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Synthesis, X—ray Characterization, DFT
Calculations and Hirshfeld Surface Analysis
Studies of carbohydrazone based on Zn(ll)
complexes

Ghodrat Mahmoudi,* Antonio Bauza,” Antonio Rodriguez—Diéguez,® Piotr
Garczarek, Werner Kaminsky® and Antonio Frontera”

In this manuscript we report the synthesis and X-ray characterization of five complexes of Zn(ll)
based on a N;O core carbohydrazone ligand (H,L); i.e. {[Zns(HL)4]J(CH3OH)4(NO3)s} (1),
{[Zna(HL)4l(ClO4)a} (2) {[Zna(HL)[ZN(SCN)4I(NOs)2} (3) {[Zn(SCN)4J(H4L)(CH3OH)2} (4) and
{[ZNn4(HL)4](NO3)4(H,0O)} (5). Structurally characterized tetranuclear Zn(ll) complexes, as those
reported herein, are scarcely found in the literature. In the crystal structures of several
compounds, N-H---S hydrogen bonds, anion-1m and m-hole interactions are described and
analysed by means of density functional theory (DFT) calculations since they play an important

role in the construction of three—dimensional supramolecular frameworks.

Moreover, the

noncovalent interactions have been also analysed using Hirshfeld surface analysis.

1. Introduction.

Grid-type supramolecular architectures have been very
interesting in the last few years mainly because of the square
topology of the metal ions. Such topology of metal ions can
generate interesting magnetic, optical or redox properties.
Grid—type complexes have potential applications such as
molecular—scale sensors, switches and information storage
devices in nanotechnology.! Of the wide variety of grid—
forming ligands now known, most incorporate nitrogen donor
units forming five—membered chelate rings such as those of the
bipyridine or terpyridine form although significant numbers
involve oxygen or sulphur—based donor sites, again with five—
membered chelate rings preferred for maximum stability.? Such
ligands are far more challenging to synthesise than isotypic
ligands incorporating hydrazone or acylhydrazone moieties as
metal binding sites. In fact, hydrazone—based ligands are the
basis of by far the majority of currently known grid systems,®
this work forming but part of the very extensive and interesting
coordination chemistry of such ligands.* The Thompson’s
group has made a number of notable contributions to the
literature on the subject of metallogrids displaying SMM
behaviour, including early works concerning homo- and
hetero—metallic grid complexes such as those formed from
ligands with the transition metals cobalt, copper and iron,® as
well as, very recently, the [2x2] metallogrids formed from
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ligand H,L (Scheme 1) with Dy(lII) , Eu(ll) and Ni(ll) ions.® In
this work, as a result of our ongoing study of the coordination
properties of N-heterocyclic-based polytopic Schiff-base
ligands,” we report the synthesis and X—ray characterization of
several tetranuclear Zn(ll) complexes with the Schiff base
derived from the acetyl pyridine and carbohydrazide precursors,
H,L. To the best of our knowledge, few tetranuclear Zn(ll)
complexes structurally characterized with the N,O core have
been described in the literature. In fact, a unique precedent of a
molecular square of carbohydrazone in the form of Zn(ll)
cationic macrocycle was reported in 2007 by Manoj et al.? The
existence as molecular square structure was demonstrated in the
solid by X-—ray analysis and in solution phase by MALDI mass
spectrometry. Carbohydrazone ligands have been also used to
synthesize mononuclear Zn complexes.®

The theoretical study reported herein is devoted to the analysis
of the supramolecular assemblies observed in the solid state of
compounds 3 and 4, evaluating the different contributions to
molecular recognition and to assign discrete energy values to
them. By means of high level DFT calculations and theoretical
models we have studied these contributions in the crystal
structures that are useful for the understanding of the
noncovalent forces and for rationalizing their influence in the
crystal packing paying special attention to the m—hole'® and
anion—-m! interactions involving the nitrato ligand.
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2. Experimental.

General Procedures: Unless stated otherwise, all reactions were
conducted by hydrothermal conditions, with the reagents
purchased commercially and used without further purification.

2.1. Preparation of complexes.

{[Zn4(HL)4](CH30H)4(NO3)4} (1): Zn(NO3),.6H,0 and H,L (0.149
g, 0.5 mmol; 0.148 g, 0.5 mmol) were placed in the main arm of a
branched tube. Methanol (10 ml) was carefully added to fill the
arms. The tube was sealed and immersed in an oil bath at 60 °C
while the branched arm was kept at ambient temperature. After 2
days, crystals of 1 that isolated in the cooler arm were filtered off,
washed with acetone and ether, and dried in air. For 1: (0.18 g, yield
80%), found; (C,42.38; H,4.13; N, 21.67%. calcd. for
Ce4H76N2g020Zny; C, 42.26 H,4.21; N, 21.56%) IR (selected bands):
© = CH b (oop): 692 (m) and 781 (m); CO st (MeOH): 1025 (m); CH
b: 1303(m); O-N-O st: 1380 (s); CCst: 1467 (m); C=N st: 1546 and
1575 (m); C=0 st (Ligand) 1632; CH st: 2922 (w), NH st and OH st:
3381 (w) cm™.

{[Zn4(HL)4](ClOy4)4} (2): Crystals of 2 was prepared by a similar
synthetic procedure to that used for 1, except that Zn(NOs),.6H,0
was replaced by Zn(ClO,),-6H,0. For 2: (0.17 g, yield 75%), found,;
(C, 39.68; H, 3.13; N, 17.67%. calcd. for CgyHgoN24Cl;050Zn,; C,
39.15 H,3.29; N, 18.26%) IR (selected bands): © = CH b (oop): 708
(m) and 780 (m); O—CI-O st: 1107 (s); CH b: 1295(m); CCst: 1471
(m); C=N st: 1552 and 1591 (m); C=0 st (Ligand) 1644; CH st:
2911 (w), NH st and OH st; 3448 (w) cm ™.

{[Zn4(HL)4][Zn(SCN)4](NO3)2} (3):

Table 1. Crystallographic data for complexes 1-5

Crystals of 3 was prepared by a similar synthetic procedure to that
used for 1, except that Zn(NOj),-6H,O was replaced by
Zn(Cl0O,),.6H,0 and NaSCN in 1:2 mole ratio. For 3: (0.16 g, yield
70%), found; (C,41.68; H,3.13; N, 22.67%. calcd. for
CesHsoN30010S4Zns; C, 41.23 H,3.24; N, 22.54%) IR (selected
bands): © = CH b (oop): 694 (m) and 787 (m); CH b: 1307(m); O-
N-O st: 1359 (s); CCst: 1448 (m); C=N st: 1504 and 1560 (m); C=0
st (Ligand) 1612; S-CN st: 2067 (s); CH st: 3053 (w), NH st and OH
st: 3429 (w) cmL.

{[Zn(SCN)4](H,L)(CH3OH),} (4):

Crystals of 4 was prepared by a similar synthetic procedure to that
used for 1, except that 1:2 mole ratio of Zn(NOs),.6H,0 and NaSCN
were used. For 4: (0.14 g, yield 45%), found; (C, 38.68; H,3.73; N,
21.37%. calcd. for CyHyeN1905S,Zn C, 38.21 H,3.97; N, 21.22%)
IR (selected bands): © = CH b (oop): 690 (m) and 779 (m); CO st
(MeOH): 1021 (m); CH b: 1297 (m); CCst: 1456 (m); C=N st: 1619
(m); C=0 st (Ligand)1698(m); S—CN st: 2079 (s); CH st: 3091 (w),
NH st and OH st: 3323 (w) cm ™.

{[Zn4(HL)4](NO3)4(H,0)} (5):

Crystals of 5 was prepared by a similar synthetic procedure to that
used for 1, except that CH30OH was replaced by C2H50H. For 5:
(0.12 g, yield 56%), found; (C,42.68; H,3.43; N, 22.67%. calcd. for
CeoHsaN2g017Zny; C, 42.17 H,3.66; N, 22.95 IR (selected bands): =
CH b (oop): 693 (m) and 783 (m); CH b: 1308(m); O-N-O st: 1383
(s); CCst: 1468 (m); C=N st: 1549 and 1577 (m); C=0 st (Ligand)
1630; CH st: 2924 (w), NH st and OH st: 3448 (w) cm ™.

2.2. Physical measurements.

FT-IR spectra were recorded on a Bruker Tensor 27 spectrometer.
Microanalyses were performed using a Heraeus CHN-O-Rapid
analyzer.

2.3. Single-Crystal Structure Determination.

Suitable crystals of 1-5 were mounted on a glass fibre and used
for data collection on a Nonius Kappa CCD FR590 area
detector equipped with graphite monochromated Mo Ka
radiation (A = 0.71073 A). Lorentz—polarization and empirical

1 2 3 4 5
Empirical formula C64H75N230202n4 C56H54C|4N240222n4 Ce4HeoN3oo1oS4Zn5 C21H25N100354Zn C50H50N30NaO10 Zn,
Formula weight 1819.01 1942.69 1864.51 660.13 1741.85
Crystal system tetragonal monoclinic monoclinic triclinic tetragonal
Space group P42/n P21/n P21/n Pi 141a
Wavelength (A) 0.71073 0.71073 0.71073 0.71073 0.71073
T (K) 170(2) 100(2) 100(2) 282(2) 180(2)
a(A) 13.836(2) 13.7479(7) 13.390(2) 11.4520(3) 13.9941(9)
b (A) 13.836(2) 13.6207(7) 29.716(4) 12.1060(4) 13.9941(9)
¢ (A) 19.957(3) 44.742(2) 21.716(3) 13.1380(4) 35.739(3)
a(°) 90 90 90 115.338(3) 90
L) 90 98.226(2) 102.996(2) 99.128(2) 90
y(°) 90 90 90 104.7070(10) 90
z 2 4 4 2 4
V (A% 3820.7(1) 8292.0(7) 8419.5(19) 1516.01(8) 6998.9(9)
p(gem?) 1.581 1.561 1.471 1.446 1.653
u (mm™?) 1.331 1.357 1.573 1.127 1.451
Unique reflections 96597 158280 189260 11371 16119
R(int) 0.056 0.123 0.065 0.045 0.068
GOF on F? 1.182 1.039 1.053 0.903 0.997
Ry [I = 26(D]? 0.043 0.072 0.045 0.042 0.048
WR; [I > 26(1)]? 0.112 0.151 0.110 0.095 0.126

A R(F) = X||Fo| — |F|l/Z||Fof, WR(F?) = [Ew(F,? — F2)/EwF*]*

2 | J. Name., 2012, 00, 1-3
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absorption corrections were applied with SADABS.? The
structures were solved by direct methods and refined with full—
matrix least-squares calculations on F? using the program
SHELXS97". Anisotropic temperature factors were assigned to
all atoms except for hydrogen atoms, which are riding their
parent atoms with an isotropic temperature factor arbitrarily
chosen as 1.2 times that of the respective parent. Final R(F),
WR(F2) and goodness of fit agreement factors, details on the
data collection and analysis can be found in Table 1. Selected
bond lengths and angles are given in Tables S1, S2, S3, S4 and
S5 (ESI). CCDC reference numbers for the structures of 1-5
are 1426269-1426273. Copies of the data can be obtained free
of charge upon application to CCDC, 12 Union Road,
Cambridge CB2 1EZ, U.K. (fax, (+44)1223 336-033; e-mail,
deposit@ ccdc.cam.ac.uk).

2.4. Computational details

All calculations were carried out using the TURBOMOLE
version 7.0 using the BP86-D3/def2-TZVP level of theory.
To evaluate the interactions in the solid state, we have used the
crystallographic coordinates. This procedure and level of theory
have been successfully used to evaluate similar interactions.®
To validate this method, we have also compared the results in a
selected complex to the MP2/def2—-TZVP level of theory (vide
infra) and a good agreement has been observed. The interaction
energies were computed by calculating the difference between
the energies of isolated monomers and their assembly. The
interaction energies were corrected for the Basis Set
Superposition Error (BSSE) using the counterpoise method.*
The molecular electrostatic potential (MEP) surfaces have been
computed at the B3LYP/6-31+G* level of theory by means of
the Spartan software.'” We have used a different level of theory
for the MEP because the same functional and basis set used for
computing the interaction energies are not available in Spartan.
For one case (the free ligand), we have also computed the MEP
surface using the 6-311+G™* triple-( basis set (equivalent to the
def2-TZVP basis set) and results almost equivalent those
computed using the 6-31+G* basis set. The Bader’s "Atoms in
molecules"*® theory has been used to study the =-hole
interaction discussed by means of the AIMall calculation
package.*®

2.5. Hirshfeld surface analysis.

Molecular Hirshfeld surfaces® in the crystal structures of
manganese(ll) complexes are constructed basing on the
electron distribution calculated as the sum of spherical atom
electron densities.? For a given crystal structure and set of
spherical atomic electron densities, the Hirshfeld surface is
distinctive?, and it is the property that suggests the possibility
of gaining additional insight into the intermolecular interaction
exhibited by the structures. The normalized contact distance
(dnorm) based on both d. (distance from the point to the nearest
nucleus external to the surface) and d; (distance to the nearest
nucleus internal to the surface) and the vdw radii of the atom,
given by the Eq. (1) enables identification of the regions of
particular importance to intermolecular interactions. The
combination of de and di in the form of a 2D fingerprint plot®

This journal is © The Royal Society of Chemistry 2012
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displays summary of intermolecular contacts in the crystal.?

The Hirshfeld surfaces are mapped with dnorm, and 2D
fingerprint plots were generated using CrystalExplorer 2.1.% In
Crystal explorer, the internal consistency is extremely
important when comparing one structure with another, for the
generation of Hirshfeld surfaces all bond lengths to hydrogen
(or deuterium) atoms are set to typical neutron values (C-H =
1.083 A, O-H = 0.983 A, N-H = 1.009 A).® The coloured
properties (shape—index and curvedness) based on the local
curvature of the surface can be specified.?’

(d‘ } l'l"vdw) (db _ r‘:\.vd\\‘)

norm L q r vwd
1

© eq. (1)
3. Results and Discussion.

3.1. Crystallographic structures

Compound 1 crystallizes in the tetragonal space group P42/n
and consists of cationic tetranuclear units of Zinc(lIl), nitrate
anions and crystallization methanol molecules. Crystallographic
data and structural refinements for 1 are summarized in Table 1
and S1.

Fig. 1. Perspective of the cationic tetranuclear unit in 1. Nitrate anions, solvent
molecules and hydrogen atoms have been omitted for clarity. Colour code N =
blue, O =red, C = grey, Zn = purple.

The core of the tetranuclear compound (Fig. 1) is composed of
four symmetry-related zinc(ll) ions, creating a square
geometry. The tetranuclear Zn,L,* [2 x 2] cation has four
Zn(ll) centers, to which the ligands are coordinated in the
monoanionic form by deprotonation of one N—H moiety. Four
nitrate anions offset the burden of tetranuclear unit and four
crystallization methanol molecules form hydrogen bonds
present in the structure. Zn?* ions exhibits a very distorted
octahedral ZnN,O, geometry in which two cis positions are
occupied by O1 atoms pertaining to two different ligands and
the other four positions are occupied by two nitrogen atoms
from the N—-H moieties (N2 and N5) and two nitrogen atoms of
the pyridine group pertaining to the ligand (N3 and N6). In

J. Name., 2012, 00, 1-3 | 3
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these cationic squares, Zn'Zn distance bridged by O1 atom has
a value of 3.932 A, while Zn''Zn distance across the diagonal
of the square is 5.466 A. Zn-N distances are in the range of
2.054(3)-2.168(3) A, whereas Zn-01 distance has a value of
2.140(2) A. Cis and trans angles of metal environment are in
the range of 74.27(9)-101.50(9)° and 148.69(9)-171.99(10)°,
respectively, highlighting the Zn1-01-Zn1 angle with a large
value of 133.86(10).

In this compound, there are four hydrogen bonds between the
tetranuclear square and two nitrate anions generating a
trinuclear unit (Fig. S1). These bonds (2.916 A) involves N1
from the monoanionic ligand and O3 pertaining to one nitrate
molecule. Moreover, there are hydrogen bonds among solvent
molecules, specifically O5 (nitrate) and O2 (methanol) with a
value of 2.777 A.

Similar tetranuclear n—O bridged [2 x 2] square grids were
obtained for 2 through the self—assembly of zinc atoms and
monoanionic carbohydrazone based ligands. Complex 2
crystallizes in the monoclinic space group P21/n.
Crystallographic data and structural refinements for 2 are
summarized in Table 1 and S2. In this case, the structure
consists in cationic tetranuclear units of Zinc(ll) and disordered
perchlorate anions (Fig. 2).

values of 2.951 and 2.950 A, respectively. Moreover, there is
other hydrogen bond involving N9 and O18 with a value of
3.000 A.

Compound 3 crystallizes in the monoclinic space group P21/n
and consists of cationic square grids units of Zinc(ll), two
nitrate anions and one tetrahedral [Zn(SCN),> which
compensates the charge in the crystalline structure (Fig. 3).
Bond distances and angles are summarized in Table S3.

In these cationic squares, Zn'Zn distances from the sides of
the square bridged by oxygen atoms have values of 3.889,
3.889, 3.958 and 3.993 A, while Zn""Zn distance across the
diagonals are 5.502 and 5.516 A. Zn-N distances are in the
range of 2.059(2)-2.167(3) A, whereas Zn—01 distances have a
values between 2.095(3)-2.181(2) A. Cis and trans angles of
metal environment are similar values to those found for
previous compounds, highlighting the Zn—O-Zn angles with
values in the range 132.75(10)-134.80(9). However, unlike the
above compounds, there is only one type of hydrogen bond in
this structure (Fig. S3). These H-bonds (2.771 and 2.887 A)
involves the O15 from nitrate anion and N15 and N22

pertaining to two different monoanic ligands from the cationic
tetranuclear unit. Moreover, must be noted that the cationic
squares form chains by stacking interaction with values near to
3.521 A (Fig. S4).

Fig. 2. Perspective of the structure 2. Hydrogen atoms have been omitted for
clarity. Colour code N = blue, O = red, C = grey, Zn = purple, Cl = green.

In these cationic squares, Zn'Zn distances from the sides of
the square bridged by oxygen atoms have values of 3.881,
3.910, 3.952 and 3.989 A, while Zn"""Zn distance across the
diagonals are 5.513 and 5.524 A. Zn-N distances are in the
range of 2.057(3)-2.167(3) A, whereas Zn-01 distances have a
values between 2.095(3)-2.188(2) A. Cis and trans angles of
metal environment are similar values to those found for 1,
highlighting the Zn—O-Zn angles with values in the range
131.97(12)-134.64(12). In the crystalline structure it can be
observed three hydrogen bonds between one tetranuclear unit
and two perchlorate anions generating a trinuclear unit (Fig.
S2). These interactions involves the nitrogen atoms N3 and N15
with two oxygen atoms (010 and O11) pertaining to CI2 with

4| J. Name., 2012, 00, 1-3

Fig. 3. Perspective of the structure 3. Nitrate molecules and hydrogen atoms
have been omitted for clarity. Colour code N = blue, O = red, C = grey, Zn =
purple, S = yellow.

Compound 4 consists in a salt in which asymmetric unit is
formed by one anionic [Zn(SCN),]*  unit, one protonated
ligand (H4L?") and two crystallization methanol molecules (Fig.
4). The compound crystallizes in the triclinic space group P1
and bond distances and angles are summarized in Table S4. It
should be mentioned that in this compound, the ligand is
protonated in the two nitrogen atoms (N1 and N6) from
pyridine rings pertaining to the organic entity. In this structure,
there are six different hydrogen bonds (Table 2) involving the
two oxygen atoms from the methanol molecules and, on the
other hand, the four nitrogen atoms N1, N2, N5 and N6 and the
oxygen atom O1, all pertaining to the carbohydrazone based
ligand. The hydrogen bonds are in the range 2.708-2.936 A.

This journal is © The Royal Society of Chemistry 2012
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Znl

Fig. 4. Perspective of the structure 4. Colour code: Hydrogen bonds = blue lines,
N = blue, O =red, C = grey, Zn = purple, S = yellow.

Compound 5 crystallizes in the tetragonal space group 141/a
and consists of cationic tetranuclear units of Zinc(ll),
disordered nitrate anions and one crystallization water
molecule. Crystallographic data, structural refinements and
bond distances and angles for 5 are summarized in Table 1 and
S5, respectively. Isostructural copper compound was published
by Bikas et al.?® In these cationic squares, ZnZn distance
bridged by Ol atom has a value of 3.956 A, while Zn'*'Zn
distance across the diagonal of the square is 5.578 A. Zn-N
distances are in the range of 2.078(3)—2.189(4) A, whereas Zn—
O1 distances have values of 2.137(3) and 2.149 (3) A. The
Zn1-01-Znl angle has a large value of 134.71(11). There is
only one type of hydrogen bond in this structure (Fig. 5). This
H-bond has a value of 2.853 A and involves the O5 from
nitrate anion and N3 pertaining to the monoanionic ligand from
the cationic tetranuclear unit.

CrystEngComm
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In this part of the manuscript we analyse the interesting and
uncommon noncovalent interactions and assemblies observed
in the solid state architectures of compounds 3 and 4. In
complexes 1, 2 and 5 more conventional and well-studied
interactions (H-bonding and n—stacking) are observed in their
crystal packing and consequently we have not included them in
the theoretical study. Instead we have focused the study to
compounds 4 and 3 where anion—n and n—hole interactions,?
respectively, are observed in their crystal structures. It is
particularly interesting the assembly of the diprotonated ligand
and the [Zn(NCS),]* counterions in 4 (see Fig. 6). Curiously
the protonated pyridine rings do not interact directly with the
anion; instead two methanol molecules are situated at these
positions acting as a hydrogen bond acceptor and donor and
forming a H-bonding network excluding the possibility to form
electrostatically enhanced N*-H---S bonds. Consequently the
[Zn(NCS),]* counteions interact with the ligands by means of
bifurcated H-bonds with the carbohydrazone moiety and
anion—r interactions with the m-system of the protonated
pyridine rings.

Fig. 5. Perspective of the structure 5. Nitrate anions and water molecule have
been omitted for clarity. Colour code: Hydrogen bonds = blue lines, N = blue, O =
red, C = grey, Zn = purple.

Fig. 6. Supramolecular assembly observed in the solid state of compound 4.

3.2. Theoretical Study

This journal is © The Royal Society of Chemistry 2012

In an effort to rationalize the interactions involving the
assembly formed by the ligand and both methanol molecules in
4, we have computed its molecular electrostatic potential
surface (MEPS) (See Fig. 7). It can be observed that the most
electrostatically positive region (blue colour) is located in the
molecular ~ plane  (N-bonded hydrogen atoms  of
carbohydrazone) thus explaining the number of N-H---S
hydrogen bonds observed in the crystal structure. The
electrostatic potential energy values are very large (up to 190
kcal/mol) due to the dicationic nature of the ligand. Moreover,
there is also a strongly positive potential isocontour over the six
membered pyrimide rings (see Fig. 7); therefore they are well
suited for interacting with electron rich entities.

J. Name., 2012, 00, 1-3 | 5
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Fig. 7. Molecular electrostatic potential surface of the protonated ligand and two
methanol molecules. The energy values are given in kcal/mol.

We have studied energetically the formation of the assembly
(see Fig. 8A) using two different equations in order to evaluate
the relative importance of the H-bonding and anion-=n
interactions. Thus, the formation energy has been computed
starting from two different binary complexes (ion—pair). In one
of both (Fig. 8B) the anion—= has been previously formed and
the interaction energy (AE; = —73.9 kcal/mol) evaluates two
bifurcated hydrogen bonds in addition to van der Waals
interactions between the ligands. The large interaction energy
agrees with the strong electrostatic potential values (see Fig. 8).
The interaction energy computed starting from the other binary
complex considered in this analysis is AE, = —71.6 kcal/mol,
which is similar to AE; indicating that the strength of the
anion-m interaction is similar to the H-bonding and both are
fundamental to the stabilization of the assembly.

Fig. 9. Partial view of the X—ray structure of compound 3. Distances in A.
Hydrogen atoms have been omitted for clarity.

J\
~..* H-bonding
H-bonding . *«
\
9

anion—n

AE1 =-73.9 kcal/mol
H-bonding

AE2 = -71.6 kcal/mol
anion—n

Fig. 8. Theoretical models and binding energies computed to evaluate the
noncovalent interactions in compound 4.

(A) (B)
+10 -2

-S5O +30

(C) (D)
. +32 . +19

-65 N 1M -65

Fig. 10. MEP surfaces of picolinaldehyde and 2—pyridine-methanimine model
compounds and their complexes with NaCl. Energy values in kcal/mol.

6 | J. Name., 2012, 00, 1-3

In compound 5 we have analysed the m—hole interactions
involving the nitrate anions and the imide bond of the
carbohydrazone group (see Fig. 9). The best—known m—hole
interactions involve carbonyl compounds. For instance, Birgi
and Dunitz*® uncovered the trajectory along which a
nucleophile attacks the m—hole of a C-atom of carbonyl.
Moreover, n—hole interactions involving amides are known to
persist in protein structures.’> However, n—hole interactions
involving imine groups are scarcely found in the literature and
they are limited to X-ray structures where the N atom is

This journal is © The Royal Society of Chemistry 2012
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coordinated to metal centers.® We have firstly studied this
issue by examining the MEP surfaces of some simple model
systems (picolinaldehyde and 2—pyridinemethanimine) which
are shown in Fig. 10. The electrostatic potential over the carbon
atom of the carbonyl group is positive (10 kcal/mol) in
picolinaldehyde and slightly negative in 2—
pyridinemethanimine (-2 kcal/mol), thus explaining the ability
of the C=0 to interact with electron rich entities. In order to
examine the effect of metal coordination on the potential
energy value we have used a sodium atom and a chloride
counterion. As a consequence, the electrostatic potential
becomes approximately 21 kcal/mol more positive over the C
atom of the double bond in both compounds.

We have evaluated the interaction energy of the =m—hole
interaction using a theoretical model based on the X-ray
structure, since the whole system is computationally
unapproachable at the BP86—-D3/def2—-TZVP level of theory.

A) n-hole Y ®) }'
o1

u-hole,r-:3_19
q c1
C2 ‘t"‘\
N2 =
AE4 = -3.9 kcal/mol
AE4 (MP2) = -3.9 kcal/mol
LS .
(C) o
* 0.0046 a.u.
0.0054 au~. A
AEs = ~19.3 kcal/mol Pooug LT TN

AE3 (MP2) = —21.7 keal/mol i

Fig. 11. (A,B) Theoretical models used to study the m—hole interaction in
compound 3. Distances in A. H atoms have been omitted for clarity. (C) AIM
analyses of compounds 3. Bond and ring critical points are represented by red
and yellow spheres, respectively. The bond paths connecting bond critical points
are also represented by dashed lines.

The results are shown in Fig. 11 and the computed binding
energy of the =m—hole complex is AE; = -19.3 kcal/mol
confirming the importance of this interaction. In order to
analyse the influence of the metal coordination on the binding
energy we have computed an additional model where the metal
center and the other ligand have been eliminated (see Fig. 11B).
As a result the interaction energy is reduced to AE; = -3.9
kcal/mol showing the strong influence of the metal coordination
on the strength of the interaction in agreement with the MEP
analysis (see Fig. 10). For these models we have also computed
the interaction energies at the MP2/def2-TZVP level of theory
and a good agreement with the BP86-D3 energies have been
found giving reliability to the level of theory used in this
manuscript. We have used Bader's theory of ‘“atoms-in-
molecules”, which provides an unambiguous definition of
chemical bonding, to confirm the n—hole interaction described
above. In Fig. 11C we show the AIM analysis of the n—hole
complex and it can be observed the presence of two bond
critical points that connect the oxygen atom of the nitrate with
two carbon atoms of the ligand thus confirming the existence of

This journal is © The Royal Society of Chemistry 2012
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the m—hole interaction. A ring critical point (yellow sphere) is
also generated as a consequence of the formation of the
supramolecular ring. The value of the Laplacian of the charge
density computed at the bond critical points is positive, as is
common in closed-shell interactions. The charge density values
at the bond CPs are comparable to other n-hole interactions.®
Finally, we have also studied the importance of orbital effects
in the m—hole interaction by performing natural bond orbital
(NBO) calculations. We have focused our attention on the
second order perturbation analysis, since it is a convenient tool
to study donor-acceptor interactions.® In n—hole complex
shown in Fig. 11B we have found two modest contributions
originated from the donation of one lone pair orbital (LP) of the
oxygen atom to the antibonding C—N orbitals (7*) of the ligand
(see Table 2). This observation confirms the n-hole nature of
the noncovalent interactions in this complex. It is also worth
mentioning that the magnitude of the orbital interaction is
higher in the imino bond than in the aromatic ring.

Table 2. Donor and acceptor NBOs with indication of the second-order
interaction energy E® (kcal/mol) and type of interaction for n—hole complex
3. See Figure 11B for the numbering scheme

Donor acceptor E® type
LP (01) BD* (C1-N1) 0.05 N
LP (01) BD* (C2-N2) 0.17 N

BD* and LP, stand for anti-bonding and lone pair orbital, respectively.

3.3. Hirshfeld surface analysis.

On the Hirshfeld surface of complex ion in 1 mapped with dnom
function one can notice four large red areas (Fig. 12), which
correspond to one strong hydrogen bond (N1-H1---O3) formed
between hydrazone nitrogen atom and oxygen atom of one of the
nitrate anions. Additionally several smaller red spots can be noticed.
Twelve of them are due to presence of weak C—H---O interactions.
The remaining eight are in accordance with close contacts between
hydrogen atoms of methyl groups of ligand molecules.

Fig. 12. Hirshfeld surface of 1 mapped with d,,m function. Dashed lines indicate
N—H---O hydrogen bonds. Small red spots on the surface indicate C—H--:O and
H---H interactions.
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Three medium sized red areas are due to three stronger C-H---O
interactions connecting the complex ion and the nitrate ion
mentioned above. Moreover there are several smaller red spots
corresponding to weaker C-H---O, C-H:-S and C-H---C
interactions which bind complex ion with [Zn(SCN),]*>" and nitrate
anions. Mapping of the H surface with shape index function reveals
similar colour patterns than in 1 which indicates presence of both
n-m and C-H--m interactions (Fig. 15). When decomposed
fingerprint plots are analysed it is revealed that van der Waals forces
(H---H contacts) play the most important role in packing of the
species in the structure (35.3%).

This indicates that van der Waals interactions play a very important
role in formation of crystals as proven by analysis of decomposed
fingerprint plots (50.8%, Fig. S5a). On the Hirshfeld surface mapped
with shape index function one can notice both red regions
corresponding to C—H- "= interactions as well as ‘bow-tie patterns’
which indicate presence of aromatic stacking interactions (Fig. 12).
Analysis of decomposed fingerprint plots provide information about
major forces contributing to the cohesion of ions in the structure of
1.These are van der Waals forces (50.8%) and hydrogen bonds in
which oxygen atom acts as the donor (27.2%). Asymmetry of the
fingerprint plot can be explained by the fact that in all H---O
interactions the complex ion donates the hydrogen atom which is
situated inside the H surface.

Analysis of the Hirshfeld surface of the complex ion in the structure
of 3 mapped with d,om function reveals several red areas indicating
close contacts between atoms on both sides of the surface (Fig. 14).
Two biggest of them correspond to two hydrogen bonds formed
between protonated hydrazone nitrogen atoms of two different
ligand moieties and one oxygen atom of one of the nitrate ions
(N15-H15N---015, N22—H22N---015). One additional red area is
in accordance with N-H---S hydrogen bond between complex ion
and [Zn(SCN),] 2 ion (N4—H4N---S3S).

Fig. 15. Hirshfeld surface of 3 mapped with shape index function.

Fig. 14. Hirshfeld surface of 3 mapped with d,.m,m function. Interactions with
nitrate ions shown on the left, while interacrions with [Zn(SCN)4]™ ion shown on
the right.

8 | J. Name., 2012, 00, 1-3

Since percentage of the surface taken by H---C, H---O and H---S
interactions are very similar (17.4%, 15.6% and 12.7%, respectively)
one can assume that C—H---n stacking interactions and strong N—
H---O and N-H---S hydrogen bonds contribute almost equally to
packing in structure of 1 (Fig. S6). Asymmetry of the fingerprint plot
is caused — similarly to 1 — by the fact that oxygen and sulphur
atoms which are acceptors of H bonds are situated outside of the
surface.

For the analysis of packing interactions in 4 Hirshfeld surface of the
ligand ion has been calculated. When it was mapped with dnom
function the most prominent feature are four large red spots which
correspond to four strong hydrogen bonds linking two lattice
methanol molecules and ligand molecule (N1-H1.--O1, N6-
H9..-02, 02-H30-:-01 and 02-H20---01, Fig. 16, left). Next two
smaller red spots indicate presence of hydrogen bonds connecting
ligand molecule and [Zn(SCN),]*" ion (N3-H3.--S3, N4-H4...S3).
Moreover there are three small areas which are in agreement with
existence of weak C—H---S and C-H---N interactions. Shape index
function applied to the surface allows to pinpoint ion- - -7 interactions
which were predicted in DFT calculations (indicated with arrow on
Fig. 16, right). Decomposed fingerprint plots indicate that van der
Waals forces (H---H interactions, 24.5%), and various hydrogen
bonds (H---N, H---S and H---O contacts; 18.2%, 17.9% and 9.4%
respectively) contribute mostly to packing of the species in the
crystal (Fig. S7). Similar to other presented compounds, distinctive
asymmetry can be noticed.

This journal is © The Royal Society of Chemistry 2012
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Fig. 16. Left, Hirshfeld surface of ligand in the structure of 4 mapped with d,orm
function. Right, Hirshfeld surface of ligand ion in 4 mapped with shape index
function.

Fig. 18. Hirshfeld surface of 5 mapped with shape index function.

Hirshfeld surface of the complex ion in 5 mapped with dp,m function
is dotted with several small red spots. Eight of them indicate
presence of short H---H contacts between hydrogen atoms of methyl
groups. This suggests that van der Waals forces play an important
role in the packing as is confirmed by decomposed fingerprint plots
(Fig. S8). Additional eight red areas are consistent with H---C close
contacts which correspond to C-H--'m interactions (also
recognizable on H surface mapped with shape index function, Fig.
18). The rest of the red spots correspond to several weak C—H---O
interactions in which pyridyl ring and methyl group carbon atoms act
as donors and oxygen atoms of nitrate ions are the acceptors (Fig.
17). With shape index applied Hirshfelsd surface of the complex ion
is similar to that in 1 and 3. Abovementioned C—H:-'n interactions
can be noticed as big red areas and stacking interactions are visible
as ‘bow-tie’ patterns (both marked with arrows on Fig. 18). When
considering decomposed fingerprints plots (Fig. S4) one can draw
the conclusion that two most prominent type of interactions in
packing of the crystals of 5 are van der Waals forces (34.0%) and
weak C—H---O hydrogen bonds (36.4%).

Fig. 17. Hirshfeld surface of 5 mapped with dyom function. C—H:-O hydrogen
bonds marked with dashed lines.

This journal is © The Royal Society of Chemistry 2012

Comparison of Hirshfeld surfaces and decomposed fingerprint plots
of compounds 1, 3 and 5 leads to a few conclusions: 1) in all cases
van der Waals forces and stacking interactions play the most
important role in stacking of coordination cations; 2) second type of
interactions are hydrogen bonds (both weak and strong) in which
donor atoms are oxygen atoms of nitrate counterions or sulphur
atoms of [Zn(SCN),]* ions; 3) asymmetry of the fingerprint plots of
all three compounds is caused by the fact that acceptor atoms
mentioned in point 2 are located outside of the Hirshfeld surface.

Conclusion

We have synthesized and X-ray characterized five Zn(Il)
complexes formed by cationic tetranuclear units of Zinc(ll),
with different anions and crystallization solvent molecules. The
solid state structures show that the participation of the organic
ligand and anionic co-ligands in concurrent hydrogen bonding,
n—hole, and anion—r interactions control the crystal packing.
Some of them have been analysed using DFT calculations and
MEP surfaces. In compound 4, the anions have the ability to
link the cationic ligands together via anion—r interactions and
H-bonding interactions providing remarkable supramolecular
anion—-n/H-bond type network for self-assembly progression.
In compound 3, we have analysed n—hole interactions in the
solid state involving the coordinated imine groups of the ligand.
Interestingly, this compound represents a novel example of
supramolecular system bearing =n—hole interactions. The
computational study highlights the impact of unconventional
interactions on the final structure and the calculation of the
energetic features of the different noncovalent interactions
contributes to understand the mechanism that governs the
molecular recognition and crystal packing.
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Five Zn(ll) complexes based on a N,O core carbohydrazone ligand have been synthesized and
X-ray characterized. The noncovalent interactions that govern the crystal packing have been
rationalized by means of DFT calculations.




