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ABSTRACT: An N-heterocyclic carbene (NHC)-catalyzed three-
component esterification/amidation relay strategy was disclosed for
facile access to enantio-enriched planar chiral ferrocene derivatives.
The esterification and amidation reactions in the catalytic relay
proceeded in sequence in both chemoselective and enantioselective
fashions. Both experimental and computational methods were used
to reveal the reaction mechanism and indicated that both the hydrogen-bonding (H-bonding) interactions and the basic additives in
the catalytic system had played crucial roles in the reaction chemo- and stereoselectivities. The planar chiral ferrocene-based ester−
amide products showed interesting applications in the synthesis of multiple novel ligands for asymmetric catalysis and the
development of chiral bactericides for crop protection.
KEYWORDS: ferrocenes derivatives, planar chirality, N-heterocyclic carbene, asymmetric synthesis

■ INTRODUCTION
Ferrocene derivatives have found significant applications in
medicinal chemistry (Figure 1a, top side).1−8 Typical examples
could be found in the applications of the ferrocerone,9

ferrocifen,10 and ferroquine.11 The ferrocerone was used in
the former USSR in the 1970s for the treatment of anemia.
The ferrocifen is a hybrid of ferrocene and tamoxifen, which
represents one of the most efficient molecules against both
hormone-dependent and hormone-independent breast cancer
cell lines. The planar chiral ferroquine has shown good
activities against both chloroquine-sensitive and chloroquine-
resistant strains of Plasmodium falciparum, which has been
identified as the most promising lead structure for antimalaria
drug development. In addition, the optically active multifunc-
tional ferrocenes bearing stereogenic planes have been
extensively used as excellent ligands and catalysts in
asymmetric synthesis (Figure 1a, bottom side).12−25 For
example, Fu developed a series of chiral DMAP-derivatives
based on the ferrocene scaffold as nucleophilic catalysts or
ligands for asymmetric synthesis.22 The Josiphos contains two
trivalent phosphine groups on the planar chiral ferrocene
structure, which represents one of the most efficient and
versatile bidentate phosphine ligands in asymmetric hydro-
genation, hydroacylation, and other reactions.26,27 Scheidt and
co-workers proved that the planar chiral ferrocene could be
transformed into imidazolium-derived N-heterocyclic carbenes,
which could be used as both effective organocatalysts for
asymmetric cycloaddition reactions and excellent chiral ligands
for nickel and copper catalysis.28 Therefore, the development

of facile approaches for direct access to enantio-enriched
planar chiral functional ferrocenes is of great significance and
urgency.
A diversity of catalytic approaches have been developed in

the past decade for facile access to planar chiral ferrocene
molecules (Figure 1b).29 Dramatic success has been achieved
in the transition-metal-catalyzed asymmetric C−H activation
on the cyclopentadienyl ring of the ferrocene scaffold.30−42

With the assistance of the directing group (DG) installed on
the ferrocene backbone, additional functional groups including
alkyl,38 aryl,35 alkynyl,36,42 alkenyl,40 acyl,39 acyloxy,39 amido,32

and boryl34 groups could be efficiently introduced to the o- or
m-position to the DG in enantioselective fashion under the
catalysis of transition-metal/chiral ligand systems. Meanwhile,
the side chains on the ferrocene structure could go through
asymmetric addition reactions to give the planar chiral
products through kinetic resolutions, desymmetrizations, or
enantioselective cascade ring-closing processes.43−45 To the
best of our knowledge, the asymmetric catalytic synthesis of
planar chiral molecules has been focused on two-component
reactions. Three-component catalytic reactions with different
transformations occurring in sequence have not been
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developed for planar chirality introduction. In addition,
although significant progress in the preparation of planar
chiral ferrocene derivatives has been achieved with transition-
metal catalysis, success in the organocatalyzed asymmetric
synthesis of planar chiral ferrocenes is rather limited.29,46

As a continuous effort in our group on the development of
organocatalytic multicomponent parallel or relay reactions for
planar chiral molecular synthesis,46−48 we herein disclose an N-
heterocyclic carbene (NHC)-catalyzed three-component ester-
ification/amidation relay method for the facile access to
enantio-enriched planar chiral ferrocene derivatives (Figure
1c). Typically, the pro-chiral ferrocene-dicarbaldehyde 1 could
be enantioselectively activated by the chiral NHC catalyst to
give the acylazolium intermediate I, which could chemo-
selectively react with the alcohol substrate 2 to give the
monoester intermediate II.49 The chiral monoester inter-
mediate II could be further activated by the same NHC
catalyst to form the acylazolium intermediate III, which could
then be captured by the heteroaromatic amine 3 to afford the
final product 4 (or 5) in chemo- and enantioselective fashion.
It is worth noting that the chemo- and enantioselective

esterification and amidation reactions occurred in a sequential
manner. The amide monoaldehyde intermediate II′ and the
diester byproduct 4′ were not observed in this reaction. H-
bonding interactions between the ester group of the
intermediate III and the amine substrate 3 were believed
vital to the chemoselectivities of the current catalytic relay.

■ RESULTS AND DISCUSSION
Reaction Development. We commenced the condition

optimization of the NHC-catalyzed desymmetrization reac-
tion50−66 using the ferrocene dicarbaldehyde 1a, propanol 2a,
and 2-aminobenzothiazine 3a as the reaction starting materials
(Table 1). Chiral aminoindanol-derived NHC catalysts were
tested in the presence of stoichiometric amounts of the base
Cs2CO3 and the DQ oxidant in the solvent of dichloromethane
(entries 1−5). The NHC catalysts bearing electron-rich N-aryl
groups were found to be efficient for this transformation, with
the target planar chiral ester−amide bifunctional product 4a
afforded in good yields and enantioselectivities (entries 1−2).
Switching the electron-rich N-aryl group on the NHC catalyst
into electron-deficient ones resulted in significant drops on the
product yield (entries 3−4). To our delight, replacing the BF4−

anion of the pre-NHC catalysts with Cl− resulted in additional
improvement on both the product yield and optical purity
(entry 5). All the other organic and inorganic bases we tested
failed to promote either the yield or enantioselectivity of the
NHC-catalytic relay (e.g., entries 6−8). The catalytic
enantioselective esterification/amidation relay could be carried
out in a variety of organic solvents, although the products were
generally afforded with relatively lower yields or optical purities
(entries 9−11). It is worth noting that only 1.2 equiv. of the
DQ oxidant was needed for the two-step oxidative
esterification/amidation catalytic relay. Both the oxygen in
the air and the ferrocene unit were believed to be responsible
for the effective oxidation process in the second step of
amidation reaction (for control experiments and postulated
mechanism, see Supporting Information).31,67−70

Reaction Scope. With an optimal catalytic condition at
hand, we then examined the reaction scope using the ferrocene
dicarbaldehyde 1, alcohol 2, and the heteroaryl amine 3
bearing different substituents and substitution patterns (Figure
2).

Figure 1. Application of ferrocene derivatives and catalytic methods
for access to planar chiral ferrocenes. (a) Ferrocene derivatives in
medicinal and synthetic chemistry. (b) Catalytic approaches for access
to planar chiral ferrocenes. (c) This work: multicomponent
organocatalytic relay for access to chiral ferrocenes.
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Both electron-donating and electron-withdrawing groups
could be installed on the 6-position of the 2-aminobenzo[d]-
thiazole substrate 3a without much erosion on the reaction
yields or enantioselectivities (e.g., 4b to 4i). Similarly,
introducing substituents on the 5-position of the 2-
aminobenzo[d]thiazole substrate 3a led to little influence on
the reaction outcome (e.g., 4j to 4q). In addition, substitution
on the 4-position of the 2-aminobenzo[d]thiazole substrate 3a
resulted in similar product yields and optical purities (e.g., 4r
to 4t). The 2-aminobenzo[d]thiazole substrate bearing a 7-
carboxylate group could also give the target product 4u in an
excellent yield and good enantioselectivity. Interestingly, the
benzo[d]thiazole ring of substrate 3a could be switched into a
substituted thiazole group or a substituted oxazole group, with
the desired products afforded in good yields with good to
excellent optical purities (4v to 4w). Switching the 2-
aminothiazole substrates in the current oxidative esterifica-
tion/amidation relay into aniline, benzylamine, butylamine,
dimethylamine, or 2-aminopyridine resulted in no formation of
the target planar chiral ester−amide bifunctional ferrocene
products. The acidities of the amino groups in the substrates
were believed to be responsible for their reactivities in the
second step of the amidation reaction: the 2-aminothiazole
substrates are more acidic than the other amines and could
provide stronger H-bonding interactions with both the base
Cs2CO3 and the key transition states throughout the reaction
process to substantially decrease the energy barriers in the
catalytic oxidative amidation reaction (for details, see
Supporting Information).71

Linear alcohols with different lengths ranging from 2 to 11
carbons could give the planar chiral ester−amide products in
generally good yields with good to excellent enantioselectivities
(5a to 5j). Branched alcohols such as isobutanol could give the

target product 5k in a good yield and enantioselectivity. Cyclic
alcohol such as cyclobutanol gave the product 5l in a relatively
lower yield and optical purity. It should be noted that the
regular secondary and tertiary alcohols we tested (e.g.,
isopropanol, tert-butanol, 1,1-diphenyl methanol) in this
catalytic relay were not effective under the current reaction
condition. The substantially increased steric hindrance in the
secondary and tertiary alcohols might prevent their nucleo-
philic additions to the acylazolium intermediates in the
oxidative esterification step. Replacing the alcohol substrates
2 with phenols or thiols led to the formation of the diesters or
dithioesters as the main products, with the target ester−amide
or thioester−amide products afforded in 0−6% yields under
the current catalytic condition (for details, see Supporting
Information).
Alkyl groups with various substitution patterns were also

well tolerated on the cyclopentadienyl ring of the ferrocene
dicarbaldehyde substrate. For instance, both linear and
branched alkyl groups with different lengths gave the desired
planar chiral products in generally satisfactory yields and
enantioselectivities (e.g., 5m to 5p). A phenyl group could also
be installed on the terminal side of the alkyl chain on the
ferrocene group without obvious erosion on the reaction yield,
although the optical purity of the product was a bit decreased
(5q to 5r).

Mechanistic Study. We carried out several control
experiments to shed light on the reaction mechanism (Figure
3). First of all, we respectively examined the feasibilities of the
monoesterification and the monoamidation reactions of the
ferrocene dicarbaldehyde substrate 1a (Figure 3a). Under the
currently optimized reaction condition, the monoesterification
of 1a occurred smoothly to give the planar chiral ferrocene
monoester intermediate (R)-6 in an excellent yield and
enantioselectivity (eq 1). However, the monoamidation of 1a
with the 2-aminobenzo[d]thiazole substrate 3a could not
happen under the same reaction condition (eq 2). Therefore,
the asymmetric catalytic relay was believed to be initiated by
the NHC-catalyzed oxidative esterification reaction with the
alcohol substrates.
Second, we checked the reactivity of the chiral monoester

intermediate (R)-6 in the esterification and the amidation
reactions (Figure 3b). It is interesting to find that the second
esterification of the monoester intermediate (R)-6 could not
happen under the same reaction conditions as the previous
step (eq 3). In stark contrast, the amidation reaction of
monoester (R)-6 occurred smoothly to give the final product
in an excellent yield and enantioselectivity (eq 4). Therefore,
the catalytic relay was proved to be a chemoselective cascade
esterification and amidation process.
After that, we examined the enantiocontrol in the second

amidation reaction through the kinetic resolution (KR) of the
racemic ferrocene monoester intermediate (rac)-6 (Figure 3c).
Under the current catalytic condition, (rac)-6 could react with
0.5 equiv of the 2-aminobenzo[d]thiazole substrate 3a to give
the target product 4a in a 48% yield with poor
enantioselectivity. The remaining ferrocene substrate 3a was
also obtained in a poor er value from the KR process.
Therefore, the enantio-determining step was believed to lie in
the first esterification step.
The linear relationship between the ee values of the NHC

catalyst and the product revealed that only one molecule of the
NHC catalyst was involved in the enantio-determining step for
the esterification/amidation relay (Figure 3d).

Table 1. Optimization of Reaction Conditionsa

entry NHC base solvent yield (%)b erc

1 A Cs2CO3 CH2Cl2 85 93:7
2 B Cs2CO3 CH2Cl2 86 85:15
3 C Cs2CO3 CH2Cl2 41 55:45
4 D Cs2CO3 CH2Cl2 63 84:16
5 E Cs2CO3 CH2Cl2 87 96:4
6 E K3PO4 CH2Cl2 79 94:6
7 E DIEA CH2Cl2 60 75:25
8 E DBU CH2Cl2 0 0
9 E Cs2CO3 THF <5
10 E Cs2CO3 toluene 71 82:18
11 E Cs2CO3 CH3CN 80 89:11

aReaction conditions: 1a (0.2 mmol), 2a (0.4 mmol), 3a (0.3 mmol),
catalyst (0.04 mmol), DQ (0.24 mmol), base (0.24 mmol), and
solvent (2.0 mL) at r.t for 24 h. bIsolated yield of 4a. cThe er values
were determined via HPLC on the chiral stationary phase.
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DFT calculations at the B3LYP-D3BJ/6-311 + G(d,p)(SDD
for Fe and Cs)/SMDdichloromethane//B3LYP-D3BJ/def2-SVP/
SMDdichloromethane level provided further insights into the
reaction mechanism (Figures 4 and 5). Detailed computational
results and discussion on stereoselectivity are given in the
Supporting Information. The reaction can be divided into two
stages, i.e., oxidative esterification and oxidative amidation. As
shown in Figure 4, the first stage is initiated with the
nucleophilic addition of NHC to 1a via transition state TS1
(ΔG‡ = 18.0 kcal/mol), forming zwitterionic intermediate M1.
With the assistance of CsHCO3, a [1,2]-proton transfer of M1
occurs to form intermediate M2 via transition state TS2 (ΔG‡

= 5.3 kcal/mol). M2 is then oxidized by oxidant DQ to
produce cationic intermediate M3 via transition state TS3
(ΔG‡ = 6.3 kcal/mol). Subsequently, M3 combines with 3a·
CsCO3

− to form the precursor preTS4′ with an exotherm of
8.0 kcal/mol. The precursor preTS4′ can exchange substrates
2a and 3a to form the precursor preTS4 with an endotherm of

8.4 kcal/mol. Both precursors preTS4 and preTS4′ can pass
through transition states TS4 (ΔG‡ = 0.9 kcal/mol) and TS4′
(ΔG‡ = 15.4 kcal/mol) to generate intermediatesM4 andM4′,
respectively. Following this, intermediates M4 and M4′
undergo catalyst regeneration to produce intermediates M5
andM5′ via TS5 (ΔG‡ = 3.5 kcal/mol) and TS5′ (ΔG‡ = 14.7
kcal/mol), separately. Since the transition states TS4 and TS5
are both lower in energy compared to TS4′ and TS5′,
substrate 1a preferentially undergoes oxidative esterification,
leading to the formation of intermediate M5.
Similar to the first stage, in the second stage, intermediate

M5 undergoes nucleophilic addition of NHC, [1,2]-proton
transfer, and oxidation of DQ to obtain intermediate M8 via
transition states TS6 (ΔG‡ = 19.2 kcal/mol), TS7 (ΔG‡ = 5.8
kcal/mol), and TS8 (ΔG‡ = 4.8 kcal/mol), respectively
(Figure 5). Intermediate M8 then combines with 3a·CsCO3

−

to give precursor preTS9, which can be transformed into
precursor preTS9′ through the exchange of 2a and 3a,

Figure 2. Substrate scope of the NHC-catalyzed enantioselective esterification/amidation relay.
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requiring an endotherm of 12.0 kcal/mol. Precursors preTS9
and preTS9′ subsequently convert to intermediates M9 and
M9′ via transition states TS9 (ΔG‡ = 12.2 kcal/mol) and TS9′
(ΔG‡ = 3.7 kcal/mol), respectively. Finally, intermediates M9
and M9′ undergo catalyst regeneration, generating the product
4a and byproduct 4a′ via transition states TS10 (ΔG‡ = 0.6
kcal/mol) and TS10′ (ΔG‡ = 0.5 kcal/mol), respectively.
Because transition states TS9 and TS10 are lower in energy
compared to TS9′ and TS10′, intermediate M5 preferentially

undergoes oxidative amidation, resulting in the formation of
product 4a.
Control experiments indicate that neither the first-stage

amination nor the second-stage esterification process can
proceed (Figure 3, eqs 2 and 3), suggesting that the overall
activation free energy associated with transition states TS4′
and TS9′ exceeds 25 kcal/mol. These transition states involve
not only nucleophilic addition but also proton transfer,
highlighting the limitations of explaining their reactivity solely
based on the nucleophilicity of amine and alcohol
substrates.72,73 Furthermore, given that CsCO3

− can also
function as a nucleophile, potentially competing with amine
and alcohol substrates, it is necessary to consider the possibility
of its reaction with acylazolium intermediates M3 and M8 in
two stages. As illustrated in Figure 6, the calculated results
indicate that in the first stage, CsCO3

− can function as a
nucleophile, reacting with the acylazolium intermediate M3
through transition states TS4″ and TS5″ to form intermediate
M5″, which subsequently converts into intermediate M6″
(Figure 6, left side). Comparing with intermediate M6″, the
activation free energies of transition states TS4 and TS4′ are
22.3 and 28.4 kcal/mol, respectively (Figure 4). This suggests
that when compound 1a is used as the substrate and the amine
3a as the nucleophile, the reaction cannot proceed via
transition state TS4′ at room temperature. Similarly, in the
second stage, the reaction preferentially proceeds through
carbonate acting as the initial nucleophile, reacting with the
acylazolium intermediate M8 to generate intermediates M10″
and M11″ (Figure 6, right side). Compared to the free energy
of intermediate M11″, the relative free energies of transition
states TS9 and TS9′ increase to 22.1 and 25.6 kcal/mol,
respectively (Figure 5). This provides an explanation for why
the reaction between M5 and alcohol 2a does not occur.
In addition, we have also analyzed and compared the

geometric configurations of the transition states TS4′, TS5′,
TS9, and TS10 in the oxidative amidation processes of the two
different stages (Figure 7). Compared with the oxidative
amidation transition states TS4′ and TS5′ in the first stage
(Figure 7a), there is one more N−H···O hydrogen bonding
interaction in the oxidative amidation transition states TS9 and
TS10 in the second stage (Figure 7b), which greatly stabilizes
transition states TS9 and TS10. Therefore, the Gibbs free
energies of the transition states involved in the second
amidation process are relatively lower.

Synthetic Applications of the Afforded Planar Chiral
Ester−Amide Product. The planar chiral ester−amide
product 4a obtained from this NHC-catalyzed oxidative
esterification/amidation relay contains multiple functionalities
and can be transformed into interesting structures with
promising utilities in asymmetric synthesis (Figure 8). For
example, the free amide N−H group of 4a could be blocked by
a methyl group to give 8 in a good yield and optical purity
(Figure 8a). The ester group on 4a could easily be hydrolyzed
under basic conditions to give the planar chiral acid 9 in an
almost quantitative yield. Simple amidation reaction of 9 led to
the formation of the planar chiral diamide products 10, 11, and
12 in good to excellent yields and enantioselectivities. It is
worth noting that the planar chiral product 12 contains a
bioactive fragment of the anesthetic drug of benzocaine.
The above optically enriched planar chiral compounds

possess interesting chiral scaffolds with multiple H-bonding
donor units. Therefore, we examined the reactivities of these
compounds as chiral ligands in several trans-metal-catalyzed

Figure 3. Control experiments for the NHC-catalyzed oxidative
esterification/amidation relay. (a) Esterification and amidation
reactions of the ferrocene dicarbaldehyde 1a. (b) Esterification and
amidation reactions of the chiral mono-ester intermediate (R)-6. (c)
Kinetic resolution of the racemic mono-ester intermediate 6. (d)
Relationship between the product ee and the catalyst ee values.
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asymmetric reactions (Figure 8b). The planar chiral ferrocene-
based carboxylic acid 9 could facilitate the palladium-catalyzed
asymmetric allelic alkylation reaction between the malonate 13
and the alkene 14, with the chiral product 15 afforded in a
moderate yield and optical purity (Figure 8b, eq 1).74,75 The
enantioselective reduction of the imine 16 is the key step in the
asymmetric synthesis of the classical herbicide (S)-metolachlor
(Figure 8b, eq 2).76−78 With planar chiral diamide compound
11 used as the ligand, secondary amine product 17 could be
afforded in a moderate yield and er value.

Antibacterial Activities of the Planar Chiral Ferrocene
Derivatives against Plant Pathogens. Thiazole is a
common core structure in various antibacterial pesticide
molecules.79,80 We were very interested in the potent
applications of planar chiral ferrocene-based thiazole deriva-
tives 4 and 5 afforded from the current NHC-catalyzed three-
component relay reactions. Xanthomonas oryzae pv oryzae
(Xoo)81−83 is a devastating bacterium affecting rice and has led
to severe damage to rice harvests worldwide. Controlling the
leaf blight disease caused by Xoo in plants has been
challenging, as there are few drugs available in the market
for this purpose. Consequently, we tested the in vitro
antibacterial activities of the planar chiral ferrocene derivatives
against Xoo (Table 2).
Several of the Rp-enantiomers of the planar chiral ferrocene

derivatives (e.g., Rp-4p, Rp-4v, and Rp-5c) showed better

antibacterial activities than the commercial bactericides of
Bismerthiazol (BT) and Thiodiazole Copper (TC). It is also
interesting to find that the Rp-enantiomers exhibited better
activities than their enantiomers and the racemates. The planar
chiralities of the ferrocene structures appeared to play critical
roles in their bactericidal activities, which might provide novel
interactions between the pesticide molecules and the target
proteins in either the plant cells or the pathogens.

■ CONCLUSIONS
In summary, we have developed an NHC-catalyzed chemo-
and enantioselective three-component esterification/amidation
relay for efficient synthesis of planar chiral ferrocene
derivatives. A wide range of functionalities were well tolerated
on all the starting materials, with the ferrocene-based
bifunctional ester/amide products afforded in generally good
to excellent yields and enantioselectivities under mild
conditions. It is worth noting that the esterification and
amidation reactions proceeded in sequence in the current
protocol. Experimental and computational studies revealed
that the H-bonding interaction between the ferrocene-based
monoaldehyde intermediate and the amine substrate was
critical for the chemoselectivity. The planar chiral ferrocene
derivatives obtained from this approach also showed
interesting synthetic and bioactive applications. Ongoing
studies include the development of novel catalytic strategies

Figure 4. Gibbs free energy profiles for the NHC-catalyzed esterification/amidation relay in the first stage.
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Figure 5. Gibbs free energy profiles for the NHC-catalyzed esterification/amidation relay in the second stage.

Figure 6. Gibbs free energy profiles for the nucleophilic addition of acylazolium intermediates with CsCO3
−.
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for facile access to chiral structures bearing multiple stereo-
genic planes and axes, exploration of the practical applications
of the chiral products in asymmetric catalysis, and the
discovery of new agrochemicals based on the unprecedented
chiral scaffolds.

■ METHODS
General Procedure for the Preparation of 4/5. The

chiral NHC precatalyst E (0.04 mmol, 20 mol %), DQ (0.24
mmol, 120 mol %), Cs2CO3 (0.24 mmol, 120 mol %),
ferrocene dicarbaldehydes 1 (0.2 mmol), alcohol 2 (0.4
mmol), and amine 3 (0.3 mmol) were added to a 10 mL vial
equipped with a magnetic stir bar. CH2Cl2 (2 mL) was added,
and the reaction mixture was stirred at room temperature for
24 h, when the substrate 1 was completely consumed
(monitored by TLC). The reaction solvent was removed
under reduced pressure, and the residue was subjected to
column chromatography (petroleum ether/ethyl acetate = 50:1
to 8:1) to give the chiral desired product 4/5.
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