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Chelate ring stacking interactions in the
supramolecular assemblies of Zn(i) and Cd(n)
coordination compounds: a combined
experimental and theoretical study

Farhad Akbari Afkhami,® Ali Akbar Khandar,*® Ghodrat Mahmoudi,*®
Waldemar Maniukiewicz,© Atash V. Gurbanov,®® Fedor I. Zubkov,® Onur Sahin,’
Okan Zafer Yesilel® and Antonio Frontera*"

The self-assembly of Zn() and Cd() ions with two isomeric tetradentate ligands, 2-pyridyl-
isonicotinoylhydrazone (HLY) and 2-benzoylpyridyl-picolinoylhydrazone (HL2), was studied by elemental
analysis, FT-IR spectroscopy and single-crystal X-ray diffraction. The reaction of zinc() and cadmiumi)
salts with HL' and HL? in methanol under solvothermal conditions produced six monomer and one
tetranuclear zinc() complexes, namely, Zn(HLYBr, (1), ZnHLYCL (2), [CAHLYLINO3)-HLO  (3),
Cd(HL?)Br»(4), Zn(HL2)CL, (5), Zn(HL2)Br, (6) and [Zn4(L2)4lol[ZNla]-2H,O (7). The structure of 7 includes a
cationic tetranuclear cluster of four zinc ions, four ligands, and two anions, counterbalanced by Znl4?” ions.
However, the reaction of zinc(i) and cadmium(i) salts with HL' under the same conditions produced
monomer compounds. Herein, the ligand effects on the complex structures were studied. Hirshfeld surface
analysis and fingerprint plots facilitate the comparison of intermolecular interactions in compounds 1-7,
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Introduction

Molecular clusters have received significant attention owing
to their structural diversity resulting from their metal-rich na-
ture and chemical stability combined with their fascinating
potential application in advanced materials." > An increasing
number of geometrically intriguing molecular clusters, for ex-
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which are crucial in building supramolecular architectures.

ample, linear, olive, wheel, helical, cubane, rectangular, chair
and boat conformations, have been successfully obtained.””
On the other hand, the design and construction of metal-or-
ganic polymers have attracted great interest in recent years,
owing to their variety of structures, interesting properties and
potential applications in the fields of catalysis, luminescence,
gas adsorption, and magnetic materials.**° In both cases, the
structures of molecular clusters and coordination polymers
are dependent upon the chemical structures of the ligand,
metal ions, anions, pH value, metal-to-ligand ratio and
solvents."’™® The most important factor among these that
controls molecular structures is ligands with suitably dis-
posed bridging groups. Generally, ligands appended with po-
tentially endogenous bridging groups linking metal ions in a
closed-cluster system (e.g. cubane, rectangular, chair, boat
cluster) have been widely used for the design and synthesis of
coordination clusters.”” On the other hand, pyridine base li-
gands containing amide groups generally are coordinated to
the metal centers through their pyridyl nitrogen atoms and
interact with each other via hydrogen bonds involving the am-
ide groups, which are important for molecular recognition
and constructing supramolecular arrays.'® However, there is
still a very long way to go to develop new architectures of co-
ordination polymers using specific spacer ligands in order to
rationalize the design of compounds with well-defined
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structures and useful functions. The ability to predict and
control the structure and topology of coordination clusters
and polymers remains an elusive goal, and much more work
is required to understand the inter- and intra-molecular
forces that determine the patterns of molecular structure and
crystal packing.

In this work, we chose two pyridine base ligands, HL' and
HL> (Scheme 1), as chelating-bridging ligands whose main
difference is the position of pyridinic nitrogen, and this
slight difference leads to interestingly big differences on the
structures of the products. Ligand flexibility, combined with
the donor-rich nature of this type of ligand, leads to a situa-
tion where, in addition to rotational variations, different
structural motifs occur through various combinations of the
diazine and other donor groups. Ligands such as HL?
(Scheme 1) have Oc—o) and/or N, groups adjacent to the
diazine. This rich coordination ability gives the possibility to
generate, through self-assembly reactions with M(u) salts,
polynuclear clusters with four and five metals.'® On the other
hand, ligands such as HL' have great bridging-chelating abil-
ity that is adequate for the design and construction of metal-
organic coordination polymers because of the para position
of the pyridinic nitrogen."®

In this manuscript, we report on the systematic syntheses
and structural characterization of Zn(i) and Cd(u) complexes
of a series of unsymmetrical Schiff base ligands. The aim of
this study is to analyse the competition between anions and
ligands HL" (Scheme 1) for the coordination sites at the
metal(n) centre and to probe how the nature of the anion af-
fects the crystal packing. The structural descriptions have
been corroborated with calculations of Hirshfeld surfaces,
which reveal a strong effect of noncovalent interactions on
the properties of the surfaces. Finally, the interesting conven-
tional and unconventional n-n stacking interactions observed
in the solid state of some compounds have been analysed
both energetically and using Bader's theory of atoms in mole-
cules by means of DFT calculations.

Experimental and theoretical methods
Experimental

Materials and measurements. All the reagents were com-
mercially available and employed without further purifica-
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Scheme 1 The structures of the ligands used herein and the
coordination modes of (L?).
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tion. Microanalyses were carried out using a Heraeus CHN-O-
Rapid Analyser. FT-IR spectra were recorded on a Bruker
Tensor 27 FT-IR spectrometer with KBr disks in the range
4000-400 cm™'. Single crystals suitable for X-ray analyses
were used for intensity data collection on a Bruker AXS
SMART APEX CCD diffractometer using graphite mono-
chromated MoKa radiation (2 = 0.71073 A) at different tem-
peratures (Table S17).

The hydrazone ligands HL' and HL> were prepared
according to the literature.>**

Synthesis of Zn(HLY)Br, (1), Zn(HL')Cl, (2) and
[CA(HL"),](NO3),-H,O (3). A solution of the ligand HL" (0.151
g, 0.5 mmol) in 30 ml of methanol was treated with a
methanolic solution of the appropriate zinc(i)/cadmium(u)
salt (0.5 mmol). The solution was heated under reflux for 3 h.
The resulting solution was allowed to stand at room tempera-
ture, and after slow evaporation, crystals separated out,
which were collected, washed with ether and dried over P,O;,
in vacuo.

Zn(HLY)Br, (1). Yield: 57% (0.184g). Anal. calc. for
C1,H;Br,N,OZn: C, 31.93; H, 2.23; N, 12.41. Found: C, 32.08;
H, 2.44; N, 12.32%. IR (KBr cm™") selected bands: 3156, 2928,
1650, 1530, 1468, 1441, 1351, 1294, 1218, 1158, 1091, 932,
869, 779, 751, 665.

Zn(HLY)ClL, (2). Yield: 59% (0.107g). Anal. cale. for
C1,H,,CLN,0Zn: C, 39.76; H, 2.78; N, 15.46. Found: C, 39.91;
H, 2.86; N, 15.31%. IR (KBr cm™") selected bands: 3190, 2927,
1645, 1534, 1467, 1441, 1349, 1296, 1215, 1156, 1091, 936,
844, 780, 750, 665.

[CA(HL"),](NO3),-H,O (3). Yield: 59% (0.114 g). Anal. calc.
for C,,H,,N;4,0,Cd: C, 40.78; H, 3.14; N, 15.90. Found: C,
40.59; H, 3.51; N, 15.66%. IR (KBr cm’l) selected bands:
3449, 3421, 3180, 3100, 1661, 1550, 1458, 1386, 1221, 1124,
1063, 1041, 1019, 840, 754, 709.

Synthesis of Cd(HL?)Br,(4), Zn(HL?)Cl, (5) and Zn(HL*)Br,
(6). Compounds 4-6 were prepared using the ligand HL?
(0.113 g, 0.5 mmol) instead of HL' by the same method as
for compounds 1-3.

Cd(HL*)Br,(4). Yield: 64% (0.184g). Calc. for CygH;,Br,-
CdN,O: C, 37.63; H, 2.46; N, 9.75. Found: C, 37.47; H, 2.45;
N, 9.60%. IR (KBr cm™") selected bands: 3277, 3053, 1583,
1492, 1460, 1428, 1325, 1274, 1194, 1132, 1089, 910, 784, 743,
704.

Zn(HL?)Cl, (5). Yield: 64% (0.130g). Calc. for
C1sH1,CLN,0Zn: C, 49.29; H, 3.22; N, 12.77. Found: C, 49.44;
H, 2.97; N, 12.59%. IR (KBr cm™") selected bands: 3296, 3065,
1661, 1587, 1461, 1432, 1331, 1274, 1238, 1140, 1094, 913,
788, 747, 705.

Zn(HL»)Br, (6). Yield: 59% (0.156g). Calc. for
C,sH,,Br,N,0Zn: C, 40.98; H, 2.68; N, 10.62. Found: C, 40.83;
H, 2.73; N, 10.43%. IR (KBr cm") selected bands: 3202, 1652,
1509, 1469, 1371, 1223, 1164, 1053, 909, 842, 749, 685.

Synthesis of {[Zn,(L?),1,][Zn1,]-2H,0} (7). A solution of the
ligand HL? (0.151 g, 0.5 mmol) in methanol was treated with
a methanolic solution of Zn(OAc), 2H,0 (0.109 g, 0.5 mmol).
The solution was heated under reflux, and sodium iodide

This journal is © The Royal Society of Chemistry 2017
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(0.149 g, 1 mmol) was added in portions to the solution and
then further refluxed for 3 h. The resulting solution was
allowed to stand at room temperature, and upon slow evapo-
ration, gave crystals. The crystals that separated out were col-
lected, washed with ether and dried over P,0,, in vacuo.
Yield: 59% (0.156g). Calc. for C,,H;,IgN;405Zn5: C, 36.68; H,
2.22; N, 9.51. Found: C, 36.78; H, 2.13; N, 9.63%. IR (KBr
ecm™') selected bands: 3202, 1570, 1520, 1470, 1366, 1207,
1163, 1052, 974, 790, 753, 652.

X-ray crystallography

Suitable crystals of 1-7 (see Scheme 2) were selected for data
collection which was performed using Bruker APEX-II, STOE
IPDS and Supernova diffractometers equipped with graphite
monochromatic Mo-K,, radiation. The structures were solved
by direct methods using SHELXS-97 (ref. 22) and refined by
the full-matrix least-squares methods on F* using SHELXL-97
(ref. 22) from within the WINGX (ref. 23) suite of software.
All non-hydrogen atoms were refined with anisotropic param-
eters. The H atoms were located from different maps and
then treated as riding atoms with C-H distances of 0.93 A
and N-H distances of 0.86 A. For compounds 6 and 7 of tri-
clinic cells, the STOE IPDS-1 equipment did not allow us to
collect over 91-92% fraction of the reflections. However, the
structural characterization of these compounds (with a final
R factor of ca. 3%) is conclusive as to the general shape of
the complexes. A suitable absorption correction was applied
to all data sets. Molecular diagrams were created using MER-
CURY.>* Supramolecular analyses were conducted and the di-
agrams were prepared with the aid of PLATON.?® The details
of the crystal parameters, data collection and refinements are
summarized in Table S1.f The selected lengths and angles
are listed in Table S2.}
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Scheme 2 Complexes 1-7 reported herein.
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Hirshfeld surface analysis. The Hirshfeld (HF) surfaces>®
and the related 2D-fingerprint plots®” were calculated using
Crystal Explorer.”® The CIF file of each structure was
imported into Crystal Explorer and high resolution
Hirshfeld surfaces were mapped with the function d,om,. Be-
fore starting the calculations, the bond lengths to hydrogen
atoms were set to standardized neutron values (O-H =
0.983A, N-H = 1.009A and C-H = 1.083A). Then, the HF sur-
faces were resolved into 2D-fingerprint plots, in order to
quantitatively determine the nature and type of all inter-
molecular contacts experienced by the molecules in the
crystal.

Computational methods

The geometries of the complexes included in this study
were computed at the wB97XD/6-31+G* level of theory using
the crystallographic coordinates within the Gaussian-09 pro-
gram.”® This level of theory which includes the dispersion
correction (D) is adequate for studying noncovalent interac-
tions dominated by dispersion effects like n-stacking.’® We
have used the crystallographic coordinates instead of opti-
mized complexes because we are interested in estimating
the binding energies of several assemblies as they stand in
the crystal structure, instead of investigating the most
favourable geometry for a given complex. The “atoms-in-
molecules” (AIM) analysis of the electron density has been
performed at the same level of theory using the AIMAIl
program.*’

Results and discussion
Crystal structures [Zn(HL")X,] (1-2)

Compounds 1 and 2 crystallize in the P2,/c space group, in
which the zinc cation is neutralized by two Br~ and Cl” an-
ions, respectively. The compounds are composed of the
mononuclear unit, [Zn(HL")X,] X = Br” (1) and CI” (2), in
which the ligand adopts an extended conformation with the
aryl ring in the trans position with respect to the imine moi-
ety (see Fig. 1). The linker coordinates the Zn(u) through
three coplanar ligating sites involving the carbonyl O, the hy-
drazine N and the pyridyl nitrogen, with bond distances
shown in Table 1, generating two five-membered chelate
rings. Moreover, two X anions are located in essentially api-
cal positions, above and below, the mean plane defined by
the donating centers of the ligand resulting in a distorted te-
tragonal pyramidal geometry.

In both compounds, the N-H groups are involved in inter-
molecular hydrogen bonds to the bromide/chloride atoms
with distances of 3.385(4)/3.472(4) for 1 and 3.225(3)/3.318(3)
A for 2 (see Fig. 2). These H-bonds facilitate the formation of
infinite 1D columns with an antiparallel arrangement of the
mononuclear complexes. These supramolecular 1D columns
are further stabilized by stacking n-m interactions between
the coordinated and uncoordinated pyridyl rings with
centroid-to-centroid distances ranging from 3.68 to 3.96 A

CrysttngComm, 2017, 19, 1389-1399 | 1391
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Fig. 1 X-ray structures of isostructural complexes 1 and 2 and the
atomic numbering scheme.

Table 1 Bond distances (A) in the coordination environment for 1 and 2

Cmpnd 1 2

Zn1-01 2.319(3) 2.308(3)

Zn1-N1 2.145(4) 2.153(3)

Zn1-N2 2.117(4) 2.122(3)

Zn-X" 2.3715(8), 2.3605(8) 2.253(1), 2.233(1)

Fig. 2 Stacking interactions present in 1 (a) and 2 (b). Distances are in
A.

(see Fig. 2). The atoms belonging to the chelate ring also par-
ticipate in this stacking interaction, which is further
discussed below in the theoretical study. Finally, the crystal
structures are also stabilized by weak C-H---X (X = Cl, Br)
and C-H---O noncovalent interactions.

Crystal structure of [Cd(HL"),](NO5),-H,O (3)

The molecular structure of 3 with atom labelling is shown in
Fig. 3. The asymmetric unit of 3 contains one Cd(u) ion, two
HL' ligands, one coordinated nitrate anion, one coordinated
aqua ligand and one non-coordinated nitrate anion. The

1392 | CrystEngComm, 2017, 19, 1389-1399
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Fig. 3 Perspective view of Cd-complex 3 and the atomic numbering
scheme.

Cd(u) ion is coordinated by three nitrogen atoms and two oxy-
gen atoms from two different HL' ligands, two oxygen atoms
from the nitrate anion and one oxygen atom from the aqua li-
gand. Therefore, the coordination mode of each ligand is dif-
ferent. That is, one ligand is N,N,O-tridentate, as observed in
the mononuclear Zn(n) complexes 1 and 2. However, the
other ligand is only N,0-bidentate and, curiously, adopts a cis
conformation, thus facilitating the formation of an intramo-
lecular N-H--*N hydrogen bonding interaction (see Fig. 3).
The Cd-N bond distances (see Table S21) range between
2.358(3)-2.412(3) A, both Cd-Ocarpoxy bond distances are
2.398(2) and 2.547(2) A, and the Cd-Opqqee bond distances
are 2.454(3) and 2.570(3) A. The non-coordinated nitrate an-
ion establishes a hydrogen bonding interaction with the
acidic N6-H group.

Crystal structures of Cd(HL?)Br, (4), Zn(HL?)Cl, (5) and
Zn(HL”)Br, (6)

Isostructural compounds 4 (M = Cd, X =Br), 5 (M = Zn, X =
Cl) and 6 (M = Zn, X = Br) crystallize in the P1 space group,
in which M(u) (M = Cd, Zn) is neutralized by two Cl or two
Br anions. The asymmetric unit of 4-6 is composed of two
mononuclear Zn complexes (see Fig. 4 for an illustration of
complex 4). The ligand coordinates the Cd(u) atom through
three coplanar ligating sites involving the carbonyl O, the hy-
drazine N and the pyridyl nitrogen forming two five-
membered chelate rings. The main difference between the
mononuclear complexes A and B present in the asymmetric
unit is the dihedral angle between the imino group and the

Fig. 4 Perspective view of the two similar mononuclear Cd

complexes present in 4.

This journal is © The Royal Society of Chemistry 2017
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phenyl group bonded to C6. The dihedral angles have values
of 48.5° and 73.4° for 4, 52.2° and 85.7° for 5, and 49.0° and
82.6° for 6. Moreover, the halides are located in essentially
apical positions, above and below, the mean plane defined by
the donating centers. The M-O bond distances (see Table
S21) are, for units A and B, 2.437(2) and 2.461(2) A in 4,
2.326(1) and 2.4010(16) A in 5, and 2.325(2) and 2.412(2) A in
6, respectively. The M-N bond distances ranged between
2.334(2)-2.371(2) A in 4, 2.124(2)-2.141(2) A in 5, and
2.121(2)-2.153(2) A in 6, while the M-R (R = Br in 4, Cl in 5
and Br in 6) bond distances ranged between 2.5035(5)-
2.5547(4) A in 4, 2.1926(5)-2.2410(7) A in 5, and 2.3374(5)-
2.3803(5) A in 6.

Finally, the crystal packing of both compounds presents
self-assembled dimers governed by chelate ring---chelate ring
interactions (see Fig. 5). These dimers are only formed be-
tween the units of the crystal with a larger dihedral angle
(see Fig. 4, right), which is likely due to the almost orthogo-
nal arrangement of the phenyl ring with respect to the che-
late ring. This facilitates the antiparallel approximation of
the chelate rings (centroid-to-centroid distances are 3.45 A in
4,3.50 A in 5 and 3.49 A in 6). This chelate ring---chelate ring
interaction is further studied below. This type of self-
assembled dimers has been recently studied in Hg(u) com-
plexes with the same ligand.?*” The crystal structures are fur-
ther stabilized by weak C-H:--X and C-H---O noncovalent
interactions.

Crystal structures of [Zn,(L?),1,][Zn1,].2H,0

Compound 7 (Fig. 6) crystallizes with Z' = 1/2 in the space
group C2/c. The asymmetric unit of 7 contains three Zn(u)
ions, two L? ligands, three I anions and two non-coordinated
water molecules. The structure of 7 includes a cationic tetra-
nuclear cluster of four Zn(m) ions, four L* ligands, and two I
anions, counterbalanced by a Znl,*> ion. The Zn---Zn separa-
tions are 4.132 A and 5.019 A. The L” ligand self-assembles in
the presence of Zn(n) to give a rectangular [2 + 2] grid com-
plex (Fig. 7), with two ligands bridging adjacent Zn(u) ions on
the short sides of the rectangle with an alkoxide oxygen, and
two bridging the adjacent Zn(u) ions on the long sides of the
rectangle with N-N diazine groups. In 7, the Zn(u) ions are of
three coordination types. Firstly, the Zn1 atom is coordinated

Chelate ring
1T interactions

Fig. 5 Self-assembled stacked dimers present in 5 (a) and 6 (b).
Distances are in A. H-atoms are omitted for clarity.

This journal is © The Royal Society of Chemistry 2017
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Zn3

Fig. 6 Perspective view of complex 7 and the atom numbering
scheme. H-atoms are omitted for clarity.

by three nitrogen atoms and two oxygen atoms from two
different L*> ligands and one coordinated I atom, thus
showing an octahedral coordination geometry. Secondly,
the Zn2 atom is coordinated by four nitrogen atoms and
one oxygen atom from two different L> ligands, thus show-
ing a square pyramidal coordination geometry. Finally, the
Zn3 atom is located on a symmetry center and is coordi-
nated by four I atoms, thus showing a tetrahedral coordina-
tion geometry. The bond distances of Zn-N (see Table S27)
ranged between 2.044(5)-2.174(6) A and the other Zn-O
bond lengths ranged between 2.121(5)-2.235(4) A,
respectively.

It should be mentioned that the isolation of a tetrahe-
dral tetraiodozincate anion in the solid state of 7 is quite
surprising since its stability is the lowest of the tetra-
halozincate ZnX,>~ series (X = Cl, Br, I). Therefore, forma-
tion of such a complex in the case of iodide, but not chlo-
ride or bromide (complexes 5 and 6) is rather unexpected.
We do not have a convincing explanation for this experi-
mental finding, although the different behaviour of 7 with
respect to 5 and 6 could be related to the different proton-
ation state of the ligand. The different behaviour of a series
of tetrahalometallate anions MX,>” (M = Zn, Cd and Hg; X
= Cl, Br and I) determining the solid state architecture of

Fig. 7 Tetranuclear rectangular [2 + 2] complex of 7.

CrystEngComm, 2017, 19, 1389-1399 | 1393
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different 2-phenylethylammonium salts has been analysed.*>
Moreover, the different behaviour of tetraiodozincate with
respect to Cl and Br analogues in the synthesis of hybrid
metal-organic salts has also been reported.*® Although the
isolation of tetraiodozincate is not very common, several
works have appeared in the literature, including tetrahedral
Znl,*" solid state X-ray structures, in the past decade.*

Hirshfeld surface analysis

The intermolecular interactions in crystal structures 1-7 were
quantified using Hirshfeld surface analysis and fingerprint
plots (FP). The dominant intermolecular interactions are
viewed as a bright red area on the d,,m surface. Fig. 8 illus-
trates samples of Hirshfeld surfaces for structures 3 and 7. In
general, the Hirshfeld surface analysis suggests that the crys-
tal packing in structures 1-7 is largely dominated by the com-
mon planar components of ligands, leading to close H---H
intercontacts as well as interesting C-H---m and 7---m stacking
interactions. In 3, we observe a high level of O---H interac-
tions due to the hydrogen bonds between solvents molecules
and the complex. The Cl---H, Br---H and I---H H-bonding in-
teractions are also very important.

The two-dimensional fingerprint plots of the HS for struc-
tures 1-7 are shown in Fig. S1 (ESIf). The quantitative com-
parison of the intercontacts for all structures and the relevant
intermolecular interactions are presented in Table S3 (ESIT).
From this analysis, the division of contributions is possible
for different interactions, including H---H, O--‘H, C--'H,
C---C, N---C, N---H, O--N, N--'N (for all compounds), Cl---H,
Cl---C [in 2 and 5], Br---H, Br---C [in 1, 4 and 6] and I---H
and I--C [in 7], which commonly overlap in the full finger-
print plots. The fingerprint plots of compounds 1-7 show
that the dominant interactions are H---H (22.5-41.1%) and
C--*H (7.2-20.4%). The C---H contacts represent the C-H-*'nt
interactions in the crystals, and the highest values were mea-
sured in 4, 5 and 6. For n—n interactions which correspond to
the C---C contacts, the highest values were measured in 1, 2
and 3. The O--‘H and X--‘H hydrogen bonding (where X = Cl,
Br, I) also play very important roles in stabilizing the struc-
tures. The O---H interactions vary from 5.1-5.3% for 4, 5 and
6 to 31.7% for 3, while the X---H contacts vary from 17.9 %
for 7 to 35.9% for 1.

Fig. 8 Views of the Hirshfeld surfaces for 3 (left) and 7 (right) mapped
with dnorm.
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Theoretical Study

We have focused the theoretical study on the comparison of
the energetic features of the different types of n-stacking in-
teractions (chelate ring-n and n-n) observed in the crystal
packing of compounds 1-2 and 4-6 described above (see
Fig. 2 and 5). In particular, we have analysed the n-n and
chelate ring---chelate ring stacking interactions which are
crucial to understanding the crystal packing of complexes
1-7, as discussed above. Predictable n-stacking® interactions
involve organic aromatic molecules; however, other planar
molecular fragments can also participate in more
“unpredictable” stacking interactions.>® Among them, chelate
rings with delocalized © bonds establish stacking®® interac-
tions similar to those of aromatic organic molecules®*"” in
transition metal complexes. The existence of chelate-ring—=
interactions is associated with the aromaticity of planar che-
late rings with delocalized & bonds.*”

First of all, in order to study the donor-acceptor ability of
the ZnHL'X, and MHL?X, (M = Cd, Zn) complexes, we have
computed the molecular electrostatic potential (MEP) surface
of a model system (compound 2), which is shown in Fig. 9.
As expected, the most negative electrostatic potential corre-
sponds to the region of the CI ligands while the most positive
part is located in the region of the N,C-H groups at the mo-
lecular plane. Therefore, H-bonding interaction between
these groups (N-H:--X) should be electrostatically favoured.

Furthermore, perpendicularly to the molecular plane, we
found that each 5-membered chelate ring has almost negligi-
ble MEP values (-5 keal mol™). The MEP values are positive
over the pyridine rings due to the effect of the coordination
to the Zn. Therefore, pyridine-pyridine interactions (conven-
tional n-stacking) should be electrostatically less favoured
(electrostatic repulsion) than chelate ring---chelate ring
interactions.

In isostructural compounds 1-2, we have computed the
interaction energy of the self-assembled n-stacked dimers
shown in Fig. 10a which are responsible for the formation of
the 1D columns shown in Fig. 2. The self-assembled dimers
are stabilized by a combination of H-bonds and n-rn stacking
interactions, including the C=N-N-C(O) part of the ligand.
The dimerization energies in 1 and 2 (AE; = -58.7 kcal mol *

+85

-65
kcal/mol

+82

Fig. 9 MEP surface of compound 2. The MEP values at selected points
are given in kcal mol™.

This journal is © The Royal Society of Chemistry 2017
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2,D1=368A
D2=253A
D3=371A

1,D1=379A
D2 =2.68 A
D3=3.78 A

1, X = Br, AE1 = -58.7 kcal/mol
2, X = Cl, AE4 = —46.7 kcal/mol

Fig. 10
gies in several theoretical models of 1 and 2.

and AE, = —46.7 kcal mol™, respectively) are very large due to
the contribution of both H-bonding and n-n interactions, the
latter involving a very extended m-system and the former
encompassing the most positive part of the complex (N-H
group) and the most negative (belts of the halido ligands). In
an effort to calculate the contribution of the different forces
that govern the formation of the self-assembled dimers, we
have computed a theoretical model where the uncoordinated
pyridine rings have been replaced by H atoms (see the small
arrows in Fig. 10b) and consequently, the n-n stacking inter-
actions between the coordinated and uncoordinated pyridine
rings are not formed. As a result, the interaction energies are
reduced to AE, = -45.3 kecal mol™ and AE5 = -36.0 kcal mol™
in 1 and 2, respectively. Therefore, the contribution of both
symmetrically equivalent n-m stacking interactions can be
roughly estimated by difference (they are -13.4 and 10.7 kcal
mol ' for 1 and 2, respectively). Furthermore, we have used
an additional dimer, where the halido ligand that partici-
pates in the H-bonding interactions has been replaced by hy-
dride, and consequently, the H-bonding interactions are not
formed. The resulting interaction energies are further re-
duced to AE; = —25.2 keal mol™* and AE,; = —24.7 keal mol™
for 1 and 2, respectively, which corresponds to the contribu-

(a)
C.R..::C.R.

interaction

4,D1=378A 6,D1=3.86A
D2=3.15A D2=3.15A
D3=3.44A v D3=3.50 A

4, M = Cd, AE7 = -52.7 kcal/mol
6, M = Zn, AE49 = -53.9 kcal/mol

Fig. 11
ergies in several theoretical models of 4 and 6.

This journal is © The Royal Society of Chemistry 2017

1, X = Br, AE2 = —45.3 kcal/mol
2, X = Cl, AE5 = -36.0 kcal/mol

4, M = Cd, AEg = —46.5 kcal/mol
6, M = Zn, AE41=—41.6 kcal/mol
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1, X = Br, AE3 = -25.2 kcal/mol
2, X = Cl, AEe = —24.7 kcal/mol

(a) Interaction energies of the self-assembled n-stacked dimers observed in the solid state of compounds 1-2. (b and c) Interaction ener-

tion of the n-n stacking interactions between the C—=N-N-
C(O) part and other long range van der Waals interactions.
The contribution of both H-bonding interactions can be esti-
mated by difference (they are —20.1 and -11.3 kecal mol™" for
1 and 2, respectively). Therefore, the H-bonding interactions
are stronger in compound 1, which is likely due to the larger
polarizability of Br~ with respect to CI".

In the isostructural compounds 4-6, the n-stacking bind-
ing mode is different to the one observed for 1 and 2. As pre-
viously mentioned, a chelate ring---chelate ring n-n interac-
tion is formed, in addition to the H-bonding and
conventional n-r interactions (see Fig. 11a). We have studied
theoretically the energetic features of the dimers of com-
pounds 4 (Cd) and 6 (Zn) to analyse the effect of the metal
center. Interestingly, the chelate ring---chelate ring distance
is significantly shorter (3.44 A for 4 and 3.50 A for 5 and 6)
than the distance of the n-n stacking interaction between the
C=N-N-C(O) moieties in 1 and 2 (see Fig. 10a). Moreover,
the H-bonding distances are longer in compounds 4 and 6
with respect to compounds 1 and 2. As a consequence, the
computed interaction energies of the self-assembled dimers 4
and 6 (AE; = -52.7 keal mol™* and AE;, = -53.9 kcal mol ", re-
spectively) are similar to those computed for 1 and 2 due to a

4, M = Cd, AEg = —22.8 kcal/mol
6, M = Zn, AEq, = -27.7 kcal/mol

(a) Interaction energies of the self-assembled n-stacked dimers observed in the solid state of compounds 4 and 6. (b and c) Interaction en-
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compensating effect between the longer H bond and the
shorter chelate ring---chelate ring interaction. In an effort to
calculate the contribution of the different interactions, we
have computed a theoretical model where the uncoordinated
pyridine rings have been replaced by H atoms (see the small
arrows in Fig. 11b) and consequently the conventional n-n
stacking interactions are not formed. As a result, the interac-
tion energies are reduced to AEg = —46.5 kcal mol " and AE;,
= -41.6 kcal mol™" in 4 and 6, respectively. Therefore, this
contribution (both n-n interactions) can be roughly estimated
by difference (6.2 and -12.3 kcal mol™* for 4 and 6, respec-
tively). These values are likely underestimated because the
substitution of the uncoordinated pyridine by a H-atom rein-
forces the N-H---X H-bonding due to the elimination of the
intramolecular N-H---N(Py) H-bond. Furthermore, we have
used an additional dimer, where the halido ligands that par-
ticipate in the H-bonding interactions have been replaced by
hydride, and consequently, the H-bonding interactions are
not formed. The interaction energies are further reduced to
AEq = —22.8 keal mol ™ and AE, = —27.7 keal mol ™ for 4 and
6, respectively, which corresponds to the contribution of the
chelate ring---chelate ring n-m stacking interactions and
other long range van der Waals interactions.

In order to provide additional evidence of the existence of
unconventional n-n stacking interactions between the C—=N-
N-C(O) moieties and the chelate-ring interactions, we have
analysed the self-assembled n-stacked dimers of compounds
2 and 5 (as exemplifying models) using Bader's theory of
“atoms in molecules” (AIM),*® which provides an unambigu-
ous definition of chemical bonding. The AIM theory has been
successfully used to characterize and understand a great vari-
ety of interactions including those described herein.** In
Fig. 12, we show the AIM analysis of compounds 2 and 5. In
2, it can be observed that each conventional n-7 interaction
(pyridine rings) is characterized by the presence of one bond
critical point that interconnects two carbon atoms of the coor-
dinated and uncoordinated pyridine rings, thus confirming
the interaction. Furthermore, the distribution of critical
points reveals the existence of two symmetrically related N-
H---Cl H-bonding interactions. Each one is characterized by a
bond critical point and a bond path connecting one H atom
of the NH group with the Cl ligand. Finally, the unconven-
tional n-7 interactions between the C=N-N-C(O) moieties is
confirmed by the presence of four bond critical points inter-
connecting the C=N-N-C(O) groups. In 5, the n-n interaction
(pyridine rings) is characterized by the presence of two bond
critical points and bond paths that connect two carbon atoms
of the coordinated pyridine to two carbon atoms of the
uncoordinated one. Furthermore, the distribution of critical
points reveals the existence of two types of H-bonding inter-
actions: N-H---Cl and C-H---O (chelate ring). This ancillary
C-H:---O interaction explains the large interaction energy
obtained for the chelate ring---chelate ring n-n interaction
(see Fig. 11c). Finally, the chelate ring---chelate ring interac-
tion is characterized by two bond critical points and bond
paths that connect the O atom of one ring to the nitrogen
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Fig. 12 AIM analysis of the self-assembled dimers retrieved from the
X-ray structures of compounds 2 and 5. Only bond critical points are
represented by red spheres. The bond paths connecting the bond criti-
cal points are also represented by dashed lines.

atom of the other chelate ring and vice versa, thus validating
the existence of the interaction. The value of the Laplacian of
the charge density at the bond critical points is positive, as is
common in closed-shell interactions.

Concluding remarks

We reported the syntheses and X-ray structural characteriza-
tion of seven new metal complexes of Cd(u) and Zn(u) metal
centers with two hydrazine-based ligands. Most compounds
exhibit remarkable chelate ring-chelate ring and n-n stacking
interactions in the solid state that have been studied using
DFT calculations and Hirshfeld analysis. These interactions
are crucial for the formation of supramolecular self-
assembled dimers in the solid state. The energies associated
with the interactions, including the contribution of the differ-
ent forces, have been evaluated. In general, the chelate-che-
late interactions are stronger than those those reported for
conventional n-n complexes,’® which is attributed to the co-
existence of other long range van der Waals interactions. The
results reported herein might be useful to understand the

This journal is © The Royal Society of Chemistry 2017
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solid state architecture of MOF materials that contain M(u)-
chelate rings and organic aromatic molecules.
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