Supplementary Information (Sl) for Dalton Transactions.
This journal is © The Royal Society of Chemistry 2026

Supporting information

Unlocking the Chemistry of the Octahydrotriborate Anion: Robust
Synthesis, Structural Elucidation, and Unprecedented Protonation

Stability of Diamine-Substituted Derivatives

Aleksandra T. Shulyak, Anna A. Lukoshkova, Nikita A. Selivanov, Alexey
S. Kubasov, Ivan V. Skabitskii, Andrey P. Zhdanov, Varvara V. Avdeeva,
Aleksandr Yu. Bykov, Konstantin Yu. Zhizhin, Nikolay T. Kuznetsov

Institute of General and Inorganic Chemistry, Russian Academy of Sciences, Leninskii

pr. 31, Moscow, 119991 Russia

Corresponding author: Aleksandra T. Shulyak
at.shulyak@yandex.ru



Contents

NMR AALA cuueeiiriinniiiiinneeiiinnteininneecisseeesssssescsssssescsssssesssssssesssssssesssssasssssssssssssssssssss 3
[B3H7NHLCH 1] (1) ceeevecsnninnnnsnninsnncsnncsnncsnncssncssnesssecssssssssesssssssssssssssssssssssssasssnse 5
[B:H7NHLCH(CH?)2] (2) eneecsnecseccsuensunccsaensnecsaesssnesssesssassssesssassssssssasssasssssssssssssses 6
[B3H7NHC Hg] (3) eveevnecsunnssnnnsnnssnncsenccssncssnccssecssnesssnsssssssseessascssesssssssssssssssssssssane 8
[B3H7NHLCoH 9] (4) ceeeveerunnssnensnnssunnsancssansssnssssesssnesssesssnssssesssassssssssssssasssssssssssssaes 9
[B:H;NH,C H 1 NHG CF3C OO0 (5) conueicnennnnecsnnnsnecsnensnecssenssnncssessssesssessssessssssns 11
[B:H;NH,CsH i gNHG]CEF3C OO0 (0) connneennnennnnensnnnsnnensannsnessaensnesssnssssesssssssssssassans 12
[B:H;NH,CoH i sNHG CEF3C OO0 (7) ceeneecnensnecsnnnsnecsnnnsnecssenssaecssessssesssnssssesssasens 14
[B:H;NH,CgH0NH3]CF3CO00 (8) cuueerinensnensunnsnensnnnsnessannssnesssnssssessassssssssasssns 15
[B:H;NH,C 1, HpyNH3 | CF3C 00 (9) cnneicneinennsnensnensnensnecssensnecssessssesssnssssesssesens 17
[B:H;NHCGHANH ] CI (10) auccneeiineinnenisnniseecsanisnncssncssscssecssncssassssssssssssssessessns 18
[B:H/NH,CoHUNH(C3Hs)a [ Cl (1) uueiiieneicinnncsnnncssnescssncssnsncsssessssssssnsscssssssssses 20
[B:H;NHCHANHCHS] (12) cnuiiiieineccsnensnncsnnnsnicssncssnecssncssncssesssssessasssssessasens 21
[B:H7NHLC3HGN(CH3)2 )L (13) eniecnennnnccsnensnecsnensnecssesssnesssnsssaesssassssessssssssessassens 23

| B 2 L TP 25

X-Ray Diffraction data ..........ecoeeeivseiissieinsenissecsssnecsssencssseesssecssssessssessssscssssecs 25



NMR data

Table S1. !'B values of chemical shifts of substituted derivatives obtained in this work

Substituent 2B, 6, ppm 1B, o, ppm Solvent
i-PrNH, -8.33 -30.10 CDCl;
BuNH, -8.18 -29.80 CDCl;
CoHsNH, -8.18 -29.80 CDCl;
Ce¢H NH, -10.23 -30.55 CDCl;
ethylenediamine -10.86 -29.16 THF
1,2-propylenediamine -10.11 -29.32 THF
-8.88 -29.35
N, N-dimethylaminopropylamine THF
-18.81 -20.60
N, N-diethylaminoethylamine -10.42 -29.45 THF
1,7-diaminoheptane -11.50 -29.50 THF
1,8-diaminooctane -13.09 -31.20 THF
1,9-diaminononane -13.05 -31.09 THF
1,10-diaminodecane -13.20 -31.09 THF
1,12-diaminododecane -11.83 -29.91 THF
ortho-phenylenediamine -10.07 -28.75 THF
ortho-N-phenylphenylenediamine -8.76 -28.49 CDCl4
Table S2. 'H values of chemical shifts of pure ligands and products
Ligand formula Group Free ligand, ppm Compound, ppm | Shift, ppm Solvent
N T G O
NH, 1.22 1.73 0.51
NH,CH(CH;), CH, 3.10 3.28 0.18 CDCl,
CH; 1.07 1.44 (1.42) 0.37 (0.35)
NH,C.H, NH, 1.42 1.57 0.15 CDCl,




CH, 2.68 2.87 0.19
NH 1.14 221 1.07
NH;CoHu CHz 2.67 3.43 0.76 CDCl,
NH;* - 10.87 i
NH,C-HiNH; NH, 1.09 4.86 3.77 THE-d
CH, 2.62 3.63 1.01
NH;" - 10.90 ;
NH,C;sH;sNH, NH, 1.09 4.86 3.77 THF-ds
CH, 2.62 3.62 1.00
NH;" - 10.87 ;
NH;CoHisNH, NH, 1.13 4.86 3.65 THE-d,
CH, 2.67 3.63 1.01
NH;" - 10.86 ;
NH,CoHNH, NH, 1.15 4.86 3.61 THF-dg
CH, 2.68 3.64 0.96
NH;" - 10.87 ;
NH,C:,H,NH, NH, 1.18 4.86 3.68 THF-dg
CH, 2.70 3.62 0.92
NH," - 8.89 ;
NH,C H,NH, THF-dg
NH, 436 7.78 331
NH;" - 12.30 ;
NH,C,H,N(C,Hs), NH, 4.18 5.97 1.79 THF-dg
CH, 2.50 3.35 0.85
CH, 2.72 3.17 0.45
NH, - 12.45 ;
NH,C;H¢N(CH;), NH, 1.15 4.51 3.36 THF-dg
CH, 2.74 3.66 0.92
CH, 2.25 2.73 0.48
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Fig. S1 ''B NMR spectra of (1) in CDCl;
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Fig. S2 'H NMR spectra of (1) in CDCl;
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Fig. S3 BC'H NMR spectra of (1) in CDCl;
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Fig. S4 "B NMR spectra of (2) in CDCl,
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Fig. S6 3*C'H NMR spectra of (2) in CDCl;



[B;H,NH,C4Hy] (3)
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Fig. S7 "B NMR spectra of (3) in CDCl;
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Fig. S8 '"H NMR spectra of (3) in CDCl;
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Fig. S9 3C'H NMR spectra of (3) in CDCl;

[B;H;NH,CoH9] (4)

8.53
—-30.08

—— T T T T T T T T T T T T T T T T T T T T T T T
60 55 50 45 40 35 30 25 20 15 10 5 O -5 -10 -15 -20 -25 -30 -35 -40 -45 -50 -55 -60 -65 -70 -75 -80 -85 -90
1 (ppm)



Fig. S10 "B NMR spectra of (4) in CDCl;
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Fig. S11 'H NMR spectra of (4) in CDCl;
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Fig. S12 BC'H NMR spectra of (4) in THF-dg
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[B;:H,NH,C,H4NH;]CF3COO (5)
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Fig. S13 "B NMR spectra of (5) in THF-dg
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Fig. S14 "H NMR spectra of (5) in THF-dg
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Fig. S15 BC'H NMR spectra of (5) in THF-dg

[B;H,NH,CsH;sNH;]CF;COO (6)
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Fig. S16 "B NMR spectra of (6) in THF-dg
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Fig. S17 "H NMR spectra of (6) in THF-dg
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Fig. S18 BC'H NMR spectra of (6) in THF-dg
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[B;:H,NH,CoH;sNH;3]CF3COO (7)
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Fig. S19 "B NMR spectra of (7) in THF-ds
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Fig. S20 'H NMR spectra of (7) in THF-dg
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Fig. S21 BC'H NMR spectra of (7) in THF-dg
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Fig. S22 "B NMR spectra of (8) in THF-ds
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Fig. S23 'H NMR spectra of (8) in THF-dg
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Fig. S24 BC'H NMR spectra of (8) in THF-dg
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[B:H;NH,C,,H,sNH;]CF;COO (9)
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Fig. S25 "B NMR spectra of (9) in THF-dg
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Fig. S26 "H NMR spectra of (9) in THF-dg
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Fig. S27 BC'H NMR spectra of (9) in THF-dg
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Fig. S29 "H NMR spectra of (10) in THF-dg
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Fig. S30 BC'H NMR spectra of (10) in THF-dg

19



[B;H,NH,C,H,NH(C,Hs),]C1 (11)

—-10.27
—-29.45

50 45 40 35 30 25 20 15 10 5 0 -5 -10 -15 -20 -25 -30 -35 -40 -45 -50 -55 -60 -65 -70 -75 -80 -85 -90 -95 -100
1 (ppm)

Fig. S31 "B NMR spectra of (11) in THF-dg
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Fig. S32 'H NMR spectra of (11) in THF-dg
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Fig. S33 BC'H NMR spectra of (11) in THF-dy
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[B;H,NH,C3;HgN(CH;),]1 (13)
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IR data

Table S3. Selected maxima of absorption bands in the IR spectra of octahydrotriborate derivatives.

Complexes v(B-H), cm! V(N-H), em! V(B-N), em
) 2502, ggig, 2333 3318 1181
) 2495, ;g;i 2328 3324 1192
3 2510, gggi, 2336 3391 1165
4 2498, gg?g 2341 3258 1198
5 2503, ggg?, 2334 3364 1162
6 2504, gg% 2336 3083 1166
. 2497, 33(3);1, 2340 180 1161
g 2501, 333471 2330 3283 1155
9 2505, ?4913213 2324 3076 1158
0 2512, ?gg?, 2435 3277 1112
» 2521,?49123, 2441 3156 1160
N 2510, Tf;lgg 2430 3234 1123
3 2523, 33(7); 2434 3229 1162

X-Ray Diffraction data

Table S4. Hydrogen-bond geometry of la

D-H...A d(D-H), A | d(H-A), A | d(D-A), A | D-H-A, °

NI-HIA...CII1 | 0.933) | 243(3) | 3.260Q2) | 147(2)

NI-HIB...Cl12 | 0.88(3) | 242(3) | 3.3032) | 178(2)

N2-H2A...CI11 | 091(3) | 233(3) | 3.2252) | 168(Q2)

N2-H2B...Cll | 0.88(3) | 2.333) | 3.207Q2) | 173(2)
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Table S5. Selected bond length for compounds 1, 11-13, A.

Bond 1 11 12 13
N-C 1.505(2) 1.486(1) 1.460(3) 1.494(4)
B-N 1.590(2) 1.601(1) 1.632(3) 1.598(5)
1.819(2) 1.840(1) 1.848(4) 1.850(6)
B1-B2(B3) 1.803(2) 1.852(1) 1.834(4) 1.857(6)
B2-B3 1.752(2) 1.721(1) 1.730(4) 1.730(6)
B2-Hbr 1.21(2) 1.27(1) 1.20(3) 1.23(5)
B3-Hbr 1.37(2) 1.23(1) 1.25(3) 1.26(4)
1.17(2) 1.09(1) 1.01(2) 1.04(4)
av. BI-H 1.08(2) 1.09(1) 1.06(2) 1.16(4)
av. B2(3)-Hterm 1.14 1.1 1.1 1.11
Table S6. Hydrogen-bond geometry of 11 and 13
Compound D-H...A d(D-H)/A d(H-A)/A d(D-A)/A D-H-A/°
NI-HIA...CI1! 0.880(10) 2.434(10) 3.3041(6) 169.9(8)
N1-HIB...Cl1? 0.880(10) 2.443(10) 3.2701(6) 156.8(8)
11
N2-H2...Cll 0.876(10) 2.249(10) 3.0874(6) 160.2(9)
1-X,1-Y,1-Z; 2+X,-1+Y,+Z
NI-HIA...Il! 0.97(4) 2.72(4) 3.629(3) 156(3)
13 N2-H2.. 11 0.84(4) 2.78(5) 3.505(3) 146(4)
1-X,1-Y,1-Z
Table S7. Crystal data and structure refinement for all compounds studied.
Compound la 1 11 12 13
Empirical
forII)Iluila C12HxBCIN, CsH20B3N CsH24B3CIN, | CjoH9B3N; |CsHpBs3IN,
Formula 246.62 138.66 192.15 223.72 269.57
weight
Temp‘;?t“re’ 150.00 100.00 100.00 100.00 100.00
Crystal system| orthorhombic orthorhombic monoclinic |orthorhombic| triclinic
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Space group Pbca Pbca P2,/c Pbca P-1
a, A 10.9652(18) 9.3751(7) 10.76403) | 7.6448(6) | 7.4110(4)
b, A 10.781(2) 9.4843(7) 7.0083(2) |18.0943(14)] 8.4211(5)
¢, A 25.738(11) 21.4916(15) | 16.6109(5) | 19.011(2) |10.3215(7)
B, ° 90 90 97.7510(10) 90 94.477(3)
Volume, A’ 3042.7(15) 1911.0(2) 1241.63(6) | 2629.8(4) | 622.53(7)
Z 8 8 4 8 2
deates g/em? 1.077 0.964 1.028 1.130 1.438
4, mm’! 0.231 0.051 0.264 0.064 2.525
F(000) 1088.0 624.0 424.0 960.0 268.0
Radiation MoKa (A = MoKa (A = MoKa (A= | MoKa (A= | MoKa (A=
0.71073) 0.71073) 0.71073) | 0.71073) | 0.71073)
-13<h<14, \12<h<12, |-l14<h<14,| -9<h<9, [-9<h<9,
Index ranges -15<k<11, -12<k <12, 9<k<9, [-23<k<22,|-10<k<9,
-17<1<36 28<1<28 | -23<1<23 |-24<1<I18|-12<1<12
Rce(f}fecctt‘;’(‘i‘s 11014 23559 72620 14171 5261
Independent 2308 [Rip = 3485 [Riny = | 3010 [Rjn; = |2405 [Rin =
reflections | 1225 [Rin = 0.0502] 0.08[09j 0.03567]t 0.06[43]t 0.02[87]t
Goodnessof: 1.010 1.041 1.030 1.030 1.033
. R, =
indexen [loczq K1 = 00520, R=00525, | R;=0.0223, K120 0.0086,
por WR,=0.1160 WR,=0.1200 |WR,=0.0617| ' 72 wR, =
0.0687
. R, =
inﬁ;‘;'s 1;‘11 R, =0.1188, R, =0.0719, |R,=0.0241, | 21320260’ 0.0316,
data) wR; = 0.1590 WRy=0.1317  |WR,=0.0626 ' 20 :(1}7202
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