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& Supramolecular Chemistry

Multi-functional, Low Symmetry Pd2L4 Nanocage Libraries**

James E. M. Lewis*[a]

Abstract: Although many impressive metallo-supramolecular

architectures have been reported, they tend towards high
symmetry structures and avoid extraneous functionality to

ensure high fidelity in the self-assembly process. This mini-
malist approach, however, limits the range of accessible

structures and thus their potential applications. Herein is de-
scribed the synthesis of a family of ditopic ligands wherein

the ligand scaffolds are both low symmetry and incorporate

exohedral functional moieties. Key to this design is the use
of CuI-catalysed azide-alkyne cycloaddition (CuAAC) chemis-

try, as the triazole is capable of acting as both a coordinating

heterocycle and a tether between the ligand framework and
functional unit simultaneously. A common precursor was

used to generate ligands with various functionalities, allow-
ing control of electronic properties whilst maintaining the

core structure of the resultant cis-Pd2L4 nanocage assem-
blies. The isostructural nature of the scaffold frameworks en-
abled formation of combinatorial libraries from the self-as-

sembly of ligand mixtures, generating a statistical mixture of
multi-functional, low symmetry architectures.

Introduction

The self-assembly of metal–organic polyhedra (MOPs)[1] re-
mains a popular tool for supramolecular chemists to generate

intricate architectures from minimalist building blocks that
have demonstrated myriad functionality.[2] Simplicity of compo-
nents is advantageous: symmetrical structures mitigate the

competing processes of narcissistic (self-recognition) and inte-
grative self-sorting (heteromeric-assembly),[3] whilst minimalist

ligands inhibit potentially disruptive effects from functional
units. Trading fidelity of assembly for high symmetry and spar-
tan scaffolds, however, limits the scope for developing more
sophisticated systems.

Pd2L4 molecular cages[4] have become a common class of
MOP and, despite the potential impediments, strategies for ac-
cessing lower symmetry variants have been reported. Use of
steric[5] and geometric[6] parameters has enabled the self-as-
sembly of heteroleptic[7] dipalladium nanocages. Exploiting co-

ordination preferences to generate stable metallo-ligands[8] has
allowed mixed-metal architectures[9] to be realised. Work in

this group,[10] and by others,[11] has focused on an alternative,

underexplored option: the use of low symmetry ligands.[12] De-
signed such that steric or geometric parameters, or a combina-

tion of the two, direct the self-assembly process, exclusive for-
mation of specific cage isomers from a potential mixture can

be ensured. Although these concepts have been successfully
employed in the formation of reduced-symmetry MOPs, they
remain devoid of functionality. Indeed, research into exohe-

dral[13] and endohedral[14] functionalisation of ligand scaffolds
for MOPs altogether remains relatively scarce.

The 1,2,3-triazole, most commonly synthesised using the
CuI-catalysed azide-alkyne cycloaddition (CuAAC) reaction,[15]

has become a ubiquitous unit in supramolecular chemistry.[16]

In addition to being the coordinating unit in readily accessible

ligands for MOPs,[17] the specificity of the CuAAC reaction
makes the triazole ideal as a benign linker between coordinat-
ing and functional moieties.[18] Routinely utilised in either of
these roles, the function of the triazole is usually determined
at an early stage in the design process. Furthermore, the ability

of the triazole to fulfil both of these mandates simultaneously
is rarely exploited.

This report details the use of asymmetric, mixed-heterocycle
ditopic ligands, with isoquinoline and 1,2,3-triazole coordinat-
ing units, for the formation of functionalised cis-Pd2L4 architec-

tures. Introduction of the triazole unit as the final step in the
ligand synthesis enables derivatization of a common precursor,

allowing tuning of ligand properties whilst maintaining the
structure of the framework core. This structural consistency
was able to be exploited in the assembly of mixed-ligand com-

binatorial cage libraries.

Results and Discussion

Based on principles delineated from earlier work,[10] ligand LR

(Scheme 1 a), envisaged to be derived from an azide precursor,
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was designed incorporating both isoquinoline and

triazole coordinating units. Optimised models from
semi-empirical calculations (PM6) of the four poten-

tial [Pd2L4]4 + cage isomers assembled from the hypo-
thetical LMe (where R = CH3) indicated that the cis-

Pd2L4 isomer would be lowest in energy (Scheme 1 b),
consistent with previous computational and experi-

mental work,[11] and from a simple visual analysis ap-

peared to be the most favourable structure. Further-
more, the optimised structure of the cis isomer dis-

played no disquieting distortions of common struc-
tural parameters, such as N@Pd@N

(&1768) or alkyne (&1798) angles, to suggest its for-
mation would be unfavourable.

Buoyed by these rudimentary computational re-

sults, the ligand precursor 1 was prepared in 86 %
overall yield from commercially available reagents

(see Supporting Information for details). Submission
of 1 to standard CuAAC reaction conditions

(CuSO4·5 H2O, sodium ascorbate, DMF, RT) with 1-
hexyne gave LBu in 89 % yield.

Pleasingly, a 2:1 combination of LBu with

[Pd(CH3CN)4](BF4)2 in [D6]DMSO resulted in a sharp
1H NMR spectrum composed of a single set of signals

(Figure 1 a). The combination of downfield shifts of
isoquinoline (Ha and Hb ; Dd = 0.50 and 1.25 ppm, re-

spectively) and triazole (Hi ; Dd = 0.37 ppm) signals in
the 1H NMR spectrum (Figure S42), calculated solvo-

dynamic radius (RS ; 9.7 a) from diffusion-ordered

NMR spectroscopy (DOSY; D = 1.03 V 10@10 m2s@1), and
signals observed by mass spectrometry (MS; Fig-

ure 1 b) all indicated formation of a species with for-
mula [Pd2(LBu)4]4 + . The symmetry of the 1H NMR spec-

trum and cross-peaks observed by NOESY (Hb···Hj ;
Figure 1 c) determined that either the cis or trans

isomer had been obtained. Diastereotopic splitting
of methylene units of the butyl chain (Hj and Hk)

suggested that the cis isomer was most likely to
have formed. Ultimately, unambiguous confirmation

of the cis-[Pd2(LBu)4]4 + structure came from solid-
state single-crystal X-ray diffraction (SCXRD) data

(Figure 1 d and e).
Having shown that the ligand framework was

indeed suitable for the specific formation of cis-Pd2L4

structures, a number of ligands derived from the
common precursor 1 were prepared (Scheme 1 a). In
addition to alkyl substituents, self-assembly of the
ligand framework with PdII was found to be compat-

ible with aryl (LBn) and bulkier aromatic (LAnth) and
heterocyclic (LPhth) moieties, as well as substituents

containing heteroatoms (LOH) and unsaturated units

(LEne). Although no SCXRD structures of these cages
were obtained, similar MS and NMR spectroscopic

details (see Supporting Information) indicated no al-
teration in the preference for formation of cis-Pd2L4

cage isomers. With the core cis-Pd2L4 framework re-

Scheme 1. a) Synthesis of ligands LR from azide precursor 1. b) Geometry optimised
structures (PM6) of the four potential [Pd2(LMe)4]4+ isomers and their relative energies
(from left to right: “all-up”, “three-up-one-down”, trans and cis). Orange and blue colour-
ing denotes relative ligand orientation.

Figure 1. a) Partial 1H NMR spectrum (500 MHz, [D6]DMSO, 298 K) of [Pd2(LBu)4](BF4)4 ;
b) MS with observed and calculated peak for [Pd2(LBu)4]4+ ; c) partial NOESY spectrum
showing through-space interactions between isoquinoline Hb and butyl chain Hj signals
(for signal labelling see Scheme 1); SCXRD structure of [Pd2(LBu)4](BF4)4 shown d) from the
side, and e) down the Pd-Pd axis. N@Pd bond lengths 2.022–2.032 a; N@Pd@N angles
176.2–176.38 ; Pd···Pd distance 11.1 a. Counterions, solvent molecules and hydrogen
atoms omitted for clarity.
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maining isostructural amongst the ligands examined (Figure 2),
the ability to use the triazole substituents to modify the prop-

erties of the assemblies was investigated.
Although generally considered to be weaker ligands than

pyridines, the electronic properties of 1,2,3-triazoles can be
tuned with precision through varying the C- and N-substitu-

ents.[19] The potential for fine tuning the ligand strength of tri-
azoles in metallo-supramolecular systems, however, is largely
overlooked.[20] Within the current system, modulation of donor

strength was demonstrated through a comparison of the self-
assembly profiles of ligands LBu and LPhth incorporating elec-
tron-donating and -withdrawing groups, respectively.

Titration of PdII into a [D6]DMSO solution of LPhth (Figure 3 a)

resulted in formation of the expected [Pd2(LPhth)4]4 + cage when
a 1:2 metal/ligand ratio was reached (Figure 3 c). At a 1:4 ratio,

however, a single species was observed (Figure 3 b) that was

spectroscopically distinct from both the free ligand and Pd2L4

Figure 2. Optimised structures (PM6) of cis-[Pd2(LR)4]4+ cages assembled
from (clockwise from top left) LOH, LEne, LBn, LPhth and LAnth. Hydrogen atoms
omitted for clarity.

Figure 3. Controlling the self-assembly profile of LR through tuning the electronic properties of the triazole. Partial 1H NMR spectra (400 MHz, [D6]DMSO,
298 K) of a) LPhth, b) LPhth + 0.25 equiv. PdII, c) LPhth + 0.50 equiv. PdII, d) LBu + 0.50 equiv. PdII, and e) LBu. For signal labelling see Scheme 1. f) Partial DOSY spec-
trum (500 MHz, [D6]DMSO, 298 K) of LBu + 0.25 equiv. PdII. Non-overlapping peaks have been assigned where possible as [Pd2(LBu)4]4 + (*), [Pd(LBu)4]2+ (&),
and LBu (~). Chemical structures showing indicative through-space interactions between protons for g) mononuclear [Pd(LR)4]2 + species and h) [Pd2(LR)4]4 +

cage assemblies. i) Molecular model of one possible conformation of a mononuclear [Pd(LMe)4]2 + structure with coordination exclusively through the isoquino-
line units.
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cage, although DOSY suggested that it was of a similar size to
the latter (RS&11 a, compared to 11.3 a for the cage). The

NOESY spectrum (Figure S109) revealed cross-peaks between
Ha and Hb of the isoquinoline, which would only be expected

were at least two of these heterocycles to be brought into
close proximity through coordination in an anti-parallel fashion

(Figure 3 g); in contrast to the cage, cis-[Pd2(LPhth)4]4+ , no inter-
actions between Hb of the isoquinoline and Hj of the triazole
substituent were observed (Figure 3 h). These data are consis-

tent with the formation of a mononuclear complex,
[Pd(LPhth)4]2 + , with coordination to the PdII ions occurring
through the isoquinoline units (a molecular model of one pos-
sible conformer of a hypothetical model complex, [Pd(LMe)4]2+ ,

is shown in Figure 3 i).
Additional support for the identity of the mononuclear spe-

cies came from a model compound, namely the complex

formed from the self-assembly of monodentate ligand precur-
sor 1. A 4:1 mixture of 1 with PdII yielded a sharp set of signals

(Figure S113) wherein characteristic peaks—Ha, Hb and Hg—res-
onated at similar chemical shifts to those observed for the pur-

ported [Pd(LPhth)4]2+ complex. Unfortunately, no signals for this
latter species were observed by MS (although an isotopic pat-

tern consistent with the formula {[Pd(LPhth)3](X@)}+ (Figure S111)

could be seen), presumably due to the instability of the mono-
nuclear complex under the ESI-MS conditions. SCXRD data was

obtained, however, that confirmed the anticipated structure of
the model complex, [Pd(1)4]2 + (Figure S130).[21]

The situation with LBu was slightly more complex. The
1H NMR spectrum obtained from a 1:4 mixture of PdII and LBu

(Figure 3 f) at first glance appeared to indicate a stoichiometric

mixture of [Pd2(LBu)4]4+ (Figure 3 d) and free LBu (Figure 3 e).
Closer inspection revealed additional peaks, belonging to nei-

ther of these species, that resembled the mononuclear com-
plex seen with LPhth. This suggested that these three species

(LBu, [Pd(LBu)4]2+ and [Pd2(LBu)4]4 +) might all be present in solu-
tion.

2D NMR—in particular NOESY and DOSY—was used to

assign non-overlapping signals to individual components of
this mixture. In the NOESY spectrum (Figure S106) cross-peaks
indicative of Hb···Hj interactions between the isoquinoline and
butyl chain (Figure 3 h) could be seen for the cage assembly

but were absent for those signals assigned to the mononuclear
complex; additionally, Ha···Hb interactions could be seen for the

latter (Figure 3 g). DOSY (Figure 3 f) showed peaks assigned to
the cage and mononuclear complexes to be diffusing at similar
rates (D = 10.0 and 9.8 V 10@11 m2 s@1, respectively) whilst those

assumed to be from the free ligand diffused much quicker
(D = 4.4 V 10@11 m2s@1), indicative of two similarly sized species

and one much smaller (RS = 10.3, 9.7 and 4.4 a, respectively)
being present in solution.

Thus, based on the spectral data, it was concluded that a 1:4

mixture of PdII and LBu generated a combination of the dinu-
clear cage, mononuclear complex (with coordination again

presumed to be through the isoquinoline units) and free
ligand. It is noted that for free LBu, downfield signals associated

with protons Ha and Hb adjacent to the nitrogen atom of the
isoquinoline could not be identified. It is assumed that these

peaks had broadened significantly, possibly due to transient
non-covalent interactions with the [Pd2(LBu)4]4 + and/or

[Pd(LBu)4]2 + complexes.
The proton affinity (PA) of N3 of the triazole, as determined

by DFT calculations (B3LYP-6-31G(d)), was increased by
16 kJ mol@1 going from the electron-withdrawing N-methyl-

enephthalimide substituent in LPhth to the electron-donating
butyl group of LBu (see Supporting Information for details).
Using PA as a proxy for ligand strength, these results support

the rationalisation of the observed differences in self-assembly
as arising from differences in the s-donor ability of the tri-
azoles between the two ligands. The combined experimental
and computational results demonstrate effective control of the
ligand framework’s electronic properties, through tailoring of
the triazole substituent, without ultimately affecting the core

structure of the cis-Pd2L4 assembly.

Since the core framework remained constant between the
different functionalised ligands, it seemed that it would be

possible to generate a statistical combinatorial library of homo-
leptic and mixed-ligand cages through self-assembly of a mix-

ture of more than one ligand.[22] To examine this, PdII and a
binary mixture of LBu and either LBn or LPhth were combined in

a 1:1:1 ratio in [D6]DMSO. The resultant self-assembled libraries

gave well-defined 1H NMR spectra (Figures 4 b and S115) that
appeared to contain multiple overlapping signals from species

of a similar size to the homoleptic assemblies (RS&10–11 a).
These mixtures were found to be composed of the five possi-

ble homoleptic and heteroleptic constitutional assemblies with
the formula [Pd2(LBu)x(L

Bn/LPhth)(4@x)]
4 + (Figure 4 d) by MS (Fig-

ure 4 e).

It is noted that whilst the homoleptic and cis-Pd2L1
3L2-type

architectures should be present as single diastereomers, cis-

Pd2L1
2L2

2 assemblies with asymmetric ligands have the poten-
tial to exist as three different diastereomeric forms depending

on the relative arrangements and orientations of the ligands
(Figure 4 d), although these isomers cannot be distinguished

by MS. Additionally, the two Pd2L1
3L2 and one of the Pd2L1

2L2
2

cages are chiral, resulting in a library of ten cages in total.
Herein the three Pd2L1

2L2
2 cage isomers have been termed syn,

cis-anti and trans-anti, where for pairs of the same ligand (in
this instance for example, the pair of LBu ligands) syn/anti de-
notes parallel/antiparallel relative orientations, and cis/trans in-
dicates their relative positions within the cis-Pd2L4 structure

(i.e. adjacent or opposite from each other, respectively).
Having successfully demonstrated statistical mixing of a

binary combination of ligands, a ternary system was subse-

quently examined. LOH, LPhth and LAnth were combined with PdII

in a 2:2:2:3 ratio in [D6]DMSO. Unsurprisingly, the resultant
1H NMR spectrum was somewhat complex (Figure S123). The
DOSY data, however, were consistent with the formation of ap-

propriately sized assemblies (RS = 11.0 a). The MS data was

more complex than for previous systems, likely due to overlap-
ping signals from the multitude of species present in solution,

and anion exchange under the MS conditions. However, signals
congruent with the three possible tris-heteroleptic assemblies

(i.e. , those incorporating at least one of each ligand) were ob-
served (Figure S125). Signals consistent with most of the 15 ex-
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pected constitutional assemblies of the library could
also be seen (Figure 5). As several of the bis-hetero-

leptic and all of the tris-heteroleptic assemblies are
expected to exist as a mixture of diastereomers, and

a number of these are chiral, the combinatorial li-
brary is considered to consist of a total of 45 cis-

Pd2L4 cages (Figure S128).

Conclusions

A family of asymmetric, ditopic ligands that self-as-
semble into exohedrally functionalised, low symme-
try cis-Pd2L4 architectures was realised. CuAAC

chemistry was employed to yield these mixed-het-
erocycle ligands in which a 1,2,3-triazole unit served
as both a coordinating unit and linker to append
functional groups to the assembly scaffold. A variety

of functional groups were shown to be tolerated
without impacting the core structure of the cage.

Furthermore, facile tuning of electronic properties

was demonstrated, allowing modification of the
ligand self-assembly profile. Due to the isostructural

nature of the core framework of the ligands, and
their resultant Pd2L4 assemblies, it was shown possi-

ble to generate combinatorial libraries that included
mixed-ligand architectures with multiple functional

moieties. With the need to move towards more

complex MOPs to advance their utility in various ap-
plications, this study has demonstrated an underex-

plored approach to readily access functional, low
symmetry metal–organic assemblies.

Experimental Section

Crystal data for [Pd2(LBu)4](BF4)4 :
Pd2(C23H20N4)4(BF4)4·2(C6H14O)·4(C3H7NO), M = 2466.48,
monoclinic, P21/n, a = 13.4683(3), b = 18.1293(4), c =
24.7113(5) a, a= 90, b= 99.400(2), g= 908, V =
5952.8(2) a3, Z = 2, 1cald = 1.376 mg m@3, m(MoKa) =
0.389 mm@1, T = 173 K, 12 454 independent measured
reflections (Rint = 0.0322), R1 = 0.0752, wR2 = 0.2057 [I>
2s(I)] , completeness = 99.7, 689 parameters, GOF on F2

= 1.032, max/min residual density 1.859/@0.998 e a@3.
Deposition Number 2043240 contains the supplementa-
ry crystallographic data for this paper. These data are
provided free of charge by the joint Cambridge Crystal-
lographic Data Centre and Fachinformationszentrum
Karlsruhe Access Structures service www.ccdc.cam.a-
c.uk/structures.

LR were prepared according to the following general
procedure: 1 (67.6 mg, 0.25 mmol), CuSO4·5 H2O
(31.2 mg, 0.125 mmol), sodium ascorbate (49.5 mg,
0.25 mmol) and appropriate alkyne were stirred at RT in
DMF (5 mL) for 16 h. The reaction mixture was diluted
with EtOAc (40 mL) and washed with 0.1 m EDTA-Na2 in
1:9 NH4OH(aq)/H2O (10 mL), brine (4 V 10 mL), dried
(MgSO4) and the solvent removed in vacuo, with subse-
quent purification by column chromatography on silica
gel.

Figure 4. Partial 1H NMR spectra (400 MHz, [D6]DMSO, 298 K) of a) [Pd2(LBu)4](BF4)4,
b) combinatorial library [Pd2(LBu)x(L

Phth)(4@x)](BF4)4, and c) [Pd2(LPhth)4](BF4)4. d) Optimised
structures (PM6) of the members of the combinatorial library [Pd2(LBu)x(L

Phth)(4@x)]
4 + includ-

ing the three diastereomeric forms of [Pd2(LBu)2(LPhth)2]4+ (single enantiomers of chiral
cages shown). LBu and LPhth ligands have been coloured blue and orange, respectively.
e) Observed MS and calculated signals for {[Pd2(LBu)x(L

Phth)(4@x)](BF4)2}2 + ions (x = 0–4).
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[Pd2(LR)4](BF4)4 were prepared by sonicating LR (0.030 mmol) and
[Pd(CH3CN)4](BF4)2 (6.7 mg, 0.015 mmol) in [D6]DMSO (0.75 mL)
until a homogenous solution was obtained.

For calculated structures in xyz format see DOI: https://doi.org/
10.14469/hpc/7366.
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Figure 5. Partial MS of the ternary combinatorial library with calculated sig-
nals for {[Pd2L4](BF4)2}2+ ions with one (green), two (blue), and three (orange)
different ligands.
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