Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 01 2025. Downloaded on 28/09/25 05:43:33.

(cc)

Chemical
Science

EDGE ARTICLE

i ") Check for updates ‘

Cite this: DOI: 10.1039/d5sc05390k

8 All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 19th July 2025
Accepted 29th August 2025

DOI: 10.1039/d5sc05390k

rsc.li/chemical-science

Introduction

#® ROYAL SOCIETY
PPN OF CHEMISTRY

View Article Online
View Journal

Noncovalent immobilization of chiral Lewis acids
on single-walled carbon nanotubes as a tool for
synthetic organic aquachemistry

Taku Kitanosono, & * Satoshi Tanaka, Don%dn Zhang, Tomoya Hisada,
Yasuhiro Yamashita® and Shu Kobayashi®*

Polycyclic aromatic hydrocarbons (PAHs) were employed as anchoring tags to noncovalently immobilize
Lewis acids onto single-walled carbon nanotubes (SWNTSs). This heterogeneous system demonstrated
remarkable performance in asymmetric catalysis, particularly in water devoid of organic solvents or
surfactants, outperforming other carbonaceous m-materials in activity, stereoselectivity, and reusability.
The use of large-diameter SWNTs modified with 4-fluorophenyl groups further enhanced catalytic
activity. Notably, Sc(PyS)3-SWNT combined with a chiral modifier retained high performance without the
covalent anchorage, even after multiple reuse cycles. No leaching of scandium or the chiral modifier was
observed, consistent with TGA results, despite washing with solvents in which the chiral modifier is
highly soluble. XPS analysis demonstrated that among the supports examined, SWNTs exhibited the most
significant electron donation to the Sc and S centers, underscoring the exceptional electronic interaction
responsible for the stable immobilization. Despite its high surface area and adsorption capacity, activated
carbon showed poor performance and significant leaching, suggesting that electron donation from
SWNTs stabilizes flexible, solution-like conformations of the Lewis acid complex, mitigating the
unavoidable attenuation of Lewis acidity more effectively than other supports. This strategy also
mitigates deactivation risks posed by nucleophiles such as amines, thiols, and free N-H indoles, which
typically displace chiral ligands. Thus, a robust, non-covalent immobilization platform has been
established, capable of delivering high activity, selectivity, and durability even in water, which is
traditionally challenging for Lewis acid catalysis. This approach offers a promising pathway toward more
sustainable and environmentally conscious asymmetric synthesis.

functionalization to introduce keto, carboxylate, aldehyde, and
alcoholic fragments at the nanotube defect sites (Fig. 1a),’

Among carbon allotropes, single-walled carbon nanotubes
(SWNTs) have garnered multidisciplinary attention due to their
unique properties, such as their quasi-one-dimensional nano-
structure and exceptional electronic properties.' Despite their
widespread use in physical and biological applications, their
application in mainstream synthetic chemistry remains
underexplored compared to other carbonaceous materials. This
is surprising given their high mechanical strength, chemical
stability, and large surface area, which make them appealing as
support materials. To date, the use of SWNTs as catalyst
supports has been sporadically reported in metal or metal oxide
nanoparticle-catalyzed hydrogenation/dehydrogenation,
oxidation/reduction, and Fischer-Tropsch reactions.”

In contrast, their application to single-ion catalysis remains

scarce. Three strategies used so far include oxidative
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doping with heteroatoms (Fig. 1b),* and covalent/noncovalent
immobilization of organometallic complexes (Fig. 1c).” The
first two strategies are inadequate for fine organic synthesis due
to ill-defined environments around metal ions and weak metal-
anion interactions that may lead to metal leaching. In the latter
examples, the potential of SWNTSs remains underutilized as the
active site is distant from the SWNT, despite the complex
chemical synthesis involved. Furthermore, the electrochemical
attribute of SWNTs has received scant attention in the field of
organic synthesis, despite the importance of electronic effects
in a vast number of chemical transformations and a long-
standing interest in metal-support interactions.®

We have previously fabricated surfactant-based highly
dispersed chiral nickel complex-SWNT composites for
enantioselective synthesis with a minute quantity of defibril-
lated SWNTs (<25 mg SWNTs per mmol Ni*"), wherein the
electronic couplings between nickel(u) ions and SWNTs
emerged as a linchpin for catalytic performance.” Nevertheless,
the system was not designed with reusability in mind, owing to
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the reliance on surfactants for SWNT dispersion. Eschewing the
micelle-based paradigm, we herein disclose our endeavor to
utilize SWNT bundles for catalyst immobilization, thereby
enabling heterogenization of hard Lewis acid catalysis without
covalent linkage (ca. 4-5 g SWNTs per mmol Lewis acid).
Immobilizing Lewis acids onto solid supports remains a peren-
nial conundrum in catalysis, particularly under aqueous
conditions. Lewis acids are inherently prone to deactivation
through strong binding with nucleophilic reactants, ligand
displacement, or hydrolysis (Fig. 1). Moreover, their coordina-
tion environments are often perturbed upon immobilization,
leading to diminished activity, selectivity, or leaching. Strong
interactions with supports may also reduce the Lewis acidity.
These challenges are further exacerbated when noncovalent
strategies are employed, as the interactions between the metal
center and the support are typically sensitive to reaction
conditions. Other carbon-based materials such as carbon dots,
carbon nitrides, and covalent organic frameworks (COFs) have
been explored as supports for catalytic systems such as metal(0)
or transition metals. However, their surface functionalities
often include Lewis basic sites or polar groups that can coor-
dinate to Lewis acids, thereby attenuating their acidity or
causing deactivation. Furthermore, the electronic environments
of these materials are typically less well-defined or tunable than
those of SWNTs, rendering stable, noncovalent immobilization
while preserving catalytic activity a formidable task. In contrast,
SWNTs offer a hydrophobic, electronically rich, and structurally
uniform surface that enables effective physisorption without
compromising Lewis acidity, resulting in Goldilocks-level
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interactions, neither too strong nor too weak, with the SWNT
surface. This feature not only facilitates catalyst regeneration
during the reaction but also allows elegant modulation of the
chiral environments, thereby broadening the applicability of
the system across diverse catalytic transformations. Such
a strategy may help dismantle both conceptual and practical
barriers associated with noncovalent immobilization, which
remains a formidable challenge. Moreover, the minimal degree
of fixation enhances mass transfer, improving the diffusion of
both substrates to and products from the active sites, thereby
mitigating the performance drop often observed upon hetero-
genization. An aspirational goal of this project is to identify the
unique capabilities of SWNTs as a support, capabilities that
defy mimicry by other carbonaceous materials in organic
synthesis. We envisaged the intrinsic electronic properties of
SWNT bundles could play a decisive role in stably anchoring
hydrated single metal ions that are often catalytically superior
to their anhydrous counterparts, in conjunction with well-
recognized advantages of SWNTs as support materials.® As di-
scussed elsewhere, water molecules are known to form highly
ordered structures on hydrophobic surfaces. Homma et al. re-
ported the formation of a stable hydration layer on the surface
of SWNTs through lateral hydrogen bonding, which is distinctly
divergent from the behavior of bulk water.’ This hydrated yet
macroscopically hydrophobic layer may be effective for stable
immobilization of whole “active microenvironments”
composed of hydrated metal ions and structured water layers.
In this context, synthetic organic aquachemistry,' a field that
emphasizes organic synthesis in water without organic cosol-
vents or surfactants, offers a compelling paradigm: doing more
with less. The microenvironments embedded in the “hydrated
yet macroscopically hydrophobic” surface layer of SWNT
bundles could lead to efficient concentration of the reactants
and amelioration in the diffusion.

Results and discussion
Catalyst development and evaluation

To noncovalently anchor single metal ions in proximity to
SWNTs, we eschewed a linker-based approach, leveraging the
well-documented high affinity'* of pyrenyl groups for SWNTs
(Fig. 1). Redox-inert scandium ions, featuring a d° electron
configuration, were chosen to preclude any potential influence
of metal ion redox properties on the adsorption. Unlike tran-
sition metals with partially filled d-orbitals, Sc** lacks d-
electron-mediated effects such as ligand field stabilization or
back-donation, making it a theoretically distinct case from our
previous study.” This absence of d-electron interactions pres-
ents a unique challenge in achieving stable immobilization, as
conventional mechanisms of electronic communication are
unavailable. At the outset, the structurally simple scandium
tris(pyrene-1-sulfonate) (Sc(PyS);) was synthesized from scan-
dium oxide and pyrene-1-sulfonic acid, and its structure was
confirmed by 'H and *C NMR spectroscopy, as well as
elemental analysis. UV-vis spectroscopy revealed that Sc(PyS);
has low solubility in water (<1 x 10~* M; see the SI for the
details). We then assessed the adsorption of Sc(PyS); onto

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc05390k

Open Access Article. Published on 01 2025. Downloaded on 28/09/25 05:43:33.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article

various carbonaceous w-materials, including SWNTs (with
a diameter of 1-2 nm), multi-walled carbon nanotubes
(MWNTs), graphene nanoplatelets, and activated carbon (AC).
Among these materials, SWNTs demonstrated the highest
loading efficiency (0.190 mmol g '), while graphene nano-
platelets exhibited negligible adsorption of Sc(PyS); (<0.01
mmol g~ !). This is because the higher effective curvature of
SWNTs enhances the ion—-7 or - interactions due to localized
electronic states, increased surface energy, and increased
polarizability. Scanning transmission electron microscopy with
energy dispersive spectroscopy (STEM-EDS) elemental mapping
of the as-prepared Sc(PyS);—SWNT composite confirmed the
uniform distribution of Sc** on the surface of SWNT bundles
(Fig. S4). X-ray photoelectron spectroscopy (XPS) analysis was
performed to investigate the interaction between Sc(PyS); and
the support materials. A significant redshift in both Sc and S
binding energies was observed, providing compelling evidence
for the electronic interaction between Sc(PyS); and the
supports. This shift indicates that the scandium center
becomes electron-rich upon immobilization (Table S7), thereby
leading to a discernible attenuation in Lewis acidity. The
minimal dependence of peak shifts on the nature of the
supports, coupled with the observation that sulfur becomes
more electron-rich relative to scandium, suggests that the
pyren-1-sulfonate anion engages in stronger and more intimate
interactions with the m-surface of the supports. This can be
rationalized by the fact that, unlike the cation-7 interactions
which occur exclusively between Sc** and SWNTs, the pyrene-1-
sulfonate anion is robustly adsorbed onto SWNTs through both
anion-m and m-m interactions. These electronic couplings
underpin the robust immobilization via chemisorption
concomitantly with decreased Lewis acidity. The catalytic
activity of the prepared materials was benchmarked in a Naza-
rov-type reaction, where an oxyallyl cation is trapped by water
to yield an o-diketone (Table 1). Interestingly, Sc(PyS); alone
exhibited comparable activity to a previously reported micellar
catalyst system (entries 1 and 2)."* Furthermore, notwith-
standing decreased Lewis acidity, the use of SWNTs as a support

Table 1 Nazarov-type reaction in water®

o ~0
o) Catalyst (0.5 mol%) O, O/ .
B A L
o
| H,0,45°C,24h |, w

Oxyallyl cation intermediate

Entry Catalyst Yield® (%)
1 Sc(DS); 67 (16)

2 Sc(PyS)s 62 (14)°

3 Sc(PyS);~SWNT (0.190 mmol g~ ) 87 (41)?

4 Sc(PyS)g MWNT (0.106 mmol g~ ') 71

5 Sc(PyS);-AC (0.132 mmol g7) 65

“ Isolated yield. ” Run with 0.25 mol% of catalyst. © Sc(DS); = scandium
tris(dodecylsulfate); Sc(PyS); = scandium  tris(pyrene-1-sulfonate);
SWNT = single-walled carbon nanotube; MWNT = multi-walled
carbon nanotube; AC = activated carbon.
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for Sc(PyS); led to superior catalytic performance compared to
other supports (entries 3-5). This indicates that the active
environments forged onto the surface of SWNTs are effective for
organic reactions run in water.

Asymmetric variant

The observed superiority of SWNTs to other carbonaceous
materials encouraged us to undertake the translation of SWNT-
supported catalysis to asymmetric catalysis. Heterogenizing
homogeneous chiral catalysts is an important strategy for
manufacturing optically active substances, due to the ease of
separation and recyclability of the catalyst from the post-
reaction mixture. Although noncovalent immobilization of
chiral complexes, without the need for complex synthesis of
chiral ligand-support conjugates, is ideal for versatile applica-
tions, it is widely recognized as a significant challenge in the
field compared to common covalent immobilization. The oft-
observed deteriorated outcomes in unsuccessful examples are
primarily attributable to leaching issues, which are highly
dependent on the reaction conditions, immobilization
methods, supports, and the chiral complexes themselves.™ This
highlights a fundamental limitation of non-covalent immobi-
lization strategies—namely, their limited tolerance to variations
in these parameters. Additionally, the use of Lewis basic reac-
tants notoriously reduces activity persistence within a few
runs,”'** and the general solution is to adopt rigorously
anhydrous conditions, sometimes accompanied by a reac-
tivation process.'” To further complicate matters, when nucle-
ophiles, which are Lewis bases, are present in excess relative to
the chiral Lewis acid catalyst, the chiral modifiers are easily
dislodged from the Lewis acid unless covalently supported. This
occurs because the chiral Lewis acid catalysts rely on Lewis
acid-base interactions between the Lewis acid site and the
chiral ligand. Consequently, recovering and reusing the chiral
complexes, which are only interacting through noncovalent
bonds, is challenging.

To our delight, a mixture of solids, comprising supported
Sc(PyS); and chiral 2,2"-bipyridine L,' formed the desired self-
assemblies that enantioselectively catalyze the ring-opening
reaction of meso-epoxide with aniline when stirred in water
(Fig. 2), despite their poor solubility in water. This solid-solid
self-assembly is similar to several examples®* that have
emerged in synthetic organic aquachemistry.'® Notably, the
reaction hardly proceeded in organic solvents such as di-
chloromethane, diethyl ether, and tetrahydrofuran, even with
a three-fold increase in the amount of Sc(PyS);, regardless of
whether it dissolved or not. These outcomes are somewhat
surprising given that Sc(OTf); exhibited excellent reactivity in
dichloromethane.”® Although the decreased Lewis acidity of
Sc(PyS)s, as supported by XPS studies (Table S7), may account
for the lack of activity in organic solvents, the good catalytic
activity observed exclusively in water may be attributed to the
partial dissociation of the counterion through hydration. This
also supports the concept of exploiting SWNTs as a hydrated yet
macroscopically hydrophobic layer. The strength of the inter-
action between Sc** and the SWNT surface is likely modulated
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Fig. 2 Effect of carbonaceous materials on recyclability of chiral
catalysts in water. * Sc(OSO3CioH25)s was used instead of Sc(PyS)s,

by multiple parameters, including the nanotube curvature,
chirality, and specific immobilization geometry of the scan-
dium complex. Given that SWNTs are inherently a mixture of
numerous structural variants, it is reasonable to interpret the
observed catalytic activity as the ensemble average of a broad
distribution of stable and metastable immobilization states.
While Sc(PyS);-SWNT and Sc(PyS);-AC provided more than
90% ee of the desired f-amino alcohol in high yield, Sc(PyS);-
MWNTs exhibited slower reaction kinetics and yielded an
almost racemic product. This suggests suboptimal coordination
of the chiral modifier L to the supported scandium ion,
potentially attributable to the limited accessibility of solid L to
scandium ions entrenched within the entangled fibrous
network of MWNTs. Both SWNT- and AC-supported catalysts
were readily separable from the post-reaction mixture via
simple filtration. Impressively, the catalytic performance of the
reused SWNT-supported catalyst was retained in the second
run, even without adding additional L. This is somewhat
surprising because L is highly soluble in ethyl acetate, the
solvent used during the washing process. Conversely, the use of
AC as a support led to pronounced deactivation of the catalyst.
Elemental analysis of recovered catalysts following the first run
revealed that both Sc®" and the chiral modifier were nearly
quantitatively retained in the SWNT-supported system, whereas
approximately 50% of Sc** content and >95% of L were lost in
the AC-supported catalyst. This finding is especially noteworthy,
considering that AC is widely used as a superior support due to
its high surface area, excellent dispersibility, and strong
adsorption capacity. Although SWNTs do not boast the highest
surface area, the best dispersibility, or the strongest adsorption
capacity among the carbonaceous supports examined, none of
the alternative supports succeeded in mitigating leaching,
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which invariably led to substantial losses in both catalytic
activity and enantioselectivity. These comparative insights
strongly suggest that the exceptional performance of the SWNT-
supported catalyst cannot be ascribed to the general physical
properties of the support alone. Rather, we posit that the crucial
determinant lies in the electronic interaction between the Sc**
center and the SWNT surface. The XPS data presented in Table
S7 currently stand as the only analytical evidence distinguishing
SWNTs from other carbon supports in this context. Given that
such electron donation would naturally engender stronger
binding of the metal center to the support, it offers a plausible,
rational, and empirically grounded explanation for the observed
suppression of leaching.

Remarkably, the SWNT-supported catalyst was successfully
reused for eight consecutive cycles without the addition of L.
The Sc content showed no decrease even after the 8th run, while
7% of L was lost. While the unmodified Sc(PyS); exhibited
negligible catalytic activity, Sc(PyS);-SWNT demonstrated
a modicum of activity (Table S8). Consequently, the inevitable
reduction of the chiral modifier leads to a concomitant decline
in both catalytic activity and selectivity. This not only indicates
that the observed slight decrease in yield and enantioselectivity
upon reuse is due to the loss of L, but also emphasizes that
more than 93% of Sc*>" remained bound to L, underscoring the
efficiency of this noncovalent immobilization method. Addi-
tionally, the use of scandium tris(dodecyl sulfate) Sc(DS);
instead of Sc(PyS); led to 37% leaching of Sc**, despite almost
fully retaining catalytic activity in the 2nd run. This suggests the
importance of the pyrenyl moiety for confining Sc** on the
surface of SWNTs, and the non-involvement of the pyrenyl
moiety in immobilizing L.

The unique properties of SWNTs in noncovalently immobi-
lized asymmetric catalysis have yet to be fully appreciated in
terms of versatility and practicality. Several variables make it
difficult to fully understand the effect of the physicochemical
properties of SWNTSs, including manufacturing methods, lot-to-
lot variability, chirality of the structure, and so on. Attention
then turned to large-diameter SWNTs, which are less susceptible
to these factors due to their increased oxidation potential
resulting from a bandgap reduction.> However, while physico-
chemical properties reach a plateau, increased oxidation poten-
tial may weaken the interaction between Sc(PyS); and SWNTs and
stabilize SWNT agglomeration. Although the technique could be
applied to large-diameter SWNTs (3-5 nm), the Sc(PyS);-SWNT
composite inevitably suffered from far inferior performance (43%
yield). Notably, agglomeration significantly hindered stirring
during the reaction, which may have contributed to the low
catalytic efficiency. The SWNTs produced with the super-growth
method® (ZEONANO® S$G101) were used hereafter and di-
splayed traits including a higher aspect ratio, higher purity
(especially metal impurities), and larger surface area than SWNTs
prepared with other methods, along with large diameter.

Arylation of the SWNT surface to improve catalytic activity

To address the challenge of agglomeration, three primary
functionalization techniques exist: covalent, noncovalent, and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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solvent exfoliation.”® Due to the unsuitability of the latter two
for catalyst immobilization and recovery, we pursued a covalent
functionalization approach. Utilizing the Gomberg-Bachmann
reaction with aryl diazonium salts, we aimed to improve SWNT
dispersibility. This approach could introduce additional inter-
actions such as m-m, C-H/mw, and halogen—m, potentially
enhancing the adsorption of species like Sc(PyS)s, and the utility
of aryl diazonium salts has led to the exploration of surfactant-
based®” and non-aqueous methods®® (employing isoamyl nitrite
and aniline). While the detailed mechanism remains under
debate, recent studies suggest a preferential reaction with
metallic SWNTs over semiconducting ones through a radical
mechanism,* chirality dependence,* and faster kinetics for
larger diameter SWNTs.*"** Because it is theoretically contem-
plated that the presence of a band gap in semiconducting
SWNTs results in a robust interaction with the chiral scandium
complex, rather than with metallic SWNTSs, the preferential
reaction of metallic SWNTs with the aryl radical would mini-
mize the effect of undesired interactions. In light of these
findings, we evaluated three methods for introducing the 4-
fluorophenyl functionality, assessing them based on fluorine
loading efficiency (Table S3). The surfactant-based method
exhibited lower loading and efficiency, along with surfactant
contamination. The use of a solution of 4-fluorobenzene dia-
zonium tetrafluoroborate (4-FCsH,4N,BF,) in acetonitrile proved
optimal. A two-step weight loss observed in thermogravimetric
analysis (TGA) supports the presence of a covalently linked
functionality, consistent with previous reports (Fig. S5).*
Furthermore, X-ray photoelectron spectroscopy (XPS) analysis
revealed the F 1s peak associated with the C-F bond underwent
a blue shift compared to 4-FC¢H,N,BF, (Fig. S6) and no boron
was detected in the digested sample via inductively coupled
plasma optical emission spectroscopy (ICP-OES). These
outcomes are consistent with the formation of the Gomberg-
Bachmann product of SWNTs.

As shown in Fig. 3, subsequent to arylation with R-
CsH,N,BF,, a stepwise treatment with Sc(PyS); and L yielded the
composite LSc(PyS);—SWNT(R). The arylated catalyst (R = F)
demonstrated enhanced dispersibility during the ring-opening
reaction in water (Fig. 3a). UV-vis spectroscopy of the solution
proved valuable for real-time monitoring of aryl diazonium
tetrafluoroborate consumption, aligning with NMR analysis
results. The degree of functionalization could be controlled by
adjusting the incubation time, monitored via UV-vis spectros-
copy. Functionalization was negligible below 0.2 mmol g™, but
the reaction rate increased significantly within the range of 0.2-
0.4 mmol g, with 0.32 mmol g~ proving optimal (Fig. 3b).
XPS spectra of highly arylated SWNTs (0.479 mmol g ' F*
loading) revealed an N 1s peak at 400 eV, attributed to the diazo
C-N=N-C linkage. This suggests that excessive arylation might
reduce the Lewis acidity of S¢** through undesired interactions
with this linkage. Notably, the uniform redshift in the binding
energy (BE) of Sc 2p"/?, 2p®?, and N 1s peaks upon being sup-
ported on SWNTs corroborates electron donation from SWNTs
to the scandium complex (Fig. S8). The minute peak blueshift
with uniformity by surface arylation may be attributed to the
electron-withdrawing property of the 4-fluorophenyl group.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Arylation of the SWNT surface: (a) appearance of the reaction
mixture [right: unmodified SWNT-based catalyst LSc(PyS)z—SWNT,
left: arylated SWNT-based catalyst LSc(PyS)s—SWNT(F)]; (b) effect of
the loading quantity of the 4-fluorophenyl moiety for Sc(PyS)s (blue)
and Sc(‘BuPyS)sz (red); (c) effect of substituents. The product yield of
the major (S.S) isomer was used.

Subsequently, the SWNTs were arylated with various
substituted aryldiazonium tetrafluoroborate compounds, tar-
geting a functionalization degree of 0.3-0.4 mmol g~ . In some
cases, the actual degree of functionalization deviated due to
byproduct formation. For instance, nitrobenzene was produced
to some extent in the reaction with 4-nitrobenzene diazonium
tetrafluoroborate, consistent with the documented radical-
involved mechanism. A summary of this study is presented in
Fig. 3c and S2. Electronically neutral substituents resulted in
higher yields, indicating that the Lewis acidity of Sc¢** is influ-
enced by the electronic nature of the SWNT surface. Ultimately,
the installation of a 4-fluorophenyl group proved optimal. Aryl
radicals bearing electron-donating substituents at the 4-posi-
tion (OMe, 'Pr) may competitively react with electron-deficient
semiconducting SWNTs, leading to decreased Lewis acidity
and decreased reaction yield. In addition, electron-donating
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substituents may promote the growth of the aryl layer by the
formation of a polyphenylene-like layer. In contrast, electron-
withdrawing substituents (NO,, CO,Et) at the 4-position of the
aryl radical may inhibit an undesired reaction with semi-
conducting SWNTs and the growth of the aryl layer, but result in
decreased catalytic activity by their coordination to the scan-
dium ion. Substitution at the 4-position, which is the most
reactive for a radical addition reaction, seems to be important
for high catalytic performance. Notably, Sc** leaching was not
observed, even when supported on arylated SWNTs.

The m-7 interactions between pyrenyl moieties can induce
proximity or lamination of Sc** on the SWNT surface, poten-
tially diminishing catalytic activity and robustness. To amelio-
rate this, several scandium salts bearing polycyclic aromatic
hydrocarbons (PAHs) in their counteranion were prepared.
Fortuitously, the use of scandium tris[(7-tert-butyl)pyrene-1-
sulfonate], Sc(‘BuPyS);, significantly enhanced catalytic
activity, albeit with no dependence of enantioselectivity to the
tag structure (Table S9). The triphenylene-2-sulfonate (TPhS),
likely to display higher binding affinity than pyrene'* presum-
ably due to its larger molecular volume,* also exhibited
commendable catalytic performance. Under these optimized
conditions, the catalyst could be reused up to 10 times without
any leaching of Sc®" ions (Fig. 4a). Contrary to the observations
in Fig. 2, no decline in catalytic activity was noted with repeated
use, although enantioselectivity was subtly eroded. The sus-
tained activity may be attributed to the addition of the chiral
modifier and the employment of large-diameter SWNTSs.
Remarkably, the loss of the chiral modifier during filtration and
washing was minimized, resulting in only a very gradual decline
in enantioselectivity. In TGA of the catalyst before and after the
reaction (Fig. S11), the endpoint remained ostensibly unaltered
even subsequent to the first run, corroborating the experi-
mental outcomes of no leaching of both organic and inorganic
materials. XPS analysis revealed that the catalyst recovered after
the 10th run underwent subtle changes with no clear decrease
in the Lewis acidity of the catalyst (Fig. S10), possibly attribut-
able to the changes in the morphology of the SWNT agglomer-
ations. This is in sharp contrast to a polystyrene-bound chiral
scandium catalyst,' which exhibited decreased Lewis acidity
with repeated reuse in XPS analysis. While the structure of the
scandium complex in an immobilized state can modulate the
Lewis acidity and enantioselectivity, deciphering these effects at
the molecular level remains an immense challenge. While the
structure of the scandium complex in an immobilized state can
modulate the Lewis acidity and enantioselectivity, deciphering
these effects at the molecular level remains an immense
challenge.

With optimal conditions in hand, the substrate scope was
explored, as depicted in Fig. 4b. A diverse range of N-nucleo-
philes (anilines), irrespective of the electronic nature of the
substituents, O-nucleophile (4'-bromobenzyl alcohol), S-nucle-
ophile (4-methoxybenzenethiol), and free N-H indole, notwith-
standing their notorious catalyst-poisoning capability, were
successfully employed, affording optically active B-amino
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(a) Ph LSc( Bu:ys)gln/SWNT(F) Ph._ JOH
O + PhNH, H(om:42h
2V, I,
PH (2.1 equiv) Ph™ “NHPh
Run[a] 15( 2nd 3rd 4"\ Slh 6(h 7lh 8“’! glh 1olh 1 1lh
Yield [%] 86 89 8 90 90 8 87 89 89 8 89
Eel’l (%] 87 8 8 85 84 8 83 8 8 80 82

Scleaching® [%] nd. nd. nd.

nd. nd nd nd nd nd nd nd

1210.4 mol% of L was added before the reaction. 1.2 mol% was used for 11" run.

1l Determined by HPLC analysis.

[l Determined by ICP analysis. n.d. = not detected. Detection limit : 0.07-0.08%

(b) Ph
O + Nu—H

Ph (2.1 equiv.)

Ph

87% y|eld 80% yield
94% ee? 89% ee®

PhIO}—JQ/R
Ph” N

R = OMe: 65% yield, 83% ee®%’
R = Et: 71% yield, 82% ee®%'

R = Cl: 78% yield, 91% ee®%'
R = Br: 68% yield, 91% ee®%f

l l

LSc(BUPYS)-SWNT(F)  pp,

(1 mol%) ~OH
H,O, 1, 72 h
Ph Nu
PhIOH Ph ‘\OD@\
PN ; Pth X
OMe H
87% yield R = Cl: 86% yield

89% ee®%e
R =Br: 74% yield
87% ee®%®
='Pr: 78% yield
81% ee®

85% ee?
O o gk

R=H: 72% yield, 81% ee®%9
R = Me: 67% yield, 89% ee®°9"

86% yield
76% ee

95% yield
90% ee

o
N,Ph
H

Phj\OH
Bi

38% yield, 88% ee®9M

o

o D

77% yield, 94% ee/

r
75% yield, 85% ee/

[a] Run at 40 °C. [b] 1.5 equivalents of nucleophiles were used. [c] LSc(PyS)s-
SWNT(F) was used. [d] Catalyst loading: 2 mol%. [e] Run for 48 h. [f] Run for 30 h.
[g] Three equivalents of nucleophiles were used. [h] Catalyst loading: 3 mol%. [i]
Run for 86 h. [j] ArSH (5 equiv), LSc(TPhS);-SWNT (5 mol%), 90 h.

(c) micellar catalyst (Type I1b)°
L* (12 mol%)
Ph Sc(DS); (10 mol%)

C11H23S03Na (150 mol%)
>O+PhNH2 11H23803Na ( 6)

HxO, 1,22 h
Ph (1.5 equiv) i . )
Chiral ligand is difficult o O/\
to recover and reuse. 66% yield

42% ee
supported catalyst (Type llic)° U \©/
Ph L'Sc(BuPYS):-SWNT(F)

Phj\NHPh Cl“\/\/""2

PH (1.1 equiv) = Ph™ “NHPh
Run? 1t 2nd 3d
Yield [%] 9 9 97
Ee® [%] 67 68 69

Sc leaching® [%] nd. n.d. nd.

20.4 mol% of L' was added before the reaction.
b Determined by HPLC analysis.
¢ Determined by ICP analysis. n.d. = not detected. Detection limit : 0.16%

(d) LSc(PyS)3-SWNT(F) (2 mol%)
o Pyridine (10 mol% O  SBn
M, + o — e e AL
A ph H,0, 1t, 68 h Ph

(1.2 equiv)
Runt@! st ond 3rd

Yield [%] 84 87 88

Eel’l (%] 85 83 80

Sc leaching™® [%)]

nd. nd.  nd

1810.4 mol% of L was added before the reaction.
[l Determined by HPLC analysis.
[l Determined by ICP analysis. n.d. = not detected. Detection limit : 0.16%

Fig. 4 Scope of reactions: (a) recovery and reuse experiments. (b)
Scope of substrates. (c) Effect of chiral modifiers on recyclability. (d)
Thia-Michael addition using Sc(‘BuPyS)s—SWNT and L.
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alcohols in commendable yields. Our noncovalent anchoring
strategy hinges upon the interactions between Sc(PyS); and
SWNTs, rather than those between ligands and SWNTs. Hence,
substituting one chiral modifier for another may highlight the
ease with which the chiral modifier can be tuned. To substan-
tiate this, we assessed the impact of the chiral modifier (Fig. 4c).
The use of chiral N,N'-dioxide L' ** that possesses a tetradentate
N,O, donor akin to L exhibited moderate enantioselectivity
(42% ee) under optimized micellar conditions, where L’ cannot
be recycled without an extraction-chromatographic separation
process. In contrast, the reaction using Sc(‘BuPyS);-SWNT(F)
proceeded more selectively with lower catalyst loading. Given
the unsupported catalyst exhibited a selectivity of 43%,
comparable to the micelle catalyst system, the support on
SWNTs evidently enhanced enantioselectivity. Furthermore, the
catalyst, along with L, could be recycled without erosion of
enantioselectivity. This outcome indicates that our strategy is
not confined to a particular chiral modifier, and increased
enantioselectivity may indicate that the complex with L' is
immobilized in a more robust coordination manner than that
with L. That is, the retained reusability of the catalyst even when
the chiral modifier is altered represents an important and
practical advantage. The observed enhancement in enantio-
selectivity upon immobilization suggests improved complex
stability, further underscoring the benefits of our approach.

To further validate the robustness of the catalyst, the
scandium-catalyzed thia-Michael addition®® using an excessive
quantity of pyridine relative to scandium was implemented
(Fig. 4d). Pyridine is conceived to be sufficiently competent to
displace a chiral modifier from the scandium ion and to deac-
tivate the scandium ion through hydrolysis: nonetheless, the
catalyst could be recycled while retaining a high level of
enantioselectivity.

Conclusions

This study highlights the strategic prowess of SWNTs as
a support platform for advancing organic synthesis in water.
Polycyclic aromatic hydrocarbon (PAH)-based anions served as
effective anchoring motifs, enabling the noncovalent yet tena-
cious immobilization of hard Lewis acids, including chiral
variants, onto the SWNT surface, even in the absence of covalent
linkage of the chiral modifier. This design not only suppressed
Sc*" leaching but also preserved catalytic performance across
multiple cycles in asymmetric ring-opening reactions and thia-
Michael addition that are run in water. Strikingly, the system
retained its stability even in the presence of excess Lewis bases,
which are typically both potent catalyst poisons and solvents for
the chiral modifier. Given the inherent vulnerability of hard
Lewis acids to hydrolysis and ligand displacement, especially in
aqueous and basic environments, their stable immobilization
without covalent tethering has long remained a formidable
challenge. Our findings demonstrate that SWNTs, by virtue of
their distinctive electronic and interfacial attributes, can over-
come these limitations, offering a robust platform for non-
covalent anchoring of hard Lewis acids. We posit this
underlying design principle is broadly applicable to a wide array

© 2025 The Author(s). Published by the Royal Society of Chemistry
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of metal-ion-catalyzed asymmetric reactions. As such, it offers
a compelling blueprint for streamlining synthetic organic
chemistry, in harmony with the tenets of green and sustainable
chemistry.
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