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Keywords: Abstract. The synthesis of the ligand - spirocarbon (4,4,10,10-tetramethyl-1,3,7,9-
spirocarbon, tetraazaspiro[5.5]undecane-2,8-dione) - and its coordination compounds with
IR spectroscopy, transition metal cations (Co**, Cd*, La’*, Cu**, Zn®*, Mn**) has been conducted.
electronic spectroscopy, ~ The formation of the coordination compounds was confirmed by IR and UV
transition metals, spectroscopy. The electronic spectra of the complexes recorded a bathochromic shift of
complexation, the band corresponding to the ligand along and the appearance of new absorption
PASS online, maxima in the long-wavelength region. According to molecular docking results, the
molecular docking. identified biological target - a-synuclein - binds to the ligand (spirocarbon) via

hydrogen bonds between the oxygen and hydrogen atoms of the amide group of
4,4,10,10-tetramethyl-1,3,7,9-tetraazaspiro[5.5 Jundecane-2,8-dione and the hydrogen
and oxygen atoms of the amino acid residues of the protein. The dependence of the
spirocarbon complexes lipophilicity on the pH of the medium was investigated.
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Introduction

Spirocarbon or 4,4,10,10-tetramethyl-1,3,7,9-tetraazaspiro[5.5]undecane-2,8-dione is the
condensed bicyclic bis-urea of the spiro series (see Fig. 1).

Spirocarbon (Sk; 1) was first synthesised in 1901 via the
condensation of acetone and urea [1]. Later, Zigeuner et al.
confirmed its spirobisprimidine structure [2]. Spirocarbon
exhibits a range of unique biological properties: low toxicity (LDso

= %OOO mg/kg)' [3], @embranotrop1F activity [4], cytotoxicity Fig. 1. Structural formula of
against leukemia cell lines L1210 (mice) and CEM-T4 (human) , ., 10-tetramethyl-1,3,7,9-
[5]. Additionally, it affects on the physicochemical and functional  tetraazaspiro[5.5]undecane-
properties of hemoglobin and the state of the antioxidant system  2.8-dione
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regulating intracellular processes through NO- and its derivatives [6]. Moreover, the use of
spirocarbon as a growth regulator increases protein content [7] and reduces starchiness in oat
grains [8].

Indeed, Alzheimer's disease aggregates its a-synuclein form interacting with S-amyloid
and enhancing its neurotoxicity [9]. a-Synuclein exacerbates oxidative stress and inflammation,
disrupting synaptic transmission [10]. Acetylcholinesterase also accelerates p-amyloid
aggregation, promoting the formation of toxic complexes on neuronal surfaces [11]. Therefore,
acetylcholinesterase inhibitors increase acetylcholine levels, which improves signal
transmission in the brain [12], and donor-acceptor groups in active pharmaceutical substances
can exert antioxidant effects [13].

In study [14], spiroheterocyclic compounds, including spirocarbon, were investigated as
cholinesterase inhibitors (Sk's inhibitory activity was tested using a microtiter ELISA method).
Screening results demonstrated significant acetylcholinesterase inhibition potential. Thus,
derivatives based on spirocarbon can be synthesised as active pharmaceutical ingredients
against Alzheimer's disease. Furthermore, prospects for the application of rare-earth element
complexes with spirocarbon as drug delivery agents have been proposed [15].

Therefore, spirocarbon low binding energy with a-synuclein propounds a hypothesis on
spirocarbon alleviates symptoms and slows neurodegenerative processes. The synthesis of
spirocarbon complexes is justified from the perspective of enhancing bioavailability compared
to the unbound ligand form.

The purpose of the study is the synthesis and investigation of the spectral and biological
properties of La’** and d-element complexes with spirocarbon as an organic ligand

Experimental part

The following reagents were used for the synthesis: urea of analytical grade
(AO LenReaktiv, Russia), acetone of chemical purity (AO EKOS-1, Russia), sulfuric acid of
chemical purity (AO LenReaktiv, Russia), lanthanum(III) nitrate hexahydrate of chemical
purity (AO LenReaktiv, Russia), and other chemically pure soluble salts of d-elements:
copper(II) nitrate trihydrate, anhydrous zinc(II) chloride, anhydrous manganese(II) chloride,
cobalt(II) nitrate hexahydrate, cadmium(II) nitrate tetrahydrate.

The absorption spectra of the synthesised products were recorded on a PE-5400 UV
spectrophotometer OOO Ekroschim, St. Peterburg, Russia using ethyl alcohol as the solvent.
Functional group analysis was performed by ATR-FTIR spectroscopy on a Spectrum 65
Fourier-transform IR spectrometer Perkin Elmer. We performed elemental analysis using a
FLASH EA 1112 C,H,N,S analyser. The melting point of the ligand was measured on a Stuart
SMO10.

Spirocarbon (4,4,10,10-tetramethyl-1,3,7,9-tetraazaspiro[5.5]Jundecane-2,8-dione) was
synthesised according to the method [17]. The obtained compound was isolated and purified
from residual impurities by recrystallisation from an aqueous solution. The melting point of
spirocarbon was 241-243 °C.
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Synthesis procedure for complex compounds of spirocarbon (Sk) with soluble salts of
d-elements and lanthanum (III) nitrate. The masses of the components are given in Table 1.
A weighed sample of the corresponding salt hydrate (or anhydrous chloride) was dissolved in
20 ml of acetone and added to a solution of the ligand (Sk) in acetone. Schemes 1-6 are shown
in Table 1.

Table 1. Weighed samples of substances for the synthesis of complexes

) Formula Mass of the weighed sample | Mass of the weighed sample
Complexing agent ] )
of the starting salt of the salt, g of spirocarbon, g
Cu* Cu(NO3),-3H,0 0.1330 0.2649
Zn** ZnCl, 0.1020 0.1806
Mn?** MnCl, 0.1110 0.2119
Co** Co(NO:s),-6H,O 0.1460 0.2408
Cd* Cd(NO:s),-4H,O 0.1450 0.1132
La* La(NO;);-6H,O 0.1390 0.1541

The optimal molar ratio of substances was 1:1 for Sk complexes with Zn**, Mn?**, Cd** and
1:2 for Cu*, Co?**, La** (the completeness of ligand binding was verified by electronic
spectroscopy). The solution was stirred for 5-15 minutes on a magnetic stirrer until a viscous
solution formed. The viscous solution was filtered; the filtrate was stored in a tightly sealed
vessel. After 2-3 weeks, transparent prismatic crystals are formed, filtered off, washed with
acetone, and air-dried. The obtained complex compounds exhibit the best solubility in aprotic
bipolar solvents. They are very soluble in DMF and DMSO, readily soluble in alcohols and
acetonitrile, sparingly soluble in water, and practically insoluble in nonpolar organic solvents
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Sk (1; ligand; gross formula C,;HxN,O5). Yield is 96% (1.12 g). White fine-crystalline powder.
Found, %: C 54.81; H 8.34; N 23.33. Calculated, %: C 54.98; H 8.39; N 23.32. IR, Vimay, cm™’: 3310,
3295, 3203 (N-H), 3075 (CH,), 2970, 2925 (CHs), 1650 (C=0), 1420 (C-N). Amex = 206 nm.

[CuSk:(H,0)](NO:s): (2). Yield is 82% (0.3099 g). Pale blue crystals. Found, %: C 38.76;
H 6.23; N 19.66. Calculated, %: C 38.51; H6.17; N 19.71. IR, Vimay, cm™: 3630 (H,O); 3285 (N-H);
3087, 2956, 2896 (CH,, CH,); 1621, 1642 (C=0, amide I); 1446 (C-N); 825 (NO5). Amax = 243 nm.

[MnClL-Sk] (3). Yield is 87% (0.2807 g). Beige crystals. Found, %: C 37.08; H 6.51; N 20.30.
Calculated, %: C 37.99; H 6.38; N 20.14. IR, Vimay, cm': 3354, 3302, 3263, 3235 (N-H); 2940, 2891
(CHs); 1645 (C=0, amide I); 1478 (C-N). Amax = 269 nm.

[CoSk,(H20),](NOs), (4). Yield is 75% (0.2560 g). Lilac crystals. Found, %: C 38.64;
H 6.99; N 20.66. Calculated, %: C 38.26; H 6.28; N 20.28. IR, Vi, cm™: 3650 (H,0), 3296 (N-H),
2975, 2922, 2880 (CH;, CH,), 1622 (C=0, amide I), 1034, 1369, 753, 827 (NO;), 1447 (C-N).
Amax = 515 nm.

[CA(NOs),Sk(H,0)] (5). Yield is 90% (0.2095 g). White crystals. Found, %: C 26.68;
H 4.21; N 16.89. Calculated, %: C 26.71; H 4.48; N 16.99. IR, Vi, cm': 3570, 1501 (H,O);
3303 (N-H); 3080 2975, 2900 (CH,, CHs); 1617 (C=0, amide I); 832 (NO3). Amax = 269 nm.

[LaSk:(H20)2(NOs)s] (6). Yield is 92% (0.2530 g). Transparent prismatic crystals. Found,
%: C 21.96; H 4.07; N 16.32. Calculated, %: C 21.97; H 4.02; N 16.30. IR, Vi, cm™: 3660 (H,O);
3240 (N-H); 3076, 2955, 2901, 2870 (CH,, CHs); 1636 (C=0, amide I); 1478 (C-N), 1390 (N=0),
1500 (H,0), 1270, 1050, 803, 776 (NO5"). Amax = 263 nm.

[ZnCl-SKk] (7). Yield is 89% (0.2517 g). Brown crystals. Found, %: C 35.16; H 5.11;
N 14.77. Calculated, %: C 35.08; H 5.35; N 14.88. IR, Vma, cm’: 3375, 3331, 3329, 3260 (N-H);
3079, 2974, 2890 (CH,, CH3); 1635 (C=0, amide I); 1505 (amide II), 1446 (C-N). Anax = 235 nm.

Main body

The organic ligand spirocarbon has been synthesised. Its composition and structure have
been confirmed by spectral methods. The UV spectrum is characterised by an absorption
maximum at Am. = 206 nm (see Fig. 2).

Fig. 2. UV spectrum of spirocarbon

The IR spectrum of compound 1 (see Fig. 3) shows characteristic absorption bands of
stretching vibrations corresponding to the functional groups of spirocarbon: carbonyl
(1650 cm™), amino group (3310, 3295, 3203 cm™), and confirmation of the C-N bond presence
(1420 cm™). The spectral characteristics are consistent with literature data [16].
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Fig. 3. IR spectrum of spirocarbon

Analysis of spirocarbon complexes IR spectra, the metal is coordinated to the ligand via
the oxygen atom of the amide group ~-CO-NH-. It is evidenced by the shift of the C=0 band
to the long-wavelength region of the spectrum. This is supported by electronic
spectroscopy data: a series of bathochromic shifts corresponding to m>m* transitions are
observed (see Figs. 4 and 5).

Bathochromic shifts (1)

sk(1) — sk-Co(4) ——sk-Cd(s) —sk-Cu(2)
Fig. 4. Electronic spectra of the compounds 1, 4, 5, 2

Bathochromic shifts (2)

sk(1)

Sk-La(6) e S k-2 7) — Sk-MA(3)

Fig. 5. Electronic spectra of the compounds 1, 6,7, 3

147



.k&ROM CHEMISTRY TOWARDS TECHNOLOGY I 1E8 14y VOL. 6, ISSUE 3, 2025

Identification of biological targets for spirocarbon was conducted using the PASS Online
web service [17]. It forecasts the probability of its interaction with various molecular targets
based on the analysis of the compound's molecular structure. Table 2 shows the proteins
forecasted as potential direct targets for interaction with the ligand.

Table 2. Forecasting the interaction with molecular targets

Probability of interaction with biological
Name

targets
a-Synuclein 0.8237
Serine/threonine-protein kinase PLK3 0.3635
Protein kinase C iota 0.3443
Neuronal acetylcholine receptor subunit alpha-7 0.3227
ADAMTS-4 0.3266

As a result, the program provided a table containing probable molecular targets, sorted in
descending order of the Confidence value (the probability of ligand-target interaction). Proteins
with Confidence values exceeding the established threshold of 0.7 were considered priority
targets. The Alpha-synuclein protein satisfies this condition [18].

To prepare the ligand structure for subsequent docking, geometry optimisation was
performed using the Firefly program [19] via the PM3 method. The result of the geometry
optimisation (see Fig. 6) of the molecule in *.out format was visualised using the Chemcraft

’;ﬁ

program [20].

@
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Fig. 6. Optimised geometry of the spirocarbon molecule
Molecular docking was performed to evaluate the mechanism of action of spirocarbon
due to the absence or limited number of direct structural analogues among known biologically
active compounds. As a result of docking using the SwissDock software [21], several possible
conformations were identified, i.e., variants of the spatial arrangement of the ligand in the
complex with the protein, differing in binding energy. The most geometrically similar
conformations are grouped into clusters; their averaged characteristics are ranked by binding
energy (cluster rank). It is shown in Table 3.
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Table 3. Energetic characteristics of ligand conformations.

Conformation Cluster Rank of cluster Energy (kcal/mol)
1 0 0 -6.34
2 4 3 -6.27
3 23 0 -6.25
4 12 0 -6.22
5 6 3 -5.91

Conformations with the lowest (most negative) energy values, reflecting the most stable
ligand-protein interaction, were selected for further analysis.

Conformation 1

Cluster: 0

ClusterRank: 0

Energy is -6.34 kcal/mol

The following bonds were formed (see Fig. 7):

e The oxygen atom of the amide group of 4,4,10,10-tetramethyl-1,3,7,9-
tetraazaspiro[5.5]undecane-2,8-dione.

e The hydrogen atom (HN) of the ASP115/HN, MET116/HN, GLU114/HN groups.

e The hydrogen atom (NH) and MET116/0, GLU'114/HN formed a hydrogen bond.

Fig. 7. Formation of a bond between 4,4,10,10-tetramethyl-1,3,7,9-tetraazaspiro[5.5]undecane-2,8-dione and the
enzyme's active site (conformation 1)

Conformation 2

Cluster: 4

ClusterRank: 3

Energy is 6.27 kcal/mol

The following bonds were formed (see Fig. 8):

e Dipole-dipole interactions: LYS'21/C=0 with C=0 of the ligand.

e Dipole-induced dipole: the carbonyl group (C=0) is polar. It can induce a dipole in
an adjacent C-H bond. It will lead to weak attractive interactions: THR22/H with
C=0 of the ligand, LYS21/H with C=0 of the ligand.

e A multitude of van der Waals forces (dispersion forces) between C-H...H-C; C-H...N.
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Fig. 8. Formation of a bond between 4,4,10,10-tetramethyl-1,3,7,9-tetraazaspiro[5.5]undecane-2,8-dione and the
enzyme's active site (conformation 2)

Conformation 3
Cluster: 23
ClusterRank: 0

Energy is -6.25 kcal/mol

The following bonds were formed (see Fig. 9):

Hydrogen bonds: LYS96/N-H with C=0 of the ligand, LEU100/O with N-H.
Dipole-induced dipole: the carbonyl group (C=0) is polar. It can induce a dipole in
an adjacent C-H bond. This will result in weak attractive interactions: LYS96/H with
C=0 of the ligand, LYS97/H with C=0 of the ligand, LEU"100/H with C=0 of the
ligand.

A multitude of van der Waals forces (dispersion forces) between C-H...H-C; C-H...N.

7

Fig. 9. Formation of a bond between 4,4,10,10-tetramethyl-1,3,7,9-tetraazaspiro[5.5]undecane-2,8-dione and the
enzyme's active site (conformation 3)

Conformation 4

Cluster: 12

ClusterRank: 0

Energy is -6.22 kcal/mol

The following bonds were formed (see Fig. 10):

Hydrogen bonds: LYS 43/0 with NH of the ligand.

A multitude of van der Waals forces (dispersion forces) between C-H...H-C;
C-H...N;C-H ... O.

Dipole-induced dipole: the carbonyl group (C=0) is polar. It can induce a dipole in
an adjacent C-H bond. This will result in weak attractive interactions: LYS43/C=0
with C-H of the ligand, GLY36/C=0 with C-H of the ligand, VAL"40/C=0 with C-
H of the ligand.
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Fig. 10. Formation of a bond between 4,4,10,10-tetramethyl-1,3,7,9-tetraazaspiro[5.5]undecane-2,8-dione and the
enzyme's active site (conformation 4)

Conformation 5

Cluster: 6

ClusterRank: 3

Energy is -5.91 kcal/mol

The following bonds were formed (see Fig. 11):

e Hydrogen bonds: LYS58/N-H with C=0 of the ligand, GLN62/N-H with N of the
ligand.

e A multitude of van der Waals forces (dispersion forces) between C-H...H-C;
C-H...N;C-H ... O.

Fig. 11. Formation of a bond between 4,4,10,10-tetramethyl-1,3,7,9-tetraazaspiro[5.5]undecane-2,8-dione and the
enzyme's active site (conformation 5)

According to data obtained data on the modes of ligand-target binding, conformation 1
is the most preferred due to being of the zero cluster and possessing the lowest negative binding
energy. Similarity in energies is also observed for conformations 1-4 (AEn. = 0.12 kcal/mol).
It may indicate the possible existence of alternative pathways for ligand binding to the target's
active site.

To evaluate the drug potential of spirocarbon and its derivatives, lipophilicity was studied
using the software package [22] at various pH values to forecast membrane permeability,
bioavailability, and pharmacokinetics (see Figs. 12 and 13).

The lipophilicity of spirocarbon (1) (Fig. 12, curve 1) shows little dependence on pH. However,
in alkaline medium, log D (the compound's distribution coefficient between lipid and aqueous
phases; a measure of lipophilicity) decreases sharply due to the presence of a basic -NH group.
A lipophilicity value <1 indicates a moderate ability of the free spirocarbon molecule to
penetrate cell membranes. The amide group is almost non-ionisable in the pH range of 2-12
and has little effect on log D changes in this range.
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In the Cu** complex (2), log D (Fig. 12, curve 2) increases at low pH values up to 7.
It occurs due to the gradual deprotonation of a weak basic group, thereby increasing the
molecule's lipophilicity. Protonation arises from the presence of a basic -NH group or
protonation of water molecules coordinated to the metal. In the pH range from 7 to 12, the
basic group is fully deprotonated, and there are no other ionisable groups (the amide group
does not ionise in this range and forms hydrogen bonds). Lipophilicity >2 indicates good
absorption and bioavailability [23].

The Mn* complex (3) (Fig. 12, curve 3) features a weakly and gradually deprotonating
basic -NH group. It increases the molecule's lipophilicity. The value remains constant in the
pH range of 6-11. A value of 1.9 shows good absorption and bioavailability, likely due to the
absence of coordinated water. This water is hydrophilic (the more water molecules and the
stronger the "metal-H,O" bond, the lower the log D).

log D .vs. pH (1)

o
[~
@
o
=
o
-
"~
[
B

log D

pH

== sk (1) == Cu-5k (2) Mn-Sk (3)

Fig. 12. Plot of log D vs. pH for Sk (1), [CuSk,(H.O)](NO3),, [ZnCl,-SK]

The Co*" complex (4) (Fig. 13, curve 4) shows a low increase in log D at low pH values.
It is associated with the gradual deprotonation of a weak basic group (-NH or coordinated
water). In the pH range of 6-11, lipophilicity increases slightly. At higher pH, lipophilicity <2
indicates moderate absorption and bioavailability (reason: two hydrophilic coordinated water
molecules).

The Cd** complex (5) (Fig. 13, curve 5) is characterised by an increase in lipophilicity
across the entire pH range of 0-12. It is attributed to the hydrophilicity imparted by coordinated
nitrate anions and steric effects that hinder the complex’s penetration into lipid environments.

The La** complex with spirocarbon (6) (Fig. 13, curve 6) shows the lowest log D values
overall across the pH range of 0-12. It is due to hydrophilicity and steric effects (properties
arising from the presence of nitrate anions). A log D <0 indicates poor permeability through
cell membranes.

The Zn** complex with spirocarbon (7) (Fig. 13, curve 7) shows a gradual increase in log D
from low pH values up to pH 7 due to the presence of a weak basic NH group deprotonating
gradually. Consequently, lipophilicity increases. In the pH range of 6-11, lipophilicity remains
constant. A lipophilicity value >2 shows good absorption and bioavailability. Such log D values
may be associated with the absence of coordinated water, which is hydrophilic.
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log D .vs. pH (2)

logD
L=

pH

=@~ Co-Sk (4) =@ Cd-5k (5) La-5k (&) =il=2Zn-5k (7)

Fig. 13. Plot of log D vs. pH for [Cd(NO3),Sk(H,0)], [LaSk,(H,0)2(NOs)s], [CoSk(H,0)], [Cd(NO;).Sk(H,O)]
Conclusions

Complex compounds of spirocarbon with Cu*, Zn*, Mn*, Co**, Cd**, La** cations have
been synthesised. Analysis of the IR spectra confirmed metal coordination to the ligand via the
oxygen atom of the amide group as evidenced by the shift of the C=O band to longer
wavelengths. The magnitudes of the shifts were 29 cm™ (Cu*), 15 cm™ (Zn?**), 5 cm™ (Mn*),
28 cm? (Co*), 32 cm™ (Cd*), and 14 cm™ (La’**). Absorption maxima are as follows: Amaa = 243 nm;
Amax2 = 235 N5 Amaxs = 269 NM; Amaxa = 515 1M, Amaxs = 269 nm, Amass = 263 nm. Based on docking
analysis results, the identified biological target - a-synuclein - binds to the ligand (spirocarbon)
via hydrogen bonds between the oxygen and hydrogen atoms of the amide group of 4,4,10,10-
tetramethyl-1,3,7,9-tetraazaspiro[5.5]undecane-2,8-dione and the hydrogen and oxygen atoms
of the amino acid residues of the protein. The lipophilicity study shows good absorption and
bioavailability for Zn** and Mn** complexes in the pH range of 6-11 (the ligand showed
moderate values). The obtained data provide broad prospects for the future biomedical
application of spirocarbon and its metal complexes.
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