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Abstract: The desymmetrization of N-pyrazolyl maleimides was realized through an asymmetric
Michael addition by using pyrazolones under mild conditions, leading to the formation of a
tri-N-heterocyclic pyrazole-succinimide—pyrazolone assembly in high yields with excellent
enantioselectivities (up to 99% yield, up to 99% ee). The use of a quinine-derived thiourea
catalyst was essential for achieving stereocontrol of the vicinal quaternary—tertiary stereocenters
together with the C-N chiral axis. Salient features of this protocol included a broad substrate
scope, atom economy, mild conditions and simple operation. Moreover, a gram-scale experiment
and derivatization of the product further illustrated the practicability and potential application
value of this methodology.
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1. Introduction

As a prominent stereochemical feature, axial chirality is frequently seen in natural
products [1,2], drugs [3-5], biologically active molecules [6-8] and has also found wide
applications in asymmetric catalysis as chiral ligands [9-11] or organocatalysts [12]. Among
numerous axially chiral structures, biaryl compounds having a rotationally hindered C-C
axis have been well explored in the past decades (Scheme 1A) [9,13-20]. In comparison, the
asymmetric construction of axially biaryl skeletons bearing a C-N axis has been relatively
underdeveloped due to their higher degree of rotational freedom and lower conformational
stability (Scheme 1B) [21-26]. However, until now, axially chiral bi-heteroaryl scaffolds
based on a C-N bond linkage has rarely been explored. Moreover, the study of axially
chiral five-membered bi-N-heterocycle skeletons has not previously been reported, which is
probably because of the smaller bond angle leading to poorer stability when compared to six-
membered aryl or heteroaryl scaffolds. Therefore, developing an efficient approach to the
synthesis of five-membered bi-heterocyclic scaffolds bearing axial chirality is meaningful
and desirable (Scheme 1C).

Pyrazoles and pyrazolones are among the important five-membered N-heterocycles
that can be found in numerous bioactive molecules and drugs, possessing unique bio-
logical and pharmacological activities (Scheme 2a) [27-29]. For example, edaravone
(1) is a neuroprotective agent [30], and aminopyrine (2) and antipyrine (3) are used
to treat migraine headaches [31]. In addition, some pyrazole-lactim derivatives are
also considered as important structural motifs of bioactive molecules and have been
widely explored in many applications, such as a nervous system drug molecule (4) [32],
antidiabetic agent (5) [33] and immunologically active compound (6) [34]. Considering
the significance of axially chiral scaffolds and the distinctive biological activities of
pyrazolone and pyrazole skeletons mentioned above, we envisaged the development
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of a novel synthetic strategy to construct axially chiral C-N pyrazole-lactim scaffolds
containing a pyrazolone motif.
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Scheme 1. Representative axially chiral skeletons bearing a C—C or C-N axis. (A): C—C axially chiral
skeletons; (B): C-N axially chiral skeletons; (C): C-N bi-heterocyclic axially chiral skeletons. Het:
heterocyclic ring.

Since the first report on the C-N axially chiral framework of N-phenylpyrrole
by Adams in 1931 [35], the construction of novel axially chiral N-aryl heterocyclic
molecules was reported successively, giving a series of N-aryl lactam, pyrrole, indole
or imide heterocyclic skeletons [36]. Overall, among the reported synthetic strategies,
the desymmetrization reaction, starting from simple and easily available prochiral
substrates, was regarded as a valuable and efficient approach, which further con-
structed multiple chiral centers at the reaction site and the prochiral center at the
same time. In this regard, Bencivenni’s group reported the first construction of enan-
tiomerically enriched atropisomeric succinimides via an organocatalytic asymmetric
vinylogous Michael addition reaction of N-arylmaleimides in 2014 (Scheme 2b) [37].
Subsequently, Bencivenni and co-workers disclosed a novel desymmetrization strategy
to construct axially chiral succinimides bearing a C-N axis and contiguous stereocen-
ters by a formal Diels—Alder desymmetrization reaction (Scheme 2b) [38]. In 2021,
Biju’s group reported an atroposelective synthesis of C-N axially chiral N-aryl succin-
imides based on the N-heterocyclic carbene-catalyzed Stetter-aldol-oxidation cascade
process (Scheme 2b) [39]. More recently, following a related strategy, Liao’s group
successfully achieved the desymmetrization reaction of prochiral N-aryl maleimide
by silver-catalyzed asymmetric [3 + 2] cycloaddition (Scheme 2b) [40]. Inspired by
the above methods and based on our continuous interest in pyrazole and pyrazolone
skeletons, we herein report an enantioselective desymmetrization of a new prochi-
ral N-pyrazolyl maleimide through an asymmetric Michael addition reaction with
pyrazolones to construct a tri-N-heterocyclic pyrazole-succinimide—pyrazolone assem-
bly bearing vicinal quaternary—tertiary stereocenters together with a C-N chiral axis
(Scheme 2c¢).
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2. Results and Discussion
2.1. Optimization of the Reaction Conditions

Initially, pyrazolone 1a and prochiral N-pyrazolyl maleimide 2a were chosen as
the model substrates using DABCO as the catalyst to investigate the feasibility of the
reaction. To our delight, the desired axially chiral product 3aa was smoothly obtained in
a 99% yield with 1:1 dr in DCM at 25 °C after 0.5 h (Table 1, entry 1). Encouraged by this
result, an asymmetric version of this reaction was carried out by using the series of chiral
catalysts C1-C10 derived from cinchona alkaloids to realize atroposelective construction
of the optically active product 3aa (Table 1, entries 2-11). When using the quinine catalyst
C1, the product 3aa was obtained in a 91% yield but only with 40% ee (entry 2). We then
tested the cinchona alkaloid catalysts C2 and C3, which produced product 3aa in a 98%
yield and 14% ee (entry 3) and 49% ee (entry 4), respectively. Next, we explored the
efficacy of various cinchona alkaloid derivatives functionalized with a squaramide or N-
Boc-protected substituent (entries 5-7). To our delight, the quinine-derived squaramide
catalyst C4 could increase not only the enantioselectivity to 81% ee but also the reactivity
of the reaction, furnishing 3aa in a 99% yield (entry 5). Unfortunately, when the quinine-
derived squaramide catalyst C5 was employed, the product 3aa was formed in high
yield, but no enantioselectivity was obtained in this reaction (entry 6). Moreover, with
the quinine-derived N-Boc-protected catalyst C6, no improvement was observed in terms
of the enantioselectivity and the yield of 3aa dropped to 85% (entry 7). When using
sulfonamide C7 and quaternary ammonium salt C8, the target product 3aa was generated
only in moderate yields with poor enantioselectivities (entries 8-9). Subsequently, we
used quinine-derived thiourea catalysts C9 and C10 to perform this reaction (entries
10-11), and to our surprise, the catalyst C10 could increase the enantioselectivity of
product 3aa to 91% ee (entry 11). In order to further enhance the enantioselectivity of the
reaction, the solvent (entries 12-16) effect was then examined and the results revealed
that toluene was optimal with regard to both the yield and enantioselectivity, and 99%
yield and 94% ee were observed (entry 12). Finally, the concentration and temperature
were investigated (entries 17-19), and the best condition was confirmed with 10 mol% of
C10 in 2 mL of toluene at 25 °C, affording the product 3aa in a 99% yield with 1:1 dr and
99% ee (entry 17).

2.2. Substrate Scope of Pyrazolones 1

With the optimized reaction conditions in hand, we next explored the scope of
pyrazolone 1 and the results were shown in Scheme 3. The results showed that these
reactants were well tolerated, and most reactions could be accomplished within 4 h
to afford the axially chiral product 3 in good yield (up to 99% yield) with excellent
enantioselectivity (up to 99% ee). First, pyrazolone substrates bearing different aryl
groups (R!) at the C-3 position of the pyrazolone unit were examined. When a methyl
group was introduced into the ortho, meta and para positions of the phenyl substituents
at the pyrazolone unit, the product 3ba-3da could be obtained in a 99% yield with 1:1
dr and high enantioselectivities (98-99% ee). However, when R! was a naphthalene
substituent, the yield of the target compound 3ea was only 79% due to the influence of
steric hindrance. In addition, when the substituted phenyl group was replaced by a
thiophene substituent, product 3fa was formed in 99% yield with 1:1 dr and 99% ee. To
our delight, methyl proved to be a suitable substituent leading to the target product
3ga in a 97% yield with 1:1 dr and excellent enantioselectivity (99% ee). To further
expand the reaction scope of the pyrazolone unit, additional substituent groups (R?)
were also explored. A series of substituents on the ortho, meta and para positions of
the benzene ring were well tolerated, such as those bearing halides (3ha, 3ia), NO,
(3ja), methyl (3ka, 3la) and methoxyl (3ma) in high yields (95-99%) with 1:1 dr and
excellent enantioselectivities (86-99% ee). When the benzene ring was replaced by 3,5-
bis(trifluoromethyl)phenyl, the yield and enantioselectivity were maintained, leading
to the formation of product 3na in a 97% yield with 1:1 dr and 95% ee. In addition, the
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naphthalene-containing substrate 1o was also tested to afford the corresponding 30a
in 94% ee, but the yield was reduced to 74%, probably because of the steric hindrance
of the bulky substituent.

Table 1. Optimization of reaction conditions.
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Entry ¢ Cat. Solvent t [h] TI[°C]  Yield (%) Dr ¢ Ee [%] 4
1 DBACO DCM 0.5 25 99 1:1 -
2 C1 DCM 0.3 25 91 1:1 40
3 C2 DCM 9.5 25 98 1:1 14
4 C3 DCM 4 25 98 1:1 49
5 C4 DCM 0.5 25 99 1:1 81
6 C5 DCM 4 25 99 1:1 0
7 Cé6 DCM 2.5 25 85 1:1 80
8 C7 DCM 6 25 77 1:1 13
9 Cs8 DCM 24 25 48 1:1 21
10 C9 DCM 2.5 25 99 1:1 80
11 C10 DCM 3 25 99 1:1 91
12 C10 toluene 0.5 25 99 1:1 94
13 C10 LA 18 25 99 1:1 91
dioxane
14 C10 DCE 4.5 25 99 1:1 89
15 C10 CCly 18 25 99 1:1 92
16 C10 CHCl3 18 25 99 1:1 91
17¢ C10 toluene 1 25 99 1:1 99
18 C10 toluene 2 0 98 1:1 99
19 C10 toluene 3.5 —10 96 1:1 99

2 The reaction was conducted with 1a (0.12 mmol), 2a (0.1 mmol) and Cat. (10 mol%) in solvent (1.0 mL). ? Isolated
yield. ¢ Determined by 'H NMR of the crude mixture. ¢ Detected by chiral HPLC analysis for both diastereomers.
¢ toluene (2.0 mL) was used.
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Scheme 3. Substrate scope for reactions of pyrazolones 1 with pyrazolyl-maleimide 2a. The reaction
was carried out on a 0.2 mmol scale with C10 (10 mol%) in toluene (4.0 mL) at 25 °C; the ratio of 1/2a
was 1.2/1.0. Isolated yields are given. The dr was determined by 'H NMR of crude product. The ee
for both diastereomers was determined by chiral HPLC.

2.3. Substrate Scope of N-Pyrazolyl Maleimides 2

Subsequently, the scope of N-pyrazolyl maleimide 2 reacting with pyrazolone 1a was
examined under the optimized reaction conditions. It is noteworthy that good yields
and excellent enantioselectivitives were achieved for most cases (Scheme 4). Surprisingly,
when the tert-butyl group was replaced by isopropyl (2b), phenyl (2¢) and cyclohexyl
(2e), the corresponding products 3ab—3ae were smoothly afforded in high yields (96-99%)
with excellent stereoselectivities (>20:1 dr, >96% ee for all cases). Moreover, benzene
rings bearing either electron-withdrawing or electron-donating groups at the pyrazole—
maleimide C-3 positions were also examined, and the results disclosed that the fluoro,
chloro, bromo, methyl, trifluoromethyl and methoxyl substituent groups were all amenable,
producing the corresponding products (3af-3ak) in high yields (93-96%) with 1:1 dr and
excellent enantioselectivities (96-99% ee).
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Scheme 4. Substrate scope for the reactions of pyrazolone 1a with N-pyrazolyl maleimides 2. The
reaction was carried out on a 0.2 mmol scale with C10 (10 mol%) in toluene (4.0 mL) at 25 °C; the
ratio of 1a/2 was 1.2/1.0. Isolated yields are given. The dr was determined by 'H NMR of crude
product. The ee was determined by chiral HPLC.

2.4. Gram-Scale Reaction and Transformation of Products

To demonstrate the scalability of this protocol, we conducted a gram-scale reaction
of pyrazolone 1i with pyrazolyl-maleimide 2a under the standard reaction conditions,
and the product 3ia was successfully obtained in a 91% yield with 1:1 dr and 96% ee
(Scheme 5a). Subsequently, the selective bromination of compound 3ia in the presence of
NBS proceeded smoothly, producing the product 4 in a 58% yield, >20:1 dr and 96% ee.
The excellent diastereoselective results revealed that the bromination at the C-4 position
of the pyrazole ring played an important role in controlling the stereoselectivity of the
reaction. The N-1 and C-4 positions of the pyrazole ring were substituted with tert-butyl
and bromine, respectively, and their large steric hindrance effect successfully achieved good
stereoselective control of the C-N axis (Scheme 5b). In order to further prove the existence
of the C-N axis in the target products, a Michael reaction of 4-nonsubstituted pyrazolone 5
and pyrazolyl-maleimide 2a was performed under similar reaction conditions, followed
by esterification using acetic anhydride to produce the compound 6 in a 60% yield with 6:1
dr. This diastereomeric ratio indicated that the product 6 contained two chiral elements,
namely center chirality and axial chirality (Scheme 5c).

2.5. Plausible Transition State for the Enantioselective Desymmetrization

On the basis of the reaction results and previous similar reports [37,38,41,42], a plau-
sible reaction transition state for the desymmetrization was proposed in Scheme 6. The
transition state was made up of a ternary complex in which catalyst C10 promoted the
formation of a reactive enolate and at the same time anchored the maleimide by means
of hydrogen bonds with the thiourea functional group. In addition, there may have ex-
isted a 7— interaction between the phenyl of pyrazolone and the naphthalene ring of
catalyst C10 that played an important role in the control of the enantioselectivity of the
target product. Subsequently, succinimides with two adjacent stereocenters were gener-
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ated via an asymmetric Michael reaction, which further obtained the C-N axially chiral
pyrazolyl-succinimide 3.

a) Gram-scale reaction Br

Br . €10 (10 mol%)
\ N toluene, 25 °C, 2 h
\

o)
= N
Ph N= %\ N
Ph N~
N
P

1i 2a 3ia
1.8 mmol, 0.73 g 1.5 mmol, 0.44 g 0.96 g, 91% yield, 1:1 dr, 96% ee

h

b) Product transformation

5 . NBS (1.1 eq) o o %k\\

ﬁ\ N CCly, 25°C, 96 h N £
N %\N N\~ Br ‘\}, ¢
\ \ / \\“

N= N= S
Ph Ph € ‘}‘
3ia 4 X-ray cyrstal structure of 4
1:1 dr, 96% ee 58 % yield, >20:1 dr, 96% ee CCDC 2253310

0 OAO 1) DABCO (10 mol%)

Ph~y N ﬂ\ toluene, 25 °C, 15 h
N= NS 2) Ac,0, EtN, 1 h

60% vyield, 6:1 dr

Scheme 5. Gram-scale reaction and transformation of products.

Scheme 6. Plausible transition state for the enantioselective desymmetrization.



Molecules 2023, 28, 4279

9 of 22

3. Materials and Methods
3.1. General Information

Unless otherwise noted, the materials were purchased from commercial suppliers
and used without further purification. Column chromatography was performed on silica
gel (200~300 mesh). Enantiomeric excesses (ee) were determined by HPLC (Agilent, Palo
Alto, CA, USA) using the corresponding commercial chiral columns as stated at 25 °C
with a UV detector at 254 nm. Optical rotations (JiaHang Instruments, Shanghai, China)
were reported as follows: [a]TD (c /100 mL, solvent). All 'H NMR and °F NMR spectra
were recorded on a Bruker Avance II 400 MHz (Bruker, Karlsruhe, Germany) and Bruker
Avance III 600 MHz (Bruker, Karlsruhe, Germany), respectively; (Supplementary Materials)
13C NMR spectra were recorded on a Bruker Avance II 101 MHz or Bruker Avance III
151 MHz with chemical shifts reported as ppm (in CDCl3, TMS as an internal standard).
Data for 'H NMR were recorded as follows: chemical shift (5, ppm), multiplicity (s = singlet,
d = doublet, t = triplet, m = multiplet, br = broad singlet, dd = double doublet, coupling
constants in Hz and integration). HRMS (ESI) was obtained with an HRMS/MS instrument
(LTQ Orbitrap XL TM, Agilent, Palo Alto, CA, USA). The absolute configuration of 4 was
assigned by the X-ray analysis.

3.2. Procedure for the Synthesis of Compounds 2

The compound 5-Aminopyrazole was prepared according to the literature [43]. The
maleic anhydride (7.5 mmol) and 5-aminopyrazole (5 mmol) were dissolved in 10 mL
CHCI3, stirred for 10 h and the solid (maleimide acid) precipitated from the reaction
mixture was filtered. Maleimide acid was dissolved in 20 mL acetic anhydride and 200 mg
sodium acetate was added. The mixture was heated at 85 °C and stirred for 4 h. The reaction
was cooled and quenched with water, then the mixture was filtered, quenched with water
and extracted with ethyl acetate. The organic phase was separated, washed with water
and dried over NaySO4. The product was purified by silica gel column chromatography
with a mixture of petroleum ether and ethyl acetate (10:1) as eluent. The target compound
2(0.96 g, 65 %) was obtained as a solid.

1-(1-(tert-butyl)-3-phenyl-1H-pyrazol-5-yl)-1H-pyrrole-2,5-dione (2a)

This compound was prepared according to the procedure within 15 h as a white solid
(960 mg, 65% yield, Petroleum ether/EtOAc = 10/1 as the eluent), mp 154.1-154.9 °C. H
NMR (600 MHz, Chloroform-d) &: 7.80-7.75 (m, 2H), 7.38 (dd, ] = 7.5 Hz, 2H), 7.31-7.27 (m,
1H), 6.92 (d, ] = 3.4 Hz, 2H), 6.47 (s, 1H), 1.59 (s, 9H). 13C NMR (101 MHz, CDCl3) é: 169.10,
148.85, 135.29, 133.38, 128.54, 127.99, 127.71, 125.45, 104.50, 61.24, 29.90. HRMS (m/z): Calcd
for C17H18N302, [M + H]+, 296.1394, found: 296.1392.

1-(1-isopropyl-3-phenyl-1H-pyrazol-5-yl)-1H-pyrrole-2,5-dione (2b)

This compound was prepared according to the procedure within 15 h as a white solid
(300 mg, 60% yield, Petroleum ether/EtOAc = 10/1 as the eluent), mp 115.1-115.9 °C. 'H
NMR (400 MHz, Chloroform-d) 6: 7.84-7.76 (m, 2H), 7.38 (dd, ] = 7.5 Hz, 2H), 7.33-7.26 (m,
1H), 6.90 (d, | = 1.8 Hz, 2H), 6.48 (s, 1H), 4.14 (h, | = 6.6 Hz, 1H), 1.50 (d, ] = 6.6 Hz, 6H).
13C NMR (101 MHz, CDCl) &: 168.48, 150.58, 135.04, 133.47, 128.57, 127.78, 125.56, 101.61,
50.35, 22.63. HRMS (m/z): Calcd for C16H16N302, [M + H]+, 282.1237, found: 282.1240.

1-(1,3-diphenyl-1H-pyrazol-5-yl)-1H-pyrrole-2,5-dione (2c)

This was prepared according to the procedure within 15 h as a white solid (200 mg, 40%
yield, Petroleum ether/EtOAc = 10/1 as the eluent), mp 108.1-108.9 °C. TH NMR (400 MHz,
Chloroform-d) &: 7.90-7.83 (m, 2H), 7.46-7.34 (m, 8H), 6.81 (s, 2H), 6.76 (s, 1H). 1*C NMR
(101 MHz, CDCl3) 6: 168.11, 152.02, 138.22, 134.94, 132.60, 129.54, 129.38, 128.69, 128.65,
128.36, 125.76, 124.51, 104.10. HRMS (m/z): Calcd for C19H14N30,, [M + HJ*, 316.1081,
found: 316.1080.

1-(1-cyclohexyl-3-phenyl-1H-pyrazol-5-yl)-1H-pyrrole-2,5-dione (2d)

This was prepared according to the procedure within 15 h as a white solid (400 mg, 50%
yield, Petroleum ether/EtOAc =10/1 as the eluent), mp 105.1-105.9 °C. H NMR (400 MHz,
Chloroform-d) 6: 7.79 (d, ] = 7.6 Hz, 2H), 7.38 (t, | = 7.5 Hz, 2H), 7.30 (d, ] = 7.3 Hz, 1H), 6.93
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(s,2H), 6.47 (s, 1H), 3.67 (tt, ] = 10.9, 4.5 Hz, 1H), 2.16-1.79 (m, 7H), 1.74-1.62 (m, 1H), 1.31
(d, ] = 11.7 Hz, 3H). 3C NMR (101 MHz, CDCl3) &: 168.51, 150.45, 135.05, 133.48, 128.54,
127.97,127.72,125.57,101.51, 58.04, 32.91, 25.65, 25.12. HRMS (m/z): Calcd for C19H9N3O;,
[M + H]*, 322.1550, found: 322.1551.
1-(1-(tert-butyl)-3-(3-chlorophenyl)-1H-pyrazol-5-yl)-1H-pyrrole-2,5-dione (2e)

This was prepared according to the procedure within 15 h as an orange solid (600 mg,
52% yield, Petroleum ether/EtOAc = 10/1 as the eluent), mp 140.1-140.9 °C. IH NMR
(400 MHz, Chloroform-d) 6: 7.79 (s, 1H), 7.63 (dt, ] = 7.5, 1.5 Hz, 1H), 7.33-7.25 (m, 2H), 6.94
(d, J = 0.9 Hz, 2H), 6.46 (s, 1H), 1.58 (s, 9H). 3C NMR (101 MHz, CDCl3) 5: 168.99, 147.50,
135.32, 135.17, 134.51, 129.81, 128.25, 127.66, 125.46, 123.55, 104.70, 61.52, 29.87. HRMS
(m/z): Caled for C17H17CIN3O,, [M + H]*, 330.1004, found: 330.0999.

1-(1-(tert-butyl)-3-(3-(trifluoromethyl)phenyl)-1H-pyrazol-5-yl)-1H-pyrrole-2,5-dione (2f)

This was prepared according to the procedure within 15 h as a white solid (400 mg,
53% yield, Petroleum ether/EtOAc = 10/1 as the eluent), mp 146.1-146.9 °C. 'H NMR
(400 MHz, Chloroform-d) 6: 8.03 (d, ] = 2.2 Hz, 1H), 7.97-7.93 (m, 1H), 7.56-7.47 (m, 2H),
6.95 (s, 2H), 6.52 (s, 1H), 1.60 (s, 9H). 1*C NMR (101 MHz, CDCl3) 6: 168.98, 147.46, 135.34,
134.15, 131.08, 130.76, 128.99, 128.57, 128.41, 125.60, 124.25 (d, ] = 4.04 Hz), 122.89, 122.21
(d, ] = 4.04 Hz), 104.73, 61.62, 29.87. '’F NMR (565 MHz, CDCl3) &: —62.66. HRMS (m/z):
Calcd for C18H17F3N302, [M + H]+, 364.1267, found: 364.1267.

1-(1-(tert-butyl)-3-(3-methoxyphenyl)-1H-pyrazol-5-yl)-1H-pyrrole-2,5-dione (2g)

This was prepared according to the procedure within 15 h as a white solid (300 mg,
50% yield, Petroleum ether/EtOAc = 10/1 as the eluent), mp 103.1-103.9 °C. IH NMR
(400 MHz, Chloroform-d) &: 7.35 (s, 2H), 7.31 (s, 1H), 6.91 (s, 2H), 6.84 (s, 1H), 6.45 (s,
1H), 3.85 (s, 3H), 1.58 (s, 9H). 13C NMR (101 MHz, CDCl3) &: 169.10, 159.84, 135.29, 134.77,
129.58, 127.99, 118.11, 113.44, 110.83, 104.69, 61.28, 55.65, 29.89. HRMS (m/z): Calcd for
Ci18H29N303, [M + HJ*, 326.1499, found: 326.1498.

1-(1-(tert-butyl)-3-(4-fluorophenyl)-1H-pyrazol-5-yl)-1H-pyrrole-2,5-dione (2h)

This was prepared according to the procedure within 15 h as a white solid (500 mg,
55% yield, Petroleum ether/EtOAc = 10/1 as the eluent), mp 166.1-166.9 °C. 'TH NMR
(400 MHz, Chloroform-d) &: 7.77-7.72 (m, 2H), 7.09-7.04 (m, 2H), 6.94 (s, 2H), 6.42 (s,
1H), 1.58 (s, 9H). 13C NMR (101 MHz, CDCl3) &: 169.06, 162.6 (d, ] = 246.4 Hz), 148.01,
135.31, 129.63, 129.60, 128.10, 127.15, 127.07, 115.53, 115.32, 104.27, 61.29, 29.88. 1°F NMR
(376 MHz, CDCl3) 6: —114.71. HRMS (m/z): Caled for C17H;7FN3O,, [M + H]*, 314.1299,
found: 314.1298.

1-(1-(tert-butyl)-3-(4-chlorophenyl)-1H-pyrazol-5-yl)-1H-pyrrole-2,5-dione (2i)

This was prepared according to the procedure within 15 h as an orange solid (500 mg,
55% yield, Petroleum ether/EtOAc = 10/1 as the eluent), mp 155.1-155.9 °C. 'H NMR
(400 MHz, Chloroform-d) &: 7.72 (s, 2H), 7.35 (s, 2H), 6.93 (s, 2H), 6.44 (s, 1H), 1.58 (s,
9H). 13C NMR (101 MHz, CDCl3) &: 169.04, 147.76, 135.32, 133.39, 131.91, 128.71, 128.20,
126.70, 104.48, 61.43, 29.87. HRMS (m/z): Calcd for C1;H;;CIN3O,, [M + HJ*, 330.1004,
found: 330.1003.

1-(3-(4-bromophenyl)-1-(tert-butyl)-1H-pyrazol-5-yl)-1H-pyrrole-2,5-dione (2j)

This was prepared according to the procedure within 15 h as a white solid (400 mg,
58% yield, Petroleum ether/EtOAc = 10/1 as the eluent), mp 164.1-164.9 °C. 'H NMR
(400 MHz, Chloroform-d) 6: 7.67 (d, ] = 8.6 Hz, 2H), 7.52 (d, ] = 8.6 Hz, 2H), 6.97 (s, 2H),
6.47 (s, 1H), 1.60 (s, 9H). '3C NMR (101 MHz, CDCl3) &: 169.02, 147.77, 135.32, 132.35,
131.64, 128.20, 127.00, 121.59, 104.47, 61.45, 29.87. HRMS (m/z): Calcd for C17H;7BrN3O,,
[M + HJ*, 374.0499, found: 374.0496.

1-(1-(tert-butyl)-3-(p-tolyl)-1H-pyrazol-5-yl)-1H-pyrrole-2,5-dione (2k)

This was prepared according to the procedure within 15 h as a white solid (400 mg,
48% yield, Petroleum ether/EtOAc = 10/1 as the eluent), mp 176.1-176.9 °C. 'H NMR
(400 MHz, Chloroform-d) é: 7.65 (s, 2H), 7.17 (s, 2H), 6.91 (s, 2H), 6.42 (s, 1H), 2.36 (s, 3H),
1.55 (s, 9H). 1*C NMR (101 MHz, CDCl3) &: 169.14, 148.95, 137.38, 135.28, 130.63, 129.22,
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127.85,125.36, 104.27, 61.12,29.90. HRMS (m/z): Calcd for C;gHyoN305, [M + H]*, 310.1550,
found: 310.1551.

3.3. Procedure for the Synthesis of Compounds 3

In a reaction tube, pyrazol-5-ones 1 (0.24 mmol), pyrazole-maleimide 2 (0.20 mmol)
and catalyst C10 (0.02 mmol) were added into toluene (4 mL). The reaction solution was
stirred at 25 °C. After the reaction was complete (monitored by TLC), the crude product
was purified by column chromatography (ethyl acetate/petroleum ether =1/10 to 1/3) on
silica gel to produce the product 3.

(5)-3-((R)-4-benzyl-5-oxo-1,3-diphenyl-4,5-dihydro-1H-pyrazol-4-yl)-1-(1-(tert-butyl)-3-phenyl-
1H-pyrazol-5-yl)pyrrolidine-2,5-dione (3aa)

This was prepared according to the procedure within 1 h as a white solid (121.8 mg,
98% yield, dr = 1:1). mp 127.1-127.9 °C; [a}g = —33.206 (c 0.52, CH,Cl,); "H NMR (400 MHz,
Chloroform-d) 6: 8.00 (dq, ] = 6.7, 2.6, 1.6 Hz, 4H), 7.69-7 .48 (m, 15H), 7.40-7.28 (m, 9H),
7.23-7.16 (m, 2H), 7.12-7.01 (m, 10H), 6.29 (s, 1H), 5.50 (s, 1H), 422 (dd, | = 17.6, 7.4 Hz,
2H),3.99(dd, ] =9.3,7.4 Hz, 1H), 3.76 (dd, ] = 9.4, 5.5 Hz, 1H), 3.61 (dd, ] = 19.5, 13.5 Hz,
2H), 3.50 (d, ] = 13.2 Hz, 1H), 3.18 (dd, ] = 17.8, 9.4 Hz, 1H), 3.01 (dd, ] = 18.6, 9.7 Hz, 1H),
2.78 (s, 1H), 1.53 (s, 9H), 1.38 (s, 9H). 13C NMR (151 MHz, CDCl3) &: 174.89, 173.87, 173.72,
173.43, 173.07, 158.07, 157.37, 148.93, 148.66, 137.00, 136.82, 133.31, 133.24, 132.50, 131.10,
131.02, 130.99, 130.71, 129.42, 129.36, 129.35, 129.17, 128.99, 128.79, 128.71, 128.49, 128.47,
128.44, 128.39, 127.95, 127.79, 127.69, 127.61, 127.00, 126.29, 126.05, 125.40, 125.34, 120.04,
119.89, 103.68, 61.50, 57.13, 44.93, 43.58, 41.24, 40.02, 31.06, 30.04, 29.81, 29.69. HRMS (ESI)
m/z Caled for C39HzsN5O3, [M + H]*, 622.2813, found: 622.2806. Enantiomeric excess was
determined to be 99% (determined by HPLC using chiral IB-H column, hexane/2-propanol
=7/3, =254 nm, 25 °C, 0.8 mL/min, tmajor = 21.9 min, tminor = 16.6 min).

(5)-3-((R)-4-benzyl-5-oxo-1-phenyl-3-(o-tolyl)-4,5-dihydro-1H-pyrazol-4-yl)-1-(1-(tert-butyl)-
3-phenyl-1H-pyrazol-5-yl)pyrrolidine-2,5-dione (3ba)

This was prepared according to the procedure within 1.2 h as a white solid (125.8 mg,
99% yield, dr = 1:1), mp 108.1-108.9 °C; [zx]g = —35.030 (c 0.33, CH,Cl,). "H NMR (400 MHz,
Chloroform-d) é: 7.83 (d, ] = 11.5 Hz, 2H), 7.77 (q, ] = 3.5 Hz, 2H), 7.69-7.61 (m, 6H), 7.58 (d,
] = 8.0 Hz, 2H), 7.46-7.41 (m, 2H), 7.41-7.26 (m, 12H), 7.22-7.15 (m, 2H), 7.08 (d, ] = 6.9 Hz,
8H), 7.03 (dd, | = 7.8, 1.8 Hz, 2H), 6.29 (s, 1H), 5.51 (s, 1H), 4.31-4.13 (m, 2H), 3.98 (dd,
]=9.3,7.4Hz, 1H), 3.75 (dd, ] = 9.4, 5.4 Hz, 1H), 3.60 (dd, ] = 26.7, 13.5 Hz, 2H), 3.48 (d,
J=13.2Hz, 1H), 3.18 (dd, ] = 17.8, 9.4 Hz, 1H), 2.99 (dd, ] = 18.6,9.7 Hz, 1H), 2.66 (d, ] =
58.4 Hz, 1H), 2.43 (s, 6H), 1.38 (s, 9H). 13C NMR (101 MHz, CDCls) 6: 173.89, 173.75, 173.46,
173.08, 158.23, 157.50, 148.90, 148.64, 139.37, 139.09, 137.00, 136.83, 133.39, 133.33, 133.27,
132.55, 131.90, 131.63, 130.98, 130.89, 129.39, 129.26, 128.97, 128.88, 128.81, 128.70, 128.50,
128.46, 128.41, 128.37, 128.17, 127.93, 127.75, 127.68, 127.60, 126.27, 126.03, 125.39, 125.26,
124.66, 123.88, 120.09, 119.94, 103.70, 103.63, 61.50, 57.14, 44.95, 43.55, 41.28, 40.04, 31.10,
30.07,29.81, 29.70, 21.68, 21.65. HRMS (ESI) m/z Calcd for C4H3sN503, [M + H]*, 636.2969,
found: 636.2972. Enantiomeric excess was determined to be 98% (determined by HPLC
using chiral OD-H column, hexane/2-propanol = 7/3, A = 254 nm, 25 °C, 0.8 mL/min,
tmajor = 25.1 min, tminor = 12.1 min).

(5)-3-((R)-4-benzyl-5-oxo-1-phenyl-3-(m-tolyl)-4,5-dihydro-1H-pyrazol-4-yl)-1-(1-(tert-butyl)-
3-phenyl-1H-pyrazol-5-yl)pyrrolidine-2,5-dione (3ca)

This was prepared according to the procedure within 1.2 h as a white solid (125.8 mg,
99% yield, dr = 1:1), mp 109.1-109.9 °C; [«]{] = —33.491 (¢ 0.42, CH,Cl,). "H NMR (400 MHz,
Chloroform-d) é: 7.85 (s, 1H), 7.82 (s, 1H), 7.78 (d, ] = 7.2 Hz, 2H), 7.68 (d, ] = 1.5 Hz, 1H),
7.67-7.61 (m, 5H), 7.60-7.55 (m, 2H), 7.43 (dd, | = 12.2, 6.9 Hz, 3H), 7.40-7.27 (m, 11H),
7.23-7.16 (m, 2H), 7.09 (d, ] = 5.6 Hz, 8H), 7.04 (dd, ] = 7.7, 1.9 Hz, 2H), 6.29 (d, ] = 1.0 Hz,
1H), 5.50 (s, 1H), 4.31-4.15 (m, 2H), 3.99 (dd, ] =9.3, 7.5 Hz, 1H), 3.75 (dd, ] = 9.5, 5.4 Hz,
1H), 3.65 (d, ] = 13.2 Hz, 1H), 3.57 (d, ] =13.8 Hz, 1H), 3.49 (d, | = 13.2 Hz, 1H), 3.19 (dd, ] =
17.8,9.4 Hz, 1H), 3.00 (dd, ] = 18.6, 9.7 Hz, 1H), 2.66 (d, ] = 49.9 Hz, 1H), 2.44 (s, 6H), 1.54 (s,
9H), 1.38 (d, ] = 1.0 Hz, 9H). '3C NMR (101 MHz, CDCl3) é: 174.94, 173.90, 173.76, 173.46,
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173.11, 173.08, 158.23, 157.51, 148.90, 148.65, 139.37, 139.09, 137.00, 136.82, 133.39, 133.33,
133.26, 132.55, 131.90, 131.63, 130.98, 130.89, 129.39, 129.26, 128.97, 128.88, 128.81, 128.70,
128.50, 128.47,128.41, 128.37, 128.17, 127.93, 127.75, 127.69, 127.61, 126.28, 126.04, 125.40,
125.27, 124.66, 123.88, 120.09, 119.94, 103.70, 103.63, 61.50, 57.14, 44.95, 43.55, 41.28, 40.04,
31.10, 30.07, 29.81, 29.70, 21.65. HRMS (ESI) m/z Caled for C49H3sN503, [M + H]*, 636.2969,
found: 636.2974. Enantiomeric excess was determined to be 99% (determined by HPLC
using chiral OD-H column, hexane/2-propanol = 7/3, A = 254 nm, 25 °C, 0.8 mL/min,
tmajor = 22.5 min, tminor = 12.1 min).

(5)-3-((R)-4-benzyl-5-0xo-1-phenyl-3-(p-tolyl)-4,5-dihydro-1H-pyrazol-4-yl)-1-(1-(tert-butyl)-
3-phenyl-1H-pyrazol-5-yl)pyrrolidine-2,5-dione (3da)

This was prepared according to the procedure within 1.2 h as a white solid (125.8 mg,
99% yield, dr = 1:1), mp 127.1-127.9 °C; [zx]lD7 = —61.572(c 0.23, CH,Cl,). '"H NMR (400 MHz,
Chloroform-d) 6: 7.89 (dd, ] = 8.0 Hz, 4H), 7.68-7.56 (m, 9H), 7.39-7.28 (m, 14H), 7.19 (dd,
J=16.7,82Hz, 2H), 7.09 (d, ] = 6.7 Hz, 8H), 7.06-7.01 (m, 2H), 6.28 (s, 1H), 5.48 (s, 1H),
420 (d, ] =26.5 Hz, 2H), 3.97 (dd, ] =9.3, 7.4 Hz, 1H), 3.74 (dd, ] = 9.7, 5.2 Hz, 1H), 3.61
(dd, J=27.2,13.5 Hz, 2H), 3.49 (d, ] = 13.2 Hz, 1H), 3.17 (dd, | = 17.8, 9.4 Hz, 1H), 2.99
(dd, J =18.6,9.7 Hz, 1H), 2.63 (d, ] = 27.3 Hz, 1H), 2.50 (s, 3H), 2.44 (s, 3H), 1.38 (s, 9H).
13C NMR (101 MHz, CDCl3) &: 174.98, 173.84, 173.76, 173.38, 173.08, 173.01, 158.07, 157.37,
148.92, 148.63, 141.58, 141.11, 137.03, 136.86, 133.46, 133.33, 133.26, 132.59, 130.09, 129.89,
129.37, 128.95, 128.80, 128.67, 128.48, 128.45, 128.40, 128.35, 128.32, 128.20, 127.89, 127.71,
127.58,126.90, 126.21, 125.96, 125.38, 125.36, 120.04, 119.87, 103.68, 103.66, 61.51, 61.48, 57.15,
44.97,43.50, 41.21, 39.88, 31.12, 30.07, 29.80, 29.67, 21.62, 21.55. HRMS (ESI) m/z Calcd for
C40H33N503, [M + HJ*, 636.2969, found: 636.2979. Enantiomeric excess was determined
to be 98% (determined by HPLC using chiral OD-H column, hexane/2-propanol = 7/3,
A =254 nm, 25 °C, 0.8 mL/min, tmajor = 25.3 min, tminor = 12.1 min).

(5)-3-((R)-4-benzyl-3-(naphthalen-2-yl)-5-oxo-1-phenyl-4,5-dihydro-1H-pyrazol-4-yl)-1-(1-(tert-
butyl)-3-phenyl-1H-pyrazol-5-yl)pyrrolidine-2,5-dione (3ea)

This was prepared according to the procedure within 2.5 h as a white solid (106.1 mg,
79% yield, dr = 1:1), mp 110.1-110.9 °C; [a]g = —46.491 (¢ 0.79, CH,Cl,). "H NMR (400 MHz,
Chloroform-d) é: 8.42 (d, ] = 2.3 Hz, 1H), 8.39 (s, 1H), 8.20-8.12 (m, 3H), 8.00-7.92 (m, 7H),
7.91-7.85 (m, 1H), 7.72-7.61 (m, 9H), 7.61-7.51 (m, 4H), 7.37 (dt, | = 15.5, 7.6 Hz, 5H),
7.32-7.17 (m, 15H), 7.15-7.01 (m, 13H), 6.26 (d, ] = 2.0 Hz, 1H), 4.95 (s, 1H), 4.47 (s, 1H),
4.20 (dd, ] =10.1, 5.1 Hz, 1H), 411 (t, ] = 8.2 Hz, 1H), 3.81 (q, | = 6.2, 5.6 Hz, 2H), 3.66
(dd, ] =13.9, 1.6 Hz, 1H), 3.56 (d, ] = 13.2 Hz, 1H), 3.22 (dd, ] = 17.6, 9.1 Hz, 1H), 3.00
(dd, ] = 18.7,9.8 Hz, 1H), 2.47 (s, 1H), 1.52 (d, ] = 1.2 Hz, 9H), 1.35 (d, ] = 2.1 Hz, 9H). 13C
NMR (151 MHz, CDCI3) ¢: 175.41, 173.92, 173.74, 173.51, 173.14, 173.03, 157.91, 157.12,
148.68, 137.00, 136.82, 134.37, 134.28, 133.50, 133.29, 132.95, 132.92, 132.85, 132.56, 129.43,
129.39, 129.29, 129.23, 129.04, 128.77, 128.71, 128.46, 128.43, 128.40, 128.23, 128.15, 128.04,
128.00, 127.97,127.76, 127.67, 127.60, 127.48, 127.05, 126.56, 126.40, 126.16, 125.38, 125.28,
124.13, 124.04, 120.13, 119.97, 103.66, 103.58, 61.49, 57.31, 45.19, 43.54, 41.45, 40.11, 31.21,
30.12, 29.82, 29.65. HRMS (ESI) m/z Caled for C43H33N503, [M + HJ*, 672.2969, found:
672.2976. Enantiomeric excess was determined to be 98% (determined by HPLC using
chiral OD-H-AD-H column, hexane/2-propanol = 7/3, A = 254 nm, 25 °C, 0.6 mL/min,
tmajor = 61.0 min, tminor = 34.0 min).

(5)-3-((R)-4-benzyl-5-oxo-1-phenyl-3-(thiophen-2-yl)-4,5-dihydro-1H-pyrazol-4-yl)-1-(1-(tert-
butyl)-3-phenyl-1H-pyrazol-5-yl)pyrrolidine-2,56-dione (3fa)

This was prepared according to the procedure within 1.1 h as a white solid (124.2 mg,
99% yield, dr = 1:1), mp 120.1-120.9 °C; [«]{] = —35.474 (¢ 0.65, CH,Cl,). "H NMR (400 MHz,
Chloroform-d) &: 7.64 (ddd, | = 19.8, 10.9, 7.0 Hz, 9H), 7.53 (dd, ] = 10.3, 6.5 Hz, 3H),
7.39-7.28 (m, 9H), 7.25-7.17 (m, 4H), 7.16-7.00 (m, 11H), 6.33 (s, 1H), 5.80 (s, 1H), 4.09 (d,
] = 28.1 Hz, 2H), 4.00-3.94 (m, 1H), 3.77 (dd, | = 9.4, 5.6 Hz, 1H), 3.59-3.51 (m, 2H), 3.47
(d, ] =13.1 Hz, 1H), 3.19 (dd, ] = 17.8, 9.3 Hz, 1H), 3.03 (dd, | = 18.5, 9.6 Hz, 1H), 2.79
(s, 1H), 1.57 (s, 9H), 1.38 (s, 9H). '3C NMR (101 MHz, CDCl3) &: 173.69, 173.56, 172.98,
172.69, 172.39, 154.24, 149.01, 148.68, 136.79, 136.61, 134.42, 134.31, 133.30, 133.21, 132.36,
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129.63, 129.46, 129.40, 128.96, 128.92, 128.70, 128.50, 128.46, 128.44, 128.24, 127.97, 127 91,
127.78, 127.72, 127.61, 127.39, 126.33, 126.10, 125.39, 125.35, 120.08, 119.96, 103.67, 61.59,
61.51,45.35,41.07, 39.72, 31.05, 30.11, 29.83, 29.65. HRMS (ESI) m/z Calcd for C3;H34N503S,
[M + HJ*, 628.2377, found: 628.2387. Enantiomeric excess was determined to be 99%
(determined by HPLC using chiral OD-H column, hexane/2-propanol = 8/2, A = 254 nm,
25°C, 0.8 mL/min, tmajor = 32.4 min, tminor = 21.3 min).

(5)-3-((R)-4-benzyl-3-methyl-5-0x0-1-phenyl-4,5-dihydro-1H-pyrazol-4-yl)-1-(1-(tert-butyl)-
3-phenyl-1H-pyrazol-5-yl)pyrrolidine-2,5-dione (3ga)

This was prepared according to the procedure within 1.1 h as a white solid (108.5mg,
97% yield, dr = 1:1), mp 124.1-124.9 °C; [a]g = 80.357 (c 0.45, CH,Cly). '"H NMR (400 MHz,
Chloroform-d) 6: 7.75-7.70 (m, 2H), 7.66-7.61 (m, 2H), 7.61-7.56 (m, 2H), 7.53-7.48 (m, 2H),
7.38-7.26 (m, 10H), 7.21-7.08 (m, 12H), 6.38 (s, 1H), 6.18 (s, 1H), 4.17 (dd, ] = 18.1, 6.8 Hz,
1H), 3.56-3.35 (m, 4H), 3.28 (t, ] = 14.2 Hz, 2H), 3.13-3.03 (m, 2H), 3.02-2.96 (m, 1H), 2.28 (s,
3H), 2.26 (s, 3H), 1.58 (s, 7H), 1.38 (s, 9H). 1*C NMR (101 MHz, CDCl3) §: 174.51, 174.00,
173.76,173.29, 172.63, 172.49, 160.48, 159.29, 149.12, 148.67, 137.04, 136.92, 133.30, 133.14,
133.09, 132.60, 129.20, 129.13, 128.93, 128.91, 128.85, 128.74, 128.70, 128.66, 128.61, 128.53,
128.47,128.02, 127.92, 127.75, 127.69, 127.25, 125.91, 125.70, 125.43, 125.41, 125.12, 119.63,
119.07, 103.61, 103.51, 61.59, 61.52, 59.86, 57.34, 53.71, 44.04, 43.24, 40.46, 39.44, 33.77, 30.78,
29.87,29.68, 29.61, 15.32, 14.71. HRMS (ESI) m/z Calcd for C34H34N503, [M + H]*, 560.2656,
found: 560.2659. Enantiomeric excess was determined to be 99% (determined by HPLC
using chiral IA-H-OD-H column, hexane/2-propanol = 8/2, A = 254 nm, 25 °C, 0.6 mL/min,
tmajor = 113.3 min, tminor = 71.1 min).

(S)-1-(1-(tert-butyl)-3-phenyl-1H-pyrazol-5-yl)-3-((R)-4-(2-fluorobenzyl)-5-oxo-1,3-diphenyl-
4,5-dihydro-1H-pyrazol-4-yl)pyrrolidine-2,5-dione (3ha)

This was prepared according to the procedure within 1.5 h as a white solid (126.6 mg,
99% yield, dr = 1:1), mp 113.1-113.9 °C; [«] ] = —42.005 (c 0.89, CH,Cl,). "H NMR (400 MHz,
Chloroform-d) 8: 7.99-7.93 (m, 4H), 7.76-7.71 (m, 2H), 7.67 (ddd, ] = 8.1, 3.3, 1.2 Hz, 4H),
7.64-7.55 (m, 4H), 7.55-7.44 (m, 5H), 7.42-7.28 (m, 9H), 7.23-7.03 (m, 6H), 6.92-6.81 (m,
4H), 6.28 (s, 1H), 5.54 (s, 1H), 4.36-4.14 (m, 2H), 4.02 (dd, ] = 9.3, 7.4 Hz, 1H), 3.81-3.71
(m, 2H), 3.66 (d, | = 14.2 Hz, 1H), 3.52 (d, | = 13.7 Hz, 1H), 3.18 (dd, | = 17.8, 9.4 Hz, 1H),
2.99 (dd, ] = 18.5,9.7 Hz, 1H), 2.82 (s, 1H), 1.52 (s, 9H), 1.38 (s, 9H). 1*C NMR (151 MHz,
CDCls) 6: 174.85, 173.83, 173.72, 173.42, 173.01, 172.89, 161.74 (d, ] = 8.08 Hz), 160.14,
160.06, 158.39, 157.77, 148.94, 148.63, 137.06, 136.88, 133.29, 133.23, 131.29, 131.26, 131.20,
131.18, 131.02, 130.71, 130.64, 129.88, 129.83, 129.73, 129.67, 129.54, 129.28, 129.22, 129.08,
129.05, 128.93, 128.79, 128.50, 128.47, 128.40, 127.74, 127.69, 127.62, 127.09, 126.89, 126.27,
126.04, 125.39, 125.35, 124.15, 124.12, 124.08, 120.70, 120.60, 120.03, 119.93, 119.84, 119.78,
119.70, 115.69, 115.67, 115.53, 103.71, 61.50, 56.25, 49.45, 45.07, 44.90, 43.50, 33.77, 32.63,
31.04, 30.09, 29.81, 29.75, 29.69, 29.67, 17.67. YF NMR (376 MHz, CDCl3) &: —113.91,
—114.43. HRMS (ESI) m/z Caled for C39H35FN503, [M + H]*, 640.2718, found: 640.2726.
Enantiomeric excess was determined to be 94% (determined by HPLC using chiral OD-H
column, hexane/2-propanol =9/1, A = 254 nm, 25 °C, 0.8 mL/min, tmajor = 86.7 min, tminor
= 34.5 min).

(5)-3-((R)-4-(2-bromobenzyl)-5-0xo0-1,3-diphenyl-4,5-dihydro-1H-pyrazol-4-yl)-1-(1-(tert-butyl)-
3-phenyl-1H-pyrazol-5-yDpyrrolidine-2,5-dione (3ia)

This was prepared according to the procedure within 2 h as a white solid (137.1 mg,
98% yield, dr = 1:1), mp 125.1-125.9 °C; [a}g = —7.206 (c 0.68, CHCl,). "H NMR (400 MHz,
Chloroform-d) &: 7.99-7.95 (m, 2H), 7.93-7.89 (m, 2H), 7.87-7.82 (m, 2H), 7.78-7.73 (m, 2H),
7.69-7.65 (m, 2H), 7.63-7.58 (m, 3H), 7.55-7.41 (m, 10H), 7.40-7.35 (m, 3H), 7.34-7.30 (m,
2H), 7.29-7.26 (m, 2H), 7.23-7.19 (m, 2H), 7.07 (ddtd, ] = 28.0, 14.7, 7.3, 1.8 Hz, 6H), 6.29 (d,
J=29Hz, 1H), 5.37 (s, 1H), 4.26 (d, | = 7.9 Hz, 1H), 4.21-4.03 (m, 3H), 3.89 (d, ] = 14.4 Hz,
1H), 3.77 (q, ] = 7.1 Hz, 2H), 3.17 (dd, | = 17.5, 9.0 Hz, 1H), 2.97 (dd, ] = 18.6, 9.6 Hz, 1H),
2.72 (s, 1H), 1.53 (s, 9H), 1.33 (s, 9H). 13C NMR (151 MHz, CDCl) &: 173.73, 173.70, 172.98,
172.93, 172.27,158.50, 157.85, 148.93, 148.65, 137.16, 137.05, 133.55, 133.37, 133.29, 133.23,
132.93, 131.10, 130.80, 130.74, 130.71, 130.33, 129.95, 129.49, 129.37, 129.25, 129.13, 129.07,
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128.92, 128.84, 128.76, 128.69, 128.46, 128.30, 127.76, 127.67, 127.60, 127.56, 127.24, 126.23,
126.04, 125.77,125.40, 125.33, 119.77, 119.54, 103.65, 103.63, 61.49, 61.47, 56.05, 45.22, 39.18,
37.65, 30.88, 30.09, 29.82, 29.65. HRMS (ESI) m/z Calcd for C39H35BrNsO3, [M + HJ,
700.1918, found: 700.1926. Enantiomeric excess was determined to be 96% (determined
by HPLC using chiral OD-H column, hexane/2-propanol = 9/1, A = 254 nm, 25 °C, 0.8
mL/min, tmajor = 51.7 min, tminor = 37.6 min).

(S)-1-(1-(tert-butyl)-3-phenyl-1H-pyrazol-5-yl)-3-((R)-4-(2-nitrobenzyl)-5-oxo0-1,3-diphenyl-
4,5-dihydro-1H-pyrazol-4-yl)pyrrolidine-2,5-dione (3ja)

This was prepared according to the procedure within 1.2 h as a white solid (129.3 mg,
97% yield, dr = 1:1), mp 120.1-120.9 °C; [04]1137 = —42.404 (c 0.44, CH,Cl,). "H NMR (400 MHz,
Chloroform-d) 6: 7.97-7.89 (m, 5H), 7.78-7.72 (m, 3H), 7.68-7.64 (m, 4H), 7.63-7.59 (m, 3H),
7.55 (t, ] =7.6 Hz, 3H), 7.50 (dd, | = 5.2, 2.0 Hz, 4H), 7.47-7 41 (m, 2H), 7.40 (s, 1H), 7.39-7.33
(m, 6H), 7.32 (s, 1H), 7.31-7.26 (m, 4H), 7.22 (dd, ] = 5.6, 3.2 Hz, 3H), 6.27 (s, 1H), 5.37 (s, 1H),
443 (q,] =14.2Hz,2H),4.18 (d, ] = 14.1 Hz, 1H), 4.09 (q, ] = 4.4, 3.8 Hz, 2H), 4.06 (s, 1H),
3.73 (s, 1H), 3.24-3.12 (m, 1H), 2.93 (dd, ] = 18.6, 9.6 Hz, 1H), 2.61 (s, 1H), 1.52 (s, 9H), 1.31
(s, 9H). *C NMR (101 MHz, CDCl3) é: 174.87, 173.65, 173.42, 172.82, 172.12, 157.74, 157.28,
149.97, 148.93, 148.64, 136.88, 136.81, 133.27, 133.20, 133.03, 132.65, 132.32, 132.01, 131.27,
131.08, 130.42, 130.20, 129.54, 129.27, 129.09, 128.99, 128.91, 128.81, 128.72, 128.48, 128.44,
128.26, 127.78, 127.69, 127.60, 12743, 126.69, 126.32, 126.13, 125.46, 125.37, 125.32, 119.61,
119.55, 103.61, 61.52, 61.47, 56.51, 45.05, 35.22, 34.06, 30.89, 30.03, 29.80, 29.62. HRMS (ESI)
m/z Caled for C39H35N6Os, [M + H]*, 667.2663, found: 667.2673. Enantiomeric excess was
determined to be 86% (determined by HPLC using chiral IG-H column, hexane/2-propanol
=7/3, A =254 nm, 25 °C, 0.8 mL/min, tmajor = 55.8 min, tminor = 22.1 min).

(5)-1-(1-(tert-butyl)-3-phenyl-1H-pyrazol-5-yl)-3-((R)-4-(3-methylbenzyl)-5-oxo-1,3-diphenyl-
4,5-dihydro-1H-pyrazol-4-yl)pyrrolidine-2,5-dione (3ka)

This was prepared according to the procedure within 1 h as a white solid (120.7 mg,
95% yield, dr = 1:1), mp 109.1-109.9 °C; [zx]lD7 = —40.141 (c 0.14, CH,Cl,). '"H NMR (400 MHz,
Chloroform-d) 4: 8.04-7.97 (m, 4H), 7.71 (d, ] = 7.8 Hz, 4H), 7.66-7.52 (m, 10H), 7.38 (ddt,
J=165,12.1, 7.9 Hz, 9H), 7.26-7.20 (m, 2H), 7.03-6.80 (m, 9H), 6.33 (s, 1H), 5.55 (s, 1H),
4.32-4.12 (m, 2H), 4.02 (dd, | =9.4, 7.3 Hz, 1H), 3.85-3.75 (m, 1H), 3.60 (dd, ] = 13.5, 4.0 Hz,
2H), 3.51 (d, ] =13.2 Hz, 1H), 3.22 (dd, ] =17.8,9.4 Hz, 1H), 3.05 (dd, ] = 18.4, 9.6 Hz, 1H),
2.10 (d, ] = 8.6 Hz, 6H), 1.56 (s, 9H), 1.42 (s, 9H). '*C NMR (101 MHz, CDCl3) &: 173.90,
173.75,173.62,173.24, 158.24, 148.92, 148.64, 138.00, 137.01, 136.87, 133.17, 132.35, 131.15,
130.94, 130.65, 130.10, 129.32, 129.08, 128.95, 128.78, 128.69, 128.62, 128.46, 128.25, 128.20,
127.66, 127.59, 127.02, 126.27, 126.24, 126.02, 120.05, 119.87, 103.67, 61.48, 57.11, 44.90, 41.26,
31.07, 30.04, 29.80, 29.67, 21.16, 21.10. HRMS (ESI) m/z Caled for C4oH3sN503, [M + HJ*,
636.2969, found: 636.2976. Enantiomeric excess was determined to be 96% (determined by
HPLC using chiral IB-H column, hexane/2-propanol =4/1, A = 254 nm, 25 °C, 0.6 mL/min,
tmajor = 51.1 min, tminor = 41.1 min).

(S)-1-(1-(tert-butyl)-3-phenyl-1H-pyrazol-5-yl)-3-((R)-4-(4-methylbenzyl)-5-o0x0-1,3-diphenyl-
4,5-dihydro-1H-pyrazol-4-yl)pyrrolidine-2,5-dione (3la)

This was prepared according to the procedure within 1.5 h as a white solid (124.5 mg,
98% yield, dr = 1:1), mp 112.1-112.9 °C; [[a]g = —30.363 (c 0.85, CH,Cl,). 'H NMR
(400 MHz, Chloroform-d) &: 8.04-7.95 (m, 4H), 7.67 (ddd, ] = 8.1, 5.5, 1.2 Hz, 4H), 7.65-7.58
(m, 5H), 7.58-7.47 (m, 5H), 7.41-7.25 (m, 10H), 7.24-7.16 (m, 2H), 6.97 (d, ] = 7.8 Hz, 2H),
6.93-6.84 (m, 6H), 6.29 (s, 1H), 5.50 (s, 1H), 4.20 (dd, ] = 18.6, 6.7 Hz, 2H), 3.96 (dd, ] =9.3,7.3
Hz, 1H),3.74(dd, ] =9.3,5.5 Hz, 1H), 3.57 (dd, ] = 13.6, 10.3 Hz, 2H), 3.46 (d, ] = 13.3 Hz, 1H),
3.16 (dd, ] = 17.9, 9.4 Hz, 1H), 2.99 (dd, ] = 18.5, 9.7 Hz, 1H), 2.83 (s, 1H), 2.16 (d, ] = 2.5 Hz,
6H), 1.37 (s, 9H). 1*C NMR (101 MHz, CDCl3) &: 174.84, 173.87, 173.72, 173.55, 173.19,
173.09, 158.20, 157.51, 148.93, 148.65, 137.58, 137.39, 137.09, 136.93, 133.34, 133.27, 131.15,
131.04, 130.94, 130.65, 130.19, 129.40, 129.35, 129.19, 129.12, 129.07, 128.96, 128.82, 128.67,
128.46, 127.66, 127.60, 127.02, 126.23, 125.99, 125.39, 125.34, 120.07, 119.91, 103.67, 61.48,
57.20, 44.95, 43.63, 40.90, 39.63, 31.04, 30.02, 29.80, 29.67, 20.99. HRMS (ESI) m/z Calcd for
C40H3sN503, [M + H]*, 636.2969, found: 636.2976. Enantiomeric excess was determined to
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be 99% (determined by HPLC using chiral ID-H-OD-H column, hexane/2-propanol = 7/3,
A =254 nm, 25 °C, 0.8 mL/min, tmajor = 48.6 min, tminer = 31.9 min).

(S)-1-(1-(tert-butyl)-3-phenyl-1H-pyrazol-5-yl)-3-((R)-4-(4-methoxybenzyl)-5-0xo-1,3-diphenyl-
4,5-dihydro-1H-pyrazol-4-yl)pyrrolidine-2,5-dione (3ma)

This was prepared according to the procedure within 1.5 h as a white solid (129.0 mg,
99% yield, dr = 1:1), mp 112.1-112.9 °C; [oc]g = —29.344 (¢ 0.78, CH,Cl,). "H NMR (400 MHz,
Chloroform-d) &: 8.04-7.96 (m, 4H), 7.71-7.65 (m, 4H), 7.64-7.58 (m, 5H), 7.58-7.48 (m, 5H),
7.41-7.27 (m, 9H), 7.24-7.17 (m, 2H), 7.04-6.98 (m, 2H), 6.96-6.91 (m, 2H), 6.64-6.57 (m, 4H),
6.29 (s, 1H), 5.51 (s, 1H), 4.20 (dd, ] = 18.1, 7.4 Hz, 2H), 3.96 (dd, ] = 9.3, 7.3 Hz, 1H), 3.74 (dd,
J=9.0,5.8 Hz, 1H), 3.63 (d, | = 2.0 Hz, 6H), 3.56 (dd, ] = 18.2,13.7 Hz, 2H), 3.44 (d, ] = 13.3
Hz, 1H), 3.16 (dd, ] = 17.8, 9.4 Hz, 1H), 3.00 (dd, ] = 18.5, 9.6 Hz, 1H), 2.83 (s, 1H), 1.52 (s,
9H), 1.38 (s, 9H). 3C NMR (101 MHz, CDCl3) é: 174.85,173.91, 173.75,173.57,173.22, 173.11,
159.15, 159.02, 158.20, 157.51, 148.92, 148.65, 137.08, 136.91, 133.33, 133.25, 131.15, 131.04,
130.97, 130.67, 130.45, 129.39, 129.15, 128.98, 128.83, 128.70, 128.46, 127.67, 127.60, 127.56,
126.99, 126.24, 126.00, 125.39, 125.34, 125.23, 124.45, 120.02, 119.88, 113.81, 113.76, 103.67,
61.49, 57.30, 55.11, 44.88, 43.59, 40.52, 39.26, 31.04, 30.00, 29.80, 29.68. HRMS (ESI) m/z Calcd
for C49H3gN504, [M + HJ*, 652.2918, found: 652.2922. Enantiomeric excess was determined
to be 99% (determined by HPLC using chiral OD-H column, hexane/2-propanol =9/1, A =
254 nm, 25 °C, 0.8 mL/min, tmajor = 74.5 min, tminor = 51.3 min).

(5)-3-((R)-4-(3,5-bis(trifluoromethyl)benzyl)-5-oxo-1,3-diphenyl-4,5-dihydro-1H-pyrazol-4-yl)-1-
(1-(tert-butyl)-3-phenyl-1H-pyrazol-5-yl)pyrrolidine-2,5-dione (3na)

This was prepared according to the procedure within 2.5 h as a white solid (146.9 mg,
97% yield, dr = 1:1), mp 112.1-112.9 °C; [«]{} = 1.1617 (c 0.80, CH,Cl,). 'H NMR (400 MHz,
Chloroform-d) 6: 7.94 (d, ] = 7.4 Hz, 4H), 7.72-7.47 (m, 20H), 7.41-7.30 (m, 10H), 7.23 (d,
] =8.7 Hz,2H), 6.32 (s, 1H), 5.58 (s, 1H), 4.23 (s, 2H), 4.11 (t, ] =8.2Hz, 1H), 3.81 (t, ] = 7.3 Hz,
1H), 3.70 (dd, ] = 22.0, 13.6 Hz, 2H), 3.60 (d, ] = 13.1 Hz, 1H), 3.21 (dd, ] = 17.6, 9.1 Hz, 1H),
3.03 (dd, ] = 18.6,9.7 Hz, 1H), 2.78 (s, 1H), 1.56 (s, 9H), 1.35 (s, 9H). '3C NMR (151 MHz,
CDCly) &: 173.53, 173.32, 172.71, 172.68, 172.32, 157.34, 156.70, 148.97, 148.70, 136.49, 136.38,
135.93, 135.13, 133.21, 133.09, 131.96, 131.79, 131.74, 131.57, 131.52, 131.35, 131.29, 130.36
(d, J=14.14 Hz), 129.75, 129.62, 129.42, 129.10, 128.84, 128.63, 128.53, 128.50, 128.29, 127.78,
127.70, 127.13, 126.63, 126.60, 126.44, 125.51, 125.37, 125.30, 123.74, 123.69, 121.93, 121.89,
121.83,119.66, 119.48, 103.64, 103.59, 61.58, 61.53, 56.82, 44.86, 43.37, 40.35, 39.14, 30.90, 29.81,
29.77,29.62. °F NMR (376 MHz, CDCl3) §: —63.14, —63.17. HRMS (ESI) m/z Calcd for
C41H34F¢NsO3, [M + HJ*, 758.2560, found: 758.2570. Enantiomeric excess was determined
to be 95% (determined by HPLC using chiral OD-H column, hexane/2-propanol =9/1, A =
254 nm, 25 °C, 0.8 mL/min, tmajor = 41.5 min, tminor = 24.1 min).

(S)-1-(1-(tert-butyl)-3-phenyl-1H-pyrazol-5-yl)-3-((R)-4-(naphthalen-2-ylmethyl)-5-oxo0-1,3-
diphenyl-4,5-dihydro-1H-pyrazol-4-yl)pyrrolidine-2,5-dione (30a)

This was prepared according to the procedure within 4 h as a white solid (99.4 mg, 74%
yield, dr = 1:1), mp 116.1-116.9 °C; [a}g = —66.632 (c 0.96, CH,Cl,). 'H NMR (600 MHz,
Chloroform-d) &: 8.19 (d, ] = 8.3 Hz, 1H), 8.08-8.03 (m, 1H), 7.96-7.93 (m, 2H), 7.92-7.89 (m,
2H), 7.76-7.71 (m, 2H), 7.69-7.56 (m, 8H), 7.52-7.38 (m, 13H), 7.37-7.26 (m, 11H), 7.24-7.14
(m, 9H), 7.13-7.09 (m, 1H), 6.32 (s, 1H), 5.49 (s, 1H), 4.60 (s, 1H), 4.40 (s, 1H), 4.29 (d,
J=15.0Hz, 1H), 4.17 (dd, ] = 15.4, 6.8 Hz, 2H), 4.00-3.86 (m, 2H), 3.29 (dd, ] =17.9, 9.4
Hz, 1H), 3.04 (dd, ] = 18.9, 9.9 Hz, 1H), 2.88 (s, 1H), 1.56 (d, ] = 2.0 Hz, 9H), 1.34 (s, 9H).
13C NMR (101 MHz, Chloroform-d) &: 173.91, 173.71, 173.46, 173.02, 158.36, 148.97, 148.62,
136.74, 136.68, 133.82, 133.75, 133.33, 133.25, 131.82, 131.68, 131.31, 131.06, 130.97, 130.60,
129.91, 129.35, 129.06, 128.98, 128.88, 128.79, 128.73, 128.69, 128.54, 128.51, 128.45, 127.90,
127.66, 127.58, 127.04, 126.74, 126.17, 126.04, 125.97, 125.75, 125.70, 125.39, 125.34, 124.92,
124.76, 123.67, 123.50, 120.06, 119.71, 103.67, 103.63, 61.51, 61.47, 56.60, 45.40, 43.90, 36.34,
34.65, 31.09, 30.26, 29.84, 29.65. HRMS (ESI) m/z Caled for C43H33N503, [M + H]*, 672.2969,
found: 672.2981. Enantiomeric excess was determined to be 94% (determined by HPLC
using chiral IB-H column, hexane/2-propanol = 4/1, A = 254 nm, 25 °C, 0.8 mL/min, tmajor
=56.4 min, tpinor = 47.9 min).
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(5)-3-((R)-4-benzyl-5-oxo-1,3-diphenyl-4,5-dihydro-1H-pyrazol-4-yl)-1-(1-isopropyl-3-phenyl-
1H-pyrazol-5-yl)pyrrolidine-2,5-dione (3ab)

This was prepared according to the procedure within 1 h as a white solid (120.2 mg,
99% yield, dr > 20:1), mp 105.1-105.9 °C; [zx]g =9.067 (c 1.15, CH,CI2). 'H NMR (400 MHz,
Chloroform-d) &: 8.04-7.95 (m, 2H), 7.76-7.62 (m, 4H), 7.53 (dt, | = 5.3, 2.7 Hz, 3H), 7.34 (q,
J=74Hz, 4H),7.27 (d, ] = 1.4 Hz, 1H), 7.20 (dd, ] = 7.4 Hz, 1H), 7.15-7.01 (m, 5H), 6.17
(s, 1H), 3.94 (dd, ] =9.4, 5.7 Hz, 1H), 3.82 (s, 2H), 3.56 (d, ] = 13.4 Hz, 1H), 3.16 (dd, | =
18.3,9.7 Hz, 1H), 1.58 (s, 1H), 1.35 (d, | = 6.6 Hz, 3H), 1.10 (s, 3H). 13C NMR (101 MHz,
CDCly) &: 173.72,173.51, 172.82, 150.49, 136.88, 133.39, 132.76, 130.98, 130.85, 129.31, 129.21,
128.83, 128.49, 128.40, 128.12, 127.91, 127.68, 127.17, 126.14, 125.51, 119.77, 100.97, 50.25,
44.09, 40.68, 30.51, 22.49, 22.11. HRMS (ESI) m/z Calcd for C3sHz4N5O3, [M + HJ*, 608.2656,
found: 608.2666. Enantiomeric excess was determined to be 96% (determined by HPLC
using chiral OD-H column, hexane/2-propanol = 7/3, A = 254 nm, 25 °C, 0.8 mL/min,
tmajor = 25.3 min, tminor = 13.6 min).

(5)-3-((R)-4-benzyl-5-oxo-1,3-diphenyl-4,5-dihydro-1H-pyrazol-4-yl)-1-(1,3-diphenyl-1H-pyrazol-
5-yl)pyrrolidine-2,5-dione (3ac)

This was prepared according to the procedure within 1 h as a white solid (123.1 mg,
96% yield, dr > 20:1), mp 108.1-108.9 °C; [a]g =11.915 (¢ 1.13, CH,Cl,). 'H NMR (400 MHz,
Chloroform-d) &: 7.98-7.91 (m, 2H), 7.78-7.72 (m, 2H), 7.59-7.48 (m, 5H), 7.43-7.26 (m,
9H), 7.22 (d, ] = 11.9 Hz, 2H), 7.12-6.99 (m, 5H), 6.28 (s, 1H), 4.02-3.09 (m, 4H), 2.95 (dd,
J =18.1,9.4 Hz, 1H). *C NMR (101 MHz, CDCl3) é: 173.51, 173.01, 172.25, 157.43, 151.85,
137.82, 136.86, 132.51, 131.02, 130.82, 129.78, 129.42, 129.32, 129.25, 128.82, 128.64, 128.35,
128.32,127.84,127.19, 126.19, 125.68, 124.19, 120.15, 103.42, 44.16, 40.63, 30.50. HRMS (ESI)
m/z Caled for C41H3,N5O3, [M + H]*, 642.2500, found: 642.2507. Enantiomeric excess
was determined to be 99% (determined by HPLC using chiral OD-H column, hexane/2-
propanol =7/3, A =254 nm, 25 °C, 0.8 mL/min, tmajor = 33.7 min, tminer = 22.2 min).

(5)-3-((R)-4-benzyl-5-oxo0-1,3-diphenyl-4,5-dihydro-1H-pyrazol-4-yl)-1-(1-cyclohexyl-3-phenyl-1H-
pyrazol-5-yl)pyrrolidine-2,5-dione (3ad)

This was prepared according to the procedure within 1 h as a white solid (124.3 mg,
96% yield, dr > 20:1), mp 112.1-112.9 °C; [a]g =10.511 (c 1.05, CH,Cl,). 'H NMR (400 MHz,
Chloroform-d) 5: 7.99 (dd, ] = 6.6, 3.0 Hz, 2H), 7.71-7.65 (m, 2H), 7.63-7.57 (m, 2H), 7.56-7.49
(m, 3H), 7.33 (t,] =7.4 Hz, 4H), 7.27 (d, ] = 1.4 Hz, 1H), 7.18 (dd, ] = 7.4 Hz, 1H), 7.09 (q,
] =5.0,3.3 Hz, 5H), 6.16 (s, 1H), 3.96 (t, ] = 7.9 Hz, 1H), 3.78 (s, 1H), 3.55 (d, ] = 13.3 Hz, 1H),
3.47(dt, ] =11.3,6.7 Hz, 1H), 3.17 (dd, ] = 18.2,9.6 Hz, 1H), 1.87 (q, ] = 6.6 Hz, 4H), 1.56-0.76
(m, 6H). I3C NMR (151 MHz, CDCl3) &: 173.86, 172.95, 157.77, 150.33, 136.82, 133.41, 130.97,
130.82, 129.36, 129.25, 128.81, 128.51, 128.39, 128.25, 127.95, 127.67, 127.10, 126.24, 125.52,
120.25, 100.94, 57.88, 44.11, 40.89, 32.82, 32.72, 30.52, 25.39, 25.07. HRMS (ESI) m/z Calcd for
C41H3gN503, [M + H]*, 648.2969, found: 648.2978. Enantiomeric excess was determined
to be 96% (determined by HPLC using chiral OD-H column, hexane/2-propanol =7/3,
A =254 nm, 25 °C, 0.8 mL/min, tmajor = 20.6 min, tminer = 11.3 min).

(5)-3-((R)-4-benzyl-5-0x0-1,3-diphenyl-4,5-dihydro-1H-pyrazol-4-yl)-1-(1-(tert-butyl)-3-(3-c-
hlorophenyl)-1H-pyrazol-5-ypyrrolidine-2,5-dione (3ae)

This was prepared according to the procedure within 1.1 h as a white solid (123.2 mg,
94% yield, dr = 1:1), mp 120.1-120.9 °C; [zx]lD7 = —17.123 (¢ 0.22, CH,Cl,). '"H NMR (400 MHz,
Chloroform-d) &: 8.03-7.97 (m, 4H), 7.71-7.45 (m, 15H), 7.42-7.27 (m, 5H), 7.24-7.16 (m,
4H), 7.13-7.05 (m, 8H), 7.04-7.00 (m, 2H), 6.28 (s, 1H), 5.45 (s, 1H), 4.23 (d, ] = 26.3 Hz,
2H), 4.00 (dd, ] = 9.4, 7.4 Hz, 1H), 3.80-3.74 (m, 1H), 3.61 (dd, | = 18.0, 13.5 Hz, 2H), 3.50
(d, ] =13.2 Hz, 1H), 3.19 (dd, ] = 17.8, 9.4 Hz, 1H), 3.02 (dd, | = 18.4, 9.7 Hz, 1H), 2.83
(s, 1H), 1.52 (s, 9H), 1.38 (s, 9H). '3C NMR (101 MHz, CDCl3) &: 174.73, 173.82, 173.63,
173.42,173.01, 158.05, 157.35, 147.57, 147.29, 136.97, 136.79, 135.09, 134.99, 134.44, 133.23,
132.45, 131.07, 131.03, 131.00, 130.73, 129.75, 129.42, 129.34, 129.17, 129.04, 128.99, 128.72,
128.45, 128.39, 127.96, 127.81, 127.62, 127.58, 126.98, 126.39, 126.06, 125.39, 123.47, 123.36,
120.01, 119.87,103.89, 103.86, 61.78, 61.75, 57.11, 44.94, 43.72, 41.24, 40.01, 31.03, 30.04, 29.78,
29.65. HRMS (ESI) m/z Calcd for C39H35CIN5O3, [M + HJ*, 656.2423, found: 656.2434.
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Enantiomeric excess was determined to be 97% (determined by HPLC using chiral OD-H
column, hexane/2-propanol = 8/2, A = 254 nm, 25 °C, 0.8 mL/min, tmajor = 36.5 min, tminor
=19.4 min).

(5)-3-((R)-4-benzyl-5-oxo-1,3-diphenyl-4,5-dihydro-1H-pyrazol-4-yl)-1-(1-(tert-butyl)-3-(3-(t-
rifluoromethyl)phenyl)-1H-pyrazol-5-yl)pyrrolidine-2,5-dione (3af)

This was prepared according to the procedure within 1 h as a white solid (128.2 mg,
93% yield, dr = 1:1), mp 118.1-118.9 °C; [04]1137 = —24.115 (¢ 0.68, CH,Cl,). "H NMR (400 MHz,
Chloroform-d) &: 8.03-7.97 (m, 4H), 7.92 (s, 1H), 7.86-7.79 (m, 3H), 7.66 (d, ] = 8.1 Hz, 2H),
7.62 (d, ] =7.0 Hz, 1H), 7.58 (dd, ] = 8.3, 3.0 Hz, 4H), 7.51 (dtd, ] = 11.6, 8.9, 7.8, 3.9 Hz,
6H),7.44 (d, | = 8.1 Hz, 1H), 7.36 (dt, ] = 16.5, 7.8 Hz, 4H), 7.24-7.17 (m, 2H), 7.13-7.06 (m,
8H), 7.03 (d, ] = 7.0 Hz, 2H), 6.35 (s, 1H), 5.46 (s, 1H), 4.31—4.15 (m, 2H), 4.00 (dd, ] = 9.4,
7.4 Hz, 1H),3.78 (dd, ] =9.3,5.4 Hz, 1H), 3.62 (dd, ] = 18.9, 13.5 Hz, 2H), 3.51 (d, ] = 13.2 Hz,
1H), 3.20 (dd, ] =17.9,9.4 Hz, 1H), 3.03 (dd, | = 18.5, 9.7 Hz, 1H), 2.83 (s, 1H), 1.54 (s, 10H),
1.39 (s, 9H). 1*C NMR (101 MHz, CDCl3) &: 174.72, 173.81, 173.62, 173.43, 173.01, 158.05,
157.32, 147.51, 147.25, 136.97, 136.78, 134.05, 133.97, 133.24, 132.43, 131.06, 131.00, 130.95,
130.74, 130.67, 129.44, 129.33, 129.20, 129.17, 128.98, 128.93, 128.87, 128.72, 128.46, 128.39,
127.97,127.81, 127.64, 126.97, 126.37, 126.07, 124.19, 122.14, 120.02, 119.85, 103.92, 103.89,
61.88, 61.85, 57.10, 44.96, 43.68, 41.25, 40.00, 31.07, 30.05, 29.78, 29.65. ’F NMR (376 MHz,
CDCl3) &: —62.62, —62.70. HRMS (ESI) m/z Caled for C49H35F3N503, [M + H]*, 690.2687,
found: 690.2694. Enantiomeric excess was determined to be 96% (determined by HPLC
using chiral OD-H column, hexane/2-propanol = 8/2, A = 254 nm, 25 °C, 0.8 mL/min,
tmajor = 34.9 min, tminor = 16.9 min).

(5)-3-((R)-4-benzyl-5-oxo-1,3-diphenyl-4,5-dihydro-1H-pyrazol-4-yl)-1-(1-(tert-butyl)-3-(3-m-
ethoxyphenyl)-1H-pyrazol-5-yl)pyrrolidine-2,5-dione (3ag)

This was prepared according to the procedure within 1 h as a white solid (125.0 mg,
96% yield, dr = 1:1), mp 114.1-114.9 °C; [«]{] = —37.751 (¢ 0.25, CH,Cl,). "H NMR (400 MHz,
Chloroform-d) §: 7.98 (d, | = 7.6 Hz, 4H), 7.67-7.46 (m, 10H), 7.34 (dt, | = 15.4, 7.7 Hz, 4H),
7.26-7.15 (m, 8H), 7.07 (d, ] = 9.5 Hz, 8H), 7.00 (d, | = 7.5 Hz, 2H), 6.85-6.75 (m, 2H), 6.29 (s,
1H), 5.50 (s, 1H), 4.21 (q,] = 7.8, 7.3 Hz, 2H), 3.97 (t, ] = 8.3 Hz, 1H), 3.80 (d, ] = 21.3 Hz, 7H),
3.58 (dd, ] =13.6,6.5Hz, 2H), 3.47 (d, ] = 13.2 Hz, 1H), 3.15 (dd, ] = 17.8,9.4 Hz, 1H), 3.00 (dd,
J =18.5,9.6 Hz, 1H), 1.52 (s, 9H), 1.35 (s, 9H). '3C NMR (101 MHz, CDCl3) &: 174.88, 173.92,
173.79, 173.47,173.10, 159.83, 159.78, 158.11, 157.40, 148.78, 148.50, 137.01, 136.82, 134.73,
134.63, 133.31, 132.53, 131.09, 131.04, 131.00, 130.73, 129.54, 129.44, 129.37, 129.19, 129.00,
128.85, 128.73, 128.45, 128.38, 127.94, 127.81, 127.60, 126.99, 126.34, 126.07, 120.04, 119.91,
118.07, 118.01, 113.42, 110.77, 103.90, 103.88, 61.55, 57.12, 55.29, 55.25, 44.94, 43.60, 41.23,
40.04, 31.05, 30.03, 29.82, 29.70. HRMS (ESI) m/z Calcd for C49H3sN504, [M + H]*, 652.2918,
found: 562.2926. Enantiomeric excess was determined to be 97% (determined by HPLC
using chiral OD-H column, hexane/2-propanol = 8/2, A = 254 nm, 25 °C, 0.8 mL/min,
tmajor = 43.0 min, tminer = 23.3 min).

(S)-3-((R)-4-benzyl-5-oxo-1,3-diphenyl-4,5-dihydro-1H-pyrazol-4-yl)-1-(1-(tert-butyl)-3-(4-f-
luorophenyl)-1H-pyrazol-5-yl)pyrrolidine-2,5-dione (3ah)

This was prepared according to the procedure within 1 h as a white solid (120.2 mg,
94% yield, dr = 1:1), mp 104.1-104.9 °C; [oc]g = —24.525 (¢ 0.58, CH,Cl,). "H NMR (400 MHz,
Chloroform-d) &: 7.99 (ddt, ] = 6.7, 4.2, 1.9 Hz, 4H), 7.67-7.48 (m, 14H), 7.41-7.30 (m, 4H),
7.23-7.16 (m, 2H), 7.13-6.96 (m, 14H), 6.24 (s, 1H), 5.47 (s, 1H), 4.22 (dd, ] = 17.9, 7.2 Hz,
2H), 3.99 (dd, ] =9.3, 7.4 Hz, 1H), 3.81-3.72 (m, 1H), 3.61 (dd, | = 18.5, 13.5 Hz, 2H), 3.49 (d,
J=13.2Hz, 1H), 3.18 (dd, ] =17.8, 9.4 Hz, 1H), 3.02 (dd, ] = 18.4, 9.6 Hz, 1H), 1.52 (s, 9H),
1.37 (s, 9H). 13C NMR (151 MHz, CDCl3) 6: 173.86, 173.71, 173.42, 173.09, 173.04, 163.36,
163.32, 161.72, 161.69, 158.05, 157.35, 148.07, 147.79, 136.97, 136.82, 133.22, 132.45, 131.08,
131.01, 130.95, 130.72, 129.55, 129.48, 129.39, 129.34, 129.17, 128.98, 128.89, 128.71, 128.57,
128.44, 128.39, 127.96, 127.81, 127.56, 127.07, 127.01, 126.99, 126.96, 126.28, 126.06, 120.02,
119.88, 115.37 (d, | = 15.15Hz), 103.47, 103.43, 61.55, 57.11, 44.93, 41.24, 40.04, 31.03, 30.04,
29.79,29.66. 1F NMR (376 MHz, CDCI3) §: —114.70, —114.83. HRMS (ESI) m/z Calcd for
Ca9H35FN505, [M + H]*, 640.2718, found: 640.2731. Enantiomeric excess was determined
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to be 97% (determined by HPLC using chiral OD-H column, hexane/2-propanol = 8/2,
A =254 nm, 25 °C, 0.8 mL/min, tmajor = 34.2 min, tminer = 18.0 min).

(5)-3-((R)-4-benzyl-5-0x0-1,3-diphenyl-4,5-dihydro-1H-pyrazol-4-yl)-1-(1-(tert-butyl)-3-(4-c-
hlorophenyl)-1H-pyrazol-5-yl)pyrrolidine-2,5-dione (3ai)

This was prepared according to the procedure within 1 h as a white solid (125.8 mg,
96% yield, dr = 1:1), mp 101.1-101.9 °C; [a]g = —29.557 (¢ 0.77, CH,Cl,). "H NMR (400 MHz,
Chloroform-d) §: 8.07-8.00 (m, 4H), 7.71-7.66 (m, 2H), 7.65-7.52 (m, 12H), 7.43-7.29 (m,
8H), 7.27-7.18 (m, 2H), 7.11 (q, ] = 6.8, 5.1 Hz, 8H), 7.09-7.02 (m, 2H), 6.30 (s, 1H), 5.51 (s,
1H), 4.26 (d, ] = 25.9 Hz, 2H), 4.02 (dd, | = 9.3, 7.4 Hz, 1H), 3.83-3.75 (m, 1H), 3.65 (dd, |
=21.6, 13.5 Hz, 2H), 3.53 (d, ] = 13.2 Hz, 1H), 3.22 (dd, | = 17.8, 9.4 Hz, 1H), 3.05 (dd, |
=18.4,9.6 Hz, 1H), 2.87 (s, 1H), 1.55 (s, 9H), 1.40 (s, 9H). 3*C NMR (101 MHz, CDCl3) 5:
174.77,173.84, 173.66, 173.41, 173.06, 173.03, 158.04, 157.34, 147.84, 147.55, 136.97, 136.82,
133.36, 133.30, 133.21, 132.44, 131.83, 131.76, 131.08, 131.02, 130.94, 130.72, 129.38, 129.33,
129.17, 128.98, 128.71, 128.64, 128.44, 128.39, 127.96, 127.81, 127.55, 126.98, 126.62, 126.57,
126.28, 126.06, 103.66, 103.63, 61.68, 57.10, 44.93, 43.70, 41.24, 40.04, 31.02, 30.04, 29.78,
29.65. HRMS (ESI) m/z Calcd for C39H35CIN5O3, [M + HJ*, 656.2423, found: 656.2433.
Enantiomeric excess was determined to be 98% (determined by HPLC using chiral OD-H
column, hexane/2-propanol = 8/2, A = 254 nm, 25 °C, 0.8 mL/min, tmajor = 34.4 min,
tminor = 18.5 min).

(5)-3-((R)-4-benzyl-5-oxo-1,3-diphenyl-4,5-dihydro-1H-pyrazol-4-yl)-1-(3-(4-bromophenyl)-1-
(tert-butyl)-1H-pyrazol-5-yl)pyrrolidine-2,5-dione (3aj)

This was prepared according to the procedure within 1 h as a white solid (130.0 mg,
93% yield, dr = 1:1), mp 126.1-126.9 °C; [a] 7 = —27.602 (¢ 0.22, CH,Cl,). "H NMR (400 MHz,
Chloroform-d) &: 7.99 (ddt, ] = 6.9, 5.4, 2.5 Hz, 4H), 7.68-7.62 (m, 2H), 7.61-7.49 (m, 10H),
7.48-7.30 (m, 10H), 7.24-7.16 (m, 2H), 7.14-6.99 (m, 10H), 6.27 (s, 1H), 5.49 (s, 1H), 4.23
(dd, J = 18.1, 7.4 Hz, 2H), 3.99 (dd, | = 9.4, 7.4 Hz, 1H), 3.82-3.75 (m, 1H), 3.61 (dd, ] =
20.1, 13.5 Hz, 2H), 3.50 (d, ] = 13.2 Hz, 1H), 3.19 (dd, ] = 17.9, 9.4 Hz, 1H), 3.02 (dd, | =
18.3, 9.6 Hz, 1H), 2.84 (s, 1H), 1.52 (s, 9H), 1.37 (s, 9H). 13C NMR (101 MHz, CDCl3) é:
173.83, 173.65, 173.41, 173.05, 173.02, 158.03, 157.33, 147.85, 147.55, 136.96, 136.81, 133.20,
132.43, 132.27,132.20, 131.58, 131.07, 131.02, 130.94, 130.72, 129.38, 129.33, 129.17, 128.98,
128.71, 128.68, 128.44, 128.39, 127.96, 127.81, 127.54, 126.97, 126.93, 126.89, 126.28, 126.06,
121.55, 121.49, 120.02, 119.87, 103.66, 103.63, 61.70, 57.10, 44.93, 43.69, 41.24, 40.04, 31.02,
30.04, 29.78, 29.65. HRMS (ESI) m/z Caled for C39H35BrN503, [M + H]*, 700.1918, found:
700.1924. Enantiomeric excess was determined to be 97% (determined by HPLC using chiral
OD-H column, hexane/2-propanol = 8/2, A = 254 nm, 25 °C, 0.8 mL/min, tmajor = 36.0 min,
tminor = 19.1 min).

(5)-3-((R)-4-benzyl-5-0x0-1,3-diphenyl-4,5-dihydro-1H-pyrazol-4-yl)-1-(1-(tert-butyl)-3-(p-tolyl)-1H-
pyrazol-5-yl)pyrrolidine-2,5-dione (3ak)

This was prepared according to the procedure within 1 h as a white solid (120.7 mg,
95% yield, dr = 1:1), mp 125.1-125.9 °C; [04]]137 = —39.223 (¢ 0.28, CH,Cl,). "H NMR (400 MHz,
Chloroform-d) 5: 8.01-7.92 (m, 4H), 7.67-7.62 (m, 2H), 7.62-7.45 (m, 12H), 7.33 (dt, ] = 16.2,
7.9 Hz, 4H), 7.23-7.17 (m, 2H), 7.17-7.09 (m, 5H), 7.06 (d, ] = 11.2 Hz, 7H), 6.99 (dd, ] = 7.9,
1.8 Hz, 2H), 6.26 (s, 1H), 5.49 (s, 1H), 4.24-4.12 (m, 2H), 3.94 (dd, | = 9.3, 7.3 Hz, 1H), 3.75
(dd, ] =8.9,5.8Hz, 1H), 3.57 (d, ] = 14.2 Hz, 2H), 3.45 (d, ] = 13.2 Hz, 1H), 3.12 (dd, | = 178,
9.4 Hz, 1H), 2.98 (dd, | = 18.4, 9.6 Hz, 1H), 2.33 (s, 3H), 2.29 (s, 3H), 1.51 (s, 9H), 1.37 (s, 9H).
13C NMR (101 MHz, CDCl) &: 174.89, 173.95, 173.82, 173.48, 173.17, 173.12, 158.13, 157.45,
149.05, 148.77, 137.39, 137.32, 137.05, 136.88, 133.35, 132.58, 131.14, 131.03, 130.71, 130.61,
130.53, 129.42, 129.39, 129.21, 129.18, 129.01, 128.78, 128.73, 128.45, 128.42, 128.38, 127.93,
127.81, 127.59, 127.02, 126.31, 126.06, 125.34, 125.29, 120.06, 119.92, 103.47, 61.41, 57.15,
44.95,43.67,41.23, 40.06, 31.04, 30.03, 29.83, 29.73, 21.34, 21.30. HRMS (ESI) m/z Calcd for
C4oH33N503, [M + HJ*, 636.2969, found: 636.2976. Enantiomeric excess was determined
to be 99% (determined by HPLC using chiral OD-H column, hexane/2-propanol = 8/2,
A =254 nm, 25 °C, 0.8 mL/min, tmajor = 31.7 min, tminor = 16.6 min).
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3.4. Procedure for the Synthesis of Compounds 4

(5)-1-(4-bromo-1-(tert-butyl)-3-phenyl-1H-pyrazol-5-yl)-3-((R)-4-(2-bromobenzyl)-5-oxo-1,3-
diphenyl-4,5-dihydro-1H-pyrazol-4-yDpyrrolidine-2,5-dione (4)

This was prepared according to the procedure within 96 h as a white solid (106.1mg,
58% yield, dr > 20:1), mp 126.1-126.9 °C; [a}g = —22.000 (c 0.50, CH,Clp). 'H NMR
(400 MHz, Chloroform-d) &6: 7.95 (dd, ] = 6.8, 2.9 Hz, 2H), 7.79 (dd, ] = 11.0, 7.5 Hz, 4H),
749 (dd, ] = 6.4, 3.6 Hz, 4H), 7.38 (q, ] = 7.6 Hz, 4H), 7.31 (dd, ] = 7.3 Hz, 1H), 7.21 (s,
1H), 7.14-6.99 (m, 3H), 4.19-4.02 (m, 2H), 3.92 (d, ] = 14.4 Hz, 1H), 3.82 (d, ] = 14.6 Hz,
1H), 3.24 (dd, ] = 17.2, 8.7 Hz, 1H), 1.30 (s, 9H). '3C NMR (101 MHz, CDCl3) §: 172.93,
172.85,172.68, 158.49, 145.99, 137.17, 133.37, 132.98, 132.06, 130.84, 130.68, 130.20, 129.46,
129.10, 128.85, 128.38, 128.29, 128.17, 127.58, 127.30, 126.03, 125.46, 119.70, 93.34, 62.45,
56.44, 45.18, 39.06, 30.28, 29.33. HRMS (ESI) m/z Calcd for C39H34Br,N503, [M + HJ,
778.1023, found: 778.1022. Enantiomeric excess was determined to be 96% (determined by
HPLC using chiral IB-H column, hexane/2-propanol = 9/1, A = 254 nm, 25 °C, 0.8 mL/min,
tmajor = 30.3 min, tminor = 26.8 min).

3.5. Procedure for the Synthesis of Compounds 6

4-(1-(1-(tert-butyl)-3-phenyl-1H-pyrazol-5-yl)-2,5-dioxopyrrolidin-3-yl)-1,3-diphenyl-1H-pyrazol-
5-yl acetate (6)

This was prepared according to the procedure within 18 h as a white solid (68.8 mg,
60% yield, dr = 6:1), mp 126.1-126.9 °C. 'H NMR (600 MHz, Chloroform-d) &: 7.77 (d,
J=7.6Hz,2H),7.69 (d,] =7.3 Hz, 2H), 7.59 (d, ] = 7.9 Hz, 2H), 7.50 (q, ] = 8.1 Hz, 5H), 7.39
(dd, ] =7.5Hz, 4H), 6.33 (s, 1H), 4.21 (dd, ] = 10.2, 5.2 Hz, 1H), 3.25 (dd, ] = 18.8, 10.1 Hz,
1H), 3.04 (dd, ] = 18.7, 5.3 Hz, 1H), 2.26 (s, 3H), 1.60 (s, 9H). 13C NMR (101 MHz, CDCl3) §:
175.53, 174.64, 167.28, 151.32, 149.07, 141.74, 137.56, 133.39, 132.65, 129.39, 128.96, 128.94,
128.79, 128.55, 128.22, 127.74, 125.47, 123.50, 104.06, 103.44, 61.51, 36.50, 29.92, 20.56. HRMS
(ESI) m/z Caled for C34H3,N504, [M + H]*, 574.2449, found: 574.2455.

4. Conclusions

In conclusion, we developed a novel organocatalyzed pathway to realize the desym-
metrization of N-pyrazolyl maleimides via a Michael addition reaction, achieving various
pyrazolyl-succinimides in high enantioselectivities. It is noteworthy that the novel asym-
metric synthesis strategy worked well with a broad substrate scope and excellent atom
economy. In addition, the bifunctional quinine-derived thiourea catalyst was fundamental
for the desymmetrization, which produced the chiral axis and the adjacent stereocenters
simultaneously. Moreover, further exploration of novel synthesis strategies to construct
C-N five-membered bi-heterocyclic skeletons are underway in our laboratory.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390 /molecules28114279/s1, materials and methods [44—46], catalyst synthesis
methods [47-52], experimental procedures, characterization data, 1H, 13C and F NMR spectra, HRMS
spectrometry data and HPLC chromatogram.

Author Contributions: ].G. performed the experiments, acquired and analyzed the original data, and
wrote the preliminary manuscript. B.W. and ].Q. conceived and designed the experiments, revised all
figures and schemes, analyzed the data, and reviewed and edited the manuscript. X.W., B.H. and
Y.H. proofread and analyzed the data. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was funded by the Fundamental Research Funds for the Central Universities
(No. DUT21LAB134).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.


https://www.mdpi.com/article/10.3390/molecules28114279/s1
https://www.mdpi.com/article/10.3390/molecules28114279/s1

Molecules 2023, 28, 4279 20 of 22

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of the compounds are available from the authors.

References

1.  Lee, C.-Y,; Cheon, C.-H. Diastereomeric Resolution of a Racemic Biarylboronic Acid and Its Application to Divergent Asymmetric
Total Syntheses of Some Axially Chiral Natural Products. Adv. Synth. Catal. 2016, 358, 549-554. [CrossRef]

2. Tajuddeen, N.; Bringmann, G. N,C-Coupled naphthylisoquinoline alkaloids: A versatile new class of axially chiral natural
products. Nat. Prod. Rep. 2021, 38, 2154-2186. [CrossRef] [PubMed]

3. Cho, H,; Choi, M.K,; Cho, D.Y,; Yeo, C.W.,; Jeong, H.E.; Shon, J.H.; Lee, ].Y.; Shin, J.S.; Cho, M.; Kim, D.Y,; et al. Effect of
CYP2C19 genetic polymorphism on pharmacokinetics and pharmacodynamics of a new proton pump inhibitor, ilaprazole. J.
Clin. Pharmacol. 2012, 52, 976-984. [CrossRef] [PubMed]

4. Hammer, H.; Bader, B.M.; Ehnert, C.; Bundgaard, C.; Bunch, L.; Hoestgaard-Jensen, K.; Schroeder, O.H.; Bastlund, J.F.; Gramowski-
Voss, A.; Jensen, A.A. A Multifaceted GABAA Receptor Modulator: Functional Properties and Mechanism of Action of the
Sedative-Hypnotic and Recreational Drug Methaqualone (Quaalude). Mol. Pharmacol. 2015, 88, 401-420. [CrossRef]

5. Barbarino, M.; Cesari, D.; Intruglio, R.; Indovina, P.; Namagerdi, A.; Bertolino, FM.; Bottaro, M.; Rahmani, D.; Bellan, C.; Giordano,
A. Possible repurposing of pyrvinium pamoate for the treatment of mesothelioma: A pre-clinical assessment. J. Cell. Physiol. 2018,
233, 7391-7401. [CrossRef]

6.  Kozlowski, M.C.; Morgan, B.J.; Linton, E.C. Total synthesis of chiral biaryl natural products by asymmetric biaryl coupling. Chem.
Soc. Rev. 2009, 38, 3193-3207. [CrossRef]

7.  Clayden, J.; Moran, W.J.; Edwards, PJ.; LaPlante, S.R. The challenge of atropisomerism in drug discovery. Angew. Chem. Int. Ed.
2009, 48, 6398-6401. [CrossRef]

8.  Wang, Z; Meng, L.; Liu, X.; Zhang, L.; Yu, Z.; Wu, G. Recent progress toward developing axial chirality bioactive compounds.
Eur. J. Med. Chem. 2022, 243, 114700. [CrossRef]

9.  Wencel-Delord, J.; Panossian, A.; Leroux, ER.; Colobert, F. Recent advances and new concepts for the synthesis of axially
stereoenriched biaryls. Chem. Soc. Rev. 2015, 44, 3418-3430. [CrossRef]

10. Gao, X.; Wu, B.; Yan, Z.; Zhou, Y.G. Copper-catalyzed enantioselective C-H functionalization of indoles with an axially chiral
bipyridine ligand. Org. Biomol. Chem. 2016, 14, 8237-8240. [CrossRef]

11.  Zhang, P; Yu, ].; Peng, F.; Wu, X; Jie, J.; Liu, C,; Tian, H.; Yang, H.; Fu, H. Development of Axially Chiral Cyclo-Biaryldiol Ligands
with Adjustable Dihedral Angles. Chemistry 2016, 22, 17477-17484. [CrossRef] [PubMed]

12.  Liu, SJ,; Chen, Z.H.; Chen, J.Y.; Ni, S.F; Zhang, Y.C.; Shi, F. Rational Design of Axially Chiral Styrene-Based Organocatalysts and
Their Application in Catalytic Asymmetric (2+4) Cyclizations. Angew. Chem. Int. Ed. 2022, 61, €202112226.

13. Liao, G.; Zhou, T,; Yao, Q.J.; Shi, B.FE. Recent advances in the synthesis of axially chiral biaryls via transition metal-catalysed
asymmetric C-H functionalization. Chem. Commun. 2019, 55, 8514-8523. [CrossRef]

14. Wang, Y.B; Tan, B. Construction of Axially Chiral Compounds via Asymmetric Organocatalysis. Acc. Chem. Res. 2018, 51,
534-547. [CrossRef]

15. Wang, J.Z.; Zhou, J.; Xu, C,; Sun, H,; Kurti, L.; Xu, Q.L. Symmetry in Cascade Chirality-Transfer Processes: A Catalytic
Atroposelective Direct Arylation Approach to BINOL Derivatives. J. Am. Chem. Soc. 2016, 138, 5202-5205. [CrossRef]

16. Yao, QJ.; Zhang, S.; Zhan, B.B.; Shi, B.F. Atroposelective Synthesis of Axially Chiral Biaryls by Palladium-Catalyzed Asymmetric
C-H Olefination Enabled by a Transient Chiral Auxiliary. Angew. Chem. Int. Ed. 2017, 56, 6617—-6621. [CrossRef] [PubMed]

17.  Ding, L.; Sui, X.; Gu, Z. Enantioselective Synthesis of Biaryl Atropisomers via Pd/Norbornene-Catalyzed Three-Component
Cross-Couplings. ACS Catal. 2018, 8, 5630-5635. [CrossRef]

18. Yan, S.; Xia, W.; Li, S.; Song, Q.; Xiang, S.H.; Tan, B. Michael Reaction Inspired Atroposelective Construction of Axially Chiral
Biaryls. J. Am. Chem. Soc. 2020, 142, 7322-7327. [CrossRef]

19. Xu, M.M,; You, X.Y;; Zhang, Y.Z; Lu, Y;; Tan, K,; Yang, L.; Cai, Q. Enantioselective Synthesis of Axially Chiral Biaryls by
Diels-Alder/Retro-Diels-Alder Reaction of 2-Pyrones with Alkynes. J. Am. Chem. Soc. 2021, 143, 8993-9001. [CrossRef]

20. Zhang,].; Fan, J.; Wu, Y;; Guo, Z.; Wu, |.; Xie, M. Pd-Catalyzed Atroposelective C-H Acyloxylation Enabling Access to an Axially
Chiral Biaryl Phenol Organocatalyst. Org. Lett. 2022, 24, 5143-5148. [CrossRef]

21. Frey, ].; Malekafzali, A.; Delso, I.; Choppin, S.; Colobert, F.; Wencel-Delord, J. Enantioselective Synthesis of N-C Axially Chiral
Compounds by Cu-Catalyzed Atroposelective Aryl Amination. Angew. Chem. Int. Ed. 2020, 59, 8844-8848. [CrossRef] [PubMed]

22. Li, H; Yan, X.; Zhang, J.; Guo, W,; Jiang, J.; Wang, J. Enantioselective Synthesis of C-N Axially Chiral N-Aryloxindoles by
Asymmetric Rhodium-Catalyzed Dual C-H Activation. Angew. Chem. Int. Ed. 2019, 58, 6732-6736. [CrossRef] [PubMed]

23. Zhang, S.; Yao, Q.-].; Liao, G; Li, X,; Li, H.; Chen, H.-M.; Hong, X.; Shi, B.-F. Enantioselective Synthesis of Atropisomers Featuring
Pentatomic Heteroaromatics by Pd-Catalyzed C-H Alkynylation. ACS Catal. 2019, 9, 1956-1961. [CrossRef]

24. Dhawa, U,; Tian, C.; Wdowik, T; Oliveira, ].C.A.; Hao, J.; Ackermann, L. Enantioselective Pallada-Electrocatalyzed C-H Activation
by Transient Directing Groups: Expedient Access to Helicenes. Angew. Chem. Int. Ed. 2020, 59, 13451-13457. [CrossRef] [PubMed]

25. Wang, ZS.; Zhu, L], Li, C.T,; Liu, B.Y,; Hong, X.; Ye, L.W. Synthesis of Axially Chiral N-Arylindoles via Atroposelective

Cyclization of Ynamides Catalyzed by Chiral Bronsted Acids. Angew. Chem. Int. Ed. 2022, 61, €202201436.


https://doi.org/10.1002/adsc.201500798
https://doi.org/10.1039/D1NP00020A
https://www.ncbi.nlm.nih.gov/pubmed/34212956
https://doi.org/10.1177/0091270011408611
https://www.ncbi.nlm.nih.gov/pubmed/21593280
https://doi.org/10.1124/mol.115.099291
https://doi.org/10.1002/jcp.26579
https://doi.org/10.1039/b821092f
https://doi.org/10.1002/anie.200901719
https://doi.org/10.1016/j.ejmech.2022.114700
https://doi.org/10.1039/C5CS00012B
https://doi.org/10.1039/C6OB01516F
https://doi.org/10.1002/chem.201603706
https://www.ncbi.nlm.nih.gov/pubmed/27735100
https://doi.org/10.1039/C9CC03967H
https://doi.org/10.1021/acs.accounts.7b00602
https://doi.org/10.1021/jacs.6b01458
https://doi.org/10.1002/anie.201701849
https://www.ncbi.nlm.nih.gov/pubmed/28471054
https://doi.org/10.1021/acscatal.8b01037
https://doi.org/10.1021/jacs.0c01963
https://doi.org/10.1021/jacs.1c04759
https://doi.org/10.1021/acs.orglett.2c01981
https://doi.org/10.1002/anie.201914876
https://www.ncbi.nlm.nih.gov/pubmed/32157781
https://doi.org/10.1002/anie.201901619
https://www.ncbi.nlm.nih.gov/pubmed/30893497
https://doi.org/10.1021/acscatal.8b04870
https://doi.org/10.1002/anie.202003826
https://www.ncbi.nlm.nih.gov/pubmed/32243685

Molecules 2023, 28, 4279 21 of 22

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.
47.

48.

49.

50.

Rodriguez-Salamanca, P.; de Gonzalo, G.; Carmona, J.A.; Lopez-Serrano, J.; Iglesias-Sigiienza, J.; Fernandez, R.; Lassaletta, ].M.;
Hornillos, V. Biocatalytic Atroposelective Synthesis of Axially Chiral N-Arylindoles via Dynamic Kinetic Resolution. ACS Catal.
2022, 13, 659-664. [CrossRef]

Fustero, S.; Sanchez-Rosello, M.; Barrio, P.; Simon-Fuentes, A. From 2000 to mid-2010: A fruitful decade for the synthesis of
pyrazoles. Chem. Rev. 2011, 111, 6984-7034. [CrossRef]

Liu, S.; Bao, X.; Wang, B. Pyrazolone: A powerful synthon for asymmetric diverse derivatizations. Chem. Commun. 2018, 54,
11515-11529. [CrossRef]

Bao, X.; Wang, X.; Tian, ].M.; Ye, X.; Wang, B.; Wang, H. Recent advances in the applications of pyrazolone derivatives in
enantioselective synthesis. Org. Biomol. Chem. 2022, 20, 2370-2386. [CrossRef]

Yoshida, H.; Yanai, H.; Namiki, Y.; Fukatsu-Sasaki, K.; Furutani, N.; Tada, N. Neuroprotective effects of edaravone: A novel free
radical scavenger in cerebrovascular injury. CNS Drug Rev. 2006, 12, 9-20. [CrossRef]

Buntrock, P.; Bien, E.; Neubauer, J. Histological studies into rat liver following long-term application of aminophenazone,
phenazone, and propyphenazone. Exp. Pathol. 1986, 29, 227-233. [CrossRef] [PubMed]

Ye, K.; Wang, K.; Wang, T.; Tang, H.; Wang, L.; Zhang, W,; Jiang, S.; Zhang, X.; Zhang, K. Design, synthesis, biological evaluation
of urea substituted 1,2,5-oxadiazole-3-carboximidamides as novel indoleamine 2,3-dioxygenase-1 (IDO1) inhibitors. Eur. ]. Med.
Chem. 2023, 250, 115217. [CrossRef] [PubMed]

Kravchenko, D.V,; Kysil, VM.; Tkachenko, S.E.; Maliarchouk, S.; Okun, .M.; Ivachtchenko, A.V. Pyrrolo[3,4-c]quinoline-1,3-diones
as potent caspase-3 inhibitors. Synthesis and SAR of 2-substituted 4-methyl-8-(morpholine-4-sulfonyl)-pyrrolo[3,4-c]quinoline-
1,3-diones. Eur. |. Med. Chem. 2005, 40, 1377-1383. [CrossRef] [PubMed]

Liu, S.S.; Zeng, D.; Zhang, TH.; Hu, J.H.; Yang, B.X,; Yang, J.; Zhou, X.; Wang, PY,; Liu, LW.; Wu, Z.B,; et al. Novel
spiro[chromanone-2,4’-piperidine]-4-one derivatives as potential inhibitors of fatty acid synthesis in pathogens: Design, synthesis,
and biological evaluation. Eur. J. Med. Chem. 2023, 250, 115215. [CrossRef]

Bock, L.H.; Adams, R. The stereochemistry of N-phenylpyrroles. The preparation and resolution of N-2-carboxyphenyl-2,5-
dimethyl-3-carboxypyrrole. XIIL. J. Am. Chem. Soc. 1931, 53, 374-376. [CrossRef]

Kumarasamy, E.; Raghunathan, R.; Sibi, M.P,; Sivaguru, J. Nonbiaryl and Heterobiaryl Atropisomers: Molecular Templates with
Promise for Atropselective Chemical Transformations. Chem. Rev. 2015, 115, 11239-11300. [CrossRef]

Di Iorio, N.; Righi, P.; Mazzanti, A.; Mancinelli, M.; Ciogli, A.; Bencivenni, G. Remote Control of Axial Chirality: Aminocatalytic
Desymmetrization of N-Arylmaleimides via Vinylogous Michael Addition. J. Am. Chem. Soc. 2014, 136, 10250-10253. [CrossRef]
Eudier, F,; Righi, P; Mazzanti, A.; Ciogli, A.; Bencivenni, G. Organocatalytic atroposelective formal Diels-Alder desymmetrization
of N-arylmaleimides. Org. Lett. 2015, 17, 1728-1731. [CrossRef]

Barik, S.; Shee, S.; Das, S.; Gonnade, R.G.; Jindal, G.; Mukherjee, S.; Biju, A.T. NHC-Catalyzed Desymmetrization of
N-Aryl Maleimides Leading to the Atroposelective Synthesis of N-Aryl Succinimides. Angew. Chem. Int. Ed. 2021, 60,
12264-12268. [CrossRef]

Zhang, S.; Luo, Z.H.; Wang, W.T.; Qian, L.; Liao, J.Y. Simultaneous Construction of C-N Axial and Central Chirality via Silver-
Catalyzed Desymmetrizative [3 + 2] Cycloaddition of Prochiral N-Aryl Maleimides with Activated Isocyanides. Org. Lett. 2022,
24, 4645-4649. [CrossRef]

Di Iorio, N.; Champavert, F; Erice, A.; Righi, P; Mazzanti, A.; Bencivenni, G. Targeting remote axial chirality control of
N-(2-tert-butylphenyl)succinimides by means of Michael addition type reactions. Tetrahedron 2016, 72, 5191-5201. [CrossRef]
Bencivenni, G.; Di Iorio, N.; Soprani, L.; Crotti, S.; Marotta, E.; Mazzanti, A.; Righi, P. Michael Addition of Oxindoles to N-(2-tert-
Butylphenyl)maleimides: Efficient Desymmetrization for the Synthesis of Atropisomeric Succinimides with Quaternary and
Tertiary Stereocenters. Synthesis 2017, 49, 1519-1530. [CrossRef]

Nakagawa, H.; Ohyama, R.; Kimata, A.; Suzuki, T.; Miyata, N. Hydroxyl radical scavenging by edaravone derivatives: Efficient
scavenging by 3-methyl-1-(pyridin-2-yl)-5-pyrazolone with an intramolecular base. Bioorg. Med. Chem. Lett. 2006, 16, 5939-5942.
[CrossRef] [PubMed]

Hulme, A.; Mackay, M.; Nortcliffe, A.; McNab, H. Gas-Phase Synthesis of Pyrazolo[3,4-b]pyridin-4-ones. Synthesis 2014, 47,
242-248. [CrossRef]

Salewska, N.; Boros-Majewska, J.; Lacka, I.; Chylinska, K.; Sabisz, M.; Milewski, S.; Milewska, M.]. Chemical reactivity and
antimicrobial activity of N-substituted maleimides. J. Enzyme Inhib. Med. Chem. 2012, 27, 117-124. [CrossRef]

Emsermann, J.; Opatz, T. Photochemical Approaches to the Bilobalide Core. Eur. |. Org. Chem. 2017, 2017, 3362-3372. [CrossRef]
Yang, W.; Du, D.-M. Highly Enantioselective Michael Addition of Nitroalkanes to Chalcones Using Chiral Squaramides as
Hydrogen Bonding Organocatalysts. Org. Lett. 2010, 12, 5450-5453. [CrossRef] [PubMed]

Dolan, N.; Gavin, D.P; Eshwika, A.; Kavanagh, K.; McGinley, J.; Stephens, ]J.C. Synthesis, antibacterial and anti-MRSA ac-
tivity, in vivo toxicity and a structure-activity relationship study of a quinoline thiourea. Bioorg. Med. Chem. Lett. 2016, 26,
630-635. [CrossRef]

Ding, R.; Zheng, B.; Wang, Y.; Peng, Y. A Cation-Directed Enantioselective Sulfur-Mediated Michael /Mannich Three-Component
Domino Reaction involving Chalcones as Michael Acceptors. Org. Lett. 2015, 17, 4128-4131. [CrossRef] [PubMed]

Del Pozo, S.; Vera, S.; Oiarbide, M.; Palomo, C. Catalytic Asymmetric Synthesis of Quaternary Barbituric Acids. . Am. Chem. Soc.
2017, 139, 15308-15311. [CrossRef] [PubMed]


https://doi.org/10.1021/acscatal.2c06175
https://doi.org/10.1021/cr2000459
https://doi.org/10.1039/C8CC06196C
https://doi.org/10.1039/D1OB02426D
https://doi.org/10.1111/j.1527-3458.2006.00009.x
https://doi.org/10.1016/S0232-1513(86)80027-5
https://www.ncbi.nlm.nih.gov/pubmed/3732486
https://doi.org/10.1016/j.ejmech.2023.115217
https://www.ncbi.nlm.nih.gov/pubmed/36842272
https://doi.org/10.1016/j.ejmech.2005.07.011
https://www.ncbi.nlm.nih.gov/pubmed/16169127
https://doi.org/10.1016/j.ejmech.2023.115215
https://doi.org/10.1021/ja01352a055
https://doi.org/10.1021/acs.chemrev.5b00136
https://doi.org/10.1021/ja505610k
https://doi.org/10.1021/acs.orglett.5b00509
https://doi.org/10.1002/anie.202016938
https://doi.org/10.1021/acs.orglett.2c01761
https://doi.org/10.1016/j.tet.2016.02.052
https://doi.org/10.1055/s-0036-1588408
https://doi.org/10.1016/j.bmcl.2006.09.005
https://www.ncbi.nlm.nih.gov/pubmed/16997555
https://doi.org/10.1055/s-0034-1378666
https://doi.org/10.3109/14756366.2011.580455
https://doi.org/10.1002/ejoc.201700461
https://doi.org/10.1021/ol102294g
https://www.ncbi.nlm.nih.gov/pubmed/21053936
https://doi.org/10.1016/j.bmcl.2015.11.058
https://doi.org/10.1021/acs.orglett.5b01833
https://www.ncbi.nlm.nih.gov/pubmed/26295594
https://doi.org/10.1021/jacs.7b09124
https://www.ncbi.nlm.nih.gov/pubmed/29023111

Molecules 2023, 28, 4279 22 of 22

51. Silvi, M,; Renzi, P; Rosato, D.; Margarita, C.; Vecchioni, A.; Bordacchini, I.; Morra, D.; Nicolosi, A.; Cari, R.; Sciubba, E;
et al. Enantioselective aza-Michael addition of imides by using an integrated strategy involving the synthesis of a family
of multifunctional catalysts, usage of multiple catalysis, and rational design of experiment. Chemistry 2013, 19, 9973-9978.
[CrossRef] [PubMed]

52. Peng, W.; Wan, J.; Xie, B.; Ma, X. 9-Amino-(9-deoxy)cinchona alkaloid-derived new chiral phase-transfer catalysts. Org. Biomol.
Chem. 2014, 12, 8336-8345. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1002/chem.201301493
https://www.ncbi.nlm.nih.gov/pubmed/23765568
https://doi.org/10.1039/C4OB01648C
https://www.ncbi.nlm.nih.gov/pubmed/25216100

	Introduction 
	Results and Discussion 
	Optimization of the Reaction Conditions 
	Substrate Scope of Pyrazolones 1 
	Substrate Scope of N-Pyrazolyl Maleimides 2 
	Gram-Scale Reaction and Transformation of Products 
	Plausible Transition State for the Enantioselective Desymmetrization 

	Materials and Methods 
	General Information 
	Procedure for the Synthesis of Compounds 2 
	Procedure for the Synthesis of Compounds 3 
	Procedure for the Synthesis of Compounds 4 
	Procedure for the Synthesis of Compounds 6 

	Conclusions 
	References

