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Abstract: Brain cancer, one of the most lethal diseases,
urgently requires the discovery of novel theranostic agents. In
this context, molecules based on six-membered phosphorus
heterocycles - phosphaphenalenes - are especially attractive;
they possess unique characteristics that allow precise chem-
ical engineering. Herein, we demonstrate that subtle struc-
tural modifications of the phosphaphenalene-based gold(l)
complexes lead to modify their electronic distribution, endow
them with marked photophysical properties and enhance

their efficacy against cancer. In particular, phosphaphenalene-
based gold(l) complexes containing a pyrrole ring show
antiproliferative properties in 14 cell lines including glioblas-
tomas, brain metastases, meningiomas, IDH-mutant gliomas
and head and neck cancers, reaching ICg, values as low as
0.73 uM. The bioactivity of this new family of drugs in
combination with their photophysical properties thus offer
new research possibilities for both the fundamental inves-
tigation and treatment of brain cancer. )

Introduction

Cancer is one of the most severe and deadly diseases of
humankind. Despite major efforts in the field of pharmaceutical
chemistry, cancer remains the second leading cause of death
globally.™ In particular, brain malignancies are characterized by
high morbidity and mortality rates. Due to localization and
invasiveness, brain malignancies are commonly associated with
resistance to treatment and poor treatment outcome.”

Gliomas are the most common primary malignant brain
tumors in adults and, among them, glioblastoma multiforme
(GBM, WHO °IV) is the most prevalent and aggressive.”’ GBM is
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considered to be one of the most lethal cancers in adults with
only 35% of patients surviving the first year after diagnosis and
few patients reaching the long-term survival status of 2.5 years
post-diagnosis.”) The current standard-of-care (SOC) includes
maximal-safe surgical resection, radiation and concurrent as
well as adjuvant chemotherapy with the alkylating agent
temozolomide (TMZ). Despite multimodal treatment regimens,
GBM patients have a median survival of 15 months.”’ The
problem is that recurrences occur in 90% of all cases around
7 months after resection of the primary tumor;® this is mostly
because removing 100% of the tumor from the brain without
damaging it is not possible. Another problem is that the patient
characteristics including genetic and epigenetic changes
strongly influence the treatment prognosis. In fact, only 45 % of
patients will respond to therapies with alkylating agents. The
reason is that the O-6-methylguanine-DNA methyltransferase
(MGMT) DNA-repair gene ultimately revokes the therapeutic
effects of alkylating agents like TMZ; its silencing by promoter
methylation leads thus to an improved overall, progression-free
survival in patients treated with TMZ and radiotherapy.”®
However, only 45% of GBM patients exhibit methylated MGMT
promoters.”? Thus, the urgent scientific challenge is to develop
novel non-alkylating anti-GBM molecules, which could act
independently from the MGMT promoter methylation status.

In this context, we recently developed a novel family of
anticancer gold(l) complexes based on six-membered
phosphorus-containing heterocycles - the phosphaphenalenes
(Scheme 1a)."” The unique architecture of the phosphaphena-
lenes synergistically merges the advantages of five- and six-
membered phosphorus heterocycles (e.g., the versatility at the
phosphorous center and the electronic delocalization)'” and
therefore represents a unique gold(l) ligand. As such, the
phosphaphenalenes offer outstanding structural and electronic
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Scheme 1. a) First-generation phosphaphenalene-gold(l) drugs A and B;
b) Synthesis of second-generation gold(l) complexes 1-4.

characteristics; their particular balance between positive and
negative hyperconjugation at the phosphorus atom leads to a
special electronic environment that clearly distinguishes them
from the previously known organophosphorus molecules.'>"
In addition, phosphaphenalenes offer a vast number of selective
post-functionalization reactions at the phosphorous as well as
the main scaffold.""*"?? Thus, various structural analogs can
readily be accessed, which is of immense value as it allows to
easily finetune the desired chemical characteristics including
solubility, stability, lipophilicity and lability; thereby, one can
control biorelevant parameters such as bioavailability and
cytotoxicity. In fact, we employed a first generation of
phosphaphenalene-gold(l) complexes against GBM in pre-
clinical studies. The results were remarkable. Replacing the
chloride from the gold atom (Compound A, Scheme 1) with a
thio-sugar derivative (Compound B, Scheme 1) decreased the
half-maximal inhibitory concentration (ICs,) values one order of
magnitude reaching the low-micromolar range."” Note that the
lower the ICs, values, the more efficient the drug is. Further-
more, the complexes demonstrated antiproliferative potential,
sensitized the cancer cells to apoptosis and hampered cell
migration for conventional as well as stem cell-like glioblastoma
cells."

Encouraged by these findings, we set out to develop
improved second-generation phosphaphenalene-gold(l) com-
plexes. In particular, detailed structural analyses of first-
generation gold complexes triggered the following scientific
questions: a) Do the structural features of the phosphaphena-
lene ligands significantly impact the bioactivity of the mole-
cules? b) Does the sulfur from the thiophene of the first-
generation drugs contribute to the respective bio-perform-
ances? ¢) Could the bio-activity of the phosphaphenalene gold
complexes be improved? d) Would it be possible to provide the
molecules with additional properties that allow future inves-
tigations on the mode of action in vivo?

Chem. Eur. J. 2022, 28, e202104535 (2 of 6)

Results and Discussion

To provide an answer to the latter scientific questions, we
herein present an in-depth structural analysis of a second-
generation phosphaphenalene-gold(l) complexes and their
antitumor activity. In particular, we investigated to what extent
the structural features of the phosphaphenalenes impact the
respective bioactivity. Here, the contribution to the bio-
performance of chemical moieties fused at the phosphaphena-
lene ligands (such as the thiophene or pyrrole) is evaluated for
each drug analog.

First, we began with the investigation of compound 1
(Scheme 1) (see the Supporting Information for experimental
details). It presents a pyrrole moiety fused with a phosphaphe-
nalene core, which is coordinated to an AuCl fragment. Pyrrole-
containing phosphaphenalenes are stable and have demon-
strated outstanding optoelectronic properties in the context of
material science; they possess fluorescence quantum yields up
to 80% and have been employed in photoelectrochemical
cells,”? organic light-emitting diodes®*¥ and electrofluorochro-
mic devices.” Thus, they could potentially provide drugs with
significant spectroscopic properties, which are of particular
value for mechanistic investigations in vivo. The structure of 1
was unequivocally assigned by single-crystal X-ray analysis
(Figure 1, Table S1 in the Supporting Information). It exhibits
P—Au and Au—Cl bond lengths of 22273(17)%" and
2.2966(11) A, respectively (Table S2). These bond lengths are

a)

b)

2.297(11) A

Figure 1. X-ray structures of 1 (ellipsoids at 50% probability level). a) Single
molecule; b) dimeric structure with P—Au, Au—Cl, Au--Au distances and
P—Au—Cl angle, ¢) dimeric structure with st stacking distance, d) crystal
packing. Hydrogen atoms have been omitted for clarity.
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essentially the same for the analog compound A (Table S2).
Contrasting physicochemical properties from the P—Au linkage
of both compounds were therefore discarded. In the solid state,
1 forms a well-organized 3D pattern (Figure 1). Molecules pile
up along one axis leading to columns that interact with each
other through Au--Au interactions. This strongly differs from the
somewhat more disordered structure of A" The Au--Au
distances of 1 (4.06 A) are nevertheless significantly larger than
for A (3.51 A). All in all, m-n interactions with intermolecular
distances of 3.69 A in combination with aurophilic interactions
appear as driving forces for the packing of 1.

Compound 1 was furthermore transformed into 2, an
analog compound to B (Scheme 1), by replacing the chloride
atom with the 3,4,5-triacetyloxy-6-(acetyloxymethyl)oxane-2-
thiolate. As described earlier for B,"” compound 2 showed stark
reluctance to crystallize; all attempts to obtain its X-ray
structure were unsuccessful. To analyze the impact of additional
structural modifications on the bioactivity, we replaced the

rR-N h
Z Compound C:R=Me; E=0
b X Compound 1 : R = Me; E = Au-Cl
OO Compound 2 : R = Me; E = Au-Sugar
Compound 4 : R = Phenylsulfonyl; E = Au-Sugar
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Figure 2. 'H NMR (400 MHz, CDCl;) shifts of compounds C, 1, 2 and 4 upon
structural modification.

methyl substituent of the pyrrole by a bulkier substituent, that
is, the phenylsulfonyl, to afford compound 3 and synthesized
the corresponding derivative 4 with a 3,4,5-triacetyloxy-6-
(acetyloxymethyl)oxane-2-thiolate moiety (Scheme 1) (see Sup-
porting Information for details). The structural modifications led
to changes into the molecules’ electronic distribution; these are
reflected in the "H NMR (Figure 2). Compared with the reference
compound C (Figure 2), which contains an oxidized, pentava-
lent phosphorus atom, the biggest 'H NMR shift in 1 is seen for
the protons a of the exocyclic ring (Figure 2); they are shielded
upon replacing the oxygen at the phosphorus atom by an AuCl
moiety. The substitution of the ClI atom of 1 by the sugar
derivative 3,4,5-triacetyloxy-6-(acetyloxymethyl)oxane-2-thiolate
to yield 2 only induced slight changes (Figure 2). However, the
N-substituents had a major impact. Introducing a phenyl-
sulfonyl group at the nitrogen of the pyrrole-fused phospha-
phenalene led to a dramatic deshielding of the proton c of the
pyrrole fragment and proton b of the naphthalene (Figure 2).

In turn, while the chloride derivatives A and 1 present a
singlet at 2.6 ppm in the *'P NMR (Table S3, FigureS1), 3
displays a signal at 5.6 ppm as a result of the electron-
withdrawing effect from the phenylsulfonyl group.”™ On the
other hand, all sugar derivatives B, 2 and 4 present distinctly
deshielded *'P NMR at 8.2, 9.1 and 9.5 ppm. These values are
significantly lower than those observed for previously reported
bioactive phosphole- and phosphine-based gold
complexes,”**” which range between 32-47 ppm.

After analyzing the structural features of the gold deriva-
tives, we turned to invitro experiments. To investigate the
impact of the fused phosphaphenalene ring on the bioactivity
of the drug, we first focused on the ability of 1 to inhibit cell
proliferation in the glioblastoma cell lines NCH82, NCH89 and
NCH149. To this end, cells were incubated with increasing
concentrations of 1 and cell proliferation was evaluated by
crystal violet assay. Compound 1 showed antiproliferative
effects in all three cell lines. The mean IC, values for cell lines
NCH82, NCH89 and NCH149 were 8.1, 15.1 and 8.87 uM,
respectively (Table 1, Figure S2). These values are slightly lower
than those found for compound A, that is, ICs, values of 11.4

Table 1. Antiproliferative effects of compounds A, B and 1, 2 and 4 upon treatment of cell lines from five types of cancer (expressed as mean of three
biological replicates = standard deviation).

Mean ICs, value [puM]
Cell line A B 1 2 4
NCH82® 11.440.11 1.4440.16 8.140.62 0.73+£0.12 1.374+0.06
NCH89" 17.3£1.02 294041 15.1£0.66 4.00+£0.26 4.49+0.12
NCH149% - 3.01+0 8.87£0.45 0.87£0.12 2.85+£0.17
NCH517"®! - - - 1.60+0.30 -
NCH604a™ - - - 1.8640.14 -
NCH466" - - - 1.01+0.02 -
NCH93" - - - 1.3540.09 -
BenMen-1“ _ - - 1.324+0.12 -
NCH551b - - - 1.2340.25 -
NCH1681¢ - - - 0.88+0.29 -
NCH3763" - - - 521£0.31 -
HNO210* - - - 1.10£0.08 -
HNO199" - - - 2.65+0.25 -
HNO97* - - - 5.51+1.04 -
[a] Glioblastoma. [b] Brain metastasis. [c] Meningioma. [d] IDH-mut. glioma. [e] Head and neck cancer.
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and 17.3 pM for NCH82 and NCH89, respectively. Thus, modify-
ing the phosphaphenalene core by replacing the thiophene
moiety with a pyrrole ring leads to an improved antiproliferative
activity in vitro.

In line with previous observations,"” replacing the chloride
atom at the gold moiety by a sugar derivative remarkably
increased the bioactivity of the drug (Table 1). Compound 2
(Scheme 1) showed mean ICs, values one order of magnitude
lower than 1, reaching sub-micromolar concentrations, that is,
0.73, 400 and 0.87 uM for cell lines NCH82, NCH89 and
NCH149, respectively (Table 1, Figure S3). Again, these values
are notably lower than those of the analog compound B
(Table 1), which contains a phosphaphenalene fused to a
thiophene ring (Scheme 1) instead of a pyrrole heterocycle. For
comparison, note that the IC;, values of Carmustine (an
established drug for the treatment of glioblastoma) and the
phosphole-based thio-sugar analog of 2 (a more cytotoxic drug
than auranofin®®) with, for example, NCH82 cells are 385" and
0.9%" uM, respectively. In turn, introducing a phenylsulfonyl
fragment at the nitrogen of the phosphaphenalene core
(compound 4) led to higher bioactivity compared to 1. How-
ever, values are slightly lower than those of the N-methyl
derivative 2. The mean ICs, values for 4 were 1.37, 449 and
2.85 uM for glioblastoma cell lines NCH82, NCH89 and NCH149,
respectively (Table 1, Figure S4). Altogether, the type of the
fused heterocycle at the phosphaphenalene core appears to
influence the bioactivity of the drug; pyrrole leads to improved
cytotoxic activity. However, further increasing the bulkiness of
the phosphaphenalene with an electron-accepting phenyl-
sulfonyl group does not further enhance the agent’s bioactivity.

Based on the remarkable results obtained with system 2, we
further investigated its antiproliferative effects on a series of
different cancer cell lines. To this end, in addition to the three
glioblastoma cell lines described above, we employed com-
pound 2 on 11 other cancer cell lines including brain metastasis
(NCH517, NCH604a and NCH466), meningioma (NCH93 and
BenMen-1), IDH-mutant glioma (NCH511b, NCH1618 and
NCH3763) and head and neck cancer cell lines (HNO210,
HNO199 and HNO97; Table 1, Figures S5-58). Overall, com-
pound 2 showed antiproliferative effects on all cell lines with
mean |ICs, values around 1.5 uM, even in highly invasive brain
metastatic cancer cells. Exceptions were found for NCH89,
NCH3763 and HNO97 cell lines with 1C,, values of 4.00, 5.21 and
5.51 uM, respectively and for IDH-mutant glioma cell line
NCH1681 with impressively low ICs, values of 0.88 uM.

Motivated by these results, we analyzed the capacity of 2 to
induce apoptosis in cancer cell lines derived from brain
metastases, meningiomas, IDH-mutant gliomas and head and
neck cancers. For this purpose, cells were incubated with
different concentrations of 2 for 48 h and subsequently
analyzed by flow cytometry (see representative example in
Figure 3A). Annexin V and propidium iodide (Pl) were used as
indicators for apoptosis/necrosis. As expected, compound 2 was
able to induce apoptosis/necrosis in all analyzed cell lines.
Figure 3A shows the evolution of the cell populations from alive
to apoptotic and finally necrotic when increasing the concen-
tration from 0 to 5 uM.

[10;
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Figure 3. Concentration-dependent induction of apoptosis and necrosis.

A) Flow cytometry analysis of NCH93 cells without treatment and upon
exposure to 1, 2, and 5 uM of compound 2 for 48 h. Stack charts summarize
the percentage of apoptotic and necrotic cells of B) brain metastasis,

C) meningioma, D) IDH-mutant glioma, and E) head and neck cancer cell
lines.

In line with the obtained IC;, values (Table 1), brain meta-
stasis and meningioma cell lines appeared to be more sensitive
than head and neck cancer cell lines. A drug concentration of
2 uM induced apoptosis/necrosis in more than 50% of cells
among NCH466, NCH517, NCH604a and NCH93 (Figure 3B and
3 Q). On the contrary, a drug concentration of 5 uM was needed
to cause apoptosis/necrosis in more than 50% of cells in head
and neck cancer cell lines (Figure 3E).

In line with their improved bioactivity, we further evaluated
the spectroscopic properties of compounds 2 and 4 in
comparison to a reference compound C; that is, the analog
structure to 1 but with a pentavalent, oxidized phosphorus
atom”" instead of being attached to the gold atom (Scheme 1,
Table 2). In dichloromethane (DCM) solutions, replacing the
oxygen at the phosphorus atom from C with a sugar-gold
moiety (compound 2) leads to a slight red shift of the
absorption maxima from 367 to 372 nm, respectively, and a
blue shift of the emission maxima from 450 to 443 nm. In turn,
replacing the methyl substituent at the pyrrole moiety in
system 2 with a phenylsulfonyl fragment to yield derivative 4,
leads to a relatively blue-shifted absorption maximum at
361 nm and a red-shifted emission maximum at 460 nm (Figure
S9a). In contrast to compound C, which exhibits a fluorescence
quantum yield (@) of 80%, both molecules 2 and 4 show @ <
1%. As reported earlier,”? this is attributed to the heavy atom
effect from the gold atom.

Overall, complexes 2 and 4 present a positive solvatochrom-
ism. In DMSO:water (1:9, v/v), the absorption and emission
maxima are significantly redshifted comparing to those from

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Table 2. Selected spectroscopic data of compounds 2, 4 and C.

Compd. Armaxabs [NM] log e [Lmol~'em~']® Armaxem [NM] Av [cm ™™ 71; 72; 73 [ns]<¥ D [%]*®
ct 367 3.90 450 5026 929 80

c 370 3.77 470 5750 18.8 63

21 372 3.59 443 4308 23 <1

29 379 3.84 462 4740 0.6(19); 5.6(62); 0.2(19) 6

49 361 3.79 460 5962 1.6(32); 7.1(68) <1

49 366 3.90 467, 508 (sh) 5909 3.1(24); 13.7(57); 0.1(18.6) <1

[a] Molar extinction coefficient. [b] Stokes shift. [c] Fluorescence lifetimes. [d] Numbers in brackets are the relative amplitudes. [e] Fluorescence quantum
yields. [f] Physicochemical parameters recorded from CH,Cl, solutions. [g] Physicochemical parameters recorded from DMSO/water=1:9 (v/v) solutions.

Figure 4. Fluorescence microscopy images of glioblastoma cells taken 1, 24
and 48 h after treatment with compound 2 at concentrations of 0, 0.1, 1 and
10 uM. Glioblastoma cells internalize compound 2 after 1 h of treatment at
drug concentrations of 1 and 10 uM. Scale bar: 200 um.

DCM solutions. The absorption spectra of 2 and 4 maximize at
379 and 366 nm, respectively, whereas their emission maxima
appear at 462 and 467 nm (Figure S9b). The quantum vyield of 4
did not improve in aqueous solutions (@ <1%). However,
fortunately, 2 exhibited a significant quantum vyield of 6%,
which converts it into a potential candidate for future
mechanistic studies in vivo. Nevertheless, this is still in sharp
contrast to the reference oxide C, which lacks of heavy atom
effect and presents a quantum vyield of 63% in DMSO:water
(1:9, v/v) solutions. Importantly, both compounds proved to be
stable for weeks under controlled thermodynamic conditions
upon repetitive cycles of illumination (Figures S10-511).

Motivated by the bioactivity and the spectroscopic proper-
ties of compound 2, we investigated the drug uptake kinetics in
NCH82 cell line (see the Supporting Information for details). To
this end, cells were treated with increasing concentrations of
derivative 2 and its drug uptake was monitored with a
fluorescence microscope (A.,=350 nm, A.,,=455 nm; Figure 4).
Surprisingly, after only 1hour of treatment with 10 uM of
compound 2; that is, above the IC;, value, cells were able to
internalize the compound and started to shrink and detach.
Cells treated with 1 uM of derivative 2 started to absorb the
compound after 1 h but their death could be observed only
after 24 h. When used at a concentration of 0.1 uM, com-
pound 2 started to be internalized after 24 h but cell death was
first observed 48 hours after treatment initiation (Figure 4).

All in all, this proof-of-principle experiment demonstrates
that the phosphaphenalene-gold(l) complexes are absorbed by
the cells within a relatively short period of time. This character-
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istic, together with their notable spectroscopic properties in
aqueous media, converts them into potential candidates to
carry out further, future mechanistic investigations on the mode
of action. Detailed investigations to this end are currently
underway in our laboratories and will be published on their
own in the near future.

Conclusion

Herein, we have demonstrated that the bioactivity of phospha-
phenalene gold complexes can be improved by subtle chemical
modification of their structural features. Their unique properties
allow the electronic distribution over the m-extended core, the
bulkiness of the molecules and their photophysical properties
to be adjusted. In particular, pyrrole-fused phosphaphenalene
derivatives lead to better performances than thiophene-based
analogs; it is worth noting that they are stable for weeks. In
turn, increasing the bulkiness of the phosphaphenalene moiety
while withdrawing electronic density with a phenylsulfonyl
fragment not only quenches the fluorescence in both aqueous
and organic media but also slightly reduces the antiproliferative
activity. On the other hand, sugar derivatives attached to the
gold atom provide higher bioactivity than chloride atoms. All in
all, pyrrole-fused phosphaphenalene gold complexes possess a
remarkable antiproliferative capacity. They inhibit the prolifer-
ation of 14 different tumor cell lines derived from glioblasto-
mas, brain metastases, meningiomas, IDH-mutant gliomas and
head and neck cancers. Overall, their ICs, values are around
1.5 uM; the lowest values are in the sub-micromolar order: 0.73,
0.87 and 0.88 uM for NCH82, NCH149 and NCH1681 cell lines,
respectively. In addition, pyrrole-based phosphaphenalene gold
complexes appear to sensitize brain metastasis, meningioma,
IDH-mutant glioma and head and neck cancer cell lines to
apoptosis; they thus reveal a broad applicability. Finally, in
proof-of-principle experiments, the spectroscopic properties of
the phosphaphenalenes were shown to be suitable for monitor-
ing the cell uptake of drugs. In brief, the broad applicability of
the pyrrole-fused phosphaphenalene gold complexes in combi-
nation with their notable spectroscopic properties are antici-
pated to provide new research pathways for a better under-
standing of these lethal diseases. In vivo experiments are
currently underway in our laboratories; the results will be
published in due time.

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Experimental Section

Deposition Number 2093641 contains the supplementary crystallo-
graphic data for this paper. These data are provided free of charge
by the joint Cambridge Crystallographic Data Centre and Fachinfor-
mationszentrum Karlsruhe Access Structures service.
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