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Abstract

gem-Difluoroalkenes represent valuable synthetic handles for organofluorine chemistry; however, 

most reactions of this substructure proceed through reactive intermediates prone to eliminate a 

fluorine atom and generate monofluorinated products. Taking advantage of the distinct reactivity 

of gem-difluoroalkenes, we present a cobalt-catalyzed regioselective unsymmetrical dioxygenation 

of gem-difluoroalkenes using phenols and molecular oxygen which retains both fluorine atoms 

and provides β-phenoxy-β,β-difluorobenzyl alcohols. Mechanistic studies suggest that the reaction 

operates through a radical chain process initiated by Co(II)/O2/phenol and quenched by the Co-

based catalyst. This mechanism enables the retention of both fluorine atoms, which contrasts most 

transition metal-catalyzed reactions of gem-difluoroalkenes that typically involve defluorination.

Graphical Abstract

Introduction

The introduction of fluorinated functional groups onto a small molecule typically perturbs 

physicochemical properties relevant to medicinal chemistry.1 For instance, the small size and 
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high electronegativity of fluorine modulate the acidity and basicity of nearby functional 

groups,1b,2 which influences the solubility,3 lipophilicity,1 molecular conformation,4 and 

ligand-protein interactions relative to the non-fluorinated analogs.5 Further, positioning of 

the F-atoms at a metabolic soft spot can block cytochromes p450 mediated metabolic 

processes,6 thus likely increasing stability of the substructure relative to the parent non-

fluorinated analogs.

β,β-Difluoroalkenes represent a privileged functional group for accessing organo-fluorine 

compounds through convergent processes.7 This substructure displays unique reactivity 

relative to typical alkenes; specifically, the distinct electronic character of the termini 

enables differential functionalization of each carbon atom.7 Transition metal-free and 

transition-metal catalyzed reactions exploit this reactivity through selective addition of 

nucleophiles to the difluorinated position over the non-fluorinated position, to generate β-

fluoroanionic7–8 or β-fluoroorganometallic9 intermediates, which readily undergo β-fluoride 

elimination to generate mono-fluorinated products (Figure 1a), even under biological 

conditions.10 Though this facile β-fluoride elimination under both basic and transition-metal 

catalyzed conditions enables access to monofluoroalkene-based products, the elimination 

reduces the synthetic utility of gem-difluoroalkenes towards accessing difluorinated 

products.

To complement these studies, recently developed reactions have provided methods for 

functionalizing both the fluorinated and non-fluorinated carbon without eliminating fluoride 

via protonation of the anionic intermediate (Figure 1b),8a–c which does not allow 

difunctionalization processes. Fluorination-protonation has been achieved reactions in 

additional specialized cases, through intramolecular halo-lactonization with an iodonium 

intermediate to deliver related products that bear an additional iodine atom,11 or by 

exploiting highly-activated difluorinated precursors (e.g. acrylates12) using neat alcohol. In 

an additional example, allyl alcohol was added to an 18F labelled difluoroalkene in low yield 

(22 %) using KOH in MeCN,8d though the selectivity for formation of the difluorinated 

product versus the mono-fluorinated product was not reported. Alternatively, fluorination–

functionalization sequences of gem-difluoroalkenes have recently been developed (Figure 

1c),13 though by adding fluorine to the system, this strategy can only deliver CF3-based 

products. In an isolated example, a recently reported Pd-catalyzed carbonylation reaction of 

gem-difluoroalkenes enables access to difluorinated products (Figure 1d).14 In this case, the 

key Pd-alkyl intermediate apparently undergoes α-migratory insertion into the CO ligands 

faster than the β-fluoride elimination process. To complement these recently reported 

transformations, we present a cobalt-catalyzed unsymmetrical dioxygenation reaction of 

β,β-difluoroalkenes to generate β-phenoxy-β,β-difluorobenzyl alcohols (Figure 1e). 

Notably, the reaction proceeds through a radical intermediate that avoids β-fluoride 

elimination, and thus provides a distinct strategy for generating fluorinated substructures 

from readily accessible fluorinated synthons.7

Results and Discussion

Following our previous work on the base-catalyzed hydrofunctionalization of gem-

difluoroalkenes with thiophenols,8b we explored the nucleophilic addition of phenols to the 
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difluoroalkenes.8c Under an atmosphere of O2 using 1,5,7-triazabicylco[4.4.0]dec-5-ene 

(TBD) as a base, we observed two intriguing side products bearing alcohol (3) or ketone (4) 

groups at the benzylic position in a nearly 1:1 ratio (Table 1, entry 1) with exclusive 

regioselectivity. In contrast to O2, use of MnO2, K2S2O8, NMO, and Oxone as oxidants 

provided a complex mixture of defluorinated products, and moreover, no yield of alcohol 3 
(entries 2–5). Use of catalytic quantities of oxidizing metals, such as Fe(III) or Ag(I), failed 

to improve the selectivity between the alcohol and ketone products (entries 6–11). However, 

the use of a Co-based catalyst system provided the alcohol product in moderate yield and 

selectivity (entry 12). Further exploration revealed that Co salts reacted without TBD as an 

activating base (entries 13–17), and that use of Co(0), (I), and (IV) complexes decreased the 

reactivity and selectivity (entries 13, 14, 16), while the use of both Co(II) and (III) salts 

provided good yields (entries 12, 15). Attempts to reduce the loading of Co precatalyst 

introduced an induction period, while and attempts to reduce the load of phenol required 

long reaction times (48 h) to reach complete conversion, while also reducing the final yield 

of product. After thorough optimization, a simple system of Co(acac)2, 1,2-dichlorobenzene 

(DCB), O2, and 90–140 °C proved optimal (entry 17).

Under these conditions, a broad range of aromatic gem-difluoroalkenes were competent in 

the reaction, with most substrates providing >9:1 selectivity for the alcohol product over the 

ketone product (Table 2). Overall, the reaction yield was sensitive to the electronic character 

of the difluoroalkene, and adjustment to the reaction time and temperature provided 

synthetically useful yields of products. Highly-reactive electron-rich substrates thermally 

degraded at temperatures above 80 °C, and as such, reactions of these electron-rich 

substrates required lower reaction temperature and/or shorter reaction times to give the 

products in moderate to good yields (5a–f). More forcing conditions decomposed the 

starting materials, without providing the desired products. In contrast, electron-deficient 

substrates required more forcing conditions (120–140 °C), and yields were slightly reduced 

(5g–l). At temperatures above 140 °C, the substrate decomposed. Mono-ortho-substituted 

substrates reacted sluggishly, and despite elevated time and temperature full conversion was 

not achieved. However, the products were isolated in moderate yield, with the unreacted 

starting material recovered (5e, m). Bis-ortho-substituted substrates did not react (5n), and 

amine-containing substrates provided lower yields of product (5d).

Many heterocycles were compatible with the reaction conditions (Table 3), and these 

substrates generally followed a similar reactivity pattern, in which electron-rich heterocycles 

performed better than electron deficient heterocycles under more mild conditions (7a–c vs. 

7d). Heterocycles with an aliphatic amine (7c) or steric bulk at the ortho position (7e) 

reacted poorly. Unexpectedly, an ethylene-glycol acetal-protected aldehyde partially 

deprotected under the reaction conditions (7d), requiring reprotection on workup.

A range of phenolic coupling partners were successfully coupled to deliver difunctionalized 

products bearing many important functional groups (Table 4). Electron-deficient phenols 

reacted favourably (9a–f, 3), though the electronic character of the phenol did not greatly 

affect the overall yields of product (e.g. 9h–i). Similar to gem-difluoroalkene substrates, 

phenols bearing an ortho-substituent reacted sluggishly (9c,j–l), but still gave product in 

synthetically useful yields, with the remaining difluoroalkene recovered unreacted. At 
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present, heterocyclic phenols are not competent substrates (e.g 9m, but also including 

substituted tetrazoles, thiadiazoles, and imidazoles); however, we remain optimistic that 

these substrates might become compatible with further adjustments to the catalyst system.

Mechanistic Overview:

Based on mechanistic studies and an analysis of previous literature, we propose a 

mechanism involving Co/O2-mediated generation of phenoxyl radical (PhO•, B) prior to 

engagement of the difluoroalkene (Figure 2). In this mechanism, Co plays key roles, as both 

an initiator and quencher of the catalytic sequence.

First, Co initiates a radical chain reaction with O2 and phenol (Figure 2) by reducing O2 to 

generate superoxide radical (O2•−),15 which subsequently abstracts H• from phenol to 

generate PhO• (B), Co(III), and a peroxide anion (HO2
−).16 Reaction of PhO• (B) with the 

gem-difluoroalkene at the difluorinated position generates stabilized benzyl radical C. 

Notably, this reaction proceeds with regioselectivity comparable to that of the addition of S-

based radicals to difluoroalkenes.8d,17 Subsequent reaction of radical C with O2 and CoII 

generates metalloperoxide D,15b,18 or with free O2 to generate peroxyl radical E.19 From D, 

fragmentation of the Co–O bond would generate peroxyl E,20 which can abstract H• from an 

appropriate donor,21 in this case presumably PhOH to regenerate PhO• (B) and to propagate 

the cycle, while also delivering hydroperoxide F. At this stage, Co-mediated fragmentation 

of F generates alcohol product G, consistent with previous cobalt-catalyzed Fenton 

decomposition reactions of hydroperoxides,20c,21 through an alkoxy radical intermediate.
20c,22 In contrast, under Co-free conditions (Table 1, entry 1), hydroperoxide intermediate F 
might competitively eliminate H2O to generate phenone side product H;23 thus, by 

accelerating fragmentation of the O–O bond (F → G), the Co-based catalyst dictates the 

product distribution by diverting intermediate F.20c,21 This proposed mechanism explains 

the failure of other metals and oxidants to generate the alcohol-containing product, as metals 

and reagents that cannot effectively divert hydroperoxide F to alcohol G react with low 

selectivity (Table 1, entries 2–11).

Radical Intermediates:

Experimental support for radical intermediates includes the decreased yields of product 

using known radical traps. Specifically, the addition of butylated hydroxytoluene (BHT) and 

1,4-benzoquinone inhibited the formation of desired product 5a without forming fluorinated 

adducts (Table S4). Further, conducting the reaction in the presence of BHT afforded a BHT-

phenol adduct (observed by GC-MS), which combined with the lack of a fluorinated adducts 

(19F NMR). Moreover, under standard reaction conditions phenolic dimers and oligomers 

were observed by LCMS. Combined, these observations suggest that (1) radicals exist, and 

(2) the initial radical process initiates through the phenol, not the difluoroalkene.

Initiation Does Not Involve Alkene:

Proposed mechanisms initiating by the difluoroalkene reacting with either Co or O2 were 

discounted by a series of EPR experiments. Specifically, in stoichiometric experiments 

monitored by EPR at 10 K, the difluoroalkene did not react with Co(II) or Co(III) by ligation 

or oxidation (Figure 3A, B), as indicated by the X-band CW EPR spectra of Co(acac)2 in the 
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presence of alkene 4a, which possessed spectral features that match those observed in the 

absence of the alkene (g tensor values = 6.9, 2.8, and 2.1; Figure 3A, 3B). Further, both of 

these spectra matched those measured at 4.2 K for both single crystal Co(acac)2
24 and 

polycrystalline Co(acac)2(H2O)2 diluted in a Mg lattice25 (g tensor values = 6.84, 2.74, and 

1.88), again, confirming that the fluoroalkene does not directly react with Co species under 

our reaction conditions. Overall, the lack of reactivity of the fluoroalkene ruled out 

mechanisms involving initial epoxidation of the difluoroalkene, or involving electron 

transfer from the difluoroalkene to Co(III) to generate a difluoroalkene radical cation.26

Initiation of Reaction Involves PhOH, Co, and O2:

Evidence for early-stage generation of PhO• (Figure 2, A → B) derives from electron 

paramagnetic resonance (EPR) experiments using spin trapping reagents. Given the short 

lifetime of the expected reactive oxygen species and organic radicals, nitrone-based reagents 

were employed to form stable radical adducts with moderate half-lives and distinguishable 

EPR spectra for O- and C-centered radicals. Specifically, the reaction of Co(II), phenol, O2 

and 5-tert-butoxycarbonyl-5-methyl-1-pyrroline-N-oxide (BMPO) or 5,5-dimethyl-1-

pyrroline-N-oxide (DMPO) generated spin-trapped adducts with EPR spectra (Figure 4 and 

Figure S2)29 consistent with previous reports of Co(II) generating O-based radicals.28,30 The 

EPR spectrum of the phenoxyl radical–BMPO adduct possessed a 14N hyperfine coupling 

constant (1.4 mT, 39.2 MHz) and 1H hyperfine coupling constant (2.3 mT. 64.5 MHz) 

consistent with the 2,4-dichlorophenoxyacetic acid C-based radical trapped by DMPO (14N 

hyperfine coupling constant = 1.53 mT, 1H hyperfine coupling constant = 2.27 mT).31

Roles of Co Catalyst:

Additional evidence supports Co(II) and O2 playing key roles in initiating the catalytic 

cycle. First, EPR studies under stoichiometric conditions [Co(II)/O2/PhOH] suggest the 

formation of initial Co(II) complex A bearing two phenolic ligands and two acetylacetonate 

ligands in an octahedral complex [Co(acac)2(PhOH)2]28 prior to activation of O2. This 

structural assignment was made by comparing the measured EPR g tensor values (Figure 

3C,D g tensor = 5.8, 3.8, 2.5) to a known Co(acac)2(EtOH)2 complex, which in previous 

work, was assigned as an octahedral complex with axial alcohol ligands using a combination 

of density functional theory and EPR spectra (Figure 3E, g tensor = 5.8, 2.0).28 Notably, this 

same complex is observed as an early intermediate in catalytic reactions quenched by N2(l) 

and studied by EPR at 10 K, suggesting that complex A forms prior to activation of O2 

(Figure 3C). This specific complex might serve as an initiator for generating superoxide [O2•
−] and initiating a radical chain process.

Second, following formation of complex A, O2 oxidizes Co(II) to Co(III).15 This pre-

catalytic oxidation of Co(II) was observed by 10 K EPR with or without either phenol or 

difluoroalkene (Figure 3, Left vs. Right Panels), and qualitatively by a color change from red 

[Co(II)] to green [Co(III)]. Previous reports indicate that this step concurrently generates a 

superoxide radical15–16 that might serve as the oxidant for the phenol. Supporting the role of 

O2 early in the reaction mechanism, in the absence of O2, no Co(II)- or Co(III)-catalyzed 

reaction of difluoroalkene 4a occurs (though electron-rich gem-difluoroalkenes thermally 

degrade upon extensive heating), presumably because PhO• cannot form (Table 5).
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Third, EPR studies (10 K) of stoichiometric reactions of Co(II) or Co(III) and phenol under 

an inert atmosphere (Ar) suggest that Co(II)/O2/PhOH play key roles early in the catalytic 

cycle. In these reactions, no changes to the Co center were observed (Figure 3D) suggesting 

that O2 also participates in activating the phenol15a to generate phenoxyl radical B prior to 

reaction with the gem-difluoroalkene to generate benzyl radical C.

Finally, in control reactions both with and without Co, alcohol product G did not convert to 

ketone side product H, which effectively rules out a Co-mediated over-oxidation of alcohol 

G to deliver ketone H.

Combined, this data suggests that Co(II)/O2/PhOH react to generate PhO• (B), 15–16 prior to 

reaction with the gem-difluoroalkene to generate benzyl radical C. Reaction of C with 

Co(II)/O2 generates peroxide D,15b,18 followed by Co-mediated fragmentation of the Co–O 

bond to generate radical E and regenerate the Co(II) catalyst.20a,20b Intermediate E abstracts 

H• from phenol to generate hydroperoxide F,20c,21 which regenerates PhO• (B) to propagate 

the reaction. Finally, Co-mediated decomposition of hydroperoxide F generates product G.
20c,21 Overall, by exploiting radical intermediates, this cobalt-catalyzed reaction retains both 

fluorine atoms, which contrasts other transition-metal-catalyzed reactions of gem-

difluoroalkenes7a,9,32 that involve β-anionic or β-fluoro-organometallic intermediates that 

typically eliminate F− and deliver monofluorinated products.

Conclusion

In conclusion, the use of a Co-based catalyst system in an O2 environment enables the 

selective unsymmetrical dioxygenation of gem-difluoroalkenes in a process that avoids β-

fluoride elimination. The reaction selectively generates a difunctionalized product 

containing a benzyl alcohol and an α,α-difluoroalkylether, thus rapidly and convergently 

generating compounds containing substructures that should be useful for medicinal 

chemistry and chemical biology. Mechanistic investigation implicates a radical mechanism 

that avoids discrete β-anionic or β-fluoro-organometallic intermediates, which overcomes 

the historical problem of β-fluoride elimination. More generally, this radical-based strategy 

provides a template for developing new organometallic transformations that will deliver 

useful fluorinated substructures while avoiding defluorination processes. Though the current 

system only functions on styrene systems, ongoing work aims to develop related reactions 

using aliphatic substrates.

EXPERIMENTAL PROCEDURES

General Considerations:

Unless otherwise noted, reactions were performed using oven-dried glassware, and heating 

was performed in a pre-heated oil bath. Selective dioxygenation reactions of phenols and 

difluorostyrenes were performed in 20 mL borosilicate glass scintillation vials sealed with a 

PTFE-lined screw-top cap. All other reactions were performed in round-bottom flasks sealed 

with rubber septa. Stainless-steel syringes were used to transfer air- and moisture-sensitive 

liquid reagents. Reactions were monitored by either 19F NMR with an internal standard of 

α,α,α–trifluorotoluene or by thin-layer chromatography (TLC) on UNIPLATE Silica Gel 
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HLF plates, visualized by quenching of fluorescence. Column chromatography was 

conducted using a Teledyne Isco CombiFlash Rf 200 system utilizing gradient elution. 

Isolated yields reported in the manuscript represent an average of at least 2 independent runs 

of final compound deemed to be at least 95% pure by NMR. Yields reported in the 

supporting information refer to a single experiment.

Unless otherwise noted, reagents were purchased from commercial sources and used as 

received. Cobalt(II) 2,4-pentanedionate [Co(acac)2] was purchased from Alfa Aesar. 1,2–

Dichlorobenzene (DCB, anhydrous, 99+%) and N-methylpyrrolidine (NMP, anhydrous) 

were purchased from Sigma Aldrich. Solvents, including dimethylformamide (DMF), 

toluene (PhMe), dichloromethane (DCM), methanol (MeOH), acetonitrile (MeCN), and 

tetrahydrofuran (THF) were used directly from a solvent purification system, in which 

solvent was dried by passage through two columns of activated alumina under argon. Other 

chemical abbreviations utilized in this document include: α,α,α-trifluorotoluene (TFT), 

sodium sulfate (Na2SO4), magnesium sulfate (MgSO4), ethyl acetate (EtOAc), diethyl ether 

(Et2O), ammonium chloride (NH4Cl), nbutyl lithium (nBuLi), sodium hydroxide (NaOH), 

room temperature (R.T.), tbutyl carbonate anhydride (Boc2O), potassium carbonate 

(K2CO3), 1,5,7–triazabicyclo[4.4.0]dec-5-ene (TBD), and hydrochloric acid (HCl).

Proton nuclear magnetic resonance (1H NMR) and fluorine nuclear magnetic resonance (19F 

NMR) were taken on a Bruker AVIIIHD 400 AVANCE spectrometer (400 and 376 MHz 

respectively). Proton and carbon nuclear magnetic resonance (13C NMR{1H}) were taken on 

a Bruker AVIII 500 Avance spectrometer with a CPDUL cryoprobe (500 and 126 MHz 

respectively). Chemical shifts (δ) for protons are reported in parts per million (ppm) 

downfield from tetramethylsilane, and are referenced to the proton resonance of residual 

solvent in the NMR solvent (CHCl3: δ = 7.26 ppm; DMSO: δ = 2.50 ppm). Chemical shifts 

(δ) for carbon are reported in ppm downfield from tetramethylsilane, and are referenced to 

the carbon resonance of the solvent residual peak (CDCl3: δ = 77.2 ppm; DMSO: δ = 39.52 

ppm). Chemical shifts for fluorine are reported uncorrected in ppm upfield from 

trichlorofluoromethane (0 ppm). NMR data are represented as follows: chemical shift (ppm), 

multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, p = pentet, m = multiplet), 

coupling constant in Hertz (Hz), integration. Electron paramagnetic resonance (EPR) were 

taken on a Bruker EMXplus EPR spectrometer with an Oxford cryostat. High-resolution 

mass determinations were obtained either by electrospray ionization (ESI) on a Waters LCT 

Premier™ mass spectrometer or by atmospheric-pressure chemical ionization (APCI-

hexane/PhMe) on a Waters Q-Tof Premier™, for which sample plus near mass internal exact 

mass standard were dissolved in hexane, and hexane or PhMe/hexane were used as 

ionization solvent. Infrared spectra were measured on a Perkin Elmer Spectrum Two Fourier 

Transform Infrared Spectrometer by drying samples on a diamond ATR Sample base plate. 

Uncorrected melting points were measured on a Thomas Hoover Capillary Melting Point 

apparatus.

General Procedure for the Preparation of Difluoroalkenes (A-1):

An oven-dried 3-neck round-bottomed flask equipped with a magnetic stirbar was charged 

with 1 equivalent of aryl aldehyde and 1.2 or 1.5 equivalents of triphenylphosphine. The 
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system was sealed with three PFTE septa, and subsequently evacuated and backfilled with 

N2 three times. Dry NMP was added via syringe transfer (PTFE syringe with oven-dried 

stainless-steel needle), and the system was immersed in a preheated 100 °C oil bath. Once 

no solid reagents remained (approximately 2 min of heating), 1.5 or 1.8 equivalents of 

potassium bromodifluoroacetate were added portionwise over 0.5 h, with the rate of addition 

controlling the evolution of CO2 gas. Once all of the potassium bromodifluoroacetate was 

added, the solution was allowed to stir for 0.5–1 h. Upon completion, the reaction was 

cooled to R.T. and then quenched with H2O. Subsequently, Et2O was added to the reaction, 

and the mixture was washed with H2O (five times), and the aqueous layer was back-

extracted with Et2O (two times). The combined organic layers were dried over Na2SO4 and 

concentrated. The crude material was dry-packed onto silica gel and then eluted through a 

plug of silica gel with EtOAc:hexanes (1:1) to remove triphenylphosphine oxide. 

Subsequently, the mother liquor was concentrated and subjected to flash chromatography 

using EtOAc and hexanes.

General Procedure for the Preparation of Difluoroalkenes (A-2):

An oven-dried 3-neck round-bottomed flask equipped with a magnetic stirbar was charged 

with 1 equivalent of aryl aldehyde and 1.2 or 1.5 equivalents of triphenylphosphine. The 

system was sealed with three PFTE septa, and subsequently evacuated and backfilled with 

N2 three times. Dry NMP was added via syringe transfer (PTFE syringe with oven-dried 

stainless-steel needle), and the system was immersed in a preheated 100 °C oil bath. Once 

no solid reagents remained (approximately 2 min of heating), 1.5 or 1.8 equivalents of 

potassium bromodifluoroacetate were added portionwise over 0.5 h, with the rate of addition 

controlling the evolution of CO2 gas. Once all of the potassium bromodifluoroacetate was 

added, the solution was allowed to stir for 0.5–1 h. Upon completion, the reaction was 

cooled to R.T. and then quenched with H2O. Subsequently, Et2O was added to the reaction, 

and the mixture was washed with H2O (five times), and the aqueous layer was back-

extracted with Et2O (two times). The combined organic layers were dried over Na2SO4 and 

concentrated. The crude material was dry-packed onto silica gel and then eluted through a 

plug of silica gel with EtOAc:hexanes (1:1) to remove triphenylphosphine oxide. 

Subsequently, H2O2 (30% in H2O) was added to the mother liquor and allowed to react for 

30 min to oxidize the residual triphenylphosphine. The reaction was washed with H2O (three 

times), dried over Na2SO4, concentrated, and subjected to flash chromatography using 

EtOAc and hexanes.

General Procedure for the Selective Unsymmetric Dioxygenation of Difluoroalkenes with 
Phenols (B):

Note: Reactions performed under an atmosphere of O2 are a fire hazard. Reactions should be 

performed in a fume hood, separated from sources of ignition and flammable solvents. On 

large scale, reactions should be quenched with a reductive solution to reduce the formation 

of organic peroxides.

An oven-dried 20 mL scintillation vial, equipped with a magnetic stirbar, was charged with 

difluoroalkene (0.50 mmol), phenol (1.50 mmol), and Co(acac)2 (0.050–0.20 mmol). The 

system was purged with O2 gas for 1 min before anhydrous DCB (2.0 mL) was added to the 
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system under a stream of O2 gas. The system was sealed with a PTFE-lined screw-top cap 

and stirred for 1 min at R.T. Subsequently, the vial was placed into a pre-heated reaction 

block and stirred vigorously at 90–140 °C for 24–48 h. The vial was cooled to R.T., and 50 

μL of TFT was added via microsyringe. The solution was diluted with approximately 1 mL 

of DCM and then stirred at R.T. for 10 min to allow adequate mixing. After mixing, an 

aliquot was removed from the vial and passed through a pad of silica gel into an NMR tube 

using acetone as eluent to remove Co(acac)2, after which the reaction was analyzed by 19F 

NMR for completion and selectivity. After 19F NMR analysis, the aliquot was sampled for 

TLC analysis (visualized with 10% phosphomolybdic acid in EtOH) then returned to the 

vial. Aqueous base (sat. NaOH or Na2CO3) was added to the solution and stirred for 30 min, 

and then extracted with DCM (four times). The combined organic layers were washed with 

brine, dried over Na2SO4, concentrated in vacuo, and then purified by flash chromatography 

using EtOAc and hexanes.

Preparation and Characterization of Substrates—5-(2,2-difluorovinyl)-1,2,3-

trimethoxybenzene (1), 1-(2,2-difluorovinyl)-4-methoxybenzene (4a), (4-(2,2-

difluorovinyl)phenyl)(methyl)sulfane (4b), 1-(benzyloxy)-4-(2,2-difluorovinyl)-2-

methoxybenzene (4c), 4-(3-(2,2-difluorovinyl)phenyl)morpholine (4d), ethyl (E)-3-(3-

formylphenyl)acrylate (4g-1), ethyl (E)-3-(3-(2,2-difluorovinyl)phenyl)acrylate (4g), 1-(2,2-

difluorovinyl)-3-nitrobenzene (4j), 1,3-dichloro-5-(2,2-difluorovinyl)benzene (4l), 1-

tosyl-1H-indole-3-carbaldehyde (6a-1), 1-phenyl-1H-pyrazole-4-carbaldehyde (6b-1), 2-

(piperazin-1-yl)thiazole (6c-3), tert-butyl 4-(4-formylthiazol-2-yl)piperazine-1-carboxylate 

(6c-1), tert-butyl 4-(thiazol-2-yl)piperazine-1-carboxylate (6c-2), 2-(3-(2,2-

difluorovinyl)phenyl)-5-(1,3-dioxolan-2-yl)pyridine (6d) 2-bromo-5-(1,3-dioxolan-2-

yl)pyridine (6d-2), and 3-(5-(1,3-dioxolan-2-yl)pyridin-2-yl)benzaldehyde (6d-1) were 

prepared according to a previous literature report.8b 4-formyl-N,N-diisopropylbenzamide 

(4h-1)34 and N-(4-hydroxyphenyl)-4-methylbenzenesulfonamide (8g)35 were prepared 

according to revious reports.

1-(2,2-difluorovinyl)-2,4-dimethylbenzene (4e)—Following General Procedure A-2, 

2,4-dimethylbenzaldehyde (3.20 mL, 22.0 mmol) was reacted with PPh3 (8.84 g, 33.0 

mmol) and BrCF2CO2K (8.76 g, 40.0 mmol). Following workup, the product was purified 

by flash chromatography using a gradient of 0–10% EtOAc in hexanes, furnishing 1.57 g of 

desired product 4e (41% yield) as a clear oil; 1H NMR (400 MHz, CDCl3) δ 7.31 (dd, J = 

8.44, 2.00 Hz, 1 H), 7.02 (dd, J = 4.24, 2.31 Hz, 2 H), 5.34 (dd, J = 25.61, 3.94 Hz, 1 H), 

2.32 (s, 3 H), 2.27 (s, 3 H); 13C NMR{1H} (126 MHz, CDCl3) δ 156.2 (dd, J = 295.18, 

288.05 Hz), 137.2, 135.8 (dd, J = 4.84, 1.67 Hz), 131.1, 128.1 (dd, J = 7.88, 1.99 Hz), 127.0, 

126.0 (dd, J = 6.89, 4.94 Hz), 79.3 (dd, J = 28.66, 14.94 Hz), 21.2, 20.0; 19F NMR (376 

MHz, CDCl3) δ −84.76 (dd, J = 33.14, 4.06 Hz, 1 F), −85.53 (ddd, J = 33.09, 25.53, 1.83 

Hz, 1F); IR (film) 2923, 1726, 1616, 1569, 1505, 1453, 1379, 1345, 1281, 1250, 1235, 1180, 

1111, 1074, 1037, 948, 917, 876, 836, 818, 765, 750, 721, 615, 581, 549, 534 cm−1; HRMS 

(TAPCI) m/z: [M+]+ Calcd for C10H10F2 168.0751; found 168.0745, 3.6 ppm.

1-(2,2-difluorovinyl)-3,5-dimethylbenzene (4f)—Following General Procedure A-2, 

3,5-dimethylbenzaldehyde (2.10 mL, 15.0 mmol) was reacted with PPh3 (6.23 g, 22.5 
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mmol) and BrCF2CO2K (6.05 g, 27.0 mmol). Following workup, the product was purified 

by flash chromatography using a gradient of 0–10% EtOAc in hexanes, furnishing 1.163 g 

of desired product 4f (44% yield) as a clear oil; 1H NMR (400 MHz, CDCl3) δ 6.97 (bs, 2 

H), 6.90 (bs, 1 H), 5.21 (dd, J = 26.41, 4.03 Hz, 1H), 2.32 (s, 6 H); 13C NMR{1H} (126 

MHz, CDCl3) δ 156.3 (dd, J = 298.23, 287.44 Hz), 138.3, 130.3 (t, J = 6.70 Hz), 128.9 (t, J 
= 2.15 Hz), 125.6 (dd, J = 6.56, 3.67 Hz), 82.3 (dd, J = 28.88, 13.63 Hz), 21.4; 19F NMR 

(376 MHz, CDCl3) δ −82.39 (dd, J = 32.54, 26.54 Hz, 1 F), −84.62 (dd, J = 32.49, 3.99 Hz, 

1F); IR (film) 3019, 2921, 2868, 1726, 1605, 1448, 1379, 1350, 1297, 1198, 1160, 1038, 

965, 892, 851, 814, 765, 750, 715, 690, 583, 539, 515 cm−1; HRMS (TAPCI) m/z: [M+]+ 

Calcd for C10H10F2 168.0751; found 168.0744, 4.2 ppm.

4-(2,2-difluorovinyl)-N,N-diisopropylbenzamide (4h)—Following General Procedure 

A-2, compound 4h-1 (0.823, 3.60 mmol) was reacted with PPh3 (1.50 g, 5.30 mmol) and 

BrCF2CO2K (1.42 g, 6.50 mmol) in NMP (2.0 mL, 2 M). Following workup, the product 

was purified by flash chromatography using a gradient of 0–30% EtOAc in hexanes, 

furnishing 0.655 g of desired product 4h (69% yield) as a colorless solid (MP = 43–44 °C); 
1H NMR (500 MHz, DMSO-D6, 25 °C) δ 7.41 (d, J = 8.09 Hz, 2 H), 7.29 (d, J = 8.21 Hz, 2 

H), 5.85 (dd, J = 28.05, 4.06 Hz, 1 H), 3.61 (bs, 2.04, 2 H), 1.38–1.15 (m, 12 H); 1H NMR 

(500 MHz, DMSO-D6, 60 °C) δ 7.41 (d, J = 7.92 Hz, 2 H), 7.28 (d, J = 7.89 Hz, 2 H), 5.79 

(dd, J = 27.83, 4.01 Hz, 1 H), 3.64 (hept, J = 6.41 Hz, 2 H), 1.28 (bs, 12 H); 13C NMR{1H} 

(126 MHz, DMSO-D6, 60 °C) δ 169.8, 156.1 (dd, J = 297.83, 286.17 Hz), 138.2 (t, J = 2.29 

Hz), 130.5 (dd, J = 7.75, 5.77 Hz), 128.1 (dd, J = 6.61, 3.79 Hz), 126.3, 82.3 (dd, J = 29.45, 

11.75 Hz), 20.9; 19F NMR (376 MHz, DMSO-D6, 25 °C) δ −82.16 (dd, J = 32.14, 28.07 Hz, 

1 F), −84.02 (dd, J = 32.19, 4.05 Hz, 1 F); IR (film) 3434, 2252, 2126, 1729, 1660, 1345, 

1276, 1052, 1024, 1005, 822, 760, 623 cm−1; HRMS (ESI+) m/z: [M+H]+ Calcd for 

C15H20F2NO 268.1513; found 268.1500, 1.3 mmu.

1-(2,2-difluorovinyl)-3-(trifluoromethyl)benzene (4i)—Following General Procedure 

A-1, 3-trifluoromethylbenzaldehyde (2.7 mL, 20mmol) was reacted with PPh3 (6.3 g, 24 

mmol) and BrCF2CO2K (6.2 g, 30 mmol) in NMP (10 mL, 2 M). Following workup, the 

product was purified by flash chromatography using a gradient of 0–50% Et2O in pentane, 

furnishing 2.070 g of desired product 4i (50% yield) as a colorless oil; 1H NMR matched the 

previously reported spectrum.33

4-(2,2-difluorovinyl)benzonitrile (4k)—Following General Procedure A-1, 4-

formylbenzonitrile (6.55 g, 50 mmol) was reacted with PPh3 (15.7 g, 60 mmol) and 

BrCF2CO2K (15.1 g, 75 mmol) in NMP (25 mL, 2 M). Following workup, the product was 

purified by flash chromatography using a gradient of 0–50% Et2O in pentane, furnishing 

6.10 g of desired product 4k (74% yield) as a colorless solid; 1H NMR matched the 

previously reported spectrum.8b

4′-(tert-butyl)-2-(2,2-difluorovinyl)-1,1′-biphenyl (4m)—Following General 

Procedure A-2, compound 4m–1 (5.00 g, 0.021 mmol) was reacted with PPh3 (6.63 g, 0.025 

mmol) and BrCF2CO2K (6.76 g, 0.031 mmol) in NMP (10.5 mL, 2 M). Following workup, 

the product was purified by flash chromatography using a gradient of 0–10% EtOAc in 
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hexanes, furnishing 3.44 g of desired product 4m (60% yield) as a clear oil; 1H NMR 

matched that of the previously reported spectrum.8b

2-(2,2-difluorovinyl)-1,3-dimethylbenzene (4n)—Following General Procedure A-2, 

2,6-dimethylbenzaldehyde (2.2 mL, 15.0 mmol) was reacted with PPh3 (5.91 g, 22.5 mmol) 

and BrCF2CO2K (6.17 g, 27.0 mmol). Following workup, the product was purified by flash 

chromatography using a gradient of 0–10% EtOAc in hexanes, furnishing 0.763 g of desired 

product 4n (28% yield) as a clear oil; 1H NMR (400 MHz, CDCl3) δ 7.14 (dd, J = 8.57, 6.35 

Hz, 1 H), 7.07 (d, J = 7.53 Hz, 2 H), 5.23 (dd, J = 27.50, 2.26 Hz, 1 H), 2.29 (s, 6 H); 13C 

NMR{1H} (126 MHz, CDCl3) δ 154.9 (dd, J = 291.73, 288.36 Hz), 137.5 (dd, J = 2.57, 1.37 

Hz), 127.8, 127.6, 78.1 (dd, J = 27.32, 20.62 Hz), 20.5 (d, J = 2.42 Hz); 19F NMR (376 

MHz, CDCl3) δ −83.38 (dd, J = 32.45, 26.96 Hz, 1 F), −87.16 (dd, J = 33.11, 2.37 Hz, 1 F); 

IR (film) 3024, 2956, 2923, 2330, 1736, 1586, 1468, 1445, 1380, 1329, 1276, 1254, 1222, 

1166, 1096, 1032, 932, 850, 802, 768, 746, 698, 599, 537 cm−1; HRMS (TAPCI) m/z: [M+]

+ Calcd for C10H10F2 168.0751; found 168.0741, 1.0 mmu.

3-(2,2-difluorovinyl)-1-tosyl-1H-indole (6a)—Following General Procedure A-1, 

compound 6a-1 (9.09 g, 0.030 mmol) was reacted with PPh3 (9.58 g, 0.036 mmol) and 

BrCF2CO2K (9.81 g, 0.045 mmol) in NMP (15 mL, 2.0 M). Following workup, the product 

was purified by flash chromatography using a gradient of 0–50% EtOAc in hexanes, 

furnishing 4.80 g of desired product 6a (47% yield) as a tan solid; 1H NMR matched 

previously reported data.8b

4-(2,2-difluorovinyl)-1-phenyl-1H-pyrazole (6b)—Following General Procedure A-1, 

compound 6b-1 (1.50 g, 0.00870 mol) was reacted with PPh3 (2.84 g, 0.0100 mol) and 

BrCF2CO2K (3.22 g, 0.0130 mol) in NMP (4.3 mL, 2.0 M). Following workup, the product 

was purified by flash chromatography using a gradient of 0–50% EtOAc in hexanes, 

furnishing 1.31 g of desired product 6b (72% yield) as a colorless solid; 1H NMR matched 

previously reported data.8b

tert-butyl 4-(4-(2,2-difluorovinyl)thiazol-2-yl)piperazine-1-carboxylate (6c)—
Following General Procedure A-1, compound 6c–1 (8.01 g, 0.0270 mol) was reacted with 

PPh3 (8.47 g, 0.0320 mol) and BrCF2CO2K (8.60 g, 0.0400 mol) in NMP (14 mL, 2.0 M). 

Following workup, the product was purified by flash chromatography using a gradient of 0–

70% EtOAc in hexanes, furnishing 2.56 g of desired product 6c (29% yield) as a tan solid; 
1H NMR matched previously reported data.8b

4-(2,2-difluorovinyl)dibenzo[b,d]thiophene (8c)—Following General Procedure A-2, 

compound dibenzo[b,d]thiophene-4-carbaldehyde8b (5.03 g, 0.0240 mol) was reacted with 

PPh3 (7.44 g, 0.0280 mol) and BrCF2CO2K (7.57 g, 0.0350 mol) in NMP (12 mL, 2.0 M). 

Following workup, the product was purified by flash chromatography using a gradient of 0–

10% EtOAc in hexanes, furnishing 2.73 g of desired product 8c (47% yield) as a colorless 

solid; 1H NMR matched previously reported data.8b

N-(4-hydroxyphenyl)-4-methylbenzenesulfonamide (8g)—Prepared according to 

reference 2. 4-Aminophenol (1.50 g, 14.0 mmol) was dissolved in 50 mL DCM, and the 
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resulting solution cooled to 0 °C under vigorous stirring. Pyridine (5.1 mL, 63 mmol) was 

added dropwise, and the resulting solution was stirred for 15 min. A solution of tosyl 

chloride (2.94 g, 15.4 mmol) in DCM (0.010 L) was added dropwise at 0 °C. The solution 

was warmed to R.T. and stirred overnight. 3 N HCl (50 mL) was added to quench the 

reaction, and the mixture was extracted DCM (three times, 15 mL each time). The organic 

layers were combined and washed with 3 N HCl (20 mL). The combined organic layers 

were dried over Na2SO4, dried in vacuo, and purified by flash chromatography (30–50% 

EtOAc in Hexanes) to provide 3.05 g (83% yield) of desired product 8g as a pale yellow 

solid; 1H NMR matched the previously reported spectrum.35

Experimental Procedures and Characterization of Compounds in Table 2:

2-(4-bromophenoxy)-2,2-difluoro-1-(3,4,5-trimethoxyphenyl)ethan-1-ol (3)—
Following General Procedure B, 0.115 g (0.500 mmol) of compound 1 was reacted with 

0.260 g (1.50 mmol) of 4-bromophenol in the presence of 0.013 g (0.050 mmol) of 

Co(acac)2 at 110 °C for 24 h. After workup with 1 N NaOH (aq.), the product was purified 

by flash chromatography using a gradient of 10–35% EtOAc in hexanes, furnishing 0.148 g 

(71% yield) of desired product 3 as a yellow solid (MP = 93–95 °C); 1H NMR (400 MHz, 

CDCl3) δ 7.45–7.41 (m, 2 H), 7.03–6.99 (m, 2 H), 6.74 (s, 2 H), 5.00 (td, J = 7.24, 3.49 Hz, 

1 H), 3.86 (s, 6H), 3.85 (s, 3 H), 3.14 (d, J = 3.74 Hz, 1 H); 13C NMR{1H} (126 MHz, 

CDCl3) δ 153.1, 149.1 (t, J = 2.05 Hz), 138.4 (d, J = 2.06 Hz), 132.6, 131.0, 123.6, 122.4 (t, 

J = 273.70 Hz), 119.0, 105.0, 74.2 (t, J = 31.70 Hz), 61.0, 56.3; 19F NMR (376 MHz, 

CDCl3) δ −81.65 (dd, J = 141.05, 6.98 Hz, 1 F), −82.16 (dd, J = 140.99, 7.23 Hz, 1 F); IR 

(film) 3450, 2939, 1595, 1508, 1485, 1464, 1422, 1326, 1253, 1129, 1068, 1011, 829, 750, 

710 cm−1; HRMS (ESI+) m/z: [M+]+ Calcd for C17H17BrF2O5 418.0227; found 418.0212, 

3.6 ppm.

Experimental Procedure for Model Reaction (1.5 mmol)

2-(4-bromophenoxy)-2,2-difluoro-1-(3,4,5-trimethoxyphenyl)ethan-1-ol (3)—
Following General Procedure B, 0.345 g (1.50 mmol) of compound 1 was reacted with 

0.780 g (4.50 mmol) of 4-bromophenol in the presence of 0.039 g (0.15 mmol) of Co(acac)2 

at 110 °C for 24 h. After workup with 1 N NaOH (aq.), the product was purified by flash 

chromatography using a gradient of 0–35% EtOAc in hexanes, furnishing 0.387 g (62% 

yield) of desired product 3 as a yellow solid.

2-(4-bromophenoxy)-2,2-difluoro-1-(4-methoxyphenyl)ethan-1-ol (5a)—
Following General Procedure B, 0.085 g (0.50 mmol) of compound 4a was reacted with 

0.260 g (1.50 mmol) of 4-bromophenol in the presence of 0.013 g (0.050 mmol) of 

Co(acac)2 at 90 °C for 24 h. After workup with 1 N NaOH (aq.), the product was purified by 

flash chromatography using a gradient of 10–35% EtOAc in hexanes, furnishing 0.109 g 

(77% yield) of desired product 5a as a pale yellow solid (MP = 51–53 °C); 1H NMR (400 

MHz, CDCl3) δ 7.47 (d, J = 8.64 Hz, 2 H), 7.44–7.41 (m, 2 H), 7.01 (d, J = 8.91 Hz, 2 H), 

6.96–6.92 (m, 2H), 5.04 (td, J = 7.18, 4.29 Hz, 1 H), 3.83 (s, 3 H), 2.57 (d, J = 4.27 Hz, 1 

H); 13C NMR{1H} (126 MHz, CDCl3) δ 160.3, 149.2 (t, J = 2.40 Hz), 132.6, 129.1, 127.4, 

123.6, 122.6 (t, J = 272.76 Hz), 119.0, 113.9, 74.1 (t, J = 31.82 Hz), 55.4; 19F NMR (376 

MHz, CDCl3) δ −82.39 (d, J = 7.21 Hz, 2 F); IR (film) 3424, 2957, 2911, 2838, 1891, 1613, 
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1586, 1515, 1485, 1465, 1442, 1399, 1346, 1305, 1246, 1197, 1177, 1144, 1117, 1065, 

1032, 1012, 939, 827, 800, 756, 745, 716, 691, 636, 593, 535, 493 cm−1; HRMS (ESI−) m/z: 

[M+Cl]− Calcd for C15H13BrF2O3Cl 392.9705; found 392.9709, 1.0 ppm.

2-(4-bromophenoxy)-2,2-difluoro-1-(4-(methylthio)phenyl)ethan-1-ol (5b)—
Following General Procedure B, 0.093 g (0.50 mmol) of compound 4b was reacted with 

0.260 g (1.50 mmol) of 4-bromophenol in the presence of 0.026 g (0.100 mmol) of 

Co(acac)2 at 90 °C for 24 h. After workup with 1 N NaOH (aq.), the product was purified by 

flash chromatography using a gradient of 10–35% EtOAc in hexanes, furnishing 0.099 g 

(53% yield) of desired product 5b as a yellow solid (MP = 70–72 °C); 1H NMR (400 MHz, 

CDCl3) δ 7.45 (t, J = 8.70 Hz, 4 H), 7.28 (d, J = 8.49 Hz, 2 H), 7.01 (d, J = 8.40 Hz, 2 H), 

5.04 (t, J = 7.06 Hz, 1 H), 2.83 (bs, 1 H), 2.50 (s, 3 H); 13C NMR{1H} (126 MHz, CDCl3) δ 
149.0, 139.9, 132.6, 131.9, 128.3, 126.2, 123.6, 122.4 (t, J = 272.73 Hz), 119.0, 74.1 (t, J = 

32.16 Hz), 15.6; 19F NMR (376 MHz, CDCl3) δ −82.27 (dd, J = 19.13, 7.12 Hz, 2 F); IR 

(film) 3397, 2921, 2051, 1892, 1728, 1601, 1484, 1436, 1405, 1346, 1251, 1210, 1195, 

1146, 1092, 1066, 1012, 968, 941, 846, 818, 796, 758, 744, 685, 644, 539, 493 cm−1; HRMS 

(ESI−) m/z: [M+Cl]− Calcd for C15H13BrF2O2SCl 408.9476; found 408.9482, 1.5 ppm.

1-(4-(benzyloxy)-3-methoxyphenyl)-2-(4-bromophenoxy)-2,2-difluoroethan-1-ol 
(5c)—Following General Procedure B, 0.131 g (0.500 mmol) of compound 4c was reacted 

with 0.260 g (1.50 mmol) of 4-bromophenol in the presence of 0.013 g (0.050 mmol) of 

Co(acac)2 at 100 °C for 24 h. After workup with 1 N NaOH (aq.), the product was purified 

by flash chromatography using a gradient of 10–35% EtOAc in hexanes, furnishing 0.150 g 

(68% yield) of desired product 5c as an light orange solid (MP = 87–88 °C); 1H NMR (400 

MHz, CDCl3) δ 7.44 (td, J = 7.21, 6.81, 1.94 Hz, 4 H), 7.41–7.34 (m, 2 H), 7.34–7.28 (m, 1 

H), 7.11 (d, J = 1.93 Hz, 1 H), 7.06–6.96 (m, 3 H), 6.89 (d, J = 8.29 Hz, 1 H), 5.17 (s, 2 H), 

5.00 (t, J = 7.12 Hz, 1 H), 3.90 (s, 3H), 2.83 (bs, 1 H); 13C NMR{1H} (126 MHz, CDCl3) δ 
149.6, 149.1 (d, J = 2.75 Hz), 148.8, 137.0, 132.5, 128.7, 128.3, 128.0, 127.4, 123.6, 122.5 

(t, J = 272.85 Hz), 120.6, 119.0, 113.4 (d, J = 1.62 Hz), 111.3, 74.1 (t, J = 31.44 Hz), 71.0, 

56.2; 19F NMR (376 MHz, CDCl3) δ −81.89 (dd, J = 141.33, 7.27 Hz, 1 F), −82.28 (dd, J = 

141.33, 7.27 Hz, 1 F); IR (film) 3458, 3033, 2917, 2849, 1735, 1607, 1594, 1514, 1484, 

1464, 1454, 1421, 1382, 1337, 1252, 1202, 1138, 1065, 1033, 1012, 914, 844, 827, 800, 

738, 696, 648, 551, 494 cm−1; HRMS (ESI+) m/z: [M+K]+ Calcd for C22H19BrF2O4K 

503.0072; found 503.0078, 1.2 ppm.

2-(4-bromophenoxy)-2,2-difluoro-1-(3-morpholinophenyl)ethan-1-ol (5d)—
Following General Procedure B, 0.113 g (0.500 mmol) of compound 4d was reacted with 

0.260 g (1.50 mmol) of 4-bromophenol in the presence of 0.013 g (0.050 mmol) of 

Co(acac)2 at 90 °C for 24 h. After workup with 1 N NaOH (aq.), the product was purified by 

flash chromatography using a gradient of 15–50% EtOAc in hexanes, furnishing 0.044 g 

(21% yield) of desired product 5d as an orange oil; 1H NMR (400 MHz, CDCl3) δ 7.43 (d, J 
= 8.86 Hz, 2 H), 7.31 (t, J = 7.92 Hz, 1 H), 7.10 (t, J = 2.00 Hz, 1 H), 7.04 (d, J = 7.93 Hz, 1 

H), 7.01 (d, J = 8.62 Hz, 2 H), 6.94 (ddd, J = 8.26, 2.55, 0.96, 1 H), 5.04 (t, J = 7.24 Hz, 1 

H), 3.88–3.85 (m, 4 H), 3.20–3.17 (m, 4 H), 2.72 (d, J = 3.57 Hz, 1 H); 13C NMR{1H} (126 

MHz, CDCl3) δ 151.5, 149.1 (d, J = 2.26 Hz), 136.3, 132.6, 129.3, 123.6, 122.5 (t, J = 
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272.72 Hz), 119.5, 119.0, 116.4, 115.1, 74.7 (t, J = 31.27 Hz), 67.0, 49.4; 19F NMR (376 

MHz, CDCl3) δ −81.94 (t, J = 8.00 Hz, 2 F); IR (film) 3377, 2965, 2857, 1727, 1604, 1584, 

1485, 1448, 1380, 1343, 1304, 1243, 1202, 1145, 1115, 1067, 1012, 997, 978, 962, 933, 

888, 827, 785, 756, 737, 698, 644, 529, 494 cm−1; HRMS (ESI+) m/z: [M+H]+ Calcd for 

C18H19BrF2NO3 414.0516; found 414.0521, 1.2 ppm.

2-(4-bromophenoxy)-1-(2,4-dimethylphenyl)-2,2-difluoroethan-1-ol (5e)—
Following General Procedure B, 0.084 g (0.50 mmol) of compound 4e was reacted with 

0.260 g (1.50 mmol) of 4-bromophenol in the presence of 0.013 g (0.050 mmol) of 

Co(acac)2 at 90 °C for 24 h. After workup with 1 N NaOH (aq.), the product was purified by 

flash chromatography using a gradient of 0–20% EtOAc in hexanes, furnishing 0.089 g 

(50% yield) of desired product 5e as a pale oil; 1H NMR (400 MHz, CDCl3) δ 7.58 (d, J = 

7.96 Hz, 1 H), 7.43 (d, J = 8.90 Hz, 2 H), 7.11 (d, J = 8.24 Hz, 1 H), 7.04 (d, J = 2.23 Hz, 2 

H), 7.02 (s, 1 H), 5.35 (td, J = 7.18, 3.79 Hz, 1 H), 2.85 (d, J = 4.35 Hz, 1 H), 2.40 (s, 3 H), 

2.35 (s, 3 H); 13C NMR{1H} (126 MHz, CDCl3) δ 149.1 (t, J = 2.25 Hz), 138.7, 136.7, 

132.5, 131.3, 130.9, 127.3 (t, J = 1.73 Hz), 127.1, 123.5, 123.0 (t, J = 273.10 Hz), 118.8, 

70.3 (t, J = 31.67 Hz), 21.2, 19.6; 19F NMR (376 MHz, CDCl3) δ −81.41 (dd, J = 140.67, 

7.53 Hz, 1 F), −81.85 (dd, J = 140.45, 7.12 Hz, 1 F); IR (film) 3381, 2923, 1616, 1583, 

1484, 1249, 1196, 1142, 1065, 1012, 826, 809, 760, 748, 720, 691, 494 cm−1; HRMS (ESI+) 

m/z: [M+Cl]− Calcd for C16H15BrF2O2Cl 390.9912; found 390.9920, 2.0 ppm.

2-(4-bromophenoxy)-1-(3,5-dimethylphenyl)-2,2-difluoroethan-1-ol (5f)—
Following General Procedure B, 0.084 g (0.50 mmol) of compound 4f was reacted with 

0.260 g (1.50 mmol) of 4-bromophenol in the presence of 0.013 g (0.050 mmol) of 

Co(acac)2 at 100 °C for 24 h. After workup with 1 N NaOH (aq.), the product was purified 

by flash chromatography using a gradient of 0–15% EtOAc in hexanes, furnishing 0.099 g 

(44% yield) of desired product 5f as a tan solid (MP = 79–81 °C); 1H NMR (400 MHz, 

CDCl3) δ 7.44 (d, J = 8.88 Hz, 2 H), 7.16 (bs, 2 H), 7.04 (bs, 2 H), 7.02 (bs, 1 H), 5.00 (t, J 
= 7.25 Hz, 1 H), 2.74 (bs, 1 H), 2.36 (s, 6 H); 13C NMR{1H} (126 MHz, CDCl3) δ 149.2, 

138.1, 135.2, 132.5, 130.9, 125.6 (d, J = 1.49 Hz), 123.6, 122.5 (t, J = 272.07 Hz), 118.9, 

74.6 (t, J = 31.54 Hz), 21.5; 19F NMR (376 MHz, CDCl3) δ −81.59 (dd, J = 140.92, 7.09 

Hz, 1 F), −82.16 (dd, J = 140.89, 7.38 Hz, 1 F); IR (film) 3395, 3011, 2919, 2051, 1891, 

1760, 1609, 1583, 1484, 1399, 1379, 1345, 1251, 1199, 1143, 1114, 1066, 1012, 953, 938, 

905, 886, 828, 803, 786, 762, 744, 716, 699, 686, 645, 561, 536, 493 cm−1; HRMS (ESI−) 

m/z: [M+Cl]− Calcd for C16H15BrF2O2Cl 390.9912; found 390.9921, 2.3 ppm.

ethyl (E)-3-(3-(2-(4-bromophenoxy)-2,2-difluoro-1-hydroxyethyl)phenyl)acrylate 
(5g)—Following General Procedure B, 0.119 g (0.500 mmol) of compound 4g was reacted 

with 0.260 g (1.50 mmol) of 4-bromophenol in the presence of 0.013 g (0.050 mmol) of 

Co(acac)2 at 120 °C for 48 h. After workup with sat. Na2CO3 (aq.), the product was purified 

by flash chromatography using a gradient of 5–35% EtOAc in hexanes, furnishing 0.109 g 

(51% yield) of desired product 5g as an orange oil; 1H NMR (400 MHz, CDCl3) δ 7.68 (d, J 
= 16.16 Hz, 2 H), 7.56 (d, J = 7.42 Hz, 1 H), 7.52 (dt, J = 7.88, 1.47 Hz, 1 H), 7.42–7.38 (m, 

3 H), 6.98 (m, 2 H), 6.45 (d, J = 16.02 Hz, 1 H), 5.10 (t J = 7.05 Hz, 1 H), 4.25 (q, J = 7.11 

Hz, 2 H), 3.53 (bs, 1 H), 1.32 (t, J = 7.13 Hz, 3 H); 13C NMR{1H} (126 MHz, CDCl3) δ 
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167.2, 148.9 (t, J = 2.32 Hz), 144.4, 136.3, 134.5, 132.5, 129.7, 128.9, 128.6, 127.5, 122.3 (t, 

J = 273.04 Hz), 119.0, 118.7, 73.8 (t, J = 31.46 Hz), 60.8, 14.4; 19F NMR (376 MHz, 

CDCl3) δ −81.74 (dd, J = 140.69, 6.93 Hz, 1 F), −82.25 (dd, J = 140.78, 7.25 Hz,1 F); IR 

(film) 3418, 2982, 2051, 1891, 1693, 1584, 1484, 1438, 1397, 1368, 1308, 1252, 1225, 

1188, 1148, 1113, 1098, 1066, 1012, 983, 863, 843, 825, 794, 757, 734, 696, 651, 581, 558, 

493, 465 cm−1; HRMS (ESI−) m/z: [M+Cl]− Calcd for C19H17BrF2O4Cl 460.9967; found 

460.9999, 6.9 ppm.

4-(2-(4-bromophenoxy)-2,2-difluoro-1-hydroxyethyl)-N,N-diisopropylbenzamide 
(5h)—Following General Procedure B, 0.134 g (0.500 mmol) of compound 4h was reacted 

with 0.260 g (1.50 mmol) of 4-bromophenol in the presence of 0.013 g (0.050 mmol) of 

Co(acac)2 at 130 °C for 24 h. After workup with 1 N NaOH (aq.), the product was purified 

by flash chromatography using a gradient of 15–50% EtOAc in hexanes, furnishing 0.094 g 

(41% yield) of desired product 5h as a colorless solid (MP = 182–183 °C); 1H NMR (500 

MHz, DMSO-D6, 60 °C) δ 7.57 (dd, J = 8.45, 3.06 Hz, 4 H), 7.29 (d, J = 7.74 Hz, 2 H), 7.08 

(d, J = 8.34 Hz, 2 H), 6.51 (d, J = 5.64 Hz, 1 H), 5.10 (q, J = 7.08 Hz, 1 H), 3.66–3.63 (m, 2 

H), 1.28 (bs, 12 H); 13C NMR{1H} (126 MHz, DMSO-D6, 60 °C) δ 169.3, 148.8 (d, J = 

2.31 Hz), 138.7, 137.2, 132.3, 127.7, 124.7, 123.2, 122.6 (t, J = 272.21 Hz), 117.7, 72.0 (t, J 
= 31.34 Hz), 54.5, 20.2; 19F NMR (376 MHz, CDCl3) δ −81.80 (dd, J = 140.26, 7.03 Hz, 1 

F), −82.22 (dd, J = 140.26, 6.48 Hz, 1 F); IR (film) 3250, 2974, 2935, 1602, 1515, 1483, 

1457, 1407, 1381, 1372, 1349, 1275, 1252, 1209, 1195, 1161, 1141, 1082, 1064, 1038, 

1012, 919, 883, 854, 808, 765, 750, 681, 631, 610, 577, 548, 527, 497 cm−1; HRMS (ESI+) 

m/z: [M+Na]+ Calcd for C21H24BrF2NO3Na 478.0805; found 478.0813, 1.7 ppm.

2-(4-bromophenoxy)-2,2-difluoro-1-(3-(trifluoromethyl)phenyl)ethan-1-ol (5i)—
Following General Procedure B, 0.104 g (0.500 mmol) of compound 4i was reacted with 

0.260 g (1.50 mmol) of 4-bromophenol in the presence of 0.013 g (0.050 mmol) of 

Co(acac)2 at 140 °C for 24 h. After workup with 1 N NaOH (aq.), the product was purified 

by flash chromatography using a gradient of 0–50% EtOAc in hexanes, furnishing 0.057 g 

(28% yield) of desired product 5i as a colorless oil; 1H NMR (400 MHz, CDCl3) δ 7.82 (s, 1 

H), 7.73 (d, J = 7.8 Hz, 1 H), 7.65 (d, J = 7.8 Hz, 1 H), 7.52 (t, J = 7.8 Hz, 1 H), 7.45 – 7.37 

(m, 2 H), 7.06 – 6.91 (m, 2 H), 5.15 (td, J = 7.0, 3.6 Hz, 1 H), 2.81 (d, J = 4.0 Hz, 1 H); 13C 

NMR{1H} (126 MHz, CDCl3) δ 148.72, 135.96, 132.55, 131.08, 131.36 – 130.33 (q, J = 

32.49 Hz), 128.82, 125.89 (q, J = 4.0 Hz), 124.63 (q, J = 4.2 Hz), 123.97 (d, J = 272.9 Hz), 

123.36, 124.32 – 119.63 (t, J = 273.01 Hz), 119.13, 74.39 – 72.98 (t, J = 31.2 Hz); 19F NMR 

(376 MHz, CDCl3) δ −82.05 (dd, J = 140.9, 6.7 Hz, 1 F), −82.53 (dd, J = 141.3, 7.0 Hz, 1 

F); IR (film) 3414, 1584, 1485, 1327, 1250, 1161, 1122, 1064, 1012, 828, 794, 751, 737, 

701, 669, 491 cm−1; HRMS (ESI−) m/z: [M+Cl]− Calcd for C15H10BrF5O2Cl 430.9478; 

found 430.9504, 2.6 ppm.

2-(4-bromophenoxy)-2,2-difluoro-1-(3-nitrophenyl)ethan-1-ol (5j)—Following 

General Procedure B, 0.093 g (0.50 mmol) of compound 4j was reacted with 0.260 g (1.50 

mmol) of 4-bromophenol in the presence of 0.013 g (0.050 mmol) of Co(acac)2 at 140 °C 

for 24 h. After workup with 1 N NaOH (aq.), the product was purified by flash 

chromatography using a gradient of 10–35% EtOAc in hexanes, furnishing 0.084 g (45% 
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yield) of desired product 5j as an orange oil; 1H NMR (400 MHz, CDCl3) δ 8.46 (t, J = 1.89 

Hz, 1 H), 8.27 (ddd, J = 6.22, 2.30, 1.09 Hz, 1 H), 7.91 (d, J = 7.82 Hz, 1 H), 7.61 (t, J = 

7.99 Hz, 1 H), 7.45 (d, J = 8.88 Hz, 2 H), 7.00 (d, J = 9.03 Hz, 2 H), 5.23 (td, J = 6.90, 3.91 

Hz, 1 H), 2.91 (d, J = 3.95 Hz, 1 H); 13C NMR{1H} (126 MHz, CDCl3) δ 148.7 (t, J = 2.07 

Hz), 148.4, 137.1, 133.9, 132.7, 129.5, 124.1, 123.5, 123.0, 122.0 (t, J = 273.01 Hz), 119.4, 

73.5 (t, J = 31.89 Hz); 19F NMR (376 MHz, CDCl3) δ −82.02 (dd, J = 140.93, 6.87 Hz, 1 F), 

−82.56 (dd, J = 140.85, 6.99 Hz, 1 F). IR (film) 3469, 3094, 2919, 2052, 1890, 1619, 1584, 

1529, 1484, 1444, 1400, 1351, 1276, 1251, 1195, 1151, 1115, 1066, 1012, 935, 909, 883, 

843, 827, 808, 764, 750, 728, 699, 688, 647, 546, 492 cm−1; HRMS (ESI−) m/z: [M+Cl]− 

Calcd for C14H10BrF2NO4Cl 407.9450; found 407.9453, 0.7 ppm.

4-(2-(4-bromophenoxy)-2,2-difluoro-1-hydroxyethyl)benzonitrile (5k)—Following 

General Procedure B, 0.083 g (0.50 mmol) of compound 4k was reacted with 0.260 g (1.50 

mmol) of 4-bromophenol in the presence of 0.013 g (0.050 mmol) of Co(acac)2 at 140 °C 

for 24 h. After workup with sat. Na2CO3 (aq.), the product was purified by flash 

chromatography using a gradient of 0–50% EtOAc in hexanes, furnishing 0.073 g (41% 

yield) of desired product 5k as a colorless solid (MP = 128–130 °C); 1H NMR (400 MHz, 

CDCl3) δ 7.69 – 7.57 (m, 4 H), 7.41 – 7.32 (m, 2 H), 6.91 (d, J = 9.0 Hz, 1 H), 5.10 (td, J = 

6.9, 3.5 Hz, 2 H), 2.91 (d, J = 4.0 Hz, 1 H); 13C NMR{1H} (126 MHz, CDCl3) δ 148.6, 

140.1, 132.6, 132.1, 128.5, 123.4, 121.9 (t, J = 237.2 Hz) 119.3, 118.5, 112.9, 73.6 (t, J = 

31.9 Hz); 19F NMR (376 MHz, CDCl3) δ −81.75 (dd, J = 140.7, 6.9 Hz, 1 F), −82.32 (dd, J 
= 140.7, 7.0 Hz, 1 F); IR (film) 3399, 2908, 2239, 1611, 1580, 1485, 1251, 1152, 1065, 

1011, 848, 825, 804, 763, 578, 551, 494 cm−1; HRMS (ESI−) m/z: [M+Cl]− Calcd for 

C15H10BrF2NO2Cl 387.9557; found 387.9583, 2.6 ppm.

2-(4-bromophenoxy)-1-(3,5-dichlorophenyl)-2,2-difluoroethan-1-ol (5l)—
Following General Procedure B, 0.104 g (0.500 mmol) of compound 4l was reacted with 

0.260 g (1.50 mmol) of 4-bromophenol in the presence of 0.013 g (0.050 mmol) of 

Co(acac)2 at 140 °C for 24 h. After workup with 1 N NaOH (aq.), the product was purified 

by flash chromatography using a gradient of 0–50% EtOAc in hexanes, furnishing 0.087 g 

(44% yield) of desired product 5l as a colorless oil; 1H NMR (400 MHz, CDCl3) δ 7.48 (dd, 

J = 5.4, 3.5 Hz, 4 H), 7.42 (t, J = 1.9 Hz, 1 H), 7.12 – 6.96 (m, 2 H), 5.07 (td, J = 6.8, 3.7 Hz, 

1 H), 2.85 (d, J = 4.0 Hz, 1 H); 13C NMR{1H} (126 MHz, CDCl3) δ 148.6, 138.2, 135.0, 

132.6, 129.2, 126.3, 123.4, 121.8 (t, J = 272.7), 119.3, 74.2 (t, J = 32.4 Hz); 19F NMR (376 

MHz, CDCl3) δ −81.76 (dd, J = 140.8, 6.8 Hz, 1 F), −82.32 (dd, J = 140.9, 6.9 Hz, 1 F); IR 

(film) 3400, 3083, 1592, 1572, 1484, 1435, 1206, 1150, 1065, 1011, 795, 739, 674, 491 cm
−1; HRMS (ESI−) m/z: [M+Cl]− Calcd for C14H9BrCl3F2O2 430.8825; found 430.8837, 1.2 

ppm.

2-(4-bromophenoxy)-1-(4′-(tert-butyl)-[1,1′-biphenyl]-2-yl)-2,2-difluoroethan-1-
ol (5m)—Following General Procedure B, 0.136 g (0.500 mmol) of compound 4m was 

reacted with 0.260 g (1.50 mmol) of 4-bromophenol in the presence of 0.026 g (0.100 

mmol) of Co(acac)2 at 100 °C for 48 h. After workup with 1 N NaOH (aq.), the product was 

purified by flash chromatography using a gradient of 5–25% EtOAc in hexanes, furnishing 

0.139 g (60% yield) of desired product 5m as an orange oil; 1H NMR (400 MHz, CDCl3) δ 
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7.81 (t, J = 1.66 Hz, 1 H), 7.66 (dt, J = 7.39, 1.71 Hz, 1 H), 7.60 (d, J = 8.45 Hz, 2 H), 7.52 

(d, J = 2.18 Hz, 2 H), 7.52–7.49 (m, 2 H), 7.45 (d, J = 8.86 Hz, 2 H), 7.04 (d, J = 8.77 Hz, 2 

H), 5.16 (t, J = 7.11 Hz, 1 H), 3.00 (bs, 1 H), 1.40 (s, 9 H); 13C NMR{1H} (126 MHz, 

CDCl3) δ 150.7, 149.1, 141.3, 137.9, 135.8, 132.5, 128.8, 127.8, 126.9, 126.5, 126.4, 125.9, 

123.6, 122.5 (t, J = 272.36 Hz), 119.0, 74.5 (t, J = 31.35 Hz), 34.7, 31.5; 19F NMR (376 

MHz, CDCl3) δ −81.63 (dd, J = 140.63, 7.08 Hz, 1 F), −82.03 (dd, J = 140.63, 7.16 Hz, 1 

H); IR (film) 3401, 3065, 2962, 2904, 2867, 1580, 1483, 1399, 1363, 1252, 1209, 1140, 

1115, 1067, 1012, 954, 906, 881, 839, 825, 766, 739, 705, 675, 645, 632, 585, 545, 522, 492 

cm−1; HRMS (ESI−) m/z: [M+Cl]− Calcd for C24H23BrClF2O2 495.0538; found 495.0516, 

4.4 ppm.

Experimental Procedures and Characterization of Products in Table 3:

2-(4-bromophenoxy)-2,2-difluoro-1-(1-tosyl-1H-indol-3-yl)ethan-1-ol (7a)—
Following General Procedure B, 0.167 g (0.500 mmol) of compound 6a was reacted with 

0.260 g (1.50 mmol) of 4-bromophenol in the presence of 0.013 g (0.050 mmol) of 

Co(acac)2 at 100 °C for 36 h. After workup with 1 N NaOH (aq.), the product was purified 

by flash chromatography using a gradient of 15–40% EtOAc in hexanes, furnishing 0.162 g 

(62% yield) of desired product 7a as an orange solid (MP = 53–55 °C); 1H NMR (400 MHz, 

CDCl3) δ 7.99 (dt, J = 8.49, 0.88 Hz), 1 H), 7.77 (d, J = 8.53 Hz, 3 H), 7.73 (d, J = 7.75 Hz, 

1 H), 7.45–7.41 (m, 2 H), 7.34 (ddd, J = 8.38, 7.16, 1.28 Hz, 1 H), 7.28–7.24 (m, 1 H), 7.21 

(d, J = 7.65 Hz, 2 H), 6.98 (dd, J = 8.76, 1.07 Hz, 2 H), 5.35 (td, J = 6.73, 4.53 Hz, 1 H), 

2.68 (d, J = 4.95 Hz, 1 H), 2.34 (s, 3 H); 13C NMR{1H} (126 MHz, CDCl3) δ 149.0 (d, J = 

1.96 Hz), 145.4, 135.2, 132.6, 130.1, 129.1, 127.0, 125.8 (d, J = 2.00 Hz), 125.2, 123.6, 

123.5, 122.5 (t, J = 272.36 Hz), 120.9 (d, J = 1.82 Hz), 119.2, 117.0 (d, J = 1.66 Hz), 113.8, 

69.1 (t, J = 33.67 Hz), 21.7; 19F NMR (376 MHz, CDCl3) δ −81.47 (dd, J = 140.26, 6.78 

Hz, 1 F), −82.05 (dd, J = 140.24, 7.22 Hz, 1 F); IR (film) 3509, 3113, 2924, 2052, 1913, 

1596, 1566, 1485, 1447, 1340, 1368, 1278, 1255, 1189, 1172, 1122, 1084, 1066, 1012, 972, 

907, 834, 811, 764, 744, 733, 703, 678, 657, 599, 571, 537, 492 cm−1; HRMS (ESI−) m/z: 

[M–H]− Calcd for C23H17BrF2NO4S 520.0030; found 520.0041, 2.1 ppm.

2-(4-bromophenoxy)-2,2-difluoro-1-(1-phenyl-1H-pyrazol-4-yl)ethan-1-ol (7b)—
Following General Procedure B, 0.103 g (0.500 mmol) of compound 6b was reacted with 

0.260 g (1.50 mmol) of 4-bromophenol in the presence of 0.013 g (0.050 mmol) of 

Co(acac)2 at 110 °C for 24 h. After workup with 1 N NaOH (aq.), the product was purified 

by flash chromatography using a gradient of 15–40% EtOAc in hexanes, furnishing 0.140 g 

(71% yield) of desired product 7b as a yellow solid (MP = 70–72 °C); 1H NMR (400 MHz, 

CDCl3) δ 8.04 (s, 1 H), 7.82 (s, 1 H), 7.65 (d, J = 7.51 Hz, 2 H), 7.43 (dd, J = 8.90, 7.22 Hz, 

4 H), 7.29 (t, J = 7.45 Hz, 1 H), 7.04 (d, J = 8.57 Hz, 2 H), 5.16 (td, J = 6.91, 3.91 Hz, 1 H), 

3.59 (d, J = 5.46 Hz, 1 H); 13C NMR{1H} (126 MHz, CDCl3) δ 149.0, 140.1 (d, J = 1.95 

Hz), 139.8, 132.6, 129.6, 127.0, 126.6 (d, J = 1.86 Hz), 123.6, 122.5 (t, J = 271.91 Hz), 

119.4, 119.1, 118.9 (d, J = 1.87 Hz), 67.7 (t, J = 33.26 Hz); 19F NMR (376 MHz, CDCl3) δ 
−82.60 (dd, J = 140.85, 6.21 Hz, 1 F), −83.07 (dd, J = 141.08, 6.84 Hz, 1 F); IR (film) 3279, 

2923, 1680, 1600, 1572, 1504, 1485, 1405, 1257, 1209, 1148, 1114, 1067, 1043, 1012, 955, 

904, 826, 804, 756, 690, 492 cm−1; HRMS (ESI+) m/z: [M+H]+ Calcd for 

C17H14BrF2N2O2 395.0207; found 395.0220, 3.3 ppm.
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tert-butyl 4-(5-(2-(4-bromophenoxy)-2,2-difluoro-1-hydroxyethyl)thiazol-2-
yl)piperazine-1-carboxylate (7c)—Following General Procedure B, 0.166 g (0.500 

mmol) of compound 6c was reacted with 0.260 g (1.50 mmol) of 4-bromophenol in the 

presence of 0.013 g (0.050 mmol) of Co(acac)2 at 90 °C for 24 h. After workup with sat. 

Na2CO3 (aq.), the product was purified by flash chromatography using a gradient of 15–

60% EtOAc in hexanes, furnishing 0.095 g (36% yield) of desired product 7c as a brown 

solid (MP = 60–61 °C); 1H NMR (400 MHz, CDCl3) δ 7.46 (d, J = 8.69 Hz, 2 H), 7.23 (d, J 
= 0.68 Hz, 1 H), 7.06 (d, J = 8.62 Hz, 2 H), 5.19 (t, J = 6.29 Hz, 1 H), 3.54 (dd, J = 6.43, 

3.50 Hz, 4 H), 3.47 (td, J = 5.10, 1.76 Hz, 4 H), 1.47 (s, 9 H); 13C NMR{1H} (126 MHz, 

CDCl3) δ 173.0, 154.7, 148.9, 140.2, 132.7, 123.6, 122.0 (t, J = 271.72 Hz), 120.5, 119.2, 

80.5, 69.8 (t, J = 34.07 Hz), 48.2, 28.5; 19F NMR (376 MHz, CDCl3) δ −81.66 (dd, J = 

140.43, 5.78 Hz, 1 F), −82.45 (dd, J = 140.58, 6.84 Hz, 1 F); IR (film) 3333, 2977, 2928, 

2862, 2249, 2103, 1690, 1584, 1514, 1484, 1454, 1420, 1366, 1285, 1250, 1234, 1202, 

1162, 1134, 1065, 1012, 997, 970, 905, 860, 843, 829, 805, 771, 757, 731, 692, 646, 632, 

552, 493, 463 cm−1; HRMS (ESI+) m/z: [M+H]+ Calcd for C20H25BrF2N3O4S 520.0717; 

found 520.0735, 3.5 ppm.

1-(3-(5-(1,3-dioxolan-2-yl)pyridin-2-yl)phenyl)-2-(4-bromophenoxy)-2,2-
difluoroethan-1-ol (7d)—Following General Procedure B, 0.145 g (0.500 mmol) of 

compound 6d was reacted with 0.260 g (1.50 mmol) of 4-bromophenol in the presence of 

0.013 g (0.050 mmol) of Co(acac)2 at 90 °C for 24 h. The reaction was cooled to R.T. and a 

solution of 4 N HCl in 1,4–dioxane (2.0 mL) and ethylene glycol (1.0 mL) were added. The 

solution was stirred for 2 h at 130°C temp. The reaction was cooled to R.T. and a solution of 

4 N HCl in 1,4–dioxane (2.0 mL) and ethylene glycol (1.0 mL) were added. The solution 

was stirred for 2 h at 130 °C. After workup with 1 N NaOH (aq.), the product was purified 

by flash chromatography using a gradient of 15–40% EtOAc in hexanes, furnishing 0.095 g 

(40% yield) of desired product 7d as a brown solid (MP = 85–87 °C); 1H NMR (400 MHz, 

CDCl3) δ 8.76 (d, J = 2.14 Hz,1 H), 8.09 (t, J = 1.72 Hz, 1 H), 7.92 (dt, J = 7.85, 1.47 Hz, 1 

H), 7.86 (dd, J = 8.19, 2.21 Hz, 1 H), 7.72 (dd, J = 8.05, 0.85 Hz, 1 H), 7.59 (d, J = 7.70 Hz, 

1 H), 7.46 (t, J = 7.74 Hz, 1 H), 7.39 (d, J = 8.69 Hz, 2 H), 6.98 (d, J = 8.71 Hz, 2 H), 5.89 

(s, 1 H), 5.09 (t, J = 7.10 Hz, 1 H), 4.36 (bs, 1 H), 4.15–4.04 (m, 4 H); 13C NMR{1H} (126 

MHz, CDCl3) δ 158.0, 149.2, 148.2, 139.0, 136.5, 135.5, 132.5, 132.4, 128.9, 128.6, 127.8, 

126.8, 123.6, 122.6 (t, J = 273.01 Hz), 120.8, 118.9, 102.0, 74.1 (t, J = 31.69 Hz), 65.6; 19F 

NMR (376 MHz, CDCl3) δ −81.75 (t, J = 5.71 Hz, 2 F); IR (film) 3054, 2890, 1726, 1602, 

1570, 1485, 1413, 1357, 1264, 1252, 1202, 1145, 1067, 1027, 1012, 983, 942, 908, 841, 

796, 735, 703, 650, 579, 494 cm−1; HRMS (ESI+) m/z: [M+H]+ Calcd for C22H19BrF2NO4 

478.0466; found 478.0448, 3.8 ppm.

2-(4-bromophenoxy)-1-(dibenzo[b,d]thiophen-4-yl)-2,2-difluoroethan-1-ol (7e)
—Following General Procedure B, 0.123 g (0.500 mmol) of compound 6e was reacted with 

0.260 g (1.50 mmol) of 4-bromophenol in the presence of 0.026 g (0.100 mmol) of 

Co(acac)2 at 110 °C for 48 h. After workup with 1 N NaOH (aq.), the product was purified 

by flash chromatography using a gradient of 5–20% EtOAc in hexanes, furnishing 0.125 g 

(57% yield) of desired product 7e as a pale yellow oil; 1H NMR (400 MHz, CDCl3) δ 8.16 

(ddd, J = 7.05, 3.87, 1.88 Hz, 2 H), 7.86–7.84 (m, 1 H), 7.72 (d, J = 7.45 Hz, 1 H), 7.53–7.46 
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(m, 3 H), 7.40–7.38 (m, 2 H), 7.00 (d, J = 8.59 Hz, 2 H), 5.45 (td, J = 7.07, 2.82 Hz, 1 H), 

3.20 (d, J = 3.92 Hz, 1 H); 13C NMR{1H} (126 MHz, CDCl3) δ 149.0 (d, J = 3.01 Hz), 

139.5, 139.2, 136.4, 135.3, 132.5, 129.9, 127.1, 126.2, 124.7, 124.6, 123.4, 122.7, 122.3, 

121.7, 118.9, 73.7 (t, J = 32.23 Hz); 19F NMR (376 MHz, CDCl3) δ −81.01 (dd, J = 139.12, 

6.75 Hz, 1 F), −81.76 (dd, J = 139.29, 7.33 Hz, 1 F); IR (film) 3412, 3064, 2922, 1888, 

1762, 1583, 1550, 1525, 1484, 1444, 1401, 1342, 1276, 1250, 1196, 1147, 1111, 1099, 

1066, 1038, 1021, 1012, 938, 904, 827, 793, 750, 706, 688, 646, 627, 577, 556, 492 cm−1; 

HRMS (ESI−) m/z: [M+Cl]− Calcd for C20H13BrF2O2SCl 468.9476; found 468.9471, 1.1 

ppm.

Experimental Procedures and Characterization of Compounds in Table 4:

2,2-difluoro-2-(4-nitrophenoxy)-1-(3,4,5-trimethoxyphenyl)ethan-1-ol (9a)—
Following General Procedure B, 0.115 g (0.500 mmol) of compound 1 was reacted with 

0.209 g (1.50 mmol) of 4-nitrophenol in the presence of 0.013 g (0.050 mmol) of Co(acac)2 

at 100 °C for 24 h. After workup with 1 N NaOH (aq.), the product was purified by flash 

chromatography using a gradient of 15–40% EtOAc in hexanes, furnishing 0.107 g (56% 

yield) of desired product 9a as an yellow solid (MP = 133–135 °C); 1H NMR (400 MHz, 

CDCl3) δ 8.23 (d, J = 9.19 Hz, 2 H), 7.30 (d, J = 9.27 Hz, 2 H), 6.77 (s, 2 H), 5.07 (td, J = 

7.19, 4.02 Hz, 1 H), 3.89 (s, 6 H), 3.87 (s, 3 H), 2.73 (d, J = 4.03 Hz); 13C NMR{1H} (126 

MHz, CDCl3) δ 155.0 (d, J = 1.57 Hz), 153.4, 145.2, 138.9 (d, J = 1.59 Hz), 130.3, 125.5, 

122.6 (t, J = 275.02 Hz), 121.5 (d, J = 1.64 Hz), 105.0, 74.4 (t, J = 31.34 Hz), 61.0, 56.4; 19F 

NMR (376 MHz, CDCl3) δ −82.02 (dd, J = 139.86, 7.08 Hz, 1 F), −82.44 (dd, J = 139.86, 

7.43 Hz, 1 F); IR (film) 3460, 2925, 1594, 1524, 1492, 1463, 1423, 1348, 1326, 1254, 1129, 

1004, 856, 749, 707 cm−1; HRMS (ESI−) m/z: [M+Na]− Calcd for C17H17F2NO7Na 

408.0871; found 408.0874, 0.7 ppm.

4-(1,1-difluoro-2-hydroxy-2-(3,4,5-trimethoxyphenyl)ethoxy)benzonitrile (9b)—
Following General Procedure B, 0.115 g (0.500 mmol) of compound 1 was reacted with 

0.179 g (1.50 mmol) of 4-hydroxybenzonitrile in the presence of 0.013 g (0.050 mmol) of 

Co(acac)2 at 100 °C for 24 h. After workup with sat. Na2CO3 (aq.), the product was purified 

by flash chromatography using a gradient of 10–40% EtOAc in hexanes, furnishing 0.138 g 

(82% yield) of desired product 9b as a pale yellow solid (MP = 39–42 °C); 1H NMR (400 

MHz, CDCl3) δ 7.65 (d, J = 8.77 Hz, 2 H), 7.26 (d, J = 8.80 Hz, 2 H), 6.77 (s, 2 H), 5.06 (td, 

J = 7.22, 4.04 Hz, 1 H), 3.89 (s, 6 H), 3.87 (s, 3 H), 2.67 (d, J = 4.05 Hz); 13C NMR{1H} 

(126 MHz, CDCl3) δ 153.5, 153.3, 138.8, 133.9, 130.4, 122.6 (t, J = 274.84 Hz), 122.0, 

118.2, 109.6, 105.0, 74.5 (t, J = 31.07 Hz), 61.0, 56.4; 19F NMR (376 MHz, CDCl3) δ 
−82.13 (d, J = 3.66 Hz, 1 F), −82.15 (d, J = 3.53 Hz, 1 F); IR (film) 3456, 2938, 2841, 2231, 

1594, 1503, 1462, 1422, 1326, 1298, 1252, 1236, 1126, 1074, 1004, 922, 843, 809, 790, 

768, 733, 702, 661, 640, 548, 465 cm−1; HRMS (ESI+) m/z: [M+K]+ Calcd for 

C18H17BrF2NO5K 404.0712; found 404.0717, 1.2 ppm.

2-(2,4-dichlorophenoxy)-2,2-difluoro-1-(3,4,5-trimethoxyphenyl)ethan-1-ol (9c)
—Following General Procedure B, 0.115 g (0.500 mmol) of compound 1 was reacted with 

0.245 g (1.50 mmol) of 2,4-dichlorophenol in the presence of 0.013 g (0.050 mmol) of 

Co(acac)2 at 110 °C for 24 h. After workup with 1 N NaOH (aq.), the product was purified 
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by flash chromatography using a gradient of 10–40% EtOAc in hexanes, furnishing 0.095 g 

(47% yield) of desired product 9c as a yellow oil; 1H NMR (400 MHz, CDCl3) δ 7.42 (d, J = 

2.43 Hz, 1 H), 7.28–7.25 (m ,1 H), 7.21 (dd, J = 8.81, 2.42 Hz, 1 H), 6.79 (s, 2 H), 5.09 (t, J 
= 7.27 Hz, 1 H), 3.88 (s, 6 H), 3.86 (s, 3 H), 2.89 (bs, 1 H); 13C NMR{1H} (126 MHz, 

CDCl3) δ 153.1, 144.7 (d, J = 1.88 Hz), 138.6, 131.6, 130.3, 130.2, 128.1, 127.8, 123.8 (t, J 
= 1.84 Hz), 122.6 (t, J = 275.45 Hz), 105.0, 74.4 (t, J = 30.98 Hz), 60.9, 56.2; 19F NMR (376 

MHz, CDCl3) δ −81.59 (dd, J = 138.37, 6.85 Hz, 1 F), −82.67 (dd, J = 138.48, 7.65 Hz, 1 

F); IR (film) 3444, 3081, 2940, 2839, 2251, 1594, 1508, 1475, 1463, 1422, 1384, 1325, 

1261, 1235, 1185, 1125, 1096, 1075, 1002, 910, 868, 841, 812, 791, 770, 734, 687, 663, 

632, 568, 530 cm−1; HRMS (ESI+) m/z: [M+K]+ Calcd for C17H16Cl2F2O5K 446.9980; 

found 446.9998, 4.0 ppm.

2-(3-chloro-2-fluorophenoxy)-2,2-difluoro-1-(3,4,5-trimethoxyphenyl)ethan-1-ol 
(9d)—Following General Procedure B, 0.115 g (0.500 mmol) of compound 1 was reacted 

with 0.156 mL (0.220 g, 1.50 mmol) of 3-chloro-4-fluorophenol in the presence of 0.013 g 

(0.050 mmol) of Co(acac)2 at 100 °C for 24 h. After workup with 1 N NaOH (aq.), the 

product was purified by flash chromatography using a gradient of 10–40% EtOAc in 

hexanes, furnishing 0.132 g (67% yield) of desired product 9d as a pale solid (MP = 115–

117 °C); 1H NMR (400 MHz, CDCl3) δ 7.23 (ddd, J = 8.08, 6.36, 1.61 Hz, 1 H), 7.18 (ddd, 

J = 8.52, 6.62, 1.30 Hz, 1 H), 7.01 (td, J = 8.26, 1.86 Hz, 1 H), 6.77 (s, 2 H), 5.07 (t, J = 7.23 

Hz, 1 H), 3.85 (s, 6 H), 3.84 (s, 3 H), 3.42 (bs, 1 H); 13C NMR{1H} (126 MHz, CDCl3) δ 
153.1, 138.3, 130.8, 127.7, 124.0 (d, J = 5.69 Hz), 122.6 (t, J = 276.48 Hz), 122.5, 122.4 (d, 

J = 15.56 Hz), 105.0, 74.2 (t, J = 31.07 Hz), 60.9, 56.2; 19F NMR (376 MHz, CDCl3) δ 
−81.90 (dt, J = 138.37, 6.47 Hz, 1 F), −82.46 (dt, J = 138.62, 6.16 Hz, 1 F), −130.23 (q, J = 

5.94 Hz, 1 F); IR (film) 3461, 2942, 2841, 2105, 1596, 1510, 1481, 1460, 1421, 1326, 1273, 

1230, 1186, 1124, 1098, 1074, 1002, 941, 912, 850, 819, 793, 762, 748, 737, 719, 698, 663, 

623, 591, 573, 528, 467 cm−1; HRMS (ESI+) m/z: [M+H]+ Calcd for C17H17ClF3O5 

393.0717; found 393.0734, 1.7 mmu.

2,2-difluoro-2-(3-iodophenoxy)-1-(3,4,5-trimethoxyphenyl)ethan-1-ol (9e)—
Following General Procedure B, 0.115 g (0.500 mmol) of compound 1 was reacted in the 

dark with 0.330 g (1.50 mmol) of 3-iodophenol in the presence of 0.013 g (0.050 mmol) of 

Co(acac)2 at 110 °C for 24 h. After workup with 1 N NaOH (aq.), the product was purified 

by flash chromatography using a gradient of 10–35% EtOAc in hexanes, furnishing 0.156 g 

(67% yield) of desired product 9e as a pale solid (MP = 123–126 °C); 1H NMR (400 MHz, 

CDCl3) δ 7.56 (dt, J = 7.82, 1.28 Hz, 1 H), 7.51 (t, J = 1.90 Hz, 1 H), 7.13 (ddd, J = 8.34, 

2.23, 1.03 Hz, 1 H), 7.06 (t, J = 8.00 Hz, 1 H), 6.77 (s, 2 H), 5.02 (td, J = 7.14, 3.90 Hz, 1 

H), 3.89 (s, 6 H), 3.87 (s, 3 H), 2.67 (d, J = 3.26 Hz, 1 H); 13C NMR{1H} (126 MHz, 

CDCl3) δ 153.3, 150.3 (t, J = 2.14 Hz), 135.1, 131.0, 130.9, 130.6, 122.5 (t J = 272.99 Hz), 

121.2, 105.0, 93.7, 74.4 (t, J = 31.16 Hz), 61.0, 56.4; 19F NMR (376 MHz, CDCl3) δ −81.89 

(ddd, J = 141.02, 7.26, 7.02 Hz, 2 F); IR (film) 3448, 2936, 1580, 1508, 1500, 1466, 1422, 

1336, 1326, 1238, 1129, 997, 845, 758, 706 cm−1; HRMS (ESI−) m/z: [M+Cl]− Calcd for 

C17H17F2IO5Cl 500.9777; found 500.9782, 1.0 ppm.
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2-(4-(2-bromoethyl)phenoxy)-2,2-difluoro-1-(3,4,5-trimethoxyphenyl)ethan-1-ol 
(9f)—Following General Procedure B, 0.115 g (0.500 mmol) of compound 1 was reacted 

with 0.302 g (1.50 mmol) of 4(2-bromoethyl)phenol in the presence of 0.026 g (0.10 mmol) 

of Co(acac)2 at 100 °C for 48 h. After workup with 1 N NaOH (aq.), the product was 

purified by flash chromatography using a gradient of 10–45% EtOAc in hexanes, furnishing 

0.162 g (69% yield) of desired product 9f as a red oil; 1H NMR (400 MHz, CDCl3) δ 7.16 

(d, J = 8.56 Hz, 2 H), 7.08 (d, J = 8.21 Hz, 2 H), 6.77 (s, 2 H), 5.02 (td, J = 7.24, 3.11 Hz, 1 

H), 3.86 (s, 6 H), 3.85 (s, 3 H), 3.54 (t, J = 7.49 Hz, 2 H), 3.12 (t, J = 7.47 Hz, 2 H); 13C 

NMR{1H} (126 MHz, CDCl3) δ 153.2, 148.9 (t, J = 2.37 Hz), 138.5 (d, J = 1.63 Hz), 136.6, 

130.9, 129.8, 122.5 (t, J = 271.38 Hz), 121.9, 105.0, 74.4 (t, J = 31.77 Hz), 61.0, 56.3, 38.7, 

32.9; 19F NMR (376 MHz, CDCl3) δ −81.56 (dd, J = 141.41, 7.45 Hz, 1 F), −81.99 (dd, J = 

141.40, 7.81 Hz, 1 F); IR (film) 3446, 2939, 2839, 2250, 1758, 1593, 1507, 1462, 1421, 

1325, 1235, 1200, 1125, 1064, 1019, 1002, 910, 831, 809, 764, 751, 731, 697, 646, 551, 531 

cm−1; HRMS (ESI−) m/z: [M+Cl]− Calcd for C19H21BrF2O5Cl 481.0229; found 481.0247, 

3.7 ppm.

N-(4-(1,1-difluoro-2-hydroxy-2-(3,4,5-trimethoxyphenyl)ethoxy)phenyl)-4-
methylbenzenesulfonamide (9g)—Following General Procedure B, 0.115 g (0.500 

mmol) of compound 1 was reacted with 0.395 g (1.50 mmol) of N-(4-hydroxyphenyl)-4-

methylbenzenesulfonamide in the presence of 0.026 g (0.10 mmol) of Co(acac)2 at 120 °C 

for 24 h. The product was purified without workup by flash chromatography using a gradient 

of 20–60% EtOAc in hexanes, furnishing 0.134 g (53% yield) of desired product 9g as an 

orange solid (MP = 72–75 °C); 1H NMR (400 MHz, CDCl3) δ 7.61 (d, J = 8.27 Hz, 2 H), 

7.19 (d, J = 7.78 Hz, 2 H), 7.16 (bs, 1 H), 7.02–6.96 (m, 4 H), 6.74 (s, 2 H), 4.98 (t, J = 6.94 

Hz, 1 H), 3.84 (s, 9 H), 3.10 (bs, 1 H), 2.35 (s, 3 H); 13C NMR {1H} (126 MHz, CDCl3) δ 
153.1, 147.4 (d, J = 1.85 Hz), 144.2, 138.4, 135.9, 134.2, 131.0, 129.8, 127.3, 123.0, 122.6, 

122.4 (t, J = 271.93 Hz), 105.0, 74.4 (t, J = 31.91 Hz), 61.0, 56.3, 21.6; 19F NMR (376 MHz, 

CDCl3) δ −84.19 (dd, J = 141.15, 5.92 Hz, 1 F), −84.73 (dd, J = 141.11, 7.18 Hz, 1 F); IR 

(film) 3468, 3247, 2941, 2840, 2253, 1595, 1505, 1462, 1423, 1398, 1326, 1299, 1275, 

1253, 1234, 1201, 1186, 1153, 1126, 1090, 1068, 1018, 1001, 909, 845, 814, 798, 765, 729, 

706, 694, 663, 582, 565, 547, 511 cm−1; HRMS (ESI+) m/z: [M+Na]+ Calcd for 

C24H25F2NO7SNa 532.1218; found 532.1227, 1.7 ppm.

2-([1,1′-biphenyl]-4-yloxy)-2,2-difluoro-1-(3,4,5-trimethoxyphenyl)ethan-1-ol 
(9h)—Following General Procedure B, 0.115 g (0.500 mmol) of compound 1 was reacted 

with 0.255 g (1.50 mmol) of 4-phenylphenol in the presence of 0.013 g (0.050 mmol) of 

Co(acac)2 at 110 °C for 24 h. After workup with 1 N NaOH (aq.), the product was purified 

by flash chromatography using a gradient of 5–40% EtOAc in hexanes, furnishing 0.157 g 

(75% yield) of desired product 9h as a pale yellow solid (MP = 54–56 °C); 1H NMR (400 

MHz, CDCl3) δ 7.55 (d, J = 8.54 Hz, 4 H), 7.43 (t, J = 7.50 Hz, 2 H), 7.37–7.33 (m, 1 H), 

7.22 (dd, J = 8.65, 0.91 Hz, 2 H), 6.81 (s, 2 H), 5.06 (td, J = 7.09, 3.94 Hz, 1 H), 3.90 (s, 6 

H), 3.88 (s, 3 H), 2.90 (d, J = 4.01 Hz, 1 H); 13C NMR{1H} (126 MHz, CDCl3) δ 153.2, 

149.4, 140.3, 139.1, 138.5, 131.0, 129.0, 128.2, 127.5, 127.2, 122.6 (t, J = 272.36 Hz), 

122.0, 105.1, 74.6 (t, J = 31.88 Hz), 61.0, 56.3; 19F NMR (376 MHz, CDCl3) δ −81.48 (dd, 

J = 141.06, 6.88 Hz, 1 F), −81.99 (dd, J = 141.05, 7.20 Hz, 1 F); IR (film) 3443, 2939, 2838, 
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2251, 1903, 1594, 1509, 1486, 1462, 1421, 1325, 1289, 1235, 1184, 1125, 1064, 1008, 909, 

842, 807, 758, 730, 698, 651, 551, 531, 500 cm−1; HRMS (ESI+) m/z: Calcd for 

C23H22F2O5Na [M+Na]+ 439.1333; found 439.1344, 2.5 ppm.

2,2-difluoro-2-phenoxy-1-(3,4,5-trimethoxyphenyl)ethan-1-ol (9i)—Following 

General Procedure B, 0.115 g (0.500 mmol) of compound 1 was reacted with 0.141 g (1.50 

mmol) of phenol in the presence of 0.013 g (0.050 mmol) of Co(acac)2 at 100 °C for 36 h. 

After workup with 1 N NaOH (aq.), the product was purified by flash chromatography using 

a gradient of 15–40% EtOAc in hexanes, furnishing 0.106 g (62% yield) of desired product 

9i as an off-white solid (MP = 100–101 °C); 1H NMR (400 MHz, CDCl3) δ 7.32 (dd, J = 

8.53, 7.23 Hz, 2 H), 7.20 (t, J = 7.42 Hz, 1 H), 7.14 (d, J = 7.18 Hz, 2 H), 6.78 (s, 2 H), 5.03 

(ddd, J = 9.10, 6.73, 2.85 Hz, 1 H), 3.87 (s, 6 H), 3.86 (s, 3 H), 3.07 (d, J = 3.91 Hz, 1 H); 
13C NMR{1H} (126 MHz, CDCl3) δ 153.1, 150.0, 138.4, 131.1, 129.5, 125.8, 122.5 (t, J = 

271.92 Hz), 121.7, 105.0, 74.5 (t, J = 31.90 Hz), 61.0, 58.2; 19F NMR (376 MHz, CDCl3) δ 
−81.49 (dd, J = 141.10, 6.77 Hz, 1 F), −81.97 (dd, J = 141.10, 7.31 Hz, 1 F); IR (film) 3442, 

2940, 2839, 1771, 1592, 1508, 1491, 1462, 1422, 1325, 1291, 1235, 1194, 1125, 1078, 

1062, 1026, 1003, 921, 898, 839, 787, 754, 732, 702, 690, 660, 558, 530, 485 cm−1; HRMS 

(ESI+) m/z: [M+H]+ Calcd for C17H19F2O5 341.1201; found 341.1195, 1.8 ppm.

2,2-difluoro-2-(o-tolyloxy)-1-(3,4,5-trimethoxyphenyl)ethan-1-ol (9j)—Following 

General Procedure B, 0.115 g (0.500 mmol) of compound 1 was reacted with 0.16 mL (1.50 

mmol) of o-cresol in the presence of 0.026 g (0.100 mmol) of Co(acac)2 at 110 °C for 48 h. 

After workup with 1 N NaOH (aq.), the product was purified by flash chromatography using 

a gradient of 5–25% EtOAc in hexanes, furnishing 0.089 g (50% yield) of desired product 9j 
as an orange oil; 1H NMR (400 MHz, CDCl3) δ 7.21–7.07 (m, 4 H), 6.80 (s, 2 H), 5.07 (dd, 

J = 7.79, 5.83 Hz, 1 H), 3.88 (s, 6 H), 3.86 (s, 3 H), 2.93 (bs, 1 H), 2.05 (s, 3 H); 13C 

NMR{1H} (126 MHz, CDCl3) δ 153.2, 148.4 (d, J = 2.00 Hz), 138.6, 131.30, 131.25, 

131.18, 126.8, 125.9, 122.7 (t, J = 271.11 Hz), 122.0 (d, J = 1.66 Hz), 105.1, 74.7 (t, J = 

31.83 Hz), 61.0, 56.3, 16.3; 19F NMR (376 MHz, CDCl3) δ −80.33 (dd, J = 141.28, 5.87 Hz, 

1 F), −82.40 (dd, J = 141.25, 7.82 Hz, 1 F); IR (film) 3445, 2939, 2839, 1594, 1507, 1492, 

1461, 1421, 1325, 1251, 1234, 1178, 1125, 1062, 1003, 922, 844, 819, 787, 745, 712, 694, 

660, 559, 527 cm−1; HRMS (ESI+) m/z: [M+Na]+ Calcd for C18H20F2O5Na 377.1177; 

found 377.1179, 0.5 ppm.

2,2-difluoro-2-(2-isopropylphenoxy)-1-(3,4,5-trimethoxyphenyl)ethan-1-ol (9k)
—Following General Procedure B, 0.115 g (0.500 mmol) of compound 1 was reacted with 

0.21 mL (0.204 g, 1.50 mmol) of 2-isopropylphenol in the presence of 0.026 g (0.10 mmol) 

of Co(acac)2 at 110 °C for 48 h. After workup 1 N NaOH (aq.), the product was purified by 

flash chromatography using a gradient of 5–35% EtOAc in hexanes, furnishing 0.080 g 

(42% yield) of desired product 9k as a black solid; 1H NMR (400 MHz, CDCl3) δ 7.24 (dt, J 
= 7.74, 2.51 Hz, 2 H), 7.15 (ddd, J = 8.03, 5.34, 2.08 Hz, 2 H), 6.81 (s, 2 H), 5.09 (dt, J = 

8.66, 4.45 Hz, 1 H), 3.87 (s, 6 H), 3.86 (s, 3 H), 2.82 (p, J = 6.92 Hz, 1 H), 2.74 (d, J = 3.95 

Hz, 1 H), 1.03 (dd, J = 6.92, 1.01 Hz, 6 H); 13C NMR{1H} (126 MHz, CDCl3) δ 153.3, 

147.1 (d, J = 2.01 Hz), 141.5, 138.6, 131.2 (d, J = 1.87 Hz), 126.7, 126.6, 126.2, 122.7 (dd, J 
= 271.38, 2.53 Hz), 121.8, 105.1, 74.9 (dd, J = 32.84, 30.16 Hz), 61.0, 56.3, 26.4, 23.1 (d, J 
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= 16.51 Hz); 19F NMR (376 MHz, CDCl3) δ −79.34 (dd, J = 140.88, 4.75 Hz, 1 F), −83.16 

(dd, J = 140.73, 8.56 Hz, 1 F); IR (film) 3452, 2964, 2840, 1595, 1508, 1488, 1461, 1422, 

1385, 1363, 1325, 1275, 1250, 1234, 1179, 1126, 1084, 1060, 1033, 1004, 910, 836, 812, 

785, 754, 732, 698, 661, 573, 530, 473 cm−1; HRMS (ESI−) m/z: [M+Cl]− Calcd for 

C20H24F2O5Cl 417.1280; found 417.1280, 0.0 ppm.

2-([1,1′-biphenyl]-2-yloxy)-2,2-difluoro-1-(3,4,5-trimethoxyphenyl)ethan-1-ol 
(9l)—Following General Procedure B, 0.115 g (0.500 mmol) of compound 1 was reacted 

with 0.255 g (1.50 mmol) of 2-phenylphenol in the presence of 0.026 g (0.10 mmol) of 

Co(acac)2 at 110 °C for 48 h. After workup with 1 N NaOH (aq.), the product was purified 

by flash chromatography using a gradient of 5–40% EtOAc in hexanes, furnishing 0.141 g 

(68% yield) of desired product 9l as a pale yellow solid (MP = 42 °C); 1H NMR (400 MHz, 

CDCl3) δ 7.42–7.31 (m, 8 H), 7.29 (dd, J = 7.31, 1.53 Hz, 1 H), 6.56 (s, 2 H), 4.82 (td, J = 

7.11, 4.18 Hz, 1 H), 3.85 (s, 3 H), 3.78 (s, 6 H), 2.32 (d, J = 4.17 Hz, 1 H); 13C NMR{1H} 

(126 MHz, CDCl3) δ 153.0, 147.0, 138.3, 137.8, 135.2, 131.3, 130.8, 129.3, 129.1, 128.5, 

128.3, 128.1, 127.4, 125.9, 125.4, 122.6 (t, J = 273.57 Hz), 121.9, 104.9, 74.5 (t, J = 31.33 

Hz), 60.9, 56.1; 19F NMR (376 MHz, CDCl3) δ −80.71 (dd, J = 139.63, 7.17 Hz, 1 F), 

−81.67 (dd, J = 139.53, 7.09 Hz, 1 F); IR (film) 3454, 3059, 2940, 2838, 1595, 1506, 1479, 

1463, 1422, 1325, 1264, 1236, 1189, 1127, 1070, 1009, 910, 838, 774, 736, 700, 661, 613, 

566, 530, 474 cm−1; HRMS (ESI+) m/z: [M+K]+ Calcd for C23H22F2O5K 455.1072; found 

455.1076, 0.9 ppm.
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Figure 1: 
Representative Reactions of gem-Difluoroalkenes.
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Figure 2: 
Proposed Co-Initiated Radical Chain Reaction
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Figure 3: 
10 K EPR Analysis of Co Catalytic Center. Reaction Conditions: [A] Co(acac)2 (1.0 equiv., 

0.10 mmol) was stirred in 0.40 mL of DCB at 90 °C in Ar for 15 min. A 100 μL sample was 

quenched in N2(l) (left). Then Ar was exchanged for O2 and reacted at 90 °C for 2 h. A 100 

μL sample was quenched in N2(l) (right). [B] 4a (1.0 equiv., 0.10 mmol) was reacted with 

Co(acac)2 (1.0 equiv., 0.10 mmol) in 0.40 mL of DCB at 90 °C in Ar for 15 min. A 100 μL 

sample was quenched in N2(l) (left). Then Ar was exchanged for O2 and reacted at 90 °C for 

2 h. A 100 μL sample was quenched in N2(l) (right). [C] 2 (3.0 equiv., 0.30 mmol) was 

stirred in the presence of Co(acac)2 (1.0 equiv., 0.10 mmol) in 0.40 mL of DCB at 90 °C in 

Ar for 15 min. A 100 μL sample was quenched in N2(l) (left). Then Ar was exchanged for O2 

and reacted at 90 °C for 2 h. A 100 μL sample was quenched in N2(l) a (right). [D] 4a (1.0 

equiv., 0.10 mmol) was reacted with 2 (3.0 equiv., 0.30 mmol) in the presence of Co(acac)2 

(0.10 equiv., 0.010 mmol) in 0.40 mL of DCB at 90 °C in Ar for 15 min. A 100 μL sample 

was quenched in N2(l) (left). Then Ar was exchanged for O2 and reacted at 90 °C for 2 h. A 

100 μL sample was quenched in N2(l) (right). [E] Calculated spectra using the EasySpin 

toolbox from Matlab27 for Co(acac)2(EtOH)2.28
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Figure 4: 
Room Temperature EPR Analysis of Radicals by Spin Trapping with BMPO. Reaction 

Conditions: Co(acac)2 (1.0 equiv., 0.10 mmol), 2 (3.0 equiv., 0.30 mmol) in 0.80 mL DCB, 

90 °C, for 15 min under an Ar atmosphere, followed by the gas exchange of Ar for O2, 

heated at 90 °C for 15 min, followed by quenching with a solution of BMPO.
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Table 1:

Optimization of Selective Dioxygenation of Difluoroalkenes 
[a]

Entry Additive Atmosphere Conv.
[b]

3
[b]

4
[b]

1 – O2 92 41 31

2 MnO2 Air 100 0 0

3 K2S2O8 Air 79 8 0

4 NMO Air 33 0 0

5 Oxone Air 63 0 0

6 Pd(OAc)2 O2 95 38 26

7 FeCl3 O2 96 38 23

8 CuCl O2 96 24 23

9 AgNO3 O2 95 32 27

10 [Ir(cod)Cl]2 O2 74 30 22

11 RhCl3–H2O O2 94 46 29

12 Co(acac)2 O2 94 74 13

13
[c] Co2(CO)8 O2 96 8 13

14
[c] Co(PPh3)3Cl O2 93 39 28

15
[c] Co(acac)3 O2 95 65 6

16
[c] CoS2 O2 87 5 8

17[c,d] Co(acac)2 O2 100 71
[e] 3

[a]
Standard conditions: 1 (1.0 equiv., 0.10 mmol), 2 (3 equiv., 0.30 mmol), DCB (0.25 M, 0.40 mL), TBD (10 mol%, 0.010 mmol), 100 °C, 18 h.

[b]
As determined by 19F NMR analysis of the crude reaction mixture using α,α,α-trifluorotoluene (TFT) as a standard (10 μL).

[c]
In the absence of TBD.

[d]
110 °C, 24 h.

[e]
isolated yield.
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Table 2:

Scope of β,β-Difluorostyrenes
[a]

[a]
Standard conditions: 4a–n (1.0 equiv., 0.50 mmol), 2 (3.0 equiv., 1.5 mmol), DCB (0.25 M, 2.0 mL), Co(acac)2 (10 mol%, 0.050 mmol), 

temperature as indicated, for 24 h under an O2 atmosphere. The selectivity of alcohol:ketone was determined by 19F NMR analysis of the crude 

reaction mixture and is reported in parentheses. Yields of pure isolated product represent the average of 2 runs.
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[b]
Co(acac)2 (20 mol%, 0.10 mmol).

[c]
1 (1.0 equiv., 1.50 mmol), 2 (3.0 equiv., 4.5 mmol), DCB (0.25 M, 6.0 mL), Co(acac)2 (10 mol%, 0.150 mmol)

[d]
48 h.
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Table 3:

Scope of Heteroaryl β,β-Difluorostyrenes
[a]

[a]
Standard conditions: 6a–e (1.0 equiv., 0.50 mmol), 2 (3.0 equiv., 1.5 mmol), DCB (0.25 M, 2.0 mL), Co(acac)2 (10 mol%, 0.050 mmol), 

temperature as indicated, for 24 h under an O2 atmosphere. The selectivity of alcohol:ketone was determined by 19F NMR analysis of the crude 

reaction mixture and is reported in parentheses. Yields of pure isolated product represent the average of 2 runs.

[b]
Co(acac)2 (20 mol%, 0.10 mmol).

[c]
36 h.

[d]
48 h, worked up with 4 N HCl/1,4-dioxane and ethylene glycol.
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Table 4:

Scope of Phenol Nucleophiles
[a]

[a]
Standard conditions: 1 (1.0 equiv., 0.50 mmol), 8a–j (3.0 equiv., 1.5 mmol), DCB (0.25 M, 2.0 mL), Co(acac)2 (10 mol%, 0.050 mmol), 

temperature as indicated, for 24 h under an O2 atmosphere. The selectivity of alcohol:ketone was determined by 19F NMR analysis of the crude 

reaction mixture and is reported in parentheses. Yields of pure isolated product represent the average of 2 runs.
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[b]
Co(acac)2 (20%, 0.10 mmol).

[c]
36 h.

[d]
48 h.
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Table 5:

Reaction in the Absence of O2
[a]

Co 4a Conv. 5a Yield 6a Yield

Co(acac)2 40% 0% 0%

Co(acac)3 40% 0% 0%

[a]
Standard conditions: 4a (1.0 equiv., 0.1 mmol), 2 (3.0 equiv., 0.30 mmol), DCB (0.25 M, 0.40 mL), Co(acac)n (0.10 equiv., 0.010 mmol), 90 °C, 

for 24 h under an Ar atmosphere. The conversion of 4a and formation of 5a or 6a was determined by 19F NMR analysis standardized with 10 μL 
(0.080 mmol) of TFT.
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