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ABSTRACT: The novel cascade photoredox/iodide catalytic system enables the alkene to serve as a radical acceptor capable of
achieving aminodifluoroalkylation of alkenes. Cheap iodide salts play a vital role in this reaction, which could tune carbocation
reactivity through reversible C−I bond formation for controlling reaction selectivity, and a series of competitive reactions are
completely eliminated in the presence of multiple reactivity pathways. The present dual catalytic protocol affords a very
convenient method for direct synthesis of various difluoro-γ-lactams from simple and readily available starting materials under
mild reaction conditions.

Given the great significance of the difluoromethylene group
(CF2) in drug discovery, medicinal chemistry, and life

science,1 the development of a new synthetic approach for the
assembly of fluorinated small compounds has become a hot
area of chemical research, and increasingly general and practical
methods are now accessible for these transformations.2 Among
the various developed routes thus far, the addition of a CF2
radical to a π acceptor (alkene, alkyne, arene, isocyanides,
imines) is considered a useful and economical synthesis
strategy.3,4 However, most difunctionalization-type difluoroal-
kylation of alkenes with bromodifluoro reagents is still limited
to the modes of hydrogen atom abstraction, halogen atom
attack, and deprotonation (Scheme 1).5 This is due mainly to

the fact that the highly reactive and unstable radical or
carbocation intermediates make controlling reaction selectivity
very challenging in organic transformations.6 Consequently, it is
a desirable, yet difficult, task to continue to explore new
catalytic strategy to tune the reactive intermediates for
achieving the target reaction, in particular, of which the

reaction energy barrier is higher than others in the presence of
multiple reaction paths. As a proof of concept, we herein
describe photoredox/iodide cascade catalysis reaction that
comprises aminodifluoroalkylation of alkenes to difluoro-γ-
lactams, which are commonly present in natural products and
pharmacological compounds and largely improve a broad range
of biological activities.7

The greatest challenge that requires circumvention for the
validation of the concept is how to overcome these developed
reaction pathways as shown in Scheme 1. Recently, dual
catalysis realized by merging visible-light-induced photoredox
catalysis with other catalytic modes has been found to be
attractive, and it garners great interest and concern from
chemists.8 These dual-catalytic strategies have been widely used
to develop various valuable chemical transformations, which are
not easily available, if not impossible, by a single catalytic
system. In spite of these impressive advances, further
exploration of combination of photoredox catalysis with other
catalytic forms to search for other useful chemical reactions,
especially in carbon−heteroatom bond formation, remains a
great challenge. It is well-known that iodide salts are an
inexpensive and readily available reagents and could be usually
applied as the nucleophilic catalyst in carbon−heteroatom bond
formation reactions for iodide ion properties of nucleophilic
and leaving performance.9 We envisaged that reversible C−I
bond formation might represent another promising approach
for tuning reactivity of carbocation produced by a CF2 radical
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Scheme 1. Developed Difunctionalization-Type
Difluoroalkylation of Alkenes with Bromodifluoro Reagents
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added to an olefinic substrate under visible-light photoredox
catalysis conditions, and other alternative reaction ways were
suppressed throughout the course of the reaction (Scheme 2).

To validate the feasibility of a photoredox/iodide cascade
catalytic system, the readily accessible bromodifluoroacetamide
1a was chosen as the model substrate. As a preliminary
experiment, 1a was reacted with 2 equiv of styrene (2b) in the
presence of 2 equiv of sodium carbonate, the photocatalyst fac-
[Ir(ppy)3], and iodide catalyst sodium iodide at room
temperature, we observed the formation of the desired in
degassed CH3CN (0.1 M) under irradiation with visible light
from blue LEDs (5 W, λmax = 455 nm). Delightfully, after 36 h,
product 3ab, with a moderate yield of 52% (Table 1, entry 1),
showed that the novel catalytic strategy worked well. Solvent
screening showed that strong polar solvents such as DMF
provided better results for this reaction and the reaction could
not occur with a nonpolar solvent (entries 2 and 3). The
catalysts [Ir(ppy)2(dtbpy)3]PF6 and [Ru(bpy)3]PF6 showed
inferior reactivity toward the conversion of 1a (entries 4 and 5).
It was observed that the use of inorganic bases such as
NaHCO3, K2CO3, and Na2HPO4 promoted the reactions,
NaOAc gave the best result, and the use of organic base (Et3N)
completely inhibited the reaction (entries 6−10). In this
system, the amount of styrene (2b) employed could be further
reduced to 1.5 equiv without lowering the yield (86%, entry
11). Importantly, when sodium iodide was not added to the
reaction system or sodium bromide was added, the reaction
occurred in a state of complete confusion and the desired
product 3ab was not detected (entries 12−14). It can be seen
that added iodine anion exerts a powerful catalytic effect on the
reaction. Finally, control experiments demonstrated that the
photocatalyst fac-[Ir(ppy)3], and visible light were all important
(entries 15 and 16).
With the optimized conditions in hand, we explored the

scope of the bromodifluoroacetamide, and the representative
examples are shown in Scheme 3. This cascade catalytic strategy
has good substrate compatibility and showed excellent
chemoselectivity. Bromodifluoroacetamide bearing either elec-
tron-donating (methyl, methoxy) or electron-withdrawing
groups such as halide substituents furnished the corresponding
products in moderate to good yields (3aa−fa). The position of
the substituents on the phenyl ring has no obvious influence on
this reaction. Ortho-substituted (methyl, phenyl) derivatives
also worked well, providing the desired products with good
yields, which seems to have a lower steric effect (3ma−oa).
Substrates with more substituents on the phenyl ring were
used, and they all underwent the aminodifluoroalkylation
reaction to yield difluoro-γ-lactam products in 50−65% yield
(3pa−ta). However, when we used the bromodifluoroaceta-

mide of an aliphatic substituent with replacement of the phenyl
ring, the desired product could not be obtained (3ua),
presumably owing to the reduced nucleophilicity of nitrogen.
Furthermore, various alkenes were studied in Scheme 4. The

presence of an electron-donating (methyl or tert-butyl)
electron-withdrawing (halide or methyl formate) substituent
on the benzene ring was well tolerated (3ab−ah). Nonterminal
olefins including β-methylstyrene, indene, and 1,2-dialin could
react smoothly, delivering the corresponding products 3al−an,
respectively. The vinyl ether compound can also be applied to
the catalytic system (3ao).
To gain mechanistic insight into the cascade photoredox/

iodide catalysis for aminodifluoroalkylation of alkenes, the
radical scavenger TEMPO (2,2,6,6-tetramethyl-1-piperidiny-
loxy) was introduced into the photochemical system, and the
reaction was completely restrained under these conditions,
indicating that a single-electron-transfer radical process is
operating (Scheme 5a). When we did not add base to this
photoredox/iodide cascade catalytic system, interestingly, the
adduct 5a was formed as estimated by ESI-HRMS analysis (SI),
which implied 5a may be the reaction intermediate (Scheme
5b). Additionally, we also prepared 2,2-difluoro-2-iodo-N-
phenylacetamide 4a and replaced 2-bromo-2,2-difluoro-N-
phenylacetamide 1a as a CF2 radical source. The desired

Scheme 2. Cascade Photoredox/Iodide Catalysis for
Aminodifluoroalkylation of Alkenes

Table 1. Optimizing Reaction Conditionsa

entry photocate halide base solvente yieldb (%)

1 A NaI Na2CO3 CH3CN 52
2 A NaI Na2CO3 CH2Cl2 trace
3 A NaI Na2CO3 DMF 73
4 B NaI Na2CO3 DMF 45
5 C NaI Na2CO3 DMF 36
6 A NaI NaHCO3 DMF 79
7 A NaI k2CO3 DMF 60
8 A NaI Na2HPO4 DMF 40
9 A NaI NaOAc DMF 87
10 A NaI Et3N DMF
11c A NaI NaOAc DMF 86
12 A NaBr NaOAc DMF trace
13 A nBu4NI NaOAc DMF 73
14 A NaOAc DMF
15 NaI NaOAc DMF
16d A NaI NaOAc DMF

aThe reactions were carried out with 1a (0.2 mmol), 2b (0.4 mmol,
2.0 equiv), base (0.4 mmol, 2.0 equiv), photocatalyst (0.004 mmol, 2
mol %), halidecatalyst (0.04 mmol, 20 mol %), solvent (2 mL), at
room temperature, 5 W LEDs, 36 h. bisolated yields. c1.5 equiv 2b was
used. dIn dark. eDMF = N,N-dimethylformamide, CH3CN =
acetonitrile, CH2Cl2 = dichloromethane.
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product 3ab was obtained in the absence of iodide catalyst in
78% yield (Scheme 5c). This provided straightforward evidence
of the reaction process through the intermediate 5a.
On the basis of the experimental results and literature,3j,4d a

possible mechanism is shown in Scheme 6. The photocatalyst
fac-[Ir3+(ppy)3] 1 undergoes a metal-to-ligand charge-transfer
(MLCT) process under visible-light irradiation to transfer from
this Ir species to 3 to generate the CF2 radical precursor 4 and
the Ir intermediate Ir4+ (+0.77 V vs SCE in CH3CN). The
electrophilic radical added to alkenes to form intermediate 6,
which was oxidized to the β-difluoroalkylated carbocation
intermediate 7 by the Ir intermediate 5 followed by rapid iodide
ion nucleophilic trapping. The nitrogen of the amide as a
nucleophile performs intramolecular nucleophilic attack to
form the intermediate 9, and the iodide anion could be
regenerated. Finally, difluoro-γ-lactam 10 was produced by
deprotonation of the nitrogen in the presence of base.
In conclusion, we have developed a novel photoredox/iodide

cascade catalytic system for achieving aminodifluoroalkylation
of alkenes. The use of iodide catalyst is the key to achieve
specific selectivity for obtaining various α,α-difluorinated γ-
lactams in the presence of multiple reaction pathways. We
anticipate that this dual-catalytic protocol will be applied to the
development of other reactions to achieve more valuable
transformations. Further exploration of this photoredox/iodide

Scheme 3. Scope of Bromodifluoroacetamides in the
Aminodifluoroalkylation reaction.a

aReaction conditions: 1 (0.2 mmol), 2a (0.3 mmol, 1.5 equiv), NaOAc
(0.4 mmol, 2 equiv), fac-Ir(ppy)3 (0.004 mmol, 2 mol %), NaI (0.04
mmol, 20 mol %), DMF (2 mL), at room temperature, 5 W LEDs,
30−48 h.

Scheme 4. Scope of Alkenes in the Aminodifluoroalkylation
Reactiona

aReaction conditions: 1a (0.2 mmol), 2 (0.3 mmol, 1.5 equiv), NaOAc
(0.4 mmol, 2 equiv), fac-Ir(ppy)3 (0.004 mmol, 2 mol %), NaI (0.04
mmol, 20 mol %), DMF (2 mL), at room temperature, 5 W LEDs,
36−48 h.

Scheme 5. Mechanistic Investigations of
Aminodifluoroalkylation of Alkenes

Scheme 6. Proposed Mechanism
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cascade catalytic system will continue to be a focus of research
in our group.

■ ASSOCIATED CONTENT
*S Supporting Information

Experimental procedures, characterization data. The Supporting
Information is available free of charge on the ACS Publications
Web site. The Supporting Information is available free of
charge on the ACS Publications website at DOI: 10.1021/
acs.orglett.6b01515.

Experiemental procdures (PDF)
1H, 13C, and 19F NMR spectra (PDF)
Additional 1H, 13C, and 19F NMR spectra and ESI-
HRMS spectra (PDF)

■ AUTHOR INFORMATION
Corresponding Author

*E-mail: cjzhu@nju.edu.cn.

Notes

The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
We gratefully acknowledge the National Natural Science
Foundation of China (21474048 and 21372114).

■ REFERENCES
(1) (a) Tozer, M. J.; Herpin, T. F. Tetrahedron 1996, 52, 8619.
(b) Jeschke, P. ChemBioChem 2004, 5, 570. (c) Müller, K.; Faeh, C.;
Diederich, F. Science 2007, 317, 1881. (d) Purser, S.; Moore, P. R.;
Swallow, S.; Gouverneur, V. Chem. Soc. Rev. 2008, 37, 320.
(2) For examples of difluoroalkylation reactions, see: (a) Prakash, G.
K. S.; Ganesh, S. K.; Jones, J.-P.; Kulkarni, A.; Masood, K.; Swabeck, J.
K.; Olah, G. A. Angew. Chem., Int. Ed. 2012, 51, 12090. (b) Fujiwara,
Y.; Dixon, J. A.; Rodriguez, R. A.; Baxter, R. D.; Dixon, D. D.; Collins,
M. R.; Blackmond, D. G.; Baran, P. S. J. Am. Chem. Soc. 2012, 134,
1494. (c) He, Z.; Hu, M.; Luo, T.; Li, L.; Hu, J. Angew. Chem., Int. Ed.
2012, 51, 11545. (d) Jiang, X.; Chu, L.; Qing, F.-L. Org. Lett. 2012, 14,
2870. (e) Feng, Z.; Min, Q.-Q.; Xiao, Y.-L.; Zhang, B.; Zhang, X.
Angew. Chem., Int. Ed. 2014, 53, 1669. (f) Xiao, Y.; Guo, W.; He, G.;
Pan, Q.; Zhang, X. Angew. Chem., Int. Ed. 2014, 53, 9909. (g) Yu, Y.;
He, G.; Zhang, X. Angew. Chem., Int. Ed. 2014, 53, 10457. (h) Shi, S.-
L.; Buchwald, S. L. Angew. Chem., Int. Ed. 2015, 54, 1646. (i) Ye, Z.-S.;
Gettys, K. E.; Shen, X. Y.; Dai, M.-J. Org. Lett. 2015, 17, 6074.
(j) Arlow, S. I.; Hartwig, J. F. Angew. Chem., Int. Ed. 2016, 55, 4567.
(3) For examples of addition of CF2 radical to alkene, alkyne, arene,
and isocyanides: (a) Nguyen, J. D.; Tucker, J. W.; Konieczynska, M.
D.; Stephenson, C. R. J. J. Am. Chem. Soc. 2011, 133, 4160. (b) Fu, W.-
J.; Zhu, M.; Zou, G.-L.; Xu, C.; Wang, Z.-Q.; Ji, B.-M. J. Org. Chem.
2015, 80, 4766. (c) Wang, L.; Wei, X.-J.; Jia, W.-L.; Zhong, J.-J.; Wu,
L.-Z.; Liu, Q. Org. Lett. 2014, 16, 5842. (d) Lin, Q.; Chu, L.; Qing, F.
Chin. J. Chem. 2013, 31, 885. (e) Su, Y.-M.; Hou, Y.; Yin, F.; Xu, Y.-M.;
Li, Y.; Zheng, X.; Wang, X.-S. Org. Lett. 2014, 16, 2958. (f) Sun, X.;
Yu, S. Org. Lett. 2014, 16, 2938. (g) Wang, L.; Wei, X.; Jia, W.; Zhong,
J.; Wu, L.; Liu, Q. Org. Lett. 2014, 16, 5842. (h) Jung, J.; Kim, E.; You,
Y.; Cho, E. J. Adv. Synth. Catal. 2014, 356, 2741. (i) Xu, P.; Hu, K.;
Gu, Z.; Cheng, Y.; Zhu, C. Chem. Commun. 2015, 51, 7222. (j) Qu, C.;
Xu, P.; Ma, W.; Cheng, Y.; Zhu, C. Chem. Commun. 2015, 51, 13508.
(k) Zhang, Z.-X.; Tang, X.-J.; Dolbier, W. R., Jr. Org. Lett. 2015, 17,
4401. (l) Li, G.; Wang, T.; Fei, F.; Su, Y.-M.; Li, Y.; Lan, Q.; Wang, X.-
S. Angew. Chem., Int. Ed. 2016, 55, 3491. (m) Wan, W.; Ma, G.-B.; Li,
J.-L.; Chen, Y.-R.; Hu, Q.-Y.; Li, M.-J.; Jiang, H.-Z.; Deng, H.-M.; Hao,
J. Chem. Commun. 2016, 52, 1598. (n) Rong, J.; Deng, L.; Tan, P.; Ni,
C.; Gu, Y.-C.; Hu, J.-B. Angew. Chem., Int. Ed. 2016, 55, 2743.

(4) For examples of addition of CF2 radical to imines: (a) Xie, J.;
Zhang, T.; Chen, F.; Mehrkens, N.; Rominger, F.; Rudolph, M.;
Hashmi, A. K. Angew. Chem., Int. Ed. 2016, 55, 2934. (b) Prieto, A.;
Melot, R.; Bouyssi, D.; Monteiro, N. ACS Catal. 2016, 6, 1093.
(c) Prieto, A.; Melot, R.; Bouyssi, D.; Monteiro, N. Angew. Chem., Int.
Ed. 2016, 55, 2934. (d) Xu, P.; Wang, G.-Q.; Zhu, Y.-C.; Li, W.-P.;
Cheng, Y.-X.; Li, S.-H.; Zhu, C.-J. Angew. Chem., Int. Ed. 2016, 55,
2939. (e) Ke, M.-L.; Song, Q.-L. J. Org. Chem. 2016, 81, 3654.
(5) (a) Wallentin, C.-J.; Nguyen, J. D.; Finkbeiner, P.; Stephenson, C.
R. J. J. Am. Chem. Soc. 2012, 134, 8875. (b) Caillot, G.; Dufour, J.;
Belhomme, M.-C.; Poisson, T.; Grimaud, L.; Pannecoucke, X.;
Gillaizeau, I. Chem. Commun. 2014, 50, 5887. (c) Belhomme, M.-C.;
Poisson, T.; Pannecoucke, X. Org. Lett. 2013, 15, 3428. (d) Li, L.;
Huang, M.-W.; Liu, C.; Xiao, J.-C.; Chen, Q.-Y.; Guo, Y. Org. Lett.
2015, 17, 4714. (e) Yu, C.; Iqbal, N.; Park, S.; Cho, E. Chem. Commun.
2014, 50, 12884. (f) Lin, Q.-Y.; Xu, X.-H.; Qing, F.-L. Org. Biomol.
Chem. 2015, 13, 8740. (g) Tang, S.; Liu, K.; Liu, C.; Lei, A.-W. Chem.
Soc. Rev. 2015, 44, 1070. (h) Lin, Q.-Y.; Xu, X.-H.; Zhang, K.; Qing, F.-
L. Angew. Chem., Int. Ed. 2016, 55, 1479. (i) Lin, Q.-Y.; Ran, Y.; Xu, X.-
H.; Qing, F.-L. Org. Lett. 2016, 18, 2419.
(6) (a) Akindele, T.; Yamada, K.-I.; Tomioka, K. Acc. Chem. Res.
2009, 42, 345. (b) Majumdar, K.; Debnath, P. Tetrahedron 2008, 64,
9799. (c) Liu, Q.; Jackstell, R.; Beller, M. Angew. Chem., Int. Ed. 2013,
52, 13871. (d) Zhang, B.; Studer, A. Chem. Soc. Rev. 2015, 44, 3505.
(7) (a) Angelastro, M. R.; Bey, P.; Mehdi, S.; Peet, N. P. Bioorg. Med.
Chem. Lett. 1992, 2, 1235. (b) Evans, G. B.; Furneaux, R. H.;
Lewandowicz, A.; Schramm, V. L.; Tyler, P. C. J. Med. Chem. 2003, 46,
3412. (c) Joyeau, R.; Molines, H.; Labia, R.; Wakselman, M. J. Med.
Chem. 1988, 31, 370.
(8) For examples of combinations of visible-light photoredox catalysis
and other catalysis patterns, see: (a) Sahoo, B.; Hopkinson, M. N.;
Glorius, F. J. Am. Chem. Soc. 2013, 135, 5505. (b) Fabry, D. C.; Zoller,
J.; Raja, S.; Rueping, M. Angew. Chem., Int. Ed. 2014, 53, 10228.
(c) Nguyen, T. M.; Manohar, N.; Nicewicz, D. A. Angew. Chem., Int.
Ed. 2014, 53, 6198. (d) Zuo, Z.; Ahneman, D. T.; Chu, L.; Terrett, J.
A.; Doyle, A. G.; MacMillan, D. W. C. Science 2014, 345, 437.
(e) Tellis, J. C.; Primer, D. N.; Molander, G. A. Science 2014, 345, 433.
(f) Bergonzini, G.; Schindler, C. S.; Wallentin, C.-J.; Jacobsen, E. N.;
Stephenson, C. R. J. Chem. Sci. 2014, 5, 112. (g) Zhu, Y.-B.; Zhang, L.;
Luo, S.-Z. J. Am. Chem. Soc. 2014, 136, 14642. (h) Xuan, J.; Zeng, T.-
T.; Feng, Z.-J.; Deng, Q.-H.; Chen, J.-R.; Lu, L.-Q.; Xiao, W.-J.; Alper,
H. Angew. Chem., Int. Ed. 2015, 54, 1625. (i) Jin, J.; MacMillan, D. W.
C. Nature 2015, 525, 87. (j) Le, C. C.; MacMillan, D. W. C. J. Am.
Chem. Soc. 2015, 137, 11938. (k) Choi, G. J.; Knowles, R. R. J. Am.
Chem. Soc. 2015, 137, 9226. (l) Zuo, Z.; Cong, H.; Choi, J.; Fu, G. C.;
MacMillan, D. W. C. J. Am. Chem. Soc. 2016, 138, 1832. (m) Tlahuext-
Aca, A.; Hopkinson, M. N.; Sahoo, B.; Glorius, F. Chem. Sci. 2016, 7,
89. (n) Honeker, R.; Garza-Sanchez, R. A.; Hopkinson, M. N.; Glorius,
F. Chem. - Eur. J. 2016, 22, 4395. (o) Oderinde, M. S.; Frenette, M.;
Robbins, D. W.; Aquila, B.; Johannes, J. W. J. Am. Chem. Soc. 2016,
138, 1760. (p) Romero, N. A.; Margrey, K. A.; Tay, N. E.; Nicewicz, D.
A. Science 2015, 349, 1326. (q) Feng, Z.; Zeng, T.; Xuan, J.; Liu, Y.;
Lu, L.; Xiao, W.-J. Sci. China: Chem. 2016, 59, 171. (r) Zhang, G.; Liu,
C.; Yi, H.; Meng, Q.; Bian, C.; Chen, H.; Jian, J.-X.; Wu, L.-Z.; Lei, A.-
W. J. Am. Chem. Soc. 2015, 137, 9273. (s) Hu, X.-Q.; Qi, X.-T.; Chen,
J.-R.; Zhao, Q.-Q.; Wei, Q.; Lan, Y.; Xiao, W.-J. Nat. Commun. 2016, 7,
11188. (t) Skubi, K. L.; Blum, T. R.; Yoon, T. P. Chem. Rev. 2016,
DOI: 10.1021/acs.chemrev.6b00018.
(9) (a) Fu, G.-C. Acc. Chem. Res. 2006, 39, 853. (b) Wei, Y.; Shi, M.
Acc. Chem. Res. 2010, 43, 1005. (c) Denmark, S.-E.; Beutner, G.-L.
Angew. Chem., Int. Ed. 2008, 47, 1560. (d) Yan, Y.; Zhang, Y.; Zha, Z.;
Wang, Z. Org. Lett. 2013, 15, 2274. (e) List, B. Asymmetric
Organocatalysis; Springer: Heidlberg, 2010. (f) Dai, L.-X., Hou, X.-L.
Chiral Ferrocenes in Asymmetric Catalysis Synthesis and Applications;
Wiley−VCH; Weinheim, 2010.

Organic Letters Letter

DOI: 10.1021/acs.orglett.6b01515
Org. Lett. 2016, 18, 3266−3269

3269


