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Self-assembled nanospheres with multiple

endohedral binding sites pre-organize catalysts

and substrates for highly efficient reactions
Qi-Qiang Wang1†, Sergio Gonell1, Stefan H. A. M. Leenders1, Maximilian Dürr2,

Ivana Ivanović-Burmazović2 and Joost N. H. Reek1*

Tuning reagent and catalyst concentrations is crucial in the development of efficient catalytic transformations. In enzyme-
catalysed reactions the substrate is bound—often by multiple non-covalent interactions—in a well-defined pocket close to
the active site of the enzyme; this pre-organization facilitates highly efficient transformations. Here we report an artificial
system that co-encapsulates multiple catalysts and substrates within the confined space defined by an M12L24 nanosphere
that contains 24 endohedral guanidinium-binding sites. Cooperative binding means that sulfonate guests are bound much
more strongly than carboxylates. This difference has been used to fix gold-based catalysts firmly, with the remaining
binding sites left to pre-organize substrates. This strategy was applied to a Au(I)-catalysed cyclization of acetylenic acid
to enol lactone in which the pre-organization resulted in much higher reaction rates. We also found that the encapsulated
sulfonate-containing Au(I) catalysts did not convert neutral (acid) substrates, and so could have potential in the
development of substrate-selective catalysis and base-triggered on/off switching of catalysis.

I
n the past decades tremendous progress in the area of supramole-
cular chemistry has stimulated the field of catalysis to implement
supramolecular strategies and has led to the emergence of the field

of supramolecular catalysis1–3. The use of non-covalent interactions
to generate bidentate ligands from ligand building blocks is now well
established4,5, and more recently it has been demonstrated that
interactions between the substrate and the functional groups of
the catalyst can lead to enhanced catalytic activity and unprece-
dented selectivity by way of substrate pre-organization at the
metal centre6. In parallel, catalysis in confined spaces has been
developed; by placing catalysts in cages, a well-defined second
coordination sphere around a catalyst is generated that facilitates
new ways to control the properties of the catalysts. For this
purpose, various cavity-containing supramolecular scaffolds,
which include covalent macrocycle/cage compounds7–9 and metal
self-assembled or hydrogen-bonding assembled capsules9–17, have
been explored for a number of catalytic transformations. The intro-
duction of catalysts (catalytic sites) in molecular cages usually pro-
ceeds either via covalent attachment of the catalyst or via direct
encapsulation using, for example, hydrophobic effects7–17. The
covalent attachment is generally associated with long synthetic pro-
tocols. Whereas direct encapsulation seems synthetically more con-
venient, it is rather challenging to find the appropriate capsule that
both accommodates the catalyst precursor, and all its intermediate
states, and allows co-encapsulation of the substrate. The best of
both worlds may be a molecular capsule that is functionalized
with binding motifs that can accommodate catalysts that have
complementary binding units. This approach could be viable for
both small capsules that bind one catalyst and larger spheres that
can accommodate multiple catalysts. Along these lines, we herein
report self-assembled M12L24 nanospheres18–21 with multiple (24)

endohedral guanidinium groups that function as hydrogen-bond
motifs, that can strongly bind sulfonate groups and that weakly
bind carboxylates. This difference in binding behaviour allows the
selective encapsulation of sulfonate-containing gold catalysts and,
at the same time, carboxylate-functionalized substrates are pre-orga-
nized in close proximity to these catalysts by weaker binding in the
same sphere. This pre-organization effect leads to dramatically
enhanced reaction rates in the cyclization reaction of acetylenic
acid into enol lactone. As the neutral substrates (in the absence
of a base) have no affinity for the sphere, it is a simple matter
to switch the catalyst activity on/off by a base-induced
gating mechanism.

Results and discussion
The group of Fujita has developed a very powerful strategy to gen-
erate Pd12L24 nanospheres based on the self-assembly of 12 Pd2+

ions and 24 bent bialkynylpyridine ligands18–21. The beauty of the
system not only consists in the intriguing three-dimensional large
hollow structure, but also in its facile endohedral or exohedral func-
tionalization by just placing functional groups onto the organic
building blocks. Recently, our group applied this strategy to functio-
nalize the sphere endohedrally with up to 24 gold complexes
([R3PAuCl] (R = aryl)). The estimated local gold concentration
was above 1 M, and this high local concentration resulted in the acti-
vation of otherwise inactive gold chloride complexes in the hydro-
alkoxylation of allenol and cycloisomerization of 1,6-enyne
reactions22. To facilitate the non-covalent anchoring of the catalysts,
we set out to functionalize the organic building blocks with guani-
dinium-binding motifs as they can form complexes via hydrogen
bonding with carboxylates and sulfonates23,24. The high local
concentration of guanidinium could lead to the formation of
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hydrogen-bonded networks with a sulfonated guest and, as such,
could also lead to an increased binding affinity25–27.

The guanidinium-containing building block L(OTf) (1) (OTf,
OSO2CF3) was readily synthesized from 2,6-dibromophenol
through five synthetic steps with a moderate-to-excellent yield for
each step (for the synthesis and a full characterization, see the
Supplementary Information). The crystal structure of 1 showed
that the guanidinium group forms two hydrogen bonds with the
weakly coordinated counterion OTf− (N–Hh···O = 2.851, 3.020 Å
(see Supplementary Fig. 12)). When building block 1 (2 equiv.)
was stirred in CD3CN at 50 °C in the presence of 1 equiv.
Pd(CH3CN)4(OTf)2 , the desired single Pd12L24 species (2) was
formed overnight as indicated by the one clear set of
proton signals in the 1H NMR spectra with the characteristic down-
field shifts for the pyridine protons (Ha and Hb) (Fig. 1b). The gua-
nidinium proton signals (Hg and Hh) also shifted downfield, which
may indicate the formation of hydrogen bonds as a consequence of
the high local concentration. Importantly, the diffusion-ordered
spectroscopy (DOSY) NMR spectra show a clear single band at
log D = −9.6 m2 s–1, which is consistent with Fujita’s18–21 and our
previous measurements22 on the Pd12L24 nanosphere (see

Supplementary Fig. 17). Cold-spray ionization mass spectroscopy
(CSI-MS) also clearly confirmed the presence of Pd12L24 spheres
with a molecular weight of 17,592 Da, as is evident from the promi-
nent peaks at [M – x(OTf)]x+ (x = 6–11 (Fig. 1c)). The high resol-
ution of the MS spectra allowed the determination of the elemental
composition, which was found to be in line with the simulated
spectra of the sphere. The sphere shell already bears 24 positive
charges (from Pd2+), which together with the 24 positive charges
from the guanidinium groups at the inside of the sphere make a
total charge of 48+ (and 48 triflate counter anions). This demon-
strates that, despite the high local charge, there is still a strong
driving force to form this M12L24 assembly.

When a CD3CN solution of building block 1 (2 equiv.) was
stirred in the presence of 1 equiv. Pt(CH3CN)4(OTf)2 at 60 °C,
the Pt12L24 species (3) formed overnight, as indicated by the 1H
NMR spectra, which show very similar proton chemical shifts to
those for the Pd12L24 sphere. In line with previous reports, the
signals in the 1H NMR spectra are much broader compared with
those of the palladium-based spheres because of the restricted tum-
bling rotation of Pt–pyridine bonds, as suggested by Fujita et al.28.
Again, the DOSY NMR spectra show one clear single band at log
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Figure 1 | Synthesis and characterization of the M12L24 spheres that bear endohedral guanidinium-binding sites. a, Molecular structure of building block 1

and the assembly of spheres 2 and 3. b, 1H NMR spectra (298 K, CD3CN) of building block 1 and spheres 2 and 3. c, CSI-MS of sphere 2 with assignment of

the observed species. d, PM3-Spartan-modelled Pd12L24 sphere with the guanidinium groups shown in space-filling mode. e, Plausible binding mode for the

guanidinium to carboxylate (top) and the cooperative binding mode of two guanidinium sites to one sulfonate guest (bottom).
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D = −9.6 m2 s–1, identical to that observed for the Pd12L24 sphere
(see Supplementary Fig. 18), which indicates that the Pt and Pd
spheres (3 and 2) have the same size. Interestingly, the Pt spheres
are larger than those reported by Fujita (Pt12L24 versus Pt6L12),
probably because other building blocks were used28.

With the Pd and Pt spheres (2 and 3, respectively) that have gua-
nidinium functional groups inside now available, we next evaluated
their binding properties with respect to anionic carboxylate and sul-
fonate guests (as tetra(n-butyl)ammonium (TBA+) salts (see the
Supplementary Information)). The 1:1 complex formation of ben-
zoate and p-toluenesulfonate with the parent building block 1 was
established by NMR titrations, and association constants of 1,850 and
330 M−1, respectively, were found (see the Supplementary
Information). A NMR titration of the Pd sphere 2 with benzoate
indicated that the sphere disassembled under these conditions.
The stable Pt sphere 3 showed partial encapsulation of the benzoate
guests, which suggests that the binding in the sphere is of the same
magnitude as that for the free building block 1 (∼80% encapsulation
with 12 equiv. benzoate (see Supplementary Fig. 50)). Both the Pd-
and Pt-based spheres are stable in the presence of p-toluenesulfo-
nate and fully bind 24 sulfonate guests under the same conditions,
as indicated by the DOSY NMR spectra, which show that the guest
signals are in line with the sphere band (see Supplementary Figs 38
and 51). Also, in the 1H NMR spectra significant downfield shifts
induced by hydrogen bonding were observed for the guanidinium
protons Hg and Hh, whereas the other proton signals on the
sphere remained approximately the same. The p-toluenesulfonate
signals also shifted upfield and broadened, which indicates a

significant change of the local environment (see Supplementary
Figs 37 and 51). When an excess of p-toluenesulfonate guests was
added, the sphere signals gradually disappeared and precipitation
was observed (precipitation was previously reported to be a result
of vesicle-like assembly formation29). Importantly, at 10 mM concen-
trations of guanidinium and p-toluenesulfonate all the guests are
bound, which suggests that the guest is bound much more strongly
within the sphere than to the reference ligand 1. This was further
demonstrated in a competitive binding experiment from which the
binding to the sphere could be estimated as >105 M−1, which is much
higher than that observed for the binding to building block 1 (see the
Supplementary Information). The strong binding of sulfonate-contain-
ing guest molecules in the guanidinium-functionalized sphere is most
probably based on multitopic binding, that is, the binding of the sulfo-
nate group by two (or more) adjacent guanidinium-binding sites (see
Fig. 1e). Such a binding geometry was previously noted in guanidi-
nium–sulfonate hydrogen-bonding networks, also observed in the
solid state25–27. Indeed, Pd12L24 spheres with 24 quaternary ammonium
groups that cannot form such multitopic binding geometry show only
weak binding of the monosulfonate guests30.

This difference in binding strength between the p-toluenesulfonate
and the benzoate provides interesting opportunities, as we can now func-
tionalize the catalyst with the strong binding unit and the substrate with
the weaker binding unit. Along these lines we evaluated the binding of
gold complex TPPMSAuCl (TPPMS = triphenylphosphinomonosul-
fonate), and found that this complex was also fully encapsulated
until precipitation was observed, as confirmed by NMR and
DOSY (see Supplementary Figs 41–42 and 52) (for some examples
of encapsulation of a metal complex within self-assembled M2L4
nanocapsules, see Desmarets et al.31,32). The CSI-MS spectra of
sphere 2 mixed with various amounts (6, 12, 18 and 24 equiv.) of
TPPMSAuCl clearly showed a series of peaks that corresponded
to [M − x(OTf) + y(TPPMSAuCl)]x−y. Importantly, the numbers
of associated guests (y) correlated with the amounts of the guest
added (for 6 equiv., y = 0–5; for 12 equiv., y = 5–14; for 18 equiv.,
y = 13–21; for 24 equiv., y = 17–25) (Supplementary Figs 43–49
and Supplementary Tables 3–6). This shows that the binding of
the gold complex TPPMSAuCl is sufficiently strong to identify
the supramolecular structures by MS.

Having established that the gold complex TPPMSAuCl is strongly
bound at the inside of the spheres and that carboxylate-functionalized

Table 1 | Cyclization of acetylenic acid 4 to give enol lactone 5.

OTf

COOH

O
OConditions

CD3CN, r.t., 1 d

4
5

Used in control and comparison experiments

P Au+

SO3

TBA

P Au NH

NH2H2N

Encapsulated catalyst

TPPMS TPPAu+TPPMSAu+
BuGd

P

SO3

TBA

Entry Conditions Conversion* TOFini (h
−1)†

1 TPPMSAu+ 44% 0.45

2 TPPMSAu+ + sphere 17% 0.14

3 TPPMSAu+ + sphere + NEt3 >95% 5.75

4 TPPMSAu+ + NEt3 19% 0.19

5 Sphere – –

6 Sphere + NEt3 2% n.d.

7 TPPMS + sphere – –

8 TPPMS + sphere + NEt3 – –

9 TPPAu+ 13% 0.11

10 TPPAu+ + sphere 45% 0.33

11 TPPAu+ + sphere + NEt3 49% 0.66

12 TPPAu+ +NEt3 17% 0.17

13 TPPMSAu+ + BuGd 25% 0.25

14 TPPMSAu+ + BuGd + NEt3 36% 0.75

All the reactions were carried out in CD3CN at room temperature (r.t.) for one day. Reagent

concentrations (if applicable): [4] = 10 mM, [Au+] = 0.5 mM, [NEt3] = 0.5 mM, [sphere 3] =

3/24 (= 0.125) mM (3 mM building block), [BuGd] = 3 mM, [TPPMS] = 0.5 mM. The cationic

Au+ was generated in situ by adding equal equivalents of AgOTf. *The conversion was calculated

based on 1H NMR integration by using 1,3,5-trimethoxybenzene as an internal standard (error

5%). †TOFini was calculated at 15% conversion (error 5%). For full experimental details see the

Supplementary Information. n.d., not determined.
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substrates can be pre-organized in the proximity of the gold complex
by weaker binding to the same binding sites, this system was applied
in the Au+-catalysed cyclization reaction of acetylenic acid to give enol
lactone33–35 (Table 1) (for some examples of Au+-based catalysis
through encapsulation by a cage or capsule, see Cavarzan et al.36,
Wang et al.37, Hart-Cooper et al.38 and Wang et al.39). Pt sphere 3

was used for this purpose because of its higher stability compared
with that of the Pd sphere, and in none of the catalysis experiments
was degradation of the sphere observed. Cationic Au+ catalysts were
generated in situ by adding AgOTf to a solution of TPPMSAuCl,
and the resulting species were also encapsulated within the sphere,
as indicated by DOSY (see Supplementary Fig. 53). In a typical reac-
tion using the sphere as template, 4 equiv. of Au+ per sphere were
present to leave sufficient guanidinium sites for substrate pre-organ-
ization in the remaining 20 binding sites. The conversion and the
turnover frequency (TOF) (measured at 15% conversion) of all reac-
tions, including the control experiments, are displayed in Table 1 and
the reaction profiles of the key experiments are displayed in Fig. 2. The
selectivity is not listed in Table 1 as in all reactions only the 5-exo
product 5 was formed.

Catalytic reactions were performed under several conditions, in the
presence or absence of the sphere and in the presence or absence of
catalytic amounts of the base. The free catalyst showed a moderate

catalytic activity for this reaction (44% conversion, TOFini = 0.45 h−1

(Table 1, entry 1)). When the same catalyst was inside sphere 3,
however, the reaction was three times slower (Table 1, entry 2).
Also, if the reaction was carried out in the presence of catalytic
amounts of base (NEt3) it was three times slower (Table 1, entry 4).
In contrast, when a catalytic amount of base (NEt3) was present and
the catalyst was in the sphere, a dramatic increase of the activity was
observed (>95% conversion, TOFini = 5.75 (Table 1, entry 3)).
Under these conditions, the catalyst is inside the sphere and deproto-
nated substrates are bound to the free guanidine sites. In the absence of
base, the substrates are in acidic form, and as such have no affinity for
guanidine. Indeed, separate 1HNMR and DOSY experiments showed
that neutral guests were not bound in the sphere (see Supplementary
Fig. 55). The base-triggered (NEt3) encapsulation of substrate 4within
the sphere was further demonstrated by 1H NMR and DOSY (see
Supplementary Fig. 56).

A series of control experiments was performed to confirm further
the template effect of the sphere on this reaction. In the absence of
the Au+ catalysts but in the presence of the sphere no conversion was
observed, even in the presence of base and/or the TPPMS ligand
(Table 1, entries 5–8). This confirms that, as expected, the catalytic
active species is the Au catalyst. Control experiments in which
TPPAu+, a complex that is not bound in the sphere (as demonstrated
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by DOSY (see Supplementary Fig. 54)), was used as the catalyst gave
a conversion that was only slightly affected by the presence of the
sphere or base (entries 9–12). Furthermore, the monomeric
TPPMSAu+ catalyst was applied in combination with a single gua-
nidinium-binding site, BuGd, which also only affects the reaction
to a small extent (entries 13 and 14).

To understand further the effect of substrate pre-organization,
additional experiments were designed. The mechanism of a
related gold-catalysed cyclization has been studied previously and
it was demonstrated that it consists of reversible substrate activation
followed by a rate-determining protodeauration40. The rate accelera-
tion could therefore be a result of substrate pre-organization (to shift
the pre-equilibrium) or the high local concentration of the acidic
guanidinium sites that may promote protodeauration41. The first
experiment that indicated the direction of the substrate pre-organ-
ization effect is a classic competition experiment in which strongly
binding guests are added that compete for the binding site with the
substrate. For this purpose we used the strongly binding p-toluene-
sulfonate guest (p-TolSO3TBA, vide supra). As is clear from the
results displayed in Table 2, the rate decreases with increasing con-
centration of p-toluenesulfonate (Table 2, entries 1–5). When the
guanidinium sites are all occupied by the sulfonate-containing cat-
alysts and p-toluenesulfonate guests (Table 2, entry 5), there is no
remaining cage-acceleration effect (Table 2, entry 5 versus entry 7).
As the proton concentration is the same, this result clearly supports
the substrate pre-organization effect.

In a second, complementary experiment, we studied the gold-
catalysed cyclization of N-acyl propargylamines, for which a
similar protodeauration as the rate-determining step42 was reported.
These substrates, however, do not have a carboxylate function that
leads to pre-organization via the binding sites in the sphere, and if
rate acceleration is observed for these substrates this would be
caused by local proton-concentration effects. From a series of exper-
iments with the N-acetyl and N-benzoyl propargylamine substrates,
it is clear that the presence of the sphere has a negligible effect on the
cyclization reaction (see Supplementary Table 8). This demonstrates
that the acidic guanidinium sites around the catalyst do not acceler-
ate the protodeauration step for these reactions, which again implies
that the acceleration we observed for the alkyne acid substrate can be
ascribed to the pre-organization of the substrate by binding to the
guanidinium sites in the sphere.

These experiments together show that we can bind our sulfo-
nate-containing catalyst in the sphere, and pre-organize the

carboxylate-functionalized substrates nearby, which overall leads to
a tenfold increase in the reaction rate. In the absence of base, there
is no driving force for the neutral substrate molecules to enter the
sphere, and as such the catalysts are rather shielded, which leads to
low reaction rates. By adding catalytic amounts of base (4 equiv. per
sphere), the deprotonated substrates enter the sphere to bind to the
guanidinium sites. The product that forms is neutral, and as such
has no affinity for the binding site, which prevents product-inhibition
effects by competitive binding in the sphere. As there is no thermo-
dynamic driving force for neutral guests to enter, the current supramo-
lecular system provides a tool to control the access of the substrate to
the catalyst sites, which implies gating (Fig. 3). An assembly system
that brings 24 guanidinium sites together allowsmultiple guanidinium
sites to participate cooperatively in the pre-organization of the sub-
strate and catalyst; for example, two (or more) adjacent guanidinium
sites hold one sulfonate catalyst and another neighbour guanidinium
site pre-organizes the carboxylate substrate around it (Fig. 3).

The difference in affinity for anionic and neutral guests provides
the opportunity to use these systems for substrate-selective catalysis43.
To demonstrate this principle, we used the sphere-enclosed gold
catalyst to convert, in a competition experiment, an equal molar
mixture of acetylenic acid substrate 4 and allenol substrate 6

(Table 3). Under these conditions only substrate 4 was converted
with a high conversion (81%, Table 3, entry 3), whereas in the
absence of the sphere both substrates were converted to a similar
extent (Table 3, entry 1). Combining the active catalyst with solely
the sphere or base resulted in only a low conversion of substrate 4
(Table 3, entries 2 and 4).

Conclusions
In conclusion, M12L24 spheres functionalized with 24-fold endohe-
dral guanidinium-binding motifs were prepared. The multiple gua-
nidinium sites in a confined space resulted in a strong binding of
sulfonate guests (>105M−1) as the high local concentration facili-
tates cooperative binding. Carboxylate guests still bind in a 1:1
ratio and, as such, the binding is much weaker (by 103M−1). This
difference makes these nanospheres perfect vehicles for substrate/
catalyst pre-organization: four sulfonate-containing TPPMSAu+

catalysts were strongly bound within the sphere and acetylenic
carboxylate substrates were pre-organized by adjacent guanidinium
sites for an efficient cyclization to give the enol lactone. The neutral
analogue of the substrate, acetylenic acid, has no driving force to

Table2 | Effect of competitive p-toluenesulfonate binder
on cyclization.

Entry Conditions Conversion* TOFini (h
−1)†

1 TPPMSAu+ + sphere + NEt3 >95% 5.75

2 TPPMSAu+ + sphere + NEt3 +

TolSO3
− (5 equiv.)†

52% 2.42

3 TPPMSAu+ + sphere + NEt3 +

TolSO3
− (10 equiv.)†

33% 0.49

4 TPPMSAu+ + sphere + NEt3 +

TolSO3
− (15 equiv.)†

23% 0.20

5 TPPMSAu+ + sphere + NEt3 +

TolSO3
− (20 equiv.)†

19% 0.21

6 TPPMSAu+ + sphere + TolSO3
−

(20 equiv.)†
13% 0.13

7 TPPMSAu+ +NEt3 + TolSO3
−

(20 equiv.)†
22% 0.18

The effect of competitive p-toluenesulfonate binder on the cyclization of acetylenic acid 4 to give

enol lactone 5. Standard reaction conditions and procedures as in Table 1 were applied and all the

conversions were reported after one day at r.t. Reagent concentrations (if applicable): [4] = 10 mM,

[TPPMSAu+] = 0.5 mM (4 equiv. per sphere), [NEt3] = 0.5 mM, [sphere 3] = 0.125 mM.

*The error (s.d.) in the determination of the conversion and TOFini is estimated to be 5% (s.d.).
†[TolSO3

−] (as TBA+ salt) = 0.625, 1.25, 1.88, 2.5, 2.5 and 2.5 mM for entries 2–7, respectively;

the number in brackets indicates the equivalents of TolSO3
− per sphere.

Table 3 | Substrate-selective catalysis using the sphere
system.

Conditions

CD3CN, r.t., 1 d

COOH
O

O

4

5

+

OH

PhPh

6

7

+

O

Ph

Ph

Other 
products

Entry Conditions Conversion*

4 6

1 TPPMSAu+ 57% 50%†

2 TPPMSAu+ + sphere 20% Trace

3 TPPMSAu+ + sphere + NEt3 81% –

4 TPPMSAu+ + NEt3 17% –

Standard reaction conditions and procedures as in Table 1 were applied, except that an equal molar

mixture of 4 (10 mM) and 6 (10 mM) was used. Other reagent concentrations (if applicable):

[TPPMSAu+] = 0.5 mM, [NEt3] = 0.5 mM, [sphere 3] = 0.125 mM. *All conversions were measured

after one day for a clear comparison (error 5%), although the reactions still proceeded. †7 and

other unidentified products were formed.
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enter, and as such is slowly converted by the sphere-encapsulated
catalysts. Base-triggered co-encapsulation of the substrates within
the sphere increases the rate 40-fold. As many catalyst complexes
are utilized with sulfonate groups, generally to make them water
soluble, we believe that this may be a general strategy that is appli-
cable to many different reactions. As well as the pre-organization
effect, the base-controlled access of substrates to the catalysts, facili-
tated by the protecting sphere, is a finding that could be useful in the
development of more-complex catalyst systems.

Received 21 August 2015; accepted 18 November 2015;

published online 11 January 2016
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