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In this work, we synthesized and X-ray characterized four new complexes based on pyrazine- 

and pyridine-dicarboxylic acid ligands. In one compound, the formation of an unprecedented 

and counterintuitive lp–π-hole interaction involving the coordinated carboxylate group is 

noteworthy. 
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On the importance of non covalent interactions in 
the structure of coordination Cu(II) and Co(II) 
complexes of pyrazine– and pyridine–dicarboxylic 
acid derivatives: Experimental and theoretical views 

Masoud Mirzaeia,*, Hossein Eshtiagh–Hosseinia, Antonio Bauzáb, Sara Zarghamia, Pablo 
Ballesterc, Joel T. Magued and Antonio Fronterab,* 

Three Cu and one Co complexes of three pyridine–2,6–dicarboxylic acid derivatives were synthesized 

by proton transfer reactions. They are formulated as {Cu[(ampym)(hypydc)(H2O)}·H2O (1), 

{[Co(pyzdc)(H2O)2]·H2O}n (2), [Cu(dipic)(μ–dipic)Cu(II)(H2O)5]·2H2O (3) and 

[Cu3(dipic)4(en)2]·enH2·4H2O (4) where ampym = 2–amino–4–methylpyrimidine, hypydc = 4–

hydroxypyridine–2,6–dicarboxylic acid, pyzdc = pyrazine–2,3–dicarboxylic acid, dipic = pyridine–2,6–

dicarboxylic acid, en = ethylenediamine. The complexes have been characterized by single crystal X–

ray diffraction. Complex 1 is five–coordinated with a distorted square pyramidal geometry around 

Cu(II) where hypydc acts as a tridentate ligand, ampym as a monodentate ligand and one water 

molecule coordinated in the axial position. Complex 2 is a linear polymer containing six–coordinated 

Co(II) metal center, which is surrounded by N and O atoms from two pyzdc ligands and two 

coordinated water molecules. Complex 3 is a binuclear compound containing two six–coordinated 

Cu(II) ions, one coordinated to two dipic ligands while the other one is coordinated by five water 

molecules and one oxygen atom belonging to the bridging carboxylate group. Complex 4 is a 

trinuclear complex where two identical ions are hexa–coordinated to four carboxylate groups 

belonging to two dipic ligands and central ion is coordinated to two ethylenediamine ligands and two 

oxygen atoms of the dipic ligands. The non–covalent interactions that play important roles in the 

stabilization of the crystal structures have been analysed for several compounds by means of Density 

Functional Theory (DFT) calculations and characterized using the Bader’s theory of “atoms in 

molecules” (AIM). The evaluation of the binding energies associated to each noncovalent interaction is 

useful for rationalizing their influence in the crystal packing. The formation of an unprecedented lp–π–

hole interaction in 1 is remarkable. 

 

Introduction 

Nowadays the field of crystal engineering is a comprehensive 
discipline established by researchers with very different 
interests. Undoubtedly, the construction of fascinating 
topological architectures is one of the main attractions. 
Moreover, the modelling, synthesis, evaluation and utilization 
of crystalline solids having desired functions is also a main 
topic in crystal engineering.1,2 Due to the delicate nature of 
competing weak forces the principle of designed synthesis of 
functional materials is very complicate, making difficult to 
succeed in a previously designed crystal engineering 
experiment.3 The crystal structure prediction requires a precise 
understanding and a complete control over the intricate 

interplay of weak noncovalent interactions responsible for 
crystal packing, since they are operating simultaneously.3–5 To 
this respect, crystal engineering of nonlinear optical material is 
probably the most successful field. For instance, large 
macroscopic optical nonlinearities in ionic salt crystals has been 
developed.6 
A great deal noncovalent forces are very frequently used by 
chemists to construct supramolecular assemblies, such as 
hydrogen–bonding,7 π–π stacking,8 cation–π9 and C–H···π10 
contacts. Moreover, lone pair (lp)–π11 and anion–π 
interactions12 have been increasingly reported in the literature. 
Moreover, the study of the impact of the acidity of reaction 
media leading to targeted species is still of transcendental 
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importance in crystal engineering including synthetic 
procedures at different pH levels that lead to different degree of 
protonation on the starting materials.13 As a matter of fact, 
proton transfer is one of the most investigated chemical 
reactions in chemistry and biochemistry. It plays an important 
role in various chemical and biological processes such as 
stabilizing biomolecular structures, controlling the speed of 
enzymatic reactions as well as constructing supramolecular 
structures.14 Recently, several types of forces such as 
coordination bonding, hydrogen bonding, π–π stacking and 
electrostatic interactions7–11 have been used in constructing 
extended supramolecular networks via proton transfer.15 These 
reactions are caused by site–specific interaction such as 
hydrogen bonding.16 The applications of H–bonding have been 
widely extended to various thermodynamic processes of 
industrial importance and fundamental research.17 There are 
many interesting topological structures such as one–
dimensional (1D) tapes, two–dimensional (2D) sheets, and 
three–dimensional (3D) networks which have been constructed 
through hydrogen bonding interactions. Among others, 
carboxylic acids have been successfully used in crystal 
engineering to generate a variety of 3D architectures (dimers, 
catemers, and bridged motifs).18 Due to the above important 
applications of proton transfer compounds, our research group 
has been recently focused on preparing novel proton transfer 
compounds using various carboxylic acids.19 In this report, four 
new complexes have been synthesized and their crystal 
structures determined. The solid state architecture of the 
complexes has been analysed and the noncovalent interactions 
have been energetically studied by means of DFT calculations. 
The evaluation of the binding energies associated to each 
noncovalent interaction is useful for rationalizing their 
influence in the crystal packing. 

Experimental Section 

General methods and materials 

All reagents were purchased from commercial sources and used 
without further purification. The X–ray data were obtained with 
Bruker Smart–APEX and D8–Venture diffractometers. 
Synthesis of {Cu[(ampym)(hypydc)(H2O)}•H2O (1). An 
aqueous solution of copper(II) nitrate trihydrate (0.05 mmol) in 
distilled water (15 mL) was added to an aqueous solution of 4–
hydroxypyridine–2,6–dicarboxylic acid (0.1 mmol) and 2–
amino–4–methylpyrimidine (0.2 mmol) with stirring at 70–
75°C for one hour. Suitable crystals were obtained by slow 
evaporation of the solvent at room temperature (Yield: 35%, 
m.p. > 300 °C). Elemental analysis: Anal. Calc. for 
C12H14CuN4O7: C, 36.94; H, 3.60; N, 14.36. Found: C, 36.88; 
H, 3.51; N, 14.30%. IR bands (KBr pellet, cm–1): 3375, 3190, 
3115, 3065, 2963, 2853, 2722, 2618, 2516, 1624, 1590, 1482, 
1375, 1296, 1168, 1115, 1045, 941, 868, 793, 746. 
Synthesis of {[Co(pyzdc)(H2O)2]•H2O}n (2). A aqueous 
solution (20 mL) of pyrazine–2,3–dicarboxylic acid (0.26 
mmol) and 2–aminopyrazine (0.26 mmol) was stirred at 50–
55°C for one hour. Then a solution of Co(II) nitrate 

hexahydrate (0.15 mmol) was added and the reaction continued 
for two hours. Suitable crystals of 2 were obtained and 
collected after three months through a slow evaporation of the 
solvent at room temperature (Yield: 45%, m.p. > 300 °C). 
Elemental analysis: Anal. Calc. for C6H10CoN2O8: C, 24.23; H, 
3.36; N, 9.42. Found: C, 24.18; H, 3.33; N, 9.40%. IR bands 
(KBr pellet, cm–1): 3375, 3200, 3115, 3062, 2960, 2853, 2720, 
2615, 2516, 1624, 1595, 1482, 1377, 1296, 1170, 1120, 1045, 
940, 865, 793, 745. 
Synthesis of [Cu(dipic)(μ–dipic)Cu(H2O)5]·2H2O (3). An 
aqueous solution of copper(II) nitrate trihydrate (0.05 mmol) in 
distilled water (15 mL) was added to an aqueous solution of 
pyridine–2,6–dicarboxylic acid (0.1 mmol) and 2–amino–4–
methylpyrimidine (0.2 mmol) with stirring at 70–75°C for one 
hour. Suitable crystals were obtained by slow evaporation of 
the solvent at room temperature (Yield: 40%, m.p. > 300 °C). 
Elemental analysis: Anal. Calc. for C14H20Cu2N2O15: C, 28.80; 
H, 3.42; N, 4.80. Found: C, 28.68; H, 3.35; N, 4.75%. IR bands 
(KBr pellet, cm–1): 3370, 3190, 3120, 3062, 2962, 2850, 2720, 
2616, 2516, 1625, 1595, 1480, 1377, 1295, 1168, 1116, 1045, 
941, 865, 795, 747. 
Synthesis of [Cu3(dipic)4(en)2]·enH2·4H2O (4). To a boiling 
solution of distilled water (25 mL) and four drops of en (0.2 
mL) containing 1 mmol dipic acid was added copper(II) acetate 
monohydrate (1 mmol) and a lesser extent of NH4PF6. The 
resulting solution was stirred at 100 °C for 3 hours. Dark blue 
crystals were obtained after a week by slow evaporation of 
solvent (Yield: 35%, m.p. > 300 °C). Elemental analysis: Anal. 
Calc. for C34H46Cu3N10O20: C, 36.91; H, 4.16; N, 12.66. Found: 
C, 36.88; H, 4.10; N, 12.60%. IR bands (KBr pellet, cm–1): 
3375, 3190, 3114, 3062, 2964, 2853, 2725, 2616, 2520, 1624, 
1591, 1485, 1377, 1295, 1170, 1116, 1045, 940, 865, 793, 750. 

Crystallography 

A thick blue–green plate–like crystal of 1 and an orange block–
like crystal of 2 were mounted on Mitegen loops with a drop of 
Paratone oil and placed in a cold nitrogen stream on the 
diffractometer. The diffraction data for 1 were obtained on the 
Smart APEX from 3 sets of 400 frames, each of width 0.5º in 
ω, collected at φ = 0.0, 90.00 and 180.00º and 2 sets of 800 
frames, each of width 0.45º in φ, collected at ω = –30.00 and 
210.00º.The scan time was 20 sec/frame. The diffraction data 
for 2 were obtained on the D8–Venture from 8 sets of 340 
frames, each of width 0.5º in ω, collected at φ = 0.00,  90.00, 
180.00 and 270.00º and at 2θ = –50.00 and –90.00º and 4 sets 
of 340 frames, each of width 0.5º in ω collected at 2θ = –90.00º  
and φ = 45.00, 135.00, 225.00 and 315.00º. The scan time was 
15 sec/frame. In both cases the intensity data were collected 
under the control of the APEX220 software and the raw data 
integrated and corrected for Lorentz and polarization effects 
with SAINT.21 Empirical absorption corrections and averaging 
of equivalent reflections were carried out with SADABS.22 The 
structures were solved by direct methods (SHELXS23) and 
refined by full–matrix, least–squares methods (SHELXL23). 
Crystallographic data for 3 was collected at 100(2) K on a 
Bruker Kappa APEX II DUO diffractometer equipped with an 
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APPEX 2 4K CCD area detector and a microsource with MoKα 
radiation (λ = 0.71073Å). The raw frame data were processed 
using SAINT and SADABS to yield the reflection data file.21,22 
The structures were solved by Direct Methods using SIR201124 
and refined on F2 by full–matrix least–squares procedures, 
using SHELXL–97.23 Crystal data collection and refinement 
details are given in Table 1. 

Theoretical methods 

The geometries of the complexes included in this study were 
computed at the BP86–D3/def2–TZVPD level of theory using 
the crystallographic coordinates within the TURBOMOLE 
program.25 The basis set superposition error for the calculation 
of interaction energies has been corrected using the 
counterpoise method.26 The “atoms–in–molecules” (AIM)27 
analysis of the electron density has been performed at the same 
level of theory using the AIMAll program28 and the geometry 
obtained from the crystallographic coordinates. 

Results and discussion 

Crystal structure of 1 

The structure of 1 is shown in Fig. 1 (left) and selected bond 
lengths and angles are summarized in Table 2. The asymmetric 
unit consists of a neutral Cu(II) complex ligated by one hypydc 
unit, one 2–amino–4–methylpyrimidine and one water 
molecule together with one uncoordinated water molecule. 

 
Fig. 1 Molecular structure of complexes 1 and 2 with indication of the atom 
numbering scheme. 

 

Table 2 Selected bond lengths (Å) and angles (°) for compound 1 

O1–Cu1 2.013(1) O1–Cu1–N1 81.06(5) 
O3–Cu1 2.071(1) O3–Cu1–N1 78.81(5) 
O6–Cu1 2.230(2) O6–Cu1–N1 99.94(6) 
N1–Cu1 1.906(1) N2–Cu1–N1 163.75(6) 
N2–Cu1 1.974(1) O1–Cu1–N2 100.64(6) 

O3–Cu1–O1 159.31(5) O3–Cu1–N2 97.36(5) 
O6–Cu1–O1 95.79(6) O6–Cu1–N2 95.97(6) 
O6–Cu1–O3 92.38(6)   

  
The coordination geometry of the Cu atom can be described as 

Table 1. Crystal data structure for compounds 1–4. 

 1 2 3 4 

Empirical formula 
Formula weight 
Temperature/K 
Crystal system 
Space group 

a/Å 
b/Å 
c/Å 
α/° 
β/° 
γ/° 

Volume/Å3 
Z 

ρcalcmg/mm3 
μ/mm–1 
F(000) 

Crystal size/mm3 
2Θ range for data collection  

Index ranges 
 

Reflections collected 
Independent reflections 

 
Data/restraints/parameters 

Goodness–of–fit on F2 
Final R indexes [I>=2σ (I)] 
Final R indexes [all data] 

Largest diff. peak/hole / e Å–3 

C12H14CuN4O7 
389.81 
150(2) 

monoclinic 
P21/c 

11.986(2)  
7.660(1) 

15.750(3)  
90  

94.123(3)  
90  

1442.3(5)  
4 

1.795 
1.562 
796.0 

0.16 × 0.12 × 0.08 
5.18 to 58.24° 
–16 ≤ h ≤ 16 
–10 ≤ k ≤ 10 
–21 ≤ l ≤ 21 

25054 
3804 [R(int) = 0.0567] 

3804/0/218 
1.047 

R1 = 0.0305, wR2 = 0.0810 
R1 = 0.0352, wR2 = 0.0847 

0.59/–0.40 

C6H10CoN2O8

297.09 
100(2) 

monoclinic 
C2/c 

12.5445(4)  
7.3874(3)  
11.8763(6)  

90  
111.118(1)  

90  
1026.68(7) 

4 
1.922 
13.529 
604.0 

0.16 × 0.14 × 0.08 
14.18 to 139.34° 

–15 ≤ h ≤ 15 
–8 ≤ k ≤ 8 

–14 ≤ l ≤ 14 
8419  

951 [R(int) = 0.0312]  
951/0/80 

1.091 
R1 = 0.0198, wR2 = 0.0548 
R1 = 0.0201, wR2 = 0.0551 

0.34/–0.28 

C14H20Cu2N2O15 
583.42 
100(2) 

monoclinic 
P21/c 

8.3425(5) 
27.164(2) 
9.5946(6) 

90 
98.111(2) 

90 
2152.5(2) 

4 
1.800 
2.055 
1184.0 

0.30 × 0.30 × 0.30 
2.62 to 39.61 
–14 ≤ h ≤ 14 
–48 ≤ k ≤ 48 
–17 ≤ l ≤ 17 

55047 
12365 [R(int) = 0.0205 

12365/14/341 
1.171 

R1 = 0.0400, wR2 = 0.1253 
R1 = 0.0426, wR2 = 0.1237 

– 

C34H46Cu3N10O20 
1105.43 
293(2) 

monoclinic 
P21/n 

8.152(2) 
20.538(5) 
12.736(3) 

90 
93.44(2) 

90 
2128.5(10) 

2 
1.725 
1.579 
1134.0 

0.51 × 0.28 × 0.12 
5.38 to 70.34° 
–13 ≤ h ≤ 13 
–33 ≤ k ≤ 33 
–20 ≤ l ≤ 20 

35349 
9453[R(int) = 0.0339] 

9453/5/336 
1.019 

R1 = 0.0351, wR2 = 0.0903 
R1 = 0.0594, wR2 = 0.1002 

0.48/–0.47 
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distorted square pyramid with the basal plane defined by one N 
atom and two O atoms from the deprotonated 4–
hydroxypyridine–2,6–dicarboxylate ligand and one ring N atom 
from the 2–amino–4–methylpyrimidine ligand and a water 
molecule in the apical position. Selected bond length and angles 
are summarized in Table 2. Intra ligand bond lengths and 
angles are in the range expected for these coordinated ligands. 
As we expected the axial bond (2.22 Å) is longer than the 
others and it can be attributed to Jahn–Teller effect. It should be 
noted that the Cu1–N2 bond (1.974(1) Å) is longer than the 
Cu1–N1 bond (1.906(1) Å) which is likely due to the 
geometrical constraints of the hypydc ligand. The packing 
diagram of 1 is shown in the supplementary material (see Fig. 
S1). Adjacent complexes are connected via various non–
covalent interactions to generate a two–dimensional 
supramolecular structure. Different hydrogen bonds such as 
N4–H4A···O7, O6–H6A···O4 and O7–H7B···O2 have a 
crucial role in creating this 2D network (see Fig. 2 and Table 
3).  

 
Fig. 2 Various N–H···O and O–H···O H–bonding forming 2–D network of 1. 

 

Table 3 Hydrogen bonding  parameters of 1  

D H A d(D–H)/Å d(H–A)/Å d(D–A)/Å D–H–A/° 
O5 
O6 
O6 
N4 
N4 
O7 
O7 

H5O 
H6A 
H6B 
H4A 
H4B 
H7A 
H7B 

O41 
O42 
O73 
O74 
O1 
N35 
O21 

0.84 
0.84 
0.84 
0.91 
0.91 
0.84 
0.84 

1.86 
2.14 
1.99 
2.04 
1.94 
2.07 
1.89 

2.684(2) 
2.974(2) 
2.831(2) 
2.951(2) 
2.808(2) 
2.881(2) 
2.713(2) 

167 
173 
176 
174 
158 
161 
165 

1+X,3/2–Y,1/2+Z; 2–X,2–Y,–Z; 3+X,+Y,–1+Z; 41–X,1–Y,1–Z; 5+X,1+Y,1+Z 

 
Fig. 3 Partial view of the crystal packing of 1 with indication of the lp–π–hole 
interaction. Distances in Å. 

The solid state packing of compound 1 presents a very relevant 
noncovalent interaction that is formed between the lone pair of 
the hydroxylic oxygen atom (O5) and the carbon atom (C1) of 
the carboxylate group (see Fig. 3). This can be classified as a 
π–hole interaction, where the electron donor is the oxygen atom 
and the acceptor is the carbon atom belonging to carboxylate 
group that is coordinated to the CuII metal center and 
consequently most of the negative electron charge is transferred 
to the metal cation. In addition, this carboxylate group also 
participates in a strong intramolecular bond with the NH2 group 
of the coligand, which further contributes to the π–acidity of the 
carbon atom. The distance is very short (2.828 Å) indicating a 
strong interaction. To the best of our knowledge this π–hole 
interaction (between a coordinated carboxylate and a lone pair, 
see ESI) has not been previously described in the literature. 
Theoretically, a related interaction between the NH3 electron 
donor and the π–hole of X–NO2 molecules has been previously 
reported.29 This lp–π–hole interaction between the O5 and the 
C1 will be further analyzed energetically in the theoretical 
study (vide infra). We have search the Cambridge Structural 
Database to investigate if this interaction is frequent in crystal 
structures similar to compound 1. As a result, we have found 
only 6 structures exhibiting lp–π–hole interactions between 
hydroxylic oxygen atoms and carboxylate groups coordinated 
to Cu(II). Interestingly, the number of hits is greater (58) if the 
molecule that acts as Lewis base is water. The reference codes 
of both searches are included in the ESI (see Table S1) and two 
selected examples are also represented. 

5.2 Crystal structure of 2 

A perspective view of the repeat unit of the chain with the atom 
numbering scheme of compound 2 is shown in Fig. 1 (right) 
while the packing diagram is shown in the ESI (Fig. S2). 
Selected bond lengths and angles are shown in Table 4. In 
compound 2 the pyzdc ligand is coordinated to the cobalt ion as 
a bis(bidentate) bridging ligand with each cobalt ion 

Page 5 of 11 CrystEngComm

C
ry

st
E

ng
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal Name ARTICLE 

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1–3 | 5 

coordinated by two nitrogen atoms and four oxygen atoms from 
two different pyzdc ligands. Two water molecules are also 
coordinated to the metal ion in a trans arrangement leading to a 
distorted octahedral geometry. The Co atom lies on a 
crystallographic center of symmetry while a crystallographic 
two–fold axis bisects the C–C bonds of the pyrazine ring. With 
the dianionic pyzdc ligands bridging the cobalt ions, extended 
linear 1–D chains are formed along the b axis (Fig. 4). Thus the 
complex exhibits one–dimensional coordination polymeric 
structures made by linear arrays of Co(II) metal ions. 

Table 4 Selected bond lengths (Å) and angles (°) for compound 2 

Co1–O2 2.061(1) O31–Co1–O3 180.00(7) 
Co1–O3 2.098(1) N11–Co1–O31 88.27(4) 
N1–Co1 2.128(1) N11–Co1–O3 91.73(4) 

N11–Co1–O2 101.44(5) N11–Co1–O2 101.44(5) 
N1–Co1–O2 78.56(5)   

 
Fig. 4 Perspective view of the one–dimensional polymeric structure of 2 along 
the b axis. Color code: Co in dark blue, N in light blue, O in red and C in grey. 

These chains are linked together by strong O—H···O 
interactions such as O(3)—H···O(1), O(3)—H···O(4) and 
O(4)—H···O(2) (see Table 5). These non–covalent interactions 
help to build up a three–dimensional network and increase the 
stability of the supramolecular structure (Fig. 5). 

 
Fig. 5 1–D linear chains link together by O–H···O hydrogen bonds to form a 3–D 
network. 

Table 5 Hydrogen bonding parameters of 2 

D H A d(D–H)/Å d(H–A)/Å d(D–A)/Å D–H–A/° 
O3 
O3 
H4 
O4 

H3A 
H3B 
H4A 
H4B 

O11 
O42 
O23 
O34 

0.85 
0.85 
0.85 
0.85 

1.87 
1.80 
1.99 
2.26 

2.711(2) 
2.650(2) 
2.835(2) 
3.057(2) 

173 
179 
170 
156 

 

 
Fig. 6 Partial view of the crystal packing of 2 with indication of the lp–π*–lp 
assembly and H–bonding interactions. Distances in Å. 

It is worth mentioning the position of the uncoordinated water 
molecules in the solid state structure. The water oxygen atoms 
of the water molecules are very close to the aromatic center of 
the pyrazine ring (2.96 Å) at opposite sides of the ring forming 
an “inverse sandwich” (lp–π*–lp assembly, see Fig. 6). The π–
acidity of the pyrazine ring is enhanced by the coordination of 
the aromatic nitrogen atoms to the CoII metal ions. We have 
denoted the interaction as lp–π*, to illustrate that the aromatic 
ring is electron deficient and consequently adequate for 
interacting lp donor molecules. The other lone pair of the 
oxygen atom of the water molecule is pointing to one 
coordinated water molecule and thus it is simultaneously 
forming a strong hydrogen bond (1.80 Å). The acidity of the 
hydrogen atom of the water molecule is enhanced due to its 
coordination to the metal. This interesting combination of 
hydrogen bonding interactions and lp–π*–lp assembly is 
responsible for the final location of the non coordinated water 
molecules. The relative strength of the aforementioned 
noncovalent interactions is further discussed below. 

5.3 Crystal structure of 3 

The coordination environment of copper(II) ions is shown in 
Fig. 7. Selected bond lengths and angles of the metal 
coordination sphere are shown in Table 6. Moreover, a view of 
the packing is depicted in the ESI (Fig. S3). 
The two dipic ligands are deprotonated in the complex as both 
are coordinated in a tridentate manner to one copper atom. One 
of the two dipic2– groups also acts as a bridging ligand to the 
pentaaqua–Cu(II) unit. Both Cu(II) ions exhibit distorted 
octahedral geometry with Cu(1) coordinated by six oxygen 
atoms, five from coordinated water molecules and one from a 
carboxyl group of dipic2–  of which the other oxygen atom is 
linked to Cu(2). Cu(2) is coordinated by four oxygen atoms of 
four carboxyl groups and two nitrogen atoms which are all from 
dipic2– ligand. Cu–O bond lengths are at the range expected, 
however it should be noted that coordination of O(8) atom to 
Cu(1) results in a slight lengthening of the Cu(2)–O(7) bond 
(2.213(1) Å) as compared with the three others (Cu(2)–O(1) = 
2.170(1) Å, Cu(2)–O(3) = 2.113 (1) Å, Cu(2)–O(5) = 2.178(1) 
Å) (Table 2). Hydrogen bonds between coordinated water 
molecules and the carboxylate oxygen atoms of the dipic2– 

ligands link the binuclear copper molecules to form a one–
dimensional chain (Fig 8). 
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Table 6 Selected bond lengths (Å) and angles (°) for  3 

Cu1–O12  2.053(1) O8–Cu1–O10 170.39(4) 
Cu1–O9  2.057(1) O12–Cu1–O13 176.53(5) 
Cu1–O11  2.085(1) O9–Cu1–O13 86.02(5) 
Cu1–O8  2.088(1) O11–Cu1–O13 89.38(4) 
Cu1–O10  2.090(1) O8–Cu1–O13 95.36(4) 
Cu1–O13  2.165(1) O10–Cu1–O13 85.79(4) 
Cu2–N1  2.021(1) N1–Cu2–N2 171.79(4) 
Cu2–N2  2.027(1) N1–Cu2–O3 76.61(4) 
Cu2–O3  2.113(1) N2–Cu2–O3 104.94(4) 
Cu2–O1  2.170(1) N1–Cu2–O1 75.73(4) 
Cu2–O5  2.178(1) N2–Cu2–O1 104.13(4) 
Cu2–O7  2.213(1) O3–Cu2–O1 149.91(4) 

O12–Cu1–O9 96.67(6) N1–Cu2–O5 112.54(4) 
O12–Cu1–O11 88.37(5) N2–Cu2–O5 75.67(4) 
O9–Cu1–O11 168.54(5) O3–Cu2–O5 85.16(4) 
O12–Cu1–O8 87.30(5) O1–Cu2–O5 94.64(4) 
O9–Cu1–O8 79.72(4) N1–Cu2–O7 95.59(4) 
O11–Cu1–O8 90.28(4) N2–Cu2–O7 76.24(4) 

O12–Cu1–O10 91.97(5) O3–Cu2–O7 97.58(5) 
O9–Cu1–O10 90.85(4) O1–Cu2–O7 96.68(4) 

O11–Cu1–O10 99.29(4) O5–Cu2–O7 151.51(4) 

 
Fig. 7 Molecular structure of 3 with indication of the atom numbering scheme. 

 
Fig. 8. O–H···O hydrogen bonds (pink–dashed lines) link the binuclear copper 
molecules in 3 to form a one–dimensional chain. 

As can be seen in Fig. 9, the final 3D architecture is dominated 
by aromatic interactions involving the pyridine–2,6–

dicarboxylic acid ligands such as π–π (3.72 Å) and CO–π* 
(3.693 Å) in addition to the hydrogen bonding network 
described above. These noncovalent interactions are further 
studied below in the theoretical analysis of the interactions. 

 
Fig. 9 Representation of π…π, CO…π and C–H…π interactions between pyridine–
2,6–dicarboxylic acid ligands which generates a three–dimensional network in 3. 

5.4 Crystal structure of 4 

Compound 4 crystalizes in the monoclinic P21/n space group 
and its molecular structure including the atom labelling scheme 
is given in Fig 10. The crystal data collection is summarized in 
Table 1 and selected bond length and angles are gathered in 
Table 7. 

 
 Fig. 10 Molecular structure of 4 with indication of the atom numbering scheme. 

Table 7 Selected bond lengths (Å) and angles (°) for 4 

N1–Cu1 1.9549(11) O7–Cu1–N1 95.33(4) 
O5–Cu1 2.1328(11) O3–Cu1–O5 84.60(5) 
O3–Cu1 1.9228(11) O1–Cu1–O5 97.89(5) 
N2–Cu1 2.2808(11) N1–Cu1–N2 173.52(4) 
O1–Cu1 2.1030(11) O5–Cu1–N2 78.49(4) 
O7–Cu1 2.0080(13) O1–Cu1–O7 88.96(5) 
N4–Cu2 2.0080(13) N4–Cu2–N41 180.00(6) 
N41–Cu2 2.0019(16) N4–Cu2–N3 83.80(6) 

O5–Cu1–N1 107.04(4) N4–Cu2–N31 96.20(6) 
O3–Cu1–N1 76.64(4) N41–Cu2–N31 83.80(6) 
O1–Cu1–N1 76.64(4) N41–Cu2–N3 96.20(6) 

 
The molecular structure diagram shows that this compound is a 
trinuclear complex with two different types of metal centers, 
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Cu1 and Cu2 metal ions (see Fig. 10). Both Cu1 atoms are 
hexa–coordinated to four oxygen and two nitrogen atoms of 
two pyridine–2,6–dicarboxylic acid ligands (dipic). The 
aromatic rings are almost perpendicular to each other resulting 
in a distorted octahedral coordination sphere around Cu1. The 
coordination number for Cu2 is also six since it is coordinated 
to two ethylenediamine groups and two oxygen atoms of dipic 
ligands. Therefore, the structure can be defined as two Cu1 
complexes that are acting as monodentate ligands for Cu2 in 
axial positions. Moreover, there are two uncoordinated water 
and one diprotonated ethylenediamine molecules in the repeat 
unit that act as counterions. The packing diagram of the 
structure is shown in Fig. S5. As can be seen in Fig. 11, N–
H···O hydrogen bonds between ethylenediamine moieties and 
water molecules form six–membered rings that generate infinite 
1D ribbons. These ribbons interact at both sides with the 
trinuclear complexes generating a 2D supramolecular plane by 
means of additional hydrogen bonds (N–H···O=C) with the 
carboxylate groups. Furthermore, π–π interactions with inter–
centroid distance of 3.507Å between the pyridine rings are 
crucial for the formation of the final 3D architecture, as can be 
observed in Fig. 12. Interestingly, each trinuclear complex 
establishes four equivalent stacking interactions with four 
neighbouring complexes using the pyridine rings. 

 
Fig. 11. 2D layer observed in 4. Hydrogen bonding interactions involving water 
molecules are represented in green. N–H···O=C hydrogen bonds are represented 
in blue. Hydrogen atoms are omitted for clarity. 

 
Fig. 12. Representation  of π–π interactions observed in 4. Hydrogen atoms are 
omitted for clarity. 

Theoretical study  

In this part of the manuscript we analyze the interesting and 
uncommon noncovalent interactions and assemblies observed 
in the solid state architectures of the CuII and CoII coordination 
complexes. We have started by studying the π–hole interaction 
described above for compound 1, where an lp of the phenolic 
oxygen atom is pointing to the carbon atom of the coordinated 
carboxylate group. In Fig. 13 we show the interaction energy of 
the dimer and the molecular electrostatic potential surface of 
one monomer. The π–hole is clearly observed in the MEP 
surface (see Fig. 13, right) and the oxygen atom in the solid 
state structure is exactly located in the π–hole, in agreement 
with the theoretical analysis. The interaction energy computed 
for this interaction is –4.2 kcal/mol, which is similar to lp–π 
interactions previously reported involving aromatic rings.13 

 
Fig. 13 Left: Partial view of the X–ray crystal packing of 1 with indication of the 
π–hole interaction and the associated binding energy. In the on–top view (top–
left) the hydrogen atoms, Cu ions and the coligands have been omitted for 
clarity. Right: Molecular electrostatic potential surface computed for 1. 

Due to the polymeric nature of 2, we have used a theoretical 
model that includes two Co ions and three pyrazine ligands in 
order to reduce the size of the system for computational 
purposes. We have analyzed energetically the double lp–π* 
interaction observed in the solid state between the water 
molecules and the pyrazine ring. We have also analyzed the 
relative importance of this interaction with respect to the 
hydrogen bond that the same water molecule is establishing 
with the Co–coordinated water molecule. Finally we have also 
studied the influence of the coordination of Co on the strength 
of the lp–π* interaction. In Fig. 14 we represent the theoretical 
models and the interaction energies and it can be observed that 
the interaction energy computed for the dimer where two H–
bonds and two lp–π interactions are established (left) is large 
and negative, ΔΕ(HB + lp–π*) = –16.7 kcal/mol. When the 
coordinated water molecules that form the H–bonding 
interactions are eliminated from the theoretical model the 
interaction energy is significantly reduced to ΔΕ(lp–π*) = –7.9 
kcal/mol. Therefore each H–bonding interaction is 
approximately –4.4 kcal/mol and each lp–π interaction 
contributes in –3.95 kcal/mol. Finally, if the transition metals 
and other ligands are eliminated from the theoretical model, the 
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interaction energy is further reduced to ΔE*(lp–π*) = –3.2 
kcal/mol, which indicated that each lp–π* interaction without 
the electron withdrawing effect of the transition metal would be 
reduced to –1.6 kcal/mol. In the latter theoretical model (see 
Fig. 14, right), the carboxylate groups have been protonated in 
order to preserve the charge of the system neutral. 

 
Fig. 14 Theoretical models and interaction energies computed for 2. 

 
Fig. 15 Distribution of bond (red) and ring (yellow) critical points obtained for the 
theoretical models of 1 (left) and 2 (right). The solid bond paths represent 
covalent bonds and dashed bod paths represent noncovalent bonds. 

We have also computed the distribution of critical points for the 
dimer observed in 1 in order to confirm the existence of the lp–
π–hole interaction and in 2 to characterize the H–bonding and 
lp–π* interaction using the Bader’s theory of atoms in 
molecules that provides an unambiguous definition of chemical 
bonding. The representations of critical points and bond paths 
are shown in Fig. 15. It can be clearly observed a bond critical  

point (ρ(r) = 1.131 × 10–2 a.u.) connecting the hydroxyl oxygen 
atom with the carbon atom of the carboxylate group in the 
dimer of 1. In 2, the hydrogen bond is characterized by the 
presence of a bond critical point connecting both coordinated 
and non coordinated water molecules and the lp–π* interaction 
is characterized by the presence of bond critical point (ρ(r) = 
0.772 × 10–2 a.u.) connecting the oxygen atom of the non 
coordinated water molecule with the aromatic nitrogen atom. 
The distribution of critical points shown in Fig. 15 further 
confirms the existence of both lp–π–hole and lp–π* interaction 
in the solid state of 1 and 2, respectively. The value of the 
Laplacian of the electron density computed at the 
aforementioned bond critical points are positive, as is common 
in closed shell interactions. In addition, the value of the charge 
density ρ(r) at the bond critical points is in the range of 
previously described for these30 and other types31 of week 
interactions. 
For 3, we have focused our attention to the analysis of both π–π 
and lp–π* interactions that are crucial determining the crystal 
packing, as previously described and discussed (see Fig. 8). 
Mainly, we have studied the influence of the coordination of 
the ligand to the transition metal in the strength of both 
interactions. The theoretical models used and the interaction 
energies are shown in Fig. 16 for both complexes. In the top 
part of Fig. 16 we show the results for the π–π interaction and 
dimer observed in the solid state has very large and negative 
interaction energy [ΔΕ(HB + π–π) = –67.2 kcal/mol] because, 
in addition to the π–π stacking interaction, two strong hydrogen 
bonds are simultaneously formed. We have used a theoretical 
model where the coordinated water molecules have been 
eliminated and consequently the hydrogen bonds cannot be 
formed. The interaction energy of this model is reduced to 
ΔΕ(π–π) = –42.1 kcal/mol, indicating that each hydrogen bond 
has an associated binding energy of –7.5 kcal/mol. We have 
also computed the interaction energy of the stacking without 
the presence of the transition metals and the interaction energy 
is further reduced to ΔΕ∗(π–π) = –10.7 kcal/mol, therefore the 
coordination of the aromatic ligand to the Cu metal centers has 
a strong influence on the interaction energy. In this model the 
carboxylate groups have been protonated to keep the charge of 
the system neutral. 
The lp–π* interaction has been also analyzed and the results are 
shown in the bottom part of Fig. 16. The interaction energy 
computed for this interaction, ΔΕ(lp–π*) = –21.6 kcal/mol, is 
considerably smaller (in absolute value) than the one computed 
for the for the π–π interaction. For this interaction the effect of 
the coordination of the metal to the interaction energy is also 
very important, since in the absence of the Cu(II) ions the 
interaction energy is reduced to ΔΕ∗(lp–π*) = –5.5 kcal/mol. 

Conclusions 

In this work, we synthesized and X–ray characterized four new 
complexes based on pyrazine– and pyridine–dicarboxylic acid 
ligands. In compound 1, the formation of an unprecedented and 
counterintuitive lp–π–hole interaction involving the coordinated 
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carboxylate group is remarkable. It presents a very short 
distance (< 3Å) and, using high level DFT calculations, the 
interaction has been energetically studied and confirmed by 
means of the AIM analysis. Furthermore, the formation of an 
“inverse sandwich” (lp–π*–lp assembly) in compound 2 is 
noteworthy. Theoretically, we have demonstrated that such 
assembly is possible because the π–acidity of the pyrazine ring 
is enhanced by the coordination of the aromatic nitrogen atoms 
to the CoII metal ions. Crystal engineering covers in–depth 
understanding of weak intermolecular interactions that govern 
crystal packing, thus hypothetically allowing a rational design 
of solids with tailored physical and chemical properties. The 
results described above are surely of importance in this regard. 
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