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Abstract

The clinical advancement of the ruthenium complex [bis(4,4′-dimethyl-2,2′-bipyridin){2-
(2,2′:5′,2′′-terthiophen-5-yl)imidazo[4,5-f][1,10]phenanthroline}ruthenium]dichloride (TLD-
1433) has provided a breath of fresh air to the bioinorganic chemistry of metal-based
complexes, especially those developed around Ru(II). The success of TLD-1433 resides in
its dual metal–ligand photodynamic therapy mechanism, which allows for the treatment of
hypoxic cancer. The presence of α-terthiophene at the periphery of the polypyridyl complex
positively modified the photophysical property of the ruthenium complex; however, it is
unclear if it possesses other favorable attributes. Considering the tremendous structural and
photophysical diversity of terthiophene derivatives (14 isomers), as well as α-terthiophene’s
recognized nematocidal activity, the following questions can be asked: What is the main
role of α-terthiophene in TLD-1433? Is it to act as a pharmacophoric element, a photo-
physical modulator, or a simple structural motif? Can a terthiophene motif be beneficial for
other metal-based or organic drugs?

Keywords: α-terthienyl; α-terthiophene; oligothiophene; structural motif; photosensitizer;
pharmacophoric element; biological activity

1. Introduction
In the 1940s, a new class of natural products was isolated, identified and characterized

by Zechmeister [1,2]. Based on the melting point, UV–visible spectrum, and elemental anal-
ysis (C12H8S3), the yellow crystalline compound extracted from African Marigold petals
was identified as α-terthienyl [3]. Nowadays, α-terthienyl is more commonly known as α-
terthiophene, and among the 14 isomers of terthiophene (Figure 1), 2,2′:5′,2′′-terthiophene
(α-terthiophene, CAS 1081-34-1) is not only the particular natural product isolated by
Zechmeister 85 years ago; it is also the most-studied isomer of this fascinating family [1].

In plants, α-terthiophene was rapidly identified as a nematode repellant, protecting
roots from external attacks [4–7]. Since then, other interesting properties have emerged, and
biological tests have been performed by several groups to better understand the biological
mechanism of action [8–11] and to establish the real value of this naturally occurring tris-
thiophene conjugated molecule. The aromaticity of the thiophene ring provides stability
and influences the electronic properties [12]. And in several terthiophene isomers, the
three thiophene moieties can adopt a coplanar arrangement to maximize conjugation along
the π-system [13], which is reflected in their UV–visible spectrum and their absorption
maxima (λmax). These characteristics have led to terthiophene being put forward as a
prospective functional group, being incorporated into opto-electronic materials and, to
some extent, into organic and metal-based drugs.
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In this perspective review, we want to emphasize the biological appeal of this phar-
macophoric element and highlight its potential in drug design. As opposed to conjugated
polymers [14], organic electronics [15], and materials [16], in which terthiophene moieties
have been studied and exploited for decades, the introduction of terthiophene into drug
design has scarcely been studied, despite being an extremely popular natural product in the
1980s. However, this can change rapidly, considering the clinical success of TLD-1433, in
which terthiophene groups seem to be key players (see [17] and other recent publications,
which will be discussed in other sections). Therefore, we want to focus this review on the
terthiophene molecules and derivatives that have shown biological activity, providing, with
selected examples, evidence that the terthiophene functional group should be considered a
valuable pharmacophoric element in drug design [18], as opposed to simply an electronic
modulating ornament.

 

Figure 1. Molecular structures and CAS numbers of the 14 isomers of terthiophene.

2. The Terthiophene Molecules
All 14 isomers of terthiophene have been synthesized, isolated, and characterized,

mostly by Kagan and his coworkers [19–23], but also by other groups [24–28]. These
organic molecules have been prepared in good yields from standard organic reactions,
with the lowest yield being 61% for the 3,2′:4′,2′′-terthiophene isomer [22]. While some
isomers are potentially planar in the solid state, others, due to steric constraints, are not,
which is further reflected in their physical properties (Table 1). Another factor influencing
these physical properties is the relative position of the two peripheral sulfur atoms, which
alters the polarity of the molecule, as well as the possibility of forming intramolecular
(position 2) and intermolecular (position 3) or only intermolecular C–H···S interactions

https://doi.org/10.3390/inorganics14080201

https://doi.org/10.3390/inorganics14080201


Inorganics 2026, 14, 201 3 of 12

(Figure 2). These factors also explain the large difference in melting point (m.p.) between
the 3,2′:5′,3′′-terthiophene (≈193 ◦C) (no intramolecular C–H···S interaction, elongated
and conjugated structure, with strong polarity) [19] and the 2,2′:3′,3′′-terthiophene isomer
(38–39 ◦C) (compact, non-planar and less polar) [23].

Table 1. Melting points (m.p.) and UV–visible data of the terthiophene isomers.

Name m.p. λmax (nm) 1 ε (L·mol−1·cm−1)

2,2′:5′,2′′-terthiophene 93–95◦ 251
350

9200
24,000

2,2′:5′,3′′-terthiophene 158–160◦ 243
331 n.a.

3,2′:5′,3′′-terthiophene 193◦ 210
324

19,700
24,700

2,2′:4′,2′′-terthiophene 53–54◦ 282 24,800

2,2′:4′,3′′-terthiophene 101–102◦
210
263
310

29,000
23,600
9800

3,2′:4′,2′′-terthiophene 103–104◦ 205
272

9700
14,700

3,2′:4′,3′′-terthiophene 156–158◦ 222
262

24,000
22,400

2,3′:4′,2′′-terthiophene 64◦ 245
272

22,100
16,700

2,3′:4′,3′′-terthiophene 68–69◦ 210
242

17,300
14,900

3,3′:4′,3′′-terthiophene 82–85◦ 210
250

32,400
15,900

2,2′:3′,2′′-terthiophene 59–61◦
205
254
296

18,600
13,400
9400

2,2′:3′,3′′-terthiophene 38–39◦
203
250
292

18,600
12,500
7900

3,2′:3′,2′′-terthiophene 39–40◦
207
244
292

14,400
14,800
10,900

3,2′:3′,3′′-terthiophene 49–50◦
210
255
275

20,400
11,300
10,700

1 in methanol.

Electronically, conjugation between the three connected thiophene groups is the main
factor influencing the UV–visible spectra and electronic transitions associated with the
terthiophene isomers (Table 1), with the 2,2′:5′,2′′-terthiophene isomer showing the highest
wavelength maximum (λmax = 350 nm) as it is fully conjugated. As previously mentioned,
the introduction of multiple consecutive units of thiophene into organic electronic ma-
terials has been studied extensively [15], being the focus of intensive research over the
last 30 years [29]; however, exploiting the electronic properties of terthiophene for biologi-
cal applications has largely been unexplored in the 21st century, despite the tremendous
popularity of terthiophene and terthiophene derivatives in the 70s and 80s.
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Figure 2. Molecular structures of the non-planar 2,2′:3′,3′′-terthiophene (left) and the planar 3,2′:5′,3′′-
terthiophene (right).

Indeed, the nematocidal activity of plant extracts containing α-terthiophene was
first acknowledged in 1938 by Tyler [30], and later by Uhlenbroek and Bijloo in the
1960s [4]. However, the discovery of a mechanism linked to the phototoxic activity of
α-terthiophene by Gommers was serendipitous; a Petri dish containing nematodes exposed
to α-terthiophene was misplaced in a drawer [1]. Then, light activation was identified as
the main mode of action of α-terthiophene, involving a singlet oxygen generation mecha-
nism [31,32]. Following this discovery, the biological effect of α-terthiophene in the presence
or absence of light was extensively studied on different targets (DNA, protein, bacteria,
fungi, virus, nematode, fish, and plant). A critical review in 1991 by Kagan provides an
exhaustive recap of these 70s and 80s biological studies; therefore, we will mainly focus on
the most recent studies—i.e., those published in the 21st century.

3. Biological Activity of Terthiophenes and Terthiophene Derivatives
As previously discussed, the biological activity of α-terthiophene has been exten-

sively studied in the 20th century. The first biological targets were identified as nema-
todes, i.e., plants producing terthiophene derivatives to protect roots from nematicidal
aggressions [30]. Several studies have shown that α-terthiophene needs UV-A irradia-
tion (320–400 nm) to fully deploy its arsenal via an oxygen-dependent mechanism [33].
2,2′:5′,2′′-Terthiophene possesses a strong absorbance peak at 350 nm (Table 1), with an
emission in water at 412 nm after excitation [34]. Cellular membranes appear to be the
main accumulation site for α-terthiophene [35,36]; however, DNA and protein interactions
have also been identified as possible targets [37,38]. Inside membranes, upon irradiation,
singlet oxygen reacts with fatty acids, thus destroying the membrane.

Several plant extracts composed of α-terthiophene and terthiophene derivatives have
been tested against fungal infections and yeasts [39–41]. In the dark, these derivatives
appear to be harmless; however, under UV-A irradiation, they show antifungal activity.
Similarly, terthiophene-functionalized derivatives have been tested as antifungal agents [42].
The 3′-position of the central thiophene ring appeared to generate more active compounds
(Figure 3), but with limited data, it might be hazardous to try to rationalize this observation.

 

Figure 3. 3′-Functionalized α-terthiophene derivatives.
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Indeed, peripheral functionalized α-terthiophenes with pyridyl and pyridinium
groups in position 5 have shown photodynamic antibacterial activity [43]. The α-
terthiophene derivatives were incorporated into pegylated matrices, and the therapeu-
tic dressing was applied directly on wounds. The multitask materials provide rapid
hemostasis and, in case of bacterial infection, offer the possibility of illuminating the
wound for localized photodynamic antibacterial treatments. Other peripheral functional-
ized α-terthiophene derivatives were evaluated for anti-human immunodeficiency virus
activity [35,36]. Interestingly, it was observed that the most active compound was, in
fact, α-terthiophene alone, suggesting that the benefit of α-terthiophene functionaliza-
tion was unclear. Nevertheless, it was also concluded that UV-A activation was essen-
tial for antiviral activity, confirming that, so far, the best biological application for α-
terthiophene, α-oligothiophene, and α-terthiophene derivatives is apparently in photody-
namic therapy (PDT).

The fluorescent property of the α-terthiophene unit has been exploited for sensing and
bioimaging via functionalization with different groups in position 5 of the terminal thio-
phene (Figure 4). For example, the tetramethyl indolium derivative (Structure I, Figure 4)
reacts in the presence of cyanide, forming a highly fluorescent aggregate in aqueous so-
lution [44,45]. The detection limit was estimated at 0.1 µM, and the fluorescence upon
aggregation was strong enough for monitoring CN− in biological samples. The sensing
of Hg2+ in biological samples was achieved using a thioacetal derivative (Structure II,
Figure 4) [46]. The detection limit was estimated at 62 nM, able to operate in a 5–9 pH work-
ing range. An analogous terthiophene–phenylamine derivative was used to detect Hg2+ in
various biological samples, confirming the role of the terthiophene motif in producing an
on–off signal in the presence of Hg2+ ions (detection limit: 0.23 µM) [47]. The insertion of
Meldrum’s acid into α-terthiophene (Structure III, Figure 4) has allowed for the sensing of
CN− and ClO− in cells and zebrafish [48]. The fluorescence changes are attributed to the
nucleophilic addition (CN−) and oxidation (ClO−) of the ethylenic linkage. The limits of
detection in DMSO/H2O mixtures were estimated at 6.5 nM for CN− (1/99, DMSO/H2O,
v/v) and 4.2 nM for ClO− (1/8, DMSO/H2O, v/v).

 
Figure 4. Functionalized α-terthiophene sensors (I–IV).

The 2,2′:5′,2′′-terthiophen-5-ylmethanol (Structure IV, Figure 4), which is a natural
product isolated from the plant Tagetes minuta, appears to be a good inhibitor of tumor
angiogenesis [37]. The α-terthiophene derivative targets protein kinase C isozymes (PKC-
α and PKC-SS2) and, to a lesser extent, VEGFR-2 (Vascular Endothelial Growth Factor
Receptor). Docking and molecular dynamic simulations were performed, showing that
α-terthiophenylmethanol prefers PKC-SS2 over PKC-α by about 6 kcal·mol−1, thus being in
the middle range of known PKC inhibitors. This recent study shows that the α-terthiophene
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motif can fit in protein cavities and pockets, thus opening new perspectives in drug design
and the development of biological compounds.

4. Biological Activity of Terthiophene-Based Oligomers and Polymers
Oligothiophene derivatives and terthiophene-containing oligomers and polymers have

mainly found applications in the field of organic electronics [14,15]. Increasing the number
of thiophene units is a common strategy in molecular design for altering the electronic and
photophysical properties of materials [16,33]. This strategy was applied to a dual functional
probe, targeting autolysosome/autophagy in cells, together with the production of reactive
oxygen species upon irradiation [49]. The PDT effect was provided by the introduction of
α-terthiophene structural motifs into a conjugated poly(phenylene-ethynylene) polymer.

The introduction of oligothiophene units into oligonucleotides, proteins, and nanopar-
ticles has been the subject of multiple studies. In supramolecular bio-probes, the oligothio-
phenes can act as fluorescent markers for bio-imaging [50], or it can add a π-conjugated
electronic function to biomaterials [51,52]. In such supramolecular systems, conformation,
aggregation, and intermolecular interactions are key factors in the photophysical process
involved. Indeed, interactions with biomacromolecules have allowed for luminescent
changes in a penta-oligothiophene derivative (Figure 5a), showing a monomeric–dimeric
equilibrium which is disrupted by the presence of biomolecules [53]. Similar tetrameric and
pentameric oligothiophenes (Figure 5b) have been used as radiolabeled trackers for amy-
loid proteins [54]; upon aggregation with amyloid proteins, the oligothiophenes provide
visualization of systemic and localized amyloidosis, a condition associated with multiple
diseases, including Alzheimer’s [55].

Figure 5. Selected oligothiophene derivatives (a–c).

To introduce lysine-like residues for targeting host defense peptides in bacteria, a
series of cationic oligothiophenes have also been prepared (Figure 5c) [56]. Under visible
light, the oligothiophenes show antibacterial activity with potency in the nanomolar range.
On the other hand, the compounds appear to have almost no photodynamic activity on
red blood cells, suggesting preferential bacterial cell binding and reactive oxygen species
production when the cationic oligothiophene is bound to bacterial host defense peptides.

5. Metal-Based Terthiophene Derivatives
Combining metal-based complexes with terthiophene or oligothiophene derivatives

is another strategy to modulate the photophysical properties of both, the complex and
the terthiophene moiety [57], or to create a synergy between an inorganic (metal complex)
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and an organic compound (terthiophene). The α-terthiophene structural motif, like α-
oligothiophene chromophores, when coordinated to metals, can lead to dual systems with
type I and type II photosensitizing mechanisms, thus increasing PDT efficiency [58,59], as
well as altering other properties such as solubility, stability, and mode of action [60].

Considering the tremendous success of cisplatin and other platinum–based drugs
in the treatment of cancer [61], an obvious metal–terthiophene combination is between
platinum complexes and terthiophene pyridyl–based ligands. Pt(II) and Pt(IV) com-
plexes were both combined to terthiophene pyridyl-derived ligands (Figure 6). In the
acetylacetonate Pt(II) complex, the N,C-cyclometalated coordination of 2-(5′′-dodecyl-
[2,2′:4′,2′′-terthiophen]-5-yl)pyridine shifts the maximum fluorescence to the near-infrared
region, potentially increasing the PDT efficiency [62]. Photochromism was also observed in
the analogous acetylacetonate Pt(II) complex bonded to the dithienylethene thienylpyridine
ligand [63], confirming the electronic benefits of incorporating terthiophene motif to ligand
design. In the case of the Pt(IV) phenanthroline–terthiophene derivative (Figure 6), the
complex disrupts zinc homeostasis and induces DNA damage, activating an endogenous
metal ion–mediated antitumor immunity in vivo [64]. Interestingly, light does not play a
particular role here, suggesting that α-terthiophene is not only a valuable pharmacophore
for PDT.

 

Figure 6. Platinum–based complexes incorporating a terthiophene structural motif.

The most-studied system involving coordination complexes and α-terthiophene
is the ruthenium(II) salt, [bis(4,4′-dimethyl-2,2′-bipyridin){2-(2,2′:5′,2′′-terthiophen-5-
yl)imidazo[4,5-f][1,10]phenanthroline}ruthenium]dichloride, commercially named TLD-
1433 (Figure 7) [65–68]. This complex has undergone a phase I clinical trial in Canada for
non-muscle–invasive bladder cancer and is now undergoing a phase II clinical trial [66].
Upon irradiation (green light), the polypyridyl complex shows a longer excited–state life-
time than non-functionalized polypyridyl ruthenium complexes, and due to the presence
of the conjugated α-terthiophene unit, a dual PDT mechanism is at work, thus allowing
for treatment of hypoxic tumors [57]. In TLD-1433, the α-terthiophene unit clearly impacts
the photophysical properties of the complex for PDT of cancer, but recently, it was also
shown to be efficient against bacterial infections [69]. In the study, TLD-1433 appears to
target bacterial DNA located in the lungs, and upon sonodynamic therapy (ultrasound),
ROS–mediated injuries are produced, killing the bacteria.
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Figure 7. Molecular structure of TLD-1433.

For PDT comparison, similar phenanthroline α-terthiophene ligands have been cou-
pled to osmium polypyridyl [70] and arene ruthenium complexes (Figure 8) [71]. In both
systems, the phenanthroline and terthiophene units appear to interact with DNA, through
intercalation in DNA strands. The osmium phenanthroline complex was also incorporated
into micelles and liposomes to limit aggregations [72]. Lipid formulations have indeed in-
creased the solubility and ability of the osmium-based hydrophobic photosensitizer to reach
cancer cells, keeping or even increasing the photoactivity of the photosensitizer, mostly
by annihilating aggregations. Nevertheless, replacing ruthenium with osmium brings
additional advantages like greater stability, different redox potentials, and unique photo-
physical properties, suggesting that osmium derivatives are more than simple ruthenium
replicas [73].

 

Figure 8. Thiophene-based ligands linked to osmium polypyridyl and arene ruthenium complexes.

In the case of arene ruthenium phenanthroline α-terthiophene complexes [71], the
metal and ligand excited states are photochemically dissociated, providing a different
mode of action to that of polypyridyl metal-based derivatives. Interestingly, the photo-
cytotoxicity of the complex was not driven by photochemical reactions or sensitization of
1O2 but rather by another process, suggesting that the α-terthiophene group attached to
the phenanthroline ligand operated in a different fashion to that in TLD-1433.

6. Conclusions
It is clear from several studies that α-terthiophene can modulate the photophysical

properties of organic and inorganic compounds. Likewise, it is undeniable that nematocidal
activity can be associated with the photo-toxicity of α-terthiophene, confirming its pharma-
cophoric value. Therefore, it is surprising that other isomers of terthiophene have almost
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never been used as pharmacophores, especially 2,2′:5′,3′-, 3,2′:5′,3′′-, 2,2′:4′,3′′-, 3,2′:4′,2′′-,
and 3,2′:4′,3′′-terthiophene (Figure 1), which show similar electronic and structural proper-
ties to α-terthiophene (Table 1). This might be explained by the commercial availability of
several functionalized 2,2′:5′,2′′-terthiophene compounds, while functionalized derivatives
of the others must be custom-made. The structural characteristics of the non-planar iso-
mers, i.e., their low melting points (Table 1), might limit their potential as photo-physical
modulators; however, they are able to interact with proteins and to limit aggregations.
Indeed, the presence of thiophene moieties in a non-planar arrangement might fit perfectly
in the pockets of proteins, thus becoming targeting agents or inhibitors [74,75]. Moreover,
the exact target of α-terthiophene in living organisms remains unclear, despite some leads
such as DNA and RNA intercalations and lipid membrane and protein interactions (PKC-α,
PKC-SS2, amyloid proteins, VEGFR-2). Therefore, the main question that remains is; should
α-terthiophene be considered a pharmacophoric element, a photo-physical modulator, or
a simple structural motif? Nonetheless, it is evident that the use of α-terthiophene—and
possibly some of the 13 other isomers—can lead to positive outcomes in drug design, and
in my opinion, it should be considered a highly valuable pharmacophoric element when
developing biologically active materials.
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DNA Deoxyribo-Nucleic Acid
RNA RiboNucleic Acid
VEGFR Vascular Endothelial Growth Factor Receptor
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