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The Catalytic Asymmetric Mukaiyama—Michael Reaction of Silyl
Ketene Acetals with a,f-Unsaturated Methyl Esters

Tim Gatzenmeier, Philip S. J. Kaib, Julia B. Lingnau, Richard Goddard and Benjamin List*

Abstract: a,p-Unsaturated esters are readily available but
challenging substrates to activate in asymmetric catalysis.
We now describe an efficient, general, and highly
enantioselective Mukaiyama—Michael reaction of silyl ketene
acetals with a,3-unsaturated methyl esters, catalyzed by a
silylium imidodiphosphorimidate (IDPi) Lewis acid.

Michael additions of enolate equivalents to a,B-unsaturated
carbonyl compounds are widely applied carbon—carbon bond
forming reactions and the development of catalytic
asymmetric methods has been the subject of intensive
research over the past decades. While a,B-unsaturated
aldehydes and ketones readily engage in various catalytic
enantioselective Michael additions via iminium ion, Brgnsted
acid, or Lewis acid catalysis,iz]'[3]'[4] a,B-unsaturated esters —
the original substrates in Michael's seminal study in 1887" —
have proven to be particularly challenging substrates for
such reactions. Very recently, Mayr and coworkers provided
an explanation for their low reactivity by systematically
quantifying the electrophilicity of a wide range of common
Michael acceptors:'® Indeed, a,B-unsaturated esters in
general, and cinnamates in particular, rank among the very
least electrophilic substrates (Figure 1A). However, because
a,B-unsaturated esters are naturally abundant, industrially
relevant, and inexpensive or readily available, they are
highly attractive substrates for Michael additions. Here we
show that a silylium imidodiphosphorimidate (IDPi) Lewis
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acid catalyzes a highly enantioselective catalytic
Mukaiyama—Michael addition of silyl ketene acetals to a
range of simple a,B-unsaturated methyl esters.

In contrast to the desired Michael additions of enolate
equivalents, elegant and useful catalytic asymmetric conjugate
additions to aq,B-unsaturated esters have previously been
developed. Examples include Feringa’s copper-phosphoramidite
catalyzed conjugate additions of Grignard reagents,'”! Hayashi’s
rhodium-catalyzed 1,4-additions of boronic acids,® and Pfaltz’
cobalt-catalyzed  conjugate  reductions.”  Organocatalytic,
enantioselective Stetter reactions with a,B-unsaturated esters
have also been described.'” Furthermore, to circumvent the
poor reactivity of a,B-unsaturated esters, more electrophilic a,B-
unsaturated N-acyl oxazolidinones, N-acyl imides, N-acyl
imidazolides, thioamides, a-ketophosphonates, alkylidene
malonates, or perfluorinated esters!"" have been suggested as
ester surrogates in Michael-type additions, but such reagents
are inherently less atom- and step-economic. To activate a,3-
unsaturated esters themselves, only few Lewis acidic catalysts
have been reported, including Corey's oxazaborolidine
derivatives and bifunctional hydrogen bonding catalysts.["1'3]

A. The Challenge: Catalytic Asymmetric Michael Addition of Enolates to
Weakly Electrophilic a.,3-Unsaturated Esters
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B. This Work: Asymmetric Mukaiyama—Michael Reaction of Silyl Ketene
Acetals to a,B-Unsaturated Methyl Esters
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Figure 1. Asymmetric catalysis of the Michael reaction.
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Within our research program of exploring the potential of
asymmetric counteranion-directed silylium Lewis acid catalysis
(silylium-ACDC),*! we recently focused our attention on the
activation of aq,B-unsaturated esters in catalytic asymmetric
Diels—Alder reactions with cyclopentadiene.™® While these
studies suggested sufficient reactivity of our silylium Lewis acid
catalysts, high enantioselectivities were only obtained with 9-
fluorenylmethyl esters. These substrates are electronically non-
activated, but prone to strong dispersion interactions.” Striving
to make the simplest and most readily available methyl esters
accessible as substrates, we became highly interested in
exploring their utility in silylium-ACDC and specifically in the
asymmetric Mukaiyama—Michael reaction (Figure 1B).

We began our study with the asymmetric conjugate addition
reaction of methyl trans-cinnamate (1a) with commercial silyl
ketene acetal (SKA) 2a (Table 1).'In preliminary studies of this
model reaction, we found that Lewis acids derived from our
chiral disulfonimides (DSI),"® or binaphthyl-allyl-tetrasulfone
(BALT) C-H acids,*® were either insufficiently reactive as
catalysts or gave very low enantioselectivities (see Sl for further
detail). In contrast, encouraging results were obtained with our
recently developed IDPi acids™® 4a-e (Table 1, entries 1-5). This
catalyst motif combines very high acidity with a confined three-
dimensional structure, and generates a Cp-symmetric anion
upon deprotonation.
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Table 1. Reaction development.
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(S,5)-IDPi (3 mol %) MeO,C_A__COMe

X COMe

solvent (0.2 M), temp., 24 h; Me Me
1a then MeOH 3a

O
o g 0,0
COyo ¢

Me MQ”e
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IDPi
Entry Cat. Solvent Temp. Conv.(%)® e.r
1 4a toluene rt. full 73.5:26.5
2 4b toluene rt. full 54.5:45.5
3 4c toluene rt. full 14:86
4 4d toluene rt. full 83:17
5 4e toluene rt. full 937
6 4e Et,O rt. 43 92:8
7 4e CHClg rt. 80 77:23
8 4e cyclohexane r.t. 52 95.5:4.5
glaltel 4e cyclohexane  rit. full 95.5:4.5
10l 4e cyclohexane 10°C  full 96.5:3.5
el 4o cyclohexane  0°C full 97:3

[a] Reactions were performed on a 0.02 mmol scale. [b] Determined by
"H NMR. [c] Determined by HPLC. [d] Freshly prepared and purified SKA 2a
was used. [e] 1 mol % of catalyst. [f] 12 h reaction time.

Of the investigated IDPi acids, 4e was identified as the best
catalyst (entry 5). Further optimization resulted in very high
enantioselectivity but only moderate conversion (entry 8). A
remarkable enhancement in reactivity was observed, when
instead of commercially available SKA 2a, a freshly
synthesized and purified reagent was used.”” This allowed

us to obtain full conversion with only 1 mol % of catalyst at
0 °C after 12 h (entry 11), compared to the 52% conversion
at rt. with 3mol % of catalyst and 24 h of reaction time
obtained with the commercial reagent (entry 8). We attribute
this effect to trace impurities of diisopropylamine in the
commercially available SKA that potentially deactivate the
catalyst.

Table 2. Ester scope.”

OTMS
Me OMe
Me 2a
(S,S)-4e (1 mol %) '?
R COMe MeOC._ CO,Me
1 cyclohexane (0.2 M), 0 °C; Me Me 3
then MeOH
Entry R= Product Time Yield (%)™ er
1 3a 14h 7 97:3
(1 mol %)
2 3a 5d 98 97:3
(0.5 mol %)
3 3a 5d 9% 96.5:3.5
(0.25 mol %)
4 /@X 3b 14h 95 97:3
Me’
Me
5 3c 14 h 95 98:2
6 @f{ 3d 5d 92 96.5:3.5
Me
7 /@k 3e 14 h 99 97.5:2.5
F
8 /@X 3f 14h 97 97.5:2.5
Cl
9 /@k 3g 14 h %8 082
Br
10 3h 2d 92 94.5:5.5
11 /@k 3i 24 h 95 95.5:4.5
MeO
10l /@k 3] 14h 89 97.5:2.5
NC
13t 3k 4d 76 95:5
O5N
[e]
141 { 3l 3d 84 97:3
o]
O
15 W 3m 14 h 94 94.5:5.5
169 W 3n 24 h 92 97:3
/\/\/\}{
179 Me 30 2d 94 95:5
Me
18" W}{ 3p 24 h 27% conv.! 84.5:15.5.
Me
19t }}4 3q 24 h no reaction /

[a] Reactions were performed on a 0.2 mmol scale with 3.0 equivalents of
SKA 2a for the specified period of time. [b] Isolated yield. [c] Determined by
HPLC. [d] In p-xylene. [e] In toluene/1,4-dioxane (3:1) at r.t.. [f] In m-xylene.
[g] In methylcyclohexane at —40 °C. [h] with 5 mol% catalyst and at 40 °C. [i]
Determined by 'H NMR.



With optimal conditions in hand, we next investigated the
scope of the reaction by employing a variety of 3-aryl and 3-
alkyl methyl trans-acrylates (Table 2). With model substrate
1a, the catalyst loading could even be lowered to 0.25 mol %
(entries 1-3) giving consistently excellent yields of product 3a
with prolonged reaction time. Differently substituted arenes
(3b-d, 3h) as well as halogenated substrates (3e-g) gave the
desired products in excellent yields and enantioselectivities.
Further, both electron-rich (3i, 3I) and electron-deficient
substrates (3], 3k) were well tolerated with slightly modified
conditions. Also heterocyclic product 3m could be obtained
with good results. As linear 3-alkyl trans-acrylates are
generally more reactive than cinnamates, ® "* decreased
temperatures were necessary to obtained the desired
products with high enantiocontrol (3n, 3o0). y-Branched
substrates (entry 18-19) were found very unreactive and only
very low or no conversion was detected even with increased
catalyst loadings and temperatures.

We also studied other cinnamates, including the
corresponding ethyl- and benzyl esters, free cinnamic acid,
cinnamoyl chloride and methyl cis-cinnamate. Interestingly,
ethyl trans-cinnamate  gave strongly  diminished
enantioselectivity (e.r. 77.5:22.5) and reactivity (89% yield, 3
d reaction time). When methyl cis-cinnamate (Z/E >99:1)
was used, only very low conversion (55% yield) was
detected after 5 days and the opposite enantiomer was
enriched (e.r. 62.5:37.5). All other tested substrates gave no
conversion. These results are consistent with a scenario in
which catalyst 4e exhibits an ideally shaped chiral pocket to
accommodate the geometry of trimethylsilylated a,B-
unsaturated trans-methyl esters. While modifications of the
3-position are well tolerated, distortion of this geometry
would result in either decelerated or complete shutdown of
catalysis.

The scope of silyl ketene acetals was explored next
(Table 3). With cyclic SKA nucleophiles (2b-d), the
corresponding products were obtained with high yields and
enantioselectivities. With a-mono-substituted silyl ketene
acetals, the reaction outcome was found to significantly
depend on the type of SKA employed. Both isomeric SKAs
(E)-2e (E/Z 4:1) and (Z2)-2e (E/Z 1:19) gave excellent
enantioselectivities (e.r. 298.5:1.5), while favoring opposite
diastereomers: (E)-2e afforded syn-product 5d (d.r. 12:1),
while (Z)-2e predominantly gave the corresponding anti-
product 5e (d.r. 1.6:1). Intriguingly, the reaction failed to
provide any increased diastereoselectivity with all SKA
variants when frifimide (HNTf,) was used as an achiral
catalyst, highlighting the additional benefit from a confined
reaction environment beyond enantiocontrol (see the Sl for
further detail). Isopropyl-substituted SKA (E)-2g was found
to provide product 5f with excellent diastereoselectivity and
enantioselectivity (entry 7). The observed preference for the
syn- or anti-diastereomer in relation to the (E)- or (Z)-enolate
geometry is in agreement with that observed by Evans et al.

in their Mukaiyama—Michael reactions of a,B-unsaturated N-
acyl oxazolidinones.*"

Table 3. Silyl ketene acetal (SKA) scope.[a]

OTMS
Me OMe
Me 2a
R
(S,S)-4e (1 mol %) z
g7 -COaMe - MeO,C_ CO,Me
1 cyclohei:qane (0.2 M), 0°C; Me Me 3
en MeOH
Entry SKA Product Yield(%)™ e.r. (d.r)
OTMS Ph
1 Me\%\OMe MeOZC)(VCOZMe 97 97:3
Me 2a Me Me 32
OTMS Ph
2° ome  MEOLH A COMe g5 98:2
oTMS Ph
3 OMe MeO,C "" COMe g7 96:4
2 7 5b
OTMS Ph
4 %\om Meozcé\/coz""e 99 96.5:3.5
2d 7 5¢
oTMS Ph 99:1
5 A~ome MeOQC\E/\/COZMe 98 (12:1)
Bn (E)-2e gn S
OTMS Ph
M 98.5:1.5
6° Bn MeO,C COMe 96
\)\om 2 \|/\5: 2 (1.6:1)
(2)-2e Bn
OTMS Ph
- 99.5:0.5
7 2 oMe MeOZC\:/\/COZMe 98 24:1
= 5f (24:1)
iPr (E)-20 iPr

[a] Reactions were performed on a 0.2 mmol scale with 3.0 equivalents of
SKAs. [b] Isolated yield. [c] e.r. and d.r. by HPLC. [d] 2 mol % catalyst. [e]
5 mol % catalyst.

Toward understanding the reaction mechanism, we became
interested in the nature of the initial reaction product before
methanolysis. Besides the previously reported [2+2] or [4+2]
intermediates““*'? with ketene acetals, we also anticipated
an open-chain intermediate as proposed in other silylium
Lewis acid catalyzed reactions.”""*! Indeed, by monitoring
the reaction by NMR spectroscopy, we could identify and
characterize silyl ketene acetal D (Figure 2) as the initial
reaction product. Interestingly, a Z/E-ratio of >99:1 of product
D was observed, consistent with an s-cis conformation of the
reacting a,B-unsaturated ester in the carbon-carbon bond
forming transition state. Accordingly, a tentative catalytic
cycle is suggested, which is initiated by the protonation of
the SKA with the IDPi precatalyst, furnishing silylated ester
A. Silicon-transfer to the substrate then leads to the
activated chiral ion pair B, which reacts with the nucleophile
to provide a doubly-silylated intermediate C. Silylation of the
next substrate molecule could then occur either directly or
via other esters of the generic type A. Since intermediate D
is a potential nucleophile itself, we tested whether reduced
amounts of the starting SKA 2a would cause
oligomerizations by subsequent Michael addition of
intermediate D to unsaturated ester 1a. However, we found
that even only 1.1 equivalents of SKA 2a gave a clean
reaction profile and the same yield after prolonged reaction
time. Also sub-stoichiometric amounts of 2a did not result in



any significant side product formation even after prolonged
reaction times at room temperature. Increased steric
hindrance at silyl ketene acetal D and as a consequence
lower reactivity may account for this observation.
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Figure 2. Proposed reaction mechanism.

Generally, the isolated yields correlated well with the
employed amounts of SKA (see Sl for further details), and
the self-healing features of silylium Lewis acid
catalysis"*™!"! also allowed us to conduct the reaction in
non-dried solvent and without requirement of an inert gas
atmosphere. Product 3a was isolated in identical yield and
enantioselectivity under such conditions.
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Figure 3. Selective product derivatizations. a) ag. NaOH (5 equiv.),
MeOH/THF (2:1), 0 °C tor.t.,, 1 h, quant.; b) LAH (1.5 equiv.), THF, 0 °C to r.t.,
3 h, quant.; ¢) TsOH (20 mol%), MgSOQ,, toluene, 120 °C, 16 h, 97%; d) LAH
(1.5 equiv.), 0 °C, 3 h, 75%.

As differentiation of the two product ester groups would be
highly attractive for further transformations, we investigated
possibilities for selective derivatizations (Figure 3).
Gratifyingly, we found that simple saponification with ag.
NaOH provides a very high degree of selectivity for the less
sterically hindered ester group. Thus, both products 3a and
5d were converted smoothly into the corresponding mono-
carboxylic acids 6 and 7 in quantitative yield and in case of
product 5d without epimerization. An alternative and
complimentary approach for differentiating the two ester
groups of our products would involve the direct utilization of
silyl ketene acetal intermediate D. Indeed, we found that
adding LAH instead of methanol to the reaction mixture

selectively gave lactol 8. Reduction of product 3a with LAH
gave the corresponding diol, which cyclizes under acidic
conditions to furnish tetrahydropyran 9.

In summary, we have developed the first example of an
asymmetric Mukaiyama—Michael reaction of a,B-unsaturated
methyl esters. This reaction is enabled by the use of chiral
silylium ion-based Lewis acids and delivers high enantio-
and diastereoselectivity with a broad scope of different
substrates. Future work will focus on further applications of
this catalytic system and its reaction intermediates for
asymmetric synthesis.

Keywords: Mukaiyama—Michael reaction * cinnamates ¢ silyl
ketene acetals * organocatalysis * confined Brgnsted acid
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