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Macrocyclic and cage structures preorganize functional groups around a central cavity providing
unique properties in the field of supramolecular chemistry. Their synthesis requires an appropriate
design of the building blocks that will form a macrocycle through a macrocyclization reaction or
a cage through a cage formation reaction. Besides the importance of the appropriate geometry of
the building blocks, it is necessary to design a suitable synthetic route with special attention to the
final macrocyclization or cage formation reaction pathway. The kinetic and thermodynamic
aspects are crucial factors to consider for a successful reaction that will be analyzed in this digest.

© 2022 Elsevier Ltd. All rights reserved.

1. Introduction

Macrocyclic and cage structures are key structures in
supramolecular chemistry. Such structures preorganize in a
convergent fashion functional elements around a central cavity
resembling the active sites of biomolecules. Despite their unique
properties and broad areas of application, their use can be limited
as their synthesis, involving a macrocyclization step or a complex
cage formation pathway, can be relatively difficult.[1] The central
cavity of macrocycles and cages allows controlling the intrinsic
porosity for selective guest uptake or separation.[2]

This digest will review the different synthetic approaches to
prepare macrocycles and molecular cages, analyzing the synthetic
advantages and drawbacks of each methodology, paying special
attention to the kinetic and thermodynamic aspects. The selected
examples of macrocycles are focused on pseudopeptidic systems
showing the versatility to obtain different structures through
different synthetic methodologies. The selected examples of
molecular cages include small cage molecules formed by small
organic molecules as building blocks, as well as larger cages
obtained from calixarenes.

2. Synthesis of macrocycles

In the synthesis of macrocycles, a key aspect is the
preorganization of the building blocks, and in particular, the
preorganization of the open-chain macrocycle precursor that
yields the final macrocyclic structure.[3] To achieve a high level
of favorable preorganization in the open-chain macrocycle

precursor it is necessary, in most cases, to perform complicated
and long synthetic routes to obtain a good macrocyclization yield.

There are two main synthetic strategies depending on the type
of reaction employed for the assembly of the building blocks into
the final macrocyclic structure, these are irreversible reactions
with macrocyclic products obtained under kinetic control, and
reversible reactions with macrocyclic products obtained under
thermodynamic control. Whereas classic methodologies are based
on irreversible reactions that require complex synthetic routes
involving numerous steps, including protection and deprotection
steps, that usually result in low yields; the use of reversible bonds
allows obtaining macrocyclic structures under thermodynamic
control in larger yields.[3]

The conceptually simplest approach is the cyclization of a
single  open-chain  precursor containing complementary
functionalities at both ends of the chain (Figure 1). In this reaction,
the macrocycle formation competes with the formation of open-
chain and macrocyclic oligomers representing an important
drawback lowering the yield.
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Figure 1. Macrocyclization reaction from a single open-chain precursor
and competing processes taking place by an irreversible or a reversible
reaction.

For the coupling of two different building blocks, the formation
of the [1+1] macrocycle along other structures such as [2+2]
macrocycles and higher-order open-chain and cyclic oligomers
can also occur (Figure 2). In this scheme, all macrocycles are
formed by a ring-closing reaction from the corresponding linear
precursor, being a critical step for an efficient macrocyclization.
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Figure 2. Macrocyclization from two components. Formation of [1+1]
and [n+n] macrocyclic structures and oligomeric by-products by an
irreversible or a reversible reaction.

When the structural elements of the open-chain precursors do
not provide a correct preorganization to favor the
macrocyclization, a template molecule can be used to change the
incorrect conformation towards a favorable conformation (Figure
3), in particular, anionic templates have been widely used.[4,5] For
macrocyclizations through reversible reactions, thermodynamic
templates can stabilize preferentially one of the possible
macrocyclic compounds that can be formed favoring its formation
at equilibrium (Figure 3 top). In the case of a process involving
irreversible reactions, kinetic templates can selectively stabilize
the transition state leading to the macrocyclic compound (Figure 3
bottom). It is important to note that for the case of reversible
reactions, the template molecule can act, simultaneously, as a
kinetic and thermodynamic template. In many cases, a last

synthetic step will involve decomplexation of the template to
obtain the free macrocycle.
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Figure 3. Schematic representation of the mechanism of action of kinetic
and thermodynamic templates in macrocyclization reactions.

2.1. Synthesis of macrocycles though irreversible bonds

In the macrocyclization reactions based on irreversible bonds
(Sn2 reactions, amide bonds, etc.), the fine balance between the
desired macrocyclization reaction (intramolecular reaction) and
the competing oligomerization reactions (intermolecular
reactions) is crucial to obtain a macrocyclization good. In this
regard, the effective molarity (EM), defined as Kintra/Kinter, has been
used to identify the influence of the concentration on the efficiency
of the macrocyclization.[6] The EM (Kinva/Kiner) represents the
concentration of the reactants at which the rate of macrocyclization
matches the rate of oligomerization, and therefore, favorable
macrocyclization reactions have a high EM value. If the EM value
for a particular reaction is low, it is possible to kinetically favor
the intramolecular versus intermolecular reactions by using high-
dilution conditions. In this regard, Collins and James developed
the Emac index, defined as Emac = log(yield® x concentration) to
compare the efficiency of macrocyclization reactions.[7]

Considering the definition of EM, it can be increased by
selectively favoring the intramolecular reaction using a kinetic
template. Alcalde and coworkers reported the synthesis of
dicationic[14]imidazoliophanes 4 in 42% vyield in the absence of
any kinetic template. In contrast, when chloride or bromide anions
were used as templates in the macrocyclization reaction, the
macrocyclization yields increased to 83% and 75%, respectively.
In this reaction, the templating anion produces a stabilizing
interaction with transition state 3 that generates the macrocyclic
product through hydrogen bonding. The kinetic constants for the
macrocyclization reaction step in the presence of chloride
demonstrate the catalytic effect, producing a selective acceleration
of the macrocyclization reaction (Figure 4).[8,9]
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Figure 4. Chloride templated macrocyclization.

Based on this strategy, the use of kinetic templates has a key
role in the outcome of the macrocyclization reaction of
pseudopeptides 5 through amide bond formation and also by Sn2
reactions (Figure 5).[10,11] Whereas in the absence of any added
template the macrocyclization of 5¢ with 6 (at 10 mM
concentration) gives a 3% of the [1+1] macrocycle 7, in the
presence of chloride anion as a kinetic template, a 38% yield is
obtained, producing a 12-fold increase in the yield. A 3- 4-fold
increase of yield was obtained for 5a (also forming [2+2]
macrocycle 8a) and 5b. Despite the more modest increase, the
anion still produces a templating effect.
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Figure 5. Anion templated synthesis of isophthalamide containing
macrocyclic pseudopeptides. TBA = tetrabutyl ammonium.

2.2. Synthesis of macrocycles though reversible bonds

Dynamic covalent chemistry (DCC) allows performing
synthesis under thermodynamic control, allowing obtaining a
thermodynamically ~ controlled  product  distribution  at
equilibrium.[12,13] Among the different possible reactions,
dynamic covalent reactions include mainly imine, olefin, and
alkyne metathesis, being imine chemistry the most used bond
formation in macrocycle synthesis. The success of the
macrocyclization reaction is highly affected by the conformation
of the building blocks as shown in Figure 6.[14,15] The flexible
pseudopeptide containing an ethylene diamine spacer 9 only yields
oligomeric  by-products. In contrast, the more rigid
cyclohexanediamine 12 provides to the peseudopeptidic building
block the appropriate and favorable preorganization yielding the

3
expected [2+2] macrocycle 13 in 55% yield. When the stereo
configuration of the amino acid is changed from S to R, the
resulting geometry of 14 is not suitable for the macrocyclization,
and therefore, no macrocyclic product is detected in the reaction,
showing a “match/mismatch” effect of the configuration of the
components of the pseudopeptide. For the cases where no product
was formed due to the unfavorable preorganization of
pseudopeptides 9 and 14, the use of terephthalate 8 as a
thermodynamic template allows obtaining the expected [2+2]
macrocyclic products 11 and 16 in 50-65% yield, highlighting the
effectiveness of thermodynamic templates to drive the formation
of unfavored macrocyclic products. Making use of this strategy, it
was also possible to prepare cage molecules using benzene-1,3,5-
tricarboxylate as a template.[16]
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Figure 6. Configurational effects in the [2+2] macrocyclization of
pseudopeptides in the absence and presence of thermodynamic anion
template. Isolated yields determined after reduction with NaBH,. TBA* =
tetrabutylammonium.

3. Synthesis of molecular cages

In analogy with the synthesis of macrocycles, the synthesis of
molecular cages involves the assembly of convergent building
blocks, which must have an appropriate preorganization. Both
macrocycles and cages have a central cavity, but the main
difference between molecular cages with macrocycles is the 3D
nature of their central cavity. For cage synthesis, the same two
main synthetic strategies described to prepare macrocycles
depending on the type of reaction employed for the assembly of
the building blocks, irreversible and reversible bond formation,
can also be employed to prepare cage molecules.

3.1. Synthesis of molecular cages though irreversible bonds
Although irreversible bonds were used to prepare the first

examples of molecular cages back in 1969 by Lehn, Sauvage, and
Dietrich in 25% overall yield,[17] irreversible bonds do not allow
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self-correction of mistakes produced during the cage formation,
resulting in low overall yields. The low-efficiency results in
extremely low yields for more complex cage structures. In this
regard, Sherman and coworkers prepared a cage compound with 6
cavitand building blocks 17 held together by irreversible bonds in
four lineal reaction steps from the starting cavitand molecule. The
yield of each step was 26%, 16%, 58%, and 35%, resulting in an
overall cage 19 formation yield of 0.8% (Figure 7).[18]
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Figure 7. Synthesis of cages through irreversible bonds.

3.2. Synthesis of molecular cages though reversible bonds

DCC can also be used to prepare molecular organic cages under
thermodynamic control. The use of reversible bonds allows the
self-correction of mistakes produced during the self-assembly
process, and therefore the reaction is driven towards the formation
of the thermodynamically most stable cage. The reversible imine
bond formation is the most used reaction for cage formation,
allowing to easily achieve the equilibrium.[12] Mastalerz and
coworkers explored the imine bond dynamics in cage formation
observing that the formation process of cages 23 and 24 is solvent
dependent. If products are soluble the equilibrium is reached if, in
contrast, if precipitation takes place the reaction does not reach the
equilibrium (Figure 8).[19]
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Figure 8. Synthesis of [2+3] organic cages.

This methodology has been used to prepare porous crystals with
a uniform pore distribution and high surface areas, as well as good
stability. In particular, the CC3 cage has been widely used as it
provides excellent properties for gas separation with a Brunauer—
Emmett-Teller (BET) surface area of 624 m?/g (N,, 77 K).[20]
The cage can be obtained in one step from the condensation of 4
molecules of benzene-1,3,5-tricarbaldehyde with
ethylenediamine, 1,2-diaminopropane, or (R,R)-1,2-
diaminocyclohexane, yielding CC1, CC2, and CC3 cages,
respectively (Figure 9). Whereas the original synthesis of CC1-
CC3 cages allowed obtaining <50 mg of material as the reactions
had a low yield of 18-35%, the synthetic methodology was being
improved to obtain the target cage molecule in almost 100% yield
with high purity in a 4-gram scale as demonstrated for CC1
cage.[21] Customization of the properties of the porous materials
requires controlling not only the pore size and shape but also the
connectivity of the pores that are responsible for the diffusion of
the gas molecules along the material. In fact, the porosity in these
materials has two components, the intrinsic cavities from the cage
molecules, and the extrinsic voids produced from inefficient
molecular packing. These materials can achieve excellent
performance for gas storage and separation with BET surface areas
up to 2796 m%g.[22]
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Figure 9. Synthesis of CC1-CC3 cages.

Using the same imine condensation strategy, it is possible to
obtain larger cages with larger cavity volumes. Cram and
coworkers showed that the reaction of tetraformylcavitand 27 with



1,3-phenylenediamine 30 yields quantitatively the hemicarcerand
compound 31a formed by two cavitand molecules that are held
together with 4 diamine molecules (Figure 10).[23,24] Whereas
the original synthesis produced the cage in 45% yield using dry
pyridine as the solvent at 65 °C during 4 days, performing the same
reaction in CDCIl; in the presence of a catalytic amount of
trifluoroacetic acid allows the formation of the cage in less than 1
h in almost quantitative yield, suggesting that the reaction is
thermodynamically driven. Small differences in building block
size results in cage structures with different topologies, from the
[2+4] cage described by Cram to the [6+12] octahedral cage
observed by Warmuth and coworkers.[25] The reaction of
tetraformylcavitand 27 with 1,3-diaminopropane 28 or 1,4-
diaminobutane 29, using the same trifluoroacetic acid-catalyzed
condensation conditions, the corresponding hemicarcerands 31b
and 31c in over 95% yield. The use of the catalyst allows error
correction during the cage self-assembly pathway. In contrast,
when the reaction is performed with ethylendiamine 28, an
analysis of the reaction mixture by 'H NMR showed a sluggish
formation of a highly symmetrical larger cage assembly product in
ca. 80% yield. Further analysis showed that this new assembly was
the octahedral cage 33 that is formed by the condensation of 6
molecules of tetraformylcavitand 27 and 12 molecules of
ethylendiamine 32 (Figure 10). For this reaction, solvent plays a
key role, yielding a tetrahedral cage in THF, a square antiprismatic
cage in CH.CI,, and the octahedral cage already described in
CHCl3.[26]

Figure 10. Synthesis of the cages based on the reaction of a
tetraformylcavitand and different diamines.
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Figure 11. Synthesis of soluble cages based on triaminotriptycene functionalized with n-hexyloxy chains.
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To obtain kinetic information of the formation of large cage
assemblies, it is necessary to overcome the low solubility of the
final cage systems and the corresponding reaction intermediates.
Mastalerz and coworkers introduced solubilizing n-hexyloxy
groups, that improved the solubility of the systems allowing them
to study the dynamics of imine cage formation. The use of
deuterated and non-deuterated groups allowed studying the
dynamics of 4 different cages (Figure 11). While the [4+6] endo
cages 36, 40, and 42 are formed quickly in approximately 1 h, the
[4+4] cage 38 is formed slowly, even at 150 °C. Monitoring of the
[4+4] cage 38 formation reaction by *H NMR shows a formation
of acomplex mixture of oligomers and polymers, followed by their
conversion to the thermodynamically stable [4+4] cage 38. To
obtain information on the thermodynamic or kinetic stability of the
cages, as well as the reversibility of cage formation, a series of
scrambling experiments of deuterated and non-deuterated cages
were performed. The [4+4] cage 38 does not undergo exchange in
any of the essayed conditions, in agreement with the observed slow
kinetics of cage formation. In contrast, the [4+6] endo- and exo-
functionalized cages 36, 40, and 42 scramble in the presence of a
catalytic amount of TFA or p-toluidine.[27]

4., Other strategies for the synthesis of macrocycles and
molecular cages

Macrocycles and cages can also be prepared by the self-
assembly of multiple molecules of a rigid building block in just
one reaction step using a condensation reaction involving a small
molecule for linking the rigid building blocks. Li and coworkers
reported the use of a condensation reaction as a powerful tool to
prepare macrocycles and cages. Initially, they developed a
modular one-pot synthetic strategy to prepare macrocycles 44-48
from bis(2,4-dimethoxyphenyl)arene 43 and paraformaldehyde
using a high-yielding condensation reaction catalyzed by a Lewis
acid (see Figure 12 top). Whereas the authors do no report data
regarding the reversibility of the reaction or describing if the
reactions are performed under kinetic or thermodynamic control,
the effect of different Lewis acids (BF;-Et,0, FeCls, TFOH, AICls,
TsOH) on the outcome of the reaction was tested, as well as
different reaction conditions including solvent, temperature, and
reaction time. AIll assayed Lewis produced the expected
macrocyclic products, being BF3-Et,0 the one that showed the best
results, in particular using 1,2-dichloroethane as solvent at 25°C
for 30 minutes as increasing the temperature or longer reaction
times increased the formation of by-products.[28] The same group
used the developed one-pot methodology for the synthesis of cages
from 1,3,5-tris(2,4-dimethoxyphenyl)benzene 49, showing the
versatility of the synthetic protocol. Dimeric cage 50 was prepared
in 52% vyield using isobutyraldehyde and tetrameric cage 23 was
prepared in 46% yield using paraformaldehyde (see Figure 12
bottom).[29]

\
o}

\ (CH0)y
B E2

R

43 0\ CH,CICH,CI, 25 °C
Vool vors
45a (n=1)44% o

45b (n = 3) 4%

46 (n = 1) 29%

47a(m=1,n=1)75%
47b (m=1,n=3)8%
m

48a(m=1,n=1)86%

4pn=1)

n=1)81%

)\CHO

BFy Et,0

CHC,ICHCI,, 25 °C

(CH20),

i
£\
BF5-Et,0 P
CH,CICH,Cl, 25°C /= 7
D
¥ Ei

5146%

Figure 12. One-pot synthesis of macrocycles and cages.

5. Perspective

This digest summarizes the Kkinetic and thermodynamic
strategies for the synthesis of macrocycles and molecular cages.
Synthetic methods based on irreversible bonds do not allow the
correction of mistakes produced during the self-assembly reaction,
resulting in the formation of unwanted by-products that minimize
the yield, and also make more difficult the purification steps. In
contrast, methods based on reversible reactions allow correction of
mistakes during the self-assembly reaction, resulting in larger
yields, that in some instances can be very close to quantitative
yields. The examples presented in the digest show that methods
based on reversible bonds allow preparing complex cage structures
in good yields. Therefore, it is straightforward to predict that the
fields of macrocycles and molecular cages will continue growing
making use of synthetic methods based on reversible bonds, and
also for the case of macrocycles using specific irreversible
reactions that give preferentially the macrocyclic product. From a
synthetic point of view, this means that the discovery of new types
of reversible reactions will enable the formation of novel
macrocycle or cages not possible to obtain with current synthetic
methods.

Acknowledgments

V.M.-C. acknowledges the financial support from Project
CIDEGENT/2020/031 funded by Generalitat Valenciana and
Project PID2020-113256RA-100 funded by MCIN/AEI
/10.13039/501100011033.



References

[1] K. Gole, Macrocyclic Chemistry: Current Trends and Future
Perspectives; Springer: Dordrecht, The Netherlands, 2005.

[2] T.Kunde, T. Pausch, B.M. Schmidt, Porous Organic Compounds —
Small Pores on the Rise, Eur. J. Org. Chem. 2021 (2021) 5844-5856.
https://doi.org/10.1002/EJOC.202100892.

[3] V. Marti-Centelles, M.D. Pandey, M.I. Burguete, S. V. Luis,
Macrocyclization reactions: The importance of conformational,
configurational, and template-induced preorganization, Chem. Rev. 115
(2015) 8736-8834. https://doi.org/10.1021/acs.chemrev.5b00056.

[4] R. Vilar, Anion-templated synthesis, Angew. Chem. Int. Ed. 42 (2003)
1460-1477. https://doi.org/10.1002/ANIE.200200551.

[5] N. Gimeno, R. Vilar, Anions as templates in coordination and
supramolecular chemistry, Coord. Chem. Rev. 250 (2006) 3161-3189.
https://doi.org/10.1016/J.CCR.2006.05.016.

[6] G. Ercolani, L. Mandolini, P. Mencarelli, Kinetic treatment of
irreversible cyclooligomerization of bifunctional chains and its relevance
to the synthesis of many-membered rings, Macromolecules. 21 (2002)
1241-1246. https://doi.org/10.1021/MA00183A011.

[7] J.C. Collins, K. James, Emac - A comparative index for the assessment
of macrocyclization efficiency, MedChemComm. 3 (2012) 1489-1495.
https://doi.org/10.1039/C2MD20176C.

[8] E. Alcalde, S. Ramos, L. Pérez-Garcia, Anion template-directed
synthesis of dicationic [14]imidazoliophanes, Org. Lett. 1 (1999) 1035—
1038. https://doi.org/10.1021/01990818t.

[9] S. Ramos, E. Alcalde, G. Doddi, P. Mencarelli, L. Pérez-Garcia,
Quantitative evaluation of the chloride template effect in the formation of
dicationic [14]imidazoliophanes, J. Org. Chem. 67 (2002) 8463-8468.
https://doi.org/10.1021/J00262311/SUPPL_FILE/JO0262311_S1.PDF.

[10]V. Marti-Centelles, M.I. Burguete, S. V. Luis, Macrocycle Synthesis by
Chloride-Templated Amide Bond Formation, J. Org. Chem. 81 (2016)
2143-2147. https://doi.org/10.1021/acs.joc.5b02676.

[11]V. Marti-Centelles, M.I. Burguete, S. V. Luis, Template effects in SN2
displacements for the preparation of pseudopeptidic macrocycles, Chem.
Eur. J. 18 (2012) 2409-2422. https://doi.org/10.1002/chem.201101416.

[12]Y. Jin, Q. Wang, P. Taynton, W. Zhang, Dynamic covalent chemistry
approaches toward macrocycles, molecular cages, and polymers, Acc.
Chem. Res. 47 (2014) 1575-1586. https://doi.org/10.1021/ar500037v.

[13]P.T. Corbett, J. Leclaire, L. Vial, K.R. West, J.L. Wietor, J.K.M.
Sanders, S. Otto, Dynamic Combinatorial Chemistry, Chem. Rev. 106
(2006) 3652—3711. https://doi.org/10.1021/CR020452P.

[14]M. Bru, 1. Alfonso, M.1. Burguete, S. V. Luis, Efficient syntheses of new
chiral peptidomimetic macrocycles through a configurationally driven
preorganization, Tetrahedron Lett. 46 (2005) 7781-7785.
https://doi.org/10.1016/J. TETLET.2005.09.042.

[15]M. Bru, 1. Alfonso, M. Bolte, M.1. Burguete, S. V. Luis, Structurally
disfavoured pseudopeptidic macrocycles through anion templation,
Chem. Commun. 47 (2010) 283-285.
https://doi.org/10.1039/COCC01784A.

[16]E. Faggi, A. Moure, M. Bolte, C. Vicent, S. V. Luis, I. Alfonso,
Pseudopeptidic cages as receptors for N-protected dipeptides, J. Org.
Chem. 79 (2014) 4590-4601. https://doi.org/10.1021/j0500629d.

[17]B. Dietrich, J.M. Lehn, J.P. Sauvage, Diaza-polyoxa-macrocycles et
macrobicycles, Tetrahedron Lett. 10 (1969) 2885-2888.
https://doi.org/10.1016/S0040-4039(01)88299-X.

[18]D.A. Makeiff, J.C. Sherman, A six-bowl carceplex that entraps seven
guest molecules, J. Am. Chem. Soc. 127 (2005) 12363-12367.
https://doi.org/10.1021/ja0520621.

[19] T.H.G. Schick, F. Rominger, M. Mastalerz, Examination of the Dynamic
Covalent Chemistry of [2 + 3]-Imine Cages, J. Org. Chem. 85 (2020)
13757-13771. https://doi.org/10.1021/acs.joc.0c01887.

[20]T. Tozawa, J.T.A.A. Jones, S.I. Swamy, S. Jiang, D.J. Adams, S.
Shakespeare, R. Clowes, D. Bradshaw, T. Hasell, S.Y. Chong, C. Tang,
S. Thompson, J. Parker, A. Trewin, J. Bacsa, A.M.Z.Z. Slawin, A.
Steiner, A.l. Cooper, Porous organic cages, Nat. Mater. 8 (2009) 973—
978. https://doi.org/10.1038/nmat2545.

[21]D.P. Lydon, N.L. Campbell, D.J. Adams, A.l. Cooper, Scalable synthesis
for porous organic cages, Synth. Commun. 41 (2011) 2146-2151.
https://doi.org/10.1080/00397911.2010.499487.

[22]S.Y. Chong, A.l. Cooper, Porous Organic Cages, in: Compr. Supramol.
Chem. I, Elsevier Inc., 2017: pp. 139-197.
https://doi.org/10.1016/B978-0-12-409547-2.12586-7.

[23]M.L.C. Quan, D.J. Cram, Constrictive Binding of Large Guests by a
Hemicarcerand Containing four Portals, J. Am. Chem. Soc. 113 (1991)
2754-2755. https://doi.org/10.1021/ja00007a060.

[24]S. Ro, S.J. Rowan, A.R. Pease, D.J. Cram, J.F. Stoddart, Dynamic
hemicarcerands and hemicarceplexes, Org. Lett. 2 (2000) 2411-2414.
https://doi.org/10.1021/01005962p.

[25]X. Liu, Y. Liu, G. Li, R. Warmuth, One-pot, 18-component synthesis of
an octahedral nanocontainer molecule, Angew. Chem. Int. Ed. 45 (2006)
901-904. https://doi.org/10.1002/anie.200504049.

[26] X. Liu, R. Warmuth, Solvent effects in thermodynamically controlled
multicomponent nanocage syntheses, J. Am. Chem. Soc. 128 (2006)
14120-14127. https://doi.org/10.1021/ja0644733.

[27]1M. Holsten, S. Feierabend, S.M. Elbert, F. Rominger, T. Oeser, M.
Mastalerz, Soluble congeners of prior insoluble shape-persistent imine
Cages, Chem. Eur. J. 27 (2021) 9383-9390.
https://doi.org/10.1002/chem.202100666.

[28]K. Xu, Z.-Y. Zhang, C. Yu, B. Wang, M. Dong, X. Zeng, R. Gou, L. Cui,
C. Li, A Modular Synthetic Strategy for Functional Macrocycles,
Angew. Chem. Int. Ed. 2020, 59, 7214-7219.
https://doi.org/10.1002/10.1002/anie.202000909.

[29]X. Zhao, Y. Liu, Z.-Y. Zhang, Y. Wang, X. Jia, C. Li, One-pot and
Shape-controlled Synthesis of Organic Cages, Angew. Chem. Int. Ed.
2021, 60, 17904-17909. https://doi.org/10.1002/anie.202104875.



