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The formation of Ag(I)-1,2,4,5-tetrazines(ttz) based coordination polymers via the Ag—N coordination
and anion—m interactions is described. Coordination-driven self-assembly is a key step to construct coordi-
nation polymers, and ttz, an electron-deficient aromatic ring compound, forms interesting anion—x interac-
tions. In this study, a series of silver salts, AgX [X = BF,, PFs and CF3;S0; (OTf)], is introduced to
determine the influence of shape and size of anions on the formation of coordination polymers, {[Ag(ttz)]
BFy 1, D), {[Agx(ttz)3](PFg)>}, (2) and {[Agy(ttz)3(OTE)](OTE)}, (3). It shows different types of chan-
nels in polymers and the coordination modes of ttz (p, p3, and py). The structure of coordination polymers
and the influence of anion—= interactions are revealed by single crystal X-ray diffraction. In particular,
3 shows not only the anion—x interaction but also the coordination between the anion and Ag(I) which
contributes to the unique framework compared to 1 and 2.

Keywords: Anion—r interactions, Coordination polymer, Tetrazine, Anion templating effect, Silver
complex

Introduction

Coordination-driven self-assembly, which is closely con-
cerned with the coordination preference of metal centers
and directionality of multitopic bridging ligands, is consid-
ered a key process in the construction of coordination
supramolecular architectures.'”’ During the assembly pro-
cesses, noncovalent interactions such as hydrogen bonding,
and m—x, cation—x, and anion—x interactions play a crucial
role in organizing the resulting supramolecular coordination
assemblies.®'°

Especially, anion—rn interactions, attractive forces
between anions and electron-deficient aromatic rings, have
been increasingly used to design functional supramolecular
materials with promising applications for colorimetric sen-
sors and hosts for selective anion recognition and anion car-
riers.'""™?'  Among the n—acidic aromatic rings, the
coordination chemistry of 1,2,4,5-tetrazines (ttz), which are
N-heteroaromatic rings composed of four nitrogen and two
carbon atoms, has attracted great attention because of their
n-electron deficiency and coordination affinity as multiple
N-donor ligands with strong n-back bonding ability from
lowly occupied m* orbitals.**

A number of quantum chemical and crystallographic
studies have been carried out to understand the nature of
the anion—m interaction between 1,2,4,5-tetrazines and
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anions.”>2® In addition to these efforts, Dunbar et al.
emphasized the importance of anion—r interactions as a
driving force to stabilize supramolecular architectures of
discrete Fe(II) metallacycles, where the use of different size
of anions lead to the formation of different structures of
Fe(II) complexes via anion—nx interaction between n-acidic
1,2,4,5-tetrazine rings and the anions.?’ Despite these suc-
cessful examples, the adoption of anion—xn interactions as
directing elements in more complex supramolecular sys-
tems, such as coordination polymers and frameworks,
remains challenging because each subunit can affect neigh-
boring units and multiple types of systems such as coordi-
nation modes of ligands or metal ions, which leads to the
formation of unexpected coordination topologies or struc-
tures. To understand the effect of anion—x interaction in
the multicomponent self-assembly, d'® metal cations were
widely used with various anions to result architectural
diversity in molecules or polymers. For that, Wu’s group
reported anion directed Ag(I) complexes and its properties
depending on the different anions, and Domasevitch’s
group reported the formation of anion directed coordination
polymers consisting of Ag(I) or Cu(I) and N-heteroaromatic
rings derivatives with various anions.?*°

For this purpose, we reported Ag(I)-3,6-dimethoxy-
1,2,4,5-tetrazine (dmotz) coordination polymers, where
anion n-interaction between the m-acidic dmotz ring and
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CF;SO;™ (OTf") and ClO4  guided the formation of the
1D coordination polymer [Ag(dmotz)(OTf)], and the 2D
grid polymer {[Ag(dmotz),](ClO4)},, respectively. The
structures underwent irreversible conversion from [Ag
(dmotz)(OTf)], to {[Ag(dmotz),](ClO4)}, in the presence
of an equivalent of Cl10,~.>"

As a part of our aim for better understanding the role of
anion—r interactions in the formation of coordination poly-
mers, we have synthesized coordination polymers using
more concise ligand, ttz, and various AgX (X = BF,, PFq
and OTY) salts. Herein, we report the anion-directed assem-
bly of Ag()-ttz coordination polymers {[Ag(ttz)]|(BF4)},
(D), {[Agx(ttz);](PFe)2}n (2) and {[Agx(ttz);(OTH)I(OT)},
(3), and their structural characteristics, including anion—mn
interactions.

Results and Discussion

Treatment of ttz ligand and Ag(l) salts with various counter-
anions (BF,~, PFs~ or OTf) in organic solvent (dic-
hloromethane [DCM] or tetrahydrofuran [THF]) at room
temperature leads to the formation of dark-red crystalline
products. The single-crystal X-ray diffraction analysis of
compounds 1-3 reveals three-dimensional (3D) coordination
polymeric frameworks, resulting from the arrangement of sil-
ver ions and ttz ligands mediated by different anions
(Scheme 1).

Compound 1 crystallizes in orthorhombic space group
Im2a with Z = 2 (Supporting Information Table S1) and

@ AgPF,

N=N

W,

N—N
ttz

AgCF,S0,

{[Aga(ttz);(OTH](OTH}4(3)
Scheme 1. Synthesis and structures of silver-tetrazine coordination

frameworks 1, 2, and 3.
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the asymmetric unit of 1 is composed of one Ag(I) ion and
half of the ttz ligand. The BF,~ anion, which is accommo-
dated in the channel of 1, is disordered over three positions
which has 2:2:1 occupancy ratio, where allowing anion—n
interactions with ttz. Each silver ion, which adopts a dis-
torted square planar geometry, is bound to four tetrazine-N
donors in four ttz ligands (Figure 1(a)). The 4-coordinate
index, t4 for 1 is [360-(179.32 + 179.32)]/141 = 0.01,
which is close to zero for a square planar.>* The Ag—N
bond distances and N—Ag—N bond angles vary between
2.461 (7)-2.488 (7) A and 86.7 (4), and 93.0 (4)°, respec-
tively (Figure 1(b)). Bond distances and angles are in good
agreement with the corresponding data from the literature
(2.4242(18)-2.4857(19) A and 85.59(6), 97.47(9)°).%° Each
ttz ligand, which displays a p4-coordination, binds to four
Ag(I) atoms, with the 1,4-positioned Ag---Ag separation
distance of 7.6389(2) A. The coordination-driven assembly
of py-coordinated ttz ligands and Ag(I) ions results in a 3D
coordination framework in a rectangular shape (Fig-
ure 1(d)).

Notably, 1 exhibits one-dimensional rhombic channels
with an average cross-sectional distance of 8.988 A along
the crystallographic bc plane (Figure 1(d)), which can pro-
vide accommodation of the BF,™ anions. Among BF,~ dis-
ordered models, the highest occupied model of BF,™ anion
is illustrated and noncovalent contacts are found between a
BF, anion and surrounding ttz ligands in the structure of 1
(Figure 1(c)). The distances between the closest F atoms
and the centeroid of the neighboring tetrazine ring in 1 are
2.774 (10) A, and the closest distance of F---C,,, is 2.884
(11 A which is shorter than the total van der Waals radius
of following atoms, XR,qw F:--C = 3.17 A and ZRyaw
F-N=325A7%

It has been reported that the geometry of accommodated
anions has a strong impact on the resulting coordination
structures  constructed from a given metal and
ligands.***3> Therefore, the variation of anions with dif-
ferent molecular geometries is expected to alter the struc-
ture of the obtained frameworks. In addition, PFs~ was used
as an anion to construct a different structure of a coordina-
tion framework compared to 1. Powder X-ray diffraction
(PXRD) of 1 is in agreement with the simulated pattern
from SC-XRD data (Supporting Information Figure S1),
and TGA curve of 1 shows that it begins to decompose at
220°C (Supporting Information Figure S4).

X-ray crystallography analysis of 2 reveals that it crystal-
lizes in orthorhombic space group Pnma with Z = 8
(Supporting Information Table S1) and the asymmetric unit
is composed of two crystallographically independent
Ag(I) ions and three and a half ttz ligands. One of PFq,
which is accommodated in the channel of 2, is disordered
between two positions in 1:1 ratio, allowing interactions to
ttz in a short anion—r distance.

As shown in Figure 2(a), the Ag(I) complex exhibits a
distorted trigonal bipyramidal geometry by coordinating
with five N atoms of five ttz ligands. The 5-coordinate
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Figure 1. (a) Distorted square planar geometry of Ag(l) with ttz
in 1; (b) py-coordination mode of ttz; (c) the anion—n interaction
between BF,™ and ttz ligands; (d) view of the coordination frame-
work in 1 without anions. (Hydrogen atoms have been omitted for
clarity. Gray = carbon, blue = nitrogen, dark green = silver,
yellow = boron, green = fluorine).

Figure 2. (a) Distorted trigonal bipyramidal geometry of
Ag(D) with ttz in 2; (b) M, py-coordination modes of ttz; (c) the
anion—r interaction between PFg™ and ttz ligands; (d) view of the
coordination framework in 2 without anions. (Hydrogen atoms
have been omitted for clarity. Gray = carbon, blue = nitrogen,
dark green = silver, purple = phosphorus, green = fluorine).

index, s, represents a perfect trigonal bipyramidal when t5
is close to 1, and square pyramidal when it is close to 0.
For 2, 75 is (165.50-130.10)/60 = 0.6, and (159.8-129.0)/
60 = 0.51 for each Ag(I) atoms, which mean a distorted
geometry between trigonal bipyramidal and square pyrami-
dal.*® The average Ag—N bond distances are 2.430(12) A
and 2.413(12) A, which is shorter than those in 1. As seen
from Figure 2(b), ttz ligands in 2 show py- and
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p-coordination modes. While the former is almost identical
to that of 1, at the 1,4-positioned Ag atoms for ttz, Ag---Ag
separation distance of 7.3609(4) A, the latter, in which the
two tetrazine-N donors occupy the two peripheral points on
the tetrazine ring and are bound to two Ag(I) ions, is not
observed in the framework of 1. The Ag---Ag separation
distance caused by the p-coordination mode is 7.2076(4) A
in average. Octahedral geometry and bulkier size of PFq~
than BF,~ would strongly influence the coordination-driven
assembly of Ag(I) ions and ttz ligands, and cause the dis-
tinct coordination modes of ttz ligands. In addition, the
framework is afforded and it shows two types of channels
along the crystallographic ab plane with the average cross-
sectional distances at 9.529(4) A and 10.193(4) A due to
the accommodation of PFs~ (Figure 2(d)).

As shown in Scheme 1, PFg™ are placed in different posi-
tions according to the shape of channels. Among PFq~ dis-
ordered model, the highest occupancy is illustrated and the
anion—7 interactions between PFg~ anions and ttz ligands
are observed in 2 (Figure 2(c)). Specifically, four F atoms
from a PFg™ anion interact with four neighboring tetrazine
rings: two - and two p-ttz ligands. The closest distance
between F atoms and the centeroid of ttz ligands in 2 are
2.711(15) A, 2.825(15) A, and 2.986(13) A. Powder X-ray
diffraction(PXRD) of 2 is in agreement with the simulated
pattern (Supporting Information Figure S2), and TGA curve
of 2 shows that it begins to decompose at 100°C
(Supporting Information Figure S4).

The frameworks of 1 and 2 show the different coordination
and channels depending on the size of anions and the charac-
teristics of anion—r interactions. Since the two anions, BF,~
and PFs, do not form coordination bonds, we decided to
introduce another anion that readily coordinates to Ag to
investigate whether the anion forms coordinative and/or
anion—7t interactions. Therefore, we attempted to isolate a
coordination polymer from the reaction of the ttz ligand and
Ag(I) salts in the presence of OTf. The O atoms in OTf
have been reported to be capable of coordinating to metal
centers in coordination frameworks.?

Compound 3 crystallizes in monoclinic space group of
P21/n with Z = 4 (Supporting Information Table S1). The
asymmetric unit of 3 is composed of three ttz ligands bridged
by Ag(l) ions, and two different interaction modes of OTf,
anion—n interaction with ttz and coordination of O atom to
Ag(l), are found. The Ag(I) ion adopts a distorted trigonal
bipyramidal geometry, and each Ag(I) ion is coordinated by
four tetrazine-N donors from four ttz ligands and one oxygen
atom in OTf". The 5-coordinate index, ts, for 3 is 0.4 which
shows a highly distorted geometry between trigonal bipyra-
midal and square pyramidal, which is in accordance with a
crystal data.’® The average Ag—N bond distances are 2.447
2) A and 2.439(2) A for each Ag atoms, and a coordinated
Ag—O distance is 2.562(2) A. Unlike 1 and 2, ttz in 3 shows
p- and ps-coordination modes (Figure 3(b)). Moreover, two
types of p-coordination modes are coexist in 3, where the
Ag(]) atoms are coordinated to ttz at the 1,4- or 1,5-position,
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Figure 3. (a) Distorted square pyramidal geometry of Ag(I) with
ttz in 3; (b) p, ps-coordination modes of ttz; (c) the anion—n inter-
action between OTf™ and ttz ligands; (d) view of the coordination
framework in 3 without anions. (Hydrogen atoms have been omit-
ted for clarity. Gray = carbon, blue = nitrogen, dark
green = silver, red = oxygen, yellow = sulfur, green = fluorine).

and it accounts for a unique framework structure in 3 (Fig-
ure 3(d)) in comparison to 1 and 2. Because of the interaction
between OTf™ and ttz and the multiple coordination modes of
ttz, oval-shaped channels are formed to accommodate anions.
In detail, both O and F atoms in OTf™ participate in anion—mn
interactions with the surrounding ttz ligands with average dis-
tances of 3.071(3) A and 3.264(3) A, respectively. Powder
X-ray diffraction(PXRD) of 3 is in agreement with the simu-
lated pattern (Supporting Information Figure S3), and TGA
curve of 3 shows that it begins to decompose at 200°C
(Supporting Information Figure S4).

Conclusion

In summary, we have reported a series of Ag(I) and ttz-
based coordination frameworks containing anions that were
driven by Ag—N coordination and anion—r interactions.
Single crystal X-ray diffraction analysis revealed that the
distinct framework was constructed depending on the coor-
dination mode of the N-donor ligand and anion template
effect. The bond distances of Ag—N in 1, 2, and 3 were
similar, but different types of channels were formed due to
the various coordination environments of Ag ions and the
various coordination modes of ttz ligands. Through the crys-
tal structural analysis of each framework, we demonstrated
that anion—r interactions as well as metal coordination play a
key role in forming self-assembled structures.

Experimental
General. The ligand ttz was synthesized by a modification of
literature methods.*® Other chemicals were purchased from com-

mercial sources and used without further purification. Silver(I)
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tetrafluoroborate  (AgBF;, 99%, Alfa Aesar), silver(I)
hexafluorophosphate (AgPFs, 98%, Alfa Aesar), and silver(I)
triffuorotrimethanesulfonate (AgOTf, 98%, Alfa Aesar) were
used as received. The FT-IR spectra were recorded with a Ver-
tex 70 FT-IR spectrometer. Synthesized complexes are character-
ized by single crystal X-ray determination and elemental
analysis. Single crystal X-ray analysis was performed on a
Bruker AXS D8 Venture. Elemental analysis (EA) data were
obtained from the Organic Chemistry Research Center at
Sogang University. PXRD patterns were obtained using a Rig-
aku Ultima IV apparatus equipped with a graphite-mono-
chromated Cu ko radiation source (40kV, 40 mA).
Thermogravimetric analysis (TGA) measurements were con-
ducted using a Shimadzu TGA-50 under a nitrogen atmosphere
at a heating rate of 10 °C/min. Crystallographic data for the
structures reported here have been deposited with CCDC
(Deposition No. CCDC-1885056(1), 1 885 057(2),
1 885 058(3)).

Synthesis of {[Ag(ttz)](BF4)}, (1). A solution of ttz
(20 mg, 0.24 mmol) in dichloromethane(DCM) (5 mL) was
added dropwise to a solution of AgBF, (23 mg,
0.12 mmol) in dichloromethane (15 mL). The reaction ves-
sel was shielded from light and the solution was stirred for
2 h at room temperature. After stirring, the solvent was
removed under reduced pressure. The resulting purple crys-
talline precipitate was washed with dichloromethane. The
purple powder was dried in vacuo. Yield: 12 mg, 42%.
Crystals which have suitable quality to SC-XRD were
obtained by a liquid-liquid diffusion of pentane to DCM
solution at low temperature. Anal. Calcd for
CH,AgBFNy: C, 8.68; H, 0.73; N, 20.25. Found: C,
8.62; H, 0.79; N, 20.47.

Synthesis of {[Ag,(ttz);](PF¢),}, (2). A solution of ttz
(14 mg, 0.17 mmol) in THF (5§ mL) was added dropwise to
a solution of AgPF¢ (28 mg, 0.11 mmol) in THF (10 mL).
The reaction vessel was shielded from light and the solution
was stirred for 2 h at room temperature. After stirring, the
solvent was removed under reduced pressure. The resulting
orange crystalline precipitate was washed with dic-
hloromethane. The orange powder was dried in vacuo.
Yield: 12 mg, 31%. Crystals that have suitable quality to
SC-XRD were obtained by a liquid-liquid diffusion of pen-
tane to THF solution at low temperature. Anal. Calcd for
C7H8Ag2P2F12N14: C, 1059, H, 102, N, 24.70. Found: C,
10.67; H, 1.09; N, 23.95.

Synthesis of {[Ag,(ttz);(OTH)](OTL)}, (3). A solution of
ttz (31 mg, 0.38 mmol) in THF (5 mL) was added dropwise
to a solution of AgOTf (48 mg, 0.19 mmol) in THF
(5 mL). The reaction vessel was shielded from light and the
solution was stirred for 2 h at room temperature. After stir-
ring, the solvent was removed under reduced pressure. The
resulting dark orange crystalline precipitate was washed
with dichloromethane. The dark orange powder was dried
in vacuo. Yield: 73 mg, 80%. Crystals that have suitable
quality to SC-XRD were obtained by a liquid-liquid diffu-
sion of pentane to THF solution at low temperature. Anal.
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Calcd for C8H6Ag2F6N120682: C, 1264, H, 080, N,
22.11. Found: C, 12.79; H, 0.72; N, 22.09.
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