
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
se

pt
ie

m
br

e 
20

20
. D

ow
nl

oa
de

d 
on

 0
2/

11
/2

02
5 

7:
26

:4
8.

 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Evidence for an e
aDepartment of Chemistry, Graduate Sch

Aramaki Aza Aoba, Aoba-ku, Sendai 980-8

tohoku.ac.jp
bResearch and Analytical Center for Giant

Tohoku University, Sendai 980-8578, Japan

† Electronic supplementary informa
10.1039/d0sc03359f

Cite this: Chem. Sci., 2020, 11, 11293

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 17th June 2020
Accepted 18th September 2020

DOI: 10.1039/d0sc03359f

rsc.li/chemical-science

This journal is © The Royal Society o
nolate mechanism in the
asymmetric Michael reaction of a,b-unsaturated
aldehydes and ketones via a hybrid system of two
secondary amine catalysts†

Nariyoshi Umekubo,a Takahiro Terunuma,a Eunsang Kwonb and Yujiro Hayashi *a

The key nucleophile was found to be neither an enamine nor an enol, but an enolate in the direct Michael

reaction of a,b-unsaturated aldehydes and non-activated ketones catalyzed by two amine catalysts namely

diphenylprolinol silyl ether and pyrrolidine. This is a rare example of an enolate from a ketone serving as

a key intermediate in the asymmetric organocatalytic reaction involving secondary amine catalysts

because the ketone enolates are generally generated using a strong base, and the enamine is a common

nucleophile in this type of reaction.
Introduction

Enolates are versatile and important synthetic intermediates for
the formation of a-substituted carbonyl compounds, which are
widely used in the synthesis of organic molecules. In order to
retard nucleophilic attack on the carbonyl group, and to match
the weak acidity of the proton, sterically hindered strong amide
bases such as lithium diisopropylamide (LDA) and lithium
hexamethyldisilyl-amide (LHMDS) are generally employed for
the generation of enolates from ketones.1,2 In the eld of orga-
nocatalysis3 organic super bases such as phosphazene4 and
proazaphosphatrane5 have been developed, which have similar
or much stronger basicity than LDA and LHMDS.

Contrary to organic strong bases, weak secondary and
primary amines can be successfully employed for the a-func-
tionalization of non-activated ketones in which the key inter-
mediate is not an enolate but an enamine. Stork was a pioneer
in this eld of enamine chemistry where an equimolar amount
of the amine was employed.6 However, in recent asymmetric
reactions, catalytically generated enamines are essentially the
key intermediates. In this context, chiral secondary and primary
amines act as catalysts for the a-functionalization of ketones in
bond forming reactions such as the aldol reaction,3,7 Mannich
reaction,3,8 Michael reaction,3 a-aminoxylation3 and a-amina-
tions.3 In the Mannich reaction of acetone catalysed by
a primary amine-thiourea organocatalyst, an enol mechanism
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f Chemistry 2020
was proposed,9 while an enamine mechanism is proved by
calculation and 13C kinetic isotope effects in the Michael reac-
tion of acetone catalysed by a similar catalyst.10 In the Michael
reaction of propanal and methyl vinyl ketone catalysed by pyr-
rolidine, both enamine and enol mechanisms were computa-
tionally investigated, and an enamine is concluded to be a key
nucleophile.11 The discrimination of the reaction mechanism of
enamine and enol is difficult, and the asymmetric reaction
involving an enol is rare. Moreover, the reaction is very rare in
which an enolate (not enol) is a key intermediate in the
secondary amine mediated asymmetric catalytic reactions of
non-activated ketones with excellent enantioselectivity.
Although there is one report involving an enolate as an inter-
mediate, as far as we are aware, the enantioselectvitiy is not
sufficient.12 In this study, we will demonstrate that the key
nucleophile in the Michael reaction of cyclohexanone and a,b-
unsaturated aldehyde catalyzed by a secondary amine was
neither an enamine nor an enol but a rather unexpected
enolate.
Results and discussion

Recently, we reported the rst direct asymmetric Michael reac-
tion of non-activated ketones and a,b-unsaturated aldehydes
catalyzed by a combination of two organocatalysts namely
diphenylprolinol silyl ether 113 and pyrrolidine or 4-hydrox-
yproline (2) (eqn (1), Table 1, entries 1, 2 and 3).14 Although two
similar pyrrolidine-type catalysts were involved in the reaction,
an iminium ion generated from the a,b-unsaturated aldehyde
was the reactive Michael acceptor based on Mayr's electrophi-
licity principle.15 This implies that the enantio face-selectivity of
the a,b-unsaturated aldehyde was controlled by diphenylproli-
nol silyl ether. We hypothesized that the nucleophile would be
Chem. Sci., 2020, 11, 11293–11297 | 11293
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Table 1 The effect of the amines in the asymmetric Michael reaction
of diphenylprolinol silyl ethera

Entry Catalyst A Catalyst B Time [h] drb Yieldc [%] eed [%]

1 24 5 : 1 74 91

2 40 15 : 1 74 96

3 40 10 : 1 70 �95

4 30 5 : 1 68 93

5 30 9 : 1 70 �94

a Unless otherwise shown, the reaction was performed by employing
cinnamaldehyde (0.5 mmol), cyclohexanone (1.5 mmol), catalyst A
(0.075 mmol), catalyst B (0.0375 mmol), p-nitrophenol (0.15 mmol),
and water (1.5 mmol), in EtOH (0.4 mL) and toluene (0.1 mL) at room
temperature. Aer the reaction, Wittig reagent (0.75 mmol) was
added. See the ESI for details. b dr ratio (syn : anti) was determined by
1H-NMR. c Isolated yield of the diastereomer mixture. d Determined
by HPLC analysis on a chiral column material.

Fig. 1 Enamine, enol and enolate.

Scheme 1 The reaction of enamine 7 and iminium ion (S)-8.
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an enamine generated from the reaction of the ketone and
either pyrrolidine or 4-hydroxyproline. It has been well estab-
lished that the enamine generated from the ketone and proline
is a reactive nucleophile.3,16 We reasoned that if the second
amine can control the enantio-face selectivity of the ketone,
both syn and anti-isomers can be selectively synthesized.17 This
hypothesis led us to study the effect of the second chiral amine
catalyst in more detail with the intention of enhancing the
selective control of relative stereochemistry.

In our previous paper, we reported the results of (S)-diphe-
nylprolinol silyl ether (S)-1 with (2S,4R)-4-hydroxyproline 2 and
(R)-1 with (2S,4R)-2 in the Michael reaction of cinnamaldehyde
and cyclohexanone (Table 1, entries 2 and 3).14 Although the
enantio face-selectivity of an enamine originating from (2S,4R)-
4-hydroxyproline 2 is not known, that of an (R)-2-(methox-
ymethyl)pyrrolidine 3 has been well investigated.18 Thus, the
effect of this amine 3 with a combination of (S)-1 and (R)-1 was
examined (entries 4 and 5). Although the diastereoselectivity
was slightly different according to the relative fractions of the
two catalysts, the syn-isomer was predominantly obtained in all
cases. As for the enantioselectivity, the absolute conguration
was controlled by the chirality of the diphenylprolinol silyl ether
1 (ref. 19) regardless of the chirality of the second amine catalyst
3. These results cast a doubt about the involvement of any
enamine as an intermediate in the reaction.
11294 | Chem. Sci., 2020, 11, 11293–11297
The possible nucleophiles would be the enamine 4, the enol
5 and the enolate 6 (Fig. 1). Hence, we investigated the reactivity
of these species. The reactivity of the enamine 7,18 which was
generated from (R)-2-(methoxymethyl)pyrrolidine 3, was exam-
ined (Scheme 1). The equimolar reaction of enamine 7 and
iminium ion (S)-8 (ref. 20) proceeds in the presence of 2,6-
lutidine and MS4A to afford the bicyclic compound 11 (ref. 21)
in 57% yield. 11 was formed by the Michael reaction, followed
by an exchange of the enamine and iminium ion and cycliza-
tion.22 The stereochemistry at the a-position of the obtained
cyclohexanone was R whereas the observed stereochemistry
from the catalytic Michael reaction was the opposite S (Table 1,
entry 4).23 This result implies that the enamine 7 was not an
intermediate in the catalytic reaction. Moreover, apart from the
secondary amine, tertiary amines such as i-Pr2NEt can
successfully act as a co-catalyst to afford the Michael product
with excellent enantioselectivity (71%, syn : anti ¼ 5 : 1, 97%
ee). This result was also a piece of evidence to support the claim
that the enamine was not a key nucleophile in the reaction.

The equimolar reactions of the iminium ion with 1-
methoxycyclohex-1-ene and 1-(trimethylsiloxy)cyclohex-1-ene,
and a combination of 1-(trimethylsiloxy)cyclohex-1-ene and
tris(dimethylamino)sulfonium diuorotrimethylsilicate (TASF)
were investigated. The two former nucleophiles would possess
a similar reactivity to 1-hydroxycyclohex-1-ene 5, but they did
not react at all even aer a longer reaction time (eqn (2)). In the
reaction of a combination of silyl enol ether and TASF, which is
known to generate an enolate,24 the Michael product was ob-
tained at �30 �C aer 1 h with a similar diastereo- and enantio-
This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Generation of deuterated substrates in eqn (4), green: i-Pr2NEt
and p-nitrophenol, red: pyrrolidine and p-nitrophenol, blue: p-nitro-
phenol, yellow: i-Pr2NEt, and generation of 18O labelled substrate in
eqn (5), purple.
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selectivity as observed in the catalytic reaction (eqn (3)). This
result indicates that an enolate was the likely intermediate.

(2)

(3)

If the enolate was the actual nucleophile, a question arose
about how the enolate would be generated from the ketone and
pyrrolidine or i-Pr2NEt. The direct deprotonation of the ketone
by pyrrolidine would be very difficult considering their relative
pKa values. That is to say that the pKa value of an a-proton on
cyclohexanone in DMSO is 26.4 (ref. 25) while that of an
ammonium ion of Et3N is only 9.00.26 This is why a strong base
such as LDA is usually employed. But the enolate could be
generated considering an equilibrium between the keto and
enol forms, and that the O–H proton of the enol form is rather
acidic, although the content of enol is very low.27

Next, we investigated the generation speed of the enolate.
The combined generation speed of both the enamine, the enol
and the enolate can be monitored by the H/D exchange of the a-
proton of the carbonyl group in the reaction with D2O (eqn (4)).
The generation speed of the enamine can also be monitored by
the 16O/18O exchange in the reaction with H2

18O (eqn (5)).28

Moreover, as a tertiary amine can also acts as a co-catalyst in
which the enamine would not be involved, the generation of
only the enol and the enolate can be monitored by the H/D
exchange reaction with D2O in the case of the tertiary amine
(eqn (4)).

(4)

(5)

We examined the H/D exchange experiments in the presence
of (1) pyrrolidine + p-nitrophenol (red), (2) p-nitrophenol (blue),
This journal is © The Royal Society of Chemistry 2020
(3) i-Pr2NEt + p-nitrophenol (green), and (4) i-Pr2NEt (yellow)
(Fig. 2). A reaction using H2

18O was conducted using pyrrolidine
and p-nitrophenol (purple) (Fig. 2). Fig. 2 indicates that the
generation speed of the enol and the enolate under the reaction
conditions is rather fast compared to the Michael reaction. This
indicates that the rapid kinetic of deprotonation is fast,
although the concentration of the enol and enolate is quite low.
The speed of generation of the enolate was faster in the case of i-
Pr2NEt and p-nitrophenol compared to pyrrolidine and p-
nitrophenol. Although each acid and base are known to accel-
erate the keto/enol equilibrium,29 p-nitrophenol did not
promote the H/D exchange under the reaction conditions.
Moreover, the tertiary amine did not promote the exchange
either. However, it should be noted that a combination of both
acid and base facilitates the generation of the enolate. Their
cooperative role would be explained as follows (Scheme 2):30 p-
nitrophenol and i-Pr2NEt partially form an ammonium ion, and
all these species such as acids, bases and ammonium ions are
present in a mixture under equilibrium based on their pKa

values.26,31 A protonation would occur at the carbonyl oxygen,
which would increase the acidity of an a-proton of a carbonyl of
cyclohexanone. Then, this a-proton of a carbonyl can be
deprotonated by i-Pr2NEt. From the generated vinyl alcohol,
deprotonation of the O–H proton32 would proceed very fast to
afford the enolate.33 If so, the combination of acidity of the acid
and basicity of the base should be important. In fact, when we
used phenol or p-methoxyphenol34 instead of p-nitrophenol, the
reaction became slow (see the ESI†). Moreover, the reaction did
not proceed at all in the presence of CF3CO2H35 with a combi-
nation of i-Pr2NEt (see the ESI†).

One of the roles of the acid is to facilitate the generation of
iminium ions from the a,b-unsaturated aldehyde and diphe-
nylprolinol silyl ether, but this result indicates that another role
of the acid is to accelerate the generation of the enolate in
combination with the amine.

Based on the above investigations, the reaction was consid-
ered to proceed as follows (Fig. 3): diphenylprolinol silyl ether
reacts with cinnamaldehyde to generate an iminium salt. On
the other hand, cyclohexanone is in equilibrium with the enol
form in the presence of p-nitrophenol and pyrrolidine, and the
Chem. Sci., 2020, 11, 11293–11297 | 11295
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Scheme 2 Generation of the enolate.

Fig. 3 The catalytic cycle of the reaction.
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enol tautomer would then react with another molecule of pyr-
rolidine to afford the ammonium enolate. Ion exchange occurs
between the iminium salt and ammonium enolate, followed by
a coupling reaction to provide the enamine, which is hydrolyzed
to provide the Michael product with the regeneration of the
catalyst. Thus, the role of the second amine was to accelerate
the equilibrium of keto and enol with a combination of p-
nitrophenol, and to also deprotonate the O–H proton in the
enol tautomer of the cyclohexanone.
Conclusions

In summary, we have identied the actual nucleophile in the
direct Michael reaction of a,b-unsaturated aldehydes and non-
activated ketones catalyzed by two amine catalysts. The gener-
ation speed of the enamine, enol, and enolate was examined
along with the reactivity of these species using both catalytic
and equimolar reactions of the isolated iminium ions (S)-8 and
11296 | Chem. Sci., 2020, 11, 11293–11297
(R)-8. The reaction was investigated using chiral (R)-2-(methox-
ymethyl)pyrrolidine 3 and its corresponding enamine from
cyclohexanone with the chiral iminium ions (S)-8 and (R)-8. We
also investigated the reactivity of the enamine, the enol and the
enolate ion. Based on these experiments, we have concluded
that the key nucleophile in the direct Michael reaction was
neither an enamine nor an enol, but an enolate. Although the
enolate of cyclohexanone is usually generated with a strong
base, a secondary amine can generate the enolate by the
deprotonation of the O–H proton in the enol form. Even though
the concentration of the enol form is very low, there is a rapid
keto–enol conversion in the joint presence of an acid and a base
compared with the Michael reaction. This is a rare asymmetric
catalytic reaction using a secondary amine catalyst, in which the
key nucleophile is not the enamine but the enolate of a non-
activated ketone.
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23 When the reaction was stopped in a short reaction time,
similar enantioselectivity has been obtained. Thus, the
Michael product was obtained kinetically.

24 (a) E. Nakamura, M. Shimizu, I. Kuwajima, J. Sakata,
K. Yokoyama and R. Noyori, J. Org. Chem., 1983, 48, 932;
(b) R. Noyori, I. Nishida and J. Sakata, J. Am. Chem. Soc.,
1983, 105, 1598.

25 F. G. Bordwell and H. E. Fried, J. Org. Chem., 1991, 56, 4218.
26 As we cannot nd the pKa of ammonium ions of i-Pr2NEt, we

will discuss the pKa of ammonium ions of a similar tertiary
amine such as Et3N. (a) I. M. Kolthoff, M. K. Chantooni and
S. Bhowmik, J. Am. Chem. Soc., 1968, 90, 23; (b)
M. R. Crampton and I. A. Robotham, J. Chem. Res., 1997, 22.

27 (a) J. P. Guthrie and P. A. Cullimore, Can. J. Chem., 1979, 57,
240; (b) J. P. Guthrie, Can. J. Chem., 1979, 57, 1177.

28 For the reaction using H2
18O to determine the reaction

mechanism, see; Y. Hayashi, T. Mukaiyama, M. Benohoud,
N. R. Gupta, T. Ono and S. Toda, Chem.–Eur. J., 2016, 22, 5868.

29 See the general organic textbook, for instance, J. McMurry,
Organic Chemistry, Physical Sciences, Belmont, 7th edn,
2008, p. 842.

30 The generation of an enol (not enolate) from an aldehyde
(not ketone) using pyrrolidine was observed to proceed
through a cyclic replay mechanism, see ref. 11.

31 As the solvent of the reaction is EtOH/toluene (4/1), we
discuss pKa in MeOH. The pKa of o-nitrophenol and
Et3NH

+ (in water) is 7.1 and 10.75, respectively, based on
Evans' pKa table (ref. 2). The pKa of o-nitrophenol and
Et3NH

+ in MeOH is estimated to be 11.1 and 10.95,
respectively, by the use of the empirical conversion
method by Knapp. See, E. Rossini, A. D. Bochevarov and
E. W. Knapp, ACS Omega, 2018, 3, 1653.

32 The enol O–H of the cyclohexanone is acidic enough to be
deprotonated by a tertiary amine. The pKa of the enol O–H
of the cyclohexanone is 12.1 in water, see; (a) J. P. Guthrie
and P. A. Cullimore, Can. J. Chem., 1979, 57, 240; (b)
J. P. Guthrie, Can. J. Chem., 1979, 57, 1177. The calculated
pKa using Advanced Chemistry Development (ACD/Labs)
Soware V11.02 is 11.5 (gas phase).

33 The deprotonation of enol–OH is very fast (oen diffusion
controlled), see H. O. House, Modern Synthetic Reactions,
Benjamin, Philippines, 2nd edn, 1972, p. 495.

34 The pKa of phenol and p-methoxyphenol in MeOH is
estimated to be 13.95 and 14.2, respectively, see ref. 2 and 31.

35 The value of pKa in MeOH is estimated to be 4.75,
respectively, see ref. 2 and 31.
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