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Abstract J

A new polynuclear cationic complex of copper(ll) (Cu(ll)) with pyrazine as a ligand and perchlorate
acting as a counter-ion was obtained. X-ray diffraction results accounted for a 2D polymer array of
cations, in which the metal-ions were located on an ideal square-pyramidal coordination environment
defined by four nitrogen atoms of pyrazines and one chloride. The polymer compound, which
extended along the ab plane of the structure, showed Cu(Il) displaced 0.9 A from the plane defined by
the N-atoms and chloride. Perchlorate ions were situated in cavities interacting with pyrazine by
anion-r weak interactions. These low-energy bonds emerged as a consequence of the w-acidity of
pyrazine upon coordination to Cu(ll). Density-functional theory (DFT) calculations at the M06-2X
level of theory using 6-31G(d) and 6-31+G(d) were conducted aimed at achieving an electronic
description of selected properties of title complex. M06-2X/6-31G(d), in particular, proved to be an
acceptable performer in dealing with geometric aspects keeping the computational cost very low.
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1. Introduction

Nitrogen heterocycles are ligands of paramount importance in coordination chemistry.
Pyrazine (pyz), which is an N,N’-ditopic diimine, is not an exception and has been widely
used for constructing many metal-organic frameworks containing several transition metal-
ions. With copper(11) (Cu(ll)), in particular, pyrazine plays a remarkable role for building Cu
coordination polymers. Interesting compounds have been observed, which are found in the
distorted hexagonal ring [Cus(CN)2(pyz)s] of the 3D-coordination polymer
[loo[Cus(CN)3z:(pyz)2]. Polymer complexes of Cu(ll) with pyrazine-containing ligands
exhibit, in some cases, potential applications as gas storage system, chemical catalysis, and

drug delivery, among others.
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As a part of our interest to increase basic knowledge on structural properties of Cu(ll)
complexes containing diimine ligands, the synthesis and structure of a polymer array of
Cu(ll), pyrazine, and chloride containing perchlorate as a counter-ion are presented. The
network extends along the ab plane of the structure, in which the metal-ion is observed
slighty displaced from the plane defined by the N-donor atoms. Anions are hosted by the
structure in cavities via noncovalent anion-z interaction involving coordinated pyrazine. To
shed light into the electronic properties, geometry optimization and population analysis were
performed with the density-functional theory (DFT) hybrid meta exchange-correlation
functional M06-2X [17] combined with 6-31G(d) and 6-31+G(d) [24].

2. Experimental

2.1. Materials and instrumentation

Reagents were obtained from major suppliers and used without further purifications.
Elemental analyses for carbon, hydrogen, and nitrogen were performed on a Thermo
Scientific Flash 2000 analyzer. FTIR spectra were recorded for the complex dispersed in KBr
pellets on a Shimadzu IRPrestige-21 spectrometer.

2.2. Synthesis

A solution of 47 uL (0.60 mmol) of pyrazine in MeOH (8 mL) was carefully layered on top of
an aqueous solution (8 mL) of Cu(ll) chloride (51 mg, 0.30 mmol) and sodium perchlorate
(74 mg, 0.60 mmol). Light-blue crystals were obtained after seven days (yield 47%). Anal.
Calcd for CuCgHsN4O4Cl2: C, 26.79; H, 2.25; N, 15.62. Found: C, 27.33; H, 2.08; N, 15.98.
All values are given in percentage. FTIR (KBr, cm™): 3,130-3,110 (w, Csp>~H), 1,427 (s,
Ar), 1,105-1,075 (s, C-N).

2.3. Single-crystal X-ray diffraction study

Diffraction data were obtained at 293(2) K on a Bruker D8 Venture diffractometer equipped
with a Photon 100 CMOS detector with Cu-Ka radiation (A =1.54178 A). APEX 3 software
was used for data collection and reduction, and multiscan absorption correction was applied
[25]. The structure was solved by iterative methods using SHELXT. Structure refinement was
done using SHELXL-2018 [26,27] within SHELXLE [28] by the full-matrix least squares on
F2 method. Nonhydrogen atoms were refined using anisotropic displacement parameters,
whereas hydrogen atoms were geometrically positioned and refined with the riding model.
For carbon-bonded hydrogen-atoms, thermal parameters were set to 1.2 times the Ueq

(equivalent isotropic displacement factor) of the carbon atom they are bonded to. The
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molecular graphics were prepared using MERCURY [29]. Selected crystallographic data,

experimental details, and refinement results are summed up in Table 1.

Table 1: Selected crystallographic data, experimental details, and refinement results for [CuCl(pyz)2];:{ClO4);,.

Empirical formula CgHgCl,CuN4Oy4
Formula weight 358.63
Temperature 293()K
Wavelength 1.54178 A
Crystal system Tetragonal

Space group P4/n

Unit cell dimensions a=9.7205(2) A

b=9.7205(2) A
c=5.9986(2) A

o=90°

B=90°

p=90°

Volume 566.80(3) A3

z 2
Density (calculated) 2.101 Mgm™
Absorption coefficient 7263 mm !
F(000) 358
Crystal size 0.103 x 0.095 x 0.082 mm?
Theta range for data collection 6.44-69.05°
Index ranges O<h<1l,-11<k<11,-3<]<7
Reflections collected 2,338
Independent reflections 529 [R(int) =0.0625]
Completeness to theta = 67.679° 99.2%
Absorption correction Semiempirical from equivalents
Max. and min. transmission 0.58 and 0.48
Data/restraints/parameters 529/0/45
Goodness-of-fit on FZ 1.092
Final R indices [/> 2sigma(])] R1=0.0347, ®R%=0.0832
R indices (all data) R1=0.0448, @R%=0.0885
Largest diff. peak and hole 0.319 and —0.484 ¢ A™3

Table 1: Selected crystallographic data, experimental details, and refinement results for
[CuCl(pyz)2]n(CIO4)n.

2.4. Hirshfeld surface analysis

For the further understanding of the intermolecular interactions driving the hosting of
perchlorate anion in the 2D polynuclear complex, the Hirshfeld surface around the anion was
constructed. CRYSTAL EXPLORER17 was used to determine the surface [30,31], which
was based on the CIF file. Normalized contact distances were mapped in the surface, where
normalized contact distance (dnorm) is defined as
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L dw
d _ d" rf + -EL-—F:
norm vd'W vdw  ?
F. Fe

where de and di represent the distances from a point on the surface to the nearest nucleus
outside and inside the surface, respectively, and r'®"¥ corresponds to the van der Waals (vdW)
radii of the atoms involved [32]. The bidirectional graph of de and d; distances within the
surface (and their frequency)—2D fingerprint plot—provided quantitative information about
the type of interactions [33].

2.5. Theoretical calculations

All calculations were conducted at the DFT. Geometry optimizations starting from molecular
structure determined by X-ray diffraction were carried out. In all cases, M06-2X [17] in
combination with 6-31G(d) was used, and an ultrafine grid featured by 90 radial shells and
590 angular points per shell was considered. Diffuse functions were also taken into account
(by using 6-31+G(d) [24]) aimed at inferring the influence of counter-ions on electronic
properties. Thus, the system [CuCl(pyz)s]*---ClOs~ was studied by using MO06-2X in
combination with 6-31+G(d) in the gas phase. To explore how pyrazine (as a bridging-
ligand) affects electronic properties, the model complex {CuCl(u-pyz)a[CuCI(NH3)3]a}>* was
considered, in which pyrazine of terminal units was substituted by NHs. Any attempts to
optimize the geometry of this model complex with M06-2X/6-31G(d),6-31+G(d) were
unsuccessful. Thus, we decide to consider a diamagnetic substitution approach in the model
complex by replacing all Cu(ll)-terminal cationic units by the neutral ones {ZnCl>(H20)s}.
This approach led to the new model complex {CuCl(u-pyz)s[ZnCl2(H20)s]s}*, whose
geometry was optimized with M062X/6-31G(d). The nature of the stationary point was
verified through vibrational analysis (no imaginary frequencies at the minimum). Natural
population analysis (NPA) calculations were performed with the NBO code included in the
program package GAUSSIANQ9, Rev. D01 [38], which was used for all theoretical studies
reported in this contribution.

Results and discussion

Crystal structure

The reaction of pyrazine in the presence of Cu(ll), chloride, and perchlorate in MeOH:H-.0
(2:1; v:v) led to the formation of a new 2D array of cation in complex [CuCl(pyz)2]n(CIOa4)n.

The mononuclear subunit shows the metal-ion seated on an ideal square-pyramidal
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coordination environment [39,40], in which Cu(ll) is bonded to a chloride and to four
nitrogen atoms of the pyrazine-ligand with distances of 2.547(2) and 2.052(2) A, respectively.
Selected inequivalent bond lengths and angles are presented in Table 2; bond lengths and
angles generated by symmetry and otherwise equivalent to the ones presented are excluded
for clarity. It deserves to be mentioned that distance Cu—N was in line with the one observed
in complexes of Cu(lIl) with pyrazine-containing ligands [41,42]. In this regard, complexes of
Cu(Il) with pyridylalkylamide ligands N-(pyridin-2-ylmethyl)pyrazine-2-carboxamide and N-
(2-(pyridin-2-yl)ethyl)pyrazine-2-carboxamide, taken as an example into account, exhibit
Cu—N bond distances in the range from 1.997 A to 2.067 A [41].

Table 2: Selected bond lengths (A) and angles (°).

Bond length
N(1)-Cu(01) 2.056(2)
Cu(01)—CI(3) 2.547(2)
Bond angle
N(1)—-Cu(01)-N(1)#2 169.85(15)
N(1)-Cu(01)-N(1)#3 89.552(14)
N(1)-Cu(01)—Cl(3) 95.07(8)

Table 2: Selected bond lengths (A) and angles (°).
The polymer array extends along the ab plane of the structure (Figure 1), in which the metal-
ion is observed displaced 0.9 A from the plane defined by the N-donor atoms, and chloride

appears apically coordinated in an alternate fashion (Figure 2).

Figure 1: 2D array of the title complex (perspective view along the c-axis). Thermal
ellipsoids are drawn at the 50% probability level.
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Figure 2: Alternate orientation of chloride in the bc plane (perchlorate anions have been
omitted for clarity).
The sequence {Cu(ll)-pyz-Cu(ll)-pyz-Cu(I)} runs along the [220] and [110] directions, with
pyrazine-ligands being observed tilted to each other. Polarization of the z-electron density
induced by coordination to metal-ions is typical for pyrazine in the role of bridging-ligand
[43], which points this ligand to present an important z-acidity in the title complex. Thus, this
m-acidity is expected to prevail in the interior of all cavities (i.e., voids which were obtained
upon the formation of the polynuclear 2D crystal structure) in which perchlorate ions are
located. Consequently, anion-z weak interactions emerge and perchlorate ions appear
connected to pyrazine (aided by the tilted orientation of this ligand) (Figure 3). Distance
03C1-0---pyz (centroid) of 3.146 A is observed, and this metric parameter appears in line

with the ones observed in related systems.

Figure 3: Partial views of the interaction of ClIO4 with the centroid of the aromatic rings of
pyrazines.
Hirshfeld surface analysis
In order to better understand the position of the perchlorate anion in the lattice, and how it
functioned as a template for the construction of the 2D polynuclear complex, a Hirshfeld

surface was constructed around it. The dnorm mapped through the surface confirms that the
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predominant intermolecular interaction with the 2D polynuclear complex is anion-z
interactions (Figure 4). These are sufficiently strong to generate red hotspots throughout the
surface, where the interatomic distance is significantly shorter than the sum of the van der
Waals radii of the atoms indicating the existence of a bond-type interaction. The largest
hotspots are surrounding the O atoms on the side oriented towards the adjacent pyrazine
ligand. Moreover, when the 2D fingerprint (Figure 4) is calculated, the most frequent
interactions (painted green and red in the fingerprint plot) correspond to atom-atom distances
between 2.0A and 3.2 A, corresponding to Cl-O---H Cl-O---C contacts in the Cl-O---pyz

interaction.

’ Longer than >0
van der Waals contact

van der Waals contact =0

Shorter than

van der Waals contact <0

1.21.41.61.82.02.22.4 dj/A
(b)

Figure 4: Hirshfeld surface of one perchlorate on the 2D array of copper, pyrazine, and

chloride (a), and resulting 2D-fingerprint plot (b).
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Geometry optimization and NPA results

Results from X-ray diffraction measurements account for a 2D-array of Cu(ll), chloride, and
pyrazine having perchlorate as a counter-ion, which is observed hosted in cavities interacting
with the aromatic units by anion-z interactions. Thus, we decided to optimize one model
complex [CuCl(pyz)4]*, and the system [CuCl(pyz)s]*---ClOs  (Figure 5) with M06-2X/6-
31+G(d) to shed light into the influence of noncovalent interactions on geometric parameters
and population analysis. A minimum as a stationary point was obtained for both geometry
optimizations. Equilibrium geometry of complex (Eigure 5) shows the metal atom in an ideal
square-pyramidal environment, and these results are in accordance with the experimental
results. Distances Cu—N (of 2.100 A) resulted overestimated by +0.044 &, while the one of
bond Cu—Cl (of 2.363 A) resulted underestimated by —0.184 A. The presence of perchlorate
induces the heterocycles to twist in order to promote anion-z interactions, with results being
in line with those detected in the solid state. Additionally, an improvement of the Cu—N
metric parameter of interacting pyrazine-ligands is obtained with a very good match with
respect to the experimental finding (deviation of —0.002 A), with improvement being not
observed in this extension for Cu—Cl distance (difference of —0.158 A) (Table 3).

“C ¢ 0 0 ¢ @
Too0z09

Figure 5: Optimized geometry of [CuCl(pyz)4]* (top) and of [CuCl(pyz)4]*---ClO4~ (bottom)
as obtained with M06-2X/6-31+G(d) in the gas phase (T =298 K). Anion-z interactions in

dashed line.
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Table 3: Selected optimized parameters (bond lengths in A, bond angles in ®) of [CuCl(pyz)4]", [CuCl(pyz)4]+ClO4~, and {CuCl(u-pyz)4[ZnCly(H;0)]4}"
as obtained with M06-2X/6-31+G(d), 6-31G(d) in the gas phase (T=298 K).

System Cu-pyz-631+d! Cu-Cl04-631+d? Cu-pyz-631d3 Cu-Zn-631d*
Bond lengths

Cu-N 2.100 2.136, 2.139, 2.056° 2.079 2.077, 2.080, 2.081

Cu—Cl 2363 2388 2.349 2340

N-C 1.339,1.332% 1.3497, 13295 1.339, 1.331° 1.338

NN 2783 2785 2.783 2,759 (avg)

System Cu-pyz-631+d Cu-ClO4-631+d Cu-pyz-631d Cu-Zn-631d
Bond angles

N-Cu-N 88.6 91.4,86.8 88.2 87.7,88.2

N-Cu—Cl 98.8 95.46,102.2, 104.4 100.0 100.3, 100.5, 100.8

Cu-N-C 117.7,124.4 117.265, 118.6 17.4,124.9 117.3, 124.2 (avg)

1Cu-pyz-631+d = [CuCl(pyz)4]*/M06-2X/6-31+G(d); 2Cu-ClO4-

631+d = [CuCl(pyz)4]*---ClO4 /M06-2X/6-31+G(d); 3Cu-pyz-631d = [CuCl(pyz)]*/M06-
2X/6-31G(d); “Cu-Zn-631d = {CuCl(u-pyz)a[ZnClz(H20)3]a}*/M06-2X/6-31G(d); °Average
value involving noncoordinated nitrogen atoms; ®Nitrogen in opposition to ClO4~; "Nitrogen
coordinated to Zn(ll).

Table 3: Selected optimized parameters (bond lengths in A, bond angles in °) of
[CuCl(pyz)4]*, [CuCl(pyz)a]*-:-ClO4~, and {CuCl(u-pyz)s[ZnCl2(H20)3]4}" as obtained with
MO06-2X/6-31+G(d), 6-31G(d) in the gas phase (T =298 K).

Population analysis for [CuCl(pyz)s]™ obtained with M06-2X/6-31+G(d) shows the metal
center carrying a charge of +1.021, which is markedly smaller than the formal charge of +2
as a result of a donation process, in which chloride ends with a charge of —0.665. While
pyrazine shows a natural charge of —0.421 on nitrogen atoms, its coordination induces a
polarization in the z-system as indicated by the charge of —0.519 on coordinated nitrogen
atoms, and of —0.372 on the uncoordinated donor atoms.

Changes are observed by the inclusion of counter-ion in system [CuCl(pyz)4]*---ClO4". While
copper appears as Cu™%6 NPA results for nitrogen seems to be dependent on position and
role of this donor atom. Population results for coordinated nitrogen of pyrazines interacting
with ClIO4™ are of —0.536, with the charge of those donor atoms in opposite position being of
—0.376. The presence of noncovalent anion-7 interactions also affects the natural charge of all
atoms on noninteracting pyrazine. Coordinated nitrogen appears with a charge of —0.499,

with the ones remaining uncoordinated ending with a charge of —0.388.
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The influence of pyrazine as a bridging-ligand on metric parameters was explored by
comparing [CuCl(pyz)s]* with the model complex {CuCl(u-pyz)s[ZnCl2(H20)s]4}".
Optimized geometry of the polynuclear model complex is displayed in Figure 6, and cartesian
coordinates of the mononuclear one are included in the Supplementary Material.

® L © @ o ¢ ¢
NITOOZ00
= — c

Figure 6: Optimized geometry of {CuCl(u-pyz)s[ZnCl2(H20)3]4}" as obtained with M06-
2X/6-31G(d) in the gas phase (T =298 K).

In going from the mononuclear complex to the model system, no important changes in
geometric parameters are detected. Distances Cu—Cl and Cu—N of 2.349 A and 2.079 A4,
respectively, are observed in [CuCl(pyz)4]*, with these parameters remaining practically
unchanged upon coordination of pyrazine to Zn(1l) (d(Cu—Cl) = 2.341 A; d(Cu—N) = 2.077—
2.0814). As in the case of 6-31+G(d), the computational nonexpensive 6-31G(d) basis set
accounts for an underestimation of Cu—Cl distance with respect to the experimental results
(deviation of —0.198 A), while an overestimation but reasonable match is obtained in Cu—N
distance (deviation of +0.027 A).

Population analysis of selected atoms in {CuCl(u-pyz)4[ZnCl>(H20)3]4}" was also conducted.
In this regard, NPA results of pyrazine seems to show dependence on metal ion. While
nitrogen atoms bonded to Cu(Il) display a charge of —0.541, the ones coordinated to Zn(II)
exhibit a charge of —0.464. The coordination process promotes Cu(Il) to carry a charge of
+1.162 and chloride ends as CI7%%%, with both results being practically identical to the ones

observed in mononuclear system.
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Concluding remarks

A new bidimensional array of Cu(ll), pyrazine, chloride, and perchlorate as a counter-ion was
obtained in the solid state. X-ray diffraction results exhibited the metal-center seated on an
ideal square-pyramidal coordination environment given by four N-donor atoms and chloride,
which appears apically coordinated. Pyrazine was observed tilted to each other along the
structure, and this relative orientation promoted this ligand to participate in noncovalent
anion-z weak interactions with perchlorate. This anion was located in cavities obtained upon
formation of the 2D polymer array, in whose interior is expected to prevail the effects of the
w-acidity displayed by coordinated pyrazine.

Theoretical studies at the DFT theory were conducted using M06-2X in combination with 6-
31G(d), and diffuse functions were added (through 6-31+G(d)) to explore the influence of
counter-ions in geometry and population analysis. The effect on geometric parameters of
pyrazine as bridging-ligand was explored—taken MO06-2X/6-31G(d) into account—by
comparing [CuCl(pyz)s]™ with a system, in which pyrazine connects Cu(ll) to diamagnetic
and neutral units {ZnCl2(H20)s}.

The presence of CIO4 induced a twist of the aromatic ring of pyrazine in order to promote
the anion-z interactions experimentally observed. Even when the inclusion of counter-ion and
diffuse function seemed to be necessary to get a good description of equilibrium geometry,
MO06-2X/6-31G(d), applied to the simple [CuCl(pyz)4]* complex, proved to be an acceptable
performer in dealing with geometric aspects keeping the computational cost very low. This
conclusion also emerged for those systems in which pyrazine acts as bridging-ligand.
Coordinates (x, y, z) of optimized systems in the gas phase employing M06-2X in
combination with different basis sets at T =298 K.
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