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Abstract: An efficient and chemoselective methodology deploying 

gold-N-heterocyclic carbene (NHC) complexes as catalysts in the 

hydrofluorination of terminal alkynes using aqueous HF has been 

developed. Mechanistic studies shed light on an in situ generated 

catalyst, formed by the reaction of Brønsted basic gold pre-catalysts 

with HF in water, which exhibits the highest reactivity and 

chemoselectivity. The catalytic system has a wide alkyl substituted-

substrate scope, and stoichiometric as well as catalytic reactions with 

tailor-designed gold pre-catalysts enable the identification of various 

gold species involved along the catalytic cycle. Computational studies 

aid in understanding the chemoselectivity observed through 

examination of key mechanistic steps for phosphine- and NHC-

coordinated gold species bearing the triflate counterion and the 

elusive key complex bearing a bifluoride counterion. 

Introduction 

Owing to the great importance of fluorinated compounds in 

medicinal chemistry and related fields,[1] the development of 

synthetic routes toward these molecules is a vibrant research 

area.[2] Among the various methods to introduce a fluorine atom 

onto organic frameworks, the hydrofluorination of alkynes is a 

direct, atom-economical and elegant method leading to useful 

monofluoroalkenes.[3] While the uncatalyzed hydrofluorination is 

not particularly effective,[4] gold catalysis has emerged as a 

convenient method.[5] Sadighi and co-workers published the first 

example of gold-catalyzed hydrofluorination of alkynes using 

Et3N·3HF as the HF source and a gold–N-heterocyclic carbene 

(NHC) catalyst.[6] This initial study has paved the way for further 

development by Miller,[7] Hammond,[8] Nolan[9] and Toste,[10] using 

various HF sources (DMPU·HF, Et3N·3HF, pyridine·HF) in 

combination with gold-NHC/phosphine catalysts (Scheme 1A). 

Paquin and co-workers later demonstrated the use of 48% 

hydrofluoric acid as a cheap and atom-economical HF source for 

this transformation (Scheme 1B).[11] However, under these 

conditions, terminal alkynes provided mainly the hydration 

products, an unfortunate limitation. 

On the other hand, the pairing of ligands and counterions  

 

Scheme 1. Gold-catalyzed hydrofluorination of alkynes. 
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about the gold catalysts can greatly impact reaction outcome.[12,13] 

Significant progress has been made in the use of NHCs as ligands 

for gold catalysis during the last decade.[13] These NHC-gold 

catalysts have enabled a plethora of reactions, enabling selective 

alkyne functionalisation.[14] As a germane example, Nolan and co-

workers developed [Au(NHC)(OH)][15] that has proven very useful 

as a pre-catalyst and synthon as well as an excellent mechanistic 

probe.[16] In this context, we reasoned that limitations encountered 

in the gold-catalyzed hydrofluorination of terminal alkynes could 

be overcome by the use of a well-defined NHC-gold (pre)catalyst, 

while possibly also permitting the acquisition of mechanistic 

information through catalyst screening and stoichiometric 

reactions. 

Here, we report uniquely simple conditions for the 

chemoselective hydrofluorination of terminal alkynes using 

aqueous HF (Scheme 1C). Mechanistic studies and DFT 

calculations were carried out to uncover the specific 

organometallic species involved in the alkyne activation for the 

first time.  

Results and Discussion 

We first observed that 1b could be obtained from 1a with 

aqueous HF using [{(JohnPhos)Au}2(µ-OH)]OTf as the pre-

catalyst, using the conditions previously developed. However, a 

moderate NMR yield of 31% was observed and the ketone 1c 

appeared to be the major product (Scheme 1B). Starting from this 

puzzling result, an optimization of the reaction conditions was 

undertaken (Table 1). First, moving from a phosphine to a NHC 

ligand and dispensing with the triflate counterion led to a 74% 

yield of 1b as the major product (entry 1). The concentration was 

then studied and appeared to be a key parameter (entries 1-5). 

While increasing the concentration to 0.5 M gave no major change, 

a decrease from 0.3 to 0.15 M generated 1b with 85% yield (entry 

5). At this point, further decreasing the concentration proved 

unhelpful. Indeed, the 1.5 mL polypropylene Eppendorf originally 

employed could not contain the required amounts of reagents. We 

first moved to 15 mL polypropylene conical tubes, but a lower 

yield was observed.[17] To our delight, we found that 15 mL 

polytetrafluoroethylene (PTFE) conical tubes could be used 

reproducibly (entry 6). Finally, no improvement in the outcome of 

the reaction was observed at 0.1 M and 0.05 M concentrations.[17] 

An operating temperature of 50 °C provided the best yield (92% 

of 1b) (entries 7-10). The amount of 48% HF(aq) was also varied, 

but the original use of 2 equivalents appeared optimum. 

Decreasing to 1 equivalent led to a lower conversion (entry 11) 

while 3 equivalents favoured the formation of hydration products 

(entry 12). Interestingly, the catalyst loading of [Au(IPr)(OH)] 

could be decreased to 0.5 mol% without any significant decrease 

in yield (entries 13-15). Finally, a control reaction performed 

without catalyst (entry 16) showed low conversion and did not 

provide any addition product, suggesting that the use of the 

catalyst is mandatory. Further optimization of solvent, reaction 

time and HF source was examined, but all variations led to lower 

yield of 2a.[17]  

With the optimized conditions in hand, we explored the 

reaction scope (Scheme 2). Gratifyingly, the reaction generated 

the gem-disubstituted alkene as the major product (99:1 ratio of 

regioisomers in most cases). We investigated a variety of 

substrates bearing ether groups (1a-4a) and hydrofluorination 

products were obtained in moderate to good yields (58-84%). The 

Table 1. Selected optimization results for the hydrofluorination of 1a using 

HF(aq). [17] 

 

Entry Cat. load. 

[mol%] 

Conc. 

[M] 

T 

[°C] 

Conv. 

[%][a] 

1b  

[%][a] 

1c 

[%][a] 

1 2 0.3 40 100 78 12 

2 2 0.4 40 100 79 17 

3 2 0.5 40 100 74 18 

4 2 0.2 40 95 78 9 

5 2 0.15 40 98 85 10 

6[b] 2 0.15 40 100 86 11 

7[b] 2 0.15 21 46 36 6 

8[b] 2 0.15 30 72 55 7 

9[b] 2 0.15 50 99 92 7 

10[b] 2 0.15 60 100 82 13 

11[b,c] 2 0.15 50 77 63 5 

12[b,d] 2 0.15 50 100 63 37 

13[b] 3 0.15 50 100 86 13 

14[b] 1 0.15 50 100 86 6 

15[b] 0.5 0.15 50 100 86 (84)[e] 14 

16[b] - 0.15 50 14 0 0 

[a] Conversion of 1a and yield of 1b and 1c are determined by 1H NMR or 19F 

NMR of the crude mixture after workup using 2-fluoro-4-nitrotoluene as an 

internal standard. [b] The reaction is carried out in a 15 mL PTFE conic tube. [c] 

1 equiv. of HF(aq) is used. [d] 3 equiv. of HF(aq) are used. [e] Isolated yield. 

 

shorter alkyne 2a required 1 mol% of gold catalyst to be fully 

converted to products. A tosylated alcohol was tolerated under 

these conditions, generating monofluoroalkene 5b in 79% yield. 

Ester-bearing alkynes were next evaluated (6a-17a). Here, the 

distance between the ester and the alkyne appears an important 

factor. While the substrate with the closest ester (6a) generated 

significantly more hydration product 6c, products 7b and 8b were 

obtained in 76% and 66% yields, respectively. Substituted 

aromatic (9a-11a), heteroaromatic (12a-13a) and adamantyl 

(14a) esters were well tolerated, providing good yields of 9b-14b 

(75-84%). By using 4 equiv. of HF(aq), and the same catalyst 

loading, we were able to obtain 15b from the dialkyne 15a with a 

yield of 74%. Interestingly, only the dihydrofluorination 15b and 

the dihydration 15c products were observed, without a trace of 

monofluoroalkene/ketone. The presence of an alkene group on 

substrate 16a did not appear to cause any issue and the expected 

product was isolated without any side reaction. The
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Scheme 2. Scope of the hydrofluorination of terminal alkynes.[17] [a] Ratio determined by 1H NMR of the crude reaction mixture after workup. [b] Yield calculated by 
19F NMR of the crude reaction mixture after workup using 2-fluoro-4-nitrotoluene as an internal standard. [c] 1 mol% of gold catalyst is used. [d] 1 mmol scale. [e] 4 

equiv. of HF(aq) are used. [f] The reaction is not quenched with NaHCO3 before extraction. [g] Yield calculated by 19F NMR of the crude reaction mixture before 

workup using 2-fluoro-4-nitrotoluene as internal standard. [h] 5% NMR yield of dihydrofluorinated product is observed.

monofluoroalkene 17b was obtained from the diethyl malonate 

derived alkyne 17a with a moderate yield of 53%. The unprotected 

carboxylic acid 18a could also be hydrofluorinated with a good 

yield of 72%. The use of unsubstituted alkynes 19a-22a led to the 

desired product 19b-22b in good NMR yields (71-83%). The 

chlorinated substrate 23a allowed the formation 23b (60%) 

without any evidence of chlorine atom displacement. Products 

19b-23b were not isolated in view of volatility problems, so in 

these instances NMR yields are provided. The D-glucose 

derivative, monofluoroalkene 24b was obtained in a good yield 

(68%). Various alkynes bearing protected amines were then 

submitted to the reaction conditions (25a-33a). Phthalimides 25b 

and 26b were isolated in good yields of 78 and 81%, respectively. 

However, placing the alkyne function further away from the 

phthalimide lead to hydration product formation, giving 27b in only 

46%. Esterified derivatives of L-phenylalanine with the amine 

protected as a tBu carbamate (28b), a benzyl carbamate (29b) 

and an acetylamine (30b) were isolated in good yields (71-87%). 

The α-disubstituted alkyne bearing a tosylamine (31a) gave only 

a low 36% yield, with the ketone 31c as the major product. 

Moreover, 31b was isolated as a mixture of isomers with only 95% 

of the major regioisomer. However, the same compound when 

protected with tBu carbamate (32a) led principally to the 

hydrofluorination product, isolated in 73% yield. To achieve full 

conversion, 1 mol% of the gold pre-catalyst was required. A good 

yield of 33b was also obtained using the benzyl carbamate 

protected propargylamine 33a. 

We then subjected terminal aromatic alkynes to the optimized 

conditions (34a-37a). Unfortunately, only low conversions as well 

as low yields were observed. The presence of an electron-

donating methoxy group on substrate 35a gave a complex mixture, 

characterized by an increased amount of the undesired ketone 

35c and the presence of a difluorinated compound. This results 

from the subsequent hydrofluorination of the expected product 

35b. EWG-substituted aromatic alkynes 36a and 37a only gave 

traces of monofluoroalkenes 36b and 37b. To increase the yield 

for terminal aromatic alkynes, we are presently screening a broad 

range of ligands. This work is ongoing and will be presented when 

the optimization proves conclusive. 

When we explored the reaction scope, some limitations 

10.1002/chem.202103886

A
cc

ep
te

d 
M

an
us

cr
ip

t

Chemistry - A European Journal

This article is protected by copyright. All rights reserved.



RESEARCH ARTICLE    

4 

 

. 

Scheme 3. Hydrofluorination of internal alkynes with the optimized conditions. 

[a] Ratio determined by 1H NMR of the crude reaction mixture after workup. [b] 

Yield calculated by 19F NMR of the crude reaction mixture after workup using 2-

fluoro-4-nitrotoluene as internal standard. 

were encountered (Scheme 2, bottom). An unprotected alcohol 

(38a), its silylated derivative (39a) and a pyridine ester (40a) were 

not tolerated and only traces of monofluoroalkenes 38b-40b were 

observed. Indeed, substrates 38a and 39a underwent mainly 

degradation whereas substrate 40a was recovered unreacted. 

Finally, the ynone 41a did not react under the reaction conditions. 

The carbonyl is probably too electron-withdrawing on the alkyne 

for the reaction to proceed. 

The optimized conditions were then tested on internal alkynes 

to allow a comparison with our previous results (Scheme 3).[11] 

The 5-decyne substrate (42a) was subjected to the reaction 

conditions, and the 5-fluorodec-5-ene product (42b) was 

observed in the crude with a NMR yield of 90%, as opposed to 

73% obtained with our previous catalytic system (using 3 mol% of 

a gold dimer complex). The bromoalkyne 43a led to an 

encouraging 74% yield of the bromofluoroalkene 43b. Finally, an 

alkyne bearing a propargylic ester (44a) gave the corresponding 

fluorinated products 44b, but in moderate yield (53%), and 

hydration here is still an important parasitic side-reaction. 

Having established the superiority of a simple, Brønsted basic 

Au-NHC pre-catalyst in the hydrofluorination of alkynes with 

aqueous HF, we began to investigate the origins of the catalytic 

activity and chemoselectivity of the in situ-generated active 

species. The precise identity of the in situ generated counterion 

was a central point of this investigation,[12] and it was 

hypothesized to be either a fluoride or a bifluoride. [6,9,18] 

At the same time, comparing the catalytic activity and 

chemoselectivity of the generated active species to those of well-

defined, cationic complexes bearing other anions, should provide 

more information about the reactivity/identity of the elusive anion. 

Finally, to probe the generation of various gold species during the 

catalytic cycle and to understand their influence on the two 

competing transformations (hydrofluorination vs. hydration), we 

synthesized pre-catalysts bearing sacrificial ligands other than the 

hydroxide to confirm their possible involvement (Figure 1). 

Each complex was employed in the hydrofluorination of an 

aliphatic alkyne under our conditions, and conversion of the 

starting material as well as conversion to the desired 

hydrofluorination product and hydration side-product were 

determined by NMR spectroscopic analysis (Table 2). 

It was rapidly established that the widely used complex B,[20] 

bearing the triflimidate anion, was not very active in either of the 

competing transformations under our conditions (entry 2). As 

expected, complex C led to low conversion, notably, however, the 

hydrofluorination product was formed in 11% yield, which 

suggests that strong hydrogen bonds are sufficient to abstract the 

chloride anion and generate cationic gold species (entry 3).[21]

 

Figure 1. Well-defined Au-NHC pre-catalysts used in this study. The X-ray molecular structures of G and H are presented (CCDC: 2089250-2089251), showing 

thermal displacement ellipsoids at the 50% probability level and hydrogen atoms omitted for clarity. [17,19] 
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Complex D led to full conversion. However, the primary product 

of the reaction was 7c. This can be explained by the known,[12] 

high efficiency of [Au(NHC)(OTf)] complexes in alkyne hydration 

(entry 4). Complex E bearing the bulky IPr* ligand, also showed 

high catalytic activity, favouring the hydrofluorination and leading 

to a slightly higher percentage of hydration product in comparison 

with that obtained using A (entry 5). 

At this point we have to mention that Au-NHC complexes 

bearing weakly coordinating anions (often called “cationic”) have 

long been known to lead to digold hydroxide species in the 

presence of water.[11,22] The generated species are the resting 

state of the catalyst in some instances, while they may enable 

dual catalysis in others, and in the presence of terminal alkynes 

they rapidly lead to σ, π-digold acetylides, which are also latent 

forms of active species.[23,24] It is also known that such digold 

species dissociate and lead to their Lewis acid (cationic gold) and 

Brønsted base (gold hydroxide or gold-acetylide) components, 

while the former is able to activate electrophiles and the latter is 

able to react with any acidic species. Considering the system 

under study, all these species may be an entryway into the 

catalytic cycle, while their influence on the chemoselectivity and 

efficiency may vary depending on their reactivity in each of the 

two competing transformations. This is stressed at this point, to 

bring attention to the fact that a cationic complex such as the 

dinuclear one used in our previous system[11] or even a 

mononuclear gold triflate will give rise to two different cationic 

species, bearing distinct counterions, through the pathways 

described previously. Thus, the observed outcome will be the net 

result of the catalytic behaviour of both active species. On the 

contrary, when using a Brønsted basic gold pre-catalyst, the only 

cationic complex which will be generated will be the one derived 

from the reaction of the base ([Au]) and the acid (HF), while water 

may affect its exact structure and the identity of the weakly 

coordinating anion. This outcome may be affected by the nature 

of the sacrificial, basic ligand of the gold pre-catalyst, whether that 

is a hydroxide or a hydrocarbyl group, of which vinyl (or aryl) and 

alkynyl groups are most relevant since they can lead to gem-

diaurated intermediates which have been shown to affect 

catalysis.[25,26] 

On this basis, we screened two gold-acetylide complexes (F 

and G) derived from aromatic and aliphatic alkynes, and both 

gave excellent results, similar to those observed when complex A 

was used (entries 6-7). A tailor-designed σ, π-digold acetylide (H) 

also led to a similar outcome (entry 8), however, with a higher 

degree of hydration being observed, while the well-known digold 

hydroxide complex I led to hydrofluorination in 57% vs 23% for 

hydration (entry 9). The latter suggest that either the effect of the 

in situ generated anion is more profound than that of the 

tetrafluoroborate anion, or that the latter is also selective towards 

hydrofluorination, while both hypotheses may be valid to some 

extent and their combined effect is what is experimentally 

observed. The recently commercialized synthon J also displayed 

high efficiency and chemoselectivity, leading to a similar outcome 

as A (entry 10). From a stoichiometric reaction performed with this 

gold-aryl complex and 2 equivalents of aqueous HF, we were able 

to observe a gem-diaurated arene[17] as well key species of 

interest (vide infra). This suggests that indeed such species may 

be generated during catalysis and depending on which substrate 

is used since electron-rich gold-vinyl (or aryl) species are more 

prone to form such gem-diaurated species in the presence of 

strong acids with weakly coordinating anions, [26,27] however their 

influence on this reaction is negligible. This point is also reinforced 

since any gold-vinyl species generated under our 

hydrofluorination conditions will be electron-poor. Finally, gold-

amido complex K also proved to be active and selective (entry 

11).[27,28] These results suggest that any Brønsted basic gold 

complex may be used as a pre-catalyst in the present reaction, a 

fact which significantly expands the range of possible pre-

catalysts in terms of both ancillary and sacrificial ligand identity 

and design. More importantly for the present discussion, these 

well-defined complexes provided evidence for possible 

intermediates in the catalytic cycle, which we next attempted to 

observe and/or isolate. 

Table 2. Pre-Catalyst Screening Results for the Hydrofluorination of 7a Using 

Aqueous HF[17] 

 
Entry Cat. [Au] Conv. 

[%][a] 

7b 

[%][a] 

7c 

[%][a] 

1 [Au(IPr)(OH)] A 90 72 10 

2 [Au(IPr)(NTf2)] B 17 4 8 

3 [Au(IPr)Cl] C 20 11 3 

4 [Au(IPr)(OTf)] D 100 14 55 

5 [Au(IPr*)(OH)] E 100 76 22 

6 [Au(IPr)(CCPh)] F 93 79 8 

7 [Au(IPr)(CCCH2CH2Ph)] G 83 73 6 

8 [{Au(IPr)}2(η1,η2-

CCCH2CH2Ph)][BF4] H 
95 73 16 

9 [{Au(IPr)}2(μ-OH)][BF4] I 91 57 23 

10 [Au(IPr)(4-methoxyphenyl)] J 94 77 9 

11 [Au(IPr)Cz] K 95 77 10 

 [a] Conversion of 7a and yield of 7b and 7c are determined by 1H and 19F NMR 

of the crude mixture after workup using 2-fluoro-4-nitrotoluene as an internal 

standard. 

The initial reaction performed was the addition of 1 equivalent 

of HF(aq) reagent to complex A (Scheme 4). As expected, this 

afforded a mixture containing the gold fluoride complex L in 61% 

yield as determined by 19F-NMR spectroscopy, along with other 

gold species which proved difficult to identify, one of which, 

however, gave NMR signals identical to those of complex I (Figure 

1). To simulate the reaction conditions, we attempted to add 5 and 

10 equivalents of the HF reagent to complex A and removed the 

excess HF by performing DCM/H2O extractions. These 

experiments led to evident decomposition and multiple, 

unidentifiable gold species. However, when 2 equivalents of the 

HF(aq) reagent were used, a mixture of primarily two gold species 

could be clearly detected by NMR. Again, complex L was the 

primary product, and the other species could only be identified as 

a digold hydroxide complex (M), because its 1H-NMR signals
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Scheme 4. Stoichiometric reactions leading to catalytically relevant intermediates (Dipp = diisopropylphenyl). The X-ray molecular structure of M (CCDC: 2089253) 

is presented with thermal displacement ellipsoids at the 50% probability level.[17,19]

proved identical to those of I.[17] Adding 1 more equivalent of 

aqueous HF to this mixture, led to the generation of more M, 

suggesting the existence of a dynamic equilibrium. An attempt 

was made to grow crystals of the elusive species from the latter 

mixture, however, the experiment was performed using glass, and 

led to a digold hydroxide complex bearing a pentafluorosilicate 

anion.[17,29] Having established that it is indeed a digold hydroxide 

complex which is in equilibrium with complex L, a drop of water 

was added after the addition of 2 equivalents of aqueous HF, 

shifting this equilibrium towards the former, and a sample was 

taken from this mixture in order to attempt the crystallization of the 

desired species using only plasticware. Gratifyingly, the desired 

digold hydroxide bearing a bifluoride anion (M) could be isolated 

and its molecular structure was unequivocally determined by 

single crystal X-ray diffraction studies. In addition to our previous 

report on the synthesis of gold bifluorides,[23] to the best of our 

knowledge, there is only one report by Schmidbaur and co-

workers describing the isolation of a complex remotely structurally 

related to the one reported here.[30] That complex was a 

phosphine-ligated trigold oxide bearing an [H2F3]‒ anion. 

An experiment which added further clarity to the role of each 

intermediate was the addition of 1 equivalent of a terminal alkyne 

(4-phenylbut-1-yne) to the mixture of L and M (Scheme 4). This 

led to the conversion of the mixture to the σ, π-digold acetylide N. 

This complex was identified by comparison of its 1H-NMR 

spectrum with that of H, which are identical. The generation of this 

complex established that complexes L and M are indeed in 

equilibrium. More importantly, it suggests that complex L is most 

likely not the active species during the catalytic cycle, but if it is 

ever generated during the initiation phase of the cycle, it is rapidly 

converted to M and then to N in the presence of the excess of HF, 

water, and substrate. This conclusion comes about as we did not 

observe gold-vinyl species forming during these experiments and 

that the ratio of L to M is not the same as the ratio of L to N, which 

would be the case if upon addition of the alkyne a gold-vinyl 

complex formed reversibly and reacted with the excess HF. 

Furthermore, even though gold-fluorovinyl species have been 

isolated previously by adding an excess of alkyne to L, DFT 

calculations on the transformation reveal that the kinetic barrier 

for this insertion is very high,[17] especially when compared to that 

of the addition step when a bifluoride anion is involved (vide 

infra).[6] Finally, based on all our catalytic and stoichiometric tests, 

it appears that complexes G, L, M and N are all plausible 

intermediates in the catalytic cycle, even though we cannot 

exclude the formation of HF-derived counterions that are more 

elaborate than the bifluoride anion. Therefore, we propose a 

plausible catalytic cycle (Scheme 5). 

The initiation phase of the cycle involves the conversion of A 

to the mixture of L and M. This mixture is expected, under catalytic 

conditions at least, to mostly contain complex M, which in the 

presence of a terminal alkyne would rapidly lead to N′ and follow 

Path 1 (Scheme 5). When an internal alkyne is involved, Path 2 is 

expected to illustrate the catalytic cycle more accurately, while it 

cannot be excluded as a viable pathway in the case of terminal 

alkynes, since complexes such as M are known to dissociate in 

solution.[23c-23g] Complex N′ would lead to complex G′, which is the 

general structure encompassing that of the catalytically active G 

(Scheme 4), and the active gold bifluoride species O. Through the 

proposed transition state (TS1), gold-fluorovinyl species P is 

generated and protodeaurated by HF or any form of HF existing 

under these conditions, generating the desired product, and 

regenerating the active gold-bifluoride species O. 

Of course, the question regarding the superior activity and 

chemoselectivity of gold-NHC vs gold-phosphine catalysts 

bearing either the triflate anion that favours alkyne hydration, or 

the in situ formed anion that favours hydrofluorination still 

remained. To rationalize the origin of the experimental 

observation, the reaction mechanism for the hydrofluorination of 

alkynes using aqueous HF as well as the competing alkyne 

hydration was investigated by DFT calculations. To reduce the 
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Scheme 5. A plausible catalytic cycle for the Au-NHC-catalyzed hydrofluorination of alkynes with aqueous HF.

computational costs, all the calculations were performed with but-

3-yn-1-yl acetate as model substrate representing terminal 

alkynes. The complex [P(tBu)3AuX] was chosen as gold-

phosphine catalyst and 1,3-dimethylimidazol-2-ylidene was 

selected as a simplified model of [Au(IPr)X] catalyst (X = HF2
‒ and 

OTf‒). As reported in the literature, the addition of protic 

nucleophile [NuH] catalyzed by gold complexes follows the 

catalytic cycle reported in the Scheme 6.[31] 

We first explored the reaction pathway in the presence of 

the triflate as the anion (which favours alkyne hydration) with 

nucleophilic addition of both water and HF to alkyne depicted in 

Scheme 7. Starting from the catalytically active gold complexes 

L•A (L = IMe, PtBu3) set as the zero-point energy, the alkyne 

respect to L•A for the hydrofluorination and hydration reaction, 

coordinates to Au leading to intermediates L•BX (X = F, OH), 

which are approximately 4 and 7 kcal/mol higher in energy  

 

Scheme 6. Simplified catalytic cycle for hydrofluorination of alkynes using 
aqueous HF in the presence of gold complexes. L = NHC or P(tBu)3, Nu = F or 
OH and X = OTf‒ or HF2

‒. 

respectively. The following internal nucleophilic attack of X to the 

alkyne within L•BX can proceed with HF or H2O as nucleophiles, 

leading to the formation of the corresponding C‒F or C‒OH bond. 

The resulting intermediates L•CX, which are higher in energy 

relative to the preceding intermediates L•BX, need to rearrange to 

intermediates L•DX to have the proton of the HX nucleophile 

engaged with the vinyl-gold functionality for the following proton 

transfer in the final protodeauration step. The interconversion of 

L•CX to L•DX is slightly exergonic. The reaction profiles are 

completed by the facile protodeauration steps, releasing the 

hydrated or fluorinated products EOH or EF from intermediates 

L•DX. 

Comparison of the different reaction pathways highlights that 

for the desired hydrofluorination pathway (green and blue lines in 

Scheme 7), abstraction of the HF proton by triflate, through 

transition states L•BF-CF, requires an energy barrier of 18.5 and 

17.9 kcal/mol for the gold-IMe and gold-PtBu3 catalysts, 

respectively. Along the experimentally favoured hydration 

pathway (brown and red lines in Scheme 7), instead, the transfer 

of the proton from water toward the OTf– anion, proceeds through 

transition states L•BOH-COH, with a lower activation barrier of 14.8 

and 15.5 kcal/mol for IMe and PtBu3, respectively. 

Based on these results, the rate determining step (RDS) is the 

initial nucleophilic attack L•BX → L•CX. In the presence of triflate, 

hydration is kinetically favoured with both IMe and PtBu3. The 

ΔΔG≠
HF-H2O are calculated to be 3.7 and 2.4 kcal/mol in favour of 

hydration for the IMe-gold and PtBu3-gold catalysts, respectively. 

This agrees with the experimentally observed preferential 

formation of the hydration product. 

In addition to the mechanism described above, catalyzed by 

a gold-triflate complex, we also investigated the reactivity 

promoted by the in situ formed gold-bifluoride complex 
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Scheme 7. Energy profile for the hydrofluorination of alkynes and the competing hydration pathway catalyzed by gold-phosphine and gold-NHC complexes in the 

presence of the OTf‒ anion. Free energies in toluene in kcal/mol. R = CH2CH2OAc

(Scheme 5). The reaction profile starts from complex L•A of 

Scheme 8 set as structure at 0 kcal/mol. The approach of the 

alkyne to the gold complex L•A leads to the transient 

intermediates L•BX, lying in this case around 7 and 9 kcal/mol 

above L•A for the hydrofluorination and hydration reaction, 

respectively. The rate-determining internal nucleophilic attack of 

HF or H2O to the alkyne, is slightly exothermic with respect to the 

starting species L•A for hydration, while it is endothermic for 

hydrofluorination. Similarly to the reaction promoted by the gold-

triflate complex, also in the presence of gold-bifluoride, the 

reaction proceeds with nucleophilic attack of HF or H2O to the 

alkyne as the RDS, via transition states L•BX-CX, with the reaction 

completed by facile protodeauration and product liberation via 

transition states L•DX-EX, after rearrangement of L•CX to L• DX.  

Comparison of the profiles in Schemes 7 and 8 indicates that 

in the presence of the gold-bifluoride there is a switch of 

chemoselectivity in the rate determining nucleophilic attack to the 

alkyne, via transition state L•BX-CX. In the case of 

hydrofluorination by gold-bifluoride, transition states L•BF-CF 

leading to the fluorinated product are approximately 5-6 kcal/mol 

below transition states L•BOH-COH leading to the hydrated product.  

In the case of hydrofluorination by gold-triflate, instead, transition 

states L•BF-CF are approximately 3-4 kcal/mol above transition 

states L•BOH-COH. 

Overall, the anion plays an important role in the activity and 

chemoselectivity of this reaction regardless of whether NHC or 

phosphine ligands are involved. The different ability of OTf‒ and 

HF2
‒ to mediate the proton transfer in the L•B to L•C step, 

quantified by its hydrogen bonding basicity,[32] may explain the 

observed inversion of chemoselectivity. In fact, in situ formed 

bifluoride makes stronger H-bonds with HF than with water, 

ΔG≠
HF-H2O of 11.3 kcal/mol, compared to triflate, ΔG≠

HF-H2O of 4.8 

kcal/mol. Consequently, nucleophilic attack of water is more 

favoured than that of HF in the presence of OTf‒ counterion. 

 

Scheme 8. Energy profile for the hydrofluorination of alkynes and the competing hydration pathway catalyzed by gold-phosphine and gold-NHC complexes in the 

presence of in situ formed anion HF2
–. Free energies in toluene in kcal/mol. R = CH2CH2OAc.
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Based on these data, we infer that gold-NHC and gold-

phosphine catalysts perform similarly with the rate determining 

step (RDS) occurring in the initial nucleophilic attack, 

corresponding to the L•B → L•C step. As for a comparison 

between the NHC and PtBu3 based catalysts, the PtBu3 based 

system should perform similarly to the IMe based catalyst with 

triflate, while the IMe based catalyst should be slightly faster than 

the PtBu3 based catalyst with the bifluoride as counterion. 

Conclusion 

We have developed an improved catalytic protocol for the 

hydrofluorination of terminal alkynes. The conditions now allow 

the use of cheap and atom-economical HF(aq) and toluene as 

solvent, a greener alternative to halogenated solvents previously 

employed. This new catalytic system has a wide substrate scope, 

mainly aliphatic terminal, and internal alkynes. This was made 

possible by using a low loading of a simple, commercially 

available, and easily synthesized, Brønsted basic gold N-

heterocyclic carbene complex as the pre-catalyst. We have 

demonstrated that numerous other congeners can facilitate this 

reaction, circumventing the design and synthesis of complicated 

catalysts bearing weakly coordinating anions. It was determined 

that the in situ formed anion, almost certainly a bifluoride, was 

responsible for the increased efficiency and chemoselectivity of 

this system. Stoichiometric reactions between the aqueous HF 

reagent and the gold pre-catalysts revealed intermediates of the 

catalytic cycle for the first time, including a gold fluoride and a 

digold hydroxide bifluoride complex. Our observations shed light 

on the active species in this transformation and aid in 

understanding the role of gold species, leading to the proposal of 

a likely catalytic cycle. The computational studies help rationalize 

the chemoselectivity and high efficiency of gold catalysts where 

the identity of the counterion appears to play a key role in dictating 

chemoselectivity. 
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