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ABSTRACT: We have developed a catalytic method using chiral
N-heterocyclic carbene (NHC) as the sole organic catalyst to
synthesize planar chiral carbonitriles asymmetrically, resulting in
optically pure, multifunctional compounds. The method demon-
strates remarkable tolerance toward diverse substituents and
substitution patterns through kinetic resolution (KR) or desymmet-
rization processes. The resulting optically pure planar chiral products hold significant potential for applications in asymmetric
synthesis and antibacterial pesticide development.

Planar chirality, as an important component of chirality, has
shown distinct characteristics in the fields of organic

synthesis and functional materials. Both [2.2]paracyclophane
(pCp)1 and ferrocene2 are representative examples of planar
chiral structures, boasting distinctive structural attributes that
imbue them with exceptional properties. Particularly, sub-
stituted pCps and ferrocenes display captivating planar
chirality, which has extensive applications in asymmetric
catalysis,3 functional material development,4 and medicinal
chemistry5 (Figure 1a). Substituted pCps have been employed
as chiral P,N- or N,O-ligands in asymmetric dialkylzinc
additions to aldehydes, asymmetric cyclopropanation reactions,
and asymmetric epoxidation reactions. Planar chiral iodoarenes
based on pCp have been used to catalyze the enantioselective
fluorination of β-keto esters. In addition, a series of functional
materials with chiral pCps have been widely applied in the field
of materials science for the development of polymers and
optoelectronic devices. Ferrocenes with planar chirality are
extensively utilized as ligands or catalysts in asymmetric
catalysis, particularly notable for their industrial applications in
pharmaceuticals and agrochemicals production, such as (R,Sp)-
PPFA and (R,Sp)-Josiphos. Ferroquine, a compound designed
to combat the malaria parasite, demonstrates promising
efficacy in malaria treatment.
Over the years, a variety of synthetic approaches have

emerged for producing enantiopure planar chiral pCp and
ferrocene derivatives. These methodologies range from
stoichiometric resolution methods to chromatographic separa-
tion employing chiral stationary phases as well as catalytic
asymmetric processes. Given the prevalent utilization of pCp
and ferrocene derivatives, exploring novel catalytic asymmetric
processes holds substantial importance in efficiently synthesiz-
ing planar chiral pCp and ferrocene derivatives.
Recently, we have introduced a dynamic kinetic resolution

(DKR)6 process using N-heterocyclic carbene (NHC)7
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Figure 1. Applications and Syntheses of Planar chiral pCps and
ferrocenes.
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organocatalysis to synthesize axially chiral benzonitriles from
racemic 2-arylbenzaldehydes and readily available toluenesul-
fonamide. These advancements in easily creating optically pure
benzonitriles with axial chiralities offer promising prospects for
applications in organic synthesis and biological research.8

Herein, as part of our ongoing research, we present an
asymmetric catalytic approach to synthesize multifunctional
planar chiral carbonitriles through NHC organocatalytic
kinetic resolution (KR).9 In addition, we also showcase in
this study the potential applications of enantiomerically pure
planar chiral molecules through further synthetic trans-
formations and bioactive assessments for pesticides.
Our explorations into the construction of planar chiral

carbonitriles start with the KR of the racemic mixture of pCp-
derived imine substrate 1a under NHC organocatalytic
conditions (Table 1). Chiral NHC catalysts derived from
aminoindanol scaffolds were assessed for this asymmetric
transformation with a substoichiometric amount of diethyl-
amine in toluene at −10 °C (entries 1 to 5). The chiral NHC
catalysts with electron-donating N-substituents proved in-
efficient for this KR process. (e.g., A10 and B,11 entries 1 to 2).
The aminoindanol-derived NHC catalyst C,12 featuring a
potent electron-withdrawing N-pentafluorophenyl (N-C6F5)
group, exhibited notable selectivity in activating the two
enantiomers of planar chiral imine substrates. Specifically, the
(Rp)-configured imine 1a was preferentially converted into the
pCp-carbonitrile product (Rp)-2a with a moderate yield and
optical purity (entry 3). Technically, since the remaining
starting material of (Sp)-1a was not stable during purification
processes, the mild reducing reagent of NaBH4 was therefore
added into the reaction system after completion of the KR
process to transform the enantioenriched 1a into the
toluenesulfonamide 3a for a more accurate evaluation of the
reaction outcome. Switching the N-C6F5 group on the NHC
catalyst into an electron-deficient N-2,4,6-trichlorophenyl
group led to dramatic improvements on the enantioselectivities
of both the products (Rp)-2a and (Sp)-3a (entry 4). To our
great delight, installing an additional bromide group on the

NHC catalyst D13 (to afford E)14 can give both of the KR
products (Rp)-2a and (Sp)-3a in excellent yields and optical
purities, with the s value of the KR process increased to 74
(entry 5). Switching the basic additives from diethylamine into
other organic or inorganic bases led to obvious drops in the s
values of the KR process, although the optical purity of (Sp)-3a
could occasionally reach 98:2 (entries 6 to 9). Chlorobenzene
can also be used as a suitable solvent for this NHC-catalyzed
KR process, although the optical purities obtained in the
remaining (Sp)-3a were slightly dropped (entries 10). Non-
aromatic solvents we tested were not good for this asymmetric
KR reaction with only moderate s values obtained (entries 11
to 12).

Therefore, we explored the reaction scope for asymmetri-
cally synthesizing planar chiral aryl carbonitriles using the
NHC catalyst E, along with 4 Å molecular sieves and a
substoichiometric quantity of diethylamine in toluene (Table
1, entry 5 and Scheme 1). Subtle adjustments to the reaction
conditions may be necessary when preparing various
substituted planar chiral benzonitriles to achieve optimal
product yields and optical purities.

Both electron-donating and -withdrawing substituents at the
o- and p-positions of the imine group on the pCp ring were
effectively tolerated. This resulted in the synthesis of planar
chiral pCp-derived carbonitriles and sulfonamides with high
yields and exceptional enantioselectivity (Scheme 1, 2b to 2g,
and 3b to 3g). The pCp-derived imine substrate with a
pseudogeminal substituent performed effectively in the NHC-
catalyzed KR process. However, the obtained planar chiral
carbonitrile products exhibited moderate to good optical
purities, albeit with decreased s values (2h to 2j, 3h to 3j).
Furthermore, the reaction can be scaled up without significant
reductions in yields or enantioselectivity (e.g., Scheme 1, 1a on
a 1 mmol scale).

The p-toly group of the toluenesulfonimide moiety on
reaction substrate 1a can be switched into aryl or alkyl groups
with various substitution patterns (Scheme 2). The enantioen-
riched planar chiral sulfonamides (Sp)-3 bearing different

Table 1. Optimization of Reaction Conditions for the KR Process of 1aa

Yield (%);b Er (%)c

Entry NHC Base Solvent (Rp)-2a (Sp)-3a sd

1 A (C2H5)2NH toluene 0 n.d. n.d.
2 B (C2H5)2NH toluene 0 n.d. n.d.
3 C (C2H5)2NH toluene 35; 81:19 42; 75:25 7
4 D (C2H5)2NH toluene 21; 91:9 42; 85:15 21
5 E (C2H5)2NH toluene 48; 96:4 46; 95:5 74
6 E (C2H5)3N toluene 21; 89:11 68; 56:44 10
7 E iPr2NH toluene 58; 86:14 40; 98:2 23
8 E DMAP toluene 54; 89:11 45; 92:8 21
9 E DABCO toluene 53; 91:9 46; 90:10 25
10 E (C2H5)2NH PhCl 49; 95:5 50; 91:9 48
11 E (C2H5)2NH CH2Cl2 32; 93:7 65; 60:40 16
12 E (C2H5)2NH THF 52; 90:10 46; 81:19 17

aGeneral conditions (unless otherwise specified): racemic 1a (0.20 mmol), NHC (0.04 mmol), base (0.10 mmol), 4 Å MS (100 mg), and solvent
(2.0 mL) at −10 °C for 12 h, then CH3OH (0.5 mL) and NaBH4 (0.40 mmol) were added successively. bIsolated yields. cThe er values of (Rp)-2a
and (Sp)-3a were determined by HPLC using a chiral stationary phase. dCalculated selectivity factors: C= ee of 3a/(ee of 2a + ee of 3a), s = ln[(1
− C)(1 − ee of 2a)]/ln[(1 − C)(1 + ee of 2a)].
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functionalities were obtained with the simultaneous formation
of the planar chiral carbonitrile product (Rp)-2a. Phenyl
groups, with either electron-donating or electron-withdrawing
substituents, effectively replaced the p-toly group in
sulfonimide substrate 1a. This led to the formation of
enantioenriched planar chiral sulfonamide and carbonitrile
products with consistently high yields and optical purities
(Scheme 2, 3k to 3r). The aromatic p-tolyl group in substrate
1a can be replaced with an aliphatic tert-butyl group with
minimal impact on reaction yields and enantioselectivity (3s).
However, when the methylsulfonyl imine was used as the
reaction substrate, only a moderate yield and er value could be
obtained in the final products (3t) and 2a under the current
catalytic condition.

Ferrocene-based systems represent one class of the most
versatile and commonly used planar chiral structures in both
organic synthesis and human medicine development. We
therefore tested the applicability of the multifunctional
ferrocene-based aldehyde substrates in the asymmetric syn-
thesis of planar chiral carbonitrile molecules through NHC-
catalyzed dehydration processes (Schemes 3). We are pleased

to report that the racemic mixture of ferrocene-derived
phosphine aldehyde substrate 4 can undergo direct dehydro-
genation/asymmetric N−S bond cleavage cascade reaction
with toluenesulfonamide (TsNH2) catalyzed by chiral NHC
catalyst F.15 This process yields both ferrocene-derived
phosphine carbonitrile 5 and phosphine sulfonamide 6 in
good yields and enantioselectivities. Alkyl groups can be added
to the unsubstituted cyclopentadiene ring of ferrocene
aldehyde substrates, yielding enantioenriched planar chiral
sulfonamide and carbonitrile products in generally high yields
and optical purities (e.g., 6b to 6d).

The optically pure planar chiral molecules derived from the
NHC-catalyzed KR process are versatile in various trans-
formations (Figure 2). For example, the cyanide group on the
pCp ring of (Rp)-2a can be converted into thioamide (7) and
amide (8) in a single step, yielding good results while
maintaining an excellent optical purity (Figure 2a). It can also
be quantitatively reduced by LiAlH4 to give the free primary

Scheme 1. Substitution Patterns on the Cycloparaphane
Rings of the Substrate 1a

aReaction conditions as stated in Table 1, entry 5. Isolated yields. Er
values were determined via HPLC on chiral stationary phase; bThe
reaction was carried out at 1.0 mmol scale based on 1a. c40 °C for 24
h. d−10 °C for 5 h. e30 °C for 12 h. f40 °C for 12 h.

Scheme 2. Substitution Patterns on the Sulfonyl Group of
the Substrate 1

aReaction performed at −10 °C for 5 h. b−10 °C for 8 h. c40 °C for
48 h. d−10 °C for 24 h.

Scheme 3. Scope of the Ferrocene-Based Phosphine-
Carbaldehyde 4a

aReaction conditions: 4 (0.20 mmol), TsNH2 (0.4 mmol), F (0.02
mmol), Cs2CO3 (0.20 mmol), toluene (2.0 mL), 80 °C, 12 h.
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amine (9), which can be further transformed into the optically
pure planar chiral thiourea (10) and squaramide (11) in good
yields.
Remarkably, the optically pure ferrocene-based phosphine-

sulfonamide bifunctional molecule (Sp)-6a obtained from this
NHC-catalyzed KR reaction can be used as an effective organic
catalyst or ligand to promote asymmetric transformations
(Figure 2b). For instance, it efficiently activates allenoate (12)
as an electrophile, enabling its enantioselective reaction with β-
ketoester (13) to yield the adduct (14) with moderate yield
and optical purity. The (Sp)-6a can also be used as an efficient
chiral ligand in the Pd-catalyzed asymmetric substitution
reaction between 15 and 16, and the product (17) was given in
a good yield and optical purity.
Our innovative approach produces pCp- and ferrocene-

derived planar chiral multifunctional molecules with unique
bioactivities, enhancing our research in plant protection
pesticides (Table 2). Notably, several of our optically enriched
compounds show promising antibacterial effects against
Xanthomonas oryzae pv Oryzae (Xoo),16 a prevalent bacterium
causing leaf blight and substantial economic losses in

agriculture. Notably, compared to the commercial pesticide
thiodiazole copper (TC) commonly used for bacterial control,
five of our planar chiral products exhibit superior activity
against Xoo (Table 2).

In summary, we have presented an efficient method for
asymmetrically synthesizing a variety of planar chiral carbon-
itriles and sulfonamides. This approach involves NHC-
catalyzed dehydrative reactions, facilitating the formation of
cyanide groups through enantioselective N−S cleavage
processes. The planar chiral carbonitrile and sulfonamide
products are achieved in high yields and optical purities using
KR processes. These optically pure, multifunctional planar
chiral molecules hold promising applications in synthetic
chemistry and antibacterial pesticide development. Ongoing
investigations in our laboratory aim to develop facile methods
for constructing planar chiral molecules and exploring their
applications with future reports to follow.
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