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Synthesis of stable polymetalated aromatic
complexes through metal–macrocycle capsuletriggered cyclization†
Xin He, a Yang Xue,a Cui-Cui Li,a Yuechao Wang,b Hong Jiang
and Liang Zhao *a

b

Polymetalated aromatic compounds are of great interest because of their intermediate roles in many
organic transformations. However, they are elusive and synthetically challenging. In this study, a dynamic
coordination capsule constructed by a ﬂexible macrocycle and silver(I) ions is applied to trigger one-step
or cascade cyclization reactions for various alkyne substrates, ﬁnally leading to ﬁve unprecedented
polysilver heteroaromatic intermediates (including indole, quinoline, benzocarbazole and 2,20 -biindole).
The acquired heteroaromatic species is doubly charged, particularly at vicinal positions, and each is
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surrounded by a tetrasilver aggregate. The metal–macrocycle capsule holds a great potential of ﬂexibly
adjusting its conformation to adapt diﬀerent polysilver heteroaromatic species. DFT calculations further

DOI: 10.1039/c7sc04503d

reveal that metal-perturbed aromaticity and multi-centered bonding both contribute to stabilization of

rsc.li/chemical-science

the polysilver heteroaromatic complexes.

Introduction
Inspired by enzymes' remarkable ability to control and manipulate chemical reactions by means of steric connement and
precisely positioned functional groups, in the past decades
chemists have made many attempts to mimic desirable properties of protein catalysts by constructing a conned environment via a molecular container.1 Besides covalently linked
cyclic or cage-like molecules,2 recent preparation of molecular
containers has evolved to more complex and elegant selfassembled architectures relying on the association of easily
accessible modular components via e.g. metal–ligand coordination.3 The container architectures can encage guest molecules within a conned space, dynamically harness multiple
non-covalent interactions in a synergistic manner to stabilize
highly reactive transition states of substrate molecules, and
accelerate otherwise sluggish chemical reactions. A variety of
reactions (e.g. Diels–Alder reaction,4 electrocyclization,5
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photoaddition6 and reductive elimination7) have been performed within metallacage hosts, yielding products with
unusual selectivity and/or enhanced activity. However, yet to
date there are few precedent examples of supramolecular
coordination capsules that exhibit suﬃcient structural exibility to adapt diverse substrates by adjusting cavity size.8 In
addition, structurally well-dened reaction intermediates in the
cavity of supramolecular coordination capsules are rarely
isolated.
On the other hand, polymetalated organometallic
compounds are of great interest to synthetic chemists due to
their promising potential for the synthesis of multi-substituted
aromatic compounds,9 and their special role in the comprehension of reaction mechanisms provides inspiration for
developing new synthetic methodologies.10 However, these
kinds of compounds are challenging synthetic goals because of
the diﬃculty of generating polyanionic species by direct electrophilic metalation or halogen–lithium–metal exchange reactions. Particularly, the 1,2-dimetalated aromatic compounds are
very rare.
We herein attempt to trap polymetalated organometallic
compounds inside supramolecular coordination capsules.
Theoretically, exible supramolecular capsules have good
ability to adapt diverse substrates by adjusting cavity size.
However, the use of exible donor units in coordination selfassembly oen causes a dilemma of yielding a mixture of
multi-component self-assemblies. In this regard, inclusion of
metal–metal interaction in the process of coordination selfassembly to facilitate the formation of a single discrete
capsule structure may provide a solution. Metallophilic
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Scheme 1 Molecular structures of substrates and polysilver-bonded
heteroaromatics formed within a metal–macrocycle capsule.

interaction as a kind of attractive interaction between metal
atoms with closed-shell electronic conguration has been
substantiated theoretically11 and experimentally.12 The wellknown aurophilic and argentophilic interactions have been
extensively observed in a number of polynuclear cluster
compounds.13–15 In addition, Au(I) and Ag(I) as a linear bridging
unit were frequently applied in the construction of coordination
cycles and cages.16,17 In this work, we report the dynamic feature
of a silver(I)-involved coordination capsule that is constructed
by coordination-driven molecular folding of a exible macrocyclic ligand octamethylazacalix[8]pyridine (Py[8]). The dynamic
coordination capsule can trigger a one-step or cascade cyclization transformation for various alkynyl substrates with structural diversity (1a–1e), leading to successful isolation of
unprecedented polysilver intermediates (2a–2e) of four heteroaromatics, including indole, quinoline, 2,20 -biindole, and benzocarbazole (Scheme 1). Single crystal X-ray diﬀraction analysis
reveals that the macrocycle-based capsule structure provides
optimal conned space to stabilize the elusive polymetalated
aromatic intermediates. Computational studies indicate that
metal-perturbed aromaticity and Ag2–C(sp2) multi-centered
bonding both contribute to stabilization of the polysilver heteroaromatic complexes.
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M1) relative to a small Ka2 ((1.90  0.19)  104 M1) in the
three-step metal ion binding process (Fig. S2†). This result
rationalizes the ready formation of the 1 : 3 product Py[8]-Ag3
upon the presence of decient silver(I) ions, and indicates that
Py[8] helps the gathering of silver(I) ions by cooperative coordination eﬀect.19 Furthermore, structural characterization by
variable temperature 1H NMR uncovered a dynamic feature of
the Py[8]-Ag3 coordination capsule. At room temperature 1H
NMR spectrum of Py[8]-Ag3 exhibited two sets of broad signals
corresponding to the pyridyl b- and g-protons of Py[8] (Fig. 1).
Upon lowering the temperature from 293 to 213 K, the signals
turned into a series of sharp peaks, which can be properly
assigned to seven kinds of pyridyl hydrogen atoms as shown in
Py[8]-Ag3 (Scheme 1). These results indicate that at low
temperature the conformation of Py[8]-Ag3 is xed as a rigid
form while at room temperature many possible conformations
dynamically interconvert.
The remarkable dynamic feature of the Py[8]-Ag3 capsule
makes it as a unique exible molecular ask to conduct organic
transformations of diverse substrates. We purposefully selected
several alkynyl substrates as Py[8] has been previously utilized
by us as an outer template to realize controllable synthesis of
silver acetylide clusters.20 In order to guarantee quantitative
construction of Py[8]-Ag3, over three equivalents silver triate
were herein employed to react with Py[8]. Treatment of o-ethynylaniline (1a) with a CH2Cl2/CH3OH (v/v 1 : 1) solution of Py[8]Ag3 and additional silver triate resulted in the occurrence of an
intramolecular cyclization, nally yielding a polymetalated
indole complex 2a by crystallization. 2a represents the rst
structurally well-dened organosilver intermediate for silver(I)involved cyclizations of aminoalkyne derivatives.21 Single-crystal
X-ray diﬀraction showed that the indole ring in 2a is negatively
charged at two vicinal carbon atoms, and the resulting dianionic indole is stabilized by a coplanar Ag4 rectangle (Fig. 2).

Results and discussion
Our recent work has shown that Py[8] can bind three silver
atoms to construct a capsule-shaped crystalline complex [Ag3(Py
[8])(CF3SO3)](CF3SO3)2 (Py[8]-Ag3).18 Interestingly, the metal ion
binding process of Py[8] exhibited a signicant cooperative
coordination eﬀect. 1H NMR monitoring18 and electrospray
ionization mass spectroscopy (ESI-MS) (see Fig. S1 in the ESI†
for details) revealed the formation of Py[8]-Ag3 even under metal
ion decient condition. Fitting of UV-vis titration results gave
a large Ka1 ((1.66  0.17)  105 M1) and Ka3 ((1.58  0.16)  105

1482 | Chem. Sci., 2018, 9, 1481–1487

Fig. 1 Variable temperature 1H NMR spectra of Py[8]-Ag3. 1H NMR
spectrum of Py[8] at room temperature is plotted for comparison.
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Crystal structures of polysilver indole complex 2a and its polymetalated core. Peripheral CF3SO3 anions and solvent molecules
are omitted for clarity. Color coding: Ag, purple (ellipsoids set at 50%
probability); C, gray; H, white; N, blue.
Fig. 2

This argentophilic12d interaction-based tetrasilver rectangle is
composed of two long edges (Ag1–Ag4: 3.093(2) Å, Ag2–Ag3:
3.085(2) Å) and two short ones (Ag1–Ag2: 2.831(2) Å, Ag3–Ag4:
2.831(2) Å). Each anionic carbon center is in an unusual pseudotetrahedral bonding fashion to connect with a short Ag–Ag edge
(Ag–C: 2.06(2)–2.16(2) Å) and the neighboring nitrogen and
carbon atoms. In addition, the planar indole ring is perpendicular to the Ag4 rectangle. Py[8] in 2a adopts a semi-open
bowl-shaped conformation with a large cavity to accommodate the Ag4 aggregate via four-fold Ag–N coordination (2.12(2)–
2.21(2) Å). The bottom of the bowl is sealed by another silver
atom. The Py[8]-Ag3 capsule-triggered cyclization is also applicable for the homolog substrate 1b. The acquired tetrametalated indole complex 2b is isostructural with 2a (Fig. S3†).
Interestingly, when 1a was mixed with 4 equiv. AgCF3SO3 at
room temperature without adding Py[8], the 13C NMR monitoring did not show any signal change for the C^C moiety even
aer ten hours (Fig. S4†). Fourier transform infrared (FT-IR)
spectra of the 1a–AgCF3SO3 mixture exhibited a C^C stretching vibration at 1999 cm1 (Fig. S5†). The downward shi
relative to 1a (v(C^C) ¼ 2096 cm1) is possibly due to the
formation of a polynuclear cluster aggregate C^CAgn.20
We next investigated the transformation of substrate 1c to
study the selectivity of diﬀerent cyclization modes within the
coordination capsule. Previous studies have shown that 1c
preferred a 5-exo-dig cyclization to produce indole derivatives.22
However, reaction of 1c with the Py[8]-Ag3 capsule experienced
a new 6-endo-dig cyclization pathway, nally producing a Ag4bonded quinoline ring in 2c (Fig. 3). The 1c-to-2c transformation should arise from intramolecular nucleophilic attack
of an amino group on a C^C group followed by aromatizationdriven dehydration. The resulting quinoline ring is also doubly
charged and each anionic carbon is bonded to a Ag–Ag edge. Py
[8] adopts a similar bowl-shaped structure with a cavity to
accommodate the quinoline–Ag4 aggregate. It is noteworthy
that the heterocyclic species in 2c is in a quinolinium form. The
composition of this unique structure has been substantiated by
elemental analysis and ESI-MS (Fig. S6†). This quinolinium
species has two resonance structures including the ylidic and
carbene form as shown below, which were only reported in
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Crystal structures of polymetalated aromatic complexes 2c–2e
and Py[8]-encircled silver acetylide cluster complex 2f. All counter
anions CF3SO3 and solvent molecules are omitted for clarity. Color
coding: Ag, purple (ellipsoids set at 50% probability); C, gray; H,
white; N, blue.
Fig. 3

previous ruthenium carbonyl clusters of N-methylquinolin-3-yl2-ylidene.23 Since the Ag–C bond distances for two anionic
carbon atoms in 2c are comparable (2.163(8)–2.218(8) Å), we
suppose that the heterocyclic skeleton in 2c actually takes the
ylidic form.

The Py[8]-Ag3 capsule-triggered cyclization was applicable to
inner alkyne substrates as well. Reaction of substrate 1d with Py
[8]-Ag3 led to the construction of a 2,20 -biindole skeleton in 2d
through a two-step nucleophilic cyclization (Fig. 3). The 3,30 positions of the biindole are both negatively charged, and each
anionic carbon atom is bonded to two contacted silver atoms
(Ag/Ag: 2.766(1)–2.775(1) Å) as similar as in 2a–2c. Due to the
large separation of two anionic carbon centers (C1/C9: 3.353
Å), the resulting tetrasilver aggregate in 2d adopts a parallelogram shape rather than a rectangle in 2a–2c. Consequently, the
bowl-shaped Py[8] undergoes a signicant expansion at open
side to adaptively encircle the resulting 2,20 -biindole–Ag4
organometallic cluster. Besides four alternate coordinative
pyridines of Py[8] to support the Ag4 aggregate as shown in 2a–
2c, in 2d there are two more pyridine rings connecting with the
Ag4 parallelogram via longer Ag–N coordination (avg. 2.71 Å). In
this way, the conformation of Py[8] in 2d is xed by the
encapsulated Ag4 parallelogram guest, nally leading to a wellresolved NMR spectrum. NMR monitoring showed that in the
presence of Py[8]-Ag3 1d can be quantitatively transformed into
2d within ve hours (Fig. S7†).
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Substrate 1e was then attempted to construct a more
complex and extended aromatic species within the capsule. As
reported in literatures,24 the trialkylsilyl-protected alkynyl group
in 1e is likely to undergo a silver(I)-induced desilylation to
generate a terminal alkyne. When 1e was mixed with Py[8]-Ag3,
it went through a cascade reaction pathway to produce a tetrasilver-bonded benzo[a]carbazole ring in 2e, which is still
encapsulated within a Py[8]-Ag bowl (Fig. 3). The newly constructed benzo[a]carbazole ring is supported by a Ag4 rectangle
through Ag–C bonding of two vicinal carbon atoms of a sixmembered ring. This result indicates that the anionic carbon
atom generated by the rst cyclization of the inner alkyne
species in 1e has suﬃcient nucleophilicity to attack the Agactivated ethynyl group to complete the second cyclization
step. To the best of our knowledge, this is the rst example of
silver-catalyzed or -mediated cyclization toward the construction of an extended benzo[a]carbazole ring.
Above successful isolation of polysilver complexes of
diﬀerent heteroaromatics including fused, biaryl and extended
polycyclic rings highlights the great potential of the Py[8]-based
capsule structure to encapsulate various polymetalated guests.
This extraordinary capability arises from the remarkable structural adjustment ability of Py[8], which varies from its primitive
planar parallelogram structure in crystalline state25 to the
curved ball-like conformation in Py[8]-Ag3, and the bowl-shaped
ones in 2a–2e. With this in mind, we hypothesize that in the
synthetic process of 2a–2e the dynamic Py[8]-Ag3 capsule
enables the silver atoms to exibly partake in silver-acetylide
bonding and then initiates the cyclization reaction. To prove
this assumption, we employed substrate 1f, which is an analog
of 1a but bearing a moderate nucleophilic group NMe2, to react
with Py[8]-Ag3. The reaction nally generated an acetylidecentered Ag4 cluster surrounded by a 1,2-alternate Py[8] macrocycle in 2f (Fig. 3). We therefore conceive that the polymetallic
gathering in Py[8]-Ag3 increases the eﬀective concentration of
silver ions and thus promotes the formation of a silver acetylide
cluster inside Py[8]. Furthermore, the Py[8]-based capsule
dynamically harnesses multiple coordination interactions to
stabilize acquired polymetalated heteroaromatic species.
Previous studies have proved that organosilver complexes
have limited stability.26 However, complexes 2a–2e are quite
stable upon exposure to air and moisture. Preliminary reactivity
studies revealed that reaction of 2a with CF3COOD gave rise to
2,3-deuterated indole in high yield, suggesting the nucleophilic
nature of the Ag–C bonds. In solution, they can also keep their
structures intact as evidenced in ESI-MS and NMR (Fig. S8–
S18†). The pyridyl proton signals of Py[8] in 2a, 2b, 2c and 2e all
gave very broad peaks, which can be ascribed to the interconversion of many possible uxional conformations of Py[8]
during the NMR time scale.20 The NMR spectrum of the
exceptional example 2d contrarily exhibited a set of wellresolved peaks (Fig. S16†) because the conformation of Py[8]
is xed by the encapsulated Ag4 parallelogram guest as
mentioned above.
In order to comprehend the reasons for the excellent stability
of 2a–2e, we next carried out density functional theory (DFT)
calculations to investigate the electronic structure and bonding
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Table 1 Calculated multi-centered bond indices (MBI) and Mayer
bond order in model complexes 2a0 , 2c0 , 2d0 , and 2e0

MBI
Mayer bond order

(CAg2)a
(CAg2)b
C1–Ag1
C1–Ag2
Ag1–Ag2
C2–Ag3
C2–Ag4
Ag3–Ag4

2a0

2c0

2d0

2e0

0.0362
0.0343
0.5631
0.5751
0.2128
0.5787
0.5666
0.2185

0.0706
0.0491
0.5099
0.5416
0.3374
0.5743
0.5219
0.2795

0.0501
0.0557
0.5323
0.5561
0.3067
0.6128
0.5551
0.2637

0.0463
0.0436
0.6067
0.5463
0.2728
0.5887
0.5576
0.2774

of 2a, 2c, 2d, and 2e. In the calculated model complexes
(denoted as 2a0 , 2c0 , 2d0 , and 2e0 , respectively), each coordinative
pyridine ring of Py[8] was simplied to a 2,6-diaminopyridine.
The calculated Mayer bond order results are summarized in
Table 1. For model complex 2a0 , the sum of Ag–C bond orders
for each CAg2 species is larger than one. This result suggests
that in addition to the donation via sp2 orbital of each anionic
carbon, the pp orbital of the carbon also participates in bonding
with two silver atoms. The inclusion of pp orbital in Ag–C
bonding is further conrmed by calculated molecular orbital
(MO) diagrams (Fig. S19†). Furthermore, bond-order calculation of 2a0 revealed signicant argentophilic interaction
between two silver atoms (Table 1 and Fig. S20†), in good
agreement with the short Ag/Ag distances in the crystal
structure of 2a. In addition, an interesting three-centered bond
among the anionic carbon and two bonded silver atoms was
observed in MO analysis (Fig. S21†). Multi-centered bond
indices (MBI) calculation gave the values of 0.0362 and 0.0343
for two CAg2 species in 2a0 , suggesting the existence of a multicentered bond. The bond order and multi-centered bond index
calculation of 2c0 , 2d0 and 2e0 also indicate the dominant presence of sp2 and pp electron donation and the multi-centered
bond (Fig. S22–S29†).
The aromaticity of heterocyclic moieties in 2a0 , 2c0 , 2d0 and
0
2e was evaluated by nucleus-independent chemical shi (NICS)
computations27 (Fig. 4). As to 2a0 , the acquired NICS(1)zz values
for both the ve-(5MR) and six-membered ring (6MR) are 24.5
and 27.2 ppm, respectively, which are comparable with the
values of an indole ring (28.7 and 28.8 ppm, respectively).
For other model complexes 2c0 , 2d0 and 2e0 , the calculated NICS
values of the silver-bonded 5MR or 6MR are all negative,
substantiating the aromatic nature of these rings. It is notable
that the NICS values of the silver-bonded rings are less negative
than other rings in the same heterocyclic skeleton, implying
a lesser aromatic feature. This result can be rationalized by the
above bond-order calculation, wherein pp electron of the
anionic carbon donates to silver atoms and thus lowers
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complexes of four heteroaromatics, including indole, quinoline, 2,20 -biindole and benzocarbazole, have been successfully
isolated and fully characterized. Theoretical analysis has
revealed the presence of sp2 and pp electron donation and
multi-centered bonding in the polysilver aromatic complexes,
which substantiated the important role of metal-perturbed
aromaticity in stabilization of the polysilver aromatic
complexes. The present study showcases a promising approach
to synthesize intricate organometallics by taking advantage of
dynamic supramolecular capsule. Structure and reactivity
comprehension of polymetalated organometallics may deepen
our understanding of bonding nature and mechanistic studies,
which is conducive to the advancement of more eﬃcient and
versatile synthetic methods. This study is still in progress.

Experimental
Materials and methods

Fig. 4 ACID isosurfaces and NICS(1)zz values (p.p.m.) for six- and ﬁvemembered rings of 2a0 , 2c0 , 2d0 and 2e0 by the p contribution. Current
density vectors are plotted onto the ACID isosurface of 0.03 to indicate dia- and para-tropic ring currents. The magnetic ﬁeld vector is
orthogonal with respect to the ring plane and points upward. The
NICS(1)zz values are those computed at 1 Å above the geometrical
centres of six- and ﬁve-membered rings.

All commercially available chemicals were used without further
purication. Octamethylazacalix[8]pyridine (Py[8]) was synthesized according to the literature method by the [3 + 5] fragment
coupling protocol between a terminal dibrominated linear
trimer and a terminal diaminated linear pentamer.25 The
solvents used in this study were processed by standard procedures. 1H and 13C NMR experiments were carried out on a JEOL
ECX-400 MHz instrument. Elemental analyses were recorded on
a Thermo FlashEA 1112 elemental analyzer. Mass spectra were
obtained using a Thermo Scientic Exactive Orbitrap instrument. Infrared spectra were recorded on a Perkin-Elmer spectrum 100 FT-IR spectrometer.
Synthesis of complexes 2a–2f

aromaticity. Aromatic nature of the pseudo-tetrahedrally
bonded heterocyclic rings in model complexes was further
manifested by anisotropy of current-induced density (ACID)
analysis.28 In 2a0 and 2c0 (Fig. 4), the current density vectors
plotted on the isosurface show a strong diatropic ring current in
the p system. Similarly, the benzo[a]carbozole skeleton in 2e0
formed a large conjugation system with the diatropic ring
current crossing along the rim of the whole skeleton. In 2d0 , the
current is localized within only one of the two indole rings,
suggesting the presence of two independent aromatic systems.
The theoretical calculations substantiate that such polysilverbonded heterocyclic rings in 2a–2e are all aromatic although
the anionic carbon atoms each is pseudo-tetrahedrally bonded
with two silver atoms.

Conclusions
In conclusion, we have demonstrated that a macrocycle-based
dynamic coordination capsule can trigger cyclization reactions
for various alkyne substrates under mild conditions. In the
presence of the dynamic coordination capsule, some unconventional reaction pathways for silver-mediated cyclizations
(such as 6-endo-dig cyclization and cascade reaction) can be
conducted. More importantly, several unprecedented polysilver

This journal is © The Royal Society of Chemistry 2018

2a ([Ag5(C8NH5)(Py[8])](CF3SO3)3). In a 10 mL round-bottom
ask, AgCF3SO3 (20.6 mg, 0.08 mmol) was dissolved in 2 mL
CH3OH at room temperature. To the solution was added Py[8]
(17.0 mg, 0.02 mmol in 2 mL CH2Cl2). Aer ten minutes,
a CH2Cl2 solution (0.5 mL) of substrate 1a (2.3 mg, 0.02 mmol)
was added dropwise. The mixture was further stirred for 10
hours. The solvent was then removed under vacuum to produce
a crude oily product. Crystals of the polymetalated heteroaromatic compound 2a were obtained by diﬀusion of diethyl
ether into a concentrated mixed solution (CH3OH : CH2Cl2 (v:v)
¼ 1 : 1) of crude product. Yield: 46% (17.9 mg) based on Py[8].
When the amount of silver triate was raised to 10 equivalents,
the yield was enhanced to 72% (28.1 mg). Anal. calcd for 2a
(C59H53Ag5F9N17O9S3): C, 36.33; H, 2.74; N, 12.21. Found: C,
35.96; H, 2.78; N, 12.57.
2b–2d. Synthetic procedures for complexes 2b–2d are similar
with that of 2a using 10 equiv. silver triate in the synthesis. 2b
([Ag5(C9NH7)(Py[8])](CF3SO3)3): 25.5 mg, yield 65% based on Py
[8]. Elemental analysis for 2b$3H2O (C60H61Ag5F9N17O12S3),
found (calcd.): C, 35.36 (35.70); H, 2.72 (3.05); N, 11.49 (11.80). 2c
([Ag5(C9NH5)H(Py[8])](CF3SO3)4$1.5CHCl3$0.75H2O$0.5CH3OH):
26.7 mg, yield 68% based on Py[8]. Elemental analysis for
2c$H2O (C61H56Ag5F12N17O13S4), found (calcd.): C, 34.22 (34.38);
H, 2.65 (2.65); N, 11.05 (11.18). 2d ([Ag5(C16N2H10)(Py
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[8])](CF3SO3)3$2.5CH3OH$Et2O): 28.5 mg, yield 69% based on Py
[8]. Elemental analysis for 2d (C67H58Ag5F9N18O9S3), found
(calcd.): C, 38.87 (38.95); H, 2.83 (2.83); N, 12.09 (12.20).
2e–2f. In a 10 mL round-bottom ask, AgCF3SO3 (25.7 mg,
0.1 mmol) and AgCF3CO2 (22.0 mg, 0.1 mmol) were dissolved in
CH3OH (2 mL) at room temperature. To the mixture was added
a CH2Cl2 solution (2 mL) of Py[8] (17.0 mg, 0.02 mmol). Aer
stirred for ten minutes, a CH2Cl2 solution (0.5 mL) of 1e or 1f
(0.02 mmol) was added dropwise. The mixture was stirred for
further ten hours and the solvent was removed to give a crude
oily product. Pale-yellow plate crystals were obtained by diﬀusion of diethyl ether into a concentrated mixed solution (CH3OH : CH2Cl2 (v:v) ¼ 1 : 1). 2e ([Ag5(C16NH9)(Py[8])](CF3SO3)3):
25.0 mg, 61% based on Py[8]. Elemental analysis for 2e$CH3OH
(C68H61Ag5F9N17O10S3), found (calcd.): C, 39.00 (39.21); H, 3.02
(2.95); N, 11.04 (11.43). 2f ([Ag4(C8NH6)(Py[8])](CF3SO3)2
(CF3CO2)$2CH3OH): 31.1 mg, 83% based on Py[8]. Elemental
analysis for 2f (C61H58Ag4F9N17O9S3), found (calcd.): C, 39.49
(39.14); H, 3.34 (3.12); N, 12.48 (12.72).

X-ray crystallography
Single-crystal X-ray data for complexes 2a–2f were collected at
173 K with Mo Ka radiation (l ¼ 0.71073 Å) on a Rigaku Saturn
724/724+ CCD diﬀractometer or Cu Ka radiation (l ¼ 1.54178 Å)
on a Rigaku Oxford Diﬀraction SuperNova diﬀractometer. The
selected crystal was mounted onto a nylon loop in polyisobutene and immersed in a low-temperature (173 K) stream of
dry nitrogen gas during data collection. All structures were
solved by direct methods, and non-hydrogen atoms were
located from diﬀerence Fourier maps. Non-hydrogen atoms,
otherwise noticed, were subjected to anisotropic renement by
full-matrix least-squares on F2 by using the SHELXTL program29
and Olex2 program.30 All gures were drawn by using X-seed
program.31 CCDC numbers for reported complexes are
1558954 (2a in space group Cmcm), 1558955 (2a in space group
), 1558956 (2b), 1558958 (2c), 1558960 (2d), 1558959 (2e) and
P1
1558963 (2f). The renement details and crystal data for 2a–2f
are summarized in the ESI.†

Computational details
Theoretical calculations were performed using the Gaussian 09
program.32 Initial structures of model clusters 2a0 , 2e0 , 2f0 , and
2g0 were obtained from crystal structures. The Py[8] ligand was
simplied to four 2,6-diamino pyridines and the silver atoms
not linked to the cluster core were omitted. All four structures
were optimized at the TPSS level33 of density functional theory
with “Empirical Dispersion ¼ GD3”34 to describe the dispersion
corrections. Furthermore, the frequency analyses were performed to conrm the characteristics of the calculated structures as minima. In the calculations, LanL2DZ basis set was
used to describe the Ag atom, whereas the 6-31G(d) basis set for
the C, N, and H atoms.35 The NICS values were calculated at the
TPSS-GIAO level.
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