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New chiral N-heterocyclic olefin bifunctional organocatalysis in
α-functionalization of β-ketoesters
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N-heterocyclic olefins (NHOs) possess an electron-rich and highly polarized C=C double bond due to the donating property of
nitrogen atoms. This feature imparts exocyclic carbon atom of NHOs with strong basicity and high nucleophilicity. Although
NHOs have been emerging as a new type of organocatalyst and ligand for metal complexes in organic synthesis, chiral NHO-
mediated highly enantioselective organic transformations were still elusive. Herein, we developed a new type of chiral amine-
derived C2-symmetric NHOs and employed them as efficient chiral bifunctional organocatalysts for asymmetric α-functiona-
lization of β-ketoesters. With as low as 0.1 mol% catalyst loading, the desired amination and trifluoromethylthiolation products
were afforded in good yields with high enantioselectivities (up to 99% yield and 99% ee). Experimental studies and theoretical
calculation disclosed that hydrogen-bonding interaction upon protonation and other weak interaction between substrate and
catalyst were crucial for the enantiocontrol.
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1 Introduction

N-heterocyclic carbenes (NHCs) play a pivotal role in
asymmetric catalysis [1]. Taking advantage of umpolung
strategies, a wealth of NHCs-mediated chemical transfor-
mations were accomplished through Breslow intermediates
(Scheme 1a) [2]. In contrast, their deoxy Breslow analogues,
termed N-heterocyclic olefins (NHOs), remained largely
unexplored until last decade [3]. Structurally, arising from
the donating property of nitrogen atoms in NHOs, the exo-
cyclic olefinic double bond is electron-rich and highly po-
larized. Therefore, NHOs possess a palpable ylide character
(Scheme 1a, right), leading to the ylidic carbon atom with
strong basicity and high nucleophilicity [4]. As studied by
Mayr, Naumann, Ji and Cheng et al. [5], NHOs have comparable
or stronger nucleophilicity and basicity than NHCs, and
these features are closely associated with their structure.

Significant advances have been made for the chemistry of
NHOs within the past ten years [2–4]. On the one hand, NHOs
were identified as the key intermediates for the umpolung
reaction of styrenes and α,β-unsaturated carbonyls [6]. On
the other hand, NHOs have been emerging as a new type of
organocatalyst and ligand for metal complexes in organic
synthesis. As organocatalysts, NHOs are successfully applied to
several organic chemical reactions, including silylation [7],
CO2 sequestration and functionalization [5c,8] hydrosilyla-
tion/hydroborylation [7,9], transesterification [10] and het-
erocycle polymerization [11]. As a σ-donating type of
ligands, NHOs not only enable to stabilize main group ele-
ments at low oxidation state [12], but also coordinate with
transition metal salts to form well-defined complexes
[4c,13]. Nevertheless, chiral NHOs were rare in the litera-
ture. The first and sole example was the hydrosilylation of
acetophenone using triazole heterocycle-based chiral NHO
catalyst described by Nguyen et al. [7] in 2017 (Scheme 1b).
Chiral α-amino acid derivatives bearing a nitrogen-
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containing quaternary stereocenter are frequently occurring
structure units in bioactive compounds [14]. Catalytic en-
antioselective α-hydrazination of 1,3-dicarbonyl compounds
represent a facile and efficient route to α-amino acid deri-
vatives. During the past two decades, several catalyst sys-
tems including transition metal-based catalysts, organic
small molecule catalysts as well as frustrated Lewis pair
system have been successfully established, providing various
α-amino acid derivatives with good yield and high ee values
[15]. In addition, due to the high lipophilicity and high
electron-withdrawing character of trifluoromethylthio group,
the incorporation of an SCF3 group into small molecules is of
great importance to the pharmaceutical and agrochemical
industries [16]. In the past several decades, highly en-
antioselective methods for the construction of a stereogenic
carbon center with a SCF3 group have been documented by
Shen, Rueping, Gade, Shibata etc. [17]. Nevertheless, there
is still room for improvement in terms of new catalysts and
substrate scope.
Motivated by the unique properties of NHOs and their

various applications [3] in synthetic chemistry, we became
curious about the design of new chiral NHOs and exploring
their potential utility in asymmetric synthesis. Although
NHOs were readily access from NHCs and numerous chiral
NHCs have been reported, there were two obstacles asso-

ciated with the development of chiral NHOs catalysis: (1)
due to the long distance from the catalytic active site (exo-
cyclic carbon atom) to the chiral backbone, the chiral in-
duction in NHOs-mediated process was problematic [7]; (2)
the addition of exogenous base for in-situ generation of
NHOs probably led to background reaction in base-promoted
chemical transformations [18]. Herein, we wish to disclose
our endeavor on developing chiral NHO catalysis. Chiral
amine-derived C2-symmetric NHOs were synthesized and
ultimately identified as a new type of organic bases for the
asymmetric α-functionalization of β-ketoesters. With as low
as 0.1 mol% of NHO organocatalyst, the desired amination
adducts and sulfenylation products were afforded in good
yields with high enantioselectivities (up to 99% yield and
99% ee) [19]. Based on experimental investigations and
density functional theory (DFT) calculations, possible bi-
functional working modes involving dual hydrogen-bond
activation and other non-covalent interaction were provided
to understand the enantiocontrol of the amination reaction.

2 Experimental

2.1 General procedure for catalytic asymmetric ami-
nation reaction

In a glove box, β-ketoester 1a (0.1 mmol), di-tert-butyl
azodicarboxylate 2a (0.12 mmol) and W1 (1 mol%) were
added into a flame-dried Schlenk tube. Methyl tert-butyl
ether (2.0 mL) cooled to reaction temperature was added
under argon atmosphere. The resulting solution was stirred at
−60 °C for 22 h. Then, the reaction mixture was subjected to
column chromatography on silica gel (eluent:petroleum
ether/ethyl acetate = 8/1, v/v) to afford the desired product
3aa.

2.2 General procedure for catalytic asymmetric tri-
fluoromethylthiolation reaction

In a glove box, β-ketoester 1a (0.1 mmol), the SCF3 reagent
4a (0.12 mmol) andW9 (1 mol%) were added into a flame-
dried Schlenk tube. Methyl tert-butyl ether (1.0 mL) cooled
to reaction temperature was added under argon atmosphere.
The resulting solution was stirred at −78 °C for 22 h. Then,
the reaction mixture was subjected to column chromato-
graphy on silica gel (eluent:petroleum ether/ethyl acetate =
20/1, v/v) to afford the desired product 5aa.

3 Results and discussion

3.1 Identification of the optimized amination reaction
conditions

Inspired by elegant works on C2-symmetric NHC/metal

Scheme 1 The properties of NHO and its application in asymmetric
synthesis (color online).
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complex catalysis by the groups of Gawley, Shi and Cramer
et al. [20], we envisioned that this type of NHCs might be a
good candidate for synthesis of chiral NHOs (Scheme 2)
since it enables to incorporate stereogenic centers in close
proximity to exocyclic C=C site, which putatively was re-
active center. As illustrated in Scheme 2, the reaction of free
NHCs with organic halides proceeded well, affording the
NHO salts in 65%−90% yield. The deprotonation of NHO
salts by tBuOK furnished the corresponding free NHOs [21].
By variation of chiral amines, 1,2-dicarbonyls and alkyl
halides, we can get a number of NHOsW1−W11. The X-ray
crystal structure of W1 indicated a close distance between
terminal carbon of C=C bond and ortho-H of phenyl group
were 2.940 and 3.066 Å, confirming our initial hypothesis.
To show the application of this new type of organocata-

lysts, α-amination reaction of β-ketoester 1a with di-tert-
butyl azodicarboxylate (2a) was selected as the mode reac-
tion, and the detailed optimizations of the reaction conditions
were summarized in Table 1. At the outset of our study, chiral
NHO W1 was used to investigate the reaction parameters.
Performing the reaction at ambient temperature with tetra-
hydrofuran (THF) as the solvent provided a promising result
(Table 1, entry 1, 99% yield, 66% ee). In comparison, the use
of dichloromethane (DCM) instead of THF resulted in a
sharp decrease of enantiomeric excess (entry 2, 4% ee).
Methyl tert-butyl ether (MTBE) provided an increased en-

antioselectivity (entry 3, 80% ee vs. 66% ee). Decreasing the
reaction temperature led to further elevated ee values at 1
mol% catalyst loading (entries 4−6, 81%−96% ee). When the
reaction was run at −60 °C for 22 h, the corresponding
amination product 3aa was obtained in 99% yield with 96%
ee (entry 5). Switching NHO W1 to the related NHC S1
resulted in inferior outcome (70% ee), indicating the im-
portant role of exocyclic C=C double bond [22]. Variation of
the substitution of phenyl group at 2,6-position provided
comparable results (entries 8 and 9, 94% and 92% ee, re-
spectively). To our surprise, the structure of N-heterocycle
had a profound effect on the enantioselectivity (entries 10
−12). Chloro-substituted NHO W4, acenaphthenequinone
derived W5 and imidazolidine-based NHO W6 resulted in
substantial loss in yield and enantioselectivity (14%−41%
yield, 2%−6% ee). In addition, the examination of the
terminal substitution on the exocyclic olefin (W7−W11)
were carried out as well. However, no better outcomes were
obtained (see Supporting Information online, page 16 for
more details). In contrast, the use of triazole derived W12
afforded poor results (16% yield, 6% ee, see Supporting
Information online, page 16 for more details) [7]. Notably,
the catalyst loading can be reduced to as low as 0.1% without
an obvious erosion of enantioselectivity although the longerScheme 2 The synthesis of chiral NHOs and their structure (color online).

Table 1 Optimization of the reaction conditions for the asymmetric
amination a)

Entry Cat*(mol%) T (°C) Yield (%) ee (%)

1 b) W1(5) rt 99 66

2 c) W1 (5) rt 99 4

3 W1 (5) rt 99 80

4 W1 (1) −20 92 89

5 W1 (1) −60 99 96

6 W1 (1) −78 28 81

7 S1 (1) −60 99 70

8 W2 (1) −60 96 94

9 W3 (1) −60 89 92

10 W4 (1) −20 14 2

11 W5 (1) −20 41 2

12 W6 (1) −20 32 6

13 W1 (0.5) −60 66 96

14 W1 (0.1) −60 58 96

a) Unless otherwise noted, all reactions were carried out with 1a
(0.10 mmol), 2a (0.12 mmol) and chiral NHO* (1 mol%) under the given
reaction conditions for 22 h. The ee was determined by high performance
liquid chromatography (HPLC) analysis on a chiral stationary phase. Iso-
lated yield. b) Tetrahydrofuran (THF) as solvent. c) Dichloromethane
(DCM) as solvent. MTBE = methyl tert-butyl ether.
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reaction time was required (entries 13 and 14).

3.2 Substrate scope of enantioselective amination

With the standard reaction conditions in hand, the scope of β-
ketoesters for the asymmetric amination reactions was
evaluated. A variety of β-ketoesters 1a−1u derived from
indanone or tetralone were subjected to the standard condi-
tions and the results were collected in Table 2. Indanone
derived β-ketoesters 1 regardless of the electronic and steric
properties of substitution on the phenyl group all proceeded
well, affording the desired amination 3aa−3ra in moderate to
good yield with high enantiomeric purity (77%−99% yield,
89%−98% ee) except 3pa (99% yield, 68% ee). A higher
catalyst loading was needed for the reaction of 6-F sub-
stituted β-ketoester 1l, and the related adduct 3la was iso-
lated in 77% yield with 98% ee. The fused substrate 1s was
compatible in the reaction system, producing the adduct 3sa
in 99% yield with 96% ee. Switching to six- and seven-
membered ring derived β-ketoesters 1t and 1u gave a rela-
tively lower enantioselectivity (70% ee and 68% ee) com-
paring with 1a. The absolute configuration of 3wa was
assigned to be (S) by comparation to the optical rotation
parameter in previous work [15l].

3.3 Identification of the optimized tri-
fluoromethylthiolation reaction conditions

Intrigued by the unique properties of compounds containing
SCF3 moiety, we attempted to employ these newly developed
NHOs as the promoters for asymmetric sulfenylation of β-
ketoesters. As shown in Table 3, under amination conditions,
the reaction of β-ketoester 1a with “SCF3” reagent 4a oc-
curred smoothly, furnishing the corresponding product 5aa
in 65% yield with 80% ee (Table 3, entry 1). Further de-
creasing the reaction temperature to −78 °C led to an im-
proved enantiocontrol (entry 2, 88% ee). The attempts to
heighten ee value by adjusting the substituents of phenyl
moiety and structure of N-heterocycle were fruitless (See
Supporting Information online for more details). Eventually,
the terminal substitutions on the exocyclic olefin were in-
vestigated. It was delight to find that the isobutyl substituted
NHO W9 was a better candidate than n-propyl substituted
W7 andW8with n-butyl group (entries 3−5, 90% ee vs. 86%
ee). Modification of phenyl group at the stereogenic centers
supplied inferior results (entries 6 and 7,W10 andW11, 74%
and 78% ee, respectively). Thus, the optimal conditions were
established withW9 (1 mol%) in MTBE at −78 °C (entry 5).

3.4 Substrate scope of enantioselective trifluoromethyl-
thiolation

Under the optimized conditions, the substrate scopes were
evaluated to demonstrate the general utility of this asym-
metric α-trifluoromethylthiolation. As shown in Table 4, the

Table 2 Scope of the enantioselective amination a)

a) Unless otherwise noted, all reactions were carried out with 1 (0.10
mmol), 2 (0.12 mmol) and W1 (1 mol%) in MTBE (0.05 M) at −60 °C.
Isolated total yields of product 3. The ee values were determined by HPLC
analysis on a chiral stationary phase. b)W1 (0.5 mol%). c)W1 (0.1 mol%).
d) W1 (5 mol%). e) W1 (2 mol%). f) W7 (1 mol%).
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substituent pattern and the electronic property of the aryl
moiety have a limited effect on the reactivity and stereo-
selectivity. All of them were smoothly converted to the de-
sired products 5aa−5ra in good yield (82%−99%) with high
enantioselectivity (74%−94% ee). Diminished ee values
were obtained for naphthyl substituted 5sa (86% yield, 58%
ee) and cyclopentanone derived 5va (72% yield, 64% ee). It
was worthy of noting that six- and seven-membered ring
derived β-ketoesters were suitable substrates, furnishing the
related products 5ta and 5ua in good outcomes. In addition,
cyclohexylsulfenylation and phenylsulfenylation occurred
smoothly with thioaryl or thioalkyl reagent, providing the
desired products 5va, 5ab and 5ac in 55%−99% yield with
92%−96% ee.

3.5 Synthetic applications

To illustrate the potential synthetic application of the current
methods, gram-scale synthesis of 3aa and several transfor-
mations were carried out (Scheme 3). β-Ketoester 1a (2
mmol) reacted smoothly with 2a (1.2 equiv.), and the product
3aa was isolated in 1.07 g (99% yield) with 96% ee after
72 h in the presence of 1 mol%W1 (Scheme 3a). Removal of
the terminal Boc group in 3aa with TFA in DCM gave rise to
compound 6aa in 80% yield with maintained enantiopurity
(Scheme 3b). The consecutive reduction and removal of
terminal Boc group of 3aa afforded β-hydroxyl-α-aminoe-
ster 7aa in 62% yield with >19:1 dr and 96% ee. Treatment
of 7aa with 1,1′-carbonyldiimidazole (CDI) afforded het-
erocyclic product 8aa in 61% yield without erosion of en-
antiomeric excess. The addition of methyl Grignard reagent
to trifluoromethylthiolation adducts 5aa and 5ja in Et2O at

−10 °C took place well, giving the β-hydroxyl-α-SCF3-
substituted esters 9aa and 9ja in high yield and excellent
diastereoselectivity (Scheme 3c). The absolute configuration
of 9aa was unambiguously determined to be (1R,2S) by
comparison with the optical rotation of the known compound
[17e].

Table 3 Optimization of the reaction conditions for the asymmetric
amination a)

Entry Cat*(mol%) T (°C) Yield (%) ee (%)

1 W1 –60 65 80

2 b) W1 –78 99 86

3 W7 –78 96 86

4 W8 –78 97 86

5 W9 –78 99 90

6 W10 –78 86 74

7 W11 –78 89 78

a) Unless otherwise noted, all reactions were carried out with 1a (0.10
mmol), 4a (0.12 mmol) and chiral NHO* (1 mol%) under the given reac-
tion conditions for 22 h. The ee was determined by UPC2 analysis on a
chiral stationary phase. Isolated yield. b) 38 h.

Table 4 Scope of the enantioselective Trifluoromethylthiolationa)

a) Unless otherwise noted, all reactions were carried out with 1 (0.10
mmol), 4 (0.12 mmol) and W9 (1 mol%) in MTBE (0.1 M) at −78 °C.
Isolated total yields of product 5. The ee values were determined by UPC2

analysis on a chiral stationary phase. b) W9 (5 mol%). c) W1 (5 mol%).
d) W9 (2 mol%).
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3.6 Mechanism consideration

To understand the reaction mechanism and the origin of the
enantiocontrol, DFT calculations at the ωB97X-D/6-311G**
(SMD, THF)//B3LYP/6-31G*(SMD, THF) theoretical level
using chiral NHO W1 were performed. Due to the strong
basicity of NHOs, the deprotonation of 1-adamantyl sub-
stituted β-ketoester 1a occurred upon mixing it with NHO
W1 to give ion-pair complex, which was confirmed by 1H
NMR spectrum of the mixture of 1a andW1 (See Supporting
Information online, page 83 for more details). The DFT

calculation indicated that IM0-H with a dual hydrogen
bonding interaction [23] between the two hydrogens at
imidazole ring of W1 and the oxygen atoms of enolized 1a,
was more stable than the expected IM0-M the Boltzmann
distribution ratio of 99.14% at 213 K. The involving weak
CH3···O hydrogen bonding interaction in term of Gibbs free
energy (Figure 1, 2.0 kcal mol−1), with similar dual-hydrogen
bonding interaction was observed in the X-ray crystal
structure of imidazole-derived NHC salts as well [20a].
Arising from the dual-hydrogen bonding interaction with
enolized β-ketoester 1a, the chemical shift of two hydrogens
at imidazole ring in ion-pair complex IM0-H shifted to re-
lative down-field (9.21 ppm at 26 °C, 9.39 ppm at −20 °C) in
comparation with the chemical shift (8.18 ppm) of hydro-
gens in NHO salt W1•HI (see Supporting Information on-
line, page 84 for more details). When substrate 2a
approached IM0-H from its Si or Re-face alternatively, IM1-
R and IM1-S were formed. In the following step, the C–N
bonds in IM2-R and IM2-S were constructed via transition
sates TS-R and TS-S, respectively (Figure 2). The relative
Gibbs free energy (∆G) of TS-R was higher than that of TS-
S by 2.7 kcal mol−1, therefore the formation of S-3aa was
favourable. Accordingly, the theoretical ee value was pre-
dicted to be 99% at 213 K, which was close to the experi-
mental observation (86% ee in THF, see Supporting
Information online, page 15). As depicted in Figure 2, the
higher energy barrier of TS-R was attributed to steric re-
pulsion between the phenyl groups (B and C) and Boc group
of 2a as well as steric repulsion between ring A and 1-ada-
mantly group of 1a. This unfavorable steric effect could be
verified by weak interaction analysis (Figure 2). In contrast,
the bulky Boc groups of 2a in TS-S were fay away from
the 1-adamantly group of 1a with the dihedral angle D(N7-
N6-C5-C8) of −3.5°, avoiding unfavorable repulsion (Figure
2). Thus, the combination of Ph group at B position of W1
with bulky 1-adamantly group of 1a constructed a good
chiral environment, directing 2a to attack enolized 1a from
its Si-face with less steric hindrance, leading to S-config-
uration product. The above results also confirmed the im-
portant role of dual hydrogen bonding interaction for chiral
NHOs W1, since dichloro-substituted NHO W4 and ace-
naphthenequinone derived W5 without hydrogen as well
imidazolidine-based NHO W6 with four hydrogens led to
significant loss of enantioselectivity (Table 1, entries 10−12,
2%−6% ee).
In addition, the pathways via IM0-M were studied as well

(For more details, see Supporting Information online, page
88). The computational outcomes indicated that the corre-
sponding TS-S′ was slightly favored over TS-R′ (ΔΔG = 0.6
kcal/mol, theoretical ee = 61% ee). According to Boltzmann
distribution ratio of IM0-M (0.86%) and experimental re-
sults (86% ee at –60 °C in THF), we envisioned that the
reaction pathway via IM0-M was unlikely.

Scheme 3 The gram-scale synthesis of 3aa and further transformations
(color online).

Figure 1 Optimized geometries of IM0-H and IM0-M. The relative
Gibbs free energy (ΔG) was given in kcal mol−1 and the bond length was
shown in Ångström. Four phenyl groups in W1 were marked with A, B, C
and D (color online).
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4 Conclusions

In summary, we have designed a new type of chiral NHOs
catalysts and successfully applied them as bifunctional or-
ganocatalysts in the α-functionalization of β-ketoesters. With
as low as 0.1% catalyst loading, the amination adducts and
sulfenylation products were obtained in good yields with
high enantioselectivities (up to 99% yield and 99% ee). On
the basis of control experiments and theoretical calculation, a
possible base and dual hydrogen-bonding bifunctional acti-
vation mode was provided to understand the origin of ste-
reoselectivity. We anticipate that this proof-of-principle
study provides a solid basis for the development of chiral
NHO catalysis. The further application of chiral NHOs as
organocatalysts and ligands in asymmetric synthesis is un-
dergoing in our lab.
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