RESEARCH ARTICLES

ORGANIC SYNTHESIS

Excision of organic macrocycles
from covalent organic frameworks
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Molecules are typically synthesized through stepwise processes
involving chemical reactions between simple molecular
precursors. Here, we report an advance in the synthesis of new
organic molecules based on the approach of clip-off chemistry, in
which molecules are excised from ordered, extended organic
structures. We synthesized macrocycles by selectively cleaving
them out of covalent organic frameworks. The synthesized
macrocycles include eight macrocyclic polyamides with 114-,138-,
and 162-atom rings, and one 114-atom ring macrocyclic
polyimide. This excision approach expands the scope of chemical
organic synthesis to previously inaccessible macromolecules.

The synthesis of new organic molecules is usually approached through
stepwise processes that involve reactions between simpler precursors
(I-7). Howeyver, a crystalline solid can be viewed as preformed template
from which molecules, such as clusters and cages, can be excised
through specific cleavage reactions. The original concept of excision
in synthesis was first introduced in the isolation of unusual clusters
from inorganic solids (8). We recently extended this concept and dem-
onstrated its success in molecular structures, enabling the synthesis
of metal-organic clusters and cages from metal-organic frameworks
through “clip-off chemistry” (9-1I).

We extended this approach to another demanding synthesis: organic
macrocyclic molecules. Challenges in the synthesis of these molecules
include low selectivity, poor yields given the increasing difficulty of di-
recting the closure of larger rings, and the need for complex purification
steps (12-21), as well as stringent control to avoid side products such as
linear oligomers or smaller rings. We show that macrocycles can be syn-
thesized with precision and in high yields through their excision from
covalent organic frameworks (COFs) (Fig. 1) (22-25), which can be disas-
sembled not into their original building blocks but into larger macro-
cycles (26-29). Specifically, we synthesized hexagonal polyamide- and
polyimide-linked macrocycles. Moreover, we demonstrate that our exci-
sion synthesis strategy can be coupled with isoreticular chemistry to
rationally tune both the size and functionality of the synthesized macro-
cycles, enabling the synthesis of macrocycles with progressively larger
ring sizes, including 114, 138- and 162-atom rings, as well as the incor-
poration of functional groups such as fluorine.
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W) Check for updates

Design and synthesis of COFs for their conversion to

unusual macrocycles

The synthesis of organic macrocycles by excision requires an appropri-
ate topology of the COF precursor. A parent framework would need
to contain at least two distinct types of pores. One would correspond
to our product and should not contain cleavable bonds. Adjacent pores
would contain cleavable bonds that would liberate our target macro-
cycle. In the case that we report here, the cleavable bonds are olefinic
bonds and the cleavage method is ozonolysis. This design ensures that,
upon exposure to ozone, every cleavable bond breaks, releasing the
first targeted pores as discrete macrocycles.

After exploring two-dimensional (2D) COFs that would satisfy our
requirements, we chose those with an underlying Kagome (kgm) topol-
ogy (30-33). These kgm COFs are typically constructed by combining a
planar tetratopic (Dap, Dop, Con) organic building block with a linear one,
resulting in a 2D lattice comprising a periodic arrangement of alternating
hexagonal and triangular pores (Fig. 1). Closer analysis of the structure
reveals that the hexagonal pores are exclusively extended by the conden-
sation linkages formed during COF synthesis, and these are intercon-
nected by the bisection of the tetratopic building blocks. Thus, we
envisioned that by incorporating cleavable olefinic bonds into the central
part of this later linker, the cleavable bonds would only be located within
the triangular pores and that, once cleaved, the hexagonal pores (our
desired macrocycles), would be liberated for isolation.

Following the aforementioned design, we began by synthesizing a 2D
iminic kgm COF (hereafter, im-COF-1) by reacting the olefinic-containing
(E)-3,3,5,5-tetrakis(4-aminophenyl)stilbene [(StTA) Cyp, building block]
and terephthalaldehyde [(PDA) linear building block] in a scintillation
vial for 3 days at 85°C, using benzoic acid as a catalyst and aniline as a
structural modulator [see supplementary materials (SM) for detailed
synthetic protocol and fig. S1] (34). Powder xray diffraction (PXRD)
measurements of the resulting powder revealed sharp, intense peaks
at 2.21° 3.75° 4.29° 5.67°, and 7.64° (fig. S2). A full-profile Pawley fitting
based on this model gave final unit cell parameters of a = b = 49.33 A
and ¢ = 3.53 A, with angles of a = p = 90° and y = 1205 and good agree-
ment factors (Rp = 2.3% and Rwp = 4.3%, figs. S3 and S4). The simu-
lated PXRD pattern using these cell parameters matched well with the
experimental pattern of the kgm lattice, confirming the successful syn-
thesis of im-COF-1.

Further evidence of iminic COF formation was provided by Fourier
transformance infrared (FTIR) spectroscopy and 2C cross polarization-
magic angle spinning (CP-MAS) solid-state nuclear magnetic resonance
(NMR). The FTIR spectrum showed the characteristic imine-stretching
band at 1620 cm™ (fig. S5), whereas the *C CP-MAS NMR spectrum
exhibited the corresponding imine peak at 157.7 parts per million (ppm)
(fig. S6). Finally, porosity was measured using nitrogen-physisorption
isotherms at 77 K, yielding an experimental Sggt surface area of 1153 m?
g7 (figs. S7 to S9).

Having confirmed that synthesis of im-COF-1 enabled formation of
the targeted precursor framework encoded with cleavable olefinic
bonds exclusively at the triangular pores, we next turned to the ques-
tion of their cleavage. Our group and others have recently demon-
strated that imine bonds can be broken in the presence of ozone
(fig. S10) (35). Accordingly, we anticipated that this side reaction might
hinder the orthogonal cleavage of olefinic bonds within the framework,
thereby complicating the synthesis of our desired hexagonal macro-
cycles. Thus, we subjected im-COF-1 to a postsynthetic oxidation that
first converted all the imine bonds into amide bonds, leading to a
product (hereafter, am-COF-1) (36, 37) that we have demonstrated to
be highly resistant to ozone (figs. S11 to S15). The oxidation entailed
treating the iminic COF with sodium chlorite and acetic acid in the
presence of 2-methyl-2-butene and dioxane (for the detailed synthetic
protocol see the SM and fig. S16) (36).

The complete disappearance of the imine C=N stretching band
(1620 cm™) and the subsequent appearance of the amide C=0 stretching
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Fig. 1. Schematic of the approach through excision of organic macrocycles from a COF.

band (1656 cm™) in the FTIR spectrum of am-COF-1 confirmed the
successful oxidation of the imine to amide bonds (fig. S17). Additionally,
the full conversion from imine to amide bonds was unambiguously
confirmed by solid-state *C CP-MAS NMR analysis (fig. S18), in which
the carbon signals associated with imine groups (157.7 ppm) gradually
disappeared, as those corresponding to amide groups (166.5 ppm)
gradually appeared. Furthermore, the sharp and intense reflection at
2.31° in the PXRD pattern indicated that am-COF-1 retained the crys-
talline nature of the parent COF, without any appreciable changes to
the long-range kgm topology (fig. S19).

Synthesis of the polyamide-linked macrocycles

Having prepared am-COF-1, we next proceeded to cleave its olefinic bonds
(Fig. 2A). We dispersed am-COF-1in a mixture of N,N-dimethylformamide
(DMF), tetrahydrofuran (THF) and methanol (MeOH), and the resulting
dispersion was treated with ozone at a constant flow rate (30 g N~ m™>)
at —78°C for 10 minutes. The disconnection and liberation of discrete
macrocyclic species became visibly apparent as the solid orange sus-
pension transformed into a transparent yellow solution within the first
6 minutes (Fig. 2B). After ozonolysis, dimethyl sulfide (DMS) was added
to the solution, which was stirred for 2 hours at room temperature to
ensure total reductive ozonolysis—that is, the complete selective cleavage
of all the olefinic bonds into aldehyde groups. The reaction mixture was
then centrifuged to remove any solid traces, after which both THF and
MeOH were removed from the supernatant. The remaining DMF solution
was eluted through size-exclusion chromatography (BioBeads SX3,
MW > 2000 Da). Addition of ethyl acetate (EtOAc) to the eluent led to
precipitation of a crude solid. Finally, the crude product was washed with
aqueous Na,COj3, water, and acetone, and then dried under high vacuum
to obtain the desired macrocycle, comprising MC-1 functionalized with
six aldehyde groups on its outer surface (hereafter, MC-1-CHO; yield:
90%; Fig. 2A, left). Notably, when performed on both a 10-mg and 1-g scale,
this reaction maintained similar purities and yields (fig. S20). Electrospray
mass spectrometry (ESI-MS) analysis of MC-1-CHO revealed a peak at
[m/z] = 2531.7466, matching with the simulated isotopic distribution
values attributed to the hexagonal macrocyclic species functionalized
with six aldehyde groups (formula: [Cg2H10sN120:s + Na]*; Fig. 2E and
figs. S21 and S22).

We repeated the above synthetic protocol except under oxidative
(rather than reductive ) conditions to obtain MC-1 functionalized with
six carboxylic acid groups (rather than aldehydes) on its outer surface
(hereafter, MC-1-COOH; Fig. 2A, right). For this reaction, a dispersion
of am-COF-1 in a mixture of DMF and THF was treated with ozone as
described above. After ozonolysis, the reaction mixture was centri-
fuged to remove any remaining solid traces and the THF was removed
from the supernatant. To ensure oxidative ozonolysis, Oxone was then
added to the solution, which was stirred for 3 days at room tempera-
ture. Addition of water to the reaction mixture led to precipitation of
a solid that was then washed with water and dissolved in DMF.

The resulting solution was eluted through size-exclusion chromatog-
raphy (BioBeads SX3, MW > 2000 Da). Addition of water to the eluent
led to precipitation of a crude solid. Finally, the crude product was
washed with water and then dried under high vacuum to obtain MC-1-
COOH (yield: 96%). Again, this oxidative reaction was successfully
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performed at both 10-mg and 1-g scales (fig. S23). ESI-MS
analysis of MC-1-COOH revealed a peak at [m/&] = 26277243,
consistent with the simulated isotopic distribution values
attributed to the hexagonal macrocyclic species functional-
ized with six carboxylic acid groups (formula: [Cy5oH;0sN12004
+ Na]*; Fig. 2F and figs. S24 and S25).

Once synthesized, we attempted to crystallize both mac-
rocycles; however, all attempts were unsuccessful. Therefore,
to gain further insight into the structures of MC-1-CHO and
MC-1-COOH, we performed density functional theory (DFT)
calculations to optimize the molecular geometries of both
macrocycles (figs. S26 and S27). The DFT-optimized structures revealed
that, once excised from the COF, the macrocycles are no longer planar.
Instead, they adopt a distorted, twisted boat conformation due to tor-
sional distortions around the amide bonds.

We further validated MC-1-CHO and MC-1-COOH in parallel by NMR
spectroscopy, including 'H NMR, *C NMR, heteronuclear single quan-
tum coherence (HSQC), heteronuclear multiple bond coherence (HMBC),
and diffusion-ordered spectroscopy (DOSY) experiments (DMSO-dg), as
well as by FTIR and elemental analysis (EA) (Fig. 2, C and D, and figs. S28
to S40). To facilitate interpretation of the NMR spectra, which exhibited
broad and overlapping peaks, we synthesized three molecular models:
Model-COF-1, which is analogous to the asymmetric unit of am-COF-1;
and Model-CHO and Model-COOH, which are analogous to the re-
petitive 1/6th fragment of MC-1-CHO and MC-1-COOH, respectively
(Fig. 2, C and D).

Briefly, Model-COF-1 was synthesized by reacting StTA with an excess
of benzoyl chloride, yielding a soluble compound with an identical mo-
lecular structure to the COF precursor. Model-COF-1 was then subjected
to ozonolysis under either reductive or oxidative conditions, affording
the expected cleavage products, Model-CHO or Model-COOH, respec-
tively, in quantitative yields (detailed protocol in the SM, and figs. S41
to $53). Comparing the 'H NMR spectra of the model molecules with
those of the corresponding synthesized products corroborated that,
upon each ozonolysis reaction, the olefinic bonds in am-COF-1 had been
quantitatively cleaved, as evidenced by the complete disappearance of
the singlet at 7.73 ppm in both cases (Fig. 2, C and D). Under reductive
conditions, a new aldehyde signal emerged at 10.18 ppm (Model-CHO)
and 10.22 ppm (MC-1-CHO), integrating at a 1:2 ratio relative to the
amide protons, which shift from 10.36 ppm (Model-CHO) to 10.65 ppm
(MC-1-CHO). We ascribed these discrepancies to the differences in their
respective electron delocalization.

Every aromatic signal in the model molecules was successfully as-
signed and matched with those observed in the macrocyclic species,
except for the expected terminal protons (h,i) in Model-CHO (Fig. 2C),
which are absent in the cyclic structure of MC-1-CHO. We observed a similar
pattern for the reaction under oxidative conditions, with a broad peak at
13.0 ppm appearing after complete cleavage of the alkene bond, which
we attributed to formation of the carboxylic acid groups. Similarly, comparison
of the 3C NMR spectra of the model molecules with those of the corre-
sponding synthesized products enabled identification of every expected
signal in the symmetric macrocyclic species (from C, to Cyo, fig. S54).

‘We observed two important differences: First, the spectra for Model-
CHO and Model-COOH exhibited two additional signals (Cy3 and Cy4)
that we attributed to terminal carbons and which are absent in the
spectra for MC-1-CHO and MC-1-COOH. Second, the peak for the car-
bon that is alpha to the amide group (Cy;), located at 136 ppm in the
molecular models, shifted downfield (138 ppm) because of the presence
of symmetric amide bonds (in the para- position) throughout the mac-
rocycle. Moreover, the small number of peaks in the 2D NMR analysis
(HSQC, HMBC) of MC-1-CHO and of MC-1-COOH was consistent with
highly symmetric closed species, as supported by good correlation
between the 'H-'H and the 'H-2C couplings (figs. $30, S31, S36, and S37).

The DOSY analyses of MC-1-CHO and of MC-1-COOH revealed single

diffusion-coefficients of ca. 5.6-107! m? s™! and 6.5-107" m? s7},
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Fig. 2. Overview of syntheses of MC-1-CHO and of MC-1-COOH by selective ozonolytic cleavage of am-COF-1. (A) Schematic of the syntheses under either reductive (MC-1-CHO) or
oxidative (MC-1-COOH) conditions. The box highlights the repetitive units, which are used for H NMR interpretation. (B) Photographs of the synthesis of MC-1-CHO through excision. (Left
to right) Starting with a crystalline solid sample of am-COF-1in a mixture of MeOH, DMF, and THF, ozone is bubbled into the dispersion, causing the cleavage of olefinic bonds and
“dissolution” of am-COF-1 and release of macrocycles. Each image corresponds to a time lapse of ~1.5 min. (C and D) 'H NMR spectra of MC-1-CHO (DMSO-ds, 500 MHz (C) and of
MC-1-COOH (DMSO-dg, 500 MHz (D), as compared with those of Model-CHO and of Model-COOH, respectively. The region from 14.0 to 12.5 ppm is shown with increased intensity to

highlight the presence of carboxylic acid protons. (E and F) ESI-QTOF MS spectra of MC-1-CHO

(e, [m/z]: calculated for [C12H108N12018 + Na]* 2531.7797, found 2531.7466) and of

MC-1-COOH (f, [m/z]: calculated for [Cis2H108N12024 + Nal* 26277492, found 2627.7243), with the corresponding comparison between experimental and simulated isotopic distribution.

respectively, corresponding to solvodynamic diameters in the ranges of
32.3 A t0 46.6 A (MC-1-CHO), or 25.6 A to 43.5 A (MC-1-COOH). These
values were consistent with the dimensions derived from DFT-
optimized molecular structures of each macrocycle (figs. S26, S27, S32,
and S38). The ensemble of analytical results unambiguously confirmed
the formation of the targeted polyamide-linked macrocycles upon cleav-
age of olefinic bonds in the COF precursor, with chemoselective control
of their peripheral functionality.

Finally, to further confirm the formation of the macrocycles and verify
the accessibility of their external functional groups for postsynthetic
modification, we covalently attached two different amine-terminated
polyethylene glycol (PEG) chains (ca. 350 and 750 g mol™) to each

Science 19 JUNE 2025

of the six carboxylic acid groups of MC-1-COOH through amide bond
formation. We hypothesized that the attachment of six PEG chains
would significantly increase the molecular weight of MC-1-COOH,
enabling clear detection of the functionalized macrocycles by Matrix-
Assisted Laser Desorption/Ionization-Time of Flight (MALDI-TOF)
mass spectrometry. Indeed, after postfunctionalization, MALDI-TOF
analysis revealed a peak at (m/z) = 4777.9 for PEG350 and at (m/z) =
6935.7 for PEGy50, both consistent with the expected molecular weights
of MC-1 functionalized with six PEG350 and six PEGy50 chains, respec-
tively (figs. S55 and S56).

As expected, the '"H NMR spectra of both postfunctionalized mac-
rocycles showed the disappearance of the broad peak at 13.0 ppm
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attributed to the COOH groups, and the appearance of a signal at
8.81 ppm corresponding to the newly formed amides (figs. S55 and S56).
PEG-related signals were observed at 3.50 ppm. The quantitative
nature of the reaction was confirmed by the correct integration ratios:
90 aromatic protons from the central organic core, 18 amide NH
protons, and approximately 192 PEG protons for PEGg5p or 428 for
PEG750, consistent with the incorporation of six chains per macro-
cycle. Additionally, DOSY-NMR confirmed that all these signals
belong to the same molecular species, with a diffusion coefficient of
4.8 x 107" m? s in the case of the smaller PEG350 chain and 4.7 x
10~ m? s7! for the larger PEGso-functionalized macrocycle (figs.
S55 and S56).

Design and synthesis of functionalized and large macrocycles
An advantage of using reticular materials such as COFs as precursors
in this excision approach is that the well-established principles of
reticular chemistry can be applied to rationally modify the precursor,
thus enabling ready control over synthesis of new macrocycles (Fig. 3)
(38, 39). For example, by using the isoreticular principle, we can
substitute the linear dialdehyde PDA building block with one functional-
ized with fluorine groups, such as 2,3,5,6-tetrafluoroterephthalaldehyde
(4F-PDA), to form a new COF (hereafter, am-COF-1-4F). Am-COF-1-4F
is isostructural to am-COF-1 but has pores functionalized with fluorine
atoms. We reasoned that because am-COF-1 ultimately led to MC-1, then
am-COF-1-4F should afford fluoro-analogs of the macrocycles MC-1-CHO
and MC1-COOH (hereafter, MC-1-4F-CHO and MC-1-4F-COOH).

i
HN g © Q2 NH, N
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‘We further reasoned that we could apply the isoreticular expansion
principle to rationally modify the sizes of the pores in the synthesized
COFs. For example, we could substitute the linear dialdehyde PDA
building block with larger ones, such as [1,1'-biphenyl]-4.,4/-dicarbaldehyde
(BPDA) or [1,1':41”-terphenyl]-4,4”-dicarboxaldehyde (TPDA), such
that the synthesized COFs (hereafter, am-COF-2 and am-COF-3) would
exhibit larger pores (inner cavity: 45.2 A in am-COF-2 and 51.5 A in am-
COF-3 versus 35.3 A in am-COF-1). This modification enabled synthesis
of larger macrocycles, leading to MC-2 (a 138-atom ring macrocycle)
and MC-3 (a 162-atom ring macrocycle.)

Following the above strategy, we extended our excision approach
to the synthesis of six additional macrocycles (Fig. 3). First, we syn-
thesized am-COF-1-4F and am-COF-2, using a protocol similar to that
used for am-COF-1. We confirmed the formation and purity of these
COFs by PXRD, FTIR, ¢ CP-MAS NMR, and nitrogen physisorption
studies (figs. S57 to S74). Next, we ozonized each COF using protocols
similar to those used for MC-1-CHO and MC-1-COOH. This step af-
forded the fluoro-functionalized macrocycles MC-1-4F-CHO (yield:
90%) and MC-1-4F-COOH (yield: 92%), as well as the macrocycles
MC-2-CHO (yield: 74%) and MC-2-COOH (yield: 86%), which are
larger than their MC-1 counterparts.

‘We confirmed formation of these macrocycles by mass spectrometry
[either ESI-quadrupole time-of-flight (QTOF) or MALDI-TOF], which
revealed peaks corresponding to their molecular masses and isotopic
distributions consistent with their formulas: [m/2] = 2963.5050, for
MC-1-4F-CHO ([C16oHgaF24N12045 + Nal®); [m/z] = 3059.5208, for
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Fig. 3. Isolation of isoreticular organic macrocycles. Schematic showing the selective ozonolytic cleavage of olefinic bonds in each isoreticular COF liberates macrocycles,
with precise control over the resultant functionalities, pore dimensions, and chemical environments.
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MC-1-4F-COOH ([C162H84F24N12024 + Na]*); [m/z]= 29879457, for
MC-2-CHO ([C193H132N12013 + Na]+); [m/z] = 3061.9647 for MC-2-
COOH ([Cy9gH13aN12004 + HI) (figs. S75 to S82). Finally, we validated
formation of these four macrocycles by NMR spectroscopy, including
by H NMR, ¥C NMR, HSQC, HMBC, and DOSY experiments
(DMSO-dg), as well as by FTIR and EA (figs. S83 to S112).

The synthesis of MC-3-CHO and MC-3-COOH was performed with
slightly modified protocols compared with those used for previous
macrocycles because of their insolubility after cleavage from am-
COF-3. After the synthesis of am-COF-3 (figs. S113 to S121), the prod-
uct was dispersed in a mixture of DMF and THF (with MeOH also
added for MC-3-CHO) and subjected to a constant ozone flow (30 g
N~'m™?) at —78°C for 30 minutes. Subsequently, DMS or Oxone was
added, and the mixture was stirred at room temperature for 2 hours
and 6 days, respectively.

In both cases, the reactions proceeded in a solid-to-solid manner,
attributed to the high insolubility of the large macrocycles. During the
reaction, the orange-brown precursor gradually transformed into a
pale-yellow product upon ozone exposure. The resulting products were
washed sequentially with EtOAc, aqueous Na,CO3, water, and acetone
for MC-3-CHO, and water and acetone for MC-3-COOH, before being
dried under vacuum (yield: 84% for MC-3-CHO and 88% for MC-3-
COOH). Despite their insolubility, both macrocycles were initially
characterized by "H NMR, using a minimal amount of solid dissolved
in hot DMSO-dg. Notably, the resulting spectrum confirmed the forma-
tion of the respective macrocycle, displaying a profile similar to those
of MC-1 and MC-2, with the expected 1:2 aldehyde-to-amide or carbox-
ylic acid-to-amide ratios (figs. S122 and S125). Further characterization
of both solids by quantitative deconvolution solid-state *C NMR and
FTIR spectroscopies also corroborated the macrocycle formation, con-
sistently showing the same 1:2 aldehyde-to-amide or carboxylic acid-
to-amide ratios (figs. S123, S124, S126, and S127).

-
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Synthesis to polyimide-linked macrocycles

Finally, to further demonstrate that our approach could synthesize
other types of macrocycles, we applied it to synthesize one of the larg-
est rigid polyimide macrocycles generated to date (40, 41). We began
by synthesizing the precursor, which comprised a polyimide kgm COF
(hereafter, pi-COF-1), in two steps: First, we synthesized a 2D iminic
COF (im-COF-4), by reacting the alkyne-containing tetratopic Doy
linker 5°5””-(ethyne-1,2-diyl)bis(([1,1:3’1”-terphenyl]-4,4”-diamine))
(EBTD) with linear 2,5-dihydroxyterephthalaldehyde (2,5-OH-PDA)
for 3 days at 120°C, using acetic acid as a catalyst and aniline as a
modulator (detailed synthetic protocol in the SM, and figs. S128 to
S134). Next, pi-COF-1 was synthesized through postsynthetic linker-
exchange on the im-COF-4, using an excess of pyromellitic dianhydride
at 250°C for 5 days, followed by an acid wash to remove any residual
imine COF (fig. S135) (42, 43).

As confirmed by PXRD (fig. S136), the resulting pi-COF-1 (Sggr =
1934 m* g7, figs. S137 to S139) comprised a kgm framework, in which
the hexagonal polyimide pores were interconnected by the bisection
of the EBTD building block that contained a cleavable alkyne site.
We chose alkyne bonds as a different cleavable bond option and one
that exclusively yielded carboxylic acid products (44, 45). The com-
plete exchange of imine moieties for imide bonds, forming the poly-
imide skeleton, was confirmed by FTIR (fig. S140). We observed the
quantitative disappearance of the C=N stretching bands charac-
teristic of imines (1613 cm ™), and the appearance of the C=0 stretch-
ing bands typical for imides (1723 cm™). Further validation by *C
solid-state NMR corroborated these findings, revealing a loss of the
imine-C peak at 159 ppm and the emergence of a new imide-C peak
at 165 ppm (fig. S141).

Next, we subjected pi-COF-1 to ozonolysis by first dispersing it in
EtOAc and then exposing the resulting dispersion to a constant ozone
flow (30 g N~! m~2) with stirring for 40 minutes (Fig. 4A). Subsequently,

.
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Fig. 4. Overview of the synthesis of pi-MC-1 by selective ozonolytic cleavage of pi-COF-1. (A) Schematic of the synthesis. (B) A representative STM image of a ring
deposited on a Au(111) surface. Image size: 3.8 nm x 3.8 nm; tunneling parameters: l;= 500 pA, Vpias= 1.5 V. Environmental conditions: deposition at T=300K, P <5 x 10~° mbar;
acquisition at T=5 K, P < 1x10~" mbar. (C) 'H NMR spectrum of pi-MC-1 (DMSO-ds, 500 MHz. The region from 14 to 12 ppm is shown with increased intensity to highlight the
presence of carboxylic acid protons. (D) MALDI-TOF spectrum of pi-MC-1; [m/z]: calculated for [C174HgaN12036] " 2916.5111, found 2914.0335.
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2 mL of water were added and the ozone flow was maintained for
an additional 20 minutes. The resulting pale-yellow dispersion was
filtered and the resultant solid was treated with acetic anhydride at
100°C for 24 hours to prevent imide ring-opening, a reaction that is typi-
cally observed in discrete molecular imides (46). The product was then
collected by centrifugation, dissolved in DMF, and eluted through size-
exclusion chromatography (BioBeads MW > 2000 Da). It was precipi-
tated out with EtOAc, isolated, and finally dried under dynamic vacuum
to obtain the polyimide macrocycle (pi-MC-1) (yield: 70%) (Fig. 4A).

The formation of pi-MC-1 was first confirmed by MALDI-TOF mass
spectrometry, which revealed a peak at [m/z] = 2914.0335, near the
expected polyimidic macrocyclic product containing six carboxylic acid
groups at its external surface (calculated for [CiuHgaN12O56]H, [m/&] =
2916.5111, Fig. 4D and fig. S142). Next, the structure of pi-MC-1 was
further validated by NMR spectroscopy, including *H NMR (Fig. 4C),
3¢ NMR, HSQC, HMBC, and DOSY experiments (in DMSO-dg), as well
as by FTIR and EA (figs. S143 to S149).

Finally, we sublimated pi-MC-1 in ultrahigh vacuum conditions and
deposited it on a Au(111) surface, which allowed us to visualize its struc-
ture using scanning tunneling microscopy (STM). Figure 4B shows the
image of a ring (a larger-scale overview of the deposited rings can be
found in fig. S150), further confirming its formation and detachment
from the initial COF. The bright lobes and erratic spikes—the latter
characteristic of dynamic effects—suggested a nonplanar (as confirmed
by the torsional distortions of the DFT-optimized molecular structure
of pi-MC-], fig. S151), labile conformation that hindered atomic struc-
tural resolution. Nevertheless, the observed ring displayed the expected
sixfold symmetry and a size matching the expected macrocyclic unit.

Summary

In conclusion, we have introduced a synthetic approach for the design
and preparation of organic macrocycles through their excision from
COFs. This method relies on the spontaneous formation of macrocycles
during assembly of COFs, in which some of the pores are delineated by
the macrocycles themselves. Initially, reticular chemistry was used to
design and construct the COF, incorporating repeated units of the target
macrocycle separated by cleavable bonds such as double or triple bonds.
Subsequently, the COF was subjected to a cleavage reaction—in the case
we have reported here, ozonolysis—to liberate the macrocycles, thus
enabling their synthesis with precise selectivity control and high yields.
Notably, the choice of reductive or oxidative conditions for the ozonolysis
dictated the functional groups, either aldehyde or carboxylic acid groups,
that appear at the external surface of the macrocycle. We have demon-
strated the versatility of our approach by synthesizing nine macrocycles
of distinct skeletal composition (based on polyamide and polyimide
linkages), functionalities, and/or sizes. Given the wide variety of repeti-
tive (macro)molecules such as cages, catenanes, and polymers that can
be spontaneously formed within the COFs during assembly, we believe
that our approach could provide generalized access to previously inac-
cessible (macro)molecules and polymers at the molecular level, includ-
ing structurally sophisticated macrocycles, for diverse applications.
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