Reaction of Hydrogen Halides with Tetrahydroborate
Anion and Hexahydro-closo-hexaborate Dianion

Igor E. Golub*, Oleg A. Filippov, Natalia V. Belkova, Lina M. Epstein, and Elena S. Shubina*

A. N. Nesmeyanov Institute of Organoelement Compounds, Russian Academy of Sciences
(INEOS RAS), 28 Vavilova St, 119991 Moscow, Russia; h-bond@ineos.ac.ru (O.A.F.); nataliabelk@ineos.ac.ru (N.V.B.);
epst@ineos.ac.ru (L.M.E.)
* Correspondence: seraph347@gmail.com (I.E.G.); shu@ineos.ac.ru (E.S.S.)

Supplementary Materials

Table S1. M06-computed geometric parameters (distances rx-v) in A, angles in °) of dihydrogen-bonded (DHB)
complexes (INTnPHB) of [BHu-vXx]- (x = 0-3) with HX (X =F, Cl, Br), their formation energy (AG/mecN and AHMecn in
kcal/mol), electron densities in (+3;-1) critical point of H--H bond (o. in au), Laplacian of electron density at critical
point (V2o in au), bond ellipticity (), energy of H--H interaction (Ex-u= 0.5 - V(r)[1, 2] in kcal/mol) and donation energy
(E? in kcal/mol) from o(B-H) to o*(H-X) estimated from 2"9-order perturbative analysis of donor acceptor interactions
within natural-bond orbital (NBO) analysis. S3

Table S2. MO6-computed geometric parameters (distances roy) in A, angles in °) of H: complexes of
X [(H2)BHuXx]- (n=1-2, X=Cl, Br) (INTn™2), their formation energy (AG/mecn and AHfmecn in kcal/mol), donation
energy (Ez in kcal/mol) from o(B-H/X) to o*(H-H-B) (E?1), from o(H-H-B) to 0*(B-H/X) (E%) and from p(X) to o*(H-
H-B) (E%) estimated from 2nd-order perturbative analysis of donor acceptor interactions within natural-bond orbital
(NBO) analysis, QTAIM energy of H>-H, H-~H and B-~H interactions (Ex-y=0.5 - V(r)[1, 2] in kcal/mol). S3

Table S3. Hydride affinity (HA29sx in kecal/mol) of [BHu-Xx]" (x = 0-3) (X = F, Cl, Br). Hybridization of boron orbitals
in B-H moieties, QTAIM delocalization indices (DI) of BH bond in of [BHu-Xx]" (X=F, Cl, Br). Hydride (HDAmecn in
kcal/mol) and proton (PDAwmecn in keal/mol) donor abilities for Li[BHu-xXx] in MeCN. 54

Table S4. QTAIM delocalization indices (DI) and Wiberg bond indices (WBI) for H--H contacts, their differences for

XH and HB bond and hybridization of boron orbitals in BH moieties of M06-computed geometries of DHB complexes
for [BHu-»Xx]~ (x = 0-3) with HX (X=F, Cl, Br) (INTnP"). S4

Figure S1. M06-calculated energy profile (AG°mecn in kcal/mol) of the reaction of BH4~ with HF in MeCN. S5
Figure S2. wB97XD-calculated energy profile (AG°mecn in kcal/mol) of the reaction of BH+ with HF in MeCN. S5
Figure S3. wB97XD-calculated energy profile (AG°mecn in kcal/mol) of the reaction of BH+ with HCl in MeCN. S6
Figure S4. M06-calculated energy profile (AG°mecn in kcal/mol) of the reaction of BHs~ with HBr in MeCN. S7
Figure S5. wB97XD-calculated energy profile (AG°mecn in kcal/mol) of the reaction of BHs~ with HBr in MeCN. S7
Table S5. Free Gibbs activation energy in acetonitrile (AG°mecnt in kcal/mol) of the transition state of Hz elimination
(TSnf™yx) and concerted transition state of proton-hydride transfer/Ha elimination (TSn®©NChx) for reaction of BH4
with HX (X =F, Cl, Br) and their M06-optimized geometric parameters. S8
Table S6. Free Gibbs activation energy in acetonitrile (AG°mecnt in kcal/mol) of the transition state of Hz elimination

(TSnF™Mpx) and concerted transition state of proton-hydride transfer/H: elimination (TSn®N¢ux) for reaction of BH4+
with HX (X =F, Cl, Br) and their wB97XD-optimized geometric parameters. S8

S1



Table S7. Free Gibbs activation energy in dichloromethane (AG°pcmtin keal/mol)[5] of the concerted transition state of
proton-hydride transfer/H: elimination (TS®°NCron) for reaction of BHs~ with HOR [ROH = MeOH, CFsCH:0H (TFE),
(CFs)2CHOH (HFIP)] and their M06-optimized geometric parameters. S10

Table S8. Hydride (HDAwmecn in kcal/mol) and proton (PDAwmecn in kecal/mol) donor abilities for [BsH—Clx]?
(x =0-5) in MeCN. 510

Table S9. MO6-computed geometric (distances r-v) in A, angles in degrees) parameters of hydrogen-bonded
complexes of [BsHeCL]? (x = 0-5) with HCI (INTn'B), their formation energy (AG/°mecN and AHPmeen in keal/mol),
electron densities at the H---B(B2) bond (+3;-1) critical point (oc in au), Laplacian of electron density at critical point
(V20cin au), bond ellipticity (¢) and energy of H--B(B2) interaction (Ex-8@2= 0.5-V(r) [1, 2] in kcal/mol) and donation
energy (E?us in kcal/mol) from o(B-B-B) to o*(H—Cl) estimated from 2nd-order perturbative analysis of donor acceptor
interactions within natural-bond orbital (NBO) analysis. S11

Table S10. M06-computed geometric (distances rocy) in A, angles in degrees) parameters of hydrogen bonded
complexes of ClI-[fHBsHeCl]~ (x = 0-5) with HCl, their formation energy (AG/°mecn and AHPmeen in kcal/mol),
electron densities at the H---B(B2) bond (+3;-1) critical point (0c in au), Laplacian of electron density at critical point
(V2ocin au), bond ellipticity (¢) and energy of H---B(B2) interaction (En-s@2= 0.5-V(r) [1, 2] in kcal/mol). S11

Table S11. M06-computed geometric parameters (distances ry) in A, angles in °) of H> complexes of
CI[(Hz2)BsHsClx]- (x = 0-5) INTnH?), their formation energy (AG/mecn and AHmecn in kecal/mol), electron densities
in (+3;-1) donation energy (E? in kcal/mol) from o(B-H/Cl) to o*(H-H-B) (E%), from o(H-H-B) to o*(B-H/Cl) (E%) and
from p(Cl) to o*(H-H-B) (E%) estimated from 2n-order perturbative analysis of donor acceptor interactions within
natural-bond orbital (NBO) analysis. S12

Figure S6. M06-optimized geometries of the protonated forms [*HBsH(6-Clx]™ (x = 0—4) and their free Gibbs

formation energies (AG/°mecn in keal/mol). S13

Figure S7. wB97XD-calculated energy profile of halogenation of [BsHs—xClx]>(x = 0-5) by HCI for the pathway:
[BsHs]2~ = 1-[BsH5Cl]- = 1,2-[BeHsCL]?" (cis) = 1,2,3-[BsHsCl]> (fac) = 1,2,3,4-[BsH2Cla]> (cis) — 1,2,3,4,6-[BeHCls]2.
S14

Table S12. Activation barriers (AG°mecn1, in kcal/mol) for TSs for the reaction of [BexHs]*” with HCI (pKaMeeN=10.3) in
MeCN computed at the wB97XD/6-311++G(d,p) theory level. 515

References S16

S2



Table S1. M06-computed geometric parameters (distances rocy) in A, angles in °) of dihydrogen-bonded (DHB) complexes (INTPHB) of [BHu-Xx]- (x =0-3) with

HX (X = F, Cl, Br), their formation energy (AGfmecn and AHPMeen in kcal/mol), electron densities in (+3;-1) critical point of H-+H bond (oc in au), Laplacian of

electron density at critical point (V?Qc in au), bond ellipticity (), energy of H--H interaction (En--n=0.5-V(r) [1, 2] in kcal/mol) and donation energy (E? in kcal/mol)
y p puaty 8y 3

from o(B-H) to o*(H-X) estimated from 2"-order perturbative analysis of donor acceptor interactions within natural-bond orbital (NBO) analysis.

DHB complex I'(Hy-Hp) T'(XH) Aroxm ZXH-H T'HB) Arms) /H-HB AGPMecn AHfmecN Qc V20 € En-n E2
1.499 159 1.235 -0.002 100 16.1

HsBH---HF 1974 0.951 0.027 131 1923 0,014 79 2.7 -4.9 0.036 0072 025 -8.0 8
FH.BH—--HF 1.440 0950  0.026 172 1.243 0.005 105 2.6 -4.3 0.039 0074 013 -92 192
F-HBH---HF 1.425 0.948 0.024 179 1.245 0.008 111 4.5 -3.7 0.039 0.082 008 -92 186
FsBH—--HF 1.469 0942  0.018 179 1.236 -0.001 113 5.1 -2.5 0.034 0075 008 -76 157
HsBH-—--HCl 1.580 1.324  0.031 172 1.236 -0.001 103 3.4 -4.2 0.031 0.064 013 -56 155
CIH2BH--HCl 1.641 1.315 0.021 171 1.220 -0.017 106 3.8 -3.7 0.026 0.061 016 -44 10.6
Cl.HBH—-HCl 1.656 1.308 0.014 174 1.209 -0.028 117 44 -34 0.023 0.058 010 3.7 7.3
ClsBH-~-HCl 1.715 1.305 0.011 178 1.201 -0.037 118 5.1 -2.5 0.020 0.052 0.09 3.0 5.0
Hs:BH---HBr 1.726 1452  0.024 169 1.234 -0.004 103 3.6 -3.7 0.023 0053 015 =35 9.5
BrH:BH---HBr 1.797 1444  0.017 165 1.217 -0.020 104 3.9 -3.6 0.020 0.048 019 -29 6.2
Br.HBH---HBr 1.840 1.439 0.011 160 1.204 -0.033 113 4.4 -3.0 0.017 0043 013 -24 3.6
BrsBH—--HBr 1.850 1.437  0.009 163 1.196 -0.041 115 4.2 -3.0 0.016 0.041 002 =22 3.0

Table S2. M06-computed geometric parameters (distances rx-v) in A, angles in °) of n2-Ha complexes of X[(H2)BHuxXx]" (x = 1-2, X= Cl, Br) INTn™2), their
formation energy (AG°mecn and AHmecn in kcal/mol), donation energy (Ez in keal/mol) from o(B-H/X) to o*(H-H-B) (E%), from o(H-H-B) to o*(B-H/X) (E%)
and from p(X) to 0*(H-H-B) (E%) estimated from 2nd-order perturbative analysis of donor acceptor interactions within natural-bond orbital (NBO) analysis,
QTAIM energy of H>-H, H-~H and B-H interactions (Ex-v=0.5-V(r) [1, 2] in kcal/mol).

n2-Hz rE-"  re-H)  Are-H)  TG-Hy  Ye-H2 Are-n2  reEz-x  Aree-x  AGPmMeen  AHPmMeen' € En E2 E% Em2-x  En-n EB-m
complex
13.3 3.7 157
Cl~(H2)BHs 0.841 1.351 0.124 1327 1432 0205 2272 0978 3.8 -3.7 29 1.1 1'2 -39 -63.8 -64.9
23 13 )
120 42 3.7
Br-(H2)BHs 0.846 1.343 0.116 1.340 1464 0237 2302 1.008 8.0 0.2 21 14 2’1 4.6 -63.1 -644
20 14 ’
88 11,5 38.1
Cl~(H2)BHCl 0.853 1.342 0.115 1.363 1.508 0.281 2.042 0.748 11.7 3.0 79 51 33 -80 -61.7 -633
46 33 15
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Table S3. Hydride affinity (HA29k in kcal/mol) of [BHu-Xx]" (x = 0-3) (X = F, Cl, Br). Hybridization of boron
orbitals in B-H moieties, QT AIM delocalization indices (DI) of BH bond in [BHu-vXx]~ (X = F, Cl, Br). Hydride
(HDAwecn in kcal/mol) and proton (PDAwmecn in keal/mol) donor abilities for Li[BHu-Xx] in MeCN.

Molecule HA 298¢ Molecule (spM) B-H DI (BH) Molecule HDAwmecn®  PDAwmecn
BHs 73.7 BH4+ 3.0 0.537 LiBH4 64.86 96.51
FBH: 63.2 [BHsF]- 2.7 0.503 Li[BHsF] 54.64 104.37
F-BH 60.0 [BH2F2]- 25 0.468 Li[BH:F] 53.12 107.48

FsB 70.5 [FsBH]- 21 0.442 Li[BHFs] 61.08 101.22
CIBH: 80.9 [BHsCl]- 2.6 0.544 Li[BHsCl] 65.34 88.23
CLBH 88.1 [BH:CL2]- 24 0.548 Li[BH2Cl] 69.80 93.85

Cl:B 95.8 [BHCIs]- 22 0.552 Li[BHCls] 73.02 85.49
BrBH: 87.3 [BHsBr]- 2.6 0.553 Li[BHsBr] 69.47 88.97
Br.-BH 97.3 [BH2Br2]- 24 0.571 Li[BH:2Br>] 74.67 88.81
BrsB 104.9 [BHBr:]- 2.0 0.592 Li[BHBr3] 77.60 83.47

2Calculated values are taken from [3]. ® Calculated values are taken from [4].

Table S4. QTAIM delocalization indices (DI) and Wiberg bond indices (WBI) for H---H contacts, their differences
for XH and HB bond and hybridization of boron orbitals in BH moieties of M06-computed geometries of DHB
complexes for [BHu-Xx]~ (x = 0-3) with HX (X =F, Cl, Br) (INTPHS),

DHB complex Dlgn-np  ADIxay  ADIms ~ WBlgw-np AWBIxwy AWBIwm»  H-B(spM)
FLBH-HF 0.082 0,060 -0.046 0.078 0164 -0.098 3.2
0.022 -0.009 0.009 -0.010 3.0
FH:BH---HF 0.095 -0.057 -0.053 0.105 -0.142 -0.133 3.0
F-HBH---HF 0.097 -0.052 -0.052 0.057 -0.120 -0.143 27
FsBH--HF 0.087 -0.045 -0.046 0.102 -0.093 -0.124 23
HsBH~—-HClI 0.111 -0.161 -0.047 0.079 -0.161 -0.119 3.2
CIH:BH~-HCI 0.094 -0.131 -0.038 0.057 -0.110 -0.087 2.8
CLHBH~-HCI 0.084 -0.104 -0.036 0.044 -0.068 -0.071 2.5
CI:BH~-HCl 0.074 -0.083 -0.032 0.033 -0.046 -0.051 2.3
HsBH---HBr 0.094 -0.145 -0.034 0.049 -0.124 -0.080 3.1
BrH2BH---HBr 0.077 -0.122 -0.028 0.032 -0.087 -0.055 2.7
Br.HBH---HBr 0.064 -0.100 -0.024 0.021 -0.054 -0.039 2.5
BrsBH—-HBr 0.063 -0.089 -0.025 0.018 -0.047 -0.033 2.3
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Figure S1. M06-calculated energy profile (AG°mecn in kcal/mol) of the reaction of BH4~ with HF in MeCN.
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Figure S2. wB97XD-calculated energy profile (AG°mecn in kcal/mol) of the reaction of BHs~ with HF in MeCN.

wB97XD/6-311++G(d,p) TSnCONC, AG®ycy in keal/mol, 298 K

323

—n=1x=0 31.1

—n=2;x=1
—n=3;x=2 F~[(H,)BH;_,F,]-
—n=4;x=3

INTnPHB,

4.2

0

[BH_,F,I"+ HF iy
x=0-3

-17.4

-23.2

[BH; F iyl +H,

S5



Figure S3. wB97XD-calculated energy profile (AG°mecn in kcal/mol) of the reaction of BHs+™ with HCl in MeCN.
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Figure S4. M06-calculated energy profile (AG°mecn in kcal/mol) of the reaction of BHs~ with HBr in MeCN.
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Figure S5. wB97XD-calculated energy profile (AG°mecn in kcal/mol) of the reaction of BHs~ with HBr in MeCN.
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Table S5. Free Gibbs activation energy in MeCN (AG°mecn*ePan) in kcal/mol) of the transition state of Hz
elimination (TSnF'™ux) and concerted transition state of proton-hydride transfer/H: elimination (TSn®NCux) for

reaction of BHs™ with HX (X =F, C], Br) and their M06-optimized geometric parameters (distances rx-v) in A).

Mo06 TS AG°MmecnT (span) (B--Hy) IH-H) TH-X) I(B-X)
TS1CONCyE 30.1 2.452 0.760 2.030 2.969
TS2CONCyp 22.4 1.940 0.781 1.818 3.335
TS3CONCyE 22.0 1.895 0.806 1.595 3.304
TS4CONCp 28.9 1.926 0.799 1.627 3.306
TS1ELMyc 9.1 2.631 0.755 2.661 3.528
TS2ELMyc 12.9 1.861 0.773 2.460 3.945
TS3CONHc 19.2 1.825 0.789 2.195 3.913
TS4CONCy(qy 26.1 1.902 0.796 2.086 3.956
TS1ELMpp; 14.6 2.528 0.758 2.741 3.725
TS2CONCyp, 16.9 2.004 0.772 2.563 4.231
TS3CONCyp, 239 2.008 0.789 2.303 4.282
TS4CONCyp, 29.5 1.837 0.795 2.226 4.355

Table S6. Free Gibbs activation energy in MeCN (AG°meen*Pam in kcal/mol) of the transition states of Hz elimination

(TSnE™Mpx) and concerted transition state of proton-hydride transfer/Hz elimination (TSn“©NCux) for reaction of

BHs with HX (X =F, Cl, Br) and their wB97XD-optimized geometric parameters (distances rx-v in A).

wB97XD TS AG°Mecntspan) T(B-Hy T(H-H) TH-X) 1B-X)
TS1CONCyp 323 2.647 0.756 2.079 3.164
TS2CONCyp 23.1 1.993 0.773 1.864 3.500
TS3CONCE 229 1.870 0.798 1.611 3.326
TS4CONCyp 31.1 1.921 0.789 1.665 3.350
TS1ELMpy( 10.1 2.882 0.749 2.845 3.784
TS2ELMc 12.8 1.933 0.763 2.641 4.140
TS3CONCyy 20.1 1.798 0.776 2.327 4.020
TS4CONCy( 28.6 1.859 0.785 2.147 3.960
TS1ELM, 13.1 2.684 0.752 2.834 3.935
TS2CONCyp, 14.3 2.049 0.763 2.682 4.299
TS3CONCHp, 22.6 1.955 0.777 2.391 4.295
TS4CONCyp, 29.2 2.042 0.786 2.257 4.355
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Table S7. Free Gibbs activation energy in dichloromethane (AG°pcm? in keal/mol)[5] of the concerted transition
state of proton-hydride transfer/H: elimination (TSCONCron) for reaction of BHs~ with HOR [ROH = MeOH,
CFsCH:0H (TFE), (CF3):CHOH (HFIP)] and their MO6-optimized geometric parameters.

Name of TS AG°pcemt I'(B-H2) I'(H-H) I'(H-0) I'B-0)
TS1CONC\e0H 53.3 2.125 0.828 1.565 2.646
TS2CONCye0H 30.1 2.335 0.810 1.692 3.539
TS3CONCyte0H 21.9 2.134 0.883 1.400 3.462
TS4CONCy1e0H 18.8 2.260 0.930 1.312 3.541
TS1CONCrpg 445 2.183 0.789 1.788 2.800
TS2CONCrpg 26.1 2.012 0.815 1.652 3.240
TS3CONCrpg 24.3 1.951 0.863 1.436 3.268
TS4CONCrpg 21.6 2.026 0.899 1.349 3.258
TS1CONCpp 35.1 2.233 0.744 1.924 2.847
TS2CONCpp 21.3 2.291 0.788 1.799 3.246
TS3CONCpip 16.72 1.912 0.859 1.440 3.270

aThis value was calculated for the model reaction of [((CFz)2CHO)((CFs)(CHs)CHO)BHz]~ with (CF3)2CHOH (HFIP)

Table S8. Hydride (HDAwmecn in kcal/mol) and proton (PDAwmecn in kcal/mol) donor abilities for [BeHsClx]*

(x=0-5) in MeCN.

Molecule HDAwMecN PDAmecn

[BsHs]> 71.94 106.58

[1] [BsClIHs)2- BHeq 76.55 BHax 80.01 BHeq 103.11 BHax 102.41

[1,2] (cis) [BeCloHa]> BHeis 80.97 BHtrans 84.67 BHeis 100.42 BHerans 99.70
[1,6] (trans) [BeCloHa]> 81.06 100.05
[1,2,3] (fac) [BeClsHs]> 88.60 96.64

[1,6,2] (mer) [BeClsHs]> BHeis 84.89 BHurans 88.63 BHeis 97.23 BHerans 96.42
[1,2,3,4] (cis) [BeClaH2]> 92.54 95.67
[1,6,2,4] (trans) [BeClaH2]> 88.43 91.71
[1,2,3,4,6] [BsCLIsH]*> 95.65 89.27

S9



Table S9. M06-computed geometric (distances rx-v) in A, angles in degrees) parameters of hydrogen-bonded complexes of [BsHeCl]*™ (n = 0-5) with HCI (INTHB),

their energy formation energy (AG/MN and AH/Me™N in kcal/mol), electron densities at the H---B(Bz) bond (+3;-1) critical point (o in au), Laplacian of electron density

at critical point (V2ocin au), bond ellipticity (¢) and energy of H-B(B2) interaction (Eu-8@2= 0.5-V(r) [1, 2] in kcal/mol) and donation energy (E%s in kcal/mol) from

o(B-B-B) to o*(H-Cl) estimated from 2nd-order perturbative analysis of donor acceptor interactions within natural-bond orbital (NBO) analysis.

TSiso TSIs0

N INTHB3 TSPT frcapx fretace THx-By)  row)  Arc)  LXH-B;  AGPMecN  AHPMecN o8 V2pe F En-86y  E2mp
[BsHe]2-HC1 0.7 20.1 17.3 2.006 1.339 0.045 180 1.8 -6.9 0.026 0.046 0.01 -3.7  9.77

[1] [B¢CIHs5)2-HCl  1.3/2.3 19.8/19.0 14.7/142 2.021 1.336 0.042 179 1.9 -6.7 0.026 0.046 0.03 -3.6 9.29
[1,2] (cis) BeClH4]>--HCl  2.1/2.2 19.4/17.9 11.6 2.037 1.333 0.039 179 2.1 -6.4 0.025 0.046 0.01 -3.4 9.14
[1,6] (trans) [BsCl2Ha]?~-HCl 3.6 16.7 14.2 2112 1.326 0.032 179 2.6 -6.0 0.022 0.044 030 -3.0 8.52
[1,2,3] (fac) [BsClsH3]?--HCl 2.1 17.4 13.3 2.058 1.330 0.036 179 2.2 -6.1 0.024 0.045 0.04 -3.2 8.81
[1,6,2] (mer) [BsClsHs]>-HCl  3.9/4.2 16.0/15.0 10.6 2,121  1.325 0.031 178 2.6 -5.9 0.022 0.044 032 -3.0 8.41
[1,2,3,4] (cis) [BsClsH2]*-HCl 4.8 13.8 104 2133  1.323 0.029 178 2.7 -5.8 0.021 0.043 033 -29 8.23
[1,6,2,4] (trans) [BsClsH2]?--HC1 7.2 - 9.5 2235 1316 0.022 179 2.7 -5.5 0.018 0.040 0.55 24 7.56
[1,2,3,4,6] [BeClsH]?-HCl 8.0 - 7.9 2234 1315 0.021 178 2.7 -5.5 0.018 0.039 0.52 2.4 7.49

Table S10. M06-computed geometric (distances roc-v in A, angles in degrees) parameters of hydrogen bonded complexes of Cl-[*HBsHs-CL]~ (x = 0-5) with HCI,

their energy formation energy (AG/MN and AH°ecN in kcal/mol), electron densities at the H---B(Bz) bond (+3;-1) critical point (o in au), Laplacian of electron density

at critical point (V?0cin au), bond ellipticity (¢) and energy of H---B(B2) interaction (Ex-s@2= 0.5-V(r)[1, 2] in kcal/mol).

N HB3 complex TSPT2nd  TSPTandeew  THx-B9  roan  Aroan  £XH-B;  AGPMecN  AHPMecN pe Vzpe € En-8)
CI- - [f“HBsHe]~-HC1 9.5 3.8 2.122 1.314  0.390 180 3.9 -4.1 0.020 0.044 0.01 -2.7
[1] (cis) CI- - [f*“HB¢CIH5] ~-HCl 11.1 2.8 2.143 1.312  0.388 178 7.0 -1.2 0.019 0.043 0.03 -2.6
[1] (trans) CI- - [f**HBsCIH5] ~-HCl 13.3 2.3 2.219 1.308  0.384 179 42 -3.8 0.017 0.040 0.29 -2.3
[1,2] (fac) CI- - [fHBsCl2H4]>--HCl 15.0 1.4 2.228 1.307  0.383 177 6.7 -3.6 0.017 0.039 0.34 2.2
[1,2] (mer) CI - [HBsCLHa>HCl 14.6 11 2235 1307 0383 176 6.9 35 0017 0040 033  -22
[1,6] (mer) CI- - [fHBsCl2H4]>--HCl 15.3 1.4 2.229 1.307  0.383 179 3.9 -3.6 0.017 0.039 0.25 2.2
[1,2,3] (cis) CI- - [f“HBsClsHs]*--HCl 18.9 0.0 2.362 1.303  0.379 174 6.7 -3.1 0.014 0.035 1.08 -1.9
[1,6,2] (trans) CI- - [f“HBsClsHs]*--HCl 19.0 0.2 2.343 1.302  0.378 178 4.3 -3.2 0.014 0.034 057 -1.8
[1,2,3,4] (cis) CI- - [“HBsClsH2]*~-HC1 22.8 0.3 2.589 1.297  0.373 177 53 -2.6 0.008 0.022 0.10 -1.1
[1,6,2,4] (trans) CI- - [“HBsClsHz]>-HCl 23.2 0.4 2.351 1.301  0.377 179 1.3 -6.2 0.014 0.034 055 2.2
[1,2,3,4,6] CI- - [f*HB¢CIsH]>-HC1 23.0 0.0 2.745 1.296  0.372 175 53 -2.5 0.006 0.016 0.38 -0.8
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Table S6. M06-computed geometric parameters (distances re-y) in A, angles in °) of Hz complexes of CI[(H2)BsHEClx]- (x =0-5) (INTH2), their energy formation energy (AG/Me™N
and AH/MeN in kcal/mol), electron densities in (+3;-1) donation energy (E? in kcal/mol) from o(B-H/Cl) to o*(H-H-B) (E%1), from o(H-H-B) to o*(B-H/Cl) (E%) and from p(Cl) to
o*(H-H-B) (E%) estimated from 2nd-order perturbative analysis of donor acceptor interactions within natural-bond orbital (NBO) analysis.

N Hz-complex rH-H)  re-H)  Are-nn  YE-H)  pe.nz  Are-n2  rez-x)  Arwz-x) AGAPMecN  AHPMecN E21 E2 E2s  Ew2-x Ewn-n  EB-n
15.7/6.6/5.9/4.8 20 195
1 Cl~[(H2)BeHs]~ 0910 1.269 0.069 1.222  1.338 0.138 2.206 0.912 11.2 3.1 4.5/4.3/3.7 1'9 1'9 -47 569 822
3.1/2.1 ' '
10.8/8.1/7.9/5.5
. 2.4/2.3 20.6
[1,2 (cis) Cl-[(H2)BeH4Cl]- 0914  1.267 0.069 1.221  1.340 0.142 2.186 0.892 12.8 4.8 4.3/3.4/1.3/1.2 20005 20 -49 561 -824
1.1/1.0/0.9 o '
16 16.8/5.5/5.1 8.6/5.6 202
(t. ) Cl-[(H2)BeH4Cl]-  0.921  1.260 0.063 1.210 1.328 0.131 2.203 0.909 11.9 3.7 45/4.1/3.4 4.2/3.8 1'9 -47 569 822
rans .
2.9/2.0/1.6 1.0
17.8/16.5/14.3/9.9/ 2.7
1,2,3 (fac)y  CI~[(H2)BeHsCl2]- 0918  1.263 0.067 1224 1351 0.155 2.128 0.834 14.7 6.2 4.7/45/1.9/1.7 4.8/3.0/2.9 3'1 -59 553 826
1.4/0.7/0.6 '
1,2,6 18.5/11.1/6.4 21.8
Cl-[(H2)BeHsCl2]- 0926  1.259 0.064 1.209  1.330 0.135 2.180 0.886 13.8 5.3 5.2/1.6/0.5 -5.0 -55.0 -84.6
(mer) 6.0/3.9/0.4/0.3 2.1
13.8/7.2/4.9
1,6,2 4.4/3.9/3.8 3.5/2.4 25.1
Cl-[(H2)BeHsCl2]- 0919  1.263 0.067 1.222 1.347 0.151 2.142 0.848 14.7 6.2 -5.7 554 827
(mer) 3.7/2.6/1.9/ 2.1/1.8 2.5
1.7/1.3
30.8/8.1/
1,2,3,4 26.5
(cis) ClI-[(H2)BeH2Cls]- 0928  1.256 0.063 1214 1.342 0.149 2.122 0.828 15.5 7.1 6.3/5.6/4.6 5.3/3.1/1.1 26 -6.0 543 -84.6
cis .
4.1/3.8/3/7
1,6,2,3 15.6/7.0/6.1 33.2
] Cl~[(H2)BeH2Cls]-  0.923  1.259 0.065 1228 1.362 0.168 2.073 0.779 15.3 6.9 4.1/3.7/1.6 -71 543 -83.0
(cis) 5.2/5.0/2.0/1.4 3.3
1,624 32/1.7/1.6 249
ClI-[(H2)BeH2Cls]- 0931  1.256 0.062 1211  1.337 0.143 2.140 0.846 16.2 7.6 18.1/6.2/5.5/3.9 -5.7 542 -848
(trans) 1.3/1.0 2.5
22.1/21.0/20.1 40.2
1,2,3,4,6 Cl~[(H2)BeHCls]- 0.935 1.252 0.060 1.218  1.355 0.163 2.064 0.770 16.9 8.4 19.4/17.1/12.6 - 301 -73 -53.1 -84.8
10.1/9.7/8.3/7.5 5.35
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Figure S6. M06-optimized geometries of the protonated forms [*HBsH(6-Clx]~ (x = 0—4) and their free Gibbs
formation energies (AG°Me®™Nin kcal/mol).

CI - [*HBH I

AG®y o= —8.5 kcal/mol
CI~ - 1-[*HB,H,CI]" eq CI- - 1-[*HB_H,CI]" ax
AG®y o= 3.4 kcal/mol AG®,.cy = —6.4 kcal/mol
CI- 1,2-[**HB_H CL] Cl-- 1,6[*HB.H,CL,]
AG®y ey = —1.5 keal/mol AG®.cn = —1.3 kecal/mol
CI~ - 1,2,3-[*HBH,Cl,]" CI~ - 1,6,2-[*HB,H,CL,]-
AG® e = —0-2 kcalimol AG®,,,c = 0.3 kcal/mol

CI1,2,3,4-*HB,H,CL]

AG = 2.5 kcal/mol

o
MeCN
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Figure S7. wB97XD-calculated energy profile of halogenation of [BsH(s—Clx]?>(x = 0-5) by HCl for the pathway:

[BsHs]2 — 1-[BeHsCl]2- = 1,2-[BeHaCla]>" (cis) = 1,2,3-[BeHaCls]>" (fac) = 1,2,3,4-[BeH2Cla]? (cis) = 1,2,3,4,6-[BeHCIs ]2,

wB97XD/6-311++G(d,p) AG®pecn in keal/mol, 298 K
—n=1,x=0 TSnELIM 48.6
’ ./ 47-8
—n=2,x=1 45.9.142.6
—n=3,x=2
n=4,x=3 7
n=5x=4 /-'
ISO¢,, /
—n=6,x=5 TSnPT TSn"™Ofac-apx ./.
15.9/
13.4 w\.
133 112
----- Cl‘[(nZ-HZ)B6H(5_X)CIX]
0 (INTn*2)
—6.1
[BgH 5., CLI> 0.1
+ HC1 —-8.5
x=0-5 -10.6 [B6H(5-X)Cl(x+1)]2_ +H,

CI" [*HB¢H 4., CL]~ (INTn"T)
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Table S12. Activation barriers (AG°mecnt, in kcal/mol) for TSs for the reaction of [BeHs]?~ with HCI (pKaMeN=10.3)[42] in
MeCN computed at the wB97XD/6-311++G(d,p) theory level.

n N of position ?;;SO:;TC;I: (Tgﬁsxzf::x)’b ég;t::;gi AGP®necn?t spamd
1 1 2.5 242 24.6 47.8
) 1,2 (cis) 3.1 21.9 29.5 46.5
1,6 (trans) 5.1 21.5 26.7 51.2
1,2,3 (fac) 5.5 194 27.2 46.6
3 1,2,6 (mer) 5.5 19.1 30.1 48.3
1,6,2 (mer) 6.4 19.7 28.0 47.7
1,2,3,4 (cis) 6.2 17.3 30.1 474
4 1,6,2,3 (cis) 6.0 16.9 30.5 474
1,6,2,4 (trans) 6.0 41.8* 46.4
1,2,3,4,6 6.8 44.7* 47.8
> 1,6,2,4,3 9.2 42.3* 46.0
6 1,2,3,4,6,5 9.4 44.6* 48.6

aCalculated as AG°mecn® (TSNPT) = GOmeen(TSNPT) - GOmeen(INT!HE3) b Calculated as AGomeent (TSnISOfac-apx) = GOumeen(TSn!SOtac-
apx) - GOmeeN(INTRPT); ¢ Calculated as AGmeen (TSNEUM) = GOuveen(TSNELM) - GOmeen(INTRH2); ¢ Calculated as AGomecntepan) =

GMeen(TSNELM) - GoMeen(INTNH2) for n=1-4 and as AG®meen® 6P = GOmeen(TSNEUM) - GOmeen([BsH6—0Clx]>) - Gmeen(HCI) for
n=5-6; * TSnCONC for 5t and 6" halogenation steps.
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