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Porous carbon nanosheets (PCNs) were used for the first time
as a support to immobilize a quinine–squaramide catalyst for
the asymmetric Friedel–Crafts addition of pyrazolones to isatin
ketimines. Relying on its open structure with a macroporous
network as well as hydrophobicity, the PCN-supported catalyst
presented catalytic performance comparable to its homogene-
ous catalyst ; the products were obtained in high yields (up to
90 %) with high ee values (up to 99 %). Recycling batch reac-
tions together with a continuous flow process confirmed the
stability of the catalyst.

The heterogenization of homogeneous chiral catalysts is con-
sidered an effective approach towards sustainable asymmetric
synthesis.[1] This strategy can provide easily recyclable solid cat-
alysts with clearly known active sites similar to their homoge-
neous counterparts. Nevertheless, heterogenized chiral cata-
lysts achieved by the surface covalent tethering strategy usual-
ly exhibit poor enantioselectivity owing to limited free space
for chiral induction[2] and uncontrolled activity owing to certain
side reactions initiated by the supports. Hence, the structural
features and physicochemical properties of catalyst support
materials are critical to determine the performance of hetero-
genized catalysts.

To date, silica-based porous materials have been extensively
studied for immobilizing chiral molecular catalysts, as their
abundant surface hydroxy groups allow the easy grafting of
molecules by silylation.[3] Silica materials with inherent silanol
groups have also been used as components of acid–base syn-
ergic catalysts, which facilitate some reaction processes with
good activity ;[4] however, their hydrothermal instability, poor
resistance to acidic and basic media, and the acidic nature of
their surface silanol groups, which could allow undesirable re-
actions, may restrict their compatibility in a number of reaction
systems.[5] On the other hand, a wide range of organic poly-
mers have also been examined as heterogeneous supports.[6]

Owing to the intrinsic solubility of some linear and dendritic
polymers, additional solvents need to be used as precipitants
to recover soluble polymer catalysts.[7] Additionally, insoluble
polymers endow catalysts with recyclability by simple filtration
or centrifugation, and in some cases, the supported catalysts
can work well in fixed-bed reactors,[6c,d, 8] which, however, may
lead to a high pressure drop as a result of the swelling effect.
Recently, porous carbon materials have attracted great atten-
tion for their wide applications.[9] Relying on their good ther-
mal and chemical stability, porous carbons are a vital type of
solid support,[10] as they may be resistant to structural changes
caused by hydrolytic or swelling effects in the reaction
media.[11] Generally, the surface of porous carbons is relatively
chemically inert, which is preferable for some catalytic systems,
such as the hydrogen-bonding-promoted process in asymmet-
ric chemistry. Through specific chemical modification of their
surface p-conjugated systems, various molecular catalysts can
be grafted on the surface of porous carbons.[12] Distinguished
from other hydrophilic inorganic supports, porous carbons
have great affinity to organic molecules and, therefore, can
concentrate substrates near the catalytic active sites, which
will probably accelerate the reaction rate. Hence, the utilization
of porous carbons as a candidate to immobilize chiral catalysts
and to explore their catalytic applications holds great poten-
tial.

Porous carbon nanosheets (PCNs), which are characterized
by the existence of two-dimensional units, possess naturally
open and interconnected macropores (Figure 1).[13] In this
sense, they can afford free space not only for facilitating mass
transport but also for good retention of the original chiral envi-
ronment if chiral molecular catalysts are immobilized on the
PCNs. In view of these general merits of PCNs, they may have
the potential to act as an ideal support for immobilizing chiral
molecular catalysts. Moreover, the multicompartment-like
structure resulting from stacks of nanosheet units seems simi-
lar to a microreactor, which could possibly increase the local

Figure 1. FESEM images of the porous carbon nanosheets at a) low and
b) high magnification.
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concentration of substrate molecules and thus accelerate the
reaction process, finally exhibiting homogeneous-like activity.
To our best knowledge, PCN-grafted chiral catalysts have not
yet been reported.

In this work, we report the first example of PCN-supported
quinine-based squaramide catalysts and their catalytic per-
formance for the asymmetric Friedel–Crafts addition of pyrazo-
lones to isatin ketimines. In accord with our expectations, the
PCN-immobilized asymmetric catalysts showed homogeneous-
like catalytic performance, and the optimal PCN-supported cat-
alyst (PCN-Q1-1, Scheme 1) could be effectively recycled in
batch and flow reactions.

The PCNs possess a surface area of 576 m2 g�1 and micro-
pores mainly distributed around 0.6 nm. More importantly,
they have interconnected macropores ranging from 300 nm to
1 mm, as measured by the mercury-injection test (Figure S1 in
the Supporting Information), which make them a favorable
support for grafting a relatively large-sized quinine-based
squaramide catalyst (Q1). Relying on fused rings with sp2

carbon atoms of the PCN surface, free-radical addition by di-
azonium chemistry[14] was employed to anchor the functional
groups. This method, conducted under mild conditions, keeps
the PCN surface inert, which outperforms the strategy of sur-
face oxidation by nitric acid or dichromate. As outlined in

Scheme 1, the PCNs were covalently bonded with the diazoni-
um salt formed in situ from 4-aminobenzyl alcohol and sodium
nitrite to obtain 4-hydroxymethylphenyl-functionalized PCN
(PCN-BnOH; Bn = benzyl), and then the latter was condensed
with acryloyl chloride to give the vinyl-functionalized PCN in-
termediate (PCN-vinyl). Finally, free-radical polymerization of
PCN-vinyl with Q1 afforded the PCN-supported catalyst (PCN-
Q1-1), for which divinylbenzene (DVB) was used as a linker. It is
well recognized that mobility of the active sites in solid cata-
lysts favors catalytic performance.[15] Hence, the DVB linker in-
volved here was supposed to increase the flexibility of the
polymeric chains and to decrease the inferior crowding trend
among the Q1 molecules. For comparison, the PCN-supported
catalyst prepared without the addition of DVB (PCN-Q1-2) was
synthesized following the same procedure.

The IR spectrum of PCN-vinyl (Figure 2 a) demonstrates the
successful attachment of the vinyl group to the PCNs, as evi-
denced by the �COO� stretch at ñ= 1720 cm�1. The band at ñ

�1600 cm�1 is assigned to C=C stretching vibrations, mainly
from the PCN aromatic skeleton. The adjacent bands ranging
from ñ= 1500 to 1090 cm�1 are for the C�N and C�O stretch-
ing vibrations of the PCNs.[16] Raman spectroscopy was also
used to validate the covalent nature of the immobilization.
After two-step chemical modification, PCN-vinyl showed an in-
crease in the Raman ratio of the areas of the D and G bands
(AD/AG) to 1.68 (Table S1) upon using pristine PCNs as a refer-
ence (Raman AD/AG = 1.34) ; this is consistent with the forma-
tion of a new aryl�PCN bond. Incorporation of the Q1 active
species on the PCN support was proved by solid-state 19F
magic-angle spinning (MAS) NMR spectroscopy (Figure 2 b).
PCN-Q1-1 produced a fluorine signal at d=�62.4 ppm, which
corresponds to the trifluoromethyl (�CF3) moiety of Q1. Conse-
quently, this grafting method afforded 6.5 wt % of Q1 from
PCN-Q1-1, as determined by elemental analysis (Table S2 and
calculations for the Q1 content).

Quinine-based squaramide catalophore is an effective bi-
functional hydrogen-bond-donor catalyst[17] that outperforms
the corresponding thiourea analogues in the asymmetric Frie-
del–Crafts addition of pyrazolones to isatin ketimines, as we re-

Figure 2. a) FTIR spectra of PCN and PCN after functionalization with vinyl (PCN-vinyl). b) Solid-state 19F MAS NMR spectrum of PCN-Q1-1; signals correspond-
ing to the asterisks are the spinning sidebands.

Scheme 1. Schematic structure of the designed PCN-supported catalysts.
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cently reported.[18] The oxindole–pyrazolone conjugates have
3-substitued-3-aminooxindoles motifs, which constitute the
core structure of numerous natural products and drug candi-
dates.[19] In this study, we first evaluated the performance of
the prepared heterogeneous catalysts (PCN-Q1-1 and PCN-Q1-
2) in the enantioselective addition of pyrazolone 2 a to isatin
ketimine 1 a. To our delight, both PCN-Q1-1 and PCN-Q1-2
were highly active, and they both catalyzed the reaction to
afford product 3 in high yields with high ee values (Table 1, en-

tries 2 and 3). PCN-Q1-1 showed better activity than PCN-Q1-2,
and the catalytic performance of the former was found to be
comparable to that of the homogeneous catalyst Q1 (Table 1,
entry 10). PCN-Q1-1 provided the product with ee values great-
er than 99 % and high diastereoselectivities over 20:1 dr. The
fact that the enantioselective performances are comparable
strongly indicates that the Q1 molecules grafted on PCN
through the DVB molecular linker, which increases the space
distance, inherit the mobility and original chiral environment
of the homogeneous analogue (Q1). However, in the case of
the PCN-Q1-2 catalyst, the Q1 molecules without the DVB
linker underwent self-polymerization. This limited space mobili-
ty may lead to slightly lower enantioselectivity. In contrast to
our immobilized catalysts, the blank run with only PCN gave
low activity and no enantioselectivity (Table 1, entry 1), which
proved that the performance of our catalysts mainly resulted
from grafted Q1. In addition, as demonstrated in our previous

work,[18] the enantioselectivity stemmed from Q1 in the first
step and is independent of the fluorination in the second step.

Then, the recyclability of PCN-Q1-1 was investigated. The im-
mobilized catalyst could be easily recycled through a centrifu-
gation process, and after five consecutive recycles, it still af-
forded target product 3 in 90 % yield with 98 % ee (Figure S5 a).
This excellent stability was evidenced by 19F MAS NMR charac-
terization of recycled PCN-Q1-1, which revealed no changes in
the chemical shift of the trifluoromethyl (�CF3) group from Q1
(Figure S4). Moreover, to test the stability of the catalyst, the
filtrate from the solution of PCN-Q1-1 soaked in CH2Cl2 was
used as the reaction medium. As a result, only 20 % yield of 3
was obtained with no ee value. To understand further the sta-
bility of covalently bonded PCN-Q1-1, a physical mixture of
PCN and Q1 was used as another control catalyst in this reac-
tion. After three runs of the physical mixture (Table 1, en-
tries 7–9), the yield and ee value of 3 dramatically decreased to
49 % and 14 %, respectively; these values are much lower than
those obtained with PCN-Q1-1 (Figure S5 b) and implied that
the Q1 molecules leached out from the PCN support easily
without covalent-bond tethering. The control experiment indi-
cated that the strong covalent bonds between Q1 and the
PCN support were critical to maintain the stability of PCN-Q1-1
in a highly active catalytic process without eroding the enan-
tioselectivity.

Driven by the curiosity of the effect of the support, a silica-
immobilized Q1 catalyst (SiO2-Q1-1) was synthesized and ex-
amined. As displayed in entry 4 (Table 1), SiO2-Q1-1 required a
longer time to accomplish the first reaction step, affording a
modest ee value of 40 %, although the amount of grafted Q1
exposed on the SiO2 surface was equal to or even more than
that exposed on the PCN surface [X-ray photoelectron spec-
troscopy (XPS) characterization, Table S4 and Figure S8]. The
behavior of SiO2-Q1-1 indicates that porous silica, which is a
hydrophilic inorganic support, is relatively incompatible with
organic compounds and thus has lower reaction efficiency
than the carbon-based catalyst. The poor stereocontrol of SiO2-
Q1-1 can possibly be attributed to surface Si�OH groups,
which lead to partial background reactions and erode the
enantioselectivity. This result was also confirmed by another
control experiment performed with SiO2 that mediated the
conversion of substrates 1 a and 2 a into the product with no
ee value (Table 1, entry 5). In addition, for better understanding
of the support effects, an activated-carbon-based catalyst (AC-
Q1-1) was also prepared and evaluated. AC-Q1-1 catalyzed the
reaction between 1 a and 2 a with a longer time and provided
product 3 with a lower ee value than that resulting from the
use of PCN-Q1-1 (Table 1, entry 6). The surface oxygen groups
from the edge sites of the activated carbon, which could form
hydrogen bonds with the substrates, may erode the enantiose-
lectivity and activity of the catalytic active sites.[20] The above
results demonstrate that PCNs are preferred over porous silica
and activated carbon in this hydrogen-bonding-promoted pro-
cess as a porous carbon support owing to its hydrophobicity
and chemical inertness.

With regard to the good performance of PCN-Q1-1, the
scope of the reaction with typical substrates 4–7 was further

Table 1. Asymmetric Friedel–Crafts addition of pyrazolone 2 a to isatin-
derived N-Boc ketimine oxindole 1 a with different catalysts.[a]

Entry Catalyst Time[b] [min] Yield[c] [%] ee[d] [%]

1 PCN 15 25 0
2 PCN-Q1-1 15 94 >99
3 PCN-Q1-2 15 90 93
4 SiO2-Q1-1 120 89 40
5 SiO2 120 80 0
6 AC-Q1-1 70 90 85
7[e] PCN + Q1 15 94 >99
8[f] PCN + Q12th 15 73 67
9[f] PCN + Q13th 15 49 14
10[g] Q1 20 94 >99

[a] Reaction conditions: catalyst (12 mg), PCN-Q1-1 (Q1 loading of
0.78 mg, 2 mol %), 1 a (0.06 mmol), 2 a (0.07 mmol), K2CO3 (0.09 mmol),
and NFSI (0.09 mmol), CH2Cl2 as solvent (1 mL) at 25 8C; total reaction
time of 2.5 h. [b] Time for the first step. [c] Yield of isolated product.
[d] The ee value was determined by chiral-phase HPLC analysis. [e] The
catalyst was a mixture of PCN (12 mg) and Q1 (1 mg). [f] The catalyst
(mixture of PCN and Q1) was recycled from the last run by centrifugation
and was washed with CH2Cl2 (3 �). [g] The result was derived from
Ref. [18] , and the dosage of homogeneous catalyst Q1 was 2 mol %.
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studied (Figure 3). Methyl and thienyl substituents at the C3
position of the pyrazolone ring were well accommodated, and
products 4 and 5 were obtained in outstanding yields up to
90 % with ee values greater than 99 %. N-Boc ketimines (Boc =

tert-butoxycarbonyl) with chloro and methoxy substituents on
the benzene ring were also competent substrates, and prod-
ucts 6 and 7 were obtained in similar yields with almost the
same levels of stereoselectivity as those afforded by the parent
homogeneous catalyst Q1. The high catalytic efficiency of PCN-
Q1-1 reflects that Q1 appended onto the PCNs is fully exposed
to the reaction medium and gives rise to a homogeneous-like
catalytic environment for the active sites.

To gain better insight into the nature of PCN-Q1-1, a contin-
uous-flow process with a two-pump system (Figure 4) was per-
formed. The packed-bed reactor filled with PCN-Q1-1 was fed
with two solutions containing substrates 1 a and 2 a for the
asymmetric Friedel–Crafts addition (step I). Then, the down-
stream of step I and N-fluorobenzenesulfonimide (NFSI) were
simultaneously pumped into the K2CO3 column to give target
product 3. Under these conditions, the flow reaction was run
for 6 h, after which time 3 (478 mg) was isolated with a pro-
ductivity of 0.7 mmol h�1 gPCN-Q1-1

�1 (91 % yield, 88 % ee). There
was no detectable decrease in the catalytic activity of PCN-Q1-
1 during the run time. However, the ee value was lower than
that in batch. We therefore propose that after substrates 1 a
and 2 a are pumped into the packed-bed reactor (step I), they
may react with each other spontaneously before they diffuse
into the catalytic sites, which would result in low enantioselec-
tivity. Nevertheless, this continuous-flow experiment essentially

demonstrated the reusability and stability of the heterogenized
chiral catalysts.

In summary, porous carbon nanosheet (PCN)-grafted qui-
nine–squaramide catalysts with open and interconnected mac-
ropores were designed and synthesized for the efficient asym-
metric Friedel–Crafts addition of pyrazolones to isatin keti-
mines. With divinylbenzene as a linker, the catalytic per-
formance of the PCN-supported catalyst was comparable to
that of its corresponding homogeneous analogue, and it af-
forded the products in yields greater than 90 % with 99 % ee.
This catalyst also outperformed porous-silica- and activated-
carbon-supported catalysts as a result of the hydrophobicity
and chemical inertness of the PCNs. Moreover, the PCN-grafted
quinine–squaramide worked efficiently over five recycling
batch reactions as well as in a continuous-flow process. Our
developed strategy of covalently immobilizing a chiral squara-
mide on PCNs holds great potential for designing other immo-
bilized chiral catalysts for highly effective asymmetric reactions.
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Porous Carbon Nanosheet-Supported
Chiral Squaramide for Highly
Enantioselective Friedel–Crafts
Reaction

Looking for support: A porous carbon
nanosheet (PCN)-immobilized chiral cat-
alyst is used in the asymmetric Friedel–
Crafts addition of pyrazolones to isatin
ketimines. The performance of the PCN-
supported catalyst is comparable to

that of its homogeneous catalyst; the
products are obtained in high yields up
to 90 % with ee values as high as 99 %.
Recycling experiments confirm the sta-
bility of the catalyst.
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