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ABSTRACT: Herein, we report a modular catalytic technique that C‘ advanced
streamlines the preparation of gem-difluoroalkanes from unactivated o~ = ME

sp® precursors. The method is characterized by its simplicity, T ) °

generality, and site selectivity, including the functionalization of """ i seessosts & comptormotses O?fg J@:C( b(
advanced intermediates and olefin feedstocks. Our approach is %“ ccomatons Sovadocpe Ao,

enabled by a cooperative interplay of halogen- and hydrogen-atom romtontn ot

transfer, thus offering a new entry point to difluorinated alkyl
bioisosteres of interest in drug discovery.

he incorporation of difluoroalkyl groups into hydro- Scheme 2. Optimization of the Reaction Conditions”
carbon side chains has gained considerable momentum in o
drug discovery, as these fragments offer different solubility, oo /YBr 4-CzIPN (1 mol%)
acidity, molecular shape, and substrate recognition to their . P AdSH (4 mol%)
parent nonfluorinated sp* hybridized analogues (Scheme 1).'~> + DIPEA (2.0 equiv)
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A alkyl-CF, architecture standard. “Isolated yield.
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light However, the synthesis of unactivated C(sp>)—CF, architec-
// tures is not as commonly practiced as one might initially
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anticipate.” Indeed, these scaffolds are typically obtained (a)
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Scheme 3. Catalytic Hydrodifluoroalkylation of Unactivated Olefins with Difluorinated Bromoalkanes™”
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“Reaction conditions: as for Scheme 2, entry 1.

bIsolated yields, average of two independent runs. “Olefin (3.0 equiv).

. . L 9-11 .
Lewis acids or organometallics.” In contrast, catalytic

hydrodifluoroalkylation of unactivated olefins and difluoroalkyl
motifs devoiding activating neighboring groups, and/or
stoichiometric organometallic reagents, still remains a partic-
ularly challenging, yet highly rewarding, scenario due to the
inherent propensity of alkyl fluorides to undergo S-fluoride
elimination and/or competitive defluorination.'”™"> We
hypothesized that the merger of halogen-atom transfer
(XAT) and hydrogen-atom transfer (HAT) might be suited
for our purposes (Scheme 1).'° Specifically, one-electron
photochemical oxidation of a tertiary amine might generate an
a-amino radical (A) upon deprotonation, setting the scene for
an XAT with an accessible, difluoro bromoalkane (RF,C—Br =
69 kcal-mol™") prior to addition to an unactivated olefin. HAT
of the resulting open-shell species D with an alkyl thiol (C(sp?)
S—H = 87 kcal'mol™") might deliver the targeted difluoroalkyl
compound and a thiyl radical. Turnover could be accomplished
by a final single-electron transfer (SET) with the reduced form
of the photocatalyst followed by protonation of the thiolate
with water, thus recovering back the propagating alkyl thiol
and photocatalyst. Herein, we report the realization of this
goal, culminating in a broadly applicable catalytic hydro-
difluoroalkylation of unactivated olefins, including the use of
light olefin feedstocks and advanced reaction intermediates.

5110

Our study began by evaluating the catalytic hydrodifluor-
oalkylation of 1 with 2 (Scheme 2). After some experimenta-
tion, the best results were found by utilizing a combination of
4-CzIPN (1 mol %), AdSH (4 mol %), DIPEA in MeCN/H,0O
under blue-LED irradiation, obtaining 3 in 89% isolated
yield."” Interestingly, significant amounts of 3 were formed
regardless of the redox properties of the photocatalysts
employed, thus reinforcing the notion that XAT was decoupled
from redox events (entries 2—3). Note, however, that the
utilization of electron deficient amines failed to provide even
traces of 3 (see entry 6). Evaluation of the hydrogen atom
donors resulted in changes to the product ratio depending on
the steric and electronic properties of the former. Indeed, the
utilization of methyl thioglycolate and HSSiPh; in lieu of
AdSH resulted in yields not exceeding 40%, with significant
dehalogenation of 1 being observed in the crude mixtures
(entry 7 and 8). Control experiments in the presence of other
solvents or without photocatalyst or DIPEA resulted in a
significant erosion in yield (entries 9—11).

Prompted by these results, we next focused our attention on
the preparative potential of our protocol (Scheme 3). As
shown, substrates containing alcohols (8, 16, 25—28, 30, 34—
36) or carboxylic acids (5), which are sensitive to oxidation or
prone to react with low-valent transition metals, were well
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Scheme 4. Advanced Synthetic Intermediates (R = OBz)™”
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Scheme 5. Preliminary Mechanistic Experiments”
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tolerated. In addition, olefins possessing secondary or tertiary
sp®> C—H bonds that are a priori susceptible for HAT with in
situ generated C (Scheme 1; 15, 17, 23, 24) or activated
olefins posed no problems (14). Although olefins containing
alkyl halides might compete with 1 for XAT, this was not the
case and 6, 7, and 29 could be obtained in good yields,
providing an additional handle via cross-coupling reactions. As
shown, the method displayed a good functional group
tolerance in the presence of ketones (4, 26), amides (3, 27,
30—33), carbamates (10, 17, 28), nitriles (12, 33), sulfonates
(31), boronic esters (18), or esters (33—36). Even substrates
containing benzylic stereocenters were suitable substrates,
resulting in 36 without noticeable erosion in stereochemical
integrity. Ethylene, the largest-volume organic chemical with
an annual production over 150 million tonnes, could be
employed as an olefin precursor en route to 37 in 91% yield.
Similarly other light olefin feedstocks such as propene, butene,
isobutene, or a-isoamylene could be employed as substrates,
obtaining the corresponding difluoroalkylated compounds 38—
41 in excellent yields. The applicability of our protocol is
further illustrated in Scheme 4. As shown, a variety of
difluorinated architectures derived from Ibuprofen (42), ethyl
L-(—)-Lactate (43), Indomethacin (44), Gemfibrozil (45), -
Glucose (46), Estrone (47), Ezetimibe (48), Oxaprocin (49),
Naproxen (51), Paclonbutrazol (52), or Cedrol (50) could be
prepared in good yields. The latter is particularly noteworthy
given the multiple number of bridged carbon stereocenters

5111 https://doi.org/10.1021/acs.orglett.2c01941
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susceptible to ring-opening, racemization, and the presence of
tertiary alkyl sp> C—H bonds suited for competitive HAT.
Likewise, heterocycles did not interfere (44, 48, 49, 52, 53, 54,
56). Indeed, Quinine—a priori susceptible to Minisci addition
into the pyridine backbone with alkyl radical intermediates—
could be coupled in good yield, and on a large scale (53). Even
the combination of two bioactive molecules possessing an
alkene and difluorinated backbone could be within reach,
enabling the rapid and reliable formation of $4—56.""

Although unravelling the mechanism of our catalytic
difluoroalkylation should await further investigations, we
decided to conduct experiments that might support the
mechanistic interpretation depicted in Scheme 1. Indirect
evidence for XAT between A and I could be gathered by the
isolation of 58—the identity of which was univocally
confirmed by X-ray crystallo_graphy—that likely arises from
hydrolysis of 57 (Scheme 5)."” The intermediacy of open-shell
species of type II was indirectly corroborated by radical-clock
experiments with both S-pinene and diallyl ether, resulting in
59 and 60 as the only observable products. In line with this
notion, EPR spectroscopy revealed the presence of nitroxide-
based persistent radicals 61 upon exposure of 1 to spin-
trapping N-tert-butyl-a-phenylnitrone (PBN). Next, we con-
ducted isotope-labeling studies with D,0, 1, and phenyl vinyl
ether.'” Full deuteration of 62 was anticipated for a mechanism
consisting of HAT from AdSH whereas an erosion in
deuterium content might be expected with DIPEA competing
with AdSH as the hydrogen atom donor. This was indeed the
caszeézfmd 85% deuterium incorporation was found in 62-
d,.=

In summary, we report a mild and modular catalytic strategy
for accessing difluoroalkanes from simple unactivated olefins.
By leveraging the merger of halogen-atom transfer with the
appropriate radical philicities and hydrogen-atom donors, a
reliable and rapid access to a broad range of alkyl
difluoroalkanes can be within reach. The transformation is
distinguished by its exquisite chemoselectivity pattern and
broad utility across a wide variety of coupling partners,
including the application to densely functionalized intermedi-
ates and light olefin feedstocks. We anticipate that this
technique might find immediate utility for expediting access to
valuable sp* fluorinated architectures.

Bl ASSOCIATED CONTENT
@ Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.orglett.2c01941.

Experimental procedures, spectral and crystallographic
data (PDF)

Accession Codes

CCDC 2122288 contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge
via www.ccdc.cam.ac.uk/data_request/cif, or by emailing
data_request@ccdc.cam.ac.uk, or by contacting The Cam-
bridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: +44 1223 336033.

B AUTHOR INFORMATION
Corresponding Author

Ruben Martin — Institute of Chemical Research of Catalonia
(ICIQ), The Barcelona Institute of Science and Technology,

5112

43007 Tarragona, Spain; ICREA, 08010 Barcelona, Spain;
orcid.org/0000-0002-2543-0221; Email: rmartinromo@
iciq.es

Authors

Wen-Jun Yue — Institute of Chemical Research of Catalonia
(ICIQ), The Barcelona Institute of Science and Technology,
43007 Tarragona, Spain; Universitat Rovira i Virgili,
Departament de Quimica Analitica i Quimica Organica,
43007 Tarragona, Spain

Craig S. Day — Institute of Chemical Research of Catalonia
(ICIQ), The Barcelona Institute of Science and Technology,
43007 Tarragona, Spain; Universitat Rovira i Virgili,
Departament de Quimica Analitica i Quimica Organica,
43007 Tarragona, Spain; ©® orcid.org/0000-0002-6931-
0280

Adrian J. Brenes Rucinski — Institute of Chemical Research of
Catalonia (ICIQ), The Barcelona Institute of Science and
Technology, 43007 Tarragona, Spain; Universitat Rovira i
Virgili, Departament de Quimica Analitica i Quimica
Org&nica, 43007 Tarragona, Spain

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.orglett.2c01941

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We thank ICIQ, European Research Council (ERC) under
European Union’s Horizon 2020 research & innovation
program (883756), FEDER/MCI-AEI/PGC2018-096839-B-
100 and MCIN/AEI/10.13039/501100011033 (CEX2019-
000925-S) for financial support. W.-].Y. and AJB.R. thank
the China Scholarship Council (CSC) and MCIN for a
predoctoral fellowship. C.S.D. thanks European Union’s
Horizon 2020 under Marie Curie PREBIST Grant Agreement
7545S8.

B REFERENCES

(1) Wang, J; et al. Fluorine in Pharmaceutical Industry: Fluorine-
containing drugs introduced to the market in the last decade (2001—
2011). Chem. Rev. 2014, 114, 2432.

(2) (a) Purser, S; Moore, P. R; Swallow, S.; Gouverneur, V.
Fluorine in medicinal chemistry. Chem. Soc. Rev. 2008, 37, 320.
(b) Ogawa, Y.; Tokunaga, E.; Kobayashi, O.; Hirai, K.; Shibata, N.
Current contributions of organofluorine compounds to the agro-
chemical industry. iScience 2020, 23, 101467. (c) Inoue, M.; Sumii, Y;
Shibata, N. Contribution of organofluorine compounds to pharma-
ceuticals. ACS Omega 2020, S, 10633.

(3) For selected reviews: (a) Carvalho, D. R.; Christian, A. H.
Modern approaches towards the synthesis of geminal difluoroalkyl
groups. Org. Biomol. Chem. 2021, 19, 947. (b) 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.

(4) Giordanetto, F.; Jin, C.; Willmore, L.; Feher, M.; Shaw, D. E.
Fragment Hits: What do they look like and how do they bind? J. Med.
Chem. 2019, 62, 3381.

(5) Wang, Y.,; Callejo, R; Slawin, A. M. Z.; O’Hagan, D. The
difluoromethylene (CF,) group in aliphatic chains: Synthesis and
conformational preference of palmitic acids and nonadecane
containing CF, groups. Beilstein . Org. Chem. 2014, 10, 18.

(6) For selected references: (a) Chen, B.; Vicic, D. A. Transition-
metal-catalyzed difluoromethylation, difluoromethylenation, and

https://doi.org/10.1021/acs.orglett.2c01941
Org. Lett. 2022, 24, 5109-5114


https://pubs.acs.org/doi/10.1021/acs.orglett.2c01941?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.orglett.2c01941/suppl_file/ol2c01941_si_001.pdf
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2122288&id=doi:10.1021/acs.orglett.2c01941
http://www.ccdc.cam.ac.uk/data_request/cif
mailto:data_request@ccdc.cam.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ruben+Martin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-2543-0221
https://orcid.org/0000-0002-2543-0221
mailto:rmartinromo@iciq.es
mailto:rmartinromo@iciq.es
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wen-Jun+Yue"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Craig+S.+Day"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-6931-0280
https://orcid.org/0000-0002-6931-0280
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Adrian+J.+Brenes+Rucinski"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.2c01941?ref=pdf
https://doi.org/10.1021/cr4002879?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr4002879?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr4002879?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/B610213C
https://doi.org/10.1016/j.isci.2020.101467
https://doi.org/10.1016/j.isci.2020.101467
https://doi.org/10.1021/acsomega.0c00830?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.0c00830?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0OB02374D
https://doi.org/10.1039/D0OB02374D
https://doi.org/10.1021/acs.accounts.8b00230?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.8b00230?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.8b01855?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3762/bjoc.10.4
https://doi.org/10.3762/bjoc.10.4
https://doi.org/10.3762/bjoc.10.4
https://doi.org/10.3762/bjoc.10.4
https://doi.org/10.1007/3418_2014_87
https://doi.org/10.1007/3418_2014_87
pubs.acs.org/OrgLett?ref=pdf
https://doi.org/10.1021/acs.orglett.2c01941?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Organic Letters

pubs.acs.org/OrglLett

polydifluoromethylenation reactions. Top. Organomet. Chem. 2014,
52, 113. (b) Miao, W.; Zhao, Y.; Ni, C.; Gao, B.; Zhang, W.; Hu, J.
Iron-catalyzed difluoromethylation of arylzincs with difluoromethyl 2-
pyridyl sulfone. J. Am. Chem. Soc. 2018, 140, 880. (c) Uno, H.; Kawai,
K.; Araki, T.; Shiro, M.; Shibata, N. Enantio-, diastereo- and
regioselective synthesis of chiral cyclic and acyclic gem-difluoro-
methylenes by palladium-catalyzed [4 + 2] cycloaddition. Angew.
Chem., Int. Ed. 2022, DOI: 10.1002/anie.202117635. (d) Uno, H,;
Imai, T.; Harada, K.; Shibata, N. Synthesis of highly functionalized 12-
membered trifluoromethyl heterocycles via a nondecarboxylative Pd-
catalyzed [6 + 6] annulation. ACS. Catal. 2020, 10, 1454. (e) Yu, C,;
Igbal, N; Park, S.; Cho, E. J. Selective difluoroalkylation of alkenes by
using visible light photoredox catalysis. Chem. Commun. 2014, S0,
12884. (f) Hu, X.-S;; He, J.-X;; Dong, S-Z.; Zhao, Q.-H; Yu, J.-S,;
Zhou, J. Regioselective Markovnikov hydrodifluoroalkylation of
alkenes using difluoroenoxysilanes. Nat. Commun. 2020, 11, 5500.

(7) (a) Ohashi, M; Ueda, Y,; Ogoshi, S. Nickel (0) -mediated
transformation of tetrafluoroethylene and vinylarenes into fluorinated
cyclobutyl compounds. Angew. Chem. Int. Ed. 2017, $6, 243S.
(b) Kawashima, T.; Ohashi, M.; Ogoshi, S. Nickel-catalyzed
formation of 1,3-dienes via a highly selective cross-tetramerization
of tetrafluoroethylene, styrenes, alkynes, and ethylene. J. Am. Chem.
Soc. 2017, 139, 17795.

(8) For elegant disclosures aimed at this goal: (a) Wang, Z.; Guo,
C.-Y,; Yang, C,; Chen, J.-P. Ag-Catalyzed chemoselective decarbox-
ylative mono- and gem-difluorination of malonic acid derivatives. J.
Am. Chem. Soc. 2019, 141, 5617. (b) Gu, J.-W.; Min, Q.-Q.; Yu, L.-C,;
Zhang, X. Tandem difluoroalkylation-arylation of enamides catalyzed
by nickel. Angew. Chem., Int. Ed. 2016, 5S, 12270. (c) Scheidt, F.;
Neufeld, J.; Schifer, M.; Thiehoff, C.; Gilmour, R. Catalytic geminal
difluorination of styrenes for the construction of fluorine-rich
bioisosteres. Org. Lett. 2018, 20, 8073. (d) Wang, Q.; Biosca, M,;
Himo, F.; Szabo, K. J. Electrophilic fluorination of alkenes via Bora-
Wagner—Meerwein rearrangement. Access to p-difluoroalkyl boro-
nates. Angew. Chem. Int. Ed. 2021, 60, 26327. (e) Hifliger, J;
Livingstone, K,; Daniliuc, C. G.; Gilmour, R. Difluorination of a-
(bromomethyl)styrenes via I(I)/I(III) catalysis: facile access to
electrophilic linchpins for drug discovery. Chem. Sci. 2021, 12,
6148. (f) Akiyama, S.; Oyama, N.; Endo, T.; Kubota, K; Ito, H. A
copper(I)-catalyzed radical-relay reaction enabling the intermolecular
1,2-alkylboration of unactivated olefins. J. Am. Chem. Soc. 2021, 143,
5260. For other synthesis of difluoromethylated compounds:
(g) Bornstein, J.; Borden, M. R, Nunes, F; Tarlin, H. L
Rearrangement accompanying the addition of fluorine to 1,1-
diarylethylenes. J. Am. Chem. Soc. 1963, 85, 1609. (h) Banik, S. M.;
Medley, J. W.; Jacobsen, E. N. Catalytic, asymmetric difluorination of
alkenes to generate difluoromethylated stereocenters. Science 2016,
353, 51. (i) Kitamura, T.; Muta, K,; Oyamada, J. Hypervalent iodine-
mediated fluorination of styrene derivatives: stoichiometric and
catalytic transformation to 2,2-difluoroethylarenes. J. Org. Chem.
2015, 80, 10431. (j) Kitamura, T.; Mizuno, S.; Muta, K.; Oyamada, J.
Synthesis of S-fluorovinyl iodonium salts by the reaction of alkynes
with hypervalent iodine/HF reagents. J. Org. Chem. 2018, 83, 2773.
(k) Zhao, Z.; Racicot, L.; Murphy, G. K. Fluorinative rearrangements
of substituted phenylallenes mediated by (difluoroiodo)toluene:
synthesis of a- (difluoromethyl)styrenes. Angew. Chem. Int. Ed.
2017, 56, 11620. (1) Lv, W.; Li, Q;; Li, J.; Li, Z.; Lin, E.; Tan, D.; Cai,
Y,; Fan, W,; Wang, H. gem-Difluorination of alkenyl N-methyl-
iminodiacetyl boronates: synthesis of a- and p-difluorinated
alkylborons. Angew. Chem., Int. Ed. 2018, 57, 16544.

(9) For selected references: L’'Heureux, A.; Beaulieu, F.; Bennett, C.;
Bill, D. R;; Clayton, S.; LaFlamme, F.; Mirmehrabi, M.; Tadayon, S.;
Tovell, D.; Couturier, M. Aminodifluorosulfinium salts: selective
fluorination reagents with enhanced thermal stability and ease of
handling. J. Org. Chem. 2010, 75, 3401.

(10) Sondej, S. C.; Katzenellenbogen, J. A. Gem-Difluoro
compounds: a convenient preparation from ketones and aldehydes
by halogen fluoride treatment of 1,3-dithiolanes. . Org. Chem. 1986,
51, 3508.

5113

(11) While this paper was under preparation, an elegant disclosure
dealing with the use of stoichiometric alkylzirconocenes was reported:
Ren, X.; Gao, X.; Min, Q.; Zhang, S.; Zhang, X. (Fluoro)alkylation of
alkenes promoted by photolysis of alkylzirconocenes. Chem. Sci. 2022,
13, 3454.

(12) For atom-transfer radical addition reactions promoted by
stoichiometric amounts of radical initiators, see: Li, A.-R.; Chen, Q.-Y
The addition reaction of iododifluoromethylated compounds with
alkenes or alkynes: a general method of synthesizing functionalized
gem-difluoroalkanes. Synthesis 1997, 1997, 333.

(13) For a catalytic hydrodifluoroalkylation of activated alkenes that
utilize stoichiometric amounts of reductants, see: (a) Supranovich, V.
L; Levin, V. V.; Struchkova, M. L; Hu, J.; Dilman, A. D. Visible light-
mediated difluoroalkylation of electron-deficient alkenes. Beilstein J.
Org. Chem. 2018, 14, 1637. (b) Tang, X. J.; Zhang, Z. X.; Dolbier, W.
R. Direct photoredox-catalyzed reductive difluoromethylation of
electron-deficient alkenes. Chem. - Eur. J. 2015, 21, 18961. For a
hydrodifluoroalkylation of unactivated alkenes that utilize stoichio-
metric amounts of reductants, see: (c) Chen, J.; Hu, C.-M. Synthesis
of functionalized compounds containing a difluoromethylene moiety.
J. Chem. Soc., Perkin Trans. 1994, 1111.

(14) For a catalytic hydrodifluoroalkylation using activated
difluoroalkanes and stoichiometric amounts of Hantzsch esters:
Sumino, S.; Uno, M.; Ryu, I; Matsuura, M.; Kishikawa, Y.
Photoredox-catalyzed hydrodifluoroalkylation of alkenes using di-
fluorohaloalkyl compounds and a Hantzsch sster. J. Org. Chem. 2017,
82, 5469.

(15) For selected hydrofluoroalkylation reactions driven by
particularly activated precursors adjacent to arenes or carbonyl
compounds, see: (a) Chen, K; Berg, N.; Gschwind, R.; Kénig, B.
Selective single C(sp3)-F bond cleavage in trifluoromethylarenes:
merging visible-light catalysis with lewis acid activation. J. Am. Chem.
Soc. 2017, 139, 18444. (b) Wang, H.; Jui, N. T. Catalytic
defluoroalkylation of trifluoromethylaromatics with unactivated
alkenes. J. Am. Chem. Soc. 2018, 140, 163. (c) Vogt, D. B.; Seath,
C. P; Wang, H; Jui, N. T. Selective C—F functionalization of
unactivated trifluoromethylarenes. J. Am. Chem. Soc. 2019, 141,
13203. (d) Yu, Y.-J.; Zhang, F.-L.; Peng, T.-Y.; Wang, C.-L.; Cheng, J.;
Chen, C; Houk, K. N.; Wang, Y.-F. Sequential C-F bond
functionalizations of trifluoroacetamides and acetates via spin-center
shifts. Science 2021, 371, 1232. (e) Campbell, M. W.; Polites, V. C.;
Patel, S.; Lipson, J. E.; Majhi, J.; Molander, G. A. Photochemical C-F
activation enables defluorinative alkylation of trifluoroacetates and
-Acetamides. J. Am. Chem. Soc. 2021, 143, 19648. (f) Yin, L.-M.; Sun,
M.-C,; Si, X.-J.; Yang, D.; Song, M.-P.; Niu, J.-L. Nickel-catalyzed anti-
Markovnikov hydrodifluoroalkylation of unactivated alkenes. Org.
Lett. 2022, 24, 1083. For selected hydroperfluoroalkylation reactions,
see: (g) Huang, X.-T.; Chen, Q.-Y. Nickel(0)-catalyzed fluoroalkyla-
tion of alkenes, alkynes, and aromatics with perfluoroalkyl chlorides. J.
Org. Chem. 2001, 66, 4651.

(16) For selected references: (a) Constantin, T.; Zanini, M.; Regni,
A; Sheikh, N. S.; Julig, F.; Leonori, D. Aminoalkyl radicals as halogen-
atom transfer agents for activation of alkyl and aryl halides. Science
2020, 367, 1021. (b) Zhang, Z.; Gérski, B.; Leonori, D. Merging
halogen-atom transfer (XAT) and copper catalysis for the modular
Suzuki—Miyaura-type cross-coupling of alkyl iodides and organo-
borons. J. Am. Chem. Soc. 2022, 144, 1986. (c) Goérski, B.; Barthelemy,
A.-L,; Douglas, J. J.; Julig, F.; Leonori, D. Copper-catalysed amination
of alkyl iodides enabled byhalogen-atom transfer. Nat. Catal. 2021, 4,
623. (d) Neff, R. K; Su, Y.-L.; Liu, S.; Rosado, M.; Zhang, X.; Doyle,
M. P. Generation of halomethyl radicals by halogen atom abstraction
and their addition reactions with alkenes. J. Am. Chem. Soc. 2019, 141,
16643. (e) Zhao, H.; McMillan, J. A.; Constantin, T.; Mykura, R. C;
Julig, F.; Leonori, D. Merging halogen-atom transfer (XAT) and
cobalt catalysis to override E2-selectivity in the elimination of alkyl
halides: A mild route toward contra-thermodynamic olefins. J. Am.
Chem. Soc. 2021, 143, 14806. (f) Le, C.; Chen, T. Q; Liang, T,
Zhang, P.; Macmillan, D. W. C. A radical approach to the copper
oxidative addition problem: Trifluoromethylation of bromoarenes.

https://doi.org/10.1021/acs.orglett.2c01941
Org. Lett. 2022, 24, 5109-5114


https://doi.org/10.1007/3418_2014_87
https://doi.org/10.1021/jacs.7b11976?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b11976?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202117635
https://doi.org/10.1002/anie.202117635
https://doi.org/10.1002/anie.202117635
https://doi.org/10.1002/anie.202117635?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.9b05377?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.9b05377?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.9b05377?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C4CC05467A
https://doi.org/10.1039/C4CC05467A
https://doi.org/10.1038/s41467-020-19387-4
https://doi.org/10.1038/s41467-020-19387-4
https://doi.org/10.1002/anie.201610047
https://doi.org/10.1002/anie.201610047
https://doi.org/10.1002/anie.201610047
https://doi.org/10.1021/jacs.7b12007?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b12007?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b12007?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b00681?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b00681?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201606458
https://doi.org/10.1002/anie.201606458
https://doi.org/10.1021/acs.orglett.8b03794?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.8b03794?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.8b03794?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202109461
https://doi.org/10.1002/anie.202109461
https://doi.org/10.1002/anie.202109461
https://doi.org/10.1039/D1SC01132D
https://doi.org/10.1039/D1SC01132D
https://doi.org/10.1039/D1SC01132D
https://doi.org/10.1021/jacs.1c02050?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c02050?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c02050?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00894a016?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00894a016?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.aaf8078
https://doi.org/10.1126/science.aaf8078
https://doi.org/10.1021/acs.joc.5b01929?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.5b01929?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.5b01929?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.7b03223?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.7b03223?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201706798
https://doi.org/10.1002/anie.201706798
https://doi.org/10.1002/anie.201706798
https://doi.org/10.1002/anie.201810204
https://doi.org/10.1002/anie.201810204
https://doi.org/10.1002/anie.201810204
https://doi.org/10.1021/jo100504x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo100504x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo100504x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00368a022?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00368a022?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00368a022?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D1SC07061D
https://doi.org/10.1039/D1SC07061D
https://doi.org/10.1055/s-1997-1184
https://doi.org/10.1055/s-1997-1184
https://doi.org/10.1055/s-1997-1184
https://doi.org/10.3762/bjoc.14.139
https://doi.org/10.3762/bjoc.14.139
https://doi.org/10.1002/chem.201504363
https://doi.org/10.1002/chem.201504363
https://doi.org/10.1021/acs.joc.7b00609?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.7b00609?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b10755?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b10755?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b12590?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b12590?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b12590?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b06004?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b06004?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.abg0781
https://doi.org/10.1126/science.abg0781
https://doi.org/10.1126/science.abg0781
https://doi.org/10.1021/jacs.1c11059?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c11059?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c11059?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.1c04346?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.1c04346?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo010178j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo010178j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.aba2419
https://doi.org/10.1126/science.aba2419
https://doi.org/10.1021/jacs.1c12649?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c12649?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c12649?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c12649?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41929-021-00652-8
https://doi.org/10.1038/s41929-021-00652-8
https://doi.org/10.1021/jacs.9b05921?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b05921?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c06768?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c06768?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c06768?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.aat4133
https://doi.org/10.1126/science.aat4133
pubs.acs.org/OrgLett?ref=pdf
https://doi.org/10.1021/acs.orglett.2c01941?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Organic Letters pubs.acs.org/OrglLett

Science 2018, 360, 1010. (g) Julia, F.; Constantin, T.; Leonori, D.
Applications of halogen-atom transfer (XAT) for the generation of
carbon radicals in synthetic photochemistry and photocatalysis. Chem.
Rev. 2022, 122, 2292.

(17) See Supporting Information for details.

(18) The utilization of difluoroalkanes in lieu of difluorobromoal-
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due to its simple "H NMR spectrum.
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