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The preparation of a triphenylbenzene-bridged tris-(1,2,3-triazolium)
salt allowed us to obtain the first homoleptic tris-MIC cylinder-like
cages of Ag and Au. The silver MIC-based cage reacts with the tris-
NHC-Ag analogue to form the corresponding heteroleptic NHC-MIC
silver cage in an unusual reaction involving the simultaneous
exchange of the tris-NHC and tris-MIC ligands.

As defined by Constable in 1994, metallosupramolecular chemistry
involves the use of combinations of bridging organic ligands and
metal units to synthesize discrete or polymeric assemblies." The
basis for the construction of metallosupramolecular structures are
multitopic ligands with two or more binding domains separated
by spacers, which, in combination with suitable metal fragments
may form assemblies with various shapes and sizes.> Most of the
known multitopic ligands are based on N or O donor atoms, and
some of the most relevant advances in metallosupramolecular
chemistry are associated with the names of Fujita,> Raymond,*
Stang,’ Nitschke,?*“® and Constable,””” among others.® Extended
poly-N-heterocyclic-carbene (NHC) ligands® have recently been
shown to be suitable scaffolds for the preparation of supra-
molecular assemblies by featuring only metal-carbon bonds.
The topological diversity of poly-NHCs has allowed the rapid
preparation of a variety of supramolecular assemblies that include
molecular squares and triangles,'® cylinder-like structures'' and
organometallic polymers."?

Parallel to the rapid growth of NHCs (normally imidazolyl-
idenes), mesoionic carbenes (MICs)"® have recently emerged as
a powerful subclass of NHCs due to their ease of accessibility
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and their arguably stronger electron donor properties compared
to the normal NHC-analogues."* While monometallic complexes
bearing mono-MIC ligands are widely used, poly-MIC ligands are
not common,® and this explains why MIC-based supramolecular
assemblies are still unknown.

We recently reported the preparation of a C3-symmetric tris-
NHC ligand based on a 1,3,5-triphenylbenzene core, which
we coordinated to rhodium and iridium.'® The same ligand
was used for the preparation of nanometer-sized cylinder-like
structures of Cu(1), Ag(1) and Au(r)"*¢ with a hollow central cavity
(A, Scheme 1). Based on these findings, we pursued the pre-
paration of the related triphenylbenzene-bridged tris-MIC ligand,
to obtain the corresponding molecular cages using a metal-
controlled self-assembly methodology. Herein we report an effec-
tive preparation of a 1,3,5-triphenylbenzene-bridged tris-azolium
salt that was used for the self-assembly formation of the related
supramolecular cylinder-like MIC-based compounds of Ag(1) and
Au(i) (B, Scheme 1).

The tris-triazolium salt 1 was obtained in 93% yield, by
following the procedure depicted in Scheme 2. The salt was
characterized by means of NMR spectroscopy, mass spectro-
metry and elemental analysis. The 'H and *C NMR spectra of
1 confirmed the threefold symmetry of the compound. The
triazolium C-H resonance appeared at J 9.08 in the "H NMR
spectrum. The *C NMR spectrum showed the resonance of the
C-H carbon of the triazolium rings at 131.3 ppm.
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The reaction of 1 with 1.5 equivalents of Ag,O in MeOH at
60 °C under the exclusion of light, afforded the tris-silver hexa-
MIC complex 2 in 42% yield. This compound contains three
silver atoms sandwiched between two triphenylbenzene-tris-
MIC ligands. The "H NMR spectrum of 2 indicates that the
compound is highly symmetric, as shown by the appearance of
four signals due to the protons of the methyls at the mesityl
groups (four signals with relative integrals 18:18:36:36). The
3C NMR spectrum shows the resonance due to the equivalent
metallated carbene-carbon atoms at 169.7 ppm, exhibiting the
coupling to both silver isotopes (1]cng1o7 =165.0 Hz, 1]cng109 =
190.5 Hz). The ESI mass spectrum shows the most intense peak
at m/z 919.2, assigned to [M + PF¢]*".

The reaction of 2 with six equivalents of [AuCl(SMe,)] in
acetonitrile at room temperature for 5 days led to the formation
of the trinuclear hexa-MIC complex 3 as an air-stable white
solid, in 63% yield. The use of excess of Au allows the formation
of 3 with three (AuCl,)” counter-anions. For this complex the
"H NMR spectrum also confirms the threefold symmetry of the
molecule (four signals are seen for the protons of the methyls at
the mesityl groups, with relative intensities 2:2:1:1). The **C NMR
spectrum shows the diagnostic signals due to the equivalent
carbene carbons at 161.1 ppm. The trimetallic nature of the complex
was further confirmed by the ESI mass spectrum, which showed the
main peak at m/z 1645.6, attributed to [M + (AuClL,)]*".

The molecular structure of 2 was confirmed using X-ray
diffraction studies (Fig. 1). The molecule consists of two tris-
MIC ligands sandwiching the three silver atoms, thus rendering
a hexacarbene complex cation, with three PFs~ counter-anions.
The average distance of the Ag-Cyyc bonds is 2.105(7) A, and
the Cyc-Ag—Cumic angle is 177.0°. The distance between the two
central benzene rings is 4.318 A. The three silver atoms form a
triangle, with an Ag-Ag separation of about 13.96 A.

Due to the similarities between the metric parameters of 3, to
those shown by the silver complex with the related triphenylbenzene-
bridged-tris-NHC ligand (4, Scheme 3),"'¢ we decided to see if
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Fig. 1 Two perspectives on the molecular structure of complex 2 (hydro-
gen atoms and counterions (3 PFg~) omitted for clarity). Mesityl groups are
represented as wireframes for simplicity. Ellipsoids at 50% of probability.
Selected bond distances (A) and bond angles (deg): Agl-C5 2.113(7),
Agl-C5’ 2.097(7); C5-Agl-C5’ 177.9(3), N1-C5-C4 104.4(6), N1'-C5'—
C4' 103.5(6).

we could obtain a cylinder-type coordination complex combin-
ing the presence of both tris-NHC and tris-MIC ligands. The
preparation of such a type of complex is very interesting
because it would allow us to obtain for the very first time a
coordination cage with two different types of carbenes. In order
to obtain such a compound, we decided to react an equimolar
amount of the tris-triazolium salt 1, with the tris-imidazolium
salt 5, together with three equivalents of Ag,0O in MeOH at 60 °C
for 12 hours. In principle, this reaction should allow us to
detect the mixed NHC-MIC cage, just by considering a random
distribution of the two ligands over the three metal centers.
However, our expectations were exceeded, because the mixed NHC-
MIC cage was the only metal complex detected in the ESI-mass
spectrum of the reaction mixture (a main peak at m/z 1136.8 was
observed, assigned to [M + PF¢]**). Moreover, the purification of the
resulting metal complex allowed us to obtain the mixed NHC-MIC
cage (6, Scheme 3) in 45% yield, thus close to the yield that we
should have expected for the formation of this compound, had
we assumed a random distribution of the two ligands about the
trimetallic structure (50%).

The mixed NHC-MIC silver-based coordination cage 6 was
characterized by NMR spectroscopy and mass spectrometry. The
'"H NMR spectrum revealed the presence of the two different
carbene ligands, as observed by the appearance of the signals
due to the ethyl groups and the methyls from the mesityl groups
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bound to the tris-NHC and tris-MIC ligands, respectively, and
the number of signals is consistent with the threefold symme-
try of the complex. The *C NMR spectrum shows the distinct
signals due to the presence of the two types of carbene carbons,
both displaying the coupling with the two silver isotopes and
therefore appearing as four doublets, two centered at 179.5
(Jo-agior = 177.8 Hz, “Jo_ag100 = 205.5 Hz), and the other two at
169.5 ppm (Jeag107 = 177.8 Hz, ‘o ag100 = 168.8 Hz), for the
NHC and MIC carbene carbons, respectively. These resonances
are practically unshifted compared to the resonances of the
di-(tris-MIC) and the di-(tris-NHC) silver complexes 2 and 6."'¢
Encouraged by this result, we decided to see if we could also
obtain compound 6 by other reactions involving the reorgani-
zation of the preformed tris-carbene complexes 4 and 2. All
the reactions were carried out in MeOH at 60 °C for 12 h, and
the combination of reactants were as follows (Scheme 3):
(i) equimolar amounts of the two tris-carbene cages, 2 and
4, (ii) equimolar amounts of 2 and the tris-imidazolium salt 5,
(iii) equimolar amounts of 4 and the tris-triazolium salt 1,
(iv) equimolar amounts of 6 and the tris-triazolium salt 1, and
(v) equimolar amounts of 6 and the tris-imidazolium salt 5.
The study of the products resulting from each reaction revealed
that reactions (i)—(iii) produced the mixed NHC-MIC cage 6 in
40-50% yield, as the only detected (mass spectrometry) and
isolable product. The reactions (iv) and (v) did not show any
reorganization of the carbene ligands, and complex 6 was quasi-
quantitatively recovered from the reaction mixtures.
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Fig. 2 Calculated structures of [Ag(NHC),l*, [Ag(MIC),l*, and

[Ag(MIC)(NHC)I™ complexes (all hydrogen atoms are omitted for clarity).

These results indicate that, regardless of the thermodynamics
of the overall reactions, the mixed MIC-NHC complex 6 may be
formed and isolated from all possible reactions involving the
combination of tris-carbene ligands (or azolium salts) and silver
precursors. The reorganization of the ligand is also kinetically
favored, as silver carbenes are often used for carbene transfer
processes,'” although in our case, we show an unusual example
of carbene transfer affording an intermolecular recombination
of ligands. This type of ligand redistribution is related to the one
recently described by Albrecht and co-workers who found a
spontaneous recombination of carbene-ligands in a series of
Au-MIC complexes.'®

In order to shed some light on these results, and to deter-
mine if the formation of the mixed MIC-NHC complex 6 is
thermodynamically favorable compared to 2 and 4, we decided
to calculate the thermodynamic parameters of reaction (i) shown
in Scheme 3 using MO6L DFT calculations. Since good-quality
computational modelling of the complete structures 2, 4, and 6
is impossible, the calculations were performed on the mono-
nuclear analogues, the optimized geometries of which are shown
in Fig. 2. As an illustration of the validity of the computed model,
the calculated structure of [Ag(MIC),]" is significantly similar
to the local coordination geometry around silver in 2. In particular,
the calculated Ag-C distance, 2.10 A, is close to the experimental
distances, 2.105-2.114 A in 2. A peculiar feature of [Ag(MIC),]" is
the 38.6° phenyl group twist relative to the carbene plane. In the
crystal structure of 2 (Fig. 1), the corresponding Cs rings are
similarly rotated by 35.2° and 31.0°, despite a more constrained
geometry. In methanol, the formation of the mixed carbene
complex, [Ag(NHC),]" + [Ag(MIC),]" — 2 [Ag(NHC)MIC)]', is
thermo-neutral: AH = 0.0 kcal mol ", whereas in the less polar
benzene this reaction is calculated to be slightly favorable: AH =
—1.6 keal mol . The calculated Ag-C bond enthalpy is stronger
for MIC vs. NHC in [Ag(NHC)(MIC)]": 44.0 vs. 41.8 kcal mol " in
methanol.

Based on the computed energies, the mixed carbene complex
is predicted to be the main species under equilibrium condi-
tions, and the reason for being the only isolated complex should
be attributed to factors beyond those that we should take into
account in DFT calculations (trimetallic nature of the complexes,
solubility of the complex, interactions of 2, 4, and 6 with the
counter-ions [PFq]~, or explicit interactions with the solvent).

In summary, we have described the first MIC-based mole-
cular cages, and proved that these types of NHC-relatives may

This journal is © The Royal Society of Chemistry 2015
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be used for the metal-controlled self-assembly of nanometer-
sized cylinder-shaped molecules. We were also able to synthesize
a unique heteroleptic NHC-MIC cylinder-shaped cage, by the
recombination of the ligands in the related MIC- and NHC-
based cylinders, and by several other combinations. This reaction
involves an unusual rearrangement, which clearly illustrates the
lability of the tris-NHC and tris-MIC ligands on silver in solution.
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