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Abstract

Objectives. One of the most promising methods of treating malignant tumors is °B-neutron
capture therapy. While compounds based on cluster boron anions [B H |°~ (n = 10, 12) are often
used as boron-containing agents due to the very high specific concentration of boron atoms
per particle, the use of such compounds is associated with the need to develop new methods
for the functionalization of boron clusters associated with the production of boron-containing
derivatives containing biologically active functional groups. One of the most convenient methods
of modification of [B H [~ (n = 10, 12) anions is the interaction of their derivatives containing
cyclic oxonium-type substituents with negatively charged or neutral nucleophilic reagents. The
disclosure of substituents of this type leads to the formation of closo-borates with functional
groups separated from the cluster by an alkoxyl spacer chain. The purpose of this study is to
develop methods for the synthesis of derivatives of the closo-decaborate anion [B, H, - with
pendant nitrogen-containing groups.

© E.Yu. Matveev, S.S. Novikov, V.Ya. Levitskaya, A.I. Nichugovskiy, I.LE. Sokolov, K.Yu. Zhizhin,
N.T. Kuznetsov, 2022
427


mailto:cat1983@yandex.ru
https://doi.org/10.32362/2410-6593-2022-17-5-427-438

Interaction of the anion [2-B, H O(CH,) O] with secondary amines

2)a

Methods. The general control of the reactions of the disclosure of cyclic substituents was carried
out on the basis of "' B nuclear magnetic resonance (NMR) spectroscopy data. The structure of the
obtained derivatives, including the nature of the attached functional groups, was determined using
IH, 13C attached proton test (APT) NMR and infrared (IR) spectroscopy data. The molecular weight
of the synthesized compounds was confirmed by electrospray ionization mass-spectrometry
(ESI-MS).

Results. The interaction of the anion [2-B, H,O(CH,),O]" with secondary amines (dimethylamine,
dipropylamine, diallylamine, dibutylamine, diisobutylamine, morpholine, di-sec-butylamine)
in an ethanol environment is investigated. As a result of the reactions, a cyclic substituent is
shown to expand with the addition of a nucleophilic reagent. Seven new derivatives of the closo-
decaborate anion with pendant nitrogen-containing groups have been synthesized.
Conclusions. A developed method for obtaining closo-decaborates with ammonium groups
separated from the boron cluster by an alkoxyl spacer group is presented. It is shown that the
use of amines of various structures does not fundamentally affect the course of the reactions,
allowing the composition and structure of the target derivatives to be effectively regulated. The
resulting compounds can be involved in further modification reactions due to a reactive pendant
group, as well as being suitable for use as effective polydentate ligands. Closo-decaborates
with pendant nitrogen-containing groups and their derivatives are of considerable interest in the
synthesis of compounds for use in 1°B-neutron capture therapy of malignant tumors.

Keywords: cluster boron anions, closo-decaborate anion, oxonium derivatives of closo-decaborate
anion, disclosure of cyclic substituent, secondary amines, °B-neutron capture therapy of
malignant tumors
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AHHOMAuust

Ienu. °B-nelimpoHo3axeamHas mepanust sieasemcst 00OHUM U3 Haubosiee nepcneKmugHblX
Memooog8 JleueHusl 3n0KauecmeeHHblx onyxonell. B kauecmee 6opcodeprkawux azeHmoa
HEpeoKo NPUMEHSIOMCSL COEOUHEHUsL HA OCHO8e KIACMEpHbIX aHuoHoeé 6opa [BHF~ (n = 10, 12)
KaK umerouwue OoueHb BblCOKYI YOenbHY KOHUEeHMpAayur amomog bopa & pacueme
Ha 00HYy uacmuyy. OOHAKO UCNONbL308AHUE MAKUX COeOUHEHUl C85130HO C Heobxooumo-
cmouio paspabomKu HO8bLX Memo008 (PYHKUUOHAAUIAUUU OOPHBbIX KAACMEpos, C8sI3GHHbLLX
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¢ noayueHuem 60pcooepIKauux NPouU38o0HbLX C bUOI02UUECKU AKMUBHBIMU (PYHKUUOHALHBLMU
gpynnamu. O0HuMm u3 Haubosee YyoobHbLX Mmemodog modugurayuu aHuoxos (B H P~ (n = 10, 12)
sensemest  g3aumooelicmaue UX NPOU3BOOHBLX, COOEPHAUUX YUKAUUecKUue 3amecmument
OKCOHUEB020 MUNA, C OMPUUAMETbHO 3aPSKEHHbIMU UMU HEUMPATbHbIMU HYKACOPUILHLIMU
peazenmamu. Packpvimue 3amecmumeneli 0aHHO20 muna hnpugooum K o06pa308aHUI0
K1030-60pamo8 ¢ (PYHKUUOHANIbHbIMU 2PYNNAMU, OMOENeHHbIMU OMm Kaacmepa AaKOKCUNTbHOU
cnelicepHoll yenourxoll. Llenbto Hacmosiugezo UCCIe008aHUSL S8slemest paspadomKa memooo8
CuHmesa npousgooHbLX K1030-0ekabopamHozo aHuoHa [B, H, - ¢ nenoaHmHbulmu asomcodeprrka-
wumu epynnamu.

Memooust. Ob6uull KOHMPOSL NPOMEKAHUSL PEAKUUT PACKPLLMUS. UWUKAUYECKUX 3amecmumenetl
ocywecmensiicss Ha 0CHO8aHUU 0aHHblx 1B cnekmpockonuu si0epH020 MAZHUMHO020 PEe30HAHCA
(SIMP). CmpoeHue noayueHHsblx NPouU38o0HbLX, 8 MOM UUC/e NPUPOOY NPUCOEOUHEHHBLX PYHKUU-
OHAIbHBLX 2pYynn onpedensiu Ha ocHogaHuu oaxHolx 'H, ¥C SIMP ¢ mecmom Ha npucoeOuHeHHble
npomoHul (APT) u uHgparxpacHoti cnekmpockonuu (MK). MonekynspHyo maccy cuHmesuposaH-
HbLX COe0UHEHUTL N00MeepIKOail MemoooMm MACC-CReKMPOMempPUl ¢ UOHU3AYUel 21eKmpopac-
newteruem (MOP-MC).

Pesynemamet. Hccnedosaro esaumooeticmeue axuoxa [2-B, H,O(CH,),O]" ¢ emopuuHbLmu
amMuHamu (OumemunamuH, OUNPONUNAMUH, OUANAUNLAMUH, OUOYMUNAMUH, OUUSOOYMUNAMUH,
MopgponuH, ou-emop-bymunamun) 8 cpede smaHona. IlokazaHo, umo e pesynbmame peaxyuii
npoucxooum packpbimue YuKauueckozo samecmumetsi ¢ npucoeduHeHuem HYKaeophuibHoz0 pe-
azernma. CuHmesupo8aHsblL CeMb HOBbLX NPOU3IBOOHBLX K/1030-0eKabopamHo20 AHUOHA ¢ NeHOAHM-
HbLMU A30MCO0EPAAULUMU 2PYNNAMU.

Buleoodst. Paspabomar HO8bLIL Memod NoaAYyUueHusl Ka1030-0exabopamog ¢ aMMOHUEEbLMU
2pynnamu, omoeseHHbIMU 0m 60pHO20 Kaacmepa AUKOKCUTbHOU chelicepHoll gpynnoiil. ITorxasaHo,
YUMo NPUMEHEHUE AMUHO8 PA3UUHO20 CMPOEHUSL NPUHUUNUATBLHO He Uslem HA X00 NPOMeKaouiux
pearxyuil u no3gosisiem 3hPeKmueHo pesyiupo8amsb COCMA8 U CMpoeHUE Ye1e8blX NPOU3E0OHDBLX.
IonyueHHble coeduHeHUst moeym bblmb goe/leueHbl 8 dabHelluue peakyui Moougurkayuu 3a
cuem peaKyuUoHHOCNOCOOHOU NeHOAHMHOU 2pynnel, a makxie mozym bblmb UCNONL308AHbL &
Pposu 3¢hheKmu8HbLX NOAUOEHMAMHBLX U2aH008. Kno3o-0exabopambl ¢ NeHOAHMHbLMU A30MCO-
deprKauumu epynnamu U Ux NPpou3gooHble NPeoCmasasiom 3HAUUMEAbHbLI uHmepec 8 CuHmese
coeduHeHUl, nepcneKxmugHblx 0151 npumeHeHus 8 °B-HelimpoHO3aX8amHOU mepanuu 3ioKaue-
cmeeHHbLX onyxoniell.

Knroueevle cnoea: iiacmepHole AHUOHbL 60pa, K030-0eKaboOpamHblil AHUOH, OKCOHUEe8ble NPOU3-
800HbBLE KN1030-0eKabopamHoz0 AHUOHA, PACKpbIMUE UUKIUUECKO20 3aMECMUMENSl, 8MOPUUHbLE AMU-
Hol, 19B-HelimpoHo3axXeamHas mepanust 310KaUecmsaeHHbIX onyxoaell

Jna yumuposanua: Matsees E.1O., Hosukos C.C., Jlesunkas B.f., Huayrosckuit A.W., Coxonos W.E., Kwxun K.10O.,
Kysunenos H.T. Bzaumoneiicteue amnona [2-B, H/O(CH,),0] ¢ BropuuHbIMM aMHHaMM. ToHKUe XUMUYECKUE MeXHONO2UU.
2022;17(5):427-438. https://doi.org/10.32362/2410-6593-2022-17-5-427-438

INTRODUCTION

Cluster boron anions [BH > (n = 10, 12)
are one of the unique examples of completely
inorganic clusters that are highly resistant to
oxidizing agents and tend to replace exo-polyhedral
hydrogen atoms with various functional groups
[1-3]. Derivatives based on boron polyhedra of
this class are increasingly being used in science

and technology, with the medical field, namely,
"B neutron capture therapy of malignant tumors,
remaining one of the most significant areas
[4—14]. In this regard, it is very important to develop
new methods for the synthesis of closo-borates
containing biologically active groups that can also be
modified.

As well as being associated directly with
the boron cluster, the functionalization of boron
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cluster anions can involve already introduced
functional groups. One of the main methods for the
direct functionalization of [B H ]*" (n =10, 12) anions
is electrophilic-induced nucleophilic substitution
(EINS) of exo-polyhedral hydrogen atoms for
various functional groups [15-19]. While this
method can be used to obtain a wide range of closo-
borates, its disadvantages are associated with the
possible interaction of nucleophilic reagents with
Lewis acids used to initiate such processes. By
modifying the already introduced exo-polyhedral
groups, it becomes possible to significantly expand
the range of obtained boron-containing compounds.
For example, in recent years, the method of
modifying thiol and nitrile derivatives of [B H ]*
anions has gained popularity [20-23]. However, it
is often necessary to obtain compounds containing
so-called pendant functional groups separated
by a relatively inert fragment from the boron
cluster in order to avoid the influence of the latter.
Therefore, one of the most convenient methods
for the functionalization of boron clusters involves
the substitution of exo-polyhedral hydrogen atoms
for molecules of cyclic ethers, followed by the
opening of the resulting oxonium-type cyclic
substituents with the help of nucleophiles. As a
result of such reactions, closo-borates are formed
with pendant functional groups attached to the
boron cluster through an alkoxy spacer chain.
Derivatives of [B H ]*" anions with a given structure
can be obtained by using a wide range of nucleophilic
reagents [24-30].

The purpose of this work is to reveal the
conditions and features of the interaction of the
1,4-dioxane derivative of the closo-decaborate
anion, [2-B, H,0(CH,),O]", with secondary amines
(dimethylamine, dipropylamine, diallylamine,
dibutylamine, diisobutylamine, di-sec-butylamine,
morpholine), during which closo-decaborates with
pendant ammonium groups are formed.

EXPERIMENTAL SECTION

Physical and chemical analysis methods

The infrared (IR) spectra of the compounds were
recorded on an Infralum FT-02 IR Fourier spectrometer
(Lumex, Russia) in the range 4004000 cm™'. Samples
were prepared in the form of tablets from a mixture
of the test compound and KBr. 'H, "B, '*C nuclear
magnetic resonance (NMR) spectra of test substance
solutions in fully deuterated dimethyl sulfoxide
(DMSO-d,) with attached proton test (APT) were
recorded on a DPX-300 NMR spectrometer (Bruker,
Germany) at frequencies of 300.3, 96.32, and

75.49 MHz, respectively, with internal deuterium
stabilization. Mass spectra were recorded using
a TSQ Quantum Access MAX triple quadrupole
mass spectrometer (Thermo Fisher Scientific, USA)
equipped with an API source (HESI-II), an Agilent
1200 GI1311A four-channel pump (Agilent, USA),
and a 6-port injector with an external volume loop of
0.002 cm?. Samples were introduced into the ion source
by manual loop injection into the solvent stream.
Acetonitrile (ACN) for the high-performance liquid
chromatography (HPLC) and deionized water obtained
on a Milli-Q unit (Millipore, USA) were used as
solvents. The pump flow was set at 0.4 mL/min in
ACN/H,O isocratic mode (50:50). Electrospray
ionization (ESI) was carried out in the negative ion
detection mode wunder the following conditions:
sputtering voltage -2.5 kV, ion transfer tube
temperature 350 °C, evaporator temperature 300 °C,
gas pressure (N,) 35 a.u., auxiliary gas flow rate 10 a.u.
Mass spectra (MS) in the full scan mode were recorded
in the range m/z 100-600. Data collection and
processing was carried out using Xcalibur software
(version 2.0).

Elemental analysis of the sample was performed
on an ELAN DRC-e inductively coupled plasma
mass spectrometer (PerkinElmer, USA). The content
of carbon, hydrogen, and nitrogen in the samples
was determined on a EuroEA 3000 elemental CHNS
analyzer (Eurovector Instrument, Italy).

Materials

Tetrabutylammonium [2-(1-(1,4-dioxanium))]-
nonahydro-closo-decaborate, (n-Bu,N)[B, H/O(CH,),0]
was  synthesized according to a previously
developed procedure [31]. 1,4-dioxane was
purified according to [32]. Dimethylamine (33%
aqueous solution, Sigma-Aldrich, USA), dibutylamine
(>99.5%, Sigma-Aldrich, USA), dipropylamine
(99%, Sigma-Aldrich, USA), diallylamine
(99%, Sigma-Aldrich, USA), di(sec-butyl)amine
(99%, Sigma-Aldrich, USA), diisobutylamine (99%,
Sigma-Aldrich, USA), morpholine (99%, Sigma-Aldrich,
USA), ethanol (95%, Sigma-Aldrich, USA), 1-pentanol
(99%, Sigma-Aldrich, USA), methanol (99.9%,
Merck, Germany), cesium iodide (chemically pure,
Himmed, Russia), tetraphenylphosphonium chloride
(99.9%, Sigma-Aldrich, USA), dimethylformamide
(99.8%, Sigma-Aldrich, USA).

Experiments

To a suspension of 45 mg (0.1 mmol)
(Bu,N)[B,,;H,0(CH,) O] in 10 mL of ethanol (95%)
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was added 0.6 mmol of a secondary amine (40 pL
of a 33% aqueous solution of dimethylamine or
85 uL of dipropylamine or 105 pL of dibutylamine
or 105 uL of diisobutylamine or 52 pL of morpholine
or 75 pL of diallylamine) and heated with stirring
for 2 h at reflux temperature. 200 pL of a 2 M solution
of cesium fluoride in methanol was then added
the resulting colorless or light-yellow solution.
The resultant white or light-yellow precipitate
was filtered off, recrystallized from a mixture of
water-methanol (1:1) and dried under high vacuum.

Cesium 2-[2-(2-dimethylammonioethoxy)ethoxy)]-
nonahydro-closo-decaborate,
Cs[B, H,0(CH,),0(CH,),NH(CH,),]

Yield: 0.030 g (79%). 'H NMR (DMSO-d,,
8, ppm): 10.16 (s, 1H, NH), 3.65 (t, 2H, CH, (o)), 3.40
(t, 2H, CH, (y)), 3.16 (m, 4H, CH, (B, 3)), 2.77 (s,
6H, CH, (¢)), from 1.00 to —0.50 (m, 9H, B, H,).
"B {'H} NMR (DMSO-d,, 3, ppm): 0.8 (s, BO (2)),
—0.3, —3.5 (both s, by 1B, BH (10, 1)), —21.5 (s,
BH (3, 5, 6, 9)), —27.2 (s, 2B, BH (7, 8)), —31.5
(s, 1B, BH (4)). “"C APT NMR, (DMSO-d,,
8, ppm): 71.2 (CH, (B)), 70.1 (CH, (y)), 63.2
(CH, (@), 552 (CH, (3)). 42.8 (CH, (¢).
IR (KBr,cm™): 3075,2720 (v(N'-H)), 2467 (v(B-H)),
1471 (8(H-N*-H)). Found (%): C, 18.59; H, 3.58;
N, 3.61; B, 28.12; C.H, B, CsNO,. Calculated (%):
C, 18.80; H, 3.61; N, 3.65; B, 28.20. ESI-MS. Found,
mlz: 250.3 [B,,H,0(CH,),0(CH,),NH(CH,),]".
(C,H,,B,/NO,). Calculated: M = 250.3.

Cesium 2-[2-(2-dipropylammonioethoxy)ethoxy)]|-
nonahydro-closo-decaborate,
Cs[B,,H/O(CH,),0(CH,),NH(CH,CH,CH,),]

Yield: 0.036 g (81%). 'H NMR (DMSO-d,, 6,
ppm): 9.81 (s, 1H, NH), 3.68 (t, 2H, CH, (a)), 3.38 (t,
2H, CH, (y)), 3.20 (t, 2H, CH, (B)), 3.13 (t, 2H, CH,
(9)), 2.51 (t,4H, CH, (¢)), 1.72 (m, 4H, CH, ({)), 0.93
(t, 6H, CH, (n)), from 1.00 to —0.50 (m, 9H, B, H,).
"B {'"H} NMR (DMSO-d, 5, ppm): 1.4 (s, BO (2)),
—0.1, =3.7 (both s, by 1B, BH (10, 1)), —21.3 (s, BH
(3,5,6,9)), —27.3 (s, 2B, BH (7,8)), —31.2 (s, 1B,
BH (4)). "C APT NMR (DMSO-d,, 5, ppm): 70.5
(CH, (B). 70.1 (CH, (y)). 54.9 (CH, (w)), 50.8
(CH, (8)), 23.1 (CH, (2)), 16.3 (CH, (0)), 10.9 (CH,
(n)). IR (KBr, em™): 3079, 2715 (v(N*-H)), 2449
(v(B—-H)), 1481 (6(H-N*—H)). Found (%): C, 27.14; H,
7.26; N, 3.15; B, 24.49; C H,,B, CsNO,. Calculated
(%): C, 27.33; H, 7.34; N, 3.18; B, 24.60. ESI-MS.
Found, m/z: 306.4 [B, H,0(CH,),0(CH,),NH(C,H.),]".
(C,,H,,B,,NO,). Calculated: M = 306.3.

Cesium 2-[2-(2-dibutylammonioethoxy)ethoxy)]-
nonahydro-closo-decaborate,
Cs[B, H,0(CH,),0(CH,),NH(CH,CH,CH,CH,),]

Yield: 0.38 g (82%). 'H NMR (DMSO-d,, 5, ppm):
9.80 (s, 1H, NH), 3.63 (t, 2H, CH, (o)), 3.35 (t, 2H, CH,
(), 3.17 (t, 2H, CH, (B)), 3.12 (t, 2H, CH, (9)), 2.51
(t, 4H, CH, (¢)), 1.62 (m, 4H, CH, (0)), 1.33 (m, 4H,
CH, (n)), 0.93 (t, 6H, CH, (9)), from 1.00 to —0.50 (m,
9H, B, H,). "B {'H} NMR (DMSO-d,, 6, ppm): 1.9 (c,
BO (2)), 0.1, =3.6 (both s, by 1B, BH (10, 1)), —21.4 (s,
BH (3, 5, 6, 9)), —27.3 (s, 2B, BH (7,8)), —31.4 (s, 1B,
BH (4)). "C APT NMR (DMSO-d,, 8, ppm): 70.5 (CH,
(B)), 57.6 (CH, (y)), 53.2 (CH, (1)), 50.8 (CH, (3)), 23.1
(CH, (¢)), 19.6 (CH, (0)), 19.2 (CH, (n)), 13.7 (CH, (6)).
IR (KBr, em™): 3079, 2715 (v(N*—H)), 2449 (v(B-H)),
1483 (3(H-N*—H)). Found (%): C, 30.65; H, 7.72; N,
2.93; B, 22.98; C_H,B CsNO,. Calculated (%): C,
30.83; H, 7.76; N, 2.99; B, 23.12. ESI-MS. Found, m/z:
3342 [B, H,0(CH,),0(CH,),NH(CH,CH,CH,CH,),]".
(C,H, B NO,). Calculated: M = 334.4.

Cesium 2-[2-(2-di(2-methylpropyl)ammonioethoxy)-
ethoxy)|nonahydro-closo-decaborate,
Cs[B,,H,0(CH,),0(CH,),NH(CH,CH(CH,),),]

Yield: 0.36 g (77%). 'H NMR (DMSO-d,, 3,
ppm): 9.82 (s, 1H, NH), 3.32 (t, 2H, CH, (a)), 3.17
(t, 2H, CH, (y)), 3.07 (t, 2H, CH, (B)), 2.43 (t 2H,
CH, (9)), 2.08 (d, 4H, CH, (¢)), 1.61 (m, 2H, CH (0)),
0.82 (d, 6H, CH, (n)), from 1.00 to —0.50 (m, 9H,
B, H,). "B {'"H} NMR (DMSO-d,, 3, ppm): 0.6 (s,
BO (2)), —0.4, 3.1 (both s, by 1B, BH (10, 1)), —21.3
(s, BH(3,5,6,9)),-27.0 (s, 2B, BH (7, 8)), —31.6 (s,
1B, BH (4)). "C APT NMR (DMSO-d,, 5, ppm): 72.2
(CH, (B)). 69.4 (CH, (1)), 68.6 (CH, (1)), 64.0 (CH,
(3)), 54.0 (CH (¢)), 26.3 (CH, (§)), 20.7 (CH, (n)).
IR (KBr,cm™): 3082, 2694 (v(N*-H)), 2448 (v(B-H)),
1468 (8(H-N*—H)). Found (%): C, 30.62; H, 7.70; N,
2.94; B, 23.02; C H, B, CsNO,. Calculated (%): C,
30.83; H, 7.76; N, 2.99; B, 23.12. ESI-MS. Found,
m/z: 3343 [B, H,0(CH,),0(CH,),NH(CH,CH(CH,),),].
(C,H,B NO,). Calculated: M = 334.4.

Cesium 2-|2-(2-N-morpholylammonioethoxy)ethoxy)]-
nonahydro-closo-decaborate,
Cs[B,,H,0(CH,),0(CH,),NH(CH,CH,),0)]

Yield: 0.36 g (85%). 'H NMR (DMSO-d,, 3,
ppm): 4.55 (s, 1H, NH), 3.56 (t, 2H, CH, (0)), 3.35
(t, 2H, CH, (w)), 3.19 (t, 2H, CH, (y)), 3.05 (t, 2H,
CH, (B)), 2.36 (t, 2H, CH, (9)), 2.32 (m, 2H, CH, (¢)),
from 1.00 to —0.50 (m, 9H, B, H,). "B {'H} NMR
(DMSO-d,, 6, ppm): 1.5 (s, BO (2)), =0.2, =3.2 (both s,
by 1B, BH (10, 1)), —21.3 (s, BH (3, 5, 6, 9)), —27.0
(s, 2B, BH (7.8)), —31.4 (s, 1B, BH (4)). "CAPTNMR
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(DMSO-d,, 3, ppm): 72.2 (CH, (B)), 69.3 (CH, (7)),
66.7 (CH, (y)), 65.9 (CH, (a)), 58.0 (CH, (3)), 53.4
(CH, (¢)). IR (KBr, cm™): 3071, 2726 (v(N'-H)),
2454 (v(B-H)), 1456 (8(H-N'—H)). Found (%): C,
22.41; H, 6.10; N, 3.23; B, 25.24; C,H B CsNO,.
Calculated (%): C, 22.59; H, 6.16; N, 3.29; B, 25.41. ESI-MS.
Found, m/z 2922 [B,,H,0(CH,),0(CH,),NH(CH,CH,),0)] .
(C.H NO,). Calculated: M =292.3.

826 10

Cesium 2-[2-(2-diallylammonioethoxy)ethoxy)]-
nonahydro-closo-decaborate,

Cs[B,,H,0(CH,),0(CH,) NH(CH,CH=CH,),)]

10779

Yield: 0.34 g (79%). 'H NMR (DMSO-d,, 9,
ppm): 9.85 (s, 1H, NH), 5.83 (m, 2H, CH ({)), 5.12 (d,
4H, CH, (m)), 3.38 (t, 2H, CH, (o)), 3.20 (t, 2H, CH,
(), 3.11 (t, 2H, CH, (B)), 3.04 (d, 4H, CH, (¢)), 2.52
(t, 2H, CH, (9)), from 1.00 to —0.50 (m, 9H, B, H,).
"B {'H} NMR (DMSO-d,, 6, ppm): 1.1 (s, BO (2)),
—0.3, 3.2 (both s, by 1B, BH (10, 1)), —21.4 (s, BH (3,
5,6,9)),—27.2 (s, 2B, BH (7, 8)), —31.7 (s, 1B, BH (4)).
"C APT NMR (DMSO-d,, 5, ppm): 135.7 (CH (0)),
117.4 (CH, (m)), 72.2 (CH, (B)), 69.4 (CH, (y)), 67.9
(CH, (1)), 56.4 (CH, (9)), 52.2 (CH, (¢)). IR (KBr, cm™):
3079, 2716 (v(N*—H)), 3025 (v(=C-H)), 2455 (v(B—H)),
1446 (8(H-N'-H)). Found (%): C, 27.40; H, 6.42; N,
3.17; B, 24.68; C, H,B, CsNO,. Calculated (%): C,
27.58; H, 6.48; N, 3.21; B, 24.83. ESI-MS. Found, m/z:
302.4 [B,,H,0(CH,),0(CH,),NH(CH,CH=CH,),)]".
(C,,H,B,,NO,). Calculated: M = 302.3.

107728

Cesium 2-[2-(2-di(2-butyl)ammonioethoxy)-
ethoxy)|nonahydro-closo-decaborate,

Cs[B,,H,0(CH,) O(CH,),NH(CH(CH,)(CH,CH,)),|

1079

To a suspension of 45 mg (0.1 mmol) of
(Bu,N)[B, H,O(CH,),0] in 10 mL of 1 pentanol (95%)

10779

_|
\_/
ElOH t,°C

was added 0.6 mmol (105 pL) of di-sec-butylamine
and heated with stirring for 6 h at 110-120°C. To the
resulting colorless solution was added 200 uL ofa 2 M
solution of cesium fluoride in methanol. The resulting
white or light-yellow precipitate was filtered off,
recrystallized from a mixture of water-methanol (1:1)
and dried in a high vacuum.

Yield: 0.33 g (72%). '"H NMR (DMSO-d,, 3, ppm):
6.57 (s, 1H, NH), 3.38 (t, 2H, CH, (a)), 3.16 (t, 2H, CH,
(1)), 3.06 (t, 2H, CH, (B)), 2.55 (t, 2H, CH, (3)), 1.23 (t,
2H, CH (¢)), 1.09 (m, 4H, CH, (0)), 0.89 (t, 6H, CHCH,
(n)) 0.80(t, 6H, CH,CH, (0)), froml 00 to—0.50 (m, 9H

B H,). "B {'H} NMR (DMSO-d,, 6, ppm): 1.3 (s, BO
(2)),—0.4,-3.2 (both s, by 1B, BH (10, 1)),—21.4 (s, BH
(3,5,6,9)), —27.1 (s, 2B, BH (7, 8)), —31.9 (s, 1B, BH
(4)). "C APT NMR (DMSO-d,, 8, ppm): 72.2 (CH, (B)),
69.4 (CH, (y)), 65.5 (CH, (a)), 62.7 (CH, ()), 28.6 (CH
(), 18.1 (CH, (¢)), 17.3 (CHCH, (n)), 11.7 (CH,CH,
(0)). IR (KBr, cm™): 3079, 2732 (v(N*—H)), 2456
(v(B-H)), 1457 (6(H-N*—H)). Found (%): C, 30.63; H,
7.70;N,2.91; B, 23.00; C ,H, B, CsNO,. Calculated (%):
C, 30.83; H, 7.76; N, 2.99; B, 23.12. ESI-MS. Found, m/z:
3343 [B1 ,H,O(CH,),0(CH,),NH(CH(CH,)(CH,CH,)),I".

(C,,H,B,)NO,). Calculated: M = 334.4.
RESULTS AND DISCUSSION
We have studied the interaction of the

1,4-dioxane derivative of the closo-decaborate anion
[B,,H,0(CH,),0]" with secondary amines in ethanol. In
the course of research, it was shown that as a result of the
reactions, the cyclic substituent of the oxonium type is
opened, followed by the addition of pendant ammonium
functional groups (see Scheme).

"B {!H} NMR spectroscopy is a very convenient
method for the primary monitoring of 1,4-dioxane
substituent opening reactions in the [B, H/O(CH,)) O]

-

10779

ii\f’&
UL

Scheme. Interaction of the [B, H,

O(CH,),0] anion with secondary amines.
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anion. Here, it is important to note that, while the general
form of the spectrum characteristic of monosubstituted
closo-decaborates [B, HR]" (x = 1, 2) is preserved, a
significant change in the chemical shifts of the signals is
observed (Fig. 1).

Thus, the signals from apical boron atoms appear
in the "B NMR spectrum of the starting compound
BuN[B, H/O(CH,)),0] at 0.8 ppm and —6.4 ppm;
and —3.1 ppm, respectively. The singlet from the ipso
boron atom bonded to the oxygen atom is shifted from
7.9 ppm. up to 0.6 ppm. This is the only signal that does

not split into a doublet in the absence of broadband
suppression of the B-H spin-spin interaction. Signals
from other equatorial atoms in a strong field are
redistributed with respect to the spectrum of the initial
[B,,H,O(CH,),O] anion: three signals are observed in
the spectrum of the reaction product at —21.3, —27.0,
and —31.56 ppm., having a ratio of integral intensities
of 4:2:1. Such changes in the spectral pattern can be
explained by the redistribution of the electron density on
boron atoms due to the change in the B-O bond type
from oxonium to alkoxy.

S) 3 3 — o S
= 3 ‘ e =
-
(o}
1
(o]
|
15 10 5 0 s “lo 15 ~20 25 ~30 35
o — N < e
SS e IS & -
| | |

-25 -30 -35

Fig. 1. "B {'H} NMR spectra of Bu,N[B, H/O(CH,),O] (top) and Cs[B, H/O(CH,),O(CH,),NH(CH,CH(CH,),),] (bottom).

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2022;17(5):427-438

433



Interaction of the anion [2-B, H O(CH

2)a

O] with secondary amines

While the course of the opening of the cyclic
substituent in the 1,4-dioxane derivative of the closo-
decaborate anion can be unambiguously determined
according to the described changes, practically no
information about the structure of the alkoxy spacer
and the introduced pendant group is provided, due
to their similarity for all obtained connections.
Accordingly, this data was obtained by analyzing
the IR, *C APT and 'H NMR spectra of the obtained
derivatives.

Thus, the absorption bands in the regions of
2690-3100 cm™ and 1440-1490 cm™ in the IR
spectra of the synthesized compounds with pendant
ammonium groups can be related to stretching
vibrations of the N*—H bonds and bending vibrations
of the H-N"—H bonds, respectively. The boron cluster
is represented in the IR spectra of the products by a
high-intensity absorption band from B-H stretching
vibrations in the range 2449-2467 cm™'. This type of
spectra indicates the opening of the cyclic substituent
and the addition of pendant nitrogen-containing
groups.

The 'H NMR spectra of the obtained derivatives
of the closo-decaborate anion undergo significant
changes compared to the spectrum of the starting
[B,,H,O(CH,),0] anion. In particular, its '"H NMR
spectrum contains only two triplets at 3.85 ppm.
and 4.31 ppm from nonequivalent methylene groups
of the cyclic substituent, while in the spectrum of
Cs[B, ,H,0(CH,),0(CH,),NH(CH,CH(CH,),),]

four triplets appear with equal integrated
TOT T T
HDO
avs /
o B

—2.06

intensity from the protons of the alkoxy chain at
3.32 ppm (o), 3.17 ppm (y), 3.07 ppm (B), and
2.43 ppm (3), along with signals from the pendant
group at 2.08 (d, CH, (g)), 1.61 (m, 2H, CH ({)), and
0.82(d, 6H, CH, (n)) ppm (Fig. 2). Similar changes are
observed in the spectra of other obtained compounds.
Since the signals from the hydrogen atoms of the
boron cluster typically represent an extremely broad
multiplet in the range from 1.00 to —0.50 ppm., they
are not of significant interest.

The "C APT spectra of the synthesized
compounds also depict interesting changes associated
with the opening of the 1,4-dioxane substituent
and the introduction of a terminal ammonium group.
Thus, the spectrum of the cesium salt of the anion
[B,,H,0(CH,),0(CH,),NH(CH,CH(CH,),),] contains
four signals at 54.0, 26.3, and 20.7 ppm. from e-,
C-, and n-carbon atoms of the -NH(CH,CH(CH,),),
group. Signals from carbon atoms of the spacer
chain are observed at 72.2 (), 69.4 (y), 68.6 (), and
64.0 (6) ppm (Fig. 3).

The composition of the synthesized derivatives
of the closo-decaborate anion was confirmed using the
ESI-MS method. For example, the mass spectrum of the
compound Cs[B, H,O(CH,),0(CH,),NH(CH,CH,CH,CH,),|
in the negative ionization mode of ESI-MS shows
an ion with a maximum intensity at m/z 334.22
from a singly charged anion of the composition
[B,,H,0(CH,),0(CH,),NH(CH,CH,CH,CH,),]” (Fig. 4).

It is interesting to note that the interaction of
the anion [B, H/O(CH,),0]" with di-sec-butylamine

— o
o *x
i (=]
| |
-
f
f
|
|
|
|
|
- |
7 /“‘

DMSO
Y |
U r

—
@
o
w

T T T T T T T T T T T T T T T T T T T T T T T T T T
34 33 32 31 30 29 28 27 26 25 24 23 22 21 20 19 18 1.7 16 15 14 13 1.2 11 1.0 09 08 07

Fig. 2. 'H NMR spectrum of Cs[B, H,0(CH,),0(CH,),NH(CH,CH(CH,),),] in DMSO-d..
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Fig. 3. °C ART NMR spectrum of Cs[B,,H,0(CH,),0(CH,),NH(CH,CH(CH,),),] in DMSO-d,.

practically does not occur in ethanol at reflux for
8 h. For this reason, the corresponding reaction
was carried out in a medium of a higher-boiling
solvent (l-pentanol). This can be attributed to
steric hindrance in the formation of the anion
[B,,H,0(CH,),0(CH,),NH(CH(CH,)(CH,CH,)),]".
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CONCLUSIONS

Thus, in the present study, a method was developed
for the synthesis of new derivatives of the closo-
decaborate anion with secondary amine molecules
(dimethylamine, dipropylamine, diallylamine,

334.22

" ?1,93-0'7 461.19 51828 57522

-

00 150 200 250 300

m/z

ity Lt et A
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" " ik, "
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|
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Fig. 4. ESI-MS spectrum of the Cs[B, H,O(CH,),0(CH,),NH(CH,CH,CH,CH,),]
in the negative ionization mode.
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dibutylamine, diisobutylamine, morpholine, di-sec-
butylamine) attached to the cluster anion as pendent
groups.

The developed method is shown to achieve high
yields of the target compounds (72-88%), simple
execution, as well as allowing nitrogen-containing
derivatives of the [B, H ]* anion to be selectively
obtained. Such compounds can be used as effective
polydentate ligands, as well as being suitable for
introduction into further modification reactions due to
the attached pendant group.
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