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CARBORANE, ORGANOELEMENT SYNTHESIS, NITROSTYROENE, HYDRINDONE, CUMARIN, MAGNETIC NANOSTRUCTURES, TARGETED DELIVERY OF SUBSTANCES

The objects of research are carborane derivatives of hydrindones, coumarins, nitrostyrenes as well as magnetic nanostructures.

The aim of the project is to develop effective methods for the synthesis of new derivatives of carboranyl-containing hydrindones, coumarins and nitrostyrenes, research of their chemical properties and to study the possibility of immobilizing carborane derivatives on magnetic carriers.

Results of the work for 2020 year: the reactions of C-metal derivatives of isopropyl-o-carborane with benzylidenemalonic ether were studied. 3- (isopropyl-o-carboranyl) -hydrindone was obtained by cyclization with borohydric acid. The reactions of 3-(isopropyl-o-carboranyl) -hydrindone with various amines (butylamine, methylamine, morpholine, cyclohesylamine), alkali metals and their hydroxides were studied. It was found that amines with higher basicity selectively interact with hydrindone derivatives at the carbonyl group, forming Schiff bases. Whereas the weaker amine (morpholine) forms a salt at a reagent ratio of 1:1, predominantly interacts with the acidic proton of the C-H group of 3-(isopropyl-o-carboranyl) -hydrindone. The cytotoxic properties of the water soluble potassium salt of hydrindone were studied. The IC50 of the potassium salt of 3-(isopropyl-σ-carboranyl) hydrindone in human cell cultures was 
0.06776 mM for MCF-7, 0.05427 mM for HdFn, and 0.03377 mM for MSC. The cytotoxicity of Fe3O4 nanoparticles with immobilized carborane compounds was studied in mouse fibroblast cells. IC50 was 0.405 mg/mL.

Field of application of the results: the results can be used in organic synthesis to obtain new pharmacologically active substances, as well as for their immobilization on magnetic carriers.

Predictive assumptions about the development of the object of the research: the obtained compounds with a high boron content, associated with magnetic carriers, have the potential to be used in boron neutron capture therapy of cancer. Further biological research is required.
LIST OF ABBREVIATIONS AND SYMBOLS
In this research report, the following abbreviations and symbols are used
	APTMS 
	- (3-aminopropyl) -trimethoxysilane

	DLS
	- dynamic light scattering

	Carborane I
	- 1,2-bis- (carboxymethyl) -o-carborane

	Carborane II 
	- di (o-carborano-1,2-dimethyl) borate

	XRD 
	- X-ray diffraction

	BNCT 
	- boron neutron capture therapy for cancer

	DMSO
	- dimethyl sulfoxide

	FTIR 
	- infra red spectroscopy

	МТТ
	- methyl tetrazolium test

	NT 
	- nanotubes

	NP
	- nanoparticles

	PMR 
	- proton magnetic resonance

	TEM 
	- transmission electron microscopy

	SEM
	- scanning electron microscopy

	t.m.
	- melting temperature

	PBS
	- phosphate buffered saline

	EDA 
	- energy dispersive analysis

	NMR 
	- nuclear magnetic resonance


CONTENT
	INTRODUCTION…………………………………………………………………………..
	6

	MAIN PART……………………………………………………………………..................
	8

	1 Synthesis and study of carboranyl-containing compounds …………………....…............
	8

	  1.1 Synthesis and study of carboranyl-containing hydrindones ……………......................
	8

	  1.2 Synthesis and chemical properties of carboranyl Schiff bases………………………...
	12

	  1.3 Synthesis of  new derivatives of carboranyl-containing coumarins …………………..
	17

	  1.4 Study of C-metal derivatives of carboranes in conjugated addition reactions in a series of substituted nitrostyrenes…………………………………………………….
	22

	2 Immobilization of carborane compounds on magnetic carriers for targeted delivery ……
	28

	  2.1 Immobilization of carborane derivatives on magnetic nanotubes……………………..
	28

	  2.2 Immobilization of carborane derivatives on magnetic nanoparticles…………...…….. 
	31

	3 Cytotoxicity studies………….............................................................................................
	35

	CONCLUSION…………………………………………………………………………..…
	38

	REFERENCES……………………………………...............................................................
	41

	ANNEX А Calendar plan………………………….………………………………………..
	44

	ANNEX B List of published works for 2018-2020………………………..………………..
	51

	ANNEX C Reprints of published works for 2020…………………..………………………
	53

	ANNEX D Method for immobilizing carborane compounds on magnetic nanotubes……... 
	66


 INTRODUCTION 
Due to the fact of increasing number of oncological diseases in the world, including in Kazakhstan, the priority task today is to find and create new and effective drugs and cancer treatment methods. According to the consolidated report of the International Agency for Research on Cancer (GLOBOCAN 2012), Kazakhstan holds the leading position on cancer mortality and morbidity. The mortality index for Kazakhstan is 140.2 with a world average is 102.4, and according to the forecasts of this agency, this indicator will only grow (since 2008 it has grown by three values). Thus, the problem of diagnosis and treatment of cancer is an extremely urgent problem.

At present moment method of BNCT is under considerable attention the scientists around the world [1-5].  This treatment mode of cancer can be divided into 3 steps. First step: Initially administering specific boron compounds, which are absorbed only by the cancer cells, the boron compounds will accumulate inside the cancer cells.  Second step: Irradiating neutrons, obtained by the nuclear reactor or Accelerator, to this boron compounds.  Third step: Boron compounds and neutrons collide and cause atomic fission, producing α-Ray radiation. It destroys the cancer cells from the inside.   Ideally, it is destroyed only tumor cells, including any amount of small metastases, without affection on  a sound tissue [5]. The use of the boron isotope (B10) is due to the fact that it has a large cross section of thermal neutron capture (~ 4000 barns).

However, in order to successfully realize the unique capabilities of BNCT in clinical practice, it is necessary to solve complex chemical, biological, medical and physico-technical problems [6,7].
The ways of synthesis and the search for drugs for BNCT are determined by the requirements to such drugs. Potential drugs for BNCT should be soluble in water, have low toxicity, biological and chemical stability, have maximum amount of boron atoms, and be selective to tumor cells. The whole complex of the listed requirements shows us a great extent the task of the search for compounds that can be suitable as drugs for BNCT.
The most important problem of BNСT is the synthesis of boron-organic compounds, capable to selective accumulation in tumorous tissues. It was calculated that at maximum flux of epithermal neutrons at 1013 n/сm2, the boron-10 content should achieve 109 atoms per cells or 20 - 35 µg/g under the condition of equal distribution in cancer cells. In order to prevent the damage of healthy tissues and blood-vessel at irradiated volume, boron-10 content in healthy tissue should be 3-5 times lower than in the tumor.  Moreover, collimating system for point (selective) irradiation should be developed.
Carboranes have special interests for scientists involved in research of drugs for BNCT. A large amount  of boron (10 atoms) per molecule makes them promising for use in the development of drugs for BNCT. For icosahedron carboranes, the methods for their appending into different organic/ biochemical compounds are well known. Huge amount of published paper are devoted to research o-carborane derivatives [8-12].
At present, the clinical practice of BNCT relies on two preparations: 4-dihydroxy borophenyl alanine [13], and mercapto-closo-dodecaborate sodium [14], and many other boron delivery agents are under evaluation. However, 4-dihydroxy borophenyl alanine does not have a sufficient amount of boron, and the mercapto-closo-dodecaborate sodium does not exhibit selectivity for cancer cells. Therefore, the search for drugs for BNCT is a priority task.
In 2018, within the framework of this project, methods for the synthesis of carboranyl-containing coumarins were studied, as well as methods of immobilization of carboranyl-containing compounds on magnetic nanotubes (interim report for 2018, inv. No. 0218RK00549).
In 2019, carboranyl-containing derivatives of nitrostyrene were synthesized and the properties and transformations of the compounds were investigated, regularities and specific features of their chemical behavior in various reactions associated with the inductive effect of electron-deficient carboranyl substituents were established. In addition, primary experiments were carried out to find methods for immobilizing carborane derivatives on Fe3O4 magnetic nanoparticles for the potential implementation of targeted delivery of boron-saturated compounds (interim report for 2019, inv. No. 0219RK00140).
The goal of the project for 2020 is to synthesize and study the chemical properties of carboranyl-containing hydrindones and Schiff bases. In this regard, to achieve the goal, the following tasks were set, formed in accordance with the Calendar plan (APPENDIX A):
1) Obtain initial compounds with various substituents.

2) To study C-metal derivatives of carboranes in conjugated addition reactions. Synthesis of  carboranyl-containing hydrindones and Schiff bases.

3) Investigate the properties and transformations, establish the patterns and specific features of the studied reactions, purify and identify the compounds. 
Funding for 2020 amounted to 5 million tenge.
MAIN PART
1 Synthesis and study of carboranyl-containing compounds
1.1 Synthesis and study of carboranyl-containing hydrindones
One of the most interesting in the series of conventional and carborane organometallic compounds are reactions with (, (-unsaturated carbonyl compounds with unique specificity and unpredictability. Although it is generally believed that 1,2-addition reactions are characteristic of ordinary organolithium compounds while 1, 2- and 1,4-addition reactions are typical for magnesium organic compounds, and both for lithium- and magnesium-derivatives of carboranes (with rare exceptions) are characterized  by 1,4-addition.

Developing the study of the reaction of C-metal derivatives of carboranes with (, ( - unsaturated carbonyl compounds, we chose functionally substituted benzylidenemalonic ether as the objects of the research.
As a result of the study, it was found that lithium-o-carborane react with substituted benzylidenemalonic ether regardless of the conditions, mixture and order of mixing reagents, regiospecifically with the formation of a conjugated addition product - carboranyl-substituted malonic ether (1):
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Magnesium derivatives of o-carboranes in reactions with the aforementioned benzylidene malonic ether are less selective and give the required carboranyl-substituted malonic ether (1) with a yield of not more than 50%:
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The regiospecificity of the considered reactions seems to be related to the relatively small nucleophilicity of carboranyl anions, which prefer the attack of softer electrophilic centers (( - carbon atoms), and the formation of resonance-stabilized carbanions that are not inclined to nucleophilic addition reactions.

A noticeable decrease in the yields of target products in the reactions of Grignard's carborane reagents with benzylidenmalonic esters is most likely due to an increase in the rigidity of carboranyl anions and their tendency to attack not only (-carbon atoms, but also ester groups. As a result of this attack, a mixture of products is formed, which not only reduces the yield of the main substances, but also makes it difficult to isolate and identify them.

The results obtained in the study of acid hydrolysis of carboranylmalonic ether (1) and the transformations of 3-(isopropyl-o-carboranyl)hydrindone synthesized as a result of hydrolysis are interesting in the preparative and theoretical aspects (2).

This is evidenced by the interaction of carboranylmalonic ether (1) with a mixture of acetic and hydrobromic acids at 50-60°C, resulting in a good yield of 3-(isopropyl-o-carboranyl)hydrindone (2), and the chemical behavior of the received product in reactions with bases, nucleophilic and electrophilic reagents:
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The absence of carboranylpropionic acid in the reaction products, which is the main product of hydrolysis of ether (1) by a mixture of hydrochloric and acetic acids, as well as suberon derivatives, indicates the specificity and high selectivity of the cyclization process of isopropyl-o-carboranylmalonic ether, due to the ability of hydrobromic acid to catalyze intramolecular condensation reactions with the formation of five - and seven-membered cycles of different intensity.

The FTIR spectrum of 3- (isopropyl-o-carboranyl) hydrindone (2) contains absorption bands in the following regions: 2800-3000 cm-1 (stretching vibrations (CH bonds); 2600 cm-1 (stretching vibrations of BH bonds); 1715 cm-1 (stretching vibrations of the C=O group); 1496, 1434, 1270 and 700 cm-1 (vibrations of the o-substituted benzene ring) H1 NMR spectrum (DMSO (dimethyl sulfoxide)) shows ppm (J, Hz): 7.79 (d, J = 7.6 Hz, 1H, Csp2H), 7.75 (d, J = 7.9 Hz, 1H, Csp2H), 7.68 (t, J = 7.4 Hz, 1H, Csp2H), 7.52 (t, J = 7.3 Hz, 1H, Csp2H), 4.16 - 3.98 (m, 1H, CH), 3.15 - 2 , 92 (m., 2H, CH2), 2.63 - 2.44 (1H, m ., CH (CH3)2), 1.39 - 1.35 (m., 3H, CH (CH3)2), 1.31-1.28 (m, 3H, CH (CH3)2), 1.65-2.4 (10H, m, BH).

It is known that ketones containing α-hydrogen atoms belong to medium-strength CH-xylotes (pKa 10÷20) and are easily converted to enols or enolate anions by the action of bases and acids:
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Enolate anions are typical ambident nucleophiles that can react with electrophiles both on the oxygen and on the α-carbon atom:
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When alkylated, they give enol esters and α-alkyl ketones, when acylated, they give enol esters and α – acyl ketones, and when halogenated, they give α-haloketones.

In addition, ketones show a tendency to condensation reactions when interacting with primary amines, form Schiff bases, and with secondary amines, enamines:
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Based on the above data, we investigated the effect on 3-(isopropyl-o-carboranyl)hydrindone (2) sodium ethylate in ethanol, KOH in benzene-ether medium, primary and secondary amines in various media.

Studies have shown that carboranyl-substituted hydrindone (2) significantly differs in its properties from unsubstituted hydrindone and other cyclic and acyclic ketones, and when sodium ethylate is applied in the appropriate alcohol, it gives a resonantly stabilized sodium enolate anion with a quantitative yield (3):
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When hydrindone (2) reacts with KOH in a benzene-ether medium or in ethyl alcohol, potassium enolate anion is formed in quantitative yield (4):
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The sodium and potassium enolate anions (3, 4) synthesized by us are stable, easily crystallized substances which after dilute hydrochloric acid treatment quantitatively converted to the initial hydrindone (2):
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The composition and structure of the enolate anions (3, 4) were confirmed by IR and H1 NMR spectra, as well as by chemical transformations. The FTIR spectrum of the enolate anion (3) is characterized by absorption bands in the regions: 2574, 2619 cm-1 (stretching vibrations of BH bonds); 1572 cm-1 (stretching vibrations of C=C bonds); 1003, 976 cm-1 (stretching vibrations of the C-O bond). The H1 NMR spectrum (DMSO) shows ppm (J, Hz): 7.38 - 7.12 (m, 4H, Csp2H), 4.05 (m, 1H, CH), 2.97 (m, 1H, CH), 2.45 - 2.34 (m, 1H, CH(CH3)2), 1.23 (dd, J = 12.0, 5.5Hz, 6H, CH(CH3)2), 1.32-2.41 (10H, m, BH).

The FTIR spectrum of the enolate anion (4) is characterized by absorption bands in the regions: 2600 cm-1 (stretching vibrations of BH bonds); 1580 cm-1 (stretching vibrations of C = C bonds); 1003 cm-1 (stretching vibrations of the C-O bond). H1 NMR spectrum (DMSO) shows: ppm (J, Hz): 7.36 - 7.18 (m, 4H, Csp2H), 4.10 - 4.01 (m, 1H, CH), 2.97 - 2.86 (m, 1H , CH), 2.60 (m., 1H, CH (CH3)2), 1.23 (dd., J = 6.6, 4.7Hz, 6H, CH (CH3)2), 1.32 -2.41 (10H, m, BH).

To study the properties of (3,4) from a number of known and typical chemical transformations of enolate anions, we selected the reactions of halogenation and alkylation. Bromine was taken as halogens, methyl iodide and allyl bromide were taken as alkylating agents, which have different structure and alkylating ability.

As a result of the study, it was found that sodium and potassium enolate anions (3,4) do not interact with bromine, methyl iodide, or allyl bromide under commonly used conditions (the ratio in reactions is 1:1÷3) and do not form C-bromination and C-alkylation products characteristic of ordinary enolate anions.

The observed differences in the chemical behavior of carboranyl-substituted and ordinary enolate anions are probably related not only to their structure, but also to the influence of the electron-acceptor carborane core, which is capable of mesomerically deactivating the conjugated multiple bond in electrophilic addition reactions.

1.2 Synthesis and chemical properties of carboranyl Schiff bases
A special place in the series of investigated transformations is occupied by the reactions of 3- (isopropyl-o-carboranyl) hydrindone (2) with amines, which lead to ambiguous and difficult to predict results. This is evidenced by the reactions of hydrindone (2) with aniline, butylamine, methylamine, cyclohexylamine, morpholine, which we studied under various conditions. It was found that hydrindone (2) does not form the expected Schiff base under the action of aniline at 20 ° C and under moderate heating (40-50 ° C). The interaction of hydrindone (2) with butylamine proceeds smoothly in an ether-benzene medium and leads to an almost quantitative yield of 2,3-benzo-4-(isopropyl-o-carboranyl) cyclopentylidene butylamine (5):
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The synthesized Schiff base (5) is a crystalline substance stable during storage and heating, which is easily hydrolyzed by the action of dilute hydrochloric acid to the initial hydrindone and free amine hydrochloride.

The structure of Schiff's base (5) was confirmed by FTIR and H1 NMR spectra. The FTIR spectrum of 2,3-benzo-4- (isopropyl-o-carboranyl) cyclopentylidene butylamine (5) has absorption bands in the regions: 2800-3200 cm-1 (stretching vibrations of CH bonds); 2560, 2580 and 2620 cm-1 (stretching vibrations of BH bonds); 1620 cm-1 (stretching vibrations of C=N bonds); 1070, 735 cm-1 (deformation vibrations of the o-substituted benzene ring). The absence of stretching vibrations of the C=O group at 1715 cm-1 unambiguously indicates the direction of the reaction.

In the H1 NMR spectrum of 2,3-benzo-4-(isopropyl-o-carboranyl)cyclopentyl -idenebutylamine (5) (DMSO), the following ppm (J, Hz) signals are observed: 7.28 (m, 4H , Csp2H), 4.00 (m, 1H, CH), 2.89 (m, 1H, 2H, CH2), 2.66 - 2.62 (m, 1H, CH (CH3)2), 2.60 - 2.56 (m, 2H, N-CH2), 1.38 (m, 2H, CH2-CH2), 1.29 - 1.25 (m, 2H, CH2-CH2), 1.23 (dd, J = 6.6, 4.7 Hz, 6H, CH (CH3) 2), 0.84 (t., J = 7.3 Hz, 3H, CH3), 1.32– 2.41 (10H, m, BH).

The action of methylamine on hydrindone (2) in an aqueous-alcoholic medium also proceeds without side transformations and leads to the Schiff base (6):
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The FTIR spectrum of 2,3-benzo-4-(isopropyl-o-carboranyl) cyclopentylidenemethylamine (6) has absorption bands in the ranges: 2800-3200 cm-1 (stretching vibrations (CH bonds); 2580, 2630 cm-1 ( stretching vibrations of BH bonds); 1630 cm-1 (stretching vibrations of the C=N bond); 1432, 1495 cm-1 (stretching vibrations of the o-substituted benzene ring); 980, 705 cm-1 (deformation vibrations of the o-substituted benzene ring cycle).

In the H1 NMR spectrum of 2,3-benzo-4-(isopropyl-o-carboranyl) cyclopentylidene methylamine (6) (DMSO) the following ppm signals are observed,  (J, Hz): 7.28 (m, 4H, Csp2H), 4.00 (m, 1H, CH), 3.40 (s, 3H, N-CH3), 2.88 (m. , 1H, CH (CH3)2), 2.64 (m., 2H,CH2), 1.23 (dd, J = 6.6, 4.7 Hz, 6H, CH (CH3)2), 1.32-2.41 (10H, m, BH).

The reaction of cyclohexylamine with hydrindone (2) also proceeds smoothly, and leads to the quantitative yield of 2,3-benzo-4-(isopropyl-o-carboranyl) cyclopentylidene cyclohexylamine (7).
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The FTIR spectrum of the Schiff base (7) has absorption bands in the regions: 
2800-3200 cm-1 (stretching vibrations (CH bonds); 2600 cm-1 (stretching vibrations of BH bonds); 1625 cm-1 (stretching vibrations C=N connection).

In the H1 NMR spectrum of 2,3-benzo-4-(isopropyl-o-carboranyl) cyclopentylidenecyclohexylamine (7) (DMSO) the following ppm signals are observed. (J, Hz): 7.34 - 7.19 (m, 4H, Csp2H), 4.00 (m, 1H, CH), 2.89 (m, 2H, CH2), 2.67 - 2.58 (m, 1H, CH (CH3) 2), 1.23 (dd, J = 6.6, 4.7Hz, 6H, CH (CH3)2), 1.32-2.41 (10H, m, BH), 2.77 - 2.64 (m, 1H), 1.79 - 1.49 (m, 5H), 1.20 - 0.98 (m, 5H).

The reaction of hydrindone (2) with morpholine in an ether-benzene medium is of great interest. At a reagent ratio of 1: 1, the reaction proceeds along the methine group with the formation of an ammonium salt (8), which under the action of gaseous HCl, is converted into the starting hydrindone and free morpholine hydrochloride:
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The FTIR spectrum of the ammonium salt (8) contains absorption bands in the regions: 2800-3200 cm-1 (stretching vibrations of CH bonds); 2570, 2630 cm-1 (stretching vibrations of BH bonds); 2200-2500 cm-1 (stretching vibrations of NH2+); 1720 cm-1 (stretching vibrations of the C=O group); 1600 cm-1 (NH2+ bending vibrations).

In a solution of deuterated DMSO used for recording NMR Н1 spectra, ammonium salt (8) exists as an adduct (8а) with the following signals in the spectrum (DMSO), ppm. (J, Hz): 7.39 - 7.25 (m, 4H, Csp2H), 3.90 (m, 2H), 3.74 - 3.24 (m, 8H, morph.), 2 , 99 - 2.86 (m, 2H, CH2), 2.80 (m, 1H, CH (CH3)2), 1.23 (dd, J = 6.6, 4.7Hz, 6H , CH(CH3)2), 1.32-2.41 (10H, m, BH).
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When hydrindone (2) acts on a twofold excess of morpholine, the ammonium salt of enamine is formed in good yield (9). The reaction appears to proceed as follows:
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This scheme provides for the intermediate formation of the ammonium salt (8) and its subsequent interaction with the remaining morpholine in the carbonyl group, which after a series of successive transformations leads to the ammonium salt of enamine (9).

In the IR spectrum of the ammonium salt of enaminahydrindone (9), there are absorption bands in the ranges: 2800-3000 cm-1 (stretching vibrations of CH bonds); 2570, 2620 cm-1 (stretching vibrations of BH bonds), 2800-3000 cm-1 (valence) of the CH group, 1580 cm-1 (def.) of the NH2 group, 735 cm-1 (out-of-plane def.) of the benzene ring, 1110 cm-1 (in-plane def.) of the benzene ring, 1050 cm-1  of C-O-C bonds, 1432 cm-1 and 1500 cm-1 (val.) of the benzene ring, 1402 cm-1 (def.) refers to the bond = CH. The peak at 1091 cm-1 (val.) characterizes the C-N bond.

In the H1 NMR spectrum of the ammonium salt of enaminahydrindone (9), the following characteristic signals (DMSO) ppm is observed, (J, Hz): 7.36 - 7.27 (m, 4H, Csp2H), 3.92 (m, 2H), 3.74 - 3.24 (m, 16H, morph.), 2 , 92 - 2.85 (m, 1H, CH), 2.80 (m, 1H, CH (CH3)2), 1.23 (dd, J = 6.6, 4.7Hz, 6H , CH (CH3)2), 1.32-2.41 (10H, m, BH).

Data from the patent and information search for azomethine chemistry show that in recent years researchers have sharply increased their interest in synthesis, the study of chemical transformations, and the use of Schiff bases in organic synthesis, polymer chemistry, biochemical research, and agriculture.

In this regard, we studied the properties of the previously synthesized 2,3-benzo-4-(isopropyl-o-carboranyl)cyclopentylidene butylamine (5).

It was found that hydrindene (5) differs significantly in properties from ordinary Schiff bases and resembles the initial hydrindone (2):
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The FTIR spectrum of the potassium enolate anion of 2,3-benzo-4-(isopropyl-o-carboranyl) cyclopentylidenebutylamine (10) contains absorption bands in the following regions: 2800-3200 cm-1 (stretching vibrations of CH bonds); 2569, 2617 cm-1 (stretching vibrations of BH bonds); 1584 cm-1 (stretching vibrations of C=N bonds); 1084, 735 cm-1 (deformation vibrations of the o-substituted benzene ring of the cycle).

The H1 NMR spectrum of the potassium enolate anion of hydrindene (10) (DMSO) shows the following characteristic ppm signals (J, Hz): 7.32 - 7.19 (p, 4H, Csp2H), 4.03 (m ., 1H, CH), 3.02 - 2.86 (m, 2H, CH2), 2.67 - 2.54 (m, 1H, CH (CH3)2), 2.08 (m., 2H, N-CH2), 2.08 (m, 4H, CH2-CH2), 0.95 - 0.73 (m, 3H, CH3), 1.22 (dd, J = 6.7, 4.8 Hz, 6H, CH (CH3)2), 1.32-2.41 (10H, m, BH).

1.3 Synthesis of  new derivatives of carboranyl-containing coumarins
Coumarins and their derivatives have a wide range of biological activity. They are able to bind heavy metal ions, quench free radical processes, and others. Moreover coumarin derivatives have wide range of the therapeutic properties, such as antispasmodic, coronary expanding, choleretic, anti-inflammatory, antiallergic. The versatility of these hybrid compounds makes them potential candidates for drugs to treat multifactorial diseases: cancer, Alzheimer's disease, metabolic syndromes, AIDS, malaria and cardiovascular diseases [15]. Another potential application of such hybrid compounds is boron neutron capture therapy of cancer (BNCT). 
To date, carboranyl-containing functionally substituted coumarin derivatives have been little studied. However, such structures include heterocyclic fragments of a different nature, giving these compounds unique chemical and pharmacological properties.  The synthesis of carboranyl-containing coumarin derivatives was based on the conjugated addition reactions first described in [16].
Developing these studies of conjugated addition reactions in the series of C-metal derivatives of carboranes, the interaction of lithium-o-carboranes with 3-ethoxycarbonylcoumarin, 3-acetobromcoumarin, 3-indolo-3-carbonyl-3,4-dihydrocoumarin, 3-anilino-3 -carbonyl-3,4-dihydrocoumarin and 3- (2-amino-6-methylpyridino) -3-carbonyl-3,4-dihydrocoumarin were studied. It was found that lithium derivatives of isopropyl-o-carborane in an ether-benzene medium and tetrahydrofuran react with 3-carbethoxycoumarin only by 1,4-addition according to the scheme:
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The structure of 3-ethoxycarbonyl-4- (isopropyl-o-carborane) -3,4-dihydrocoumarin (12) was confirmed by the data of FTIR and PMR spectra (all PMR spectra of coumarines were recorded in chloroform). TheFT IR spectrum shows absorption bands in the regions of 2906, 2616, 2576, 1755, and 1732 cm-1, which are characteristic of methine groups, B-H bonds, lactone and ketone groups, respectively. The PMR spectrum contains peaks in the range of 7.25-7.13 ppm. (m, 3H Ar-H), 7.42-7.38 ppm. (m, 1H Ar-H), doublet of doublets of the isopropyl fragment at 1.4-1.34 ppm. (dd, 6H (CH3)2CH) and at 2.63-2.59 ppm. (m., 1H (CH(CH3)2); 1.0 ppm (t., 3H CH2-CH3), 4.04 ppm (m., 2H CH2-CH3); BH bond of carborane nuclei appear at 1.6-2.5 ppm (m, 10H BH).
The reaction of lithium derivatives of isopropyl-o-carboranes with 3-acetyl bromocumarin proceeds in two directions:
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The yield and structure of the final product significantly depends on the ratio and order of mixing the reagents. When the ratio of reagents is 1:1, lithium derivatives of isopropyl-o-carborane react at a more reactive C-Br bond, with an increase in the mole fraction to two, carborane is also added to the 4 position of the lactone ring.
The structure of 3-carbonyl-isopropyl-o-carboranoyl-4-(isopropyl-o-carborane)-3,4-dihydrocoumarin (13) was confirmed by the data of FTIR and PMR spectra. In the FTIR spectrum of substance (13), absorption bands are observed in the regions (cm-1): 2958 (CH), 1720, 1608 (C=O), 2620, 2572 (B-H). The PMR spectrum (13) shows signals at 7.23 ppm. (m, 1H Ar-H), 7.53-7.52 ppm. (m, 2H Ar-H), 7.71-7.69 ppm. (m, 2H Ar-H); multiplets of the isopropyl groups at 0.94-0.87 ppm. (m, 4H CH2), 1.46-1.38 ppm. (m, 12H CH (CH3)2), and 2.5 ppm. (m, 1H CH (CH3)2); B-H bonds appear at 1.65-2.4 ppm. (m, 20H B-H).
With the aim to create new biologically active substances, we also studied for the first time the interaction of carborane with various coumarin substituents. As a result of the studies carried out, it was found that 4-indolo-3-carbonyl-3,4-dihydrocoumarin combines with isopropyl-o-carborane to form 4-indolo-3-carbonyl-4-(isopropyl-o-carborane)-3,4- dihydrocoumarin according to the scheme:
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FTIR spectrum of 4-indolo-3-carbonyl-4- (isopropyl-o-carborane) -3,4-dihydrocoumarin (15) has characteristic absorption bands in the regions: 2980, 2616, 2568, 1739, 1231 corresponding to CH, BH , C=O and CN. The NMR spectrum of substance (15) confirmed absorption peaks in the areas: 1.01 ppm. (t., 3H CH2-CH3), 1.42-1.33 ppm. (dd, 6H CH(CH3)2), 2.63-2.57 ppm. (m, 1H CH (CH3)2), 3.48 ppm. (s, 1H, CH), 4.15-4.01 ppm. (m, 2H, CH2-CH3), 7.72-7.05 ppm. (m, 8H Ar-H); 1.6-2.3 ppm. (m., 10H B-H) characteristic of B-H bonds.
The reactions of 3-anilino-3-carbonyl-3,4-dihydrocoumarin with isopropyl-o-carborane, aimed at the synthesis of carboranyl-containing amino derivatives of coumarins, occupy an important place in a number of studies. As a result of the study, it was found that 3-anilino-3-carbonyl-3,4-dihydrocoumarin, when interacting with an equimolar amount of isopropyl-o-carborane, forms in a high yield (87%) 3-anilino-3-carbonyl-4- (isopropyl -o-carborane) -3,4-dihydrocoumarin (16):
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In the FTIR spectrum of compound (16), absorption bands are observed in the regions (cm-1): 3047 (CH), 2566, 2566 (B-H), 1705-1647 (C=O), 3289 (N-H). The PMR spectrum of (16) contains absorption peaks in the ranges: 1.40-1.27 ppm. (dd, 6H, CH(CH3)2), 3.52 ppm (m, 1H CH(CH3)2), 6.77-6.69 ppm. (m, 1H, Ar-H), 7.23-7.10 ppm. (m, 3H, Ar-H), 7.40-7.35 ppm. (m, 1H, Ar-H), 7.75-7.68 ppm. (m, 4H, Ar-H); 3.64 ppm. (c., 1H, N-H) peaks that confirm N-H bonds; B-H bonds of the carborane nucleus appear at 1.5-2.3 ppm. (m, 10H B-H).
We also studied the reaction of a lithium derivative of isopropyl-o-carborane with 3- (2-amino-6-methylpyridino)-3-carbonyl-3,4-dihydrocoumarin. 3- (2-amino-6-methylpyridino) -3-carbonyl-4-(isopropyl-o-carborane)-3,4-dihydrocoumarin (17) is formed in a benzene-tetrahydrofuran solution in high yield (84%):
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The FTIR spectrum of substance (17) is characterized by absorption bands in the regions (cm-1): 1712, 1670 (C=O), 2976 (CH), 3247 (N-H), 2614-2565 (B-H). In the PMR spectrum (17), peaks are observed in the regions: 1.29-1.19 ppm. (dd, 6H, CH(CH3)2), 2.5 ppm (m., 1H CH(CH3)2), 4.71 ppm. (s, 1H, N-H), 7.21-7.16 ppm. (m, 3H, Ar-H), 7.34 ppm. (m, 1H ,Ar-H); peaks characterizing for 2-amino-6-methylpyridine: 1.75 ppm. (s, 3H -CH3), 6.77-6.65 ppm. (m, 1H Ar-H), 7.0-6.92 ppm. (m, 1H Ar-H), 7.77-7.76 ppm. (m, 1H Ar-H); 1.4-2.2 ppm. (m, 10H B-H).
Some chemical properties of the synthesized carboranyl-containing coumarin derivatives were also investigated. The reactions of 4-(isopropyl-o-carboranyl)-3-ethoxycarbonyl-3,4-dihydrocoumarin (15) with methyl-, dimethyl- and triethylamines, morpholine, piperidine, and pyridine in an aqueous-alcoholic medium and ethanol, which at a reagent ratio of 1: 1 proceed regioselectively with the formation of ammonium salts (16-21):
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The yield of ammonium salts in the case of morpholine is  86%, methylamine – 78%, dimethylamine – 72%, triethylamine – 63%, piperidine – 61% and pyridine - 56%, which indicates their connection with the basicity of amines and the possibility of side processes associated mainly with the destruction of the carborane nucleus, which we observed in small amounts in the case of piperidine and dimethylamine, which are strong bases.
The interaction of 4-(isopropyl-o-carboranyl)-3-ethoxycarbonyl-3,4-dihydrocoumarin (12) with active metals and their hydroxides was also studied. It was found that compound (12) react with K, Na, NaOH, LiOH, and Mg in tetrahydrofuran with formation of  ambident resonantly stabilized adducts in quantitative yields (22-25):
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The obtained adducts differ in their composition and structure according to the data of the mass spectra shown in Table 1. The formation of adducts of different composition and structure (22-25) turned out to be unexpected and, apparently, can be explained by the unequal electro-negativity and coordination ability of the metals taken for the study.
Thus, some conversions of carboranyl-containing coumarins with amines of various basicities and metals were investigated. According to the results of the study, work [17] was published.
	Table 1 – Yields, constants, and spectral data of compounds (22-25)
№

of the compound
	Yields,

%
	Melting point,

оС
	Mass spectrum, EI, (х104), m/z
	FTIR-spectrum,

КВr, ν, cm-1

	(22)
	98
	148-150
	440 (2.4),

[А]- К+
	2980-2934 (С-Н), 2615, 2572 (В-Н), 1684 (С=О), 1399, 1381 (СН(СН3)2).

	(23)
	96
	185-187
	829 (9.0),

[А2]- Na+
	3419 (О-Н), 2982-2942 (С-Н),

2616, 2572 (В-Н), 1685 (С=О),

1403, 1383 (СН(СН3)2).

	 (24)
	95
	220-222

(разл.)
	817 (10.0),

[А2]- Li+
	3424 (О-Н), 2979, 2880 (С-Н),

2621, 2572 (В-Н), 1678 (С=О),

1405, 1385 (СН(СН3)2).

	(25)
	95
	310 (разл.)
	1239 (4.0),

[А3]- Мg+
	3047-2879 (С-Н), 2619, 2572 (В-Н), 1667 (С=О), 1462 (СН(СН3)2).


1.4 Study of C-metal derivatives of carboranes in conjugated addition reactions in a series of substituted nitrostyrenes
At present, the attention of researchers working in the field of synthetic organic chemistry is focused on the development and solution of such priority tasks as the search and creation of new substances with predetermined practical useful properties. In this way, studies of carboranyl-containing nitrostyrenes and their functional derivatives, in which the interests of organic, organoelement, theoretical and applied chemistry are closely intertwined, seem to be very promising. This is due to the broad prospects for the practical use of nitrogen-containing derivatives of carboranes, the variety of theoretical problems arising from the peculiarities of their structure and properties, the possibility of obtaining on their basis new ideas about prototropic transformations, paramagnetism, and other aspects. Despite the variety of aspects that determine the interest in the chemistry of nitrogen-containing derivatives of carboranes, by the beginning of this work, this important class of compounds was studied mainly on the example of aliphatic, fatty aromatic, cyclic amines and their derivatives. Nitrostyrenes and their derivatives, including carboranyl substituents, exhibiting significant negative inductive effects and having a significant effect on the properties and transformations of nitrogen-containing groups, in our days have been studied only on isolated examples.

A large number of original articles, reviews, and monographs have been devoted to conjugated addition reactions in a series of lithium and organomagnesium compounds. However, a generally accepted point of view on these reactions has not yet been developed. Thus, Wakefield [18] indicates that organolithium compounds react with α, β-unsaturated carbonyl compounds according to the 1,2-addition scheme to form alcohols or their derivatives. Kohler [19] notes that in the interaction of Grignard reagents with α, β-unsaturated carbonyl compounds, two independent reactions compete with each other - 1,2- and 1,4-addition, leading, respectively, to the formation of unsaturated alcohols and ketone derivatives. The direction of the reaction depends on the structure of the unsaturated ketone, the number and location of hydrocarbon residues, the nature of the organomagnesium compound and, possibly, on the temperature, concentration of the solution, and the type of solvent. Colonge [20] expresses the following provisions on the order of addition of Grignard reagents to purely aliphatic α, β-unsaturated carbonyl compounds:

1) If the carbon atom 4 of the conjugated system carries the second hydrocarbon substituent, then only 1,2-addition takes place;

2) The presence of a substituent at atom 3 and the absence of a second substituent at atom 4 favor 1,4-addition;

3) If both atoms (3 and 4) carries substituents, then only 1,2-addition takes place and the formation of a tertiary alcohol are observed;

4) In purely aliphatic α, β-unsaturated ketones, 1,2-addition is always predominant.

Thus, the dependence of the direction of the reaction on the structure of the Grignard reagent is characterized by the following provisions: where 1,2- and 1,4-addition is possible, the relative amount of the 1,4-addition product is always higher in the case of arylmagnesium halides than in the case of aliphatic analogs.

 Based on the above and the data [21], according to which lithium and magnesium derivatives of o-carboranes in reactions with simple α, β-nitroolefins give 1,4-addition products in high yields - β-carboranyl nitroalkanes, , we have studied in detail the reactions of lithium-o-carboranes with various functionally substituted α, β-nitroolefins and an attempt was made to develop preparative methods on their basis for the synthesis of previously unknown carboranyl-containing nitrostyrenes, nitrone esters, α-halogennitroalkanes, hydroxamic acid esters, secondary nitronic acids, and other nitrogen-containing compounds. 

As the starting compounds were chosen easily synthesized substituted nitrostyrene: 4- (dimethylamino) -β-nitrostyrene, 3-nitro-β-nitrostyrene, 2,5-dimethoxy-β-nitrostyrene, 3,4,5-trimethoxy-β- nitrostyrene, as well as β-bororm-β-nitrostyrene. These substances have different structure and nature of the substituents what is the reason of various reactivity in relation to nucleophilic reagents. Also, for a more complete understanding of the effect of substituents on the reactivity with C-metal derivatives of o-carboranes, unsubstituted β-nitrostyrene was taken.

Studies have shown that the effect of lithium-o-carborane on β-nitrostyrene and its functional derivatives is regiospecific with the formation of 1,4-addition products (26-31):
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1-nitro-2-phenyl-2- (isopropyl-o-carboranyl) ethane (26) was obtained in 85% yield and melting point 244-245 ° С (benzene-hexane). The IR spectrum shows absorption bands at 2575 cm-1 corresponding to the carborane nucleus (B-H vibrations), however, a peak at 1630 cm-1, indicating the presence of a double bond of β-nitrostyrene, is not observed. Consequently, the addition of isopropyl-o-carborane proceeded via the β-nitrostyrene double bond. Compounds 27-31 were obtained by analogy.

Drawing a conclusion about the structure of the obtained  product, based on the data of IR and NMR spectroscopy, it can be argued that the reaction of the two starting substances proceeds with the opening of the double bond of 3,4,5 -trimethoxy-β-nitrostyrene and the formation of one more single bond in the second one from nitro groups of the carbon atom with the addition of isopropyl-o-carborane. The formation of 1,2-addition products which is typical for conventional organolithium compounds, was not observed. The observed differences in the yields of the target products (26-31) are apparently related not so much to the nature and position of the substituents in the benzene ring, but to the experimental difficulties in conducting the reaction, as well as in the isolation and purification of the obtained substances. β-Borm-β-nitrostyrene was obtained by the action of pyridine in absolute benzene on dibromonitrostyrene, which previously was obtained by the action of bromine on nitrostyrene. The interaction of lithium-o-carborane with β-bororm-β-nitrostyrene also proceeds according to the 1,4-addition scheme and leads to a carboranyl-containing bromonitroalkane (32) with a small impurity of nitronic acid (33). The yield of bromonitroalkane was 60%, nitronic acid - no more than 10%. Since the formation of nitronic acids was not observed in the previously obtained products (26-31), it can be assumed that, in the reaction with β-bororm-β-nitrostyrene, bromine entering into p, π-conjugation with the azomethine fragment stabilizes not only the lithium salt, but also the nitronic acid itself, which is formed when the salt is treated with water or dilute hydrochloric acid:
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The FTIR spectrum of 1-bromo-1-nitro-2-phenyl-2- (isopropyl-o-carboranyl) ethane (32) is characterized by absorption bands in the regions (cm-1): 3065, 3030 (CH), 2595 (BH) , 1560, 1370 (α-halogenated nitro compounds). The FTIR spectrum of 1-bromo-2-phenyl-2-(isopropyl-o-carboranyl) ethanenitronic acid (33) contains absorption bands in the range (cm-1): 3100-3500 (OH), 2600 (BH), 1700 (C=N).

The NMR spectrum of 1-bromo-1-nitro-2-phenyl-2- (isopropyl-o-carboranyl) ethane (32) is characterized by a multiplet at 2.52 ppm  related to the bond CH(CH3)2 (1H), doublet doublet at 1.06-1.27 ppm. (J = 6.8) related to methyl radicals (CH3)2CH (6H), multiplet at 1.6-2.5 (10H, BH), multiplet at 7.29-7.27 ppm. (5H, Csp2H) doublet at 6.16 ppm. (1H, CH), triplet at 3.9 ppm. (1H, CH).
NMR spectrum of 1-bromo-2-phenyl-2- (isopropyl-o-carboranyl) ethanenitronic acid (33): multiplet at 2.52 ppm. related to the CH(CH3)2 (1H) bond, doublet of doublets at 1.06-1.27 ppm. (J = 6.8), (CH3)2CH (6H), multiplet at 1.6-2.5 ppm. (10H, BH), singlet at 2.0 ppm. (OH), doublet at 5.09 ppm. 1H, CH, multiplet 7.01-7.33 ppm. (5H, Csp2H).

The reactions of Grignard carborane reagents with substituted α, β-nitroolefins proceed in a similar way, leading to 1,4-addition products. Thus, it can be concluded that the reactions of C-metal derivatives of carboranes in conjugated addition reactions in the series of substituted nitrostyrenes proceed exclusively via the 1,4-addition mechanism.Since the interaction of lithium-o-carboranes with functional derivatives of α, β-nitroolefins proceeds only according to the 1,4-addition scheme with the formation of lithium salts of nitroalkanes as intermediates, in order to study the chemical properties, as well as the synthesis of new nitrogen-containing derivatives of carboranes, we studied the effect on these salts of halogens, haloalkyls, halides, nitroolefins, organometallic and other compounds.
It was found that lithium salts of carboranyl-substituted nitrostyrenes, formed by the action of lithium-o-carboranes on substituted α, β-nitroolefins, easily react with gaseous chlorine and liquid bromine to form the corresponding α-halogennitroalkanes:
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Brom-substituted halogen derivatives, which are easily formed by direct action of chlorine or bromine on o-carborane, were not observed. Also, despite all the attempts made, it was not possible to enter iodine into a reaction with lithium salts.

Alkylation reactions plays an important role in the series of transformations of nitroalkane salts, due to these reactions have been developed methods for the synthesis of nitrone ethers and valuable ideas have been developed about the factors that determine the course and direction of these processes. It was found that, in general, the probability of C- and O-alkylation of lithium salts is determined by the nature of the leaving group in the alkylating reagent, the structure of the salt anion and cation, and the temperature and nature of the solvent. The nitrone esters formed in the process of O-alkylation are characterized by low stability and high oxidizing properties. Studies have shown that lithium salts of carboranyl-substituted nitrostyrenes are also selective to the nature of halogen and form carboranyl-substituted nitrone ethers in good yields only in the case of alkyl iodides:
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The reactions of lithium salts with benzyl chloride and allyl bromide do not form O-alkylation products under the usual conditions. As a result of the reaction, only the starting products were isolated. This behavior of lithium salts turned out to be unexpected and, apparently, can be explained by the electronic effects of carboranyl groups, which increase the rigidity of nucleophilic centers and, therefore, make it difficult to attack them by soft electrophiles.

It is confirmed by the easy reaction of lithium salts with carboxylic acid chlorides, leading to the formation of previously unknown carboranyl-substituted hydroxamic acid esters:
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N-acetoxy (3'-nitrophenyl)-(isopropyl-o-carboranyl) acetamide (38) was obtained in 73% yield, m.p. 119 °C (benzene-hexane). FTIR spectrum (38) is characterized by absorption bands in the regions (cm-1): 1150 (C-O); 1650 (C=O); 3400 (NH). N-benzoyloxy (3'-nitrophenyl) - (isopropyl-o-carboranyl) acetamide (39) was obtained in 70% yield and melting point (mp) 131-132 ° С (benzene-hexane).  FTIR spectrum (39) is characterized by absorption bands in the regions (cm-1): 1150 (C-O); 1650 (C=O); 3400 (NH). 
NMR spectrum of N-acetoxy (3'-nitrophenyl) - (isopropyl-o-carboranyl) acetamide (38): multiplet at 2.55 ppm related to the CH(CH3)2 (1H) bond, doublet of doublets at 1.0-1.3 ppm. (J = 6.8), (CH3)2CH (6H), multiplet at 1.5-2.5 ppm. (10H, BH), multiplet 7.6-8.1 ppm. (4H, Csp2H) doublet at 4.4 ppm. (1H, CH), singlet at 8.0 (1H, NH), singlet at 2.28 (3H, OCH3). When lithium salts of carboranyl-substituted nitrostyrenes react with nitrostyrene the C-alkylation is observed, which leads to the formation of dinitro compounds containing primary and secondary nitro groups.

The reactions of lithium salts with organometallic compounds (BuLi, EtMgBr, etc.) are very interesting objects for research. These reactions lead to the formation of secondary nitronic acids:
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The resulting compound (40) is a colorless, stable in air crystals with m.p. 95-99 ° C. The yield was 75%. The FTIR spectrum (40) is characterized by absorption bands in the regions 
(cm-1): 1680 (C=N), 3100-3300 (OH). NMR spectrum of 1-butyl-2-(3'-nitrophenyl)-2- (isopropyl-o-carboranyl) ethanenitronic acid (40): multiplet at 2.6 ppm. related to the CH(CH3)2 (1H) bond, doublet of doublets at 1.0-1.3 ppm. (J = 6.8), (CH3)2CH (6H), multiplet at 1.5-2.6 ppm. (10H, BH), multiplet 7.62 - 8.12 ppm. (4H, Csp2H) doublet at 5.09 ppm. (1H, CH) singlet at 2.0 ppm. (OH), triplet at 0.9 ppm. (3H, CH3) multiplet at 1.31-1.34 ppm. (4H, CH2), multiplet at 1.51 (2H, CH2). 

Thus, we studied the reactions of lithium-o-carborane with β-nitrostyrene, 4- (dimethylamino) -β-nitrostyrene, 3-nitro-β-nitrostyrene, 2,5-dimethoxy-β-nitrostyrene, 3,4,5-trimethoxy- β-nitrostyrene, 4-hydroxy-3-methoxy-β-nitrostyrene, and β-bororm-β-nitrostyrene. The reactions of lithium salts of carboranyl-substituted nitrostyrenes and their derivatives with halogens, haloalkyls, halides, nitro-olefins, organometallic compounds have been studied. It was shown that C-metal derivatives of o-carboranes react with functionally substituted nitrostyrene amines region-specific with the formation of conjugated 1,4-addition products. Preparatively convenient methods have been developed for the synthesis of previously unknown carboranyl-containing nitrostyrenes, nitrone esters, α-halogennitroalkanes, hydroxamic acid esters, secondary nitronic acids, and other nitrogen-containing compounds. The obtained results are also presented in more details in the interim report for 2019, inv. No. 0219RK00140.
2 Immobilization of carborane compounds on magnetic carriers for targeted delivery 
2.1 Immobilization of carborane derivatives on magnetic nanotubes
Magnetic nanostructures can be used as carriers for drug delivery systems [22], since their nanosize makes them suitable for intravenous drug administration due to the small diameter of the capillaries (5-6 μm) [23]. Depending on the different chemical nature of magnetic nanocarriers, they are used to deliver various types of drugs: antibiotics, proteins, anticancer drugs and etc [24-26]. Magnetic nanocarriers can also potentially be used in BNCT [27]. Little studied Fe/Ni nanotubes (NT) [27,28] were chosen as magnetic carriers for carboranes. Magnetic Ni/Fe NTs were synthesized according to the procedure described in [27]. The immobilization of carborane derivatives was carried out in two stages: at the first stage, Ni / Fe NTs were modified with (3-aminopropyl) -trimethoxysilane (APTMS) to create reactive amino groups on the surface, as well as to protect NTs from degradation and make them more biocompatible and low-toxic [29]. In the second step, 1,2-bis- (carboxymethyl) -carborane (carborane I) was immobilized by covalent interaction of activated carborane I carboxyl groups using N- (3-dimethylaminopropyl) -N'-ethylcarbodiimide and (EDC) pentafluorophenol (PFP) and terminal amino groups of modified Ni/Fe NTs with APTMS. Di(o-carborane-1,2-dimethyl) borate (carborane II) was immobilized through the ionic interaction of carborane borate with the terminal amino groups of Ni/Fe NTs (Figure 1).
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	Figure 1 -  Scheme of immobilization of carborane derivatives by covalent binding and ionic interaction


Control of the binding of carborane I and II was performed using FTIR spectroscopy, recorded on the ATR accessory (Figures 2 and 3). The ATR-FTIR spectra of the initial Ni/Fe NTs are not informative. The interaction of terminal NH2-bonds of NTs with carborane I and II led to the appearance of new peaks at 2625 cm-1, attributable to B-H stretching vibrations of the carborane core, which indicates the successful immobilization of carbon derivatives on Ni/Fe NTs.
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	Figure 2 – ATR-FTIR spectra of initial Ni/Fe NTs (1), Ni/Fe NTs_carborane I (2) and carborane I (3)
	Figure 3 - ATR-FTIR spectra of initial Ni/Fe NTs (1), Ni/Fe NTs_carborane II (2) and carborane II (3)


SEM-EDX analysis was perform to study distribution of elements  on Ni/Fe NTs surface before and after modification. Typical EDX mapping is presented in figure 4. The data extracted from the EDX spectra are collected in Table 2.
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	Figure 4 – SEM image (a)  and typical distribution of  Ni (b), Fe (c), B (d) elements of Fe/Ni nanotube with immobilized carboranes


The results shows us a good distribution of boron on the NTs surface. Amination led to increase nitrogen content up to 7% (at.), whereas carborane immobilization led to appearance of  boron in amount of 14.53 and 14.65% for carborane I and carborane II respectively. Appearance of oxygen can be described by both possible iron oxidation as well as oxygen content of APTMS and carborane compounds. It should also note that attachment of carboranes direct to Ni/Fe NTs without preliminary covering by APTMS led to concentration of boron from 0.7-1% caused by non-specific interaction.
Table 1 – Data from EDX spectra

	Sample
	Atomic content, %
	[NH2], µM/g

	
	B
	N
	Fe
	Ni
	O
	

	Initial Ni/Fe NTs
	-
	-
	19
	81
	-
	-

	Ni/Fe-SiNH2 NTs
	-
	7.0
	14.5
	62.2
	16.3
	9.6

	Ni/Fe-Carborane I NTs
	14.53
	1.67
	13.00
	60.60
	10.2
	-

	Ni/Fe-Carborane II NTs
	14.65
	2.87
	11.54
	62.6
	8.34
	-


SEM analysis was performed to evaluate changes of morphology after carborane immobilization. Typical SEM images are presented in Figure 5. Comparing the SEM images of the initial nanotubes with those presented after the modification, a distinct change in the morphology of the surface is observed. It becomes more rough with some inclusions on their surface, apparently, according to EDA, relating to APTMS and carborane I, II.
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	Figure 5 – SEM images of Ni/Fe NTs-carborane I (a,b) and Ni/Fe NTs-carborane II (c,d)


A comparison with results from other similar studies dedicated to immobilization of carboranes to magnetic nanostructures is difficult due to different carborane derivatives and magnetic structures used.  In previous study [27] carboranes have been immibolized on iron oxide magnetic nanoparticles through the azide-alkyne cycloaddition, the concentration of boron atoms  was claimed to be 9.83 mmol/g according to ICP-OES analysis. Current study showed that phase content of carborane in NTs rich up to 17% according to XRD analysis.  Therefore, the proposed method is simple and promising for immobilization of carborane derivatives on magnetic nanostrucutres. Detailed studies are presented in our published article [30].
2.2 Immobilization of carborane derivatives on magnetic nanoparticles 
The search for simple and technological methods for immobilizing carboranes on the surface of well-studied and widely used in medicine Fe3O4 nanoparticles (NPs) is also relevant, since until now only the method described in [27] is known. Immobilization of carborane derivatives was carried out in 2 stages. At the first stage, the reactions of functionalization of the surface of NPs were carried out using APTMS. A schematic representation of the functionalization of Fe3O4 NPs is shown in Figure 6a.
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a) schem of the modification of magnetic nanoparticles, b) FTIR spectra, c) X-ray diffractogram, d) DLS analysis, e) Mössbauer spectroscopy, f) distribution of a hyperfine magnetic field, g) hysteresis loop.
Figure 6 –  Characteristics of functionalized magnetic nanoparticles
Magnetic NPs (1g) were dispersed in 10 ml of ethanol for 3 hours in ultrasound bath, then APTMS was added in a concentration of 10%, and kept in this solution for 24 hours. Then, the modified nanoparticles were separated using a magnet, washed with three portions of ethanol, and dried at 30 °C. To iimobilize carborane-borate (di(o-carborano-1,2-dimethyl) borate) with the aminated surface, NPs were dispersed in ethanol, then 0.1 M carborane II was added, the mixture was ultrasonicated for 5-10 min, and then it was kept on a shaker for 24 hours. After completion of the reaction, the NPs were separated, washed with ethanol, and dried.
The formation of the bonds of the modifying agent with the surface of the NPs was proven by ATR-FTIR spectroscopy (Figure 3b). The ATR-FTIR spectrum of the initial Fe3O4 NPs is characterized by absorption at 3500–3000 cm−1 (OH groups), at 1614 cm−1 related to O–H bending vibrations combined with Fe atoms, and at 544 and 399 cm−1 corresponding to Fe–O. Aminated Fe3O4 NPs are characterized by new peaks at 1602 cm−1 (NH2), at 1223 and 994 cm−1 (Si–C), and at 1050 and 1112 cm−1 (Si–O–Si).

EDX (energy-dispersive X-ray, Hitachi, Chiyoda, Tokyo, Japan) analysis was performed in order to obtain the element ratio variations after modification with APTMS and are presented in Table 3 and in Figure 6d. It was found that amination with APTMS led to the appearance of Si and N in the atomic content of NPs.
Table 3 – Change in the ratio of elements before and after modification of iron oxide nanoparticles according to EDA
	Sample
	Atomic content, %
	[NH2], µM/g

	
	N
	Fe
	Si
	O
	

	Fe3O4 -initial
	-
	43.1
	-
	56.9
	-

	Fe3O4-APTMS 
	1.0
	36.0
	2.3
	60.7
	86.57


As for the initial NPs, the spectra of the modified ones (Figure 6e) correspond to a Zeeman sextet with broadened resonance lines, characteristic of Fe3O4, and a quadrupole doublet, characteristic of the paramagnetic state of Fe2+ and Fe3+. The decrease in the hyperfine field (Figure 3f) for the modified samples by APTMS to 466.8 ± 2.1 kOe and 432 ± 1.7 kOe is due to the modification of the NPs’ surface, the change in the structural bonds, and the introduction of –Si, –O, and –NH2 into the interstice of the crystal lattice, thus leading to its change [31].
Increased fragments (inserts to Figure 3g) of loops (in the range of B = ±1000 Oe) demonstrate a slight decrease in the magnetic characteristics in comparison with the initial Fe3O4 NPs, caused by changing the present nonmagnetic faze on the magnetic NPs’ surface: Coercivity is about 6 Oe, saturation magnetization is 62 emu/g, and this is close to the magnetic parameters of Fe3O4 NPs, as indicated in [32].
Attachment of carborane was carried out through the ionic interaction of carborane borate with amino groups of the modified Fe3O4 NPs (Figure 7a). Based on the FTIR spectra (Figure 7b), the mechanism of attaching carborane can be observed. The reaction of the NH2 bond with carborane borate led to the observation of new peaks at 2625 cm−1 (B–H of carborane core) and the appearance of NH3+ group vibrations at 1521 cm−1. 
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a) schem of immobilization of carborane derivatives, b) FTIR spectra, c) DLS analysis, d) X-ray diffraction, e) Mössbauer spectra, f) distribution of hyperfine magnetic field, g) hysteresis loops.
Figure 7 – Characterization of Fe3O4 NPs modified with carborane II 
The results are in good correlation with the previously published work [33]. EDA analysis showed the presence of boron on the surface of the nanoparticles (Table 4). DLS analysis (Figure 7c) showed an increase in the mean particle diameter of 19.4 nm to 24.3 nm.
Table 4 – Elemental composition of modified NPs with carborane-borate, measured by EDA
	Sample
	Atomic content, %

	
	B
	N
	Fe
	Si
	O

	Fe3O4-APTMS-Carborane II
	11.4
	2.0
	33.5
	12.2
	40.9


The hysteresis loop (Figure 7g) for the samples of NPs + APTMS + Carboranes is still apparent , but corresponds to soft ferromagnetic materials. The magnetic characteristics are: Coercivity is about 70 Oe, saturation magnetization is 31 emu/g. The change in the size and structure of NPs functionalized by carborane and the properties of the modified surface influenced the magnetic properties of NPs. These changes are possibly associated with an increase in the dipole–dipole interaction between the particles, leading to rather large changes in the coercivity. An increase in the amount of the nonmagnetic phase (carboranes and amorphous phase) leads to a decrease in the specific saturation magnetization, thus remaining at a sufficiently high value.

Thus, we have demonstrated the possibility of immobilizing carboranes on the surface of magnetic NPs functionalized by amino groups. Following the proposed technique, stable chemical bonds are formed, ensuring the presence of carborane on the surface. It is important to note that the proposed method induces some changes in the structure of NPs and their surfaces, leading to a significant change in the structural and magnetic parameters. These changes, however, do not lead to the loss of the target properties of magnetic carriers. These methods, as well as the method of magnetic NPs, could be proposed for targeted delivery of carboranes using a magnetic field to a tumor in boron capture therapy. According to the results of the study, article [34] was published.
3 Cytotoxicity studies
The assessment of the general toxic effect was carried out using the example of the water-soluble potassium salt of 3-(isopropyl-o-carboranyl) hydrindone. Three types of human cell lines (MCF-7, HdFn, MSCs) were pre-plated in a 96-well plate at 104 cells per well in triplicate. The tested substance - potassium salt of 3-(isopropyl-o-carboranyl) hydrindone (C14H24B10OK) was diluted in DMEM/F12 culture medium without adding serum and antibiotics at a concentration of 100 mg/mL (10% solution), which corresponds to 281.69 mM, and further sterilized by filtration through a 0.2 μm filter. The resulting solution was subsequently diluted in the following ratio 10% (281.69 mM), 5% (140.845 mM), 2.5% (70.423 mM), 1.25% (35.212 mM), 0.625% (17.606 mM), 0, 3125% (8.803mM), 0.15625% (4.402 mM), 0.07813% (2.201 mM), 0.0391% (1.101 mM), 0.01955% (0.551 mM), 0.00978% (0.276 mM) ), 0.00489% (0.138 mM), 0.00245% (0.069 mM), 0.00123% (0.035 mM), 0.00061% (0.018 mM), 0.00031% (0.009 mM), 0.00016 % (0.045 mM), 0.00008% (0.0023 mM), 0.00004% (0.0012 mM). C14H24B10OK was added to the cell monolayer for 24-hour incubation in a volume of 100 μl per well, with the addition of fetal serum (10% final concentration). After 24 hours, the medium was removed and replaced with culture medium containing 10% MTT reagent (5mg / ml) and incubated for 4 hours. After the formation of formazan crystals, the nutrient solution was replaced with DMSO in order to dissolve the crystals. Optical density was measured at 580 nm. The data were processed using the GraphPad8 program (Figure 8).
The IC50 for each cell culture was revealed, which was 0.06776 mM for MCF-7, 0.05427 mM for HdFn and 0.03377 mM for MSC.
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	Figure 8 – Survival graphs of various cell cultures depending on the concentration of substances


The MTT is an assay to identify metabolic disorders, namely, the dysfunction of mitochondria, reflecting the effect on cell viability. Cells were grown in a CO2 incubator (Herra Cell) at 37 °C, 5% CO2, 80% relative humidity on 96-well plates (seed concentration—50–70 thousand cells/mL). Samples of NPs dissolved in fetal bovine serum (Sigma, St.Louis, MO, USA) were added to the wells with adherent cells (second day of cultivation). After a 24-h exposure of the samples, total cell mitochondrial dehydrogenase activity in each well was measured photometrically in the methyltetrazolium test (MTT). This test is based on the ability of living metabolically active cells to convert the tetrazoline salt (MTS) into formazan, which is soluble in the culture medium. Thus, the absorption of formazan is directly proportional to the number of viable cells in the culture. CellTiter 96® AQueous One Solution Cell Proliferation Assay (MTS), Promega kit, was used for MTT. To measure the absorption of formazan, the cells were incubated with MTS for 4 h in a thermostat, and the measurement of the absorption of formazan at λ = 490 nm was performed on an automatic microplate photometer EIX808, BioTek Instruments Inc., Winooski, VT, USA. The toxicity of nanoparticles was assessed by IC50.
As preliminary in vitro studies, the biocompatibility of modified and non-modified Fe3O4 NPs was tested by an MTT assay using MEFs. Cells were incubated with NP concentrations from 0.005 mg/mL to 0.6 mg/mL for 24 h. Figure 9a shows that NPs did not present any toxicity for a concentration up to 0.015 mg/mL. IC50 was determined graphically from the curve presented in Figure 9b, and the results are presented in Table 4. The IC50 for the initial Fe3O4 NPs is 0.110 mg/mL, and for Fe3O4-aminated NPs it is 0.091 mg/mL and for Fe3O4-Carboranes NPs it is 0.405 mg/mL. Fe3O4 NPs’ toxicity depends on a variety of factors, including the dose, exposure time, colloidal and chemical properties of the surface, the NPs’ hydrodynamic diameter, and NPs’ protein interactions [35].
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Figure 9 - Cytotoxic effect of modified and non-modified Fe3O4 NPs (a) on cultured mouse embryonic fibroblasts and its nonlinear curve fitting (b)
The increased cytotoxicity of NPs coated with APTMS can be explained by the fact that the surface of Fe3O4-Aminated NPs contains positively charged NH2-groups that can electrostatically interact with negatively charged cell membranes [36,37]. Subsequent binding of carborane neutralizes the amino group, which leads to a decrease in the cytotoxicity of Fe3O4-Carboranes NPs.

It is noteworthy that a dose of about 0.5 mg/mL for any compound is the maximum dose allowed for testing in vitro, above which the effects are not specific. As can be seen from the obtained data, the half inhibitory concentration for Fe3O4-Carboranes NPs approaches this value. This suggests that Fe3O4-Carboranes NPs have the lowest cytotoxicity. Their cytotoxicity is possibly associated with a purely mechanical effect of the high concentration, which prevents adhesion and, accordingly, cell growth in culture.
CONCLUSION
As part of the studies carried out in 2018 on the synthesis of new derivatives of carboranyl-containing coumarins, the study of their properties and the immobilization of carborane compounds on magnetic nanotubes, the following results were obtained:
- Based on the investigated reactions, preparatively convenient methods for the synthesis of a number of previously unknown and poorly studied carboranyl-containing coumarin derivatives with potential biological activity were developed. 
- The reactions of lithium-isopropyl-o-carborane with coumarin and its functional derivatives were studied.
- 16 new compounds have been synthesized and characterized by FTIR and NMR spectroscopy, some of their chemical properties have been studied.
- - Ni/Fe nanotubes were obtained inside the channels of ion-track PET membranes by the method of electrodeposition. The composition of Ni/Fe nanotubes, determined by XRD and EDA, is 19% iron and 81% nickel. The magnetic properties of nanotubes were studied by the method of Mössbauer spectroscopy.
- It has been shown that various carborane derivatives, potential agents for BNCT, can be successfully immobilized on Ni/Fe nanotubes through a preliminary stage of amination. Carboranes were attached to NTs by covalent and ionic interactions. The resulting nanotubes were studied by EDA, SEM, XRD, ATR-IR spectroscopy.
As part of the studies carried out in 2019 on the synthesis of new derivatives of carboranyl-containing nitrostyrenes, the study of their properties and the immobilization of carborane compounds on magnetic nanoparticles based on iron oxide, the following results were obtained:
- Reactions of lithium-o-carborane with β-nitrostyrene, 4-(dimethylamino)-β-nitrostyrene, 3-nitro-β-nitrostyrene, 2,5-dimethoxy-β-nitrostyrene, 3,4,5-trimethoxy-β -nitrostyrene, 4-hydroxy-3-methoxy-β-nitrostyrene, as well as β-bororm-β-nitrostyrene were studied.

- The reactions of lithium salts of carboranyl-substituted nitrostyrenes and their derivatives with halogens, haloalkyls, halides, nitro-olefins, organometallic compounds were studied.
- It was shown that C-metal derivatives of o-carboranes react with functionally substituted nitrostyrenes regiospecifically with the formation of conjugated 1,4-addition products.
- Convenient methods for the synthesis of previously unknown carboranyl-containing nitrostyrene, nitrone esters, α-halogennitroalkanes, hydroxamic acid esters, secondary nitronic acids and other nitrogen-containing compounds were developed.

- Fe3O4 magnetic nanoparticles with an average diameter of 19 nm were obtained according to transmission electron microscopy and dynamic light scattering. The nanoparticle composition was determined by XRD and EDA. The magnetic properties of Fe3O4 were investigated by Mössbauer spectroscopy and magnetometry.
- Methods of modification of Fe3O4 nanoparticles by means of amination with (3-aminopropyl)-trimethoxysilane have been studied. Amination leads to a slight change in the magnetic properties of Fe3O4. Immobilization of di(o-carborano-1,2-dimethyl) borate was carried out by a simple and technologically convenient method, ionic bonds with the surface of magnetic nanoparticles were formed, which was proved using FTIR spectroscopy. The proposed method causes changes in the structure of nanoparticles and their surface, which leads to a significant change in the structural and magnetic parameters. These changes, however, do not lead to a loss of the targeted properties of magnetic carriers. This method can be proposed for targeted delivery of carboranes using an external magnetic field for potential use in BNCT.
- The degradation properties of the prepared nanoparticles in a phosphate buffer solution with an acidity of 7.4, which is closest to the environment of the human body were studied. According to the data, no new diffraction peaks are observed on the diffraction patterns of the samples under study, which indicates the absence of phase transformations during degradation. The main changes are associated with a change in the intensity and shape of the diffraction peaks, as well as a slight shift of the maxima, which indicates a change in the crystal lattice parameters and crystallite sizes. In this case, the largest changes in the intensities are observed for the initial unmodified samples of nanoparticles. A smaller change in intensities for modified nanoparticles is due to the presence of an organosilicon coating on the surface of nanoparticles, which interacts less actively with the medium and reduces the degradation rate.
In 2020, the following results were obtained:

- The reactions of C-metal derivatives of isopropyl-o-carborane with benzylidenemalonic ether have been studied. 3-(isopropyl-o-carboranyl) -hydrindone was obtained by its cyclization under the action of borohydric acid.
- Reactions of 3-(isopropyl-o-carboranyl)-hydrindone with various amines (butylamine, methylamine, morpholine, cyclohesylamine), alkali metals and their hydroxides were studied. It was found that amines with higher basicity selectively interact with hydrindone derivatives at the carbonyl group, forming Schiff bases. Whereas a weaker amine (morpholine) forms a salt with a reagent ratio of 1:1, predominantly interacting with the acidic proton of the C-H group of 3- (isopropyl-o-carboranyl)-hydrindone. However, with a morpholine/hydrindone ratio of 2: 1, in addition to salt formation, morpholine also reacts at the C=O group.
- It was found that the potassium salt of hydrindone is soluble in water. In this regard, its cytotoxic properties were studied. The concentration of half-maximum inhibition (IC50) of potassium salt of 3-(isopropyl-σ-carboranyl) hydrindone in human cell cultures was 0.06776 mM for MCF-7, 0.05427 mM for HdFn, and 0.03377 mM for MSC.
- The cytotoxicity of Fe3O4 nanoparticles with immobilized carborane compounds was studied on mouse fibroblast cells. IC50 for initial Fe3O4 nanoparticles is 0.110 mg/mL, for aminated Fe3O4 -  0.091 mg/mL, and for Fe3O4-carborane nanoparticles is 0.405 mg/mL.
The tasks set in the research work were completed. For 2018-2020, 6 articles were published in publications with a high impact factor included in the Scopus and Web of Science databases, 1 publication in a Kazakhstan journal, the results of the work were presented at 4 international conferences, and 1 patent was obtained. On the basis of the studied reactions, preparatively convenient methods for the synthesis of a number of previously unknown and poorly studied carboranyl-containing derivatives of coumarin, nitrostyrene, hydrindone, and Schiff bases with potential biological activity have been developed. Methods of immobilization of carboranes on magnetic nanotubes and nanoparticles have been studied. The results can be used in fine organic synthesis to obtain new pharmacologically active substances. The synthesized compounds hold promise for further research as agents for boron neutron capture therapy for cancer. However, further biological research is required. The scientific and technical level of the results obtained is confirmed by the list of published works for 2018-2020 (APPENDIX B). Reprints of published works for 2020 are presented in APPENDIX C. APPENDIX D presents a method for immobilizing carborane compounds on magnetic nanotubes.
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ANNEX А
Calendar plan
TECHNICAL SPECIALISATION AND CALENDAR PLAN
Due to the agreement №_____ от __________________ 

1 Republican State Enterprise on the Right of Economic Use «Institute of Nuclear physics» of Ministry of Energy of Republic of Kazakhstan
1.1 By the preference: Life and health sciences

1.2 By the sub preference: Surveying of medicines, their pharmacological researches and technologies of original medicine’s procuring

1.3 By the project’s object: №AP05130947 «Setting the stage for boron neutron capture therapy of cancer in the Republic of Kazakhstan» 

1.4 Overall project foundation: 15 000 000 (fifteen million) KZT:

- 2018 - 5 000 000 (five million) KZT;

- 2019 - 5 000 000 (five million) KZT;

- 2020 - 5 000 000 (five million) KZT.

2. Characteristics of scientific-technical production by the classifying values and economical performances.
2.1 Project’s direction: Fundamental Researches. Project is directed to surveying of efficient methods of carborane derivants synthesis and their primary toxicological tests, assortment of the most perspective chemicals in further researches at chemical- and boron-neutron capture therapy of cancer (BNCT). New Carbonyl-containing coumarins, nitrostyrene, hydrindon  derivatives, which are the potential agents for BNCT will be synthesized, their basic physicochemical properties will be researched. Project will allow to create base for further researches of original boron complexes in biology and medicine.

2.2 Application area: element-organic chemistry, organic chemistry, biomedicine. As the result of project’s realization theoretical impact in the development of boron chemistry will be deposited, new knowledge about mechanisms and laws of process of the C-metallic carborane derivants obtaining will be received. Also toxicological researches of obtained complexes will be performed.  

2.3 Expected results: 

- for 2018: new carborane containing coumarins will be produvted and characterized by physicochemical methods. Carborane complexes will be bounded to magnetic carriers for drugs target delivery. One article will be published in non-zero impact factor magazine, indexed by Web of Science or Scopus.

- for 2019: carboranyl containing nitrostyrenes will be synthesized, their chemical and physicochemical properties will be researched. one article in abroad peer revied scientific magazines with non-zero impact-factor indexed in Web of Science or Scopus and one article in local peer reviewed scientific magazine with non-zero impact factor. 

- for 2020: carborane derivants of hydrindone and Schiff’s bases will be produced, reactive centers of complexes will be researched while interaction with chemicals with different basicity. Also Cytotoxicity will be measured in vitro, the most efficient will be assorted for further researches. One article in abroad peer-reviewed scientific magazine indexed in Web of Science or Scopus with non-zero impact factor and one article in abroad peer-reviewed magazine with non-zero impact factor. 

2.4 Patentability: 1  RK patent application will be submitted.

2.5 Scientific-technical level (originality): Survey and application of effective methods of curing oncological diseases is still actual problem of international scientific society. Boron-neutron capture therapy (BNCT) is one of the perspective methods, nowadays is on the stage of clinical and pre-clinical tests in many countries. The problem of this method is finding efficient boron-containing complexes, which are highly suitable for successful cancer treatment. In this project firstly ever offered to synthesize and research chemical and physical properties of different carbonyl containing nitrocomplexes, coumarines, hydrindones and Schiff’s bases and elucidate their cytotoxicity for further researches as a perspective complexes for BNCT

2.6 Usage of scientific-technical production is carried out by: 
contractor and customer agreed to the law of the Republic of Kazakhstan.

2.7 Type of using  the result of scientific and (or) scientific-technical activity: technology (method) of carbonylsubstituted nitrostyrenes, coumarines, hydrindones and their derivants synthesis.

3. Name of the targets, execution periods and results
	Number of tasks, stage
	Name of the target due to agreement and the main stages of its progress
	Completion period
	Expected results

	
	
	start
	finish
	

	1
	Procuring of new derivatives of carboranyl containing coumarines. Establishing of physico-chemical properties of materials
	January 2018
	June

2018
	New derivatives of carboranyl containing coumarines will be procured. Physicochemical properties will be established.

	2
	Survey of chemical properties of carborane coumarines: performing reactions with nucleophilic and electrophilic reagents.
	July 2018
	Before November the 1st  2018
	Chemical properties of carborane coumarines will be surveyed:  reactions with nucleophilic and electrophilic reagents will be performed.

	3


	Immobilization of carborane complexes to magnetic carriers for target delivery.
	January 2018
	Before November the 1st  2018
	Immobilization of carborane complexes to magnetic carriers for target delivery will be performed. 

Two articles will be published in abroad peer-reviewed journals, indexed by Web of Science or Scopus with non-zero impact factor.

	4
	Survey of C-metallic carborane compounds in conjugate addition reactions in substituted nitrostyrenes 
	January 2019
	Before November the 1st  2019
	C-metallic carborane derivatives in conjugate addition reactions in substituted nitrostyrenes type will be surveyed.

	5
	Identification of carborane nytrostyrene, confirmation of structure and purity using modern physicochemical methods. Survey of some chemical properties.
	January 2019
	Before November the 1st  2019
	Carborane nitrostyrene will be identified, structure and purity will be confirmed using modern physicochemical methods, some chemical properties will be studied

	6
	Researches magnetic nanostructure with immobilized carborane derivatives
	July 2019
	Before November the 1st  2019
	Magnetic nanostructure with immobilized carborane derivatives will be researched.

One article will be published in abroad peer-reviewed magazine, indexed by Web of Science or Scopus with non-zero impact factor,  and one article in local peer reviewed scientific journal with non-zero impact factor. 1  RK patent will be submitted..

	7
	Synthesis and researches on the carboranyl-containing hydrindones and their derivatives. Identification of obtained compounds.
	January 2020
	Before November the 1st  2020
	Carboranyl-containing hydrindones and their derivatives will be synthesized and researched. Obtained compounds will be identified.

	8
	Establishing the chemical properties of carboranyl hydrindones and Schiff’s bases
	July 2020
	Before November the 1st  2020
	Chemical properties of carboranyl hydrindones and Schiff’s bases will be established.

	9
	Performing of pre-clinical tests in vitro (establishing cytotoxicity) 


	January 2020
	Before November the 1st  2020
	Pre-clinical tests in vitro (establishing cytotoxicity) will be performed.

One article will be published in abroad peer-reviewed journal, indexed by Web of Science or Scopus with non-zero impact factor
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TEXHUYECKASA CIIENA®UKAITASA 1
KAJIEHJAPHBINA IIJIAH PABOT

ITo mororopy No oT

1. Pecnybnukanckoe zocyoapcmeennoe npeonpuamue Ha npaee xo03AUCMEEHHO20
eedenun «Hucmumym adeproii (husuxuy Munucmepcmea 3nepzemuxu Pecnybnuxu
Kazaxcman

1.1 Io npuopurery: Hayku o sxusnu 1 350poBbe
1.2 Tlo monnpuopurery: Ilouck HOBBIX IeKAPCTBEHHBIX BENIECTB, (dhapMaKoIIOruYecKue ux
MCCIICIOBAHMA ¥ TEXHOJIOTMM IIPOM3BOJICTEA OPMTHHANEHEIX JIEKAPCTBEHHEIX IIPEIIapaTon
1.3 Ilo Teme mnpoexra: NeAP05130947 «Paspaborka ocHOB GopHEeHTpOH3aXBATHO!
Tepanuu paka B Pecrry6bimuke Kasaxcrany
1.4 O6was cymma mpoekrta 15 000 000 (maTHagmATH MHJIIHIOHOB) TEHIE, B TOM YHCIIE C
Pa3OHBKOH 10 rofiaM, Jis BRIOIHEHHUS PaGOT COIMIACHO MYHKTY 3!
- Ha 2018 rogx - B cymme 5 000 000 (IATH MHITHOHOB) TEHTE;
- Ha 2019 ron - 8 cymme 5 000 000 (TIsITH MEILTHOHOB) TeHTe;
- 52 2020 rox - B cymme 5 000 000 (STH MHIIHOHOR) TerTe.

2. XapaxmepucmuKa Hay4Ho-mexnu4ecKkoii RPOOYKYUU NO KBANUDUKAYUOHHBIM
RPU3HAKAM U IKOHOMUYECKUE NOKA3amenu

2.1 Hanpaenenne paGotbi: (DyHIaMEHTAIBHBIE HCCIEIOBAHIS. IlpoexT HampapieH Ha
pa3paboTKy 3¢ heKTUBHEIX METOLOB CHHTE3a HOBBIX IIPOM3BOJHBIX KapOOPaHOB U UX MEPBUYHEIE
TOKCHKOJIOTUYECKHE HCIBITaHUsA, 0T60p HaubGollee MEpCIeKTHBHBIX BELIECTB IS JadbHEHIIEro
MCCIIEIOBAaHAS B XHMHO- M GopHeHTpon3axBaTHO# Tepammu paka (BH3T). Bynyr nomydensr
HOBBIC IPOM3BOAHBIE KapOOPaHHICONEPXKAIMX KyMApHHOER, HUTPOCTUPOIIOB, THIPUHIOHOB,
KOTOpBIC ABIAIOTCA MOTCHIMATLHBIME arcHTamMu M BH3T, wsyuens: ux du3mko-xummueckue
CBOHCTBA. IIPOEKT MO3BONMT CO34aTh OCHOBY IS NAbHEHIIMX HCCIIEIOBAaHUM OPUTHHAIBHBIX
OOpHBIX CoeMHEHN B GHOTIOTHHE U MEUIIKHE.

22 O6nacTh NPUMEHEHHS: 3IEMEHTOOPTAHMYECKAS XHMHS, OpraHuyeckass XHMHus,
Guomenununa. B pesynsrate peammsanmm npoekra OyZleT BHECEH TeOpeTHUYeCKMl BKJIaJ B
pa3BUTHE XHUMHH Oopa, OyAyT mONyYeHHI HOBBIE 3HAHMS O MEXAaHH3MAX M 3aKOHOMEPHOCTSX
TIPOTCKAHUS PEAKIHMH IIPU MONMyYeHHH C-METalTMYecKHX MPOH3BOIHBIX kapbopaHnos. Bmecre ¢
T€M, OYAYT IIPOBENCHBI IIEPBAYHBEIE TOKCHKOJIOTMYECKHE MHCILITAHMS CHHTE3UPOBaHHBIX
COC/IMHEHHUH, YTO IO3BONMT OTOOpPATh HaWGONEe MEpPCHEKTHBHBIE M3 HHUX s JanbHEeHIIuX
MEIHKO-OHOIOTHYCCKUX MCIIBITAHHIA.

2.3 KoHeuHEIi pe3ynbTar:

- 3a 2018 rom: 6ymyr CHHTE3MPOBAHBEI M OXapaKTEePHU30BaHBI (PHIUKO-XHMHYCCKUMH
MCTOZIaMH  HOBHIE IPOU3BOIHEIE  KapOOPaHHIICONEPKAIIKX KymapuHoB. KapGopanosrie
COCIMHEHHA OYAYT CBA3aHBI C MarHMTHBLIM HOCHTENEM JUIS IENEBO JIOCTABKU JIEKAPCTBEHHEBIX
BelIecTB. byner omy6GnukoBana 1 crares B PELEH3UPYEMOM 3apyOEXKHOM HAYYHOM H3aHWH,
MHJICKCHPYeMOM B Oazax nanueix Web of Science mmu Scopus ¢ HEHYJICBbIM MMIIaKT-(akTopom.

- 32 2019 rox: cunTe3MpPOBAHEL KapOOpaHHIICOAepKAIIUEe HUTPOCTHPOJIBL, HCCIENOBAHBI HX
XMMHYECKHE U (PH3HKO-XHMHUIECKHE CBOMCTBA. BynyT omyGmuxoBaHel: 1 cTaThs B peleH3upyeMom
3apy6eHOM HAYYHOM H3IAHMH, MHJICKCHpYeMoM B Gaszax manHbeix Web of Science wium Scopus ¢

HCHYJICBBEIM I/IMHaKT-(baKTOpOM, a taxxe 1 crares B PCUCH3UPYEMOM OTEYECTBEHHOM HAyYHOM
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- 3a 2020 rox: momydeHbl KapGOpaHOBBIE MPOHM3BOIHBIE THJIPHUHIOHOB M OCHOBaHHH
Iudda, usydens! peakuuoHHBIE HEHTPHI COEIMHEHHH IpA B3aMMOJAEHCTBHU C BEINECTBAMM
pasnmuyHOR ocHOBHOCTH. Taxcke OyAeT oleHEHa IHTOTOKCHIHOCTD HOJY4YCHHBIX COCAMHEHHH in
vitro, IpousBesieH or60p HamGomee >(heKTHBHEIX mis NaTbHEHIMX uccnenoBanuii. Byayr
OIyONMKOBAHBL: 1 CTaThs B PEIEH3UPYEMOM 3apyOeKHOM HAYYHOM W3IaHHMH, HHIEKCUPYEMOM B
6asax manHbix Web of Science wim Scopus ¢ HeHyIeBEM HMIIaKT-(haKToOpoM, a Takke | cTaThs B
PELIEH3UPYEMOM 3apyOeskHOM HAYYHOM H3IaHHH C HEHYJIEBBIM HMITaKT-()aKTopoM.

2.4 TlarenTOocOCcOGHOCTE: GyaeT noxana | 3asBka Ha maTeHT PK.

2.5 Hayuno-TexHHYeCKHH YpOBeHh (HOBH3HA): NOHCK H BHezllpeHue 3((eKTUBHEBIX
METOJIOB JICYCHH: OHKOJIOTHIECKHX 3a00JeBaHMI OCTAeTCA aKTYalbHOM MpobIeMoif MHPOBOrO
Hay4qHoro cooGmectsa. OJHHM U3 TNEPCHEKTMBHBIX METOIOB IICUECHHS SBISETCS 6op-
HeHTpoH3axBaTHas Tepanus paka (BH3T), metom Ha JaHHbBIH MOMEHT HaxXOIMTCH Ha CTaJuu
KIMHAYCCKAX W JOKIMHHYECKHX HCIBITAHWA BO MHOIMX CIpaHax Mupa. IIpo6iema Meroza

3aKJIIOYacTCI B

IIOUCKE

sbdexTHBHEIX  GopcomepiKarux

COEIUHEHUH, MAaKCUMAILHO

COOTBETCTBYIOIIMX TPEOOBAHMSAM JJIsl YCIEWIHOTO JIEYEHHS paka. B mpezncrapieHHOM IpPOEKTe
BIICPBBIC IIpE/IaracTCs CHHTC3HPOBATH M H3YYHTh XHMHYECKHE H (DH3MYECKHE CBOMCTBA
pasIMYHBIX MPOU3BOJHBIX KapOOPaHUIICOACPKAIIMX HUTPOCOEUEHHUI, KYMapHHOB, THAPHHIOHOB
H ocHopanmii Illudpda, a TakKe yYCTAaHOBUTb MX IHUTOTOKCHYHOCTD Uil JaJbHEHIIHX
HCCIIeIOBaHUM B KAYECTBE IIEPCIIEKTUBHEIX coeauaeHui ais BH3T.

2.6 Hcnone30Banue HAy4HO-TEXHUYECKOM NPOAYKITMH ocyIecTBisieTca: Mcnonuurenem u

3aKa34mKOB COTNIACHO 3aKOHOAATENECTRY PK.

2.7 Bum HCHIONB30BaHHA pe3yNsTaTa HAYYHOM M (umu) HAYYHO-TEXHHYECKOM
ACATENILHOCTH: TEXHONOTHA (METOJMKA) CHHTe3a KapGopaHHI3aMeIeHHBIX HUTPOCTHUPOJIOB,
KyMapHHOB, TUAPHH/IOHOB ¥ X IIPOM3BOJHEIX.

3. Haumenoeanue pabom, cpoku ux peanuzayuu u pesynomamol

Hludpp |Haumenosanue pa6ot mo Cpoxk BhIIONHEHHS OxupaeMsliii pe3ybTar j
3aaHus, | JIororopy M OCHOBHEIE TamEl P —— ——— ;
jTana €r0 BBIITOJIHEHUS
- ==
1 ITomyyenue HOBBIX | SIHBaps | MioHR BynyT nomyueHs! HOBEIE POH3BOAHEIE |
IIPOU3BOJHBIX 2018 2018 KapOOpaHUIICOIEPKAIIUX KyMAapUHOB.
KapOopaHHICOaepKAIIMX Bynyt YCTaHOBJIEHEI ¢u3uxo-
KYMapUHOB. YcraHoBIEHHE XMMHYECKHE XapaKTEPUCTUKH BEIIECCTB
bu3HKO-XMMHYECKHX
XapaKTEPUCTHK BEIECTB
4 WN3yyenne xumugeckux cBoiicts | Mrons | Ilo 1| BynyT usyuens xummdeckue cBojicTsa |
KapOOpaHOBEIX KyMapuHOB: | 2018 HOSIOps KapbOpaHOBEIX ~ KyMapHHOB:  6yayT |
IIPOBEACHHUE peakumit c 2018 IIPOBEIEHBI peakuui c|
HYKI€ODHIEHBIMH 7§ HYKJI€OGHILHBIMH u !

SIEKTPOQUIBHBIMH peareHTaMu

3JIEKTPO(HIIbHBIMH pearcHTaMu. |
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ANNEX B 
List of published works for 2018-2020
List of published works in 2018
1. I.V. Korolkov, A.L. Kozlovskiy, Y.G. Gorin, A.V. Kazantsev, D.I. Shlimas, M.V. Zdorovets, N.K. Ualieva, V.S. Rusakov, Immobilization of carborane derivatives on Ni/Fe nanotubes for BNCT// Journal of Nanoparticle Research. – 2018. – Vol.20. – P.240-251 (IF – 2.009, Q2).
2. D.Zh. Tulebayeva, A.L. Kozlovskiy, I.V. Korolkov, Y.G. Gorin, A.V. Kazantsev, L. Abylgazina, E.E. Shumskaya, E.Y. Kaniukov, M.V. Zdorovets, Modification of Fe3O4 nanoparticles with carboranes// Materials Research Express. -2018.- Vol. 5. – P.105011 (IF – 1.449, Q3).
3. I.V. Korolkov, Y.G. Gorin, A.V. Kazantsev, O. Mukhan, L.I. Lisovskaya, Synthesis and investigation of carborane containing coumarins as potential agents for cancer treatment// AYSS-2018: Proceedings of  the XXII International scientific conference of young scientists and specialists. – Dubna: JINR, 2018. – P.1.
List of published works in 2019
1. Dukenbayev K., Korolkov I., Tishkevich D., Kozlovskiy A., Trukhanov S., Gorin Y., Shumskaya E., Zdorovets M. Fe3O4 nanoparticles for complex targeted delivery and boron neutron capture therapy// Nanomaterials. – 2019. – Vol. 9. – P.494-513. (IF– 4.034, Q1).
2. Tishkevich D.I., Korolkov I. V., Kozlovskiy A.L., Anisovich M., Vinnik D.A., Ermekova A.E., Zdorovets M.V. Immobilization of boron-rich compound on Fe3O4 nanoparticles: Stability and cytotoxicity// J. Alloys Compd. – 2019. – Vol.797. – P.573–581. (IF– 4.175,Q1).
3. Kozlovskiy A.L., Ermekova A.E., Korolkov I.V., Chudoba D., Shumskaya A.E., Zdorovets M.V. Study of phase transformations, structural, corrosion properties and cytotoxicity of magnetite-based nanoparticles// Vacuum. – 2019. –Vol.163. – P.236–247. (IF– 2.515,Q2).
4. Korolkov I.V., Gorin Y.G., Kozlovskiy A.L., Shumskaya E., Anisovich M., Lisovskaya L., Zdorovets M. Immobilization of carboranes on magnetic iron oxide nanoparticles for potential application in boron neutron capture therapy of cancer// AMT-2019: Proceedings of the XXII Physical metallurgy and materials science conference.-Bukowina tatarzanska:Poland, 2019. – P.125.
5. Lisovskaya L.I., Gorin E.G., Korolkov I.V. Synthesis of carboranyl-containing compounds as potential drugs for boron neutron capture therapy // Science and Education 2019: collection of materials of the X international scientific conference. students and young scientists. - Astana: ENU, 2019. - P.1004. (in russian)
6. Mukhan O., Gorin E.G., Korolkov I.V. Karboranilaramdy coumarin tuyndylarynyk synthesis // Science and education 2019: collection of materials of the X international scientific conference. students and young scientists. - Astana: ENU, 2019. - P.1008. (in russian)
7. Korolkov I.V., Gorin Y.G., Kozlovskiy A.L., Shumskaya E., Anisovich M., Lisovskaya L., Zdorovets M. Immobilization of carboranes on magnetic iron oxide nanoparticles for potential application in boron neutron capture therapy of cancer// The 7th International Conference on Nanomaterials and Advanced Energy Storage Systems (INESS-2019). – Almaty, Kazakhstan, 2019. – P.125.
8. Korolkov I.V., Gorin Y.G., Kazantsev A.V., Mukhan O., Tashenov A.K. Synthesis of substituted coumarins and their carborane derivatives as a potencial anticancer drugs // Chemical Journal of Kazakhstan. – 2019. - №2 (66). – P.208-216
List of published works in 2020
1. Korolkov I.V., Ludzik K., Kozlovskiy A.L., Fadeev M.S., Shumskaya A.E., Gorin Ye.G., Zdorovets M.V. et al. Carboranes immobilization on Fe3O4 nanocomposites for targeted delivery// Materials Today Communications. – 2020. – Vol.24. – P.101247. (IF – 2.678, Q2).
2. Zdorovets M.V., Korolkov I.V., Eszhanov A.B., Gorin E.G., Kozlovsky A.L. Method for immobilizing carborane compounds on magnetic nanotubes. Patent of the Republic of Kazakhstan No. 5058 dated 09/11/2020 (in russian).
ANNEX C
Reprints of published works for 2020
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ABSTRACT

Boron neutron capture therapy (BNCT) is promising method of cancer treatment. Success implementation of
BNCT depends on effectiveness of selective delivery of boron-rich compound into the cancer cells. In this paper,
carboranes with 10 boron atoms per molecule were attached to superparamagnetic nanoparticles for realization
of potential magnetic drug targeting. Isopropyl-o-carborane has been successfully immobilized on Fe;O4 na-
noparticles (NPs) via covalent bonding with pre-modified surface by tetraethoxysilane (TEOS) and (3-glyci-
dylpropyl) trimethoxysilane (GPTMS). Structure, morphology, element and chemical composition of prepared
Fe304 NPs were studied by FTIR spectroscopy, X-ray diffraction (XRD), scanning electron microscopy (SEM),
Energy-dispersive X-ray spectroscopy (EDA), dynamic light scattering analysis (DLS), Méssbauer spectroscopy
and vibrational magnetometer system (VMS). The biocompatibility was evaluated in vitro using different human
cancer cell lines: HeLa (cervical cancer cell), PC-3 (prostate cancer cell), HT-29 (colon cancer cell), BxPC-3
(pancreatic cancer cell). Fibroblasts like cells of L929 obtained from subcutaneous adipose tissue of mouse were
used as normal cells. Results indicate success immobilization of carboranes on Fe;04 NPs with low cytotoxicity

in concentration range 1-200 ug/mL, and potential to use them as carriers for BNCT.

1. Introduction

Nowadays, therapeutic methods for cancer treatment such as hy-
perthermia [1], photodynamic therapy [2] and boron neutron capture
therapy of cancer (BNCT) [3,4] are under considerable attention. BNCT
is a promising method of cancer treatment based on selective accu-
mulation of '°B in cancer cells and subsequent irradiation with low-
energy thermal neutrons or epithermal neutrons. '°B reacts with neu-
tron to form: ''B, a-particles with high energy (1.47 MeV), lithium-7
nuclei (0.84MeV) and low-energy y-rays (478keV) [5-7]. Since the
path length of a-particles is only around 9-10 um due to strong inter-
action with the medium that is comparable to cell size, ideally only
cancer cells can be destroyed. It follows from this that success im-
plementation of BNCT depends on the effectiveness of selective delivery

* Corresponding authors.

of boron-rich compounds into the cancer cells. It was found out that at
least 20 ppm '°B in the tumor is required and ratio between tumor cells
and healthy tissues should be at least 3:1 [7-9]. In spite of all efforts
over the 50 years, only two drugs — sodium borocaptate (BSH) and
boronophenylalanine (BPA) are clinically used [9]. As rule, carboranes
do not have tumor-targeting properties; therefore carboranes are
usually modified with tumor-targeting moieties to enhance tumor ac-
cumulation such as nucleosides, porphyrins, peptides and others. These
compounds are under pre-clinical evaluation at different stages [3].
Moreover, boron-reach compounds can be attached to nanoscale car-
riers to improve selectivity of boron-reach compounds, for instance,
micelles [10], liposomes [11,12], carbon nanotubes [13], monoclonal
antibodies [14], metal nanoparticles (NPs) [15-18], mesoporous silica
nanoparticles [19] and magnetic nanostructures [20-28]. The main
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requirements for carriers for targeted drug delivery are: maintenance of
the therapeutic effect of the drug, the possibility of transporting drugs
directly to the affected tissues or organs, reducing side effects, non-
toxicity of the carrier. One of the most promising materials for the
creation of magnetic nanostructures as carriers are NPs based on iron
oxide [29-32]. Authors [8] carried out systematic irradiation experi-
ments of agarose phantom cubes containing different concentration of
boron and Fe;0, NPs with the aim to test influence of magnetic NPs on
the neutron flux behavior. The authors concluded that magnetic drug
targeting can offer a strategy to deliver the required enrichment of
boron in cancer cells. Zhu et al. [33] attached o-carborane cage via
catalytic azide-alkyne cycloaddition that led to 9.83 mmol boron atoms
per gram of NPs. This method allow to reach boron concentration
51.4ug/g tumor and 1:10 ratio of tumor to normal tissues applying
1.14 T external magnetic field. Icten et al. [34] studied attachment of
bis(ascorbatoborate) complexes to PEGylated Fe;0,. Nanocomposites
contain 10'° B atoms per pg of the sample. Oleshkevich et al. [35]
prepared magnetic NPs which consist of a magnetic core
(2Fe;04Fe,05) and inorganic carboranylphosphinate shell that was
bind via coordination to the iron atoms. Carborane:Fe ratio is 1:70. In
our recent articles [22,36,37], di(o-carborano-1,2-dimethyl) borate was
immobilized on FeNi nanotubes and Fe;O, NPs via ionic interaction
with amino-functionalized surface of magnetic carriers. Boron content
reached to 10% of NPs according to XRD and EDX analysis.

In this paper, we present the result of Fe;04 NPs modification with
tetraethoxysilane (TEOS) and (3-glycidylpropyl) trimethoxysilane
(GPTMS). Isopropyl-o-carborane was attached on the Fe;O4 NPs via
covalent bonding. Formation of covalent bond between carborane and
magnetic carrier in comparison with ionic interaction can led to im-
provement of delivery efficiency and increase the concentration of
boron inside the cancer cells. The biocompatibility was evaluated in
vitro using human cancer cell lines with different sensitivities: HeLa
(cervical cancer cell), PC-3 (prostate cancer cell), HT-29 (colon cancer
cell), BxPC-3 (pancreatic cancer cell). Fibroblasts like cells of L929
obtained from subcutaneous adipose tissue of mouse were used as
normal cells (PN-EN ISO 10993-5:2009 norm).

2. Experimental
2.1. Synthesis and modification of Fe3O4 NPs

Fe;0, NPs were obtained by co-precipitation of a mixture of iron
chloride (II) and iron chloride (III) with the addition of ammonium
hydroxide according to the method described in the our previous
published article [22].

Modification of the surface of iron oxide NPs were performed in
aims to stabilize colloid solution of the NPs against precipitation, to
make these NPs more biological compatible and to create chemical
active groups for subsequent carborane attachment. Modification was
performed in two stages according to the Fig. 1.

At first stage, iron oxide NPs were coated with tetraethoxysilane
(TEOS). 1 g of Fe;0, NPs were dispersed in 200 mL of ethanol by ul-
trasonication. Then, 6 mL of TEOS and 10 mL of NH,OH were dropwise
added, reaction were kept at 50 °C during 5 h. Prepared NPs were wa-
shed 5 times with deionized, magnetic separation was used to wash off
nonmagnetic silica spheres. Obtained Fe;04/TEOS NPs were dried at
50 °C. Wight gain calculated by Eq. (1) is 46 + 5%.

OCHs

OH
HO, ol Co—si—oc, + (ﬂ,co),&/\/\o/w

OCyH, |
HO- @ oH = —%O—Si—m{
Tetracthoxysilane ‘I) (3-Glycidyloxypropyl)
i a4 b trimethoxysilane
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Fig. 2. FTIR spectra of Fes0,4 before and after modification at different stages.
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Functionalization of Fe;0,/TEOSwas performed using (3-glycidyl-
propyl) trimethoxysilane (GPTMS) in order to create chemical active
groups for subsequent covalent bonding of carborane compound. 1 g of
Fe;0,/TEOS NPs were ultrasonicated in 100 mL toluene, then 10 mL of
GPTMS was added to the suspension. Reaction was performed during
6 h at 70 °C. The reaction mixture were magnetically separated, washed
in toluene and diethyl ether, dried at 50 °C. Wight gain calculated by
Eq. (1) is 11 = 3%.

2.2. Immobilization of carboranes to functionalized Fe;04 NPs

Commercial available isopropyl-o-carborane (0,016 M) was dis-
solved in 30 mL anhydrous benzene. The solution was bubbled with
argon, then freshly prepared butyl lithium solution (0,016 M) was
added, isopropyl-o-carboranyl lithium was precipitated after 1h of
stirring. Diethyl ether was added to the reaction mixture to dissolve the
precipitate. After that, suspension of Fe;04/TEOS/GPTMS in benzene
was added. The reaction was carried out at room temperature during
6 h. The resulting suspension was magnetically separated, washed with
benzene and diethyl ether several times, dried in air at 50 °C. Wight
gain calculated by Eq. (1) is 10 = 2%.

2.3. Methods of characterization

FTIR spectra were recorded on Agilent Technologies Cary 600 Series
FTIR Spectrometer with Single Reflection Diamond ATR accessory
(GladiATR, PIKE) to study chemical group shifts before and after NPs
modification. Measurements were taken in the range of 400-4000 cm™.
All spectra (32 scans at 0.5 cm ™ 1 resolution) were recorded at 21-25 °C.
Spectra analysis was conducted by using Agilent Resolution Pro.
Melting point was measured at Buchi Melting Point M560.

JEOL JSM-7500F scanning electron microscope (SEM) was used for
characterization of NPs morphology during functionalization. More
detailed information is presented in [38]. The diagrams of nanoparticle

b ol
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Fig. 1. Scheme of Fe;04 modification and carborane immobilization.
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Fig. 4. Particle size distribution of Fe;04/TEOS/GPTMS/Carborane suspended in water measured by DLS techniques at 293 K.
Table 1

Data from EDA spectra.

Sample Atomic content, %

Fe o Si B C
Initial Fe;0, 431 = 21 56.9 + 3.6 - - -
Fe304/TEOS 384 = 23 492 + 28 7.2 £ 0.6 - 52 + 03
Fe304/TEOS/GPTMS 213 =19 535 + 3.1 54 + 03 - 19.8 £ 1.5
Fe304/TEOS/GPTMS/carborane 232 + 1.3 402 + 32 24 + 02 153 + 1.3 189 * 1.4
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Fig. 5. X-ray diffraction of Fe30, at different stages of modification.

Table 2
Data on structural parameters of XRD analysis.

Sample Lattice parameter, A Crystalline size d (nm) Strain Density, g/cm® Specific surface area, m*/g
Initial Fe,04 8.3708 = 0.0024 143 = 16 0.30 + 0.07 5.242 0.054
Fe;0,/TEOS 8.3684 = 0.0017 175 + 5.2 0.60 + 0.02 5.247 0.045
Fe;0,/TEOS/GPTMS 8.3689 = 0.0015 17.1 + 23 0.55 + 0.09 5.246 0.029
Fe,0,/TEOS/GPTMS/carborane 8.3637 + 0.0013 115 + 23 0.23 = 0.16 5.256 0.033

distribution were evaluated by analyzing SEM images using ImagelJ.
More than 200 nanoparticles were analyzed. The transverse and long-
itudinal diameters of nanoparticles were determined. EDX analysis was
done using Hitachi TM 3030 with microanalysis system Bruker XFlash
MIN SVE at 15kV. The analysis of the elemental composition was
carried out evaluating the spectra from various points of the sample, the
average values of the element content was calculated based on the 10
spectra.

X-ray diffraction analysis was carried out on D8 ADVANCE ECO
diffractometer (Bruker, Germany) using CuKa source (A = 1.54060 A)A
The geometry of the X-ray diffraction patterns of Breg-Brentano,
26 = 20-80°, in increments of 0.01°, the spectrum acquisition time is 3 s
at a point. To identify the phases and study the crystal structure, the

software BrukerAXSDIFFRAC.EVAv.4.2 and the international database
ICDD PDF-2 were used. To determine the phase composition, a set of
the most intense diffraction lines was used for comparison with the
reference data [39,40].

The Mossbauer studies were carried out using a spectrometer
MS1104Em operating in the regime of constant accelerations with a
triangular shape of the Doppler velocity of the source relative to the
absorber. The *”Co nuclei in the Rh matrix were used as a source. The
Mossbauer spectrometer was calibrated at room temperature with a a-
Fe standard. For the fitting and analysis of Mdssbauer spectra, methods
for reconstructing the distributions of the hyperfine parameters of the
Mossbauer spectrum and model fitting of the spectrum were realized in
the SpectrRelax program [41] taking into account the a priori
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Fig. 6. Mossbauer spectra of *Fe nuclei

information about the object of the study.

Magnetic characteristics of composites were performed on the basis
of the research conducted on universal measuring system (automated
vibrating magnetometer) «Liquid Helium Free High Field Measurement
System» (Cryogenic LTD) in magnetic fields = 2T at 300 K.

DLS measurements were carried out in water solution at 293 K by
using PHOTOCOR Particle Size Analyzers at scattering angle equal 90°.
Before the measurements the suspensions systems were treated with
ultrasound for 20 min due to eliminate or minimalize the agglomeration
process that strongly overlay that of smaller particles. Each experiment
was repeated three times.

2.4. Cytotoxicity assay

2.4.1. Cell lines

In order to monitor the cytotoxic effect of functionalised magnetic
nanoparticles different human cancer cell lines were used: HeLa (cer-
vical cancer cell), PC-3 (prostate cancer cell), HT-29 (colon cancer cell),
BxPC-3 (pancreatic cancer cell). As recommended, fibroblasts like cells
of L929 obtained from subcutaneous adipose tissue of mouse were used
as normal cells (PN-EN ISO 10993-5:2009 norm). The cell culture for
HeLa and PC-3 as well as 1L929 was described previously [42]. HT-29
and BxPC-3 cells were cultured in RPMI 1640 medium (with the ad-
dition ofi-glutamine and 15mM Hepes) with 10% FBS and 1% of

-10
v, mm/s

in Fe;0, at different stages of modification.

antibiotics in temperature of 37 °C with 95% humidity and 5% CO,
flow. In case HT-29 additionally 1% MEM was used.

2.4.2. Cell incubation and MTT assay

Cytotoxicity of nanoparticles was evaluated using in vitro model and
day  3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide
[43,44]. All cancer cell lines and L929 cell line were plated into 96-well
plates in volume of 8 ——10 x 10°/100 pL/well. After 24 h incubation of
Fe;0,/TEOS/GPTMS/Carborane were added in range concentration
1-200 pg/mL and a volume of 100 pL/well into wells with suspensions
of particular cell lines. Subsequently, cells were incubated for next: 24 h
and 72h in standard conditions (37 °C and 5% CO,). In experiments
two types of cell culture medium were used: with fetal bovine serum
(FBS+) and without (FBS-). After that time, fresh prepared MTT solu-
tion (5 mg/1 mL PBS) was added in volume of 20 pL to each well and
cells were incubated for the next 3h in the same conditions. Then, the
wells contents were removed and lasting crystals were dissolved by the
addition of 100 uL. DMSO to each well. Absorbance was measured by
using spectrophotometer BioTek Power Wave XS at the wavelength of
A = 570 nm. Control values were absorbance measurements received
for the wells with cells incubated without the addition of the studied
compounds. For each concentration of the nanoparticles 6 absorbance
measurements were made, for which average values = SEM were
calculated. Prior to investigation the nanoparticles solution in PBS
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The Mossbauer spectra were generally fitted by three subspectra of
multilevel superparamagnetic relaxation [49] corresponding to Fe
atoms in the states Fel*, Fej", FeZ**, and one quadrupole doublet
corresponding to atoms Fe atoms in the paramagnetic state. In this case,
an assumption was made of the same average relaxation rate for the
first three subspectra. According to the chemical formulas (2) and (3),
the ratio of the intensities of the subspectra corresponding to the three
states of the Fe atoms in iron oxide Fe;_,0, is equal to:

T T 1
0 1 2 3
Modification stage

Fig. 8. Dependence of the average Fe;_,O, NPs size on the modification stage.

formation of shell on NPs surface introducing changes in the structural
properties of the NPs. Moreover, in the case of carborane immobiliza-
tion, a decrease in these values for the studied nanoparticles is ob-
served.

Fig. 6 shows the Mossbauer spectra of Fe;0, at different stages of
modification. The chemical formula of iron oxide (Fe;.,0,4) can be re-
presented as a formula for a solid solution of magnetite Fe;04 and
maghemite y-Fe,O,:

Fe,_,0, = Fe™[{Fe*Fe*}, s, Fe3/TT, 103, @

or in the form of the formula for the mixture of magnetite and
maghemite phases:

Fe;_, 0, = (1 — b)Fe**[Fe?*Fe’*|0f™ + bFe“[Fe?Dé]Oﬁ‘. -
3

where: y is the number of vacancies ([J) in the octahedral (B) position
per formula unit, b is the molar concentration of maghemite. Herewith,
b = 3y (0 < b < 1). The octahedral B-positions of the crystalline cubic
structure of the spinel are indicated by square brackets in the formulas
(2) and (3), and the fast exchange of electrons between neighboring
atoms in the Fe}*Fe}" pairs (Verwey electronic exchange mechanism) is
indicated by curved brackets.

Regardless of the presentation method, the studied oxide Fe;., 0,4
contains Fe atoms in three different valence and structural states:
Fef\* “Feé* — trivalent Fe ions in the tetrahedral (A) and octahedral (B)
positions, Fe}** - 2.5+ valent Fe ions in the octahedral (B) position.

I(Fe" :é.s Y= &.ﬁ
I(FD)  fu fa 37 4
IFE by
= 2e2(1 — 3y) = ==«2(1 — b).
Fe) g, T E R ®

Here, the ratio of the probabilities of the Mossbauer effect f for Fe atoms
in the tetrahedral (f,) and octahedral (f;) positions was taken to be
0.94 = 0.02 [50].

From Fig. 6 it can be seen that the model we chose well describes
the experimental spectra (x> < 1.2). As a result of fitting, the values of
the Mossbauer spectra parameters were obtained, which are collected
in Table 1. For trivalent Fe atoms, the values of the hyperfine magnetic
field on 5’Fe nuclei are quite close (A\H, = H® — H* ~ 1kOe) and are
equal to ~485kOe, quadrupole shifts € = 0 mm/s, and the values of
the isomer shifts § for trivalent atoms are ~0.270mm/s and
~0.358 mm/s, which is typical for tetrahedral (A) and octahedral (B)
oxygen environments [51]. The values of the hyperfine parameters of
the subspectrum corresponding to Fe** atoms for the modified samples
were taken equal to the hyperfine parameters obtained for these atoms
in the initial sample (Table 3).

The main contribution to the experimental Mdssbauer spectrum is
made by the subspectra corresponding to Fe}" u Fej'" atoms, while the
contributions from the quadrupole doublet and sextet corresponding to
Feé’er atoms do not exceed 5% for modified samples of Fes.,04 oxide
nanoparticles. The values of the quadrupole shift and isomer shift for
the quadrupole doublet correspond to the values for Fe®* atoms. It can
be assumed that these atoms correspond to iron salts obtained during
the synthesis of the samples.

Using the relationship between the intensities of the subspectra (4)
and (5), the values of the molar concentration of maghemite b and the
number of vacancies per formula unit y were determined (Table 3 and
Fig. 7). Based on the method ‘center of gravity’ described in [52], to
determine the molar concentration of maghemite bs and the number of
vacancies per formula unit ys the following equations were used:

_ 9(m + & — )

by=3 2
ST om0 -5

(5)
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Fig. 9. Hysteresis loop of initial FesO4 (a), Fes04/TEOS (b), Fes04/TEOS/GPTMS (c) and Fe304/TEOS/GPTMS/Carborane (d).

Table 4

Data of magnetic properties.
Sample He,Oe  Mr emu/g Ms, emu/g  Mr/Ms
Initial Fe;0, 14.2 0.49 65.2 0.00755
Fe50,/TEOS 10.6 0.8 61 0.01311
Fe,0,/TEOS/GPTMS 8.7 0.51 56.3 0.00908
Fe,0,/TEOS/GPTMS/Carborane  10.4 0.61 49.4 0.01225

where 8§, = 0.3206(22) mm/s and m = 0.2136(76) mm/s [52], é - the
average isomer shift for the three main subspectra corresponding to Fe
atoms in the structure of iron oxide. The values of bs and y; found by
this method almost coincided with the values of b and y obtained by us
(see Table 3).

For the initial sample in the case of a solid solution of magnetite
Fe;0, and maghemite y-Fe,O,, the number of vacancies per formula
unit is y = 0.165 = 0.004, and in the case of a mixture of magnetite

and maghemite phases, the molar concentration of maghemite is
b =0.49 = 0.01. In the process of subsequent modifications, particles
of iron oxide Fes_,0, are oxidized, and the values of y and b increase to
0.318 and 0.95, respectively (Fig. 7 and Table 3).

As a result of fitting the Mossbauer spectra, the values of the
parameter of the model of multilevel superparamagnetic relaxation o
(Table 3) which is equal to the ratio of the magnetic anisotropy energy
KegV to the thermal energy ksT were determined. This allowed us to
estimate the average Fe;_, 0, core size d.

The value of the magnetic anisotropy coefficient KsKes was cal-
culated separately for each sample, taking into account the value of the
molar concentration of maghemite b (Table 3) and the unit cell volumes
of pure magnetite and maghemite. In this case, the literature data on
the magnetic anisotropy coefficients for pure magnetite [53-58] and
pure maghemite [58-60]. The changes of the average Fes_,O; core size
at different modification stages are shown in Fig. 8. It can be seen that
their average size does not change during the modification and is equal
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Fig. 10. Cell viability after 24 and 72 h incubation with FBS and without FBS as a function of nanoparticles concentrations for HeLa, PC-3, HT-29, BxPC-3, L929 cell

lines.

tod = 16.3 * 0.4 nm for all samples.

Magnetic characteristics of composites were studied on a vibrational
magnetometer system (VMS) in magnetic fields = 2T at 300 K. Results
are presented in Fig. 9 and data summarized in Table 4.

The hysteresis loops for the synthesized NPs have the form char-
acteristic of nanoparticles of superparamagnetic materials. The mag-
netic parameters calculated from the hysteresis loops for the initial
Fe;0, have the following values: the coercive force is about 14 Oe, the
residual magnetization is 0.49 emu/g, the saturation magnetization is
65 emu/g, which is typical for magnetic Fe;O, nanoparticles [61,62].
Coating with silanes lead to slightly change in the magnetic parameters.
However, it should be noted that the coating reduces the coercivity of
NPs to 10,6 Oe, which is associated with a reduction in the interaction
between the particles, due to changes in the distance between the
magnetic nuclei (SEM analysis showed an increase of NPs size). In ad-
dition, there is a change in the surface of the initial magnetic nanos-
tructures, leading to a change in the orientation of the spins, as evi-
denced by a change in the remanent magnetization (up to 0.61 emu/g)
and the squareness of the hysteresis loops (up to 0.01225). However,
both of these factors do not make a significant contribution to the
change in the magnetic parameters of the initial NPs, which after
coating remains their superparamagnetic properties. An increase in the
amount of the nonmagnetic component (layers of functional coatings)
leads to a decrease in the specific saturation magnetization (up to
49.4 emu/g). The analysis of the change in the magnetic properties of
magnetite NPs after functionalization with silanes and carboranes
showed that this modification do not lead to significant changes in the
initial magnetic parameters.

3.2. Cytotoxicity assay

The cytotoxicity of Fe;0,/TEOS/GPTMS/Carborane was character-
ized by determination of cell vitality. The percentages of active cells —
cell viability + SEM values after 24 h and 72 h incubation were pre-
sented in Fig. 9.

Visual inspection of cells along with the viability and cytotoxicity
after 24 h as well as 72 h incubation results indicated a low cytotoxicity
of investigated particles for concentrations < 200 pg/mL in case all
investigated cell lines. For that reason the value of IC50 (half maximal
inhibitory concentration) has not been established. The dose-dependent
decrease in viability is well visible for HeLa, PC-3 and HT-29 cells. The
experiments indicate that mitochondrial and overall cell viability is
maintained. Unexpected increase in viability visible specially for
medium without (FBS-) may be due to increased mitochondrial activity
associated with cell phagocytosis of nanoparticles (Fig. 10).

In Fig. 11 were presented the images of cell line L929 incubated
72 h with nanoparticles obtained by using light microscope. It is worth
noticing that nanoparticles concentrate outside the cells and only at
higher concentration incorporate into the cells. As is well seen nano-
particles exhibit also aggregation tendency. Probably the aggregation
tendency influence on the biological activity of nanoparticles even
stronger than structural factors like shape or surface charge [63].

4. Conclusions

In this article, Fe;0, NPs with average size of 21 + 4nm were
modified with silanes (TEOS and GPTMS) to improve biocompatibility
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and create active groups to immobilize carborane containing com-
pounds. Success modification and carborane immobilization in con-
centration of 15.3% was proved by FTIR and EDA analysis. SEM and
DLS analysis was used to control changes in NPs size after each stage of
modification. Fe;0, NPs with payloads showed average size of
34 + 9nm according to SEM and average hydrodynamic size of 62 nm
according to DLS analysis. This sized is appropriated for further appli-
cation for biomedical propose. XRD, Mdssbauer spectroscopy and VMS
showed minor changes in the properties of NPs after the modification.
Coercivity reduced from 14.2 to 10.4 Oe. Thus, Fe304/TEOS/GPTMS/
Carborane remains their superparamagnetic properties. in vitro studies
which were carried out on HeLa, PC-3, HT-29, BxPC-3 and 1929, con-
firmed non-toxicity of prepared NPs in concentration range from 1 to
200 ug/mL. The obtained results allow us to state that the synthesized
NPs can be further tested for the targeted delivery of boron to tumor for
BNCT.
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ANNEX D 
Method for immobilizing carborane compounds on magnetic nanotubes
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I[aHHI:Ie CCHCOPBI MOT'YT OBITh MCIIOJIE30BaHBI JUIS 11€JI€BOM JIOCTABKH BEINECTB.

OpMaTHBHbIE CCBLIKH
[Ipu pa3paboTke TaHHOTO perjaMeHTa UCI0JIb30BaHbl CIeIyIOIUe HOPMATUBHBIE

JIOKYMEHTBI:

—CT PK UCO 9001-2008 CucreMbl MeHEIXKMEHTA KauecTBa. T peboBaHuUs;

—CT PK UCO OHSAS 18001-2008 CucremMsl MEHEIKMEHTA OXPaHbI 30POBbS
obecneueHus 6e3omacHocTH Tpyaa. TpeboBaHus;

—CT PK UCO 14001-2006 Cuctemsl MeHEIIKMEHTa OKpYKaroiei cpeasl. TpeboBaHus 1
PYKOBOJICTBO IO KCIIOJIb30BaHHMIO;

—HMHCTPYKIUH 110 6€30IIaCHOCTH B OXpaHe Tpy/a IPH SKCIUTyaTaldd 000pyI0BaHUSI.

3 TepmuHbI, onpeae/ieHAsI H COKPALIEeHUS

APTMS - (3-aMHHONIPOIIHIT )-TPUMETOKCHCHIIAH
Carborane I - 1,2-6uc-(xapbokcuMeTHIT)-KapObopaH
Carborane II - mi(o-kapbopaHo-1,2-aumeTnin) 6opat
XRD - peHTreHOBCKas AU pakuus

BH3T - 6opHEHTpOH3aXBaTHAs TEpAIUs paKa

UK - HH(ppaKpacHbIH

HT | - HAHOTpYOKH

[IMP - IPOTOHHBIA MarHUTHBIA PE30HAHC

CoM - CKaHUPYIOIas 3J€KTPOHHAs MUKPOCKOITHS
SIA - S3HEProOAUCIIEPCUOHHBIA aHAIH3

4 OnHcaHHe TEXHOJOTHYECKOro mpomecca

HMmMmobunm3anuo kapOOpaHOBBIX IPOM3BOAHBIX MPOBOAM/IM B [BAa dTala: Ha IEPBOM
craqud Ni/Fe nanoTpy6ku (HT) Mommduumpoanu (3-aMHHOIPOIMII)-TPUMETOKCHCHIAHOM
(APTMS) nna co3maHus Ha INOBEPXHOCTH PEaKIMOHHOCIOCOOHBIX aMHHOTPYII, a TaKXKe JUIS
Ttoro 4robel 3amuTtuth HT oT merpamamuu u caenath ux 0Oojlee OGHOCOBMECTHMBIMH M
MaJIOTOKCHYHBIMM . Ha BTOopoMm »stame 1,2-6uc-(kapbokcumerun)-kapbopaH (carborane )
HMMOOHIIM30BaId  IOCPEACTBOM  KOBAICHTHOTO  B3aMMOJAEHCTBHS  AKTHBHPOBAHHBIX
KapOOKCHJIBHBIX TIpynn carborane [ npu nomomu N-(3-gumerminaMuHOMpOnu)-N'-
stuikapbomunmuga u (EDC) nenradproppenona (PFP) u xonueBbix amuuorpymn Ni/Fe HT.
Hu(o-xapbopano-1,2-qumeruin) Gopar (carborane 1) 6bU1 UMMOGHIM30BaH IIOCPEACTBOM
HOHHOI'O B3aMMOJEHCTBHS kapbopaHoBoro Gopara ¢ koHIeBbiIMH amuHOrpymmamu Ni/Fe HT.
Cxema npeacraBieHa Ha pUCyHKe 1.

Maruur

Pucynok 1 - Cxemaruueckoe nu3obpaxeHue IMMOOUIIH3AIUN KapOOPAHOBBIX MPOU3BOTHBIX
IIOCPEJICTBOM KOBAJIEHTHOI'O CBA3BIBAHHUS U HOHHOI'O B3aUMOIEHCTBHS

| 3
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B3aumoneiicteue kouneBbix NHy-cBsizeit HT ¢ carborane I u II npuBeno K MOSIBICHUIO HOBBIX
ITAKOB HpH 2625 cM™', oTHOCsIHXCS K B-H BaneHTHBIM KOMe6aHHAM KapGOPaHOBOTO Spa, YTO
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Pucynoxk 2 — HIIBO-UK cniekTpbl HCXOIHBIX Pucynok 3 - HIIBO-UK cnexTpsl HCXOAHBIX
Ni/Fe HT (1), Ni/Fe-HT/carborane I (2) u Ni/Fe HT (1), Ni/Fe-HT/carborane II (2) u
carborane I (3) carborane II (3)

OJIA aHanM3 NPOBOAMJICA AT HM3YYEHHs PACIHpe/IeICHHs JJIEMEHTOB Ha IOBEPXHOCTH
Ni/Fe HT no u mnocne Moaupukanuu. Pacmpenenenuwe saeMeHTOB Mo moBepxHoctH HT
npeAcTaBleHO Ha pucyHke 4. JlaHHble, moiydeHHble W3 DJIA CIEKTpPOB, NpEACTaBICHBI B

Tabiuue 1.

@) (©6) (2) (r)
Pucynok 4 — COM wuzobpaxenue (a) pacnpenenenue Ni (0), Fe (B), B (r) ma Fe/Ni HT ¢
UMMOOHUTN30BaHHBIMU KapbopaHaMu

PesynpraTel moKa3bIBalOT Xopollee pacmnpeneieHue Oopa Ha mnoBepxHoctH HT.
AMUHHpOBaHHE IIpHBEJI0 K YBEIMYEHHUIO cojaepxkaHus azota 1o 7% (ar.), Torma xak
uMMOOHIH3anus kKapbopaHa MpHBeNia K MOsSBICHHIO 6opa B komuuecTBe 14,53 u 14,65% nns
carborane I n carborane Il cooTBeTCTBEHHO. BOSHUKHOBEHHE KHCIOPOAa MOKHO OOBSICHUTH Kak
BO3MOJKHBIM OKHCJIEHHEM JKelle3a, TaK U cofepkaHueM kuciopoaa B APTMS u kapbopaHOBBIX
coenuHeHusAx. CreqyeTr Takke OTMETUTh, YTO IIPUCOEIUHEHUE KapOOpaHOB HEIOCPEICTBEHHO K
Ni/Fe HT |6e3 npeaBaputensHoro nokpeituss APTMS npuBeno k xoHuneHTpamuu 6opa 0,7-1%,

BCIIEICTBUE HECTIELU(UYIHBIX B3aHMO/ICHCTBHH.
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Tabmumna 1 — Jlanaele DJIA ananmmza

AtoMHOe coaepxanue, % [NH;],
i i B N Fe Ni 0 uM/r
Ni/Fe HT - - 19,00 81,00 - -
Ni/Fe-SiNH, HT - 7,00 14,50 62,20 16,30 9,60
Ni/Fe-
HT/Carborane I 14,53 1,67 13,00 60,60 10,20 -
Ni/Fe-
HT/Catborane II 14,65 2,87 11,54 62,60 8,34 -
COM nmpoBomwIM I OLEHKHM H3MEHEHHH MOpP(QOJIOrHHM I0Cie HMMMOOHMIM3ALUH
kapbopana. Tunuuyneie COM wu300pakeHHs mpeacTaBieHbl Ha pucyHke 5. CpaBHuBas COM

H306pax<anx HUCXOJHBIX HAaHOTPYOOK (PHCYHOK 5a) ¢ IMpeACTaBICHHBIMHU ITOCe MOAU(UKaIH,
HaOJII0JaeTCs OTYETIHBOe H3MeHeHHe Mopdosorud mnoBepxHocTd. OHa craHOBUTCS Oosee
rpy0oii ¢ HEKOTOPHIMH BKJIIOYEHHUSMH Ha HX IMOBEPXHOCTH, I[IO-BHIUMOMY, coriacHo DJIA,
OTHoc;mn/‘fec;[ K APTMS u carborane I, 11.

|

a

Pucynok 5 — COM ¢otorpaduu Ni/Fe-HT/carborane I (a,B) u Ni/Fe-HT/carborane II (6,r)

JIns| yTOYHeHHMs IIapaMeTPOB  KPHCTAUIMYECKOM  CTPYKTYpsl GBUT  IIPOBEMEH
penTrenodasoseii  amamm3  (XRD). Ha pucyHke 6 IpencTaBleHBI —PEHTTEHOBCKHE
Ju(paKTOrpaMMbl CHHTE3UPOBAHHBIX 06pa3LoB 0 U mociie Mogudukanuu. Bunx u ¢popma mikos
CBHneTeHH‘CTByroT 0 MOJIMKPUCTAININYECKON CTPYKTYyp€e CHHTE3UPOBAHHBIX HAHOTPYOOK.
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Pucynox 6 — XRD cnektpsl Ni/Fe-HT/Carborane I (a) u Ni/Fe-HT/Carborane II (6)

AHanu3 peHTTeHOBCKOH MU(PaKTOrpaMMBbI HCCIIEAYEMOTO HCXOJHOTO 00pa3Ibl MO3BOJIIII
YCTaHOBUTH, 4YTO HCXOJHBIE HAHOTPYOKH MPEACTABIAIOT Cco00M oAHO(DA3HYI0 CTPYKTYpY

rpaHEeEHTPUPOBAHHOU

kyouueckor  (I'IK)  kpucramimdeckod — pemieTkod  HHKeE

IPOCTPAHCTBEHHON Ipynnbl cuMMmeTpud Fm-3m(225), ¢ mapameTpoM 3jeMEHTapHOH SYEHKH
o
3,5695 A. Otrnuuue 3HaueHHs MapaMeTpa IEMEHTAPHON SYEHKH OT STAJOHHOTO 3HAYEHUS

a=3.5060
CHHTE3a.

CUMMETPH

A 00yclIOBIIEHO HaIMYHeM MHUKpoAeGOpMaluii B CTPYKTYpe BO3HHKIIHX B MpOIECcce
IIpn anmpoxcumanuu JHHHE Ha JudpakTorpaMMe HEOOXOIMMBIM — YHCJIOM
9yHbIX GyHKIMHA mncepno-Poiirta Obuta ompenesieHa IMHPHHA 3apETHCTPHUPOBAHHBIX

muau#t FWHM, kotopas mo3BONMiIa OXapaKkTepHU30BaTh COBEPIIEHCTBO KPHUCTAIMYECKON

CTPYKTYPh
HOKPBITHIX
MaJIOMHTE
KpHCTAILT

HOKPBITE

I ¥ OLICHUTH CTENEHb KPHUCTAUIMYHOCTH, KOTopas cocraBuia 93%. Jlna obpasior
coenuHenneM APTMS Ha peHTreHoBckod mudpakTorpamMmme HaOIIOTAIOTCS
HCUBHBIE ITHKH XapaKTepHBIE 11 KDEMHUEBOTO COEAMHEHUS C IeKCaroHAJILHOTO THIIA

YECKOM PEIIETKH IIPOCTPAHCTBEHHOM rpynnbl cummeTrpuu P3m1(156). [{ns o6pasnos
coenuHenueM APTMS u npuBsizaHHBIM coefMHEHUEM carborane I unm carborane 11

HabmolaeTcsl MUK XapakTepHbli 1 coequneHnss APTMS u mmpokoe rano B o6macta 0 = 17-

24°, B aM
Br

(GHOM HJTH CHJIBHO pa3yIlopsI0YeHHOM COCTOSIHHH.
JIMIIE 2 MIPEeJCTaBJICHbI JaHHbIE OCHOBHBIX KPUCTAJUIOTpapHUECKUX XapaKTEPHCTUK H

3JIEMEHTHOI'O COCTaBa MCCIEAYEMBIX CTPYKTyp. OreHka (a3oBoro cocrtaBa mpoBOIHIACH ITyTEM
M3MEPEHHUS IUIOIIAACH MMKOB U BBIYUCIICHHS UX BKJIAIOB B JU(PPAKTOTpaMMY.

Tabmuua 2 — JlanHbie nonydeHHsle u3 XRD ananmmsa
®da3oBeIii cocTas, %
a, A L, nm Ni APTMS Carborane I wm 11
Ni/Fe NTs 3,5695 133 100 - -
Ni/Fe-HT/SiNH, 3,5713 14+2 94 6 -
Ni/Fe-H T/ICarborane 35732 1742 37 3 10
e rﬁcarborane 3,5729 1623 83 1 17




[image: image70.jpg]ComnacHO [JaHHBIM IIPEICTaBICHHBIM B Tabmuie 2, (a3oBoe coAepiKaHHs COEIUHEHHUS
APTMS s MoaudHIHpOBaHHEIX TPYOOK cocTaBiseT He Gosiee 6 %, YTO CBHIETENBLCTBYET O
TOHKOM CJI0€ MOJU(HIUPYIOMIEro MOKPHITUS. [Ipu 3TOM, 1 MOAMGHUIMPOBAHHEIX 00pa3LOB ¢
IpUBA3AHHBIM COENUHEHHeM carborane I, HabmomaeTcs CHUXKEHHE (a30BOTO COAEpPIKAHMA
IIOKPHITUS B CTPYKTYpe, B TO BpeMs Kak conepxaHus daspl carborane I coOCTaBIAET HE MEHEe
10%, nns carborane Il 310 3Ha4yenue paBHsieTcs 17%. Taxoke HabmogaeTCs HE3HAYMTEIHHOE
U3MEHEHHE IapaMEeTPOB KPUCTALIMYECKOH DPEIIETKH M Pa3sMEPOB KPHUCTAJUIUTOB, YTO MOXET
OBITH OOYCIIOBIIEHO TMpOIlecCaMd MOAM(DHUKAIIMM IOBEPXHOCTH HAHOCTPYKTYp M H3MEHEHHEM
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€TObI HCC/ICIOBAHUS
crekTpsl 6bu1H cHsATHI Ha UK-®yphe criektpomerpe Cary 600 Series Ipou3BOACTBa
echnologies (CIIIA) ¢ HCIOJIb30BaHUEM IIPUCTABKH OJHOKPATHOTO OTPAKEHHUS Ha
adiatr mpomsBoactsa PIKE (CIIIA). Bee n3amepenus IpOBOAHMIM IIpH pa3pemenus 2,0
mrieparype 21 °C, KOIM4ecTBO CKaHHPOBaHHUH cocTaBysuio He MeHee 32. SIMP criekTpsbl
ncanbsl Ha JINM-ECA Series FT NMR (JEOL) mozens ECA 500, 500 npu MI'n.
ypa IIaBJIeHHs BelecTB Opu1a n3MepeHa Ha npubope Buchi Melting Point M560.
[IMMoGHTH3aIHs KapOOPaHOBBIX TPOM3BOJHBIX HA MATHUTHBIE CTPYKTYPbI
KOBBEIE MEMOpaHBI, UCIIOJb30BaHHBIE B KaueCTBE INA0JIOHHOM MATPHIBI — TEMIUIATA,
otoBieHbl U3 wieHok [I9T® mapku Hostaphan® npomsBoactBa ¢pupMbel «Mitsubishi
Film» (Fepmanus). [lneHku oGiydanuch Ha yckoputene Tsukenbix HoHOB JILI-60
KazaxcTaH) HOHaMM KpunToHa ¢ OSHeprued 1.75 MaB/HykioH u  QuoeHcOM
/em®. Tlocie oOGNydeHHsS IIOMHMEpHBIE IUIEHKH [OABEPraliCh XUMHYECKOMY

TpaBJICHHU]
TTO3BOJIHT
~380+10 1
IEKTPOXE
yIIpaBJieH])

Dne
ITOTEHITHO
MIOJTy4Y€HHU
HHUKES —
H3BO3 U ¢

jo B Teyenue 210 ¢ B 2.2 M pactBope NaOH. JlanHble yCa0BHS M BpeMs TpaBJICHUS
¥ IOJy4UTh TpPEKOBble MeMOpaHbl C HWIMHIPUYECKUMH IOpaMU C JHAMETPOM
HM, He 00pa3yIOIMMH KOHIJIOMEpAThl CKPEILIEHHBIX MM CIUTHIX 1op. Beibop MeToza
IMHUYECKOTO OCAXIEHHS 00YCIIOBIICH MPOCTOTON MACIITAOMPOBAHUS U BO3MOXKHOCTBIO
1si PU3HKO-XMMUYECKHMHU CBOMCTBAMH CHHTE3UPYEMBIX HAHOCTPYKTYP.

KTPOXUMHYECKOE OCaXJICHHE B HAHOIOPBI
craTuueckoM pexume npu HanpsbkeHud 2.0 B. CocTaB pacTBopa 371€KTpONUTA JULL
S JKEJe3HBIX U IKENe30-HHKEIEBBIX HAHOCTPYKTYp: 7-BOIHBbIE CylIb(daThl Kele3a u

[I5T® Ttemmiara NOpPOBOAUIOCE B

FeSO,x7H,0, NiSO4;x7H>O B HEOGXOAMMOM MOJISIPHOM COOTHOIIEHHH, GOpHas —

1CI(Op6I/IHOBaSI KHCJIOTEL. Bce HCIoIb30BaHHbIE XUMUYECKUE PC€aKTHBBI UMEJIA YUCTOTY

y.ga HIH X.4. KOHTpOJIB 3a IPOIECCOM pPOCTa HAHOCTPYKTYP OCYMIECTBIIAICA MECTOOAOM

XpOHOAM
mabJIOHH
METOA0M
KOTOPBIH

tpOMeTpI/IH C HCIONB30BaHHEM MyJbTHMeTpa Agilent

34410A. TIlockomnbky

MaTpHIa SBJISETCS TUANIEKTPUKOM, UL CO3[aHMsl MPOBOJSINETO CJIOS Ha MaTpHUIe
MArHETPOHHOTO HANBUIEHHs B BaKyyMe HAHOCHICS CJIOH 3050Ta TOMUMHOA 10 HM,
CITyXHJI paboYMM SJIEKTPOAOM (KaToOJOM) IpH OCaXAeHWH. IIpH JaHHBIX YCIOBHAX

11 TIOPbI B MAaTPHIIE OCTAIOTCS OTKPBITBIMH, YTO MO3BOJIKJIO TIOJTYYHTh HAHOCHCTEMBI B
HOTPYOOK.

[KIpoHaM3anuio nosepxHocty HT  mpoBomwian  myteMm jgobaBmenms 1 min (3-
)[IIJT) TPHMETOKCHCHIIaHa ¢ KoHueHTparmed 20 MM B stanone k nopomwky Ni/Fe HT.
VIO CMech IIOJBEPraid YJIbTPa3BYKOBOH 0OpaboTke B TedeHHe 1-2 MHHYT H

HaIbUICHH
¢bopme Hal

OyH
aMHHOIIPQ

aHaJIM3a C UCIIOJIb30BAaHWEM KpPacHUTEN OPaHKEeBOr0 KKCIIOTO.
AMMOOGHJIN3AIMA KCIIOIB30BATUCH JIBAa COCNUHEHHs - carborane I u carborane Il.
Carborane I 6bl1 CHHTE3WpOBAaH OKHCIEHHEM 1,2-OHC-(OKCHMETHI)-0-KapOopaHa OKCHIOM
xpoMma CrQ;. T.mn. 232 °C. UK-cnekTp (v, CM'l): 3388 (OH), 1749 (C=0), 2604, 2575 (BH).
Carborane II 6bl1 CHHTE3MPOBAH IO CIEIYIOIEH METOJMKE: K JHOKCAHOBOMY PacTBOPY
4,08 r (0,02 moup) 1,2-6uc(oxcuMeTHI)-0-KapbopaHa 106aBUIIM BOIHBIA PacTBOP 0,62 r (0,01

7



[image: image71.jpg]|
MOJIb) OOPHO#M KHCIIOTBHI M PEaKIIHOHHYIO Maccy IepeMeIlnBaId B TeYEHHE 2 4acoB. BelmaBimmii
0caoK OTGHIBTPOBAIH, (GHIBTPAT MPO3KCTPATHPOBATH 3GHPOM. DKCTPAKT BBICYHIMIU Ha
Na2S04 u ynmapunu. [Toxyummm 3,58 r (86%) 6opata (2) T.11.> 400 °C. UK-crieKkTpsI (v, cM™):
3000 (CH), 2625, 2596, 2568 (BH), 1350 (B-O). SIMP 'H (DMSO-d6, &, ppm): 0.3-3.7 (M., 20H,
B-H); 4.02 (c., 8H, CH,). SIMP ''B (DMSO0-d6, &, ppm): 4.47 (c., 1B, B-0); 4,66 (c., 6B, B-H);
11,29 (c., 14B, B-H).

Jlnsa cBsspiBanus carborane I ¢ amuHHMpoBaHHOM moBepxHocThio HT, mopomox HT
no6apisiM B aneratHeli 6ydep 500 mxn (pH = 4,7-4.8), 3arem npobasmsum 100 mxa 0,1 M
couproBoro pacteopa EDC, 200 mxa 0,1 M pacrBopa PFP u 100 mxn 0,1 M pactsopa caborane
I. PeakMOHHYIO K0JI0y MOJBEprajiy yiIbTpa3ByKoBo# 00paboTke B TeueHue 30 MHHYT U Jajee
IOJBEPrajld peakluy B TeueHue 24 4acoB NMpU KOMHATHOM TeMmepaType Ha mieikepe. Ilocne
3aBEepIICHUS peaKuy 00pa3ibl IPOMBIBATIH 3TaHOIOM U CYLIHIIH.

Jlns cBs3bIBanus carborane I ¢ aMuHEPOBaHHOM TOBEpXHOCTHIO nopomok HT mobasismu
k 0,1 M pacTBOpy B 3TaHOJIE M 3Ty CMECH [OJBEPraid yIbTPa3ByKOBOH 06pabOTKe B TEUYEHHE S-
10 MHH, [a 3aTeM ee BBIIEP)KMBAIA Ha Mieiikepe B TedeHHe 24 uacoB. Ilocne 3aBepineHus
peakiuu 00pa3Iibl MPOMBIBATIH 3TAHOJIOM M CYIIHIIH.

HccnemoBanue CTPYKTYpHBIX XapaKTEPUCTHK M 3JIEMEHTHOrO COCTaBa, IIOIYyYeHHBIX
HaHOTPYOOK IIPOBOJMIIOCH C HCIOJIB30BAHHEM PACTPOBOTO IEKTPOHHOro MHUKpockona «Hitachi
TM3030» ¢ cucremoit Mukpoanammza «Bruker XFlash MIN SVE» mnpu yckopsromem
HanpskeHuM 15 kB. PeHTreHOCTpYKTYpHbBIH aHalIuW3 IIPOBOAMIICS Ha JU(paKTOMeTpe D8
ADVANCE ECO (Bruker, I'epmanus) npu ucnons3zoBanun usmydeHus CuKo (A=1.54060 A)
Ins wunentudukanuu (a3 U HCCICIOBAHUS KPHUCTAIMYECKOM CTPYKTYPHI HCIIOJIb30BAJIOCH
nporpaMMHoe obecreuenre BrukerAXSDIFFRAC.EVAvV.4.2 u MexayHapoaHas 6a3a JaHHBIX
ICDD PDF-2.

MeccGay3poBCKHE HCCIENOBaHUS IPOBOAMINCH C HCIIOJIB30BaHHEM CHEKTPOMETpa
MS1104Em, paboTaloleM B peXHMe MOCTOSHHBIX YCKOPEHHH C TpeyroabHOH (opmoH
U3MEHEHHs JOIUIEPOBCKOM CKOPOCTH I[BI/I)KCHI/ISI HCTOYHHKA OTHOCHTEJIBHO MOIJIOTHTENd. B
KadecTBe HCTOYHMKA BBICTYHatM sapa ~ Co B marpuie Rh. Kammu6poska Mecc6aydspoBCKOro
CIIEKTPOMETpA OCYIIECTB/SIACh NPH KOMHATHOM TeMIlepaType C IIOMOINBIO CTAaHJapTHOIO
nornoturens o-Fe. J[nsg o6paboTKH M aHaIU3a MeccOayIpPOBCKUX CIEKTPOB HCIIOJIb30BAIMCh
METOIBl | BOCCTAHOBJIEHHS pAacCIpele/ieHHil CBEPXTOHKHX I1apaMeTpoB MecCOayspOBCKOTO
CIIEKTpa U MOJETbHOM pacHM(ppOBKH CIIEKTPA C y4ETOM ampHopHO#H HMHpopManuu 06 oObekTe
HCCIIEIOBaHMs, pealn30BaHHbIe B Iporpamme SpectrRelax .

3AKJIIOYEHHUE
Taxum 06pa3zoM, pa3paboTaH IPOCTOM CIOCOO CBS3BIBAHMS KapOOPaHOBBIX IMPOM3BOAHBIX

Ha MAarHUTHBIe HaHOTpyOkH. Conepxanue kapGopaHoBbIx saep Ha HT cocrasiser mo 17% B
cootBeTcTBUU ¢ XRD-anamu3om.
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