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ABSTRACT: A strategically novel protocol for ring-opening functionalization of aryl gem-difluorocyclopropanes (F,CPs), which
allows an expedient construction of CF;-containing architectures via visible-light-promoted F-nucleophilic attack manifold, was
disclosed. Single electron oxidation of F,CPs was ascribed as the critical step for the success of this transformation by prompting F-
nucleophilic attack, as well as the ensuing C—C bond scission. The observed intriguing regioselectivity for fluoroincorporation in this
reaction was rationalized by invoking the cation-stabilization property of gem-difluorine substituents and also the thermodynamic
gains acquired from forming CF; functionality. By using cost-effective fluorination reagent and readily available substrates, a broad
collection of structurally diversified a-allyl-f-trifluoromethyl ethylbenzene derivatives could be obtained in generally good yields.
Further mechanistic investigations proved the engagement of a benzylic radical intermediate in this transformation.
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recently casted a strategy of “F-nucleophilic addition induced

functionalization of gem-difluoroalkenes” (Scheme 1a).° The

regioselective attack of exogenous nucleophilic fluoride onto

electropositive difluorine-substituted carbon atom allows the

ready assembly of CF; group, while the ensuing elaboration of
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the nascent carbon anion/radical species ultimately achieves
1,2-difunctionalization.” Based on these achievements, we
posited whether it is possible to further expand the potential
applicability of this strategy, for example, enabling ring-opening
1,3-fluorofunctionalization of gem-difluorocyclopropanes
(F,CPs). In principle, the successful development of this
homologous reaction would build up a new dimension for the
expedient construction of structurally complicated CF;-
decorated frameworks that is not easily acquired by resorting
to previously known regimes. Although seemingly enticing, the
relative inertness of cyclopropane ring compared with alkene
m-system would pose a remarkable challenge, much less the
realization of exquisite site-selectivity, with respect to C—C
bond cleavage (Scheme 1b).

The exploitation of avenues that enable regioselective ring-
opening functionalization of F,CPs has aroused much interest
from synthetic chemists.® Although diverse efficacious
strategies for the activation of cyclopropane ring have been
put forward, most of the reported protocols still fall short of
general applicability, such that specific neighboring activating
groups are always required.””"" In this vein, the regioselective
functionalization of alkyl- or aryl-based F,CPs, which are
devoid of extra activating elements, still proved to be
nontrivial. Notably, by capitalizing on tactics including
hypervalent iodine catalysis and bromine radical-engaged
homolytic-substitution, as well as C—C bond cleavage through
low-valent palladium insertion, elegant examples were reported
by the groups of Jacobsen, Kawasaki-Takasuka, and Fu.'*™"*
Notwithstanding these notable progresses, the aforementioned
works mainly focus on monofunctionalization, despite the fact
that rapid construction of molecular complexity is more
favored for difunctionalization reactions. With our continuing
interest in fluorine chemistry,'> we would like to report our
recent progress in regioselective 1,3-carbofluorination of aryl
F,CPs (Scheme 1c). The notable features as well as the
underlying reasons, with regard to the present work are as
follows: (i) by resorting to photoredox catalysis, the aryl group
readily undergoes single-electron oxidation, with the in-situ-
generated aryl radical cation segment enabling a remote
activation of the attached F,CPs motif toward exogenous
fluoride attack;'® (i) the positive charge in aryl moiety is
effectively delocalized to F,CPs through hyperconjugation
effect, thus resulting in an enrichment of positive charge on
gem-difluorine substituted carbon atom, because of the p-
electron-donating ability of F atoms; (iii) beside the cation-
stabilization capacity of gem-difluorine substituents, which
secure a high regioselectivity concerning the fluoride attack,
extra thermodynamic gains could be anticipated by the
formation of CF, groups.”””"”

Before we started to validate our hypothesis, the redox
potential of 1-(2,2-difluorocyclopropyl)-4-methoxybenzene
(1a) was determined using cyclic voltammetry, which was
identified around +1.68 V (vs SCE in MeCN). Based on this
assessment, initial attempts of the reaction between la and
ethyl 2-((phenylsulfonyl)methyl)acrylate (2a) was performed
using different photocatalysts. (For optimization details, see
the Supporting Information.) We were pleased to find that the
desired product 3a could be isolated in 16% yield, when using
[1£(dF(CE,)ppy),(5,5"-d(CE)bpy) I(PE,) (PCI, Egey =
+1.69 V vs SCE in MeCN) as the catalyst and Py-9HF as
the fluorine source (Table 1, entry 1).'® Among the
nucleophilic fluoride tested, Et;N-3HF was revealed to be
the best choice, which resulted in the generation of 3a in 31%,

Table 1. Optimization of Reaction Conditions”

N PC (2.0 mol%) &
CO,Et F* (2.0 equiv)
Heo 1a 2a MeO 3a
entry fluoride solvent yieldb (%)
1 Py-9HF dioxane 16
2 AgF dioxane NR
3 KF dioxane NR
4 CsF dioxane NR
N BF;+OEt, dioxane S
6 Et;N-3HF dioxane 31
7 Et;N-3HF MeCN 30
8 Et;N-3HF DCE 43
9 Et;N-3HF PhCF, 36
10 Et;N-3HF acetone 23
11 Et;N-3HF DCE 89 (74)°
12 Et;N-3HF DCE NR?
13 Et;N-3HF DCE NR*

“Standard reaction conditions: 1a (0.1 mmol), 2a (0.3 mmol), PC-II
(2.0 mol %, 0.002 mmol), Et;N-3HF (2.0 equiv, 0.2 mmol), dioxane
(0.5 mL) under N, atmosphere while irradiating with 8 W blue LEDs
for 12 h. ®Yield was determined by '°F NMR with PhOCF; as the
internal standard. “DCE (0.25 mL) and the reaction time was 48 h.
Isolated yield was given in parentheses. “Without photocatalyst.
“Without light irradiation.

whereas other metallic fluorides proved unsuitable for this
transformation (Table 1, entries 2—6). Further enhancement
of reaction efficiency was observed when substituting DCE for
dioxane as the reaction media, while no further yield increase
was gained with other reaction solvents (Table 1, entries 7—
10). Pleasingly, by further prolonging the reaction time to 48 h
along with increasing the reaction concentration, full
consumption of starting materials was observed and the
NMR vyield of desired product could be increased to 89%
(Table 1, entry 11). Furthermore, control experiments clearly
indicated that both photocatalyst and light irradiation were
indispensable to the success of this reaction and no any
product was obtained with the omission of either (Table 1,
entries 12 and 13).

With the optimized reaction conditions in hand, the
exploration of substrate scope, with respect to aryl F,CPs,
was subsequently pursued and the representative results are
compiled in Scheme 2. The para position of the aryl group
decorated with electron-donating alkoxyl or aryloxyl function-
alities were all tolerated and moderate to good yields could be
obtained with these substrates (3a—3c). Although there were
more recalcitrant toward SET oxidation, the less electron-rich
substrates bearing a phenyl or alkyl group were also amenable
to this reaction and delivered the desired products 3d in 54%
and 3e in 49% yield, respectively, when using Fukuzumi salt as
the catalyst. Notably, substrate 3f, which is decorated with
propargyl ether, also participated in this fluoroallylation
reaction readily, with the propargyl group remaining intact
throughout this transformation. In addition, heterocycle-
containing aryl F,CPs also turned out to be amenable, as
showcased by the example of 3g. With the activation of
methoxy group at the para-position, a set of additional
substituents differs in electronic property were accommodated
such as F, Cl, Br, Me, Ph, and OMe (3h-3l, 3n, 30).
Interestingly, while la reacted efficiently, its ortho-OMe-
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Scheme 2. Substrate Scope of 1,3-Fluoroallylation of gem-
Difluorocyclopropane”
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Me Me
CN N S0,Ph
CF,F CF,F CFoF
CF,F Me
MeO MeO MeO'
3ab, 71%, d.r. = 1:1 3ac, 50% 3ad, 53 % 3ae, 47%

“Standard conditions:1 (0.2 mmol), 2a (0.6 mmol), PC (2.0 mol %,
0.002 mmol), Et;N-3HF (2.0 equiv, 0.4 mmol), DCE (0.5 mL) under
N, atmosphere and irradiated with 8 W blue LEDs at indicated times.
Isolated yield. "9-Mesityl-2,7-dimethyl-10-phenylacridin-10-ium tetra-
fluoroborate was used as a photocatalyst. ‘3,6-Di-tert-butyl-9-mesityl-
10-phenylacridin-10-ium tetrafluoroborate as a photocatalyst.

derived congener 1m participated in this reaction much less
readily, with only 28% yield of desired product 3m being
obtained. We believe that the discrepancy in reactivity could be
rationalized by invoking the distinct magnitude of activation on
the cyclopropane ring, because of the disparity of positive
charge distribution on these two aryl radical cation systems. Of
note, heterocyclic substrates such as that derived from
dibenzofuran was also applicable, albeit giving rise to the
desired product 3p in moderate yield. To our pleasure,
benzocyclane-derived F,CPs also readily engaged in this
reaction to afford the desired products 3q and 3r in good
yields. Note that this reaction could be successfully extended to
1,1-disubstituted F,CPs, which enables the smooth generation
of desired products with adjacent all-carbon quaternary center
either in cyclic or acyclic systems (3s—3u). Much more
intriguingly, when aryl F,CPs that contain additional alkyl or
aryl substituents on the neighboring C-3 atom were subjected
to the standard reaction conditions, the fluoride had a
tendency to attack the C-3 position, accompanied by the

distal C—C bond cleavage (3v, 3w). This regioselectivity
divergence could be rationalized by assuming that gem-
difluorine group is less inclined to stabilize the adjacent
positive charge compared with either dialkyl or aryl
substituents. The generality of allyl sulfone was also
interrogated by using 1-(2,2-difluorocyclopropyl)-4-methox-
ybenzene (1a) as the modern substrate. A series of 2-
alkoxycarbonyl substituted allyl sulfones reacted smoothly to
yield the corresponding products in good yields (3x—3z). Note
that cholesterol (3aa)- and menthol (3ab)-derived allyl sulfone
also engaged in this transformation without any issues.
Furthermore, other electron-withdrawing functional groups
such as cyano (3ac), benzoyl (3ad), and phenyl sulfone (3ae)
also proved to be compatible in this reaction, thus providing
the desired products in good yields. Notably, relatively lower
yields were obtained except for 3a, which might be attributed
to the increased oxidation potential in some cases. However,
the exact reason is unclear at the present stage.
Stern—Volmer measurement verified that only substrate 1a
positively quenched the excited state of photocatalyst. To shed
more light on the reaction mechanism, a set of control
experiments were further performed. Structurally analogous
nonfluorinated cyclopropanes 4a and 4b were tested under
standard conditions. It was found that 4a featuring gem-
dimethyl groups worked well, while 4b remained intact
(Scheme 3a). This result emphasizes the enabling effect of

Scheme 3. Control Experiments

R R CO,Et
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—
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DCE, Blue LEDs, Ny, rt, 48 h F F
MeO’ MeO’
8a, 20% 8b, 20%

the electron-donating substituent. Furthermore, the trans-
formation was totally inhibited when 1.0 equiv of 2,2,6,6-
tetramethylpiperidinooxy (TEMPO) or 2,6-ditert-butyl-4-
methylphenol (BHT) was added (Scheme 3b). A radical-
clock experiment was also conducted by subjecting 1x into the
optimized reaction conditions, which led to the generation of
1,6-difunctionalization product 6a in 39% yield (Scheme 3c).
These experiments indicated that benzyl radical was involved
as reactive intermediate in this transformation. Further proof of
benzyl radical production came from control experiment using
O, as the radical trap, which indeed led to the formation of
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anticig)ated of oxofluorination product in 73% yield (Scheme
3d)."” Apart from fluoride, other nucleophilic halogen sources
were also investigated. 2,6-Lutidine-HCI was demonstrated as a
viable nucleophile to furnish the ring-opening products 8a and
8b in 40% yield (see Scheme 3e). In addition, light on/off
experiment demonstrated that continuous light irradiation was
essential for the progress of the reaction.

In summary, we have successfully developed a conceptually
novel protocol for ring-opening 1,3-fluoroallylation of aryl
F,CPs by taking advantage of photoredox catalysis. The in-situ-
generated aromatic radical cation acted as the key activating
element, which engender a remote electronic activation on an
otherwise inert difluorocyclopropane ring system toward
exogeneous fluoride attack. The regioselectivity of fluorine
incorporation, as well as thus-accompanied C—C bond
cleavage, is delicately controlled by the cation-stabilization
capacity of substituents on the cyclopropane. Furthermore, the
successful development of this reaction not only expands the
applicability of “F-nucleophilic addition induced functionaliza-
tion” but also provides a convenient pathway for the
construction of a-allyl-f-trifluoromethyl ethylbenzene deriva-
tives.

Hl ASSOCIATED CONTENT
@ Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.orglett.0c03268.

Experimental details and full spectroscopic data for all
new compounds (PDF)

B AUTHOR INFORMATION
Corresponding Author

Chao Feng — Technical Institute of Fluorochemistry (TIF),
Institute of Advanced Synthesis (IAS), School of Chemistry and
Molecular Engineering, Nanjing Tech University, Nanjing
211816, People’s Republic of China; © orcid.org/0000-0003-
4494-6845; Email: iamcfeng@njtech.edu.cn

Authors

Haidong Liu — Technical Institute of Fluorochemistry (TIF),
Institute of Advanced Synthesis (IAS), School of Chemistry and
Molecular Engineering, Nanjing Tech University, Nanjing
211816, People’s Republic of China

Yi Li — Technical Institute of Fluorochemistry (TIF), Institute of
Advanced Synthesis (IAS), School of Chemistry and Molecular
Engineering, Nanjing Tech University, Nanjing 211816,
People’s Republic of China

Ding-Xing Wang — Technical Institute of Fluorochemistry
(TIF), Institute of Advanced Synthesis (IAS), School of
Chemistry and Molecular Engineering, Nanjing Tech
University, Nanjing 211816, People’s Republic of China

Meng-Meng Sun — Technical Institute of Fluorochemistry
(TIF), Institute of Advanced Synthesis (IAS), School of
Chemistry and Molecular Engineering, Nanjing Tech
University, Nanjing 211816, People’s Republic of China

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.orglett.0c03268
Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We gratefully acknowledge the financial support of the
National Natural Science Foundation of China (No.
21871138), and the Natural Science Foundation of Jiangsu
Province (No. BK20170984), the “Thousand Talents Plan”
Youth Program, the “Jiangsu Specially-Appointed Professor
Plan”, and the “Innovation & Entrepreneurship Talents Plan”.

B REFERENCES

(1) (a) Hagmann, W. K. The Many Roles for Fluorine in Medicinal
Chemistry. J. Med. Chem. 2008, S1, 4359—4369. (b) Smart, B. E.
Fluorine substituent effects (on bioactivity). J. Fluorine Chem. 2001,
109, 3—11.

(2) (2) Chiral Drugs: Fluorine-containing Chiral Drugs; Lin, G.-Q,,
You, Q.-D., Cheng, J.-F., Eds.; Wiley: Hoboken, NJ, 2011; Chapter S,
pp 195—251. (b) Miiller, K; Faeh, C.; Diederich, F. Fluorine in
Pharmaceuticals: Looking Beyond Intuition. Science 2007, 317, 1881—
1886.

(3) (a) Purser, S; Moore, P. R; Swallow, S.; Gouverneur, V.
Fluorine in medicinal chemistry. Chem. Soc. Rev. 2008, 37, 320—330.
(b) Wang, J; Sanchez-Rosello, M.; Acena, J. L; del Pozo, C,;
Sorochinsky, A. E.; Fustero, S.; Soloshonok, V. A,; 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.

(4) For selected reviews, see: (a) Alonso, C.; Martinez de Marigorta,
E.; Rubiales, G.; Palacios, F. Carbon Trifluoromethylation Reactions
of Hydrocarbon Derivatives and Heteroarenes. Chem. Rev. 2015, 1185,
1847—193S. (b) Charpentier, J.; Fruh, N,; Togni, A. Electrophilic
Trifluoromethylation by Use of Hypervalent Iodine Reagents. Chem.
Rev. 2015, 115, 650—682. (c) Liu, X; Xu, C; Wang, M,; Liuy, Q.
Trifluoromethyltrimethylsilane: Nucleophilic Trifluoromethylation
and Beyond. Chem. Rev. 2015, 115, 683—730. (d) Merino, E;
Nevado, C. Addition of CF; across unsaturated moieties: a powerful
functionalization tool. Chem. Soc. Rev. 2014, 43, 6598—6608.
(e) Studer, A. A. Renaissance” in Radical Trifluoromethylation.
Angew. Chem., Int. Ed. 2012, 51, 8950—8958. (f) Tomashenko, O. A.;
Grushin, V. V. Aromatic Trifluoromethylation with Metal Complexes.
Chem. Rev. 2011, 111, 4475—4521. (g) Barata-Vallejo, S.; Lantafio, B.;
Postigo, A. Recent Advances in Trifluoromethylation Reactions with
Electrophilic Trifluoromethylating Reagents. Chem. - Eur. . 2014, 20,
16806—16829.

(S) For selected papers on the synthetic elaboration using CF-
contaning templates, see: (a) Ryu, D.; Primer, D. N; Tellis, J. C;
Molander, G. A. Single-Electron Transmetalation: Synthesis of 1,1-
Diaryl-2,2,2-trifluoroethanes by Photoredox/Nickel Dual Catalytic
Cross-Coupling. Chem. - Eur. J. 2016, 22, 120—123. (b) Liang, Y.; Fu,
G. C. Stereoconvergent Negishi Arylations of Racemic Secondary
Alkyl Electrophiles: Differentiating between a CF; and an Alkyl
Group. J. Am. Chem. Soc. 2015, 137, 9523—9526. (c) Brambilla, M.;
Tredwell, M. alladium-Catalyzed Suzuki—Miyaura Cross-Coupling of
Secondary a-(Trifluoromethyl)benzyl Tosylates. Angew. Chem., Int.
Ed. 2017, 56, 11981—11985. (d) Yasu, Y.; Koike, T.; Akita, M. Three-
component Oxytrifluoromethylation of Alkenes: Highly Efficient and
Regioselective Difunctionalization of C = C Bonds Mediated by
Photoredox Catalysts. Angew. Chem., Int. Ed. 2012, 51, 9567—9571.
(e) Yang, W,; Ma, D,; Zhou, X,; Dong, X,; Lin, Z,; Sun, J. NHC-
Catalyzed Electrophilic Trifluoromethylation: Efficient Synthesis of y-
Trifluoromethyl a,B-Unsaturated Esters. Angew. Chem., Int. Ed. 2018,
57, 12097—12101. (f) Holmes, M.; Nguyen, K. D.; Schwartz, L. A;
Luong, T.; Krische, M. J. Enantioselective Formation of CF;-Bearing
All-Carbon Quaternary Stereocenters via C—H Functionalization of
Methanol: Iridium Catalyzed Allene Hydrohydroxymethylation. J.
Am. Chem. Soc. 2017, 139, 8114—8117.

(6) Tian, P,; Wang, C.-Q,; Cai, S.-H.; Song, S.; Ye, L.; Feng, C.; Loh,
T.-P. F Nucleophilic-Addition-Induced Allylic Alkylation. J. Am.
Chem. Soc. 2016, 138, 15869—15872.

https://dx.doi.org/10.1021/acs.orglett.0c03268
Org. Lett. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acs.orglett.0c03268?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.0c03268/suppl_file/ol0c03268_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chao+Feng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-4494-6845
http://orcid.org/0000-0003-4494-6845
mailto:iamcfeng@njtech.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Haidong+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yi+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ding-Xing+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Meng-Meng+Sun"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c03268?ref=pdf
https://dx.doi.org/10.1021/jm800219f
https://dx.doi.org/10.1021/jm800219f
https://dx.doi.org/10.1016/S0022-1139(01)00375-X
https://dx.doi.org/10.1126/science.1131943
https://dx.doi.org/10.1126/science.1131943
https://dx.doi.org/10.1039/B610213C
https://dx.doi.org/10.1021/cr4002879
https://dx.doi.org/10.1021/cr4002879
https://dx.doi.org/10.1021/cr4002879
https://dx.doi.org/10.1021/cr500368h
https://dx.doi.org/10.1021/cr500368h
https://dx.doi.org/10.1021/cr500223h
https://dx.doi.org/10.1021/cr500223h
https://dx.doi.org/10.1021/cr400473a
https://dx.doi.org/10.1021/cr400473a
https://dx.doi.org/10.1039/C4CS00025K
https://dx.doi.org/10.1039/C4CS00025K
https://dx.doi.org/10.1002/anie.201202624
https://dx.doi.org/10.1021/cr1004293
https://dx.doi.org/10.1002/chem.201404005
https://dx.doi.org/10.1002/chem.201404005
https://dx.doi.org/10.1002/chem.201504079
https://dx.doi.org/10.1002/chem.201504079
https://dx.doi.org/10.1002/chem.201504079
https://dx.doi.org/10.1021/jacs.5b04725
https://dx.doi.org/10.1021/jacs.5b04725
https://dx.doi.org/10.1021/jacs.5b04725
https://dx.doi.org/10.1002/anie.201706631
https://dx.doi.org/10.1002/anie.201706631
https://dx.doi.org/10.1002/anie.201205071
https://dx.doi.org/10.1002/anie.201205071
https://dx.doi.org/10.1002/anie.201205071
https://dx.doi.org/10.1002/anie.201205071
https://dx.doi.org/10.1002/anie.201806674
https://dx.doi.org/10.1002/anie.201806674
https://dx.doi.org/10.1002/anie.201806674
https://dx.doi.org/10.1021/jacs.7b04374
https://dx.doi.org/10.1021/jacs.7b04374
https://dx.doi.org/10.1021/jacs.7b04374
https://dx.doi.org/10.1021/jacs.6b11205
pubs.acs.org/OrgLett?ref=pdf
https://dx.doi.org/10.1021/acs.orglett.0c03268?ref=pdf

Organic Letters

pubs.acs.org/OrgLett

(7) (a) Tang, H.J; Lin, L.-Z,; Feng, C.; Loh, T.-P. Palladium-
Catalyzed Fluoroarylation of gem-Difluoroalkenes. Angew. Chem., Int.
Ed. 2017, 56, 9872—9876. (b) Tang, H.-J.; Zhang, Y.-F.; Jiang, Y.-W,;
Feng, C. F~ Nucleophilic-Addition-Induced [3 + 2] Annulation:
Direct Access to CF;-Substituted Indenes. Org. Lett. 2018, 20, 5190—
5193. (c) Daniel, P. E.; Onyeagusi, C. L; Ribeiro, A. A; Li, K;
Malcolmson, S. J. Palladium-Catalyzed Synthesis of @-Trifluoromethyl
Benzylic Amines via Fluoroarylation of gem-Difluoro-2-azadienes
Enabled by Phosphine-Catalyzed Formation of an Azaallyl—Silver
Intermediatel. ACS Catal. 2019, 9, 205—210. (d) Wang, X; Li, Y;
Guo, Y.; Zhu, Z.; Wu, Y.; Cao, W. Direct isoperfluoropropylation of
arenediazonium salts with hexafluoropropylene. Org. Chem. Front.
2016, 3, 304—308. (e) Liu, H.; Ge, L.; Wang, D.-X.; Chen, N.; Feng,
C. Photoredox-Coupled F-Nucleophilic Addition: Allylation of gem-
Difluoroalkenes. Angew. Chem., Int. Ed. 2019, S$8, 3918—3922.
(f) Gao, B.,; Zhao, Y,; Hu, ]. AgF-Mediated Fluorinative Cross-
Coupling of Two Olefins: Facile Access to a-CF; Alkenes and f-CF,
Ketones. Angew. Chem., Int. Ed. 2014, 54, 638—642. (g) Zhang, B.;
Zhang, X.; Hao, J; Yang, C. Palladium-Catalyzed Direct Approach to
a-Trifluoromethyl Alcohols by Selective Hydroxylfluorination of gem-
Difluoroalkenes. Eur. J. Org. Chem. 2018, 2018, 5007—501S. (h) Hu,
J; Yang, Y,; Lou, Z; Ni, C; Hu, J. Fluoro-Hydroxylation of gem-
Difluoroalkenes: Synthesis of 'O-labeled a-CF; Alcohols. Chin. J.
Chem. 2018, 36, 1202—1208. (i) Yoo, W.-].; Kondo, J.; Rodriguez-
Santamaria, J. A.; Nguyen, T. V. Q,; Kobayashi, S. Efficient Synthesis
of a-Trifluoromethyl Carboxylic Acids and Esters through Fluo-
rocarboxylation of gem-Difluoroalkenes. Angew. Chem., Int. Ed. 2019,
58, 6772—6775. (j) Liu, C.; Zhu, C; Cai, Y.; Yang, Z.; Zeng, H,;
Chen, F,; Jiang, H. Fluorohalogenation of gem-Difluoroalkenes:
Synthesis and Applications of a-Trifluoromethyl Halides. Chem. -
Eur. J. 2020, 26, 1953—1957. (k) Yang, L.; Fan, W.-X; Lin, E; Tan,
D.-H,; Li, Q; Wang, H. Synthesis of @-CF; and a-CF,H amines via
the aminofluorination of fluorinated alkenes. Chem. Commun. 2018,
54, 5907—-5910.

(8) Song, X.; Xu, C; Wang, M. Transformations based on ring-
opening of gem-difluorocyclopropanes. Tetrahedron Lett. 2017, S8,
1806—1816.

(9) (a) Yang, T.-P,; Li, Q;; Lin, J.-H; Xiao, J.-C. Boron-trihalide-
promoted regioselective ring-opening reactions of gem-difluorocyclo-
propyl ketones. Chem. Commun. 2014, 50, 1077—1079. (b) Yang, T.-
P; Lin, J-H,; Chen, Q.-Y,; Xiao, J.-C. A novel reaction of gem-
difluorocyclopropyl ketones with nitriles leading to 2-fluoropyrroles.
Chem. Commun. 2013, 49, 9833—9835. (c) Dolbier, W. R.; Cornett,
E.; Martinez, H.; Xu, W. Friedel-Crafts Reactions of 2,2-
Difluorocyclopropanecarbonyl Chloride: Unexpected Ring-Opening
Chemistry. J. Org. Chem. 2011, 76, 3450—3456. (d) Xu, W.; Ghiviriga,
L; Chen, Q-Y; Dolbier, W. R. Magnesium iodide promoted
defluorinative reactions of 2,2-difluorocyclopropyl aryl ketones with
aryl imines: A new, general synthesis of 2-alkylideneazetidines. J.
Fluorine Chem. 2010, 131, 958—963. (e) Xu, W.; Dolbier, W. R;;
Salazar, J. Ionic Liquid, Surrogate Hydrogen Bromide Reagent for
Ring Opening of Cyclopropyl Ketones. J. Org. Chem. 2008, 73, 3535—
3538. (f) Sugiishi, T.; Matsumura, C.; Amii, H. Synthesis of 3-fluoro-
2,5-disubstituted furans through ring expansion of gem-difluorocyclo-
propyl ketones. Org. Biomol. Chem. 2020, 18, 3459—3462.

(10) Kobayashi, Y.; Morikawa, T.; Yoshizawa, A.; Taguchi, T. A
stereospecific synthesis of conjugated fluorodienes by a ring-opening
reaction of gem-difluorocyclopropane derivatives. Tetrahedron Lett.
1981, 22, 5297—5300.

(11) (a) Munemori, D.; Narita, K.; Nokami, T.; Itoh, T. Synthesis of
gem-Difluoromethylene Building Blocks through Regioselective
Allylation of gem-Difluorocyclopropanes. Org. Lett. 2014, 16, 2638—
2641. (b) Masuhara, Y,; Tanaka, T.; Takenaka, H.; Hayase, S.;
Nokami, T.; Itoh, T. Synthesis of gem-Difluoromethylene Containing
Cycloalkenes via the Ring-Opening Reaction of gem-Difluorocyclo-
propanes and Subsequent RCM Reaction. J. Org. Chem. 2019, 84,
5440—5449.

(12) Banik, S. M;; Mennie, K. M.; Jacobsen, E. N. Catalytic 1,3-
Difunctionalization via Oxidative C—C Bond Activation. . Am. Chem.
Soc. 2017, 139, 9152—91S5S.

(13) Goto, T.; Kawasaki-Takasuka, T.; Yamazaki, T. Ring-Opening
Functionalization of Simple gem-Difluorocyclopropanes by Single-
Electron Oxidants. J. Org. Chem. 2019, 84, 9509—9518.

(14) (a) Xu, J.; Ahmed, E.-A.; Xiao, B,; Lu, Q.-Q.; Wang, Y.-L.; Yu,
C.-G,; Fu, Y. Pd-Catalyzed RegioselectiveActivation of gem-Difluori-
nated Cyclopropanes: A Highly Efficient Approach to 2-Fluorinated
Allylic Scaffolds. Angew. Chem., Int. Ed. 2015, 54, 8231—8235.
(b) Ahmed, E-A. M. A; Suliman, A. M. Y,; Gong, T.-J; Fu, Y.
Palladium-Catalyzed Stereoselective Defluorination Arylation/Alke-
nylation/Alkylation of gem-Difluorinated Cyclopropanes. Org. Lett.
2019, 21, 5645—5649. (c) Ni, J.; Nishonov, B.; Pardaev, A.; Zhang, A.
Palladium-Catalyzed Ring-Opening Coupling of gem-Difluorocyclo-
propanes for the Construction of 2-Fluoroallylic Sulfones. J. Org.
Chem. 2019, 84, 13646—13654. (d) Ahmed, E.-A. M. A,; Suliman, A.
M.Y,; Gong, T.-].; Fu, Y. Access to Divergent Fluorinated Enynes and
Arenes via Palladium-Catalyzed Ring-Opening Alkynylation of gem-
Difluorinated Cyclopropanes. Org. Lett. 2020, 22, 1414—1419.

(15) (a) Tang, H.-J.; Zhang, X.; Zhang, Y.-F.; Feng, C. Visible-Light-
Assisted Gold-Catalyzed Fluoroarylation of Allenoates. Angew. Chem.,
Int. Ed. 2020, 59, 5242—5247. (b) Tang, L.; Liu, Z.-Y.; She, W.; Feng,
C. Selective single C—F bond arylation of trifluoromethylalkene
derivatives. Chem. Sci. 2019, 10, 8701—870S. (c) Zhu, C.; Zhang, Y.-
F; Liu, Z-Y; Zhou, L,; Liu, H; Feng, C. Selective C—F bond
carboxylation of gem-difluoroalkenes with CO, by photoredox/
palladium dual catalysis. Chem. Sci. 2019, 10, 6721—-6726.
(d) Zhou, L; Zhu, C; Bi, P.,; Feng, C. Ni-catalyzed migratory
fluoro-alkenylation of unactivated alkyl bromides with gem-difluor-
oalkenes. Chem. Sci. 2019, 10, 1144—1149. (e) Wang, C.-Q.; Ye, L;
Feng, C.; Loh, T.-P. C—F Bond Cleavage Enabled Redox-Neutral [4
+ 1] Annulation via C—H Bond Activation. J. Am. Chem. Soc. 2017,
139, 1762—176S. (f) Wang, C.-Q; Zhang, Y.; Feng, C. Fluorine
Effects on Group Migration via a Rhodium(V) Nitrenoid
Intermediate. Angew. Chem., Int. Ed. 2017, 56, 14918—14922.
(g) Tian, P.; Feng, C.; Loh, T.-P. Rhodium-catalysed C(sp*)—C(sp?)
bond formation via C—H/C—F activation. Nat. Commun. 20185, 6,
7472—7478.

(16) For selected examples, see: (a) Romero, N. A.; Margrey, K. A,;
Tay, N. E.; Nicewicz, D. A. Site-selective arene C-H amination via
photoredox catalysis. Science 2015, 349, 1326—1330. (b) McManus, J.
B.; Nicewicz, D. A. Direct C—H Cyanation of Arenes via Organic
Photoredox Catalysis. J. Am. Chem. Soc. 2017, 139, 2880—2883.
(c) Ge, L; Wang, D.-X; Xing, R; Ma, D.; Walsh, P. J.; Feng, C.
Photoredox-catalyzed oxo-amination of aryl cyclopropanes. Nat.
Commun. 2019, 10, 4367—4375. (d) Pandey, G.; Pal, S.; Laha, R.
Direct Benzylic C—H Activation for C—O Bond Formation by
Photoredox Catalysis. Angew. Chem., Int. Ed. 2013, 52, 5146—5149.
(e) Zheng, Y.-W.; Chen, B.; Ye, P.; Feng, K; Wang, W.; Meng, Q.-Y.;
Wu, L.-Z,; Tung, C.-H. Photocatalytic Hydrogen-Evolution Cross-
Couplings: Benzene C—H Amination and Hydroxylation. ]. Am.
Chem. Soc. 2016, 138, 10080—10083. (f) Blum, T. R; Zhu, Y,;
Nordeen, S. A.; Yoon, T. P. Photocatalytic Synthesis of
Dihydrobenzofurans by Oxidative [3 + 2] Cycloaddition of Phenols.
Angew. Chem., Int. Ed. 2014, $3, 11056—11059. (g) Ohkubo, K;
Mizushima, K; Iwata, R.; Fukuzumi, S. Selective photocatalytic
aerobic bromination with hydrogen bromidevia an electron-transfer
state of 9-mesityl-10-methylacridinium ion. Chem. Sci. 2011, 2, 715—
722. (h) Niu, L; Liy, J.; Yi, H.; Wang, S.; Liang, X.-A.; Singh, A. K;
Chiang, C.-W,; Lei, A. Visible-Light-Induced External Oxidant-Free
Oxidative Phosphonylation of C(sp?)—H Bonds. ACS Catal. 2017, 7,
7412—7416. (i) Bloom, S.; McCann, M.; Lectka, T. Photocatalyzed
Benzylic Fluorination: Shedding “Light” on the Involvement of
Electron Transfer. Org. Lett. 2014, 16, 6338—6341. (j) Mcmanus, J.
B.; Griffin, J. D.; White, A. R; Nicewicz, D. A. Homobenzylic
Oxygenation Enabled by Dual Organic Photoredox and Cobalt
Catalysis. J. Am. Chem. Soc. 2020, 142, 10325—10330.

https://dx.doi.org/10.1021/acs.orglett.0c03268
Org. Lett. XXXX, XXX, XXX—XXX


https://dx.doi.org/10.1002/anie.201705321
https://dx.doi.org/10.1002/anie.201705321
https://dx.doi.org/10.1021/acs.orglett.8b02128
https://dx.doi.org/10.1021/acs.orglett.8b02128
https://dx.doi.org/10.1021/acscatal.8b03999
https://dx.doi.org/10.1021/acscatal.8b03999
https://dx.doi.org/10.1021/acscatal.8b03999
https://dx.doi.org/10.1021/acscatal.8b03999
https://dx.doi.org/10.1039/C5QO00388A
https://dx.doi.org/10.1039/C5QO00388A
https://dx.doi.org/10.1002/anie.201814308
https://dx.doi.org/10.1002/anie.201814308
https://dx.doi.org/10.1002/anie.201409705
https://dx.doi.org/10.1002/anie.201409705
https://dx.doi.org/10.1002/anie.201409705
https://dx.doi.org/10.1002/ejoc.201800468
https://dx.doi.org/10.1002/ejoc.201800468
https://dx.doi.org/10.1002/ejoc.201800468
https://dx.doi.org/10.1002/cjoc.201800426
https://dx.doi.org/10.1002/cjoc.201800426
https://dx.doi.org/10.1002/anie.201902779
https://dx.doi.org/10.1002/anie.201902779
https://dx.doi.org/10.1002/anie.201902779
https://dx.doi.org/10.1002/chem.201905445
https://dx.doi.org/10.1002/chem.201905445
https://dx.doi.org/10.1039/C8CC03364A
https://dx.doi.org/10.1039/C8CC03364A
https://dx.doi.org/10.1016/j.tetlet.2017.03.058
https://dx.doi.org/10.1016/j.tetlet.2017.03.058
https://dx.doi.org/10.1039/C3CC47879C
https://dx.doi.org/10.1039/C3CC47879C
https://dx.doi.org/10.1039/C3CC47879C
https://dx.doi.org/10.1039/c3cc45456h
https://dx.doi.org/10.1039/c3cc45456h
https://dx.doi.org/10.1021/jo200423y
https://dx.doi.org/10.1021/jo200423y
https://dx.doi.org/10.1021/jo200423y
https://dx.doi.org/10.1016/j.jfluchem.2010.06.021
https://dx.doi.org/10.1016/j.jfluchem.2010.06.021
https://dx.doi.org/10.1016/j.jfluchem.2010.06.021
https://dx.doi.org/10.1021/jo800337t
https://dx.doi.org/10.1021/jo800337t
https://dx.doi.org/10.1039/C9OB02713K
https://dx.doi.org/10.1039/C9OB02713K
https://dx.doi.org/10.1039/C9OB02713K
https://dx.doi.org/10.1016/S0040-4039(01)92485-2
https://dx.doi.org/10.1016/S0040-4039(01)92485-2
https://dx.doi.org/10.1016/S0040-4039(01)92485-2
https://dx.doi.org/10.1021/ol500803r
https://dx.doi.org/10.1021/ol500803r
https://dx.doi.org/10.1021/ol500803r
https://dx.doi.org/10.1021/acs.joc.9b00415
https://dx.doi.org/10.1021/acs.joc.9b00415
https://dx.doi.org/10.1021/acs.joc.9b00415
https://dx.doi.org/10.1021/jacs.7b05160
https://dx.doi.org/10.1021/jacs.7b05160
https://dx.doi.org/10.1021/acs.joc.9b01078
https://dx.doi.org/10.1021/acs.joc.9b01078
https://dx.doi.org/10.1021/acs.joc.9b01078
https://dx.doi.org/10.1002/anie.201502308
https://dx.doi.org/10.1002/anie.201502308
https://dx.doi.org/10.1002/anie.201502308
https://dx.doi.org/10.1021/acs.orglett.9b01979
https://dx.doi.org/10.1021/acs.orglett.9b01979
https://dx.doi.org/10.1021/acs.joc.9b01897
https://dx.doi.org/10.1021/acs.joc.9b01897
https://dx.doi.org/10.1021/acs.orglett.0c00022
https://dx.doi.org/10.1021/acs.orglett.0c00022
https://dx.doi.org/10.1021/acs.orglett.0c00022
https://dx.doi.org/10.1002/anie.201916471
https://dx.doi.org/10.1002/anie.201916471
https://dx.doi.org/10.1039/C9SC01966A
https://dx.doi.org/10.1039/C9SC01966A
https://dx.doi.org/10.1039/C9SC01336A
https://dx.doi.org/10.1039/C9SC01336A
https://dx.doi.org/10.1039/C9SC01336A
https://dx.doi.org/10.1039/C8SC04162H
https://dx.doi.org/10.1039/C8SC04162H
https://dx.doi.org/10.1039/C8SC04162H
https://dx.doi.org/10.1021/jacs.6b12142
https://dx.doi.org/10.1021/jacs.6b12142
https://dx.doi.org/10.1002/anie.201708505
https://dx.doi.org/10.1002/anie.201708505
https://dx.doi.org/10.1002/anie.201708505
https://dx.doi.org/10.1038/ncomms8472
https://dx.doi.org/10.1038/ncomms8472
https://dx.doi.org/10.1126/science.aac9895
https://dx.doi.org/10.1126/science.aac9895
https://dx.doi.org/10.1021/jacs.6b12708
https://dx.doi.org/10.1021/jacs.6b12708
https://dx.doi.org/10.1038/s41467-019-12403-2
https://dx.doi.org/10.1002/anie.201210333
https://dx.doi.org/10.1002/anie.201210333
https://dx.doi.org/10.1021/jacs.6b05498
https://dx.doi.org/10.1021/jacs.6b05498
https://dx.doi.org/10.1002/anie.201406393
https://dx.doi.org/10.1002/anie.201406393
https://dx.doi.org/10.1039/c0sc00535e
https://dx.doi.org/10.1039/c0sc00535e
https://dx.doi.org/10.1039/c0sc00535e
https://dx.doi.org/10.1021/acscatal.7b02418
https://dx.doi.org/10.1021/acscatal.7b02418
https://dx.doi.org/10.1021/ol503094m
https://dx.doi.org/10.1021/ol503094m
https://dx.doi.org/10.1021/ol503094m
https://dx.doi.org/10.1021/jacs.0c04422
https://dx.doi.org/10.1021/jacs.0c04422
https://dx.doi.org/10.1021/jacs.0c04422
pubs.acs.org/OrgLett?ref=pdf
https://dx.doi.org/10.1021/acs.orglett.0c03268?ref=pdf

Organic Letters pubs.acs.org/OrgLett

(17) (a) Uneyama, K. Organofluorine Chemistry; Blackwell: Oxford,
UK, 2006. (b) Smart, B. E. In Organofluorine Chemistry: Principles
and Commercial Applications; Banks, R. E.; Smart, B. E.; Tatlow, J. C,,
Eds.; Plenum Press: New York, 1994; pp 57—88. (c) Fuchibe, K;
Hatta, H.,; Oh, K; Oki, R.; Ichikawa, J. Lewis Acid Promoted Single
C—F Bond Activation of the CF; Group: Syl’-Type 3,3-
Difluoroallylation of Arenes with 2-Trifluoromethyl-1-alkenes.
Angew. Chem., Int. Ed. 2017, 56, 5890—5893.

(18) Choi, G. J.; Zhu, Q.; Miller, D. C; Gu, C. J.; Knowles, R. R.
Catalytic alkylation of remote C—H bonds enabled by proton-coupled
electron transfer. Nature 2016, 539, 268—271.

(19) For selected examples, see: (a) Deb, A.; Manna, S.; Modak, A.;
Patra, T.; Maity, S.; Maiti, D. Oxidative Trifluoromethylation of
Unactivated Olefins: An Efficient and Practical Synthesis of a-
Trifluoromethyl-Substituted Ketones. Angew. Chem., Int. Ed. 2013, 52,
9747-9750. (b) Yang, Y.; Liu, Y.; Jiang, Y.; Zhang, Y.; Vicic, D. A.
Manganese-Catalyzed Aerobic Oxytrifluoromethylation of Styrene
Derivatives Using CF;SO,Na as the Trifluoromethyl Source. J. Org.
Chem. 2015, 80, 6639—6648. (c) Panday, P.; Garg, P.; Singh, A.
Manganese-Dioxide-Catalyzed Trifluoromethylation and Azidation of
Styrenyl Olefins via Radical Intermediates. Asian J. Org. Chem. 2018,
7, 111—-118.

https://dx.doi.org/10.1021/acs.orglett.0c03268
Org. Lett. XXXX, XXX, XXX—XXX


https://dx.doi.org/10.1002/anie.201701985
https://dx.doi.org/10.1002/anie.201701985
https://dx.doi.org/10.1002/anie.201701985
https://dx.doi.org/10.1038/nature19811
https://dx.doi.org/10.1038/nature19811
https://dx.doi.org/10.1002/anie.201303576
https://dx.doi.org/10.1002/anie.201303576
https://dx.doi.org/10.1002/anie.201303576
https://dx.doi.org/10.1021/acs.joc.5b00781
https://dx.doi.org/10.1021/acs.joc.5b00781
https://dx.doi.org/10.1002/ajoc.201700508
https://dx.doi.org/10.1002/ajoc.201700508
pubs.acs.org/OrgLett?ref=pdf
https://dx.doi.org/10.1021/acs.orglett.0c03268?ref=pdf

