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Abstract—Data on compounds based on cage structures—boron clusters (polyhedral boron hydrides, carbo-
ranes, metallacarboranes) and compounds of the adamantane series, which possess physiological activity,
have been generalized. The main emphasis is placed on the antiviral activity of the compounds. The mecha-
nism of the possible action of the replication inhibitors of influenza A virus strains is considered, the molec-
ular model of viroporin inhibitors is discussed. The proposed model consists of a cage hydrophobic core that
performs the function of a membranotropic carrier (a boron cluster or adamantane fragment), into which
physiologically active functional groups are introduced. The relationship between the structure of the cage
compound with the introduced substitute and the biologically active properties of this molecular structure has
been analyzed.
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INTRODUCTION

One of the most important tasks facing modern sci-
ence in the 21st century is the control of socially sig-
nificant viral infections that have a negative impact on
the quality of life of the population. These diseases
include viral hepatitis (primarily B and C), HIV infec-
tion, influenza A, the new coronavirus infection
COVID-19, etc. Vaccination as a method of con-
trolling socially significant infections is not always
effective, and often cannot be carried out at all; there-
fore, in the absence of vaccines, antiviral drugs remain
effective.

The search and creation of chemical compounds
that can effectively interact directly with a viral particle
and thereby inhibit the process of its replication seem
to be the most promising method of treatment and
prevention of socially significant viral infections.
Despite the fact that for the prevention of diseases
caused by the influenza virus, WHO prepares an
annual forecast for the creation of seasonal vaccines,
morbidity and mortality from this disease and compli-
cations after it remain high all over the world. In some
countries, up to 40% of the population suffers from
seasonal flu every year, and more than 500000 people
worldwide die from it every year. Despite worldwide
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efforts to develop chemotherapy and vaccines, the
2009/2010 pandemic caused by the influenza
A(HIN1)pdm?2009 virus showed their extremely lim-
ited and insufficient effectiveness. New strains of the
highly virulent influenza virus could emerge unex-
pectedly and cause worldwide pandemics with high
morbidity and mortality.

To date, almost all strains of the influenza A virus
that cause epidemics have proved to be completely
resistant to rimantadine. In view of these reasons, the
search for new inhibitors of the replication of influ-
enza viruses is an urgent task of modern science. To
solve it, it is necessary to analyze the structure of
known compounds with physiological properties, and
carry out structure-property correlations, which will
make it possible to determine the most promising
groups of compounds based on cage structures for
solving this problem.

This review discusses the pharmacological proper-
ties of compounds based on three-dimensional cage
inorganic and organic systems consisting of boron
atoms (polyhedral boron clusters, Fig. 1) or carbon
atoms (adamantane compounds, Fig. 2), respectively.

The van der Waals volumes of carboranes (148,
143, and 141 A3 for ortho-, meta-, and para-carborane,
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Fig. 1. Structures of boron cluster anions (a) [BIOHIO]Z_ and (b) [B20H18]2_ and (c) o-carborane [C,BgH ;]

respectively) are comparable to the volume of ada-
mantane (136 A%). The presence of ten BH groups in a
molecule that are unable to form classical hydrogen
bonds makes carborane clusters extremely hydropho-
bic. In this case, the hydrophobicity of the carboranyl
fragment is comparable to the hydrophobicity of the
adamantyl group and can vary significantly depending
on the carborane isomer and the place of attachment
of the substitute. In addition, the electronic effect of
the carboranyl fragment depends on both the carbo-
rane isomer and the position of the substitute and var-
ies from a strong electron-withdrawing one for C-sub-
stituted derivatives to a moderate electron-donor one
for B-substituted derivatives, which makes it possible
to significantly change the properties of compounds
based on them. All this makes it possible to consider
carboranes as promising pharmacophore groups and
use them as analogs of adamantane in the creation of
new drugs [1]. In the case of polyhedral boron hydride
anions, despite the good water solubility of their salts
with cations of alkali and alkaline earth metals, the
hydrophobic character of B—H groups, which pre-
vents the formation of a stable hydration shell, gives
them a latent amphiphilic character [2], which also
opens up good prospects for creation of drugs based on
them.

NH, CH;

NH,

Amantadine Rimantadine

Fig. 2. Structure of amantadine and rimantadine.
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Boron cluster anions [B,H,]>~ (n = 6—12) and their
analogs (carboranes, metallacarboranes) [3—11] are
unique inorganic systems that provide wide possibili-
ties for the creation of derivatives containing various
functional groups. For boron cluster anions, there is a
possibility of changing the geometric and electronic
structure of boron clusters: chemists can use the dian-
ions [B,,H,,]*~ (two-capped Archimedean antiprism),
[B,,H ;1> (icosahedron), [B,,H;s]>~ (dimeric mac-
ropolyhedron), single charged monocarboranes
[CB, H,]~ or neutral dicarboranes [C,B,,H,] in the
design of new compounds. The structures of some of
these boron clusters are shown in Fig. 1. The introduc-
tion of functional groups into the cluster can lead to a
decrease in the system charge and the formation of
monoanions or neutral compounds. The possibility of
the formation of anionic compounds is very important
from the point of view of physiology, since it allows the
synthesis of sodium salts of the target compounds,
which are highly soluble in water and possess low tox-
icity. Note that the wide possibilities for varying the
structure of boron cluster anions are primarily associ-
ated with the three-dimensional aromaticity of these
objects [12—14], which allows them to form a large
number of stable substituted derivatives with various
functional groups.

In turn, organic chemistry provides unlimited pos-
sibilities for changing the structure of cage carbon
compounds (in our case, compounds of the adaman-
tane series) to tune physiologically significant charac-
teristics of the final compounds. In this work, ada-
mantane derivatives with antiviral activity are consid-
ered.

The data presented in this review make it possible
to trace the change in the physiologically active prop-
erties of compounds depending on changes in their
structure, to determine the effect of the nature of the
substituent introduced into the organic or inorganic
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Fig. 3. Derivatives of aminoadamantane possessing antiviral properties.

cage on the properties of the compound, and also to
suggest the most promising area of changes in the
structure of cage derivatives for the search for new
physiologically active drugs, primarily promising in
inhibiting influenza viruses.

ADAMANTANE-TYPE DERIVATIVES
WITH ANTI-VIRAL ACTIVITY

Adamantane derivatives are the basis for numerous
compounds, and their discovery laid the foundation
for a new field of chemistry that studies approaches to
synthesis, as well as the physicochemical and biologi-
cal properties of organic polyhedral compounds that
have practical application in the pharmaceutical
industry [15, 16]. Adamantane derivatives are in
demand in many areas of medicine, including sys-
temic and local therapy. The lipophilicity of the ada-
mantane nucleus ensures interaction both with biolog-
ical membranes containing a lipid layer and with
hydrophobic regions of protein molecules that are part
of the receptor structure. When adamantane frag-
ments are introduced into the structure of pharmaco-
phores, the pharmacokinetic profiles of modified
drugs are improved [17, 18]. Simple aminoadaman-
tanes (amantadine, rimantadine) have taken a reliable
place in the pharmaceutical market, showing their
effectiveness in the treatment of viral diseases such as
influenza A, herpes, hepatitis C, and HIV [19]. Devel-
opment of pyrazole derivatives of adamantane against
FMD infection is also underway [20]. The researchers
found that the release of virions from cells infected
with the FMD virus was inhibited by amantadine,
which is an inhibitor of the function of viroporin M2
of the influenza A virus [21].

In addition to the influenza virus, rimantadine
inhibits the reproduction of the Sindbis virus, since,
being a weak lipophilic base, it can increase the pH of
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endosomal contents and prevent the deprotonization
of the virus [22]. Adaprominum (Fig. 3a) [23] is active
against influenza A and B viruses, but it is more toxic
than rimantadine. The antiviral drug tromantadine
(Fig. 3b) is used in the form of ointments and is active
against herpes simplex viruses of types 1 and 2 and
herpes simplex virus Zoster (herpes simplex virus of
type 3) [24]. Compounds of adamantane-o.-amino
acids, in which adamantane is linked to the carbon of
the side chain of the amino acid by the C—C bond, and
the carboxyl group of the amino acid is represented by
an ester or amide group (Figs. 3c and 3d), are active
against the Sindbis virus (selectivity index (SI) is 2)
and influenza A virus at the level of rimantadine. Alkyl
derivatives of aminoadamantane are also active
against influenza A S-15 virus (Figs. 3d—3g) [25].

The authors [26] showed that triazole and tetrazole
derivatives of adamantanes have a high level of in vitro
antiviral activity against laboratory and circulating
seasonal influenza A viruses and moderate activity
against the pandemic A(HIN1)pdm2009 strain.
Moreover, tetrazole derivatives of adamantanes are
more active than their triazole homologues [27].
Compounds of the azolo-adamantane class have a
high level of in vitro antiviral activity against rimanta-
dine-resistant strain A/PR78/34(H1N1) (SI > 8) [26,
27]. However, the level of activity is highly dependent
on the chemical structure. Thus, among the deriva-
tives of 1,2,4-triazoles, compound 1-(3-chloro-1,2,4-
triazol-1-yl)-3-(1-aminoethyl-1) adamantane (Fig. 4a)
exhibits significant activity against influenza A virus
(SI = 10), while adamantyl derivatives of tetrazole
(Figs. 4b—4d) demonstrate a high level of activity
against the influenza virus. It was found that the posi-
tion of the adamantyl moiety in the tetrazole ring can
play an important role in enhancing the activity of
compounds of this class.
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Fig. 4. Triazole and tetrazole derivatives of adamantanes with in vitro antiviral activity against influenza A.
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Fig. 5. N-Acyl derivatives of aminoadamantanes with anti-influenza activity against virus strains resistant to rimantadine.

A method was proposed to overcome the resistance
of influenza A viruses to adamantane series drugs by
introducing new functional groups (carboxyl,
hydroxyl, imidazole, indole, etc.) into the aminoada-
mantane carbocycle using amino acids, peptides, or
other physiologically important compounds [28]. The
resulting series of carbocyclic derivatives of amino
acids and peptides is capable of inhibiting highly
pathogenic strains of influenza A viruses, including
A/HIN1pdm09, A/H5N1, A/H3N2, etc. (Fig. 5).
Moreover, the toxicity of the compounds was not
higher than rimantadine, and for a number of com-
pounds is was even lower [29]. The compounds have a
chemical therapeutic index (SI) from 8 to 120 and
exhibit virucidal properties against the pandemic
influenza A/H5N1 virus. In Vero-E6 cell cultures
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(continuous cultures of green monkey kidney cells,
clone 6) and SPEV (pig embryonic kidney cell line),
the decrease in the infectious titer of the virus was from
3 to 5 logarithms (log) relative to the control.

The combination of rimantadine with the histidine
amino acid residue (Fig. 5a) is highly effective in vitro
against the avian influenza virus A/duck/Novosi-
birsk/56/05 (H5N1), which has pandemic potential.
The compound effectively protects the monolayer of
Vero-E6 cells in various dosage regimens, and the 50%
inhibitory dose averages 0.5 mM. The antiviral activity
of this compound is superior to the well-known
domestic drug Arbidol [30]. For the compound (Fig. 5a),
the mechanism of action in silico and in vitro was
determined by comparing the results of molecular
docking and antiviral properties of artificially created
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mutants of the A/PuertoRico/8/34 (H1N1) virus with
point amino acid substitutions in the transmembrane
region of the M2 protein [31].

The 1,3-adamantanediacetic acid derivative with
two residues of ethyl threonine ester N, N-1,3-diacy-
ladamantyl diethyltreonate (Fig. 5b) highly selectively
inhibits the reproduction of influenza A virus and is
effective against strains resistant to rimantadine
hydrochloride [32]. Compounds containing thienyl-
carboxylic acids (Figs. 5¢ and 5d) suppress the repro-
duction of the influenza A/IIV-Oren-
burg/83/2012(HIN1)pdm09 virus. The compound
with l-aminoadamantane has the lowest inhibitory
dose (IDs, is 1 mM) (Fig. 5c). Compounds of riman-
tadine with the methionine sulfone residue effectively
inhibited the reproduction of the reference strain of
the influenza A/California/07/2009 virus (Figs. Se
and 5f). The compound shown in Fig. 5fwith the Boc-
blocked amino group has the highest antiviral effect
(IDy, 0.65 uM). The molecule of the N-acyladaman-
tyl peptide compound with rimantadine is larger than
the adamantyl amino acid molecule, but does not
exceed the inner pore diameter of the M2 channel of
the influenza virus. The combination of rimantadine
with quinaldyl-Ala-Pro-OH (Fig. 5h) has a stable per-
centage of suppression of the cytopathic effect of the
reference strain of influenza A/California/07,/2009
(ID50 0.74 mM) [33].

The authors [34] synthesized adamantane deriva-
tives (rimantadine and amantadine) modified with
glycyl-thiazole (Figs. 6a, 6b, 6e, and 6f) and glycyl-
thiazole-thiazole molecules (Figs. 6¢c and 6d) and
studied their antiviral and antimicrobial activity.
Compounds with the blocked amino group of glycine
Boc-Gly-Thz-amantadine and Boc-Gly-Thz-riman-
tadine (Figs. 6a and 6b) were dissolved in TFA (20 mL)
to remove the protective Boc-group and were also
used in tests for antiviral and fungicidal activity. Com-
pounds with a dithiazole motif contained a protective
Fmoc group (Fig. 6¢). Tests have shown that the pres-
ence of a spatially bulky Fmoc group does not improve
the antiviral effect of aminoadamantanes: compounds
protected at the oi-amino group do not exhibit any
antiviral activity. An analogue of rimantadine with a
free ai-amino group, including a thiazole unit (Fig. 6f),
demonstrated moderate activity against influenza
A/Hongkong/68(H3N?2) virus. In contrast, the analog
of amantadine with a free o-amino group, which
includes a thiazole motif (Fig. 6e), does not exhibit
antiviral effect. The results show that neither the thi-
azole ring nor the free amino group is critical for anti-
viral activity. The compound Gly-Thz-rimantadine
(Fig. 6f) in two tested concentrations (10 and 60 mM)
showed very good antifungal activity against the model
strain of fungus Yarrowia lipolytica.

Other compounds have no antifungal activity. All
compounds show no activity against model strains of
Gram-positive and Gram-negative microorganisms.
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Spiroderivatives of adamantane are capable of
inhibiting the influenza A(HIN1), A(H2N2), and
A(H3N2) strains at concentrations of ~55 pug/mkL.
Compounds shown in Fig. 7 also showed activity at
the level of 115 ug/mL against HIV-1 in vitro; however,
these compounds were not effective against HIV-2.
Moreover, the activity of anti-HIV-1 was manifested
only for the spiro-fused six-membered analogs, but
was not detected for the spiro-fused five-membered
analogs [35].

In recent years, scientists have been interested in
the synthesis of adamantyl-containing nucleic bases
and related compounds and the study of their ability to
inhibit HIV-1 replication. In particular, such deriva-
tives are capable of facilitating drug transport across
biological membranes. A derivative of 3'-azido-3'-
deoxythymidine (azidothymidine, AZT), containing
an adamantane fragment at the 5'-nucleoside position
(Fig. 8a), more easily as compared to native AZT pen-
etrates into the brain tissue, where the HIV virus
directly damages the brain membranes and tissue [36].
There are other AZT derivatives modified with the
adamantane molecule [37], such as the 3'-(1-adaman-
tyl)thioureido derivative of thymidine (Fig. 8b) and
the derivative at the phosphate group obtained by the
interaction between (1-adamantylphosphonyl)phos-
phate and azidothymidine monophosphate (Fig. 8c).

Like the M2 proton channel of the influenza A
virus, the p7 ion channel plays an important role in the
reproduction of hepatitis C virus (HCV) viral particles.
The non-structural HCV p7 protein consists of 63
aminoacid residues and has two transmembrane
domains (TM1 and TM2) [38]. Six p7 subunits form a
hexameric aggregate localized mainly in intracellular
membranes, which, in the course of in vitro experi-
ments, exhibits the function of the ion channel neces-
sary for viral assembly and its optimal exit from
infected cells by changing the acid—base balance of
intracellular vesicles [39]. It was previously deter-
mined that the functioning of the p7 ion channel can
be blocked by small inhibitor molecules, in particular,
adamantane derivatives, which leads to a significant
decrease in the reproduction of viral particles [40].

Larger structures of carbocyclic peptide derivatives
are active in inhibiting hepatitis C virus replication [4].
The aminoadamantane carbocycle molecule, pro-
vided with additional functionally active groups, in the
process of interacting with the transmembrane
domain of the HCV p7 protein is capable of disrupting
the process of ion transport across the membrane. The
source of such functionally active groups can be pep-
tide residues attached to rimantadine by peptide syn-
thesis methods [41].

The synthetic compounds shown in Fig. 9, exhibit
a significantly lower toxic effect compared to rimanta-
dine in the SPEV cell culture. Moreover, the com-
pound (Fig. 9b) has the lowest toxicity, and also exhib-
its virucidal activity against HCV. The decrease in the
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Fig. 6. Derivatives of adamantane containing a thiazole motif.

infectious titer occurs by more than five decimal loga-
rithms (10000 times) in relation to the in vitro viral
control.

The main mechanism of antiviral action seems to
be similar to the action of amantadine on the HCV p7
ion channel [42]. At least the HCV p7 ion channel is
the most likely target for the proposed compounds.
The residue of the carbocycle of adamantane in this
case obviously plays the role of a carrier to which the
functionally active group of the corresponding peptide

s “attached.” This is consistent with the proposed

Jorap e

Fig. 7. Spiroderivatives of adamantane with antiviral activ-
ity against influenza A and HIV-1.
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design of a universal molecular model for a viroporin
inhibitor.

Derivatives of Boron Cluster Anions
Possessing Physiological Activity

Interest in the chemistry of boron cluster anions
results primarily from the possibility of using com-
pounds based on boron clusters in medicine. This line
of research includes the search for ways to synthesize
substituted derivatives of boron cluster anions to
obtain new drugs for diagnostics and therapy of onco-
logical diseases (in particular, for boron neutron cap-
ture therapy and binary therapy, etc. [43—45]), con-
trast agents for MRI diagnostics [46], preparation of
compounds with antimicrobial and antiviral activity
[47], etc.

One of the most important requirements for the
preparation of drugs with pharmacological activity is
the selectivity of delivery of the boron preparation to
the biological target; therefore, the strategy of creating
new boron-containing substances for therapeutic pur-
poses is based on the introduction of effective trans-
port groups into the boron cluster. To implement this
approach, it is necessary to develop methods that
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lication in vitro.

make it possible to modify the compounds of boron
cluster anions under mild conditions and to obtain
products that are stable in biological media.

The introduction of boron cluster anions into bio-
molecules leads to a sharp change in the hydrophilic
and lipophilic properties, which makes it possible to
regulate the behavior of the obtained compounds in
biological media. closo-Decaborate and closo-dodeca-
borate anions [B,,H,,]?>~ and [B,,H,]*~ exhibit hydro-
philic properties, while dicarbadecaborane [C,B,,H ]
has a pronounced hydrophobic character, which
allows carborane-containing biomolecules to effec-
tively bind to hydrophobic receptors [48]. The creation
of biomolecules containing boron cluster anions
makes it possible to achieve increased in vitro stability
of the obtained compounds.

The most studied area of application of boron clus-
ter anions and carboranes is their use for boron neu-
tron capture therapy (BNCT). BNCT is based on the
nuclear reaction of a stable isotope boron-10 with
thermal neutrons (£, = 0.025 eV, the capture cross
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section of 9B is 3890 barn). The particles formed as a
result of the '°B(n|o.,y)’Li reaction are helium nuclei
(alpha particles) and lithium-7 recoil nuclei, which have
a high linear energy loss in tissues (200 and 350 keV/um,
respectively) and a small total range (~14 wm), com-
mensurate with the diameter of one cell. In the case of
selective accumulation of boron-10 in tumor cells, a
selective radiation effect can be achieved at the cellular
level. Ideally, only tumor cells are destroyed, including
arbitrarily small metastases, without damaging normal
tissues in the irradiated volume. The key task remains
to create boron-containing preparations capable of
selectively delivering a therapeutic amount of boron-
10 to malignant tumor cells, ensuring its optimal
microdistribution, and remaining in cells for a period
of time necessary for irradiation. Studies in this area
are being carried out intensively (see, for example,
[49—54]) and requires separate consideration, which is
beyond the scope of this review. Boron cluster anions
are suitable for achieving these goals due to their high
chemical and biological stability, high boron content
in the molecule, low toxicity, and the possibility of
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obtaining water-soluble compounds (for example,
sodium salts of derivatives of boron cluster anions). It
should be noted that the dimeric boron cluster anion
[trans-B,yH 5]>~ [55—57] contains twenty boron atoms
(Fig. 1) per anion and has a significant advantage over
many other borohydrogen anions and heteroboranes
in the preparation of compounds suitable for BNCT
purposes. In this regard, the study of the reactivity of
the dimeric anion [frans-B,,H s]>~ and its derivatives
is of particular interest.

A large number of carborane analogs of various ste-
roid compounds have been synthesized. Steroids often
act as hormones that interact with specific receptors.
The effectiveness of their binding to receptors depends
on the hydrophobic nature of steroids. The introduc-
tion of a carborane fragment into a biomolecule con-
tributes to a strong increase in its hydrophobicity,
which leads to an increase in the biological activity of
these compounds. In particular, carborane-contain-
ing analogs of 17-estradiol (Fig. 10a) [58], cholesterol
(Fig. 10b) [59], and 4,5-2 H-dihydrotestosterone (Fig. 10c)
[60] were synthesized.

A number of carborane derivatives have been tested
as potential antagonists [58, 61] and agonists [58, 62]
of the estrogen receptor (Figs. 11a, 11b). The main
emphasis was placed on the synthesis of estradiol ana-
logs containing a cluster core, which allowed the
resulting compounds to exhibit strong hydrophobic
interactions with the estrogen receptor. The effect of
the type of carborane isomer and the nature of the
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substituent in the carborane cluster on biological
activity was studied.

Carborane analogs of retinoids [63, 64] are of
interest in the field of dermatology and oncology. The
introduction of a bulky hydrophobic carborane group
into retinobenzoic acids promotes the appearance of
an antagonistic effect. The biological properties of
various diphenylamines associated with carboranes
have been synthesized and studied (Fig. 12). A number
of compounds exhibited strong agonistic activity at
concentrations of 108—10=° mol. The results show
that carboranes are useful as hydrophobic fragments of
biologically active molecules.

New types of adenosine and 2'-deoxyadenosine
derivatives containing boron clusters at the C2', N6, or
C8 positions have been synthesized [65]. Selected
compounds are shown in Fig. 13. The effect of these
modified compounds on platelet function has been
studied. Modification of adenosine at the C2 position
with para-carborane results in effective inhibition of
platelet function, including aggregation, protein
secretion, and P-selectin expression induced by
thrombin or ADP. The results obtained contribute to
the creation of a new class of adenosine analogs that
modulate the activity of human blood platelets.

Another area of application of compounds based
on boron cluster anions is the creation of bioconju-
gates based on carbaboranyl phosphonates [66, 67].
There are two approaches to the synthesis of these bio-
molecules: the creation of compounds in which the
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phosphonate group is directly linked to the carborane
cluster (Figs. 14a, 14b) or is separated from the cluster
by a spacer group (Fig. 14c). Carboboranyl phospho-
nates exhibit high anticholinesterase activity. Com-
pounds in which the phosphonate group is directly
linked to carborane exhibit gametocidal activity, while
molecules in which the phosphonate group is con-
nected to the cluster via sulfur or selenium atoms
exhibit bactericidal activity. Carboboranyl mono- and
diphosphonates linked in oligonucleotide sequences
can serve as oligonucleotide therapy agents due to
increased resistance to nuclease uptake.

The antimicrobial effect of some derivatives of
boron cluster anions and carboranes has been studied.
In [68], a number of derivatives of o-carboranes and
anionic dicarbollides of the nido-type were synthesized,
and their antimicrobial activity was studied (Fig. 15).
Almost all of the studied monoanions of the dicarbol-
lide are active in vitro against fungi Candida albicans,
Aspergillus fumigatus and Tricophyton asteroides, as
well as against Gram-positive bacteria. From the
structure—activity ratios, the authors concluded that
the introduction of lipophilic alkyl groups (Cs—C;) or
o-carboranyl groups to hydrophilic dicarbollide
anions leads to antimicrobial activity, while most car-
borane derivatives exhibit low activity, with the excep-
tion of amino and chlorine derivatives, which appear
to be active against Tricophyton asteroides and Gram-
positive bacteria.

The authors [69] studied the activity of o-carbora-
nylalanine (Fig. 16), a highly lipophilic analog of the
amino acid phenylalanine, against various plant
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pathogens. o-Carboranylalanine showed high activity
(MIC values fall in the range from 0.00015 to 0.32 uM,
which is more than 1000 times higher than that of tri-
demorph, a fungicide of a selective zoospore inhibitor)
against all asexual spores of Plasrnopara halstedii.

Metallocarborane derivatives have been synthe-
sized (Fig. 16b) with antibacterial activity against
methicillin-resistant Staphylococcus aureus, Y. entero-
colitica, and Pseudomonas aeruginosa [70, 71].

A number of isoniazid derivatives of carborane
containing 1,2-dicarba-closo-dodecaborane, 1,7-
dicarba-closo-dodecaborane, 1,12-dicarba-closo-
dodecaborane, or 7,8-dicarba-nido-undecaborate
anion were synthesized [72]. The compounds were
tested in vitro against the Mycobacterium tuberculosis
(Mtb) H37Rv strain and its mutant (AkatG), deficient
in catalase-peroxidase synthesis (KatG). N'-((7,8-
Dicarba-nido-undecaboranyl)methylidene)isonicot-
inohydrazide (Fig. 17a) showed the highest activity
against the wild-type Mtb strain (MICyy = 0.33 uM
(Mtb), MICyy = 660 uM (AkatG)).

In [73], the antimicrobial properties of cobalt bis-
dicarbollide [3,3'-Co(1,2-C,B¢H;),]~ and sodium
salts of its derivatives [3,3'-Co(8-R(CH,CH,0),-1,2-
C,BoH ) (1,2'-C,BoH)l” (R = —OOCCH;,
—OCHj;, and —OCH,CH;) were studied. The results
showed that among the compounds studied, com-
pounds with R = OCH,CHj; (Fig. 17b) exhibit the
highest antimicrobial activity, which is equal to or even
higher than the activity of the commercially available
broad-spectrum antibiotic thiamphenicol. It was
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Fig. 16. Structure of (a) o-carboranylalanine and (b) metallacarborane derivatives active against Y. enterocolitica and P. aerugi-
nosa.
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Fig. 17. Structures of (a) isoniazid derivative 7,8-dicarba-nido-undecaborane and (b) bis-dicarbollide cobalt derivatives 3,3'-

Co(8-R(CH,CH,0),-1,2-C,BgH 19)(1',2'-C,BoH, )]

found that cobalt bis-dicarbollide exhibits compara-
tively lower antibacterial and antifungal properties
compared to its derivatives. From a practical point of
view, the authors emphasize that methicillin-resistant
S. aureus (TSA MRSA), multi-resistant P. aeruginosa,
and Candida spp. are sensitive to compounds indi-
cated in Fig. 17b.

The authors [74] synthesized thymine derivatives
containing ortho-carborane, para-carborane, and
nido-carborane clusters (Fig. 18). It was found that the
obtained compounds are inhibitors of bacterial
enzymes and can be used as new anti-tuberculosis
drugs.

A number of amides and derivatives of diboraoxaz-
oles containing closo-dodecaborate anion (Fig. 19),
which can be considered as 3D analogs of benzoxa-
zoles, were synthesized and investigated for antimicro-
bial activity [75] against Gram-negative (Neisseria
gonorrhoeae) and Gram-positive (S. aureus and
Enterobacter faecalis) bacteria. Diboraheterocycles
showed high specific activity against N. gonorrhoeae,
but low activity against gram-positive bacteria.

A series of new analogues of penicillin G contain-
ing lipophilic ortho-, meta-, or para-carborane instead
of the phenyl ring has been synthesized [76]. Penicillin
G analogs were obtained by amidation of 6-aminope-
nicylanic acid (6-APA) with active N-succinimidyl
esters containing ortho-, meta- or para-carborane.
Alternatively, analogs containing ortho- or para-car-
borane have been synthesized using ortho- or para-
carborane acid chlorides. The compounds thus
obtained were tested in vitro against the Gram-posi-
tive bacteria S. aureus and the Gram-negative bacteria
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Klebsiella pneumoniae, E. cloacae, Acinetobacter bau-
manii, and P. aeruginosa. The most potent inhibitor of
the growth of Gram-positive bacteria was the com-
pound containing the para-carborane cluster (Fig. 20)
(S. aureus, MIC 64 ug/mL). Compounds containing
ortho- or meta-carborane, respectively, were less active
against S. aureus.

A series of N-alkylammonium derivatives of 8-
diethylene glycol-bis-dicarbollide cobalt (Fig. 21) was
obtained by a direct method [77]. The antibacterial
and antifungal activity of seven derivatives was deter-
mined based on the determination of the minimum

Fig. 18. Structure of carboranyl-containing thymine deriv-
atives.
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Fig. 19. Derivatives of diboroxazoles containing the closo-dodecaborate anion.

inhibitory concentrations (MICg,). The growth of
S. aureus was suppressed with high selectivity in the
presence of the compound with Nu = NH; at a con-
centration of 3.8 mg/L. The authors note the absolute
selective activity of the compound with Nu =
NH,CHj in inhibiting the growth of the filamentous
fungus Trichosporon cutaneum.

A number of compounds containing carborane
clusters have been tested for antiviral activity. In par-
ticular, a number of conjugates of para-carborane
[78], ortho-carborane [79], and bis(1,2-dicarbol-
lide)cobalt [80] with 5-ethynyl-uridine were obtained
by the Sonogashir cross-coupling reaction of the cor-
responding boron-containing terminal alkyne and
5-iodine nucleoside. The structure of some com-
pounds is shown in Fig. 22. The activity of the com-
pounds obtained against viruses HCMV, EMCYV,
HPIV-3, HSV-1 was studied; compounds have shown
low to moderate cytotoxicity in several cell lines. The
most active compound is 5-[(1,12-dicarba-closo-dodeca-
boran-2-yl)ethin-1-yl]-20-deoxyuridine (Fig. 22c); for
this compound, an 1Cy, of 5.5 mM with a selectivity
index higher than 180 was found. It was found that the

Fig. 20. Analog of penicillin G containing para-carborane.
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compound exhibits antiviral activity against HCMYV and
is not active against HSV-1, HPIV-3, or EMCV [78].

In addition, conjugates based on closo-dodecabo-
ratoamines were obtained as universal synthons,
including bis(closo-dodecaborates), conjugates of
closo-dodecaborate with lipids and with the unnatural
nucleoside 8-aza-7-deaza-2'-deoxyadenosine (Fig. 23)
[81]. The compounds showed low or moderate toxic-
ity, but were ineffective against viruses. No activity was
found against HSV-1, HPIV-3, EMCYV, VSV, and
HMCV.

It was recently discovered [82—84] that a new class
of bis(1,2-dicarbollide)cobalt derivatives is a potent
specific and selective competitive inhibitor of HIV pro-
tease (Fig. 24). The most active compound (Fig. 24a)
exhibits high activity against HIV and has no toxic
effect on the cell culture (IC5, = 100 nM) [82].

Related derivatives of bis(1,2-dicarbollide)cobalt
were studied [83, 84] (Figs. 24b—24d). Substituted
metallacarboranes are potent specific and selective
competitive inhibitors of wild-type and mutated HIV
PR protease inhibitors. The authors explain their abil-
ity to inhibit many protease inhibitor-resistant PR
species due to their novel way of binding at binding
sites through participation in dihydrogen bonds and

Fig. 21. Derivatives of N-alkylammonium 8-diethylene
glycol-bis(dicarbollide)cobalt. Nu is NHj;, NH,CHj,

NH(CHj3),, N(CH3)3, NH,C,Hs, NH(C,H5s),,
N(C,Hs)s.
No.1 2022
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Fig. 22. Structure of nucleoside conjugates containing (a) ortho-carborane, (b) bis(1,2-dicarbollide)cobalt, and (c) para-carbo-
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Fig. 23. Conjugates of the closo-dodecaborate anion with (a) lipids and (b) unnatural nucleosides.

their ability to regulate the position of the metallacar-
borane cage in the HIV PR substrate. The authors
emphasize that boron clusters are promising pharma-
cophores for potent specific inhibition of drug-resis-
tant HIV protease mutants.

The synthesis of a new inhibitor of neuraminidase,
carborane-containing ester of carboxylic acid osel-
tamivir (Oseltamivir), has been described, its physico-
chemical and spectral characteristics have been
reported [85] (Fig. 25). The carborane analog of osel-
tamivir was found to be an order of magnitude less
active than its predecessor, the corresponding ethyl
ester, which is an active ingredient in pharmaceuticals
used in the prevention and treatment of influenza.

At the end of the review, we note several examples
that justify the comparison of the pharmacological
properties of inorganic and organic three-dimensional
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systems, which include boron and adamantane clus-
ters. Drawing analogies in the structures and proper-
ties of compounds is a tool necessary for the design of
new compounds [86]. Study [87] compared the activ-
ity of phenyl derivatives of meta- and para-carborane
with a similar derivative of adamantane (Fig. 26) in
relation to binding to estrogen. Using the biolumines-
cence method, it was shown that the 4-phenyl-para-
carborane derivative exhibits the highest activity
among other carborane analogs and is 10 times more
active than 17-estradiol. The 4-phenyl-para-carbo-
rane derivative exhibits transcriptional activity in the
concentration range from 1 X 10~ to 1 x 10~% mol,
and its effect is comparable to that of a similar ada-
mantane derivative (Fig. 26a). Estrogen receptor
antagonists are widely used in the treatment of breast
cancer.
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Fig. 24. Derivatives of bis(1,2-dicarbollide)cobalt with activity against HIV.

The authors [88] synthesized 48 analogues of the
cell growth inhibitor Mycobacterium tuberculosis
SQ109, in which the ethylenediamine linker is
replaced by oxa, thia, or heterocyclic groups contain-
ing adamantane or 1,2-carborane. Some representa-
tives of the compounds are shown in Fig. 27. Com-
pounds were tested against M. tuberculosis (H37Rv
and/or Erdman), M. smegmatis, Bacillus subtilis, Esch-
erichia coli, Saccharomyces cerevisiae, Trypanosoma
brucei and two human cell lines (human embryonic
kidney HEK293T and hepatocellular carcinoma). The
strongest activity was found against 7. brucei, the caus-
ative agent of human African trypanosomiasis; this
was found for 15 analogs of SQ109, which were more
active than SQ109 in inhibiting cell growth, with an

O, )J\ )
HNAc :
NH,H;PO, o BH
e C

Fig. 25. Carborane analog of oseltamivir.
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ICs, value of only 12 nM (5.5 ng/mL) and an index
selectivity of ~300. Carboranes were less active against
M. tuberculosis, but, surprisingly, had activity (ICs, ~ 2
Ug/mL) against Gram-negative bacteria E. coli.

Authors [89] compared bioisosteres based on the
same type of adamantane and ortho-, meta- and para-
carborane derivatives and studied their antimalarial
action (Fig. 28). It has been shown that the introduc-
tion of adamantane reduces the in vitro efficacy
against Plasmodium falciparum in comparison with the
parent phenyl compound, and the introduction of car-
boranes leads to its improvement; however, these
changes contribute to a decrease in metabolic stability.
The transition of closo-carboranes to the nido-struc-
ture leads to a decrease in the toxicity of the com-
pounds, as well as their activity in comparison with
closo-analogs.

In [90, 91], a derivative of the closo-decaborate
anion [B,,Hy—O(CH,),C(O)—His—OMe]?*~ with the
His-OMe functional group bound to the boron cluster
anion by the spacer O(CH,), (Fig. 29b) was synthe-
sized and the antiviral activity of its sodium salt against
influenza A/Moscow/01/2009(HIN1)pdm09 virus
was studied in vitro. It was shown that the compound
has antiviral activity at 10 and 5 ug/mL and demon-
strates the absence of cytotoxicity up to 160 ug/mL.
The activity of the target compound was compared
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Fig. 26. Phenyl derivatives of (a) adamantane and (b) meta- and para-carborane.

with the adamantane-containing analog, a rimanta-
dine derivative (Fig. 29a), and its higher activity was
shown compared to HCl-H—His—Rim (the percent-
age of inhibition was 91.0 and 88.0% at concentrations
of 5 and 10 ug/mL compared to 47 and 62% for the
rimantadine derivative, respectively).

A quantum mechanical model of the [B,\Hy—
O(CH,),C(0O)—His—OMe]*>~ anion was created,
molecular docking was performed with a model of the
transmembrane region of the M2 protein (PDB
2KIH), and on the basis of the data obtained, the
mechanism of action of the target compound was pro-
posed [91].

The active study of new methods for the introduc-
tion of functional groups into boron cluster anions
expands the possibilities for the design of new com-
pounds, including those with physiologically active
properties [92, 93].

Molecular Model of a Viroporin Inhibitor

At the end of the review, we would like to discuss a
possible mechanism of action of cage compounds that
have an inhibitory effect against influenza A viruses.
Studies of the biological activity of adamantane deriv-
atives arose almost simultaneously with the rapid

N7 N
\;/ /\/\/\/\/\/\
Br~

o BH
°C

JOA ™ -

Fig. 27. Adamantane- and carborane-containing cell
growth inhibitors of Mycobacterium tuberculosis SQ109.
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development of adamantane chemistry. As already
noted, the first adamantane compound that found
application in medicinal chemistry was amantadine
(1-aminoadamantane), which has a high antiviral
activity against influenza A. The subsequent resis-
tance of viruses to adamantane preparations prompted
researchers to study the mechanism of action, which is
associated with inhibition of the function of the ion-
selective channel (proton pump) in the envelope of the
virus. These transmembrane proteins, capable of
forming conducting channels in the envelope of the
viruses themselves or post-translationally in the
organelles of the host cell, are called viroporins.

Viroporins are a group of proteins that are involved
in many stages of the viral replication cycle, including
promoting the release of viral particles from cells.
These proteins also affect cellular functions, including
the cellular visicle system, glycoprotein transport, and
membrane permeability. The presence of viroporins is
not a prerequisite for viral replication, but significantly
increases the growth of virions. Viroporins, consisting
of 60—120 amino acids, have a hydrophobic trans-
membrane domain that interacts with the lipid bilayer
and disrupts its hexagonal packing. Some viroporins
also contain other motifs, such as basic amino acid
residues or a domain rich in aromatic amino acids,
which give the protein the ability to interact with the
interfacial lipid bilayer. Oligomerization of viroporin

]@ /

Je

Fig. 28. Potential antiviral agents based on adamantane
and carboranes.
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Fig. 29. Aminoacid derivatives of (a) adamantane and (b) the closo-decaborate anion with antiviral activity.

leads to the formation of hydrophilic pores on the
membranes of virus-infected cells. As the list of known
viroporins grows steadily, recent research has focused
on deciphering the actions of the viroporins of polio-
virus 2B, alphavirus 6K, HIV-1 Vpu, hepatitis C p7,
and influenza M2. All these proteins can enhance the
penetration of ions and small molecules across mem-
branes, depending on the concentration gradient [41].

A typical representative of tetrameric ion-selective
viroporins is the M2 proton-conducting channel of
the influenza A. The drug amantadine (Symmetrel, 1-
adamantylamine hydrochloride) was one of the first
studied inhibitors of the M2 proton channel of the
influenza A. It was used in clinical practice against the
influenza A virus since 1966 [94]. In 1985, it was
shown that some mutations in the hydrophobic
sequence of the M2 protein can lead to virus resistance
to amantadine and its analogue rimantadine
(Flumantadine, 1-(1-adamantyl)ethylamine hydro-
chloride). These data suggested that the M2 protein
may be a target for adamantane drugs, and in 1992
these assumptions were confirmed [95]. In 2020, the
authors [96] put forward a hypothesis in their in silico
calculations that amantadine blocks the ion channel of
the SARS-CoV-2 virus. It is assumed that amantadine
can interact via hydrogen bonds with the amino acid
residues Phe26 and Ala22 of the protein viroporin E.

Viroporins are very conservative in their amino
acid composition. Mutations in these proteins can
lead to the nonviability of viruses; therefore, they are
of interest as a therapeutic target for the development
of new inhibitors of viroporin function [97].

It is known that viroporins are inhibited by ion
channel blocking compounds such as amantadine,
rimantadine, hexamethylene amiloride, and long
chain derivatives of acyl imino sugars. At the moment,
Australian and Chinese scientists are conducting the
second stage of clinical trials of the synthetic drug
BIT225 ((N-[5-(1-methyl-1H-pyrazol-4-yl)-naptha-
lene-2-carbonyl]-guanidine)), which has shown the

RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  Vol. 67

ability inhibit the functions of viroporins of the hepa-
titis C virus (HCV) and HIV-1 [42] (Fig. 30).

Inhibitors (blockers) of the function of the M2 pro-
tein of the influenza A virus, as a rule, consist of a
hydrophobic part of the molecule (in the preparations
of amantadine and rimantadine it is adamantane),
connected to a polar functional group. In amantadine
or rimantadine, the substituent is an amino or ethyl-
amino group. The adamantyl residue can be replaced by
other hydrophobic groups, including conjugated and
spiroconjugated multicyclic alkanes, branched acyclic
alkanes, terpene derivatives, and silanes [38, 39].

Moreover, a new class of positively charged mole-
cules has been proposed, namely diazabicyclooctane
derivatives with a constant charge of +2, which block
the diffusion of protons through the M2 ion channel.
The states of ionization of histidine residues at posi-
tion 37 at physiological pH values have been estab-
lished by molecular dynamics methods. The charged
molecule has an advantage over amantadine and
rimantadine because it has a +2 charge, which creates
a positive electrostatic potential barrier for the trans-
port of hydrogen ions through the M2 ion channel in
addition to the steric barrier [40].

Thus, not only neutral cage hydrocarbons and het-
erocycles can be used to block ion-conducting chan-
nels, but also charged polyhedra, such as closo-borate
anions and related carboranes.

Summarizing the data on the antiviral activity of
various structures of scaffold derivatives, it is possible
to form a molecular model of a viroporin inhibitor. It
is a three-dimensional cage core (neutral or carrying a
general charge) (Fig. 31), which performs the function
of a membranotropic carrier of the functional group.
This role can be played by carbocyclic alkanes such as
adamantane, norbornene, or fused and substituted
aromatic systems such as boron cluster anions. On the
other hand, the cage fragment is connected to a func-
tional group that is capable of forming a non-covalent
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Fig. 30. Structure of selected known inhibitors of viroporins (amantadine, rimantadine, hexamethylene amiloride (HMA) and
long-chain derivatives of acyl-iminosugars).
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Fig. 31. Molecular model of an inhibitor of the function of viroporins.

interaction with the pore surface of the viroporin CONCLUSIONS

channel. 'A_*mi“(.’ acids, peptides, and a number of Derivatives of cage structures, boron cluster anions
other physiologically active compounds can act as a  and adamantane series compounds, have been consid-
source of such groups. ered. It has been found that the introduction of various
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functional groups allows one to obtain compounds
inhibiting the replication of viruses, and also imparts
other pharmaceutical properties to the target mole-
cules. Analyzing the data presented, we can expect the
appearance of antiviral properties in derivatives of the
decahydro-closo-decaborate anion with side amino
acids, peptides, and some other physiologically
important compounds, since in this case the closo-
decaborate anion acts as a membranotropic carrier,
which is consistent with the proposed inhibitor model.
Thus, the discussed derivatives of boron cluster anions
can be considered as a new class of objects with prom-
ising antiviral activity.
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