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Abstract

Psychoactive nitrogen-containing compounds represent a structurally diverse group of
natural and synthetic molecules whose interactions with metal ions influence their physic-
ochemical properties, biological activity, and analytical behavior. Although numerous
studies have reported the synthesis of metal complexes, solution interactions, and metal-
assisted analytical methods, the available knowledge remains scattered across compound
classes and has not been comprehensively evaluated. This review summarizes advances
in the coordination chemistry of psychoactive nitrogen-containing compounds from Sci-
enceDirect, Google Scholar, and the Cambridge Structural Database (CSD), emphasizing
donor atoms, coordination modes, structural diversity, crystallographic characterization,
spectroscopic and computational investigations, and the biological properties of the result-
ing metal complexes. The current literature demonstrates that metal complexation can alter
molecular geometry, electronic structure, redox behavior, biomolecular recognition, and
pharmacological activity, while also offering opportunities to develop compounds with
enhanced antimicrobial, anticancer, antioxidant, and DNA-binding properties. By integrat-
ing coordination behavior, structural, and biological aspects within a single framework,
this review highlights the central role of metal interactions in psychoactive compounds
and identifies emerging opportunities to develop advanced analytical methodologies and
functional metal-based systems.

Keywords: psychoactive compounds; metal interactions; cocaine; morphine; promazine;
mescaline; codeine; caffeine; metal complexes; SERS

1. Introduction
Psychoactive nitrogen-containing compounds comprise a structurally diverse group

of naturally occurring and synthetic molecules capable of altering the function of the cen-
tral nervous system through interactions with neurotransmitter receptors, ion channels,
transporters, and enzymes [1,2]. This broad class includes naturally occurring alkaloids,
methylxanthines, phenethylamines, indoleamines, and synthetic phenothiazine deriva-
tives that have found widespread applications as stimulants, analgesics, antipsychotics,
antidepressants, anxiolytics, sedatives, and hallucinogens. Some of these biologically active
compounds or their derivatives also have antioxidant, anticancer, anti-inflammatory, and
antiviral activities, while others remain substances of abuse that continue to pose signifi-
cant medical, social, and forensic challenges [2–6]. Their identification, characterization,
and understanding of their molecular interactions therefore remain important topics in
medicinal chemistry, toxicology, forensic science, and analytical chemistry [7].
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In addition to their pharmacological properties, these compounds share another impor-
tant structural characteristic. Psychoactive molecules selected for this review contain one
or more heteroatoms capable of interacting with metal ions, as presented in Figure 1 [8–11].
Depending on their chemical structure, potential donor sites include primary, secondary,
tertiary, or heterocyclic nitrogen atoms, as well as oxygen-containing functional groups such
as hydroxyl, carbonyl, ether, amide, or carboxylate moieties. In aromatic systems of pro-
mazine derivatives described in this review, sulfur atoms and extended π-electron systems
may additionally participate in coordination either directly or through secondary interac-
tions. Consequently, many psychoactive compounds behave as mono-, bi-, or polydentate
ligands capable of forming coordination compounds with transition metals, main-group
elements, and lanthanides [12–15]. The preferred coordination mode depends on the nature
of both the ligand and the metal ion, frequently producing square-planar, tetrahedral,
octahedral, trigonal-bipyramidal, or polymeric structures that differ substantially in their
physicochemical and biological properties.

Figure 1. Chemical structures of psychoactive nitrogen-containing compounds included in the review.

Metal complexation profoundly influences the chemical behavior of biologically active
molecules. Coordination may modify molecular geometry, electronic structure, lipophilic-
ity, solubility, redox potential, acid-base properties, and kinetic stability. These changes
often alter ligand interactions with biomolecular targets, including nucleic acids, proteins,
membranes, and enzymes. Numerous studies have demonstrated that metal complexation
can enhance antimicrobial, antioxidant, anticancer, anti-inflammatory, or DNA-binding
properties compared with the parent organic compounds [16–26]. Transition-metal ions
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such as Cu(II), Zn(II), Fe(III), Co(II), Ni(II), Pd(II), Pt(II), Au(III), and Ru(II), together with
biologically relevant alkali, alkaline-earth, and lanthanide ions, have therefore become
valuable tools for modulating the biological activity of nitrogen-containing drugs [27–29].
At the same time, understanding the preferred donor atoms and coordination geome-
tries provides important insight into possible interactions between therapeutic agents and
endogenous metal ions under physiological conditions.

Although the coordination chemistry of individual classes of psychoactive compounds
has attracted considerable attention, the available information remains highly fragmented.
Certain molecules, such as caffeine and cocaine, have generated extensive literature de-
scribing numerous transition-metal complexes and mixed-ligand systems, whereas oth-
ers, including atropine, mescaline, serotonin, or morphine, have been only sporadically
investigated [13,30–33]. Furthermore, studies differ substantially in their objectives, rang-
ing from the synthesis and crystallographic characterization of discrete coordination com-
pounds to spectroscopic investigations of solution equilibria, computational studies, bi-
ological evaluation, and analytical applications. As a consequence, direct comparisons
between different classes of psychoactive compounds are often difficult, and general trends
governing their coordination behavior have not been systematically discussed.

Interactions between psychoactive compounds and metal ions are also highly relevant
to forensic chemistry. Numerous forensic methods rely directly or indirectly on metal
complex formation. Presumptive color tests frequently involve coordination reactions
that produce characteristic chromogenic species, while ion-association compounds have
been exploited for the extraction, separation, and spectrophotometric determination of
illicit drugs [34]. Metal-containing reagents have also been employed to mask controlled
substances, as illustrated by so-called black cocaine [35], where the formation of stable
transition-metal thiocyanate complexes substantially complicates routine forensic identifi-
cation. In addition, metal ions and metal-based nanomaterials have become increasingly
important in modern analytical techniques, including UV–VIS spectroscopy, fluorescence
spectroscopy, Raman and surface-enhanced Raman spectroscopy, and electrochemical
sensing [36–40]. These approaches enable improved sensitivity, selectivity, and detection
limits for numerous psychoactive compounds encountered in forensic investigations.

Beyond analytical applications, the coordination chemistry of psychoactive com-
pounds provides valuable opportunities for the rational design of new functional materials
and therapeutics. Complexation with biologically active metal ions may enhance pharma-
cological efficacy, modify toxicity profiles, improve cellular uptake, or introduce entirely
new mechanisms of action. Recent studies have demonstrated that several metal complexes
derived from psychoactive compounds exhibit significantly improved anticancer, antimicro-
bial, antioxidant, and DNA-binding properties compared with the parent ligands [41–46].
Moreover, advances in computational chemistry, molecular spectroscopy, crystallography,
and bioinorganic chemistry have considerably improved our understanding of the struc-
tural factors governing metal binding and structure–activity relationships [47–51]. The
integration of experimental and theoretical approaches, therefore, represents an increas-
ingly important strategy for developing new medicinal and analytical systems based on
metal–drug interactions.

Despite the growing number of publications describing metal complexes of individual
psychoactive compounds, no comprehensive review has systematically compared their co-
ordination chemistry across the major structural classes of psychoactive nitrogen-containing
molecules. This review summarizes current knowledge of the coordination chemistry of
psychoactive nitrogen-containing compounds. The published articles were searched on
Google Scholar, ScienceDirect, and the Cambridge Structural Database (CSD) without
any specific time frame. The search terms used Boolean logic. They included “metal
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complexes”/”metal interactions” AND the specific psychoactive compounds: “cocaine”,
“atropine”, “morphine”, “codeine”, “papaverine”, “berberine”, “caffeine”, “ephedrine”,
“tyramine”, “mescaline”, “tryptamine”, “serotonin”, “melatonin”, “promazine”, “promet-
hazine”, and “chlorpromazine”. The articles were selected based on their relevance to the
topic through initial screening of the title and abstract. All available articles were included
for most compounds, whereas only representative studies were selected for caffeine and
cocaine, given the extensive literature on their metal complexation. Particular attention is
devoted to the identification of donor atoms, coordination modes, crystallographically char-
acterized structures, spectroscopic and computational characterization, and the influence of
metal complexation on biological activity. Because the degree of structural characterization
varies considerably among the available studies, a distinction is made throughout this
review between crystallographically confirmed structures and structural models proposed
based on indirect experimental and/or computational evidence. Structures determined
by single-crystal X-ray diffraction are regarded as structurally established, whereas coor-
dination geometries, donor-atom assignments, and nuclearities inferred from elemental
analysis, spectroscopy, magnetic measurements, thermal analysis, or computational calcu-
lations are described as proposed models. In the latter cases, the reported structures are
discussed in the context of the evidence provided by the original authors, recognizing that
alternative structural arrangements cannot be excluded without direct crystallographic
characterization. The major challenges and future perspectives are highlighted.

2. Tropane Alkaloids
2.1. Cocaine

Cocaine (COC) is a bioproduct extracted from Erythroxylum coca leaves and contains
an azobicyclo [3.2.1] moiety [1]. The same structural parameter is present within a range
of compounds with antibacterial, analgesic, and anti-inflammatory properties [52–54].
Glichrist presented the possibility of the treatment of cancer cells with cocaine in 1909,
as explained in the reference [6]. The presence of the carbonyl oxygen and the oxygen
atoms of the aliphatic chain make this structure an attractive ligand for the complexation of
transition-metal complexes. Notable examples are listed in Table 1.

In the study by Abdallah and coworkers, a series of compounds with cocaine was
prepared [47]. The authors based their structural predictions on elemental percentages,
although they did not obtain crystallographic structures. In the case of Cr(III), Fe(III),
Zn(II), and Cd(II) complexes, there is one cocaine ligand together with chlorido and aqua
ligands, with the general formula [M(COC)Clx(H2O)y]·nH2O. The proposed structure
of the Cd(II) complex is shown in Figure 2. On the other hand, complexes containing
Co(II) and Ni(II) ions contain two cocaine ligands, next to aqua and chlorido ligands
([M(COC)2Clx(H2O)y]·nH2O). Structural optimizations of the predicted structures at the
B3LYP/LanL2DZ level of theory revealed that the donor atoms include the carbonyl and
etheric oxygen atoms of cocaine, with the donor set adopting octahedral geometry around
Fe(III) and tetrahedral geometry around Cd(II) ions. These findings were in line with the
experimental FTIR spectrum, which showed a shift to lower wavenumbers in the C=O vi-
bration from 1732 cm−1 to 1706–1721 cm−1. The formation of the M−O bond was observed
at 509–569 cm−1. Further structural studies included thermogravimetric analysis and elec-
tronic spectra. In the examination of anticancer activity, the Co(II) complex showed promis-
ing results, with specific selectivity towards hepatoblastoma (HepG-2) cells. The number of
cocaine molecules in the structures is reduced to one in complexes containing previously
mentioned d-block metal ions when the TMEDA (N,N,N′,N′-tetramethylethylenediamine)
ligand is present, leading to the formula M(COC)(TMEDA)Cl(OH2)]·2Cl·xH2O [55]. These
conclusions were drawn from the elemental analysis and mass spectra, which confirmed
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the formation of the proposed species. The authors also discussed that fragmentation
was observed in the mass spectra, with peaks attributed to the pure ligands. TMEDA is
a bidentate ligand with two donor nitrogen atoms. In the theoretical analysis, all of the
complexes adopted an octahedral geometry around the central metal ion. Among these
compounds, the Fe(III) and Cd(II) complexes were the most active against HepG-2 and
MCF-7 cancer cell lines, with minimal effects on HFB4 human normal cells.

Figure 2. Proposed structure of the cocaine-Cd(II) complex from ref. [47] based on elemental analysis
and DFT calculations.

The same type of monoligand complexes with cocaine were obtained with La(III),
Er(III), and Yb(III) in the reference [49]. The proposed structures contained three water
molecules as ligands, one chlorido ligand, and two chlorine counterions. The structural
assumptions were based on the mass spectrum of the La(III) complex and elemental
analysis. Shifts in the FTIR spectra were the same as previously discussed, confirming that
carbonyl and etheric oxygen atoms were included in the complex. Thermogravimetric
analysis indicated that water and chlorine molecules were released first from the complex,
followed by cocaine decomposition. The final product was the oxide of each lanthanide.
The Er(III) complex also showed promising anticancer activity against the MCF-7 cell
line, comparable to that of cisplatin, and high safety towards healthy cells. Lanthanide
elements were also included in the formation of Ln(COC)(TMEDA)Cl(OH2)]·2Cl·xH2O
complexes [56]. Within this group of compounds, the Yb(III) complex showed anticancer
activity comparable to that of cisplatin, with minimal effect on normal cell lines. This
compound induced apoptosis by increasing cellular caspase-3 and caspase-9 levels.

Laussmann et al. reported the structural analysis of the compound containing the
copper thiocyanato complex and protonated cocaine molecules (COCH) in so-called “black
cocaine” [35]. Although this compound does not involve cocaine directly in the inner
sphere of a complex species, it is illustrative of the activities that are performed to cover
the presence of this drug in samples. The addition of metal ions and SCN− disables an-
alytical tests for cocaine. Anionic SCN− complexes with Fe(III), Co(II), Cu(II), and Hg(I)

https://doi.org/10.3390/inorganics14090236

https://doi.org/10.3390/inorganics14090236


Inorganics 2026, 14, 236 6 of 33

form ion pairs with protonated forms of alkaloids [57–59]. The dark crystal structure of
(COCH)2[Cu(NCS)4] contained square planar anionic species and COCH+ cations [35].
This experimentally determined structure was composed of protonated cocaine molecules
as cations and negatively charged copper(II) anions. Previously, a similar crystallographic
structure was obtained for the gold complex of the formula (COCH)[AuCl4] in [50], stabi-
lized by the intermolecular C−H···O (between two COCH+) and C−H···Cl interactions.
In (COCH)2[Cu(NCS)4], only with the use of 1H NMR was the identification of cocaine
possible. The mixture of “black cocaine” also contained complex species formed between
Fe(III) and the thiocyanate anion, which interact with COCH and form a dark red solution.
Mohammadzai and Hinze reported an indirect atomic absorption determination of cocaine
based on interactions between COCH and [FeCl4]−, similar to those observed with other
anionic transition-metal complexes [59].

The reactions with transition metal ions and cocaine influenced the development of
the various tests for its detection in street samples. One of the most famous examples
involves complexation of this alkaloid with [Co(SCN)2(H2O)4], which produces an intense
blue color. Based on the results of FTIR spectroscopy and theoretical analysis, Haddoub
and coworkers discussed that the color change is a consequence of the formation of the
complex [Co(COC)(NCS)(H2O)3]SCN, as suggested by molecular modeling and FTIR
spectra [57]. It should be noted that the formation of other species cannot be excluded. In
the water/glycerol solution, the band attributed to the C=N vibration (2100 cm−1) should
be very sharp, but two intense bands at 2069 and 2105 cm−1 were observed. In the proposed
structure, coordination occurred through a protonated nitrogen atom and an ether oxygen
atom. The previously proposed structure was employed in the discussion of the results,
in which the formation constant of the complex was determined electrochemically [60].
The low value of the formation constant was consistent with the need for concentrated
solutions in colorimetric tests for cocaine. The coordination of cocaine to cobalt ions was
used for the development of a voltammetric method for its detection [58]. The platinum
disc electrode was chemically modified with a cobalt-hexacyanoferrate film. Because the
interactions between cocaine and cobalt ions were reversible, the surface was partially
passivated, leading to a linear dependence of cocaine detection over the range 2.4 ×
10−4 to 1.5 × 10−3 mol L−1, with a detection limit of 1.4 × 10−4 mol L−1 and a high
correlation coefficient.

2.2. Atropine

Atropine is a tropane alkaloid containing a tertiary amine together with ester and
hydroxyl oxygen atoms that may participate in metal binding [2]. Nevertheless, unlike
many other alkaloids, its coordination chemistry has received very little attention, and
no structurally characterized transition-metal complexes have been reported. The only
detailed study investigated the ionophoric properties of atropine toward biologically
relevant alkali and alkaline-earth metal ions [30]. Spectrophotometric extraction and liquid
membrane transport experiments demonstrated that atropine forms complexes with Na+,
K+, Mg2+, and Ca2+ ions, exhibiting the highest affinity for Ca2+, while the transport
efficiency followed the order Mg2+ > Ca2+ > K+ > Na+. The direct interaction between
atropine and the metal ions presented was not proven but was inferred mainly from the
change from water to organic solvent when atropine was present in the latter. The authors
proposed that these ionophoric properties may contribute to atropine’s pharmacological
activity by modulating calcium-dependent cellular processes and membrane permeability.
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Table 1. Selected studies on metal complexes of tropane alkaloids.

Metal Ions Structure of a Complex SCXRD Examination Methods Reference

COCAINE

Cr(III), Fe(III), Zn(II), and
Cd(II) [M(COC)Clx (H2O)y]·n(H2O) NO

Elemental analysis, conductivity,
electronic spectra, FTIR,

thermogravimetry, DFT, anticancer
activity

Abdallah and coworkers [47]

Co(II) and Ni(II) [M(COC)2Clx (H2O)y]·n(H2O) NO

Elemental analysis, conductivity,
electronic spectra, FTIR,

thermogravimetry, DFT, anticancer
activity

Abdallah and coworkers [47]

Cr(III), Fe(III), Zn(II), Cd(II),
Co(II), and Ni(II) [M(COC)(TMEDA)Cl(OH2)]·2Cl·xH2O NO

Elemental analysis, conductivity,
electronic spectra, FTIR,

thermogravimetry, DFT, anticancer
activity

Abdallah and coworkers [55]

La(III), Er(III), and Yb(III) [M(COC)Clx(H2O)y]·n(H2O) NO

Elemental analysis, conductivity,
electronic spectra, FTIR,

thermogravimetry, DFT, anticancer
activity

Zaki and coworkers [49]

La(III), Er(III), and Yb(III) [Ln(COC)(TMEDA)Cl(OH2)]·2Cl·xH2O NO

Elemental analysis, conductivity,
electronic spectra, FTIR,

thermogravimetry, DFT, anticancer
activity

Zaki and coworkers [56]

Cu(II) (COCH)2 [Cu(NCS)4] YES FTIR, powder XRD, electronic spectra,
EPR Laussmann and coworkers [35]

Co(II) [Co(COC)(NCS) (H2O)3]SCN NO FTIR, DFT Haddoub and coworkers [57]

3. Morphinan and Isoquinoline Alkaloids
3.1. Morphine

Morphine is the principal representative of the morphinan alkaloids and contains a
tertiary amine together with phenolic and secondary alcoholic hydroxyl groups that can
potentially participate in metal binding [3,61,62]. Despite the presence of these donor sites,
the coordination chemistry of morphine remains relatively limited compared with many
other naturally occurring alkaloids. The studies presented focused on solution interactions
with biologically relevant metal ions rather than on synthesizing well-defined coordination
compounds, reflecting an interest in how metal ions influence opioid pharmacology and
receptor recognition.

The most comprehensive studies have examined the interaction of morphine with
Mn(II), employed as a spectroscopic probe for biologically relevant divalent cations such
as Ca(II) and Mg(II) [31]. Fourier-transform NMR relaxation experiments demonstrated
that morphine forms a relatively weak 1:1 complex (Kass ≈ 10−2 M−1), in which the metal
ion binds simultaneously to the two hydroxyl groups. Analysis of proton relaxation
rates indicated fast exchange for most morphine protons, whereas the N-methyl group
exhibited slow exchange with the coordination sphere. The interaction was shown to
be predominantly enthalpy-driven, with a dissociation rate constant of approximately
2.25 × 104 s−1 at 27 ◦C, suggesting a dynamic complex relevant to biological systems
rather than a highly stable coordination compound. The authors proposed that such
interactions may influence the binding of divalent metal ions to biological membranes and
modulate opioid–receptor recognition, thereby providing a molecular explanation for the
involvement of Ca(II) and Mg(II) in drug dependence and tolerance [63].

Kalinin and co-workers described the preparation of the first π-allyl palladium com-
plexes of morphine alkaloid derivatives, obtained from 6β-chloro-6-deoxycodeine under
Pd(PPh3)4-mediated conditions [64]. These organopalladium intermediates enabled stere-
oselective cross-coupling reactions and further functionalization of the morphinan skeleton,
illustrating that transition metals have been exploited primarily as synthetic tools rather
than as components of stable morphine coordination compounds.
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3.2. Codeine

Codeine (COD) is a naturally occurring opioid and the 3-O-methyl ether derivative
of morphine. Kalinin et al. mentioned that the formation of transition metal complexes
with morphine alkaloids is important for the stereocontrolled introduction of substituents
and the conservation of the double bonds [65]. It has analgesic properties with a mild
sedative effect.

Zayed and coworkers prepared Co(II), Ni(II), Cu(II), Fe(II), Fe(III), Co(III), Zn(II)
complexes with codeine, of the general formula [M(COD)(OH)x(H2O)y](H2O)zH3PO4, in
which x, y, and z depend on the atoms and overall geometries, that included octahedral,
tetrahedral, and square planar structures [66] (Table 2). The conclusion regarding structural
features was obtained through mass spectrometry and elemental analysis, and it should
be taken with caution, as the crystallographic structures were not obtained. Under the
examined conditions, the OH group of codeine was deprotonated, and its vibrational inten-
sity decreased, confirming coordination through this group. The change in the position
and intensity of the methoxy group oxygen also suggests coordination through this atom.
Additionally, bands attributed to metal-oxygen bonds were observed in the FTIR spectrum
between 489 and 445 cm−1. The magnetic measurements also confirmed the proposed
geometries: octahedral for Fe(II), square-planar for Co(II), and tetrahedral for Ni(II). The
structural analyses also included mass spectrometry and thermal degradation. The same
structures were further examined by Zayed and coworkers using the semi-empirical molec-
ular orbital (MO) calculations in [67]. The relative stability of complexes depended on the
charge distributed on the donor oxygen atoms that interact with the central metal ion. This
also influenced the mass fragmentation pattern and removal of specific groups.

Another Cu(II)-containing compound, presented in [44], was obtained in the
mixture of copper(II)-acetate and codeine, as outlined in Table 2. The authors pro-
posed the following formula, supported by elemental analysis and NMR experiments:
[Cu(COD)2(H2O)(OAc)]OAc. This compound was not further examined by crystallo-
graphic methods, and different arrangements of ligands cannot be excluded. Codeine acted
as a bidentate ligand through the deprotonated phenolic OH group and the oxygen of
the methoxy group, as determined from the NMR experiments. The authors have also
concluded that mechanochemical and solvent-based synthetic routes yielded the same
compounds. Complexation with copper(II) also increased the compound’s antimicrobial
and antifungal potency against the bacteria E. coli, S. aureus, and K. pneumoniae, and the
fungi Candida albicans and A. niger, as assessed by the diffusion method.

3.3. Papaverine

Papaverine (PAP) is an opiate alkaloid isolated from Papaver somniferum and Rauwolfia
serpentina plants. It contains a benzylisoquinoline moiety that is substituted by two methoxy
groups and a 3,4-dimethoxybenzyl group. Papaverine is an antispasmodic, smooth muscle
relaxant, vasodilator, and narcotic drug [68–71]. Other biological activities, including
antiviral and antitumor effects, have been described in the literature [72–74]. Gaber and
coworkers reported the synthesis and anticancer activities of novel papaverine-metal
complexes, including V(III), Ru(III), and Au(III) ions [41], as presented in Table 2. The
proposed structure of the Ru(III) complex, as shown in Figure 3, was determined using FTIR,
UV–VIS, NMR, TGA, and XRD. The crystallographic results are missing from this study,
and the structure can be considered approximate. The coordination occurred through the
nitrogen atom of the benzylisoquinoline group, as verified by the shift in the C=N vibration
from 1517/1458 cm−1 towards higher or lower values, while the other metal-ligand bonds
were present at 408–467 and 364–372 cm−1 for M−N and M−Cl bonds. The OCH3 peaks
in the NMR spectrum were unaffected by the presence of metal ions, indicating that these
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groups were not coordinated with the metal ions. Other results also indicated an octahedral
geometry of ligands around the central metal ion. The complex with Au(III) ions showed
the highest anticancer and antimicrobial activity, and in MCF-7 cells, this activity was
comparable to cisplatin.

Figure 3. Proposed structure of the papaverine-Ru(III) complex from ref. [41] based on the FTIR,
NMR, TGA, and XRD results.

The first crystal structure in which papaverine, with CCDC reference 233116, was
present as a ligand was determined in reference [75]. This complex, [Zn2(C7H5O2)4(PAP)2],
contained two papaverine molecules and two benzoate ions, with square pyramidal ge-
ometry around the central metal ion. The bond distance between Zn and the nitrogen
atom is 2.0812(16) Å. The second structure containing papaverine was published by Valach
et al. [51]. Another Zn(II) complex with papaverine of the formula [Zn(isobut)2(PAP)], in
which isobut is (CH3)2CHCOO−, is described in reference [76]. The removal of papaverine
was the first step in thermal decomposition, followed by the pyrolysis of Zn(II) isobutirate.

Complexes between papaverine and Cu(II) ions were also mentioned in the litera-
ture. Melink and coworkers examined the spectroscopic properties of [Cu(flu)2(PAP)]
(flu-fenate) [77]. Elemental analysis confirmed the predicted composition. The shift in the
C=N band was also taken as evidence that the compound was formed by complexation
at the nitrogen atom. The EPR spectrum of the complex was recorded, and, based on
comparisons with similar data, a binuclear structure ([Cu2(flu)4(PAP)2]) is proposed, with
a square pyramidal configuration around Cu(II) [27]. EPR was also used in the paper by
Williams et al. to study Cu(II) complexes with differently substituted carboxylic acids and
papaverine. Both monomeric and dimeric complexes formed, and the authors concluded
that dimer formation is more likely with weaker acids.

3.4. Berberine

Berberine is a protoberberine isoquinoline alkaloid whose coordination chemistry
differs from that of classical N-donor alkaloids because the quaternary isoquinolinium
nitrogen is unavailable for coordination. Berberine and its derivatives strongly interact
with DNA, including quadruplex and triplex structures [78,79]. Consequently, metal
complexation is generally achieved by chemical functionalization of the berberine scaffold
with additional donor groups such as carboxylates, pyridyl, or phenanthroline moieties,
whereas the extended aromatic π-system of berberine primarily contributes to DNA binding
and molecular recognition. Early work demonstrated that a 9-O-carboxybenzyl derivative
of berberine (CBB) readily formed a 2:1 Cu(II) complex, [Cu(CBB)2](NO3)2·2H2O, in which
the deprotonated carboxylate groups coordinate the metal center predominantly in a
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monodentate fashion, as determined from the difference in wavenumbers of symmetric
and asymmetric C=O vibrations (Figure 4) [80]. This structure was proposed based on
elemental analysis, mass spectrometry, NMR, FTIR, and TGA, but efforts to crystallize the
compound were unsuccessful. This complex exhibited remarkably enhanced oxidative
DNA cleavage under physiological conditions, attributed to cooperative DNA binding by
the two berberine units, while the Cu(II) center acted as the catalytic cleavage site.

Figure 4. Proposed structure of the berberine-Cu(II) complex from ref. [80] based on the results of
mass spectrometry, NMR, FTIR, elemental analysis, and TGA.

More recently, functionalized berberine ligands have enabled the preparation of sev-
eral transition-metal complexes with improved biological properties. Zn(II) complexes
incorporating pyridyl and phenanthroline-type donor ligands displayed submicromolar
antiproliferative activity, selective mitochondrial localization, and high affinity toward
the antiapoptotic protein Mcl-1, leading to apoptosis and synergistic activity with the
Bcl-2 inhibitor ABT-199 [45]. Likewise, a recently reported Pt(II) complex containing a
berberine-derived ligand exhibited preferential binding toward G-quadruplex DNA over
duplex DNA, induced apoptosis in tumor cells, and represents a promising strategy for
the development of platinum-based anticancer agents with mechanisms distinct from
cisplatin [81].

Besides therapeutic applications, berberine has also been explored as a selective fluores-
cent chemosensor for Ag+ ions, where predicted complex formation induces characteristic
absorption changes and strong fluorescence quenching, demonstrating the ability of the
berberine scaffold to participate in metal-ion recognition despite the absence of direct coor-
dination through the isoquinolinium nitrogen [82]. It should be noted that the structural
characterization of the formed species was discussed in the reference.

Table 2. Selected studies on metal complexes of morphinan and isoquinoline alkaloids.

Metal Ions Structure of a Complex SCXRD Examination Methods Reference

CODEINE

Co(II), Ni(II), Cu(II), Fe(II),
Fe(III), Co(III), Zn(II) [M(COD)(OH)x(H2O)y](H2O)zH3PO4 NO

FTIR, mass spectrometry,
magnetic, and reflectance

measurements
Zayed and coworkers [66]

Cu(II) [Cu(COD)2(H2O)(OAc)]OAc NO
Elemental analysis, FTIR,

UV–VIS, NMR, antimicrobial
activity

Tella and coworkers [44]

PAPAVERINE

Ru(III), V(III), Au(III) [M(PAP)(NH3)2Cl3] YES IR, UV–VIS, NMR, TGA, XRD,
SEM, antimicrobial, anticancer Gaber and coworkers [41]

Zn(II) [Zn2(C7H5O2)4(PAP)2] YES Crystallographic structure Zelenak and coworkers [75]

BERBERINE

Cu(II) [Cu(CBB)2](NO3)2·
2H2O NO

Elemental analysis, FTIR,
NMR, mass spectrometry, and

DNA interactions
Chen and coworkers [79]
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4. Caffeine
Caffeine (1,3,7-trimethylxanthine, CAF) belongs to the xanthine group of molecules,

compounds naturally produced by plants [83,84]. It is found in coffee, tea, and other bever-
ages and is used medicinally to treat headaches and respiratory depression in neonates. In
the body, caffeine is an antagonist of adenosine receptors and modulates GABAA receptors,
which underlie its central nervous system effects. Selected compounds formed between
caffeine and metal complexes are shown in Table 3.

In 2019 Hamdani and Amane prepared complexes of CAF and Fe(II), Co(II), Mn(II),
Cd(II), Zn(II), Cu(II), and Ni(II), of the proposed formula [M(CAF)4](PF6)2 [46]. The
multiplicity of signals in the 1H NMR spectrum proved that four CAF ligands surrounded
the central metal ion. The proposed structure should be taken with caution, as only NMR
spectra were taken for the determination of the ligand-to-metal ratio, while the molar
conductance measurements showed that the complexes are electrolytes of the type 2:1.
Without the crystallographic analysis, these structures should be taken as presumptive.
Based on the electronic spectra, it was concluded that the complexes have a tetrahedral
geometry, except in the case of Cu(II), for which the square planar geometry was proposed.
The authors suggested that coordination occurred through the nitrogen atom, as indicated
in the FTIR spectrum by the loss of overall symmetry of CAF. Out of the obtained complexes,
only Ni(II) and Cd(II) complexes showed an increase in antibacterial activity.

The interactions with the nitrogen atom of divalent cadmium, mercury, strontium, and
barium ions were observed in the paper by Nafisi and coworkers [32]. The bands assigned
to C=N vibrations shifted to higher frequencies with increasing concentration, leading to
band splitting due to the formation of an M−N interaction. The binding constants between
the mentioned ions and CAF were determined by UV–VIS spectroscopy, with the highest
values observed for the Cd and Hg complexes, followed by Sr and Ba. The same group later
examined the formation of complexes with potassium, and the shifts in both the carbonyl
group, C=N group, and skeletal vibrations were dependent on the concentration of the
metal ion [85]. The association constants were much lower in the case of monovalent metal
ions compared to the divalent ones. This article does not contain any structural analysis of
the formed species.

The complexes containing divalent cations of Ni, Cu, Cd, and Zn with azo dye ([dis-
odium (7-hydroxyl-8-phenylazo-1,3-naphthalenedisulfonate)]), sulfamate, and caffeine
were obtained in the paper by Bouhdada and coworkers [86]. The proposed formula of
the species contained one azo dye, one caffeine, and one sulfamate ligand. The authors
did not present a crystallographic structure, but the composition was determined by NMR,
EPR, UV–VIS, and XRD methods; therefore, alternative structures cannot be excluded.
These compounds were characterized by tetrahedral geometry around the central metal
ions: the dye is bidentate through N and O atoms, while CAF and sulfamate coordinate
through N and oxygen atoms, respectively. The Zn and Cd complexes showed significant
activity against several bacterial strains, including Klebsiella pneumoniae, Bacillus cereus, Pseu-
domonas aeruginosa, Staphylococcus aureus, Escherichia coli, and Staphylococcus saprophyticus,
while the biological activity of the ligands was not observed, indicating the importance
of complex formation. The same metals, when complexed with CAF or halides, yielded a
tetrahedral geometry.

The complex formed between gold(III) and caffeine in the ratio 1:1, with the other
three positions occupied by chlorido ligands, was prepared by Ivanova in [33]. The author
provided a detailed discussion of changes in the FTIR spectrum of CAF upon complexation,
but these results are not definitive for structural assignment.

Other precious metals also interact with CAF. The simplest complexes, [Pt(CAF)2Cl2]
and [Pd(CAF)2Cl2], described by Jovanović-Stević and coworkers, showed a substitution
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reaction in which chlorido ligands were exchanged with 9-methylguanine and guanosine-
5′-monophosphate [87]. These compounds also interacted with CT-DNA via the minor
groove, and their binding affinity for HSA was high. The anticancer activity of the Pt(II)
complex was higher compared to the Pd(II) complex. The complexes with platinum(II)
and palladium(II) were formed with structurally modified caffeine through the formation
of N-heterocyclic carbenes (NHCs) [88]. Caffeine was an appropriate target as it contains
the imidazole unit leading to a tridentate ligand, as shown in Figure 5a. This structure
was crystallographically analyzed and deposited in the CCDC under reference number
2157149. NHC ligand derived from CAF and its complex with Au are discussed in the
reference [89], and its structure, determined by mass spectrometry and NMR, is presented
in Figure 5b. A Pt(II) compound was also fluorescent. Another platinum(II) complex,
trans-[Pt(CAF)Cl2(DMSO)], was obtained by Censi et al. in reference [90]. It is important
to note that coordination with DMSO occurred through the sulfur atom. This compound
interacted with DNA via groove binding through electrostatic forces and was inactive
against several cancer cell lines.

Figure 5. Structure of NHC ligand obtained from caffeine with (a) Pt(II) and (b) Au(I) from ref. [88,89].
The first structure is obtained by crystallographic analysis, while the second is proposed based on
mass spectrometry and NMR.

A mixed-ligand mononuclear complex formed between copper(II), bipyridine (bpy),
and two CAF molecules of the formula [Cu(bpy)(CAF)2(SCN)2] was described in refer-
ence [91]. The complexation behavior was determined from FTIR spectra and the shift
in the C=N vibration to lower wavenumbers. Additionally, the structure was supported
by mass spectra and thermal analysis data. The obtained complex was active towards
CT-DNA and BSA, as examined by spectrofluorimetry. The activity against cancer cells
was higher than that of pure caffeine, with reduced cell growth and in vitro cell apoptosis.
Several transition metal complexes with Cu(II), Ni(II), Cd(II), and Zn(II) were prepared
with a Schiff base glycinate (N-salicylidene-glycinato) and CAF [92]. This ligand acted
as a bidentate ligand with nitrogen and oxygen donor atoms, while CAF interacted via
the nitrogen atom. All compounds had octahedral geometry, were non-electrolytes, and
thermogravimetric measurements indicated that, in the first step, CAF molecules were
removed, while the second step led to the oxides of the respective metal ions. The activities
of complexes were much more pronounced towards microorganisms. The activity of the
Ni-complex was explained by molecular docking with the CK2 receptor and the presence
of various interactions.

Complexes with Other Bioactive Compounds

Several complexes formed between CAF and other metal ions, including other bioac-
tive molecules, have been described in the literature. The examples include compounds
with adenine, such as those in the paper by Shaker and coworkers [93]. In this contribu-
tion, complexes with Co(II), Ni(II), Cu(II), Zn(II), and Cd(II) were characterized by FTIR,
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UV–VIS, elemental analysis, and atomic absorption techniques. All of the complexes had
octahedral geometry, with two CAF molecules coordinated through the nitrogen atom,
while the adenine molecule acted as a bidentate ligand. The proposed general formula of
the complexes was [M(Ad)(CAF)2(SCN)2] in the neutral form, as confirmed by molar con-
ductivity measurements, although the authors noted that crystallographic determination
would be important for more detailed structural elucidation.

Inspired by the organometallic complexes approved for medical applications, Borówka
and collaborators prepared silver and copper complexes with ibuprofen and caffeine, one of
which is shown in Figure 6 [94]. They were examined by FTIR, thermogravimetry, UV–VIS
spectroscopy, elemental analysis, and various bioassays. FTIR results showed that ibupro-
fen was a bidentate bridging donor in the copper complex, whereas in the silver complexes
it was a bidentate chelating donor; however, because experimental X-ray diffraction data
were not presented, the structure of the complex cannot be fully characterized. In both
complexes, CAF coordination occurred through the N atom. Experimental and theoretical
methods showed that the Cu complex was less toxic to human fibroblasts, while both
complexes exhibited strong antibacterial activity against several strains.

Table 3. Selected studies on metal complexes of caffeine.

Metal Ions Structure of a Complex SCXRD Examination Methods Reference

CAFFEINE

Fe(II), Co(II), Mn(II), Cd(II),
Zn(II), Cu(II), Ni(II) [M(CAF)4](PF6)2 NO FTIR, NMR, EPR,

antimicrobial activity Hamdani and Amane [46]

Cd(II), Hg(II), Sr(II), Ba(II) / NO FTIR and UV–VIS
spectroscopy Nafisi and coworkers [32]

K, Co(II), Ni(II) Association with CAF,
coordination through N9 NO FTIR and UV–VIS Nafisi and coworkers [85]

Ni(II), Cu(II), Cd(II), and Zn(II)

[M(L)(S)(CAF)], L-[disodium
(7-hydroxyl-8-phenylazo-1,3-

naphthalenedisulfonate)],
S-sulfamate

NO
Molar conductance, FTIR,
NMR, EPR, UV–VIS, XRD,

antibacterial activity
Bouhdada and coworkers [86]

Au(III) [Au(CAF)Cl3] NO FTIR, NMR, TGA, and DSC Ivanova [33]

Pt(II), Pd(II) [Pt(CAF)2Cl2], [Pd(CAF)2Cl2] NO

FTIR, NMR, substitution with
9-methylguanine and

guanosine-5′-
monophosphate, HSA and

DNA binding affinity,
cytotoxicity

Jovanović-Stević and
coworkers [87]

Pt(II), Pd(II)
Complexes with

N-heterocyclic carbenes
obtained from CAF

YES
FTIR, elemental analysis,
NMR, crystallographic

structure
Bysewski and coworkers [88]

Pt(II) trans-[Pt(CAF)Cl2(DMSO)] NO

Elemental analysis, FTIR,
NMR, HRMS, CT-DNA

binding affinity, anticancer
activity

Censi and coworkers [90]

Cu(II) [Cu(byp)(CAF)2
(SCN)2] NO

FTIR, mass spectrometry,
UV–VIS, BSA, and CT-DNA
binding affinity, anticancer

activity

Kisku and coworkers [91]

Co(II), Ni(II), Cu(II), Zn(II),
Cd(II)

[M(Ad)(CAF)2(SCN)2],
Ad—adenine NO

Elemental analysis, FTIR,
UV–VIS, molecular
conductivity, NMR

Shaker and coworkers [93]

Cu(II), Ag(I) [Cu2(Ibu)4(CAF)2]
Ibu-ibuprofen NO

Elemental analysis, FTIR,
UV–VIS, thermogravimetry,
conductometry, bioassays

Borówka and coworkers [94]

Cu(II), Ni(II), Cd(II), Zn(II) [M(LH)2(CAF)2],
LH–N-salicylidene-glycinato NO

Elemental analysis, FTIR,
thermogravimetry,

conductometry, bioassays
Bouhdada and coworkers [92]

Cu(II) Various complexes with CAF
and carboxylic acids NO Elemental analysis and EPR Williams and coworkers [27]

5. Phenethylamine Derivatives
5.1. Ephedrine and Pseudoephedrine

Ephedrine (EPH) is a phenylalkylamine alkaloid structurally related to amphetamine
and methamphetamine. It can be found in food products, pharmaceuticals, and drinks for
athletes [95]. Ephedrine is considered an illicit drug as it can be found in pharmacological
drugs listed by the Olympic Committee. This compound has a similar structure to metham-
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phetamine and, therefore, is classified as its precursor [9,96]. The stimulant properties of
ephedrine were discussed in the literature, with special concern being put on the transport
workers using it to alleviate the effects of fatigue [46,97,98]. In contrast to amphetamine
compounds, ephedrine contains an additional hydroxyl group and can therefore coordinate
metal ions via the amino nitrogen and the alcohol oxygen. Depending on the metal ion and
experimental conditions, ephedrine was proposed to act as either a monodentate nitrogen
donor or an N, O-bidentate ligand, in its neutral or deprotonated form.

The first crystallographically characterized ephedrine derivative was obtained in the
reaction of l-ephedrine with trialkylaluminum compounds [99]. The resulting complexes
had dimeric structures of the general formula [R2 Al(O-EPH)]2, in which the deprotonated
oxygen atoms bridged two aluminum centers. Additional coordination through the amino
nitrogen formed five-membered chelate rings, resulting in a distorted five-coordinate
geometry around the aluminum atoms.

Copper(II) formed both 1:1 and 1:2 complexes with ephedrine and norephedrine [100].
Their geometry depended on ligand concentration and solution conditions, changing from
octahedral or tetragonally distorted structures containing coordinated water molecules
to square-planar bis(ephedrine) species. In these complexes, the ligands were proposed
to coordinate through nitrogen and oxygen donor atoms, but the authors could not reach
definitive conclusions because they relied on spectrophotometric and potentiometric meth-
ods and elemental analysis. A related norephedrine complex contained two trans N,O-
bidentate ligands and exhibited a square-pyramidal coordination environment. Pseu-
doephedrine, a diastereomer of ephedrine, was included in the mixed-ligand Cu(II) complex
[Cu(PSE)(phen)Cl2 ], where phen denotes 1,10-phenanthroline [101]. This structure was
proposed based on mass spectrometric and FTIR analyses, combined with computational
methods. Spectroscopic and computational results suggested N,O-bidentate coordination
of pseudoephedrine and an octahedral environment around the Cu(II) ion. The resulting
complex showed strong binding to CT-DNA via groove binding. Interactions between cop-
per(II) ions and ephedrine in solution can also enhance the performance of electrochemical
methods for detecting this compound, as described in [102].

Complex formation of ephedrine with Ni(II), Zn(II) and Cd(II) was also investi-
gated spectrophotometrically, and species with 1:1 and 1:2 metal-to-ligand ratios were
detected [11]. Further discussion of the mode of complexation was limited by the methods
used, and the author only commented on the possible binding site. The formation of a
coloured Co(II)–ephedrine species was applied to the spectrophotometric determination of
ephedrine in pharmaceutical preparations [103]. A 1:2 metal-to-ligand ratio was proposed,
although the precise coordination structure of this analytical complex was not established.
This method proved to be simple, rapid, accurate, and sensitive, with no interferences
observed. Complex [VO(EPH)2] adsorbed on magnetic nanoparticles was successfully used
for the efficient and green oxidation of alcohols in reference [104]. The authors only stated
that they repeated the procedure used to obtain the pseudoephedrine complex, without
additional structural characterization.

The Fe(III) complex was assigned the formula [Fe(EPH)2Cl2]Cl·H2O [105]. The geo-
metrical environment around the central metal ion was determined from a paramagnetic
doublet in the Mössbauer spectra. The overall structure was proposed based on elemen-
tal analysis and shifts in FTIR spectra, while thermogravimetric methods were used to
assess the number of co-crystallized water molecules. The distribution of ligands in outer
and counterions was not determined by X-ray crystallography, so alternative structures
are possible.

Ephedrine complexes with Mo(V), Nb(V), Ga(III) and Ge(IV) were reported with the
general compositions [Mo(EPH)2Cl4]Cl, [Nb(EPH)2 Cl3 ], [Ga(EPH)2 Cl3 ] and [Ge(EPH)2
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Cl2 ], as deduced from the microanalysis, FTIR spectra, molar conductance, and thermal
analysis [106]. The structures of Ga(III) and Ge(IV) complexes are given in Figure 6.
Ephedrine was proposed to act as a monodentate nitrogen donor in the Mo(V) and Ga(III)
compounds, whereas N,O-bidentate coordination involving the deprotonated hydroxyl
group was proposed for the Nb(V) and Ge(IV) complexes. The assigned coordination
numbers ranged from five for Ga(III) to seven for Nb(V). As crystallographic structures
were not obtained, a different arrangement of ligands cannot be excluded.

Figure 6. Proposed structures of complexes between ephedrine and (a) Ga(III) and (b) Ge(IV), in
which ephedrine acts as a monodentate and bidentate ligand [106]. The results were obtained from
microanalysis, FTIR, molar conductance, and thermal analysis data.

5.2. Tyramine

Tyramine (TYR), 4-(2-aminoethyl)phenol, is a naturally occurring biogenic amine
containing amino and phenolic groups. It is commonly used to examine the role of the
sympathetic nervous system in the pathology and physiology of the human body [107].
Nevertheless, direct coordination of unmodified tyramine has rarely been investigated. In
most reported complexes, tyramine is chemically modified, especially by condensing its
amino group with aldehydes or ketones to form Schiff bases. This modification introduces
an azomethine nitrogen atom and, depending on the carbonyl precursor, additional nitro-
gen or oxygen donor atoms, which provide more favorable chelating arrangements than
those of the parent molecule.

To the best of our knowledge, the only complex containing unmodified tyramine
is the Ru(II) complex [Ru(bpy)2(TYR)2]2+, in which two tyramine molecules coordinate
monodentately through their amino nitrogen atom [108]. The resulting octahedral co-
ordination sphere contains two bidentate bipyridine ligands and two tyramine ligands.
Irradiation with visible light releases one tyramine molecule and forms the corresponding
monoaqua complex, allowing the Ru(II) fragment to act as a photolabile protecting group.
The structures of starting complexes and photodegrading products were examined by
NMR spectroscopy and spectrofluorimetry, while no further spectroscopic characterization
was performed. This research was motivated by the need for caged metal complexes that
are photolabile and can deliver biomolecules to the desired position by using wavelengths
that do not harm the surrounding tissue. [109,110].

More commonly, tyramine has been incorporated into larger ligand frameworks
without directly coordinating the primary metal center. Tyramine-derived dipicoly-
lamine units were attached to tricarbonylrhenium(I) polypyridine complexes of the gen-
eral formula [Re(N∧N)(CO)3(py-TU-DPAT)]+ (py-TU-DPAT = 3-(2-(4-hydroxy-3-(2,20-
dipicolylaminomethyl)phenyl)ethylthioureidyl)pyridine; N∧N=1,10-phenanthroline
(phen)) [111] (Table 4). In these structures, Re(I) adopts the usual facial tricarbonyl environ-
ment and is coordinated by a bidentate polypyridine ligand and a pyridine nitrogen atom.
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The modified tyramine fragment contains a dipicolylamine binding site that subsequently
coordinates Zn(II) or Cd(II), thereby altering the luminescence properties of the Re(I) com-
plex. This type of Re(I) complex possesses desirable properties: it can be internalized by
cancer cells and exhibits interesting emission properties [112,113].

Several Cu(II), Ni(II), Co(II), and Zn(II) complexes were prepared with a Schiff base ob-
tained from tyramine, 4-aminoantipyrine, and 3,4-dimethoxybenzaldehyde [114]. The com-
plexes had the general formula [ML2Cl2] (3,4-dimethoxybenzylidene-4-aminoantipyrinyl-4-
aminoethylphenol (L)), and spectroscopic results supported octahedral geometries. In this
case, the coordination properties are mainly determined by the newly introduced azome-
thine and carbonyl donor groups rather than by the original amino group of tyramine. The
obtained complexes interacted with CT-DNA through minor groove binding, as one of the
primary cellular targets for many anticancer drugs [115].

An isatin–tyramine Schiff base (L) was similarly used for the preparation of [CuL2Cl2],
[NiL2Cl2], and [ZnL2Cl2] complexes [116]. The modified tyramine ligand acted as a biden-
tate donor, while two chlorido ligands completed the octahedral coordination sphere. A
distorted octahedral geometry was proposed for the Cu(II) compound, whereas the Ni(II)
and Zn(II) complexes were assigned regular octahedral arrangements. These compounds
promoted the cleavage of pYC19 DNA from supercoiled form I to form II (open circular
form) in the presence of hydrogen peroxide. Similar Schiff base complexes were described
in [15,117,118].

5.3. Mescaline

Mescaline (3,4,5-trimethoxyphenethylamine) is a naturally occurring psychedelic
phenethylamine alkaloid [119] whose coordination chemistry has received very lim-
ited attention. To the best of our knowledge, only one study has reported the syn-
thesis and characterization of Cu(II) complexes of mescaline [28]. The authors pre-
pared several chloride- and bromide-containing complexes, including Cu2OCl6(MES)4,
Cu(MES)2Cl2·H2O, Cu(MES)2Br2, and the ionic salt (MH+)2(CuCl42−) (MES = mescaline),
which were characterized by elemental analysis, molar conductivity, infrared and electronic
spectroscopy, mass spectrometry, and powder X-ray diffraction, as given in Table 4. Spec-
troscopic evidence indicated that coordination occurs predominantly through the terminal
amino nitrogen, whereas the three methoxy substituents remain largely uninvolved in
direct metal binding. The authors proposed these complexes as model systems for in-
vestigating the possible role of essential transition-metal ions in the biological activity of
hallucinogenic compounds. Despite the historical significance of this work, no further
studies on mescaline coordination compounds have been reported, making its coordination
chemistry largely unexplored.

Table 4. Selected studies on metal complexes of phenethylamine derivatives.

Metal Ions Structure of a Complex SCXRD Examination Methods Reference

EPHEDRINE

Cu(II) 1:1 and 1:2 complexes with
EPH and norephedrine NO Elemental analysis, UV–VIS Abu-Eittah and

coworkers [100]

Cu(II)
[Cu(PSE)(Phen)Cl2],

pse-pseudoephedrine,
phen–1,10-phenatroline

NO

FTIR, mass spectrometry,
UV–VIS, strong binding

affinity to CT-DNA
determined by fluorescence

spectroscopy and CD

Shahabadi and
coworkers [101]

Fe(III) [Fe(EPH)2Cl2]Cl·H2O NO
FTIR, solid reflectance,

Mössbauer
spectroscopy

Al-Majthoub and
coworkers [105]

Mo(V), Nb(V), Ga(III), and
Ge(IV)

[Mo(EPH)2(Cl)4]Cl,
[Nb(EPH)2(Cl)3],

[Ga(EPH)2(Cl)3], and
[Ge(EPH)2(Cl)2]

NO
Microanalysis, FTIR, molar
conductance, magnetic, and

thermal analysis data
El-Habeeb and Refat [106]
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Table 4. Cont.

Metal Ions Structure of a Complex SCXRD Examination Methods Reference

EPHEDRINE

Ni(II), Zn(II), and Cd(II) Complexes with EPH in ratios
1:1 and 1:2 NO UV–VIS, pH metric analysis,

and stability Guindi [11]

TYRAMINE

Ru(II) [Ru(bpy)2(TYR)2]2+,
bpy-bipiridin NO NMR, cyclic voltammetry,

UV–VIS Zayat and coworkers [108]

Re(I)

[Re(N∧N)(CO)3(py-TU-
DPAT),

DAPT—Tyramine-derived
dipicolylamine ligand,

NO
Spectrofluorimetry, UV–VIS,

used for the detection of Zn(II)
and Cd(II) ions in cancer cells

Louie and coworkers [111]

Cu(II), Ni(II), Co(II), and Zn(II)
[ML2Cl2],

L–tyramine–derived Schiff
base

NO
Mass spectrometry, FTIR,

NMR, EPR, CT-DNA binding
affinity

Raman and coworkers [114]

Cu(II), Zn(II), and Ni(II) [ML2Cl2], L—ligand obtained
from tyramine and isatin NO

FTIR, NMR, cyclic
voltammetry, UV–VIS,

CT-DNA binding affinity,
antibacterial activity

Raman and coworkers [116]

MESCALINE

Cu(II)

Cu2OCl6(MES)4,
Cu(MES)2Cl2·H2O,

Cu(MES)2Br2, and the ionic
salt (MH+)2(CuCl4

2−)

NO

Elemental analysis, molar
conductivity, FTIR, UV–VIS,

mass spectrometry, and
powder X-ray diffraction

Watt and Durney [28]

6. Indole Alkaloids
6.1. Tryptamine

Tryptamine (TRA) is an indole alkaloid and biogenic amine containing a terminal pri-
mary amino group and an indole heterocycle, both of which contribute to its coordination
chemistry and synthesis of other bioactive compounds [120,121]. It shows antioxidant,
antibacterial, and anti-inflammatory activity [122]. Tryptamine is a parent molecule for
a large class of ligands used for the synthesis of transition and main group metal com-
plexes [123]. In most reported complexes, direct coordination occurs through the terminal
amino nitrogen, while the indole nitrogen generally remains non-coordinating [14]. Never-
theless, the indole ring plays an important structural role by participating in π-stacking,
hydrogen bonding, cation–π interactions, and, in some cases, direct metal–π interactions
that influence the geometry, electronic structure, and reactivity of the complexes [124,125].

An example of a simple coordination compound is a palladium(II) complex of compo-
sition cis-[PdCl2(TRA)2], in which tryptamine acts as a monodentate ligand through the
amino nitrogen [14]. This inclusion of bioactive components as ligands is performed to
reduce the toxicity and increase the efficacy of the obtained compounds [126]. Elemental
analysis, ESI-TOF mass spectrometry, and thermogravimetric studies, together with DFT
calculations, confirmed the cis geometry and amino-nitrogen coordination, as shown in
Figure 7. The preferred isomer of the obtained complex was proven by comparison with
cisplatin, as the same type of interactions around the central metal ion are formed [127].
DFT results should be taken with caution, as optimization usually involves species in
vacuum that neglect solid-state or solution interactions; therefore, differences between
crystallographic and theoretical structures are possible.

Lomenzo and coworkers presented an interesting discussion on the formation of a
complex between tryptamine and the (η5-C5Me5)Ru moiety, as previous research showed
that the interaction between the central metal ion and the six-electron arene of the indole
moiety is stable [128]. Based on the NMR results, it was concluded that the nucleophilic
reaction of the amino group of tryptamine with ruthenium occurs. The attempts to convert
the obtained σ complex to an entropically favored structure with the η6-tryptamine ligand
were not successful.
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Figure 7. Proposed structure of tryptamine-Pd(II) complex from ref. [14]. The structure is proposed
based on elemental analysis, ESI-TOF mass spectrometry, thermogravimetric studies, and DFT.

Beyond simple amino-coordinated complexes, most reported studies have focused
on chemically modifying the tryptamine scaffold to generate multidentate ligands [129].
Condensation of the terminal amino group with aldehydes or ketones affords Schiff bases
capable of coordinating through N, O- or N, N, O-donor sets, leading to stable com-
plexes with transition metals including Cu(II), Mn(II), Co(II), Zn(II), Cd(II), Fe(III), Ru(III),
Rh(III), Re(V), and Ni(II) [42,48,130–133]. In other approaches, incorporation of pyridyl- or
imidazolyl-containing donor groups into the tryptamine framework has produced copper
complexes that serve as structural and functional models for copper-containing metalloen-
zymes, highlighting the importance of secondary interactions between the indole ring and
the metal coordination sphere [129].

Beyond expanding the structural diversity of coordination compounds, these mod-
ifications have been driven primarily by medicinal applications. Tryptamine-derived
Schiff base complexes and ligands have been investigated for antimicrobial, antioxidant,
anticancer, gastroprotective, and radical-scavenging activities, while several studies demon-
strated that complexation can substantially alter the biological properties of the parent
ligand [42,130,131,133,134].

6.2. Serotonin

Serotonin (5-hydroxytryptamine) is an indoleamine neurotransmitter containing a
primary amino group, an indole ring, and a phenolic hydroxyl group, all of which may
potentially contribute to metal binding [135,136]. Nevertheless, reports describing well-
defined coordination compounds of serotonin remain relatively scarce. Most studies have
focused on serotonin interactions with biologically relevant metal ions or metallomacro-
cycles rather than on the synthesis of discrete coordination complexes. For example, Oni
and Nyokong suggested that serotonin interacts with iron(II) tetrasulfophthalocyanine,
followed by internal electron transfer to afford a reduced iron(I) phthalocyanine species [13].
Spectroscopic and kinetic investigations showed that the coordination process is first-order
in both serotonin and the iron complex, while the resulting metal–indoleamine framework
stabilizes serotonin adducts. The authors concluded that the complex formed solely based
on changes in UV–VIS spectra and NMR chemical shifts in a dried mixture of the iron(II)
complex and serotonin, which limits further discussion of the possible interaction type or
the geometry of any newly formed species.

In addition to transition-metal complexes, serotonin has been shown to interact with
several physiologically relevant metal ions, including Li+, K+, Na+, and Al3+, whereas Ca2+

exhibits only weak affinity [137]. The interactions were studied by NMR spectroscopy
in DMSO solution of a dried mixture containing serotonin and metal salts, which does
not prove that new species formed, only that interactions were present in the solid state.
Electrochemical studies demonstrated that lithium and potassium form the most stable
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serotonin complexes, suggesting that metal coordination may influence serotonin stability
and metabolism. These interactions have been proposed to contribute to the pharma-
cological effects of lithium in the treatment of mood disorders by stabilizing serotonin
against enzymatic degradation, while complexation with aluminum has been discussed in
relation to its possible involvement in neurodegenerative disorders. Although the exact
coordination sites remain unresolved, these findings highlight the biological significance of
serotonin–metal interactions beyond classical coordination compounds.

6.3. Melatonin

Melatonin (N-acetyl-5-methoxytryptamine, MLT) is one of the most extensively in-
vestigated indoleamines in coordination chemistry owing to the presence of an amide
carbonyl group, methoxy oxygen, indole nitrogen, and a flexible side chain capable of
interacting with a variety of metal ions. It is involved in several important functions, such
as regulating the sleep cycle, circadian rhythm, and blood pressure, and acts as an antide-
pressant [4,10,138]. Research has shown that endogenous melatonin acts as an antioxidant
and protects DNA, proteins, and membrane lipids from free radical species [139–141]. In
contrast to serotonin, numerous experimental and theoretical studies have shown that
melatonin forms stable complexes with both transition and main-group metals and acts as
an efficient metal-chelating agent [29].

In the previously mentioned paper by Romero and coworkers, initial electrochemical
studies demonstrated that melatonin interacts with biologically relevant alkali metal ions,
showing the strongest affinity toward K+ and Li+, followed by Na+ and Al3+, while the
coordination of Ca2+ was weak [137]. Although the exact coordination sites could not
be unequivocally assigned due to the mentioned limitations of the study, these investi-
gations established melatonin as an effective endogenous metal-binding ligand under
physiological conditions.

Subsequent spectroscopic and computational studies significantly improved the un-
derstanding of melatonin coordination. Gas-phase infrared spectroscopy combined with
DFT calculations revealed that alkali and alkaline-earth metal ions preferentially coordi-
nate through the amide carbonyl oxygen and methoxy oxygen atoms, whereas alternative
binding modes involving π-interactions are energetically less favorable [29]. For Mg2+

complexes, deprotonation at the amide nitrogen may also occur, giving rise to different co-
ordination motifs. Density functional calculations further demonstrated that melatonin and,
in particular, its metabolites (3-hydroxymelatonin, AFMK, and AMK) efficiently chelate
Cu(II) through direct or coupled deprotonation–chelation mechanisms, thereby suppress-
ing Cu-catalyzed oxidative stress and Fenton-type chemistry [142]. Similar computational
investigations suggested that melatonin metabolites may also form thermodynamically
stable Pb(II) complexes, supporting their potential application as endogenous chelating
agents [143]. This procedure was proposed as an alternative to EDTA treatment. These
theoretical studies and structural elucidations are approximate because the results depend
significantly on the starting geometry for optimization.

Several discrete coordination compounds of melatonin have also been reported. A
nanostructured Au(III) complex, formulated as [Au(MLT)2Cl(H2O)] (Figure 8 and Table 5),
was synthesized in which melatonin behaves as a monodentate ligand around a square-
planar Au(III) center, while exhibiting enhanced antioxidant and anti-inflammatory proper-
ties compared with the free ligand [144]. These conclusions were drawn from FTIR spectra
and elemental analyses, while the binding position of chlorine in the complex was con-
firmed by measuring molar conductance. No additional crystallographic structures were
obtained, leaving the possibility of alternative structures. More recently, Cu(II) complexes
containing melatonin together with amino acid ligands were prepared and characterized
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by FTIR spectroscopy [145]. The observed spectral changes suggested the participation
of the amide functionality in coordination, although the authors noted that melatonin
metal complexes remain relatively uncommon because their synthesis is experimentally
demanding. The prepared compound also showed a high antioxidant capacity.

Figure 8. Proposed structure of melatonin-Au(III) complex from ref. [144], based on FTIR, elemental
analysis and molar conductance.

A significant advance was reported in 2026 with the first single-crystal structure of a
melatonin-coordinated magnesium porphyrin [146]. In this complex, melatonin coordinates
axially through the carbonyl oxygen atom to the Mg(II) center (Mg–O = 2.008 Å), yielding
a five-coordinate square-pyramidal geometry. Structural, spectroscopic, electrochemical,
and DFT studies showed that axial coordination substantially modifies the photophysi-
cal properties and enhances the photostability of the magnesium porphyrin, illustrating
melatonin’s ability to act as an effective neutral O-donor ligand.

Table 5. Selected studies on metal complexes of indole alkaloids.

Metal Ions Structure of a Complex SCXRD Examination Methods Reference

TRYPTAMINE

Pd(II) Cis-[PdCl2(TRA)2] NO Elemental analysis, FTIR, NMR,
Raman spectroscopy, DFT Carvalho and coworkers [14]

Cu(II) [Cu(L)Cl2], L-aminated
tryptamine ligands YES

Elemental analysis, X-Ray
crystallography, EPR, cyclic

voltammetry
Lee and coworkers [129]

MELATONIN

Cu(II), Cu(I) [Cu(MLT)(H2O)4] NO DFT analysis Galano and coworkers [142]

Au(III) [Au(MLT)Cl(H2O)] NO
Elemental analysis, FTIR, magnetic

measurements, SEM, TEM, and
immunological assessment

El-Magharbel and coworkers [144]

Mg(II)

[MgT(4-Cl)PP(MLT)],
T(4-Cl)PP =

5,10,15,20-tetrakis(4-
chlorophenyl)porphyrin

YES
UV–VIS, NMR, MALDI-TOF, FTIR,

single-crystal XRD, cyclic
voltammetry, DFT

Choudhury and Bhuyan [146]
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7. Phenothiazine Psychoactive Drugs
7.1. Promazine

Promazine is one of the earliest investigated phenothiazine derivatives in coordina-
tion and analytical chemistry. This group of chemicals includes versatile anticholinergic
and antihistamine compounds [147]. Similar to other members of this class, promazine
contains a tricyclic phenothiazine scaffold incorporating sulfur and nitrogen heteroatoms
together with a dimethylaminopropyl side chain, providing several potential interaction
sites for metal ions [5,8]. However, compared with promethazine, its coordination chem-
istry remains relatively limited, and much of the available literature focuses on analytical
applications rather than on the synthesis of well-defined coordination compounds.

One of the earliest studies demonstrated that Pd(II) readily interacts with promazine
hydrochloride in acetate buffer to form stable colored complexes exhibiting absorption
maxima at approximately 460 and 540 nm [148]. The proposed structure had a ratio of 1:1
(metal: ligand) determined by Job’s method, although the authors did not present additional
chemical characterization. Because of their relatively high stability and sensitivity, these
complexes were successfully applied to the spectrophotometric determination of palladium,
demonstrating the phenothiazine framework’s strong affinity for soft transition-metal ions.

Promazine readily forms sparingly soluble ion-association compounds with metal
complex anions, including ferricyanide, ammonium reineckate, and cobaltinitrite [149].
These ion associates were characterized by elemental analysis, infrared spectroscopy, ther-
mogravimetric analysis, and solubility measurements, allowing the determination of their
thermodynamic stability. Although these species do not represent classical coordina-
tion compounds, they are structurally well-defined supramolecular assemblies that have
found extensive application in analytical chemistry owing to their low solubility and
reproducible stoichiometry.

More generally, phenothiazine derivatives, including promazine, readily produce
binary and ternary ion-association compounds with halide and thiocyanate complexes of
numerous transition metals, such as Co(II), Pd(II), Fe(III), Cr(III), Au(III), Ti(IV), Pt(IV),
Mo(V), W(V), and U(VI) [150]. These intensely colored species extract easily into organic
solvents and have served as the basis for numerous spectrophotometric procedures for
determining both phenothiazine drugs and metal ions.

7.2. Promethazine

Promethazine (PRO) exhibits considerably richer coordination chemistry than pro-
mazine and represents one of the best-studied phenothiazine ligands. In addition to the
phenothiazine sulfur atom, the molecule contains a tertiary amino nitrogen in the dimethy-
laminopropyl side chain and a heterocyclic ring nitrogen, allowing several coordination
modes depending on the metal ion and reaction conditions.

Geary and coworkers described a series of complexes with formula [M(PROH)X3],
in which PROH is the protonated form of promethazine, X is Cl or Br, and M is Pd(II) or
Pt(II) [151]. Single-crystal X-ray diffraction of the palladium complex revealed an unusual
coordination mode in which the Pd(II) center binds exclusively to the sulfur atom of the
phenothiazine ring, while the tertiary amino group remains protonated (Figure 9 and
Table 6). The side chain adopts a folded conformation that enables intramolecular N–H···Cl
hydrogen bonding with the coordinated palladium chloride fragment, stabilizing the crystal
structure. Infrared, NMR, and electronic spectroscopic studies indicated that the corre-
sponding platinum(II) complexes possess closely related structural features. Additionally,
polynuclear Rh(II/III) chloride complexes with formula [Rh3(PRO)2(OH)2Cl8]Cl have been
synthesized and characterized spectroscopically in reference [152]. Complexes with Zn(II)
and Cd(II) with PRO contained protonated species and yielded compounds of the following
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formulas: [ZnCl(PROH)2]Cl3 [153] and [CdCl(PROH)2]Cl3, although these formulas were
determined by elemental analyses, molar conductivity, and spectroscopy [154].

Figure 9. Proposed structure of promethazine-Pd(II) complex from ref. [151].

An important extension of promethazine coordination chemistry involves lan-
thanide(III) nitrates. A complete series of complexes having the general formula
[Ln(PRO)2(NO3)2]NO3 (Ln = La–Lu) has been successfully characterized [155]. Infrared
spectroscopic analysis demonstrated that promethazine behaves as a bidentate ligand,
coordinating through the heterocyclic ring nitrogen and the tertiary amino nitrogen of the
side chain, whereas two nitrate ions coordinate in a bidentate fashion and the third nitrate
remains outside the coordination sphere. As crystallographic data were not presented,
other structures cannot be excluded.

Solution studies further expanded the coordination chemistry of promethazine
through mixed-ligand Cu(II) complexes [156]. Potentiometric and spectroscopic inves-
tigations demonstrated the formation of stable binary and ternary complexes with amino
acids, dicarboxylic acids, amides, and DNA constituents. Some of these complexes were
isolated and, by infrared spectroscopy, thermal analysis, and magnetic measurements, were
shown to adopt square-planar coordination around Cu(II). Equilibrium studies further
revealed that complexes containing aromatic amino acids are more thermodynamically
stable than those formed with aliphatic amino acids, highlighting the importance of sec-
ondary ligand structure in mixed-ligand systems. Similar to promazine, promethazine
readily forms ion-association compounds with the previously mentioned ions in [149].

7.3. Chlorpromazine

Chlorpromazine (CPR), a first-generation phenothiazine antipsychotic, represents
one of the most extensively investigated phenothiazine ligands in coordination chemistry.
The structure contains the same possible donor positions as in promazine, although an
additional chlorine atom is present [157,158]. Early studies on platinum-group metals
demonstrated that chlorpromazine readily coordinates to Pd(II) and Pt(II), predominantly
through the sulfur atom of the phenothiazine ring. More recently, researchers have also
prepared platinum(IV) complexes. Reaction of chlorpromazine hydrochloride with hex-
achloroplatinate(IV) afforded a coordinated Pt(IV) complex in which direct coordination to
the central metal ion was observed (Figure 10). These structural assignments were based on
detailed spectroscopic analysis and molar conductivity, although no crystallographic data
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supported them, as shown in Table 6. Moreover, the Pt(IV) complex displayed antibacterial
activity against both Gram-positive and Gram-negative bacteria, illustrating that metal
coordination can modify the biological properties of the parent drug.

Figure 10. Proposed structure of chlorpromazine-Pt(IV) complex from ref. [159], as elucidated from
spectroscopic and elemental analyses and molar conductivity measurements.

One of the most remarkable coordination compounds reported for chlorpromazine
is a µ-oxo tetranuclear copper(II) complex obtained by reacting chlorpromazine with
CuCl2 in the presence of traces of water [160]. Single-crystal X-ray diffraction revealed
a Cu4OCl6 core in which four copper atoms surround a central µ4-oxo bridge, while
each chlorpromazine molecule coordinates through the terminal nitrogen atom of the
dimethylaminopropyl side chain rather than through the sulfur atom of the phenothiazine
ring. This represented the first structurally characterized example demonstrating that
chlorpromazine can coordinate through the side-chain nitrogen, thereby establishing an
alternative coordination mode for phenothiazine ligands. Each copper center adopts a
distorted trigonal bipyramidal environment, and chloride bridges between adjacent copper
atoms further stabilize the tetranuclear core.

Beyond structurally characterized complexes, chlorpromazine has also been investi-
gated in solution through potentiometric studies. Binary complexes with Cu(II), Zn(II),
Co(II), Ni(II), and UO2

2+ have been characterized together with corresponding ternary
systems containing biologically relevant amino acids such as glycine, glutamate, and histi-
dine [161]. As the author only applied pH measurements, it is difficult to determine the
actual binding mode of CPR and other structural features of the obtained species. Stability
constant measurements demonstrated the formation of both binary and mixed-ligand
species, providing valuable models for understanding the interaction of chlorpromazine
with biologically important metal ions under physiological conditions. Chlorprenazine
readily forms colored species with Ru(III), allowing rapid and sensitive spectrophotometric
determination of ruthenium without heating or solvent extraction [162]. The resulting red
complex exhibits a characteristic absorption maximum near 530 nm and forms rapidly at
room temperature under acidic conditions.

Similarly, chlorpromazine reacts with thiocyanatomolybdenum(V) species to produce
an extractable orange ion-association compound of composition (CPR–H)[MoO(SCN)4],
which has been successfully applied for the spectrophotometric determination of molyb-
denum [163]. In addition, the reversible oxidation of chlorpromazine to a colored radical
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cation has enabled its use as a redox indicator in cerium(IV)-based titrations of molybde-
num(V), illustrating the combined importance of both coordination and redox chemistry in
analytical applications.

More recently, chlorpromazine has become an important component of biologically
active ruthenium complexes. Ruthenium(II)–N-alkylphenothiazine compounds containing
chlorpromazine as the counter-ion have demonstrated enhanced cytostatic and prooxidant
activity toward cancer cells compared with the free ligand, while simultaneously exhibiting
lower genotoxicity toward normal lymphocytes [43]. These studies indicate that combining
chlorpromazine with biologically active metal centers may offer promising strategies for
developing novel metal-based therapeutics that leverage both the pharmacological activity
of the phenothiazine scaffold and the unique properties of transition metals.

Table 6. Selected studies on metal complexes of phenothiazine psychoactive drugs.

Metal Ions Structure of a Complex SCXRD Examination Methods Reference

PROMETHAZINE

Pd(II), Pt(II) [M(PROH)X3], M = Pd(II), Pt(II),
X=Cl, Br, YES FTIR, NMR, UV–VIS, X-ray

crystallography Geary and coworkers [151]

Rh(II) [Rh3(PRO)2(OH)2Cl8]Cl NO FTIR, NMR, UV–VIS Made Gowda and Phyu [152]
Cd(II) [CdCl(PROH)2]Cl3 NO FTIR, NMR, UV–VIS Made Gowda and coworkers [154]
Zn(II) [ZnCl(PROH)2]Cl3 NO FTIR, NMR, UV–VIS Made Gowda and coworkers [153]

La(III)—Lu(III) [Ln(PRO)2(NO3)2]NO3 (Ln = La–Lu) NO
Elemental analysis, molar

conductivity, magnetic
susceptibility, FTIR, NMR

Keshavan and coworkers [155]

CHLORPROMAZINE

Pt(IV) [Pt(CPRHCl))Cl5] NO

Elemental analysis, conductivity
measurements, infrared,
multinuclear NMR, mass

spectrometry.

Poljarević and coworkers [159]

Cu(II) [Cu4OCl6(CPR)4]
(C6H6)6

YES
FTIR, UV–VIS, magnetic

susceptibility, X-ray
crystallography

Yamada and coworkers [160]

8. Conclusions and Future Prospects
Psychoactive nitrogen-containing compounds constitute a structurally diverse fam-

ily of molecules that exhibit remarkably different coordination behavior depending on
the nature, number, and spatial arrangement of their donor atoms. As demonstrated
throughout this review, interactions with metal ions extend far beyond the formation of
classical coordination compounds and include solution equilibria, ion-association systems,
supramolecular assemblies, metal-mediated analytical reactions, and functional nano-
materials. Despite these differences, several general trends emerge. Oxygen-containing
alkaloids, such as morphine, codeine, cocaine, and papaverine, predominantly coordinate
through hydroxyl, carbonyl, ether, or isoquinoline nitrogen atoms, whereas phenothiazines
and phenethylamines rely mainly on tertiary amino nitrogen atoms and sulfur atoms. In
contrast, molecules such as berberine frequently require structural modification before
acting as efficient ligands, illustrating how subtle differences in molecular architecture gov-
ern metal-binding behavior. The reviewed studies collectively demonstrate that transition
metals, lanthanides, and biologically relevant metal ions provide a versatile platform for
tuning the structural and physicochemical properties of psychoactive compounds.

Metal complexation frequently produces changes that extend beyond simple structural
modification. Coordination may alter molecular geometry, electronic structure, lipophilicity,
acid-base properties, and redox behavior, ultimately influencing interactions with biological
targets. Numerous complexes summarized in this review exhibited enhanced antimicro-
bial, antioxidant, anticancer, DNA-binding, or protein-binding properties compared with
the parent ligands, indicating that metal coordination represents a valuable strategy for
modulating biological activity. However, these reported biological effects were obtained
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using different experimental models, cell lines or microorganisms, concentrations, exposure
conditions, and assay protocols. Consequently, the activities reported in different studies
should not be directly compared, and apparent differences in potency should be interpreted
within the context of the individual experimental conditions. At the same time, studies of
solution interactions with physiologically relevant metal ions improve our understanding
of the possible roles of endogenous metals in drug transport, metabolism, receptor recog-
nition, and pharmacological response. Although these relationships remain incompletely
understood for many psychoactive compounds, they clearly demonstrate that coordination
chemistry provides valuable mechanistic insight into their biological behavior.

Despite the considerable progress achieved during the past decades, significant chal-
lenges remain. For many psychoactive compounds, only a limited number of structurally
characterized complexes have been reported, while systematic comparisons of coordination
preferences across different classes are still lacking. Future investigations should therefore
combine single-crystal X-ray diffraction, advanced spectroscopic techniques, computational
chemistry, and solution-equilibrium studies to establish reliable structure–property relation-
ships. Particular attention should also be devoted to the stability of the complexes and to
metal–ligand speciation under physiologically relevant conditions, since the species present
in biological media may differ from those isolated and characterized in the solid state. It
is advisable to examine biologically relevant metal ions under physiological conditions,
competitive binding in multicomponent biological environments, and the influence of metal
complexation on pharmacokinetics and metabolism. The integration of experimental and
theoretical approaches will undoubtedly accelerate the rational design of new metal-based
therapeutic agents, functional materials, and analytical platforms, ensuring that coordi-
nation chemistry remains an important component of future research on psychoactive
nitrogen-containing compounds.
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Abbreviations
The following abbreviations are used in this manuscript:

Ad Adenine
AFMK N1-acetyl-N2-formyl-5-methoxykynuramine
AMK N1-acetyl-5-methoxykynuramine
BSA Bovine serum albumin
bpy 2,2′-bipyridine
CAF Caffeine
CBB 9-O-carboxybenzyl derivative of berberine
CD Circular dichroism
COC Cocaine
COCH Protonated cocaine
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COD Codeine
CPR Chlorpromazine
CT-DNA Calf thymus DNA
DFT Density functional theory
DMSO Dimethyl sulfoxide
DNA Deoxyribonucleic acid
DSC Differential scanning calorimetry
DTA Differential thermal analysis
DTG Derivative thermogravimetry
EDTA Ethylenediaminetetraacetic acid
EPH Ephedrine
EPR Electron paramagnetic resonance
FTIR Fourier-transform infrared spectroscopy
HRMS High-resolution mass spectrometry
HSA Human serum albumin
Ibu Ibuprofen
MALDI-TOF Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry
MES Mescaline
MLT Melatonin
MO Molecular orbital
NHC N-heterocyclic carbene
NMR Nuclear magnetic resonance spectroscopy
PAP Papaverine
phen 1,10-phenanthroline
PRO Promethazine
PROH Protonated promethazine
PSE Pseudoephedrine
SEM Scanning electron microscopy
SERS Surface-enhanced Raman spectroscopy
TEM Transmission electron microscopy
TG Thermogravimetry
TGA Thermogravimetric analysis
TMEDA N,N,N′,N′-tetramethylethylenediamine
TRA Tryptamine
TYR Tyramine
UV–Vis Ultraviolet–visible spectroscopy
XRD X-ray diffraction
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