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ABSTRACT: Supramolecular Coordination Compounds (SCCs) represent the power of Coordination Chemistry methodologies 
to self-assemble discrete architectures with targeted properties. SCCs are generally synthesised in solution, with isolated 
fully-coordinated metal atoms as structural nodes, thus severely limited as metal-based catalysts. Metal-Organic Frameworks 
(MOFs) show unique features to act as chemical nanoreactors for the in-situ synthesis and stabilization of otherwise not 
accessible functional species. Here, we present the self-assembly of PdII SCCs within the confined space of a preformed MOF 
(SCCs@MOF) and its post-assembly metalation to give a PdII-AuIII supramolecular assembly, crystallography underpinned. 
These SCCs@MOF catalyse the coupling of boronic acids and/or alkynes, representative multisite metallic-catalysed reactions 
in which traditional SCCs tend to decompose, and retain its structural integrity as consequence of the synergetic hybridization 
between SCCs and MOF. These results open new avenues in both the synthesis of novel SCCs and their use on heterogeneous 
metal-based Supramolecular Catalysis. 

INTRODUCTION

Supramolecular chemistry methodologies have 
demonstrated its ability to self-assemble supramolecular 
coordination compounds (SCCs) with targeted properties.1–

8 An elegant exponent is catalysis within the unique 
confined environment of SCCs. Initially, it was inspired by 
nature with enzyme-mimicking approaches, and then, it 
expanded its interest into abiotic catalytic process merging 
environment catalysis with traditional homogeneous 
organotransition metal catalyst.9–13 However, despite the 
remarkable results obtained, we consider that 
Supramolecular Catalysis has not yet developed with all its 
potential strength. This is, to some extent, directly related 
to the fact that the self-assembly of SCCs is done in 
homogenous chemistry in solution. This synthetic approach 
inherently induces the formation of SCCs with isolated fully-
coordinated metal atoms as structural nodes, which 
hampers any activation of external reagents on the metal 
sites without destroying the assembly, thus severely 

limiting their use in metal-based Supramolecular Catalysis. 
This is exemplified by the few reactions reported with the 
archetypal roughly spherical polyhedra of general formula 
PdnL2n, in catalytic amounts,14–17 as well as by the need to 
build up ensembles with already known catalytically-active 
metalloligands as linkers.18–20 Thus, a new avenue of 
research may be opened by finding ways to exploit the 
metal-catalysis of the pivotal metal atoms building the SCCs. 
The implementation of such a challenging task is two-fold 
relevant: (i) unprecedented functional SCCs could be 
developed, otherwise not accessible, which may represent a 
deep impact on other related research areas; and (ii) the 
catalytic potential of pivotal metal atoms could be fully 
unleashed, which would widen the scope of Supramolecular 
Catalysis.21–23

Metal-organic frameworks (MOFs)24–29 have been proved 
as excellent platforms for a wide range of applications. This 
is mainly a direct consequence of two unique features of 
MOFs: (i) a rich host-guest chemistry, which can be tailored 
by a fine control over the size, shape and functionality of 
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MOFs channels,30–35 and (ii) the possibility to use single-
crystal X-ray crystallography as a definitive 
characterization tool, which offers the unique possibility –
among porous materials– to contrast the success of 
synthetic methodologies, and even more important, to 
follow/understand what is actually happening within MOFs 
channels .36–40 So far, this has been reflected on the 
considerable advances performed in such diverse fields as 
the adsorption and separation of guest gases41–45 or small 
molecules,46–48 and catalysis.49–54 However, even if some 
advances have been recently done related with molecular 
recognition55,56 and/or encapsulation of complex molecular 
systems,57–59 there is still much work to be done in relation 
to the use of MOFs as chemical nanoreactors.60–63 At this 
respect, only very few examples have been reported aiming 
at the MOF-driven formation of supramolecular complexes 
within MOFs channels, which, in addition, lack of a proper 
structural characterization and just models could be 
delivered.64,65

Here, we report the in-situ heterogeneous self-assembly, 
and structural characterization by single crystal X-ray 
diffraction (SCXRD), of three original mechanically-bonded 
SCCs within the unique confined space of MOF channels 
(SCCs@MOF). In particular, we report a novel Pd8 square 
metal-organic polygon, a discrete Pd16 supramolecular cage 
and a heterobimetallic AuIII–PdII cage. All these robust SCCs 
catalyse, heterogeneously, the homocoupling of boronic 
acids, alkynes, and the cross-coupling between them, with 
higher catalytic activity and selectivity than homogeneous 
Pd catalysts while retaining its structural integrity, in 
contrast to traditional coordination cages assembled in 
solution. This behaviour emerges from the synergetic 
hybridization between SCCs and MOFs, which enables both 
the formation of otherwise not accessible supramolecular 
assemblies and its stabilization under catalytic conditions 
by mechanical-bonds to exploit the metal-based catalysis of 
pivotal metal atoms.

RESULTS AND DISCUSSION
Herein, we propose a unique template-directed strategy, 

involving the use of Post-Synthetic Methodologies 
(PSMs),66–69 for the sequential synthesis of SCCs@MOF. 
Firstly, we selected as chemical nanoreactor a highly 
crystalline MOF, of formula [PdII(NH3)4][PdII

2(–
O)(NH3)6)(NH4)2]0.5{NiII

4[CuII
2(Me3mpba)2]3} · 52H2O (1),61 

featuring large octagonal pores (virtual diameter of ca. 2.0 
nm) which are occupied by PdII

2 dimers, stabilized and 
defined, with atomic precision, to reside on preferential 
positions of the channels (Figure 1 left and Figure 3a 
center). Then, after a careful analysis –i.e. the available void 
space, the distance between Pd2 units and the amount of 
available PdII ions– crystals of 1 were soaked with a solution 
of linear (L1) and bended (L2,3) ligands (Figure 1) to yield 
unprecedented MOF-templated in-situ heterogeneous self-
assembled SCCs within channels. This was directly related 
to both, the unique confined environment provided by MOF 
channels, and also the presence of such uncommon 
dinuclear oxo-bridged palladium(II) entities in the MOFs 
pores. 

In particular, a novel PdII
8 square metal-organic polygon 

of formula [PdII
2(–OH2)2(NH3)4)]0.5[PdII

8(–O 

H2)8(NH3)8(L1)4]0.125{NiII
4[CuII

2(Me3mpba)2]3} · 43H2O (2) 
was grown when using the linear ligand L1 (Figures 2, 3a left 
and 3b), and with the tripodal bended ligand L2 (Figures 3a 
right and 3c) a water-assisted PdII

16 supramolecular 
assembly of formula [PdII

16(H2O)8(NH3)24(–
OH2)4(H2O)24(L2)]0.125{NiII

4[CuII
2(Me3mpba)2]3} · 30H2O (3) 

was obtained. Notice that L3 has a thioether-functional 
group, which can act as a secondary point of coordination, 
once a SCC@MOF has been assembled. With L3, the 
consecutive self-assembly of the supramolecular complex 
within MOF channels and the post-assembly metalation of 
the preformed SCC@MOF (Figure 1b) lead to the formation 
of a heterobimetallic assembly of formula [AuIII

2(–
OH)2(OH)4)]0.5[AuIII

2Cl6PdII
2(NH3)6(L3)2]0.5[PdII

2(-
OH2)(NH3)6)]0.5{NiII

4[CuII
2(Me3mpba)2]3} · 37H2O (4) 

(Figures S8–S10). 

Figure 1. Template-directed strategy, involving the use of 
post-synthetic methodologies for the step-wise sequential 
synthesis of original homo- (a) and heterobimetallic (b) 
mechanically-bonded catalytically-active SCCs within the 
confined space of MOFs channels (SCCs@MOFs). (i) 
Incorporation of desired organic ligand with suitable 
encoded structural and coordination information and (ii) 
post-assembly metalation of preformed SCCs@MOFs.

The nature of 2–4 was established by the combination of 
a variety of different characterization techniques: 
inductively coupled plasma-mass spectrometry, elemental, 
thermo-gravimetric and powder X-Ray diffraction (PXRD) 
analyses, scanning electron microscopy (SEM), N2 
adsorption isotherm, Fourier transform infrared (FTIR), 
diffuse-reflectance (DR) UV-Vis and X-Ray photoelectron 
(XPS) spectroscopies (Figures S11–S17 and Table S1). 
Finally, the real crystal structures of 2 has been obtained by 
SCXRD. Even for 3 it was possible to refine a structural 
model which gives the most probably organization of 
entities self-assembled within pores. For 4, the quality of 
the SCXRD data was not good enough for the complete 
structural resolution, but the crystallographic positions of 
the metal ions, building up the SCCs, and some ligand’s 
fragments determined from Fourier maps, suggest precious 
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insights about the most probable structure of the growth 
assemblies in the confined space of 1. This unprecedented 
result could be achieved thanks to both robustness and 
crystallinity of materials and application of cutting-edge X-

ray crystallography techniques, providing, for the first time, 
a direct visualization of the in-situ heterogeneous self-
assembled SCCs within MOF channels (Figures 2–4, Figures 
S1–S10 and Table S2).

Figure 2. (a-e) Crystal structure, determined by synchrotron X-ray diffraction, of the Pd8@MOF 2: (a) View along c 
crystallographic axis of crystal structure of 2 (a) featuring channels filled by [PdII

2(–OH2)2(NH3)4)]4+ and [PdII
8(–

OH2)8(NH3)8(L1)4]16+ SCCs [L1 = 1,2-di(pyridn-4-yl)ethyne]. (b-c) Views of one single channel: Perspective views of a portion 
of single pores along the [111] direction showing the [PdII

8(–OH2)8(NH3)8(L1)4]16+ SCCs (b) and [PdII
2(–OH2)(NH3)4]4+ 

dimers (c) and related structural parameters, stabilized by symmetric NH3 ···O interactions. The heterobimetallic CuNi 3D 
anionic network is depicted as grey sticks. Pd(II) cations in the pores and ligands forming the squares and cages, are 
represented by purple spheres and blue sticks, respectively. Hydrogen-bonds are represented as purple dashed lines. (d-e) 
Details of [PdII

8(–OH2)8(NH3)8(L1)4] and [PdII
2(–OH2)2(NH3)4)] structures built within pores. Palladium, oxygen, carbon 

and nitrogen atoms are represented as violet, red, blue and pastel cyan colors.

Crystal structure. The SCXRD data of 2–4 evidences that 
the 3D network remained crystalline during the MOF-
templated in-situ heterogeneous self-assembled process. 
The anionic NiII

4CuII
6 open-framework structure in 2–4 

retains the known pillared square/octagonal layer 
architecture of 1 (Figure 2, 3 and Figures S1–S10). Both, the 
biggest hydrophobic octagonal channels and the square 
smallest pores, accommodate Pd(II) (2–3) and 
Pd(II)/Au(III) (4) complexes as result of L1–L3 binding to 
either mononuclear, [PdII(NH3)4]2+, or dinuclear complexes, 
[PdII

2(–O)(NH3)6]2+, of 1 (Figures 2, 3 and Figures S1–
S10). The confined assemblies in 2–4, stabilized by 
mechanical-bonds with the MOF network, are strictly 
related to nature of the ligands (L) employed in terms of 
size, shape and imposed symmetry (see crystallographic 
section in Supplementary Information for structure 
refinement details and in-depth analysis of X-ray data).

In 2, half of the Pd2+ ions from the mononuclear and 
dinuclear entities in 1 are self-assembled by L1 giving 
[PdII

8(–OH2)8(NH3)8(L1)4]16+ square polygons, with 
[PdII

2(-OH2)2(NH3)4] dimers residing at the corners of the 
quadrangular SCC (Figures 2, 3a left, 3b and Figures S1–S5) 
and stabilized by H-bonds to the MOF. Each Pd(II) exhibits 
regular square planar geometry, with Pd–N [2.02(2) and 
2.09(2) Å for Pd-NL1 and Pd-NH3, respectively] and Pd-OH2 

[1.99(2) and 2.05(2) Å] bond distances similar to those 
found in the literature.14–16,70 The Pd(II) separations 
through H2O and L1 bridges are 2.840(6) and 13.49(1) Å, 
respectively. Square polygons are regularly pillared along c 
crystallographic axes, with a Pd(II)···Pd(II) separation 
among adjacent polygons of 15.15(1) Å, being stabilized by 
mechanical-bonds with the walls of the net involving 
terminal NH3 molecules and oxamate residues belonging to 
the net [H3N···Ooxamate of 2.913(9) Å] (Figures S3 and S4). 
The synergic stabilizations ensured by hosting matrix 
strongly support the robustness of such assembled SCCs, 
with high activity in heterogeneous metal-based 
supramolecular catalysis (vide infra). 

The different nature and symmetry of ligand L2 imposes a 
totally different assembly in 3, yielding a 
[PdII

16(H2O)8(NH3)24(–OH2)4(H2O)24(L2)] supramolecular 
assembly, where [PdII

2(NH3)6(L2)] dimers are linked by 
strong hydrogen bonds, through the carboxylate group of L2 
and H2O molecules, to [PdII

2(–OH2)4(H2O)6] dimers for 
which not all waters have been found from density maps 
(see Supplementary Information) [O···O of 2.89(4) and 
2.89(3) Å for -COO···Owater and Owater···Owater, respectively] 
(Figures 3a right, 3c and Figures S6 and S7). Despite 
thermal and positional disorder detected for L2 ligand –that 
clearly does not fit the space group of hosting matrix (see 
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Figure S7 and refinement details)– the crystal structure of 
SCC was solved, where Pd(II) ions exist in distorted square 
planar geometries with Pd-N in the [PdII

2(NH3)6(L2)] dimers 
and Pd-OH2 distances of the [PdII

2(–OH2)4(H2O)6] moieties 
falling in the expected values [1.99(1) and 2.00(1) Å for Pd-
NL2 and Pd-NH3, respectively, and Pd-OH2 of 2.05(3) and 
2.47(3) Å].14–16,70 The Pd(II)···Pd(II) separation within 
[PdII

2(NH3)6(L2)] dimers is of 6.1 Å whereas 8.3 Å is the 

shortest Pd(II)···Pd(II) distance detected in Pd16 
assemblies. The strength of H-bonds observed in Pd16 
assembly of 3, together with its stabilization by mechanical-
bonds with the network, underpins the role of 
supramolecular interactions in nanosolvated space, which 
should be most likely able to preserve Pd16 aggregates 
during catalysis as well.

Figure 3. (a-c) Views of the crystal structures, determined by synchrotron X-ray diffraction, of the Pd8@MOF 2 (left) and the 
Pd16@MOF 3 (right) prepared from the in-situ reaction of the dipalladium(II)-containing MOF 1 (center) with the aromatic 
dipyridine ligands L1 and L2, respectively [L1 = 1,2-di(pyridn-4-yl)ethyne and L2 = methyl 3,5-bis(pyridine-4-
ylethynyl)benzoate]. Views of one single channel of 2 (b) and 3 (c) in the ab (left) and bc (right) crystallographic planes. The 
heterobimetallic CuNi 3D anionic network is depicted as grey sticks. Pd(II) cations in the pores of 1–3 and ligands forming 
the squares and cages in 2 and 3, are represented by blue spheres and gold sticks, respectively. Hydrogen-bonds that form 
the water-assisted PdII

16 supramolecular assembly in 3 are represented as black dotted lines. Surfaces are used to highlight 
the SCCs within MOFs channels.

The quality of the SCXRD data did not allow the same 
precision for the complete visualization of SCCs’ crystal 
structure of 4. However, many local maxima attributable to 
Pd2+ and Au3+ metal ions in the channels together with few 
peaks related to L3 ligand’s fragments were located in the 
observed structure factor Fourier maps, providing evidence 
of the localization of the SCCs (Figures S8–S10 and 
refinement details in Supplementary Information). Looking 
at their disposition, it is rationale to hypothesize a self-
assembly, in a similar manner as observed in 2, producing 
[PdII

2(NH3)6(L3)2] dimers (for which no peaks related to the 
aromatic moiety has been found from electron 
density maps) remaining in big hydrophobic pores with 
Pd(II) in square planar geometry [average Pd-N of 2.10(2) 
Å].  The Pd···Pd and NL3···NL3 separations  within dimers of 
11.36 and 13.97(1) Å fit very-well with those found for 
complexes constructed with similar ligands (ca. 14 Å).14–16 
These dimers further grasp AuCl3 complexes exploiting the 
high affinity for soft metal ions of the thioether moiety71 
featured by L3, generating, finally, self-assembled 
heterometallic SCCs of the type [AuIII

2Cl6PdII
2(NH3)6(L3)2] 

showing Pd···Au and Au···Au separations of 13.50(1) and 
11.89(1) Å, respectively (Figure S9). Interestingly the found 
position of Au(III) ions, consistent with L3 symmetry, is 
displaced towards the centre of the big pores, suggesting a 
high accessibility for reactants. Furthermore, the solved 
crystal structure clearly evidences thioether fragments, 
allowing to unveil the Au-S distance of 2.34(1) Å.

PXRD, TGA experiments and N2 adsorption isotherms. 
The experimental PXRD patterns of 2–4 are identical to the 
corresponding calculated ones (Figures S11–S12). This fact 
confirms the homogeneity of the bulk samples, which are 
isostructural to the crystals selected for single crystal X-ray 
diffraction. The solvent contents of 2–4 were established by 
thermogravimetric analysis (TGA) under dry N2 
atmosphere and compared to that of the ancestor 
compound 1 (Figure S13). Overall, it shows a fast mass loss 
for 1–4 from room temperature followed by a pseudo 
plateau until decomposition starts. Noteworthy, it is 
observed a greater thermal stability of 2–4 respect 1, which 
further reinforce the beneficial synergetic hybridization in 
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SCCs@MOFs. The observed weight losses of 25.72 (1), 
21.73 (2), 16.47 (3) and 15.73% (4), respectively, 
correspond to 52, 43, 30 and 37 water molecules, 
respectively, in line with that determined by CHN(S) 
analyses (see Supplementary Information). Figure S14 
shows the N2 adsorption isotherms of 1–4 at 77 K. They are 
consistent with the decrease in accessible void space in 2 
and, more significantly, in 3 and 4, suggested by the TGA 
analyses and the crystal structures, which is a direct 
consequence of the formation of largest supramolecular 
assemblies.

Figure 4. Supramolecular coordination compounds crystal 
structure. Perspective views of three PdII

8 squares (a) and 
two PdII

16 (b) supramolecular cages, unveiled by single 
crystal X-ray diffraction, formed within one single channel 
of the frameworks of 2 and 3, respectively.

MAS solid 13C NMR, DR-UV-vis, FT-IR, Raman and XPS. 
Figure S15 shows the magic angle spinning solid 13C nuclear 
magnetic resonance (MAS solid 13C NMR) of MOF 1 and 
SCCs@MOFs 2–4. It can be clearly seen the appearance of 
new and sharper signals at 165, 150 and 90 ppm in 2, which 
nicely fit the expected values for the L1 ligand, together with 
the signals at -40, 40, 130 and 230 ppm corresponding to 
the framework amides, shifted and broaden by the 
paramagnetic action of the CuII metal ions. Similar spectra 
were recorded for SCC@MOF 3 and 4. Additionally, 4 
spectrum shows a signal at 70 ppm fitting with the typical 
chemical shift expected for ether functionalities. Diffuse-

reflectance UV-visible measurements of 2–4 show the loss 
of the palladium(II) adsorption band at max = 320 nm 
observed in 1 and the appearance of three new bands at max 
= 270, 300 and 350 nm (Figure S16), which agree with both 
the formation of SCCs and the observed bands of a 
previously reported PdII

4(L1)4 square SCC in solution (see 
Figure S20).72 Fourier-transformed infrared spectroscopy 
(FT-IR) further confirms the integrity of the structural 
organic parts of the SCCs@MOFs in 2–4 together with the 
appearance of new signals assignable to L1–3 (Figure S17). 
Raman spectroscopy confirms the formation of the new Au-
S bond by the appearance of typical bands for Au-S bonds 
between 200-300 and 550 cm-1 (Figure S18) when exciting 
with a 514 nm laser light.73 X-ray photoelectron 
spectroscopy (XPS) shows that the Pd3d5/2 peak of the PdII 
atoms (338.6 eV) in 1 slightly shifts for 2–4 (338.3, 338.5 
and 338.1 eV, respectively), as expected by the action of the 
L1–3 ligands (Figure S19).74 These results perfectly agree 
with SCXRD and give us tools to follow catalysed reactions 
within the solids.

Catalytic performance of SCCs@MOFs. Oligo- and poly-
thiophenes are well-known conducting molecules with 
applications in, for instance, solar cells.75 Their synthesis 
relies on the Pd-catalysed homocoupling of thienylboronic 
acids, a challenging C-C bond-forming reaction that requires 
strong bases and oxidants in the presence of a poisoning 
sulphur group.76 Figure 5 shows the results for the 
homocoupling of two different thienylboronic acids –5a and 
5b– with a representative Pd(II) complex catalyst,77 the 
soluble SCC PdII

4(L1)4,72 1–3 (Tables S3–S4 and Figures S20–
21). SCCs@MOFs catalysts show much better activity and 
selectivity to 6a than the homogeneous Pd catalysts and 
MOF 1, with good recyclability and, in addition, are able to 
catalyse the homocoupling of other boronic acids (Figure 
S22). PXRD, DR UV-vis and MAS solid 13C NMR 
measurements of 2 and 3 after reaction show identical 
spectra to the fresh samples, plus the signals corresponding 
to the polymeric product 6b when starting from 5b (Figure 
5d, Figures S12 and S21). These results strongly support 
that the SCCs retain their structural integrity within the 
MOF during reaction and are true catalysts for 
homocoupling of boronic acids.

In order to better understand the stability of SCCs@MOFs 
under such challenging reaction conditions, mechanistic 
studies comparing them with their soluble counterpart 
PdII

4(L1)4 were performed. The kinetic equation rate is first 
order in all reagents for 2 and 3, but half order respect to Pd 
and second order for benzoquinone for soluble PdII

4(L1)4 
(Figure 6a, Figures S23–S27).76,78 In-situ 1H NMR 
measurements show the rapid degradation of soluble 
PdII

4(L1)4 after addition of 5a, with release of free L1 to the 
medium and coordination of benzoquinone to PdII ions 
while the reaction occurs78 (Figure 5e, Figure S28). Any 
attempt to re-assemble PdII

4(L1)4 produces a linear 
decrease of the initial rate (Figure S29) and O2 is required 
as an oxidant (Tables S5 and S6),77,79 which is not the case 
in the heterogeneous coupling. These results show that 
PdII

4(L1)4 is just a precursor of the Pd catalytic species while, 
in clear contrast, 2 and 3 remain untouched and catalytically 
active during the heterogeneous reaction.
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Figure 5. (a) Homocoupling of thienylboronic acids 5a and 5b in the presence of 2 mol % of Pd, 5a-b (0.1 mmol), KF (0.1 mmol, 
5.8 mg), p-benzoquinone (0.2 mmol, 21.6 mg), EtOAc (1.5 mL) and dodecane (10 L) as internal standard, under N2, at 60ºC, 
during 14h. (b) Yields of 6a and 7 in the homocoupling of 5a catalyzed by Pd(OAc)2/Py (1/1), Pd4(L1)4, MOF 1, SCC@MOF 2 
and 3. (c) Reuses for SCC@MOF 3 in the homocoupling of 5a. (d) From bottom to top: MAS solid 13C NMR of polymer 6b, 
SCC@MOF 2, SCC@MOF 2 after reaction with 5b, SCC@MOF 3 and SCC@MOF 3 after reaction with 5b. (e) Aromatic area of 
Pd4(L1)4 

1H NMR spectra (CD3CN/D2O) after the sequential addition of KF (2 eq), 5a (2 eq) and benzoquinone (2 eq) and the 
treatment of the mixture at 60 ºC during 2 h.

XPS measurements after treating 2 and 3 inside the 
chamber with an O2 atmosphere do not show any PdIV 
signals (Figure 6b). Cyclic voltammetry of 3 during the 
reaction of 5a shows that the cathodic signal assignable to 
the PdII atoms of the SCC@MOF (CPd(II)) evolves to a new 
signal corresponding to PdI (CPd(I)), significantly different to 
the signals of coupling product 6a, redox active 
benzoquinone and uncatalysed product 7 (Figure 6c, for 
blank experiments see Figures S30 and S31). This bimetallic 
PdI/PdII redox manifold, without the involvement of Pd0 or 

PdIV species, avoids extensive structural distortions in the 
mechanically-bonded assemblies and, hence, further 
contributes to retain their integrity during the coupling. 
Overall, the combined kinetic, spectroscopic and 
electrochemical results enable us to propose a mechanism 
for the homocoupling of boronic acids catalysed by 2 and 3 
(Figure 6d), where the confined PdII

2 units catalyse the 
homocoupling reaction by a redox cooperative mechanism 
in which both PdII metal ions reduce to PdI, releasing 6, and 
finally re-oxidize to the original form. 
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Figure 6. (a) Kinetic equation rate and kinetic parameters for the homocoupling of thienylboronic acid 5a calculated through 
initial rate values for 2, 3 and PdII

4(L1)4. Reaction conditions: 5a (0.4–0.8 mmol), KF (0–1.6 mmol), p-benzoquinone (0–1.6 
mmol), catalyst (0–2 mol%), dodecane (40 L), EtOAc (6 mL) for SCC@MOF 2 and 3 or CH3CN (6 mL) for PdII

4(L1)4, N2, 60ºC. 
(b) X–ray photoelectron spectroscopy (XPS) of SCCs@MOFs 2 (top) and 3 (bottom), before (left) and after (right), treatment 
in the chamber with O2 for 30 minutes. (c) In-situ cyclic voltammograms of a solution of 5a (1 mM), KF (1 mM) and 
benzoquinone (1 mM) in 0.10 M Bu4NPF6/MeCN before (top) and after (bottom) modifying glassy carbon electrodes with 
SCC@MOF 3, A stands by anodic signals and C stands by cathodic signals, potential scan rate was 50 mV s-1. (d) Postulated 
mechanism for the homocoupling of thienylboronic acid 5a catalyzed by the Pd2 moieties in SCC@MOF 2.

Following this mechanistic rationale, 2, 3, and also the 
heterobimetallic AuIIIPdII 4 (Figure 7a, Tables S7 and S8), 
were tested as catalysts for the coupling of alkynes.80 The 
three SCCs@MOFs were more active for homocoupling of 
phenylacetylene 8a than the homogeneous Pd catalysts 
tested as well as than MOF 1, with 4 affording the better 
selectivity to 9a. Moreover, 4 proved its utility through the 
homocoupling of a series of alkynes 8b-e and the cross 
coupling of phenylacetylene 8a with 8f-h, affording diynes 
9b-h with moderate to good yields (Figure 7d, Figures S32 
and S33). Notice that a related MOF with supported thio-
alkyl AuIII complexes, not containing Pd atoms, does not 
show any catalytic activity.71 Kinetic and 1H NMR 
experiments (Figures S34–S40) confirm that, as occurs for 
homocoupling of 5a: (i) homocoupling of 8a is first order 
kinetics for 4 but ½ for PdII

4(L1)4 (Figure 7b), (ii) PdII
4(L1)4 

readily decomposes after the addition of the reagents 
(Figure 7c, Figure S40), and (iii) O2 has more influence for 
the decomposed PdII

4(L1)4 than for 4 (Figures S35 and 

S38).81 Kinetic isotope effect (KIE) for 8a is 3.4(7) and 
0.9(1) for catalysts 4 and PdII

4(L1)4, respectively (Figures 
S36 and S39), which nicely fits the observation that 8a only 
intervenes in the equation rate of catalyst 4 and not of 
PdII

4(L1)4.82 Following this, 2–4 were tested for the more 
challenging cross-coupling between boronic acid 5a and 
alkyne 8a (Figure 7e),83 showing moderate conversions and 
selectivity, in any case higher than the homogeneous 
catalysts and the simpler MOF 1 (Figure 7e and Figure S41). 
In order to showcase the practical advantages of the 
SCCs@MOFs respect to other soluble and/or MOF catalysts, 
the homocoupling of 8a was carried out in a fixed-bed 
tubular reactor with 4 as a solid catalyst. The results (Figure 
S42) show that, indeed, alkyne 8a transforms to the 
homocoupling product 9a in flow, thus allowing to the 
production of diynes in continuous flow, a process difficult 
to achieve with other solid catalysts that make use of solid 
bases84 or that, simply, are soluble and not solid.85 

Page 7 of 13

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



6.57.07.58.08.59.09.5
(ppm)

8a DABCO (3 eq.), EtOAc,
RT, Air, 14 h

Pd (2 mol%)

9a

9b
Conv: 100%
Yield: 98%

9c
Conv: 100%
Yield: 72%

H3CO OCH3

N N
9d

Conv: 90%
Yield: 67%

9e

Conv: 35%
Yield: 33%

9f
Conv: 100%
Yield: 98%

H3CO

9g
Conv: 76%
Yield: 71%

OCH3

9h
Conv: 59%
Yield: 53%

H2N

4

4

L1

PdII
4(L1)4

+ 8a

+ DABCO

8a

L1

S
B

OH

OH

p-Benzoquinone (2 eq.),
KF (1 eq.), DABCO (3 eq.),

EtOAc, 60 °C, air, 14 h
5a

+
S

10a
8a

Pd (2 mol%)

a) b)

c)

d) e)

0

20

40

60

80

100
(%

)

Sel. 
9aConv.

Catalyst: Pd(OAc)2/Py PdII
4(L1)4   1                2                 3                4

0

20

40

60

80

100

(%
)

Pd(OAc)2/Py PdII
4(L1)4   1                2                 3                4Catalyst:

Sel. 
10a

Conv. 5a

Figure 7. (a) Phenylacetylene 8a conversion and diphenylbutadiyne 9a yield for the homocoupling of 8a catalyzed by 
Pd(OAc)2/Py (1/1), Pd4(L1)4, MOF 1 and SCC@MOF 2-4. Reaction conditions: 2 mol % of Pd, 8a (0.1 mmol, 10.1 mg), DABCO 
(0.3 mmol, 33.6 mg), EtOAc (1.5 mL) and dodecane (10 L) as an internal standard, under air atmosphere, at RT, during 14 
h. (b) Kinetic equation rate and kinetic parameters for the homocoupling of phenylacetylene 8a calculated through initial rate 
values for 4 and PdII

4(L1)4. Reaction conditions: 8a (0.4–0.8 mmol), DABCO (0–2.4 mmol), catalyst (0–2 mol% Pd), dodecane 
(40 L), EtOAc (6 mL) for SCC@MOF 4 or CH3CN (6 mL) for PdII

4(L1)4, air, 60 ºC; (c) Aromatic area of Pd4(L1)4 
1H NMR spectra 

(CD3CN/D2O) after the sequential addition (from bottom to top) of 8a (2 eq) and DABCO (2 eq); (d) Substrate scope for the 
homocoupling of alkynes 8b-e and the cross coupling between phenylacetylene 8a and alkynes 8f-h catalyzed by SCC@MOF 
4 (reaction conditions shown in the Supporting Information); (e) Thienylboronic acid 5a conversion and 10a yield for the 
cross coupling between 5a and 8a catalyzed by Pd(OAc)2/Py (1/1), Pd4(L1)4, MOF 1 and SCC@MOF 2-4. Reaction conditions: 
2 mol% of Pd, 5a (0.1 mmol, 12.8mg), 8a (0.3 mmol, 30.3 mg), KF (0.1 mmol, 5.8 mg), p-benzoquinone (0.2 mmol, 21.6 mg), 
DABCO (0.9 mmol, 100.9 mg), EtOAc (1.5 mL) and dodecane (10 L) as internal standard, under air atmosphere, at 60 ºC, 
during 14 h.

CONCLUSIONS
We report a unique synthetic strategy for the template-

directed sequential construction of novel stable 
supramolecular complexes within a MOF channels, 
SCCs@MOF, taking advantage of the singular confined 
environment provided by MOF channels, and also the 
presence of such uncommon dinuclear Pd(II) entities in the 
MOFs pores. As proof-of-concept, we have synthesised and 
crystallographically characterized three original constructs 
mechanically-bonded to a MOF network, never obtained 
before outside the MOFs. In particular, we report a novel 
Pd8 square metal-organic polygon, fully characterized by 
SCXRD, a discrete Pd16 supramolecular cage and a 

heterobimetallic AuIII–PdII cage, underpinned by SCXRD. 
These solid SCCs catalyse the coupling of boronic acids and 
alkynes, while keeping the SCCs structure untouched, with 
better catalytic activity and selectivity than standard Pd 
catalysts and soluble PdII

4(L1)4 squares, the latter readily 
decomposing under reaction conditions. Overall, this work, 
represents a general versatile approach, easily extendable 
to other metals and ligands, for the assembly of original 
supramolecular constructs with great potential in 
heterogeneous metal-based Supramolecular Catalysis.

EXPERIMENTAL SECTION
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Materials. 1,2-di(pyridin-4-yl)ethyne (L1), methyl 3,5-
bis(pyridin-4-ylethynyl)benzoate (L2), 
{[PdII(en)(L1)]4(NO3)8} (PdII

4(L1)4)72 and 
[PdII(NH3)4][PdII

2(–
H2O)(NH3)6]0.5{NiII

4[CuII
2(Me3mpba)2]3} · 52H2O (1)61 were 

prepared according to literature procedure (see 
Suplementary Methods).

Synthesis. A detailed description for the synthesis 4,4'-
((2-(2-(methylthio)ethoxy)-1,3-phenylene)bis(ethyne-
2,1-diyl))dipyridine (L3) is given in the Supplementary 
Methods. For [PdII

2(–OH2)2(NH3)4)]0.5[PdII
8(–O 

H2)8(NH3)8(L1)4]0.125{NiII
4[CuII

2(Me3mpba)2]3} · 43H2O (2). 
Well–formed deep green prisms of 2, which were suitable 
for X–ray diffraction, were obtained by immersing crystals 
of 1 (ca. 36 mg, 0.010 mmol) in hot (50 C) acetonitrile 
solutions of L1 (5 mL, 10 mM) for one week. Then, the 
supernatant solution was removed, and the crystals were 
washed with an acetonitrile solution (5 x 10 mL), isolated 
by filtration on paper and air–dried.  Alternatively, large 
scale syntheses of 2, were also carried out by using the same 
synthetic procedure but with stirring and with greater 
amounts of both, a powder sample of compound 1 (2 g, 0.55 
mmol) and L1 (50 mL, 55 mM), with the same successful 
results. Finally, the product was collected by filtration, 
washed with a acetonitrile solution and air–dried. 
Elemental analysis [% calcd., % found for 
Cu6Ni4Pd2C84H163N16O81 (3522.17)]: C, 28.65; H, 4.67; N, 
6.36%. Found: C, 28.75; H, 4.72; N, 6.31%. IR (KBr): ν = 
1603 cm–1 (C=O). 

For [PdII
16(H2O)8(NH3)24(–

OH2)4(H2O)24(L2)]0.125{NiII
4[CuII

2(Me3mpba)2]3} · 30H2O (3). 
The compound 3 was prepared by an analogous procedure 
to that for 2 by using L2 as precursor instead of L1. Elemental 
analysis [% calcd., % found for 
Cu6Ni4Pd2C80.75H139.75N15.25O70.75 (3285.2)]: C, 29.50; H, 4.25; 
N, 6.50%. Found: C, 29.39; H, 4.08; N, 6.23%. IR (KBr): ν = 
1601 cm–1 (C=O).

For [AuIII
2(–

OH)2(OH)4)]0.5[AuIII
2Cl6PdII

2(NH3)6(L3)2]0.5[PdII
2(-

OH2)(NH3)6)]0.5{NiII
4[CuII

2(Me3mpba)2]3} · 37H2O (4). Well–
shaped deep green prisms of 4, were obtained by immersing 
crystals of 1 (ca. 36 mg, 0.010 mmol) in hot (50 ºC) 
acetonitrile solutions of L3 (5 mL, 10 mM) for one week. 
After washing the crystals with additional acetonitrile (5 x 
10 mL), they were immersed in a fresh H2O/CH3OH (1:1) 
solution. The solution was exchanged every three hours five 
times. Then, the crystals were treated in a H2O/CH3OH (1:1) 
solution of AuCl3 (3.0 mg, 0.010 mmol) for 12 hours. The 
process was repeated five more times to ensure that the 
maximum loading of possible gold atoms was achieved. This 
was monitored by ICP-MS and SEM/EDX. The gold-
metallated crystals had the same size and shape as those of 
the starting SCC@MOF, ruling out a possible dissolution-
recrystallization mechanism for this system and strongly 
suggesting a solid-state process in the formation of the 
heterobimetallic SCC@MOF. The crystals were washed with 
a H2O/CH3OH (1:1) solution (5 x 10 mL), isolated by 
filtration on paper and air–dried. Alternatively, large scale 
syntheses of 4, were also carried out by using the same 
consecutive step-by-step synthetic procedure but with 
stirring and with greater amounts of precursors, a powder 

sample of compound 1 (2 g, 0.55 mmol), L3 (50 mL, 55 mM) 
and AuCl3 (0.17 g, 0.55 mmol) with the same successful 
results. The metalation of the preformed SCC@MOF was 
repeated five times. This was monitored by ICP-MS and 
SEM/EDX. Finally, the product was collected by filtration, 
washed with a H2O/CH3OH (1:1) solution and air–dried. 
Elemental analysis [% calcd., % found for 
Cu6Ni4Pd2Au2C101H174N20O77.5 (4269.8)]: C, 28.39; H, 4.08; S, 
0.75; N, 6.56%. Found: C, 28.85; H, 4.33; S, 0.90; N, 6.80%. 
IR (KBr): ν = 1603 cm–1 (C=O).

Single crystal X-ray diffraction. Diffraction data for 2 and 
4 were collected using synchrotron radiation at I19 
beamline of the Diamond Light Source at  = 0.6889 Å, 
whereas for 3 on a Bruker-Nonius X8APEXII CCD area 
detector diffractometer using graphite-monochromated 
Mo-Kα radiation ( = 0.71073 Å). Crystal data for 2–4: 
tetragonal, space group P4/mmm, T = 30(2) for 2 and 4 and 
90(2) K for 3, Z = 4. 2: C84H163Cu6N16Ni4O81Pd2 , a = 
35.7158(2) Å, c = 15.14950(10) Å, V = 19325.0(3) Å3; 3: 
C80.75H139.75Cu6N15.25Ni4O70.75Pd2, a = 35.258(10) Å, c = 
15.119(4) Å, V = 18795(12) Å3; 4: 
C101H174Cu6N20Ni4O77.5SPd2Au2Cl3, a = 35.725(2) Å, c = 
15.2666(8) Å, V = 19485(2) Å3. Further details can be found 
in the Supplementary Information. 

CCDC 1892911, 1892912 and 1892914 for 2, 3 and 4, 
respectively contain the supplementary crystallographic 
data for this paper. These data can be obtained free of 
charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or 
from the Cambridge Crystallographic Data Centre, 12 Union 
Road, Cambridge CB21EZ, UK; fax: (+44)1223-336-033; or 
deposit@ccdc.cam.ac.uk).

1H and 13C NMR Spectroscopy, Magic Angle Spinning Solid 
13C NMR Spectroscopy, Diffuse-reflectance UV-Vis, Infrared 
Spectroscopy, Microscopy measurements, X–ray Powder 
Diffraction Measurements, X–ray photoelectron 
spectroscopy (XPS) measurements and Electrochemical 
Measurements. A detailed description of all the different 
characterization techniques used is given in the 
Supplementary Information.

Catalytic Experiments. A detailed description of all the 
catalytic experiments is given in the Supplementary 
Information.

ASSOCIATED CONTENT 
Supporting Information Available. Physical techniques. 
Crystallographic refinement and catalytic details. Figures S1–
S42. Tables S1–S8. CCDC reference numbers: CCDC–1892911, 
1892912 and 1892914. This material is available free of charge 
via the Internet at http://pubs.acs.org. 
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