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Self-Assembly of Pyrazolyl Based Ligands and Silver Cation into
Metallamacrocycles and Tubular Coordination Networks
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The 2,6-bis(pyrazolyl)pyrazine ligand 1 forms a 2,2-
metallamacrocycle 3, composed of two ligands and two
cations, in the presence of the Ag* cation. In the crystalline
phase, the 1,3,5-tris(pyrazolyl)benzene ligand 2 leads to an
infinite metallatubular network in the presence of the Ag™*

cation, composed of the 2,2-metallamacrocycle 4, which is
formed from two molecules of 2 and two cations. This infinite
network is formed by double interconnection of consecutive
metallamacrocycles through binding of Ag* centers by the
free pyrazolyl moieties.

For the last decade, much attention has been focused on
the formation of metallamacrocycles,!'! and many bis-
monodentate ligands such as 4,4'-bipyridine, pyrimidine,
bipyrazine, 4,7-phenanthroline or bis-pyridines intercon-
nected by rigid or flexible spacers have been shown to form
a variety of metallamacrocycles.l”! Recently, we have re-
ported the formation of silver and palladium 2,2-metallam-
acrocycles using ligands based on two p-dialkylaminopyrid-
ine units connected by aliphatic chains of variable length.!

A further development in this area could be the forma-
tion, using self-assembly processes, of coordination molecu-
lar networks based on the interconnection of metallamacro-
cycles by coordination bonds. As schematically represented
in Figure 1, one can design tridentate ligands in which two
coordination sites are positioned in such a manner that, in
the presence of divalent metal cations, they form 2,2-metal-
lacycles composed of two metals and two ligands; the re-
maining coordination site would then serve as a connecting
center allowing binding to another divalent metal cation
and the formation of infinite 1-D networks. This strategy
has been demonstrated by using terpyridine ligands bearing
a thioether group.™

In order to investigate this possibility, ligand 1 was de-
signed, synthesized and structurally characterized in the
crystalline phase by X-ray diffraction on a single crystal.
Indeed, ligand 1, based on a pyrazine moiety bearing two
pyrazolyl groups at the 2 and 6 positions, may fulfil the
above criteria if the two pyrazolyl units and the N4 nitrogen
atom of the pyrazine unit participate in the binding of lin-
early coordinated metal centers. However, 1 can also act
either as a tridentate chelating ligand if the NI nitrogen
atom of the pyrazine ring was acting as coordination site in
conjunction with the two pyrazolyl groups, or as a tetraden-
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Figure 1. Schematic representation of an infinite coordination net-
work based on interconnection of 2,2-metallamacrocycles by bridg-
ing metal centers

tate ligand if, in addition to the two pyrazolyl moieties, both
nitrogen atoms of the pyrazine ring were participating in
the bonding of metal centers.

Ligand 1 was prepared in 77% yield upon coupling the
sodium salt of pyrazole with 2,6-dichloropyrazine in DMF.
The pyridine analogue of 1 and its Ru(II)P! and Cu(II)!!
complexes have previously been reported. The solid state
structure of 1 (Figure 2) was determined by an X-ray dif-
fraction study which revealed the following features. In the
solid state, the free ligand 1 possesses a plane of symmetry
and adopts an almost planar conformation with an
NI1—-N2—-C5—N3 dihedral angle of 171.6°. Both the N1
and N1’ atoms are in a trans configuration with respect to
N3. Whereas the C5—N2 bond length is 1.4000 A, the
C5—N3 bond is much shorter (1.324 A), as expected; the
N1—N2 bond length is 1.362 A.

In an attempt to form infinite 1-D networks based on the
interconnection of metallamacrocycles, the binding of the
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Figure 2. X-ray structure of the free ligand 1 (Table 1); hydrogen
atoms omitted for clarity; for bond lengths and angles see text

Ag™ cation by the ligand 1 was investigated. The Ag™ cat-
ion was selected because, firstly, it forms kinetically labile
complexes with nitrogen-containing ligands and, secondly,
it may adopt a linear coordination geometry. Indeed, we
have previously obtained a silver 2,2-metallamacrocycle in
which the Ag* cation is linearly coordinated to two nitro-
gen atoms.l’] However, other types of coordination ge-
ometry, in particular trigonal or tetrahedral, are commonly
observed. In this case, infinite 1-D linear!” or helical™ sil-
ver coordination networks in which the cation acts as a
tetrahedrally connecting center, were obtained.

Upon reacting equimolar amounts of ligand 1 and
AgSbF¢in CHCI;/EtOH (1:3) at room temperature, the bi-
nuclear silver metallamacrocycle 3 was obtained in 70%
yield (Scheme 1). The structure of 3 was investigated by an
X-ray diffraction study (Table 1) on a single crystal (see
Figure 3). The crystal is exclusively composed of discrete
2,2-metallamacrocycles 3 and SbF4~ anions; the cationic
part is a binuclear silver complex composed of two ligands
and two Ag* cations forming a 2,2-metallamacrocycle. The
latter is formed by the bridging of two pyrazolyl moieties
of the ligand by two silver atoms, implying that 1 behaves
as a bidentate unit. For ligand 1, the pyrazolyl and the
pyrazine units are tilted by —21.6°. The two ligands are not
coplanar but twisted, thus leading to a rather short Ag—Ag
distance of 2.911 A. Both silver cations are almost linearly
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coordinated (N—Ag—N angle of 178.2°) to two pyrazolyl
nitrogen atoms with a N—Ag distance of 2.160 A. The
SbF¢~ anions are neither disordered nor in specific interac-
tions with the cationic units. The formation of such a metal-
lamacrocycle is not unprecedented, analogous structures
were obtained from Cu! and benzimidazole-based li-
gands,P! and bis-pyridine and Ag'.['% Attempts to generate
the desired infinite coordination network by increasing the
Ag™/1 stoichiometry and by varying the crystallization con-
ditions have so far been unsuccessful.

Figure 3. X-ray structure of the metallamacrocycle 3 {projection
along the Ag-Ag axis (left) and lateral view (right)} obtained under
self-assembly conditions between 1 and the Ag™ cation (Table 1);
hydrogen atoms and anions omitted for clarity; for bond lengths
and angles see text

Tubular structures are interesting architectures, in par-
ticular with respect to their ability to transport ions or mol-
ecules. In principle, such structures may be obtained either
from nonreversible covalent bonds, or other types of revers-
ible interactions such as H-bonding or stacking processes.
It has been shown that tubular systems may be formed by
I-D chains adopting a helical structure, as observed for
polypeptides in natural systems,[''1l'?] or for helical coordi-
nation polymers;®3! by interconnection of ring modules
as, for example, for cyclic peptides; [ 12] by stacks of cyclic
units in the liquid crystalline phase;!'¥l by poly-!'3! or olig-
omeric!'® structures bearing ring systems; or by rolling up
2-D sheets such as graphite leading to carbon nanotubes.[!”]
Following the above strategy for the formation of 1-D coor-
dination networks based on the interconnection of metalla-
macrocyclic units, we reasoned that, by an appropriate
choice of ligands, it should be possible to generate tubular
coordination networks using the self-assembly strategy
based on the formation of reversible coordination bonds.
Indeed, the appropriate interconnection of metallamacro-
cycles may lead to a variety of tubular systems. An example
of such an architecture, based on the mutual intercon-
nection of metallamacrocycles, is schematically represented
in Figure 4. The formation of such a structure requires a
ligand and metal-cation pair allowing the reversible forma-
tion of metallamacrocycles and their mutual intercon-
nection (Figure 4). This strategy was demonstrated using
terpyridine ligands bearing a thioether group.™

We believed that the tridentate ligand 2 composed of
three pyrazolyl moieties located in the 1, 3 and 5 positions
of a benzene ring might be an interesting unit for the forma-
tion of a metallatubular 1-D coordination network. Com-
pound 28 and its 1,3,5-triazine!'®! and 1,3,5-(pyrazolyl-1-
methyl)?%l analogues have previously been reported. With
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Table 1. Single crystal X-ray data for ligand 1 and the silver complexes 2 and 34!
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1 3 4
Formula C10H8N6 C]ngAgN(,'st6 C15H12AgN(,‘SbF6
Molecular weight 212.22 555.83 619.91
Crystal system Monoclinic Orthorhombic monoclinic
Space group Pnma Ccca Cl12/cl
a(A) 11.8450(4) 10.3373(2) 22.873(1)
b(A) 21.3300(9) 14.0278(3) 12.8220(5)
c(A) 3.8290(4) 21.6100(4) 16.867(1)
B(doe§) 89.972(2) 3133.7(2) 128.256(1)
V(A°) 967.4(2) 3884.4(6)
V4 4 8 8
Color colorless colorless colorless
Crystal dim. (mm) 0.17 X 0.13 X 0.10 0.20 X 0.15 X 0.08 0.20 X 0.20 X 0.10
D(calc) (g cm—3) 1.46 2.36 2.12
F(000) 440 2096 2368
p(mm™"') 0.098 3.045 2.469
Temperature (K) 173 294 294
Akl limits 0,4/—16,16/—30,30 0,14/0,19/0,29 0,35/0,15/—25,20
Theta limits(deg) 2.5/30.55 2.5/29.56 2.5/34.35
Number of data measured 6478 13952 14796
Number of data with 7 > 3 o(/) 1285 1604 3569
R 0.041 0.050 0.046
R, 0.053 0.064 0.071
GOF 1.042 1.008 1.355

[a] Radiation: Mo-K, graphite monochromated; wavelength (A): 0.71073; diffractometer: KappaCCD; scan mode: phi scans
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Figure 4. Schematic representation of an infinite coordination tu-
bular network based on mutual interconnection through coordina-
tion bonds of consecutive 2,2-metallamacrocycles

respect to the bridging metallic center, the above mentioned
strategy requires a tricoordinated metal adopting a T-type
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coordination geometry. Again, we believed that the Ag™
cation was the best candidate.

Figure 5. The X-ray structure of the metallamacrocycle 4 composed
of 2 and the Ag* cation (Table 1). Projection along the Ag-Ag axis
(left) and lateral view (right). H atoms and anions are not presented
for clarity. For bond lengths and angles see text

Upon slow diffusion in the dark and at room temp. of a
solution of 2 in CHCI; into an EtOH solution of AgSbF,
colorless crystals were obtained after three days which were
studied by X-ray diffraction (Table 1). The crystal (Figures
5 and 6), consisting exclusively of ligand 2, Ag* cations and
SbF 4~ anions, is composed of parallel cationic metallatubu-
lar coordination networks and the SbF¢~ anion. The for-
mation of the tubular structure results from the mutual
bridging of the binuclear silver 2,2-metallamacrocycles 4,
(Scheme 1), composed of two Ag™ cations and two ligands
2 and analogous to the metallamacrocycle 3 obtained with
ligand 1. For the formation of the metallamacrocyclic unit
4 (Figure 5) within each of the two tridentate ligands 2, two
out of three pyrazolyl units are bridged by two Ag* cations,
the remaining two pyrazolyl units, located at each end of
the cyclic structure and pointing in opposite directions with
respect to the plane defined by the metallamacrocycle, serve
to interconnect consecutive cyclic units (Figure 6). Dealing
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with the ligand 2, the three pyrazolyl moieties are tilted by
—41.2°, 32.4° and 23.0° with respect to the phenyl ring,
respectively. For the metallamacrocycle 4, the N—Ag and
Ag—Ag distances are 2.150 A,2.154 A and 7.785 A, respec-
tively. As stated above, the metallamacrocycles are mutually
and doubly interconnected (Figure 6) by the third pyrazolyl
on each ligand 2 with a rather long N—Ag distance of 2.620
A; thus the overall coordination geometry around the Ag*
cation may be described as severely distorted trigonal (T-
type) with N—Ag—N angles of 162.4°, 99.0° and 98.6°. As
in the case of 3 mentioned above, the SbF,~ anions were
neither disordered nor in specific interactions with the cat-
ionic units. Although in terms of topology the network
formed may be described as tubular, due to the size of the
metallamacrocyclic unit, the internal space within each
tubular network is exceedingly small.

Figure 6. A portion of the X-ray structure showing the formation
of the metallatube {parallel (left) and perpendicular (right) views}
between the tridentate ligand 2 and Ag™ cations; hydrogen atoms
and anions omitted for clarity

In conclusion, from ligand 1, bearing two pyrazolyl units,
and the Ag™ cation, both in solution and in the solid state,
the formation of a binuclear silver 2,2-metallamacrocycle
was achieved and its solid structure was elucidated by X-
ray diffraction on a single crystal. With the Ag™ cation and
ligand 2 containing three pyrazolyl, units, the formation of
a 1-D tubular coordination network was observed in the
solid state by X-ray diffraction on a single crystal. The
tubular coordination network results from the mutual inter-
connection of metallamacrocycles through N—Ag coordi-
nation bonds. Due to the size of the metallamacrocyclic
unit, the internal size of the tubular architecture obtained
was exceedingly small, thus precluding any possible appli-
cation in terms of its use as a channel. However, increasing
the size of the metallamacrocycle by using larger ligands
such as 1,3,5-tris(phenylpyrazol)ylbenzene, one might be
able to generate tubular networks with sufficient internal
space. This type of architecture, due to its cationic nature,
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may be of interest for the transport of anions, which re-
mains a challenge. Work along these lines is currently in
progress

Experimental Section

Synthesis of Ligand 1: To a suspension of pyrazole (274 mg,
4 mmol) in DMF (35 mL) was added NaH (168 mg, 4.22 mmol)
and the mixture stirred under argon at 50°C for 20 minutes. To
this suspension was added 2,6-dichloropyrazine (300 mg, 2 mmol)
and the resulting yellow mixture was heated to 90°C under argon
and stirred for a further 12 hours before it was allowed to cool to
room temperature. Upon pouring the suspension into cold water,
the desired compound 1 was obtained in 77% yield (330 mg) as a
white solid which was filtered and further washed with water. m.p.
180—181°C. — '"H NMR (300 MHz, 25°C, [DgJacetone): & = 6.66
(dd, J = 1.3, 2.7 Hz, 2 H, pyrazole), 7.89 (d, J = 1.5Hz, 2 H,
pyrazol), 8.84 (d, J = 1.5 Hz, 2 H, pyrazole), 9.14 (s, 2 H, pyrazine).
— 13C NMR (75.46 MHz, 25°C, CDCls): § = 108.8, 127.3, 131.5,
143.3, 144.8. — UV (25°C, CHCl3) Ay (e mol 'lem™'): 270
(18400), 327 (29200) nm. — FAB™ ™7 (%) = 212.1 (100%).

Synthesis of the Binuclear Silver Complex 3: Stirring an equimolar
mixture of 1 and AgSbF (0.23 mmol) in CHCI3/EtOH (1:3) for 5
hours at room temperature in the dark under argon, gave the bi-
nuclear silver complex 3 in 80% yield as a white powder which was
filtered, washed with CH,Cl, and EtOH and dried. m.p. 240°C
(decomposition). — 'H NMR (300 MHz, 25°C, [DgJacetone): § =
6.83 (dd, J = 2.0, 2.7 Hz, 2 H, pyrazole), 7.87 (d, J/ = 1.9 Hz, 2 H,
pyrazole), 8.96 (d, J = 3.0 Hz, 2 H, pyrazole), 9.40 (s, 2 H, pyra-
zine). — 3C NMR (75.46 MHz, 25°C, CDCl5): § = 111.1, 131.2,
134.1, 143.8, 145.2. — FAB* ™ (%) = 874.9 (100%, 3-SbFj).
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