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Introduction

Fluorine is an element which occupies a special place in the
periodical classification. Because of its highest electronega-
tivity and its specific properties, it is often considered on the
fringe of the classical organic chemistry and the synthesis
and properties of fluoro compounds are traditionally omit-
ted in main stream organic chemistry.
However, the singular nature of the fluorine atom, com-

bined with the unique physical and chemical properties that
the fluorine substituent imparts its compounds, is responsi-
ble for the importance of the field of fluorine chemistry.[1]

Indeed, the specific physico-chemical properties of fluorinat-

ed organic compounds are of huge interest in a wide range
of applications.[1–2]

Since the Henri Moissan2s first isolation of elemental fluo-
rine in 1886, the interest in fluorine chemistry has grown
steadily to a field of great significance which today plays a
distinctive role in many and highly diverse technological de-
velopments (for example fluoropolymers, pharmaceutical
and agrochemical products, material science).[3–4] The recent
development of the Efavirenz (anti-HIV drug)[5] and Vinflu-
nine (antitumour drug),[6] two fluorinated drugs promising in
their prophylaxis, constitutes an excellent illustration of the
important role played by the fluorinated compounds for so-
ciety.
Nevertheless, despite this growing interest for fluorinated

compounds, the synthesis of more sophisticated fluorinated
molecules, in particular for biological applications, is still
scarce because of the lack of various and useful fluorinated
building blocks.

Towards Synthetic Applications of b-
Fluoroalkylated a,b-Unsaturated Carbonyl

Compounds

In non-fluorinated organic chemistry the a,b-unsaturated
carbonyl compounds constitute interesting building blocks
for further functionalisation by various reactions. Indeed,
such substrates are well-known reagents for cycloaddition
reactions and conjugated additions.[7] Some calculations on
b-trifluoromethylated analogues of such substrates have
shown that the LUMO energy level is lower and, conse-
quently, led to suggest that these fluorinated compounds
should be more reactive (Figure 1).[8]

Consequently, such b-trifluoromethylated a,b-unsaturated
carbonyl compounds should constitute very efficient build-
ing blocks as starting material in the synthesis of fluorinated
molecules.
The commercially availability of some esters of (E)-tri-

fluorocrotonic acid has boosted their use in reactivity studies
and synthetic applications. Thus we can propose that others
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b-fluoroalkylated a,b-unsaturated carbonyl compounds
should be also reactive substrates for further reactions.

Cyloadditions Reactions with b-Fluoroalkylated
a,b-Unsaturated Carbonyl Compounds

As early as 1963, fluorinated trans-olefinic acids have been
used as dienophile in the Diels–Alder reaction with cyclo-
pentadiene.[9] Further reactions have been developed with
the ethyl (E)-trifluorocrotonate,[10] but a few Diels–Alder re-
actions have been conducted with trifluoromethylated
enones.[11] (Scheme 1)

This type of Diels–Alder cyclization has found interesting
applications in the synthesis of trifluoromethylated ana-
logues of a natural product[10b] of medicinal importance, that
is shikimic acid (Scheme 2),[26] which is involved in impor-
tant biosynthetic pathways.

Trifluoromethylated pyrrolidines, which could be very ef-
ficient trifluoromethylated building blocks for the syntheses
of fluorinated analogues of various alkaloids, have been ob-
tained through 1,3-dipolar cycloadditions[11–12] with b-fluo-
roalkylated a,b-unsaturated carbonyl substrates (Sche-
me 3).[12c,d]

Nevertheless, despite the high interest for such reactions
and the expected enhancement of reactivity, the presence of
a fluoroalkyl group at the b position of these enones brings
about some modifications of selectivity or reactivity. For ex-
ample, the Diels–Alder cyclization of (E)-4,4,4-trifluoro-1-
phenylbut-2-en-1-one with cyclopentadiene leads to the cy-
cloadduct with the CF3 in endo position as major diaster-
eomer.[27] Because of the steric hindrance of CF3 moiety,

[28]

some cycloadditions are difficult to realize and require more
drastic conditions (high pressure for instance).[12c]

Conjugated Additions with b-Fluoroalkylated a,b-
Unsaturated Carbonyl Compounds

Conjugated additions are generally facilitated by the pres-
ence of fluoroalkyl group. Again, derivatives of (E)-trifluor-
ocrotonic acid have mostly been used in these reaction-
s.[8a, 13–17] These conjugated additions certainly constitute the
most frequently applied reaction with the b-fluoroalkylated
a,b-unsaturated carbonyl compounds.
For example, trifluoromethylated g-lactones have been

easily obtained with nitromethane as the nucleophile
(Scheme 4).[14] Such a method gives an interesting strategy

for the synthesis of many trifluoromethylated analogues of
biologically active compounds and natural products,[29] as,
for instance, the oak lactone.[30]

Figure 1. LUMO energy level.

Scheme 1. Diels–Alder cycloadditions.

Scheme 2. Synthesis of (� )-cis-6-trifluoromethyl shikimic acid.

Scheme 3. Synthesis of 3-trifluoromethylated pyrrolidines.

Scheme 4. Synthesis of trifluoromethylated g-lactone.
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The Michael additions also allowed the synthesis of vari-
ous fluorinated analogues of amino acids.[15,19] Their incorpo-
ration into peptides gives rise to structural modifications
(secondary structure), which also result in proteolytic stabili-
ty (Schemes 5–6).[18]

Zanda et al. have developed an interesting synthesis of
partially modified retro and retro-inverso y-
[NHCH(CF3)]Gly peptides based on an aza-Michael reac-
tion of a-amino esters with chiral b-trifluoromethylated a,b-
unsaturated amides.[16] This methodology allows parallel
solid-phase synthesis of small libraries of trifluoromethylat-
ed peptidomimetics to study the influence of the trifluoro-
methyl group in the biologic behavior of peptides (Sche-
me 7).[16b]

Conjugated addition of cyanide anion onto b-trifluorome-
thylated enones has been also applied in the synthesis of
aminopyridazines as acetylcholinesterase inhibitors.[20]

As in the case of cycloadditions, the presence of the fluo-
rinated moieties can also be associated with certain draw-
backs. Indeed, the high electron-withdrawing fluoroalkyl
group, relayed by conjugated p system of enone, leads to a
decrease of charge density in the oxygen atom. Consequent-
ly, the activation of these fluorinated enones by Lewis acids
is less efficient and can suffer of competition with other li-
gands. For example, Copper(ii) triflate catalyses selected 1,4-
additions onto fluoroalkylated enones whereas the same cat-
alyst is inactive when chelated to a BOX ligand.[27]

Miscellaneous Reactions with b-Fluoroalkylated
a,b-Unsaturated Carbonyl Compounds

Other synthetic applications of b-fluoroalkylated a,b-unsatu-
rated carbonyl compounds can be also envisaged by modifi-
cation of carbonyl functionality.[23]

Thus, the synthesis of trifluoromethylated hydrindenes, as
potential precursors for fluorinated vitamin D, has been de-
scribed starting from 3-trifluoromethyl but-2-enoic acid. The
key step is an Ireland–Claisen rearrangement of an allylic
ester of this acid (Scheme 8).[21]

By reduction of the carbonyl moiety of a b-trifluorome-
thylated enones to obtain allylic alcohol, trifluoromethyl tet-
rahydroisochromanes could be easily achieved through a
Johnson–Claisen rearrangement (Scheme 9).[22] Such meth-
odology constitutes an interesting way to access very easily
to various bioactive compounds as, for example, fluorinated
analogues of the potent k opioid receptor agonist salvinorin
A.[31]

Scheme 5. Synthesis of 3-trifluoromethylpyroglutamic acid.

Scheme 6. Synthesis of trans-3,4-(difluoromethano)glutamic acid.

Scheme 7. Solid-phase synthesis of y[NHCH(CF3)]Gly peptides.

Scheme 8. Synthesis of trifluoromethylated hydrindenes.
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Syntheses of b-Fluoroalkylated a,b-Unsaturated
Carbonyl Compounds

Despite the well demonstrated importance of the a,b-unsa-
turated carbonyl compounds, the methods to synthesize
them are relatively restricted. The oldest and more direct
method is the Wittig reaction with fluorinated aldehydes.
Nevertheless, the fluorinated analogues of acetaldehyde, as
trifluoroacetaldehyde, are not commercially available, very
reactive gases which are not easy to handle. Recently, an ef-
ficient synthesis of b-fluoroalkylated enones has been de-
scribed starting directly from corresponding ketones and,
thus, enlarges the panel of available b-fluoroalkylated a,b-
unsaturated carbonyl compounds, especially bearing fluo-
roalkyl moiety other than CF3 (Scheme 10).

[24]

Some other methods, involving more steps, have been
also elaborated starting from ethyl trifluoroacetoacetate[32]

or from 3,3,3-trifluoroprop-1-yne.[33] Nevertheless, all these
methods don2t allow to achieve all the expected compounds
with diverse substituents anywhere. This lack of diversity in
their syntheses can constitute a drawback in the develop-
ment of their future uses.

Conclusion and Perspectives

As their non-fluorinated analogues, b-fluoroalkylated a,b-
unsaturated carbonyl compounds present interesting and
valuable synthetic potential. As shown above in a few perti-
nent examples, some of them have already been studied and
applied in the syntheses of several complex structures and
fluorinated analogues of natural products.
The growing tremendous demand of more and more so-

phisticated fluorinated molecules should certainly imply an
increased search of new fluorinated building blocks.

The previous works have shown that b-fluoroalkylated
a,b-unsaturated carbonyl compounds, and in particular the
derivatives of trifluorocrotonic acid, could constitute valua-
ble building blocks and should play an important role in the
future.
This has been recently demonstrated by the synthesis of

trifluoromethylated epothilone analogues in which the fluo-
rinated part is obtained from a b-trifluoromethylated a,b-
unsaturated carbonyl compound (Scheme 11).[25]

Such work opens the way of the applications of b-fluo-
roalkylated a,b-unsaturated carbonyl compounds into multi-
step syntheses of fluorinated analogues of natural com-
pounds.
The already existing reactions, and the incessant develop-

ment of new ones with non-fluorinated enones, which can
be found in literature, in particular in the asymmetric field,
expands the field of reactivity studies of b-fluoroalkylated
a,b-unsaturated carbonyl compounds.
For instance, hetero-Diels–Alder, by using b-fluoroalky-

lated enones as heterodienes, could constitute a rapid access
to trifluoromethylated carbohydrate mimetics.
Such perspectives make these b-fluoroalkylated a,b-unsa-

turated carbonyl compounds both classical and essential fluo-
rinated building blocks in the incorporation of fluorinated
analogues into natural compounds.
As example, trifluoromyrtine could be easily synthesized

starting from (E)-5,5,5-trifluoropent-3-en-2-one, by applying
a method previously described (Scheme 12).[34]

Scheme 9. Synthesis of trifluoromethylated tetrahydroisochromanes.

Scheme 10. Efficient, one-pot, synthesis of b-fluoroalkylated enones.

Scheme 11. Synthesis of trifluoromethylated epothilone analogue.

Scheme 12. Potential synthesis of trifluoromyrtine.
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The most important challenge will be to elaborate new
synthetic ways to obtain such b-fluoroalkylated a,b-unsatu-
rated carbonyl compounds with various substituents.

[1] a) U. Groß, S. RMdiger in Organo-Fluorine Compounds (Eds.: B.
Baasner, H. Hagemann, J. C. Tatlow), Houben-Weyl: Methods of Or-
ganic Chemistry, Vol. E10a, Thieme, Stuttgart, 1999, pp. 18–26;
b) B. E. Smart, J. Fluorine Chem. 2001, 109, 3–11; c) T. Hiyama, Or-
ganofluorine Compounds: Chemistry and Properties, Springer, Berlin,
2000 ; d) J. D. Dunitz, ChemBioChem 2004, 5, 614–621; e) J. C. Biffin-
ger, H. W. Kim, S. G. DiMagno, ChemBioChem 2004, 5, 622–627.

[2] a) R. Filler, Y. Kobayashi, L. M. Yagulpolskii, Organofluorine Com-
pounds in Medicinal Chemistry and Biomedical Applications, Elsevi-
er, Amsterdam, 1993 ; b) R. E. Banks, B. E. Smart, J. C. Tatlow, Or-
ganofluorine Chemistry: Principles and Commercial Applications,
Plenum Press, New York, 1994 ; c) J. T. Welch, S. E. Ewarakrishnan,
Fluorine in Biorganic Chemistry, Wiley, New York, 1991; d) V. P.
Kukhar, V. A. Soloshonok, Fluorine-containing Amino Acids. Syn-
thesis and Properties, Wiley, Chichester, 1995 ; e) T. Hiyama, Orga-
nofluorine Compounds: Chemistry and Properties, Springer, Berlin,
2000, Chapter 5, pp. 137–182. f) A. Becker, Inventory of Industrial
Fluoro-Biochemicals, Eyrolles, Paris, 1996 ; g) P. Jeschke, ChemBio-
Chem 2004, 5, 570–589; h) I. Ojima, ChemBioChem 2004, 5, 628–
635; i) H. J. Bçhm, D. Banner, S. Bendels, M. Kansy, B. Kuhn, K.
MMller, U. Obst-Sander, M. Stahl, ChemBioChem 2004, 5, 637–643.

[3] W. R. Dolbier Jr, J. Fluorine Chem. 2005, 126, 157–163.
[4] H. Schofield, J. Fluorine Chem. 1999, 100, 7–11.
[5] a) J. Ren, J. Milton, K. L. Weaver, S. A. Short, D. I. Stuart, D. K.

Stammers, Structure 2000, 8, 1089–1094; b) O. S. Pedersen, E. B.
Pedersen, Synthesis 2000, 479–495; c) M. E. Pierce, C.-Y. Chen,
R. D. Tillyer, J. Org. Chem. 1998, 63, 8536–8543.

[6] a) S. D. Shnyder, IDrugs 2004, 7, 851–859; b) J. A. McIntyre, J. Cas-
taner, Drugs Future 2004, 29, 574–580.

[7] a) J.-C. Plaquevent, D. Cahard, F. Guillen in Ketones (Ed.: J. Cossy),
Science of Synthesis Houben-Weyl Methods of Molecular Transfor-
mations, Vol. 26, 2005, pp. 513–555; b) P. Perlmutter, Conjugate ad-
dition reactions in organic synthesis, Pergamon Press, Oxford, 1992.

[8] a) N. Shinohara, J. Haga, T. Yamazaki, T. Kitazume, S. Nakamura, J.
Org. Chem. 1995, 60, 4363–4374; b) T. Billard, unpublished results.

[9] a) H. P. Braendlin, A. Z. Zielinski, E. T. McBee, J. Am. Chem. Soc.
1962, 84, 2109–2112; b) E. T. McBee, M. J. Keogh, R. P. Levek, E. P.
Wesseler, J. Org. Chem. 1973, 38, 632–636.

[10] a) J. H. Bateson, C. F. Smith, J. B. Wilkinson, J. Chem. Soc. Perkin
Trans. 1 1991, 651–653; b) J. Leroy, N. Fischer, C. Wakselman, J.
Chem. Soc. Perkin Trans. 1 1990, 1281–1287; c) H. Abele, A. Haas,
M. Lieb, J. Zwingenberger, J . Fluorine Chem. 1993, 62, 25–29;
d) S. Sicsic, J. Leroy, C. Wakselman, Synthesis 1987, 155–156.

[11] H. Ogoshi, H. Mizushima, H. Toi, Y. Aoyama, J. Org. Chem. 1986,
51, 2366–2368.

[12] a) J.-P. Begue, D. Bonnet-Delpon, A. Chennoufi, M. Ourevitch,
K. S. Ravikumar, M. H. Rock, J. Fluorine Chem. 2001, 107, 275–
279; b) D. J. P. Begue, D. Bonnet-Delpon, T. Lequeux, Tetrahedron
Lett. 1993, 34, 3279–3282; c) D. Bonnet-Delpon, J.-P. Begue, T. Le-
queux, M. Ourevitch, Tetrahedron 1996, 52, 59–70; d) D. Bonnet-
Delpon, A. Chennoufi, K. S. Ravikumar, M. H. Rock, Bull. Soc.
Chim. Fr. 1995, 132, 402–405.

[13] K. Maruoka, I. Shimada, H. Imoto, H. Yamamoto, Synlett 1994,
519–520.

[14] H. Angert, R. Czerwonka, H. U. Reißig, Liebigs Ann. 1997, 2215–2220.
[15] V.A. Soloshonok, D. V. Avilov, V. P. Kukhar, L. Van Meervelt, N.

Mischenko, Tetrahedron Lett. 1997, 38, 4903–4904.
[16] a) A. Volonterio, S. Bellosta, F. Bravin, M. C. Bellucci, L. BruchD,

G. Colombo, L. Malpezzi, S. Mazzini, S. V. Meille, M. Meli, C. Ram-
Qrez de Arellano, M. Zanda, Chem. Eur. J. 2003, 9, 4510–4522;
b) M. Zanda, New J. Chem. 2004, 28, 1401–1411.

[17] T. Yamazakia, N. Shinoharaa, T. Kitazumea, S.i Sato, J. Fluorine
Chem. 1999, 97, 91–96.

[18] a) J. Feeney, J. E. McCormick, C. J. Bauer, B. Birdsall, C. M. Moody,
B. A. Starkmann, D. W. Young, P. Francis, R. H. Havlin, W. D.
Arnold, E. Oldfield, J. Am. Chem. Soc. 1996, 118, 8700–8706; b) D.
Barth, A. G. Milbradt, C. Renner, L. Moroder, ChemBioChem 2004,
5, 79–86; c) Y. Tang, G. Ghirlanda, W. A. Petka, T. Nakajima, W. F.
DeGrado, D. Tirrell, Angew. Chem. 2001, 113, 1542–1544; Angew.
Chem. Int. Ed. 2001, 40, 1494–1496; d) H. S. Duewel, E. Daub, V.
Robinson, J. F. Honek, Biochemistry 2001, 40, 13167–13176; e) P.
Wang, Y. Tang, D. A. Tirrell, J. Am. Chem. Soc. 2003, 125, 6900–
6906; f) A. Niemz, D. A. Tirrell, J. Am. Chem. Soc. 2001, 123, 7407–
7413; g) B. Bilgicer, A. Fichera, K. Kumar, J. Am. Chem. Soc. 2001,
123, 4393–4399; h) J.-C. Horng, D. P. Raleigh, J. Am. Chem. Soc.
2003, 125, 9286–9287; i) T. Arai, T. Imachi, T. Kato, N. Nishino,
Bull. Chem. Soc. Jpn. 2000, 73, 439–445; j) D. F. Hook, F. Gessier,
C. Noti, P. Kast, D. Seebach, ChemBioChem 2004, 5, 691–706.

[19] T. Taguchi, H. Sasaki, A. Shibuya, T. Morikawa, Tetrahedron Lett.
1994, 35, 913–916.

[20] J.-M. Contreras, Y. M. Rival, S. Chayer, J.-J. Bourguignon, C. G.
Wermuth, J. Med. Chem. 1999, 42, 730–741.

[21] G.-D. Zhu, B. Van Lancker, D. Van Haver, P. De Clercq, Bull. Soc.
Chim. Belg. 1994, 103, 263–271.

[22] T. Barhoumi-Slimi, B. Crousse, M. Ourevitch, M. El Gaied, J.-P.
BDguD, D. Bonnet-Delpon, J. Fluorine Chem. 2002, 117, 137–141.

[23] a) P. Lin, J. Jiang, Tetrahedron 2000, 56, 3635–3671; b) B. Jiang, Y.
Liu, W.-S. Zhou, J. Org. Chem. 2000, 65, 6231–6336.

[24] G. Blond, T. Billard, B. R. Langlois, J. Org. Chem. 2001, 66, 4826–4830.
[25] a) T. C. Chou, H. Dong, A. Rivkin, F. Yoshimura, A. E. Gabarda,

Y. S. Cho, W. P. Tong, S. J. Danishefsky, Angew. Chem. 2003, 115,
4910–4915; Angew. Chem. Int. Ed. 2003, 42, 4762–4767; b) A.
Rivkin, F. Yoshimura, A. E. Gabarda, T. C. Chou, H. Dong, W. P.
Tong, S. J. Danishefsky, J. Am. Chem. Soc. 2003, 125, 2899–2901;
c) A. Rivkin, F. Yoshimura, A. E. Gabarda, Y. S. Cho, T. C. Chou,
H. Dong, S. J. Danishefsky, J. Am. Chem. Soc. 2004, 126, 10913–
10922.

[26] a) A. R. Knaggs, Nat. Prod. Rep. 2003, 20, 119–136; b) A. R.
Knaggs, Nat. Prod. Rep. 2001, 18, 334–355; c) R. J. Cox, Annu. Rep.
Progr. Chem. 2000, 96, 231–258; d) D. J. Wilson, S. Patton, G. Floro-
va, V. Hale, K.A. Reynolds, J. Ind. Microbiol. Biotechnol. 1998, 20,
299–303.

[27] T. Billard, unpublished results.
[28] a) T. Nagai, G. Nishioka, M. Koyama, A. Ando, T. Miki, I. Kumada-

ki, Chem. Pharm. Bull. 1992, 40, 593–598; b) T. Nagai, G. Nishioka,
M. Koyama, A. Ando, T. Miki, I. Kumadaki, Chem. Pharm. Bull.
1991, 39, 233–235; c) T. Nagai, G. Nishioka, M. Koyama, A. Ando,
T. Miki, I. Kumadaki, J. Fluorine Chem. 1992, 57, 229–237.

[29] a) H. Takahata, Y. Uchida, T. Momose, J. Org. Chem. 1995, 60,
5628–5633; b) W. Albrecht, R. Tressl, Tetrahedron: Asymmetry
1993, 4, 1391–1396; c) J. M. Rieser, J. F. Kozlowski, K. V. Wood,
J. L. McLaugghlin, Tetrahedron Lett. 1991, 32, 1137–1140; d) D. W.
Ribbons, A. G. Sutherland, Tetrahedron 1994, 50, 3587–3594; e) M.
Saniere, I. Charvet, Y. L. Merrer, J.-C. Depezay, Tetrahedron 1995,
51, 1653–1662; f) H. Skaltsa, D. Lazari, C. Panagouleas, E. Georgia-
dou, B. Garcia, M. Sokovic, Phytochemistry 2000, 55, 903–908;
g) M. Flegel, K.-P. Adam, H. Becker, Phytochemistry 1999, 52,
1633–1638; h) O. Spring, R. Zipper, J. Conrad, B. Vogler, I. Klaiber,
F. B. DaCosta, Phytochemistry 2003, 62, 1185–1189.

[30] J.A. Maga, Food Rev. Int. 1996, 12, 105–130.
[31] T. A. Munro, M.A. Rizzacasa, B. L. Roth, B. A. Toth, F. Yan, J.

Med. Chem. 2005, 48, 345–348.
[32] a) P. V. Ramachandran, A.V. Teodorovic’ B. Gong, H. C. Brown,

Tetrahedron: Asymmetry 1994, 5, 1075–1086; b) P. V. Ramachan-
dran, B. Gong, A.V. Teodorovic, H. C. Brown, Tetrahedron: Asym-
metry 1994, 5, 1061–1074.

[33] G. Prie, M. Abarbri, J. Thibonnet, J.-L. Parrain, A. Duchene, New J.
Chem. 2003, 27, 432–441.

[34] R. A. Pilli, L. C. Dias, A. O. Maldaner, Tetrahedron Lett. 1993, 34,
2729–2732.

Published online: August 1, 2005

Chem. Eur. J. 2006, 12, 974 – 979 � 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 979

CONCEPTSUnsaturated Carbonyl Compounds

www.chemeurj.org

