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Abstract

The Co(Il) complex [CoCl,(AImd);] (AImd = 1-allylimidazole) was reinvestigated using
a combination of experimental and theoretical methods. The previously reported crystal
structure was redetermined and Hirshfeld surface analysis and enrichment ratios were
added showing that intermolecular H- - - Cl and 7- - - 7w interactions are the primary forces
in the crystal structure, while H. - - H interactions dominate the surface of the molecule,
making it rather hydrophobic in keeping with a low solubility in water. A Quantum Theory
of Atoms in Molecules (QTAIM)/Non-Covalent Interactions (NCI)-Reduced Density Gradi-
ent (RDG) analysis on a dimeric model showed that the energies V(r) of the classical H- - - Cl
hydrogen bonds range from —3.64 kcal/mol to —0.75 kcal/mol and were augmented by
hydrophobic H- - - C interactions of >1 kcal/mol. T-dependent magnetization measure-
ments reveal paramagnetic behavior with an effective magnetic moment of pi.¢ = 4.66(2) pp.
UV-vis absorption spectra in solution showed intense absorptions peaking at 240 nm,
corresponding to intraligand 7t—7* transitions within the 1-allylimidazole moiety and
a structured absorption around 600 nm, which is attributed to the spin-allowed d—d
transitions of the high-spin Co(Il) d” ion in a distorted tetrahedral geometry. Both assign-
ments were confirmed through TD-DFT calculations on the electronic transitions and agree
with the DFT-calculated compositions of the frontier molecular orbitals. Molecular dock-
ing to hypoxia-inducible factor-1 alpha (HIF-1x) gave a docking score of —5.48 kcal/mol
and showed hydrophobic- - - hydrophobic 7-stacking interactions with the Ile233, Leu243,
Val338, and Leu262 residues. A higher docking score of —6.11 kcal/mol and predominant
hydrophobic- - - hydrophobic interactions with Trp296, His279, and Ile281 were found for
HIF-1 inhibiting factor (FIH-1).

Keywords: tetrahedral cobalt(Il); 1-allylimidazole; magnetism; hydrophobic interactions;
docking HIF-1occ
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1. Introduction

Co(Il) complexes have attracted considerable interest because of their interesting
structural versatility and applications in molecular magnetism, catalysis, photochemistry,
and photophysics [1-6], but also in medicinal chemistry [7-9]. Co(II) with its d” electron
configuration exhibits different coordination geometries, mainly tetrahedral and pseudo-
octahedral, influenced by the characteristics of the ligands and crystal packing [2—4,6,10].
This makes Co(II) quite unique, as other 3d7—conﬁgured metal ions such as Mn(0) or Fe(I)
are strong reductants, while Ni(Ill) is a strong oxidant. The heavier analogues, Rh and
Ir, do not stabilize d” configurations, but are very stable in their M(I) (d®) or M(III) (d®)
oxidation states (configurations) [10]. In contrast to the heavier analogues Rh and Ir, the
Co(II) /Co(III) redox couple is available in aqueous solution and thus in the biological
realm [10,11]. In a biological-medical context, Co(II) is primarily known for its occurrence
in coenzyme By, derivatives with hexacoordinated (distorted octahedral) Co(Il) containing
amacrocyclic corrin ligand, an axial dimethyl-benzimidazole ligand, and another axial alkyl
(5'-deoxyadenosyl or methyl) ligand [11]. The tetrahedral coordination preferred by Co(1I)
is important in studies of biological systems where Co(Il) ions were used as paramagnetic
probes, substituting Zn(II) in metalloenzymes, which is easily feasible due to their similar
ionic radii and coordination characteristics. This substitution facilitates spectroscopic
examination of enzyme active sites, frequently preserving enzymatic activity [11,12].

Amongst reported biomedically active Co(II) complexes, [CoCl,(L),] derivatives con-
taining imidazole and benzimidazole ligands (L) form a large group [13-25], which includes
CoCl, complexes of clotrimazole (1-[(2-chlorophenyl)diphenylmethyl]-1H-imidazol), an es-
tablished antifungal agent [22,23], or albendazole (methyl(5-(propylthio)-1H-benzimidazol-
2-yl)carbamate), which is in use as a broad-spectrum antihelmintic and antiprotozoal
agent [13].

In continuation of this work, we studied the Co(Ill) complex [CoCly(AImd),]
(AImd = 1-allylimidazole) (Scheme 1) that has been previously reported with some struc-
tural details and recognized for its anti-hypoxic activity in various hypoxia models [17].
Furthermore, the complex was used as a catalyst for N-alkylation of amines with alco-
hols [19] and its antimicrobial activities were studied along with other alkyl- or propar-
gyl(benz)imidazole CoCl, complexes [13,15,24,25].

Clag N~/

— [CoCly(Almd),]

Scheme 1. Synthesis of the title complex [CoCl;(AImd);] (AImd = 1-allylimidazole) (left) and a
photograph of the blue crystalline material (right).

In the first part of this report, we will complement the solid-state data of this interesting
complex. Specifically, we added Hirshfeld surface analysis and enrichment ratio calcula-
tions, Quantum Theory of Atoms in Molecules (QTAIM) and Non-Covalent Interactions
(NCI) with Reduced Density Gradient (RDG) on a dimer model, magnetic susceptibility,
and UV-vis absorption to the reported single-crystal X-ray structure [17]. Specifically, we
probed for molecular properties such as frontier orbital energies and character as well as
UV-vis absorptions through a combination of experiment and density functional theory
(DFT) and TD-DFT calculation.

As the reported anti-hypoxic properties of [CoCly(Almd),] [17] were especially inter-
esting to us, we embarked on a molecular docking study using two key hypoxia-related
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proteins: hypoxia-inducible factor-1 alpha (HIF-1x) and HIF-1 inhibiting factor (FIH-1). In
the second part of this paper, we will report on this to provide deeper insight into relevant
biomedical properties and interactions of the title compound.

HIF-1« is a pivotal transcription factor activated under low oxygen conditions, influ-
encing several cellular processes such as angiogenesis, metabolism, and survival [26-28].
Conversely, FIH-1 is an enzyme that negatively regulates HIF-1« activity through hy-
droxylation, thereby modulating its transcriptional functions. Targeting both proteins
can significantly impact cancer treatment strategies by either directly influencing hypoxic
responses or modulating the regulators of this pathway [26-32].

The previous study on the anti-hypoxic properties of [CoCly(AImd);] [17] might
have been motivated by an earlier study stating that “nonspecific inhibitors of the HIF
hydroxylases, including iron chelating agents, cobaltous ions, {...} have been {...} employed
as hypoxia mimetics” in studies of the HIF system. [28]. The report on [CoCl;(AImd);] also
fits well with a recent study that showed that CoCl, can be used to stimulate hypoxia [29],
which is in line with the general idea that apart from naturally occurring Fe [28,30-32],
other redox-active metals, such as Mn, Co, Ni, Cu, Ru, Os, Rh, or Ir, might play a similar
role [28,29,32—41].

In recent years, a number of metal complexes have been studied for their docking to
HIF or FIH systems. Recently, a molecular docking study on a series of cyclometalated
Rh(III) and Ir(Ill) complexes of the type [M(C"N)>(N"N)] or [M(C"N),(MeCN),], with C'N
being cyclometalating ligands of the 2-phenyl-bipyridine type and N"N being bpy and phen-
type ligands (bpy = 2,2'-bipyridine, phen = 1,10-phenanthroline), binding on HIF-1« has
generated great attention with one example that turned out to stabilize HIF-1x [39,40]. At
the same time this complex induced increased gene expression in wound tissue of diabetic
mice. An earlier study by the same group targeted Os(II) bpy and phen complexes [38].
The docking study of similar cyclometalated Ir(III) complexes to the Oxidation Resistance 1
(OXR1) protein went into the same direction [41].

For the lighter analogue Co(Ill)-containing complexes of the type [Co(L!)(L?)]
with L! = N,N-(ethane-1,2-diyl)bis(1-(pyridine-2-yl)methanimine) and L? = 1-phenyl-1,3-
butanedione or dox = doxorubicin, real-time quantitative PCR (RT-PCR) analysis showed
downregulation of the key hypoxia-adaptive genes (HIF-1x, VEGF, and GLUT-1) and
medium-strong binding to BSA in a very recent molecular docking study [35].

The availability of three-dimensional crystal structures of biological targets from the
Protein Data Bank (PDB) and the use of open-source docking simulation platforms such
as AutoDock has made such docking studies into a strong tool in drug discovery and
development [10,11,18,42-44].

2. Results and Discussion
2.1. Synthesis and Characterization

The reaction of CoCl, 6H,O and 1-allylimidazole (Almd) in a 1:2 ratio in EtOH
gave turquoise blue crystals of the complex [CoCl,(AImd),] with an 89% yield, slightly
higher than the reported 84% [17]. Elemental analysis confirmed the composition. Fourier-
transformed infrared (FT-IR) spectroscopy (Figure S1, Supplementary Materials) agrees
with the reported spectrum and assignments [17]. Powder X-Ray diffraction (Figure S2,
Supplementary Materials) shows that the material is phase-pure and matches the calculated
pattern. Experimental intensities deviate markedly from the calculated pattern, which is
probably due to the needle-like morphology [45,46] that was revealed through Scanning
Electron Microscopy (SEM) (Figure S3, Supplementary Materials).

Thermogravimetric Analysis (TGA) and Difference Thermogravimetry (DTG) showed
stability of [CoCly(AImd),] (346.12 g/mol) up to 180 °C. Two subsequent mass loss events
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at 300 and 470 °C lead to a loss of 31% each, which is equivalent to the loss of both AImd
ligands in two separate processes. The residual CoCl; (129.83 g/mol) decomposes at 650 °C,
leaving a residual of 18% of the original mass (Figure S4), which is only a bit more than
elemental Co (17%).

The compound was described as air-stable and well soluble in water, EtOH, CHCl3,
and DMSO [17]. While we can confirm the stability against oxidation in the solid and in
solution, we found a low solubility of about 0.3 mg/mL in water at 298 K. In a 1% saline
solution, the solubility was slightly increased to about 0.5 mg/mL as determined through
UV-vis absorption spectroscopy.

2.2. Structure Description, Hirshfeld Surface and Enrichment Ratio Analysis

The previously reported crystal structure of [CoCly(Almd);] was confirmed (Pbca
space group, CCDC: 1588359 [17], our determination: 2455508). The molecular structure
shows that the Co(II) center is coordinated by two chlorido ligands and two 1-allylimidazole
ligands via their N3 atoms, resulting in a distorted tetrahedral geometry (Figure 1) with
a 14 value of 0.92 [6,17], which is identical to the reported value [17], and points to minor
distortions of a perfect tetrahedral configuration (t4 = 1) far from a square planar geometry
(T4 = 0)

Figure 1. The molecular structure of [CoCl,(AImd),] with atomic numbering.

The benzimidazole derivative [CoCl,(ABImd);] (ABImd = 1-allylbenzimidazole),]
showed a 14 value of 0.94 [19]. This is even closer to the perfect tetrahedron, but such small
differences might be primary due to crystal packing. The Co—Cl and Co-N bond lengths
(Table S2) align with expected values for Co(lIl) in a four-coordinate, tetrahedral environ-
ment with chlorido and (benz)imidazole [6,13-21,24,25,47] or pyridine ligands [48-50],
whereas the bond angles exhibit minor deviations from the ideal 109.5°. A closer inspection
of some related structures shows that crystal packing seems to have a strong impact on the
angles around Co, especially N-Co-N and Cl-Co—Cl. For the three benzimidazole com-
plexes [CoCly(RBImd),] (RBImd = 1-R-benzimidazole; R = vinyl, allyl, and phenylethenyl),
the N-Co-N angles range from 104 to 111°, while the Cl-Co—Cl angles vary from 115 to
120° when no steric bulk is imposed by the R substituents [13].

The experimental metrics of [CoCly(AImd);] were used as an input for the density
functional theory (DFT) structure optimization on PBE0-D3/6-311++g(2d,2p) level of theory
(in the gas phase) and gave a good match to the calculated and experimental data (Table S3).

The crystal structure shows a three-dimensional network of intermolecular C-H. - - Cl
hydrogen bonds, 7t - -  stacking, and C-H.: - - 7t interactions (Figure 2). The geometric
characteristics characterizing these interactions are detailed in Tables S3 and 5S4, and further
structural details are shown in Figures 55-S8.
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(a)

(b)

Figure 2. (a) Hydrogen bonding scheme and (b) C-H- - - tand 7t- - - 7t interactions in [CoCl,(AImd),],
with selected distances in A. C4—H4A. - - C11: 2.79(1) (green dashes), C8—HS- - - CI1: 2.73(1) (blue
dashes), C9—H9- - - Cl1: 2.61(1) (magenta dashes), C6—H6- - - Cg2: 2.927(8), Cg1~~-Cg1iV: 4.189(5),
and C-H- - - CgZiV: 113(1)°. Cgl and Cg2 are the centroids of the rings N1-C1—-N2—-C3—-C2 and
N3—-C7—-N4—-C9—CS, respectively (iv: —1/2+x,y, 3/2—2z).

The dnorm surface in the Hirshfeld surface analysis revealed close H- - - C1/Cl-- - H
contacts (Figure 3, marked in red), representing the C4-H4A. - -Cl1, C8-HS8. - - Cl1, and
C9-H9- - - CI1 hydrogen bonds. Both the Shape index (red and blue areas) and the Curved-
ness on the Hirshfeld surface reveal that C-H- - - 7t and 7t- - - 7t interactions are found all
over the structure.

Curvedness

Shape index

Figure 3. Hirshfeld surfaces plotted over dnorm, shape index, and curvedness for [CoCly (AImd),].

The 2D fingerprint plots (d; versus de) show that H- - - H contacts are predominating at
45.9% (Figure 4b), followed by ClI- - - H at 30.0% (Figure 4c), and C- - - H at 13.2% (Figure 4d).
Minor contributions include N- - - H (5.6%), N- - - C (2.3%), C- - - C (1.4%), Co- - - H (1.2%),
and N- - - N (0.3%) interactions (Table 1).

The enrichment ratios (Exy), representing observed intermolecular contact ratios
with statistically predicted values [51], show the largest ratio of E = 3.38 for the N. .- C
interaction. This probably means that the 7- - - -stacking interactions are the superior forces
in stabilizing the structure. Likewise, C- - - C (E =2.19) and N- - - N (E = 1.67) interactions
were similarly enhanced, indicative of close contact with aromatic or heteroatomic centers.
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Figure 4. Two-dimensional fingerprint plots and their fragment patch surfaces for important
contacts in [CoCl(AImd),], showing (a) all interactions, and delineated into (b) H---H, and
(¢)H---Cl/Cl---H, and (d) C- - - H/H- - - C interactions.

Table 1. Hirshfeld contact surfaces and enrichment ratios for [CoCl,(AImd),].

Atoms H Cl C N Co
Surface % 70.9 15 8 4.25 1.2
Exy = Cxy/Rxy
Co 141 - - - -
Ccl 141 - - - -
N 0.93 - 3.38 1.67 -
C 1.16 - 2.19 3.38 -
H 0.91 1.41 1.16 0.93 141

Moderately enriched contacts, such as Cl---H (E = 1.41) and Co---H (E = 1.41),
represent the polar interactions between hydrogen atoms and electronegative Cl centers
and the metal atom, in accordance with the dporm mapping. C---H interaction shows
a minor enrichment (E = 1.16), suggesting the presence of weak hydrogen bonding or
dispersive interactions, which are commonly found in crystal systems containing allyl or
aromatic groups [52,53]. In contrast, N- - - H (E = 0.93) and H- - - H (E = 0.91) interactions
were rather small. Overall, the Hirshfeld surface and enrichment ratio show that the crystal
packing in this compound is governed by a combination of 7t - - m-stacking N- - - C and
C.--C, and hydrogen bonding Cl. - - H contacts in the crystal lattice.

2.3. QTAIM/NCI-RDG Analysis of a Dimer Model of [CoCly(Almd),]

To improve the understanding of the influence of the interactions in the crystal, the
Quantum Theory of Atoms in Molecules (QTAIM), proposed by Bader [54] and Non-
Covalent Interactions (NCI) with Reduced Density Gradient (RDG) [55] analysis was per-
formed on a dimeric model of the complex (Figure 5). Only critical points with (o,A) = (3,—1)
and (3,+3) values in bonds or cages were studied. The topological parameters are summa-
rized in Table S5, Supplementary Materials.
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Interaction weak H-bonds interactions

interactions

Figure 5. (a) Reduced density gradient (RDG), (b) bond and cage critical points, and (c) non-covalent
interactions (NCI) analysis of two interacting [CoCl,(AImd);] molecules.

The Laplacian descriptor | V(r)| / | G(r) | describes the nature of the interactions at
critical points, where values | V(r)| /| G(r)| <1 are representing van der Waals (vdW)
forces/hydrogen bonds and | V(r)| / | G(r)| > 1 indicates covalent bonding [56,57]. The
hydrogen bonds showed energies V(r) ranging from —3.64 kcal/mol for H48. - - Cl1 to
—0.75 kcal/mol for the H43. - - Cl28 interaction. At the same time, relatively strong
H- - - C(aromat) interactions are found, with Hé6---C61 (—1.26 kcal/mol) being the
strongest. While these H- - - Cl interactions are classical donor-H- - - acceptor interac-
tions, the H6- - - C(aromat) contacts are typical hydrophobic- - - hydrophobic interactions.
RDG analysis (Figure 5a) shows a concentration of “spikes” in the region near p(r) ~ 0,
showing vdW interactions and weak C-H---Cl and C-H---N hydrogen bonding be-
tween the molecules, in line with low V(r) and H(r) values. Moreover, there are cages
created by hydrogen bond networks (Figure 5b) with V(r) values between —0.38 and
—0.13 kcal/mol. In the NCI analysis (Figure 5c), these cage regions are characterized
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by the green isosurfaces, representing the vdW /weak hydrogen bonds between the two
interacting [CoCly(AImd),] molecules.

In summary, the structural study on [CoCl,(AImd),] shows that the individual vdW
and hydrogen bonding interactions are only medium to weak, but in sum they have
an impact on the crystal lattice energy. The surface of the complex is dominated by
H atoms with a surface contribution of about 71% in the 2D fingerprint plots. Thus,
both nonpolar and polar van der Waals interactions, as well as hydrogen bonding, are
options for intermolecular interactions with other molecules or surfaces. The dominance of
H. - - H contacts with a contribution of about 46% to the overall Hirshfeld surface points
to an overall hydrophobic character of the complex. Indeed, solubility in water is very
limited (~0.3 mg/mL), while in a 1% saline solution, the solubility is slightly increased
(~0.5 mg/mL).

2.4. Magnetic Properties

Temperature-dependent magnetization measurements (Figure 6) reveal nearly perfect
paramagnetic behavior in a wide temperature range, as expected for isolated Co(Il) centers.

T T T

-y
o

2]
x‘1m0|/ 10® mol m™3 resp. Meg/ 107" ug

@

'S

N

0 50 100 150 200 250 300 350
T/K
Figure 6. Molar susceptibility (blue circles) and inverse molar susceptibility (orange squares) of

[CoCly(Almd), ] with fit according to the Curie-Weiss law (black solid line). The red curve represents
the effective magnetic moment (in pp).

o

The determined effective magnetic moment of ¢ = 4.66(2) up is larger than the spin-
only moment of 3.87 up expected for Co(Il) with a 3d” high-spin configuration, indicating
significant spin-orbit coupling [58-60]. The recorded value lies in the range from 4.4 to
4.8 up expected for high-spin tetrahedral Co(II) complexes [56—61] and is in good agreement
with reports on similar compounds [2,4,6,50,61-67]. The slight deviation from the linearity
of the Curie-Weiss law and the small, negative value of the Weiss constant of —4.9(2) K
are attributed to the zero-field splitting effect associated with the A, ground state of
tetrahedral Co(II) [47,65,67].

2.5. Experimental and TD-DFT-Calculated UV-Vis Absorptions in Solution

The UV-vis absorption spectra of the [CoCly(Almd),] complex in EtOH (Figure 7),
MeCN, and CH;Cl, (Figure S9) solution are very similar and show intense UV-vis bands
peaking at 240 nm, which were attributed to intraligand m—m* transitions within the
1-allylimidazole moiety as the comparison with other AImd complexes shows [52,53,68].
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The broad and partially structured band from 500 to 700 is characteristic for spin-allowed d-
d transitions of the high-spin Co(II) d” ion in a distorted tetrahedral geometry [3,65,67,69,70].
In the solid-state spectrum (BaSOj pellet), the same features were found. The optical band
gap Eg was estimated using the Tauc method based on the onset of absorption in the visible
region [71], yielding a value of approximately 1.78 eV (Figure 510).

Experimental — TD-DFT

[CoCl,(Almd),] in CH,CH,OH

Absorption (a.u.)

P T TS T
200 300 400 500 600 700 800

Wavelength (nm)

Figure 7. Experimental UV-vis absorption spectra of [CoCl,(AImd);] in EtOH solution (black) and
TD-DFT-calculated transitions (blue line) on PBE0-D3/6-311++g(2d,2p) level of theory.

The DFT-calculated highest occupied molecular orbital (HOMO) show main con-
tributions of Co (d) and Cl (p) orbitals, and minor admixture of p imidazole orbitals
(Figure S11). The lowest unoccupied molecular orbital (LUMO) is exclusively located in
the allyl-imidazole m* system.

Time-dependent DFT (TD-DFT) calculations using the solvent polarization (PCM)
method, gave excellent agreement of the spectra in EtOH (Figure 7), MeCN, and CH,Cl,
(Figure S12). The absorptions from 500 to 700 nm are assigned to the So— S5 transition
(HOMO—LUMO) and the Sy—S¢ transition (HOMO-1—LUMO+1) (Table 2, further data
in Table S6 (CH,Cl,) and Table S7 (MeCN)). The character of these transitions is the same in
all three solvents and confirms the assumptions that these are essentially d—d* type with
small contributions of metal(Co,d)-to-ligand(AImd,n*) charge transfer (MLCT) (Figure 8).
The calculated optical energy gap energies are 1.534 eV (in EtOH), 1.525 eV (in CH,Cl,),
and 1.535 eV (in MeCN) and agree well with the experiment.

The absorptions in the UV range can be assigned to the Sy—S14 and Sg— Sy4 transi-
tions. Their character depends slightly on the solvent with the main contributions being
HOMO-5—LUMO+1 and HOMO-4—LUMO in EtOH, HOMO-4—LUMO+1 and HOMO-
4—LUMO in CH,Cl,, and HOMO-7—LUMO+1, HOMO-5—LUMO+1 and HOMO-
4—LUMO+1 in MeCN. These transitions are essentially of m—m* character within the
Almd ligands, but they also show marked contributions with MLCT and ligand(Cl, p)-to-
ligand(AImd, 7v*) charge transfer (L'LCT) (Figure 8).
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Table 2. TD-DFT-calculated Sy— Sy, transitions for [CoCl,(AImd),] in EtOH 2.
State (Wavelength) osc. Strength Main Transition Contribution (%)
S5 (685.34 nm) 0.0370 HOMO()—LUMO(f3) 52
S¢ (667.07 nm) 0.0040 HOMO-1(B)—LUMO+1(B) 52
S14 (248.14 nm) 0.0095 HOMO-4(B3)—LUMO(p) 68
HOMO-5(3)—LUMO+1(B)/ 27/
Sp4 (226.35 nm) 0.0103 HOMO-7(B)—LUMO=+1(p) 18

2 On PBE0-D3/6-311++g(2d,2p) level of theory with EtOH as solvent (PCM). Only contributions with
percentage > 15% are listed.

excited state  electron density hole density

824

814

Se

Ss

Figure 8. TD-DFT-calculated character of So— Sy transitions. On PBE0-D3/6-311++g(2d,2p) level of
theory with EtOH as solvent (PCM).

2.6. Molecular Docking

Molecular docking analyses were conducted against two important targets involved
in the cellular response to hypoxia, hypoxia-inducible factor-1 alpha (HIF-1«) and HIF-1
inhibiting factor (FIH-1). The docking analysis showed that [CoCl,(AImd);] has a moderate
binding affinity for HIF-1«, specifically with the hydrophobic residues 11233, Leu243,
Val338, and Leu262 (Figure 9, left). The docking score is —5.48 kcal/mol, indicating stable
but modest binding. A notably stronger binding affinity was observed with FIH-1, indicated
by a docking score of —6.11 kcal /mol. The complex is found within the active site of FIH-1
and maintains pronounced 7t - - 7 interactions with the residues Trp296, His279, and 11e281
(Figure 9, right). This is in line with the rather hydrophobic character of [CoCl(AImd);]
found in our extended structural study.
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Figure 9. Two-dimensional interaction diagrams for the docking of [CoCl,(AImd),] to HIF-1« (PDB
ID: 4ZPR) (Left) and FIH-1 (PDB ID: 3KCX) (Right).

A previous docking study on the very similar CoCl, complexes [CoCl,(1-PImd);]
(1-PImd = 1-propargylimidazole) and [CoCly(ABImd),] (ABImd = 1-allylbenzimidazole)
gave docking scores in the range from —2.5 to —6.7 kcal/mol for selected proteins from
pathogens such as Escherichia coli (MenB synthase, 3-ketoacyl-ACP synthase III, DNA
gyrase, topoisomerase II, 3-ketoacyl synthase-1, and NAD synthetase), Bacillus subtilis (SMC
and lipase), and Staphylococcus aureus (PBP4, thymidylate kinase, and aldolase) [16]. For
[CoCly(ABImd),], m-stacking interactions were found along with hydrogen bonding [16],
which is very similar to our case. For the hexacoordinated [CoCl,(PImd),], a docking
score of —4.23 kcal/mol against the thymidylate kinase of S. aureus 4QGG was observed,
with similar hydrophobic- - - hydrophobic interactions [18] as we found for the docking of
[CoCly(AImd),] on HIF-1x and FIH-1.

For genistein (4',5,7-trihydroxyisoflavon), known as angiogenesis inhibitor and phytoe-
strogen, a docking score of —9.1 kcal/mol and multiple hydrogen bonding to Thr183, Ser184,
Asp201, GIn203, and Arg238 was reported [72], while docking of quercetin (3,3',4',5,7-
pentahydroxyflavon) to HIF-1x gave a score of —8.7 kcal/mol, but a very different hydro-
gen bonding pattern with main interactions on Asp254, Asp315, Arg383, and His313 [73].
Both values lie below the threshold value of —8.5 kcal/mol that was set for docking scores
for potentially interesting HIF-1x inhibitors in a very recent study [74], which means
they have slightly stronger binding compared to the minimum requirement suggested by
this value.

While the absolute docking score for [CoCly(AImd);] on HIF-1x of —5.48 kcal/mol
lies higher (less negative) than this threshold, the interactions of the hydrophobic Co(II)
complex are very different to that of to the hydrophilic isoflavones genistein or quercetin,
which are prototypical HIF-1« inhibitors [73,74]. Furthermore, the slightly higher binding
affinity to FIH-1 than to HIF-1x suggests that [CoCl,(Almd);] may be able inhibit the
hydroxylation activity of FIH-1, thus stabilizing and activating HIF-1« under hypoxic con-
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ditions. Consequently, [CoCl,(AImd),] could modulate hypoxia-induced gene expression,
promoting beneficial cellular responses such as angiogenesis, metabolic adaptation, and
enhanced cell survival. Such activity is particularly relevant in cancer therapeutics, where
targeting hypoxia-related pathways can impair tumor progression and improve the efficacy
of anticancer treatments [27,72,74]. However, this needs to be studied in future detailed
biomedical investigations [75] on the title compound and close derivatives.

An alternative potentially interesting approach towards diabetic wound healing would
be to study the interaction of the title compound and close derivatives with the so called
Von Hippel-Lindau tumor suppressor protein (VHL) that binds to HIF-1«. Inhibition of this
interaction would be beneficial to wound healing [76,77] and a recent docking study of an
imidazole-pyrazole derivative to VHL confirmed that mimicking HIF-1« is an interesting
alternative to interfere with the process of diabetic wound healing [77].

3. Materials and Methods
3.1. Materials

The commercially available reagents and solvents CoCl, 6H,O (99.995%, Sigma-
Aldrich, Merck, Darmstadt, Germany), 1-allylimidazole (97%, Fisher Scientific, Schwerte,
Germany), BaSOy4 (99% ReagentPlus, Merck, Darmstadt, Germany), and absolute EtOH
(99.5% GC, Sigma-Aldrich, Merck, Darmstadt, Germany) were used as received.

3.2. Synthesis of [CoCly(Almd);]

A total of 0.33 g (1 mmol) CoCl, 6H,O and 0.3 g (2 mmol) 1l-allylimidazole
(Mw = 108.14 g/mol) were dissolved in 25 mL absolute EtOH. The reaction mixture was
heated under reflux for 4 h and subsequently allowed to cool to room temperature. Upon
cooling, turquoise blue crystals of [CoCl;(AImd),] precipitated, were washed with diethyl
ether, and subsequently dried under vacuum. Yield: 89%. Elemental analysis found the
following (calc. for C1oH6Cl,CoNy, 346.12 g/mol): C: 41.81 (41.64), H: 4.65 (4.66), and N
16.21 (16.19).

3.3. Instrumentation

The FT-IR spectrum was recorded on a KBr pellet of [CoCly(Almd),] using a Bruker
Tensor 27 FT-IR spectrometer (Bruker, Rheinhausen, Germany). UV-vis absorption in the
range from 200 to 700 nm using a JASCO V-770 UV-visible spectrophotometer (JASCO,
Pfungstadt, Germany). Solid-state measurements were carried out using single crystals
finely ground with BaSOy, and solution spectra were recorded in a 1 cm quartz cuvette.
Photoluminescence excitation and emission were recorded at 298 K using a FL51000 spec-
trofluorometer (Edinburgh Instruments, Livingston, UK), equipped with a 450 W contin-
uous xenon arc lamp for uninterrupted sample excitation. Magnetization measurements
were carried out using the vibrating sample magnetometer (VSM) option of a Quantum
Design PPMS Evercool II (Quantum Design, Pfungstadt, Germany). A total of 6.45 mg
of sample material was enclosed into a commercially available polypropylene powder
sample holder (Quantum Design) and fixed in a brass sample holder. Magnetization mea-
surements were performed in the temperature range from 5 to 350 K with a heating rate
of 1 K/min after cooling in an applied magnetic field of 100 mT. The susceptibility data
obtained was corrected for a small background signal resulting from the sample holder
as determined from reference measurements and for the diamagnetic susceptibility of
Xdia = —241.08 x 10~ m?® mol™! [78]. A fit of the inverse molar susceptibility data was
carried out in the temperature range from 150 to 350 K. The temperature dependence of
the effective magnetic moment ¢ was derived assuming Curie behavior according to
Hetf = 797.7 /XT up. Thermogravimetric Analysis (TGA) and Difference Thermogravime-
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try (DTG) was conducted using a Mettler Toledo STARe System thermos-microbalance
(Mettler-Toledo, Giefien, Germany). The sample was heated in an alumina crucible in a dry

N, atmosphere in the temperature range from 25 to 800 °C at a rate of 5 °C min~!.

3.4. Single Crystal X-Ray Diffraction

Single crystal data has been collected using a Bruker (Bruker, Rheinhausen, Ger-
many) X-ray diffractometer (APEX-II CCD, Mo-Ke, A = 0.71073 A) at 100 K using APEX2
v2015.5-2 [79]. The structures were solved by dual space methods using SHELXT [80,81]
and refinement was carried out with SHELXL 2017 employing full-matrix least-squares
methods on Fy? > 20(Fy?) [81,82]. The non-hydrogen atoms were refined with anisotropic
displacement parameters without any constraints. The hydrogen atoms were included
by using appropriate riding models. Data on the structure solutions and refinements
can be obtained under the accession number CCDC 2455508 free of charge at https:
/ /www.ccde.cam.ac.uk/structures/ or from the Cambridge Crystallographic Data Cen-
tre, 12 Union Road, Cambridge, CB2 1EZ UK (fax: +44-1223 336033 or e-mail: de-
posit@ccdc.cam.ac.uk). Selected crystal and structure refinement data are summarized in
Table S1 in the Supplementary Materials.

3.5. Hirshfeld Surface Analysis and Enrichment Ratio Calculations

The Crystal Explorer 17.5 program [83] with the TONTO executable was utilized to
generate 3D Hirshfeld surfaces and their corresponding 2D fingerprint maps [84,85]. The
3D dnorm surfaces are represented on a color scale ranging from —0.26 a.u (red) to 1.26 a.u
(blue). The ranges for the shape index and curvedness mapping are from —0.99 to 0.99 A
and —3.299 to 0.26 A, respectively. The enrichment ratio Exy for a pair of elements (X and Y)
is expressed as the ratio of the actual contacts in the crystal (Cxy) to the theoretical fraction
of uniformly distributed random interactions Rxy [83,86].

Cxy
Exy= 5—
Rxy

A pair of elements are likely to create interactions in the crystal if their enrichment
ratio exceeds 1, whereas those with an E value below 1 tend to avoid interaction.

3.6. DFT Calculations

DFT geometry optimization was carried out in the gas phase on Gaussian 16 [87] using
the PBEO functional [88] with dispersive forces correction proposed by Grimme (D3) [89]
and the 6-311++g(2d,2p) basis set with a threshold convergence of 2 x 10° Hartree/A
of maximum force with RMS of 1 x 10~° Hartree/A and maximum displacement of
6 x 107® A with RMS of 4 x 10~¢ A (1 Hartree converts to 627.5095 kcal/mol). For the
DFT-calculated frontier orbitals and the TD-DFT calculations on the UV-vis absorption,
the structures were re-calculated using the polarizable continuum method (PCM) [90] for
EtOH, CH,Cl,, and MeCN. The self-consistent field (SCF) calculations were performed
with a threshold convergence criterion of 10710 Hartree, where quadratically convergent
SCF procedure cycles [91] were applied. The TD-DFT results for the UV-vis absorption
spectra were analyzed with the GaussSum program [92]. The Multiwfn program [93]
was used to analyze orbital composition, where the Hirshfeld method [94] was applied in
the calculation of the contributions of individual atoms to the electronic transitions. The
QTAIM [54] and NCI-RDG [55] analysis was performed using Multiwfn program [93].

3.7. Molecular Docking

Three-dimensional crystal structures of hypoxia-inducible factor-1 alpha (HIF-1«x)
and HIF-1 inhibiting factor (FIH-1) were retrieved from the Protein Data Bank (PDB),
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using the PDB codes 4ZPR for HIF-1o0c and 3KCX for FIH-1. Input files for docking were
prepared using MGLTools 1.5.7 [95]. Protein structures were initially processed by re-
moving crystallographic water molecules and co-crystal ligands. Missing residues in the
HIF-1o protein structure were modeled using Swiss-Model [96], and both protein struc-
tures were completed by adding polar H atoms and assigning Gasteiger charges. The
structures were then converted into the pdbqt format suitable for docking. Grid boxes
for docking were defined based on the active site coordinates as follows: X = —122.894,
Y = —51.395, Z = —7.816 for HIF-1« (PDB: 4ZPR), and X = —20.525, Y = 25.483, Z = 7.262
for FIH-1 (PDB: 3KCX). The grid size was consistently set at 40 x 40 x 40 A for both
docking simulations. The geometry of [CoCl,(Almd),] was initially optimized using DFT
calculations. Subsequently, Gasteiger charges and rotatable bonds were assigned using
MGLTools, and the structure was converted into the pdbqt format. Docking simulations
were conducted using AutoDock Vina V1.2.7 [43,44] with an exhaustiveness setting of 100
to ensure thorough exploration of binding conformations. Post-docking analyses involved
the visualization and detailed examination of protein- - - complex interactions to identify
critical residues involved in complex binding using the Biovia Discovery Studio Visualizer
(Dassault Systemes, Vélizy-Villacoublay, France). [97].

4. Conclusions

Motivated by a recent report that the Co(Il) complex [CoCly(AImd),]
(AImd = 1-allylimidazole) showed anti-hypoxic properties, which is potentially interesting
for cancer treatment, we reinvestigated this complex using a combination of experimental
and theoretical methods with the aim of complementing the existing data on this complex.

We added temperature-dependent magnetization measurements, revealing paramag-
netic behavior with an effective magnetic moment of p¢ = 4.66(2) pg. UV-vis absorption
spectra in solution showed intense absorptions peaking at 240 nm corresponding to in-
traligand m—7* transitions within the 1-allylimidazole moiety and a structured absorption
around 600 nm, which is attributed to spin-allowed d—d* transitions of the high-spin Co(II)
d” ion in a distorted tetrahedral geometry. Both assignments were confirmed through
TD-DFT calculations on the electronic transitions and agree with the DFT-calculated com-
positions of the frontier molecular orbitals. The solid-state UV-vis absorption spectrum
allowed us to determine the optical gap to 1.78 eV using the Tauc plot method, which
agrees roughly with TD-DFT-calculated values of about 1.54 eV.

The previously reported sc-XRD structure determination was augmented through a
Hirshfeld surface analysis and enrichment ratio study showing that intermolecular H. - - H
contacts dominate the surface of the molecule, while H- - - Cl and 7t- - - 7t interactions are
the primary forces in the crystal structure. Overall, the molecule is expected to show
pronounced nonpolar hydrophobic- - - hydrophobic van der Waals interactions. A Quan-
tum Theory of Atoms in Molecules (QTAIM)/Non-Covalent Interactions (NCI)-Reduced
Density Gradient (RDG) analysis on a dimeric model showed hydrogen bond energies V(r)
ranging from —3.64 kcal/mol for the strongest H. - - Cl to —0.75 kcal /mol for the weakest
H- - - Clinteraction. At the same time, remarkably strong H.- - - C(aromat) interactions were
found, with the strongest having an energy of —1.26 kcal/mol. Classical hydrogen bonding
might thus contribute markedly to the crystal structure, but strong hydrogen bonding to
surrounding polar molecules is probably disfavored, confirming the hydrophobic nature,
in line with the low solubility in water.

Furthermore, we added a molecular docking study on the hypoxia-inducible factor-1
alpha (HIF-1¢) and the HIF-1 inhibiting factor (FIH-1), aiming to substantiate the previously
reported anti-hypoxic properties of [CoCl,(AImd),]. A docking score of —5.48 kcal/mol
for HIF-1a and dominating hydrophobic- - - hydrophobic interactions such as 7-stacking
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with the 11233, Leu243, Val338, and Leu262 residues were found in addition to moder-
ate hydrogen bonding. For HIF-1 a higher docking score of —6.11 kcal/mol, and again
predominant hydrophobic- - - hydrophobic interactions with Trp296, His279, and 11e281,
was found. Concerning these predominant hydrophobic- - - hydrophobic interactions, the
title complex [CoCly(AImd);] is similar to previously reported CoCl, complexes carrying
1-allylbenzimidazole or 1-alkyl or 1-propargylimidazole ligands that showed interesting
antimicrobial activities and docking motives. For the anti-hypoxic activity, [CoCly(AImd);]
with a binding energy of -5.48 kcal /mol cannot compete with established HIF-1« inhibitors
such as the isoflavones genistein or quercetin that showed markedly higher binding ener-
gies in docking studies (—9.1 and —8.5 kcal/mol), but the hydrophobic trait of this complex
along with the moderate binding to both HIF-1« and HIF-1 is promising. In future biomed-
ical studies we will further substantiate the potential anti-cancer properties of this and
related complexes. As the low solubility of the compound in water is probably an issue
for a medical application, another interesting future research direction could be to increase
the hydrophilicity of the complex by introducing polar substituents. However, marked
changes in the docking interactions might be the consequence.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/inorganics13110344/s1: Figure S1: FT-IR spectrum of [CoCl,(AImd);].
Figure S2: Experimental vs. simulated PXRD patterns of [CoCl,(AImd),]. Figure S3: Scanning
electron microscopy (SEM) image of [CoCl,(AImd);]. Figure S4: Thermogravimetric analysis and
difference thermogravimetry of [CoCl,(Almd),]. Figure S5: Perspective view on the crystal structure
of [CoCly(AImd);]. Figure S6: Crystal structure of [CoCly(AImd),] viewed along the crystallographic
a axis. Figure S7: Crystal structure of [CoCly(AImd),] viewed along the crystallographic b axis.
Figure S8: Crystal structure of [CoCl,(AImd),] viewed along the crystallographic c axis. Figure S9:
DFT-calculated frontier molecular orbital contributions and energy gap E, for [CoCly(Almd),] on
PBEO0-D3/6-311++g(2d,2p) level of theory, calculated with EtOH, CH,Cl,, or MeCN as solvent.
Figure S510: Experimental UV-vis absorption spectra of [CoCly(AImd);] in the solid state (BaSOy4
pellet) and in EtOH, MeCN, and CH,Cl, solution. Figure S11: (achw)? over energy (Tauc plot) for
determination of the optical bandgap Eg from the solid-state absorption spectrum of [CoCly(AImd),].
Figure S12: Experimental and TD-DFT-calculated UV-vis absorption spectra of [CoCl;(AImd);]
in CH,Cl, and MeCN calculated at PBE0-D3/6-311++g(2d,2p) level of theory. Table S1: Sum-
mary of data collection, structure solution, and structure refinement for [CoCl,(AImd),]. Table S2:
Geometric parameters for [CoCl,(AImd),]. Table S3: Selected experimental and DFT-calculation
metrics for [CoCly(Almd),]. Table S4: Hydrogen bond geometry in [CoCl;(AImd);]. Table S5:
Topological parameters from QTAIM analysis of two [CoCly(AImd);] molecules. Table S6: TD-DFT-
calculated Sy— Sy transitions for [CoCly(AImd),] in CH,Cl,. Table S7: TD-DFT-calculated Sp— Sy
transitions for [CoCl,(AImd);] in MeCN. Table S8: XYZ coordinates of the DFT-optimized structure
of [CoCl,(AImd);] using the PBE0/6-311++g(2d,2p) level of theory in the gas phase.
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