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I     Experimental Details 

General Procedures and Instrumentation 

All the manipulations were conducted under an Ar/N2 atmosphere using standard Schlenk line techniques or in a glove 

box. Toluene, hexane, and THF solvents were distilled from purple solutions of benzophenone ketyl. Dichloromethane and 

CDCl3 were distilled from calcium hydride before use. Metal precursors [Cp*TiCl3]
1
, [Cp*VCl2]3

2
 and di/tri-thiol-o-carborane 

ligands [1,2-(SH)2-1,2-C2B10H10]
3
, [9,12-(SH)2-1,2-C2B10H10]

4
, and [8,9,12-(SH)3-1,2-C2B10H9]

5
 were synthesized according to 

the literature methods while LiBH4 (2.0 M in THF) and [Cp2TiCl2] were used as received (Sigma Aldrich). Thin layer 

chromatography (TLC) was carried out on 250-µm diameter aluminum-supported silica gel TLC plates (MERCK TLC Plates) 

to separate the reaction mixtures. NMR spectra were recorded on a Bruker Avance III 500 MHz spectrometer. The residual 

solvent protons (CDCl3,  ɻ= 7.26 ppm) and carbon (CDCl3,  ɻ= 77.1 ppm) were employed as a reference for the 
1
H and 

13
C{

1
H} NMR spectra, respectively. The 

11
B decoupled 

1
H spectrum was obtained with inverse gated decoupling (zgig) and 

power gated decoupling (zgpr) pulse sequences, respectively. 
11

B{
1
H} NMR spectra were processed with a backward linear 

prediction algorithm to eliminate the broad 
11

B background signal of the NMR tube.
6
 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 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 and 2: In a flame-dried Schlenk tube, [(Cp*TiCl3] (0.100 g, 0.35 mmol) was suspended in 10 mL dry toluene 

and it was charged with lithium borohydride solution of 2.0 M in THF (0.6 mL, 1.2 mmol) dropwise at -78 °C and kept under 

constant stirring for 1 h. The red reaction mixture converted to dark green after 1 h. To this in situ-generated unstable dark 

green intermediate, one equivalent of [1,2-(SH)2-1,2-C2B10H10] (0.038 g, 0.18 mmol) was added and kept at 90 °C for 48 h 

under stirring conditions. After the addition of [1,2-(SH)2-1,2-C2B10H10], the mixture becomes brown and, after 48 h, 

changes to dark brown. After the completion of the reaction, the solvent was removed under vacuum. The residue was 

extracted with n-hexane /dichloromethane mixture (70:30 v/v) through a frit using 3 cm of celite. The filtrate was 

concentrated, and the residue was subjected to chromatographic workup on 250- m˃ 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 them with properly distilled eluting solvents. Elution with a n-

hexane/dichloromethane (50:50 v/v) mixture yielded brown 1 (0.010 g, 12%) and brown 2 (0.015 g, 18%). 

 

Scheme S1. Synthesis of 1 and 2. 

1: MS (ESI
+
): m/z calculated for [C44H80B20S10O2Ti6 + K]

+
: 1504.1911, found: 1504.2403; 

11
B{

1
H} NMR (160 MHz, CDCl3, 22 

°C): ɻ  = -12.5 and -7.9 (vrey broad peak ranging from -11.0 to -1.0) ppm (br, 20B, B-H); 
11

B NMR (160 MHz, CDCl3, 22 °C): ɻ = 

-13.0 and -11.4 (d, 
1
JB-H = 209.0 Hz), -7.0 (vrey broad peak ranging from -10.0 to -1.0) ppm (br, 20B, B-H), ppm; 

1
H NMR (500 

MHz, CDCl3, 22 °C): ɻ = 2.22 (s, 15H, 1Cp*), 2.25 (s, 15H, 1Cp*), 2.28 (s, 30H, 2Cp*) ppm; 
1
H{

11
B} NMR (500 MHz, CDCl3, 22 

°C): ɻ  = 2.22 (s, 15H, 1Cp*), 2.25 (s, 15H, 1Cp*), 2.28 (s, 30H, 2Cp*), 2.52-2.98 (br, 20H, Carborane-BH) ppm; 
13

C{
1
H} NMR 
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(125 MHz, CDCl3, 22 °C): ɻ = 14.7, 15.1, 15.3, and 15.5 (4C5Me5), 132.5, 132.9, and 133.6 (4C5Me5) ppm; IR (KBr, cm
-1
):  = 

2956, 2925, 2854, 2773, 2580 (B-Ht), 1740, 1643, 1459, 1262, 1088, 1024, 801, 699; UV-Vis (CH2Cl2ύΥ ˂ Ґ 252, 375, 490 nm. 

2: MS (ESI
+
): m/z calculated for [C42H70B10S8Ti5 + CH3OH + CH3CN + Na]

+
: 1291.1833, found: 1291.1251; 

11
B{

1
H} NMR (160 

MHz, CDCl3, 22 °C): ɻ = -12.4, -9.8, -8.7, -8.4, -4.9, -3.7, -1.5, and -0.8 ppm (br, 10B, B-H); 
11

B NMR (160 MHz, CDCl3, 22 °C): 

 ɻ= -12.8 and -11.4 (d, 
1
JB-H = 178 Hz), -10.4 (d, merged wih other peak), -9.0 and ς7.9 (d, 

1
JB-H = 144 Hz), -5.3, -4.2 and -3.1 

{(d, 
1
JB-H = 157 Hz) and (d, 

1
JB-H = 153 Hz)}, -2.1, -0.9 and -0.2 {(d, 

1
JB-H = 121 Hz) and (d, 

1
JB-H = 109 Hz)} ppm; 

1
H NMR (500 

MHz, CDCl3, 22 °C): ɻ = 2.21 (s, 30H, 2Cp*), 2.23 (s, 30H, 2Cp*) ppm; 
1
H{

11
B} NMR (500 MHz, CDCl3, 22 °C): ɻ = 2.21 (s, 30H, 

2Cp*), 2.23 (s, 30H, 2Cp*), 2.47, 2.52 and 3.04 (br, 10H, Carborane-BH) ppm; 
13

C{
1
H} NMR (125 MHz, CDCl3, 22 °C): ɻ = 14.3 

(2C5Me5), 14.4 (2C5Me5), 68.1 (Carborane-CH), 132.2 (2C5Me5), 133.3 (2C5Me5) ppm; IR (KBr, cm
-1
):  = 2961, 2925, 2854, 

2800, 2589 (B-Ht), 1740, 1638, 1450, 1410, 1262, 1092, 1024, 867, 801, 692; UV-Vis (CH2Cl2ύΥ ˂ Ґ 252, 365, 463 nm. 

Synthesis of 3 and 4a: In a flame-dried Schlenk tube, [(Cp*TiCl3] (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. The red reaction mixture converted to dark green after 1 h. To this in situ generated intermediate, 

one equivalent of [9,12-(SH)2-1,2-C2B10H10] (0.073 g, 0.35 mmol) was added and kept at 90 °C for 24 h under stirring 

condition. After the addition of [9,12-(SH)2-1,2-C2B10H10], the mixture becomes brown and, after 24 h, changes to yellow. 

After the completion of the reaction, the solvent was removed under vacuum. The residue was extracted with 

hexane/dichloromethane mixture (50:50 v/v) through a frit using 3 cm of celite. The filtrate was concentrated, and the 

residue was subjected to chromatographic workup on 250-˃Ƴ ŘƛŀƳŜǘŜǊ aluminium-supported silica gel TLC plates (MERCK 

TLC Plates). Elution with a hexane/dichloromethane (30:70 v/v) mixture yielded yellow 3 (0.089 g, 64%). 

Under similar reaction conditions, treatment of the above-mentioned in situ generated intermediate with one 

equivalent of [8,9,12-(SH)3-1,2-C2B10H9] (0.084 g, 0.35 mmol) yielded yellow solid 4a (0.104 g, 72%). 

 

Scheme S2. Synthesis of 3. 

3: MS (ESI
+
): m/z calculated for [C12H27B11S2Ti + H]

+
: 403.2216, found: 403.2129; 

11
B{

1
H} NMR (160 MHz, CDCl3, 22 °C): ɻ = -

15.8 (br, 2B, B-H), -11.2 (br, 2B, B-H), -10.1 (br, 2B, B-H), -6.8 (br, 2B, B-H), -3.1 (br, 1B, BH3), 8.4 (br, 2B, B-S) ppm; 
11

B NMR 

(160 MHz, CDCl3, 22 °C): ɻ = -16.5 and -15.2 (d, 
1
JB-H = 168 Hz, 2B, B-H), -11.8, -10.7 and -9.5 {(d, 

1
JB-H = 136 Hz, 2B, B-H) and 

(d, 
1
JB-H = 153 Hz, 2B, B-H)}, -6.8 (br, 2B, B-H), -3.2 (br, 1B, BH3), 8.4 (br, 2B, B-S) ppm; 

1
H NMR (500 MHz, CDCl3, 22 °C): ɻ = -

0.86 (br, 2H, Ti-H-B), 2.24 (s, 15H, 1Cp*), 2.58, 2.92 and 3.21 (br, 8H, Carborane-BH), 3.54 (br, 2H, Carborane-CH) ppm; 

1
H{

11
B} NMR (500 MHz, CDCl3, 22 °C): ɻ  = -0.87 (br, 2H, Ti-H-B), 2.24 (s, 15H, 1Cp*), 1.92, 2.43, 2.73 and 2.84 (br, 8H, 

Carborane-BH), 3.54 (br, 2H, Carborane-CH) ppm; 
13

C{
1
H} NMR (125 MHz, CDCl3, 22 °C): ɻ = 13.9 (C5Me5), 44.3 (Carborane-

CH), 127.8 (C5Me5) ppm; IR (KBr, cm
-1
):  = 3060, 2954, 2923, 2852, 2738, 2602 (B-Ht), 2480 (B-Ht of exo-BH3), 2117, (B-

Hb),1707, 1459, 1259, 1094, 1021, 799; UV-Vis (CH2Cl2ύΥ ˂ Ґ 238, 288, 336 nm. 
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Scheme S3. Synthesis of 4a. 

4a: MS (ESI
+
): m/z calculated for [C12H24B10S3Ti + H]

+
: 421.1608, found: 421.1511; 

11
B{

1
H} NMR (160 MHz, CDCl3, 22 °C): ɻ = -

22.3 (br, 1B, B-H), -16.4 (br, 2B, B-H), -12.5 (br, 2B, B-H), -11.3 (br, 2B, B-H), 1.3 (br, 1B, B-S), 6.3 (br, 2B, B-S) ppm; 
11

B NMR 

(160 MHz, CDCl3, 22 °C): ɻ = -23.1 and -21.9 (d, 
1
JB-H = 160 Hz, 1B, B-H), -17.1 and -15.8 (d, 

1
JB-H = 167 Hz, 2B, B-H), -13.4, -

12.0 and -10.8 {(d, 
1
JB-H = 170 Hz, 2B, B-H) and (d, 

1
JB-H = 161 Hz, 2B, B-H)}, 1.3 (br, 1B, B-S), 6.3 (br, 2B, B-S) ppm; 

1
H NMR 

(500 MHz, CDCl3, 22 °C): ɻ = 2.24 (s, 15H, 1Cp*), 2.50, 2.97 and 3.29 (br, 8H, Carborane-BH), 3.49 (br, 2H, Carborane-CH) 

ppm; 
1
H{

11
B} NMR (500 MHz, CDCl3, 22 °C): ɻ = 2.24 (s, 15H, 1Cp*), 2.03, 2.79 and 2.99 (br, 8H, Carborane-BH), 3.49 (br, 2H, 

Carborane-CH) ppm; 
13

C{
1
H} NMR (125 MHz, CDCl3, 22 °C): ɻ = 13.8 (C5Me5), 39.7 (Carborane-CH), 127.7 (C5Me5) ppm; IR 

(KBr, cm
-1
):  = 3072, 3033, 2995, 2918, 2850, 2605 (B-Ht), 2569 (B-Ht), 1636, 1425, 1085, 1021, 867, 799, 738; UV-Vis 

(CH2Cl2ύΥ ˂ Ґ 230, 257, 289, 371 nm. 

Synthesis of 4b: In a flame-dried Schlenk tube, [(Cp2TiCl2] (0.100 g, 0.34 mmol) was suspended in 10 mL dry toluene and it 

was charged with lithium borohydride solution of 2.0 M in THF (0.6 mL, 1.2 mmol) dropwise at -78 °C and kept under 

constant stirring for 1 h. The red reaction mixture converted to dark blue after 1 h. To this in situ-generated unstable dark 

blue intermediate, one equivalent of [8,9,12-(SH)3-1,2-C2B10H9] (0.084 g, 0.35 mmol) was added and kept at 90 °C for 24 h 

under stirring conditions. After the addition of [8,9,12-(SH)3-1,2-C2B10H9], the mixture becomes brown and, after 24 h, 

changes to yellow. After the completion of the reaction, the solvent was removed under vacuum. The residue was 

extracted with n-hexane /dichloromethane mixture (50:50 v/v) through a frit using 3 cm of celite. The filtrate was 

concentrated, and the residue was subjected to chromatographic workup on 250- m˃ diameter aluminium-supported silica 

gel TLC plates (MERCK TLC Plates). Elution with a n-hexane /dichloromethane (30:70 v/v) mixture yielded yellow 4b (0.080 

g, 57%). 

 

Scheme S4. Synthesis of 4b. 

4b: MS (ESI
+
): m/z calculated for [2(C7H14B10S3Ti) + H]

+
: 723.1394, found: 723.1343; 

11
B{

1
H} NMR (160 MHz, CDCl3, 22 °C): ɻ 

= -22.2 (br, 1B, B-H), -16.6 (br, 2B, B-H), -11.8 (br, 2B, B-H), -10.7 (br, 2B, B-H), 2.1 (br, 1B, B-S), 7.1 (br, 2B, B-S) ppm; 
11

B 

NMR (160 MHz, CDCl3, 22 °C): ɻ = -23.0 and -21.6 (d, 
1
JB-H = 181 Hz, 1B, B-H), -17.4 and -16.1 (d, 

1
JB-H = 167 Hz, 2B, B-H), -

12.4, -11.4 and -10.2 {(d, 
1
JB-H = 139 Hz, 2B, B-H) and (d, 

1
JB-H = 156 Hz, 2B, B-H)}, 2.1 (br, 1B, B-S), 7.1 (br, 2B, B-S) ppm; 

1
H 

NMR (500 MHz, CDCl3, 22 °C): ɻ = 2.55, 3.11 and 3.40 (br, 8H, Carborane-BH), 3.59 (br, 2H, Carborane-CH), 6.65 (s, 15H, 

1Cp*) ppm; 
1
H{

11
B} NMR (500 MHz, CDCl3, 22 °C): ɻ = 2.08, 2.92 and 3.13 (br, 8H, Carborane-BH), 3.59 (br, 2H, Carborane-

CH), 6.65 (s, 15H, 1Cp*) ppm; 
13

C{
1
H} NMR (125 MHz, CDCl3, 22 °C): ɻ = 39.8 (Carborane-CH), 114.0 (C5H5) ppm; IR (KBr, cm

-

1
):  = 3082, 3013, 2986, 2925, 2850, 2623 (B-Ht), 2598 (B-Ht), 1638, 1435, 1257, 1017, 872, 818, 741; UV-Vis (CH2Cl2ύΥ ˂ Ґ 

230, 256, 293, 330, 388 nm. 
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Synthesis of 5: In a flame-dried Schlenk tube, [(Cp*VCl2)3] (0.100 g, 0.13 mmol) was suspended in 10 mL dry toluene and it 

was charged with lithium borohydride solution 2.0 M in THF (0.5 mL, 1.0 mmol) dropwise at -78 °C through a syringe. Then, 

the reaction mixture was allowed to come to room temperature for over 1 h under stirring conditions, and no such drastic 

color change was observed in the brownish reaction mixture. After 1 h, three equivalents of [8,9,12-(SH)3-1,2-C2B10H9] 

(0.093 g, 0.39 mmol) was added and kept at 90 °C for 24 h under stirring conditions. After 24 h, the mixture becomes 

brownish green. 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 of celite. The filtrate was concentrated, and the 

residue was subjected to chromatographic workup on 250-˃Ƴ ŘƛŀƳŜǘŜǊ ŀƭǳƳƛƴƛǳƳ-supported silica gel TLC plates (MERCK 

TLC Plates). Elution with a hexane/dichloromethane (50:50 v/v) mixture yielded green 5 (0.032 g, 26%). 

 

Scheme S5. Synthesis of 5. 

5: 
11

B{
1
H} NMR (160 MHz, CDCl3, 22 °C): ɻ = -30.3 (br, 2B, B-H), -25.8 (br, 2B, B-H), -22.0 (br, 1B, B-S), -6.4 (br, 2B, B-H), -4.6 

(br, 2B, B-S) ppm; 
11

B NMR (160 MHz, CDCl3, 22 °C): ɻ = -30.8 and -29.8 (d, 
1
JB-H = 160 Hz, 2B, B-H), -26.3 and -25.1 (d, 

1
JB-H = 

161 Hz, 2B, B-H), -21.9 (br, 1B, B-S), -7.0 and -5.8 (d, 
1
JB-H = 150 Hz, 2B, B-H), -4.6 (br, 2B, B-S) ppm; 

1
H NMR (500 MHz, 

CDCl3, 22 °C): ɻ = -0.43 (br, 1H, B-H-B), 2.28 (s, 15H, 1Cp*), 2.01, 2.52, 2.79, 3.10 and 3.39 (br, 7H, Carborane-BH) ppm; 

1
H{

11
B} NMR (500 MHz, CDCl3, 22 °C): ɻ  = -0.39 (br, 1H, B-H-B), 2.28 (s, 15H, 1Cp*), 2.01, 2.25, 2.95 and 3.49 (br, 7H, 

Carborane-BH) ppm; 
13

C{
1
H} NMR (125 MHz, CDCl3, 22 °C): ɻ = 14.2 (C5Me5), 25.8 (Carborane-CH), 127.6 (C5Me5) ppm; IR 

(KBr, cm
-1
):  = 3054, 2981, 2921, 2852, 2683 (B-Ht), 2619 (B-Ht), 1725, 1430, 1364, 1264, 1094, 1019, 897, 741; UV-Vis 

(CH2Cl2ύΥ ˂ Ґ 230, 283, 335, 424, 591, 652 nm. 

 

I.1     UV-visible Studies 

In order to investigate the optical properties of these coloured clusters 1-5, we have carried out UV-vis study in CH2Cl2 

solution. The UV-vis absorption spectra of all the complexes were measured in the range of 200-800 nm in CH2Cl2 solution 

at 298 K (Figures S54-S55). All of them display the most intense peaks at higher energy regions 230-293 nm due to the 

ˉҍˉϝ transition of Cp* ligands, characteristic bands for most Cp* based metal complexes.
7
 The absorptions with l>300 nm 

exhibit mainly two to three absorption bands. These comparatively low energy bands, around 330-652 nm, have been 

assigned to the charge transfer bands.
8,9

 Unlike other complexes, in complex 5, relatively low energy absorption bands 

have been observed at 591 and 652 nm.
10

 

To reproduce the UV-vis spectrum and get some idea about the electronic transitions, Time-Dependent DFT formalism 

was used. The studies show that the possible number of electronic transitions is more in hexa- and pentametallic clusters 1 

and 2 compared to the monometallic complexes 3-5 (Figures S71, S73, S75, S77, S79, S81, and Tables S6-S11). The 

molecular orbitals of 1-5, exhibiting the most intense electronic transitions, are shown in Figures S72, S74, S76, S78, S80, 

and S82. In complex 1 and 2, the low-intensity absorption bands near 365-490 nm may be assigned as an intramolecular 

LMCT transition that correspond to electron density flow from the sulfur or carborane ring to the metal centers. The 

absorptions in 330-388 nm region for complexes 3, 4a, and 4b are mainly due to the electron density flow from the Cp* 
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ligand or sulfur atoms to the metal center. In the contrary, the absorption bands at 335 and 652 nm for 5 are due to LMCT 

transition that correspond to electron density flow from the carborane ring to the metal center. This is mainly due to the 

zwitterionic nature of complex 5, where the anionic charge delocalized onto the pendant [C2B3] ring of the nido-carborane 

(C2B9). 

 

I.2 Supplementary Data 

 

 

Figure S1. Molecular structure and labelling diagram of 1. (left) side view; (right) top view. Selected bond lengths (Å) and 

ōƻƴŘ ŀƴƎƭŜǎ όɕύΥ Ti···Ti 3.130-3.598, Ti1-S5 2.4274(12), Ti1-O1 1.919(2), Ti2-S5 2.4835(12), Ti2-S1 1.3963(13), C1-S1 1.785(4), 

B1-C1 1.703(7), Ti3-Ti2-Ti5 93.913, Ti1-S5-Ti2 82.52(4). 

 

 

Figure S2. Molecular structure and labelling diagram of 2. (left) side view; (right) top view. Selected bond lengths (Å) and 

ōƻƴŘ ŀƴƎƭŜǎ όɕύΥ Ti···Ti 3.201-3.305, Ti1-S1 2.2839(17), Ti2-S1 1.5004(16), Ti2-S7 1.446(4), Ti3-S1 2.5089(17), C2-S8 1.782(9), 

Ti3-Ti2-Ti4 58.270, S7-Ti2-S8 81.09(12), Ti1-S1-Ti2 82.24(5). 
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Figure S3. Molecular structure and labelling diagram of 3. (left) side view; (right) top view. Selected bond lengths (Å) and 

ōƻƴŘ ŀƴƎƭŜǎ όɕύΥ Ti1-S1 2.3321(9), Ti1-S2 2.3214(9), Ti1···B11 2.259(4), Ti1-H1 2.00(3), Ti-H2 1.93(3), B11-H1 0.90(3), B11-H2 

1.03(4), B1-B11 1.750(5), B2-S1 1.851(4) C1-C2 1.626(6), Ti1-S1-B2 81.17(11), B2-B1-B11 121.9(3). 

 

 

 

Figure S4. Molecular structure and labelling diagram of 4a. (left) side view; (right) top view. Selected bond lengths (Å) and 

ōƻƴŘ ŀƴƎƭŜǎ όɕύΥ Ti1-S1 2.3095(12), Ti1-S3 2.3231(12), B1-S3 1.849(5), B1-B2 1.829(5), C1-C2 1.635(7), C1-B10 1.713(7), Ti1-

S1-B2 80.72(14). 

 

 

 

Figure S5. Molecular structure and labelling diagram of 4b. (left) side view; (right) top view. Selected bond lengths (Å) and 

ōƻƴŘ ŀƴƎƭŜǎ όɕύΥ Ti1-S1 2.2992(7), Ti1-S3 2.3223(7), Ti1-S3 2.3182(7), B1-S3 1.843(3), B1-B2 1.835(3), C1-C2 1.629(3), C1-

B10 1.711(4), Ti1-S1-B2 80.89(8). 
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Figure S6. Molecular structure and labelling diagram of 5. (left) side view; (right) top view. Selected bond lengths (Å) and 

ōƻƴŘ ŀƴƎƭŜǎ όɕύΥ V1-S1 2.2194(16), V1-S3 2.2099(15), B3-S3 1.859(6), B1-B8 1.780(9), C1-C2 1.555(8), C2-B7 1.596(8), B8-Hb 

1.15(2), B9-Hb 1.16(2), V1-S1-B1 81.01(19), V1-S3-B3 79.42(17), B7-B8-B9 101.7(5), C1-C2-B7 114.3(5). 

 

 

I.3 Spectroscopic Details 

 

 
Figure S7. ESI-MS spectrum of 1. 

S1

B6

B8

S2

B4

B5

B7

B2
B9

C2

C1

V1

S3

B1

B3

H1

S1

B6

B8

S2

B4

B5

B7

B2
B9

C2

C1

V1

S3

B1

B3
H1



S13 
 

 

Figure S8. 
11

B{
1
H} NMR spectrum of 1 in CDCl3. 

11
B{

1
H} NMR spectra were processed with a backward linear prediction 

algorithm to eliminate the broad 
11

B background signal of the NMR tube.
6
 

 

Figure S9. 
11

B NMR spectrum of 1 in CDCl3. 
11

B{
1
H} NMR spectra were processed with a backward linear prediction 

algorithm to eliminate the broad 
11

B background signal of the NMR tube.
6
 

 

Figure S10. 
1
H NMR spectrum of 1 in CDCl3 (§Dichloromethane, $H2O, *Grease, #Silicon grease). 
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Figure S11. 
1
H{

11
B} NMR spectrum of 1 in CDCl3 (§Dichloromethane, $H2O, *Grease, #Silicon grease). 

 

 

Figure S12. Stacked 
1
H (bottom) and 

1
H{

11
B} NMR (top) spectra of 1 in CDCl3 (ϞInseparable impurity). 

 

 

 

Figure S13. 
13

C{
1
H} NMR spectrum of 1 in CDCl3 (§Dichloromethane, *Grease). 
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Figure S14. IR spectrum of 1. 

 

 
Figure S15. ESI-MS spectrum of 2. 
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Figure S16. 
11

B{
1
H} NMR spectrum of 2 in CDCl3. 

11
B{

1
H} NMR spectra were processed with a backward linear prediction 

algorithm to eliminate the broad 
11

B background signal of the NMR tube.
6
 

 

 

Figure S17. 
11

B NMR spectrum of 2 in CDCl3. 
11

B{
1
H} NMR spectra were processed with a backward linear prediction 

algorithm to eliminate the broad 
11

B background signal of the NMR tube.
6
 

 

 

Figure S18. 
1
H NMR spectrum of 2 in CDCl3 (ϞInseparable impurity, $H2O, *Grease, #Silicon grease). 
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Figure S19. 
1
H{

11
B} NMR spectrum of 2 in CDCl3 (ϞInseparable impurity, $H2O, *Grease, #Silicon grease). 

 

 

Figure S20. Stacked 
1
H (bottom) and 

1
H{

11
B} NMR (top) spectra of 2 in CDCl3 (ϞInseparable impurity). 

 

 

Figure S21. 
13

C{
1
H} NMR spectrum of 2 in CDCl3 (*Grease). 
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Figure S22. IR spectrum of 2. 

 

 

 
Figure S23. ESI-MS spectrum of 3. 
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Figure S24. 
11

B{
1
H} NMR spectrum of 3 in CDCl3. 

 

 

 

 

 

Figure S25. 
11

B NMR spectrum of 3 in CDCl3. 
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Figure S26. 
1
H NMR spectrum of 3 in CDCl3 (ϞInseparable impurity, $H2O, *Grease, #Silicon grease). 

 

 

 

Figure S27. 
1
H{

11
B} NMR spectrum of 3 in CDCl3 (ϞInseparable impurity, $H2O, *Grease, #Silicon grease). 
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Figure S28. Stacked 
1
H (bottom) and 

1
H{

11
B} NMR (top) spectra of 3 in CDCl3 (§Acetone,ϞInseparable impurity). 

 

 

 

 

Figure S29. 
13

C{
1
H} NMR spectrum of 3 in CDCl3 (*Grease). 

 

 

 

 

Ϟ § 

*



S22 
 

 

 

Figure S30. IR spectrum of 3. 

 

 

 
Figure S31. ESI-MS spectrum of 4a. 
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Figure S32. 
11

B{
1
H} NMR spectrum of 4a in CDCl3. 

 

 

 

 

 

Figure S33. 
11

B NMR spectrum of 4a in CDCl3. 
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Figure S34. 
1
H NMR spectrum of 4a in CDCl3 ($H2O, *Grease, #Silicon grease). 

 

 

 

Figure S35. 
1
H{

11
B} NMR spectrum of 4a in CDCl3 ($H2O, *Grease, #Silicon grease). 
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Figure S36. Stacked 
1
H (bottom) and 

1
H{

11
B} NMR (top) spectra of 4a in CDCl3. 

 

 

 

 

Figure S37. 
13

C{
1
H} NMR spectrum of 4a in CDCl3 (*Grease). 

 

 

 

 

 

*
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Figure S38. IR spectrum of 4a. 

 

 

 
Figure S39. ESI-MS spectrum of 4b. 
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Figure S40. 
11

B{
1
H} NMR spectrum of 4b in CDCl3. 

 

 

 

 

Figure S41. 
11

B NMR spectrum of 4b in CDCl3. 
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Figure S42. 
1
H NMR spectrum of 4b in CDCl3 (§Acetone,ϞInseparable impurity, $H2O, *Grease, #Silicon grease). 

 

 

 

Figure S43. 
1
H{

11
B} NMR spectrum of 4b in CDCl3 ($H2O, *Grease, #Silicon grease). 
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Figure S44. Stacked 
1
H (bottom) and 

1
H{

11
B} NMR (top) spectra of 4b in CDCl3. 

 

 

 

Figure S45. 
13

C{
1
H} NMR spectrum of 4b in CDCl3 (*Grease). 

 

 

 

 

 

 

 

*
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Figure S46. IR spectrum of 4b. 

 

Figure S47. 
11

B{
1
H} NMR spectrum of 5 in CDCl3. 

 

Figure S48. 
11

B NMR spectrum of 5 in CDCl3. 
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Figure S49. 
1
H NMR spectrum of 5 in CDCl3 (ϞInseparable impurity, $H2O, *Grease, #Silicon grease). 

 

 

 

Figure S50. 
1
H{

11
B} NMR spectrum of 5 in CDCl3 (ϞInseparable impurity, $H2O, *Grease, #Silicon grease). 
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Figure S51. Stacked 
1
H (bottom) and 

1
H{

11
B} NMR (top) spectra of 5 in CDCl3 (§Acetone). 

 

Figure S52. 
13

C{
1
H} NMR spectrum of 5 in CDCl3 (*Grease). 

 

Figure S53. IR spectrum of 5. 

§ 

*
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Figure S54. Combined UV-vis spectra of 1 and 2 in CH2Cl2. 

 

 

Figure S55. Combined UV-vis spectra of 3-5 in CH2Cl2. 
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I.4 X-ray Analysis Details 

Suitable X-ray quality crystals of 1-5 were grown by slow diffusion of a hexane-dichloromethane solution at р ɕ/. Crystal 

data of 1 and 2 were obtained and integrated using a Bruker V8 Venture diffractometer equipped with graphite 

ƳƻƴƻŎƘǊƻƳŀǘŜŘ aƻYʰ ό˂ Ґ лΦтмлто )ύ ǊŀŘƛŀǘƛƻƴ ŀǘ олл Y όŦƻǊ 1) and 150 K (for 2). Note that in 2, all four Cp* ligands 

attached to the titanium centers, as well as both the C-S groups of the 1,2-dithiol-o-carborane ligand attached to Ti2 atom, 

exhibit disorder that was resolved into two positions. And crystal data of 3-5 were obtained and integrated using a Bruker 

APEX-II CCD diffractometer ŜǉǳƛǇǇŜŘ ǿƛǘƘ ƎǊŀǇƘƛǘŜ ƳƻƴƻŎƘǊƻƳŀǘŜŘ aƻYʰ ό˂ Ґ лΦтмлто )ύ ǊŀŘƛŀǘƛƻƴ ŀǘ нфсόнύ YΦ ¢ƘŜ 

structures were solved using SIR92
11

 and refined with SHELXT-2014/7, SHELXT-2018/3 and SHELXT-2019/3.
12

 Using Olex2
13

, 

the molecular structures were drawn. Crystallographic data has been deposited with the Cambridge Crystallographic Data 

Center as supplementary publication no CCDC - 2403346 (1), 2451038 (2), 2311787 (3), 2358616 (4a), 2311786 (4b), 

2358617 (5). 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: 2 (C44H80B20O2S10Ti6), Mr.= 2930.55, monoclinic, space group P1 21/c1, a = 13.4680(8) Å, b = 24.0416(15) 

Å, c = 22.5360(16) Å, h  = 90°, b = 100.988(2)°, ɹ  = 90°, V = 7163.2(8) Å
3
, Z = 2, ́ calcd = 0.962 g/cm

3
, ˃  = 1.359 mm

ς1
, F(000) = 

3008.0, R1 = 0.0445, wR2 = 0.1256, 14644 indeǇŜƴŘŜƴǘ ǊŜŦƭŜŎǘƛƻƴǎ ώнʻ Җ 52.744°] and 759 parameters. 

Crystal data for 2: 2 (C41.5H65B5S7.5Ti5), Mr.= 2195.86, monoclinic, space group P1 21/n1, a = 22.5923(5) Å, b = 21.4585(9) Å, c 

= 12.9948(10) Å, h  = 90°, b = 96.7370(14)°, ɹ  = 90°, V = 6256.3(6) Å
3
, Z = 2, ćalcd = 1.166 g/cm

3
,  ˃= 0.885 mm

ς1
, F(000) = 

2276.0, R1 = 0.0763, wR2 = 0.2465, 12788 independent rŜŦƭŜŎǘƛƻƴǎ ώнʻ Җ р2.832°] and 666 parameters. 

Crystal data for 3: C12H27B11S2Ti, Mr.= 402.26, orthorhombic, space group Pbca, a = 12.1687(9) Å, b = 12.8758(10) Å, c = 

26.9268(18) Å, h = 90°, b = 90°, ɹ  = 90°, V = 4218.9(5) Å
3
, Z = 8, ́ calcd = 1.267 g/cm

3
,  ˃= 0.598 mm

ς1
, F(000) = 1664.0, R1 = 

0.0433, wR2 = 0.1175 Σ отлр ƛƴŘŜǇŜƴŘŜƴǘ ǊŜŦƭŜŎǘƛƻƴǎ ώнʻ Җ пфΦфф4°] and 260 parameters. 

Crystal data for 4a: C12H24B10S3Ti, Mr.= 420.49, orthorhombic, space group Pbca, a = 12.0927(5) Å, b = 12.8115(6) Å, c = 

26.9444(9) Å, h = 90°, b = 90°, ɹ  = 90°, V = 4174.4(3) Å
3
, Z = 8, ́ calcd = 1.331 g/cm

3
,  ˃= 0.702 mm

ς1
, F(000) = 1712.0, R1 = 

0.0513 , wR2 = 0.1205, 3677 ƛƴŘŜǇŜƴŘŜƴǘ ǊŜŦƭŜŎǘƛƻƴǎ ώнʻ Җ рлϲϐ ŀƴŘ нпо ǇŀǊŀƳŜǘŜǊǎΦ 

Crystal data for 4b: C7H14B10S3Ti, Mr.= 350.36, orthorhombic, space group Pbca, a = 13.4518(6) Å, b = 12.5002(6) Å, c = 

19.0272(11) Å, h = 90°, b = 90°, ɹ  = 90°, V = 3199.4(3) Å
3
, Z = 8, ́ calcd = 1.455 g/cm

3
,  ˃= 0.903 mm

ς1
, F(000) = 1408.0, R1 = 

0.0290, wR2 = 0.0764Σ нупл ƛƴŘŜǇŜƴŘŜƴǘ ǊŜŦƭŜŎǘƛƻƴǎ ώнʻ Җ рлΦнлуϲϐ ŀƴŘ нпп ǇŀǊŀƳŜǘŜǊǎΦ 

Crystal data for 5: C12H24B9S3V, Mr.= 412.72, monoclinic, space group P21/n, a = 10.449(2) Å, b = 14.2128(19) Å, c = 

13.260(3) Å, h = 90°, b = 92.289(7)°, ɹ = 90°, V = 1967.6(6) Å
3
, Z = 4, ́ calcd = 1.393 g/cm

3
, ˃  = 0.815 mm

ς1
, F(000) = 848.0, R1 

= 0.0565, wR2 = 0.1322Σ ооот ƛƴŘŜǇŜƴŘŜƴǘ ǊŜŦƭŜŎǘƛƻƴǎ ώнʻ Җ рлΦлтуϲϐ ŀƴŘ нрр ǇŀǊŀƳŜǘŜǊǎΦ 

 

II Computational Details 

All molecules were fully optimized using the Gaussian 16
14

 program employing the BP86 functional
15

 in conjunction 

with a def2-SVP basis set from the EMSL Basis Set Exchange Library.
16

 The model compounds were fully optimized in 

gaseous state (no solvent effect) starting from the X-ray crystallographic coordinates. 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)
17-19

 method was employed to compute the 
11

B chemical shifts. The NMR chemical shifts 

weǊŜ ŎŀƭŎǳƭŀǘŜŘ ǳǎƛƴƎ ǘƘŜ ƘȅōǊƛŘ .ŜŎƪŜҍ[ŜŜҍ¸ŀƴƎҍtŀǊǊ ό.о[¸tύ ŦǳƴŎǘƛƻƴŀƭ
20

 and the def2-SVP basis set on the BP86/def2-

SVP optimized geometries. The 
11

B NMR chemical shifts were calculated relative to B2H6 (B3LYP B shielding constant 84.05 

http://www.ccdc.cam.ac.uk/data_request/cif
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ppm) and converted to the usual [BF3.OEt2] scale using the experimental ɻ (
11

B) value of B2H6, 16.6 ppm.
21

 Natural bonding 

analyses were performed with the natural bond orbital (NBO) partitioning scheme
22

 as implemented in the Gaussian 16 

suite of programs. Wiberg bond indexes (WBI)
23

 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, r, obtained from the wave functions of all the optimized structures were analyzed with the quantum theory of 

atoms in molecules (QTAIM).
24

 The QTAIM analysis was carried out utilizing the Multiwfn V.3.4 package
25,

 whereas the 

wave functions were generated with Gaussian09 at the same level of theory as for geometry optimization. All the 

optimized structures and orbital graphics were generated using the Gaussview
26

, and Chemcraft
27

 visualization programs. 

 

 

Table.S1. Selected geometrical parameters and Wiberg bond indices (WBI) of 1-5. 

1 2 

 Expt. Cal. WBI  Expt. Cal. WBI 

Ti1···Ti2 3.250 3.308 0.077 Ti1···Ti2 3.244 3.210 0.199 

Ti2···Ti3 3.110 3.162 0.064 Ti2···Ti3 3.272 3.300 0.288 

Ti2-S1 2.386(9) 2.377 1.196 Ti1-S1 2.289(2) 2.297 1.101 

Ti2-S2 2.407(10) 2.403 1.145 Ti2-S1 2.526(2) 2.465 0.773 

Ti1-S5 2.472(6) 2.490 0.758 Ti2-S7 2.479(5) 2.399 1.137 

Ti2-S5 2.396(5) 2.436 0.858 Ti2-S8 2.438(4) 2.399 1.137 

Ti1-O1 1.952(12) 1.897 0.874 Ti4-S5 2.511(2) 2.515 0.710 

Ti2-O1 2.044(12) 2.082 0.501 Ti5-S5 2.322(2) 2.329 1.036 

C1-S1 1.798 1.800 0.962 C1-S7 1.754(16) 1.813 0.936 

C2-S2 1.79(5) 1.812 0.938 C2-S8 1.906 1.813 0.936 

C1-C2 1.58(6) 1.645 0.704 C1-C2 1.62(2) 1.644 0.705 

C1-B1 1.72(8) 1.722 0.552 C1-B2 1.69(2) 1.723 0.552 

B1-B2 1.734 1.780 0.430 B4-B8 1.810 1.794 0.526 

3 4a 

 Expt. Cal. WBI  Expt. Cal. WBI 

Ti1···B11 2.259(4) 2.240 0.591 Ti1-S1 2.3095(12) 2.326 1.192 

Ti1-S1 2.3214(9) 2.341 1.194 Ti1-S2 2.3220(11) 2.327 1.192 

Ti1-S2 2.3321(9) 2.341 1.192 Ti1-S3 2.3231(12) 2.332 1.667 

B1-B11 1.750(5) 1.735 0.830 B1-S3 1.849(5) 1.851 1.081 

B2-S1 1.851(4) 1.856 1.065 B2-S1 1.839(5) 1.855 1.073 

B3-S2 1.843(4) 1.856 1.066 B3-S2 1.833(5) 1.855 1.074 

B1-B2 1.811(5) 1.834 0.494 B1-B2 1.829(6) 1.853 0.474 

C1-C2 1.626(6) 1.635 0.732 C1-C2 1.635(7) 1.646 0.716 

C2-B10 1.720(6) 1.730 0.458 C2-B10 1.714(7) 1.721 0.466 

B11-H3 0.98(4) 1.219 0.932     

B11-H2 1.03(4) 1.274 0.663     

Ti1-H2 1.93(3) 1.951 0.275     
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Table S2. Selected experimental and Calculated bond angles of 1-5. 

4b 5 

 Expt. Cal. WBI  Expt. Cal. WBI 

Ti1-S1 2.2992(7) 2.319 1.228 V1-S1 2.2194(16) 2.229 1.363 

Ti1-S2 2.3182(7) 2.317 1.235 V1-S2 2.2088(18) 2.223 1.389 

Ti1-S3 2.3223(7) 2.325 1.203 V1-S3 2.2099(15) 2.229 1.356 

B1-S3 1.843(3) 1.851 1.080 B1-S1 1.860(6) 1.875 0.990 

B2-S1 1.848(3) 1.855 1.073 B2-S2 1.860(6) 1.878 0.984 

B3-S2 1.851(3) 1.856 1.070 B3-S3 1.859(6) 1.873 0.992 

B1-B2 1.835(3) 1.855 0.472 B1-B2 1.837(9) 1.858 0.460 

C1-C2 1.629(3) 1.646 0.716 B8-B9 1.850(11) 1.887 0.443 

C2-B10 1.707(4) 1.720 0.467 B8-H1 1.15(2) 1.288 0.491 

    C1-C2 1.555(8) 1.569 0.899 

    C2-B5 1.695(8) 1.718 0.490 

1 2 

 Expt. Cal.  Expt. Cal. 

Ti1-Ti2-Ti3 60.57 59.96 Ti1-Ti2-Ti3 60.49 61.25 

Ti2-Ti3-Ti4 93.95 93.85 Ti2-Ti3-Ti4 61.10 61.00 

Ti1-S5-Ti2 83.73 84.36 Ti-S1-Ti2 84.56 84.70 

Ti2-S5-Ti5 89.21 92.65 Ti2-S1-Ti3 82.00 82.24 

Ti2-S1-C1 112.16 112.62 S7-Ti2-S8 81.50 84.67 

C1-C2-S2 119.59 115.8 C2-S8-Ti2 114.55 111.73 

Ti1-O1-Ti2 108.80 112.42 S8-C2-C1 117.20 115.94 

S1-Ti2-S2 84.30 84.46 B6-C2-B9 117.90 113.67 

S3-Ti2-S4 83.60 84.46    

Ti2-Ti3-S4 94.73 91.55    

3 4a 

 Expt. Cal.  Expt. Cal. 

Ti1-S1-B2 81.17 80.62 Ti1-S1-B2 80.73 79.71 

Ti-S2-B3 81.17 80.70 Ti1-S2-B3 80.58 79.71 

S1-B2-B1 117.20 117.22 Ti1-S3-B1 80.50 79.30 

B11-B1-B2 121.90 121.64 S1-B2-B1 119.10 118.83 

C1-C2-B7 112.20 117.77 S3-B1-B2 119.50 120.19 

   C1-C2-B7 112.0 111.75 

4b 5 

 Expt. Cal.  Expt. Cal. 

Ti1-S1-B2 80.89 79.44 V1-S1-B1 81.01 80.60 

Ti1-S2-B3 80.48 79.45 V1-S2-B2 80.00 80.29 
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Table S3. Calculated natural charges (q) and natural valence population (Pop) of 1-5. 

Ti1-S3-B1 80.33 79.02 V1-S3-B3 79.42 79.35 

S1-B2-B1 118.25 118.63 S1-B1-B3 116.50 116.69 

S3-B1-B2 119.54 119.96 S3-B3-B1 118.80 118.63 

C1-C2-B7 111.96 111.77 C1-C2-B7 114.30 116.08 

1 2 

 q Pop(val)  q Pop(val) 

Ti1 0.426 3.569 Ti1 0.159 3.840 

Ti2 0.261 3.732 Ti2 -0.114 4.108 

Ti3 0.261 3.732 Ti3 0.165 3.833 

Ti4 0.205 3.790 Ti4 0.165 3.833 

Ti5 0.205 3.790 Ti5 0.159 3.840 

Ti6 0.426 3.569 S1 -0.025 6.015 

S1 0.126 5.850 S2 -0.103 6.093 

S2 0.074 5.903 S3 -0.003 5.991 

S3 0.074 5.903 S4 -0.003 5.991 

S4 0.126 5.850 S5 -0.103 6.093 

S5 -0.088 6.078 S6 -0.025 6.015 

S6 -0.078 6.068 S7 0.080 5.896 

S7 -0.143 6.135 S8 0.080 5.896 

S8 -0.078 6.068 C1 -0.580 4.555 

S9 -0.088 6.078 C2 -0.580 4.555 

S10 -0.143 6.134 B1 0.032 2.931 

O1 -0.513 6.506 B2 0.037 2.923 

O2 -0.513 6.506 B3 -0.155 3.126 

C1 -0.585 4.560 B4 -0.174 3.145 

C2 -0.582 4.557    

C3 -0.582 4.557    

C4 -0.585 4.560    

3 4a 

 q Pop(val)  q Pop(val) 

Ti1 0.075 3.927 Ti1 0.128 3.871 

S1 -0.069 6.058 S1 -0.080 6.068 

S2 -0.071 6.059 S2 -0.082 6.070 

C1 -0.610 4.590 S3 -0.092 6.080 

C2 -0.610 4.590 C1 -0.614 4.594 

B1 -0.228 3.188 C2 -0.614 4.594 
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Table S4. Calculated HOMOςLUMO energy gap of 1-5. 

 1 2 3 4a 4b 5 

DEH-L (eV) 1.300 0.386 2.646 2.857 2.783 1.558 

 

 

 

 

 

 

 

 

B2 -0.074 3.021 B1 -0.113 3.058 

B3 -0.073 3.020 B2 -0.092 3.037 

B4 -0.170 3.135 B3 -0.092 3.037 

B5 0.032 2.930 B4 -0.177 3.141 

B6 0.033 2.928 B5 0.030 2.932 

B7 0.033 2.928 B6 0.023 2.936 

B8 0.032 2.931 B7 0.023 2.936 

B9 0.194 2.767 B8 0.030 2.932 

B10 0.228 2.730 B9 0.189 2.773 

B11 -0.364 3.344 B10 0.208 2.751 

4b 5 

 q Pop(val)  q Pop(val) 

Ti1 0.051 3.946 V1 -0.137 5.139 

S1 -0.046 6.035 S1 0.086 5.902 

S2 -0.043 6.032 S2 0.083 5.903 

S3 -0.057 6.046 S3 0.071 5.916 

C1 -0.614 4.594 C1 -0.652 4.634 

C2 -0.614 4.594 C2 -0.641 4.622 

B1 -0.115 3.061 B1 -0.097 3.048 

B2 -0.094 3.039 B2 -0.094 3.043 

B3 -0.095 3.041 B3 -0.131 3.083 

B4 -0.177 3.141 B4 -0.010 2.974 

B5 0.031 2.931 B5 0.210 2.756 

B6 0.023 2.936 B6 0.002 2.961 

B7 0.023 2.936 B7 0.039 2.935 

B8 0.031 2.931 B8 -0.303 3.274 

B9 0.189 2.772 B9 0.030 2.944 

B10 0.208 2.751    
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Table S5. Calculated 
11

B chemical shifts for complexes 1-5. 

Compounds 
11

B NMR value (ppm) 

Experimental Theoretical 

1
[a]

 -12.5 and -7.9 (vrey broad peak 

ranging from -11.0 to -1.0) 

-17.6, -17.3, -17.1, -17.0, -15.6, -15.5, -14.0, -13.9, -10.8, -10.6 

2
[a]

 -12.4, -9.8, -8.7, -8.4, -4.9, -3.7, -1.5,  

-0.8 

-18.3,-17.7, -15.2, -13.7, -11.4 

3 -15.8, -11.2, -10.1, -6.8, -3.1, 8.4 -25.9, -23.9, -23.8, -19.5, -18.7, -18.7, -18.4, -12.9, -10.0, 4.0, 4.3 

4a -22.3, -16.4, -12.5, -11.3, 1.3, 6.3 -31.9, -24.5, -24.3, -21.7, -19.7, -19.6, -18.6, -2.6, 2.0, 2.5 

4b -22.2, -16.6, -11.8, -10.7, 2.1, 7.1 -32.1, -24.8, -24.7, -21.5, -19.3, -19.0, -1.5, 2.6, 3.4 

5 -30.3, -25.8, -22.0, -6.4, -4.6 -37.1, -35.5, -30.6, -27.0, -22.1, -17.5, -16.3, -9.6, -2.9 

[a]
 For clusters 1 and 2, each theoretical value corresponds to two boron atoms that are merged. 

 

 

 

 

Figure S56. Selected molecular orbitals of 1 (isocontour values: ±0.045 [e.bohr
ҍ3

]
1/2

). 

 

 

(a) HOMO (b) HOMO-1 (c) HOMO-6 

(f) HOMO-20  (e) HOMO-17 

(d) HOMO-13 

(g) HOMO-21 (h) LUMO 
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Figure S57. Selected NBO interactions of 1 (isocontour values: ±0.045 [e.bohr
ҍ3

]
1/2

). 

 

 

 

Figure S58. 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 (ɳ
2

(́r) < 0), while dashed black lines show the areas of charge depletion (ᶯ
2

(́r) > 0). 

(a) 2c-2e Ti2-S1  (b) 2c-2e Ti2-S1  (c) 2c-2e Ti3-S3  

(f) 2c-2e Ti1-O1  (e) 2c-2e Ti1-S5  

(d) 2c-2e Ti3-S3  

(g) 2c-2e Ti1-O1  (h) 2c-2e Ti3-O1 

(a) S1-Ti2-S2 plane  (b) S3-Ti3-S4 plane 

(e) Ti4-S7-Ti5 plane (d) Ti1-S7-Ti4 plane 

(c) Ti1-O1-Ti2 plane  

Ti1  Ti2  

O1  

S7  

Ti4  Ti1  Ti5  Ti4  

S7  

S2  

Ti2  

S1  

C1  C2  

S4  Ti3  

S3  
C4  

C3  
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Figure S59. Selected molecular orbitals of 2 (isocontour values: ±0.045 [e.bohr
ҍ3

]
1/2

). 

 

 

 

Figure S60. Selected NBO interactions of 2 (isocontour values: ±0.045 [e.bohr
ҍ3

]
1/2

). 

 

 

 

(a) HOMO (side view) (b) HOMO (top view) (c) HOMO-11 

(f) HOMO-18 (e) HOMO-15 

(d) HOMO-12 

(g) LUMO 

(a) 2c-2e Ti2-S1  (b) 2c-2e Ti2-S1  (c) 2c-2e Ti3-S3  

(f) 2c-2e Ti1-O1  (e) 2c-2e Ti1-S5  

(d) 2c-2e Ti3-S3  

(g) 2c-2e Ti1-O1  (h) 2c-2e Ti3-O1 
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Figure S61. 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 (ɳ
2

(́r) < 0), while dashed black lines show the areas of charge depletion (ᶯ
2

(́r) > 0). 

 

 

 

Figure S62. Selected molecular orbitals of 3 (isocontour values: ±0.045 [e.bohr
ҍ3

]
1/2

). 

 

 

 

Figure S63. Selected NBO interactions of 3 (isocontour values: ±0.045 [e.bohr
ҍ3

]
1/2

). 

(a) S7-Ti1-S8 plane  (b) Ti1-S2-Ti3 plane 

Ti1  

C2  

S7  Ti1  

S2  Ti3  

(c) Ti3-S2-Ti4 plane 

C1  

S8  

Ti3  

S2  

Ti4  

(a) HOMO (b) HOMO-5 (c) HOMO-6 

(f) HOMO-12  (e) HOMO-9 

(d) HOMO-8 

(g) HOMO-17 (h) LUMO 

(a) 2c-2e Ti1-S2  (b) 2c-2e Ti1-S2  (c) 2c-2e Ti1-S1  

(f) 2c-2e B1-B1 (e) 2c-2e B2-S1 

(d) 2c-2e B2-S1 

(g) 3c-2e Ti1-H1-B11  (h) 3c-2e B1-B2-B3 
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Figure S64. Contour-line diagram of the Laplacian of the electron density of 3 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 (ɳ
2

(́r) < 0), while dashed black lines show the areas of charge depletion (ᶯ
2

(́r) > 0). 

 

 

 

Figure S65. Selected molecular orbitals of 4a (isocontour values: ±0.045 [e.bohr
ҍ3

]
1/2

). 

(a) Ti1-H1-B11 plane  (b) Ti1-S2-B3 plane 

Ti1  

Ti1  

S2  

B3  

(c) B11-B1-B2 plane 

B11  

B11  
S1  

B2  

(d) S1-B2-B3 plane  (e) B1-B2-B3 plane (f) S1-Ti1-S2 plane 

H1  

B1  

S1  

S2  

B2  

B3  
B2  

B1  

B3  S1  S2  

Ti1  

(a) HOMO (b) HOMO-4 (c) HOMO-6 

(e) HOMO-10  (d) HOMO-8 (f) LUMO 
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Figure S66. Selected NBO interactions of 4a (isocontour values: ±0.045 [e.bohr
ҍ3

]
1/2

). 

 

 

 

 

Figure S67. Contour-line diagram of the Laplacian of the electron density of 4a 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 (ɳ
2

(́r) < 0), while dashed black lines show the areas of charge depletion (ᶯ
2

(́r) > 0). 

 

(a) 2c-2e Ti1-S1  (b) 2c-2e Ti1-S2 (c) 2c-2e Ti1-S3  

(e) 2c-2e B3-S2  (d) 2c-2e B2-S1 (f) 2c-2e B1-S3  

(a) Ti1-S1-B2 plane  (b) S1-Ti1-S2 plane 

Ti1  

S1  

Ti1  

S1  S2  

(c) S1-B2-B3 plane 

B2  

Ti3  

S2  

Ti4  

S1  S2  

B2  B3  
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Figure S68. Selected molecular orbitals of 5 (isocontour values: ±0.045 [e.bohr
ҍ3

]
1/2

). 

 

 

Figure S69. Selected NBO interactions of 5 (isocontour values: ±0.045 [e.bohr
ҍ3

]
1/2

). 

 

 

Figure S70. Contour-line diagram of the Laplacian of the electron density of 5 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 (ɳ
2

(́r) < 0), while dashed black lines show the areas of charge depletion (ᶯ
2

(́r) > 0). 

(a) HOMO (b) HOMO-5 (c) HOMO-6 

(f) HOMO-12  (e) HOMO-9 

(d) HOMO-8 

(g) HOMO-17 (h) LUMO 

(a) 2c-2e V1-S3  (b) 2c-2e V1-S3  (c) 2c-2e V1-S2  

(f) 2c-2e C1-C2 (e) 2c-2e B3-S3 

(d) 2c-2e V1-S2 

(g) 3c-2e B1-B2-B3  (h) 3c-2e B8-H1-B9 

(a) B7-C2-C1 plane  (b) B8-H1-B9 plane 

B8  
B7  H1  

B8  B9  

(c) V1-S2-B2 plane 

B9  

V1  

S2  

B9  

B2  
C2  

C1 

B2  

B3  
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Figure S71. Absorption spectrum of 1 computed at TD-DFT- PB86/Def2-SVP level of theory (ʁ in LM
-1
cm

-1
). 

 

Table S6. TD-5C¢ ŎŀƭŎǳƭŀǘŜŘ ŜƴŜǊƎƛŜǎ όŜȄŎƛǘŀǘƛƻƴ ŜƴŜǊƎȅ όŜ±ύΣ ˂calc (nm)), oscillator strength (f), and main composition of the 

ŦƛǊǎǘ ¦±ҍǾƛǎ ŜƭŜŎǘǊƻƴƛŎ ŜȄŎƛǘŀǘƛƻƴǎ ŦƻǊ 1Φ 9ȄǇŜǊƛƳŜƴǘŀƭ ŀōǎƻǊǇǘƛƻƴ ǿŀǾŜƭŜƴƎǘƘǎ ό˂exp, nm) of 1 are given for comparison. 

No Excitation Energy (eV) 
²ŀǾŜƭŜƴƎǘƘ ˂ όƴƳύ 

Main electronic transition (% weight)
 [b]

 
Calc. (f)

 [a]
 Expt. 

1 1.822 680 (0.012)  HOMO-4­LUMO+1 (93) 

2 2.184 568 (0.012)  HOMO-13­LUMO (34) 

HOMO-12­LUMO+1 (14) 

HOMO-10­LUMO+2 (28) 

HOMO­LUMO+6 (11) 

3 2.487 499 (0.013)  HOMO-6­LUMO+6 (71) 

4 2.544 487 (0.024) 490 HOMO-1­LUMO+8 (45) 

HOMO-8­LUMO+6 (22) 

5 2.642 469 (0.020)  HOMO--18­LUMO (62) 

6 2.747 451 (0.030)  HOMO-14­LUMO+5 (30) 

HOMO-4­LUMO+8 (14) 

HOMO-3­LUMO+9 (20) 

7 2.853 435 (0.028)  HOMO-1­LUMO+10 (64) 

8 3.359 369 (0.030) 375 HOMO-10­LUMO+11 (30) 

HOMO-5­LUMO+13 (22) 

HOMO-14­LUMO+9 (19) 

9 3.448 360 (0.021)  HOMO-26­LUMO (27) 

HOMO-23­LUMO+3 (30) 

HOMO­LUMO+17 (15) 

10 3.590 345 (0.025)  HOMO-14­LUMO+10 (41) 

HOMO-10­LUMO+14 (15) 
[a]

Oscillator strength greater than 0.010 and 
[b]

Components with greater than 10% contribution shown. 
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Figure S72. Selected molecular orbitals of 1 related to most intense electronic transitions [isocontour values: ±0.045 

(e/bohr
3
)
1/2

]. 

 

 

 

 

Figure S73. Absorption spectrum of 2 computed at TD-DFT-PB86/Def2-SVP level of theory (ʁ in LM
-1
cm

-1
). 
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Table S7. TD-5C¢ ŎŀƭŎǳƭŀǘŜŘ ŜƴŜǊƎƛŜǎ όŜȄŎƛǘŀǘƛƻƴ ŜƴŜǊƎȅ όŜ±ύΣ ˂calc (nm)), oscillator strength (f), and main composition of the 

ŦƛǊǎǘ ¦±ҍǾƛǎ ŜƭŜŎǘǊƻƴƛŎ ŜȄŎƛǘŀǘƛƻƴǎ ŦƻǊ 2Φ 9ȄǇŜǊƛƳŜƴǘŀƭ ŀōǎƻǊǇǘƛƻƴ ǿŀǾŜƭŜƴƎǘƘǎ ό˂exp, nm) of 2 are given for comparison. 

No Excitation Energy (eV) 
²ŀǾŜƭŜƴƎǘƘ ˂ όƴƳύ 

Main electronic transition (% weight)
 [b]

 
Calc. (f)

 [a]
 Expt. 

1 1.693 733 (0.014)  HOMO-2­LUMO (91) 

2 1.942 638 (0.027)  HOMO-6­LUMO+1(11) 

HOMO­LUMO+8 (67) 

3 2.198 564 (0.031)  HOMO-9­LUMO+2 (15) 

HOMO-8­LUMO+2 (54) 

4 2.240 554 (0.034)  HOMO­LUMO+10 (52) 

HOMO­LUMO+11 (16) 

5 2.783 446 (0.032) 463 HOMO-5­LUMO+3 (41) 

HOMO­LUMO+18 (16) 

HOMO-1­LUMO+7 (12) 

6 2.829 438 (0.023)  HOMO-7­LUMO+4 (12) 

HOMO-6­LUMO+3 (11) 

HOMO-5­LUMO+4 (22) 

HOMO-2­LUMO+7 (15) 

7 2.856 434 (0.025)  HOMO-3­LUMO+6 (38) 

HOMO­LUMO+18 (12) 

8 3.247 382 (0.047)  HOMO-17­LUMO+2 (10) 

HOMO-10­LUMO+6 (17) 

HOMO-1­LUMO+9 (23) 

9 3.320 373 (0.036) 365 HOMO-20­LUMO+1 (77) 

10 3.606 344 (0.036)  HOMO-3­LUMO+12 (64) 
[a]

Oscillator strength greater than 0.010 and 
[b]

Components with greater than 10% contribution shown. 

 

 

Figure S74. Selected molecular orbitals of 2 related to most intense electronic transitions [isocontour values: ±0.045 

(e/bohr
3
)
1/2

]. 
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Figure S75. Absorption spectrum of 3 computed at TD-DFT-PB86/Def2-SVP level of theory (ʁ in LM
-1
cm

-1
). 

 

Table S8. TD-5C¢ ŎŀƭŎǳƭŀǘŜŘ ŜƴŜǊƎƛŜǎ όŜȄŎƛǘŀǘƛƻƴ ŜƴŜǊƎȅ όŜ±ύΣ ˂calc (nm)), oscillator strength (f), and main composition of the 

ŦƛǊǎǘ ¦±ҍǾƛǎ ŜƭŜŎǘǊƻƴƛŎ ŜȄŎƛǘŀǘƛƻƴǎ for 3Φ 9ȄǇŜǊƛƳŜƴǘŀƭ ŀōǎƻǊǇǘƛƻƴ ǿŀǾŜƭŜƴƎǘƘǎ ό˂exp, nm) of 3 are given for comparison. 

No Excitation Energy (eV) 
²ŀǾŜƭŜƴƎǘƘ ˂ όƴƳύ 

Main electronic transition (% weight)
 [b]

 
Calc. (f)

 [a]
 Expt. 

1 3.131 396(0.015)  HOMO-2­LUMO (55) 

HOMO-1­LUMO+2 (11) 

HOMO­LUMO (18) 

HOMO­LUMO+1 (14) 

2 3.467 358 (0.011)  HOMO-1­LUMO+2(82) 

3 3.587 346 (0.023)  HOMO-2­LUMO+2 (91) 

4 3.733 332 (0.029) 336 HOMO-4­LUMO (53) 

HOMO-3­LUMO (18) 

10 4.011 309 (0.059)  HOMO-4­LUMO+1 (81) 
[a]

Oscillator strength greater than 0.010 and 
[b]

Components with greater than 10% contribution shown. 

 

 

 

Figure S76. Selected molecular orbitals of 3 related to most intense electronic transitions [isocontour values: ±0.045 

(e/bohr
3
)
1/2

]. 

 

 



S50 
 

 

Figure S77. Absorption spectrum of 4a computed at TD-DFT- PB86/Def2-SVP level of theory (ʁ in LM
-1
cm

-1
). 

 

Table S9. TD-5C¢ ŎŀƭŎǳƭŀǘŜŘ ŜƴŜǊƎƛŜǎ όŜȄŎƛǘŀǘƛƻƴ ŜƴŜǊƎȅ όŜ±ύΣ ˂calc (nm)), oscillator strength (f), and main composition of the 

ŦƛǊǎǘ ¦±ҍǾƛǎ ŜƭŜŎǘǊƻƴƛŎ ŜȄŎƛǘŀǘƛƻƴǎ ŦƻǊ 4aΦ 9ȄǇŜǊƛƳŜƴǘŀƭ ŀōǎƻǊǇǘƛƻƴ ǿŀǾŜƭŜƴƎǘƘǎ ό˂exp, nm) of 4a are given for comparison. 

No Excitation Energy (eV) 
²ŀǾŜƭŜƴƎǘƘ ˂ όƴƳύ 

Main electronic transition (% weight)
 [b]

 
Calc. (f)

 [a]
 Expt. 

1 3.190 389 (0.031) 371 HOMO-1­LUMO+1 (62) 

HOMO-1­LUMO (18) 

HOMO-2­LUMO (11) 

2 3.277 378 (0.010)  HOMO-2­LUMO (56) 

HOMO-2­LUMO+1 (24) 

3 3.594 345 (0.020)  HOMO-4­LUMO (12) 

HOMO-3­LUMO+1 (61) 

4 3.626 342 (0.022)  HOMO-4­LUMO (19) 

HOMO-4­LUMO+1 (25) 

HOMO-3­LUMO (30) 

10 3.987 311 (0.063)  HOMO-5­LUMO+2 (82) 
[a]

Oscillator strength greater than 0.010 and 
[b]

Components with greater than 10% contribution shown. 

 

 

 

Figure S78. Selected molecular orbitals of 4a related to most intense electronic transitions [isocontour values: ±0.045 

(e/bohr
3
)
1/2

]. 
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Figure S79. Absorption spectrum of 4b computed at TD-DFT-PB86/Def2-SVP level of theory (ʁ in LM
-1
cm

-1
). 

 

Table S10. TD-DFT calculated energies (excitation energy όŜ±ύΣ ˂calc (nm)), oscillator strength (f), and main composition of 

the first UV-vis electronic excitations for 4bΦ 9ȄǇŜǊƛƳŜƴǘŀƭ ŀōǎƻǊǇǘƛƻƴ ǿŀǾŜƭŜƴƎǘƘǎ ό˂exp, nm) of 4b are given for 

comparison. 

No Excitation Energy (eV) 
²ŀǾŜƭŜƴƎǘƘ ˂ όƴƳύ 

Main electronic transition (% weight)
 [b]

 
Calc. (f)

 [a]
 Expt. 

1 3.036 408 (0.008) 388 HOMO­LUMO+1 (76) 

2 3.542 350 (0.017)  HOMO-1­LUMO (34) 

HOMO-1­LUMO+1 (37) 

3 3.592 345 (0.025)  HOMO-2­LUMO+1 (37) 

HOMO-1­LUMO (21) 

4 3.777 328 (0.027) 330 HOMO-5­LUMO (58) 

HOMO-4­LUMO (22) 

10 3.983 311 (0.037)  HOMO-3­LUMO+2 (76) 
[a]

Oscillator strength greater than 0.010 and 
[b]

Components with greater than 10% contribution shown. 

 

 

Figure S80. Selected molecular orbitals of 4b related to most intense electronic transitions [isocontour values: ±0.045 

(e/bohr
3
)
1/2

]. 


