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The synthesis of self-assembled metallosupramolecular architectures has been of steadily growing interest 

in recent years due to their diverse applications. Appending additional functionality to the ligands of these 

architectures has been limited as this often involves incorporation of coordinating groups that can 10 

potentially disrupt formation of the desired structure. Herein we report the use of the facile, functional 

group tolerant and high yielding CuAAC ‘click’ reaction to attach a variety of functional moieties to a 

tripyridyl ligand system. Despite the presence of the potentially coordinating 1,2,3-triazole rings, self-

assembly of quadruply-stranded dipalladium(II) cage architectures in the presence of Pd(II) ions was 

almost universally observed for the functionalised “click” ligands. The only system which did not 15 

assemble into the expected cage featured a 2-(1,2,3-triazole-4-yl)pyridine binding pocket which 

sequestered the Pd(II) ions.  Blocking this chelating pocket with an inert [Re(CO)3Cl] moiety restores the 

ability of the ligand to self-assemble into the desired quadruply-stranded dipalladium(II) cage, generating 

a heterometallic cage architecture. All ligands and cage architectures have been characterised using 1H, 
13C and DOSY NMR, IR and UV-Vis spectroscopies, mass spectrometry and in some cases by X-ray 20 

crystallography. Whilst the parent cage system is devoid of useful physical properties and displays a 

limited range of solubility, the CuAAC methodology provides a facile method to enhance the cage’s 

properties. A variety of fluorescent, redox active and biologically relevant species have been appended to 

the external surface of these cages. These groups enabled the generation of a series of aqueous soluble, 

fluorescent and electrochemically active Pd2L4 cages in a modular fashion.    25 

Introduction 

Self-assembled coordination complexes of defined two- and 
three-dimensional geometries, or metallosupramolecular 
architectures, have become an increasingly active area of research 
over the past two decades.1 Prudent ligand design and efficacious 30 

choice of metal ions generally allow the accurate prediction of the 
resultant architecture’s geometry. Whilst initially interesting 
purely as a result of their structural features, a variety of 
applications for these systems are currently being realised.2 The 
novel biological,3 photophysical4 and electronic5a-k, 4j, 5l-o 35 

properties of these species as well as their use as molecular 
reaction flasks,6 catalysts7 and hosts capable of recognising guest 
molecules,6a, 8 have resulted in burgeoning activity in this field. 
 With this array of potential applications, the augmentation of 
chemical and physical properties through both endo- and exo-40 

functionalisation has become a key target for developing tailored 
nano-assemblies. Of paramount importance in synthesising 
functionalised ligands for self-assembled architectures is the need 
to retain the self-assembly instructions inherent to the 
unfunctionalised ligand framework. Indeed, there are already 45 

several examples in the literature of ligands with appended 

functional moieties that upon addition of metal ions form self-
assembled architectures isostructural to the ‘naked’ ligand 
framework. 
 Fujita and co-workers have reported peptide-9 and DNA-50 

10decorated dipyridyl species that form exo-functionalised M12L24 
nano-spheres upon complexation with palladium(II). Furthermore 
a reported ubiquitin-appended ligand in the presence of 
palladium(II) ions, and 23 equivalents of a stabilising ligand, 
form a similar M12L24 coordination cage containing the endo-55 

encapsulated protein.11 A variety12 of other functionalised 
architecture ligands,13a-h, 5o, 13i, 13j  as well as the post-synthetic 
modifications14 of inert coordination assemblies have been 
reported. However, thus far, the scope of functional substrates has 
been limited.  60 

 Metallosupramolecular architectures have emerged as a new 
class of nano-scale drug delivery vectors due to their host-guest 
capabilities and potential to exploit the enhanced permeability 
and retention (EPR)15 effect. Therrien and co-workers have 
demonstrated the use of water-soluble, ruthenium-based multi-65 

nuclear assemblies that encapsulate and effectively increase the 
solubility and cell permeability of drug-like molecules16 and 
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photodynamic therapy (PDT) agents.17  
 Inspired by this ‘Trojan-horse’ approach,16d we have been 
interested in developing functional metallosupramolecular 
architectures for targeted cisplatin drug delivery. We previously 
reported the self-assembly of a stimuli-responsive Pd2L4-type18 5 

cage complex in which the interior cavity was endo-
functionalised with non-coordinating pyridine units to facilitate 
cisplatin binding through classical and non-classical 
supramolecular hydrogen-bonding interactions (Figure 1a).19 As 
part of these efforts towards metallosupramolecular drug delivery 10 

vectors, we have been interested in developing a single 
methodology for attaching a variety of functional groups to the 
exterior surface of this cisplatin-binding cage in order to augment 
the chemical and biological properties in a modular fashion. We 
recently reported a preliminary communication on the use of the 15 

copper(I)-catalysed azide-alkyne cycloaddition, or CuAAC 
‘click’ reaction, to append phenyl-, ferrocenyl- and caffeine-
substituents to a tripyridyl ligand framework through the ‘click’ 
1,2,3-triazole unit.20 Addition of half an equivalent of 
palladium(II) tetrafluoroborate resulted in formation of the 20 

desired dipalladium quadruply-stranded architecture, without 
interference from the potentially-coordinating21 1,2,3-triazole 
moieties.22  Furthermore we have shown that this exo-
functionalization does not affect the ability of the architecture to 
bind cisplatin within its interior cavity (Figure 1c).  25 

 
 

 
 

 30 

Fig. 1. Cartoon representations showing a) our previous work forming an 
unfunctionalised M2L4 metallosupramolecular system capable of 
encapsulating cisplatin and releasing upon addition of a competing ligand, 
b) endo-functionalised M2L4 system, and c) this work towards endo- and 
exo-functionalised cisplatin-binding systems. 35 

 
 Building on this initial investigation we herein report the 
synthesis of an extended family of ‘click’-functionalised ligands, 
containing a variety of alkyl, aryl, luminescent, redox active and 
biologically relevant substituents. In nearly all cases, upon 40 

complexation with palladium(II) the desired discrete Pd2L4 cage 
architectures were formed, as determined by NMR spectroscopy 
and mass spectrometry. Additionally we have synthesised a 
ligand containing a chelating 2-(1,2,3-triazole-4-yl)pyridine 
moiety from which stable metallo-ligands can be prepared. 45 

Preparation of a suitably inert metallo-ligand, in this instance the 
Re(CO)3Cl complex, permits the formation of a heterometallic 
cage system. The CuAAC methodology has been exploited to 

tune the properties of the dipalladium(II) cage systems. A variety 
of biologically relevant species have been appended to the 50 

external surface of these cages, as well as groups that have 
imbued these systems with aqueous solubility along with 
photophysical and electrochemical activity.    

Ligand Synthesis 

Ligand Framework Synthesis 55 

As we have previously reported, the azide ‘click’ ligand 
precursor, 4, was prepared in three steps from 2,6-dibromo-4-
(hydroxymethyl)pyridine 1 (Scheme 1a). The latter was 
synthesised in two steps from the commercially available 
citrazinic acid (2,6-dihydroxypyridine-4-carboxylic acid) 60 

according to the procedure described by Rasmussen and co-
workers.23  
 

Scheme 1. Reactants and reagents: a) i) TMS-acetylene, Pd(PPh3)2Cl2, 

CuI, triethylamine, toluene, RT, N2, 24 h; 3-iodopyridine, DBU, H2O, RT, 65 

N2, 24 h; ii) PPh3, CBr4, DCM, RT, N2, 16 h; iii) NaN3, DMF, RT, 3 h; iv) 

CuSO4
.5H2O, sodium ascorbate, R-alkyne, DMF, RT, 16 h; v) Amberlite 

IRA-400 (OH-), MeOH, RT, 24 h; b) vi) Re(CO)5Cl, MeOH, reflux, 7 h. 
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 The ligand framework was subsequently assembled utilising a 
derivation of the one-pot Sonogashira-deprotection-Sonogashira 
strategy reported by Mio et al.24 Following an initial Sonogashira 
coupling between the core unit, 1, and ethynyltrimethylsilane, in 5 

situ deprotection of the alkyne units was achieved with DBU and 
water. Addition of 3-iodopyridine resulted in a second set of 
coupling reactions to give the tripyridyl alcohol precursor, 2 in 
modest 44% yield. Isolation and purification of the TMS-
protected diethynyl intermediate, prior to deprotection and 10 

subsequent Sonogashira coupling with 3-iodopyridine, was found 
to improve the overall yield of 2 (56%). Conversion of the 
alcohol, 2, to the bromide, 3 (60%), via the Appel reaction and 
subsequent substitution with sodium azide in DMF yielded the 
target azide, 4 (92%). 15 

 ‘Click’ Ligand Synthesis 

The “click” ligands 5a-5i, k were synthesised in good to excellent 
yield (60% - 95%) using standard CuAAC conditions (Scheme 
1a). Simply stirring the azide 4, appropriate alkyne, CuSO4•5H2O 
and sodium ascorbate in DMF at room temperature for 16 h 20 

efficiently generated the ligands (Scheme 1a). The “click” ligands 
could also be generated directly from the bromide 3 using a 
standard one-pot in situ azide formation CuAAC ‘click’ reaction 
conditions.22b, 25  However, it was found that the use of the pre-
formed azide, 4, lead to better isolated yields and “cleaner” 25 

products that required less rigorous purification techniques. Using 
the ‘click’ methodology we were able to successfully append a 
variety of functional groups to the ligand framework, including 
aryl (5a-5c), alkyl (both through an aromatic spacer, 5d, and 
directly linked, 5e), 4-amino-1,8-naphthalimide (5f), acetate 30 

protected-D-glucose (5j), estradiol (5h) and dipeptide (5g) 
moieties (Scheme 1a).  
 The ligands 5i and 5k were reacted further to provide the D-
glucose substituted ligand 5j and the metallo-ligand 5kRe 

respectively. The ligand 5j, was generated from 5i in 77% yield. 35 

The acetate protecting groups were removed by simply stirring 5i 
and the hydroxide form of Amberlite IRA-400 exchange resin in 
methanol at room temperature. The metallo-ligand 5kRe was 
readily synthesised in 68% yield by refluxing a methanol solution 
of [Re(CO)5Cl] and 5k (Scheme 1b).26  40 

 The identities of the “click” ligands  5a-5kRe were confirmed 
by 1H, 13C NMR and IR spectroscopies and HR-ESI-MS. IR 
spectra of the ligands display C-H stretching (3100-2900 cm-1) 
and C-C stretching (2243–2208 cm-1) bands of the ligand 
framework, along with characteristic peaks due to the presence of 45 

the triazole units functional group. The azide stretch (2110 cm-1) 
observed for starting material 4 is absent in the “click” products. 
The spectrum of the metallo-ligand 5kRe displayed three carbonyl 
ν(CO) stretching bands (ν = 2021, 1927 and 1896 cm−1) 
indicative of the presence of the fac-[Re(CO)3Cl] core. 50 

 The 1H NMR spectra of 5a-5kRe display the expected five 
pyridyl resonances of the ligand framework along with 
resonances associated with the newly installed functional groups. 
Additionally, the appearance of a new one proton singlet in the 
aromatic region (δ 8.83-8.03 ppm) was indicative of formation of 55 

the 1,2,3-triazole moiety. A downfield shift was observed  for the 
pyridyl-triazolyl proton signals of 5kRe while for the terminal 
pyridyl proton signals showed no significant change, indicating 

formation of the desired mononuclear fac-[Re(CO)3Cl] species 
binding through the bidentate pocket. High-resolution 60 

electrospray ionisation mass spectrometry (HR-ESMS) confirmed 
the formulation of the ligands, with isotopically resolved peaks 
due to the [L + Na]+ ion observed for each ligand, whilst the 
metallo-ligand 5kRe displayed an additional prominent peak due 
to the [(5k)Re(CO)3]

+ ion. 65 

 Ultimately the solid-state structures of 5b, 5c, and 5kRe (Figure 
2 and ESI†) were confirmed by single-crystal X-ray diffraction. 
The structures are unremarkable, but confirm the presence of the 
1,4-disubstituted-1,2,3-triazole units which are connected to the 
methylene carbon of the ligand framework through the N1 70 

nitrogen atom.  Consistent with the literature26 and the IR data, 
the structure of the 5kRe metallo-ligand confirms that the 
carbonyl ligands of the rhenium(I) complex are in the facial 
orientation. 

Fig. 2 X-ray structures of a) 5b and b) 5kRe; selected bond lengths (Å) and 75 

angles (°): Re1-N6 2.140(8), Re1-N7 2.201(9), Re-Cl1 2.471(3), Re1-C80 

1.931(12), Re1-C81 1.894(12), Re1-C82 1.908(12), N6-Re1-N7 74.6(3), 

N6-Re1-C82 173.4(4), N7-Re1-C80 172.2(4). Solvent molecules have 

been omitted for clarity. Ellipsoids are shown at the 50% probability 

level. 80 

Synthesis of the Cage Architectures 

Titration of a solution containing one of the click-functionalised 
ligands, 5a-j, in either d6-DMSO or CD3CN with 
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[Pd(CH3CN)4](BF4)2 resulted in quantitative formation of the 
Pd2L4 architectures (6a-j) once a 2:1 stoichiometry of ligand to 
metal ion was reached (Scheme 2). The proton resonances for the 
terminal pyridine rings (Ha – Hd) undergo significant downfield 
shifts until the 2:1 ligand to metal ratio was reached indicating 5 

that coordination was occurring through the terminal pyridine 
rings, consistent with cage formation (Figure 3 and ESI†). The 
chemical shifts for the remaining proton signals of the ligands 
were not greatly affected. Importantly, the signals due to the 
triazole protons of the ligands (Hg) are either unshifted or move 10 

slightly upfield relative to the “free” ligands suggesting that 
1,2,3-triazole moieties within the ligand frameworks are not 
involved in coordination to the Pd(II) ions. 
  
 15 
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Scheme 2. Reactants and reagents: a) i) [Pd(CH3CN)4](BF4)2 or Pd(NO3)2, 
CH3CN, DMF or DMSO, RT, 1 h. 

  55 

Titration of [Pd(CH3CN)4](BF4)2 into a solution of ligand 5k, 
featuring the bidentate functional 4-(2-pyridyl)-1,2,3-triazolyl 
moiety, did not yield the corresponding dinuclear, quadruply-

stranded cage. Instead, the 1H NMR spectra revealed downfield 
shifts in the proton signals associated with the 4-(2-pyridyl)-60 

1,2,3-triazolyl moiety (Hg-Hk) until half an equivalent of 
palladium(II) salt was added, whilst those associated with the 
terminal pyridine rings (Ha-Hd) remained unaffected (Figure 3). 
This suggested formation of a mononuclear bis-bidenate 
palladium(II) species,27 coordinated exclusively through the 65 

bidentate pyridyl-triazole moiety (5kPd, Scheme 2). This 
conclusion was further supported by evidence from HR-ESMS. 
No signals due to the dinuclear cage species could be identified, 
the major ion observed in the spectrum was found at m/z = 
492.1066 consistent with the formulation [Pd(5k)2]

2+. 70 

Additionally, the diffusion coefficient (D), obtained using 1H 
DOSY NMR for this complex was 1.39 x 10-10 m2 s-1, quite 
different to those observed for the other cages (vide infra).  
 Addition of further equivalents of the palladium(II) salt to the 
5kPd complex resulted in a broad, ill-defined 1H NMR spectrum, 75 

likely the result of forming a polymeric species made up of 
palladium linked Pd2L4 cages (ESI†). Thus in order to utilise 
ligand 5k in the synthesis of discrete Pd2L4 cage architectures, it 
was necessary to “cap” this bidentate binding pocket with a 
suitable metallo-species. The fac-Re(CO)3Cl fragment was 80 

chosen as a robust, kinetically inert capping agent and was 
incorporated into the metallo-ligand 5kRe. 
 As with, 5a-j, titration of a d6-DMSO solution of the metallo-
ligand 5kRe with [Pd(CH3CN)4](BF4)2 resulted in downfield shifts 
of the terminal pyridyl proton signals (Ha-Hd) and a slight upfield 85 

shift of the remaining signals until a 2:1 stoichiometry was 
reached (Figure 3), indicating formation of the mixed metal cage 
architecture, 6kRe.  

Fig. 3 Partial 1H NMR (500 MHz, d6-DMSO, 298 K) spectra of a) 5kPd, 
b) 5k, c) 5kRe and d) the palladium cage 6kRe. 90 

 The cages were subsequently prepared on a preparative scale, 
generally by stirring the appropriate ligand (2 equiv.) and 
palladium(II) salt (1 equiv.) in DMF for 1 hour at room 
temperature.  Vapour diffusion of diethyl ether into the reaction 
mixtures led to the isolation of the cages, in good to excellent 95 

yields (56-95%), as colourless to orange solids. All the cages 
were prepared as the tetrafluoroborate (BF4

-) salts. Additionally, 
the cage 6i was synthesised as the nitrate (NO3

-) salt, chosen as a 
pharmaceutically acceptable28 counter-anion likely to assist in 
generating an aqueous soluble system. 100 

 The identities of the palladium(II) cage complexes were 
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confirmed by 1H and 13C NMR and IR spectroscopies and HR-
ESMS as the expected Pd2L4 species.  
 Diffusion-ordered 1H NMR spectroscopy (DOSY) provided 
strong support for the selective formation of the cages in solution. 
1H DOSY spectra (DMSO, 298K) were obtained for ligands 5a-5 

5kRe and cages 6a-6kRe (Table 1). Each of the proton signals in 
the individual spectra show the same diffusion coefficient (D), 
indicating that there is only one species present in solution 
(ESI†). The Dcomplex/Dligand ratios of ~0.50:1 are similar to those 
observed for related literature compounds and suggests that the 10 

larger palladium cage species are stable in solution (ESI†).   
 Mass spectrometry experiments were consistent with the 1H 
and DOSY NMR data and provided further evidence for the 
presence of the [Pd2L4](X)4 architectures in solution. The HR- 
ESMS spectra (DMF/CH3CN) of 6a-6kRe show isotopically 15 

resolved peaks due to [Pd2L4]
4+ and [Pd2L4Cl]3+ ions along with 

peaks due to fragmentation of the cage structure (ESI†). 
 The collected NMR and MS data suggested the ligands 5a-
5kRe cleanly and quantitatively assemble into the cages 6a-6kRe 
when treated with palladium(II) salts and the structure of one of 20 

the [Pd2L4](X)4  cage architectures, 6b, was finally proven 
unambiguously by X-ray crystallography (vide infra).  
 It is presumed that formation of the [Pd2L4](X)4 cage 
architectures, solely through coordination of the terminal pyridine 
rings, is thermodynamically favoured despite the potential of the 25 

central endo pyridyl and exo 1,2,3-triazole rings to act as 
additional or alternative N-donors. Support for this idea was 
gained by reaction of the phenyl ligand 5a with AgSbF6 in 
CH3CN. Vapour diffusion of diethyl ether into the reaction 
mixture resulted in the formation of X-ray quality crystals of the 30 

silver(I) complex 5aAg. The structure was found to be an 
interesting coordination polymer, in which all of the N-donors, 
both central and terminal pyridines, as well as the exo-triazole of 
the ligand, are coordinated to the Ag(I) ions (ESI†).29 The 
structure contains an unprecedented example of a 1,4-35 

disubstituted-1,2,3-triazole unit acting as a monodentate donor 
ligand where the coordination to the metal ion is through the less 
electron rich N2 of the triazole. The structure confirms that all the 
heterocycles of the ligands are capable of metal coordination, 
suggesting that the [Pd2L4](X)4 cages are indeed the 40 

thermodynamic products of the assembly reaction. 
 

Table 1 Diffusion coefficients (D, × 10-10 m2 s-1) of ligands and cage 
architectures as determined by 1H DOSY NMR spectroscopy (500 MHz, 
d6-DMSO). 45 

Compound Ligand (L) Cage  (C) Ratio 

5a 2.00 0.89 2.25 
5b 1.95 0.85 2.29 
5c 2.54 0.80 3.18 
5d 1.78 0.83 2.14 
5e 2.08 0.93 2.24 
5f  1.53 0.71 2.15 
5g 1.51 1.00 1.51 
5h 1.54 0.75 2.05 
5i 1.57 0.68 2.31 
5j 1.63 0.74 2.20 

5kRe 1.73 0.84 2.06 

Host-Guest Chemistry 

 Having demonstrated that the aforementioned “click” approach 
can be used to rapidly generate a series of exo-functionalised 
cages it was important to confirm that the surface 
functionalisation had not interfered with the ability of the endo-50 

functionalised cavity to bind cisplatin. The cisplatin binding 
ability of the cages that were soluble in CD3CN was examined 
via 1H NMR spectroscopy. Cisplatin was added to a CD3CN 
solution of one of the cages (6a, b, d, e and i) in CD3CN and the 
resulting suspension was sonicated for a brief period (1-2 55 

minutes). This led to the dissolution of the insoluble cisplatin and 
a significant downfield shift (∆δ = 0.06-0.10 ppm) and 
broadening of the internally directed Ha proton signal of the cages 
(Figure 4 and ESI†). This is consistent with what we have 
previously observed for the parent unfunctionalised cage system 60 

upon encapsulation of cisplatin,19 indicating that surface 
functionalisation does not retard guest binding within the cage 
cavity. For the ferrocene substituted cage 6b the host-guest 
interaction was proven using X-ray crystallography.    

 65 

Fig. 4. 1H NMR spectra (400 MHz, CD3CN) of a) 6a, b) [6a⊃(cisplatin)2], 
and c) [6i⊃(cisplatin)2] and d) 6i. 

 
Fig. 5. X-ray structure of the empty cage architecture 6b. Solvent 
molecules have been omitted for clarity. Ellipsoids are shown at 30% 70 

probability. Selected bond lengths (Å) and angles (°): Pd2’-N13 2.008(5), 
Pd2-N15 2.010(5), Pd2’-N19 2.013(6), Pd2-N21 2.024(5), N13-Pd2’-N19 
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89.4(2), N15-Pd2-N21 88.9(2), N14···N14’ 10.926(8), N20···N20’ 
10.73(1), Pd2···Pd2’ 11.588(4). 

 Red X-ray quality crystals were grown by vapour diffusion of 
diethyl ether into a DMF solution of cage complex 
[Pd2(5b)4](BF4)4 and cisplatin that had been briefly sonicated. 5 

The structure was solved in the triclinic space group P-1, and 
revealed the expected Pd2L4 cage assembly, with coordination to 
the palladium(II) ions solely through the terminal pyridine rings, 
with the endo-pyridine and exo-triazole moieties remaining 
uncoordinated. The structure was found to be a co-crystal of both 10 

the empty cage complex, 6b and the intended 1:2 host/guest 
species 6b⊃(cisplatin)2, with the crystal lattice containing 
alternating chains of these two species (ESI†). The dimensions of 
the empty and host-guest assemblies were very similar, as judged 
by the distance between opposing endohedral pyridyl nitrogen 15 

atoms (10.5 – 10.9 Å) and the distance between palladium(II) 
ions (approximately 11.6 Å for both). Furthermore, these 
distances are consistent with those we have previously observed 
for the unfunctionalised tripyridyl system (Ltpy = 2,6-bis(pyridin-
3-ylethynyl)pyridine) as both the host-guest adduct,19 as well as 20 

the empty assembly with various different counter-anions30 
(Table 2). Finally the distances representative of interactions 
between the guest cisplatin molecules themselves and with the 
host architecture - namely the distance between platinum(II) ions 
and the nitrogen atoms of the amine ligands with the endohedral 25 

pyridyl nitrogen atoms - were very similar to those reported for 
the parent host-guest system. 
 

Table 2 Cavity dimensions from the solid state structures of the parent 
system and the new ferrocene-substituted structure. 30 

 [Pd2(Ltpy)4
a] 4+(X-)4 [Pd2(5b)4]

4+ (BF4
-)4 

 Cageb Host-Guestc Cage Host-Guest 
Pd···Pd (Å) 11.498(3) 11.669(2) 11.588(4) 11.595(3) 

NPy···NPy (Å) 11.00(1) 10.71(1) 10.73(1) 10.780(9) 
NPy···NPy (Å) 11.06(2) 10.97(1) 10.926(9) 10.91(1) 
Pt···Pt (Å)  3.3211(7)  3.327(1) 

a Ltpy = 2,6-bis(pyridin-3-ylethynyl)pyridine, b X = SbF6
-, c X = BF4

- 

Tuning Physical Properties 

Whist the unfunctionalised tripyridyl cage system ([Pd2(Ltpy) 

4](X)4) displays excellent molecular recognition properties and is 
able to efficiently encapsulate two molecules of cisplatin,19 it is 35 

devoid of any other useful physical properties and has a relatively 
limited range of solubility (CH3CN, DMF, DMSO). The powerful 
CuAAC methodology provides a facile way to tune both the 
physical and solubility properties of the cage without interfering 
with the molecular recognition of the system.   40 

Aqueous Solubility 

Of paramount importance towards the utilisation of these systems 
as drug delivery vectors would be the endowment of aqueous 
solubility. We have previously attempted to prepare water soluble 
versions of the parent unfunctionalised cage system ([Pd2(Ltpy) 45 

4](X)4) by varying the counter-anion employed.30 Unfortunately 
none of the anions tested were found to imbue the parent cage 
with aqueous solubility. It was hypothesised, based on literature 
precedent,31 that the number of free hydroxyl moieties in the 

glucose-functionalised ligand 5j would be sufficient to achieve 50 

this end.  
 Pleasingly, both the ligand 5j and the cage 6j (X = NO3

-) were 
found to be soluble in water (Figure 6 and ESI†).  The 1H NMR 
spectrum of the cage 6j clearly demonstrated that the glucose-
functionalised system is soluble and stable in D2O, while the 55 

DOSY NMR spectra, obtained for 5j (D = 3.06 × 10-10 m2 s-1) and 
6j (D = 1.66 × 10-10 m2 s-1) were consistent with cage formation 
(ESI†).  
 Disappointingly, efforts to generate a cisplatin containing host-
guest adduct in D2O were unsuccessful.  Sonication of 6j (X = 60 

NO3
-) and cisplatin in D2O generated a pale yellow coloured 

solution, but no complexation-induced chemical shifts were 
observed for any of the cage’s protons signals. This was 
consistent with previous findings that suggested addition of H2O 
to an acetonitrile solution of the [cage ⊃ (cisplatin)2]

4+ host-guest 65 

adduct caused decomplexation of the guest from the cage 
cavity.19 
 

 

 70 

Fig. 6. Stacked 1H NMR spectra (400 MHz, D2O, 298 K) of a) 5j and b) 
6j. Reagents and conditions: i) Pd(NO3)2(H2O)2, DMF, RT, 1 h, 93%. 

Electronic Properties 

There has recently been a surge of interest in the generation of 
metallosupramolecular cages that display photophysical4 or 75 

electrochemical5a-i, 5k, 4j, 5l-o properties. These compounds have 
been generated through two different synthetic strategies; 1) a 
metal ion with the desired physical properties is used as the 
assembly unit or 2) an organic building block with the required 
photophysical or electrochemical features is incorporated into the 80 

ligand framework. Whilst both these approaches have been 
successfully exploited to generate functionalised systems there 
are limitations. Many of the metal ions that display desirable 
photophysical properties are quite kinetically inert making their 
use in self-assembly processes problematic. The incorporation of 85 

new functional organic units into the ligand framework can 
interfere with either the self-assembly process or the molecular 
recognition properties of the parent system. The CuAAC 
methodology described here offers a new, alternative approach 
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which can potentially avoid these issues.  
 Palladium(II)-based self-assembled architectures32 do not 
normally show extensive photophysical or electrochemical 
properties and the parent cage is no exception.30, 19, 33 The 
modularity of the CuAAC methodology, described here, allows 5 

the ready tuning of the absorption, emission and electrochemical 
properties of the ligands and the corresponding palladium(II) 
“click” cages. 
 
Absorption 10 

 The parent cage compound 6a (R = Ph) and majority of the 
other cages (6c-e, 6g-k) were isolated as colourless solids. 
Similar to related literature compounds,34, 19-20, 33 the UV-Vis 
spectra (DMSO) of these materials are dominated by π-π* 
transitions (λmax = 313-319 nm) in the UV with weak MLCT 15 

bands that tail off near the visible. However, the optical 
absorption properties of the cages can be readily tuned by the 
addition of suitable chromophores. The complexes, 6b (R = 
ferrocene), 6f (R = 4-amino-1,8-naphthalimide) and 6kRe are 

orange-red (λmax = 426), bright yellow (λmax = 439 nm) and yellow 20 

(λmax = 357 (sh))  respectively (Figure 7 and ESI†), showing that 
the visible absorption properties of the cages can be easily 

modified. 
Fig. 7 UV-Vis spectra (DMSO) of 5a, 6a, 5kRe. 6kRe, 5f and 6f, and 

emission spectra (DMF, λex = 448 nm) of 5f and 6f. Inset: photograph of 25 

fluorescing DMSO (10-3 M) solutions of 5f (left) and 6f (right) (λex = 365 

nm). 

Emission 

The emissive properties of the cages (and ligands) were examined 
using excited state spectroscopy in DMF solution. Table 3 30 

summarises the emission data of the systems studied. The 
compounds 5a, 6a, 5kRe and 6kRe were excited at 337 nm due to 
poor absorption at wavelengths longer than this, whilst 5f and 6f 
were excited at 448 nm. Unsurprisingly, no (or extremely weak) 
emission was observed for the parent compounds 5a and 6a. 35 

Decoration of the ligands and cages with the known organic (R = 
4-amino-1,8-naphthalimide,35 5f and 6f) and inorganic (R = fac-
[(2-(1-R-1H-1,2,3-triazol-4-yl)pyridine)Re(CO)3Cl],26 5kRe and 
6kRe), fluorophores led to the generation of emissive compounds. 
Emission maxima were observed at 525 nm for 5f and 6f and at 40 

around 540 nm for 5kRe and 6kRe (Figure 7 and ESI†). The 
quantum yields calculated for the fluorescent 5f and 6f samples 
were 0.72 and 0.59 respectively whilst those for 5kRe and 6kRe 

were 0.007. A decrease in quantum yield upon forming the cage 
architecture is consistent with the presence of the Pd(II) centers 45 

increasing spin-orbit coupling, leading to an increase in non-
radiative decay pathways. Presumably, the presence of the 
saturated methylene linking units between the coordinating 
portion of the ligand framework and the fluorescent moiety, 
decouples the two fragments. As such the presence of the 50 

palladium(II) ions does not result in complete quenching of the 
ligand fluorescence, as has previously been observed for 
dipalladium(II) complexes in which the fluorescent moieties are 
conjugated to the coordinating heterocycles.36, 4g-i  
 55 

 Table 3 Emission maxima, lifetimes and quantum yields obtained in 

DMF with 448 nm excitation for 5f and 6f  and 337 nm excitation for 5a, 

6a, 5kRe and 6kRe.    

Compound λem / nm τem
a / ns Φb  kr x 105 /s-1  knr x 107 /s-1 

5a - - <0.001 - - 
6a - - <0.001 - - 
5f 525 13 0.72 549 2.14 
6f 525 12 0.59 480 3.27 
5kRe 534 43 0.007 7.78 11.0 
6kRe 542 43 0.007 2.80 3.97 

a ± 5 ns, lifetimes were convoluted with the laser pulse, b ± 5% 

Electrochemistry 

The redox properties of selected ligands (5a-c, f and 5kRe) and 60 

cage (6a-c, f and 6kRe) compounds in DMF solution were 
examined with cyclic voltammetry using Bu4NPF6 as supporting 
electrolyte. An internal decamethylferrocene (Fc*)+/0 reference 
standard was used, under which conditions E°([FcH]+/0) = 0.55 V. 
Data are presented in Table 9 and the selected voltammograms 65 

for the compounds are displayed in Figure 8 and the supporting 
information (ESI†). 

 Fig. 8. Cyclic voltammograms of compounds 5a, 6a, 5c and 6c. 

 
All the compounds studied displayed irreversible reductions at 70 

negative potentials (approx. -1.7 and -1.9 V), which are presumed 
to be associated with the 2,6-bis(ethynyl)pyridine ligand 
framework. For the parent phenyl-substituted ligand and cage, 5a 
and 6a, these reductions are the only process observed within the 
solvent accessible redox window.  The ligands (5b, c, f, 5kRe) and 75 
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cages (6b, c, f, 6kRe) with redox active substituents displayed 
additional redox processes associated with the appended 
functional groups. Thus the caffeine,37 5c and 6c, and fac-[(2-(1-
R-1H-1,2,3-triazol-4-yl)pyridine)Re(CO)3Cl]26 5kRe and 6kRe 
substituted compounds showed irreversible oxidation processes at 5 

Epa 1.5-1.6 V, values consistent with previous literature. The 4-
amino-1,8-naphthalimides38 5f and 6f, display both irreversible 
amine oxidation (Epa = 1.1-1.2 V) and a reversible one-electron 
reduction process (E° -1.5 V) as expected for compounds of this 
type. The ferrocenyl-substituted species, 5c and 6c, displayed the 10 

expected reversible oxidation of the ferrocenyl moiety at 0.5 V.27  
Interestingly, the complexation of the ligands with palladium(II) 
ions to generate the cages does not affect the potential or 
reversibility of any of the redox processes (within experimental 
error). Additionally, no electronic communication was observed 15 

between the four redox active units of the cages. Presumably, the 
large distance between the palladium(II) ions of the cages and the 
triazole functional groups along with the saturated methylene 
linker disrupting conjugation between the coordinating ligand 
framework and triazole substituent means that the redox active 20 

groups do not “feel” the presence of each other or the palladium 
ions when the cages form.  

Table 9 Electrochemical data for selected compounds. 

Compound Epc (ligand) / V Other reductions / V Other oxidations / V 

5a -1.9, -1.7   
6a -1.9, -1.7   
5b -1.9, -1.7  E° 0.5a (Fc) 
6b -1.9, -1.8  E° 0.5a (Fc) 
5c -1.9, -1.7  Epa 1.6 (caffeine) 
6c -1.9, -1.8, -1.6  Epa 1.6 (caffeine) 
5f -1.7b E° -1.5 (Naphth.) Epa 1.2 (amine) 
6f -1.8b E° -1.5 (Naphth.) Epa 1.1 (amine) 
5kRe -1.9, -1.6  Epa 1.5 (Re) 
6kRe -1.9, -1.6  Epa 1.6 (Re) 

a In CH2Cl2 E° = 0.59 V (vs. [Fc*]+/0 = 0.00 V, [FcH]+/0 = 0.55 V), b The 
second reduction not resolved, c Caffeine in DMF exhibits an irreversible 25 

oxidation process Epa 1.6 V.   

 

Conclusions 

We have developed a methodology for facile ‘click’ modification 
of tripyridyl ligands which, despite incorporating the potentially 30 

coordinating 1,2,3-triazolyl moiety, still quantitatively form 
Pd2L4 metallosupramolecular architectures in the presence of 
Pd(II) ions. A wide variety of functional groups which were of 
interest for their electrochemical, fluorescent, solubility and 
potential bio-targeting properties were readily incorporated into 35 

both the ligands and cages.  Nearly all the “click” functionalised 
ligands readily assembled into corresponding functionalised 
Pd(II) cages, the exception was the system that contained the (2-
(1-R-1H-1,2,3-triazol-4-yl)pyridine chelating group. In this case 
the chelating pocket sequesters the Pd(II) disrupting the self-40 

assembly of the cage. Simply blocking this chelating unit with the 
inert Re(CO)3Cl moiety restores the ability of the ligand to 
assemble into the Pd(II) cage, generating a heterometallic system.   
The functionalised ligands and cages were characterised using 
1H, 13C and DOSY NMR spectroscopy, electronic absorption, 45 

emission, IR spectroscopy and HR-ESMS. In addition the X-ray 
crystal structures of three of the ligands and one cage, the [6b : 

6b⊃(cisplatin)2] co-crystal, were obtained.  
 1H NMR and ESMS studies confirm that the presence of the 
functional groups on the surface of the cage architectures does 50 

not interfere with the ability of the system to form host-guest 
adducts with cisplatin in acetonitrile solutions. 
 The unfunctionalised tripyridyl cage system was devoid of any 
useful physical properties and has a relatively limited range of 
solubility. The CuAAC methodology provides ready access to 55 

cages with enhanced solubility, electrochemical and 
photophysical properties in a modular fashion without interfering 
with the molecular recognition properties of the system.   
 Having demonstrated that this facile method of 
functionalisation does not interfere with formation of the desired 60 

complexes, this methodology could easily be applied to other 
metallosupramolecular systems, allowing simple and diverse 
augmentation of various chemical and physical properties whilst 
retaining the general structure and molecular recognition 
properties of the parent architectures. Additionally, the described 65 

“click” methodology also provides a facile synthetic route to 
heterometallic cage systems. These functionalised cage systems 
have potential applications in a variety of areas including biology 
and catalysis and efforts in these directions are underway. 
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