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Abstract: This paper reports the synthesis and structural characterization of a novel azide-bridged
polymeric manganese (III) Schiff base complex, using 2-((allylimino)methyl)-6-ethoxyphenol as
a ligand. The crystal structure of the synthesized compound, elucidated by single-crystal X-ray
diffraction analysis, indicates that it crystallizes in the monoclinic space group P21/c. The complex is
found to display an octahedral geometry in which the central manganese Mn(III) coordinates with two
bidentate donor Schiff base ligands via oxygen and nitrogen atoms. In addition, the metallic centers
are linked together to form a one-dimensional chain bridged by end-to-end azide ligands. To offer a
more thorough characterization of the synthesized compound, the study incorporates experimental
data from FT-IR, UV-Vis, and cyclic voltammetry, alongside computational results from Hirshfeld
surface analysis and DFT calculations conducted for both the ligand and complex. The computational
analyses provided valuable insights into the intrachain and interchain interactions within the crystal
structure, clarified the conformational characteristics of the isolated ligand molecule, and aided in
the interpretation of the experimental IR spectra. Furthermore, an assessment of the compound’s
drug-like properties was conducted using activity spectra for substances (PASS) predictions, revealing
potential pharmacological activities.

Keywords: Schiff base complex; crystal structure; spectroscopy; Hirshfeld surface analysis;
intermolecular interactions; DFT calculations; activity spectra

1. Introduction

Schiff bases constitute an extensive group of versatile compounds characterized by
the presence of a carbon–nitrogen double bond, denoted by the general structure R1R2C =
NR3, where R1, R2, and R3 are typically composed of alkyl or aryl groups (R3 ̸= H) [1–3].
These compounds are known for their capacity to form ligands that interact effectively
with most transition metals through their azomethine nitrogen atoms [4,5]. Schiff bases and
their metal complexes have considerable potential as pharmaceutical agents, displaying a
diverse spectrum of biological activities. These include anti-inflammatory, antitumor, and
antimicrobial effects [5–10].

Some Schiff base complexes with allylamine derivatives as ligands have been re-
ported in the literature [11–15]. For instance, Behnam et al. synthesized and characterized
complexes of Zn(II), Ni(II), Co(III), Cu(II), and V(IV) with 5-bromo-2-((allylimino)methyl)
phenol [12,13]. Identical studies were conducted by Kazemi et al. for complexes of Ni(II),
Cu(II), Pd(II), and V(IV) with 2-hydroxy-1-allyliminomethyl-naphthalen [14]. In another
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study by Salehi et al., complexes of Zn(II), Mn(III), and Co(III) with the same Schiff base
ligand were synthesized and investigated using a variety of theoretical (DFT) and experi-
mental approaches [15]. Besides the synthesis and structural characterization, these novel
compounds were also evaluated for their potential biological applications and molecular
docking properties.

The objective of our current research is to synthesize and conduct a thorough char-
acterization of a manganese (III) complex utilizing a Schiff base ligand derived from
3-ethoxy-hydroxybenzaldehyde and allylamine [2-((allylimino)methyl)-6-ethoxyphenol,
Scheme 1]. The selection of this Schiff base ligand was mainly guided by its structural fea-
tures, which offer the potential for different coordination types, such as chelation through
the phenolate oxygen and imine nitrogen atoms, thereby facilitating the formation of stable
and well-defined metal–ligand complexes. In addition, this choice of ligand builds on previ-
ous studies performed by some of the authors in analogous coordination systems [12,13,15].
This continuity of research thus enables the exploration of new ligand–metal combinations
and their associated structural and biological properties. As we delve deeper into our inves-
tigation, this complex was found to represent an interesting example of an Mn(III)-based
coordination polymer where the metallic centers are connected through an end-to-end
µ-(1,3) azide linkage [16–19]. The incorporation of the allylamine-derived Schiff base ligand
introduces distinct structural features and electronic properties, which may significantly
influence the overall behavior of the complex. This ligand design has not been extensively
explored in the context of Mn(III) coordination polymers [15], making our study a valuable
addition to the existing reports on the structure of such systems [16–22]. Metal–organic
coordination polymers have attracted significant interest in the scientific community due
to their potential applications in diverse fields, including magnetism, catalysis, and sens-
ing [23–27].
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Scheme 1. Synthetic route for the preparation of the polymeric Schiff base complex [MnIII(L)2(N3)]n

(see Section 3.2 for details). The Schiff base ligand HL corresponds to 2-((allylimino)methyl)-6-
ethoxyphenol.

In summary, the main structural features of the synthesized polymeric Mn(III) Schiff
base complex have been thoroughly investigated by analyzing the most relevant geometri-
cal parameters around the metallic center provided by X-ray diffraction data. In addition,
Hirshfeld surfaces were utilized to study intermolecular interactions, providing valuable
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insights into the compound’s molecular arrangement in the crystal. Further investigations
involving infrared and UV-Vis spectroscopy, cyclic voltammetry, and theoretical compu-
tations at the DFT level in both the ligand and the complex were also performed. These
combined approaches provided a comprehensive insight into the properties and behavior
of the compound. Furthermore, the synthetized complex was subjected to activity spectra
for substances (PASS) analysis, which allowed the evaluation of its potential for combating
pathogenic viruses.

2. Results and Discussion
2.1. Synthesis and Spectroscopic Characterization of the SCHIFF Base and Complex

The synthetic route for preparing the polymeric Schiff base complex [MnIII(L)2(N3)]n
is outlined in Scheme 1. The bidentate Schiff base ligand (HL) was synthesized by reacting
allylamine with 3-ethoxy-2-hydroxybenzaldehyde (1:1 molar ratio) in a methanol solution.
Subsequently, the mixture was treated with MnCl2 and NaN3 methanolic solutions. For a
detailed description of the experimental procedure used for synthesizing both the ligand
and complex, please refer to Section 3.2.

The IR spectra of the Schiff base ligand and complex are provided in Figure S1a,b, and
the identified bands are characterized in Table S1. The vibrational calculations performed
at the B3LYP/6-311++G(d,p) level on the fully optimized geometries of both species were
used to help in the assignment of the most important experimental bands (the computed
vibrational data are provided in Tables S2 and S3). In terms of what the IR spectrum of HL is
concerned with, it is worth noting the presence of a strong feature at 1659/1647 cm−1, which
is undoubtedly ascribed to the C=N stretching vibration of the azomethine group [13,28,29].
This band is theoretically predicted at 1652.8 (I = 198.3 km mol−1). The observation of this
band, together with the absence of bands due to the antisymmetric and symmetric NH2
stretching vibrations, which have been observed in the IR spectra of allylamine within the
3390–3260 cm−1 range [30] (refer to Figure S1 for more details), unequivocally confirms
the condensation of all primary amino groups during the synthesis of the ligand. The
other prominent bands observed in the fingerprint region of the HL spectrum are located at
1464, 1254, and 739 cm−1. In the spectrum calculated for the isolated molecule (Table S2),
these bands are predicted at 1463.4 (I = 246.1 km mol−1), 1252.7 (I = 437.2 km mol−1), and
728.8 cm−1 (I = 53.2 km mol−1). The first is assigned to the aromatic C–C and C1–O1 stretch-
ing vibrations, the second to the C2–O2 stretching vibration, and the third to ring C–H
out-of-plane deformations (atom numbering is presented in Figure 1). In the high-frequency
region of the IR spectrum, the broad band centered at around 3440 cm−1 is most likely
assigned to the stretching vibration of the OH groups involved in intermolecular H-bonds.
It is important to note that the spectrum calculated for the most stable conformer of HL
predicts a very intense absorption at 3038 cm−1 (I = 547.8 km mol−1), which is ascribed to
the stretching vibration of the OH group engaged in an intramolecular hydrogen bond
with the azomethine nitrogen atom (OH· · ·N=C) (see Section 2.5 for details). However, no
prominent experimental band is evident in the vicinity of this spectral position, confirming
the absence of such a hydrogen bond in the synthetized Schiff base ligand. The weak band
observed at 2982 cm−1 (as shown in Figure S1) is likely associated with CH stretching
vibrations (see Table S2).

Regarding the IR spectrum of the complex, the band corresponding to the C=N
stretching vibration is shifted to lower frequencies as compared to the free ligand, being
observed at 1614 cm−1 (calculated at 1662.0 cm−1, I = 607.7 km mol−1). This experimentally
observed red shift is most likely attributed to the electron donation from the nitrogen to
the empty d-orbitals of the metallic center [31]. The strongest absorption band observed
at 2046 cm−1 (calculated at 2172 cm−1, I = 1878 km mol−1), which is not present in the
spectrum of the ligand, is assigned to the antisymmetric stretching vibration of the azide
group (N3), in consonance with the IR spectroscopic data obtained for other azide-bridged
polymeric Mn(III) Schiff base complexes [15,32]. In the lower-frequency region of the IR
spectrum, it is noteworthy to observe the bands at 624 and 495 cm−1, which also do not have
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a corresponding presence in the IR spectrum of the ligand. These bands can be attributed to
the antisymmetric stretching vibrations of the Mn–O1 and Mn–N8 bonds. In the computed
IR spectrum, the corresponding absorptions are predicted at 582.8 cm−1 (I = 66.4 km mol−1)
and 461.7 cm−1 (I = 66.1 km mol−1). An intense absorption corresponding to the Mn–N1
(or N3) stretching vibration is predicted to occur at 411.9 cm−1 (I = 159.7 km mol−1). The
non-observation of this band in the experimental spectrum may be attributed to the fact
that it is most likely situated below 400 cm−1, placing it outside the detection range of the
used IR spectrometer.
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Figure 1. (a,b) Coordination environment around the Mn1 and Mn2 cations in the Mn(III) complex.
(c) Segment of the one-dimensional zigzag chain along the a-axis connecting individual monomeric
MnIII(L2) units through the azide ligand.

The UV-vis absorption spectrum of the Mn(III) complex recorded in a DMF solution
is displayed in Figure S2. This spectrum follows the general pattern of that previously
reported for other similar Mn(III) complexes [12,13,15]. In the UV region, the absorption
bands at 235 and 274 nm correspond to π-π* transitions involving molecular orbitals located
on phenolic chromophores, while that at 384 nm is most likely associated with intra-ligand
(C=N) transitions. In the visible region, the complex exhibits a characteristic broad and
low-intensity band at 624 nm, indicative of d → d transitions occurring within its complex.
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2.2. Electrochemical Studies

The cyclic voltammogram of the synthesized complex in a DMF solution, recorded
between −2.3 and 0.2 V, is shown in Figure S3. In this voltammogram, the cathodic peaks
at −0.13 and −1.77 V correspond, to the Mn(III) → Mn(II) and Mn(II) → Mn(I) reductions.
No anodic peaks were observed during the reverse scan, thus revealing the irreversibil-
ity of these redox processes. This behavior is in line with that previously observed for
other structurally similar manganese (III) Schiff base complexes [15,33]. The observed
irreversibility can be attributed to the inherent instability of the reduced manganese species
in the given experimental conditions. Additionally, the electronic properties of the Schiff
base ligand could further influence redox behavior, potentially affecting the ease with
which these reduced forms revert to their higher oxidation state. This insight underscores
the importance of both the ligand environment and the stability of the metal centers in
determining the overall redox characteristics of the complex.

2.3. Crystal Structure

The X-ray diffraction analysis of the synthesized Mn(III) complex reveals that it
crystallizes in the monoclinic system with the space group P21/c. The asymmetric unit
of the crystal comprises two Mn(III) cations, identified as Mn1 and Mn2, along with two
Schiff base ligands and one azide ion (N3

−). Both cations are positioned at distinct centers
of inversion within the space group P21/c, located at coordinates (½, ½, ½) and (0, ½, ½). As
shown in Figure 1, the coordination environment around each manganese cation involves
two deprotonated Schiff base ligands (Ls), where each ligand is connected to the metallic
center through a nitrogen (N8) and oxygen (O1) atom, thus acting as a bidentate NO-donor
(Figure 1a,b). In the complex, these two pairs of atoms are arranged in the equatorial plane
of an octahedral structure, enveloping the manganese cation. The azide ion (N3

−) serves
as a bridging ligand, linking the two metallic centers (see Figure 1c for details). The most
relevant geometric characteristics of the Mn(III) complex, obtained from the X-ray data, are
provided in Table 1.

Table 1. Selected parameters extracted from the X-ray data bond lengths (Å) and bond angles (deg.)
around the metallic center (Mn1 or Mn2) of the studied polymeric Mn(III) complex.

Mn1 Mn2

Bond length/Å
Mn1–N8A 2.035 Mn2–N8B 2.044
Mn1–O1A 1.885 Mn2–O1B 1.866
Mn1–N1 2.272 Mn2–N3 2.256

Bond angle/deg.
O1A–Mn1–N8A 89.2–90.8 O1B-Mn2–N8B 89.6–90.4
O1A–Mn1–N1 89.7–90.3 O1B–Mn2–N3 88.6–91.3
N8A–Mn1–N1 87.5–92.6 N8B–Mn2–N3 88.1–91.9

O1A–Mn1–O1A 180.0 O1B–Mn2–O1B 180.0
N8A–Mn1–N8A 180.0 N8B–Mn2–N8B 180.0

N1–Mn1–N1 180.0 N3–Mn2–N3 180.0

Analyzing the provided geometrical parameters obtained from the X-ray data, several
observations can be made. Firstly, the axial Mn–N1 (or N3) bonds are approximately
0.237–0.213 Å longer than the equatorial Mn–N8 and Mn–O1 bonds, indicating a deviation
from an ideal octahedral geometry. This observed deviation is consistent with the patterns
identified in previously reported Mn(III) Schiff base complexes that share similar structural
features with our complex [15,17–19,34], and is typical in high-spin Mn (III) octahedral
complexes that undergo Jahn–Teller distortions [35,36]. Secondly, within the equatorial
plane, the Mn–O1 bonds are shorter than the Mn–N8 bonds, which is expected due to the
higher electron density around the oxygen atom. This geometrical feature is consistent
with the IR spectroscopic data presented in Section 2.1, where the Mn–O1 stretching
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vibration was observed at a higher frequency than the Mn–N8 stretching vibration. Lastly,
a comparison between the two metal centers, Mn1 and Mn2, reveals variations in bond
lengths. In Mn2, both the axial Mn–N1(or N3) and equatorial Mn–O1 bonds are shorter by
approximately 0.015 and 0.019 Å, respectively, compared to Mn1. Conversely, the equatorial
Mn–N8 bond in Mn1 is only 0.009 Å shorter than in Mn2. These differences suggest that,
globally, the arrangement of ligands around the Mn2 center is more compact than that
around the Mn1 center. Examining the bond angles around the central metal, it can be
observed that the O1–Mn–N8, O–Mn–O, and O1–Mn–N1 (or N3) and N8–Mn–N1 (or N3)
angles fall within the range of 88–93◦, while the O1–Mn–O1, N8–Mn–N8, and N1–Mn–N1
(or N3–Mn–N3) angles are equal to 180◦.

The crystal structure of the complex reveals the presence of a coordination polymer that
extends along the [100] direction, as depicted in Figure 1c. This supramolecular structure
is obtained by linking individual monomeric MnIII(L2) units through the azide ligand,
involving an end-to-end µ-(1,3) bridging mode [15,18,34,37]. The bridging arrangement
gives rise to a chain-like structure, exhibiting a one-dimensional zigzag pattern. Within this
chain, the Mn1 and Mn2 metal centers are arranged in an alternating manner. The distance
between adjacent Mn1 and Mn2 centers within the chain is 5.763 Å, while the shortest
distance between Mn atoms in different chains is 10.291 Å. These data agree with the those
reported for other azide-bridged polymeric Mn(III) Schiff base complexes [17,19,34].

Apart from the coordination bonds, the crystal structure of the compound is char-
acterized by the formation of short C–H· · ·N, C–H· · ·O, and C–H· · ·C intermolecular
interactions. These interactions are observed within the polymeric chains, as well as be-
tween different chains. Although these contacts are associated with the formation of weak
stabilizing interactions, they play a significant role in the arrangement of molecules in the
crystal lattice. To better comprehend these intermolecular interactions and their influence
on the crystal structure, an analysis of Hirshfeld surfaces is presented below.

2.4. Hirshfeld Surface Analysis

The Hirshfeld surfaces generated for the Schiff base complex are presented in Figure 2a.
The larger red spots observed on these surfaces correspond to the axial Mn–N1/N3 coor-
dination bonds, which have been already characterized in Section 2.3 and are therefore
excluded from this analysis. The majority of the remaining red spots is attributed to the for-
mation of weak stabilizing C–H· · ·A interactions (A = N, O, or C) [38], which are denoted in
Figure 2 by letters a–h. Red spots labeled as i, j are associated with the formation of C· · ·C
repulsive interactions. The geometrical parameters characterizing all these interactions are
presented in Table 2, with the most relevant ones highlighted in Figure 3.

Table 2. Geometrical characterization of the most relevant intermolecular contacts found in the
crystalline structure of the polymeric Mn(III) complex a.

Interaction Label H· · ·A/Å C· · ·A/Å C–H· · ·A/◦

Interchain
C22B–H· · ·N1/N2 a/a’ 2.742/2.562 3.631/3.345 150.9/136.8

C21B–H· · ·N3 b 2.634 3.167 114.0
C22A–H· · ·C22B c 2.697 3.607 154.6
C21B–H· · ·C2A d 2.789 3.574 136.6

Intrachain
C9B–H· · ·O1A e 2.549 3.499 160.9

C9A–H· · ·N2/N3 f/g 2.603/2.668 3.347/3.573 131.9/152.1
C11A–H· · ·O1B h 2.699 3.359 127.1

C11A· · ·C2B i 3.219
C11A· · ·C1B j 3.320

a A = N, O, or C.
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Figure 3. Most relevant interchain (a) and intrachain (b) hydrogen bond-like interactions formed in
the crystalline structure of the polymeric Schiff base complex [MnIII(L)2(N3)]n.

The short contacts labeled in the Hirshfeld surfaces as a, a’, and b correspond to
the formation of C–H· · ·N hydrogen-bond like interactions that occur between adjacent
polymeric chains (interchain). A common characteristic of these interactions is that the
carbon atoms serving as donors are part of the ethoxy fragment, while the nitrogen azide
atoms function as acceptors. In the case of the first two interactions (a, a’), C22B (from the
methyl group of the ethoxy fragment) acts as the donor atom, while the azide nitrogen
atoms N1 or N2 act as acceptors. The third interaction (b) involves one of the hydrogens
connected to C21B (from the methylene group of the ethoxy fragment) and the other azide
N3 atom. The geometrical parameters presented in Table 2 indicate that interaction b is
weaker when compared to interactions a and a’. This difference in strength is mainly
attributed to the significantly smaller C–H· · ·N angle observed in interaction b (114◦), in
contrast to the wider angles found in the other interactions (137–151◦).

The remaining stabilizing interchain contacts (labeled as c and d) are characterized as
very weak C–H· · ·C interactions and are not shown in Figure 3. Interactions e-h take place
within the same chain (intrachain). The positioning of the carbon atoms acting as donors is
an important difference from the interchain interactions. Unlike the former atoms, the donor
carbon atoms form part of the allyl fragment. Two of the intrachain interactions (e and h)
are of the C–H· · ·O type, where C9B or C11A serve as donors while O1A or O1B act as
acceptors, respectively. Based on the geometrical parameters, interaction e (C9B–H· · ·O1A)
emerges as the strongest of all the ones present in the crystal structure of the complex. The
other two intrachain interactions (f, g) are classified as C–H· · ·N, involving C9A as a donor
and the azide N2 or N3 atoms as acceptors. It is worth highlighting that the formation
of the C11A–H· · ·O1B interaction (h) has two significant structural consequences: (i) the
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conformation of the allyl fragment (–CH2–CH=CH2) in the Schiff base ligands connected to
Mn2 differs from that connected to Mn1, as illustrated in Figure 1; and (ii) C11A approaches
the C1B and C2B atoms of the phenyl ring of a Schiff base situated in adjacent intrachain
complexes, resulting in the formation of C11A· · ·C1B and C11A· · ·C2B contacts, which
are also characterized in Table 2.

The 2D-fingerprint plots, extracted from the Hirshfeld surfaces, divided into con-
tributions stemming from key atomic interactions, are included in Figure 2b. Given the
substantial number of hydrogen atoms within the molecular structure of the analyzed com-
pound, it is not surprising to observe a predominance of the H· · ·H contacts, representing
55.6% of the Hirshfeld surface. In line with our expectations from the discussion above, the
subsequent noteworthy contributions arise from the H· · ·C/C· · ·H, H· · ·N/N· · ·H, and
H· · ·O/O· · ·H contacts, accounting for approximately 18.3%, 12.9%, and 7.9% of the total
surface area, respectively. On the other hand, less prominent contributions are attributed
to Mn· · ·N, C· · ·C, N· · ·N, N· · ·O/O· · ·N, and C· · ·N/N· · ·C contacts, which together
represent only 5.4% of the surface.

2.5. Conformational Analysis of the Schiff Base Ligand

In addition to the structure of the complex, it is also instructive to investigate the
structure of the Schiff base ligand (HL), with particular emphasis on exploring its con-
formational behavior. The potential energy surfaces around the C7=N8-C9-C10 (θ1) and
N8-C9-C10=C11 (θ2) torsions (see Figure S4a,b) led to the identification of eight conformers.
The B3LYP/6-311++G(d,p) fully optimized geometries of two representative conformers
are shown in Figure 4, while the geometries of all eight identified conformers, along with
their energetic characterizations, are presented in Figure S5 and Table S4, respectively.
The conformers are labeled as HL1 or HL2, depending on whether the O1H group is
directed toward the N8 or O2 atoms, respectively, followed by the labels “c” (cis, ~0◦) or
“sk±” (skew±, ~±120◦), defining the orientation around the θ1 and θ2 dihedrals, which
define the conformation of the allyl fragment. According to the calculations, the HL1
conformers are more stable than the HL2 ones. This difference in stability is attributed to
the formation of an O1–H· · ·N8 intramolecular hydrogen bond in HL1 [d(H· · ·N) ~1.7Å;
∠(O–H· · · 8) ~147–148◦], which is much stronger than the O1–H· · ·O2 intramolecular
bond formed in the HL2 conformers [d (H· · ·N) ~2.0Å; ∠(O–H· · ·N) ~116–117◦]. For a
given orientation of the θ1 and θ2 torsions, the energy difference between these two sets
of conformers is ~30 kJ mol−1. Among the HL1 conformers, the most stable one is char-
acterized by sk− and sk+ (or sk+ and sk−) orientations around the θ1 and θ2 dihedrals
(θ1 = ±121.7◦; θ2 = ±128.5◦) respectively (see Figure 4, left). It is worth noting that the
arrangement of the allyl fragment in this conformer is not significantly different from its
arrangement in the crystalline structure of the Schiff base ligand coordinated to the Mn2
cation (θ1 = ±74.1◦; θ2 = ±126.5◦). This is consistent with the fact that, in the crystalline
structure of the complex, the allyl fragment of the ligand is not involved in intrachain or
interchain intermolecular interactions allowing its arrangement to closely resemble that of
the most stable form of the free molecule. On the other hand, the conformation of the allyl
group in the Schiff base coordinated to the Mn1 cation (θ1 = ±8.9◦; θ2 = ±122.9◦) is very
close to the fifth most stable conformer (θ1 = +18.3◦; θ2 = −120.0◦), and this conformational
variation is attributed to the fact that the terminal CH2 group of the allyl fragment of the
ligand is involved in the formation of an intrachain C–H· · ·O interaction, as described in
Section 2.4.
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2.6. In Silico PASS Analysis of Biological Activity

In this study, we employed PASS (Prediction of Activity Spectra for Substances), a
software tool designed to evaluate the broad biological potential of organic drugs (see
Section 3.7 for details). PASS utilizes structural information from chemical compounds to
predict multiple types of biological activities simultaneously. We harnessed the capabilities
of PASS to generate virtual molecular biological activity profiles for our synthesized com-
plex. The “to be active” probability estimates the likelihood that our compound belongs to
the sub-class of active compounds, sharing structural similarities with the most common
molecular structures found in a sub-set of “actives” from the PASS training dataset. Table 3
summarizes the results of the PASS analysis, which offers valuable insights into the poten-
tial pharmacological actions of our synthesized polymeric Mn(III) complex. This analysis is
crucial for understanding the diverse biological activities that this compound may exhibit
based on its structural characteristics.

Table 3. Predicted biological activity spectrum of polymeric Mn(III) complex by PASS analysis.

Activity Pa Pi

Antiviral (Rhinovirus) 0.444 0.053
Antiviral (Influenza) 0.350 0.064

Antiviral (Picornavirus) 0.352 0.156
Antiviral 0.211 0.086

Antitussive 0.199 0.087
Antiviral (CMV) 0.224 0.122

Antiviral (Influenza A) 0.227 0.145

As one can see from Table 3, the polymeric Mn(III) complex shows promising pre-
dictions for a wide spectrum of pharmacological functions. Notably, the “Pa” values
(probability of being active) consistently surpass the “Pi” values (probability of being inac-
tive) for various biological activities. Among the most notable predictions, the compound
is found to exhibit substantial “Pa” values for antiviral activities against Rhinovirus (0.444),
Influenza (0.350) and Picornavirus (0.352). This indicates a strong potential for the complex
to exert specific effects in these areas (Pa > 0.3). Overall, the results of this study suggest
that these Schiff base complex may be considered for further investigation as a possible
therapeutic agent for antiviral properties.

3. Experimental and Computational Methodologies
3.1. Materials and Instrumentation

All reagents used in the experiments were obtained from Merck (Rahway, NJ, USA)
and Sigma-Aldrich (St. Louis, MI, USA) and were used without further purification. IR spec-
tra of the synthesized solid compounds were recorded on a SHIMADZU FT-IR spectrometer
(4000–400 cm−1) in KBr pellets, while UV-Vis absorbance spectra in a dimethylformamide
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(DMF) solution were measured using a UV-1650 PC SHIMADZU spectrophotometer. A
Metrohm 757 VA Computrace instrument was utilized to conduct electrochemical analyses
in a DMF solution.

3.2. Synthesis of the Polymeric Schiff Base Complex [MnIII(L)2(N3)]n

The methodology employed for synthesizing the Mn(III) complex followed that de-
scribed elsewhere for an analogous complex [15]. Initially, for ligand (HL) preparation,
3-ethoxy-2-hydroxybenzaldehyde (0.185 g) was dissolved in a methanolic solution contain-
ing allylamine (0.058 g in 10 mL of methanol), and the resulting mixture was stirred for
2 h at 60 ◦C. To prepare the complex, 0.5 mmol of MnCl2.2H2O was dissolved in 10 mL of
methanol and added dropwise to the ligand solution. The color of the solution changed
from yellow to red upon addition. Subsequently, 0.065 g of NaN3 was dissolved in 2 mL
of methanol and added to the solution, leading to a color change to black. The resulting
mixture was allowed to stir magnetically under reflux for 20 h. After a few days, dark-
brown single crystals were obtained, subsequently filtered, washed with a small quantity
of cold n-hexane, and dried under vacuum. The resulting product proved suitable for
X-ray analysis. Yield: 63%. FT-IR data (KBr, cm−1): 2975–2923 (νC–H), 2046 [νas (N3)];
1616 (νC=N); 624 (νMn–O); 495 [ν(Mn–N)]. UV–Vis: λmax (nm) (ε, M−1cm−1) (DMF): 235
(62500), 274 (37500), 384 (12500), 625 (3000). In the Supplementary Materials, we provide
the IR and UV-Vis spectra (Figures S1 and S2, respectively).

3.3. X-ray Data Collection and Refinement Parameters

Diffraction data were collected by the ω-scan technique, at 100(1) K, on a Rigaku
XCalibur four-circle diffractometer with an EOS CCD detector, equipped with a graphite-
monochromatized MoKα radiation source (λ = 0.71073 Å). The data were corrected for
Lorentz polarization as well as for absorption effects [39]. The structures were solved with
SHELXT [40] and refined with the full-matrix least-squares procedure on F2 by SHELXL-
2013 [13]. All non-hydrogen atoms were refined anisotropically, while hydrogen atoms
were placed in idealized positions and refined as ‘riding model’ with isotropic displacement
parameters set at 1.2 (1.5 for methyl groups) times Ueq of appropriate carrier atoms. Crystal
data: C24H28MnN5O4, Mr = 505.45, monoclinic, P21/c, a = 11.5257(5) Å, b = 13.9571(6) Å,
c = 15.1254(5) Å, β = 104.333(4)◦, V = 2357.42(17) Å3, Z = 4, dx = 1.424 g cm −3, F(000) = 1056,
µ = 0.601 mm−1, 18,193 reflection collected, 4736 symmetry independent (Rint = 4.02%),
and 3458 with I > 2σ(I). Final R[I > 2σ(I)] = 0.0463, wR2[I > 2σ(I)] = 0.1104, R [all reflections]
= 0.0728, wR2 [all reflections] = 0.1293, S = 1.064, and (∆ρmax/∆ρmin) = 0.60/−0.59 e·Å−3.
The CIF file containing the supplementary crystallographic data for the synthesized com-
pound was deposited at the Cambridge Crystallographic Data Centre, with reference
CCDC 2172659.

3.4. Cyclic Voltammetry

Cyclic voltammetry experiments were carried out for the complex at 298 K in a 10−3 M
DMF solution, utilizing 0.1 M of tetrabutylammonium hexafluorophosphate (TBAH) as
the supporting electrolyte. The experimental setup involved a three-electrode system,
which consisted of an Ag/AgCl reference electrode, a platinum auxiliary electrode, and a
glassy carbon working electrode. The voltammograms were recorded with a scan rate of
100 mV/s. Anodic and cathodic potentials were measured with reference to the Ferroce-
nium (Fc+)/Ferrocene (Fc) redox couple (E0 = 0.45 V).

3.5. Hirshfeld Surface Analysis

The CrystalExplorer software package (version 17.5) was used to perform a Hirshfeld
surface (HS) analysis of the crystal structure of the Mn(III) complex [41–45]. This analysis
serves as a valuable graphical tool, allowing for a comprehensive examination of the
intermolecular interactions and close contacts within the crystal packing. The CIF file,
obtained from the X-ray data, was used as the input for the software. The Hirshfeld
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surfaces were generated with high resolution and were mapped with the normalized
contact distance (dnorm), calculated from the following equation [44,46]:

dnorm =

(
di − rvdW

i
)

rvdW
i

+

(
de − rvdW

e
)

rvdW
e

(1)

In this equation, di and de are, respectively, the distances from the point of the surface
to the nearest atoms inside and outside the surface, while ri

vdW and re
vdW are the van der

Waals radii of the respective atoms. Intermolecular contacts shorter than the sum of the
van der Waals radii (dnorm < 0) are depicted as red spots on the surface. Contacts around
the van der Waals separation (dnorm = 0) are shown as white, while contacts longer than the
van der Waals distance (dnorm > 0) are represented by blue regions. Furthermore, as part of
the Hirshfeld surface analysis, fingerprint plots were also generated. These plots provide
a two-dimensional representation of the relationship between di and de at each surface
point, assisting in understanding the nature and relative contribution of these contacts to
the total Hirshfeld surface area, thereby aiding in the characterization of the complex’s
supramolecular architecture.

3.6. Theoretical Calculations

All theoretical calculations were performed with the Gaussian 16 software package
(Revision A.03) [47]. The HL conformers were identified by calculating the relaxed poten-
tial energy surfaces around the C7=N8-C9-C10 (θ1) and N8-C9-C10=C11 (θ2) dihedrals.
These calculations were performed with the B3LYP (DFT) functional [48–50] and the 6-
311++G(d,p) basis set [51,52]. The located energy minima were then fully optimized
followed by Harmonic vibrational calculations at the same B3LYP/6-311++G(d,p) level of
theory. For the Mn(III) complex, an MnIII(L)2(N3)2

− fragment extracted from the crystalline
structure was fully optimized, followed by a vibrational calculation by using the same DFT
functional combined with the def2-svp basis set [53]. These computations were conducted
for both the high-spin (HS, quintet) and low-spin (LS, triplet) electron configurations. At
this level of theory, the Gibbs energy difference at 298.15 K between the two configurations
was computed to be 43.5 kJ mol−1 in favor of the HS state. Consequently, the vibrational
data employed in the interpretation of the experimental IR spectrum of the Mn(III) complex
were extracted for the fully optimized HS MnIII(L)2(N3)2

− fragment. From the atomic
spin densities, a magnetic moment of 3.9 µB was estimated for this configuration, which is
consistent with the experimentally determined magnetic moments reported for HS Mn(III)
complexes [54], including azide-bridged manganese(III) complexes [16,20,21]. For all opti-
mized structures of the ligand and complex, no imaginary frequencies were observed in
the vibrational calculations, confirming that they are all minima on the respective poten-
tial energy surfaces. The B3LYP/6-311++G(d,p) wavenumbers computed for the ligand
were multiplied by 0.980 for the region below 2000 cm−1, while for the vibrations above
2000 cm−1, which are typically more anharmonic, a scale factor of 0.950 was used [55,56].
Concerning the wavenumbers calculated for the complex using the B3LYP/def2-SVP model
chemistry, a single scaling factor of 0.967 was applied [57].

3.7. Prediction of Probable Activity Spectra of Substances (PASS Online Software)

Prediction of Probable Activity Spectra of Substances (PASS, version 11) analysis is
an online software (https://www.way2drug.com/passonline, accessed on 20 November
2023) [58,59] that uses computer-based algorithms to assess the biological and pharma-
cological potential of a compound. It provides insights into the compound’s interactions
with various biological entities, enabling the evaluation of its utility in biological and
pharmacological contexts. To perform this analysis, the software compares the 2D structure
of a molecule to a vast training set consisting of over 46,000 drugs, drug candidates, and
lead compounds. The molecular structure can be stored as a Mol file (*.mol) and directly
uploaded to the PASS prediction website to forecast the biological activity spectrum. The

https://www.way2drug.com/passonline
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molecule’s activity is predicted by comparing the new compound’s structure to that of
a well-known biological active substrate stored in the database. The algorithm employs
a Bayesian technique. The PASS tool provides a Pa:Pi ratio (active to inactive ratio) at
prediction thresholds of Pa > 30%, Pa > 50%, and Pa > 70%. These thresholds indicate
the predicted likelihood of a compound being active. According to leave-one-out cross-
validation (LOO CV) estimates, the average prediction accuracy is approximately 95%. The
accuracy of the PASS prediction relies on detailed information about the biological activity
spectrum for each molecule in the PASS training set, making the biological activity estimate
more accurate [59].

4. Conclusions

In this manuscript, we successfully synthesized a novel Mn(III) Schiff base complex. Its
characterization was accomplished through FT-IR and UV–Vis spectroscopy. Furthermore,
the molecular structure of the compound was elucidated using single-crystal X-ray diffrac-
tion analysis. The crystallographic results reveal a distinctive 1D-coordination polymer
complex, where two nitrogen and oxygen atoms of the Schiff base ligand are coordinated to
the central cation. The sodium azide was found to act as a bridging component, connecting
the MnIII(L)2 complex units, originating a chain-like structure with a one-dimensional
zigzag pattern. The Hirshfeld surface analysis revealed diverse C–H· · ·A (A = N, O, or C)
interactions both within the same chain or among chains. Interchain interactions promi-
nently featured ethoxy carbon atoms (C21 and C22) as hydrogen donors and bridging
azide nitrogen atoms (N1, N2, and N3) as acceptors. On the other hand, intrachain inter-
actions were primarily driven by allyl carbon atoms (C9 and C11) as donors, involving
azide nitrogens (N2 and N3) or phenoxyl oxygen (O1) as acceptors. This comprehen-
sive analysis sheds light on the complex’s structural characteristics, providing valuable
insights into potential implications for its behavior. Electrochemical studies revealed an
irreversible reduction process for the Mn (III) complex, providing a greater understanding
of its redox behavior. Besides the characterization of the complex, we also investigated the
conformational features of the isolated HL Schiff base ligand, identifying its most stable
conformation as one stabilized by an intramolecular O–H· · ·N hydrogen bond. Finally,
Activity Spectra for Substances (PASS) predictions indicated potential antiviral activity for
the synthesized complex. These findings can inspire and guide future studies, particularly
those aimed at gaining deeper insights into the structure and behavior of the complex in
biologically relevant environments. Such research will be crucial for fully exploring its
therapeutic potential.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/inorganics12090234/s1, Figure S1: IR spectra of the Schiff base
ligand and the polymeric Mn (III) complex; Figure S2: UV-Vis spectrum of the complex; Figure
S3: Cyclic voltammogram registered for a complex solution; Figure S4: Relaxed potential energy
scans computed for the Schiff base ligand (HL) at the B3LYP/6-311++G(d,p) level; Figure S5: Geome-
tries of the conformers of HL fully optimized at the B3LYP/6-311++G(d,p) level of theory. Tables:
Table S1: Experimental wavenumbers and intensity of the bands observed in the IR spectra of HL
and polymeric Mn(III) complex; Table S2: B3LYP/6-311++G(d,p) wavenumbers and IR intensities
calculated for the HL ligand; Table S3: B3LYP/def2-SVP wavenumbers and IR intensities calculated
for the MnIII(L)2(N3)2

− fragment of the polymeric manganese (III) Schiff base fully optimized at
the same level; Table S4: Geometric data computed for the conformers of HL fully optimized at the
B3LYP/6-311++G(d,p) level of theory.
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15. Ramezanipoor, S.; Parvarinezhad, S.; Salehi, M.; Grześkiewicz, A.M.; Kubicki, M. Crystal structures, electrochemical properties
and theoretical studies of three New Zn(II), Mn(III) and Co(III) Schiff base complexes derived from 2-hydroxy-1-allyliminomethyl-
naphthalen. J. Mol. Struct. 2022, 1257, 132541. [CrossRef]

16. Miyasaka, H.; Saitoh, A.; Abe, S. Magnetic assemblies based on Mn(III) salen analogues. Coord. Chem. Rev. 2007, 251, 2622–2664.
[CrossRef]

17. Chakrabarty, P.P.; Saha, S.; Schollmeyer, D.; Boudalis, A.K.; Jana, A.D.; Luneau, D. Azide-bridged manganese(III) one-dimensional
chain: Synthesis, structure, and magnetic study. J. Coord. Chem. 2013, 66, 9–17. [CrossRef]

https://doi.org/10.1002/jlac.18641310113
https://doi.org/10.1021/acs.joc.0c01420
https://www.ncbi.nlm.nih.gov/pubmed/32864964
https://doi.org/10.3390/molecules27030787
https://www.ncbi.nlm.nih.gov/pubmed/35164049
https://doi.org/10.1002/aoc.5884
https://doi.org/10.3390/cryst12101436
https://doi.org/10.3390/app8030385
https://doi.org/10.3390/ijms232314840
https://doi.org/10.1038/ja.2013.73
https://doi.org/10.3390/inorganics11080320
https://doi.org/10.1016/j.molstruc.2018.12.031
https://doi.org/10.1016/j.ica.2018.02.013
https://doi.org/10.1016/j.jphotobiol.2016.07.003
https://www.ncbi.nlm.nih.gov/pubmed/27450299
https://doi.org/10.1016/j.molstruc.2022.132541
https://doi.org/10.1016/j.ccr.2007.07.028
https://doi.org/10.1080/00958972.2012.744971


Inorganics 2024, 12, 234 15 of 16

18. Ko, H.H.; Lim, J.H.; Kim, H.C.; Hong, C.S. Coexistence of Spin Canting and Metamagnetism in a One-Dimensional Mn(III)
Complex Bridged by a Single End-to-End Azide. Inorg. Chem. 2006, 45, 8847–8849. [CrossRef]

19. Panja, A.; Shaikh, N.; Vojtíšek, P.; Gao, S.; Banerjee, P. Synthesis, crystal structures and magnetic properties of 1D polymeric
[MnIII(salen)N3] and [MnIII(salen)Ag(CN)2] complexes. New J. Chem. 2002, 26, 1025–1028. [CrossRef]

20. Li, W.; Li, Z.; Li, L.; Liao, D.; Jiang, Z. A one-dimensional azido-bridged manganese(III) complex with bidentate Schiff base:
Crystal structure and magnetic properties. J. Solid State Chem. 2007, 180, 2973–2977. [CrossRef]

21. Qian, K.; Xu, Y.; Wang, Z.; Yang, J. Synthesis, crystal structure, and magnetic properties of an azido-bridged Mn(II) complex
[C3H5NH3][Mn(N3)3]. Z. Für Naturforschung B 2017, 72, 409–413. [CrossRef]

22. Yoon, J.H.; Lee, W.R.; Ryu, D.W.; Lee, J.W.; Yoon, S.W.; Suh, B.J.; Kim, H.C.; Hong, C.S. End-to-End Azide-Bridged Manganese(III)
Chain Compounds: Field-Induced Magnetic Phase Transitions and Variation of TC to 38 K depending on the Side Groups of the
Schiff Bases. Inorg. Chem. 2011, 50, 10777–10785. [CrossRef]

23. Hong, C.S.; Koo, J.-e.; Son, S.-K.; Lee, Y.S.; Kim, Y.-S.; Do, Y. Unusual Ferromagnetic Couplings in Single End-to-End Azide-Bridged
Cobalt(II) and Nickel(II) Chain Systems. Chem. Eur. J. 2001, 7, 4243–4252. [CrossRef] [PubMed]

24. Masoomi, M.Y.; Morsali, A. Morphological study and potential applications of nano metal–organic coordination polymers. RSC
Adv. 2013, 3, 19191–19218. [CrossRef]

25. Islamoglu, T.; Goswami, S.; Li, Z.; Howarth, A.J.; Farha, O.K.; Hupp, J.T. Postsynthetic Tuning of Metal–Organic Frameworks for
Targeted Applications. Acc. Chem. Res. 2017, 50, 805–813. [CrossRef] [PubMed]

26. Lu, K.; Aung, T.; Guo, N.; Weichselbaum, R.; Lin, W. Nanoscale Metal–Organic Frameworks for Therapeutic, Imaging, and
Sensing Applications. Adv. Mater. 2018, 30, 1707634. [CrossRef] [PubMed]

27. Zhou, H.-C.J.; Kitagawa, S. Metal–Organic Frameworks (MOFs). Chem. Soc. Rev. 2014, 43, 5415–5418. [CrossRef]
28. Keypour, H.; Salehzadeh, S.; Pritchard, R.G.; Parish, R.V. Synthesis and Crystal Structure Determination of Some Asymmetrical

and Symmetrical CR-Type Macrocyclic Schiff Base Complexes, with a Single Pendant Coordinating 2-Aminoethyl Arm. Inorg.
Chem. 2000, 39, 5787–5790. [CrossRef]

29. Suydam, F.H. The C=N Stretching Frequency in Azomethines. Anal. Chem. 1963, 35, 193–195. [CrossRef]
30. Verma, A.L.; Venkateswarlu, P. Vibrational spectra and rotational isomerism of allyl amine. J. Mol. Spectrosc. 1971, 39, 227–241.

[CrossRef]
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