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Mechanically interlocked nanotubes as
recyclable catalysts for Knoevenagel
condensation
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Single-walled carbon nanotubes (SWNTs) are a very attractive platform to build heterogeneous
catalysts, benefiting from their intrinsic high surface area and their insolubility. Here, we show that
SWNTs encapsulated within organic macrocycles to form mechanically interlocked rotaxane-type
species (MINTs), are a good building block to graft basic nitrogenous moieties for the catalysis of the
Knoevenagel condensation. The installation of the catalytically active groups is carried out after
formation of the MINTs, following a modular approach. Through this chemical modification strategy,
we obtain very activeMINT catalysts (TOF in the range of 900–9000 h−1). The interlocked catalysts can
be recycled for at least five times by simple filtration and washing, without any appreciable loss of
activity. In comparison, supramolecular controls lacking the mechanical link between the active
moiety and the SWNT cannot be recycled. From a general point of view, these results prove that
formation of MINTs is an interesting strategy to link catalytic molecular moieties to SWNTs, enabling
their use as heterogeneous catalysts and therefore facilitating the purification of the products and the
recycling of the catalyst.

The development of efficient metal-free catalysts has garnered significant
attention in recent years due to their potential to replace scarce and toxic
metal-based catalysts in various chemical reactions. A wide range of
materials1, including zeolites2,3, silica4, clays5, polymers6,7, and (nano)carbon
materials8–12, have been explored as metal-free catalysts. Among these,
single-walled carbon nanotubes (SWNTs) offer promising potential due to
their extreme surface to volume ratio (all atoms are surface atoms), their
excellent electrical conductivity and their chemical stability. On the
downside, the tendency of SWNTs to aggregate forming bundles typically
reduces the available surface area significantly and their synthesis and
purification remains costly, which currently limits scalability.

Using SWNTs as metal-free catalysts typically requires some chemical
modification to improve their dispersibility or to introduce active functional
groups to contribute to the catalytic phenomena13. Our group has pioneered
the use ofmechanical bonds to functionalise SWNTs, formingmechanically
interlocked derivatives of SWNTs (MINTs)14,15. MINTs are rotaxane-type
species in which SWNTs are encapsulated by organic macrocycles16–19. By
carefully designing the macrocycles, we have demonstrated improved cat-
alytic performance and stability compared to pristine or supramolecularly

modified SWNTs. For example, the catalytic activity of MINTs in the
reduction of nitroarenes with hydrazine was investigated20. Three different
MINTs with electron donor, acceptor, or electronically neutral macrocycles
were compared, establishing a relationship between the expected electronic
density at the SWNT surface and the catalytic activity. Later, we demon-
strated the promising properties of MINTs in the Oxygen Reduction
Reaction (ORR) with different macrocycles using anthraquinone as
recognition motifs21 or by introducing N-rich macrocycles22.

Our strategy to synthesizeMINTs involves the ring-closingmetathesis
of U-shaped macrocyclic precursors around the SWNTs. The U-shaped
molecules feature two copies of a recognition motif for SWNTs featuring
long alkene-terminated alkyl chains, and linked by a xylylene spacer. This
design can be customised by modifying both the recognition motif and the
aromatic spacer, allowing for the introduction of functional groups tailored
to specific applications. For example, incorporating an amine group and its
subsequent derivatisation can enhance the Lewis and Brönsted basicity of
the MINT system, making it a potential catalyst for reactions such as
Knoevenagel, Michael, and Henry additions23. Several examples of basic
catalysts are reported by anchoring primary to quaternary amines on the
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surface of very different variety of materials employing covalent and
supramolecular approximations24–27. The Knoevenagel condensation was
chosen as model system, as its mechanism is very well understood (see the
Supporting Information). Here, we describe the design, synthesis and cat-
alyitic performance of threeMINTsystems as basic catalyst forKnoevenagel
condensations.

Results and Discussion
Synthesis and characterisation
We synthesised MINTs with a primary amine group attached to the spacer
(MINT-NH3Cl), and then either alkylated them using iodoethane (MINT-
NEt2) or formed imines with picolinaldehyde (MINT-NPy) to further
increase its basicity. These modified MINTs were evaluated as catalysts in
the Knoevenagel condensation of aromatic aldehydes and malononitrile,
demonstrating enhanced activity compared to controls. Moreover, we
investigated the scope of the catalysts using various aldehydeswith different
characteristics.

In order to synthetize a nitrogen-functionalised MINT, we modified
the spacer of a pyrene-based U-shaped receptor previously reported by us
(Fig. 1). Briefly, the protection of the aminomoiety of the 5-aminoisophtalic
acid with a tert-butoxycarbonyl protecting group (Boc), followed by the
reduction of the acids to the corresponding alcohols and substitution with
bromides yielded a connecting molecule28 which can be etherified with two
derivatised C11-alkenyl-terminated pyrene units, as reported previously15.

For the MINT synthesis (Fig. 2), we used (6,5)-enriched single-walled
nanotubes (0.7–0.9 nm in diameter, length ≥ 700 nm, 95% purity, Sigma-
Aldrich), purifiedvia acidwash, in all experiments.We followed the strategy
we reported previously29, which consists of a ring-closing metathesis clip-
ping reaction in which the SWNTs serve as a template for the macro-
cyclation of the U-shaped molecule around the nanotubes, to yield MINT-
NHBoc. MINT-NHBoc was chosen as the building block from which the
rest of the derivatives are synthesized to allow for direct comparison of the
activity of the same batch of material with and without the basic nitroge-
nated moieties. Very briefly, we treated a suspension of SWNTs in tetra-
chloroethane (10mg/10mL) with the bisalkene precursor of mac-NHBoc
(10mg, 0.01mmol) and Grubbs’ 2nd generation catalyst (8.5 mg,
0.01mmol), and themixturewas stirred at room temperature for 72 h.After
this time, the suspension was filtered through a polytetrafluoroethylene
(PTFE) membrane (0.2 µm pore size) and the product was purified by
resuspending it in dichloromethane (DCM) with ultrasonication, filtering
and washing profusely with DCM to wash away excess bisalkene precursor,
non-threadedmacrocycles, catalyst and all soluble impurities. This washing

procedure was repeated three times. In order to synthesize the free amine
MINTmaterial (Fig. 2), MINT-NHBoc was deprotected by treatment with
4M HCl overnight to yield a free amino group (MINT-NH3Cl in Fig. 2)30.
We further modify the ammonium group with different nitrogen-
containing moieties (Fig. 2). In particular, we added 2-picolinealdehyde in
acidic conditions to provide a di-nitrogen basic site (MINT-NPy, Fig. 2)31.
Alternatively, we alkylated the aniline with ethyl iodide under basic con-
ditions to improve the basicity of the aniline moiety (MINT-NEt2)

32. To
confirm the viability of these reaction conditions, we separately prepared
mac-NHBoc, deprotected it to mac-NH3Cl, and derivatized it to mac-NPy
and mac-NEt2. The synthetic details and the characterisation data are
shown on the SI.

All MINT materials were fully characterised using thermogravimetric
analysis (TGA), Raman spectroscopy, UV-vis-NIR, photoluminescence
excitation-emission maps (PLE), X-Ray photoelectron spectroscopy (XPS),
high-resolution transmission electron (HR-TEM) and atomic force
microscopies (AFM). The TGA results are shown in Fig. 3a, together with a
reference sample of (6,5)-SWNTs. The TGA of MINT-NHBoc shows a
mass loss of 3%between150 °Cand250 °C, corresponding to theBocgroup,
and a24%loss between300 °Cand450 °C, related to themacrocycle. For the
MINT-NH3Cl sample, a 23% loss is observed between 300 °C and 450 °C,
with a minor 5% loss around 300 °C, which is attributed to the -NH3Cl
group33. The derivatization of MINT-NH3Cl to produce MINT-NEt2 and
MINT-NPy is confirmedby theTGAprofiles of these samples. In the case of
MINT-NEt2, a mass loss of approximately 27% is observed, corresponding
to the organic functionalization. This 4% increase aligns well with the
introduction of the two ethyl groups. Meanwhile, the TGA of MINT-Npy
shows a 28% mass loss, representing a 5% increase in organic content
compared to MINT-NH3Cl, which is again consistent with the incorpora-
tion of the pyridine ring into the macrocycle.

On the other hand, Raman spectra under λexc = 532 nm (Fig. 3b and
Figure S13) showed a small increase in the ID/IG ratio between pristine SWNTs
(ID/IG = 0.03 ± 0.01) and MINT-NHBoc samples ID/IG = 0.12 ± 0.05. This
increase is noticeable, but corresponds to a very low density of defects
(ca. 20 defects / μm−1)34, that does not compare to the degree of functionali-
zation observed in TGA (onemacrocycle every 214C atoms or every 2 nm, as
calculated from the weight loss in the TGA data). We therefore assign this
increase to the introduction of defects during the washing procedures, that
involve ultrasonication. This is confirmed by the ID/IG ratio in the successive
steps of our synthesis, where we obtain ID/IG values of 0.06 ± 0.02, 0.06 ± 0.02
and 0.07 ± 0.02 for MINT-NH3Cl, MINT-NPy and MINT-NEt2 respectively.
Since these samples are obtained from the MINT-NHBoc, these values futher

Fig. 1 | Synthesis of U-shapes. Synthetic route for the synthesis of N-based U-shapes.
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confirm that there is no significant covalent reaction during formation of the
MINTs and corroborate that these subsequent chemical procedures only
modified the organic macrocycles and not the SWNTs. We don’t observe
notworthy changes in either the radial breathing modes (RBM) or the G band
during the chemical manipulation.

TheUV-vis-NIRabsorption spectra of ourmaterials inD2O/SDS (1 wt
%) at room temperature showed the typical absorption features of SWNTs
corresponding to S22 and S11 transitions (See SI). The spectra of pristine
SWNTs is dominatedby twopairs of signals corresponding to (6,5)-SWNTs
(575–975 nm) and (7,5)-SWNTs (660–1020 nm). After functionalization
with amacrocycle containing anNHBocgroup, a change in the ratioof these
bands is observed, with an increase in the relative intensity of the (6,5)-
SWNTs compared to the (7,5)-SWNTs35. Despite the poorer dispersion
quality in the case ofMINT-NH3Cl, a similar trend to that ofMINT-NHBoc
is observed. Following derivatization to obtainMINT-NEt2, the presence of
both pairs of bands is similarly observed without any noticeable shift.
Finally, MINT-NPy exhibits broadening of the bands around 1000 nm,
which is associatedwith poorer dispersion, making it difficult to distinguish
between the bands corresponding to different chiralities. However, the S22
bands indicate that both chiralities are present in comparable amounts in
the sample. As a general trend, no significant shifts in the absorption bands
are observed, only changes in the relative intensity of these bands. These
results are in line with the lack of significant shifts in the G bands of the
Raman spectra.

PLE maps of SWNTs and the MINTs under study were also recorded
(see SI), and compared by normalisation to the optical density of the
samples.We excited the samples between 500 and 800 nm and detected the
emission from 820 to 1590 nm and observed mainly the fluorescence of
(6,5)-SWNTs inboth samples.Aquenching in the intensity of the signalwas
detected for all the MINTs with respect to the SWNTs, as previously
reported for pyrene-based MINTs29.

In order to shed light on the chemical nature of the N-containing
group in every step of the synthesis, we performed XPS analysis. The N-
containing MINT spectra perfectly overlaps the XPS C 1s and O 1s core
level regions spectra of the pristine (6,5)-SWNT (see SI), which we
interpret as further proof that the formation of MINTs, and the ensuing
chemical steps, did not affect the structure of the nanotube, in agreement
with the Raman data. The N 1s core level regions of the SWNTs and all
MINT samples are shown in Fig. 3c. We do not observe any N 1s
appreciable signal in the spectrum of the pristine material (black). In
contrast, we notice a very clear peak in the N 1s region of the MINT-
NHBoc spectrum. Quantitatively, we find around 1.6 at. % in N, which is
consistent with the degree of functionalization found in TGA. This peak
is centered in 399.9 eV and can be fitted satisfactorily with a single
component, agreeing with the presence of carbamate-like species36. From
MINT-NHBoc, shifts in the binding energy and differences in the full
width at half maxima (FWHM) in the modified samples (MINT-NH3Cl,
MINT-NPy and MINT-NEt2) were observed. After the fitting with
Gaussian functions (see SI for details), we can confirm the presence of
surface primary ammonium groups in MINT-NH3Cl at 400.2 eV and
tertiary amines in MINT-NEt2 at 399.8 eV37, both with satisfactorily
fitted with a single component. However, we could not clearly assign the
imine and pyridine components in MINT-NPy individually. Instead, a
broad peak centred at 399.9 eV was fitted despite the experimental
asymmetry measured. The position of this peak corresponds well to the
expected imine and pyridine units38.

Microscopic analysis under AFM and TEM of the MINTs shows
results consistent with our previous observations for MINTs. On the
topographic analysis performed on a drop-casted suspension of the
samples over freshly exfoliated mica, we observed for MINT-NHBoc
(Fig. 4a) a single SWNT with a height of approximately 1 nm, on
which several bumps of approximately 1.6–1.7 nm are observed.

Fig. 2 | Structure and synthesis of MINTs. Synth-
esis of MINT-NHBoc through ring closing
metathesis reaction and the further deprotection or
reaction to obtain MINT-NH3Cl, MINT-NPy and
MINT-NEt2.

Fig. 3 | Characterization ofMINTs. aTGA plots of different MINTs and pristine (6,5)-SWNTs. b Raman spectra of different MINTs and pristine (6,5)-SWNTs; and cXPS
N 1s core level region of samples. (6,5)-SWNT (black), MINT-NHBoc (yellow), MINT-NH3Cl (green) MINT-NPy (blue), MINT-NEt2 (red).
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After derivatisation to obtain MINT-NPy and MINT-NEt2, similar
protrusions were observed. For MINT-NPy (Fig. 4b) we observed
individual SWNTs (height ca. 0.7 nm as measured in the clean areas),
that presented several individualised protrusions of 1.5–2 nm,
matching the macrocycles size. For MINT-NEt2 a SWNT (with a
height of 0.7–0.8 nm measured in clear zones) is nearly completely
covered with a uniform coating of around 1.5–2 nm (Fig. 4c). TEM
analysis allowed the direct observation of the surrounding organic
macrocycles (or their respective decomposition products due to beam
irradiation in the microscope chamber) along the nanotubes39. In the
MINT-NHBoc sample (Fig. 4d) we detected SWNT arrays showed
densely covered walls with organic moieties, in agreement with the
functionalisation degree determined by TGA. More interestingly,
circular objects with a diameter c.a. 1.9–2.1 nm were observed in
isolated tubes. Both fully covered SWNT arrays and some individual
macrocycles around SWNTs were observed for the derivatised sam-
ples MINT-NH3Cl (yellow arrow), MINT-NPy (blue arrow) and
MINT-NEt2 (purple arrow). In the MINT-NPy sample we found two
circular objects that perfectly matched with the expected macrocycle
size (2 nm).

Catalytic activity
The N-functionalised MINTs featuring both pyridine and amine moieties
were tested as catalysts in the Knoevenagel condensation of different ali-
phatic and aromatic aldehydes employing malononitrile as nucleophile40.
Very briefly, 1 mmol of aldehyde and 1mmol of malononitrile were mixed
in 3mL of ethanol with 5mg of catalyst, and the reaction was stirred
magnetically at the desired temperature until completion was detected. To
set up these conditions, we first optimised reaction solvent (see the Sup-
porting Information). Complete conversionswere only obtained in ethanol.
Poorer results were observed for water and acetonitrile, while toluene and
THF, typical solvents for this condensation40–43, did not show activity. We
first tested our materials at room temperature. The reaction can easily be
followed by 1H NMR spectroscopy tracking the disappearance of the
aldehyde proton at δ ~ 10 ppm and the appearance of the benzylidene
proton at δ ~ 8 ppm (see experimental section and SI for further details). In
order to understand the behavior of our catalysts, the reaction of benzal-
dehyde with malononitrile was selected as a model, with a 0.14% mol of
catalyst as estimated from the average number of active sites deduced from
TGA data (Fig. 5) MINT-NPy achieved complete conversion in 21 h, and
MINT-NEt2 required 40 h to complete the reaction, thus reproducing the

Fig. 4 |Microscopic analysis ofMINTs.AFM topographic image of a suspension in
TCE of (a) MINT-NHBoc; bMINT-NPy; c MINT-NEt2. Height profiles along the
linesmarked in the topographic image. Scale bars are 500 nm. HRTEMmicrographs

of dMINT-NHBoc (red); (e) MINT-NH3Cl (yellow); fMINT-NPy (blue); and
gMINT-NEt2 (purple). Scale bars are 2 nm. h ac-HRTEM micrograph of MINT-
NPy. Scale bar is 2 nm.
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catalytic performance at high temperature. However, both SWNT and the
non-catalysed reaction required 6 days (144 h) to reach the same level of
conversion, demonstrating once again the importance of having a basic
center in the functionalisingmoiety for obtaining enhanced results. MINT-
NH3Cl and MINT-NHBoc were also tested in the Knoevenagel con-
densation for comparative purposes. Interestingly, neither of themwere able
to catalyse the transformation during the first 5 h of reaction. We only
detected the presence of the nucleophilic addition in the NMR spectra,
which was saturated throughout the whole monitoring for both catalysts.

We also tested the reaction under refluxing temperature, reaching the
best reaction times (Fig. 5). The reaction catalyzed by MINT-NPy reached
completion in 1 h, while MINT-NEt2 required 3 h to achieve the same
conversion level, both with a sharp approximation to the typical Knoeve-
nagel first order kinetics. In contrast, the reaction catalysed by pristine
SWNTwas completed in 24 h, obtaining very similar kinetic performances
than the non-catalysed control reaction. Therefore, the presence of the basic
nitrogen units in the macrocycle are crucial to obtain good catalytic per-
formance, and the catalytic activity is not only due to the presence of the
SWNTs. Notably, MINT-NH3Cl was unable to catalyze the reaction,
whereas the use of MINT-NHBoc resulted in a 68% conversion after
210min, which decreased to 50% after 330min and 24 h. To assess whether
the presence of a free amine could be responsible for the observed catalytic
activity, we performed thermal deprotection by heating the MINT-NHBoc
for 2.5 h at 220 °C. The resulting MINT-NH2 significantly enhanced the
catalytic performance compared tobothMINT-NH3Cl andMINT-NHBoc,
achieving a 72% conversionwithin just one hour.However, it failed to reach
full conversion, exhibiting signs of catalyst poisoning and ultimately per-
forming worse than the uncatalyzed reaction or reactions carried out with
pristine SWNTs. Our interpretation is that the presence of protonated
nitrogen in the NH2-based MINT does not provide sufficient basicity,

thereby inhibiting the progress of the reaction.When non-protonated NH2

groups are present, the reactionproceeds until the catalyst is poisonedby the
aldehyde, preventing complete conversion. On the other hand, the reaction
catalyzed by the carbamate-functionalized MINT-NHBoc follows a similar
course to that of the free amine, achieving maximum conversion after
210min. In order to rule out the possibility of the imine being hydrolyzed
(releasing free amine which might catalyze the reaction), we analyzed the
imine under the reaction conditions. TGA did not reveal any clear evidence
of weight loss attributable to such hydrolysis. (see Figure S18 in the Sup-
porting Information)

Comparing the two catalytically active MINT samples, MINT-NPy
was twice as active asMINT-NEt2 as a function of the reaction rates and the
turnover frequency (TOF). Although the latter presents a tertiary amine, the
presence of the two nitrogen atoms in the MINT-NPy, one of them
belonging to a pyridine unit, provides more basic centers to the catalytic
media, enhancing the reaction rate.

Wealsodecided to study the cyclabilityof ourheterogeneous catalyst in
this model Knoevenagel reaction between benzaldehyde andmalononitrile.
Thus, after the completion of the reaction, catalysts were recovered by
filtration through PTFE membranes, washed profusely three times with
DCM to eliminate all the reagents involved in the condensation, and finally
dried in vacuum. The recovered solids were subjected to five consecutive
catalytic cycles at reflux conditions. Following this procedure, we found that
both MINT-NPy and MINT-NEt2 showed no loss of activity on the five
consecutive cycles studied, achieving equivalent conversion levels in iden-
tical times (Table 1).

Supramolecular control examples, obtained by directly mixing the
nanotube and the corresponding macrocycle in the same proportion
determined by TGA in the MINTs, were also recycled employing the same
recovery strategy.After following the samewashing procedure described for
theMINT samples, the remainingmaterial was submitted to a new catalytic
cycle. Very interestingly, the recovered catalyst achieved the same catalytic
performance than the pristine (6,5)-SWNT in levels of conversion and time
(see SI), whichmeans that the four recovered supra samples completed the
reaction in 24 h despite the differences observed for the first fresh run. This
observation confirmed the efficiency of the mechanical interlocking for
providing a stable functionalization linkage to the active center responsible
of the catalytic activity, in sharp contrast with the labile character of the π
interactions established at the supramolecular control examples.

We decided to investigate the scope of the best catalyst (MINT-
NPy) by reacting in the same and optimised experimental conditions
aromatic aldehydes with different electronic characteristics, such as
electron donor (-OH, -OMe) and electron withdrawing groups (-Br,
-CHO and -NO2). The reactivity scope is depicted in Table 2, while
kinetic profiles and control examples with (6,5)-SWNT and not-
catalysed reactions are shown in the SI.

In general, all the reactions were very clean and the corresponding
products were obtained in good to excellent yields within 1–24 h. Inter-
estingly, MINT-NPy sample was able to the Knoevenagel condensation of
deactivated aldehydes containing donating groups such as one and twoOH
moieties (entries 5 and 7), and also a methoxy group (entry 9). In addition,
MINT-NPy was able to complete this C-C forming reaction even at room
temperature, although 90 h were necessary (entry 10). On the other hand,
electron-withdrawing groups showed the expected enhancement in the

Fig. 5 | Catalytic activity of MINTs. Conversion vs time plots for the optimised
benzaldehyde Knoevenagel condensation catalysed by (6,5)-SWNT (black triangle),
MINT-NHBoc (yellow dot), MINT-NH3Cl (dark green dot) MINT-NH2 (light
green dot), MINT-NPy (blue dot), MINT-NEt2 (red dot) and a not-catalysed
reaction (black circle). Error bars represent standard deviation of the data obtained
in three independent experiments.

Table 1 | Recyclability of MINT catalysts

Catalyst\Cyclea 1 2 3 4 5

Convb Timec Conv Time Conv Time Conv Time Conv Time

MINT-NPy 100 1 99 1 100 1 99 1 98.5 1

MINT-NEt2 100 3 98.5 3 99.5 3 99 3 100 3
aWashing with DCM and new catalytic cycle, bConversion (%) determined by NMR; cTime (h).
Recycling studies of catalysts MINT-NPy and MINT-NEt2.
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kinetics of the reaction44. Terephthaldehyde reacted with 2 equivalents of
malononitrile showed higher turnover frequencies than the corresponding
model benzaldehyde reaction both at reflux and room temperature condi-
tions (entries 11 and 12). However, time to saturation was larger to
accomplish two Knoevenagel reactions in both aldehydes. In addition,
nitrobenzaldehyde showed the fastest timeof all substrates studied.Reaction
at reflux conditions was completed in 12min with the highest calculated
TOF under study, while the product was yielded in 75min when the
reaction was carried out at room temperature. Finally, MINT-NPy was
proved to be a very selective catalyst since the condensation of
4-bromobenzaldehyde showed an exquisite selectivity in every situation
studied (entries 3 and 4), in sharp contrast with the control samples, in
which the selectivity of the reaction fell dramatically (see SI).

Conclusions
Wehave confirmed that the rational design ofMINTs in order to introduce
more complex functions can lead to the formation of efficient catalysts. In
particular, we use an aniline spacer in the organic macrocycle to graft basic,
non-nucleophilic N-sites without modifying the structure of the carbon
nanotube. Up to 1.6 at. % of N in different chemical groups can be intro-
duced in the surface of the carbon nanotubes making use of the MINT
approach.

The basic MINT materials were tested as catalysts in the Knoevenagel
condensation. Our samples converted the aldehydes with high activity.
Aldehydeswith different electronic character can be used.Most remarkably,
the linkage of the N-basic centers through mechanical bonding allows
cyclability, with no loss of activity detected during five cycles of reaction. In
comparison, catalysts prepared by direct physisorption of chemically
identical macrocycles on the SWNT walls cannot be recycled.

More generally, we demonstrate that MINT building blocks can be
used for the modular synthesis of recyclable heterogeneous catalysts that
benefit from the inherent high surface area of SWNTs.

Methods
Materials
(6,5)-Enriched single walled nanotubes (6,5-SWNT) were purchased from
Sigma-Aldrich (0.7− 0.9 nm in diameter, length ≥700 nm, mostly semi-
conducting, 95%purity). Reagentswereused aspurchased.All solventswere
dried according to standard procedures. All air-sensitive reactions were
carried out under N2 atmosphere.

Characterisation methods and synthetic procedures are described in
the Supporting Information

MINT sample preparation
The general method for the synthesis of MINTs has been reported
elsewhere. Briefly, the nanotubes (10 mg) were suspended in 10 mL of
tetrachloroethane through sonication (10 min) and mixed with
0.01 mmol of linear bisalkene U-shaped precursors of the macro-
cycles mac-NHBoc, and Grubbs’ second-generation catalyst at room
temperature for 72 h. After this time, the suspension was filtered
through a polytetrafluoroethylene (PTFE) membrane of 0.2 μm pore
size and the solid washed profusely with dichloromethane (DCM).
The solid was resuspended in 10 mL of DCM through sonication for
10 min and filtered through a PTFE membrane of 0.2 μm pore size
again. This washing procedure was repeated three times. Sample
obtained was denoted as MINT-NHBoc.

Synthesis of MINT-NH3Cl. MINT-NHBoc was suspended in a 4M
aqueous suspension of HCl with a 4 mgmL−1 concentration by 10 min of
sonication, and the suspension was magnetically stirred overnight at
room temperature. After reaction, the suspension was filtered through
polycarbonate (PC) membrane of 0.2 µm pore size, and washed with
water till neutral pH was reached. Then, the solid was filtered through a
PTFE membrane, washed twice with DCM and finally dried under
vacuum. Sample was labeled MINT-NH3Cl.

Synthesis ofMINT-NPy. 5 mg ofMINT-NH3Cl was suspended in 10 ml
of ethanol by 10 min of sonication. To this mixture, 0.7 mmol of
2-picolinealdehyde and a drop of formic acid were added. Reaction was
maintained under magnetic stirring and reflux conditions for 48 h. After
this time, the suspension was filtered through a 0.2 μm pore size PTFE
membrane and the solid washed profusely with DCM. The solid was
resuspended in 10 mLofDCM through sonication for 10 min andfiltered
through a PTFE membrane again, and the washing procedure was
repeated three times to yield MINT-NPy.

Synthesis of MINT-NEt2. 5 mg of MINT-NH3Cl and 0.7 mmol of
K2CO3 were suspended in 25 ml of ethanol by 10 min of sonication. This
mixture was stirred for 5 min, and then 0.7 mmol of ethyliodide was
added. Reaction was maintained under magnetic stirring and reflux
conditions for 48 h. After this time, the suspension was filtered through a
0.2 μm pore size PTFE membrane and the solid washed profusely with
dichloromethane. The solid was resuspended in 10 mL of DCM through
sonication for 10 min and filtered through a PTFE membrane again, and
the washing procedure was repeated three times to yield MINT-NEt2.

Synthesis of supramolecular complexes
The synthesis of the supramolecular complexes denoted as SWNT-NHBoc,
SWNT-NH2, SWNT-NPy and SWNT-NEt2 was performed by the direct
mixing of the adequate amounts of (6,5)-SWNT and the corresponding
macrocycle to achieve the same functionalisation loading of organic
material over the nanotube compared to their respective MINT sample.

Catalysis
The typical catalytic experiment was performed as follows: Aldehyde sub-
strate (1mmol),malononitrile (1 mmol), solvent (3mL) and catalyst (5mg)
were mixed in a round bottom flask, stirred magnetically and held at
determined temperature (room temperature or 75 °C) for a desired time. At
regular intervals, aliquots were withdrawn from the reaction and submitted
to NMR spectroscopy analysis to follow the catalytic evolution. Once the
reactionwas complete, crudemixture concentrated under reduced pressure,
yielding the final product. If necessary, attending to the NMR spectra,
productwas purified byflash chromatography in silica (hexane:ethyl acetate
3:1). In addition, the MINT-containing solid catalysts MINT-NHBoc,
MINT-NH3Cl, MINT-NPy and MINT-NEt2 were recovered by filtration
through a PTFEmembrane of 0.2 μm pore-size and washed profusely with
DCM.The solidwas re-suspended in 10mLofDCMthrough sonication for
10min and filtered through a PTFE membrane of 0.2 μm pore size again.
This washing procedurewas repeated three times. After drying, thematerial
was submitted to another catalytic run without adding in any case new
catalyst precursor.

Data availability
The authors declare that themain data supporting thisfindings are available
within themain text or the Supplementary Information file. All original raw
data used to prepare the figures is available at https://repositorio.
imdeananociencia.org/home.
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