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A B S T R A C T

Multiple hydrogen [75_TD$DIFF]bonds containing nucleophilic phosphines derived from dipeptide dual-reagents
catalyzed asymmetric Michael addition reactions between indene esters and activated olefins in high
yields and [76_TD$DIFF]good to excellent enantioselectivities under mild reaction conditions. The success of current
highly selective reactions should provide inspiration for expansion to other [77_TD$DIFF]reactions and would open up
new paradigms for the synthesis of indanone derivatives bearing chiral quaternary carbon centers.
© 2020 Chinese Chemical Society and Institute ofMateriaMedica, Chinese Academy ofMedical Sciences.
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Enantioselective nucleophilic phosphine catalysis [[78_TD$DIFF]1–14]
presents a powerful method for the construction of chiral
functional molecules, and great advances have been made in
particular for the annulations [ [79_TD$DIFF]15–33]. Many pharmaceuticals and
natural products have been efficiently synthesized via this method
[ [80_TD$DIFF]34–42]. However, little progress has beenmade on the research of
new catalytic modes, which limited its applications in more
powerful organic reactions. To expand the scope of asymmetric
organophosphine catalysis, a new catalytic mode aroused by dual
reagent, organophosphine and activated alkene, developed by our
group [43] has been successfully applied in Mannich-type [ [81_TD$DIFF]44–48]
and Strecker reactions [49], both of which are limited to the
carbon-carbon bond formation with imines.

Indanones are very useful molecules which can be used as
valuable synthons and pharmacophores ubiquitously found in
numerous natural products [ [82_TD$DIFF]50–60] (Fig. 1). The synthesis of chiral
indanone derivatives has received considerable attention of
chemists. As our ongoing work on extending the applications of
asymmetric dual-reagent catalysis for the construction of C��C
bonds, we are interested in the Michael addition reaction [ [83_TD$DIFF]61–66]
of indanone ester and activated olefin which can provide
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functionalized indanones with chiral quaternary carbons. Current
asymmetric dual-reagent catalysis has been successfully applied in
the Mannich-type reaction, Michael reaction and Strecker reaction
with the organophosphine catalysts bearing double H-bonds
(Fig. 2a). We envisioned that the interaction of the double
H-bonds with the imines in addition to the carbonyl group affords
an inflexible intermediate which is responsible for the high
enantioselectivity.

When this catalytic system is applied to the Michael
reaction of [84_TD$DIFF]α,β-unsaturated ketones, the double H-bonds will
bind to the carbonyl group which results in a flexible
intermediate and poor enantioselectivity might be observed
(Fig. 2b). To further improve the enantioselectivity of Michael
reaction of [84_TD$DIFF]α,β-unsaturated ketones, rational design of new chiral
quaternary phosphonium salts with triple H-bonds was intro-
duced previously by our group (Fig. 2a), which enhanced the
catalytic activity for improving enantioselectivities and diaster-
eoselectivities in Michael reactions. We anticipated that multiple
hydrogen bonds could strongly control both of the substrates in
the transition state [67,68], so asymmetric Michael addition
reactions would be efficiently realized with high ee values and
high dr values (Fig. 2b). Herein, asymmetric Michael addition
reaction of indanone ester to the [85_TD$DIFF]β-ester enones catalyzed by
multiple hydrogen-binding organophosphine dual-reagents is
investigated.
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Fig. 1. Selected natural products and pharmaceuticals containing indanone cores.
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Fig. 2. Reactions with organophosphine under ion-pair catalysis and mechanism.

[(Fig._3)TD$FIG]

Fig. 3. Structure of chiral catalysts.

Table 1
Optimization of conditions and evaluation of chiral catalysts.a

[TD$INLINE]

Entry R Cat. t (h) Yield (%)b d.r. c ee (%)d

1 Et A 12 87 55:45 60:31
2 Et B 12 53 53:47 18:9
3 Et C 12 65 50:50 43:47
4 Et D 12 79 56:44 65:65
5 Et E 18 70 58:42 27:31
6 Et F 24 53 53:47 33:19
7 Et G 48 57 54:46 19:15
8 Et H 16 82 73:27 81:83
9 Et I 13 79 65:35 79:79
10 Et J 9 95 80:20 85:86
11 tBu J 12 89 90:10 84:58
12 tBue J 24 95 96:4 91:58
13 tBuf J 72 76 83:17 84:42
14 tBug J 48 73 86:14 77:39
15 tBuh J 72 49 60:40 60:25
16 tBui J 24 trace – –

a Reactionswere carried outwith 1 (0.1mmol), 2a (0.1mmol) andmethyl acrylate
(5mol%) in the presence of chiral phosphine A–J (5mol%) in solvent (1.0mL) at the
specified temperature.

b Isolated yield.
c Determined by 1H NMR spectroscopic analysis of the crude product.
d Determined by HPLC using chiral stationary phase.
e The reaction was conducted at 0 �C.
f The reaction was conducted at -20 �C.
g 3mol% of chiral phosphine [67_TD$DIFF]J was used.
h 1mol% of chiral phosphine J was used.[68_TD$DIFF]
i Without methyl acrylate.
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We initiated our study by selecting indene ketone esters 1 and [85_TD$DIFF]

β-ester enone 2 as the model substrates (Table 1). Inspired by our
previous work, When the reaction was carried out in CH2Cl2 at
room temperature with 5mol% of the organophosphines A-D
(Fig. 3) and 5mol% of methyl acrylate (entries [86_TD$DIFF]1–4) [49], the
desired product 3 was observed in good yield, but with poor
enantioselectivity and diastereoselectivity. Hence, development of
other powerful organophosphines to control the stereoselectivity
for this reaction is demanded. A series of organophosphine
catalysts E[87_TD$DIFF]–J (Fig. 3) with multiple H-bonds featuring a dipeptide
core structure were synthesized and used in model reaction. The
first evaluation of catalysts E[88_TD$DIFF]–H (Fig. 3) indicated thatwhen R is the
phenyl group, higher enantioselectivity and diastereoselectivity
were observed (entries [89_TD$DIFF]5–8). Further investigation of the other
amino acid skeleton revealed that organophosphine J was the
optimum catalyst for the reaction [90_TD$DIFF](85% ee, 80:20 dr) (entries 9 and
10). In addition, when the ethyl group in 1 is changed into the tert-
butyl group, the diastereoselectivity of the target product was
improved (entry 11).
Following screening of several different solvents revealed that
dichloromethane was more suitable for the reaction, with [91_TD$DIFF]84% ee
and 90:10 dr achieved (for more details, see Supporting informa-
tion). Various reaction temperatures were then investigated and it
was found that the reactionwasmore selective at [92_TD$DIFF]0 �C (91% ee, 96:4
d.r.) (entries [93_TD$DIFF]11–13). Additionally, decreasing the catalyst loading
led to reducing of yield and poor diastereoselectivity (entries 14
and 15). The reaction cannot proceed normally without adding
methyl acrylate (entry 16). Herein we got the optimized reaction
conditions as demonstrated with 5mol% of catalyst [94_TD$DIFF]J and CH2Cl2 as
a solvent at [11_TD$DIFF]0 �C (entry 12).

After optimized reaction conditionswere found,wenext turned
our attention to exploring the indene esters (1b) and various
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Scheme 1. Substrate scope of indanone derivative. Reactions were carried out with
1 (0.1mmol), 2 (0.1mmol), and methyl acrylate [44_TD$DIFF](0.5% mol) in the presence of chiral
phosphine [45_TD$DIFF]J (0.5% mol) in DCM (1.0mL) at [46_TD$DIFF]0 �C.

[(Scheme_2)TD$FIG]

Scheme 2. Substrate scope of nitroalkenes. Reactions were carried out with [47_TD$DIFF]1
(0.1mmol), 4 (0.1mmol), and methyl acrylate [44_TD$DIFF](0.5% mol) in the presence of chiral
phosphine [45_TD$DIFF]J (0.5% mol) in CH2Cl2 (1.0mL) at -[48_TD$DIFF]20 �C.

710 H. Hong et al. / Chinese Chemical Letters 32 (2021) 708–712
activated olefins (2) in this Michael addition reaction. As
summarized in Scheme 1, when R1 is fixed to ethyl group, both
electronic nature and substituent effect on aromatic rings (when
R2 = Ar) have little influence on the results. The corresponding
products were obtainedwith uniformly excellent yields [95_TD$DIFF](89%–99%)
and enantioselectivities [96_TD$DIFF](90%–95%) (3a-3f, 3h-3k). It is noteworthy
that the enantioselectivity is slightly reduced for the enone bearing
a strong electron-withdrawing group on aromatic ring (3[28_TD$DIFF]g). Enones
involving heteroaromatic or condensed ring also proved to be
applicable (3l and 3m). Next, we studied the effects of different
esters on the reaction products (such as R1 = Bn or tBu). When R1

becomes to be tert-butyl ester, reaction time is prolonged, yield
and stereoselectivity are a little decreased (3n). However, when R1
becomes to be benzyl group, the reaction results are excellent with
high yield and stereoselectivity achieved (3o). To our delight, the
good enantioselectivity could be obtained at lower temperature
when the terminal alkene was used (3q). The aliphatic (E)-ethyl-4-
oxopent-2-enoate also worked in the reaction with good diaster-
eoselectivity although with poor enantioselectivity (3p). We tried
to replace compound 2with chalcones, however, their activity was
too low to initiate the reaction. We also tried [85_TD$DIFF]α-tetralone
derivatives be applied in this reaction instead of the indanone
derivatives, but under the same optimized conditions, the
expected product was not observed, inferred that the zwitterion
was generated upon the mixing of organophosphine and methyl
acrylate as a Br[98_TD$DIFF]ønsted base are tooweak to not initiate the reaction.

Next, we fixed 2a to evaluate the effect of different substituted
substrates 1 on the reaction. The reaction demonstrated a broad
substrate scope to provide the corresponding products in high
yields and excellent stereoselectivity regardless of the electronic
nature and the steric effect of substituents on the aryl ring of
indanone esters substrates (3r-3w). Product 3kwas dissolved with
mixed solvent (hexane/CH2Cl2 [99_TD$DIFF] = 50:1), volatilized at room temper-
ature until the crystal particles can be obtained (more detail can
see Supporting information). The absolute configuration of 3kwas
determined to be S, S by X-ray crystallographic analysis (CCDC No. [100_TD$DIFF]
1869589)

Among the Michael acceptors, nitroalkenes are very attractive
as they can serve as masked functionality to be further trans-
formed after the addition. The transformation such as the Nef
reaction [69], the nucleophilic displacement [70], the reduction to
an amino group [ [101_TD$DIFF]71–74] and theMeyer reaction [75] are only some
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Fig. 4. (a) Control experiment and (b) plausible transition state.
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examples that nitro groups can undergo. In recent years, a number
of new efficient synthetic methods have been developed [ [102_TD$DIFF]76–80]
on the application of nitroalkenes as Michael acceptors. After
screening the reaction conditions with nitroalkenes ([103_TD$DIFF]more detail
can see Supporting information[104_TD$DIFF]), the scope of the reactionwas next
investigated. As shown in Scheme 2, different substituents on the
nitroalkenes were well tolerated. High yields and excellent
enantioselectivities were obtained. These good results illustrated
that the cooperation of multiple-hydrogen-bonds with dual-
reagent ion pair catalyst based on the organophosphine will be
a powerful method for improving enantioselectivities in organic
synthesis. Product 5a was dissolved with mixed solvent (hexane/
CH3OH = 50:1), volatilized at room temperature until the crystal
particles can be obtained (more detail can see [105_TD$DIFF]Supporting
information). The absolute configuration of 5a was determined
to be S, R by X-ray crystallographic analysis (CCDC No. [106_TD$DIFF]1869591)

To demonstrate the synthetic utility of the products, we
conducted gram-scale reaction to furnish 3awith 2.04 g and in [107_TD$DIFF]93%
yield upon isolation and [108_TD$DIFF]94% ee. At the same time, we also carried
out gram-scale experiments on 5a to furnish 1.71 g of the desired
product in [109_TD$DIFF]90% yield upon isolation and [110_TD$DIFF]92% ee under the optimal
reaction conditions. Furthermore, compound 5a was converted to
phenyl dihydroindeno pyrrole carboxylate 6 easily under the
reduction of Zn power in NH4Cl (aq.) and ethyl alcohol (Scheme 3).

To gain some insights into themechanism of the reaction, some
control experimentswere conducted as shown in Fig. 3. Bothyields
and enantioselectivities decreased dramatically when N-methyl
protected dipeptide-derived phosphonium K was employed
(Fig. 4a). The results showed that hydrogen bonding of the catalyst
was indispensable for the reactivity and enantioselectivity of
reaction.

Based on these results, a plausible transition state TS-1 and TS-2
were proposed to explain the absolute configuration of the adducts
(Fig. 4b). The zwitterion was generated upon the mixing of
organophosphine and methyl acrylate, which then behaved as a
mild Br[98_TD$DIFF]ønsted base to activate indanone esters. We proposed that
the thiourea moiety of catalyst [111_TD$DIFF]J might activate the electrophilic
activated olefin via H-bonding interactions while the phosphoni-
um ion pair and the amide of the catalyst [111_TD$DIFF]J might direct the
indanone esters through static electronic interaction and
H-bonding interaction, respectively, to attack from the Re face to
avoid steric repulsion from the phenyl and tertiary butyl groups of
the catalyst [68].

In summary, we have developed an asymmetric dual-reagent
catalyst system using amino-acid-derived dipeptides bearing
multiple hydrogen bonds. This novel catalysis has demonstrated

[(Scheme_3)TD$FIG]

Scheme 3. Gram-scale reaction and transformation of product 5a.
high catalytic efficiency in Michael additions to activated olefin
with indanone esters, thus affording the corresponding indanone
derivatives in excellent yields and enantioselectivity. Efforts
toward a deeper understanding of the reaction mechanism and
the application of catalytic model to other asymmetric trans-
formations are in progress.
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