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Abstract: Highly selective, narcissistic self-sorting has been
observed in the one-pot synthesis of three organometallic
molecular cylinders of type [M;{ L-(NHC);},](PF;); (M = Ag™,
Au*; L = 1,3,5-benzene, triphenylamine, or 1,3,5-triphenylben-
zene) from L-(NHC); and silver(I) or gold(l) ions. The
molecular cylinders contain only one type of tris-NHC ligand
with no crossover products detectable. Transmetalation of the
tris-NHC ligands from Ag"' to Au" in a one-pot reaction with
retention of the supramolecular structures is also demon-
strated. High-fidelity self-sorting was also observed in the one-
pot reaction of benzene-bridged tris-NHC and tetrakis-NHC
ligands with Ag,O. This study for the first time extends
narcissistic  self-sorting in metal-ligand interactions from
Werner-type complexes to organometallic derivatives.

Self—sorting, described as the high-fidelity recognition of self
from non-self, is often observed in biological systems where
specific functions are performed by selected compounds in
spite of the presence of various chemical entities simulta-
neously competing for the same interaction sites. This
selectivity arises from specific features encoded in the
chemical structure of the interacting species.!! The formation
of the DNA double-helix, for example, requires the base-
pairing and thus recognition and sorting of complementary
nucleobases? thereby allowing the storage of genetic infor-
mation. Even more complex sorting is observed in a cell
where numerous small and large molecules self-sort to
generate different types of compartmentalization which in
turn allow the different functional architectures to act
independently.

Compared to the elaborate self-sorting phenomena found
in biological architectures, artificial self-assembled systems
are normally less complex and comprise fewer components.”!
The relationship between the chemical structure of the
components (or building blocks) and the resulting self-
sorted architectures, however, is often not well established
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and even the simplest systems have outcomes that are often
guided more by serendipity than by design. High-fidelity self-
sorting processes have been described based on reversible
covalent bonds, solvophobic effects,” hydrogen bonding,
and metal-ligand interactions,” to name a few. The steric and
electronic information encoded in each of the molecular
components often forces the mixture to arrange into only one
defined metallosupramolecular assembly. Self-sorting systems
can be classified in two categories. Self-recognition or
“narcissistic” self-sorting is observed for molecules with an
affinity towards like species’ while self-discrimination, also
named “social” self-sorting, is found for species favoring the
formation of self-discrimination products (mixed assemblies
or heterocomplexes).*! Both types of self-sorting can be
achieved by using metal ions and polydentate ligands featur-
ing differences in size, topology, or coordination angles under
kinetic or thermodynamic control.

Obviously, metal-ligand self-sorting becomes more chal-
lenging when the ligands used are very similar or even feature
identical coordination motifs. Social self-sorting in metal-
ligand coordination assemblies is not uncommon and various
complex structures such as polyhedra, polygons, catenanes,
and knots have emerged from social self-sorting procedur-
es.h7eeilml Narcissistic self-sorting in metal-ligand coordina-
tion assemblies, on the other hand, is still less common and
less developed. A first impressive example of narcissistic self-
sorting was described by Lehn and co-workers who reacted
a mixture of oligobipyridine ligand strands containing two to
five 2,2"-bipyridine donor groups with Cu' ions to obtain
a self-sorted mixture of double-stranded helicates, each
containing two ligand strands with an identical number of
2,2'-bipyridine groups.” Later, Raymond and co-workers!™
and others"*¥ showed that differently linked bis(catechola-
mide) ligands form M,Ls-type triple helicates in a one-pot
reaction, each containing only one type of ligand. Another
impressive example for narcissistic self-sorting was reported
by Fujita and co-workers in 2010, who synthesized M,,L g or
M,,L’,, cages from a mixture of two ligands L and L’ and Pd"
by a simple variation of the ratio of ligands having different
bite angles.™

Up to now, all of the known metal-ligand self-sorting
systems are based on Werner-type interactions featuring
coordinative bonds between the metal atoms and oxygen,
nitrogen, sulfur, or phosphorus donor atoms of the polyden-
tate ligands. Ligands composed of carbon donors have not
been studied in self-sorting reactions until recently, since the
metal-carbon bonds are normally obtained in a nonreversible
manner preventing dynamic self-correction in the case that
the thermodynamically preferred product is not formed
initially. The situation is different for complexes of N-
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heterocyclic carbenes (NHCs)® where particularly Cypc—Ag™
interactions have been found to be rather labile and upon
cleavage generate a stable metal ion and a stable free NHC
ready to form again a Cyy—M bond.”! Consequently, poly-
NHC ligands are promising candidates for self-sorting studies.
They have already been utilized for the preparation of
different metallosupramolecular architectures such as molec-
ular cylinders"”! and molecular squares and rectangles."!
While the lability of the Cyy—Ag" bond would encourage
the use of poly-NHC ligands in self-sorting reactions, such
self-sorting phenomena in metallosupramolecular architec-
tures featuring poly-NHC ligands are currently unknown.
Herein we describe narcissistic and consecutive self-sorting
phenomena observed during the formation of organometallic
molecular cylinders from a mixture of poly-NHC ligands and
silver(I) or gold(I) ions.

For the first part of the self-sorting study, we selected
three tris-NHC precursors ([1-Et](PFy)s, [2-Et](PFs)s, and [3-
Et](PF);, Scheme 1) featuring different spacers but a similar
ligand topology and an identical number of donor groups.
Upon triple deprotonation of these salts, the resulting tris-
NHC ligands feature identical coordination motifs but differ
in the size of the spacer between the donor groups. The one-
pot reaction of 2 equiv each of [1-Et](PFy)s, [2-Et](PF;);, and
[3-Et](PF,); with 9 equiv of Ag,O in acetonitrile at 60°C for
2d under exclusion of light gave the three trinuclear Ag'
hexacarbene molecular cylinders [4-Et](PFy);, [5-Et](PFy)s,
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and [6-Et](PFy);, each containing only one type of tris-NHC
ligand (for structural and spectroscopic details of the individ-
ual complexes see Refs. [10d, e] for [4-Et](PF;);, Ref. [10b] for
[6-Et](PFy);, and the Supporting Information for [5-Et]-
(PFy)3). Since the three tris-NHC ligands feature identical
donor groups and a very similar topology, a distinct proba-
bility for the formation of mixed-ligand or oligomeric reaction
products does exist. However, no such crossover products
were observed. The Ag--Ag separation in complexes [4-
Et](PF;);, [5-Et](PFy);, and [6-Et](PF); increases steadily
and therefore narcissistic self-sorting was achieved by the
controlling size of the ligand backbone. This finding contrasts
recent results regarding the reorganization of [6-Et](PFs);
when mixed together with a similar-shaped cyclinder-like
complex built from two tris-MIC ligands (MIC = mesoionic
carbene), where a random distribution of both tris-NHC and
tris-MIC ligands about the metals and thus no self-sorting was
observed.!'"!

The exclusive formation of the three homoligand Ag'
hexacarbene cylinders in the one-pot reaction was confirmed
by 'HNMR spectroscopy and high-resolution electrospray
ionization (HR-ESI) mass spectrometry. The '"H NMR spec-
trum obtained from the one-pot reaction mixture features
only resonances previously obtained for the individual com-
plexes (Figure 1). HR-ESI mass spectrometry also confirmed
the exclusive formation of only three Ag' hexacarbene
complexes with no trace of mixed-ligand species detectable.

>

Et\N/'\N

[9-Et](PF¢)3

Scheme 1. Consecutive narcissistic self-sorting of organometallic cylinders featuring tris-NHC ligands with different backbones.
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Figure 1. Section of the "H NMR spectra (400 MHz, 300 K, [D;]DMSO)
of a) complex [4-Et](PFg)s, b) complex [5-Et](PFe);, ) complex [6-Et]-
(PF¢)3, and d) the mixture of reaction products of the one-pot reaction.

In the HR-ESI mass spectrum of the complex mixture
(Figure S2 in the Supporting Information) the most intense
peaks were detected for the cations [4-Et]*", [5-Et]*", [6-Et]*",
[[4-Et](PF,)]*", [[5-Et](PF)]*", and [[6-Et](PF,)]*" with the
experimentally observed isotope patterns perfectly matching
the calculated ones.

Transmetalation is a common procedure for the transfer
of NHC ligands form silver(I) to other transition metals.[>1%
However, transmetalation for a mixture of different NHC
complexes has not been observed yet. Reaction of the
complex mixture [4-Et](PFy)s, [5-Et](PF);, and [6-Et](PF);
with 9.0 equiv of [AuCl(SMe,)] in acetonitrile gave a mixture
of the trinuclear gold(I) hexacarbene complexes [7-Et](PF);,
[8-Et](PF);, and [9-Et](PF;); (Scheme 1). Again, no cross-
over products were observed. The exclusive formation of the
three Au'-NHC complexes was also confirmed by 'H NMR
spectroscopy and HR-ESI mass spectrometry. The '"H NMR
spectrum of the complex mixture features only the resonances
for the individual trinuclear Au' hexacarbene complexes
(Figure S3 in the Supporting Information). The HR-ESI mass
spectrum of the complex mixture shows only peaks attributed
to the molecular cylinders [7-Et](PF);, [8-Et](PF;);, and [9-
Et](PF);, respectively (Figure 2). Not only do the three NHC
ligands undergo narcissistic self-sorting during the formation
of the trinuclear silver(I) complexes but the self-recognition is
maintained during the successive transmetalation reaction.
Such unique behavior has not yet been described for any
metallosupramolecular compound.

In order to gain more insight into this unprecedented
narcissistic self-sorting phenomenon, we have studied
a second set of poly-NHC ligands. Benzene-bridged NHC
ligand precursors [1-Et](PF,); and [10-Et](PF,), were used for
this study. Both poly-NHC ligand precursors feature a ben-
zene backbone, that is, they are similar in size, but after
deprotonation they will generate different coordination
motifs due to the difference in the number and orientation
of donor sites (Scheme 2).

Reaction of [1-Et](PFy); (1equiv) and [10-Et](PFy),
(1 equiv) with 3.5 equiv of Ag,O in CH;CN at 60°C for 2d
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Figure 2. ES| mass spectrum (positive ions) of the complex mixture [7-
Et](PFe)3, [8-Et](PFg)s, and [9-Et](PF¢); obtained after transmetalation of
[4-Et](PFe);, [5-Et](PF¢);, and [6-Et](PF¢); with [AuCl(SMe,)].

under exclusion of light gave exclusively the two organome-
tallic molecular cylinders [4-Et](PF,); and [11-Et](PF),.
Again, no crossover products were observed. Here, the
inherently different coordination motifs of the ligands acted
as molecular code to control the narcissistic self-sorting. The
high-fidelity self-recognition was confirmed by comparison of
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Scheme 2. Narcissistic self-sorting in the formation of organometallic
molecular cylinders from poly-NHC ligands with a different number of
donor groups.

www.angewandte.org

An dte

Chemie

7395


http://www.angewandte.org

GDCh
~—

7396

the '"H NMR spectra of the individual complexes!'** with the
spectrum of the complex mixture (Figure S5 in the Supporting
Information). The HR-ESI mass spectrum of reaction prod-
ucts of the one-pot reaction showed only peaks for the
hexacarbene cylinder [4-Et](PF); and the octacarbene cylin-
der [11-Et](PFy), (Figure 3).

B
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Figure 3. ESI mass spectrum (positive ions) of the complex mixture [4-
Et](PFe); and [11-Et](PFy),.

The transmetalation of the of the poly-NHC ligands from
[4-Et](PF); and [11-Et](PF,), with gold(I) using [AuCl-
(SMe,)] to give the Au'-NHC complexes [7-Et](PF;); and
[12-Et](PF), was also performed (Scheme 2). As expected,
the '"H NMR spectrum of the reaction products of the one-pot
transmetalation reaction (Figure 4) features only the reso-
nances previously recorded for the individual complexes [7-
Et](PF,); and [12-Et](PF,),.""*¢ The HR-ESI mass spectrum
of the mixture of complexes (Figure S8 in the Supporting
Information) provided additional evidence for perfect self-
sorting and no indications for crossover reaction products
during the transmetalation were detected.

We have demonstrated for the first time that poly-NHC
ligands, similar to polydentate Werner-type ligands, form
metallosupramolecular assemblies controlled by narcissistic

b) 4 2 .
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Figure 4. Section of the '"H NMR spectra (400 MHz, 300 K, [Dg]DMSO)
of a) complex [7-Et](PFg)s, b) complex [12-Et](PFe),, and c) complex
mixture [7-Et](PFg); and [12-Et](PF¢), obtained by transmetalation of [4-
Et](PF¢), and [11-Et](PF), with [AuCl(SMe,)].
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and consecutive self-sorting. Three tris-NHC ligands with
different backbones react in a one-pot reaction with Ag' to
give by narcissistic self-sorting exclusively the three homoli-
gand molecular cylinders [4-Et](PF)s, [5-Et](PF);, and [6-
Et](PF;);. Consecutive self-sorting was observed in the trans-
metalation of the tris-NHC ligands from silver(I) to gold(I) in
a one-pot procedure. Such transmetalation behavior starting
from a mixture of silver-NHC complexes with retention of
the individual metallosupramolecular structures has not been
observed previously. Finally, high-fidelity self-sorting has also
been demonstrated with two poly-NHC ligands featuring
a central phenyl group and three or four NHC donors. Based
on the different coordination motifs these two ligands reacted
in a one-pot procedure with silver(I) ions to give by high-
fidelity self-sorting the trinuclear molecular cylinder [4-
Et](PFy); and the tetranuclear molecular cylinder [11-Et]-
(PFs);. We have shown that narcissistic self-sorting is not
limited to the formation of Werner-type complexes but that
proper ligand design and selection of metal ions allows the
transfer of this methodology to organometallic compounds.
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