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Abstract

We developed an efficient synthesis of 2-fluoro-1,3-dicarbonyl compounds using readily available 

alkynyl ketones or esters as starting material. The key step is the insertion of hydrogen fluoride 

(HF) to the gold carbene intermediate generated from cationic gold catalyzed addition of N-oxides 

to alkynyl ketones or esters. This method gives excellent chemical yields and regioselectivity with 

good functional group tolerance.
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Due to fluorine’s unique properties such as small size and metabolically resistant C-F bond, 

the selective substitution of hydrogen by fluorine constitutes a key strategy in 

pharmaceuticals, agrochemicals and materials research.[1] More specifically, fluorinated 1,3-

dicarbonyl compounds are important fluorine building blocks and motifs in medicine and 

materials.[2] Literature syntheses of fluorinated 1,3-dicarbonyl compounds are generally 

based on the electrophilic fluorination of 1,3-dicarbonyl compound precursors (Scheme 1, 

a–e). For examples, Shibata and coworkers reported the fluorination of β-keto-esters using 

methyl NFSI as fluorination agent under Lewis acid-catalysis (Scheme 1a).[3] Many other 

electrophilic fluorination systems like Selectfluor in imidazolium ionic liquid (Scheme 1b),
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[4] Selectfluor in continuous-flow microreactors,[5] Selectfluor/ZnCl2 (Scheme 1c) have been 

developed.[6] The fluorination of 1,3-dicarbonyl compound precursors can also be achieved 

using Ar-I/HF-pyridine/mCPBA (Scheme 1d)[7] and HF/PhIO fluorination system (Scheme 

1e).[8] In addition, the Hayes and Moody group reported a nucleophilic fluorination of α-

diazo-β-ketoesters with HBF4 as a fluorine-carrier (Scheme 1f).[9] These methods do have 

some drawbacks though, among them: 1) relatively limited scope; 2) non-atom-economic 

fluorination systems; 3) poor functional group tolerance caused by the use of strong 

oxidants; and 4) difficulty in controlling overreaction (i.e., difluorination).[6],[10]

Because alkynyl ketones or esters are readily available compounds, and because the alkynyl 

group can be considered as a masked ketone, the task of converting alkynyl ketones or esters 

to fluorinated 1,3-dicarbonyl compounds is a straightforward synthetic method. Hydrogen 

fluoride (HF) is one the most atom-economic fluorination reagent. Furthermore, HF can be 

regarded as compatible with cationic gold catalysts; this was demonstrated by the synthesis 

of fluoroalkenes through the gold catalyzed addition of HF to alkynes[11] and the synthesis 

of α-fluoroketone via HF insertion to a gold carbene intermediate.[12] These methods proved 

efficient when a terminal alkyne were utilized as substrate; internal alkynes showed low or 

no reactivity, and the regioselectivity depended on steric and electronic biases at either end 

of the alkyne. We proposed that the ester or ketone group could function as an activator and 

director in the fluorination of an alkyne. Herein, we report a widely applicable, highly 

efficient and divergent synthesis of 2-fluoro-1,3-dicarbonyl compounds from readily 

available alkynyl ketones/esters (Scheme 1g).

We carried out the fluorination of alkynyl ketone 1a as our model reaction (Table 1). The 

oxidant we use was an N-oxide, which is mild,[13], [14] hence, we expected good functional 

group tolerance. We recently demonstrated that excess amounts of silver salt in gold 

catalysis almost always had a deleterious effect on the reactivity of gold catalysts and that a 

preformed gold catalyst like L-Au-NTf2, usually exhibited the best reactivity.[15] So, initially 

we used the preformed gold catalyst JohnPhos-AuNTf2.[16] We screened the effects of N-

oxides 2 (Table 1, entries 1–4), and found that N-oxide 2d gave the best result (Table 1, 

entry 4). The screening of various solvents indicated that PhCF3 was the optimal solvent 

(Table 1, entries 4–7). We proceeded to investigate the effects of the ligands (Table 1, entries 

6–10).[17] All the ligands tested gave reasonably good results, but, among them, JohnPhos 

was slightly better (Table 1, entries 6–10). We also confirmed that a silver salt alone was not 

able to catalyze this reaction (Table 1, entry 11).

With the optimized conditions in hand, we explored the substrate scope and functional group 

tolerance for the fluorination of alkynyl ketones (Table 2). We evaluated the effect of 

different [R1, R2] combinations in the alkynyl ketones 1 (Table 2). The substitution pattern 

(meta, para) and electronic properties of aromatic substituents (electron deficient or rich) of 

R1 played a small role; good yields were obtained regardless (Table 2, 3a–3f). Various 

functional groups such as nitrile (Table 2, 3b), ether (Table 2, 3c), halide (Table 2, 3d), 

ketone (Table 2, 3e), ester (Table 2, 3f, 3h), and sulfonate (Table 2, 3g) were well tolerated. 

It should be noted that when both R1, R2 were aromatics, no reaction took place (Table 2, 

3i). Lack of reactivity in this case may be caused by the fact that the triple bond and two 

phenyl rings form a highly delocalized system which weaken the polarization of triple bond.
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Our reaction conditions could also be applied to the fluorination of alkynyl esters 4, leading 

to the synthesis of 2-fluoro-3-ketoester 5 (Table 3). First, we evaluated the effect of R1 

substitution of the 3-ketoester 4: electron rich and electron deficient substituents only had a 

very small effect on the chemical yields (Table 3, 5a–5l). The substitution pattern (ortho, 

meta, para) of R1 only played a small role; good yields were obtained regardless (Table 3, 

5a–5l). And various functional groups such as nitro group (Table 2, 5c), chloride (Table 3, 

5d, 5j, 5k), ester (Table 3, 5f), sulfonamide (Table 3, 5g), benzyl ether (Table 3, 5h), fluoride 

(Table 3, 5i) and alkene (Table 3, 5n) were well tolerated. We also evaluated more [R1, R2] 

combinations, such as [R1 = alkyl, R2 = alkyl] (Table 3, 5m–5n), [R1 = alkyl, R2 = aryl] 

(Table 3, 5o). These combinations gave good yields of product 5. It should be noted that an 

activated ester (phenol ester, 5o) survived our conditions. Activated esters like 5o can be 

used for further transformations like amide formation.

The proposed mechanism is illustrated in Scheme 2. First, addition of N-oxides 2 to the 

cationic gold activated alkyne starting material gives vinyl gold intermediate A, which then 

transforms into the reactive gold carbene intermediate B.[18] The hydrogen bonding 

interaction between HF and A may facilitate the formation of gold carbene B. Finally, 

insertion of HF gold carbene B gives products 3 or 5.[12]

(eq-1)

Our protocol could be easily scaled up without affecting the chemical yield (eq 1). The 

versatility of fluorinated 1,3-dicarbonyl compounds 3 and 5 in organic synthesis is clearly 

underscored in Scheme 3. For examples, reaction of 3a with hydrazine leads to a facile 

synthesis of fluorinated pyrazole 6.[19] Iridium-catalyzed asymmetric allylic alkylation of 5a 
produces the highly functionalized fluoro-building block 7.[20] And the guanidine-catalyzed 

Michael addition of 5a gives 8 in good yield and selectivity.[21] [3+3] Cyclization of 3a with 

1,3-bis(silyl enol ethers leads to an efficient synthesis of fluorinated phenols 9.[22] 

Asymmetric Mannich reaction of 5a with a bifunctional thiourea catalyst furnishes 10.[23]

Similarly, a highly enantioselective Michael addition of 3a to nitrostyrene yields 11 with 

tertiary stereocenters.[24] 3 can also be used in the synthesis of fluorinated pyrimidine 

scaffold 12.[25]

In summary, we have developed a widely applicable synthesis of 2-fluoro-1,3-dicarbonyl 

compounds starting with readily available alkynyl ketones or esters. This method gave 

excellent chemical yields and regioselectivity with good functional group tolerance. And the 

reaction can be conducted under ambient atmosphere. Other fluorination systems based on 

HF/gold combinations are currently being investigated in our laboratories.
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Experimental Section

General procedure for fluorination of 1 or 4

A polypropylene vial was charged with alkynone 1 or alkynoate 4 (0.2 mmol, 1 equiv), 2,6-

dibromopyridine N-oxide 2d (0.28 mmol, 70 mg), and HF-pyridine (HF content 70 wt/wt%, 

0.8 mmol, 27 mg, 4 equiv) and PhCF3 (0.4 mL). The reaction was commenced by the 

addition of JohnPhosAuNTf2 (5 mol%, 7.75 mg) and the reaction mixture was heated to 

40 °C. The progress of the reaction was monitored by TLC. The reaction typically took 4 h 

or overnight to complete. Upon completion, the mixture was quenched with saturated 

sodium bicarbonate. The mixture was extracted with DCM and washed with 1N HCl. The 

organic layers were collected, dried over anhydrous MgSO4 and filtered. The solvent was 

removed under reduced pressure and the residue was subjected to flash column 

chromatography purification (eluent: hexanes/ethyl acetate) to give 2-fluoro-1,3-dicarbonyl 

compounds 3 or 5.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Scheme 1. 
Synthesis of fluorinated 1,3-dicarbonyl compounds.
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Scheme 2. 
Proposed mechanism for the formation of 3 and 5.
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Scheme 3. 
Divergent syntheses from 3 or 5 from literature reports.
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Table 1

Optimization of fluorination of alkynyl ketone.[a]

Entry Catalyst N-oxide 2 Solvent Yield[b] (%)

1 JohnPhosAuNTf2 2a DCM 58

2 JohnPhosAuNTf2 2b DCM 73

3 JohnPhosAuNTf2 2c DCM 60

4 JohnPhosAuNTf2 2d DCM 80

5 JohnPhosAuNTf2 2d PhF 86

6 JohnPhosAuNTf2 2d PhCF3 93

7 XPhosAuCI+AgNTf2 2d PhCF3 91

8 Dppf(AuCI)2+AgNTf2 2d PhCF3 89

9 IPrAuCI+AgNTf2 2d PhCF3 84

10 PPh3AuCI+AgNTf2 2d PhCF3 90

11 AgNTf2 2d PhCF3 0

12[c] JohnPhosAuNTf2 2d PhCF3 80

13[d] JohnPhosAuNTf2 2d PhCF3 85

14[e] JohnPhosAuNTf2 2d PhCF3 89

[a]
Conditions: 1a (0.2 mmol), N-Oxide 2 (0.28 mmol), pyridine-HF (0.8 mmol HF, 4 equiv), catalyst (5 mol%), activator (5 mol%), solvent (0.4 

mL), 40 °C in a sealed polypropylene tube for 8 h.

[b]
Determined by GC-MS analysis.

[c]
Pyridine-HF (2 equiv) was used.

[d]
Pyridine-HF (2.5 equiv) was used.

[e]
pyridine-HF JohnPhosAuNTf2 (1 mol%) was used.
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Table 2

Scope for the synthesis of 2-fluoro-1,3-diketone 3.[a]

[a]
Reaction conditions: alkyne 1 (0.2 mmol), N-Oxide 2a (0.28 mmol), pyridine-HF (0.8 mmol HF), JohnPhosAuNTf2 (5 mol %), PhCF3 (0.4 

mL), 40 °C in a sealed polypropylene tube for 4 h or overnight. All yields are isolated yields; 3 exists as a mixture of ketone form and enol form.
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Table 3

Scope for the synthesis of 2-fluoro-3-keto-ester 5.[a]

[a]
Reaction conditions: alkyne 4 (0.2 mmol), N-Oxide 2a (0.28 mmol), pyridine-HF (0.8 mmol HF), JohnPhosAuNTf2 (5 mol %), PhCF3 (0.4 

mL), 40 °C in a sealed polypropylene tube for 4 h or overnight; rt. All yields are isolated yields.
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