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Asymmetric synthesis of Rauhut–Currier-type
esters via Mukaiyama–Michael reaction to
acylphosphonates under bifunctional catalysis†

Vı́ctor Laina-Martı́n, a Roberto del Rı́o-Rodrı́guez,a Sergio Dı́az-Tendero, bcd

Jose A. Fernández-Salas *a and José Alemán *ab

A highly enantioselective organocatalytic Mukaiyama–Michael

reaction of silyloxy dienes and a,b-unsaturated acyl phosphonates

under bifunctional organocatalysis is presented. The new reactivity

triggered by the catalyst conducted to Rauhut–Currier type esters, via

a formal conjugate addition to a,b-unsaturated esters. This protocol

proceeds under mild conditions with complete regioselectivity and

excellent enantiocontrol.

The development of efficient and practical strategies for the
stereoselective construction of C–C bonds is an ongoing objec-
tive and still holds a preferred position in organic chemistry
research.1 In this field, the Rauhut–Currier reaction has been
widely developed over the years, becoming a powerful tool for
the construction of valuable compounds from two structurally
diverse olefins.2 In particular, asymmetric intramolecular
Rauhut–Currier processes have been extensively explored and
reported during the last few years.2a Different groups have
focused their attention on developing chiral catalysts based
on different nucleophilic species able to trigger the reaction.2,3

However, the intermolecular cross-asymmetric version is still
underdeveloped and only a few groups have described efficient
methodologies (Scheme 1, eqn (a)).3 In pursuit of this challenging
objective, these research groups have described the use of well-
designed multifunctional chiral phosphine-based catalysts, which
have only allowed the efficient a-functionalization of 3-aroyl
acrylates and para-quinone methides mainly with vinyl ketones.3b,e–h

Despite these particular achievements, the enantioselective inter-
molecular cross Rauhut–Currier reaction has been applied

successfully in the presence of certain electrophiles. Indeed,
only very specific and reactive substrates such as terminal
vinylic carbonyl compounds have shown sufficient reactivity.
However, mono- and gem-disubstituted double bonds are more
challenging electrophiles for this transformation.

The catalytic Mukaiyama-aldol (MA) reaction has become
a powerful tool for the enantioselective construction of C–C
bonds.4 Despite the great efforts made in the development of
MA reactions, the conjugate addition to a,b-unsaturated esters,
which are difficult substrates to activate,5 still stands as an
outstanding objective in asymmetric organocatalysis. Indeed,
only one example has recently been reported by List and
coworkers in which a silylium imidodiphosphorimidate Lewis
acid has been shown to be a very efficient catalyst in the
asymmetric Mukaiyama–Michael reaction to a,b-unsaturated
esters (Scheme 1, eqn (b)).6 Similarly, the organocatalysed
vinylogous Mukaiyama-aldol (VMA) reaction has been widely
developed and has become the preferred method for the stereo-
selective synthesis of vinylogous aldol type products.4e,7 The
orbital coefficients provoke the observed 1,5-nucleophilic attack,8

while the reactivity through the less reactive 3 position of the

Scheme 1 Previous works (A and B) and the present work (C).
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dienolate has been practically unexplored (Scheme 1, eqn (c)).
Taking into account the challenge of expanding the asymmetric
intermolecular Rauhut–Currier reaction,9 we envisioned that the
addition of silyl dienol ethers to acylphosphonates,10 followed by
an in situ acyl substitution, could potentially lead to Rauhut–
Currier type esters. In order to achieve this objective, the
nucleophilic addition to the conjugated system (1,4-addition)
would need to take place through the less reactive position (1,3)
of the silyl dienol ether. Herein, we describe a Mukaiyama–
Michael process of silyl dienol ethers to a,b-unsaturated acyl
phosphonates catalysed by a bifunctional organocatalyst.11 The
special and unusual reactivity shown by these dienolates when
activated by the bifunctional organocatalyst and the use of acyl-
phosphonates as ester surrogates have allowed us to develop
the formal synthesis of Rauhut–Currier-type esters, not easy to
access otherwise. In addition, very challenging b-mono and
b-disubstituted formal acrolein adducts have been addressed
using this methodology. Based on our experience in bifunc-
tional catalysis,9,12 we began our investigations by studying the
reaction of acylphosphonate 1a as a model substrate with a
trimethyl silyl dienolate derivative 2a and different thiourea
and squaramide bifunctional organocatalysts (Table 1). Firstly,
we examined catalysts 3a and 3b which led, after in situ treat-
ment with BnOH and DBU, to the desired Rauhut–Currier
type ester with moderate enantioselectivities (entries 1 and 2).
Taking into account these preliminary results, the squaramide-
quinine catalyst 3d was tested and it clearly enhanced the
selectivity of the process (90% ee) (entry 3). All four squar-
amides bearing a member of the quinine family (3c–f) led to
similar yields and enantioselectivities of the desired Rauhut–
Currier ester (entries 4–7). Different solvents were then studied
taking 3d as the optimised catalyst (entries 8–11). p-Xylene was
considered as the optimum solvent (entry 9) as it led to higher
enantioselectivity. A lower concentration and a higher catalyst
loading boosted the efficiency of the reaction and yielded the
desired product 5a with a 57% yield and 97% enantiomeric
excess (entry 14).

Once the reaction conditions had been optimised (entry 14,
Table 1), we studied the scope of the reaction considering
differently substituted a,b-unsaturated acyl phosphonates
(Table 2). The Mukaiyama–Michael reaction embraced a variety
of aromatics with complete regioselectivity observed in all
cases. The reaction proceeded smoothly with the p-tolyl sub-
stituted double bond (5b) with an excellent enantioselectivity
(96% ee). Acyl phosphonates bearing a poor aromatic ring (5c)
led to the desired Rauhut–Currier product with excellent enantio-
selectivity, retaining the efficiency of the reaction. Differently
substituted halogenated phosphonates at either the ortho, meta
or the para position were very well tolerated, conducting to the
b-substituted esters with excellent enantioselectivities (5d–h).
The protocol enabled access to the corresponding ester in the
presence of conjugated heterocyclic acylphosphonate with excel-
lent enantioselectivities and moderate yield (5i). In the same
manner, silyl dienolate reacted with an aliphatic conjugated
system, affording 5j with complete enantiocontrol albeit with a
slightly lower yield. Other silyl dienolates were also studied.

While a silyl dienol ether bearing a longer aliphatic chain was
well tolerated (5m), the presence of a phenyl group as a sub-
stituent did not conduct to the desired product. To our delight,
when a 4-substituted silyloxy diene (2b) was tested, challenging
b,b-disubstituted Rauhut–Currier adducts (5k–5l) were obtained
with excellent enantioselectivities.

Interestingly, when the in situ acyl substitution was not
performed under the optimised reaction conditions, the reac-
tion conducted to the formation of the dihydropyranone deri-
vative 4a after an in situ lactonization through intermediate I.
Subsequent lactone opening in the presence of BnOH and
DBU led to the desired Rauhut–Currier type ester as a unique
product in quantitative yield (Scheme 2, eqn (a)). These control
experiments suggested that the moderate yields obtained might
come from the intrinsic instability of 4a under the reaction
conditions during the long reaction times.13 Considering the
whole process, which involves conjugate addition of the dienolate,
cyclisation and lactone opening, the functionalised esters are
obtained in synthetically useful yields. In order to explain the
observed configuration, a stereochemical proposal is shown in
Scheme 2. We propose that the nitrogen of the quinine moiety
directly triggers the Mukaiyama–Michael reaction from the si-face
of the acyl phosphonate and the silyloxy diene reacts through its
carbon 3 due to the close proximity.

Lactone rings are structural motifs very often present in
natural products. Among naturally occurring lactones, the

Table 1 Screening of reaction conditions for the addition of 2a to 1a in
the presence of different catalysts 3a

Entry 3 Solvent t (h) Yield 5a (%)c eed

1b 3a THF 36 36 59
2b 3b THF 36 51 66
3b 3d THF 36 32 90
4 3d THF 36 40 91
5 3e THF 36 34 89
6 3f THF 36 36 �88
7 3c THF 36 42 �82
8 3d DCM 36 36 94
9 3d p-Xylene 36 36 96
10 3d MeCN 36 35 90
11 3d DME 36 30 93
12e 3d THF 36 59 90
13e 3d DCM 48 30 93
14e 3d p-Xylene 36 57 97

a All the reactions were performed on a 0.1 mmol scale in the presence
of 3 (10 mol%) in 0.3 mL of solvent. b 3 equiv. of water was added.
c Isolated yield. d Determined by SFC chromatography. e 3d (20 mol%)
and 0.6 mL of solvent (0.17 M).
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5,6-dihydropyran-2-one moiety is of considerable interest from a
chemical and pharmacological perspectives.14 Taking advantage of
the enantioselective formation of lactone 4a, 4,5-disubstituted
dihydropyranones 6a and 6b were obtained with excellent enantio-
selectivities via simple alkene metathesis with styrene (Scheme 2,
eqn (b)). The absolute configuration of the Rauhut–Currier type

products series was assigned by the correlation with a known
compound in the literature (6a) and by circular dichroism. It was
determined as R, assuming the same stereochemical outcome for
all the compounds 4, 5 and 6 (see the ESI†).

In conclusion, we have described an asymmetric Mukaiyama–
Michael reaction of silyl dienolates to a,b-unsaturated acyl
phosphonates as ester surrogates. The employed bifunctional
organocatalyst orchestrated the approach of the silyloxy diene to
the Michael acceptor, leading to the formation of Rauhut–
Currier type esters. The reaction proceeded under mild conditions
with complete regioselectivity, excellent enantiocontrol and a
reasonably high range of a,b-unsaturated phosphonates. In addi-
tion, the methodology led to tri- and tetra-substituted Rauhut–
Currier type esters.
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