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Recent Advances in π-Stacking Interaction-Controlled
Asymmetric Synthesis

Jiaxi Xu 1,2

1 State Key Laboratory of Chemical Resource Engineering, Department of Organic Chemistry, College of
Chemistry, Beijing University of Chemical Technology, Beijing 100029, China; jxxu@mail.buct.edu.cn;
Tel./Fax: +86-10-6443-5565

2 College of Science, Henan Agricultural University, Zhengzhou 450002, China

Abstract: The π-stacking interaction is one of the most important intramolecular and intermolecular
noncovalent interactions in organic chemistry. It plays an important role in stabilizing some structures
and transition states in certain reactions via both intramolecular and intermolecular interactions,
facilitating different selectivities, such as chemo-, regio-, and stereoselectivities. This minireview fo-
cuses on the recent examples of the π-stacking interaction-controlled asymmetric synthesis, including
auxiliary-induced asymmetric synthesis, kinetic resolution, asymmetric synthesis of helicenes and
heterohelicenes, and multilayer 3D chiral molecules.

Keywords: asymmetric synthesis; asymmetric induction; diastereoselectivity; π-stacking interaction

1. Introduction

Attractive π-stacking interactions between π-systems (both aromatic ring and other
conjugated systems, even double and triple bonds) play various important roles in di-
verse phenomena, including the stabilization of biological macromolecules, such as the
helical structures of DNA and tertiary structures of proteins, even the complexation
of biomolecules and small organic compounds [1–3]; the stabilization of the complex-
ation in host–guest systems [4,5]; and controlling selectivities in organic reactions [6–9].
They can not only control chemoselectivity [10–14] and regioselectivity [15–19] but also
stereoselectivities, including diastereoselectivity and enantioselectivity, in diverse organic
reactions [20,21]. In 1995, Jones and Chapman wrote a comprehensive review on the
π-stacking effect in asymmetric synthesis [20]. π-stacking effects in chiral auxiliary-controlled
asymmetric synthesis have been summarized. The auxiliaries include cyclohexane-based
arenecarbonyl, arylacetyl, N-arylcarboxamide, and aryl carboxylate auxiliaries; 4-aryl/
arylmethyloxazolidinone-based auxiliaries; axial chirality auxiliaries; natural product-
based auxiliaries; and so on [20]. In 2007, Yamada summarized the intramolecular cation–π
interaction in organic synthesis in his perspective [22]. In 2010, Xu collected the most impor-
tant examples of the influence of the electronic effect of catalysts on the enantioselectivity
in asymmetric catalytic organic reactions [21]. Attractive noncovalent interactions, espe-
cially hydrogen bonding between the ligand and substrate in enantioselective transition
metal catalysis, were reviewed in 2020 [23]. Since 1995, some new chiral auxiliaries have
been developed and applied in the π-stacking interaction-controlled asymmetric synthesis.
Particularly, during the last two decades, the π-stacking interaction has also been applied
in the preparation of optically active (hetero)helicenes and multilayer three-dimensional
(3D) chiral molecules as potential materials. This minireview focuses on new developments
in the π-stacking interaction-controlled asymmetric synthesis, including several newly
developed auxiliary-induced asymmetric syntheses, kinetic resolution for the asymmet-
ric syntheses, and asymmetric syntheses of (hetero)helicenes and multilayer 3D chiral
molecules as potential organic materials from 1995 to now. All collected examples in this
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minireview are mentioned or verified by experimental or theoretical calculational results
or on the basis of X-ray crystal diffraction analysis.

2. Chiral Auxiliary-Induced Asymmetric Synthesis

2.1. Chiral Arylsulfinyl-Based Auxiliaries in Asymmetric Synthesis

Enantiomerically pure aryl methyl sulfoxides and diaryl sulfoxides are a class of
readily available optically active compounds and have been applied as chiral auxiliary
starting materials in various asymmetric syntheses, such as syntheses of optically active
fluorinated structurally diverse amines, fluorinated α-amino acids and β-amino alco-
hols [24], and fluorinated and non-fluorinated heterocyclic compounds [25]. The ortho-
substituted 2-alkylphenyl 4-methylphenyl sulfoxides were first used as precursors of ortho-
arylsulfinylbenzylcarbanions in the nucleophilic addition with N-(4-methylphenylsulfinyl)
or N-(4-methylphenylsulfonyl) (tosyl) aldimines and ketimines, thereby affording
4-methylphenylsulfinamides and 4-methylphenylsulfonamides as direct addition prod-
ucts [26,27]. The removal of the N-tosyl group was actually not a readily available process
and was even inefficient in some cases. To make the synthetic strategy more practical and
useful in synthetic organic chemistry, both enantiomerically pure aryl methyl sulfoxides
and diaryl sulfoxides as readily available optically active compounds have been further
applied in various nucleophilic additions of N-(4-methoxyphenyl) aldimines and ketimines,
giving rise to N-(4-methoxyphenyl)-derived amine derivatives, which are readily and
efficiently removed via oxidation. Thus, the nucleophilic addition of both enantiomerically
pure aryl methyl sulfoxides and diaryl sulfoxides with N-(4-methoxyphenyl) aldimines
and ketimines has been well investigated and applied in diverse asymmetric syntheses,
such as the synthesis of optically active fluorinated structurally diverse amines, fluorinated
α-amino acids and β-amino alcohols [24], and fluorinated and non-fluorinated heterocyclic
compounds [25].

Peptides have a very wide range of functions in the human body and are a class of
widely applied macromolecular medicines. However, they generally survive biodegrada-
tion in the human body. To circumvent this biodegradation problem, some structurally
similar unnatural peptide analogues are prepared instead of naturally occurring amino
acids with non-naturally occurring ones. Fluorinated α-amino acids are one of the choices
because fluoro-organic compounds have unique properties, such as lipophilicity, membrane
permeability, metabolic stability, and bioavailability. Enantiopure aryl methyl sulfoxides
were used in the synthesis of both fluorinated α-amino acids and β-amino alcohols. Enan-
tiomerically pure aryl methyl sulfoxides 1 were first treated with LDA and reacted with
fluorinated imidoyl chlorides 2 to form fluorinated chiral arylsulfinyl-derived imines 3,
which were further reduced with tetrabutylammonium borohydride (Bu4BH4) in MeOH,
affording chiral arylsulfinyl-derived amines 4 in almost quantitative yields with excellent
diastereoselectivity. In the reduction step, Bu4BH4 nucleophilically attacked the imines
3 from their Si-face due to the existence of the π-stacking interaction between the N-aryl
group of imines and the S-aryl group of sulfoxides. The Re-face was shielded by the S-aryl
group of sulfoxides. After the non-oxidative Pummerer reaction, the obtained optically
active fluorinated arylsulfinyl-derived amines 4 were further converted into the corre-
sponding fluorinated β-amino alcohols 5, which were finally transformed into the desired
fluorinated α-amino acids 6 in 65–70% yields via the Ru-catalyzed oxidation with NaIO4 as
the oxidant (Scheme 1) [24]. The current route is a convenient and useful method for the
synthesis of 3,3-difluoro-, 3,3,3-trifluoro-, and 3-chloro-3,3-difluoro-derived alanines.

Enantiomerically pure (S)-4-methylphenyl 2-methylphenyl sulfoxide (7) was devel-
oped as a chiral auxiliary. It was first treated with LDA and reacted with fluorinated
aldimines 8 with the N-(4-methoxyphenyl) group to form fluorinated chiral arylsulfinyl
derived amines (S,S)-9 and (S,R)-9 in good yields (74–80%) with moderate stereoselectivities
(69:31 to 70:30) after workup. The π–stacking interaction between the N-(4-methoxyphenyl)
group of aldimines 8 and the S-aryl group of sulfoxide 7 in both transition states TS1

and intermediates A played a crucial role in controlling the stereoselectivity. However,
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when (S)-4-methylphenyl 2-methylphenyl sulfoxide (7) was treated with LDA and then
reacted with fluorinated ketimines 10 with the N-(4-methoxyphenyl) group to generate the
corresponding fluorinated chiral arylsulfinyl derived amines (S,S)-11 as major products in
satisfactory yields (60–77%) with excellent stereoselectivities ((S,S)-11:(S,R)-11 = 90:10 to
96:4). The π–stacking interaction between the N-(4-methoxyphenyl) group of ketimines 10

and the S-aryl group of sulfoxide 7 in both transition states TS2 and intermediates B also
played a key role in controlling the stereoselectivity. The results indicated that ketimines
showed better stereoselectivities than aldimines (Scheme 2) [24]. The ortho-substituted
benzylcarbanion with chiral arylsulfinyl auxiliary improved the stereoselectivity efficiently.

Scheme 1. Synthesis of optically active fluorinated α-amino acids and β-amino alcohols.

To further extend the application of ortho-substituted benzylcarbanions with chiral
arylsulfinyl auxiliary in the stereoselective nucleophilic addition of various imines, enan-
tiomerically pure (S)-4-methylphenyl 2-alkylaryl sulfoxides 12 were also developed as chiral
auxiliaries. After the treatment with LDA, they reacted with both fluorinated aldimines 8

and ketimines 10 to give rise to the corresponding fluorinated chiral arylsulfinyl-derived
amines (S,S)-13 in moderate to good yields (40–86%) with excellent stereoselectivities (>98%)
after workup. The similar π-stacking interaction in both transition states TS3 and intermedi-
ates C controlled the stereoselectivity almost completely. If fluorinated arylsulfinyl-derived
amines (S,S)-13 were further treated with KHMDS in THF at 0 ◦C, they underwent an
intramolecular aromatic nucleophilic substitution with arylsulfinyl groups as the leaving
groups, affording the corresponding fluorinated indoline derivatives 14 in 60–83% yields.
Only trifluoromethyl-derived products (S,S)-13 (RF = CF3) were tested. The results illus-
trated that indoline derivatives 14 could be generated in one pot. The tandem reaction was
attempted. After the nucleophilic addition of 2-(4-methylphenylsulfinyl)benzylcarbanions
and aldimines 8 or ketimines 10 at −78 ◦C, the reaction mixture was warmed to −30 ◦C
and continually stirred for 30 min. Further intramolecular aromatic nucleophilic substitu-
tion occurred, producing the desired fluorinated indoline derivatives 14 in 35–71% yields
via tandem nucleophilic addition and intramolecular aromatic nucleophilic substitution
in one pot, exhibiting high step-economy. In comparison with the step-wise synthetic
method, the yields in the tandem fashion were similar to the total yields for two steps in the
step-wise route. Furthermore, the one-pot tandem reaction of (S)-4-methylphenyl 4-cyano-
2-methylphenyl sulfoxide (16) with a cyano functional substituent and trifluoromethyl
ketimine 10a was performed with LDA as a base in THF at −78 ◦C; the desired indoline
derivative 16 was obtained in 45% yield after stirring for 30 min. The cyano group survived
in the tandem reaction in the presence of ortho-arylsulfinylbenzylcarbanion as the strong
nucleophile, showing good functional group tolerance (Scheme 3) [25].
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Scheme 2. Synthesis of optically active fluorinated sulfinyl-derived amines from aldimines (A) and
ketimines (B).

The indoline skeleton is a ubiquitous moiety in the structures of many alkaloids and
natural products. Indolines are generally considered to be key privileged structures for
their diverse biological activities. To develop a step-economic and efficient asymmetric syn-
thetic method of biologically important and optically active indoline derivatives, the above
developed strategy was extended to the synthesis of non-fluorinated indoline derivatives
via tandem nucleophilic addition and intramolecular aromatic nucleophilic substitution
with the 4-methylphenylsulfinyl group as the leaving group. When fluorinated aldimines 8

and ketimines 10 were displaced with aromatic imines 17 generated from aromatic alde-
hydes and aromatic amines, the reaction of (S)-(2-ethylphenyl) 4-methylphenyl sulfoxide
(12a) and aromatic imines 17 generated (2S,3S)-2,3-diaryl-4-methylindolines 18 in moderate
to satisfactory yields of 25–62% with LDA as a base. When LHDMS or KHMDS was used
as the base instead of LDA, the reaction was conducted at room temperature or at 70 ◦C
to give the corresponding products 18 in higher yields than those with LDA as the base.
The aromatic imines with electron-withdrawing substituents generally required longer
reaction times and higher reaction temperatures than those with electron-donating groups.
The reaction of electron-rich (S)-1-ethyl-4,5-dimethoxy-2-(4-tolylsulfinyl)benzene (19) and
(E)-N-(4-methoxyphenyl)-1-phenylmethanimine (17b) stopped at the nucleophilic addi-
tion step in the presence of LDA as the base, generating the corresponding amine 20 as
the final product after workup, rather than the desired indoline derivative because the
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electron-rich arylsulfinyl with two strong electron-donating methoxy groups could not
undergo the intramolecular aromatic nucleophilic substitution. Upon further treatment of
the amine 20 with LHMDS, no reaction occurred as well, indicating that the electron-rich
substrate indeed hardly underwent the intramolecular aromatic nucleophilic substitution
even in a step-wise fashion. For each of these cases, the π-stacking interaction between
the N-aryl group of imines and the S-aryl group of sulfoxides in both the transition state
TS4 and intermediate state D played an important role in controlling the stereoselectivity
(Scheme 4) [28].

 

Scheme 3. Synthesis of optically active fluorinated sulfinyl-derived amines and indolines.
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Scheme 4. Synthesis of optically active indolines.

2.2. Adducts of Levoglucosenone and 9-(Aryloxymethyl)arthracenes as Chiral Auxiliaries in
Asymmetric Synthesis

The Diels–Alder cycloaddition of alkyl acrylates and cyclopentadiene can generate
both endo-adducts and exo-adducts. If chiral alkyl acrylates were utilized, asymmetric induc-
tion would occur. Acrylate derivatives 23 bearing para-trifluoromethyl and methoxyphe-
noxymethyl substituents as the π-stacking templets and shelter were prepared via the Diels–
Alder reaction of enantiomerically pure levoglucosenone (20) and 9-(para-trifluoromethyl
and methoxyphenoxymethyl)arthracenes (21), and the subsequent reduction and acry-
lation. There is an intramolecular vinyl-aryl π-stacking interaction between the acrylate
and aryloxy groups. When they were applied in the Diels–Alder reaction with cyclopen-
tadiene, evident π-stacking-controlled asymmetric synthesis was observed, generating
endo-(S)-bicyclo [2.2.1]hept-5-ene-2-carboxylates 24 in 65% and 59% yields as major prod-
ucts through more the stable transition state TS5a. Cyclopentadiene would approach the
C=C bond in the acrylate moiety only from its top direction in all transition states because
the aryloxy group was fixed below the C=C bond due to the existence of the vinyl-aryl
π-stacking interaction between the acrylate and aryloxy groups (Scheme 5) [29].

6



Molecules 2024, 29, 1454

 
Scheme 5. π-stacking-controlled Diels–Alder reaction with endo-(S)-products as major products.

Both enantiomerically pure levoglucosenone (20) and its dihydro derivative 28 are
readily available from biomass because they are products of cellulose pyrolysis. Enan-
tiomerically pure dihydrolevoglucosenone (28) was also applied as a chiral auxiliary in
the diastereoselective Diels–Alder reaction. It was first converted to dibenzylated di-
hydrolevoglucosenols (29) through double benzylation with benzyl halides under basic
conditions followed by a reduction with sodium borohydride. Differently, dibenzylated
dihydrolevoglucosenols (29) were further acrylated and then reacted with cyclopentadiene
in the presence of Lewis acids in DCM, affording endo-(R)-bicyclo [2.2.1]hept-5-ene-2-
carboxylates (R)-31 as major products due to the existence of the vinyl-aryl π-stacking inter-
action (Scheme 6) [30]. Through the utilization of both levoglucosenone (20) and its dihydro
derivative 28 as auxiliaries, both enantiomeric bicyclo [2.2.1]hept-5-ene-2-carboxylates were
prepared in good to high yields. Both diastereomeric monobenzylated dihydro derivatives
were also attempted as auxiliaries in the diastereoselective Diels–Alder reactions. They

7
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show excellent endo/exo selectivity, but their R/S stereoselectivity is generally lower than
the corresponding dibenzylated dihydrolevoglucosenone (28).

 

Scheme 6. π-stacking-controlled Diels–Alder reaction with endo-(R)-products as major products.

2.3. Chiral Oxazolidinone-Based Auxiliaries in Asymmetric Synthesis

Lignin is a class of natural plant-based polymers and ranks second in abundance
only after cellulose, making it a potentially valuable raw material for biorefinery. How-
ever, it is a considerable challenge to use lignin as a feedstock for the production of
biobased chemicals in either catalytic or enzymatic processes due to the structural het-
erogeneity of lignin. The heterogeneity is the result of the biosynthesis of lignin from
the radical coupling of three primary monolignols. To improve lignin’s utility as a re-
newable carbon feedstock, it is necessary to understand the assembly, stereostructure,
and reactivity of the separation of lignin and the enzymatic lignin disassembly process.
To realize these purposes, it is required to synthesize lignin models with different con-
figurations in a stereospecific manner. To enantioselectively synthesize lignin models,
Njiojob and coworkers selected the Evans auxiliary as the chiral source. They first pre-
pared N-(2-methoxyphenyloxy)acetylated (R)-4-isopropyloxazolidin-2-ones 32 as start-
ing materials. The reaction of aryloxyacetyl-derived (R)-4-isopropyloxazolidin-2-ones 32

and 4-benzyloxybenzaldehydes 33 stereospecifically generated lignin dimer models 34 in
60–68% yields in the presence of di-n-butylboron triflate and diisopropylethylamine (DI-
PEA) via condensation through six-membered Zimmerman-Traxler transition states TS7, in
which the π-stacking interaction between benzaldehydes and aryloxy groups plays an im-
portant role in controlling the stereoselectivity. After subsequent transformations, including
reduction, protection of the hydroxyl group, and oxidation, one of the lignin dimer models
34 was converted into aldehyde 35. Following a similar strategy, the reaction of aldehyde
35 with (S)-4-isopropyl-N-(2-methoxyphenyloxy)acetyloxazolidin-2-ones 36 as the chiral
starting material, a lignin trimer model 38 was synthesized in a 53% yield. (R)- and (S)-
Evans auxiliaries 32 and 36 show completely opposite stereoselectivities (Scheme 7) [31].
The current synthetic strategy is an efficient way to prepare enantiopure lignin dimers and
trimers with different stereochemical configurations from aryloxyacetylate oxazolidin-2-
ones derivatives and appropriate aromatic aldehydes.

8
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Scheme 7. Asymmetric synthesis of dimers and trimer of lignin models.

3. Acyl 2,3-Dihydroimidazo[1,2-a]pyridine and 1,2-Dihydroimidazo[1,2-a]quinolines in
Kinetic Resolution

Although the asymmetric catalytic borane reduction of ketones is one of the most
efficient methods for the preparation of enantiopure secondary alcohols [32–34], chemical
resolution has been widely utilized in the industrial manufacturing of secondary alcohols
as well [35,36]. Kinetic resolution is also an alternative choice for obtaining enantiopure
secondary alcohols via selected reactions, for instance, acylation [37,38].

Birman’s group first developed 6-substituted (R)-2-phenyl-2,3-dihydroimidazo[1,2-
a]pyridines 38 as enantioselective acylation catalysts. In the resolution, the catalysts first
were acylated with acetic or propanoic anhydrides in the presence of DIPEA. The acylated
2,3-dihydro-1H-imidazo[1,2-a]pyridin-4-iums 41 predominantly reacted with (R)-alcohols
(R)-39 due to less steric hindrance in the π-stacking attractive interaction. Generally,
non-substituted and 6-bromo-2,3-dihydroimidazo[1,2-a]pyridines (38a and 38b) exhibited
lower selectivities than 6-nitro- and 6-trifloromethyl-2,3-dihydroimidazo[1,2-a]pyridines
(38c and 38d). Bulky alcohols (R = CHMe2 and CMe3) generally required long reaction times
(30–52 h) to reach a similar conversion. However, aliphatic 1-cyclohexylethan-1-ol showed
only less than 4% conversion for 50 h due to the absence of the π-stacking interaction.
Although indan-1-ol was converted in 16% for 50 h, no selectivity was observed because of
the nonexistence of the π-stacking interaction. These results support the function of the
π-stacking attractive interaction in the kinetic resolution. The C=C double bond containing
substrate 1-(cyclohexen-1-yl)ethan-1-ol (42) was resoluted in a moderate selectivity of 11 in
40% conversion (Scheme 8) [37].

9
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Scheme 8. Synthesis of phosphonopeptides with DCC as a coupling reagent.

To realize the kinetic resolution of conjugated cinnamyl alcohols and their derivatives
45, they further developed new (R)-7-chloro-2-phenyl-1,2-dihydroimidazo[1,2-a]quinoline
(44) with an additional fused benzene ring as the enantioselective acylation catalyst. In com-
parison with 2,3-dihydroimidazo[1,2-a]pyridines 38, 1,2-dihydroimidazo[1,2-a]quinoline
44 extended the conjugative system and achieved efficient a kinetic resolution of both
conjugated cinnamyl alcohols 45 with selectivities of 17–57 in conversions of 32–56% and
non-conjugated 1-arylethan-1-ols 48 with selectivities of 33–117 in conversions of 42–56%;
even the C=C double bond containing substrate 1-(cyclohexen-1-yl)ethan-1-ol (42) with a se-
lectivity of 17 in a conversion of 47% with propanoyl anhydride was applied as the acylating
reagent. In each of the cases, (R)-alcohols were acylated to the corresponding propanoates
and (S)-alcohols remained (Scheme 9) [38]. All of these three classes of substrates were
efficiently resoluted with (R)-7-chloro-2-phenyl-1,2-dihydroimidazo[1,2-a]quinoline (44) as
the catalyst and propanoyl anhydride as the acylating reagent. However, bulky alcohols
generally presented high selectivities. For example, 2,2-dimethyl-1-phenylpropan-1-ol was
resoluted with the selectivity of 117. The results revealed that 1,2-dihydroimidazo[1,2-
a]quinoline 44 with an extended conjugative system showed better behavior than 2,3-
dihydroimidazo[1,2-a]pyridines 38 in the kinetic resolution of alcohols.
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Scheme 9. Kinetic resolution of alcohols with 1,2-dihydroimidazo[1,2-a]quinolone as the catalyst.

4. Asymmetric Synthesis of β-Lactams and Deoxygenation of Oxiranecarbonitriles via
Intramolecular π–π Stacking Interaction

β-lactam has been a key structural moiety of widely applied β-lactam antibiotics all
over the world since the 1940s. β-lactam antibiotics have helped millions of people. Most β-
lactam antibiotics are prepared from semisynthesis. The key structures of the β-lactam ring
with defined stereostructures are generally constructed by organisms. The stereoselective
synthesis of β-lactam derivatives is a crucial issue in constructing the β-lactam ring in both
organic and medicinal chemistry [39]. The Staudinger cycloaddition is a versatile method
of synthesizing β-lactams from imines and ketenes, generated from acyl chlorides or α-
diazoketones [40,41]. The diastereoselectivity in the Staudinger cycloaddition is controlled
by the competition between the direct ring closure and isomerization of zwitterionic
intermediates E generated from imines 55 and ketenes 54 (Scheme 10) [42]. In contrast
with other factors [43], the substituents of imines and ketenes and reaction temperature
evidently impact diastereoselectivity [44]. On the other hand, torquoselectivity also plays
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an important role in the diastereocontrol in disubstituted ketene-participating Staudinger
cycloaddition [45].

Scheme 10. Diastereoselective synthesis of β-lactams.

To illustrate the influence of different substituted ketenes and imines on diastereos-
electivity in the formation of β-lactams at various reaction temperatures, the reaction of
phthalimidoacetyl chloride (50) and N-(4-methoxybenzylidene)isopropylamine (51) was
conducted and exhibited an evident increase in temperature on the diastereoselectivity.
There was a favorable formation of trans-β-lactam product 53 at a higher temperature
(150 ◦C) and a predominant generation of cis-β-lactam product 52 at a lower tempera-
ture (40 ◦C). It was rationalized that the strong π-stacking interaction existed between
the electron-withdrawing phthalimido and electron-donating 4-methoxyphenyl groups
in intermediate E at low temperatures and played an important role in stabilizing the
intermediate E, leading to the formation of cis-β-lactam product 52. However, the stability
of the π-stacking interaction decreased along with the increase in the reaction temperature,
resulting in the intermediate E converting into intermediate F, which generated trans-β-
lactam product 53 (Scheme 10) [44]. The intramolecular π-stacking interaction played an
important role in controlling the formation of cis-β-lactam product 54 diastereoselectively
at low temperatures.

Oxiranecarbonnitriles are very important synthetic intermediates and have been ap-
plied in several transformations [46–50]. During the transformation of 3-substituted trans-
oxiranecarbonnitriles 58 to 3-substituted (Z)-propenonitriles 60 through the thiourea-mediated
stereospecific deoxygenation, trans-oxiranecarbonnitriles 58 generated (Z)-propenonitriles
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60 stereospecifically due to the π-stacking interaction in intermediates G and 61. N,N,N′,N′-
Tetramethylthiourea (59) first nucleophilically attacked the cyano-attached ring carbon
atom to form intermediates G via an SN2 ring opening. Intermediates G rotated 180◦
to generate intermediates H, which further underwent an intramolecularly nucleophilic
addition to produce 1,3-oxathiolane derivatives 61. In an amine-induced fragmentation,
they transformed into intermediates I, which rotated 180◦ to yield intermediates J. Interme-
diates J further underwent an intramolecularly nucleophilic substitution, resulting in the
formation of trans-thiiranecarbonitriles 62 stereospecifically. Trans-Thiiranecarbonitriles 62

lost their sulfur atom to lead to (Z)-propenonitriles 60 stereospecifically (Scheme 11) [51].

Scheme 11. Stereospecific synthesis of (Z)-3-arylpropenonitriles from trans-3-aryloxiranecarbonitriles.

The nucleophilic ring expansion of saturated three-membered heterocycles has been
well investigated [52]. Recently, the electrophilic ring expansion of saturated three-membered
heterocycles was also realized [18,53,54]. In contrast with the nucleophilic ring expansion
of saturated three-membered heterocycles [52], their electrophilic ring expansion is a
new avenue to construct new heterocyclic compounds [18,53,54]. The electrophilic ring
expansion of polycyclic arylthiiranes 64 and ketenes K generated from aryloxyacetyl
chlorides 63 in the presence of triethylamine is a new strategy for the synthesis of areno[d]-
ε-thiolactones 66 directly without catalysts or additives. In the reaction, aryloxyacetyl
chlorides 63 are first eliminated in the presence of TEA to form aryloxyketenes K.

Arylthiiranes 64 and aryloxyketenes K undergo a dearomatic sulfur-shifted ene reac-
tion to directly generate intermediates 66 through the endo transition states TS8endo due to
the existence of the π-stacking interaction, which was verified by theoretical calculation.
After aromatization, intermediates 65 transform into the final products 66 in 22–94% yields.
The current reaction features atom and step-economic characteristics via a tandem sequence
of in situ ketene generation, π-stacking-controlled dearomatic sulfur-shifted ene, and arom-
atization and is a novel strategy for the electrophilic ring expansions of three-membered
saturated heterocycles (Scheme 12) [55].
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Scheme 12. Synthesis of areno[d]-ε-thiolactones from arylthiiranes and aryloxyacetyl chlorides.

5. Asymmetric Synthesis of Optically Active Helicenes

Helicenes are a class of important carbon-rich materials. Helical supramolecular
structures are important in chemistry and materials science. Helical structures that are
derived from conjugated ortho-annelated arenes or heteroarenes are known as [n]helicenes.
The n presents the number of the ortho-annelated arene or heteroarene ring. Helicenes are
3-dimensional polycyclic aromatic systems, which consist of all ortho-fused aromatic or
heteroaromatic rings and are inherently chiral, presenting helical conformation. Different
from fullerenes, carbon nanotubes, and graphene, helicenes are chiral organic compounds
and exist in left-hand or right-hand helical structures. Different racemic [11]helicenes
consisting of all ortho-fused benzene rings or ortho-fused benzene and conjugated cy-
clohexadiene rings were prepared successfully from 4,6-bis((2-(4-(triisopropylsilyl)but-
3-yn-1-yl)naphthalen-1-yl)ethynyl)isophthalaldehyde (67), which was synthesized from
4,6-diformyl-1,3-phenylene bis(trifluoromethanesulfonate) and (4-(1-ethynylnaphthalen-
2-yl)but-1-yn-1-yl)triisopropylsilane via the CuI-catalyzed coupling. The dialdehyde 67

reacted with n-butyl lithium-treated prop-1-yn-1-yltripropylsilane, generating a pair of
enantiomeric double addition products and a meso-double addition product in an equiv-
alent amount. After a series of transformations, they were converted into diacetates rel-
(R,R)-68 and meso-68 as precursors for the next [2 + 2 + 2] annulation. The [2 + 2 + 2]
annulations were conducted under three different conditions. For precursor rel-(R,R)-
68, it asymmetrically produced double-annulated product [11]helicene-like derivatives
rel-(M,R,R)-69 and rel-(P,R,R)-69 through intermediates rel-(M,R,R)-69 and rel-(P,R,R)-69.
The CpCo(CO)2-catalyzed annulation preferred the formation of rel-(P,R,R)-70 with a di-
astereoselectivity of 17:83 for rel-(M,R,R)-70:rel-(P,R,R)-70, while the Ni(COD)2-catalyzed
annulation predominately generated rel-(M,R,R)-70 with a diastereoselectivity of 72:28 for
rel-(M,R,R)-70:rel-(P,R,R)-70. However, only very low diastereoselectivity was observed in
the CpCo(C2H4)2-catalyzed annulation, with a slightly favorable formation of rel-(M,R,R)-
70 with a diastereoselectivity of 57:43 for rel-(M,R,R)-70:rel-(P,R,R)-70. For the double [2 +
2 + 2] annulation of meso-68, the Co-catalyzed double [2 + 2 + 2] annulations gave rise to
the annulated product [11]helicene-like derivative rel-(M,R,R)-70 in higher yields (40% and
30%) than those in the Ni-catalyzed annulation. The [11]helicene-like derivative rel-(M,R,R)-
63 was further converted to racemic [11]helicene rac-70 in excellent yield via the elimination
of acetate and dehydrogenation. In all [2 + 2 + 2] annulations, the edge-to-face π-stacking
interaction plays a key role in controlling the diastereoselectivity (Scheme 13) [56]. Inter-
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estingly, the CpCo(CO)2- and Ni(COD)2-catalyzed double [2 + 2 + 2] annulations exhibit
different diastereoinduction in the stereoselective synthesis of [11]helicene-like molecules.

 

Scheme 13. Synthesis of optically active [11]helicene-like molecules.

Helicenes containing one or more nonaromatic heterocycles are also a class of impor-
tant carbon-rich materials. Similar to helicenes derived from conjugated ortho-annelated
arenes or heteroarenes, helicene-like molecules also present helical conformation. After
the successful preparation of racemic [11]helicenes, the asymmetric synthesis of optically
active (P,S,S)- and (M,S,S)-[11]helicene-like molecules (P,S,S)-74 and (M,S,S)-74 was real-
ized from 1,1’-((4,6-bis((((S)-4-(p-tolyl)but-3-yn-2-yl)oxy)methyl)-1,3-phenylene)bis(ethyne-
2,1-diyl))bis(2-(but-3-yn-1-yl)naphthalene) (−)-(S,S)-72 through the Co-catalyzed double
[2 + 2 + 2] annulation. In the [2 + 2 + 2] annulation, the edge-to-face π-stacking interaction
plays a crucial role in controlling the stereoselectivity. Under all the used conditions, (P,S,S)-
annulated product (P,S,S)-74 was obtained as the major product. High stereoselectivity
((M,S,S)-74:(P,S,S)-74 = 10:90) was observed under photo-irradiation (in 26% yield) and
microwave irradiation (in 33% yield) conditions. However, a low stereoselectivity ((M,S,S)-
74:(P,S,S)-74 = 25:75) and yield (17%) were obtained at room temperature. The results
indicated that a higher reaction temperature was favorable to improve both the yield and
stereoselectivity (Scheme 14) [56]. The current Co-catalyzed double [2 + 2 + 2] annulation
strategy is an efficient route to synthesize optically active [11]helicene-like molecules.
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Scheme 14. Synthesis of optically active [11]helicene-like molecules.

Heterohelical supramolecular structures are important in chemistry and materials sci-
ence as well. Oligothiophenes are the most studied π-systems due to their favorable
electrical and optical properties. Much attention has been paid to their preparation.
Several classical oligothiophenes, such as α-sexithiophene, quasi-linear oligomer pen-
tathienoacene, and helical oligomer [7]helicene, have been synthesized until now. The
asymmetric synthesis of optically active (M,R,M)-bis[7]helicene (M,R,M)-79 was carried out
from bis(β-trithiophene) 75 [57]. Bis(β-trithiophene) 75 was obtained from 3,4-dibromo-2-
trimethylsilyldithieno[2,3-b:3’,2’-d]thiophene via lithiation with butyl lithium and the CuCl2-
catalyzed coupling followed with the treatment with TFA in dichloromethane. 3,4-Dibromo-2-
trimethylsilyldithieno[2,3-b:3’,2’-d]thiophene was prepared from 3,4-dibromothiophene via
lithiation with butyl lithium and the CuCl2-catalyzed coupling followed by dilithiation
with LDA and oxidation with bis(phenylsulfonyl)sulfide [58]. To circumvent solubility
problems, bis(β’-bromo-β-trithiophene) 75 was protected with tripropylsilyl chloride with
the treatment with LDA in the presence of a chiral diamine (-)sparteine, affording optically
active mono-tripropylsilyl-protected (R)-tetrakis(β-trithiophene) (R)-76 and ditripropylsilyl-
protected tetrakis(β-trithiophene) 77, which was hydrolyzed to starting material 75 with
TFA in chloroform for reuse. The (R)-tetrakis(β-trithiophene) (R)-76 was further coupled
under the catalysis of a palladium catalyst in the presence of potassium phosphate to
generate tetrakis[7]helicene (R,R,R)-78 with (R,R,R) configuration. Finally, the (R,R,R)-
tetrakis[7]helicene (R,R,R)-78 was transformed to optically active (M,R,M)-bis[7]helicene
(M,R,M)-79 via the formation of two new thiophene rings through the sequential treatments
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with LDA in the presence of (−)-sparteine and oxidation with bis(benzenesulfonyl) sulfide.
During the transformation, the strong noncovalent π–π stacking interaction plays an impor-
tant role in stereoinduction in the formation of (M,R,M)-bis[7]helicene (M,R,M)-79, which
showed a helical structure. However, the transformation from (R,R,R)-tetrakis[7]helicene
(R,R,R)-78 into (M,R,M)-bis[7]helicene (M,R,M)-79 exhibited low to moderate stereose-
lectivity, 62–64% ee for 3–4% conversion, and 22–47% ee for 12–23% conversion. The
stereoselectivity decreased evidently along with the increase in conversion (Scheme 15) [57].
Although the synthetic method is not so efficient in conversion and stereoselectivity, it
is still useful for the preparation of optically active bis[7]helicene and will show further
application in the preparation of other [n]helicene derivatives in the future.

Scheme 15. Synthesis of helically locked bis[7]helicene from helically folded tetrakis(β-trithiophene).

6. Asymmetric Synthesis of Multilayer 3D Chiral Molecules

Multilayer 3D chiral molecules are a new class of macromolecular sandwich-shaped
organic materials. They possess a new form of chirality which is different from traditional
planar and helical counterparts. They are composed of both planar and axial chirality.
Their middle part includes three parallel top, medium, and bottom layers of aromatic
(hetero)arene systems, which fold together by an aromatic π-stacking interaction, while
the medium aromatic (hetero)arene is linked generally with the top and bottom aromatic
arenes, respectively, on its para-positions through two naphthalene derivatives, existing in
axial chirality. They show a strong luminescence of different colors under UV irradiation
and some of them display aggregation-induced emission (AIE) properties. Thus, they
exhibit potential applications in chemical, medicinal, and material sciences including
optoelectronic materials in the future [59,60].

Racemic multilayer 3D chiral molecules were first prepared from 8-arylnaphthalen-
1-amines 80 and 1,2-dibromobenzene (81) via the palladium-catalyzed dual Buchwald–
Hartwig couplings, generating vicinal N,N’-bis(8-arylnaphthalen-1-yl)benzene-1,2-diamines
82 and ent-82, which exist in an equilibrium of two enantiomeric conformers 82 and ent-
82. However, after the treatment with phosphorus oxychloride in THF, they cyclized
into 2-chloro-1,3-bis(8-arylnaphthalene-1-yl)-1,3-dihydrobenzo[d][1,3,2]diazaphosphole
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2-oxides 83 and ent-83, existing in two stable enantiomers 83 and ent-83, which were
resoluted. They were further converted to 2-amino-1,3-bis(8-arylnaphthalene-1-yl)-1,3-
dihydrobenzo[d][1,3,2]diazaphosphole 2-oxides 84 and 85, respectively, under sequential
treatments with sodium azide and hydrogenolysis in the presence of Pd/C (Scheme 16).

 
Scheme 16. Racemic synthesis of multilayer 3D chiral molecules.
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2-Chloro-1,3-bis(8-(4-methoxyphenyl)naphthalene-1-yl)-1,3-dihydrobenzo[d][1,3,2]
diazaphos-phole 2-oxide (83b) was also transformed into 2-benzylamino-1,3-bis(8-(4-
methoxyphenyl)naphthalene-1-yl)-1,3-dihydrobenzo[d][1,3,2]diazaphosphole 2-oxide (86)
and 2-methyl-1,3-bis(8-(4-methoxyphenyl)naphthalene-1-yl)-1,3-dihydrobenzo[d][1,3,2]
diazaphosphole 2-oxide (87), respectively, through the reaction with lithium benzylamide
and methyl lithium (Scheme 17) [59].

Scheme 17. Derivatization of 2-chloro-1,3-bis(8-(4-methoxyphenyl)naphthalene-1-yl)-1,3-
dihydrobenzo[d][1,3,2]diazaphosphole 2-oxide.

In the same year, two different strategies for the enantioselective assembly of multilayer
3D chiral compounds were exploited as well. In the first one, 4,7-bis(8-bromonaphthalen-
1-yl)benzo[c][1,2,5]thiadiazole (88) as a core molecule was reacted with various (R)-4-
carbamoylphenylboronic acids 89, respectively, via the palladium-catalyzed dual Suzuki–
Miyaura coupling to give rise to the desired products 90 in low 16–48% yields in diastere-
omeric ratios of 1.49:1 to 3.00:1. To improve the yields, the second strategy was attempted.
4,7-Dibromobenzo[c][1,2,5]thiadiazole (91) as the central molecule was reacted with (R)-(8-
(4-((1-phenylethyl)carbamoyl)phenyl)naphthalene-1-yl)boronic acid (92) to generate the
target product 90a in 53% yield with a diastereomeric ratio of 2.09:1. Alternatively, the reac-
tion of benzo[c][1,2,5]thiadiazole-4,7-diyldiboronic acid (93) and (R)-4-(8-bromonaphthalen-
1-yl)-N-(1-phenylethyl)benzamide (94) gave rise to the expected product 90a in 60% yield
with a diastereomeric ratio of 1.91:1. The yield was improved slightly, but diastereoselectiv-
ity decreased (Scheme 18) [60].

To increase the steric bulkiness, different substituted (R)-4-(1-phenylethyl)
carbamoylphenylboronic acids 95 were applied in the Suzuki–Miyaura coupling with
4,7-bis(8-bromonaphthalen-1-yl)benzo[c][1,2,5]thiadiazole (88) as a core molecule, giving
the desired products 96 in 20–73% yields with diastereomeric ratios of 1.64:1 to 2.17:1.
The reaction of 4,9-dibromonaphtho [2,3-c][1,2,5]thiadiazole (97) and (8-phenylnaphthalen-
1-yl)boronic acid (98) led to the target product 99 in 70% yield (Scheme 19) [60]. The
results indicate that the synthetic strategies involving difunctionalized planar aromatic
(hetero)arenes as the central molecules generally result in the formation of the desired
products in high yields.

Asymmetric catalytic Suzuki–Miyaura coupling was also developed with diaryl(1-
bromonaphthalene-2-yl)phosphine oxides 100 and (7-(8-arylnaphthalen-1-yl)benzo[c][1,2,5]
thiadiazol-4-yl)boronic acid pinacol esters 101 as starting materials, generating the target
products 103 in 40–57% yields with diastereomeric ratios of 58:42 to 87:13 with enantiopure
phosphine 102 as chiral ligand (Scheme 20) [61]. Similar asymmetric catalytic Suzuki–
Miyaura coupling was also investigated for the synthesis of desired products 96 with a
naphthyl group in the middle part instead of the aryl group by displacement of the 8-aryl
group with the 8-(naphthalen-1-yl) group in substrates 101 [62].
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Scheme 18. Enantioselective synthesis of multilayer 3D chiral molecules.
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Scheme 19. Stereoselective synthesis of multilayer 3D chiral molecules.

Scheme 20. Asymmetric catalytic synthesis of multilayer 3D chiral molecules.

Chiral amide (R)-4-(8-bromonaphthalen-1-yl)-N-(1-phenylethyl)benzamide 94 was pre-
pared in a 58% yield from 1,8-dibromonaphthalene (104) and (R)-(4-((1-phenylethyl)carbamoyl)
phenyl)boronic acid (89a) via the Suzuki–Miyaura coupling. It further dually coupled with
pinacol 2,3-dihydronaphtho[2,3-b][1,4]dioxine-5,10-diyldiboronate (97) to generate a pair
of diastereomeric products 106 and 107 in 2:1 in a 53% total yield. The XRD single crystal
diffraction analysis reveals that two naphthalenes are located in opposing directions at a
dihedral angle of approximately 60◦. For the middle part, the top and bottom layers are
nearly parallel to the central layer due to the π-stacking interaction. The phenyl group of
one of the amide groups is oriented nearly parallel to the naphthalene ring. In a unit cell,
the intermolecular distances between proximate aromatic rings are very similar to those of
intramolecular distances due to the π-stacking interaction. The functional group amide was
further transferred to nitrile, amide, carbamate, amino, and hydroxyl groups, sequentially
(Scheme 21) [63].

Similarly, chiral amide (R)-4-(8-bromonaphthalen-1-yl)-N-(1-phenylethyl)benzamide
(94) was dually coupled with pinacol naphtho[2,3-c][1,2,5]thiadiazole-4,9-diyldiboronate
(108) to generate a pair of diastereomeric products 109 and 110 in 1.6:1 in a 45% total yield.
The XRD single crystal diffraction analysis indicates that two naphthalenes are located in

21



Molecules 2024, 29, 1454

opposing directions nearly perpendicular to the central anphthothiadiazole ring, different
from the previous 2,3-dihydronaphtho[2,3-b][1,4]dioxine central one, which exists at a
dihedral angle of approximate 60◦. Other structural features are very similar to the previous
2,3-dihydronaphtho[2,3-b][1,4]dioxine central one. The functional group amide was further
transferred to nitrile, amide, and carbamate groups, sequentially (Scheme 22) [64].

 
Scheme 21. Asymmetric synthesis of multilayer 3D chiral molecules with arenediboronate as the
central moiety.

 

Scheme 22. Asymmetric synthesis of multilayer 3D chiral molecules with heteroarenediboronate as
the central moiety.
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Recently, a similar synthetic strategy was utilized in the synthesis of polymeric mul-
tilayer 3D chiral compounds 115–117 with pinacol (naphtho[2,3-c][1,2,5]thiadiazole-4,9-
diyl)bis(8-naphthalen-1-ylboronate) and (naphtho[2,3-c][1,2,5]selenodiazole-4,9-diyl)bis(8-
naphthalen-1-ylboronate) 104 with three different 1,8-dibromonaphthalene derivatives 104,
112, and 113 as monomers (Scheme 23) [65]. They are very interesting polymers and oligomers
of multilayer 3D chiral compounds and show potential application in materials science.

 

Scheme 23. Asymmetric catalytic synthesis of polymeric multilayer 3D chiral molecules.

7. Conclusions

As one of the most important intramolecular and intermolecular noncovalent inter-
actions in organic chemistry, the π-stacking interaction can exist in different fashions, for
instance, in face-to-face, edge-to-face, and even T-shape interactions. It exists widely, such
as in biological macromolecules, organic materials, and organic reactions. It plays an im-
portant role not only in the stabilization of biological macromolecules and complexations
of biomolecules with small organic compounds but also in the stabilization of confor-
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mations and transition states in organic reactions via intramolecular and intermolecular
attractive interactions. This minireview summarized the recently developed examples of
π-stacking interaction-controlled asymmetric synthesis, including auxiliary-induced asym-
metric synthesis, kinetic resolution for asymmetric synthesis, diastereoselective synthesis,
the asymmetric synthesis of helicenes and heterohelicenes, and the synthesis of multilayer
3D chiral molecules. The π-stacking interaction has been applied in the stabilizations of
biomacromolecules, complexations of biomacromolecules and small organic compounds,
design of organic materials, organocatalysts, and chiral ligands for asymmetric catalysis. It
will show wide applications in understanding the biological function of biomacromolecules
and the development of medicines in the future. Before, steric hindrance was considered
to be one of the most crucial issues in the design of chiral auxiliaries and catalysts. Re-
cently, steric hindrance, electronic effect, and noncovalent interaction have been recognized
as important factors in realizing high stereoselectivity in the design of chiral auxiliaries
and catalysts. Recently, several highly efficient asymmetric catalytic reactions have been
achieved through the π-stacking interaction between substrates with organocatalysts or
chiral ligands under the catalysis of organocatalysts [66–70] and transition metal–chiral
ligand complexes [71–73], respectively. The enantiomerization of [5]helicene was also
successful under the catalysis of a perylene bisimide cyclophane through the π-stacking
interaction [74]. As one of the most important intramolecular and intermolecular noncova-
lent interactions in organic chemistry, the π-stacking interaction will be paid much attention
to in the design of novel chiral auxiliaries for stereocontrol in asymmetric synthesis and in
the design of new organocatalysts and chiral ligands for asymmetric catalysis in the prepa-
ration of biologically important organic compounds, medicines, and their intermediates in
the future.
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Abstract: The use of light energy to drive asymmetric organic transformations to produce high-
value-added organic compounds is attracting increasing interest as a sustainable strategy for solving
environmental problems and addressing the energy crisis. Chiral covalent organic frameworks
(COFs), as porous crystalline chiral materials, have become an important platform on which to explore
new chiral photocatalytic materials due to their precise tunability, chiral structure, and function. This
review highlights recent research progress on chiral COFs and their crystalline composites, evaluating
their application as catalysts in asymmetric photocatalytic organic transformations in terms of their
structure. Finally, the limitations and challenges of chiral COFs in asymmetric photocatalysis are
discussed, with future opportunities for research being identified.

Keywords: covalent organic frameworks; asymmetric photocatalysis; chirality; synthetic method

1. Introduction

Photocatalysis is widely accepted as a convenient method in the field of asymmetric
catalysis and has shown promise for bulk production [1–6]. Since MacMillan’s group
reported in 2008 that photoredox catalysis combined with organocatalysis promotes asym-
metric α-alkylation of aldehydes through a process catalyzed by ruthenium complexes [7],
efforts have been made to develop more environmentally benign asymmetric photocatalysts
and to extend their application to more meaningful reactions [8–15]. In recent years, hybrid
photocatalysts consisting of inorganic semiconductor photocatalysts such as PbBiO2Br and
[W10O32]4− and chiral organic catalysts have shown excellent photocatalytic performance
in stereoselective carbon–carbon bond formation [16,17]. These materials combine the
advantages of the high stereoselectivity of organic catalysis with the stability and easy
separation of heterogeneous catalysts [18,19]. However, related reports are still very lim-
ited, and designing new photocatalyst systems for asymmetric photochemical reactions
is challenging.

In the past few years, an increasing number of studies based on reticular framework
materials and their composites have been published in the field of photocatalysis, and their
extraordinary features have attracted great attention [20–22]. Metal–organic frameworks
(MOFs) are a promising reticular framework material for photocatalysis because they
are composed of metal ions or clusters and organic ligands, which can act as active sites
separately or cooperatively, affecting the light-harvesting, charge generation and separation,
and surface reactions for remarkable photocatalytic performances [23–25]. At present, a
large number of reviews focused on the application of MOFs in the field of photocatalysis
have been reported [26–28]. Unlike MOFs constructed by coordination bonds, covalent
organic frameworks (COFs) are a novel class of organic reticular framework materials,
which are composed of organic building units linked only through covalent bonds, and
they exhibit well-defined structures and permanent porosity. Crystalline COF materials
hold potential for applications in energy storage, optoelectronics, catalysis, gas storage and
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separation, and drug delivery [29–36]. It is well known that the chirality of molecules can be
amplified by a reticular structure [37,38]. In addition, the enantioselectivity of asymmetric
transformations can be improved by fixing chirality into constrained framework spaces.
Therefore, introducing chiral functional groups and photoactive units into COFs through a
rational selection of organic monomers can pave the way for chiral functionalities to have
viable applications, such as in asymmetric photocatalysis.

In 2014, Jiang and co-workers reported the first chiral COF and its application in
asymmetric catalysis [39]. Since then, numerous chiral COFs have been created, and their
diverse applications in asymmetric catalysis, chiral separation, and enantioselective sensing
have been investigated [40–44]. Recently, Cui et al. published two seminal reviews on
chiral COFs [45,46], concentrating on their synthesis, structural features, and applications.
Although a large number of examples of chiral COFs and some reviews of their applications
have been reported, the construction of chiral COFs with chiral photocatalysts is still a
challenge due to the need to consider both chiral catalysis and photocatalysis and their
synergistic relationship. To date, a comprehensive review outlining the synthesis and
structures of chiral COFs and their applications in asymmetric photocatalytic organic
transformations has not been published.

This review mainly focuses on summarizing the recent research progress on chiral
COFs and their crystalline composites for asymmetric photocatalytic organic transforma-
tions evaluated in terms of their structure. The photochemical properties and asymmetric
photocatalytic performance of these materials are illustrated to provide a useful guide for
the preparation and application of chiral COFs in the future.

2. Synthesis and Structure of Chiral COFs

Since Yaghi’s group first reported COF powders in 2005, many research groups have
employed a variety of synthetic methods to prepare COFs [47]. To date, COFs are mainly
synthesized by solvothermal [48–50], microwave-assisted [51,52], ionothermal [53,54],
flux synthesis [55], and room temperature methods [56–58]. Despite the success of these
approaches, the first chiral COF was not synthesized until 2014 [39]. A major challenge
in chiral COFs is balancing the asymmetry of chiral monomers and the crystallinity of
materials because of the low-symmetry nature of chiral monomers, which contradicts with
the observations that most COFs are crystallized in high-symmetry space groups, with
multiple crystallographic symmetry elements residing on each monomer. Moreover, in the
preparation of chiral COFs with specific functions, the solvent and temperature are crucial
factors in obtaining crystalline products.

To date, all chiral COFs have been synthesized by the solvothermal method. However,
the solvothermal synthesis of chiral COFs can also be categorized into the following three
different synthesis approaches [59–64]. First, in de novo synthesis, homochiral COFs are
prepared using either enantiopure monomers or achiral monomers with chiral crosslinking
units. Second, in a post-synthesis approach, achiral COFs are modified at the level of
organic monomers or by inserting chiral substances into the pores. Third, in a chiral
induction approach, achiral monomers are used as precursors in the chiral catalytic or
chirality-induced synthesis of homochiral COFs. In this section, we briefly introduce the
various strategies and synthetic conditions for producing chiral COFs and describe the
relationship between their structure and properties. Figure 1 shows the structures of chiral
monomers used to construct chiral COFs via the de novo synthesis method.
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Figure 1. The chemical structures of chiral monomers used in the construction of chiral COFs.

2.1. De Novo Synthesis

Constructing predesigned chiral COFs through the polymerization of rationally se-
lected enantiopure monomers, guided by framework chemistry design rules, is a promising
yet challenging approach. The inherent chirality of the building blocks is preserved in the
overall framework, maintaining the absolute configuration of the resulting homochiral
structures [65]. The inherent chirality of the building blocks is conserved in the absolute
configuration of the resulting homochiral framework, and chiral COFs synthesized by
de novo synthesis exhibit a well-defined structure and uniformly distributed chiral sites.
Chiral COFs can be categorized into two structural types: (1) a structure in which the
framework itself is chiral and (2) a structure in which the framework is achiral but the
substituents on the framework are chiral. However, both of them crystallize in chiral
space groups.

In 2016, Wang and colleagues reported the first de novo synthesis process [66], prepar-
ing two chiral COFs, LZU-72 and LZU-76, which crystallized in the P3 space group and
exhibited a 2D layered hexagonal network with high crystallinity. The frameworks of these
COFs are achiral but the substituents on the framework are chiral. The chiral monomer was
synthesized from rigid 4,4′-(1H-benzo[d]imidazole-4,7-diyl)dianiline with chiral pyrroli-
dine substituents. The resulting chiral COFs are structurally robust and highly active as het-
erogeneous catalysts in asymmetric aldol reactions. Subsequently, Wang’s group explored a
general method for introducing different chiral functional groups into an achiral COF [67].
They used the achiral molecule DBCBI (4,7-dibromo-2-chloro-1H-benzo[d]imidazole) as a
platform on which to immobilize eight chiral functional groups via nucleophilic substitu-
tions and Suzuki coupling to obtain eight chiral monomers. These chiral monomers were
condensed with 1,3,5-tri(4-aminophenyl) benzene (TAPB) to produce eight 2D chiral COFs,
which crystallize in the P3 space group with a hexagonal network. The high-throughput
synthesis of chiral COFs from a platform molecule not only provided eight catalysts for
the asymmetric reaction of β-ketone esters, but also offered a general method for structure–
activity studies of COFs.
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In 2016, Yan et al. reported a bottom-up strategy for the synthesis of chiral COFs [68].
First, they prepared a C3-symmetrical 1,3,5-triformylphloroglucinol (Tp) to bind linear
chiral carboxylic acids. Then, this chiral building block was directly condensed with
benzidine (BD), 1,4-phenylenediamine (Pa-1), and 2,5-dimethylp-phenylenediamine (Pa-2)
affording the 2D hexagonal chiral COFs CTpBD, CTpPa-1, and CTpPa-2, respectively. On
this basis, they used an in situ growth approach to prepare chiral COF-bound capillary
columns for chiral separation.

Another report by Zhang’s group described a hydrazone-linked chiral COF based on
1,3,5-benzene-tricarboxaldehyde with chiral (S)-2-methylbutoxy groups [69] that showed
good chemical stability and high performance for separating enantiomers. At the same
time, Liu, Cui, and co-workers explored a multivariate method to prepare several multi-
component 2D homochiral COFs based on 1,3,5-tris(4-aminophenyl)benzene with chiral
L-imidazolidine and L-imidazolidine side chain modifications on the central aromatic
ring [70]. These chiral COFs were successfully obtained by the multi-component crystal-
lization of two dialdehydes and triamines with or without chiral organic catalysts.

Using a similar strategy, Dong’s group synthesized a chiral COF in 2017 by directly
condensing the chiral monomer of S-(+)-2-methylpiperazine (S-MP) and cyanuric chlo-
ride [71]. The cyanuric chloride is connected by S-MP and extends on the ab plane to form
a 2D layer network (CCOF-MPC) with hexagonal cavities (Figure 2). The chirality of this
chiral COF is derived from the chiral S-MP affixed to the inner wall of the COF channel.
The crystalline CCOF-MPC is then subjected to Pd(NO3)2 solution impregnation and metal
reduction steps to obtain the final metal nanoparticle-loaded chiral composite (Pd@CCOF-
MPC). Pd@CCOF-MPC can effectively promote the Henry reaction and reductive Heck
reaction in a high yield with excellent stereoselectivity.

Figure 2. (a) A schematic diagram of the preparation of CCOF-MPC; (b) a single-layer hexagonal
building unit of CCOF-MPC; (c) the stacking patterns of CCOF-MPC. Adapted from ref. [71] with
permission, copyright 2017, the American Chemical Society.

Chiral COFs are prepared using achiral skeleton molecules. By nucleophilic sub-
stitution or condensation, the chiral centers are modified or attached to the surface or
inner wall of the COFs, but the COF framework remains achiral. To further release the
chiral expression potential of the materials, in 2018, Cui’s group reported two chiral COFs
with chiral scaffolds using enantiopure monomers TADDOL (tetraaryl-1,3-dioxolane-4,5-
dimethanol) and tetra(4-anilyl)methane (TAM) [72]. The TADDOL-based tetra-aldehydes
react with a tetrahedral TAM to form 3D imine-based chiral COFs with permanent porosity
and high crystallinity. Powder X-ray diffraction, computer simulation, and an aperture
distribution analysis indicated that both chiral COFs crystallized in the P2 space group
and can be used as chiral stationary phases for high-performance liquid chromatographic
enantioseparation.

BINOL is a crucial chiral compound in organic chemistry and material science. How-
ever, it was not until Cui’s group synthesized two BINOL-based chiral COFs that the
application of chiral COFs was realized. They achieved this by designing enantiopure
BINOL-based dialdehydes with 1,3,5-tris(3,5-diisopropyl-4-aminophenyl)benzene (CCOF
7) and tetrakis(4-aminophenyl)ethane (CCOF 8) [62]. In this work, CCOF 7 crystallized in
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the C2 space group with 2D layered tetragonal networks. CCOF 8 crystallized in the R3
space group, exhibiting a staggered stacking mode of 2D hexagonal layered frameworks.
Notably, due to weak interlayer interactions, CCOF 7 can be easily exfoliated into two-
dimensional sheets and exhibits superior capabilities for the detection of chiral odor vapors
in both the solution and membrane. In 2021, the same group reported two 3D chiral COFs
that have 9-fold or 11-fold interpenetrated diamondoid frameworks by condensing the tetra-
hedral tetramine and enantiopure BINOL [73]. The chiral COFs demonstrated exceptional
asymmetric catalytic activities for the cyclocondensation of aldehydes and anthranilamides
into 2,3-dihydroquinazolinones. This is attributed to chiral BINOL units that are uniformly
distributed within the tubular channels, which facilitate preferential secondary interactions
between the framework and substrate, thereby inducing enantioselectivity.

In addition, Dong et al. synthesized a chiral COF using a gold N-heterocyclic carbene
(NHC-Au) building block and chiral secondary amine through a modified de novo synthesis
approach [74]. The chiral COF (S)-NHC-Au-SA-COF is a heterogeneous catalyst for the
asymmetric aryl methanol oxidation-aldol relay reaction. Moreover, this chiral COF-based
setup was developed using a facile templating freeze-drying method based on an eco-
friendly chitosan material, promoting the highly asymmetric aerobic alcohol oxidation-
aldol relay reaction on a gram scale.

Recently, Cui’s group designed two 3D chiral COFs via the polycondensation of a
chiral 1,1′-binaphthyl-20-crown-6-derived dialdehyde and tetraamines with diisopropyl
substituents (Figure 3a) [75]. Structural characterization showed that both COFs had 11-fold
interpenetrating diamond frameworks characterized by tubular open channels decorated
with chiral crown ethers as enantioselective recognition and binding sites (Figure 3b). These
chiral COFs are particularly useful for the chiral separation of epoxides, ketones, and drugs
when applied as coatings for chiral columns (Figure 3c).

 

Figure 3. (a) Construction of 3D chiral COFs; (b) 3D structure and 11-fold interpenetration of diamond
framework; (c) chiral crown ether-decorated COFs are used for separation of racemates. Adapted
from ref. [75] with permission, copyright 2024, Oxford University Press.

In the past year, to further explore the properties of chiral COF materials, Cui and co-
workers synthesized a series of chiral COFs with different topological structure types by a
de novo synthesis method [38,76–80]. For example, they reported a mixed-linker strategy to
design multicomponent 2D chiral COFs by the condensation of a mixture of triamines (with
or without the MacMillan imidazolidinone catalyst or aryl substituent (ethyl and isopropyl))
and a dialdehyde derivative of thieno-[3,2-b]thiophene [76]. Structural characterization
showed that these three-component homochiral 2D COFs feature either AA or ABC stacking.
The stacking modes that can be synthetically controlled through steric tuning using different
aryl substituents affect their chemical stability and electrochemical performance. With
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the MacMillan catalyst periodically appended on their channels, all of these COFs can be
highly enantioselective and recyclable electrocatalysts for the asymmetric α-arylation of
aldehydes, affording alkylated anilines with up to 97% enantiomeric excess by an anodic
oxidation/organocatalytic protocol. Soon afterwards, they created a range of two- and three-
component 3D chiral COFs by utilizing enantiopure BINOL-derived tetraaldehydes with
varying alkyl substituents [77]. By imine condensations of BINOL-derived tetraaldehydes
bearing different alkyl substituents with the monomer tetra(p-aminophenyl)-methane, a
series of two-component and three-component chiral COFs with different interpenetrated
dia networks were obtained (Figure 4a). Structural characterization showed that alkyl
groups are appended on the walls of the channels, and their types/contents that can be
synthetically tuned control the interpenetration degree of COFs by minimizing repulsive
interactions between the alkyl groups (Figure 4b–d). This work provides a potential way
to use steric hindrance to regulate and control the interpenetration, stability, porosity, and
functionalities of chiral COFs.

 

Figure 4. (a) Synthesis diagram of 3D chiral COFs with different alkyl substituents; (b) five-fold
interpenetrated dia network of 22-OH; (c) four-fold interpenetrated dia network of 22-OEt; (d)
noninterpenetrated dia network of 22-OnBu. Adapted from ref. [77] with permission, copyright 2024,
American Chemical Society.

The chirality-induced spin selectivity (CISS) effect describes a phenomenon wherein
the charge transport through certain chiral structures or molecules exhibits a distinct
chirality-dependent electronic spin polarization. The use of chiral COFs to achieve CISS
remains a largely untapped area of research. More recently, Cui’s group synthesized
four 2D Zn(salen)-based chiral COFs, namely CCOFs 9–12, by the imine condensation of
chiral 1,2-diaminocyclohexane and tri- or tetra-(salicylaldehyde) derivatives (Figure 5a) [79].
CCOF-9 has a unique C2-symmetric “armchair” tetra-substituent pyrene conformation and
exhibits the most pronounced chirality among these chiral COF materials, which means it
can act as a solid state host capable of achieving the enantioselective adsorption of racemic
drugs with up to 97% ee (Figure 5b). After paramagnetic Co(II) replaces diamagnetic Zn(II)
ions, the obtained CCOF-9-Co not only maintains its high crystallinity and porosity and
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excellent chirality, but also exhibits enhanced conductivity (Figure 5c). Magnetic conductive
atomic force microscopy shows that CMOF-9-Co has an impressive spin polarization ratio
of 88–94% (Figure 5d). This work shows the great potential of chiral COFs for controlling
spin selectivity and will motivate the development of novel crystalline polymers with the
CISS effect. Using a similar strategy, they reported a one-step, template-free approach for
synthesizing higher-order superhelical nanofibrous chiral COFs with preferred helicity
by controlling alkyl chain lengths in organic linkers [80]. This approach yields chiral 3D
COFs (13-OR, R = H, Me, Et, nPr, nBu) with a 10-fold interpenetrated diamondoid structure
from enantiopure 1,1′-bi-2-naphthol (BINOL)-based tetraaldehydes and tetraamine. The
superhelical nature of these chiral COFs is evident in their chiral recognition and spin-
filter properties, displaying significantly enhanced enantiodiscrimination in carbohydrate
binding and a remarkable CISS effect with a 48–51% spin polarization ratio. This work
provides a robust and effective method for manipulating COF superhelical nanostructures,
offering new insights into CISS in chiral materials.

 

Figure 5. (a) Synthesis diagram of Zn(salen)-based chiral COFs; (b) enantiosorption of CCOF-9 toward
racemic drugs; (c) synthesis diagram of CCOF-9-Co; (d) I–V curves of (S)-CCOF-9-Co obtained from
mc-AFM. Adapted from ref. [79] with permission, copyright 2024, American Chemical Society.

According to the above research progress, the chiral COFs synthesized via the de novo
synthesis method exhibit uniformly distributed chiral sites throughout the framework.
Chiral scaffold COFs generally exhibit higher porosity and larger pore channels, whereas in
chiral COFs with non-chiral scaffolds, a material porosity is typically reduced to a certain
extent due to the chiral groups on the side chains of the framework. Therefore, the de
novo synthesis of chiral COFs with chiral scaffolds has garnered significant attention,
accelerating the rapid development of chiral COFs.

2.2. Post-Synthesis

The post-synthesis strategy is more commonly employed than de novo synthesis in the
field of chiral porous solid materials. Post-synthetic modification can easily introduce chiral
groups, accurately locate the chiral functions at anchor points of the achiral framework, and
maintain the overall structure of the achiral framework [81,82]. Therefore, post-synthetic
modification is an efficient and practical method for regulating the structure and function
of COFs. This approach is ideal for achiral COFs with suitable functional groups, enabling
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the creation of functionalized chiral COFs by attaching the chiral component to the achiral
COF framework through chemical bonds or non-covalent interactions.

The first chiral COF synthesized by post-synthetic modification, reported by Jiang’s
group, was based on imine-linked porphyrins [39]. In 2014, they used the acetylene-azide
click reaction to anchor optically pure pyrrolidine to the achiral COF framework, allowing
the rational construction of the chiral COFs [Pyr]x-H2P-COFs (x = 0, 25, 75, and 100). The
experimental results indicate that the modified COFs exhibit reduced BET surface areas
and pore sizes compared to the parent COF, while the crystallinity remains unchanged. By
regulating pyrrolidine loading on the pore walls, the modified COFs demonstrate superior
catalytic activity for asymmetric Michael additions. Subsequently, the same group reported
three chiral COFs using the same click reaction [83]. First, they synthesized an achiral
2D COF that was stable and resistant to strong bases and acids by the condensation of
methoxy-containing terephthalaldehyde with 1,3,5-tri(4-aminophenyl)benzene (Figure 6a).
The (S)-pyrrolidine was then anchored to the COF channel wall through the azide-ethyl
click reaction, converting the achiral COF into a catalytically active chiral COF while
maintaining the porosity and crystallinity (Figure 6b). As organocatalysts, the obtained
chiral COFs show excellent activity toward Michael additions under ambient conditions,
with over 90% enantioselectivity (Figure 6c).

 

Figure 6. (a) Construction of chiral COFs through post-synthetic modification. (b) Channel wall
structure of chiral COFs. (c) Substrate scope of Michael addition reactions catalyzed with chiral COFs.
Adapted from ref. [83] with permission, copyright 2015, Nature Publishing Group.

In addition to the covalent binding of small organic molecules as chiral attach-
ments, increasing numbers of examples have been obtained by grafting optically pure
natural biomolecules such as sugars, enzymes, and peptides onto COF channel walls
through immobilization and stabilization [44,84–86]. For example, Chen and Ma et al.
proposed a general strategy for enriching chirality by covalently anchoring a range of
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biomolecules (lysine, tripeptides, and lysozyme) into achiral polyimide COFs [85]. The
resulting biomolecule⊂COFs retain the framework structure of the parent COF but ex-
hibit reduced pore sizes and surface areas. Interestingly, the biomolecule⊂COFs showed
high chiral separation efficiency when used as chiral stationary phases due to the specific
interactions and strong chirality inherited from the immobilized biomolecules. In the
same year, Ma’s group incorporated optically pure lipase into achiral 2D COFs, creating
chiral enzyme⊂COFs in phosphate buffer solution [42]. Compared to amorphous ana-
logues, the porous channels of enzyme⊂COFs not only make the enzyme more accessible
to the reagents, but also act as strong shields to protect the enzymes from inactivation,
demonstrating superior activity and tolerance to harsh environments.

Chen et al. have also made significant advancements in constructing chiral COFs by
encapsulating bioactive molecules into achiral COF channel walls through post-synthetic
modifications [87]. For example, in 2022, they introduced a scalable and green method for
creating high-performance biocatalysts by assembling enzymes (lipase) with COFs under
ambient conditions (Figure 7a) [88]. The obtained lipase@COFs demonstrated remarkable
reusability and stability, serving as more effective catalysts for key industrial reactions than
free enzymes or those immobilized by traditional methods (Figure 7b–d).

36



Molecules 2024, 29, 5006

 

Figure 7. (a) The synthesis process of lipase@NKCOF-98 and a photograph of a lipase@NKCOF-98
sample from a scaled-up synthesis process. (b) The chiral catalytic resolution of 1-phenylethanol.
(c) The conversion rate curves of different catalysts over 12 h. (d) The catalytic reaction results of
NKCOF-99 at different reaction times (HPLC). Adapted from ref. [88] with permission, copyright
2022, Wiley-VCH.

Cyclodextrins are a class of important biomolecules with intrinsic chiral cavities. In
2019, Cui et al. constructed chiral COFs by anchoring chiral β-cyclodextrin (β-CD) into
channels of a 2D COF through a thiol-ene click reaction [89]. The modified COFs exhib-
ited reduced pore sizes and surface areas compared to the parent COF while retaining
the same crystal structure. Nevertheless, modified chiral COFs with low β-CD loading
showed high enantiomeric discrimination of amino acids. Recently, Yi et al. constructed a
carboxyl-functionalized achiral COF (TpBD-3COOH) with hexagonal channels and then
integrated a chiral molecule, heptakis(6-amino-6-deoxy)-β-CD (Am7CD), to obtain a chi-
ral COF (TpBD-Am7CD) [90]. Compared with TpBD-3COOH, the chiral selectivity of
TpBD-Am7CD is significantly improved in adsorption experiments. At the same time,
TpBD-Am7CD exhibited chiral selectivity to adsorb amino acid enantiomers similar to the
previously reported β-CD COF, indicating that the chiral Am7CD functionality provides a
chiral microenvironment.

The research described above indicates post-synthetic modification to be an effective
and simple method for synthesizing chiral COFs. However, several shortcomings of
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the approach remain to be resolved. First, a uniform distribution of the chiral reagents
introduced within the COF cannot be ensured. Second, the introduction of chiral functional
groups inevitably leads to a decrease in the porosity of the COF. Third, the chiral appendants
must be smaller than the COF channel diameter, limiting the scope of the approach.

2.3. Chiral Induction Synthesis

Chirality-induced synthesis is a highly appealing method employing chiral small-
molecule catalysts to convert achiral reagents into optically active polymers, supramolec-
ular systems, and other small molecules. Chiral induction has produced homochiral
polymers with diverse application potential and has been applied in the construction of
chiral COFs from achiral monomers.

In 2018, inspired by metal–organic framework chiral induction studies, Cui’s group
first used chiral induction synthesis to construct nine 2D chiral COFs [91]. These chiral COFs
were solvothermally condensed from achiral C3-symmetric 1,3,5-triformylphloroglucinol
(Tp) and triamine or diamine linkers in the presence of catalytic amounts of (S)- or (R)-1-
phenylethylamine (Figure 8a). The chirality of these COFs is derived from the chiral catalyst-
induced immobilization of tris(N-salicylideneamine) cores by intramolecular hydrogen
bonding during crystallization. These chiral COFs showed high enantioselectivity toward
chiral carbohydrates. Moreover, the post-synthetic modification of enaminone groups
with Cu2+ enables metalated chiral COFs to serve as highly stereoselective heterogeneous
catalysts for the asymmetric Henry reaction. Subsequently, Dong’s group prepared a chiral
COF with high crystallinity via organocatalytic asymmetric Schiff base condensation under
ambient conditions [92]. In this case, they employed chiral 2-methylpyrrolidine as a catalyst
for the asymmetric condensation of tricarbonyl phloroglucinol with various hydrazides
or diamines to prepare a series of tris(N-salicylideneamine)-derived β-ketoenamine chiral
COFs (Figure 8b). Furthermore, the obtained chiral COFs can be metalated using a solid-
state coordination method, providing heterogeneous catalysts for asymmetric A3-coupling
reactions. Similarly, using chiral amines as chiral inducers, Gu et al. synthesized ultra-
thin 2D chiral COF nanosheets from achiral monomers which exhibit tunable circularly
polarized luminescence [93].

In 2020, Dong et al. prepared, for the first time, two homochiral COFs through
the polymerization of achiral triamine dialdehydes and terminal aryl alkynes with the
assistance of catalytic inducer CuOTf·toluene/(S,S)-pydox (pydox = 2,6-bis(4-phenyl-2-
oxazolinyl)pyridine) [94]. The resulting propargylamine-linked chiral COFs can be highly
reusable chiral catalysts of asymmetric Michael addition reactions with moderate activity
and enantioselectivity.
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Figure 8. (a) Synthesis of chiral COFs by chiral 1-phenylethylamine asymmetric condensation.
Adapted from ref. [91] with permission, copyright 2018, Nature Publishing Group. (b) Synthesis
of (Λ)- and (Δ)-TpPa-1 by chiral 2-methylpyrrolidine asymmetric polymerization. Adapted from
ref. [92] with permission, copyright 2022, Wiley-VCH.

Although achiral monomers can be assembled into chiral COFs by introducing chiral
inducers or chiral catalysts, the chirality-induced synthesis of COFs is still in its infancy. To
date, only a limited scope of chiral small molecules or chiral catalysts has been investigated.
In addition, the development of alternative chiral inducers like circularly polarized light or
chiral solvents is essential for advancing new chiral COFs, and the mechanism of chiral
induction should be further studied.

3. Application of Chiral COFs in Asymmetric Photocatalysis

Asymmetric catalysis is one of the most efficient methods to obtain homochiral com-
pounds. Photocatalytic organic synthesis utilizing sunlight is a green organic synthesis
protocol offering the advantage of low energy consumption. The combination of these meth-
ods in asymmetric photocatalysis has attracted much attention in recent years, not least
due to its application in drug synthesis [95]. Chiral COFs, as emerging porous materials,
show significant potential as robust heterogeneous catalysts for asymmetric photocatalysis
as they are readily functionalized and structurally regulated at the molecular level.
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The work of Dong’s group has been crucial in advancing chiral COFs and asymmetric
photocatalytic organic synthesis. Copper porphyrin is a common organic photothermal
conversion material that can enhance the non-radiative transition of copper (II) [96,97].
Dong’s group reported several Cu(II) porphyrinyl-based chiral COFs for photo-assisted
thermocatalysis [98–101]. In 2019, the group reported two metal nanoparticle-loaded chiral
COFs (denoted Au@CCOF-CuTPP and Pd@CCOF-CuTPP) comprising a porphyrin-derived
chiral COF [98]. The chiral COF was prepared by assembling copper tetrabromophenolph-
thalein (Cu-TBrPP) and the chiral organic monomer (S)-(+)-2-methylpiperazine (S-MP) in
anhydrous 1,4-dioxane using Pd(PPh4)3 as a catalyst (Figure 9a). The crystalline COF was
then subjected to successive solution impregnation and metal reduction steps to obtain the
final metal nanoparticle-loaded chiral composite. Interestingly, both nanoparticle-loaded
composites show effective photothermal conversion with a maximum temperature rise of
25–31 ◦C within 1080 s (Figure 9b,c). Meanwhile, Pd@CCOF-CuTPP can catalyze the asym-
metric A3 coupling reaction by photothermal conversion, providing the desired products
with yields of 68–98% and ee values of 90–98%. Under visible light, Au@CCOF-CuTPP can
catalyze the asymmetric Henry reaction of benzyl alcohols and nitromethane with excellent
yields (93–99%) and enantioselectivity (94–98% ee) (Figure 9d,e).

 

Figure 9. (a) Synthesis of Pd@CCOF-CuTPP and Au@CCOF-CuTPP. (b) Photothermal effect of
Au@CCOF-CuTPP. (c) Photothermal effect of Pd@CCOF-CuTPP. (d) Scope of Au@CCOF-CuTPP-
catalyzed one-pot asymmetric Henry reaction. (e) Effect of temperature on asymmetric reactions.
Adapted from ref. [98] with permission, copyright 2019, Nature Publishing Group.

Later, Dong’s group designed and synthesized the multifunctional chiral (R)-CuTAPBN-
COF through the condensation reaction between 5,10,15,20-tetrakis-(4-aminophenyl)-porphyrin-
Cu(II) (Cu-TAPP) and 6,6′-dichloro-2,2′-diethoxy-1,1′-binaphthyl-4,4′-dialdehyde ((R)-
BINOL-DA) (Figure 10) [101]. It is noteworthy that the chiral control and catalytic centers
of the (R)-CuTAPBN-COF are not on the same molecular body, a structural motif not dis-
similar to the structure of enzymes. As an ADP receptor blocker, (S)-clopidogrel ((S)-CIK)
is currently one of the best-selling antiplatelet and antithrombotic drugs in the world.
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Under visible light irradiation, (R)-CuTAPBN-COF can catalyze the one-step synthesis
of (S)-CIK by a photothermally triggered three-component one-pot asymmetric Strecker
reaction (Figure 10). Interestingly, the reaction can be carried out effectively under sunlight
irradiation (the reaction system temperature is ~47 ◦C), providing (S)-CIK in up to a 70%
yield and 92% ee within 3 h. Furthermore, the catalytic reaction has demonstrated excellent
substrate scope. This work provides an experimental basis for the development of green
energy-saving “windowsill” reactions based on chiral COF photocatalysis.

 
Figure 10. Synthesis of multifunctional chiral (R)-CuTAPBN-COF and its application in catalytic
synthesis of drug intermediates. Adapted from ref. [101] with permission, copyright 2020, American
Chemical Society.

In 2022, Dong and Chen et al. reported another Cu(II)-metalated chiral COF using
a similar method. The obtained (R)-CuTAPBP-COF contains both Lewis acid (copper
porphyrin) and Brønsted acid (phosphoric acid) catalytic sites [100]. Under visible light
irradiation, (R)-CuTAPBP-COF can catalyze the intermolecular asymmetric α-benzylation
of aldehydes through photothermal conversion induced by visible light. For example,
4-(bromoethyl)pyridine reacts with propanaldehyde in methanol to produce (R)-2-methyl-
3-(pyridine-4-yl)propane with a yield of 98% and with 95% ee. Moreover, this kind of
photothermally catalyzed asymmetric reaction can also be effectively carried out under
natural light.

Although chiral COFs are increasingly used in photothermal asymmetric catalysis,
their application in asymmetric photocatalysis remains scarcely documented. Recently,
Dong’s group developed a quaternary ammonium bromide-decorated chiral photocatalytic
system by integrating the functional photosensitizer 4-(10,15,20-triphenylporphyrin-5-
yl)-aniline (TAPP), the phase transfer species quaternary ammonium bromide-decorated
phenylacetylene (PA-QA), and chiral controller propargylamine into a chiral COF (denoted
(R)-DTP-COF-QA) [102]. Under ambient conditions, (R)-DTP-COF-QA was synthesized
from achiral 2,5-dimethoxyterephthaldehyde (DMTP), TAPP, and PA-QA through asym-
metric A3-coupling polymerization in the presence of the chiral catalyst CuOTf-pybox
(pybox = (R,R)-2,6-bis(4-phenyl-2-oxazolinyl)pyridine) (Figure 11a). (R)-DTP-COF-QA
crystallizes in the chiral space group P4 and shows a broad absorption band covering
the entire visible spectral range. Due to the synergistic effect between porphyrin, chiral
propargylamine, and amphiphilic quaternary ammonium bromide, (R)-DTP-COF-QA can
promote visible light-driven enantioselective photooxidation of sulfides to sulfoxides in
water and in air with high activity and enantioselectivity (Figure 11b,c).
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Figure 11. (a) Synthesis of quaternary ammonium bromide-decorated chiral photocatalyst (R)-DTP-
COF-QA. (b) Photocatalytic synthesis of (R)- and (S)-modafinil by chiral DTP-COF-QA. (c) Circular
dichroism spectra of (R)- and (S)-modafinil. Adapted from ref. [102] with permission, copyright 2022,
American Chemical Society.

More recently, Zhao et al. reported a common bottom-up strategy for the successful
synthesis of several photoactive chiral COFs [103]. They chose photoactive porphyrins
as building blocks, immobilizing various secondary amine chiral catalytic centers on the
COF pore walls by rationally designing benzimidazole linkers. In these chiral COFs, the
porphyrin units act as antennas, capturing UV and visible light in the range of 250–1000 nm.
At the same time, various secondary amine chiral functional groups were fixed on the
channel wall of the chiral COFs through 1H-benzo[d]-imidazole building blocks, which
weakened the influence of the flexible chiral functional groups on the crystallinity of the
chiral COFs. Moreover, the reactants can easily reach the chiral catalytic site (the chiral
secondary amine) through 1D nanotubes. Thus, well-designed chiral COFs can incorporate
photoactive building blocks (porphyrin units) and chiral catalytic sites, resulting in high
yields (97%) and excellent enantioselectivities (93%) in the photocatalytic asymmetric
alkylation of aldehydes (Figure 12).

Besides merging COFs with chiral catalytic sites like binaphthol derivatives and
small organic molecules, integrating optically pure natural biomolecules such as enzymes
and peptides into COFs with open channels also shows promise for the generation of
photocatalysts of asymmetric organic transformations. For example, in 2022, Chen’s group
designed and synthesized a photoenzymatic platform (WGL@COF) using mesoporous
porphyrin-based COFs (NKCOF-118(M), M = H, Zn, Cu, and Ni) as solid carriers to
immobilize wheat germ lipase (WGL) (Figure 13a) [104]. PXRD patterns, N2 adsorption
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and desorption isotherms, and confocal microscopy images demonstrate that WGL is
successfully immobilized on the channel wall of porphyrin-based COFs (Figure 13b–d).
Due to the proximity effect between the enzymes and porphyrin-based COF in one system,
the resulting WGL@COFs exhibit good chemical stability and excellent photocatalytic
activity in the asymmetric Mannich reaction under visible light irradiation (Figure 13e).
Moreover, control experiments show that this asymmetric Mannich reaction cannot be
achieved by porphyrin-based COFs or WGL independently. This work provides a simple
and efficient method for producing highly efficient biomolecule-containing asymmetric
photocatalysts by enzyme immobilization in photoactive COFs.

 

Figure 12. Chiral porphyrin-based COF-photocatalyzed asymmetric alkylation of aldehydes.
Adapted from ref. [103] with permission, copyright 2023, American Chemical Society.

 

Figure 13. (a) Synthesis of mesoporous porphyrin-based COFs. (b) PXRD patterns of WGL@COFs.
(c) N2 adsorption and desorption isotherms of NKCOF-118(H). (d) Confocal microscopy images
of WGL@COFs. (e) Substrate scope of asymmetric Mannich reaction catalyzed by WGL@COFs.
Adapted from ref. [104] with permission, copyright 2022, American Chemical Society.
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4. Conclusions

Homochiral COF materials possess diverse characteristics and applications and have
been extensively studied in recent years. This review highlights the synthesis strategies,
structural characteristics, and research progress related to chiral COFs in asymmetric pho-
tocatalysis. By applying three different synthesis strategies, many chiral COFs have been
prepared. Post-modified synthesis can easily introduce chiral sites while preserving the
framework of COFs. De novo synthesis is beneficial to obtain chiral COFs with permanent
pores and defined chiral sites, but the protocol still presents significant challenges. Other
methods besides solvothermal synthesis, like room temperature synthesis, microwave
assisted reactions, and ionic thermal synthesis, should also be explored.

Due to their unique structural characteristics and ready tunability of their channels,
chiral COFs show great potential in asymmetric photocatalysis. Typical asymmetric pho-
tocatalytic reactions like the Henry reaction, the Mannich reaction, and the alkylation of
aldehydes have been demonstrated with excellent yields and enantioselectivities. However,
compared with other porous materials, COFs have not yet been utilized in more complex
and advanced asymmetric catalytic reactions. Their potential in asymmetric photocatal-
ysis remains underdeveloped. Moreover, the fundamental mechanism of asymmetric
photocatalysis using chiral COFs remains unclear. Although several COFs have recently
been characterized by X-ray single-crystal diffraction, the structures of reported COFs
are most usually determined by an analysis of powder X-ray diffraction and by taking
into account the geometry principles developed in network chemistry. More detailed
structural information is very useful for the study of the properties of COFs, so studying
the crystallization process to prepare single crystals of chiral COFs and determining their
atomic-level structure through a single-crystal X-ray diffraction analysis will provide more
evidence for the elucidation of the catalytic mechanism of these materials. More 2D and 3D
chiral COFs should be designed and synthesized to study their differences for asymmetric
photocatalysis. When chiral COFs are used as photocatalysts, the dimensionality and
pore size may particularly influence the asymmetric photocatalytic activity and catalyst
sites of chiral COFs. In addition, new chiral COFs with achiral pore/channels need to be
further investigated, and examples of their application to asymmetric photocatalysis are
still unexplored.
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Abstract: The 2-arylethylamine motif is very well-known in medicinal chemistry because
of its interesting properties when it comes to interacting with the Central Neural System
thanks to its ability to pass the blood–brain barrier. This nitrogen-containing family of
compounds is of great interest in synthetic organic chemistry and, when it comes to its
asymmetric synthesis, great challenges can be faced in order to obtain the chiral purity
required in the drug industry. Thus, we provide a concise transition metal review presenting
the recent advances in the synthesis of chiral 2-arylethylamines using transition metals as
the main catalysts in the introduction of chirality. Both conventional and photocatalysis
methods will be covered, considering the main transition metal used in the studies.

Keywords: 2-phenethylamine; 2-arylethylamine; asymmetric synthesis; transition metal
catalysis; metal catalysis; photocatalysis; transition metal-catalyzed asymmetric catalysis
and synthesis; kinetic resolution; bioactive compounds; molecular design; organic synthesis

1. Introduction

Phenethylamine derivatives constitute a well-established class of bioactive compounds
with significant pharmacological relevance [1,2]. Their relatively low molecular weight
and amphiphilic nature facilitate their passage through the blood–brain barrier, allowing
direct interaction with dopaminergic neurons and modulating key physiological processes
such as motor control, stress response, and mood regulation [3]. These scaffolds, whether
of natural origin (e.g., dopamine) or synthetically designed (e.g., amphetamine and its
analogs), serve as the backbone for a wide range of central nervous system stimulants used
in the treatment of neurological and psychiatric disorders (Figure 1).

Our research group has previously reviewed the medicinal chemistry of 2-phenethylamines
and related scaffolds, examining key pharmacophores and their therapeutic relevance [4],
as well as extending this analysis to bioactive 2-heteroarylethylamines [5]. More recently,
we examined metal-free strategies for the asymmetric synthesis of 2-arylethylamines (AEA),
covering chiral induction catalysis, organocatalysis, organophotocatalysis, and enzymatic
approaches [6].

Previous reviews on this topic have discussed multiple aspects of the AEA syntheses,
emphasizing different strategies and catalytic approaches. Some have focused on the
advances made in asymmetric direct hydrogenation of C=N bonds with metal catalysts,
such as those by Wencel-Delord et al. in 2021 [7] and Riera et al. in 2022 [8]. Other
approaches have also been explored, such as enzymes and chemoenzymatic cascades
making use of amine transaminases by Rueping et al. in 2023 [9], as well as the broader

Molecules 2025, 30, 1721 https://doi.org/10.3390/molecules30081721
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review by Moran et al. [10] encompassing both metal-catalyzed and metal-free synthetic
methods towards β-(hetero)arylethylamines. From a substrate-based perspective, alkene
functionalization has emerged as a powerful strategy for AEA synthesis, as highlighted in
reviews by Wang et al. in 2022 [11] and Zhang et al. in 2025 [12]. Additionally, aziridines
have been recently investigated by Lee et al. [13] as key intermediates for the synthesis
of medicinally relevant chiral amines, while Xiaowei et al. reviewed the asymmetric
photocatalytic synthesis of azaarene derivatives in 2022 [14]. Also, collectively, these
studies examine the plethora of options available in the synthesis of AEAs, each providing
some unique advantages and scope within the field.

Figure 1. Representative examples of 2-arylethylamine derivatives.

The use of transition metal catalysis in the synthesis of enantioenriched compounds has
been proved to be great tool in the synthesis of bioactive compounds which are suitable for
the pharmaceutical industry [7–9]. In comparison with non-transition metal methodologies,
this field has a large number of potential applications, both when it comes to suitable
substrates and the moieties synthesized [6]. As for the synthesis of chiral AEAs, using
transition metal catalysis has proved to be a path towards the development of interesting
strategies, such as asymmetric hydrogenation of C=N bonds, asymmetric ring-openings, or
C–N cross-coupling reactions, among others. These key methodologies, with which it is
difficult to achieve success in their organocatalytic counterpart [6], are the main core of the
synthetic advances in the synthesis of asymmetric 2-arylethylamine.

Due to the lack of reviews considering both methodology and substrate scopes, the
current work aims to contribute to this body of knowledge by providing a comprehensive
review of asymmetric metal catalysis for chiral AEA synthesis that, together with our
previous metal-free review, completes the current domain of asymmetric synthesis of the
aforementioned family of compounds in the new millennium.
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Thus, we report the main advances in the last millennium in asymmetric synthesis
of 2-AEA when using transition metal catalysis, covering the chiral synthesis of AEA
skeletons considering different substituents, functional groups, and aryl/heteroaryl rings
and their combinations, such as those shown in Figure 2A. Chirality is considered either in
C-1, C-2, or in both carbon atoms. Also, different moieties in which nitrogen is two carbons
apart from an aryl group are not covered, as shown in Figure 2B.

Figure 2. (A) 2-arylethylamines covered in this review. (B) Compounds not covered in this review.

This review is organized based on the transition metal used to enable the main step
in the production of asymmetric AEA, with the transition metals organized based on the
number of studies on the topic (Figure 3). Also, photocatalysis-based methodologies will be
presented separately, and main and novel catalytic cycles will be presented and discussed.

Copper, 27

Rhodium, 23

Ruthenium, 15
Palladium, 14

Nickel, 13

Iridium, 6

Cobalt, 6

Other, 4 Photo, 18

Figure 3. Number of studies on chiral AEA based on the transition metal used to perform the
corresponding methodology, as well as photocatalysis.
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2. Conventional Metal Catalysis

2.1. Copper

In 2007, Chemler et al. [15] reported a Cu(II)-catalyzed enantioselective intramolecular
carboamination of alkenes, involving intramolecular addition of arylsulfonamides across
terminal alkenes to provide chiral sultams. Chirality was enabled by a chiral copper–
oxazolinyl complex and the corresponding products could be derivatized in order to obtain
chiral AEA, in which the nitrogen atom is embedded into a pyrrolidine ring (Scheme 1).

Scheme 1. Chiral synthesis of AEA from sultam derivatives by Chemler et al. in 2017.

In 2011, Hajra et al. [16] reported a catalytic enantioselective one-pot aziridoarylation
reaction of aryl cinnamyl ethers followed by an intramolecular arylation (Friedel–Crafts)
reaction towards the synthesis of an interesting chiral AEA based on arylchromans. In
situ-generated tethered aziridine provides easy access to N-sulfonyl-protected trans-3-
amino-4-arylchromans in moderate yields and good ee by using the chiral organo-copper
complex as a catalyst (Scheme 2).

Scheme 2. Chiral arylchorman-based AEA synthesized by Hajra et al. in 2011 with copper catalysis.

Three years later, in 2014, Miura et al. [17] developed the asymmetric synthesis of
(borylmethyl)cyclopropylamines by aminoboration of methylenectclopropanes using chiral-
copper catalysis. This highly regio- and stereoselective process could afford interesting AEA
in excellent yields and dr, which could be derivatized in order to obtain versatile trans-2-
phenylcyclopropylamine derivatives, interesting potential moieties in medicinal chemistry
(Scheme 3A). Two years later [18], they reported the synthesis of β-boryl-α-aminosilanes.
This copper-catalyzed regioselective and stereospecific aminoboration of vinylsilanes with
bis(pinacolato)diboron(pinB-Bpin) and hydroxylamines afforded asymmetric silyl boron
AEA in good yields and dr (Scheme 3B).
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Scheme 3. Cyclopropane-based chiral AEA (A) and β-boryl-α-aminosilane-based AEA (B) synthe-
sized in 2014 and in 2016 by Miura et al., respectively.

In 2014, Tortosa et al. [19] reported the first asymmetric synthesis of cyclopropyl-
boronates with a quaternary stereocenter by copper-catalyzed diastereo- and enantiose-
lective desymmetrization of cyclopropenes. Trapping the cyclopropylcopper intermediate
with electrophilic amines allowed for the synthesis of chiral AEA with good yields and ee
(Scheme 4).

Scheme 4. Asymmetric synthesis of AEA based on cyclopropylboronates by Tortosa et al. in 2014.

Two years later, Buchwald et al. [20]. developed the enantioselective synthesis of an
interesting AEA by copper catalysis. Starting from styrene-derived nucleophiles and imine
derivatives, this intermolecular enantioselective addition of styrenes to imines afforded
highly enantiomerically enriched amines bearing contiguous stereocenters in excellent
yields and ee. This method relied on the use of styrenes as latent carbanion equivalents
via the intermediacy of catalytically generated benzyl-copper derivatives. Interestingly,
mechanistic studies remarked on the preferential styrene hydrocupration in the presence of
an imine with the Ph-BPE-derived copper catalyst (Scheme 5).

 

Scheme 5. Chiral AEA by copper catalysis synthesized in 2016 by Buchwald et al.
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Also in 2016, Jia et al. [21] reported a Cu(I)-catalyzed enantioselective Friedel–Crafts
alkylation of indoles with 2-aryl-N-sulfonylaziridines (Scheme 6). This process afforded
indole-substituted chiral AEA in good yields and ee. Starting from racemic substituted
aziridine, asymmetric addition by ring-opening reaction with indoles could be possible
due to chiral Cu(I)/(S)-Segphos catalyst.

Scheme 6. Asymmetric synthesis of indolethylamines by Jia et al. in 2016.

Ma et al., also in 2016 [22], developed the asymmetric synthesis of a-silyl N-tosylamides
by using [2.2]paracyclophane-based N-heterocyclic carbene in combination with a copper
complex. The dual role of the new carbene precursor as an organocatalyst and as a ligand
of the copper catalyst was crucial in the synthesis of the desired products. Starting from
the corresponding imines, this methodology could afford a particular chiral α-silyl AEA
in good yield and ee (Scheme 7), explained by the donor capacity of the carbene center
through the transannular electronic effects, which significantly alters the activity of the
resulting copper catalyst.

Scheme 7. Chiral AEA synthesis via transannular organo-copper catalyst by Ma et al. in 2016.

In the same year, Carretero et al. [23] reported the direct synthesis of polisubstituted
chiral pyrrolidines by catalytic asymmetric 1,3-dipolar cycloaddition reactions of azome-
thine ylides, enabled by chiral Cu(I)/(R)-DTBM-Segphos or Ag(I)/(R)-Fesuphos complexes.
This methodology could allow total control of the stereocenters by using different copper
or silver complexes, resulting in either exo- or endo-4-aryl substituted pyrrolidine with high
diastereoselectivity and excellent enantioselectivity (Scheme 8).

In 2017, Chung et al. [24] reported the formal synthesis of Omarigliptin, a long-
acting DPP-4 inhibitor. The key step in the methodology was the asymmetric synthesis
of a β-phenethylnitro compound from the corresponding benzaldehyde derivative and
nitromethane, enabled by the chiral copper–dibenzylamine complex (Scheme 9). The subse-
quent treatment of the substrate led to chiral AEA Omarigliptin in excellent yield and ee.

Liu et al. have shown great success when it comes to the synthesis of chiral AEA
using organo-copper complexes as transition metal catalysts. In 2017 [25], they reported
the asymmetric copper-catalyzed intermolecular aminoarylation of styrenes. Starting from
the corresponding styrene derivative and N-fluoro-N-alkylsulfonamide, several chiral
AEA were synthesized in good yields and ee by its addition to styrene, so the generated
benzylic radical could couple with a chiral L*Cu(II)Ar complex (Scheme 10A). Also, they
reported the enantioselective copper-catalyzed intermolecular amino- and azidocyanation
of styrenes in order to synthesize an interesting AEA in which the nitrogen functional group
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consisted of either a sulfonamide, a nitrile, or an azide [26]. By using organo-copper com-
plexes, a variety of enantiomerically enriched β-amino/azido alkylnitriles were efficiently
synthesized in excellent yields and ee. Also, the corresponding cyano-azido compounds
could be derivatized in order to obtain bioactive compounds as antibacterials (Scheme 10B).
Finally, in 2021 [27], following their studies in synthetic applications of styrene derivatives
when it comes to organo-copper catalysis, they reported an enantioselective intermolecu-
lar aminoalkynylation using N-fluoro-N-alkylsulfonamides as nitrogen-centered radical
precursors and alkynyltrimethoxysilanes as alkynylating reagents. This methodology toler-
ates wide substrate scope, high functional group tolerance, and mild conditions, and its
products can be derivatized in order to obtain interesting synthons when it comes to both
synthetic and medical applications (Scheme 10C).

 

Scheme 8. Asymmetric synthesis of pyrrolidine-based AEA by Carretero et al. in 2016.

 
Scheme 9. Omarigliptin synthesis in 2017 by Chung et al.

55



Molecules 2025, 30, 1721

 

 

 

Scheme 10. (A) N-sulfonyl-based AEA via copper catalysis by Liu et al. in 2017. (B) Amino- and
azidocyanation towards the synthesis of an interesting AEA with high synthetic potential synthesized
in 2017 by Liu et al. (C) Intermolecular aminoalkynylation towards the synthesis of an asymmetric
AEA by Liu et al. in 2012.
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In 2018, Chai et al. [28] reported the synthesis of a chiral AEA by copper-catalyzed
dynamic kinetic asymmetric transformation of racemic N-sulfonylaziridines. Interestingly,
different products were afforded when starting from either aryl aldehyde derivatives or
indol derivatives, via C–N bond cleavage with nucleophiles, including [3 + 2] annulations
with (hetero)aromaticaldehydes and 1,3-disubstituted indoles, an asymmetric Friedel–
Crafts-type reaction with electron-rich (hetero)arenes and asymmetric aminolysis with
amines, resulting in a chiral AEA in which the nitrogen atom is embedded into an oxazoli-
dine or into a fused dihydroindolopyrrolidine, respectively (Scheme 11). Thus, excellent
yields and ee were achieved.

 

Scheme 11. Oxazolidines and dihydroindolopyrrolidines synthesized by Chai et al. in 2018.

In 2019, Zhao et al. [29]. developed the synthesis of chiral 2-arylcyclopropylamines
enabled by copper-catalyzed cyclopropene carbometallation with an organo-boron reagent.
This three-component synthesis afforded a polisubstituted AEA in excellent yields and
ee. By using different chiral organic complexes, a large variety of compounds could be
synthesized, representing the first example of highly enantioselective multicomponent cy-
clopropane synthesis (Scheme 12A). Mechanistic insights proposed that oxidative trapping
of copper complex D by O-benzoyl hydroxylamine 3 delivered the desired products, while
N insertion in early produced copper complex B did not occur, as shown in the proposed
catalytic cycle (Scheme 12B).

In 2021, Wang et al. [30] developed the synthesis of an interesting polycyclic chiral AEA
by Cu(I)-catalyzed asymmetric 1,3-dipolar cycloaddition of azomethine ylides in excellent
yields and ee. The resulting asymmetric AEA consisted of pyrrolidine substrates and could
be obtained in gram-scale, as well as derivatized in order to obtain key intermediates in the
synthesis of bioactive compounds, such as HCV inhibitors. Various β-substituted alkenyl
heteroarenes were successfully employed as dipolarophiles for the first time (Scheme 13).
Also, DFT calculations proposed uncommon dual activation/coordination of both the
dipole and dipolarophile substrates by the metal, in which a sterically bulky, rigid, and
monodentate phosphoramidite ligand with triplehomoaxial chirality played a pivotal role
in providing an effective chiral pocket around the metal center. The additional coordination
of the heteroatom in the dipolarophile substrate to copper is also critical for the exclusive
diastereoselectivity and enhanced reactivity.
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Scheme 12. (A) Chiral AEA by Zhao et al. in 2019. (B) Proposed mechanism for the copper-
catalyzed reaction.

 

Scheme 13. HCV derivatized from chiral AEA by Wang et al. in 2021.

Following this copper-catalyzed asymmetric synthesis of AEA, Hirano et al. have
shown great success in recent years. Starting in 2021 [31], they developed the regioselective
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synthesis of α-aminoacid by asymmetric hydroamination of α,β-unsaturated carbonyls
enabled by an organo-copper complex. This resulted in an interesting AEA that incorpo-
rated ester groups into its structure (Scheme 14A). The key to regioselectivity control was
the use of hydroxylamine as an umpolung, electrophilic amination reagent, and remote
steric hindrance by both the chiral catalyst and DTBM-dppbz ligand. One year later [32],
they published back-to-back studies based on the synthesis of α-amino acids by either
borylamination or silylamination reations enabled by carefully chosen bulky chiral organo-
copper complexes, synthesizing a large variety of chiral AEAs and achieving great success
in both yields and ee, with α-substitution of either boron or silane derivatives (Scheme 14B).
Finally, in 2023 [33], they reported the asymmetric synthesis of α-aminophosphonates by
copper-catalyzed regioselective hydroamination of α,β-unsaturated phosphonates. Follow-
ing their previous strategies, an umpolung, electrophilic amination with the hydroxylamine
resulted in an interesting chiral AEA in great ee and moderate dr (Scheme 14C).

 

 

Scheme 14. Cont.
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Scheme 14. Chiral synthesis of AEA by copper catalysis by Hirano et al. in 2021 (A), 2022 (B), and
2023 (C).

Following that year’s studies, Yu et al. [34]. developed the synthesis of interesting
β-chiral amines with quaternary stereocenters by copper-catalyzed reductive aminomethy-
lation of 1,3-dienes with N,O-acetals, resulting in a chiral AEA with high chemo-, regio-,
E/Z- and enantioselectivities, as shown in Scheme 15.

 
Scheme 15. Chiral AEA from 1,3-dienes and N,O-acetals synthesized in 2023 by Yu et al.

In 2023, Zhou et al. [35] developed a methodology in which an intermolecular enan-
tioselective benzylic C(sp3)-H amination by cationic copper catalysis occurred, synthesizing
useful α-phenethylamines (Scheme 16). Mechanistic studies suggested that the amination
likely proceeded via a radical mechanism in which C–H bond cleavage was the rate-
limiting step. In this process, an interesting chiral β-phenyl phenethylamine was produced
in moderate yield and great ee.
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Scheme 16. Single AEA synthesized by Zhou et al.’s methodology in 2023.

Also in 2023, Liu et al. [36]. reported a copper-catalyzed enantioconvergent radical
C(sp3)–N cross-coupling of activated racemic alkyl halides with (hetero)aromatic amines,
resulting in asymmetric quaternary carbon AEA (Scheme 17). Copper catalysis in com-
bination with multidentate anionic ligands led to excellent yields and ee, as this kind of
ligand could not only enhance the reducing capability of the copper catalyst to provide an
enantioconvergent radical pathway but also avoid coordination with other coordinating
heteroatoms, thereby overcoming catalyst poisoning and/or chiral ligand displacement.

 

Scheme 17. Chiral quaternary carbon containing AEA by Liu et al. in 2023.

Ending that year’s research, Sieber et al. [37] reported an interesting synthesis of
chiral 1,2-aminoalcohols through enantioselective copper-catalyzed reductive coupling
of aldehydes and allenamides, overcoming the problematic competitive reduction of the
aldehyde electrophile by a CuH catalyst. Enantiopure vinyl AEAs were synthesized in great
ee and dr. Also, subsequent derivatization of the products could lead to key intermediate
in the synthesis of eliglustat, a treatment for Gaucher’s disease (Scheme 18).

 
Scheme 18. Asymmetric synthesis of AEAs and their derivatization towards an eliglustat precursor
by Sieber et al.

Later, in 2024, Guo et al. [38] reported the synthesis of an interesting chiral AEA
by dynamic kinetic stereodivergent transformation of racemic propargylic ammonium
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salts enabled by dual copper and nickel catalysis. The resulting α-quaternary amino ester
containing an optically active AEA was synthesized via C–N bond cleavage in good yields
and ee (Scheme 19A). A plausible mechanism was proposed, in which nickel catalysis
intertwined with copper catalysis for the DyKAT of racemic propar-gylic ammonium salts
with prochiral aldimine esters. Thus, chiral nickel complex cleavaged C–N bonded to
generate the electrophilic allenylnickel(II) intermediates. Subsequent nucleophilic addition
of the copper-coordinated azomethine ylides onto the allenylnickel(II) intermediates via
a catalytic enantio–convergent pathway would provide a novel stereoselective route to
access chiral α-tertiary amines through the propargylation process (Scheme 19B).

Scheme 19. Chiral quaternary carbon containing AEA (A) and proposed dual catalysis mechanism
(B) by Guo et al.

Also in 2024, Malcolmson et al. [39] developed a methodology for the (Z)-selective
aminoallylation of a range of ketones to prepare allylic 1,2-amino tertiary alcohols. Thus,
copper-catalyzed reductive couplings of 2-azatrienes with aryl/alkyl and dialkyl ketones
proceed with Ph-BPE as the supporting ligand, generating anti-amino alcohols with >98%
(Z)-selectivity under mild conditions. Thus, subsequent derivatization of the corresponding
products afforded a range of chiral AEAs in excellent yields and ee (Scheme 20).
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Scheme 20. Chiral 1,2-aminoalcoholes by Macolmson et al. in 2024.

The same year, Lee at al. [40] reported an interesting regioselective and stereospecific
aryl Grignard addition for the copper-catalyzed trifluoromethyl aziridine opening. Desired
products could be derivatized in order to obtain interesting azaindoles. An achiral copper
complex was used for the ring opening of optically active activated aziridines with aryl
iodides in order to synthesize an asymmetric AEA in good yields and maintaining the ee
(Scheme 21).

 

Scheme 21. Single chiral AEA through copper catalysis by Lee et al. in 2024.

Finally, Zhao et al. [41] reported the enantioselective aminative difunctionalization
of alkenes via copper-catalyzed electrophilic addition with nitrogen sources, synthesizing
cyclic hydrazine derivatives via either [3 + 2] cycloaddition or intramolecular cyclization in
high chemo-, regio-, enantio-, and diastereoselectivities. By using a chiral organo-copper
complex, interesting polisubstituted chiral AEAs were produced in excellent yields and ee.
Also, subsequent derivatization could lead to potent orexin receptor antagonist 2-Epi-CP-
99,994 (Scheme 22).

 

Scheme 22. Polisubstituted chiral AEAs and their derivatization by Zhao et al. in 2024.

2.2. Rhodium

Starting in 2009, Wallace et al. [42] reported the asymmetric synthesis of the bioactive
compound taranabant, a CB1R inverse agonist in the treatment of obesity. The key step
in the introduction of chirality was the asymmetric hydrogenation of the corresponding
substrate enabled by an organo-rhodium catalyst based on a ferrocene moiety, leading to a
couple of chiral AEAs in great yields and ee (Scheme 23).
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Scheme 23. Chiral AEA by rhodium catalysis by Wallace et al. in the synthesis of taranabant.

In the same year, Leighton et al. [43] developed the asymmetric synthesis of an
interesting chiral AEA in which the nitrogen atom is included in a hydrazine group. This
rhodium–zinc dual catalyzed tandem asymmetric aza-arzens/ring-opening reaction led
to excellent yields and ee, affording interesting α-amino esters as products that could be
derivatized to obtain the corresponding free amine substrates (Scheme 24). Interestingly,
the chiral silane Lewis acid performs two distinct functions, activating the initially formed
aziridine toward ring-opening reactions with either chloride or arene nucleophiles to
deliver complex amino acid derivatives in a simple one-pot process.

 

Scheme 24. Asymmetric biaryl AEA by Leighton et al. in 2009.

Two years later, in 2011, Praquin et al. [44] developed an asymmetric hydrogenation
route to (S)-N-Boc-2,6-dimethyltyrosine. The discovery of a new chiral organo-rhodium
complex based on a ferrocene moiety was the key step in the improvement of the previously
known synthetic routes. Thus, the corresponding substrate was hydrogenated in excellent
ee and yield, leading to an interesting tyrosine derivative (Scheme 25).

 

Scheme 25. Asymmetric tyrosine derivative through rhodium catalysis by Praquin et al. in 2011.

In the same year, Fox et al. [45] reported large-scale synthesis of a phenylalanine
derivative by asymmetric hydrogenation using a chiral organo-rhodium catalyst from
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the corresponding enamine substrate. This multi-gram reaction could afford the desired
product in excellent yield and ee (Scheme 26)

 
Scheme 26. Large-scale synthesis of phenylalanine derivative by Fox et al. in 2011.

One year later, Anderson et al. [46] reported the direct addition of arylboronic acids to
unsaturated esters containing basic γ-amino groups. A Miyaura–Hayashi-based synthetic
route was developed using asymmetric rhodium catalysis, obtaining chiral AEAs as γ-
aminobutirc acid derivatives in good yields and ee (Scheme 27).

 

Scheme 27. Asymmetric synthesis of γ-aminobutirc acid derivatives by Anderson et al. in 2012.

Also in 2012, Ramsden et al. [47] developed a multi-kilogram reaction towards the
synthesis of (S)-N-Boc-bis(4-fluorophenyl)alanine, by asymmetric hydrogenation of the cor-
responding substrate using rhodium catalysis (Scheme 28). They achieved the manufacture
of 900 kg of the desired product in excellent yield and ee by subsequent isolations.

 

Scheme 28. Multi-kilogram scale symmetric synthesis of AEA by Ramsden et al. in 2012.

In 2015, Xiao et al. [48] reported an asymmetric synthesis of an α-substituted
chiral AEA. This asymmetric hydroaminomethylation of styrenes was enabled by a
rhodium–phosphine species and a chiral phosphoric acid and afforded good yields and ee
(Scheme 29A). The transformation was made possible by combining metal- and organocatal-
ysis, with the former catalyzing the hydroformylation while the latter catalyzed reductive
amination via DKR, as shown in Scheme 29B.
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Scheme 29. Asymmetric synthesis of AEA (A) by DKR process (B) by Xiao et al. in 2015.

In 2016, Zhang et al. [49] reported the first interrupted asymmetric hydroaminomethy-
lation reaction, obtaining an interesting chiral AEA in which the nitrogen atom is embedded
into a pyrrolidine ring. Starting from trans-1,2-disubstituted olefins, the resulting enan-
tiopure products were obtained in excellent yields and ee using a chiral organo-ruthenium
complex (Scheme 30). The key step in the synthesis was trapping the resulting hemiaminal
intermediate by either oxidation with PCC or reduction with boron species, ending in the
desired compounds.

 

Scheme 30. Pyrrolidine-containing chiral AEA by Zhang et al. in 2016.

In 2017, Feng et al. [50] reported a rhodium-catalyzed chemoselective and regiose-
lective allylic alkylation of hydroxyarenes with vinyl aziridines. Starting from the corre-
sponding optically active aziridine substrates, this methodology afforded an interesting
wide range of chiral 2-vinyl-2-arylethylamine derivatives in good yields and ee by taking
advantage of chirality-transfer strategy. Thus, this methodology demonstrated that hydrox-
yarenes can serve as a C-nucleophiles rather than O-nucleophiles in rhodium-catalyzed
regioselective ring-opening reactions of vinylaziridines (Scheme 31).

 

Scheme 31. Asymmetric AEA synthesized in 2017 by Feng et al. through rhodium catalysis.
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Han et al., in 2017 [51], reported the synthesis of chiral α-methyl AEA in excellent
yields and ee by using a rhodium catalyst with a commercial ligand and a phosphoric
acid catalyst by asymmetric hydroaminomethylation enabled by rhodium-complex for-
mation, which has been proved to be a very good strategy in order to synthesize chiral
AEAs (Scheme 32). The relay catalytic reaction consisted of a rhodium-catalyzed hy-
droformylation step and Brønsted acid-catalyzed subsequent dynamic kinetic reductive
amination process.

Scheme 32. Chiral AEA enabled by rhodium catalysis by Hen et al. in 2017.

One year later, Zhang et al. [52] reported the asymmetric hydrogenation of γ-lactams,
introducing great values of enantiopurity by using an organo-rhodium complex based on a
ferrocene moiety. This methodology could afford a chiral AEA in which the nitrogen atom
is embedded into a chiral γ-lactam ring (Scheme 33). Also, they proved the methodology’s
applicability by the synthesis of drug molecules such as rolipram, baclofen, and α-2-
adrenoceptor antagonist.

 

Scheme 33. Chiral γ-lactam and their derivatization towards bioactive compounds by Zhang et al.
in 2018.

Also in 2018, Li et al. [53] developed a highly enantioselective synthesis of propargyl
amides enabled by rhodium-catalyzed asymmetric hydroalkynylation of enamides. This
process afforded a great family of chiral AEAs in excellent yields and ee (Scheme 34).
Starting from the corresponding silyl alkyne substrate, this methodology relied on stere-
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ospecific hydroalkynylation of the electron-rich alkene, a completely different mechanism
with conventional alkynylations that occurred under proton-transfer conditions.

 
Scheme 34. Chiral α-propargyl amide synthesis by Li et al. in 2017.

In 2020, Blakey et al. [54] developed the synthesis of a new organo-rhodium-based cat-
alyst for regio- and enantioselective allylic C–H amidation. Thus, a planar chiral rhodium
indenyl complex was successfully used in order to synthesize a chiral AEA by the asym-
metric allylic C–H amidation of unactivated olefins, delivering a wide range of high-value
enantioenriched AEAs in excellent yields and excellent ee (Scheme 35). Computational
studies suggested that C–H cleavage is rate- and enantio-determining, while reductive
C–N coupling from the Rh(V)-nitrenoid intermediate is regio-determining.

 
Scheme 35. Asymmetric synthesis of β-vinyl AEA by Blakey et al. in 2020.

In 2021, Wang et al. reported [55] a rhodium-catalyzed enantioselective C–H activation
three-component coupling of arene, diene, and dioxazolone towards the synthesis of a
chiral allylic AEA, in 1,2-ortho-selectivity, E-selectivity, and enantioselectivity. This reaction
proceeded via a C–H activation pathway en route to thermodynamically stable as well
as kinetically reactive π-ally intermediates. Thus, excellent yields and ee were achieved
(Scheme 36).

Scheme 36. Rhodium-catalysed chiral AEA by Wang et al. in 2021.
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The same chiral allylic amine structural motif was also synthesized at the same time
and enabled by the same type of organo-rhodium catalyst by Yi et al. [56]. Thus, start-
ing from the corresponding N-phenoxy amides, intermolecular aryl C–H activation and
intramolecular amide transfer were achieved by CpXRh(III)-catalyzed enantioselective
intermolecular carboamination (Scheme 37). Sequential formation of a completely regiose-
lective C–C bond and a highly enantioselective C–N bond occurred in a catalytic pathway
in which an alkene insertion/π-allylation/intramolecular nucleophilic substitution cascade
was involved.

 
Scheme 37. CpXRh(III)-catalyzed asymmetric AEA by Yi et al. in 2021.

One year later, Xu et al. [57] developed an asymmetric three-component reaction
towards the synthesis of chiral α-alkoxy-β-amino-carboxylates by rhodium-catalysis, re-
sulting in a polisubstituted asymmetric AEA (Scheme 38A). Thus, asymmetric formal
aminohydroxylation of diazo compounds with O-benzyl hydroxylamines involving N–O
bond activation, fragment modification, and a reassembly cascade process was achieved.
This cascade reaction forms multiple bonds in one pot, including C=N, C–O, and C–C
bonds, providing a potent complement for the aminohydroxylation, as shown in the
proposed double catalytic cycle (Scheme 38B), thus resulting in good yields and ee.

Also in 2022, Franciò et al. [58] kept pushing the synthetic methodology of styrene
derivatives by hydroaminomethylation reactions enabled by rhodium catalysis when
starting from the corresponding styrenes and hydrazides. This methodology could afford a
chiral AEA in which the nitrogen atom forms either hydrazones, hydrazides, hydrazines,
or amines, in excellent yields and ee. Subsequent derivatization of the products could lead
to the synthesis of interesting bioactive compounds, such as a potassium channel inhibitor
(Scheme 39).

Novel developments in the synthesis of unnatural peptides came from the studies of
Rovis et al. In 2022 [59], they achieved the modular synthesis of peptides by a diastereose-
lective three-component carboamidation reaction enabled by an organo-rhodium complex.
Starting from the corresponding dioxazolones, arylboronic acids, and acrylamide deriva-
tives, new amide bonds were formed towards the synthesis of an interesting chiral AEA
embedded into a peptide chain in good yields and ee (Scheme 40A). Two years later, in
2024 [60], they achieved the same level of success by using this methodology to obtain
unnatural peptide macrocycles, starting from four to fifteen amino acid chains, incorpo-
rating chiral AEA motives towards three-component macrocyclation, achieving 15-mer
macrocyclic substrate reaction (Scheme 40B).
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Scheme 38. (A) Asymmetric synthesis of AEA by rhodium catalysis. (B) Proposed dual mechanism.
Xu et al., 2020.
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Scheme 39. Chiral AEA precursor of potassium channel inhibitor by Franciò et al. in 2022.

 

 

Scheme 40. Chiral AEA containing polypeptide synthesis through rhodium catalysis by Rovis et al.
in 2022 (A) and 2024 (B).

In 2023, Li et al. [61] reported the asymmetric synthesis of an AEA which included
axially and centrally chiral amino alcohols starting from interesting O-allylhydroxyamine
derivatives. The key step was the C=C bond in O-allylhydroxyamine activation by the
intramolecular electrophilic amidating moiety, as well as a migrating directing group. This
methodology could afford a polisubstituted chiral AEA controlling the stereochemistry of
the process by switching between chiral organo-rhodium complex; and, by the employment
of axially prochiral or axially racemic heteroarenes, it afforded amino alcohols with both
axial and central chirality in excellent enantio- and diastereoselectivity (Scheme 41).

 

Scheme 41. Rhodium catalysts used by the asymmetric synthesis of AEA by Li et al. in 2023.
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In 2024, Seyedsayamdost et al. [62] developed the synthesis of non-canonical trypto-
phan derivatives by C-H functionalization of anilines enabled by organo-rhodium catalysis.
This regioselective synthesis afforded C4-C7 substituted tryptophan derivatives enabled
by catalyzed annulation between structurally diverse tertbutyloxycarbonyl(Boc)-protected
anilines and alkynyl chlorides, achieving great success in yields and ee (Scheme 42).

 
Scheme 42. Non-Canonical tryptophan synthesis by Seyedsayamdost et al. in 2024.

Also in 2024, Lv et al. [63] developed the synthesis of chiral β-aminoamides by asym-
metric hydrogenation of the corresponding tetrasubstituted α,β-unsaturated amide. Using
an organo-rhodium complex, the resulting chiral AEAs with two contiguous chiral cen-
ters were synthesized in excellent yields and ee. Also, gram-scale reaction and efficient
transformation of β-amino amide to β-amino acid and β-amino cyanide were achieved
(Scheme 43).

 
Scheme 43. Asymmetric synthesis of AEA through rhodium catalysis by Lv et al. in 2024.

Finally, Wang et al. [64] reported a diastereo- and enantioselective regiodivergent
(hetero)arylamidation of (homo)allylic sulfides enabled by Rh(III) catalysis. This three-
component reaction methodology could afford chiral AEAs in excellent yields, ee and
dr starting from the corresponding homoallyl sulfide, aryilboronic acid, and dioxazolone
derivatives (Scheme 44A). Although an asymmetric AEA could be synthesized by following
one of the two possible catalytic pathways, a sulfide moiety plays an important role in the
reaction mechanism, promoting migratory insertion and controlling the regioselectivity of
the reaction, as shown in Scheme 44B.

2.3. Palladium

Starting in 2010, Jackson et al. [65] developed the synthesis of interesting chiral AEA
derivatives by a Negishi cross-coupling reaction starting from enantiopure alkyl iodide
and aryl iodide substrates using an organo-palladium complex. The resulting chiral AEAs
were synthesized, maintaining the stereochemistry in good yields (Scheme 45).
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Scheme 44. Amide-containing chiral AEA synthetized by Wang et al. in 2024 (A) and its proposed
mechanism (B).

Scheme 45. Chiral AEA by Jackson et al. in 2010 through palladium catalysis.

In the same year, Trost et al. [66] reported a palladium-catalyzed dynamic kinetic
asymmetric alkylation of vinyl aziridines. Starting from both substituted 1H-pyrroles
and 1H-indoles, this high regio-, chemo-, and enantioselective process could afford an
interesting chiral AEA in excellent yields and ee. Interestingly, the obtained products could
be derivatized to obtain bioactive compounds (Scheme 46).
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Scheme 46. Interesting asymmetric AEA by Trost et al. in 2010.

Also in 2010, Wolfe et al. [67] achieved the synthesis of an enantioenrich AEA in
which the nitrogen atom is embedded into a tetrahydropyrrole ring. Starting from readily
available alkenyl or aryl bromides and N-boc-pent-4-enylamines and using a chiral organo-
palladium complex, they reported high yields and ee (Scheme 47A). Five years later [68],
they developed the asymmetric synthesis of 2-aminoindane derivatives by asymmetric
palladium-catalyzed alkene carboamination reactions. In this way, interesting chiral AEAs
were synthesized in excellent yields and ee (Scheme 47B).

 

 

Scheme 47. Palladium-catalysed chiral AEA by Wolfe et al. in 2010 (A) and 2015 (B).

In 2013, Michael et al. [69] developed an interesting methodology to synthesize substi-
tuted chiral phenethylamines by a cross-coupling reaction of unsubstituted and 2-alkyl-
substituted aziridines with arylboronic acid nucleophiles using a palladium complex. Start-
ing from enantiopure activated aziridines, this reaction afforded an AEA that maintained
the stereochemistry in good yields (Scheme 48).

 
Scheme 48. Cross-coupling reaction catalyzed by a palladium complex towards the synthesis of a
chiral AEA by Michael et al. in 2013.
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When it comes to the asymmetric synthesis of AEAs enabled by organo-palladium
catalysis, Minakata et al. have shown great success in this field. Starting in 2014 [70],
they developed a methodology towards the synthesis of chiral 2-arylphenethylamine
derivatives by Pd/NHC-catalyzed enantiospecific and regioselective Suzuki–Miyaura
arylation of 2-arylaziridines (Scheme 49A). Starting from enantiopure substrates, they
achieved great numbers when it came to yields, maintaining the enantiopurity. Then,
in 2016 [71], they increased the substrate scope and developed a methodology starting
from enantioenrich aziridine and bis(pinacolato)diboron towards palladium-catalyzed
regioselective and stereo-inversive ring-opening borylation of 2-arylaziridines, resulting in
interesting products that could be derivatized in order to obtain a chiral AEA in good yield
and ee (Scheme 49B). Later, in 2019 [72], by synergistic palladium/copper dual catalysis,
starting from chiral activated aziridines and silylborane, they achieved a regiodivergent
and stereospecific ring-opening C(sp3)–Si cross-coupling reaction leading to an interesting
silicon-containing chiral AEA in good yields and ee (Scheme 49C). Also in 2019 [73], they
developed a palladium-catalyzed enantiospecific and regioselective ring-opening Suzuki–
Miyaura arylation of aziridine-2-carboxylates by a cross-coupling reaction. Starting from
enantioenriched substrates, a ring-opening reaction with arylboronic acids led to interesting
chiral AEAs in excellent yields and ee (Scheme 49D).

 

 

 

 

Scheme 49. Chiral palladium catalysis methodology by Minakata et al. towards the synthesis of
biarylethylamines in 2014 (A), phenethylamines in 2016 (B) and silyl-containing AEA in 2019 (C) and
AEA based on beta-amino esters (D) in 2019.
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In 2015, Yu et al. [74] introduced chirality in an already-formed racemic AEA by
palladium(II)-catalyzed highly enantioselective C–H arylation of cyclopropylmethylamines.
Using aryl iodides as substrates and mono-N-protected amino acid ligands, they synthe-
sized several chiral AEAs in excellent yields and ee (Scheme 50).

Scheme 50. Cyclopropane-based chiral AEA by Yu et al. in 2015.

Then, in 2019, Zhao et al. [75] used aliphatic aziridines to enable late-stage function-
alization of aromatic acids, leading to an interesting AEA by using an organo-palladium-
complex via C–H activation (Scheme 51). When it comes to asymmetric synthesis, starting
from enantiopure methyl substituted aziridine, the synthesis of a chiral AEA was achieved
in good yield and ee.

 
Scheme 51. Asymmetric AEA by Zhao et al. in 2019 through palladium catalysis.

Later, in 2022, Koley et al. [76] developed a methodology towards the synthesis
of β-indolylethylamines by using a palladium complex as a catalyst by a cross-coupling
reaction of aliphatic aziridines. Starting from the corresponding indole and enantioenriched
aziridine, they could synthesize a single AEA in which the aryl group was an indole, in
good ee and yield (Scheme 52).

 
Scheme 52. Single chiral AEA synthesized by Koley et al. in 2022.

In 2023, Stecko et al. reported a two-step approach to α-amino ketones involving
cross-coupling and an oxidative cleavage sequence, synthesizing a wide variety of chiral
AEAs in the process, as key intermediates in the synthesis of α-aminoketones (Scheme 53).
Using a palladium complex as a catalyst and starting from chiral amines, they achieved
great numbers when it came to yields and ee.
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Scheme 53. Asymmetric AEA achieved through palladium catalysis by Stecko et al. in 2023.

In the same year, Guo et al. [77] developed a methodology using modular chiral-
aldehyde/palladium catalysis towards the synthesis of an interesting chiral AEA. Starting
from racemic α-amino esters and phenylallene, they achieved excellent yields and ee
(Scheme 54).

 

Scheme 54. Quaternary-center AEA by Guo et al. in 2023.

Finally, also in 2024, Chen et al. [78] reported a Pd(0)-catalyzed diastereoselective and
enantioselective intermolecular Heck–Miyaura borylation of internal enamides. By using a
chiral organo-palladium complex, three-component reactions were achieved, resulting in a
polisubstituted boron-containing chiral AEA in excellent yields and ee (Scheme 55).

 
Scheme 55. Chiral AEA by Chen et al. in 2024 obtained through palladium catalysis.

2.4. Ruthenium

In 2009, Xu et al. [79] developed a promising methodology to synthesize an interesting
chiral AEA, sitagliptin, a bioactive molecule used in the treatment of type 2 diabetes,
reducing the total waste generated per kilogram and eliminating aqueous waste streams.
The process involved asymmetric enamine hydrogenation enabled by an organo-ruthenium
complex based on a ferrocene moiety, yielding the desired product in excellent yield and ee
(Scheme 56).
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Scheme 56. Sitagliptin synthesis by Xu et al. in 2009.

In this sense, Steinhuebel et al. also obtained sitagliptin by reductive amination of a
β-keto amide derivative in a new, high-yield, highly enantioselective synthetic route using
a chiral organo-ruthenium complex, also capable of being used in different β-keto amide
compounds (Scheme 57A) [80]. Following this study, one year later [81], they also reported
the asymmetric hydrogenation of protected allylic amines by ruthenium catalysis, leading
to interesting chiral AEAs in excellent yields and ee. Also, a remarkable application of
the methodology was shown, as the medicinally relevant bioactive compound telcagepant
could be synthesized through this route (Scheme 57B).

 

 

Scheme 57. Sitgliptin (A) and telgacepant precursor (B) by Steinhuebel et al. in 2009 and
2010, respectively.
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Later, in 2012, Shibata et al. [82] achieved the asymmetric addition of amines to
substituted styrenes by cationic ruthenium complexes combined with diphosphine ligands,
with this addition being both β- and enantioselective. Arene-exchange from benzene to
α-methylstyrene and subsequent nucleophilic attack towards a previously formed complex
were the key steps in the regio- and enantioselection of the reaction. The resulting chiral
phenethylamine was afforded in moderate yields and good ee (Scheme 58).

 
Scheme 58. Single chiral AEA by Shibata et al. in 2012.

Two years later, in 2014, Komiyama et al. [83] reported the asymmetric reduction of a
key intermediate in the synthesis of β2-adrenergic receptor agonist, involving the reduction
of a ketone group by a scalable ruthenium-catalyzed asymmetric transfer hydrogenation,
enabled by both the arene/aryl interaction and potential repulsive interaction of the com-
plex between catalyst and substrate (Scheme 59). This process could afford the desired
chiral AEA in good yield and ee on a multi-kilogram scale (up to 4.2 kg).

 

Scheme 59. Large-scale synthesis of chiral AEA by Komiyama et al. in 2014.

Later, in 2015, Wysocki et al. [84] developed an asymmetric homogeneous hydrogena-
tion of 2-pyridones using a ruthenium complex with a NHC ligand. The resulting chiral
AEAs were synthesized in good yields and moderate ee, leading to compounds in which
the nitrogen group was embedded into a piperidone ring (Scheme 60).

 

Scheme 60. Piperidone-based chiral AEA by Wysocki et al. in 2015.

One year later, Beliaev et al. [85] achieved multi-kilogram-scale asymmetric synthesis
of a key intermediate in the production of etamicastat, a chiral AEA peripherally selec-
tive dopamine β-hydroxylase inhibitor. The process involved asymmetric hydrogenation

79



Molecules 2025, 30, 1721

of an enamide moiety enabled by several ruthenium-based complexes, affording the de-
sired product in excellent yields and ee (Scheme 61). Their studies allowed identification
of four ruthenium-based catalytic systems for asymmetric hydrogenation: two isolated
catalysts, Ru(R)-Xyl-PPhos(acac)2 and Ru(R)-C3-TunePhos(acac)2, and two preformed
non-isolated catalytic systems, CatASiumT3/[Ru(pcymene)Cl2]2 and (R)-TolBINAP/[Ru(p-
cymene)Cl2]2. They concluded that the most evident advantage of the isolated ones was
lower catalyst loading, as preformation of the catalyst in solution in most cases produced
less reactive species, although isolated catalysts were less stable and more oxygen- and
moisture-sensitive than the corresponding ligand and metal precursor. On the other hand,
considered in terms of commercial efficacy, using low loading of an isolated catalyst may
be as convenient as larger amount of a non-isolated one, they concluded.

Scheme 61. Chiral etimicastat precursor obtained by ruthenium catalysis by Beliaev et al. in 2016.

In 2018, Schaub et al. [86] reported the direct asymmetric reductive amination of
alkyl-aryl ketones enabled by ruthenium catalysis with ammonia and hydrogen. The
corresponding amines were synthesized in excellent yields and ee. In this process, an
interesting phenethylamine was produced (Scheme 62).

Scheme 62. Single chiral AEA obtained by Schaub et al. in 2017.

Two years later, in 2020 [87], Yin et al. published a study in which they performed an
asymmetric reductive amination of diaryl and sterically hindered ketones using ammonium
salts and hydrogen, enabled by a chiral ruthenium complex. Thus, synthetically useful
chiral primary diarylmethylamines and sterically hindered benzylamines were synthe-
sized in excellent yields and ee. In this process, an interesting chiral AEA was produced
(Scheme 63).

Scheme 63. Single chiral diaryl AEA obtained by Yin et al. in 2020.
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In 2021, Ellman et al. [88] developed a three-component 1,2-carboamidation of bicyclic
alkenes, synthesizing an interesting complex chiral AEA. By using a chiral Ru(III) complex,
they achieved excellent yields and ee starting from aryl, dioxazolone, and bicyclic substrates.
The AEA synthesized in this study consisted of polycyclic compounds in which the nitrogen
atom formed an amide group (Scheme 64).

 
Scheme 64. Chiral bicyclic-containing AEA synthesized by Ellman et al. in 2021.

Later, in 2022, Zhang et al. [89] reported the synthesis of a highly substituted chiral
AEA through an unprecedented highly enantioselective ruthenium-catalyzed direct asym-
metric reductive amination of α-keto amides with ammonium salts, achieving excellent
yields and ee. Using ammonium salts as the nitrogen source, this methodology allowed
the synthesis of medicinally interesting N-unprotected β-branched α-amino acids con-
taining two contiguous stereogenic centers. Also, they proved the utility of this method
through its application in the efficient synthesis of chiral drug intermediates, peptides, and
organocatalysts/ligands (Scheme 65).

 
Scheme 65. Interesting chiral AEA synthesized in 2022 by Zhang et al.

Later, in 2023, Meggers et al. [90] achieved the synthesis of chiral γ-aminomethyl-γ-
lactones, producing an interesting chiral AEA in the process. This methodology involved a
nitrene-mediated enantioselective intramolecular olefin oxyamination enabled by a chiral
ruthenium complex. Achieving great success in yields and ee, they were also able to
derivatize the products, producing interesting building blocks to synthesize bioactive
compounds (Scheme 66A). DFT calculations supported the possibility of both a singlet
(concerted oxyamination of the alkene) and a triplet pathway (stepwise oxyamination) for
the formation of the predominant stereoisomer, as shown in the proposed catalytic cycle.
Amine–imine equilibrium led to the two possibilities, resulting in the same enantiomer by
either a concerted or a stepwise pathway (Scheme 66B).
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Scheme 66. Ruthenium-catalyzed chiral AEA as building block by Meggers et al. (A) and its proposed
mechanism (B).
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In the same year, Chen et al. [91] developed an asymmetric hydrogenation of dibenzo-
fused azepines using a cationic ruthenium–diamine complex. In this process, an interesting
chiral AEA was synthesized, in which the amine group was embedded into an azipine
ring, achieving excellent yields and ee (Scheme 67). Interestingly, the enantioselectivities
could be regulated by the counteranion of the catalyst in the asymmetric hydrogenation of
dibenzo [b,f][1,4]thiazepines and dibenzo[b,e]azepines.

 
Scheme 67. Benzoazepine-based AEA obtained by Chen et al. in 2023.

Also in 2023, Liu et al. [92] achieved the asymmetric addition of hydrazones to aryl
imines in water, by using a ruthenium–diamine–diphosphine system in the presence of
crown ether. The methodology used a Ru(II)-catalyzed “umpolung” asymmetric addition
of non-substituted hydrazones as an alkyl carbanion equivalent. Thus, poliaryl-substituted
chiral AEAs were synthesized in good yields and ee (Scheme 68).

 
Scheme 68. Poliaryl-substituted chiral AEA by Liu et al. in 2023.

Finally, in 2024, Zhang et al. [93] used a chiral ruthenium complex for the asymmetric
hydrogenation of α,β-unsaturated γ-lactams. Thus, when aryl-substituted γ-lactam was
used as the starting material, interesting chiral AEAs were synthesized in excellent yields
and ee. Also, subsequent derivatization of the products could be undertaken in order
to synthesize interesting bioactive molecules, such as rolipram and an α-2-adrenoceptor
antagonist (Scheme 69).
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Scheme 69. Chiral pyrrolidinone-based AEAs as bioactive compound precursors by Zhang et al.
in 2024.

2.5. Nickel

Doyle et al. have been developing interesting ring-opening reactions from aziridines
in order to synthesize, among others, enantiopure AEA. In 2012 [94], they achieved a
nickel-catalyzed Negishi alkylation of styrenyl aziridines starting from optically active
substrates, maintaining the enantiomeric excess towards the products, resulting in chiral
AEAs in good yields and ee (Scheme 70A). Later, in 2015 [95], they used an organo-nickel
complex as the catalyst for the ring opening for enantiopure quaternary carbon-containing
aziridines, synthesizing an interesting substituted chiral AEA in moderate ee (Scheme 70B).
Finally, in 2017 [96], they used a chiral organo-nickel complex to introduce chirality in the
ring-opening reaction of racemic aziridines by direct asymmetric arylation, resulting in
chiral diaryl ethyl amines in good yields and ee (Scheme 70C).

 

 

 

Scheme 70. Aziridine ring-opening methodology by Doyle et al. throughout the years, synthesizing
interesting chiral AEAs: (A) Negishi alkylation. (B) Chiral sultam auxiliaries ligand for Ni. (C) Chiral
bioxazoline ligand for Ni.
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Then, in 2020, Zhu et al. [97] developed an interesting synthesis of a chiral
AEA in which the aryl group is fused either with a dihydrofurane or a cyclopentane
ring (Scheme 71). Starting from diverse alkene-tethered aryl iodides and O-benzoyl-
hydroxylamines, an asymmetric reductive 1,2-carboamination of unactivated alkenes was
performed, enabled by nickel catalysis with a β-chiral diamine organo-complex, resulting
in good yields and ee.

 
Scheme 71. Chiral AEA based on benzofused rings by Zhu et al. in 2020.

Later, in 2021, an asymmetric 1,2-carboamination of alkenes was also achieved by
Engle et al. [98]. Enabled by nickel catalysis, interesting chiral AEAs were synthesized
through a three-component reaction from unactivated alkenes with arylboronic esters and
electrophilic aminating agents (Scheme 72). This methodology relied on tailored O-(2,6-
dimethoxybenzoyl)hydroxylamine electrophiles that suppressed competitive processes,
including undesired β-hydride elimination and transesterification between the alcohol
substrate and electrophile. Thus, interesting chiral AEAs were reported in good yields
and dr.

 
Scheme 72. Three-component reaction towards the synthesis of chiral AEAs by Engle et al. in 2021.

Back to asymmetric aziridine ring-opening reactions, in 2023 [99], Nevado et al. re-
ported the use of a chiral organo-nickel complex to synthesize interesting chiral AEAs
in excellent yields and ee. Starting from activated aziridines and the corresponding bro-
mide substrates, an electrochemically driven nickel-catalyzed enantioselective reductive
cross-coupling reaction was achieved, leading to a great variety of enantiopure AEAs
(Scheme 73A). Interestingly, this electroreductive strategy proceeds in the absence of hetero-
geneous metal reductants and sacrificial anodes by employing constant current electrolysis
in an undivided cell with triethylamine as a terminal reductant, as shown in the proposed
catalytic cycle (Scheme 73B), making this method more atom-economical and scalable for
synthetic applications.
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Scheme 73. (A) Asymmetric synthesis of AEA by electronickel catalysis by Nevado et al. in 2023.
(B) Proposed mechanism.

Also in this field, in the same year, Mei et al. [100] also reported an asymmetric
electrochemical reductive aziridine ring-opening reaction by the use of a chiral nickel–
biimidazole catalyst complex. A reductive cross-coupling reaction from the corresponding
aziridines and aryl iodide substrates led to excellent yields and ee when it came to the
synthesis of a chiral AEA (Scheme 74). Similarly to Nevado et al.’s work, this reaction
occurred in an undivided cell, allowing the electroreduction-mediated turnover of the nickel
catalyst instead of a metal reductant-mediated turnover. Interestingly, later derivatization
of the products could afford SCH 12679, a dopamine D2 receptor antagonist.

86



Molecules 2025, 30, 1721

 

Scheme 74. Chiral synthesis of AEAs as precursors of dopamine D2 receptor antagonist by Mei et al.
in 2023.

In the same year, Chang et al. [101] developed an asymmetric synthesis of β-lactams
leading to interesting chiral AEAs in excellent yields and ee. By intramolecular hydroamina-
tion enabled by a chiral organo-nickel catalyst, this methodology afforded an enantiopure
AEA via proximal C–N bond formation in which the nitrogen atom was embedded into a
β-lactam ring. Later derivatization could afford interesting bioactive compounds, such as
clofibric or estrone derivatives (Scheme 75).

 
Scheme 75. β-lactam-based chiral AEA by Chang et al. in 2023.

Following studies published in the same year, Liu et al. [102] used nickel catalysis
to produce chiral benzylamines, synthesizing an interesting chiral AEA in the process in
moderate yield and ee. An asymmetric decarboxylation of NHP esters via a reductive
cross-coupling reaction was enabled by an organo-nickel complex starting from racemic
benzylamine and aryl iodide substrates (Scheme 76).
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Scheme 76. Single chiral AEA enabled by nickel catalysis by Liu et al. in 2023.

Later in 2024, Powers et al. [103] reported the asymmetry ring-opening reaction
of racemic N-pyridinium aziridines towards the synthesis of an interesting chiral AEA.
Different organo-nickel complexes were used to afford N-pyridinium phenethylamine salts
in excellent yields and ee with alkylzinc substrates, and further derivatization could afford
the corresponding substituted β-phenethylamines (Scheme 77).

 

Scheme 77. N-pyridinium-based AEA by Powers et al. in 2024.

Also in 2024, Fürstner et al. [104] reported a study involving the obtention of a chiral
AEA by Ni catalysis. This enantioselective synthesis of vic-aminoalcohol derivatives by
nickel-catalyzed reductive coupling of aldehydes with protected amino-pentadienoates
could afford a polisubtituted asymmetric AEA in excellent yields and ee (Scheme 78). The
methodology relied on reductive coupling conveniently performed with a bench-stable
Ni(0) precatalyst and Et3B as the promoter to obtain interesting aminoalcohols.

 

Scheme 78. Chiral aminoalcohols as AEAs by Fürstner at al. in 2024.
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Liu et al. [105] reported, also in 2024, another asymmetric aziridine ring-opening reac-
tion starting from racemic substrates. A C(sp3)-C(sp3) cross-coupling reaction from racemic
N-sulfonyl styrenyl aziridines primary alkyl bromides was enabled by a nickel/pyridine-
imidazoline complex, leading to phenethylamine derivatives with excellent yields and ee
(Scheme 79).

 

Scheme 79. Aziridine ring-opening towards the synthesis of a chiral AEA by Liu et al. in 2024.

Finally, in 2025, Chang et al. [106] achieved the asymmetric synthesis of b-arylamides
by nickel-catalyzed homobenzylic hydroamidation of aryl alkenes. By employing a trans-
posed NiH catalysis approach, this method facilitated the formation of key chiral nickel-
amido intermediates, enabling asymmetric insertion into alkenes to produce the desired
compounds with excellent enantioselectivity and yields. Interestingly, subsequent studies
could afford corresponding bioactive compounds, such as clobenzorex, Didrex, selegiline,
or tamsulosin analog (Scheme 80).

 

Scheme 80. β-arylamides and their derivatization by Chang et al. in 2025.

2.6. Iridium

In 2020, Dorta et al. [107] used chiral NHC-iridium complexes to introduce chirality
when synthesizing asymmetric AEAs by enantioselective intramolecular hydroaminations
and ring-opening aminations. The resulting products consisted of a large series of chi-
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ral AEAs where the corresponding aryl group is always fused with a six-member ring,
achieving excellent yields and ee in the process (Scheme 81).

 
Scheme 81. NHC-iridium catalysis towards the synthesis of asymmetric AEAs by Dorta et al. in 2020.

Later, in 2020, Jouffroy et al. [108] developed the synthesis of interesting polycyclic
chiral products through direct reductive amination of ketones and secondary amines
enabled by an in situ-generated organo-iridium complex based on a ferrocene moiety. In
the process, a particular chiral polisubstituted AEA was synthesized in low yield and
excellent dr (Scheme 82).

Scheme 82. Single chiral AEA by Jouffroy et al. methodology, in 2020.

Asymmetric hydroamination was also achieved by Hartwig et al. in 2022 [109],
synthesizing an interesting chiral AEA from unactivated terminal alkenes by a chiral
organo-iridium complex. This methodology used equimolar amounts of alkene and amine
and, in order to achieve N-H addition, reversibility of the addition, reversible oxidation
of the product amine, competing isomerization of the alkene reactant, and unfavorable
replacement of sacrificial ligands in standard catalyst precursors by the chiral bisphosphine
proved to be crucial in the process. Thus, asymmetric AEA synthesis was achieved in
excellent yields and ee (Scheme 83).
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Scheme 83. Hydroamination of unactivated alkenes towards the synthesis of a chiral AEA by Hartwig
et al. in 2022.

One year later, in 2023, Li et al. [110] developed a methodology in which an enan-
tiosolective group repositioning reaction was enabled by a chiral iridium complex, syn-
thesizing an interesting chiral AEA in which the corresponding aryl group was a hetero-
five-member ring, including furan, benzofuran, and thiophene (Scheme 84). Starting from
corresponding heteroarene and enamide substrates, the C–H bond at the C-2 position of
the heteroarene is site-selectively cleaved and added regioselectively to the β-position of
an enamide, resulting in a polisubstituted AEA in excellent yields and ee.

 
Scheme 84. Polisubstituted chiral AEA obtained by iridium catalysis by Li et al. in 2023.

Last year, Kuwata et al. [111] used a chiral organo-iridium complex for the asymmetric
reductive amination of α-keto acids. Starting from optically active 2-phenyglycinol as the
aminating agent, the resulting products could be derivatized by subsequent elimination of
the hydroxyethyl moiety in order to obtain the corresponding chiral AEA as unprotected
unnatural α-amino acids in good yields and ee (Scheme 85).
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Scheme 85. Chiral AEA as unnatural α-amino acids by Kuwata et al. in 2024.

Also in 2024, Liu et al. [112] synthesized interesting δ-aminoboronic esters starting
from 1,2-azaborines by enantioselective hydrogenation enabled by a chiral iridium complex
as the chiral introducing agent. The resulting chiral AEAs were synthesized in good yields,
ee, and dr. Also, derivatization of the products led to interesting bioactive molecules,
including phenibut as a chiral AEA, among others (Scheme 86).

 
Scheme 86. Chiral AEAs and their derivatization by Liu et al. in 2024.

2.7. Cobalt

Starting in 2018, Cheng et al. [113] synthesized 1-aminoindenes via enantioselective
[3 + 2] annulation enabled by a chiral cobalt complex, resulting in highly polisubstituted
chiral AEAs in excellent yields and ee (Scheme 87). The desired products could be selec-
tively prepared in either (R)- or (S)-form by the ligand-controlled synthesis, which was
initiated by the cleavage of C–B, C–Br, or C–O bonds under very mild reaction conditions.
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Scheme 87. Aminoindenes as chiral AEAs by Cheng et al. in 2018.

Also in 2018, Ge et al. [114] reported an asymmetric synthesis of chiral boryl-
functionalized γ-lactams and tetrahydro-pyrroles containing an all-carbon quaternary
stereocenter by a chiral cobalt complex. The resulting asymmetric AEAs, in which the
aryl moiety was present in the substrates (Scheme 88), were synthesized by a ring-closing
reaction enabled by an organo-cobalt complex.

 

Scheme 88. Organo-cobalt-mediated reaction towards the synthesis of a chiral AEA by Ge et al.
in 2018.

Then, in 2020, Cramer et al. [115] developed an enantioselective carboamination
reaction by C-H activation of N-phenoxyamides enabled by the tailored tri-substituted
chiral Cpx ligand. The resulting chiral AEAs, in which the amine group is actually an amide
group, were synthesized in good yields and ee. Interestingly, products of the methodology
could be derivatized in order to obtain interesting amino acid derivatives (Scheme 89).

Scheme 89. Amino acid as chiral AEA by Cramer et al. in 2020.

Following the synthesis of amide-based AEAs, in 2023, Qin et al. [116] achieved an
asymmetric deuteration of α-amidoacrylates, developing the synthesis of a chiral AEA
by asymmetric hydrogenation enabled by a chiral organo-cobalt complex, resulting in
excellent yields and ee using either HOAc or DOAc as hydrogenation/deuteration agent
(Scheme 90). As a cheap deuterium source, the use of methanol enabled a concise synthesis
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of α,β-dideuterio L-DOPA as well as stereoselective syntheses of deuteralogs of drugs
including nostocyclopeptide A2, a matrix metalloproteinase inhibitor, an anticancer agent
bortezomib, nateglinide, and solriamfetol.

 
Scheme 90. Asymmetric deuterated AEAs by Qin et al. in 2023.

In the same year, Zhang et al. [117] also achieved an asymmetric hydrogenation of
ketone moieties by using a cobalt-catalyzed reaction from α-primary amino ketones. The
resulting chiral AEAs were obtained in excellent yields and ee and were even used as key
intermediates in the synthesis of a dopamine derivative and a potent β-adrenergic agonist,
both interesting (Scheme 91).

 
Scheme 91. Chiral AEAs as key intermediates towards the synthesis of bioactive compounds by
Zhang et al. in 2023.

Finally, in 2024, Chirik et al. [118] developed an asymmetric hydrogenation of aryl-
containing enamides, resulting in interesting chiral AEAs in excellent yields and ee. Cobalt-
catalyzed asymmetric hydrogenation was enabled by different organo-cobalt complexes
containing either Co(I) or Co(II), both of them showing great performance. Thus, indazole-
containing enamides relevant to the synthesis of the calcitonin gene-related peptide (CGRP)
receptor antagonist, zavegepant, approved for the treatment of migraines, could be de-
scribed (Scheme 92).
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Scheme 92. Asymmetric synthesis of an AEA enabled by cobalt catalysis by Chirik et al. in 2024.

2.8. Others
2.8.1. Iron

In 2023, Meggers et al. [119] achieved the synthesis of chiral 2-imidazolidinones by
using iron as the transition metal included in a chiral organic complex. By starting from
branched urea-based substrates, an enantioselective ring-closing amination reaction could
be undertaken, through intermediate iron nitrene species, in moderate yields and moderate
ee (Scheme 93).

 
Scheme 93. Iron-catalyzed chiral AEA by Meggers et al. in 2023.

2.8.2. Titanium

In 2021, Race et al. [120] developed a methodology in which a chiral AEA could be
synthesized by a phenonium ion intermediate enabled by TiCl4. Starting from diastereopure
aziridine substrates, high yields and dr were achieved in less than 10 min reaction time
(Scheme 94A). Mechanistically, coordination of the aziridine to TiCl4 showed an energetic
preference for monodentate O-ligation to the acyl group with subsequent phenonium ion
formation. Then, chloride opening took place, resulting in diasteroseletive ring opening
(Scheme 94B).
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Scheme 94. Stereoselective ring-opening reaction of aziridines (A) and its proposed mechanism
(B) by Race et al. in 2021.

2.8.3. Zinc

In 2013, Ghorai et al. [121] used dual catalysis of zinc and scandium Lewis acids to
catalyze SN2-type ring opening of N-activated aziridines with electron-rich arenes and
heteroarenes. Chiral AEAs were synthesized from the corresponding activated chiral
aziridines, resulting in highly functionalized 2,2-diaryl/heteroarylethylamines in excellent
yields and ee (Scheme 95).

 
Scheme 95. Dual catalysis enabled by Zn and Sc towards the synthesis of chiral AEAs by Ghorai et al.
in 2013.

Trost et al., in 2019 [122], developed an interesting synthesis of a polisubstituted chiral
AEA between N-carbamoyl imines and α-branched ketones catalyzed by Zn-ProPhenol
enabled by Mannich reactions. Key to this strategy was the introduction of unsaturation
on one side of the ketone pronucleophiles, which drastically improved the reactivity and
overcame the challenge of regioselectivity at the more substituted position. The resulting
products with quaternary centers could be achieved in good yields and ee (Scheme 96).

 

Scheme 96. Asymmetric synthesis of AEA through Mannich reaction by Trost et al. in 2019.
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3. Photocatalysis

The use of visible light to promote organic transformations has shown interesting and
rapid advances in the last decades. When it comes to waste management and reaction
efficiency, light seems to offer great advantages to be used both in the laboratory and on an
industry scale [123,124]. In this sense, progress in this field has allowed us to produce ideal
cheap and energy-efficient light sources available for photocatalysis. Although ultraviolet
light has been used in classical photochemistry, visible light, as well as photoredox catalysis
and photosensitizers, has become much easier to be used in a typical laboratory setup [125].

Since the report by MacMillan et al. in 2008 on visible-light singly occupied molecular
orbital (SOMO) photoredox catalysis allowing enantioselective α-alkylations by a combina-
tion of photoredox catalysis and organocatalysis [126], photoredox catalysis using visible
light has been applied to a large range of important organic transformations [127–129].

Photocatalysts rely either on metal complexes or on organic dyes, which can be excited
by light and thus activate intermediates either by electro, hydrogen, or energy transfer.
The most recent uses of different photocatalysts in combination with other techniques in
organic synthesis or otherwise will be discussed.

3.1. Iridium

In this regard, Phipps et al., in 2018 [130], reported a process for the addition of
prochiral radicals from amino acid derivatives in order to synthesize chiral quinolines with
asymmetric AEAs in their structure (Scheme 97). This method offered excellent enantio-
and regioselective control enabled by a chiral Brønsted acid catalyst, which served both to
activate the substrate and to induce asymmetry, while an iridium photocatalyst mediated
in the required single electron transfer process.

 

Scheme 97. Interesting polisubstituted AEA by Phipps et al. in 2018.

Also in 2018, Monos et al. [131] reported a catalytic iridium protocol for the 1,4-aryl
migration of arylsulfonylacetamides across electron-rich alkenes through Smiles–Truce
rearrangement. This redox-neutral, visible light-driven, single-electron alkene oxidation
method achieved complete anti-Markovnikov regioselectivity and excellent diastereoselec-
tivity, enabling the synthesis of a chiral AEA from commercially available aryl sulfonamides
and unactivated alkenes under mild conditions in excellent ee and yields (Scheme 98).
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Scheme 98. Chiral AEA by obtained via Truce–Smiles rearrangement enabled by iridium photocatal-
ysis by Monos et al. in 2018.

In 2019, Molander et al. [132] achieved a rapid and highly diastereoselective amidoary-
lation of unactivated olefins by a cascade process by merging, for the first time, photoredox
proton-coupled electron transfer (PCET) with nickel catalysis. This novel process started
with N-radical formation by PCET, enabled by a photoexcited iridium photocatalyst and a
base, followed by an intramolecular ring-closing reaction and radical addition to nickel
complex. Then, oxidative addition and reductive elimination afforded the corresponding
chiral AEA in which the nitrogen atom was embedded into a pyrrolidinone ring, in good
yield and dr (Scheme 99).

 

Scheme 99. Pyrrolidinone-based chiral AEA by Molander et al. in 2019.

In 2020, Greaney et al. [133] developed a new powerful decarboxylative, desulfonyla-
tive Truce–Smiles rearrangement enabled by visible light energy transfer catalysis. The
reaction used starting materials derived from commercially available β-amino acids, giving
extensive control over the aryl species, ethyl chain substitution, and amino protection for
the synthesis of a new chiral AEA in good yields and ee (Scheme 100). This methodology
relied on imine activation by energy transfer from the excited iridium catalyst, followed by
homolytic N–O bond cleavage and hydrogen atom transfer by the corresponding solvent.

98



Molecules 2025, 30, 1721

 

Scheme 100. Chiral AEA obtained through Truce–Smiles rearrangement by Greaney et al. in 2020.

Later, in 2022, Stephenson et al. [134] developed an intramolecular aromatic ipso
substitution of a heteroatom leaving group by a carbon nucleophile with sulfonamides as
bifunctional aryl and amine sources. This Smiles–Truce rearrangement was enabled by
single electron transfer from the excited iridium catalyst to the corresponding sulfonamide
substrate. Interestingly, it could only afford the desired chiral AEA when O-substituents
were present in the aryl moiety, blocking dearomatization, giving the corresponding lactams
in good yields and dr (Scheme 101A). Two years later, in 2024 [135], following their studies,
they transferred the Smiles–Truce rearrangement to the aminoarylation of unactivated
alkenes by lowering the oxidation state of the sulfur atom from S(VI) to S(IV), starting
from the corresponding sulfinamides (Scheme 101B). The resulting change to the sulfur
atom’s molecular geometry contracted the C–S–N bond angle, thereby favoring the ipso
cyclization step of the aryl migration. Using a weakly oxidizing photoredox catalyst, a
sulfinamidyl radical was generated under mild conditions by single electron transfer from
the iridium photocatalyst and was added to an alkene to form a new C–N bond, followed by
a desulfinylative Smiles–Truce rearrangement to form a new C–C bond. Thus, interesting
chiral AEAs were synthesized in good yields and dr (Scheme 101C).

In 2022, Xia et al. [136] demonstrated a methodology for a photoinitiated deaminative
[3 + 2] annulation reaction of N-aminopyridinium salts with alkenes for the synthesis of
functionalized γ-lactams enabled by a chiral iridium photocatalyst. The corresponding
synthetized chiral polisubstituted AEAs had their nitrogen atoms embedded into a γ-lactam
ring (Scheme 102). The mechanism relied on energy transfer from the iridium photocatalyst
to the corresponding salts to enable homolytic N-N cleavage, followed by sterenyl addition,
an intramolecular ring-closing process, and subsequent quenching with DMSO.

Nevado et al., in 2023 [137], described enantioenriched arylsulfinylamides as all-in-one
reagents for the efficient asymmetric, intermolecular aminoarylation of alkenes. Under
mild photoredox conditions, nitrogen addition of the arylsulfinylamide onto the double
bond, followed by 1,4-translocation of the aromatic ring, afforded, in a single operation,
production of the corresponding aminoarylation adducts in an enantiomerically enriched
form (Scheme 103). Mechanistic investigations revealed the likelihood of multiple reaction
pathways operating in these transformations. In the case of electron-rich styrenes, the
proposed mechanism was based on radical cation formation by single-electron oxidation.
In contrast, the single-electron oxidation of the deprotonated arylsulfinylamide by the
excited iridium photocatalyst to form an N-centred radical seemed to occur in the case
of poorly oxidizable olefins. This methodology could afford interesting optically pure
β,β-diarylethylamines in good yields and ee.
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Scheme 101. Chiral AEA from high-oxidation-state sulfur present in sulfunamide moieties (A), its
proposed catalytic cycle (B), and from low-oxidation-state sulfur present in sulfinimide moieties (C).

Scheme 102. γ-lactam synthesis as chiral AEA by Xia et al. in 2022.
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Scheme 103. β,β-diarylethylamines as asymmetric AEAs by Nevado et al. in 2023.

Wang et al., in 2024 [138], presented a novel synergistic triple-catalysis approach for
the asymmetric α-C–H addition of readily available N-sulfonyl amines to aldehydes under
mild conditions. This method allowed the efficient synthesis of a diverse variety of valuable
β-amino alcohols bearing vicinal stereocenters, affording an interesting chiral AEA in good
yield and ee (Scheme 104A). An iridium photocatalyst enables quinuclidine activation
by the single electron transfer process, which, by hydrogen atom transfer, activated the
corresponding benzylamine substrate, proceeding towards its addition to the aldehyde–
chrome complex, affording the aforementioned products (Scheme 104B).

Scheme 104. Iridium-catalyzed synthesis of chiral AEA by Wang et al. in 2024 (A) and its proposed
catalytic cycle (B).
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3.2. Ruthenium

In 2014, Xia et al. [139] developed a mild and efficient procedure for the regioselective
ring-opening nucleophilic addition reactions of aziridines via visible light photoredox catal-
ysis, which provided practical synthetic access to 1,2-bifunctional compounds, synthesizing
chiral AEAs in the process. Starting from the corresponding optically active aziridine, the
mechanism relied on single electron transfer from the excited ruthenium photocatalyst
towards the substrates, followed by nucleophilic ring opening and subsequent hydrogen
atom transfer from the solvent, affording the desired products in excellent yields and ee
(Scheme 105).

 
Scheme 105. 1,2-bifunctional AEA by Xia et al. in 2014.

Liu et al., in 2021 [140], developed a visible light-mediated approach for synthesizing
1,4,5,6-tetrahydropyridazines with arylethylamine motifs using N-radical cyclization and
Smiles–Truce aryl transfer. This cascade reaction, enabled by a photoredox catalyst and a
base, operated under mild, redox-neutral conditions and demonstrated excellent functional
group compatibility and diastereoselectivity. Additionally, it enabled the construction of
synthetically challenging all-carbon quaternary centers through alkene aminoarylation.
Single electron transfer from the excited ruthenium photocatalyst towards the correspond-
ing substrates followed by an intramolecular ring-closing reaction and the desulfonation
process afforded the aforementioned chiral AEA in moderate yields and dr (Scheme 106).

 

Scheme 106. Polisubstituted chiral AEA based on 1,4,5,6-tetrahydropyridazines by Liu et al. in 2021.

3.3. Nickel

Subsequently, Huo et al., in 2020 [141], achieved a direct enantioselective acylation
of α-amino C(sp3)–H bonds with carboxylic acids via the combination of a transition
metal and photoredox catalysis. This straightforward protocol enabled cross-coupling of
a wide range of carboxylic acids, with readily available N-alkyl benzamides to produce
chiral AEAs in high enantioselectivities under mild conditions. A photoexcited nickel
catalyst enabled Br radical formation, which prompted hydrogen atom transfer with the
corresponding substrates to form radical intermediates, followed by oxidative addition of
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the chiral nickel organo-catalyst and reductive elimination to afford the desired products
(Scheme 107).

 
Scheme 107. Asymmetric synthesis of an AEA enabled by nickel catalysis by Huo et al. in 2020.

Doyle et al., in 2020 [142], reported a photoassisted nickel-catalyzed reductive cross-
coupling between tosyl-protected alkyl aziridines and commercially available (hetero)aryl
iodides. 4CzIPN as the photocatalyst enabled single electron transfer from the aminoiodine
intermediate towards aziridine substrates, followed by oxidative addition and reductive
elimination of the corresponding chiral organo-nickel complex, affording an interesting chi-
ral AEA, when starting from the optically active substrate, maintaining the stereochemistry
in good yield (Scheme 108).

 
Scheme 108. N-tosyl-based AEA by Doyle in 2020.

Studer et al., in 2021 [143], reported a three-component stereoselective 1,2-aminoarylation
of electron-rich alkenes through synergistic photoredox and nickel catalysis. Anti-
Markovnikov addition of the amidyl radical to the alkene and nickel-mediated radi-
cal/transition metal crossover led to the corresponding 1,2-aminoarylation product, of-
fering a route for the preparation of enantiopure α-arylated β-amino alcohols. In this
process, interesting chiral AEAs were synthesized in moderate yields and excellent dr
(Scheme 109). The mechanism involved single electron transfer from an excited organocata-
lyst towards the carboxylic acid substrates; sequential fragmentation of CO2 and acetone
which generates the electrophilic N-radical; followed by addition to the corresponding
alkene. Then, radical trapping by the Ni-complex followed by reductive elimination
afforded the desired products.
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Scheme 109. Chiral AEA incorporating ether moiety by Studer et al. in 2021.

3.4. Copper

Nicewicz et al., in 2023 [144], described for the first time an enantioselective difunction-
alization of olefins via a cation radical intermediate utilizing an acridinium photooxidant
in conjunction with copper catalysis. The transformation could be rendered asymmetric by
using a serine-derived bisoxazoline ligand. The wide array of nucleophiles in this three-
component coupling allowed the synthesis of an interesting chiral α-cyano AEA in good
yields and great dr and ee (Scheme 110A). The scope of amines for the aminocyanation
reaction was greatly expanded by undergoing a cation radical intermediate as opposed to
previous N-centered radical-initiated aminocyanations, as shown in the proposed mecha-
nistic cycle (Scheme 110B).

 

Scheme 110. α-Ciano AEA by Nicewicz et al. in 2023 (A) and its proposed catalytic cycle (B).
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In 2025, Gong et al. [145] developed a methodology towards the synthesis of β,β-
aminoacyl AEA (Scheme 111). Starting from glycine derivatives, this photoinduced regio-
divergent and enantioselective cross-coupling relied on a catalytic system that integrated
photoinduced hydrogen atom transfer (HAT) and chiral copper catalysis. This strategy
facilitated regiodivergent and enantioselective cross-couplings between N-aryl glycine
ester/amide derivatives and abundant hydrocarbon feedstocks through strong C(sp3)-H
bond activation, obtaining interesting AEAs in good yields and ee.

 

Scheme 111. Copper catalysis towards the synthesis of interesting AEAs by Gong et al. in 2025.

3.5. Wolframium

Masson et al., in 2024 [146], described a sustainable and efficient photocatalytic method
for the stereoselective radical alkylation of chiral sulfinyl imines. By employing readily
available non-prefunctionalized radical precursors and cost-effective TBADT (Tetrabuty-
lammonium decatungstate) as a direct HAT photocatalyst, they successfully obtained
diverse chiral AEAs with high yields and excellent diastereoselectivity under mild con-
ditions (Scheme 112). Excited TBADT underwent a hydrogen atom transfer towards the
corresponding methylaryl substrates, followed by sulfinyl imine addition and subsequent
back-hydrogen atom transfer from the photocatalyst. Thus, the chiral AEA was synthetized
with both good yield and ee.

 

Scheme 112. Wolframium-catalyzed asymmetric synthesis of an AEA by Masson et al. in 2024.

3.6. Iron

Also in 2024, Chang et al. [147] reported a visible-light-promoted enantioselective
a-amidation of aldehydes by organo-iron catalysis towards the synthesis of chiral 2-
arylethylacetamides (Scheme 113). Interestingly, mechanistic studies revealed that in
situ-generated [Fe(II)Cl3−] via visible-light-promoted LMCT effectively activated dioxa-
zolones, affording an iron-acylnitrenoid radical that was subsequently inserted into chiral
enamine intermediates. Thus, good yields and ee were achieved.
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Scheme 113. Chiral 2-arylethylacetamides by Chang et al. in 2024.

4. Conclusions

Because of their very well-known bioactive properties, 2-arylethylamine motif com-
pounds are of great interest in both synthetic and medicinal chemistry. As small nitrogen-
containing compounds, they are able to pass the blood–brain barrier; thus, they are used in
treatments related to Central Neural System. The human body is chiral and, thus, chirality
introduction into synthetic methodologies is a mandatory approach in the pharmaceutical
industry at present. This asymmetric synthesis can present several challenges when faced
in a laboratory. Herein, we present the most recent advances in asymmetric synthesis of
2-arylethylamines using transition metal catalysis as the main tool to introduce chirality in
either C-1, C-2, or in both carbons of the aforementioned motif. The main methodology
when it comes to chiral synthesis is presented and discussed, considering conditions, chal-
lenges, yields, and ee/dr. Also, when considered, interesting and novel catalytic cycles are
presented and discussed.

Conventional metal catalysis supported with a chiral organo complex is the main
core of the review, organized by metal abundancy in the literature of recent years. While
copper and palladium-based catalysis are the richest when it comes to different substrates
and targets, rhodium and cobalt have mainly been used for asymmetric hydrogenation or
hydroamination of different substrates. On the other hand, less abundant metals such as
ruthenium, iridium, or nickel are not focused on one type of methodology, also considering
that iridium is mainly used in photocatalysis. Photocatalysis is presented as separate
section covering the main advances in recent years, showing that iridium is the most
abundant transition metal used towards the synthesis of chiral AEAs.

Derivatization of the aforementioned compounds has proved to be very important in
the pharmaceutical industry, as shown in the presented review.
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Abstract: The PyBox–La(OTf)3-catalyzed enantioselective Diels–Alder cycloaddition of 2-alk-2-
enoylpyridines with cyclopentadiene is realized, producing enantiopure disubstituted norbornenes,
which possess four contiguous stereocenters and are biologically relevant structures in up to 92:8 dr
and 99:1 er.

Keywords: PyBox; rare earth; asymmetric catalysis; Diels–Alder cycloaddition; norbornene derivatives

1. Introduction

Enantioenriched norbornene scaffolds with multiple stereocenters are prevalent motifs
in many pharmaceutically relevant and naturally occurring compounds (Figure 1) [1–6].
Therefore, the construction of such scaffolds constitutes an intriguing topic in the synthetic
community. The catalytic asymmetric Diels–Alder cycloadditions of auxiliary-substituted
alkenes with cyclopentadienes provide a straightforward and atom-economical access to the
norbornene scaffolds, and are anticipated to produce good levels of chirality transfer and
diastereocontrol by virtue of interactions between auxiliary groups and chiral catalysts [7].
In this regard, alkenoyl pyridines, which can chelate their pyridinyl nitrogen and carbonyl
oxygen atoms to the metal center of a chiral catalyst, are demonstrated as robust dienophiles
to undergo asymmetric Diels–Alder cycloadditions with cyclopentadienes, even in aqueous
media (Scheme 1). Documented catalysts and ligands that are applicable to this useful
type of reaction include Engberts’s chiral amino acid–Cu(II) system (74% ee) [8], Pedro’s
chiral bis(oxazoline)–Cu(II) system (19% ee) [9], Lin and Feng’s N,N’-dioxide–Ni(II) system
(up to 95:5 dr and 96% ee) [10] and Ollevier’s chiral bipyridine diol–Fe(III) system (up
to 93:7 dr and 84% ee) [11]. In addition, numerous chiral artificial metalloenzymes and
DNA-modified catalysts were also developed [12–17]. In spite of the above advances, new
alternative catalytic systems are still in demand for effecting high levels of diastereo- and
enantiocontrol, a purpose that was hitherto only satisfied by Lin and Feng’s N,N’-dioxide–
Ni(II) catalysts [10].

The past decades have witnessed fruitful advancements on rare earth-catalyzed asym-
metric Diels–Alder cycloadditions [18], which encouraged us to provide a rare-earth pro-
tocol for enantiocontrol. The key factor that underlies this protocol is the choice of a
chiral ligand. Our previous research with didentate pyridyl imidazolines [19–22] led us to
consider similar chirally modified nitrogen ligands. Considering the special coordination
numbers of rare earth salts, we designed and synthesized several tridentate chiral nitrogen
ligands and evaluated their chirality transfer ability in the rare earth-catalyzed Diels–Alder
cycloadditions between 2-alk-2-enoylpyridines and cyclopentadiene. We eventually found
that the combination of chiral pyridine-2,6-bisoxazolines and La(OTf)3 displays the best
results in terms of diastereo- and enantiocontrol, producing enantioenriched norbornenes
in good yields and enantiopurities (Scheme 1b).
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Figure 1. Representative bioactive compunds.

 
Scheme 1. Previous work (a) and our work (b) on the asymmetric Diels–Alder cycloadditions of
2-alk-2-enoylpyridines with cyclopentadiene.

2. Results and Discussion

We first optimized the reaction conditions using (E)-styrenoyl pyridine (1a) and cy-
clopentadiene (2A) as the model substrates. The selected attempts on ligand screening are
listed in Table 1 (for more details, see Tables S1 and S2 in the Supplementary Materials).
Pyridine-2,6-bisimidazoline ligands PyBim-1 and PyBim-2 produced 3aA in 84:16 and
75:25 er, respectively [23–25]. In contrast, 3aA was produced in 94:6 and 68:32 er values
when the respective pyridine-2,6-bisoxazoline ligands PyBox-1 and PyBox-2 were used.
The reaction with 1,10-phenanthroline-2-oxazoline (PhenOx) delivered 3aA as a nearly
racemic mixture. Apparently, PyBox-1 produced the best result in terms of enantioselectiv-
ity. It deserves mention that similar ligands were also employed by Desimoni’s group in
2002 in the Diels–Alder exo-cycloadditions between alkenoyl-1,3-oxazolidin-2-ones and cy-
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clopentadiene [26]. With this ligand, other lanthanum(III) salts such as LaCl3 and La(BF4)3
were evaluated, but nearly no enantioselectivity was observed. Thus, from the conditions
listed in Table 1, entry 3 was selected as the optimal one.

Table 1. Selected optimization of the reaction conditions.

 

Entry Catalyst Ligand Yield a (%) Er b Dr b

1 La(OTf)3 PyBim-1 54 84:16 51:49
2 La(OTf)3 PyBim-2 67 85.5:14.5 79.5:20.5
3 La(OTf)3 PyBox-1 91 94:6 88:12
4 La(OTf)3 PyBox-2 95 68:32 89:11
5 La(OTf)3 PhenOx-1 87 58:42 86.5:13.5
6 LaCl3 PyBox-1 48 51.5:48.5 84:16
7 La(BF4)3 PyBox-1 71 51:49 89:11

a Isolated yields on column chromatography. b Enantioselective and diastereoselective ratios obtained by chiral
HPLC. dr = endo:exo ratios.

With the optimal conditions at hand, a number of dienophiles, that is, 2-alk-2-enoylpyri-
dines 1a–r, were reacted with cyclopentadiene. The results regarding enantio- and diastereose-
lectivities (endo/exo) are summarized in Figure 2. 2-Alk-2-enoylpyridines bearing electronically
diverse aryl substituents were first screened. In addition to (E)-styrenoylpyridine (1a), the
halogen-substituted dienophiles 1b–1h all productively gave desired products 3bA–3hA in 80–
98 yields, 64:36–89:11 drs, and most importantly, 87:13–95.5:4.5 ers. The highest enantioselec-
tivity (95.5:4.5 er) was observed in the reaction producing 3cA. Strongly electron-withdrawing
cyano-substituted dienophile 1i, as well as those with electron-donating alkyl and methoxy
substituents, produced desired products 3iA–3lA in 87:13–93:7 ers with varying diastereos-
electivities and yields. Dienophiles with heteroaryls and fused aryls were also amenable,
and the corresponding products were procured in 81:19 to 90:10 er. The alkyl-substituted
2-alk-2-enoylpyridines 1p–1r were also tested under the optimal conditions. Dienophiles 1p

and 1q with more steric hindrance delivered products 3pA and 3qA in excellent 99:1 and
95:5 ers, respectively, whilst dienophile 1r with less steric cyclopropyl only afforded moderate
enantioselectivity of 77:23. Acyclic dienes were also examined. 2,3-Dimethylbuta-1,3-diene
(2B) afforded 3aB at a 45% yield with 82:18 er and >20:1 dr. However, other attempted dienes,
including 2-methylbuta-1,3-diene (2C), cyclohexa-1,3-diene (2D) and furan (2E), did not react
with 1a.
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Figure 2. Scope of substrates.

Mechanistic studies were performed (Scheme 2). Mixing PyBox-1 with La(OTf)3
afforded a stable complex 4 (Scheme 2a). The complex can even be prepared in a decagram
scale at a 91% yield. In the presence of 10 mol% of 4, the cycloaddition of 1a and 2A

produced 3aA at a 91% yield, 91.5:8.5 er and 89:11 dr, a result almost identical with
that obtained with separately added PyBox-1 and La(OTf)3. In the control experiment
(Scheme 2b), the reaction of E-chalcone (1s) with cyclopentadiene (2A) did not yield
the desired product 3sA, highlighting the essence of the pyridine auxiliary and nitrogen
coordination to the metal center. Based on the above results, a plausible enantiocontrol
model is proposed (Scheme 2c). Ligand exchange between A and substrate 1a afforded
chiral complex B. The C2-asymmetry created a chiral pocket that allowed cyclopentadiene
to approach the dienophile from the southwest upper face of B. A π-stacking interaction
between the pyridinyl ring and the upward phenyl ring in proximity to the nitrogen atom
was proposed to stabilize the transition state TS [27]. Once product 3a was formed, it was
still coordinated with the rare earth metal. Ligand exchange between C and 1a ultimately
produced 3aA and opened a new catalytic cycle.

The PyBox-La(OTf)3-catalyzed cycloaddition is featured with good scalability (Scheme 3a).
In the gram-scale reaction, 3aA was obtained in 93.5:6.5 er, 86:14 dr with a 98% yield. The
obtained difunctionalized norbornene 3aA possesses two reactive chemical handles to undergo
further manipulations (Scheme 3b). Epoxidation of the endocyclic C=C bond yielded epoxide 5,
with two new stereocenters generated at a 73% yield, leaving the electron-rich pyridine nitrogen
intact. The facial selectivity was assigned according to the empirical rule proposed by Brown
and coworkers [27]. Grignard addition to the carboxyl group led to a tertiary alcohol 6 at a 92%
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yield, whereas the NaBH4 reduction produced a secondary alcohol 7 at a 93% yield. However,
the ozonolysis of 3aA led to complex mixtures with all the starting material consumed.

 

Scheme 2. Proposed mechanism.

 
Scheme 3. Gram-scale reaction and product derivatization.

3. Materials and Methods

3.1. Materials and Instruments

Unless otherwise noted, all materials were purchased from commercial suppliers.
Dichloromethane (DCM) and dichloroethane (DCE) were refluxed over CaH2; tetrahy-
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drofuran (THF) and toluene (PhMe) were refluxed over lithium aluminum hydride. The
solvents were freshly distilled prior to use. Column chromatography was performed on
silica gel (normal phase, 200–300 mesh) from Anhui Liangchen Silicon Material Co., Ltd.
(Lu’An, China), with petroleum ether (PE, bp. 60–90 ◦C) and ethyl acetate (EA) as eluent.
Reactions were monitored using thin-layer chromatography (TLC) on GF254 silica gel plates
(0.2 mm) from Anhui Liangchen Silicon Material Co., Ltd. The plates were visualized
via UV light using other TLC stains (1% potassium permanganate in water; 10 g of io-
dine absorbed on 30 g of silica gel). 1H and 13C NMR spectra were recorded on a Bruker
400 MHz spectrometer, usually in CDCl3 as an internal standard, and the chemical shifts
(δ) were reported in parts per million (ppm). Multiplicities are indicated as s (singlet), d
(doublet), t (triplet), q (quartet), dd (double doublet), m (multiplet) and b (broad). Coupling
constants (J) are reported in Hertz (Hz). HRMS measurements were carried out on an
Agilent LC/MSD TOF mass spectrometer. The enantiomeric excesses were determined
via HPLC analysis using Agilent Technologies 1260 Infinity equipment, and the employed
chiral stationary phase column are specified in the individual experiment by comparing
the enantiomeric samples with the appropriate racemic mixtures.

Substrate 1a–r were prepared according to Caggiano’s study [28]. The nuclear mag-
netic spectra of 1a to 1c, 1e to 1p and 1r are in agreement with the predecessors. PyBim-

2 [23], and PhenOx-1 [29] were prepared according to published procedures.

3.2. General Procedure for Reduction of 2-Alkenoylpyridines

To a solution of ketone (5 mmol) and aldehyde (5.5 mmol) in ethanol (15mL), aqueous
sodium hydroxide solution (5 mL, 2.5 M) was added dropwise at 0 ◦C. The reaction mixture
was further stirred at room temperature until the completion of reaction (detected by TLC).
Then, the reaction mixture was filtered and washed with ethanol–water solution (1/1,
v/v) and dried. The precipitate was recrystallized in methanol to obtain pure unsaturated
ketone products.

3.2.1. (E)-3-(2,3-Difluorophenyl)-1-(pyridin-2-yl)prop-2-en-1-one (1d)

Yellow solid, 1.018 g, yield 83%, Rf = 0.5 (PE/EA = 5:1, v/v). 1H NMR (400 MHz,
CDCl3) δ 8.75 (ddd, J = 4.8, 1.7, 0.9 Hz, 1H), 8.38 (d, J = 16.3 Hz, 1H), 8.19 (dt, J = 7.8, 1.1 Hz,
1H), 8.04 (d, J = 16.3 Hz, 1H), 7.89 (td, J = 7.7, 1.7 Hz, 1H), 7.52 (dddd, J = 15.1, 7.5, 4.5,
1.5 Hz, 2H), 7.23–7.09 (m, 2H). 13C NMR (101 MHz, CDCl3) δ 189.2, 153.8, 148.9, 137.0,
135.5, 127.1, 125.5 (d, J = 8.7 Hz), 124.3 (d, J = 5.6 Hz), 124.2 (t, J = 5.8, 11.4 Hz), 123.8, 123.0,
118.7 (d, J = 17.3 Hz), 118.6. 19F NMR (376 MHz, CDCl3) δ −137.72, −139.62. HRMS (ESI):
m/z [M+H]+ calculated for C14H10F2NO+ 246.0725, found 246.0732.

3.2.2. (E)-3-Cyclopentyl-1-(pyridin-2-yl)prop-2-en-1-one (1q)

Colorless oil, 532.6 mg, yield 53%, Rf = 0.65 (PE/EA = 5:1, v/v). 1H NMR (400 MHz,
CDCl3) δ 8.70 (ddd, J = 4.8, 1.7, 0.9 Hz, 1H), 8.12 (dt, J = 7.9, 1.1 Hz, 1H), 7.84 (td, J = 7.7,
1.7 Hz, 1H), 7.59 (dd, J = 15.6, 1.1 Hz, 1H), 7.45 (ddd, J = 7.5, 4.8, 1.3 Hz, 1H), 7.22 (dd,
J = 15.6, 8.2 Hz, 1H), 2.77 (h, J = 8.1, 7.6 Hz, 1H), 1.96–1.87 (m, 2H), 1.75–1.48 (m, 6H). 13C

NMR (101 MHz, CDCl3) δ 189.6, 154.6, 154.2, 148.7, 136.8, 126.6, 122.8, 122.4, 43.5, 32.6, 25.4.
HRMS (ESI): m/z [M+H]+ calculated for C13H16NO+ 202.1226, found 202.1234.

3.3. General Procedure for Reduction of PyBim-1 and PyBox

 

This was prepared according to Beller’s procedure, with slight modification [24].
The 1H and 13C NMR spectra are in agreement with those reported [24]. Procedure: To
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an oven-dried round-bottom flask equipped with a magnetic stirring bar was added 2,6-
pyridinedicarbonitrile (2.6 g, 20 mmol), sodium methoxide (108 mg, 2 mmol), and methanol
(40 mL). The mixture was stirred at ambient temperature. After 12 h, the solution was
transferred to an oven-dried flask and then quenched with acetic acid (0.24 mL). The solvent
was evaporated under reduced pressure to obtain product S1 (>99% yield).

To an oven-dried round-bottom flask equipped with a magnetic stirring bar was added
S1 and (1S, 2S)-1,2-diphenylethane-1,2-diamine (8.53 g, 40 mmol). The flask was sealed
immediately with a rubber stopper and protected with a nitrogen balloon by evacuation-
backfill operations (repeated three times). Dry dichloromethane (DCM, 60 mL) was injected
to the flask via a syringe, and the reaction mixture was kept at 43 ◦C for 48 h. The solvent
was evaporated under reduced pressure, and the crude mixture was subjected to column
chromatography (PE:EA:Et3N = 20:10:1) on silica gel to afford the corresponding crude
product. Final purification by recrystallization from ethyl acetate and petroleum ether
afforded PyBim-1 in 98% yield (10.17 g) as a white solid.

 

This was prepared according to Fokin’s procedure, with slight modification [30]. The
1H and 13C NMR spectrum and data are in agreement with those reported. Procedure:
To an oven-dried round-bottom flask equipped with a magnetic stirring bar was added
2,6-pyridinedicarbonitrile (5.2 g, 40 mmol), sodium methoxide (216 mg, 4 mmol), and
methanol (80 mL). The reaction mixture was stirred at ambient temperature. After 12 h, the
solution was transferred to an oven-dried flask and quenched with acetic acid (0.48 mL);
the solvent was evaporated under reduced pressure to obtain product S1 (>99% yield).
To an oven-dried round-bottom flask equipped with a magnetic stirring bar was added
S1 and (1S, 2R)-2-amino-1,2-diphenylethan-1-ol (17.06 g, 80 mmol). The flask was sealed
immediately with a rubber stopper and protected with a nitrogen balloon by evacuation-
backfill operations (repeated three times). Dry DCM (120 mL) was injected to the flask
via a syringe, and the reaction mixtures was kept at 43 ◦C. After 48 h, the solvent was
evaporated, and the remaining mixture was solidified by MeOH and washed with MeOH
and EA to obtain PyBox-1 (17.069 g, 82%) as a white solid.

 

Procedure: To an oven-dried round-bottom flask equipped with a magnetic stirring
bar was successively added PyBox-1 (7.5 g, 14.4 mmol) and La(OTf)3 (7.03 g, 12 mmol).
The flask was sealed immediately with a rubber stopper and protected with a nitrogen
balloon by evacuation-backfill operations (repeated three times). A mixture of DCM and
toluene (v/v = 4:1) (120 mL) was injected to the tube via a syringe, and the mixture was
stirred for about 24 h. The solvent was evaporated under reduced pressure. The crude
mixture was washed with Et2O to obtain the product (12.085 g, 91%) as a white solid.
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3.4. General Procedure for Reduction of Chiral Product 3

General Procedure: To an oven-dried reaction tube equipped with a magnetic stirring
bar was added 2-alkenoyl pyridines 1 (0.1 mmol, 1.0 equiv), La(OTf)3 (5.9 mg, 0.01 mmol)
and ligand PyBox-1 (6.3 mg, 0.012 mmol). The tube was sealed immediately with a rubber
stopper and protected with a nitrogen balloon by evacuation-backfill operations (repeated
three times). Dry Et2O (1 mL) was injected to the tube via a syringe. The resultant mixture
was stirred for about 1 h, followed by addition of cyclopentadiene (2A) (33 μL, 0.4 mmol,
4.0 equiv) or 2,3-dimethylbuta-2,3-diene (2B) (90 μL, 0.4 mmol, 4.0 equiv) via a microsyringe.
The mixture was stirred at 25 ◦C for 48 h. The solvent was evaporated under reduced
pressure, and the crude mixture was subjected to column chromatography on silica gel to
afford the corresponding products.

3.4.1. ((1R,2S,3S,4S)-3-Phenylbicyclo[2.2.1]hept-5-en-2-yl)(pyridin-2-yl)methanone (3aA)

Colorless oil, 25 mg, yield 91%, Rf = 0.5 (PE/EA = 10:1, v/v). 1H NMR (400 MHz,
CDCl3) δ 8.76–8.60 (d, J = 4.4 Hz, 1H), 8.00 (d, J = 7.8 Hz, 1H), 7.79 (td, J = 7.7, 1.8 Hz, 1H),
7.42 (ddd, J = 7.6, 4.8, 1.3 Hz, 1H), 7.36–7.06 (m, 6H), 6.49 (dd, J = 5.6, 3.2 Hz, 1H), 5.82 (dd,
J = 5.6, 2.8 Hz, 1H), 4.53 (dd, J = 5.2, 3.4 Hz, 1H), 3.54 (s, 1H), 3.46 (d, J = 4.8 Hz, 1H), 3.09 (s,
1H), 2.07 (d, J = 8.4 Hz, 1H), 1.61 (dd, J = 8.4, 2.0 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ
201.0, 153.5, 148.8, 144.6, 139.3, 136.7, 132.8, 128.3, 127.6, 126.8, 125.7, 122.1, 54.2, 49.3, 48.7,
48.2, 45.5.

HPLC (Daicel Chiralpak OD-H, nhexane/iPrOH = 97:3, 0.65 mL/min, T = 15 ◦C): tR1
(major) = 17.172 min, tR2 (minor) = 12.070 min; dr: 89:11; er: 94:6.

[α]20
D = +135.7 (c = 1.0, CHCl3).

3.4.2. ((1R,2S,3S,4S)-3-(2-Fluorophenyl)bicyclo[2.2.1]hept-5-en-2-yl)(pyridin-2-yl)
methanone (3bA)

Colorless oil, 28 mg, yield 96%, Rf = 0.55 (PE/EA = 10:1, v/v). 1H NMR (400 MHz,
CDCl3) δ 8.66 (ddd, J = 4.8, 1.8, 0.9 Hz, 1H), 8.05 (dt, J = 7.9, 1.1 Hz, 1H), 7.82 (td, J = 7.7,
1.8 Hz, 1H), 7.48–7.40 (m, 2H), 7.19–7.08 (m, 2H), 6.94 (ddd, J = 10.5, 7.9, 1.5 Hz, 1H), 6.48
(dd, J = 5.7, 3.2 Hz, 1H), 5.88 (dd, J = 5.6, 2.8 Hz, 1H), 4.53 (dd, J = 5.1, 3.5 Hz, 1H), 3.53
(d, J = 5.0 Hz, 1H), 3.49 (s, 1H), 3.19 (d, J = 2.1 Hz, 1H), 1.97 (d, J = 8.5 Hz, 1H), 1.62 (dd,
J = 8.5, 1.8 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ 200.2,160.2 (d, J = 246 Hz), 153.5, 148.8,
138.3, 136.8, 133.3, 131.8, 127.2 (d, J = 9.3 Hz), 126.8, 123.8 (d, J = 2.8 Hz), 122.2, 115.2 (d,
J = 22.7 Hz), 52.5, 48.5, 48.1, 47.6, 39.2. 19F NMR (376 MHz, CDCl3) δ −139.01. HRMS (ESI):
m/z [M+H]+ calculated for C19H17FNO+ 294.1289, found 294.1288.

HPLC (Daicel Chiralpak OD-H, nhexane/iPrOH = 97:3, 0.65 mL/min, T = 15 ◦C): tR1
(major) = 14.393 min, tR2 (minor) = 13.080 min; dr: 65:35; er: 87:13.

[α]20
D = +81.4 (c = 1.7, CHCl3).

3.4.3. ((1R,2S,3S,4S)-3-(4-Fluorophenyl)bicyclo[2.2.1]hept-5-en-2-yl)(pyridin-2-yl)
methanone (3cA)

Colorless oil, 27 mg, yield 92%, Rf = 0.55 (PE/EA = 10:1, v/v). 1H NMR (400 MHz,
CDCl3) δ 8.68 (d, J = 4.6 Hz, 1H), 8.00 (d, J = 7.8 Hz, 1H), 7.82 (td, J = 7.7, 1.8 Hz, 1H),
7.46 (ddd, J = 7.6, 4.8, 1.3 Hz, 1H), 7.30–7.21 (m, 2H), 7.01–6.85 (m, 2H), 6.48 (dd, J = 5.7,
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3.2 Hz, 1H), 5.83 (dd, J = 5.6, 2.8 Hz, 1H), 4.46 (dd, J = 5.2, 3.4 Hz, 1H), 3.54 (s, 1H), 3.42
(d, J = 4.7 Hz, 1H), 3.07–3.01 (dd, J = 1.2 Hz, 1H), 2.03 (d, J = 8.5 Hz, 1H), 1.62 (dd, J = 8.5,
1.8 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ 201.0, 160.2, 153.5, 148.9, 140.2, 139.3, 136.8,
132.9, 129.0, 128.9 (d, J = 7.8 Hz), 126.9, 122.2, 115.1 (d, J = 21.0 Hz), 54.5, 49.4, 48.7, 48.1,
44.9. 19F NMR (376 MHz, CDCl3) δ −117.84.

HPLC (Daicel Chiralpak OD-H, nhexane/iPrOH = 97:3, 0.65 mL/min, T = 15 ◦C): tR1
(major) = 14.534 min, tR2 (minor) = 11.045 min; dr: 89:11; er:95.5:4.5.

[α]20
D = +127.6 (c = 2.3, CHCl3).

3.4.4. ((1R,2S,3S,4S)-3-(2,3-Difluorophenyl)bicyclo[2.2.1]hept-5-en-2-yl)(pyridin-2-
yl)methanone (3dA)

Colorless oil, 27 mg, yield 87%, Rf = 0.5 (PE/EA = 10:1, v/v). 1H NMR (400 MHz,
CDCl3) δ 8.66 (ddd, J = 4.8, 1.8, 0.9 Hz, 1H), 8.05 (dt, J = 7.9, 1.1 Hz, 1H), 7.83 (td, J = 7.7,
1.8 Hz, 1H), 7.46 (ddd, J = 7.6, 4.8, 1.3 Hz, 1H), 7.17 (ddd, J = 7.0, 4.6, 2.0 Hz, 1H), 7.04–6.93
(m, 2H), 6.47 (dd, J = 5.6, 3.2 Hz, 1H), 5.89 (dd, J = 5.6, 2.8 Hz, 1H), 4.51 (dd, J = 5.1, 3.5 Hz,
1H), 3.55 (d, J = 5.2 Hz, 1H), 3.51 (s, 1H), 3.17 (d, J = 1.7 Hz, 1H), 1.95 (d, J = 8.6 Hz, 1H),
1.63 (dd, J = 8.6, 1.8 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ 199.8, 153.3, 148.8, 138.2, 136.9,
134.5 (d, J = 10.7 Hz), 133.5, 127.0, 123.6 (t, J = 5.8, 11.9 Hz), 122.3, 121.9 (d, J = 2.7 Hz), 114.6
(d, J = 5.0 Hz), 52.6, 48.5, 48.2, 47.8, 39.1. 19F NMR (376 MHz, CDCl3) δ −111.33, 116.03.
HRMS (ESI): m/z [M+H]+ calculated for C19H16F2NO+ 312.1194, found 312.1199.

HPLC (Daicel Chiralpak OD-H, nhexane/iPrOH = 97:3, 0.65 mL/min, T = 15 ◦C): tR1
(major) = 16.212 min, tR2 (minor) = 11.443 min; dr: 86:14; er: 90:10.

[α]20
D = +93.5 (c = 2.1, CHCl3).

3.4.5. ((1S,2R,3R,4R)-3-(3-Chlorophenyl)bicyclo[2.2.1]hept-5-en-2-yl)(pyridin-2-yl)
methanone (3eA)

Colorless oil, 25 mg, yield 81%, Rf = 0.5 (PE/EA = 10:1, v/v). 1H NMR (400 MHz,
CDCl3) δ 8.68 (d, J = 4.3 Hz, 1H), 8.01 (d, J = 7.9 Hz, 1H), 7.83 (td, J = 7.7, 1.8 Hz, 1H), 7.46
(ddd, J = 7.6, 4.7, 1.3 Hz, 1H), 7.30–7.07 (m, 4H), 6.47 (dd, J = 5.7, 3.2 Hz, 1H), 5.83 (dd,
J = 5.6, 2.8 Hz, 1H), 4.46 (dd, J = 5.2, 3.4 Hz, 1H), 3.56 (s, 1H), 3.42 (d, J = 4.2 Hz, 1H), 3.07 (d,
J = 1.8 Hz, 1H), 2.03 (d, J = 8.5 Hz, 1H), 1.63 (dd, J = 8.6, 1.8 Hz, 1H). 13C NMR (101 MHz,
CDCl3) δ 200.7, 153.4, 148.9, 146.8, 139.2, 136.9, 134.2, 133.0, 129.6, 127.6, 127.0, 126.0, 122.2,
54.4, 49.1, 48.7, 48.2, 45.3.

HPLC (Daicel Chiralpak AD-H, nhexane/iPrOH = 99.5:0.5, 0.5 mL/min, T = 12 ◦C):
tR1 (major) = 36.171 min, tR2 (minor) = 38.433 min; dr: 89:11; er: 92:8.

[α]20
D = +112.8 (c = 1.6, CHCl3).

3.4.6. ((1R,2S,3S,4S)-3-(4-Chlorophenyl)bicyclo[2.2.1]hept-5-en-2-yl)(pyridin-2-yl)
methanone (3fA)

Colorless oil, 30 mg, yield 98%, Rf = 0.5 (PE/EA = 10:1, v/v). 1H NMR (400 MHz,
CDCl3) δ 8.70 (d, J = 4.8 Hz, 1H), 8.03 (d, J = 7.9 Hz, 1H), 7.85 (td, J = 7.7, 1.8 Hz, 1H), 7.48
(ddd, J = 7.5, 4.7, 1.3 Hz, 1H), 7.26 (m, 4H), 6.50 (dd, J = 5.7, 3.2 Hz, 1H), 5.85 (dd, J = 5.6,
2.8 Hz, 1H), 4.48 (dd, J = 5.2, 3.4 Hz, 1H), 3.57 (s, 1H), 3.43 (dd, J = 5.2, 1.8 Hz, 1H), 3.07 (d,
J = 1.7 Hz, 1H), 2.03 (d, J = 8.5 Hz, 1H), 1.64 (dd, J = 8.5, 1.8 Hz, 1H). 13C NMR (101 MHz,
CDCl3) δ 200.9, 153.4, 148.9, 143.1, 139.2, 136.8, 133.0, 131.5, 128.9, 128.4, 127.0, 122.2, 54.4,
49.2, 48.7, 48.1, 45.0.

HPLC (Daicel Chiralpak OD-H, nhexane/iPrOH = 97:3, 0.65 mL/min, T = 15 ◦C): tR1
(maJor) = 14.238 min, tR2 (minor) = 10.897 min; dr: 88:12; er: 92:8.

[α]20
D = +104.4 (c = 1.4, CHCl3).

3.4.7. ((1R,2S,3S,4S)-3-(2-Bromophenyl)bicyclo[2.2.1]hept-5-en-2-yl)(pyridin-2-yl)
methanone (3gA)

Colorless oil, 28 mg, yield 80%, Rf = 0.5 (PE/EA = 10:1, v/v). 1H NMR (400 MHz,
CDCl3) δ 8.66 (d, J = 4.9 Hz, 1H), 8.02 (d, J = 7.9 Hz, 1H), 7.81 (td, J = 7.7, 1.8 Hz, 1H), 7.53
(ddd, J = 11.1, 8.0, 1.6 Hz, 2H), 7.44 (ddd, J = 7.6, 4.8, 1.3 Hz, 1H), 7.32–7.25 (m, 1H), 7.05
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(td, J = 7.7, 1.7 Hz, 1H), 6.53 (dd, J = 5.6, 3.2 Hz, 1H), 5.90 (dd, J = 5.6, 2.8 Hz, 1H), 4.68 (dd,
J = 5.1, 3.5 Hz, 1H), 3.60 (d, J = 3.5 Hz, 1H), 3.48 (s, 1H), 3.06 (dd, J = 3.3, 1.7 Hz, 1H), 1.99
(d, J = 8.5 Hz, 1H), 1.59 (dd, J = 8.5, 1.8 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ 200.3, 153.6
148.8, 143.4, 138.5, 136.8, 133.6, 133.1, 127.9, 127.4, 127.2, 126.8, 126.3, 122.2, 51.2, 49.9, 48.4,
47.7, 46.3.

HPLC (Daicel Chiralpak OD-H, nhexane/iPrOH = 99:1, 0.65 mL/min, T = 15 ◦C): tR1
(major) = 18.929 min, tR2 (minor) = 17.916 min; dr: 64:36; er: 88:12.

[α]20
D = +61.9 (c = 2.3, CHCl3).

3.4.8. ((1R,2S,3S,4S)-3-(4-Bromophenyl)bicyclo[2.2.1]hept-5-en-2-yl)(pyridin-2-yl)
methanone (3hA)

Colorless oil, 30 mg, yield 85%, Rf = 0.5 (PE/EA = 10:1, v/v). 1H NMR (400 MHz,
CDCl3) δ 8.67 (ddd, J = 4.8, 1.8, 0.9 Hz, 1H), 8.00 (dt, J = 7.9, 1.1 Hz, 1H), 7.82 (td, J = 7.7,
1.8 Hz, 1H), 7.46 (ddd, J = 7.5, 4.7, 1.3 Hz, 1H), 7.41–7.35 (m, 2H), 7.21–7.15 (m, 2H), 6.47
(dd, J = 5.6, 3.2 Hz, 1H), 5.83 (dd, J = 5.7, 2.8 Hz, 1H), 4.46 (dd, J = 5.2, 3.4 Hz, 1H), 3.55
(s, 1H), 3.39 (d, J = 4.6 Hz, 1H), 3.04 (d, J = 2.2 Hz, 1H), 2.01 (d, J = 8.6 Hz, 1H), 1.62 (dd,
J = 8.6, 1.8 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ 200.8, 153.4, 148.8, 143.7, 139.2, 136.9,
133.0, 131.3, 129.4, 127.0, 122.2, 119.5, 54.4, 49.2, 48.7, 48.1, 45.1.

HPLC (Daicel Chiralpak OD-H, nhexane/iPrOH = 97:3, 0.65 mL/min, T = 15 ◦C): tR1
(major) = 15.277 min, tR2 (minor) = 11.426 min; dr: 88.5:11.5; er: 88:12.

[α]20
D = +90.2 (c = 2.3, CHCl3).

3.4.9. 4-((1S,2S,3S,4R)-3-Picolinoylbicyclo[2.2.1]hept-5-en-2-yl)benzonitrile (3iA)

Colorless oil, 25 mg, yield 84%, Rf = 0.6 (PE/EA = 10:1, v/v). 1H NMR (400 MHz,
CDCl3) δ 8.67 (d, J = 4.5 Hz, 1H), 8.01 (d, J = 7.6 Hz 1H), 7.88–7.82 (m, 1H), 7.60–7.54 (m,
2H), 7.48 (ddd, J = 7.6, 4.0, 2.8 Hz, 1H), 7.40 (d, J = 8.3 Hz, 2H), 6.48 (dd, J = 5.7, 3.2 Hz, 1H),
5.86 (dd, J = 5.6, 2.8 Hz, 1H), 4.45 (dd, J = 5.3, 3.4 Hz, 1H), 3.59 (s, 1H), 3.49 (d, J = 4.8 Hz,
1H), 3.10 (dd, J = 3.3, 1.6 Hz, 1H), 1.99 (d, J = 8.6 Hz, 1H), 1.65 (dd, J = 8.6, 1.8 Hz, 1H). 13C

NMR (101 MHz, CDCl3) δ 200.4, 153.2, 150.5, 148.9, 139.0, 136.9, 133.3, 132.2, 128.4, 127.1,
122.3, 119.0, 109.6, 54.5, 48.8, 48.7, 48.2, 45.8.

HPLC (Daicel Chiralpak OD-H, nhexane/iPrOH = 97:3, 0.65 mL/min, T = 13 ◦C): tR1
(major) = 34.765 min, tR2 (minor) = 40.230 min; dr: 73.5:26.5; er:87:13.

[α]20
D = +79.6 (c = 2.0, CHCl3).

3.4.10. Pyridin-2-yl((1R,2S,3S,4S)-3-(p-tolyl)bicyclo[2.2.1]hept-5-en-2-yl)methanone (3jA)

Colorless oil, 26 mg, yield 91%, Rf = 0.6 (PE/EA = 10:1, v/v). 1H NMR (400 MHz,
CDCl3) δ 8.67 (d, J = 4.0 Hz, 1H), 7.99 (d, J = 7.8 Hz, 1H), 7.80 (td, J = 7.7, 1.8 Hz, 1H), 7.44
(ddd, J = 7.6, 4.8, 1.3 Hz, 1H), 7.21 (d, J = 8.0 Hz, 2H), 7.08 (d, J = 7.9 Hz, 2H), 6.48 (dd,
J = 5.6, 3.2 Hz, 1H), 5.81 (dd, J = 5.6, 2.8 Hz, 1H), 4.52 (dd, J = 5.2, 3.4 Hz, 1H), 3.53 (s, 1H),
3.41 (d, J = 4.8 Hz, 1H), 3.05 (s, 1H), 2.30 (s, 3H), 2.06 (d, J = 8.4 Hz, 1H), 1.59 (dd, J = 8.5,
1.8 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ 201.2, 153.6, 148.8, 141.5, 139.4, 136.8, 135.2,
132.7, 129.0, 127.5, 126.8, 122.1, 54.1, 49.6, 48.7, 48.2, 45.2, 20.9.

HPLC (Daicel Chiralpak OD-H, nhexane/iPrOH = 97:3, 0.65 mL/min, T = 12 ◦C): tR1
(major) = 16.212 min, tR2 (minor) = 11.443 min; dr: 86:14; er: 93:7.

[α]20
D = +111.6 (c = 2.3, CHCl3).

3.4.11. ((1R,2S,3S,4S)-3-(3,5-Dimethylphenyl)bicyclo[2.2.1]hept-5-en-2-yl)(pyridin-2-
yl)methanone (3kA)

Colorless oil, 24 mg, yield 86%, Rf = 0.6 (PE/EA = 10:1, v/v). 1H NMR (400 MHz,
CDCl3) δ 8.69 (d, J = 4.6 Hz, 1H), 8.00 (d, J = 7.8 Hz, 1H), 7.81 (td, J = 7.7, 1.7 Hz, 1H), 7.44
(ddd, J = 7.5, 4.7, 1.2 Hz, 1H), 6.94 (s, 2H), 6.81 (s, 1H), 6.48 (dd, J = 5.7, 3.2 Hz, 1H), 5.80
(dd, J = 5.6, 2.8 Hz, 1H), 4.49 (dd, J = 5.2, 3.4 Hz, 1H), 3.54 (s, 1H), 3.38 (d, J = 4.9 Hz, 1H),
3.05 (s, 1H), 2.27 (s, 6H), 2.09 (d, J = 8.4 Hz, 1H), 1.60 (dd, J = 8.5, 1.8 Hz, 1H). 13C NMR

(101 MHz, CDCl3) δ 201.1, 153.6, 148.8, 144.5, 139.5, 137.8, 136.8, 132.7, 127.5, 126.8, 125.5,
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122.2, 54.2, 49.5, 48.7, 48.3, 45.3, 21.4. HRMS (ESI): m/z [M+H]+ calculated for C21H22NO+

304.1696, found 304.1692.
HPLC (Daicel Chiralpak OD-H, nhexane/iPrOH = 97:3, 0.65 mL/min, T = 11 ◦C): tR1

(major) = 25.518 min, tR2 (minor) = 9.663 min; dr: 90:10; er: 89:11.
[α]20

D = +111.8 (c = 1.9, CHCl3).

3.4.12. ((1R,2S,3S,4S)-3-(4-Methoxyphenyl)bicyclo[2.2.1]hept-5-en-2-yl)(pyridin-2-yl)
methanone (3lA)

Colorless oil, 21 mg, yield 68%, Rf = 0.4 (PE/EA = 10:1, v/v). 1H NMR (400 MHz,
CDCl3) δ 8.68 (ddd, J = 4.8, 1.7, 0.9 Hz, 1H), 8.00 (dt, J = 7.8, 1.1 Hz, 1H), 7.81 (td, J = 7.7,
1.8 Hz, 1H), 7.44 (ddd, J = 7.6, 4.8, 1.3 Hz, 1H), 7.26–7.22 (m, 2H), 6.86–6.80 (m, 2H), 6.48
(dd, J = 5.7, 3.2 Hz, 1H), 5.81 (dd, J = 5.7, 2.8 Hz, 1H), 4.49 (dd, J = 5.2, 3.4 Hz, 1H), 3.77
(s, 3H), 3.53 (s, 1H), 3.38 (d, J = 4.4 Hz, 1H), 3.05–3.00 (m, 1H), 2.08–2.03 (m, 1H), 1.60 (dd,
J = 8.5, 1.8 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ 201.2, 157.7, 153.6, 148.8, 139.4, 136.8,
132.7, 128.5, 126.8, 122.1, 113.7, 55.2, 54.2, 49.6, 48.7, 48.1, 44.9.

HPLC (Daicel Chiralpak OD-H, nhexane/iPrOH = 99:1, 0.65 mL/min, T = 12 ◦C): tR1
(major) = 40.987 min, tR2 (minor) = 22.953 min; dr: 90:10; er: 89:11.

[α]20
D = +91.5 (c = 2.2, CHCl3).

3.4.13. ((1R,2S,3S,4S)-3-(Naphthalen-2-yl)bicyclo[2.2.1]hept-5-en-2-yl)(pyridin-2-yl)
methanone (3mA)

Colorless oil, 29 mg, yield 89%, Rf = 0.65 (PE/EA = 10:1, v/v). 1H NMR (400 MHz,
CDCl3) δ 8.66 (d, J = 4.5 Hz, 1H), 8.16–8.11 (m, 1H), 8.08 (d, J = 8.0 Hz, 1H), 7.83 (td, J = 7.5,
1.7 Hz, 2H), 7.73 (d, J = 8.2 Hz, 1H), 7.66 (d, J = 7.2 Hz, 1H), 7.50–7.41 (m, 4H), 6.66 (dd,
J = 5.7, 3.2 Hz, 1H), 5.96 (dd, J = 5.6, 2.8 Hz, 1H), 4.73 (dd, J = 5.1, 3.5 Hz, 1H), 4.10 (d,
J = 4.9 Hz, 1H), 3.57 (s, 1H), 3.24 (s, 1H), 2.23 (d, J = 8.4 Hz, 1H), 1.72 (dd, J = 8.5, 1.8 Hz,
1H). 13C NMR (101 MHz, CDCl3) δ 201.2, 153.5, 148.8, 140.7, 139.0, 136.8, 133.8, 133.4, 132.7,
128.6, 126.9, 126.6, 125.9, 125.4, 125.3, 124.3, 123.0, 122.2, 52.7, 49.9, 48.8, 48.5, 41.6. HRMS

(ESI): m/z [M+H]+ calculated for C23H20NO+ 326.1539, found 326.1543.
HPLC (Daicel Chiralpak OD-H, nhexane/iPrOH = 98:2, 0.65 mL/min, T = 15 ◦C): tR1

(major) = 25.574 min, tR2 (minor) = 12.468 min; dr: 92:2; er: 81:19.
[α]20

D = +92.6 (c = 1.2, CHCl3).

3.4.14. Pyridin-2-yl((1R,2S,3S,4S)-3-(thiophen-2-yl)bicyclo[2.2.1]hept-5-en-2-yl)
methanone (3nA)

Colorless oil, 22 mg, yield 78%, Rf = 0.4 (PE/EA = 10:1, v/v). 1H NMR (400 MHz,
CDCl3) δ 8.70 (ddd, J = 4.8, 1.7, 0.9 Hz, 1H), 8.00 (dt, J = 7.8, 1.1 Hz, 1H), 7.82 (td, J = 7.7,
1.8 Hz, 1H), 7.46 (ddd, J = 7.6, 4.8, 1.3 Hz, 1H), 7.14–7.08 (m, 1H), 6.93–6.88 (m, 2H), 6.45
(dd, J = 5.7, 3.2 Hz, 1H), 5.80 (dd, J = 5.6, 2.8 Hz, 1H), 4.57 (dd, J = 4.9, 3.4 Hz, 1H), 3.63 (dd,
J = 4.9, 1.7 Hz, 1H), 3.55 (s, 1H), 3.06 (s, 1H), 2.11 (d, J = 8.7 Hz, 1H), 1.64 (dd, J = 8.7, 1.8 Hz,
1H). 13C NMR (101 MHz, CDCl3) δ 200.4, 153.4, 148.9, 138.6, 136.8, 132.7, 126.9, 126.6, 123.7,
122.9, 122.2, 55.7, 51.5, 48.6, 48.5, 41.6.

HPLC (Daicel Chiralpak OD-H, nhexane/iPrOH = 99:1, 0.65 mL/min, T = 17 ◦C): tR1
(major) = 20.617 min, tR2 (minor) = 16.158 min; dr: 76:24; er: 89:11.

[α]20
D = +125.6 (c = 1.4, CHCl3).

3.4.15. ((1R,2S,3S,4S)-3-(Benzo[b]thiophen-2-yl)bicyclo[2.2.1]hept-5-en-2-yl)(pyridin-2-
yl)methanone (3oA)

Colorless oil, 32 mg, yield 97%, Rf = 0.4 (PE/EA = 10:1, v/v). 1H NMR (400 MHz,
CDCl3) δ 8.70 (d, J = 4.6 Hz, 1H), 8.01 (d, J = 7.8 Hz, 1H), 7.81 (td, J = 7.7, 1.8 Hz, 1H),
7.76–7.71 (m, 1H), 7.64 (dd, J = 7.6, 1.4 Hz, 1H), 7.45 (ddd, J = 7.6, 4.8, 1.3 Hz, 1H), 7.29–7.21
(m, 2H), 7.13 (s, 1H), 6.48 (dd, J = 5.7, 3.2 Hz, 1H), 5.84 (dd, J = 5.7, 2.8 Hz, 1H), 4.67 (dd,
J = 5.0, 3.4 Hz, 1H), 3.69 (d, J = 5.1 Hz, 1H), 3.59 (s, 1H), 3.18 (s, 1H), 2.14 (d, J = 8.7 Hz, 1H),
1.67 (dd, J = 8.7, 1.8 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ 200.2, 153.3, 149.8, 148.9, 140.0,
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139.0, 138.6, 136.8, 132.9, 127.0, 124.1, 123.5, 122.8, 122.2, 122.0, 120.0, 55.1, 51.0, 48.7, 48.6,
42.3. HRMS (ESI): m/z [M+H]+ calculated for C21H18NOS+ 332.1104, found 332.1110.

HPLC (Daicel Chiralpak OD-H, nhexane/iPrOH = 97:3, 0.65 mL/min, T = 11 ◦C): tR1
(major) = 28.571 min, tR2 (minor) = 14.914 min; dr: 84.5:15.5; er: 90:10.

[α]20
D = +109.6 (c = 2.3, CHCl3).

3.4.16. ((1R,2S,3S,4S)-3-Cyclohexylbicyclo[2.2.1]hept-5-en-2-yl)(pyridin-2-yl)
methanone (3pA)

Colorless oil, 21 mg, yield 78%, Rf = 0.6 (PE/EA = 10:1, v/v). 1H NMR (400 MHz,
CDCl3) δ 8.75–8.71 (m, 1H), 7.98 (dt, J = 7.8, 1.2 Hz, 1H), 7.83 (dd, J = 7.7, 1.8 Hz, 1H), 7.46
(ddd, J = 7.6, 4.8, 1.4 Hz, 1H), 6.33 (dd, J = 5.7, 3.3 Hz, 1H), 5.68 (dd, J = 5.6, 2.8 Hz, 1H), 4.12
(dd, J = 5.0, 3.4 Hz, 1H), 3.30 (s, 1H), 2.91 (d, J = 2.3 Hz, 1H), 2.02–1.94 (m, 1H), 1.80 (ddd,
J = 10.3, 5.0, 1.7 Hz, 1H), 1.77–1.71 (m, 2H), 1.63–1.56 (m, 3H), 1.47–1.43 (m, 1H), 1.24–1.07
(m, 6H). 13C NMR (101 MHz, CDCl3) δ 201.8, 153.6, 148.8, 139.3, 136.8, 131.7, 126.7, 122.2,
51.4, 48.5, 48.1, 47.8, 44.6, 42.3, 32.9, 32.5, 26.6, 26.5, 26.3.

HPLC (Daicel Chiralpak AD-H, nhexane/iPrOH = 99:1, 0.8 mL/min, T = 12 ◦C): tR1
(major) = 10.062 min, tR2 (minor) = 8.462 min; dr: 82:18; er: 99:1.

[α]20
D = +70.2 (c = 2.8, CHCl3).

3.4.17. ((1R,2S,3S,4S)-3-Cyclopentylbicyclo[2.2.1]hept-5-en-2-yl)(pyridin-2-yl)
methanone (3qA)

Colorless oil, 22 mg, yield 82%, Rf = 0.6 (PE/EA = 10:1, v/v). 1H NMR (400 MHz,
CDCl3) δ 8.73 (d, J = 4.7 Hz, 1H), 7.99 (d, J = 7.8 Hz, 1H), 7.83 (td, J = 7.7, 1.7 Hz, 1H), 7.47
(ddd, J = 7.6, 4.8, 1.3 Hz, 1H), 6.36 (dd, J = 5.7, 3.2 Hz, 1H), 5.68 (dd, J = 5.7, 2.8 Hz, 1H),
4.14–4.09 (m, 1H), 3.33 (s, 1H), 2.80–2.73 (m, 1H), 1.97–1.39 (m, 12H), 1.33–1.00 (m, 3H). 13C

NMR (101 MHz, CDCl3) δ 201.9, 153.8, 148.8, 139.2, 136.8, 131.4, 126.7, 122.1, 52.3, 48.4, 48.2,
47.5, 47.1, 45.6, 32.4, 32.2, 25.3, 25.0. HRMS (ESI): m/z [M+H]+ calculated for C18H22NO+

268.1696, found 268.1700.
HPLC (Daicel Chiralpak AD-H, nhexane/iPrOH = 99:1, 0.5 mL/min, T = 16 ◦C): tR1

(major) = 13.391 min, tR2 (minor) = 14.348 min; dr: 82:18; er: 94.5:5.5.
[α]20

D = +99.4 (c = 3.7, CHCl3).

3.4.18. ((1R,2S,3S,4S)-3-Cyclopropylbicyclo[2.2.1]hept-5-en-2-yl)(pyridin-2-yl)
methanone (3rA)

Colorless oil, 18 mg, yield 75%, Rf = 0.55 (PE/EA = 10:1, v/v). 1H NMR (400 MHz,
CDCl3) δ 8.72 (dt, J = 4.8, 1.2 Hz, 1H), 7.95 (d, J = 7.8 Hz, 1H), 7.81 (td, J = 7.7, 1.8 Hz, 1H),
7.46 (ddd, J = 7.5, 4.8, 1.3 Hz, 1H), 6.29 (dd, J = 5.7, 3.2 Hz, 1H), 5.66 (dd, J = 5.7, 2.8 Hz, 1H),
4.21–4.16 (m, 1H), 3.37 (s, 1H), 2.80 (s, 1H), 1.91 (d, J = 8.4 Hz, 1H), 1.53 (dd, J = 8.5, 1.9 Hz,
1H), 1.41 (dd, J = 4.8, 2.5 Hz, 1H), 0.76 (dddd, J = 12.8, 9.8, 8.0, 4.9 Hz, 1H), 0.49–0.36 (m,
2H), 0.22 (dq, J = 9.3, 4.8 Hz, 1H), 0.06–0.00 (m, 1H). 13C NMR (101 MHz, CDCl3) δ 201.7,
153.8, 148.8, 139.0, 136.8, 131.8, 126.7, 122.1, 53.5, 48.6, 48.1, 48.0, 47.2, 15.9, 5.0, 4.4. HRMS

(ESI): m/z [M+H]+ calculated for C16H18NO+ 240.1383, found 240.1389.
HPLC (Daicel Chiralpak AD-H, nhexane/iPrOH = 99.5:0.5, 0.5 mL/min, T = 18 ◦C):

tR1 (major) = 15.321 min, tR2 (minor) = 16.065 min; dr: 87.5:12.5; er: 77:23.
[α]20

D = +46.2 (c = 3.8, CHCl3).

3.4.19. ((1S,2S)-4,5-Dimethyl-1,2,3,6-tetrahydro-[1,1’-biphenyl]-2-yl)(pyridin-2-yl)
methanone (3aB)

Colorless oil, 13 mg, yield 45%, Rf = 0.75 (PE/EA = 5:1, v/v). 1H NMR (400 MHz,
CDCl3) δ 8.66 (dt, J = 4.9, 1.3 Hz, 1H), 7.78–7.73 (m, 1H), 7.68 (td, J = 7.6, 1.7 Hz, 1H), 7.38
(ddd, J = 7.4, 4.8, 1.4 Hz, 1H), 7.23–7.17 (m, 2H), 7.11 (dd, J = 8.4, 6.8 Hz, 2H), 7.06–6.99
(m, 1H), 4.74 (ddd, J = 11.6, 10.2, 5.7 Hz, 1H), 3.26 (ddd, J = 11.5, 9.9, 6.5 Hz, 1H), 2.36–2.20
(m, 4H), 1.67 (s, 6H). 13C NMR (101 MHz, CDCl3) δ 204.7, 153.3, 148.7, 144.9, 136.7, 128.1,
127.5, 126.8, 125.9, 125.5, 124.2, 122.0, 45.3, 43.1, 41.2, 36.4, 18.7. HRMS (ESI): m/z [M+H]+

calculated for C20H22NO+ 292.1696, found 292.1697.
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HPLC (Daicel Chiralpak OD-H, nhexane/iPrOH = 98:2, 1.0 mL/min, T = 14 ◦C): tR1
(major) = 7.349 min, tR2 (minor) = 6.717 min; dr: >20:1; er: 82:18.

[α]20
D = −21.5 (c = 0.2, CHCl3).

3.5. Synthesis and Characterization of Product 5

Procedure: To an oven-dried reaction tube equipped with a magnetic stirring bar
was added 3aA (55 mg, 0.2 mmol), m-CPBA (53 mg, 0.24 mmol) and DCM (2 mL). The
reaction was stirred at ambient temperature for 5 h. After completion of the reaction, as
monitored using TLC, the mixture was washed with NaHCO3 solution and dried over
MgSO4. After removal of the solvent in vacuo, the reaction mixture was purified via
column chromatography on silica gel with PE and EA as eluent to afford product 5.

((1R,2R,4S,5S,6R,7S)-7-Phenyl-3-oxatricyclo[3.2.1.02,4]octan-6-yl)(pyridin-2-yl)
methanone (5)

Colorless oil, 42 mg, yield 73%, Rf = 0.3 (PE/EA = 10:1, v/v). 1H NMR (400 MHz,
CDCl3) δ 8.69 (dt, J = 4.8, 1.2 Hz, 1H), 8.10 (d, J = 7.8 Hz, 1H), 7.88 (td, J = 7.7, 1.7 Hz, 1H),
7.50 (ddd, J = 7.6, 4.8, 1.3 Hz, 1H), 7.32–7.27 (m, 4H), 7.24–7.16 (m, 1H), 4.47 (dd, J = 5.6,
3.8 Hz, 1H), 3.70 (d, J = 5.1 Hz, 1H), 3.47 (dd, J = 3.7, 1.4 Hz, 1H), 3.28–3.24 (m, 1H), 3.02 (d,
J = 3.3 Hz, 1H), 2.85 (d, J = 1.7 Hz, 1H), 1.66–1.57 (s, 2H). 13C NMR (101 MHz, CDCl3) δ
200.6, 153.2, 149.0, 143.9, 137.0, 128.5, 128.2, 128.1, 126.1, 122.2, 57.4, 51.8, 50.0, 43.3, 43.2,
42.8, 26.7. HRMS (ESI): m/z [M+H]+ calculated for C19H18NO2

+ 292.1332, found 292.1337.

3.6. Synthesis and Characterization of Product 6

 

To an oven-dried reaction tube equipped with a magnetic stirring bar was added 3aA

(55 mg, 0.2 mmol). The tube was sealed immediately with a rubber stopper and protected
with a nitrogen balloon by evacuation-backfill operations repeated three times. Dry THF
(1 mL) and (4-chlorophenyl) magnesium bromide (58 μL, 1.2 equiv) was injected to the tube
via a syringe at −78 ◦C. The mixture was stirred at 25 ◦C overnight. Water (3.0 mL) was
added dropwise, and the mixture was dried over sodium sulfate and filtered. After removal
of the solvent in vacuo, the reaction mixture was purified using column chromatography
on silica gel with PE and EA as eluent to afford product 6.

(4-Chlorophenyl)((1R,2S,3S,4S)-3-phenylbicyclo[2.2.1]hept-5-en-2-yl)(pyridin-2-yl)
methanol (6)

Colorless oil, 91 mg, yield 92%, Rf = 0.35 (PE/EA = 5:1, v/v). It is a mixture of
three diastereoisomers; only the characteristic signals in 1H NMR are provided. 1H NMR

(400 MHz, CDCl3) 1H NMR (400 MHz, chloroform-d) δ 8.50 (d, J = 4.5 Hz, 1H), 8.34
(d, J = 4.6 Hz, 1H), 8.24 (d, J = 4.7 Hz, 1H). HRMS (ESI): m/z [M+H]+ calculated for
C25H23ClNO+ 388.1463, found 388.1465.
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3.7. Synthesis and Characterization of Product 7

Procedure: To an oven-dried reaction tube equipped with a magnetic stirring bar
was added 3aA (55 mg, 0.2 mmol) and NaBH4 (53 mg, 0.24 mmol) in CH3OH-DCM
(v/v = 2:1) (3 mL) at 0 ◦C. The reaction was stirred at ambient temperature overnight. Water
(3.0 mL) was added dropwise, and the mixture was dried over sodium sulfate and filtered.
After removal of the solvent in vacuo, the reaction mixture was purified using column
chromatography on silica gel with PE and EA as eluent to afford product 7.

(S)-((1R,2S,3S,4S)-3-Phenylbicyclo[2.2.1]hept-5-en-2-yl)(pyridin-2-yl)methanol (7)

Colorless oil, 51.5 mg, yield 93%, Rf = 0.5 (PE/EA = 2:1, v/v). 1H NMR (400 MHz,
CDCl3) δ 8.38 (d, J = 4.6 Hz, 1H), 7.43 (td, J = 7.7, 1.8 Hz, 1H), 7.14–6.97 (m, 5H), 6.86 (dd,
J = 6.8, 1.9 Hz, 2H), 6.44 (dd, J = 5.7, 3.1 Hz, 1H), 6.36 (dd, J = 5.6, 2.9 Hz, 1H), 4.26 (d,
J = 9.3 Hz, 1H), 3.61 (s, 1H), 3.22 (s, 1H), 2.76 (s, 1H), 2.58 (ddd, J = 9.0, 5.4, 3.3 Hz, 1H),
2.35 (d, J = 5.0 Hz, 1H), 1.74 (d, J = 8.7 Hz, 1H), 1.52 (dd, J = 8.7, 1.8 Hz, 1H). 13C NMR

(101 MHz, CDCl3) δ 161.8, 148.6, 144.1, 138.4, 136.3, 135.0, 127.9, 127.4, 125.5, 122.4, 121.4,
54.2, 50.6, 47.7, 46.4, 44.8. HRMS (ESI): m/z [M+H]+ calculated for C19H20NO+ 278.1539,
found 278.1535.

4. Conclusions

We have identified a chiral PyBox–La(OTf)3 complex for catalyzing enantioselective
Diels–Alder cycloadditions of 2-alk-2-enoylpyridines with cyclopentadiene. The asymmetric
reactions proceeded efficiently, displaying good levels of diastereo- and enantiocontrol (up to
92:8 dr and 99:1 er). Enantiopure disubstituted norbornenes, which possess four contiguous
stereocenters and are biologically relevant structures, are produced conveniently in this way.
Further manipulations of these structures were also demonstrated, yielding the more densely
functionalized norbornene derivatives. We hope our catalytic protocol could benefit the
synthetic and medicinal chemists who are associated with enantioenriched norbornenes.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules29132978/s1, Further results of reaction condition
optimization, copies of 1H NMR, 13C NMR, 19F NMR and HPLC spectra of products and are included
in the supporting information.
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Abstract: (2S,7S)-2,7-Nonanediyl dibutyrate is the sex pheromone of Sitodiplosis mosellana
(Géhin). In this study, this sex pheromone and its three stereoisomers were prepared.
Central to this strategy was the ring opening of chiral epoxide with an alkynyllithium and
the hydrogenation of the triple bond. Moreover, this approach consisted of six steps, and
the total yields were 59–64%.
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synthesis

1. Introduction

The orange wheat blossom midge, Sitodiplosis mosellana (Géhin) (Diptera: Cecidomyi-
idae), is a notorious pest worldwide [1,2], which has caused significant yield losses in wheat
(Triticum aestivum Linnaeus) [3,4]. The adult females often oviposit on wheat heads, and the
larvae feed on the developing seeds [5]. This leads to shriveling and presprouting damage,
resulting in a reduction in both the yield and quality of wheat harvested [6,7]. The current
integrated pest management programs for S. mosellana mainly rely on pesticides [8,9], the
conservation of natural enemies [10] and resistant cultivars [11,12].

Pheromone-based pest control is an alternative strategy with the advantages of en-
vironmental friendliness, high efficiency and rarely inducing pest resistance [13,14]. In
2000, Gries identified that the sex pheromone of S. mosellana was (2S,7S)-2,7-nonanediyl
dibutyrate ((2S,7S)-1) (Figure 1) via coupled gas chromatographic-electroantennographic
detection (GC-EAD) with GC–mass spectrometry (MS) and trap experiments in wheat
fields [15]. Furthermore, Gries prepared (2S,7S)-1 using CuI, which catalyzed the reaction
of S-propylene oxide with Grignard reagent, and through the hydrolytic kinetic resolution
of epoxide using Jacobsen’s catalyst [15]. The pheromone could be utilized for monitoring
and trapping the orange wheat blossom midge [16,17], which has attracted significant
interest from chemists. Previous syntheses have employed various approaches, including
chiral sources of (S)-but-3-yn-2-ol [18,19] and (S)-5-hexen-2-ol [20], and the esterification
of racemic nonanediyl dibutyrate using Pseudomonas cepacia Burkh lipase [21]. To further
research the biological activities of the sex pheromone, herein, new and efficient synthesis
of the sex pheromone of S. mosellana and its stereoisomers (Figure 1) is achieved.
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Figure 1. Sex pheromone of S. mosellana and its stereoisomers.

2. Results and Discussion

2.1. Retrosynthetic Analysis

The retrosynthetic analysis of the sex pheromone of S. mosellana (2S,7S)-1 is shown in
Scheme 1. The target pheromone (2S,7S)-1 was obtained through the acylation of alkynyl
diol (2S,7S)-8 with butyric anhydride (10). The chiral secondary hydroxy at C2 of (2S,7S)-8
was envisioned to be constructed through the addition of (S)-2-methyloxirane ((S)-6) with
chiral TBDPS ether (S)-5 and n-BuLi. The other stereocenter of (2S,7S)-8 was obtained
from the chiral source (S)-2-ethyloxirane ((S)-2). Following a similar procedure for sex
pheromone (2S,7S)-1, its stereoisomers (2R,7S)-1, (2S,7R)-1, (2R,7R)-1 were prepared.

 

Scheme 1. Retrosynthetic analysis of sex pheromone of S. mosellana (2S,7S)-1.

2.2. Synthesis of Chiral TBDPS Ethers

Based on the retrosynthetic analysis of the sex pheromone (2S,7S)-1, our synthesis
started from the preparation of chiral TBDPS ethers (S)- and (R)-5 (Scheme 2). The reaction
of (S)-2-ethyloxirane ((S)-2) with lithium acetylide ethylenediamine complex (3) in DMSO
yielded (S)-hex-5-yn-3-ol ((S)-4) (87% yield) [22,23]. The specific rotation of chiral alcohol
(S)-4 was identical to that in the literature data [24]. The secondary hydroxy of (S)-4 was
then protected by a treatment with TBDPSCl and imidazole to provide chiral TBDPS ether
(S)-5 in a 95% yield [25,26]. Similarly, (R)-tert-butyl(hex-5-yn-3-yloxy)diphenylsilane ((R)-5)
was prepared via the ring opening of (R)-2-ethyloxirane ((R)-2) with lithium acetylide
ethylenediamine complex (3) and the protection of hydroxy of (R)-4 with TBDPSCl.

 

Scheme 2. Synthesis of chiral TBDPS ethers (S)- and (R)-5.
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2.3. Synthesis of Sex Pheromone of S. mosellana

With the key chiral block (S)- 5 in hand, we next prepared the sex pheromone of
S. mosellana (Scheme 3). In the presence of boron trifluoride-diethyl etherate, the addi-
tion of (S)-2-methyloxirane ((S)-6) with alkynyllithium, prepared in situ from the chiral
TBDPS ether (S)-5 and n-BuLi, provided (2S,7S)-7-((tert-butyldiphenylsilyl)oxy)non-4-yn-
2-ol ((2S,7S)-7) almost quantitatively [27,28]. The subsequent deprotection with TBAF
gave (2S,7S)-non-4-yne-2,7-diol ((2S,7S)-8) in a 93% yield [29]. Finaly, the hydrogenation
of the triple bond of chiral alkynyl diol (2S,7S)-8 resulted in the formation of (2S,7S)-
nonane-2,7-diol ((2S,7S)-9) [30,31], which was treated with butyric anhydride (10) to yield
(2S,7S)-nonane-2,7-diyl dibutyrate ((2S,7S)-1) [32,33]. The NMR spectra, HRMS, and spe-
cific rotation of the sex pheromone (2S,7S)-1 matched those in reference [20].

Scheme 3. Synthesis of sex pheromone of S. mosellana.

2.4. Synthesis of Stereoisomers of S. mosellana Sex Pheromone

Having achieved the synthesis of the sex pheromone of S. mosellana, we next investigated
the preparation of its stereoisomers (Scheme 4). According to a similar procedure for the sex
pheromone (2S,7S)-1, its stereoisomers (2R,7S)-1, (2S,7R)-1 and (2R,7R)-1 were synthesized
from chiral TBDPS ether (S)-5 and (R)-2-methyloxirane ((R)-6); chiral TBDPS ether (R)-5 and
(S)-2-methyloxirane ((S)-6); and chiral TBDPS ether (R)-5 and (R)-2-methyloxirane ((R)-6),
respectively. The structures of these stereoisomers were characterized by specific rotation,
NMR spectra and HRMS (The NMR spectra are available in the Supplementary Materials).

 
Scheme 4. Synthesis of stereoisomers of S. mosellana sex pheromone.

3. Materials and Methods

3.1. General Information

Unless otherwise stated, all reactions were performed under an argon atmosphere with a
Schlenk line system. All commercial reagents and starting materials were used as received. The
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chiral reagents of (S)-2-ethyloxirane (268 RMB/100 mL), (R)-2-ethyloxirane (268 RMB/100 mL),
(S)-2-methyloxirane (104 RMB/5 g) and (R)-2-methyloxirane (240 RMB/5 g) were purchased
from Anhui Senrise Technology Co., Ltd., (Anhui, China). Dichloromethane, tetrahydrofuran,
methanol and dimethyl sulfone were purchased from Beijing Ouhe Technology Co., Ltd.,
(Beijing, China), and purified according to standard procedures. 1H NMR and 13C NMR
spectra were recorded on a Bruker AscendTM 500 MHz spectrometer (Bruker Corporation,
Billerica, MA, USA) at 500 MHz and 125 MHz, respectively. The chemical shifts were reported
in ppm using TMS (0.00 ppm) and CDCl3 (77.16 ppm) as internal standards. High-resolution
mass spectra (HRMS) were obtained on a Waters LCT PremierTM (Waters Corporation, Milford,
MA, USA) with an electrospray ionization (ESI) mass spectrometer. Optical rotations were
measured on a Rudolph AUTOPOL-IV polarimeter (Rudolph Research Analytical, Flanders,
NJ, USA).

3.2. Synthesis of (S)-5-hexyn-3-ol ((S)-4)

Under an argon atmosphere, (S)-2-ethyloxirane ((S)-2) (5.00 g, 69.35 mmol, >99% ee,
1.0 equiv.) was added slowly to a stirred suspension of lithium acetylide ethylenediamine
complex (3) (15.96 g, 173.38 mmol, 2.5 equiv.) in DMSO (100 mL) at 0 ◦C. The reaction
mixture was allowed to warm to room temperature and stirred continuously overnight.
The reaction was then quenched by adding cold water (50 mL), followed by extraction
with DCM (3 × 30 mL). The combined organic layers were washed with brine (30 mL),
dried over anhydrous Na2SO4 and concentrated under reduced pressure to yield the crude
product. The crude product was purified by silica gel column chromatography using an
eluent of ethyl acetate and petroleum ether (1:5) to produce (S)-hex-5-yn-3-ol ((S)-4) (5.92 g,
87% yield) as a colorless oil. [α]D

25 = +2.78 (c 1.29, CHCl3). Lit. [24] [α]D = +3.00 (c 2.00,
CHCl3). 1H NMR (500 MHz, CDCl3) δ 3.65–3.60 (m, 1H), 2.39–2.34 (m, 1H), 2.28–2.23 (m,
1H), 2.04 (br s, 1H), 1.98 (t, J = 2.7 Hz, 1H), 1.57–1.45 (m, 2H), 0.89 (t, J = 7.5 Hz, 3H). 13C
NMR (125 MHz, CDCl3) δ 81.0, 71.3, 70.8, 29.2, 27.0, 10.0. HRMS (ESI, m/z): calculated for
[M + Na]+ C6H10ONa 121.0624, found: 121.0615.

3.3. Synthesis of (R)-5-hexyn-3-ol ((R)-4)

Using a similar procedure for chiral alcohol (S)-4, the addition of lithium acetylide
ethylenediamine complex 3 (15.96 g, 173.38 mmol, 2.5 equiv.) to (R)-2-ethyloxirane ((R)-2)
(5.00 g, 69.35 mmol, >99% ee, 1.0 equiv.) yielded (R)-5-Hexyn-3-ol ((R)-4) (5.98 g, 88% yield)
as a colorless oil. [α]D

25 = −4.45 (c 0.99, CHCl3). Lit. [24] [α]D = −4.00 (c 2.00, CHCl3).
1H NMR (500 MHz, CDCl3) δ 3.65–3.60 (m, 1H), 2.39–2.34 (m, 1H), 2.28–2.23 (m, 1H),
1.99–1.98 (m, 1H), 1.90–1.88 (m, 1H), 1.55–1.47 (m, 2H), 0.90 (t, J = 7.5 Hz, 3H). 13C NMR
(125 MHz, CDCl3) δ 81.0, 71.3, 70.8, 29.2, 27.0, 10.0. HRMS (ESI, m/z): calculated for
[M + Na]+ C6H10ONa 121.0624, found: 121.0612.

3.4. Synthesis of (S)-tert-butyl(hex-5-yn-3-yloxy)diphenylsilane ((S)-5)

Under an argon atmosphere, (S)-5-hexyn-3-ol ((S)-4) (8.54 g, 87.00 mmol, 1.0 equiv.)
was added slowly to a solution of DMAP (2.13 g, 17.40 mmol, 0.2 equiv.) and imidazole
(14.81 g, 217.50 mmol, 2.5 equiv.) in DCM (200 mL) at 0 ◦C. Subsequently, TBDPSCl (29.12 g,
104.4 mmol, 1.2 equiv.) was added. The mixture was allowed to warm to room temperature
and stirred continuously overnight. The reaction was then quenched by adding water
(50 mL), followed by a separation of the lower organic phase. The higher aqueous phase
was extracted with DCM (3 × 30 mL). The combined organic layers were washed with brine
(30 mL), dried over anhydrous Na2SO4 and concentrated under reduced pressure to yield
the crude product. The crude product was purified by silica gel column chromatography
using an eluent of ethyl acetate and petroleum ether (1:20) to produce (S)-tert-butyl(hex-5-
yn-3-yloxy)diphenylsilane ((S)-5) (27.8 g, 95% yield) as a light yellow oil. [α]D

25 = −26.58 (c
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4.91, CHCl3). 1H NMR (500 MHz, CDCl3) δ 7.61–7.58 (m, 4H), 7.30–7.23 (m, 6H), 3.74–3.70
(m, 1H), 2.24–2.14 (m, 2H), 1.76 (t, J = 2.7 Hz, 1H), 1.60–1.47 (m, 2H), 0.97 (s, 9H), 0.74 (t,
J = 7.5 Hz, 3H). 13C NMR (125 MHz, CDCl3) δ 136.03, 136.00, 134.4, 134.2, 129.8, 127.76,
127.69, 81.4, 72.6, 70.1, 28.7, 27.1, 26.0, 19.5, 9.1. HRMS (ESI, m/z): calculated for [M + H]+

C22H29OSi 337.1982, found: 339.1954.

3.5. Synthesis of (R)-tert-butyl(hex-5-yn-3-yloxy)diphenylsilane ((R)-5)

Using a similar procedure for chiral TBDPS ether (S)-5, the protection of (R)-5-hexyn-
3-ol ((R)-4) (8.54 g, 87.00 mmol, 1.0 equiv.) with TBDPSCl (29.12 g, 104.40 mmol, 1.2 equiv.)
yielded (R)-tert-butyl(hex-5-yn-3-yloxy)diphenylsilane ((R)-5) (26.9 g, 92% yield) as a light
yellow oil. [α]D

25 = +25.77 (c 10.58, CHCl3). 1H NMR (500 MHz, CDCl3) δ 7.62–7.58 (m, 4H),
7.33–7.25 (m, 6H), 3.75–3.71 (m, 1H), 2.24–2.15 (m, 2H), 1.79 (t, J = 2.7 Hz, 1H), 1.58–1.50
(m, 2H), 0.98 (s, 9H), 0.76 (t, J = 7.5 Hz, 3H). 13C NMR (125 MHz, CDCl3) δ 136.04, 136.01,
134.4, 134.2, 129.8, 127.69, 127.66, 127.64, 81.5, 72.6, 70.0, 28.7, 27.1, 26.0, 19.5, 9.1. HRMS
(ESI, m/z): calculated for [M + H]+ C22H29OSi 337.1982, found: 339.1956.

3.6. Synthesis of (2S,7S)-7-((tert-butyldiphenylsilyl)oxy)non-4-yn-2-ol ((2S,7S)-7)

Under an argon atmosphere, n-BuLi (2.69 mL, 2.4 M in n-hexane, 6.45 mmol, 2.15 equiv.)
was added dropwise to a stirred solution of (S)-tert-butyl(hex-5-yn-3-yloxy)diphenylsilane
((S)-5) (2.54 g, 7.50 mmol, 2.5 equiv.) in THF (15 mL) at −78 ◦C. The mixture was stirred for 1.5
h at the same temperature, and a solution of (S)-2-methyloxirane ((S)-6) (>99% ee, 174.3 mg, 3.00
mmol, 1.0 equiv.) in THF (1 mL) and boron trifluoride-diethyl etherate (852.0 mg, 6.00 mmol, 2.0
equiv.), which were pre-chilled at −78 ◦C, was then added. The reaction mixture was allowed
to warm to room temperature and stirred continuously for 12 h. The reaction was quenched
by adding saturated aqueous NaHCO3 solution (5 mL), followed by separation of the organic
phase. The aqueous phase was extracted with EtOAc (3 × 10 mL). The combined organic
layers were washed with brine (10 mL), dried over anhydrous Na2SO4 and concentrated under
reduced pressure to yield the crude product. The crude product was purified by silica gel
column chromatography using an eluent of ethyl acetate and petroleum ether (1:5) to produce
(2S,7S)-7-((tert-butyldiphenylsilyl)oxy)non-4-yn-2-ol ((2S,7S)-7) (1.15 g, 97% yield) as a colorless
oil. [α]D

25 = −28.17 (c 1.53, CHCl3). 1H NMR (500 MHz, CDCl3) δ 7.63–7.60 (m, 4H), 7.35–7.28
(m, 6H), 3.80–3.74 (m, 1H), 3.72–3.67 (m, 1H), 2.26–2.12 (m, 4H), 1.69 (br s, 1H), 1.57–1.49 (m,
2H), 1.13 (d, J = 6.2 Hz, 3H), 0.99 (s, 9H), 0.77 (t, J = 7.5 Hz, 3H). 13C NMR (125 MHz, CDCl3) δ
136.0, 134.5, 134.3, 129.73, 129.69, 127.7, 127.6, 80.2, 78.0, 73.0, 66.6, 29.6, 29.0, 27.1, 26.3, 22.3, 19.5,
9.2. HRMS (ESI, m/z): calculated for [M + H]+ C25H35O2Si 395.2401, found: 395.2396.

3.7. Synthesis of (2R,7S)-7-((tert-butyldiphenylsilyl)oxy)non-4-yn-2-ol ((2R,7S)-7)

Using a similar procedure for chiral TBDPS ether alcohol (2S,7S)-7, the ring opening of
(R)-2-methyloxirane (R)-6 (>99% ee, 174.3 mg, 3.00 mmol, 1.0 equiv.) with (S)-tert-butyl(hex-
5-yn-3-yloxy)diphenylsilane (S)-5 (2.54 g, 7.50 mmol, 2.5 equiv.) and n-BuLi (2.69 mL, 2.4 M
in n-hexane, 6.45 mmol, 2.15 equiv.) yielded (2R,7S)-7-((tert-butyldiphenylsilyl)oxy)non-4-
yn-2-ol ((2R,7S)-7) (1.15 g, 97% yield) as a colorless oil. [α]D

25 = −30.66 (c 4.84, CHCl3). 1H
NMR (500 MHz, CDCl3) δ 7.70–7.67 (m, 4H), 7.43–7.35 (m, 6H), 3.87–3.81 (m, 1H), 3.80–3.75
(m, 1H), 2.33–2.20 (m, 4H), 1.99 (br s, 1H), 1.65–1.56 (m, 2H), 1.20 (d, J = 6.1 Hz, 3H), 1.06
(s, 9H), 0.84 (t, J = 7.5 Hz, 3H). 13C NMR (125 MHz, CDCl3) δ 136.0, 134.5, 134.2, 129.72,
129.68, 127.7, 127.6, 80.2, 78.0, 73.0, 66.6, 29.6, 28.9, 27.1, 26.3, 22.3, 19.5, 9.2. HRMS (ESI,
m/z): calculated for [M + H]+ C25H35O2Si 395.2401, found: 395.2401.

3.8. Synthesis of (2S,7R)-7-((tert-butyldiphenylsilyl)oxy)non-4-yn-2-ol ((2S,7R)-7)

Using a similar procedure for chiral TBDPS ether alcohol (2S,7S)-7, the ring open-
ing of (S)-2-methyloxirane ((S)-6) (>99% ee, 174.3 mg, 3.00 mmol, 1.0 equiv.) with (R)-
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tert-butyl(hex-5-yn-3-yloxy)diphenylsilane ((R)-5) (2.54 g, 7.50 mmol, 2.5 equiv.) and
n-BuLi (2.69 mL, 2.4 M in n-hexane, 6.45 mmol, 2.15 equiv.) yielded (2S,7R)-7-((tert-
butyldiphenylsilyl)oxy)non-4-yn-2-ol ((2S,7R)-7) (1.17 g, 99% yield) as a light yellow oil.
[α]D

25 = +32.25 (c 3.28, CHCl3). 1H NMR (500 MHz, CDCl3) δ 7.70–7.67 (m, 4H), 7.43–7.35
(m, 6H), 3.85–3.82 (m, 1H), 3.79–3.75 (m, 1H), 2.33–2.19 (m, 4H), 1.98 (br s, 1H), 1.64–1.57
(m, 2H), 1.20 (d, J = 6.1 Hz, 3H), 1.06 (s, 9H), 0.84 (t, J = 7.5 Hz, 3H). 13C NMR (125 MHz,
CDCl3) δ 136.0, 134.5, 134.2, 129.72, 129.69, 127.7, 127.6, 80.2, 78.0, 73.0, 66.6, 29.6, 28.9, 27.1,
26.3, 22.3, 19.5, 9.2. HRMS (ESI, m/z): calculated for [M + H]+ C25H35O2Si 395.2401, found:
395.2401.

3.9. Synthesis of (2R,7R)-7-((tert-butyldiphenylsilyl)oxy)non-4-yn-2-ol ((2R,7R)-7)

Using a similar procedure for chiral TBDPS ether alcohol (2S,7S)-7, the ring open-
ing of (R)-2-methyloxirane ((R)-6) (>99% ee, 174.3 mg, 3.00 mmol, 1.0 equiv.) with (R)-
tert-butyl(hex-5-yn-3-yloxy)diphenylsilane ((R)-5) (2.54 g, 7.50 mmol, 2.5 equiv.) and
n-BuLi (2.69 mL, 2.4 M in n-hexane, 6.45 mmol, 2.15 equiv.) yielded (2R,7R)-7-((tert-
butyldiphenylsilyl)oxy)non-4-yn-2-ol ((2R,7R)-7) (1.12 g, 95% yield) as a light yellow oil.
[α]D

25 = +22.59 (c 3.40, CHCl3). 1H NMR (500 MHz, CDCl3) δ 7.70–7.67 (m, 4H), 7.43–7.35
(m, 6H), 3.87–3.82 (m, 1H), 3.79–3.75 (m, 1H), 2.33–2.19 (m, 4H), 1.98 (br s, 1H), 1.65–1.56
(m, 2H), 1.20 (d, J = 6.2 Hz, 3H), 1.06 (s, 9H), 0.84 (t, J = 7.5 Hz, 3H). 13C NMR (125 MHz,
CDCl3) δ 136.0, 134.5, 134.2, 129.73, 129.69, 127.7, 127.6, 80.1, 78.0, 73.0, 66.6, 29.6, 28.9, 27.1,
26.3, 22.3, 19.5, 9.2. HRMS (ESI, m/z): calculated for [M + H]+ C25H35O2Si 395.2401, found:
395.2385.

3.10. Synthesis of (2S,7S)-non-4-yne-2,7-diol ((2S,7S)-8)

Under an argon atmosphere, TBAF (4 mL, 1 M in THF, 4.00 mmol, 2.0 equiv.) was
added slowly to a stirred solution of (2S,7S)-7-((tert-butyldiphenylsilyl)oxy)non-4-yn-2-ol
((2S,7S)-7) (790.0 mg, 2.00 mmol, 1.0 equiv.) in THF (5 mL) at 0 ◦C. The reaction mixture was
allowed to warm to room temperature and stirred continuously overnight. The reaction
was then quenched by adding water (5 mL), followed by separation of the organic phase.
The aqueous phase was extracted with EtOAc (3 × 8 mL). The combined organic layers
were washed with brine (10 mL), dried over anhydrous Na2SO4 and concentrated under
reduced pressure to yield the crude product. The crude product was purified by silica
gel column chromatography using an eluent of ethyl acetate and petroleum ether (1:2)
to produce (2S,7S)-non-4-yne-2,7-diol ((2S,7S)-8) (290.0 mg, 93% yield) as a colorless oil.
[α]D

25 = +14.47 (c 2.24, CHCl3). 1H NMR (500 MHz, CDCl3) δ 3.89–3.84 (m, 1H), 3.61–3.56
(m, 1H), 2.44 (br s, 2H), 2.38–2.30 (m, 2H), 2.26–2.21 (m, 2H), 1.53–1.45 (m, 2H), 1.18 (d,
J = 6.3 Hz, 3H), 0.89 (t, J = 7.5 Hz, 3H). 13C NMR (125 MHz, CDCl3) δ 79.3, 79.2, 71.7, 66.6,
29.4, 29.3, 27.2, 22.4, 10.1. HRMS (ESI, m/z): calculated for [M + H]+ C9H17O2 157.1223,
found: 157.1225.

3.11. Synthesis of (2R,7S)-non-4-yne-2,7-diol ((2R,7S)-8)

Using a similar procedure for chiral alkynyl diol (2S,7S)-8, deprotection of (2R,7S)-
7-((tert-butyldiphenylsilyl)oxy)non-4-yn-2-ol ((2R,7S)-7) (790.0 mg, 2.00 mmol, 1.0 equiv.)
with TBAF (4 mL, 1 M in THF, 4.00 mmol, 2.0 equiv.) yielded (2R,7S)-non-4-yne-2,7-diol
((2R,7S)-8) (284 mg, 91% yield) as a colorless oil. [α]D

25 = −3.83 (c 1.25, CHCl3). 1H NMR
(500 MHz, CDCl3) δ 3.96–3.90 (m, 1H), 3.68–3.63 (m, 1H), 2.46–2.28 (m, 6H), 1.59–1.53 (m,
2H), 1.25 (d, J = 6.2 Hz, 3H), 0.96 (t, J = 7.5 Hz, 3H). 13C NMR (125 MHz, CDCl3) δ 79.3, 79.2,
71.7, 66.6, 29.4, 29.3, 27.3, 22.4, 10.1. HRMS (ESI, m/z): calculated for [M + H]+ C9H17O2

157.1223, found: 157.1220.
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3.12. Synthesis of (2S,7R)-non-4-yne-2,7-diol ((2S,7R)-8)

Using a similar procedure for chiral alkynyl diol (2S,7S)-8, deprotection of (2S,7R)-
7-((tert-butyldiphenylsilyl)oxy)non-4-yn-2-ol ((2S,7R)-7) (790.0 mg, 2.00 mmol, 1.0 equiv.)
with TBAF (4 mL, 1 M in THF, 4.00 mmol, 2.0 equiv.) yielded (2S,7R)-non-4-yne-2,7-diol
((2S,7R)-8) (264 mg, 86% yield) as a colorless oil. [α]D

25 = +3.18 (c 2.14, CHCl3). 1H NMR
(500 MHz, CDCl3) δ 3.96–3.90 (m, 1H), 3.67–3.64 (m, 1H), 2.62–2.28 (m, 6H), 1.59–1.54 (m,
2H), 1.25 (d, J = 6.2 Hz, 3H), 0.96 (t, J = 7.5 Hz, 3H). 13C NMR (125 MHz, CDCl3) δ 79.3, 79.2,
71.7, 66.6, 29.4, 29.2, 27.2, 22.4, 10.0. HRMS (ESI, m/z): calculated for [M + H]+ C9H17O2

157.1223, found: 157.1221.

3.13. Synthesis of (2R,7R)-non-4-yne-2,7-diol ((2R,7R)-8)

Using a similar procedure for chiral alkynyl diol (2S,7S)-8, deprotection of (2R,7R)-
7-((tert-butyldiphenylsilyl)oxy)non-4-yn-2-ol ((2R,7R)-7) (790.0 mg, 2.00 mmol, 1.0 equiv.)
with TBAF (4 mL, 1 M in THF, 4.00 mmol, 2.0 equiv.) yielded (2R,7R)-non-4-yne-2,7-diol
((2R,7R)-8) (293 mg, 94% yield) as a colorless oil. [α]D

25 = −20.82 (c 1.13, CHCl3). 1H NMR
(500 MHz, CDCl3) δ 3.97–3.90 (m, 1H), 3.68–3.63 (m, 1H), 2.46–2.27 (m, 6H), 1.59–1.53 (m,
2H), 1.25 (d, J = 6.3 Hz, 3H), 0.96 (t, J = 7.5 Hz, 3H). 13C NMR (125 MHz, CDCl3) δ 79.4, 79.2,
71.7, 66.6, 29.4, 29.3, 27.3, 22.5, 10.1. HRMS (ESI, m/z): calculated for [M + H]+ C9H17O2

157.1223, found: 157.1220.

3.14. Synthesis of (2S,7S)-nonane-2,7-diol ((2S,7S)-9)

Under a hydrogen atmosphere, (2S,7S)-non-4-yne-2,7-diol ((2S,7S)-8) (180.0 mg,
1.15 mmol, 1.0 equiv.) was add to a stirred solution of Pd/C (18.0 mg, 10%) in MeOH (5
mL) at room temperature. The reaction mixture was stirred continuously overnight under a
hydrogen atmosphere, followed by being filtered through diatomaceous earth. The filtrate
was concentrated under reduced pressure to yield the crude product. The crude product
was purified by silica gel column chromatography using an eluent of ethyl acetate and
petroleum ether (1:2) to produce (2S,7S)-nonane-2,7-diol ((2S,7S)-9) (162.0 mg, 88% yield)
as a colorless oil. [α]D

25 = +14.77 (c 0.87, CHCl3). 1H NMR (500 MHz, CDCl3) δ 3.77–3.71
(m, 1H), 3.49–3.44 (m, 1H), 1.58 (br s, 2H), 1.47–1.30 (m, 10H), 1.12 (d, J = 6.2 Hz, 3H), 0.87
(t, J = 7.5 Hz, 3H). 13C NMR (125 MHz, CDCl3) δ 73.3, 68.1, 39.4, 37.0, 30.3, 25.9, 25.7, 23.7,
10.0. HRMS (ESI, m/z): calculated for [M + H]+ C9H21O2 161.1536, found: 161.1538.

3.15. Synthesis of (2R,7S)-nonane-2,7-diol ((2R,7S)-9)

Using a similar procedure for chiral diol (2S,7S)-9, the hydrogenation of (2R,7S)-non-4-
yne-2,7-diol ((2R,7S)-8) (154.0 mg, 0.99 mmol, 1.0 equiv.) catalyzed with Pd/C (15.0 mg,
10%) yielded (2R,7S)-nonane-2,7-diol ((2R,7S)-9) (145.0 mg, 92% yield) as a colorless oil.
[α]D

25 = +0.56 (c 2.15, CHCl3). 1H NMR (500 MHz, CDCl3) δ 3.83–3.77 (m, 1H), 3.55–3.51
(m, 1H), 1.71 (br s, 2H), 1.53–1.40 (m, 8H), 1.37–1.30 (m, 2H), 1.19 (d, J = 6.2 Hz, 3H), 0.94
(t, J = 7.5 Hz, 3H). 13C NMR (125 MHz, CDCl3) δ 73.3, 68.1, 39.4, 36.9, 30.3, 25.9, 25.8, 23.6,
10.0. HRMS (ESI, m/z): calculated for [M + H]+ C9H21O2 161.1536, found: 161.1538.

3.16. Synthesis of (2S,7R)-nonane-2,7-diol ((2S,7R)-9)

Using a similar procedure for chiral diol (2S,7S)-9, the hydrogenation of (2S,7R)-non-4-
yne-2,7-diol ((2S,7R)-8) (180.0 mg, 1.15 mmol, 1.0 equiv.) catalyzed with Pd/C (18.0 mg,
10%) yielded (2S,7R)-nonane-2,7-diol ((2S,7R)-9) (170.0 mg, 92% yield) as a colorless oil.
[α]D

25 = −1.24 (c 1.93, CHCl3). 1H NMR (500 MHz, CDCl3) δ 3.75–3.69 (m, 1H), 3.46–3.43
(m, 1H), 1.85 (br s, 2H), 1.46–1.33 (m, 8H), 1.31–1.24 (m, 2H), 1.11 (d, J = 6.2 Hz, 3H), 0.87
(t, J = 7.5 Hz, 3H). 13C NMR (125 MHz, CDCl3) δ 73.3, 68.1, 39.3, 36.9, 30.3, 25.9, 25.8, 23.6,
10.0. HRMS (ESI, m/z): calculated for [M + H]+ C9H21O2 161.1536, found: 161.1539.
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3.17. Synthesis of (2R,7R)-nonane-2,7-diol ((2R,7R)-9)

Using a similar procedure for chiral diol (2S,7S)-9, the hydrogenation of (2R,7R)-non-
4-yne-2,7-diol (2R,7R)-8 (293.0 mg, 1.87 mmol, 1.0 equiv.) catalyzed with Pd/C (30.0 mg,
10%) yielded (2R,7R)-nonane-2,7-diol ((2R,7R)-9) (270.0 mg, 90% yield) as a colorless oil.
[α]D

25 = −17.76 (c 1.25, CHCl3). 1H NMR (500 MHz, CDCl3) δ 3.76–3.71 (m, 1H), 3.48–3.43
(m, 1H), 1.65 (br s, 2H), 1.47–1.27 (m, 10H), 1.12 (d, J = 6.2 Hz, 3H), 0.87 (t, J = 7.5 Hz, 3H).
13C NMR (125 MHz, CDCl3) δ 73.3, 68.1, 39.3, 36.9, 30.3, 25.8, 25.7, 23.6, 10.0. HRMS (ESI,
m/z): calculated for [M + H]+ C9H21O2 161.1536, found: 161.1538.

3.18. Synthesis of (2S,7S)-nonane-2,7-diyl dibutyrate ((2S,7S)-1)

Under an argon atmosphere, butyric anhydride (10) (95.0 mg, 0.60 mmol, 3.0 equiv.)
was added slowly to a stirred solution of (2S,7S)-nonane-2,7-diol ((2S,7S)-9) (32.0 mg,
0.20 mmol, 1.0 equiv.) in anhydrous pyridine (5 mL) at 0 ◦C. The reaction solution was
allowed to warm to room temperature and stirred continuously overnight. The mixture
was concentrated under reduced pressure to yield the crude product. The crude product
was purified by silica gel column chromatography using an eluent of ethyl acetate and
petroleum ether (1:50) to produce (2S,7S)-nonane-2,7-diyl dibutyrate ((2S,7S)-1) (56.0 mg,
94% yield) as a colorless oil. [α]D

25 = −2.41 (c 1.16, CHCl3). Lit. [20] [α]D
20 =–6.7 (c 0.6,

CHCl3). 1H NMR (500 MHz, CDCl3) δ 4.92–4.86 (m, 1H), 4.84–4.79 (m, 1H), 2.26 (dt,
J = 11.3, 7.5 Hz, 4H), 1.69–1.61 (m, 4H), 1.57–1.44 (m, 6H), 1.33–1.26 (m, 4H), 1.19 (d,
J = 6.3 Hz, 3H), 0.97–0.87 (m, 6H), 0.87 (t, J = 7.5 Hz, 3H). 13C NMR (125 MHz, CDCl3) δ
173.7, 173.5, 75.2, 70.7, 36.8, 36.7, 36.0, 33.7, 27.1, 25.5, 25.3, 20.1, 18.8, 18.7, 13.83, 13.79, 9.7.
HRMS (ESI, m/z): calculated for [M + H]+ C17H33O4 301.2373, found: 301.2374.

3.19. Synthesis of (2R,7S)-nonane-2,7-diyl dibutyrate ((2R,7S)-1)

Using a similar procedure for pheromone (2S,7S)-1, the acylation of (2R,7S)-nonane-
2,7-diol ((2R,7S)-9) (135.0 mg, 0.84 mmol, 1.0 equiv.) with butyric anhydride (10) (400.0 mg,
2.53 mmol, 3.0 equiv.) yielded (2R,7S)-nonane-2,7-diyl dibutyrate ((2R,7S)-1) (237.0 mg,
94% yield) as a colorless oil. [α]D

25 = −3.97 (c 1.00, CHCl3). 1H NMR (500 MHz, CDCl3)
δ 4.92–4.86 (m, 1H), 4.84–4.79 (m, 1H), 2.26 (dt, J = 11.3, 7.4 Hz, 4H), 1.69–1.61 (m, 4H),
1.58–1.46 (m, 6H), 1.35–1.26 (m, 4H), 1.19 (d, J = 6.2 Hz, 3H), 0.97–0.93 (m, 6H), 0.87 (t,
J = 7.5 Hz, 3H). 13C NMR (125 MHz, CDCl3) δ 173.7, 173.5, 75.2, 70.7, 36.8, 36.7, 36.0, 33.7,
27.1, 25.5, 25.3, 20.1, 18.8, 18.7, 13.83, 13.78, 9.7. HRMS (ESI, m/z): calculated for [M + H]+

C17H33O4 301.2373, found: 301.2375.

3.20. Synthesis of (2S,7R)-nonane-2,7-diyl dibutyrate ((2S,7R)-1)

Using a similar procedure for pheromone (2S,7S)-1, the acylation of (2S,7R)-nonane-
2,7-diol ((2S,7R)-9) (127.0 mg, 0.79 mmol, 1.0 equiv.) with butyric anhydride (10) (376.0 mg,
2.38 mmol, 3.0 equiv.) yielded (2S,7R)-nonane-2,7-diyl dibutyrate ((2S,7R)-1) (221.0 mg,
93% yield) as a colorless oil. [α]D

25 = +3.46 (c 1.97, CHCl3). 1H NMR (500 MHz, CDCl3)
δ 4.92–4.86 (m, 1H), 4.84–4.79 (m, 1H), 2.26 (dt, J = 11.3, 7.4 Hz, 4H), 1.69–1.61 (m, 4H),
1.59–1.46 (m, 6H), 1.36–1.24 (m, 4H), 1.19 (d, J = 6.3 Hz, 3H), 0.97–0.93 (m, 6H), 0.87 (t,
J = 7.5 Hz, 3H). 13C NMR (125 MHz, CDCl3) δ 173.7, 173.5, 75.1, 70.7, 36.74, 36.72, 36.0, 33.7,
27.1, 25.5, 25.3, 20.1, 18.8, 18.7, 13.82, 13.77, 9.7. HRMS (ESI, m/z): calculated for [M + H]+

C17H33O4 301.2373, found: 301.2374.

3.21. Synthesis of (2R,7R)-nonane-2,7-diyl dibutyrate ((2R,7R)-1)

Using a similar procedure for pheromone (2S,7S)-1, the acylation of (2R,7R)-nonane-
2,7-diol ((2R,7R)-9) (258.0 mg, 1.61 mmol, 1.0 equiv.) with butyric anhydride (10) (764.0 mg,
4.83 mmol, 3.0 equiv.) yielded (2R,7R)-nonane-2,7-diyl dibutyrate ((2R,7R)-1) (458.0 mg,
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95% yield) as a colorless oil. [α]D
25 = +2.37 (c 1.52, CHCl3). 1H NMR (500 MHz, CDCl3)

δ 4.92–4.86 (m, 1H), 4.84–4.79 (m, 1H), 2.26 (dt, J = 11.3, 7.4 Hz, 4H), 1.69–1.61 (m, 4H),
1.59–1.44 (m, 6H), 1.32–1.28 (m, 4H), 1.19 (d, J = 6.3 Hz, 3H), 0.97–0.93 (m, 6H), 0.87 (t,
J = 7.4 Hz, 3H). 13C NMR (125 MHz, CDCl3) δ 173.7, 173.5, 75.2, 70.7, 36.74, 36.72, 36.0, 33.7,
27.1, 25.5, 25.3, 20.1, 18.8, 18.7, 13.83, 13.78, 9.7. HRMS (ESI, m/z): calculated for [M + H]+

C17H33O4 301.2373, found: 301.2366.

4. Conclusions

In summary, we have conducted a new and efficient synthesis of the sex pheromone
of S. mosellana and its stereoisomers with overall yields of 59–64%. The key reactions were
the ring opening of chiral epoxide with an alkynyllithium and the hydrogenation of a triple
bond. Compared with the existing synthetic methods, our approach has the advantages of
cheap materials, high total yields and being easily scaled. Furthermore, our synthesis would
be useful in integrated pest management programs for the orange wheat blossom midge.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules30030671/s1, Figures S1–S40 and Table S1. The 1H
NMR and 13C NMR spectra for all the synthetic compounds, and comparison of NMR Data between
the precious [20] and current synthesized (2S,7S)-1.
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Abstract: An efficient stereoselective strategy for the synthesis of chiral bisspiro barbituric
acid–oxindole derivatives was developed. The asymmetric Michael addition/cyclization
tandem reaction between benzylidene barbituric acids and oxindolylmalonitriles was
catalyzed by squaramide catalyst, and the corresponding spirocyclic products were ob-
tained in good-to-high yields (up to 97%) with excellent stereoselectivities (up to >99% ee,
>20:1 dr). At the same time, the practicality of the reaction was verified by the gram-scale
preparation reaction.

Keywords: organocatalysis; asymmetric catalysis; barbituric acid; oxindole; Michael addition

1. Introduction

Barbituric acid was first discovered and named by German chemist Adolf von Baeyer
in 1864 [1]. The methylene group at the C5 position of barbituric acid is highly reactive
[pka(DMSO) 8.4] due to the influence of two adjacent electron-withdrawing carbonyl groups,
so many chemical reactions take place at this position, such as the common Michael ad-
dition reaction, substitution reaction, chelation reaction, and Knoevenagel condensation
reaction [2]. The biological activity of a series of barbiturates has attracted the attention of
many scientists in the field of medicinal chemistry. Barbituric acid derivatives are widely
used as anesthetics [3] and sedatives [4] and have anti-convulsant [5], anti-diabetic [6],
anti-bacterial [7], anti-cancer [8], and other properties (Figure 1a). When the two H atoms
of methylene at 5-position of barbituric acid are replaced by hydrocarbon groups or het-
erocycles, they can also be used as drug intermediates, such as barbiturates involved in
the treatment of certain types of epilepsy [9]. Meanwhile, alkylidene barbituric acids are
good Michael acceptors (Figure 1b), which can be applied for constructing many other
barbituric acid derivatives [10]. In addition to being biologically active, the photophysical
properties of barbiturate derivatives [11] have also been used for colorimetric or thermal
detection [12] and have provided some promising dyes or fluorescent probes [13,14]. These
applications indicate that barbiturate derivatives have very broad potential value.

As mentioned above, barbituric acid derivatives are easily deprotonated owing to
their rather low pKa value. Catalytic asymmetric transformations of barbituric acid deriva-
tives have received much attention in recent years for synthesis of chiral barbituric acid
derivatives [10]. For example, Rawal et al. reported an enantioselective Michael addition of
N,N′-disubstituted barbituric acid derivatives to β-nitro olefins using chiral thiosquaramide
as a bifunctional organocatalyst (Scheme 1a) [15]. The addition products were obtained
in high yields with excellent enantioselectivity at catalyst loading as low as 0.5 mol% in
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toluene at room temperature. Wang and co-workers [16] developed an enantioselective
organocatalytic Michael addition of N,N′-dialkylbarbituric acid derivatives to enones using
10 mol% quinine-derived squaramide catalyst, a series of Michael adducts were obtained
in 44–99% yields with 91–99% ee in o-xylene at room temperature (Scheme 1b). Chen
and co-workers [17] developed a tertiary amine-thiourea-catalyzed domino Michael-oxa-
Michael addition reaction of N,N′-dimethyl barbituric acid and Morita–Baylis-Hillman
(MBH) acetate of nitroalkene; the corresponding tetrahydropyrano bicycles were obtained
up to 95% yields with dr > 19:1 and up to 95% ee in CH2Cl2 at 25 ◦C (Scheme 1c).

Figure 1. Examples of barbituric acid derivatives. (a) barbituric acid derivatives in pharmaceuticals,
(b) alkylidene barbituric acids.

Alkylidene barbituric acids as reactive electron-poor alkene derivatives also attracted
the attention of researchers in recent years; for example, Zhao’s group reported on a racemic
[3 + 2] cycloaddition between alkylidene barbiturates and 3-isothiocyanato oxindoles cat-
alyzed by Et3N [18]. In 2016, Zhao et al. developed an epi-quinine-thiourea-based thiourea-
catalyzed enantioselective version in chloroform, and the corresponding spirobarbiturates
were obtained in 80–99% yield with 9:1 to >20:1 dr and 18–99% ee [19]. Guo and co-worker
an enantioselective phosphine-catalyzed [3 + 2] annulation of alkylidene barbiturates
with MBH adducts, and spirobarbiturates were obtained in excellent diastereoselectivities
(4;1–>20:1 dr) and high-to-excellent enantioselectivities (81–99% ee) (Scheme 1e) [20]. Our
group developed a squaramide-catalyzed asymmetric Michael/Mannich [3 + 2] cycloaddi-
tion reaction of N-2,2,2-trifluoroethyl isatin ketimines and barbiturate-based olefins. The
corresponding dispirobarbituric acid derivatives were obtained in excellent yields (up to
99% yield) and excellent stereoselectivities (up to 99:1 dr and >99% ee) (Scheme 1f) [21].

In the above-mentioned reports [19,21], the oxindole skeleton also played a crucial
role, as these reagents are prone to undergo the tandem reaction with electron-deficient
alkenes to construct spirooxindole derivatives. The catalytic asymmetric synthesis of chiral
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spirooxindoles has also received wide attention in recent years [22]. Continuing on our
research project for squaramide-catalytic asymmetric reactions [23], herein, the asymmetric
Michael addition/cyclization tandem reaction between barbituric acid derivatives and oxin-
dole derivatives was developed using chiral squaramide as catalyst in order to obtain chiral
bisspiro barbituric acid–oxindole derivatives, which may provide potential candidates for
future drug design and biological activity research.

Scheme 1. Examples for asymmetric synthesis of barbituric acid derivatives. (a) Rawal’s work [15],
(b) Wang’s work [16], (c) Chen’s work [17], (d) Zhao’s work [19], (e) Guo’s work [20], and (f) Du’s
work [21].

2. Results and Discussion

2.1. Optimization of Reaction Conditions

To verify our hypothesis, the asymmetric Michael/cyclization reaction of substrates 1a

and 2a in the presence of quinine-derived squaramide C1 was selected as the model
reaction. We were pleased to find that the asymmetric Michael/cyclization reaction could be
completed within 8 h in the presence of 10 mol% C1 at room temperature and obtained the
desired product 3aa in 88% yield with excellent stereoselectivity (>20:1 dr, 86% ee) (Table 1,
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entry 1). Encouraged by these excellent results, we screened several organocatalysts with
different frameworks for this asymmetric Michael/cyclization reaction (Figure 2) (Table 1,
entries 2–12). However, the catalytic yields using catalysts C2, C3, and C9 were low
(Figure 2) (Table 1, entries 2–12), and the remaining catalysts achieved high yields (>80%)
and stereoselectivity (>20:1 dr, >75% ee) (Table 1, entry 2–12). Considering yield and
stereoselectivity, C5 has the best catalytic effect (Table 1, entry 5).

Table 1. Optimization of reaction conditions a..

Entry a Solvent Catalyst Yield b (%) dr c ee d (%)

1 CH2Cl2 C1 86 >20:1 88
2 CH2Cl2 C2 77 >20:1 65
3 CH2Cl2 C3 82 >20:1 50
4 CH2Cl2 C4 85 >20:1 83
5 CH2Cl2 C5 94 >20:1 >99
6 CH2Cl2 C6 83 >20:1 82
7 CH2Cl2 C7 75 >20:1 87
8 CH2Cl2 C8 88 >20:1 85
9 CH2Cl2 C9 92 >20:1 53

10 CH2Cl2 C10 85 >20:1 81
11 CH2Cl2 C11 80 >20:1 82
12 CH2Cl2 C12 77 >20:1 74
13 MeCN C5 68 >20:1 25
14 PhMe C5 72 >20:1 80
15 THF C5 72 >20:1 47
16 CHCl3 C5 92 >20:1 97
17 MTBE C5 57 >20:1 5

18 e CH2Cl2 C5 80 >20:1 88
19 f CH2Cl2 C5 86 >20:1 94

a Unless otherwise specified, reactions were conducted with 1a (0.24 mmol), 2a (0.20 mmol), and catalyst
(10 mol%) in solvent (1.5 mL) at room temperature under air for 8 h. b Isolated yield after column chromatography
purification. c Determined by 1H NMR analysis. d Enantiomeric excess (ee) was determined by HPLC analysis.
e 5 mol% catalyst was used. f The reaction was performed at 0 ◦C for 24 h.

In order to further improve the reaction efficiency, squaramide C5 was used as a
catalyst to optimize other reaction conditions. The effects of solvent, catalyst loading, and
reaction temperature on the reaction were evaluated in detail (Table 1, entries 13−19).
Solvents play an integral role in the reaction, so we evaluated five other organic solvents,
acetonitrile, toluene, THF, chloroform, and methyl tert-butyl ether (MTBE) (Table 1, entries
13−17). However, a series of results show that dichloromethane is still the best solvent.
Then, we studied the effect of catalyst loading on the reaction. As the amount of catalyst was
halved, the yield and stereoselectivity of the product unfortunately decreased (Table 1, entry
18). As the reaction temperature decreased, the yield of the product did not increase, and
its enantioselectivity gradually decreased (Table 1, entry 19). By comparison, the optimal
conditions were determined to be benzylidenebarbituric acid and oxindolylmalonitrile as
raw materials in the molar ratio of 1.2:1, with 10 mol% C5 as catalyst, in CH2Cl2 solvent, at
room temperature for 8 h.
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Figure 2. The screened squaramide and thiourea organocatalysts.

2.2. Substrate Scope

After the optimum reaction conditions were obtained, the applicability of different
substrates to the asymmetric Michael/cyclization reaction was investigated. The result is
shown in Scheme 2. Firstly, the effect of benzylidene barbituric acid substrate on the reaction
was studied, and the effect of different substitution groups on the reaction was explored.
The results show that steric hindrance had a great effect on the reaction. When benzene rings
in benzylidenes were meta-substituted or para-substituted, the reaction occurred normally
(3aa–ja), but when benzene rings in benzylidenes were ortho-substituted, the corresponding
substrates did not react with 2a (3la–oa). The electron effect of substituents also affected the
course of the reaction. For electron-withdrawing groups, the substituted substrates bearing
bromo- or chloro-substituents showed good yield and stereoselectivity. The substrate
with a para-substituted fluoro group was an exception, and the stereoselectivity of the
corresponding product was relatively poor, which was considered to be due to the strong
electron-withdrawing withdrawing of fluorine. For electron-donating groups, methyl- or
methoxy-substituted substrates behaved generally similarly as compared to the bromo-
substituted substrate. In addition, the comparison of the yield and enantioselectivity of
thienyl-, furanyl-, and pyridinyl-substituted substrates is very interesting. The reaction
yield and enantioselectivity of thienyl-substituted substrate were very good (3da), the
yield and enantioselectivity of furanyl-substituted substrate were moderate (3fa), and the
reaction of pyridinyl-substituted substrate did not occur (3na). This may be ascribed to the
electronic effect of these three different heterocycles.
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Scheme 2. The substrate scope for benzylidene barbituric acids and oxindoles. Unless otherwise
noted, the reaction was performed in CH2Cl2 (1.5 mL) with 1 (0.24 mmol), 2 (0.20 mmol), and catalyst
C5 (0.02 mmol) at room temperature under air for 8 h. The dr values were determined by 1H NMR,
and the ee values were determined by HPLC.

After studying the effect of benzylidene substituents of benzylidene barbituric acids
on the reaction, the effect of the N-protecting group of oxindolylmalonitriles on the reaction
was studied. When R1 was a benzyl group or a methyl group, the reaction maintained
high selectivity and high efficiency (3aa and 3ab). Subsequently, the different substituents
on the phenyl rings of oxindolylmalonitriles were studied. We found that the stereose-
lectivity of substrates bearing electron-withdrawing substituted indole-phenyl rings was
generally better than that of substrates bearing electron-donating substituents. Among
the electron-withdrawing groups as substituents (3ac, 3ae–aj), all of them maintained
excellent yields and stereoselectivities except for the 2-fluoro-substituent. As for the
electron-donating groups, the dimethyl-substituted substrate performed better than the
monomethyl-substituted substrate (3ad, 3ak).

2.3. Scaled-Up Synthesis

In order to further demonstrate the application value of this synthetic method, the
gram-scale experiment was conducted under optimized conditions. As shown in Scheme 3,
the gram-scale asymmetric Michael/cyclization reaction of 1a and 2a proceeded smoothly,
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and the product 3aa was obtained in 88% yield with excellent stereoselectivity (>20:1 dr,
95% ee).

Scheme 3. Gram-scale synthesis of 3aa.

2.4. Absolute Configuration

The absolute configuration of the chiral product 3ha was determined by X-ray diffrac-
tion analysis and was found to be (2′R,3S) (CCDC 2431390) (Figure 3). The absolute
configurations of other chiral products were assigned by analogy.

Figure 3. X-ray crystal structure of 3ha (Displacement ellipsoids are drawn at the 50% probability
level; the included solvent molecules were omitted for clarity).

2.5. Reaction Mechanism

According to the absolute configuration of the tandem product 3ha and the catalytic
mode of the chiral bifunctional squaramide for a similar reaction [24], a possible transition
state model of the catalytic reaction was proposed (Scheme 4). On the one hand, oxindolyl-
malonitrile 2a is partially deprotonated by the tertiary amine of catalyst C5. On the other
hand, benzylidene barbituric acid 1a is activated by forming two hydrogen bonds in the
N-H of the squaramide part. Subsequently, the deprotonated-activated oxindolylmaloni-
trile attacks the Si-face of the electron-deficient unsaturated barbituric acid 1a through
the transition state A, and the intermolecular Michael addition reaction occurs. At the
same time, the resulting Michael addition intermediates undergo further intramolecular
cyclization reaction to obtain B. Finally, the molecular isomerization reaction occurs to
obtain the desired bisspirocyclic product 3aa, and the bifunctional squaramide catalyst C5

is regenerated to enter the next catalytic cycle of reaction.
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Scheme 4. Proposed reaction mechanism.

3. Materials and Methods

3.1. General Information

Commercially available compounds were used without further purification. Sol-
vents were dried according to standard procedures. Column chromatography was per-
formed with silica gel (200−300 mesh). Melting points were determined with a WRX-4
melting-point apparatus and were uncorrected. 1H NMR spectra were measured with
Bruker Ascend 400 MHz spectrometer and Bruker Ascend 700 MHz spectrometer (Bruker,
Karlsurhe, Germany); chemical shifts were reported in δ (ppm) units relative to tetram-
ethylsilane (TMS) as internal standard. 13C NMR spectra were measured at 101 MHz with
400 MHz spectrometer and measured at 176 MHz with 700 MHz spectrometer; chemical
shifts are reported in ppm relative to tetramethylsilane and referenced to solvent peak
(CDCl3, δC = 77.00; DMSO, δC = 39.43). High-resolution mass spectra (Electron spray
ionization) were measured with an Agilent 6520 Accurate-Mass Q-TOF MS system (Agilent,
Santa Clara, CA, USA) equipped with an electrospray ionization (ESI) source. Optical
rotations were measured with a Krüss P8000 polarimeter (Krüss, Hamburg, Germany).
Optical rotations at the indicated concentration with the units of g/100 mL. Enantiomeric
excesses were determined by chiral HPLC analysis using an Agilent 1200 LC instrument
(Agilent, Santa Clara, CA, USA) with a Daicel Chiralpak ADH, IA, or IC column (Daicel,
Beijing, China).
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3.2. Experimental Materials for Tandem Reactions

First, 1a–1j were prepared according to literature reported by Neumann and co-
workers [25]. Then, 2a–2k were prepared according to literature reported by Lin and
co-workers [24]. The chiral organocatalysts were prepared by following the reported
procedures [26–29].

3.3. Procedure for the Synthesis of Racemates of 3

To a dried small vial, benzylidene barbituric acid 1 (0.24 mmol), oxindolylmalonitrile 2

(0.2 mmol), Et3N (1.0 mg, 0.01 mmol, 0.05 equiv.), and CH2Cl2 (1 mL) were added. After
stirring at room temperature under air without gas protection for 8 h, the reaction mixture
was concentrated and directly purified by silica gel column chromatography to afford the
racemates of 3.

3.4. Procedure for the Asymmetric Michael/Cyclization Reaction

To a dried small vial, barbituric acid 1 (0.24 mmol), oxindolylmalonitrile 2 (0.2 mmol),
chiral organocatalyst C5 (5.08 mg, 0.01 mmol, 0.05 equiv), and CH2Cl2 (1.0 mL) were added.
After stirring at room temperature under air without gas protection for 8 h, the reaction
mixture was concentrated and directly purified by silica gel column chromatography
(200–300 mesh) using ethyl acetate/petroleum ether (1:2) as eluent to afford the desired
products 3.

(2′R,3S)-4′-Amino-1,1′′,3′′-trimethyl-2,2′′,4′′,6′′-tetraoxo-2′-phenyl-1′′,3′′,4′′,6′′-tetrahydro-
2′′H-dispiro[indoline-3,1′-cyclopentane-3′,5′′-pyrimidin]-4′-ene-5′-carbonitrile (3aa). Ac-
cording to the general procedure from 1a (58.6 mg, 0.24 mmol) and 2a (42.2 mg, 0.2 mmol)
to obtain 85.6 mg (94% yield) compound 3aa as a yellow solid, m.p. 192−195 ◦C. HPLC
(Daicel Chiralpak ADH, n-hexane/2-propanol = 70:30, flow rate 1.0 mL/min, detection at
254 nm): tR = 9.2 min (major), >99% ee. [α]D

25 = +9.9 (c = 0.5, CH2Cl2). 1H NMR (700 MHz,
DMSO-d6): δ 8.05 (dd, J1 = 7.7 Hz, J2 = 0.7 Hz, 1H), 7.28 (td, J1 = 7.7 Hz, J2 = 1.4 Hz 1H),
7.15–7.18 (m, 4H), 7.06 (t, J = 8.0 Hz, 2H), 6.86 (d, J = 7.7 Hz, 1H), 6.76 (d, J = 7.0 Hz, 2H),
4.24 (s, 1H), 3.07 (s, 3H), 2.99 (s, 3H), 2.87 (s, 3H) ppm. 13C NMR (176 MHz, DMSO-d6):
δ 176.5, 168.6, 167.8, 158.4, 149.8, 143.0, 131.1, 129.4, 129.3, 129.0, 128.3, 128.0, 127.3, 122.3,
116.3, 108.7, 78.5, 68.1, 64.8, 63.4, 28.5, 28.3, 26.4 ppm. (see Supplementary Materials) HRMS
(ESI): m/z calcd. for C25H22N5O4 [M + H]+ 456.1666, found 456.1686.

(2′R,3S)-4′-Amino-2′-(4-chlorophenyl)-1,1′′,3′′-trimethyl-2,2′′,4′′,6′′-tetraoxo-1′′,3′′,4′′,6′′-
tetrahydro-2′′H-dispiro[indoline-3,1′-cyclopentane-3′,5′′-pyrimidin]-4′-ene-5′-carbonitrile
(3ba). According to the general procedure from 1b (66.7 mg, 0.24 mmol) and 2a (42.2 mg,
0.2 mmol) to obtain 82.2 mg (84% yield) compound 3ba as a yellow solid, m.p. 183–185 ◦C.
HPLC (Daicel Chiralpak IC, n-hexane/2-propanol = 70:30, flow rate 1.0 mL/min, detection
at 254 nm): tR = 6.8 min (minor), tR = 9.4 min (major), 86% ee. [α]D

25 = +12.2 (c = 0.34,
CH2Cl2). 1H NMR (400 MHz, CDCl3): δ 8.12 (d, J = 7.2 Hz, 1H), 7.29–7.25 (m, 1H), 7.17
(td, J1 = 7.6 Hz, J2 = 0.8 Hz, 1H), 7.01 (d, J = 8.4 Hz, 2H), 6.78 (d, J = 8.8 Hz, 2H), 6.67 (d,
J = 7.6 Hz, 1H), 5.65 (s, 2H), 4.37 (s, 1H), 3.20 (s, 3H), 3.03 (s, 3H), 2.98 (s, 3H) ppm. 13C
NMR (101 MHz, CDCl3): δ 176.8, 168.6, 167.1, 158.0, 149.8, 143.9, 135.6, 131.1, 129.8, 129.3,
128.5, 128.2, 127.3, 123.2, 115.3, 108.7, 83.2, 68.6, 64.6, 63.9, 29.3, 28.9, 26.8 ppm. HRMS (ESI):
m/z calcd. for C25H21ClN5O4 [M + H]+ 490.1277, found 490.1301.

(2′R,3S)-4′-Amino-1,1′′,3′′-trimethyl-2′-(naphthalen-2-yl)-2,2′′,4′′,6′′-tetraoxo-1′′,3′′,4′′,6′′-
tetrahydro-2′′H-dispiro[indoline-3,1′-cyclopentane-3′,5′′-pyrimidin]-4′-ene-5′-carbonitrile
(3ca). According to the general procedure from 1c (70.6 mg, 0.24 mmol) and 2a (42.2 mg,
0.2 mmol) to obtain 93.0 mg (92% yield) compound 3ca as a yellow solid, m.p. 201–203 ◦C.
HPLC (Daicel Chiralpak IC, n-hexane/2-propanol = 70:30, flow rate 1.0 mL/min, detection
at 254 nm): tR = 13.0 min (minor), tR = 16.7 min (major), 83% ee. [α]D

25 = +16.5 (c = 0.5,
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CH2Cl2). 1H NMR (400 MHz, DMSO-d6): δ 8.18 (d, J = 7.6 Hz, 1H), 7.85 (d, J = 8.0 Hz,
1H), 7.76 (t, J = 9.4 Hz, 2H), 7.61 (td, J1 = 7.6 Hz, J2 = 1.0 Hz, 1H), 7.50 (t, J = 7.4 Hz, 1H),
7.32–7.22 (m, 4H), 7.12 (t, J = 7.8 Hz, 1H), 7.01 (d, J = 7.2 Hz, 1H), 6.83 (d, J = 7.6 Hz, 1H),
5.49 (s, 1H), 2.88 (s, 3H), 2.81 (s, 3H), 2.60 (s, 3H) ppm. 13C NMR (101 MHz, DMSO-d6):
δ 176.5, 168.7, 168.0, 158.5, 149.4, 143.1, 133.0, 131.9, 129.4, 129.3, 129.1, 128.5, 127.5, 127.2,
126.7, 125.9, 123.8, 122.5, 120.7, 116.3, 108.9, 79.1, 68.3, 63.6, 55.9, 28.3, 26.4 ppm. HRMS
(ESI): m/z calcd. for C29H24N5O4 [M + H]+ 506.1823, found 506.1818.

(2′R,3S)-4′-Amino-1,1′′,3′′-trimethyl-2,2′′,4′′,6′′-tetraoxo-2′-(thiophen-2-yl)-1′′,3′′,4′′,6′′-
tetrahydro-2′′H-dispiro[indoline-3,1′-cyclopentane-3′,5′′-pyrimidin]-4′-ene-5′-carbonitrile
(3da). According to the general procedure from 1d (60.0 mg, 0.24 mmol) and 2a (42.2 mg,
0.2 mmol) to obtain 75.6 mg (82% yield) compound 3da as a brown solid, m.p. 214–215 ◦C.
HPLC (Daicel Chiralpak IA, n-hexane/2-propanol/ethyl acetate = 80:10:10, flow rate
1.0 mL/min, detection at 254 nm): tR = 19.3 min (minor), tR = 26.4 min (major); >99% ee.
[α]D

25 = +18.5 (c = 0.4, CH2Cl2). 1H NMR (700 MHz, DMSO-d6): δ 8.06 (d, J = 7.7 Hz,
1H), 7.36–7.32 (m, 2H), 7.20–7.16 (m, 3H), 6.94 (d, J = 7.7 Hz, 1H), 6.78 (dd, J1 = 4.9 Hz,
J2 = 4.2 Hz, 1H), 6.68 (d, J = 3.5 Hz, 1H), 4.62 (s, 1H), 3.18 (s, 3H), 3.05 (s, 3H), 2.85 (s, 3H)
ppm. 13C NMR (176 MHz, DMSO-d6): δ 176.2, 168.3, 167.3, 158.0, 150.0, 143.4, 132.5, 129.8,
129.4, 128.2, 128.0, 127.8, 126.3, 122.4, 116.2, 108.7, 78.5, 68.4, 63.0, 59.7, 28.7, 28.6, 26.5 ppm.
HRMS (ESI): m/z calcd. for C23H20N5O4S [M + H]+ 462.1231, found 462.1253.

(2′R,3S)-4′-Amino-1,1′′,3′′-trimethyl-2,2′′,4′′,6′′-tetraoxo-2′-(m-tolyl)-1′′,3′′,4′′,6′′-
tetrahydro-2′′H-dispiro[indoline-3,1′-cyclopentane-3′,5′′-pyrimidin]-4′-ene-5′-carbonitrile
(3ea). According to the general procedure from 1e (61.92 mg, 0.24 mmol) and 2a (42.2 mg,
0.2 mmol) to obtain 79.7 mg (85% yield) compound 3ea as a white solid, m.p. 194–196 ◦C.
HPLC (Daicel Chiralpak ADH, n-hexane/2-propanol = 70:30, flow rate 1.0 mL/min, detec-
tion at 254 nm): tR = 6.5 min (minor), tR = 11.5 min (major), 78% ee. [α]D

25 = +14.8 (c = 0.5,
CH2Cl2). 1H NMR (400 MHz, DMSO-d6): δ 8.06 (dd, J1 = 7.6 Hz, J2 = 0.8 Hz, 1H), 7.28
(td, J = 7.6 Hz, J2 = 1.2 Hz, 1H), 7.17 (t, J = 7.2 Hz, 3H), 6.98–6.91 (m, 2H), 6.85 (d, J = 7.6
Hz, 1H), 6.58 (s, 1H), 6.54 (d, J = 7.2 Hz, 1H), 4.20 (s, 1H), 3.08 (s, 3H), 2.98 (s, 3H), 2.86 (s,
3H), 2.03 (s, 3H) ppm. 13C NMR (101 MHz, DMSO-d6): δ 176.5, 168.6, 167.8, 158.4, 149.8,
143.0, 137.2, 131.1, 130.1, 129.5, 129.2, 128.4, 127.8, 127.3, 126.4, 122.1, 116.3, 108.7, 78.5, 68.1,
64.7, 63.4, 28.5, 28.3, 26.4, 20.5. ppm. HRMS (ESI): m/z calcd. for C26H24N5O4 [M + H]+

470.1823, found 470.1812.
(2′R,3S)-4′-Amino-2′-(furan-2-yl)-1,1′′,3′′-trimethyl-2,2′′,4′′,6′′-tetraoxo-1′′,3′′,4′′,6′′-

tetrahydro-2′′H-dispiro[indoline-3,1′-cyclopentane-3′,5′′-pyrimidin]-4′-ene-5′-carbonitrile
(3fa). According to the general procedure from 1f (56.2 mg, 0.24 mmol) and 2a (42.2 mg,
0.2 mmol) to obtain 64.1 mg (72% yield) compound 3fa as a brown solid, m.p. 174–176 ◦C.
HPLC (Daicel Chiralpak IA, n-hexane/2-propanol = 70:30, flow rate 1.0 mL/min, detection
at 254 nm): tR = 6.6 min (minor), tR = 8.2 min (major), 55% ee. [α]D

25 = −2.0 (c = 0.33,
CH2Cl2). 1H NMR (700 MHz, DMSO-d6): δ 7.93 (dd, J = 7.7 Hz, 1H), 7.38 (d, J = 1.4 Hz, 1H),
7.32 (td, J1 = 7.7 Hz, J2 = 0.7 Hz, 1H), 7.17–7.12 (m, 3H), 6.97 (d, J = 7.7 Hz, 1H), 6.15 (dd,
J1 = 3.2 Hz, J2 = 1.8 Hz, 1H), 5.74 (d, J = 2.8 Hz, 1H), 4.41 (s, 1H), 3.19 (s, 3H), 3.10 (s, 3H),
2.94 (s, 3H) ppm. 13C NMR (176 MHz, DMSO-d6): δ 176.0, 168.2, 167.2, 157.7, 150.2, 145.9,
144.0, 142.9, 129.3, 128.2, 127.4, 122.3, 116.0, 110.7, 110.4, 108.6, 78.8, 66.9, 61.7, 56.5, 28.7, 28.6,
26.5 ppm. HRMS (ESI): m/z calcd. for C23H20N5O5 [M + H]+ 446.1459, found 446.1472.

(2′R,3S)-4′-Amino-2′-(4-fluorophenyl)-1,1′′,3′′-trimethyl-2,2′′,4′′,6′′-tetraoxo-1′′,3′′,4′′,6′′-
tetrahydro-2′′H-dispiro[indoline-3,1′-cyclopentane-3′,5′′-pyrimidin]-4′-ene-5′-carbonitrile
(3ga). According to the general procedure from 1g (62.9 mg, 0.24 mmol) and 2a (42.2 mg,
0.2 mmol) to obtain 80.4 mg (85% yield) compound 3ga as a pink solid, m.p. 178–179 ◦C.
HPLC (Daicel Chiralpak IA, n-hexane/2-propanol/ethyl acetate = 80:15:5, flow rate
1.0 mL/min, detection at 254 nm): tR = 13.4 min (minor), tR = 21.9 min (major); 59% ee.
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[α]D
25 = +9.0 (c = 0.8, CH2Cl2). 1H NMR (700 MHz, DMSO-d6): δ 8.03 (d, J = 7.0 Hz, 1H),

7.30 (t, J = 7.7 Hz, 1H), 7.20–7.16 (m, 3H), 6.94–6.88 (m, 3H), 6.83–6.80 (m, 2H), 4.25 (s, 1H),
3.09 (s, 3H), 3.01 (s, 3H), 2.91 (s, 3H) ppm. 13C NMR (176 MHz, DMSO-d6): δ 176.4, 168.5,
167.7, 162.1 (1JC–F = 246.9 Hz), 158.3, 149.9, 143.0, 131.5 (3JC–F = 8.3 Hz), 129.4, 128.1, 127.3
(4JC–F = 2.6 Hz), 127.2, 122.4, 116.2, 115.0 (2JC–F = 21.5 Hz), 108.8, 78.3, 67.9, 63.7, 63.4, 28.6,
28.4, 26.4 ppm. 19F NMR (659 MHz, DMSO-d6): δ −112.1. HRMS (ESI): m/z calcd. for
C25H21FN5O4 [M + H]+ 474.1572, found 474.1587.

(2′R,3S)-4′-Amino-2′-(3-bromophenyl)-1,1′′,3′′-trimethyl-2,2′′,4′′,6′′-tetraoxo-1′′,3′′,4′′,6′′-
tetrahydro-2′′H-dispiro[indoline-3,1′-cyclopentane-3′,5′′-pyrimidin]-4′-ene-5′-carbonitrile
(3ha). According to the general procedure from 1h (77.3 mg, 0.24 mmol) and 2a (42.2 mg,
0.2 mmol) to obtain 103.4 mg (97% yield) compound 3ha as a pink solid, m.p. 194–195 ◦C.
HPLC (Daicel Chiralpak ADH, n-hexane/2-propanol = 75:25, flow rate 1.0 mL/min, detec-
tion at 254 nm): tR = 11.8 min (minor), tR = 14.5 min (major); 89% ee. [α]D

25 = +14.9 (c = 0.5,
CH2Cl2). 1H NMR (700 MHz, DMSO-d6): δ 8.03 (d, J = 7.7 Hz, 1H), 7.39 (d, J = 8.4 Hz,
1H), 7.32 (t, J = 7.7 Hz, 1H), 7.23–7.18 (m, 3H), 7.07 (t, J = 8.0 Hz, 1H), 6.93 (s, 1H), 6.90 (d,
J = 7.7 Hz, 1H), 6.85 (d, J = 7.7 Hz, 1H), 4.20 (s, 1H), 3.10 (s, 3H), 3.01 (s, 3H), 2.92 (s, 3H)
ppm. 13C NMR (176 MHz, DMSO-d6): δ 176.2, 168.2, 167.7, 158.2, 149.8, 143.0, 133.5, 131.9,
131.6, 130.3, 129.5, 129.1, 127.9, 127.1, 122.3, 121.0, 116.2, 109.0, 78.2, 67.9, 63.6, 63.3, 28.6,
28.3, 26.4 ppm. HRMS (ESI): m/z calcd. for C25H21

79BrN5O4 [M + H]+ 534.0771, found
534.0786; calcd. for C25H21

81BrN5O4 [M + H]+ 536.0751, found 536.0770.
(2′R,3S)-4′-Amino-2′-(3,4-dimethoxyphenyl)-1,1′′,3′′-trimethyl-2,2′′,4′′,6′′-tetraoxo-

1′′,3′′,4′′,6′′-tetrahydro-2′′H-dispiro[indoline-3,1′-cyclopentane-3′,5′′-pyrimidin]-4′-ene-5′-
carbonitrile (3ia). According to the general procedure from 1i (73.0 mg, 0.24 mmol) and
2a (42.2 mg, 0.2 mmol) to obtain 90.2 mg (93% yield) compound 3ia as a yellow solid,
m.p. 203–205 ◦C. HPLC (Daicel Chiralpak ADH, n-hexane/2-propanol = 80:20, flow rate
1.0 mL/min, detection at 254 nm): tR = 19.0 min (minor), tR = 21.3 min (major), 73% ee.
[α]D

25 = +49.1 (c = 0.7, CH2Cl2). 1H NMR (700 MHz, DMSO-d6): δ 8.10 (d, J = 7.7 Hz, 1H),
7.31 (t, J = 7.7 Hz, 1H), 7.18 (t, J = 7.7 Hz, 3H), 6.90 (d, J = 7.7 Hz, 1H), 6.65 (d, J = 8.4 Hz,
1H), 6.37 (dd, J1 = 8.0 Hz, J2 = 1.4 Hz, 1H), 6.21 (s, 1H), 4.17 (s, 1H), 3.61 (s, 3H), 3.33 (s, 3H),
3.11 (s, 3H), 3.00 (s, 3H), 2.87 (s, 3H) ppm. 13C NMR (176 MHz, DMSO-d6): δ 176.6, 168.7,
167.9, 158.5, 150.0, 148.9, 147.5, 143.2, 129.2, 128.8, 127.2, 123.0, 122.8, 122.1, 116.4, 111.5,
110.7, 108.9, 78.3, 68.2, 64.5, 63.5, 55.1, 55.0, 28.6, 28.4, 26.4 ppm. HRMS (ESI): m/z calcd. for
C27H26N5O6 [M + H]+ 516.1878, found 516.1895.

(2′R,3S)-4′-Amino-2′-(4-bromophenyl)-1,1′′,3′′-trimethyl-2,2′′,4′′,6′′-tetraoxo-1′′,3′′,4′′,6′′-
tetrahydro-2′′H-dispiro[indoline-3,1′-cyclopentane-3′,5′′-pyrimidin]-4′-ene-5′-carbonitrile
(3ja). According to the general procedure from 1j (77.3 mg, 0.24 mmol) and 2a (42.2 mg,
0.2 mmol) to obtain 98.1 mg (92% yield) compound 3ja as a pink solid, m.p. 217–219 ◦C.
HPLC (Daicel Chiralpak IA, n-hexane/2-propanol = 70:30, flow rate 1.0 mL/min, detection
at 254 nm): tR = 7.5 min (minor), tR = 12.4 min (major); 84% ee. [α]D

25 = +27.4 (c = 0.9,
CH2Cl2). 1H NMR (400 MHz, DMSO-d6): δ 8.01 (dd, J1 = 7.6 Hz, J2 = 0.8 Hz, 1H), 7.32–7.27
(m, 3H), 7.20–7.15 (m, 3H), 6.88 (d, J = 8.0 Hz, 1H), 6.72 (d, J = 8.8 Hz, 2H), 4.22 (s, 1H),
3.09 (s, 3H), 3.01 (s, 3H), 2.93 (s, 3H) ppm. 13C NMR (176 MHz, DMSO-d6): δ 176.4, 168.5,
167.8, 158.4, 149.9, 143.0, 131.5, 131.1, 130.5, 129.5, 128.0, 127.3, 122.6, 122.5, 116.3, 108.9, 78.4,
67.8, 63.9, 63.4, 28.7, 28.5, 26.5 ppm. HRMS (ESI): m/z calcd. for C25H21

79BrN5O4 [M + H]+

534.0771, found 534.0793; calcd. for C25H21
81BrN5O4 [M + H]+ 536.0751, found 536.0777.

(2′R,3S)-4′-Amino-1-benzyl-1′′,3′′-dimethyl-2,2′′,4′′,6′′-tetraoxo-2′-phenyl-1′′,3′′,4′′,6′′-
tetrahydro-2′′H-dispiro[indoline-3,1′-cyclopentane-3′,5′′-pyrimidin]-4′-ene-5′-carbonitrile
(3ab). According to the general procedure from 1a (58.6 mg, 0.24 mmol) and 2b (57.4 mg,
0.2 mmol) to obtain 100.9 mg (95% yield) compound 3ab as a yellow solid, m.p. 165–167 ◦C.
HPLC (Daicel Chiralpak IC, n-hexane/2-propanol = 70:30, flow rate 1.0 mL/min, detection
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at 254 nm): tR = 40.3 min (minor), tR = 24.9 min (major), >99% ee. [α]D
25 = −11.4 (c = 0.4,

CH2Cl2). 1H NMR (400 MHz, CDCl3): δ 8.17 (dd, J1 = 6.4 Hz, J2 = 1.4 Hz, 1H), 7.24–7.20 (m,
1H), 7.17–7.00 (m, 7H), 6.82 (d, J = 7.6 Hz, 2H), 6.61 (d, J = 7.6 Hz, 2H), 6.41 (d, J = 7.2 Hz,
1H), 5.60 (s, 2H), 5.02 (d, J = 16.4 Hz, 1H), 4.49 (d, J = 16.4 Hz, 1H), 4.44 (s, 1H), 3.13 (s, 3H),
2.93 (s, 3H) ppm. 13C NMR (101 MHz, CDCl3): δ 177.2, 168.6, 167.2, 158.2, 149.8, 142.3,
134.4, 130.5, 123.0, 129.55, 129.52, 128.5, 128.30, 128.27, 127.7, 127.2, 126.1, 123.1, 115.5, 109.5,
83.3, 68.8, 66.1, 64.1, 43.8, 29.1, 28.8 ppm. HRMS (ESI): m/z calcd. for C31H26N5O4 [M + H]+

532.1979, found 532.2000.
(2′R,3S)-4′-Amino-6-chloro-1,1′′,3′′-trimethyl-2,2′′,4′′,6′′-tetraoxo-2′-phenyl-1′′,3′′,4′′,6′′-

tetrahydro-2′′H-dispiro[indoline-3,1′-cyclopentane-3′,5′′-pyrimidin]-4′-ene-5′-carbonitrile
(3ac). According to the general procedure from 1a (58.6 mg, 0.24 mmol) and 2c (49.0 mg,
0.2 mmol) to obtain 90.0 mg (92% yield) compound 3ac as a yellow solid, m.p. 172–174 ◦C.
HPLC (Daicel Chiralpak ADH, n-hexane/2-propanol = 70:30, flow rate 1.0 mL/min, detec-
tion at 254 nm): tR = 8.0 min (minor), tR = 15.6 min (major), 91% ee. [α]D

25 = −30.9 (c = 0.4,
CH2Cl2). 1H NMR (700 MHz, DMSO-d6): δ 8.04 (d, J = 8.4 Hz, 1H), 7.25 (dd, J1 = 8.0 Hz,
J2 = 2.2 Hz, 3H), 7.19 (t, J = 7.4 Hz, 1H), 7.11 (t, J = 7.7 Hz, 2H), 7.04 (d, J = 1.4 Hz, 1H),
6.75 (d, J = 7.7 Hz, 2H), 4.23 (s, 1H), 3.07 (s, 3H), 3.01 (s, 3H), 2.89 (s, 3H) ppm. 13C NMR
(176 MHz, DMSO-d6): δ 176.6, 168.5, 167.9, 158.7, 149.8, 144.5, 133.8, 130.8, 129.3, 129.2,
128.6, 128.2, 127.2, 122.1, 116.1, 109.3, 77.9, 67.9, 64.7, 63.2, 28.6, 28.4, 26.6 ppm. HRMS (ESI):
m/z calcd. for C25H21ClN5O4 [M + H]+ 490.1277, found 490.1300.

(2′R,3S)-4′-amino-1,1′′,3′′,5,7-pentamethyl-2,2′′,4′′,6′′-tetraoxo-2′-phenyl-1′′,3′′,4′′,6′′-
tetrahydro-2′′H-dispiro[indoline-3,1′-cyclopentane-3′,5′′-pyrimidin]-4′-ene-5′-carbonitrile
(3ad). According to the general procedure from 1a (58.6 mg, 0.24 mmol) and 2d (47.8 mg,
0.2 mmol) to obtain 86.9 mg (90% yield) compound 3ad as a white solid, m.p. 181–182 ◦C.
HPLC (Daicel Chiralpak IC, n-hexane/2-propanol = 70:30, flow rate 1.0 mL/min, detection
at 254 nm): tR = 56.3 min (minor), tR = 40.3 min (major), 90% ee. [α]D

25 = −40.6 (c = 0.4,
CH2Cl2). 1H NMR (700 MHz, DMSO-d6): δ 7.76 (s, 1H), 7.16 (t, J = 7.4 Hz, 1H), 7.13 (s,
2H), 7.07 (t, J = 7.7 Hz, 2H), 6.83 (s, 1H), 6.76 (d, J = 7.7 Hz, 2H), 4.22 (s, 1H), 3.23 (s, 3H),
3.07 (s, 3H), 2.84 (s, 3H), 2.33 (s, 3H), 2.31 (s, 3H) ppm. 13C NMR (176 MHz, DMSO-d6):
δ 177.1, 168.7, 167.8, 158.2, 149.8, 138.5, 133.3, 131.3, 130.8, 129.5, 129.1, 128.9, 128.0, 126.0,
119.3, 116.5, 79.2, 68.2, 65.0, 63.0, 29.6, 28.5, 28.4, 20.7, 18.3 ppm. HRMS (ESI): m/z calcd. for
C27H26N5O4 [M + H]+ 484.1979, found 484.1992.

(2′R,3S)-4′-Amino-6-fluoro-1,1′′,3′′-trimethyl-2,2′′,4′′,6′′-tetraoxo-2′-phenyl-1′′,3′′,4′′,6′′-
tetrahydro-2′′H-dispiro[indoline-3,1′-cyclopentane-3′,5′′-pyrimidin]-4′-ene-5′-carbonitrile
(3ae). According to the general procedure from 1a (58.6 mg, 0.24 mmol) and 2e (45.8 mg,
0.2 mmol) to obtain 79.5 mg (84% yield) compound 3ae as a white solid, m.p. 173–175 ◦C.
HPLC (Daicel Chiralpak IC, n-hexane/2-propanol = 70:30, flow rate 1.0 mL/min, detection
at 254 nm): tR = 9.4 min (minor), tR = 11.8 min (major), 82% ee. [α]D

25 = −62.8 (c = 1,
CH2Cl2). 1H NMR (700 MHz, DMSO-d6): δ 8.04 (dd, J1 = 7.7 Hz, J2 = 5.6 Hz, 1H), 7.23
(s, 2H), 7.18 (t, J = 7.4 Hz, 1H), 7.10 (t, J = 7.4 Hz, 2H), 7.01–6.98 (m, 1H), 6.86 (d, J = 9.1 Hz,
1H), 6.75 (d, J = 8.4 Hz, 2H), 4.22 (s, 1H), 3.07 (s, 3H), 3.00 (s, 3H), 2.88 (s, 3H) ppm. 13C
NMR (176 MHz, DMSO-d6): δ 176.9, 168.6, 167.9, 162.8 (d, 1JC–F = 243.8 Hz), 158.5, 149.8,
144.8 (d, 2JC–F = 12.1 Hz), 130.9, 129.4, 129.1, 128.8 (d, 3JC–F = 9.7 Hz), 128.1, 124.0 (d,
4JC–F = 2.5 Hz), 116.2, 108.4 (d, 2JC–F = 22.2 Hz), 97.5 (d, 2JC–F = 27.6 Hz), 78.1, 68.0, 64.7,
63.1, 28.6, 28.4, 26.7 ppm. 19F NMR (659 MHz, DMSO-d6): δ −110.9. HRMS (ESI): m/z
calcd. for C25H21FN5O4 [M + H]+ 474.1572, found 474.1602.

(2′R,3S)-4′-Amino-6-bromo-1,1′′,3′′-trimethyl-2,2′′,4′′,6′′-tetraoxo-2′-phenyl-1′′,3′′,4′′,6′′-
tetrahydro-2′′H-dispiro[indoline-3,1′-cyclopentane-3′,5′′-pyrimidin]-4′-ene-5′-carbonitrile
(3af). According to the general procedure from 1a (58.6 mg, 0.24 mmol) and 2f (57.8 mg,
0.2 mmol) to obtain 101.3 mg (95% yield) compound 3af as a white solid, m.p. 161–163 ◦C.
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HPLC (Daicel Chiralpak IC, n-hexane/2-propanol = 70:30, flow rate 1.0 mL/min, detection
at 254 nm): tR = 17.9 min (major); >99% ee. [α]D

25 = −42.4 (c = 0.5, CH2Cl2). 1H NMR
(700 MHz, DMSO-d6): δ 7.97 (d, J = 7.7 Hz, 1H), 7.39 (dd, J1 = 8.0 Hz, J2 = 1.8 Hz, 1H),
7.25 (s, 2H), 7.19 (t, J = 7.4 Hz, 1H), 7.16 (d, J = 1.4 Hz, 1H), 7.11 (t, J = 7.7 Hz, 2H), 6.75 (d,
J = 7.7 Hz, 2H), 4.23 (s, 1H), 3.07 (s, 3H), 3.01 (s, 3H), 2.89 (s, 3H) ppm. 13C NMR (176 MHz,
DMSO-d6): δ 176.4, 168.5, 167.8, 158.7, 149.8, 144.6, 130.8, 129.3, 129.2, 129.0, 128.2, 127.6,
125.0, 122.2, 116.1, 112.1, 77.9, 67.9, 64.3, 63.2, 28.6, 28.4, 26.6 ppm. HRMS (ESI): m/z
calcd. for C25H21

79BrN5O4 [M + H]+ 534.0771, found 534.0785; calcd. for C25H21
81BrN5O4

[M + H]+ 536.0751, found 536.0765.
(2′R,3S)-4′-Amino-5-fluoro-1,1′′,3′′-trimethyl-2,2′′,4′′,6′′-tetraoxo-2′-phenyl-1′′,3′′,4′′,6′′-

tetrahydro-2′′H-dispiro[indoline-3,1′-cyclopentane-3′,5′′-pyrimidin]-4′-ene-5′-carbonitrile
(3ag). According to the general procedure from 1a (58.6 mg, 0.24 mmol) and 2g (45.8 mg,
0.2 mmol) to obtain 89.9 mg (95% yield) compound 3ag as a white solid, m.p. 201–203 ◦C.
HPLC (Daicel Chiralpak ADH, n-hexane/2-propanol = 70:30, flow rate 1.0 mL/min, de-
tection at 254 nm): tR = 18.7 min (minor), tR = 20.2 min (major); 95% ee. [α]D

25 = −58.6
(c = 0.5, CH2Cl2). 1H NMR (700 MHz, DMSO-d6): δ 7.91 (dd, J1 = 8.8 Hz, J2 = 2.4 Hz, 1H),
7.28 (s, 2H), 7.20–7.15 (m, 2H), 7.12 (t, J = 7.7 Hz, 2H), 6.90 (dd, J1 = 8.4 Hz, J2 = 4.2 Hz,
1H), 6.76 (d, J = 7.7 Hz, 2H), 4.26 (s, 1H), 3.07 (s, 3H), 3.00 (s, 3H), 2.91 (s, 3H) ppm. 13C
NMR (176 MHz, DMSO-d6): δ 176.2, 168.5, 168.0, 158.8, 158.3 (1JC–F = 237.4 Hz), 149.8,
139.4, 130.8, 130.2 (3JC–F = 8.3 Hz), 129.23, 129.19, 128.3, 116.1, 115.7 (2JC–F = 23.4 Hz), 114.8
(2JC–F = 25.7 Hz), 109.8 (3JC–F = 8.3 Hz), 78.1, 67.9, 64.6, 63.8, 29.9, 28.6, 28.4, 26.6 ppm. 19F
NMR (659 MHz, DMSO-d6) δ −120.1. HRMS (ESI): m/z calcd. for C25H21FN5O4 [M + H]+

474.1572, found 474.1595.
(2′R,3S)-4′-Amino-5-bromo-1,1′′,3′′-trimethyl-2,2′′,4′′,6′′-tetraoxo-2′-phenyl-1′′,3′′,4′′,6′′-

tetrahydro-2′′H-dispiro[indoline-3,1′-cyclopentane-3′,5′′-pyrimidin]-4′-ene-5′-carbonitrile
(3ah). According to the general procedure from 1a (58.6 mg, 0.24 mmol) and 2h (57.8 mg,
0.2 mmol) to obtain 101.3 mg (95% yield) compound 3ah as a white solid, m.p. 192–194 ◦C.
HPLC (Daicel Chiralpak IA, n-hexane/2-propanol = 80:20, flow rate 1.0 mL/min, detection
at 254 nm): tR = 14.1 min (minor), tR = 11.3 min (major), >99% ee. [α]D

25 = −211.6 (c = 0.8,
CH2Cl2). 1H NMR (700 MHz, DMSO-d6): δ 8.23 (d, J = 2.1 Hz, 1H), 7.50 (dd, J1 = 8.4
Hz, J2 = 2.1 Hz, 1H), 7.30 (s, 2H), 7.19 (t, J = 7.4 Hz, 1H), 7.12 (t, J = 7.7 Hz, 2H), 6.87 (d,
J = 8.4 Hz, 1H), 6.75 (d, J = 7.0 Hz, 2H), 4.24 (s, 1H), 3.07 (s, 3H), 2.99 (s, 3H), 2.90 (s, 3H)
ppm. 13C NMR (176 MHz, DMSO-d6): δ 176.0, 168.4, 167.9, 158.8, 149.7, 142.3, 132.0, 130.8,
130.7, 130.0, 129.23, 129.18, 128.3, 116.1, 114.2, 110.8, 77.9, 67.8, 64.6, 63.5, 28.6, 28.4, 26.6
ppm. HRMS (ESI): m/z calcd. for C25H21

79BrN5O4 [M + H]+ 534.0771, found 534.0786;
calcd. for C25H21

81BrN5O4 [M + H]+ 536.0751, found 536.0769.
(2′R,3S)-4′-Amino-5-chloro-1,1′′,3′′-trimethyl-2,2′′,4′′,6′′-tetraoxo-2′-phenyl-1′′,3′′,4′′,6′′-

tetrahydro-2′′H-dispiro[indoline-3,1′-cyclopentane-3′,5′′-pyrimidin]-4′-ene-5′-carbonitrile
(3ai). According to the general procedure from 1a (58.6 mg, 0.24 mmol) and 2i (49.0 mg,
0.2 mmol) to obtain 90.0 mg (92% yield) compound 3ai as a white solid, m.p. 201–204 ◦C.
HPLC (Daicel Chiralpak IA, n-hexane/2-propanol = 90:10, flow rate 1.0 mL/min, detec-
tion at 254 nm): tR = 45.7 min (minor), tR = 32.5 min (major); >99% ee. [α]D

25 = −100.6
(c = 0.5, CH2Cl2). 1H NMR (700 MHz, DMSO-d6): δ 8.11 (d, J = 2.8 Hz, 1H), 7.37 (dd,
J1 = 8.4 Hz, J2 = 2.8 Hz, 1H), 7.30 (s, 2H), 7.19 (t, J = 7.7 Hz, 1H), 7.12 (t, J = 7.7 Hz, 2H),
6.92 (d, J = 7.7 Hz, 1H), 6.75 (dd, J1 = 8.4 Hz, J2 = 1.4 Hz, 2H), 4.25 (s, 1H), 3.08 (s, 3H),
3.00 (s, 3H), 2.91 (s, 3H) ppm. 13C NMR (176 MHz, DMSO-d6): δ 176.1, 168.4, 168.0, 158.8,
149.74, 142.0, 130.7, 130.4, 129.23, 129.19, 128.3, 127.2, 126.5, 116.1, 110.4, 77.9, 67.8, 64.6, 63.6,
28.6, 28.4, 26.6 ppm. HRMS (ESI): m/z calcd. for C25H21ClN5O4 [M + H]+ 490.1277, found
490.1304.
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(2′R,3S)-4′-Amino-1,1′′,3′′-trimethyl-2,2′′,4′′,6′′-tetraoxo-2′-phenyl-7-(trifluoromethyl)-
1′′,3′′,4′′,6′′-tetrahydro-2′′H-dispiro[indoline-3,1′-cyclopentane-3′,5′′-pyrimidin]-4′-ene-5′-
carbonitrile (3aj). According to the general procedure from 1a (58.6 mg, 0.24 mmol) and
2j (55.8 mg, 0.2 mmol) to obtain 88.9 mg (85% yield) compound 3aj as a white solid,
m.p. 177–179 ◦C. HPLC (Daicel Chiralpak IA, n-hexane/2-propanol = 70:30, flow rate
1.0 mL/min, detection at 254 nm): tR = 5.6 min (minor), tR = 7.6 min (major); 83% ee.
[α]D

25 = −60.8 (c = 0.5, CH2Cl2). 1H NMR (700 MHz, DMSO-d6): δ 8.37 (d, J = 7.0 Hz, 1H),
7.64 (dd, J1 = 8.0 Hz, J2 = 1.0 Hz, 1H), 7.38 (t, J = 8.0 Hz, 3H), 7.17 (t, J = 7.4 Hz, 1H), 7.07 (t,
J = 7.7 Hz, 2H), 6.67 (d, J = 7.0 Hz, 2H), 4.22 (s, 1H), 3.14 (s, 3H), 3.08 (s, 3H), 2.89 (s, 3H)
ppm. 13C NMR (176 MHz, DMSO-d6): δ 178.0, 168.5, 167.8, 159.3, 149.8, 140.6, 131.4, 131.3,
130.4, 129.2, 128.1, 127.3, 127.2 (q, 3JC–F = 5.5 Hz), 123.2 (q, 1JC–F = 271.2 Hz), 122.2, 116.0,
110.9 (q, 2JC–F = 32.7 Hz), 77.2, 67.8, 65.3, 62.2, 29.0 (q, JC–F = 5.8 Hz), 28.6, 28.4 ppm. 19F
NMR (659 MHz, DMSO-d6): δ −52.1. HRMS (ESI): m/z calcd. for C26H21F3N5O4 [M + H]+

524.1540, found 524.1559.
(2′R,3S)-4′-Amino-1,1′′,3′′,7-tetramethyl-2,2′′,4′′,6′′-tetraoxo-2′-phenyl-1′′,3′′,4′′,6′′-

tetrahydro-2′′H-dispiro[indoline-3,1′-cyclopentane-3′,5′′-pyrimidin]-4′-ene-5′-carbonitrile
(3ak). According to the general procedure from 1a (58.6 mg, 0.24 mmol) and 2k (45.0 mg,
0.2 mmol) to obtain 89.1 mg (95% yield) compound 3ak as a white solid, m.p. 182–185 ◦C.
HPLC (Daicel Chiralpak IA, n-hexane/2-propanol = 70:30, flow rate 1.0 mL/min, detection
at 254 nm): tR = 7.5 min (minor), tR = 9.3 min (major); 82% ee. [α]D

25 = 23.4 (c = 0.4, CH2Cl2).
1H NMR (700 MHz, DMSO-d6): δ 7.92 (d, J = 6.3 Hz, 1H), 7.18–7.14 (m, 3H), 7.08–7.01 (m,
3H), 6.75 (d, J = 7.7 Hz, 2H), 4.23 (s, 1H), 3.27 (s, 3H), 3.07 (s, 3H), 2.84 (s, 3H), 2.38 (s, 3H)
ppm. 13C NMR (176 MHz, DMSO-d6): δ 177.2, 168.7, 167.8, 158.3, 149.8, 140.8, 132.9, 131.2,
129.5, 129.0, 128.0, 125.4, 122.1, 119.7, 116.4, 79.0, 68.2, 65.0, 62.9, 29.6, 28.5, 28.3, 18.4 ppm.
HRMS (ESI): m/z calcd. for C26H24N5O4 [M + H]+ 470.1823, found 470.1834.

3.5. Gram-Scale Synthesis of 3aa

To a dried 50 mL round-bottom flask, benzylidene barbituric acid 1a (1.17 g, 4.8 mmol),
oxindolylmalonitrile 2a (0.84 g, 4.0 mmol), chiral organocatalyst C5 (101.6 mg, 0.2 mmol,
0.05 equiv), and CH2Cl2 (20 mL) were added. After stirring at room temperature for
8 h, the reaction mixture was concentrated and directly purified by silica gel column
chromatography (200–300 mesh) using ethyl acetate/petroleum ether (1:2) as eluent to
afford the desired product 3aa (1.6 g, 88% yield).

4. Conclusions

In summary, we developed an efficient and practical asymmetric Michael/cyclization
reaction of benzylidene barbituric acids with oxindolylmalonitriles at room temperature.
Using a squaramide catalyst, a series of chiral bisspiro barbituric acid derivatives were
obtained in high yields (72–97%) with high-to-excellent stereoselectivities (up to >99% ee
and >20:1 dr). In addition, the practicability of the reaction was verified by the preparation
of the product at the gram-scale.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/molecules30092000/s1, Copies of 1H and 13C NMR spectra,
HPLC chromatograms for all new compounds.
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Abstract

In this study, CGMCC NO:28566, a strain that can efficiently convert Ethyl 4-chloroacetoacetate
(COBE) to (R)-4-chloro-3-hydroxybutyrate((R)-CHBE), was screened by soil-sieving bac-
teria. In order to improve the transformation effect of the strain, the natural low-eutectic
solvent (NADES), which can alter the cell permeability, was utilized for assisted catalysis,
and a better catalytic effect was achieved. This study was carried out using a co-culture
of strains with NADES and secondary addition of NADES on the basis of co-culture, and
10 NADESs were screened at the same time. The co-catalytic effect of 0.5% (w/v) choline
chloride: urea (1:2) (ChCl:U (1:2)) was found to be the most significant, with a yield of
(R)-CHBE reaching 89.1%, which was 58.2% higher than that of the control group, with a
99% ee value. Furthermore, the catalytic results demonstrated that the co-culture of the
strain with NADES during fermentation yielded superior outcomes to the secondary addi-
tion of NADES during the reaction buffer. Furthermore, the catalytic effect of ChCl:U (1:2)
was demonstrated to be superior to that of its individual components or single-component
blends, due to its distinctive valence bonding advantage. The results indicate that the addi-
tion of 0.5% (w/v) ChCl:U (1:2) during the co-culture process has the effect of improving
cell permeability to a certain extent, thereby increasing the contact between the substrate
and the enzyme during the whole-cell catalytic reactions.

Keywords: NADES; co-culture; cell permeability; whole-cell catalysis

1. Introduction

Natural low-eutectic solvents (NADES) are composed of natural hydrogen-bond
acceptors (HBAs) and natural hydrogen-bond donors (HBDs) [1–3]. The discovery of
NADES offers a promising avenue for addressing the limitations of ionic liquids [4]. NADES
can be used for extraction, solubility enhancement, and stabilization of bioactives [5]. In
terms of composition, the natural hydrogen bond acceptors in NADES are predominantly
quaternary ammonium salts, including betaine, dihydrocholine citrate, and choline chloride.
In contrast, the hydrogen bond donors are primarily alcohols, sugars, organic acids, and
urea [6].

The majority of pro-chiral ketone substrates are organic compounds that are insolu-
ble in water. In order to facilitate the dissolution of the substrate, organic solvents such
as isopropanol, glycerol, and ethanol are often employed to enhance the dissolution
process [7]. Nevertheless, the addition of a considerable number of organic solvents
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can potentially cause damage to the cells. Consequently, researchers have focused their
attention on the NADES, which are less toxic and have superior solubility properties [4].
Furthermore, NADES pre-treatment can enhance catalytic efficiency to a certain extent
by modifying cell permeability, thereby increasing enzyme-substrate contact [8,9]. The
advantages of NADES-assisted catalysis include NADES media ensuring higher activity
for a wide range of enzymes, increased substrate solubility, and altered cell membrane
permeability [10].

Isolation and purification of enzymes is a time-consuming process that will also result
in the loss of enzyme content and the reduction in enzyme activity during purification,
thus leading to a higher production cost [11]. In contrast, whole-cell catalysis enables the
catalysis of the substrate without the destruction of the cells, which reduces the production
cost and simplifies the production process [12]. Nevertheless, the principal obstacle to
whole-cell catalysis is the challenge of mass transfer between intracellular enzymes and
substrates in solvent systems [13]. The cell membrane of microorganisms exhibits a greater
degree of selectivity in regulating the permeability of substances entering and exiting
the cell [14]. In contrast, NADES can achieve changes in catalytic efficiency by altering
the permeability of cell membranes [15]. The novel approach of co-culture with NADES
represents a new type of assisted catalysis that pre-treats the permeability of bacterial cells
during the enrichment stage of the bacterium. The method described by Qian et al. resulted
in a notable enhancement in the production of chiral alcohols [9].

Ethyl 4-chloroacetoacetate (COBE) can be reduced asymmetrically to the enantiomers
(R)-CHBE and (S)-CHBE [16]. (R)-CHBE can be employed as a pivotal intermediate in the
synthesis of numerous pharmaceuticals. For instance, (R)-CHBE is utilized in the synthesis
of antibiotics, macrolides, γ-amino-hydroxybutyric acid, cyclohexanone, and other com-
pounds. Furthermore, it is employed in the synthesis of a plethora of pharmaceuticals,
including antibacterial and anti-inflammatory agents, treatments for Alzheimer’s disease,
cardiovascular disorders, and agents that address the dietary fatigue link and other related
conditions [17,18].

In this study, the CGMCC NO:28566 strain, which is capable of efficiently converting
COBE to (R)-CHBE, was screened by soil-sieving bacteria. Ten NADESs were then used
to assist the catalysis of the CGMCC NO:28566 strain. The yields and ee% of (R)-CHBE
obtained by catalysis of COBE by whole-cell strains were employed as reference standards,
from which NADES that could effectively enhance the catalytic effect were identified. In
parallel, the quantity of the preferred NADES added, the method of addition, the individual
components and blends, as well as the pivotal reaction conditions, and the cell membrane
permeability were subjected to further investigation.

2. Results and Discussion

2.1. Identification of the Best Strains

The preferred strain, yielding (R)-CHBE at 95.7% and ee at 99%, was finally screened
and named Burkholderia cepacia WZ-5. Burkholderia cepacia WZ-5 was preserved in the China
General Microbiological Culture Collection Center and designated CGMCC No:28566.
Microscopic observation, agarose nucleic acid electrophoresis of 16S rDNA sequences, and
the evolutionary tree of the species are shown in Figure 1.
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Figure 1. Identification of the best strains. (a) Microscope picture of strain No:28566; (b) Agarose
nucleic acid electrophoresis of 16S rDNA sequences; (c) Evolutionary tree of the species.

2.2. Substrate Conversion Analysis

The substrate profile used by the CGMCC NO:28566 strain to reduce prochiral ketones
was analyzed. As can be seen from Figure 2, the CGMCC NO:28566 strain has the ability to
transform a variety of substrates, including a, b, c, and j, which are fluorinated aromatic
ketones, and b has a 95.2% yield and 90.1% ee value. In addition, the strain also converted
ester substrates such as e and i, and had a 95.7% yield and 99% ee value for COBE. COBE
will be chosen as a substrate for further studies.

Figure 2. CGMCC NO:28566 strain catalytic substrate analysis. Reaction conditions: 10 mL PB buffer
(pH 7.0), 120 g/L wet cells, 100 g/L glucose as co-substrate, 15 mM COBE, 200 rpm, and 25 ◦C for
30 h.
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2.3. Effect of Medium Type on the Catalytic Activity of CGMCC NO:28566 Strain

As shown in Figure 3, LB medium, modified LB medium, complete medium, and
TSB medium were selected as the basis for screening. Under the same reaction conditions,
the yields of (R)-CHBE were TSB medium > complete medium > modified LB medium
or LB medium, respectively, and the TSB medium had an 85.7% yield and a 99% ee
value. It was postulated that the TSB medium was rich in carbon and nitrogen sources,
as well as inorganic salts, which allowed the CGMCC NO:28566 strain to grow rapidly
and demonstrate enhanced transformation effects. Consequently, TSB liquid medium was
selected as the seed medium and fermentation medium for the CGMCC NO:28566 strain.

Figure 3. Effect of medium type on the catalytic activity of CGMCC NO:28566. Reaction conditions:
5 mL PB buffer (pH 7.0), 100 g/L wet cells, 100 g/L glucose as co-substrate, 15 mM COBE, 200 rpm,
and 25 ◦C for 30 h.

2.4. Effect of NADESs and the Method of Addition of NADES on the Reduction Activity of
CGMCC NO:28566

As illustrated in Figure 4, all 10 NADESs (Table 1) exhibited enhanced activity com-
pared to the control. For instance, betaine:urea (1:2), proline:urea (1:2), choline chlo-
ride:glycerol (1:2), and choline chloride:urea (1:2) were observed to facilitate catalysis,
resulting in 42.8%, 37.5%, and 33.9% higher yields of (R)-CHBE compared to the control,
respectively. The assisted catalysis of ChCl:U (1:2) had the most significant effect, with
the yield of (R)-CHBE reaching 89.1%, which was 58.2% higher than that of the control
group. Conversely, the co-culture-based secondary addition of NADES resulted in lower
yields than the control group in all experimental groups, with the lowest (R)-CHBE yield
reaching 29.6%. It was observed that, following the addition of two NADES solutions,
the yield of the experimental group in which ChCl:U (1:2) was employed was found to
be significantly lower. In this study, two methods of adding NADES were employed
for reduction. The first method was co-culture treatment with 0.5% (w/v) ChCl:U (1:2).
The second method involved the re-addition of 0.5% (w/v) ChCl:U (1:2) to the reaction
buffer under co-culture conditions. The results indicated no significant differences in ee
values between the two NADES addition methods. However, co-culture supplementation
significantly enhanced (R)-CHBE yield compared to buffer re-addition.
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Figure 4. Effect of two NADES addition methods on reduction reaction. A: re-addition of 0.5% (w/v)
ChCl:U (1:2) to the reaction buffer under co-culture conditions. B: co-culture treatment with 0.5%
(w/v) ChCl:U (1:2).

Table 1. NADES for experiments.

Component I Component II Proportion (mol)

betaine glycerol 1:2
betaine xylitol 1:2
betaine urea 1:2

choline chloride urea 1:2
choline chloride xylitol 1:2
choline chloride glucose 3:2
choline chloride glycerol 1:2
choline chloride lysine 1:2
choline chloride glutathione 1:1

proline urea 1:2

When choline chloride is combined with urea in a 1:2 molar ratio to create a
low-eutectic solvent, the resulting fluidic liquid contains anionic, cationic, and neutral
molecules [15]. Upon the introduction of ChCl:U (1:2) into an aqueous solution, the pres-
ence of water molecules results in a disruption of the solvent’s structural integrity. This
may result in the partial breaking of hydrogen bonds and the partial dissociation of the
two components, choline chloride and urea [19]. In contrast, CGMCC NO:28566 was
a Gram-negative bacterium. The cytoplasmic membrane of this bacterium contained a
substantial quantity of peptidoglycan outside the membrane, which was employed to
maintain the structural stability of the cell wall. The partially dissociated choline chloride
cation is capable of interacting with the polysaccharide backbone and peptide chains in
peptidoglycan, a process that is facilitated by hydrogen bonding or electrostatic forces [20].
It is also possible that Cl− may interact with the cell membrane in a manner that could
result in alterations to the cell wall or cell membrane structure [20]. The alteration may be
slight or drastic, but the addition of urea as a hydrogen bond donor at this time alters or
reduces the damaging effect. This can be explained by the fact that the addition of urea
forms a hydrogen bond with the salt anion [21]. This mechanism reduces the toxicity of
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choline chloride to the cell while concomitantly modifying the structural and functional
permeability of the cell wall and cell membrane [20]. The series of interactions described
above results in a more stable binding of the substrate COBE to the enzyme, thus facilitating
the completion of the catalytic process.

The results demonstrated that the solvent ChCl:U (1:2) exerted a more pronounced
effect on the bacterial structure, yet caused greater damage when reintroduced during the
substrate transformation phase [22]. It was therefore concluded that it would be more
beneficial to assist the process of catalysis by affecting the bacterial structure during the
growth period of the strain.

2.5. Effect of ChCl:U (1:2) Content on the Reduction Reaction

The results of the addition analysis showed that the concentration of ChCl:U (1:2)
solvent required further optimization. Figure 5 illustrates that the addition of ChCl:U
(1:2) had no significant effect on the ee value of (R)-CHBE. The results indicated that the
addition of 0.1% (w/v) did not have a significant effect on the co-catalysis, with the yield
of (R)-CHBE increasing from 50.9% to 53.6%. However, the (R)-CHBE yield increased
from 53.6% to 85.4% at 0.5% (w/v) ChCl:U (1:2), indicating that this additive concentration
significantly affected cellular structure. The yield of (R)-CHBE exhibited a notable decline
at additive dosages between 1% (w/v) and 2% (w/v). This further demonstrates the low
toxicity of the low-eutectic solvent as well as the investigability of the addition method.
Consequently, adding 0.5% (w/v) ChCl:U (1:2) was more beneficial for enhancing (R)-CHBE
yield in the strain’s fermentation culture.

Figure 5. Effect of ChCl:U (1:2) content on the reduction reaction.

2.6. Comparison of Optimization of Key Reaction Conditions Before and After
Co-Culture Treatment
2.6.1. Effect of Temperature on Reduction Reaction Before and After Co-Culture Treatment

As illustrated in Figure 6, the yield of (R)-CHBE exhibited a notable reduction from
85.9% to 76.4% when the reaction temperature was elevated from 25 ◦C to 30 ◦C following
co-culture treatment. Further increases in temperature, up to 35 ◦C and 45 ◦C, resulted in a
yield of only 65.7%. This indicates that as the temperature rises, the activity of the cells,
which are already partially altered in their cellular structure, is destroyed by the higher
temperature. Nevertheless, the observed decline in ee value at temperatures between
40 and 45 ◦C may be attributed to a reduction in enzyme activity and stereoselectivity.
Prior to and following the co-culture treatment, there was no significant decrease in yield,
indicating that the CGMCC NO:28566 strain exhibits enhanced high-temperature resistance.
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The optimal reaction temperature for CGMCC NO:28566 in the absence of the co-culture
treatment was 35 ◦C. In contrast, the co-culture treatment resulted in a reduction in the
optimum selection temperature to 25 ◦C.

Figure 6. Effect of temperature on reduction reaction before and after co-culture treatment. A: co-
culture treatment with 0.5% (w/v) ChCl:U (1:2). B: no co-culture treatment.

2.6.2. Effect of Reaction Time on Reduction Reaction Before and After
Co-Culture Treatment

The results of the analysis in Figure 7 demonstrate that the co-culture treatment had no
significant effect on the ee value. The yield of (R)-CHBE exhibited a rapid increase, reaching
85.7% within the range of 6 h–24 h. Upon extending the reaction time to 30 h, the yield
remained largely unaltered under co-culture conditions. At this time, the reaction time was
extended to 48 h, and the yields of (R)-CHBE exhibited a decline to varying degrees. It
is postulated that the observed decline in yield can be attributed to the accumulation of
conversion products as the reaction time increases, a reduction in the conversion rate, and
potentially other by-products. The optimal reaction time of CGMCC NO:28566 without
co-culture treatment was 30 h, while co-culture treatment reduced the optimal reaction
time to 24 h. Co-culture treatments increase yields while saving time.

Figure 7. Effect of reaction time on reduction reaction before and after co-culture treatment. A: co-
culture treatment with 0.5% (w/v) ChCl:U (1:2). B: no co-culture treatment.
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2.6.3. Effect of pH on Reduction Reaction Before and After Co-Culture Treatment

The alteration in the cell structure under co-culture treatment conditions also affects
the pH tolerance of the cells. As illustrated in Figure 8, the yields were found to be lower
under more acidic conditions (pH 5.0–6.0) and more alkaline conditions (pH 9.0–10.0). The
enzymes that play a significant role in this process were also subjected to more acidic or
alkaline conditions, where enzyme activity was affected, and whole-cell catalytic efficiency
was affected. The reaction was more favorable under neutral conditions, resulting in a
yield of 86.7%. The optimal pH conditions were 7.0 before and after co-culture treatments.

Figure 8. Effect of pH on reduction reaction before and after co-culture treatment. A: co-culture
treatment with 0.5% (w/v) ChCl:U (1:2). B: no co-culture treatment.

2.7. Effect of ChCl:U (1:2) and Its Individual Components on the Reduction Reaction

The results of the analyses presented in Figure 9 indicate that neither the additional
components nor the method of addition had a significant effect on the ee value of (R)-
CHBE. The co-culture treatments of urea, choline chloride, or a simple co-mixture of
choline chloride and urea resulted in increased yields of (R)-CHBE, with values of 66.3%,
71.2% and 71.2%, respectively. It can be analyzed that the co-culture treatments of urea,
choline chloride, and a simple co-mixture of both did somehow increase the conversion
capacity of the cells, but this effect is less obvious. However, this advantage is only apparent
in the formation of ChCl:U (1:2), where the yield of (R)-CHBE increases from 58.1% to
83.2%.

However, the results from the repeated addition of choline chloride, urea, the sim-
ple two-component mixture, and ChCl:U (1:2) to the reaction buffer showed different
decreases in (R)-CHBE yields. In addition, the effect of the repeated addition of ChCl:U
(1:2) was also more pronounced in the above components, reducing the yield of (R)-CHBE
to 34.8% compared to the control yield of 54.2%. It has been shown that low-eutectic
solvents with choline chloride have some degree of biotoxicity [19], but that this toxicity
may vary depending on the cellular system. The study also suggested that low-eutectic
solvents based on choline chloride and urea are more biotoxic than either component alone
or simple mixtures of the two, due to the high likelihood of ammonia production during
the use phase of ChCl:U (1:2) [22].
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Figure 9. Effect of ChCl:U (1:2) and its individual components on the reduction reaction A: co-culture
treatment with 0.5% (w/v) ChCl:U (1:2). B: re-addition of 0.5% (w/v) ChCl:U (1:2) to the reaction
buffer under co-culture conditions.

2.8. Effect of ChCl:U (1:2) and Its Single Component on Cell Membrane Permeability

The process of improving catalytic efficiency by the degree of solvent action on the
cell membrane, the components of the ChCl:U (1:2) solvent may also have a similar ef-
fect on the cell membrane. Typically, OD260 indicates the cellular nucleic acid leakage
value, and OD280 indicates the cellular protein leakage value [23], so this subsection indi-
rectly examines the change in cellular membrane permeability by testing the OD260 and
OD280 indicators.

As illustrated in Table 2, the OD260 or OD280 values observed following 24 h of
co-culture were found to be lower than those observed following 24 h of re-addition
of the components presented in the table. In the case of secondary addition, the cell
membrane structure may be more affected. The effect was significantly higher for ChCl:U
(1:2) than for the single component and simple mixtures. Furthermore, the results of
the assay after secondary addition of ChCl:U (1:2) to the reaction buffer reinforced this
conclusion. Moreover, the measured OD260 or OD280 values corroborate the catalytic
effect of Section 2.7.

Table 2. Quantitative analysis of the OD260 and OD280 values following the application of various
treatments to ChCl:U (1:2) and its components.

Groups Net OD260 nm Net OD280 nm

Control 0.122 ± 0.015 0.158 ± 0.010
Urea * 24 h 0.135 ± 0.002 0.166 ± 0.012

Choline chloride * 24 h 0.145 ± 0.019 0.171 ± 0.011
Urea + Choline chloride *24 h 0.173 ± 0.023 0.191 ± 0.009

ChCl:U (1:2) * 24 h 0.351 ± 0.022 0.385 ± 0.024
Urea # 24 h 0.175 ± 0.016 0.193 ± 0.007

Choline chloride # 24 h 0.183 ± 0.013 0.199 ± 0.020
Urea + Choline chloride # 24 h 0.211 ± 0.021 0.341 ± 0.005

ChCl:U (1:2) # 24 h 0.583 ± 0.007 0.671 ± 0.014
Note: * represents co-culture; # represents re-addition in reaction buffer.
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2.9. FTIR Analysis of ChCl:U (1:2) and Its Single Components

From the infrared stacking diagrams in Figure 10, it can be observed that the infrared
spectra of the ChCl:U (1:2) at the wavelength range of 4000–500 cm−1 combine the infrared
spectral features of the choline chloride and urea. On the surface, the map appears to
be a superposition of the maps of both choline chloride and urea. In comparison to the
telescopic vibration absorption peaks of NH2 in urea at the wavelengths of 3346 cm−1 and
3264 cm−1, the absorption bands of ChCl:U (1:2) at this wavelength exhibit a broadening.
Concurrently, the bending vibration of NH2 results in a shift of the absorption bands at
the wavelengths of 1679 cm−1 and 1628 cm−1 towards the wavelengths of 1665 cm−1 and
1620 cm−1, respectively. The observed formation of hydrogen bonding between choline
chloride and urea is indicative of the absorption peak at 1474 cm−1, which is attributed
to the wobbling vibration of the CH3 group in the choline chloride molecule. In contrast,
the absorption peak formed by the stretching vibration of the CCO group at 955 cm−1

in the spectrum of choline chloride remained after the formation of ChCl:U (1:2) low-
eutectic solvent, indicating that the structure of Ch+ was not destroyed in the ChCl:U (1:2)
solvent system.

Figure 10. Infrared spectra of ChCl:U (1:2) and its single components.

Furthermore, the substantial number of hydrogen bonds that are formed during the
preparation of this system indicates excellent flexibility properties [24]. The assertion that
the interaction of choline chloride and urea forms hydrogen bonds during the formation
of ChCl:U (1:2) is still the subject of some controversy. Nevertheless, the final conclusions
indicate that this low-eutectic solvent possesses distinctive advantages over choline chloride
or urea.

2.10. FCM Analysis Under Different Treatment Conditions of ChCl:U (1:2)

Propidium iodide (PI) [25,26] staining is a technique for staining cellular membranes
that cannot penetrate the cell membrane of living cells. However, it can penetrate the
cell membrane of broken cells, enabling nuclear staining [27]. The device exhibited a
detection flux of 10,000 cell counts. The results of the flow cytometry (FCM) analysis,
as presented in Figure 11, demonstrate that the cells treated with the three different
approaches exhibited distinct outcomes. In particular, the 24 h co-culture treatment
(PE-A+ 0.14) exhibited a notable difference in comparison to the control (PE-A+ 0.37). It
can be surmised that during the period of co-cultivation with ChCl:U (1:2), the degree of
alteration to the cell membrane is small, which confirms that the higher assisted catalysis
results under this condition are based on lower damage to the cells. Furthermore,
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the result (PE-A+ 4.89) with ChCl:U (1:2) re-addition for 24 h on the basis of the co-
culture (Figure 11c) appeared to be more pronounced than the control, indicating that
this treatment condition caused greater damage to the cells. Consequently, the results
demonstrate that the assisted catalysis effect was significantly diminished under the
specified treatment conditions. The findings were in alignment with the outcomes of the
OD260 and OD280 tests presented in Section 2.8.

Figure 11. FCM analysis under different treatment conditions with ChCl:U (1:2). (a) Cells without
co-culture treatment; (b) co-culture treatment with 0.5% (w/v) ChCl:U (1:2) for 24 h; (c) re-addition of
0.5% (w/v) ChCl:U (1:2) for 24 h in reaction buffer.

2.11. SEM Analysis of CGMCC NO:28566 Strain Cells Under Different Treatment Conditions of
ChCl:U (1:2)

Scanning electron microscopy was conducted on CGMCC NO:28566 cells following a
series of treatment conditions involving ChCl:U (1:2) (voltage settings were 15 kV, mag-
nification of Figure 12a was 10,000, and the remainder of the magnification was 80,000).
As illustrated in Figure 12a, the electron microscope images of the CGMCC NO:28566
strain revealed an overall rod-like (or stick-shaped) morphology, which was consistent
with the observations made using light microscopy (Figure 1). The length of the cells was
approximately 1.39 μm. In comparison to the results obtained in the absence of ChCl:U
(1:2) (Figure 12a), the surface of the cell exhibited varying degrees of alteration. Cellular
depressions were observed in cells co-cultured with ChCl:U (1:2) for 24 h (Figure 12c).
In contrast, cells that had been re-added ChCl:U (1:2) in reaction buffer for 24 h demon-
strated an increased area of cell breakage and deformation (Figure 12d). Consequently, this
also elucidates the catalytic outcomes delineated above, as well as the varying degrees of
elevation of OD260 and OD280.
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Figure 12. SEM analysis of CGMCC NO:28566 cells under different processing conditions with
ChCl:U (1:2). (a) Appearance of CGMCC NO:28566 cells. (b) Cells without co-culture treatment.
(c) Co-culture treatment with 0.5% (w/v) ChCl:U (1:2) for 24 h. (d) Re-addition of 0.5% (w/v) ChCl:U
(1:2) for 24 h in reaction buffer.

3. Materials and Methods

3.1. Materials and Reagents

The strains employed in the experiment were derived from a soil screening process.
All NADESs (Table 1) were supplied by Shanghai Chengjie Chemical Co., Ltd. (Shanghai,
China). Media-related reagents were obtained from Sinopharm Chemical Reagent Co., Ltd.
(Ningbo, China). COBE (>98% purity, HPLC) and (R)-CHBE (>99% purity, HPLC) were
procured from Rinn Technology Development Co., Ltd. (Shanghai, China).

3.2. Screening, Identification, and Culture of Microorganisms

The following culture media are relevant: enrichment liquid medium, glucose 25 g/L,
yeast extract 3 g/L, ammonium sulphate 5 g/L, magnesium sulphate 0.25 g/L, dipotassium
hydrogen phosphate trihydrate 1.5 g/L, and potassium dihydrogen phosphate 1.5 g/L.
The pH was adjusted to approximately 7.0 with a 1 M sodium hydroxide solution. The
restriction liquid medium comprised ammonium sulphate 5 g/L, magnesium sulphate
0.25 g/L, dipotassium hydrogen phosphate trihydrate 1.5 g/L, potassium dihydrogen
phosphate 5 g/L, 10 mM COBE, deionized water as a solvent, and a final pH adjustment
to 7.0 with 1 M sodium hydroxide solution. The solid medium was restricted, containing
5 g/L ammonium sulphate and 0.25 g/L magnesium sulphate. The medium consisted
of 25 g/L dipotassium hydrogen phosphate trihydrate, 1.5 g/L potassium dihydrogen
phosphate, 1.5 g/L potassium hydrogen phosphate, 10 mM COBE, 16 g/L agar, and
deionized water as a solvent. The pH was finally adjusted to approximately 7.0 with 1 M
sodium hydroxide solution.

The soil samples were collected from the provinces of Zhejiang, Jiangsu, and Shandong
in China. The soil sieving procedure was as follows: approximately 0.5 g of each soil
sample was dissolved in 5 mL of 0.9% saline solution, vortexed and shaken thoroughly for
approximately 2–3 min, and then left to stand for 30 min. Two milliliters of the supernatant
was then transferred to the enrichment medium. Subsequently, 1 mL of the enriched
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bacterial solution and 10 mM COBE were added to the restriction-screening liquid medium
(30 mL). The culture was incubated at 25 ◦C and 180 rpm for 2–5 days until it became
turbid. Subsequently, turbid restrictive liquid cultures were inoculated onto solid medium
for single colony culture. The resulting single colonies were subjected to incubation
and biotransformation experiments. The strains that exhibited the highest efficiency in
transforming COBE into (R)-CHBE were finally screened, and the strains were conserved.

Total DNA was extracted from the best strains, and then the sequence was amplified
as bacterial 16S rDNA using universal primers (upstream primer 5′ AGTTTGATCMTG-
GCTCAG 3′, downstream primer 5′ GGTTACCTTGTTACGACTT 3′), and the results were
used for strain identification. The PCR products were subjected to 0.9% agarose gel elec-
trophoresis, and then sequenced by Beijing Prime Biotechnology Co., Ltd. (Beijing, China)

3.3. Asymmetric Bioreduction Process

The best strains of wet cells were obtained and resuspended in a test tube containing
50 mL of pH 7.0 phosphate buffer and 0.1 g/mL glucose as a co-substrate. COBE was
pre-dissolved in 5% (v/v) isopropanol, and the buffer was subsequently added to 5 mL.
The reaction was incubated at 25 ◦C and 180 rpm for 30 h, centrifuged at 9000 rpm for
10 min, and the supernatant was extracted with an equal volume of ethyl acetate three
times, and dried over anhydrous sodium sulfate. The obtained reduction product was
dried until free of liquid, followed by successive addition of 10 μL acetic anhydride and 10
μL pyridine. The mixture was then boiled for 30 min. Finally, the resolved chiral product
was dissolved in an appropriate amount of ethyl acetate. The sample was redissolved in
300 μL of ethyl acetate and analyzed by GC.

3.4. Analytical Methods

A gas chromatography Agilent CP7502 J&W CP ChirasilDex CB fitted with a chiral
column (Machery Nagel; 25 m × 0.25 mm × 0.25 mm) was employed for the detection
process. The inlet temperature was 250 ◦C, the column temperature was 110 ◦C, and the
detector temperature was 250 ◦C. A hydrogen ion flame detector was employed with a
split ratio of 1:15 and a flow rate of 1 mL/min. The retention time for COBE was 9 min,
while those for (R)-CHBE and (S)-CHBE were 19 min and 19.8 min, respectively. Equations
(1) and (2) evaluated the yield (X) and enantiomeric excess of R-CHBE (eep).

X(%) =
p × Ms
q × Mp

× 100% (1)

Ms and Mp are the molecular weights of the substrate and the product, respectively. p
and q represent the mass of the product at the end of the reaction and the initial mass of
the substrate, respectively.

eep =
CR − Cs

CR + Cs
× 100% (2)

CR and CS represent the concentrations of R-CHBE and S-CHBE, respectively.

3.5. Selection of the Most Suitable Culture Medium

Screening for the optimal medium was conducted by studying the effect of the type
of medium on the catalytic activity of the bacterium. LB medium (tryptone: 10 g/L; yeast
extract: 5 g/L; sodium chloride: 10 g/L), modified LB medium (tryptone: 10 g/L; yeast
extract: 10 g/L; sodium chloride: 10 g/L), TSB medium (tryptone: 17 g/L, soya peptone:
3.0 g/L, sodium chloride: 5 g/L, glucose: 2.5 g/L, chlorodimethyl phosphate: 2.5 g/L),
and complete medium (glucose: 25 g/L, yeast extract: 3 g/L, ammonium sulphate: 5 g/L,
magnesium sulphate: 0.25 g/L, dipotassium hydrogen phosphate trihydrate: 1.5 g/L, potas-
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sium dihydrogen phosphate: 1.5 g/L) were used for the fermentation of the engineered
bacteria. The rest of the procedure is described in Section 3.3.

3.6. Effect of Different NADESs on Biotransformation of COBE

On the basis of the base medium screened in Section 3.5, the seed solution was inocu-
lated into 150 mL of liquid fermentation medium at an inoculation rate of 3%. At the same
time, 10 NADESs were added at 0.5% (w/v) of the fermentation broth (150 mL), respectively.
The best strain wet cells (240 g/L) obtained from the co-culture were resuspended in test
tubes with 0.1 M phosphate buffer, pH 7.0, and a final concentration of 40 mM COBE was
added. The remainder of the procedure was carried out as in Section 3.3.

3.7. Effect of Secondary Addition of NADESs on the Biotransformation of COBE

The wet cells of the best strain (240 g/L) obtained by co-cultivation were resuspended
in test tubes with 0.1 M phosphate buffer, pH 7.0, and 10 NADES were added again. The
amount of NADES added was 0.5% (w/v) of the reaction system (5 mL), and the final
concentration of COBE added was 40 mM. The rest of the procedure was the same as in
Section 3.6.

3.8. Optimization of Biotransformation Conditions

Depending on the preferred NADES, adjust the addition gradient from 0.1% to
2% (w/v) according to the preferred addition method and proceed as in Section 3.6.

The best strain of wet cells enriched under NADES co-culture conditions was subjected
to the reduction reaction at a temperature of 25–45 ◦C, a reaction time of 12–60 h, and buffer
pH 5–10. At the same time, the best strain of wet cells without co-culture treatment was
subjected to reduction reactions under the different parameters mentioned above. The rest
of the procedure was the same as in Section 3.6.

3.9. Comparison of Assisted Catalysis of Related Components in Preferred NADES by
Two Addition Methods

Addition method I: During the fermentation period, the best strain cells were co-
cultured with the preferred NADES, single-component (choline chloride/urea) and two-
component simple co-mixtures (choline chloride and urea) of the preferred NADES, re-
spectively. The above components were added at 0.5% (w/v) of the fermentation broth
(150 mL), respectively. The rest of the procedure was the same as in Section 3.6.

Addition method II: The best strain wet cells under co-culture conditions were col-
lected, and then the preferred NADES, single-component (choline chloride/urea) and
two-component simple co-mixtures (choline chloride and urea) of the preferred NADES,
were added again in reaction buffer. The above components were added again at 0.5% (w/v)
of the reaction system (5 mL). The rest of the procedure was performed as in Section 3.7.

3.10. Characterization of Cell Permeability Under Different Addition Conditions of NADES

The seed liquid of the best strain was inoculated into the fermentation broth (150 mL)
at an inoculum rate of 3%. Meanwhile, three portions of the inoculated fermentation broths
were added with 0.5% (w/v) of the preferred NADES: single component I (choline chloride),
single component II (urea), and two-component simple co-mixtures (choline chloride and
urea). The last portion of the fermentation broth was used as a blank control (only the seed
liquid was added). After 24 h of incubation at 25 ◦C, 180 rpm, the appropriate amount of
supernatant was obtained by centrifugation at 9000 rpm for 10 min, and then the OD260
and OD280 indexes were measured under UV. The bacterial precipitates were further
re-collected in 5 mL of reaction buffer, and the above components were added separately.
The supernatants were then collected under the same incubation conditions for testing.
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3.11. FTIR Characterization of ChCl:U (1:2) and Its Single Components

The FTIR (Vertex 70, Bruker Corporation, Berlin, Germany) spectra of individual com-
ponents of the preferred NADES were analyzed for spectral variations in the 4000–400 cm−1

wavelength region. The preferred NADES and its single component were structurally analyzed.

3.12. FCM Characterization of Cells Obtained by Different Treatment Conditions

An appropriate amount of fermentation broth without NADES treatment, with
NADES co-culture treatment for 24 h, and with NADES treatment in buffer for an ad-
ditional 24 h was taken. After centrifugation at 9000 rpm for 10 min, the supernatant was
discarded and washed twice with 0.1 M pH 7.0 PB buffer, then resuspended in 1 mL of 0.1
M pH 7.0 phosphate buffer. Under light avoidance conditions, 200 μL of diluted propidium
iodide (PI) staining solution was gently aspirated or beaten into the above resuspended
bacterial solution, and then flow cytometry single stain detection was performed.

3.13. SEM Observation of Cells Obtained Under Different Treatment Conditions

Strain CGMCC No:28566 was subjected to the following treatments: (1) control (un-
treated cells without co-cultivation); (2) co-cultivation with 0.5% (w/v) ChCl:U (1:2) for 24 h;
and (3) additional supplementation with 0.5% (w/v) ChCl:U (1:2) in the reaction buffer, fol-
lowed by continued cultivation for 24 h. Adequate amounts of wet cells from the best strain
under each treatment condition were collected and slowly added to pre-cooled 2.5% glu-
taraldehyde solution, fixed overnight, and centrifuged to remove the fixative. The samples
were then dehydrated with 70%, 80%, 90%, and 100% ethanol, respectively, lyophilized,
and subjected to gold spraying treatment. The structure was observed and analyzed under
the scanning electron microscope (SEM) (JSM-6360LV, JEOL Ltd., Tokyo, Japan).

4. Conclusions

This study investigated the catalytic reactions under different conditions based on co-
culture-assisted catalysis of NADSE. The ten NADESs were co-cultured with the CGMCC
NO:28566 strain in fermentation broth for 24 h. The wet cell obtained under these conditions
was subjected to a reduction reaction. Concurrently, the NADES, which possesses the quali-
ties of enhancing substrate solubility and stabilizing enzyme activity, was incorporated into
the reduction reaction for a period of 24 h, during which time the process was facilitated by
the NADES. The outcomes of the two methodologies for catalytic additions demonstrated
that the enantiomeric excess values were largely unperturbed. The former approach, in
which ChCl:U (1:2) [28–30] assisted catalysis was found to be the most effective, with a
58.2% increase in (R)-CHBE yield. However, in the latter case, the lowest yield of (R)-CHBE
was found to have decreased from 54.2% to 29.6%. It is likely that the observed effects were
due to the action of NADES on the bacterial cells during the co-culture stage, resulting in
changes to their membrane permeability. The addition of NADES to this environment may
have further increased the extent of these changes, potentially impairing cellular activity.
Consequently, we have elected to employ the use of NADES during the enrichment phase
of fermentation, with the intention of facilitating catalysis.

Furthermore, the objective of this investigation is to determine whether the observed
effect of ChCl:U (1:2) can be attributed to the individual components present in the solvent
or whether a simple blend of single components can achieve the same result. It was thus
demonstrated that a single component or simple co-mixture exerted a certain degree of
assisted catalysis effect. Furthermore, the auxiliary effect of simple co-mixture was found
to be slightly higher than that of a single component. However, the effect was considerably
less pronounced than that observed with ChCl:U (1:2) solvent assistance. The OD260 and
OD280 values were determined, and the results demonstrated that the OD260 and OD280
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values were indeed elevated in comparison to the control due to the single component or
simple co-mixture. However, the elevation of the two values due to ChCl:U (1:2) was more
significant. The trends observed in the OD260 and OD280 values were also corroborated
by the results of the catalysis of the components.

The selected wild-type enzyme possesses an intrinsic catalytic advantage due to its
native multi-enzyme synergy system, enabling superior substrate specificity compared
to artificially engineered strains. Moreover, the wild-type strain demonstrates enhanced
growth kinetics and operational stability, eliminating the need for genetic-instability-prone
regulatory interventions required in engineered counterparts. The screened wild strain
exhibits remarkable environmental tolerance and a broad substrate spectrum. These in-
herent enzymatic virtues establish a robust biological foundation for the NADES system
investigated herein, while providing a diverse enzymatic repertoire for discovering piv-
otal biocatalysts.
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Abstract

The course of the reactions of acetylenes with fluorinated nitrones in the presence of
Zn(OTf)2 and Et2Zn was investigated. The formation of hydroxylamines and/or 1,2-
oxazolines as products was observed. The desired hydroxylamines were formed as main
products if reactions were carried out with the usage of Et2Zn. In order to explain the
obtained results, quantum mechanical calculations of the reaction paths leading to both
products were carried out. Further research allowed us to develop the enantioselective
variant of described reactions with the usage of enantiomerically pure AziPhenol ligand
bearing chiral aziridine scaffold.

Keywords: fluorinated nitrones; acetylenes; enantioselective synthesis; cycloaddition;
DFT calculation

1. Introduction

The synthesis of organofluorine compounds is an intensively developed field of or-
ganic chemistry. Compounds containing fluorine atoms (in particular small fluoroalkyl
substituents) in their structure exhibit interesting physicochemical and biological prop-
erties [1–4]. On the other hand, nitrones are an extremely important class of building
blocks that have been used for the synthesis of various organic derivatives [5,6]. For ex-
ample, propargyl N-hydroxylamines obtained by the addition of acetylenes to nitrones
constitute an interesting class of compounds that can be easily transformed into valuable
compounds e.g., 4-isoxazolines, isoxazoles, pyrimidines, acylaziridines, α,β-unsaturated
compounds [7–13]. Fluorinated nitrones, which are now easily synthesized from com-
mercially available reagents [14–16], are powerful building blocks that can be used to
incorporate CF3 and CHF2 substituents into organic molecules. To date, nitrones have not
been widely explored in organic synthesis. Examples of their use are cycloadditions of
nitrones with alkenes, alkynes leading to the formation of oxazolines [17], oxazolidines [18]
and β-lactams [15]. Other reactions described in the literature are the addition of Grignard
reagents to obtain the corresponding hydroxylamines [19]. Additionally, since data on enan-
tioselective protocols of additions of nucleophiles to fluorinated nitrones have not been
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reported. The only example of an enantioselective reaction using nitrones derived from
fluorinated aldehydes is the Kinugasa reaction but reported enantioselectivities were very
low [15]. Several examples described in the literature concern enantioselective additions of
nucleophiles to fluorinated imines [20].

This article describes the results of research on the addition of various acetylenes to
nitrones derived from trifluoro- and difluoroacetaldehydes. Contrary to such reactions with
non-fluorinated substrates [21], additions to fluorinated nitrones have not been studied. In
the extension of the research, it was also decided to develop an enantioselective variant of
the reaction.

2. Results and Discussion

The key starting materials, i.e., the nitrones 3a,b, were obtained according to a previ-
ously published procedure involving the reaction of the appropriate hydroxylamine with
trifluoroacetaldehyde hydrate or difluoroacetaldehyde ethyl hemiacetal (Scheme 1) [14–16].

Scheme 1. Synthesis of fluorinated nitrones.

2.1. Additions of Acetylenes to Fluorinated Nitrones

The goal of the studies was to investigate the scope and application of additions
of diverse acetylenes to nitrones derived from fluorinated aldehydes and the elabora-
tion of enantioselective protocol of this reaction. In the course of experimental work
two procedures previously described in the literature for non-fluorinated substrates were
applied [7,22]. Method A was based on the reaction of an appropriate nitrone with acetylene
in the presence of zinc triflate and triethylamine [22]. The optimization of the amount of
reagents used was performed for model substrates 3a and 4a. As described in the literature,
it was noted that to obtain satisfactory reaction yields, a 2–3-fold excess of acetylene 4a

should be used.
The optimal amount of Zn(OTf)2 was 0.5 equivalents relative to the amount of used

nitrone of type 3. The application of larger amounts (eg. 1.2 equiv) of this catalyst did
not significantly change the yield or the proportion of obtained products. Reactions of
the N-alkyl-C-(fluoroalkyl) nitrones 3a,b with the acetylenes 4a-g were performed under
optimized conditions (Scheme 2). The reaction time was monitored by TLC (the disappear-
ance of the spot from the substrate was followed) and it varied (1.5–12 h) depending on
the type of substituents in the used substrates. Longer reaction times were observed for
substrates containing sterically hindered substituents or an electron-donating group on the
aromatic ring. The change of the CF3 substituent to CHF2 in the molecule of the starting
nitrone 3 did not change the reaction time, but the hydroxylamine 5ba was isolated with
a higher yield than product 5aa. In the case of using phenylacetylene 4b having an OMe
substituent in the aryl ring, isoxazoline 6ab and the expected hydroxylamine 5ab were
isolated as products in similar amounts. The incorporation of the electron-withdrawing Cl
or CF3 group to the phenyl ring resulted in obtaining isoxazolines 6ac and 6ad as a major
or sole product. A similar result was observed in the case of using methyl propiolate (4g)
as a substrate. In the case of acetylene bearing a tert-butyl substituent, adduct 5ae was
isolated in comparable yield to that obtained in the reaction with 4a. Using acetylenes
4h-k with more complex substituents (CH(OMe)2, P(O)(OEt)2, piryd-2-yl, CH2OSiMe3),

174



Molecules 2025, 30, 4578

the expected products were obtained in low yields, or no product could be identified or
isolated in pure form.

Scheme 2. Additions of acetylenes to fluorinated nitrones in the presence of Zn(OTf)2.

In the summary of this part of the research, it can be stated that the additions of
acetylenes 4 to fluorinated nitrones 3 performed in the presence of zinc triflate did not lead
to hydroxylamines 5 satisfactory results (in terms of hydroxylamine formation). Only in
the case of using acetylenes with an alkyl or an unsubstituted phenyl ring attached to the
carbon atom of a triple bond, the yields were satisfying. Therefore, carrying out the reaction
under these conditions cannot be considered as a good general method for obtaining the
expected fluorinated hydroxylamines of type 5.

Due to unsatisfactory results of the reaction between C-(fluoroalkyl) nitrones of type
3 and acetylenes 4 obtained in the presence of a catalytic amount of Zn(OTf)2, it was
decided to test other reaction conditions [7]. Additions were performed with a slight excess
of substituted alkynylzinc generated using a stoichiometric amount of diethylzinc and
the corresponding acetylenes 4a-k (Scheme 3). It has been observed that the reactions
conducted under these conditions give better results in terms of selectivity of obtained
hydroxylamines 5 from aromatic acetylenes. It was noticed that in the case of the usage
of acetylenes 4c,d bearing electron-withdrawing substituents (Cl, CF3) in the aryl ring as
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substrates, the hydroxylamines 5 were isolated with lower yields than in reactions with
acetylenes 4a,b bearing an unsubstituted phenyl ring or electron-donating group attached
to aryl ring. Unfortunately, the reaction carried out with the usage of the acetylene having
a sterically hindered t-Bu substituent led to the formation of desired product 5ae in trace
amount. In the case of using of acetylenes containing substituents such as CH(OEt)2,
CH2OSiMe3, CO2Me, P(O)(OEt)2, piryd-2-yl attached to the carbon atoms of a triple bond
formation of unidentified decomposition products was observed.

Scheme 3. Addition of acetylenes to fluorinated nitrones in the presence of Et2Zn.

The observed composition of postreaction mixtures can be explained on the basis of
the comprehensive quantum chemical analysis of the reaction mechanism (Figures 1 and 2;
Scheme 4). For this purpose, results from the wb97xd/6-311+G(d) (PCM) computational
study were used. Within these considerations, the addition process between nitrone 3a and
(2-phenyletynyl)zinc (Scheme 4) was used. This step is crucial because it is known from the
literature that the energy of formation of (2-phenyletynyl)zinc from phenylacetylene 4a

and diethylzinc is negligible and does not limit the addition process [21,23].
Independently of the reaction path, the initial interactions between reagents lead to the

formation of respective pre-reaction complex (MCA and MCB for paths A and B, respec-
tively). This is connected with the decreasing of the enthalpy of reaction system about few
kcal/mol. The entropic factor determines however, positive values of the Gibbs free energy
for considered transformations. This excludes the existence of MCs as relatively stable
intermediates. Within MCs, substructures of addents adopts the orientation determined
the further course of transformation. It should be underlined, that any new bonds are
not formed however at this stage. Next, the key interatomic distances exist beyond of the
range typical for respective bonds within transition states [24]. Lastly, the electron density
transfer (GEDT) between structures is not observed within both MCs. So, the localized
structures can be considered as orientation, but not charge-transfer complexes [25]. The
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further transformation of MCs along the reaction coordinate leads to the area associated
with the existence of the transition state (TSA and TSB for paths A and B, respectively).
The clear increase in the energy of the reaction system is a consequence of this process.
It is interesting that the favored from the kinetic point of view is the formation of the
isoxazoline-type adduct via TSA. The structure of this TS is typical for the one-step [3 + 2]
cycloaddition process with the participation of bent-type TACs [26–28] and exhibits a
moderately polar nature (GEDT = 0.10e). For the contrast, the less kinetic favored TSB

is evidently more polar (GEDT = 0.24e). Both TSs are connected directly with respective
valleys of adducts. So, all new sigma-bonds must be formed at this stage. This was con-
firmed by the IRC analysis. Analysis of thermochemistry of products derived from IRC
experiments show clearly that, from a thermodynamic point of view, the more favored
is not [3 + 2] cycloaddition product (PA), but hydroxylamine derivative PB. So, in the
light of our DFT computational study, the isoxazoline-type adduct should be treated as
the primary reaction product, which is further converted to the more thermodynamically
stable hydroxylamine-type product. It should be underlined-that the conversion of PA in
PB is realized via dissociation to the individual nitrone–acetylene pair, and next, via the
secondary addition according to the path B. All attempts for the localization of reaction
channel leading directly from the PA in PB were not successful.

 

Figure 1. The enthalpy and Gibbs free energy profiles for the addition processes between nitrone 3a

and (2-phenyletynyl)zinc in the light of the wb97xd/6-311+G(d) (PCM) calculations.
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Figure 2. Views of TSs for the addition processes between nitrone 3a and (2-phenyletynyl)zinc in the
light of the wb97xd/6-311+G(d) (PCM) calculations.
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Scheme 4. Competitive paths of the reaction between nitrone 3a and (2-phenyletynyl)zinc considered
in the framework of the DFT study.

The structures of all products were confirmed by spectroscopic methods. For example,
a shift in the characteristic quartet derived from the hydrogen atom of the CH group from
6.87 ppm (3a) to 4.33 ppm (5aa) was observed in the 1H-NMR spectrum. Additionally, a
singlet derived from the dynamic proton of the OH group (5.12 ppm) and two doublets
(4.01 and 4.27 ppm) from the diastereotopic CH2 protons of the benzyl group in 1H-NMR
spectrum of 5aa appeared. Also, in the 13C-NMR spectrum, a shift in the quartet derived
from the carbon atom of the C=N bond of the nitrone 3a (122.6 ppm) to the region character-
istic for the signals of the C-sp3 atom in the product molecule 5aa (60.7 ppm) was observed.
In the case of the 1H-NMR spectrum of an exemplary oxazoline 6ab, the lack of a singlet
derived from a proton of OH group was noticed. Instead, there was a doublet derived
from olefinic proton of oxazoline ring (5.01 ppm). In addition, the signal of the proton of
the CHCF3 group appeared in the form of a doublet of quartet at 4.43 ppm, which proves
that there is a coupling with three fluorine atoms and with an olefinic proton. Also in the
13C-NMR spectrum recorded for 6ab was a shift in the signals from carbon atoms of C≡C
bond of hydroxylamine 5ab occurring in the region characteristic for the signals of the C-sp
atoms (75.0 and 89.5 ppm) to the region characteristic for the signals of the C-sp2 atoms
(83.4 and 157.4 ppm) in the product molecule 6ab. Eventually, the structure of the obtained
hydroxylamines of type 5 was confirmed by an X-ray structure registered for one product
5aa (Figure 3).
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Figure 3. Single crystal X-ray analysis of 5aa. Displacement ellipsoids are drawn at a 50%
probability level.

2.2. Enantioselective Protocol

Due to the better results of reactions carried out with the use of Et2Zn, the enantios-
elective protocol was also optimized with the use of this reagent. To this end, several
ligands previously proven to be efficient in asymmetric catalysis were examined [29–32].
Our initial investigation began by testing several catalysts bearing the chiral aziridine
ring reacting in situ with ZnEt2 to evaluate their catalytic ability. The optimization of the
enantioselective addition of phenylacetylene 4a to nitrone 3a started with the screening
of several chiral aziridine alcohols L1-L5 which were synthesized as previously described
(Scheme 5) [32–34]. Table 1 summarizes the comparison of the results obtained for various
chiral ligands. The simple β-amino alcohol catalysts L1-L4 exhibited poor enantioselectivity.
Fortunately, the ligand screening compromised that the AziPhenol ligand L5 provided
the best results in terms of both the yield and enantioselectivity, and the desired product
was isolated in 67% yield and 44% ee. When the metal source was changed from ZnEt2 to
Zn(OTf)2, a pronounced decrease in both the yield and enantiomeric excess was observed
(Table 1, entry 6). Consequently, the most efficient ligand L5 was selected for further
optimization involving solvent, temperature, catalyst loading, and additive effects.

Table 1. Effects of ligand and metal reagent on the asymmetric additions of phenylacetylene 4a to
nitrone 3a under the indicated conditions a.

Entry Ligand M Yield [%] b e.r. [%] c

1 L1 Et2Zn 51 54:46
2 L2 Et2Zn 58 59:41
3 L3 Et2Zn 38 51:49
4 L4 Et2Zn 60 57:43
5 L5 Et2Zn 67 72:28

6 d L5 Zn(OTf)2 21 52:48
a All reactions were carried out with 3a (0.1 mmol), 4a (0.15 mmol), ligand (0.01 mmol) and Et2Zn (0.17 mmol) in
THF (2.0 mL) under nitrogen at 20 ◦C for 3 h. b Isolated yield after silica gel chromatography. c Determined by
chiral HPLC. d Zn(OTf)2 (0.05 mmol).
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Scheme 5. Additions of acetylene 4a to nitrone 3a in the presence of diverse chiral aziridine ligands.

The initial studies towards the development of efficient conditions began with
the evaluation of various solvents (Scheme 6). The screening of a variety of solvents
including toluene, dichloromethane (DCM) and diethyl ether (Et2O) was performed
(Table 2, entries 2–4). The reactions carried out in halogenated and aromatic solvents, such
as dichloromethane and toluene, proceeded in good yields, but significantly lower enantios-
electivity was observed. As shown in Table 2, the use of THF afforded superior results with
respect to the yield and enantiomeric excess (entry 1) compared with the other solvents
examined (entries 2–4). Subsequently, the catalyst loading amount and reaction tempera-
ture were also screened. Temperature was shown to have a significant effect on the yields
and enantioselectivity (Table 2, entries 5–7). Decreasing the reaction temperature from
20 ◦C to −20 ◦C improved both the yield and stereoselectivity of the product 5aa formation;
however, it also resulted in a longer reaction time. Additionally, lowering the temperature
to −78 ◦C caused a small decrease in yield and ee of product 5aa. No significant changes in
the stereoselectivities of the reaction were observed when a 20 mol % catalyst was used
(Table 2, entry 8). Reducing the catalyst loading to 5 mol% caused a slight decrease in both
the yield and enantiomeric excess of the product, and a longer reaction time was required.
It revealed that 10 mol% of ligand is necessary for optimal yield and enantioselectivity.
Further optimization aimed at improving catalytic activity revealed that 4 Å molecular
sieves significantly influenced both the reactivity and stereoselectivity of the system. Such
additives are known to play a crucial role in numerous zinc-catalyzed asymmetric transfor-
mations [35,36]. To our great delight, when 4 Å molecular sieves were added to the reaction,
the conversion and enantioselectivity were enhanced; the desired product was obtained
in 80% yield and 58% ee. Therefore, the optimized reaction conditions are summarized in
entry 10 of Table 2.

Scheme 6. Enantioselective additions of phenylacetylene (4a) to nitrone 3a in diverse solvents.
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Table 2. Screening Conditions for Reaction in the Presence of Ligand L5 a.

Entry Ligand (mol%) Solvent Time [h] T [◦C] Yield [%] c e.r. [%] d

1 10 THF 3 20 67 72:28
2 10 DCM 3 20 56 64:36
3 10 Toluene 3 20 49 59.5:40.5
4 10 Et2O 3 20 23 55:45
5 10 THF 4 0 70 74:26
6 10 THF 4 −20 76 76.5:23.5
7 10 THF 4 −78 68 75:25
8 20 THF 4 −20 73 76:24
9 5 THF 5 −20 77 73.5:26.5

10 b 10 THF 4 −20 80 79:21
a Unless otherwise noted, all reactions were carried out with 3a (0.1 mmol), 4a (0.15 mmol), ligand (0.01 mmol)
and Et2Zn (0.17 mmol) in THF (2.0 mL) under nitrogen at for 3 h. b 40 mg of 4 Å MS were added. c Isolated yield
after column chromatography. d Determined by chiral HPLC.

With the optimized reaction conditions in hand, we next examined the substrate
scope of the developed protocol (Scheme 7). Regardless of the electronic nature of the
substituents on the phenyl ring, the reactions afforded good yields, although variations
in enantioselectivity were observed. Substrate 4b, which contained an electron-donating
substituent (-OMe) in the para position of the phenyl ring, was well tolerated and led to
the desired product in the highest yield and enantioselectivity. It was noticed that in the
case of the usage of acetylenes bearing electron-withdrawing substituents (Cl, CF3) in the
aryl ring as substrates, the products were isolated in lower yields and enantioselectivities.
Surprisingly, in the presence of chiral ligands, the reaction product of acetylene 4e with
a sterically hindered t-Bu substituent was obtained in good yield but the decrease in
yield and enantioselectivity was observed. However, changing of the CF3 substituent to
CHF2 in the starting nitrone 3 resulted in a slight decrease in the yield, but the desired
product was isolated with similar enantiomeric excess. In contrast, extending the reaction
time to 12 h under the optimized conditions led to the formation of a complex reaction
mixture, from which the cyclic products 6aa-6ad were isolated in low yields and with poor
enantioselectivity (<10%).

 

Scheme 7. Enantioselective additions of acetylenes 4a-e to nitrones 3a-b under the optimal conditions
(All reactions were carried out with 3 (0.1 mmol), 4 (0.15 mmol), ligand (0.01 mmol) and Et2Zn
(0.17 mmol) in THF (2.0 mL) under nitrogen at −20 ◦C for 3 h; 20 mg of 4Å MS was added; Isolated
yield after column chromatography; Determined by chiral HPLC).
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3. Materials and Methods

3.1. General Information

Solvents and chemicals were purchased and used without further purification. Tetrahy-
drofuran (THF) and toluene (PhMe) were distilled over sodium/benzophenone(violet-
colored solution prior to use). Dichloromethane (DCM) was distilled over sodium hy-
dride. Zinc triflate (Zn(OTf)2), diethyl zinc (Et2Zn) (1M solution in hexane), triethy-
lamine (Et3N) and diverse acetylenes were purchased from Sigma-Aldrich (Merck, Poznań,
Poland). Obtained products were purified by standard column chromatography on silica
gel (230–400 mesh Merck, Poznań, Poland) or FLASH column chromatography using Grace
Reveleris X2 apparatus with UV–Vis and ELSD detection (commercially available 12 g SiO2

columns, pressure 20–25 psi, solvent flow rate 25–28 mL/min). Unless stated otherwise,
yields refer to analytically pure samples. NMR spectra were recorded with Bruker Avance
III 600 MHz (1H NMR [600 MHz]; 13C NMR [151 MHz]; 19F NMR [565 MHz]) instru-
ment. Chemical shifts are reported in ppm relative to solvent residual peaks (1H NMR:
δ = 7.26 ppm [CHCl3]; 13C NMR: δ = 77.0 ppm [CDCl3]). For detailed peak assignments
2D (HMQC) spectra were measured. IR Spectra were measured with an Agilent Cary
630 FTIR spectrometer (in neat). MS Spectra were recorded on Varian 500 MS LS IonTrap
spectrometer. The HPLC analysis were carried out using an Agilent 1260 Infinity system
(Agilent, Waldbronn, Germany)at 25 ◦C using chiral columns Chiralcel AD and Chiralcel
AD-H. Single-crystal XRD measurements were performed with a Rigaku XtaLAB Synergy,
Pilatus 300K diffractometer. Melting points were determined in capillaries with a Stuart
SMP30 apparatus (Stone, United Kingdom).

3.2. Synthesis of Nitrones Derived from Trifluoroacetaldehyde and Difluoroacetaldehyde

N-Benzyl C-(trifluoromethyl)nitrone (3a) and N-Benzyl C-(difluoromethyl)nitrone
(3b) were prepared following the published protocol [14–16]. Chiral ligands (L1-L5) were
also synthetized according to previously described methods [32–34]. More experimental
data, e.g., NMR spectra of the products 5,6, chromatograms and RTG structure details of
nitrone 3a and hydroxylamine 5aa can be found in Supplementary Material.

3.3. Reactions of Nitrones 3 Derived from Fluorinated Aldehydes with Acetylenes 4

(a) Reactions leading to racemic products

Method A—A general procedure: Appropriate acetylene 4a-g (3 mmol) and Et3N (152 mg,
1.5 mmol) were added to a suspension of Zn(OTf)2 (182 mg, 0.5 mmol) in anhydrous
DCM (5 mL) placed in a dried round-bottom flask. The reaction was carried out under an
inert gas atmosphere (argon). This mixture was magnetically stirred for 20 min at room
temperature. Next, a solution of a corresponding nitrone 3a,b (1 mmol) in DCM (1 mL).
was added dropwise. The progress of the reaction was controlled by TLC (SiO2; petroleum
ether: ethyl acetate 3:2) and reaction completion time varied (1.5 h–12 h). Then a saturated
NH4Cl solution was added to the reaction mixture. The organic layer was separated, and
water layer was extracted with DCM (3 × 15 mL). Combined organic layers were dried
over anhydrous Na2SO4 and filtrated. Next, the solvent was evaporated under reduced
pressure. Products were purified by automated flash chromatography (SiO2 12 g cartridges;
petroleum ether with increasing amount of DCM (0–60%) as an eluent).

Method B—A general procedure: Appropriate acetylene 4a-g (1.4 mmol) was added to
a solution of diethylzinc (1.4 mmol) in anhydrous THF placed in a dried round-bottom
flask. The reaction was carried out under an inert gas atmosphere (argon). This mixture
was magnetically stirred for 20 min at room temperature. Then the flask was placed in
an ice bath (~0 ◦C) and next a solution of a corresponding nitrone 3a,b (1 mmol) in THF
(1 mL) was added dropwise. The progress of the reaction was controlled by TLC (SiO2;
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petroleum ether: ethyl acetate 3:2) and the time of completion of the reaction was about
12 h. Then a saturated NH4Cl solution was added to the reaction mixture. The organic layer
was separated, and water layer was extracted with DCM (3 × 15 mL). Combined organic
layers were dried over anhydrous Na2SO4 and filtrated. Next, the solvent was evaporated
under reduced pressure. Products were purified by automated flash chromatography
(SiO2 12 g cartridges; petroleum ether with increasing amount of DCM (0–60%) as an
eluent). Analytically pure products were, in most cases, obtained by crystallization from
an appropriate solvent.

N-Benzyl-N-(1,1,1-trifluoro-4-phenylbut-3-yn-2-yl)hydroxylamine (5aa). Yield: 198 mg
(65%) (for method A), 134 mg (44%) (for method B); colorless crystals, m.p. 102–104 ◦C
(DCM/petroleum ether). 1H NMR (600 MHz, CDCl3): δ 4.01, 4.27 (2d, 2H, 2JH,H = 12.84 Hz,
CH2Ph), 4.33 (q, 1H, 3JH,F = 6.84 Hz, CH), 5.12 (s, 1H, OH), 7.32–7.43 (m, 8 arom. H),
7.56–7.59 (m, 2 arom. H) ppm. 13C NMR (150 MHz, CDCl3): δ 60.7 (q, 2JC,F = 31.5 Hz,
CH), 62.2 (CH2Ph), 76.5 (q, 3JC,F = 3,0 Hz, C≡CPh), 89.5 (C≡CPh), 121.6, 135.9 (2 arom. C),
123.1 (q, 1JC,F = 279.0 Hz, CF3), 128.0, 128.4, 128.6, 129.2, 129.4, 132.2 (10 arom. CH) ppm.
19F NMR (565 MHz, CDCl3): δ −71.47 (d, 3F, 3JF,H = 6.84 Hz, CF3) ppm. IR: v 3275m (O-H),
2879w, 1491w, 1463w, 1359m, 1289m, 1187s, 1139vs, 1075s, 1030m, 818s, 751vs, 689vs cm−1.
ESI-MS (m/z): 306 (60, [M+H]+), 328 (100, [M+Na] +). Elemental analysis for C17H14F3NO
(305.3) calculated: C 66.88, H 4.62, N 4.59; found: C 66.90, H 4.58, N 4.83.

N-Benzyl-N-(1,1-difluoro-4-phenylbut-3-yn-2-yl)hydroxylamine (5ba). Yield: 247 mg (86%)
(for method A), 172 mg (60%) (method B); colorless crystals m.p. 85–87 ◦C (DCM/petroleum
ether). 1H NMR (600 MHz, CDCl3): δ 3.99, 4.23 (2d, 2H, 2JH,H = 12.84 Hz, CH2Ph),
4.04–4.09 (m, 1H, CH), 5.06 (s, 1H, OH), 6.01 (dt, 1H, 3JH,H = 5.10 Hz, 2JH,F = 56.05 Hz,
CHF2), 7.31–7.42 (m, 8 arom. H), 7.55–7.57 (m, 2 arom. H) ppm. 13C NMR (150 MHz,
CDCl3): δ 61.6 (t, 2JC,F = 25.5 Hz, CH), 62.3 (CH2Ph), 78.6 (dd, 3JC,F = 3.0 Hz, C≡CPh),
89.4 (C≡CPh), 113.7 (dd, 1JC,F(1) = 243.0 Hz, 1JC,F(2) = 244.5 Hz, CHF2), 121.9, 135.9 (2 arom.
C) 128.0, 128.4, 128.6, 129.0, 129.6, 132.1 (10 arom. CH) ppm. 19F NMR (565 MHz, CDCl3):
δ −125.22 (ddd, 1F, 3JF(1),H = 10.79 Hz, 2JF(1),H = 56.05 Hz, 2JF,F = 284.15 Hz, CHF2),
−121.55 (ddd, 1F, 3JF(2),H = 8.02 Hz, 2JF(2),H = 56.50 Hz, 2JF,F = 284.15 Hz, CHF2) ppm.
IR: v 3237m (O-H), 2876w, 1491w, 1444m, 1384m, 1109s, 1087s, 1060s, 689vs, 540vs cm−1.
ESI-MS (m/z): 288 (45, [M+H]+), 310 (100, [M+Na]+). Elemental analysis for C17H15F2NO
(287.3) calculated: C 71.07, H 5.26, N 4.88; found: C 71.26, H 5.02, N 5.17.

N-Benzyl-N-[1,1,1-trifluoro-4-(4′-methoxyphenyl)but-3-yn-2-yl]hydroxylamine (5ab). Yield:
101 mg (30%) (method A), 225 mg (67%) (method B); colorless crystals, m.p. 102–104 ◦C
(Et2O/petroleum ether). 1H NMR (600 MHz, CDCl3): δ 3.84 (s, 3H, OCH3), 3.99, 4.24 (2d,
2H, 2JH,H = 12.78 Hz, CH2Ph), 4.31 (q, 1H, 3JH,F = 6.84 Hz, CH), 5.22 (br.s, 1H, OH),
6.87–6.89 (m, 2 arom. H), 7.31–7.34 (m, 1 arom. H), 7.36–7.38 (m, 2 arom. H), 7.41–7.42 (m,
2 arom. H), 7.50–7.51 (m, 2 arom. H) ppm. 13C NMR (150 MHz, CDCl3): δ 55.3 (OCH3),
60.7 (q, 2JC,F = 31.5 Hz, CH), 62.2 (CH2Ph), 75.0 (C≡CPh), 89.5 (C≡CPh), 113.5, 135.8, 160.2
(3 arom. C), 114.0, 128.0, 128.7, 129.4, 133.7 (9 arom. CH) ppm. 19F NMR (565 MHz, CDCl3):
δ −71.58 (d, 3F, 3JF,H = 6.84 Hz, CF3) ppm. IR: v 3269m (O-H), 3026w, 2933w, 2885w, 2236w,
1610m, 1513s, 1454m, 1357m, 1271s, 1174s, 1133vs, 1000s, 972w, 827vs, 760s cm−1. ESI-MS
(m/z): 336 (100, [M+H]+). Elemental analysis for C18H16F3NO (335.1) calculated: C 64.47,
H 4.81, N 4.18; found: C 64.47, H 4.92, N 4.47.

2-Benzyl-5-(4′-methoxyphenyl)-3-(trifluoromethyl)-2,3-dihydroizoxazole (6ab). Yield: 107 mg
(32%) (method A); 17 mg (5%) (method B); colorless crystals; m.p. 84–85 ◦C (Et2O/petroleum
ether). 1H NMR (600 MHz, CDCl3): δ 3.83 (s, 3H, CH3), 4.02, 4.38 (2d, 2H, 2JH,H = 12.80 Hz,
CH2Ph), 4.43 (dq, 1H, 3JH,H = 2.90 Hz, 3JH,F = 6.50 Hz, CHCF3), 5.01 (d, 1H, 3JH,H = 2.90 Hz,
C=CH), 6.94–6.85 (m, 2 arom. H), 7.40–7.29 (m, 3 arom. H), 7.45–7.40 (m, 2 arom. H),
7.53–7.45 (m, 2 arom. H) ppm. 13C NMR (150 MHz, CDCl3): δ55.5 (CH3), 63.7 (CH2Ph),
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70.8 (q, 2JC,F = 32.3 Hz, CHCF3), 83.4 (q, C=CH), 114.1, 127.8, 128.2, 128.7, 129.8 (9 arom.
CH), 124.2 (q, 1JC,F = 282.0 Hz, CF3), 120.1, 134.9, 161.0 (3 arom. C), 157.4 (C=CH) ppm.
19F NMR (565 MHz, CDCl3): δ −77.78 (d, 3F, 3JF,H = 6.50 Hz, CF3) ppm. IR: v 3034w,
2974w, 2940w, 2847w, 1662m, 1606m, 1513m, 1457w, 1428w, 1375w, 1256s, 1167s, 1126vs,
1047m, 1021m, 880m, 834m cm−1. ESI-MS (m/z): 336 (100, [M+H]+). Elemental analysis for
C18H16F3NO (335.1) calculated: C 64.47, H 4.81, N 4.18; found: C 63.39, H 6.39, N 14.97.

N-Benzyl-N-[1,1,1-trifluoro-4-(4′-chlorophenyl)but-3-yn-2-yl]hydroxylamine (5ac). Yield:
14 mg (4%) (method A), 139 mg (41%) (method B); colorless crystals, m.p. 78–80 ◦C
(Et2O/petroleum ether) 1H NMR (600 MHz, CDCl3): δ 3.99, 4.24 (2d, 2H, 2JH,H = 12.78 Hz,
CH2Ph), 4.31 (q, 1H, 3JH,F = 6.84 Hz, CH), 5.21 (s, 1H, OH), 7.32–7.41 (m, 7 arom. H),
7.48–7.50 (m, 2 arom. H) ppm. 13C NMR (150 MHz, CDCl3): δ 60.6 (q, 2JC,F = 31.6 Hz,
CH), 62.2 (CH2Ph), 77.6 (C≡CPh), 88.2 (C≡CPh), 120.0, 135.3, 135.7 (3 arom. C), 123.0
(q, 1JC,F = 279.2 Hz, CF3), 128.1, 128.6, 128.7, 129.4, 133.4 (9 arom. CH) ppm. 19F NMR
(565 MHz, CDCl3): δ −71.41 (d, 3F, 3JF,H = 6.84 Hz, CF3) ppm. IR: v 3273m (O-H), 2877w,
2225w, 1490s, 1457m, 1394m, 1349s, 1263s, 1185s, 1133vs, 1085vs, 1006s, 972m, 920m, 979m,
820s, 753s, 700s cm−1. ESI-MS (m/z): 340 (100, [MCl-35+H]+), 342 (36, [M Cl-37+H]+). Elemen-
tal analysis for C17H13ClF3NO (339.7) calculated: C 60.10, H 3.86, N 4.12; found: C 60.00,
H 3.78, N 4.42.

2-Benzyl-5-(4′-chlorophenyl)-3-(trifluoromethyl)-2,3-dihydroizoxazole (6ac). Yield: 302 mg
(89%) (method A); colorless crystals; m.p. 116–117 ◦C (Et2O/petroleum ether). 1H NMR
(600 MHz, CDCl3): δ 4.04, 4.37 (2d, 2H, 2JH,H = 12.90 Hz, CH2Ph), 4.47 (dq, 1H,
3JH,H = 2.90 Hz, 3JH,F = 6.50 Hz, CHCF3), 5.14 (d, 1H, 3JH,H = 2.90 Hz, C=CH), 7.39–7.32
(m, 5 arom. H), 7.42–7.40 (m, 2 arom. H), 7.50–7.46 (m, 2 arom. H) ppm. 13C NMR
(150 MHz, CDCl3): δ 63.8 (CH2Ph), 70.8 (q, 2JC,F = 32.5 Hz, CHCF3), 86.0 (q, 3JC,F = 1.5 Hz,
C=CH), 124.0 (q, 1JC,F = 280.2 Hz, CF3), 126.0, 134.6, 136.1 (3 arom. C), 127.5, 128.3, 128.7,
129.0, 129.8 (10 arom. CH), 156.6 (C=CH) ppm. 19F NMR (565 MHz, CDCl3): δ −71.32 (d,
3F, 3JF,H = 6.50 Hz, CF3) ppm. IR: v 3127w, 3090w, 3034w, 2959w, 2896w, 2840w, 1651w,
1490m, 1453w, 1375m, 1341m, 1275s, 1222m, 1163s, 1129vs, 1085m, 1039m, 1010m, 879m,
834m, 798m cm−1. ESI-MS (m/z): 340 (100, [MCl-35+H]+), 342 (28, [MCl-37+H]+). Elemental
analysis for C17H13ClF3NO (339.7) calculated: C 60.10, H 3.86, N 4.12; found: C 60.06, H
3.87, N 4.28.

N-Benzyl-N-[1,1,1-trifluoro-4-(4′-trifluoromethylphenyl)but-3-yn-2-yl]hydroxylamine (5ad).
Yield: 93 mg (25%) (method B); colorless crystals; m.p. 101–103 ◦C (Et2O/petroleum
ether). 1H NMR (600 MHz, CDCl3): δ 4.00, 4.26 (2d, 2H, 2JH,H = 12.84 Hz, CH2Ph), 4.33
(q, 1H, 3JH,F = 6.84 Hz, CH), 5.16 (s, 1H, OH), 7.32–7.42 (m, 5 arom. H), 7.62–7.63 (m,
2 arom. H), 7.66–7.67 (m, 2 arom. H) ppm. 13C NMR (150 MHz, CDCl3): δ 60.5 (q, 2JC,F

= 31.7 Hz, CH), 62.3 (CH2Ph), 79.2 (q, 3JC,F = 1.5 Hz, C≡CPh), 87.8 (C≡CPh), 123.0 (q,
1JC,F = 279.3 Hz, CF3), 123.7 (q, 1JC,F = 270.5 Hz, CF3), 125.3 (q, 3JC,F = 7.5 Hz, 2 arom. CH),
128.1, 128.7, 129.4, 132.5 (9 arom. CH), 130.9 (q 2JC,F = 7.5 Hz, 1 arom. C), 135.6 (1 arom.
C) ppm. 19F NMR (565 MHz, CDCl3): δ −62.90 (s, 3F, 3JF,H = 6.84 Hz, CF3), −77.53 (d,
3F, 3JF,H = 6.84 Hz, CHCF3) ppm. IR: v 3422m (O-H), 3272w, 1618m, 1457m, 1405m, 1327s,
1275s, 1174s, 1126vs, 1003vs, 1050s, 1014s, 954w, 879w, 835s, 745s cm−1. ESI-MS (m/z): 374
(100, [M+H]+). Elemental analysis for C18H13F6NO (373.1) calculated: C 57.92, H 3.51, N
3.71; found: C 57.83, H 3.54, N 3.98.

2-Benzyl-5-(4′-trifluoromethylphenyl)-3-(trifluoromethyl)-2,3-dihydroizoxazole (6ad). Yield:
269 mg (72%) (method A); colorless crystals; m.p. 129–131 ◦C (Et2O/petroleum ether).
1H NMR (600 MHz, CDCl3): δ 4.06 (d, 1H, 2JH,H = 12.60 Hz, CH2Ph), 4.39 (d, 1H,
2JH,H = 12.60 Hz, CH2Ph), 4.51 (dq, 1H, 3JH,H = 3.00 Hz, 3JH,F = 6.06 Hz, CHCF3), 5.28
(d, 1H, 3JH,H =3.00 Hz, C=CH), 7.33–7.39 (m, 3 arom. H), 7.42–7.43 (m, 2 arom. H), 7.63–7.67
(m, 4 arom. H) ppm. 13C NMR (150 MHz, CDCl3): δ 63.7 (CH2Ph), 70.6 (q, 2JC,F = 32.3 Hz,
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CHCF3), 87.5 (C=CH), 123.7 (q, 1JC,F = 270.5 Hz, CF3), 123.8 (q, 1JC,F = 278.4 Hz, CF3), 125.5
(q, 3JC,F = 3.8 Hz, 2 arom. CH) 126.4, 128.3, 128.6, 129.6 (7 arom. CH), 130.6, 134.3 (2 arom.
C), 131.7 (q, 2JC,F = 27.6 Hz, 1 arom. C) 156.1 (C=CH) ppm. 19F NMR (565 MHz, CDCl3):
δ −62.90 (s, 3F, CF3), −77.53 (d, 3F, 3JF,H = 6.06 Hz, CHCF3) ppm. IR: v 3127w, 3041w,
2903w, 1651w, 1414w, 1367w, 1330m, 1274m, 1159s, 1107vs, 1060s, 1017m, 850s cm−1. ESI-MS
(m/z): 374 (35, [M+H]+), 396 (100, [M+Na]+). Elemental analysis for C18H13F6NO (373.1)
calculated: C 57.92, H 3.51, N 3.71; found: C 57.73, H 3.69, N 4.01.

N-Benzyl-N-(1,1,1-trifluoro-5,5-dimethylheks-3-yn-2-yl)hydroxyloamine (5ae). Yield:
151 mg (53%) (method A), 9 mg (3%) (method B); colorless crystals; m.p. 75–77 ◦C
(DCM/petroleum ether). 1H NMR (600 MHz, CDCl3): δ 1.32 (s, 9H, 3CH3), 3.87, 4.15
(2d, 2H, 2JH,H = 12.85 Hz, CH2Ph), 4.07 (q, 1H, 3JH,F = 6.95 Hz, CH), 4.94 (s, 1H, OH),
7.30–7.33 (m, 2 arom. H). 7.34–7.38 (m, 3 arom. H) ppm. 13C NMR (150 MHz, CDCl3):
δ 27.7 (C(CH3)3), 30.8 (3CH3), 60.2 (q, 2JC,F = 31.5 Hz, CH), 62.0 (CH2Ph), 65.6 (q,
3JC,F = 3.0 Hz, C≡Ct-Bu), 99.2 (C≡Ct-Bu), 123.2 (q, 1JC,F = 279.0 Hz, CF3), 127.9, 128.6,
129.4 (5 arom. CH), 136.0 (1 arom. CH) ppm. 19F NMR (565 MHz, CDCl3): δ −72.02 (d,
3F, 3JF,H = 6.95 Hz, CF3) ppm. IR: v 3269m (O-H), 2970m, 2922m, 2873m, 2240w, 1457m,
1360s, 1278s, 1203w, 1166s, 1130vs, 1092m, 1062m, 998m, 976w, 924w, 864m, 820s, 764s,
701vs cm−1. ESI-MS (m/z): 286 (100, [M+H]+), 308 (55, [M+Na]+). Elemental analysis for
C15H18F3NO (285.3) calculated: C 63.15, H 6.36, N 4.91; found: C 63.39, H 6.39, N 5.14.

Methyl 2-Benzyl-3-(trifluoromethyl)-4-isoxazoline-5-carboxylate (6af). Yield: 60 mg (21%)
(method A); colorless crystals; m.p. 81–84 ◦C (DCM/petroleum ether). 1H NMR (600 MHz,
CDCl3): δ 3.85 (s, 3H, CO2CH3) 4.0, 4.38 (2d, 2H, 2JH,H = 12.96 Hz, CH2Ph), 4.46 (dq, 1H,
4JH,H = 3.06 Hz, 3JH,F = 6.40 Hz, CH), 5.65 (d, 1H, 4JH,H = 3.06 Hz, C=CH), 7.32–7.39 (m,
5 arom. H) ppm. 13C NMR (150 MHz, CDCl3): δ 52.7 (CO2CH3), 63.5 (CH2Ph), 70.0 (q,
2JC,F = 31.5 Hz, CH), 99.6 (q, 3JC,F = 1.5 Hz, CH=CCO2CH3), 123.2 (q, 1JC,F = 279.0 Hz, CF3),
128.4, 128.7, 129.7 (5 arom. CH), 133.5 (1 arom. C), 149.5 (CH=CCO2CH3), 158.2 (C=O) ppm.
19F NMR (565 MHz, CDCl3): δ −77.02 (d, 3F, 3JF,H = 6.40 Hz, CF3) ppm. IR: v 3145w, 3090w,
3012w, 2959w, 2900w, 1733vs (C=O), 1647m, 1446m, 1334m, 1278m, 1226s, 1177s, 1121vs,
1067m, 1010m, 969m, 879m, 801m, 723vs cm−1. ESI-MS (m/z): 288 (35, [M+H]+), 310 (100,
[M+Na]+). Elemental analysis for C13H12F3NO3 (287.1) calculated: C 54.36, H 4.21, N 4.88;
found: C 54.27, H 4.39, N 5.00.

N-Benzyl-N-(5,5-diethoxy-1,1,1-trifluoropent-3-yn-2-yl)hydroxylamine (5ag). Yield: 33 mg
(10%) (method A); colorless oil. 1H NMR (600 MHz, CDCl3): δ 1.25–1.28 (m, 6H,
2OCH2CH3), 3.63–3.69 (m, 2H, OCH2CH3), 3.76–3.83 (m, 2H, CH2CH3), 3.91, 4.19 (2d, 2H,
2JH,H = 12.84 Hz, CH2Ph), 4.16 (dq, 1H, 5JH,H = 1.17 Hz, 3JH,F = 6.42 Hz, CH), 5.20 (s, 1H,
OH), 5.38 (d, 1H, 5JH,H = 1.17 Hz, CH(OEt)2), 7.30–7.38 (m, 5 arom. H) ppm. 13C NMR
(150 MHz, CDCl3): δ 15.05, 15.06 (2OCH2CH3), 60.1 (q, 2JC,F = 31.5 Hz, CH), 61.1, 61.2
(2OCH2CH3), 62.2 (CH2Ph), 73.0 (C≡CCH(OEt)2), 85.1 (C≡CCH(OEt)2), 91.1 (CH(OEt)2),
122.9 (q, 1JC,F = 279.0 Hz, CF3), 128.0, 128.6, 129.4 (5 arom. CH), 135.7 (1 arom. C) ppm. 19F
NMR (565 MHz, CDCl3): δ −71.46 (d, 3F, 3JF,H = 6.42 Hz, CF3) ppm. IR: v 3331w (O-H),
2978w, 2926w, 2859w, 1673w, 1454w, 1353w, 1271m, 1384m, 1177s, 1140vs, 1051s, 928w, 883w,
827w cm−1. HRMS (TOF AP+) m/z [M+H]+ calcd C16H21NO3F3: 332.1474, found: 332.1470;
[M+Na]+ calcd C16H2ONO3F3Na: 354.1293, found: 354.1297.

(b) Enantioselective reactions

General procedure. Under an argon atmosphere, THF (0.5 mL) was syringed into
a round-bottomed flask with a rubber septum containing the AziPhenol ligand (6 mg,
0.01 mmol). A solution of diethylzinc (200 μL of 1.0 M solution in hexane, 0.02 mmol) was
added dropwise at room temperature. The mixture was stirred at room temperature until
the solution became slightly cloudy. Then 40 mg 4Å MS was added to the mixture and
cooled to −20 ◦C for an additional 10 min before Et2Zn (1.5 mL of 1.0 M solution in hexane,

185



Molecules 2025, 30, 4578

0.15 mmol) and the appropriate acetylene (0.15 mmol) in THF (0.5 mL) were added to the
mixture. The nitrone (0.1 mmol) was dissolved in 1.0 mL of THF and added dropwise
to the mixture and stirred at −20 ◦C. The progress of the reaction was controlled by TLC
(SiO2; hexane: ethyl acetate 3:2) and the time of completion of the reaction was about 3h.
Then, a saturated NH4Cl solution was added to the reaction mixture. The organic layer was
separated, and the water layer was extracted with DCM (3 × 10 mL). Combined organic
layers were dried over anhydrous Na2SO4 and filtrated. Next, the solvent was evaporated
under reduced pressure. The crude mixture was purified by column chromatography
(silica gel, hexane with ethyl acetate in gradient) to afford the corresponding products.

N-Benzyl-N-(1,1,1-trifluoro-4-phenylbut-3-yn-2-yl)hydroxylamine (5aa): 79:21 e.r.;
[a]22

D = −24.8 (c 0.3, CHCl3); HPLC analysis: Chiralcel AD-H, Hexanes: iPrOH = 90:10,
flow = 1.0 mL/min, retention time: 6.59 (minor), 7.39 (major) min, wavelength = 250 nm.

N-Benzyl-N-[1,1,1-trifluoro-4-(4′-methoxyphenyl)but-3-yn-2-yl]hydroxylamine (5ab):
80:20 e.r.; [a]22

D = −40.9 (c 0.3, CHCl3); HPLC analysis: Chiralcel AD-H, Hexanes:
iPrOH = 95:5, flow = 1.0 mL/min, retention time: 18.54 (minor), 20.29 (major) min,
wavelength = 250 nm.

N-Benzyl-N-[1,1,1-trifluoro-4-(4′-chlorophenyl)but-3-yn-2-yl]hydroxylamine (5ac): 74:26
e.r.; [a]22

D = −33.4 (c 0.3, CHCl3); HPLC analysis: Chiralcel AD-H, Hexanes: iPrOH = 95:5,
flow = 1.0 mL/min, retention time: 12.65 (minor), 17.19 (major) min, wavelength = 250 nm.

N-Benzyl-N-[1,1,1-trifluoro-4-(4′-trifluoromethylphenyl)but-3-yn-2-yl]hydroxylamine (5ad):
72:28 e.r.; [a]22

D = −20.5 (c 0.3, CHCl3); HPLC analysis: Chiralcel AD-H, Hexanes:
iPrOH = 95:5, flow = 1.0 mL/min, retention time: 13.38 (minor), 17.84 (major) min, wave-
length = 250 nm.

N-Benzyl-N-(1,1,1-trifluoro-5,5-dimethylheks-3-yn-2-yl)hydroxyloamine (5ae): 71:29 e.r.;
[a]22

D = −9.9 (c 0.3, CHCl3); HPLC analysis: Chiralcel AD, Hexanes: iPrOH = 98:2,
flow = 0.5 mL/min, retention time: 12.55 (minor), 14.23 (major) min, wavelength = 250 nm.

N-Benzyl-N-(1,1-difluoro-4-phenylbut-3-yn-2-yl)hydroxylamine (5ba): 77:23 e.r.; [a]22
D =

−19.2 (c 0.3, CHCl3); HPLC analysis: Chiralcel AD-H, Hexanes: iPrOH = 90:10, flow =
0.7 mL/min, retention time: 12.55 (minor), 14.23 (major) min, wavelength = 250 nm.

2-Benzyl-5-phenyl-3-(trifluoromethyl)-2,3-dihydroisoxazole (6aa): 50:50 e.r.; HPLC analysis:
Chiralcel AD, Hexanes: iPrOH = 90:10, flow = 0.5 mL/min, retention time: 9.36, 10.14 min,
wavelength = 250 nm.

2-Benzyl-5-(4′-methoxyphenyl)-3-(trifluoromethyl)-2,3-dihydroizoxazole (6ab): 51:49 e.r.;
HPLC analysis: Chiralcel AD, Hexanes: iPrOH = 95:5, flow = 0.5 mL/min, retention time:
13.23, 14.15 min, wavelength = 250 nm.

2-Benzyl-5-(4′-chlorophenyl)-3-(trifluoromethyl)-2,3-dihydroizoxazole (6ac): 53:47 e.r.; HPLC
analysis: Chiralcel AD, Hexanes: iPrOH = 98:2, flow = 0.3 mL/min, retention time: 10.65,
11.24 min, wavelength = 250 nm.

2-Benzyl-5-(4′-trifluoromethylphenyl)-3-(trifluoromethyl)-2,3-dihydroizoxazole (6ad): 51:49
e.r.; HPLC analysis: Chiralcel AD, Hexanes: iPrOH = 95:5, flow = 0.5 mL/min, retention
time: 5.40, 5.78 min.

3.4. Computational Study

All calculations reported in this work were performed using the “Ares” cluster in the
“Cyfronet” computational center in Cracow. The wb97xd functional and the 6-311+G(d)
basis set included in the GAUSSIAN 09 package [37] were used. For all structures op-
timization the Berny algorithm was applied. Localized critical points were checked by
vibrational frequency analyses to see whether they constituted minima or maxima on the
potential energy surface (PES). All transition structures (TSs) showed a single imaginary
frequency, whereas reactants, products and pre-reaction complexes had none. The intrinsic
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reaction coordinate (IRC) path was traced in order to check the energy profiles connecting
each transition structure to the two associated minima of the proposed mechanism. GEDT
indices were estimated according to Domingo equations [38]. The reaction environment
polarity (THF) was simulated using polarizable continuum model (PCM) [39].

4. Conclusions

A method of synthesis of fluorinated hydroxylamines of type 5 was developed by
adding acetylenes 4 to nitrones 3 derived from fluorinated aldehydes 1. In these reactions,
the formation of hydroxylamines 5 and/or oxazolines 6 was observed as products. How-
ever, the expected hydroxylamines 5 were the only or the main products in the reactions
conducted in the presence of diethylzinc. Theoretical calculations clearly indicate that oxa-
zolines 6 are the kinetic products and hydroxylamines 5 are the thermodynamic products
of the studied process. In the extension of the studies the first enantioselective protocol
of addition of acetylenes 4 to RF-nitrones 3 was elaborated. The desired products 5 were
isolated in good yields and with moderate enantioselectivities. The obtained hydroxy-
lamines 5 consist of an interesting class of building blocks for use in organic synthesis. In
the literature, propargyl N-hydroxylamines have been used for acylaziridines [10], propar-
gylamines by reduction [40–42], α,β-unsaturated ketones by the sequence of isomerization
and hydrolysis reactions [7].

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules30234578/s1. Copies of 1H and 13C spectra of all new
compounds, HPLC chromatograms and crystallographic data [43–46]. Figure S1: Molecular structure
of 5aa (left) and 3a (right). Displacement ellipsoids are drawn at 50% probability level; Figure S2:
Partial packing diagram of 5aa (left) and 3a (right). Displacement ellipsoids are drawn at 50%
probability level; Figure S3: Selected interactions stabilizing molecular and supramolecular structure
of 5aa; Figure S4: Selected interactions stabilizing molecular and supramolecular structure of 3a.
Table S1: Selected structural data for 5aa and 3a; Table S2: Bond Lengths for 3a_DEPO; Table S3: Bond
Angles for 5aa_DEPO; Table S4: Bond Angles for 3a_DEPO; Table S5: Torsion Angles for 5aa_DEPO;
Table S6: Torsion Angles for 3a_DEPO.
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Abstract

A computational study of the mechanism of asymmetric hydrogenation of γ-keto acids with
the Ni(S,S)-QuinoxP* system was conducted. The main steps of the reaction mechanism
were determined, including the formation of the NiH(S,S-QuinoxP*)+ complex starting
from a γ-keto acid molecule and the involvement of the hydrogen “metathesis” step. The
rate-limiting and stereo-determining step of the reaction was identified as the transfer
of a hydrogen atom from the catalytic particle to the carbonyl group of the substrate
molecule. The stereochemical outcome of the process was calculated. The influence of
weak interactions on the stereoselectivity of the process was demonstrated using NCI and
sobEDAw analyses.

Keywords: asymmetric catalysis; non-bonding interactions; asymmetric hydrogenation;
transition metal catalysis; DFT calculations; theoretical investigations into asymmetric
catalysis and synthesis

1. Introduction

Asymmetric hydrogenation catalyzed by transition metal complexes (e.g., Ni, Cu, Fe,
and Co) [1–6] is a rapidly developing area of modern chemistry. The possibility of replacing
catalytic systems based on noble metals (Au, Ru, Rh, Ir, Pt, Pd) with relatively inexpensive
and readily available systems based on transition metals opens a way to an inexpensive and
highly stereoselective synthesis of various compounds, many of which are intermediates in
the synthesis of pharmaceutically active compounds and natural products [7–9]. The syn-
thesis of 5- and 6-membered lactones using γ/δ-keto acids, readily available from natural
raw materials, has been actively studied in recent years [10]. Asymmetric hydrogenation
of keto acids uses chiral catalysts (often Ir, Ru, Ni, or Co with specific ligands) to convert
keto-functionalized acids into valuable chiral hydroxy acids or lactones, producing single
enantiomers (optical isomers) crucial for pharmaceuticals, with high efficiency (TONs up
to 100,000) and enantioselectivity (up to 99% ee) for γ- and δ-ketoacids, offering a green,
scalable route to chiral building blocks and certain drugs (for example, Ezetimibe [11]).
Catalytic systems based on Ir [11], Ru [12], and Pd [13] are used for synthesizing chiral
lactones, as well as the recently proposed methods utilizing chiral Ni complexes [14,15].
Despite the availability of some experimental material, this topic has not yet been thor-
oughly studied. Moreover, this process lacks a sufficient explanation of its stereoselectivity
and proposed mechanism. In this work, the mechanism of the Ni-catalyzed asymmetric
hydrogenation reaction of γ-keto acids was studied using DFT calculations. In addition,
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the weak interactions contributing to the stereoselectivity of the studied reaction were
visualized and quantified using NCI [16] and sobEDAw [17] analyses.

2. Results and Discussion

It can be noted that asymmetric hydrogenation reactions typically follow a specific
pattern of elementary steps. The first step of any catalytic process is the formation of
a catalytic particle. Considering that the starting compounds for the formation of the
catalytic particle are nickel perchlorate and (S,S)-QuinoxP*, as well as the presence of
hydrogen dissolved in the reaction mixture, it can be assumed that a number of nickel
hydride complexes (including, but not limited to, mono- and dihydride complexes and
their dimers) are formed during the reaction and can act as catalytic particles for the
asymmetric hydrogenation process under consideration. Since in this case the catalytic
system is of a “cocktail” type due to the possibility of interconversion of nickel hydride
complexes into each other under these conditions, it is necessary to select a catalytic particle
that, firstly, can exist under the reaction conditions, and secondly, effectively binds to
the substrate molecules, namely a γ-keto acid. Thus, we decided to choose the hydride
complex NiH(S,S-QuinoxP*)+ 1, whose possible formation was demonstrated in one of our
recent studies, as the catalytic particle [18].

The next step of the process is the interaction between the catalytic particle and
the substrate molecule, leading to the formation of a prereaction complex. Note that
although this stage itself is usually neither stereodetermining nor rate-limiting, the quality
of the interaction between the catalytic particle and the substrate molecule at this step can
significantly affect the subsequent steps. After the formation of the prereaction complex,
hydride transfer occurs from the metal atom to the functional group of the substrate
molecule. This step is often both rate-limiting and stereodetermining, since the hydrogen
atom transferred to the substrate molecule typically does not participate further in the
process, as shown by isotope labeling experiments in recent studies [1]. It is worth noting
that the nature of the interactions between the substrate and catalytic particle molecules
at this stage is of particular interest, as it can shed light on the possible influence of the
interaction between the substrate and the catalyst (or part of it) on the stereoselectivity of
the process.

Finally, a crucial step is the so-called hydrogen “metathesis,” without which the
regeneration of the catalytic particle cannot occur. This step typically occurs with a high
reverse barrier but a low forward barrier, suggesting that this step is irreversible within the
energy profile of the transformation under consideration. However, hydrogen “metathesis”
requires the hydrogen molecule to successfully coordinate with the metal atom, which is
sometimes difficult because the ligand environment creates certain steric hindrance.

However, the ligand structure and the steric hindrance it causes could be a double-
edged sword. On the one hand, the typically “branched” ligand structure complicates
the interaction of the catalytic particle with substrate molecules, solvent, or hydrogen.
On the other hand, it is the ligand skeleton that is responsible for the majority of the
weak interactions that influence the stereochemical outcome of asymmetric hydrogenation
reactions. Therefore, it is important to maintain a balance between hindering the kinet-
ics of the process and improving the interaction between the catalytic particle and the
substrate molecule.

A reaction mechanism was proposed for the Ni-catalyzed asymmetric hydrogenation
of γ-keto acids previously studied experimentally [14,15]. At the first step, complex 2 is
formed from Ni catalyst 1 and a substrate molecule. The use of Ni-H species 1 as a catalyst
has been substantiated in a number of previous works [1,6]. Then, the intramolecular
addition of a H atom to the carbonyl carbon (hydrogen transfer step) occurs via TS1 to
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give complex 3. The process can proceed further through two pathways (pathway A and
pathway B). Pathway A takes hydrogen, needed for product recovery and catalytic species
regeneration, directly from the hydrogen molecule. Alternatively, pathway B utilizes
a solvent, trifluoroethanol, as the hydrogen source, resulting in the formation of nickel
alkoxide. In pathway A, at the next stage complex 4 is formed by the reaction of 3 with
a hydrogen molecule (with a distance of 3.38 angstroms (pathway R) or 2.76 angstroms
(pathway S) between the Ni atom and the hydrogen molecule). The subsequent “wedge-in”
of the coordinated hydrogen molecule via TS2 leads to species 5. Finally, the “metathesis”
stage of the hydrogen molecule in complex 5 via TS3 results in particle 6, which is actually
a complex of the original catalytic particle and the γ-hydroxy acid. Their subsequent
splitting completes the catalytic cycle and leads to the regeneration of the catalytic particle
1 (Scheme 1). The alternative pathway B involves the interaction of complex 3 with a
trifluoromethanol molecule to give complex 4′. After proton transfer from the alcohol
molecule to the substrate molecule, the formation of the target hydroxy acid 7 and complex
5′ occurs. Then particle 5′ interacts with a hydrogen molecule, which leads to the formation
of catalytic particle 1 and the closure of the catalytic cycle. Despite the fundamental
possibility of the reaction occurring through either Pathway A or Pathway B, only Pathway
A was calculated in this study, since previous studies [1] have demonstrated the possibility
of hydrogen “metathesis” and shown that Pathway B requires overcoming a high activation
barrier. Furthermore, regeneration of catalytic particle 1 still requires the interaction of 5′

with molecular hydrogen.

Scheme 1. Possible catalytic cycle of the Ni-catalyzed asymmetric hydrogenation of γ-keto acids.

We optimized both singlet and triplet states of Ni complex 1 and discovered that
triplet-singlet gap ΔET-S = +10.9 kcal/mol. Furthermore, for all other calculated structures,
stability analysis indicates a stable wavefunction, so the ground state is the singlet state.
Thus we used multiplicity 1 throughout calculations. Calculated Gibbs free energy profile
of the Ni-catalyzed asymmetric hydrogenation of a γ-keto acid (the “blue” pathway for R
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and the “red” pathway for S) is shown in Scheme 2. In fact, the formation of pre-reaction
complexes 1-R and 1-S is an energetically favorable process (with a benefit of 8.4 kcal/mol
for 1-R and 11.2 kcal/mol for 1-S). Their conversion into alcoholates 2-S and 2-R occurs via
transition states TS1-R and TS1-S with similar energies, which are discussed in more detail
below. The subsequent interaction with a hydrogen molecule leads (without a transition
state) to complexes 3-R and 3-S, with complex 3-R being 3.5 kcal/mol more favorable
than the corresponding complex 3-S. The distance between the hydrogen molecule and
the nickel atom in structures 3-R and 3-S deserves special attention. Indeed, the difference
in the corresponding distances in 3-R and 3-S is almost 0.5 angstroms (2.76 angstroms
in 3-S and 3.28 angstroms in 3-R). This explains the difference in the activation barriers
at the step of incorporation of a hydrogen molecule into the inner coordination sphere
of the nickel atom (TS2-R and TS2-S). The subsequent step of hydrogen “metathesis”
occurs via transition states with similar energies TS3-R (ΔG = 11.0 kcal/mol) and TS3-S

(ΔG = 10.5 kcal/mol) and with a high barrier to the reverse transformation (19.7 kcal/mol
for TS3-R and 19.0 kcal/mol for TS3-S). Then, everything ends with the regeneration of
catalytic species 1 and the formation of γ-hydroxycarboxylic acids 6-S and 6-R.

 
Scheme 2. Computed Gibbs free energy profiles for the asymmetric hydrogenation of γ-ketoacids
catalyzed by the Ni complex of (S,S)-QuinoxP*. Calculations were performed at DFT level of theory
with TPSSh functional, using the def2-TZVPP basis set on Ni and def2-SVP on other atoms, in
2,2,2-trifluoroethanol (SMD model).

As shown in the energy diagram, the main difference in the Gibbs free energy of
activation is observed at the first step of the process, i.e., transfer of the hydrogen atom
from the Ni atom to the C atom of the carbonyl group, with a barrier of 5.0 kcal/mol for
TS1-R and 7.4 kcal/mol for TS1-S, ΔΔGact = 2.4 kcal/mol (Scheme 3).

https://doi.org/10.3390/molecules31020385
193



Molecules 2026, 31, 385

 

Scheme 3. The stereodetermining step of the reaction. The structures of the R-pathway are shown.
The structures of the minor S-pathway are omitted for clarity.

To verify the reproducibility of the obtained result, this stage was recalculated using a
different, suitable DFT functional, M11-L, yielded similar reaction barriers (4.5 kcal/mol
for TS1-R and 7.2 kcal/mol for TS1-S (ΔΔGact = 2.7 kcal/mol)).

The barrier of the “metathesis” of the hydrogen molecule is 6.3 kcal/mol for TS3-R

and 8.7 kcal/mol for TS3-S (ΔΔGact = 2.4 kcal/mol). Note that the barrier of the reverse
reaction for the S-stereoisomer in step 1 is lower than that of the forward reaction. This
should further promote the formation of the R-product.

To clarify the difference in the rates of the process under study for paths R and S,
Eyring–Polanyi equation was used:

k(T) = κ
kBT

h
e−ΔG �=

0 /RT

k(T)—reaction rate constant; κ—transmission coefficient; kB—Boltzmann constant;
T—temperature; h—Planck constant; ΔG �=

0 —Gibbs free energy of activation; R—universal
gas constant. Assuming that for the transformation of 1 into 2 via TS1 the difference in
transmission coefficients can be neglected, we obtain that the ratio k(R)/k(S) = 44.7.

Considering that the addition of the hydrogen atom, which determines the stereochem-
istry of the process, occurs at the 1 −→ 2 conversion step via TS1, NCI analysis was performed
for TS1-R and TS1-S to visualize the weak interactions between the substrate molecule and
the catalyst particle (Figure 1, see Supplementary Materials for color code for NCI).
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Figure 1. NCI analysis for TS1-R (left) and TS1-S (right).

NCI analysis reveals that in the case of TS1-R, interactions are observed between the
π-orbitals of the phenyl group of the substrate and the tert-butyl group of the catalyst,
leading to the stabilization of the transition state. Although such interactions are not
observed in the case of TS1-S, they are replaced by interactions between the CH bonds of the
substrate molecule and the tert-butyl moiety of the catalyst, which also leads to enhanced
interactions between the substrate and the catalyst particle. To elucidate the nature of these
interactions in TS1-R and TS1-S and to quantify them, energy decomposition analysis
(sobEDAw) was also performed (Table 1).

Table 1. SobEDAw analysis for TS1-R and TS1-S.

E TS1-R, kcal/mol TS1-S, kcal/mol

Etotal −38.40 −37.64
Eels −46.62 −47.89
Exrep 67.74 66.88
Eorb −35.91 −35.72
Edisp −23.62 −20.92

Apparently, the main difference between TS1-R and TS1-S lies in the dispersion and
electrostatic interactions. The electrostatic energy and exchange-repulsion energy were
found to be higher in TS1-R than in TS1-S, while the dispersion interaction in TS1-R is
significantly lower (by almost 3 kcal/mol) than in TS1-S. In summary, TS1-R has a lower
interaction energy than TS1-S, which is consistent with experiments [14,15]. The large
difference in dispersion energy may indicate that the ligand skeleton and the apparently
non-reactive moiety of the substrate molecule may interact with each other and thereby
improve the enantioselectivity of the reaction.

The kinetics of the “metathesis” step also predicts the preferential formation of the
R-isomer of the γ-hydroxy acid (see discussion above). The formation of the R-isomer was
also supported by NCI (Figure 2) and sobEDAw analyses of the corresponding transition
states TS3-R and TS3-S.

 

Figure 2. NCI analysis for TS3-R (left) and TS3-S (right).
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According to NCI for TS3-R, a strong interaction exists between the alkyl tail of
the substrate molecule and the tert-butyl group of the ligand moiety. Furthermore, an
interaction is also observed between the alpha-aromatic hydrogen atom of the substrate
molecule and the methyl group of the catalytic particle backbone. It is worth noting that
such interactions are almost nonexistent in TS3-S. In turn, TS3-S exhibits the interaction
between the tert-butyl group of the ligand and the alpha-aromatic hydrogen atom of the
substrate molecule, as well as the weak interaction between the hydrogen atoms of the
phenyl group and the methyl group of the ligand. No other weak interactions leading to
improved binding between the substrate and catalyst molecules are observed.

To quantify the different components of the binding energy between the substrate and
catalyst molecules in TS3-R and TS3-S, energy decomposition analysis (sobEDAw) was
also performed (Table 2).

Table 2. SobEDAw analysis for TS3-R and TS3-S.

E TS3-R, kcal/mol TS3-S, kcal/mol

Etotal −254.70 −250.33
Eels −273.02 −260.69
Exrep 217.82 193.24
Eorb −163.49 −155.20
Edisp −36.02 −27.68

Overall, the interaction between the molecules of the catalytic particle and the substrate
is stronger in TS3-R than in TS3-S. Thus, the difference in the total interaction energy between
TS3-R and TS3-S is 4.37 kcal/mol. The largest difference in its constituent energies lies in
the electrostatic interaction (12.33 kcal/mol), as well as in the orbital (8.29 kcal/mol) and
dispersion (8.34 kcal/mol) interactions. We suggest that the main contribution to the latter
interactions is made by the weak interactions between the ligand skeleton and various moieties
of the initial γ-keto acid molecule. It is worth mentioning separately that the exchange-
repulsion energy is also higher in TS3-R; however, the total contribution of all components
still leads to better binding of the substrate and catalyst molecules than in TS3-S.

To get insights into the electron distribution in catalytic species 1 and transition states
of hydrogen transfer step (TS1), we examined them using the Extended Transition State—
Natural Orbitals for Chemical Valence method (ETS-NOCV). In 1 the main part of contribution
to ΔEorb stems from the sum of the first and second NOCV pairs (ΔE = −101.2 kcal/mol).
As follows from the visualization of NOCV pair density isosurface, it is clear that the sum of
two first NOCV pairs corresponds to electron donation from both phosphorus and nitrogen
atoms of the ligand to the nickel and hydrogen atoms (Figure 3).

Figure 3. (a) Visualization of NOCV pair density isosurfaces for 1. (b) Visualization of NOCV pair
density isosurfaces for TS1-R. (c) Visualization of NOCV pair density isosurfaces for TS1-S. The
blue/green colored isodensity surface defines electron density depletion/accumulation.

In TS1 unlike in 1, the π orbitals of the aromatic moiety of the substrate molecule also
participate in the electron distribution in the transition state. This may indicate the influence

https://doi.org/10.3390/molecules31020385
196



Molecules 2026, 31, 385

of the substrate’s structural features on the reaction and may indirectly explain the different
stereochemical outcomes of substrates that differ only in the substitution pattern of the
aromatic moiety. It should be noted that the first two NOCV pairs also make a significant
contribution to ΔEorb (ΔE = −116.8 kcal/mol for TS1-R and ΔE = −115.9 kcal/mol for TS1-S).

3. Materials and Methods

DFT calculations were performed using Gaussian 16 Rev.C01 [19]. The TPSSh DFT
functional with the def2-TZVPP basis set on Ni and def2-SVP on the other atoms was used
for geometry optimization, thermodynamic and kinetic calculations. All calculations were
performed in 2,2,2-trifluoroethanol (SMD model). Noncovalent interaction (NCI) analy-
sis [16] and ETS-NOCV [20] were performed using Multiwfn ver. 3.8. [21], while sobEDAw
analysis was performed according to the reported procedure [17]. See Supplementary
Materials for details.

4. Conclusions

A mechanism for the asymmetric hydrogenation of γ-keto acids was proposed and
modeled by DFT calculations. The stereoselectivity of the process was shown to be influ-
enced by both the reaction kinetics and weak interactions in the transition states of the
stereodetermining step–hydrogen atom transfer stage. DFT computations have shown that
the difference in the activation barriers of this stage is 2.4 kcal/mol, which determines the
stereoselectivity of the formation of the R-product. The difference in Gibbs free energy
between the R and S pathways predicts 96% ee for the hydrogenation product, in good
agreement with the experimental data [14,15]. Using the Eyring–Polanyi equation, the
ratio of the rate constants for pathways R and S can be estimated as k(R)/k(S) = 44.7.
According to NCI and sobEDAw analyses, weak interactions in TS1 between π-orbitals of
the phenyl group of the substrate and the tert-butyl group of the catalyst have an impact
on preferential formation of the R-product.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/molecules31020385/s1, Details of DFT calculations, Cartesian coordinates
and energies for all calculated structures.
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