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Unraveling the correlation between biological
effects and halogen substituents in cobalt bis
(dicarbollide)t
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Over the past decade, considerable scientific attention has been given to adapting cobalt bis(dicarbollide) as
innovative agent with various biomedical applications. Although the studied compounds show great potential
in this field, only a few reports have explored broad, well-thought-out libraries of derivatives to correlate their
structure with biological activity. In this study, we investigate a panel of [COSAN]™ derivatives substituted with
fluorine, chlorine, bromine and iodine in order to elucidate the impact of the halogen presence on anti-
microbial action and selectivity over mammalian cells. We present the first evidence that increasing the
atomic mass of a substituent improves the biological activity of a derivative. Our results demonstrate that the
addition of a single iodine atom to the [COSAN]~ core results in the most selective antibacterial outcome,
especially toward Staphylococcus aureus ATCC 6538. The described correlation between the lipophilicity
and the activity of the compounds toward both bacteria and human cell lines highlights the importance of a
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Introduction

The first reports on metallacarboranes, a class of organo-
metallic compounds, arose nearly 60 years ago in 1965."
Consisting of centrally localized metal ions and carborane
ligands, they form three-dimensional cage-like structures.’
Owing to their structural diversity and varying physico-
chemical properties, they find application in fields such as
materials science,™* catalysis®® and medicinal chemistry.”°
Cobalt bis(dicarbollide) [COSAN]~ is one of the most exten-
sively studied representatives within this family of compounds.
It consists of two C,BoH;;>~ subunits with a cobalt atom in its
3+ oxidation state and exhibits remarkable physicochemical
properties, such as high thermal and chemical stability,"* dis-
persed negative charge, the ability to form dihydrogen bonds
(B-H---H-C)"? and superchaotropicity."*'* Moreover, the ease
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conscious design method to obtain the most desirable [COSAN]™-based derivatives.

of chemical modification results in a wide range of [CoSAN]~
derivatives."»"*™"”7 The aforementioned properties make
[COSAN]™ an extremely interesting scaffold for the design of
new biologically active compounds, especially antibiotics tar-
geting drug-resistant bacteria. Throughout the analysis of the
available literature data, we can also conclude that the biologi-
cal activity of metallacarborane derivatives can be influenced
in several ways:

(1) The structure of the ligands. Recent studies suggest that
the configuration of ligands (ortho [1,2-C,BoHy;]*” or meta
[1,7-C,BoH 1]*7) may impact the antimicrobial activity of
[CoSAN]™ derivatives.'® Although the activities of both isomers
against Gram-positive bacteria are rather similar, the meta-
isomer appears to be more effective against Gram-negative
strains. The preferential conformation of the [CoSAN]~ ortho-
isomer is cisoid, leading to its self-assembly and the formation
of vesicles and micelles in aqueous solution. Conversely, the
preferred t¢ransoid conformation of meta [CoSAN]™ leads to a
2D lamellar arrangement. This is just one possible explanation
for the observed differences in biological activities, but more
in-depth research is needed to confirm these observations.

(2) The influence of the central metal. Research on dicarbol-
lides containing metals other than cobalt has been notably
limited," especially regarding their impact on biological
activity.>® Few studies have addressed this aspect with a recent
focus on comparing [CoSAN]™ and iron-containing ferra bis
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(dicarbollide) ([FeSAN]") derivatives in the context of their anti-
microbial activity.'® From a chemical perspective, the presence
of different metals in metalla bis(dicarbollide) structures
imparts significant variations in the redox potential of the
M**/M** couple. However, this had a minimal impact on anti-
microbial activity. Nevertheless, the latest data suggest that
metals (Fe or Co) may play an important role in in vivo experi-
ments in both L4-stage Caenorhabditis elegans nematodes and
Caenorhabditis elegans embryos.*!

(3) The presence of iodine atoms. Regarding the presence of
halogens in the dicarbollide structure, the existing literature
conveys a distinct message. Compared with the corresponding
parent dicarbollides, compounds containing one or two iodine
atoms (B(8)-I or B(8,8")-1,) consistently exhibit enhanced bio-
logical efficacy against bacteria, fungi and eukaryotic
organisms.> ® [CoSAN-I,]” is the most extensively studied
compound, with a focus on comparing its properties with
those of the parent [CoSAN]™. The main differences between
them are their conformation (cisoid for [COSAN]™ and transoid
for [CoSAN-I,]7) and hydrophobicity. The increased hydropho-
bicity of [COSAN-I]” suggests a higher affinity for lipid
membranes®®*” and, consequently, more effective transport
across biological barriers. Although it seems to be a logical jus-
tification, there is a lack of consideration for the impact of
other halogen substituents. This raises the question of
whether iodine is the most optimal choice for biological
applications.

The goal of this study was to demonstrate a correlation
between halogen substitution at the B(8) and/or B(8')-positions
of the [COSAN]™ (ortho isomer) and its broadly understood bio-
logical activity. For this purpose, we obtained a series of
[CoSAN]™ derivatives with various halogens ranging from fluo-
rine to iodine (Fig. 1). These derivatives included both mono-
substituted and disubstituted moieties (including homo- and
hetero-disubstituted). The biological activity of these com-
pounds was subsequently verified against selected Gram-posi-
tive and Gram-negative bacterial strains, along with their anti-
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proliferative efficacy against human normal and cancer cell
lines. The selectivity index, a parameter that plays a key role in
pharmacology, was calculated from the obtained results. This
approach provides a comprehensive insight into the impact of
halogenation in [CoSAN]™ regarding its potential future appli-
cations in medicine.

Results and discussion

We started our study with the synthesis of B(8,8')-disubstituted
derivatives, incorporating two identical halogen atoms ranging
from fluorine to iodine. Based on the initial biological assays
on bacterial strains and cell lines, we observed increased
activity in all the derivatives, except for [COSAN-F,]~, compared
with the parental [COSAN]™ molecule in all conducted tests.
Encouraged by these findings and aiming for a comprehensive
understanding of the structure-activity relationships, we
decided to broaden the spectrum of the tested compounds.
This extension involved the synthesis of monosubstituted and
hetero-disubstituted derivatives with halogens ranging from
chlorine to iodine (Fig. 1).

A unique advantage of anionic metallacarboranes lies in
their solubility, which extends to both aqueous and non-
aqueous media and is dependent solely on the utilized coun-
terion. The compounds described in this study were syn-
thesized as cesium salts, except for [COSAN-L,CI]~, which was
obtained as an N,N-diisopropylethylammonium salt. However,
for biological assays, we transformed all of these compounds
into their sodium salt counterparts, which exhibit excellent
solubility in aqueous environments, including biological
growth media. The aqueous solubility of [COSAN]™ derivatives
is a critical factor influencing their bioavailability."®

Chemistry

To date, synthetic routes for obtaining halogenated [COSAN]™
derivatives have not been widely explored.*®*”** Therefore, we
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Fig. 1 Structures of [CoSAN]™ and its halogenated derivatives studied in this work.
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find it essential to modify existing methods, revealing new syn-
thetic pathways for these compounds.

[COSAN-F,]™ is the least studied of all halogen derivatives,
with only a single publication outlining the synthesis of this
compound. Fluorination was carried out using 1-chloromethyl-
4-fluoro-1,4-diazoniabicyclo[2.2.2]octane bis(tetrafluoroborate),
commonly referred to as F-TEDA.** Considering the limited
exploration of [CoSAN-F,]~ synthesis, we decided to change
the reaction conditions. Starting with the identification of a
suitable solvent, we tested acetonitrile (AcN), tetrahydrofuran
(THF), dichloromethane (DCM), and methanol (MeOH).
Ultimately, the reaction was conducted in methanol under
reflux conditions, resulting in the formation of pure
[CoSAN-F,]” in the 1-chloromethyl-1,4-diazoniabicyclo[2.2.2]
octane salt form, which was achieved through repeated crystal-
lization from hot methanol. Subsequently, when a cation
exchange resin was used, the compound was converted into its
acidic form — H[CoSAN-F,]. This operation allows to obtain the
product with the desired counterion through simple neutraliz-
ation; for example, using CsOH, a cesium salt can be obtained.

Chlorinated and brominated derivatives of [COSAN]™ can be
obtained through two distinct methods: the first of them is the
use of elemental halogens or halogen donor reagents (in situ
generated hypochlorous acid or N-chlorosuccinimide (NCS)
and N-bromosuccinimide (NBS), respectively).”> Another
approach for introducing chlorine or bromine into the
[CoSAN]™ structure involves halogenation induced by
y-radiation.”® We carried out the synthesis of chlorinated
[CoSAN]™ derivatives following a screening of solvents. THF
was ultimately chosen, and through incremental addition of
NCS, we optimized both the amount of reagent and the reac-
tion time needed to obtain [CoSAN-CL,]™. On the basis of these
data, we adjusted the reaction conditions required to obtain
[CoSAN-CI|”. Owing to the high reactivity of NCS, the crude
reaction mixture consisted of [Co0SAN-CI]™ and [CoSAN-CL]~
(90% and 10%, respectively). Thus, the recrystallization from
ethanol was necessary. Using conditions similar to chlori-
nation, we synthesized [COSAN-Br,]~ and [CoSAN-Br]~ employ-
ing NBS. In the case of [CoOSAN-Br|~ synthesis, recrystallization
of the crude reaction mixture was not required because of the
lower reactivity of NBS (and the lower amount of dibromo
derivative formed).

For obtaining [COSAN-I,]™, there are two known synthetic
methods, using iodine®® or iodine monochloride.*® Due to the
highly irritant properties of the iodine monochloride used for
the synthesis of [COSAN-I,]~, we focused our attention on reac-
tions with elemental iodine. Herein, we present an improved
synthesis method for [COSAN-I,]” based on the reaction used
for synthesizing [COSAN-I].*° Increasing the amount of iodine
and extending reaction time resulted in the substitution of the
second iodine. Attempts to iodinate [CoSAN]™ using
N-iodosuccinimide (NIS) were unsuccessful.

According to the literature data, the hetero-disubstituted
derivatives [CoSAN-LBr]~ and [CoSAN-LCI]~ were synthesized
through reactions of [8,8'-p-I-3,3-Co(1,2-C,BoH,),] with 1,2-dibro-
moethane and chloroform, respectively, resulting in moderate
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yields.>” To obtain these derivatives of [CoSAN]~, we opted for
the use of N-halosuccinimides in the halogenation of previously
monosubstituted derivatives. Bromination of [CoSAN-CI]™
resulted in [CoSAN-CLBr|™ in a high yield (85%). To the best of
our knowledge, this derivative was obtained for the first time.
[CoSAN-ILBr]~ was synthesized by brominating [CoSAN-I|-,
whereas the reaction of [CoSAN-Br]~ with NIS led to the recovery
of the substrate. Attempts to obtain [CoSAN-L,CI]™ through the
reaction of [COSAN-CI|” with NIS or I, were unsuccessful.
Intriguingly, the reaction of [COSAN-I]” with NCS resulted in a
mixture comprising of the starting material, [CoSAN-CI]~ and
[CoSAN-I,CI] ™. Therefore, we decided to synthesize [COSAN-LCI]™
via opening of the iodonium bridge with CH,Cl, in the presence
of N,N-diisopropylethylamine (yield 74%).

Crystal structures

The crystal structure of Cs[CoSAN] was reported in 1967, but
the positions of carbon atoms were selected arbitrarily.>® They
were later determined in 1982, but with (C,Hs)sNH" as a coun-
terion.>® To date, little attention has been given to the crystal
structure of halogenated derivatives. While parent [COSAN]™
has 27 structures in the CCDC database (with different coun-
terions), one may find only 6 records of derivatives substituted
with halogens: Cs[8-1-3,3"-Co(1,2-C,BgH;,)(1',2-C,BoH14)],*° Cs
[8,8"-1,-3,3'-Co(1,2-C,BoH; )], NBu,[8,8"-F,-3,3'-Co(1,2-
CyBoH;0)o],* (BEDT-TTF)[8,8',(7)-Cl,(Clo,0)-3,3-Co(1,2-
C,BoHo o1)(1',2"-C,BoHy0)], (BEDT-TTF)[8,8"-Br, 75Cl 25-3,3"-Co
(1,2-C,BoHyp),],  (BMDT-TTF),[8,8"-Br; 16(0H)p 7-3,3-Co(1,2-
C,BoH10.06)2] (Refcodes: DEXPOL, DEXPIF, GUPDUQ, BAVBOR,
BAVBUX, and BAVCAE respectively). The last three derivatives
have nonstoichiometric compositions.** In addition, there is a
niche in terms of crystal structures derived from the room-
temperature measurements — conditions corresponding to the
natural or application environment of the reported com-
pounds. We examined crystal structures of hetero-di-
substituted derivatives, along with those of the parent
[CoSAN]™ and the most effective antibacterial compounds
[CoSAN-I]™ and [CoSAN-I,] ™.

The unit cells of the examined compounds are presented in
Fig. S90-S94 (ESI).f The symmetries of [COSAN]~, [CoSAN-I|~
and [CoSAN-L,]™ are described in the monoclinic system with
P24/c, C2/c, and P2,/n space groups, respectively (number of
asymmetric units per unit cell Z = 4). Crystal phases of both
[CoSAN-1,Br]~ and [CoSAN-LCI]™ are isostructural (P2,/n, Z =
2). The [CoSAN-CL,Br]” is the only among herein reported that
adopts the orthorhombic and noncentrosymmetric Pna2,
phase (Z = 4). In all hetero-disubstituted compounds, the halo-
gens occupy two sides with equal (50%) probability. As pre-
sented in Fig. 2, the incorporation of halides induces changes
in conformation. The parent [CoSAN]™ is characterized by
cisoid, [CoSAN-I|™ adopts gauche, while all the examined di-
substituted derivatives prefer the ¢transoid conformation.

Antimicrobial activity

Our investigations of biological activity started with the assess-
ment of the antimicrobial effectiveness of synthesized deriva-
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[COSAN-1,]-, [CoSAN-CI,Br]-
[COoSAN-I,Br], [CoSAN-I,CI}

[CoSANJ [CoSAN-I}

Fig. 2 Schematic representation of different conformations of
[CoSAN]~ and its derivatives: (a) cisoid, (b) gauche, and (c) transoid
(different halogens are indicated as X).

tives and parent [CoSAN]|™ through the determination of
minimum inhibitory concentration (MIC) and minimum bac-
tericidal concentration (MBC) values. This evaluation involved
representatives of both Gram-positive and Gram-negative bac-
teria: Staphylococcus aureus ATCC 6538, Enterococcus faecium
PCM 2910, Escherichia coli PCM 1630 and Pseudomonas aerugi-
nosa PCM 2720 (Tables 1 and S2).

Among all tested compounds, the highest antibacterial
activity was observed against Staphylococcus aureus ATCC 6538
(Fig. 3). All synthesized derivatives exhibit better antibacterial
effects than parent [COSAN]™. In general, for mono- and
homo-disubstituted derivatives, the antimicrobial activity
increases with the mass of halogen present in the structure
(MIC ranging from 25 pM for [CoSAN-F,]” to 0.8 uM for
[COSAN-I]7). There is no difference between homo-disubstitu-
tion and monosubstitution in MIC and MBC between them,
except for iodinated derivatives (MIC for [CoSAN-I|” and
[COSAN-L,]™ is 0.8 uM and 1.6 uM, respectively). This finding
indicates that the introduction of a second halogen into the
structure does not significantly affect the activity against
S. aureus ATCC 6538. On the other hand, a significantly greater
difference is observed among the hetero-disubstituted deriva-
tives when the presence of iodine is analyzed. The MIC for
[CoSAN-LBr]|~ and [COoSAN-LCI]™ is 1.6 pM. However,
[CoSAN-CLBr]™ significantly deviates from the others, with
MIC of 6.2 pM. In contrast to this derivative, [COSAN-I,Br]|~
and [CoSAN-LCI]™ have iodine in which their activities are
closer to those of [COSAN-I]” and [CoSAN-L,]". Thus, it can be
inferred that the incorporation of iodine increases the antibac-
terial activity of the obtained derivative.

Enterococcus faecium PCM 2910 was the second tested
Gram-positive bacteria. Compared with S. aureus, synthesized
derivatives showed weaker antibacterial activity. The antibac-

194 | /norg. Chem. Front.,, 2025, 12, 191-204

Table 1 Biological and physicochemical properties of the tested compounds

ICs (95% CI) (M)

E. faecium PCM 2910

S. aureus ATCC 6538

Log k. (SE) (—)

Log P (SE) (—)

SLE. £ [5(—)

HEK293 SIS. a. (—)

MBC (uM)  MIC (uM)  MBC (uM)  MCF 10A

MIC (uM)

View Article Online

Inorganic Chemistry Frontiers

S R
gu
=
P Lo Lo Lo Lo Lo v Lo Lo Lovn v j= 7}
TN NN D ™ =
I D B e B o
SSSSsSSsSsSsS S <9
e g
OO HMNMVOINOMN N A ==
NS H®MOLONOQ AN E,
O S R = i mg_d
Umq)
= © 2
=
CI-UE
S £
P L e Town L Y oo L oo Lo o} D= o
T T T TN D ™ S 5.0
ScococsococooodS 580
SO0 SSSS 228
S =50
NONIMIND DM A © e 9=
MR =HON A TR AN a2
R P e S R 3|
S n:
gy
LR
2 -~
S 55
CXWFONHALIDMO ISERES
FOoXnO MmN D a8 8§
L L S 48
— — o548
25 o
s28
E &
2 =3
L =T
s Q&
cCOUYNAN == O F = IN = 5=
NegoRNqeaan = o
SHdNgdSaddS T By
= =® o EQ.2
g o=
£
P - -
Nomooan=n3o 0 “ O &
XAV HoA®NT YA = 8=
SEWBISNAGN S e R
FROSARITHET ek
NAIFIONAO MO i
Tt oA HOS A oos
NFONBINFNO S S = Bp
AN AA T AN A QAN A L0 X
Laftfdoadgdbagadn ER
AL INO DM T TN O Seas
LA NI RN©Y S
OOONNI\C\@OMLOH' Ez,so
FANNANRRAN A 28
$E5
25O
< O o
—r— ——— g2
KD n o ]
Q@ = QS - % g
28s 2493 § 4%
=
NN L >
e g QAN Q PN B
—~—20E o9 £o ¥
[ TSS<dTTYEES S =
SR NN — =R
o T © O
Y ORI O In N E S E
QAT AL OA T O =5
SeksnNdddgasd v= 8
PO NN—AN OO QA o 28
8=z &
8
Rl
o BEL
S ESe
o n 0 [Ie} [IolToRR ! [ o) [5)
Fats H K — P
ocdmnmadmmamnasas 980
235
= L
£~ 3
Q
§.~;
EES
S >2E5
n e EEE
noaddladCgANS g g
AN —H OO~ ©O OV -~ ="
O U
@ g o
EEE
o <
=R
leE==|
E-R
1 15}
(=3 : o o O
Son A TmnALgTITTE 88~
AR NN ANOHA®M N O ggg
of-ﬂe
= .
538
I3
c o
£ a
9 e - 2T
ocnmaTlyHRAVO S 208
AN =N =N O O~V Nalo IR
.8 §
£z 3
g g
I ES §
Ll ey 28 &
| =y L] M = EUU
— o .al —— Y =
S AETELSA0 2.8
I O 0 /MO ot - o— E
e M AR S N N SR < &
ZZZ222222%22  FE g
CLLBLALLALD . JE L
OOOOOOOOOOON = < g
OOOLOO00OLOO0 S SE ¢

This journal is © the Partner Organisations 2025


https://doi.org/10.1039/d4qi02296c

Published on 12 noviembre 2024. Downloaded by Fail Open on 23/07/2025 8:09:38.

Inorganic Chemistry Frontiers

View Article Online

Research Article

200 MIC
150 § mm MBC
100 o pm o
50'__ g ] g &)
25T
s 20+
2
(&)
15 0 0 0
& & =
10
N N [a\,
O O ©
54 - - - - o
2] 2] © ©o ™ © O © ™
2 e . - . ‘-'. < <
o O
0 1 1 1 1 I- 1 1 1 1
& O P PP P S
& A ) R & N\ N M
F & &SN FE NS
A A Y S Y A \(,° Y ¢

Fig. 3 Antibacterial activity of [COSAN]™ and its halogenated derivatives against S. aureus ATCC 6538 (MIC — minimal inhibitory concentration, MBC
— minimal bactericidal concentration, C — concentration, Van — vancomycin).

terial activity of [COSAN-F,]™ was significantly weaker than that
of the parent [CoSAN]™. Other trends are consistent with those
observed for S. aureus ATCC 6538: the relationship between the
mass of the halogen substituent, the weak or no effect of
homo-disubstitution compared with that of monosubstituted
derivatives and the evident beneficial effect of iodination, i.e.,
the presence of iodine ensures an enhanced antimicrobial
effect.

The obtained derivatives did not show antibacterial activity
against Gram-negative Pseudomonas aeruginosa PCM 2720 and
Escherichia coli PCM 1630. The MIC and MBC values were above
the test threshold of 100 pM, with the exclusion of [COSAN-I,CI]™
which inhibited the growth of both bacteria at 100 puM.

Time-kill kinetics assay

To further explore the mechanism of action of the most active
halo derivatives, a time-kill kinetics assay was used.
Considering the Selectivity Index (Table 1), we investigated the
antibacterial effects of three iodine-containing compounds:
[COSAN-I|™, [COSAN-L,] ™’ and [CoSAN-I,Br]™ against S. aureus
(Fig. 4A). Among tested compounds, the kinetics of
[COSAN-L,]™ action were the quickest. A clear bactericidal effect
is observed already after 3 hours of incubation. This may be
correlated with the highest lipophilicity of [COSAN-I,]” among
the tested derivatives. After 24 h, all tested compounds had
bactericidal effects, with an efficacy of 99.9% for S. aureus
reduction.

This journal is © the Partner Organisations 2025

Antiproliferative activity

To explore the cytotoxicity of the studied compounds, a sulfor-
hodamine B (SRB) assay was used. The compounds were tested
on the normal cell lines: MCF 10A (epithelial human
mammary gland cell line) and HEK293 (epithelial human
embryonic kidney cell line), as well as the cancer cell lines:
A549 (epithelial human lung adenocarcinoma) and MCF-7
(epithelial human breast adenocarcinoma).

In the case of the MCF 10A cell line, the monosubstituted
derivatives display nearly identical ICs, values, suggesting a
similar level of cytotoxicity. However, a noticeable decrease in
the ICs, is observed with the introduction of a second halogen.
The decreasing ICs, tends to correlate with the increasing
atomic mass of the halogen. For the HEK293 cell line, both
the monosubstituted and the homo-disubstituted derivatives
exhibited a clear trend: the heavier the halogen present in the
molecule, the lower the ICs;, is. Among the hetero-di-
substituted derivatives, [COSAN-I,Cl]~ exhibited the highest
cytotoxicity in both MCF 10A and HEK293 cell lines (Table 1).

Tested compounds exhibited the highest -cytotoxicity
against the A549 cell line. Within monosubstituted and homo-
disubstituted derivatives, the ICs, decreases as the halogen
present in the structure becomes heavier, with lower concen-
trations observed for the homo-disubstituted derivatives.
[CoSAN-L,CI]™ is the most cytotoxic (8.45 pM). Similar trends
were observed for the MCF-7 cell line, with lower cytotoxicity of

Inorg. Chem. Front., 2025, 12,191-204 | 195
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Fig. 4 (A) Time-kill kinetics assay of [COSAN-I,]~, [CoSAN-I]~, and [CoSAN-I,Br]™ against S. aureus. (B) Dependency of the logarithmic MIC on log P

for the studied derivatives.

the compounds than those of the A549 cell line (ESI,
Table S27).

In summary, the ICs, values for all the halo derivatives and
the parent [CoSAN]™ against both nontumorigenic and cancer
cells ranged from 11.15 pM to 75.53 pM. The greatest increase
in antiproliferative activity compared to the parent [COSAN]™
was observed for the hetero-disubstituted [CoSAN-I,CI]~, with
a 4.5-fold increase in activity for the MCF-7 cell line and an
approximately 3-fold increase in activity for the other cell lines
studied.

Selectivity index

The Selectivity Index (SI) is a parameter that plays a crucial
role in pharmacology. The safety and efficacy of a compound
are assessed by considering its toxic (ICs,) and bioactive (MIC)
concentrations. The higher the selectivity index is, the better
the indication of a more promising antimicrobial agent.*?

Considering the MIC obtained for S. aureus, all synthesized
derivatives have an SI higher than [CoSAN]~, with the highest
value characterizing [CoSAN-I]”. As the atomic mass of the
halogen present in the structure increases, the SI also
increases. However, the introduction of a second halogen
leads to a decrease in the SI. The most significant decrease is
induced by the introduction of a second iodine atom into the
structure (72%, 57%, 56% and 66% for MCF 10A, HEK293,
A549 and MCF-7 cell lines, respectively). Among the derivatives
substituted with two different halogens, the highest SI charac-
terizes the [COSAN-LBr]~ compound.

The relationships in the SI obtained for E. faecium
(Table S27) are generally similar to those observed in S. aureus,
but with two exceptions. The greatest decrease in the SI occurs
with the addition of a second bromine for the A549 cell line,
while introducing a second chlorine result in the most signifi-
cant decrease in the SI for the HEK293 cell line. Overall, the SI
values are lower than those obtained for S. aureus, indicating a
reduced selectivity toward this microorganism.
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Lipophilicity

One of the most crucial physicochemical criteria for novel
compound applications in biomedical studies is the lipophili-
city parameter. It is characterized as a logarithm of the par-
tition coefficient (logP), typically between n-octanol and
water.*>*> The log P values of the tested compounds range
from 1.30 to 4.23. Except for [COSAN-F,]™, the obtained com-
pounds are more lipophilic than [CoSAN]™. The lipophilicities
of the derivatives increase with increasing atomic mass of the
halogen substituent. The introduction of a second halogen sig-
nificantly raises the log P, with the heavier halogens causing
more pronounced differences in lipophilicity. Another descrip-
tor of lipophilicity, log &, is determined chromatographically
and showcases the compound’s interactions with the column’s
stationary phase in Reversed-Phase High-Performance Liquid
Chromatography (RP-HPLC).** Although logk,, differs from
log P (values vary from 3.06 to 4.68), the observed relationships
are consistent across both parameters.

The graph illustrating the relationship between log P and
log MIC (for S. aureus) allows us to advance our understanding
of the effects of lipophilicity on antimicrobial activity (Fig. 4B).
The most hydrophilic [COSAN-F,]™ stands out from the other
derivatives and has the lowest antibacterial activity among all
the derivatives. For the monosubstituted and homo-di-
substituted compounds, the trend is evident: increasing log P
corresponds to enhanced antibacterial activity. Disubstituted
compounds with iodine ([CoSAN-I]”, [CoSAN-LBr]~ and
[CoSAN-L,CI]™) appear to be among the most lipophilic and
active. However, [CoSAN-I|™, identified as the most selective
antimicrobial agent, is characterized by moderate lipophilicity.
Importantly, the lipophilicity of metallacarboranes cannot be
used as the primary factor determining their biological
activity. In studies on cell lines, [COSAN-L,]” is often preferred
because of its higher lipophilicity and correspondingly higher
activity; however, in the antibacterial context, this advantage is
lost when compared with that of monosubstituted [COSAN-I|™
due to SI decrease.
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To summarize, the biological and physicochemical pro-
perties of the studied derivatives strongly depend on the kind
of halogen incorporated into [CoSAN]™’s core structure.
Synthesizing a range of halogen derivatives revealed that the
presence of iodine in the structure provides high activity
against Gram-positive strains. The presence of a single iodine
atom in [CoSAN]’s core structure did not significantly affect
its antiproliferative activity against the nontumorigenic MCF
10A and HEK293 cell lines, but it increased activity against the
S. aureus strain by more than 60-fold and against the E. faecium
strain by more than 15-fold. Moreover, the atom substituted at
the B(8')-position notably impacts selectivity toward eukaryotic
cells. This phenomenon is particularly evident in the case of
the pair [CoOSAN-I]"/[CoSAN-L,]". Introducing the second iodine
into the cluster did not improve antibacterial activity, but it
reduced the SI nearly by 4-fold for the MCF 10A cell line and by
almost 2-fold for the HEK293 cell line.

An essential factor in the biological efficacy of therapeutic
compounds is their ability to interact with or permeate cell
surfaces. In eukaryotic cells, this barrier is the lipid bilayer,
whereas in bacteria it is further reinforced by a cell wall. In
Gram-positive bacteria, the cell envelope consists of a thick
peptidoglycan layer, while in Gram-negative bacteria, a thinner
peptidoglycan layer is surrounded by an additional outer mem-
brane containing lipopolysaccharides. Previous studies utiliz-
ing various measurement techniques have provided evidence
for the direct membrane permeation of selected [CoSAN]™
halogen derivatives.'>?*?”*® Electrophysiological techniques
have shown that permeation follows the order [CoSAN-I,]~ >
[COSAN-Br,]” > [CoSAN-CL,]~ > [CoSAN]."> Unfortunately,
these studies compared only the halogen homo-disubstituted
derivatives of [CoSAN]™. Similarly, fluorescence displacement
assays have demonstrated that the relative translocation rates
of the investigated clusters (including the mono-substituted
[CoSAN-I]™) follow the order [CoSAN-I,]~ > [COSAN-ClL,]~ >
[CoSAN-I]~ > [CoSAN] .*® This finding indicates that the
mono-substituted [COSAN-I|” derivative has a lower transloca-
tion propensity than the disubstituted [CoSAN-I,]~ and
[CoSAN-CL,]™ derivatives. These findings again suggest that
membrane transport is most efficient for disubstituted deriva-
tives, with the highest efficiency observed for the derivative
containing the heaviest halogen, [CoSAN-I,]”. When these
results for membrane permeation were compared with our
findings on the biological activities of homo-disubstituted
derivatives, we observed an identical trend when antimicrobial
activity and cytotoxicity were treated separately. Does this,
therefore, suggest that the biological activity of [CoSAN]~
derivatives is proportional to their membrane permeation
rate? This intrinsic membrane affinity can, in part, be rational-
ized by their polarizabilities and molecular volumes, which
depend on the substituents, as well as the resulting lipophili-
city. However, our research indicates that traversing the first
biological barrier—the lipid membrane—is only the initial
step in their biological activity, and the most efficient mem-
brane transport does not necessarily guarantee an optimal bio-
logical effect.
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From a structural perspective, the presence of halogen
atoms in the CoSAN core, each with unique electronegativity,
polarizability, and van der Waals radius induces interactions
that stabilize specific rotamers.”” In homo- and hetero-di-
substituted derivatives, these halogens are expected to
enhance the stabilization of cisoid conformations through
intramolecular CH---X hydrogen bond formation. Among
these factors, the van der Waals radius of the halogen has a
more significant impact than electronegativity; for example,
the highly electronegative fluorine atom does not form intra-
molecular CH---F hydrogen bonds due to its insufficient size.
In contrast, for other homo- and hetero-disubstituted deriva-
tives, the strength of intramolecular hydrogen bonds
follows the trend I > Br > CL.*7*® Energetically favorable confor-
mations of [COSAN]™ derivatives, as determined by XRD (solid
state) or quantum chemical calculations (typically in the gas
phase), may not necessarily be preferred in solution, particu-
larly within biological environments. Therefore, whether
specific [COSAN]™ derivative conformations are retained in
solution remains an open question. Conformational changes
generate a dipole moment that may influence interactions
with biological targets, especially given that the presence of a
specific biomolecule could induce or stabilize a particular
conformation.

Finally, it is worth analyzing the synthetic possibilities that
enable the synthesis of [COSAN-I] derivatives for biological
testing. One such strategy involves the nucleophilic opening of
the [8,8'"-p-I-3,3'-Co(1,2-C,BoH;),] — iodonium bridge, wherein
two dicarbollide ligands are linked via an iodine atom.?”*3°
Despite being less common than opening [CoSAN]™ cyclic
oxonium salts with nucleophiles,''®'” this reaction has
emerged as an exceedingly valuable tool for expanding the
family of [CoSAN-I]™ derivatives. The B(8)-I structural motif
appears in the group of [CoOSAN]™ derivatives with noteworthy
activity against Gram-positive bacteria.***! In addition to
iodine, they have an organic substituent at the B(8')-position.
By selecting the appropriate organic substituents, it is possible
to synthesize compounds that are effective against pathogenic
microorganisms. The results presented in this work emphasize
the significant impact of the iodine on biological activity of
[CoSAN]™ derivatives, which have favorable therapeutic pro-
perties and low toxicity to mammalian cells.

Conclusions

The exploration of halo derivatives derived from cobalt bis
(dicarbollide) anions commenced in 1968 with the synthesis of
[3,3"-Co(8,9,12-Br;-1,2-C,BgHjg),] .>* Iodo derivatives of metalla-
carboranes have drawn attention owing to their potential as
precursors in boron substitution reactions.>® From a chemical
standpoint, this choice is well-founded. However, the biologi-
cal outlook presents a distinct situation. Although studies
comparing the biological properties of the [CoSAN]™/
[COoSAN-I,]™ pair confirm the positive influence of iodine, the
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exclusive selection of [COSAN-I,]~ seems to lack a clear
rationale.

Here, we provide solid scientific evidence justifying the
rationale for choosing iodo-derivatives for biological appli-
cations. Our findings concerning antibacterial effectiveness
are consistent with those of previously published studies, in
which iodinated derivatives were shown to have enhanced bio-
logical activity.?*** However, testing various mono- and di-
substituted derivatives, with consideration of other biological
features, leads to the conclusion that the introduction of only
a single iodine at the B(8)-position is beneficial for selective
antimicrobial action. Nevertheless, to better understand the
effects of iodination on their biological behavior, a more
detailed examination of their interactions with other biological
compounds and cellular compartments is needed.

Materials and methods

Cs[CoSAN] was purchased from KatChem spol. s r. o. For
single-crystal X-ray diffraction measurements, the precipitate
was recrystallized from water : ethanol mixture (1:1 v/v). Cs
[CoSAN-I] was synthesized according to the procedure pub-
lished by Rojo et al®*® and recrystallized from water : acetone
mixture (1:1 v/v). [8,8-p-I-3,3-Co(1,2-C,BgH;0),] was syn-
thesized according to previously published procedures.>?

Single-crystal X-ray diffraction

The single-crystal X-ray diffraction experiments of selected
compounds were conducted using a conventional four-circle
diffractometer (Xcalibur Atlas). The experiments utilized MoKo
radiation and a CCD (Atlas) camera. Absorption was corrected
by the multi-scan method. The empirical absorption correc-
tion using spherical harmonics was done in SCALE3 ABSPACK
scaling algorithm implemented in CrysAlis PRO 1.171.42.93a
(Rigaku Oxford Diffraction, 2023). For solving and refining the
structures, the ShelXT (https://doi.org/10.1107/
$2053273314026370) and ShelXL (https:/doi.org/10.1107/
S2053229614024218) programs were employed, respectively.
Hydrogen atoms were introduced at calculated positions and
refined as riding atoms. The measurements were conducted at
room temperature (295 K). The crystallographic structure of
the only noncentrosymmetric phase [CoSAN-CLBr]~ was
refined as an inversion twin. The selected experimental and
refinement details are shown in the ESI, Table S1.f CCDC
2298165-2298170.F

Nuclear magnetic resonance spectroscopy

The 'H, C{'H}, DEPT 135, ''B and "'B{"H} NMR spectra were
recorded on a 400 MHz Jeol ECZ 400S (NMR) spectrometer in
acetone-dg (Merck, cat. no. 151793) as the solvent in Wilmad®
quartz NMR tubes (Merck, cat. no. Z562262). Chemical shifts
(6) were expressed in parts per million (ppm), while multi-
plicity was reported as follows: s = singlet, d = dublet, t =
triplet, q = quartet, quint = quintet, sext = sextet, hept = heptet,
nonet = nonet, m = multiplet (complex pattern), br = broad.
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For clarity, the set of broad multiplets of B-H protons at ca.
1-4 ppm has been omitted in the "H NMR description.

Ion exchange chromatography

The chromatographic column packed with cation exchange
resin (Amberlite® IR120, H form, ion-exchange resin, Merck)
was rinsed with 120 mL of 3 M HCI and 500 mL of water to
achieve a neutral pH. The mixture was subsequently washed
with 120 mL of 3 M NaCl solution, 500 mL of water, and then
with 120 mL of acetonitrile (Supelco) and water mixture
(50:50 v/v, except for [CoOSAN-L,CI|~ - 60:40 v/v). The com-
pound dissolved in an appropriate acetonitrile : water mixture
was loaded onto the column. After passing through the
column, the desired eluate fraction was collected and lyophi-
lized. The completion of the ion exchange and the concen-
trations of all compounds, relative to their cesium counter-
parts, were determined using a quantitative HPLC method
described below.

High-performance liquid chromatography (HPLC) and mass
spectrometry (MS)

HPLC analyses were carried out using the Ultimate 3000 RS
HPLC system (Dionex, Sunnyvale, CA, USA) equipped with a
DAD detector using full gradient separation. Column: Hypersil
Gold 50 x 2.1 (Thermo Scientific, s/n 0110796A6); mobile
phase A: 0.1% trifluoroacetic acid in water, mobile phase B:
0.1% trifluoroacetic acid in CH;CN; gradient: time/% of B: 0/5,
1/5, 16/95, 20/95; flow rate: 0.5 mL min™"; injection 1 uL. The
UV-VIS spectra were recorded using acetonitrile-water mixture
(55:45 v/v for compound 10, 60:40 v/v for compound 9,
70: 30 v/v for remaining compounds) containing 0.1% trifluor-
oacetic acid. High-resolution mass spectrometry experiments
were carried out on a MicrOTOF-Q II spectrometer (Bruker
Daltonic, Bremen, Germany) with an electrospray ion source.
The instrument was calibrated with a sodium formate solution
(10 mM) and operated in the negative-ion mode.

Syntheses of compounds

Synthesis of [COSAN-F,] x 1-chloromethyl-1,4-diazoniabicy-
clo[2.2.2]octane salt. To a solution of 0.538 g Cs[COSAN]
(1.18 mmol) in 25 mL of MeOH, 0.531 g F-TEDA (1.50 mmol)
was added, and the reaction mixture was refluxed for
30 minutes. Subsequently, additional F-TEDA was added in
five portions of approximately 0.1 g, followed by 30 min reflux
after each addition. Including a starting amount of F-TEDA a
total amount of 1.03 g (2.91 mmol) was added. Upon com-
pletion of the reaction, the mixture was cooled to room temp-
erature, Most of the residual F-TEDA precipitated as a white
solid, which was filtered off. The remaining orange solution
was left for 24 hours at 0 °C. The obtained orange crystals were
recrystallized three times from hot methanol. Finally, crystals
consisting of 1-chloromethyl-1,4-diazoniabicyclo[2.2.2]octane
(chloromethyl DABCO) salt of [COSAN-F,] were obtained. Yield:
0.229 g (36%). "H NMR (400 MHz, acetone-d,) &: 3.86 (br s,
BCH, 8H), 4.39-4.43 (m, 6H, DABCO-H), 4.45-4.49 (m, 6H,
DABCO-H), 5.79 (s, 2H, CH,Cl); "B{'H} NMR (128 MHz,
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acetone-d) &: 26.85 (br s, 2B), —4.84 (br s, 2B), —7.25 (br s, 4B),
—9.80 (br s, 4B), —21.00 (br s, 4B), —30.56 (br s, 2B); ''B NMR
(128 MHz, acetone-de) 6: 26.67 (br s, 2B), —4.86 (br d, J = 146.3
Hz, 2B), —7.24 (br d, J = 139.5 Hz, 4B), —9.80 (br d, J = 155.5
Hz, 4B), —21.00 (br d, J = 155.3 Hz, 4B), —30.52 (br d, J = 171.3
Hz, 2B); “C{'H} NMR (100 MHz, acetone-ds) &: 45.11 (CH,),
46.81 (br s, 4 x BCH), 50.86 (CH,), 69.47 (CH,Cl); "F NMR
(376 MHz, acetone-dg) 8: —147.00 (q, ‘Js_¢ = 77.1 Hz); note: on
"B, ""B{"H} and "°F NMR spectra additional signals of mono-
and trifluoro derivatives are present in trace amounts. The
compound was converted into its acidic form using a cation
exchange resin (Amberlite® IR120).

H[COSAN-F,]. "H NMR (400 MHz, acetone-d,) &: 3.86 (br s, 4
x BCH, 4H); "'B{"H} NMR (128 MHz, acetone-d): 26.32 (br s,
2B), —4.85 (br s, 2B), —7.37 (br s, 4B), =9.72 (br s, 4B), —21.13
(br s, 4B), —30.57 (br s, 2B); 'B NMR (128 MHz, acetone-dg)
26.33 (br s, 2B), —4.86 (br d, J = 142.7 Hz, 2B), —=7.37 (br d, J =
153.7 Hz, 4B), —9.73 (br d, J = 153.7 Hz, 4B), —21.12 (br d, J =
154.3 Hz, 4B), —30.54 (br d, J = 173.5 Hz, 2B); “C{'H} NMR
(100 MHz, acetone-ds) &: 46.94 (br s, 4 x BCH); "’F NMR
(376 MHz, acetone-dg) 8: —147.30 (q, “Js_r = 75.5 Hz); note: on
1B, "B{'H} and "°F NMR spectra additional signals of mono-
and trifluoro-derivatives are present in trace amounts. ESI-MS
[M]"m/z (calculated/found) 360.2646/360.2646, HPLC purity:
96.03%.

Synthesis of Cs[CoSAN-Cl,]

1.00 g Cs[CoSAN] (2.20 mmol) was dissolved in 40 mL THF.
0.294 g of NCS (Merck, Cat. No. 109681) (2.20 mmol) was
added and the reaction mixture darkened. Then, 2.20 mmol of
NCS was added three times at 15-minute intervals. Finally, a
total amount of 1.18 g (8.80 mmol) of NCS was added. The
solution was stirred for 2 hours at room temperature. 1.10 g of
Na,SO; (Acros Organics, code: 424432500) (8.73 mmol) was
dissolved in 30 mL of water and added to the reaction mixture.
After the evaporation of THF, the product is observed in the
form of dark red oil. The product did not solidify after storing
for 20 hours at 4 °C, so the evaporation was continued. An
orange precipitate formed upon water evaporation. The pre-
cipitate was filtered under reduced pressure and washed with
15 mL of water and 15 mL of petroleum ether. The final
product was dried under a vacuum. Yield: 0.975 g (84.7%). "H
NMR (400 MHz, acetone-dg) &: 4.26 (br s, 4 x BCH, 4H); "'B
{"H} NMR (128 MHz, acetone-dg) &: 11.94 (br s, 2B), —0.60 (br
s, 2B), —5.98 (br s, 8B), —19.52 (br s, 4B), —25.79 (br s, 2B); "'B
NMR (128 MHz, acetone-dg) 6: 11.89 (br s, 2B), —0.57 (br d, J =
135.7 Hz, 2B), —5.98 (br d, J = 140.2 Hz, 8B), —19.52 (br d, J =
159.2 Hz, 4B), 25.81 (br d, J = 169.5 Hz, 2B); "*C{'"H} NMR
(100 MHz, acetone-d¢) 6: 55.77 (br s, 4 x BCH). ESI-MS [M] m/z
(calculated/found) 393.2020/393.2040, HPLC purity: 99.9%.
Synthesis of Cs[COSAN-Br,]. 1.00 g Cs[CoSAN] (2.19 mmol)
was dissolved in 40 mL THF. NBS (Merck, Cat. No. B81255)
was added 4 times, each time with 2.19 mmol at 15-minute
intervals. The reaction mixture darkened after the addition of
all 4 equivalents of NBS. The solution was stirred for 2 hours
at room temperature. 1.10 g of Na,SO; (8.73 mmol) was dis-
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solved in 30 mL of water and added to the reaction mixture.
After the evaporation of THF, the product is observed in the
form of dark red oil. The Oil solidified after 1 min in an ultra-
sonic bath, but filtration was not possible due to its form. The
water was decanted, and the precipitate was dissolved in the
mixture of ethanol and water (4:3 v/v). The Ethanol was par-
tially evaporated, and the resulting orange crystals precipi-
tated. After storing for 20 hours at 4 °C, the precipitate was fil-
tered and washed with 15 mL of water and 15 mL of petroleum
ether. The final product was dried under a vacuum. Yield:
1.20 g (89.2%). "H NMR (400 MHz, acetone-de) &: 4.33 (brs, 4 x
BCH, 4H); ""B{"H} NMR (128 MHz, acetone-ds) &: 6.31 (br s,
2B), 0.44 (br s, 2B), —5.47 (br s, 8B), —18.95 (br s, 4B), —24.89
(br s, 2B); "B NMR (128 MHz, acetone-d) : 6.21 (br s, 2B),
0.44 (br d, J = 112.26 Hz, 2B), —4.31 to —6.05 (m, 8B), —18.95
(br d,J = 159.6 Hz, 4B), —24.87 (br d, J = 180.9 Hz, 2B); "C{"H}
NMR (100 MHz, acetone-de) &: 57.61 (br s, 4 x BCH). ESI-MS
[M]™m/z (calculated/found) 482.1029/482.1023, HPLC purity:
98.7%.

Synthesis of Cs[COSAN-I,]. 1.51 g Cs[CoSAN] (3.31 mmol)
was dissolved in 40 mL of EtOH. In an argon atmosphere,
0.831 g of iodine (Acros Organics, code: 423825000)
(3.27 mmol) was added and the solution was stirred for
20 hours at room temperature. The reaction mixture was
refluxed for 5 hours, with the addition of 3.27 mmol of iodine
every hour. After an additional hour of reflux, the reaction was
stopped, 2.00 g of Na,SO; (15.87 mmol) dissolved in 35 mL of
water was added to the reaction mixture and EtOH was par-
tially evaporated. The product crystallizes from the reaction
mixture after 48 hours at 4 °C. The precipitate was filtered
under reduced pressure and washed with 15 mL of water and
15 mL of petroleum ether. The final product was dried under a
vacuum. Yield: 1.60 g (68.3%). For single-crystal X-ray diffrac-
tion measurements, the precipitate was recrystallized from
water : acetone mixture (2:1 v/v). HPLC purity: 98.5%. All the
NMR spectra are in good agreement with the literature
data.>>?

Synthesis of Cs[CoSAN-CI]. 2.00 g Cs[C0oSAN] (4.38 mmol)
was dissolved in 40 mL THF. 0.146 g NCS (1.09 mmol) was
added and the reaction mixture darkened. Then, 1.09 mmol of
NCS was added three times at 15-minute intervals. Finally, a
total amount of 0.584 g (4.40 mmol) of NCS was added. After
2 hours of stirring the solution at room temperature, 0.118 g
NCS (0.880 mmol) was added and the solution was mixed for
an additional hour. 0.703 g Na,SO; (5.58 mmol) was dissolved
in 30 mL of water and added to the reaction mixture. THF was
evaporated and an orange precipitate (P1) was obtained. The
filtrate was stored for 20 hours at 4 °C and an orange precipi-
tate crystallized (P2). Both P1 and P2 consist of [COSAN-CI]™
and [CoSAN-CL,]". P1 and P2 were washed with 15 mL of water
and 15 mL of petroleum ether and combined. The precipitate
was recrystallized from ethanol solution at room temperature
by evaporation. The final product was washed with 10 mL of
water and dried under a vacuum. Yield: 1.04 g (48.1%). 'H
NMR (400 MHz, acetone-dg) 6: 4.23 (br s, 2 x BCH, 2H), 4.31
(br s, 2 x BCH, 2H); ""B{"H} NMR (128 MHz, acetone-dg) &:
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13.48 (br s, 1B), 5.34 (br s, 1B), 1.42 (br s, 1B), —1.92 (br s, 1B),
—3.88 (br s, 2B), —6.65 and —7.20 (2 x br s, total integration
6B), —17.43 (br s, 2B), —20.00 (br s, 2B), —22.51 (br s, 1B),
-27.01 (br s, 1B); "'B NMR (128 MHz, acetone-dg) &: 13.47 (br
s, 1B), 5.33 (br d, J = 142.7 Hz, 1B), 1.37 (br d, J = 142.1 Hz,
1B), —1.92 (br d, J = 145.0 Hz, 1B), —3.89 (br d, J = 149.3 Hz,
2B), —6.1 — —7.76 (m, 6B), —17.45 (br d, J = 154.4 Hz, 2B),
—20.00 (br d, J = 155.1 Hz, 2B), —22.43 (br d, J = 172.0 Hz, 1B),
-27.02 (br d, J = 172.8 Hz, 1B); “C{'H} NMR (100 MHz,
acetone-ds) &: 48.61 (br s, 2 x BCH), 56.42 (br s, 2 x BCH).
ESI-MS [M] m/z (calculated/found) 358.2452/358.2459, HPLC
purity: 98.7%.

Synthesis of Cs[COSAN-Br]. 2.00 g Cs[C0oSAN] (4.38 mmol)
was dissolved in 40 mL THF. NBS was added 4 times, each
time with 1.10 mmol at 15-minute intervals and the reaction
mixture was stirred at room temperature for 24 hours. Then,
0.157 g NBS (0.880 mmol) was added and the reaction was con-
ducted for an additional 1 hour. Finally, a total amount of
0.940 g (5.28 mmol) of NBS was added. Next, 0.580 g Na,SO3
(4.60 mmol) was dissolved in 30 mL of water and added to the
reaction mixture. THF was evaporated and the product was
observed in the form of oil. The oil solidified after storing for
24 hours at 4 °C. The precipitate was recrystallized from an
ethanol solution at room temperature by evaporation. The
final product was washed with 10 mL of water and dried under
a vacuum. Yield: 2.25 g (95.9%). "H NMR (400 MHz, acetone-
de) 6: 4.28 (br s, 2 x BCH, 2H), 4.42 (br s, 2 x BCH, 2H); "'B
{"H} NMR (128 MHz, acetone-de) &: 6.73 (br s, 1B), 5.07 (br s,
1B), 1.84 (br s, 1B), —1.11 (br s, 1B), —3.38 (br s, 2B), —6.62 and
—6.98 (2 x br s, total integration 6B), —17.35 (br s, 2B), —19.55
(br s, 2B), —22.27 (br s, 1B), —25.93 (br s, 1B); ''B NMR
(128 MHz, acetone-d¢) &: 6.91 (br s, 1B), 5.02 (br d, J = 141.9
Hz, 1B), 1.71 (br d, J = 141.3 Hz, 1B), —1.09 (br d, J = 150.8 Hz,
1B), —3.38 (br d, J = 144.9 Hz, 2B), —6.68 (br d, J = 153.6 Hz,
3B), —6.98 (br d, J = 147.1 Hz, 3B), —17.33 (br d, J = 161.3 Hz,
2B), —19.56 (br d, J = 158.8 Hz, 2B), —22.30 (br d, J = 160.0 Hz,
1B), —25.88 (br d, J = 164.1 Hz, 1B); ">C{"H} NMR (100 MHz,
acetone-de) &: 49.03 (br s, 2 x BCH), 58.03 (br s, 2 x BCH).
ESI-MS [M] m/z (calculated/found) 403.1949/403.1940, HPLC
purity: 98.0%.

Synthesis of Cs[CoSAN-CI,Br]. 0.250 g of [CoSAN-CI]™
(0.440 mmol) was dissolved in 25 mL of THF. 0.362 g of NBS
(2.03 mmol) was added, and the mixture was stirred for
3 hours at room temperature. Then, 0.255 g of Na,SOj;
(2.02 mmol) was dissolved in 20 mL of water and added to the
solution. The contents of the flask were transferred to the crys-
tallization dish and stored for 24 hours at room temperature
and left to crystalize. The crystalline solid was filtered under
reduced pressure and washed with 10 mL of water and 10 mL
of petroleum ether. The final product was dried under a
vacuum. Yield: 0.254 g (87.5%). "H NMR (400 MHz, acetone-
de) &: 4.38 (br s, 4 x BCH, 4H); ""B{'"H} NMR (128 MHz,
acetone-dg) 6: 1.80 (br s, 2B), —4.38 (br s, 8B), —6.31 (br s, 2B),
-18.03 (br s, 4B), —23.58 (br s, 2B); ''B NMR (128 MHz,
acetone-dg) 6: 1.81 (br d, J = 146.4 Hz, 2B), —3.86 to —6.32 (m,
10B), —18.04 (br d, J = 159.6 Hz, 4B), —23.57 (br d, J = 162.6 Hz,
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2B); *C{'H} NMR (100 MHz, acetone-ds) &: 56.32 (br s, 2 X
BCH), 57.10 (br s, 2 x BCH). For single-crystal X-ray diffraction
measurements, the precipitate was recrystallized from water :
methanol mixture (1:1 v/v). ESI-MS [M] m/z (calculated/
found) 437.1561/437.1551, HPLC purity: 96.8%.

Synthesis of Cs[CoSAN-IL,Br]. 0.250 g of [CoSAN-I|”
(0.429 mmol) was dissolved in 25 mL of THF. Then, 0.305 g
NBS (1.71 mmol) was added, and the mixture was stirred for
4 hours at room temperature. Then, 0.216 g of Na,SO;
(1.71 mmol) was dissolved in 20 mL of water and added to the
solution. The contents of the flask were transferred to the crys-
tallization dish and stored for 32 hours at room temperature
for crystallization. The solid crystals were filtered under
reduced pressure and washed with 10 mL of water and 10 mL
of petroleum ether. The final product was dried under a
vacuum. Yield: 0.253 g (89.1%). "H NMR (400 MHz, acetone-
de) 6: 4.30 (br s, 2 x BCH, 2H), 4.41(br s, 2 x BCH, 2H); "'B{*H}
NMR (128 MHz, acetone-ds) &: 6.54 (br s, 1B), 1.54 (br s, 1B),
0.81 (br s, 1B), —4.86 (br s, 8B), —6.63 (br s, 1B), —18.06 (br s,
2B), —18.94 (br s, 2B), —23.35 (br s, 1B), —24.72 (br s, 1B); 'B
NMR (128 MHz, acetone-dg) &: 6.55 (br s, 1B), 1.55 (br d, J =
126.7 Hz, 1B), 0.72 (br d, J = 129.7 Hz, 1B), —4.4 to —6.51 (m,
9B), - 17.96 (br d, J = 145.7 Hz, 2B), —19.00 (br d, J = 123.5 Hz,
2B), —23.51 (br d, J = 159.0 Hz, 1B), —24.80 (br d, J = 171.3 Hz,
1B); "*C{'"H} NMR (100 MHz, acetone-dg) & 58.30 (br s, 2 x
BCH), 59.50 (br s, 2 x BCH). For single-crystal X-ray diffraction
measurements, the precipitate was recrystallized from water :
methanol mixture (1:1 v/v). ESI-MS [M] m/z (calculated/
found) 529.0916/529.0906, HPLC purity: 99.0%.

Synthesis of Cs[COSAN-I,CI]. The idea of synthesis of this
compound was taken from a previously published procedure.®”
0.220 g (0.490 mmol) of [8,8"-p-I-3,3-Co(1,2-C,BoH;,),] was dis-
solved in 20 mL of CH,Cl,. Then 0.171 mL (0.98 mmol) of
N,N-diisopropylethylamine was added and the mixture was
stirred at room temperature for 24 h. Next, the solvent was
removed under reduced pressure, and an orange solid consist-
ing of N,N-diisopropylethylammonium salt was washed with
water and petroleum ether, and dried in vacuo. Yield: 0.222 g
(74.0%). "H NMR (400 MHz, acetone-de) &: 1.54 (t, CH;CH,, J =
7.2 Hz, 3H), 1.67 (d, 2 x (CH;),CH, J = 6.8 Hz, 12H), 3.81 (q,
CH;CH,, ] = 7.2 Hz, 2H), 4.26 (br s, 2 x BCH, 2H), 4.35 (hept, 2
x (CH;),CH, J = 7.6 Hz) and 4.38 (br s, 2 x BCH) [total inte-
gration 4HJ; ""B{"H} NMR (128 MHz, acetone-ds) &: 12.36 (br s,
1B), 1.09 (br s, 1B), 0.10 (br s, 1B), —4.38 and —5.21 (2 x br s,
total integration 8B), —7.02 (br s, 1B), —18.12 (br s, 2B), —19.49
(br s, 2B), —23.59 (br s, 1B), —25.76 (s, 1B); "'B{'"H} NMR
(128 MHz, acetone-dg) &: 12.36 (br s, 1B), 1.09 (br s, 1B), 0.10
(br s, 1B), —4.38 and —5.21 (2 x br s, total integration 8B),
—7.02 (br s, 1B), —18.12 (br s, 2B), —19.49 (br s, 2B), —23.59 (br
s, 1B), —25.76 (br s, 1B); "B NMR (128 MHz, acetone-dg) &:
12.36 (br s, 1B), 1.17 (br d, J = 134.8 Hz, 1B), 0.16 (br d, J =
123.6 Hz, 1B), —3.73 to —6.78 (m, 9B), —18.14 (br d, J = 167.7
Hz, 2B), —19.44 (br d, J = 167.7 Hz, 2B), —23.55 (br d, J = 181.6
Hz, 1B), —25.71 (br d, J = 166.9 Hz, 1B); “C{'H} NMR
(100 MHz, acetone-d) 6: 9.70 (CH;CH,), 18.00 ((CH;),CH),
18.13 ((CH;),CH), 57.00 (br s, 2 x BCH), 58.98 (br s, 2 x BCH),
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62.96 (CH;CH,), 64.56 ((CH3),CH); note: on 'H NMR and “*C
{"H} NMR spectra a peak of residual CH,Cl, (reaction solvent)
is present at 5.54 ppm and 52.93 ppm, respectively. The
product was dissolved in 20 mL of ethanol, and a solution of
CsCl (0.400 g) in 12 mL of water was added. The mixture was
then concentrated until an orange solid, Cs[CoSAN-I,Cl], preci-
pitated. The solid was filtered off, washed with water and pet-
roleum ether, and dried in vacuo. The precipitate was recrystal-
lized from water : acetonitrile mixture (1:2 v/v) to obtain XRD-
quality crystals. ESI-MS [M] m/z (calculated/found) 484.1419/
484.1423, HPLC purity: 99.1%.

Octanol-water partition coefficient (log P)

The octanol-water partition coefficient was determined via the
shake-flask method.>* To 1.5 mL of an aqueous solution of the
selected compound at a concentration of 1.33 mM, 100 pL of
octanol was added, and the resulting mixture was shaken for
2 hours at 25 °C. The vials were subsequently centrifuged at
25 000g for 10 minutes (25 °C). After phase separation, 5 uL of
octanol phase was transferred to another vial and octanol was
removed under reduced pressure. After drying, the residue was
dissolved in 500 pL of water containing 0.1% TFA and analysed
by HPLC. 1 mL of water phase was transferred to another vial
and lyophilized. Dry residue was dissolved in 40 pL of water
containing 0.1% TFA and analyzed via HPLC. The octanol-
water partition coefficient was determined by the ratio of the
compound’s quantity in the octanol and the water phase. The
experiment was performed in three repetitions.

Chromatographic partition coefficient (log k)

The chromatographic partition coefficient was determined by
HPLC according to a previously published procedure.>* The
analyses were performed using the Ultimate 3000 RS HPLC
system (Dionex, Sunnyvale, CA, USA) with a DAD detector,
equipped with a reverse-phase C-18 column (Hypersil Gold 50
x 2.1, Thermo Scientific, s/n 0110796A) using CH;CN/water/
0.1% trifluoroacetic acid elution system. The measurements
were performed with a flow rate of 0.5 mL min™" at 25 °C.
Retention times (tg) for each compound was obtained via
repeated measurements in isocratic elutions in the range of
85-60% of CH;CN with a step of 2.5%. The k value was calcu-
lated according to the equation k = (tg — fy)/ty, where t is the
retention time of the substance and ¢, is the dead-time. For
each compound, a plot of the log capacity factor (log k) and
the mobile phase’s composition was generated. The intercept
of the plot (log k) corresponds to the log capacity factor of the
compound in 100% water, which is considered the chromato-
graphic partition coefficient between water and the hydro-
phobic stationary phase.

Bacterial strains

Staphylococcus aureus strain was obtained from ATCC 6538,
Enterococcus faecium (PCM 2910), Pseudomonas aeruginosa
(PCM 2720), and Escherichia coli (PCM 1630) were obtained
from the Polish Collection of Microorganisms HIIET Poland.
All bacterial strains were maintained at the Hirszfeld Institute,
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Wroctaw, Poland. Vancomycin (vancomycin, MIP Pharma) and
polymyxin B (polymyxin B sulfate salt, Merck) were used as
control antibiotics.

Minimum inhibitory concentration (MIC) and minimum
bactericidal concentration (MBC) assays

The 24-hour inoculum was transferred to a fresh Mueller-
Hinton medium (Mueller-Hinton Broth 2, Merck Millipore)
and incubated at 0.5 McFarland. The prepared suspension was
diluted 100 times with the Mueller-Hinton medium and then
20 pL of the prepared bacterial suspension was added to each
well on the plate. A series of dilutions of the tested compounds
were made in the range of 100 pM-0.4 pM on a 96-well plate
using Mueller-Hinton medium. The wells were then filled with
medium and the prepared bacterial inoculum was added to
each well to a final volume of 200 pL. The plate was incubated
for 24 h at 37 °C, after which the minimum inhibitory concen-
tration (MIC) of the compounds was visually assessed. The
minimum bactericidal concentration (MBC) was assessed by
plating a suspension from wells in which no bacterial growth
was visually observed on agar plates (LAB-AGAR™, BioMaxima
S. A.). The plates were incubated for 24 h at 37 °C, and the
colonies were counted. The MBC was estimated for the concen-
trations of compounds causing at least a 99.9% CFU mL™*
reduction. The experiment was performed in three indepen-
dent repetitions.

Time-kill assay

The antimicrobial activity of the compounds was investigated
by analyzing the survival of bacteria treated with the com-
pounds at given exposure times. S. aureus ATCC6538 (0.5
McFarland) was treated with the compounds [CoSAN-I]-,
[CoSAN-L,] ™’ and [CoSAN-LBr|™ at the MBC values. At various
periods (0.5, 1, 2, 3, and 24 h) equal volumes of samples were
diluted and plated on agar plates. Bacterial colonies were
counted after 24 h of incubation at 37 °C. The experiment was
performed in three independent repetitions.

Cell culture lines and culture conditions

A549 (human lung carcinoma) and MCF-7 (human breast
adenocarcinoma) cells were purchased from the European
Collection of Authenticated Cell Cultures (ECACC; Porton
Down, UK), while HEK293 (human embryonic kidney epithelial
cell line) and MCF 10A (non-tumorigenic human mammary
epithelial cell line) cells were purchased from the American
Type Culture Collection (ATCC; Rockville, USA). All the cell
lines were maintained at the Hirszfeld Institute of Immunology
and Experimental Therapy (HIIET), Wroclaw, Poland.

The A549 cell line was cultured in OptiMEM (HIIET, PAS,
Wroclaw, Poland) supplemented with RPMI 1640 (Thermo
Fisher Scientific, Waltham, USA) at a 1:1 ratio and sup-
plemented with 5% (v/v) fetal bovine serum (FBS; GE
Healthcare HyClone, Logan, USA) and 2 mM r-glutamine
(Merck). The MCF-7 cell line was cultured in Eagle’s medium
supplemented with 10% (v/v) FBS (Merck), 2 mM t-glutamine
(Merck), 1% (v/v) amino acids (Gibco, Thermo Fischer
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Scientific), and 0.8 pg mL™" insulin (Merck). The HEK293 cell
line was cultured in Eagle’s medium (Thermo Fisher
Scientific) supplemented with 10% (v/v) FBS (GE Healthcare
HyClone) and 2 mM r-glutamine. The MCF 10A cell line was
cultured in Ham’s F12 medium with glutamine (Corning,
New York, USA) supplemented with 5% (v/v) horse serum,
10 pg mL ™" insulin, 0.05 ug mL™" cholera toxin, 0.5 ug mL™"
hydrocortisone and 20 ng mL~' hEGF (all from Merck). All
culture media were supplemented with the antibiotics - 100 pg
mL~" streptomycin (Polfa Tarchomin, Warsaw, Poland) and
100 U mL™" penicillin (Merck). The cells were grown at 37 °C
in a humid atmosphere saturated with 5% CO,.

Antiproliferative activity assessment by sulforhodamine B
assay

The cells were seeded on 384-well plates (Greiner Bio One,
Kremsmiinster, Austria) at 2 x 10* cells per well density for the
HEK293 cell line and 1 x 10° cells per well for the A549, MCF-7
and MCF 10A cell lines. After overnight incubation, the test com-
pounds were applied at various concentrations (ranging from
316 uM to 0.01 pM). After 72 h of incubation, the sulforhoda-
mine B (SRB) assay based on Skehan et al.*>® was carried out with
slight modifications. In brief, 50 uL of the medium was replaced
with 30 pL per well of 25% (w/v) trichloroacetic acid (Avantor).
After 40 minutes of incubation at room temperature, the plates
were washed three times with deionized water and 20 pL of a
0.1% (w/v) solution of sulforhodamine B (Merck) in 1% (v/v)
acetic acid (Avantor) was added to each well. After 30 min of
incubation at room temperature, the unbound dye was washed
out with 1% (v/v) acetic acid. Bound dye was solubilized with
70 puL of 10 mM unbuffered TRIS (Avantor) solution. The pro-
cedure was performed using a BioTek EL-406 washing station
(BioTek Instruments). The absorbance was read using a Biotek
Hybrid H4 reader at a wavelength of 540 nm. The crude absor-
bance data were used to calculate the degree of proliferation
inhibition using the following formula:

[ (A — Am

where, A,,, absorbance for cell-free wells; 4,, absorbance for
vehicle-treated, control wells; A, absorbance for compound-
treated wells.

The %]In i was next used for ICs, calculations performed in
GraphPad Prism 7.05 (GraphPad Software, Inc.) utilizing the
‘[Inhibitor] vs. response — Variable slope (four parameters)
model.

The experiment was performed in three independent
repetitions.

The selectivity index

The selectivity index was calculated via the following formula:

SI

ICSO MCF 10A (2)

MICs. qureus or E. faecium
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