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Abstract

Metal-catalyzed decarboxylative fluoroalkylation reactions enable the conversion of simple O-

based substrates into biologically relevant fluorinated analogs. Herein, we present decarboxylative 

methods that facilitate the synthesis of trifluoromethyl- and difluoroketone-containing products. 

We highlight key mechanistic aspects that are critical for efficient catalysis, and that inspired our 

thinking while developing the reactions.
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1 Introduction

Fluorinated compounds possess desirable physical and chemical properties, and are 

important for biomedical, agrichemical, and materials research.1 While the field of synthetic 

organofluorine chemistry has grown in recent years,2 a need remains to develop more 

efficient strategies for accessing both common and underrepresented fluorinated motifs. One 

ongoing challenge involves the development of metal-catalyzed processes that convert 

common functional groups, such as alcohols, into fluorinated substructures using mild 

reaction conditions. To address these issues, we have employed decarboxylative strategies to 

enable synthesis of fluorinated molecules from simple and common alcohol groups.
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Decarboxylative coupling of α,α-fluoroalkyl esters enables the formation of C–C(F)n bonds, 

and facilitates the synthesis of complex fluoroalkyl compounds.3 Beneficial aspects of this 

strategy include: 1) the generation of reactive fluoroalkyl metal species under mild reaction 

conditions; 2) the release of CO2 as a benign and easily separable by-product; and 3) the 

ability to use simple and inexpensive fluoroalkylcarboxylate derivatives as coupling 

partners.3–4 Given these advantages, our group pursued both Cu- and Pd-catalyzed 

decarboxylative strategies for installing fluoroalkyl groups.

2 Cu-catalyzed Decarboxylative Trifluoromethylation Reactions

2.1 Net Trifluoromethylation of Alcohols

Alcohols are a critical functional group for synthetic transformations, and the extensive 

number of alcohols found in bulk feedstock chemicals, natural products, screening libraries 

and therapeutic candidates provide a broad spectrum of potential substrates for 

transformations. These alcohols can serve as substrates for deoxyfluorination reactions to 

generate fluorinated target compounds;1 however, complementary deoxytrifluoromethylation 

reactions remain limited, and instead, most non-aryl–CF3 groups are installed by indirect 

conversion of OH-based substrates.

To convert alcohols to trifluoromethanes, the most common strategy involves: 1) oxidation 

to generate an aldehyde or ketone; 2) nucleophilic trifluoromethylation with TMSCF3; and 

3) two-step deoxygenation (Scheme 1A). This sequence has been used in many discovery 

routes towards biological probes, therapeutic candidates, and agrichemicals, as well as in 

larger scale applications. Despite its use, several drawbacks limit this multi-step approach, 

including: 1) inefficient manipulation of oxidation states; 2) excess time and labor to 

conduct multiple steps; 3) generation of excess waste; 4) decreases in yields of desired 

products; and 5) incompatibility of functional groups that are sensitive to oxidation, 

reduction and/or strong nucleophiles. Considering these limitations, mild, streamlined and 

economical deoxytrifluoromethylation reactions would improve the scope of accessible 

molecules.3

Considering this goal, a shortened and mild strategy might involve: 1) the conversion of an 

alcohol to an electrophile; and 2) nucleophilic substitution using Cu–CF3 (Scheme 1B).5–7 

To develop such transformations, we have reinvestigated Chen's Cu-catalyzed 

decarboxylative trifluoromethylation reactions between sp3-electrophiles and 

halodifluoroacetates to provide access to target compounds in economical and green 

fashion.7,8 Halodifluoroacetates are appealing precursors to trifluoromethanes, because they 

are inexpensive and readily synthesized from industrial fluorinated building blocks, such as 

tetrafluoroethylene and vinylidene fluoride.9 In the presence of Cu and KF, 

halodifluoroacetates decarboxylate to generate [Cu–CF3], which reacts with electrophiles to 

create C–CF3 bonds. Previously, Chen demonstrated that alcohols can be converted to 

halodifluoroacetate esters, and upon treatment with stoichiometric Cu and KF, these 

electrophilic species undergo decarboxylative trifluoromethylation.7 However, reactions only 

tolerated the narrow subset of –Br, –Cl, and –NO2 functional groups, and required use of 

stoichiometric Cu. Considering these features, we sought to develop mild and functional 
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group tolerant catalytic processes for trifluoromethylation of simple alcohol-derived 

substrates.

To develop these Cu-catalyzed methods, we studied Chen's proposed mechanism for Cu-

mediated trifluoromethylation (Scheme 1C),7e and noticed three striking features: 1) CuI 

was used as a reactant, and emerged as a product. Therefore, catalytic use of Cu might be 

possible. 2) The pathway invoked alkyl iodides as reactive intermediates. Thus, increasing 

the concentration of the R–I electrophiles might prove critical. 3) The reactions formed 

solvent-separated :CF2 and −CF3 intermediates, which would react with a broad spectrum of 

functional groups, thus limiting the scope of accessible molecules. These three features 

inspired our efforts to develop general Cu-catalyzed decarboxylative trifluoromethylation 

reactions.

2.2 Mechanism of Decarboxylation Impacts Functional Group Tolerance

A critical aspect of our research involves developing efficient and mild methods that tolerate 

various functional groups found in drug-like molecules, agrichemicals and materials. 

Although Chen's Cu-mediated decarboxylative trifluoromethylation reactions provided a 

streamlined route, the proposed mechanism precluded broad functional group compatibility. 

Specifically, decarboxylation supposedly occurred via an outer-sphere process, which 

generated free −CF3 in solution (Scheme 1C). Since free −CF3 commonly reacts with 

aldehydes and ketones to generate 2,2,2,-trifluoroethanols (Scheme 2A),10 and deprotonates 

acidic amides (pKa < 15 in H2O)11 to generate fluoroform (pKa = 27 in H2O; Scheme 2B),12 

reactions that would release free −CF3 in solution would not tolerate many important 

functional groups. However, we speculated that a Cu-catalyzed decarboxylation might 

instead occur within the solvent-sphere of the metal, and form Cu–CF3, which preferentially 

reacts with soft electrophiles.6c,13 According to this paradigm, the reaction would not 

generate free −CF3, which would improve the functional group compatibility.

As predicted, our optimized catalytic trifluoromethylation reactions do tolerate carbonyl 

groups and acidic protons.8 For compounds containing carbonyls (e.g. aldehydes, ketones, 

esters, imides), trifluoromethylation proceeded in modest to good yield, and products arising 

from 1,2-addition of −CF3 were not observed in purified product or the crude reaction 

mixtures (Scheme 2C). In addition, reactions of substrates bearing acidic amides furnished 

the desired trifluoromethanes, and no evidence of deprotonation or generation of HCF3 was 

observed (Scheme 2C). This data suggest that, unlike the previously proposed mechanism 

for Cu-mediated decarboxylation, our catalytic variant involved either a Cu-centered 

decarboxylation event, or at least a process that occurred within the solvent sphere of Cu. 

Additionally, the broad functional group compatibility extends the spectrum of accessible 

molecules relative to trifluoromethylation reactions using TMSCF3,5e–f,6f,10 which cannot 

tolerate carbonyls and acidic protons.6c Finally, the reactions also proceeded in the presence 

of many additional groups, such as aryl bromides, chlorides, fluorides, and triflates, 

protected amines, and heterocycles, which extend the utility of Chen's original protocol.
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2.3 Allylic Trifluoromethylation Enabled by Activation Protocol

Initially, we developed a protocol to synthesize allylic trifluoromethanes, because allylic 

electrophiles possess high reactivity, and the final compounds serve as building blocks for 

assembling bioactive molecules.8a At the outset, we evaluated a broad series of N-, O-, and 

P-based ligands that would stabilize the [Cu–CF3] complex towards degradation and/or 

accelerate the reactions with electrophiles. We identified N,N’-dimethylethylenediamine 

(DMEDA) as a suitable bidentate ligand to accelerate the reaction, but also observed an 

induction period that decreased the yields of product. Specifically, during the first 30 

minutes, 25–30% of the starting material decomposed, while generating <10% of product. 

After the first hour of the reaction, remaining substrate was more efficiently converted to 

product (~60% conv., ~50% yield). Thus, we speculated that in-situ generation of the active 

catalyst, presumably [(DMEDA)Cu–CF3], would improve the reaction. In order to access 

this active catalyst and circumvent the non-productive induction period, we explored a series 

of activation protocols. In practice, we generated the proposed complex in situ by heating 

NaO2CCF2Br, CuI, KF, and DMEDA for 10 min, prior to adding the substrate. This 

procedure improved the efficiency of the reaction (compared to a setup in which all reagents 

and substrates were combined and heated at once), particularly during the early phase of the 

reaction (Scheme 3). Finally since the previous stoichiometric process invoked allyl–I 

intermediates (Scheme 1C), we probed the necessity of I− for catalytic turnover. When the 

catalytic reaction was conducted with Cu[(MeCN)4PF6] instead of CuI, similar yields were 

obtained, indicating that allylic iodides are not essential intermediates for the process.

2.4 Generation of Iodide Intermediate Required for Benzylic Trifluoromethylation

Having developed a catalytic protocol for allylic trifluoromethylation, we explored similar 

conditions towards the transformation of benzylic bromodifluoroacetates into 

trifluoroethylarenes, which are found in various bioactive compounds.8b Unfortunately, 

benzylic electrophiles reacted inefficiently under conditions that enabled allylic 

trifluoromethylation, potentially because the activation of the benzylic electrophile may 

require additional energy to partially dearomatize at the transition state. To improve the 

reactions of benzylic electrophiles, a broad screen of conditions revealed two critical 

features, namely a specific solvent mixture and an I− additive (Scheme 4A). When assessing 

solvents, the use of DMF alone provided a highly reactive system that furnished modest 

yield of product and a benzyl bromide (Bn–Br) side-product. The use of MeCN alone 

provided a less reactive system that suppressed the Bn–Br side-product. Based on this data, 

we explored the use of a DMF/MeCN mixture to impart high reactivity to the catalyst 

system (DMF), while also minimizing side-products (MeCN). Indeed, the use of a 1:1 

mixture of DMF:MeCN provided good yields of Bn–CF3, and minimized formation of Bn–

Br.

Similar to allylic trifluoromethylation, we observed an induction period in the benzylic 

transformation that destroyed the substrate. In this case, a time-course analysis of the 

reaction revealed non-productive decomposition of the substrate during the first hour of the 

reaction (30% conv., <2% yield). After 1 h, we observed buildup of Bn–I, along with the 

desired Bn–CF3. Further, a steady state concentration of Bn–I (max ~5%) persisted during 

the remainder of the reaction, and decreased during the final stages, suggesting the Bn–I 
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could be the effective electrophile. We thus hypothesized that increasing [I−] would increase 

[Bn–I], and in turn circumvent the induction period. Thus, we added KI to the reaction, and 

observed an increased concentration of Bn–I (max ~10%). This additive accelerated the 

formation of product within the first 5 min of the reaction, and ultimately improved the final 

yield by 15%. Combined, these data implicate Bn–I as an intermediate in Cu-catalyzed 

decarboxylative trifluoromethylation of benzylic substrates (Scheme 1C, Scheme 4). The 

reaction tolerated a range of functional groups, including an acidic amide, ketone, ester, aryl 

bromide, and heterocycles such as furan, indole, and pyrazole. While previous Cu-catalyzed 

benzylic trifluoromethylation reactions were limited to electron-rich electrophiles,5f our 

method converted electron-rich, -neutral, and -deficient benzyl bromodifluoroacetates into 

trifluoroethylarenes.

2.5 Ligand-controlled Regiodivergent Trifluoromethylation of Propargylic Electrophiles

Despite the rich history of Cu–CF3-based trifluoromethylation, no previous reactions have 

exploited ligands to control the regioselectivity of a transformation. In this area, we 

developed the first ligand-controlled regioselective process using Cu–CF3 and propargyl 

electrophiles. Historically, Cu-mediated trifluoromethylation reactions of propargylic 

electrophiles generated both propargyl trifluoromethane or trifluoromethylallene products, 

with regioselectivity dictated by the substructure of the substrate.6,8c,d

In contrast, our exploratory studies revealed that N-based ligands could dictate the 

regioselectivity of Cu-catalyzed propargylic trifluoromethylation towards selectively 

forming trifluoromethylallenes or propargyl trifluoromethanes. Initially as a control, ligand-

free Cu-catalyzed reactions of propargyl bromodifluoroacetate generated a 3:1 mixture of 

propargyl : allene products.8c We speculated that ligands might influence the regiochemical 

outcome of these reactions, and thus, we screened a broad subset of N-, O-, S-, and P-based 

ligands. While most ligands did not significantly influence the regioselectivity of this 

reaction, bipyridyl-type ligands favored formation of trifluoromethylallenes.8c Specifically, 

1,10-phenanthroline (phen) and terpyridine generated trifluoromethylallenes from 1°, 2°, 

and 3° electrophiles in good selectivity (>9:1, Scheme 5). Alternatively, a DMEDA-ligated 

system improved yields for propargylic trifluoromethylation, although the regioselectivity 

matched that of the unligated system (Scheme 5). These methods generated a range of useful 

products, including trifluoromethylallenes bearing substitution patterns that cannot be 

accessed using other Cu-mediated methods. Further, functionalization of the allenes 

generated a broader spectrum of products.

2.6 Summary

We have developed a series of Cu-catalyzed reactions that convert sp3-hybridized O-based 

electrophiles into trifluoromethanes, and that tolerate many sensitive functional groups that 

are commonly found in bioactive molecules. Key improvements that enabled catalysis 

included: 1) the efficient generation of active [(diamine)Cu–CF3] complexes to avoid 

unproductive decomposition of substrate; 2) modulation of the concentration of the active 

electrophile; and 3) the use of N-based ligands to stabilize and alter the reactivity of [LnCu–

CF3] species. Additionally, we believe that Cu-catalyzed decarboxylation occurs via an 

inner-sphere process that does not generate :CF2 and −CF3, since sensitive acidic and 
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carbonyl functional groups are stable under the reaction conditions. Ultimately, these 

methods can be used for rapid and economical preparations of bioactive compounds on both 

discovery scale and larger applications. Further, these transformations inspire the 

development of additional catalytic decarboxylative trifluoromethylation reactions.

3 Pd-catalyzed Decarboxylative Alkylation of α,α-Difluoroketone Enolates

3.1 Convergent Routes towards α,α-Difluoroketones

Based on the success of our Cu-catalyzed trifluoromethylation reactions, we envisioned that 

the decarboxylative concept could be further extended to other fluoroalkyl nucleophiles, 

such as fluoroalkyl ketones. α,α-Difluoroketones exhibit unique physicochemical 

properties, and are found in many bioactive compounds,1c,d,14 including serine and aspartyl 

protease inhibitors. Thus, convergent and functional group tolerant strategies for forming 

these substructures can enable access to the next generation of biological probes and 

therapeutic candidates. Currently, the most common strategies for creating α,α-

difluoroketones involve non-convergent functional group interconversions, such as 

electrophilic fluorination15 and deoxyfluorination,14a,16 that require harsh and/or oxidizing 

fluorinating reagents. Alternatively, Lewis acid-assisted alkylation of α,α-

difluoroenoxysilanes can generate α-functionalized products, but only two groups have 

exploited this transformation that uses stoichiometric metals.17 Although Pd-catalyzed C(α)-

C(sp2) bond-forming reactions of α,α-difluoroketone derivatives have been developed,18 

catalytic coupling reactions of α,α-difluoroketones for constructing C(α)-C(sp3) bonds are 

underexplored. To address this challenge, we sought a direct convergent strategy to access 

this substructure that would generate the key C(α)–C(sp3) bond (Scheme 6A).

Although SN2 reactions of non-fluorinated ketone enolates with sp3-hybridized electrophiles 

are a fundamental transformation for accessing α-substituted ketone derivatives,19 alkylation 

reactions of α,α-difluoroketone enolates with sp3-based electrophiles have been restricted 

by two problems. First, access to the desired terminal α,α-difluoroketone enolates is limited, 

because chemoselective deprotonation of α,α-difluoromethyl ketones preferentially 

generates internal non-fluorinated ketone enolates under both thermodynamic and kinetic 

conditions (Scheme 6B).20 Second, α,α-difluoroketone enolates display low nucleophilicity, 

and do not participate in traditional SN2-like reactions. Specifically, the strong inductive 

effect of the two fluorine atoms decreases the electron density at C(α),21 which renders this 

position non-nucleophilic (Scheme 6C). As a result, alkylation of α,α-difluoroenolates 

actually does not occur at C(α), but rather at the O atom to produce β,β-difluorovinyl ethers 

as the major product (Scheme 6C).22 Because of these two challenges, only two reports 

describe alkylation reactions of α,α-difluoroenoxysilanes with activated benzylic and allylic 

electrophiles, which both required stoichiometric metal additives to facilitate the reaction.17

To address these two challenges (the chemoselective formation of the α,α-difluoroenolate, 

and the intrinsically poor reactivity of the nucleophile), we applied a transition metal-

catalyzed decarboxylative strategy that exploited: 1) a Pd-catalyzed decarboxylation to 

generate the desired Pd(II)-bound α,α-difluoroketone enolate; and 2) reductive elimination 

from [LnPdII(R)(enolate)] to form the key C(α)–C(sp3) bond, thus providing a convergent 

route for accessing α-alkyl-α,α-difluoroketones (Scheme 7). Using this strategy, we have 
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developed both Pd-catalyzed benzylic and allylic substitution reactions of α,α-

difluoroketone enolates. These reactions tolerate a broad spectrum of functional groups and 

heterocycles, such as amides, esters, carbamates, ketones, ethers, NO2, CF3, thiophenes, and 

pyrazoles.

3.2 Pd-Catalyzed Decarboxylative Benzylation of α,α-Difluoroketone Enolates

A simple catalyst system of [Pd(PPh3)4] promoted the coupling reactions of benzylic 

substrates, with the electronic character of both α,α-difluoroketone enolate and benzylic 

fragment perturbing the reactivity of the system. Presumably, the electron-withdrawing 

effect from the two fluorine atoms improved the leaving-group ability of the α-carboxyl-

α,α-difluoroketone, and accelerated the oxidative addition compared to less-activated mono- 

and non-fluorinated substrates, which do not react with this catalyst. Additionally, the 

electronic character of benzylic moieties also affected the system, with electron-rich 

benzylic esters affording higher yields than electron-poor substrates. This trend implies the 

involvement of [LnPd-(π-benzyl)(α,α-difluoroenolate)] intermediate 1,4b,23 with electron-

donating groups stabilizing the π-system and favoring the reaction, and electron-

withdrawing groups destabilizing the intermediate and disfavoring the reaction. Regardless, 

the fluorine effect also enabled reactions with electron-neutral, and -poor benzyl substrates 

(Scheme 8), whereas other transformations of nonfluorinated benzyl esters typically require 

an extended conjugated system, an electron-rich benzylic moiety, or a more powerful 

catalyst.24

3.3 Pd-Catalyzed Decarboxylative Allylation of α,α-Difluoroketone Enolates

Additionally, we developed complementary Pd-catalyzed reactions of allylic substrates, 

which demonstrated an unique ligand-controlled regioselectivity. Specifically, Pd/

monophosphine-based systems enabled access to both linear and branched α-allyl-α,α-

difluoroketones (Scheme 9), with t-BuBrettPhos, an electron-rich and bulky ligand, 

producing linear products, and PhXPhos, an electron-deficient and smaller ligand, providing 

the uncommon and unexpected branched products. The formation of branched products was 

particularly intriguing,25 because Pd-catalyzed decarboxylative allylation of hard ketone 

enolates typically provide linear products.4b,26 Further, the ligand-controlled regioselectivity 

was observed for difluorinated substrates, but not for mono- and non-fluorinated substrates. 

Thus, the combination of the ligand and the electronic character of the α,α-difluoroketone 

enolate enabled access to the branched products.

Our data implicate that both products likely result from a common Pd-π-allyl intermediate 2 
(Scheme 10A). To confirm this intermediate, both linear and branched substrates were 

independently subjected to each catalyst system (Scheme 10B). Using catalyst system A, 

both linear and branched substrates formed linear products, and using catalyst system B, 

both linear and branched substrates provided branched products. This data discounted a 

memory effect, and implicated a common Pd-π-allyl intermediate, 2 (Scheme 10A). 

Evaluation of the relationship between electronic characters of cinnamyl moieties and 

regioselectivities of catalytic reactions suggests that the linear and branched products divert 

from this intermediate. For system A, the bulky electron-rich ligand might facilitate a 

dissociative pathway, in which the [LnPd(cinnamyl)]+ complex undergoes an outer-sphere 
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attack by the α,α-difluoroketone enolate (Scheme 10A, Path a). For such a processes, the 

electronic nature of the cinnamyl-moiety can affect the distribution of linear and branched 

products, with electron-rich cinnamyl fragments displaying more SN1-like reactivity, which 

favors attack at the more hindered position.27 This scenario matches our observed linear free 

energy correlation (σ = +0.45, r2 = 0.998) between the electronic structure of cinnamyl 

moieties and the selectivity of br/lin products (Scheme 10C). In contrast, for system B, the 

electronic nature of cinnamyl-moiety did not affect selectivity with all substrates providing 

branched products (br/lin >49:1). This data disfavors an outer-sphere pathway, and instead, 

might support a mechanism proceeding through a sigmatropic–like rearrangement of a 7-

membered [LnPd-(σ-allyl)(enolate)] intermediate (Scheme 10A, Path b).28 According to this 

paradigm, the small and electron deficient PhXPhos ligand might encourage association of 

the enolate ligand, and the fluorine atoms would sufficiently reduce the electron density at 

C(α) to allow attack by the allylic nucleophile. In support of the Pd-catalyzed rearrangement 

process, allyl α,α-difluoroenolethers undergo 3,3-sigmatropic Claisen rearrangement more 

easily than the non-fluorinated counterparts (80 °C/1 h/quantitative yield vs. 190 °C/6 h/75% 

yield).29 Ongoing collaborative computational work aims to probe these proposed pathways, 

or provide an alternate explanation for the observed reactivities.

3.4 Summary

In conclusion, the Pd-catalyzed decarboxylative reactions provide convergent access to a 

variety of α-functionalized-α,α-difluoroketones bearing a broad spectrum of functional 

groups, and thus should enable access to biologically active compounds. Additionally, the 

strategy overcomes both challenges associated with alkylation reactions of α,α-

difluoroketone enolates: chemoselective generation of α,α-difluoroketone enolate, and the 

formation of the key C(α)–C(sp3) bond. Finally, these reactions encourage further 

development of metal-catalyzed transformations of functionalized fluoroalkyl anions with 

sp3-based electrophiles.
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Scheme 1. 
Previous strategies for converting alcohols to trifluoromethanes do not tolerate functional 

groups that are sensitive to strong nucleophiles, oxidants and/or reductants
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Scheme 2. 
Tolerance of carbonyl and acidic functional groups suggests that free −CF3 is not generated 

during Cu-catalyzed decarboxylative trifluoromethylation
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Scheme 3. 
Activation enables efficient Cu-catalyzed decarboxylative trifluoromethylation of allylic 

bromodifluoroacetates
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Scheme 4. 
Iodide and solvent are essential for benzylic trifluoromethylation
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Scheme 5. 
Ligands influence the regioselectivity of Cu-catalyzed trifluoromethylation of propargylic 

bromodifluoroacetates
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Scheme 6. 
Generation of enolates and weak nucleophilicity of fluorinated enolates disfavor alkylation 

reactions of α,α-difluoroketone enolates with sp3-based electrophiles
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Scheme 7. 
A decarboxylative strategy chemoselectively generated the desired enolate and the C(α)–

C(sp3)bond
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Scheme 8. 
Decarboxylative benzylation of substrates bearing distinct benzyl and ketone moieties
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Scheme 9. 
Complementary catalytic systems generated the linear and branched α-allyl-α,α-

difluoroketones

Ambler et al. Page 20

Synlett. Author manuscript; available in PMC 2017 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scheme 10. 
Distinct mechanisms produce the linear and branched products
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