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The hydrazone Schiff base ligands (E)-N�-(2-hydroxybenzyl-
idene)acetohydrazide (HL1) and (E)-N�-(2,3-dihydroxy-
benzylidene)acetohydrazide (H2L2) with a functional group
variation in the aromatic moiety have been synthesized. The
ligands have been used to synthesize the following MnII

complexes: the mononuclear complex [Mn(HL1)2]-
[ClO4]2·2H2O (1), the cocrystallized discrete dinuclear com-
plex {[Mn(HL1)2]·[Mn(L1)2]}[ClO4]2 (2), and the phenoxido-
bridged dinuclear complex [Mn(μ-HL2)(H2O)]2[ClO4]2 (3).
The ligands and the complexes were characterized by FTIR

Introduction

Supramolecular chemistry deals with weak and reversible
noncovalent interactions between molecules. These forces
include hydrogen bonding, metal coordination, hydro-
phobic forces, van der Waals forces, π–π interactions, CH–π
interactions, electrostatic effects, and so on. Supramolecular
interactions are demonstrated in molecular self-assembly,
peptide folding, molecular recognition, host–guest chemis-
try, and mechanically interlocked molecular architectures.[1]

Among these weak forces, hydrogen bonding has a signifi-
cant role in molecular packing for the development of
various architectures through crystal engineering.[2]
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and UV/Vis spectroscopic techniques, and their crystal struc-
tures were determined by single-crystal X-ray diffraction
analysis. 1H and 13C NMR spectroscopy shows evidence of
keto–enol tautomerism of the ligands in solution. All of the
compounds develop hydrogen-bonded assemblies of dif-
ferent dimensionalities and architectures. CH–π and π–π in-
teractions also contribute significantly to the overall binding
energies of the supramolecular assemblies. The supramolec-
ular interaction energies have been computed at the BP86-
D3/def2-TZVPD level of theory.

Hydrogen bonding is the noncovalent interaction be-
tween hard acids and hard bases and has a major contri-
bution from electrostatic or Coulombic interactions. Ex-
change repulsion, polarization energy, charge-transfer en-
ergy, covalent bonding, and dispersion forces also contrib-
ute to a different extent.[3] The energy of a hydrogen bond
varies from 0.25 to 40 kcal/mol depending on the polarities
of the donor and acceptor atoms.[4] As hydrogen bonds are
polar, they are stable in apolar solvents in the absence of
competitive hydrogen bonding with the solvent. In contrast
to classical hydrogen-bonding interactions, CH–π interac-
tions have been recognized to be the weakest nonclassical
hydrogen bond[5] and contribute significantly in various
fields of chemistry such as molecular conformations,[6] self-
assembly,[7] chiral recognition,[8] and crystal packing.[9]

CH–π interactions occur between soft acids and soft bases
and largely comprise electron correlation energy or disper-
sion energy. Electrostatic interactions also contribute to a
minor extent (ca. 20%).[10] CH–π interactions are much
weaker than conventional H-bonding interactions. High-
level ab initio calculations for a benzene–methane complex
gave a value of –1.45 kcal/mol for the interaction energy,
which varies to –5.64 kcal/mol for a benzene–chloroform
complex, as the C–H component is significantly activated
by three electron-withdrawing groups.[11] Unlike conven-
tional H bonding, CH–π interactions are orientation-inde-
pendent and persist in highly polar media such as water;
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this is an important criterion when considering the role of
CH–π interactions in biological systems.[12] For π–π stack-
ing interactions, van der Waals dispersion and electrostatic
effects have major energetic contributions. In 1990, Hunter
and Sanders proposed an electrostatic model of π–π stack-
ing interaction, in which σ–π attraction dominates over π–π
repulsion between the stacked arene complexes.[13]

We have quantitatively explored the role of hydrogen
bonding, π–π, and CH–π interactions in the construction
of supramolecular assemblies of some acetyl hydrazone
ligands (Scheme 1) and their MnII complexes. Hydrazones
are a special class of Schiff bases with additional electron-
delocalization stability obtained from the amido fragment
(R–CO–NH–) adjacent to the azomethine (–C=N–)
chromophore. The N–H proton is very much susceptible to
hydrogen bonding and develops interesting supramolecular
networks.[14] In the present work, we have tuned the
hydrogen-bonding patterns of two new hydrazone ligands
(HL1 and H2L2) by increasing peripheral hydrogen-bonding
groups. Two MnII complexes (1 and 2) synthesized with
HL1 under different reaction conditions show distinctly dif-
ferent molecular and supramolecular features. A centro-
symmetric dinuclear MnII complex (3) with H2L2 presents
symmetrical hydrogen bonding and CH–π interactions to
develop three-dimensional supramolecular assemblies. For
all of the compounds, the binding energies through supra-
molecular forces and the individual contributions of each
kind of hydrogen-bonding (N–H···O, O–H···O, and C–
H···O), π–π, and CH–π interaction to the binding energies
have been quantitatively estimated by DFT calculations at
the BP86-D3/def2-TZVPD level of theory.

Scheme 1. Outline of the synthesis of HL1 and H2L2.

Results and Discussion

Synthesis of the Ligands and the Complexes

The ligands HL1 and H2L2 were synthesized as depicted
in Scheme 1. Both ligands were obtained in good yield
(�80%) in single-crystalline form. For the synthesis of HL1,
we condensed equimolar amounts of acetic hydrazide and
salicylaldehyde. For H2L2, the aromatic aldehyde part is
slightly modified with an additional –OH group, that is,
acetic hydrazide was condensed with an equimolar amount
of 2,3-dihydroxybenzaldehyde. This slight modification of
the functional groups in the ligands has a direct effect on
their basicity, coordination patterns with metal ions, and
the development of supramolecular self-assembly.

Manganese ions can adopt different geometries (such as
tetrahedral, square pyramidal, octahedral, and pentagonal
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bipyramidal) and oxidation states (+2 to +7) in their com-
plexes, and the geometric and electronic environments of
the metal center are strongly dependent on the ligands.[15]

The ligands HL1 and H2L2 can coordinate to metal ions
as neutral chelates, monoanionic ketoamines, and dianionic
enolimines to stabilize various metal oxidation states, as ob-
served previously with a very similar hydrazone ligand.[16]

We chose manganese for the synthesis of the complexes
with the hydrazone ligands HL1 and H2L2 because of their
flexibility to render a great variation in geometries, oxid-
ation states, and coordination modes in their resulting com-
plexes; in the present case, we obtained octahedral and
pentagonal-bipyramidal MnII complexes with interesting
variations in their supramolecular architectures.

For the synthesis of MnII complexes with HL1, the reac-
tion temperature has a major effect on the complex forma-
tion. We heated Mn(ClO4)2·xH2O with HL1 in a 1:1 meth-
anol/acetonitrile mixture under reflux at 80 °C for 1 h. The
slow evaporation of the solution at room temperature
(ca. 30 °C) for two weeks resulted in a mixture of single-
crystalline products: plate-shaped single crystals (1) were
obtained as the major product and were accompanied by a
minor amount of octahedral single crystals (2). Changes to
the reaction conditions such as the solvent, temperature, or
both did not ensure the exclusive formation of the plate-
shaped single crystals, whereas the reaction at room tem-
perature (ca. 30 °C) for 0.5 h resulted exclusively in the for-
mation of the octahedral single crystals (2). Single-crystal
X-ray diffraction analysis of the plate-shaped crystals
revealed a mononuclear octahedral MnII complex of chemi-
cal formula [Mn(HL1)2][ClO4]2·2H2O (1), whereas that of
the octahedral single crystals from both reactions revealed
cocrystallized units of {[Mn(HL1)2]·[Mn(L1)2]}[ClO4]2 (2).
The plate-shaped crystals were carefully isolated mechani-
cally from the mixture, and their purity was not affected in
the bulk sample, as observed in the powder diffraction
pattern of 1 (Figure S1), in which the resemblance of the
experimental pattern with the simulated pattern signifies the
homogeneity of the sample. The octahedral crystals of 2
were also isolated in pure crystalline form, as evident from
the PXRD pattern (Figure S2). Complex 3 of molecular
formula [Mn(μ-HL2)(H2O)]2[ClO4]2 was isolated as pure
prismatic single crystals by the reaction of Mn(ClO4)2·
xH2O with H2L2 in a 1:1 acetonitrile/2-propanol mixture
with gentle heating at 60 °C for 0.5 h followed by slow
evaporation for two weeks. The PXRD pattern (Figure S3)
confirms the homogeneity of 3. Although all of the com-
plexes contain 1:1 metal–ligand molar ratios, in practice the
complexation occurred in the presence of a large excess of
MnII ions, and the MnII–ligand molar ratios were opti-
mized to 4:1 for the best yields of the complexes.

1H and 13C NMR Spectra of HL1 and H2L2

The 1H and 13C NMR spectroscopic data of HL1 and
H2L2 (Scheme S1) give evidence of keto–enol tautomerism
of the ligands in [D6]dimethyl sulfoxide ([D6]DMSO) solu-
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tion. The 1H NMR spectra (Figure S4) of both ligands dis-
play two sharp singlets at δ = 1.95 and 2.15 ppm, which can
be attributed to the methyl protons of the keto and enol
forms, respectively. The azomethine proton of the keto and
enol forms appears at δ = 8.31 and 8.25 ppm for HL1 and
at δ = 8.26 and 8.23 ppm for H2L2. In the ketoamine forms
of both ligands, the NH proton gives a singlet at δ =
11.6 ppm, whereas the O–H protons of the enolimine forms
are recorded as singlets at δ = 10.1 ppm for HL1 and at
9.1 ppm for H2L2. The keto and enol concentration ratio
was estimated to be ca. 3:2 in both ligands from the inten-
sity ratios of the methyl 1H NMR signals.

The 13C NMR spectra (Figure S5) give CH3 signals at δ
= 21.0 ppm for the keto forms and at δ = 22.0 ppm for the
enol forms of both HL1 and H2L2. The C=O carbon atom
appears at δ = 166 ppm, whereas its enolic analogue
(=C–OH) is recorded at δ = 172 ppm for both ligands.
Upon enolization, the azomethine carbon atom undergoes
a distinct downfield shift from δ = 141.7 (keto) to
147.0 ppm (enol) for HL1 and from δ = 142.5 (keto) to
147.7 ppm (enol) for H2L2.

Owing to the presence of a meta-OH group in H2L2, the
signal of the corresponding aromatic carbon atom is
distinctly downfield shifted to δ = 146 ppm compared to
that of its unsubstituted analogue HL1 at δ = 116.9 ppm.

Crystal Structure of HL1

The single-crystal structure of HL1 was evaluated to
establish its conformation in the metal-free state. The asym-
metric unit of the free ligand (Figure 1) reveals that the
Schiff base contains three potential donor atoms, that is, a
phenolic oxygen atom (O1), an imine nitrogen atom (N5),
and a ketonic oxygen atom (O8). The phenolic C2–O1 bond
length of 1.353(5) Å is distinctly longer than the ketonic
C7–O8 bond length of 1.233(5) Å. From the conformation
of the ligand, it is evident that the ONO donor set has a
nonchelating orientation.

Figure 1. The asymmetric unit of HL1.

The crystal packing of HL1 presents intra- and intermo-
lecular hydrogen-bonding interactions as shown in Figure 2
and listed in Table 1. The phenolic proton associated with
O1 is intramolecularly hydrogen bonded to the imine nitro-
gen atom (N5) to form a stable six-membered ringlike as-
sembly. The amido proton attached to N6 has a favorable
orientation for the formation of a cooperative intermo-
lecular hydrogen bond with the ketonic oxygen atom (O8)
of the adjacent unit. Thus, a supramolecular centrosymmet-
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ric dimer is formed by the R2
2(8)-type ring assembly be-

tween two adjacent molecules.[17] Adjacent dimers are fur-
ther connected by another eight-membered ring motif con-
structed through cooperative C–H···O hydrogen bonding
between the ketonic oxygen atom (O8) and one of the
methyl protons (H91) to form a one-dimensional coopera-
tive centrosymmetric infinite double-stranded ribbon along
the c axis. Our group has previously reported the crystal
structure of a homologous ligand (HL�),[16] for which we
found a one-dimensional supramolecular single-stranded
chain. The free rotation of the amido C–N bond imposes a
face-to-face orientation of adjacent molecules in HL1 and
a same-face orientation of adjacent molecules in HL�; thus,
the crystal packing of the two homologous ligands is dif-
ferent.

Figure 2. The infinite one-dimensional supramolecular ribbon
structure in HL1.

Table 1. Hydrogen-bond parameters for the ligands HL1 and H2L2.

D–H···A d(D–H) d(H···A) d(D···A) �(DHA)
[Å] [Å] [Å] [°]

HL1 C9–H91···O8 0.978 2.508 3.482(7) 174.0
O1–H11···N5 0.809 1.870 2.633(7) 156.8
N6–H61···O8 0.885 1.976 2.860(7) 176.0

H2L2 O8–H81···N4 0.886 1.879 2.640(3) 142.8
N3–H31···O1 0.925 1.960 2.883(3) 176.2
O2–H21···O1 0.871 1.925 2.757(3) 159.6

Crystal Structure of H2L2

The molecular structure of H2L2 is shown in Figure 3;
H2L2 differs from HL1 by the additional –OH substituent

Figure 3. The asymmetric unit of H2L2.
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Figure 4. The two-dimensional array of H2L2 viewed along bc plane.

at the meta position (C9) of the benzene ring and, hence,
contains two potential deprotonation sites (the ortho and
meta OH groups) and can be viewed as a tetradentate
ONOO donor ligand.

The hydrogen-bonding features of H2L2 are depicted in
Figure 4 and listed in Table 1. As observed in the packing
of HL1, an intramolecular hydrogen bond O8–H81···N4 is
formed between the ortho OH group and the imine nitrogen
atom to form a six-membered ring. The amido proton
attached to N3 cooperatively forms an intermolecular
hydrogen bond N3–H31···O1 with the ketonic oxygen atom
(O1) of an adjacent unit to form a centrosymmetric R2

2(8)-
type ring dimer. Four such adjacent dimers are further con-
nected through O8–H81···O1 hydrogen bonds between the
meta OH group and the ketonic oxygen atom, which acts

Figure 5. Consecutive left- and right-handed helices in H2L2 en-
compassing a supramolecular void.
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as a bifurcated H-bond acceptor, to form a helical ring as-
sembly encompassing a void. This ring assembly repeats in
the bc plane to develop a two-dimensional undulating array
of consecutive left-handed and right-handed helices.

The helical assembly is best viewed in Figure 5, and the
space-filling model shows a clear supramolecular void of
nanometer dimensions (1.17 �1.28 nm, the maximum dis-
tances along the c and b axes, respectively).

Crystal Structure of [Mn(HL1)2][ClO4]2·2H2O (1)

The asymmetric unit of 1 is depicted in Figure 6, and the
bond lengths and angles are listed in Table 2. Complex 1
consists of a central MnII ion coordinated by two neutral

Figure 6. Perspective view of the asymmetric unit of 1 with poten-
tial hydrogen-bonding groups.
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Table 2. Selected bond lengths [Å] and angles [°] for 1–3.

1 2 3

Bond length

Mn1–O2 2.219(2) Mn1–O101 2.117(4) Mn1–O2 2.258(3)
Mn1–O9 2.131(3) Mn1–N109 2.256(4) Mn1–O5 2.267(3)
Mn1–O16 2.209(3) Mn1–O113 2.179(4) Mn1–O2 2.125(2)
Mn1–O28 2.137(3) Mn1–O121 2.144(4) Mn1–N11 2.301(3)
Mn1–N6 2.254(3) Mn1–N129 2.254(4) Mn1–O14 2.367(3)
Mn1–N25 2.239(3) Mn1–O132 2.180(5) Mn1–O16 2.205(3)

Mn2–O201 2.153(4) Mn1–O17 2.250(4)
Mn2–N209 2.267(4)
Mn2–O212 2.171(5)
Mn2–O221 2.147(4)
Mn2–O232 2.147(4)
Mn2–N229 2.267(4)

Bond angle

O2–Mn1–O9 148.89(9) O132–Mn1–O113 95.9(2) O2–Mn1–O5 69.8(1)
O2–Mn1–O16 103.49(8) O132–Mn1–N129 72.2(2) O2–Mn1–O2 74.6(1)
O2–Mn1–O28 89.14(8) O113–Mn1–N129 94.0(1) O5–Mn1–O2 144.4(1)
O2–Mn1–N6 76.65(8) O132–Mn1–N109 93.7(2) O2–Mn1–N11 152.9(1)
O2–Mn1–N25 92.21(8) O113–Mn1–N109 71.4(2) O5–Mn1–N11 135.8(1)
O9–Mn1–O16 86.03(8) N129–Mn1–N109 158.9(2) O2–Mn1–N11 79.3(1)
O9–Mn1–O28 98.14(8) O132–Mn1–O121 148.3(1) O2–Mn1–O14 138.4(1)
O9–Mn1–N6 73.18(9) O113–Mn1–O121 96.8(2) O5–Mn1–O14 69.0(1)
O9–Mn1–N25 118.87(8) N129–Mn1–O121 78.0(1) O2–Mn1–O14 146.5(1)
O16 –Mn1–O28 148.21(9) N109–Mn1–O121 118.0(2) N11–Mn1–O14 68.5(1)
O16–Mn1–N6 93.77(8) O132–Mn1–O101 95.0(2) O2–Mn1–O16 85.9(1)
O16–Mn1–N25 77.19(8) O113–Mn1–O101 147.8(1) O5–Mn1–O16 86.8(1)
O28–Mn1–N6 117.68(8) N129–Mn1–O101 118.2(2) O2–Mn1–O16 91.2(1)
O28–Mn1–N25 73.23(8) N109–Mn1–O101 77.8(1) N11–Mn1–O16 101.9(1)
N6–Mn1–N25 163.77(8) O121–Mn1–O101 89.5(1) O14–Mn1–O16 86.7(1)

O212–Mn2–N209 72.0(2) O2–Mn1–O17 88.8(1)
O212–Mn2–O201 150.01(14) O5–Mn1–O17 81.9(1)
N209–Mn2–O201 78.1(1) O2–Mn1–O17 97.1(1)
O212–Mn2–N229 107.8(2) N11–Mn1–O17 87.3(1)
N209–Mn2–N229 174.4(2) O14–Mn1–O17 90.6(1)
O201–Mn2–N229 102.2(1) O16–Mn1–O17 168.6(1)
O212–Mn2–O232 95.8(2) Mn1–O2– Mn1 105.4(1)
N209–Mn2–O232 102.3(2)
O201–Mn2–O232 93.1(2)
N229–Mn2–O232 72.1(2)
O212–Mn2–O221 96.2(2)
N209–Mn2–O221 107.4(1)
O201–Mn2–O221 89.9(1)
N229–Mn2–O221 78.2(1)

tridentate ONO donor hydrazone ligands to form an octa-
hedral bischelated complex.

The mean equatorial plane around the central metal ion
is formed by two phenoxyl oxygen atoms (O2, O16) and
two ketonic oxygen atoms (O9, O28); two azo-
methine nitrogen atoms (N6, N25) occupy the trans (axial)
positions to complete the octahedron. The mean planes
defined by the donor atoms of the two ligands are almost
perfectly orthogonal to each other and are inclined at an
angle of 89.13°. The twelve cis angles [73.18(8)–118.86(9)°]
and three trans angles [148.21(8)–163.77(8)°] surrounding
the central Mn1 atom show significant deviations from the
ideal octahedral bond angles, and the average equatorial
bond lengths (2.174 Å) are smaller than the average axial
bond lengths (2.247 Å); these deviations indicate a z-out-
type tetragonal distortion from the ideal octahedral geome-
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try of the central atom. Complex 1 is dicationic, as the
ligands coordinate the MnII ion in a neutral state, and two
lattice perchlorate anions counterbalance the +2 charge of
the complex.

The crystal packing of 1 reveals that it forms a three-
dimensional supramolecular network as depicted in Fig-
ure 7 from the ab and bc planes. The hydrogen bonds are
listed in Table 3. The intermolecular hydrogen-bonding
pattern is centrosymmetric and is assisted by lattice water
molecule and percholorate anions. A twelve-membered
supramolecular ring motif, expressed as R4

4(12) in the
graph-set notation of Etter,[17] is formed by the cooperative
interaction between pairs of H2O molecules and ClO4

– ions
centrosymmetrically connected by O35–H351···O34 and
O35–H352···O32 interactions. Another symmetric R2

4(8)
ring is formed by other pairs of H2O and ClO4

– ions, which
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Figure 7. Three-dimensional supramolecular network in 1 viewed along the (top) ab and (bottom) bc planes.

are cooperatively connected by O42–H421···O41 and O42–
H422···O41 interactions. These supramolecular rings inter-
connect the [Mn(LH)2]2+ units by accepting H bonds from
the phenolic oxygen atoms (O2 and O16) and the amido
nitrogen atoms (N7 and N26) at the H2O and ClO4

– oxygen
ends, respectively, through O2–H21···O35, O16–
H161···O42, N7–H71···O32, and N26–H261···O37 interac-
tions. This network is further supported by weak C10–
H101···O33, C10–H102···O39, and C10–H103···O37
hydrogen bonds between the methyl protons attached to
C10 of the ligand and three ClO4

– oxygen atoms to expand
the three-dimensional supramolecular network.

Eur. J. Inorg. Chem. 2015, 1958–1972 © 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim1963

Crystal Structure of {[Mn(HL1)2]·[Mn(L1)2]}[ClO4]2 (2)

The asymmetric unit of 2 is depicted in Figure 8, and the
bond parameters are listed in Table 2. The complex con-
tains two molecules of octahedral MnII bischelates with
HL1 connected through hydrogen bonds.

One of the cocrystallized molecules (Mn1 center) is dicat-
ionic, as both ligands are in their neutral state, whereas the
other (Mn2 center) is neutral, as both ligands are in their
monoanionic state. In both molecules, the mean basal
planes of the octahedra are formed by two ketonic oxygen
atoms and two phenoxyl oxygen atoms, whereas the axial
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Table 3. Hydrogen-bond parameters for 1–3.

D–H···A d(D–H) d(H···A) d(D···A) �(DHA)
[Å] [Å] [Å] [°]

1 O2–H21···O35 0.860 1.740 2.596(4) 174.5
N7–H71···O32 0.890 2.020 2.890(5) 168.7
O16–H161···O42 0.840 1.760 2.599(5) 173.6
N26–H261···O37 0.880 2.050 2.921(5) 169.6
O35–H351···O34 0.830 2.060 2.890(5) 174.1
O35–H352···O32 0.820 2.200 2.971(5) 156.9
O42–H421···O41 0.830 2.280 2.943(7) 137.8
O42–H422···O41 0.820 2.300 3.048(7) 151.7
C10–H101···O33 0.954 2.555 3.475(5) 162.0
C10–H102···O39 0.949 2.497 3.435(5) 169.9
C10–H103···O37 0.958 2.592 3.426(5) 145.7

2 N210–H2101···O305 0.867 2.183 3.028(9) 164.7
N110–H1101···O303 0.868 2.014 2.868(9) 167.9
O101–H1011···O201 0.835 1.619 2.435(9) 165.1
N230–H2301···O403 0.877 2.065 2.881(9) 154.6
N130–H1301···O503 0.869 1.992 2.826(9) 160.5
O121–H1211···O221 0.960 1.519 2.440(9) 159.2
C112–H1121···O402 0.957 2.272 3.218(9) 169.8
C133–H1333···O502 0.955 2.460 3.356(9) 156.0
C213–H2131···O304 0.960 2.439 3.355(9) 159.5
C233–H2333···O402 0.986 2.298 3.157(9) 145.1

3 O17–H171···O22 0.835 2.305 3.012(6) 142.6
O17–H172···O20 0.842 2.007 2.807(6) 158.3
O16–H162···O14 0.816 2.091 2.811(6) 147.0
O5–H51···O19 0.819 1.971 2.781(6) 169.8
N12–H121···O21 0.875 2.222 3.077(6) 165.7

positions are occupied by the azomethine nitrogen atoms.
The average Mn–N bond lengths [2.255(4) and 2.267(4) Å
in the Mn1 and Mn2 units, respectively] are distinctly
longer than the average Mn–O bond lengths [2.155(4) and
2.154(4) Å in the Mn1 and Mn2 units, respectively], which

Figure 9. Supramolecular packing in 2 viewed along the (left) a and (right) c axes. Hydrogen atoms not involved in H bonds are omitted
for clarity.

Eur. J. Inorg. Chem. 2015, 1958–1972 © 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim1964

Figure 8. Asymmetric unit of 2 with hydrogen-bond origins.

indicates a z-out-type tetragonal distortion in both units.
The disordered perchlorate molecules with Cl401 and Cl501
have 50 % occupancy in the lattice for each complex unit.
The oxygen atoms O404 and O405 are always present and
belong solely to either Cl401 or Cl501, whereas the other
oxygen pairs (O402/O403 and O502/O503) appear accord-
ing to the occurrence of Cl401 and Cl501, respectively.

The hydrogen-bonding features of 2 are evident from
Figure 8 and are listed in Table 3. The cationic and neutral
units of the complex are connected through the phenolic
oxygen atoms, which are involved in O101–H1011···O201
and O121–H1211···O221 hydrogen bonds. Each of the
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amido N–H groups makes intermolecular bonding through
N110–H1101···O303, N210–H2101···O305, N130–
H1301···O503, and N230–H2301···O403 interactions with
perchlorate oxygen atoms. The perchlorate oxygen atoms
also accept hydrogen bonds from the methyl carbon atoms
to form weak intermolecular C112–H1121···O402, C133–
H1333···O502, C213–H2131···O304, and C233–
H2333···O402 hydrogen bonds. Thus, a three-dimensional
supramolecular network connected by the lattice per-
chlorate ions is formed, as depicted in Figure from two
different planes.

Crystal Structure of [Mn(μ-HL2)(H2O)]2[ClO4]2 (3)

Complex 3 is a centrosymmetric dimer consisting of
heptacoordinate MnII ion, a phenoxido-bridging hydrazone
ligand, and an axial H2O ligand, as depicted in Figure 10.
The important bond parameters are listed in Table 2. Al-
though the ONOO donor hydrazone ligand contains two
potential deprotonation sites (the ortho and the meta phen-
oxyl groups), the ortho phenoxyl oxygen is deprotonated
and acts as a bridge between two centrosymmetric MnII

ions, which are separated by 3.488 Å. A similar dimeric
complex of a homologous hydrazone ligand reported by
Ray et al.[18] is a phenoxido-bridged non-centrosymmetric
MnII–hydrazone dimer that provides a similar chelate envi-
ronment as that observed in 3. The hydrazone ligand pro-
vides a pentagonal base constructed of the ketonic oxygen
atom (O14), imino nitrogen atom (N11), two bridging
ortho-phenoxido oxygen atoms (O2) from two cooperating
ligands, and the meta phenoxyl oxygen atoms (O5). The
pentagonal bipyramid is completed by the axial coordina-
tion of two water molecules. Complex 3 contains a NO6

chromophore around the metal ions and differs signifi-
cantly from the previously reported complex; the axial li-
gands render 3 centrosymmetric but make the previously
reported complex non-centrosymmetric, as the axial posi-
tions are occupied by many different ligands such as N3

–,
H2O, and MeOH to provide a N2O5 chromophore around

Figure 10. The centrosymmetric dimeric molecule of 3 with poten-
tial hydrogen-bonding groups.
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the metal centers. The average Mn–O bond length (2.254 Å)
in the basal plane, the Mn–Nimine bond length (2.301 Å),
and the Mn–O–Mn bond angle (105.4°) in 3 are in good
agreement with those in the previously reported complex.

The supramolecular features of 3, as depicted in Fig-
ure 11 and listed in Table 3, are more extensive than those
in the previously reported complex.[18] A centrosymmetric
R4

4(12)-type supramolecular ring is formed by one of the
H2O ligands (O17) and the lattice perchlorate anion from
two adjacent molecules through O17–H171···O22 and O17–
H172···O20 connections and is additionally supported by
the O5–H51···O19 chain. Along the bc plane, the ring is
further connected to two other neighboring molecules
through a N12–H121···O21 chain involving the amido N–
H groups of the ligand and one of the perchlorate oxygen
atoms (O21; Figure 11 top).

The other H2O ligand (O16) forms a cooperative
hydrogen bond O16–H162···O14 with the ketonic oxygen
atom (O14) of an adjacent molecule in the ac plane (Fig-
ure 11 bottom). Thus, a symmetrical three-dimensional
supramolecular network is constructed.

The three-dimensional molecular packing is further sup-
ported by a pair of CH–π interactions between each neigh-
boring molecule stacked parallel along the a axis (Fig-
ure 12). The distance between the methyl proton (H152)
and the aromatic ring centroid is very short (2.732 Å) and
agrees well with those of other reported complexes in which
CH–π interactions play an important role in structural ori-
entation.[19] The roles and magnitudes of the intermolecular
interactions as quantified through theoretical calculations
are discussed below.

Fourier-Transform Infrared Spectra

The IR spectra of 1–3 were analyzed and compared with
those of the free ligands (HL1 and H2L2) in the ν̃ = 4000–
400 cm–1 region. In the IR spectra of the free hydrazone
ligands (Figures S6 and S7 for HL1 and H2L2, respectively),
the imine stretching bands appeared at ν̃ = 1601 and
1600 cm–1 for HL1 and H2L2, respectively, but the observa-
tion of the characteristic imine bands for the complexes at
lower stretching frequencies of ν̃ = 1548, 1559, and
1567 cm–1 for 1–3, respectively (Figures S8–S10), indicates
the coordination of the imine nitrogen atom to the metal
center.[20,21] The νC=O signals for the amide moieties
(–CONH–) are centered at ν̃ = 1669 and 1654 cm–1 for HL1

and H2L2, respectively, and undergo shifts to lower fre-
quencies of ν̃ = 1605, 1596, and 1615 cm–1 in the respective
complexes 1–3. The marginal shifts of the broad N–H
stretching bands from ν̃ ≈ 3100 cm–1 in the spectra of the
ligands to ν̃ = 3076 and 3084 cm–1 for 1 and 2 suggests the
presence of hydrogen-bonded non-coordinated amine
groups. The N–H stretching band in the spectrum of 3 falls
in the very broad and overlapping region of ν̃ = 3600–
3000 cm–1, which has contributions from several O–H
stretching vibrations. The coordination of the ligand to the
metal center is further substantiated by prominent Mn–N
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Figure 11. Three-dimensional supramolecular network in 3 viewed along the (top) bc and (bottom) ac planes.

stretching bands at ν̃ = 432, 415, and 421 cm–1 in the spec-
tra of 1–3, respectively.[22] Generally, hydrogen-bonded al-
coholic O–H bond stretches are found in the range ν̃ =
3600–3200 cm–1, and these bands are not very well docu-
mented in the spectra of the ligands. For the present com-
plexes, the broad bands at ν̃ ≈ 3240, 3227, and 3295 cm–1

for 1–3, respectively, are attributed to the phenolic O–H
bonds coordinated to the metal centers and also participat-
ing in hydrogen bonding. Very broad bands in the range ν̃
= 3600–3400 cm–1 for 1 and 3 confirm the presence of water
molecules involved in hydrogen bonding.[23] The character-
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istic stretching bands of the perchlorate anions appeared at
ν̃ ≈ 1100 cm–1 in the spectra of all three complexes.

Electronic Spectra

The electronic spectra of 1–3 in HPLC-grade acetonitrile
solvent were analyzed and compared with those of the free
ligands (HL1 and H2L2) in the region λ = 800–200 nm. The
UV/Vis spectra of the Schiff base ligands exhibit two in-
tense absorption bands at λ = 287 and 318 nm for HL1 and
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Figure 12. CH–π interactions in 3 [Å].

λ = 292 and 329 nm for H2L2, which can be attributed to
π�π* (C=N) and n�π* transitions. Three distinct absorp-
tion bands appeared in the spectra of the complexes at λ =
287, 318, and 365 nm for 1, λ = 289, 322, and 366 nm for
2, and λ = 310, 356, and 385 nm for 3. The high-energy
bands at λ = 287, 289, and 310 nm for 1–3, respectively,
originate from π�π* transitions of the aromatic rings.
Intraligand n�π* charge-transfer bands appeared at λ =
318, 322, and 356 nm for 1–3, respectively. It is quite
reasonable to assign the broad bands in the region λ = 350–
370 nm in the spectra of 1–3 to ligand-to-metal charge
transfer (LMCT) from the Schiff base ligand to the MnII

center.

Theoretical Calculations of Weak Interactions

We have divided the theoretical study into two parts. In
the first part, we have analyzed the solid-state structures of
the ligands (HL1 and H2L2) and focused our attention on
the strong influence of the additional phenolic group in
H2L2 on the crystal packing. Secondly, we have studied
some interesting noncovalent interactions in the manganese
complexes with special interest in the π–π stacking inter-
actions that are established between positively charged
moieties.

Figure 13. Partial views of ligands HL1 and H2L2 (distances in Å).
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The distinct difference between the HL1 and H2L2

ligands is the presence of an additional phenolic OH group
in the latter. This additional group has a strong influence
on the solid-state packing. Ligand HL1 forms an infinite
planar ribbon stabilized by a hydrogen-bonding network
(see Figure 13, left). The network consists of the combina-
tion of a double and strong N–H···O=C hydrogen bond
(1.98 Å) involving the amido group with a double and
weaker C–H···O=C hydrogen bond (2.51 Å). In contrast,
H2L2 (Figure 13, right) does not form an equivalent combi-
nation of hydrogen bonds owing to the presence of the ad-
ditional OH group. This group establishes a hydrogen-bond
interaction with the amido C=O group instead of the
double C–H···O=C hydrogen bond observed in HL1.

We have evaluated energetically these hydrogen-bonding
interactions to investigate if the single O–H···O=C hydrogen
bond in H2L2 compensates the double C–H···O=C
hydrogen bond observed in HL1. The interaction energies
are shown in Figure 14. From the inspection of the results,
several interesting points arise. First, the strength of the
double N–H···O=C hydrogen bond is large and similar in
both ligands. It is slightly more favorable in H2L2, in agree-
ment with the experimental hydrogen-bonding distances.
Second, the double C–H···O=C hydrogen bond is weak, as
the interaction energy ΔE1 is only –3.7 kcal/mol owing to
the very low acidity of the hydrogen atoms. However, the
single O–H···O=C hydrogen bond in H2L2 has ΔE3 = –
7.1 kcal/mol, which clearly compensates the double C–
H···O=C hydrogen bond in HL1. This energetic difference
is responsible for the completely different architecture ob-
served for H2L2 in the solid state.

The second part of the theoretical study is devoted to the
analysis of the π–π stacking interactions in 1, in which both
aromatic rings belong to positively charged moieties. More-
over, we have compared its solid-state structure to that of 2
and focused our attention on the crucial role of the water
molecules that are present in 1 and absent in 2. In Fig-
ure 15, we present a partial view of the crystal structures.
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Figure 14. Interaction energies of several hydrogen-bonded dimers retrieved from the solid-state structures of HL1 and H2L2.

Figure 15. Partial view of intermolecular interactions in 1 and 2
(distances in Å).

In 1, four water molecules form strong hydrogen bonds
(1.74–1.76 Å) with four OH groups in which the acidity of
the hydrogen atom is enhanced by the coordination of the
oxygen atom to the MnII ion. Moreover, a π–π stacking

Figure 16. Intermolecular interaction energies retrieved from the solid-state structures of 1 and 2.
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interaction (centroid to centroid distance 3.83 Å) is also
formed between adjacent complexes. In contrast, 2 does not
form the stacking interaction. The absence of water mo-
lecules in 2 and the presence of protonated and deproton-
ated L1 ligands facilitate the formation of intermolecular
O···H–O hydrogen bonds to generate a more compact crys-
tal structure.

In Figure , we show the different theoretical models used
to analyze energetically the different interactions observed
in 1 and 2. For 1 (Figure 16, left), we have computed the
interaction energy of the π–π assembly (without considering
the counterions), and it is very unfavorable because of elec-
trostatic repulsion (ΔE5 = 127.6 kcal/mol) between each
MnII complex, which has two positive charges. However,
the binding energy of this assembly (ΔE6 = –75.4 kcal/mol)
for the neutral system (that is, with two perchlorate anions
included for each MnII complex) is very favorable. There-
fore, the analysis of weak interactions such as π–π stacking
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Figure 17. Interaction energies of a self-assembled dimer of 3 (left) and a theoretical model of this dimer in which one coordinated water
molecule has been eliminated (right; distances in Å).

in the presence of strong electrostatic interactions between
counterparts should be carefully performed. In contrast, the
supramolecular assembly in 2 (Figure 16, right) presents a
very favorable interaction energy (ΔE7 = –98.1 kcal/mol)
without consideration of the effect of the counterions, be-
cause one Mn complex is neutral. Interestingly, the absence
of water molecules in the crystal structure of 2 allows the
formation of a very strong assembly between the neutral
and charged MnII complexes through two strong hydrogen
bonds.

Finally, we have analyzed the dimer in 3 (Figure 17), for
which two interesting C–H···π interactions are established
in addition to the strong hydrogen-bonding interactions. It
should be mentioned that the C–H···π distance is very short
(2.73 Å, see Figure 17) compared to those previously re-
ported for this type of interaction.[24] To evaluate the contri-
bution of this interaction to the binding energy, we have
computed two theoretical models. The first one corresponds
to the self-assembled dimer found in the crystal structure,
and the dimerization energy is ΔE8 = –27.2 kcal/mol. This
binding energy corresponds to both the hydrogen-bonding
and C–H···π interactions. We have also computed a hypo-
thetical dimer in which the coordinated water molecule that
participates in the hydrogen-bonding interaction has been
eliminated. For this dimer, the binding energy is reduced to
ΔE9 = –12.8 kcal/mol, which corresponds to the contri-
bution of both C–H···π interactions. Therefore, each inter-
action contributes –6.4 kcal/mol, which is larger in absolute
value than commonly reported for C–H···π complexes[25]

and agrees with the very short C–H···π distance observed
in the solid-state structure of 3. This large interaction en-
ergy value is likely due to the electron-rich nature (π-basic-
ity) of the aromatic ring.

Conclusions

We have reported three new MnII coordination com-
plexes (1–3) synthesized from two different acetylhydrazone
Schiff base ligands, HL1 and H2L2. The ligands establish a
keto–enol tautomerization equilibrium in solution but exist
solely in the keto form in the solid state and develop supra-
molecular assemblies assisted by N–H···O, O–H···O, and

Eur. J. Inorg. Chem. 2015, 1958–1972 © 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim1969

C–H···O hydrogen bonding. The MnII complexes consist of
dicationic metal–ligand chelate units, as HL1 (in 1 and 2)
and H2L2 (in 3) behave as neutral ligands. Two ClO4

– ions
counterbalance the dicationic complex. Lattice water mol-
ecules in 1 and 3 help to stabilize the molecular assemblies
through hydrogen bonding. In 2, owing to the absence of
lattice H2O molecules, the supramolecular stabilization is
achieved through the cocrystallization of a neutral complex
unit in which HL1 undergoes deprotonation and behaves as
an anionic ligand. Thus, all of the complexes form three-
dimensional supramolecular networks. The crystal packing
of 3 is supported by significant C–H···π interactions be-
tween two adjacent coplanar units. Theoretical calculations
have been performed to estimate the binding energies of the
molecules and the individual contributions of each non-
covalent interaction. The C–H···π interaction in 3 is among
the highest reported dispersion forces.

Experimental Section

General Remarks: The FTIR spectra of the compounds were re-
corded with a Perkin–Elmer RX I FTIR spectrometer with samples
as KBr pellets in the range ν̃ = 4000–400 cm–1. The electronic spec-
tra were recorded in the range λ = 800–200 nm at 300 K with a
Perkin–Elmer Lambda 40 (UV/Vis) spectrometer with HPLC-
grade acetonitrile as the solvent. The 1H NMR spectra of the Schiff
base ligands were recorded with a Bruker 400 MHz FT-NMR spec-
trometer with trimethylsilane as an internal standard and samples
in [D6]DMSO solvent. The powder X-ray diffraction (XRD) pat-
terns of the samples were recorded with a PANalytical Empyrean
X-ray powder diffractometer with Cu-Kα radiation.

Theoretical Methods: The energies of all the complexes included in
this study were computed at the BP86-D3/def2-TZVPD level of
theory by using the crystallographic coordinates within the pro-
gram TURBOMOLE version 6.4.[26] For the calculations, we have
used the BP86 functional with the latest available correction for
dispersion (D3).[27]

Chemicals: Solvents in anhydrous form were purchased from com-
mercial suppliers. Acetic hydrazide, salicylaldehyde, and 2,3-di-
hydroxybenzaldehyde were purchased from Aldrich Chemical
Company and used as received. Manganese perchlorate salt was
prepared by the standard procedure.[28]
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Caution! Perchlorate salts are potentially explosive and should be
used in small quantities and with much care, although no harm
was caused during the present experiments.

Hydrazone Ligand HL1: The ligand HL1 [(E)-N�-(2-hydroxybenzyl-
idene)acetohydrazide] was prepared by the condensation of acetic
hydrazide (0.74 g, 10 mmol) with salicylaldehyde (1.221 g,
10 mmol) in methanol (100 mL). The methanolic solution was
heated under reflux at 65 °C for 5 h, and a colorless solution was
obtained. The solvent was removed under reduced pressure, and
the white residue was purified by recrystallization from methanol
to afford colorless shiny crystals, yield 0.155 g (87%). FTIR (KBr):
ν̃ = 1601 [ν(C=N)], 1669 [ν(C=O)] cm–1. UV/Vis: λmax = 287
(π�π*), 318 (n�π*) nm. 1H NMR (400 MHz, [D6]DMSO): δ =
1.95 (s, 3 H, CH3, keto), 2.15 (s, 3 H, CH3, enol), 6.86 (m, 1 H,
Ar), 7.22 (m, 1 H, Ar), 7.46 (d, 1 H, Ar), 7.59 (d, 1 H, Ar), 8.31
(s, 1 H, CH, keto), 8.25 (s, 1 H, CH, enol), 11.2 (s, 1 H, Ar OH),
11.6 (s, 1H, NH keto), 10.1 (s, 1 H, OH enol) ppm. 13C NMR
([D6]DMSO): δ = 21.0 (CH3, keto), 22.0 (CH3, enol), 166.1 (C=O
keto), 172.2 (C–OH enol), 141.7 (CH keto), 147.0 (CH enol), 116.8,
119.2, 119.9, 127.5, 131.5, 157.0 (Ar keto), 117.0, 120.6, 120.1,
130.2, 131.8, 158.0 (Ar enol) ppm.

Hydrazone Ligand H2L2: The ligand H2L2 [(E)-N�-(2,3-dihydroxy-
benzylidene)acetohydrazide] was prepared by the condensation of a
methanolic solution (100 mL) of acetic hydrazide (0.74 g, 10 mmol)
with 2,3-dihydroxybenzaldehyde (1.381 g, 10 mmol) to form a light
yellow solution upon heating overnight under reflux at 65 °C; from
the solution, a white solid precipitated. The white solid was col-
lected by filtration and redissolved in warm MeOH. On slow evap-
oration of the solvent, shiny colorless crystals of H2L2 were ob-
tained, yield 0.161 g (83%). FTIR (KBr): ν̃ = 1600 [ν(C=N)], 1654
[ν(C=O)] cm–1. UV/Vis: λmax = 292 (π�π*), 329 (n�π*) nm. 1H
NMR (400 MHz, [D6]DMSO): δ 1.95 (s, 3 H, CH3 keto), 2.15 (s,
3 H, CH3 enol), 6.8 (m, 1 H, Ar), 6.9 (d, 1 H, Ar), 7.03 (d, 1 H,

Table 4. Crystal structure parameters.

HL1 H2L2 1 2 3

Formula C9H10N2O2 C9H10N2O3 C18H24Cl2Mn1N4O14 C36H38Cl2Mn2N8O16 C9H13Cl1Mn1N2O9

Formula weight 178.19 194.19 646.24 1019.50 383.59
Crystal system monoclinic monoclinic triclinic monoclinic triclinic
Space group P21/n P121/n P1̄ P21/c P1̄
a /Å 4.50(3) 6.07(4) 9.71(6) 12.95(8) 8.18(4)
b /Å 26.24(4) 11.52(1) 12.08(8) 24.88(9) 9.11(6)
c /Å 7.50(4) 13.11(1) 13.15(7) 15.06(1) 10.82(7)
α /° 90 90 112.74(6) 90 92.53(5)
β /° 95.38(9) 94.36(5) 99.27(5) 114.72(5) 112.07(5)
γ /° 90 90 105.65(6) 90 98.07(5)
V /Å3 881.6(1) 913.5(9) 4522(3) 4408(2) 735.62(8)
Z 4 4 2 4 2
D /gcm–3 1.342 1.41 1.642 1.54 1.732
μ /mm–1 0.097 1.08 0.785 7.72 1.126
F (000) 376 408 662 2088 390
Crystal size /mm 0.05�0.13�0.47 0.09�0.12�0.29 0.14�0.24�0.29 0.16�0.24�0.30 0.12�0.14�0.45
θ range /° 2.8–29.2 3.1–29.19 2.9–29.2 2.9–29.21 2.9–29.2
Refl. collected 3923 4618 10986 16506 6135
Independent refl. 1903 2136 6000 9001 3392
R(int) 0.067 0.033 0.031 0.029 0.025
Refl. used 601 1157 4279 5977 2173
Parameters refined 118 127 352 604 199
S 1.1 1.1826 1.1040 1.0668 1.02
Final R indices R = 0.0475 R = 0.0410 R = 0.0487 R = 0.0804 R = 0.0552

wR = 0.0562 [I�3σ(I)] wR = 0.0384 [I�0σ(I)] wR = 0.0657 [I�0σ(I)] wR = 0.0845 [I�2σ(I)] wR = 0.0836 [I�3σ(I)]
Residuals /eÅ–3 0.16, –0.21 0.18, –0.18 0.60, –0.40 1.31, –0.92 0.93, –0.63
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Ar), 8.26 (s, 1 H, CH keto), 8.23 (s, 1H, CH enol) 11.1 (s, 1 H, Ar
OH), 11.2 (s, 1 H, Ar OH), 11.6 (s, 1 H, NH keto), 9.1 (s, 1 H, OH
enol) ppm. 13C NMR ([D6]DMSO): δ = 21.0 (CH3 keto), 22.0 (CH3

enol), 166.1 (C=O keto), 172.1 (C–OH enol), 142.5 (CH keto),
147.7 (CH enol), 117.2, 117.8, 119.7, 120.7, 145.8, 146.2 (Ar keto);
119.3, 118.8, 119.9, 120.9, 146.2, 146.6 (Ar enol) ppm.

[Mn(HL1)2][ClO4]2·2H2O (1): Mn(ClO4)2·xH2O (0.379 g,
1.5 mmol) was dissolved in an acetonitrile/methanol (1:1, 10 mL)
mixture, and solid HL1 (0.045 g, 0.25 mmol) was added. The mix-
ture was heated under reflux at 80 °C for 1 h. The light yellow
solution was kept at room temperature (ca. 30 °C) for slow evapo-
ration. Light yellow plate-shaped single crystals suitable for X-ray
diffraction were obtained after two weeks and were accompanied
by a small amount of octahedral single crystals, yield 0.400 g
(ca. 62%). FTIR (KBr): ν̃ = 1548 [ν(C=N)], 1605 [ν(C=O)], 3076
[ν(N–H)], 432 [ν(Mn–N)] cm–1. UV/Vis: λmax = 287 (π�π*), 318
(n�π*), 365 (LMCT) nm.

{[Mn(HL1)2]·[Mn(L1)2]}[ClO4]2 (2): Mn(ClO4)2·xH2O (0.379 g,
1.5 mmol) was dissolved in an acetonitrile/methanol mixture
(10 mL), and solid HL1 (0.045 g, 0.25 mmol) was added. The mix-
ture was stirred for 0.5 h at room temperature (ca. 30 °C). The light
yellow solution was kept at room temperature for slow evaporation.
Light yellow single crystals suitable for X-ray diffraction were ob-
tained after two weeks, yield 0.795 g (78%). FTIR (KBr): ν̃ = 1559
[ν(C=N)], 1596 [ν(C=O)], 2851 [ν(N–H)], 415 [ν(Mn–N)] cm–1.
UV/Vis: λmax = 289 (π�π*), 322 (n�π*), 366 (LMCT) nm.

[Mn(μ-HL2)(H2O)]2[ClO4]2 (3): Mn(ClO4)2·xH2O (0.379 g,
1.5 mmol) was dissolved in an acetonitrile/2-propanol mixture (1:1,
10 mL), and solid H2L2 (0.25 mmol, 0.05 g) was added. The mix-
ture was allowed to stir for 0.5 h with heating at 60 °C. The light
yellow solution was kept at room temperature for slow evaporation
(ca. 30 °C). Light yellow prismatic single crystals suitable for X-
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ray diffraction were obtained after one month. The crystals were
collected by filtration and air-dried before X-ray diffraction, yield
0.296 g (76%). FTIR (KBr): ν̃ = 1567 [ν(C=N)], 1615 [ν(C=O)],
2858 [ν(N–H)], 421 [ν(Mn–N)] cm–1. UV/Vis: λmax = 310 (π�π*),
356 (n�π*), 385 (LMCT) nm.

X-ray Crystallography: The X-ray diffraction data of all the com-
pounds were collected with an Oxford Diffraction Gemini Dif-
fractometer[29] containing an area detector and a graphite mono-
chromator with Mo-Kα radiation (λ = 0.71069 Å). Data collection
and reduction were performed with the CrysAlis program.[30] The
structures were solved by direct methods with the program
SIR92[31] followed by Superflip[32] and refined with the program
CRYSTALS.[33] All non-hydrogen atoms were refined anisotropi-
cally by full-matrix least-squares techniques on F. All other H
atoms were generated geometrically and included in the refinement
in a riding model approximation. Experimental absorption correc-
tion was performed by an analytical technique. The crystallo-
graphic data for the ligands and 1–3 are summarized in Table 4.

CCDC-1014123 (for HL1), -1014124 (for H2L2), -1014125 (for 1),
-1014126 (for 2) and -1014127 (for 3) contain the supplementary
crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): PXRD patterns of 1–3, 1H and 13C NMR assignment schemes
for HL1 and H2L2, 1H and 13C NMR spectra of HL1 and H2L2,
FTIR spectra of the ligands and complexes.

Acknowledgments

D. S. and G. P. are thankful to Bourses de mobilité doctorale du
Programme Avenir Lyon Saint Etienne, Année 2013 for facilitating
the research. M. M. and S. M. acknowledge the Government of
India, University Grant Commission (UGC), for financial support
as a Senior Research Fellow (SRF) and an Emeritus Fellow
[F.6-6/EMERITUS-2013-14-GEN-2214/(SA-II)], respectively. A. B.
and A. F. thank the Spanish Dirección General de Investigación
Ciencia y Técnica (DGICYT) (CTQ2011-27512/BQU and CON-
SOLIDER INGENIO, CSD2010-00065, FEDER funds) and the
Direcció General de Recerca i Innovació del Govern Balear (project
23/2011, FEDER funds) for funding. The authors further thank
the CTI (UIB) for free allocation of computer time. Dr. Samia
Benmansour of Universidad de Valencia is thanked for recording
the powder X-ray diffractograms.

[1] a) Y. Xu, H. Zhang, F. Li, F. Shen, H. Wang, X. Li, Y. Yu, Y.
Ma, J. Mater. Chem. 2012, 22, 1592–1597; b) A. L. Boyle, D. N.
Woolfson, Rational Design of Peptide-Based Biosupramolecular
Systems, in: Supramolecular Chemistry: From Molecules to
Nanomaterials, 2012, DOI: 10.1002/9780470661345.smc168; c)
A. J. Goshe, I. M. Steele, C. Ceccarelli, A. L. Rheingold, B.
Bosnich, Proc. Natl. Acad. Sci. USA 2002, 99, 4823–4829.

[2] a) J. M. Lehn, Supramolecular Chemistry: Concepts and Per-
spectives, VCH, Weinheim, Germany, 1995; b) G. A. Jeffrey,
An Introduction to Hydrogen Bonding, Oxford University Press,
New York, 1997; c) G. A. Jeffrey, W. Saenger, Hydrogen Bond-
ing in Biological Structures, Springer, Berlin, 1991.

[3] H. Tsubomura, Bull. Chem. Soc. Jpn. 1954, 27, 445–450.
[4] G. R. Desiraju, Acc. Chem. Res. 2002, 35, 565–573.
[5] G. R. Desiraju, T. Steiner, The Weak Hydrogen Bond in Struc-

tural Chemistry and Biology, Oxford University Press, Oxford,
UK, 1999.

Eur. J. Inorg. Chem. 2015, 1958–1972 © 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim1971

[6] a) Y. Umezawa, S. Tsuboyama, H. Takahashi, J. Uzawa, M.
Nishio, Tetrahedron 1999, 55, 10047–10056; b) S. Tsuzuki, H.
Houjou, Y. Nagawa, K. Hiratani, J. Chem. Soc. Perkin Trans.
2 2001, 1951–1955; c) M. Matsugi, M. Nojima, Y. Hagimoto,
Y. Kita, Tetrahedron Lett. 2001, 42, 8039–8042; d) M. Kita-
mura, K. Nakano, T. Miki, M. Okada, R. Noyori, J. Am.
Chem. Soc. 2001, 123, 8939–8950.

[7] a) S. J. Cantrill, J. A. Preece, J. F. Stoddart, Z.-H. Wang, A. J. P.
White, D. J. Williams, Tetrahedron 2000, 56, 6675–6681; b) A.
Arduini, G. Giorgi, A. Pochini, A. Secchi, F. Ugozzoli, Tetrahe-
dron 2001, 57, 2411–2417.

[8] a) M. Akazome, Y. Ueno, H. Ooiso, K. Ogura, J. Org. Chem.
2000, 65, 68–76; b) K. Kinbara, Y. Harada, K. Saigo, J. Chem.
Soc. Perkin Trans. 2 2000, 1339–1348.

[9] K. Kinbara, K. Oishi, Y. Harada, K. Saigo, Tetrahedron 2000,
56, 6651–6655.

[10] H. Suezawa, T. Yoshida, Y. Umezawa, S. Tsuboyama, M. Ni-
shio, Eur. J. Inorg. Chem. 2002, 3148–3155.

[11] S. Tsuzuki, K. Honda, T. Uchimaru, M. Mikami, A. Fujii, J.
Phys. Chem. A 2006, 110, 10163–10168.

[12] a) M. Nishio, Y. Umezawa, M. Hirota, Y. Takeuchi, Tetrahe-
dron 1995, 51, 8665–8701; b) see ref.[24], chapter 11; c) P. Chak-
rabarti, U. Samanta, J. Mol. Biol. 1995, 251, 9–14; d) M.
Brandl, M. S. Weiss, A. Jabs, J. Shünel, R. Hilgenfeld, J. Mol.
Biol. 2001, 307, 357–377; e) M. S. Weiss, M. Brandl, J. Shünel,
D. Pal, R. Hilgenfeld, Trends Biochem. Sci. 2001, 26, 521–523;
f) T. Nishinaka, Y. Ito, S. Yokoyama, T. Shibata, Proc. Natl.
Acad. Sci. USA 1997, 94, 6623–6628; g) S.-H. Chou, Y.-Y.
Tseng, J. Mol. Biol. 1999, 285, 41–48; h) Y. Umezawa, M. Ni-
shio, Bioorg. Med. Chem. 2000, 8, 2643–2650; i) Y. Umezawa,
M. Nishio, Nucleic Acids Res. 2002, 30, 2183–2192.

[13] C. A. Hunter, J. K. M. Sanders, J. Am. Chem. Soc. 1990, 112,
5525–5534.

[14] D. Sadhukhan, A. Ray, G. Pilet, C. Rizzoli, G. M. Rosair, C. J.
Gomez Garcia, S. Signorella, S. Bellu, S. Mitra, Inorg. Chem.
2011, 50, 8326–8339.

[15] K. Fujisawa, M. Nabika, Coord. Chem. Rev. 2013, 257, 119–
129.

[16] D. Sadhukhan, A. Ray, G. Pilet, G. M. Rosair, E. Garribba, A.
Nonat, L. J. Charbonnière, S. Mitra, Bull. Chem. Soc. Jpn.
2011, 84, 764–777.

[17] M. C. Etter, Acc. Chem. Res. 1990, 23, 120–126.
[18] A. Ray, C. Rizzoli, G. Pilet, C. Desplanches, E. Garribba, E.

Rentschler, S. Mitra, Eur. J. Inorg. Chem. 2009, 2915–2928.
[19] X. Xu, B. Pooi, H. Hirao, S. H. Hong, Angew. Chem. Int. Ed.

2014, 53, 1283–1287.
[20] L. J. Farrugia, J. Appl. Crystallogr. 1999, 32, 837–838.
[21] C. T. Yang, B. Moubaraki, K. S. Murray, J. D. Ranford, J. J.

Vittal, Inorg. Chem. 2001, 40, 5934–5941.
[22] K. Nakamoto, Infrared and Raman Spectra of Inorganic and

Coordination Compounds, Theory and Applications in Inorganic
Chemistry, John Wiley & Sons, New York, 5th ed. 1997, p. 23.

[23] X.-F. Chen, P. Cheng, X. Liu, B. Zhao, D.-Z. Liao, S.-P. Yan,
Z.-H. Jiang, Inorg. Chem. 2001, 40, 2652–2659.

[24] M. Nishio, M. Hirota, Y. Umezawa, The CH/π Interaction: Evi-
dence, Nature and Consequences, John Wiley & Sons, New
York, 1998.

[25] a) M. Nishio, CrystEngComm 2004, 6, 130–158; b) M. K.
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