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Radical Chlorodifluoromethylation: Providing a Motif for
(Hetero)arene Diversification
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ABSTRACT: A method for the radical chlorodifluoromethylation of (hetero)arenes using chlorodifluoroacetic anhydride is
reported. This operationally simple protocol proceeds under mild photochemical conditions with high functional group
compatibility and complements the large body of literature for the trifluoromethylation of (hetero)arenes. Introduction of the
chlorodifluoromethyl motif enables rapid diversification to a wide array of aromatic scaffolds. This work showcases the
chlorodifluoromethyl group as an attractive entryway to otherwise synthetically challenging electron-rich difluoromethyl-
(hetero)arenes. Furthermore, facile conversion of the CF,Cl moiety into the corresponding aryl esters, gem-difluoroenones, and
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P-keto-esters is demonstrated.

luorine has the unique ability to alter the physiochemical

properties of small molecules,’ meaning that the
introduction of fluorine into molecular scaffolds can
dramatically affect their behavior in biological systems, often
increasing metabolic stability.” Consequently, the fluorine
atom is widely acknowledged to be a valuable heteroatomic
surrogate.” Moreover, organofluorine chemistry has recently
found many diverse applications in the development of new
pharmaceuticals, agrochemicals, and materials."”*

While a great deal of effort has been directed toward
developing new methodologies for introducing the trifluor-
omethyl (CF;) moiety into organic molecules,” procedures for
incorporating the corresponding, yet chemically distinct,®
difluoromethylene functionality (CF,X) are less established.
In particular, the difluoromethyl group (CF,H) has garnered
recent interest in medicinal chemistry as a lipophilic
hydrogen-bond donor and is considered a competent
bioisostere for thiols and alcohols (Figure 1A, left).>” ™" As
a consequence, there is a growing demand to develop efficient
and practical methods for the introduction of the difluoro-
methylene motif, in particular, the difluoromethyl group,”'*""
into organic and medicinally relevant compounds. Within the
past decade, numerous radical based difluoromethylation
reaction platforms have been reported.'”” Many of these
methods demonstrate excellent functional group tolerance and
have potential to be adopted for applications beyond
discovery scale. A notable limitation though of direct radical
difluoromethylation may be partly attributed to the limited
substrate scope, arising from the difluoromethyl radical
preferentially functionalizing electron-deficient z-systems.
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Therefore, the development of a simple and complementary
protocol capable of overcoming the inherent electronic
paradigm of existing radical difluoromethylation methods
would be a valuable addition to the organic practitioner’s
repertoire.

While the difluoromethyl radical exhibits nucleophilic
behavior,"* the chlorodifluoromethyl radical may be charac-
terized as an electrophilic radical (Figure 1A right). We
targeted the chlorodifluoromethyl radical as an attractive
surrogate to the difluoromethyl radical as a means to
efficiently prepare electron-rich difluoromethyated (hetero)-
arenes and other high-value, fluorinated heterocycles.
However, only a few precursors to the chlorodifluoromethyl
radical have been reported (Figure 1B), including bromo-
chlorodifluoromethane,"* bis(chlorodifluoroacetyl)peroxide in
the presence of Freon-113,'* and O-octadecyl-S-chlorodifluor-
omethyl xanthate, which requires an AIBN/(Me,Si);SiH
combination to reductively remove the xanthate group.'’
Herein, we report the direct chlorodifluoromethylation of
(hetero)arenes with commercially available chlorodifluoro-
acetic anhydride (Figure 1C). The chlorodifluoromethyl group
acts as a difluorinated linchpin, which readily participates in
postfunctionalization reactions, enabling the rapid generation
of aryl esters, gem-difluoroenones, and fS-keto-esters. Notably,
the chlorodifluoromethyl group is shown to be a critical
entryway to electron-rich difluoromethylated (hetero)arenes,
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Figure 1. (A) Inspiration for the reported radical chlorodifluor-
omethylation of (hetero)arenes. (B) Summary of previous efforts
toward alkene and arene radical chlorodifluoromethylation. (C)
General representation of this work: decarboxylative radical
chlorodifluoromethylation of (hetero)arenes to access high-value
heterocycles.

which previous methods have been found challenging to
prepare.

Recently, our group identified pyridine N-oxide as a suitable
redox trigger for the reductive decarboxylation of trifluoro-
acetic anhydride for the intermolecular coupling of a range of
vinyl, aryl, and heteroaryl substrates.'® This inexpensive
reagent combination enables the direct generation of the
CF; radical. In the succeeding manuscript, our group reports a
complementary mode of reactivity by altering the electronics
of this redox-active system for the direct coupling of electron-
deficient heterocyclic N-oxides with electron-rich alkyl
radicals. This fragment coupling paradigm uses the hetero-
cyclic N-oxide reagent as both a transient redox auxiliary as
well as the (hetero)aryl coupling partner. Inspired by our
success with trifluoromethylation, we envisioned the develop-
ment of a mild reagent combination (chlorodifluoroacetic
anhydride/pyridine N-oxide adduct E, 4 —1.57 V vs SCE)"”
for the generation of the chlorodifluoromethyl radical
(*CF,Cl). Benzene (1) was the substrate of choice for our
initial exploration of reaction conditions (eq 1). We were

Ru(bpy)sCl, (1 mol %)
pyridine N-oxide (1 equiv) cl cl O
anhydride (1.1 equiv) WF F‘\) ,< O
© - FoFE oK )
MeCN, rt, 16 h CFCl
13.2 W blue LEDs anhydride
1 1a 78%

pleased to find that the combination of chlorodifluoroacetic
anhydride, pyridine N-oxide, and 1 mol % Ru(bpy);Cl,
furnished the desired chlorodifluoromethylated benzene (1a)
in 78% '°F NMR yield."”

The scope of chlorodifluoromethylation was evaluated for a
wide array of electron-rich and pharmaceutically relevant
(hetero)aromatics (Scheme 1). Several substrates exhibited
good reactivity toward the radical fluoroalkylation protocol
under the optimized reaction conditions, while modest
conversions for select substrates could be overcome by simply
increasing the equivalents of pyridine N-oxide and anhydride,
or changing the redox trigger to 4-phenylpyridine N-oxide.'”
The increase in yield can be rationalized by the in situ
formation of an electron donor—acceptor complex, providing
an additional productive mechanistic pathway.'® Mesitylene
(1b), pyrroles (1i, 11, 1m, lo), pyridones (1f, 1g, 1h, 1n),
benzofuran (1d), furan (1k), xanthines (1p, 1q), aza-indoles
(1e), anisole (lc), thiophene (1j), and quinoline (1s) all
proved to be competent substrates. Subjection of 4-
methylstyrene to the established conditions afforded the bis-
substituted product (1r). This method was further shown to
be tolerant of several sensitive functional groups, including
esters, aryl halides, Boc-protected heterocycles, aryl methyl
ethers, and MIDA boronates. In particular, the MIDA
boronate products are appealing as potential fluorinated
cross-coupling reagents and are frequently encountered in
drug discovery efforts.'"” Moreover, in all reported examples,
we observed a high preferential functionalization of the
substrate over the concomitantly generated pyridine. The
majority of products shown in Scheme 1 are compounds with
unreported synthetic preparations. While the title reaction is
amenable to gram scale-up in batch (1p), successful
implementation of a flow reactor manifold (1 mL internal
reactor volume, 0.04 in. internal diameter PFA tubing, 0.2
mL/min flow rate, and residence time of 10 min) suggests
that this chemistry can translate beyond discovery scale (1i)."”

With several classes of chlorodifluoromethylated (hetero)-
aromatic products prepared, we turned our attention toward
exploring the reactivity of the chlorodifluoromethyl group and
in particular to accessing the difluoromethyl group (CF,H).
Notably, subjecting electron-rich 4-Bu-anisole to the standard
conditions with difluoroacetic anhydride or the known
difluoromethylation reagent, zinc difluoromethanesulfinate
(DFMS),"** failed to give radical CF,H addition (Scheme
2). Satisfyingly, under basic hydrogenolysis conditions, the
electron-rich difluoromethylanisole product (2¢) was gener-
ated in excellent ?rleld These observations align with a
literature precedent'*>*° detailing the preferential addition of
electron-rich difluoromethyl radicals to electron-deficient
(hetero)aromatics. Sodium carbonate proved crucial for the
success of this transformation and only trace amount of
product was isolated in its absence, presumably due to
deactivation of the palladium catalyst by in situ generated
HCL A diverse set of (hetero)arene—CF,H products could be
garnered in high yields (Figure 2A, 2a—e) and, in the case of
2e, excellent diastereoselectivity. Our two-step protocol stands
as a robust synthetic equivalent to direct radical difluor-
omethylation and is an efficient solution to overcome the
radical’s electronic limitations (Figure 2B). Chlorodifluorome-
thylation followed by hydrogenolysis of 2f provides the
electronically mis-matched S-difluomethylquinoline (2g).
Notably, direct radical difluoromethylation of dihydroquinine
is selective for the electrophilic 2-position of the quinoline
core,'”* further supporting the synthetic value and the
complementary nature of the CF,Cl motif. Additionally,
exposing pyridone-CF,Cl products to methanolysis conditions
in either a one or two-pot sequence readily afforded the
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Scheme 1. Chlorodifluoromethylation of (Hetero)arenes”
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Scheme 2. Electronic Effects of Fluoroalkyl Radicals
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corresponding methyl esters in moderate to good yields
(Figure 2C, 2h—j).

Subjection of internal aryl acetylenes to our standard
conditions provided exclusive formation of gem-difluoroenones
in excellent yields (Figure 3A, 3ab). These difluorinated
products are especially attractive synthetic building blocks.”" A
plausible mechanism for this transformation (Figure 3B) may
involve vinylic radical oxidation and subsequent chloride
elimination, which may lead to the observed gem-difluor-
oenone upon hydrolysis.”” Terminal and alkyl-substituted
alkynes decomposed or failed to react under the same
conditions. In an analogous reaction setup, as shown in Figure
3C, quenching the reaction with triethylamine and a primary
alcohol furnished the corresponding f-keto esters in one
reaction pot starting from simple aryl alkyne building blocks
(3c—e).

In conclusion, we report a robust and efficient method for
the decarboxylative radical chlorodifluoromethylation of
medicinally valuable (hetero)arenes. Chlorodifluoromethyla-
tion with the corresponding acetic anhydride under visible
light irradiation, in both batch and flow processing, proceeds
with broad substrate scope compatibility, high regioselectivity,
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Figure 2. Synthetic utility of the chlorodifluoromethyl group. (a)
Reagents and conditions: 4-phenylpyridine N-oxide (1 equiv),
Ru(bpy);Cl, (1 mol %), and chlorodifluoroacetic anhydride (1.1
equiv) [unless otherwise noted], MeCN, rt, 16 h, blue LEDs; yield in
parentheses is of direct methanolysis from the isolated chlorodi-
fluoromethylated product (see the SI for details).

and operational simplicity. The work herein demonstrates that
the electrophilic chlorodifluoromethyl radical is a valuable
synthetic precursor to prepare electron-rich difluoromethy-
lated (hetero)arenes. Furthermore, the CF,Cl group is shown
to participate in a wide array of postfunctionalization reactions
to provide new and rapid avenues to important molecular
complexity.
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Figure 3. Chlorodifluoromethylation and diversification of internal
aryl alkynes. (a) Reagents and conditions: 4-phenylpyridine N-oxide
(1 equiv), Ru(bpy);Cl, (1 mol %), and chlorodifluoroacetic
anhydride (1.1 equiv) (unless otherwise noted), MeCN, rt, 16 h,
blue LEDs.

B ASSOCIATED CONTENT
© Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.or-
glett.8b01249.

Description of batch and flow photochemical appara-
tuses; additional data; procedures and characterization
data for all compounds (PDF)

B AUTHOR INFORMATION
Corresponding Author
*E-mail: crjsteph@umich.edu.
ORCID

Corey R. J. Stephenson: 0000-0002-2443-5514
Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The authors acknowledge the financial support for this
research from the NIH NIGMS (R01-GM096129), the
Camille Dreyfus Teacher—Scholar Award Program, and the
University of Michigan. This material is based upon work
supported by the National Science Foundation Graduate
Research Fellowship for RC.M. and C.C.M. (both supported
under Grant No DGE 1256260).

B REFERENCES

(1) (a) Bohm, H.-J.; Banner, D.; Bendels, S.; Kansy, M.; Kuhn, B.;
Miiller, K;; Obst-Sander, U.; Stahl, M. ChemBioChem 2004, S, 637—
643. (b) O’Hagan, D. Chem. Soc. Rev. 2008, 37, 308—319.
(c) Chambers, R. D. Fluorine in Organic Chemistry; Blackwell
Publishing: Oxford, 2004. (d) Uneyama, K. Organofluorine Chemistry;
Blackwell Publishing: Oxford, 2006.

(2) (a) Purser, S.; Moore, P. R.; Swallow, S.; Gouverneur, V. 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. Chem. Rev. 2014, 114, 2432—2506.

(c) Muller, K; Faeh, C.; Diederich, F. Science 2007, 317, 1881—
1886. (d) Hagmann, W. K. J. Med. Chem. 2008, S1, 4359—4369.

(3) Meanwell, N. A. J. Med. Chem. 2011, 54, 2529—2591.

(4) (a) Zhou, Y.; Wang, J.; Gu, Z.; Wang, S.; Zhu, W.; AceCa, J. L,;
Soloshonok, V. A,; Izawa, K; Liu, H. Chem. Rev. 2016, 116, 422—
518. (b) Jeschke, P. ChemBioChem 2004, S, 570—589.

(S) For selected reviews, see: (a) Furuya, T.; Kamlet, A. S.; Ritter,
T. Nature 2011, 473, 470—477. (b) Campbell, M. G, Ritter, T.
Chem. Rev. 2015, 115, 612—633. (c) Merino, E.; Nevado, C. Chem.
Soc. Rev. 2014, 43, 6598—6608. (d) Yang, X.; Wu, T.; Phipps, R. J;
Toste, F. D. Chem. Rev. 2015, 115, 826—870. (e) Cresswell, A. J;
Davies, S. G.; Roberts, P. M.; Thomson, J. E. Chem. Rev. 2015, 115,
566—611. (f) O’Hagan, D.; Deng, H. Chem. Rev. 2015, 115, 634—
649. (g) Studer, A. Angew. Chem,, Int. Ed. 2012, 51, 8950—8958.

(6) Belhomme, M.-C.; Besset, T.; Poisson, T.; Pannecoucke, X
Chem. - Eur. ]. 2018, 21, 12836—12865.

(7) (a) Blackburn, G. M,; Kent, D. E.; Kolkmann, F. J. Chem. Soc,
Chem. Commun. 1981, 0, 1188—1190. (b) Blackburn, G. M.; Kent,
D. E; Kolkmann, F. J. Chem. Soc, Perkin Trans. 1 1984, 1, 1119—
1128S.

(8) Erickson, J. A; McLoughlin, J. L. J. Org. Chem. 1995, 60, 1626—
1631.

(9) Sessler, C. D.; Rahm, M.; Becker, S.; Goldberg, J. M.; Wang, F.;
Lippard, S. J. J. Am. Chem. Soc. 2017, 139, 9325—-9332.

(10) (a) Huy, J.; Zhang, W.; Wang, F. Chem. Commun. 2009, 7465—
7478. (b) Ni, C.; Hu, J. Synthesis 2014, 46, 842—863. (c) Shen, X;
Hu, J. Eur. ]. Org. Chem. 2014, 2014, 4437—4451. (d) Chen, B;
Vicic, D. Top. Organomet. Chem. 2014, 52, 113—142. (e) Xu, P;
Guo, S.; Wang, L.; Tang, P. Synlett 2014, 26, 36—39. (f) Lu, Y.; Liu,
C.; Chen, Q.-Y. Curr. Org. Chem. 2018, 19, 1638—1650.

(11) For selected examples of classic difluoromethylation methods,
see: (a) Markovskij, L. N.; Pashinnik, V. E.; Kirsanov, A. V. Synthesis
1973, 1973, 787—789. (b) Middleton, W. J. J. Org. Chem. 1975, 40,
574—578. (c) Lal, G. S.; Pez, G. P.; Pesaresi, R. J.; Prozonic, F. M,;
Cheng, H. J. J. Org. Chem. 1999, 64, 7048—7054.

(12) For selected examples of radical difluoromethylation methods
reported within the past decade, see: (a) Fujiwara, Y.; Dixon, J. A;
Rodriguez, R. A.; Baxter, R. D, Dixon, D. D, Collins, M. R;
Blackmond, D. G.; Baran, P. S. . Am. Chem. Soc. 2012, 134, 1494—
1497. (b) Li, Z,; Cui, Z; Liu, Z.-Q. Org. Lett. 2013, 1S, 406—409.
(c) He, Z; Tan, P; Ni, C; Hu, J. Org. Lett. 2015, 17, 1838—1841.
(d) Ma, J.-J; Liu, Q.- R; Lu, G.-P.; Yi, W.-B. J. Fluorine Chem. 2017,
193, 113—117. (e) Tang, X.-J.; Thomoson, C. S.; Dolbier, W. R, Jr.
Org. Lett. 2014, 16, 4594—4597. (f) Tang, X.-J; Dolbier, W. R,, Jr.
Angew. Chem,, Int. Ed. 2015, 54, 4246—4249. (g) Lin, Q.-Y.; Ran, Y,
Xu, X.-H; Qing, F.-L. Org. Lett. 2016, 18, 2419—2422. (h) Lin, Q.-
Y,; Xu, X.-H,; Zhang, K; Qing, F.-L. Angew. Chem., Int. Ed. 2016, 55,
1479—-1483. (i) Rong, J.; Deng, L.; Tan, P,; Ni, C; Gu, Y.; Hu, J.
Angew. Chem,, Int. Ed. 2016, SS, 2743—2747. (j) Arai, Y.; Tomita, R;;
Ando, G.; Koike, T.; Akita, M. Chem. - Eur. J. 2016, 22, 1262—1265.
(k) Zhang, Z.; Tang, X.-J; Dolbier, W. R, Jr. Org. Lett. 2016, 18,
1048—1051. (1) Sakamoto, R.; Kashiwagi, H.; Maruoka, K. Org. Lett.
2017, 19, 5126—5129.

(13) (a) Tarrant, P.; Lovelace, A. M. J. Am. Chem. Soc. 1955, 77,
768—770. (b) Molines, H.; Wakselman, C. J. Fluorine Chem. 1987,
37, 183—189.

(14) Yoshida, M.; Morinaga, Y.; Ueda, M.; Kamigata, N.; Iyoda, M
Chem. Lett. 1992, 21, 227—230.

(15) Salomon, P.; Zard, S. Z. Org. Lett. 2014, 16, 2926—2929.

(16) Beatty, J. W.; Douglas, J. J.; Cole, K. P.; Stephenson, C. R. J.
Nat. Commun. 2015, 6, 7919—7924.

(17) See the Supporting Information for details.

(18) Beatty, J. W.; Douglas, J. J.; Miller, R.;; McAtee, R. C.; Cole, K.
P.; Stephenson, C. R. J. Chem. 2016, 1, 456—472.

(19) Gonzalez, J. A; Ogba, O. M.; Morehouse, G. F.; Rosson, N,;
Houk, K. N,; Leach, A. G; Cheong, P. H.-Y.; Burke, M. D.; Lloyd-
Jones, G. C. Nat. Chem. 2016, 8, 1067—1075.

(20) (a) O’Hara, F,; Blackmond, D. G.; Baran, P. S. J. Am. Chem.
Soc. 2013, 135, 12122—12134. For Minisci’s mechanistic studies of

DOI: 10.1021/acs.orglett.8b01249
Org. Lett. XXXX, XXX, XXX—XXX


http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.orglett.8b01249
http://pubs.acs.org/doi/abs/10.1021/acs.orglett.8b01249
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.8b01249/suppl_file/ol8b01249_si_001.pdf
mailto:crjsteph@umich.edu
http://orcid.org/0000-0002-2443-5514
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.8b01249/suppl_file/ol8b01249_si_001.pdf
http://dx.doi.org/10.1021/acs.orglett.8b01249

Organic Letters

radical (hetero)arene alkylations, see: (b) Minisci, F.; Vismara, E.;
Fontana, F.; Morini, G.; Serravalle, M.; Giordano, C. J. Org. Chem.
1986, 51, 4411—4416. (c) Citterio, A.; Minisci, F.; Porta, O.; Sesana,
G. J. Am. Chem. Soc. 1977, 99, 7960—7968.

(21) For selected examples, see: (a) Boyd, G. V. Synthetic Uses of
Enones. In Enones; Patai, S., Rappoport, Z., Eds.; John Wiley & Sons,
Inc, 1989; Vol. 1. (b) Ichikawa, J.; Kobayashi, M.; Yokota, N.;
Minami, T. Tetrahedron 1994, 50, 11637—11646. (c) Ichikawa, J.;
Yokota, N.; Kobayashi, M.; Amano, K; Minami, T. Synlett 1996,
1996, 243—245. (d) Crowley, P. J.; Howarth, J. A; Owton, W. M,;
Percy, J. M,; Stansfield, K. Tetrahedron Lett. 1996, 37, 5975—5978.
(e) Uneyama, K; Katagiri, T.; Amii, H. Acc. Chem. Res. 2008, 41,
817—829. (f) Ichikawa, J. J. Fluorine Chem. 2000, 105, 257—263.
(g) Ichikawa, J.; Kaneko, M.; Yokota, M.; Itonaga, M.; Yokoyama, T.
Org. Lett. 2006, 8, 3167—3170. (h) Lang, S. B.; Wiles, R. J.; Kelly, C.
B.; Molander, G. A. Angew. Chem., Int. Ed. 2017, 56, 15073—15077.

(22) (a) Sim, B. A,; Griller, D.; Wayner, D. D. M. J. Am. Chem. Soc.
1989, 111, 754—75S. (b) Wayner, D. D. M.; McPhee, D. J.; Griller,
D. J. Am. Chem. Soc. 1988, 110, 132—137. (c) Fu, Y,; Liu, L.; Yu, H.-
Z.; Wang, Y-M,; Guo, Q-X. J. Am. Chem. Soc. 2008, 127, 7227—
7234.

DOI: 10.1021/acs.orglett.8b01249
Org. Lett. XXXX, XXX, XXX—XXX


http://dx.doi.org/10.1021/acs.orglett.8b01249

