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Three novel 1D, 2D and 3D coordination polymers were successfully
isolated using nitrogen based 3,6-bis(2’'-pyrimidyl)-1,2,4,5-tetrazine
(BPymTz) and 2,4,6-tris(2-pyrimidyl)-1,3,5-triazine (TPymT) ligands
with Ag' ions. The formation of these supramolecular assemblies
was templated through anion—n-system interactions.

In the last decade, a new type of non-covalent force, commonly
referred to as an anion-n-system interaction, has received significant
interest due to its fundamental role in biological and chemical
applications." While the electron donating nature of anions would
typically result in repulsion with aromatic r-systems, in this instance
that is not the case as the electron deficiency of the aromatic system
enables these interactions. Furthermore, the interactions between
electron deficient aromatic systems and anions have been shown to
be energetically favourable (~20-70 k] mol ") based on theoretical
studies.> Consequently, harnessing these interactions can facilitate
the creation of coordination networks where the nature of the
anions (e.g., size, shape, charge) can be utilized as a driving
force for structure formation. While this approach has been
successfully employed for the self-assembly of molecular aggre-
gates,’ it is rarely used in the synthesis of highly dimensional
non-discrete structures.*”

Recently, it was reported that s-triazine and 1,2,4,5-tetrazine
rings are efficient receptors for interaction with a variety of anions.
In particular, the nature of the anions (PFs , BF, , ClO, ) in the
corresponding Ag' salts controls the self-assembly of the metal
cation with 2,4,6-tris(2-pyridyl)-1,3,5-triazine.* In other studies
involving first-row transition metals (Ni", zn", Mn", Fe', Cu™)
with 3,6-bis(2-pyridyl)-1,2,4,5-tetrazine or 3,6-bis(2’-pyrimidyl)-
1,2,4,5-tetrazine (BPymTz), the anions chosen (SbF¢ , PF¢ ,
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BF,, ClO,, Br;, I) played a crucial role in the supramolecular
aggregate formation.¥>® With this in mind, we intend to exploit
anion-n-system interactions towards the development of highly
ordered supramolecular structures. To that end, BPymTz® and
2,4,6-tris(2-pyrimidyl)-1,3,5-triazine (TPymT)” are attractive candi-
dates for such interactions as they not only contain rn-acidic
aromatic moieties (viz. s-triazine and 1,2,4,5-tetrazine), but also
possess coordination environments similar to 2,2’-bipyridine and
terpyridine (Chart 1).'”%>® Another remarkable feature of these
rigid ligands is that they possess multiple chelating pockets on
either side, promoting multidimensional growth rather than
discrete molecules.

Using this strategy, we herein report the self-assembly of a
supramolecular anion-templated (e.g:, PFs and OTf ) ribbon-like
1D chain, {JAg,(BPymTz),](PFe),-2CH;CN}, (1), and a honeycomb-like
2D network, {[Ag,(BPymTz);]= (OTf),(CH;CN),2(OTf)}-CH;CN};, (2),
based on BPymTz and Ag' ions. In addition, we also report the first
self-assembled TPymT-based 3D framework, {AgTPymT]<(ClO,)}, (3),
with an unprecedented 2-fold interpenetrating coordination
network. In all of the presented complexes, the anion-n-system
interactions between PF,, OTf , ClO,  and the electron deficient
aromatic ligands play a crucial role in the self-assembly of the
superstructures (Chart 2).
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Chart1 Ligands employed for the isolation of coordination networks in
this study. Pink balls highlight multi-metal coordination sites.
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Chart 2 Anion-rn-system interactions exhibited by 1-3.

The reaction of BPymTz with one equivalent of AgPFs or
AgOTf in CH;CN affords purple crystals of 1 or dark grey crystals
of 2, respectively (Fig. S1 and S2, and for details see the ESIT).
The reaction of TPymT with three equivalents of AgClO, in hot
H,O affords 3 as orange block-like crystals (Fig. S3 and for details
see the ESIt). The FTIR spectra of 1-3 exhibit a strong band
of the PF;~, OTf ™ or ClO,” anions at 835, 1245 and 1082 cm™*,
respectively, together with all the characteristic bands of the
parent ligands BPymTz and TPymT.*°

Compounds 1 and 2 crystallize in the orthorhombic Pnma and
monoclinic P2,/n space groups, respectively. The asymmetric unit
of 1 consists of one Ag" ion, two halves of BPymTz, two PFs~ anions,
and one molecule of CH;CN. The asymmetric unit of 2 contains
four AgI ions, three molecules of BPymTz, four OTf anions, and
three molecules of CH;CN. In both complexes, each Ag' is coordi-
nated to three ligands via the “bipy” coordination pockets of
BPymTz affording a distorted trigonal prismatic environment
(Fig. 1), while each BPymTz is coordinated to four Ag" ions, thus

Fig. 1 Ball and stick, and spacefill molecular structures of 1 (top) and the
cationic honeycomb-like layers (bottom) in the structure of 2 (hydrogen atoms
and disorders were omitted for clarity). Color code: C = grey, F = green,
N = blue, Ag = magenta, O = red, S = orange.
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promoting the formation of the extended networks. Further-
more, the Ag'---Ag' distances along and across each BPymTz
range from 4.25 to 4.28 A and 6.37 to 6.51 A for 1 and 2,
respectively. The Ag-N(tetrazine) bond distances are within the
range of 2.41-2.61 A, while the Ag-N(pyrimidine) bond lengths
are slightly shorter (i.e., 2.35-2.50 A). In both structures the
N(tetrazine)-Ag-N(pyrimidine) angles are ~65° and the BPymTz
ligands are essentially planar, with a slight torsion angle between
the tetrazine and pyrimidine rings (<12°).

The structure of 1 can be described as a 1D cationic zig-zag
ribbon running parallel to the a axis (Fig. 1), which consists of
multiple pairs of Ag' ions held together via bridging of the
BPymTz ligands. Each pair has an additional terminal ligand
facing away from either side of the ribbon. The space between
the two ribbons is filled with PFs~ anions and CH;CN molecules.
The structure is further stabilized by PFs -n-system interactions
(Chart 2) and C-H-: - -F hydrogen bonds with CH3;CN, which occur
between adjacent 1D chains. The closest Ag". - -Ag" distance between
the two ribbons is 7.34 A. Each PFs  anion interacts with
the centroids of the tetrazine moiety of the ligand, affording
the m-anion linkage with the distances ranging between 2.93 and
3.22 A?"1° This templating effect of the PF,~ anion drives the
overall formation of the extended 1D ribbon-like superstructure.

The structure of 2 can be described as 2D distorted honeycomb-
like layers running parallel to the a axis (Fig. 1). This transformation
from a 1D (1) to a 2D (2) system is driven by the change in the
counter anion from PFs~ to OTf  and confirms that anion-n-system
interactions play a key role in the resulting supramolecular self-
assembly. In 2, each distorted honeycomb-like motif is constructed
from six BPymTz ligands linking twelve Ag' ions (Fig. 1). The
honeycomb-like cavities contain two OTf ~ anions and two CH;CN
molecules with the remaining OTf ™ anions and CH;CN molecules
situated between adjacent 2D layers. The OTf anions within a
honeycomb-like cavity interact with three tetrazine rings with the
distances between the oxygen atoms of OTf and the centroids of
the tetrazine rings ranging from 2.93 to 3.68 A.'° The CH;CN
molecules inside the cavity exhibit C-H- - -O and C-H- - -F contacts
with the OTf  anions. The neighbouring honeycomb-like layers
are interlinked through the C-H---O and C-H-:--F interactions.
The closest Ag"--Ag' distance between two honeycomb-like 2D
layers is 12.27 A.

In order to determine if the oligomeric structures also exist
in solution, electrospray mass spectra (ES MS) studies were
performed on CH;CN solutions of 1 and 2 prior to crystallization.
The spectra exhibit a number of peaks due to the formation of
different species during the ionization process. For 1, several
oligomers of silver ions BPymTz and PF,~ were detected, which
exhibited the expected isotopomer distributions [Ag,(BPymTz),(PFe)]"
miz 836.8, [Ags(BPymTz)s(PF),]” m/z 1328.7 and [Ag,(BPymTz)s(PFe)s]
m/z 1582.5 (Fig. S4, for details see the ESIT). Similar observations
were made for complex 2, with the detection of the oligomers
[Ag,(BPymTz)(OTf)]" m/z 602.7, [Ag;(BPymTz),(OTf),]" m/z 1098.5
and [Ag,(BPymTz),(OTf);]" m/z 1354.3 (Fig. S5, and for details see
the ESIt). As previously demonstrated,"" oligomers of silver ions
with organic ligands and anions can be detected in solution by
means of ES MS. Although this technique is not illustrative of

This journal is © The Royal Society of Chemistry 2015
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the distribution of species in solution, as it can only detect
charged species in the gas phase, it does provide interesting
information on the self-assembly process before crystallization.

Crystals of 3 crystallize in the cubic space group /43d with the
unit cell parameters of 20.2313(6) A. Based on single crystal X-ray
analysis, TPymT coordinates to three Ag' ions acting as a tris-
terpyridine ligand. Each Ag' ion has a distorted hexacoordinate
environment formed by the coordination pockets of two neighbour-
ing TPymT ligands (Fig. 2). The average Ag-N(triazine) bond distance
is 2.30 A, while the Ag-N(pyrimidine) bond lengths are 2.51 and
2.58 A, which are significantly elongated with respect to the
Ag-N(triazine) bond. Within the planar trinuclear unit, the Ag" - -Ag'
distance is 6.20 A, which is 0.24-0.29 A shorter than those found in
the discrete trinuclear analogue [Ag;(TPymT)(H,0)(NO;);]- H,O (4)."
Furthermore, each of the trinuclear [Ag;TPymT]>* fragments is
twisted by ~ 70° relative to one another imposed by the distorted
octahedral Ag' coordination environment.

Similar to complexes 1 and 2, the formation of the inter-
penetrating 3D network of 3 is driven by anion-n-system interactions,
as evidenced by the contacts between ClO,” with the neighbouring
electron deficient s-triazine core of TPymT. The ClO, anions in 3 are
situated directly above the central triazine rings (Fig. 3) with distances
between the oxygen atoms of ClO, ™ and the centroids of the triazine
rings being 3.21 and 3.87 A.™® Through these interactions, a 1D chain
of alternating anion-rn-system moieties are formed, thus stabilizing
the network.

Since each TPymT coordinates to three Ag" ions and each Ag'
ion coordinates to two TPymT ligands, this leads to a complex
2-fold interpenetrating 3D coordination network (Fig. 4). This
network can be described as a (10,3)-a topology, with each TPymT
ligand as a three-connected node and each Ag' cation as a linker.
The same topology was also observed in the ZnSiFs complex of 2,4,6-
tri(4-pyridyl)-1,3,5-triazine and the AgClO, complex of 1,4,5,8,9,12-
hexaazatriphenylene.”* A comparison of the structures 3 and 4
establishes the vital templating role of the ClO,  anion vs. NO; ™.
The former serves as a driving force in the formation of the

Fig. 2 Ball and stick molecular structure of the [AgeTPymT,4]°" segment in
the structure of 3 (hydrogen atoms and ClO4~ anions were omitted for
clarity). Color code: C = grey, N = blue, Ag = magenta.

This journal is © The Royal Society of Chemistry 2015

View Article Online

Communication

Fig. 3 Ball and stick and spacefill representation of 1D supramolecular
pillars constructed through the ClO4~ —=n-system interactions in the struc-
ture of 3 (hydrogen atoms were omitted for clarity). Color code: C = black,
Cl = light green, N = blue, Ag = magenta, O = red.

Fig. 4 Spacefill and stick 3D 2-fold interpenetrating supramolecular coordina-
tion network of 3 (hydrogen atoms were omitted for clarity). Color code:
coordination networks = black and orange, Cl = pale green, O = red.

2-fold interpenetrating 3D coordination network, while the
latter yields a discrete trinuclear molecule.'?

The bulk sample of 3 was studied by means of powder
X-ray diffraction (Fig. S6 in the ESIT). The experimental X-ray powder
pattern is in agreement with the calculated powder pattern obtained
from a single crystal X-ray structure. On the other hand, powder X-ray
diffraction analysis of complexes 1 and 2 shows some discrepancies
between the predicted and experimental patterns due to extensive
evaporation of solvent molecules from the isolated crystals (Fig. S7
and S8 in the ESIT). Nonetheless, several single crystals of each 1 and 2
were analysed via single crystal XRD and found to be isostructural.

Chem. Commun., 2015, 51, 9547-9550 | 9549
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In summary, 1D, 2D and 3D supramolecular coordination
networks were successfully isolated through the use of anion-n-
system interactions. The m-acidic aromatic moieties in the ligands
BPymTz and TPymT provide an ideal platform to induce such
interactions. This, coupled with the multiple coordination sites in
the ligands, promotes multidimensional growth. In particular, the
selective use of PFy~ and OTf leads to the formation of a 1D
ribbon-like chain (1) and a 2D honeycomb-like layered structure
(2), respectively, through coordination of BPymTz with Ag'.
Furthermore, exploiting such interactions between a rationally
designed ligand with three-fold symmetry (TPymT) and ClO,
enables the formation of a two-fold interpenetrating compact 3D
coordination network (3). These three examples provide clear
evidence of the pivotal role played by different anions (size and
shape) and their interactions with the ligand, which directs the
superstructure formation. This strategy offers a unique approach
in the development of novel supramolecular assemblies through
the use of counter anions as strategic synthons.
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