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Abstract: Herein, we disclose the first and simple one-pot-two-step
process to the synthesis of 1-difluoromethyl 1,4-diketones, through
Mn-catalyzed radical Brook rearrangement. The methodology is
also amenable to the synthesis of 1-trifluoromethyl 1,4-diketones.
The products are efficiently converted to fluoroalkyl substituted
furans, thiophenes, pyrroles and pyridazines which are important
structural motifs in natural products and pharmaceuticals.

1,4-diketones[1] are among the most useful precursors to
synthesize furans, thiophenes, pyrroles and pyridazines, which
are important structural motifs in natural products and
pharmaceuticals such as Lophotoxin,[2] non-natural amino
acid Fmoc-D-3-Ala(2-thienyl)-OH,[3] Minaprine[4] and Liptor
(Figure 1).[5] In this scenario, much effort has been devoted to
the synthesis of 1,4-diketones.[6] Among various 1,4-diketones,
fluorinated ones are attracting chemists’ more and more
attention, since fluorine incorporation has become a routine
strategy in drug development.[7] It is well known that the
introduction of fluorine or fluoroalkyl groups can often bring
beneficial effects to the parent molecules by changing the
physical, chemical and biological properties. Among various
fluoroalkyl groups, CF3 is of particular importance due to its
strong electron-withdrawing property and chemical stability.[8]

Figu re 1. Representative examples of biologically active molecules with
hetero-aromatic rings.

Schem e 1. Background and our strategy for the synthesis of 1-
tri(di)fluoromethyl 1,4-Diketone.

CF2H is also very valuable since it can not only mimic OH and
SH groups but also behaves as a hydrogen donor through
hydrogen bonding.[9] Therefore, 1-trifluoromethyl and 1-
difluoromethyl 1,4-diketones are desired compounds for the
synthesis of fluoroalkylated biological important furans,
thiophenes, pyrroles and pyridazines.

Traditional ways to prepare trifluoromethyl substituted 1,4-
diketones are based on the two electron processes.[10] For
example, Leadbeaters and coworkers reported the reaction with
3-benzoylpropionic acid as starting material and TMS-CF3 as
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trifluoromethyl source (Scheme 1a).[10a] Since there were two
reaction sites, it was essential to protect the benzyl carbonyl
group, and therefore the whole synthesis took seven steps in
total, including protection, nucleophilic reaction and deprotection
steps. Jiang and co-workers reported a copper-catalyzed cross-
dehydrogenative coupling reaction for the synthesis of 2-
(trifluoromethyl)dihydropyrrole, which could be hydrolyzed to
trifluoromethylated 1,4-diketones containing R substituents next
to the trifluoroacetyl group (Scheme 1b).[10b] Maekawa’s group
also disclosed a Mg-mediated reductive trifluoroacetylation of
α ,β-unsaturated ketones in the synthesis of 1-trifluoromethyl 1,4-
diketones in two steps and the R substituent was next to the
trifluoroacetyl group (Scheme 1c).[10c] However, a ll o f these
s tud ies are lim ited to the synthes is of 1-trifluoromethy l 1 ,4-
d ike tones , and there have been no prac tica l me thod for the
synthes is of 1-d ifluoromethy l 1 ,4-d ike tones , which m ight
because the ac id ic C -H bond of CF 2H group would cause
prob lem in the synthes is v ia ion ic reac tion conditions . To the
best of our knowledge, there was only one patent mentioned the
synthesis and application of 1-difluoromethyl 1,4-diketones.[11]
Herein, We disclosed a simple synthesis of both 1-
trifluoromethyl 1,4-diketones and 1-difluoromethyl 1,4-diketones
based on an single electron reaction process, in which radical
Brook rearrangement[12,13] was one of the key steps (Scheme
1d). The potential of this advance was highlighted by the
synthesis of fluoroalkyl substituted heterocycles such as furans,
thiophenes, pyrroles and pyridazine.

We have reported two fluorinated organosilicon reagents as
trifluoroethanol and difluoroethanol transferring reagents for the
synthesis of tri- and di-fluorinated alcohols that proceeds via a
Mn catalyzed radical Brook rearrangement.[13a] We envisioned
that the ketyl radicals generated through Brook rearrangement
could add to the double bond of an allylic alcohol, and then new
ketyl radical could be formed via a neophyl-type radical
rearrangement, which could be further oxidized and
deprotonated to generate ketone-containing silyl ether
product.[14] After suitable desilylation and oxidation conditions,
the final fluoroalkyl 1,4-diketone compound could be prepared
(Scheme 1d).

With this idea in mind, we first tested the radical reaction
between β-fluorinated organosilicon reagent 1a and α , α-
diphenyl allylic alcohol 2a . We used 20 mol% of Mn(OAc)2•2H2O
as catalyst and 2.5 equivalent of TBPB as oxidant to explore the
influence of solvent on the efficiency of the reaction (Table 1,
entry 1~6). It was found that DCM was the best solvent (65%
yield, Table 1, entry 6), while hexane afforded similar yield
(Table 1, entry 5) and MTBE, THF, dioxane and toluene afforded
much lower yield (Table 1, entries 1~4). Next, we explored the
ratio of reagents to get a better yield (Table 1, entries 7~9).
When the amount of 1a was increased to 3 equivalents, the yield
improved to 72% (Table 1, entry 7). We got better yield when
excess of 2a was employed, and when 1a /2a is 1/3, a yield of
81% was obtained for 3a (Table 1, entry 9). Decreasing the
amount of TBPB to 2 equivalent would reduce the yield (Table 1,
entry 10). It was found that Mn(OAc)3•2H2O can also be used as
catalyst, and 78% yield of 3a was obtained (Table 1, entry 11).
The addition of TEMPO (2,2,6,6-tetramethyl-1-piperidinyloxy)
completely inhibited the formation of product 3a (Table 1, entry
12), supporting that the reaction might proceed through a radical
mechanism.[13a]

Tab le 1. Optimization of reaction conditions.

[a] The yield of the product 3a was determined by 19F NMR with PhCF3 as an
internal standard. [b] 3 equiv. of TEMPO was added. TEMPO: 2,2,6,6-
tetramethyl-1-piperidinyloxy. TBPB: te rt-buty peroxybenzoate.

Schem e 2. Substrate scope of the synthesis of 1-trifluoromethyl 1,4-diketones.
The reactions were carried out on 0.2 mmol scale and the yield referred to
isolated yield. TBAF: te tra -n-butylammonium fluoride. DMP: Dess-Martin
periodinane.

Further investigation revealed that 1-trifluoromethyl 1,4-
diketone 4a could be easily obtained, when the coupling reaction
between 1a and 2a was quenched by te tra-n -butylammonium
fluoride (TBAF) followed by Dess-Martin oxidation (61% isolated
yield, Scheme 2). Aryl with halogen or alkyl substitution could be
used as migrating groups to obtain the target products in
moderate yields (4a -4g , 48%-61% yield). In addition, the
biphenyl group could also be tolerated (4h , 64% yield). We then
found that heteroaryl had better migratory aptitude, and only the
product derived of benzofuran migration was obtained (4i, 58%
yield). This migration order is constant to the previous report,
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and it was proposed that the radicals might prefer to attack the
heteroaryl group with lower energy level of LUMO in the
intramolecular radical cyclization process.[15] Unfortunately, when
we used α -alkyl-α -aryl alcohol as the substrate, we did not get
the target product 4j. 9-Vinyl-9H-fluoren-9-ol was a more
challenging substrate because of the difficulty in the opening of
the stable five-member ring, and no desired 4k was obtained.
There was no product 4l formed when the methyl group was at
the β-position of the alkene, which might be resulted from the
steric hindrance.

Schem e 3 . Substrate scope of the synthesis of 1-difluoromethyl 1,4-diketones.
The reactions were carried out on 0.2 mmol scale and the yield referred to
isolated yield.

Considering the importance of difluoromethyl group in
pharmaceutical chemistry and the fact that there has been no
general methodology reported in the synthesis of 1-
difluoromethyl 1,4-diketones,[9,11] we decided to test whether our
strategy could be applied in the preparation of this kind of
compounds. Delightedly, the reaction between reagent 1b and
various vinyl diaryl alcohols proceeded well, affording the
desired products 5a -5l in 42%-69% yield (Scheme 3). The large
naphthyl group could also function as a migration group to
produce corresponding product 5k in 58% yield. Alcohols which
contain heteroaryl groups, such as benzofuryl, benzothienyl, and
thienyl groups could also be employed as the substrates,
affording the heterocyclic group migrated products 5l, 5m and
5n in 53%, 56% and 54% yield, respectively. Then, the allyl
alcohol with different aryl groups (2o ) was tested, and we found
that the migration of the aryl group which contain electron

withdrawing CF3 group was favored, giving product 5o in 60%
yield.

To show the general applicability of this protocol, the
reaction was carried out at 10 mmol scale and we successfully
prepared 2.1 grams of 5a in 71% yield (Scheme 4a). The
obtained tri(di)fluoromethyl substituted 1,4-diketones 4a and 5a
are ideal precursors for the synthesis of fluoroalkyl substituted
heterocycles (Scheme 4b). Under the catalysis of p -TsOH,
compound 4a has been converted to trifluoromethylated furan
derivative 6 in 77% yield. When 1,4-diketone 4a was treated with
aniline in the presence of BINOL hydrogenphosphate in toluene
at 100 oC for 24 h, trifluoromethylated pyrrole derivative 7 was
obtained in 81% yield. The reaction between 1,4-diketone 5a
with Lawesson’s reagent performed well in pyridine, and
difluoromethylated thiophene derivative 8 has been made in
78% yield. Last but not least, the condensation reaction of 5a
with hydrazine hydrate efficiently afforded difluoromethyl
containing dihydropyridazine compound 9 in 78% yield.

Schem e 4 . Gram-scale reaction and the application of fluoroalkyl substituted
1,4-diketones in the synthesis of fluoroalkyl heterocycles.

In summary, we have developed a practical reaction for the
synthesis of 1-trifluoromethyl and 1-difluoromethyl 1,4-diketones
enabled by radical Brook rearrangement and Dess-Martin
oxidation. The synthetic potential of this advance has been
highlighted by the facile conversion of these products to
fluoroalkylated furans, thiophenes, pyrroles and pyridazines.
Because of the importance of heterocycles and fluorine
incorporation in drug development, we believe our methodology
will attract interests not only from synthesis field but also from
medicinal and agrochemical fields. Further studies on the
application of radical Brook rearrangement of organosilicon
reagents in the synthesis of important organofluorine
compounds are underway in our laboratory.

10.1002/ejoc.202100860

A
cc

ep
te

d 
M

an
us

cr
ip

t

European Journal of Organic Chemistry

This article is protected by copyright. All rights reserved.



COMMUNICATION

4

Acknow ledgem ents ((optional))

We are grateful to the National Natural Science Foundation of
China (21901191), Guangdong Basic and Applied Basic
Research Foundation (2021A1515010105), the Fundamental
Research Funds for the Central Universities and Wuhan
University for financial support.

Keywords: Difluoromethyl • Fluorine • Ketones • Radical Brook
rearrangement • Trifluoromethyl

[1] a) G. Lee, J. Won, S. Choi, M. Baik, S. Hong, Angew . Chem . In t. Ed.
2020 , 59 , 16933–16942; b) T. Eicher, S. Hauptmann, A. Speicher in
The Chem istry o f Hete rocyc les （ Eds.: H.-G. Schmalz, T. Wirth） ,
Wiley-VCH, Weinheim, 2003, pp. 52-98; c) C. Paal, Ber. D tsch . Chem .
Ges. 1884 , 17 , 2756–2767; d) L. Knorr, Ber. D tsch. Chem . Ges. 1884 ,
17 , 2863–2870; e) A. Padwa, A. Rodriguez, M. Tohidi, T. Fukunaga, J.
Am . Chem . Soc. 1983 , 105 , 933–943.

[2] a) W. Fenical, R. K. Okuda, M. M. Bandurraga, P. Culver, R. S. Jacobs,
Science . 1981 , 212 , 1512–1514; b) S. N. Abramson, J. A. Trischman, D.
M. Tapiolas, E. E. Harold, W. Fenical, P. Taylor, J. M ed. Chem . 1991 ,
34 , 1798–1804.

[3] H. Xu, J. Zhang, D. Fu, R. Qian, Q. Feng, Fam ing Zhuan li Shenq ing ,
2017 , CN106565665.

[4] K. Bizière, P. Worms, J. P. Kan, P. Mandel, S. Garattini, R. Roncucci,
D rugs Exp . C lin . Res . 1985 , 11 , 831–840.

[5] a) J. M. Malinowski, Am . J. Hea lth -S yst. Pharm . 1998 , 55 , 2253–2267;
b) B. D. Roth, P rog ress in Medic ina l Chen iis try . 2002 , 40, 1–22.

[6] For recent examples, see a) J. Xuan, Z. Feng, J. Chen, L. Lu, W. Xiao,
Chem . Eur. J . 2014 , 20 , 3045–3049; b) S. Sarkar, A. Banerjee, W. Yao,
E. V. Patterson, M.-Y. Ngai, ACS Cata l. 2019 , 9 , 10358–10364; c) F.
Wang, B.-X. Liu, W. Rao, S.-Y. Wang, O rg . Lett. 2020 , 22 , 6600–6604;
d) X.-K. He, B.-G. Cai, Q.-Q. Yang, L. Wang, J. Xuan, Chem . Asian J.
2019 , 14 , 3269–3273; e) N. N. Le, A. M. Rodriguez, J. R. Alleyn, M. R.
Gesinski, Syn le tt. 2018 , 29 , 2195–2198; f) J. Yang, F. Mei, S. Fu, Y. Gu,
G reen Chem . 2018 , 20 , 1367–1374; g) X.-T. Bai, Q.-Q. Zhang, S.
Zhang, D.-Y. Chen, J. Fu, J.-Y. Zhu, Y.-B. Wang, Y.-T. Tang, Eur. J.
O rg . Chem . 2018 , 13 , 1581–1588; h) P. J. W. Fuchs, K. Zeitler, J. O rg .
Chem . 2017 , 82 , 7796–7805; i) H. Yin, D. U. Nielsen, M. K. Johansen,
A. T. Lindhardt, T. Skrydstrup, ACS Cata l. 2016 , 6 , 2982–2987; j) I.
Geibel, J. Christoffers, Eur. J . O rg . Chem . 2016 , 5 , 918–920; k) C. Miao,
Y. Zeng, T. Shi, R. Liu, P. Wei, X. Sun, H. Yang, J. O rg. Chem . 2016 ,
81 , 43–50; l) Y. Kwon, D. J. Schatz, F. G. West, Angew . Chem . In t. Ed.
2015 , 54 , 9940–9943; m) P. Setzer, A. Beauseigneur, M. S. M.
Pearson-Long, P. Bertus, Angew . Chem . In t. Ed. 2010 , 49 , 8691–8694.

[7] a) S. Purser, P. R. Moore, S. Swallowb, V. Gouverneur, Chem . Soc. Rev .
2008 , 37 , 320–330; b) D. O'Hagan, J. F luo rine Chem . 2010 , 131 , 1071–
1081; c) N. A. Meanwell, J. M ed. Chem . 2018 , 61 , 5822–5880; d) T.
Liang, C. N. Neumann, T. Ritter, Angew . Chem . In t. Ed. 2013 , 52 , 8214
–8264.

[8] a) R. Betageri, Y. Zhang, R. M. Zindell, D. Kuzmich, T. M. Kirrane, J.
Bentzien, M. Cardozo, A. J. Capolino, T. N. Fadra, R. M. Nelson, Z.
Paw, D.-T. Shih, C.-K. Shih, L. Zuvela-Jelaska, G. Nabozny, D. S.
Thomson, B ioo rg . M ed . Chem . Le tt. 2005 , 15 , 4761–4769; b) M. Zanda,
New J. Chem . 2004 , 28 , 1401–1411; c) J. Nie, H.-C. Guo, D. Cahard,
J.-A. Ma, Chem . Rev. 2011 , 111 , 455–529; d) X.-H. Xu, K. Matsuzaki,
N. Shibata, Chem . Rev. 2015 , 115 , 731–764.

[9] a) C. D. Sessler, M. Rahm, S. Becke, J. M. Goldberg, F. Wang, S. J.
Lippard, J. Am . Chem . Soc. 2017 , 139 , 9325–9332; b) Y. Zafrani, D.
Yeffet, G. Sod-Moriah, A. Berliner, D. Amir, D. Marciano, E. Gershonov,
S. Saphier, J. M ed. Chem . 2017, 60 , 797–804; c) Y. Zafrani, Gali Sod-
Moriah, D. Yeffet, A. Berliner, D. Amir, D. Marciano, S. Elias, S. Katalan,
N. Ashkenazi, M. Madmon, Eytan Gershonov, S. Saphier, J. M ed .
Chem . 2019, 62 , 5628–5637; d) J. Hu, W. Zhang, F. Wang, Chem .
Commun . 2009 , 7465–7478; e) Y.-L. Xiao, X. Zhang,
D ifluo rome thy la tion and D ifluo roa lky la tion of (Hetero) A renes. Emerg ing

F luo rina ted Mo tifs : S ynthes is , P roperties, and Applica tions. Wiley-VCH
Verlag GmbH & Co. KGaA, 2020 , 1–46.

[10] a) T. A. Hamlin, C. B. Kelly, N. E. Leadbeater, Eur. J . O rg . Chem . 2013 ,
3658–3661; b) C. Zhu, R. Zhu, H. Zeng, F. Chen, C. Liu, W. Wu, H.
Jiang, Angew . Chem . In t. Ed. 2017 , 56 , 13324–13328; c) T. Zhang, C.
Xie, H. Sakata, K. Nakajima, T. Shimoyama, T. Watanabe, H. Maekawa,
Eur. J . O rg . Chem . 2020 , 15 , 2237–2243; d) A. Kirschning, H. Sommer,
M. Braun, B. Schröder, Synle tt. 2018 , 29 , 121–125; e) M. Winter, C.
Gaunersdorfer, L. Roiser, K. Zielke, U. Monkowius, Ma. Waser, Eur. J .
O rg . Chem . 2018 , 3 , 418–421; f) A. J. Arduengo III, C. A. Stewart, F.
Davidson, D. A. Dixon, J. Y. Becker, S. Anthony Culley, M. B. Mizen, J.
Am . Chem . Soc. 1987 , 109 , 627–647; g) C. Aubert, J.-P. Bégué, M.
Charpentier-Morize, G. Nee, B. Langlois, J. F luorine Chem . 1989 , 44 ,
361–76; h) D. V. Sevenard, O. Kazakovaa, R.-M. Schotha, E. Lorka, D.
L. Chizhovb, J. Poveleita, G.-V. Röschenthaler, Synthes is . 2008 , 12 ,
1867–1878.

[11] H. Jakobi, A. Martelletti, J. Dittgen, I. Haeuser-Hahn, D. Feucht, C.
Rosinger, Eur. Pat. App l. 2010 , EP 2194052 A1 20100609.

[12] a) A. G. Brook, Acc. Chem . Res. 1974 , 7 , 77–84; b) W. H. Moser,
Te trahed ron . 2001 , 57 , 2065–2084; c) M. D. Paredes, R. Alonso, J. O rg .
Chem . 2000 , 65 , 2292–2304; d) B. Quiclet-Sire, S. Z. Zard, Chem
Commun . 2014 , 50 , 5990–5992; e) Y. Deng, Q. Liu, A. B. Smith, J. Am .
Chem . Soc. 2017 , 139 , 9487–9490; f) Y.-M. Tsai, C.-D. Cherng,
Tetrahed ron Lett. 1991 , 32 , 3515–3518; g) J. C. Dalton, R. A. Bourque,
J. Am . Chem . Soc. 1981 , 103 , 699–700.

[13] a) X. Chen, X. Gong, Z. Li, G. Zhou, Z. Zhu, W. Zhang, S. Liu, X. Shen,
Nat. Commun . 2020 , 11 , 2756; b) Z. Yang, Y. Niu, X. He, S. Chen, S.
Liu, Z. Li, X. Chen, Y. Zhang, Y. Lan, X. Shen, Nat. Commun . 2021 , 12 ,
2131; c) Y. Zhang, Y. Zhang, X. Shen. Chem . Cata lys is . 2021 , 1 , 423–
436.

[14] a) W. H. Urry, K. Nicolaides, J. Am . Chem . Soc . 1952 , 74 , 5163–5168; b)
J. A. Franz, R. D. Barrows, D. M.Camaioni, J. Am . Chem . Soc. 1984 ,
106 , 3964–3967; c) R. Leardini, D. Nanni, G. F. Pedulli, A. Tundo,
G.Zanardi, E. Foresti, P. Palmieri, J. Am . Chem . Soc . 1989 ,111 , 7723–
7732; d) Z.-M. Chen, W. Bai, S.-H. Wang, B.-M. Yang, Y.-Q. Tu, F.-M.
Zhang, Angew . Chem . In t. Ed . 2013 , 52 , 9781–9785; e) X. Liu, F. Xiong,
X. Huang, L. Xu, P. Li, X. Wu, Angew . Chem . In t. Ed. 2013 , 52 , 6962–
6966; f) Y. Yu, U. K. Tambar, Chem . Sci. 2015 , 6 , 2777–2781; g) H. Yi,
G. Zhang, H. Wang, Z. Huang, J. Wang, A. K. Singh, A. Lei, Chem . Rev.
2017 , 117 , 9016–9085; h) Z. Wu, D. Wang, Y. Liu, L. Huan, C. Zhu, J.
Am . Chem . Soc. 2017 , 139 , 1388–1391; i) P. Wu, K. Wu, L. Wang, Z.
Yu, O rg . Lett. 2017 , 19 , 5450–5453; j) W. -Z. Weng, B. Zhang, Chem .
Eur. J . 2018 , 24 , 10934–10947; k) Y. Yin, W. -Z. Weng, J. -G. Sun, B.
Zhang, O rg . B iomo l. C hem . 2018 , 16 , 2356–2361; l) Y. J. Kim, D. Y.
Kim, O rg . Lett. 2019 , 21 , 1021–1025; m) Z. Guan, H. Wang, Y. Huang,
Y. Wang, S. Wang, A. Lei, O rg . Lett. 2019 , 21 , 4619–4622; n) J. Fang,
W.-L. Dong, G.-Q. Xu, P.-F. Xu, O rg . Lett. 2019 , 21 , 4480–4485; o) Y.
Zhang, Z. Ren, Y. L. Liu, Z. Wang, Z. Li, Eur. J . O rg . Chem . 2020 , 2020 ,
5192–5200; p) T. Tian, X. Wang, L. Lv, Z. Li, Chem . Commun . 2020 , 56 ,
14637–14640.

[15] H. Zhang, L. Kou, D. Chen, M. Ji, X. Bao, X. Wu, C. Zhu, O rg . Lett.
2020 , 22 , 5947–5952.

10.1002/ejoc.202100860

A
cc

ep
te

d 
M

an
us

cr
ip

t

European Journal of Organic Chemistry

This article is protected by copyright. All rights reserved.

https://pubmed.ncbi.nlm.nih.gov/?term=Bizi%C3%A8re+K&cauthor_id=3836113
https://pubmed.ncbi.nlm.nih.gov/?term=Worms+P&cauthor_id=3836113
https://pubmed.ncbi.nlm.nih.gov/?term=Kan+JP&cauthor_id=3836113
https://pubmed.ncbi.nlm.nih.gov/?term=Mandel+P&cauthor_id=3836113
https://pubmed.ncbi.nlm.nih.gov/?term=Garattini+S&cauthor_id=3836113
https://pubmed.ncbi.nlm.nih.gov/?term=Roncucci+R&cauthor_id=3836113


COMMUNICATION

5

Entry for the Table of Contents

I
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trifluoromethyl and 1-difluoromethyl 1,4-diktones have been disclosed for the first time. The potential of this advance have been
highlighted by the transformation of the products to biologically important fluoroalkylated heterocycles.
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