
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
ok

to
be

r 
20

19
. D

ow
nl

oa
de

d 
on

 3
0-

01
-2

02
6 

08
:1

4:
18

. 
 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
Isothiourea-cata
EaStCHEM, School of Chemistry, University

Fife, KY16 9ST, UK. E-mail: ads10@st-andr

† Electronic supplementary information (E
product characterisation data (mpt, N
crystallographic data. CCDC 1882825,
crystallographic data in CIF or o
10.1039/c9sc04303a

‡ These authors contributed equally.

Cite this: Chem. Sci., 2020, 11, 241

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

Received 26th August 2019
Accepted 13th October 2019

DOI: 10.1039/c9sc04303a

rsc.li/chemical-science

This journal is © The Royal Society of C
lysed enantioselective Michael
addition of N-heterocyclic pronucleophiles to a,b-
unsaturated aryl esters†

Chang Shu,‡ Honglei Liu,‡ Alexandra M. Z. Slawin, Cameron Carpenter-Warren
and Andrew D. Smith *

The isothiourea-catalysed enantioselective Michael addition of 3-aryloxindole and 4-substituted-

dihydropyrazol-3-one pronucleophiles to a,b-unsaturated p-nitrophenyl esters is reported. This process

generates products containing two contiguous stereocentres, one quaternary, in good yields and

excellent enantioselectivities (>30 examples, up to > 95 : 5 dr and 99 : 1 er). This protocol harnesses the

multifunctional ability of p-nitrophenoxide to promote effective catalysis. In contrast to previous

methodologies using tertiary amine Lewis bases, in which the pronucleophile was used as the solvent,

this work allows bespoke pronucleophiles to be used in stoichiometric quantities.
Introduction

Catalytic enantioselective Michael addition of enolate equiva-
lents to a,b-unsaturated carbonyl compounds represents an
efficient methodology for stereoselective C–C bond formation.1

Within this eld, considerable advances in catalytic enantiose-
lective Michael additions to enals and enones have been re-
ported.2 Typical strategies involve activation of the Michael
acceptor through iminium ion formation,3 H-bonding organo-
catalysis,4 or Lewis acid catalysis.5 In comparison to enals and
enones, the intrinsic recalcitrance of a,b-unsaturated esters6

represents a signicant challenge in enantioselective catalysis
(Scheme 1a).7 Established metal-based catalytic systems allow,
for example, conjugate additions of aryl boronic acids and
Grignard reagents to a,b-unsaturated esters.8 Broader reactivity
has been targeted through developing the use of ester surro-
gates such as N-acylpyrroles,9 2-acyl imidazoles,10 activated
imides11 and b,g-unsaturated acyl phosphonates.12 Catalytic
strategies using these motifs typically rely upon two-point
binding between the enoyl substrate and either a Lewis acidic
metal catalyst13 or a H-bond donor organocatalyst.14 Despite
these advances, only limited organocatalytic strategies have
been developed that allow activation of a,b-unsaturated ester
substrates, with the current state-of-the-art strategies having
of St Andrews, North Haugh, St Andrews,

ews.ac.uk
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hemistry 2020
been showcased by List (silylium catalysis)15 and Dixon (BIMP
catalysis).16

Chiral a,b-unsaturated acyl ammonium intermediates are
readily prepared in situ from a,b-unsaturated acyl halides and
anhydrides using tertiary amine Lewis base catalysts.17 They
have been utilised as convenient and powerful synthons in
a number of organocascade reactions,18 yet the Lewis base cat-
alysed activation of a,b-unsaturated esters are rare. One major
limitation within this eld is the requirement of the reactive
Scheme 1 Enantioselective Michael addition to a,b-unsaturated
esters.
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Fig. 1 Screening of pronucleophiles. Isolated overall yields given; dr
determined by 1H NMR spectroscopic analysis of crude mixture; er
determined by chiral HPLC analysis of purified products and refers to
er of major diastereoisomer.

Table 1 Scope and limitations: dihydropyrazol-5-one
pronucleophilesa

a Isolated overall yields given; dr determined by 1H NMR spectroscopic
analysis of crude mixture; er determined by chiral HPLC analysis of
puried products. b Reaction at room temperature. c 20 mol% of (R)-
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partner to contain two distinct nucleophilic functionalities to
facilitate conjugate addition and subsequent catalyst turn-
over.18a In previous work we exploited aryloxide- facilitated
catalyst turnover to show the compatibility of monofunctional
nucleophilic reaction partners in this reaction manifold.19 This
allowed the conjugate addition of nitronate anions to in situ
generated a,b-unsaturated acyl ammonium intermediates.
However, this transformation was inherently limited to the use
of excess nitroalkane as both solvent and pronucleophile and
was not applicable for the formation of quaternary stereogenic
centres.

In the area of medicinal chemistry, the incorporation of N-
heterocycles and uorinated substituents into substrates are
common strategies to improve physiochemical properties.20 In
this context, the application of this aryloxide turnover strategy
to incorporate these valuable motifs was targeted.21 The major
challenges were to identify suitable pronucleophiles containing
N-heterocycles that could (i) be used as stoichiometric reagents
rather than solvent; (ii) lead to the formation of a quaternary
stereocentre; and (iii) be compatible with a range of acyl
ammonium precursors. In this manuscript, these challenges
are met through the enantioselective conjugate addition of
enolates derived from dihydropyrazol-3-ones and 3-substituted
242 | Chem. Sci., 2020, 11, 241–247
oxindoles to a range of a,b-unsaturated aryl esters, particularly
those bearing a b-triuoromethyl substituent.
Results and discussion

Initial studies probed the addition of a range of model N-
heterocycle containing pronucleophiles 2–9 (1 equiv.) to b-tri-
uoromethyl a,b-unsaturated p-nitrophenyl (PNP) ester 1 to
assess the feasibility of this process (Fig. 1). Screening showed
that oxazolones and thiazolones 2–5, pyrrolidinone 6 and 3-
benzyl oxindole 7 gave < 10% conversion to product using
HyperBTM as the Lewis base catalyst (see ESI† for full details).

However dihydropyrazol-3-one 8 and 3-phenyl oxindole 9
pronucleophiles22 gave good reactivity, consistent with their ex-
pected lower pKa and associated ease of enolate formation.
Using dihydropyrazol-3-one 8, followed by addition of benzyl-
amine, gave isolable amide 12,23 with HyperBTM 10 giving
BTM use.

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 (A–E) Scope and limitations: 3-aryloxindole pronucleophiles and a,b-unsaturated aryl esters.a Isolated overall yields given; dr determined
by 1H NMR spectroscopic analysis of crude mixture; er determined by chiral HPLC analysis.b Reaction carried out at �40 �C.
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marginally improved yield over BTM 11 (entries 1 and 2).
Consistent with the oxidative susceptibility of dihydropyrazol-3-
ones in the presence of base,24 only low product yield was
observed with iPr2NEt (entry 3). Variation of solvent and
temperature showed that THF at 0 �C was optimal, giving the
desired amide in 72 : 28 dr.25 Purication of the separable dia-
stereoisomers provided 87% overall yield, with each diastereo-
isomer obtained with high enantioselectivity (96 : 4 er) (entry 4).
Attempted reduction of the catalyst loading to 10 mol% gave 12
with high enantioselectivity butmarkedly reduced yield (entry 5).
Moving to the oxindole series, N-Boc-3-phenyl-oxindole 9 gave
isolable ester 13, with iPr2NEt required for optimal diaster-
eoselectivity (entries 6 and 7). Variation of Lewis base catalysts
10 and 11 at 0 �C showed that HyperBTM 10 was optimal, giving
13 in 71% yield, 83 : 17 dr and 98 : 2 er (entry 9).

Further studies focused on structural variations of the pro-
nucleophile. In the dihydropyrazol-3-one series, variation of the
N(2)-, C(4)- or C(5)-substituents was investigated (Table 1).
Variation of the N(2)-substituent showed that N-Ph gave higher
product yield than N-Me or N-Bn substitution. Although
moderate diastereoselectivities were observed, in each case
purication allowed separation of the diastereoisomers, which
were all obtained with excellent enantioselectivity (products 12,
25–26). C(4)-Ethyl and allyl variants, as well as a range of
substituted C(4)-benzyl26 derivatives, were also tolerated, giving
This journal is © The Royal Society of Chemistry 2020
good product yields with high enantioselectivity (products 27–
34). Using a C(4)-phenyl substituted pronucleophile with
HyperBTM 10 gave 35 in moderate yield, while the use of (R)-
BTM 11 gave improved yield and stereocontrol.

Within the 3-aryloxindole class, N-methyl substitution led to
improved stereoselectivity over the N-Boc variant, giving amide
53 in 80% yield, >95 : 5 dr and 98 : 2 er (Fig. 2A). Using N-benzyl
3-phenyl oxindole led to similarly excellent stereoselectivity,
giving ester 54 directly in 74% yield, >95 : 5 dr and 98 : 2 er,26 or
the corresponding amides 55–57 (following addition of the
appropriate amine) in excellent yield, >95 : 5 dr and >98 : 2 er in
each case. Further investigation probed the scope and limita-
tions of this transformation through subjecting a variety of
substituted 3-aryloxindoles to this protocol. Notably, studies
showed that 5-, 6-, and 7-substituents within the oxindole were
readily tolerated (Fig. 2B). For example, 5-MeO substituted 3-
phenyl oxindole gave 58 in 72% yield, 90 : 10 dr and 98 : 2 er,
while 5-Cl-, 6-Cl and 7-Cl derivatives gave 59–61 respectively in
excellent yield, >95 : 5 dr and up to 95 : 5 er. This protocol was
extended to a range of 3-aryloxindole pronucleophiles bearing
either extended p-systems, uorinated substituents, electron-
donating or electron-withdrawing substituents, as well as the
heteroaryl 3-(2-thienyl) motif (Fig. 2C). Products 62–69 were
isolated in good to excellent yields with 91 : 9 to >95 : 5 dr and
92 : 8 to >99 : 1 er. Either 2-substitution of the oxindole 3-aryl
Chem. Sci., 2020, 11, 241–247 | 243
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group (2-MeOC6H4, 2-FC6H4), or the incorporation of a strongly
electron-donating 4-Me2NC6H4 substituent, led to no reactivity,
presumably due to either additional steric encumberance or
increased pKa of the substrate disfavouring enolate formation
(Fig. 2D). Extension of this procedure to a range of b-substituted
a,b-unsaturated esters was also probed, using N-benzyl-3-
phenyloxindole 37 as a representative pronucleophile. Electron-
withdrawing groups at the b-position were readily tolerated,
with C(3)-diuoromethyl-, C(3)-chlorodiuoromethyl-, and C(3)-
bromodiuoromethyl-substituted esters giving the correspond-
ing derivatives 76–78 in good to excellent yields and high dia-
stereo- and enantiocontrol (Fig. 2E). Signicantly, both crotonic
and cinnamic PNP esters also proved compatible with this
methodology. In our previous work crotonic esters proved low
yielding (�20%) while cinnamic derivatives gave no reaction,19

highlighting the signicant potential of this approach. For
example, addition of 37 to the crotonic PNP ester gave 79 in 85%
yield with promising stereocontrol (86 : 14 dr and 86 : 14 er).
Addition of 37 to the cinnamate PNP ester derivative gave 80 with
poor diastereocontrol but high enantioselectivity in excellent
yield.27 The incorporation of a b-ester substituent gave product 81
in moderate dr but excellent overall yield and enantioenrich-
ment, indicating that the hybridisation of the b-substituent may
be signicant in determining diastereocontrol.

To demonstrate the utility of this process a gram scale
reaction was carried out (Scheme 2). At this practical scale the
catalyst loading of HyperBTM 10 could be readily reduced to
5 mol%, giving product 55 in 76% yield, >95 : 5 dr and 98 : 2 er.
Scheme 2 Gram-scale experiment.

Scheme 3 Proposed mechanism for the reaction.
Following our previous mechanistic investigations,19

a proposed catalytic cycle is outlined in Scheme 3. Catalysis is
initiated through rapid and reversible catalyst acylation by the
a,b-unsaturated PNP ester 1 to give a,b-unsaturated acyl iso-
thiouronium ion pair 82. Deprotonation of the pronucleophile
by the released p-nitrophenoxide,28 followed by Michael addi-
tion of the resultant enolate to the a,b-unsaturated acyl iso-
thiouronium 82, in the assumed stereo-determining step, will
generate isothiouronium enolate 83. Subsequent protonation,
presumably by the generated p-nitrophenol, gives acyl iso-
thiouronium ion pair 84. Finally, catalyst turnover either
directly by p-nitrophenoxide, or by intramolecular participation
from the oxindole C]O to give 86, followed by addition of p-
nitrophenoxide, gives the Michael addition product 87 and
244 | Chem. Sci., 2020, 11, 241–247
regenerates the isothiourea. The stereochemical outcome of the
reaction can be rationalised by the a,b-unsaturated acyl iso-
thiouronium 82 adopting an s-cis conformation, with a 1,5 S/O
interaction between the acyl O and catalyst S providing
a conformational lock.17p,29 Enantioselective conjugate addition
of the N-heterocycle-derived enolate to the Si-face of the a,b-
unsaturated acyl isothiouronium 82 takes place anti- to the
stereodirecting pseudo-axial phenyl substituent of the acylated
HyperBTM isothiourea catalyst.

The observed diastereoselectivity is consistent with the
reaction proceeding through pre-transition state assembly 85,
in which non-bonding interactions around the prostereogenic
centres are minimised while allowing for a potentially-
stabilising C–H/O interaction30 between the enolate oxygen
and acidic a-ammonium C–H of the acylated catalyst.
Conclusions

In summary, we have developed an isothiourea-catalysed
enantioselective protocol for the Michael addition of 3-arylox-
indole and 4-substituted-dihydropyrazol-3-one pronucleophiles
to a range of a,b-unsaturated p-nitrophenyl esters. This protocol
allows the use of pronucleophiles as stoichiometric reagents
rather than solvent, affording products containing N-
heterocycles and uorinated substituents bearing contiguous
quaternary and tertiary stereocenters in moderate to high yield
and with generally excellent diastereo- and enantioselectivity
(>30 examples, up to >95 : 5 dr and 98 : 2 er). A broad range of
substitution patterns within the heterocyclic pronucleophiles is
tolerated, with 3-aryloxindoles leading to optimal diastereo- and
This journal is © The Royal Society of Chemistry 2020
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enantiocontrol. Variation of the b-substituent within the a,b-
unsaturated ester showed that electron-withdrawing b-substit-
uents provided optimal stereocontrol. Notably, in contrast to
our previous work, both crotonic and cinnamic esters gave high
product yields, further demonstrating the generality of this
process. This protocol enhances the utility of a,b-unsaturated
acyl ammonium catalysis and uses themultifunctional ability of
the aryloxide to act as a leaving group, a proton shuttle (through
acting as a Brønsted base, then Brønsted acid as p-nitrophenol)
and as a Lewis base to promote catalyst turnover.31
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6 D. S. Allgäuer, H. Jangra, H. Asahara, Z. Li, Q. Chen, H. Zipse,
A. R. Oal and H. Mayr, J. Am. Chem. Soc., 2017, 139, 13318.

7 E. Badiola, B. Fiser, E. Gomez-Bengoa, A. Mielgo, I. Olaizola,
I. Urruzuno, J. M. Garcia, J. M. Odriozola, J. Razkin,
M. Oiarbide and C. Palomo, J. Am. Chem. Soc., 2014, 136,
17869.

8 (a) S. R. Harutyunyan, F. Lopez, W. R. Browne, A. Correa,
D. Peña, R. Badorrey, A. Meetsma, A. J. Minnaard and
B. L. Feringa, J. Am. Chem. Soc., 2006, 128, 9103; (b)
S. R. Harutyunyan, T. den Hartog, K. Geurts,
A. J. Minnaard and B. L. Feringa, Chem. Rev., 2008, 108,
2824; (c) Y. Takaya, T. Senda, H. Kurushima, M. Ogasawara
and T. Hayashi, Tetrahedron: Asymmetry, 1999, 10, 4047; (d)
T. Hayashi and K. Yamasaki, Chem. Rev., 2003, 103, 2829.

9 S. Matsunaga, T. Kinoshita, S. Okada, S. Harada and
M. Shibasaki, J. Am. Chem. Soc., 2004, 126, 7559.

10 (a) D. A. Evans, K. R. Fandrick and H.-J. Song, J. Am. Chem.
Soc., 2005, 127, 8942; (b) J. Mansot, J.-J. Vasseur,
S. Arseniyadis and M. Smietana, ChemCatChem, 2019, DOI:
10.1002/cctc.201900743.

11 C. D. Vanderwal and E. N. Jacobsen, J. Am. Chem. Soc., 2004,
126, 14724.

12 (a) D. A. Evans, K. A. Scheidt, K. R. Fandrick, H. W. Lam and
J. Wu, J. Am. Chem. Soc., 2003, 125, 10780; (b) D. A. Evans and
J. S. Johnson, J. Am. Chem. Soc., 1998, 120, 4895; (c) H. Jiang,
M. W. Paixão, D. Monge and K. A. Jørgensen, J. Am. Chem.
Soc., 2010, 132, 2775.
Chem. Sci., 2020, 11, 241–247 | 245

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9sc04303a


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
ok

to
be

r 
20

19
. D

ow
nl

oa
de

d 
on

 3
0-

01
-2

02
6 

08
:1

4:
18

. 
 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
13 For select examples see: (a) J. S. Johnson and D. A. Evans, Acc.
Chem. Res., 2000, 33, 325; (b) M. P. Sibi, S. Manyem and
J. Zimmerman, Chem. Rev., 2003, 103, 3263; (c) A. W. Hird
and A. M. Hoveyda, Angew. Chem., Int. Ed., 2003, 42, 1276;
(d) K. Itoh and S. Kanemasa, J. Am. Chem. Soc., 2002, 124,
13394.

14 For select examples see: (a) J. Zu, J. Wang, H. Li, H. Xe,
W. Jiang and W. Wang, J. Am. Chem. Soc., 2007, 129, 1036;
(b) M. P. Sibi and K. Itoh, J. Am. Chem. Soc., 2007, 129,
8064; (c) B. Tan, X. Zeng, W. W. Y. Leong, Z. Shi,
C. F. Barbas III and G. Zhong, Chem.–Eur. J., 2012, 18, 63;
(d) D. Uraguchi, Y. Vek and T. Ooi, Science, 2009, 326, 120;
(e) T. Liu, Y. Wang, G. Wu, H. Song, Z. Zhou and C. Tang,
J. Org. Chem., 2011, 76, 4119; (f) A. Baschieri, L. Bernardi,
A. Ricci, S. Suresh and M. F. A. Adamo, Angew. Chem., Int.
Ed., 2009, 48, 9342; (g) J. Zhang, X. Liu, X. Ma and
R. Wang, Chem. Commun., 2013, 49, 9329; (h) D.-Q. Xu,
Y.-F. Wang, W. Zhang, S.-P. Luo, A. G. Zhong, A.-B. Xia and
Z.-Y. Xu, Chem.–Eur. J., 2010, 16, 4177.

15 T. Gatzenmeier, P. S. J. Kaib, J. B. Lingnau, R. Goddard and
B. List, Angew. Chem., Int. Ed., 2018, 57, 2464.

16 J. Yang, A. J. M. Farley and D. J. Dixon, Chem. Sci., 2017, 8,
606.

17 For selected examples see: (a) E. Bappert, P. Muller and
G. C. Fu, Chem. Commun., 2006, 2604; (b) S. Pandiancherri,
S. J. Ryan and D. W. Lupton, Org. Biomol. Chem., 2012, 10,
7903; (c) J. Cheng, Z. Huang and Y. R. Chi, Angew. Chem.,
Int. Ed., 2013, 52, 8592; (d) G. Liu, M. E. Shirley, K. N. Van,
R. L. McFarlin and D. Romo, Nat. Chem., 2013, 5, 1049; (e)
E. R. T. Robinson, C. Fallan, C. Simal, A. M. Z. Slawin and
A. D. Smith, Chem. Sci., 2013, 4, 2193; (f) S. Vellalath,
K. N. Van and D. Romo, Angew. Chem., Int. Ed., 2013, 52,
13688; (g) J. Xu, Z. Jin and Y. R. Chi, Org. Lett., 2013, 15,
5028; (h) M. E. Abbasov, B. M. Hudson, D. J. Tantillo and
D. Romo, J. Am. Chem. Soc., 2014, 136, 4492; (i)
P. Chauhan and D. Enders, Angew. Chem., Int. Ed., 2014,
53, 1485; (j) Y. Fukata, T. Okamura, K. Asano and
S. Matsubara, Org. Lett., 2014, 16, 2184; (k) Y. Fukata,
K. Asano and S. Matsubara, J. Am. Chem. Soc., 2015, 137,
5320; (l) S. V. Vellalath, N. Khoi and D. Romo, Tetrahedron
Lett., 2015, 56, 3647; (m) N. A. Ahlemeyer and V. B. Birman,
Org. Lett., 2016, 18, 3454; (n) Z. Fu, X. Wu and Y. R. Chi,
Org. Chem. Front., 2016, 3, 145; (o) A. Matviitsuk,
J. E. Taylor, D. B. Cordes, A. M. Slawin and A. D. Smith,
Chem.–Eur. J., 2016, 22, 17748; (p) E. R. T. Robinson,
D. M. Walden, C. Fallan, M. D. Greenhalgh,
P. H.-Y. Cheong and A. D. Smith, Chem. Sci., 2016, 7, 6919;
(q) M. E. Abbasov, B. M. Hudson, W. Kong, D. J. Tantillo
and D. Romo, Org. Biomol. Chem., 2017, 15, 3179; (r)
M. E. Abbasov, B. M. Hudson, D. J. Tantillo and D. Romo,
Chem. Sci., 2017, 8, 1511; (s) E. R. T. Robinson, A. B. Frost,
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