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Kurzzusammenfassung 

Kurzzusammenfassung 

Diese Arbeit befasst sich mit der Synthese und Modifikation von [2+3]-Iminkäfigen auf der 

Basis von 2,7,14-Triaminotriptycen. Aufgrund des starren 3D-Gerüsts und der D3h-Symmetrie 

von Triptycenen wurden viele poröse Käfigverbindungen basierend auf Molekülen 

synthetisiert. Die Modifikation von Käfigverbindungen mit funktionellen Gruppen ist jedoch 

immer noch eine Herausforderung. 

Im Allgemeinen sind die postsynthetische Modifikation von vorsynthetisierten Käfigen und 

die Modifikation molekularer Vorläufer zwei Hauptstrategien, um funktionelle Gruppen in 

Käfigverbindungen einzuführen. Durch Modifizierung der Aldehydbausteine wurden zehn 

verschiedene Seitenketten in [2+3] Terphenyliminkäfige eingeführt. Die Löslichkeit in 

organischen Lösungsmitteln ist für alle diese neuen Käfige im Vergleich zu den ursprünglichen 

verbessert. Unter diesen Käfigen weist der Perfluorbutan-modifizierte Käfig eine spezifische 

Oberfläche bis zu SABET = 588 m2/g und hohe Henry-Selektivitäten SSF6/N2 = 107 für 

Schwefelhexafluorid gegenüber Stickstoff auf, was eine mögliche Anwendung bei Trennung 

von Gasgemischen aufzeigt. 

Neben den Aldehydbausteinen wurde eine neue Art von Aminbausteinen aus 

Triaminotriptycen und Pyridindicarbonsäurechlorid aufgebaut. Dieser neue Aminobaustein 

wurde verwendet, um mit einer Reihe von Disalicylaldehyden mit unterschiedlichem Abstand 

zwischen den Aldehydgruppen Iminkäfige zu bilden. Die Ergebnisse belegen, dass die Form 

des Käfigs durch die Länge der Aldehydbausteine beeinflusst wird. 

Im dritten Teil wurde mittels der postsynthetischen Modifikationsstrategie ein Carbamatkäfig 

in zwei Schritten auf Basis eines [2+3]-Iminkäfigs (gebildet aus Triaminotriptycen und 

Bisphenylsalicylaldehyd) synthetisiert. Dieser Carbamatkäfig zeigt eine hohe pH-Stabilität von 

pH = -1 bis 14, was durch NMR-Spektren, SEM- und Gassorptionsexperimente nachgewiesen 

wurde.  



 

 

 

 

 



Abstract 

 

 

Abstract 

This thesis is focused on the synthesis and modification of [2+3] organic imine cages based on 

2,7,14-triaminotriptycene. Many porous cage compounds have been synthesized based on 

triptycene precursors because of its rigid 3D skeleton and a D3h symmetry. However, modifying 

the cage compounds with functional groups which may empower the cages is still challenging. 

In general, post-synthetic modification in pre-synthesized cages and modification of molecular 

precursors are two main strategies to introduce functional groups into cage compounds. By 

modifying aldehyde building blocks, ten different side-chains were introduced to the [2+3] 

terphenyl imine cages. Solubility in organic solvent was improved for all these new cages 

compared with the unfunctionalized one. Among these cages, the perfluorobutyl chain 

modified cage exhibits specific surface area up to SABET = 588 m2/g and high Henry selectivity 

SSF6/N2 = 107 for sulphur hexafluoride over nitrogen, which shows a potential application in the 

separation of sulphur hexafluoride. 

Besides the aldehyde building blocks, a new amine building block was constructed by 

triaminotriptycene and pyridine dicarbonyl dichloride. This new amino building block was 

used to react with a series of salicylaldehydes with different distance between the aldehyde 

groups, and the results prove topologies of cage can be affected by the length of the aldehyde 

precursors. 

In the third part, through a post-synthetic modification strategy, a carbamate cage was 

synthesized after two steps based on a [2+3] imine cage (formed by triaminotriptycene and 

bisphenyl salicylaldehyde). This carbamate cage exhibits high pH stability from pH =-1 to 14 

which is proved by NMR spectra, SEM and gas sorption experiments. This is one of the most 

stable cage compounds reported so far  
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1 Introduction 

1.1 Molecular cage compounds 

Molecular cages have drawn more and more interest from scientists recently because this type 

of compounds exhibit good properties and potential applications in the field of supramolecular 

chemistry [1] and porous materials.[2] According to the International Union of Pure and Applied 

Chemistry (IUPAC), a cage compound is a “polycyclic compound with the shape of a cage”.[3] 

Molecular cage compounds can be divided into two classes based on their connection mode: 

the supramolecular cages and the organic cages.[4] The supramolecular cages are constructed 

by non-covalent interactions, such as hydrogen bonds [5] and coordination interactions.[6] A lot 

of coordination cages have been reported.[7] They not only show the possibilities to construct 

different kind of polyhedron by simple precursors,[7] but also exhibit the applications in host-

guest chemistry.[8] For example, some coordination cages have been used as “molecular flask”, 

which could improve the selectivity of organic reactions.[9]  

The organic cage compounds are constructed by covalent bonds.[10] Compared with 

supramolecular cages, organic cages are relatively rare because the synthesis is more 

difficult.[11] The history of organic cage compounds goes back to 1964, when a platonic 

hydrocarbon, cubane, was successfully synthesized.[12] After nearly twenty years, 

dodecahedrane was also synthesized by two different research groups.[13] In 1967, Jean-Marie 

Lehn constructed a three-dimensional molecule, the cryptand, with a reaction similar to the one 

used to construct crown ethers.[14] This molecule probably was the first example of a functional 

cage molecule because of its recognition of cations. Since then, some other functional organic 

cages, like the sideropohore from the Vögtle’s group [15] and the carcerand from the Cram 

group,[16] have been synthesized.  

1.2 Synthesis of organic cages 

1.2.1 Cages formed by irreversible bonds 

The concept of organic cage compounds has been known for more than 50 years,[11, 17] but the 

properties of these compounds have not been well investigated because their synthesis is 

difficult. In the beginning, most organic cage compounds have been synthesized step by step 

by irreversible bond formations, for example, cross-coupling reactions[18] or amidation.[15] 

Cages synthesized by this strategy have good chemical stability, but the overall yields are 
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usually low even though the yields of each individual step might be high,[19] because most 

irreversible bonds formations are normally controlled by kinetic factors. 

The amide bond formations were often used as the final cyclization step to construct the cage 

compounds, and a good yield could be obtained in some cases.[10] The Vögtle’s group 

synthesized several cage compounds with different shapes through amide-bond formation, but 

the overall yields were around 10%.[15, 20] The Raymond group used an iron(III) cation as a 

template to pre-organize three catechol units. Then in the final cyclization step, the complex 

was reacted with triamine to get the final amide cage with a relatively high yield of 70%.[21] 

Davis and co-workers synthesized a macrotricyclic cage with 62% yield in the final cyclization 

step.[22] 

Nucleophilic substitution reactions are also used to form covalent bonds of cages.[23] The big 

caesium cation was used as the template to pre-organize the pyridine precursor 2 before 

reacting with triol precursor 1 (Scheme 1). The yield of this cage product 3 is 95%, but because 

of the limitation of the size of metal cations, larger structures could not be obtained by this 

strategy. 

 

Scheme 1. Synthesis of small cage by irreversible C-O bonds formation via nucleophilic aromatic substitution.[23] 

Organic cages with a carbon-carbon backbone are quite attractive. Besides the chemical and 

thermal stability, the scaffold of the carbon-carbon cage can be considered as a precursor to 

synthesize fullerene.[24] The first example of a carbon-carbon cage was obtained by 

Wennerström and co-workers in 1977.[25] They used mesitylaldehyde and a bisphosphonium 

salt via a sixfold Wittig reaction to obtain the final cage compound in 1.7% yield. The Vögtle 

group reported a seven-step synthesis of a tetrahedral hydrocarbon cage with the overall yield 

of 3%.[24] Starting from hexabromobenzene and furan, the Stoddart group successfully 

synthesized the trinacrene in four steps, but the overall yield was lower than 0.01%.[26] 

1.2.2 Cages formed by reversible bonds 

The other useful way to synthesize cage compounds is to use dynamic covalent bond formation. 

Dynamic covalent chemistry (DCC) is “the combinatorial molecular chemistry under 
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thermodynamic control.”[27] It relates to the chemical reactions carried out reversibly under 

conditions of equilibrium control.[28] The products distributions in DCC reactions depend on 

the relative stabilities of the final products.[28a] So the percentage of the products in dynamic 

chemical systems can be controlled by introducing certain features into the starting materials 

which can make the desired product more stable, or by removing the condensation products to 

lead the reaction equilibrium toward the desired products.[28a] Until now, more than twenty 

kinds of dynamic covalent reactions,[28] for instance, the Aldol reaction,[29] phenol/aldehyde 

condensation,[30] imine formation[31] and boronic ester condensation,[32] have been reported. A 

series of organic cages have been synthesized through dynamic covalent reactions with high 

yield.[33] Among all the dynamic covalent reactions, boronic acid condensations[34] and imine 

condensations[35] are the two most commonly reactions used to synthesize organic cage 

compounds (Scheme 2). 

 

Scheme 2. Dynamic covalent reactions based on the imine condensation and boronic ester condensation. 

1.2.2.1  Cages formed by imine condensation 

The first example of a cage formed via imine condensation, the hemicarcerand, was reported 

by Cram and co-worker in 1991.[36] This cage was obtained by reaction of diaminobenzene and 

resorcinarene functionalized with aldehydes. After that, a number of organic cage compounds 

were obtained through condensation of different amines and aldehydes.[37] 

In 2006, the Warmuth group reported a [6+12] octahedral cage (compound 12 in Figure 1). 

This cage was obtained by condensation reaction between the four formyl-substituted cavitand 

10 and the ethylendiamine 11 in a one-pot syntheses with a yield of 82%.[38] Later, they 

successfully synthesized a [6+8] rhombicuboctahedral nanocapsule by condensation of the 

same tetracavitand 10 and 1,3,5-tris-(p-aminophenyl) benzene.[39] DOSY NMR spectrum 

showed the solvodynamic diameter of the nanocapsule was 3.9 nm. They also observed that 

the solvents used in this reaction would affect the size of the cages.[40] With the same 

tetracavitand 10 and diamine 11, octahedral [6+12], tetrahedral [4+8] and square antiprismatic 
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[8+16] shaped products were obtained as main product in CHCl3, THF and CH2Cl2, 

respectively. They proposed these phenomena might occur because of the improper solvation 

of the flexible linkers. The solvent molecules residing inside the cavity tended to interact with 

the internal surface of the cage, which gave enough time to create a new interaction with the 

flexible linkers. The different solvent molecules would form different geometrical 

conformations with the linkers, which lead to the different shapes of the products. 

 

Figure 1. Synthesis of [6+12] organic cage 12. Reproduced with permission.[40] Copyright 2006, American 

Chemical Society. 

The Cooper group reported a series of [4+6] and [2+3] organic cage compounds synthesized 

through imine condensation.[41] In 2009, they synthesized three different [4+6] cages 16, 17, 

18 (cage 18 was first reported by Gawronski and co-workers in 2008)[42] by condensation of 

1,3,5-triformylbenzene 13 and 1,2-ethylenediamine 11, 1,2-propylenediamine 14 and (R, R)-

1,2-diaminocyclohexane 15, respectively (Figure 2).[43] These three cages were obtained as 

crystalline solids after leaving the reaction mixtures still for 60 h. Then they used gas 

adsorption experiments to demonstrate the porosity of the crystalline solids. Among these first 

three cages, cage 18 showed interconnected permanent pore structures with a specific surface 

area of SABET = 624 m2/g. Cage 16 was nonporous at first, but after recrystallizing in 

dichloromethane and o-xylene, this cage showed a porous polymorph with a specific surface 

area of SABET = 533 m2/g.   

More detailed studies were done to investigate the influence of the precursor geometry. They 

found if they used alkanediamine building blocks with different chain length, either the [2+3] 

imine cages or the [4+6] imine cages would form.[44] An odd-even effect was observed: 

diamines with even number of carbon atoms (1,2-ethanediamine, 1,4-butanediamine) formed 

preferably [4+6] cages with 1,3,5-triformylbenzene and those with odd numbers (1,3-
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propanediamine, 1,5-pentanediamine) formed [2+3] cages. By computational study, the 

thermodynamically stabled cages and the lowest energy conformers were predicted.  

 

Figure 2.Synthesis of [4+6] organic cages 14, 15, 16. Hydrogen atoms are omitted for clarity. Carbon and nitrogen 

atoms are coloured grey and blue, respectively. Reproduced with permission. [43] Copyright 2015, Springer Nature. 

The Mastalerz group synthesized a series of [4+6] or [2+3] imine cages based on triptycene 

building blocks.[33a] The [4+6] cage 23 was obtained by reacting triaminotriptycene 19 with 

salicyldialdehyde 20 with a 58% yield (Figure 3).[45] The reactions using salicyldialdehydes 

with substituents of different bulkiness in the para-position to the phenolic hydroxyl group 

were also done and the corresponding cages were formed.[46] Among all these [4+6] imine 

cages, the largest specific surface area was SABET = 2071 m2/g, which was achieved by cage 

23.[46-47] They also reported exo-functionalized [4+6] cage compound by imine condensation 

reaction of triaminotriptycene 19 with 4,6-diformayl-2-methylresorcinol,[48] and the specific 

surface area of this exo-cage was SABET = 919 m2/g.  

By changing the bite angles of the ditopic dialdehydes from 120° to 60°, a series of smaller 

[2+3] cages were synthesized by triamine 19 and bissalicylaldehydes which have different 

linkers.[49] Seven different bissalicylaldehydes were used to construct [2+3] cages, and the 

distance between the aldehyde groups of these seven aldehyde linkers vary from 9.3 Å to 17.8 

Å. Although the NMR spectra of some cages could not be obtained because of the bad solubility, 

(HR)-MS, IR, elemental analysis and single crystal structures proved the formation of these 

cages. [49b]  

Two salicylaldehyde units could be linked by rigid phenyl linker (21 in Figure 3) or flexible 

linker (25 in Figure 3), therefore, the influence of the molecular rigidity of building blocks on 
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the formation of organic cage compounds have been investigated. The syntheses and properties 

of [2+3] cages with rigid linker 21 and flexible linker 22 were studied (Figure 3). [49] The 

flexible linker 22 showed a negative effect on the cage formation compared with the rigid linker 

21. The crude product from the condensation reaction of bisaldehyde 21 and triamine 19 

showed almost pure cage 24 in the NMR spectrum, but the crude product from the reaction 

between bisaldehyde 22 and triamine 19 showed a number of side products even though cage 

25 could be detected from NMR spectrum. The isolated yield of cage 25 (10%) was lower than 

cage 24 (69%). Aside from the influence on the formation of the cage compounds, the rigidity 

of the building blocks also affected the gas sorption properties. The BET surface area of the 

flexible cage 25 (SABET = 30 m2/g) was lower than that of the rigid cage 24 (SABET = 744 m2/g). 

 

Figure 3. Synthesis of [4+6] cage 23 and [2+3] cage 24 and 25 starting from triamino triptycene 19.[45, 49]  

1.2.2.2 Cages formed by boronic ester condensations 

The condensations reaction between boronic acids and diols has been widely used to synthesize 

organic cage compounds.[10, 50] The Mastalerz group reported a boronic ester cage 26 by a 48-

fold condensation of triptycene precursor 24 and triboronic acid 25 (Figure 4).[51] From the 

single crystal structure, the cavity of cage 26 was very large. The distance between the 

bridgehead atoms of two opposite triptycene units was 2.9-3.1 nm. This cage exhibited a high 

specific surface area of SABET = 3758 m2/g, which is the highest specific surface area value 
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obtained by organic cage compounds so far. With a similar triptycene precursor 24’ (hexyl 

chains were introduced into the bridgehead positions instead of the ethyl group on the aromatic 

ring) and triboronic acid 25, the other boronic ester cage 27 was successfully synthesized 

(Figure 4).[52] By vapour diffusion of n-hexane into a solution of cage 27 in chloroform, suitable 

single crystals were obtained for X-ray analysis and an interlocked catenane formed by two 

cages 27 was found in the crystalline state (Figure 4). The catenane 27 also showed a high 

specific surface area (SABET = 1540 m2/g). In 2018, the Mastalerz group reported a series of 

[4+6] boronic ester cages obtained through the reaction between tribrominated hexaol 

triptycene and three diboronic acid building blocks with different degree of fluoride 

substitution.[53] The nonfluorinated cage showed a specific surface area of SABET = 511 m2/g 

and a relatively high selectivity of ethane over ethylene. 

 

Figure 4. Synthesis of the [12+8] boronic ester cage 26 and catenane 27. Reproduced with permission.[51, 52] 

Copyright 2014, John Wiley and Sons.  

The Beuerle group reported the shape-selective formation of the trigonal bipyramidal, 

tetrahedral and cubic TBTQ-based cages by changing the bite angle of the diboronic acid 

counterpart from ortho to meta or para, respectively (29, 30, 31 in Figure 5).[54] Generally, 

wider angles correspond to more building blocks per cage. In addition, competitive building 

blocks would result in either narcissistic or social self-sorting. If the angles of the acid 

derivative mixtures are 60° and 120° or 60° and 180°, the narcissistic self-sorting products were 

formed. However, if the angles are 120° and 180°, the social self-sorting product was found.  

Some other types of dynamic covalent reactions are also used in cage synthesis, but the number 

of examples is much smaller than the imine condensation and the boronic acid condensation.[50] 
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For example, the alkene metathesis and the alkyne metathesis were used in the formation of 

shape-persistent molecular cages.[55] Disulfide formation[56] and orthoester exchange[57] have 

also been used in few cases.  

 

Figure 5. Shape-selective synthesis of molecular cage compounds from tritopic units 28 and ditopic linkers 29, 

30 and 31 with different angular disposition based on the directional bonding approach. Reproduced with 

permission. [54] Copyright 2015, John Wiley and Sons. 

1.3 Functionalization of organic cages 

The organic cage compounds can be functionalized endohedral[58] or exohedral[59] selectively, 

and the function groups can be introduced by two strategies, 1) synthesizing the cage directly 

from precursors with functional groups, and 2) post-synthetic modification of a pre-synthesized 

cage.[50]  By these two methods, several functional groups have been introduced into organic 

cage compounds.[4]  

Chiral cages have been synthesized by serval groups via using chiral precursors.[50, 60] The 

Mastalerz group reported the chiral self-sorting of [2+3] imine cages formed by a 

salicyaldehyde and two chiral trisamino TBTQs in 2017.[61] Both narcissistic self-sorting and 

social self-sorting were observed in this system. In most of the solvents they scanned this 

reaction, the narcissistic self-sorting product was the favoured one compare to the social self-
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sorting product, and the ratio of two narcissistic self-sorting products were between 86: 14 (in 

1,4-dioxane) and 63: 37 (in ethanol). But in ethyl acetate, the formation of social self-sorting 

product was enhanced by the its lower solubility. A Van’t Hoff plot was obtained by recording 

NMR spectra in THF-d8 at different temperatures, which revealed the formation of naricissistic 

self-sorting products were entropy favored while the social self-sorting product was enthalpy 

favored. 

 

Figure 6. Reaction of two different diamines 11 and 15 with trialdehyde 32 leads to a mixture of molecular 

octahedra. The ethyl and cyclohexyl groups on the octahedral are shown in green and red, respectively. 

Reproduced with permission. [62a] Copyright 2018, Creative Commons. 

Cao and co-workers also reported several chiral cages.[62] In 2016, they used a 2D chiral truxene 

trialdehyde and ethylene diamine to construct the 3D chiral polyhedrons. Two enantiomers 

were obtained in a 1:1 ratio either in the crystal state or in the solution (proved by crystal 

structures, HPLC and circular dichroism). By this strategy, they successfully transferred the 

chirality from 2D to 3D structures.[62a] Later, they studied amplification of chirality in self-

assembling systems (sergeants-and-soldiers effect) through a series of octahedrons constructed 

by truxene trialdehyde 32 , ethylene diamine 11 and chiral (R, R)-diaminocyclohexane 15 (two 
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amine precursors in the ratio of 1:1, Figure 6).[63] Through chiral HPLC they separated six 

different octahedrons containing both types of diamine linkers, and found that all octahedrons 

containing one or more chiral linkers exhibited the same CD spectrum as the octahedron 

containing pure chiral linkers, indicating that one chiral linker suffices to control the 

conformation of all achiral linkers in an octahedron. They also introduced chiral fluorescent 

tetraphenylethylene precursors into a molecular cube and successfully achieved a series of 

cubic cages with chirality and fluorescence, which may provide a new method for synthesizing 

chiral sensors and luminescent materials.[64]  

 

Scheme 3.Synthesis of hexannthryl octaaminocryptand 34. Reproduced with permission.[66] Copyright 2006, 

American Chemical Society. 

Post-synthetic modifications have been used to introduce functional groups into materials such 

as MOFs and COFs.[65] Until now, only a few of examples have been reported about the post-

synthetic modifications on the organic cage compounds. By this strategy, some cage 

compounds which are difficult to synthesize directly by precursors can be synthesized. In 2006, 

Ghosh et.al gave an example of a post-synthetic modification of an organic cage compound 

(Scheme 3).[66] They functionalized the secondary nitrogen atoms of amine cage 33 using 

anthryl groups with a yield of 60%.  

The Mastalerz group reported the post-synthetic modification of cage 23 through a Williamson 

etherification (Scheme 4), which allowed to “fine-tune” the pore structure of the product in the 

solid state.[67] After the reactions, the phenolic protons of cage 23 were substituted by five 

different groups (methyl, propyl, allyl, benzyl and 4-nitrobenzyl), giving cages 40-44 with the 

yields between 63% and 81% (except the cage 44 with the yield of 12%). Cages 40-44 were 

also synthesized by imine condensation directly from triamine 19 and salicylaldehydes 35-39, 
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but the yields were much lower because the corresponding cage products were not the main 

products of a DCC library.   

 

 

Scheme 4. Synthesis of cages 40-44 from cage 23.[67] 

The Cooper group also used acid halides to react with the amine [4+6] cage and formed a range 

of dodecanamide organic cages.[68] The Mukherjee group reported a new synthetic protocol 

which based on the multicomponent reaction of a formaldehyde, a secondary amine and a 

terminal alkyne catalyzed by copper(I).[69] By using this reaction, they modified an organic 

amine cage with phenyl-, xylyl- and naphthyl-acetylene groups. These new cages were 

fluorescent and could be used as chemosensors for the detection of nitroaromatics. Moore and 

co-workers utilized post-synthetic modifications (the bromination or the hydrogenation) on an 

aryleneethynylene-based cage and synthesized two new cages in high yields (the brominated 

one: 40%, the hydrogenated one: 90%).[70] These modifications characteristically affected the 

crystal packing motifs and gas adsorption capacities, which showed a relationship between 

shape-persistence and porosity. The cage without modification showed a specific surface area 
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of SABET = 509 m2/g, while the hydrogenated cage, which had the more flexible linkers, had a 

specific surface area of SABET = 0 m2/g. 

1.4 Porous molecules and porous organic cage compounds 

Porous materials have attracted scientific and industrial interest because of their broad 

applicability.[71] The research in porous materials is mostly focused on extended solids like 

zeolites,[72] metal-organic frameworks (MOFs)[73] and covalent organic frameworks (COFs).[74] 

These materials exhibit high specific surface area[75] and applications in many fields such as 

molecular separation,[76] catalysis,[77] and environmental science.[78]  

Apart from these polymeric solids, some discrete molecules, which can form porous structures, 

also have been reported.[79] Compared with porous networks, porous molecules have potential 

benefits in 1) solubility, which gives processing advantages such as making thin porous films 

after solution casting,[80] 2) synthetic diversification,[81] and 3) mobility,[81] because the 

molecular crystals are connected with noncovalent interactions, which make them more 

flexible than porous network. 

The porosities of these porous molecules mainly depend on their packing motifs, which can 

generate pores between neighbouring molecules (the extrinsic pores).[82] Because the extrinsic 

pores are only resulted from the crystal packing, the elegant designs of the molecules are quite 

important.[83] But in most cases, these studies only generated specific structures, which made 

it difficult to introduce functional groups because sometimes even a small change of the 

molecules can result in different packing motifs.[84] Only a few examples have been reported 

that the packing motifs of the porous molecules kept the same even the functional groups were 

different,[85] which made it possible to use the functional groups to adjust the diameters and 

chemical environment of the extrinsic pores.[84]  

The Davis group reported a series of porous molecules, what they called “nanoporous sterioidal 

ureas (NPSUs)”, based on cholic acid 45 (Figure 7).[86] In 2005, they synthesized three steroidal 

ureas (46 in Figure 7, R1 = CF3, NHPh and OBut) and found that these three molecules had the 

same packing motif in the crystalline state. Molecules could form one-dimensional channels 

with different diameters (from 11.6 Å to 14.3 Å). [86a] Later they expanded the NPSUs family 

by synthesizing different monomers 47 (Figure 7).[86b] In this case they kept R1 unchanged 

while R2 was replaced with different aromatic moieties (for instance, R2 = CH2CH2naphthyl, 

CH2CH2pyrenyl). According to the crystal structures, the aromatic groups covered the pore 
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walls which resulted in a hydrophobic environment of the channels. The different size of the 

aromatic groups could adjust the diameters of the channels from 5.5 Å to 7.6 Å.  

 

Figure 7. Left: formulae of cholic acid 45 and general structure of NPSU monomers 46 and 47. Right: schematic 

depiction of channels in crystals, showing the helical arrangements of R1 and R2. Reproduced with permission[86c] 

Copyright 2011, John Wiley and Sons. 

As R1 and R2 seemed not to affect the packing motifs of the molecules, and the unit cell 

parameters of these cholic acid based molecules were similar, Davis and co-workers created 

the porous “organic alloys”[87] by co-crystallizing different molecules from this NPSUs 

family.[86c] By this method, they could 1) obtain co-crystals with different functional groups 

inside the channels, and 2) introduced steroidal ureas with some large functional groups such 

as the perylenediimide, into this NPSU packing system. Until now, more than thirty NPSU 

crystal structures have been reported and the diameters of the channels varied from 0 to 

14.3 Å.[86d, e] This indicated that by changing the functional groups R1 and R2, they could easily 

control the size, the shape and the chemical environment of the pores in crystalline states 

without damaging the pores of the crystals.  

Porous organic cage compounds are another kind of porous molecules, because the porosity 

comes from both extrinsic pores and intrinsic cavities.[88] Sometimes cage compounds exhibit 

porosities in the amorphous states.[88, 89] In 2009, the Cooper group demonstrated permanent 

porosity of [4+6] cage 18 (Figure 2) by gas sorption experiments.[43] This field has developed 
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quite fast after that. The Mastalerz group synthesized a series of porous imine and boronic ester 

cages based on triptycene building blocks.[33] The highest specific surface area of an organic 

cage compound (SABET = 3758 m2/g) was obtained by the boronic ester cage 26 (Figure 4) 

reported by this group in 2014,[51] and this specific surface area is comparable to many porous 

networks.  

 

Figure 8. Cage 16 can be induced to pack in different polymorphs with different gas selectivity.[90] Reproduced 

with permission,[88] Copyright 2016, Springer Nature. 

One of the advantages of porous cage materials is that they can “switch” the porosity “on and 

off” by changing the polymorphism of the organic cage compounds. [4] An example was done 

by the Cooper group.[90] They discovered that cage 16 (structure in Figure 2) could form three 

different polymorphs from different solvents (Figure 8). The polymorph  was nonporous 

while the polymorphs β and γ were porous. The polymorph  could be transformed into β by 

exposing the solid to dichloromethane vapour and the transformations of these two polymorphs 

were reversible (exposing β into ethyl acetate vapour to obtain ). The polymorph γ was 

obtained by recrystallizing cage 16 in o-xylene.[43] By gas sorption experiments, they found the 

polymorph γ was porous to both nitrogen and hydrogen at 77 K. The polymorph β exhibited 

high selectivity because it showed nonporous to nitrogen at 77 K, but it adsorbed significant 

amounts of hydrogen (5.9 mmol/g).  

The organic cages also can generate an “organic alloy” by co-crystallizing two or more 

different cage compounds together.[88, 91] Cages 16, 18 (structures showed in Figure 2) and 48 

were used to produce the binary or ternary crystals (Figure 9).[92] These three cages have similar 

symmetry and the only difference is the vertices of the cages (see in Figure 9). Cage 18 and 48, 

which are both locked in the R configuration, were added into cage 16 solution, as it showed 

in Figure 9, the chirality of racemic cage 16 (always in S enantiomer) was resolved by co-

crystallization with 18 and 48. By changing the ratio of 18-R: 48-R, a range of ternary co-

crystals were obtained and studied. The unit cell dimensions decreased linearly with the 



Introduction 

15 

 

proportion of cage 48-R,[93] which made it possible to “fine-tune” the surface areas by changing 

the molecular composition. The gas sorption experiments proved that with different ratio of 

18-R: 48-R, the apparent Brunauer-Emmett-Teller (BET) surface areas of the ternary co-

crystals ranged from 373 to 670 m2/g. 

 

 

Figure 9. The formation of a ternary cage co-crystal using cage 16, 18 and 48. Left: Chemical structure of cage 

16, 18 and 48. Right: the chirality of 16 is resolved by co-crystallization with 18-R and 48-R. Reproduced with 

permission,[92] Copyright 2012, John Willey and Sons. 

1.5 Applications of organic cage compounds 

Up until now, a number of organic cage compounds have been successfully synthesized,[10] and 

their potential applications in several fields such as molecule recognition and separation,[94] gas 

storage,[95] and stabilizing reactive species[96] have been investigated. 

The storage of natural gas and selective adsorption between gases like CO2/CH4, CO2/N2, 

H2/N2 are important in the industrial and the environmental fields.[97] A quadrangular prismatic 

tricyclooxacalixarene cage based on tetraphenylethylene (TPE) showed a good CO2 uptake 

capacity of 12.5 wt% (273 K, 1 bar) and a high selectivity for CO2 over N2 adsorption of 80 

(Henry selectivity, 273 K, 1bar) with a specific surface area of SABET = 432 m2/g.[98] The 

Mastalerz group reported a porous molecular cube in 2014.[95b] This molecular cube showed a 

high specific surface area of SABET = 1014 m2/g as well as a high uptake of CO2 (18.2 wt%, 

273 K, 1 bar).  
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Soluble organic cages are also suitable for molecular recognition and separation.[94] Cage 18 

(structure shown in Figure 9) was used to separate the mesitylene from its isomer 4-

ethyltoluene.[99] This cage also showed great potential in the separation of rare gases.[100] By 

break-through experiments, it could successfully separate Kr, Xe and Rn from air at ppm 

concentrations.[100]  

 

Figure 10. Selective separation of racements using cage 18-R. Reproduced with permission,[94c] Copyright 2015, 

American Chemical Society. 

In 2015, the Yuan group reported the separations of a large number of optical isomers by using 

chiral cage 18-R as the stationary phase for gas chromatography (GC, Figure 10).[94c] They 

diluted 18-R with polysiloxane to produce the stationary phase of GC, and different classes of 

racemates including chiral alcohols, diols, esters, organic acid, etc. were resolved. They 

compared the column coated with 18-R with two commercially available columns Chirasil-L-

Val and β-DEX 120 and found that the 18-R column could separate the chiral compounds more 

effectively. This 18-R coated column exhibited good repeatability and thermal stability (stable 

at least to 260 °C for 6 hours), which is important for a commercial column. After subjecting 

more than 500 injections, the column showed almost no changes in retention time, selectivity 

and recognition ability.  

The tetraphenylethylene (TPE) based cages showed the ability to detect TNT.[101] For instance, 

the Zheng group reported a TPE self-inclusion cage in 2018, which exhibited a high selectivity 

of TNT.[102] The crystal structure showed one self-inclusion cage could accommodate two TNT 

molecules, and the interactions between the nitro oxygen of the TNT molecule and the pyridyl 

ring play a key role in TNT inclusion rather than donor-acceptor or π-π interactions. 

Porous liquids are “the liquids have permanent, well-defined, empty pores capable of molecular 

recognition when exposed to other species.” [103] Several efforts have been done to decrease the 
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melting point of organic cages in order to obtained porous liquids.[104] For instance, James and 

co-workers decreased the melting point of the [4+6] imine cages from higher than 300 °C to 

50 °C by attaching long alkyl chains.[104b] However, the liquid product was not porous anymore 

because the long alkyl chains might block the voids formed by the cage compound. 

 

Figure 11. Top: synthesis of the crown-ether cage 50. bottom: the gas-release behaviour of porous liquids. 

Reproduced with permission,[105] Copyright 2015, Springer Nature. 

 In 2015, the James group reported a porous liquid, which was prepared by attaching crown 

ethers instead of long alkyl chains to the [4+6] imine cage (Figure 11).[105] The cage 50 itself 

was not a liquid and had a melting point of 180 °C, but if this rigid organic cage was dissolved 

in 15-crown-5 with the ratio of cage 50: solvent = 1:12, a porous liquid was obtained. The 15-

crown-5 molecules could maintain the flowing property of the porous liquid, and they were too 

big to enter the cavities of the cages, which made sure that the pores generated by the cages 

were not blocked. This porous liquid improved the solubility of methane, nitrogen, carbon 

dioxide and xenon compared with pure liquid 15-crown-5. For the porous liquid which was 

saturated with gas, if another solvent molecule, which was small enough to enter the cavity of 

the cage (e.g. chloroform), was added, bubbles were observed immediately because the gas 

was released from the liquid (Figure 11). However, if the solvent molecule was too big to enter 

the cavity, such as the 1-t-butyl-3,5-dimethylbenzene, no bubble could be observed. 
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2 Objectives 

The aim of the thesis was to introduce functional groups into triptycene based [2+3] imine 

cages (Scheme 5), and to investigate whether these functional groups will affect the properties 

of the cages (stability, porosity, selectivity, etc.).  

 

Scheme 5. Modification of the triptycene based [2+3] imine cages. 

A series of [2+3] imine cages with different length of aldehyde building blocks have been 

synthesized by Dr M. Schneider from the Mastalerz group,[49b] but the influence of the side-

chain on the building blocks have not been investigated. Therefore, several terphenyl 

bisalicylaldehyde precursors with different side-chains were designed, which made it possible 

to study the influence of the side chains on the porosity and selectivity of the organic cage 

compounds as well as the effect on the packing motifs of the cages in the crystalline state.  

Another pyridine modified amine was also designed (Scheme 5), which provided access to 

several new “three-component” organic cage compounds with different aldehydes. 
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Furthermore, by using the length of the aldehyde building blocks, the shapes of the formed 

cages were needed to investigate. 

 The imine bonds are susceptible to hydrolysis in an acidic or basic environment,[106] which 

leads to the cages constructed via imine bonds being not stable in the presence of high 

concentrations of acids or bases. According to literature, [107] reducing the imine bonds to amine 

bonds could improve the chemical stability of imine cages, but the shape persistence of the 

cages was lost in that case. Therefore, a new strategy to synthesize a pH stable shape persistent 

cage is needed. 
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3 Result and discussion 

3.1 Soluble [2+3] terphenyl imine cage with different side-chains 

A series of [2+3] imine cages formed by condensation of 2,7,14-triaminotriptycene 19 and 

salicyldialdehyde building blocks with different linkers ranging from biphenyl linker to 

tetraphenyl linker have been successfully synthesized by Dr. M. Schneider.[49b, 108] The cages 

with biphenyl or terphenyl linker showed relatively large specific surface areas (biphenyl: [49] 

SABET = 744 m2/g, terphenyl: [49b, 108] SABET = 626 m2/g). However, for these [2+3] imine cages, 

except the biphenyl one, all displayed poor solubility in common organic solvents,[49b] 

including DMSO and DMF, which made it difficult to characterize them and to find further 

applications. 

In this chapter, a series of side-chain attached aldehyde building blocks were synthesized first. 

The new [2+3] imine cages were constructed by condensation of these new salicylaldehydes 

with triaminotriptycene 19, wishing to obtain more soluble cages. Furthermore, the influence 

of different side-chains on the properties of the cage compounds, such as the packing motifs in 

the crystalline state, the porosities and the selectivity of different gases, were also investigated.  

3.1.1 Synthesis of terphenyl aldehyde building blocks 

 Ten terphenyl aldehydes with different 

side-chains, which can be classified in five 

groups (Scheme 6), alkyl chains (52-54, 

62), oxyalkyl (oxyalkylene) chains (55-58), 

perfluorobutyl chain (59), and ether chains 

(61, 62), are described in this chapter.  

The syntheses of aldehydes 52-54 are 

shown in Scheme 7. The alkyl chain 

modified benzenes 67-69 were 

synthesized from the corresponding Grignard reagents (alkyl-magnesium bromide 64-66) and 

1,4-dichlorobenzene 63 via Kumada alkylation.[109] Compounds 67-69 were brominated by 

using two equivalents of bromine at room temperature to obtain the dibromo derivatives 70-

72.[110] The brominated products 70-72 were purified by recrystallization and the yields were 

higher than 60% in all cases. The boronic ester 74 was synthesized according to literature 

through Miyaura borylation reaction[111] from bromosalicylaldehyde 73 and 

Scheme 6. Chemical structure of compound 52-62. 



Result and discussion 

21 

 

bis(pinacolato)diboron (B2pin2).
[112] After recrystallization from petroleum ether, 74 was 

obtained as colourless solid with a yield of 88%. The final aldehydes 52-54 were synthesized 

through Suzuki-Miyaura reaction[113] of dibromo derivatives 70-72 with boronic ester 74, 

catalysed by 10% of Pd2(dba)3.The final products were obtained as colourless solids after 

purification by column chromatography with yields of 40% or higher.  

 

Scheme 7. Synthesis of compounds 52-54. [110b-113] 

 

Scheme 8. Synthesis of compounds 55-58.[113-114] [a]:in DMF, K3PO4. 

The syntheses of compounds 55-58 are shown in Scheme 8. Compounds 80-83 were 

synthesized from dibromobenzenediol 75 and corresponding bromoalkanes 76-79 via 

Williamson ether synthesis.[114] Dibromo derivatives 80, 81 and 82 were purified by 

recrystallization in ethanol as colorless solids. The compound 83 (with oxypentene chains) was 

purified by column chromatography. The final aldehydes 55-58 were also synthesized by 

Suzuki-Miyaura reaction[113] of boronic ester 80 with dibromo derivatives 86-89 (Scheme 8) 

with 10% of Pd2(dba)3 as the catalyst. Compounds 55-57 were obtained as yellow solids after 
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purification by column chromatography. The low yield of 58 was because during this Suzuki-

Miyaura reaction, a double-bond shifted product was obtained, which will be discussed later.  

 

Scheme 9. Synthesis of compounds 60 and 61.[113-115] 

The syntheses of dialdehydes 60 and 61 are shown in Scheme 9. Dibromobenezenes 89 and 90 

were synthesized from tosylates 87, 88 and dibromobenzenediol 75 (Scheme 9) by Williamson 

ether synthesis.[115] Compound 89 (with shorter ether chains) was obtained as colourless solid 

after recrystallization from ethanol at 0 °C.[115a] Compound 90 (with longer ether chains) was 

recrystallized from ethanol using a liquid nitrogen bath and the colourless solid obtained from 

the recrystallization would soon become colourless liquid at room temperature.[115b] The 

aldehydes 60 and 61 were synthesized from the dibromo derivatives 89/90 and boronic ester 

74 by Suzuki-Miyaura reaction.[113] Pure compounds 60 and 61 were obtained after column 

chromatography as yellow solids with the yields being higher than 60%.  

1,4-bisperfluorobutyl benzene 92 was synthesized from diiodobenzene 91 and 

iodoperfluorobutane, using copper powder as the catalyst (Scheme 10).[116] Compound 92 was 

obtained as colourless liquid and used for next step without further purification. Then 1,4-

bisperfluorobutane benzene 92 was brominated by N-bromosuccinimide (NBS) in a mixture of 

sulphuric acid and trifluoroacetic acid (3: 10) and the dibromo derivative 93 was obtained as a 

colourless solid after recrystallization.[116] The aldehyde 59 was synthesized from dibromo 
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derivative 93 and boronic ester 74 by Suzuki-Miyaura reaction, and obtained as a white solid 

with a yield of 30% after column chromatography.[113]  

 

Scheme 10. Synthesis of compounds 59.[116]  

 

Scheme 11. Synthesis of compound 62.[117-118] 

Besides the terphenyl aldehydes whose side chains are located at the para-position of the 

middle benzene ring, another aldehyde 62 which has two t-butyl groups at the ortho-position 

of the phenol unit was also synthesized (Scheme 11). The bromo derivative 95 was obtained 

by bromination of 94 with bromine at room temperature.[117] Pure compound 95 was obtained 

as a yellow solid after recrystallization from ethanol with a yield of 83%. The boronic ester 97 

was synthesized by Miyaura borylation reaction[111] from dibromobenzen 96 and B2pin2.
[118] 

Dialdehyde 62 was synthesized by Suzuki-Miyaura coupling[113] from bromo derivative 95 and 

boronic ester 97 as a yellow solid with a yield of 54%. All these aldehyde building blocks were 

characterized by 1H NMR, 13C NMR, ESI-MS, elemental analysis and IR. 
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Figure 12.1H NMR spectra of compounds 52, 55, 59, 60 and 62 (from top to bottom, CDCl3, 500 MHz) 

The structures and 1H NMR spectra of aldehydes 52, 55, 59, 60 and 62 are shown in Figure 12. 

These five compounds were chosen as examples to compare because they bear different side 

chains but with a similar length. From the 1H NMR spectra of 52, 55, 59 and 60 (Figure 12), 

the peaks of -OH proton, -CHO proton and aromatic protons are similar, but the peaks for the 

side chains protons are different. For instance, the triplet signal for Hb3 of 55 (δ = 3.9 ppm) 

shifts to low field compared with 52 (Ha3, δ = 2.5 ppm). The reason is that the electronegativity 

of oxygen atom in oxybutyl chain is higher than carbon atom in butyl chain, which decreases 
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the electron density around the proton. Compound 59 (with perfluorobutyl chains) shows no 

peaks in the side chain area of the 1H NMR spectrum, but the 19F NMR spectrum presents four 

group of signals. For compound 60 (with ether chains), two groups of -CH2- protons Hd3, Hd4 

are observed at δ = 4.1 and 3.8 ppm and one singlet for -CH3 proton Hd5 at δ = 3.3 ppm, which 

fits the chemical structure of the ether chains. Compound 62 shows a bigger difference as the 

positon of side chain is different. The -OH singlet shifts more to the low field (δ = 11.8 ppm) 

compared with all other aldehydes (δ = 11.0 ppm) and the singlet for t-Bu group protons is 

found at δ = 1.5 ppm.  

It needs to be mentioned that during the synthesis of compound 58 (with oxypentene chains), 

a double bonds-shift product 58’ was obtained in the final step. From the 1H NMR (Figure 13), 

it can be seen that compared with unshifted compound 58, the signal of the pentene side chain 

protons has changed: the peak for –CH= proton Ha’ (δ = 5.7 ppm) and =CH2 proton Hb’ (δ = 

5.0 ppm) of the terminal double bond disappear, instead, a new multiplet (δ = 5.47 ppm) for 

the proton Ha of the internal double bond 

appears. According to literature, this may 

because the Pd catalyst used for the 

Suzuki-Miyaura reaction also can 

catalyze a double bond shift.[119] A 

possible mechanism of this reaction is 

shown in Scheme 12. The palladium(II) 

ion coordinates onto the double bond, 

followed by an oxidative addition of one α-hydrogen on palladium. The Pd(IV) coordinates 

with the vinyl anion, and the reductive elimination gives the thermodynamically more stable 

secondary double bond. 

Table 1. Different condition influence on double bond shifting 

Entry Amount of catalyst 

(%) 

Concentration 

(compound 83) 

Reaction 

time 

Yield (58+58’) 

(%)a 

Ratio of 58:58’a 

1 10 0.1237 mol/mL 1 d 70 1:10 

2 10 0.1237 mol/mL 4 d 88 1:10 

3 5 0.1237 mol/mL 1 d 71 1:0.23 

4 1 0.1237 mol/mL 1 d 60 1:0.22 

5 5 0.2474 mol/mL 1 d 63 1:0.38 

6 5 0.0619 mol/mL 1 d 64 1:0.08 

a: the yield and ratio of products are calculated by the 1H NMR spectra 

Scheme 12. Possible mechanism of Pd (II) catalysed double 

bond shift.[120]  
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Figure 13. 1H NMR of top: compound 58’ and bottom: compound 58 (CDCl3, 300 MHz) 

Furthermore, the effect of reaction time, catalyst amount and concentration on the yield and 

isomer selectivity of the products were investigated (Table 1). When increasing the reaction 

time from 16 h to 4 days (entry 1 and 2, Table 1), the yield is increased to 80% with 90% shifted 

product 58’. For a better comparison, the reaction time of the following reactions was set to 1 

day. Decreasing the catalyst amount from 10% to 5% reduced the ratio of shifted product 58’ 

to 10% (entry 3, Table 1), but a further decrease to 1% of catalyst did not have a significant 

influence on the ratio of double bond shift, but lowered the yield to 63% (entry 4, Table 1). For 

the concentration test, the catalyst amount was set to 5%. Doubling concentration of the starting 

materials leads to 15% shifted product (entry 5, Table 1) and half the concentration led to 7% 

shifted product (entry 6, Table 1). From these result, the amount of catalyst and concentration 

of reactant have influence on the shift of the double bond, and decreasing the amount of catalyst 

and concentration can prevent the formation of shift-product. All the yields and ratio of 

unshifted product 58: shifted product 58’ were calculated by 1H NMR spectra.  

 

 

a

a’
b’
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Scheme 13. Synthesis of 2,7,14-triaminotriptycene 19.[120-122]  

The synthesis of the 2,7,14-triaminotriptycene 19 (Scheme 13) starts with a Diels-Alder 

reaction between anthracene 99 and anthranilic acid 98, yielding unsubstituted triptycene 100 

with a yield of 46%.[120] The trinitrotriptycene was prepared according to literature,[121] by using 

fuming HNO3 in acetic acid for one hour. 2,7,14-trinitrotriptycene 101 and its isomer, 2,6,14-

trinitrotriptycene 102’ could be isolated by column chromatography with a yield of 18% and 

56%, respectively. The triaminotriptycene 19 was obtained by reacting 101 with hydrazine 

hydrate, catalysed by Raney-Nickel[122] or Pd/C. The triaminotriptycene 19 should be kept in 

the freezer because it easily decomposes at room temperature (colour change from white to 

pink then to brown).  

3.1.2 Synthesis of [2+3] terphenyl imine cages with different side chains 

 

Scheme 14. Synthesis of cage compound 103.[49b] 

The [2+3] terphenyl imine cage 103 was synthesized by condensing triaminotriptycene 19 and 

terphenylsalicyaldehyde 102 in THF at 100 °C for 4 days (Scheme 14).[49b] The pure product 

103 was obtained with a yield of 11% (purified by recrystallization from DMF/methanol ). The 
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yield is lower than the bisphenyl imine cage 24,[49] and because of the poor solubility in organic 

solvents, no NMR spectrum of 103 could be measured.  

 

Scheme 15. Synthesis of cage 100. 

Aldehyde 52 (with butyl chains) was used to react with triaminotriptycene 19 in order to 

investigate whether the corresponding [2+3] imine cage 104 would form or not (Scheme 15). 

The same reaction conditions as 103 were taken (THF, 100 °C, 4 d, catalysed by TFA) at first. 

During the reaction, a lot of orange precipitate appeared. The MS spectra of the reaction 

mixture proved the formation of the [2+3] cage 104, but because of the poor solubility of the 

precipitate in organic solvents such as DMF, DMSO and THF, it was difficult to further 

characterize the compound. In order to improve the reaction conditions, other solvents such as 

DMF, toluene, chloroform and ethyl acetate were used for this reaction. Only in DMF the 

reaction mixture remained transparent during the reaction time. After the reaction, the reaction 

mixture was concentrated and added into methanol. An orange precipitate appeared and this 

precipitate could be dissolved in DMF and THF, which allowed further characterization. After 

washing with methanol, the pure compound 104 could be obtained in a yield of 68%. 

For the other aldehydes, the same reaction conditions were used and the corresponding cages 

were obtained (Scheme 16, Table 2). One exception was compound 111 (with perfluorobutyl 

chains). A precipitate appeared when the reaction was done in DMF. If the reaction was done 

in THF, however, the reaction mixture stayed transparent. So this reaction was carried out in 

abs. THF and compound 111 was obtained as a yellow powder with a yield of 67%. The other 

exception was compound 112 (with shorter ether chains). The reaction mixture remained 

transparent at 100 °C, but when the temperature was lower than 70 °C, an orange precipitate 

appeared. This precipitate (desired product proved by 1H NMR) can be dissolved again after 

heating to 100 °C. The yields of all cages are shown in Table 2. The same reaction condition 
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(DMF, 100 °C, 2 days) was also used to synthesized cage 103 (without side-chain), but the 

experimental phenomenon was as same as the reaction in THF, and the yield was not improved. 

All cages with side-chains dissolved well in THF or DMF at room temperature except cage 

112, which was only dissolve in hot DMF or DMSO.  

 

Scheme 16. Synthesis of cage 104-114. 

Table 2. Summary of reaction condtions and characteristic analytical data of Cage 103-114. 

 Reaction condition Yield MS 1H NMR [ppm]( THF-d8) 

 Solvent time % (m/z) -CH=N- Bridgehead-H 

103a THF 4d 11 1445.49 n.d n.d 

104 DMF 2d 68 1782.92 9.15 5.71, 5.63 

105 DMF 2d 78 1951.32 9.04 5.60, 5.51 

106 DMF 2d 67 2119.76 9.03 5.60, 5.51 

107 DMF 2d 65 1878.84 9.21 5.71, 5.68 

108 DMF 2d 66 2046.30 9.21 5.71. 5.67 

109 DMF 2d 67 2215.70 9.10 5.60. 5.57 

110 DMF 2d 77 1950.05 9.25 5.28,5. 21 

111 THF 2d 67 2755.26 9.15 5.72, 5.57 

112 DMF 2d 73 1889.76 9.30b 5.83b 

113 DMF 2d 52 2420.39 9.24 5.73, 5.70 

114 DMF 2d 78 1781.87 9.30 5.73 

a: From Ref [49b]. b: Measured in DMSO-d6, 100 °C 
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Figure 14. 1H NMR spectra of compound 104, 107, and 111 (from top to bottom, THF-d8, 500 MHz). 

Cages 104, 107, and 101 are taken as example to compare the 1H NMR spectra (Figure 14, 

Table 2). Cage 104 (with butyl chains) shows the singlet of imine proton Hb at δ = 9.15 ppm, 

which indicates the condensation of amino groups and aldehyde groups succeeded. Seven 

peaks appear in the aromatic region, which fit for the structure of cage 104 (four inequivalent 

aromatic protons from terphenyl part and three inequivalent aromatic protons from the 

triptycene part). Two bridgehead protons appear at δ = 5.71, 5.63 ppm. Cage 104 shows four 

peaks in side-chain region: triplet of proton Hc at δ = 2.6 ppm, quintet of proton Hd at δ = 

1.47 ppm, double of triplet of proton He at δ = 1.22 ppm and triplet of Hf at δ = 0.77 ppm, 

which chemical shifts and splitting pattern fit well with the butyl side chain. Cage 107 (with 

oxybutyl chains) shows a singlet of the imine proton Hb’at δ = 9.21 ppm and seven peaks in the 

aromatic region, which is similar to cage 104. 107 also shows four groups of peaks in the side-

chain region: triplet of proton Hc’ at δ = 3.95 ppm, quintet of proton Hd’ at δ = 1.67 ppm, double 

of triplet of proton He' at δ = 1.41 ppm and triplet of proton Hf’ at δ = 0.88 ppm. Cage 111 (with 

perfluorobutyl chains) shows the proton of imine bond Hb’’ at δ = 9.15 ppm and seven groups 

of peaks in the aromatic region. Four different peaks can be observed from 19F NMR, which fit 

for the structure of perfluorobutyl chains. 
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Figure 15.  Mass spectra of cage 111 (MALDI-TOF, matrix: DCTB) 

Besides NMR spectra, MS spectra are also an important proof for cages’ formation. From the 

MALDI-TOF-MS spectra, only [2+3] cages were observed (Table 2). The MS spectrum of 

cage 111 (with perfluorobutyl chains) is depicted as an example in Figure 15. The peak shown 

in Figure 15 fits for the molecule weight of cage 104 ([M+H]+: m/z calcd. for (C124H59O6N6F54
+): 

2755.79, found:2755.259). The simulated distribution also fits with the experimental result. 

Table 2 shows the MS and the important 1H NMR data for all cages with side-chains. 
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3.1.3 Crystal structure of terphenyl cages 

Via different methods like vapour diffusion, slow evaporation or slow cooling, several 

crystalline materials were obtained (crystal of cage 106 and 111 are shown in Figure 16). 

However, the disorder of side chains and a lot of disordered solvent molecule inside the crystal 

made it difficult to determine the structures. 

Among cage compounds 104-114, the crystal 

structures of five cages (105, 106, 110, 111, 112) 

were determined by the X-ray diffraction 

measurement. It needs to be mentioned that most 

of the side chains cannot be localized in the crystal 

structure, so what will be discussed next is mainly 

based on the skeleton of the cage. Solvent 

molecules are disordered in the large void, and it is necessary to use the SQUEEZE routine in 

PLATON during refinement. The critical information about the crystal structure is presented 

in Table 3. These five crystal structures can be divided into two types. One with P63 space 

group (cage 105, 106, 110, and 112) and the other one with R3c space group (cage 111). 

Table 3. Overview of selected crystallographic parameters. 

Entry solvent Crystal system Space group Z Unit cell parameter 

105  

 

THF/methanol hexagonal P63/m 2 a = b = 19.6363 Å, c = 27.033 Å,  

V = 9026 Å3 

106 THF/methanol hexagonal P63 2 a = b = 19.697 Å, c = 26.904 Å,  

V = 9040 Å3 

110 THF hexagonal P63/m 2 a = b = 20.0491Å, c = 23.410 Å,  

V = 8149.2 Å3 

111 THF/methanol trigonal R3c 6 a = b = 19.0156 Å, c = 64.026 Å,  

V =  20049.6 Å3 

112 DMF hexagonal P63/m 2 a = b = 19.2235 Å, c = 26.6855 Å,  

V =  8540.3 Å3 

Figure 16.Photo of crystal of (a) cage 106 and 

(b) cage 111. 
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Figure 17. a) crystal structure of 105 (with hexyl chains) shown as stick model. b) π-π stacking between two cage 

105 molecules. c) crystal structure of 106 (with octyl chains) shown as stick model. d) π-π stacking between two 

cage 106 molecules 

Compound 105 and 106 are cages with alkyl chains (hexyl chains and octyl chains). They were 

both crystallized by slowly diffusing methanol into a solution of 105/106 in THF at room 

temperature. Cage 105 (Figure 17 a, b) crystallizes in the hexagonal space group P63/m, a = b 

= 19.6363 Å, c = 27.033 Å, V = 9026.9 Å3. The distance between two interior bridgehead-H of 

triptycenes is 12 Å. The crystalline packing is mainly determined by π-π stacking, with the 

distance dπ-π = 3.57 Å (Figure 17b). Because of the disorder of the side chains, the interaction 

between side chains are not discussed, but a C-H···π interaction between side chains and 
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benzene rings exists. Compound 106 is isomorphous with 105 (Figure 17c, d). It crystallizes in 

the hexagonal space group P63, a = b = 19.697 Å, c = 26.904 Å, V = 9040 Å3. The distance 

between interior triptycene bridgehead-H is 12 Å.  

 

Figure 18. a) crystal structure of 110 (with oxypentene chains) shown as stick model. b) π-π stacking between 

two cage 110 molecules. c) crystal structure of 112 (with shorter ether chains) shown as stick model. d) π-π 

stacking between two cage 112 molecules 

Compound 110 is the cage with oxypentene chains. The crystals were obtained by slow 

evaporation of a solution of 110 in THF-d8 in a NMR tube. From the crystal structure, 110 

crystallizes in the hexagonal space group P63/m, a = b = 20.0491 Å, c = 23.410 Å, V = 

8149.2 Å3 (Figure 18a, b). Crystals of cage 112 (with shorter ether chains) were obtained by 

slowly cooling of a solution of 112 in DMF from 100 °C to 75 °C. Cage 112 crystallizes in the 
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hexagonal space group P63/m, a = b = 19.2235 Å, c = 26.6855 Å, V = 8540.3 Å3 (Figure 18c, 

d). 110 and 112 have oxygen atoms in the side-chains, but their packing motifs are similar to 

105 and 106. The main driving force of packing is the π- π stacking interaction between 

aromatic rings, which can be seen in Figure 18b, d. 

 

Figure 19. The macrocycle-like structure formed by six molecules of cage 105 (hexyl chains), 106 (octyl chains), 

110 (oxypentene chains) and 112 (shorter ether chains) 

From Table 3 and Figure 17, 18, it can be seen that although cage 105, 106, 110 and 112 have 

different side-chains, the unit cell parameters and the packing motifs are quite similar. Six cage 

molecules can be recognized as a group which forms a “macrocycle” structure (Figure 19), and 

further forms a hexagonal channel along the c-axis. The distances between two opposite cage 

molecules of the “macrocycle” are shown in Figure 19 and it can be figured out the size of the 

channels are similar. For cage 104 (with butyl chains), although the crystal structure was not 

obtained, the Powder XRD result (Figure 20) indicates that the packing motif of cage 104 



Result and discussion 

36 

 

should be similar to cage 106 (with octyl chain) because the experimental data of cage 104 is 

similar to the calculated data from the crystal structure of cage 106. For these five cages (104, 

105, 106, 110, 112), different side-chains don’t show influence on the packing motifs and the 

unit cell parameters.  
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Figure 20. Top: PXRD experimental data of cage 104 (with butyl chains), bottom: calculated result from the 

crystal structure of cage 106 (with octyl chains) 

Cage 111, the terphenyl cage with perfluorobutyl chains, has another type of crystal structure. 

The crystals of 111 were obtained by methanol slowly diffusing into a solution of 107 in THF 

at room temperature. 111 crystallizes in the trigonal space group R3c, a = b = 19.0156 Å, c = 

64.026 Å, V = 20049.6 Å3 (Table 3). The distance between the two interior bridgehead-protons 

is 11 Å. As is depicted in Figure 21, the two triptycene parts are not aligned with each other. 

Instead, they are rotated by 30 degrees to each other (Figure 21c). As all hydrogen atoms have 

been replaced by fluorine atoms in the side-chains, no obvious C-H···π interactions are found 

in crystal packing. From Figure 21, 111 packs in some kind of “window-to-skeleton” mode 

and no π···π interaction are observed either. However, intermolecular halogen bonds can be 

found in this crystal between the fluorine atoms.[123]   

The halogen bond is an electrostatically driven and noncovalent interaction, which has broad 

applications[123] in molecular self-assembly,[123b] crystal engineering[123c] and drug design.[123d] 

The polarizability of the halogen atom is the key to halogen bond.[123b] Therefore, the strength 

of halogen bonds typically decrease in order of I > Br > Cl > F.[123b] Two types of preferential 

angular geometries are identified as type 1 and type 2 contacts (Scheme 17).[124] Type 1 contact 

is symmetrical with θ1 = θ2, whereas type 2 contact is characterized by θ1  150° to 180°,  θ2  

90° to 120°. Furthermore, a triangular structure involving three halogen···halogen contacts,    
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X-3 synthon, has been identified as a common building block for various supramolecular 

structures. 

 

Figure 21. Single crystal structure of cage 111 a) crystal structure of 111 shown as stick model. b) F-F interaction 

between cage molecules c) single molecular shown from top side d) solvent accessible pores calculated for a probe 

with radius 1.82 Å. 

 

Scheme 17. Different kinds of halogen bonds.[124] 

A few theories have been proposed to explain halogen bonding, among them the σ-hole theory 

is the most successful one.[123b] In this theory σ-holes are defined as regions of positive 
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electrostatic potential on the outsides of halogen atoms, 

located at the extension of the halogen atom’s covalent 

bonds. Three factors are used to determine whether σ-

holes are present or not and determines their magnitudes. 

1) the polarizability of halogen atom, 2) the 

electronegativity, and 3) the electron-withdrawing power. 

So the positivity of the σ-hole increases in order of 

F<Cl<Br<I. 

The halogen interaction in compound 111 belongs to type 

2, with θ1 = 156° and θ2 = 121° (Figure 22). The distance 

of this interaction is 2.6 Å. Meanwhile, every three molecules have formed a triangular 

structure by F···F contacts (Figure 21b), and the distance between different fluoride atom is 

2.6 Å, which may be the main force for the formation of the trigonal space group. However, as 

the packing mode is quite dense compared with other terphenyl cages, no connected void is 

observed in this crystal structure. The voids large enough for the radius of the probe (1.82 Å) 

are the cavities inside the cages (Figure 21d). 

3.1.4 Theory of determining the surface of porous materials 

Adsorption happens when a solid surface is exposed to a gas or liquid: it is defined as the 

“enrichment of material or increase in the density of the fluid in the vicinity of an interface.”[125] 

In this section, only the adsorption occurring between gas and solid surface will be discussed. 

Table 4. Several important definitions about determining surface area from IUPAC.[127] 

Term Definition 

Adsorption Enrichment of one or more components in the vicinity of an interface 

Adsorbate Substance in the adsorbed state 

Adsorbent Solid material on which adsorption occurs 

Physisorption Adsorption without chemical bonding 

Surface area Extent of the surface assessed by a given method under stated conditions 

Specific surface area Surface area of unit mass of powder, as  assessed under stated conditions 

Micropore Pore of internal width < 2 nm 

Mesopore Pore of internal width between 2 and 50 nm 

Macropore Pore of internal width > 50 nm 

Adsorption measurements are important techniques which are widely used in many academic 

and industrial fields, and gas adsorption has become one of the most widely used measurements 

Figure 22. F-F bonds in cage 111. 
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for determining the surface area and pore sizes distribution of porous materials.[126] Some 

important definitions which will be used in discussion are listed in Table 4. These definitions 

are congruent with the International Union of Pure and Applied Chemistry (IUPAC).[127]  

For a gas adsorbed on a particular solid at a given temperature, the equation between the 

amount of gas na adsorbed by unit mass of solid ms and the relative pressure p at known 

temperature T can be written as:[125]  

 

𝑛𝑎

𝑚𝑠 ⁄ = 𝑓(𝑝 𝑝0⁄ )𝑇 (1)   

Where p0 is the saturation pressure of the adsorptive. f is the function between relative pressure 

and the amount of gas adsorbed by unit mass of solid. 

Equations (4) represents the adsorption isotherm which is usually presented in graphical form. 

By investigating many gas-solid adsorption systems, the adsorption isotherms show several 

characteristic shapes.[127] These shapes will provide useful information about the pore structure 

of the adsorbent. Most adsorption isotherms can be divided into six groups according to IUPAC 

classification (Figure 23).[123]  

 

Figure 23.Classification of vapour adsorption isotherms combining proposals from IUPAC. [125] Reproduced with 

permission.[128] Copyright 2012, open access Creative Commons Attribution License 

The Type I isotherm is concave to the X-axis (p/p0), which is characteristic for microporous 

materials (Figure 23).[129]  It can be seen as a rise of the curve due to the filling of the micropores 
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at low relative pressures, and ends in a saturation at higher relative pressures. The limitation of 

adsorption is dependent on the available micropore volume. The Type II is typical for non-

porous or macroporous materials. This isotherm is concave to the X axis at first, then a turning 

point appears and the curve finally becomes convex to the X axis. The turning point means the 

monolayer sorption is complete and the multilayer sorption begins. Type III isotherm is convex 

to the X axis and no turning point appears, which indicates the weak interactions between the 

adsorbent and adsorbate. Type IV is quite similar to the Type II isotherm, but a plateau can be 

observed at high relative pressure. This isotherm is typical for mesoporous adsorbents. A Type 

V isotherm indicates the weak adsorbent-adsorbate interactions on a microporous or 

mesoporous solid. Type VI isotherm, which is also called stepwise isotherm, is quite rare and 

is obtained on one uniform, non-porous surface. 

3.1.5 The Langmuir Theory and Brunauer-Emmett-Teller (BET)Theory 

The Langmuir theory is based on the idea of monolayer adsorption on homogeneous 

surfaces,[130] and the assumptions of this theory include 1) all adsorption sites are equivalent, 

2) each site can adsorpt only one molecule ,3) there are no interactions between adsorbate 

molecules and 4) the adsorption sites are independent of each other.  

It needs to be mentioned that the original Langmuir model is only for monolayer adsorption 

and is of limited use, but it is the start for the BET treatment and other more refined 

physisorption isotherm equations.[131] The original derivation of the Langmuir equation is a 

kinetic one.[124] The adsorbent surface can be regarded as an array of Ns independent sites for 

adsorption gas molecules. The fraction of Ns sites occupied by Na molecules is  = 
𝑁𝑎

𝑁𝑆. 

From the kinetic theory of gases,[132] the pressure p and the fraction of unoccupied sites (1-) 

determine the rate of adsorption. And the fraction of occupied sites  and activation energy E 

determine the rate of desorption. When the adsorption reaches the equilibrium, which means 

the progress reaches a point that the rates of adsorption and desorption are same. The net rate 

of adsorption is zero: 

𝑑𝑁𝑎

𝑑𝑡
= 𝛼𝑝(1 − 𝜃) − 𝛽𝜃𝑒(−

𝐸

𝑅𝑇
) = 0 (2)

Where  and β are the characteristic constants for the given gas-solid system.  
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In the assumptions of the Langmuir theory, there is on interaction between the adsorbed 

molecules, so the adsorption energy E is a constant. By rearrangement and simplification, 

equation (2) could be written like this: 

𝜃 =
bp

1+bp
          (3) 

where b is the adsorption coefficient, which is defined as: 

𝑏 = 𝐾 𝑒(
𝐸

𝑅𝑇
)
       (4) 

where K is the ratio of the adsorption and desorption coefficients. 

In the 1930s, research indicated that the physical adsorption of gas is not a monomolecular 

surface coverage if the relative pressure is high enough.[125] In 1938, Emmett and Brunauer 

found the turning point the Type II isotherm (Figure 23) was the point that the monolayer 

adsorption completed.[132] Brunauer and co-workers proposed the BET theory, which extended 

the Langmuir theory to a multilayer adsorption. According to the BET theory, the adsorbed 

molecules in one layer can be regarded as the ideal layer to adsorb molecules as the next layer 

(Figure 24). At any pressure below the saturation pressure p0, fractions of the surface are 

covered by 0, 1, 2, …, i layers of adsorbed molecules. The BET theory is based on the following 

assumptions: [132]  

1) Gas molecules only interact with adjacent layers; 

2) The Langmuir theory can be applied to each layer 

 

Figure 24. Schematic model of BET theory. 
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If it is assumed as a pressure p, the adsorption and desorption progress reaches the equilibrium, 

the fractions of uncovered and covered surface, 0 and 1 remain constant. So the rate of 

adsorption of the bare surface and the desorption of first layer are equal: 

                                                𝑎1𝑝𝜃0 = 𝑏1𝜃1𝑒(−
𝐸1
𝑅𝑇

)
                                                            (5) 

Where a1 and b1 are the constant for adsorption and desorption of the first layer, and E1 is the 

value of the energy of adsorption in the first layer. If equation (5) is extended to layer i, the 

adsorption of layer i-1 and the desorption of layer i could be written as: 

                                         𝑎𝑖p𝜃𝑖−1 = 𝑏𝑖𝜃𝑖𝑒(−
𝐸𝑖
𝑅𝑇

)
                                                    (6) 

The sum of the fractions of surface equals unity: 

                                       𝜃0 + 𝜃1 + ⋯ + 𝜃𝑖 + ⋯ = 1                                                    (7) 

The total adsorbed amount n could be written as: 

                                    𝑛 =  𝑛𝑚[1𝜃1 + 2𝜃2 + ⋯ + 𝑖𝜃𝑖 + ⋯ ]                                       (8) 

Where n is the total amount gas adsorbed at pressure p, nm is the occupied amount of monolayer 

According to the assumptions, the Langmuir model could be applied to each layer, so each 

layer has a different group of ai, bi and Ei, for the layers higher than the second layer, the energy 

of adsorption Ei is equal to the liquefaction energy, EL, 

Let 

                                                   𝑔 =  
𝑏𝑖

𝑎𝑖
                                                 (9) 

As bi and ai are constant of adsorption and desorption of layer i, g is also a constant. So for 0, 

equation (8) can be written as 

                                                       𝜃0 = 𝑦𝜃0                                                                          (10) 

Where 

𝑦 =  
𝑎1

𝑏1
𝑝𝑒(

𝐸1
𝑅𝑇

)
 

And i can be written as: 

                                      𝜃𝑖 =  𝑥𝜃𝑖−1 = 𝑥𝑖−1𝜃1 = 𝑦𝑥𝑖−1𝜃0                                      (11) 
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Where  

                                                        𝑥 =  
𝑝

𝑔
𝑒(

𝐸𝐿
𝑅𝑇

)
                                                 (12) 

If we define a constant C: 

                                                𝐶 =
𝑦

𝑥
=

𝑎1

𝑏1
𝑔𝑒(

𝐸1−𝐸𝐿
𝑅𝑇

)
                                                       (13) 

Then 

                                                     𝜃𝑖 =  𝐶𝑥𝑖𝜃0                                                                   (14) 

So equation (8) can be written as: 

                                          
𝑛

𝑛𝑚
=  ∑ 𝑖𝜃𝑖 = 𝐶 ∑ 𝑖𝑥𝑖𝜃0

∞
𝑖=1

∞
𝑖=1                                          (15) 

Because 

                                                     ∑ 𝑖𝑥𝑖 =
𝑥

(1−𝑥)2
∞
𝑖=1                                                       (16) 

So equation (15) can be written as: 

                                                   
𝑛

𝑛𝑚
=  

𝐶𝑥

(1−𝑥)(1−𝑥+𝐶𝑥)
                                                     (17) 

If at the saturation pressure p0, and the adsorbed layer is assumed to be of infinite thickness, 

𝑥 =
𝑝

𝑝0
, so that: 

                                                          
𝑛

𝑛𝑚
=  

𝐶(
𝑝

𝑝0
)

(1−(
𝑝

𝑝0
))(1−(

𝑝

𝑝0
)+𝐶(

𝑝

𝑝0
))

                                           (18) 

Which could be written in the linear form: 

                                                
𝑝

𝑛(𝑝0−𝑝)
=

1

𝑛𝑚𝐶
+

𝐶−1

𝑛𝑚𝐶
∙

𝑝

𝑝0
                                   (19) 

3.1.6 The Gas-sorption properties of terphenyl imine cage with side chains 

Gas sorption experiments of cages 104 (with butyl chains), 105 (with hexyl chains), 106 (with 

octyl chains), 111 (with perfluorobutyl chains) and 112 (with shorter ether chains) were 

performed because enough crystalline materials of these five cages were collected. The 

crystalline materials were needed were prepared from THF (104, 105, 106, 111) or DMF (112). 
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After carefully removing the crystals from the growing solutions, the solvent was exchanged 

by methanol then pentane or liquid ethane. From the PXRD results (Figure 25), cages 105, 106 

(still show some peaks) and 112 lost their crystallinity but cage 104 and 111 were still 

crystalline materials after pre-activation at 40 °C. TGA measurements of these five cages were 

also done to make sure the cage would not decompose at high temperature. From Figure 26, it 

can be seen that all cages are stable under 350 °C. The thermal stabilities of cage 104 

(decomposed at 450 °C) and 112 (decomposed at 500 °C) are comparable to cage 103 

(terphenyl cage without side chain, decomposed at 450 °C).[49b] The most unstable one among 

these five cages is cage 106 (with octyl chains), which began to decompose at 350 °C. 
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Figure 25 From top to bottom: PXRD of cage 104 (with butyl chain), 105 (with hexyl chain), 106 (with octyl 

chain), 111 (with perfluorobutyl chain) and 112 (with shorter ether chain). 

The gas sorption experiment (N2, 77 K) results reveal that all of these cages are not porous 

except cage 111 (Table 5, Figure 27). These results are opposite to the crystal structures. For 

alkyl cages 104, as explained in 3.2.3 (page 35), six single molecules pack like a hexagon 

macrocycle and these macrocycles form channels inside the material. However, as the cages 

contain side chains which fail to be determined by the crystal structures, these side chains may 

lie inside the channels and transform the pore type from through pores to closed pores. 

 



Result and discussion 

45 

 

100 200 300 400 500 600 700 800

50

60

70

80

90

100

W
e
ig

h
t 
(%

)

Temperature (C)

 104

 105

 106

 111

 112

 

Figure 26 TGA curves of cage 104 (with butyl chain, red), 105 (with hexyl chain, blue), 106 (with octyl chain, 

purple), 111 (with perfluorobutyl chain, green) and 112 (with shorter ether chain, black). 

Table 5. Specific surface areasa of cage compounds 104, 105, 106, 111, 112 

 Phase b SABET (m2/g) 

104 (with butyl chain) crystalline 28 

105 (with hexyl chain) amorphous 15 

106 (with octyl chain) amorphous 15 

111 (with perfluorobutyl chain) crystalline 588 

112 (with shorter ether chain) amorphous 4 

a: measured by N2 at 77 K. b: determined by PXRD experiment. 

What is difficult to explain is the result of cage 111 (with perfluorobutyl chain). According to 

the crystal structure, 111 only contains closed pores, but from the gas sorption experiment 

(Table 5, N2, 77K), 111 shows porosity with ta specific surface area of SABET = 588 m2/g. The 

isotherm can be classified as Type I isotherm (Figure 27a), which indicates this material 

contains micropores. The NL-DFT calculation yields a pore size of 0.8 nm for the material 

(Figure 27b). A possible explanation is that the packing motif of the crystal used for gas 

sorption is different from the one used for XRD measurement, so a PXRD measurement was 

done to compare with the simulated one from the crystal structure. From Figure 28, it can be 

seen that the peaks are quite similar, suggesting the packing motifs of these two crystal are the 

same. The second explanation for this is that maybe the perfluorobutyl chains are flexible 
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enough for that the gas molecules to pass through the side chains and access to the void inside 

the cage.  
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Figure 27.a): Nitrogen sorption at 77 K for cage 111 (with perfluorobutyl chain).Filled symbol: adsorption, open 

symbols: desorption b):NL-DFT pore size distribution 
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Figure 28 PXRD of cage 111(with perfluorobutyl chain). top: the data from PXRD experiment. bottom: data 

calculated from crystal structure. 

As cage 111 is the only sample that possesses a specific surface area of 588 m2/g, the adsorption 

of other gases was further investigated (Figure 29). However, compared with other porous 

cages, the uptakes of H2, CO2 and methane were not high (Table 6). The uptake of hydrogen at 

77 K was 4.9 mmol/g (0.99 wt%, 1 bar), which is lower than CC5-R (8.5 mmol/g, 
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1.71 wt%),[133] and an imine cube (7.3 mmol/g, 1.43 wt%) synthesized by the Mastalerz 

group.[95b] The uptake of CO2 was 2.72 mmol/g (11.96 wt%, 1 bar) and for CH4 it was 

0.65 mmol/g (1.03 wt%, 1 bar). The uptake of CO2 is comparable to some other imine cages, 

for instance, CC5-R (3.1 mmol/g, 13.6 wt%) synthesized by the Cooper group,[133] and the [2+3] 

imine cage 24 (2.7 mmol/g, 11.9 wt%) synthesized by the Mastalerz group,[49] but lower than 

the imine cube (4.1 mmol/g, 18.2 wt%). The Henry selectivity of CO2/CH4 is 5.6, which is 

higher than cage 24 (4.0),[49] but lower than the imine cube (7.7)[95b].  
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Figure 29. Other gas sorption isotherms of 111 (with perfluorobutyl chain). a) at 273 K. b) at 263 K. CO2: red, 

CH4: purple, N2: green and H2: blue. 

Table 6. Comparison of gas sorption data of cage 111 (with perfluorobutyl chain) with other cage compounds 

published previously 

Entry Phase SABET
a Uptake in mmol/g (wt%, 1bar) Selectivity Ref. 

  (m2/g) H2 

 (77 K) 

CO2  

(273 K) 

CH4  

(273 K) 

CO2/CH4 CO2/N2  

111 crystalline 588 4.9 (0.99) 2.7 (11.96) 0.65 (1.03) 5.6 11.7  

24 crystalline 744 n. d 2.7 (11.9)b 0.7 (1.12)b 4.0 n. d 49 

CC5-R crystalline 1333 

 

8.5 (1.71) 3.1 (13.6) n. d n. d n. d 133 

Imine 

cube 

amorphous 1014 7.3 (1.43) 4.1 (18.2) 1.3 (2.04) 7.7 34 95b 

a: SA = specific surface area, N2, 77 K. b: measured at 298 K 
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A lot of attention has been paid to Greenhouse gases because of their ability to affect Earth’s 

climate. [134] Except CO2, which is the biggest problem in this area, there are still some other 

potential global warming gases.[134] For example, chlorofluorocarbons and fluorocarbons are 

commonly used as refrigerants, propellants, or in the electronics industry. [135] Among all the 

greenhouse gases, SF6 has the highest global warming potential (GWP, “a measure of how 

much heat a greenhouse gas traps in the atmosphere up to a specific time horizon”)[136] value 

of 22800 over a 100-year time horizon (CO2, according to the definition, has a GWP value of 

1 regardless of the time period used). Furthermore, this figure further increases almost 50% for 

a 100-year timescale because of the stability and high lifetime of SF6 (SF6: 3200 years, CO2: 

30-95 years).[135] Meanwhile, the emission levels of SF6 rise continuously with an annual 

increase rate of 5 to 10% due to the increase of industrial use (as a dielectric medium),[137] 

including the electrical equipment sector, semiconductor manufacturing and magnesium 

production. For instance, the emission of SF6 in China in 1990 was 45 t, but it is predicted to 

reach 4270 t by 2020.[137] So the capture and separation of SF6 or other perfluorocarbons are of 

great interest. According to literature, zeolites and MOFs have been investigated for the 

selective adsorption of SF6.
[138] However, there is only one paper using organic cage 

compounds.[139]  
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Figure 30. a) SF6 sorption of cage 111 (with perfluorobutyl chain) at 263 K and 273 K. b) The uptake expressed 

in terms of the number of SF6 molecules per cage molecule at 263 K and 273 K. 

Cage 111 shows a high affinity for SF6, and a type I isotherm (Figure 30a) is produced from 

the gas sorption experiment. The saturation uptake of SF6 is 1.61 mmol/g at 273 K and 1.8 

mmol/g at 263 K, which corresponds to four (273 K) or five (263 K) SF6 molecules per cage 

111 molecule (Figure 30b). The crystal structure of cage 111 shows the distance between two 

triptycene bridgehead-H is 11 Å. The kinetic diameter of SF6 is 5.13 Å.[139] So according to 
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calculation, if four small spheres are put into a larger sphere which diameter is 11 Å, the longest 

dimeter of these small spheres is 5.07 Å, which fit for the kinetic diameter of SF6 (assume the 

void of 111 and SF6 molecule as spheres).  

This uptake of SF6 is lower than the [4+6] CC3 cage (2.3 mmol/g)[139] and Mg-MOF-74 

(highest, 6.42 mmol/g), but can be comparable to frameworks like UiO-66-Zr (1.5 mmol, 293 

K),[140] CAU-17 (1.61 mmol, 273 K)[141] and MIL-100 (1.45 mmol, 283 K).[142] SF6 isotherm 

for cage 111 suggests a potential application for SF6 separation from nitrogen, and therefore a 

nitrogen isotherm was also measured at 273 K which made it possible to predict the selectivity 

based on the ideal adsorbed solution theory. 

3.1.7 Ideal adsorbed solution theory (IAST) selectivity 

The ideal adsorbed solution theory was proposed by Prausnitz and co-workers in 1965.[143] This 

theory has been widely used to study the adsorption equilibria of gas mixtures, but it only need 

the isotherms of the pure gases.[144] 

IAST is based on three assumptions: 1) the surface is the same for all gases, 2) the gases have 

no interaction to each other, and 3) the gas mixture behaves as an ideal solution.[143]  

The spreading pressure can be calculated according to Gibbs isotherm:[145] 

𝜋𝐴

𝑅𝑇
=  ∫

𝑛𝑖

𝑃𝑖

𝑝𝑖
0

0

 𝑑𝑃𝑖 (20) 

π is the spreading pressure, Pi is the partial pressure, 𝑛𝑖 is the amount of adsorbed component 

i at pressure, p. A is the surface area of the adsorbent, and R is the ideal gas constant. Pi can be 

calculated as: 

𝑃𝑖 = 𝑦𝑖𝑃 = 𝑥𝑖𝑝𝑖
0(𝜋) (21) 

Where 𝑝𝑖
0(π) is the partial pressure of component i at given temperature and spreading pressure 

π. xi is the mole fraction of component i in the mixture At equilibrium, each component has the 

same spreading pressure:  

 π𝑖 = π𝑗   𝑖 ≠ 𝑗 (22) 

The total amount adsorbed of the mixture, nt, can be calculate from: 
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1

𝑛𝑡
=  ∑

𝑥𝑖

𝑛𝑖
0

𝑁

𝑖=1

(23) 

Where N is the total species of the gas mixture, 𝑛𝑖
0is the amount of component i adsorbed at 

the same temperature and pressure when there is no other components. The actual loading of 

component i is:  

𝑛𝑖 = 𝑥𝑖𝑛𝑡 (24) 

So according to IAST, the selectivity for component A relative to component B is defined as  

𝑆𝐴
𝐵⁄ =  

𝑥𝐴
𝑥𝐵

⁄
𝑦𝐴

𝑦𝐵
⁄

(25) 

Where 𝑥𝐴  and 𝑥𝐵 are the loading of components A and B in the adsorbed phase, 𝑦𝐴 and 𝑦𝐵 are 

the partial pressure of component A and B. 

As the selectivity of IAST is calculated from the single-component system, a proper model 

must be carefully chosen for the single-component isotherm. In this chapter, for the CO2 and 

SF6 isotherms were used the Tóth model, while for the CH4 and N2 adsorption isotherms were 

used the single site Langmuir-Freundlich model. 

Langmuir-Freundlich equation:[146] 

q =  
𝑞𝑠𝑎𝑡 × 𝑏 × 𝑝

1
𝑛⁄

1 + 𝑏 × 𝑝
1

𝑛⁄
(26) 

where p is the pressure of the gas at equilibrium, q is the adsorbed amount per mass of adsorbent, 

qsat is the saturation adsorbed amount of the site, and b is the affinity coefficient of the site, and 

n is the deviation from the ideal surface. 

The Tóth equation is:[147] 

q =  
𝑞𝑠𝑎𝑡 × 𝑏

1
𝑛⁄ × 𝑝

(1 + 𝑏 × 𝑝𝑛)1
𝑛⁄

(27) 
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Figure 31. The IAST selectivity was derived using experimental, single-component isotherms of a) N2, b) SF6, c) 

CO2, d) CH4 at 273 K. The IAST selectivity of e) SF6 over N2 of cage 111 at SF6:N2 ratios of 50:50 and10:90 and 

f) CO2 over N2 at CO2: N2 ratio of 20:80 and CO2 over CH4 at CO2:CH4 ratio of 50:50 at 273 K. 

For cage 111, the Henry selectivity was SCO2/CH4 = 5.6, SCO2/N2 = 11.78, SSF6/N2 =107. The IAST 

selectivities of SF6/N2, CO2/N2 and CO2/CH4 were calculated in order to study the behaviour 

of mixture adsorption (Figure 31). Based on the industrial application,[148] the compositions of 

these two-gas mixtures used were: SF6:N2 = 10%:90% and 50%:50%, CO2:CH4 = 50%:50% 

and CO2: N2= 20%:80%, From Figure 31and Table 7, the IAST selectivity of SF6/N2 of cage 
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111 was 28 at 1 bar, 273 K, which is similar to some frameworks and zeolites (Mg-MOF-74:[138] 

20, at 1bar, 298 K, Ca-A-zeolite:[141] 28, at 1bar, 298 K, MIL-100:[142] 24, at 1bar, 298 K, CAU-

17:[149] 31, at 1 bar, 273 K), but lower than Cooper’s CC3 cage (178, 1 bar, 273 K)[139], 

Zeolite-13X (44, 1 bar, 298 K),[150] Uio-66-Zr (74, 1 bar, 298 K).[140] But from the IAST curve 

of SF6/N2, the selectivity increases at lower pressure, for instance, at 0.1 bar, the IAST 

selectivity of SF6/N2 (10:90) would become 78. The selectivity decreases if the percentage of 

SF6 is increased to 50%, but the curves of IAST selectivity are of similar shape, which inferrs 

that cage 111 has better selectivity on SF6/N2 at lower pressure. The IAST selectivity of CO2/N2 

is 11 (1 bar, 273 K, 20: 80), and CO2/CH4 is 5 (1 bar, 273 K, 50:50). Although from Figure 31, 

the selectivity for all these group of mixtures becomes higher at the lower pressure, they still 

exhibit some differences. For SF6/N2, it slowly increases from 1 bar to 0.3 bar, but from 0.3 to 

0.1 bar, the selectivity increases sharply. For CO2/CH4 and CO2/N2, the selectivity stays more 

or less constant from 1 bar to 0.2 bar, and shows a sharp increase when the pressure is lower 

than 0.1 bar, which is no longer the effective range of IAST selectivity. So comparing IAST 

selectivity and Henry selectivity, the Henry selectivity is almost the same as the IAST 

selectivity for CO2/N2 and CO2/CH4, but for SF6/N2, it differs a lot. This may be because of the 

adsorbed amount of SF6 increases more quickly in low pressure area than for CO2, which is 

consistent with the gas sorption isotherms of these two gases at 273K (Figure 29, Figure 30). 

Table 7. Comparison of gas sorption data of cage 111 with selected literature known materials which showed 

adsorption of SF6. 

Entry SABET 

(m2/g)a 

Uptake in mmol/g 

(273 K, 1bar) 

IAST selectivity  

SF6/N2 (10:90) 

Ref. 

111 588 1.61  28(1 bar, 273 K) 

78(0.1 bar, 273 K) 

 

CC3 624 2.3 178 (1 bar,273 K)  

150(0.1 bar, 273 K) 

139 

Zeolite-13X n.d. n.d. 44 (1 bar,298 K) 150 

Mg-MOF-74 1640 6.42 (298 K) 20 (1 bar,298 K) 138 

Zn-MOF-74 992 3.3 (298 K) 46 (1 bar,298 K) 138 

UiO-66-Zr 1290 1.5 (293 K) 74 (1 bar,298 K) 140 
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Ca-A-zeolite n.d. n.d. 28 (1 bar,298 K) 

Molecule sieve 

141 

CAU-17 530 1.61 (273 K) 31 (1 bar, 273 K) 149 

MIL-100 1772 1.45 (283 K) 24 (1 bar,298 K) 142 

a: SA = specific surface area, N2, 77 K 

3.1.8 Conclusion 

A series of terphenyl disalicylaldehydes with different side-chains were designed and 

synthesized. These aldehydes were used as precursors for the synthesis of ten new [2+3] 

terphenyl imine cages. All these cages show good solubility in DMF or THF compared with 

[2+3] terphenyl cage 103 (without side-chain). Five crystal structures of cages are obtained, 

and cage 104 (hexyl chains), 105 (octyl chains), 110 (oxypentene chains) and 112 (shorter ether 

chains) show similar unit cell parameters and packing motifs. According to nitrogen sorption 

data, cage 111 (perfluorobutyl chains) has a specific surface area SABET = 588 m2/g, while the 

other cages exhibit no porosity in the crystalline or amorphous phase. Cage 111 also presents 

a good Henry selectivity of SF6/N2 SSF6/N2 = 107, and an IAST selectivity of SF6/N2 (10:90, 273 

K) SSF6/N2 = 28, which gives cage 111 potential application in gas separations. 
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3.2 Synthesis and characterization of “three-component” cages 

In Chapter 3.1, a series of new imine cages were synthesized by introducing side-chains into 

the aldehyde building blocks. In this chapter, a new amine building block is synthesized by 

linking two triaminotriptycenes with a pyridine via amide bonds. This new amine building 

block can react with aldehydes to give new cages linked by imine bonds. As the amine building 

block has contained amide bonds already, the new synthesized cage contains two different 

linking bonds.  

Meanwhile, there are some literature reports that the angle of the building blocks can determine 

the shape of the resulting cage.[54] In this chapter, the new amine building block is reacted with 

aldehydes with different length (by changing linkers), to see if the length of the aldehyde 

building block will affect the shapes of the formed cages. 

3.2.1 Synthesis of tetraamine and dialdehyde building blocks 

 

Scheme 18. Synthesis route of compound 114. [151-153] 

 

Scheme 19. Synthesis of compound 115, 119 and 120.[151] 

The final product tetraamine 114 is obtained after three steps from triamine 19 (Scheme 18). 

Tert-butyloxycarbonyl (Boc) was used to prectect the amine group of  triamine triptycene 19 

first (Scheme 19), [151] in this reaction, three different products (one-fold 1119, two-fold 115 
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and three-fold 120, Scheme 19) were obtained and isolated by column chromatography. The 

1H NMR spectra of these three compounds are presented in Figure 32. Protons Ha, Ha’ and 

Ha’’of the amines protected by Boc group show signlet at δ = 9.1 ppm. Protons Hh’ and Hh’’of 

the free amines groups show singlet at δ = 4.8 ppm. Three-fold 120 doesn’t show the singlet at 

δ = 4.8 ppm, and the ratio of the protected amine proton Ha and the bridgehead-H is 3:2, which 

indicates that three amine groups are all protected by Boc groups. For two-fold product 115, 

the ratio of protons Ha’(-NH-): Hh’(-NH2): bridgehead-H = 1:1:1, indicating two amine groups 

are protected by Boc groups. For one-fold product 119, the ratio of protons Ha’’(-NH-): Hh’’(-

NH2): bridgehead-H = 1:4:2, which suggests only one amine group was protected by Boc group. 

 

Figure 32.1H NMR spectra of compound 115,119 and 120 (DMSO-d6, 300 MHz) 

Compound 117 is synthesized] with pyridine dicarbonyl dichloride 116 and two-fold triptycene 

115 (Scheme 18).[152] The reaction was done in THF at room temperature and ratio of two 

starting materials (115:116) is 2:1.2, giving the yield of 86% after washing with water. The 

Boc protecting groups were deprotected in 10% TFA in DCM,[149] giving the final product 118 

as a colourless powder with a yield of 98%. 

The 1H NMR spectrum of 118 is shown in Figure 33. The singlet Hk at δ = 4.73 ppm is the -

NH2 protons while the singlet Ha at δ = 10.78 ppm is the –NH- proton which is linked to the 

120

115

119
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triptycene and pyridine. The ratio Hk:Ha = 4:1, which fits for the structure of 118 (four amino 

groups and two amide groups). Two bridgehead proton Hj and Hj’(δ = 5.13 and δ = 5.06 ppm) 

are shown in the 1H NMR spectrum.Eight different peaks appears in the aromatic region, which 

can be assigned to two protons in pyridine (Hb, Hc) and six protons in aromatic part of 

triptycene (Hd, He, Hf, Hg, Hh, Hi). The MS of compound 118 is found at m/z = 729.267 

(Calculated: 729.84), which also proves the formation of 118.  

 

Figure 33. 1H NMR spectrum of compound 118 (DMSO-d6, 500 MHz). 

A single crystal of 118 was obtained by diffusing methanol into a solution of 118 in THF. 118 

crystallizes in the monoclinic, space group C2/c, a = 23.5123Å, b = 18.7580Å, c = 22.9427 Å, 

V = 9473.7 Å3. 118 shows a tweezer-like shape in the crystal with an angle of 108 °C 

(Figure 34). The driving forces of packing are mainly π···π interaction (between triptycene 

groups) with the distance of 2.65 Å (Figure 34), and hydrogen bonds (-NH∙∙∙N, between two 

amino groups from adjacent 118 molecules, Figure 34). 
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Figure 34. Crystal structure and interaction in packing motif of 118. 

 

Scheme 20.Chemical structures of disalicylaldehydes and their length between O···O of two aldehyde groups 

(calculated by MM2 model). 

Dr. M. Schneider from the Mastalerz group used several disalicylaldehydes with different 

length to reacted with triamine 19 and synthesized a series of [4+6] or [2+3] imine cages.[49] 

Similar aldehyde building blocks (Scheme 20) were chosen to react with the tetraamine 118 to 

investigate if new imine cages can be obtained. The distance between the aldehyde groups 

(O···O distance) ranges from 5.05 Å to 17.8 Å (calculated by MM2 model, Scheme 20). which 

makes it possible to study whether the length of aldehydes affect the formation of cages. 

Aldehyde 20 is commercial available. The synthesis of 121, 21, 22, 102 were done according 

to the Ph.D. thesis of Dr. M. Schneider.[49b] 
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Scheme 21. Synthesis of compound 121.[153]  

Bisaldehyde 117 was synthesized from salicylaldehyde 119 and trioxane 120 with a yield of 

43% after recrystallization from acetone (Scheme 21).[153] Because the methylene bridge which 

links the two benzene rings is not planar, the two aldehyde groups have a bond angle of 113.5° 

while the other bissalicylaldehydes are 180°.  

 

Scheme 22. Synthesis of compound 22.[49b] 

Bissalicylaldehyde 22 was synthesized in three steps from dimethoxybenzil 125 (Scheme 22). 

Clemmensen reduction[154] was used as the first step to reduce the ketone 125 to the methylene 

compound 126 with a yield of 72%.[49b] The amount of zinc was more than ten equivalents of 

125 because if not enough zinc was used, the mono-reduced product would be obtained 

(Scheme 22). The following step was the formylation of 126 to 127, and the pure compound 

could be purified by column chromatography.[49b] The final product was obtained through 

cleaving the methyl ether by boron tribromide.[49b]  
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Scheme 23. Synthesis of compound 102.[49b] 

Aldehyde 102 was synthesized by Suzuki-Miyaura reaction (Scheme 23).[114] Benzene 

diboronic acid 31 and bromide salicylaldehyde 73 were reacted in a by Pd(Ph3)4 catalyzed 

reaction to obtain aldehyde 102 with a yield of 30%.[49b] Similar terphenyl aldehydes modified 

with alkyl chains 53 are also used in further reactions (see in 3.1.1, page 22).  

 

Scheme 24. Synthesis of compound 122. 

Bissalicylaldehyde 122 was synthesized by Suzuki-Miyaura reaction.[114] The reaction was 

conducted with t-Bu salicylaldehyde 95 and diboronic ester 128 (Scheme 24). 122 was purified 

by column chromatography and obtained as light yellow powder with a yield of 34%. 
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3.2.2 Reaction of amine 118 and aldehyde 20 

 

Scheme 25.Reaction of compounds 118 and 20. 

t-Bu salicylaldehyde 20 has been used to react with triamine 19 and successfully produced the 

[4+6] imine cage.[45] The reaction was performed in THF at room temperature for seven days. 

In this chapter, 20 is used to react with tetraamine 118 to see if they can form an [4+2] cage 

(Scheme 25). This reaction was performed under different conditions (Table 8), such as 

different solvents (THF, DMF, ethyl acetate), different temperatures (room temperature or 

heated) or different amount of catalyst TFA (Table 8). The starting materials dissolved well in 

THF and DMF at the beginning of the reaction, however, orange solids appeared after half an 

hour in all cases. These orange solids could not be dissolved in organic solvents (DMF, DMSO, 

chloroform, ethanol, etc.) anymore, which made it a problem to monitor the reaction by NMR.  

The MALDI-TOF MS spectrum taken from the reaction in DMF at 90 °C (reaction mixture, 

entry 5, Table 8) shows a lot of peaks (Figure 35). Firstly, no peak fits for the desired cage 

compound (m/z =2140.48). But there are some [n∙ amines + m∙ aldehydes] by-products in the 

reaction mixture: the peak m/z = 1482 can be assigned as one amine 118 condensed with four 

aldehydes 20, while the peak m/z = 2553 fits for three 118 molecules reacted with two 

aldehydes 20. However, there are still many peaks, including two strong peaks m/z = 2799 and 

m/z = 3418, which cannot be assigned to the [n∙ amines + m∙ aldehydes] form. The reactions in 

THF and ethyl acetate showed similar results. The MS results showed that amine 118 reacted 
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with aldehyde 20 and formed [n∙ amines + m∙ aldehydes] products, but no highly-ordered cage 

compounds were formed.  

 

1000 1500 2000 2500 3000 3500 4000

m/z
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[1+4] -4H2O

2553

[3+2]+Na+

-4H2O

2799

3148

3211

30052348

21601892

 

Figure 35. MS spectrum of the reaction of 118 and 20 (reacted in DMF at 90 °C, MALDI-TOF, matrix: DCTB). 

Table 8. A small reaction condition screening for the reaction of 118 and 20. 

entry solvent temperature time Result 

1 THF(4% TFA) RT 5d [1+4] by-product 

2 THF (4% TFA) 80˚C 3d [1+4] by-product 

3 THF (without TFA) RT 5d no [n∙ amines + m∙ aldehydes] by-

product observed 

4 THF (8% TFA) RT 5d [1+4] by-product 

5 DMF(4% TFA) 90˚C 3d [1+4], [3+2] by-product 

6 EA (4% TFA) RT 5d no [n∙ amines + m∙ aldehydes] by-

product observed 

7 EA (4% TFA) 70˚C 3d [1+4] by-product 
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3.2.3 Reaction of amine 118 and aldehyde 21 

 

Scheme 26.Synthesis of compound 129. 

The reaction of 118 and bissalicylaldehyde 21 was carried out in THF at 90 °C, using the same 

reaction conditions used to synthesize [2+3] imine cage 24 (Scheme 26).[49] In this case the 

solubility of the product improved compared with the reaction between 118 and 20, although a 

small amount of orange precipitate still appeared during the reaction. After removing the 

precipitate by filtration, the product was obtained by adding water to the filtrate with a yield of 

30%. In order to improve the yield, the same reaction was done in DMF. During the reaction, 

the mixture remained transparent. The product was obtained by dropping the concentrated 

reaction solution into methanol, and the yield of this reaction increased from 30% to 55%.  

 

Figure 36.1H NMR spectrum of compound 129 (THF-d8, 500 MHz). 
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The 1H NMR spectrum is shown in Figure 36, and the characteristic peaks exhibited in this 

spectrum are the singlet of Ha at δ = 11.66 ppm (–OH proton), singlet Hb at δ = 10.04 ppm (–

NH- proton) and singlet Hk at δ = 9.12 ppm (imine proton). Two singlets at δ = 5.72 ppm 

correspond to the bridgehead protons of triptycene. The ratio of Ha: Hb:Hk is 2:1:2, which 

indicates two equivalents of 21 react with one equivalent of 118. MALDI-MS was done to 

confirm the structure of the product. In the MS spectrum (Figure 37), only the [2+1] product 

(m/z = 1142.401, calculated result [M+H] + = 1142.24) can be observed.  

 

Figure 37. MALDI-TOF MS spectrum of cage 129. 

Diffusion-ordered spectroscopy (DOSY) is a powerful tool to calculate the size of the cage. 

DOSY can separate the NMR signals of different species according to their different diffusion 

coefficient.[155] The diffusion coefficient D of the cage compounds can be determined by the 

DOSY-NMR, which can be used to calculate the solvodynamic radius rs of the cages at a 

temperature T according to the Stokes-Einstein equation:[156] 

D =
𝑘𝐵𝑇

𝑐𝜋𝜂𝑟𝑠

(28) 

Where D is diffusion coefficient (m2·s-1) 
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           kB is Boltzmann constant (1.3806485×10-23 ·m2·kg ·s-2 ·K-1) 

          T is absolute temperature (K) 

          η is viscosity of medium (kg· m-1·s-1)  

          rs is solvodynamic radius of analyte (m) 

          c is size factor 

As c could be defined as:[157] 

𝑐 =
6

1 + 0.695 (
𝑟𝑠𝑜𝑙𝑣

𝑟𝑠
)

2.234
(29)

 

Where rsolve is the hydrodynamic radius of the solvent used for DOSY-NMR (m) 

D can be written as: 

𝐷 =
𝑘𝐵𝑇

(
6

1 + 0.695 (
𝑟𝑠𝑜𝑙𝑣

𝑟𝑠
)

2.234) 𝜋𝜂𝑟𝑠

(30)

 

So if the diffusion coefficient D is obtained by DOSY NMR, it is easy to calculate the 

hydrodynamic radius of the molecule. 

According to the DOSY-NMR spectrum of cage 129 (Figure 38), three groups of signals can 

be found in the spectrum which were assigned as DMSO, water and cage 129. The 

solvodynamic radius rsolv of DMSO at 298K is 0.263 nm, η is 1.99 ×10-3 kg·m-1·s-1 according 

to literature,[158] the diffusion coefficient D of cage 129 measured from this spectrum is 1.12 

×10 -10 m2/s. So according to the equation (30), rs of cage 129 is 0.82 nm, which fits the MM2 

model of [2+1] cage 129 (Figure 38) 
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Figure 38. DOSY NMR of cage 129 (DMSO-d6, 400 MHz). The inset shows the sticks representation of the MM2 

model of cage 129 with a sphere with the size of the calculated solvodynamic radius in its center 

3.2.4 Reactions of amine 118 and other aldehydes 

The reactions of amine 118 with aldehydes 121, 22 or 102 (Scheme 27) were done in DMF 

with TFA as catalyst, heated to 80 °C for two days, using the same conditions used for 

synthesizing the [2+1] cage 129. The observations made during these three reactions are similar 

so they are discussed together. The starting materials dissolved well in DMF at the beginning 

of the reaction, but a lot of orange precipitate appeared after one hour. The precipitate could 

not dissolve in organic solvents such as DMF, DMSO and THF, which made it difficult to 

monitor these reactions by NMR. 

MALDI-MS measurements were done with the precipitates and filtrates of these three reactions. 

The filtrates of the reactions show no peaks of m/z > 650. The MS of the precipitates show 

peaks which fit the cage compounds (Figure 39). The reaction of amine 118 with aldehyde 121 

(with methylene linker) shows peaks at m/z = 1170.41 and 1192.39 in the MS spectrum, which 

fit for the molecular weight of the [2+1] cage (two aldehydes + one amine, [M+H]+, calculated: 

m/z = 1170.39, [M+Na]+ calculated: m/z = 1192.28. Scheme 27, Figure 39a) The reaction of 

amine 118 with aldehyde 22(with ethylene linker) shows peaks at m/z = 1196.69 and 1218.68 
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in the MS spectrum, which also fit for the molecular weight of [2+1] cage ([M]+ calculated: 

m/z = 1196.41, [M+Na]+ calculated: m/z = 1219.04, Scheme 27, Figure 39b). The reaction 

between amine 118 and aldehyde 102 (with phenyl linker) shows a peak at m/z = 2589.05, 

which fits for the molecular weight of the [4+2] cage ([M+H]+ calculated: m/z = 2588.85, 

Scheme 27, Figure 39c). Although these insoluble solids are difficult to purity further, the 

results of the MS measurements give a hint that the length of the aldehyde building block has 

an influence on the size of the cages.   

 

Scheme 27. Reactions between amine 118 and aldehydes 121, 22 or 102. 
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Figure 39. MS spectra of compound 118 reacted with a) compound 121, b) compound 22, c) compound 102 in 

DMF (MALDI-TOF, matrix: DCTB). 

In order to improve the solubility of the product, aldehyde 53 (phenyl linker with hexyl chains) 

was chosen to react with amine 118 (Scheme 28). The precipitate appearing in this reaction has 

better solubility than the precipitate formed in the reaction with aldehyde 102.  

The MS spectrum (Figure 40) of the precipitate shows peaks at m/z = 1631.08, 3263.19 and 

4894.73, which fit for the molecular weight of a [2+1] cage ([M]+ calculated: m/z = 1630.8), a 

[4+2] cage ([M+H]+ calculated: m/z = 3262.61) and a [6+3] cage ([M+H]+ calculated: m/z = 

4894.41), respectively.  

An NMR spectrum was measured in THF-d8 (Figure 40). However, the peaks in this 1H NMR 

spectrum are too broad to see the splitting. Some characteristic peaks can be observed in this 

NMR spectrum. The –OH proton shows a peak at δ = 13.01 ppm, the –NH– shows a peak at 

δ = 10.08 ppm and the proton of the imine bond shows a peak at δ = 8.69 ppm. The bridgehead 

protons show peaks at δ = 5.52 and 5.48 ppm.  
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Scheme 28. Reaction between amine 118 and aldehyde 53 (with hexyl chains) 
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DOSY NMR was done to measure the size of the cage. Although three different products can 

be observed in the MS spectrum, only one signal is observed on DOSY NMR spectrum, except 

for the solvent. According to the DOSY NMR spectrum (Figure 41), The solvodynamic radius 

rsolv of THF at 298K is 0.263 nm, η is 0.48 ×10-3 kg·m-1·s-1,[158] the diffusion coefficient D of 

product measured from this spectrum is 2.45 ×10 -10 m2/s. According to the equation (30), the 

rs of the product is 1.8 nm. This radius fits for both the [4+2] cage (the distance between two 

pyridines is 3.5 nm) and the [6+3] cage (the distance between the pyridine and the opposite 

terphenyl linker is 2.9 nm) based on their MM2 models (Figure 41). The MM2 model of the 

[2+1] cage shows the distance between the pyridine and opposite terphenyl linker is 15 nm 

(Figure 41), which not fits for the rs calculated from DOSY NMR. This may be because the 

amount of the [2+1] cage is too small to be observed in the DOSY NMR spectrum. 

 

Figure 40. top:1 H NMR spectrum of the crude product from the reaction of 118 with 53 (THF-d8, 500 MHz). 

bottom: MS spectrum of the crude product (MALDI-TOF, matrix: DCTB). 
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Figure 41. Top: The MM2 models of the [2+1] product, the [4+2] product and the [6+3] product from the reaction 

between amine 118 and aldehyde 53. The radii of the sphere in the centre are 1.1 nm, 1.8 nm and 1.8 nm, 

respectively. Down: DOSY NMR of reaction between amine 118 and aldehyde 53 (THF-d8, 400 MHz) 

Size exclusion chromatography (SEC) was used in an attempt to separate these three cages 

because their molecular weights differed a lot. Unfortunately, after the SEC column (DMF as 

mobile phase), no product could be observed in the 1H NMR spectra and MALDI-MS spectra. 

One possible explanation is that these imine cages decompose on the SEC column. Several 

crystallization methods were tried in an attempt to purify or enrich one cage, but no crystalline 

material was formed during these attempts. 
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Scheme 29. Reaction between amine 118 and aldehyde 112. 

 

Figure 42. ) 1H NMR spectrum of the crude product from the reaction of 118 with 122 (THF-d8, 500 MHz). b) 

MS spectrum of the crude product (MALDI-TOF, matrix: DCTB). 
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The reaction of amine 118 with the longest aldehyde 122 (with biphenyl linker) was performed 

in DMF at 80 °C for two days (Scheme 29). The experimental observations were similar to the 

reaction with 53 (phenyl linker with hexyl chains), but the solubility of the product was worse. 

The MALDI-MS spectrum shows a peak at m/z = 3343.225, which fits for the [4+2] product 

([M+H]+ calculated: m/z = 3343.14, Scheme 29, Figure 42). The 1H NMR spectrum is shown 

in Figure 42. From the 1H NMR spectrum, the proton of imine bond can be observed as a singlet 

at δ = 8.79 ppm, and bridgehead protons of triptycene are found at δ = 5.56 and 5.49 ppm. 

Impurities can also be observed in the 1H NMR spectrum. SEC column chromatography was 

also tried to purified the product, but like in the reaction with aldehyde 53, this imine cage also 

decomposed on the column. Recrystallization was also attempted, but no crystalline material 

formed. 

3.2.5 Conclusion 

In this chapter, a new amine building block 118 was synthesized in three steps from triamino 

triptycene 19 and a new [2+1] cage 129 was synthesized formed amine 118 and bisphenyl 

aldehyde 21.This new amine building block was used to react with eight disalicylaldehydes, in 

order to investigate whether the length of the aldehydes has an influence on the formation of 

the cage compounds. According to the crystal structure of compound 118, the distance between 

the two triptycenes is 13 Å. For aldehyde building blocks shorter than this distance (21, 22, 

121), the [2+1] product is preferred as the starting materials easily form this kind of pre-

organized structures. For the aldehyde building blocks with the equal distance 102, the [4+2] 

product is preferred according to the MS spectrum. For aldehyde 53, the [2+1] product, the 

[4+2] product and the [6+3] product were formed. For the aldehyde building block with longer 

length (122), the [2+1] product cannot be formed during the reaction, instead, the [4+2] product 

was formed. For amine 118, the length of aldehyde building blocks is important for the 

formation of the cage compound (Scheme 30). 
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Scheme 30. Conclsion of amine 118 reacted with aldehydes with different length. 
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3.3 Transforming a chemically labile [2+3] imine cage into a robust 

carbamate cage  

Dynamic covalent chemistry (DCC) is applied to synthesize shape-persistent organic cages 

because the high yield and self-correcting effects.[4, 35] However, the reversible reaction of DCC 

is also a double-edged sword in material science. For instance, the imine bonds, which are 

commonly used to construct organic cages, are susceptible to hydrolysis in the presence of 

water, especially in acidic or basic environment.[106] The cages formed by imine bonds, like the 

[4+6] cage from the Cooper group, are easily cleaved in highly acidic or basic solutions.[107] 

Because of their instability, wider applications of the cages have been limited. For example, 

the cage compounds have shown potential applications in gas separation and purification,[88] 

but in the industrial field, the exhaust gases are often mixed with water vapour.[159]  

A common way to stabilize the imine bonds is to reduce them to amine bonds,[67] but the 

reduction often results in a loss of the shape persistency of the cage compounds, which leads 

to the loss of the porosity of the material.[67, 107] Until now, only few examples of shape-

persistent organic cages with high pH stability have been reported. [107, 160] Therefore a new 

method to produce pH-stable cage compounds is needed. 

3.3.1 Synthesis of a [2+3] carbamate cage 

 

Scheme 31. Synthesis of [2+3] imine cage 24.[49]  

The [2+3] imine cage 24 was synthesized by a six-fold condensation of triaminotriptycene 19 

and bissalicylaldehyde 21 according to literature,[49] in THF with a catalytic amount of TFA at 

90 °C with a yield of 56% (Scheme 31).  

The [2+3] imine cage 24 was reduced with NaBH4 in methanol to obtain the amine cage 130. 

Although the reduced amine cage 130 could be observed by 1H NMR spectrum, the yield of 

this reaction was only 10%, which was much lower than the similar reduction for other imine 

cages.[67],[107] This may be because the poor solubility of cage 24 in methanol prevents the 
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progress of the reaction. In order to improve the solubility, the reaction was performed in a 

THF/methanol mixture (THF: methanol = 1:1). After extracting with ethyl acetate, amine cage 

130 was obtained in a 54% yield. Subsequent treatment with N, N’-carbonylbisimidazole (CDI) 

in DMF at room temperature gave the carbamate cage 131 in 62% yield as a colourless solid 

(Scheme 32) after column chromatography. Both cages were characterized by 1H NMR, 13C 

NMR, MALDI-MS, elemental analysis and IR. 

 

Scheme 32. Synthesis of carbamate cage 131. 

The 1H NMR spectra show big differences among cage 24, 130 and 131. For instance, imine 

cage 24 shows characteristic peaks of the protons of imine bonds (e in Figure 43) at δ = 9.27 

ppm and the protons of –OH group (Ha in Figure 43) at δ = 12.7 ppm. For reduced amine cage 

130, the amine protons give a broad pseudo-triplet peak (Hf’ in Figure 43) by coupling with the 

methylene protons (He’ in Figure 43) at δ = 5.4 ppm, indicating the success of the reduction. 

The –OH proton (Ha’ in Figure 43) shows a large up-field shift compared with the imine cage 

24, which appears at δ = 9.4 ppm. For carbamate cage 131, the –OH and –NH– peaks both 

disappear in the spectrum. What can be seen in the spectrum are six peaks in the aromatic 

region, two bridgehead proton peaks (δ = 5.5 and 5.8 ppm) and a singlet for the methylene 

group (δ = 4.9 ppm, Hd’’ in Figure 43). The most characteristic peaks are the two peaks of the 

triptycene bridgehead protons at δ = 5.5 and 5.8 ppm (Figure 43), and the peak of the carbonyl 

C-nucleus of the formed carbamate unit at δ = 150.9 ppm in the 13C NMR spectrum. The IR 

spectra also prove the formation of these two cages (Figure 44). The spectrum of cage 130 

shows a broad stretching band at ṽ = 3341 cm-1, which can be assigned to the –NH- and –OH- 

groups.[162] The IR spectrum of cage 131 (Figure 44) shows the characteristic stretching band 

of the carbamate CO (ṽ = 1729 cm-1).[161] The MALDI-MS spectra also give the fitting results 

for the cages (cage 130: calculated :1229.45, found m/z =1229.495, cage 131: calculated: 

1385.41, found m/z =1385.367). 
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Figure 43. 1H NMR spectra (DMSO-d6, 500 MHz) of imine cage 24 (top), amine cage 130 (middle) and carbamate 

cage 131 (bottom). 
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Figure 44.IR spectra of cage 130 and cage 131. 130 and 131 are shown in red line and blue line, respectively. 
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Figure 45. DOSY NMR of cage 131 (DMSO-d6, 400 MHz). The inset shows the sticks representation of the MM2 

model of cage 131 with a sphere with the size of the calculated solvodynamic radius in its center 

 

According to the DOSY-NMR of cage 131 (Figure 45), three groups of signals can be found 

in the spectrum, which are assigned as DMSO, water and cage 131. The solvodynamic radius 

rsolv of DMSO at 298K is 0.263 nm, η is 1.99 ×10-3 kg·m-1·s-1 according to literature,[162] the 

diffusion coefficient D of cage 131 measured from this spectrum is 1.34 ×10 -10 m2/s. So 

according to the equation (30), rs of cage 131 is 0.82 nm, which fits the MM2 model of cage 

131 (Figure 45), where the distance between the two inter bridgehead hydrogen atoms is 0.86 

nm. 

3.3.2 Crystal structure of the carbamate cage 

For the amine cage 130, although several methods have been tried 

to grow single crystals, only amorphous materials were obtained. 

For the carbamate cage 131, single crystals were obtained in two 

ways: 1) mixing a DMSO solution of 131 into acetone (polymorph 

α, Figure 47a) or diffusing methanol into a solution of 131 in DMF 

(polymorph β, Figure 47b). Both polymorphs crystallize in the 

triclinic space group P-1. However, polymorph β, which contains 

two molecules in the asymmetric unit, has a larger unit cell (V = 
Figure 46. CH-π interaction in 

Cage 131.  
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9758 Å3) than polymorph α (V = 4204 Å3), with only one molecule in the asymmetric unit. The 

distance between the inner triptycene bridgehead hydrogen atoms (8.5 Å) is substantially larger 

than for the [2+3]-imine cage 24 (7.8 Å),[49a] and the size measured from the crystal structure 

fits with the one calculated by DOSY-NMR (rs = 0.82 nm, see in Figure 45). However, because 

of the rotation of the biphenyl linker, instead of π –π and CH-π interaction like for cage 24,[49a] 

in both polymorphs, the cages are packing mainly via the CH-π interactions (dCH-π =2.6 Å, 

Figure 46). 

 

Figure 47. Single crystal structure of cage 131. a) molecular structure of polymorph . b) molecular structure of 

polymorph β. pore system of c) polymorph  and d) polymorph β, for a probe of radius 1.82 Å. 

What is more interesting is that these two polymorphs show different pore systems (Figure 47c, 

d). Polymorph β (from DMF/methanol) has a three-dimensional pore system as well as some 

‘dead-ends’ which cannot connect with other pores (Figure 47d). For polymorph  (from 

DMSO/acetone), only isolated pores which are surrounded by cage molecules can be found 

(Figure 47c). The cages packs in a “window-to-arene” fashion,[164] which results in the cavities 

of cages not being connecting with each other. In polymorph β, although the cages also pack 

in a “window-to-arene” fashion, two molecules being in the asymmetric unit result in a more 

loose packing pattern for polymorph . The calculated pore volume for polymorph β is 29% 
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of the cell volume for a probe with a radius of 1.82 Å, which is smaller than for the [2+3] imine 

cage 24 (72%).[49] These two kinds of polymorph suggest cage 131 is potentially porous, but 

the type of polymorphs is really important. 

3.3.3  pH stability of the carbamate cage. 

To investigate the stability of cage 131 in different pH environments, some analytical methods 

need to be used to prove that the cage compound does not decompose. According to 

literature,[109] NMR spectroscopy, Powder X-Ray Diffraction (PXRD), Electron microscopy, 

etc. are often used as proof of the stability of cages in different chemical or physical 

environments. The experiments of cage 131’s stability at different pH were done in the 

following way (Scheme 33): a certain amount of cage 131 (see in Table 9) was weighed and 

stirred with 1 mL HCl or NaOH solution (with different concentrations) for 8 h to 5 days. After 

the treatment, the solid was filtered and washed until pH of 7 was reached. 1H NMR 

experiments were carried out to see if cage 131 was decomposed or not. The same experiments 

were done with imine cage 24 for comparison. The treatment at higher temperature was done 

in the same way. Besides HCl and NaOH, the stability in TFA and nitric acid were investigated 

by a similar procedure. 

 

Scheme 33.Experimental procedure for the pH stability of cage 131 and cage 24. 

First, diluted HCl (1 M, pH= 0) was tested at room temperature (entry 3 and 5 in Table 9). 

Neither after 16 h nor after 5 days any decomposition was observed: the carbamate cage 57 

was nearly fully recovered, concluding that the material is stable at pH = 0. Even when this 

mixture was heated to 100 °C (entry 4, Table 9), no structural change was detected in the 

corresponding 1H NMR spectrum (Figure 48). The next test was the stability in concentrated 

HCl (10 M, see in entry 1, Table 9). The 1H NMR spectra showed that the carbamate cage is 

stable at pH = -1 at room temperature. The carbamate cage 131 started to decompose only when 

heated to 100 °C (entry 2, Table 9 and Figure 48). For the basic conditions, the carbamate cage 

131 is stable in 1 M NaOH (pH = 14) at room temperature, even for a longer time (entry 7 and 

9, Table 9, Figure 49). The compound does not decompose in 1 M NaOH at 100 °C (entry 8, 
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Stir under 
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(temperature, 

time...)

Filter the 
solid, wash 

until the 
filtrate is 
neutral
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Table 9). Only in concentrated NaOH (10 M), the compound degrades at room temperature 

(entry 6, Table 9). Besides HCl, some other acids were used in these experiments. In 

concentrated trifluoroacetic acid compound 131 is stable, whereas in concentrated nitric acid, 

which is an oxidizing acid, it starts to decompose (entry 10 and 11, Table 9). 

Table 9. The weight change of cage 131 after the treatments under acidic or basic conditions. 

Entry Treatment Weight (before) 

(mg) 

Weight (after) 

(mg) 

Weight loss (%) 

1 10 M HCl (16 h) 3.3 3.1 6.1 

2 10 M HCl (8 h, 100 °C) 3.4 2.7 20.7 

3 1 M HCl (16 h) 2.7 2.5 7.4 

4 1 M HCl (16 h, 100 °C) 3.1 2.9 6.4 

5 1 M HCl (5 d) 3.7 3.5 5.4 

6 10 M NaOH (16 h) 4.2 0.6 85.7 

7 1 M NaOH (16 h) 1.9 1.8 5.2 

8 1 M NaOH (16 h, 100 °C) 2.9 2.8 3.5 

9 1 M NaOH (5 d) 3.2 3.1 3.1 

10 trifluoroacetic acid (16 h) 4.5 4 11 

11 16 M HNO3 (16 h)  5.3 4.5 15 

 

Figure 48. Comparison of the 1H NMR spectra of cage 131 after treatment under acidic conditions (300 MHz, 

DMSO-d6). 

Cage 131

Cage 131 +10 M HCl (rt, 16 h)

Cage 131 +10 M HCl (100 °C, 16 h)

Cage 131 +1 M HCl (rt, 16 h)

Cage 131 +1 M HCl (100 °C, 16 h)

Cage 131 +1 M HCl (rt, 5 d)
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Figure 49. Comparison of the 1H NMR spectra of cage 131 after treatment under basic conditions (300 MHz, 

DMSO-d6). 

To investigate if the chemical stability is improved through the post-synthetic modification, 

the same stability tests were done with imine cage 24 (Table 10). In contrast to the high acidity 

stability of the carbamate cage 131, the imine cage 24 started decomposing at pH = 4 (0.001 

M HCl, rt, 16 h, Figure 50). Although the largest fraction was still intact, the characteristic 

signals of the bissalicylaldehyde 21 could be found in the 1 H NMR spectrum of the remaining 

solid at δ = 10.32 and 10.81 ppm (Figure 50). In basic conditions, cage 24 began to decompose 

at pH = 10 (0.001 M, rt, 16 h), shown by the two peaks for the aldehyde precursor appearing 

in the 1H NMR spectra (Figure 51). 

 A large weight loss after treatment in 1M HCl solution was observed (entry 1, Table 10), and 

the 1H NMR proved the remaining solid was the bissalicylaldehyde 21 (Figure 50). The other 

part which dissolved in the acidic solution was also characterized and it turned out to be the 

triaminotriptycene 19, whose –NH2 proton signal was shifted to lower field and became a broad 

peak. (Figure 52). Comparing the performance of imine cage 24 with carbamate cage 131, 

introducing the carbamate group to the imine cage can significantly enhance the chemical 

stability from pH 4 to 10 to pH -1 to 14.  

Cage 131

Cage 131 + 1 M NaOH (rt, 16 h)

Cage 131 + 1 M NaOH (100 °C, 16 h)

Cage 131 + 1 M NaOH (rt, 5 d)
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Table 10. The weight loss of cage 24 after treatments under acidic or basic conditions 

Entry Treatment Weight 

(before) (mg) 

Weight 

(after)(mg) 

Weight loss(%) 

1 1 M HCl (16 h) 5.9 2 66.1 

2 0.1 M HCl(16 h) 4.4 3.5 20.4 

3 0.01 M HCl (16 h) 4.2 3.8 9.5 

4 0.001 M HCl (16 h) 5.2 4.9 5.7 

5 0.0001 M HCl (16 h) 3.4 3.3 2.9 

6 0.0001 M HCl (16 h,100 C) 3.4 3.0 13.3 

7 0.00001 M HCl (16 h) 3.8 3.6 5.2 

8 0.00001 M HCl (16 h,100 C) 3.6 3.3 8.3 

9 1 M NaOH (16h) 5 0 100 

10 0.1 M NaOH (16h) 3.6 2.7 25 

11 0.01 M NaOH (16h) 4.6 4.1 10.8 

12 0.001 M NaOH(16h) 3.4 3.2 5.8 

13 0.0001 M NaOH (16 h) 3.8 3.7 2.6 

14 0.0001 M NaOH (16 h,100 C) 2.9 2.7 6.9 

 

 

Figure 50. Comparison of the 1H NMR spectra of cage 24 after treatment under acidic conditions (300 MHz, 

DMSO-d6). 
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Figure 51. Comparison of the 1H NMR spectra of cage 24 after treatment under basic conditions (300 MHz, 

DMSO-d6). 

 

Figure 52. 1H NMR spectrum of the compound dissolved in HCl solution after cage 24 was treated in 1 M HCl 

(300 MHz, DMSO-d6). 

Several pH-stable organic cages have been reported. For instance, the porphyrin box 

synthesized by the Kim group was stable in solution from pH = 4.8 to 13,[160a] but the [2+3] 

imine cage 24 shows a comparable stability from pH = 4 to 11. The pyrogallol-based imine 

cages synthesized by Banerjee and co-workers showed a stability from pH = 1 to 14.[160b] The 

conversion of enol imines to β-keto enamines increased the stability, which conferred 

remarkable robustness to the cages towards water, acids and bases. The Cooper group reported 

a pH-stable shape persistent cage in 2014.[107] The imine bonds of cage 18 (structure in Figure 

9) were reduced to amine bonds, then the diamine vertices were ‘tied’ with acetone.[107] The 
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aminal cage obtained by this strategy showed a stability in solutions between pH =1.7 to 12.3 

at room temperature. Cage 131 is stable in concentrated hydrochloric acid (pH = -1) at room 

temperature, and also stable in 1 M aqueous NaOH solution (pH = 14) at room temperature, 

which is better than the pyrogallol-based imine cages[160b] and the aminal cage.[107]  

Scanning Electron Microscopy (SEM) is also used to test whether or not the morphology of 

the compound is changed in an acidic or basic environment. In this case, SEM images are taken 

before and after the treatment (cage 131 immersed into HCl and NaOH solution for 16 h). From 

the SEM images (Figure 53), cage 131 forms rod-like microcrystals with different length. After 

treatments with acid or base, the morphology of the material does not change at all, which gives 

another proof of the stability of cage 131. The gas sorption experiments performed before and 

after the pH treatment will be discussed later. 

 

Figure 53. SEM images of cage 131 before and after treatment with HCl and NaOH. 

3.3.4 Gas sorption properties of the carbamate cage 

As was discussed in 3.3.2, the crystal structure of cage 131 indicates that this cage is potentially 

porous. For this reason, gas sorption experiments of amine cage 130 and carbamate cage 131 

were performed. For cage 130, the specific surface area (Brunauer-Emmett-Teller model) is 

SABET =12 m2/g (N2, 77K, Figure 55b). Compared with the original [2+3] imine cage 24,[49a] 

cage 130, whose imine bonds are reduced to amine bonds, has a more flexible structure, which 

results in the loss of shape persistence. Although the crystal structure of cage 130 was not 

obtained, similar phenomena has been observed in literature.[107]  
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For cage 131, the first sample of 

microcrystalline material used for gas sorption 

was obtained from DMSO/methanol. 

Thermogravimetric analysis (TGA) was 

carried out in order to determine the activation 

temperature (Figure 54). The TGA curve 

(nitrogen atmosphere) presents a small weight 

loss under 100 °C, which may be the solvent 

molecules residing inside the cage compound. 

Then cage 131 remains stable until 400 °C, and 

a larger weight loss happens at 400 to 500 °C. 

According to the TGA curve, no decomposition of cage 131 occurs until 400 °C. So cage 131 

was activated at 200 °C for 3 h before measuring gas sorption. At 77 K using N2, cage 131 

adsorbed 130 cm3/g nitrogen, and the specific surface area is SABET = 105 m2/g (BET model, 

Figure 55a).  

The second sample was prepared by dissolving the carbamate cage 131 in DMSO at 100 °C. 

The clear solution was dropped into cold water to crash out the compound. The colourless solid 

was activated at 200 °C in vacuum for 16 h. However, the nitrogen sorption isotherm was very 

similar to the first sample, only with a slight increase of nitrogen uptake and the specific surface 

area (SABET = 113 m2/g, Figure 55a), but it can be treated as the same level.  

The third sample was obtained in a similar way to the second sample, but the colourless solid 

was crashed out from DMF/methanol. The precipitate was treated by solvent exchange (from 

DMF/methanol to methanol then to n-pentane), then activated at room temperature for 16 h. 

The gas sorption experiment showed the third sample owns the lowest uptake of nitrogen and 

smallest specific surface area among these three samples. The specific surface area is SABET = 

50 m2/g (Figure 55a) and the uptake of nitrogen at 77 K is 53 cm3/g. 
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Figure 54.TGA curve of cage 131. 
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Figure 55. N2 sorption isotherms of a) cage 131, the sample got from DMSO/methanol, DMSO/water and 

DMF/methanol was shown in red, blue and purple, respectively at 77 K. b) cage 130 at 77 K. 

Although the surface area and uptake of nitrogen show some differences, the shapes of these 

three isotherms are quite similar. They can all be classified as a mixture of type I and type IV 

isotherms (Figure 55).[155a] According to the two kinds of polymorphs from the crystal structure 

(see in 3.3.2), the porous and nonporous polymorph may both exist in these three samples, and 

the nonporous one preponderates. The other possible reason is that during the activation 

progress, the porous polymorph transfers to the nonporous one. The specific surface area of 

cage 131 (from all three samples) is lower than the [2+3] imine cage 24 (SABET = 744 m2/g),[49] 

but much higher than the corresponding flexible amine cage 130 (SABET  = 12 m2/g). This also 

suggests that after adding the carbamate group, the cage keeps the shape persistency to some 

degree. 

In 3.2.3, the stability of cage 131 in acidic and 

basic environment was proven by 1H NMR and 

SEM. In order to test if acid affects the surface 

area, a gas sorption experiment of the cage 131 

after treatment with 10 M HCl at room 

temperature for 16 h was carried out (Figure 56). 

The sample was treated by solvent exchange 

(from water to acetone to n-pentane), then 

activated at room temperature for 16 h. The 

specific surface area is SABET = 194 m2/g (N2, 77 

K), which represents a slight increase compared to 
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Figure 56. N2 sorption isotherm of cage 131 after 

treatment of 10 M HCl at 77 K. 
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before (SABET = 113 m2/g), but is still in the same order of magnitude, showing that the 

treatment by acid does not affect the properties of the material. 

Besides N2 at 77 K, the adsorption of some other gases was also investigated. Figure 55 

illustrates that despite the small specific surface area of cage 131 measured by N2 at 77 K, this 

cage shows some interesting properties with other gases. For example, it adsorbs relatively 

large amounts of CO2 at 273 K, 1 bar (58 cm3/g, 11.5 wt%). Similar phenomena have been 

observed for the flexible [2+3] imine cage 25,[49] whose surface area is only SABET =30 m2/g 

(BET model, Table 11), but has a higher uptake of CO2 at 298 K, 1 bar (74 cm3/g, 14.5 wt%, 

Table 11) than the rigid [2+3] imine cage 24 (11.9 wt%, Table 11).[49] This may because the 

diffusion of gas molecules is kinetically hindered at 77 K. Compared with Cooper’s pH stable 

aminal cage FT-RCC3 (Table 11), cage 131 shows smaller specific surface area, but higher 

CO2 uptake (39 cm3/g, 7.6 wt%).[107]  

By comparison with other organic cages (Table 11), the CO2 uptake of cage 131 is quite similar 

to the imine cage 24 (11.9 wt%)[49] and [2+3]-rac imine cage (10.9 wt%) from the Mastalerz 

group,[61] but still lower than for the imine cube (18.2 wt%) from the Mastalerz group,[95b] the 

CC1-R (14.5 wt%) cage and CC5-R cage (13.6 wt%) from the Cooper group.[43] Apart from 

CO2, cage 131 also adsorbs 21.8 cm3/g (1.6 wt%) CH4 at 273 K, 1 bar and 97.2 cm3/g (0.87 

wt%) H2 at 77 K, 1 bar. The Henry selectivity is SCO2/N2 = 13.9 for CO2 over N2 and SCO2/CH4 = 

7.6 for CO2 over CH4. The selectivity of CO2/CH4 can compare with the imine cube (7.7),[95b] 

but is worse than for the [4+6] cage 23 (10).[47]  
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Figure 57.Gas sorption isotherm of cage 131 left: CO2, CH4, N2, H2 at 273 K and right CO2 and CH4 at 263 K. 

The CO2, CH4, N2 and H2 are showed in orange, red, blue and green, respectively. 
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Table 11. Comparison of gas sorption data for cage compound 131 with those imine cages published previouslya 

Entry Phase SABET Uptake in mmol/g(wt%, 1bar) Selectivity Ref. 

  (m2/g) H2(77 K) CO2(273 K) CH4(273 K) CO2/CH4  

Cage 131 amorphous 113 4.3(0.88) 2.6 (11.6) 0.97 (1.6) 7.6  

Cage 24 crystalline 744 n.d 2.7(11.9)b 0.7 (1.12)b 4.0b [49] 

Cage 25 crystalline 30 n.d. 3.3 (14.5) 0.34 (0.5)b n.d. [49] 

Cage 23  crystalline 2071 5.6 (1.13) 2.7(11.9) 0.7 (1.12) 10 [47] 

Imine cube crystalline 1014 7.3 (1.43) 4.1(18.2) 1.3 (2.04) 7.7 [95b] 

[2+3]-rac  crystalline  211  4.7 (0.95)  2.5 (10.9)  1.0 (1.62)  4.6  [61] 

AT-RCC3 crystalline 67  1.77 (7.6)b   [107] 

FT-RCC3 crystalline 377 4.3 (0.88) 1.75 (7.6)   [107] 

a:SA =specific surface area. b: Measured at 298 K. 

3.3.5 Conclusion 

A new carbamate cage 131 has been synthesized base on [2+3] imine cage 24 in a two-step 

approach. The imine bonds were reduced to amine bonds first, then react with N, N’-

carbonyldiimidazole to give the carbamate cage 131. This cage shows stability in 1 M 

hydrochloric acid, even after heating to 100 °C and also in concentrated hydrochloric acid (10 

M) at room temperature. The cage is also stable in 1 M NaOH solution. The surface area 

measured by N2 sorption at 77 K is SABET = 113 m2/g, and it could take up significant amounts 

of CO2 (11.5 wt%) at 273 K, 1 bar.  The strategy for synthesizing this carbamate cage can be 

applied to other imine cages[49] formed from salicylaldehyde building blocks to increase their 

chemical stability. 
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4 Summary 

In this thesis, several new cage compounds have been synthesized by both post-synthetic 

modification and the modification of building blocks. A series of new [2+3] imine cage 

compounds were synthesized from triaminotriptycene 19 and side chain modified terphenyl 

bisalicylaldehydes (Scheme 34). All these cages possess good solubility in DMF or THF 

compared with the [2+3] terphenyl cage without side-chains. For five of the cages crystal 

structure were obtained and according to gas sorption experiments, the cage with 

perfluorobutyl chains shows a specific surface area of SABET = 588 m2/g. This cage also 

exhibits a good Henry selectivity of SF6/N2 SSF6/N2 = 107, and an IAST selectivity of SF6/N2 

(10:90, 273 K) SSF6/N2 = 28, which gives the cage potential applications in gas separation.  

Besides modifying the aldehyde building blocks, a new amine building block which contains 

four amine functional groups was synthesized in three steps from triamino triptycene 

(Scheme 34). This new amine building block was used to reacted with eight disalicylaldehydes 

with different lengths. A [2+1] cage was formed when a bisphenyl salicyl aldehyde was used. 

For the terphenyl aldehydes, the amine precursor can form not only the [2+1] cage, but also the 

[4+2] and the [6+3] cages. For the tetraphenyl aldehyde, a [4+2] cage is formed instead of the 

[2+1] cage. These results suggest that the length of the precursor has an influence on the size 

of the formed cage compounds. 

 

Scheme 34.Synthesis of new cages by modifying amine or aldehyde building blocks. 
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A carbamate cage was synthesized based on a [2+3] imine cage in a two-step approach: the 

imine bonds were first reduced to amine bonds, then reacted with N, N’-carbonyldiimidazole 

to give the carbamate cage (Scheme 35). Single crystal structures show the carbamate cage 

forms two polymorphs depending on the solvents used for crystallization. The gas adsorption 

experiments show that the specific surface area of the carbamate cage is SABET = 113 m2/g. 

This new carbamate cage exhibits better stability in both acidic and basic environment              

(pH = -1 to 14) compared with the imine cage. The stability is confirmed by 1H NMR spectra, 

SEM images and gas sorption experiments. This strategy provides a new way to synthesize 

chemically stable cage compounds which can be used for further functionalization.  

 

Scheme 35.Synthesis of the carbamate cage by post-synthetic modification. 
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5 Experimental Section 

5.1 General Remarks 

Flash column chromatography was performed on silica gel from Macherey-Nagel&Co.KG 

(particle sizes:0.04-0.063 mm) using petroleum ether, ethyl acetate, chloroform, 

dichloromethane, toluene, methanol or their mixtures as eluents. For Thin Layer 

Chromatography (TLC) gel 60 F254 plates form Merck were used and examined under UV-

light irradiation (254 nm and 365 nm). Size Exclusion Chromatography (SEC) was performed 

on BioBeads SX1 from BioRad Laboratories, Inc. and DMF was used as solvent. Melting 

points (not correct) were measured by Buchi Melting Point B-545. Nuclear Magnetic 

Resonance Spectroscopy (NMR) 1H, 13C, 19F, 2D coupling experiments were performed in 

CDCl3, DMSO-d6, THF-d8 using a Bruker Avance III 300, Bruker Avance DRX 300, Bruker 

Avance III 400, Bruker Avance III 500, Bruker Avance III 600. Chemical shifts were reported 

in parts per million (ppm) relative to the traces of CHCl3 (δH = 7.26 ppm, δC = 77.2 ppm), 

DMSO-d5 (δH = 2.50 ppm, δC = 39.5 ppm), THF-d7 (δH = 3.58, 1.72 ppm, δC = 67.2, 25.3 ppm) 

in the corresponding fully deuterated solvent. Mass Spectrometry (MS) were performed on a 

Fourier Transform Ion Cyclotron Resonance (FT-ICR) mass spectrometer ApexQe hybrid 9.4 

T (Bruker Daltonik GmbH, Bremen, Germany) equipped with a 9.4 T superconducting magnet 

and interfaced to an Apollo II MTP Dual ESI/MALDI source for DART, EST and MADIL 

experiments. MADIL-TOF MS experiments were carried out on a Bruker AutoFlex Speed time 

of flight with trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene] malononitrile (DCTB) 

as matrix. Electrospray ionization (ESI) mass spectra were recorded on a Finnigan LCQ 

quadrupole ion trap. Infrared spectroscopy (IR) were performed on a Fourier transform 

spectrophotometer equipped with ATR crystal. The signal was described as: strong (s), medium 

(m), weak (w) and broad (br). Thermal Gravimetric Analysis (TGA) were measured on a 

Mettler-Toledo TGA/DSC1 instrument with a TGA/DSC-Sensor 1100 equipped with a MX1 

balance (Mettler-Toledo) and a GC100 gas control box for nitrogen supply. TGA samples were 

measured in 70 HL Al2O3 crucibles. Powder X-ray Diffractometry (PXRD) was performed 

with a STOE STADI 611KLS/N 61263 with Ge (111)-monochromated copper radiation 

(λ(CuKα) = 1.54060 Å). The diffractograms were obtained with a Stoe linear PSD Detector, 

measured in a glass capillary (Ø = 0.5 mm) as sample container. X-ray crystal structure analysis 

was accomplished on a Quazar Bruker APEX I (λMoKα= 0.71073 Å), Bruker APEX II 

(λMoKα = 0.71073 Å) or a Stoe Stadivari (λCuKα = 1.54186 Å) diffractometer. Scanning 
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Electron Microscopy (SEM) micrographs in Figure 53 were acquired using an Ultra 55 field 

emission scanning electron microscope (Carl Zeiss Microscopy, Germany). Imaging was 

performed with a working distance of 3.0 mm and a landing energy of 1.2 keV and an aperture 

of 10 µm. Gas sorption Experiments: The surface areas and porosities were characterized by 

nitrogen adsorption and desorption analysis at 77.35 K with an autosorb computer controlled 

surface analyser (AUTOSORB-iQ2, Quantachrome). The Brunauer-Emmett-Teller (BET) 

surface areas were calculated assuming a cross sectional area of 0.162 nm2 for the nitrogen 

molecules in the pressure range p/p0 = 0.01-0.1. The quenched solid-density functional theory 

(NL-DFT model) and isotherm data were used to calculate the pore size distribution. 

Measurements of N2, H2, CH4, and CO2 at 273 K were carried out using a simple Dewar 

vacuum flask with an ice/water mixture. A temperature of 263 K was applied by using a frozen 

mixture of water/EtOH (80: 20, v/v) and for measurements between 298 K and 363 K a Lauda 

C6 CS thermostat was used, which was equipped with a Fryka KT 12-52 cryostat for the 

measurements at 298 K and 313 K. The temperatures were frequently monitored by a VWR 

TD 131 digital thermometer. 
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5.2 Chemicals 

Chemicals Purities Source 

Acetic acid n.d. VWR 

Acetone  99.5% Honeywell 

Acetonitrile  99.9% Sigma-Aldrich 

Anisil 99% Fluka 

Anthracene 97% Sigma-Aldrich 

Anthranilic acid 98% Acros Organics 

Benzene-1,4-diboronic acid  95% Sigma-Aldrich 

Bromine reagent grade Sigma-Aldrich 

5-Bromopent-1-ene  n.d. Fluorochem 

1-Bromobutene 98% Merck 

1-Bromohexane 98% Merck 

1-Bromooctane 98% Merck 

Carbonyldiimidazole 97% Sigma-Aldrich 

Chloroform-d 99.8% Sigma-Aldrich 

Dichloromethane n.d. VMR  

Dichloroethane  99% Honeywell 

Diethyl ether  99.80% Sigma-Aldrich 

Diethylene glycol diethyl ether  >98% Acros Organics 

Di-t-butyl-dicarbonate >98% Sigma-Aldrich 

DMSO-d6 99.9% Sigma-Aldrich 

1,4-Dibromobenzene  98% Aldrich 

1,4-Dichlorobenzene  99% Aldrich 

1,4-diiodobenzene  99% Aldrich 

1,4-dioxane  >99% Aldrich 

2,5-dibromohydroquinone  >98% TCI 

4,4' – dibromobiphenyl  98% Aldrich 

4,4'-Dihydroxybiphenyl  99.50% ACROS 

Ethanol  96% Sigma Aldrich 

Ethyl acetate 99.5% Honeywell 

Hexamethylenetetraamine 99% Gruessing 

Hexylmagnesiumbromide n.d. Aldrich 

Hydrazine monohydrate  98% Merck 

Hydrochloric acid 36.5%-38% Sigma-Aldrich 

Iodine 99.80% Fluka 

Isopentyl nitrite  >95% TCI 

l, 5-bromosalicylaldehyde  n.d. Alfa-Aesar 

Maleic anhydride  >99% Merck 

Methanol >99.8 Honerwell 

2-methoxyethanol  >98% TCI 

4-methylbenzenesulfonyl chloride  >98% Sigma-Aldrich 
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N,N-Dimethylformamide 99.8% Sigma-Aldrich 

N-bromosuccinimide  99% Sigma-Aldrich 

Nitric acid(fuming, 90%)  Acros Organics 

Nonafluoro-1-iodobutane  98% Aldrich 

Nonafluoro-1-iodobutane   98% Aldrich 

n-Pentane 98% Sigma-Aldrich 

Petroleum ether (40-60 °C) n.d. Honeywell 

4-(N, N-dimethylamino) pyridine                   n.d. Merck 

Octylmagnesiumbromide n.d. Aldrich 

Palladium on act. Charcoal (5% Pd basis)  n.d. Degussa 

Pd(dppf)Cl2  99% Carbolution 

Pd(PPh3)4  99% Aldrich 

Pd2(dba)3 99% Carbolution 

Potassium acetate > 99% Sigma-Aldrich 

Potassium carbonate 99% Gruessing 

Potassium fluoride 99% Gruessing 

Potassium hydroxide 99.90% Sigma-Aldrich 

Pyridine carbonyl dichloride  97% Aldrich 

Sodium boronhydride  Merck 

Sodium hydroxide >98% Honeywell 

Sodium sulfate >99% Bernd Kraft 

Sodium thiosulfate 99% Gruessing 

Tetrahydrofurane 99.9 Honerwell 

Toluene 99.7% Sigma-Aldrich 

Triethylene glycol monomethyl ether  >98% TCI 

Trifluoroacetic acid  99% abcr 

Trioxane >99% Aldrich 

Tri-tert-butylphosphonium 

Tetrafluoroborate 97% Sigma-Aldrich 

Zinc dust  99.90% Gruessing 
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5.3 Synthesis 

5.3.1 Compounds of Chapter 3.1 

5.3.1.1 Synthesis of 1,4-dibutylbenzene (67):[163] 

 

1,4-Dichlorobenzene 63 (2.0 g, 13.6 mmol) and Ni(dppp)Cl2 (10 mg, 0.018 mmol) were stirred 

in anhydrous diethyl ether (20 mL) at 0 °C. Butylmagnesiumbromide 64 (17 mL, 2 mol/L, in 

diethyl ether) was added dropwise under Ar, then the reaction mixture was refluxed for 16 h. 

After cooling to room temperature, the reaction was quenched by adding water (10 mL) and    

2 mol/L HCl (50 mL). The aqueous layer was extracted with diethyl ether (3 × 10 mL). The 

combined organic layers were washed with water and dried over Na2SO4. The solvent was 

removed under reduced pressure, to give the product as a colourless oil with the yield of 89% 

(2.29 g, 12.1 mmol).  

1H NMR (300 MHz, CDCl3) δ = 7.09 (s, 4H), 2.58 (t, J = 7.3 Hz, 4H), 1.68 – 1.50 (m, 4H), 

1.36 (dq, J = 14.3, 7.2 Hz, 4H), 0.92 (t, J = 7.3 Hz, 6H) ppm. 

Analytical data are in accordance with those previously reported.[163]  

5.3.1.2 Synthesis of 1,4-dihexylbenzene (68):[164] 

 

1,4-Dichlorobenzene 63 (2.0 g, 13.6 mmol), Ni(dppp)Cl2 (10 mg, 0.018 mmol) were stirred in 

anhydrous diethyl ether (20 mL) at 0 °C. Hexylmagnesiumbromide 65 (17 mL, 2 mol/L, in 

diethyl ether) was added dropwise under Ar, then the reaction mixture was refluxed for 16 h. 

After cooling to room temperature, the reaction was quenched by adding water (10 mL) and 

2 mol/L HCl (50 mL). The aqueous layer was extracted with diethyl ether (3 × 10 mL). The 

combined organic layers were washed with water and dried over Na2SO4. The solvent was 
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removed under reduced pressure, to give the product as a colourless oil with the yield of 86% 

(2.8 g, 11.7 mmol).  

1H NMR (300 MHz, CDCl3) δ = 7.09 (s, 4H), 2.57 (t, J = 6.7 Hz, 4H), 1.59 (dd, J = 14.9, 7.2 

Hz, 4H), 1.43 – 1.18 (m, 12H), 0.89 (t, J = 6.7 Hz, 6H) ppm. 

Analytical data are in accordance with those previously reported. [164] 

5.3.1.3 Synthesis of 1,4-dioctylbenzene (69):[165] 

 

1,4-Dichlorobenzene 63 (2.0 g, 13.6 mmol), Ni(dppp)Cl2 (10 mg, 0.018 mmol) were stirred in 

anhydrous diethyl ether (20 mL) at 0 °C. Octylmagnesiumbromide 66 (17 mL, 2 mol/L, in 

diethyl ether) was added dropwise under Ar, then the reaction mixture was refluxed for 16 h. 

After cooling to room temperature, the reaction was quenched by adding water (10 mL) and 

2 mol/L HCl (50 mL). The aqueous layer was extracted with diethyl ether (3 × 10 mL). The 

combined organic layers were washed with water and dried over Na2SO4. The solvent was 

removed under reduced pressure, to give the product as a colourless oil with the yield of 92% 

(3.7 g, 12.51 mmol).  

1H NMR (300 MHz, CDCl3): δ =7.01 (s, 4H), 2.52 (t, J = 6.7 Hz, 4H), 1.52 (m, 4H), 1.23 (m, 

20H), 0.81 (t, J = 6.7 Hz, 6H). 

Analytical data are in accordance with those previously reported.[165] 

5.3.1.4 Synthesis of 1,4-dibromo-2,5-dibutylbenzene (70):[163] 

 

1,4-dibutylbenzene 67 (1.9 g, 9.9 mmol) was mixed with iodine (10 mg) in DCM (10 mL) at 

0 °C. The bromine (4.0 g, 24.9 mmol) was dissolved in DCM (10 mL) and added dropwise 

over a period of 30 min, and the mixture was stirred at room temperature for 16 h. KOH solution 

(15 mL, 10%) was added to the mixture and stirred until the colour changed from brown to 
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light yellow (may need heating to 40 °C). The DCM layer was washed with Na2S2O3 (1 M, 

20 mL) and water (3 × 10 mL). The light yellow solution was dried over Na2SO4, and the 

solvent was removed under reduced pressure to obtain the crude product. The product was 

purified by recrystallization from ethanol at 0 °C, to give the product as colourless srystals, 

which melted upon warming to room temperature in a 62% yield (2.1 g, 6.1 mmol). 

1H NMR (300 MHz, CDCl3) δ = 7.35 (s, 2H), 2.65 (t, J = 7.3 Hz, 4H), 1.62 – 1.52 (m, 4H), 

1.40 (dq, J = 14.3, 7.2 Hz, 4H), 0.95 (t, J = 7.3 Hz, 6H). 

Analytical data are in accordance with those previously reported.[163]  

5.3.1.5 Synthesis of 1,4-dibromo-2,5-dihexylbenzene (71):[166] 

 

1,4-dihexylbenzene 68 (1.2 g, 4.69 mmol) was mixed with iodine (10 mg) in DCM (10 mL) at 

0 °C. The bromine (1.65 g, 10.31 mmol) was dissolved in DCM (10 mL) and added dropwise 

over a period of 30 min, and the mixture was stirred at room temperature for 16 h. KOH solution 

(15 mL, 10%) was added to the mixture and stirred until the colour changed from brown to 

light yellow (may need heating to 40 °C). The DCM layer was washed with Na2S2O3 (1 M, 

20 mL) and water (3 × 10 mL). The light yellow solution was dried over Na2SO4, and the 

solvent was removed under reduced pressure to obtain the crude product. The product was 

purified by recrystallization from ethanol at 0 °C, to give the product as colourless crystals, 

which melted upon warming to room temperature in a 75% yield (1.4 g, 3.5 mmol). 

1H NMR (300 MHz, CDCl3) δ = 7.28 (s, 2H), 2.56 (m, 4H), 1.50 (m, 4H), 1.21 – 1.27 (m, 12H), 

0.82 (m, 6H) ppm. 

Analytical data are in accordance with those previously reported.[166] 

5.3.1.6 Synthesis of 1,4-dibromo-2,5-dioctylbenzene (72):[167] 
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1,4-dihexylbenzene 69 (1.42 g, 4.69 mmol) was mixed with iodine (10 mg) in DCM (10 mL) 

at 0 °C. The bromine (1.65 g, 10.31 mmol) was dissolved in DCM (10 mL) and added dropwise 

over a period of 30 min, and the mixture was stirred at room temperature for 16 h. KOH solution 

(15 mL, 10%) was added to the mixture and stirred until the colour changed from brown to 

light yellow (may need heating to 40 °C). The DCM layer was washed with Na2S2O3 (1 M, 

20 mL) and water (3 × 10 mL). The light yellow solution was dried over Na2SO4, and the 

solvent was removed under reduced pressure to obtain the crude product. The product was 

purified by recrystallization from ethanol at 0 °C, to give the product as colourless crystals, 

which melted upon warming to room temperature in a 68% yield (1.46 g, 3.19 mmol). 

1H NMR (300 MHz, CDCl3,) δ = 7.28 (s, 2H), 2.59 (m, 4H), 1.50 (m, 4H), 1.21 – 1.27 (m, 

20H), 0.88 (m, 6H) ppm. 

Analytical data are in accordance with those previously reported.[167] 

5.3.1.7 Synthesis of 3-Carbonyl-4-hydroxyphenylvoronic acid pinacol ester (74):[113] 

 

In a screw cap vessel, l, 5-bromosalicylaldehyde 73 (2.77 g, 13.78 mmol), 

bis(pinacolato)diboron (3.85 g, 15.16 mmol) and KOAc (4.06 g, 41.34 mmol,) were suspended 

in dry 1,4-dioxane (55 mL) and Pd(dppf)Cl2 (302 mg, 0.41 mmol) was added under Ar. After 

stirring for 2 hours at 90°C, the reaction mixture was cooled to room temperature, and filtered 

through a pad of Celite using additional diethyl ether (200 mL). The ether phase was washed 

with H2O and brine, dried over Na2SO4 and the solvent removed under vacuum to give the 

crude product as a brown residue. Purification via flash column chromatography on silica gel 

(petroleum ether/EtOAc 10:1 + 1% HOAc, Rf = 0.6) and recrystallization from hot petroleum 

ether yielded 74 as colourless crystals (1.74 g, 7.01 mmol, 88%). 

M.p.: 108 ºC [Lit.: 108 ºC].[113] 

1H NMR (300 MHz, DMSO-d6): δ = 11.09 (s, 1H), 10.27 (s, 1H), 8.01 (s,1H), 7.77 (d, 1H), 

7.01 (d, 1H), 1.29 (s, 12H) ppm. 
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Analytical data are in accordance with those previously reported.[113] 

5.3.1.8 Synthesis of 2',5'-dibutyl-4,4''-dihydroxy-[1,1':4',1''-terphenyl]-3,3''-

dicarbaldehyde (52): 

 

Benzaldehyde 74 (500 mg, 2.01 mmol), 1,4-dibromo-2,5-dibutoxybenzene 70 (280 mg, 0.8 

mmol), and [(t-Bu)3PH]BF4 (46.6 mg, 0.16 mmol) were suspended in THF (10 mL) and K2CO3 

solution (2 mol/L, 5 mL) in a screw cap vessel. The suspension was stirred under Ar for 20 min, 

and Pd2(dba)3 (73 mg, 0.08 mmol) was added to the mixture. The suspension was heated to 

90 °C for 16 h. After cooling to room temperature, the suspension was poured into water 

(20 mL), and extracted by CH2Cl2 (3 × 20 mL). The combined organic layers were washed with 

water (3 × 10 mL), and dried over Na2SO4. The solvent was removed under reduced pressure 

and the crude product was purified by column chromatography (silica gel, EA:PE = 1:2, Rf = 

0.7) to get pure product as a colorless solid with a yield of 40% (158 mg, 0.32 mmol). 

M.p.: 166 °C. 

1H NMR (300 MHz, CDCl3) δ = 11.03 (s, 2H, -OH), 9.95 (s, 2H, 8-H), 7.67-7.39 (m, 4H), 7.11 

(s, 2H, 10-H), 7.07 (d, J = 9.1 Hz, 2H, 7-H), 2.66 – 2.45 (m, 4H, 12-H), 1.52 – 1.36 (m, 4H, 

13-H), 1.24 (dq, J = 14.4, 7.3 Hz, 4H, 14-H), 0.81 (t, J = 7.3 Hz, 6H, 15-H) ppm. 

13C NMR (100 MHz, CDCl3) δ =196.56 (C-8), 160.61 (C-2), 139.26 (C-11), 138.00 (C-6), 

137.89 (C-9), 133.91 (C-4), 133.61 (C-5), 131.04 (C-10), 120.31 (C-3), 117.41 (C-7), 33.62 

(C-12), 32.31 (C-13), 22.57 (C-14), 13.83 (C-15) ppm.  

IR(ATR): ṽ = 2956 (m), 2920 (m), 2858 (m), 1653 (s), 1585 (s), 1508 (w), 1470 (s), 1367 (m), 

1336 (m), 1285 (s), 1252 (s), 1220 (s), 1180 (s), 1161 (s), 1129 (m), 962 (w), 904 (s), 838 (s), 

813 (s), 766 (s), 742 (s), 722 (s), 699 (s), 654 (s), 633 (s), 588 (s) cm-1. 
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MS(ESI): [M-H]-: m/z calcd. For (C28H29O4
-): 429.54, found 429.2069. 

Elemental Analysis (%): (C28H30O4) Calcd. C 78.11, H 7.02, found C 78.14, H 7.04. 

5.3.1.9 Synthesis of 2',5'-dihexyl-4,4''-dihydroxy-[1,1':4',1''-terphenyl]-3,3''-

dicarbaldehyde (53): 

 

Benzaldehyde 74 (310 mg, 1.25 mmol), 1,4-dibromo-2,5-dihexylbenzene 71 (202 mg, 0.5 

mmol), and [(t-Bu)3PH]BF4 (14.5 mg 0.05 mmol) were suspended into THF (5 mL) and K2CO3 

solution (2 mol/L, 5 mL) in a screw cap vessel. The suspension was stirred under Ar for 20 min, 

and Pd2(dba)3 (45 mg, 0.05 mmol) was added to the mixture. The suspension was heated to 

90 °C for 16 h. After cooling to room temperature, the suspension was poured into water 

(20 mL), and extracted by CH2Cl2 (3 × 20 mL). The combined organic layers were washed with 

water (3 × 10 mL), and dried over Na2SO4. The solvent was removed under reduced pressure 

and the crude product was purified by column chromatography (silica gel, EA:PE = 1:2, Rf = 

0.7) to get pure product as a colorless solid with a yield of 40% (98 mg, 0.2 mmol). 

M.p.: 142 °C. 

1H NMR (300 MHz, CDCl3): δ =10.95 (s, 2H, -OH), 9.87 (s, 2H-CHO), 7.45 (m, 4H), 7.04 (s, 

2H, 4-H), 7.00 (d, 2H, J = 9 Hz, 10-H), 2.48 (t, 4H, J = 6, 12 Hz, 12-H), 1.42 – 1.45 (m, 4H, 

13-H), 1.18 – 1.05 (m, 12H, 14,15,16-H), 0.8 – 0.75 (m, 6H, 17-H) ppm. 

13C NMR (125 MHz, CDCl3) δ = 196.90 (C-8), 160.89 (C-2), 139.53 (C-11), 138.31 (C-6), 

138.26 (C-9), 134.23 (C-4), 133.89(C-5), 131.32 (C-10), 120.58 (C-3), 117.71 (C-7), 32.92 (C-

12), 31.78 (C-13), 31.70 (C-14), 29.47 (C-15), 22.79 (C-16), 14.32 (C-17) ppm. 
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IR (ATR): ṽ = 3049 (w), 2953(m), 2921 (m),2852 (m),1649 (s),1586 (m), 1476 (s), 1387 (w), 

1342 (w), 1316 (w), 1274 (s),1224 (s),1167 (s),1126 (s), 899 (w), 839 (m), 730 (s),668 (w),634 

(w) cm-1  

MS (ESI): [M-H]-: m/z calcd. For (C32H37O4
-): 485.65, found 485.2703. 

Elemental Analysis (%): (C32H38O4) Calcd. C 78.98, H 7.87 found C 79.01, H 7.94. 

5.3.1.10 Synthesis of 4,4''-dihydroxy-2',5'-dioctyl-[1,1':4',1''-terphenyl]-3,3''-

dicarbaldehyde (54): 

 

Benzaldehyde 74 (310 mg, 1.25 mmol), 1,4-dibromo-2,5-dioctylbenzene 72 (230 mg, 0.5 

mmol), and [(t-Bu)3PH]BF4 (14.5 mg, 0.05 mmol) were suspended into THF (5 mL) and KF 

solution (2 mol/L, 3 mL) in a screw cap vessel. Pd2(dba)3 (45 mg, 0.05 mmol) was added to 

the solution under Ar. The suspension was heated to 90 °C for 16 h. After cooling to room 

temperature, the suspension was poured into water (20 mL), and extracted by CH2Cl2 (3 × 20 

mL). The combined organic layers were washed with water (3 × 10 mL), and dried over Na2SO4. 

The solvent was removed under reduced pressure and the crude product was purified by column 

chromatography (silica gel, EA:PE = 1:2, Rf = 0.65) to get pure product as a colorless solid with 

a yield of 42% (110 mg, 0.21 mmol). 

M.p.: 85 °C. 

1H NMR (300 MHz, CDCl3): δ =10.96 (s, 2H, -OH), 9.87 (s, 2H, -CHO), 7.45 (m, 4H), 7.04 

(s, 2H, 4-H), 7.00 (d, 2H, J = 9 Hz, 10-H), 2.48 (t, 4H, J = 6, 12 Hz, 12-H), 1.42 – 1.45 (m, 4H, 

13-H), 1.18 – 1.05 (m, 20H, 14,15,16,17,18-H), 0.8 – 0.75 (m, 6H, 19-H) ppm 

13C NMR (125 MHz, CDCl3) δ = 196.54 (C-8), 160.61 (C-2), 139.25 (C-11), 137.99 (C-6), 

137.95 (C-9), 133.91 (C-4), 133.61 (C-5), 131.02 (C-10), 120.31 (C-3), 117.41 (C-7), 32.62 
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(C-12), 31.79 (C-13), 31.40 (C-14), 29.48 (C-15), 29.24 (C-16), 29.12 (C-17), 22.61 (C-18), 

14.06 (C-19) ppm. 

IR (ATR): ṽ =2960 (s), 2922 (s), 2582 (s), 1655 (s), 1587 (s), 1507 (s), 1471 (m), 1455 (s), 

1410(m), 1387 (m), 1367 (s), 1311 (s)1284 (s), 1219 (s),1164 (s), 1129 (w), 908 (m), 843 (s), 

794 (s), 767 (s), 740 (s) ,711 (s), 662 (s),641 (s), cm-1 

MS (ESI): [M-H]-: m/z calcd. For (C36H45O4
-): 541.34, found 541.3325. 

Elemental Analysis (%): (C36H46O4) Calcd. C 79.67, H8.54, found C 79.84, H 8.77. 

5.3.1.11 Synthesis of 1,4-dibromo-2,5-dibutoxybenzene (80):[115a] 

 

2,5-dibromohydroquinone 75 (0.5 g, 1.86 mmol) and 1-bromobutane 76 (0.74 g, 5.41 mmol) 

were dissolved in acetone (15 mL). K2CO3 (1.2 g, 8.6 mmol) was added to the reaction mixture, 

and resulting mixture was heated at 75 °C for 6 h. After cooling to room temperature, the 

solvent was removed under reduced pressure. Ethyl acetate (20 mL) and water (20 mL) were 

added to the remaining solid. The aqueous phase was extracted with ethyl acetate (3 × 10 mL) 

and the combined organic phase was dried over Na2SO4. The solvent was removed under 

reduced pressure to get the crude product as brown solid. The pure product was recrystallized 

from ethanol and obtained as a colourless solid a yield of 86% (0.64 g, 1.59 mmol). 

M.p.: 71 °C [Lit.: 76-77 ºC].[115a] 

1H NMR (300 MHz, CDCl3) δ = 7.09 (s, 1H), 3.96 (t, J = 6.4 Hz, 2H), 1.89 – 1.69 (m, 2H), 

1.52 (dq, J = 14.5, 7.3 Hz, 2H), 0.98 (t, J = 7.4 Hz, 3H). 

Analytical data are in accordance with those previously reported.[115a] 

5.3.1.12 Synthesis of 1,4-dibromo-2,5-bis(hexyloxy)benzene (81):[168] 
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2,5-dibromohydroquinone 75 (0.5 g, 1.86 mmol) and 1-bromohexane 77 (0.89 g, 5.41 mmol) 

were dissolved in acetone (15 mL). K2CO3 (1.2 g, 8.6 mmol) was added to the reaction mixture, 

and resulting mixture was heated at 75 °C for 6 h. After cooling to room temperature, the 

solvent was removed under reduced pressure. Ethyl acetate (20 mL) and water (20 mL) were 

added to the remaining solid. The aqueous phase was extracted with ethyl acetate (3 × 10 mL) 

and the combined organic phase was dried over Na2SO4. The solvent was removed under 

reduced pressure to get the crude product as brown solid. The pure product was recrystallized 

from ethanol and obtained as a colourless solid a yield of 72% (0.58 g, 1.34 mmol). 

M.p.: 54 °C [Lit.: 51.3-53.1 ºC].[168] 

1H NMR (300 MHz, CDCl3) δ = 7.08 (s, 1H), 3.95 (t, J = 6.5 Hz, 2H), 1.99 – 1.65 (m, 2H), 

1.49 (dd, J = 12.4, 5.2 Hz, 3H), 1.34 (td, J = 6.9, 3.4 Hz, 4H), 0.91 (t, J = 7.0 Hz, 3H) ppm. 

Analytical data are in accordance with those previously reported.[169] 

5.3.1.13 Synthesis of 1,4-dibromo-2,5-bis(octyloxy)benzene (82):[168] 

 

2,5-dibromohydroquinone 75 (0.5 g, 1.86 mmol) and 1-bromooctane 82 (1.04 g, 5.41 mmol) 

were dissolved in acetone (15 mL). K2CO3 (1.2 g, 8.6 mmol) was added to the reaction mixture, 

and resulting mixture was heated at 75 °C for 6 h. After cooling to room temperature, the 

solvent was removed under reduced pressure. Ethyl acetate (20 mL) and water (20 mL) were 

added to the remaining solid. The aqueous phase was extracted with ethyl acetate (3 × 10 mL) 

and the combined organic phase was dried over Na2SO4. The solvent was removed under 

reduced pressure to get the crude product as brown solid. The pure product was recrystallized 

from ethanol and obtained as a colourless solid a yield of 84% (0.76 g, 1.56 mmol). 

M.p.: 64.7 °C [Lit.: 64-66 ºC].[168] 

1H NMR (300 MHz, CDCl3) δ = 7.11 (s, 1H), 3.97 (t, J = 6.5 Hz, 2H), 2.05 – 1.68 (m, 2H), 

1.66 – 1.43 (m, 2H), 1.32 (m, 8H), 0.92 (t, J = 6.8 Hz, 3H). 

Analytical data are in accordance with those previously reported.[168] 

 



Experimental Section 

104 

 

5.3.1.14 Synthesis of 1,4-Dibromo-2,5-bis(pent-4-en-1-oxy) benzene (83): 

 

2,5-Dibromohydroquichone 75 (2 g, 7.47 mmol) and 5-Bromopent-1-ene 79 (3.02 g, 2,64 mL, 

20.3 mmol) were dissolved in DMF (40 ml). The solution was heated to 80 °C and K3PO4 

(7.938 g, 37.4 mmol) was added, then the resulting mixture was stirred at 80 °C for 16 h. After 

cooling to room termperature, 40 mL water was added to the mixture and extracted with DCM 

(3 × 15 mL). The combined organic layers were dried over Na2SO4 and the solvent was 

removed under reduced pressure. The product was purified with short flash column 

chromatography (silica gel, DCM, Rf = 0.9) to give the product as a yellow oily liquid with a 

yield of 92% (2.78 g, 6.87 mmol)  

1H NMR (300 MHz, CDCl3) δ = 7.09 (s, 2H, 3-H), 5.86 (ddt, J = 16.9, 10.1, 6.6 Hz, 2H, 7-H), 

5.13 – 4.96 (m, 4H, 4-H), 3.97 (t, J = 6.3 Hz, 4H, 8-H), 2.28 (dd, J = 14.1, 7.3 Hz, 4H, 5-H), 

1.91 (dq, J = 13.4, 6.5 Hz, 4H, 6-H) ppm.  

13C NMR (101 MHz, CDCl3) δ = 150.55 (C-2), 137.64 (C-7), 118.49(C-3), 115.42(C-8), 

111.16 (C-1), 69.38 (C-4), 30.02 (C-5), 28.30 (C-6) ppm 

IR (ATR): ṽ = 3077 (m), 2943 (m), 2874 (m), 1741 (m), 1641 (m), 1491 (s), 1463 (s), 1391 

(m), 1360 (s), 1268, (w), 1209 (s), 1062 (s), 1011 (s), 913 (s), 851 (s), 815 (s), 748 (s), 638 (s) 

cm-1  

Elemental Analysis (%): (C26H20O2Br2) Calcd. C 47.55, H 4.99, found C 47.83, H 5.03. 
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5.3.1.15 Synthesis of 2',5'-bis(butyloxy)-4,4''-dihydroxy-[1,1':4',1''-terphenyl]-3,3''-

dicarbaldehyde (55): 

 

1,4-dibromo-2,5-bis(butyloxy)benzene 80 (350 mg, 0.86 mmol), benzaldehyde 74 (537 mg, 

2.16 mmol), and [(t-Bu)3PH]BF4) (49.9 mg, 0.16 mmol) were suspended in THF (10 mL) and 

K2CO3 solution (2 mol/L, 4 mL) in a screw cap vessel. Pd2(dba)3 (78.75 mg, 0.08 mmol) was 

added to the reaction mixture under Ar, and the resulting mixture was heated to 90 °C for 16 h. 

After cooling to room temperature, the suspension was poured into water (20 mL) and extracted 

with CH2Cl2 (3 × 10 mL). The combined organic layers were washed with water (3 × 10 mL), 

and dried over Na2SO4. The solvent was removed under reduced pressure and the crude product 

was purified by column chromatography (silica gel, DCM:PE = 1:1, Rf = 0.65) to the get pure 

product as a yellow solid with a yield of 68% (275 mg, 0.58 mmol). 

M.p.: 158 °C. 

1H NMR (300 MHz, CDCl3) δ = 11.03 (s, 2H, -OH), 9.95 (s, 2H, 7-H), 7.82 (d, J = 1.9 Hz, 2H, 

5-H), 7.78 (dd, J = 8.5, 2.3 Hz, 2H, 3-H), 7.06 (d, J = 8.5 Hz, 2H, 2-H), 6.96 (s, 2H, 9-H), 3.95 

(t, J = 6.4 Hz, 4H, 11-H), 1.83 – 1.59 (m, 4H, 12-H), 1.40 (dq, J = 14.4, 7.3 Hz, 4H, 13-H), 

0.91 (t, J = 7.4 Hz, 6H, 14-H) ppm. 

13C NMR (100 MHz, CDCl3) δ = 196.64 (C-7), 160.72 (C-1), 150.30 (C-10), 138.27 (C-3), 

134.49 (C-5), 130.11 (C-8), 129.01 (C-4), 120.36 (C-6), 117.25 (C-2), 115.50 (C-9), 69.29 (C-

11), 31.43 (C-12), 19.32 (C-13), 13.75 (C-14) ppm. 

IR (ATR): ṽ = 2969 (w), 2940 (w), 2855 (w), 1659 (s), 1591 (m), 1516 (m), 1468 (s), 1420 (s), 

1390 (m), 1372 (s), 1338 (s), 1293 (s), 1271, (s), 1250 (m), 1227 (s), 1206 (s), 1165 (s), 1128 

(s), 1051 (s), 1014 (m), 924 (m), 890 (m), 857 (m), 839 (m), 819 (m), 773 (s), 738 (s), 710 (s), 

680 (s), 641 (m), 576 (m) cm-1. 
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MS (ESI): [M-H]-: m/z calcd. For (C28H29O6
-): 461.54, found 461.2351. 

Elemental Analysis (%): (C28H30O6) Calcd. C 72.71, H 6.54, found C 72.20, H 6.44. 

5.3.1.16 Synthesis of 2',5'-bis(hexyloxy)-4,4''-dihydroxy-[1,1':4',1''-terphenyl]-3,3''-

dicarbaldehyde (56): 

 

1,4-dibromo-2,5-bis(hexyloxy)benzene 81 (200 mg, 0.49 mmol), benzaldehyde 74 (286 mg, 

1.15 mmol), and [(t-Bu)3PH]BF4) (33.4 mg, 0.11 mmol) were suspended in THF (10 mL) and 

K2CO3 solution (2 mol/L, 4 mL) in a screw cap vessel. Pd2(dba)3 (55 mg, 0.049 mmol) was 

added to the reaction mixture under Ar, and the resulting mixture was heated to 90 °C for 16 h. 

After cooling to room temperature, the suspension was poured into water (20 mL) and extracted 

with CH2Cl2 (3 × 10 mL). The combined organic layers were washed with water (3 × 10 mL), 

and dried over Na2SO4. The solvent was removed under reduced pressure and the crude product 

was purified by column chromatography (silica gel, DCM:PE = 1:1, Rf = 0.65) to the get pure 

product as a yellow solid with a yield of 46 % (120 mg, 0.23 mmol). 

M.p.: 129 °C. 

1H NMR (400 MHz, CDCl3) δ = 11.03 (s, 2H, -OH), 9.95 (s, 2H, 7-H), 7.81 (d, J = 2.1 Hz, 2H, 

3-H), 7.78 (dd, J = 8.6, 2.2 Hz, 2H,5-H), 7.05 (d, J = 8.6 Hz, 2H, 6-H), 6.96 (s, 2H, 10-H), 3.94 

(t, J = 6.4 Hz, 4H, 11-H), 1.69 (dq, J = 12.8, 6.5 Hz, 4H, 12-H), 1.46 – 1.32 (m, 4H, 13-H), 

1.36 – 1.11 (m, 8H, 14,15-H), 0.86 (t, J = 6.9 Hz, 6H, 16-H) ppm. 

13C NMR (100 MHz, CDCl3) δ = 196.62 (C-7), 160.73 (C-1), 150.30 (C-9), 138.09 (C-5), 

134.50 (C-3), 130.12 (C-8), 129.03 (C-4), 120.35 (C-2), 117.24 (C-6), 115.52 (C-10), 69.65 

(C-11), 31.44 (C-12), 29.33 (C-13), 25.84 (C-14), 22.58 (C-15), 13.96 (C-16) ppm. 



Experimental Section 

107 

 

IR (ATR): ṽ = 3056 (s), 2932 (m), 2868(m), 1662 (s), 1593(w), 1513(m), 1475 (s), 1417 (s), 

1389 (m),)1271(s),1207(s),1163(s),1126 (s), 1056 (s), 1031 (s), 996 (m), 919 (m), 896 (m), 855 

(m), 822 (m),771 (m),718 (s), 643 (m), cm-1  

MS (ESI): [M-H]-: m/z calcd. For (C32H38O6
-): 517.65, found 517.2596. 

Elemental Analysis (%): (C32H38O6) Calcd. C 74.11, H 7.39, found C 74.32, H 7.38. 

5.3.1.17 Synthesis of 2',5'-bis(octyloxy)-4,4''-dihydroxy-[1,1':4',1''-terphenyl]-3,3''-

dicarbaldehyde (57): 

 

1,4-dibromo-2,5-bis(octyloxy)benzene 82 (200 mg, 0.406 mmol), benzaldehyde 74 (251 mg, 

1.01 mmol), and [(t-Bu)3PH]BF4) (37.1 mg, 0.12 mmol) were suspended in THF (5 mL) and 

K2CO3 solution (2 mol/L, 2 mL) in screw cap vessel. Pd2(dba)3(37 mg, 0.041 mmol) was added 

to the reaction mixture under Ar, and the resulting mixture was heated to 90 °C for 16 h. After 

cooling to room temperature, the suspension was poured into water (20 mL) and extracted with 

CH2Cl2 (3 × 10 mL). The combined organic layers were washed with water (3 × 10 mL), and 

dried over Na2SO4. The solvent was removed under reduced pressure and the crude product 

was purified by column chromatography (silica gel, DCM:PE = 1:1, Rf = 0.6) to the get pure 

product as a yellow solid with a yield of 60 % (140 mg, 0.24 mmol). 

M.p.: 115°C 

1H NMR (400 MHz, CDCl3) δ = 11.03 (s, 2H, -OH), 9.95 (s, 2H, 7-H), 7.81 (d, J = 2.1 Hz, 2H, 

5-H), 7.78 (dd, J = 8.6, 2.2 Hz, 2H, 3-H), 7.05 (d, J = 8.6 Hz, 2H, 2-H), 6.96 (s, 2H, 10-H), 

3.94 (t, J = 6.4 Hz, 4H, 11-H), 1.75 – 1.64 (m, 4H, 12-H), 1.35 (m, 4H, 13-H), 1.26 (m, 16H, 

14,15,16,17-H), 0.87 (t, J = 7.0 Hz, 6H, 18-H) ppm. 
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13C NMR (100 MHz, CDCl3) δ = 196.62 (C-7), 160.73 (C-1), 150.30 (C-9), 138.29 (C-5), 

134.50 (C-3), 130.11 (C-8), 129.04 (C-4), 120.36 (C-2), 117.24 (C-6), 115.53 (C-10), 69.66 

(C-11), 31.76 (C-12), 29.36 (C-13), 29.23 (C-14), 26.17 (C-15), 22.62 (C-16), 18.44 (C-17), 

14.06 (C-18) ppm. 

IR (ATR): ṽ =3060 (w), 2929 (s), 2852 (s), 1662 (s), 1624 (m), 1593 (m), 1514 (s), 1473 (s), 

1416 (m), 1390 (s), 1368 (s), 1293 (s), 1271 (s), 1207 (s), 1163 (s), 1126 (s), 1057 (s), 1036 (s), 

1004 (s), 919 (m), 895 (m), 855 (m), 821 (s), 771 (s), 709 (s), 680 (s), 643 (s), 579 (s) cm-1. 

MS (ESI): [M-H]-: m/z Calcd. For (C36H45O6
-): 573.75, found 573.3222. 

Elemental Analysis (%): (C36H46O6) Calcd. C 75.23, H 8.07, found C 75.23, H 8.07. 

5.3.1.18 Synthesis of 4,4''-dihydroxy-2',5'-bis(pent-4-en-1-yloxy)-[1,1':4',1''-terphenyl]-

3,3''-dicarbaldehyde (58): 

 

1,4-Dibromo-2,5-bis(pent-4-en-1-oxy) benzene 83 (121 mg, 0.325 mmol), benzaldehyde 74 

(220 mg, 0.81 mmol) and [(t-Bu)3PH]BF4) (30 mg, 0.1 mmol) were suspended THF (3 mL) 

and K2CO3 solution (2 mol/L, 1 mL) in a screw cap vessel. Pd2(dba)3 (23 mg, 0.02 mmol) was 

added to the reaction mixture under Ar, and the resulting mixture was heated to 90 °C for 16 h. 

After cooling to room temperature, the suspension was poured into water (10 mL) and extracted 

with CH2Cl2 (3 × 10 mL). The combined organic layers were washed with water (3 × 10 mL), 

and dried over Na2SO4. The solvent was removed under reduced pressure and the crude product 

was purified by column chromatography (silica gel, DCM:PE = 1:1, Rf = 0.6) to the get pure 

product as a yellow solid with a yield of 20 % (32 mg, 0.06 mmol). 

M.p.: 120 °C. 
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1H NMR (300 MHz, CDCl3) δ = 11.04 (s, 2H, 2-H), 9.96 (s, 2H, 1-H), 7.79 (t, J = 5.5 Hz, 4H, 

3,5-H), 7.06 (d, J = 8.3 Hz, 2H, 6-H), 6.96 (s, 2H, 4-H), 5.77 (ddt, J = 16.9, 10.3, 6.6 Hz, 2H, 

10-H), 5.02 – 4.91 (m, 4H, 11-H), 3.96 (t, J = 6.3 Hz, 4H, 7-H), 2.13 (dd, J = 14.7, 6.8 Hz, 4H, 

8-H), 1.86 – 1.74 (m, 4H, 9-H) ppm. 

13C NMR (125 MHz, CDCl3) δ = 196.67 (C-1), 160.75 (C-2), 150.19 (C-15), 138.30 (C-14), 

137.58 (C-10), 134.46 (C-4), 130.04 (C-5), 129.03 (C-12), 120.35 (C-3), 117.24 (C-11), 115.39 

(C-6), 68.74 (C-7), 30.20 (C-9), 28.58 (C-8) ppm. 

IR (ATR): ṽ = 3065(w), 2967 (w), 1455 (s), 1191 (w), 1161 (w), 1021 (w), 944 (w), 858 (w), 

795 (m), 737 (s), 623 (s) cm-1. 

MS (ESI): [M+H] +: m/z calcd. For (C30H31O6
+): 487.56, found 487.2113. 

Elemental Analysis (%): (C30H30O6) Calcd. C 74.06, H 6.22, found C 74.21, H 6.01. 

5.3.1.19 Synthesis of 4,4''-dihydroxy-2',5'-bis(((E)-pent-3-en-1-yl) oxy) -[1,1':4',1''-

terphenyl] -3,3''-dicarbaldehyde (58'): 

 

1,4-Dibromo-2,5-bis(pent-4-en-1-oxy) benzene 83 (402 mg, 0.975 mmol), benzaldehyde 74 

(660 mg, 2.88 mmol) and [(t-Bu)3PH]BF4) (58 mg, 0.2 mmol) suspended THF (8 mL) and 

K2CO3 solution (2 mol/L, 3 mL) in a screw cap vessel. Pd2(dba)3 (90 mg, 0.0975 mmol) was 

added to the reaction mixture under Ar, and the resulting mixture was heated to 90 °C for 16 h. 

After cooling to room temperature, the suspension was poured into water (10 mL) and extracted 

with CH2Cl2 (3 × 10 mL). The combined organic layers were washed with water (3 × 10 mL), 

and dried over Na2SO4. The solvent was removed under reduced pressure and the crude product 

was purified by column chromatography (silica gel, DCM:PE = 1:1, Rf = 0.6) to the get pure 

product as a yellow solid with a yield of 70 % (343 mg, 0.68 mmol). 
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M.p.: 143 °C 

1H NMR (300 MHz, DMSO-d6): δ = 10.79 (s, 2H, 2-H), 10.33 (s, 2H, 1-H), 7.92 (d, J = 2.3 

Hz, 2H, 5-H), 7.78 (dd, J = 8.6, 2.4 Hz, 2H, 3-H), 7.06 (d, J = 10.0 Hz, 4H, 4,6-H), 5.46 (dd, J 

= 6.9, 4.0 Hz, 4H, 9,10-H), 3.99 (dd, J = 8.2, 4.6 Hz, 4H, 7-H), 2.43 – 2.26 (m, 4H, 8-H), 1.61 

(d, J = 4.5 Hz, 6H, 11-H).  

13C NMR (101 MHz, CDCl3): δ = 196.65 (C-1), 160.75 (C-2), 150.21 (C-15), 138.37 (C-14), 

134.53 (C-4), 129.98 (C-5), 129.00 (C-12), 127.74 (C-13), 126.96 (C-9), 120.36 (C-10), 117.19 

(C-3), 115.55 (C-6), 69.42 (C-7), 32.70 (C-8), 18.02 (C-11).  

IR (ATR): ṽ = 2935(w), 2852 (w), 1660 (s), 1590 (w), 15131 (m), 1473 (m), 1438 (w), 1386 

(m), 1341 (w), 1268 (s), 1206 (s), 1167 (m), 1054 (m), 1029 (s), 968 (s), 922 (w), 903 (w), 872 

(w), 826 (w), 806 (w), 769 (w), 747 (s), 715 (s), 683 (w), 645 (m) cm-1. 

MS (ESI): [M+H] +: m/z calcd. For (C30H31O6
+): 487.56, found 487.2114. 

5.3.1.20 Synthesis of 2-methoxyethyl p-toluenesulfonate (87):[116a] 

 

2-methoxyethanol 84 (20.8 g ,173 mmol) and NaOH (10.0 g, 250 mmol) were dissolved in 

water (50 mL) in a 1 L flask. p-toluene sulfonyl chloride 86 (36.2 g, 190 mmol) in THF (50 

mL) was added to the above solution in an ice bath. The mixture was stirred at room 

temperature for 12 h. The resulting mixture was mixed with ice water and extracted with 

CH2Cl2 (3 × 100 mL). The combined organic layers were washed with hydrochloric acid (1 M, 

2 × 250 mL) and brine followed by drying over Na2SO4. After the solvent was removed under 

reduced pressure, the product was obtained as a yellowish oil with a yield of 68 %(24.8g, 

117 mmol). 

1H NMR (300 MHz, CDCl3) δ = 7.80 (d, J = 8.3 Hz, 2H), 7.34 (d, J = 8.0 Hz, 2H), 4.21 – 4.11 

(m, 2H), 3.63– 3.52 (m, 2H), 3.31 (s, 3H), 2.44 (s, 3H) ppm. 

Analytical data are in accordance with those previously reported.[116a] 
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5.3.1.21 Synthesis of 1-(((2-(2-methoxyethoxy) ethoxy) methyl) sulfonyl)-4-

methylbenzene (88):[116a] 

 

Triethylene glycol monomethyl ether 85 (8.21 g, 50 mmol), sodium hydroxide (7.00 g, 175 

mmol), THF (35 mL), and water (35 mL) were placed in a three-necked flask and stirred at 

0 ˚C. A THF solution (50 mL) of p-toluene sulfonyl chloride 86 (11.4 g, 60 mmol) was added 

dropwise to the mixture in 30 min. The reaction mixture was stirred at 0 ˚C for 2 h, and then at 

room temperature for 12 h. The reaction mixture was poured into aqueous hydrochloric acid 

(150 mL, 5wt%) and extracted with chloroform (3 × 30 mL). The combined organic layers 

were dried over NaSO4. The solvent was removed under reduced pressure and the crude 

product was obtained as a pale brown liquid with quantitative yield (15.9, 50 mmol) and used 

for subsequent synthesis without purification. 

1H NMR (300 MHz, CDCl3) δ = 7.80 (d, J = 8.3 Hz, 2H), 7.34 (d, J = 8.0 Hz, 2H), 4.19 – 4.13 

(m, 2H), 3.73 – 3.65 (m, 6H), 3.65 – 3.48 (m, 2H), 3.37 (s, 3H), 2.45 (s, 3H) ppm. 

Analytical data are in accordance with those previously reported.[116b] 

5.3.1.22 Synthesis of 1,4-dibromo-2,5-bis(2-methoxyethoxy) benzene (89):[116a] 

 

Under argon atmosphere, 2-methoxyethyl p-toluenesulfonate 87 (10.0 g, 43.3 mmol) in DMF 

(20 mL) was added dropwise to a mixture of 2,5-dibromo-1,4-benzenediol 75 (4.7 g, 17.3 mmol) 

and K2CO3 (13.5 g) in DMF (150 ml) at 0 °C. After 15 minutes the reaction mixture was heated 

to 80 °C for 6 h. The mixture was cooled to room temperature and quenched with water (50 mL). 

The organic phase was washed with water until the pH = 7 and dried over Na2SO4. The solvent 

was removed under reduced pressure and after recrystallization from ethanol, the product was 

obtained as a colourless solid with a yield of 84 % (5.6 g, 14.5 mmol). 
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M.p.: 102.7 °C. 

1H NMR (300 MHz, CDCl3) δ = 7.15 (s, 2H), 4.21 – 3.94 (m, 4H), 3.89 – 3.63 (m, 4H), 3.47 

(s, 6H) ppm. 

Analytical data are in accordance with those previously reported.[116a]  

5.3.1.23 Synthesis of 1,4-dibromo-2,5-bis((2-(2-methoxyethoxy) ethoxy) methyl) benzene 

(90):[116a] 

 

Under argon atmosphere tetraethylene glycol methyl p-tosyl ether 88 (16.6 g, 44.5 mmol) in 

dry DMF (20 mL) was added dropwise to a mixture of 2,5-dibromo-1,4-benzenediol 75 (5.3 g, 

19.6 mmol) and K2CO3 (13.5 g) in dry DMF (150 ml) at 0 °C. After 15 minutes the reaction 

mixture was heated to 70 °C for 6 h. Water (50 mL) was added to the reaction mixture and was 

extracted with chloroform (3 × 40 mL). The collected organic phase was washed with water 

until the pH = 7 and dried over Na2SO4. The solvent was removed under reduced pressure and 

the product was obtained after recrystallization from ethanol (cooled in liquid nitrogen) as an 

off-white solid with a yield of 65 % (7.1 g, 12.7 mmol). 

1H NMR (300 MHz, CDCl3) δ = 7.14 (s, 1H), 4.11 (t, J = 4.7 Hz, 2H), 3.86 (t, J = 4.8 Hz, 2H), 

3.77 (m, 2H), 3.66 (m, 2H), 3.58 – 3.47 (m, 2H), 3.37 (s, 3H) ppm. 

Analytical data are in accordance with those previously reported[116a]. 
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5.3.1.24 Synthesis of 4,4''-dihydroxy-2',5'-bis(2-methoxyethoxy)-[1,1':4',1''-terphenyl]-

3,3''-dicarbaldehyde (60): 

 

1,4-dibromo-2,5-bis(2-methoxyethoxy) benzene 89 (300 mg, 0.35 mmol), benzaldehyde 74 

(221mg, 0.89 mmol), were suspended in THF (4 mL) and K2CO3 solution (2 mol/L, 2 mL) in 

a screw cap vessel. Pd2(dba)3 (143 mg, 0.15 mmol) and [(t-Bu)3PH]BF4) (91 mg, 0.31 mmol) 

Pd2(dba)3 (90 mg, 0.0975 mmol) was added to the reaction mixture under Ar, and the resulting 

mixture was heated to 90 °C for 16 h. After cooling to room temperature, the suspension was 

pouring into water (20 mL) and extracted with CH2Cl2 (3 × 10 mL). The combined organic 

layers and washed with water (3 × 10 mL), and dried over Na2SO4. The solvent was removed 

under reduced pressure and the crude product was purified by column chromatography (silica 

gel, DCM to DCM: MeOH = 50:1, Rf = 0.1) to give the product a yellow solid with a yield of 

62% (230 mg, 0.22 mmol). 

M.p.: 169 °C. 

1H NMR (500 MHz, CDCl3) δ = 10.97 (s, 2H, -OH), 9.89 (s, 2H, 7-H), 7.84 (d, J = 2.1 Hz, 2H, 

3-H), 7.74 (dd, J = 8.6, 2.1 Hz, 2H, 5-H), 6.99 (d, J = 8.6 Hz, 2H, 6-H), 6.94 (s, 2H, 10-H), 

4.13 – 3.89 (m, 4H, 11-H), 3.75 – 3.49 (m, 4H, 12-H), 3.31 (s, 6H, 13-H) ppm. 

13C NMR (100 MHz, CDCl3) δ = 196.76 (C-7), 160.79 (C-1), 150.49 (C-9), 138.14 (C-5), 

134.77 (C-3), 129.68 (C-8), 129.35 (C-4), 120.43 (C-2), 117.31 (C-6), 116.24 (C-10), 71.16 

(C-11), 69.30 (C-12, 59.12 (C-13) ppm. 

IR(ATR): ṽ = 2956 (m), 2920 (s), 2858 (s), 1653 (s), 1585 (s), 1508 (w), 1470 (s), 1367 (m), 

1336 (m), 1285 (s), 1252 (s), 1220 (s), 1180 (s), 1161 (s), 1130 (s), 962 (w), 904 (s), 838 (s), 

813 (s), 766 (s), 742 (s), 722 (s), 699 (s), 654 (s), 633 (s), 587 (s) cm-1. 

MS (ESI): [M-H]-: m/z calcd. For (C26H25O8
-): 466.15, found 465.1554. 
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Elemental Analysis (%): (C26H26O8∙
1

3
H2O) Calcd. C 66.09, H 5.69, found C 66.22, H 5.94. 

5.3.1.25 Synthesis of 4,4''-dihydroxy-2',5'-bis(2-(2-(2-methoxyethoxy) ethoxy) ethoxy)-

[1,1':4',1''-terphenyl]-3,3''-dicarbaldehyde (61): 

 

1,4-dibromo-2,5-bis((2-(2-methoxyethoxy) ethoxy) methyl) benzene 90 (200 mg, 0.35 mmol), 

benzaldehyde 74 (221mg, 0.89 mmol) were suspended in THF (5 mL) and K2CO3 solution 

(2 mol/L, 2 mL) in a screw cap vessel. Pd2(dba)3(32 mg, 0.035 mmol) and [(t-Bu)3PH]BF4 

(20.71 mg, 0.07 mmol) was added to the reaction mixture under Ar, and the resulting mixture 

was heated to 90 °C for 16 h. After cooling to room temperature, the suspension was pouring 

into water (20 mL) and extracted with CH2Cl2 (3 × 10 mL). The combined organic layers and 

washed with water (3 × 10 mL), and dried over Na2SO4. The solvent was removed under 

reduced pressure and the crude product was purified by column chromatography (silica gel, 

DCM to DCM: MeOH = 50:1, Rf = 0.1) to give the product as yellow solid with a yield of 72% 

(120 mg, 0.25 mmol). 

M.p.: 77.6 °C. 

1H NMR (400 MHz, CDCl3) δ = 11.06 (s, 2H, -OH), 9.97 (s, 2H, 3-H), 7.88 (d, J = 2.2 Hz, 2H, 

7-H), 7.82 (dd, J = 8.6, 2.2 Hz, 2H, 5-H), 7.05 (d, J = 8.6 Hz, 2H, 4-H), 6.99 (s, 2H, 9-H), 4.18 

– 4.04 (m, 4H, 11-H), 3.83 – 3.70 (m, 4H, 12-H), 3.68 – 3.55 (m, 12H,13,14,15-H), 3.56 – 3.48 

(m, 4H, 16-H), 3.34 (s, 6H, 17-H) ppm. 

13C NMR (100 MHz, CDCl3) δ = 196.94 (C-3), 160.77 (C-2), 150.34 (C-10), 138.25 (C-5), 

134.65 (C-7), 129.77 (C-6), 129.18 (C-8), 120.44 (C-18), 117.28 (C-4), 115.92 (C-9), 71.91 

(C-11), 70.76 (C-12), 70.69 (C-13), 70.56 (C-14), 69.78 (C-15), 69.18 (C-16), 58.98 (C-17) 

ppm. 
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IR (ATR): ṽ = 2873(s), 2817 (m), 1650 (s), 1617 (s), 1594 (m), 1513 (s), 1480 (s), 1450 (s), 

1401 (s), 1359 (s), 1321 (w), 1287 (s), 1267 (s), 1212 (s), 1168 (m), 1123 (s), 1053 (s), 943 (s), 

892 (s), 828 (s), 800 (w), 759 (s), 713 (s), 683 (s), 642 (s), 563 (s) cm-1. 

MS (ESI): [M-H]-: m/z calcd. For (C34H41O12
-): 641.69, found 641.2601. 

Elemental Analysis (%): (C34H42O12) Calcd. C 63.54, H 6.59, found C 63.25, H 6.69. 

5.3.1.26 Synthesis of 1,4-bis(perfluorobutyl)benzene (92):[117] 

 

Nonafluoro-1-iodobutane (2.43 g, 7.04 mmol) was added to a mixture of 1,4-diiodobenzene 91 

(1.05g, 3.2 mmol) and Cu powder (0.82 g, 12.8 mmol) in anhydrous DMSO (35 mL). The 

mixture was stirred for 70 h at 120 °C. After cooling to room termperature, water (20 mL) and 

diethyl ether (20 mL) were added to the mixture and stirred for 30 min. The mixture was filtered, 

and the filtrate was extracted with diethyl ether (3 × 10 mL). The combined organic layers were 

washed with brine (2 × 5 mL), dried over Na2SO4, and concentrated under reduced pressure. 

The resulting residue was used for the next step without further purification with a yield of 71 % 

(1.5 g, 5 mmol) as transparent liquid.  

1H NMR (500 MHz, CDCl3) δ = 7.76 (s, 4H) ppm. 

19F NMR (471 MHz, CDCl3) δ = -80.98 (s), -111.53 (s), -122.65 (s), -125.58 (s) ppm. 

Analytical data are in accordance with those previously reported.[117] 

5.3.1.27 Synthesis of 1,4-dibromo-2,5-bis(perfluorobutyl)benzene (93):[117] 

 

1,4-bis(perfluorobutyl)benzene 92 (13.6 g, 26.4 mmol) was added to a mixture of 

trifluoroacetic acid (100 mL) and concentrated sulfuric acid (30 mL). The mixture was heated 

to 60 °C, and N-bromosuccinimide (14.3 g, 79.5 mmol) was added in portions (2.39 g/h) over 



Experimental Section 

116 

 

6 h. The mixture was stirred for 48 h at 60 °C, then ice water (50 mL) was added to the reaction 

mixture and the aqueous phase was extracted with DCM (3 × 30 mL). The organic phases were 

combined and dried over Na2SO4, and concentrated in vacuo. The resulting residue was 

recrystallized from ethanol to give the product as a colourless crystal in a 77% yield (13.6 g, 

20.4 mmol). 

M.p.: 56 °C. 

 1H NMR (300 MHz, CDCl3) δ = 7.94 (s, 2H) ppm. 

19F NMR (283 MHz, CDCl3) δ = -80.86, -107.86, -120.24, -125.77 ppm. 

Analytical data are in accordance with those previously reported.[117]  

5.3.1.28 Synthesis of 4,4''-dihydroxy-2',5'-bis(perfluorobutyl)-[1,1':4',1''-terphenyl]-

3,3''-dicarbaldehyde (59): 

 

1,4-dibromo-2,5-bis(perfluorobutyl)benzene 93 (100 mg, 0.14 mmol) and benzaldehyde 74 

(92.31 mg, 0.89 mmol) were suspended into THF (3 mL) and K2CO3 solution (2 mol/L, 1 mL) 

in a screw cap vessel. Pd2(dba)3 (27 mg, 0.014 mmol) and [(t-Bu)3PH]BF4) (18 mg, 0.028 mmol) 

were added to the reaction mixture under Ar, and the resulting mixture was heated to 90 °C for 

16 h. After cooling to room temperature, the suspension was poured to water (20 mL) and 

extracted with CH2Cl2 (3 × 10 mL). The combined organic layers were washed with water 

(3 × 10 mL) and dried over Na2SO4. The solvent was removed under reduced pressure and the 

crude product was purified by column chromatography (silica gel, PE: DCM = 2:1, Rf = 0.7) 

to obtain the product as colourless solid with a yield of 30% (34 mg, 0.04 mmol). 

M.p.: 216 °C. 
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1H NMR (300 MHz, CDCl3) δ = 11.12 (s, 2H, -OH), 9.93 (s, 2H, 3-H), 7.61 (s, 2H, 4-H), 7.49 

(s, 2H, 9-H), 7.47 (d, J = 9.2 Hz, 2H, 6-H), 7.07 (d, J = 8.5 Hz, 2H, 7-H) ppm. 

19F NMR (471 MHz, CDCl3) δ = -80.95, -103.66, -120.47, -125.79 ppm. 

13C NMR (151 MHz, THF) δ = 194.08 (C-3), 159.72 (C-1), 139.81 (C-5), 135.37 (C-6), 131.91 

(C-4), 131.82 (C-9), 128.16 (C-10), 127.86 (C-2), 118.88 (C-8), 115.10 (C-7) ppm. 

IR (ATR): ṽ =3059 (w), 2868 (w), 1663 (s), 1593 (m), 1477 (s), 1371 (m), 1349 (s), 1285 (s), 

1230 (s), 1190 (s), 1167 (s), 1130 (s), 1102 (s), 1058 (s), 1016 (s), 943 (m), 912 (m), 822 (s), 

751 (s), 723 (s), 672 (s), 639 (s), 583 (s), 535 (s) cm-1.  

MS (ESI): [M-H]-: m/z calcd. For (C28H11O4F18
-): 753.36, found 753.0383. 

Elemental analysis: (C28H12O4F18) Calcd. C 44.58, H 1.6, found C 43.96, H 1.58. 

5.3.1.29 Synthesis of 5-bromo-3-(tert-butyl)-2-hydroxybenzaldehyde (95):[118] 

 

A solution of Br2 (0.3 g, 5.6 mmol) in CH2Cl2 (10 mL) was added dropwise to a solution of 3-

tert-butyl-2-hydroxybenzaldehyde 94 (1.0 g, 5.6 mmol) in CH2Cl2 (5 mL) at 0 °C in 30 min. 

The reaction mixture was stirred for 1 h at 0 °C. Water (20 mL) was added and the aqueous 

layer was separated and he organic layer was washed with Na2S2O3 solution (3 × 10 mL) and 

NaHCO3 solution (3 × 10 mL), then dried over NaSO4. The solvent was removed under reduced 

pressure to obtain the product as a yellow solid with a yield of 83 % (1.2 g, 4.65 mmol). 

M.p.: 60 °C [Lit.: 58-60 ºC].[118] 

1H NMR (300 MHz, CDCl3) δ = 11.72 (s, 1H), 9.81 (s, 1H), 7.58 (d, J = 2.4 Hz, 1H), 7.52 (d, 

J = 2.5 Hz, 1H), 7.26 (s, 1H), 1.41 (s, 9H) ppm. 

Analytical data are in accordance with those previously reported.[118] 
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5.3.1.30 Synthesis of 1,4-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl) benzene 

(97):[119] 

 

1,4-Dibromobenzene 96 (1.28 g, 5 mmol), bis(pinacolato)diboron (2.66 g, 10.5 mmol), 

potassium acetate (1.03 g, 10.5 mmol) and 40 mL of 1,4-dioxane were placed in a 100-mL 

Schlenk flask under an argon atmosphere. Pd(dppf)Cl2 (50 mg, 0.07 mmol) was added to the 

flask under Ar, and the mixture was refluxed for 16 h. After cooling to room termperature, the 

mixture was poured into water (100 mL), and extracted with dichloromethane (2 × 20 mL). 

The organic layers were dried over Na2SO4 and evaporated. The crude product was dissolved 

in dichloromethane and passed through a short pad of silica gel. After removal of the solvent, 

the residue was recrystallized from acetone to produce pure product as a colourless crystal with 

a yield of 65% (1.07 g, 3.25 mmol). 

M.p.: 245 °C [Lit: 245.3 ºC].[119]  

1H NMR (300 MHz, CDCl3) δ = 7.80 (s, 4H), 1.35 (s, 24H) ppm. 

13C NMR (125 MHz, CDCl3) δ = 133.89, 83.85, 24.87 ppm. 

Analytical data are in accordance with those previously reported[119] 
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5.3.1.31 Synthesis of 5,5''-di-tert-butyl-4,4''-dihydroxy-[1,1':4',1''-terphenyl]-3,3''-

dicarbaldehyde (62): 

 

1,4-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl) benzene 97 (200 mg, 0.61mmol), 5-

bromo-3-(tert-butyl)-2-hydroxybenzaldehyde 95 (389 mg, 1.5 mmol), [(t-Bu)3PH]BF4 

(35.1 mg, 0.12 mmol) were suspended in THF (4 mL) and K2CO3 solution (1 mol/L, 2 mL) in 

a screw cap vessel. Pd2(dba)3 (55 mg, 0.06 mmol) was added under Ar, and the resulting 

mixture was heated to 90 °C for 16 h. After cooling to room temperature, the suspension was 

poured into water (20 mL) and extracted with CH2Cl2 (10 mL× 3). The combined organic layers 

were washed with water (3 × 10 mL) and dried over Na2SO4. The solvent was removed under 

reduced pressure and the crude product was purified by column chromatography (silica gel, 

DCM:PE= 1:1, Rf = 0.65) to give the product as a yellow solid with a yield of 54% (146 mg, 

0.03 mmol). 

M.p.: 274 °C. 

1H NMR (500 MHz, CDCl3) δ = 11.82 (s, 2H, -OH), 9.99 (s, 2H, 7-H), 7.81 (d, J = 2.2 Hz, 2H, 

5-H), 7.65 (m, 6H, 3,9-H), 1.49 (s, 18H, 11-H) ppm. 

13C NMR (125 MHz, CDCl3) δ = 197.25 (C-7), 160.76 (C-1), 138.98 (C-6), 138.93 (C-8), 

133.02 (C-5), 131.80 (C-4), 129.93 (C-3), 127.21 (C-9), 120.80 (C-7), 35.09 (C-10), 29.25 (C-

11) ppm. 

IR(ATR): ṽ = 2942 (w), 2909 (w), 2855 (w), 1642 (s), 1612 (m), 1520 (w), 1459 (m), 1436 (s), 

1389 (s), 1375 (s), 1332 (s), 1293 (s), 1267 (s), 1248 (s), 1218 (m), 1196 (m), 1166 (s), 1083 

(m), 1025 (w), 1005 (w), 959 (w), 930 (w), 906 (w), 882 (m), 843 (m), 784 (s), 734 (s), 708 (s), 

634 (w) cm-1. 

MS (ESI): [M-H]-: m/z calcd. For (C30H29O4
-): 429.54, found 429.0383. 
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Elemental Analysis (%): (C28H30O4) Calcd. C 78.11, H 7.02 found C 77.40, H 6.93. 

5.3.1.32 Synthesis of triptycene (100):[120] 

 

Anthracene 99 (17.8 g, 100 mmol) was dissolved in 1,2- dichloroethane (400 mL) and heated 

to reflux. Isopentyl nitrite (16.1 mL, 14.1 g, 120 mmol) was added in one portion. The solution 

of anthranilic acid 98 (15.1 g, 110 mmol) in diethylene glycol diethyl ether (150 mL) was added 

dropwise to the reaction mixture over approximately 1 h. The reaction mixture was heated 

under reflux for 2 hours, then the temperature increased to 170 °C to distill the solvent. Maleic 

anhydride (9.82 g, 100 mmol) was added to the residue, and the suspension was heated under 

reflux for another 1 h. The reaction was cooled to room temperature and poured into a mixture 

of methanol (500 mL), water (500 mL), and KOH (50 g) and cooled in an ice-bath. The 

resulting pale brown suspension was stirred for 40 min and then filtered. The solid was washed 

with a methanol and water mixture (4:1 V/V, 4 × 100 mL) to give the crude product as a brown 

solid. After subsequent recrystallizations from acetone, triptycene 100 was isolated in 52% 

yield (13.2 g, 52 mmol) as a colorless solid. 

M.p.: 252 C [Lit.: 253-254 C].[120] 

1H NMR (300 MHz, CDCl3) δ = 7.42 (m, 6H), 7.02 (m, 6H), 5.46 (s, 2H) ppm. 

Analytical data are in accordance with those previously reported.[120]  

5.3.1.33 Synthesis of 2,7,14-Trinitrotriptycene (101):[122] 

 

Triptycene 100 (14 g, 55 mmol) was stirred in acetic acid (80 mL) in an ice bath. Fuming HNO3 

(70 mL) was dropped into the mixture in 1 min. The mixture was stirred in an ice bath for 1 h 

and then poured onto ice water (1000 mL). The yellow precipitate was filterd, washed with 
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acetic acid and water (1 L), then dried in air. The crude product was separated by column 

chromatography (silica gel, ethyl acetate /petroleum ether, 1:4) afford a white solid with a yield 

of 15% (3.29 g, 8.25 mmol). The isomer 101’ was obtained as a yellow solid with a yield of 

56% (12.28 g, 30.8 mmol) 

101’ 

M.p.: 180 C [Lit.: 178-180 C].[122] 

1H NMR (300 MHz, CDCl3): δ = 5.80 (s, 1H, bridgehead), 5.84 (s, 1H, bridgehead), 7.62 (m, 

3H), 8.05 (m, 3H), 8.34 (m, 3H) ppm. 

101 

M.p.: 348 C [Lit.: > 300 C].[122] 

1H NMR (300 MHz, CDCl3): δ = 5.82 (s, 1H, bridgehead), 5.84 (s, 1H, bridgehead), 7.62 (d, J 

= 8.2 Hz, 3H), 8.05 (dd, J = 8.2, 2.2 Hz, 3H), 8.34 (d, J = 2.2 Hz, 3H) ppm. 

Analytical data are in accordance with those previously reported.[122]  

5.3.1.34 Synthesis of 2,7,14-triaminotriptycene (19):[122] 

 

Hydrazine monohydrate (1.5 mL, 47.2 mmol) was added to a mixture of compound 101 (1.0 g, 

2.6 mmol), Pd/C (∼1.0 g), THF (20 mL) and ethanol (10 mL) under Ar in an ice bath. The 

mixture was stirred at 0 °C for half an hour at room temperature for a further half an hour. The 

mixture was heated to 75 °C for 3 hours, cooled to room temperature and then filtered by celite. 

The filtrate was concentrated by rotary evaporation, and the product was obtained as colourless 

solid after a column chromatography (silica gel, column: DCM:MeOH = 20:1, Rf = 0.3) with 

the yield of 80% (0.65 g, 2.08 mmol).  

M.p.: 280 C [Lit.: 279-283 C].[122]  

1H NMR (300 MHz, CDCl3): δ = 3.40 (s, 6H), 4.97 (s, 1H), 5.05 (s, 1H), 6.23 (dd, J = 7.7, 2.1 

Hz, 3H), 6.70 (d, J = 7.7 Hz, 3H), 7.03 (d, J = 2.1 Hz, 3H) ppm. 
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Analytical data are in accordance with those previously reported.[122]  

5.3.1.35 Synthesis of Cage compound 104: 

 

Triaminotriptycene 19 (46.39 mg,0.15 mmol) and aldehyde 52 (100 mg, 0.23 mmol) were 

dissolved in DMF (15 mL) in a screw cap vessel under Ar. TFA solution (0.1 mol/L, in DMF, 

60 μL) was added to the solution. The mixture was heated to 100 °C for 2 days. After cooling 

to room temperature, the mixture was concentrated to 5 mL under reduced pressure. The 

remaining reaction mixture was dropped into methanol (20 mL) and stirred for 1 h. The orange 

precipitates were filtered then washed with methanol (5 × 5 mL) then pentane (5 × 5 mL) to 

obtain the product as an orange solid with a yield of 68 % (95 mg, 0.051 mmol). Crystals were 

obtained by diffusing methanol into THF solution at room temperature. 

M.p.: >400 °C. 

1H NMR (500 MHz, THF-d8) δ = 13.13 (s, 6H, -OH), 9.15 (s, 6H, 10-H), 7.82 (d, J = 1.6 Hz, 

6H, 15-H), 7.55 (d, J = 7.8 Hz, 6H, 13-H), 7.41 (d, J = 2.0 Hz, 6H, 5-H), 7.39 (dd, J = 8.2, 2.1 

Hz, 6H, 3-H), 7.22 (dd, J = 7.8, 1.8 Hz, 6H, 12-H), 7.13 (s, 6H, 9-H), 7.00 (d, J = 8.2 Hz, 6H, 

2-H), 5.71(s, 2H, Bridgehead-H), 5.63 (s, 2H, Bridgehead-H),2.70 – 2.56 (m, 12H, 17-H), 1.47 

(dt, J = 15.4, 7.7 Hz, 12H, 18-H), 1.26 – 1.12 (m, 12H, 19-H), 0.77 (t, J = 7.4 Hz, 18H, 20-H) 

ppm. 

13C NMR (150 MHz, THF-d8) δ = 160.62 (C-10), 159.98 (C-1), 146.32 (C-16), 144.66 (C-14), 

144.16 (C-10), 140.26 (C-7), 137.75 (C-8), 133.72 (C-3), 133.28 (C-5), 133.02 (C-10), 131.18 

(C-9), 125.12 (C-12), 124.93 (C-13), 119.32 (C-10), 116.84 (C-2), 111.04 (C-15), 55.52 

(Bridgehead-C), 52.86 (Bridgehead-C), 33.91 (C-17), 32.51 (C-18), 22.71 (C-19), 13.53 (C-

20) ppm. 
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IR (ATR): ṽ = 2953 (w),2926 (w), 2862 (w), 1741 (w), 1624 (s), 1607 (s), 1577 (s), 1474 (s), 

1359 (m), 1318 (w), 1278 (s), 1230 (m), 1178 (s), 1129 (m), 957 (m), 886 (m), 856 (s), 829 (s), 

790 (s), 747 (s), 725 (s), 690 (s), 656 (s), 588 (s), 538 (s) cm-1. 

MS (MALDI-TOF, DCTB): [M+H]+: m/z calcd. For (C124H113N6O6
+): 1783.30, found 

1782.918. 

Elemental analysis (%): (C124H112N6O6 ∙H2O) Calcd. C 82.73, H 6.38 N 4.67 found C 82.37, H 

6.36 N 4.42. 

5.3.1.36 Synthesis of Cage compound 105: 

 

Triaminotriptycene 19 (41.06 mg,0.14 mmol) and aldehyde 53 (100 mg, 0.21 mmol) were 

dissolved in DMF (15 mL) in a screw cap vessel under Ar. TFA solution (0.1 mol/L, in DMF, 

60 μL) was added to the solution. The mixture was heated to 100 °C for 2 days. After cooling 

to room temperature, the mixture was concentrated to 5 mL under reduced pressure. The 

remaining reaction mixture was dropped into methanol (20 mL) and stirred for 1 h. The orange 

precipitates were filtered then washed with methanol (5 × 5 mL) then pentane (5 × 5 mL) to 

obtain the product as an orange solid with a yield of 78 % (110 mg, 0.054 mmol). Crystals were 

obtained by diffusing methanol into THF solution. 

M.p.: >410 C.  

1H NMR (500 MHz, THF-d8) δ = 13.02 (s, 6H,-OH), 9.04 (s, 6H, 10-H), 7.71 (s, , 6H, 15-H), 

7.44 (d, J = 5.0 Hz, 6H, 13-H), 7.30 (s, 6H, 5-H), 7.28 (dd, J = 10.0, 5.0 Hz, 6H, 3-H), 7.12 

(dd, J = 10.0, 5.0 Hz, 6H, 12-H), 7.02 (s, 6H, 9-H), 6.90 (d, J = 10.0 Hz, 6H, 2-H), 5.60(s,2H, 

Bridge-H), 5.51(s, 2H, Bridge-H), 2.51 (t, J = 5.0 Hz, 12H, 17-H), 1.38 (m, 12H,18-H), 1.05 

(m, 36H, 19,20,21-H), 0.65 (t, J = 5.0 Hz, 18H,22-H) ppm. 
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13C NMR (150 MHz, THF-d8) δ = 159.98 (C-1), 159.20 (C-10), 145.65 (C-14), 144.03 (C-16), 

143.45 (C-11), 139.60 (C-8), 137.20 (C-7), 133.08 (C-6), 132.60 (C-3), 132.36 (C-5), 130.51 

(C-9), 124.54 (C-12), 124.30 (C-13), 118.67 (C-4), 116.21 (C-2), 110.29 (C-15), 54.90 (C-

Bridgehead), 52.21 (C-Bridgehead), 32.22 (C-17), 31.10 (C-18), 31.02 (C-19), 28.78 (C-20), 

22.02 (C-21), 13.04 (C-22) ppm. 

IR (ATR): ṽ = 2952 (m), 2923 (m), 2854 (m), 1625 (s), 1607 (s), 1578 (s), 1474 (s), 1381 (m), 

1359 (m), 1277 (s), 1230 (m), 1178 (s), 1129 (s), 1087 (w), 957 (s), 887 (s), 856 (s), 829 (s), 

791 (s), 724 (s), 657 (s) cm-1. 

MS (MALDI-TOF, DCTB): [M+H] +: m/z calcd. For (C136H137N6O6
+): 1951.62, found 

1951.323. 

Elemental Analysis (%): (C136H136N6O6·0.5H2O) Calcd. C 83.30, H 7.07, N 4.29 found C 83.29, 

H 6.99, N 4.16. 

5.3.1.37 Synthesis of Cage compound 106 

 

Triaminetriptycene 19 (44.2 mg,0.15 mmol) and aldehyde 54 (120 mg, 0.22 mmol) were 

dissolved in DMF (15 mL) in a screw cap vessel under Ar. TFA solution (0.1 mol/L, in DMF, 

60 μL) was added to the solution. The mixture was heated to 100 °C for 2 days. After cooling 

to room temperature, the mixture was concentrated to 5 mL under reduced pressure. The 

remaining reaction mixture was dropped into methanol (20 mL) and stirred for 1 h. The orange 

precipitates were filtered then washed with methanol (5 × 5 mL) then pentane (5 × 5 mL) to 

obtain the product as an orange solid with a yield of 67 % (106 mg, 0.051 mmol). Crystals were 

obtained by diffusing methanol into THF solution. 

M.p.: >400 °C 
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1H NMR (500MHz, THF-d8) δ = 13.01 (s, 6H,-OH), 9.03 (s, 5H, 10-H), 7.70 (s, , 6H, 15-H), 

7.44 (d, J = 5.0 Hz, 6H, 13-H), 7.30 (s, 6H, 5-H), 7.28 (dd, J = 10.0, 5.0 Hz, 6H, 3-H), 7.12 

(dd, J = 10.0, 5.0 Hz, 6H, 12-H), 7.02 (s, 6H, 9-H), 6.90 (d, J = 10.0 Hz, 6H, 2-H), 5.60(s,2H, 

Bridgehead-H), 5.51(s, 2H, Bridgehead -H), 2.51 (t, J = 5.0 Hz, 12H, 17-H), 1.38 (m, 12H, 18-

H), 1.04 (m, 60H,19,20,21,22,23 -H), 0.65 (t, J = 5.0 Hz, 18H, 24-H) ppm. 

13C NMR (150 MHz, THF-d8) δ = 158.76 (C-1), 158.00 (C-10), 144.44 (C-14), 142.81 (C-16), 

142.26 (C-11), 138.38 (C-8), 135.99 (C-7), 131.86 (C-6), 131.39 (C-3), 131.15 (C-5), 129.32 

(C-9), 123.31 (C-12), 123.09 (C-13), 117.44 (C-4), 115.01 (C-2), 109.09 (C-15), 53.68 (C-

Bridgehead), 51.03 (C-Bridgehead), 31.00 (C-17), 30.21 (C-18), 29.80 (C-19), 27.85 (C-20), 

27.61 (C-21), 27.53 (C-22), 20.94 (C-23), 11.85 (C-24) ppm. 

IR(ATR): ṽ = 3007 (w), 2921 (m), 2851 (m), 1741 (s), 1608 (m), 1578 (m), 1477 (s), 1361 (s), 

1278 (m), 1215 (s), 1180 (s), 1130 (m), 957 (w), 889 (w), 860 (m), 829 (m), 791 (m), 741 (m), 

660 (m), 640 (m) cm-1. 

MS (MALDI-TOF, DCTB): [M+H] +: m/z calcd. For (C148H161N6O6
+): 2119.95, found 

2119.756. 

Elemental Analysis (%): (C148H160N6O6 ·H2O) Calcd. C 83.18, H 7.64, N 3.95 found C 83.27, 

H 7.69, N 3.52. 

5.3.1.38 Synthesis of Cage compound 107: 

 

Triaminotriptycene 19 (43.2 mg, 0.144 mmol) and aldehyde 55 (100 mg, 0.22 mmol) were 

dissolved in DMF (15 mL) in a screw cap vessel under Ar. TFA solution (0.1 mol/L, in DMF, 

60 μL) was added to the solution. The mixture was heated to 100 °C for 2 days. After cooling 

to room temperature, the mixture was concentrated to 5 mL under reduced pressure. The 
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remaining reaction mixture was dropped into methanol (20 mL) and stirred for 1 h. The orange 

precipitates were filtered then washed with methanol (5 × 5 mL) then pentane (5 × 5 mL) to 

obtain the product as an orange solid with a yield of 65 % (96 mg, 0.047 mmol). Crystals were 

obtained by diffusing methanol into THF solution. 

M.p.: >400 °C. 

1H NMR (600 MHz, THF-d8) δ = 13.17 (s, 6H, -OH), 9.21 (s, 6H, 10-H), 7.90 (d, J = 1.8 Hz, 

6H,15-H), 7.75 (d, J = 2.1 Hz, 6H, 13-H), 7.65 (dd, J = 8.2, 2.2 Hz, 6H, 5-H), 7.56 (d, J = 7.8 

Hz, 6H, 3-H), 7.23 (dd, J = 7.8, 1.9 Hz, 6H, 12-H), 7.07 (s, 6H, 9-H), 6.98 (d, J = 8.3 Hz, 6H, 

2-H), 5.71 (s, 2H, Bridgehead-H), 5.68 (s, 2H, Bridgehead-H), 3.95 (t, J = 6.4 Hz, 12H, 17-H), 

1.69 – 1.63 (m, 12H, 18-H), 1.41 (dq, J = 14.7, 7.4 Hz, 12H, 19-H), 0.88 (t, J = 7.4 Hz, 18H, 

20-H) ppm. 

13C NMR (150 MHz, THF-d8) δ = 160.76 (C-1), 159.83 (C-10), 150.89 (C-8), 146.31 (C-14), 

144.67 (C-16), 144.01 (C-11), 134.03 (C-5), 133.70 (C-13), 130.06 (C-4), 129.62 (C-7), 125.29 

(C-12), 124.91 (C-3), 119.26 (C-6), 116.56 (C-2), 116.35 (C-9), 110.8 (C-15), 69.52 (C-17), 

55.50 (C-Bridgehead), 52.83 (C-Bridgehead), 31.81 (C-18), 19.52 (C-19), 13.43 (C-20) ppm. 

IR(ATR): ṽ = 2955 (w), 2930 (w), 2868 (w), 1624 (s), 1606 (s), 1576 (s), 1512 (m), 1469 (s), 

1361 (m), 1280 (m), 1227 (s), 1189 (s), 1161 (s), 1130 (m), 1062 (m), 1022 (m), 957 (s), 857 

(s), 82 4(s), 791 (s), 743 (s), 658 (s), 587 (s), 534 (s) cm-1. 

MS (MALDI-TOF, DCTB): [M] +: m/z calcd. For (C124H112N6O12
+): 1878.29, found 1878.843 

Elemental Analysis (%): (C124H112N6O12 ∙3H2O) Calcd. C 77.08, H 6.16, N 4.35 found C 77.06, 

H 6.27, N 3.69. 
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5.3.1.39 Synthesis of Cage compound 108: 

 

Triaminetriptycene 19 (46.17 mg, 0.15 mmol) and aldehyde 56 (120 mg, 0.23 mmol) were 

dissolved in DMF (15 mL) in a screw cap vessel under Ar. TFA solution (0.1 mol/L, in DMF, 

60 μL) was added to the solution. The mixture was heated to 100 °C for 2 days. After cooling 

to room temperature, the mixture was concentrated to 5 mL under reduced pressure. The 

remaining reaction mixture was dropped into methanol (20 mL) and stirred for 1 h. The orange 

precipitates were filtered then washed with methanol (5 × 5 mL) then pentane (5 × 5 mL) to 

obtain the product as an orange solid with a yield of 66 % (104 mg, 0.049 mmol). Crystal was 

obtained by diffusing methanol into THF solution. 

M.p.: >400 °C 

1H NMR (600 MHz, THF-d8) δ = 13.16 (s, 6H, -OH), 9.21 (s, 6H, 10-H), 7.90 (d, J = 1.8 Hz, 

6H, 15-H), 7.74 (d, J = 2.2 Hz, 6H, 13-H), 7.66 (dd, J = 8.2, 2.2 Hz, 6H, 5-H), 7.56 (d, J = 7.8 

Hz, 6H, 3-H), 7.23 (dd, J = 7.8, 1.9 Hz, 6H, 12-H), 7.07 (s, 6H, 9-H), 6.98 (d, J = 8.3 Hz, 6H, 

2-H), 5.71 (s, 2H, Bridgehead-H), 5.67 (s, 2H, Bridgehead-H), 3.95 (t, J = 6.3 Hz, 12H, 17-H), 

1.71 – 1.64 (m, 12H, 18-H), 1.39 (dd, J = 10.1, 4.7 Hz, 12H, 19-H), 1.31 – 1.20 (m, 24H, 20,21-

H), 0.82 (t, J = 6.9 Hz, 18H, 22-H) ppm. 

13C NMR (150 MHz, THF-d8) δ = 160.09 (C-10), 159.02 (C-1), 150.22 (C-8), 145.60 (C-7), 

144.01 (C-14), 143.26 (C-16), 133.39 (C-5), 133.04 (C-13), 129.39 (C-11), 128.95 (C-4), 

124.70 (C-12), 124.28 (C-3), 118.51 (C-6), 115.90 (C-2), 115.64 (C-9), 110.03 (C-15), 69.17 

(C-17), 54.98 (C-Bridgehead), 52.16 (C-Bridgehead), 31.06 (C-18), 29.02 (C-19), 25.47 (C-

20), 22.17 (C-21), 13.06 (C-22) ppm. 
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IR (ATR): ṽ = 2927 (m), 2856 (m),1624 (s), 1606 (s), 1578 (s), 1511 (m), 1468 (s), 1377 (m), 

1360 (m), 1277 (s), 1226 (s), 1189 (s), 1160 (s), 1131 (s), 1057 (s), 957 (s), 856 (s), 825 (s), 

792 (s), 776 (s), 742 (s), 723 (s), 658 (s), 643 (s), 591 (s), 580 (s), 563 (s), 533 (s), 523 (s) cm- 1. 

MS (MALDI-TOF, DCTB): [M] +: m/z calcd. For (C136H136N6O12
+): 2046.61, found 2046.297. 

Elemental Analysis (%): (C136H136N6O12∙H2O) Calcd. C 78.43, H 6.78, N 4.07 found C 78.81, 

H 6.59, N 4.16. 

5.3.1.40 Synthesis of Cage compound 109: 

 

Triaminotriptycene 19 (43.4 mg,0.15 mmol) and aldehyde 57 (125 mg, 0.21 mmol) were 

dissolved in DMF (15 mL) in a screw cap vessel under Ar. 0TFA solution (0.1 mol/L, in DMF, 

60 μL) was added to the solution. The mixture was heated to 100 °C for 2 days. After cooling 

to room temperature, the mixture was concentrated to 5 mL under reduced pressure. The 

remaining reaction mixture was dropped into methanol (20 mL) and stirred for 1 h. The orange 

precipitates were filtered then washed with methanol (5 × 5 mL) then pentane (5 × 5 mL) to 

obtain the product as an orange solid with a yield of 67 % (108 mg, 0.050 mmol). Crystals were 

obtained by diffusing methanol into THF solution. 

M.p.: >400 °C 

1H NMR (500 MHz, THF-d8) δ = 13.07 (s, 6H, -OH), 9.10 (s, 6H, 10-H), 7.80 (s, 6H, 15-H), 

7.63 (d, J = 1.8 Hz, 6H, 13-H), 7.54 (dd, J = 8.3, 2.1 Hz, 6H, 5-H), 7.45 (d, J = 7.8 Hz, 6H, 3-

H), 7.12 (dd, J = 7.8, 1.6 Hz, 6H, 12-H), 6.96 (s, 6H, 9-H), 6.87 (d, J = 8.4 Hz, 6H, 2-H), 5.60 

(s, 2H, Bridgehead-H), 5.57 (s, 2H, Bridgehead-H), 3.94 (t, J = 6.3 Hz, 12H, 17-H), 1.70 – 1.62 
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(m, 12H, 18-H), 1.44 – 1.30 (m, 12H, 19-H), 1.28 – 1.05 (m, 48H, 20,21,22,23-H), 0.72 (t, J = 

7.0 Hz, 18H, 24-H ) ppm. 

13C NMR (150 MHz, THF-d8) δ = 160.09 (C-10), 159.02 (C-1), 150.22 (C-8), 145.60 (C-7), 

144.01 (C-14), 143.26 (C-16), 133.3 9(C-5), 133.04 (C-13), 129.39 (C-11), 128.95 (C-4), 

124.70 (C-12), 124.2 8(C-3), 118.51(C-6), 115.90 (C-2), 115.64 (C-9), 110.0 3(C-15), 69.17 

(C-17), 54.98 (C-Bridgehead), 52.16 (C-Bridgehead), 31.33 (C-18), 29.06 (C-19), 28.91 (C-

20), 28.85 (C-21), 25.83 (C-22), 22.08 (C-23), 12.98 (C-24) ppm. 

IR (ATR): ṽ = 2923 (s), 2853 (m), 1624 (s), 1607 (s), 1577 (s), 1512 (w), 1468 (s), 1378 (m), 

1360 (m), 1280 (s), 1195 (s), 1160 (s), 1130 (s), 1056 (m), 1026 (m), 956 (s), 856 (s), 825 (s), 

792 (s), 743 (s), 721 (s), 659 (s), 591 (s), 530(s) cm-1. 

MS (MALDI-TOF, DCTB): [M+H] +: m/z calcd. For (C148H161N6O12
+): 2215.94, found 

2215.704. 

Elemental Analysis (%): (C148H160N6O12∙H2O) Calcd. C 79.61, H 7.31, N 3.76 found C 79.32, 

H 7.23, N 3.45. 

5.3.1.41 Synthesis of Cage compound 110: 

 

Triaminotriptycene 19 (4.1 mg,0.015 mmol), aldehyde 58 (10 mg, 0.021 mmol) were dissolved 

in DMF (3 mL) in a screw cap vessel under Ar. TFA solution (0.1 mol/L in DMF, 10 μL) was 

added to the solution. The mixture was heated to 100 °C for 2 days. After cooling to room 

temperature, the mixture was concentrated to 1 mL under reduced pressure. The remaining 

reaction mixture was dropped into methanol (5 mL) and stirred for 1 h. The orange precipitates 

were filtered then washed by methanol (5 × 5 mL) then pentane (5 × 5 mL) to obtain the product 
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as orange solid with a yield of 77.1 % (10.52 mg, 0.0050 mmol). Crystals were obtained by 

diffusing methanol into THF solution. 

M.p.: >400 °C 

1H NMR (600 MHz, THF-d8) δ = 13.50 (s, 6H, H-7), 9.54 (s, 6H, H-6), 8.22 (s, 6H, H10), 8.08 

(d, J = 1.8 Hz, 6H, H-8), 7.98 (dd, J = 8.2, 2.1 Hz, 6H, H-11), 7.88 (d, J = 7.8 Hz, 6H, H-9), 

7.55 (dd, J = 7.8, 1.7 Hz, 6H, H-4), 7.40 (s, 6H, H-5), 7.31 (d, J = 8.3 Hz, 6H, H-3), 6.10 (ddt, 

J = 16.9, 10.2, 6.7 Hz, 6H, H-15), 6.02 (d, J = 24.0 Hz, 4H, H-1,2), 5.28 (dd, J = 17.1, 1.6 Hz, 

6H, H-16 out of cage), 5.21 (d, J = 10.1 Hz, 6H, H-16 in cage), 4.29 (t, J = 6.2 Hz, 12H, H-12), 

2.49 – 2.43 (m, 12H, H-13), 2.13 – 2.07 (m, 12H, H-14) ppm. 

13C NMR (150 MHz, THF-d8) δ = 160.79 (C-6), 159.76 (C-7), 146.30 (C-23), 144.68 (C19), 

143.97 (C-21), 138.15 (C-15, 22), 134.06 (C-9), 133.70 (C-8), 130.11 (C-3), 129.55 (C-20), 

124.93 (C-5), 116.61 (C-4), 116.36 (C-9), 114.69 (C-11,16), 69.12 (C12), 55.54 (C-2), 52.85 

(C-1), 30.52 (C-13), 29.04 (C-14) ppm. 

IR(ATR): ṽ = 3023 (w), 2968 (w), 1740 (s), 1657 (w), 1620 (m), 1579 (m), 1512 (w), 1473 (s), 

1369 (s), 1279 (m), 1209 (s), 1161 (m), 1131 (w), 1055 (w), 1021 (m), 963 (m), 857 (m), 827 

(m), 791 (m), 744 (m), 658 (m) cm-1. 

MS (MALDI-TOF, DCTB): [M+H] +: m/z calcd. For (C130H112N6O12
+): 1950.36, found 

1950.408. 

Elemental Analysis (%): (C130H112N6O12·6THF) Calcd. C 77.08, H 6.72, N 4.11 found C 77.12, 

H 6.20, N 3.82. 

5.3.1.42 Synthesis of Cage compound 111: 
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Triaminotriptycene 19 (19.6 mg, 0.07 mmol and aldehyd 59 (74 mg, 0.10 mmol) were 

dissolved in THF (15 mL) in a screw cap vessel under Ar. TFA solution (0.1 mol/L in THF, 

30 μL) was added to the solution. After cooling to room temperature, the mixture was 

concentrated to 1 mL under reduced pressure. The remaining reaction mixture was dropped 

into methanol (5 mL) and stirred for 1 h. The yellow precipitates were filtered then washed by 

methanol (5 × 5 mL) then pentane (5 × 5 mL) to obtain the product as yellow solid with a yield 

of 67 % (45 mg, 0.094 mmol). Crystals were obtained by diffusing methanol into THF solution. 

M.p.: >400 °C 

C 53.07, H 2.73, N 2.83. 

1H NMR (600 MHz, THF-d8) δ = 13.36 (s, 6H, -OH), 9.15 (s, 6H, 10-H), 7.83 (s, 6H,15-H), 

7.76 (s, 6H,9-H), 7.56 (d, J = 7.6 Hz, 6H, 13-H), 7.41 (d, J = 7.7 Hz, 6H, 3-H), 7.38 (s, 6H, 5-

H), 7.25 (d, J = 7.3 Hz, 6H, 12-H), 7.03 (d, J = 8.1 Hz, 6H, 2-H), 5.72 (s, 2H, Bridgehead-H), 

5.57 (s, 2H, Bridgehead-H) ppm. 

13C NMR (150 MHz, THF-d8) δ = 159.74 (C-1), 157.30 (C-10), 144.28 (C-16), 142.98 (C-14), 

141.79 (C-11), 140.33 (C-7), 132.00 (C-9), 131.68 (C-3), 131.28 (C-5), 127.95 (C-8), 127.34 

(C-6), 123.62 (C-12), 123.19 (C-13), 116.98 (C-4), 114.82 (C-2), 108.96 (C-15), 53.78 

(Bridgehead-C), 50.97 (Bridgehead-C) ppm. 

19F NMR (471 MHz, THF-d8) δ = -82.08, -103.99, -120.86, -126.46 ppm. 

IR(ATR): ṽ = 1621 (m), 1581 (m), 1479 (s), 1382 (m), 1349 (m), 1285 (m), 1228 (s), 1172 (s), 

1131 (s), 1092 (s), 1009 (m), 953 (m), 860 (s), 821 (s), 797 (s), 739 (s), 680 (s), 593 (m), 534 (m) 

cm-1. 

MS (MALDI-TOF, DCTB): [M+H] +: m/z calcd. For (C124H59O6N6F54
2+): 2755.79, found 

2755.259. 

Elemental Analysis (%): (C124H58O6N6F54·4H2O) Calcd. C 53.04, H 2.30, N 2.99 found  
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5.3.1.43 Synthesis of Cage compound 112: 

 

Triaminotriptycene 19 (43.2 mg,0.14 mmol) and aldehyde 60 (100 mg, 0.21 mmol) were 

dissolved in DMF (15 mL) in a screw cap vessel under Ar. TFA solution (0.1 mol/L, in DMF, 

60 μL) was added to the solution. The mixture was heated to 100 °C for 2 days. After cooling 

to room temperature, the mixture was concentrated to 5 mL under reduced pressure. The 

remaining reaction mixture was dropped into methanol (20 mL) and stirred for 1 h. The orange 

precipitates were filtered then washed with methanol (5 × 5 mL) then pentane (5 × 5 mL) to 

obtain the product as an orange solid with a yield of 73% (96 mg, 0.05 mmol). The crystals 

were obtained through the slow cooling of a hot DMF solution (100 °C to 70 °C, 2 °C per hour). 

M.p.: >400 °C. 

1H NMR (300 MHz, DMSO-d6, 100 °C) δ = 13.07 (s, 6H, -OH), 9.30 (s, 6H, 10-H), 7.99 (d, J 

= 1.5 Hz, 6H,15-H), 7.94 (d, J = 2.1 Hz, 6H, 13-H), 7.71 (dd, J = 8.5, 2.1 Hz, 6H, 5-H), 7.61 

(d, J = 7.8 Hz, 6H, 3-H), 7.22 (dd, J = 7.7, 1.8 Hz, 6H, 12-H), 7.15 (s, 6H, 9-H), 7.00 (d, J = 

8.5 Hz, 6H, 2-H), 5.83 (s, J = 1.8 Hz, 4H, Bridgehead-H), 4.25 – 3.98 (m, 12H, 17-H), 3.74 – 

3.51 (m, 12H, 18-H), 3.29 (s, 18H, 19-H) ppm. 

13C NMR could not be measured because of the poor solubility. 

IR(ATR): ṽ = 2874 (w), 1622 (s), 1607 (s), 1578 (s), 1512 (m), 1473 (s), 138 8(m), 1359 (m), 

1277 (s), 1190 (s), 1161 (m), 1125 (m), 1090 (m), 1058 (s), 957 (m), 856 (m), 827 (m), 792 

(m), 775 (m), 744 (m), 658 (s), 64 3(s), 583 (s), 551 (m), 541 (m), 535 (m), 525 (m), 515 (m) 

cm-1. 

MS (MALDI-TOF, DCTB): [M]+: m/z calcd. For (C118H100N6O18
+): 1889.71, found 1889.767. 
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Elemental Analysis (%): (C118H100N6O18∙4H2O) Calcd. C 72.23, H 5.55, N 4.28 found C 72.34, 

H 5.56, N 4.14. 

5.3.1.44 Synthesis of Cage compound 113: 

 

Triaminotriptycene 19 (46 mg, 0.15 mmol and aldehyde 61 (100 mg, 0.023 mmol) were 

dissolved in DMF (15 mL) in a screw cap vessel under Ar. TFA solution (0.1 mol/L, in DMF, 

60 μL) was added to the solution. The mixture was heated to 100 °C for 2 days. After cooling 

to room temperature, the mixture was concentrated to 5 mL under reduced pressure. The 

remaining reaction mixture was dropped into methanol (20 mL) and stirred for 1 h. The orange 

precipitates were filtered then washed with methanol (5 × 5 mL) then pentane (5 × 5 mL) to 

obtain the product as an orange solid with a yield of 52 % (98 mg, 0.039 mmol). Crystals were 

obtained by diffusing methanol into THF solution. 

M.p.: >400 °C. 

1H NMR (500 MHz, THF-d8) δ = 13.18 (s, 6H, -OH), 9.24 (s, 6H, 10-H), 7.96 (d, J = 1.5 Hz, 

6H, 15-H), 7.85 (d, J = 2.0 Hz, 6H, 13-H), 7.74 (dd, J = 8.4, 2.0 Hz, 6H, 5-H), 7.55 (d, J = 7.8 

Hz, 6H, 3-H), 7.22 (dd, J = 7.8, 1.8 Hz, 6H, 12-H), 7.12 (s, 6H, 9-H), 6.98 (d, J = 8.4 Hz, 6H, 

2-H), 5.73 (s, 2H, Bridgehead-H), 5.70 (s, 2H, Bridgehead-H), 4.20 – 3.99 (m, 17H), 3.73 (dd, 

J = 8.8, 4.1 Hz, 18H), 3.54 – 3.49 (m, 12H), 3.39 – 3.31 (m, 12H), 3.15 (s, 18H, 23-H) ppm. 

13C NMR (100 MHz, THF-d8) δ = 160.81 (C-10), 160.09 (C-1), 150.86 (C-8), 146.40 (C-7), 

144.65 (C-14), 144.01 (C-16), 134.22 (C-5), 133.91 (C-13), 129.81 (C-11), 129.43 (C-4), 

125.26 (C-12), 124.85 (C-3), 119.25 (C-6), 116.60 (C-2), 116.22 (C-9), 110.90 (C-15), 72.23 
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(C-17), 71.04 (C-18), 70.95 (C-19), 70.74 (C-20), 70.00 (C-21), 69.46 (C-22), 58.15 (C-

Bridgehead), 55.41 (C-Bridgehead), 52.83 (C-23) ppm. 

IR(ATR): ṽ = 2817 (m), 1620 (m), 1576 (s), 1474 (m), 1390 (m), 1356 (m), 1279 (m), 1196 

(s), 1162 (s), 1100 (s), 1060 (s), 982 (s), 949 (s), 855 (s), 826 (s), 791 (s), 744 (s), 659 (s), 590 

(s), 536 (s) cm-1. 

MS (MALDI-TOF, DCTB): [M+H]+: m/z calcd. For (C142H150N6O30
+): 2420.76, found 

2420.390. 

Elemental Analysis (%): (C142H148N6O30∙5H2O) Calcd. C 67.98, H 6.05, N 3.35 found C 67.98, 

H 5.85, N 3.52. 

5.3.1.45 Synthesis of Cage compound 114: 

 

Triaminotriptycene 19 (46 mg, 0.15 mmol) and aldehyde 62 (100 mg, 0.023 mmol) were 

dissolved in DMF (15 mL) in a screw cap vessel under Ar. TFA solution (0.1 mol/L, in DMF, 

60 μL) was added to the solution. The mixture was heated to 100 °C for 2 days. After cooling 

to room temperature, the mixture was concentrated to 5 mL under reduced pressure. The 

remaining reaction mixture was dropped into methanol (20 mL) and stirred for 1 h. The orange 

precipitates were filtered then washed with methanol (5 × 5 mL) then pentane (5 × 5 mL) to 

obtain the product as an orange solid with a yield of 78 % (105 mg, 0.058 mmol).  

M.p.:>400 °C. 
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1H NMR (500 MHz, THF-d8) δ = 14.16 (s, 6H, -OH), 9.30 (s, 6H, 9-H), 7.97 (s, 6H, 11-H), 

7.72 (m, 24H, 5, 3, 17, 18-H), 7.58 (d, J = 7.7 Hz, 6H, 13-H), 7.26 (dd, J = 7.8, 1.4 Hz, 6H, 12-

H), 5.73 (s, 4H, Bridgehead-H), 1.52 (s, 54H, 8-H) ppm. 

13C NMR (101 MHz, THF-d8) δ = 160.29 (C-9), 160.13(C-1), 146.12 (C-10), 144.37 (C-15), 

143.52 (C-14), 139.04 (C-2), 137.68 (C-4), 130.72 (C-5), 128.82 (C-17), 128.31 (C-18), 126.53 

(C-3), 124.85 (C-12), 124.67 (C-13), 119.59 (C-6), 110.58 (C-11), 55.14 (Bridgehead-C), 

52.60 (Bridgehead-C), 34.78 (C-7), 28.78 (C-8) ppm. 

IR(ATR): ṽ = 2951(m), 1608(s), 1577(s), 1518(w), 1467(s), 1438(s), 1391(m), 1360(m), 

1331(m), 1267(s), 1250(s), 1224(m), 1196(m), 1168(s), 1134(m), 1067(m), 959(m), 879(s), 

859(s), 828(s), 808(s), 771(s), 734(s), 687(s), 660(w), 624(w) cm-1. 

MS (MALDI-TOF, DCTB): [M] +: m/z calcd. For (C124H112N6O6
+): 1781.87, found 1781.861. 

Elemental Analysis (%): (C124H112N6O6∙10H2O) Calcd. C 75.89, H 6.68, N 4.28 found C 75.51, 

H 6.55, N 4.80. 

5.3.2 Compounds of Chapter 3.2 

5.3.2.1 Synthesis of Di-t-butoxycarbonylamido-tripycene (115): 

 

Di-t-butyl-dicarbonate (400 mg, 1.8 mmol) and 4-(N, N-dimethylamino) pyridine (5 mg, 0.03 

mmol) were added to the solution triaminotripycene 19 (300 mg, 0.9 mmol) in ethanol (20 mL) 

under Ar. The mixture was heated to 50 ˚C for 16 h. The solvent was removed under reduced 

pressure and the crude product was purified by column chromatography (silica gel, ethyl 

acetate: petroleum ether = 2:1, Rf = 0.5) to give the product 115 as colourless solid with a yield 

of 25% (124 mg, 0.225 mmol), product 119 as colourless solid with a yield of 40% (287 mg, 

0.72 mmol), product 119 as colourless solid with a yield of 10% (107 mg, 0.18 mmol).  

115 

M.p.: 174 ºC. 
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1H NMR (300 MHz, DMSO-d6): δ = 9.16 (s, 2H, -NH-), 7.57 (s, 2H, H-4), 7.15 (s, 1H, H-2), 

6.97 (d, J = 5.85 Hz, 1H, H-12), 6.93 (dd, J = 6.0, 1.5 Hz, H-3) 6.70 (d, J = 3 Hz 1H, H-11), 

6.12(dd, J = 9,3 Hz, 1H, H-13) 5.23 (s, 1H, Bridgehead-H), 5.19 (s, 1H, Bridgehead-H), 4.83 

(s, 2H, -NH2), 1.44 (s, 18H, H-Boc) ppm.  

13C NMR (125 MHz, DMSO-d6): δ =153.44 (C-15), 146.31 (C-14), 146.27 (C-9), 146.21 (C-

6), 140.90 (C-5), 136.44 (C-1), 133.79 (C-10), 123.77 (C-12), 123.01 (C-3), 114.93 (C-4), 

114.64 (C-2), 111.11 (C-11), 109.45 (C-13), 79.26 (C-Boc), 53.80 (C-7), 51.03 (C-8), 28.60 

(C-Boc, -CH3) ppm. 

IR (ATR): ṽ = 3332 (w), 2976 (w), 1703 (s), 1599 (m), 1520 (s), 1479 (s), 1420 (m), 1392 (m), 

1367 (m), 1330 (m), 1289 (m), 1234 (s), 1154 (s), 1097 (w),1050 (s), 1027 (s), 943 (w), 893 

(w), 845 (w), 809 (w), 773 (m), 718 (m), 650 (w) cm-1 

MS (ESI): [M-H] -: m/z calcd. For (C30H32N3O4
-): 498.24, found 498.10. 

Elemental Analysis (%): (C30H33N3O4) Calcd. C 72.12, H 6.66, N 8.4 found C 71.61, H 6.91, 

N 7.55. 

119 

M.p.: 174 ºC. 

1H NMR (300 MHz, DMSO-d6): δ = 8.94 (s, 1H, -NH-), 7.33 (s, 1H, 6-H), 7.11 (d, J = 6 Hz, 

1H, 5-H), 6.93 (m, 3H, 4, 2-H), 6.66 (s, 2H, 3-H), 6.11(dd, J = 9,3 Hz, 2H, 1-H) 5.05 (s, 1H, 

Bridgehead-H), 5.03 (s, 1H, Bridgehead-H), 4.78 (s, 4H, NH2-H), 1.45 (s, 9H, Boc-H) ppm 

13C NMR (125 MHz, DMSO-d6): δ = 153.24 (Boc, C=O), 146.40 (C-11),145.81 (C-10), 141.56 

(C-7), 136.03 (C-8), 134.57 (C-9), 123.32 (C-12), 122.55 (C-4), 114.69 (C-6), 114.34 (C-5), 

110.98 (C-3), 109.21 (C-1), 79.17 (Boc-C), 55.24 (Bridgehead-C), 53.85 (Bridgehead-C), 

28.49 (Boc, -CH3) ppm. 

IR (ATR): ṽ = 3347 (w), 2970 (w), 2928 (w), 1723 (s), 1609 (s), 1522 (s), 1478 (s), 1420 (m), 

1367 (s), 1302 (w), 1231 (s), 1155 (s), 1095 (m), 1051 (s), 1027 (m), 945 (w), 895 (w), 843 

(m), 807 (m), 773 (m), 658 (m) cm-1. 

MS (ESI): [M] +: m/z calcd. For (C25H25N3O2
+): 399.41, found 399.21. 

Elemental Analysis (%): (C25H25N3O2) Calcd. C 74.16, H 6.31, N 10.52 found C 74.24, H 6.63, 

N 10.19. 
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120 

M.p.: 172 ºC. 

1H NMR (300 MHz, DMSO-d6): δ = 9.19 (s, 3H, -NH-), 7.62 (s, 3H, 3-H), 7.21 (d, J = 6 Hz 

3H, 4-H), 6.93 (dd, J = 9,3 Hz, 3H, 2-H), 5.42 (s, 1H, Bridgehead-H), 5.34 (s, 1H, Bridgehead-

H), 1.44 (s, 27H, Boc-H) ppm. 

13C NMR (100 MHz, DMSO-d6): δ = 153.42 (C-Boc-C=O), 146.13 (C-5), 140.11 (C-6), 136.71 

(C-1), 123.44 (C-4), 115.02 (C-3), 114.75 (C-2), 79.32 (Boc-C), 53.58 (Bridgehead-H), 51.13 

(Bridgehead-C), 28.57 (C-Boc-CH3) ppm. 

IR (ATR): ṽ = 3321 (w), 2976 (w), 2932 (w), 1701 (s), 1598 (m), 1519 (s), 1479 (s), 1416 (m), 

1392 (m), 1331 (s), 1287 (m), 1231 (s), 1154 (s), 1098 (m), 1050 (s), 956 (m), 896 (s), 847 (s), 

812 (m), 773 (s), 649 (s) cm-1. 

MS (ESI): [M+Na] +: m/z calcd. For (C35H41N3O6Na+): 622.72, found 622.04. 

Elemental Analysis (%): (C35H41N3O6) Calcd. C 70.10, H 6.89, N 7.01 found C 69.70, H 6.98, 

N 6.33. 

5.3.2.2 Synthesis of tetra-tert-butyl ((9s,9's,10s,10's)-((pyridine-2,6-dicarbonyl) 

bis(azanediyl)) bis (9,10-dihydro-9,10- [1,2] benzenoanthracene-15,2,7-triyl)) 

tetracarbamate (117): 

 

A solution of pyridine carbonyl dichloride 116 (20 mg, 0.49 mmol) in THF (2 mL) was added 

slowly to a solution of di-t-butoxycarbonylamido-tripycene 115 (100 mg, 0.2 mmol) in THF 

(8 mL), The solution was stirred at room temperature for 2 h. The solvent was removed under 

reduced pressure and the crude solid was washed with water and dried under vacuum to obtain 

the product as a colourless solid in a yield of 86% (99 mg, 0.086 mmol)  

M.p.:353 ºC (dec) 
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1H NMR (300 MHz, DMSO-d6) δ = 10.91 (s, 2H, -NH-pyridine), 9.22 (s, 4H, -NH-Boc), 8.36 

(d, J = 6.0 Hz, 2H, H-17), 8.31 – 8.23 (m, 1H, H-18), 8.09 (s, 2H, H-11), 7.67 (s, 4H, H-13, 

14), 7.44 (s, 4H, H-5), 7.27 (d, J = 9.0 Hz, 4H, H-2), 6.99 (d, J = 9.0 Hz, 4H, H-6), 5.60 (s, 2H, 

Bridgehead-H), 5.47 (s, 2H, Bridgehead-H), 1.45 (s, 36H) ppm. 

MS (ESI): [M+Na] +: m/z calcd. For (C67H67N7O10Na+): 1152.48, found 1152.48. 

IR (ATR): ṽ = 3329 (m), 2977 (m), 1696 (s), 1599 (m), 1521 (s), 1478 (s), 1416 (s), 1392 (s), 

1367 (s), 1337 (s), 1303 (m), 1232 (s), 1155 (s), 1096 (w), 1051 (s), 1025 (s), 958 (m), 895 (s), 

847 (m), 810 (s), 773 (s), 681 (m), 650 (m), 610 (m) cm-1. 

5.3.2.3 Synthesis of N2, N6-bis((9r,10r)-7,15-diamino-9,10-dihydro-9,10-[1,2] 

benzenoanthracen-2-yl)pyridine-2,6-dicarboxamide (118): 

 

TFA (1 mL) was added to the solution of compound 117 (120.8 mg 0.11 mmol) in CH2Cl2 

(10 mL), and stirred at room temperature for 4 h. After the reaction, the solution was poured in 

conc. NaHCO3 solution (40 mL) and the solid was filtered. The solid was washed with water 

and dried under vacuum to give compound 118 as a colorless solid with a yield of 98% (79 mg, 

0.107 mmol). 

M.p.: 307 ºC. 

1H NMR (300 MHz, DMSO-d6): δ = 10.87 (s, 2H, -NH-), 8.35 (m, 2H, H-17), 8.29-8.24 (m, 

1H, H-18), 8.00 (s, 2H, H-11), 7.41 (dd, J = 7.8, 1.7 Hz, 2H, H-13), 7.33 (d, J = 7.9 Hz, 2H, 

H-14), 6.98 (d, J = 7.8 Hz, 4H, H-5), 6.71 (s, 4H, H-2), 6.13 (dd, J = 7.8, 1.7 Hz, 4H, H-6) 5.23 

(s, 2H, Bridgehead-H), 5.15 (s, 2H, Bridgehead-H), 4.82 (s, 8H, -NH2) ppm. 

13C NMR (125 MHz, DMSO-d6) δ = 161.92 (C-15), 149.45 (C-16), 146.65 (C-10), 146.44 (1-

C-1), 146.07 (C-3), 144.02 (C-9), 140.32 (C-18), 134.66 (C-12), 134.43 (C-4), 125.62 (C-17), 

123.58 (C-5), 122.77 (C-14), 117.70 (C-3), 117.44 (C-11), 111.11 (C-2), 109.40 (C-6), 53.78 

(Bridgehead-C), 51.31 (Bridgehead-C) ppm 
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IR (ATR): ṽ = 3354 (m), 2958 (w), 2887 (w), 2606 (w), 2359 (w), 1669 (s), 1608 (s), 1531 (s), 

1498 (s), 1478 (s), 1449 (s), 1423 (s), 1332 (m), 1258 (m), 1199 (s), 1182 (s), 1131 (s), 999 

(w), 946 (w), 884 (w), 843 (s), 801 (s), 776 (s), 749 (m), 720 (s), 684 (s), 649 (m), 618 (m) 

cm-1. 

MS (MALDI-TOF, DCTB): [M] +: m/z calcd. For (C47H35N7O2
+): 729.29, found 729.267. 

Elemental Analysis (%): (C47H35N7O2 ·3H2O) Calcd. C 72.01, H 5.27, N 12.51 found C 72.44, 

H 5.05, N 12.64. 

5.3.2.4 Synthesis of 5,5'-methylenebis(2-hydroxybenzaldehyde) (121):[169] 

 

A solution of trioxane 124 (0.9 g, 0.009 mol) in a mixture of concentrated sulfuric acid (0.12 

mL) and glacial acetic acid (0.6 mL) was added slowly to a solution of salicylaldehyde 123 (10 

g, 0.08 mol) in glacial acetic acid (12.5 mL) under Ar. The reaction mixture was heated to 

90 °C for 22 h. The reaction mixture was allowed to stand in an ice bath overnight. The 

precipitate was filtered, dissolved in methanol and poured into water. The precipitate was 

filtrated and recrystallized from acetone (40 mL) to give the product as a colourless solid with 

a yield of 43% (4.83 g, 0.017 mol). 

M.p.: 142 ºC [Lit.: 142-143 ºC].[169] 

1H NMR (300 MHz, CDCl3): δ =10.84 (s, 2H), 9.78 (s, 2H), 7.19-7.29 (m, 4H), 6.8 (d, J =7.5 

Hz, 2H), 3.89 (s, 2H) ppm. 

Analytical data are in accordance with those previously reported.[169] 
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5.3.2.5 Synthesis of 1,2-bis(4-methoxyphenyl) ethane (126):[49b] 

 

Zinc dust (20.0 g, 0.31 mol) and mercury (II) chloride (2.00 g, 7.37 mmol) were suspended in 

water (34 mL) and hydrochloric acid (0.7 mL) and stirred for 5 min at room temperature. The 

aqueous phase was decanted and the residue was washed with water (50 mL).  

The amalgamated zinc was added to the suspension of Anisil 125 (6.00 g, 22.2 mmol) in 

hydrochloric acid solution (6 mol/L, 70 mL) and heated to reflux for 5 h. Concentrated 

hydrochloric acid was added to the reaction mixture at a rate of 4 mL per hour. After cooling 

to room temperature, DCM (50 mL) was added to the reaction mixture, the solid was filtered 

and the filtrate was washed with a saturated sodium bicarbonate solution (50 mL) and a 

saturated sodium chloride solution (50 mL). The organic phase was dried over Na2SO4. The 

solvent was removed under reduced pressure, and the residue was recrystallized from ethanol 

to obtain the product as a colourless solid with a yield of 89% (4.79 g, 19.7 mmol). 

M.p.: 126 ºC [Lit.: 126-127 ºC].[49b] 

1H-NMR (300 MHz, CDCl3): δ = 7.10 – 7.07 (m, 4H), 6.84-6.81 (m, 4H), 3.79 (s, 6H), 2.83 (s, 

4H) ppm. 

Analytical data are in accordance with those previously reported.[49b]  
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5.3.2.6 Synthesis of 5,5'-(ethane-1,2-diyl) bis(2-methoxybenzaldehyde) (123):[49b] 

 

1,2-Bis(4-anisyl) ethane 126 (1.5 g, 6.2 mmol) and hexamethylentetramine (3.47 g, 24.8 mmol) 

were dissolved under argon in anhydrous trifluoroacetic acid (25 mL) and stirred for 24 h at 

110 °C. After cooling to room temperature, the solution was poured into a mixture of 4 mol/L 

hydrochloric acid (100 mL) and dichloromethane (100 mL) and stirred overnight. The aqueous 

layer was extracted with dichloromethane (3 × 75 mL). The combined organic layers were 

washed with 4 mol/L hydrochloric acid (2 × 100 mL), water (100 mL), brine (100 mL) and 

dried over Na2SO4. The solvent was removed under reduced pressure. The crude product was 

purified by column chromatography (silica gel, dichloromethane, Rf = 0.1) to give the pure 

product as a colourless solid with a yield of 56% (1.12 g, 3.42 mmol).  

M.p.: 155 ºC [Lit.: 155 ºC].[49b] 

1H NMR (300 MHz, CDCl3): δ = 10.37 (s, 2H, -CHO), 7.55 (d, J = 2.1 Hz, 2H,), 7.22 (dd, J = 

8.5, 2.1 Hz, 2H, Aryl-5,5'-H), 6.83(d, J = 8.5 Hz, 2H,), 3.84 (s, 6H), 2.80 ppm (s, 2H) 

Analytical data are in accordance with those previously reported.[49b]  

5.3.2.7 Synthesis of 5,5'-(ethane-1,2-diyl) bis(2-hydroxybenzaldehyde) (22):[49a] 
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1,2-Bis(3-formyl-4-anisyl) ethane 127 (1.79 g, 6.00 mmol) was dissolved in abs. 

dichloromethane (30 mL) under argon and cooled to -20 ºC (acetone/ dry ice). BBr3 (1.25 mL, 

13.2 mmol) was added and the mixture was stirred for 30 min at -20 ºC. The reaction mixture 

was allowed to warm up to room temperature for 3 h. A saturated sodium hydrogen carbonate 

solution (20 mL) was added to the reaction mixture, followed by ethyl acetate (30 mL). The 

aqueous layer was extracted with ethyl acetate (3 × 40 mL). The combined organic layers were 

washed with a saturated sodium hydrogencarbonate solution (50 mL) and brine (50 mL), and 

dried over Na2SO4. The solvent was removed under reduced pressure and the crude product 

was purified by column chromatography (silica gel, dichloromethane, Rf = 0.36) to give the 

product as a colourless solid with a yield of 73% (1.12 g, 4.38 mmol).  

M.p.: 180 ºC [Lit: 181 ºC].[49a] 

1H NMR (300 MHz, CDCl3): δ = 10.80 (s, 2H), 9.77 (s, 2H), 7.24 – 7.17 (m, 4H), 6.85 (m, 

2H), 2.84 ppm (s, 4H) ppm. 

Analytical data are in accordance with those previously reported.[49a]  

5.3.2.8 Synthesis of 4,4''-dihydroxy-[1,1':4',1''-terphenyl] -3,3''-dicarbaldehyde 

(102):[49b] 

 

Benzene-1,4-diboronic acid 31 (0.5 g, 3.02 mmol), 4-bromosalicyladehyde 73 (1.3 g, 6.04 

mmol) and Pd(PPh3)4 (100 mg) were added to a mixture of THF (15 mL) and 2 M potassium 

carbonate solution (10 mL) under Ar. The mixture was heated to 85 °C for 24 h. After cooling 

to room temperature, the reaction mixture was poured in 150 mL water. The aqueous layer was 

extracted with dichloromethane (3 × 10 mL). The combined organic layers were washed with 

water and dried over NaSO4. The solvent was removed under reduced pressure and the residue 
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was purified by column chromatography (silica gel, toluene, Rf = 0.25) to give a yellow solid 

with a yield of 32% (300 mg, 0.96 mmol). 

M.p.: 234 ºC [Lit.: 234 ºC].[49b] 

1H NMR (300 MHz, CDCl3): δ =10.87 (s, 2H, -OH), 10.34 (s, 2H, -CHO), 7.98 (d, J = 2.4 Hz, 

2H), 7.91 (dd, J = 8.6, 2.4 Hz, 2H), 7.74 (s, 4H,),7.11 (d, J = 8.6 Hz, 2H) ppm. 

Analytical data are in accordance with those previously reported.[49b]
 

5.3.2.9 Synthesis of 4,4'- biphenyldiboronic acid dipinacol ester (128):[170] 

 

4,4' – dibromobiphenyl (1.56 g, 5 mmol), bis(pinacolato)diboron (2.66 g, 10.5 mmol) and 1,4-

dioxane (40 mL) were placed in a flask under argon and then Pd(dppf)Cl2 (50 mg) was added 

to the flask. The mixture was degassed three times and refluxed overnight (~12 h). The mixture 

was poured in 100 mL of water and extracted with dichloromethane (3 × 30 mL). The organic 

layers were dried over NaSO4 and evaporated. The crude product was dissolved in 

dichloromethane (100 mL) and passed through a short pad of silica gel. After evaporation of 

the solvent, the residue was crystallized from acetone to give the pure product with a yield of 

56 % (1.2 g, 2.8 mmol). 

M.p.: 247 °C 

1H NMR (300 MHz, CDCl3) δ = 7.88 (d, J = 8.2 Hz, 4H), 7.63 (d, J = 8.2 Hz, 4H), 1.36 (s, 

24H) ppm. 

13C NMR (125 MHz, CDCl3) δ = 143.68, 135.26, 126.52, 83.84, 24.67 ppm. 

Analytical data are in accordance with those previously reported.[170] 
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5.3.2.10 Synthesis of t-Bu-quarterphenyl salicyl aldehyde (122): 

 

Compound 95 (146.2 mg, 0.57 mmol) and boronic ester 128 (92.4 mg, 0.22 mmol) and [(t-

Bu)3PH]BF4 (14.5 mg, 0.05 mmol) were suspended into THF (2 mL) and K2CO3 solution 

(2 mol/L, 0.5 mL) in a screw cap vessel. The suspension was stirred under Ar for 5 min. 

Pd2(dba)3 (11.5 mg, 0.02 mmol) was added to the reaction mixture and then the suspension was 

heated to 90 °C for 16 h. After cooling to room temperature, the suspension was poured in 

water (5 mL), and extracted with CH2Cl2 (3 × 10 mL). The combined organic layers were 

washed with water (3 × 10 mL), and dried over Na2SO4. The solvent was removed under 

reduced pressure and the crude product was purified by column chromatography (silica gel, 

DCM:PE = 1:1, Rf = 0.5) to give the product as a yellow solid with a yield of 34% (40 mg, 

0.078 mmol). 

M.p.:276 °C. 

1H NMR (300 MHz, CDCl3) δ = 11.82 (s, 2H, -OH), 9.99 (s, 2H, H-7), 7.83 (d, J = 2.2 Hz, 2H, 

H-3), 7.76 (s, 2H, H-5), 7.73 (s, 2H, H-9), 7.66 (m, 6H), 1.50 (s, 18H, H-13) ppm. 

13C NMR (125 MHz, CDCl3) δ = 197.27 (C-7), 160.76 (C-1), 139.37 (C-8), 139.21 (C-11), 

138.90 (C-6), 133.06 (C-5), 131.88 (C-2), 129.9 (C-4), 127.52 (C-3), 127.16 (C-10), 120.81 

(C-9), 35.10 (C-12), 29.27 (C-13) ppm. 

IR (ATR): ṽ = 2959 (w), 2856 (w), 1643 (s), 1610 (w), 1502 (w), 1481 (w), 1463 (w), 1442 (s), 

1421 (m), 1391 (m), 1367 (w), 1333 (w), 1294 (w), 1267 (w), 1253 (w), 1221 (w), 1199 (w), 

1166 (s), 1074 (w), 1002 (w), 957 (w), 934 (w), 884 (w), 855 (w), 822 (s), 801 (w), 757 (s), 

711 (s), 621 (w) cm-1. 

MS (ESI): [M-H] -: m/z calcd. For (C34H33O4
-): 505.24, found 505.2384. 



Experimental Section 

145 

 

Elemental Analysis (%): (C34H34O4) Calcd. C 80.60, H 6.76 found C 80.32, H 6.81. 

5.3.2.11 Synthesis of Cage compound 129: 

 

Amine 114 (36.5 mg, 0.05 mmol) and biphenyl disalicyaldehyde 21 (24.3 mg, 0.1 mmol) were 

dissolved in DMF (10 mL). TFA solution (0.1 mol/L in DMF, 10 μL) was added and stirred 

under Ar for 10 min. The reaction mixture was heated to 90 °C for 2 days. After cooling to 

room temperature, the reaction mixture was concentrated to 5 mL, dropped into methanol (5 

mL) and stirred for 30 min. The precipitates were filtered and washed with THF (3 × 10 mL) 

then pentane (3 × 10 mL) to obtain the product as an orange solid in a yield of 36% (21 mg, 

0.018 mmol). Crystals were obtained by diffusing methanol into a DMF solution. 

M.p.: >400 °C. 

1H NMR (600 MHz, THF-d8) δ = 11.66 (s, 4H, -OH), 10.04 (s, 2H, -NH-), 9.12 (s, 4H, 15-H), 

8.54 (dd, J = 8.1, 1.6 Hz, 2H, 2-H), 8.51 (d, J = 7.7 Hz, 2H, 7-H), 8.16 (t, J = 7.7 Hz, 1H, 1-

H), 8.00 (d, J = 1.7 Hz, 4H, 21-H), 7.76 (s, 4H, 11-H), 7.73 (dd, J = 8.4, 2.1 Hz, 4H, 18-H), 

7.58 (s, 2H, 4-H), 7.57 (d, J = 7.9 Hz, 4H, 12-H), 7.50 (d, J = 8.2 Hz, 2H, 8-H), 7.21 (dd, J = 

7.9, 1.6 Hz, 4H, 14-H), 7.00 (d, J = 8.3 Hz, 4H, 19-H), 5.72 (d, J = 3.2 Hz, 2H, Bridgehead-

H)  ppm. 

13C NMR (150 MHz, THF-d8) δ = 161.11 (C=O), 160.86 (C-15), 158.96 (C-C=O), 149.42 (C-

17), 145.92 (C-5), 145.80 (C-13), 144.95 (C-10), 144.01 (C-9), 140.63 (C-3), 138.74 (C-1), 

135.68 (C-6), 130.30 (C-16), 130.22 (C-21), 129.04 (C-18), 125.53 (C-7), 124.09 (C-8), 123.82 

(C-12), 122.03 (C-14), 119.96 (C-20), 116.52 (C-19), 116.15 (C-2), 114.42 (C-4), 112.61 (C-

11), 54.82 (Bridgehead-C), 51.88 (Bridgehead-C) ppm. 
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IR (ATR): ṽ = 3049 (w), 2953 (m), 2921 (s), 2852 (s), 1649 (s), 1586 (s), 1476 (s), 1387 (m), 

1342 (m), 1316 (s), 1274 (s), 1224 (s), 1167 (s), 1126 (m), 899 (m), 839 (s), 730 (s), 668 (s), 

634 cm-1  

MS (ESI): [M+H]+: m/z calcd. For (C75H48N7O6
+): 1142.24, found 1142.403. 

Elemental Analysis (%): (C75H47N7O6∙6H2O) Calcd. C 72.05, H 4.76, N 7.84 found C 72.40, 

H 5.10, N 7.70. 

5.3.3 Compounds of Chapter 3.3 

5.3.3.1 Syntheisis of 4,4'-dihydroxy-[1,1'-biphenyl]-3,3'-dicarbaldehyde (21):[49a] 

 

4,4'-Dihydroxybiphenyl (3 g, 16 mmol) and hexamethylenetetraamine (5.06 g, 36 mmol) were 

dissolved under argon in anhydrous trifluoroacetic acid (35 mL) and stirred at 110 °C for 3 h. 

After cooling to room temperature, the solution was poured into 4 N hydrochloric acid (350 

mL) and stirred overnight. The yellow solid was collected by filtration, washed with water 

(3 × 100 mL) and dried under vacuum. The crude product was purified by column 

chromatography (silica gel, dichloromethane, Rf = 0.27) to give the pure product as a yellow 

solid with a yield of 31% (1.23 g, 4.96 mmol). 

M.p.: 231 ºC [Lit 49: 231 C].[49a]  

1H NMR (300 MHz, DMSO): δ = 10.84 (s, 2H), 10.32 (s, 2H), 7.89 (d, J = 2.5 Hz, 2H), 7.82 

(dd, J = 8.6, 2.5 Hz, 2H), 7.09 ppm (d, J = 8.6 Hz, 2H) ppm. 

Analytical data are in accordance with those previously reported.[49a]  
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5.3.3.2 Synthesis of [2+3] bisphenyl imine cage (24):[49a] 

 

Triptycene triamine 19 (76.5 mg, 0.26 mmol) and aldehyde 21 (92.9 mg, 0.38 mmol) were 

dissolved in dry THF (40 mL) under argon and TFA (6.4 µL, 2 mol%) was added. The yellow 

solution was refluxed for 2 d at 90 ºC. After cooling the reaction mixture to room temperature, 

the solid was collected by filtration. The product was obtained by adding n-pentane (40 mL) to 

the filtrate. The precipitate was collected and washed with n-pentane (5 mL) to give cage 

compound 24 as an orange solid with the yield of 56% (88 mg, 0.073 mmol). 

M.p.: > 410 ºC [Lit.: >410 C].[49a]  

1H NMR (THF, 500 MHz): δ = 12.69 (s, 6H), 9.16 (s, 6H,), 7.82 (d, J = 2.0 Hz, 6H), 7.75 (d, 

J = 2.3 Hz, 6H), 7.66 (dd, J = 8.5, 2.4 Hz, 6H), 7.57 (d, J = 7.8 Hz, 6H), 7.21 (dd, J = 7.8, 2.0 

Hz, 6H), 7.01 (d, J = 8.5 Hz, 6H), 5.75 (s, 2H), 5.72 (s, 2H) ppm. 

Analytical data are in accordance with those previously reported.[49a]  

5.3.3.3 Synthesis of [2+3] bisphenyl amine cage (130). 

 

Cage 24 (30 mg, 0.02 mmol) was suspended in a mixture of methanol (5 mL) and THF (5 mL) 

and then NaBH4 (40 mg,1.05 mmol) was added to the solution. The suspension was stirred for 
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15 h at room temperature. Methanol and THF were removed by rotary evaporation. The white 

solid was suspended in water (10 mL) and extracted with ethyl acetate (3 × 10 mL). The 

combined organic phase was dried with Na2SO4 and the solvent removed by rotary evaporation. 

The solid was dried in vacuum at 90 C, giving 130 as a light yellow solid with a yield of 54% 

(16 mg, 0.108 mmol).  

M.p.: >410 C.  

1H NMR (300 MHz, DMSO-d6): δ = 9.38 (s, 6H, -OH), 7.61 (d, J = 0.9 Hz, 6H, 15-H), 7.24 

(dd, J = 6, 1.2 Hz, 6H, 13-H), 7.00 (br s, 6H, 7-H), 6.96 (d, J = 9 Hz, 6H, 5-H), 6.78 (d, J = 6 

Hz, 6H, 12-H), 6.16 (d, J = 9 Hz, 6H, 6-H), 5.39 (s, 6H, -NH), 5.32 (s, 2H, Bridgehead-H), 

4.98 (s, 2H, Bridgehead-H), 4.15 (d, J = 3 Hz, 12H, 9-H) ppm.  

13C NMR (DMSO-d6, 125 MHz, 373.15K): δ = 154.69 (s, C-11), 146.91 (s, C-4), 146.53 (s, C-

3), 136.02 (s, C-8), 131.61 (s, C-14), 127.41 (s, C-15), 126.73 (s, C-10), 125.67 (s, C-13), 

123.20 (s, C-5), 116.19 (s, C-12), 110.14 (s, C-7), 108.45 (s, C-6), 55.62 (s, Bridgehead-C), 

51.14 (s, Bridgehead-C), 43.62 (s, C-9) ppm.  

IR(ATR): ṽ = 3341 (w, br), 2921 (w), 2868 (w), 1655 (m), 1608 (s), 1486 (s), 1442 (m), 1384 

(m), 1345 (m), 1243 (s), 1183 (s), 1150 (m), 1116 (m), 1093 (m), 1058 (m), 991 (m), 940 (w), 

813 (s), 775 (m), 668 (w) cm-1.  

MS (MALDI-TOF, DCTB): [M]+: m/z calcd. For (C82H64N6O6
+): 1229.45, found 1229.495. 

Elemental Analysis (%): (C82H64N6O6·4H2O) Calcd. C 75.67, H 5.58, N 6.46, found C 75.51, 

H 5.52, N 6.45. 

5.3.3.4 Synthesis of [2+3] bisphenyl carbamate cage (131): 
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Cage 130 (30 mg, 0.024 mmol) and carbonyldiimidazole (70 mg, 0.43 mmol) were dissolved 

in dry DMF (3 mL) and the reaction mixture stirred for two days at room temperature. DMF 

was removed by rotary evaporation. The crude product was suspended in 0.1 mol/L NaOH 

solution and stirred for 1 h. The precipitate was collected by filtration and washed with water 

(3 × 10 mL). The crude product was purified by short column chromatography (silica gel, 

chloroform) and dried in vacuum to give pure cage compound 131 with a yield of 62% (20 mg, 

0.015 mmol) as a white solid. Crystal A was obtained by diffusing methanol into DMF solution. 

Crystal B was obtained by dropping hot DMSO solution into acetone. 

M.p. > 410 C.  

1H NMR (300 MHz, DMSO-d6): δ = 7.56 (d, J = 12 Hz, 6H, 6-H), 7.45 (dd, J = 12,1.8 Hz, 6H, 

15-H), 7.33 (d, J = 1.8 Hz, 6H, 13-H), 7.30 (dd, J = 12, 1.8 Hz, 6H, 5-H), 7.21 (m, 12H), 5.85 

(s, 2H, Bridgehead-H), 5.54 (s, 2H, Bridgehead-H), 4.85 (s, 12H, 9-H) ppm.  

13C NMR (DMSO-d6, 125 MHz, 373.15K): δ = 150.61 (s, C-12), 150.32 (s, C-11), 146.83 (s, 

C-3), 144.12 (s, C-4), 139.07 (s, C-8), 137.72 (s, C-16), 128.07 (s, C-15), 125.88 (s, C-13), 

124.54 (s, C-5), 124.27 (s, C-6), 122.39 (s, C-11), 121.04 (s, C-7), 116.54 (s, C-14), 53.43 (s, 

Bridgehead-C), 52.07 (s, Bridgehead-C), 50.73 (s, C-9) ppm.  

IR (ATR): ṽ = 1729 (s), 1609 (w), 1478 (m), 1437 (m), 1385 (m), 1236 (s), 1216 (m), 1177 (s), 

1159(s), 1106 (s), 1000 (m), 922 (m), 881(w), 830 (m), 790 (w), 773 (w), 750 (m), 679 (w), 

630 (w) cm-1  

MS (MALDI-TOF, DCTB): [M]+: m/z calcd. For (C88H52N6O12
+): 1385.41, found 1385.367. 

Elemental Analysis (%): (C82H52N6O12·3H2O·DMF) Calcd. C 72.26, H 4.33, N 6.48, found C 

72.10, H 4.25, N 6.43. 
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7 Spectra 

7.1 NMR Spectra 

The following section contains the NMR spectra of unpublished compounds.  

-Spectra of compounds 130 and 131 in reference [171]. 

 

 

 

 

 

 

 

 

 

Figure 58. 1H NMR spectrum of compound 52 in CDCl3 (500 MHz). 
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Figure 59. 13C NMR spectrum of compound 52 in CDCl3 (125 MHz). 

 

Figure 60. 1H NMR spectrum of 53 in CDCl3 (500 MHz). 
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Figure 61. 13C NMR spectrum of 53 in CDCl3 (125 MHz). 

 

Figure 62. 1H NMR spectrum of 54 in CDCl3 (500 MHz). 
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Figure 63. 13C NMR spectrum of 54 in CDCl3 (125 MHz). 

 

Figure 64. 1H NMR spectrum of 83 in CDCl3 (300 MHz). 
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Figure 65. 13C NMR spectrum of 83 in CDCl3 (125MHz). 

 

Figure 66. 1H NMR spectrum of 55 in CDCl3 (300 MHz). 
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Figure 67. 13C NMR spectrum of 55 in CDCl3 (125 MHz). 

 

Figure 68. 1H NMR spectrum of 56 in CDCl3 (300 MHz). # is the peak of remaining DCM. 
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Figure 69. 13C NMR spectrum of 56 in CDCl3 (125 MHz). # is the peak of remaining ethanol. 

 

Figure 70. 1H NMR spectrum of 57 in CDCl3 (300 MHz). # is the peak of remaining DCM. 
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Figure 71. 13C NMR spectrum of 57 in CDCl3 (125 MHz). # is the peak of remaining ethanol. 

 

Figure 72. 1H NMR spectrum of 60 in CDCl3 (500 MHz). # is the peak of remaining DCM. 
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Figure 73. 13C NMR spectrum of 60 in CDCl3 (125 MHz). 

 

Figure 74. 1H NMR spectrum of 61 in CDCl3 (300 MHz). 
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Figure 75. 13C NMR spectrum of 61 in CDCl3 (125 MHz). 

 

Figure 76. 1H NMR spectrum 59 in THF-d8 (500 MHz). # is the peak of remaining DCM 
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Figure 77. 19F NMR spectrum of 59 in CDCl3 (283 MHz). 

 

Figure 78. 13C NMR spectrum of 59 in THF-d8 (125 MHz). 
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Figure 79. 1H NMR spectrum of 62 in CDCl3 (500 MHz). 

 

Figure 80. 13C NMR spectrum of 62 in CDCl3 (125 MHz). 
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Figure 81. 1H NMR spectrum of cage compound 104 in THF-d8 (500 MHz). 

 

Figure 82. 13C NMR spectrum of cage compound 104 in THF-d8 (125 MHz). 
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Figure 83. 1H NMR spectrum of cage compound 105 in THF-d8 (500 MHz). 

 

Figure 84. 13C NMR spectrum of cage compound 105 in THF-d8 (125 MHz). 
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Figure 85. 1H NMR spectrum of cage compound 106 in THF-d8 (500 MHz). 

 

Figure 86. 13C NMR spectrum of cage compound 106 in THF-d8 (125 MHz). 
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Figure 87. 1H NMR spectrum of cage compound 107 in THF-d8 (500 MHz). 

 

Figure 88. 13C NMR spectrum of cage compound 107 in THF-d8 (125 MHz). 
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Figure 89. 1H NMR spectrum of cage compound 108 in THF-d8 (500 MHz). 

 

Figure 90. 13C NMR spectrum of cage compound 108 in THF-d8 (125 MHz). 
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Figure 91. 1H NMR spectrum of cage compound 109 in THF-d8 (500 MHz). 

 

Figure 92. 13C NMR spectrum of cage compound 109 in THF-d8 (125 MHz). 
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Figure 93. 1H NMR spectrum of cage compound 110 in THF-d8 (500 MHz). 

 

Figure 94. 13C NMR spectrum of cage compound 110 in THF-d8 (125 MHz). 
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Figure 95. 1H NMR spectrum of cage compound 111 in THF-d8 (500 MHz). 

 

Figure 96. 13C NMR spectrum of cage compound 111 in THF-d8 (125 MHz). 
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Figure 97. 19F NMR spectrum of cage compound 111 in THF-d8 (471 MHz). 

 

Figure 98. 1H NMR spectrum of cage compound 112 in DMSO-d6 (500 MHz, 100 °C). 
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Figure 99. 1H NMR spectrum of cage compound 113 in THF-d8 (500 MHz). 

 

Figure 100. 13C NMR spectrum of cage compound 113 in THF-d8 (125 MHz). 
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Figure 101. 1H NMR spectrum of cage compound 114 in THF-d8 (500 MHz). # is the peak of remaining DMF. 

 

Figure 102. 13C NMR spectrum of cage compound 114 in THF-d8 (125 MHz). 
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Figure 103. 1H NMR spectrum of 115 in DMSO-d6 (300 MHz). 

 

Figure 104. 13C NMR spectrum of 115 in DMSO-d6 (125 MHz). 
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Figure 105. 1H NMR spectrum of 119 in DMSO-d6 (300 MHz). 

 

Figure 106. 13C NMR spectrum of 119 in DMSO-d6 (125 MHz). 
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Figure 107. 1H NMR spectrum of 120 in DMSO-d6 (300 MHz). # is the peak of remaining ethyl acetate. 

 

Figure 108. 13C NMR spectrum of 120 in DMSO-d6 (125 MHz). # is the peak of remaining ethyl acetate. 
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Figure 109. 1H NMR spectrum of 118 in DMSO-d6 (500 MHz).  

 

Figure 110. 13C NMR spectrum of 118 in DMSO-d6 (125 MHz). 
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Figure 111. 1H NMR spectrum of 122 in CDCl3 (400 MHz).  

 

Figure 112. 13C NMR spectrum of 122 in CDCl3 (100 MHz).  
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Figure 113. 1H NMR spectrum of 129 in THF-d8 (400 MHz).  

 

Figure 114. 13C NMR spectrum of 129 in THF-d8 (400 MHz).  
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7.2 MS spectra 

 

Figure 115. Mass spectrum of cage 104 (MALDI-TOF, matrix: DCTB) 

 

Figure 116. Mass spectrum of cage 105 (MALDI-TOF, matrix: DCTB). 
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Figure 117. Mass spectrum of cage 106 (MALDI-TOF, matrix: DCTB). 

 

Figure 118. Mass spectrum of cage 107 (MALDI-TOF, matrix: DCTB). 
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Figure 119. Mass spectrum of cage 108 (MALDI-TOF, matrix: DCTB). 

 

Figure 120. Mass spectrum of cage 109 (MALDI-TOF, matrix: DCTB). 



Spectra 

192 

 

 

Figure 121. Mass spectrum of cage 111 (MALDI-TOF, matrix: DCTB). 

 

Figure 122. Mass spectrum of cage 112 (MALDI-TOF, matrix: DCTB). 
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Figure 123. Mass spectrum of cage 113 (MALDI-TOF, matrix: DCTB). 

 

Figure 124. Mass spectrum of cage 114 (MALDI-TOF, matrix: DCTB). 
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7.3 Single Crystal Structure X-ray Data 

Compound 131 

 

Table 12. Crystal data and structure refinement for 131 

 
 Identification code xh1sq  

 Empirical formula C88H52N6O12  

 Formula weight 1385.35  

 Temperature 100(2) K  

 Wavelength 1.54178 Å  

 Crystal system triclinic  

 Space group P 1  

 Z 4  

 Unit cell dimensions a =  18.7671(3) Å  = 76.070(2) deg.  

  b =  19.4091(4) Å β = 87.338(2) deg.  

  c =  27.7570(6) Å           γ = 84.030(2) deg.  

 Volume 9757.6(3) Å3  

 Density (calculated) 0.94 g/cm3  

 Absorption coefficient 0.52 mm-1  

 Crystal shape needle  

 Crystal size 0.270 x 0.050 x 0.050 mm3  

 Crystal colour colourless  

 Theta range for data collection 2.4 to 68.6 deg.  

 Index ranges -18≤h≤22, -23≤k≤19, -31≤l≤33  

 Reflections collected 99968  

 Independent reflections 34263 (R(int) = 0.0454)  

 Observed reflections 25908 (I > 2 (I))  

 Absorption correction Semi-empirical from equivalents  

 Max. and min. transmission 1.69 and 0.56  

 Refinement method Full-matrix least-squares on F2  

 Data/restraints/parameters 34263 / 5643 / 1909  

 Goodness-of-fit on F2 1.11  

 Final R indices (I>2sigma(I)) R1 = 0.071, wR2 = 0.190  

 Largest diff. peak and hole 0.36 and -0.27 eÅ-3  
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Compound 131 

 
Table 13.Crystal data and structure refinement for 131 

 
 Identification code xh4sq  

 Empirical formula C88H52N6O12  

 Formula weight 1385.35  

 Temperature 100(2) K  

 Wavelength 1.54178 Å  

 Crystal system triclinic  

 Space group P 1   

 Z 2  

 Unit cell dimensions a =  15.638(3) Å  =  83.365(13) deg.  

  b =  16.513(3) Å β =  68.721(13) deg.  

  c =  18.346(3) Å γ =  72.264(12) deg.  

 Volume 4204.6(13) Å3  

 Density (calculated) 1.09 g/cm3  

 Absorption coefficient 0.60 mm-1  

 Crystal shape needle  

 Crystal size 0.140 x 0.010 x 0.010 mm3  

 Crystal colour colourless  

 Theta range for data collection 4.7 to 44.5 deg.  

 Index ranges -14≤h≤14, -12≤k≤15, -16≤l≤16  

 Reflections collected 22088  

 Independent reflections 6581 (R(int) = 0.2517)  

 Observed reflections 2555 (I I > 2 (I))  

 Absorption correction Semi-empirical from equivalents  

 Max. and min. transmission 1.70 and 0.59  

 Refinement method Full-matrix least-squares on F2  

 Data/restraints/parameters 6581 / 828 / 425  

 Goodness-of-fit on F2 1.02  

 Final R indices (I>2sigma(I)) R1 = 0.125, wR2 = 0.279  

 Largest diff. peak and hole 0.35 and -0.31 eÅ-3  
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Compound 105 

 

Table 14.Crystal data and structure refinement for 105  

 
 Identification code xh8sq  

 Empirical formula C136H136N6O6  

 Formula weight 1950.50  

 Temperature 100(2) K  

 Wavelength 1.54178 Å  

 Crystal system hexagonal  

 Space group P63/m  

 Z 2  

 Unit cell dimensions a =  19.6363(11) Å  =  90 deg.  

  b =  19.6363(11) Å β =  90 deg.  

  c =  27.033(2) Å γ =  120 deg.  

 Volume 9026.9(12) Å3  

 Density (calculated) 0.72 g/cm3  

 Absorption coefficient 0.34 mm-1  

 Crystal shape irregular  

 Crystal size 0.250 x 0.130 x 0.100 mm3  

 Crystal colour orange  

 Theta range for data collection 4.5 to 39.9 deg.  

 Index ranges -16≤h≤16, -16≤k≤14, -22≤l≤22  

 Reflections collected 26337  

 Independent reflections 1861 (R(int) = 0.2757)  

 Observed reflections 927 (I > 2σ (I))  

 Absorption correction Semi-empirical from equivalents  

 Max. and min. transmission 1.96 and 0.45  

 Refinement method Full-matrix least-squares on F2  

 Data/restraints/parameters 1861 / 493 / 277  

 Goodness-of-fit on F2 1.47  

 Final R indices (I>2sigma(I)) R1 = 0.136, wR2 = 0.374  

 Largest diff. peak and hole 0.40 and -0.22 eÅ-3  
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Compound 106 

 

Table 15.Crystal data and structure refinement for 106  

 
 Identification code xh11sq  

 Empirical formula C148H160N6O6  

 Formula weight 2118.81  

 Temperature 100(2) K  

 Wavelength 1.54178 Å  

 Crystal system hexagonal  

 Space group P63  

 Z 2  

 Unit cell dimensions a =  19.697(3) Å  =  90 deg.  

  b =  19.697(3) Å β =  90 deg.  

  c =  26.904(5) Å γ =  120 deg.  

 Volume 9040(3) Å3  

 Density (calculated) 0.78 g/cm3  

 Absorption coefficient 0.36 mm-1  

 Crystal shape brick  

 Crystal size 0.197 x 0.149 x 0.146 mm3  

 Crystal colour orange  

 Theta range for data collection 7.1 to 36.7 deg.  

 Index ranges -15≤h≤15, -12≤k≤15, -16≤l≤20  

 Reflections collected 20432  

 Independent reflections 2527 (R(int) = 0.1154)  

 Observed reflections 1339 (I I > 2σ (I))  

 Absorption correction Semi-empirical from equivalents  

 Max. and min. transmission 1.71 and 0.65  

 Refinement method Full-matrix least-squares on F2  

 Data/restraints/parameters 2527 / 65 / 177  

 Goodness-of-fit on F2 1.19  

 Final R indices (I>2sigma(I)) R1 = 0.097, wR2 = 0.281  

 Absolute structure parameter -0.5(10)  

 Largest diff. peak and hole 0.27 and -0.34 eÅ-3  
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Compound 110 

 

Table 16.Crystal data and structure refinement for 110.  

 
 Identification code xh14sq  

 Empirical formula C115H0N6O6  

 Formula weight 1561.21  

 Temperature 100(2) K  

 Wavelength 1.54178 Å  

 Crystal system hexagonal  

 Space group P63/m  

 Z 2  

 Unit cell dimensions a =  20.0491(14) Å  =  90 deg.  

  b =  20.0491(14) Å β =  90 deg.  

  c =  23.410(3) Å γ =  120 deg.  

 Volume 8149.2(15) Å3  

 Density (calculated) 0.64 g/cm3  

 Absorption coefficient 0.32 mm-1  

 Crystal shape brick  

 Crystal size 0.129 x 0.109 x 0.096 mm3  

 Crystal colour orange  

 Theta range for data collection 3.2 to 41.2 deg.  

 Index ranges -15≤h≤17, -17≤k≤15, -17≤l≤20  

 Reflections collected 16148  

 Independent reflections 1852 (R(int) = 0.1881)  

 Observed reflections 1039 (I > 2σ (I))  

 Absorption correction Semi-empirical from equivalents  

 Max. and min. transmission 2.41 and 0.53  

 Refinement method Full-matrix least-squares on F2  

 Data/restraints/parameters 1852 / 207 / 241  

 Goodness-of-fit on F2 1.28  

 Final R indices (I>2sigma(I)) R1 = 0.107, wR2 = 0.316  

 Largest diff. peak and hole 0.26 and -0.25 eÅ-3  
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Compound 111 

 

Table 17.Crystal data and structure refinement for 111.  

 
 Identification code xh13sq  

 Empirical formula C124H58F54N6O6  

 Formula weight 2753.76  

 Temperature 100(2) K  

 Wavelength 1.54178 Å  

 Crystal system trigonal  

 Space group R 3 c  

 Z 6  

 Unit cell dimensions a =  19.0156(4) Å  =  90 deg.  

  b =  19.0156(4) Å β =  90 deg.  

  c =  64.026(2) Å γ =  120 deg.  

 Volume 20049.6(11) Å3  

 Density (calculated) 1.37 g/cm3  

 Absorption coefficient 1.23 mm-1  

 Crystal shape brick  

 Crystal size 0.143 x 0.134 x 0.098 mm3  

 Crystal colour yellow  

 Theta range for data collection 3.0 to 57.9 deg.  

 Index ranges -20≤h≤20, -20≤k≤16, -70≤l≤56  

 Reflections collected 23997  

 Independent reflections 3106 (R(int) = 0.0757)  

 Observed reflections 1851 (I > 2σ (I))  

 Absorption correction Semi-empirical from equivalents  

 Max. and min. transmission 1.97 and 0.64  

 Refinement method Full-matrix least-squares on F2  

 Data/restraints/parameters 3106 / 1091 / 392  

 Goodness-of-fit on F2 2.88  

 Final R indices (I>2sigma(I)) R1 = 0.150, wR2 = 0.404  

 Largest diff. peak and hole 0.78 and -0.50 eÅ-3  
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Compound 112 

 

Table 18. Crystal data and structure refinement for 112.  

 
 Identification code xh15sq  

 Empirical formula C118H100N6O8  

 Formula weight 1730.03  

 Temperature 100(2) K  

 Wavelength 1.54178 Å  

 Crystal system hexagonal  

 Space group P63/m  

 Z 2  

 Unit cell dimensions a =  19.2235(6) Å  =  90 deg.  

  b =  19.2235(6) Å β =  90 deg.  

  c =  26.6855(11) Å γ =  120 deg.  

 Volume 8540.3(6) Å3  

 Density (calculated) 0.67 g/cm3  

 Absorption coefficient 0.33 mm-1  

 Crystal shape brick  

 Crystal size 0.221 x 0.102 x 0.076 mm3  

 Crystal colour orange  

  

 Theta range for data collection 2.7 to 51.1 deg.  

 Index ranges -17≤h≤19, -19≤k≤19, -26≤l≤15  

 Reflections collected 23365  

 Independent reflections 3164 (R(int) = 0.0525)  

 Observed reflections 2021 (I > 2σ (I))  

 Absorption correction Semi-empirical from equivalents  

 Max. and min. transmission 1.35 and 0.67  

 Refinement method Full-matrix least-squares on F2  

 Data/restraints/parameters 3164 / 398 / 251  

 Goodness-of-fit on F2 1.88  

 Final R indices (I>2sigma(I)) R1 = 0.133, wR2 = 0.442  

 Largest diff. peak and hole 0.51 and -0.36 eÅ-3  
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Compound 118 

 

 

Table 19.Crystal data and structure refinement for 118.  

 
 Identification code xh2  

 Empirical formula C57H55N7O4.50  

 Formula weight 910.08  

 Temperature 200(2) K  

 Wavelength 0.71073 Å  

 Crystal system monoclinic  

 Space group C2/c  

 Z 8  

 Unit cell dimensions a =  23.5123(11) Å  =  90 deg.  

  b =  18.7580(9) Å β =  110.5677(13) deg.  

  c =  22.9427(11) Å γ =  90 deg.  

 Volume 9473.7(8) Å3  

 Density (calculated) 1.28 g/cm3  

 Absorption coefficient 0.08 mm-1  

 Crystal shape shim  

 Crystal size 0.440 x 0.080 x 0.070 mm3  

 Crystal colour colourless  

 Theta range for data collection 1.4 to 22.7 deg.  

 Index ranges -25≤h≤23, -20≤k≤20, -24≤l≤24  

 Reflections collected 24533  

 Independent reflections 6372 (R(int) = 0.0489)  

 Observed reflections 3853 (I > 2σ (I))  

 Absorption correction Semi-empirical from equivalents  

 Max. and min. transmission 0.96 and 0.89  

 Refinement method Full-matrix least-squares on F2  

 Data/restraints/parameters 6372 / 782 / 726  

 Goodness-of-fit on F2 1.03  

 Final R indices (I>2sigma(I)) R1 = 0.061, wR2 = 0.153  

 Largest diff. peak and hole 0.23 and -0.17 eÅ-3  
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8 Abbreviations 

Ac acetyl 

Ar aryl 

ATR attenuated total refraction 

BET Brunauer, Emmett and Teller model 

Boc t-Butyloxy carbonyl 

Bu butyl 

Calcd. calculated 

COF covalent organic framework 

d day 

DCC Dynamic covalent chemistry 

DCM Dichlormethane 

DMF Dimethylformamide 

DMSO Dimethyl sulfoxide 

DOSY diffusion-ordered spectroscopy 

EA Ethylacetate 

EI Electron Ionization 

Eq equivalents 

ESI electrospray ionization 

EtOH ethanol 

g gram 

h hours 

Hex hexyl 

HMTA Hexamethylenetetramine 

HR High resolution 

IAST ideal adsorbed solution theory 

IR infrared spectroscopy 

IUPAC International Union of Pure and Applied Chemistry 

M.p. melting point 

MALDI matrix-assisted laser ionization 

MeCN acetonitrile 

MeOH methanol 



Abbreviations 

203 

 

min minutes 

MS mass spectra 

NBS N-bromo succinimide 

NMR Nuclear magnetic resonance 

nm Nanometer 

Oct octyl 

ppm parts per million 

PXRD Power X-Ray Diffraction 

Rf ratio of fronts 

RT room temperature 

SEC Size Exclusion Chromatography 

SEM Scanning Electron Microscope 

t tert 

TGA Thermogravimetric analysis 

THF tetrahydrofuran 

TLC Thin layer chromatography 

TOF Time of flight 

TFA Trifluoroacetic acid 

 

 

 

 

 

 


