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Abstract: Over the last 5-10 years, gold(III) catalysis has developed rapidly. It often shows complementary 

if not unique features compared to gold(I) catalysis. While recent work has enabled major synthetic 

progress in terms of scope and efficiency, very little is yet known about the mechanism of Au(III)-

catalyzed transformations and the relevant key intermediates have rarely been authenticated. Here we 

report a detailed experimental / computational mechanistic study of the recently reported 

intermolecular hydroarylation of alkynes catalyzed by (P,C)-cyclometalated Au(III) complexes. The 

cationic (P,C)Au(OAcF)+ complex (OAcF = OCOCF3) was authenticated by mass spectrometry (MS) in the 

gas phase and multi-nuclear NMR spectroscopy in solution at low temperature. According to DFT 

calculations, the OAcF moiety is 2-coordinated to gold in the ground-state, but the corresponding 1-

forms featuring a vacant coordination site sit only slightly higher in energy. Side-on coordination of the 

alkyne to Au(III) then promotes nucleophilic addition of the arene. The energy profiles for the reaction 

between trimethoxybenzene (TMB) and diphenylacetylene (DPA) were computed by DFT. The activation 

barrier is significantly lower for the outer-sphere pathway than for the alternative inner-sphere 

mechanism involving C–H activation of the arene followed by migratory insertion. The -complex of DPA 

was characterized by MS. An unprecedented -arene Au(III) complex with TMB was also authenticated 

both in the gas phase and in solution. The cationic complexes [(P,C)Au(OAcF)]+ and [(P,C)Au(OAcF)(-

TMB)]+ stand as active species and off-cycle resting state during catalysis, respectively. This study 

provides a rational basis for the further development of Au(III) catalysis based on -activation. 
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Introduction 

Gold(III) chemistry and gold(III) catalysis have progressed spectacularly over the past decade and 

currently attract huge interest.1 Au(III) complexes remain far less developed than Au(I) complexes in 

catalysis, but they are highly valuable synthetically, due to complementary properties and reactivity 

profiles.2 A bottleneck in the development of gold(III) catalysts is certainly our limited knowledge about 

the associated reactivity and mechanistic intricacies. A few in-depth studies combining experiments and 

computations have recently unveiled the mechanism of some important Au(III)-catalyzed 

transformations such as the addition of trifluoroacetic acid to acetylene,3 the alkoxycyclization of enynes4 

and the cyclopropanation of alkynes by propargyl esters.5 Nonetheless, very few Au(III) intermediates 

relevant to catalysis have been authenticated experimentally and we are still far from having a 

comprehensive picture of Au(III) catalysis. 

When it is to investigate experimentally the mechanism of Au(III)-catalyzed transformations, the 

subtle balance between stability and reactivity of Au(III) complexes constitutes a major hurdle. If 

chelating and cyclometalated ligands enable to prepare and handle 4-coordinate square-planar Au(III) 

complexes,1b,6 the use of N and C-based ligands (pyridines, oxazolines, N-heterocyclic carbenes) is often 

mandatory and the presence of a vacant coordination site or labile ligand at Au(III) most often results in 

high instability due to fast reduction into Au(I) or Au(0) species. 

Our group has shown P-based ligands with P^P/P^N chelating or P,C-cyclometalated frameworks 

to also be very powerful in stabilizing Au(III) complexes.7 In particular, the (P,C)Au(III) complexes 1, which 

are readily accessible by P-chelation assisted oxidative addition to gold,8 proved very efficient in 

catalyzing the intermolecular hydroarylation of alkynes (Scheme 1).9,10 Thanks to the labile OAcF groups 

at gold (OAcF = OCOCF3),11 the transformation can be carried out in CH2Cl2/HOAcF solvent mixtures 

(conditions developed by Fujiwara et al. for the Pd/Pt-catalyzed hydroarylation)12 without silver salts.9 

The scope of the reaction was examined, showing the possibility to engage a variety of electron-rich 

arenes (alkoxy, alkyl-benzenes) and alkynes (internal as well as terminal, with aryl, alkyl, keto and ester 

substituents). It is highly regio- and stereo-selective. Two possible reaction paths were envisioned: the 

outer-sphere route involving nucleophilic addition of the arene to the -coordinated alkyne at gold or the 

inner-sphere route involving C–H activation of the arene followed by migratory insertion (Scheme 1).13 

No reaction intermediates could be detected at the time, but the outer-sphere mechanism was inferred 

indirectly from the stereochemical outcome: ANTI addition of the arene across the CC triple bond. 
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Scheme 1. Intermolecular hydroarylation of alkynes catalyzed by (P,C)-cyclometalated Au(III) complexes 1, related key 

intermediates envisioned for the outer- and inner-sphere pathways. 

 

In this work, our goal was to gain comprehensive mechanistic understanding of this transformation 

from experimental and computational means. We were particularly interested in authenticating the 

active species, resting state and key intermediates, a crucial step to improve this reaction and further 

develop gold(III) catalysis. To this end, the benchmark reaction between 1,3,5-trimethoxybenzene (TMB) 

and diphenylacetylene (DPA) was thoroughly investigated by NMR spectroscopy, mass spectrometry and 

DFT calculations. 

 

Results and discussion 

Experimental studies in solution 

Given the propensity of gold(III) for direct metalation of arenes (as recognized by Kharash as early 

as in 1931 upon reaction of benzene with AuCl3),14 we considered the possibility for the (P,C)Au(OAcF)2 

complex 1-iPr to react with electron-rich arenes to give the corresponding Au(III)-aryl complexes. 

However, attempts for direct C−H activation of TMB at 1-iPr proved unsuccessful; no reaction was 

detected after 16 hours at room temperature (Scheme 2). In contrast, the corresponding N,C-

cyclometalated complex (N,C)Au(OAcF)2 (2), which proved inactive catalytically,9 readily reacts with TMB 

to form the corresponding arylated complex 3 which was characterized by NMR spectroscopy and mass 

spectrometry.15 
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Scheme 2. (Attempted) direct metalation of 1,3,5-trimethoxybenzene (TMB) by the (P,C) Au(OAcF)2 and (N,C)Au(OAcF)2 

complexes 1-iPr and 2. 

 

To probe the impact of the arene C−H activation on the reaction kinetics, we then turned to 

deuterium labeling. The rates of two independent reactions carried out with either TMB-d3 in 

CD2Cl2/DOAcF or TMB in CD2Cl2/HOAcF (rapid H/D exchange occurs between TMB and TFA under these 

conditions) were compared (Scheme 3).15 A noticeable but relatively small kinetic isotope effect (KIE) of 

1.5 was observed, which is too low for a transformation in which C−H activation of the arene at Au(III) 

would be the entry point and rate determining step. 

 

 

Scheme 3. Kinetic isotope effect measurement. 

 

As mentioned previously, the (P,C)Au(OAcF)2 complexes 1 proved very active catalysts for the 

alkyne hydroarylation in CH2Cl2/HOAcF solvent mixtures (20/1 or 1/4).9 Trifluoroacetic acid (TFA) is 

presumed to activate the gold precatalyst 1 by assisting the dissociation of a trifluoroacetate anion.3a,11 

However, to facilitate the reaction monitoring and to increase the chance to characterize key 

intermediates, we looked for an alternative method to generate the active species. We turned to 

tris(pentafluorophenyl)borane (BCF) as co-catalyst, given its known ability to abstract AcFO– from Au(III) 

in stoichiometric reactions, as reported by Bochmann et al.16 Gratifyingly, both (P,C)Au(OAcF)2 complexes 

1-iPr and 1-Ph proved catalytically active when combined with 1 equivalent of BCF. The reaction between 
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TMB and diphenylacetylene (DPA) (1:1) was performed in pure dichloromethane at 5 mol% (Scheme 4). 

In both cases, 95% yield of hydroarylation product was achieved in 5 min at rt! A control reaction with 

BCF alone showed no conversion, demonstrating the crucial role of the gold complex. 

 

 

Scheme 4. Catalytic hydroarylation using B(C6F5)3 (BCF) as a co-catalyst instead of HOAcF. 

 

To gain more insight into the nature of the active catalyst, the stoichiometric reaction of 

(P,C)Au(OAcF)2 complex 1-iPr and BCF in CD2Cl2 was investigated. Upon mixing 1-iPr and BCF at room 

temperature followed by immediate freezing of the sample to −80 °C, one major species was observed 

by multinuclear NMR analysis. It is suggested to be the ion pair [(P,C)Au(OAcF)]+[(AcFO)B(C6F5)3]− 4-iPr 

where one of the OAcF ligands has been abstracted by BCF (Scheme 5). One resonance is observed in the 

31P NMR spectrum at δ 138.4 (−70 oC), significantly deshielded compared to that of 1-iPr (δ 109.2, 25 oC). 

At −80 oC, the 19F NMR spectrum shows two resonances corresponding to the two OAcF groups at δ −74.4 

and −74.7 (Figure 1), alongside with the three expected resonances from the BCF unit. The OAcF 

resonance at δ −74.7 shows NOE correlations with the BCF unit, indicating that they are close in space 

and associated with each other (Figure 2a). Furthermore, the BCF unit shows 1H-19F HOE correlations with 

the protons of the naphthyl group indicating that we have a tight, and not separated, ion pair (Figure 2c). 

Warming the sample led to a broadening and eventually to the coalescence of the two 19F NMR 

resonances (at ca −30 oC, Figure 1) suggesting an exchange between the OAcF group at Au and the one at 

B within the NMR time scale (G≠ estimated to ca 11 kcal/mol from  and Tc).15 The exchange of the 

two OAcF groups was further supported by a 19F-19F EXSY experiment performed at −60 oC (Figure 2b). In 

the 13C NMR spectrum, two resonances corresponding to the two C=O of the OAcF groups were observed; 

one at δ 159.6, in line with that observed for [(AcFO)B(C6F5)3]– borates,17 and one at δ 165.4, slightly 

deshielded compared to that of (P,C)Au(OAcF)2 1-iPr at ca δ 161, in line with the higher electron-

deficiency of the Au(III) center, and consistent with the 5-15 ppm deshielding found in the literature for 

other d/p-block elements when going from κ1 to κ2-coordinated OAcF ligands.18 These data suggest that 

the complex 4-iPr adopts a structure which is more towards the 2 than 1 form (see below for DFT 

calculations). 
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Scheme 5. Reaction of 1-iPr with B(C6F5)3. 

 

Figure 1. Stacked 19F NMR (376.50 MHz, CD2Cl2) spectra of complex 4-iPr showing the broadening and eventually the 

coalescence of the two OAcF resonances with increased temperatures. 

 

 

Figure 2. (a) 19F-19F NOESY (376.50 MHz, CD2Cl2, −80 oC), (b) 19F-19F EXSY (376.50 MHz, CD2Cl2, −60 oC) and (c) 1H-19F HOESY 

(400.13 MHz, CD2Cl2, −50 oC) spectra of complex 4-iPr. 

 

To gain further insight into the formation and structure of the cationic (iPr2P,C)Au(OAcF)+ complex, 

DFT calculations were carried out at the SMD(CH2Cl2)-B97D/SDD+f(Au),6-31G** (other atoms) level of 
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theory. Ionization of 1-iPr with BCF, affording the ion-pair [(P,C)Au(OAcF)]+[(AcFO)B(C6F5)3]− is quasi 

thermoneutral (G = −0.4 kcal/mol, Scheme S1).15 The 2 form 4-iPr was found as the ground-state 

structure (Figure 3). Two other minima, corresponding to the 3-coordinate T-shape 1 forms (complexes 

4’-iPr and 4’’-iPr), were also located on the potential energy surface (PES), 3.8 and 5.7 kcal/mol higher in 

energy, respectively. Low energy paths connect the 2 and 1 forms (G≠ 4.8 and 6.0 kcal/mol, from the 

2 form 4-iPr to the 1 forms 4’-iPr and 4’’-iPr, respectively). It is thus expected that the AcFO group easily 

slips from 2 to 1 coordination, opening a vacant coordination site at gold. The 2 complex 4-iPr presents 

a distorted square planar geometry (P−Au−Otrans 172.51°, P−Au−Ocis 113.59° and Ocis−Au−Otrans 58.92°) 

with two quasi-similar Au−O bonds (2.242 and 2.288 Å for O trans to P and C, respectively). This quasi-

symmetric structure makes complex 4-iPr somewhat reminiscent of the (P,C)Au(-allyl)+ species we 

recently reported.19 Calculations were also carried out on the related Ph-substituted complex 

(Ph2P,C)Au(OAcF)+ (Figure S27).15 The picture is very similar: the 2 form is the ground state, the respective 

1 forms are found 3.7-4.0 kcal/mol higher in energy. 

 

 

Figure 3. Ionization of the (iPr2P,C)Au(OAcF)2 complex 1-iPr with BCF, structures and interconversion of the 2 and 1 forms of 

the ensuing (iPr2P,C)Au(OAcF)+ complex 4-iPr, computed at the SMD(CH2Cl2)-B97D/SDD+f(Au), 6-31G**(other atoms) level of 

theory. Bond lengths and bond angles are given in Å and °, respectively. Relative stability (G) in kcal/mol). 
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The only precedent of a cationic cyclometalated carboxylate Au(III) complex we are aware of is the 

(N,C)Au(OAcF)+ complex (N,C = 2-(p-tolyl)pyridine) proposed by Nova, Tilset et al. to account for the 

addition of O-nucleophiles to alkenes and alkynes.3a,11a Comparing the two systems reveals pronounced 

differences. The two 1 forms of the N,C-cyclometalated complex significantly differs in energy: the one 

with the vacant coordination site trans to the stronger -donating C atom is 14.3 kcal/mol more stable 

than the one with the vacant coordination site trans to the N atom (calculations performed at PBE0-D3 

level) and it is actually the ground-state, 0.9 kcal/mol more stable than the 2 form. The 2 form adopts 

a much more dissymmetric structure than our (P,C) system, with Au–O bond lengths of 2.08 and 2.39 Å, 

in line with the larger difference in trans influence between N and C in the tolylpridine system compared 

to P and C in the (P,C)-cyclometalated system.11a 

 

The [(P,C)Au(OAcF)]+[(AcFO)B(C6F5)3]− complex 4-iPr reacts readily with 1 equivalent of TMB at −80 

°C. Multinuclear NMR characterization at −40 °C shows the formation of the corresponding C-adduct 5-

iPr (Scheme 6). No sign of C−H auration was observed, even over time or with increased temperature. 

The complex is stable up to ca −20°C, but decomposes upon warming to room temperature. The 

connectivity between TMB and the gold complex was confirmed by a 1H-31P HMBC experiment where a 

correlation between the ipso hydrogen atom (Hipso) of the TMB unit and P (δ 106.0) was observed (Figure 

4a). Several features diagnostic of the 1-coordination of Cipso were observed by NMR: (i) the shielding of 

the respective CHipso 1H and 13C NMR resonances (δ 5.52 and δ 51.4, respectively), (ii) the decrease of the 

associated 1JCH coupling constant (150 Hz, vs 168 Hz for CHmeta) in line with some change in hybridization 

(from sp2 towards sp3, Figure 4b) and (iii) the deshielding of the 13C NMR C(OMe) resonances (from δ 

164.4 in free TMB to δ 180.6 and 183.0 for the ortho and para resonances, respectively), in very good 

agreement with that predicted computationally (Table S2).15 Furthermore, a 1H-1H NOE correlation 

between Hipso and the iPr 1H NMR resonances (Figure 4c) suggests the formation of the isomer with the 

TMB moiety cis to P, which is actually found by DFT calculations to be the most stable (see below).20 
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Scheme 6. Formation and optimized structure of the 1 C-adduct 5-iPr (a Wheland-type complex) upon reaction of 4-iPr with 

TMB (distances in Å and angles in °). 

 

  

Figure 4. (a) 1H-31P HMBC (500.11 MHz, CD2Cl2, −30 oC), (b) J-resolved 13C NMR (125.75 MHz, CD2Cl2, −23 oC), and (c) 1H-1H 

NOESY (400.13 MHz, CD2Cl2, −30 oC) spectra of complex 5-iPr. 

 

The coordination of TMB to complex 4-iPr was investigated computationally (Figures S28-S29 and 

Table S2).15 Four minima were found on the PES, corresponding to C and O-adducts, with OAcF trans or 

cis to P. The ground state is the C-adduct with the OAcF group trans to P, in agreement with that observed 

experimentally. The O-adducts are found ≥8.8 kcal/mol higher in energy and the C-adduct with OAcF cis 

to P is found 6.6 kcal/mol higher in energy. The structure optimized by DFT (Scheme 6) corresponds to a 

 rather than -complex of the arene. It displays a short Cipso−Au distance (2.342 Å), long Cortho−Au 

distances (3.002 and 3.014 Å) and the Cipso carbon is noticeably pyramidalized (as apparent for the sum 

of bond angles C 346.7° and the H−Cipso···Cpara−O dihedral angle of 151.9°). These geometrical features 
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are indicative of 1-coordination of TMB, in line with that observed experimentally. The η1 C-coordinated 

complex 5-iPr is a Wheland-type structure representing an advanced stage in the C−H auration process 

at gold. To the best of our knowledge, such a coordination mode was until now unprecedented 

experimentally for gold.21 In a computational study by Tilset, Swang and co-workers in 2010, the Wheland 

complex [(N,N)AuPh(η1-C6H6)]2+ (N,N = 2,2'-bipyridine) was found as the energy minimum of the reaction 

of [(N,N)AuPh]2+ with benzene, but attempts at gaining experimental evidence for this complex failed.22 

In fact, only a few Au(III) arene complexes have been reported so far.23 In these complexes, a pendant 

arene is  coordinated to gold in an 1 or 2 fashion. Of note, a few geminally diaurated Au(I) aryl 

complexes [(LAu)2(μ-aryl)]+ have also been authenticated, these can be regarded as analogues to 

Wheland complexes due to the LAu+ fragment being isolobal to H+.24 

 

The reactivity of 4-iPr towards DPA was also investigated, but in this case no significant reactivity 

was observed and the π-complex 6-iPr could not be identified by NMR spectroscopy (Scheme 7).16a,25 

 

 

Scheme 7. Attempted formation of the -alkyne complex 6-iPr upon reaction of 4-iPr with DPA in CD2Cl2 solution. 

 

Following the finding that complex 4-iPr readily reacts with TMB forming the η1 C-adduct 5-iPr, we 

were interested in studying the reactivity of 5-iPr towards DPA. Complex 5-iPr was generated in situ at 

−80 oC in CD2Cl2 and treated with DPA. A reaction ensued at −40 oC, leading to the formation of the same 

hydroarylation product as was obtained under the catalytic conditions.26 This suggests that the formation 

of complex 5-iPr is reversible and that it acts as an off-cycle resting state during the catalysis. Following 

this, we were interested to see if upon lowering the temperature of the catalytic reaction, we would be 

able to detect 5-iPr during the catalysis. And indeed, upon performing the catalytic reaction at −35 oC, 

we were able to authenticate complex 5-iPr by 31P NMR and 1H NMR.15 

 

Experimental studies in the gas phase 

The cationic nature of the involved Au(III) species makes mass spectrometry (MS) well-adapted to 

study such a transformation and to try to catch elusive intermediates. Tandem mass spectrometry 

coupled with electrospray ionization (ESI) has proven to be a valuable tool for elucidating various 

organometallic structures and for studying their reactivity in the gas phase.27 To draw a parallel with the 
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studies performed in solution, the same substrates, i.e. DPA and TMB, were to be used. However, these 

compounds are not volatile enough to be introduced into standard collision cells under the simple action 

of the vacuum that resides in the spectrometer. A device consisting of a heated introduction line into the 

first collision cell of our instrument was therefore built (Figure S24).15 With such a device, less volatile 

reagents could be introduced into the first collision cell in sufficient quantities to form ion-molecule 

adducts. The next step was to find source conditions to generate the cationic complex (iPr2P,C)Au(OAcF)+ 

4-iPr by dissociating a trifluoroacetate from the initial complex (iPr2P,C)Au(OAcF)2 1-iPr. This could be 

achieved by infusing the neutral complex in acetonitrile with a cone voltage at 50 V. The signal at m/z 

553 corresponding to 4-iPr is shown in Figure 5. The theoretical isotopic profile is superimposed in red 

on the experimental peaks and shows a perfect agreement. 

 

 

Figure 5. MS spectrum of [(iPr2P,C)Au(OAcF)2] 1-iPr (5.10-5 M in CH3CN), theoretical isotopic profile for the cationic complex 

(iPr2P,C)Au(OAcF)+ 4-iPr in red. 

 

Once the cationic complex (iPr2P,C)Au(OAcF)+ 4-iPr was generated in the source of the mass 

spectrometer, we sought to observe the formation of adducts with each of the organic substrates. With 

the help of the heated line, we were able to observe each of the expected adducts whose collision-

induced dissociation (CID) spectra are presented in Figure 6. These spectra were obtained by first 

performing an ion-molecule reaction between the cation 4-iPr (m/z 553) and DPA (left side, heated line 

140°C), then by selecting the adduct ion at m/z 731 by the first quadrupole and by colliding it with 

nitrogen (P(N2) = 1.10-3 mbar, ECOM = 0.41 eV) in the second collision cell. The same procedure was 

followed with TMB (right side, heated line 120°C) to generate and dissociate the respective adduct cation 

at m/z 721. 
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Figure 6. CID spectra of the adduct ions m/z 731 (DPA) and m/z 721 (TMB), with N2 as collision gas. 

 

While it was not possible to characterize a coordination complex between 4-iPr and DPA in 

solution, it proved possible in the gas phase. This adduct 6-iPr seems however relatively fragile judging 

by the low collision energy required to fragment it. Comparatively, the cation molecule adduct with TMB 

5-iPr forms very well and seems stronger than the one with DPA, as qualitatively supported by the ratio 

of intensities of the adduct and fragment signals in the CID spectra: 0.22 for DPA (m/z 721/553) versus 

0.93 for TMB (m/z 731/553). 

With these encouraging results, we then attempted to form a ternary adduct by introducing the 

two reactants together via the heated line (in the same flask at 140°C). To our great satisfaction, we were 

able to produce an ion at m/z 899 (Figure 7a), the expected m/z for such a complex. Here also, the 

theoretical isotopic profile (in red) matched well with that observed experimentally. 

 

 

Figure 7. (a) MS spectrum obtained during ion-molecule reaction of (iPr2P,C)Au(OAcF)+ 4-iPr (generated from 

[(iPr2P,C)Au(OAcF)2] 1-iPr at 5.10-5 M in CH3CN) with DPA and TMB (140°C), theoretical isotopic profile in red. (b) CID spectrum 

of the m/z 899 ternary adduct ion, with N2 as collision gas (ECOM = 0.30 eV). 
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Produced with sufficient abundance, we were able to break the m/z 899 ion by CID with dinitrogen 

(Figure 7b) and the fragments obtained proved to be very instructive. Indeed, upon fragmentation, the 

ternary adduct gives a small amount of the m/z 731 cation 6-iPr which corresponds to the loss of TMB 

but does not give the m/z 721 cation 5-iPr corresponding to the loss of DPA. The major fragment ion 

corresponds to the “naked” cationic complex 4-iPr at m/z 553. This suggests that the alkyne, once 

coordinated to gold, forms a bond with TMB and that the coupling product of the alkyne and arene is 

then lost to give the native cationic complex 4-iPr. This observation supports the outer-sphere 

mechanism as opposed to the inner-sphere path. 

 

DFT study of the reaction profiles 

In parallel with the experimental studies, the energy profiles for the hydroarylation reaction 

between TMB and DPA were computed starting from the cationic complex (iPr2P,C)Au(OAcF)+ 4-iPr as the 

active species. Both the outer- and inner-sphere paths were examined. Special attention was devoted to 

the C–C bond formation process which is the stereo-defining step (trans addition). Protodeauration then 

occurs with retention of configuration. Note that the incoming substrate may bind to gold cis or trans to 

P. Both scenarios were considered, but little differences were found, in line with the small electronic 

dissymmetry of the P,C ligand (the positions trans to P and C are about equivalent electronically). This 

contrasts with the high electronic dissymmetry of N,C-ligated Au(III) complexes, as previously 

noticed.3a,11a,28 
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Outer-sphere path of C–C bond formation 

The outer-sphere mechanism was studied first (Figure 8). This pathway involves -coordination of 

DPA to gold. It is downhill in energy from the 2-(iPr2P,C)Au(OAcF)+ complex 4-iPr, by G −9.7 kcal/mol 

for the coordination of DPA trans to P (by −5.4 kcal/mol cis to P). -Coordination of TMB to give the 

Wheland-type complex 5-iPr is further downhill in energy (at –16.1 kcal/mol for the coordination trans 

to C). Nucleophilic addition of the arene to the -activated alkyne proceeds very easily. The activation 

barrier for the addition of TMB to DPA is of only 2.6–3.4 kcal/mol and the reaction is downhill in energy 

by 10.9–15.2 kcal/mol. It results in vinyl Au(III) complexes with the aryl group trans to gold (in line with 

the formation of the experimentally obtained ANTI addition product after stereoretentive 

protodeauration). Of note, the entry point (and likely rate-determining step) of the outer-sphere 

mechanism is the displacement of TMB by DPA at Au(III) (pre-equilibrium).29 

 

 

Figure 8. Energy profile for the outer-sphere mechanism from complex 4-iPr (ΔG values in kcal/mol) computed at the 

SMD(CH2Cl2)-B97D/SDD+f(Au)/6-31G**(other atoms) level of theory taking into account dichloromethane effects with the 

SMD model. 

 

In this path, the key intermediates are the -alkyne Au(III) complexes 6/6’-iPr. In contrast with the 

TMB adduct, the most stable isomer is the one with DPA coordinated trans to P, 6-iPr. The structure of 

6/6’-iPr was analyzed in-depth (Figure 9). In line with the geometrical features of previously reported -

alkyne Au(III) complexes,16a,21,25 the CC triple bond is oriented perpendicularly to the Au coordination 

plane (CCAuP torsion angles of -86.2° and 96.2° for the coordination of DPA cis and trans to P, 
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respectively, Figure S29).15 It is only slightly elongated and marginally deviates from linearity (DPA cis to 

P: CC 1.243 Å, CC−C(Ph) 168.79°; DPA trans to P: CC 1.248 Å, CC−C(Ph) 163.54°; free PhCCPh: CC 

1.228 Å, CC−C(Ph) 180.0°). Charge-Decomposition Analyses (CDA) and Natural Bond Orbital (NBO) 

analyses reveal that C=C  Au donation largely prevails over Au  C=C back-donation: d/b ratio higher 

than 3.5; E(2) ~ 30–40 and 5–6 kcal/mol, respectively (Tables S3-S4). Consistently, the alkyne 

coordination to gold is associated with a substantial electron transfer by about 0.21–0.23 e, in line with 

the electrophilic activation of the CC triple bond. The associated *CC orbitals, found as LUMO+1, are 

low in energy (–2.70 to –2.78 eV). Similar geometrical and electronic features were obtained for the 

adducts of DPA to the Ph-substituted complex (Ph2P,C)Au(OAcF)+ 4-Ph (Figure S30).15 

 

 

Figure 9. Optimized geometry of the key (iPr2P,C)Au(OAcF)(-DPA)+ complex 6-iPr (distances in Å), selected CDA and NBO data 

pertaining to the bonding situation (donation/back-donation ratio d/b, charge transfer from DPA to gold CT, Wiberg Bond 

indexes WBI and stabilizing interactions E(2) in kcal/mol for DPAAu donation and AuDPA back-donation). Plot of the 

vacant orbital mainly localized on *C=C orbital (LUMO+1) with cutoff: 0.04. 

 

Inner-sphere path of C–C bond formation 

For sake of comprehensiveness, the inner-sphere path was also studied for both isomers with the 

OAcF group trans or cis to P (Figures 10 and S31).15 The computed energy profiles are quite similar. 

Consequently, only the most favorable one, with OAcF trans to P, will be discussed here. Upon reaction 

of TMB with the cationic complex (iPr2P,C)Au(OAcF)+ 4-iPr, C coordination is favored over O coordination 

by about 8.8 kcal/mol. The Wheland complex described above is downhill in energy by 16.1 kcal/mol, 

making the coordination of TMB stronger than that of DPA (G −9.7 kcal/mol in the latter case, Figure 

S29).15 The resulting -complex is the resting state of the process. Auration of the arene via a Concerted 

Metalation-Deprotonation (CMD)-type path, with rotation around the Au–Cipso bond and proton transfer 
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from TMB to the OAcF ligand occurs with a rather large activation barrier of 17.3 kcal/mol. Then, the 

exchange of AcFOH for DPA at gold is about thermoneutral (G 1.6 kcal/mol). Finally, migratory insertion 

of the alkyne into the Au–aryl bond proceeds with an activation barrier of 8.6 kcal/mol, resulting in cis-

addition of Ar–H across the CC bond. Overall, the barrier for the C−C bond formation (from the Wheland-

type complex 5-iPr to the migratory insertion transition state) reaches 26.9 kcal/mol (28.1 kcal/mol for 

the isomer with OAcF cis to P). These barriers are significantly higher than those computed for the outer-

sphere mechanism, meaning that the inner-sphere path is not competitive. 

 

 

 

Figure 10. Energy profile for the inner-sphere mechanism from complex 4-iPr with coordination of TMB cis to P (ΔG values in 

kcal/mol) computed at the SMD(CH2Cl2)-B97D/SDD+f(Au)/6-31G**(other atoms) level of theory taking into account 

dichloromethane effects with the SMD model. 

 

Protodeauration 

 As previously pointed out for other gold-catalyzed transformations, the protodeauration step 

should not be neglected and may be rate-determining, especially when the preceding C–C/C–X bond 

formation processes involve very low activation barriers.30 However, under our catalytic conditions 

(CH2Cl2/HOAcF solvent mixture), protodeauration is expected to be quite facile and not to compensate 



18 

for the high difference in activation barriers between the outer- and inner-sphere paths.31 Previous 

computational studies have shown that the protodeauration step may be rather complex;3a,30,32 it is 

actually quite challenging to account for comprehensively and reliably. In our case, many paths are 

conceivable, involving or not assistance by the OAcF moiety at gold. One or several external TFA or TMB 

molecules may also participate and act as proton shuttles.32a,33 To support the easiness of the 

protodeauration, we reasoned that a simple path would involve TFA adducts of the Au(III) vinyl complexes 

resulting from the arene/alkyne coupling at gold. We considered the Au(III) vinyl complexes resulting 

from both the outer- and inner-sphere mechanisms and compared them (Scheme 8). The tautomeric 

form 13-iPr of 8-iPr, in which the proton at Cipso (TMB) is transferred to the OAcF group at gold is only 

slightly higher in energy (G 4.8 kcal/mol), and protolytic cleavage of the Au(III)–vinyl bond is then facile, 

with an activation barrier of only 2.0 kcal/mol (Figure S33).15 As for the migratory-insertion complex 12-

iPr, coordination of TFA to Au(III) is downhill in energy by 8.6 kcal/mol and protodeauration then 

proceeds readily (G≠ 3.8 kcal/mol) (Figure S34). Although these two protodeauration paths may not be 

the most favorable ones, these calculations indicate that this step is in both cases easy and it is unlikely 

to make a noticeable difference between the outer- and inner-sphere mechanisms, in contrast to the C–

C bond formation step. 

 

 

Scheme 8. Protodeauration processes computed from Au(III) vinyl complexes resulting from outer- and inner-sphere C–C bond 

formation. 

 

Conclusion 

Thanks to the combined use of NMR spectroscopy, mass spectrometry and DFT calculations, we 

have gained detailed mechanistic insights into the hydroarylation of alkynes catalyzed by (P,C)-

cyclometalated Au(III) complexes. Several key intermediates have been authenticated experimentally 
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and the energy profiles for the outer- and inner-sphere paths have been thoroughly compared 

computationally. The characterized intermediates turned to be original Au(III) complexes. A cationic 

Au(III) complex 4-iPr with a κ2-coordinated carboxylate was spectroscopically observed for the first time. 

It easily releases a coordination site at gold(III) upon κ2 to κ1 slippage and stands as the active species. 

Addition of TMB to 4-iPr results in an unprecedented -arene complex 5-iPr. This Wheland-type Au(III) 

complex represents an advanced stage in the C–H auration of arenes. Coordination of DPA to the cationic 

Au(III) complex 4-iPr has also been evidenced by mass spectrometry. The ensuing -complex 6-iPr plays 

a pivotal role, it readily undergoes outer-sphere nucleophilic addition of the arene, as supported by CID 

experiments and DFT calculations. 

 Besides advancing our understanding of the Au(III)-catalyzed alkyne hydroarylation, these results 

provide valuable information about the way Au(III) complexes bind and activate alkynes and arenes, 

substrates of broad synthetic interest. The cyclometalated ligand brings stability to the Au(III) species all 

over the catalytic cycle and offers a handle to tune and optimize the system. To this end, future work will 

aim to vary the steric and electronic properties of the ligand, and to study the influence on the formation, 

stability and reactivity of the different key intermediates. 
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