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2D networks of metallo-capsules and other coordination polymers 

from a hexapodal ligand 

Flora L. Thorp-Greenwood,a Gilberte Therese Berry,a Sophia S. Boyadjieva,a,b Samuel Oldknow,a and 
Michaele J. Hardie*a  

The hexapodal ligand hexakis(isonicotinoyl)cyclotricatechylene (L1) belonging to the cyclotriveratrylene family of host-

molecules has been synthesised and used in the assembly of a series of coordination polymer materials with Re(I), Co(II), 

Cu(II), Ni(II) and Ag(I) salts. Single crystal structures of the coordination polymers [Re3(L1)2Br3(CO)3] 1, and an isomorphic 

[M3L2] series where M = Co, Cu or Ni, reveal 2D framework structures with a simplified topology of 36 or hxl. These are 

composed of M6(L1)2 metallo-cages linked together in a pair-wise fashion through each metal centre. Compound 1 is a rare 

example of a rhenium coordination polymer and was investigated for guest uptake from solution, complexing I2. The mixed-

ligand species [Cu2(L1)(CF3CO2)3(isonicotinate)] forms a (3,4,5)-connected 2D coordination polymer, while 

[Ag2(L1)(DMF)2]∙2BF4∙2(H2O)∙6(DMF) features a 2D network of (3,6)-connectivity and with kagome dual (kgd) topology.

Introduction 

Coordination polymers (CPs) and metal-organic frameworks 

(MOFs) are well-ordered polymeric coordination compounds.1 

MOFs and many coordination polymers are robust porous 

materials, which is a function of the structural assembly of 

metal ion and ligand. This has led to a raft of potential 

applications for these materials including in gas storage, 

separations, drug delivery and catalysis which is often 

predicated on the ability of CPs and MOFs to bind guest 

molecules within their pores.1,2 Molecular hosts are individual 

molecules that have an intrinsic ability to bind guest molecules. 

Most examples are cyclic or cage-like in nature. The use of 

molecular hosts as components of coordination polymers 3-18 is 

notable as it may result in a material with hierarchical pore 

space through both the specific molecular recognition sites of 

the molecular host, and lattice channels and cavities of the 

coordination polymer framework. One class of hosts are those 

with a bowl-like conformation of the macrocycle with shallower 

lower-rim and more expansive upper rim. Examples of such 

hosts include calix[4]arenes, resorcinarenes and 

cyclotriveratrylenes. When these hosts are functionalised with 

suitable metal-binding groups then they may form coordination 

polymers,4-18 or discrete metallo-capsule and metallo-cage 

assemblies.19 Combining both assembly behaviours to form 

coordination polymers composed of linked metal-

capsules/cages is an attractive proposition as it potentially 

creates materials with pre-defined cavities.6-14 Functionalised 

pre-formed organic cages can also be used to form coordination 

polymers.20 It also avoids situations where unwanted host-

guest interactions – such as self-inclusion motifs of hosts or 

networks - effectively block the host molecular cavity from any 

subsequent functionality.5,16,17 Networks of MnL2 metallo-

capsules where L is a bowl-shaped host ligand have been 

reported for chain assemblies, and 2D networks using 

functionalised calix[4]arenes,6 resorcinarenes,7 

pyrogallol[4]arenes,8,9 and tripodal cyclotriveratrylene 

analogues.10-12 Networks of larger metallo-cages have also been 

reported.13,14   

Our work focuses on the use of molecular hosts of the 

cyclotriveratrylene (CTV) family that have been functionalised 

at the upper rim with metal-binding groups.  CTV and related 

hosts have a tribenzo[a,d,g]cyclononene scaffold and their 

thermodynamically stable crown conformation affords a bowl-

like cavity. We, and others, have concentrated on formation of 

coordination polymers with tripodal C3-symmetric CTV-

analogues where there are three ligand moieties.10-12,15-18 

Examples of linked metallo-capsules with CTV-ligands are rare 

and include a [Cu3L4]∙6OTf coordination polymer material 
where L = tris(isonictinoyl)cyclotriguaiacyclene. This is 

composed of Cu3L2 metallo-capsules that are linked together at 

the Cu(II) centres to form a 2D hexagonal network with 

simplified 63 hcb topology taking the capsule as the network 

node.10 The structure contained very large channels and could 

bind fullerene-C60 from solution, but was not robust and 

becomes amorphous removal of solvent. CTV-type metallo-

capsule-based networks of same topology have also been 

reported with Ag-Cl-Ag linkers,11 and in a MOF recently reported 

by Easun and co-workers where a hexagonal network is formed 
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from carboxylate tripodal CTV-type ligand.12  

These examples all employ tripodal CTV-type ligands, and 

there has been very little attention given to the development of 

hexapodal CTV ligands for metallo-supramolecular or 

coordination chemistry, although it should be noted that 

demethylated CTV is a catecholate, and can bind transition 

metals.14,21  Indeed to the best of our knowledge the only 

examples of such metal complexes with extended ligand groups 

are trinuclear Cu(II/I) complexes of a hexakis(bipyridyl)-CTV 

reported by Weiss and Gross and coworkers,22 and trinuclear 

complexes of a hexakis(2-pyridyl)-CTV.23 A small number of 

additional hexakis-substituted CTVs with good transition metal 

binding groups are also known.24,25  We report herein a new 

hexapodal-CTV ligand, namely 

hexakis(isonicotinoyl)cyclotricatechylene, L1, and a series of 

coordination polymer materials that were obtained from it. The 

majority of these feature M6L2 metallo-capsule motifs linked 

into a 2D polymer network. 

Results and discussion  

The novel hexa-functionalised ligand 

hexakis(isonicotinoyl)cyclotricatechylene, L1 (systematic name 

4-pyridinecarboxylic acid, 10,15-dihydro-5H-tribenzo[a,d,g]

cyclononene-2,3,7,8,12,13-hexayl ester), was synthesised in 65 

% yield from reaction of cyclotricatechylene (CTC) with 

isonicotinoyl chloride hydrochloride in the presence of NEt3, 

Scheme 1.  Yields of the desired hexa-substituted are maximised 

by addition of a large excess of NEt3 to CTC and stirring at 0 °C 

for an hour prior to addition of excess isonicotinoyl chloride 

hydrochloride. Compared with our previous reported synthesis 

of the isomeric hexakis(nicotinoyl)cyclotricatechylene,24 the 

successful synthesis of L1 requires a much larger excess of NEt3. 

The 1H NMR spectrum of L1 gives the anticipated simple 

spectrum for a symmetric product with two doublets for the 

bridging methylene groups, which is characteristic of bowl-

shaped tribenzo[a,d,g]cyclononene. Peaks corresponding to 

{M+H}+, {M+2H}2+ and {M+3H}3+ species were all observed in the 

mass spectrum.  

The crystal structure of the crystalline solvate L1∙DMF (DMF 
= dimethylformamide) was obtained using synchrotron 

radiation. The structure was solved in the triclinic space group 

P1 and the asymmetric unit comprises one complete L1 

molecule and a DMF with one methyl group directed into the 

hydrophobic L1 bowl, Fig. 1. The orientation of the six 

isonicotinoyl groups of L1 are all quite distinct, and a displaced 

capsule motif is formed by inverted pairs of host and guest, 

Figure 1b. There are few examples of crystal structures of hexa-

substituted CTC-type compounds (excluding CTC complexes).  

Scheme 1 Synthesis of L1. 

 

This is the first to show guest solvent as the intra-cavity guest, 

with other examples forming self-inclusion motifs.20,21  

 

Rhenium-linked Coordination Polymer 

Solvothermal reaction of L1 with Re(CO)5Br in nitromethane at 

60 °C yields the crystalline coordination polymer compound  

  

 
Fig. 1 Crystal structure of L1∙DMF. (a) Asymmetric unit with ellipsoids shown at 50 
% probability levels; (b) dimeric displaced capsule motif with DMF guest in space-
filling.  
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[Re3(L1)2Br3(CO)3]∙n(CH3NO2)∙m(H2O) 1. The crystal structure of 

1 was determined in the trigonal space group R3m. The 

asymmetric unit comprises one sixth of the L1 ligand, Re(I) and 

Br on special positions, water and nitromethane solvent also on 

symmetry positions. The L1 ligand is located around an axis of 

3m symmetry, thus the orientation of all six isonicotinoyl groups 

are symmetry-related with the carbonyl groups oriented 

inwards with regards to the molecular cavity of L1. Each 

isonicotinoyl group binds to a Re(I) centre at Re-N distance 

2.199(9) Å. A capsule-like motif is formed by two L1 ligands 

coming together in a head-to-head fashion and coordinating to 

six Re(I) centres, Fig. 2. The two L1 ligands of this capsule are in 

a staggered arrangement and the distance between their lower-

rims (defined as centre of the three methylene bridges) is 16.3 

Å. The six Re(I) centres are at the equator of the capsule and 

form a perfect hexagon with closest Re…Re separations of 9.83 

Å. The hydrophobic -CH3 groups of nitromethane guest 

molecules are directed into the molecular bowl of each L1 

ligand at 3.96 Å between the nitromethane C atom and the 

lower-rim of L1, Fig. 2. The coordination sphere of each Re is 

distorted octahedral and comprises four isonicotinoyl groups 

from four symmetry-equivalent L1 ligands, and two terminal 

and symmetry-equivalent ligands of mixed Br/CO character in a 

trans arrangement. The terminal ligand position was refined as 

half Br as the superimposed disordered CO could not be 

adequately refined and was thus excluded from the model. Its 

presence, however, is evident in the infrared (IR) spectrum of 1 

with a CO stretch at 2024 cm-1.      

Each [Re6Br6(CO)6(L1)2] capsule connects to six other 

capsules via the Re(I) centres giving a 2D coordination polymer 

of composition [Re3Br2(CO)6(L1)2], Fig. 3a. If each 

[Re6Br6(CO)6(L1)2] capsule is considered a single 6-connecting 

centre for the network then a simplified topology is the 36 hxl 

hexagonal lattice.26 The network features both the pore space  

 
Fig. 2 From the crystal structure of [Re3(L1)2Br3(CO)3]∙2(CH3NO2)∙6(H2O) 1. 
[Re6Br6(CO)6(L1)2] capsule-like motif of 1, with guest CH3NO2. Complete Re 
coordination spheres are not shown and each Br position (in yellow) is actually an 
averaged Br/CO ligand. Only one position for each of the symmetry-disordered 
CH3NO2 is shown for the sake of clarity. 

inherent in the capsule motif and has triangular spaces partially 

occupied by the Br/CO ligands. In previous examples of 2D 

networks of linked M3L2 metallo-capsules with tripodal-CTV 

type ligands the capsules were linked in a trigonal fashion to 

give a hexagonal 63 network of hcb topology.10-12 The hxl 

topology is not common and requires a hexagonal linking unit. 

Known examples include networks where bridging ligand has 

pyridine-N-oxide donors which allow bent N-O-M coordination 

angles,27 metal clusters acting as the hexagonal linker,28 and 

Atwood’s 2D networks of metal-seamed nanocapsules.8,13 The 

latter involve Ni24L6 nanocapsules where L is a host 

pyrogallol[4]arene that has been decorated with hydroxyl 

groups which bind to Ni(II) centres of adjacent nanocapsule to 

form the hxl network,13 and Zn8L2 capsules linked by bridging 

4,4’-bipyridine.8   

In 1 the 2D layers pack such that the capsule motif of one 

layer is located above the triangular space of an adjacent layer, 

Fig. 3b. There are small channels through the crystal lattice and 

inspection of a void map (Fig. 3c) shows that the pores created 

by the capsule-motifs are connected together by channels. If 

solvent positions are excluded from the structure then the total 

void space within the crystal lattice is ca. 30 % of the unit cell 

volume. While some solvent positions were located by 

crystallographic analysis, the actual level of solvation of as-

synthesised 1 is likely to be higher. Thermal gravimetric analysis 

(TGA) was used to estimate the solvation levels, and indicates a 

15 % weight loss between room temperature and 100 °C 

attributable to loss of solvent. This corresponds to ca. seven 

CH3NO2 and six H2O per cage-unit or eight to nine CH3NO2.  The 

material is otherwise thermally stable, decomposing above 320 

°C, Fig. S15 (ESI).  

The use of rhenium as a linker metal for a coordination 

polymer is rare, and the majority of examples feature Re 

clusters 29 rather than an isolated Re(I) as here. Metallo-ligands 

decorated with Re(CO)nX groups have been used to for 

MOFs/CPs in order to introduce photochemical properties.30 

Compound 1 is pale yellow in colour. Therefore a preliminary 

assessment of the ability of them to take up guest molecules 

can be performed simply by soaking the crystals in solutions 

containing dyes. Unlike [Cu3L4]∙6OTf,10 1 does not take up 

fullerene-C60 which is as anticipated from the much smaller 

channel size.  However, soaking the crystals in toluene solutions 

of indigo, rhodamine or iodine led to colour changes in the 

crystals. This was determined to be only a surface effect for 

indigo and rhodamine, however incorporation of iodine into the 

crystals was effected, Fig. 4. While the samples remained 

crystalline they were not of sufficient quality for single crystal X-

ray analysis. TGA indicates no change to the thermal stability of 

the material post iodine-exposure, Fig. S15. SEM-EDX analysis 

indicates significant uptake of I2. Both single crystal particles 

and a ground sample were measured and gave comparable Re:I 

ratios of ReI0.56 and ReI0.52 respectively. This equates to 

approximately 1.5 I2 molecules per cage-construct, and 

indicates that the I2-uptake is not simply a surface effect. We 

have previously reported the up-take of I2 by a crystalline lattice 

of discrete metallo-cryptophane cage species in a single-crystal-

to-single-crystal fashion. There, structure determination  
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Fig. 3 From the crystal structure of [Re3(L1)2Br3(CO)3]∙2(CH3NO2)∙6(H2O) 1. (a) 
[Re3Br3(CO)3(L1)2] network of hxl topology; (b) packing of two 2D networks; (c) 
unit cell void map, green mesh indicates surface of void space when solvent is 
excluded.  

 

Fig. 4. Optical and electron microscopy images of (a) as-synthesised compound 
[Re3(L1)2Br3(CO)3]∙n(CH3NO2)∙m(H2O) 1; (b) 1 after uptake of iodide from toluene 
solution; (c) SEM-EDX image showing element mapping for ground sample, green 
= I; red = Re, blue = Br.  

 

showed the I2 bound within the cage structures.31 A number of 

other cage or macrocycle 32 and MOF-type materials 33 are also 

able to bind I2 as a guest.   

 

Isostructural Coordination Polymers 

Reaction of L1 with a variety of first row transition metal salts in 

DMF yields crystalline coordination polymer materials with 

M3(L1)2 stoichiometry. The materials are isostructural and have 

a 2D coordination polymer structure of linked M6L2 capsules 

that is topologically the same as that seen in the coordination 

polymer compound 1 but in a lower-symmetry structure. Single 

crystals of materials [M3(H2O)6(L1)2]∙6(NO3)∙n(DMF) where M = 
Co(II) 2a, Cu(II) 2b, Ni(II) 2c, [Co3X6(L1)2]∙n(DMF) X = Cl 3a, Br 3b 

and [Co3I1.5(H2O)4.5(L1)2]∙4.5I∙m(DMF) 4 were obtained, 

although crystals of 2c were of poor quality and only unit cell 

parameters are presented (see ESI). All structures were 

determined in the monoclinic space group C2/c from X-ray data 

collected either in-house or using synchrotron radiation. All 

have an asymmetric unit with one complete L1 ligand, two M(II) 

sites with one on a 2-fold rotation axis, and three terminal 

ligands sites. For coordination polymers with nitrate counter-

anions (2a-c) the nitrates are non-coordinating and terminal 

ligands on the metal are aquo ligands. Positions of nitrate 

counter-anions are disordered and could not be located in the 

difference map. Coordination polymers with halide counter-

anions gave essentially the same structure but with halides 

rather than water adopting the terminal ligand positions where 

X = Cl (3a) and Br (3b). For compound 4 with iodide counter-

anions there is a disorder of the I- positions between terminal 

ligand positions and uncomplexed lattice positions, Fig. S31, ESI. 

The Co(II) compounds 2a and 3b will be used as exemplars and 

described in more detail. 

  In all of these coordination polymers the L1 ligand has all 

isonicotinoyl groups oriented differently and with carbonyl 

groups exo to the L1 molecular cavity, unlike in 1 where they 

were all oriented inwards. As for 1, M6L2 capsule motifs are 

formed from two head-to-head L1 ligands coordinating to an 

approximately hexagonal equator of six metal cations, Fig. 5. In 

2a for example, the Co…Co distances around the hexagon range 

from 9.99 to 10.08 Å, whereas for 3b they are 10.20 to 10.49 Å, 

in all cases slightly longer than the equivalent Re…Re distances 

in 1. The metal geometry is distorted octahedral with trans 

terminal ligands (Co-OH2 range 2.0559(17) to 2.129(3) Å for 2a, 

Co-Br range 2.5955(8) to 2.6045(11) for 3b) and four 

isonicotinoyl donors from four symmetry-related L1 ligands (Co-

N range 2.133(5) to 2.158(2) Å for 2a, 2.140(4) to 2.168(4) Å for 

3b). Two M6L2 capsules are linked together at each metal centre 

to give a 6-connected 2D network of hxl topology as before. 

While the 2D coordination polymer network of compound 1 

and the isostructural series 2-4 are topologically the same and 

structurally very similar, the network packing observed for 

these materials is quite distinct to that of 1. Adjacent networks 

viewed from above are positioned such that the triangular gaps 

within the networks are approximately aligned to form channels 

through the lattice, Fig. 6a. There are also rectangular channels 

evident when networks are viewed from the side, Fig. 6b, which 

are clearly much larger than any spaces between networks  
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Fig 5. From the crystal structures of connected M6L2 cage coordination polymer 
series (a)  two connected cages of [Co3(H2O)6(L1)2]∙6(NO3)∙n(DMF) 2a with 
hydrogens aside from those of aquo ligands excluded; (b) space-filling view of a 
single cage from [Co3Br6(L1)2]∙n(DMF) 3b. 

 

observed from a similar perspective of 1 (Fig. 3b). The void 

spaces within 2-4 are much larger than that of 1. In 2a, for 

example, the solvent-accessible void, which will contain both 

solvent and counter-anion, accounts for ca. 60% of the unit cell 

volume. The position of one DMF solvent molecule could be 

established in the structure of 3b, and resides in the rectangular 

channels (Fig. S30, ESI). In 4 there is disorder of the anions and 

the terminal ligands are refined as 25% I and 75% aquo. Co-O/I 

bond lengths are in the range 2.349(6) to 2.383(7) Å, much 

longer than the Co-OH2 bond lengths seen in 2a but shorter than 

anticipated for Co-I. The remaining I is present as lattice I- 

counter-anions which were also disordered and refined at low 

occupancy, though not all positions were located, Fig. 6c.  

The channels in the structures will be occupied by solvent 

DMF and, where applicable, counter-anions. TGA shows the 

nitrate compounds (2a-c) decompose at lower temperatures 

than the halide compounds the latter being thermally stable to 

ca. 350 °C, Figs S17-S21 SI. Using 2a and 3b as examples, 

solvation levels can be estimated from TGA. Compound 2a has 

an initial weight loss of ca. 30% weight to ca. 150 °C. This is 

consistent with the loss of coordinated water ligands plus 14 

DMF molecules per formula unit. TGA of 3b gives a slightly 

higher mass loss of ca. 35 % corresponding to 19 DMF per 

formula unit. This is consistent with the probable solvation level 

calculated on the basis of void calculations.  

 

Fig. 6 Extended packing diagrams of 2a (a) and (b) highlighting channels within the 
crystal packing; and (c) unit cell of [Co3I1.5(H2O)4.5(L1)2]∙4.5I∙m(DMF) 4 viewed 
down c with disordered H2O/I terminal ligands and  lattice I- positions (orange 
spheres).  

 

Other Coordination Polymers with L1 

While reaction of L1 with Cu(NO3)2 gave the hxl structure, use 

of the trifluoroacetate, TFA = CF3CO2
-, salt of Cu(II) led to the 

isolation of compound [Cu2(L1)(TFA)3(isonic)]∙n(DMF) 5 where 

isonic = iso-nicotinate. Formation of this compound was 
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repeatable and the isonicotinate is likely to be from some Cu(II)-

catalysed decomposition of the ligand. The crystal structure of 

5 was determined in space group P1 with an asymmetric unit of 

two Cu(II) centres, one L1 ligand, three TFA anions and one 

isonic anion. The two Cu(II) centres have different square 

pyramidal coordination environments, Fig. 7. Cu1 is coordinated 

by isonicotinoyl groups from three symmetry-related L1 ligands 

arranged in a T-shape at Cu-N distances 1.977(10) to 2.241(10) 

Å, alongside one terminal TFA anion (Cu-O 2.033(9) Å), and the 

carboxylate of a bridging isonic anion (Cu-O 1.949(8) Å). Cu2 

also has three pyridyl donors in a T-shape but two are from L1 

ligands and the other the isonic anion (Cu-N distances 2.006(11) 

to 2.210(10) Å). The Cu2 coordination sphere is completed by 

two terminal TFA ligands at Cu-O distances 1.947(9) and 

1.984(8) Å. 

The structure of [Cu2(L1)(TFA)3(isonic)] is a (3,4,5)-

connected 2D coordination polymer where each Cu1 is a 4-

connecting centre and each Cu2 is a 3-connecting centre. The 

orientations of the six isonicotinoyl groups of L1 are all distinct, 

and only five of the six isoniconinoyl groups binds to a Cu(II) 

cation, making the L1 ligand a 5-connecting centre. Overall a 

two-tiered 2D network is formed with L1 molecular bowls facing 

inwards, Fig. 8a. The network is easiest to understand by first 

considering just the Cu(II)-L1 connectivity, which forms a 

ladder-motif with two layers of L1 ligands with the non-

coordinating isonictinoyl group directed outwards, Fig. 8b. The 

orientation of L1 bowls in the ladder alternates for each layer, 

and the Cu2 sites are at the edges of the ladder, and two layers 

of Cu1 centres in the middle. Within the 2D network, these 

Cu(II)-L1 ladders are linked together via the bridging isonic 

anion which bridges between Cu1 and Cu2 centres, shown for 

two ladder  motifs only in Fig. 8b. This gives an extended 

capsule-like motif between L1 ligands of opposite orientation 

from adjacent ladders. These inter-ladder connections extend 

out into the 2D network. 

Fig. 7 From the crystal structure of [Cu2(L1)(TFA)3(isonic)]∙n(DMF) 5 highlighting 
two different Cu(II) coordination environments and with isonic anion in purple 

 

The [Cu2(L1)(TFA)3(isonic)] coordination polymers stack 

together to give the crystal lattice shown in Fig. 9. There are 

significant solvent-accessible voids running through the lattice, 

estimated at ca. 50% of the unit cell volume. These are likely to 

be occupied by solvent DMF although this was not located in 

the crystal structure. TGA indicates a weight loss of ca. 30 % to 

200 °C after which the material decomposes, Fig. S21. This 

corresponds to 10 DMF molecules per formula unit which can 

easily be accommodated within this void space.  

The crystalline material 

[Ag2(L1)(DMF)2]∙2BF4∙2(H2O)∙6(DMF) 6 is isolated from vapor 

 

Fig. 8 From the crystal structure of 5 (a) 2D coordination polymer network with 
TFA anions excluded and isonic anion shown in purple; (b) breakdown of the 
network with (top) bridging isonicotinate anion excluded giving a CuL1 ladder 
motif, and (bottom) connectivity of two such ladders through bridging isonic anion 
shown as purple line for clarity. 
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Fig. 9 Packing diagram of 5 viewed down a unit cell in space-filling mode with two 
2D polymers in different colours. 

 

diffusion of diethylether into a DMF solution of AgBF4 and L1. 

The single crystal X-ray structure was determined in monoclinic 

space group P21/m. The asymmetric unit comprises one Ag(I), 

half of an L1 ligand, BF4
- counter-anion and solvent molecules. 

The L1 ligand has mirror symmetry. The Ag(I) is coordinated by 

a terminal DMF at Ag-O distance 2.553(4) Å, and three pyridyl 

groups from three symmetry-related L1 ligands at Ag-N 

distances 2.231(3) to 2.348(4) Å. The coordination geometry is 

distorted trigonal pyramidal rather than tetrahedral with the 

DMF in the apical position. The Ag(N)3 atoms are near coplanar 

with N-Ag-N angles  103.35(14), 121.13(15) and 135.23(14) °. 

Each L1 bridges to six Ag(I) positions and an undulating 2D 

coordination polymer is formed. The network is of (3,6)-

connectivity and has a kagome dual (kgd) topology, Fig. 10.22 

Examples of coordination polymers with the kagome dual 

topology are relatively uncommon 30 although ML2 examples 

with tripodal CTV-type ligands have been reported.14c  Here the 

M2L stoichiometry has a six-connected ligand centre rather than 

the six-connected metal of the ML2 example. The 2D polymer 

has a wave-like aspect when viewed side-on due to the 

orientation of the L1 ligand (bowl-up or bowl-down) alternating 

along the b axis.  A solvent DMF molecule occupies each L1 bowl 

with a methyl group oriented towards the hydrophobic bowl. 

Packing of the [Ag2(L1)(DMF)2]+ networks creates lattice sites 

which are occupied by additional DMF, water and BF4
- counter-

anions, Fig. S33. 

Experimental 

Synthetic procedures 

Cyclotricatechylene (CTC) 35 and Re(CO)5Br 36 were synthesised 

by literature methods. Other chemicals were obtained from 

commercial sources and used as received. NMR spectra were 

recorded on a Bruker DPX 300 MHz NMR spectrometer. ESI-MS 

were measured on a Bruker Maxis Impact instrument in positive  

 

Fig. 10 From the crystal structure of [Ag2(L1)(DMF)2]∙2BF4∙2(H2O)∙6(DMF) 6. (a) 
[Ag2(L1)(DMF)2]+ 2D coordination polymer; (b) highlight of coordination 
environment of Ag(I); (c) connectivity diagram showing kagome dual topology 
with large spheres Ag(I) and small spheres the centroid of coordinating N-atoms 
of L1. DMF shown with C in green, Ag as yellow spheres. 

ion mode. Infra-red spectra were recorded as solid phase 

samples on a Bruker ALPHA Platinum ATR. Elemental analyses 

were performed by the service at the London Metropolitan 

University.  

 

(±)-2,3,7,8,12,13-Hexa(pyridyl-4-carboxylate)-10,15-dihydro-

5H-tribenzo[a,d,g]cyclononene 

(hexakis(isonicotinoyl)cyclotricatechylene L1) CTC (0.4 g, 1.09 

mmol) and triethylamine (24 ml) were added to dry 

tetrahydrofuran (250 ml) under N2 atmosphere. The reaction 

was cooled in ice for 1 hour. Isonicotinoyl chloride 
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hydrochloride (2.34 g, 13.15 mmol) was added to the reaction 

to give a suspension that was stirred at room temperature for 

two days. Solvent was removed under vacuum, and methanol 

(ca. 20 ml) was added to the residue. The mixture was sonicated 

and solid collected by filtration, washed with methanol and 

diethyl ether to give L1 as white solid (0.71 g, 0.71 mmol, 65 %). 
1H NMR (300 MHz, d6-DMSO) δ (ppm) 8.76 (d, J = 5.0 Hz, 4H, 

Hpy_ortho), 7.88 – 7.78 (m, 6H, Harene+Hpy_meta), 5.17 (d, J = 13.9 Hz, 

1H, CH2-exo), 3.95 (d, J = 13.6 Hz, 1H, H2-endo). 13C NMR (75 MHz, 

d6-DMSO) δ (ppm)162.53, 151.02, 140.15, 138.76, 135.13, 

125.05, 122.62, 34.99. HR MS (ES+): m/z 997.2758 {M+H}+ (calc. 

997.2469), 499.1406 {M+2H}2+, 333.0961 {M+3H}3+. FT IR:  (cm-

1) 1753.05 (sharp, C=O ester stretch), 1597.08, 1562.38 

(medium, C=C stretch), 1504.48, 1448.15 (medium, C-C in-ring 

aromatic stretch), 1484.08, 1252.02 (sharp, C-N aromatic amine 

stretch), 1132.72 (sharp, C-O ester stretch). M.pt 297-299˚C. 
Elemental analysis (%) for L1∙3H2O calc C 65.13, H 4.03, N 8.00; 

obs C 65.24, H 3.93, N 7.84. 

[Re3(L1)2Br3(CO)3]∙n(MeNO2)∙m(H2O) 1 L1 (20 mg, 0.020 mmol) 

and Re(CO)5Br (0.030 mmol) were dissolved in nitromethane (4 

ml) and the mixture was heated to give a bright yellow solution. 

The sealed reaction vessel was heated at 60 oC using a heating 

block for two days. Pale yellow crystals form on cooling. 

Selected FT-IR  (cm-1) 1 3060.18, 2020.81 (C≡O), 1874.35, 
1749.88 (C=O), 1659.40, 1385.63, 1326.44, 1257.4, 1087.36. 

Elemental analysis indicates high solvation levels as expected 

for material with ca. 1200 Å3 void space per formula unit (%) 

calc for [Re3(L1)2Br3(CO)3]∙7(MeNO2)∙10(H2O) C 42.73, H 3.27, N 

7.64; found C 40.85, H 2.17, N 4.76. 

General method for formation of coordination polymer 

materials 2a – 5 

Ligand L1 (10 mg) and appropriate metal salt (M(NO3)2∙n(H2O), 

CoCl2, CoBr2, CoI2 or Co(CF3CO2)2  5 mg) were dissolved in DMF 

(2 ml) in a small sample vial which was capped and a hole 

punched in the cap. This was placed in a larger vial containing 

diethyl ether which was capped and left to stand. Crystals grow 

after several days or weeks. Single crystals grow with a small 

amount of amorphous powdered material and it is difficult to 

fully separate the two. This and the high and unknown solvation 

levels of materials mean it was difficult to obtain satisfactory or 

meaningful elemental analysis results. Full CHN analyses, and IR 

data is given for all compounds in the Supplementary Material. 

Sample data for compound 4 : Selected FT-IR  (cm-1) 3437.42, 

2927.21, 1748.31, 1653.30, 1597.31, 1504.08, 1437.18, 

1407.33, 1251.98, 1175.20, 1086.68, 1059.63   Elemental 

analysis (%) calc for Co3I2(L1)2∙10(H2O)∙2(DMF) C 44.21, H 3.28 
N 6.02; found C 43.75, H 3.74, N 7.02. 

[Ag2(L1)(DMF)2]∙2BF4∙2(H2O)∙6(DMF) 6 Ligand L1 (10 mg, 0.01 

mmol) was dissolved in DMF (1.5 ml) and added to a solution of 

AgBF4 (2.3 mg, 0.015 mmol) in DMF (0.5 ml). Vapors of diethyl 

ether were allowed to diffuse into the solution to give 

colourless block-like crystals. Selected FT-IR  (cm-1) 3113.17, 

2929.80, 1748.47 (C=O), 1651.00, 1494.97, 1420.54, 1389.92, 

1255.91, 1055.93. Elemental analysis (%) for 

[Ag2(L1)(DMF)2]∙2BF4∙4(H2O)∙6(DMF) calc. C 47.59, H 4.93, N 
9.60; found C 47.62, H 4.95, N 11.88.   

X-Ray Crystallography 

Crystals were mounted under inert oil on a MiTeGen tip and 

flash frozen to 100(1) or 120(1) K. X-ray diffraction data were 

collected using Cu-K radiation (λ= 1.54184 Å) using an Agilent 
Supernova dual-source diffractometer with Atlas S2 CCD 

detector and micro-focus sealed tube generator, or using 

synchrotron radiation (λ= 0.6889 Å) at station I19 of Diamond 
Light Source. Data were corrected for Lorenztian and 

polarization effects and absorption corrections were applied 

using multi-scan methods. The structures were solved by direct 

methods using SHELXS,37 or charge flipping using SUPERFLIP,38 

and refined by full-matrix least squares on F2 using SHELXL.37 

Unless otherwise specified, all non-hydrogen atoms were 

refined as anisotropic, and hydrogen positions were included at 

geometrically estimated positions. Most materials were weakly 

diffracting and did not diffract to high angles. Uncomplexed 

counter-anions were generally not located but were included in 

the formula. The structures of compounds 2a, 2b, 3a, 3b, 4 and 

5 showed significant void space with residual electron density 

which could not be meaningfully refined as solvent molecules 

and/or counter-anions. Thus the data for these materials was 

treated with the SQUEEZE procedure of PLATON.39 Additional 

details of data collections and structure are given below and in 

Table 1. 

In compound 1 the solvent atoms were refined isotropically 

and global restraints were used on anisotropic displacement 

parameters, water positions are disordered and modelled at 

part occupancy. Compound 3b was refined with one N-C bond 

length of a DMF restrained to be chemically reasonable, and 

DMF refined isotropically. For 4 not all lattice disordered I- 

positions were located in the difference map. Disordered aquo/I 

ligands and lattice I- were refined isotropically. Disordered 

aquo/I ligands were modelled as 0.75:0.25 O:I. For 

[Cu2(L1)(TFA)3(isonic)] 5 only Cu positions were refined 

anisotropically due to weak data. Two trifluoroacetate anions 

were treated with restraints on some bond lengths and one CO2
- 

group restrained to be flat. Compound 6 disordered water was 

refined isotropically. 
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Table 1: Details of X-ray data collections and structure refinements. 

 L1∙DMF* 1 2a 2b 3a 

CCDC 1823167 1823166 1823168 1823169 1823170 

Formula C60H43N7O13 C119H90Br3N14O37Re3 C114H84Co3N18O48 C114H84Cu3N18O48 C114H72Cl6Co3N12O24 

Mr 1070.01 3106.38 2650.78 2664.61 2383.33 

Crystal colour  Colourless  Yellow Orange  Pale blue Pink 

Crystal size (mm) 0.12 x 0.10 x 0.07 0.20 x 0.19 x 0.15 0.08 x 0.08 x 0.03 0.24 x 0.14 x 0.08 0.10 x 0.06 x 0.03 

Crystal system Triclinic Trigonal Monoclinic Monoclinic Monoclinic 

Space group P1  R3m C2/c C2/c C2/c 

a (Å) 13.6325(4) 19.6665(4) 34.7067(11) 34.8581(12) 35.226(3) 

b (Å) 14.2524(2) 19.6665(4) 20.1430(5) 20.3238(7) 20.1867(12) 

c (Å) 14.6263(6) 31.6873(10) 32.4896(13) 30.9326(9) 33.622(2) 

α (0) 81.277(3) 90 90 90 90 

β (0) 67.960(3) 90 103.879(4) 97.984(3) 110.454(9) 

γ (0) 79.096(2) 120 90 90 90 

V (Å3) 2576.42(13) 10613.8(5) 22050.3(13) 21701.8(12) 22401(3) 

Z 2 3 4 4 4 

ρcalc (g.cm-3) 1.379 1.458 0.798 0.816 0.707 

θ range (0) 1.46-36.20 2.95-73.56 4.02-51.33 2.89-74.21 3.13-55.0 

No. data collected 56317 7896 26709 40034 70212 

No. unique data 23748 2571 11837 19201 14078 

Rint 0.046 0.0384 0.0346 0.0467 0.1669 

No. obs. Data (I > 2σ(I)) 13103 2444 7782 7247 7635 

No. parameters 723 128 644 717 717 

No. restraints 0 113 0 0 0 

R1 (obs data) 0.0642 0.1496 0.0841 0.0957 0.1297 

wR2 (all data) 0.2075 0.5003 0.2882 0.3043 0.3663 

S 0.969 2.482 1.107 0.999 1.080 

 3b* 4 5 6 

CCDC 1823171 1823172 1823165 1823164 

Formula C120H86Br6Co3N14O26 C114H81Co3I6N12O28.5 C69H40Cu2F9N7O20 C81H96Ag2B2F8N14O22 

Mr 2796.28 3013.10 1585.16 2007.08 

Crystal colour  Pale pink Orange Blue Colourless  

Crystal size (mm) 0.13 x 0.12 x 0.06 0.05 x 0.05 x 0.04 0.07 x 0.04 x 0.03 0.10 x 0.04 x 0.01 

Crystal system Monoclinic Monoclinic Triclinic Monoclinic 

Space group C2/c C2/c P1 P21/m 

a (Å) 35.9310(11) 35.4694(8) 18.1806(11) 11.8036(1) 

b (Å) 20.5186(5) 20.3503(5) 18.4809(11) 33.2827(4) 

c (Å) 32.4986(15) 33.3657(7) 19.4599(13) 12.5383(1) 

α (0) 90 90 103.319(6) 90 

β (0) 111.330(3) 110.579(3) 109.243(6) 109.616(1) 

γ (0) 90 90 103.091(5) 90 

V (Å3) 22318.5(14) 22547.0(9) 5672.3(7) 4639.87(8) 

Z 4 4 2 2 

ρcalc (g.cm-3) 0.832 0.888 0.928 1.437 

θ range (0) 1.13-25.17 2.83-59.64 2.978-51.417 3.97-73.88 

No. data collected 79562 19206 27829 20679 

No. unique data 21159 13349 11988 9253 

Rint 0.0402 0.0344 0.0778 0.0374 

No. obs. Data (I > 2σ(I)) 12776 9188 6609 8333 

No. parameters 735 715 439 602 

No. restraints 1 0 4 0 

R1 (obs data) 0.0884 0.1409 0.1249 0.0704  

wR2 (all data) 0.3030 0.4171 0.3868 0.2009 

S 1.060 1.559 1.055 1.036 

 

* data collected using synchrotron radiation ( = 0.6889 Å) 
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Conclusions 

The hexapodal ligand tris(isonictinoyl)cyclotriguaiacyclene has 

been successfully synthesised and forms a series of 

coordination polymers with transition metals with a 

predominance of 2D networks of linked M6L2-cage structures. 

The relative lack of conformational flexibility of the ester linker 

group which attached the metal-binding pyridyl groups and 

bowl-shaped host scaffold mean that the ligand reliably acts as 

a hexagonal-linker affording the relatively rare network 

topologies hxl and kgd. There are two types of analogous cage-

linked coordination polymer, the high-symmetry structure with 

Re(I) and lower symmetry versions with other transition metals. 

These show different stacking patterns between 2D their layers, 

both with channels throughout the structure and the materials 

show stability to solvent loss. The formation of metallo-cage 

motifs within a coordination polymer ensures that the 

molecular binding site of the host-type ligand is not blocked by 

self-inclusion, and coordination polymer 1 has been shown to 

uptake the neutral molecular guest I2 from solution. 
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