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N-Heterocyclic carbene-catalyzed asymmetric
synthesis of bis-ferrocene derivatives bearing
two stereogenic planes

Shiguang Li,a Jiang Wang,a Ya Lv,a Yonggui Robin Chi, ab Xiuhai Gan *a and
Xingxing Wu *a

The synthesis of ferrocene derivatives with dual planar chirality remains

a significant challenge in asymmetric catalysis. This study presents an

enantio- and diastereoselective N-heterocyclic carbene-catalyzed

strategy to construct such compounds via a double desymmetrization

reaction. Synthetic applications highlighted the versatility of these

planar–planar chiral products in asymmetric synthesis as catalysts.

Planar chiral metalocenes have received considerable interest due
to their fantastic utilities as ligands for asymmetric synthesis.1 The
introduction of an additional chiral unit into the planar chiral
metalocene ligand structure can bring a profound influence on its
chelation properties, steric effect and chiral induction (Fig. 1a). For
instance, JosiPhos is a bi-dentate phosphine ligand based on a
planar chiral ferrocene backbone.2 It bears an additional stereo-
genic center3 on the branch, which orients its chelation effect to
transition metals and enhances its steric effects for chiral induc-
tions in asymmetric hydrogenations,4 hydroacylations,5 Michael
additions6 and Suzuki–Miyaura reactions.7 The aminophosphine
ligand bearing both a stereogenic plane and axis8 has also found
promising applications in the asymmetric allylic alkylation
reactions.9 The Shvo catalyst is a cyclopentadienone-ligated
dimeric ruthenium complex and contains two stereogenic
planes.10 It represents one of the most active catalysts for the
transfer hydrogenation reactions of carbonyls11 and imines.12

Therefore, the development of facile catalytic methods for enan-
tio- and diastereoselective access to planar chiral molecules
bearing multiple stereogenic units is appealing and significant.

Planar chiral molecules bearing additional stereogenic cen-
ters have frequently been prepared from enantio-pure starting
materials (Fig. 1b, left side).13 The directing group attached to
the chiral center on the starting material could help introduce
additional functional groups and give the planar–central chiral

product through a diastereoselective directed ortho-metalation
(DoM) process. Alternatively, enantio-enriched planar–central
chiral molecules could be efficiently accessed through desymme-
trization or kinetic resolution processes (Fig. 1b, right side).14

Both transition-metal catalysts and organic catalysts could be
used to promote the enantioselective reactions to simultaneously
construct both the stereogenic plane and the stereogenic center
from achiral or racemic starting materials.

Catalytic methods for the preparation of planar–axial chiral
structures have been relatively less developed. Limited success

Fig. 1 Planar chiral molecules with an additional stereogenic center, axis
or plane (a) and their catalytic synthetic methods (b–d).
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has been achieved with transition-metal-catalyzed asymmetric
annulation reactions (Fig. 1c). For example, Kamikawa, Takaha-
shi, Ogasawara and co-workers reported in 2015 a molybdenum-
catalyzed asymmetric ring-closing olefin metathesis process for
the preparation of arene-chromium complexes bearing both a
stereogenic plane and axis.15 Wu, Li, Zhang and co-workers
disclosed in 2021 a gold-catalyzed enantio- and diastereoselective
hydroarylation reaction for facile access to the chiral ferrocene
derivative bearing an additional stereogenic axis.16 Later, the
groups of Liang/Liu/Li and Zhou/Cheng almost simultaneously
developed the palladium/chiral norbornene co-catalyzed asym-
metric Catellani reaction to achieve planar–axial chiral ferrocenes
with excellent stereoselectivities.17 In stark contrast, catalytic meth-
ods for the synthesis of chiral molecules bearing two stereogenic
planes have remained rare.18 Most of the planar–planar chiral
molecules have either been prepared from enantio-pure starting
materials or got resolved through chiral chromatography.12

Building upon our extensive interest in the catalyst-controlled
preparation of planar-, axial- and heteroatom-stereogenic com-
pounds,19 we herein disclose an organocatalytic approach for facile
access to ferrocene-derivatives bearing two stereogenic planes
(Fig. 1d). Two molecules of the pro-chiral ferrocene-dicarbaldehyde
1 were desymmetrized to react with the bis-phenol substrate 2 under
the catalysis of a chiral N-heterocyclic carbene (NHC)20 catalyst
in the presence of a stoichiometric amount of oxidant. The
planar–planar chiral di-ester product 3 bearing two of the same
ferrocene units was afforded in moderate to excellent yields with
excellent enantio- and diastereoselectivities. Noteworthily, the
formation of the meso by-products 4 and 5 could be suppressed
under suitable catalytic conditions.

The double desymmetric esterification reaction between the
ferrocene dicarbaldehyde 1a and the 2-arylphenyl-1,3-diol 2a
was initially tested at room temperature using an indanol-
derived NHC catalyst and the base of Cs2CO3 in the presence
of a stoichiometric amount of DQ oxidant (Table 1). All the
possible products 3a, 4a and 5a could be observed from this
catalytic process. In particular, the NHC catalysts A and B
bearing electron-rich N-mesityl and N-phenyl substituents could
give the product 3a in moderate yields and enantioselectivities
with poor diastereoselectivities (entries 1 and 2). The NHC
catalyst C bearing an electron-deficient N-C6F5 group gave the
target product 3a in enhanced enantio- and diastereoselectiv-
ities (entry 3). Switching to NHC D bearing an N-C6Cl3H2 group
led to significant improvement in the product yield without
erosion of the er or dr values (entry 4). Installing a bromo group
onto the chiral indanol ring of the NHC catalyst could slightly
increase the dr value of the product 3a but with significant
sacrificing of the yield and optical purity (entry 5). Therefore, the
NHC catalyst D was selected for the evaluation of different bases
and reaction solvents. To our delight, NaOAc was found to be
effective in promoting the reaction enantioselectivity without
obvious erosion on the product yield or dr value (entry 6). The
organic bases we tested failed to improve the reaction outcome
(entries 7 and 8). The reaction could proceed smoothly in a variety
of organic solvents, although none of them could give better results
than THF (entries 9 and 10). To our great delight, the target product

3a could be afforded in an excellent yield, enantio- and diastereo-
selectivity when the reaction was carried out at a decreased
temperature of �40 1C for 24 h (entry 12).

Having identified the optimal catalytic conditions for the
desymmetric double esterification reaction, we then examined
the substrate scope using both the ferrocene dicarbaldehyde
substrate 1 and the 2-arylphenyl-1,3-diol substrate 2 bearing
different substituents (Fig. 2). The ferrocene dicarbaldehyde
substrate 1 showed good tolerance to various substituents on
the cyclopentadienyl ring. Linear, branched and cyclic alkyl
groups could be introduced to the 10-position of the ferrocene
scaffold, with the target products afforded in good to excellent
yields, enantio- and diastereoselectivities (e.g., 3b to 3i). Alipha-
tic chains bearing a terminal aryl group could also be installed
on the ferrocene 10-position without much erosion of the
reaction yield or stereoselectivities (e.g., 3j to 3m). The 2-aryl
group of the phenyl-1,3-diol substrate 2 could also tolerate
diverse functional groups. For instance, methyl groups could
be introduced to each position of the 2-aryl group of the
substrate 2 to give the target products in good to excellent
yields with excellent enantio- and diastereoselectivities (3n to
3p, 3u). Introducing halogen atoms to the 2-aryl group of the
substrate 2 resulted in a slight drop in the reaction yields,

Table 1 Conditions optimizationa

Entry NHC Base Solvent Yield (%) Er Dr

1 A Cs2CO3 THF 54 70 : 30 1 : 1
2 B Cs2CO3 THF 68 65 : 35 1 : 1
3 C Cs2CO3 THF 53 83 : 17 3 : 1
4 D Cs2CO3 THF 88 83 : 17 3 : 1
5 E Cs2CO3 THF 61 78 : 22 4 : 1
6 D NaOAc THF 85 87 : 13 3 : 1
7 D DBU THF 61 78 : 22 2 : 1
8 D DMAP THF 80 67 : 33 1 : 1
9 D NaOAc DCM 85 67 : 33 2 : 1
10 D NaOAc MTBE 81 87 : 13 3 : 1
11b D NaOAc THF 94 99 : 1 10 : 1
12c D NaOAc THF 93 99 : 1 420 : 1

a Unless otherwise specified, the reactions were carried using 1a
(0.24 mmol), 2a (0.10 mmol), NHC (0.02 mmol), base (0.02 mmol), DQ
(0.24 mmol), and solvent (1.0 mL) at rt for 12 h. Yield was the combined
isolated yield of 3a, 4a and 5a. Er was the er value of 3a. Dr was the ratio of
3a : (4a + 5a). b Reaction at �20 1C for 24 h. c Reaction at �40 1C for 24 h.
DBU = 1,8-diazabicyclo[5.4.0]undec-7-ene. MTBE = methyl tert-butyl ether.
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enantio- or diastereoselectivities (3q to 3r, 3v to 3x). Strong
electron-withdrawing groups on the 2-aryl group of the sub-
strate 2 led to decreased product yields and stereoselectivities
(3s to 3t). The N-Boc group on the substrate 2 could be switched
to the N-Cbz group without obvious erosion of the reaction
outcome (3y). Replacing the N-Boc group with an N-acyl group
resulted in a significant decrease in the reaction yield and
diastereoselectivity, although the optical purity of the product
was not affected (3z).

We were also very interested in the formation of the diaster-
eomeric meso-products bearing two stereogenic ferrocene planes
and a stereogenic C–C axis (e.g., 4 and 5 in Table 1). In the meso-
products, the two ferrocene motifs bear opposite planar chiralities.
Therefore, we designed a step-wise protocol for the preparation of
the meso-product 5a (Fig. 3). We used an excess amount of the bis-
phenol substrate 2a to react with the ferrocene dicarbaldehyde 1a
under the catalysis of the NHC D to give the enantio-pure mono-
ester intermediate 6 in 63% yield and 3 : 1 diastereoselectivity. After
that the NHC ent-D (bearing the opposite configuration to D) was
adopted as the reaction catalyst for the enantioselective esterifica-
tion between 6 and 1a. After stirring for an additional 24 h the
meso-product 5a was obtained in 90% yield with 3 : 1 dr value.

The enantioselective double desymmetrization reaction
between dicarbaldehyde 1a and diol 2a could be carried out
at gram scale and the planar–planar chiral product 3a could be
afforded in good yield with excellent enantio- and diastereos-
electivities (Fig. 4a). The two aldehyde groups on the compound
3a could be reduced into alcohol groups to give the product 7
with little erosion of the optical purity. The aldehyde groups
could also condense with a diol or a dithiol molecule to give the

planar chiral acetal 8 or the thioacetal 9 in good yields with
excellent enantioselectivities. The Pinnick oxidation reaction of
the aldehyde 3a led to the formation of the planar chiral
dicarboxylic acid 10 in a moderate yield, which could be further
esterified with the phenol to give the di-ester product 11 in a
good yield without much erosion of the enantioselectivity.

It was pleasing to find that the catalytically obtained multi-
functional planar–planar chiral compounds can be adopted as
promising ligands or catalysts in asymmetric synthesis (Fig. 4b).
For example, the chiral dicarboxylic acid 10 could be used as the
chiral ligand in the co-catalyzed asymmetric C(sp3)–H functiona-
lization reaction between the thioamide 12 and the dioxazolone
13, with the chiral product 14 afforded in a good yield and
moderate optical purity (eqn (1)). The dicarbaldehyde compound
3a could be used as an effective organic catalyst in the activation
of the primary amine 15 for the enantioselective cycloaddition/
dehydration reaction with the chalcone 16 to give the chiral
pyrrolidine product 17 in a good yield and enantioselectivity as
a single diastereomer (eqn (2)).

In summary, we have developed a chiral NHC-catalyzed
enantio- and diastereoselective double desymmetrization

Fig. 2 Substrate scope. a Reaction conditions as stated in Table 1, entry 12. Combined isolated yield of 3, and meso-byproducts 4-5, er value of 3,
determined by chiral HPLC. Dr was the ratio of 3 : (4 + 5), determined by 1H NMR.

Fig. 3 Synthesis of the meso by-product 5a. a The dr value of 5a was the
ratio of 5a : (3a + 4a), determined by 1H NMR.
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reaction of the ferrocene dicarbaldehydes with bis-phenols. The
structurally complex dual planar chiral products were generally
afforded in good to excellent yields and optical purities as
single diastereomers, with diverse functional group tolerance.
Ongoing studies aim to expand this strategy toward complex
planar chiral architectures for asymmetric synthesis and agro-
chemical applications.
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Fig. 4 Synthetic transformations of the planar–planar chiral products (a)
and applications in asymmetric catalysis (b).
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