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Abstract

Objectives. To develop methods for the synthesis of substituted derivatives of the octahydrotriborate anion. Such compounds can
be considered as hydrogen storage, components of ionic liquids, precursors for the production of boride coatings using the traditional
chemical vapor deposition method, and also as a building material for the production of higher boron hydrogen clusters.

Methods. Since substitution reactions are sensitive to moisture and atmospheric oxygen, the syntheses were carried out in a direct flow
of argon or in a dry, sealed SPEKS GB02M glove box with a double gas purification unit and two airlocks. The reaction was initiated
by cooling to 0°C, in order to avoid the formation of by-products. All the results were characterized using infrared (IR) and nuclear
magnetic resonance (NMR) spectroscopies.

Results. The study presents a detailed study of the known methods for preparing substituted derivatives of the octahydrotriborate(1-)
anion using dry hydrogen chloride as an electrophilic inductor and makes recommendations for improvement. In this method it is
advisable to use cesium octahydrotriborate which facilitates the yield of the target product. New methods were proposed to initiate the
substitution reaction in the [B;H] -anion using N-chlorosuccinimide and bromine. Using these inductors, new substituted derivatives
of the octahydrotriborate anion with N-nucleophiles were obtained and defined by means of IR and NMR spectroscopies: [B;H,NCR],
(R = Et, i-Pr, Ph) and [B;H,NH,R], (R = C4H,4 (INA), Bn), [B;H,NHE,], as well as Bu,N[B;H,Hal], Bu,N[B;H/Hal,], where
Hal = Cl, Br. It was also established that hydrogen bromide is released during the reaction with bromine and amines. This immediately
protonates the amine which requires additional heating of the reaction mixture. The study also established that the reaction mechanism
with N-chlorosuccinimide is not radical.

Conclusions. The main factors influencing the course of the substitution reaction are the possible occurrence of side interactions between
the nucleophile and the inducer, steric possibilities, and subsequent isolation of the reactive reaction products.
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AHHOTaUuS

IMesn. PazpaboTka METOOB CHHTE3a 3aMEILEHHBIX POM3BOIHBIX OKTAIHAPOTPHOOPATHOTO aHHOHA, TIOTEHIINAIBHO PACCMATPUBACMBIX
B KaueCTBE XUMHUYECKUX aKKyMYJSATOPOB BOJIOPO/A, KOMIIOHEHTOB HOHHBIX KHIKOCTEH, MPEKYPCOPOB JUIsl MOIy4eHHUs: OOPHIHBIX IO~
KPBITHH ¢ yHUKAIbHBIME cBoiicTBamu MetomoM Chemical Vapor Deposition (CDV), a Taxke B KauecTBe «CTPOUTEIHHOTO MaTepHaay
JUISE TIOJyYEHHs! BBICIIIMX OOPOBOIOPOAHBIX KIACTEPOB.

Mertoabl. BButy 4yBCTBUTEIBHOCTH PEaKLil 3aMEIICHHS K BJIare W KMCIOPOLY BO3JyXa, CHHTE3bl HPOBOJMIN B HOCTOSIHHOM TOKE
aproHa wim B cyxoM repmerudHoM nepyarounoMm 6okce CITIEKC I'b02M ¢ 6:10xoM JBOHHOI ra3004MCTKU M IBYMs UTI03aMu. VHUIN-
HMPOBAHUE PEaKIUHU MPOBOAWIH IpH oxnaxaeHuu 10 0°C Bo nzbexanne oOpa3oBaHUs MOOOYHBIX MPOMYKTOB. Bee pesynbrarsl ObUTH
0XapaKTEepPU30BaHBI C MOMOLIBbI0 HHPpakpaBHOH (MK) ceKTpockomiy 1 CIIEKTPOCKOIIUH SICPHOTO MArHUTHOTO pe3oHaHca (SIPM).

Pesyabrarbl. [TonpoOHO HM3y4YeHBI M yCOBEPIICHCTBOBAHBI M3BECTHBIE METOIMKH MONYYCHHs 3aMEIICHHBIX MPOU3BOAHBIX OKTa-
ruapoTprdopaTHoro (1—) aHnoOHa ¢ CHOIB30BAHUEM CYXOTO XJIOPOBOIOPO/A B Ka4eCTBE 3IEKTPOPMIBHOTO HHAYKTOpA. YCTaHOBIIEHO,
YTO B JAHHOM METO/IC 11e1eCO00pa3HO UCIONIB30BaTh OKTArUAPOTPUOOPAT LE3H s, UTO MO3BOJISIET OOJIETYUTh BBIXO] [[EJICBOTO MPOAYKTA.
[IpennoxeHsl HOBbIE CIOCOObI MHULMMPOBAHUS PEAKIUU 3aMelleHus B aHuoHe [B;Hg]™ ¢ momonisio N-xmopeykiunuMuia u 6poma.
C MOMOIIIBIO ATUX MHIYKTOPOB TOJy4eHbI U oxapakrepu3oBansl MeTogamu UK u IMP-criekTpocKoniy HOBbIE 3aMeNIeHHbIE TIPOM3BO/I-
HbIE OKTaruapoTpudoparHoro anuona ¢ N-nykneopunamu: [B;H,NCR], (R = Et, i-Pr, Ph) u [B;H,NH,R], (R = C4H,4 (INA), Bn),
[B;H,NHE,], a Taxsxe Bu,N[B;H,Hal], Bu,N[B;HHal,], rne Hal = CI, Br. YcTanoBneHo, 4To B Xo1€ peakiuu ¢ 6poMOM ¥ aMHHAMH
MIPOUCXOUT BbIACICHHE OPOMOBOIOPO/A, KOTOPBIH cpa3y MPOTOHUPYET aMHH, 4TO TPeOyeT JOIMOIHUTEIBHOrO HarpeBa PeakinOHHOM
cmecu. Taroke B Xoae paboThl YCTaHOBICHO, YTO MEXaHU3M PeakiHu ¢ N-XJIOPCYKIIMHIMHU/IOM HE SIBISIETCS PaAnKaIbHBIM.

BI)IBOZII)I. yCOBepHJeHCTBOBaHBI 1 CUCTEMATU3UPOBAHBI U3BECTHBIC METOAUKHU IMOJYUYCHUA 3aMCIICHHBIX ITPOU3BOAHBIX OKTaruApoOTpu-
60paTHOFO aHHuoHa. YCTaHOBHeHO, YTO OCHOBHBIMU (baKTOpaMI/I, BJIMAOIIMMHA Ha X0 pC€aKUU 3aMEIICHUS, SIBJIAOTCSA BO3SMOXKHOE IIPO-
TeKaHHE MOOOYHBIX B3aPIMOI[eﬁCTBPII>i MEXAY HyKJ’IeO(bI/IJ'[OM U UHAYKTOPOM, CTEPUYECKHUE BOSMOKHOCTH, MOCIICAYIOIIas U301 peaK-

KnioueBbie cnoBa

HyKJICO(HIbHOE 3aMEIeHUEe, CYKIIHHUMUL, FaJIOreHBI

Anga uMTMpOBaHUNA

60p, 60POBOAOPOIBI, OKTArHAPOTPHOOPaTHBI (1—) aHMOH, KUCIOTHI JIbIOHCa,

I_[I/IOHHOCHOCOGHBIX MPOAYKTOB pCaKIUu. B 3aBucumocTtu ot HyKJ'[eOd)I/IJ'Ia BBI60p METoaa U yCJ'[OBHﬁ MOYKET OBITh OrpaHUYECH.
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INTRODUCTION

Substituted derivatives of octahydrotriborate anion
act as promising components for chemical hydrogen
accumulators [1-3]. They are also precursors for
obtaining boride coatings with unique properties [4—6],
and play the role of components for obtaining derivatives
of higher borohydrates, ionic liquids and liquid
crystals [7]. Due to the difficulty of their preparation, the
applications of these compounds are still poorly studied.

The preparation of substituted derivatives of
the [B;Hg]™ anion is based on methods using cleavage
of the boron backbone of larger clusters, for example,
by symmetric cleavage of tetraborane-10 [8]. However,
interaction with certain nucleophiles does not lead to
substitution, but provokes destruction of the boron
backbone [9].

With the development of new and efficient methods
for the synthesis of [B;Hg]™[10, 11] anion, its substituted
derivatives and the methods of their preparation based on
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its direct interaction with nucleophiles are of increasing
interest. The presence of an aromatic structure allows
the octahydrotriborate anion to enter into reactions
of electrophile-induced nucleophilic substitution of
the hydrogen atom. They are similar to the higher
cluster anions [12, 13], where various Lewis acids act
as electrophilic inductor [14—16]. The preparation of
substituted derivatives by the methods described above
is a complex multifactorial process with a number of side
reactions. As a result, the yield of the target product can
be significantly reduced.

It has been shown that the interaction of [B;Hg]™
anion with metal halides in the presence of nucleophiles
leads to the formation of a large variety of substituted
products [14, 17]. By means of nuclear magnetic
resonance (NMR) spectroscopy, it has been found that
the reaction proceeds through the stage of formation of
the transition complex [B;H,~H-MHal ]". The rate of
transformation of this complex is significantly affected by
the nature of the Lewis acid. At the same time, the use
of metal salts as inductors can significantly complicate
the composition of the reaction mixture, complicating the
purification of the target products. On the other hand, the
use of gaseous hydrogen chloride in the preparation of
substituted derivatives is of particular interest due to the
almost complete absence of impurities, greatly facilitating
the yield ofthe product. (CH,),N[B;H,Cl], [B;H,NCCH,],
[B;H,NCCH;], [B;H,DMF] (DMF = (CH;),NCH)
have already been obtained by this method [18], but this
method also has a number of disadvantages. It requires
a complex multi-component plant with a gas line, as well
as cleaning, drying, and carrying out manipulations with
gaseous hydrogen chloride gas.

The aim of'this study is to improve and systematize the
known methods, and develop new ones for the preparation
of substituted derivatives of the [B;Hy] anion. These include:
halogen-substituted  Bu,N[B;H,Cl], Bu,N[B;H,Br],
Bu,N[B;H,Cl,], Bu,N[B;HBr,]; nitrilium-substituted
[B;H,NCR], (R = CH,, Et, i-Pr, Ph); amine-substituted
derivatives of [B;H,NH,R], (R = CgH,y, Bn),
[B;H,NHEt,], [B3;H,NEt;] by interaction of the
octahydrotriborate(1—) anion with halogens (Br,, I,)
and with N-chlorosuccinimide (NCS). The compounds
[B;H,NCR], (R = Et, i-Pr, Bn), [B;H,NH,R],
(R = CyH 4, Bn) were obtained for the first time using
NCS. The use of NCS as an electrophilic inducer was
proposed for the synthesis of chloro-substituted, nitrilic
and amine-substituted derivatives.

EXPERIMENTAL

Salts of [B;Hg]™ anion were prepared according to
the known method [10] by mild oxidation of sodium
borohydride with benzyl chloride. Benzonitrile (99%,
Panreac Sintesis, Spain), NCS (98%, Sigma-Aldrich,
USA), bromine (98%, Sigma-Aldrich, USA),

isononylamine (INA) (98%, Sigma-Aldrich, USA),
benzylamine (99%, Panreac Sintesis, Spain), sulfuric
acid (95%, Chimmed, Russia), NaCl (99%, Ruschim,
Russia) were used without further purification.

Dichloromethane, acetonitrile, toluene, and
petroleum ether were shaken with CaCl, and distilled
over calcium hydride. The solvents were stored in a dark
container over molecular sieves (4 A) at =~5°C.

Tetrahydrofuran, diethyl ether was passed through
activated aluminum oxide and stored over molecular
sieves (4 A) at =5°C.

Triethylamine and diethylamine were purified by
shaking with KOH until the darkening of potassium
hydroxide stopped, then distilled at atmospheric pressure.

1B and 'H NMR spectra of solutions of the substances
obtained in dichloromethane, deuterodichloromethane,
tetrahydrofuran, toluene, and deuteroacetonitrile were
recorded on an Avance [I-300 NMR spectrometer (Bruker,
Germany) at 96.32 MHz and 300.21 MHz, respectively,
with internal deuterium stabilization. Tetramethylsilane
and BF, OEt, were used as external standards.

The infrared (IR) spectra of the compounds
were recorded on an INFRALUM FT-02 IR Fourier
spectrometer (Lumex, Russia) in the range 4000—400 cm™!
with a resolution of 1 cm™!. Samples were prepared in
the form of tablets pressed with KBr (Sigma-Aldrich,
USA).

Elemental analysis for carbon, hydrogen and nitrogen
was carried out on an automatic analyzer CHNS-3
FA 1108 Elemental Analyser (Carlo Erba Reagents GmbH,
Germany).

Reactions requiring the absence of moisture
and air were carried out in a sealed box model
SPECS GBO02M (Spectroscopic Systems, Russia) with
a double gas purification unit and two airlocks.

Synthesis of Bu,N[B;H,ClI]

Bu,N[B;Hg] (100 mg, 0.35 mmol) was placed in a 25-mL
flask and dissolved in 5 mL of dichloromethane.
The mixture was cooled to —50°C and NCS (47 mg,
0.35 mmol) dissolved in 5 mL of dichloromethane
was slowly added. The resulting succinimide was
precipitated by addition of diethyl ether. The mixture
was filtered off from the precipitate, the filtrate was
evaporated at a rotary evaporator. |'B NMR (CD,Cl,,
298 K, 96.32 MHz), §, ppm: —16 (s, 2B), =22 (s, 1B). 'H
NMR (CD,Cl,, 298 K, 300 MHz), 6, ppm: 3.05 (m, 8H,
Buy,N), 1.57 (m, 8H, Bu,N), 1.31 (m, 8H, Bu,N), 0.93 (t,
12H, Bu,N), 0.9-0.7 (broad, 7H, HB). IR (KBr), cm™!:
v(BH): 2520, 2448, 2338, v(BCl): 850.

Synthesis of Bu,N[B;HCl,]

Bu,N[B;H,] (100 mg, 0.35 mmol) was placed in a 25-mL
flask and dissolved in 5 mL of dichloromethane.
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The mixture was cooled to —50°C and NCS (93.1 mg,
0.70 mmol) dissolved in 5 mL of dichloromethane
was slowly added. The resulting succinimide was
precipitated by addition of diethyl ether. The mixture was
filtered from the precipitate; the filtrate was evaporated
at a rotary evaporator. ''B NMR (CD,Cl,, 298 K,
96.32 MHz), &, ppm: —5 (s, broad, 1B), —13 (s, 2B); 'H
NMR (CD,Cl,, 298 K, 300 MHz), §, ppm: 3.05 (m, 8H,
Bu,N), 1.57 (m, 8H, Bu,N), 1.31 (m, 8H, Bu,N), 0.93 (t,
12H, BuyN), 0.9-0.7 (broad, 6H, HB). IR (KBr), cm™:
v(BH): 2517, 2458, 2336, v(BCI): 811.

Synthesis of [B;H,NCCH,]

Method 1. Cs[B;H,] (100 mg, 0.57 mmol) was placed
in a 10-mL flask and dissolved in 100 pL of acetonitrile.
Then 2 mL of toluene was added. The mixture was
cooled to —50°C and NCS (75 mg, 0.57 mmol)
dissolved in 100 pL of acetonitrile was slowly added.
The mixture was stirred for 1 h. Then the precipitate
was filtered off and the acetonitrile was distilled off at
a rotary evaporator. The filtrate was left in the freezer
at 7'= —5°C for three days until the crystallization of
succinimide was complete. The crystals were filtered
off. Then the solution was evaporated to a concentrated
solution and [B;H,NCCH,] was precipitated with
petroleum ether. "B NMR (CH4CN, 298 K, 96.32 MHz),
8, ppm: 7.6 (2B), —35.2 (1B); 'H (CD,Cl,, 298 K,
300 MHz), 6, ppm: 2.43 (¢, 3H, CH,), 1.68 (broad, 7H,
HB). IR (KBr), cm™!: v(BH): 2516, 2446, 2372, 2340.
Calculated/found, %: C (29.83/29.87), H (12.51/12.56),
N (17.31/17.29), B (40.27/40.21).

Method 2. Synthesis was conducted using the new
method and setup shown in Fig. 1. One gram of sodium
chloride was added to the first 250-mL flask, and 1 mL
of 95% sulfuric acid was added to a drop funnel with

Fig. 1. Scheme of the setup for the synthesis of [ByH,NCCH,]:
(1) bubbler with glycerin;

(2) two-necked flask 250 mL;

(3) dropping funnel with pressure compensator;

(4) Teflon tube with calcium chloride;

(5) three-necked flask 250 mL;

(6) empty trap;

(7) trap with Et;N

a pressure compensator. A Teflon tube filled with calcium
chloride was incorporated for drying and additional
purification. The dehydrated gaseous HCI flowed into
a three-necked 250-mL flask through a bubbler. The
three-necked flask was necessary for gradual sampling.
20 mL of CH;CN and 0.5 g of dissolved Cs[B;Hg] were
pre-poured into the flask. The interaction was carried out
under conditions of slight cooling in an ice bath. The
system was equipped with a glycerol bubbler to control
the argon flow and two traps, one of which was empty
and other contained Et;N. It should be noted that Teflon
hoses were used when working with gaseous HCI. The
flasks were equipped with magnetic stirrers.

Synthesis of [B;H,NCPh]

Cs[B;Hg](100mg, 0.57mmol) wasplacedina25-mL flask
and 5 mL of toluene was added. Benzonitrile (58.8 pL,
0.57 mmol) was added to the suspension and the mixture
was cooled to —50°C. Next, NCS (75 mg, 0.57 mmol)
dissolved in 1 mL of dichloromethane was added. The
mixture was stirred under refrigeration for 1 h. The
precipitate was filtered off and left in the refrigerator
for three days until the crystallization of succinimide
was completed. The crystals were filtered off, the
solution was evaporated to a concentrated solution
and [B;H,NCBn] was precipitated with petroleum
ether. "B NMR (PhCH,, 298 K, 96.32 MHz), 8, ppm:
—6.9 (2B), —35.0 (1B).

Synthesis of [BgH,NHE,]

Cs[B;Hg](100mg,0.57 mmol) wasplacedina25-mLflask
and 5 mL of toluene was added. Diethylamine (58.7 pL,
0.57 mmol) was added to the suspension and the mixture
was cooled to —50°C. Next, NCS (75 mg, 0.57 mmol)
dissolved in 1 mL dichloromethane was added. The
mixture was stirred under cooling for 1 h. Then the
precipitate was filtered off, kept in the refrigerator for
three days, and evaporated under deep vacuum without
heating. ''B NMR (PhCH;, 298 K, 96.32 MHz), §, ppm:
—14 (2B), =26 (1B). IR (thin film), cm™!: v(BH): 2502,
2425, v(BN): 1455. Calculated/found, %: C, 42.65/42.5;
H, 16.11/16.2; N, 12.43/12.4; B, 28.80/28.9.

Synthesis of [B;H,NEt;]

Method 1. Cs[B;Hg] (100 mg, 0.57 mmol) was placed
in a 25-mL flask and 5 mL of toluene was added.
Triethylamine (79.2 pL, 0.57 mmol) was added to
the suspension and the mixture was cooled to —50°C.
Next, NCS (75 mg, 0.57 mmol) dissolved in 1 mL of
dichloromethane was added. The mixture was stirred
under cooling for 1 h. Then the precipitate was filtered
off, kept in the refrigerator for three days, and evaporated
under deep vacuum without heating. ''B{'H} (CD,CL,,
298 K, 96.32 MHz), §, ppm: —19.9 (2B), —22.4 (1B);
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'H (CD,Cl,, 298 K, 300 MHz), §, ppm: 2.9 (m = 4, 6H,
CH,, Jyy = 7.2 Hz), 1.2 (t, 9H, CH;, Jyy = 7.2 Hz),
1.1 (broad, 7H, HB). IR (thin film), cm™': v(BH): 2501,
2448, 2424, v(BN): 1450. Calculated/found, %: C,
51.23/51.4; H, 15.76/15.8; N, 9.96/9.79; B, 23.05/23.0.
Method 2. Bu,N[B;Hg] (500 mg, 1.78 mmol)
dissolved in 10 mL of dichloromethane was placed in
a 50-mL flask, and triethylamine (245 pL, 1.78 mmol)
was added. The mixture was cooled and Br, (91.7 pL,
1.78 mmol) dissolved in 5 mL of dichloromethane
was added. The mixture was slowly warmed to
room temperature (20°C), then the precipitate was
filtered off and [B;H,NEt,] was separated by column
chromatography on silica gel. The elution was carried
out by hexane/dichloromethane mixture in the ratio 1 : 1.

Synthesis of [B;H,NH,Bn]

Cs[B;Hg] (100 mg, 0.57 mmol) was placed in a 25-mL
flask and 5 mL of toluene was added. Benzylamine (62 uL,
0.57 mmol) was added to the suspension and the mixture
was cooled to —50°C. Next, NCS dissolved in 1 mL of
dichloromethane was added. The mixture was stirred
under cooling for 1 h. The precipitate was then filtered
off and evaporated on a vacuum unit without heating. The
filtrate was kept in a freezer at —5°C for three days, the
succinimide was filtered off and evaporated on a vacuum
unit without heating. B (PhCH;, 298 K, 96.32 MHz),
5, ppm: —8.1 (2B), —28.3 (1B); IR (thin film), cm™ !
v(BH): 2502, 2429, 2320, v(BN): 1372. Calculated/
found, %: C, 57.33/57.26; H, 10.99/11.01; N, 9.55/9.53;
B, 22.11/22.09.

Synthesis of [B;H,INA]

Bu,N[B;H,] (500 mg, 1.78 mmol) dissolved in 10 mL
of tetrahydrofuran was placed in a 50-mL flask, and
INA (322 pL, 1.78 mmol) was added. The mixture
was cooled and Br, (91.7 uL, 1.78 mmol) dissolved
in 5 mL of dichloromethane was added. The mixture
was slowly warmed to room temperature (20°C) and
then heated to the boiling point of tetrahydrofuran for
6 h. 'B{'H} (CD,Cl,, 298 K, 96.32 MHz), §, ppm:
—13.0 (2B), —30.1 (1B).

RESULTS AND DISCUSSION

Interaction of Bu,N[B;Hg]
with halogens in dichloromethane

The anion [B;Hg]™ reacts with Br, to form bromo-
substituted derivatives [B;H,Br]™ and [B;HBr,]|". The
reaction was carried out under conditions of cooling by
slowly spiking a solution of Br, in dichloromethane; at
a ratio of Bu,N[B;Hg] : Br, = 2: 1. As a result, several
signals were observed in the "B NMR spectrum (Fig. 2a):
one signal at =31 ppm with a multiplicity of 9 from

the initial octahydrotriborate; and two signals at
—13 and —30 ppm with an integral intensity ratio of 2 : 1,
related to [By;H,Br]™. It can thus be concluded that the
reaction is incomplete. At the same time, the formation
of a presumably dibromo-substituted derivative was
noted in the reaction mixture, as evidenced by the
appearance of two signals at =16 and —22 ppm with an
integral intensity ratio of 1:2. After 24 h, no changes
were observed in the !'B NMR spectrum of the reaction
mixture (Fig. 2b). After addition of another 0.267 mmol
of Br,, a decrease in signal intensity at —31 ppm from
the original octahydrotriborate and an increase in signal
intensity at —13 and —30 ppm from the monobromo-
substituted derivative were observed (Fig. 2c).
Upon subsequent addition of another 0.267 mmol
Br,, the complete disappearance of the signal of the
original [B;Hg]™ and an increase in the intensity of
the signals from the mono- and dibromo-substituted
products were observed (Fig. 2d).

The addition of acetonitrile to the reaction mixture
in the ratio TBA[B;Hg] : CH;,CN = 1:1, a stronger
nucleophile when compared to bromine, leads to the
exchange reaction and the formation of the nitrile mono-
substituted product [B;H,NCCH5;].

The addition of an equivalent amount of bromine
to the mixture of triborate and amine (Et,NH, Et;N,
CoH,(NH, (INA)) in dichloromethane leads to
a substitution reaction to form the corresponding
amine-substituted products [B;H,NHEt,], [B;H,NEt;],
[B;H,INA]. The reaction proceeds incompletely both at
—50°C and at room temperature (20°C). HBr is formed
during the reaction. Most of this is used for the protonation
reaction of the amine which can also act as an inducer of
the substitution reaction. However, this reaction requires
additional heating. According to the method described
in [19], we performed interaction of triborate and
isononylamine in tetrahydrofuran at 7= 66°C. Bu,NBr
which is insoluble under these conditions precipitated.
Carrying out the reaction under the above conditions
allowed the yield of the target product [B;H,INA] to be
significantly increased. However, complete conversion
requires the addition of excess bromine. An attempt to
carry out a similar interaction with benzylamine led to
the formation of only a bromine-substituted derivative,
indicating the stronger nucleophilicity of bromine
compared to benzylamine.

The interaction of octahydrotriborate with iodine did
not lead to the formation of iodine-substituted derivatives.
However, when [B3Hg]™ interacted with triethylamine,
diethylamine and isononylamine in the presence of
iodine, the "B NMR spectra of the reaction mixtures
in all cases showed two signals characteristic of mono-
substituted derivatives with an integral intensity ratio of
2 : 1. From the amine-substituted products they were:
—14 and 26 ppm for [B;H,NHE,]; —=19.9 and —22.4 ppm
for [B;H,NEt;]; —13.0 and —30.1 ppm for [B;H,INA].
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(b)

(©)

(d)

-6 -8 -10 -12 -14 -16 -18 20 22

Fig. 2. ''B NMR spectra of a mixture of Bu,N[B;H] with Br,:
(a) 1 h after the start of the reaction,

(b) after 24 h,

(¢) after adding 0.267 mmol of Br,,

(d) after adding another 0.267 mmol of Br,

The highest yield was observed with isonononylamine.
In the preparation of substituted derivatives using iodine,
excess iodine in the reaction mixture interacts with the
substituted derivatives of the [B;Hg]™ anion to form
by-products. Column chromatography helps to get rid of
unwanted impurities but reduces the final yield of the
target product.

Interaction of [BjHg]™
with HCI in acetonitrile

Earlier in [18], a method for the preparation of
nitrilium-substituted derivative [B;H,NCCH,] using
dry hydrogen chloride was described. The authors used

24

ppm

-26 28 30 32 -34 36 38 40

tetramethylammonium salt of octahydrotriborate as
a starting substance. The interaction of (Me,N)[B;H]
with HCI in acetonitrile yielded pure acetonitrile-
substituted derivative in solution.

This study used the cesium salt of octahydrotriborate,
resulting in the relatively fast formation of CsCl
precipitate. This simplified the purification and increased
the yield of the target product [B;H,NCCH,].

Synthesis using the tetrabutylammonium salt of
octahydrotriborate in acetonitrile leads to the formation
of a mixture of acetonitrile-substituted derivative and
chlorine-substituted derivative. This can be confirmed
by the appearance in the ''B NMR spectrum of two
pairs of signals with an integral ratio of 2 : 1 at —7.6 and

66

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2024;19(1):61-71



New approaches to the synthesis
of substituted derivatives of the [BgHg]™ anion

Anna A. Lukoshkova,
etal.

—35.2 ppm from [B;H,NCCH,] and at —16 and —22 ppm
from [B;H,CI]". Signals from the latter decrease over
time. Increasing the amount of added HCl or increasing
the synthesis time leads to degradation of the obtained
products.

Interaction of [B;Hg]™ with NCS

Preparation of Bu,N[B;H-ClI]
and Bu,N[B;HGClI,]

NCS is a well-known chlorinating agent in
organic chemistry. The interaction of NCS with
octahydrotriborate anion leads to the formation
of [B;H,CI]" at the ratio Bu,N[B;Hg]:NCS =
=1:1, and to the formation of [ByH/Cl,]™ at the ratio
Bu,N[B;Hg] : NCS = 1:2 (Fig. 3). A subsequent
increase in the amount of NCS leads only to the
destruction of the boron backbone.

_ cl
H H o H H
Ny \||3/
H H
/ + N—CI — H
H_ //H H e
P P
H H ) H H
H
H H — O H cl
g’ \B/ -
H H H
+2 N—Cl — c
H\ /H H\ e !
P N
H H o) H , H

Fig. 3. Scheme of the interaction of NCS
with octahydrotriborate anion

The succinimide formed in the reaction interacts with
chloro-substituted derivatives to form by-products. This
significantly complicates the purification process and
reduces the yields of the target compounds. Carrying
out the reaction and purification of chloro-substituted
derivatives of [B;Hg]™ anion at cooling to —50°C
reduces the solubility of succinimide and, together with
its salting with diethyl ether, prevents the occurrence of
side processes.

Preparation of nitrile
and amine-substituted derivatives

The interaction of the cesium salt of octahydrotriborate
with NCS in acetonitrile leads to [B;H,NCCH,].
The reaction proceeds through the stage of formation
of the monochloro-substituted derivative and is an
exchange reaction, in which chlorine is displaced by
the nucleophilic stronger acetonitrile. The exchange
process of the nucleophilic fragment is equilibrium. The
precipitation of cesium chloride shifts the equilibrium

towards the formation of the acetonitrile-substituted
product (Fig. 4).

cs cs ¢

H

H — (o]
N
H B H
/ \ H+ N—C| —
H\B B~ RCN
H H o)

R = CHj, C4Hy, C;H;

H
\
B

H
/

/ \ .,

gl 87

H' \ﬁ/ H

cl NCR
H | H
H\B’/H \B/ )
/\ + RCN /\ , o+
Ho g s H-g B]
W H \TI/ H

H

+

Cs + CI —> CsCl ¢

Fig. 4. Scheme of the interaction of the cesium salt
of octahydrotriborate with NCS in acetonitrile

Thus, carrying out a similar reaction with the
tetrabutylammonium salt of octahydrotriborate in
acetonitrile leads to the formation of only chloro-
substituted derivatives [B;H,Cl]” and [B;H/Cl,]".
The results of the study are confirmed by 'B NMR
spectroscopy data. Two signals were observed in the
spectra of the reaction mixture (Fig. 5a) at the first stages:
at —7 and —35 ppm with the ratio of integral intensities
2 : 1, belonging to the acetonitrile-substituted derivative.
Two signals observed at —16 and —22 ppm correspond
to [B;H,CI]". After 1 h after the beginning of the reaction
there was a decrease in the intensity of signals from
the chloro-substituted derivative, until their complete
disappearance and an increase in the intensity of signals
of the acetonitrile-substituted product (Fig. 5b).

The addition of NCS to the mixture of
octahydrotriborate with various amines in toluene
also leads to the formation of substituted derivatives.
However, it significantly increases the reaction time due
to the low solubility of the reagents in toluene, while
preventing interaction of substituted products with the
formed succinimide. In contrast to the neutral substituted
derivatives thus formed, succinimide is practically
insoluble in toluene, especially at low temperature.
For this reason, the synthesis and subsequent isolation
of products were carried out at low temperatures, not
exceeding 0°C.

In organic chemistry, chlorination reactions using
NCS are described as a radical process initiated by
a quantum of light. An attempt to carry out two parallel
syntheses of monochloro-substituted octahydrotriborate
derivative using a red laboratory lamp and under
UV irradiation was proposed. According to NMR
spectroscopy, absolutely no differences were observed in
the reaction masses. Thus, it can be said that the reaction
mechanism is still not radical.
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(2)
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Fig. 5. ''B NMR spectra of a mixture of Bu,N[B;Hg] with NCS:
(a) immediately after the start of the reaction,
(b) after 1 h.

Therefore, NCS can act as a chlorinating agent both
for the preparation of chloro-substituted derivatives
of octahydrotriborate anion by direct interaction with
salts of [B;Hg]|™ anion, and for the preparation of other
substituted derivatives through the substitution of
a nucleophilic fragment.

CONCLUSIONS

All the methods mentioned above are suitable for the
preparation of substituted derivatives of the [B;Hg|
anion. Depending on the nucleophile, the choice of
method and conditions may be limited. The main factors
influencing the course of the substitution reaction are
the possible occurrence of side interactions between the
nucleophile and the inducer, steric possibilities, and the
subsequent isolation of reactive reaction products.

This study for this first time proposed the use of NCS
as an electrophilic inducer for the synthesis of chloro-
substituted, nitrilic and amine-substituted derivatives.
Also for the first time, new substituted derivatives
of [B;H,NCR], (R = Et, i-Pr, Bn), [B;H,NH,R],

(R = CyH 4, Bn) were obtained by this method.

This study also systematizes and improves the
known methods for the preparation of substituted
octahydrotriborate anion derivatives. For the preparation
of nitrilium-substituted derivatives using dry hydrogen
chloride, the use of cesium salt enables the product to
be isolated.

New methods have been developed for the preparation
of halogen-substituted Bu,N[B;H,Cl], Bu,N[B;H,Br],
Bu,N[B;H,Cl,], BudN[B;HBr,]; nitrilium-substituted
[B;H,NCR], (R = CH;, Et, i-Pr, Ph); and amine-
substituted derivatives of [ByH,NH,R], (R = CyH ¢, Bn),
[B;H,NHEt,],  [B;H,NEt;] by interaction  of
octahydrotriborate(1—) anion with halogens (Br,, I,) and
with NCS. The study also found that protonation of the
amine occurs during the preparation of amine-substituted
derivatives using bromine. In order to avoid this, the
synthesis temperature must be increased to 66°C.

When iodine is used as an inducer, its excess can
lead to a degradation of the target compound. Thus the
isolation of the target product should be carried out
immediately after complete conversion of the initial
anion [B;Hg]™.
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