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1. Introduction

The Michael addition reaction was originally described in
1887 and is one of the most useful methods for the formation of C–
C bond [1,2]. The reaction proceeds via nucleophilic addition of a
carbanion (Michael donor) to a carbon-carbon double bond, which
is activated by the conjugation with an electron withdrawing
group (Michael acceptor). In principle, the reaction mechanism
involves three steps. The first step is the deprotonation of a
diketone, diester or ketoester with a base. This leads to the
formation of a carbanion, which is stabilized by electron
withdrawing groups. In the second step this nucleophile (Michael
donor) undergoes an addition to an electrophilic alkene. Finally,
proton abstraction from the protonated base or the solvent results
in the formation of the desired product. To avoid side reactions
such as cyclization, self-condensation or the retro-Michael
reaction, the use of a catalyst is beneficial [3–7]. The application
of Lewis acid catalysts in Michael addition reactions allows the
exclusion of a base to generate the carbanion. This significantly
simplifies the product isolation procedure. Various transition
metal salts were tested as catalysts in Michael addition reactions
[8]. For instance, addition of b-diketones to a,b-unsaturated
ketones can be catalyzed by Ru(HCOO)(CO2)(PPh3)2 [9], Ni(acac)2

[10], Cu(SbF6)2 or CuSO4�5H2O [11]. The catalysts FeCl3�6H2O,
Yb(OTf)3 and Ni(acac)2 were tested as catalyst for Michael addition
of acetylacetone to methylvinylketone in ionic liquid medium
[bmim][BF4] [12]. The authors reported an accelerating effect of
the ionic liquid solvent in case of the Ni(acac)2 catalyst. However,
FeCl3�6H2O and Yb(OTf)3 were less active in ionic liquid than under
solvent-free conditions. Ytterbium triflate, Yb(OTf)3, in combina-
tion with alanine was shown to be an active biphasic catalytic
system in the reaction of various Michael acceptors providing high
yields of the addition products [13]. Various transition metal
triflates were tested as Lewis acid catalysts for the Michael
addition reaction in water [14]. It was shown that Yb(OTf)3 in
combination with N,N,N0,N0-tetramethylethylenediamine cata-
lyzes the Michael addition more efficiently when compared to
the ligand-free reaction. Other lanthanide salts, for example
EuCl3�6H2O [15] or CeCl3�7H2O [16,17] can also be used as catalysts
in the Michael addition reaction. Some other examples of the
Michael addition catalyzed with various metals catalysts are
published [18,19].

However, high catalyst loadings of 5 mol% [11] to 10 mol%
[9,13,15,17,20] or in some cases up to 20 mol% [16] are required to
efficiently catalyze the Michael reaction and to get products in a
good yields. The drawback in the application of the above
mentioned metal-based Lewis acid catalysts is a potential
contamination of the product with metal salts. From this point
of view, the use of organocatalysis has major advantages [21].
Recently, we have reported that difluorotris(pentafluoroethyl)-
phosphorane, (C2F5)3PF2, is an active catalyst for the Diels–Alder
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A B S T R A C T

Difluorotris(pentafluoroethyl)phosphorane, (C2F5)3PF2, was found to be an active catalyst for the

Michael addition reaction of 1,3-b-diketones or b-ketoesters (Michael donors) and linear or cyclic

unsaturated ketones (Michael acceptors). The reaction proceeds under mild conditions with low catalyst

loading and results in the formation of the Michael addition products in moderate to high yields. The

developed protocol does not require the use of a base for the in situ generation of a carbanion (Michael

donor).

� 2015 Elsevier B.V. All rights reserved.

* Corresponding author. Tel.: +49 6151 723102; fax: +49 6151 72918029.

E-mail addresses: wfrank@hhu.de (W. Frank),

nikolai.ignatiev@external.merckgroup.com, ignatiev@web.de (N. Ignat’ev).

Contents lists available at ScienceDirect

Journal of Fluorine Chemistry

journa l homepage: www.e lsev ier .com/ locate / f luor

http://dx.doi.org/10.1016/j.jfluchem.2015.11.007

0022-1139/� 2015 Elsevier B.V. All rights reserved.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jfluchem.2015.11.007&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jfluchem.2015.11.007&domain=pdf
http://dx.doi.org/10.1016/j.jfluchem.2015.11.007
mailto:wfrank@hhu.de
mailto:nikolai.ignatiev@external.merckgroup.com
mailto:ignatiev@web.de
http://www.sciencedirect.com/science/journal/00221139
www.elsevier.com/locate/fluor
http://dx.doi.org/10.1016/j.jfluchem.2015.11.007


reaction [22]. In the present study we have tested (C2F5)3PF2 as Lewis
acid catalyst in the Michael addition reaction. Difluorotris(penta-
fluoroethyl)phosphorane is a clear and colorless liquid (b.p. 91–92 8C)
which reacts with water and air-moisture at room temperature
liberating HF (Caution! HF is very toxic). Difluorotris(pentafluor-
oethyl)-phosphorane, (C2F5)3PF2, is now-days produced in multi-ton
quantities by the electrochemical fluorination (Simons process, ECF)
of triethylphosphine [23,24].

2. Results and discussion

Difluorotris(pentafluoroethyl)phosphorane, (C2F5)3PF2, is a
strong Lewis acid [25], stronger than PF5 [26]. Here we report
the use of difluorotris(pentafluoroethyl)-phosphorane, (C2F5)3PF2,
as metal free Lewis acid catalyst for Michael addition reactions.
Table 1 presents the results and conditions of the Michael reaction
of 1,3-b-diketones or b-ketoesters (Michael donor) and linear or
cyclic unsaturated ketones (Michael acceptor) catalyzed by the
phosphorane, (C2F5)3PF2. The reaction proceeds in dichloro-
methane under mild conditions with low to moderate catalyst
loadings (0.5–5 mol%) and results in the formation of product 3 in
moderate to high yields (52–92%) (Scheme 1).

At the beginning of our study, we screened the addition of
acetylacetone (1a) to various Michael acceptors (2a–e). For the
reaction of acetylacetone (1a) with methylacrylate (2c), crotonic
acid (2d) and acrylonitrile, CH2 = CH � CN (2e) no conversions
have been observed within 24 h even with catalyst loadings up to
5 mol% calculated on the quantity of the Michael donor
1a. However, only 0.5 mol% of (C2F5)3PF2 was required as catalyst
to obtain 3-acetylhepta-2,6-dione (3aa) in 73% yield in the reaction
of 1a and 2a (Table 1, entry 1).

On the other hand, in the case of the Michael reaction of 1a and
2a not only mono-adduct 3aa but also di-adduct 3aa’ is formed
(Scheme 2). Diaddition is dependent on the ratio of the reactants. If
an excess of Michael acceptor 2a was used (1.5: 1) than the mono-
addition product 3aa was obtained in 38% yield and the di-adduct
3aa’ in 24% yield. Furthermore, intramolecular aldol reaction
occurred in this case resulting in the formation of cyclic product 4a
from 3aa’ (Scheme 2).

It is known that cyclic by-products are formed by in situ

generated enolates which rapidly undergo intramolecular aldol
condensation [27]. Similarly, the formation of a diadduct followed
by the intramolecular aldol condensation was also observed in
Michael reactions catalyzed by [Ru(O2CH)(CO(PPh3)]2 [9]. The ratio

Table 1
Michael addition catalyzed by (C2F5)3PF2 in CH2Cl2 at RT.

Entry R R1 R2 R3 R4 Product Catalyst loading [mol%] Time[h] Conversion[%] Isolated yield[%]

1a CH3 H CH3 H CH3 3aa 0.5 0.5 86 73

2 C6H5 H CH3 –(CH2)3– 3bb 1.9 1 89 60

3 C6H5 H CH3 H CH3 3ba 1.1 100 92

4 CH3 H OCH3 H CH3 3ca 1 1 80 52

5 CH3 H OCH3 –(CH2)3– 3cb 5 3t 20 –

6 –(CH2)4– OC2H5 H CH3 3da 1.4 0.2 96 77

7 –(CH2)4– OC2H5 –(CH2)3– 3db 5 1t 85 55

Michael donor: Michael acceptor ratio = 1:1.5, all yields refer to isolated pure compounds, whose structures were assigned on the basis of 1H NMR data (400 MHz).
a Michael donor: Michael acceptor ratio = 1:1.t Days, including 6 h at 40 ?C.[(Scheme_1)TD$FIG]

1a: R = CH3, R1 = H, R2 = CH3; 1b: R = C6H5, R1 = H, R2 = CH3; 1c: R = CH3, R1 = H, 
R2 = OCH3; 1d: R and R1 = cyclo-(CH2)4, R2 = OC2H5; 2a: R3 = H, R4 = CH3; 2b: R3
and R4 = cyclo-(CH2)3; 2c: R3 = H, R4 = OCH3; 2d: R3 = CH3, R4 = OH.

Scheme 1. Products obtained in (C2F5)3PF2 catalyzed Michael addition reaction.
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