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Abstract

Difluoromethylene-containing compounds have attracted substantial research interest over the past 

decades for their ability to mimic biological functions of traditional functional groups while 

providing a wide variety of pharmacological benefits bestowed by the C–F bond. We report a 

novel strategy to access RCF2Br-containing heterocycles by regio- and enantioselective 

bromocyclization of difluoroalkenes enabled by chiral anion phase-transfer catalysis. The utility of 

this methodology was highlighted through a synthesis of an analogue of efavirenz, a drug used for 

treating HIV. Additionally, the synthetic versatility of the CF2Br intermediates was showcased 

through functionalization to a variety of enantioenriched α,α-difluoromethylene-containing 

products.
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INTRODUCTION

The difluoromethylene unit (RCF2R′/RCF2H) can confer a variety of unique 

pharmacological properties to drug molecules, in addition to the benefits typically associated 

with fluorinated functional groups, such as increased lipophilicity, oxidative stability, and 

modulated bioavailability.1 In a medicinal chemistry setting, the CF2 moiety acts as a 

lipophilic mimic for polar functional groups, such as carbonyls and sulfonyls,2 and as a 

replacement for a single oxygen atom in phosphates,3 sulfates,4 and aryl ethers.5 Uniquely, 

the difluoromethyl group (RCF2H) has been shown to be a lipophilic hydrogen bond donor 

because of the high polarization of the C–H bond,6 allowing it to act as a bioisostere of 

alcohols and thiols.7 Despite the immense potential for difluoromethylene groups to mimic 

structural motifs conventionally used for molecular recognition, a survey of fluorine-

containing pharmaceuticals reveals relatively few difluoromethylene moieties.8 Traditional 

synthetic methods, such as difluorination of carbonyls or carbonyl surrogates (Figure 1A), 

feature harsh, acidic conditions where heterocycles and acid-sensitive functional groups are 

not well tolerated. More importantly, substitution at the α-position hinders reactivity and 

leads to carbocation rearrangement pathways,9 which precludes the applicability of these 

protocols to compounds with α-stereocenters.

As a result of these limitations, there has been increased efforts aimed at developing 

alternate retrosynthetic disconnections to access these difluoromethylene-containing 

stereocenters. The most developed approach is the enantioselective nucleophilic addition of 

difluorinated nucleophiles to carbonyl groups (Figure 1B).10,11 Although this method 

provides a viable entry to difluoromethylene-substituted secondary alcohols, it is limited to 

stabilized nucleophiles featuring a strongly electron-withdrawing group (e.g., carbonyl and 

sulfone), which restricts the products accessible using this strategy. A less commonly 

demonstrated variant of this disconnection is the asymmetric addition of a nucleophile into a 

difluorinated aldehyde, typically difluoroacetaldehyde.12 Although these strategies do 

provide access to difluoromethyland difluoromethylene-containing stereocenters, they are 

typically limited to the functionalization of aldehydes, limiting the applicability of this 

approach to trisubstituted stereocenters. As an alternative, the Jacobsen group recently 

reported the use of alkenes as precursors to difluoromethylated stereocenters through an aryl 

iodide-catalyzed enantioselective difluorination (Figure 1C).13

A complementary approach to these methods would be the enantioselective synthesis of a 

tetrasubstituted C(sp3)−CF2Br moiety, as the bromodifluoromethyl group would constitute a 

valuable handle for the synthesis of a wide variety of tetrasubstituted difluoromethylene-

containing stereocenters.14 Although the functionalization of RCF2Br compounds has been 

accomplished by a number of synthetic transformations (e.g., cross-coupling,15 reductive 
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1,2-addition,16 and photoredox activation),17 the dearth of methods for preparing 

C(sp3)−CF2Br motifs, especially in a general enantioselective manner, has limited the 

application of this strategy.

We posited that the enantioselective bromocyclization of readily accessible difluoroalkene-

containing compounds to the corresponding CF2Br group would enable a general approach 

for accessing tetrasubstituted difluoromethylene-containing stereocenters (Figure 1D). 

Herein, we demonstrate that a chiral anion phase-transfer (CAPT)18 strategy can be 

employed in a regio- and enantioselective bromocyclization of 1,1-difluoroalkenes, to access 

oxazoline- and oxazine-containing tetrasubstituted bromodifluoromethylated stereocenters.

RESULTS AND DISCUSSION

We began our investigation with an intramolecular amide as the nucleophilic component (1a, 

Scheme 1) to synthesize bromodifluoromethyl-containing oxazoline 2a. Compounds of this 

type are of particular interest, as they can be reduced to the corresponding acyclic amino 

alcohol in high yield and with retention of stereochemistry.19 Subjecting amide 1a to 

electrophilic bromination reagent [(DAB1)2Br](BF4)3, in the presence of 10 mol % (R)-

TRIP as the phase-transfer catalyst, provided the desired oxazoline in an unsatisfactory 19% 

yield and 30% ee (Scheme 1A). Additionally, we observed the formation of a significant 

amount of endo-cyclization product, 2a′, with a yield of 25% and 49% ee. The formation of 

endocyclization product, while initially surprising, is rationalized on the basis of fluorine’s 

ability to stabilize α-carbocations, which can be sufficient enough to invert Markovnikov 

selectivity.20

On the basis of recent results demonstrating the identity of the Lewis base and ion pairing 

with cations can influence reaction regioselectivity,21 we hypothesized that modification of 

the 1,4-diazabicyclo[2.2.2]octane (DABCO)nium reagent could provide a means to improve 

the regio- and enantioselectivity of the bromocyclization through cooperativity of the phase-

transfer catalyst/reagent ion pair (Scheme 1B). A variety of DABCOnium-based 

brominating reagents18e were tested to assess the impact of the halogen source on the regio- 

and enantioselectivity of cyclization products. Increasing the steric bulk of the DABCOnium 

reagent, by examination of [(DAB2)2Br](BF4)3 and [(DAB3)2Br](BF4)3, had a deleterious 

effect on the selectivity of the reaction, with both reagents providing the exo-cyclization 

adduct in lower regioand enantioselectivities. In the case of [(DAB3)2Br](BF4)3 as the 

achiral halogen source, the previously observed enantioselectivity was overridden and 2a 
was isolated in −25% ee.

Examination of electron-deficient arenes at the distal position of the DABCOnium-based 

brominating reagent proved to be more promising. Specifically, reagent [(DAB4)2Br](BF4)3, 

containing a perfluoro phenyl group, was able to provide the exo-cyclization product as the 

major regioisomer, with a yield of 26% and a promising 77% ee. Following this result, 

brominating reagent [(DAB5)2Br]-(BF4)3, which contains an additional electron-deficient 

arene, yielded the product in 49% yield with 91% ee. An increase in the reaction time to 48 

h resulted in full conversion of the starting material and provided 2a in an isolated yield of 

75% in good enantioselectivity (90% ee, Table 1).
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Initial investigation of the substrate scope of the reaction revealed that the yield and 

enantioselectivity were mostly unaffected by the steric and electronic nature of the 

nucleophile. Perturbing the electronics of the aryl ring of the amide via installation of 

electron-donating groups or para-fluorine (Table 1, entries 2a–2d) had little effect on the 

yield and enantioselectivity (58–75% yield, 89–90% ee). The introduction of a sterically 

large arene featuring an ortho-methyl group did not interfere with the reaction efficacy, 

providing the product in a similar 53% yield and 92% ee (entry 2e). Modification of the 

aromatic ring to introduce heterocycles such as thiophene and pyrimidine were also well 

tolerated (Table 1, entries 2f and 2i).

Alteration of the styrenal component proved to have more dramatic effects on the yield and 

enantioselectivity of the reaction. Replacement of Ar′ with naphthalene provided the 

product in 37% yield, with a high enantioselectivity of 90% ee (2g). Importantly, 

heterocycles were also well tolerated at the styrenal position, albeit with a slight reduction in 

enantioselectivity. Bromocyclization of N-Boc-indole-containing substrate 1j provided the 

product in 62% yield, with 76% ee. In the case of pyrazole substrate 1k, the product was 

isolated in 68% yield and a modest 60% ee. Similar results were seen with benzofuran 

substrate 1l, producing product 2l in 36% yield and 82% ee.

With the ability to overcome issues of competing 5-exo and 6-endo cyclization modes, this 

strategy was applied to the enantioselective synthesis of CF2Br-containing oxazines, a 

system presenting potential 6-exo and 7-endo cyclization modes. The heterocyclic core also 

bears a close structural relationship to efavirenz (Scheme 2), an antiretroviral used for 

treating HIV.22 This substrate class was amenable to a chiral anion phase-transfer strategy by 

using [(DAB3)2Br](BF4)3 as the electrophilic bromine source in combination with (R)-TRIP 

as the catalyst.

Under these conditions, 3a was effectively cyclized to bromodifluoromethyl oxazine 4a in 

80% yield and 96% ee (Table 2). Similar to the oxazoline class of substrates, this reaction 

was efficient regardless of the aromatic nucleophile explored (Table 2, entries 4a–4d), where 

electronic and steric changes provided the products in >75% yield with excellent 

enantioselectivities (>94% ee). Replacement of the aryl ring with an adamantyl group on the 

amide moiety resulted in 68% yield with a diminished 69% ee (entry 4e). Alteration of the 

alkyl component (R′) on the difluoroalkene also appeared to have little effect on the yield 

and enantioselectivity of the reaction (entries 4f, 4g, and 4i). Interestingly, incorporation of a 

terminal alkene within the alkyl fragment provided the product in 43% yield and similarly 

high ee of 93%, with no detected bromination of the terminal nonfluorinated alkene. 

Modification of the central core of the substrate had the most dramatic effect on the efficacy 

of the reaction, where dioxane-containing substrate 3j afforded oxazine 4j in 62% yield and 

73% ee, and the incorporation of pyridine as the aromatic core produced 4k in 41% yield 

and 61% ee.

The applicability of this methodology to the synthesis of pharmaceutically relevant targets 

was examined with the synthesis of a bromodefluoro efavirenz analogue (BDF-efavirenz). 

After slight adjustment of the reaction conditions, the bromocyclization of substrate 3m to 

4m was achieved with a 60% isolated yield and 99% ee on a 1.0 mmol scale (Scheme 2). 
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Treatment of this compound with NaBH3CN in acetic acid afforded PMB-protected amino 

alcohol 5, which closely resembles a key intermediate in Merck’s commercial synthesis of 

efavirenz.23 Subjecting this intermediate to the final two steps in the efavirenz synthesis 

provided access to BDF-efavirenz, in an overall yield of 59% over three steps from 4m.

To demonstrate the synthetic utility of the tetrasubstituted C(sp3)−CF2Br stereocenters, a 

diverse set of enantioenriched difluoromethylene-containing heterocycles were synthesized 

from the products of the enantioselective bromocyclization of difluoroalkenes (Scheme 3). 

Notably, enantioenriched difluor omethyl products 6a and 7a were easily accessed in high 

yields and fidelity of the stereocenter via Bu3SnH reduction of the in situ generated RCF2 

radicals. Alternatively, the difluoromethyl radical intermediate engaged in Keck radical 

allylation to produce difluoroallyl product 7b in 91% yield and 93% ee. The RCF2 radical of 

2a was also generated under photoredox conditions and intercepted by N-

isopropylacrylamide to generate amide-containing oxazoline 6b in 70% yield and 93% ee.

In addition to modification of the bromodifluoromethyl group under radical conditions with 

no loss of stereochemistry, orthogonal and complementary derivatization was achieved via 

anionic RCF2Li intermediates. Lithium-halogen exchange of 4a in the presence of ethyl 

chloroformate at −130 °C afforded difluoroester 7c in 56% yield and 95% ee.24 

Difluoroesters have been shown to be key intermediates in the synthesis of 18F-containing 

CF3 groups via decarboxylative fluorination.25 Similar anionic reactivity was found with the 

oxazoline class, showing competent interception with diethyl chlorophosphate, yielding 

difluorophosphonate 6c in 42% yield and no loss of stereochemistry. Difluorophosphonates 

have been shown to act as bioisosteres of phosphates, as the difluoromethylene group 

confers similar pKa properties to that of an oxygen linker, but cannot be hydrolyzed under 

biological conditions.3 The in situ generated RCF2Li species also reacted with 3-oxetanone 

to provide tertiary alcohol product 6d in 54% yield and 91% ee. Finally, oxazine 4m and 

oxazoline 2a were reduced to their corresponding benzyl-protected amino alcohols, which 

serve as valuable building blocks for organic synthesis.

In summary, we have developed an approach for synthesizing bromodifluoromethyled 

stereocenters from difluoroalkenes via an enantioselective bromocyclization strategy. This 

transformation was facilitated by chiral anion phase-transfer catalysis and featured a strong 

dependence of the achiral brominating reagent on a variety of observed selectivities. 

Enantioenriched bromodifluoro-containing heterocycles, including an efavirenz analogue, 

were synthesized using this approach. Importantly, further derivatization of the 

bromodifluoromethyl group provides access to cyclic and acyclic compounds bearing 

difluoromethylene- and difluoromethyl-containing tetrasubstituted stereocenters from a 

common precursor.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Miller et al. Page 5

J Am Chem Soc. Author manuscript; available in PMC 2021 May 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



ACKNOWLEDGMENTS

We gratefully acknowledge the National Institutes of Health (R35 GM118190) for financial support and the College 
of Chemistry CheXray (NIH Shared Instrumentation Grant S10-RR027172) for X-ray crystallographic data. We 
thank Dr. Hasan Celik and UC Berkeley’s NMR facility in the College of Chemistry (CoC-NMR) for spectroscopic 
assistance. Instruments in the CoC-NMR are supported in part by NIH S10OD024998. We also thank Dr. Richard 
Thornbury, Dr. Alec Christian, Banruo Huang, Dr. René Rahimoff, and Danny Thach for helpful discussions.

REFERENCES

(1). (a)Gillis EP; Eastman KJ; Hill MD; Donnelly DJ; Meanwell NA Applications of Fluorine in 
Medicinal Chemistry. J. Med. Chem 2015, 58, 8315–8359. [PubMed: 26200936] (b)Purser S; 
Moore PR; Swallow S; Gouverneur V Fluorine in Medicinal Chemistry. Chem. Soc. Rev 2008, 
37, 320–330. [PubMed: 18197348] (c)Hagmann WK The Many Roles for Fluorine in Medicinal 
Chemistry. J. Med. Chem 2008, 51, 4359–4369. [PubMed: 18570365] 

(2). (a)Dubowchik GM; Vrudhula VM; Dasgupta B; Ditta J; Chen T; Sheriff S; Sipman K; Witmer M; 
Tredup J; Vyas DM; Verdoorn TA; Bollini S; Vinitsky A 2-Aryl-2,2-difluoroacetamide FKBP12 
Ligands: Synthesis and X-ray Structural Studies. Org. Lett 2001, 3, 3987–3990. [PubMed: 
11735566] (b)Ye XM; Konradi AW; Smith J; Aubele DL; Garofalo AW; Marugg J; Neitzel ML; 
Semko CM; Sham HL; Sun M; Truong AP; Wu J; Zhang H; Goldbach E; Sauer J-M; Brigham 
EF; Bova M; Basi GS Discovery of a novel sulfonamide-pyrazolopiperidine series as potent and 
efficacious γ-secretase inhibitors (Part II). Bioorg. Med. Chem. Lett 2010, 20, 3502–3506. 
[PubMed: 20529683] (c)Meanwell NA Fluorine and Fluorinated Motifs in the Design and 
Application of Bioisosteres for Drug Design. J. Med. Chem 2018, 61, 5822–5880. [PubMed: 
29400967] 

(3). (a)Burke TR; Kole HK; Roller PP Potent inhibition of insulin receptor dephosphorylation by a 
hexamer peptide containing the phosphotyrosyl mimetic F2Pmp. Biochem. Biophys. Res. 
Commun 1994, 204, 129–134. [PubMed: 7524496] (b)Chambers R; O’Hagan D; Lamont RB; 
Jaina SC The Difluoromethylenephosphonate Moiety as a Phosphate Mimic: X-ray Structure of 
2-Amino-1,1-difluoroethylphosphonic acid. J. Chem. Soc., Chem. Commun 1990, 1053–1054.
(c)Combs AP Recent Advances in the Discovery of Competitive Protein Tyrosine Phosphatase 
1B Inhibitors for the Treatment of Diabetes, Obesity, and Cancer. J. Med. Chem 2010, 53, 2333–
2344. [PubMed: 20000419] (d)Ivanova MV; Bayle A; Besset T; Pannecoucke X; Poisson T New 
Prospects toward the Synthesis of Difluoromethylated Phosphate Mimics. Chem. - Eur. J 2016, 
22, 10284–10293. [PubMed: 27334601] 

(4). (a)Lapierre J; Ahmed V; Chen M-J; Ispahany M; Guillemette JG; Taylor SD The 
Difluoromethylene Group as a Replacement for the Labile Oxygen in Steroid Sulfates: A New 
Approach to Steroid Sulfatase Inhibitors. Bioorg. Med. Chem. Lett 2004, 14, 151–155. [PubMed: 
14684318] (b)Liu Y; Ahmed V; Hill B; Taylor SD Synthesis of a non-Hydrolyzable Estrone 
Sulfate Analogue Bearing the Difluoromethanesulfonamide Group and its Evaluation as a Steroid 
Sulfatase Inhibitor. Org. Biomol. Chem 2005, 3, 3329–3335. [PubMed: 16132094] 

(5). (a)Anderson MO; Zhang J; Liu Y; Yao C; Phuan P-W; Verkman AS Nanomolar Potency and 
Metabolically Stable Inhibitors of Kidney Urea Transporter UT-B. J. Med. Chem 2012, 55, 
5942–5950. [PubMed: 22694147] (b)Piotrowski DW; Futatsugi K; Warmus JS; Orr STM; 
Freeman-Cook KD; Londregan AT; Wei L; Jennings SM; Herr M; Coffey SB; Jiao W; Storer G; 
Hepworth D; Wang J; Lavergne SY; Chin JE; Hadcock JR; Brenner MB; Wolford AC; Janssen 
AM; Roush NS; Buxton J; Hinchey T; Kalgutkar AS; Sharma R; Flynn DA Identification of 
Tetrahydropyrido[4,3-d]pyrimidine Amides as a New Class of Orally Bioavailable TGR5 
Agonists. ACS Med. Chem. Lett 2013, 4, 63–68. [PubMed: 24900564] (c)Zhou Q; Ruffoni A; 
Gianatassio R; Fujiwara Y; Sella E; Shabat D; Baran PS Direct Synthesis of Fluorinated 
Heteroarylether Bioisosteres. Angew. Chem., Int. Ed 2013, 52, 3949–3952.

(6). (a)Erickson JA; McLoughlin JI Hydrogen Bond Donor Properties of the Difluoromethyl Group. J. 
Org. Chem 1995, 60, 1626–1631.(b)Sessler CD; Rahm M; Becker S; Goldberg JM; Wang F; 
Lippard SJ CF2H, a Hydrogen Bond Donor. J. Am. Chem. Soc 2017, 139, 9325–9332. [PubMed: 
28576078] (c)Zafrani Y; Yeffet D; Sod-Moriah G; Berliner A; Amir D; Marciano D; Gershonov 

Miller et al. Page 6

J Am Chem Soc. Author manuscript; available in PMC 2021 May 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



E; Saphier S Difluoromethyl Bioisostere: Examining the “Lipophilic Hydrogen Bond Donor” 
Concept. J. Med. Chem 2017, 60, 797–804. [PubMed: 28051859] 

(7). (a)Chowdhury MA; Abdellatif KRA; Dong Y; Das D; Suresh MR; Knaus E E Synthesis of 
Celecoxib Analogues Possessing a N-Difluoromethyl-1,2-dihydropyrid-2-one 5-Lipoxygenase 
Pharmacophore: Biological Evaluation as Dual Inhibitors of Cyclooxygenases and 5-
Lipoxygenase with Anti-Inflammatory Activity. J. Med. Chem 2009, 52, 1525–1529. [PubMed: 
19296694] (b)Xu Y; Qian L; Pontsler AV; McIntyre TM; Prestwich GD Synthesis of 
difluoromethyl substituted lysophosphatidic acid analogues. Tetrahedron 2004, 60, 43–49.
(c)Narjes F; Koehler KF; Koch U; Gerlach B; Colarusso S; Steinkühler C; Brunetti M; Altamura 
S; De Francesco R; Matassa VG A Designed P1 Cysteine Mimetic for Covalent and Non-
covalent Inhibitors of HCV NS3 Protease. Bioorg. Med. Chem. Lett 2002, 12, 701–704. 
[PubMed: 11844705] 

(8). Wang J; Sánchez-Roselló M; Aceña JL; del Pozo C;Sorochinsky AE; Fustero S; Soloshonok VA; 
Liu H Fluorine in Pharmaceutical Industry: Fluorine-Containing Drugs Introduced to the Market 
in the Last Decade (2001–2011). Chem. Rev 2014, 114, 2432–2506. [PubMed: 24299176] 

(9). (a)Tozer MJ; Herpin TF Methods for the synthesis of gemdifluoromethylene compounds. 
Tetrahedron 1996, 52, 8619–8683.(b)Middleton WJ New fluorinating reagents. 
Dialkylaminosulfur fluorides. J. Org. Chem 1975, 40, 574–578.

(10). (a)Zhu Y; Han J; Wang J; Shibata N; Sodeoka M; Soloshonok VA; Coelho JAS; Toste FD 
Modern Approaches to Asymmetric Construction of Carbon-Fluorine Quaternary Stereogenic 
Centers: Synthetic Challenges and Pharmaceutical Needs. Chem. Rev 2018, 118, 3887–3964. 
[PubMed: 29608052] (b)Yang X; Wu T; Phipps RJ; Toste FD Advances in Catalytic 
Enantioselective Fluorination, Mono-, Di-, and Trifluoromethylation, and 
Trifluoromethylthiolation Reactions. Chem. Rev 2015, 115, 826–870. [PubMed: 25337896] 
(c)Liu Y-L; Yu J-S; Zhou J Catalytic Asymmetric Construction of Stereogenic Carbon Centers 
that Feature a gem-Difluoroalkyl Group. Asian J. Org. Chem 2013, 2, 194–206.(d)For an 
example using noncarbonyl-based electrophiles, see: Gao X; Cheng R; Xiao Y-L; Wan X-L; 
Zhang X Copper-Catalyzed Highly Enantioselective Difluoroalkylation of Secondary Propargyl 
Sulfonates with Difluoroenoxysilanes. Chem 2019, 5, 2987–2999.

(11). (a)Ni C; Wang F; Hu J Enantioselective nucleophilic Difluoromethylation of Aromatic 
Aldehydes with Me3SiCF2SO2Ph and PhSO2CF2H Reagents Catalyzed by Chiral Quaternary 
Ammonium Salts Beilstein J. Org. Chem 2008, 4, 21.(b)Kashikura W; Mori K; Akiyama T 
Chiral Phosphoric Acid Catalyzed Enantioselective Synthesis of β-Amino-α,α-difluoro Carbonyl 
Compounds. Org. Lett 2011, 13, 1860–1863. [PubMed: 21391557] (c)Liu Y-L; Zhou J 
Organocatalytic Asymmetric Synthesis of 3-Difluoroalkyl 3-Hydroxyoxindoles. Chem. Commun 
2012, 48, 1919–1921.

(12). (a)Bandini M; Sinisi R; Umani-Ronchi A Enantioselective Organocatalyzed Henry Reaction with 
Fluoromethyl ketones. Chem. Commun 2008, 4360–4362.(b)Funabiki K; Nagamori M; Goushi 
S; Matsui M First Catalytic Asymmetric Synthesis of β-Amino-β-polyfluoroalkyl Ketones via 
Proline-Catalysed Direct Asymmetric Carbon-Carbon Bond Formation Reaction of 
Polyfluoroalkylated Aldimines. Chem. Commun 2004, 1928–1929.(c)Liu Y-L; Shi T-D; Zhou F; 
Zhao X-L; Wang X; Zhou J Organocatalytic Asymmetric Strecker Reaction of Di- and 
Trifluoromethyl Ketoi-mines. Remarkable Fluorine Effect. Org. Lett 2011, 13, 3826–3829. 
[PubMed: 21718056] 

(13). Banik SM; Medley JW; Jacobsen EN Catalytic Asymmetric Difluorination of Alkenes to 
Generate Difluoromethylated Stereocenters. Science 2016, 353, 51–54. [PubMed: 27365443] 

(14). Feng Z; Xiao Y-L; Zhang X Transition-Metal (Cu, Pd, Ni)-Catalyzed Difluoroalkylation via 
Cross-Coupling with Difluoroalkyl Halides. Acc. Chem. Res 2018, 51, 2264–2278. [PubMed: 
30132322] 

(15). (a)Xiao U-L; Min Q-Q; Xu C; Wang R-W; Zhang X Nickel-Catalyzed Difluoroalkylation of 
(Hetero)Arylborons with Unactivated 1-Bromo-1,1-difluoroalkanes. Angew. Chem., Int. Ed 
2016, 55, 5837–5841.(b)Xia T; He L; Liu YA; Hartwig JF; Liao X Palladium-Catalyzed Cross-
Coupling of Ethyl Bromodifluoroacetate with Aryl Bromides or Triflates and Cross-Coupling of 
Ethyl Bromofluoroacetate with Aryl Iodides. Org. Lett 2017, 19, 2610–2613. [PubMed: 
28467714] (c)An L; Xiao Y-L; Zhang S; Zhang X Bulky Diamine Ligand Promotes Cross-
Coupling of Difluoroalkyl Bromides by Iron Catalysis. Angew. Chem., Int. Ed 2018, 57, 6921–

Miller et al. Page 7

J Am Chem Soc. Author manuscript; available in PMC 2021 May 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



6925.(d)Kojima R; Akiyama S; Ito H A Copper(I)-Catalyzed Enantioselective γ-Boryl 
Substitution of Trifluoromethyl-Substituted Alkenes: Synthesis of Enantioenriched γ, γ-gem-
Difluoroallylboronates. Angew. Chem., Int. Ed 2018, 57, 7196–7199.(e)Fu X-P; Xue X-S; Zhang 
X-Y; Xiao Y-L; Zhang S; Guo Y-L; Leng X; Houk KN; Zhang X Controllable Catalytic 
Difluorocarbene Transfer Enables Access to Diversified Fluoroalkylated Arenes. Nat. Chem 
2019, 11, 948–956. [PubMed: 31548670] 

(16). (a)Seyferth D; Simon RM; Sepelak DJ; Klein HA gem-Difluoroallyllithium: Improved Synthesis 
Brings Improved Applicability. J. Org. Chem 1980, 45, 2273–2274.(b)Yang Z-Y; Burton DJ gem-
Difluoroallylation of Aldehydes and Ketones as a Convenient Route to α,α-Difluorohomoallylic 
Alcohols. J. Org. Chem 1991, 56, 1037–1041.(c)Cuenca AB; D’Hooge F; Gouge V; Castelot-
Deliencourt G; Oulyadi H; Leclerc E; Jubault P; Pannecoucke X; Quirion J-C Addition of Ethyl 
Bromodifluoroacetate to Lactones: Reactivity and Stereoselectivity. Synlett 2005, 17, 2627–
2630.

(17). (a)Jung J; Kim E; You Y; Cho EJ Visible Light-Induced Aromatic Difluoroalkylation. Adv. 
Synth. Catal 2014, 356, 2741–2748.(b)Xie J; Zhang T; Chen F; Mehrkens N; Rominger F; 
Rudolph M; Hashmi ASK Gold-Catalyzed Highly Selective Photoredox C(sp2)−H 
Difluoroalkylation and Perfluoroalkylation of Hydrazones. Angew. Chem., Int. Ed 2016, 55, 
2934–2938.(c)Bacauanu V; Cardinal S; Yamauchi M; Kondo M; Fernández DF; Remy R; 
MacMillan DWC Metallaphotoredox Difluoromethylation of Aryl Bromides. Angew. Chem., Int. 
Ed 2018, 57, 12543–12548.(d)Liang H; Xu G-Q; Feng Z-T; Wang Z-Y; Xu P-F Dual Catalytic 
Switchable Divergent Synthesis: An Asymmetric Visible-Light Photocatalytic Approach to 
Fluorine-Containing γ-Keto Acid Frameworks. J. Org. Chem 2019, 84, 60–72. [PubMed: 
30507130] 

(18). (a)Rauniyar V; Lackner AD; Hamilton GL; Toste FD Asymmetric Electrophilic Fluorination 
Using and Anionic Chiral Phase-Transfer Catalyst. Science 2011, 334, 1681–1684. [PubMed: 
22194571] (b)Shunatona HP; Früh N; Wang Y-M; Rauniyar V; Toste FD Enantioselective 
Fluoroamination: 1,4-Addition to Conjugated Dienes Using Anionic Phase-Transfer Catalysis. 
Angew. Chem., Int. Ed 2013, 52, 7724–7727.(c)Phipps RJ; Hiramatsu K; Toste FD Asymmetric 
Fluorination of Enamides: Access to α-Fluoroimines using an Anionic Chiral Phase-Transfer 
Catalyst. J. Am. Chem. Soc 2012, 134, 8376–8379. [PubMed: 22574822] (d)Phipps RJ; Toste FD 
Chiral Anion Phase-Transfer Catalysis Applied to the Direct Enantioselective Fluorinative 
Dearomatization of Phenols. J. Am. Chem. Soc 2013, 135, 1268–1271. [PubMed: 23330962] 
(e)Wang Y-M; Wu J; Hoong C; Rauniyar V; Toste FD Enantioselective Halocyclization Using 
Reagents Tailored for Chiral Anion Phase-Transfer Catalysis. J. Am. Chem. Soc 2012, 134, 
12928–12931. [PubMed: 22830953] (f)Romanov-Michailidis F; Guénée L; Alexakis A 
Enantioselective Organocatalytic Fluorination Induced Wagner-Meerwein Rearrangement. 
Angew. Chem., Int. Ed 2013, 52, 9266–9270.(g)Xie W; Jiang G; Liu H; Hu J; Pan X; Zhang H; 
Wan X; Lai Y; Ma D Highly Enantioselective Bromocyclization of Truptamines and its 
Application in the Synthesis of (−)-Chimonanthine. Angew. Chem., Int. Ed 2013, 52, 12924–
12927.(h)Wu J; Wang Y-M; Drljevic A; Rauniyar V; Phipps RJ; Toste FD A Combination of 
Directing Groups and Chiral Anion Phase-Transfer Catalysis for Enantioselective Fluorination of 
Alkenes. Proc. Natl. Acad. Sci. U. S. A 2013, 110, 13729–13733. [PubMed: 23922394] (i)Yang 
X; Phipps RJ; Toste FD Asymmetric Fluorination of α-Branched Cyclohexanones Enabled by a 
Combination of Chiral Anion Phase-Transfer Catalysis and Enamine Catalysis using Protected 
Amino Acids. J. Am. Chem. Soc 2014, 136, 5225–5228. [PubMed: 24684209] (j)Zi W; Wang Y-
M; Toste FD An in situ Directing Group Strategy for Chiral Anion Phase-Transfer Fluorination 
of Allylic Alcohols. J. Am. Chem. Soc 2014, 136, 12864–12867. [PubMed: 25203796] (k)Shen 
Z; Pan X; Lai Y; Hu J; Wan X; Li X; Zhang H; Xie W Chiral Ion-Pair Organocatalyst Promotes 
Highly Enantioselective 2-exo Iodocycloetherification of Allyl Alcohols. Chem. Sci 2015, 6, 
6986–6990. [PubMed: 29861937] (l)Neel AJ; Milo A; Sigman MS; Toste FD Enantiodivergent 
Fluorination of Allylic Alcohols: Data Set Design Reveals Structural Interplay between Achiral 
Directing Group and Chiral Anion. J. Am. Chem. Soc 2016, 138, 3863–3875. [PubMed: 
26967114] 

(19). Reddy LR; Saravanan P; Corey EJ A Simple Stereocontrolled Synthesis of Salinosporamide A. J. 
Am. Chem. Soc 2004, 126, 6230–6231. [PubMed: 15149210] 

Miller et al. Page 8

J Am Chem Soc. Author manuscript; available in PMC 2021 May 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(20). (a)Suda M Reactions of 1,1-Difluoro-1-Olefins with Electrophilic Reagents. Tetrahedron Lett 
1980, 21, 2555–2556.(b)Morikawa T; Kumadaki I; Shiro M Electrophilic Cyclization Reaction of 
gem-Difluoroolefin Derivatives: Syntheses of 6,6-Difluorotetrahydro-2-pyrones and 2,2-
Difluorotetrahydropyran via Halogen Induced Cyclization. Chem. Pharm. Bull 1985, 33, 5144–
5146.(c)Fujita T; Kinoshita R; Takanohashi T; Suzuki N; Ichikawa J Ring-Size-Selective 
Construction of Fluorine-Containing Carbocycles via Intramolecular Iodoaryltion of 1,1-
Difluoro-1-alkenes. Beilstein J. Org. Chem 2017, 13, 2682–2689. [PubMed: 29564005] 

(21). (a)Davis HJ; Phipps RJ Harnessing non-covalent interactions to exert control over regioselectivity 
and site-selectivity in catalytic reactions. Chem. Sci 2017, 8, 864–867. [PubMed: 28572898] 
(b)Denmark SE; Burk MT Proc. Natl. Acad. Sci. U. S. A 2010, 107, 20655–20660. [PubMed: 
20705900] (c)Denmark SE; Burk MT Enantioselective Bromocycloetherification by Lewis Base/
Chiral Brønsted Acid Cooperative Catalysis. Org. Lett 2012, 14, 256–259. [PubMed: 22145621] 
(d)Mihai MT; Williams BD; Phipps RJ Para-Selective C–H Borylation of Common Arene 
Building Blocks Enabled by Ion-Pairing with a Bulky Countercation. J. Am. Chem. Soc 2019, 
141, 15477–15482. [PubMed: 31382747] (e)Genov GR; Douthwaite JL; Lahdenperä ASK; 
Gibson DC; Phipps RJ Enantioselective Remote C–H Activation Directed by a Chiral Cation. 
Science 2020, 367, 1246–1251. [PubMed: 32165586] 

(22). Young SD; Britcher SF; Tran LO; Payne LS; Lumma WC; Lyle TA; Huff JR; Anderson PS; 
Olsen DB; Carroll SS; Pettibone DJ; O’Brien JA; Ball RG; Balani SK; Lin JH; Chen I-W; Schleif 
WA; Sardana VV; Long WJ; Byrnes VW; Emini EA L-743,726 (DMP-266): a Novel, Highly 
Potent Nonnucleoside Inhibitor of the Human Immunodeficiency Virus Type 1 Reverse 
Transcriptase. Antimicrob. Agents Chemother 1995, 39, 2602–2605. [PubMed: 8592986] 

(23). Pierce ME; Parsons RL; Radesca LA; Lo YS; Silverman S; Moore JR; Islam Q; Choudhury A; 
Fortunak JMD; Nguyen D; Luo C; Morgan SJ; Davis WP; Confalone PN; Chen C.-y.; Tillyer 
RD; Frey L; Tan L; Xu F; Zhao D; Thompson AS; Corley EG; Grabowski EJJ; Reamer R; Reider 
PJ Practical Asymmetric Synthesis of Efavirenz (DMP 266), an HIV-1 Reverse Transcriptase 
Inhibitor. J. Org. Chem 1998, 63, 8536–8543.

(24). Decostanzi M; Campagne J-M; Leclerc E Low-Temperature Intermolecular Addition of RCF2Li 
Compounds to Various Carbonyl Electrophiles for a Practical Synthesis of CF2-Containing 
Building Blocks. Synthesis 2016, 48, 3420–3428.

(25). (a)Mizuta S; Stenhagen ISR; O’Duill M; Wolstenhulme J; Kirjavainen AK; Forsback SJ; 
Tredwell M; Sandford G; Moore PR; Huiban M; Luthra SK; Passchier J; Solin O; Gouverneur V 
Catalytic Decarboxylative Fluorination for the Synthesis of Tri- and Difluoromethyl Arenes. Org. 
Lett 2013, 15, 2648–2651. [PubMed: 23687958] (b)Verhoog S; Pfeifer L; Khotavivattana T; 
Calderwood T; Collier TL; Wheelhouse K; Tredwell M; Gouverneur V Silver-Mediated 18F-
Labeling of Aryl-CF3 and Aryl-CHF2 with 18 F-Fluoride. Synlett 2015, 27, 25–28.

Miller et al. Page 9

J Am Chem Soc. Author manuscript; available in PMC 2021 May 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Enantioselective incorporation of the difluoromethylene group. (A) Traditional 

retrosynthetic disconnection for difluoromethylenes. (B) Enantioselective carbonyl 

functionalization. (C) Chiral aryl iodide catalyzed enantioselective oxidative difluorination 

of alkenes. (D) Proposed retrosynthetic disconnection to access CF2Br-containing 

stereocenters via an intramolecular enantioselective bromocyclization.
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Scheme 1. 
(A) Effect of Achiral Brominating Reagent on Regio- and Enantioselectivity of 

Bromocyclization; (B) Phase Transfer of Achiral Reagent as Catalyst/Reagent Ion Pair

Miller et al. Page 11

J Am Chem Soc. Author manuscript; available in PMC 2021 May 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scheme 2. Synthesis of an Efavirenz Analoguea

aConditions: (I) [(DAB3)2Br](BF4)3 (2.0 equiv), (S)-TRIP (10 mol %), NaHCO3 (4.0 

equiv), PhH (50 mL), rt, 48 h. (II) NaBH3CN, AcOH, rt, 12 h. (III) (Cl3CO)2CO, Et3N, 

PhMe, 0 °C, 1 h. (IV) CAN, 2:5 H2O/MeCN, rt, 1 h. Solid-state structure of BDF-efavirenz 

from single-crystal X-ray diffraction analysis. Thermal ellipsoids are plotted at 30% 

probability level; solvent omitted for clarity.
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Scheme 3. Derivatization of RCF2Br Productsa

aAll reactions run on a 0.050 mmol scale. Conditions: (I) AIBN (10 mol %), Bu3SnH, PhH, 

80 °C, 12 h. (II) AIBN (20 mol %), Bu3Snallyl PhH, 80 °C, 12 h. (III) 

Ir[dF(CF3)ppy]2(dtbpy)PF6 (2 mol %), N-isopropylacrylamide, TMS3SiOH, Na2CO3, 

MeOH, Blue LEDs, rt, 1 h. (IV) Electrophile, nBuLi, 2,5-Me2THF, −130 °C, 1 h. (V) 

Electrophile, nBuLi, CeCl3, 2,5-Me2THF, −130 °C, 1 h. (VI) NaBH3CN, AcOH, rt, 12 h. 

Solid-state structure of 8·HCl from single-crystal X-ray diffraction analysis. Thermal 

ellipsoids are plotted at 50% probability level.
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Table 1.

Bromocyclization of Difluoroalkenes: Oxazoline Scope
a

a
Standard conditions: 1a–1l (0.10 mmol, 1.0 equiv), [(DAB5)2Br]-(BF4)3 (1.2 equiv), (R)-TRIP (10 mol %), K3PO4 (3.0 equiv), toluene (5.0 

mL), rt, 24–48 h. Yields are of isolated 2a–2l. Enantioselectivity determined by HPLC with a chiral stationary phase.

b
2l was isolated as the hydrolyzed product (see Supporting Information).
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Table 2.

Bromocyclization of Difluoroalkenes: Oxazine Scope
a

a
Standard conditions: 3a–3l (0.10 mmol, 1.0 equiv), [(DAB3)2Br]-(BF4)3 (1.2 equiv), (R)-TRIP (10 mol %), Na2CO3 (4.0 equiv), toluene (5.0 

mL), rt, 24–48 h. Yields represent isolated 4a–4m. Enantioselectivity determined by HPLC with a chiral stationary phase.

b
After 48 h, additional 0.80 equiv of [(DAB3)2Br](BF4)3 added and solution stirred for an additional 24 h.
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