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Abstract: The discrete cavity of a self-assembled palladium–
tris(4-pyridyl)triazine cage dictates the ratio of metal, ligand,
and a non-coordinative molecule in the formation of silver(I)–
dialkyl chalcogenide (Et, nBu; S, Se) complexes and defines
their coordination arrangement.

The coordination number and geometry of a metal ion are
fundamental concerns in transition-metal chemistry and these
factors are usually controlled by changing the structure of the
ligands. For example, a sterically bulky ligand offers an active
metal site with a low coordination number,[1] and a multi-
dentate ligand restricts the coordination geometry, which
affects the metal activity.[2] Recent development of self-
assembled host cages[3] has made it possible to control the
reactivity and stability of various transition metal complex-
es[3f–j, 4] inside host cavities, but in all cases the accommodated
metal complexes are synthesized prior to inclusion within the
cavity. Herein, we show that the confined cavity of cage
1 (Scheme 1) can control the coordination of organic ligands
to an AgI ion, which can, in general, adopt a variety of
coordination numbers and geometries.[5] The number of
organic ligands (dialkyl chalcogenides in this study) and the
coordination geometry of the complexes formed in situ are
clearly defined by the cavity size and shape, which enables us
to generate otherwise unobtainable AgI complexes. Coex-
istence of a non-coordinative molecule in the cavity decreases
the number of organic ligands coordinated to the AgI ion.

Upon addition of dibutyl selenide (2a ; 33.0 mmol, 3 equiv)
to a D2O solution of cage 1 (5 mm, 2.20 mL, 1 equiv), the
colorless solution turned yellow (Figure 1a). The solution was
stirred at room temperature for 10 min, and the excess
selenide 2a was removed by filtration. Based on integral
ratios, 1H NMR spectroscopy revealed the formation of
inclusion complex 1·(2a)2 in 78 % yield (Figure 1 b,c). The
signals of the alkyl chains of 2a were shifted upfield (Dd =

�1.98 ppm for Ha). UV/Vis spectroscopy displayed a new
absorption (lmax� 420 nm), which was presumably derived
from charge transfer (CT) from the electron rich selenium
atom of 2a to the electron-deficient triazine ligands of cage

1 (Supporting Information, Figure S8).[6] Furthermore, 77Se
NMR spectroscopy showed a large upfield shift (Dd =

�19.3 ppm, Figure 1e,f), which was mainly due to the
chalcogen–p interactions.[7] One equivalent of silver(I) nitrate
was then added to the yellow solution,[8] and the solution
immediately reverted to its colorless state (Figure 1 a).

After 5 min, the 1H NMR spectrum showed that the
signals of the alkyl chains of 2a were broadened and shifted
downfield, which indicated that the selenide atom was
coordinated to the silver(I) center (Figure 1d). The integral
ratio of selenide 2a to cage 1 remained unchanged, and these
combined results strongly suggested the formation of ternary
complex 1·[AgI·(2a)2]. Selenide coordination was also sup-
ported by the upfield-shifted signal in the 77Se NMR spectrum
(Figure 1g),[5f–h] and the disappearance of the CT absorption
band (Supporting Information, Figure S8). When an addi-
tional selenide ligand 2a was introduced into the solution of
1·[AgI·(2a)2] , the number of ligand 2a coordinated to the
silver center did not increase. This was confirmed by NMR
spectroscopy (Supporting Information, Figure S7), and is
presumably due to the fact that further coordination was
restricted by the volume limitation of the cage.

The 1·[AgI·(2a)2] host–guest structure and the coordina-
tion geometry of the AgI complex were confirmed by X-ray
crystallographic analysis. A single crystal suitable for analysis

Scheme 1. Representation of metal complexation in the cavity of self-
assembled cage 1. Silver(I) ions and dialkyl chalcogenide ligands 2
were employed in this study.
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was obtained by slow evaporation of water from the aqueous
solution (15 mm) at 15 8C over 15 days. In the crystal
structure, two disordered AgI·(2a)2 complexes were observed
inside the highly symmetrical cage: one was associated with
NO3

� (70 % occupancy; Figure 2a) and the other with OH� or
H2O (30 % occupancy; Figure 2b).[9] In both cases, the silver
atom was located at the center of cage 1 and all of the alkyl
chains of selenide ligand 2a passed through the cage portals.
As shown in Figure 2a, the nitrate anion coordinates to AgI in
a h2-fashion and holds the whole silver complex inside the
cage.

Despite their lower affinity for AgI,[5f, 10] sulfide ligands
also formed the corresponding silver(I)–bis(dialkyl sulfide)
complexes in the cage using the same procedure. When
dibutyl sulfide 2b was employed, inclusion complex 1·[AgI·-
(2b)2] was obtained quantitatively (Figure 3a), as observed
when dibutyl selenide 2a was used. As the size of the complex
is limited by the cavity volume, a less bulky sulfide ligand was
necessary to increase the number of sulfide ligands coordi-
nated to the silver(I) ion: four molecules of diethyl sulfide 2c
were included in cage 1 to give 1:4 complex [AgI·(2c)4]
(Figure 3b).

More interestingly, co-enclathration of an inert guest that
reduced the effective cavity volume resulted in lower
numbers of coordinated organic ligands, and a 1:1 silver(I)–
sulfide complex with one coordinated sulfide could even be
obtained. Sulfide 2 b (1 equiv) and a linear guest, 1,3-diyne 3
(8 equiv), were added to an aqueous solution of cage 1 (Fig-
ure 4a). After stirring for 2 h at room temperature, the excess
guests were removed by filtration, and the formation of
ternary complex 1·(2b·3) in 73% yield was confirmed by

1H NMR spectroscopy, which showed the upfield shift of 2b
and 3 (Figure 4c). The pairwise encapsulation of 2b and 3 was
also confirmed by a NOESY experiment, in which NOE
correlations between the n-butyl moiety of 2b and the tert-
butyl moiety of 3 were clearly observed (Supporting Infor-
mation, Figure S14). One equivalent of silver(I) nitrate was
then added to this solution. In the 1H NMR spectrum, the
signals of the alkyl chains of 2b were shifted downfield and
broadened; this again shows the sulfide coordination to the
AgI center (Figure 4d). In contrast, the signal of the tert-butyl
groups of 3 was not shifted. 13C NMR spectroscopy revealed
that the signals of the diyne part of 3 did not change after
addition of silver, which indicates that there was no coordi-
nation of 3 to the AgI center. Thus, the inclusion complex

Figure 1. a) Encapsulation of dialkyl selenide 2a within self-assembled
cage 1 and subsequent incorporation of a silver(I) ion. Photographs of
the sample solution before and after addition of silver(I) are shown as
insets. 1H NMR spectra (500 MHz, 300 K) of b) dialkyl selenide 2a in
CDCl3, c) inclusion complex 1·(2a)2 in D2O, and d) ternary complex
1·[AgI·(2a)2] in D2O. 77Se NMR spectra (95 MHz, 300 K) of e) 2a in
CDCl3, f) 1·(2a)2 in D2O, and g) 1·[AgI·(2a)2] in D2O.

Figure 2. X-ray structures of the encapsulated Ag–Se complex 1·[AgX·-
(2a)2]. Two disordered structures of guest complex [AgX·(2a)2] were
observed within host cage 1: a) X = NO3 (70% occupancy) and
b) X = OH or H2O (30% occupancy). Hydrogen atoms have been
omitted for clarity.

Figure 3. Silver–dialkyl sulfide complexes within cage 1: a) 1·[AgI·-
(2b)2] , b) 1·[AgI·(2c)4] .
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formed is described as 1·[(AgI·2b)·3], in which 1:1 complex
AgI·2b and inert guest 3 are coenclathrated inside cage
1 (Supporting Information, Figure S17).

In summary, we have controlled the coordination of
organic ligands for AgI complexation with dialkyl chalcoge-
nide ligands through inclusion in the cavity of a self-assem-
bled cage. Despite the fact that the coordination pattern of
AgI is variable, the number of dialkyl chalcogenide coordi-
nated was precisely restricted by the rigid architecture of the
host cage. Ligand fluctuations are not observed in any of the
examples, which suggests that the silver(I)–chalcogenide
complexes that form in the cavity are stabilized. The cavity-
directed control of the number and geometry of coordinated
molecules and the close proximity of a metal and an inert
molecule are reminiscent of events that occur in enzyme
pockets. Further development of enzymatic reactions in the
proximity of a low-valent metal and a substrate in the
synthetic cavity is one of our next goals in this work.

Experimental Section
Stepwise preparation of ternary complex 1·[AgI·(2a)2]: Dibutyl
selenide 2a (5.82 mL, 33.0 mmol, 3 equiv) was added to a solution of
cage 1 (5 mm, 2.20 mL, 11.0 mmol, 1 equiv) in D2O in a screw tube.
The mixture was shaken with a vortex mixer for several seconds and
stirred at room temperature for 10 min to give selenide-inclusion
complex 1·(2a)2. The excess guest 2a was removed by filtering the
emulsion. 1H NMR spectroscopy showed the formation of selenide
inclusion complex 1·(2a)2 in 78% yield (Supporting Information,
Figure S3). A D2O solution of silver(I) nitrate (0.1 gmL�1, 4.17 mL,
2.45 mmol, 1 equiv) was added to the D2O solution of selenide
inclusion complex 1·(2a)2 (5 mm, 78% inclusion, 0.630 mL, 2.46 mmol,
1 equiv) in a screw tube. The mixture was shaken with a vortex mixer
for several seconds and stirred at room temperature for 5 min.

1H NMR spectroscopy showed the formation of ternary complex
1·[AgI·(2a)2] in quantitative yield.

Crystal data of 1·[AgI·(2a)2]: Space group I41/a, T= 90(2) K, a =

b = 26.216(7), c = 31.195(9) �, a = b = g = 908, V= 21439(10) �3, Z =
4, 1calcd = 1.389 Mgm�3, F(000) = 9077, reflections collected/unique
248794/12287 (Rint = 0.0310). The structure was solved by direct
methods (SHELXS-97) and refined by fill-matrix least-squares
methods (SHELXL-97) on F2 with 784 parameters. R1 = 0.0584 (I>
2s(I)), wR2 = 0.1760, GOF 1.096. CCDC 987499 contains the supple-
mentary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.
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