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ABSTRACT: MeDalphos Au(I) complexes featuring aryl, alkynyl and alkyl groups readily react with electro-

philic fluorinating reagents such as N-fluorobenzenesulfonimide and Selectfluor. The ensuing [(MeDal-

phos)Au(R)F]+ complexes have been isolated and characterized by multi-nuclear NMR spectroscopy as well as X-

ray diffraction. They adopt a square-planar contra-thermodynamic structure, with F trans to N. DFT/IBO calcula-

tions show that the N lone pair of MeDalphos assists and directs the F+ transfer to gold. The [(MeDal-

phos)Au(Ar)F]+ (Ar = Mes, 2,6-F2Ph) complexes smoothly engage in C–C cross-coupling with PhCCSiMe3 and 

Me3SiCN, providing direct evidence for the oxidative fluorination/transmetalation/reductive elimination sequence 

proposed for F+-promoted gold-catalyzed transformations. Moreover, direct reductive elimination to forge C–F 

bond at Au(III) was explored and substantiated. Thermal means proved unsuccessful, leading mostly to decompo-

sition, but irradiation with UV-visible light enabled to efficiently promote aryl–F coupling (up to 90% yield). The 

light-induced reductive elimination proceeds under mild conditions, it works even with the electron-deprived 2,6-

difluorophenyl group and it is not limited to the contra-thermodynamic form of the aryl Au(III) fluoride complexes. 

 

 

Introduction 

While Au(I)/Au(III) redox catalysis was long considered as an overwhelming challenge due to the 

reluctance of Au(I) to undergo oxidation to Au(III),1 many catalytic cycles involving this elementary step 

have been reported over the past fifteen years. These transformations have become possible thanks to 

three distinct methodologies developed to promote Au(I) to Au(III) oxidation. The first catalytic 

Au(I)/Au(III) cycles made use of stoichiometric amounts of external oxidants such as “F+” surrogates or 

hypervalent I(III) derivatives.2,3 Then, the use of photo redox conditions with or even without external 
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photocatalyst also proved to be efficient and very powerful.4 Lastly, our group introduced a complemen-

tary ligand-based approach where chelating/hemilabile ligands trigger oxidative addition to gold.5,6 While 

the mechanisms and key factors at play for I(III), photoredox and ligand-enabled transformations have 

been studied quite extensively and are now relatively well understood, this is not the case for the “F+” 

route involving reagents such as Selectfluor or N-fluorobenzenesulfonimide (NFSI). Given the lack of 

direct experimental evidence, the mechanisms proposed for these catalytic transformations are only based 

on indirect observations. Accordingly, it is commonly suggested that the fluorinating reagents first oxidize 

linear gold(I) precursors by formal transfer of F+ and a weakly coordinating anion. The ensuing Au(III) 

fluoride complexes3a,7 are coordinatively unsaturated and thus highly reactive (Figure 1a). This high re-

activity on one hand allows for facile fluorine-assisted transmetalation followed by reductive elimination 

to give C–C coupling products, but on the other hand, it has prevented isolation or even spectroscopic 

characterization of the Au(III) fluoride intermediates. 

 

Figure 1. a) Reaction path commonly proposed to account for gold-catalytic cross-coupling reactions in the pres-

ence of electrophilic fluorinating reagents. b) Isolated Au(III) fluoride complexes shown to engage in fluorine-
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assisted transmetalation followed by reductive elimination. c) Reaction of a Au(I) fluoride with NFSI. d) Ligand-

enabled oxidative fluorination of Au(I) complexes resulting in isolable Au(III) fluorides that undergo fluorine-as-

sisted transmetalation and C(sp2)–F reductive elimination. 

 

Different strategies have been developed to circumvent the challenges associated with the highly 

reactive three-coordinate Au(III) fluoride intermediates. First, Toste and co-workers reported in 2010 the 

oxidation of NHC Au(I) alkyl complexes with the extremely strong oxidant XeF2 (Figure 1b).8-10 The 

formed alkyl Au(III) difluoride complexes were found to be in equilibrium between monomeric and di-

meric forms (via dissociation of one fluoride and 2-bridging of the remaining fluoride). The methyl 

Au(III) complex proved active in fluorine-assisted transmetalation with aryl boronic acids followed by 

reductive elimination resulting in C(sp2)–C(sp3) coupling.8 Fluorine-assisted transmetalation and C(sp2)–

C(sp2)/C(sp) coupling from Au(III) fluorides have been further investigated by Nevado and co-workers with 

(C,N)-cyclometalated and (P,N)-chelated complexes.11-13 These Au(III) fluoride precursors were synthetized 

using an alternative approach, i.e. halide exchange at Au(III) using AgF.11-14 

It is striking to note that the reactivity of Au(III) fluoride complexes towards transmetalation/re-

ductive elimination has been thoroughly studied, whereas the electrophilic oxidation of Au(I) with mild 

oxidative fluorinating reagents, as proposed in catalytic cycles, remains elusive. We are aware of a single 

example involving a peculiar T-shaped Au(I) complex featuring a CNC pincer ligand.15 As mentioned 

above, it is most likely the coordinatively unsaturated nature of the [LAu(R)F]+ complexes which makes 

them so reactive and thus difficult to be directly characterized and studied. A recent study by Braun and 

co-workers is very representative of this situation. Indeed, upon reaction with NFSI, the (SPhos)AuF 

complex underwent a formal nitrene insertion in the Au–F bond, resulting in a Au(I) fluoroamino complex 

(Figure 1c).16 This reaction proceeded at temperature as low as –60 oC and no intermediate could be 

detected. 

Given the exceptional proficiency hemilabile ligands, in particular MeDalphos, have demonstrated 

in oxidative addition to Au(I),6 and Au(I) to Au(III) oxidation,17 we imagined they may also be fruitful to 

access, stabilize and study Au(III) fluoride complexes (Figure 1d). Here we report that the hemilabile 

MeDalphos ligand indeed enables the oxidative fluorination of Au(I) complexes. The ensuing Au(III) 

fluorides are stabilized by coordination of the pendant nitrogen centre which allows for their isolation and 

full characterization including by X-ray diffraction analysis. The organic group at gold and the fluorinat-

ing reagent have been varied to assess the scope of the reaction. The oxidative fluorination process has 

also been investigated in-depth by DFT/IBO calculations, providing insight into the F+ transfer to gold. 

The thereby obtained Au(III) fluorides were found to readily undergo fluorine-assisted transmetalation 
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followed by reductive elimination, demonstrating their value as model substrates for oxidative 

Au(I)/Au(III) catalytic C–C cross-couplings. Additionally, we discovered that highly challenging C(sp2)–

F reductive eliminations can be efficiently triggered by irradiation with UV-visible light. 

 

 

Results and discussion 

Oxidative fluorination of Au(I). The experimental studies were started with N-fluorobenzenesul-

fonimide (NFSI) as well-soluble mild oxidative fluorinating reagent and the phenyl-substituted (MeDal-

phos)AuPh complex as the Au(I) precursor, which could be readily prepared from (MeDalphos)AuCl and 

PhB(OH)2 or PhLi (Scheme 1).18 Right after mixing the two at room temperature in DCM, 31P NMR 

spectroscopy showed a noticeable change, from a singlet at δ 60.8 ppm to a doublet at δ 64.2 ppm with 

coupling to fluorine (JFP = 7.3 Hz). Oxidation to Au(III) and coordination of the nitrogen atom of the 

(MeDalphos) ligand are apparent from the 1H NMR spectrum where the N(CH3)2 resonance has shifted 

from δ 2.66 ppm to 3.56 ppm.5c,e,g In addition, 19F NMR spectroscopy shows a doublet at δ –299.6 ppm 

with coupling to phosphorus (JFP = 7.3 Hz). The 19F NMR chemical shift of 1a falls in the lower range of 

those found previously for Au(III) fluoride complexes (δ from –150 to –320 ppm typically).8-15 The small 

value found for JFP contrasts with the large coupling constants observed for the analogous [(MeDal-

phos)Au(Ar)F]+ complexes with fluorine trans to phosphorus (JPF ~ 100 Hz).12 This suggests that the 

oxidative fluorination occurs trans to nitrogen which can assist in the oxidation of the gold centre (this 

assertion is supported by DFT calculations, vide infra), and thus the aryl remains trans to phosphorus. 

Such ligand-assisted oxidative fluorination of Au(I) is reminiscent of the o-phenanthroline-assisted oxi-

dation of Pd(II) complexes into Pd(IV) fluorides reported recently by Ritter and coworkers.19 It is note-

worthy that the fluorine sits trans to nitrogen in 1a despite nitrogen providing a lower thermodynamic 

trans influence compared to phosphorus.20 Thus, complex 1a adopts a “contra-thermodynamic” structure. 

The relative stability of the two isomers has been ascertained computationally, vide infra. 

 

 

 

Scheme 1. Oxidative fluorination of (MeDalphos)AuAr complexes with NFSI in DCM. 
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Upon NMR monitoring, the signals of 1a were found to disappear within an hour at room temper-

ature, indicating decomposition and preventing isolation as well as full characterization. In an attempt to 

stabilize the proposed Au(III) fluoride complex, the electronic nature of the aryl substituent at gold was 

modified. Electron-withdrawing (CF3, 1b) and electron-donating (OMe, 1c) groups were tried. In both 

cases, a doublet around δ –300 ppm with small coupling constant (JFP < 10 Hz) was observed by 19F NMR 

spectroscopy, but it again vanished within an hour at room temperature, as for the parent phenyl complex 

1a, suggesting that the electronic nature of the aryl ring does not significantly affect the stability of the 

Au(III) fluoride complex. To probe the stability of the Au(III)–F complexes in different solvents, the re-

action of (MeDalphos)AuPh with NFSI was repeated in more coordinating solvents (MeCN and THF). 

This did not result in a significant change in the lifetime of complex 1a. Finally, the reaction was per-

formed in toluene and Et2O. Here, the cationic complex rapidly precipitated after addition of NFSI. When 

the reaction was performed in toluene at 5 °C, the Au(III)–F complexes 1a-d could be isolated in 85-99% 

purity (according to 19F, 31P and 1H NMR spectroscopy) after removal of the solvent (Scheme 2). Subse-

quent dissolution of the isolated Au(III) fluorides at low temperature (–60 oC) allowed for complete char-

acterization by multi-nuclear NMR.18 The isolated complexes 1a-d can be stored in a glovebox for several 

weeks at room temperature without any significant change in purity being detected. 

The scope of the reaction was then extended to ortho-substituted aryl groups. The mesityl substi-

tuted complex 1e was obtained in excellent yield (95%). In contrast to non-ortho-substituted derivatives 

1a-1d, complex 1e proved to be stable in solution at room temperature, without any observable decom-

position occurring after 24 hours in MeCN. Similar increase in stability was observed for the other ortho-

substituted compounds 1f and 1g, with only minor decomposition at room temperature detected after 24 

hours in MeCN. These observations confirm that the electronic nature of the aryl ring at gold does not 

play a major role in stabilizing the Au(III) fluoride. The key seems to be steric protection around the Au–

F bond. When increasing the sterics around the Au centre even further with ortho isopropyl groups, a 

higher reaction temperature was required (25 instead of 5 °C), after which 1h was isolated with a lowered 

yield of 45%. Mono ortho-substituted 1i and 1j also displayed good stability with only minor decompo-

sition after 24 hours at room temperature in MeCN, showing that even a single ortho substitution increases 

significantly the stability of the Au(III) fluoride complex. 

Finally, the scope of the reaction was expanded to alkyl and alkynyl substituents. Both 1k and 1l 

featuring alkyl substituents display great stability despite the lack of steric protection around gold and 

fluorine. The alkynyl-substituted complex 1m could also be prepared in good yield, with complete selec-

tivity for the fluorination of gold over the C≡C triple bond. It is worth noting that Au(III)–F alkynyl 

complexes have been proposed as intermediates in catalytic reactions involving oxidative fluorination, 



 

6 

but have never been observed experimentally before 1m.21 The hemilabile MeDalphos ligand thus enables 

oxidative fluorination of a variety of Au(I) precursors bearing sp, sp2 and sp3-hybridized organic groups, 

and it stabilizes the ensuing Au(III) fluoride complexes by chelation. 

The oxidative fluorination of the (MeDalphos)AuR complexes proceeds efficiently with NFSI. 

This raises the question about other common oxidative fluorinating reagents. The generality of the trans-

formation was assessed on the thermally stable mesityl complex 1e (Scheme 3). The reaction of (MeDal-

phos)AuMes with N-fluoro pyridinium resulted in the Au(III) fluoride complex 1e-BF4 in excellent yield 

based on 19F NMR spectroscopy (over 95%). The complex could be isolated as a pure solid in 75% yield. 

The 2,6-chlorinated N-fluoro pyridinium also afforded the Au(III) fluoride 1e-BF4 albeit in significantly 

lower yield (43%). Selectfluor worked particularly well resulting in 1e-BF4 in quantitative yield, similar 

to NFSI. While the Au centre undergoes oxidation devoid of any discernible side product formation, as 

indicated by 19F NMR spectroscopy, the Au(III) fluoride complex was not isolated as it proved difficult 

to separate from the triethylenediamine by-product. Finally, the extremely strong oxidizing agent XeF2 

used previously by Toste8,9 and Menjon9 was tested. Here also, the oxidation proceeded selectively result-

ing in the Au(III) fluoride 1e-Cl in good isolated yield (77%). Apart from the signals associated with the 

counteranions, the spectroscopic data of complexes 1e, 1e-BF4 and 1e-Cl14d were found to be essentially 

identical. It is thus likely that the counteranion remains spectator and does not coordinate to the Au(III) 

centre, independently of whether the anion is coordinating (Cl–), weakly coordinating (N(SO2Ph)2
–) or 

non-coordinating (BF4
–). 
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Scheme 2. Synthesis of Au(III) fluoride complexes, with isolated yields. aReaction carried out at room temperature. 

bReaction carried out in Et2O for 1 hour at room temperature. 

 

 

 

Scheme 3. Oxidative fluorination of (MeDalphos)AuMes with different oxidative fluorination reagents. Yields 

based on 19F NMR spectroscopy with PhCF3 as internal standard. Isolated yields in brackets. 
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As previously discussed, the spectroscopic data provided very strong support for the formation of 

Au(III) fluorides with the fluor cis to phosphorus. Complementary and definite proof for the formation of 

these “contra-thermodynamic” complexes was readily obtained with 1f and 1i for which crystals suitable 

for X-ray diffraction analysis directly crashed down from the reaction mixture. Additionally, crystals 

could be grown by vapor diffusion of pentane into a concentrated ortho-dichlorobenzene solution of 1e. 

The thereby determined solid-state structures unambiguously confirm the formation of the “contra-ther-

modynamic” Au(III) fluoride complexes (Figure 2).18 The three compounds adopt square-planar geometry 

with coordination of the nitrogen to the Au(III) centre (Au–N = 2.057 to 2.119 Å) and the fluorine sitting 

trans to nitrogen. The Au–F bond distance (1.903 to 1.941 Å) is shorter by 0.1 to 0.2 Å compared to the 

previously reported F trans to P [ (MeDalphos)Au(Ar)F]+ isomers (2.006 to 2.133 Å), in line with the 

lower trans influence of N compared to P.20 The Au–F bond length decreases when going from the elec-

tron-deprived species 1f (Au–F = 1.941 Å) to the electron-enriched ones 1e (Au–F = 1.916 Å) and 1h 

(Au–F = 1.903 Å), a trend also observed with the F trans to P isomers.12 

 

 

 

Figure 2. Molecular structures of the (P,N)-ligated Au(III) fluoride complexes 1e, 1f and 1h. For sake of clarity, 

the anions and hydrogen atoms are omitted. Ellipsoids are shown at 50% probability. Selected bond distances (in 

Å) and angles (in °): for 1e, P–Au 2.357(2), N–Au 2.119(6), Au–C 2.086(7), Au–F 1.916(4), P–Au–F 94.4(1), P–

Au–N 86.8(1), C–Au–N 94.4(2), C–Au–F 84.4(2); for 1f: P–Au 2.335(2), N–Au 2.100(8), Au–C 2.11(5), Au–F 

1.941(6), P–Au–F 91.7(2), P–Au–N 87.9(2), C–Au–N 97(1), C–Au–F 84(1); for 1h: P–Au 2.353(3), N–Au 

2.076(7), Au–C 2.094(9), Au–F 1.903(5), P–Au–F 92.39(17), P–Au–N 87.1(2), C–Au–N 95.7(3), C–Au–F 84.8(3). 

 

 

Computational investigations. DFT calculations have been carried out at the SMD(MeCN)-

B3PW91-D3(BJ)/SDD+f(Au),6-31G**(other atoms)//B3PW91-D3(BJ)/SDD+f(Au),6-31G**(other 
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atoms) level of theory in order to assess the relative stability of the cis/trans forms of the [(MeDal-

phos)Au(Ar)F]+ complexes, and to shed light into the way the F+ transfer from the electrophilic fluorinat-

ing reagents to Au proceeds and how the MeDalphos ligand directs it. Relative stability of the cis/trans 

forms. First, computations were performed on complexes 1e, 1f and 1h in their “contra-thermodynamic” 

form to compare with the X-ray data. The optimized geometries match well with those determined crys-

tallographically (Figure S3),18 with only small differences in the key structural parameters (maximum 

deviation in the Au–P, Au–N, Au–F and Au–C bond lengths < 0.04 Å). The theoretical study was then 

extended to complexes 1a-d and 1i. The comparison of the optimized geometries of the two isomeric 

structures, with F trans to N or trans to P, shows similar trends as for the XRD data. The Au–F bond is 

slightly shorter when exposed to the weaker trans influence of N compared to P (~ 1.94–1.95 Å in the 

“contra-thermodynamic” form with F trans to N vs 1.98–1.99 Å in the thermodynamic form with F trans 

to P).18,20 In all cases, the F trans to N isomer is found higher in energy than the F trans to P isomer 

(Figures 3, S3 and S4),18 confirming that oxidative fluorination affords the Au(III) fluoride complex in 

“contra-thermodynamic” form. The difference in energy between the two isomers is sizeable and does not 

vary very much (at least 12.2 kcal/mol and 16.9 kcal/mol maximum in the gas phase). For the non-sub-

stituted complex 1a, the energy difference is 15.3 kcal/mol. In the para-X substituted series 1b-d (X = F, 

OMe, CF3), the energy gap remains about constant (from 15.3 to 16.8 kcal/mol), indicating that electronic 

effects have only marginal impact. For the mesityl and 2,6-difluorophenyl complexes 1e and 1f, the dif-

ference in energy decreases slightly (to 12.2 and 14.0 kcal/mol, respectively). Here, the steric repulsion 

between the aryl group at Au and the Ad groups at P may come into play to destabilize the F trans to P 

isomer. The NMe2 group is much less sterically demanding than the PAd2 moiety and better accommo-

dates sterically demanding aryl groups in cis position. It is however difficult to discern a general trend as 

larger energy gaps were found for complexes 1h and 1i bearing 2,4,6-trisisopropylphenyl and ortho-tolyl 

groups (16.7 and 16.9 kcal/mol, respectively). 
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Figure 3. Relative energy (G in kcal/mol) of the thermodynamic and contra-thermodynamic forms of the 

[(MeDalphos)Au(Ar)F]+ complexes (F trans to P and N, respectively) computed at the B3PW91-

D3(BJ)/SDD+f(Au), 6-31G** (other atoms) level of theory. Values at SMD(DCM)-B3PW91-D3(BJ)/SDD+f(Au), 

6-31G** (other atoms)//B3PW91-D3(BJ)/ SDD+f(Au), 6-31G** (other atoms) are given in brackets. 

 

Ligand-enabled oxidative fluorination of gold. The F+ transfer to the Au(I) complex (MeDal-

phos)AuMes was then investigated. The energy profile computed with NFSI as fluorinating reagent at the 

SMD(DCM)-B3PW91-D3(BJ)/SDD+f(Au),6-31G** (other atoms) // B3PW91-D3(BJ)/SDD+f(Au),6-

31G** (other atoms level of theory is displayed in Figure 4. The transformation is highly exergonic (G 

–32.8 kcal/mol). It proceeds in a single step with a small activation barrier (G≠ 6.5 kcal/mol). Its transi-

tion state shows quasi linear Au–F–N(SO2Ph)2 arrangement (165.5°) with fluorine approaching gold 

(Au•••F 2.364 Å) in trans position to the N atom of the MeDalphos ligand. Selectfluor was also considered 

as fluorinating reagent. The corresponding energy profile is given in Figure S5.18 The activation barrier is 

slightly lower than for NFSI (G≠ 4.8 kcal/mol), in agreement with Selectfluor being a stronger oxidant 

and reacting faster with 1e than NFSI. In this case, the transition state is very early. The Au•••F distance 

is long (3.076 Å) and the Au–F–N skeleton is strongly bent (119.1°). 
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AuN 2.655 

Pt5 

AuF 2.138 

AuF 2.611 

Pt6 

AuN 1.979 

AuN 2.513 

Product 

AuF 1.915 

AuN 2.177 

 

 
 

 
 

    
 

   
  

 

Figure 4. Energy profile (G in kcal/mol) for the F+ transfer from NFSI to the (MeDalphos)AuMes complex com-

puted at the SMD(DCM)-B3PW91-D3(BJ)/SDD+f(Au), 6-31G** (other atoms)//B3PW91-D3(BJ)/SDD+f(Au),6-

31G** (other atoms) level of theory. Intrinsic Bond Orbital (IBO) analysis along the reaction profile. Main distances 

in Å and bond angles in °. For the IBOs, the fractions of electrons of the doubly occupied orbitals assigned to each 
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atom are given. Pt5 and Pt6 refer to structures on the Intrinsic Reaction Coordinate between which the electronic 

redistribution occurs and F+ is formally transferred from N to Au. For clarity, the hydrogen atoms and adamantyl 

(Ad) groups are omitted in the energy profile, only the H atoms are omitted in the IBO plots. 

 

To gain more insight into the F+ transfer to Au, Intrinsic Bond Orbital (IBO) analyses22 were car-

ried out along the intrinsic reaction coordinate (IRC). With both fluorinating reagents, the electronic re-

distribution and oxidative fluorination of gold were found to occur after the transition state. For NFSI 

(Figure 4), it happens when the Au–F distance reaches ~ 2.0 Å (between Pt5 and Pt6 on the IRC, Figure 

S6).18 The dx2–y2(Au) orbital of the (MeDalphos)AuMes complex progressively transforms into a AuF 

orbital while the N1–F -bond of NFSI evolves into a nitrogen lone pair. In the meantime, the N lone pair 

of the (MeDalphos) ligand turns into a AuN bond. The other d(Au) orbitals remain unchanged, in line 

with Au(I) to Au(III) oxidation (Figure S7).18 For Selectfluor, the orbital redistribution and F+ transfer 

occurs similarly, but earlier, when the Au–F distance reaches ~ 2.7 Å (Figures S8 and S9).18 

 

 

Reactivity of the organo Au(III) fluoride complexes. The ability of MeDalphos to trigger Au(I) to 

Au(III) oxidation with mild oxidative fluorinating agent and to stabilize the ensuing organo Au(III) fluo-

ride complexes prompted us to explore their reactivity. First, the potential of the obtained [(MeDal-

phos)Au(Ar)F]+ complexes to act as model substrates in oxidative Au(I)/Au(III) cross-couplings was in-

vestigated. A variety of such catalytic transformations have been proposed to occur by oxidative fluorina-

tion of the Au(I) centre, followed by fluorine-assisted transmetalation and reductive elimination.3,21,23 To 

probe the ability of the herein reported organo Au(III) fluorides to participate in such elementary steps, 

the mesityl complex 1e was chosen as model system, due to its excellent thermal stability which allowed 

for facile manipulation and NMR monitoring. 

No reaction was observed upon mixing 1e with 1-phenyl-2-trimethylsilylacetylene at room tem-

perature. However, heating to 80oC for 8 hours afforded the coupling product in 53% yield (Scheme 4). 

With the trimethylsilyl cyanide TMSCN, the cross-coupling was found to proceed at significantly lower 

temperature, likely due to the more polarized Si–C(sp) bond. Within 2.5 hours at room temperature, me-

sityl cyanide was formed in good yield (80 %) alongside with (MeDalphos)AuCN 2. Leaving the solution 

overnight resulted in the formation of colourless crystals suitable for X-ray diffraction analysis which 

enabled unambiguous confirmation of the structure of the gold(I) by-product. The mesityl complex 1e 

was then substituted by the electron-deprived 2,6-difluorophenyl complex 1f. The transmetalation with 

TMSCN still proceeded smoothly at room temperature to afford the corresponding benzonitrile in 71% 
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yield. Similar to what was previously observed for aryl–CN reductive eliminations at Au(III), the reaction 

proceeds more slowly with the electron-poor aryl group.12,24 This electronic effect may be rationalized by 

the more ionic character of the Au–C bond formed with electron-deprived aryl groups, which increases 

the bond strength and decreases the driving force for reductive elimination.25 When comparing the reac-

tion between TMSCN and 1f with that of the corresponding trans complex previously reported by Nevado 

et al,12 it is observed that both the transmetalation and reductive elimination steps proceed slower with 

the contra-thermodynamic complex 1f.18 Besides electronic effects, we surmise that the high steric dis-

symmetry of the MeDalphos ligand comes into play. Thus, the organo Au(III) fluorides obtained by lig-

and-enabled oxidative fluorination readily engage into transmetalation/reductive elimination with C(sp)-

based nucleophiles, demonstrating them to be relevant models for the Au(III) fluoride intermediates pro-

posed in oxidative Au(I)/Au(III) catalytic cross-coupling reactions. 

 

 

Scheme 4. Fluorine-assisted transmetalation of Au(III) fluorides with TMSC≡CPh and TMSCN. The latter resulted 

in the formation of (MeDalphos)AuCN 2 as Au(I) by-product. Yields based on 1H NMR with diethyl terephthalate 

as internal standard or 19F NMR with PhCF3 as internal standard. Molecular structure of complex 2. For sake of 

clarity, the hydrogen atoms are omitted. Ellipsoids are shown at 50% probability. Selected bond distances (in Å) 

and angles (in °): P–Au 2.303(1), NMe2–Au 2.861(2), Au–C 2.000(2), P–Au–C 176.55(6). 

 

A noteworthy aspect of the complexes prepared herein is the presence of both a fluoride and an 

organic group at Au(III). Hence, it was questioned whether direct reductive elimination (without 

transmetalation) is possible to forge C–F bonds. Aryl–F coupling is a highly challenging but attractive 

transformation,26 given the abundance and significance of aryl fluoride derivatives within pharmaceuticals 

and agrochemicals.27 While C(sp2)–F reductive elimination is thermodynamically favoured due to the 

high C–F bond strength (DFT calculations support this assertion, vide infra),28 the associated kinetic bar-

rier is usually prohibitively high.26,28,29 Because of its extreme electronegativity, fluorine forms highly 
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polarized M–F bonds, which significantly reduces electron density and orbital overlap as required for C–

F reductive elimination to proceed. 

The intrinsic difficulty associated with aryl–F coupling at transition metals has long hampered 

experimental observation. The first landmark study, by Ritter and co-workers, dates only from 2008.30 

Since then, the field has attracted considerable attention and several breakthroughs have been reported in 

recent years, with late transition metals (in particular palladium) and bismuth.30-36 These developments 

have mainly focused on bringing the metal (or metaloid) centre to high oxidation state, such as Pd(IV), 

Pt(IV) or Bi(V), from which the C–F reductive elimination is comparatively more favoured.30-32,36 The 

use of bulky ligands to force coordinatively unsaturated coordination environment at Pd(II) has also 

proven to be successful to promote aryl–F reductive elimination.33,34 It is also worth noting that aryl–

Cu(III)–F species have been proposed as key intermediates by Ribas et al in Ullmann-type halogen ex-

change at copper.37 

Despite these achievements, the field is still in its infancy and much remains to be done to even-

tually make C(sp2)–F reductive elimination a general, efficient and practical way to prepare aryl fluorides. 

In this context, we surmised that the [(MeDalphos)Au(Ar)F]+ complexes may be inclined to undergo C–

F coupling. Indeed, since the main obstacle on C(sp2)–F reductive elimination is the high electronegativity 

of fluorine and polarized M–F bond, the transformation may be favoured with gold, the most electroneg-

ative transition metal. Incidentally, a few examples of C(sp3)–F reductive eliminations have been observed 

by Toste and co-workers from Au(III) alkyl difluoride complexes.9 Based on kinetic measurements and 

DFT studies, these reactions were proposed to take place from transient cationic three-coordinate 

[(IPr)Au(R)F]+ intermediates. As for aryl–F coupling at Au(III), it was invoked once by Ribas and co-

workers, to account for the fluorination of macrocyclic aryl halides mediated by Au(I),38 but to the best 

of our knowledge, this process has never been directly evidenced experimentally. The mesityl complex 

1e was again chosen as model and we investigated its thermal behaviour, with the hope to promote C(sp2)–

F reductive elimination (Scheme 5). The targeted transformation only occurred when heating to 120 oC. 

After 3 hours, 1e was completely consumed and fluoro mesitylene was formed in a low 15% yield (based 

on 19F NMR spectroscopy). To ensure the reaction is not induced by ambient light, it was performed in 

the dark and the same result was obtained. Changing the solvent to MeCN or the counterion of 1e did not 

result in improved yields. Instead, no reaction or only decomposition was observed upon heating (Table 

S1).18 Similar tests were performed with the 2,6-difluorophenyl complex 1f but no sign of C–F reductive 

elimination could be observed upon heating in this case. 
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Scheme 5. Reductive elimination from the mesityl Au(III) fluoride complex 1e under thermal conditions. Yield 

based on 19F NMR spectroscopy with PhCF3 as internal standard. 

 

To gain more insight, the energy profile for C(sp2)–F reductive elimination from complex 1e was 

computed (Figures 5 and S10). The reaction was found to be thermodynamically favoured by > 20 

kcal/mol. Of note, the formed fluoro arene is 2-bonded in the ensuing Au(I) -complex.39 The energy 

barrier computed for the C–F coupling at Au(III) is very high (~ 30 kcal/mol),40 in agreement with the 

high thermal stability of 1e and the low yield in fluoro mesitylene (most likely due to competing degra-

dation paths). The transition state TS shows signs of growing 3-center FAuCMes interaction. The CMes–

Au–F bond angle is tight (53.71° vs 86.19° in 1e), the Au–F bond is elongated by 10.1 % (2.139 Å vs 

1.943 Å in 1e) but the CMes–F distance remains long (1.921 Å vs 1.354 Å in Mes–F). The 2,6-difluoro-

phenyl complex 1f was also considered. Here, the activation barrier for C–F coupling at Au(III) was found 

to increase further to 41.3 kcal/mol (Figure S11).18 This reflects the detrimental effect of the electron-

withdrawing fluorine atoms on the aryl group towards reductive elimination (as observed in the aryl–CN 

coupling). This prohibitively high energy barrier also explains why no aryl–F coupling could be observed 

upon heating 1f. 

 

 

Figure 5. Gibbs free energy profile (G in kcal/mol) for C(sp2)–F reductive elimination from complex [(MeDal-

phos)Au(Mes)F]+ 1e. Calculations carried out at SMD(MeCN)-B3PW91-D3(BJ)/SDD+f(Au),6-31G**//B3PW91-



 

16 

D3(BJ)/SDD+f(Au),6-31G** level of theory. Main distances in Å and bond angle in °. For clarity, the hydrogen 

atoms and adamantyl (Ad) groups are omitted. 

 

As C–F coupling from the aryl Au(III) fluoride complexes was found to be hardly possible under 

thermal conditions, we sought for an alternative method to induce the reductive elimination. We envi-

sioned that the transformation could be promoted by irradiation instead of thermal means. A few recent 

reports have demonstrated that difficult reductive elimination reactions can be achieved this way with 

other transition metals. In 2017, MacMillan and coworkers have shown that cross-coupling between aryl 

halides and carboxylic acids can be performed by energy transfer from an excited iridium photocatalyst 

to an aryl Ni(II) carboxylate complex yielding the Ar–OCOR coupling products.41 In addition, Iwasawa 

and co-workers demonstrated in 2022 that by using a photoactive acridine ligand instead of a photocata-

lyst, this challenging reductive elimination can also be achieved directly by irradiation of aryl Pd(II) car-

boxylate complexes (without external photosensitizer).42 Considering the possibility to use light to pro-

mote Ar–F coupling at Au(III), complex 1e was analysed by UV-VIS absorption spectroscopy. It shows a 

broad absorption peak at max ~ 327 nm (Figure 6a). To shed light into the associated electronic transition, 

TD-DFT calculations were carried out at SMD(MeCN)-CAM-B3LYP/SDD+f(Au), 6-31G** (other at-

oms)//B3PW91-D3(BJ)/SDD+f(Au), 6-31G** (other atoms) level of theory (Table S7 and Figure S12).18 

The lowest-energy absorption maximum was found at  332 nm (oscillator strength f 0.046). It is mainly 

associated with electronic excitation from the HOMO to the LUMO, with an energy gap of 3.73 eV. The 

HOMO corresponds to the b1 orbital of the aromatic substituent (Mes), while the LUMO is centered on 

the N–Au–F fragment and combines anti-bonding *AuN and *AuF orbitals (Figure 6c). The simulated 

absorption spectrum shows a second band at  306 nm (oscillator strength f 0.434), associated with an 

electronic transition from the HOMO–2 (localized on the P–Au–CMes fragment, combining AuP and AuC 

orbitals) to the LUMO (Figure S13).18 These two transitions nicely match with the broad absorption band 

observed experimentally and suggest that the LUMO of complex 1e could be accessed by irradiation, 

from which reductive elimination may occur. To this end, we tested irradiation at 365 nm in DCM and 

observed complete consumption of the Au(III) complex after 2 hours at room temperature with formation 

of fluoro mesitylene in a moderate, but significantly improved 45% yield (Figure 6b). This outcome 

showed the feasibility of light-induced reductive elimination to achieve reductive elimination at Au(III). 

Here, C(sp2)–F coupling proceeds by direct irradiation of the aryl Au(III) fluoride complex, without the 

use of any photoactive ligand or external photocatalyst.41,42 
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Figure 6. a) UV-VIS spectrum of complex 1e in MeCN. b) Reductive elimination from 1e upon irradiation at 365 

nm in DCM resulting in fluoro mesitylene (yield based on 19F NMR spectra with PhCF3 as internal standard). c) 

HOMO and LUMO orbitals of complex 1e computed at B3PW91-D3(BJ)/SDD+f(Au),6-31G** (other atoms) level 

of theory (cutoff: 0.05). 

 

 

Given the promising result obtained upon irradiation of 1e in DCM at 365 nm, the conditions were 

varied to try to optimize the efficiency of the reaction (Scheme 6). Changing the solvent to MeCN resulted 

in an improved yield of 55%. Using higher-energy light sources proved detrimental (only 24% yield at 

best when irradiating at 312 or 254 nm). When lower-energy blue LEDs ( ~ 450 nm) were utilized, a 

significant improvement was achieved. Reactions conducted in MeCN at this wavelength provided the 

C–F coupling product in an excellent 90% yield. The broad absorbance of complex 1e with a tail up to ca 

450 nm may explain that even visible light is able to trigger the transformation. Under these conditions, 

the (MeDalphos)AuN(SO2Ph)2 complex 3 was observed as the sole organometallic by-product and its 

structure was confirmed by single-crystal X-ray diffraction analysis. While complex 3 also formed in the 

reactions employing alternative solvents and higher-energy irradiation, it was not the exclusive by-prod-

uct. Finally, the impact of the counteranion was examined with 1e-BF4 and 1e-Cl. In both cases, good 

yields were obtained, albeit slightly lower compared to 1e, indicating a minimal impact of the anion on 

the light-induced reductive elimination. The irradiation of 1e was then carried out at –20 °C, resulting in 

similar yields as under ambient temperature, consistent with the reductive elimination to occur from ex-

cited states of 1e. 
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Scheme 6. Light-induced reductive elimination of complex 1e under various conditions. Yields based on 19F NMR 

spectroscopy with PhCF3 as internal standard. Molecular structure of the (MeDalphos)AuN(SO2Ph)2 complex 3 

obtained as by-product. For sake of clarity, the hydrogen atoms are omitted. Ellipsoids at 50% probability. Selected 

bond distances (in Å) and angles (in °): P–Au 2.244(1), NMe2–Au 2.866(3), Au–N(SO2Ph)2 2.092(2), P–Au–N 

176.63(8). 

 

In the thermal reaction of complexes 1e and 1f with TMSCN, the electronic nature of the aryl 

substituent was found to noticeably influence the rate of the C(sp2)–CN coupling. We were thus curious 

to see how the light-induced C(sp2)–F reductive elimination behaves and to this end, we irradiated the 

2,6-difluorophenyl complex 1f (Scheme 7). No C–F coupling was observed using blue LEDs in this case. 

This may be due to the blue-shift of the absorption maximum experienced by 1f (max ~ 310 nm vs max 

~ 327 nm for 1e, Figure S2).18 However, better results were obtained using higher-energy light sources, 

with 45% yield of the aryl–F coupling product when irradiating at 254 nm. At this point, the question 

arises as to whether the light-induced C(sp2)–F reductive elimination observed with 1e and 1f is specific 

to the “contra-thermodynamic” form of aryl Au(III) fluorides or also possible with the corresponding 

ground-state structure. For this purpose, the F trans to P isomer of the 2,6-difluorophenyl complex 1f-

trans was prepared by oxidative addition of the corresponding aryl iodide followed by halide exchange 

with AgF, as previously reported (Figure 1b).12 When this complex was irradiated at 365 nm, the C(sp2)–

F coupling product was obtained in 71% yield, showing that the light-induced reductive elimination from 

aryl Au(III) fluoride complexes is general and works beyond “contra-thermodynamic” complexes. 19F 

NMR monitoring of two parallel photochemical reactions (MeCN,  365 nm) revealed that 1f-trans reacts 

about 2 times faster than 1f.18 



 

19 

 

Scheme 7. Light-induced reductive eliminations from Au(III) fluoride complexes 1f and 1f-trans. Yields are based 

on 19F NMR spectroscopy with PhCF3 as internal standard. 

 

Conclusion 

The hemilabile MeDalphos ligand was shown to enable oxidative fluorination of Au(I) complexes. 

The reaction works with a wide range of sp, sp2 and sp3-hybridized organic groups at gold and various 

“F+” sources (NFSI and Selectfluor, as well as N-fluoro pyridinium and XeF2). The N atom of MeDalphos 

stabilizes the resulting Au(III) fluoride complex thanks to tetracoordination and it directs the F+ transfer 

to gold in its trans position, resulting in “contra-thermodynamic” Au(III) fluoride complexes. The oxida-

tive fluorination of Au(I), which is commonly proposed as the first elementary step in numerous catalytic 

transformations, has thus been experimentally authenticated and investigated in-depth computationally 

for the first time. 

The thereby obtained aryl Au(III) fluoride complexes proved active in fluorine-assisted transmeta-

lation/reductive elimination with C(sp) nucleophiles, leading to C(sp2)–C(sp) coupling reactions mimick-

ing the reaction sequence envisioned in catalytic transformations. Furthermore, the aryl Au(III) fluoride 

complexes were found to undergo challenging C(sp2)–F reductive eliminations. While thermal means 

induce essentially decomposition, with only small amounts of C–F coupling, the direct irradiation of aryl 

Au(III) fluoride complexes with UV-visible light afforded the corresponding aryl fluorides in good yields 

under mild conditions (room temperature or even below). 

It is worth noting that while the combination of light and gold has attracted significant interest,4 

most efforts have focused on promoting the oxidation of Au(I) centres, as this was considered to be the 

bottleneck for Au(I)/Au(III) redox chemistry until recently. Now that several ways have been developed 

to efficiently promote Au(I) to Au(III) oxidation,1,3,4,6 the situation is somewhat reversed and the limiting 

step may be reductive elimination.43 The results obtained with complexes 1e,f(-trans) suggest that light-

induced reductive elimination holds much potential to achieve challenging coupling reactions at gold and 

might even enable new ones.44 

Other hemilabile ligands than MeDalphos recently reported to trigger oxidative addition to 

Au(I)5o,5p,43 may promote oxidative fluorination and are certainly worth considering and investigating. 

Careful assessment of the ligand impact on this transformation as well as on the subsequent 
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transmetalation/cross-coupling and photo-induced C–F reductive elimination steps would provide useful 

insight to optimize ligand design and improve synthetic efficiency. 
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