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The synthesis and characterisation of two novel, functionalised 

porous organic cages are presented. We demontrate that a step-

wise approach to the synthesis of these robust C-C bonded cages 

allows for the introduction of a controlled number of endohedral 

pyridine functional groups. In addition, kinetic processing is used 

to access permanently porous morphologies.    

Shape-persistent organic cages are of growing interest to 

chemists as ‘building blocks’ for novel porous molecular 

solids.1 Indeed, recent work has demonstrated that cage-based 

materials can exhibit unique adsorption properties due to their 

discrete nature and bespoke pore structures. For example, 

Cooper and co-workers have shown exceptional selectivity for 

niche separations such as those of noble gases and sulfur 

hexafluoride.2 In addition, cage molecules are chemically 

versatile and can be processed into mixed-matrix membranes3 

and thin films,4 covalently linked into porous polymers5 and 

judiciously functionalised to realise a permanently porous 

liquid phase.6  

 Given that organic cages offer a rich source of 

fundamental research and promising applications in materials 

science, the design and characterisation of new examples is 

of significant importance. Organic cages are typically 

synthesised using dynamic covalent chemistry and salient 

examples include imine,7 boronate ester condensations8 and 

alkyne metathesis.9 This approach has considerable appeal as 

cage molecules can be generated in high yields via a single-

step synthesis. However, this strategy does not facilitate the 

construction of cages composed of multiple functional groups 

at precisely defined positions. In addition, the structural 

topology of the products cannot be predicted, with certainty, 

a priori.10 Here we report the synthesis, structures and 

porosity of two novel organic cage molecules via step-wise 

carbon-carbon coupling reactions, C1-N2 and C1-N6 (Fig. 1). 

These materials illustrate the potential of this design concept 

for yielding molecular solids of functionally ‘programmed 

pores’.11 Furthermore, cages constructed from carbon-carbon 

bonds are both chemically and thermodynamically robust12 

allowing for the chemistry of this class of materials to be 

significantly expanded. 

 Our initial attempt to synthesise cage C1-N6 was carried 

out using the intermolecular coupling method (Scheme SI2) 

previously described in the literature.12 This afforded cage C1-

N6 in very low yields (4%). Therefore, we designed a new 

multi-step synthetic route, inspired by the procedures to 

prepare butadiyne-bridge square macrocycles13 and other 

cages of three-fold symmetry,14 where the ultimate reaction is 

a high-yielding intramolecular coupling. Accordingly, cages C1-

N2 and C1-N6 were synthesised via the step-wise coupling 
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procedure delineated in Scheme 1 (see Scheme SI1 for full 

details). A key step to this approach involves the mono-

substitution of the tripodal building block 4-[tris(4-

iodophenyl)methyl]methoxybenzene (1), via a Sonogashira 

coupling with a trimethylsilyl protected pyridine moiety to 

afford compound 2. A similar synthetic approach was 

employed using triisopropylsilyl protected phenyl (for C1-N2) 

or pyridine units (for C1-N6) to functionalise both available 

positions in 2. Compound 3 was then selectively deprotected 

at the trimethylsilyl position and dimerised by a Hay coupling 

reaction to give the triisopropylsilyl protected dimer 5. Silyl 

deprotection of compound 5 was achieved with 

tetrabutylammonium fluoride to yield the deprotected dimer 

6. Isolated yields for each of the synthetic steps described 

above were generally good to excellent (between 60 to 99%). 

The final intramolecular carbon-carbon homo-coupling 

reaction was completed using the standard synthetic method 

previously described12 for the formation of cage and 

macrocycle compounds, such as C1-OMe and C1-Br. Under 

high dilution conditions in pyridine, and with the presence of a 

large excess of copper catalysts, the reaction proceeds to 

favour the formation of kinetic products C1-N2 or C1-N6. After 

purification, cages C1-N2 and C1-N6 were obtained in good 

yields (53% and 52% yield, respectively) compared with the 

intermolecular homo-coupling approach, for which final step 

yields are about 20%.  

 The formation of C1-N2 and C1-N6 was confirmed by 1H 

and 13C NMR, Infrared spectroscopy (IR), and high resolution 

mass spectrometry (HRMS). The most noteworthy features of 

the 1H NMR and IR spectra are the disappearance of the peaks 

attributable to the alkyne protons of 6. For example, the IR of 

C1-N2 and C1-N6 are devoid of the Calkyne-H stretch found in 6a 

and 6b at 3289 cm-1; however, the C≡C stretches at 2200–2220 

cm-1 are retained. Additionally, the HRMS of C1-N2 and C1-N6 

afford [M + H]+ parent ions at m/z 1441.47 (C1-N2) and 

1445.45 (C1-N6). Cages C1-N2 and C1-N6 are soluble in 

common organic solvents such as acetone, tetrahydrofuran, 

benzene and halogenated solvents but are poorly soluble or 

insoluble in alcohols, water, alkanes and acetonitrile.  

 Single crystals of C1-N2 and C1-N6 suitable for X-ray 

crystallography were grown by slow diffusion of petroleum 

spirits into a benzene solution of C1-N2, and hexane into a 

toluene solution of C1-N6. A single crystalline polymorph of 

C1-N6 was isolated in this work (yellow rods, triclinic, P-1). 

However, C1-N2 was found to crystallise as a mixture of two 

distinct forms: C1-N2α, as colourless rod-shaped crystals 

(tetragonal, I41/acd), and C1-N2β as colourless plate-like 

crystals (orthorhombic, Pbcn). Due to the rigid nature of the 

molecular backbone of the cages, the vertical and horizontal 

outer dimensions of both C1-N6 and C1-N2 are broadly similar 

(ca. 3.0 by 1.5 nm) to previously reported examples12, 15 but 

herein these enclose an internal cavity comprising six or two 

pyridine substituents, respectively. In the solid-state, the 

pyridine substituents lead to a more distorted cage than 

observed for the phenyl shouldered cages; the angles about 

the cage shoulder (alkynyl-pyridine-alkyne centroid angles) 

range from 111.2 to 117.2° for C1-N6 compared with the 

equivalent angle range for C1-OMe (117.3–120.4°). These 

distortions, coupled with a more twisted arrangement, 

produce a C1-N6 cage with more squat dimensions, specifically 

a quaternary C–C separation of 15.5 Å compared with 18.0, 

16.8 and 17.9 Å in C1-OMe, C1-N2α and C1-N2β, respectively. 

The extensive distortion for the C1-N6 cage results in a 

crystalline packing that has not been observed for either of the 

parent phenyl cages C1-OMe and C1-Br. In contrast, the β-

form of C1-N2 is isomorphous with cage C1-OMe (Pbcn) and 

crystallises with four molecules in the unit cell. Similarly, the 

tetragonal α-phase packs identically to C1-Br. Examination of 

the densities of the three crystal structures (in the absence of 

solvates; SQUEEZE routine of Platon16 applied) reveals the α-

phase of C1-N2 is the least dense form (0.62 g.cm-3) while the 

β phase possesses the most dense structure (0.83 g.cm-3). 

Cage C1-N6 has an intermediate density packing (0.72 g.cm-3). 

Close examination of all crystal structures reveals that the 

primary inter-cage interactions in the crystal packing are van 

Scheme 1. The step-wise ‘clipped’ synthesis of C1-N2 and C1-N6. 
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der Waals interactions and edge-to-face π-interactions 

involving both phenyl/pyridyl and alkyne moieties (Fig. 2). The 

simulated N2 probe accessible pore surfaces shows that C1-

N2α and C1-N2β possess notably different pore network 

structures; C1-N2α possesses a connected 3D pore network, 

while C1-N2β has 1D channels comprised of adjacent cages 

linked by ∼4.1 Å windows, as observed for C1-OMe. In the case 

of C1-N6, simulation of the N2 probe accessible pore surface 

reveals a pore network that extends only in the a and b axis 

directions with limiting pore diameters of ∼5.1 Å. 

 We examined the bulk crystallinity of C1-N2 and C1-N6 by 

Powder X-ray Diffraction (PXRD) methods. Notably the 

behaviour of the two cages in the solid-state depended on 

processing methods. PXRD performed on samples comprising 

C1-N6 single crystals supported phase purity (Figure SI7); 

however, we were unable to obtain microcrystalline samples 

via solvent evaporation (CH2Cl2) or by grinding dried crystals. In 

contrast, rapid precipitation of C1-N2 (from CH2Cl2/methanol) 

gave rise to a new crystalline polymorph C1-N2γ (Figure SI6). 

Notably, C1-N2γ is identical to the rapidly crystallised phase 

obtained for C1-OMe.12 Additionally, experimental powder 

diffraction patterns of polymorphs C1-N2α and C1-N2β (Figure 

SI5) were obtained by manually separating a small amount of 

rod and plate-like crystals from the bulk sample.  

 The permanent porosity of C1-N2 and C1-N6 was 

investigated by 77K N2 gas adsorption experiments. As noted, 

we were unable to obtain crystalline samples of C1-N6 for 

adsorption analysis. Rapid precipitation of C1-N6 led to an 

amorphous solid whilst desolvation (under vacuum at room 

temperature or at 80°C) of a single crystal sample resulted in a 

change from a crystalline to an amorphous phase. Although 

porosity in the amorphous phase has been demonstrated for 

organic cages as a result of ‘frustrated’ solid-state packing,17 

cage C1-N6 was found to be non-porous to N2. We then 

performed a 77K N2 gas adsorption isotherm on the phase 

pure polymorph C1-N2γ (C1-N2α and C1-N2β were only 

isolated on a large scale as a mixed phase). The resultant 

isotherm (Figure SI8) is best described as Type I; however, a 

noticeable hysteresis is observed on desorption over a range 

of equilibration times. Such hysteretic behaviour may arise 

from an amorphous phase not detected by PXRD methods. 

Thus, we employed scanning electron microscopy (SEM) to 

inspect the morphology of C1-N2γ. Figure SI9 indicates that 

polymorph C1-N2γ uniformly consists of thin plate-like crystals 

which are formed rapidly upon precipitation, with crystals size 

in the range 1 and 10 µm. Indeed, the crystal morphology was 

analogous to that observed for C1-OMe.12 

 Previously we reported the synthesis and characterisation 

of an analogous cage (C1-OMe) via a three-fold homo-coupling 

macrocyclisation reaction (20% yield). However, in contrast to 

C1-OMe this approach afforded significantly diminished yields 

for C1-N6 of ca. 4% (Scheme SI2). We did not attempt to 

synthesise C1-N2 using the intermolecular homo-coupling 

employed for C1-OMe as, in addition to potentially low yields, 

such conditions would be expected to form a statistical 

mixture of isomers. Thus, we turned our efforts to 

understanding why the intermolecular coupling reaction to 

form C1-N6 engendered reproducibly low yields. The salient 

difference between the cages is the presence of pyridine 

groups in the molecular framework of C1-N6. Pyridine moieties 

are known to influence packing arrangements in 

supramolecular systems as a result of dipole-dipole 

interactions.18 To this end we employed density functional 

theory (DFT) to ascertain if the significantly lower yields could 

be accounted for by electronic arguments. Molecular 

structures and energies of C1-OMe and C1-N6 cages and half-

cage precursors were computed by DFT using the Gaussian 09 

(Revision D.01) software package.19 Half-cage molecules were 

obtained by breaking the full cage in half and terminating the 

ethynyl groups with hydrogens. The DFT calculations show that 

the maximum electrostatic interaction energy and total 

interaction energy between two half-cages brought into 

sufficiently close proximity to permit homo-coupling were 

negligible both in vacuo and in implicit pyridine solvent for 

both C1-N6 and C1-OMe, with the interactions somewhat 

larger for the C1-N6 half-cages due to their considerably larger 

dipole moments (see Supporting Information for full 

description of calculations). Thus, DFT analysis infers that 

unfavourable electrostatic interactions between half-cages can 

be excluded as an explanation for the relatively low yields 

recorded for C1-N6. An alternative explanation involves the 

bond angle of the corner unit: C-Cph-C vs C-Npy-C. As described 

above, there is a significant difference in the corner unit angles Fig. 2.  Rod and stick representations of the structures of a) C1-N2α down the c 

axis, b) C1-N2β down the b axis, and c) C1-N6 down the b axis.  Corresponding 

views of the probe accessible surface area (N2 probe) in the crystal structures d) 

C1-N2α, e) C1-N2β and f) C1-N6. 
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between cages C1-OMe and C1-N6, yielding a more distorted 

cage molecule in the case of C1-N6 in the solid-state (although 

in vacuo/implicit pyridine optimised structures suggest the 

cage distortion is limited, Fig. SI10 and SI11). Accordingly, 

given that the carbon-carbon coupling reactions used to 

construct the cages are irreversible, it can be proposed that a 

potentially distorted C1-N6 precursor will lead to slower 

reaction rates and to the formation of polymeric/oligomeric 

species by-products.  

Conclusions 

 We have synthesised two new cage molecules C1-N2 and 

C1-N6 via a stepwise approach that leads to precise control of 

pore functionality. Furthermore, C1-N2 can be isolated as a 

porous solid by rapid precipitation from solution. We note that 

analogous chemistry is not observed for C1-N6 suggesting that 

subtle structural modifications can have a dramatic effect on 

crystal packing and the resultant performance characteristics 

of the material. The synthetic strategy outlined in this work is 

of significant fundamental interest to the field as it provides 

broad scope for generating novel unsymmetrical porous cage 

molecules with precisely functionalised pore chemistry. We 

anticipate that such control over the internal functionality of 

the cages will facilitate the precise tuning of their performance 

characteristics. For example, the pyridine moieties described in 

this work could support post-synthetic metalation chemistry; a 

strategy that has been successfully employed to tailor the 

properties of Metal-organic Frameworks.20 
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