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S1 

 

Experimental Procedures 

 

 

General Information: 

All manipulations were carried out under an argon inert gas atmosphere using Schlenk line techniques 

and/or a glove box. Solvents were purified using an MBraun Solvent Purification System. NMR spectra 

were recorded on Bruker Avance III 300 (solution), Bruker Avance III 400 (solution) and Bruker Avance 

III 400 WB (solid-state) spectrometers. 1H and 13C NMR spectra were referenced using the solvent 

signals,[1] 7Li and 27Al NMR spectra were referenced using external standards (δ27Al(AlCl3 in D2O) = 0; 

δ7Li(LiCl in D2O) = 0). Single crystal X-ray diffraction analyses were carried out on a Bruker X8 Apex II 

CCD diffractometer (1AlBr3, 1W(CO)5, 3, 4a, 4b, 5) using monochromated MoK radiation 

( = 0.71073 Å) and a Bruker D8 Venture diffractometer (1, 2) using monochromated CuK radiation 

( = 1.54178 Å). Data was corrected for absorption effects using the multi-scan method.[2] Elemental 

analyses were performed on an Elementar Vario MICRO cube. FT-IR spectra were recorded in 

attenuated total reflectance (ATR) on a Bruker Vertex 70 spectrometer. UV-Vis spectra were recorded 

in quartz glass cuvettes on a Perkin Elmer Lambda 750 spectrometer with an integrating sphere. 

{Cp*Al}4
[3] and 5CpLiOEt2[4] were synthesized according to literature procedures. 

 

 

 

Synthesis of 1 (5CpAl): 

To a mixture of 5CpLiOEt2 (1.10 g, 3.08 mmol) and {Cp*Al}4 (500 mg, 0.77 mmol) was added 1,2-

difluorobenzene (~50 mL) at room temperature and the mixture was warmed to 343 K for 22 h. All 

volatiles were removed in vacuum and hexane (50 mL) was added. After filtration, all volatiles were 

removed in vacuum, and the resulting yellow to orange solid was purified by sublimation at 

323 K / 0.01 mbar, giving 1 as a yellow to orange crystalline solid. 

Yield: 97% / 225 mg / 0.75 mmol. 

1H NMR (400.13 MHz, C6D6, 293 K, δ in ppm): 1.25 (d, 3J = 7.3 Hz, 15H, CH(CH3)2, 1.37 (d, 3J = 7.3 Hz, 

15H, CH(CH3)2), 3.09 (sept, 3J = 7.3 Hz, 5H, CH(CH3)2). 

13C{1H} NMR (100.62 MHz, C6D6, 293 K, δ in ppm): 22.5 (CH(CH3)2), 25.7 (CH(CH3)2), 26.0 (CH(CH3)2), 

124.1 (CCp). 

13C{1H} NMR (100.67 MHz, CP/MAS(13 kHz), 294 K, δ in ppm): 22-27 (CH(CH3)2 & CH(CH3)2), 124 

(CCp). 

27Al{1H} NMR (104.26 MHz, C6D6, 293 K, δ in ppm): -154 (1/2 = 521 Hz). 

27Al NMR (104.36 MHz, SPE/MAS(13 kHz), 295 K, δiso in ppm): -154 (δiso was determined by simulation 

of the spectrum with the Bruker TopSpin 3.6.4 software suite). 

CHN-analysis: found: C: 79.43%, H: 11.63%; calc. for C20H35Al: C: 79.42%, H: 11.66%. 

UV-Vis [nm]: 202, 218, 256. 

IR (max / cm-1): 521 (s), 910 (w), 1091 (w), 1113 (w), 1161 (w), 1316 (w), 1365 (m), 1381 (w), 1456 (w), 

2868 (w), 2926 (w), 2952 (m), 2976 (m). 
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Synthesis of 1AlBr3 (5CpAl➝AlBr3): 

1 (150 mg, 0.50 mmol) and AlBr3 (132 mg, 0.50 mmol) were mixed and stirred in toluene (~40 mL) for 

15 min. The solvent was removed from the precipitated colorless solid via syringe, a 4:1 mixture of 1,2-

difluorobenzene (~4 mL) and toluene (~1 mL) was added, and the mixture was heated to just below the 

boiling temperature. Slow cooling to room temperature afforded colorless crystals of 1AlBr3. 

Yield: 72 % / 205 mg / 0.36 mmol. 

1H NMR (400.13 MHz, C6D6, 292 K, δ in ppm): 0.88 (d, 3J = 7.3 Hz, 15H, CH(CH3)2), 1.30 (d, 3J = 7.4 Hz, 

15H, CH(CH3)2), 2.97 (sept, 3J = 7.3 Hz, 5H, CH(CH3)2). 

13C{1H} NMR (100.62 MHz, C6D6, 292 K, δ in ppm): 20.6 (CH(CH3)2), 25.7 (CH(CH3)2), 26.1 (CH(CH3)2), 

126.8 (CCp). 

No signal was detected in the 27Al{1H} NMR spectrum in a range between -300 to +300 ppm. 

CHN-analysis: found: C: 42.32%, H: 6.09%; calc. for C20H35Al2Br2: C: 42.20%, H: 6.20%. 

IR (max / cm-1): 594 (s), 648 (w), 693 (w), 719 (w), 784 (w), 884 (w), 1086 (m), 1114 (w), 1162 (w), 1314 

(w), 1334 (w), 1355 (m), 1386 (w), 1433 (m), 2875 (w), 2924 (w), 2943 (m), 2986 (m). 

 

 

 

Synthesis of 1W(CO)5 (5CpAl➝W(CO)5): 

A mixture of 1 (125 mg, 0.41 mmol) and W(CO)6 (145 mg, 0.41 mmol) in THF (~3 mL) was irradiated at 

365 nm for 15 min. All volatiles were removed in vacuum, and toluene was added. Slow evaporation of 

toluene afforded colorless crystals of 1W(CO)5, which were washed twice with small amounts of hexane 

and subsequently dried in vacuum. 

(Note: A minor side-product was detected by NMR, which could not be separated completely and is 

believed to be the bis(aluminylene) tungsten tetracarbonyl complex (5CpAl➝)2W(CO)4. 

Yield: 9% / 22 mg / 0.04 mmol. 

1H NMR (400.13 MHz, C6D6, 293 K, δ in ppm): 1.02 (d, 3J = 7.3 Hz, 15H, CH(CH3)2), 1.35 (d, 3J = 7.3 Hz, 

15H, CH(CH3)2), 3.08 (sept, 3J = 7.3 Hz, 5H, CH(CH3)2). 

13C{1H} NMR (100.62 MHz, C6D6, 293 K, δ in ppm): 21.8 (CH(CH3)2), 24.3 (CH(CH3)2), 26.1 (CH(CH3)2), 

125.9 (CCp), 199.0 (W(CO)5), 199.2 (W(CO)5). 

No signal was detected in the 27Al{1H} NMR spectrum in a range between -300 to +300 ppm. 

(Minor side-product: 1H NMR (400.13 MHz, C6D6, 293 K, δ in ppm): 1.14 (d, 3J = 7.3 Hz, 15H, 

CH(CH3)2), 1.64 (d, 3J = 7.3 Hz, 15H, CH(CH3)2), 3.30 (sept, 3J = 7.3 Hz, 5H, CH(CH3)2). 13C{1H} NMR 

(100.62 MHz, C6D6, 293 K, δ in ppm): 22.2 (CH(CH3)2), 24.2 (CH(CH3)2), 26.5 (CH(CH3)2), 125.6 (CCp), 

199.2 (W(CO)5)).) 

CHN-analysis: Found: C: 46.50%; H: 6.02%. Calc. for C25H35AlO5W: C: 47.94%; H: 5.63%. 

IR (max / cm-1): 571 (s), 598 (w), 798 (m), 1018 (m), 1086 (m), 1259 (w), 1371 (w), 1458 (w), 1905 (s, 

CO), 1965 (w, CO), 2052 (w, CO), 2361 (w), 2875 (w), 2935 (w), 2962 (w). 
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Synthesis of 2 (5CpAl➝Li5Cp): 

METHOD A: 

To a mixture of 5CpLiOEt2 (813 mg, 2.28 mmol) and {Cp*Al}4 (185 mg, 0.29 mmol) was added 1,2-

difluorobenzene (~40 mL) at room temperature and the mixture was warmed to 343 K for 22 h. All 

volatiles were removed in vacuum and toluene (~40 mL) was added. After filtration, all volatiles were 

removed in vacuum, and precipitated 2 was washed with hexane (~3 mL). Colorless crystals of 2 could 

be obtained from a 1:1 mixture of toluene (3 mL) and 1,2-difluorobenzene (3 mL) at 249 K. 

Yield: 33% / 440 mg / 0.75 mmol. 

METHOD B: 

To a mixture of 5CpLiOEt2 (59 mg, 0.17 mmol), 1 (50 mg, 0.17 mmol) and Cp*Li (24 mg, 0.17 mmol) 

was added 1,2-difluorobenzene (~25 mL) at room temperature. The mixture was stirred for 1 h at room 

temperature and subsequently heated at 323 K for 18 h. After cooling to room temperature and filtration 

all volatiles were removed in vacuum to give 2. 

Yield: 93% / 92 mg / 0.16 mmol. 

1H NMR (400.13 MHz, C6D6, 293 K, δ in ppm): 1.23 (d, 3J = 7.2 Hz, 15H, CH(CH3)2 : 

5CpAl), 1.29 (d, 

3J = 7.3 Hz, 15H, CH(CH3)2 : 

5CpLi), 1.35 (d, 3J = 7.4 Hz, 15H, CH(CH3)2 : 

5CpAl), 1.50 (d, 3J = 7.3 Hz, 

15H, CH(CH3)2 : 

5CpLi), 3.07 (sept, 3J = 7.4 Hz, 5H, CH(CH3)2 : 

5CpAl), 3.32 (sept, 3J = 7.2 Hz, 5H, 

CH(CH3)2 : 

5CpLi). 

13C{1H} NMR (100.62 MHz, C6D6, 293 K, δ in ppm): 22.4 (CH(CH3)2 : 

5CpAl), 23.9 (CH(CH3)2 : 

5CpLi), 25.6 

(CH(CH3)2 : 

5CpAl), 25.9 (CH(CH3)2 : 

5CpLi), 26.0 (CH(CH3)2 : 

5CpAl), 27.0 (CH(CH3)2 : 

5CpLi), 118.1 (q, 

1J¹³C-⁷Li = 2.2 Hz, CCp
 : 

5CpLi), 124.1 (CCp
 : 

5CpAl). 

13C{1H} NMR (100.67 MHz, CP/MAS(13 kHz), 295 K, δiso in ppm): 22-26 (CH(CH3)2 & CH(CH3)2), 118 

(CCp
 : 

5CpLi), 124 (CCp
 : 

5CpAl). 

7Li NMR (155.51 MHz, C6D6, 293 K, δ in ppm): -9.63. 

7Li{1H} NMR (155.57 MHz, SPE/MAS(13 kHz), 298 K, δiso in ppm): -8.9 (hex, 1J°⁷Li-²⁷Al = 102 Hz) (δiso 

and the 1J⁷Li-²⁷Al coupling constant were determined by simulation of the spectrum with the Bruker 

TopSpin 3.6.4 software suite). 

27Al{1H} NMR (104.26 MHz, C6D6, 293 K, δ in ppm): -151 (1/2 = 1139 Hz). 

27Al NMR (104.36 MHz, SPE/MAS(13 kHz), 297 K, δiso in ppm): -157 (δiso was determined by simulation 

of the spectrum with the Bruker TopSpin 3.6.4 software suite). 

CHN-analysis: found: C: 81.61%, H: 11.70%; calc. for C40H70AlLi: C: 82.14%, H: 12.06%. 

IR (max / cm-1): 540 (s), 604 (w), 804 (w), 908 (w), 1020 (w), 1084 (m), 1109 (m), 1159 (m), 1261 (w), 

1313 (w), 1362 (m), 1454 (m), 2866 (m), 2935 (s), 2958 (s). 
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Synthesis of 3 (5CpLiNHC): 

A mixture of 2 (70 mg, 0.12 mmol) and 1,3-diisopropyl-4,5-dimethylimidazol-2-ylidene (22 mg, 

0.12 mmol) in toluene (~4 mL) was stirred for 2 h at room temperature, and subsequently stored at 

249 K, to obtain 3 in form of colorless crystals. 

Yield: 49% / 27 mg / 0.06 mmol. 

1H NMR (300.13 MHz, C6D6, 298 K, δ in ppm): 1.10 (d, 3J = 6.9 Hz, 12H, CH(CH3)2 : NHC), 1.56 (d, 

3J = 7.3 Hz, 15H, CH(CH3)2 : 

5CpLi), 1.61 (s, 6H, CH3 : NHC), 1.68 (d, 3J = 7.3 Hz, 15H, CH(CH3)2 : 

5CpLi), 3.60 (sept, 3J = 7.3 Hz, 5H, CH(CH3)2 : 

5CpLi), 4.65 (sept, 3J = 7.2 Hz, 2H, CH(CH3)2 : NHC). 

13C{1H} NMR (100.62 MHz, C6D6, 293 K, δ in ppm): 10.0 (CH3 : NHC), 22.4 (CH(CH3)2 : 

5CpLi), 24.6 

(CH(CH3)2 : 

5CpLi), 26.7 (CH(CH3)2 : 

5CpLi), 27.4 (CH(CH3)2 : NHC), 53.7 (CH(CH3)2 : NHC), 118.4 (CCp), 

124.5 (C=C : NHC), 193.8 (CCarbene). 

7Li NMR (155.51 MHz, C6D6, 293 K, δ in ppm): -7.41. 

CHN-analysis: found: C: 78.68%, H: 11.77%, N 5.84%; calc. for C31H55LiN2: C: 80.47%, H: 11.98%, N 

6.05% (Carbon values were repeatedly, reproducibly low). 

IR (max / cm-1): 546 (w), 742 (w), 796 (w), 908 (w), 1066 (m), 1080 (m), 1105 (m), 1134 (m), 1157 (m), 

1225 (w), 1309 (w), 1354 (m), 1371 (m), 1402 (w), 1448 (m), 1556 (w), 1579 (w), 1647 (w), 2860 (s), 

2922 (s), 2966 (s). 

 

 

 

Synthesis of 4a (5CpLi·CNPh): 

To a solution of 2 (60 mg, 0.10 mmol) in toluene (~10 mL) was added phenylisocyanate (12 mg, 

0.10 mmol, 0.01 mL) at room temperature and the reaction mixture was subsequently stirred for 10 min. 

All volatiles were removed in vacuum and the residue was dissolved in a mixture of toluene (~5 mL) and 

hexane (~2 mL). 4a was obtained in form of highly air sensitive colorless crystals by storing the solution 

at 249 K. 

Yield: 29% / 11 mg / 0.03 mmol. 

1H NMR (400.13 MHz, C6D6, 293 K, δ in ppm): 1.48 (d, 3J = 7.2 Hz, 15H, CH(CH3)2), 1.60 (d, 3J = 7.2 Hz, 

15H, CH(CH3)2), 3.49 (sept, 3J = 7.3 Hz, 5H, CH(CH3)2), 6.54-6.56 (m, 4H, HPh), 6.65-6.69 (m, 1H, HPh). 

13C{1H} NMR (100.62 MHz, C6D6, 299 K, δ in ppm): 23.8 (CH(CH3)2), 26.7 (CH(CH3)2), 27.2 (CH(CH3)2), 

118.6 (q, 1J¹³C-⁷Li = 2.2 Hz, CCp), 126.4 (CPh), 128.7 (CPh), 129.3 (CPh), 130.0 (CPh). 

7Li NMR (155.51 MHz, C6D6, 293 K, δ in ppm): -9.07. 

IR (max / cm-1): 484 (w), 511 (w), 619 (w), 685 (m), 760 (s), 796 (s), 1016 (s), 1080 (s), 1155 (w), 1259 

(s), 1362 (w), 1454 (w), 1487 (w), 1589 (w), 2123 (w), 2181 (w), 2868 (w), 2939 (m), 2964 (s). 

No satisfactory elemental analysis could be obtained, due to the extreme air sensitivity of this compound. 
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Synthesis of 4b (5CpLi·CNMes): 

To a solution of 2 (50 mg, 0.09 mmol) in hexane (~10 mL) was added mesitylisothiocyanate (15 mg, 

0.09 mmol) at room temperature and the reaction mixture was subsequently stirred for 10 min. 4b was 

obtained in form of highly air sensitive colorless crystals by storing the solution at 249 K. 

Yield: 78% / 30 mg / 0.07 mmol. 

1H NMR (300.13 MHz, C6D6, 297 K, δ in ppm): 1.52 (d, 3J = 7.3 Hz, 15H, CH(CH3)2), 1.62 (d, 3J = 7.3 Hz, 

15H, CH(CH3)2), 1.83 (s, 3H, p-CH3
Mes), 1.89 (s, 6H, o-CH3

Mes), 3.52 (sept, 3J = 7.3 Hz, 5H, CH(CH3)2), 

6.29 (s, 2H, m-HMes). 

13C{1H} NMR (75.48 MHz, C6D6, 297 K, δ in ppm): 18.2 (CH3
Mes), 20.9 (CH3

Mes), 23.8 (CH(CH3)2), 26.8 

(CH(CH3)2), 27.2 (CH(CH3)2), 118.5 (q, 1J¹³C-⁷Li = 2.2 Hz, CCp), 128.7 (CAr), 135.1 (CAr). 

7Li NMR (116.64 MHz, C6D6, 297 K, δ in ppm): -8.92. 

IR (max / cm-1): 474 (m), 503 (m), 599 (w), 637 (m), 673 (w), 741 (m), 816 (m), 854 (m), 906 (w), 1058 (s), 

1100 (s), 1156 (m), 1365 (m), 1381 (m), 1458 (m), 1608 (w), 2113 (m), 2870 (m), 2929 (s), 2961 (s). 

No satisfactory elemental analysis could be obtained, due to the extreme air sensitivity of this compound. 

 

 

 

Synthesis of 5 ({5CpAlNAd}2): 

To a solution of 2 (30 mg, 0.05 mmol) in toluene (~2 mL) precooled to 233 K was added 1-

azidoadamantan (9 mg, 0.05 mmol) in toluene (~2 mL) at 233 K and the reaction mixture was 

subsequently stirred for 10 min and allowed to warm to room temperature. NMR spectroscopy indicated 

the reaction solution to be a mixture of 5 and 5CpLi, which could not be separated. On one occasion, 

serendipitous crystals of 5 were obtained by storing a toluene solution at 249 K. 

1H NMR (400.13 MHz, toluene-D8, 297 K, δ in ppm): 1.26 (d, 3J = 7.3 Hz, CH(CH3)2 : 

5CpLi), 1.41 (d, 

3J = 7.3 Hz, CH(CH3)2 : 

5CpLi), 1.42 (d, 3J = 7.2 Hz, CH(CH3)2 :  

5CpAl), 1.61-1.91 (m, Ad), 3.26 (sept, 

3J = 7.3 Hz, CH(CH3)2 : 

5CpLi), 3.34 (sept, 3J = 7.3 Hz, CH(CH3)2 : 

5CpAl). 

13C{1H} NMR (100.13 MHz, toluene-D8, 297 K, δ in ppm): 24.3 (CH(CH3)2 : 

5CpAl), 24.9 (CH(CH3)2 : 

5CpLi), 26.2 (CH(CH3)2 : 

5CpLi), 27.2 (CH(CH3)2 : 

5CpAl), 27.4 (CH(CH3)2 : 

5CpLi), 30.8 (Ad), 31.6 (Ad), 

37.3 (Ad), 37.4 (Ad), 44.5 (Ad), 50.7 (Ad), 53.8 (Ad), 118.4 (CCp
 : 

5CpLi), 126.8 (CCp
 :  

5CpAl). 

7Li NMR (155.51 MHz, toluene-D8, 297 K, δ in ppm): -9.54. 

No signal was detected in the 27Al{1H} NMR spectrum in a range between -300 to +300 ppm. 
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NMR Spectra 

 

 

 

 
Supplementary Figure 1: 1H NMR spectrum (400.13 MHz, C6D6, 293 K) of 1 (5CpAl) (⚫ silicon grease). 

 

 

 

 

 

 

 
Supplementary Figure 2: 13C{1H} NMR spectrum (100.62 MHz, C6D6, 293 K) of 1 (5CpAl). 
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Supplementary Figure 3: 27Al{1H} NMR spectrum (104.26 MHz, C6D6, 293 K) of 1 (5CpAl). 

 

 

 

 

 

 

 
Supplementary Figure 4: 27Al SPE/MAS(13kHz) NMR spectrum (104.36 MHz, 295 K) of 1 (5CpAl) (top: 

simulated spectrum; bottom: experimental spectrum; analysis and simulations were performed with the Bruker 

TopSpin 3.6.4 software suite;  spinning sidebands). 

 

 

 
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Supplementary Figure 5: 1H NMR spectrum (400.13 MHz, C6D6, 292 K) of 1AlBr3 (5CpAl➝AlBr3). 

 

 

 

 

 

 

 
Supplementary Figure 6: 13C{1H} NMR spectrum (100.62 MHz, C6D6, 292 K) of 1AlBr3 (5CpAl➝AlBr3). 
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Supplementary Figure 7: 1H NMR spectrum (400.13 MHz, C6D6, 293 K) of 1W(CO)5 (5CpAl➝W(CO)5) (◼ side 

product). 

 

 

 

 

 

 

 
Supplementary Figure 8: 13C{1H} NMR spectrum (100.62 MHz, C6D6, 293 K) of 1W(CO)5 (5CpAl➝W(CO)5). 
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Supplementary Figure 9: 1H NMR spectrum (400.13 MHz, C6D6, 293 K) of 2 (5CpAl➝Li5Cp) (⚫ silicon grease). 

 

 

 

 

 

 

 
Supplementary Figure 10: 13C{1H} NMR spectrum (100.62 MHz, C6D6, 293 K) of 2 (5CpAl➝Li5Cp). 
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Supplementary Figure 11: 7Li NMR spectrum (155.51 MHz, C6D6, 293 K) of 2 (5CpAl➝Li5Cp). 

 

 

 

 

 

 

 
Supplementary Figure 12: 7Li{1H} SPE/MAS (13 kHz) NMR spectrum (155.57 MHz, 298 K) of 2 (5CpAl➝Li5Cp) 

(# decomposition product; note: the unusual signal shape originates from quadrupolar interactions). 
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Supplementary Figure 13: 27Al{1H} NMR spectrum (104.26 MHz, C6D6, 293 K) of 2 (5CpAl➝Li5Cp). 

 

 

 

 

 

 

 
Supplementary Figure 14: 27Al SPE/MAS(13 kHz) NMR spectrum (104.36 MHz, 297 K) of 2 (5CpAl➝Li5Cp) (top: 

simulated spectrum; bottom: experimental spectrum; analysis and simulations were performed with the Bruker 

TopSpin 3.6.4 software suite;  spinning sidebands). 
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Supplementary Figure 15: 1H NMR spectrum (400.13 MHz, C6D6, 298 K) of 3 (5CpLiNHC). 

 

 

 

 

 

 

 

Supplementary Figure 16: 13C{1H} NMR spectrum (100.62 MHz, C6D6, 299 K) of 3 (5CpLiNHC). 
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Supplementary Figure 17: 7Li NMR spectrum (116.64 MHz, C6D6, 298 K) of 3 (5CpLiNHC). 

 

 

 

 

 

 

 

Supplementary Figure 18: 1H NMR spectrum (400.13 MHz, C6D6, 298 K) of 4a (5CpLiCNPh) (⚫ silicon grease). 
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Supplementary Figure 19: 13C{1H} NMR spectrum (100.62 MHz, C6D6, 299 K) of 4a (5CpLiCNPh). 

 

 

 

 

 

 

 

Supplementary Figure 20: 7Li NMR spectrum (155.51 MHz, C6D6, 298 K) of 4a (5CpLiCNPh). 
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Supplementary Figure 21: 1H NMR spectrum (300.13 MHz, C6D6, 297 K) of 4b (5CpLiCNMes). 

 

 

 

 

 

 

 
Supplementary Figure 22: 13C{1H} NMR spectrum (75.48 MHz, C6D6, 297 K) of 4b (5CpLiCNMes). 
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Supplementary Figure 23: 7Li NMR spectrum (116.64 MHz, C6D6, 297 K) of 4b (5CpLiCNMes). 

 

 

 

 

 

 

 
Supplementary Figure 24: 1H NMR spectrum (400.13 MHz, C7D8, 297 K) of the reaction mixture of 2 + AdN3 (▼ 
5CpLi, ⚫ silicon grease). 
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Supplementary Figure 25: 13C{1H} NMR spectrum (100.62 MHz, C7D8, 298 K) of the reaction mixture of 2 + 

AdN3 (▼ 5CpLi). 

 

 

 

 

 

 

 
Supplementary Figure 26: 7Li NMR spectrum (155.51 MHz, C7D8, 297 K) of the reaction mixture of 2 + AdN3 (▼ 
5CpLi). 
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UV-Vis Spectra 

 

 

 

 

 

 
Supplementary Figure 27: UV-Vis spectrum of 1 (5CpAl) (c = 1.47*10-4 mol L-1 in hexane). 
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IR Spectra 

 

 

 
Supplementary Figure 28: IR spectrum of 1 (5CpAl). 

 

 

 

 

 
Supplementary Figure 29: IR spectrum of 1AlBr3 (5CpAl➝AlBr3). 
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Supplementary Figure 30: IR spectrum of 1W(CO)5 (5CpAl➝W(CO)5). 

 

 

 

 

 

Supplementary Figure 31: IR spectrum of 2 (5CpAl➝Li5Cp). 
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Supplementary Figure 32: IR spectrum of 3 (5CpLiNHC). 

 

 

 

 

 
Supplementary Figure 33: IR spectrum of 4a (5CpLiCNPh). 
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Supplementary Figure 34: IR spectrum of 4b (5CpLiCNMes). 
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XRD Data 

 

General Information: 

Structure solution was conducted with direct methods using SHELXT and refinement by full matrix 

least squares calculations on F2 using SHELXL2018 in the graphical user interface Shelxle.[2] Crystal 

structure data has been deposited with the Cambridge Crystallographic Data Centre (CCDC) and is 

available free of charge from the Cambridge Structural Database (see reference numbers). 

 

 

Structural and refinement details for 1 (5CpAl): 

CCDC number  2279422 
Empirical formula  C20H35Al 
Formula weight  302.46 
Temperature  144(2) K 
Wavelength  1.54178 Å 
Crystal system  orthorhombic 
Space group  Pbcm 

Unit cell dimensions a = 8.7996(2) Å  = 90° 

 b = 14.4009(3) Å  = 90° 

 c = 16.0978(4) Å  = 90° 
Volume 2039.95(8) Å3 
Z 4 
Density (calculated) 0.985 mg m-3 
Absorption coefficient 0.792 mm-1 
F(000) 672 
Crystal size 0.100 x 0.100 x 0.010 mm3 
Theta range for data collection 5.026 to 70.137° 
Index ranges -10<=h<=9, -17<=k<=15, -19<=l<=19 
Reflections collected 31665 
Independent reflections 2021 [R(int) = 0.0742] 
Completeness to theta = 67.679° 100.0% 
Absorption correction semi-empirical from equivalents 
Max. and min. transmission 0.7533 and 0.6617 
Refinement method full-matrix least-squares on F2 
Data / restraints / parameters 2021 / 67 / 197 
Goodness-of-fit on F2 1.081 
Final R indices [I>2σ(I)] R1 = 0.0397, wR2 = 0.1184 
R indices (all data) R1 = 0.0544, wR2 = 0.1270 
Extinction coefficient n/a 
Largest diff. peak and hole 0.165 and -0.353 e.Å-3 

 

The (pentaisopropyl)cyclopentadienyl ring is split over two positions. The occupation factors of the two 

components were refined to 0.5. 

A checkCIF B-level alert originates from a calculated crystal density slightly below 1 mg m-3. This is 

however not uncommon for organo aluminium compounds. 
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Supplementary Figure 35: Molecular structure of 1 (5CpAl) in the crystal (displacement ellipsoids at 50% 

probability level, H atoms omitted for clarity, iPr groups drawn as ball-and-stick models). 

 

 

 

 

Supplementary Figure 36: Expanded unit cell of 1 (5CpAl). 
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Structural and refinement details for 1AlBr3 (5CpAlAlBr3): 

CCDC number  2279423 
Empirical formula  C20H35Al2Br3 
Formula weight  569.17 
Temperature  152(2) K 
Wavelength  0.71073 Å 
Crystal system  monoclinic 
Space group  P 21/c 

Unit cell dimensions a = 17.4593(4) Å  = 90° 

 b = 9.4910(2) Å  = 117.5130(10)° 

 c = 17.1348(4) Å  = 90° 
Volume 2518.23(10) Å3 
Z 4 
Density (calculated) 1.501 mg m-3 
Absorption coefficient 4.878 mm-1 
F(000) 1144 
Crystal size 0.200 x 0.200 x 0.200 mm3 
Theta range for data collection 1.315 to 28.781° 
Index ranges -20<=h<=23, -12<=k<=12, -23<=l<=20 
Reflections collected 28104 
Independent reflections 6544 [R(int) = 0.0358] 
Completeness to theta = 25.242° 100.0% 
Absorption correction semi-empirical from equivalents 
Max. and min. transmission 0.7458 and 0.6639 
Refinement method full-matrix least-squares on F2 
Data / restraints / parameters 6544 / 0 / 236 
Goodness-of-fit on F2 1.030 
Final R indices [I>2σ(I)] R1 = 0.0366, wR2 = 0.0741 
R indices (all data) R1 = 0.0586, wR2 = 0.0810 
Extinction coefficient n/a 
Largest diff. peak and hole 1.802 and -1.425 e.Å-3 

 

 

 

 

 

 

Supplementary Figure 37: Molecular structure of 1AlBr3 in the crystal (displacement ellipsoids at 50% 

probability level, H atoms omitted for clarity, iPr groups drawn as ball-and-stick models). 
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Structural and refinement details for 1W(CO)5 (5CpAl➝W(CO)5): 

CCDC number  2279424 
Empirical formula  C25H35AlO5W 
Formula weight  626.36 
Temperature  143(2) K 
Wavelength  0.71073 Å 
Crystal system  monoclinic 
Space group  P 21/n 

Unit cell dimensions a = 10.0880(2) Å  = 90° 

 b = 15.6745(3) Å  = 93.2060(10)° 

 c = 17.1467(3) Å  = 90° 
Volume 2707.07(9) Å3 
Z 4 
Density (calculated) 1.537 mg m-3 
Absorption coefficient 4.330 mm-1 
F(000) 1248 
Crystal size 0.200 x 0.120 x 0.100 mm3 
Theta range for data collection 2.288 to 28.713° 
Index ranges -13<=h<=13, -21<=k<=20, -23<=l<=23 
Reflections collected 55227 
Independent reflections 7005 [R(int) = 0.0329] 
Completeness to theta = 25.242° 100.0% 
Absorption correction semi-empirical from equivalents 
Max. and min. transmission 0.7458 and 0.6524 
Refinement method full-matrix least-squares on F2 
Data / restraints / parameters 7005 / 950 / 490 
Goodness-of-fit on F2 1.046 
Final R indices [I>2σ(I)] R1 = 0.0188, wR2 = 0.0390 
R indices (all data) R1 = 0.0230, wR2 = 0.0406 
Extinction coefficient n/a 
Largest diff. peak and hole 2.391 and -0.764 e.Å-3 

 

The (pentaisopropyl)cyclopentadienyl ring is split over two positions. The occupation factors for the 

major component was refined to 0.56. 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 38: Molecular structure of 1W(CO)5 in the crystal (displacement ellipsoids at 50% 

probability level, H atoms omitted for clarity, iPr groups drawn as ball-and-stick models). 
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Structural and refinement details for 2 (5CpAlLi5Cp): 

CCDC number  2279425 2324314 

Empirical formula  C52H78AlF4Li C54H86AlLi 

Formula weight  813.06 769.14 

Temperature  143(2) K 152(2) K 

Wavelength  1.54178 Å 0.71073 Å 

Crystal system  orthorhombic triclinic 

Space group  Pbca P 1 

Unit cell dimensions a = 13.783(2) Å  = 90° a = 10.4914(7) Å  = 64.641(2)° 

 b = 15.079(2) Å  = 90° b = 11.7124(8) Å  = 76.932(2)° 

 c = 23.824(3) Å  = 90° c = 11.8882(8) Å  = 77.347(2)° 

Volume 4951.4(12) Å3 1273.42(15) Å3 

Z 4 1 

Density (calculated) 1.091 mg m-3 1.003 mg m-3 

Absorption coefficient 0.723 mm-1 0.071 mm-1 

F(000) 1768 426 

Crystal size 0.200 x 0.160 x 0.080 mm3 0.300 x 0.240 x 0.200 mm3 

Theta range for data collection 3.711 to 74.488° 1.943 to 27.164° 

Index ranges -16<=h<=16, -18<=k<=18, -29<=l<=29 -13<=h<=13, -15<=k<=15, -11<=l<=15 

Reflections collected 82794 18471 

Independent reflections 5041 [R(int) = 0.0339] 8916 [R(int) = 0.0315] 

Completeness to theta = 67.679° 99.9% 99.9% 

Absorption correction semi-empirical from equivalents semi-empirical from equivalents 

Max. and min. transmission 0.7538 and 0.6436 0.7455 and 0.6902 

Refinement method full-matrix least-squares on F2 full-matrix least-squares on F2 

Data / restraints / parameters 5041 / 2861 / 531 8916 / 1626 / 916 

Goodness-of-fit on F2 1.031 1.006 

Final R indices [I>2σ(I)] R1 = 0.0381, wR2 = 0.1130 R1 = 0.0445, wR2 = 0.0886 

R indices (all data) R1 = 0.0409, wR2 = 0.1156 R1 = 0.0772, wR2 = 0.1030 

Absolute structure parameter  0.2(2) 

Extinction coefficient n/a n/a 

Largest diff. peak and hole 0.191 and -0.187 e.Å-3 0.148 and -0.150 e.Å-3 

 

Two different crystal structures of 2 could be obtained, one co-crystallized with 1,2-difluorobenzene and 

one co-crystallized with toluene. 

In the first structure (2279425), the (pentaisopropyl)cyclopentadienyl ring is split over two positions. The 

occupation factors for the major component was refined to 0.58. The occupation factors of Al1 and Li1 

were constraint to 0.5. To refine the disorder Al1, Li1, C7/C7a, C8/C8a, C10/C10a, C11/C11a, 

C13/C13a, C14/C14a, C16/C16a, C17/17a, C19/C19a and C20/C20a were treated with EADP. 

Incorporated 1,2-difluorobenzene was split over three positions and the occupation factors were refined 

to 0.56, 0.31 and 0.13. 

A checkCIF A-level alert originates from the unusual bonding situation of the aluminium atom. 

The second structure (2324314) was refined as an inversion twin. Both (pentaisopropyl)-

cyclopentadienyl rings are split over two positions and the occupation factors for the major component 

was refined to 0.51. The occupation factors of Al1 and Li1 were refined to 0.93 and 0.07. 
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Supplementary Figure 39: Molecular structure of 2 (5CpAl➝Li5Cp) in the crystal (side view and top view; 

displacement ellipsoids at 50% probability level, H atoms omitted for clarity, iPr groups drawn as ball-and-stick 

models). 
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Structural and refinement details for 3 (5CpLi·NHC): 

CCDC number  2324317 

Empirical formula  C83H134Li2N4 

Formula weight  1201.81 

Temperature  143(2) K 

Wavelength  0.71073 Å 

Crystal system  triclinic 

Space group  P 1 

Unit cell dimensions a = 10.0714(2) Å  = 105.7010(10)° 

 b = 13.0656(3) Å  = 92.6010(10)° 

 c = 16.6962(3) Å  = 111.0150(10)° 

Volume 1949.42(7) Å3 

Z 1 

Density (calculated) 1.024 mg m-3 

Absorption coefficient 0.058 mm-1 

F(000) 666 

Crystal size 0.220 x 0.200 x 0.180 mm3 

Theta range for data collection 2.194 to 28.528° 

Index ranges -13<=h<=13, -17<=k<=17, -22<=l<=22 

Reflections collected 85672 

Independent reflections 9920 [R(int) = 0.0519] 

Completeness to theta = 25.242° 99.9% 

Absorption correction semi-empirical from equivalents 

Max. and min. transmission 0.7457 and 0.7182 

Refinement method full-matrix least-squares on F2 

Data / restraints / parameters 9920 / 1513 / 772 

Goodness-of-fit on F2 1.044 

Final R indices [I>2σ(I)] R1 = 0.0523, wR2 = 0.1339 

R indices (all data) R1 = 0.0686, wR2 = 0.1455 

Extinction coefficient n/a 

Largest diff. peak and hole 0.212 and -0.413 e.Å-3 

 

The (pentaisopropyl)cyclopentadienyl ring and two incorporated toluene molecules are split over two 

positions, with one of the toluene molecules arranged over a center of symmetry. The occupation factors 

were constraint to 0.5. 

 

 

 

 

 

 

 

Supplementary Figure 40: Molecular structure of 3 (5CpLiNHC) in the crystal (displacement ellipsoids at 50% 

probability level, H atoms omitted for clarity, iPr groups drawn as ball-and-stick models). 
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Structural and refinement details for 4a (5CpLi·CNPh): 

CCDC number  2324316 

Empirical formula  C34H48LiN 

Formula weight  477.67 

Temperature  143(2) K 

Wavelength  0.71073 Å 

Crystal system  monoclinic 

Space group  C 2/c 

Unit cell dimensions a = 12.6632(6) Å  = 90° 

 b = 13.3822(5) Å  = 90° 

 c = 18.6105(8) Å  = 90° 

Volume 3153.8(2) Å3 

Z 4 

Density (calculated) 1.006 mg m-3 

Absorption coefficient 0.056 mm-1 

F(000) 1048 

Crystal size 0.200 x 0.180 x 0.020 mm3 

Theta range for data collection 2.189 to 25.678° 

Index ranges -15<=h<=15, -16<=k<=16, -22<=l<=22 

Reflections collected 26625 

Independent reflections 3006 [R(int) = 0.0638] 

Completeness to theta = 25.242° 100.0% 

Refinement method full-matrix least-squares on F2 

Data / restraints / parameters 3006 / 687 / 400 

Goodness-of-fit on F2 1.076 

Final R indices [I>2σ(I)] R1 = 0.0437, wR2 = 0.1012 

R indices (all data) R1 = 0.0664, wR2 = 0.1158 

Extinction coefficient n/a 

Largest diff. peak and hole 0.111 and -0.143 e.Å-3 

 

The structure was refined as a pseudo-merohedral twin (twin matrix: -1 0 0 0 -1 0 0 0 1) with an angle β 

very close to 90°. 

The (pentaisopropyl)cyclopentadienyl lithium moiety lies on a crystallographic twofold-rotation axis 

which is not part of the molecular symmetry and was split over two positions. The occupation factors 

were constraint to 0.5. A co-crystalized toluene solvent molecule lies on a center of inversion and was 

split over two positions. The occupation factors for the major component was refined to 0.51 and the 

individual occupation factors of each part were constraint to 0.5. 

 

 

 

 

 

 

Supplementary Figure 41: Molecular structure of 4a (5CpLiCNPh) in the crystal (displacement ellipsoids at 50% 

probability level, H atoms omitted for clarity, iPr groups drawn as ball-and-stick models). 
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Structural and refinement details for 4b (5CpLi·CNMes): 

CCDC number  2338161 

Empirical formula  C30H46LiN 

Formula weight  427.62 

Temperature  143(2) K 

Wavelength  0.71073 Å 

Crystal system  monoclinic 

Space group  C 2/c 

Unit cell dimensions a = 16.0934(4) Å  = 90° 

 b = 9.8007(4) Å  = 99.233(2)° 

 c = 18.4964(5) Å  = 90° 

Volume 2879.58(16) Å3 

Z 4 

Density (calculated) 0.986 mg m-3 

Absorption coefficient 0.055 mm-1 

F(000) 944 

Crystal size 0.240 x 0.200 x 0.060 mm3 

Theta range for data collection 2.231 to 25.024° 

Index ranges -19<=h<=19, -11<=k<=11, -21<=l<=21 

Reflections collected 26005 

Independent reflections 2537 [R(int) = 0.0515] 

Completeness to theta = 25.024° 100.0% 

Absorption correction semi-empirical from equivalents 

Max. and min. transmission 0.7454 and 0.7108 

Refinement method full-matrix least-squares on F2 

Data / restraints / parameters 2537 / 310 / 302 

Goodness-of-fit on F2 1.173 

Final R indices [I>2sigma(I)] R1 = 0.0682, wR2 = 0.1571 

R indices (all data) R1 = 0.0765, wR2 = 0.1617 

Extinction coefficient n/a 

Largest diff. peak and hole 0.133 and -0.184 e.Å-3 

 

The entire molecule is disordered and was split over two positions. The occupation factors were 

constraint to 0.5. 

 

 

 

 

 

 

Supplementary Figure 42: Molecular structure of 4b (5CpLiCNMes) in the crystal (displacement ellipsoids at 

50% probability level, H atoms omitted for clarity, iPr groups drawn as ball-and-stick models). 
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Structural and refinement details for 5 (5CpAlNAd)2: 

CCDC number  2338185 

Empirical formula  C60H100Al2N2 

Formula weight  903.37 

Temperature  143(2) K 

Wavelength  0.71073 Å 

Crystal system  orthorhombic 

Space group  Pbca 

Unit cell dimensions a = 14.4067(5) Å  = 90° 

 b = 23.4935(8) Å  = 90° 

 c = 31.5318(11) Å  = 90° 

Volume 10672.4(6) Å3 

Z 8 

Density (calculated) 1.124 mg m-3 

Absorption coefficient 0.094 mm-1 

F(000) 4000 

Crystal size 0.240 x 0.200 x 0.040 mm3 

Theta range for data collection 2.102 to 25.681° 

Index ranges -15<=h<=17, -28<=k<=28, -38<=l<=38 

Reflections collected 148344 

Independent reflections 10072 [R(int) = 0.1460] 

Completeness to theta = 25.242° 99.5% 

Absorption correction semi-empirical from equivalents 

Max. and min. transmission 0.7455 and 0.6743 

Refinement method full-matrix least-squares on F2 

Data / restraints / parameters 10072 / 587 / 751 

Goodness-of-fit on F2 1.029 

Final R indices [I>2σ(I)] R1 = 0.0589, wR2 = 0.1231 

R indices (all data) R1 = 0.1041, wR2 = 0.1487 

Extinction coefficient 0.00038(6) 

Largest diff. peak and hole 0.391 and -0.289 e.Å
-3

 

 

One (pentaisopropyl)cyclopentadienyl moiety was split over two positions. The occupation factor for 

the major component was refined to 0.84. 

 

 

 

 

 

Supplementary Figure 43: Molecular structure of 5 ({5CpAlNAd}2) in the crystal (displacement ellipsoids at 50% 

probability level, H atoms omitted for clarity, iPr groups drawn as ball-and-stick models). 

 



S34 

 

Supplementary Table 1: Selected bond length for {Cp*Al}4, 1, 1AlBr3, 1W(CO)5, 2, 3, 4a,b and 5. 

 Al–CCp 

[pm] 
Al–Cpcentroid 

[pm] 

Li–CCp 

[pm] 

Li–Cpcentroid 

[pm] 

(Cp*Al)4
[5] 229.3(1); 229.7(1); 

230.8(9); 231.2(9); 
231.6(1); 231.9(1); 
231.9(1); 232.6(1); 
233.1(1); 233.2(8); 
233.2(1); 233.8(1); 
233.8(1); 234.1(1); 
235.1(9); 235.3(1); 
235.8(8); 236.4(1); 
237.2(1); 237.8(1) 

199.8(2); 201.5(3); 

201.7(2); 203.2(3) 

  

1 

(5CpAl) 

226.9(7); 229.5(7); 

230.7(3); 232.7(7); 

235.7(8) 

196.7(6)   

1AlBr3 

 

215.5(2); 215.8(3); 

216.0(1); 216.4(1); 

216.4(3) 

178.3(9)   

1W(CO)5
 219.2(8); 219.4(9); 

220.1(7); 221.1(8); 

221.5(7) 

183.5(6)   

2 

(5CpAlLi5Cp) 
(co-crystalized with 

1,2-difluorobenzene) 

225.1(9); 225.7(5); 

225.9(1); 226.5(7); 

226.5(5); 226.7(6); 

227.0(7); 227.3(5); 

227.9(9); 228.3(1) 

191.1(1) 209.3(2); 210.4(2); 
210.4(2); 211.2(1); 

212.4(1) 

172.1(1) 

2 

(5CpAlLi5Cp) 

(co-crystalized with 
toluene) 

222.1(1); 223.2(1); 
223.8(9); 225.4(1); 
226.2(1); 223.8(3); 
223.8(4); 224.2(1); 
224.4(1); 224.9(3) 

188.6(1); 188.8(3) 213.0(2); 213.5(2); 
214.1(2); 214.9(2); 
215.7(1); 213.0(3); 
213.4(4); 214.0(3); 
214.6(4); 214.8(1) 

176.1(1); 176.6(1) 

3 

(5CpLiNHC) 
  218.7(4); 218.9(5); 

221.3(4); 222.4(1); 

224.4(1) 

184.9(2) 

4a 

(5CpLiCNPh) 
  201.3(2); 207.4(1); 

207.4(2); 214.2(2); 

215.6(1) 

170.6(5) 

4b 
(5CpLiCNMes) 

  180.9(1); 187.4(1); 
196.0(1); 202.2(1): 

208.2(1) 

153.1(1) 

5 
({5CpAlNAd}2) 

202.5(3); 202.8(1)    
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Computational Details 

 

Geometry optimizations were performed using the Gaussian 16 C01 software suite.[6] All geometry 

optimizations were computed using the BP86,[7,8] B3LYP,[9,10] PBE0,[11,12] M06-2X,[13] B97XD,[14] 

B2PLYP,[15] and PWPB95[16] functionals, with the basis set def2-SVP.[17] Grimme’s third generation 

dispersion correction terms D3[18] and the Becke-Johnson damping function[19] have been used for BP86, 

B3LYP and PBE0. Additionally, MP2 calculations have been performed using resolution of identity 

(RI)[20-22] with the cc-pVDZ basis set.[23] Stationary points were located with the Berny algorithm[24] using 

redundant internal coordinates. Analytical Hessians were computed to determine the nature of stationary 

points (one and zero imaginary frequencies for transition states and minima, respectively) [25] and to 

calculate unscaled zero-point energies (ZPEs) as well as thermal corrections and entropy effects using 

the standard statistical-mechanics relationships for an ideal gas. 

The atomic partial charges were estimated with the natural bond orbital (NBO)[26,27] method, using NBO 

7.0.[28] The topological quantum theory of atoms in molecules (QTAIM),[29] and Laplacian of the electron 

density analyses were carried out with AIMAII.[30] All these analyses were performed at the M06-2X/def2-

TZVPP level of theory. 

The nature of the chemical bonds were investigated by means of the Energy Decomposition Analysis 

(EDA) method,[31,32] which was developed by Morokuma[33] and by Ziegler and Rauk.[34,35] The bonding 

analysis focuses on the instantaneous interaction energy ΔEint of a bond A–B between two fragments A 

and B in the particular electronic reference state and in the frozen geometry AB. This energy is divided 

into four main components (Eq1). 

disporbPaulielst EEEEE +++= int  
(Eq1) 

The term ΔEelst corresponds to the quasi-classical electrostatic interaction between the unperturbed 

charge distributions of the prepared atoms (or fragments) and it is usually attractive. The Pauli repulsion 

ΔEPauli is the energy change associated with the transformation from the superposition of the 

unperturbed wave functions (Slater determinant of the Kohn-Sham orbitals) of the isolated fragments to 

the wave function Ψ0 = NÂ[ΨAΨB], which properly obeys the Pauli principle through explicit 

antisymmetrization (Â operator) and renormalization (N = constant) of the product wave function. It 

comprises the destabilizing interactions between electrons of the same spin on either fragment. The 

orbital interaction ΔEorb accounts for charge transfer and polarization effects.[36] In the case that the 

Grimme dispersion corrections[17,18] are computed the term ΔEdisp is added to equation S1. Further 

details on the EDA method can be found in the literature.[37,38] In the case of the dimers, relaxation of 

the fragments to their equilibrium geometries at the electronic ground state is termed ΔEprep, because it 

may be considered as preparation energy for chemical bonding. The addition of ΔEprep to the intrinsic 

interaction energy ΔEint gives the total energy ∆E, which is, by definition, the opposite sign of the bond 

dissociation energy De: 

prepe EEDE +=− int)(
 

(Eq2) 
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The EDA-NOCV method combines the EDA with the natural orbitals for chemical valence (NOCV) to 

decompose the orbital interaction term ΔEorb into pairwise contributions. The NOCVs Ψi are defined as 

the eigenvector of the valence operator, V̂, given by Equation (Eq3). 

iii vV =


 
(Eq3) 

In the EDA-NOCV scheme the orbital interaction term, ∆𝐸𝑜𝑟𝑏, is given by Equation (Eq4), 

  =
+

N/2

1k

TS

kk,

TS

kk,-k korb  FF- =E =E kv
 

(Eq4) 

in which F−k,−k
TS  and Fk,k

TS  are diagonal transition state Kohn–Sham matrix elements corresponding to 

NOCVs with the eigenvalues –νk and νk, respectively. The Δ𝐸𝑘
𝑜𝑟𝑏 term for a particular type of bond is 

assigned by visual inspection of the shape of the deformation density Δρk. The latter term is a measure 

of the size of the charge deformation, and it provides a visual notion of the charge flow that is associated 

with the pairwise orbital interaction. The EDA-NOCV scheme thus provides both qualitative and 

quantitative information about the strength of orbital interactions in chemical bonds. The EDA-NOCV 

calculations were carried out with ADF2019.101. The basis sets for all elements have triple-ζ quality 

augmented by two sets of polarizations functions and one set of diffuse function. Core electrons were 

treated by the frozen-core approximation. This level of theory is denoted BP86-D3(BJ)/TZ2P.[39] Scalar 

relativistic effects have been incorporated by applying the zeroth-order regular approximation 

(ZORA).[40] 

 

 

 

 

 

Supplementary Table 2: Geometrical parameters of 2 with different DFAs (Density Functional Approximation) and 

ab-initio methods. Distances are given in pm and angles in degrees. 

 Al–Li Al–Cpcentroid Li–Cpcentroid Cpcentroid–Li–Al Cpcentroid–Al–Li 

X-ray 261.5(2) 188.6(1); 
188.8(3) 

176.1(1); 
176.6(1) 

176.6(8); 

177.8(2) 

176.6(3); 

177.7(2) 

BP86-D3BJ 255.9 190.5 169.7 179.9 179.9 

B3LYP-D3BJ 257.4 190.7 169.3 179.9 179.8 

PBE0-D3BJ 261.3 189.0 170.2 179.8 179.8 

M06-2X 265.8 190.9 170.8 179.7 179.9 

ωB97XD 263.8 188.1 172.1 180.0 180.0 

B2PLYP 266.4 191.9 172.4 170.1 169.4 

PWPB95 271.1 192.4 176.4 166.5 169.4 

RI-MP2 258.8 193.5 171.0 179.8 179.7 

* DFAs optimizations are carried out with def2-SVP basis set. RI-MP2 was carried out with cc-pVDZ basis set. 
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Supplementary Figure 44: Laplacian distribution of the electron density of 1 (contour line diagrams of the Laplacian 

distribution ∇2ρ(r) in the Al–C–C plane. Dashed red lines indicate areas of charge concentration (∇2ρ(r)<0), solid 

blue lines show areas of charge depletion (∇2ρ(r)>0). Thick solid lines connecting the atomic nuclei are bond paths 

and small dots are the critical points, with bond critical points in black, ring critical points in red and cage critical 

point in blue. 
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Supplementary Figure 45: Intrinsic Bond Orbitals (IBO: M06-2X/def2-SVP) of 2. 
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Supplementary Figure 46: Selected Kohn−Sham frontier molecular orbital contours of 2 (M06-2X/def2-

TZVPP//M06-2X/def2-SVP; isodensity = 0.05 a.u.). 

 

 

 

 

 

 

Supplementary Figure 47: Calculated relative energies of possible intermediates / products for the reaction of 2 

+ PhNCO (M06-2X-D3/def2-TZVP). 
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Supplementary Table 3: EDA-NOCV results (BP86-D3(BJ)/TZ2P//M06-2X/def2-SVP) on the M–M bond in 2, Cp*AlLiCp*, CpAlLiCp, and dizincocene and diberyllocene 

analogues (energies given in kJ mol-1). 

 5CpAlLi5Cp 

2 

Cp*AlLiCp* CpAlLiCp 5CpZn–Zn5Cp Cp*Zn–ZnCp* CpZn–ZnCp 5CpBe–Be5Cp CpBe–BeCp 

ΔEint -97.8 

 

-59.2 

 

-46.1 

 

-345.1 

 

-308.6 

 

-303.9 

 

-329.7 

 

-302.8 

 

ΔEPauli 75.6 

 

28.7 

 

24.9 

 

273.5 

 

207.6 

 

197.9 

 

314.3 

 

215.0 

 

ΔEdisp
[a] -65.3 

(37.7 %) 

-16.8 

(19.1%) 

-10.7 

(15.0 %) 

-67.7 

(10.9 %) 

-22.2 

(4.3 %) 

-15.3 

(3.0 %) 

-100.2 

(15.6%) 

-17.7 

(3.4 %) 

ΔEelst
[a] -64.5 

(37.2 %) 

-43.0 

(48.9 %) 

-34.9 

(49.2 %) 

-325.5 

(52.6 %) 

-281.5 

(54.5 %) 

-271.3 

(54.1 %) 

-349.5 

(54.3%) 

-334.4 

(64.4 %) 

ΔEorb
[a] -43.6 

(25.1 %) 

-28.1 

(31.9 %) 

-25.4 

(35.8 %) 

-225.4 

(36.4 %) 

-212.6 

(41.2 %) 

-215.2 

(42.9 %) 

-194.4 

(30.2%) 

-165.7 

(32.0 %) 

ΔEorb-σ -26.1 

 

-20.6 

 

-19.9 

 

-206.0 

 

-201.1 

 

-206.0 

 
-158.0 

 

-159.2 

 

ΔEorb-rest -17.5 

 

-7.5 

 

-5.5 

 

-19.4 

 

-11.5 

 

-9.2 

 

-36.3 

 
-6.6 

 

ΔEprep 4.4 

 

3.4 

 

3.4 

 

6.7 

 

5.8 

 

6.2 

 

24.1 

 

10.6 

 

De 93.4 

 

55.8 

 

42.7 

 

338.4 

 

302.9 

 

297.6 

 

305.5 

 

292.3 

 

Re 265.8 

 

272.8 

 

274.9 

 

240.1 

 

242.4 

 

241.8 

 

212.3 

 

204.2 

 

[a] The values in parenthesis give the percentage contribution to the total attractive interactions: ΔEelst + ΔEorb + ΔEdisp. 
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