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| Experimental Details
General Procedures and Instrumentation

All the manipulations were conducted under an Ar/N, atmosphere using standard Schlenk line techniques or in a glove
box. Hexane, THF, and toluene solvents were distilled from purple solutions of benzophenone ketyl. Dichloromethane and
CDCl; were distilled from calcium hydride prior to use. [Cp*TiCI3][1] and Li[BHg(EPh)][Z’sl (E = Se and Te) were synthesized
according to the literature methods, while LiBH, (2.0 M in THF) and [Ph,E,] (E = Se and Te) were used as received (Sigma
Aldrich). Thin layer chromatography (TLC) was carried out on 250-um diameter aluminum-supported silica gel TLC plates
(MERCK TLC Plates) to separate the reaction mixtures. NMR spectra were recorded on a Bruker Avance Ill 500 MHz
spectrometer. The residual solvent protons (CDCl;, 6 = 7.26 ppm) and carbon (CDCl;, 6 = 77.1 ppm) were employed as a
reference for the *H and 13C{IH} NMR spectra, respectively. The ’7Se NMR chemical shifts are referenced with Se,Ph, (6 =
463 ppm in CDCl;). The g decoupled 'y spectrum was obtained with inverse gated decoupling (zgig) and power gated
decoupling (zgpr) pulse sequences, respectively. 11B{lH} NMR spectra were processed with a backward linear prediction
algorithm to eliminate the broad g background signal of the NMR tube.™ All pulse sequences are available in a
commercial Bruker spectrometer. Electrospray mass (ESI-MS) spectrometric data were obtained on a Qtof Micro YA263
HRMS and 6545 Qtof LC/MS instrument. Infrared (IR) spectra of liquid samples (prepared in dichloromethane) were
recorded on a JASCO FT/IR-1400 spectrometer. UV-vis spectra were recorded in dichloromethane on a Thermo Scientific

(Evolution 300) UV-vis spectrometer.

Synthesis of 1: In a flame-dried Schlenk tube, [(Cp*TiCl;] (0.100 g, 0.35 mmol) was suspended in 10 mL dry toluene and it
was charged with lithium borohydride solution 2.0 M in THF (0.6 mL, 1.2 mmol) dropwise at -78 °C and kept under constant
stirring for 1 h. To this in situ generated intermediate, an excess amount of [BH3-THF] (2.5 mL, 2.5 mmol) was added and
kept at 90 °C for 48 h under stirring conditions. After the addition of [BH;-THF], the mixture becomes light green. Further,
during thermolysis, the reaction mixture slowly converted to brown from light green and, after 48 h, changed to dark
brown. After the completion of the reaction, the solvent was removed under vacuum. The residue was extracted with
hexane/dichloromethane mixture (70:30 v/v) through a frit using 3 cm celite. The filtrate was concentrated, and the
residue was subjected to chromatographic workup on 250-um diameter aluminium-supported silica gel TLC plates (MERCK
TLC Plates). Note that we have done the chromatographic workup using TLC plates inside beakers which were filled with Ar
before and after filling with properly distilled eluting solvents. Elution with a hexane/dichloromethane (70:30 v/v) mixture
yielded dark green 1 (0.010 g, 12%) along with previously reported open 16-vertex oblato-hypho-titanaborane cluster
[(CP*Ti),B14H1]"™ (1) (0.019 g, 20%).

\@ 1. [LiBH,4-THF], toluene

T'_ -78°CtoRT, 1h

ol
=/ "\__ 2.[BH3THF], 90 'C, 48h
CICI/ cl [BH3 ]

1:12% > =BH, B =bare B l: 20%

Scheme S1. Synthesis of 1.

1: MS (ESI*): m/z calculated for [CsoHs3BoCl,Tis + H]': 726.2956, found: 726.3257; *'B{*H} NMR (160 MHz, CDCls, 22 °C): 6 =
31.6 (br, 4B), 40.2 (br, 2B), 45.0 (br, 1B), 52.3 (br, 1B), 66.4 (br, 18) ppm; *'B NMR (160 MHz, CDCls, 22 °C): & = 31.6 (d, Yan
= 125 Hz, 4B), 40.3 (d, gy = 127 Hz, 2B), 45.1 (d, Yy = 103 Hz, 1B), 52.3 (br, 1B), 66.4 (br, 1B) ppm; *H NMR (500 MHz,
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CDCls, 22 °C): & = -5.67 (br, 1H, Ti-H-B), 2.03 (s, 30H, 2Cp*), 2.05 (s, 15H, 1Cp*), 3.53 (br, B-Ht), 7.00 (br, B-Ht), 7.15 (br, B-
Ht) ppm; *c{*H} NMR (125 MHz, CDCls, 22 °C): 6 = 13.3 and 13.8 (CsMes), 118.9 and 125.1 (C;Mes), ppm; IR (KBr, cm™): § =
=2959, 2921, 2852, 2544 (B-H,), 1737, 1652, 1462, 1378, 1262, 1094, 1019, 865, 804, 741, 706; UV-Vis (CH,Cl,): A = 230,252,
455, 607 nm.

Synthesis of 2: In a flame-dried Schlenk tube, [(Cp*TiCl;] (0.100 g, 0.35 mmol) was suspended in 10 mL dry toluene and
chilled to -78 °C. Then, a freshly prepared toluene solution of Li[BH;TePh] (3 equivalents, 1.05 mmol, in 10 mL) was
transferred to it through a cannula. The reaction mixture was allowed to come to room temperature over 1 hour under
stirring and thermolyzed at 80 °C for 18 h. After 1 hour, the mixture becomes brown and, after 18 h, changes to dark
brown. After the completion of the reaction, the solvent was removed under vacuum. The residue was extracted with
hexane/dichloromethane mixture (80:20 v/v) through a frit using 3 cm celite. The filtrate was concentrated, and the
residue was subjected to chromatographic workup on 250-um diameter aluminium-supported silica gel TLC plates (MERCK
TLC Plates). Elution with a hexane/dichloromethane (80:20 v/v) mixture yielded yellow 2 (0.024 g, 25%) along with a few

unidentified air and moisture-sensitive products in low yields.

\@ Li[BH4(TePh)], toluene

& -78°CtoRT, 1h

Tl -

C|/ \CI 80 °C, 18h
cl

Scheme S2. Synthesis of 2.

2: MS (ESI"): m/z calculated for [C3oHsiBsTe,Tis + H]': 845.0926, found: 845.1155; 'B{'"H} NMR (160 MHz, CDCls, 22 °C): & =
-7.7 (br, 2B, BH3), 54.0 (br, 1B, bare B) ppm; *H NMR (500 MHz, CDCl5, 22 °C): & = -2.79 (br, 4H, Ti-H-B), 2.04 (s, 15H, 1Cp*),
2.09 (s, 30H, 2Cp*), 2.36 (br, 2B, B-Ht) ppm; "H{*'B} NMR (500 MHz, CDCls, 22 °C): & = -2.80 (br, 4H, Ti-H-B), 2.04 (s, 15H,
1Cp*), 2.09 (s, 30H, 2Cp*), 2.39 (br, 2B, B-Ht) ppm; IR (KBr, cm™): & = =2959, 2925, 2871, 2492 (B-H,), 2083 (B-H,), 1648,
1452, 1378, 1259, 1094, 1063, 1021, 801, 738, 697; UV-Vis (CH,Cl,): A = 230, 264, 346 nm.

Synthesis of 3a and 3b: In a flame-dried Schlenk tube, [(Cp*TiCl;] (0.100 g, 0.35 mmol) was suspended in 10 mL dry toluene
and chilled to -78 °C. Then, a freshly prepared toluene solution of Li[BH;SePh] (3 equivalents, 1.05 mmol, in 10 mL) was
transferred to it through a cannula. The reaction mixture was allowed to come to room temperature over 1 hour under
stirring and thermolyzed at 80 °C for 18 h. After 1 h, the mixture becomes brown and, after 18 h, changes to dark brown.
After the completion of the reaction, the solvent was removed under vacuum. The residue was extracted with
hexane/dichloromethane mixture (80:20 v/v) through a frit using 3 cm celite. The filtrate was concentrated, and the
residue was subjected to chromatographic workup on 250-um diameter aluminium-supported silica gel TLC plates (MERCK
TLC Plates). Elution with a hexane/dichloromethane (80:20 v/v) mixture yielded yellow 3a (0.025 g, 22%) and yellow 3b
(0.022 g, 17%).
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H H

{F? Li[BH3(SePh)], toluene \/\

_ -78°CtoRT, 1h \S/
‘._...Tl\ - ~T|\B/T|~O + TI\ /Tr—O
o 80 °C, 18h ; \ /
CI/ Cl /Se\ /Se
H Ph H H Ph \H
3a:22% 3b: 17%

Scheme S3. Synthesis of 3a and 3b.

3a: MS (ESI"): m/z calculated for [CyH,sBsSe,Ti, — BH,]": 653.1080, found: 653.1082; "'B{*H} NMR (160 MHz, CDCl,, 22 °C):
5=-2.2 (br, 2B, BH;), 0.8 (br, 2B, BH;), 51.3 (br, 1B, bare B) ppm; "'B NMR (160 MHz, CDCl;, 22 °C): & = -2.4 (br, 2B, BH;), 0.4
(br, 2B, BH;), 51.3 (br, 1B, bare B) ppm; "H NMR (500 MHz, CDCl;, 22 °C): & = -2.34 (br, 1H, Ti-H-B), -1.73 (br, 2H, Ti-H-B), -
0.77 (br, 1H, Ti-H-B), -0.54 (br, 2H, B-H-B), 2.01 (br, 2H, B-Ht), 2.23 (s, 30H, 2Cp*), 2.94 (br, 2H, B-Ht), 7.28-7.56 (m, 5H, Ph)
ppm; *H{**B} NMR (500 MHz, CDCls, 22 °C): & = -2.35 (br, 1H, Ti-H-B), -1.75 (br, 2H, Ti-H-B), -0.79 (br, 1H, Ti-H-B), -0.54 (br,
2H, B-H-B), 1.87 (br, 2H, B-Ht), 2.23 (s, 30H, 2Cp*), 2.72 (br, 2H, B-Ht), 7.28-7.56 (m, 5H, Ph) ppm; “*C{*H} NMR (125 MHz,
CDCls, 22 °C): 6 = 14.1 (CsMes), 123.0 (CsMes), 127.7-133.2 (CsHs) ppm; 7’Se NMR (95 MHz, CDCI3, 22 °C): & = 346.9 (u-Se),
527.3 (u-SePh) ppm; IR (KBr, cm™): 0 = =2961, 2921, 2852, 2503 (B-H,), 2124 (B-H,), 1645, 1473, 1432, 1128, 1092, 1065,
1019, 799, 731, 688; UV-Vis (CH,Cl,): A = 230, 248, 276, 364 nm.

3b: MS (ESI"): m/z calculated for [Cs,HaoBsSe,Tiy]™: 742.1651, found: 742.1716; *'B{"H} NMR (160 MHz, CDCl,, 22 °C): & = -
0.3 (br, 1B, BHs), 1.4 (br, 2B, BH;), 5.2 (br, 1B, BH,Ph), 50.6 (br, 1B, bare B) ppm; *'B NMR (160 MHz, CDCl;, 22 °C): 6 = 1.3
(br, 3B, BH3), 5.3 (br, 1B, BH,Ph), 50.6 (br, 1B, bare B) ppm; "H NMR (500 MHz, CDCls, 22 °C): & = -1.62 (br, 1H, Ti-H-B), -1.08
(br, 1H, Ti-H-B), -0.59 (br, 2H, Ti-H-B), -0.19 (br, 2H, B-H-B), 1.92 (br, 2H, B-Ht), 2.14 (s, 15H, 1Cp*), 2.23 (s, 15H, 1Cp*), 3.20
(br, 2H, B-Ht), 7.06-7.59 (m, 10H, Ph) ppm; "H{*'B} NMR (500 MHz, CDCls, 22 °C): & = -1.62 (br, 1H, Ti-H-B), -1.08 (br, 1H, Ti-
H-B), -0.59 (br, 2H, Ti-H-B), -0.26 (br, 1H, B-H-B), -0.14 (br, 1H, B-H-B), 1.93 (br, 2H, B-Ht), 2.14 (s, 15H, 1Cp*), 2.23 (s, 15H,
1Cp*), 3.10 (br, 2H, B-Ht), 7.05-7.59 (m, 10H, Ph) ppm; *C{*"H} NMR (125 MHz, CDCl,, 22 °C): & = 14.1 and 14.2 (2CsMes),
122.9 and 123.0 (2CsMes), 126.9-135.1 (2CHs) ppm; ’Se NMR (95 MHz, CDCI3, 22 °C): & = 293.7 (u-Se), 540.5 (u-SePh)
ppm; IR (KBr, cm™): 0 = =2963, 2929, 2854, 2500 (B-H,), 2088 (B-H,), 1643, 1262, 1094, 1021, 867, 799, 692; UV-Vis
(CH,Cl,): A = 230, 250, 269, 317, 366 nm.

1.1  UV-visible Studies

In order to investigate the optical properties of these coloured metallaborane clusters 1, 2, 3a, and 3b, we have carried
out UV-vis study in CH,Cl, solution. The UV-vis absorption spectra of all the complexes were measured in the range of 200-
800 nm in CH,CI, solution at 298 K (Figures S38). All of them display the most intense peaks at higher energy regions 230-
276 nm due to the m-mt* transition of Cp* ligands, characteristic bands for most Cp* based metal complexes.[G] The
absorptions with A>300 nm exhibit mainly two to three absorption bands. These comparatively low energy bands, around
317-607 nm, have been assigned to the charge transfer bands.” To reproduce the UV-vis spectrum and get some idea
about the electronic transitions, Time-Dependent DFT formalism was used (Figures S49-S56, Tables S6-S9). The studies
show that the absorption in the range of 317-607 nm may be assigned to the electronic transitions that correspond to

electron density flow from the boron moieties or chalcogen atoms to the metal centers.
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1.2 Supplementary Data

Figure S1. Molecular structure and labelling diagram of 1. Side view (left); top view (right). Selected bond lengths (A) and
bond angles (°): Ti-Ti3 3.073(3), Ti1-B1 2.513(16), Ti1-B9 2.174(15), B2-B9 1.61(2), B7-CI1 1.854(19), Ti1-Cl1 2.543(5), B8-H1
1.19(3), Ti2-H1 1.95(13), Ti1-Ti2-Ti3 58.01(7), Ti1-B9-Ti3 91.3(6).

Til

Figure S2. Icosahedron core [Ti;B,] of 1 with bridging ligands (left) and icosahedron core [Ti3;Bo] of 1 (right).
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Figure $3. Molecular structure and labelling diagram of 2 (left). Selected bond lengths (A) and angles (°) in 2: Ti-Ti3
3.073(3), Ti1l-B1 2.513(16), Ti1l-B9 2.174(15), B2-B9 1.61(2), B7-CI1 1.854(19), Ti1-Cl1 2.543(5), B8-H1 1.19(3), Ti2-H1
1.95(13), Ti1-Ti2-Ti3 58.01(7), Ti1-B9-Ti3 91.3(6). Tetracapped tetrahedron [Ti;B;Te,] core of 1 with bridging ligands (right).

Te2

Figure S4. Tetracapped tetrahedron [Ti3BsTe,] core of 2. Side view (left); top view (right).
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Figure S5. Molecular structure and labelling diagram of 3b. Side view (left); top view (right). Selected bond lengths (A) and
bond angles (°): Ti1-Ti2 3.0281(7), Til-B3 2.271(4), B1-B2 1.784(5), Ti1l-B3-Ti2 84.03(12).

Ti2
a Til

Ti2 B2
B3
B4 B1

Til

C1

Figure S6. [Ti;B;Te,] core of 3b with bridging ligands. Top view (left); side view (right).
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1.3 Spectroscopic Details
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Figure S7. ESI-MS spectrum of 1.
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Figure S8. 11B{lH} NMR spectrum of 1 in CDCI3.[4]
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Figure S9. B NMR spectrum of 1 in CDCI3.[4] Note that the chemical shifts observed at 6 = 31.6 and 40.3 ppm correspond
to a set of four boron atoms (B1, B2, B3, and B4; Figure S1) and two boron atoms (B5 and B6; Figure S1), respectively.
These boron atoms are bound to terminal hydrogen atoms. The resonance at 6 = 45.1 ppm is assigned to the B8 atom,
which is connected to bridging hydrogen atoms, resulting in a very weak doublet. No splitting is observed for the 6 = 52.3
ppm signal, as the corresponding boron atom (B7) is bonded to a chlorine atom. Additionally, the chemical shift at 6 = 66.4
ppm corresponds to the B9 boron atom appearing broadened, likely due to the quadrupole moment of the 1B nuclei.
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Figure S10. "H NMR spectrum of 1 in CDCl; (TInseparable impurity, SH,0, *Grease, #Silicon grease).
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Figure S22. "B NMR spectrum of 3a in CDCl;. Note that the chemical shifts observed at & =-2.4 and 0.4 ppm correspond to
two sets of BH3 boron atoms, which are bonded to the terminal and bridging hydrogen atoms (however, instead of
splitting, broadened signals observed). The resonance at § = 51.3 ppm is attributed to the bare boron atom and exhibits no
splitting or broadening.
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Figure S23. 'H NMR spectrum of 3a in CDCl; (TInseparable impurity, SH,0, *Grease, #Silicon grease).
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Figure S24. 1H{“B} NMR spectrum of 3a in CDCl; (TInseparable impurity, SH,0, *Grease, #Silicon grease).
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Figure S25. Stacked Iy (bottom) and 1H{HB} NMR (top) spectra of 3a in CDCl.
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Figure S26. 13C{lH} NMR spectrum of 3a in CDCl; (*Grease).
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Figure S27. ”7Se NMR spectrum of 3a in CDCl; (¥ Peak at 6 = 463 ppm is due to the presence of Se,Ph, as external
reference).
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Figure S28. IR spectrum of 3a.

S20



T 35000

o = H Ph
w$ 8 ) Calculated \B——H—B
N T . - S
© < § Qo Experimental H H
NS NgO i Se-
30000+ T FC i T~
] e8| ~ 3 TI\B7TI
O 5| |
&S o N
© R T \ /Se\ /
| 83 e
25000 oS 2 | |92 % O \H
| S-S | Tol 3b
oS IR G~ [ ot oo
EEEgR | T2
20000 oSO ‘l l»‘é?oié
..2 g r/\\ ‘l'k ‘! ul |\ ‘...w‘ nm‘ Ny ’ R ;« ﬁ
735 740 745 750 .
1 o~
15000+ =
1 1
= £
4 o e
10000+ s g
1 o] -
o~ o™~
th =
5000+
0,
630 660 690 720 750 780 810
m/z
Figure S29. ESI-MS spectrum of 3b.
(s} ™
. o = -
o =]
n n - |
1
1
|
T T T T T T T T T T T T T
80 70 60 50 40 30 20 10 0 -10 -20 -30 ppm
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Figure S31. "B NMR spectrum of 3b in CDCl;. The chemical shift observed at § = 1.3 ppm corresponds to two sets of BH3
boron atoms bonded to the terminal and bridging hydrogen atoms. These two sets of BHj signals represent two
inequivalent boron atoms in a 1:2 ratio in 1H{“B} NMR spectrum and appear merged in "B NMR due to the broadening of
the signals. The resonance at § = 5.3 ppm is assigned to the BH,Ph boron atom, which is connected to bridging hydrogen
atoms. This signal appears broadened, likely due to the quadrupole moment of the "B nuclei. Additionally, the resonance
at 6 =50.6 ppm is attributed to the bare boron atom, which exhibits no splitting or broadening.
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Figure S32. "H NMR spectrum of 3b in CDCl; (TInseparable impurity, SH,0, *Grease, #Silicon grease).
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Figure S33. 'H{"'B} NMR spectrum of 3b in CDCl; (tInseparable impurity, SH,0, *Grease, #Silicon grease).
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Figure S34. Stacked 'y (bottom) and "H{"B} NMR (top) spectra of 3b in CDCl;.
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Figure S35. Be{"HI NMR spectrum of 3b in CDCl; (*Grease).
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Figure S36. ”7Se NMR spectrum of 3b in CDCl; (f Peak at 6 = 463 ppm is due to the presence of Se,Ph, as external
reference).
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Figure S37. IR spectrum of 3b.
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Figure $38. Combined UV-vis spectra of 1, 2, 3a, and 3b in CH,Cl,.
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1.4 X-ray Analysis Details

Suitable X-ray quality crystals of 1, 2, and 3b were grown by slow diffusion of a hexane-dichloromethane (80:20 v/v)
solution at 5 °C. Crystal data of 1 was obtained and integrated using a Bruker APEX3 SC-XRD with PHOTON Il detector, with
graphite monochromated MoKa (A = 0.71073 A) radiation at 302(2) K. Crystal data of 2 was obtained and integrated using a
Bruker APEXII CCD diffractometer equipped with graphite monochromated MoKa (A = 0.71073 A) radiation at 296(2) K.
And crystal data of 3b was obtained and integrated using a Bruker Apex-lll SC-XRD with PHOTON Il detector, with graphite
monochromated MoKa (A = 0.71073 A) radiation at 150(2) K. The structures were solved using SIR92"% and refined with
SH ELXT—2014/7.[11] Using Olelem, the molecular structures were drawn. Crystallographic data has been deposited with the
Cambridge Crystallographic Data Center as supplementary publication no CCDC - 2353840 (1), 2321603 (2) and 2385700
(3b). The data can be obtained free of charge from The Cambridge Crystallographic Data Centre via

www.ccdc.cam.ac.uk/data request/cif.

Crystal data for 1: C3Hs3BoCl,Tis, M,.= 725.52, orthorhombic, space group Pna2,, a = 17.2436(17) A, b = 11.5096(10) A, ¢ =
18.5384(16) A, a = 90°, B=90°, y = 90°, V = 3679.3(6) A, Z = 4, peyiea = 1.310 g/cm?, u = 0.802 mm ™", F(000) = 1512, R, =
0.0594, wR, = 0.1413, 3851 independent reflections [20 < 41.67°] and 416 parameters.

Crystal data for 2: C3Hs;B3Te,Tis, M,.= 842.95, triclinic, space group P-1, a = 8.2544(3) A, b = 11.6397(5) A, c = 18.6492(8) A,
a =91.086(3)°, B=91.102(2)°, y = 102.584(2)°, V = 1747.93(12) A, Z = 2, peieq = 1.602 g/cm®, p = 2.322mm™", F(000) = 832,
R, =0.0632, wR, = 0.1660, 6035 independent reflections [20 < 50.76°] and 529 parameters.

Crystal data for 3b: Cs,H.9BsSe,Ti2, M,.= 741.42, orthorhombic, space group Pbca, a = 15.9297(12) A, b = 16.0271(12) A, ¢
29.237(2) A, a = 90°, B=90°, y = 90°, V = 7464.4(9) A%, Z = 8, pacg = 1.319 g/cm®, u = 0.598 mm ™", F(000) = 3024, R,
0.0401, wR, =0.0972, 9346 independent reflections [26 < 56.86°] and 407 parameters.

1} Computational Details

All molecules were fully optimized using the Gaussian 09! program employing the BP86 functional™

in conjunction
with a def2- SVP basis set from the EMSL Basis Set Exchange Library.us] The model compounds were fully optimized in
gaseous state (no solvent effect) starting from the X-ray crystallographic coordinates. Note that during optimization of 1,
Ti2---H1 distant was frozen and optimized. Note that the Ti-Ti bond becomes longer in clusters 1 and 2 in the optimized
geometries as compared to the solid-state X-ray structures. Frequency calculations were performed at the same level of
theory to verify the nature of the stationary states and the absence of any imaginary frequency to confirm that all
structures represent minima on the potential energy hypersurface. Further, the gauge including atomic orbital (GIAO)“MS]
method was employed to compute the "8 chemical shifts. The NMR chemical shifts were calculated using the hybrid
Becke-Lee-Yang-Parr (B3LYP) functional™ and the def2-SVP basis set on the BP86/def2-SVP optimized geometries. The
B NMR chemical shifts were calculated relative to B,Hg (B3LYP B shielding constant 84.05 ppm) and converted to the
usual [BF;.0Et,] scale using the experimental & (“B) value of B,Hg, 16.6 ppm.[m] Natural bonding analyses were performed

1]

with the natural bond orbital (NBO) partitioning scheme™ as implemented in the Gaussian 09 suite of programs. Wiberg

bond indexes (WBI)[ZZ] were obtained from a natural bond orbital analysis. In order to understand the nature of bonding in
the synthesized molecules in greater detail, the topological properties of the resultant electron density, p, obtained from

the wave functions of all the optimized structures were analyzed with the quantum theory of atoms in molecules

[24],

(QTAIM).[B] The QTAIM analysis was carried out utilizing the Multiwfn V.3.4 package" whereas the wave functions were

generated with Gaussian09 at the same level of theory as for geometry optimization. All the optimized structures and

[25]

orbital graphics were generated using the Gaussview ™, and Chemcraft™ visualization programs.
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Table.S1. Selected geometrical parameters[a] and Wiberg bond indices (WBI) of 1, 2, 3a, and 3b.

1 2

Expt. Cal. WBI Expt. Cal. WBI
Til-Ti2 3.292 3.537 0.286 Til-Ti2 2.57 3.049 0.630
T1-Ti3 3.073 3.142 0.421 T1-Ti3 3.09 3.316 0.382
Ti2-Ti3 3.026 3.025 0.535 Ti2-Ti3 2.947 3.267 0.438
Til-B1 2.513 2.450 0.361 Til-B1 2.52 2.41 0.335
Til-B7 2.347 2.283 0.433 Til-B2 2.266 2.366 0.406
Til-B9 2.494 2.245 0.693 Til-Tel 2.558 2.730 0.843
Ti2-B7 2.386 2.359 0.402 Ti2-B1 2.57 2.358 0.402
Ti3-B4 2.529 2.597 0.369 Ti2-B2 2.289 2.232 0.461
B7-B8 1.66 1.662 0.686 Ti2-B3 2.485 2.422 0.330
B5-B6 1.74 1.755 0.559 Ti2-Te2 2.658 2.791 0.763
B8-H1 1.19 1.188 0.594 Ti3-B2 2.279 2.299 0.496
Ti2-H1 1.95 1.945 0.204 Ti3-Tel 2.630 2.733 0.983
B7-Cl1 1.854 1.987 1.643 B1-B2 1.57 1.753 0.753
Ti1-Cl1 2.543 2.686 0.437 B2-B3 1.718 1.739 0.772
Ti2-Cl2 2.407 2.468 0.616 B2-Tel 2.341 2.272 0.815
3a 3b

Expt. Cal. WBI Expt. Cal. WBI
Til-Ti2 - 3.049 0.344 Til-Ti2 3.028 3.056 0.332
Til-B1 - 2.568 0.250 Til-B1 2.545 2.542 0.260
Til-B3 - 2.270 0.533 Til-B3 2.271 2.284 0.530
Til-B4 - 2.551 0.255 Til-B4 2.554 2.548 0.256
Ti2-B2 - 2.546 0.260 Ti2-B2 2.612 2.645 0.223
Ti2-B3 - 2.254 0.544 Ti2-B3 2.254 2.258 0.541
Ti2-B5 - 2.549 0.263 Ti2-B5 2.542 2.532 0.267
Til-Sel - 2.667 0.760 Til-Sel 2.645 2.655 0.768
Til-Se2 - 2.485 1.173 Til-Se2 2.459 2.486 1.169
B1-B2 - 1.782 0.558 B1-B2 1.784 1.790 0.552
B1-B3 - 1.714 0.643 B1-B3 1.700 1.713 0.636
B2-B3 - 1.711 0.647 B2-B3 1.717 1.731 0.636
B4-B5 - 1.788 0.5518 B4-B5 1.787 1.789 0.548

B2-C1 1.587 1.599 0.887
Sel-C2 1.953 1.976 0.97

@ Note that the Ti-Ti bond becomes longer in clusters 1 and 2 in the optimized geometries as compared to the solid-state
X-ray structures.
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Table S2. Selected experimental and Calculated bond angles of 1, 2, 3a, and 3b.

1 2

Expt. Cal. Expt. Cal.
Til-Ti2-Ti3 58.01 56.56 Ti1-Ti2-Ti3 60.30 63.21
Ti2-Ti3-Til 63.34 69.97 Ti2-Ti3-Til 63.79 55.18
Ti3-Ti2-Ti2 56.65 53.46 Ti3-Ti2-Ti2 55.90 61.60
Ti1-B9-Ti3 91.3 89.27 Ti1-B2-Ti2 89.0 83.03
Ti1-CI2-Ti3 78.01 76.72 Ti-B2-Ti3 85.7 90.57
Ti1-Cl1-B1 62.2 56.10 Ti2-B2-Ti3 80.3 92.27
Ti2-H1-Ti3 94.50 94.51 Ti-B1-Ti2 77.54 79.49
Ti2-H1-B8 89.35 84.79 Til-Te2-Ti2 77.78 66.67
Ti3-B3-B6 119.2 117.89 Til-Tel-Ti3 77.13 74.75
B3-B6-B5 113.7 112.21 Ti-B1-B2 62.25 62.11

B1-B2-B3 112.5 119.64

3a 3b

Expt. Cal. Expt. Cal.
Ti1-B3-Ti2 - 84.74 Ti1-B3-Ti2 84.03 84.56
Ti1-B1-B2 - 104.13 Ti1-B1-B2 105.6 106.79
Til-Ti2-B2 - 75.93 Ti1-Ti2-B2 75.76 75.81
B1-B3-B2 - 62.69 B1-B3-B2 62.96 62.59
B1-B3-B5 - 156.01 B1-B3-B5 155.9 158.09
Ti-SelTi2 - 69.14 Ti-SelTi2 69.51 69.35
Til-Se2-Ti2 - 75.86 Til-Se2-Ti2 75.97 75.08

Table S3. Calculated natural charges (q) and natural valence population (Pop) of 1, 2, 3a, and 3b.

1 2
q Pop(val) q Pop(val)

Til 0.523 3.246 Til 0.099 3.909
Ti2 0.085 3.816 Ti2 0.159 3.855
Ti3 0.392 3.452 Ti3 0.0878 3.924
B1 -0.366 3.330 B1 -0.356 3.337
B2 -0.276 3.237 B2 -0.289 3.248
B3 -0.219 3.185 B3 -0.363 3.344
B4 -0.258 3.226 Tel 0.298 5.698
B5 -0.178 3.143 Te2 0.057 5.939
B6 -0.233 3.198

B7 -0.027 2.993
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B8 -0.161 3.123
B9 -0.301 3.264
Cl1 0.189 6.788
Cl2 0.136 6.834
3a 3b

q Pop(val) q Pop(val)
Til 0.048 3.961 Til 0.103 3.976
Ti2 0.056 3.954 Ti2 0.033 3.908
B1 -0.184 3.168 B1 -0.190 3.173
B2 -0.184 3.169 B2 0.081 2.894
B3 -0.340 3.300 B3 -0.344 3.307
B4 -0.175 3.159 B4 -0.176 3.160
B5 -0.178 3.162 B5 -0.186 3.171
Sel 0.216 5.762 Sel 0.219 5.760
Se2 -0.020 6.015 Se2 -0.021 6.015
Table S4. Calculated HOMO-LUMO energy gap of 1, 2, 3a, and 3b.

1 2 3a 3b

AEy (eV) 1.63 1.70 1.773 1.783

Table S5. Calculated chemical shifts for complexes 1, 2, 3a, and 3b.

Compounds "B NMR value (ppm)
Experimental Theoretical

1 31.6 11.1,13.4, 16.6, 18.45
40.0 35.9,37.2
45.0 52.4
52.3 67.5
66.4 84.5

2 -7.7 -10.4,6.9
54.0 62.7

3a -2.2 -10.2,-9.1
0.8 -7.0,-4.5
51.3 37.3

3b -0.3 -8.9
1.4 -5.9,-4.6
5.2 -0.5
50.6 35.8
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(a) HOMO (b) HOMO-1 (c) HOMO-2

J) Y

(e) HOMO-8 (f) HOmMO-10 (g) HOMO-12 (h) LUMO

Figure $39. Selected molecular orbitals of 1 (isocontour values: +0.045 [e.bohr'3]1/2).

(c) 2c-2e B7-Cl1 (d) 2c-2e Ti3-CI2

Figure S40. Selected NBO interactions of 1 (isocontour values: +0.045 [e.bohr'3]l/2).
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L))

(d) B1-CI1-Til plane

(c) Ti1-ClI2-Ti2 plane

Figure S41. Contour-line diagram of the Laplacian of the electron density of 1 in selected planes. The solid brown lines are
bond paths, whereas blue dots indicate the bond-critical points (BCP). Solid red lines indicate the areas of charge

concentration (Vzp(r) < 0), while dashed black lines show the areas of charge depletion (Vzp(r) > 0).

(d) HOMO-13

(e) HOMO-14 (f) HOMO-15 (g) HOMO-17 (h) LUMO

Figure S42. Selected molecular orbitals of 2 (isocontour values: +0.045 [e.bohr'3]1/2).
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(a) 3c-2e Ti1-Ti2-Ti3 (b) 3c-2e B3-H-Ti3 (c) 2c-2e B7-Ci1

(d) 2c-2e B1-B2 (e) 2c-2e B2-Tel

Figure S43. Selected NBO interactions of 2 (isocontour values: £0.045 [e.bohr'3]1/2).

(c) Ti1-Te2-Ti3 plane

(d) B1-B2-B3 plane (e) Ti1-H1-B1 plane

Figure S44. Contour-line diagram of the Laplacian of the electron density of 2 in selected planes. The solid brown lines are
bond paths, whereas blue dots indicate the bond-critical points (BCP). Solid red lines indicate the areas of charge

concentration (Vzp(r) < 0), while dashed black lines show the areas of charge depletion (Vzp(r) > 0).
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(a) HOMO (b) HOMO-1

NA NA N

(e) HOMO-14 (f) HOMO-15 (g) HOMO-17 (h) LUMO

1/2). A comparison of the MO energies of

Figure S45. Selected molecular orbitals of 3a (isocontour values: +0.045 [e.bohr'3]
3a (1.77 eV) and 3b (1.78 eV) reveals comparable HOMO-LUMO gaps. Given the structural and bonding similarities
between clusters 3a and 3b, this analysis focuses on the detailed bonding characteristics of cluster 3a. The HOMO of 3a
exhibits overlap of d orbitals between the two titanium centers and d-p interactions between the titanium centers and the
boride boron atom (B3), indicating strong bonding interactions between the titanium centers and significant metal-boride
interactions (Fig. S45a). The WBI of 0.34 for the Til1-Ti2 bond (Table S1) further corroborates the presence of metal-metal
interaction. The LUMO of 3a is primarily localized on the Til, Ti2, and Se2 centers (Figure S45h). HOMO-1 and HOMO-14
demonstrate d-p orbital interactions of Ti-S bonds (Figure S45b-c), which are also evident in the contour line map in the
Til-Sel-Ti2 plane (Figure 47f). Additionally, HOMO-13, HOMO-14, HOMO-15, and HOMO-17 of 3a illustrate metal-boron

and boron-boron bonding interactions (Figure S45d-g).

NN

(c) 2c-2e B7-CI1

(d) 2c-2e B1-B2 (e) 2c-2e B2-Tel

1/2). The NBO analysis of compound 3a

Figure S46. Selected NBO interactions of 3a (isocontour values: +0.045 [e.bohr'3]
corroborates the MO findings previously discussed. NBO analysis provides a localized description of electronic structure,

offering complementary insights to the MO analysis.
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(c) B1-B2-B4 plane

(a) B1-B2-B3 plane

©)

ne

o

plane

(d) Ti1-H3-B1 plane (e) B1-H1-B2 pla (f) Ti1-Sel-Ti2

Figure S47. Contour-line diagram of the Laplacian of the electron density of 3a in selected planes. The solid brown lines are
bond paths, whereas blue dots indicate the bond-critical points (BCP). Solid red lines indicate the areas of charge
concentration (Vzp(r) < 0), while dashed black lines show the areas of charge depletion (Vzp(r) > 0). The contour line plot
along the B1-B2-B3 plane shows a high amount of charge concentrations and the BCPs between B1-B3 and B2-B3 bonds
specified strong bonding interactions of the boride boron with the peripheral boron atoms (Figure S47a). This is also
supported by the WBI of those particular bonds. Furthermore, the Laplacian electron density plot of 3a shows the bonding

scenario of the pentaborane plane, which is coordinated symmetrically to both metal centers (Fig. S47c).

"N
' N (!

(b) B1-H1-B2 plane

\\ A

(a) 2c-2e B2-C1

1/2).(b) Contour-line diagram of the

Figure S48. (a) Selected NBO interaction of 3b (isocontour values: +0.045 [e.bohr'B]
Laplacian of the electron density of 3b along B2-C1-C2 plane. The solid brown lines are bond paths, whereas blue dots
indicate the bond-critical points (BCP). Solid red lines indicate the areas of charge concentration (Vzp(r) < 0), while dashed
black lines show the areas of charge depletion (Vzp(r) > 0). The NBO analysis depicts the 2c-2e B2-C1 interaction of BsHgPh

fragment in 3b, which is also reflected in the contour line map in the B2-C1-C2 plane.
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Figure S49. Absorption spectrum of 1 computed at TD-DFT-B3LYP/Def2-SVP level of theory (¢ in LM 'em™).

Table S6. TD-DFT calculated energies (excitation energy (eV), A.ac (nm)), oscillator strength (f), and main composition of the

first UV-vis electronic excitations for 1. Experimental absorption wavelengths (A.,,, nm) of 1 are given for comparison.

- Wavelength A (nm) . . - b
No Excitation Energy (eV) L Main electronic transition (% weight)
Calc. (f) Expt.

1 1.716 722 (0.012) HOMO—LUMO+4 (77)

2 2.044 606 (0.012) 607 HOMO-2—LUMO+2 (32)
HOMO—LUMO+5 (29)
HOMO-4—LUMO (13)

3 2.417 513 (0.019) HOMO-4—LUMO+2 (37)
HOMO-3—LUMO+2 (26)

4 2.493 497 (0.011) HOMO-8—LUMO (54)
HOMO-6—LUMO+1 (13)

5 2.542 488 (0.013) 455 HOMO--6—LUMO+1 (25)

HOMO-6—>LUMO+2 (25)
HOMO-2—>LUMO+4 (20)
6 2.837 437 (0.012) HOMO—LUMO+9 (23)
HOMO-5—>LUMO+3 (21)
HOMO-1—>LUMO+6 (17)
HOMO-9—LUMO+1 (11)
7 2.925 424 (0.012) HOMO-4—>LUMO+4 (50)
HOMO-3—LUMO+4 (19)

“0scillator strength greater than 0.010 and [b]Components with greater than 10% contribution shown.
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(e) LUMO+1 (f) LUMO+2 (g) LUMO+4 (h) LUMO+5

Figure S50. Selected molecular orbitals of 1 related to most intense electronic transitions [isocontour values: +0.045
(e/bohr®)"2].
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Figure S51. Absorption spectrum of 2 computed at TD-DFT-B3LYP/Def2-SVP level of theory (¢ in LM'cm™).
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Table S7. TD-DFT calculated energies (excitation energy (eV), A (nm)), oscillator strength (f), and main composition of the

first UV-vis electronic excitations for 2. Experimental absorption wavelengths (A.,,, nm) of 2 are given for comparison.

o Wavelength A (nm) . . - . b]
No Excitation Energy (eV) Main electronic transition (% weight)
cale. ()™ Expt.
1 3.068 404 (0.026) HOMO-7—LUMO+2 (22)
HOMO-9—LUMO+1 (16)
2 3.246 382 (0.030) HOMO-12—LUMO (25)
HOMO-1—LUMO+7 (19)
3 3.391 366 (0.045) HOMO-6—LUMO+3 (27)
HOMO-10—LUMO+2 (18)
HOMO-1—>LUMO+8 (15)
4 3.416 363 (0.022) HOMO-1—LUMO+9 (55)
HOMO-3—LUMO+4 (19)
5 3.482 356 (0.027) HOMO-2—LUMO+5 (25)
HOMO-3—LUMO+4 (18)
6 3.542 350 (0.019) HOMO-11—-LUMO+2 (35)
HOMO-8—LUMO+3 (13)
HOMO-2—LUMO+5 (12)
HOMO-1—>LUMO+10 (12)
7 3.577 347 (0.016) HOMO-2—LUMO+6 (81)
8 3.647 340 (0.022) HOMO-12—-LUMO+1 (25)
HOMO-1—>LUMO+10 (14)
HOMO-9—LUMO+3 (11)
HOMO-1—>LUMO+11 (14)
9 3.697 335 (0.040) 346 HOMO-3—LUMO+6 (20)
HOMO-3—LUMO+5 (11)
10 3.748 331(0.019) HOMO-6—LUMO+4 (25)
HOMO—LUMO+14 (23)
HOMO-10—LUMO+3 (19)

“loscillator strength greater than 0.010 and [b]Components with greater than 10% contribution shown.
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(c) HOMO-3

(d) LUMO+1 (e) LUMO+5 (f) LUMO+6

Figure S52. Selected molecular orbitals of 2 related to most intense electronic transitions [isocontour values: +0.045
(e/bohr®)2].
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Figure S53. Absorption spectrum of 3a computed at TD-DFT-B3LYP/Def2-SVP level of theory (¢ in LM™'cm™).
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Table S8. TD-DFT calculated energies (excitation energy (eV), A (nm)), oscillator strength (f), and main composition of the

first UV-vis electronic excitations for 3a. Experimental absorption wavelengths (A, nm) of 3a are given for comparison.

o Wavelength A (nm) . . - . b]
No Excitation Energy (eV) Main electronic transition (% weight)
cale. ()™ Expt.

1 2.784 445 (0.015) HOMO—LUMO+2 (84)

2 2.874 431 (0.012) HOMO-6—LUMO+1 (60)
HOMO-6—LUMO (14)

3 3.203 387 (0.016) HOMO—LUMO+5 (49)
HOMO—LUMO+6 (15)

4 3.293 377 (0.016) HOMO-2—LUMO+2 (64)
HOMO-8—LUMO+1 (12)

5 3.305 375 (0.011) HOMO-8—LUMO+1 (74)
HOMO-2—>LUMO+2 (12)

6 3.379 367 (0.025) 364 HOMO-3—LUMO+2 (63)
HOMO-1—>LUMO+3 (21)

7 3.411 363 (0.014) HOMO-4—LUMO+2 (59)
HOMO—>LUMO+6 (21)

8 3.461 358 (0.014) HOMO—LUMO+6 (18)
HOMO-4—>LUMO+2 (17)
HOMO-10—»LUMO+1 (15)
HOMO-5—LUMO+2 (12)

9 3.558 348 (0.013) HOMO-3—LUMO+3 (64)

10 3.571 347 (0.014) HOMO—LUMO+7 (24)
HOMO-5—LUMO+2 (18)
HOMO-11—LUMO (17)

“loscillator strength greater than 0.010 and [b]Components with greater than 10% contribution shown.
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(c) LUMO+2 (d) LUMO+3

Figure S54. Selected molecular orbitals of 3a related to most intense electronic transitions [isocontour values: +0.045
(e/bohr®)2].
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Figure S55. Absorption spectrum of 3b computed at TD-DFT-B3LYP/Def2-SVP level of theory (¢ in LM'cm™).
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Table S9. TD-DFT calculated energies (excitation energy (eV), A (nm)), oscillator strength (f), and main composition of the

first UV-vis electronic excitations for 3b. Experimental absorption wavelengths (A, nm) of 3b are given for comparison.

o Wavelength A (nm) . . - . b]
No Excitation Energy (eV) Main electronic transition (% weight)
calc. (A™ Expt.

1 2.767 448 (0.016) HOMO—LUMO+2 (85)

2 2.849 435 (0.012) HOMO-4—LUMO (21)
HOMO-2—LUMO (16)
HOMO-6—LUMO (13)

3 3.200 387 (0.012) HOMO—LUMO+5 (38)
HOMO-10—LUMO (11)

4 3.259 380 (0.019) HOMO-2—LUMO+2 (74)

5 3.352 370 (0.018) HOMO-3—LUMO+2 (73)

6 3.374 367 (0.017) HOMO-1—LUMO+3 (80)

7 3.398 365 (0.015) 366 HOMO-4—LUMO+2 (61)
HOMO—LUMO+6 (22)

8 3.440 360 (0.012) HOMO-1—LUMO+4 (28)
HOMO-4—LUMO+2 (14)
HOMO-5—LUMO+2 (14)
HOMO—LUMO+6 (13)

9 3.487 356 (0.014) HOMO—LUMO+7 (54)
HOMO-1-sLUMO+4 (15)

10 3.509 353 (0.020) HOMO-5—LUMO+2 (39)
HOMO—LUMO+6 (11)

?loscillator strength greater than 0.010 and [b]Components with greater than 10% contribution shown.
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Figure S56. Selected molecular orbitals of 3b related to most intense electronic transitions [isocontour values: +0.045

(e/bohr®)2].
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Cartesian Coordinates of all Optimized Structures
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Cartesian coordinates for the calculated structure 1 (in A)
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Figure S57. Optimized geometry of 1.

Total energy = -4868.87421928 a.u.
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Figure S58. Optimized geometry of 2

Total energy = -4332.65686166 a.u.

Cartesian coordinates for the calculated structure 2 (in A)
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Figure S59. Optimized geometry of 3a.

Total energy =-7643.59331474 a.u.

Cartesian coordinates for the calculated structure 3a (in A)
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Figure S60. Optimized geometry of 3b.

Total energy =-7874.48302201 a.u.
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