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Kobetić, R.; Vianello, R. Proton and

Metal Dication Affinities of Tetracyclic

Imidazo[4,5-b]Pyridine-Based

Molecules: Insights from Mass

Spectrometry and DFT Analysis.

Molecules 2025, 30, 2684. https://

doi.org/10.3390/molecules30132684

Copyright: © 2025 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license

(https://creativecommons.org/

licenses/by/4.0/).

Article

Proton and Metal Dication Affinities of Tetracyclic
Imidazo[4,5-b]Pyridine-Based Molecules: Insights from Mass
Spectrometry and DFT Analysis
Lucija Vrban 1, Ingrid Ana Martinac 2, Marijana Hranjec 3 , Marijana Pocrnić 2 , Nives Galić 2 , Renata Kobetić 4,*
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Abstract

The imidazo[4,5-b]pyridine scaffold, a versatile heterocyclic system, is renowned for its bio-
logical and chemical significance, yet its coordination chemistry with biologically relevant
metal dications remains underexplored. This study investigates the proton and metal dica-
tion affinities of twelve tetracyclic organic molecules based on the imidazo[4,5-b]pyridine
core, focusing on their interactions with Ca(II), Mg(II), Zn(II), and Cu(II). Employing a dual
approach of electrospray ionization mass spectrometry (ESI-MS) and density functional
theory (DFT) calculations, we characterized the formation, stability, and structural features
of metal–ligand complexes. ESI-MS revealed distinct binding behaviors, with Cu(II) and
Zn(II) forming stable mono- and dinuclear complexes, often accompanied by reduction
processes (e.g., Cu(II) to Cu(I)), while Ca(II) and Mg(II) exhibited lower affinities. DFT
analysis elucidated the electronic structures and thermodynamic stabilities, highlighting the
imidazole nitrogen as the primary binding site and the influence of regioisomeric variations
on affinity. Substituent effects were found to modulate binding strength, with electron-
donating groups enhancing basicity and metal coordination. These findings provide a
comprehensive understanding of the coordination chemistry of imidazo[4,5-b]pyridine
derivatives, offering insights into their potential applications in metalloenzyme modulation,
metal-ion sensing, and therapeutic chelation.

Keywords: imidazo[4,5-b]pyridine; metal dication affinity; proton affinity; mass spectrometry;
DFT calculations; coordination chemistry; tetracyclic molecules; regioisomers

1. Introduction
The imidazo[4,5-b]pyridine scaffold, a fused heterocyclic system of imidazole and

pyridine rings, has emerged as a privileged structure in chemical and biological research.
Its appeal lies in its structural versatility and electronic properties, which enable it to
participate in a variety of intermolecular interactions, including hydrogen bonding, π–π
stacking, and coordination with metal ions. These attributes make its derivatives promising
candidates for drug discovery, with demonstrated antimicrobial, anticancer, antiviral, and
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enzyme inhibitory activities [1–5]. The presence of nitrogen atoms in the heterocyclic
core enhances its capacity to act as a ligand, a feature that has been exploited in the
design of biologically active compounds targeting metalloenzymes and metal-dependent
pathways [6]. Despite their well-explored pharmacological potential, the coordination
chemistry of these derivatives with metal ions—particularly biologically relevant divalent
cations—remains underexplored.

Divalent metal cations, such as Ca(II), Mg(II), Zn(II), and Cu(II), are ubiquitous in
biological systems and play critical roles in maintaining cellular homeostasis and facilitating
biochemical processes. Calcium and magnesium ions, for instance, are critical for signal
transduction and structural stabilization of biomolecules, respectively, while zinc and
copper ions serve as essential cofactors in enzymatic catalysis and redox reactions [7,8].
This study focuses on these four metal ions due to their high biological relevance, as they
are among the most prevalent divalent cations in metalloenzymes and cellular pathways [9].
Their interactions with organic ligands are governed by factors such as ligand denticity,
electronic properties, and steric effects, making the study of metal-binding affinities a key
step in understanding their biological roles and potential applications. Such interactions
could not only elucidate the mechanistic basis of their biological activities but also unlock
new applications in areas such as metal-ion sensing, catalysis, and the development of
chelating agents for therapeutic or industrial purposes [10].

Historically, the affinity of heterocyclic compounds for metal ions has been inves-
tigated using a variety of experimental and theoretical approaches. Mass spectrometry
stands out as a powerful technique for detecting metal–ligand complexes and quantifying
binding strengths, owing to its sensitivity and ability to analyze gas-phase interactions [11].
Complementarily, DFT computational analysis provides detailed insights into the electronic
structures, coordination geometries, and thermodynamic parameters of these complexes,
offering a molecular-level understanding that enhances experimental findings [12]. In the
context of imidazo[4,5-b]pyridine derivatives, the synergy of these methods is particularly
valuable, given the scaffold’s structural complexity and the nuanced effects of substituents
on its metal-binding behavior.

In this study, we investigate the metal cation affinities of twelve organic molecules built
upon the imidazo[4,5-b]pyridine core fused in a tetracyclic structural framework (Scheme 1),
with a focus on their interactions with Ca(II), Mg(II), Zn(II), and Cu(II). In addition, these
will be evaluated and interpreted relative to their affinities for the smallest cation—the
proton (H+)—providing an excellent reference system deprived of any steric hindrance.
These molecules, previously characterized for their diverse biological activities [13,14], were
subjected to mass spectrometry measurements to evaluate complex formation and relative
binding strengths, alongside DFT calculations to probe the energetic and structural aspects
of these interactions. By systematically varying substituents on the imidazo[4,5-b]pyridine
framework, we aimed to delineate how structural modifications influence metal-binding
affinity and selectivity, a critical consideration for tailoring these compounds to specific
applications. This dual experimental–computational approach not only provides a robust
dataset on their coordination properties but also establishes a methodological framework
for future studies of heterocyclic ligands.

The motivation for this work stems from the dual potential of imidazo[4,5-b]pyridine
derivatives as both biologically active agents and metal-coordinating platforms. While
their pharmacological properties have been well documented, their capacity to engage with
metal dications offers a new dimension for exploration, potentially bridging their biological
roles with applications in coordination chemistry. For instance, high-affinity ligands for
Zn(II) or Cu(II) could find use in modulating metalloenzyme activity or mitigating metal-
ion toxicity, whereas selective binders of Ca(II) or Mg(II) might serve as tools for studying
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cellular signaling. Herein, we present the comprehensive experimental and computational
analysis of how the imidazo[4,5-b]pyridine scaffold interacts with biologically relevant
metal dications. This study lays the groundwork for expanding the functional repertoire of
these molecules, highlighting their promise beyond traditional therapeutic contexts.

    
  

1a 1b 2a 2b 3a 3b 

    

  

4a 4b 5a 5b 6a 6b 

N

N
N

NH(CH2)3N(CH3)2

CN

Scheme 1. Tetracyclic molecules investigated in this work.

2. Results and Discussion
The molecules studied in this work include variously substituted tetracyclic organic

compounds based on an imidazo[4,5-b]pyridine core fused to two phenyl rings. Their
synthesis and evaluation of several biological properties were reported earlier [13,14],
while here, we investigate their metal-binding properties using MS measurements and DFT
calculations. Substituents, including nitrogen-bound and open-chain or cyclic moieties,
were used to mono- or di-substitute the parent skeletons 6a and 6b. All compounds
studied feature a strong electron-withdrawing 6-CN group, which counterbalances the
electron-donating effects of the N-substituents, thereby tuning the binding affinities for
metal cations. We also highlight a key structural feature: all compounds form pairs of
regioisomers based on the position of the pyridine nitrogen (N8 or N11, denoted as Xa
and Xb throughout the text). As discussed below, this subtle difference significantly alters
ligand–metal cation interactions, offering a tool to tailor binding affinities for applications
such as catalysis or metal ion sensing.

2.1. Mass Spectrometry

Electrospray ionization mass spectrometry (ESI-MS) is a powerful technique for char-
acterizing metal coordination complexes. Yet, assigning the ESI mass spectra of such
compounds can be challenging [15], as the considerations involved differ significantly from
those for purely organic samples. Metal complexes may lose or gain labile ligands, become
oxidized or reduced, or react with oxygen or moisture, depending on the specific ESI condi-
tions. Notably, the detection of fragile structures bound by weaker intermolecular forces is
often limited in ESI-MS due to relatively harsh instrument conditions, such as high voltages
or desolvation temperatures. In this work, ESI-MS analysis focuses on regioisomers 1 and 2
and analyzes their Cu(II) and Zn(II) binding affinities in detail, while computational DFT
results provide a broader overview.

Compound 1a forms a single complex ion with Cu(II) at m/z 751.2799, identified as
[1a2Cu]+ (Figure 1). MS/MS experiments confirmed the complex’s composition, with its
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proposed structure shown in the inset of Figure 1, displaying the ESI+ mode full-scan
spectrum. Isotopic distribution analysis verified a singly charged ion, suggesting Cu(II)
reduction to Cu(I) in the gas phase, likely due to electron transfer within charged methanol
droplets in the ESI environment. Analogous Cu(II) reduction has been noted in prior
studies, [16–18] attributed to inner-sphere (ligand-to-metal electron transfer within the
coordination sphere) and outer-sphere (electron capture from the ESI environment, often
via corona discharge or solvent effects) mechanisms. The copper ion’s complexation with
polydentate ligands forms stable complexes, facilitating the transfer of multiply charged
ions into the gas phase, stabilized by ligand interactions.

 
Figure 1. Solution TIC spectrum with 1a and Cu(II) acetate in MeOH in a 3:1 ratio. Identical results
were obtained for other ratios, indicating that the structure with m/z 751 is the most favorable.

While the TIC spectrum predominantly shows the [1a2Cu]+ complex at m/z 751.2799,
the formation of a [1aCu]+ species cannot be entirely excluded. No signals corresponding
to a 1:1 complex were observed in the m/z 100–3000 range, suggesting that such a species,
if formed, may be labile or present below the detection limit. Future studies with varied
ligand-to-metal ratios or softer ionization techniques could further probe this possibility.

The interaction of 1b with Cu yielded an identical TIC spectrum as that for its regioi-
someric analog 1a, analogously assigned as [1b2Cu]+ (Figure S1). The m/z 751 signals for
[1a2Cu]+ and [1b2Cu]+ show nearly identical isotopic envelopes and MS/MS fragmentation
patterns, suggesting minimal regioisomeric effects on the gas-phase ion structure. Still, DFT
calculations (see later) indicate a slightly higher Cu(II) affinity for 1b (~2–3 kcal mol−1),
which may not be discernible in ESI-MS due to Cu(II) reduction to Cu(I). Higher-resolution
MS or ion mobility studies could further probe subtle differences in complex stability or
conformation. In contrast, both regioisomers form a series of complex ions with Zn(II),
having combinations of OH−, acetate, and formate as counter ions. TIC spectra show that
1a mainly forms dinuclear complex ions, with counterions as links between metals. Thus,
for 1a, signals at m/z 923, 937, 951, 965, 979, and 993 were observed. The signal at m/z
951, assigned as [2(1a) + 2 Zn2+ + 2(HCOO−) + (CH3COO−)]+, had the highest abundance
(Figure 2, Table 1). Compound 1b is dominated by mononuclear complex ions detected
as signals m/z 783, 797, and 813. Three signals of lower abundance for dinuclear complex
ions with Zn(II) ion (m/z 909, 923, and 939) were also observed (Table S1 and Figure S2).

Several types of mononuclear complex ions are formed between Cu(II) acetate and 2a
in methanol. The signals at m/z 693, 738, and 796 are assigned as the mononuclear complex
ions (Figure S4), with the major signal (m/z 693) assigned as [2(2a) + Cu]+ (Figure S3). In
addition, a dinuclear complex ion was also observed at m/z 863. Thus, 2a forms mono- and
dinuclear complex ions with Cu(II) acetate, which distinguishes 2a from 2b but also from
1a and 1b. The reduction of Cu(II) to Cu(I) within the charge droplet is also present, since
all observed complex ions involve a Cu(I) ion.
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Figure 2. Part of the solution TIC spectrum of 1a and Zn(II) acetate in methanol, with signals
indicating dinuclear complex ions A–F. The detailed signal assignation is presented in Table 1.

Table 1. The assignation of singly charged signals in the TIC spectrum of 1a and Zn(II) acetate in
MeOH (Figure 2).

Sign m/z Assignation

A 923.1996 2(1a) + 2 Zn2+ + 2(HCOO−) + (OH−)
B 937.2177 2(1a) + 2 Zn2+ + (HCOO−) + (CH3COO−) + (OH−)
C 951.2163 2(1a) + 2 Zn2+ + 3(HCOO−)
D 956.2168 2(1a) + 2 Zn2+ + 2(HCOO−) + (CH3COO−)
E 979.2281 2(1a) + 2 Zn2+ + (HCOO−) + 2(CH3COO−)
F 993.2417 2(1a) + 2 Zn2+ + 3(CH3COO−)

The interaction of 2a with Zn(II) offered mono- and dinuclear complex ions, similar
to the structures observed with Cu(II) (Figure S4). For example, a signal at m/z 865 was
observed analogously to the signal at m/z 863, which was assigned as a complex ion of
Cu(II) and 2a. Consequently, the regioisomer 2a formed two identical dinuclear complex
ions with both metal ions Cu(I) and Zn(II), as shown in Figure 3.

 

Figure 3. Part of the solution TIC spectra of 2a with Cu(I) or Zn(II) acetate in methanol showing a
more detailed isotopic distribution of dinuclear complexes. Full TIC spectra are shown in Figure S4.

Compound 2b solely formed mononuclear complexes with Cu(II) and Zn(II) (Figure 4).
Notably, a signal at m/z 1054 was detected, corresponding to a Zn(II) complex with three 2b
ligands, despite the observed Zn:2b interaction ratio of 1:2. In contrast, complex ions with
two ligands and varying counterion combinations were observed for molecules 1a, 1b, and
2a but not for 2b. The structures of these complex ions were proposed based on MS/MS
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experimental results, such as those for the m/z 1054 signal (Figure 5). The exclusive forma-
tion of mononuclear complexes by 2b, including the [Zn(2b)3]2+ species, contrasts with 2a’s
ability to form both mono- and dinuclear complexes with Zn(II) and Cu(II). This is likely
due to reduced steric hindrance in 2b, where the pyridine nitrogen orientation facilitates
higher coordination numbers, and its higher basicity enhances charge delocalization. In 2a,
steric constraints from the N8 pyridine nitrogen favor dinuclear complexes stabilized by
counterion bridges, preventing the formation of a [Zn(2a)3]2+ complex.

 

Figure 4. The TIC spectra of a solution of 2b with Cu(II) or Zn(II) acetate in methanol that shows the
signals corresponding to the mononuclear complex ions.

 

Figure 5. Fragmentation pathways for the dissociation of the mixed ligand complex ion (m/z 1054)
assigned as [3(2b) + Zn + (HCOO−)]+. The scheme is based on the CID (MS2, scan 3726, CID at
30 eV) targeting the 64Zn isotopic peak. The chemical structure elucidates the likely final product
ions generated during the MS/MS experiment.

2.2. Computational DFT Analysis

The purpose of the computational analysis was to provide insights into the electronic
structures, coordination geometries, and thermodynamic stabilities of the metal–ligand
complexes investigated experimentally. These results complement experimental measure-
ments and allow us to systematically assess how structural variations within the tetracyclic
framework influence metal-binding behavior, providing a comprehensive dataset that
complements their previously documented biological profiles.

2.2.1. Gas-Phase Basicities and Affinities for a Proton

Before we engage into the discussion for the computed 1:1 and 2:1 metal–ligand
complexes, we will initiate the computational analysis by inspecting the matching affinities
towards the smallest cation—a proton (H+)—to probe the intrinsic nucleophilicities of
various nitrogen positions within the studies systems. The computed gas-phase basicities
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are presented in Table 2, corresponding to the most favorable processes, while a complete
analysis for all nitrogen sites is given in the Supporting Information (Table S2).

Table 2. Computed Gibbs free energies for the selected cation affinities corresponding to the 1:1
complexes in the gas phase (in kcal mol−1). The values pertain to the most favorable imidazole
nitrogen binding in all cases and are obtained using the M06–2X/Def2TZVPP DFT approach.

Ligand H+ Ca2+ Mg2+ Zn2+ Cu2+ Ligand H+ Ca2+ Mg2+ Zn2+ Cu2+

1a −228.3 −148.7 −207.1 −253.0 −326.1 1b −230.9 −161.4 −216.3 −260.0 −327.4
2a −232.9 −151.4 −210.1 −256.0 −296.9 2b −235.6 −166.8 −221.5 −265.1 −301.9
3a −229.3 −151.4 −209.9 −256.2 −312.0 3b −232.0 −164.2 −219.5 −263.4 −311.8
4a −228.6 −150.2 −209.1 −255.3 −316.6 4b −231.0 −162.4 −217.7 −261.7 −316.2
5a −237.2 −162.1 −223.3 −270.0 −329.8 5b −239.9 −176.7 −233.4 −277.9 −329.1
6a −219.7 −130.7 −186.5 −230.8 −267.3 6b −222.3 −145.1 −196.9 −239.0 −269.5

The most basic site in all investigated ligands is the unsaturated imidazole nitrogen,
which is consistent with the higher basicity of imidazole (pKa ~7.0) compared to pyri-
dine (pKa ~5.2) [19]. This trend is observed across all derivatives. The next most basic
sites are the pyridine nitrogen and aliphatic amine groups, which have similar basicities
(Table S2). These are followed by the aniline and nitrile nitrogen atoms, which exhibit
comparable basicities. The annulated imidazole nitrogen displays the weakest basicity,
with its nucleophilicity significantly reduced due to steric hindrance and ring strain.

Importantly, the basicity of regioisomers Xb is consistently higher than that of Xa, due
to the more favorable orientation of its pyridine nitrogen, which enhances the stabilization
of the cation coordination at the imidazole nitrogen. In Xa, where the pyridine nitrogen
is oriented opposite to the imidazole nitrogen, the cation’s interaction with the latter is
hindered by nearby pyridine C–H groups. In contrast, this hindrance is absent in Xb,
resulting in higher basicity. This effect, quantified as 2–3 kcal mol−1 in favor of Xb, is
significant and becomes more pronounced with larger metal dications, as discussed below.

The least basic systems are the parent compounds 6a and 6b, with computed gas-
phase basicities of 219.7 and 222.3 kcal mol−1, respectively. These values are close to the
experimental gas-phase basicity of benzimidazole (220.0 kcal mol−1) [20], indicating that
the basicity remains largely unchanged despite the extended aromatic π-system in the tetra-
cyclic structures of 6a and 6b. As expected, this π-system extension could enhance basicity
through increased cationic resonance stabilization in the conjugate acid. However, this
effect is counteracted by the strong electron-withdrawing 6-CN group near the protonation
site, which reduces electron density and lowers basicity. Thus, the basicity of tetracyclic 6a
and 6b remains comparable to that of bicyclic benzimidazole. Their further substitution
increases basicity, primarily due to the electron-donating effects of nitrogen-containing
substituents, which stabilize the positive charge in protonated forms via resonance. The
weakest basicity enhancement occurs when these substituent are introduced on the phenyl
ring farthest from the protonation site, as in 1, 3, and 4. There, 2-substituents contribute
9–10 kcal mol−1 to the basicity, increasing in the order –NH(CH2)3N(CH3)2 < piperazine <
piperidine, consistent with their electron-donating abilities, as measured using Hammett–
Taft substituent constants [21]. In contrast, substitution on the phenyl ring closer to the
protonation site, as in 2, results in a greater effect, making this system 4–5 kcal mol−1 more
basic than 1. Consequently, the disubstituted compound 5 exhibits a synergistic effect,
making it the most basic of all investigated systems. With gas-phase basicity values of
approximately 237 kcal mol−1 for 5a and 240 kcal mol−1 for 5b, both regioisomers qualify
as neutral organic superbases [22,23].
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2.2.2. Metal Dication Affinities

The gas-phase basicities serve as a reference for interpreting the computed metal cation
affinities (Table 2). Notably, all 1:1 affinities for Mg(II), and especially Ca(II), are significantly
lower (by 50–100 kcal mol−1) than those for the proton, suggesting low thermodynamic
favorability for their complex formation. In contrast, affinities for Zn(II) substantially
exceed those for the proton, with this trend being particularly pronounced for Cu(II),
where some affinities (e.g., for disubstituted ligands) are up to 100 kcal mol−1 higher than
proton affinities. These trends can be rationalized using Hard–Soft Acid–Base (HSAB)
theory [24,25], where “hard” acids prefer “hard” bases (e.g., O-donor ligands), and “soft”
acids prefer “soft” bases (e.g., S-donor ligands), with N-donors being intermediate. Ca(II)
and Mg(II), as hard acids, exhibit strong affinities for O-donor ligands due to their high
electronegativity, resulting in low affinities for nitrogen-rich ligands, making 1:1 complex
formation unlikely. In contrast, Zn(II), a borderline acid, shows versatility, with good affinity
for O-donor, N-donor, and even S-donor ligands (e.g., cysteine in biological contexts). This
flexibility arises from its filled d10 orbitals, which lack ligand field stabilization effects,
making Zn(II) more attractive for the investigated ligands compared to Mg(II) and Ca(II).
Cu(II), with its d9 configuration, displays a strong affinity for N-donor ligands due to
enhanced d-orbital overlap, evident in its highly exergonic affinities, often exceeding
300 kcal mol−1. Similar to gas-phase basicities, Xb regioisomers exhibit stronger binding
at the imidazole nitrogen than their Xa analogs, for the same reasons discussed for proton
affinities (e.g., favorable pyridine nitrogen orientation in Xb).

Additionally, Table 2 shows that metal dication affinities increase with N-substitution,
following the order –NH(CH2)3N(CH3)2 < piperazine < piperidine and monosubstituted
< disubstituted. The only exception are Cu(II) affinities, which follow an inverse trend,
piperidine < piperazine < –NH(CH2)3N(CH3)2, likely due to metal’s unique d9 electronic
configuration. This leads to the Jahn–Teller distortion in Cu(II) complexes, typically an
elongation along the axial ligands, which weakens axial bonds and strengthens equatorial
ones. In the context of investigated ligands, the primary binding site is the imidazole
nitrogen, with secondary interactions from nitrile/pyridine nitrogens, a situation identical
for all ligands and metals. The Jahn–Teller distortion results in a tetragonal geometry,
with the imidazole nitrogen occupying an equatorial position (stronger binding) and
other nitrogens in axial positions (weaker binding). This distortion enhances the covalent
character of equatorial bonds, increasing Cu(II)’s affinity for ligands that optimize these
interactions. The latter is most successfully achieved by investigated derivatives containing
the –NH(CH2)3N(CH3)2 substituent due to its much higher flexibility over the other two
more rigid substituents. This explains why Cu(II) affinities deviate from the trend observed
for Zn(II) (d10, no Jahn–Teller effect) or Mg(II)/Ca(II) (no d-orbital contributions) and
suggests that they are less dependent on intrinsic ligand nucleophilicity (proton affinity)
and more influenced by covalent and geometric factors.

To further illustrate this behavior, it is insightful to correlate the metal cation affini-
ties of each ligand with their gas-phase basicities. The results in Figure 6 reveal a strong
correlation, indicating that inherent ligand properties dominate binding, with steric and
electronic effects playing a lesser role. This is particularly evident for Mg(II), Ca(II), and
Zn(II), where gas-phase basicities and metal cation affinities show strong correlations, with
R2 values of 0.83, 0.93, and 0.95, respectively. In contrast, for Cu(II) ions, the correlation
is significantly weaker (R2 = 0.54), suggesting that gas-phase basicities poorly predict
Cu(II) binding affinities. A similar conclusion was reached by Bickelhaupt et al. [26], who
highlighted the challenges of expecting a simple linear correlation between proton and
metal cation affinities. They argued that divalent transition metal cations, such as Cu(II),
exhibit more complex interactions, involving both electrostatic and covalent contributions
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due to d-orbital effects, compared to main group metals like Mg(II) and Ca(II). In our
case, the enhanced covalent character of Cu(II) complexes is evident in the computed
NBO occupancies of the ligand’s nitrogen lone pairs involved in metal binding. For 6a,
the occupancy of imidazole and nitrile nitrogens in 6a-Cu2+ is 0.94 and 0.97, respectively,
indicating significant electron donation to the metal and strong covalent bonding. In con-
trast, analogous values for the imidazole nitrogen in Ca(II), Mg(II), and Zn(II) complexes
with 6a are 1.91, 1.89, and 1.79, and for the nitrile nitrogen, are 1.95, 1.94, and 1.89, respec-
tively, indicating predominantly electrostatic interactions with minimal electron sharing.
Similarly, Xu et al. [27] investigated proton and Cu(II) binding in humic acids, revealing
varied affinities across functional groups. These studies highlight the difficulty of directly
correlating gas-phase basicities with Cu(II) binding across nitrogen-rich ligands.

Figure 6. Correlation between proton and metal cation affinities in the gas phase (in kcal mol−1).
Correlation coefficients (R2) are 0.83 (for Mg2+, in blue), 0.93 (for Ca2+, in red), 0.95 (for Zn2+, in
black), and 0.54 (for Cu2+, in green).

Regarding the geometry of 1:1 complexes, each cation most favorably binds to the
unsaturated imidazole nitrogen, as consistently observed across all studied complexes,
regardless of the cation or ligand. Typical geometries are presented in Figure 7, using
6b as a reference with H+ and Cu2+ as representative cations. The proton, a small cation,
binds locally to the imidazole nitrogen with minimal participation from other neighboring
nitrogen sites, as evidenced by the N(imidazole)–H bond distance of 1.01 Å, compared
to significantly larger non-bonded distances of 3.05 Å for N(nitrile)···H and 2.75 Å for
N(pyridine)···H. In contrast, the Cu(II) ion, with a larger ionic radius, forms coordination
bonds with both imidazole and nitrile nitrogens, as seen in 6b-Cu2+, with bond distances of
2.11 Å for N(imidazole)–Cu(II) and 2.20 Å for N(nitrile)–Cu(II), and a non-bonded distance
of 3.56 Å for N(pyridine)···Cu(II), indicating cooperative coordination primarily involving
the imidazole and nitrile nitrogens.

Lastly, besides the most favorable binding at the unsaturated imidazole nitrogen
for H+ and cooperative coordination with the nitrile nitrogen for metal dications, the
investigated nitrogen-rich ligands contain other nitrogen sites capable of binding cations
(Table S2). However, the annelated imidazole nitrogen is a significantly weaker binding
site for protons, with Gibbs free energies of binding typically 20–30 kcal mol−1 lower
than those for the non-annelated imidazole nitrogen. For metal dications, cations typically
shift to more nucleophilic sites during geometry optimization. In contrast, the binding
behavior of the pyridine nitrogen depends heavily on the regioisomer. The orientation of the
pyridine nitrogen relative to the imidazole nitrogen is crucial for its nucleophilicity. In Xa
regioisomers, cation binding to the pyridine nitrogen is largely unfavorable, with affinities



Molecules 2025, 30, 2684 10 of 15

typically 10–20 kcal mol−1 lower than those for the unsaturated imidazole nitrogen. In
Xb regioisomers, however, the Gibbs free energies of binding for pyridine and imidazole
nitrogens are comparable, although imidazole binding is typically 2–3 kcal mol−1 more
favorable. This makes pyridine binding only marginally favorable. A notable exception is
the parent compound 6b, where protonation of the imidazole and pyridine nitrogens has
nearly identical Gibbs free energies, with imidazole favored by only 0.1 kcal mol−1. This
aligns with experimental uncertainties about the precise protonation site in imidazo[4,5-
b]pyridines, where aqueous-phase measurements and DFT calculations support the higher
basicity of the imidazole site [28].

  
6b–H+ 6b-Cu2+ 

Figure 7. Computed geometries for 1:1 complexes of system 6b with H+ and Cu2+ cations obtained
with the M06–2X/Def2TZVPP DFT approach in the gas phase.

Given the highly exergonic binding computed for Zn(II) and Cu(II) in their 1:1 com-
plexes, we expanded our DFT analysis to include 2:1 (ligand/metal) complexes to further
explore these trends (Table 3). Notably, all simulated 2:1 complexes are significantly more
stable (by 20–50 kcal mol−1) than their 1:1 counterparts. This indicates their high thermody-
namic favorability and supports their potential formation, particularly for Zn(II) and Cu(II),
consistent with the experiments. As observed for 1:1 complexes, all Xb regioisomers are
more stable than their Xa analogs due to the favorable orientation between the unsaturated
imidazole and pyridine nitrogens, as already discussed. These stability differences are
smallest for H+ at around 5 kcal mol−1, increase to 12–15 kcal mol−1 for Zn(II), and are
largest for Cu(II), reaching up to 30 kcal mol−1 in favor of Xb regioisomers.

Table 3. Computed Gibbs free energies (in kcal mol−1) for the cation affinities of 2:1 ligand/metal
complexes in the gas phase, obtained using the M06–2X/Def2TZVPP DFT approach. The values
correspond to the most favorable imidazole nitrogen binding in all cases. Values in square brackets
represent the increase in affinity relative to the matching 1:1 ligand/metal complex.

System H+ Zn2+ Cu2+ System H+ Zn2+ Cu2+

1a −245.6
[−17.3]

−362.0
[−109.0]

−376.4
[−49.6] 1b −250.6

[−19.7]
−374.5

[−114.6]
−381.3
[−53.9]

2a −249.2
[−16.3]

−369.3
[−113.3]

−363.7
[−66.8] 2b −254.1

[−18.6]
−384.3

[−119.2]
−392.8
[−92.4]

3a −247.1
[−17.4]

−366.4
[−109.8]

−375.1
[−62.8] 3b −252.2

[−20.2]
−378.0

[−114.5]
−378.7
[−67.0]

4a −245.1
[−16.5]

−364.9
[−109.6]

−372.8
[−56.2] 4b −249.8

[−18.4]
−376.4

[−114.3]
−376.9
[−61.2]

5a −252.8
[−15.3]

−383.1
[−112.9]

−385.8
[−55.6] 5b −258.7

[−18.3]
−396.0

[−117.7]
−389.9
[−60.3]

6a −236.4
[−16.6]

−336.5
[−105.7]

−330.1
[−62.7] 6b −241.8

[−19.5]
−351.1

[−112.1]
−360.1
[−90.6]
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For proton 2:1 complexes, all exhibit asymmetric coordination, with H+ covalently
bonded to one imidazole nitrogen and hydrogen bonded to another (Figure 8). For 6b,
these distances are N1(imidazole)–H = 1.08 Å and N2(imidazole)···H = 1.62 Å. In contrast,
Cu(II) 2:1 complexes display a symmetric coordination environment, with each ligand
contributing three nitrogen atoms (imidazole, nitrile, and pyridine) at identical N···Cu(II)
distances of 1.95 Å, 2.25 Å, and 3.27 Å, respectively.

  
(6b)2–H+ (6b)2-Cu2+ 

Figure 8. Computed geometries for 2:1 ligand/metal complexes for 6b with H+ and Cu2+ cations,
obtained using the M06–2X/Def2TZVPP DFT approach in the gas phase.

3. Materials and Methods
3.1. Mass Spectrometry Measurements

The solvents used for the spectroscopic measurements were HPLC or spectroscopic
grade (Sigma-Aldrich Chemie GmbH, Steinheim, Germany) and were employed without
further purification. The detailed study of the Cu (II) and Zn (II) ions with 1a, 1b, 2a,
and 2b was studied by ESI-MS/MS. The spectra were obtained at the same conditions in
positive ion (ESI+) mode. Certain fragmentations occurred at higher collision energies. The
fragmentation pathways for all analyzed compounds were proposed based on MS/MS
spectra of protonated molecular ions [M + H]+ and sodium adducts. The structures of
complex ions were proposed based on the selection of signals of the appropriate isotopic
distribution and the analysis of their MS/MS spectra. The latter were acquired on an Agilent
6550 Series Accurate-Mass-Quadrupole Time-of-Flight (Q-TOF) spectrometer equipped
with an electrospray ionization interface operated in the ESI+ mode (Agilent Technologies,
Palo Alto, CA, USA). The samples were prepared in methanol to a concentration of about
0.05 mg mL−1. The infusion into the mass spectrometer was performed via the Agilent 1290
Infinity II UHPLC system at a flow rate of 0.4 mL min−1 with a mobile phase consisting
of 0.1% formic acid in water (A) and in acetonitrile (B) in the ratio A:B 50:50, optimized
for solubility and ionization efficiency of metal–ligand complexes [29]. Nitrogen was used
as an auxiliary (35 psi) and sheath gas (350 ◦C and 11 L min−1). The other parameters
included capillary voltage = (VCap) 3000 V and 4000 V; nozzle voltage = 0 V; and a drying
gas temperature of 200 ◦C. These parameters were selected based on their established
efficacy in analyzing metal–ligand complexes with heterocyclic ligands [30]. The full mass
spectra were acquired over the mass range m/z 100–3000. For data analysis, Mass Hunter
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Qualitative Analysis Navigator B 08.00 was used. A parent ion window of typically 2 amu
(i.e., parent mass ± 1 amu) was chosen to perform further MS/MS experiments.

3.2. Computational Analysis

All geometries were optimized using the M06-2X/Def2TZVPP method in the gas
phase, which combines a reliable DFT functional with a highly flexible triple-zeta basis
set, both recommended for accurate geometries and energies involving these types of
molecules [31]. Subsequent frequency analysis provided thermal corrections, ensuring
that all reported computational data correspond to Gibbs free energies at 298.15 K and
1 atm, employing an experimental gas-phase Gibbs free energy of −6.28 kcal mol−1 for
the proton [32]. This computational setup was chosen based on its success in modeling
various organometallic complexes [33,34], and accurately reproducing thermodynamic and
kinetic parameters of organic [35] and enzymatic [36] reactions. All cation affinities were
computed as the difference in Gibbs free energy between the proton or metal adduct and
its individual components. To address the moderate flexibility of the investigated systems,
we evaluated multiple conformations for each case and report results corresponding to the
most stable structures. All calculations were performed using the Gaussian 16 program
package [37].

4. Conclusions
This study delivers a comprehensive analysis of the proton and metal dication affini-

ties of twelve tetracyclic imidazo[4,5-b]pyridine-based organic molecules, significantly
advancing the understanding of their coordination chemistry with biologically relevant
metal ions, including Ca(II), Mg(II), Zn(II), and Cu(II). Through electrospray ionization
mass spectrometry, we observed distinct coordination profiles, with Zn(II) and Cu(II) form-
ing stable mononuclear and dinuclear complexes, often involving counterions such as
acetate, formate, or hydroxide, which facilitated complex stability. A notable finding was
the consistent reduction of Cu(II) to Cu(I) in the gas phase during ESI-MS experiments, a
phenomenon attributed to the stabilization of charged complexes within methanol-based
charged droplets, highlighting the intricate dynamics of metal–ligand interactions under
these conditions. In contrast, Ca(II) and Mg(II) exhibited significantly lower binding affini-
ties, aligning with Hard–Soft Acid–Base theory, which predicts weaker interactions between
hard acids (Ca(II) and Mg(II)) and nitrogen-rich ligands compared to borderline (Zn(II)) or
softer (Cu(II)) acids.

Complementing these experimental insights, DFT calculations provided a detailed
molecular-level understanding of the electronic structures, coordination geometries, and
thermodynamic stabilities of the complexes. The unsaturated imidazole nitrogen emerged
as the most favorable binding site across all ligands and cations, driven by its higher basicity
compared to pyridine or other nitrogen sites. Regioisomeric differences played a critical
role, with Xb derivatives consistently demonstrating higher binding affinities over their
Xa counterparts due to the favorable orientation of the pyridine nitrogen, which mini-
mizes steric hindrance and enhances electronic stabilization. This effect was particularly
pronounced for larger cations like Cu(II), where affinity differences between regioisomers
reached up to 30 kcal mol−1 in 2:1 complexes. Substituent effects further modulated bind-
ing strength, with electron-donating groups such as piperidine and piperazine increasing
basicity and metal coordination strength, particularly in disubstituted systems like 5a and
5b, which exhibited superbase-like properties in the gas phase.

The correlation analysis between proton and metal dication affinities revealed high
linearity for Mg(II), Ca(II), and Zn(II) (R2 values of 0.83, 0.93, and 0.95, respectively),
indicating that intrinsic ligand nucleophilicity largely governs these interactions. Yet, the
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lower correlation for Cu(II) (R2 = 0.54) underscores the complex interplay of electrostatic
and covalent contributions, due to Cu(II)’s d9 configuration and stronger d-orbital overlap
with nitrogen ligands. The 2:1 ligand–metal complexes were found to be significantly
more stable than their 1:1 counterparts, particularly for Zn(II) and Cu(II), with computed
Gibbs free energies suggesting high feasibility of formation, corroborating the prevalence of
dinuclear complexes in ESI-MS spectra. Structural analysis of these 2:1 complexes revealed
symmetrical coordination for Cu(II), involving both imidazole and nitrile nitrogens, while
proton complexes exhibited asymmetrical hydrogen-bonding interactions.

These findings not only deepen the understanding of imidazo[4,5-b]pyridine deriva-
tives as versatile ligands but also expand their functional repertoire beyond their well-
documented pharmacological applications. The high affinity and selectivity for Zn(II) and
Cu(II) position these molecules as promising candidates for modulating metalloenzyme
activity, mitigating metal-ion toxicity, or designing selective chelators for therapeutic or
industrial purposes. Conversely, the weaker interactions with Ca(II) and Mg(II) suggest
potential applications in studying cellular signaling pathways where selective binding is
required. The integrated experimental–computational approach established in this study
provides a robust methodological framework for future investigations into heterocyclic
ligand–metal interactions, paving the way for tailored ligand design in coordination chem-
istry, metal-ion sensing, catalysis, and beyond.
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