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Template-directed self-assembly has proven to be an extremely effective method for the precise
fabrication of biomacromolecules in natural systems, while artificial template-directed self-assembly
systems for the preparation of highly intricate molecules remain a great challenge. In this article, we
report the template-directed self-assembly of porphyrin nanorings with different cavity sizes from
a tetraaldehyde-derived Zn(i) porphyrin and a diamine precursor through an imine condensation
reaction. Up to 9 or 18 precursor molecules self-assemble together to produce a triporphyrin nanoring
and a hexaporphyrin nanoring in one step, with the assistance of a tripyridine or hexapyridine template,

respectively. The imine-linked porphyrin nanorings are further modified by reduction and acylation
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Accepted 13th February 2025 reactions to obtain more stable nanorings. The open cavities of porphyrin rings enable them to act as

effective hosts to encapsulate fullerenes (Cgg and Cyq). This work presents a highly efficient template-

DOI: 10.1039/d4sc08569h directed self-assembly strategy for the construction of complicated molecules by using dynamic
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Introduction

Molecular design for the synthesis of complicated molecules with
inherent structural beauty and fascinating functions is the
persistent aspiration of chemists. Molecular cages® are a class of
typical representatives. In the past two decades, molecular cages
have attracted much more attention owing to their broad appli-
cation prospects in guest encapsulation and controlled release,*
chiral separation and catalysis,® nanoreactors,* gas absorption
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covalent chemistry of imine bond formation.

and separation,’® and so on. Traditionally, there are two methods
that can be used to prepare molecular cages: (1) self-assembly
through noncovalent interactions; (2) formation through cova-
lent bonds. The strength of a single noncovalent bond is far less
than that of a covalent bond, so the molecular cages formed by
noncovalent bonds are usually unstable and fragile.® Compara-
tively, molecular cages that are constructed by covalent bonds
with large bond energies generally have good stability.” However,
the formation of most covalent bonds is under kinetic control,
which usually leads to low efficiency in the generation of
molecular cages. To overcome this issue, dynamic covalent
chemistry (DCC),® a kind of chemical method based on reversible
covalent bond formation reactions, has been widely introduced
for the preparation of molecular cages.” Among them, the
reversible condensation of amines and aldehydes to form imine
bonds is one of the most successful DCC reactions.'® The
formation of imine bonds is a reversible reaction with the ability
to “self-correct” and “proofread”, providing a valuable opportu-
nity for the synthesis of stable target molecules under thermo-
dynamic control."* Thanks to its dynamic reversibility and ease of
formation, molecular cages based on imine structures are highly
favoured by researchers."” Although covalent molecular cages
based on imine bond formation have achieved great success, the
design of cages with intriguing topological architecture and
useful functions is still highly demanded.*

Additionally, it is of great significance to introduce func-
tional groups into molecular cages for acquiring desired

© 2025 The Author(s). Published by the Royal Society of Chemistry
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functions and specific applications. Introducing porphyrin
units with excellent photophysical and redox properties into
molecular cages endows them with important application
values.”™ Use of porphyrin precursors is the most simple and
convenient method to introduce porphyrin functional groups.
Herein, we present a template-oriented self-assembly strategy*®
to synthesize multi-porphyrin imine nanorings starting from
a tetra-substituted porphyrin monomer with aldehyde func-
tional groups through a one-step imine bond formation reac-
tion with a carefully selected diamine. Triporphyrin and
hexaporphyrin nanorings were prepared by using a tripyridyl or
hexapyridyl template,”” respectively. The combined use of
dynamic covalent imine bond formation and the template-
directed strategy can make this method more efficient for the
synthesis of porphyrin nanorings. Another advantage of this
method is the use of more easily available tetra-substituted
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porphyrin monomers, but not trans-disubstituted porphyrin
monomers that are usually synthesized using multiple steps
and in lower yields. The prepared porphyrin nanorings have
unique cylindrical three-dimensional cavities, which facilitate
the encapsulation of fullerenes Cqy and C,,. It was found that
these porphyrin nanorings could form 1:1 host-guest
complexes with the fullerene Cqo or C;o and the triporphyrin
nanoring could selectively encapsulate C,,, which is expected to
be used for selective adsorption and separation of C.

Results and discussion
Synthesis of triporphyrin nanorings
The synthetic route of porphyrin nanorings is shown in Scheme
1. With 5,10,15,20-tetrakis(4-formylphenyl)porphyrin as the
starting material, zinc acetate was employed to coordinate the
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porphyrin center to produce tetraaldehyde-substituted zinc
porphyrin monomer 1, which was subsequently used as
a monomer for the synthesis of porphyrin nanorings. By
utilizing  2,4,6-tris(pyridyl-4-yl)-1,3,5-triazine (TPT, 2) as
a template, 1 was mixed with 2,2"-oxydiethanamine (3) to
perform the aldehyde-amine condensation reaction, during
which the coordination of porphyrin central metal with the
pyridyl groups on TPT acts as the template to generate a TPT-
coordinated triporphyrin nanoring (4). The proton nuclear
magnetic resonance (‘H NMR) spectrum of the crude reaction
mixture showed only one set of main peaks that could be
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attributed to the nanoring 4 (Fig. 1), indicating high efficiency
of the self-assembly process. This triporphyrin nanoring has
a triangular prism shape, in which three adjacent porphyrin
units are linked to each other by six molecules of 3 through the
dynamically reversible imine bonds. Due to the instability of
imine bonds, the porphyrin nanoring 4 is not very stable after
removal of the reaction solvents. Therefore, we further reduced
the imine bonds using a mild reducing agent, sodium borohy-
dride acetate, to obtain the reduced triporphyrin nanoring 5 in
which the porphyrin units were connected by stable C-N single
bonds. Furthermore, n-butyryl or benzoyl groups were
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Fig.1 ™M NMR spectra (500 MHz, CDCls, 25 °C) of (a) the template 2, (b) the reaction mixture for synthesis of 4, (c) monomer 1, (d) the reaction

mixture for synthesis of 9, and (e) the template 8.
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introduced through an amidation reaction to increase the
stability and solubility of the nanoring. Stable and well soluble
triporphyrin nanorings 6a and 6b were generated in an overall
yield of 36% and 46%, respectively, after three-step sequential
reactions from the monomer 1 and purification by recrystalli-
zation. After removal of the TPT template and zinc ions from 6a
using trifluoroacetic acid, the empty triporphyrin nanoring 7a
with a three-dimensional cylindrical cavity was acquired in 88%
yield.

Synthesis of hexaporphyrin nanorings

Afterwards, this strategy was extended to a hexaporphyrin
system. Hexaporphyrin nanoring 9 was synthesized from the
porphyrin monomer 1 by the formation of imine bonds with 3
in the presence of the hexadentate template 8, in which a total
of 24 aldehyde groups from 6 porphyrin monomers reacted with
24 amino groups from 12 diamine molecules in one pot to form
24 imine bonds. Similarly, almost only one set of peaks was
found in the "H NMR spectrum of the crude reaction mixture
(Fig. 1), indicative of high efficiency of the transformation. Due
to the relative instability of imine bonds, the imine nanoring 9
was also reduced by sodium borohydride acetate to form 10,
and further underwent the amidation reaction with n-butyryl
chloride or benzoyl chloride to obtain the stable hexaporphyrin
nanorings 11a and 11b in a total yield of 38% and 39%,
respectively, starting from 1. Subsequently, under the action of
trifluoroacetic acid, the hexapyridine template and zinc ions in
11a were removed to produce the vacant nanoring 12a in 84%
yield.

Characterization of triporphyrin and hexaporphyrin
nanorings

The formation of the coordination complexes and imine
nanorings was first characterized by "H NMR spectroscopy.
When the Zn-porphyrin 1 coordinated with the template ligand
2, the signals of aldehyde hydrogens HY, pyrrole hydrogens H?
and phenylene hydrogens (H” and H®) of 1, as well as the pyridyl
protons H" and H' of the template 2 all shifted upfield, indi-
cating the formation of coordination self-assembly (Fig. S37).
After addition of the amine component 3, the peak of aldehyde
hydrogen (H?) at a chemical shift of 10.39 ppm disappeared,
while an imine characteristic peak (H®") appeared at a chemical
shift of around 8.65 ppm (Fig. 1). Simultaneously, the signals of
pyrrole hydrogens (H¥) and phenylene hydrogens (H and H€)
on the porphyrin shifted upfield, and both split from one set of
peaks to two sets of peaks. This is attributed to the asymmetric
structure and restrictions on rapid exchange of the porphyrin
units after the formation of nanoring 4, while coordination of
the porphyrin monomers with the template can undergo rapid
ligand exchange. In the nanoring structure, pyrrole hydrogens
and phenylene hydrogens exist in two different chemical envi-
ronments, towards the inside and outside of the -cavity,
respectively. The porphyrin nanoring has a relatively strong
shielding effect on hydrogens pointing towards the inside,
causing the same group of hydrogens to split into two sets of
peaks with significant chemical shift differences. Additionally,

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

View Article Online

Chemical Science

owing to the highly strong shielding effect, the two peaks cor-
responding to the pyridyl protons (H" and H') on the template 2
shifted significantly towards the high field (Fig. 1 and S3f).
These observations provided solid evidence for the formation of
imine triporphyrin nanoring 4. After reduction of 4 using
sodium borohydride acetate, the chemical shifts of almost all
hydrogens changed. More importantly, the imine peak with
a chemical shift of around 8.65 ppm disappeared and was
accompanied by the appearance of a new set of methylene peaks
at around 4.0 ppm, indicating the complete reduction of all 12
imine bonds on the porphyrin nanoring and confirming the
formation of the reduced triporphyrin nanoring 5 (Fig. S47).

Similarly, in the case of the hexaporphyrin system, the
aldehyde hydrogen peak at a chemical shift of 10.39 ppm dis-
appeared and an imine characteristic peak appeared at
a chemical shift of 8.54 ppm after the addition of 3 (Fig. 1 and
S15%). The pyrrole protons (H®) and phenylene protons (H and
H°) on the porphyrin units shifted downfield or upfield and split
from the original set of peaks into two sets. Meanwhile, the
signals of hydrogens (H, H*, H' and H™) on the template 8
shifted upfield remarkably (Fig. 1 and S15%) due to the strong
shielding effect after the formation of the nanoring. All of these
indicated the fabrication of hexaporphyrin nanoring 9. After
reduction with sodium borohydride acetate and then acylation
with n-butyryl chloride or benzoyl chloride, the appearance of n-
butyryl or benzoyl peaks and changes in the other '"H NMR
signals confirmed the generation of hexaporphyrin nanorings
11a (Fig. S16t) and 11b (Fig. S207).

The structures of the stable nanorings were further
confirmed by "*C NMR, "H-"H correlation spectroscopy ("H-"H
COSY), and heteronuclear single-quantum coherence (HSQC).
In the "H-"H COSY spectra of 6a (Fig. S71), 6b (Fig. S111), 11a
(Fig. S181) and 11b (Fig. S221), correlations were found between
H> ™ and H® ™ as well as H” ®** and H® °“", In the '"H-'H COSY
spectra of 6a (Fig. S71) and 6b (Fig. S111), correlations between
H" and H' were observed, confirming the existence of template 2
in the triporphyrin nanorings 6a and 6b. Similarly, in the "H-'H
COSY spectra of 11a (Fig. S18t) and 11b (Fig. S227), there were
correlations between H' and H* as well as H' and H™, con-
firming the existence of template 8 in the hexaporphyrin
nanorings 11a and 11b.

Matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry (MALDI-TOF MS) was performed to further
confirm the formation of the nanorings. The peaks attributed to
[M — 2 + H]" were found at m/z = 3644.261 (Fig. 2a and S267) for
6a, and at m/z = 4053.328 (Fig. S277) for 6b, respectively. For 7a,
there was a related peak found at m/z = 3455.323 (Fig. 2b and
S28t), corresponding to [M + H]". Relevant peaks attributed to
[M — 8 + H]" were observed at m/z = 7288.965 (Fig. 2¢ and S297)
and m/z = 8104.649 (Fig S307t) for 11a and 11b, respectively. A
high peak at m/z = 6909.277 (Fig. 2d and S317) was found for
12a, attributed to [M + H]'. These peaks are very close to their
theoretical simulation values, and the distributions of all
isotope peaks are uniform and also well matched with their
theoretical calculation values.

In spite of the high flexibility of the 2,2"-oxydiethanamine
linker units, we fortunately obtained X-ray quality single crystals
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Fig. 2 Experimental (blue) and calculated (red) MALDI-TOF MS
spectra (positive reflection mode) of (a) [6a — 2 + HI*, (b) [7a + HI*, (c)
[11a - 8 + HI*, and (d) [12a + HI]™.

of the benzoyl-substituted triporphyrin nanoring 6b by vapor
diffusion of acetone into a chloroform solution of 6b. The single
crystal X-ray analysis unambiguously confirmed the generation
of triporphyrin nanorings (Fig. 3). The solid-state structure of 6b
revealed that the triporphyrin nanoring has a symmetrical
triangular prism geometry, in which three zinc porphyrins are
located on the periphery of the prism and are bridged each
other by six 2,2'-oxydiethanamine units. One TPT template
axially coordinates with the three zinc porphyrins inside the
prism, which further stabilizes the whole structure of the
nanoring, while twelve benzoyl groups point outward from the
edges of the prism.

Host-guest complexation of porphyrin nanorings and
fullerenes

The large cavities of the prepared empty porphyrin nanorings
and the donor-acceptor interaction between porphyrins and
fullerene guests make them an excellent class of fullerene
inclusion hosts. The host-guest complexation of the porphyrin
nanorings 7a and 12a with fullerenes was systemically studied
through UV-vis absorption spectroscopy and fluorescence
spectroscopy. The UV-vis and fluorescence spectra (Fig. 4) of
triporphyrin nanoring 7a, Cso@7a, and C,,@7a in chloroform
were recorded, respectively. Due to the m-m* transition of
porphyrins, 7a has a clear specific absorption peak at 417 nm.
Encapsulation of fullerenes caused a red shift phenomenon.
The complexation of fullerenes can also be confirmed by the
changes in fluorescence spectra. Under the excitation of light at
A = 417 nm, the nanoring 7a exhibited significant fluorescence

5170 | Chem. Sci, 2025, 16, 5166-5173
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Fig. 3 Single crystal structure of 6b from side view (a) and top view (b).
The solvents, counterions and H atoms have been omitted for clarity.
Color code: gray = C; red = O; blue = N; green = Zn?*.

at A =654 nm. Due to the strong host-guest interaction between
the nanoring and fullerenes, obvious fluorescence quenching
was observed after the addition of fullerene guests.

The host-guest complexation between 7a and fullerenes was
further confirmed by NMR spectroscopy and mass spectrom-
etry. The comparison of 'H NMR spectra (Fig. 5) showed

1.2 ——6b
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'5 -300 =
= 3
3 061 L200 §
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Fig. 4 UV-vis (left) and fluorescence (right) (Aex = 417 nm, chloroform,
1 x 107® M, room temperature) spectra of 7a, Cgo@7a, and C,o@7a.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 H NMR spectra (500 MHz, CDCls, 25 °C) of (a) 7a, (b) Ceo@7a,
and (c) C,p@7a.

significant changes in the chemical shifts of hydrogens on 7a
after it was transformed to Cqo@7a and C;o@7a. These changes
in chemical shifts are attributed to the host-guest complexation
and donor-acceptor interactions. The ESI-MS spectrum of 7a
showed a related peak at m/z = 1749.909 (Fig. 6a and b), which
corresponds to [7a + 2Na]**. Comparatively, a peak at m/z =
2110.893 was observed in the ESI-MS spectrum of Cg@7a
(Fig. 6a and c), corresponding to [Cee@7a + 2Na]**. Similarly,
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Fig. 6 ESI-MS spectra of the host—guest complex formation. (a) 2*
charge fragment of 7a (black), Cgo@7a (red), and C,o@7a (green).
Isotopic distribution spectra (blue) and simulated spectra (red) of (b) 7a,
(C) C50@7a, and (d) C7o(d7a.
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there was a peak at m/z = 2170.401 found in the ESI-MS spec-
trum of C,,@7a (Fig. 6a and d), corresponding to [C,,@7a +
2Na]*". These peaks are in good agreement with their theoret-
ical calculation values and no peaks are found for the complexes
with other stoichiometries, suggesting the formation of 1:1
host-guest complexes Cqo@7a and C,,@7a.

The 1: 1 binding stoichiometric ratio between the nanoring 7a
or 12a and Cg or C,, was further confirmed by using the Job plot
experiments based on UV-vis spectroscopy (Fig. S32, S33, S34 and
S351). The binding affinities were then determined with the
titration method based on fluorescence spectroscopy. The asso-
ciation constants (K,) of C¢o@7a and C,,@7a in toluene were
measured to be 5.56 (£0.04) x 10> M~ " and 5.94 (£0.12) x 10°
M, respectively (Fig. $36 and S371), while the K, of Cee@12a
and C,,@12a in dichloromethane/toluene (95/5) was 4.14 (£0.03)
x 10* M " and 2.84 (40.02) x 10> M, respectively (Fig. $38 and
S391). These data indicate that the triporphyrin and hex-
aporphyrin nanorings have comparable binding ability towards
Ceo and C,, compared with the other cyclic porphyrin-based
receptors.’*®*5»1¢418 The relative weaker binding ability of 12a
with Cgo and C,, than that of 7a is probably because the cavity of
12a is too large for Cgo and C,,. Similar to some previously re-
ported porphyrin-based receptors for fullerenes,**** it can also
be found that the K, of C,o@?7a is one order of magnitude higher
than that of Cso@7a, and K, of C,,@12a is also almost one order
of magnitude higher than that of C¢o@12a. The higher binding
capability for C,, can also be reflected in UV-vis and fluorescence
spectroscopy. By comparison with encapsulation of Cg, encap-
sulation of C;, induces a more significant red shift and the
fluorescence quenching of C,,@7a is more pronounced than that
of Ceo@7a (Fig. 4), implying the stronger charge transfer inter-
action between 7a and C,,. All of these indicate that the two
nanorings exhibit higher selectivity for C,, than for Cg.
Competitive encapsulation of C¢0/C5, was further studied and the
results are provided in the ESIT to reveal the promising applica-
tions of these porphyrin nanorings in selective adsorption and
separation of Cy,.

Conclusions

In summary, covalent porphyrin nanorings linked by imine
bonds were efficiently prepared by using a template-directed
approach through aldehyde-amine condensation reactions. A
rigid tripyridine or hexapyridine template was used to coordi-
nate with a tetraaldehyde-derived zinc porphyrin monomer in
a molar ratio of 1:3 or 1:6, and then reacted with a carefully
selected diamine molecule to produce a triporphyrin nanoring
and a hexaporphyrin nanoring, respectively. Under the action of
the template, up to 18 precursor molecules react with each other
to generate a nanoring molecule in one step. The imine-linked
nanorings are further modified by reduction and acylation
reactions to obtain more stable porphyrin nanorings. Their
structures were well characterized by "H, **C, "H-"H COSY and
HSQC NMR, MALDI-TOF MS spectrometry, as well as single
crystal X-ray analysis. The host-guest complexation of n-butyryl-
derived triporphyrin and hexaporphyrin nanorings with fuller-
enes Cg and C,, was investigated using UV-vis and fluorescence
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spectroscopy. It was found that they could effectively encapsu-
late C¢o and C;o in a 1:1 binding stoichiometry, with
a complexation constant of 4.14 (£0.03) x 10* ~ 5.94 (+0.12) x
10° M. In comparison with the encapsulation of Cg, the tri-
porphyrin nanorings have an apparently higher binding affinity
towards C,. The presented work provides a new insight into
highly efficient construction of three-dimensional porphyrin
cages and their applications in host-guest recognition.
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