65.0

	4-oxo-TEMPOH
	0.49
	1.5a
	65.6

	TEMPOH
	0.808
	0.016
	66.5

	[H]-4-CH3O-2,6-DTBP

[D]-4-CH3O-2,6-DTBP
	0.0305

0.0106
	0.016

0.067
	74

-

	2,4,6-TTBP
	0.0014
	0.025
	77.1


aIt should be noted that for 4-oxo-TEMPOH the kobs versus [4-oxo-TEMPOH] displayed behavior that was close to linear. bBDFEO−H values are not available for these substrates in DMF, hence we have reported BDFEO–H values for CH3CN.25-27 Number in italics was estimated.
1 was then reacted with 2,4,6-tris-tert-butylphenol (2,4,6-TTBP, DMF, 25 °C, 0.4 mM), where the electronic absorption spectrum showed the formation of a band at λ = 402 nm (maximum yield at 1500 s), together with the slower growth of features at λ = 545, 630 nm (Figures S48-S49). An X-band EPR spectrum after 1500 s showed a signal at g = 2.00 (Figure S50). The 2,4,6-tris-tert-butylphenoxyl radical was synthesized independently (Figure S50-S51, see SI for details),46 and was found to display the same EPR g-values and electronic absorption features, confirming that the 2,4,6-tris-tert-butylphenoxyl radical was the product. The yield of radical was determined to be 88 ± 15% by EPR and 85 ± 20% by electronic absorption spectroscopy, when a 1-electron reaction was considered (Table S1). k1 for this reaction was determined to be 0.0014 s-1 (Table 1, Figure S52-S53). The final product of this reaction was found to be 2,6-DTBQ and its yield was calculated by GC to be 120 ± 60% for a net 2-electron reaction (Table S1).
[bookmark: _Hlk5526925]Complex 1 also reacted with 2,6-di-tert-butylphenol (2,6-DTBP, > 10 equiv.) showing the growth of a band at λ = 426 nm and the features at λ = 545, 630 nm (Figure S55). ESI-MS analysis of the post-reaction mixture showed the presence of 3,3’,5,5’-tetra-tert-butyl-[1,1’-bis(cy-clohexane)]-2,2’,5,5’-tetraene-4,4’-dione (TTBTD, Figure S56). This product was presumably formed by the coupling of two 2,6-di-tert-butylphenoxyl radicals formed by PCET oxidation of 2,6-DTBP (Figure S57).47 An electronic absorption spectrum of pure TTBTD demonstrated that the feature at λ = 426 nm belonged to TTBTD (Figure S58). 1H NMR spectroscopy confirmed the formation of TTBTD (10% yield for a 2-electron reaction, Table S1) and 2,6-DTBQ (10% yield for a 2-electron reaction, Figure S61 and Table S1). We deemed the kinetics of the formation of TTBTD not related to the initial PCET by 1 (Figure S66), and thus not comparable with the formation of the radicals for the previous substrates, which would not provide insight into the initial PCET reaction. Similar results were obtained when 1 was reacted with 4-X-2,6-DTBP (X = Br, NO2) excluding these substrates from our kinetic analyses.
[bookmark: _Hlk14073723]Complex 1 reacted with 4-X-1-hydroxy-2,2,6,6-tetramethyl-piperidines (4-X-TEMPOH, X = H, CH3O, O). Upon reaction with 4-X-TEMPOH (>10 equiv., Figures S67-81), the electronic absorption spectrum of 1 showed a drop of the feature at λ = 369 nm that was complete within 150 s (for TEMPOH), together with the increase in absorbance of the features at  λ = 545, 630 nm over 1000 s, that was common for all substrates. For 4-H-TEMPOH, an X-Band EPR spectrum of a frozen sample of the reaction mixture after 150 s showed a rhombic signal with gav = 2.00 which was consistent with previously reported spectra of (2,2,6,6-tetramethyl-piperidin-1-yl)oxyl (TEMPO) (Figure S71).30 The reactions with 4-CH3O-TEMPOH and 4-oxo-TEMPOH gave comparable radical signals in similar time frames (Figures S75-S79). The yield of 4-X-TEMPO radicals was calculated to be 80 ± 10% for TEMPOH, 77 ± 15% for 4-CH3O-TEMPOH, and 75 ± 15% for 4-oxo-TEMPOH by EPR, all considering a one-electron oxidation. We monitored the change at λ = 369 nm and obtained pseudo-first order rate constants (kobs). As for the phenolic substrates, saturation kinetic behavior was observed (Figures S69 – S81). k1 was calculated to be 0.808 s-1 for TEMPOH, 1.2 s-1 for 4-CH3O-TEMPOH, and 0.49 s-1 for 4-oxo-TEMPOH, all approximately one order of magnitude higher than that observed for 4-CH3O-2,6-DTBP (Table 1).  In summary, as with 4-CH3O-2,6-DTBP and 2,4,6-TTBP, the 4-X-TEMPOH family of substrates reacted with 1 yielding oxygen-based radical products in high yields (>75 %, calculated considering a one-electron oxidation with respect to the starting complex) and displaying pseudo-first order rates of reaction, indicating PCET oxidation by 1.
The Gibbs energies of activation were derived from the measured k1 values to determine a ΔG‡ and plot against the change in O–H bond dissociation energy (BDFEO–H) yielding a slope = 0.30 (Figures 3, S82-S84), which is close to the ideal value for HAT of 0.5 predicted by Marcus theory.48-49 This value falls in the range of of ΔG‡/Δ(BDFE) slopes ascribed to HAT mechanisms (0.15 - 0.7) and indicates  that HAT is the mechanism by which 1 oxidized these substrates.27, 50 Furthermore, it should be noted that no correlation was observed between the kinetic constants and the pKa or the E1/2 of the substrates, when available.45, 51
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Figure 3. Plot of ΔG‡ against the BDFEO−H of the substrates. The values of ΔG‡ was determined from the calculated first-order constants k1 via the Eyring equation (slope = 0.30). BDFEO−H values are not available for these substrates in DMF hence we have plotted BDFEO−H values for CH3CN.27
For the reaction of 1 with 4-CH3O-2,6-DTBP we have determined activation energy parameters from the reaction of complex 1 with 4-CH3O-2,6-DTBP (Figure S85). The activation enthalpy was determined to be ΔH‡ = 9.9(4) kcal/mol, whereas the activation entropy value was determined to be ΔS‡ = -33(3) cal mol-1K-1. This value is close to those reported for metal-based oxidants performing HAT.52-53 Furthermore, these values are also similar to those reported for other metal-hydroxide complexes which have been determined to perform a HAT oxidation (Table 2). All these hydroxide complexes in fact show a relatively large and negative entropic contribution for a bimolecular reaction within the same order of magnitude of that experimentally identified for 1. This corroborates the mechanistic hypothesis of HAT for 1 in the reaction with O–H bonds. The primary KIE values calculated for the reaction of complex 1 with O–H (2.9) and C–H bonds (3.3) further support this mechanistic hypothesis. We exclude a hydride transfer mechanism based on the weight of kinetic data indicating hydrogen atom transfer. These results confirm that a AuIII–OH entity is a capable oxidant of hydrocarbons and a plausible intermediate in Au oxidation catalysis.
We postulate that the AuIII–OH complex 1 abstracted a H-atom from hydrocarbons and alcohols formally resulting in the formation of a transient AuII–OH2 adduct and a C- or O-based radical (Scheme 2). The increased water content in all reactions from the transformation of the ancillary hydroxide ligand of 1 into an aquo ligand after HAT (Scheme 2) adds support to this postulate. We postulate that the product of the HAT step ([AuII(H2O)(terpy)]2+) decays to yield Au nanoparticles either by oxidizing substrate or via other routes. We weren’t able to independently synthesize [AuII(H2O)(terpy)]2+. To the best of our knowledge, only one mononuclear AuII complex has been isolated,57 suggesting such species are unstable. The instability of AuII has been shown theoretically to be influenced by multiple factors such as solvation energy, the ancillary ligand dissociation mechanism, the charge of the intermediate, the nature of the solvent and of the ancillary ligands.37, 58-61 The exact nature of the decay of Au-products after HAT oxidation is therefore very complex and needs further investigation. We conclude from the experimental evidence available at this time that 1 facilitates HAT which was subsequently followed by decay of the [AuII(H2O)(terpy)]2+ product to H2O and Au0. 
Table 2. Activation energy parameters for metal hydroxide complexes in HAT oxidation.
	Complex
	ΔH‡
(kcal/mol)
	ΔS‡
(cal/mol.K)

	1
	9.9(4)
	-33(3)

	
	
	

	[MnIII(OH)(SMe2N4(tren))]56
	8.2
	-25.5

	[MnIII(OH)(dpaq)]30
	9.9(9)
	-35(3)

	[MnIII(OH)(PY5)]55
	9.3(5)
	-36(5)

	[FeIII(OH)(PY5)]22
	13.2(5)
	-26(5)

	[CuIII(OH)(L)]54
	5.1(1)
	-31(3)

	[CuIII (OH)(pipMeL)]54
	3.8(2)
	-38(3)

	[CuIII(OH)(NO2L)]54
	4.9(1)
	-27(1)


L= 2,6-X-dipheylpyridine-dicarboxamidate; dpaq = 2-[bis(pyridin-2-ylmethyl)]amino-N-quinolin-8-yl-acetamidate; PY5 = 2,6-bis- (bis(2-pyridyl)methoxymethane)pyridine); SMe2N4(tren) = dimethylmercapto-tris(2-aminoethyl)amine). The parameters for 1 have been calculated from the first order kinetic constants (k1) whereas those cited are from second order kinetic constants (k2).
Scheme 2. Mechanism of the HAT oxidation of alcohols by 1.
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[bookmark: _Hlk20844046]Saturation kinetics best described the relationship between kobs and [substrate], which would suggest an oxidant/substrate interaction prior to irreversible HAT (Scheme 2). Such saturation behavior has been observed for MnIII–OH30 and CuIII–OH complexes,62 where both hydrogen-bonding interactions and coordination of substrate were implicated. The former is supported for 1 by K = 0.016 M for proto-4-CH3O-2,6-DTBP and K = 0.067 M for deutero-4-CH3O-2,6-DTBP. This difference suggests that the initial interaction step was perturbed by substituting a hydrogen with a deuterium atom and is thus plausibly a form of hydrogen bonding. Substrate coordination at AuIII was eliminated as a plausible option, because AuIII-phenol species would be expected to display diagnostic resonances which were not observed in the 1H-NMR and EPR spectra of the reaction of complex 1 with phenols (Figures S25, S34, S50). Furthermore, when an excess of pyridine, a known coordinating ligand for AuIII,18 was added to 1, its 1H NMR features were unchanged and a shift of the pyridine resonances was not observed (Figure S86). Furthermore, when an excess of phenol (C6H5OH) was added to 1 the 1H NMR resonances of both the phenol and the complex did not show a shift (Figure S87). We thus concluded that the saturation behavior displayed by 1 was most likely as a result of substrate hydrogen bonding interactions with the AuIII–OH entity prior to HAT.
Many Au-based homogeneous oxidation catalysts have been queried as to whether the true oxidant was a discreet Au cation or Au nanoparticles formed upon reduction of the former.37, 63 Au nanoparticles have demonstrated the ability to reduce atmospheric dioxygen to superoxide, which in turn was postulated to act as the oxidant.37 In the HAT oxidation by 1 we observed that the electronic absorption features associated with Au0 appeared after the features associated with the HAT reaction products - thus Au nanoparticles formed after initial HAT by AuIII 1, possibly as a result of the decay of a AuII-OH2 product. Furthermore, no characteristic superoxide resonances were observed in the EPR spectra of the reaction mixtures prepared during the first phase of the reaction. Finally, k1 for the reaction of complex 1 with 4-CH3O-2,6-DTBP did not differ when performed in aerobic or anaerobic conditions (Table 1). These combined results show that in this instance the active oxidant in HAT was the discreet AuIII–OH complex 1, demonstrating that such an entity is a plausible oxidant in Au-mediated oxidation catalysis.
Conclusion
In conclusion, the AuIII‒OH complex 1 performed the oxidative activation of C–H and O–H bonds through a HAT mechanism. Stable O-based radicals were detected as the product of HAT of alcohols by 1 suggesting a form of PCET oxidation had occurred. Kinetic analysis confirmed the oxidation followed a HAT mechanism where proton and electron were transferred in a concerted manner from the substrate to the AuIII‒OH entity. These findings provide new insights in the potential involvement of AuIII–OH species in gold oxidation catalysis and demonstrate that soft and heavy transition metal-oxygen adducts can also effect PCET oxidation. We continue to explore the role of AuIII-oxygen adducts in Au oxidation catalysis.
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SYNOPSIS TOC: A gold hydroxide complex was found capable of oxidizing hydrocarbons and alcohols through a hydrogen atom transfer mechanism providing critical insight into gold oxidation catalysis.
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