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CO2 Insertion into Metalorganic Compounds
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Cycloaddition of CO2 and Epoxides to Cyclic Carbonates
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Copolymerization of CO2

5.1 Copolymerization of CO2 and Epoxides
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Summary of the Main Results



Synthesis of New Light Metal Pyrazolates
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Reversible Carbon Dioxide Insertion into Light Metal 
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CO2 Insertion into Light Metal Pyrazolates Immobilized onto a 

Mesoporous Silica Surface
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Catalytic Conversion of Epoxides and Carbon Dioxide to Cyclic 
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Unpublished Results



Carbon Dioxide Insertion with Alkaline Metal and Zinc 
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Synthesis of Bulky Tris(pyrazolyl)borate Ligands
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Ti(pzMe2)4,  Al(pztBu2)3 , 
[Mg(pztBu2)2]2,  [MpztBu2]∞ (M = Li, K),  [KpzPh2]n  and SBA-15  

YCO2 III and IV

α

λ employing ω ϕ

[K(CO2∙pztBu2)]n (ACO2). [KpztBu2]∞ (A, 20 mg, 107 μmol) was dissolved in 0.5 mL of [D8]THF and the 
atmosphere was exchanged to 1 bar CO2. The reaction progress was monitored by 1H NMR 
spectroscopy. 1H NMR (300.13 MHz, [D8]THF, 26 °C): δ = 5.89 (s, 1 H, 4-H (pz)), 1.39 (s, 18 H, 3-
C(CH3)3), 1.18 (5-C(CH3)3) ppm.

[Li(CO2∙pztBu2)]n (BCO2). [LipztBu2]4 (B, 20 mg, 91 μmol) was dissolved in 0.5 mL of [D8]THF and the 
atmosphere was exchanged to 1 bar CO2. The reaction progress was monitored by 1H NMR 
spectroscopy. 1H NMR (400.11 MHz, [D8]THF, 26 °C): δ = 6.06 (s, 1 H, 4-H (pz)), 1.43 (s, 18 H, 3-
C(CH3)3), 1.21 (5-C(CH3)3) ppm. 13C{H} NMR (  MHz, [D8]THF, 26 °C): δ = 160.1 (3-C (pz)), 



155.7 (5-C (pz)), 103.5 (4-C (pz)), 33.3 (5-C(CH3)3), 32.1 (3-C(CH3)3), 29.8 (5-C(CH3)3), 29.5 (3-
C(CH3)3) ppm. 7Li NMR ( MHz, [D8]THF, 26 °C): δ = 2.1 ppm.

[Mg(pzPh2)2]n (O). MgBr2 (84.9 mg, 462 μmol) and [KpzPh2]n (239 mg, 923 μmol) were dissolved in 
toluene and stirred for 16 h. After the solvent was removed under reduced pressure the residue was 
extracted three times with n-hexane. The solution was concentrated and stored at –40 °C. After removal 
of the solvent O (119 mg, 257 μmol, 56%) could be obtained as colorless powder. 1H NMR (400.11 
MHz, [D8]THF, 26 °C): δ = 7.87 (broad s, 8 H, o-H (Ph)), 7.19 (m, 8 H, m-H (Ph)), 7.00 (m, 4 H, p-H 
(Ph)), 6.80 (4-H (pz)) ppm.

[Mg(tzMe2)2]n (I). To a solution of Hpz (200 mg, 2.059 mmol) in 10 mL toluene or THF a solution of 
Mg(nBu)2 (1.030 mL, 1.030 mmol, 1 M in Et2O/n-hexane) was added dropwise. A white precipitate is 
formed and the solution transforms into a gel. After the solvent is removed I (223 mg, 1.028 mmol, 
>99%) was obtained as white powder.

[Zn(pztBu2)2(HpztBu2)2] (YHpz). [KpztBu2]∞ (A, 200 mg, 916 μmol) and ZnCl2 (62 mg, 458 μmol) were 
dissolved in 15 mL of THF and stirred for 4 d at ambient temperature. The solvent was removed and the 
residue was extracted three times with n-hexane. After the solvent was removed under reduced pressure 
YHpz (34%, 121 mg, 154 μmol) was obtained as colorless crystals. Analytical data is consistent with the 
literature.

[Zn(CO2∙pztBu2)(pztBu2)]2 (YCO2). [Zn(pztBu2)2(HpztBu2)2] (YHpz, 20 mg, 25 μmol) was dissolved in 0.5 mL 
of [D8]THF and the atmosphere was exchanged to 1 bar CO2. The reaction progress was monitored by 
1H NMR spectroscopy. 1H NMR (400.1 MHz, [D8]THF, 26 °C): δ = 6.33 (s, 2 H, 4-H (CO2∙pz)), 6.08 
(s, 2 H, 4-H (pz)), 1.27 (s, 18 H, 3-C(CH3)3 (CO2∙pz)), 1.17 (s, 18 H, 5-C(CH3)3 (CO2∙pz)), 0.95 (s, 36 H, 
3/5-C(CH3)3 (pz)) ppm. 13C{H} NMR (100.6 MHz, [D8]THF, 26 °C): δ = 168.9 (3-C (CO2∙pz)), 167 
(3/5-C (pz)), 104.9 (4-C (CO2∙pz)), 102.4 (4-C (pz)), 32.7 (5-C(CH3)3 (CO2∙pz)), 32.6 (3/5-C(CH3)3 
(pz)), 32.3 (3-C(CH3)3 (CO2∙pz)), 31.4 (3/5-C(CH3)3 (pz)), 30.8 (5-C(CH3)3 (pz)), 30.8 (3-C(CH3)3 
(pz)) ppm.

[Mg(pztBu2)2]2@SBA-15500 (C@SBA ). SBA-15500 (367 mg, 1.03 mmol of surface SiOH) was 
suspended in 2 mL n-hexane and a solution of [Mg(pztBu2)2]2 (C, 394 mg, 0.52 mmol ≡ 1.03 mmol Mg 
center) in 8 mL n-hexane was added dropwise. The suspension was stirred for 16 h at ambient 
temperature. The hybrid material was separated by centrifugation and was washed two times with 
toluene (5 mL) and five times with n-hexane (5 mL). The solvent was removed under reduced pressure 
and C@SBA  was obtained as a colorless powder (426 mg). The supernatant solution was filtered 
and the solvent was removed under reduced pressure. An 1H NMR spectrum revealed the recovery of 
some starting material C. 1H CP/MAS spectrum (300.13 MHz, MAS at 8 kHz): δ = 12.66 (NH), 6.94 
(4-H(pz)), 5.81 (4-H(pz)), 1.03 (C(CH3)3) ppm. 13C CP/MAS spectrum (75.47 MHz, MAS at 8 kHz): 
δ = 165.1 (3/5-C(pz)), 155.4 (3/5-C(pz)), 99.0 (4-C(pz)), 29.4 (C(CH3)3) ppm. 29Si CP/MAS spectrum 
(59.63 MHz, MAS at 5 kHz): δ = ppm. aBET = 410 m2/g, Vpore = 0.57 cm3/g, dpore = 6.2 nm. DRIFTS: 
ṽ = 2967 (w), 2911 (vw), 2873 (vw), 1560 (vw), 1510 (vw), 1491 (vw), 1467 (vw), 1367 (vw), 1281 
(vw), 1200 (m), 1079 (vs), 807 (vw), 457 (w) cm‒1. Elemental analysis found: Mg 1.85 (ICP-OES); C 
19.25, H 2.67, N 3.71.

Al(pztBu2)3@SBA-15500 (E@SBA ). SBA-15500 (221 mg, 620 μmol of surface SiOH) was suspended 
in 2 mL n-hexane and a solution of Al(pztBu2)3 (E, 350 mg, 620 μmol) in 8 mL n-hexane was added 
dropwise. The suspension was stirred for 16 h at ambient temperature. The hybrid material was separated 
by centrifugation and was washed two times with toluene (5 mL) and five times with n-hexane (5 mL). 
The solvent was removed under reduced pressure and E@SBA  was obtained as a colorless powder 
(239 mg). The supernatant solution was filtered and the solvent was removed under reduced pressure. 
An 1H NMR spectrum revealed the recovery of some starting material E. 1H CP/MAS spectrum 
(300.13 MHz, MAS at 8 kHz): δ = 11.03 (NH), 6.87 (4-H(pz)), 5.73 (4-H(pz)), 0.97 (C(CH3)3) ppm. 13C 
CP/MAS spectrum (75.47 MHz, MAS at 8 kHz): δ = 161.7 (3/5-C(pz)), 99.3 (4-C(pz)), 30.9 (C(CH3)3), 



29.4 (C(CH3)3) ppm. 29Si CP/MAS spectrum (59.63 MHz, MAS at 5 kHz): δ = ppm. aBET = 418 m2/g, 
Vpore = 0.55 cm3/g, dpore = 6.4 nm. DRIFTS: ṽ = 2968 (vw), 2911 (vw), 2873 (vw), 1561 (vw), 1467 
(vw), 1368 (vw), 1187 (m), 1075 (vs), 814 (vw), 454 (w) cm‒1. Elemental analysis found: Al 1.21 (ICP-
OES); C 19.03, H 2.88, N 3.55.

Ti(pzMe2)4@SBA-15500 (F@SBA ). SBA-15500 (337 mg, 943 μmol of surface SiOH) was suspended 
in 2 mL toluene and a solution of Ti(pzMe2)4 (F, 404 mg, 943 μmol) in 8 mL toluene was added dropwise. 
The suspension was stirred for 18 h at ambient temperature. The hybrid material was separated by 
centrifugation and was washed eight times with toluene (5 mL) and three times with n-hexane (5 mL). 
The solvent was removed under reduced pressure and F@SBA  was obtained as a pale-yellow 
powder (392 mg). The supernatant solution was filtered and the solvent was removed under reduced 
pressure. An 1H NMR spectrum revealed the recovery of some starting material F. 1H CP/MAS spectrum 
(300.13 MHz, MAS at 8 kHz): δ = 6.75 (4-H(pz)), 5.67 (4-H(pz)), 1.84 (CH3) ppm. 13C CP/MAS 
spectrum (75.47 MHz, MAS at 8 kHz): δ = 146.3 (3/5-C(pz)), 113.9 (4-C(pz)), 104.5 (4-C(pz)), 10.6 
(CH3) ppm. 29Si CP/MAS spectrum (59.63 MHz, MAS at 5 kHz): δ = ppm. aBET = 405 m2/g, 
Vpore = 0.53 cm3/g, dpore = 6.6 nm. DRIFTS: ṽ = 3396 (vw), 2931 (vw), 2871 (vw), 1572 (vw), 1526 
(vw), 1440 (vw), 1422 (vw), 1374 (vw), 1074 (vs), 804 (w), 460 (w) cm‒1. Elemental analysis found: Ti 
4.39 (ICP-OES); C 17.36, H 2.35, N 7.00.

CO2@[Mg(pztBu2)2]2@SBA-15500 (CO2@C@SBA ). A Schlenk tube was loaded with solid 
C@SBA  (100.7 mg, = 2.0 mg (Mg metal), 83.3 μmol (Mg metal)) and the atmosphere was changed 
to 1 bar CO2. After 3 h CO2@C@SBA  could be collected as white powder (108.8 mg). 1H CP/MAS 
spectrum (300.13 MHz, MAS at 8 kHz): δ = 12.12 (COOH/NH), 6.91 (4-H(pz)), 5.77 (4-H(pz)), 1.03 
(C(CH3)3) ppm. 13C CP/MAS spectrum (75.47 MHz, MAS at 8 kHz): δ = 163.3 (3/5-C(pz)), 156.0 (3/5-
C(pz)), 98.1 (4-C(pz)), 30.6 (C(CH3)3), 29.0 (C(CH3)3) ppm. DRIFTS: ṽ = 2367 (w), 2911 (vw), 2874 
(vw), 1655 (vw), 1560 (vw), 1491 (vw), 1467 (vw), 1368 (vw), 1281 (vw), 1189 (s), 1080 (vs), 806 (w), 
461 (w) cm‒1. Elemental analysis found: C 18.47, H 3.19, N 3.66.

CO2@Al(pztBu2)3@SBA-15500 (CO2@E@SBA ). A Schlenk tube was loaded with solid E@SBA  
(70.6 mg, = 0.9 mg (Al metal), 31.7 μmol (Al metal)) and the atmosphere was changed to 1 bar CO2. 
After 3 h CO2@E@SBA  could be collected as white powder (75.3 mg). 1H CP/MAS spectrum 
(300.13 MHz, MAS at 8 kHz): δ = 11.15 (COOH/NH), 6.75 (4-H(pz)), 5.86 (4-H(pz)), 1.08 
(C(CH3)3) ppm. 13C CP/MAS spectrum (75.47 MHz, MAS at 8 kHz): δ = 163.4 (3-C(pz)), 156.3 (5-
C(pz)), 144.9 (CO2), 107.2 (4-C(pz)), 98.5 (4-C(pz)), 30.6 (C(CH3)3), 29.1 (C(CH3)3) ppm. DRIFTS: 
ṽ = 2967 (w), 2911 (vw), 2875 (vw), 1786 (vw), 1760 (vw), 1561 (vw), 1490 (vw), 1467 (vw), 1368 
(vw), 1333 (vw), 1191 (s), 1075 (vs), 812 (w), 461 (m) cm‒1. Elemental analysis found: C 17.81, H 2.91, 
N 3.56.

CO2@Ti(pzMe2)4@SBA-15500 (CO2@F@SBA ). A Schlenk tube was loaded with solid F@SBA  
(66.4 mg = 2.9 mg (Ti metal), 60.9 μmol (Ti metal)) and the atmosphere was changed to 1 bar CO2. 
After 3 h CO2@F@SBA  could be collected as pale-yellow powder (74.7 mg). 1H CP/MAS spectrum 
(300.13 MHz, MAS at 8 kHz): δ = 6.67 (4-H(pz)), 5.34 (4-H(pz)), 1.83 (CH3), 0.84 (CH3) ppm. 13C 
CP/MAS spectrum (75.47 MHz, MAS at 8 kHz): δ = 149.9 (3-C(pz)), 142.7 (5-C(pz)), 108.1 (4-C(pz)), 
10.6 (CH3) ppm. DRIFTS: ṽ = 3390 (vw), 2995 (vw), 2934 (vw), 2864 (vw), 1744 (w), 1573 (vw), 1526 
(vw), 1467 (vw), 1419 (vw), 1381 (vw), 1350 (vw), 1068 (vs), 804 (w), 580 (vw), 456 (w) cm‒1. 
Elemental analysis found: C 16.39, H 1.97, N 6.77.

[K(B{pz3-p-tBuPh}4)]n (III). A 250 mL three-necked flask was charged with KBH4 (699 mg, 12.95 mmol) 
and  (15.5 g, 77.71 mmol). The mixture was heated to 230 °C until a melt had formed. After 
the H2 formation ceased (4 h) the melt was cooled to ambient temperature. The white powder was 
recrystallized from n-pentane and via slow evaporation of the solvent III (1.86 g, 2.19 mmol, 17%) was 
obtained as colorless crystals suitable for a SC-XRD analysis. 1H NMR (400.1 MHz, [D8]THF, 26 °C): 



δ = 7.71 (d, 8 H, o-H (Ph)), 7.49 (s, 4 H, 5-H (pz)), 7.33 (d, 8 H, m-H (Ph)), 6.49 (s, 4 H, 4-H (pz)), 1.31 
(s, 36 H, CH3) ppm. 11B NMR ( , [D8]THF, 26 °C): δ = 1.2 ppm. 

KTpp-tBuPh,Me (IV) and decomposition to Tpp-tBuPh,MeK(Hpzp-tBuPh,Me)3 (V). A 100 mL three-necked 
flask was charged with KBH4 (166 mg, 3.072 mmol) and  (3.95 g, 18.43 mmol). The 
mixture was heated to 240 °C until a melt had formed and stirred until H2 formation ceased (4 h). The 
melt was cooled to 180 °C and poured into a mortar. After the mixture cooled to ambient temperature, 
it was grinded down to a powder. The white powder was dissolved in n-pentane and filtered with 
subsequent removal of the solvent under reduced pressure. The excess  was removed via 
sublimation at 200 °C. The potassium salt  (752 mg, 1.09 mmol, 35%) was isolated as white a powder. 
1H NMR (400.1 MHz, C6D6, 26 °C): δ = 7.25 (d, 6 H, o-H (Ph)), 7.12 (d, 6 H, m-H (Ph)), 6.11 (s, 3 H, 
4-H (pz)), 4.68 (broad s, 1 H, H-B), 2.14 (s, 9 H, CH3), 1.31 (s, 27 H, C(CH3)) ppm. 11B NMR 
( , [D8]THF, 26 °C): δ = ‒5.1 ppm. Over a week IV decomposed and was completely 
transformed to donor-pyrazole stabilized 



Figure C4. 1H NMR spectrum (26 °C, 400.11 MHz, [D8]THF) of ∙  (ACO2).

Figure C5. Comparison of 1H NMR spectra (26 °C, 400.11 MHz, [D8]THF) of ∞ (A, bottom) and 
∙  (ACO2, top).



Figure C6. 1H NMR spectrum (26 °C, 400.11 MHz, [D8]THF) of ∙  (BCO2) (+ n-hexane).

Figure C7. Comparison of 1H NMR spectra (26 °C, 400.11 MHz, [D8]THF) of  (B, bottom) and 
∙  (BCO2, top) (+ n-hexane).



Figure C8. 13C{1H} NMR spectrum (26 °C, MHz, [D8]THF) of ∙  (BCO2) (+ n-hexane).

Figure C9. 7Li NMR spectrum (26 °C, 116.64 MHz, [D8]THF) of ∙  (BCO2) (+ n-hexane).



Figure C10. 1H NMR spectrum (26 °C, 400.11 MHz, [D8]THF) of .

Figure C11. 1H NMR spectrum (26 °C, 400.11 MHz, [D8]THF) of  (O) (+ toluene).



Figure C12. Comparison of the 1H NMR spectra (26 °C, 400.11 MHz, [D8]THF) of  (O, bottom) and 
the reaction of  and CO2 (top) (+ toluene).

Figure C13. 1H NMR spectrum (26 °C, 400.11 MHz, [D8]THF) of ∙ )(μ  (#, unknown 
impurities; + n-hexane).



Figure C14. 13C{1H} NMR spectrum (26 °C, 100.61 MHz, [D8]THF) ∙ )(μ  (+ n-
hexane).

Figure C15. 1H NMR spectrum (26 °C, 400.11 MHz, chloroform-d) of the reaction mixture of the catalytic 
conversion of propylene oxide and CO2 to propylene carbonate by using 0.5 mol% of 



Figure C16. 1H MAS NMR spectrum (300.13 MHz, MAS at 8 kHz) of [Mg(pztBu2)2]2@SBA-15500 (C@SBA ).

Figure C17. 13C CP/MAS NMR spectrum (75.47 MHz, MAS at 8 kHz) of [Mg(pztBu2)2]2@SBA-15500 (C@SBA
).



Figure C18. 29Si CP/MAS NMR spectrum (59.63 MHz, MAS at 5 kHz) of [Mg(pztBu2)2]2@SBA-15500 (C@SBA
).

Figure C19. 1H MAS NMR spectrum (300.13 MHz, MAS at 8 kHz) of Al(pztBu2)3@SBA-15500 (E@SBA ). 



Figure C20. 13C CP/MAS NMR spectrum (75.47 MHz, MAS at 8 kHz) of Al(pztBu2)3@SBA-15500 (E@SBA
).

Figure C21. 29Si CP/MAS NMR spectrum (59.63 MHz, MAS at 5 kHz) of Al(pztBu2)3@SBA-15500 (E@SBA
).



Figure C22. 1H MAS NMR spectrum (300.13 MHz, MAS at 8 kHz) of Ti(pzMe2)4@SBA-15500 (F@SBA ).

Figure C23. 13C CP/MAS NMR spectrum (75.47 MHz, MAS at 8 kHz) of Ti(pzMe2)4@SBA-15500 (F@SBA ).



Figure C24. 29Si CP/MAS NMR spectrum (59.63 MHz, MAS at 5 kHz) of Ti(pzMe2)4@SBA-15500 (F@SBA ).

Figure C25. 13C CP/MAS NMR spectrum (75.47 MHz, MAS at 8 kHz) of CO2@[Mg(pztBu2)2]2@SBA-15500 
(CO2@C@SBA ).



Figure C26. Comparison of 13C CP/MAS NMR spectra (75.47 MHz, MAS at 8 kHz) of [Mg(pztBu2)2]2@SBA-
15500 (C@SBA ) and CO2@[Mg(pztBu2)2]2@SBA-15500 (CO2@C@SBA ).

Figure C27. 13C CP/MAS NMR spectrum (75.47 MHz, MAS at 8 kHz) of CO2@Al(pztBu2)3@SBA-15500 
(CO2@E@SBA ).



Figure C28. Comparison of 13C CP/MAS NMR spectra (75.47 MHz, MAS at 8 kHz) of Al(pztBu2)3@SBA-15500 
(E@SBA ) and CO2@Al(pztBu2)3@SBA-15500 (CO2@E@SBA ).

Figure C29. 13C CP/MAS NMR spectrum (75.47 MHz, MAS at 8 kHz) of CO2@Ti(pzMe2)4@SBA-15500 
(CO2@F@SBA ).



Figure C30. Comparison of 13C CP/MAS NMR spectra (75.47 MHz, MAS at 8 kHz) of Ti(pzMe2)4@SBA-15500 
(F@SBA ) and CO2@Ti(pzMe2)4@SBA-15500 (CO2@F@SBA ).

Figure C31. 1H NMR spectrum (26 °C, 400.11 MHz, chloroform-d) of the reaction mixture of the catalytic 
conversion of propylene oxide and CO2 to propylene carbonate by using 0.5 mol% of [Mg(pztBu2)2]2@SBA-15500 
(C@SBA )



Figure C32. 1H NMR spectrum (26 °C, 400.11 MHz, chloroform-d) of the reaction mixture of the catalytic 
conversion of propylene oxide and CO2 to propylene carbonate by using 0.5 mol% of [Mg(pztBu2)2]2@SBA-15500 
(C@SBA )

Figure C33. 1H NMR spectrum (26 °C, 400.11 MHz, chloroform-d) of the reaction mixture of the catalytic 
conversion of propylene oxide and CO2 to propylene carbonate by using 0.5 mol% of [Mg(pztBu2)2]2@SBA-15500 
(C@SBA )



Figure C34. 1H NMR spectrum (26 °C, 400.11 MHz, chloroform-d) of the reaction mixture of the catalytic 
conversion of propylene oxide and CO2 to propylene carbonate by using 0.5 mol% of [Mg(pztBu2)2]2@SBA-15500 
(C@SBA )

Figure C35. 1H NMR spectrum (26 °C, 400.11 MHz, chloroform-d) of the reaction mixture of the catalytic 
conversion of styrene oxide and CO2 to styrene carbonate by using 0.5 mol% of [Mg(pztBu2)2]2@SBA-15500 
(C@SBA )



Figure C36. 1H NMR spectrum (26 °C, 400.11 MHz, chloroform-d) of the reaction mixture of the catalytic 
conversion of 2-tert-butyloxirane and CO2 to 3,3-dimethyl-1,2-butene carbonate by using 0.5 mol% of 
[Mg(pztBu2)2]2@SBA-15500 (C@SBA )

Figure C37. 1H NMR spectrum (26 °C, 400.11 MHz, chloroform-d) of the reaction mixture of the catalytic 
conversion of 1,2-epoxyhexane and CO2 to 1,2-n-hexylene carbonate by using 0.5 mol% of [Mg(pztBu2)2]2@SBA-
15500 (C@SBA )



Figure C38. 1H NMR spectrum (26 °C, 400.11 MHz, chloroform-d) of the reaction mixture of the catalytic 
conversion of propylene oxide and CO2 to propylene carbonate by using 0.5 mol% of Al(pztBu2)3@SBA-15500 
(E@SBA )

Figure C39. 1H NMR spectrum (26 °C, 400.11 MHz, chloroform-d) of the reaction mixture of the catalytic 
conversion of propylene oxide and CO2 to propylene carbonate by using 0.5 mol% of Ti(pzMe2)4@SBA-15500 
(F@SBA )



Figure C40. 1H NMR spectrum (26 °C, 400.11 MHz, chloroform-d) of the reaction mixture of the catalytic 
conversion of propylene oxide and CO2 to propylene carbonate by using 0.5 mol% of Ti(pzMe2)4@SBA-15500 
(F@SBA )

Figure C41. 1H NMR spectrum (26 °C, 400.11 MHz, chloroform-d) of the reaction mixture of the catalytic 
conversion of styrene oxide and CO2 to styrene carbonate by using 0.5 mol% of Ti(pzMe2)4@SBA-15500 (F@SBA

)



Figure C42. 1H NMR spectrum (26 °C, 400.11 MHz, chloroform-d) of the reaction mixture of the catalytic 
conversion of 2-tert-butyloxirane and CO2 to 3,3-dimethyl-1,2-butene carbonate by using 0.5 mol% of 
Ti(pzMe2)4@SBA-15500 (F@SBA )

Figure C43. 1H NMR spectrum (26 °C, 400.11 MHz, chloroform-d) of the reaction mixture of the catalytic 
conversion of 1,2-epoxyhexane and CO2 to 1,2-n-hexylene carbonate by using 0.5 mol% of Ti(pzMe2)4@SBA-15500 
(F@SBA )



Figure C44. 1H NMR spectrum (26 °C, 400.11 MHz, [D8]THF) of ∞ ).

Figure C45. 11B NMR spectrum (26 °C, 96.29 MHz, [D8]THF) of ∞ ).



Figure C46. 1H NMR spectrum (26 °C, 400.11 MHz, C6D6) of .

Figure C47. 1H NMR spectrum (26 °C, 96.29 MHz, C6D6) of .









Figure C52. N2 physisorption isotherm of Ti(pzMe2)4@SBA-15500 (F@SBA ).

Figure C53. Maximum pore-size distribution of Ti(pzMe2)4@SBA-15500 (F@SBA ) calculated by the BJH 
method from the isotherm adsorption branch.



Figure S54. DRIFT spectrum of  

Figure S55. DRIFT spectrum of material [Mg(pztBu2)2]2@SBA-15500 C@SBA  

Figure S56. DRIFT spectrum of material Al(pztBu2)3@SBA-15500 E@SBA  



Figure S57. DRIFT spectrum of material Ti(pzMe2)4@SBA-15500 F@SBA  

Figure C58. Comparison of DRIFT spectra of parent material SBA-15500 (bottom, light blue), Ti(pzMe2)4@SBA-
15500 F@SBA  (red), Al(pztBu2)3@SBA-15500 E@SBA  (yellow) and [Mg(pztBu2)2]2@SBA-15500 C@SBA  
(top, dark blue) 

Figure S59. DRIFT spectrum of CO2@[Mg(pztBu2)2]2@SBA-15500 CO2@C@SBA  



Figure S60. Comparison of DRIFT spectra of [Mg(pztBu2)2]2@SBA-15500 C@SBA  (bottom) and 
CO2@[Mg(pztBu2)2]2@SBA-15500 CO2@C@SBA  (top) at 26°C.

Figure S61. Comparison of zoomed in DRIFT spectra of [Mg(pztBu2)2]2@SBA-15500 C@SBA  (bottom) and 
CO2@[Mg(pztBu2)2]2@SBA-15500 CO2@C@SBA  (top) at 26°C.



Figure S62. Comparison of DRIFT spectra of parent material SBA-15500 (bottom, red), [Mg(pztBu2)2]2@SBA-15500 
C@SBA  (middle, yellow), CO2@[Mg(pztBu2)2]2@SBA-15500 CO2@C@SBA  (top, blue) at 26 °C.

Figure S63. DRIFT spectrum of CO2@Al(pztBu2)3@SBA-15500 CO2@E@SBA  



Figure S64. Comparison of DRIFT spectra of Al(pztBu2)3@SBA-15500 E@SBA  (bottom) and 
CO2@Al(pztBu2)3@SBA-15500 CO2@E@SBA  (top) at 26°C.

Figure S65. Comparison of zoomed in DRIFT spectra of Al(pztBu2)3@SBA-15500 E@SBA  (bottom) and 
CO2@Al(pztBu2)3@SBA-15500 CO2@E@SBA  (top) at 26°C.



Figure S66. Comparison of DRIFT spectra of parent material SBA-15500 (bottom, red), Al(pztBu2)3@SBA-15500 
E@SBA  (middle, yellow), CO2@Al(pztBu2)3@SBA-15500 CO2@E@SBA  (top, blue) at 26 °C.

Figure S67. DRIFT spectrum of CO2@Ti(pzMe2)4@SBA-15500 CO2@F@SBA  

Figure S68. Comparison of DRIFT spectra of Ti(pzMe2)4@SBA-15500 F@SBA  (bottom) and 
CO2@Ti(pzMe2)4@SBA-15500 CO2@F@SBA  (top) at 26°C.



Figure S69. Comparison of zoomed in DRIFT spectra of Ti(pzMe2)4@SBA-15500 F@SBA  (bottom) and 
CO2@Ti(pzMe2)4@SBA-15500 CO2@F@SBA  (top) at 26°C.

Figure S70. Comparison of DRIFT spectra of parent material SBA-15500 (bottom, red), Ti(pzMe2)4@SBA-15500 
F@SBA  (middle, yellow), CO2@Ti(pzMe2)4@SBA-15500 CO2@F@SBA  (top, blue) at 26 °C.
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Figure 1. Top: design strategy of reversiblemolecular CO2 adsorbers.Mid-
dle: examples of structurally characterized magnesium carbamate com-
plexes via CO2 insertion into Mg–N(amido) bonds. Bottom: examples of
structurally characterized magnesium pyrazolate complexes.

insertion has proven irreversible.[19] The first and only homolep-
tic magnesium pyrazolate complex [Mg(pztBu,tBu)2]2 (1) was
reported by the group of Winter as a potential CVD precursor,[20]

along with the donor adducts [Mg(pztBu,tBu)2(thf)2]2 (1-thf) and
[Mg(pztBu,tBu)2(tmeda)] (1-tmeda). Moreover, the two mixed
pyrazolato/pyrazole complexes [Mg(pztBu,tBu)2(Hpz

tBu,tBu)]2 (1-
Hpz)[21] and [Mg(pziPr,iPr)2(Hpz

iPr,iPr)]2 (4-Hpz) are known.[22]

The present study aims to adapt the class of magnesium pyra-
zolates for efficient CO2 capture and contributes to a better
understanding of the effectiveness of such pyrazolate complexes
in the catalytic formation of cyclic carbonates.

2. Results and Discussion

2.1. Why Magnesium? Why Pyrazoles?

Magnesium features an earth-abundant, non-toxic, non-strategic
light metal and hence is prone to high CO2 uptake (resulting
in low “mass penalty”). Pyrazoles feature the conceptually re-
quired adjacent nitrogen coordination sites, while displaying flex-
ible coordination behavior as evidenced by many distinct coordi-
nation modes.[23] As revealed by cerium pyrazolate complexes,
the �2(N,N’)-coordinating pyrazolato ligand decisively promotes
reversible and cooperative CO2 insertion by counteracting the
mostly irreversible �2(O,O’) coordination mode.[24,25] Moreover,
pyrazoles are straightforwardly synthesized with easily tunable
stereoelectronic properties via the 3,5-substitution pattern. Such
five-membered heterocycles occur in natural products, albeit iso-
lated pyrazoles cause severe toxicity for the nonsubstituted parent
representative.[26]

Scheme 1. Synthesis of complexes 2 and 3-thf bearing the mixed 3-tert-
butyl-5-methyl pyrazolato ligand.

2.2. Choice of Magnesium Pyrazolates

This study was launched with the discrete tBu-substituted com-
plexes [Mg(pztBu,tBu)2]2 (1) and [Mg(pztBu,tBu)2(thf)]2 (1-thf) previ-
ously reported by Winter.[20] However, due to the apparent high
“mass penalty” caused by the tBu moieties and the THF donor,
further attempts were made to synthesize homoleptic magne-
sium pyrazolates with smaller substituents in the 3,5 positions,
like iPr/iPr, mixed tBu/Me, Me/Me, and H/H. To probe any
marked electronic effects on CO2 insertion, the CF3/CF3 variant
was considered as well. In our hands, salt-metathesis reactions of
magnesium bromide with 3,5-substituted potassium pyrazolates
bearing alkyl groups smaller than tBu did not lead to the isola-
tion of homoleptic magnesium pyrazolates. The mixed tBu/Me
pyrazolato ligand afforded ate complex [KMg(pztBu,Me)3]2 (2) as
the only isolable metathesis product (Scheme 1). For the other
alkyl-substituted pyrazolato ligands either no reaction took place
or a complex mixture of products was observed.
The single crystal X-ray diffraction (SCXRD) analysis of 2 re-

vealed a dimeric structure in which the two magnesium cen-
ters are bridged by two pyrazolato ligands in the μ−1�(N):2�(N’)
mode forming a six-membered ring, slightly distorted to a
seat conformation (Figure 2, top).[27] In addition, each mag-
nesium center is �1(N)-coordinated by two pyrazolato ligands
above and beneath the metalacyclic ring implying a strongly dis-
torted tetrahedral coordination of the magnesium atoms. The
three distinct pyrazolato ligands also encapsulate the potassium
cations by bridging to the magnesium centers with the approxi-
mate coordination modes μ−1�(N):2�(N’), μ−1�(N):2�5(pz), and
μ−1�(N):2�(N):3�5(pz). The equilateral triangle N5–K1–N6 is
perpendicular to the pyrazolyl plane (90.05°), while the angle be-
tween the planes of the �4- and �5-coordinating pyrazolatos is
close to perpendicular (95.14°).
Despite the different coordination modes, the 1H NMR spec-

trum of 2 in [D8]toluene shows one signal set of the aromatic pro-
ton, the methyl and the tert-butyl groups indicating a high ligand
mobility in solution.
Applying a protonolysis protocol by reacting Mg(nBu)2

with 2.5 equivalents of the corresponding pyrazole HpztBu,Me

in a n-hexane/THF solution afforded the donor adduct
[Mg(pztBu,Me)2(thf)]2 (3-thf) (Scheme 1, Figure 2, bottom).[27] The
crystal structure of 3-thf revealed a dimeric complex isostruc-
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Figure 2. Crystal structures of [KMg(pztBu,Me)3]2 (2, top) and
[Mg(pztBu,Me)2(thf)]2 (3-thf, bottom). Ellipsoids are set at the 50%
probability level. Hydrogen atoms are omitted and some Me/tBu moities
are displayed as wireframe for clarity. See supporting information for
selected interatomic distances and angles.[27]

tural to Winter´s tBu/tBu-congener [Mg(pztBu,tBu)2(thf)]2 with
two μ−1�(N):2�(N’)-bridging pyrazolato ligands, two terminal
�2(N,N’) pyrazolatos and two THF molecules.[20]

The mixed pyrazolato/pyrazole complex
[Mg(pziPr,iPr)2(Hpz

iPr,iPr)]2 (4-Hpz) reported by Ruhlandt-Senge
and co-workers was obtained via protonolysis of Mg(nBu)2
with 4 equivalents of HpziPr,iPr in THF.[22] In order to avoid
two potential reactive sites for CO2 (vide infra) and since ho-
moleptic [Mg(pziPr, iPr)2] has not yet been reported, we revisited
the Mg(nBu)2/Hpz

iPr,iPr reaction. It was revealed that alkane
elimination is very sensitive to the molar ratio employed. Apply-
ing a 1:2 ratio in THF did not give the anticipated homoleptic
complex but incomplete protonolysis to trimetallic complex
[Mg3(pz

iPr,iPr)4(nBu)2(thf)2] (5) with two remaining n-butyl
moieties (Scheme 2). The crystal structure revealed a central
magnesium coordinated by four pyrazolato ligands, bridging
to the peripheral magnesium centers in 1�(N):2�(N’) fash-
ion (Figure S86, Supporting Information).[27] The tetrahedral
coordination of the outer magnesium atoms is completed by
one n-butyl moiety and one THF molecule each. Note that
Mg-alkyl moieties irreversibly insert CO2 to afford carboxylato
ligands.[24,28]

Aiming at a suitable compromise between incomplete
protonolysis and coordination of excess pyrazole, the ratio of

Scheme 2. Formation of different complexes in the reaction of Mg(nBu)2
with HpziPr,iPr by using distinct ratios in THF. Complex 4-Hpz has been
reported previously.[22]

Mg(nBu)2 to Hpz
iPr,iPr was increased to 1:3. Now, crystallization

accomplished the trimetallic mixed pyrazolato/pyrazole complex
[Mg3(pz

iPr,iPr)6(Hpz
iPr,iPr)2] (4a-Hpz, Figure 3, top).[27] Like in

complex 5, each magnesium center adopts a distorted tetrahe-
dral coordination sphere. Also, the central magnesium is coor-
dinated by four �1(N)-pyrazolato ligands, bridging to the outer
magnesium atoms in the same fashion as in 5. Overall, a spiro
arrangement of two six-membered rings in half-chair conforma-
tion about the central magnesium is observed. The outer magne-
sium atoms are further coordinated by pyrazolato and pyrazole
ligands, which are connected via a N─H─N hydrogen bond. The
pyrazolato and pyrazole ligands display a staggered arrangement
when viewed along the axis of the magnesium centers.
The 1H NMR spectrum of 4a-Hpz in [D8]toluene indicated

a mixture of different species and, hence, fragmentation in so-
lution. Remarkably, two proton signals appeared at 19.89 and
19.51 ppm, respectively, highly shifted to lower field and with
a ratio of 1:0.2 (Figure S9, Supporting Information). Addition-
ally, three signals in the region for the proton at the pyrazole ring
can be observed along with several septet and doublet signals in
the expected region for iPr moieties. The 1H NMR spectra of
4-Hpz and 4a-Hpz show the same signal pattern/fragments in
[D8]toluene but different signal intensities, due to distinct pyra-
zolato/pyrazole ratios. The two strong low-field shifted signals in
4-Hpz appear in the reversed ratio of 0.2:1. The intensity of all
other signals of 4-Hpz are equally reversed, except for one signal
at 5.84 ppm of the pyrazolato ring proton. The strongly low-field
shifted proton signals corroborate a low-barrier hydrogen bond
(LBHB) typical of symmetric hydrogen bonding.[29]

The very same fragmentation of 4-Hpz and 4a-Hpz in
solution was confirmed by 1H DOSY (diffusion-ordered
spectroscopy) NMR experiments in [D8]toluene, reveal-
ing [Mg2(pz

iPr,iPr)4(Hpz
iPr, iPr)2] (M = 958.02 g mol−1) and

[Mg2(pz
iPr,iPr)4(Hpz

iPr,iPr)] (M = 805.78 g mol−1) as preferred
fragments (for an in-depth discussion and other evaluation
methods see the supporting information).[30]

Using a ratio of 1:2.5 of Mg(nBu)2 and Hpz
iPr,iPr in the pres-

ence of THF first led to the isolation of a white amorphous
powder, which after several recrystallization steps in n-pentane
afforded single-crystalline [Mg3(pz

iPr,iPr)6(thf)2] (4-thf, Figure 3,
middle).[27] The white amorphous powder is most likely the ho-
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Figure 3. Crystal structures of [Mg3(pz
iPr,iPr)6(Hpz

iPr,iPr)2] (4a-Hpz, top),
[Mg3(pz

iPr,iPr)6(thf)2] (4-thf, middle) and [Mg2(pz
CF3,CF3)4(thf)3] (6-thf,

bottom). Ellipsoids are set at the 50% probability level. Hydrogen atoms
are omitted as well as the iPr groups and THF ligands are displayed as
wireframe for clarity. See supporting information for selected interatomic
distances and angles.[27]

moleptic donor-free [Mg(pziPr,iPr)2]n (4) forming an insoluble in-
finite chain structure. The crystal structure of 4-thf is similar to
that of 4-Hpz except for the terminating donor ligand (THF ver-
sus Hpz). The syntheses of 3-thf and 4-thf underline that the for-
mation of homoleptic [Mg(pzR,R‘)2]n occurs preferentially when
Mg(nBu)2 and Hpz

R,R‘ are employed in a ratio of 1:2.5.
For the 3,5-bis(trifluoromethyl)pyrazole, both the

protonolysis and the salt-metathesis route in THF yielded
[Mg2(pz

CF3,CF3)4(thf)3] (6-thf) as a crystalline material (Scheme
3). The crystal structure of 6-thf revealed 5-coordinate magne-
sium centers in a strongly distorted trigonal bipyramidal geom-
etry (Figure 3, bottom).[27] The magnesium centers are bridged
by two μ−1�(N):2�(N’) pyrazolato and one μ−1�(O):2�(O) THF
ligand.[31] The bridging THF distorts the six-membered metalla-
cycle to a twisted boat conformation. The 1H, 13C and 19F NMR
spectra of 6-thf revealed high mobility of the pyrazolato ligands

Scheme 3. Synthesis of complex 6-thf according to salt-metathesis and
protonolysis protocols.

in solution at ambient temperature. Both 1JC,F (267.77 Hz)
and 2JC,F couplings (36.58 Hz) were observed as quartets at
123.0 ppm and 142.7 ppm, respectively.[32]

Protonolysis of Mg(nBu)2 with both the 3,5-dimethylpyrazole
and the unsubstituted “parent” pyrazole gave amorphous white
powders, which are insoluble in common solvents. However, the
13C CP/MAS (magic-angle spinning) spectra unambiguously re-
vealed the formation of [Mg(pzMe,Me)2]n (7) and [Mg(pz)2]n (8). For
compound 7 the carbon resonances in the 3 and 5 position ap-
peared as one signal at 152.1 ppm, while the carbon in the 4 po-
sition and the Me moieties were detected at 107.1 ppm and as
two close signals at 12.0 and 10.9 ppm, respectively. As expected,
compound 8 shows only two 13C signals in the aromatic region at
141.6 and 103.1 ppm, respectively. Both compounds most likely
form an infinite chain structure like [Zn(pz)2]n which was charac-
terized by powder X-ray diffraction.[33] This is underlined by the
fact, that the DRIFT spectra of 8 and [Zn(pz)2]n are nearly identi-
cal (Figure S79, Supporting Information).
The level of magnesium pyrazolate hydrolytic stability was

probed for [Mg(pztBu,tBu)2]2 (1) and [Mg(pz)2]n (8). When exposed
to air (andmoisture) a solution of 1 in THF shows slow decompo-
sition as indicated by anhould incipient precipitation (Mg(OH)2)
and formation of the respective pyrazole. A morphology change
of mostly insoluble, flaky 8, mainly affecting the surface of the
material, was clearly visible in SEM images upon exposure to am-
bient atmosphere (Figures S81–S83, Supporting Information).

2.3. CO2 Insertion into Magnesium Bis(pyrazolate)s under
Anhydrous Conditions

Exposing dimeric [Mg(pztBu,tBu)2]2 (1) to 1 bar CO2 in THF led to
the insertion of CO2 into the Mg─N(pyrazolato) bonds, forming
the monomeric carbamate complex [Mg(CO2·pz

tBu,tBu)2(thf)2] (1-
CO2,thf) (Scheme 4a).[34] The reaction occurs instantly in a small-
scale reaction and single crystals could be obtained overnight at
ambient temperature. The mass fraction of 1-CO2,thf amounts
to 14.3 wt% CO2 or 3.3 mmol CO2 per gram.
Complex 1-CO2,thf displays a distorted octahedral coordina-

tion geometry, the magnesium center being coordinated by two
nearly planar CO2·pz

tBu,tBu carbamato moieties in the �2(N,O)
mode, and two apical THF donor molecules (Figure 4).[35] The
inserted CO2 moiety exhibits an angle of 129.23(9)° and dis-
tinct C─O distances of 1.2165(12) and 1.2621(11) Å, which how-
ever, are less divergent from each other than in cerium com-
plex [Ce(CO2·pz

Me,Me)4] (1.207 Å and 1.291 Å).[16a] This can be at-
tributed to the less oxophilic character of magnesium compared
to cerium.[36] The pyrazole ring of the carbamato ligand loses its
aromaticity compared to the pyrazolato ligand of precursor 1, as
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Scheme 4. Reaction of magnesium pyrazolates with excess CO2.

revealed by distinct interatomic distances of both the C─C ring
bonds (C2─C1: 1.3788(13) Å; C2─C3: 1.4073(13) Å) and the
C─N ring bonds (C1─N1: 1.3800(12) Å; C3─N2: 1.3310(12) Å).
Carbon dioxide insertion into homoleptic pyrazolate 1 was ini-

tially observed by DRIFTS measurements showing the charac-
teristic stretching vibration of the C─O double bond at �̃ =

1745 cm−1 and of the C─O single bond at �̃ = 1293 cm−1

(Figure S75, Supporting Information). The 1H NMR spectrum
of 1-CO2,thf in [D8]THF revealed the characteristic splitting of
the tBu resonances into two signals at � = 1.48 ppm and � =

1.24 ppm (Figure S24, Supporting Information) due to the asym-
metry caused by the inserted CO2. The

13C NMR signal of the
inserted CO2 appeared at 149.0 ppm (Figure S25, Supporting
Information) which is in the range of known complexes with
CO2·pz

R,R moieties.[16a,37]

Complex 1-CO2,thf is stable in solution at ambient tempera-
ture and as a solid at -40 °C. In neat form, CO2 slowly volatilizes
at ambient temperature, as monitored by 1HNMR spectroscopy.
Under reduced pressure (ca. 10−2 mbar), enhanced CO2 evapo-

Figure 4. Crystal structure of [Mg(CO2·pztBu,tBu)2(thf)2] (1-CO2,thf). El-
lipsoids are set at the 50% probability level. Hydrogen atoms as well as
disorder in the thf ligands are omitted for clarity. See supporting informa-
tion for selected interatomic distances and angles.[27]

Scheme 5. Reversibility of CO2 insertion into the Mg─N bond of
[Mg(pztBu,tBu)2]2 (1) at elaborate temperature or reduced pressure (10-2

mbar).

ration occurred, and after 6 h a mixture of 1-CO2,thf, 1, and a
proposed mono-inserted complex was observed in the 1H NMR
spectrum, in a ratio of 1:0.8:0.8 (Figure S26, Supporting Infor-
mation). Admitting in turn 1 bar of CO2 led to the complete re-
formation of 1-CO2,thf. This reversible behavior was further in-
vestigated by variable-temperature (VT) 1H NMR spectroscopy
(Figure S27, Supporting Information). The signal of 1 emerged
at 70 °C, while at 105 °C 1-CO2,thf was completely converted into
1. Cooling to ambient temperature did not afford complete re-
insertion of CO2 but again a mixture of 1-CO2,thf, 1, and the
mono inserted complex in a ratio of 1:1:1. After renewed addi-
tion of 1 bar CO2, the mixture quantitatively reformed 1-CO2,thf,
indicating that the overall CO2 insertion step is fully reversible
(Scheme 5).[38]

The CO2 de-insertion process of 1-CO2,thf was further in-
vestigated using thermogravimetric analysis (TGA) by heating
the solid from 28 °C to 450 °C and applying a heating rate of
2 K min−1 under constant argon flow (Figure S71, Supporting
Information). The first step of 22.16 % mass loss between 78 °C
and 134 °C corresponds to the release of the THF donor lig-
ands (calcd. 23.5%). This is followed by two distinct de-insertion
steps of each CO2 (calcd. 7.2 % each) with mass-loss events of
4.70 % between 134 °C and 170 °C and 6.15 % between 170 °C
and 233 °C. The deviation from the calculated value can be ex-
plained by incipient gas formation before the TGA experiment
and slightly overlapping release of donor THF and the first CO2

de-insertion step. The two distinct de-insertion steps observed by
TGA support the proposed formation of the mono inserted com-
plex, indicated by 1H NMR spectroscopy (Scheme 5).
The reaction of unsolvated 1 with CO2 in toluene or benzene

did not afford a single-crystalline product. However, the occur-
rence of a CO2 insertion was clearly indicated by the respec-
tive 1H NMR spectrum (Figure S30, Supporting Information).
Five signals for the pyrazole backbone protons between 5.89 and
6.05 ppm each with an integral of 1 and nine signals for tBumoi-
eties between 0.87 and 1.78 ppm, of which eight have an inte-
gral of 9 and one has an integral of 18, are detected. This pat-
tern indicates that 1 reacts with CO2 in non-donating solvents to
a putatively oligomeric species 1-CO2 (Scheme 4a). Compound
1-CO2 was further examined by 1H DOSY NMR spectroscopy
in [D8]toluene (Figures S31–S33, Supporting Information). Ac-
cordingly, only one large signal was revealed with a diffusion co-
efficient of logD = −8.96 log(m2 s−1) for all the 1H NMR sig-
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nals mentioned above. The molar mass calculation of the mea-
sured diffusion coefficient, approximated by a highly compact
sphere, accounts for a molar mass of 1875 g mol−1. This sug-
gests that 1-CO2 is a tetrameric oligomer/cluster containing four
Mg(CO2·pz

tBu,tBu)2 units with M = 1883.59 g mol−1 (see Sup-
porting Information for a more in-depth discussion).[30] The pro-
posed complex [Mg(CO2·pz

tBu,tBu)2]4 (1-CO2) achieves a capacity
of 18.7 wt% CO2 or 4.3 mmol CO2 per gram.
Reacting 4-thf with 1 bar CO2 led to the formation of

[Mg(CO2·pz
iPr,iPr)2(thf)2] (4-CO2,thf) (not shown in Scheme 4).

Although the 1H NMR spectrum of 4-thf is rather complicated
(Figure S16, Supporting Information), due to possible fragmen-
tation/oligomerization like in 4-Hpz and 4a-Hpz, the 1H NMR
spectrumof 4-CO2,thf revealed complete and cleanCO2 insertion
as indicated by two distinct iPr groups. The 13CNMR showed the
corresponding iPr signal patterns and a resonance at 149.6 ppm
for inserted CO2. Unfortunately, complex 4-CO2,thf could not be
obtained in single-crystalline form. Conducting the 4-thf/CO2 re-
action in toluene (not shown in Scheme 4), gave also a complex
1H NMR spectrum (Figures S40 and S41, Supporting Informa-
tion), but resulted in a few crystals suitable for an XRD analysis.
The crystal structure of LiMg4(CO2·pz

iPr,iPr)9, albeit of low qual-
ity (connectivity structure only) clearly revealed an exclusive car-
bamato environment of the metal centers (Figure S91, Support-
ing Information). The magnesium atoms are arranged tetrahe-
drally around a central lithium atom. Contamination of the reac-
tionmixture with lithium originated from precursorMg(nBu)2 as
revealed by 7Li NMR spectroscopy.We assume that crystallization
of putative donor-free [Mg4(CO2·pz

iPr,iPr)8] is strongly favored by
the presence of the alkali metal.
Treatment of the mixed pyrazolato/pyrazole complexes 4-Hpz,

4a-Hpz, and known [Mg(pztBu,tBu)2(Hpz
tBu,tBu)]2 (1-Hpz)

[22] with
CO2 was performed in the same way as for 1 (Scheme 4b).
The 1H NMR spectra of the 1-Hpz/CO2 reactions revealed sig-
nal sets identical to those of 1-CO2,thf ([D8]THF) and 1-CO2 (in
[D8]toluene); for the reaction in THF, the formation of 1-CO2,thf
could be confirmed by a unit-cell check of the obtained crys-
tals. In both solvents, an additional set of four new broad sig-
nals is detected: two in the range of tBu moieties (� = 1.28 and
1.23 ppm), one in the aromatic range (� = 5.82 ppm) and one
in the acidic proton range at � = 11.34 ppm, which does not
align with free HpztBu,tBu (Figure S34, Supporting Information).
Furthermore, the presence of two tBu signals corroborates a re-
action of CO2 with the donor pyrazole to yield the new carbamic
acid HOOCpztBu,tBu. Since free pyrazoles, like aromatic amines,
do not react with CO2 under these conditions, it can be hy-
pothesized that the hydrogen-bond pyrazolato/pyrazole arrange-
ment is a prerequisite for forming the carbamic acid/ammonium
carbamate.[39] A similar motif was observed for compound
[{Cd(μ-ac)2(Hpz)2}n] (ac = acetate) in which the acetate has an
H-bond interaction with the pyrazole.[33] Such two-fold activa-
tion of CO2 also applies for the isopropyl-substituted pyrazole
adducts 4-Hpz and 4a-Hpz. The 1H NMR spectra display one
signal set assignable to [Mg(CO2·pz

iPr,iPr)2(thf)2] (4-CO2,thf) with
the expected splitting of the iPr signals. Additionally, one sig-
nal set appeared ascribed to the carbamic acid HOOCpziPr,iPr.
Both starting materials lead to similar spectra, with varying sig-
nal intensities, due to the different pyrazolato/pyrazole ratios. As
for [Mg(pztBu,tBu)2(Hpz

tBu,tBu)]2 (1-Hpz), the CO2 insertion is re-

versible for the carbamato ligand in 4-CO2,thf, but remains irre-
versible for the disassociated carbamic acid, under the conditions
applied (Scheme 4c).
Complex [Mg(pztBu,Me)2(thf)]2 (3-thf) featuring the mixed

tBu/Me 3,5-substitution of the pyrazolato ligand clearly engaged
in CO2 insertion. The resulting

1H NMR spectra, however, re-
vealed very complicated signal pattern, which is why this com-
plex was not pursued further. In contrast, CO2 insertion was not
detected for fluorinated [Mg2(pz

CF3,CF3)4(thf)3] (6-thf), likely due
to the decreased nucleophilicity of the pyrazolato nitrogen atoms
(vide infra).
Unexpectedly, the polymeric pyrazolates Mg(pzMe,Me)2]n (7)

and [Mg(pz)2]n (8), which are insoluble in most common
solvents, feature a rather remarkable CO2-insertion behavior
Scheme 3d). When exposing the solids in a very simple man-
ner to an atmosphere of 1 bar CO2 for three hours, a mass
gain of 29.4 wt% for 7 and 36.3 wt% for 8 were found, accom-
panied by slight morphology change and warming of the sam-
ples. This is close to the calculated exhaustive CO2 insertion into
the Mg–N(pyrazolato) bond, accounting for 29.1 and 35.7 wt%
CO2, respectively. The obtainedmaterials [Mg(CO2·pz

Me,Me)2]n (7-
CO2) and [Mg(CO2·pz)2]n (8-CO2) were further examined by TGA
(Figures S72 and S73, Supporting Information) and solid-state
NMR and FTIR spectroscopy. For 7-CO2, a CO2 release step of
29.5 % was observed when heating a sample from ambient tem-
perature to 210 °C, in line with the CO2 mass fraction. Similarly,
material 8-CO2 revealed a mass-loss event of 34.3 %, in the range
from 50 °C to 225 °C. Different from 1-CO2,thf and 8-CO2, where
theCO2 de-insertion only starts at elevated temperatures, theCO2

release for 7-CO2 already takes place at ambient temperature. The
IR spectra of both complexes 7-CO2 and 8-CO2 (Figures S76 and
S77, Supporting Information) show an intense and broad band
between 1709 and 1744 cm−1 for the C─O double bond stretch-
ing vibration of the inserted CO2. The CO2 insertion/de-insertion
behavior of [Mg(pz)2]n (8) was further elucidated by conducting
an in situ IR experiment. When replacing the argon atmosphere
by CO2, immediate formation to 8-CO2 took place. When restor-
ing the argon atmosphere and heating in 10 °C steps to 240 °C,
the C─O double bond stretching vibration at 1709 cm−1 slowly
decreased and the overall IR spectrum converted back to that of
8 (Figure S80, Supporting Information). The 13C CP/MAS NMR
spectrum of 7-CO2 revealed distinct carbon atoms at the 3 and 5
positions (148.6 and 142.7 ppm) in comparison to 7 (152.1 ppm)
The 13C signal of the inserted CO2 appeared as a shoulder to the
signal at 148.6 ppm. To further clarify the signal assignment com-
plex 7 was treated with labeled 13CO2, which resulted in two in-
tense signals at 152.4 and 148.7 ppm. The signals of the methyl
groups appeared as one signal at 12.3 ppm. Upon CO2 insertion,
7-CO2 is soluble in THF and the respective 1H NMR spectrum
confirmed its formation by two signals at 2.46 and 2.12 ppm of
themethyl groups in 3 and 5 position. The solution 13CNMR sig-
nal of the inserted CO2 could be resolved at 149.8 ppm. The 13C
CP/MAS NMR spectrum of 8-CO2 shows four distinct signals in
the aromatic region (Figure 5). The inserted CO2 appeared as a
signal at 150.2 ppm, and the carbon atoms in 3 and 5 position at
139.1 and 128.6 ppm, and the carbon in 4 position at 107.2 ppm.
RepeatedCO2 insertion/de-insertionwas probed for 7/7-CO2 and
proven to be fully reversible by solid-state NMR and FTIR spec-
troscopy (Figures S51 and S78, Supporting Information).
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Figure 5. 13C CP/MAS NMR spectra (75.47 MHz) of [Mg(pz)2]n (8) and
[Mg(CO2·pz)2]n (8-CO2).

Comparative studies with literature known [Zn(pz)2]n and CO2

did not indicate any appreciable CO2 insertion.
[40] Although both

metal centers have the same charge and similar ionic radii, the
pronounced oxophilicity of magnesium[36] combined with the
harder Mg(II) ion determine the high CO2 affinity of the pyra-
zolate complexes compared to the zinc congeners.
Having established these solid/gas reactions for 7 and 8, a

solid sample of 1 was exposed similarly to 1 bar CO2. A mass
gain of 18.4 % close to the calculated mass fraction of 18.7 wt%
CO2 suggested the formation of putative 1-CO2 (vide supra). Dis-
solving the obtained solid in [D8]THF and [D8]toluene gave

1H
NMR spectra identical to those of 1-CO2,thf and 1-CO2, respec-
tively. The TGA of 1-CO2 showed a continuous mass loss with
less distinct releasing steps, which would be expected for a clus-
ter species. For further comparison, our previously reported ceric
pyrazolate [Ce(Me2pz)4(thf)] did not insert the heteroallene when
stored under 1 bar CO2 pressure for three days.

[16a]

2.4. Catalytic Formation of Cyclic Carbonates from CO2 and
Epoxides

The discrete complexes [Mg(pztBu,tBu)2]2 (1), [Mg(pztBu,Me)2
(thf)]2 (3-thf), [Mg3(pz

iPr,iPr)6(Hpz
iPr,iPr)2] (4a-Hpz), [Mg3

(pziPr,iPr)6(thf)2] (4-thf), and [Mg2(pz
CF3,CF3)4(thf)3] (6-thf) were

probed as catalysts in the cycloaddition of epoxides and CO2 to
cyclic carbonates (see Scheme S2, Supporting Information for a
proposed mechanism). For better comparability, the conditions
stated in Table 1 have been adapted to those reported previously
for the rare-earth-metal pyrazolates.[16a]

Complex [Mg(pztBu,tBu)2]2 (1) gave 56 % conversion of propy-
lene oxide and CO2 to the cyclic carbonate, with a TON of 112
(Table 1, entry 1). By using a twofold catalyst load of 1 mol% the
conversion increased to 85%, while the TON decreased to 85 (en-
try 2). This might result from catalyst aggregation in solution, by
exceeding the solubility of 1 in epoxide or due to a solubility gra-
dient shift between epoxide and cyclic carbonate. As expected,
donor adduct 1-thf showed a slightly lower conversion of 51 %
(entry 6). Similarly, for catalysts 3-thf, 4a-Hpz and 4-thf the con-
version slightly decreased to 43 %, 45 % and 42 %, respectively
(entries 7 to 8 and 13). As mentioned before, the pyrazole donors
disassociate upon CO2 insertion as carbamic acid which can lead

Table 1. Formation of cyclic carbonates from epoxides and CO2, catalyzed
by magnesium pyrazolates under study.

Entrya) Catalyst R = Conversion
[%]b)

TONc)

1 1 Me 56 112

2d) 1 Me 85 85

3 1 Ph 4 8

4 1 tBu 4 8

5 1 nBu 7 14

6 1-thf Me 51 102

7 3-thf Me 43 86

8 4a-Hpz Me 45 90

9e) 4a-Hpz Me 77 51

10 4a-Hpz Ph 4 8

11 4a-Hpz tBu 3 6

12 4a-Hpz nBu 11 22

13 4-thf Me 42 84

14 6-thf Me 59 118

15 6-thf Ph 8 16

16 6-thf tBu 4 8

17 6-thf nBu 18 36

18f) – Me 3 6

a)
Reaction conditions if not noted otherwise: 1 bar CO2, 0.25 mol% catalyst or

0.167 mol% for 4a-Hpz and 4-Hpz (≡0.5 mol% Mg centers), 1 mol% TBAB at ambi-
ent temperature for 24 h in neat epoxide;

b)
Determined by comparison of the pro-

ton integrals in �-position of the epoxide and the corresponding cyclic carbonate
(expect for 3,3-dimethyl-1,2-butene carbonate where the integral of the tBu moieties
was used);

c)
((epoxide/Mg) · conversion)/100;

d)
1 bar CO2, 1 mol% catalyst 1,

1 mol% TBAB, at ambient temperature for 24 h;
e)
1 bar CO2, 0.5 mol% catalyst 4a-

Hpz, 1 mol% TBAB, at ambient temperature for 24 h.
f)
only TBAB without metal

catalyst; TON refers to concentration TBAB.

also to solubility shifts or blocking of themetal center. Increasing
the amount of 4a-Hpz from 0.167mol% (≡0.5 mol%Mg centers)
to 0.5 mol% complex 4a-Hpz (≡1.5 mol% Mg centers) led to an
enhanced conversion of 77 % but also here the TONwas reduced
to 51 (entry 9). Accordingly, the effects of reduced catalytic activity
due to high catalyst load seem to be intrinsic.
Interestingly, fluorinated complex 6-thf shows the highest cat-

alytic activity with a TON of 118 (entry 14), despite a side reac-
tion, causing a highly viscous reaction mixture. Crucially, 6-thf
exhibits the highest catalytic activity although it does not insert
CO2 (vide supra). Consequently, catalytic activity and CO2 affinity
seem to be inversely proportional. As expected, switching to the
more sterically demanding epoxides with tBu, nBu and Ph moi-
eties, the conversion is drastically decreased ranging from 4% to
11% (entries 3–5, 10–12 and 15–17). Again, striking is compara-
tively increased catalytic activity in case of 6-thf, giving 18% con-
version of epoxyhexane in the absence of any side reaction. Com-
plexes 7 and 8 showed also moderate conversion, however, due to
high contents of insoluble oligomeric/polymeric side products,
these values were not considered representative.
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To determine the state of the catalyst after the catalytic re-
action, each 10 mol% of 1 and TBAB were employed and the
reaction mixture examined by 1H NMR spectroscopy (Figure
S70, Supporting Information). Besides the signals for TBAB and
propylene carbonate, one signal set could be assigned to com-
plex [Mg(CO2·pz

tBu,tBu)2(thf)2] (1-CO2,thf). Moreover, three ad-
ditional signals in the region for pyrazolate backbones were de-
tected, assignable neither to the carbamic acid, a mono-inserted
species nor to a hydrolysis product.
The overall catalytic activity of the magnesium pyrazo-

lates is only moderate in comparison to the rare-earth-metal
congeners.[16a] For example, cerium pyrazolate [Ce(Me2pz)4]2
converted up to 98 % of propylene oxide with a TON of 196,
under the same conditions. By heating the cerium reaction up
to 90 °C, applying a pressure of 10 bar CO2 and using a cat-
alytic load of 0.1 mol% the TON could even be increased to 600.
This is clearly reflected in the higher CO2 release temperatures
of magnesium pyrazolates (higher CO2 affinity), in agreement
with the NMR/TGA studies (vide supra). Also, in comparison
to other magnesium catalysts used in this very cycloaddition re-
action, our complexes show only moderate catalytic activity.[35,41]

Although hardly comparable due to much harsher reaction con-
ditions, a magnesium porphyrin complex with an incorporated
tetra-n-butylammonium reported by Ema et al. reaches TONs of
up to 138 000 with a catalytic load of 0.0005 mol%, at 120 °C and
17 bar CO2.

3. Conclusion

The conceptional approach of carbon dioxide insertion intometal
pyrazolates is applicable to the light metal magnesium. Ex-
haustive CO2 insertion into the Mg–N(pzR,R) bond is proven
by the crystal structure of [Mg(CO2·pz

tBu,tBu)2(thf)2] as well
as 13C NMR spectroscopy and thermogravimetric analysis of
[Mg(CO2·pz

R,R)2]n (R = H, Me, iPr). Carbon dioxide uptake at
ambient temperature is instant and reversible with de-insertion
temperatures <250 °C. Remarkably, CO2 insertion also occurs
quantitatively using the magnesium pyrazolates in solid form
(without solvent!). Unsubstituted [Mg(CO2·pz)2]n accomplishes a
maximum capacity of 35.7 wt% CO2 (8.2 mmol g−1) leveling that
of the most efficient metalorganic frameworks (MOFs). Depend-
ing on the pyrazolate substituents R, the homoleptic magnesium
complexes are easily obtained via salt metathesis or protonolysis
applying MgBr2 and Mg(nBu)2, respectively. For the protonoly-
sis protocol, stoichiometric control and hence pyrazole coordi-
nation are critical since the CO2 uptake is affected by additional
formation of the respective carbamic acids HOOCpzR,R. The salt-
metathesis protocol is prone to ate complex formation as evi-
denced for [KMg(pztBu,Me)3]2. The magnesium pyrazolates dis-
play only moderate catalytic activity in the reaction of CO2 and
epoxides to cyclic carbonates. Crucially, catalytic activity and CO2

affinity seem to be inversely proportional, as revealed by the flu-
orinated complex [Mg2(pz

CF3,CF3)4(thf)3], exhibiting the highest
catalytic activity while lacking any traceable CO2 insertion, un-
der the applied conditions. Overall, the catalytic activity is lower
than that of the cerium congeners attributable to the higher CO2

release temperatures of the magnesium complexes. Due to sig-
nificant hydrolytic instability such magnesium pyrazolate com-
plexes are not meant for any industrial large scale carbon dioxide

removal technology but might stimulate new inorganic material
design.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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Experimental Section. 

General Considerations. All manipulations were performed under rigorous exclusion of air and moisture under 

argon atmosphere (< 0.1 ppm O2, < 0.1 ppm of H2O) in a MB200B glovebox (MBraun) or according to standard 

Schlenk techniques and in oven-dried glassware. Solvents (THF, n-pentane, n-hexane, Et2O and toluene) were 

purified by using SPS Grubbs-type columns (MBraun SPS-800, solvent purification system) and stored inside a 

glovebox. THF was dried further over molecular sieves. [D6]benzene, [D8]toluene and [D8]THF were obtained 

from Sigma Aldrich and dried over Na/K alloy and filtered prior to use. 3,5-Bis(trifluoromethyl)pyrazole (99%), 

3,5-dimethylpyrazole (99%), di-n-butylmagnesium (1 M in Et2O/n-hexane), epoxystyrene (>97%, degassed prior 

to use) and magnesium bromide (98%) were purchased from Sigma Aldrich and used as received. 3,5-Di-iso-

propylpyrazole (98%) was purchased from TCI and used as received. 1,2-Epoxyhexane (97%) was purchased from 

Thermo Fischer and degassed prior to use. Propylene oxide and pyrazole (98%) were purchased from Acros 

Organics and the former was degassed prior to use. 2-tert-Butyloxirane was purchased from abcr and degassed 

prior to use. 3-Methyl-5-tert-butylpyrazole and 3,5-di-tert-butylpyrazole were synthesized according to 

procedures known in the literature.[1] Argon and CO2 (99.95%) were supplied by Westfalen AG. 1H and 13C NMR 

spectra were recorded on a Bruker AVII+400 spectrometer (1H: 400.13 MHz; 13C: 100.61 MHz) at 299 K. The 

chemical shifts listed in the experimental section are referenced to solvent residual resonances in parts per 

million in relation to tetramethylsilane. The variable temperature 1H NMR spectra and some other spectra were 

recorded in a J. Young valve NMR tube on a Bruker AVII+500 spectrometer (1H: 500.13 MHz; 13C: 125.76 MHz). 

The 1H DOSY NMR spectra were recorded in a J. Young valve NMR tube on a Bruker AVIII HDX 700 spectrometer 

(1H: 700.29 MHz). IR spectra were recorded on a NICOLET 6700 FTIR spectrometer (Thermo Fisher Scientific). The 

samples were mixed with KBr powder and measured in a DRIFTS cell with KBr windows. In situ IR spectra were 

recorded on a Bruker Invenio R spectrometer equipped with a praying mantis unit. Data were converted by using 

the Kubelka-Munk refinement. Elementary analyses were performed on an Elementar vario MICRO cube. SEM 

images were obtained on a Hitachi SU8030. Single crystals were grown from saturated solutions of n-hexane or 

THF by standard techniques. Suitable single crystals for X-ray structure analysis were selected in a glovebox and 

coated with Parabar 10312 (Hampton research). Crystallographic data were measured on a Bruker APEX II DUO 

instrument equipped with IµS micro focus sealed tube and QUAZAR optics for MoKα radiation (λ = 0.71073 Å) 

and CuKα radiation (λ = 1.54184 Å). Compounds 2 and 4a-Hpz were crystallized at –40 °C from a solution of n-

hexane, 3-thf at ambient temperature. Crystals of 4-thf could be obtained from n-pentane at –40 °C, and for 5 a 

mixture of chilled Et2O/n-hexane (–40 °C) was used. Crystals of 1-CO2,thf were harvested from a THF solution at 

ambient temperature and those of 6-thf at –40 °C. The crystallization of LiMg4(CO2PziPr,iPr)9 became feasible due 

to a slight contamination of the magnesium precursor with lithium, after many unsuccessful crystallization 

attempts. A few crystals were obtained in a J. Young tube at ambient temperature from a toluene solution. The 

crystal quality was low and only intensities up to 1 Å could be found. Although the structure could be solved, the 

calculated data only represent a connectivity structure, ruling out any detailed interpretation of metrical 

parameters. The data collection strategy was determined using COSMO[2] employing ω- and ϕ scans. Raw data 

were processed using APEX[3] and SAINT,[4] corrections for absorption effects were applied using SADABS.[5] The 

structure was solved by direct methods and refined against all data by full-matrix least-squares methods on F2 

using ShelXTL[6] and ShelXle.[7] Disorder models are calculated using DSR[8], a program for refining disordered 

structures in SHELXL. All graphics were produced employing Mercury.[9]  

 

[Mg(pztBu,tBu)2(thf)]2 (1-thf). HpztBu,tBu (200.0 mg, 1.109 mmol) was dissolved in 10 mL THF and a solution of 

Mg(nBu)2 (0.56 mL, 0.56 mmol, 1 M in Et2O/n-hexane) was added dropwise. After stirring for 2 h, the solution 

was concentrated under reduced pressure and stored at ambient temperature. Overnight colorless crystals were 

obtained suitable for an X-ray structure analysis. Drying the crystals under reduced pressure gave 1-thf (210.0 mg, 

461.6 µmol, 83%). Analytical data are consistent with the literature.[10] 

[KMg(pztBu,Me)3]2 (2). Magnesium bromide (121.7 mg, 661 µmol) and KpztBu,Me (233.1 mg, 1.322 mmol) were 

dissolved in toluene and stirred for 16 h. After the solvent was removed under reduced pressure the residue was 

extracted three times with n-hexane. The solution was concentrated and stored at –40 °C. Overnight 2 (71.3 mg, 

75 µmol, 23%) could be obtained as colorless crystals. 1H NMR (400.1 MHz, [D8]THF, 26 °C): δ = 5.87 (s 6H, 4-

H(pz)), 2.14 (s, 18H, CH3), 1.17 (s, 54H, C(CH3)3) ppm. 13C{H} NMR (100.6 MHz, [D8]THF, 26 °C): δ = 163.3 (3-C(pz)), 

148.1 (5-C(pz)), 100.5 (4-C(pz)), 32.3 (C(CH3)3), 31.7 (C(CH3)3), 13.2 (CH3) ppm. IR (Nujol/CsI): ṽmax = 2953 (Nujol; 
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CH), 2923 (Nujol; CH), 2854 (Nujol; CH), 1515 (vs), 1497 (s), 1462 (Nujol), 1410 (vs), 1377 (Nujol), 1363 (vs), 1312 

(vs), 1232 (s), 1206 (s), 1092 (m), 1072 (s), 1060 (s), 1043 (w), 1020 (s), 996 (m), 987 (m), 972 (w), 933 (vw), 923 

(vw), 893 (vw), 816 (m), 772 (vs), 728 (m), 694 (m), 570 (w), 503 (w), 492 (w), 467 (w), 436 (s) cm-1. Elemental 

analysis calcd. (%) for C48H78K2Mg2N12 (950.04 g mol-1): C 60.68, H 8.28, N 17.69; found: C 60.56, H 8.50, N 17.49.  

[Mg(pztBu,Me)2(thf)]2 (3-thf). HpztBu,Me (200.0 mg, 1.447 mmol) was dissolved in 10 mL THF and a solution of 

Mg(nBu)2 (0.58 mL, 0.58 mmol, 1 M in Et2O/n-hexane) was added dropwise. After stirring overnight, the solution 

was concentrated under reduced pressure and stored at ambient temperature. After 7 days colorless crystals 

were obtained suitable for an X-ray structure analysis. The supernatant slurry solution was separated and the 

crystals covered with a sticky oil were washed several times with n-pentane. Drying the crystals under reduced 

pressure gave 3-thf (180.4 mg, 243 µmol, 67%). 1H NMR (500.13 MHz, [D8]THF, 26 °C): δ = 5.78 (s, 4H, 4-H(pz)), 

3.61 (m, 8 H, 1/4-CH2 (thf)), 2.08 (s, 12 H, CH3), 1.77 (m, 8 H, 2/3-CH2 (thf)), 1.15 (s, 36 H, C(CH3)3) ppm. 13C{H} NMR 

(125.76 MHz, [D8]THF, 26 °C): δ = 163.0 (br, 3/5-C(pz)), 149.6 (br, 3/5-C(pz)), 102.1 (4-C (pz)), 68.0 (1/4-C (thf)), 

32.2 (C(CH3)3), 31.4 (C(CH3)3), 26.2 (2/3-C (thf)), 13.0 (CH3) ppm. IR (Nujol/CsI): ṽmax = 2950 (Nujol, CH), 2928 

(Nujol, CH), 2860 (Nujol, CH), 1524 (vs), 1516 (vs), 1463 (Nujol), 1416 (s), 1377 (Nujol), 1363 (vs), 1313 (s), 1235 

(s), 1207 (m), 1078 (w), 1060 (m), 1030 (s), 1020 (s), 1005 (w), 983 (w), 912 (w), 892 (w), 833 (vw), 784 (s), 735 

(vw), 726 (w), 697 (w), 676 (vw), 570 (vw), 506 (m), 476 (vw), 412 (vs) cm-1. Elemental analysis calcd. (%) for 

C40H68Mg2N8O2 (741.65 g mol-1): C 64.78, H 9.24, N 15.11; found: C 64.27, H 9.28, N 15.09. 

[Mg3(pziPr,iPr)6(HpziPr,iPr)2] (4a-Hpz). HpziPr,iPr (600.0 mg, 3941 µmol) was dissolved in 10 mL THF and a solution of 

Mg(nBu)2 (1.31 mL, 1.31 mmol, 1 M in Et2O/n-hexane) was added dropwise. After stirring overnight, the solvent 

was removed under reduced pressure. After several recrystallization steps of dissolving the residue in n-hexane 

and storing it afterwards at –40 °C, 4a-Hpz (381.0 mg, 296.5 µmol, 68%) could be obtained as colorless crystals 

suitable for an X-ray structure analysis. DRIFTS: ṽmax = 3357 (vw), 2962 (vs), 2928 (s), 2871 (m), 2572 (vw), 1559 

(vw), 1523 (m), 1506 (m), 1458 (m), 1421 (w), 1379 (w), 1363 (m), 1304 (w), 1273 (w), 1178 (w), 1141 (w), 1095 

(w), 1042 (m), 1021 (w), 923 (vw), 878 (vw), 786 (m), 726 (w), 591 (w), 528 (w), 503 (w), 472 (w), 419 (w) cm-1. 

Elemental analysis calcd. (%) for C72H122Mg3N16 (1284.80 g mol-1): C 67.31, H 9.57, N 17.44; found: C 67.10, H 

9.52, N 17.54. 

[Mg3(pziPr,iPr)6(thf)2] (4-thf). HpziPr,iPr (200.0 mg, 1313 µmol) was dissolved in 10 mL THF and a solution of 

Mg(nBu)2 (0.53 mL, 0.53 mmol, 1 M in Et2O/n-hexane) was added dropwise. After stirring overnight, the solvent 

was removed under reduced pressure. After several recrystallization steps of dissolving the residue in n-pentane 

and storing it at –40 °C, 4-thf (101.4 mg, 90.1 µmol, 51%) could be obtained as colorless crystals suitable for an 

X-ray structure analysis. DRIFTS: ṽmax = 3115 (vw), 2961 (vs), 2930 (vs), 2875 (s), 1526 (vs), 1508 (s), 1481 (m), 

1459 (s), 1421 (w), 1380 (s), 1363 (s), 1300 (s), 1177 (m), 1141 (m), 1104 (w), 1066 (m), 1040 (vs), 1015 (s), 996 

(w), 921 (w), 886 (w), 786 (s), 726 (w), 701 (vw), 591 (vw), 526 (m), 475 (m) cm-1. Elemental analysis calcd. (%) 

for C62H106Mg3N12O2 (1124.53 g mol-1): C 66.22, H 9.50, N 14.95; found: C 66.13, H 9.38, N 15.45. 

[Mg3(pziPr,iPr)4(nBu)2(thf)2] (5). HpziPr,iPr (200.0 mg, 1313.7 µmol) was dissolved in 10 mL THF and a solution of 

Mg(nBu)2 (0.66 mL, 0.66 mmol, 1 M in Et2O/n-hexane) was added dropwise. After stirring overnight, the solvent 

was reduced and stored at –40 °C. Overnight, single crystals were grown suitable for an X-ray structure analysis. 

After separation of the supernatant solution and drying of the crystals under reduced pressure, 5 could be 

obtained as colorless powder (86.5 mg, 92.3 µmol, 42%). 1H NMR (500.13 MHz, [D8]THF, 26 °C): δ = 5.82 (s, 4 H, 

4-H(pz)), 3.61 (m, 1/4-CH2 (thf)), 3.15 (broad s, 4H, CH(CH3)2), 2.71 (broad s, 4H, CH(CH3)2), 1.77 (m, 2/3-CH2 (thf)), 

1.51 (m, 4 H, MgCH2CH2), 1.39–1.06 (broad s, CH(CH3)2), 1.20 (m, CH2CH3), 0.99–0.62 (broad s, CH(CH3)2), 0.81 (t, 

CH2CH3), –0.39 (m, 4H, MgCH2) ppm. 13C{H} NMR (125.76 MHz, [D8]THF, 26 °C): δ = 163.5 (3/5-C(pz)), 95.6 (4-

C(pz)), 67.7 (1/4-C(thf)), 33.6 (MgCH2CH2), 32.5 (CH2CH3), 28.8 (CH(CH3)2), 25.6 (2/3-C(thf)), 24.5 (CH(CH3)2), 14.2 

(CH2CH3), 9.1 (MgCH2) ppm. IR (Nujol): ṽmax = 2959 (Nujol; CH), 2923 (Nujol; CH), 2856 (Nujol; CH), 1524 (m), 1504 

(m), 1481 (vs), 1460 (Nujol), 1424 (m), 1377 (Nujol), 1366 (vs), 1300 (m), 1269 (vw), 1177 (w), 1141 (vw), 1105 

(s), 1061 (w), 1041 (s), 1017 (m), 990 (vw), 951 (vw), 919 (w), 886 (m), 831 (vw), 784 (vs), 725 (m), 702 (vw), 681 

(vw), 590 (vw), 544 (w), 527 (m), 511 (m), 477 (m) cm-1. Elemental analysis calcd. (%) for C52H94Mg3N8O2 

(936.29 g mol-1): C 66.91, H 9.87, N 12.34; found: C 66.64, H 9.96, N 12.18. 

[Mg2(pzCF
3
,CF

3)4(thf)3] (6-thf). Route A: HpzCF3,CF3 (200.0 mg, 980 µmol) was dissolved in 10 mL THF and a solution 

of Mg(nBu)2 (0.49 mL, 0.49 mmol, 1 M in Et2O/n-hexane) was added dropwise. After stirring for 3 d, the solvent 
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was reduced and stored at –40 °C. Overnight, single crystals were grown suitable for an X-ray structure analysis. 

After separation of the supernatant solution and drying of the crystals under reduced pressure, 6-thf could be 

obtained as dark red powder (250.0 mg, 464 µmol, 95%). Route B: KpzCF3,CF3 (179.4 mg, 980 µmol) and MgBr2 

(68.2 mg, 370 µmol) were dissolved in 10 mL THF and stirred for 7 d. After the solvent was removed under 

reduced pressure the residue was extracted three times with n-hexane. The solution was concentrated and 

stored at –40 °C. Overnight 6-thf (55.9 mg, 104 µmol, 28%) could be obtained as dark red crystals. 1H NMR 

(400.1 MHz, [D8]THF, 26 °C): 6.84 (s, 4 H, 4-H(pz)), 3.62 (m, 12 H, 1/4-CH2(thf)), 1.78 (m, 12 H, 2/3-CH2(thf)) ppm. 
13C{H} NMR (100.6 MHz, [D8]THF, 26 °C): 142.7 (q, C(CF3), 2JC,F=36.58 Hz), 123.0 (q, CF3, 1JC,F=267.77 Hz), 103.3 (4-

C(pz)), 68.0 (1,4-C(thf)), 26.2 (2,3-C(thf)) ppm. 19F NMR (282.4 MHz, [D8]THF, 26 °C): –60.9 (CF3) ppm. IR (Nujol): 

ṽmax = 3154 (vw), 2956 (Nujol, CH), 2924 (Nujol, CH), 2854 (Nujol, CH), 1651 (vw), 1637 (vw), 1540 (m), 1501 (w), 

1462 (Nujol), 1456 (s), 1375 (Nujol), 1346 (s), 1261 (vs), 1223 (s), 1138 (vs), 1124 (vs), 1084 (s), 1022 (s), 999 (s), 

963 (w), 919 (w), 876 (s), 844 (w), 819 (m), 755 (m), 737 (w), 718 (w), 684 (vw), 654 (vw), 600 (vw), 576 (w), 545 

(vw), 468 (w), 425 (m) cm-1. Elemental analysis calcd. (%) for C32H28F24Mg2N8O3 (1077.20 g mol-1): C 35.68, H 2.62, 

N 10.40; found: C 35.89, H 2.55, N 10.64. 

[Mg(pzCF
3
,CF

3)2]n (6). KpzCF3,CF3 (220.0 mg, 909 µmol) and MgBr2 (83.6 mg, 454 µmol) were dissolved in 10 mL 

toluene and stirred for 5 d. After the solvent was removed under reduced pressure the residue was extracted 

three times with n-hexane. The solvent was removed under reduced pressure affording 6 as dark red powder 

(101.6 mg, 236 µmol, 28%). 1H NMR (300.1 MHz, [D8]THF, 26 °C): 6.50 (s, 4 H, 4-H(pz)) ppm. 19F NMR (282.4 MHz, 

[D8]THF, 26 °C): –59.8 (CF3) ppm. IR (Nujol): ṽmax = 2953 (Nujol, CH), 2923 (Nujol, CH), 2854 (Nujol CH), 1547 (w), 

1510 (vw), 1461 (Nujol), 1377 (Nujol), 1369 (vs), 1269 (m), 1228 (w), 1144 (s), 1113 (s), 1020 (vs), 989 (m), 886 

(w), 822 (m), 759 (m), 735 (m), 722  (m), 608 (vw), 580 (w), 544 (w), 500 (w), 476 (w), 450 (m) cm-1. 

[Mg(pzMe,Me)2]n (7). HpzMe,Me (500.0 mg, 5.201 mmol) was dissolved in 10 mL of toluene and a solution of 

Mg(nBu)2 (2.60 mL, 2.60 mmol, 1 M in Et2O/n-hexane) was added dropwise. A white precipitate formed and the 

reaction mixture was stirred for 3 h. After the solvent was removed under reduced pressure, the white powder 

was washed three times with n-pentane. The white powder was then dryed further under high vacuum for 6 h 

to remove excess solvent, which gave 7 (536.6 mg, 2.505 mmol, 96%) as a white powder. 13C CP/MAS spectrum 

(75.47 MHz, MAS at 8 kHz): 152.1 (3/5-C(pz)), 107.1 (4-C(pz)), 12.0 (CH3), 10.9 (CH3) ppm. IR (Nujol): ṽmax = 2954 

(Nujol, CH), 2924 (Nujol, CH), 2854 (Nujol, CH), 1567 (vw), 1524 (vs), 1461 (Nujol), 1425 (vs), 1377 (Nujol), 1352 

(s), 1320 (s), 1153 (vw), 1105 (w), 1073 (m), 1036 (s), 975 (w), 946 (vw), 891 (vw), 869 (vw), 837 (vw), 779 (vs), 

752 (s), 724 (m), 687 (vw), 592 (vw), 537 (vw), 519 (vw), 432 (s), 413 (vs) cm-1. Elemental analysis calcd. (%) for 

C10H14MgN4 (214.56 g mol-1): C 55.98, H 6.58, N 26.11; found: C 56.87, H 6.83, N 23.59. 

[Mg(pz)2]n (8). Pyrazole (200.0 mg, 2.938 mmol) was dissolved in 10 mL of toluene and a solution of Mg(nBu)2 

(1.47 mL, 1.47 mmol, 1 M in Et2O/n-hexane) was added dropwise. A white precipitate formed and the reaction 

mixture was stirred for 3 h. After the solvent was removed under reduced pressure, the white powder was 

washed three times with n-pentane. The white powder was then dryed further under high vacuum for 6 h to 

remove excess solvent, which gave 8 (204.1 mg, 1.288 mmol, 88%) as a white powder. 13C CP/MAS spectrum 

(75.47 MHz, MAS at 8 kHz): 141.6 (3/5-C(pz)), 103.1 (4-C(pz)) ppm. IR (Nujol): ṽmax = 2952 (Nujol CH), 2923 (Nujol 

CH), 2854 (Nujol CH), 1501 (s), 1460 (Nujol) 1411 (s), 1376 (Nujol) 1306 (vw), 1265 (s), 1248 (m), 1169 (m), 1156 

(m), 1072 (m), 1053 (vs), 968 (w), 920 (vw), 885 (m), 778 (vs), 761 (vs), 724 (w), 627 (vs), 408 (vs) cm-1. Elemental 

analysis calcd. (%) for C6H6MgN4 (158.45 g mol-1): C 45.48, H 3.82, N 35.36; found: C 46.65, H 4.24, N 33.25. 

Mg(CO2·pztBu,tBu)2(thf)2 (1-CO2,thf). A solution of [Mg(pztBu,tBu)2]2 (154 mg, 402 µmol) in THF was stirred under 

1 bar CO2 for 30 min and stored at ambient temperature. Overnight, colorless crystals were obtained suitable for 

an X-ray structure analysis. The supernatant solution was separated, the residue was dried for 30 min under 

glovebox atmosphere and 1-CO2,thf was obtained as colorless crystals (235 mg, 381 µmol, 95%). 1H NMR 

(400.1 MHz, [D8]THF, 26 °C): δ = 6.08 (s, 2H, 4-H (pz)), 1.48 (s, 9H; 3-C(CH3)3), 1.24 (s, 9H; 5-C(CH3)3) ppm. 
13C{H} NMR (100.6 MHz, [D8]THF, 26 °C): δ = 161.5 (3-C (pz)), 155.8 (5-C (pz)), 149.0 (CO2), 104.9 (4-C (pz)), 33.9 

(C(CH3)3), 32.5 (C(CH3)3), 30.1 (C(CH3)3), 29.7 (C(CH3)3) ppm. DRIFTS: ṽmax = 3016 (w), 2960 (vs), 2924 (s), 2871 (s), 

1745 (vs), 1699 (m), 1579 (vw), 1543 (s), 1516 (w), 1481 (m), 1465 (s), 1456 (s), 1436 (m), 1425 (m), 1393 (m), 

1362 (s), 1328 (vs), 1294 (vs), 1250 (vs), 1229 (w), 1208 (m), 1170 (vs), 1143 (s), 1064 (m), 1041 (s), 1021 (m), 

1009 (s), 965 (vw), 925 (m), 888 (vs), 850 (s), 815 (vs), 790 (s), 734 (vw), 699 (w), 680 (w), 566 (vw), 522 (w), 484 
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(w), 461 (m), 308 (w) cm-1. Elemental analysis calcd. (%) for C32H54MgN4O6 (615.11 g mol-1): C 62.48, H 8.85, N 

9.11; found: C 62.14, H 8.89, N 9.08. 

Mg(CO2·pziPr,iPr)2(thf)2 (4-CO2,thf). [Mg3(pziPr,iPr)6(thf)2] (4-thf, 20 mg, 27 µmol) was dissolved in 0.5 mL of [D8]THF 

and the atmosphere was exchanged to 1 bar CO2. The reaction progress was checked by 1H NMR spectroscopy. 
1H NMR (400.1 MHz, [D8]THF, 26 °C): δ = 5.99 (s, 1H, 4-H(pz)), 3.95 (broad sept., 1H; CH(CH3)2), 3.62 (m; 1/4-

H(thf)), 3.10 (broad sept., 1H; CH(CH3)2), 1.77 (m; 2/3-H(thf)), 1.20 (broad d, 6H; CH(CH3)2), 0.96 (broad d, 
3JH,H=6.08 Hz, 6H; CH(CH3)2) ppm. 13C{H} NMR (100.6 MHz, [D8]THF, 26 °C): δ = 158.7 (5-C(pz)), 154.5 (3-C(pz)), 

149.6 (CO2) 100.9 (4-C(pz)), 68.0 (1/4-C(thf))27.6 (CH(CH3)2), 26.8 (CH(CH3)2), 26.2 (2/3-C(thf)), 23.0 (CH(CH3)2), 

22.8 (CH(CH3)2) ppm. 

Mg(CO2·pztBu,tBu)2(thf)2 (1-CO2,thf) + HOOCpztBu,tBu. [Mg(pztBu,tBu)2(HpztBu,tBu)2] (1-Hpz, 20 mg, 16 µmol) was 

dissolved in 0.5 mL of [D8]THF and the atmosphere was exchanged to 1 bar CO2. The reaction progress was 

checked by 1H NMR spectroscopy. 1H NMR (400.1 MHz, [D8]THF, 26 °C): HOOCpztBu,tBu: δ = 11.34 (s, 1H, COOH), 

5.82 (s, 1H, 4-H(pz)), 1.28 (s, 9 H, C(CH3)3), 1,24 (s, 9 H, C(CH3)3) ppm. 13C{H} NMR (100.6 MHz, [D8]THF, 26 °C): 

HOOCpztBu,tBu: δ = 161.2 (3,5-C(pz)), 152.6 (3,5-C(pz)), 96.8 (4-C(pz)), 31.2 (C(CH3), 31.0 (C(CH3), 30.6 (C(CH3) ppm.  

Mg(CO2·pziPr,iPr)2(thf)2 (4-CO2,thf) + HOOCpziPr,iPr. [Mg3(pziPr,iPr)6(HpziPr,iPr)2] (4-Hpz, 20 mg, 27 µmol) was dissolved 

in 0.5 mL of [D8]THF and the atmosphere was changed to 1 bar CO2. The reaction progress was checked by 
1H NMR spectroscopy. 1H NMR (400.1 MHz, [D8]THF, 26 °C): HOOCpziPr,iPr: δ = 11.22 (s, 1H; HOOC), 5.76 (s, 2H; 4-

H(pz)), 2.92 (sept., 3JH,H=6.84 Hz, 2H; CH(CH3)2), 2.85 (sept., 3JH,H=6.84 Hz, 2H; CH(CH3)2), 1.23 (d, 3JH,H=6.84 Hz, 

12H; CH(CH3)2), 1.18 (d, 3JH,H=6.84 Hz; CH(CH3)2) ppm. 13C{H} NMR (100.6 MHz, [D8]THF, 26 °C): HOOCpziPr,iPr: 

δ = 158.7 (5-C(pz)), 154.5 (3-C(pz)), 97.7 (4-C(pz)), 28.7 (CH(CH3)2). 26.6 (CH(CH3)2), 23.1 (CH(CH3)2), 22.7 

(CH(CH3)2) ppm. 

[Mg(CO2·pzMe,Me)2]n (7-CO2). A Schlenk tube was loaded with solid [Mg(pzMe,Me)2]n (95.44 mg, 440.8 µmmol) and 

the atmosphere changed to 1 bar CO2. After 3 h 7-CO2 could be collected as a white powder in quantitative yield. 
13C CP/MAS spectrum (75.47 MHz, MAS at 8 kHz): 148.6 (5-C(pz)), 142.7 (3-C(pz)), 108.8 (4-C(pz)), 12.3 (CH3) ppm. 

2954 (Nujol CH), 2924 (Nujol CH), 2854 (Nujol CH), 1744 (vs), 1716 (vs), 1597 (w), 1570 (m), 1523 (vw), 1459 

(Nujol), 1420 (s), 1377 (Nujol), 1350 (vs), 1292 (s), 1212 (m), 1157 (w), 1133 (s), 1077 (vw), 1044 (s), 981 (s), 840 

(s), 797 (vs), 765 (vs), 724 (s), 632 (w), 585 (vw), 507 (w), 420 (m)  cm-1. C12H14MgN4O4 (302.57 g mol-1): C 47.64, 

H 4.66, N 18.52; found: C 48.41, H 5.13, N 17.36. 

[Mg(CO2·pz)2]n (8-CO2). A Schlenk tube was loaded with solid [Mg(pz)2]n (78.57 mg, 495.9 µmmol) and the 

atmosphere was changed to 1 bar CO2. After 3 h 8-CO2 could be collected as a white powder in quantitative yield. 
13C CP/MAS spectrum (75.47 MHz, MAS at 8 kHz): 150.2 (OCO), 139.1 (5-C(pz)), 128.6 (3-C(pz)), 107.2 (4-

C(pz)) ppm. IR (Nujol): ṽmax = 3131 (w), 2954 (Nujol CH), 2924 (Nujol CH), 2854 (Nujol CH), 1718 (vs), 1709 (vs), 

1590 (vw), 1520 (w), 1460 (Nujol), 1398 (vs), 1376 (Nujol), 1366 (vs), 1350 (vs), 1317 (vs), 1287 (vs), 1238 (m), 

1198 (s), 1169 (vw), 1074 (w), 1047 (vs), 977 (m), 922 (w), 820 (vs), 793 (vs), 767 (vs), 724 (m), 654 (m), 631 (vw), 

603 (w), 496 (w) cm-1. C8H6MgN4O4 (246.47 g mol-1): C 38.99, H 2.45, N 22.73; found: C 40.08, H 2.85, N 22.44. 

General procedure of the catalytic conversion of epoxides to cyclic carbonates. Representative example: A small 

Schlenk tube was charged with [Mg(pztBu,tBu)2]2 (10.0 mg, 26.1 µmol) and TBAB (16.8 mg, 52.2 µmol) and 

dissolved in the corresponding epoxide (5.224 mmol). The atmosphere was exchanged with 1 bar CO2 and the 

reaction mixture was stirred for 24 h. The progress of the reaction was determined via 1H NMR spectroscopy by 

dissolving the reaction mixture in CDCl3. 
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DOSY Experiment Data of [Mg3(pziPr,iPr)6(HpziPr,iPr)2] (4a-Hpz) 

The 1H NMR spectrum of 4a-Hpz revealed that dissolving 4a-Hpz in [D8]toluene leads to fragmentation into two 

distinct species. The same fragmentation species were observed when 4-Hpz was dissolved in [D8]toluene but 

the integrals of the two species were reversed (see Figure S7). To examine this fragmentation behavior further a 
1H DOSY NMR experiment was carried out for 4-Hpz and 4a-Hpz. This experiment confirmed two fragmentation 

species with two distinct diffusion coefficients. 

Table S1. Diffusion coefficients of the fragmentation species of 4-Hpz and 4a-Hpz in [D6]toluene determined via 1H DOSY 

NMR experiment. 

 

The diffusion coefficients (D) were determined via three different evaluation methods provided by Topspin. The 

T1/T2 module uses a numeric calculation for D, whereas the contin/exponential evaluation uses manual signal 

picking. D was calculated from the measured pD values. The D values listed in Table S1 are averaged over all 

signals assigned to one species that are not overlapping with signals from another species. As expected, the DOSY 

revealed two species with distinct diffusion coefficient of logD = –9.13 log(m2·s-1) (A) and –9.09 log(m2·s-1) (B)). 

The signal at 5.84 ppm is an overlapping signal from both species hence the unchanged intensity between the 

spectra of the reaction of 4-Hpz and 4a-Hpz.  

Table S2. Molecular weight calculation via the measured diffusion coefficients of the fragmentation species of 6 and 4a-Hpz 

with an approximation of a highly compact sphere. 

 

For the molecular weight calculation the method described by Stalke was used.[11] There are nine different 

fragments possible for 4a-Hpz and six for 4-Hpz (see Scheme S1). Because there must be at least one hydrogen 

bond, three fragments could be eliminated for 4a-Hpz and two for 4-Hpz. Using an approximation of a highly 

compact sphere all three evaluation methods led to the same two fragments 4 (M = 958.02 g/mol) and 5 

(M = 805.78 g/mol) for complex 4a-Hpz (see Table S2). In all six cases the deviation lies within the methods error 

of 9%. However, calculating the molecular weight of the fragmentation species of 4-Hpz led to the fragments 5 

(M = 805.78 g/mol) and 7 (M = 631.25 g/mol). This indicates that either 4a-Hpz and 4-Hpz fragment into different 

species with a comparable chemical shift or the method varies with the used substrate. 

4a-Hpz 4-Hpz

Substance A D (average) Variance pD (average) Substance A D (average) Variance pD (average)

T1T2 7.284E-10 0.595% -9.1377 T1T2 8.262E-10 0.894% -9.0829

Contin 7.445E-10 1.491% -9.1281 Contin 7.843E-10 3.067% -9.1055

Expt 7.843E-10 2.020% -9.1055 Expt 8.607E-10 1.476% -9.0651

Substance B D (average) Variance pD (average) Substance B D (average) Variance pD (average)

T1T2 7.845E-10 1.31% -9.1054 T1T2 9.050E-10 1.030% -9.0434

Contin 8.160E-10 0.48% -9.0883 Contin 8.979E-10 3.577% -9.0468

Expt 8.359E-10 0.10% -9.0778 Expt 9.649E-10 0.073% -9.0155

4a-Hpz 4-Hpz

Substance A M (calc.) M(found) Deviation M (calc.) M(found) Deviation

T1T2 958.02 934 3% 805.78 794 1%

Contin 958.02 960 0% 805.78 902 -12%

Expt 958.02 888 7% 805.78 802 0%

Substance B M (calc.) M(found) Deviation M (calc.) M(found) Deviation

T1T2 805.78 804 0% 631.25 662 -5%

Contin 805.78 800 1% 631.25 688 -9%

Expt 805.78 781 3% 631.25 639 -1%
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Table S3. Molecular weight calculation via the measured diffusion coefficients of the fragmentation species of 4-Hpz and 

4a-Hpz with an approximation of an ellipsoid. 

 

Using an approximation of an ellipsoid leads to higher deviations for species 2. For complex 4a-Hpz, the deviation 

is too high to assign it to one of the six possible fragments. For complex 4-Hpz, the T1/T2 and exponential 

evaluation of species 2 could be assigned to fragment 8 (M = 479.01 g/mol). In the case of species 1 both 

complexes 4a-Hpz and 4-Hpz led to fragment 7 (M = 631.25 g/mol). 

Depending on the approximation method for the molecular weight calculation the fragments are either fragment 

4, 5 and 7 for a highly compact sphere or 7 and 8 for an ellipsoid.  

 

Scheme S1. Possible fragmentation species for 4a-Hpz dissolved in toluene.  

Since a crystal structure of any fragmentation product of 4-Hpz or 4a-Hpz could not be obtained, a comparison 

of the calculated and measured hydrodynamic radii was not possible.  

4a-Hpz 4-Hpz

Substance A M (calc.) M(found) Deviation M (calc.) M(found) Deviation

T1T2 631.25 603 4% 631.25 599 5%

Contin 631.25 668 -6% 631.25 665 -5%

Expt 631.25 636 -1% 631.25 604 4%

Substance B M (calc.) M(found) Deviation M (calc.) M(found) Deviation

T1T2 479.01 554 -16% 479.01 516 -8%

Contin 479.01 588 -23% 479.01 533 -11%

Expt 479.01 565 -18% 479.01 501 -5%
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1H DOSY NMR Experiment Data of [Mg(CO2·pztBu,tBu)2]4 (1-CO2) 

The 1H DOSY NMR measurement was performed to determine whether 1-CO2 is an oligomeric species as 

indicated by the 1H NMR spectrum. Indeed, the DOSY experiment showed only one species with one diffusion 

coefficient for all 15 signals of 1-CO2. In the period between recording the initial 1H NMR spectrum and 

performing the DOSY experiment two decomposition products formed which are marked in Figures S27-S29. 

Each of these decomposition products has a specific diffusion coefficient. According to its chemical shift, 

decomposition product 2 is most likely the carbamic acid HO2CpztBu,tBu. However, a molecular weight calculation 

was not possible, due to overlapping of the signals with other species.  

Table S4. Diffusion coefficients in [D6]toluene determined via 1H DOSY NMR experiment 

 

The diffusion coefficients (D) where determined via three different evaluation methods provided by Topspin. The 

T1/T2 module uses a numeric calculation for D, whereas the contin/exponential evaluation uses manual signal 

picking. D was calculated from the measured pD values. The D values listed in Table S4 are averaged overall 

signals assigned to one species that are not overlapping with signals from another species.  

Table S5. Molecular weight calculation via the measured diffusion coefficients 

 

For the molecular weight calculation the method described by Stalke was used.[11] The approximation of a highly 

compacted sphere is probably the best way to describe such a oligomer due to the molecular rotation and 

vibration. Using this approximation, molecular weights between 1721 and 1911 g/mol were found applying the 

three evaluation methods. This fits good to the tetrameric species [Mg(CO2·pztBu,tBu)2]4 with a molecular weight 

of 1883.59 g/mol. All three evaluation methods are within the methods error of 9 % with the exponential 

evaluation being the closet with 1875 g/mol. Changing the approximation from a sphere to an ellipsoid or a less 

accurately merged one, the deviation from an oligomer of the form [Mg(CO2·pztBu,tBu)2]n is too big for an 

accordance. The found molecular weights are between 1104 and 1234 g/mol, which does not fit for any 

oligomeric species with complete CO2 insertion. However, given that a highly compact sphere is the most likely 

state in solution over the NMR timescale and the solid-state experiments speaks for a complete CO2 insertion, 1-

CO2 is most likely the tetrameric species [Mg(CO2·pztBu,tBu)2]4. 

Since a crystal structure of 1-CO2 could not be obtained, a comparison of the calculated and measured 

hydrodynamic radii was not possible.  

Evaluation D (average) Variance Variance% pD (average)

T1T2 1.0323E-09 9.393E-11 9.099E-02 -898.620%

Contin 1.171E-09 1.335E-12 1.140E-03 -893.145%

Expt 1.0955E-09 6.816E-11 6.222E-02 -896.039%

Shpere Ellipsoid Merged

Evaluation M(calc.) M(found) Deviation M(calc.) M(found) Deviation M (calc.) M(found) Deviation

T1T2 1883.59 1721 9% 1280.66 1133 12% 1280.66 1104 14%

Contin 1883.59 1911 -1% 1280.66 1234 4% 1280.66 1200 6%

Expt 1883.59 1875 0% 1280.66 1215 5% 1280.66 1182 8%
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Scheme S2. Proposed mechanism for the catalytic conversion of propylene oxide to propylene carbonate with 1 

as an exemplary catalyst. 







S49 

 

 

Figure S75. DRIFT spectrum of [Mg(CO2·pztBu,tBu)2(thf)2] (1-CO2,thf) at 25 °C. 

 

Figure S76. IR (Nujol) spectrum of [Mg(CO2·pzMe,Me)2]n (7-CO2) at 25 °C. 

 

 

Figure S77. IR (Nujol) spectrum of [Mg(CO2·pz)2]n (8-CO2) at 25 °C. 
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Table S6. Crystallographic Data for 2, 3-thf, 5 and 4a-Hpz  

 2 
3-thf 5 4a-Hpz 

formula C48H78K2Mg2N12 C40H68Mg2N8O2 C52H94Mg3N8O2 C72H122Mg3N16 

CCDC 2342200 2342196 2342195 2342199 

M [g mol−1] 950.04 741.64 936.28 1284.78 

color/shape colorless/prism colorless/block colorless/block colorless/column 

Crystal dimensions 
[mm] 

0.137 x 0.114 x 
0.076 

0.251 x 0.204 x 
0.101 

0.249 x 0.129 x 
0.101 

0.437 x 0.184 x 
0.139 

cryst. system triclinic triclinic monoclinic monoclinic  

space group P1" P1" P2/n P21/c 

a [Å] 9.844(2) 10.6846(7) 16.1661(13) 21.9180(10) 

b [Å] 11.547(3) 10.7816(7) 10.4304(8) 18.1705(8) 

c [Å] 13.742(3) 11.3605(8) 18.4158(15) 20.3234(9) 

 [°] 71.277(4) 66.078(2) 90 90 

 [°] 74.381(4) 68.914(2) 112.411(2) 103.1070(10) 

 [°] 66.942(4) 73.097(2) 90 90 

V [Å3] 1342.7(5) 1099.96(13) 2870.7 7883.2(6) 

Z 1 1 2 4 

T [K] 173(2) 100(2) 100(2) 100(2) 

wavelength [Å] 0.71073 0.71073 0.71073 0.71073 

rcalcd [g cm−3] 1.175 1.120 1.083 1.083 

 [mm−1] 0.243 0.096 0.096 0.087 

F(000) 512 404 1028 2808 

q range [°] 1.586/28.734 2.041/28.723 1.430/26.375 1.472/28.334 

unique reflns 6953 5697 10731 18652 

observed reflns  53540 34062 5742 86840 

R1/wR2 (I>2 )[a] 0.0426/0.0990 0.0426/0.1102 0.0722/0.1555 0.0522/0.1170 

R1/wR2 (all data)[a] 0.0617/0.1100 0.0530/0.1179 0.1148/0.1773 0.0913/0.1355 

GOF[b] 1.037 1.031 1.036 1.017 

[a]R1 = Σ(||F0| - |Fc||) / Σ|F0|, F0 > 4σ(F0), wR2 = {Σ[w(F0
2 - Fc

2)2 / Σ[w(F0
2)2]}1/2. [b]GOF = [Σw(F0

2 - Fc
2)2 / (n0 - np)]1/2. 
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Table S7. Crystallographic Data for 4-thf, 6-thf and 1-CO2,thf, and LiMg4(CO2·PziPr,iPr)9 

 4-thf* 6-thf 1-CO2,thf LiMg4(CO2·PziPr,iPr)9* 

formula C62H106Mg3N12O2 C32H28F24Mg2N8O3 C32H54MgN4O6 2 C90H135LiMg4N18O18, 
5·C7H8 

CCDC 2342201 2342198 2342197 2352312 

M [g mol−1] 1124.51 1077.24 615.10 4183.33 

color/shape colorless/block yellow/column colorless/column colorless/plate 

Crystal dimensions 
[mm] 

0.088 x 0.038 x 
0.035 

0.391 x 0.143 x 
0.120 

0.303 x 0.138 x 
0.105 

0.148  x  0.118  x 
0.045 

cryst. system monoclinic monoclinic monoclinic orthorhombic 

space group P21/c C2/c P21/n Pbca 

a [Å] 32.802(3) 27.807(3) 8.6250(7) 21.2556(7) 

b [Å] 10.5871(11) 9.5838(9) 10.9218(9) 22.0236(8) 

c [Å] 19.763(2) 18.5235(17) 17.9314(14) 50.9504(16) 

 [°] 90 90 90 90 

 [°] 103.477(7) 123.1410(10) 93.313(2) 90 

 [°] 90 90 90 90 

V [Å3] 6674.3(12) 4133.4(7) 1686.3(2) 23851.2(14) 

Z 4 4 2 4 

T [K] 100(2) 100(2) 100(2) 100 

wavelength [Å] 1.54184 0.71073 0.71073 1.54178 

rcalcd [g cm−3] 1.119 1.731 1.211 1.165 

 [mm−1] 0.789 0.213 0.100 0.832 

F(000) 2456 2160 668 8968 

q range [°] 2.770/50.221 2.221/28.724 2.184/29.552 2.707/50.501 

unique reflns 6222 5336 4700 12499 

observed reflns  79269 32769 42441 94548 

R1/wR2 (I>2 )[a] 0.0888/0.1572 0.0372/0.0911 0.0375/0.0958 0.0848/ 0.2006 

R1/wR2 (all data)[a] 0.2489/0.2221 0.0490/0.0998 0.0446/0.1021 0.1520/ 0.2395 

GOF[a] 1.015 1.041 1.037 1.046 

[a]R1 = Σ(||F0| - |Fc||) / Σ|F0|, F0 > 4σ(F0), wR2 = {Σ[w(F0
2 - Fc

2)2 / Σ[w(F0
2)2]}1/2. [b]GOF = [Σw(F0

2 - Fc
2)2 / (n0 - np)]1/2. 

* Connectivity structure only. 
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Reiner Anwander *

Trivalent group 3 and 13 light metal pyrazolates were synthesised and their reactivity towards CO2 was

investigated. The homoleptic complex Al(pztBu2)3 reversibly inserts two molecules of CO2 to afford Al

(CO2·pz
tBu2)2(pz

tBu2), exhibiting CO2 release only at elevated temperatures (>100 °C). In contrast, donor-

stabilised Sc(pztBu2)3(thf ) forms mono-inserted species [Sc(μ-CO2·pz
tBu2)(pztBu2)2]2, which already releases

CO2 at ambient temperature and pressure and hence is isolable only at low temperature. For the yttrium

complex Y(pztBu2)3(thf )2, insertion of CO2 is not observable at ambient temperature. The new homoleptic

aluminium diisopropyl pyrazolate complex [Al(pziPr2)3]2 shows exhaustive CO2 insertion, while dimethyl

pyrazolate could be isolated as the separated ion pair [Al(N,N’,N’’-Al{pzMe2}3Me)2][Al(pz
Me2)3Me]. The scan-

dium complex Sc(pztBu2)3(thf ) performed best in the catalytic cycloaddition reaction of CO2 and epoxides,

unveiling an inverse correlation of carboxophilicity ( vCO2 affinity) and catalytic activity. Carboxophilicity

is assessed using CO2-release temperature (via VT 1H NMR spectroscopy and thermogravimetric analysis).

Introduction

Anthropogenic greenhouse gases, in particular carbon dioxide,
are the main reason for global climate change. Consequently,
combating CO2 build-up has developed into the most impor-
tant and compelling research field in the chemical
sciences.1–11 Carbon dioxide capture and storage (CCS) from
flue gas or directly from air (DAC) are industrially realised with
aqueous amine scrubbers; this technology, however, is affected
by low capacities (<15 wt% CO2), sensitivity to oxygen and high
regeneration energies (high “energy penalty”).8,9 Academic
research has focused on amino-functionalized porous
materials such as mesoporous silica, zeolites or metal–organic
frameworks, with the latter showing promising results under
simulated flue gas.5,12–17 Moreover, a detailed molecular
understanding of metal–ligand interactions with carbon
dioxide seems crucial for developing efficient (catalytic) pro-
cesses for its chemical valorization.18 Here, metal–N(ligand)
cooperativity has proven particularly effective in CO2 trans-
formations together with a synergistic interplay to reversibly
insert this heteroallene.18 Any reversible insertion/de-insertion
process will rely on a fine balance of metal-centred oxophilicity

and ligand-nitrogen nucleophilicity, which we have termed car-
boxophilicity (Fig. 1, top).

Recently, we found that CO2 reversibly inserts into metal–pyr-
azolato bonds involving oxophilic metal centres. It was revealed
that tetravalent dimeric [Ce(pzMe2)4]2 and the trivalent cluster [Ce
(pzMe2)3]4 can accommodate 25 wt% CO2.

19 Adapting this
approach to the environmentally friendlier earth-abundant light
metal magnesium, parent pyrazolate [Mg(pz)2]n achieved an
exceptionally high reversible CO2 uptake of up to 35.7 wt%.20

Structurally authenticated complexes include tetravalent Ce
(CO2·pz

Me2)4 (A)19 and divalent Mg(CO2·pz
tBu2)2(thf)2 (B),20

showing exclusive κ2(N,O) carbamato coordination (Fig. 1,

Fig. 1 Top: Carboxophilicity of metal–ligand entities as driven by the

oxophilicity of the metal centre and nucleo(carbo)philicity of the ligand.

Bottom: Examples of tetravalent (cerium, A)19 and divalent (magnesium,

B) carbamate complexes,20 which feature fully reversible CO2 insertion.

†Electronic supplementary information (ESI) available. CCDC 2358935–2358943.
For ESI and crystallographic data in CIF or other electronic format see DOI:
https://doi.org/10.1039/d4qi01656d

Institut für Anorganische Chemie, Eberhard Karls Universität Tübingen (EKUT), Auf

der Morgenstelle 18, 72076, Germany. E-mail: reiner.anwander@uni-tuebingen.de
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bottom). Moreover, all pyrazolate complexes displayed moderate
catalytic activity in the conversion of CO2 and epoxides to their
corresponding cyclic carbonates. In this work, we report on the
reactivity of trivalent pyrazolates of highly oxophilic group 3 and
13 light metals aluminium, scandium and yttrium towards CO2.
In addition, we discuss CO2 release temperature as a quantifi-
able measure for assessing carboxophilicity.

The reactivity of organoaluminium complexes towards carbon
dioxide was described by Ziegler in 1960 and expanded on later
in 1970 by Weidlein.21,22 Accordingly, CO2 inserts irreversibly into
trialkyl aluminium compounds to afford tertiary alkoxides or car-
boxylates, which upon hydrolysis, produced their corresponding
alcohols or carboxylic acids. Dimeric [Al(μ-CO2·N(iPr)2)(CO2·N
(iPr)2)2]2 features the first structurally characterised aluminium
carbamate complex, accessed from AlBr3/HN(iPr)2/CO2.

23

Moreover, dimeric heteroleptic carbamate [Me2Al(μ-CO2·N(iPr)2)]2
was obtained (among others) via CO2 insertion into [Me2Al(μ-N
(iPr)2)2Mg(μ-Me)]n.

24 More recently, compound [Al(κ2-N,N-2-
{methylamino}pyridine)2R] (R = Et, iBu) was shown to insert CO2

not only into the Al–C(alkyl) bond but also in one of the two Al–N
bonds of each pyridine ligand.25,26 Furthermore, the frustrated
Lewis acid pair 9,9-dimethylxanthene(PPh2-AlMe2Cl-AlMeCl)
engaged in reversible CO2 insertion.27 In addition, aluminium
compounds supported by a rigid ligand backbone, such as por-
phyrinato, salen or amino-tris(phenolato), are active in the cyclo-
addition of CO2 with epoxides, with the latter displaying a prom-
ising performance with low catalyst loads.28–36 The porphyrinate
complex (TPP)Al(OMe) showed reversible insertion behaviour
towards CO2 in the presence of 1-methylimidazole.28

For rare-earth metals, a rich CO2-insertion chemistry is
already existent.19b However, for most metal–ligand entities,
CO2 insertion turned out to be irreversible, forming carboxy-
lates/formiate from alkyls/hydrides,37–42 carbonates from alk-
oxide/aryloxide43,44 or carbamates from amide complexes.45–48

Scandocene [(C5Me5)2Sc(CO2·p-tolyl)] features the first structu-
rally characterised organoscandium CO2 insertion complex.37

Evans et al. described the first yttrium carbamate complex,
[(C5Me5)2Y(CO2·ε-caprolactam)]2, obtained by CO2 insertion
into the Y–N bond of (C5Me5)2Y(O,N-ε-caprolactam).47 Rare-
earth-metal complexes also gained attention for their catalytic
performance in the co-polymerisation of CO2 and epoxides to
polycarbonates,43,49–52 as well as the cycloaddition of both
compounds to the cyclic carbonates with amino-tris(phenol-
ates) as the most promising catalysts.52–59 Particularly thanks
to the works of the groups of Deacon, Junk, and Winter, there
exists a vast variety of rare-earth-metals pyrazolates, featuring
distinct coordination modes.60–64 We were mostly interested in
diamagnetic scandium and yttrium pyrazolates, such as Sc
(pztBu2)3,

61 [Y(pzMe2)3(thf)]2
62 and Y(pztBu2)3(do)2.

60

Results and discussion
Selection and CO2 insertion of group 13 pyrazolates

Aluminium pyrazolates. Deacon et al. obtained discrete Al
(pztBu2)3 (1) via a salt-metathesis reaction of AlCl3 and K(pztBu2)

in THF as the first and so far only known homoleptic alu-
minium pyrazolate complex.65 In addition to tert-butyl-substi-
tuted pyrazolate complex 1, we probed the feasibility of new
derivatives bearing smaller, “lighter” methyl and isopropyl
substituents. Since the salt-metathesis reactions of AlCl3 and
KpzMe2 led to no isolable product, a protonolysis protocol with
AlMe3 and HpzMe2 was applied. Even though a ratio of 1 : 3 of
both compounds was used, only a single methane elimination
occurred at ambient temperature, affording the well-known
[Me2Alpz

Me2]2 (2a) (Scheme 1).66,67

Complex 2a features a recurring structural motif,68–70 which
was also observed for the new diisopropyl derivative
[Me2Alpz

iPr2]2 (2b). Refluxing a 1 : 3 mixture in toluene gave a
more extensive but still incomplete ligand exchange. The crys-
talline material gained overnight revealed the solid-state struc-
ture of the separated ion pair [Al(N,N′,N″-Al{pzMe2}3Me)2][MeAl
(pzMe2)3] (3) (Fig. S102†). The mono-cationic fragment revealed
an aluminium(III) centre coordinated by two mono-anionic
[MeAl(pzMe2)3]

− ligands. The latter are reminiscent of the tris
(pyrazolyl)hydroborato ligand TpMe,Me, while the Tp analogous
aluminium ligand is accessed via a protonolysis reaction of
LiAlH4 with pyrazole.71–74 The separated anion in complex 3 is
another [MeAl(pzMe2)3]

− entity. The central aluminium atom of
the cationic fragment features a slightly distorted octahedral
geometry (N–Al–N angles ±3° off ). The aluminium centres of
the tridentate “scorpionato”-type ligand adopt a slightly dis-
torted tetrahedral geometry with N–Al–N angles around 100°
and C–Al–N angles around 117°. The respective angles in the
separated [MeAl(pzMe2)3]

− anion are 103° and 112° and hence
are closer to tetrahedral. The three aluminium centres of the
cationic fragment are almost linearly arranged (∠Al, Al, Al
1.5°), with the outer Al1/Al3–N (av. 1.874 Å and 1.893 Å) and
inner Al2–N distances (av. 2.035 Å and 2.048 Å) reflecting the
distinct coordination numbers. The trinuclear complex [AlMe
({N,N′-3,3′-bipyrazolate}2AlMe2)2], obtained from bispyrazole
and AlMe3 (1 : 1.5),

75 shows a similar structural motif. The 27Al
NMR spectrum of compound 3 revealed only two signals at δ =
75.7 ppm and 0.3 ppm, assignable to 4- and 6-coordinated alu-
minium centres, respectively.

Scheme 1 Protonolysis reactions of AlMe3 with three equivalents HpzR2

(R = Me and iPr), to form [Me2Alpz
Me2]2 (3) at ambient temperature and

separated ion pair [Al(N,N’,N’’-Al{pzMe2}3Me)2][MeAl(pzMe2)3] (4) by

refluxing at 130 °C.
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Further heating a 1 : 3 mixture of AlMe3 and HpzMe2 in mesi-
tylene to 180 °C, in order to achieve full methyl elimination,
did not lead to any isolable product, and thus the homoleptic
[Al(pzMe2)3] remains elusive.

Unlike the dimethyl derivative, potassium diisopropyl pyra-
zolate reacted smoothly with aluminium chloride via a salt-
metathesis route (Scheme 2). The crystal structure revealed the
homoleptic bimetallic complex [Al(pziPr2)3]2 (4) (Fig. 2), with
two bridging pyrazolato ligands arranged in an approximate
boat conformation with the aluminium atoms. Interestingly,
the terminal pyrazolato ligands show different coordination
modes. One aluminium centre features terminal pyrazolatos
coordinated exclusively in a κ1 coordination mode, while the
other one accommodates the N-ligand in both κ1 and κ2

fashion. The 1H and 13C NMR spectra of 4 show the bridging
and terminal pyrazolatos as two different signal sets in a ratio
of 1 : 2. The 27Al NMR resonance was detected at δ = 68.1 ppm.
Some reactions gave 1H NMR spectra with an additional
slightly shifted signal set. We were able to fractionally crystal-
lize this side product, and the solid-state structure revealed the
monomeric mixed pyrazole/pyrazolato complex Al
(pziPr2)3(HpziPr2) (4a) (Fig. S104†). The structure of 4a is quite
similar to that of 4 with one Al(pziPr2)2 fragment replaced by a

proton, which forms a hydrogen bond with the pyrazolyl moi-
eties. Most likely, the pyrazole originated from partial hydro-
lysis caused by residual moisture in the solvent THF.

Attempts at homoleptic gallium pyrazolates. Since CO2

insertion/de-insertion into metal–ligand bonds crucially
depends on the bond polarization, we also aimed at employing
gallium pyrazolates. Surprisingly, homoleptic gallium pyrazo-
lates have not been reported yet.73,76–79 Given that [Al(pzR2)3]
(R = iPr, tBu) could be readily obtained by salt metathesis, we
used similar protocols to access putative gallium derivatives.
However, the reactions of GaX3 (X = Cl, Br) with KpzR2 (R = Me,
tBu) turned out very unsatisfactorily, and only a small amount
of crystalline material could be obtained (Scheme 3).

An X-ray structural analysis revealed the formation of the
dimeric complex [Ga(pztBu2)(μ-N,N,C-pztBu,C(CH3)2CH2)]2 (5)
(Fig. 3). C–H-bond activation at one tBu moiety under release
of pyrazole generated a dianionic pyrazolato ligand, bridging
with both nitrogen atoms and one CH2 group between the
gallium atoms.

The molecular structure of complex 5 indicates a rather
complex reactivity of gallium pyrazolates. Such distinct behav-
iour of aluminium and gallium in salt-metathesis reactions is
not unknown, as previously shown for MCl3/LiN(SiMe3)2 or
MCl3/LiN(SiHMe2)2 mixtures (M = Al, Ga). There, gallium also
engaged in extensive Si–X-bond activation (X = C, H).80

Application of a protonolysis protocol employing a
1 : 3 mixture of GaMe3 and HpztBu2 led to the known [Me2Ga

Scheme 2 Synthesis of homoleptic [Al(pziPr2)3]2 (4) via salt metathesis

of AlCl3 and KpziPr2. The side product Al(pziPr2)3(Hpz
iPr2) (4a) is formed in

the presence of residual moisture.

Scheme 3 Reaction of GaCl3 with KpztBu2 to yield [Ga(pztBu2)(μ-N,N,C-

pztBu,C(CH3)2CH2)]2 (5) as a side product.

Fig. 2 Crystal structure of [Al(pziPr2)3]2 (4). Ellipsoids are set at the 50%

probability level. Hydrogen atoms are omitted for clarity. See ESI† for

selected interatomic distances and angles.

Fig. 3 Crystal structure of [Ga(pztBu2)(μ-N,N,C-pztBu,C(CH3)2CH2)]2 (5).

Ellipsoids are set at the 50% probability level. Hydrogen atoms are

omitted for clarity. See ESI† for selected interatomic distances and

angles.
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(pztBu2)]2,
81 analogous to the aluminium-based reactions dis-

played in Scheme 1.
Reactivity of aluminium pyrazolates towards CO2. Reacting

Deacon’s Al(pztBu2)3 (1) with an excess of CO2 in THF led to
heteroallene insertion into two of the three pyrazolato ligands
forming the bis(carbamato) complex Al(CO2·pz

tBu2)2(pz
tBu2) (1-

CO2) (Scheme 4). The CO2 content in 1-CO2 corresponds to
13.5 wt% CO2 or 3.1 mmol CO2 per gram. Performing an NMR-
scale reaction revealed the formation of a mono-inserted inter-
mediate prior to full conversion into 1-CO2. This contrasts
with our observations with magnesium and cerium pyrazolates
showing such an intermediate only in the CO2-releasing
steps.19,20

The crystal structure of 1-CO2 revealed a strongly distorted
octahedral geometry (see Fig. 4). The aluminium centre is co-
ordinated with two carbamato moieties in the κ2(N,O) mode
and one pyrazolato ligand in the terminal κ2(N,N) mode.
Because of the sterically demanding tBu moieties, all three
ligands are twisted against each other, which gives the
complex a propeller-like overall geometry. Both stereoisomers
(Λ,Δ) can be found in the unit-cell which is further corrobo-
rated by the centrosymmetric space group Pbca. The solid-state
structure might also explain the non-occurrence of an exhaus-
tive CO2 insertion, since the bulky tBu moieties hinder a vital
tilt of the third pyrazolato ligand. The inserted CO2 moieties
exhibit an angle around 127.5°, along with localized C–O
double (1.199–1.203 Å) and single bonds (1.285–1.288 Å). Such

bond localization is also found in the pyrazolato rings. The
4C–3/5C and the 1/2N–3/5C distances of the non-inserted pyra-
zolato ring differ slightly by 0.005 Å, whereas, for the carba-
mate pyrazolato rings, the differences are significantly larger at
0.031–0.034 Å and 0.047 Å, respectively.

DRIFTS measurements further validate this behaviour, dis-
playing strong absorption bands at ν̃ = 1774/1763 cm−1 and ν̃ =
1328 cm−1 for the CvO and C–O stretching vibrations, respect-
ively. The 1H NMR spectrum of 1-CO2 shows two singlets for
the pyrazolato backbone proton at δ = 6.32 and 6.00 ppm in a
1 : 2 ratio. Additionally, three singlets with an integral of 18
protons each, one at δ = 1.50 and two at δ = 1.05 ppm, are
detected, in accordance with three distinct tBu moieties.
Further, the 13C NMR spectrum of 1-CO2 shows a signal at δ =
146.9 ppm, assignable to inserted CO2, while the 27Al reso-
nance at δ = 17.0 ppm appears slightly shifted, broadened and
less intense (due to loss of symmetry) compared to that of pre-
cursor 1 (δ = 23.3 ppm).

Unlike the previously examined cerium and magnesium
pyrazolates, solid 1-CO2 does not show any CO2 release at
ambient temperature, not even under reduced pressure. This
high carboxophilicity was further revealed by a variable-temp-
erature (VT) NMR study in THF-d8 (see S15), revealing promi-
nent CO2 release only at 90 °C. At this temperature, the for-
mation of small amounts of the mono-inserted complex [Al
(CO2·pz

tBu2)(pztBu2)2] can be detected, while increasing the
temperature to 100 °C led to small amounts of 1. This is in
contrast to the CO2-inserted magnesium pyrazolates which
fully de-insert the heteroallene in this temperature range.19

Cooling the sample which was heated to 100 °C to ambient
temperature shows the re-formation of 1-CO2 as the predomi-
nant species, along with small amounts of the mono-inserted
complex and 1. Retreatment of this mixture with an excess of
CO2 fully restores compound 1-CO2. A thermogravimetric ana-
lysis (TGA) of 1-CO2 revealed CO2 release in the temperature
range between 114 °C and 196 °C, with a mass loss of 15.8%
which is in good agreement with the calculated 13.5%. A
single CO2-release step like in solution could not be observed.

Treatment of [Al(pziPr2)3]2 (4) with 1 bar CO2 gave no crystal-
line material; however, the NMR data suggest an exhaustive
insertion into every pyrazolato ligand (see S16–S18†). Three
signals for the pyrazolato backbone protons appear in the 1H
NMR spectrum in a 1 : 1 : 1 integral ratio. Furthermore, four
septets for the tertiary iPr proton are detected in a 3 : 1 : 1 : 1
integral ratio. This indicates the expected asymmetry of the iPr
groups resulting from CO2 insertion, in accordance with dis-
tinct signals for the iPr moieties adjacent to the inserted CO2

and one signal for iPr distant to the inserted CO2. This assign-
ment is further strengthened by the 13C NMR spectrum, which
shows three signals for inserted CO2 ranging from δ = 147.0 to
146.6 ppm. A 1H–

13C HMBC experiment revealed that each of
the three pyrazolato backbone proton signals couples with two
carbon signals in the shift region for 3/5-pyrazolato carbon
atoms, lending more evidence for the new asymmetry. The iso-
propyl CH3 groups appear as one multiplet with 24 protons
and four doublets with 3 protons. This suggests a hindered

Scheme 4 Reaction of Al(pztBu2)3 (1) with excess CO2 in toluene.

Fig. 4 Crystal structure of Al(CO2·pz
tBu2)2(pz

tBu2) (1-CO2). Ellipsoids are

set at the 50% probability level. Hydrogen atoms and disorder in the tBu

moieties are omitted for clarity. See ESI† for selected interatomic dis-

tances and angles.
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rotation of the iPr moieties as a result of the three inserted
CO2. Upon CO2 insertion, the 27Al NMR signal shifted to
higher field, from δ = 68.1 ppm in 4 to δ = 12.1 ppm. The puta-
tive [Al(CO2·pz

iPr2)3] (4-CO2) would infer a capacity of 21.6 wt%
CO2.

Reactivity of group 3 metal pyrazolates towards CO2

The scandium pyrazolate Sc(pztBu2)3(thf) (7) was synthesized by
applying the salt-metathesis protocol described by Deacon for
aluminium pyrazolate Al(pztBu2)3 (1, vide supra). Accordingly,
the mercury-free synthesis using THF-activated scandium
chloride and KpztBu2 gave 7 in a good yield (see Scheme 5).

The crystal structure of 7 revealed one THF donor molecule
bound to the scandium centre and three κ2(N,N)-coordinated
pyrazolato ligands (see Fig. S107†). Unsurprisingly, the Sc–N
distances are slightly longer than those in donor-free Sc
(pztBu2)3.

61 The scope of group 3 metal pyrazolates was
extended to the literature known complex [Y(pzMe2)3(thf)]2 (9)
obtained via protonolysis of YCp3 with HpzMe2.62 Dimeric 9

contains two bridging and four terminal pyrazolato ligands
which appear in solution 1H and 13C NMR experiments as only
one signal set due to fast ligand exchange. A 13C CP/MAS NMR
experiment revealed separated signal sets for the terminal and
bridging ligands (see S26†). The quaternary carbon atoms of
the terminal pyrazolatos even appear as four well separated
signals. Applying the synthesis protocol as used for scandium
complex 7, monomeric [Y(pztBu2)3(thf)2] (10) was obtained. The
solid-state structure of 10 revealed two THF donor molecules

bound to the metal centre, isostructural to the pyridine-stabil-
ized derivative [Y(pztBu2)3(Py)2] (see S108†).60

Treatment of Sc(pztBu2)3(thf) (7) with 1 bar CO2 in THF-d8
gave immediate CO2 insertion, as evidenced by 1H NMR spec-
troscopy. Three signals for tBu moieties appeared at δ = 1.51,
1.24 and 0.77 ppm, with an integral ratio of 9 : 36 : 9, respect-
ively, as well as two signals for pyrazolato backbone protons at
δ = 6.15 ppm and δ = 6.04 ppm with an integral ratio of 2 : 1,
respectively. In addition, two signals of coordinated THF were
observed. These signals can be assigned to the mono-inserted
donor-stabilized complex [Sc(CO2·pz

tBu2)(pztBu2)2(thf)] (7-CO2).
The 13C NMR spectrum shows the resonance for the inserted
CO2 at δ = 149.7 ppm. The CO2 insertion can be also tracked
by 45Sc NMR spectroscopy, since the sharp resonance of 7 at δ
= 41.6 ppm shifts slightly towards lower field at δ = 69.1 ppm
for 7-CO2, also involving signal broadening. Unfortunately, we
were not able to isolate any crystalline material of 7-CO2, due
to immediate complete CO2 release in the absence of solvent,
already at ambient temperature and pressure. This effective
and immediate reversibility of 7/7-CO2 is a stark contrast to the
aluminium derivative 1-CO2, where CO2 release only occurred
at elevated temperature and was not observed at reduced
pressure. To further confirm CO2 insertion into scandium pyr-
azolate 7, in situ DRIFTS experiments were pursued. At 1 bar
CO2 atmosphere, the immediate formation of a single strong
band at ν̃ = 1759 was observed, indicative of a CvO bond
stretching vibration (see S98 and S99†). Replacing the carbon
dioxide atmosphere by argon resulted in complete CO2 de-
insertion and back-formation of 7. A VT 1H NMR experiment
uncovered a fully dynamic equilibrium between 7 and 7-CO2 in
solution inside a closed vessel (see S31†). Starting with 7-CO2,
even at ambient temperature, traces of 7 were detected. By
gradually increasing the temperature, the conversion of 7-CO2

into 7 became more and more prominent and vice versa.
Cooling the mixture to ambient temperature resulted in an
almost identical 1H NMR spectrum as that at the outset of the
VT NMR experiment.

Treatment of 7 with 1 bar CO2 in toluene-d8 instead of THF-
d8 resulted in immediate CO2 insertion as well. However, this
time, the 1H NMR spectrum revealed the formation of two dis-
tinct insertion products, 7a-CO2 and 7b-CO2. One species
shows three signals for tBu moieties (9 : 36 : 9) with chemical
shifts close to 7-CO2, while the second species gives four tBu
proton signals at δ = 1.69, 1.49, 0.74 and 0.49 ppm with an
integral ratio of 18 : 9 : 18 : 9. This second species appeared to
be a product with a higher degree of inserted CO2.
Correspondingly, the pyrazolato backbone protons appeared as
two sets of two singlets with an integral ratio of 2 : 1.
Furthermore, the 45Sc NMR spectrum showed two resonances
at δ = 165.7 ppm and δ = 39.1 ppm.

This time, single-crystalline 7a-CO2 could be obtained from
the solution; however, like observed for 7-CO2, solid 7a-CO2

showed immediate CO2 release at ambient temperature.
Therefore, permanent cooling at −40 °C was essential for
setting up and performing a successful XRD measurement.
The crystal structure revealed the dimeric donor-free mono-

Scheme 5 Salt-metathesis reaction of ScCl3(thf )3 and KpztBu2 to yield

donor-stabilised Sc(pztBu2)3(thf ) (7). Treatment with an excess of CO2

produces the donor-stabilised mono-insertion product [Sc(CO2·pz
tBu2)

(pztBu2)2(thf )] (7-CO2) in THF and a mixture of the mono-inserted species

[Sc(CO2·pz
tBu2)(pztBu2)2]2 (7a-CO2) and a higher inserted species 7b-CO2

in toluene.
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inserted species [Sc(CO2·pz
tBu2)(pztBu2)2]2 (7a-CO2) bearing the

two carbamato ligands in a [µ-1κ2(N,O):2κ(O)] bridging fashion
(Fig. 5). Moreover, the scandium centres accommodate two
terminal κ2(N,N′) pyrazolatos. As indicated by the 1H NMR
spectrum, coordinated THF from the starting material was
displaced.

The overall reversibility of the CO2 insertion of 7a-CO2 is
akin to that of 7-CO2. The original NMR solution as well as iso-
lated 7a-CO2 redissolved in toluene-d8, giving similar 1H NMR
spectra, both showing small amounts of the second species
7b-CO2. In the absence of a CO2 atmosphere, 7b-CO2 seems to
be unstable in solution at ambient pressure, which is why no
crystalline 7b-CO2 could be isolated. Given the tBu proton
signal set (integral ratio of 18 : 9 : 18 : 9), representing two car-
bamato ligands and one pyrazolato ligand, species 7b-CO2

likely features the twofold CO2-inserted compound [Sc
(CO2·pz

tBu2)2(pz
tBu2)].

Our attempts to synthesize the homoleptic scandium
dimethyl pyrazolate via a salt-metathesis protocol [ScCl3(thf)3
+ 3KpzMe2] were unsuccessful. However, on one occasion, the
trimetallic oxo-centred cluster [Sc3O(pz

Me2)7(HpzMe2)2] (8) was
obtained as the main product in a crystalline yield of 74% (see
Scheme 6, Fig. 6).82

Two scandium centres in 8 are coordinated by four pyrazo-
lato ligands each, and one is coordinated by three pyrazolatos
and two donor pyrazoles. Each scandium centre bears one
terminal κ2(N,N′) pyrazolato ligand, while two scandium
centres are bridged twice by μ-1κ(N):2κ(N′) pyrazolatos. The
scandium centre being single-bridged to the other two accom-
modates the two pyrazole donors. Overall, a total of one equi-
valent H2O is formally required to yield complex 8, which most
likely originated from residual water in the solvent THF.

The 1H NMR spectrum of compound 8 displays the methyl
groups and the backbone protons of the pyrazolato and pyra-
zole ligands as one signal each, at δ = 2.13 ppm and δ =
5.73 ppm, respectively, which indicates rapid exchange of the
ligands in solution. The two NH-protons appear as one broad

signal at δ = 11.82 ppm. As expected, the 45Sc NMR spectrum
features two resonances at δ = 153.2 ppm and δ = 45.1 ppm in
a ratio of 1 : 2. More surprisingly, treatment of 8 with 1 bar
CO2 led to two well-defined products as suggested by NMR
spectroscopy. One product presents the carbamic acid
HO2Cpz

Me2 with typically broad proton and carbon signals,
which we reported lately as a co-product of the reaction of
mixed pyrazolato/pyrazole magnesium complexes with CO2 or
as a hydrolysis product of the carbamate complexes.20 The
second product 8-CO2 appeared as three sharp signals in the
1H NMR spectrum at δ = 5.95, 2.26 and 2.18 ppm. This pattern
indicates exhaustive CO2 insertion into the oxo-cluster. This is
further implied by the 45Sc NMR spectrum, featuring only one
signal at δ = 53.6 ppm. The 13C NMR spectrum revealed two
signals for inserted CO2 at δ = 151.2 ppm and δ = 150.2 ppm,
assignable to the carbamic acid and the CO2-functionalized
oxo cluster, respectively. However, no crystalline material of 8-
CO2 could be obtained yet, and attempts to reproduce 8 by
using an equimolar amount of water in the reaction depicted
in Scheme 5 were unsuccessful.

The CO2-inserted product of [Y(pzMe2)3(thf)]2 (9) shows the
typical splitting of the methyl groups in the 1H NMR spectrum
(THF-d8), resonating at δ = 2.18 ppm and δ = 2.09 ppm, indica-

Fig. 5 Crystal structure of [Sc(CO2·pz
tBu2)(pztBu2)2]2 (7a-CO2). Ellipsoids

are set at the 50% probability level. Hydrogen atoms and disorder in the

tBu moieties are omitted for clarity. See ESI† for selected interatomic

distances and angles.

Scheme 6 Synthesis of the oxo-centred cluster [Sc3O(pzMe2)7(HpzMe2)2]

(8).

Fig. 6 Crystal structure of [Sc3O(pzMe2)7(HpzMe2)2] (8). Ellipsoids are set

at the 50% probability level. Hydrogen atoms are omitted for clarity. See

ESI† for selected interatomic distances and angles.
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tive of the formation of Y(CO2·pz
Me2)3(thf) (9-CO2). However,

several other non-assignable signals were detected along with
that of putative 9-CO2 (see Fig. S45†), most likely representing
a rather complex cluster species. A VT 1H NMR study revealed
that 9-CO2 fully back-converts into 9 at 70 °C, while the
unknown species remains unchanged (see Fig. S48†). Recently,
we introduced a solvent-free procedure, in which the pyrazo-
late compound is reacted with CO2 neat as a solid.20 By using
this procedure for 9, the resulting 9-CO2 exhibited a mass gain
of 15.6 wt%. This is slightly higher than the expected value for
a two-fold insertion (14.5 wt%) and lower than that for a com-
plete insertion (20.3 wt%). Correspondingly, the 13C CP/MAS
spectrum of 9-CO2 revealed two signal sets. One can be
assigned to unreacted 9 and the other to putative 9-CO2. The
chemical shifts are comparable to those observed for [Mg
(CO2·pz

Me2)2]n with a resolved signal for inserted CO2 at
152.1 ppm. A final statement on the amount of inserted CO2

in 9-CO2 cannot be made. In contrast, Y(pztBu2)3(thf)2 (10) did
not show any traceable CO2 insertion into the Y–N bond at
ambient temperature. Only traces of the carbamic acid
HO2Cpz

tBu2 could be detected in the 1H NMR spectrum, point-
ing to some HpztBu2 impurities in 10 (see Fig. S51†). Overall,
this indicates that yttrium complex 10 has an even less pro-
nounced capability to bind CO2 than the scandium congener
7. This is also in agreement with the CO2-insertion capability
of homoleptic ceric pyrazolates Ce(pzRR′)4 which was found to
decrease in the order of pzMe2 > pztBu,Me > pzPh2 > pztBu2.83

Synthesis and reactivity of unsubstituted “parent” pyrazolates

of aluminium and scandium

Since the parent pyrazolate [Mg(pz)2]n displayed an exception-
ally high reversible CO2 uptake of up to 35.7 wt%,20 it was of
interest to examine such reaction behaviour for the trivalent
light metals. The trivalent parent pyrazolates [Al(pz)3]n (11)
and [Sc(pz)3]n (12) were accessed via transamination of Al
(pztBu2)3 (1) and Sc(pztBu2)3(thf) (7) with Hpz in toluene, as indi-
cated by the instant formation of a white precipitate. The 13C
CP/MAS spectra of amorphous 11 and 12 showed the expected
signal sets (Fig. S52/S54†). The 27Al CP/MAS experiment
revealed a signal at 5.2 ppm (Fig. S53†) featuring the most
high-field shifted signal observed for a homoleptic aluminium
pyrazolate. For polymeric 12, the 45Sc resonance was resolved
at 156.0 ppm (Fig. S55†). Not unexpectedly, the CO2-uptake
behaviours of 11 and 12 were in line with those of the discrete
substituted pyrazolates (vide supra). When exposing the solids
in a very simple manner to an atmosphere of 1 bar CO2

for three hours, mass gains of 8.2 wt% for 11 and 6.9 wt% for
12 were found. However, these materials rapidly release CO2 at
atmospheric pressure, as indicated by FTIR spectroscopy.

Catalytic cycloaddition of epoxides and CO2

Given our previous works on metal pyrazolates, we were inter-
ested in the behaviour of trivalent metal pyrazolates as cata-
lysts in the cycloaddition of epoxides and CO2 (Table 1).
Applying the standard protocol (0.5 mol% catalyst, 1 mol%
cocatalyst tetra-n-butylammonium bromide (TBAB), epoxide as

solvent), the catalysis was performed under 1 bar CO2 at
ambient temperature. After 24 h, the conversion was deter-
mined from the 1H NMR spectra. Pyrazolates Al(pztBu2)3 (1) [Al
(pziPr2)3]2 (4), Sc(pztBu2)3(thf) (7), [Y(pzMe2)3(thf)]2 (9) and
Y(pztBu2)3(thf)2 (10) were employed as catalysts in addition to
tetrametallic cluster [Ce(pzMe2)3]4 (13) and the tetravalent [Ce
(pzMe2)4]2 (14) for comparison. Propylene oxide, styrene oxide,
2-tert-butyloxirane and 1,2-epoxyhexane were employed as sub-
strates. Aluminium complex 1 showed only moderate catalytic
activity, converting 65% of propylene oxide to the cyclic car-
bonate (entry 1). The sterically more demanding epoxides were
only minimally converted by complex 1, which achieved the
highest conversion for 1,2-epoxyhexane (7%).

Dimeric complex 4 displayed an even lower conversion of
43% for propylene oxide, but performed slightly better in the
cases of styrene oxide (8%) and 1,2-epoxyhexane (11%) (entry
2). This can be ascribed to the smaller iPr groups of 4 (versus
tBu of 1) in agreement with the observations made for mag-
nesium pyrazolates.20

Scandium complex 7 performed best in this cycloaddition
reaction, affording 99% conversion of propylene oxide with
only traces of the starting material left (entry 3). Complex 7

also exhibited the highest catalytic activity of the metal pyrazo-
lates under study for the three other epoxides, ranging from 24
to 29%. The yttrium-based catalysts 9 and 10 provided similar
results, with monomeric 10 achieving slightly higher conver-
sions than dimeric 9, except for 1,2-epoxyhexane (entry 4 and
5). The results obtained for the cerium-based catalysts were in
line with our earlier report, showing only slight deviations.19

Strikingly, there seems to be a negative correlation between the
carboxophilicity of the metal pyrazolate and its catalytic activity
(Table 2). As described above, scandium carbamate 7-CO2

releases CO2 readily in the absence of a solvent or when placed
in an open vessel. Also, under the applied conditions, mono-

Table 1 Catalytic activities of trivalent metal pyrazolates in the conver-

sion of epoxides to cyclic carbonatesa,b

Entry Catalyst R = Me R = Ph R = tBu R = nBu

1 1-Al 65% 5% 2% 7%
2 4-Al 43% 8% 3% 11%
3 7-Sc >99% 27% 24% 29%
4 9-Y 84% 20% 5% 22%
5 10-Y 97% 22% 8% 18%
6 13-CeIII 96% 13% 5% 9%
7 14-CeIV 88% 23% 13% 25%

a Reaction conditions: 1 bar CO2, 0.5 mol% metal centre of the catalyst,
1 mol% TBAB at ambient temperature for 24 h. b Conversion deter-
mined by comparison of the integral protons at the α-position of the
epoxide and the corresponding cyclic carbonate (expect for 3,3-
dimethyl-1,2-butene carbonate where the integral of the tBu moieties
was used).
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meric yttrium pyrazolate 10 did not insert any significant
amount of CO2, while dimeric yttrium pyrazolate 9 did insert
CO2 and displayed a CO2-releasing step at 70 °C. Since the CO2-
release temperature range of complexes that reversibly insert
CO2 is an approximate measure of their carboxophilicity, com-
parison with the respective catalytic conversions clearly show
that the lower the carboxophilicity, the higher the catalytic
activity (Table 2). On the other hand, the carboxophilicity does
not reflect the trends in the extent of the (calculated) oxophili-
city (Table 2)84 and electronegativity (Pauling scale)85 and
might be affected further by the Lewis acidity of the metal
centre (Al3+ > Sc3+ > Y3+), as well as the carbophilicity,86 sterics
and coordination mode (terminal versus bridging) of the carba-
mato ligand. For further comparison, the average N–C(CO2) dis-
tance in complexes 1-Al-CO2 (1.444(3) Å), 7-Sc-CO2 (1.436(2) Å),
[Ce(CO2·pz

Me2)3]4 (13-CO2) (1.432(12) Å), [Ce(CO2·pz
Me2)4] (14-

CO2 = A, Fig. 1 bottom) (1.436(3) Å) and [Mg(CO2·pz
tBu2)2(thf)2]

(B, Fig. 1 bottom) (1.477(1) Å) were detected in a close range.
Finally, the best-performing scandium complex 7 was exam-

ined for the cycloaddition of propylene oxide and CO2 under
varying conditions (Table 3). The aforementioned performance
using the standard procedure (conversion of >99%) corres-
ponds to a TON of >199 (entry 1). Decreasing the catalyst con-
centration to 0.25 mol% lowered the overall catalytic conver-
sion to 71, but increased the TON to 284 (entry 2). Employing
only 0.01 mol% of 7 at harsher reaction conditions (10 bar
CO2 and 90 °C), further increased the TON to 4600 (entry 3).

The TOF of 7 was determined at 120 h−1 over the progress of
the reaction applying our standard procedure (Fig. S86 and
Table S1†).

Accordingly, complete conversion (>99%) was already
detected after 12 h, but already after 6 h, the conversion was
noted at 96%. Using half the amount of catalyst (entry 2) did
not give similarly high conversions after 6 or 10 h, pointing to
the catalyst load as the determining factor. Overall, a mecha-
nism/catalytic cycle as described for the cerium and mag-
nesium congeners is proposed.19,20 To put the present catalytic
results into a proper perspective, even the most active catalysts
under study show only moderate catalytic activity in compari-
son to systems described in literature. For example, the chlori-
nated tetraphenyl porphyrin aluminium complex (tetra(2,4-
chloro)phenylporphyrin)AlCl reaches TOFs of up to
185 200 h−1.36 For the rare-earth metals, the scorpionate
complex [La{N(SiHMe2)2}2{κ

3-(1-[2,2-bis(pzMe2)-1,1-Ph2Et]-1,3-
Cp)}] was noted at TOFs of 15 000 h−1 and TONs of up to
306 667.57

Conclusions

The scope and feasibility of reversible metal-pyrazolate CO2-
insertion chemistry is expandable to the trivalent light metals of
groups 3 and 13. The reaction behaviors of monomeric alu-
minium(III) and scandium(III) pyrazolates are strikingly distinct
under identical conditions. While homoleptic Al(pztBu2)3,
bearing the comparatively small metal centre, inserts two CO2

molecules to form Al(CO2·pz
tBu2)2(pz

tBu2), Sc(pztBu2)3(thf) accom-
modates only one molecule CO2 per scandium, affording the
dimeric complex [Sc(μ-CO2·pz

tBu2)(pztBu2)2]2. Both complexes
feature completely reversible heteroallene insertion, as revealed
by FTIR and VT 1H NMR spectroscopy and thermogravimetric
analysis (TGA). Again, strikingly, the aluminium complex
releases the CO2 only at temperatures >100 °C, while the scan-
dium complex undergoes CO2 de-insertion at ambient tempera-
ture and pressure. The implications of the pyrazolato substitu-
ents for the extent of CO2 insertion was demonstrated for the
new homoleptic complex [Al(pziPr2)3]2, which gave exhaustive
CO2 insertion, marking a capacity of 21.6 wt% CO2. Applying the
metal pyrazolates under study as catalysts in the cycloaddition of
CO2 and epoxides to cyclic carbonates revealed an inverse corre-
lation of the catalytic activity and carboxophilicity ( vCO2

affinity): the higher the carboxophilicity, the lower the catalytic
activity. Given the reversible CO2 insertion into metal pyrazo-
lates, the carboxophilicity can be assessed by the CO2-release
temperature (via VT 1H NMR spectroscopy and TGA). The scan-
dium complex Sc(pztBu2)3(thf) performed best, with a maximum
TOF of 120 h−1 and a TON of 284 at ambient conditions.

Data availability

The data that support the findings of this study are available
in the ESI† of this article.

Table 2 Correlation of catalytic conversion and CO2 release tempera-

tures (from VT 1H NMR studies and TG measurements)

Catalyst

CO2-release temperature [°C]

Catalytic
convers. [%]

Oxophilicity
M [Θ]b

1H NMR
start → end

TGA start
→ end

15-Mga 70–105 134–233 56 0.6
1-Al 100–120c 114–196 65 0.8
9-Y rt–70 60–154 84 0.8
14-CeIV 10–60a 55–95a 88 0.9
13-CeIII 52–90a 96 0.9
10-Y — 97 0.8
7-Sc rt rt >99 0.8

a Previous work Mg,20 Ce.19 b Ref. 84. cDe-insertion not complete at
this temperature, which is the upper limit of the VT NMR setup.

Table 3 Catalytic activity of 7 in the conversion of propylene oxide and

CO2 to cyclic carbonate under different conditionsa

Entry T [°C]/p[bar] C (Cat.) [mol%] Conversionb [%] TONc

1 24/1 0.5 >99% 199
2 24/1 0.25 71% 284
3 90/10 0.01 45% 4600

a 24 h in neat epoxide. b Conversion determined by comparison of the
integrals protons at the α-position of the epoxide and the corres-
ponding cyclic carbonate. c ((epoxide/Mg) × conversion)/100.
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Experimental Section 

General Considerations. All manipulations were performed under rigorous exclusion of air and moisture under 
argon atmosphere (< 0.1 ppm O2, < 0.1 ppm of H2O) in a MB200B glovebox (MBraun) or according to standard 
Schlenk techniques and in oven-dried glassware. Solvents (THF, n-hexane and toluene) were purified by using 
SPS Grubbs type columns (MBraun SPS-800, solvent purification system) and stored inside a glovebox. THF was 
dried further over molecular sieves. [D8]toluene and [D8]THF were obtained from Sigma Aldrich and dried over 
Na/K alloy and filtered prior to use. AlCl3 (99%), 3,5-Dimethyl pyrazole (99%), GaCl3 (99%), GaBr3 (99%), hydrazine 
hydrate and 2,2,6,6-tetramethylheptane-3,5-dione were purchased from Sigma Aldrich and used as received. 
Trimethylaluminium (98%) was purchased from abcr and used as received. 3,5-Di-tert-butylpyrazole,1 di-iso-
propyl pyrazole,1 [Ce(pzMe2)4]2 (ref. 2) and [Ce(pzMe2)3]4 (ref. 3) and were synthesised according to procedures 
known in the literature. ScCl3(thf)3 was synthesised according to procedures known in the literature by using the 
route via Sc2O3 and SOCl2.4 Argon and CO2 were supplied by Westfalen AG. Solution 1H, 13C, 27Al and 45Sc NMR 
spectra were recorded on a Bruker AVII+400 spectrometer (1H: 400.11 MHz; 13C: 100.61 MHz, 27Al: 104.26 MHz; 
45Sc: 97.19 MHz) at 299 K. The chemical shifts listed in the experimental section are referenced to solvent residual 
resonances in parts per million in relation to tetramethylsilane. The variable temperature 1H NMR spectra and 
1H, 13C, 27Al and 45Sc NMR spectra were recorded in a J. Young valve NMR tube on a Bruker AVII+500 spectrometer 
(1H: 500.13 MHz; 13C: 125.76 MHz; 27Al: 130.3 MHz; 45Sc: 121.5 MHz). For 27Al NMR spectra in general, the probe 
head itself gives a broad signal at around 64 ppm for the 400 MHz spectrometer and around 12 ppm for the 
500 MHz spectrometer. Solid-state NMR spectra were obtained at ambient temperature on a Bruker AVIIIHD-
300WB spectrometer (1H NMR 300.13 MHz, 13C 75.47 MHz, 27Al 78.20 MHz, 45Sc 72.90 MHz) equipped with MAS 
(magic angle spinning) hardware using a ZrO2 rotor with an outside diameter of 4 mm. IR spectra were recorded 
on a NICOLET 6700 FTIR spectrometer (Thermo Fisher Scientific). The samples were mixed with KBr powder and 
measured in a DRIFT cell with KBr windows. DRIFT data were converted by using the Kubelka-Munk refinement. 
In situ IR spectra were recorded on a Bruker Invenio R spectrometer with a praying mantis unit. Elementary 
analyses were performed on an Elementar vario MICRO cube. Single crystals were grown from saturated 
solutions of n-hexane, toluene, THF, or [D8]THF by standard techniques. Suitable single crystals from 1-CO2, 3, 4, 
4a, 5, 7, 7-CO2, 8 and 10 for X-ray structure studies were selected in a glovebox and coated with Parabar 10312 
(Hampton research). Crystallographic data were measured on a Bruker APEX II DUO instrument equipped with 
IµS micro focus sealed tube and QUAZAR optics for MoKα radiation (λ = 0.71073 Å). The data collection strategy 
was determined using COSMO5 employing ω- and ϕ scans. Raw data were processed using APEX6 and SAINT,7 
corrections for absorption effects were applied using SADABS.8  

Al(pztBu2)3 (1). The procedure and the analytical data are consistent with the literature (ref. 9). 27Al NMR 

(130.3 MHz, [D8]THF, 26 °C): δ = 23.3 ppm. 

[AlMe2(pziPr
2)]2 (2b). To a solution of HpziPr

2 (200.0 mg, 1.314 mmol) in 10 mL toluene a solution of AlMe3 

(32.6 mg, 437.9 µmol) in 2 mL toluene was added dropwise and stirred for 24 h. The solvent was removed under 

reduced pressure and washed three times with 10 mL n-hexane. After removing the solvent under reduced 

pressure 2b (60.0 mg, 144.0  µmol, 66%) was obtained as a colourless powder. 1H NMR (400.1 MHz, [D8]THF, 

26 °C): δ = 6.36 (s, 2 H, 4-H(pz)), 3.36 (sept., 3JH,H=6.73 Hz, 4 H, CH(CH3)2), 1.31 (d, 3JH,H=6.73 Hz, 24 H, CH(CH3)2), 

–0.62 (s, 12 H, Al(CH3)2) ppm. Elemental analysis calcd. (%) for C22H42Al2N4 (416.57 gmol-1): C 63.43, H 10.16, N 

13.45; found: C 63.68, H 10.16, N 13.68. 

[Al(N,N’,N’’-Al{pzMe
2}3Me)2][Al(pzMe

2)3Me] (3). To a solution of HpzMe
2 (200.0 mg, 2.081 mmol) in 10 mL toluene 

a solution of AlMe3 (50.0 mg, 693.5 µmol) in 2 mL toluene was added dropwise in a pressure tube. The solution 

was heated to 130 °C and stirred for 4 d. After cooling to ambient temperature colourless crystals were grown 

suitable for an X-ray structure analysis. The supernatant solution was separated and the crystalline material was 

dried under reduced pressure. Compound 3 was obtained as a colourless powder in a quantitative yield. 27Al NMR 

(104.3 MHz, [D8]THF, 26 °C): δ = 75.7 (MeAlpz3), 0.3 (Al(pz3)2) ppm. DRIFTS: ṽmax = 3118 (m, CH(aryl)), 3052 (w), 

2978 (m), 2954 (m), 2928 (s), 2867 (m), 2814 (vw), 2744 (vw), 1577 (w), 1541 (vs), 1506 (m), 1419 (vs), 1370 (m), 

1328 (s), 1316 (vs), 1208 (vw), 116 (s), 1124 (vs), 1090 (m), 1055 (vs), 1042 (s), 1015 (s), 988 (m), 971 (s), 821 (s), 

791 (vs), 776 (s), 756 (m), 746 (s), 671 (m), 595 (m), 530 (s), 505 (s), 482 (s), 461 (m), 411 (m), 402 (m) cm-1. 

C48H72Al4N18 (1009.16 gmol-1): C 58.21, H 7.57, N 23.96; found: C 58.27, H 6.87, N 26.74. The hydrogen and 

nitrogen results are outside the range for analytical purity, but no better elemental analysis could be obtained 

to current date, due to co-crystallization of excess HpzMe2 and the high nitrogen content. 
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[Al(pziPr
2)3]2 (4). AlCl3 (87.0 mg, 653 µmol) and KpziPr

2 (372.5 mg, 1.958 mmol) were dissolved in 15 mL THF and 

stirred for 6 d. The solvent was removed under reduced pressure and the residue was extracted three times with 

n-hexane. The solution was concentrated and stored at –40 °C. Overnight single crystals formed suitable for an 

X-ray structure analysis. After separation of the supernatant solution and drying of the crystals under reduced 

pressure, 4 could be obtained as a colourless powder (142.8 mg, 149 µmol, 46%). 1H NMR (400.1 MHz, [D8]THF, 

26 °C): δ = 6.27 (s, 2 H, 4-H(µ-pz)), 5.89 (s, 4 H, 4-H(pz)), 2.99 (sept., 3JH,H=6.77 Hz, 4 H, CH(CH3)2(µ-pz)), 2.68 (sept., 
3JH,H=6.89 Hz, 8 H, CH(CH3)2(pz)), 1.04 (d, 3JH,H=6.89 Hz, 48 H, CH(CH3)2(pz)), 1.04 (d, 3JH,H=6.77 Hz, 24 H, 

CH(CH3)2(µ-pz)) ppm. 13C{H} NMR (100.6 MHz, [D8]THF, 26 °C): δ =  167.3 (3/5-C (µ-pz)), 161.5 (3/5-C (pz)), 101.7 

(4-C (µ-pz)), 99.4 (4-C (pz)), 27.8 (CH(CH3)2 (pz)), 27.7 (CH(CH3)2 (µ-pz)), 24.0 (CH(CH3)2 (pz)), 23.4 (CH(CH3)2 (µ-

pz)) ppm. 27Al NMR (104.26 MHz, [D8]THF, 26 °C): δ = 68.1 ppm. ṽmax = 2963 (vs), 2928 (s), 2908 (m), 2868 (m), 

1534 (s), 1518 (w), 1495 (w), 1459 (m), 1423 (w), 1380 (m), 1360 (m), 1300 (w), 1283 (w), 1266 (w), 1179 (w), 

1167 (w), 1141 (m), 1107 (m), 1071 (w), 1054 (m), 1030 (w), 991 (w), 926 (vw), 879 (vw), 800 (w), 731 (w), 720 

(w), 693 (vw), 596 (w), 561 (w), 540 (m), 504 (w), 483 (w), 440 (w) cm-1. C54H90Al2N12 (961.36 gmol-1): C 67.47, H 

9.44, N 17.48; found: C 67.80, H 9.44, N 17.65. 

[Al(pziPr
2)3(HpziPr

2)]2 (4a). Compound 4b was obtained as a crystalline side product in the synthesis of 4 due to 

residual water in the solvent THF. 1H NMR (400.1 MHz, [D8]THF, 26 °C): δ = 5.99 (s, 4 H, 4-H(pz)), 2.75 (sept., 
3JH,H=6.89 Hz, 8 H, CH(CH3)2), 1.12 (d, 3JH,H=6.89 Hz, 48 H, CH(CH3)2) ppm. 

[Ga(pztBu
2)(μ-N,N,C-pztBu,C(CH

3
)
2
CH

2)]2 (5). GaCl3 (31 mg, 178 µmol) and KpztBu
2 (125 mg, 534 µmol) were dissolved in 

15 mL THF and stirred for 6 d. The solvent was removed under reduced pressure and the residue was extracted 

three times with THF. The solution was concentrated and stored at –40 °C. Overnight a few colourless single 

crystals of 5 formed suitable for an X-ray structure analysis. NMR studies showed a complicated product mixture. 

[GaMe2(pztBu
2)]2. To a solution of HpztBu

2 (236 mg, 1.306 mmol) in 10 mL toluene a solution of GaMe3 (50 mg, 

435 µmol) in 2 mL toluene was added dropwise and stirred overnight. The solvent was removed under reduced 

pressure and washed three times with 10 mL n-hexane. After removing the solvent under reduced pressure 

[GaMe2(pztBu
2)]2 was obtained as colourless crystals in a quantitative yield. 1H NMR (400.1 MHz, [D8]Tol, 26 °C): 

δ = 6.19 (s, 2 H, 4-H(pz)), 1.33 (s, 36 H, C(CH3)3), –0.23 (s, 6 H, Ga(CH3)2) ppm. 

Al(CO2·pztBu
2)2(pztBu

2) (1-CO2). A solution of Al(pztBu
2)3 (300.0 mg, 531 µmol) in THF was stirred under 1 bar CO2 for 

16 h and stored under ambient temperature. By evaporating the solvent slowly under glovebox atmosphere 

colourless crystals were obtained suitable for an X-ray structure analysis. The supernatant solution was 

separated, the residue was dried for 2 h at glove box atmosphere and 1-CO2 was obtained as a white powder 

(304.0 mg, 465 µmol, 88%). 1H NMR (400.1 MHz, [D8]THF, 26 °C): δ = 6.32 (s, 2 H, 4-H (CO2·pz)), 6.00 (s, 1 H, 4-H 

(pz)), 1.50 (s, 18 H, 3-C(CH3)3 (CO2·pz)), 1.05 (s, 18 H, 3-C(CH3)3 (CO2·pz)), 1.05 (s, 18 H, 3/5-C(CH3)3 (pz)) ppm. 
13C{H} NMR (100.6 MHz, [D8]THF, 26 °C): δ = 161.9 (5-C (CO2·pz)), 161.8 (5-C (pz)), 156.7 (3-C (CO2pz)), 146.9 

(CO2), 108.2 (4-C (CO2pz)), 102.5 (4-C (pz)), 34.0 (3-C(CH3)3 (CO2·pz)), 33.2 (5-C(CH3)3 (CO2·pz)), 32.5 (3/5-C(CH3)3 

(pz)), 31.0 (3/5-C(CH3)3 (pz)), 30.3 (5-C(CH3)3 (CO2·pz)), 29.2 (3-C(CH3)3 (CO2·pz)) ppm. 27Al NMR (130.3 MHz, 

[D8]THF, 26 °C): δ = 17.0 ppm. DRIFT: ṽmax = 3144 (vw), 2968 (s), 2912 (w), 2871 (w), 1774 (vs), 1763 (vs), 1722 

(w), 1543 (w), 1508 (w), 1480 (w), 1462 (m), 1431 (m), 1397 (vw), 1363 (m), 1328 (vs), 1314 (s), 1289 (vs), 1253 

(s), 1233 (w), 1215 (w), 1191 (m), 1159 (m), 1066 (s), 1018 (s), 999 (w), 931 (w), 880 (vs), 866 (s), 835 (vs), 822 

(w), 805 (w), 779 (m), 720 (vw), 699 (w), 632 (vw), 575 (vs), 562 (vs), 539 (w), 512 (vs), 482 (w), 428 (m) cm-1. 

Elemental analysis calcd. (%) for C35H57AlN6O4 (652.84 gmol-1): C 64.39, H 8.80, N 12.87; found: C 64.19, H 8.15, 

N 13.10. 

[Al(CO2·pziPr
2)3]x (4-CO2). A solution of [Al(pziPr

2)3]2 (4). (20 mg, 21 µmol) in 0.5 mL THF-d8 placed in a J.Young NMR 

tube was put under 1 bar CO2 atmosphere. A complete CO2 insertion was observed in the 1H NMR. However, 4-

CO2 could not be isolated as a solid. 1H NMR (400.1 MHz, [D8]THF, 26 °C): δ =  6.50 (4-H (pz)), 6.35 (4-H (pz)), 6.31 

(4-H (pz)), 3.86 (CH(CH3)2), 3.58 (CH(CH3)2), 3.35 (CH(CH3)2), 1.96 (CH(CH3)2), 1.27 (CH(CH3)2), 1.14 (CH(CH3)2), 0.92 

(CH(CH3)2), 0.86 (CH(CH3)2), 0.79 (CH(CH3)2) ppm. 13C{H} NMR (100.6 MHz, [D8]THF, 26 °C): δ = 162.3 (3-C(pz)), 

160.9 (3-C(pz)), 159.5 (3-C(pz)), 156.5 (5-C(pz)), 155.8 (5-C(pz)), 155.6 (5-C(pz)), 147.0 (CO2), 146.6 (CO2), 146.6 

(CO2), 105.7 (4-C(pz)), 104.6 (4-C(pz)), 103.9 (4-C(pz)), 26.8 (CH(CH3)2), 26.7 (CH(CH3)2), 26.5 (CH(CH3)2), 24.4 

(CH(CH3)2), 23.1 (CH(CH3)2), 22.5 (CH(CH3)2), 22.4 (CH(CH3)2), 22.2 (CH(CH3)2), 21.8 (CH(CH3)2), 21.3 

(CH(CH3)2) ppm. 27Al NMR (130.3 MHz, [D8]THF, 26 °C): δ = 12.1 ppm. 
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Sc(pztBu
2)3(thf) (7). ScCl3(thf)3 (143.8 mg, 391 µmol) and KpztBu

2 (275.1 mg, 1.173 mmol) were dissolved in 15 mL 

THF and stirred for 3 d. The solvent was removed under reduced pressure and the residue was extracted three 

times with n-hexane. The solution was concentrated and stored under –40 °C. Overnight single crystals were 

grown suitable for an X-ray structure analysis. After separation of the supernatant solution and drying of the 

crystals under reduced pressure, 7 could be obtained as a colourless powder (210.0 mg, 321 µmol, 82%). 1H NMR 

(400.1 MHz, [D8]THF, 26 °C): δ = 6.06 (s, 3 H, 4-H(pz)), 3.62 (m, 4 H, 1,4-CH2(thf)), 1.77 (m, 4 H, 2,3-CH2(thf)), 1.20 

(s, 54 H, C(CH3)3) ppm. 13C{H} NMR (100.6 MHz, [D8]THF, 26 °C): δ = 158.9 (3/5-C(pz)), 103.0 (4-C(pz)), 67.7 (1,4-

CH2(thf)), 32.4 (C(CH3)3), 31.5 (C(CH3)3), 25.6 (3,4-C(thf)) ppm. 45Sc NMR (121.5 MHz, [D8]THF, 26 °C): 

δ = 41.6 ppm. DRIFTS: ṽmax = 3115 (vw, CH(aryl)), 2963 (vs), 2929 (s), 2902 (s), 2867 (s), 1520 (m), 1505 (s), 1459 

(s), 1434 (m), 1415 (w), 1387 (w), 1359 (s), 1310 (w), 1252 (m), 1229 (m), 1205 (w), 1108 (vw), 1020 (m), 997 (m), 

952 (vw), 919 (w), 871 (m), 825 (vw), 796 (m), 724 (w), 682 (vw), 628 (vw), 562 (vw), 538 (w), 478 (m) cm-1. 

C37H65N6OSc (654.92 gmol-1): C 67.86, H 10.00, N 12.83; found: C 67.12, H 9.70, N 12.42. The carbon value is 

outside the range for analytical purity, but no better elemental analysis could be obtained to date, due to residual 

THF. 

[Y(pzMe
2)3(thf)]2 (9). YCl3(thf)2.5 (200.0 mg, 446 µmol) and KpztBu

2 (179.9 mg, 1340 µmol) were dissolved in 15 mL 

THF and stirred for 3 d. The solvent was removed under reduced pressure and the residue was extracted three 

times with n-hexane. The solution was concentrated and stored under –40 °C. Overnight single crystals were 

grown suitable for an X-ray structure analysis. After separation of the supernatant solution and drying of the 

crystals under reduced pressure 9 could be obtained as a colourless powder (138.1 mg, 309 µmol, 69%). 1H NMR 

(400.1 MHz, [D8]THF, 26 °C): δ = 5.86 (s, 3 H, 4-H(pz)), 3.62 (m, 4 H, 1,4-CH2(thf)), 2.18 (s, 18 H, CH3), 1.77 (m, 4 

H, 2,3-CH2(thf)) ppm. 13C{H} NMR (100.6 MHz, [D8]THF, 26 °C): δ = 144.9 (3/5-C(pz)), 107.4 (4-C(pz)), 68.0 (1,4-

CH2(thf)), 26.2 (2,3-CH2(thf)), 13.2 (CH3) ppm. 13C CP/MAS spectrum (75.47 MHz, MAS at 8 kHz): 148.8 (3/5-C(pz)), 

145.6 (3/5-C(pz)), 144.9 (3/5-C(pz)), 143.7 (3/5-C(pz)), 111.3 (4-C(η-pz)), 105.0 (4-C(μ-pz)), 72.2 (1,4-CH2(thf)), 

24.5 (2,3-CH2(thf)), 15.5 (CH3(μ-pz)), 15.0 (CH3(μ-pz)), 13.6 (CH3(η-pz)) ppm.  

[Y(pztBu
2)3(thf)2] (10). YCl3(thf)2.5 (100.0 mg, 266 µmol) and KpztBu

2 (174.4 mg, 799 µmol) were dissolved in 15 mL 

THF and stirred for 3 d. The solvent was removed under reduced pressure and the residue was extracted three 

times with n-hexane. The solution was concentrated and stored under –40 °C. Overnight single crystals were 

grown suitable for an X-ray structure analysis. After separation of the supernatant solution and drying of the 

crystals under reduced pressure 10 could be obtained as a colourless powder (171.1 mg, 189 µmol, 71%). 1H NMR 

(400.1 MHz, [D8]THF, 26 °C): δ = 6.05 (s, 3 H, 4-H(pz)), 3.62 (m, 4 H, 1,4-CH2(thf)), 1.77 (m, 4 H, 2,3-CH2(thf)), 1.22 

(s, 54 H, C(CH3)3) ppm. 13C{H} NMR (100.6 MHz, [D8]THF, 26 °C): δ = 159.2 (3/5-C(pz)), 101.6 (4-C(pz)), 68.0 (1,4-

CH2(thf)), 32.4 (C(CH3)3), 31.6 (C(CH3)3), 26.2 (2,3-CH2(thf)) ppm. C41H73N6O2Y (770.98 gmol-1): C 63.87, H 9.54, N 

10.90; found: C 64.42, H 9.32, N 11.05. 

[Sc(CO2·pztBu
2)(pztBu

2)2(thf)]2 (7-CO2). A solution of Sc(pztBu
2)3(thf) (7) (20 mg, 34 µmol) in 0.5 mL THF-d8 in a 

J.Young NMR tube was put under 1 bar CO2 atmosphere. While, a CO2 insertion was observed in the 1H NMR 

spectrum, 7-CO2 could not be isolated as a solid, due to immediate CO2 release in the absence of a solvent. 
1H NMR (400.1 MHz, [D8]THF, 26 °C): δ = 6.15 (s, 2 H, 4-H(pz)), 6.04 (s, 1 H, 4-H(CO2pz)), 3.62 (m, 4 H, 1,4-

CH2(thf)), 1.77 (m, 4 H, 2,3-CH2(thf)), 1.51 (s, 9 H, C(CH3)3(CO2pz)), 1.24 (s, 36 H, C(CH3)3(pz)), 0.77 (s, 9 H, 

C(CH3)3(CO2·pz)) ppm. 13C{H} NMR (100.6 MHz, [D8]THF, 26 °C): δ = 160.5 (3/5-C (CO2·pz)), 159.4 (3/5-C (pz)), 

157.0 (3/5-C (CO2·pz)), 149.7 (CO2), 104.9 (4-C(pz)), 104.6 (4-C(CO2·pz)), 68.2 (1,4-C(thf)), 34.1 (C(CH3)3(CO2·pz)), 

32.6 (C(CH3)3(pz)), 32.4 (C(CH3)3(CO2·pz)), 31.5 (C(CH3)3(pz)), 30.2 (C(CH3)3(CO2·pz)), 29.7 (C(CH3)3(CO2·pz)), 26.4 

(2,3-C(thf))ppm. 45Sc NMR (121.5 MHz, [D8]THF, 26 °C): δ = 69.1 ppm. For an IR spectrum, see S99. Elemental 

analysis was not feasible due to immediate CO2 release upon drying the CO2-inserted compound. 

[Sc(CO2·pztBu
2)(pztBu

2)2]2 (7a-CO2). A solution of Sc(pztBu
2)3(thf) (7) (20 mg, 34 µmol) in 0.5 mL toluene-d8 in a 

J.Young NMR tube was put under 1 bar CO2 atmosphere. A complete insertion was observed in the 1H NMR 

spectrum. Overnight single crystals of 7a-CO2 were grown suitable for an X-ray structure analysis. 1H NMR 

(500.1 MHz, [D8]Tol, 26 °C): δ = 6.29 (s, 4 H, 4-H(pz)), 5.92 (s, 2 H, 4-H(CO2·pz)), 1.67 (s, 18 H, 5-C(CH3)3(CO2·pz)), 

1.39 (s, 72 H, C(CH3)3(pz)), 0.78 (s, 18 H, 3-C(CH3)3(CO2·pz)) ppm. 13C{H} NMR (100.6 MHz, [D8]Tol, 26 °C): 

δ = 159.9 (3-C (CO2·pz)), 159.1 (3/5-C (pz)), 156.9 (5-C (CO2·pz)), 148.6 (CO2), 104.7 (4-C(pz)), 103.9 (4-C(CO2·pz)), 

33.9 (5-CC(CH3)3(CO2·pz)), 31.9 (3CC(CH3)3(CO2·pz)), 31.4 (3/5-CC(CH3)3(pz)), 30.6 (C(CH3)3(pz)), 30.0 (3-

CC(CH3)3(CO2·pz)), 29.3 (5-CC(CH3)3(CO2·pz)) ppm. 45Sc NMR (97.19 MHz, [D8]Tol, 26 °C): δ = 39.1 ppm. For an IR 
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spectrum, see S99. Elemental analysis was not feasible due to immediate CO2 release upon drying the CO2-

inserted compound.  

[Sc3O(pzMe
2)7(HpzMe

2)2] (8). ScCl3(thf)3 (113.8 mg, 310 µmol) and KpzMe
2 (124.7 mg, 929 µmol) were dissolved in 

15 mL THF and stirred for 6 d. The solvent was removed under reduced pressure and the residue was extracted 

three times with THF. The solution was concentrated and stored under –40 °C. Overnight single crystals were 

grown suitable for an X-ray structure analysis. After separation of the supernatant solution and drying of the 

crystals under reduced pressure, 8 could be obtained as a colourless powder (75.4 mg, 75 µmol, 72%). 1H NMR 

(400.1 MHz, [D8]THF, 26 °C): δ = 12.38 (s, 2 H, NH), 5.74 (s, 9 H, 4-H(pz)), 2.14 (s, 54 H, C(CH3)3) ppm. 13C{H} NMR 

(100.6 MHz, [D8]THF, 26 °C): δ = 143.6 (3/5-C(pz)), 105.3 (4-C(pz)), 11.7 (CH3) ppm. 45Sc NMR (121.5 MHz, 

[D8]THF, 26 °C): δ = 153.2 (ScO(pz)3(Hpz)2), 45.1 (ScO(pz)4) ppm. 

[Y(CO2·pzMe
2)3(thf)]2 (9-CO2). Route A: A solution of [Y(pzMe

2)3(thf)]2 (9) (30 mg, 40 µmol) in 0.5 mL THF-d8 placed 

in a J.Young NMR tube was put under 1 bar CO2 atmosphere. A complete insertion was observed in the 1H NMR 

spectrum. However, a crystalline material of 9-CO2 could not be isolated. Route B: A Schlenk tube was loaded 

with solid [Y(pzMe
2)3(thf)]2 (9) and the atmosphere changed to 1 bar CO2. After 3 h 9-CO2 could be collected as a 

white powder in quantitative yield. 1H NMR (400.1 MHz, [D8]THF, 26 °C): δ = 5.66 (s, 3 H, 4-H(pz)), 3.62 (m, 4 H, 

1,4-CH2(thf)), 2.18 (s, 9 H, CH3)), 2.09 (s, 9 H, CH3), 1.77 (m, 4 H, 2,3-CH2(thf) ppm. 13C{H} NMR (100.6 MHz, 

[D8]THF, 26 °C): δ = 148.4 (3-C (pz)), 138.6 (5-C (pz)), 103.4 (4-C (pz)), 68.0 (1,4-C(thf)), 26.2 (2,3-CH2(thf)), 13.1 

(5-CCH3 (pz)), 10.4 (3-CCH3 (pz)) ppm. 13C CP/MAS spectrum (75.47 MHz, MAS at 8 kHz): δ = 152.1 (CO2), 149.6 

(5-C(pz)), 143.8 (3-C(pz)), 109.5 (4-C(pz)), 67.2 (1,4-C(thf)), 25.1 (2,3-CH2(thf)), 12.8 (CH3) ppm. DRIFTS: 

ṽmax = 3327 (vw), 3145 (vw), 3107 (vw), 2981 (w), 2926 (w) 2870 (w), 1729 (vs), 1702 (vs), 1686 (vs), 1561 (m), 

1521 (vw), 1467 (m), 1415 (m), 1368 (s), 1341 (s), 1300 (s), 1213 (m), 1158 (vw), 1133 (m), 1068 (w), 1042 (s), 

983 (m), 913 (vw), 834 (s), 791 (m), 727 (vw), 663 (vw), 632 (w), 607 (vw), 577 (vw), 477 (w), 456 (w), 426 (w), 

407 (vw) cm-1. 

[Al(pz)3]n (10). To a solution of Al(pztBu2)3 (1) (228 mg, 404 μmol) in 8 mL toluene a solution of Hpz (83 mg, 

121 μmol) in 8 mL toluene was added dropwise. An immediate formation of a white precipitate was observed. 

The reaction mixture was stirred for an additional 4 h. The solvent was removed under reduced pressure and the 

residue was washed three times with n-hexane. After drying the residue under reduced pressure 10 could be 

obtained as a white powder (71 mg, 310 μmol, 77%). 13C CP/MAS (75.47 MHz, MAS at 8 kHz): δ = 139.8 (3/5-

C(pz)), 102.4 (4-C(pz)) ppm. 27Al CP/MAS (78.20 MHz, MAS at 8 kHz): δ = 5.2 ppm. DRIFTS: ṽmax = 1502 (m), 1425 

(w), 1411 (vw), 1397 (s), 1354 (vw), 1278 (m), 1252 (vw), 1184 (w), 1172 (w), 1066 (vs), 976 (vw), 945 (vw), 927 

(vw), 894 (vw), 764 (s), 628 (s), 480 (m), 444 (m) cm-1. C9H9N6Al (228.19 gmol-1): C 47.37, H 3.98, N 36.83; found: 

C 50.12, H 4.68, N 33.93. The values are outside the range for analytical purity, but no better elemental analysis 

could be obtained to date, due to the high nitrogen content and residual 1, which is visible in the solid-state NMR 

spectra.  

[Sc(pz)3]n (11). To a solution of Sc(pztBu2)3(thf) (7) (200 mg, 270 μmol) in 8 mL toluene a solution of Hpz (84 mg, 

124 μmol) in 8 mL toluene was added dropwise. An immediate formation of a white precipitate was observed. 

The reaction mixture was stirred for an additional 4 h. The solvent was removed under reduced pressure and the 

residue was washed three times with n-hexane. After drying the residue under reduced pressure 11 could be 

obtained as a white powder in quantitative yield. 13C CP/MAS (75.47 MHz, MAS at 8 kHz): δ = 139.5 (3/5-C(pz)), 

102.9 (4-C(pz)) ppm. 45Sc CP/MAS (72.90 MHz, MAS at 8 kHz): δ = 156.0 ppm. DRIFTS: ṽmax = 1493 (vs), 1444 (w), 

1412 (vs), 1367 (vs), 1257 (vs), 1240 (m), 1156 (vs), 1074 (m), 1041 (vs), 962 (s), 920 (m), 882 (w), 762 (vs), 730 

(w), 695 (vw), 619 (vs), 465 (vw) cm-1. C9H9N6Sc (246.17 gmol-1): C 43.91, H 3.69, N 34.14; found: C 48.35, H 4.52, 

N 28.83. The values are outside the range for analytical purity, but no better elemental analysis could be obtained 

to date, due to the high nitrogen content and residual 7, which is visible in the solid-state NMR spectra. 

[Al(CO2·pz)x(pz)3-x]n (10-CO2). A Schlenk tube was loaded with solid [Al(pz)3]n (78.57 mg, 495.9 µmmol) and the 

atmosphere was changed to 1 bar CO2. Overnight 10-CO2 could be collected as a white powder in quantitative 

yield. DRIFTS: ṽmax = 1767 (w), 1503 (vw), 1425 (vw), 1397 (m), 1353 (vw), 1278 (m), 1185 (vw), 1173 (vw), 1067 

(vs), 977 (vw), 956 (vw), 838 (vw), 762 (m), 627 (m), 480 (vw), 446 (vw) cm-1. 

General procedure of the catalysis of epoxides to cyclic carbonates. As a representative example: a small 

Schlenk tube was charged with Al(pztBu
2)3 (10.0 mg, 17 µmol) and TBAB (11.4 mg, 35 µmol) and dissolved in the 
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corresponding epoxide (3.541 mmol). The atmosphere was exchanged with 1 bar CO2 and the reaction mixture 

was stirred for 24 h. The state of the conversion from the epoxide to the cyclic carbonate was determined via 1H 

NMR by dissolving the reaction mixture in CDCl3. 
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Table S2. Crystallographic data for compounds 3, 4, 4a and 5 

 3 4 4a 5 

Formula C48H72Al4N18 C54H90Al2N12 C36H61AlN8 C44H74Ga2N8 

CCDC 2358936 2358938 2358937 2358935 

M [g mol−1] 1009.15 961.33 632.90 854.55 

colour/shape colourless/cube colourless/block colourless/block colourless/needle 

Crystal dimensions 
[mm] 

0.251 x 0.214 x 
0.208 

0.260 x 0.257 x 
0.216 

0.259 x 0.226 x 
0.128 

0.201 x 0.086 x 
0.071 

cryst. system orthorhombic triclinic triclinic monoclinic 

space group Cmc21 P1" P1" P21/c 

a [Å] 13.5515(8) 11.9641(18) 10.0806(6) 11.4112(11) 

b [Å] 17.0956(11) 14.235(2) 18.8650(11) 8.8769(9) 

c [Å] 22.4553(13) 18.584(3) 21.4540(13) 22.888(2) 

a [°] 90 89.358(3) 70.659(2) 90 

b [°] 90 89.130(3) 85.157(2) 98.730(2) 

g [°] 90 67.655(3) 83.751(2) 90 

V [Å3] 5202.2(5) 2927.1(8) 3821.7(4) 2291.6(4) 

Z 4 2 4 2 

T [K] 100(2) 100(2) 100(2) 100(2) 

wavelength [Å] 0.71073 0.71073 0.71073 0.71073 

rcalcd [g cm−3] 1.288 1.091 1.100 1.238 

 [mm−1] 0.143 0.094 0.088 1.214 

F(000) 2152 1048 1384 912 

q range [°] 1.814/30.517 1.547/24.881 1.756/25.049 1.806/27.527 

unique reflns 8255 10026 13486 5194 

observed reflns  37775 53177 55907 32488 

[a]R1/[b]wR2 (I>2s)[a] 0.0389/0.0976 0.0452/0.1076 0.0466/0.1009 0.0401/0.0864 

[a]R1/[b]wR2 (all data) 0.0438/0.1020 0.0651/0.1214 0.0774/0.1158 0.0648/0.0973 

GOF[c] 1.027 1.026 1.018 1.034 

[a] R1 = Σ(||F0| - |Fc||) / Σ|F0|, F0 > 4σ(F0), [b] wR2 = {Σ[w(F0
2 - Fc

2)2 / Σ[w(F0
2)2]}1/2. [c] GOF = [Σw(F0

2 - Fc
2)2 / (n0 - np)]1/2 
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Table S3. Crystallographic data for compounds 1-CO2, 7, 10 and 7-CO2 

 1-CO2 7 10 7-CO2 

formula C35H57AlN6O4 C37H65N6OSc C49H89N6O4Y C82H130N12O4Sc2 

CCDC 2358942 2358939 2358941 2358943 

M [g mol−1] 652.84 654.91 915.17 1437.89 

colour/shape colourless/block colourless/block colourless/column colourless/cube 

Crystal dimensions 
[mm] 

0.193 x 0.121 x 
0.119 

0.297 x 0.181 x 
0.116 

0.268 x 0.077 x 
0.064 

0.339 x 0.220 x 
0.176 

cryst. system orthorhombic monoclinic orthorhombic monoclinic 

space group Pbca P21/c Pna21 P21/n 

a [Å] 12.7837(12) 9.7097(5) 22.7827(11) 14.3516(15) 

b [Å] 21.0258(19) 22.2896(11) 9.7252(5) 17.1001(19) 

c [Å] 28.522(3) 18.4502(9) 23.6286(12) 18.145(2) 

a [°] 90 90 90 90 

b [°] 90 102.3030(10) 90 109.058(2) 

g [°] 90 90 90 90 

V [Å3] 7666.2(12) 3901.4(3) 5235.3(5) 4209.0(8) 

Z 8 4 4 2 

T [K] 100(2) 100(2) 100(2) 100(2) 

wavelength [Å] 0.71073 0.71073 0.71073 0.71073 

rcalcd [g cm−3] 1.131 1.115 1.161 1.135 

 [mm−1] 0.095 0.223 1.159 0.214 

F(000) 2832 1432 1984 1560 

q range [°] 1.428/25.024 1.453/26.205 2.265/30.519 1.581/28.299 

unique reflns 6769 7822 15927 10457 

observed reflns  57763 52769 70066 62529 

[a]R1/[b]wR2 (I>2s)[a] 0.0451/0.0993 0.0417/0.0988 0.0521/ 0.1227 0.0472/0.1190 

[a]R1/[b]wR2 (all data) 0.0786/0.1178 0.0576/0.1097 0.1024/0.1427 0.0688/0.1332 

GOF[c] 1.012 1.018 1.032 1.053 

[a] R1 = Σ(||F0| - |Fc||) / Σ|F0|, F0 > 4σ(F0), [b] wR2 = {Σ[w(F0
2 - Fc

2)2 / Σ[w(F0
2)2]}1/2. [c] GOF = [Σw(F0

2 - Fc
2)2 / (n0 - np)]1/2 
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Table S4. Crystallographic data for compound 8 

 8 

formula C45H65N18OSc3 

CCDC 2358940 

M [g mol−1] 1009.03 

colour/shape colourless/block 

Crystal dimensions 
[mm] 

0.399 x 0.328 x 
0.128 

cryst. system triclinic 

space group P1" 

a [Å] 11.6097(7) 

b [Å] 13.0389(7) 

c [Å] 18.9316(11) 

a [°] 97.154(2) 

b [°] 96.121(2) 

g [°] 111.919(2) 

V [Å3] 2601.2(3) 

Z 2 

T [K] 100(2) 

wavelength [Å] 0.71073 

rcalcd [g cm−3] 1.288 

 [mm−1] 0.432 

F(000) 1064 

q range [°] 1.711/28.699 

unique reflns 13459 

observed reflns  103615 

[a]R1/[b]wR2 (I>2s)[a] 0.0376/0.0931 

[a]R1/[b]wR2 (all data) 0.0481/0.1005 

GOF[c] 1.026 

[a] R1 = Σ(||F0| - |Fc||) / Σ|F0|, F0 > 4σ(F0) [b] wR2 = {Σ[w(F0
2 - Fc

2)2 / Σ[w(F0
2)2]}1/2. [c] GOF = [Σw(F0

2 - Fc
2)2 / (n0 - np)]1/2 
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Reactivity of Mg(AlMe4)2 towards neutral
tris(pyrazolyl)alkanes†

Felix Kracht, Christoph Stuhl, Cäcilia Maichle-Mössmer and Reiner Anwander *

Various new tris(pyrazolyl)alkanes of the class R’CTp3-R (R’ = Me, Et, nPr, iBu; R = Et, cyPr, Cy, p-tBuPh,

Ph; cyPr = cyclopropyl, Cy = cyclohexyl, p-tBuPh = para-tert-butylphenyl) were synthesised and their

reactivity towards Mg(AlMe4)2 was examined. Along with new examples of recurring structural motifs,

such as separated ion pairs and “metal in a box” complexes, e.g., [(MeCTp3-Et)2Mg][AlMe4]2, several mag-

nesium complexes with new structural features/compositions were obtained. Treatment of the “metal in a

box” species [(MeCTp3-R)Mg][AlMe4]2 with THF donor gave the terminal methyl complex [(MeCTp3-cyPr)

MgMe(thf)2][AlMe4]. Variation of the backbone alkyl substituent R’ in the tris(pyrazolyl)alkane R’CTp3-Ph

gave ionic liquids (R’ = Et, nPr) and the methyl-bridged dimagnesium complex [({iBuCTp3-Ph}Mg

{AlMe4})2(µ-Me)][AlMe4]. The bulky Cy and p-tBuPh moieties at the pyrazolyl 3 position gave the new

structural motif [MeCTp3-RMg(ηn-AlMe4)][AlMe4] (η
3, R = Cy; η2, R = p-tBuPh), stabilising a “[Mg(AlMe4)]

+
”

entity. The AlMe3 group can be reversibly displaced under reduced pressure affording the new separated

ion pair [(MeCTp3-p-tBuPh)MgMe][AlMe4] with a terminal “[MgMe]+” moiety. Moderate thermal treatment of

both [(MeCTp3-p-tBuPh)MgMe][AlMe4] and [(MeCTp3-p-tBuPh)Mg(η2-AlMe4)][AlMe4] resulted in selective

C–H-bond activation in the 5 position of one of the pyrazolyl moieties and the formation of an AlMe3-

modified anionic tris(pyrazolyl)alkane and hence the neutral complex [MeC

(pz3-p-tBuPh)2(pz
3-p-tBuPh,5-AlMe3)]MgMe.

Introduction

While Grignard compounds RMgX (R = hydrocarbyl; X = Br,
Cl) are among the most eminent reagents in organic
synthesis,1–8 the elucidation of the Schlenk equilibrium has
clearly opened new avenues in organometallic chemistry.
Crucially, manipulation of the Schlenk equilibrium by donor
solvents features a viable path to dialkyl and diaryl magnesium
species.9,10 As early as 1964 Weiß structurally characterised
[MgMe2]n, which was obtained in this way.11 Since then,
several donor-stabilised monomeric and dimeric complexes of
[MgMe2]n have been reported (e.g., donor = quinuclidine, THF,
TMEDA).12–17

The seminal discoveries of tris(pyrazolyl)methane (HCTp)
by Hückel und Bretschneider in 1935 (ref. 18) and sub-
sequently of the trispyrazolylborato (Tp) scorpionate ligands in
1966 by Trofimenko paved the way for a new class of highly ver-
satile ancillary ligands applicable in various areas of coordi-
nation chemistry.19–27 Such polypyrazolyl scorpionate ligands

can be easily modified both at the pyrazole carbon atoms
(Tp3-R,5-R) and in the case of HCTp additionally at the apical
carbon atom (R′CTp3-R,4-R,5-R). Neutral R′CTp (R = H, alkyls)
have been repeatedly used to stabilise highly reactive mag-
nesium alkyl species.28 Also, several complexes of magnesium
bearing a mono-anionic CTp ligand have been structurally
characterised (see Scheme 1).29–34 “Metal in a box” complexes
such as (CTp3-R,4-R,5-R)2Mg (I) were first described by
Mountford and Breher in 2008.29 Here, the application of mag-
nesium dialkyl species led to the deprotonation of the back-
bone hydrogen. Similarly, such carbanion formation can be
triggered in the presence of highly basic [AlMe4] moieties,
which can subsequently form trialkylaluminium adducts (or
heteroaluminato-type species) to afford complexes
(R3AlCTp

3-R)2Mg (II).30,35 By using an alkylated backbone or by
protonating the apical carbanion with HOTf, separated ion
pair “metal in a box” complexes [(R′CTp3-R,5-R)2Mg][A]2 (III, A =
OTf, AlMe4) can be obtained.29,35–37 When HCTp is reacted
with a bulky magnesium base MgR2 (R = Ph or [N(SiMe3)2]) or
has a bulky substituent at the 3 position (adamantyl), deproto-
nation occurs as well but only one monoanionic CTp ligand
coordinates at the magnesium centre to yield (CTp3-Me,5-R)MgR
(do) (IV).29,30,34,35 Re-protonation of complexes of the type IV

afforded (HCTpMe,Me)MgX2(do) (V) with the neutral HCTp
donor.29,30,32

†Electronic supplementary information (ESI) available. CCDC 2386219–2386230.
For ESI and crystallographic data in CIF or other electronic format see DOI:
https://doi.org/10.1039/d4dt02722a

Institut für Anorganische Chemie, Eberhard Karls Universität Tübingen (EKUT), Auf

der Morgenstelle 18, 72076, Germany. E-mail: reiner.anwander@uni-tuebingen.de
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We have recently reported on several new magnesium tris
(pyrazolyl)alkane complexes that resulted from the treatment
of homoleptic tetramethylaluminate Mg(AlMe4)2 with differ-
ently substituted R′CTp3-R.35 The isolated complexes revealed
species of types II and III as recurring structural motifs.
Sterically demanding MeCTp3-R (R = tBu, Ph) ligands were able
to stabilise a [MgMe]+ fragment in compounds [(MeCTp3-R)
MgMe][A] (VI, A = AlMe4, Al2Me7). Use of silyl-substituted
Me3SiCTp resulted in SiMe4 elimination and formation of a
monoanionic heteroaluminate species “Me3AlCTp”.
Accordingly, a “metal in a box” complex could be prevented
and the neutral Me3AlCTp

3-MeMg(AlMe4) (VII) was isolated
with one [AlMe4] unit remaining at the magnesium centre.
Longer alkyl chains in the backbone led to the dimagnesium
complex [({nBuCTp3-Ph}Mg{AlMe4})2(µ-Me)][AlMe4] (VIII) with
the rare κ

2(N,N′) coordination mode of the RCTp ligand.
Finally, the MeCTp3-iPr ligand provided the appropriate steric
bulk to accommodate two [AlMe4] units at the magnesium
centre, namely MeCTp3-iPrMg(AlMe4)2 (IX).

35

In the present study, we further expanded the tris(pyrazo-
lyl)alkane ligand library [R′CTp3-R] to gain an even better
understanding of the steric influence of both the position 3
substituents on the pyrazolyl groups and the apical carbon
atom substitution on the stabilisation of magnesium alkyl
fragments.

Results and discussion
R′CTp3-R ligand synthesis

Several new R′CTp3-R derivatives were synthesized to investigate
the feasibility of additional bis(aluminate) complexes of the
favoured type IX (Scheme 1). The HCTp3-R derivatives 2 were
obtained from the corresponding 3-R-pyrazoles 1 applying the
phase-transfer catalysis reaction of Elguero et al., which was
optimised by Reger et al.38,39 To separate the desired product
from the three other formed isomers, the mixture was refluxed
with p-toluenesulfonic acid (Scheme 2). The apical carbon
atom was alkylated in a one-pot synthesis by initial lithiation
of the carbon atom with Li[N(SiMe3)2], followed by the
addition of alkyl halides, which gives the neutral tris(pyrazo-
lyl)alkane R′CTp3-R (3, Scheme 2 and Fig. 1).

Considering the successful formation of the donor-stabil-
ised bis(tetramethyl)aluminate magnesium complex IX

employing MeCTp3-iPr, tris(pyrazolyl)alkanes 3a–c were syn-
thesised to examine the steric demand of pyrazolyl substitu-
ents (R = Et, cyPr, Cy) comparable to the iPr group and to com-
plete the series of previously employed substituents Me and
iPr.35 The bulky 3d (R = 3-p-tBuPh) was selected not only to
prevent the formation of a “metal in a box” complex but also
to assess the feasibility of methyl activation and hence the for-
mation of a methylidene species. For comparison, the potass-
ium salt of isoelectronic monoanionic Tp3-p-tBuPh formed the
neutral complex Tp3-p-tBuPhMgMe when reacted with MgMe2.

40

We previously noticed a pronounced variability of the reactivity
of monomeric Mg(AlMe4)2

41,42 towards R′CTp3-Ph depending

Scheme 1 Structural motifs of reported magnesium tris(pyrazolyl)

alkane and methanide complexesa κ2(N,N’).

Scheme 2 Preparation of ligands R’CTp3-R 3a–g. (i) (nBu)4NBr, CHCl3,

Na2CO3, H2O, reflux, 3–7 d. (ii) pTsOH, toluene, 120 °C, 1 d. (iii) Li[N

(SiMe3)2], THF, −78 °C, 30 min. (iv) RI, THF, −78 °C to rt, 16 h.

Fig. 1 Representative solid-state structure of 3a. For the crystal struc-

tures of compounds 3b, 3c (connectivity) and 3e–g, see the ESI.†
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on the chain length of R′, affording either separated ion pairs
VI or the unusual methyl-bridged dimagnesium complex VIII.
To further examine the effect of distinct backbone alkylation,
the tris(pyrazolyl)alkanes 3e–g (R′ = Et, nPr, iBu) were targeted.
All ligands were purified by recrystallization or column chrom-
atography. Solid-state structures for 3a–c and 3e–g could be
determined by single-crystal X-ray diffraction (SCXRD) analysis
(Fig. 1 or ESI†). Tris(pyrazolyl)alkane backbone moieties other
than alkyl chains (e.g. H, SiMe3 or Bn = benzyl) were ruled out
since we found previously that their reaction with Mg(AlMe4)2
either led to decomposition or carbanion formation via the
displacement of the hydrogen atom at the apical carbon atom
with an AlMe3 moiety.

Magnesium R′CTp3-R complexes

Homoleptic Mg(AlMe4)2 was previously identified as a suitable
precursor preventing the decomposition of R′CTp3-R ligands as
observed in the case of MgMe2.

35 For the synthesis of the new
discrete magnesium complexes, a solution of Mg(AlMe4)2 in

n-hexane was added dropwise to a solution of 2d or 3a–g in
toluene (for an overview see Scheme 3).

To assess whether the sterically demanding HCTp3-p-tBuPh

(2d) can prevent methanide formation and any concomitant
functionalization of the apical carbon atom, Mg(AlMe4)2 was
treated with the crude product of 2d. However, SCXRD analysis
of the crystallized product revealed the recurring structural
motif of the neutral “metal in a box” bis(methanide) complex
(Me3AlCTp

3-p-tBuPh)2Mg (4) (see the ESI†). Even the bulky p-
tBuPh groups protrude into the coordination sphere of the
other scorpionate ligand and thus cannot prevent the accom-
modation of two monoanionic heteroaluminato ligands. The
magnesium centre in 4 is coordinated by the six nitrogen
atoms of the two methanide ligands in a distorted octahedral
fashion with N–Mg–N angles in the range of 85.45(9) to 102.49
(14)°. The apical carbon–magnesium–apical carbon axis is
close to linear (178.58°).

Treatment of Mg(AlMe4)2 with 3a/b instantly gave a white
precipitate indicative of the formation of a separated ion pair

Scheme 3 Reaction of Mg(AlMe4)2 with 2d, 3a–d and 3g in a toluene/n-hexane mixture.
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with a “metal in a box” structure. This very structural motif
could be confirmed by the solid-state structure of complex
[(MeCTp3-Et)2Mg][AlMe4]2 (5a) (Fig. 2). Two MeCTp3-Et ligands
coordinate the magnesium centre in the κ

3(N,N′,N″) mode
forming a dicationic entity with two [AlMe4]

− anions as
counter ions. The six-coordinated magnesium centre adopts a
slightly distorted octahedral geometry with longer distances to
the equatorial nitrogen atoms (Mg1–N2, 2.1666(10) Å; Mg1–
N4, 2.1676(10) Å; Mg1–N6, 2.1458(10) Å). All observed Mg–N
distances are in the expected range of magnesium complexes
bearing two tris(pyrazolyl)methane ligands (2.113(1)–2.196(1)
Å).29–31,33,35 The CH2 groups of the ethyl moiety are almost co-
planar with the magnesium centre and the CH3 groups are dis-
placed only marginally from this plane. The apical carbon
atom (C01) adopts an almost ideal tetrahedral geometry
(109.21(9)–109.93(9)°). The NMR spectra of 5a match those
found in the reference literature, with ligand signals only
slightly shifted.

In the 13C NMR spectrum, the two [AlMe4]
− ions appear as

a non-binominal sextet at δ = −4.2 ppm due to the interaction
with the 27Al nucleus (I = 5/2, 1J (Al,C) = 70.4 Hz) (Fig. S29†).43

In the 1H NMR spectrum, the proton signals of the [AlMe4]
−

moieties appear at δ = −1.28 ppm but the expected sextet is
not fully resolved (Fig. S28†).

Given the similar reaction behaviour of the Mg(AlMe4)2/3b
mixture involving product precipitation, the formation of puta-
tive complex [(MeCTp3-cyPr)2Mg][AlMe4]2 (5b) seemed obvious.
However, a crystalline material could only be obtained by
heating a solid sample in a J. Young valve NMR tube to 150 °C
in toluene. The structural motif of a separated ion pair

[(MeCTp3-cyPr)2Mg][AlMe4]2 could be confirmed by a connec-
tivity structure of crystals obtained under these harsh con-
ditions (Fig. S6†). The formation of the “metal in a box”
complex came as a surprise since the steric difference of cyPr
and iPr is marginal. It is likely that the conformational/
rotational flexibility of the iPr methyl moieties counteracts the
coordination of a second MeCTp ligand. Because of the high
insolubility of the precipitated product in aliphatic and aro-
matic solvents, THF was used as a solvent for NMR measure-
ments. The 1H NMR spectrum indicated that the separated ion
pair converted to a complex of the type [(MeCTp3-R)MgMe
(thf)2][AlMe4] as proposed previously by NMR spectroscopy.35

Crystallisation could be achieved by cooling the THF solution
to −40 °C revealing the solid-state structure of methyl complex
[MeCTp3-cyPrMgMe(thf)2][AlMe4] (6) (Fig. 3). The [MgMe]+ frag-
ment is coordinated by one MeCTp3-cyPr ligand and two THF
donor molecules, which are fully separated from the charge-
balancing [AlMe4]

− counter ion. The magnesium centre adopts
a distorted octahedral geometry with angles ranging from
78.18(10) to 105.39(17)°.

Unsurprisingly, the Mg1–C001 distance of 2.182(4) Å is
slightly longer than those of 4-coordinate terminal methyl
magnesium complexes [MeCTp3-RMgMe][AlMe4] (R = tBu:
2.115(2) Å and R = Ph: 2.091(2) Å) and TpR,MeMgMe (R = Me:
2.097(4) Å and R = tBu: 2.119(3) Å) but distinctly shorter than
the Mg–C distance involving the bridging position of MgMe2
with 2.234(2) and 2.24(3) Å.11,35,44,45 However, the Mg1–C001
distance in 6 is in line with other six-coordinate terminal
methyl complexes [MeMg(15-crown-5)][A] (A = Me5Mg2: 2.140
(7) Å and A = Cp: 2.124(2) Å) and [MeMg(thf )(dme)2]I (2.162(6)
Å).46–48 It appears that the cyPr substituents of 6 provide
enough steric flexibility so that the magnesium centre can
accommodate two THF molecules, which is in contrast to com-
plexes [MeCTp3-RMgMe][AlMe4] (VI; R = tBu, Ph) mentioned
above, in which the THF solvent is not coordinated to
magnesium.

Fig. 2 Crystal structure of 5a. Hydrogen atoms, one lattice THF mole-

cule and the second [AlMe4]
− are omitted for clarity and atomic displa-

cements are set at a 50% probability level.

Fig. 3 Crystal structure of 6. Hydrogen atoms are omitted for clarity

and atomic displacements are set at a 50% probability level.
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For further probing the impact of the apical carbon substi-
tution, Mg(AlMe4)2 was reacted with R′CTp3-Ph (R′ = Et (3e), nPr
(3f ), and iBu (3g)). Note that complexes [MeCTp3-PhMgMe]
[AlMe4] (R′ = Me, type VI) and [({nBuCTp3-Ph}Mg{AlMe4})2(µ-
Me)][AlMe4] (R′ = nBu, VIII) were identified previously.35

Accordingly, instant oil formation was observed in the case of
tris(pyrazolyl)alkanes 3e and 3f. The crude products showed
characteristic behaviour of an ionic liquid, impeding their crys-
tallographic characterization. Moreover, the 1H NMR spectra
showed broadened signals that were not indicative of any
structural motif detected so far. However, the Mg(AlMe4)2/3g
reaction produced colourless crystals suitable for SCXRD ana-
lysis. The connectivity structure revealed that the methyl-
bridged dimagnesium complex [({iBuCTp3-Ph}Mg{AlMe4})2(µ-
Me)][AlMe4] (7, Fig. S8†) is isostructural to the previously
identified n-butyl derivative VIII.

Further increasing the steric demand of the substituent in
the 3 position of the pyrazole rings (compared to R′ = iPr, com-
pound IX), Mg(AlMe4)2 was reacted with 3c bearing cyclohexyl
(Cy) groups. Crystals suitable for SCXRD analysis were
obtained by recrystallisation in 1,2-difluorobenzene. The solid-
state structure revealed the new structural motif of the separ-
ated ion pair [(MeCTp3-Cy)Mg(AlMe4)][AlMe4] (8) (Fig. 4).

The MeCTp3-Cy ligand stabilises a [Mg(AlMe4)]
+ fragment

via κ
3(N,N′,N″) coordination while the [AlMe4] ligand interacts

with the magnesium centre in an η
3 fashion. The monoanionic

[AlMe4] counter ion is fully separated. The magnesium centre
adopts a slightly distorted octahedral geometry with both
ligands coordinating in a facial manner. The C01–Mg1–Al1
axis running through the ligand backbone is almost linear
(176.45°). As expected the cyclohexyl groups adopt the chair
conformation pointing away from the magnesium centre just
like the cyPr groups in 6 and the iPr groups in IX.35

Crystallisation of the reaction product formed by the treat-
ment of Mg(AlMe4)2 with the bulky 3d (with R′ = p-tBuPh) was
achieved by redissolving the residue in benzene and dropwise
addition of n-pentane to the solution at 40 °C. As detected for
8, the solid-state structure revealed the formation of a mono-
cationic complex entity in [(MeCTp3-p-tBuPh)Mg(AlMe4)][AlMe4]
(9) (Fig. 5) with the magnesium centre also coordinated with
one tris(pyrazolyl)ethane ligand in the κ

3(N,N′,N″) mode.
However, due to the enhanced steric demand of 3d compared to
3c, this time the [AlMe4] unit is η

2-coordinated. The now 5-coordi-
nate magnesium centre adopts a strongly distorted square pyra-
midal geometry with two nitrogen atoms (N2 and N4) of the scor-
pionate ligand and two carbon atoms of the [AlMe4] unit (C40
and C41) located in the equatorial and one ligand nitrogen (N6,
the “sting”) in the apical position. Hence, the coordination of the
MeCTp3-p-tBuPh ligand itself appears highly asymmetrical, very
much scorpionate-like with two pincers and one sting. The puta-
tive sixth coordination position for octahedral geometry is
approached by ortho-carbon atoms of two different phenyl rings
(C18: 3.592, C9: 3.700 Å). The overall asymmetric coordination of
the scorpionate ligand is also seen in the distance of the phenyl
rings, measured by the distance of the ortho-carbon atoms
closest to each other (C9–C18 4.118 Å, C5–C31 6.187 Å, and C22–
C35 8.567 Å) and furthermore in the N–N distances between the
three coordinating nitrogen atoms (N2–N4 2.717 Å, N2–N6
2.877 Å, and N4–N6 3.110 Å), as well as by the N–Mg–N angles
(N2–Mg1–N4 76.64(5)°, N2–Mg1–N6 83.24(6)°, and N4–Mg1–N6
91.91(6)°). Finally, the C01–Mg1–Al1 axis deviates considerably
from linearity (165.43°).

The pronounced asymmetric tris(pyrazolyl)ethane coordi-
nation in complex 9 is not detected in the ambient tempera-

Fig. 4 Crystal structure of 8. Hydrogen atoms are omitted for clarity

and atomic displacements are set at a 50% probability level.

Fig. 5 Crystal structure of 9. Hydrogen atoms, the lattice [D6]benzene

molecules and the disorder in one tBu group are omitted for clarity and

atomic displacements are set at a 50% probability level.
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ture 1H NMR spectrum, which is similar to that of complex 8.
The two pyrazole hydrogen atoms in the 4- and 5 positions
appear as multiplets in the aromatic region at δ = 8.03/
7.84 ppm and δ = 6.28/5.80 ppm, respectively, with an integral
of each being three. Also, there is only one sharp signal found
for the bridging and terminal methyl groups of the co-
ordinated [AlMe4] unit and for the methyl groups of the dis-
placed [AlMe4] at δ = −0.19 (8)/−0.34 ppm (9), which indicates
fast exchange of the coordinated and free tetramethyl-
aluminato groups. Because of this dynamic behaviour VT 1H
NMR spectroscopy experiments were performed on both com-
plexes 8 and 9 (Fig. S34/38†). Accordingly, the signals at δ =
−0.19 ppm and δ = −0.34 ppm broaden as the temperature
decreases. For 8, the signal splits into two separated singlets at
−50 °C while for 9 this behaviour is detected at −60 °C. At
−80 °C, these two signals are located at δ = 0.18 and
−0.06 ppm (8) and at δ = 0.24 and −0.79 ppm (9), both in a
ratio of 2 : 1. All other signals ascribed to 8 split into two
signals at −80 °C even that of the backbone methyl group,
which means that the [AlMe4] group exchange is more compli-
cated. The same signal splitting is observed for 9 (at −80 °C)
except that the signal of the backbone methyl group appears
as a very broad signal. This could indicate that for 9 only one
R′CTp3-R ligand species is present during the exchange of the
[AlMe4] groups, but acts in a hemilabile fashion with one arm
off. The splitting of the signals is completely reversible for
both complexes upon warming the solutions to ambient temp-
eratures. Complex 9 also remains intact when heated to 80 °C
and re-cooled to ambient temperature.

Behaviour of [(MeCTp3-p-tBuPh)Mg(AlMe4)][AlMe4] (9) at

elevated temperatures and under vacuum

As revealed by 1H NMR spectroscopy, further heating of
complex 9 to 90 °C led to a selective activation of the scorpio-
nate ancillary ligand. Full conversion was indicated by a new
set of signals showing the pyrazolyl moieties in a ratio of 1 : 2
along with the backbone methyl group, which appeared
slightly shifted to lower field. Slow evaporation of the solvent
generated crystals suitable for SCXRD analysis. The solid-state
structure revealed C–H-bond activation of one pyrazole ring at
the 5 position forming the neutral complex [MeC(pz3-p-tBuPh)2
(pz3-p-tBuPh,5-AlMe3)]MgMe (10) (Scheme 4 and Fig. 6). Notably,
heating a solution of 10 to 100 °C resulted in complete
decomposition. Complex 10 adopts a distorted tetrahedral geo-
metry with the magnesium centre accommodating the new
scorpionate ligand in the routine η

3 fashion and a terminal
methyl group. The Mg1–C43 distance of 2.090(2) Å matches
other terminal Mg–C distances of tetrahedral magnesium
methyl complexes.35,44 Due to the metalation of one pyrazolyl
ring the scorpionate ligand is monoanionic. Because of this
and the less bulkier methyl group the overall geometry of the
ligand scaffold is more symmetrical in comparison with that
of complex 9. As a consequence, the N–N distances of the
three coordinating nitrogen atoms lie between 2.842 and
2.873 Å (cf., 9 Δmax = 0.393 Å) and the C01–Mg1–C43 axis is
close to linear (177.65°). Since the scorpionate ligand in 10 is

monoanionic, complex 10 is now comparable to the
Tp3-p-tBuPhMgMe complex proposed by Parkin.40 A striking
feature of the 1H NMR spectrum of 10 is the considerable low-
field shift at δ = 7.32 ppm of the singlet of the hydrogen atom
in the 4 position of the activated pyrazolyl ring. In contrast,
the doublet signal of the hydrogen atom in the 4 position of
the non-activated pyrazolyl rings appears at δ = 5.90 ppm. The
methyl ligand and the AlMe3 group were detected at δ =
−0.99 ppm and 0.16 ppm, respectively.

By applying reduced pressure, AlMe3 can be displaced from
complex 9 forming the new separated ion pair
[(MeCTp3-p-tBuPh)MgMe][AlMe4] (11) (Scheme 4). The 1H NMR
spectrum of 11 shows slightly shifted signals of the ancillary
ligand while the counter ion [AlMe4] and the methyl group co-

Scheme 4 Thermal activation and reversible coordination of AlMe3 in

complex 9. R = p-tBuPh.

Fig. 6 Crystal structure of 10. Hydrogen atoms and two solvent

toluene molecules are omitted for clarity and atomic displacements are

set at a 50% probability level.
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ordinated to the magnesium centre appear as two distinct
signals at δ = −0.09 ppm and −1.04 ppm, respectively
(Fig. S42†). Adding a stoichiometric amount of AlMe3 to 11 re-
formed complex 9 quantitatively, thus proving full reversibility.
This behaviour is reminiscent of the TpMe,MeMg(AlMe4)/
TpMe,MeMgMe system engaging in donor-induced tetraalkylalu-
minate cleavage.42 Heating complex 11 to 90 °C also led to the
formation of complex 10, suggesting that the C–H-bond acti-
vation in the 5 position of the pyrazolyl moiety is caused by
the attack of the separated [AlMe4] anion via the release of
methane.

Cone angle calculations

The mathematically exactly calculated cone angles49 of the
scorpionate ligands of the newly synthesised complexes are
shown in Table 1. The cone angles featured by
[(MeCTp3-Et)2Mg][AlMe4]2 (5a, Θ° = 247.95°) and
[MeCTp3-cyPrMgMe(thf)2][AlMe4] (6, Θ° = 250.80°) are very close
to that observed for the bis(tetramethylaluminato) complex
[(MeCTp3-iPr)Mg(AlMe4)2] (Θ = 248.76°).35 Despite this simi-
larity, completely different coordination environments exist
even though all complexes exhibit a coordination number of
six. It seems that the slightly higher steric demand of the iPr
group in comparison to Et and cyPr, caused by the flexibility of
the two Me groups, is sufficient to prevent the formation of the
“metal in a box” complex. As expected the cone angle calcu-
lated for [(MeCTp3-Cy)Mg(AlMe4)][AlMe4] (8) (Θ° = 260.64°) is
distinctly higher than that enforced by the iPr, Et or cyPr sub-
stituents, which allows the stabilization of the Mg(η3-AlMe4)

+

fragment with three methyl groups coordinated to the metal
centre. The tentative cone angles of the two disordered species
of 9 are determined as Θ° = 289.60° and Θ° = 291.34°. The
only magnesium complexes with a cone angle comparable to 9

are [(MeCTp3-Ph)MgMe][AlMe4] (Θ° = 282.84°) and the extre-
mely bulky [(CTpAd,Me)MgMe] (Θ° = 301.47°).35,50 Upon
thermal C–H-bond activation and formation of [MeC
(pz3-p-tBuPh)2(pz

3-p-tBuPh,5-AlMe3)]MgMe (10), the cone angle
increased even further to Θ° = 299.10°. Now that the scorpio-
nate ligand has a negative charge it is better comparable to the
adamantyl methanide complex [(CTpAd,Me)MgMe] and both
angles are indeed very close. Comparing the cone angles of
(Me3AlCTp

3-p-tBuPh)2Mg (4) and 10, which both feature anionic
scorpionate ligands with p-tBuPh moieties in the 3 position,
there is a difference of 11.08°. Therefore, the ligand co-
ordinated to the metal centre opposite to the examined/calcu-
lated R′CTp3-R ligand has a vast influence on the cone angle
too.

Conclusions

The scope of the tris(pyrazolyl)alkane R′CTp3-R library, here
with varying substituents in the pyrazolyl 3 position and at the
apical carbon atom, could be successfully expanded by deriva-
tives MeCTp3-Et, MeCTp3-cyPr, MeCTp3-Cy, MeCTp3-p-tBuPh,
EtCTp3-Ph, nPrCTp3-Ph and iBuCTp3-Ph (cyPr = cyclopropyl, Cy =
cyclohexyl, 3-p-tBuPh = para-tert-butylphenyl). As anticipated,
the reaction of bis(tetramethylaluminato) magnesium
Mg(AlMe4)2 with neutral tris(pyrazolyl)alkanes R′CTp3-R is
strongly dependent on the steric effect of such scorpionate
ligands, resulting in the partial or full displacement of the alu-
minato ligands. The smaller Et and cyPr substituents in the 3
position favour the formation of the recurring “undesired”
structural motifs of a “metal in a box” complex
[(MeCTp3-R)2Mg][AlMe4]2 (R = Et, cyPr). The bulky Cy and
p-tBuPh moieties led to the separated ion pairs [(MeCTp3-R)Mg
(AlMe4)][AlMe4] (R = Cy, p-tBuPh) with distinct η

2- and η
3-

coordination modes of the AlMe4 moiety. Variation of the alkyl
substituent R′ at the apical carbon atom of R′CTp3-Ph (R′ = Et,
nPr, iBu) led to the isolation of the dimagnesium species
[({iBuCTp3-Ph}Mg{AlMe4})2(µ-Me)][AlMe4] with a κ

2(N,N′)
coordination mode of the tris(pyrazolyl)alkane ligand.
Separated ion pairs of the type [(MeCTp3-R)Mg(AlMe4)][AlMe4]
are prone to AlMe3 separation, when exposed to a vacuum, and
a selective pyrazolyl deprotonation, upon thermal treatment.
The latter C–H-bond activation is triggered by the non-coordi-
nating [AlMe4] anion and generates a new monoanionic scor-
pionate ligand in [MeC(pz3-p-tBuPh)2(pz

3-p-tBuPh,5-AlMe3)]MgMe
featuring a terminal Mg–CH3 moiety.

Experimental
General considerations

All manipulations were performed under rigorous exclusion of
air and moisture under an argon atmosphere (<1 ppm O2,
<1 ppm of H2O) in an MB200B glovebox (MBraun) or according
to standard Schlenk techniques and in oven-dried glassware.
Solvents (THF, n-pentane, n-hexane, Et2O and toluene) were
purified by using Grubbs-type columns (MBraun SPS-800,
solvent purification system) and stored inside a glovebox. THF
was dried further over molecular sieves. [D6]Benzene, [D8]
toluene and [D8]THF were obtained from Sigma Aldrich and
dried over a Na/K alloy and filtered prior to use. 1,4-Dioxane
was dried over sodium metal, distilled and degassed and
stored inside a glovebox. 1,2-Difluorobenzene was purchased
from Sigma Aldrich, dried over CaH2, distilled and degassed
prior to use. Acetophenone (>98%), benzophenone (>98%),
n-BuLi (2.5 M in n-hexane), cyclopropyl methyl ketone (99%),
1,4-dihydro-2H-pyrane (>97%), ethyl bromide (>99%), ethyl
iodide (99%, copper stabilized), hexamethyldisilazane (>99%),
hydrazine dihydrochloride (>98%), methylmagnesium
bromide (3 M in Et2O), n-propyl iodide (99%), 1-iodo-2-methyl-
propane (97%, copper stabilized), pyrazole (>98%) and tetra-n-
butylammonium bromide (98%) were purchased from Sigma

Table 1 Overview of the mathematically exactly calculated cone angle

Θ° of the magnesium tris(pyrazolyl)alkane complexes under study (see

the ESI† for calculations)

4 5a 6 8 9 10

288.02 247.95 250.80 260.64 289.60 299.10
291.34
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Aldrich and used as received. Iodomethane (>99%) and methyl
tert-butyl ether (MTBE) were purchased from Acros Organics
and used as received. N,N-Dimethylformamide dimethylacetate
(>97%), 4′-tert-butylacetophenone (98%) and trimethyl-
aluminium (98%) were purchased from abcr and used as
received. Cyclohexyl methyl ketone (95%) was purchased from
Alfa Aesar and used as received. Li[N(SiMe3)2],

51 MgMe2
9,10

and Mg(AlMe4)2
41 were synthesized according to the literature

procedures. The 3-R-pyrazoles 1 were synthesized according to
standard procedures (R = Et,52 cyPr,53 Cy,53 Ph,53 p-tBuPh 53).
Argon was supplied by Westfalen AG. 1H and 13C NMR spectra
were recorded on a Bruker AVII+400 spectrometer (1H:
400.11 MHz; 13C: 100.61 MHz) at 299 K. The chemical shifts
compiled in the Experimental section are referenced to solvent
residual resonances in parts per million relative to tetramethyl-
silane. The variable temperature 1H NMR spectra of 8 and 9

were recorded in a J. Young valve NMR tube on a Bruker
AVII+500 spectrometer (1H: 500.13 MHz; 13C: 125.76 MHz) at
299 K. IR spectra were recorded on a NICOLET 6700 FTIR
spectrometer (Thermo Fisher Scientific). The samples were
mixed with KBr powder and measured in a DRIFT cell with
KBr windows. DRIFT data were converted by using the
Kubelka–Munk refinement. Elemental analyses were per-
formed on an Elementar Vario MICRO cube. Single crystals were
grown from saturated solutions of [D6]benzene, 1,2-difluoroben-
zene, Et2O, MTBE, n-pentane, or THF by standard techniques.
Suitable single crystals for X-ray structure studies were selected in
a glovebox and coated with Parabar 10312 (Hampton Research).
Crystallographic data were measured on a Bruker APEX II DUO
instrument equipped with an IµS micro focus sealed tube and
QUAZAR optics for MoKα radiation (λ = 0.71073 Å). The structures
were solved by direct methods using SHELXT software packages
and refined on F2 (with all independent reflections) using the
SHELXL software package. The non-hydrogen atoms were refined
anisotropically. All hydrogen atoms of C–H bonds were located
using a riding model at the expected position for hydrogen with a
fixed interatomic distance.

General procedure for the synthesis of 2. The synthesis of
tris(pyrazolyl)alkanes 2 was achieved according to the litera-
ture procedure by Reger.39 In a 1 L three-necked flask with a
KPG stirrer the corresponding 3-alkylpyrazole (1 equiv.),
Na2CO3 (20 equiv.) and (n-Bu)4NBr (0.05 equiv.) were dissolved
in 350 mL each of water and CHCl3. The reaction mixture was
heated to 95 °C and was stirred vigorously until completeness
(3–7 days). After cooling to ambient temperature, water was
added to dissolve excess Na2CO3. The organic layer was separ-
ated and the solvent was removed under reduced pressure.
After redissolving the residue in Et2O and combining all layers
the aqueous layer was washed three times with Et2O. The com-
bined organic layers were dried over Na2SO4, filtered and the
solvent was removed under reduced pressure. The residual
dark red oil was redissolved in 200 mL of toluene in a 500 mL
round bottom flask. After adding 400 mg of pTsOH the
mixture was heated to reflux for 1 d. After cooling to ambient
temperature, the reaction mixture was washed with brine and
the aqueous layer was extracted three times with Et2O. The

combined organic layers were dried with Na2SO4 and filtered.
After removal of the solvent in vacuo an oil was obtained.
Unreacted pyrazole could be separated by sublimation. The 1H
NMR spectra showed that the oil was a mixture of the desired
product 2 (HC(pz3-R)3) and the undesired isomer (HC
(pz3-R)2(pz

5-R)) with one flipped pyrazolyl moiety. The isomer
ratio depended on the steric bulk of the corresponding pyra-
zole and was determined by comparison of the backbone
hydrogen H-CTp3-R signal integrals. Used quantities and yields
for 2:

HCTp3-Et (2a). 3-Ethylpyrazole (27.2 g, 282 mmol), Na2CO3

(180 g, 1.697 mol), and (n-Bu)4NBr (4.56 g, 14 mmol). Reaction
time: 7 d. 2a was obtained as a dark red oil (88%, 24.7 g,
82.9 mmol). The ratio of the crude product mixture: 2a :
undesired isomer = 1 : 0.4.

HCTp3-cyPr (2b). 3-Cyclopropylpyrazole (25.0 g, 231 mmol),
Na2CO3 (143 g, 1.350 mol), and (n-Bu)4NBr (3.62 g, 11 mmol).
Reaction time: 7 d. 2b was obtained as a dark brown oil (81%,
21.1 g, 63 mmol). The ratio of the crude product mixture: 2b :
undesired isomer = 1 : 0.6.

HCTp3-Cy (2c). 3-Cyclohexylpyrazole (24.0 g, 160 mmol),
Na2CO3 (102 g, 960 mmol), and (n-Bu)4NBr (2.58 g, 8.0 mmol).
Reaction time: 5 d. 2c was obtained as a dark red oil in a quan-
titative yield. The ratio of the crude product mixture: 2c :
undesired isomer = 1 : 0.2.

HCTp3-p-tBuPh (2d). 3-para-tert-Butylphenylpyrazole (25.0 g,
124 mmol), Na2CO3 (79.4 g, 749 mol), and (n-Bu)4NBr (2.0 g,
6.2 mmol). Reaction time: 7 d. 2d was obtained as a dark red
oil (50%, 11.4 g, 19 mmol). The ratio of the crude product
mixture: 2d : undesired isomer = 1 : 0.1.

HCTp3-Ph (2e). 3-Phenylpyrazole (25.0 g, 173 mmol), Na2CO3

(110 g, 1.040 mol), and (n-Bu)4NBr (2.80 g, 8.7 mmol).
Reaction time: 3 d. 2e was obtained as a dark red oil (45%,
11.5 g, 26 mmol). The ratio of the crude product mixture: 2e :
undesired isomer = 1 : 0.1.

Preparation and characterization of compounds 3, 4, 5, 6, 8, 9,

10 and 11

MeCTp3-Et (3a). The crude product of HCTp3-Et (2a) (3.00 g,
10.1 mmol) was dissolved in 80 mL of THF. After cooling to
−78 °C, a solution of Li[N(SiMe3)2] (2.52 g, 15.1 mmol) in THF
was added dropwise. The reaction mixture was allowed to
warm to ambient temperature and stirred for another hour.
After re-cooling to −78 °C, MeI (0.94 mL, 15.1 mmol) was
added dropwise and the mixture was allowed to warm to
ambient temperature. After stirring at ambient temperature
overnight, water (50 mL) was added, THF was removed under
reduced pressure and the aqueous solution was extracted three
times with Et2O (50 mL). The combined organic layers were
dried over Na2SO4, filtered and the solvent was removed under
reduced pressure. The obtained dark red oil was chromato-
graphed on a silica gel column that was packed and flushed
with a mixture of 3 : 1 petroleum ether and Et2O. The fractions
containing the desired product were combined and the solvent
was removed under reduced pressure, which gave 3a as a col-
ourless powder (670 mg, 2.14 mmol, 28%). Crystals suitable

Dalton Transactions Paper

This journal is © The Royal Society of Chemistry 2024 Dalton Trans., 2024, 53, 19280–19291 | 19287

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 2

1
 O

ct
o
b
er

 2
0
2
4
. 
D

o
w

n
lo

ad
ed

 o
n
 1

/2
7
/2

0
2
5
 3

:2
1
:5

3
 P

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n

 3
.0

 U
n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online



for SCXRD analysis could be obtained by recrystallization from
MTBE. 1H NMR (400.1 MHz, CDCl3, 26 °C): δ = 6.52 (d, 3H,
3JHH = 2.5 Hz; 5-H(pz)), 6.09 (d, 3H, 3JHH = 2.5 Hz; 4-H(pz)),
2.91 (s, 3H; CH3CTp), 2.67 (q, 6H, 3JHH = 7.6 Hz; CH2CH3),
1.24 ppm (t, 3H, 3JHH = 7.6 Hz; CH2CH3).

13C{1H} NMR
(100.6 MHz, CDCl3, 26 °C): δ = 156.7 (3-C(pz)), 129.6 (5-C(pz)),
104.8 (4-C(pz)), 90.1 (CH3CTp), 25.9 (CH3CTp), 21.6 (CH2CH3),
13.8 ppm (CH2CH3). DRIFTS: ṽmax = 3134w, 3115w, 2969s,
2935m, 2873m, 2641vw, 1703vw, 1526s, 1467m, 1454m, 1371s,
1312m, 1260s, 1209s, 1112m, 1049s, 1008w, 976m, 952w, 796s,
759s, 659w, 632w, 578vw, 439vw cm−1. Elemental analysis
calcd (%) for C17H24N6 (312.42 g mol−1): C 65.36, H 7.74, N
26.90; found: C 65.49, H 7.47, N 26.94.

MeCTp3-cyPr (3b). Following the procedure described for 3a,
the crude product of 2b (3.00 g, 8.89 mmol), Li[N(SiMe3)2]
(1.95 g, 11.7 mmol) and MeI (1.50 mL, 11.2 mmol) yielded 3b

as a brownish oil as the crude product. Further purification
was achieved by flash column chromatography with a
3 : 1 mixture of petroleum ether and Et2O with subsequent
recrystallization from Et2O to afford 3b as colourless crystals
(983 mg, 2.82 mmol, 31%) suitable for SCXRD analysis. 1H
NMR (400.1 MHz, CDCl3, 26 °C): δ = 6.46 (d, 3H, 3JHH = 2.6 Hz,
5-H(pz)), 5.85 (d, 3H, 3JHH = 2.6 Hz, 4-H(pz)), 2.84 (s, 3H,
CH3CTp), 1.92 (m, 3H, (CH2)2CH), 0.88 (m, 6H, (CH2)2CH),
0.67 ppm (m, 6H, (CH2)2CH). 13C{1H} NMR (100.6 MHz,
CDCl3, 26 °C): δ = 157.2 (3-C(pz)), 129.7 (5-C(pz)), 102.7 (4-
C(pz)), 90.1 (CTp), 25.8 (CH3CTp), 9.4 ((CH2)2CH), 8.2 ppm
((CH2)2CH). DRIFTS: ṽmax = 3142w, 3124w, 3087vw, 3003m,
2952w, 2852vw, 2469vw, 2075vw, 1708w, 1613vw, 1531vs,
1480m, 1444m, 1397s, 1371s, 1305s, 1259vs, 1220s, 1208vs,
1177s, 1113m, 1045s, 988s, 883m, 763s, 709vw, 561vw, 631vw,
488vw cm−1. Elemental analysis calcd (%) for C20H24N6

(348.21 g mol−1): C 68.94, H 6.94, N 24.12; found C 68.86, H
6.85, N 23.99.

MeCTp3-Cy (3c). Following the procedure described for 3a,
the crude product of 2c (2.65 g, 5.75 mmol), Li[N(SiMe3)2]
(1.93 g, 11.5 mmol) and MeI (0.72 mL, 11.5 mmol) yielded a
mixture of a dark red oil and small cubic crystals. After recrys-
tallization from methyl tert-butyl ether and washing with
MeOH, 3c could be obtained as cubic colourless crystals
(344 mg, 0.72 mmol, 13%). 1H NMR (400.1 MHz, CDCl3,
26 °C): δ = 6.39 (m, 3H; 5-H(pz)), 6.05 (m, 3H; 4-H(pz)), 2.90 (s,
3H; CH3CTp), 2.68 (m, 3H; 1-H(Cy)), 1.96–1.94 (m, 6H; 2,6-
H(Cy)), 1.80–1.77 (m, 6H; 3,5-H(Cy)), 1.73–1.69 (m, 3H; 4-
H(Cy)), 1.45–1.31 (m, 12H; 2,6-; 3,5-H(Cy)), 1.30–1.20 ppm (m,
3H; 4-H(Cy)). 13C{1H} NMR (100.6 MHz, CDCl3, 26 °C): δ =
160.3 (3-C(pz)), 129.4 (5-C(pz)), 103.4 (4-C(pz)), 90.3 (CH3CTp),
37.7 (1-C(Cy)), 33.2 (2,6-C(Cy)), 26.3 (3,5-C(Cy)), 26.1 (4-C(Cy)),
25.7 ppm (CH3CTp). DRIFTS: ṽmax = 2922s, 2849m, 1522m,
1447w, 1370w, 1347vw, 1289vw, 1260m, 1232w, 1213w, 1132vw,
1106vw, 1058w, 1033vw, 977w, 891vw, 817vw, 793m, 768w,
752m, 640vw cm−1. Elemental analysis calcd (%) for C29H42N6

(474.70 g mol−1): C 73.38, H 8.92, N 17.70; found: C 73.23, H
8.73, N 17.42.

MeCTp3-p-tBuPh (3d). Following the procedure described for
3a, the crude product of 2d (2.00 g, 3.27 mmol), Li[N(SiMe3)2]

(822 mg, 4.91 mmol) and MeI (0.31 mL, 4.91 mmol) yielded a
mixture of a dark red oil and a colourless solid. The solid was
washed five times with n-pentane. Further purification was
achieved by flash column chromatography with a 5 : 1 mixture
of petroleum ether and Et2O to afford 3d as a colourless
powder (671 mg, 10.7 mmol, 33%). 1H NMR (400.1 MHz,
CDCl3, 26 °C): δ = 7.79 (m, 6H; o-H(Ph)), 7.45 (m, 6H; m-
H(Ph)), 6.82 (d, 3H, 3JHH = 2.5 Hz; 5-H(pz)), 6.58 (d, 3H, 3JHH =
2.5 Hz; 4-H(pz)), 3.16 (s, 3H; CH3CTp), 1.36 ppm (s, 27H;
C(CH3)3).

13C{1H} NMR (100.6 MHz, CDCl3, 26 °C): δ = 153.2
(3-C(pz)), 151.3 (p-C(Ph)), 130.5 (5-C(pz)), 130.1 (i-C(Ph)), 125.7
(o-C(Ph)), 125.5 (m-C(Ph)), 103.8 (4-C(pz)), 91.1 (MeCTp), 34.6
(C(CH3)3), 31.3 (C(CH3)3), 26.0 ppm (CH3CTp). DRIFTS: ṽmax =
3127vw, 2963m, 2902w, 2865w, 1719vw, 1668vw, 1605vw,
1501m, 1450w, 1387w, 1365w, 1268m, 1232s, 1124w, 1089vw,
1047w, 1017vw, 978vw, 948vw, 839m, 793m, 763m, 742w,
700vw, 642vw, 560w, 501vw cm−1. Elemental analysis calcd (%)
for C41H48N6 (624.88 g mol−1): C 78.81, H 7.74, N 13.45; found:
C 79.01, H 7.85, N 13.35.

EtCTp3-Ph (3e). Following the procedure described for 3a, the
crude product of 2e (2.00 g, 4.52 mmol), Li[N(SiMe3)2]
(983 mg, 5.88 mmol) and EtI (542 μL, 6.78 mmol) yielded 3e as
a pale yellow solid as the crude product. Further purification
was achieved by recrystallization from a 1 : 1 mixture of
n-hexane and MTBE to afford 3e as colourless crystals (1.55 g,
3.28 mmol, 73%) suitable for SCXRD analysis. 1H NMR
(400.1 MHz, CDCl3, 26 °C): δ = 7.86 (m, 6H, o-H(Ph)), 7.38 (m,
9H, m-H(Ph), p-H(Ph)), 7.07 (d, 3H, 3JHH = 2.8 Hz, 5-H(pz)),
6.62 (d, 3H, 3JHH = 2.7 Hz, 4-H(pz)), 3.54 (q, 2H, 3JHH = 7.2 Hz,
CH2CTp), 1.38 ppm (t, 3H, 3JHH = 7.2 Hz, CH3CH2C(pz)3).

13C
{1H} NMR (100.6 MHz, CDCl3, 26 °C): δ = 153.1 (3-C(pz)), 133.1
(i-C(Ph)), 131.6 (5-C(pz)), 128.8 (m-C(Ph)), 128.3 (p-C(Ph)),
126.1 (o-C(Ph)), 103.7 (4-C(pz)), 93.1 (CTp), 34.1 (CH2CTp),
9.3 ppm (CH3CH2). DRIFTS: ṽmax = 3145vw, 3064vw, 3004vw,
2982vw, 2951vw, 2953w, 1604vw, 1582vw, 1528m, 1497m,
1457s, 1390s, 1358m, 1298m, 1275w, 1247w, 1217vs, 1180vw,
1160vw, 1100w, 1075m, 1051m, 1028m, 859s, 758s, 750s,
520vw cm−1. Elemental analysis calcd (%) for C30H26N6

(470.22 g mol−1): C 76.57, H 5.57, N 17.86; found C 76.30, H
5.97, N 17.62.

nPrCTp3-Ph (3f). Following the procedure described for 3a,
the crude product of 2e (2.00 g, 4.52 mmol), Li[N(SiMe3)2]
(983 mg, 5.88 mmol) and nPrI (553 μL, 5.88 mmol) yielded 3f

as a pale yellow solid as the crude product. Further purifi-
cation was achieved by recrystallization from a 1 : 1 mixture of
n-hexane and MTBE to afford 3f as colourless crystals (2.13 g,
4.40 mmol, 97%) suitable for SCXRD analysis. 1H NMR
(400.1 MHz, CDCl3, 26 °C): δ = 7.87 (m, 6H, o-H(Ph)), 7.39 (m,
9H, m-H(Ph), p-H(Ph)), 7.06 (d, 3H, 3JHH = 2.7 Hz, 5-H(pz)),
6.62 (d, 3H, 3JHH = 2.7 Hz, 4-H(pz)), 3.46 (m, 2H, CH2CTp),
1.89 (m, 2H, CH2CH2CTp), 1.08 (t, 3H, 3JHH = 7.4 Hz, CH3CH2)
ppm. 13C{1H} NMR (100.6 MHz, CDCl3, 26 °C): δ = 153.1 (3-
C(pz)), 133.1 (i-C(Ph)), 131.5 (5-C(pz)), 128.8 (m-C(Ph)), 128.3
(p-C(Ph)), 126.1 (o-C(Ph)), 103.7 (4-C(pz)), 92.8 (C(pz)3), 42.5
(CH2CTp), 17.8 (CH2CH2CTp), 14.4 (CH3CH2) ppm. DRIFTS:
ṽmax = 3059vw, 2961w, 2869vw, 1604vw, 1528m, 1499vs, 1455vs,
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1435s, 1385s, 1357s, 1301s, 1279w, 1210vs, 1100w, 1074w,
1044w, 1028w, 946vw, 903m, 855m, 800w, 752s, 695s, 686m,
659vw, 627w, 511vw cm−1. Elemental analysis calcd (%) for
C31H28N6 (484.2 g mol−1): C 76.83, H 5.82, N 17.34; found C
76.35, H 5.69, N 17.43.

iBuCTp3-Ph (3g). Following the procedure described for 3a,
the crude product of 2e (2.00 g, 4.52 mmol), Li[N(SiMe3)2]
(983 mg, 5.88 mmol) and iBuI (676 μL, 5.88 mmol) yielded a
pale yellow solid as the crude product. Further purification
was achieved by recrystallization from MTBE to afford 3g as
colourless crystals (1.99 g, 3.98 mmol, 88%) suitable for
SCXRD analysis. 1H NMR (400.1 MHz, CDCl3, 26 °C): δ = 7.85
(m, 6H, o-H(Ph)), 7.38 (m, 9H, m-H(Ph), p-H(Ph)), 7.02 (d, 3H,
3JHH = 2.7 Hz, 5-H(pz)), 6.61 (d, 3H, 3JHH = 2.7 Hz, 4-H(pz)),
3.45 (d, 2H, 3JHH = 5.4 Hz, CH2CTp), 2.55 (m, 1H,
(CH3)2CHCH2CTp), 1.00 (d, 6H, 3JHH = 6.7 Hz, (CH3)2CH2)
ppm. 13C{1H} NMR (100.6 MHz, CDCl3, 26 °C): δ = 152.8 (3-
C(pz)), 133.1 (i-C(Ph)), 131.6 (5-C(pz)), 128.8 (m-C(Ph)), 128.3
(p-C(Ph)), 126.1 (o-C(Ph)), 103.9 (4-C(pz)), 93.3 (CTp), 47.6
(CH2CTp), 24.5 ((CH3)2CHCH2CTp), 24.1 ((CH3)2CH) ppm.
DRIFTS: ṽmax = 3145vw 3060vw, 2992vw, 2955w, 2867w,
1954vw, 1713vw, 1605vw, 1528m, 1499vs, 1456vs, 1387s, 1356s,
1288m, 1219s, 1208vs, 1102m, 1075m, 1045w, 1028vw, 975vw,
946w, 924w, 915w, 885w, 822w, 777w, 756s, 697s, 686w, 661vw,
627vw, 513 cm−1. Elemental analysis calcd (%) for C32H30N6

(498.3 g mol−1): C 77.08, H 6.06, N 16.85; found C 76.53, H
5.92, N 16.49.

[(AlMe3CTp
3-p-tBuPh)2Mg] (4). A solution of Mg(AlMe4)2

(16.3 mg, 81.9 μmol) in 5 mL of n-hexane was added dropwise
to a stirred suspension of the crude product of 2d (100 mg,
164 μmol) in 5 mL of toluene. After stirring for 2 h the solvent
was removed under reduced pressure yielding a white solid.
Recrystallization from toluene gave 4 (47.8 mg, 34.5 μmol,
42%) as colourless crystals suitable for SCXRD analysis. 1H
NMR (400.1 MHz, [D8]toluene, 26 °C): δ = 8.92 (d, 6H, 3JHH =
2.8 Hz, 5-H(pz)), 6.88 (m, 12H, o-H(Ph)), 6.69 (m, 12H, m-
H(Ph)), 5.78 (d, 6H, 3JHH = 2.8 Hz, 4-H(pz)), 1.14 (s, 54H,
C(CH3)3), 0.20 ppm (s, 18H, Al(CH3)3).

13C{1H} NMR
(100.6 MHz, [D8]toluene, 26 °C): δ = 156.3 (3-C(pz)), 151.5 (p-
C(Ph)), 138.5 (3-C(pz)), 129.2 (i-C(Ph)), 128.3 (m-C(Ph)), 124.0
(o-C(Ph)), 105.0 (4-C(pz)), 87.6 (CAlMe3), 34.4 (C(CH3)3), 31.2
(C(CH3)3), −2.2 ppm (Al(CH3)3). DRIFTS: ṽmax = 3163w, 2964s,
2922m, 2868w, 1912vw, 1614w, 1568vw. 1505m, 1474m, 1420w,
1378m, 1363w, 1344w, 1309vw, 1270w, 1248w, 1186s, 1020vw,
1005vw, 991vw, 949vw, 839m, 812s, 775vs, 744m, 731m, 695vs,
644w, 618vw, 561w, 523vw, 501w, 463vw, 429vw cm−1.
Elemental analysis calcd (%) for C86H108Al2MgN12·0.5C7H8

(1434.37 g mol−1): C 74.95 H 7.87 N 11.72; found: C 75.61 H
8.28 N 10.90. The carbon result is outside the range for analyti-
cal purity, but no better elemental analysis could be obtained
to date, due to solvent molecules in the lattice and due to the
highly air- and moisture-sensitive nature of compound 4.

[(MeCTp3-Et)2Mg][AlMe4]2 (5a). A solution of Mg(AlMe4)2
(31.7 mg, 0.16 mmol) in 5 mL of n-hexane was added dropwise
to a stirred suspension of 3a (100 mg, 0.32 mmol) in 5 mL of
toluene and a white precipitate formed immediately. After stir-

ring for 2 h the solvent was removed under reduced pressure
and the residual solid was washed three times with n-pentane.
5a was obtained as a white powder (121 mg, 0.14 mmol, 92%).
Colourless crystals of 5a suitable for SCXRD analysis were
grown from THF at −40 °C. 1H NMR (400.1 MHz, [D8]THF,
26 °C): δ = 8.58 (d, 6H, 3J (H,H) = 2.8 Hz; 5-H(pz)), 6.60 (d, 6H,
3JHH = 2.9 Hz; 4-H(pz)), 3.55 (s, 6H; CH3CTp), 1.86 (q, 12H,
3JHH = 7.6 Hz; CH2CH3), 1.01 (t, 18H, 3JHH = 7.6 Hz; CH2CH3),
−1.28 ppm (m, 24H; [Al(CH3)4]).

13C{1H} NMR (100.6 MHz,
[D8]THF, 26 °C): δ = 161.1 (3-C(pz)), 134.8 (5-C(pz)), 106.7 (4-
C(pz)), 85.1 (MeCTp), 24.8 (CH3CTp), 20.94 (CH2CH3), 12.15
(CH2CH3), −4.2 ppm (sext, 1J (Al,C) = 70.4 Hz; [Al(CH3)4]).
DRIFTS: ṽmax = 3160vw, 2975vw, 2898m, 2798vw, 1528m,
1478w, 1436vw, 1411vw, 1386s, 1357w, 1314vw, 1298vw, 1212s,
1150w, 1080m, 1058w, 1025w, 994vw, 951vw, 796vw, 775m,
696s, 687m, 596vw, 546w, 488vw cm−1. Elemental analysis
calcd (%) for C42H72Al2MgN6 (823.39 g mol−1): C 61.27, H 8.81,
N 20.41; found: C 60.84, H 8.76, N 20.10.

[(MeCTp3-cyPr)2Mg][AlMe4]2 (5b) and [MeCTp3-cyPrMgMe

(thf)2][AlMe4] (6). A solution of 3b (100 mg, 287 μmol) in 2 mL
of toluene was added dropwise to a solution of Mg(AlMe4)2
(57.0 mg, 287 μmol) in 5 mL of toluene and a white precipitate
formed immediately. After removing the solvent under
reduced pressure, the crude product was washed with
n-pentane (3 × 3 mL) to yield [(MeCTp3-cyPr)2Mg][AlMe4]2 (5b)
as a white powder. Colourless crystals suitable for SCXRD ana-
lysis could be obtained by heating the solid in a J. Young valve
NMR tube to 150 °C in toluene. Elemental analysis calcd (%)
for C48H72Al2MgN12·C8H24MgAl2 (1094.01 g mol−1): C 61.48 H
8.85 N 15.36; found: C 61.16 H 8.52 N 15.11 (crude product).
Because of the high insolubility of 5b in aliphatic and aromatic
solvents, no satisfactory NMR spectra could be obtained.
Redissolving 5b in THF and cooling to −40 °C led to the for-
mation of colourless crystals of 6 suitable for SCXRD analysis.
1H NMR (400.1 MHz, [D8]THF, 26 °C): δ = 8.36 (d, 3H, 3JHH =
2.7 Hz, 5-H(pz)), 6.09 (d, 3H, 3JHH = 2.4 Hz, 4-H(pz)), 3.40 (s,
3H, CH3C(pz)3), 1.12 (m, 3H, (CH2)2CH), 0.67 (m, 12H,
(CH2)2CH) ppm. 13C{1H} NMR (100.6 MHz, CDCl3, 26 °C): δ =
163.2 (3-C(pz)), 133.9 (5-C(pz)), 101.3 (4-C(pz)), 84.1 (C(pz)3),
23.8 (CH3C(pz)3), 10.9 ((CH2)2CH), 9.40 ((CH2)2CH), −4.8 (sext,
1JC,Al = 70.4 Hz, Al(CH3)4) ppm.

[(MeCTp3-Cy)Mg(AlMe4)][AlMe4] (8). A solution of Mg
(AlMe4)2 (42.0 mg, 0.21 mmol) in 5 mL of n-hexane was added
dropwise to a stirred suspension of 3c (100 mg, 0.21 mmol) in
5 mL of toluene. After stirring for 2 h, the solvent was removed
under reduced pressure yielding a white solid. Redissolving
the solid in anhydrous 1,2-difluorobenzene and cooling to
−40 °C afforded colourless crystals of 8 (66.5 mg, 0.10 mmol,
46%) suitable for SCXRD analysis. 1H NMR (400.1 MHz, [D8]
toluene, 26 °C): δ = 7.84 (m, 3H; 5-H(pz)), 5.80 (m, 3H; 4-
H(pz)), 3.11 (s, 3H; CH3CTp), 2.69 (m, 3H; 1-CH(Cy)), 1.59 (m,
12H; 2,6-; 3,5-CH2(Cy)), 1.52 (m, 3H; 4-CH2(Cy)), 1.21 (m, 6H;
3,5-CH2(Cy)), 1.06 (m, 9H; 2,6-; 3,5-CH2(Cy)), −0.19 ppm (s,
24H; [Al(CH3)4]/Mg(CH3)2Al(CH3)).

13C{1H} NMR (100.6 MHz,
[D8]toluene/1,2-difluorobenzene, 26 °C): δ = 164.4 (3-C(pz)),
133.1 (5-C(pz)), 105.1 (4-C(pz)), 83.5 (MeCTp), 37.5 (1-C(Cy)),
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33.4 (2,6-C(Cy)), 26.3 (3,5-C(Cy)), 25.7 (4-C(Cy)), 24.9 (CH3CTp),
−4.2 ppm ([Al(CH3)4]/Mg(CH3)3Al(CH3)). DRIFTS: ṽmax =
3147w, 2922vs, 2850m, 2797w, 1530s, 1507vw, 1479w, 1447m,
1414w, 1397w, 1378w, 1360m, 1346w, 1303vw, 1290vw, 1268vw,
1211vs, 1185w, 1142m, 1078vs, 1031m, 996vw, 967vw, 890vw,
851vw, 812vw, 791w, 767vs, 743w, 723s, 705vs, 694vs, 613s,
548w, 419w cm−1. Elemental analysis calcd (%) for
C37H66Al2MgN6 (689.29 g mol−1): C 66.01, H 9.88, N 12.48;
found: C 65.96 H 10.10 N 12.37.

[(MeCTp3-p-tBuPh)Mg(AlMe4)][AlMe4] (9). A solution of Mg
(AlMe4)2 (42.8 mg, 0.22 mmol) in 5 mL of n-hexane was added
dropwise to a stirred suspension of 3d (135 mg, 0.22 mmol) in
5 mL of toluene. After stirring for 2 h the solvent was removed
under reduced pressure yielding a yellow oil. Redissolving the
oil in anhydrous benzene and adding n-pentane dropwise
under stirring at 40 °C afforded colourless crystals of 9

(134 mg, 0.16 mmol, 79%) suitable for SCXRD analysis. 1H
NMR (400.1 MHz, [D8]toluene, 26 °C): δ = 8.03 (m, 3H; 5-
H(pz)), 7.31 (m, 6H; o-H(Ph)), 7.23 (m, 6H; m-H(Ph)), 6.28 (m,
3H; 4-H(pz)), 3.27 (s, 3H; CH3CTp), 1.12 (s, 27H; C(CH3)3),
−0.34 ppm (s, 24H; [Al(CH3)4]/Mg(CH3)2Al(CH3)).

13C{1H} NMR
(100.6 MHz, [D8]toluene/1,2-difluorobenzene, 26 °C): δ = 158.7
(3-C(pz)), 154.4 (p-C(Ph)), 133.4 (5-C(pz)), 129.2 (ipso-C(Ph)),
128.3 (o-C(Ph)), 126.5 (m-C(Ph)), 107.5 (4-C(pz)), 84.6 (MeCTp),
34.8 (C(CH3)3), 31.0 (C(CH3)3), 25.2 (CH3CTp), −4.5 ppm ([Al
(CH3)4]/Mg(CH3)2Al(CH3)2). DRIFTS: ṽmax = 3147w, 2962m,
2906m, 2870w, 2800w, 1615w, 1541w, 1505m, 1468w, 1383m,
1364w, 1304vw, 1260w, 1212m, 1153vw, 1127vw, 1098vw,
1066m, 1017vw, 991vw, 947vw, 839w, 775s, 698m, 688s, 623w,
541vw, 501vw cm−1. Elemental analysis calcd (%) for
C49H72Al2MgN6 (823.43 g mol−1): C 71.47, H 8.81, N 10.21;
found: C 71.97, H 8.13, N 10.94. The hydrogen result is outside
the range for analytical purity, but no better elemental analysis
could be obtained to date due to solvent molecules in the
lattice and the highly air- and moisture-sensitive nature of
compound 9.

[MeC(pz3-p-tBuPh)2(pz
3-p-tBuPh,5-AlMe3)]MgMe (10). A solution

of 9 (144.2 mg, 0.18 mmol) in benzene was heated in a
pressure tube to 90 °C for 1 d. The mixture was allowed to cool
to ambient temperature and the solvent was removed under
reduced pressure. Redissolving the obtained solid in toluene
and slow evaporation of the solvent led to colourless crystals of
10 (84.9 mg, 0.12 mmol, 66%) suitable for SCXRD analysis. 1H
NMR (400.1 MHz, [D8]benzene, 26 °C): δ = 7.45 (m, 2H, o-
H(Ph, pz3-p-tBuPh,5-AlMe3)), 7.41 (m, 4H, o-H(Ph, pz3-p-tBuPh)), 7.32
(s, 1H, 4-H(pz, pz3-p-tBuPh,5-AlMe3)), 7.18 (m, 6H, 5-H(pz,
pz3-p-tBuPh) and m-H(Ph, pz3-p-tBuPh)), 7.06 (m, 2H, m-H(Ph,
pz3-p-tBuPh,5-AlMe3)), 5.90 (d, 2H, 4-H(pz, pz3-p-tBuPh)), 3.35 (s, 3H,
CH3), 1.08 (s, 18H, C(CH3)3(pz

3-p-tBuPh)), 1.06 (s, 9H,
C(CH3)3(pz

3-p-tBuPh,5-AlMe3)), 0.16 (s, 9H, Al(CH3)3), −0.99 ppm
(s, 3H, MgCH3).

13C{1H} NMR (100.6 MHz, [D8]toluene/1,2-
difluorobenzene, 26 °C): δ = 156.7 (3-C(pz, pz3-p-tBuPh)), 156.5
(3-C(pz, pz3-p-tBuPh,5-AlMe3)), 153.7 (p-C(Ph, pz3-p-tBuPh)), 152.2 (p-
C(Ph, pz3-p-tBuPh,5-AlMe3)), 132.1 (5-C(pz, pz3-p-tBuPh)), 128.2 (4-
C(pz, pz3-p-tBuPh,5-AlMe3)), 128.0 (o-C(Ph, pz3-p-tBuPh)), 126.3 (m-
C(Ph, pz3-p-tBuPh)), 126.0 (m-C(Ph, pz3-p-tBuPh,5-AlMe3)), 105.7 (4-

C(pz, pz3-p-tBuPh)), 87.4 (MeCTp), 34.7 (C(CH3)3 (pz5-H)), 34.6
(C(CH3)3(pz

3-p-tBuPh,5-AlMe3)), 31.1 (C(CH3)3(pz
3-p-tBuPh)), 31.1

(C(CH3)3(pz
3-p-tBuPh,5-AlMe3)), 26.7 (CH3CTp), −4.6 ppm (AlMe3).

The 13C NMR resonances for Mg-CH3, both quaternary ipso-Ph
carbons, the o-Ph carbon of the pz3-p-tBuPh,5-AlMe3 and the 5-
C(pz5-AlMe3) could not be detected due to overlap with the
solvent signal or insufficient resolution. Elemental analysis
calcd (%) for C45H59AlMgN6 (735.3 g mol−1): C 73.54, H 8.45, N
11.19; found: C 74.88, H 8.44, N 10.11.

[(MeCTp3-p-tBuPh)MgMe][AlMe4] (11). Solid 9 converted to
complex 11, either over 6 months at ambient temperature or
after 4 d under reduced pressure. Compound 11 was obtained
quantitatively as a white solid. 1H NMR (400.1 MHz, [D8]
toluene, 26 °C): δ = 8.28 (m, 3H; 5-H(pz)), 7.34 (m, 6H; o-
H(Ph)), 7.16 (m, 6H; m-H(Ph)), 6.33 (m, 3H; 4-H(pz)), 3.54 (s,
3H; CH3CTp), 1.08 (s, 27H; C(CH3)3), −0.09 (s, 12H; Al(CH3)4),
−1.04 ppm (s, 3H, MgCH3).

13C{1H} NMR (100.6 MHz, [D8]
toluene/1,2-difluorobenzene, 26 °C): δ = 158.2 (3-C(pz)), 153.9
(p-C(Ph)), 134.3 (5-C(pz)), 129.2 (ipso-C(Ph)), 128.3 (o-C(Ph)),
126.2 (m-C(Ph)), 107.1 (4-C(pz)), 85.0 (MeCTp), 34.7 (C(CH3)3),
31.0 (C(CH3)3), 25.6 ppm (CH3CTp). The carbon signal of the
methyl group coordinated to the magnesium centre could not
be detected. Elemental analysis calcd (%) for C45H59AlMgN6

(735.3 g mol−1): C 73.51, H 8.09, N 11.43; found: C 73.40, H
8.14, N 10.62. The nitrogen result is outside the range for
analytical purity, but no better elemental analysis could be
obtained to date due the highly air- and moisture-sensitive
nature of compound 11.
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the ESI.† Crystallographic data for the compounds have been
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Table S1. Crystallographic Data for Compounds 3a, 3b, 3c and 3e 

 3a 
3b 3c* 3e 

formula C17H24N6 C20H24N6 C29H42N6 C30H26N6 

CCDC 2386227 2386220 2386219 2386222 

M [g mol−1] 312.42 348.39 474.68 470.57 

color/shape colorless/needle colorless/rod colorless/block colorless/block 

Crystal dimensions 
[mm] 

0.232 x 0.176 x 
0.088 

0.389 x 0.235 x 
0.186 

0.360 x 0.340 x 
0.280 

0.549 x 0.256 x 
0.216 

cryst. system orthorhombic hexagonal trigonal triclinic 

space group Pca21  P63 R3c P1" 

a [Å] 10.2106(6) 12.7968(10) 13.0173(14) 11.6713(8) 

b [Å] 30.7802(17) 12.7968(10) 13.0173(14) 13.0857(9) 

c [Å] 11.0809(6) 6.5617(5) 27.493(5) 17.0523(12) 

a [°] 90 90 90 92.633(2) 

b [°] 90 90 90 97.331(2) 

g [°] 90 120 120 100.998(2) 

V [Å3] 3482.6(3) 930.57(16) 4034.5(11) 2529.0(3) 

Z 8 2 6 4 

T [K] 100(2) 100(2) 100(2) 100(2) 

wavelength [Å] 0.71073 0.71073 0.71073 0.71073 

rcalcd [g cm−3] 1.192 1.243 1.172 1.236 

 [mm−1] 0.075 0.078 0.071 0.076 

F (000) 1344 372 1548 992 

q range [°] 1.323/26.361 3.184/30.049 2.336/28.774 1.795/28.282 

unique reflns 7074 1824 2338 12609 

observed reflns  76630 25103 10181 12609 

[a]R1/[b]
wR2 (I>2s)[a] 0.0406/0.0923 0.0404/0.0914 0.0832/0.2389 0.0517/0.01166 

[a]R1/[b]
wR2 (all data) 0.0513/0.0989 0.0486/0.0989 0.0989/0.2587 0.0689/0.1279 

GOF[c] 1.034 1.054 1.077 1.042 

[a]R1 = Σ(||F0| - |Fc||) / Σ|F0|, F0 > 4σ(F0), [b]wR2 = {Σ[w(F0
2 - Fc

2)2 / Σ[w(F0
2)2]}1/2. [c]GOF = [Σw(F0

2 - Fc
2)2 / (n0 - np)]1/2               *connectivity only. 



S4 

Table S2. Crystallographic data for compounds 3f, 3g, 4 and 5a 

 3f 3g 4 5a 

formula C31H28N6 C32H30N6 
C86H108Al2MgN12 
⋅0.5(C7H8) 

C42H72Al2MgN6 
⋅2(C4H8O) 

CCDC 2386225 2386224 2386228 2386223 

M [g mol-1] 484.59 498.62 1434.17 967.59 

color/shape colorless/block colorless/block colorless/block colorless/plate 

Crystal dimensions 
[mm] 

0.390 x 0.263 x 
0.209 

0.232 x 0.174 x 
0.169 

0.263 x 0.259 x 
0.196 

0.348 x 0.153 x 
0.110 

cryst. system triclinic triclinic tetragonal triclinic 

space group P1" P1" I4"2d P1"  

a [Å] 10.0945(6) 9.9371(2) 34.119(3) 9.7777(12) 

b [Å] 10.6005(6) 10.2888(2) 34.119(3) 12.1692(14) 

c [Å] 14.4819(8) 14.6512(4) 15.6274(12) 13.3741(16) 

α [°] 68.975(2) 71.1880(10) 90 111.897(2) 

β [°] 84.913(2) 87.3140(10) 90 103.651(2) 

γ [°] 66.2510(10) 68.6040(10) 90 97.092(2) 

V [Å3] 1321.17(13) 1315.95(5) 18192(3) 1394.8(3) 

Z 2 2 8 1 

T [K] 101(2) 101(2) 100(2) 100(2) 

wavelength [Å] 0.71073 0.71073 0.71073 0.71073 

ρcalcd [g cm-3] 1.218 1.258 1.047 1.152 

µ [mm-1] 0.074 0.077 0.086 0.111 

F (000) 512 528 6168 526 

θ range [°] 1.510/27.102 1.473/28.700 3.470/28.350 2.205/29.026 

unique reflns  5840 6810 11311 7374 

observed reflns  47758 47259 77626 34685 

[a]R1/[b]
wR2 (I>2s)[a] 0.0520/0.1240 0.0414/0.1039 0.0570/0.1290 0.0406/0.0961 

[a]R1/[b]
wR2 (all data) 0.0600/0.1317 0.0518/0.1113 0.0774/0.1392 0.0540/0.1045 

GOF[c] 1.040 1.022 1.044 1.060 

[a]R1 = Σ(||F0| - |Fc||) / Σ|F0|, F0 > 4σ(F0), [b]wR2 = {Σ[w(F0
2 - Fc

2)2 / Σ[w(F0
2)2]}1/2. [c]GOF = [Σw(F0

2 - Fc
2)2 / (n0 - np)]1/2 
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Table S3. Crystallographic Data for Compounds 5b, 6, 7 and 8 

 5b* 6 7* 8 

formula 
C48H72Al2MgN12 
⋅1.5(C7D8) 

C33H55AlMgN6O2 
⋅2(C4H8O) 

C77H99Al3Mg2N12 C37H66Al2MgN6 

CCDC  2386221  2386230 

M [g mol−1] 1045.72 763.32 1322.24 673.22 

color colorless/plate colorless/plate colorless/block colorless/plate 

crystal dimensions 
[mm] 

0.098 x 0.118 x 
0.140 

0.329 x 0.189 x 
0.155 

0.212 x 0.273 x 
0.291 

0.186 x 0.056 x 
0.053 

cryst. system triclinic triclinic monoclinic orthorhombic 

space group P1" P1"  P21/n P212121 

a [Å] 13.275(3) 12.099(4) 18.0198(13) 11.1027(12) 

b [Å] 13.327(3) 12.786(4) 23.3262(17) 17.3897(19) 

c [Å] 17.445(5) 15.286(4) 24.3189(17) 20.542(2) 

a [°] 85.470(6) 90.005(5) 90 90 

b [°] 86.305(5) 109.607(4) 108.3360(10) 90 

g [°] 83.301(5) 103.636(4) 90 90 

V [Å3] 3050.8(14) 2156.8(11) 9703.1(12) 3966.1(7) 

Z 2 2 4 4 

T [K] 100(2) 100(2) 100(2) 100(2) 

wavelength [Å] 0.71073 0.71073 0.71073 0.71073 

rcalcd [g cm−3] 1.138 1.175 0.905 1.127 

 [mm−1] 0.104 0.107 0.091 0.122 

F (000) 1114 832 2832 1472 

q range [°] 1.173/25.184 1.419/24.712 1.746/23.852 2.085/27.166 

unique reflns 9558 7361 14946 8754 

observed reflns  48977 49371 157365 95948 

[a]R1/[b]
wR2 (I>2s)[a] 0.1806/0.3484 0.0737/0.1292 0.0981/0.2943 0.0525/0.1223 

[a]R1/[b]
wR2 (all data) 0.2128/0.3571 0.1093/0.1438 0.1276/0.3271 0.0756/0.1350 

GOF[c] 2.154 1.084 1.022 1.019 

[a]R1 = Σ(||F0| - |Fc||) / Σ|F0|, F0 > 4σ(F0), [b]wR2 = {Σ[w(F0
2 - Fc

2)2 / Σ[w(F0
2)2]}1/2. [c]GOF = [Σw(F0

2 - Fc
2)2 / (n0 - np)]1/2           *connectivity only. 
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Table S4. Crystallographic Data for Compounds 9 and 10 

 9 10 

formula C49H72Al2MgN6 

⋅2.5(C6D6) 
C45H59AlMgN6⋅2(C
7H8) 

CCDC 2386229 2386226 

M [g mol−1] 1033.75 919.54 

color colorless/plate colorless/block 

crystal dimensions 
[mm] 

0.488 x 0.102 x 
0.065 

0.273 x 0.103 x 
0.089 

cryst. system monoclinic triclinic 

space group P21/c P1" 

a [Å] 21.4977(15) 12.9915(16) 

b [Å] 18.5064(13) 13.6495(17) 

c [Å] 15.4454(11) 15.6799(19) 

a [°] 90 88.421(3) 

b [°] 97.1020(10) 83.625(3) 

g [°] 90 78.741(3) 

V [Å3] 6097.7(7) 2710.1(6) 

Z 4 2 

T [K] 100(2) 100(2) 

wavelength [Å] 0.71073 0.71073 

rcalcd [g cm−3] 1.126 1.127 

 [mm−1] 0.100 0.091 

F (000) 2204 992 

q range [°] 1.457/27.463 1.307/25.081 

unique reflns 13915 9624 

observed reflns  85399 59387 

[a]R1/[b]
wR2 (I>2s)[a] 0.0471/0.1032 0.0423/0.1017 

[a]R1/[b]
wR2 (all data) 0.0859/0.1232 0.0636/0.1148 

GOF[c] 1.015 1.020 

[a]R1 = Σ(||F0| - |Fc||) / Σ|F0|, F0 > 4σ(F0), [b]wR2 = {Σ[w(F0
2 - Fc

2)2 / Σ[w(F0
2)2]}1/2. [c]GOF = [Σw(F0

2 - Fc
2)2 / (n0 - np)]1/2  
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Cone-Angle Calculation 
For the calculation of the mathematically exact cone angles .xyz files were generated from the 

final .cif files with Mercury. The Mathematica package was downloaded free of charge from 

http://www.ccqc.uga.edu/references/software.php. The adopted van der Waals radii were 

r = 1.20, 1.70, 1.55, 1.52, 1.84, 1.73 Å for H, C, N O, Al and Mg in this order.  

 

[(AlMe3CTp3-ptBuPh)2Mg]_(4) 

Ligand atoms forming cone = {31, 55, 90} 

Cone angle (deg) = 288.022 

Cone axis = {–0.00734705, 0.157434, –0.987502} 

 

 

[(MeCTp3-Et)2Mg][AlMe4]2 (5a) 

Ligand atoms forming cone = {15, 26, 38} 

Cone angle (deg) = 247.949 

Cone axis = {0.395488, –0.110808, 0.911762} 

 

 

[MeCTp3-cyPrMe(thf)2][AlMe4] (6) 

Ligand atoms forming cone = {13, 26, 39} 

Cone angle (deg) = 250.799 

Cone axis = {0.15295, –0.986949, –0.0503766} 
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[MeC(pz3-p-tBuPh)2(pz3-p-tBuPh,5-AlMe3)]MgMe_10 

Ligand atoms forming cone = {19, 54, 76} 

Cone angle (deg) = 299.101 

Cone axis = {0.282265, –0.854919, –0.435247} 
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Raw Data Files for Cone Angle Calculations 

ComplexDataBase1.txt 
(X1) [(AlMe3CTp-3-ptBuPh)2Mg]_4 
 
1 Mg     16.549421   25.589250    9.767125 
2 N      17.881427   25.590274    7.051083 
3 N      18.153696   25.094866    8.318465 
4 N      15.532675   25.128985    6.947942 
5 N      15.163848   24.792571    8.235640 
6 N      16.320824   27.362073    7.307372 
7 N      16.364155   27.519362    8.679458 
8 C      19.429747   24.676908    8.273146 
9 C      19.987934   24.934165    7.004201 
10 H      20.877416   24.756746    6.719782 
11 C      18.986882   25.492352    6.271276 
12 H      19.052050   25.766669    5.363324 
13 C      20.152046   24.009540    9.379565 
14 C      19.525963   23.338078   10.410974 
15 H      18.581207   23.238451   10.389096 
16 C      20.233932   22.805822   11.478325 
17 H      19.765137   22.354769   12.170619 
18 C      21.614045   22.918756   11.554900 
19 C      22.261965   23.532898   10.482860 
20 H      23.211156   23.583053   10.484423 
21 C      21.555361   24.078461    9.407695 
22 H      22.023815   24.497442    8.695085 
23 C      22.416865   22.459514   12.773837 
24 C      22.917732   23.709293   13.531766 
25 H      23.456812   23.429517   14.300634 
26 H      22.150055   24.231314   13.842751 
27 H      23.463636   24.258609   12.931674 
28 C      21.549560   21.689448   13.777116 
29 H      22.081817   21.464263   14.567862 
30 H      21.222018   20.863769   13.359864 
31 H      20.785295   22.245588   14.044344 
32 C      23.572817   21.580267   12.378464 
33 H      24.060719   21.300492   13.181712 
34 H      24.176723   22.081817   11.789311 
35 H      23.238451   20.788707   11.906516 
36 C      14.113666   23.964162    8.101244 
37 C      13.821266   23.764566    6.730721 
38 H      13.135815   23.221391    6.360352 
39 C      14.737702   24.517231    6.057180 
40 H      14.800822   24.596387    5.113285 
41 C      13.359294   23.352750    9.206101 
42 C      13.314940   23.904113   10.484423 
43 H      13.719250   24.749923   10.643822 
44 C      12.687150   23.234698   11.534584 
45 H      12.685444   23.627408   12.400342 
46 C      12.064478   22.007779   11.347055 
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47 C      12.052878   21.500088   10.045293 
48 H      11.603872   20.679526    9.873391 
49 C      12.680326   22.161655    8.987318 
50 H      12.641090   21.795217    8.112183 
51 C      11.469784   21.170498   12.489418 
52 C      11.743760   21.791805   13.842751 
53 H      11.358215   21.228842   14.544421 
54 H      11.341156   22.682311   13.880257 
55 H      12.712739   21.863455   13.977147 
56 C      12.112245   19.758313   12.442536 
57 H      11.753996   19.212409   13.172335 
58 H      13.084637   19.840198   12.539426 
59 H      11.904119   19.335237   11.583029 
60 C       9.978784   21.020716   12.283136 
61 H       9.590851   20.539638   13.042628 
62 H       9.812624   20.519167   11.458010 
63 H       9.566968   21.907810   12.215939 
64 C      16.161829   28.832261    8.898242 
65 C      15.974175   29.508500    7.680867 
66 H      15.807333   30.437560    7.560536 
67 C      16.079944   28.562038    6.711968 
68 H      15.998399   28.711139    5.777450 
69 C      16.135899   29.501676   10.231259 
70 C      15.352526   30.625556   10.381282 
71 H      14.855413   30.956169    9.640543 
72 C      15.281559   31.288147   11.614284 
73 H      14.753056   32.075272   11.692421 
74 C      15.979634   30.807751   12.736331 
75 C      16.792348   29.690695   12.537863 
76 H      17.301745   29.362811   13.267663 
77 C      16.881058   29.049599   11.326740 
78 H      17.451868   28.294887   11.231412 
79 C      15.859876   31.459424   14.117793 
80 C      17.240331   31.942208   14.586615 
81 H      17.144798   32.440345   15.424244 
82 H      17.632699   32.522231   13.902135 
83 H      17.823766   31.167706   14.733513 
84 C      14.889532   32.604116   14.167801 
85 H      14.838353   32.948718   15.083566 
86 H      14.002438   32.293633   13.884945 
87 H      15.193191   33.317203   13.566146 
88 C      15.350138   30.393205   15.136700 
89 H      15.309195   30.792397   16.032150 
90 H      15.964280   29.628940   15.146076 
91 H      14.456220   30.089546   14.872597 
92 C      16.588999   26.101035    6.615078 
93 C      17.021628   24.624023    3.642747 
94 H      17.700937   24.726039    2.944202 
95 H      16.209937   24.238138    3.253625 
96 H      17.359747   24.030012    4.344417 
97 C      18.024385   27.789243    4.083440 
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98 H      17.670230   28.489365    3.494287 
99 H      18.792745   27.360026    3.652123 
100 H      18.304844   28.189118    4.932007 
101 C      14.775233   27.071721    3.984987 
102 H      14.387982   26.507051    3.281754 
103 H      14.828117   27.998051    3.669314 
104 H      14.210564   27.029072    4.785110 
105 Al     16.601282   26.418683    4.428961 
0 
 
(X2) [(MeCTp3-Et)2Mg][AlMe4]2_5a 
 
1 Mg      4.137628    6.038048    0.000000 
2 N       4.086232    5.393307    2.977860 
3 N       3.268001    5.398417    1.878453 
4 N       5.864076    6.882195    2.380492 
5 N       5.296724    7.387616    1.238442 
6 N       6.021866    4.548128    1.847149 
7 N       5.680649    4.641693    0.523066 
8 C       2.024768    5.274417    2.363836 
9 C       2.046068    5.228883    3.765648 
10 H       1.298454    5.162812    4.348249 
11 C       3.364102    5.297939    4.122391 
12 H       3.709871    5.281894    5.007397 
13 C       0.834088    5.135950    1.461583 
14 H       0.540432    4.190979    1.462410 
15 H       1.104938    5.365203    0.537477 
16 C      -0.345004    6.017990    1.862506 
17 H      -0.114697    6.958786    1.715202 
18 H      -0.551263    5.876803    2.810238 
19 H      -1.126979    5.784173    1.319477 
20 C       5.769926    8.634976    1.123623 
21 C       6.630968    8.927930    2.195860 
22 H       7.093378    9.743032    2.350724 
23 C       6.667941    7.801400    2.972071 
24 H       7.163649    7.684399    3.774153 
25 C       5.409066    9.497735   -0.050558 
26 H       4.657112    9.076058   -0.536296 
27 H       6.181727    9.533512   -0.667417 
28 C       5.014042   10.918345    0.322250 
29 H       4.788814   11.418217   -0.490226 
30 H       5.762741   11.356709    0.778456 
31 H       4.236894   10.895462    0.917846 
32 C       6.276276    3.604640   -0.080917 
33 C       6.995524    2.846615    0.855475 
34 H       7.505253    2.062946    0.686317 
35 C       6.812616    3.465928    2.060250 
36 H       7.173176    3.190041    2.894108 
37 C       6.123972    3.339423   -1.548997 
38 H       6.245302    4.187686   -2.044776 
39 H       5.204931    3.015574   -1.724652 
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40 C       7.122919    2.310706   -2.071118 
41 H       6.999633    2.196255   -3.037041 
42 H       6.976144    1.453669   -1.618338 
43 H       8.034685    2.622096   -1.893573 
44 C       5.543912    5.524520    2.833981 
45 C       6.209874    5.255059    4.170586 
46 H       5.965057    4.358357    4.482914 
47 H       5.912154    5.921387    4.824300 
48 H       7.182721    5.310561    4.068289 
0 
 
(X3) [MeCTp-3-cyPrMe(thf)2][AlMe4]_6 
 
1 Mg      4.708899    6.565086   10.130630 
2 C       5.211565    3.259387    9.986026 
3 C       4.239381    5.191196    7.171404 
4 C       5.451727    1.752426    9.911428 
5 H       5.662178    1.410151   10.805164 
6 H       6.202559    1.570028    9.307475 
7 H       4.645905    1.308410    9.572870 
8 C       4.245122    3.922925    6.566017 
9 H       4.017725    3.722824    5.665108 
10 C       4.638475    3.041366    7.517135 
11 H       4.737554    2.102636    7.409542 
12 C       3.894021    6.502473    6.594708 
13 H       3.992083    7.286766    7.207268 
14 C       2.773956    6.590544    5.594814 
15 H       2.315335    5.750256    5.340896 
16 H       2.189548    7.389254    5.626375 
17 C       4.140269    6.774541    5.150098 
18 H       4.421158    7.688749    4.896180 
19 H       4.547854    6.050993    4.610701 
20 C       2.642720    4.728038   11.918389 
21 C       2.386700    3.388364   12.235428 
22 H       1.701702    3.053368   12.802082 
23 C       3.323822    2.665218   11.562616 
24 H       3.410958    1.719754   11.561181 
25 C       1.933570    5.927128   12.390362 
26 H       2.159294    6.777393   11.914085 
27 C       1.607551    6.067961   13.845013 
28 H       1.867119    5.327137   14.448966 
29 H       1.662742    6.971338   14.245258 
30 C       0.528296    5.812334   12.868073 
31 H      -0.090504    6.555928   12.661495 
32 H       0.113572    4.912970   12.865203 
33 C       7.707010    5.537010   11.059083 
34 C       8.446649    4.349842   11.179586 
35 H       9.345055    4.262176   11.473673 
36 C       7.616065    3.360850   10.792253 
37 H       7.828534    2.436765   10.759258 
38 C       8.119874    6.919418   11.351734 
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39 H       7.413214    7.616025   11.228362 
40 C       9.124883    7.191543   12.453483 
41 H       9.005428    8.011886   12.994315 
42 H       9.487009    6.415331   12.949843 
43 C       9.521564    7.350286   11.026088 
44 H      10.132931    6.674294   10.640189 
45 H       9.651349    8.270850   10.684660 
46 N       4.864680    3.754221    8.651878 
47 N       4.608084    5.091011    8.453908 
48 N       4.104948    3.544228   10.898411 
49 N       3.695526    4.834705   11.104989 
50 N       6.424793    3.915478   10.457999 
51 N       6.466683    5.278033   10.621540 
0 
 
(X4) [(MeCTp-3-Cy)Mg(AlMe4)]_8 
 
1 Mg      5.119677    6.696426    4.109222 
2 C       4.109109    3.923116    5.437878 
3 C       4.195710    3.314477    6.695870 
4 H       3.807116    2.486727    6.953467 
5 C       4.944032    4.138749    7.475850 
6 H       5.171638    3.997892    8.387299 
7 C       3.397426    3.432727    4.219121 
8 H       3.625032    4.048322    3.463381 
9 C       3.844865    2.018944    3.822866 
10 H       4.821903    2.013727    3.662639 
11 H       3.652788    1.391176    4.564432 
12 C       3.123190    1.558117    2.567750 
13 H       3.407419    0.634724    2.350005 
14 H       3.378552    2.142411    1.811804 
15 C       1.606561    1.587680    2.738249 
16 H       1.170225    1.333790    1.885756 
17 H       1.334545    0.935566    3.430514 
18 C       1.162453    2.982334    3.144980 
19 H       0.184305    2.982334    3.296991 
20 H       1.354529    3.613580    2.407522 
21 C       1.865254    3.460550    4.406259 
22 H       1.613222    2.877995    5.166313 
23 H       1.574363    4.383943    4.617842 
24 C       8.349230    6.839369    4.466036 
25 C       9.235226    6.938490    5.547778 
26 H      10.174514    7.074130    5.503202 
27 C       8.483573    6.802851    6.674917 
28 H       8.805551    6.811545    7.567673 
29 C       8.682311    6.867193    3.007965 
30 H       7.828514    6.844586    2.487636 
31 C       9.516124    5.642958    2.626089 
32 H      10.341055    5.625568    3.173739 
33 H       9.000959    4.820425    2.822471 
34 C       9.891395    5.663825    1.143368 
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35 H      10.469846    4.886506    0.940824 
36 H       9.069796    5.585572    0.595718 
37 C      10.621953    6.943707    0.777309 
38 H      11.491295    6.973270    1.248954 
39 H      10.800707    6.954141   -0.197203 
40 C       9.803684    8.164464    1.150352 
41 H       8.974312    8.185332    0.610097 
42 H      10.321070    8.983519    0.949040 
43 C       9.440626    8.145335    2.639647 
44 H      10.268887    8.202721    3.179902 
45 H       8.881050    8.933089    2.853284 
46 C       3.839314    8.986997    6.016341 
47 C       3.778249    9.242626    7.392655 
48 H       3.280848    9.927780    7.822394 
49 C       4.573202    8.312277    7.992071 
50 H       4.723089    8.213155    8.925499 
51 C       3.165380    9.750405    4.924945 
52 H       3.491799    9.400872    4.046774 
53 C       1.634317    9.592159    4.975272 
54 H       1.396720    8.637464    4.870508 
55 H       1.299016    9.898217    5.856524 
56 C       0.977038   10.400780    3.876275 
57 H      -0.006662   10.313831    3.948172 
58 H       1.251274   10.040813    2.995024 
59 C       1.360081   11.875426    3.962552 
60 H       0.959273   12.365816    3.200444 
61 H       1.003684   12.263216    4.800665 
62 C       2.864497   12.033672    3.931739 
63 H       3.207570   11.738048    3.050487 
64 H       3.095433   12.990106    4.042666 
65 C       3.530659   11.228529    5.022519 
66 H       3.250871   11.578062    5.905825 
67 H       4.513248   11.329390    4.952676 
68 C       6.016553    6.416799    7.129307 
69 C       6.462882    6.262031    8.577312 
70 H       7.104618    5.524708    8.644074 
71 H       5.684582    6.069005    9.141190 
72 H       6.887005    7.091520    8.878252 
73 N       5.307091    5.198825    6.711071 
74 N       4.785264    5.081096    5.445068 
75 N       7.188998    6.651039    6.288112 
76 N       7.091294    6.679036    4.908305 
77 N       5.112793    7.554433    7.005644 
78 N       4.656472    7.960657    5.776000 
0 
 
(X5) [(MeCTp3-ptBuPh)Mg(AlMe4)][AlMe4]_9_1 
 
1 Mg     15.170285    9.647016    5.566269 
2 C      17.782064   10.312506    3.873413 
3 C      18.987124   10.647287    3.014954 
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4 H      19.142422    9.923132    2.374136 
5 H      19.776038   10.754069    3.586494 
6 H      18.820017   11.481371    2.528938 
7 C      16.903935   12.219406    6.737244 
8 C      17.875075   13.082914    6.211991 
9 H      18.176958   13.902008    6.585968 
10 C      18.295548   12.504219    5.052665 
11 H      18.967369   12.839740    4.469323 
12 C      16.167986   12.287139    8.014741 
13 C      15.525768   13.457854    8.415693 
14 H      15.633941   14.257331    7.913277 
15 C      14.726145   13.453598    9.552029 
16 H      14.288059   14.255480    9.812280 
17 C      14.549982   12.298798   10.322359 
18 C      15.269298   11.168057    9.961717 
19 H      15.218967   10.387642   10.501990 
20 C      16.063006   11.163060    8.821089 
21 H      16.542921   10.376538    8.589193 
22 C      13.541417   12.301944   11.477547 
23 C      13.906972   13.407517   12.474102 
24 H      13.983120   14.262882   12.000960 
25 H      14.763180   13.193213   12.900649 
26 H      13.209062   13.474510   13.158141 
27 C      13.511260   10.971889   12.226879 
28 H      13.260239   10.254396   11.608592 
29 H      12.856100   11.020561   12.954293 
30 H      14.398602   10.787381   12.600242 
31 C      12.136312   12.556777   10.903095 
32 H      12.124488   13.420841   10.440682 
33 H      11.481473   12.567696   11.633115 
34 H      11.907060   11.844096   10.270554 
35 C      17.609693    7.426618    5.922926 
36 C      18.883271    7.218421    5.378975 
37 H      19.475572    6.499448    5.566729 
38 C      19.099848    8.256075    4.527565 
39 H      19.882225    8.405607    4.011049 
40 C      16.965164    6.598642    6.951514 
41 C      16.152907    7.140694    7.944237 
42 H      16.001699    8.078044    7.963856 
43 C      15.564142    6.335111    8.901402 
44 H      15.019056    6.730778    9.570115 
45 C      15.752964    4.956754    8.906000 
46 C      16.591163    4.428952    7.929370 
47 H      16.755739    3.494008    7.916342 
48 C      17.190357    5.231944    6.976497 
49 H      17.765996    4.841274    6.330008 
50 C      15.024779    4.077145    9.917575 
51 C      14.498885   10.260133    2.483111 
52 C      15.240279   10.070072    1.303399 
53 H      14.896795    9.973099    0.423022 
54 C      16.545484   10.054527    1.678908 
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55 H      17.293034    9.943489    1.102004 
56 C      13.051433   10.497755    2.572926 
57 C      12.532823   11.516348    3.360422 
58 H      13.107912   11.993998    3.945143 
59 C      11.188352   11.846132    3.305245 
60 H      10.856665   12.539937    3.862378 
61 C      10.312191   11.181197    2.450464 
62 C      10.835428   10.148540    1.687951 
63 H      10.258032    9.662191    1.109667 
64 C      12.179106    9.806541    1.746040 
65 H      12.504455    9.090344    1.213890 
66 C       8.833713   11.584266    2.402798 
67 C       8.695215   13.100125    2.223779 
68 H       9.149205   13.374575    1.399346 
69 H       9.101663   13.557789    2.988745 
70 H       7.746283   13.337562    2.168756 
71 C       8.098452   10.905822    1.250522 
72 H       8.529509   11.144554    0.403097 
73 H       7.165670   11.203775    1.238413 
74 H       8.129543    9.934236    1.370225 
75 C       8.175661   11.156768    3.719378 
76 H       7.231329   11.420299    3.713707 
77 H       8.633425   11.592409    4.469323 
78 H       8.241825   10.184072    3.816397 
79 N      17.580778   11.359043    4.881617 
80 N      16.701954   11.176385    5.920321 
81 N      17.992713    9.035565    4.553468 
82 N      17.045359    8.529600    5.414073 
83 N      16.591177   10.224601    3.018632 
84 N      15.324792   10.321760    3.542812 
85 C      13.957213    3.221964    9.016814 
86 H      13.360540    3.840078    8.543212 
87 H      13.426365    2.642714    9.602301 
88 H      14.442338    2.674175    8.366953 
89 C      14.167907    4.830170   10.897424 
90 H      13.486962    5.337246   10.410028 
91 H      14.726986    5.446434   11.413940 
92 H      13.733275    4.195401   11.504369 
93 C      15.945066    3.120179   10.523448 
94 H      16.387620    2.602000    9.818410 
95 H      15.446465    2.513169   11.108935 
96 H      16.617129    3.601345   11.047627 
97 Ge    14.045359    5.529600    5.414073 
98 Ge    14.045359    14.52960    5.414073 
0 
 
(X6) [(MeCTp3-ptBuPh)Mg(AlMe4)][AlMe4]_9_2 
 
1 Mg     15.170285    9.647016    5.566269 
2 C      17.782064   10.312506    3.873413 
3 C      18.987124   10.647287    3.014954 
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4 H      19.142422    9.923132    2.374136 
5 H      19.776038   10.754069    3.586494 
6 H      18.820017   11.481371    2.528938 
7 C      16.903935   12.219406    6.737244 
8 C      17.875075   13.082914    6.211991 
9 H      18.176958   13.902008    6.585968 
10 C      18.295548   12.504219    5.052665 
11 H      18.967369   12.839740    4.469323 
12 C      16.167986   12.287139    8.014741 
13 C      15.525768   13.457854    8.415693 
14 H      15.633941   14.257331    7.913277 
15 C      14.726145   13.453598    9.552029 
16 H      14.288059   14.255480    9.812280 
17 C      14.549982   12.298798   10.322359 
18 C      15.269298   11.168057    9.961717 
19 H      15.218967   10.387642   10.501990 
20 C      16.063006   11.163060    8.821089 
21 H      16.542921   10.376538    8.589193 
22 C      13.541417   12.301944   11.477547 
23 C      13.906972   13.407517   12.474102 
24 H      13.983120   14.262882   12.000960 
25 H      14.763180   13.193213   12.900649 
26 H      13.209062   13.474510   13.158141 
27 C      13.511260   10.971889   12.226879 
28 H      13.260239   10.254396   11.608592 
29 H      12.856100   11.020561   12.954293 
30 H      14.398602   10.787381   12.600242 
31 C      12.136312   12.556777   10.903095 
32 H      12.124488   13.420841   10.440682 
33 H      11.481473   12.567696   11.633115 
34 H      11.907060   11.844096   10.270554 
35 C      17.609693    7.426618    5.922926 
36 C      18.883271    7.218421    5.378975 
37 H      19.475572    6.499448    5.566729 
38 C      19.099848    8.256075    4.527565 
39 H      19.882225    8.405607    4.011049 
40 C      16.965164    6.598642    6.951514 
41 C      16.152907    7.140694    7.944237 
42 H      16.001699    8.078044    7.963856 
43 C      15.564142    6.335111    8.901402 
44 H      15.019056    6.730778    9.570115 
45 C      15.752964    4.956754    8.906000 
46 C      16.591163    4.428952    7.929370 
47 H      16.755739    3.494008    7.916342 
48 C      17.190357    5.231944    6.976497 
49 H      17.765996    4.841274    6.330008 
50 C      15.024779    4.077145    9.917575 
51 C      14.498885   10.260133    2.483111 
52 C      15.240279   10.070072    1.303399 
53 H      14.896795    9.973099    0.423022 
54 C      16.545484   10.054527    1.678908 
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55 H      17.293034    9.943489    1.102004 
56 C      13.051433   10.497755    2.572926 
57 C      12.532823   11.516348    3.360422 
58 H      13.107912   11.993998    3.945143 
59 C      11.188352   11.846132    3.305245 
60 H      10.856665   12.539937    3.862378 
61 C      10.312191   11.181197    2.450464 
62 C      10.835428   10.148540    1.687951 
63 H      10.258032    9.662191    1.109667 
64 C      12.179106    9.806541    1.746040 
65 H      12.504455    9.090344    1.213890 
66 C       8.833713   11.584266    2.402798 
67 C       8.695215   13.100125    2.223779 
68 H       9.149205   13.374575    1.399346 
69 H       9.101663   13.557789    2.988745 
70 H       7.746283   13.337562    2.168756 
71 C       8.098452   10.905822    1.250522 
72 H       8.529509   11.144554    0.403097 
73 H       7.165670   11.203775    1.238413 
74 H       8.129543    9.934236    1.370225 
75 C       8.175661   11.156768    3.719378 
76 H       7.231329   11.420299    3.713707 
77 H       8.633425   11.592409    4.469323 
78 H       8.241825   10.184072    3.816397 
79 N      17.580778   11.359043    4.881617 
80 N      16.701954   11.176385    5.920321 
81 N      17.992713    9.035565    4.553468 
82 N      17.045359    8.529600    5.414073 
83 N      16.591177   10.224601    3.018632 
84 N      15.324792   10.321760    3.542812 
85 C      13.543348    4.158573    9.674491 
86 H      13.343218    3.841929    8.768518 
87 H      13.246659    5.087409    9.767831 
88 H      13.073769    3.599495   10.327263 
89 C      15.483384    2.619766    9.870522 
90 H      15.287250    2.242976    8.987692 
91 H      15.007865    2.106028   10.557167 
92 H      16.448453    2.576091   10.037585 
93 C      15.324651    4.604762   11.356771 
94 H      16.285723    4.545172   11.533490 
95 H      14.837392    4.062155   12.011689 
96 H      15.036793    5.538966   11.429267 
97 Ge    14.045359    5.529600    5.414073 
98 Ge    14.045359    14.52960    5.414073 
0 
(X7) [MeC(pz3-p-tBuPh)2(pz3-p-tBuPh,5-AlMe3)]MgMe_10 
 
1 Mg      9.921594    8.286851    3.133050 
2 C       8.417664    5.660597    4.305021 
3 C       8.382184    4.288323    3.995550 
4 H       7.791439    3.635323    4.352237 
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5 C       9.371052    4.090964    3.078822 
6 H       9.599875    3.263743    2.670868 
7 C       7.567657    6.396576    5.255252 
8 C       8.088728    7.372256    6.107156 
9 H       9.009313    7.600056    6.055421 
10 C       7.276022    8.007094    7.023416 
11 H       7.652494    8.672203    7.587197 
12 C       5.914725    7.703973    7.149324 
13 C       5.408377    6.742751    6.275293 
14 H       4.485902    6.522657    6.317210 
15 C       6.210098    6.101426    5.348904 
16 H       5.830854    5.451754    4.769852 
17 C       5.056161    8.428448    8.189778 
18 C       4.932609    9.907281    7.788837 
19 H       5.823607   10.315855    7.767956 
20 H       4.373384   10.377476    8.441127 
21 H       4.522626    9.971945    6.901560 
22 C       5.718747    8.333469    9.577570 
23 H       5.811097    7.391227    9.831100 
24 H       5.161466    8.796617   10.237807 
25 H       6.603970    8.752285    9.545937 
26 C       3.647985    7.841400    8.294806 
27 H       3.183297    7.951100    7.439162 
28 H       3.151443    8.308562    8.998986 
29 H       3.707591    6.887977    8.514365 
30 C       9.375715    8.117982   -0.052358 
31 C       9.804578    7.298279   -1.100603 
32 H       9.659020    7.436189   -2.028862 
33 C      10.475375    6.260948   -0.521240 
34 H      10.886985    5.533590   -0.973916 
35 C       8.622568    9.383676   -0.123726 
36 C       7.622311    9.696517    0.785210 
37 H       7.391630    9.071692    1.463212 
38 C       6.954163   10.911489    0.716179 
39 H       6.271081   11.103115    1.347900 
40 C       7.266347   11.859664   -0.262879 
41 C       8.247067   11.516575   -1.193008 
42 H       8.464046   12.129121   -1.887060 
43 C       8.910606   10.307064   -1.128496 
44 H       9.573005   10.101677   -1.777981 
45 C       6.541507   13.215055   -0.289058 
46 C       7.241154   14.218992   -1.211708 
47 H       7.216311   13.888002   -2.133266 
48 H       8.173589   14.327658   -0.928727 
49 H       6.781938   15.082604   -1.162466 
50 C       5.103275   12.988941   -0.779289 
51 H       4.621887   13.842600   -0.782250 
52 H       4.649209   12.360291   -0.180759 
53 H       5.121634   12.620281   -1.687602 
54 C       6.504473   13.819286    1.123821 
55 H       6.075281   14.699939    1.090786 
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56 H       7.418869   13.913701    1.463212 
57 H       5.994936   13.229837    1.718767 
58 C      13.033777    7.896159    3.677508 
59 C      13.959437    6.858621    3.556430 
60 H      14.835337    6.861638    3.923714 
61 C      13.406559    5.822987    2.818591 
62 C      13.229096    9.217318    4.301593 
63 C      14.083085    9.345482    5.398301 
64 H      14.479687    8.568918    5.776492 
65 C      14.360884   10.590262    5.943538 
66 H      14.934502   10.648096    6.698985 
67 C      13.818501   11.757590    5.410299 
68 C      12.961925   11.618629    4.321383 
69 H      12.567397   12.394511    3.940855 
70 C      12.671090   10.375199    3.778016 
71 H      12.080719   10.315435    3.035502 
72 C      14.181398   13.126704    6.017244 
73 C      13.619855   14.288651    5.191051 
74 H      13.959977   14.231853    4.274324 
75 H      13.900333   15.139385    5.591058 
76 H      12.641426   14.238650    5.179676 
77 C      15.710660   13.280231    6.058382 
78 H      16.064349   13.270577    5.145394 
79 H      16.099315   12.538863    6.568091 
80 H      15.942207   14.130076    6.488619 
81 C      13.618418   13.196600    7.441187 
82 H      12.646584   13.068737    7.415788 
83 H      13.822427   14.072569    7.830286 
84 H      14.025449   12.492536    7.987671 
85 C      15.108049    4.341268    0.387229 
86 H      14.529338    3.731529   -0.118428 
87 H      16.045593    4.085857    0.255556 
88 H      14.972436    5.258762    0.070122 
89 C      13.913540    2.467293    2.903829 
90 H      13.456317    2.042396    2.148849 
91 H      13.276472    2.604234    3.635434 
92 H      14.643813    1.890829    3.210028 
93 C      16.275303    4.637599    3.420550 
94 H      16.964830    3.964643    3.242751 
95 H      16.039471    4.622044    4.370936 
96 H      16.616778    5.525188    3.183537 
97 C      11.036966    5.601911    1.876152 
98 C      11.538290    4.320346    1.246924 
99 H      10.810803    3.894717    0.747968 
100 H      11.851675    3.711867    1.949391 
101 H      12.278709    4.523230    0.637331 
102 N       9.970508    5.285718    2.853652 
103 N       9.380580    6.270687    3.603334 
104 N      10.445146    6.460343    0.821985 
105 N       9.769407    7.609831    1.126626 
106 N      12.137397    6.296436    2.545116 
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107 N      11.885647    7.556082    3.069316 
108 Al     14.655052    4.233154    2.327582 
0 
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Reactivity of titanium pyrazolates towards CO2,
CS2 and N2O†

Felix Kracht, Sophie Mayer, Cäcilia Maichle-Mössmer and Reiner Anwander *

The tetravalent titanium pyrazolate Ti(pzMe2)4 inserts two molecules of carbon dioxide instantly at

ambient temperature and 1 bar heteroallene, forming the complex Ti(CO2·pz
Me2)2(pz

Me2)2 (pz
Me2 = 3,5-di-

methylpyrazolato). CO2 insertion is reversible as proven by thermogravimetric analysis (TGA). Solid Ti

(CO2·pz
Me2)2(pz

Me2)2 exhibits an exceptionally high stability at ambient atmosphere but converts in solu-

tion over time via deoxygenation into the oxo-bridged species [Ti(CO2·pz
Me2)2(pz

Me2)]2(µ-O) and [Ti(μ-

O)2(μ-pz
Me2)4(Ti{CO2·pz

Me2}{pzMe2})2]. Treatment of Ti(pzMe2)4 with CS2 results in a mono-insertion to Ti

(CS2·pz
Me2)(pzMe2)3, which is reversible at 110 °C. Applying similar conditions, trivalent Ti(pztBu2)3 inserts

also two molecules of CO2 to afford Ti(CO2·pz
tBu2)2(pz

tBu2) displaying complete de-insertion at 70 °C. At

elevated temperatures compound Ti(CO2·pz
tBu2)2(pz

tBu2) does neither display redox activity nor engages

in a deoxygenation reaction. While tetravalent Ti(pzMe2)4 does not react with N2O under ambient con-

ditions, trivalent Ti(pztBu2)3 converts into oxo-bridged [Ti(pztBu2)3]2(µ-O) via initial N2O insertion and sub-

sequent fast release of N2.

Introduction

The rapidly rising greenhouse gas emissions and concomitant
record-high concentrations in the Earth’s atmosphere are the
primary cause for the anthropogenic global climate change,
with carbon dioxide (CO2) having the greatest impact, followed
by methane (CH4) and nitrous oxide (N2O).

1–13 Although the
concentration of N2O (337.69 ppb, 2024) is relatively low when
compared to CO2 (427 ppm, 2024; 50% increase since start of
industrialization), its global warming potential is 300 times
stronger, contributing 6% to the anthropogenic greenhouse
effect.1,12,13 The activation of these small, mostly inert mole-
cules leading to their capture, conversion, storage, and ulti-
mately climate change mitigation, has become a major focus
of research in the past decades. For the development of
efficient capture materials, a fundamental understanding of
the activation of such small molecules by metal centres is
crucial. In particular, amine-functionalized and M–N(ligand)
components/materials feature efficient systems for CO2

capture and valorization.14,15

Titanium is attractive as a sustainable metal, not only
because it is affordable and non-toxic, but also because of its
high abundance in the Earth’s crust. Already in the 1970s, CO2

insertion into the Ti–N bond of tetravalent Ti(NMe2)4 under
formation of carbamate complex Ti(CO2·NMe2)4 was reported.
However, such carbamate complexes were structurally eluci-
dated only three decades later.16–18 Similar examples exist for
trivalent titanium complexes.19–21 In addition, a twofold
addition of CO2 across the TivN double bond of the tetrava-
lent imide complex (C5Me5)Ti(vNAr)(L) (Ar = 2,6-C6H3Me2; L =
(NiPr2)2CR; R = Me, Ph) was achieved resulting in (C5Me5)Ti
({CO2}2·NAr)(L).

22,23 For sterically less demanding imido
ligands, the mono-inserted congener (C5Me5)Ti(CO2·NtBu)(L)
(L = (NR1)2CR

2; R1 = SiMe3, iPr; R
2 = Ph, Me) was shown to

rapidly deoxygenate CO2 under formation of the oxo-bridged
dimer [(C5Me5)Ti(L)(µ-O)]2 and elimination of the corres-
ponding isocyanate (Scheme 1A).

Light-induced deoxygenation of CO2 is feasible on a TiO2

surface in the presence of H2O under formation of CH4, CH3OH,
H2 and O2,

24,25 whereas CO2 deoxygenation reactions were also
observed for divalent and trivalent titanium compounds.26,27

The activation of N2O with trivalent titanocene complex
(Cp2TiCl)2 has been reported, proceeding via slow oxidation of
the titanium centre under formation of oxo-bridged species
[Cp2TiCl]2O and elimination of N2.

28–31 Only a few examples of
N2O-inserted compounds prior to N2 elimination have been
reported,28,30 including azoxymetallacylopentene complex
(C5Me5)2Ti(N{O}NCPhCPh) obtained from (C5Me5)2Ti
(PhCCPh) (Scheme 1B).28

†Electronic supplementary information (ESI) available: Supporting figures,
detailed crystallographic data, spectroscopic data (NMR, IR), analytical details.
CCDC 2423931–2423936. For ESI and crystallographic data in CIF or other elec-
tronic format see DOI: https://doi.org/10.1039/d5dt00957j

Institut für Anorganische Chemie, Eberhard Karls Universität Tübingen, Auf der

Morgenstelle 18, 72076 Tübingen, Germany.

E-mail: reiner.anwander(at)uni-tuebingen.de
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Recently, we found that homoleptic metal pyrazolates [M
(pzR,R′)x] insert CO2 readily and reversibly, forming the corres-
ponding carbamate complexes (see Scheme 1C).32 Structurally
characterized examples comprise redox-active Ce(CO2·pz

Me2)4,
the tetranuclear cluster [Ce(CO2·pz

Me2)3]4, and the light metal
derivatives Mg(CO2·pz

tBu2)2(thf)2, Al(CO2·pz
tBu2)2(pz

tBu2) and [Sc
(μ-CO2·pz

tBu2)(pztBu2)2]2.
33,34 Using unsubstituted [Mg(pz)2]n,

exceptionally high reversible CO2 capacities of up to 35.7 wt%
have been achieved, highlighting its potential as an efficient
CO2 capture material. Spurred by these findings, we envisaged
the reactivity of pyrazolate complexes of the light metal tita-
nium toward both carbon dioxide, CS2 and N2O. Homoleptic
complexes, tetravalent Ti(pzMe2)4 (1) and trivalent Ti(pztBu2)3
(4), previously reported by Winter and Mösch-Zanetti, respect-
ively, were chosen as discrete precursors (see Scheme 1D).35,36

Results and discussion
CO2 activation with tetravalent Ti(pzMe2)4

Exposure of tetravalent Ti(pzMe2)4 (1) to a 1 bar CO2 atmo-
sphere in benzene or toluene gave the twofold inserted carba-
mate complex Ti(CO2·pz

Me2)2(pz
Me2)2 (1CO2) (Scheme 2). The

insertion reaction occured instantly, as monitored by an
immediate colour change of the solution from yellow to
orange. The CO2 uptake of complex 1CO2 equals a mass frac-
tion of 17.0 wt% CO2 or 3.8 mmol CO2 per gram.

A single crystal X-ray diffraction (SCXRD) analysis of 1CO2

revealed two distinct molecules in the unit cell with slightly
varying metrical parameters. The four ligands of 1CO2 arrange
in a distorted square planar geometry, with the cis-positioned

carbamato ligands coordinated in the κ
2(N,O) mode (Fig. 1).

The pyrazolato ligands are tilted out of the plane spanned by
the titanium centre and the two coordinating nitrogen atoms,
by 26.6° and 18.9°, respectively. The inserted CO2 exhibits loca-
lized C–O single (1.275(3)–1.277(3) Å) and double bonds (1.205
(3)–1.207(3) Å) and OCO angles ranging from 128.5(2) to 129.0
(3)°. The loss of aromaticity of the pyrazole ring of the carba-
mato ligand is indicated by distinct C–C and C–N double/
single bonds. Additional CO2 insertion into 1CO2 is most likely
impeded by the coordinative saturation of the small titanium
centre, and would cause unfavourable tilting and hence signifi-
cant steric interference of newly formed carbamato ligands.
Fourfold inserted Ce(CO2·pz

Me2)4 clearly supports the size-
determining influence of the metal centre for CO2 insertion
(effective ionic radii for 6-coordination: Ti4+ 0.605, Ce4+

0.87 Å).37 Although an electronic effect caused by saturation of
the titanium centre with two oxygen atoms might play a role as
well, this is opposed by the comparatively higher oxophilicity
of titanium (θ = 1.0) versus cerium (θ = 0.9).38

Formation of the twofold inserted complex 1CO2 was con-
firmed by solution NMR spectroscopy. The 1H NMR spectrum

Scheme 1 A: addition of CO2 across a TivN bond and subsequent

deoxygenation;22 B: N2O insertion into titanium/zirconium complexes

and subsequent N2 elimination;28 C: reversible CO2 insertion into metal

pyrazolates;32–34 D: literature-known tetravalent and trivalent homolep-

tic titanium pyrazolate complexes.35,36

Scheme 2 Reaction of Ti(pzMe2)4 (1) with an excess of CO2 and sub-

sequent deoxygenation in solution affording oxo-bridged species.

Fig. 1 Crystal structure of Ti(CO2·pz
Me2)2(pz

Me2)2 (1CO2). Ellipsoids are

set at the 50% probability level. Hydrogen, lattice toluene and a second

molecule of 1CO2 are omitted for clarity. See ESI† for selected intera-

tomic distances and angles.
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shows three methyl group signals at δ = 2.62, 2.21 and
2.17 ppm with an integral of 6, 6 and 12 protons, respectively.
The two signals at lower field can be assigned to the distinct
methyl groups of the two carbamato ligands, caused by CO2

insertion. The third signal is attributed to the magnetically
equal methyl groups of the two unchanged pyrazolato ligands.
Further, two signals for the ring protons at δ = 5.72 and
5.00 ppm were detected. The 13C NMR spectrum is consistent
with the 1H NMR spectrum and a signal for the inserted CO2

could be resolved at δ = 150.5 ppm via experiments with
labelled 13CO2 (see Fig. S4†). A diffuse reflectance infrared
Fourier transform (DRIFT) measurement revealed a strong
band at ṽ = 1740 cm−1 assigned to the CvO stretching
vibration. The CO2 uptake was corroborated by a thermo-
gravimetric analysis (TGA) showing a CO2 releasing step of
17.5% between 90–150 °C which is in good agreement with the
aforementioned calculated uptake of 17.0 wt%. When solid 1

is exposed to an atmosphere of 1 bar CO2 a colour change of
the powder from yellow to orange was observed. The orange
product was identified as 1CO2 by 1H NMR spectroscopy. This
can be further interpreted as a fully reversible CO2 insertion
process in the solid state of compound 1. Application of
higher CO2 pressure of up to 10 bar did not lead to any
additional insertion of CO2 but only the formation of 1CO2.
The combination of the small titanium(IV) centre and the
steric bulk of the pyrazolato ligand seem to suppress further
insertion reactions.

Strikingly, different to our previous studies on magnesium,
aluminium and rare-earth-metal pyrazolates, solid 1CO2

remained stable under ambient atmosphere. After one month
only small amounts of the hydrolysis product HOOCpzMe2 were
observed in the 1H NMR spectrum and the solid kept its
orange colour (Fig. S6†). In stark contrast, decomposition of
1CO2 readily occurred in solution, both under an argon or CO2

atmosphere (Fig. S7†). Overnight a new signal set appeared in
the 1H NMR spectrum which accumulated over time and after
one week only a minor amount of 1CO2 was left. The observed
decomposition is reproducible at ambient temperature. The
obtained solution provided access to crystals suitable for a
SCXRD analysis, which revealed the formation of the oxo-
bridged bimetallic complex [Ti(CO2·pz

Me2)2(pz
Me2)]2(µ-O) (2)

(Scheme 2 and Fig. S35†). Each titanium centre of 2 is co-
ordinated by two terminal carbamato and one terminal pyrazo-
lato ligand. However, NMR experiments showed the presence
of more than one species ruling out a clear signal assignment
to 2. Further, after three months morphologically different
crystals formed in the same solution and could be identified
by a SCXRD measurement as the oxo-bridged trimetallic
complex [Ti(μ-O)2(μ-pz

Me2)4(Ti{CO2·pz
Me2}{pzMe2})2] (3,

Scheme 2 and Fig. S36†). The central titanium of 3 is bridged
by one oxo and two pyrazolato ligands in the μ-N,N mode to
each of the outer titanium atoms. The coordination sphere of
the outer titanium centres is completed by one terminal pyra-
zolato ligand in the κ

2(N,N) mode and one carbamato ligand
in the κ

2(N,O) mode. The Ti–O(oxo) interatomic distances of 2
and 3 range from 1.790(2) to 1.8199(12) Å with one exception

for the inner titanium centre of 3 which is slightly elongated
(1.8465(12) Å). The latter is comparable with the reported bis-
oxo [(C5Me5)Ti((NSiMe3)2CPh)(µ-O)]2 (1.8429(13)–1.8604(12) Å)
and mono-oxo [(C5H4Me)2TiCl]2O (1.837(2) Å).23,39 Similarly,
the Ti–O(carbamato) interatomic distances of oxo-bridged 2

and 3 are slightly shorter (1.9930(18)–2.0286(19) Å) than in
oxo-free 1CO2 (2.0445(18)–2.0484(16) Å), with again one excep-
tion detected for 3 (2.0437(13) Å).

Decomposition of 1CO2 was not observed when the solution
is kept at 0 °C. Deoxygenation of inserted CO2 or hydrolysis
and a subsequent dissociation of pyrazole/carbamic acid are
likely decomposition pathways of 1CO2 (Fig. S42†), which
would result in oxo complexes like 2 and 3. Note that single-
crystalline 1CO2 was obtained after three years at −40 °C, while
the corresponding 1H NMR spectrum revealed that it remained
stable during this time span. This makes a hydrolysis pathway
highly unlikely. However, reactions of titanium compounds
with CO2 involving a deoxygenation process and subsequent
formation of oxo bridges have been reported previously.22

Unfortunately, conclusive organic co-products of a putative
deoxygenation reaction involving 1CO2 could not be identified
by 13C NMR spectroscopy, even when labelled 13CO2 was used.
The formation of CO was not observed. Mass spectrometry
experiments revealed a [M + H]+-fragment of 219.16 g mol−1

which fits well to the urea derivative OC(pzMe2)2 (219.12 g
mol−1). This is in good agreement with the displacement of
two pzMe2-moieties upon the formation of 2. Experiments in
amber glass NMR tubes showed the same decomposition
pattern, excluding a light-induced mechanism. The elongation
of the titanium-oxo chain indicates that this decomposition
pathway might ultimately lead to the formation of titania,
TiO2. However, it has remained unclear whether trimetallic 3

is formed via bimetallic 2.

CS2 activation with tetravalent Ti(pzMe2)4

To examine the feasibility of a sulfido-bridged compound
similar to complexes 2 or 3,40 1 was reacted with an excess of
CS2.

1H NMR monitoring at ambient temperature indicated a
rather slow conversion which was not complete even after
several weeks. Therefore, the reaction was conducted at 60 °C
affording full conversion to the mono-inserted complex
Ti(CS2·pz

Me2)(pzMe2)3 (1CS2) after five days (Scheme 3). The thio-
carbamato ligand coordinates to the metal centre in the κ2(N,S)
mode similar to the carbamato ligand in complex 1CO2 (Fig. 2).
The C–S interatomic distances of the inserted CS2 moiety reveal

Scheme 3 Reaction of Ti(pzMe2)4 (1) with an excess of CS2.
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localized double and single bonds of 1.6543(19) Å and 1.7019
(19) Å, respectively, forming an angle of 121.64(12)°.

Accordingly, the degree of electron delocalization is com-
paratively larger in 1CS2 (ΔC–S 0.0476 Å) than in 1CO2 (ΔC–O

0.068–0.072 Å). An additional insertion of CS2 seems dis-
favoured for steric reasons considering the larger size of the
sulphur atoms. Moreover, the HSAB mismatch according to
Pearson, the low thiophilicity of titanium (S = 0.0),38 and
changed electrophilicity of the heteroallene will counteract a
second insertion.

At ambient temperature, the 1H NMR spectrum of 1CS2

shows the thiocarbamato ligand as sharp signals, with the aro-
matic backbone proton resonating at δ = 5.05 ppm and distinct
methyl groups at δ = 2.38 and 2.36 ppm. In the aromatic
region two broad signals appeared at δ = 5.75 and 5.61 ppm in
a 2 : 1 integral ratio, while the remaining methyl groups gave
one broad signal. The integral ratios of the aromatic protons
indicate that the pyrazolato ligands positioned trans and cis to
the thiocarbamato ligand are magnetically unequal.
Correspondingly, a variable temperature (VT) 1H NMR experi-
ment at −60 °C revealed a sharpening of the broadened reso-
nances resulting in three distinct signals sets with an integral
ratio of 1 : 1 : 2, assigned to the thiocarbamato ligand, the
trans- and the two cis-positioned pyrazolato ligands (Fig. S12†).
The 13C signal of the inserted CS2 is resolved at δ = 209.2 ppm
being consistent with the literature.41 In the DRIFT spectrum
of 1CS2 vibrations characteristic of C–S double and single
bonds are detected in the fingerprint region at ṽ = 1071 and
895 cm−1, respectively.42,43 A TGA experiment revealed a CS2
releasing step of 14.8% between 110–180 °C, which is close to
the theoretical value of 15.1%.

Any decomposition of 1CS2 could not be observed at ambient
temperature, while heating to 110 °C led to de-insertion of CS2
under full recovery of 1. Again, this is most likely caused by the
soft Lewis base character of sulphur, which also disfavours the
formation of sulphido bridges. Crucially, complex 1 features a
hard titanium(IV) centre featuring a significantly higher oxophili-
city (θ = 1.0) than thiophilicity (S = 0.0).38

CO2 and N2O activation with trivalent Ti(η2-pztBu2)3

Exposure of trivalent Ti(pztBu2)3 (4) to a 1 bar CO2 atmosphere
in toluene gave an immediate colour change of the solution
from blue over green and yellow to finally red. An SCXRD ana-
lysis revealed the formation of the twofold-inserted titanium
(III) complex Ti(CO2·pz

tBu2)2(pz
tBu2) (4CO2) (Scheme 4). The CO2

uptake of complex 4CO2 amounts to a mass fraction of
13.1 wt% CO2 or 3.0 mmol CO2 per gram.

Complex 4CO2 is isostructural to the aluminium complex Al
(CO2·pz

tBu2)2(pz
tBu2) reported recently (Fig. 3).34 Accordingly,

two carbamato ligands in the κ2(N,O) mode and one pyrazolato
in the κ2(N,N) mode adopt a propeller-like geometry with both
stereoisomers (Λ,Δ) present in the unit cell. Another CO2 inser-
tion into the third pyrazolato ligand is impeded by the bulky
tBu moieties, which prevent the pyrazolato ligand from the
necessary tilting (cf., effective ionic radii for 6-coordination:
Ti3+ 0.670, Al3+ 0.535 Å).37 The unit cell holds three distinct
molecules of 4CO2 and six lattice toluene, which form a super-
structure with alternating layers of complex 4CO2 and toluene
(Fig. S39†).

Fig. 2 Crystal structure of Ti(CS2·pz
Me2)(pzMe2)3 (1CS2). Ellipsoids are set

at the 50% probability level. Hydrogen atoms and one toluene lattice are

omitted for clarity. See ESI† for selected interatomic distances and

angles.

Scheme 4 Reactions of Ti(pztBu2)3 (4) with an excess of CO2 and N2O.

Fig. 3 Connectivity of Ti(CO2·pz
tBu2)2(pz

tBu2) (4CO2). Ellipsoids are set at

the 50% probability level and tBu moieties are displayed in wireframe

projection for clarity. Hydrogen atoms, two additional molecules of 4CO2

and six lattice toluene are omitted for clarity.
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The DRIFT spectrum of 4CO2 shows two characteristic
bands for CvO stretching vibration at ṽ = 1765 and 1753 cm−1

similar to the aluminium congener. Due to the paramagnetic
character of 4CO2 the signals in the 1H NMR spectrum are sig-
nificantly broadened and only two signals are resolved. One
very broad signal between δ = 7–3 ppm can most likely be
assigned to aromatic protons in the pyrazolato/carbamato
backbones while the other broadened signal at δ = 1.55 ppm
can be ascribed to tBu moieties. Despite the broadened
signals, the CO2 insertion reaction can be easily monitored by
1H NMR spectroscopy (Fig. S16†). At the start of the reaction
signals for 4 and 4CO2 in addition to another signal at δ =
1.67 ppm could be observed. The additional signal likely arises
from a mono-inserted product, which was also found for the
aluminium congener. The EPR spectrum of 4CO2 is shown in
Fig. S41.†

After one hour the conversion of 4 to 4CO2 is complete,
which is also indicated by the red colour of the solution. A VT
1H NMR study revealed a complete CO2 release already at
70 °C suggesting that the overall CO2 insertion process into 4

is reversible (Fig. S18†). This is again also indicated by the
colour of the solution which turns blue after the experiment
and again red after several hours at ambient temperature.
Shining UV light on compound 4CO2 led to oxidation of the
titanium centre, however, the formation of a significant
amount of oxalate was not observed by 13C NMR spectroscopy.
A TGA experiment revealed an initial toluene solvent release of
13.9% between 77–110 °C, which is in line with the high
lattice toluene content in the crystalline material.
Subsequently, a CO2 releasing step of 12.1% between
110–150 °C was observed. Both releasing steps fit to a toluene/
4CO2 ratio of 1 : 1 (toluene: 12.0%; CO2: 11.5%). Interestingly,
different to tetravalent 1CO2 no deoxygenation reaction was
observed for 4CO2 over time in solution, however, a fast
decomposition of neat 4CO2 occurred at ambient atmosphere
to unidentified products.

Treatment of tetravalent 1 with an excess of N2O led to no
visible reaction as suggested by 1H NMR spectroscopy and the
unchanged yellow colour of the solution. In contrast, exposure
of trivalent 4 to N2O resulted in an immediate colour change
from blue to green and after 10 minutes to yellow. A 1H NMR
spectrum revealed the presence of a paramagnetic (not 4) and
a diamagnetic species. Overnight, orange crystals formed in a
toluene solution and a SCXRD measurement revealed the for-
mation of the oxo-bridged species [Ti(pztBu2)3]2(µ-O) (5)
(Scheme 4). Both titanium centres of 5 underwent N2O-pro-
moted +III → +IV oxidation under elimination of N2. The

1H
NMR spectrum of the supernatant solution revealed a full con-
version of 4 to 5, while the signals of the new paramagnetic
species disappeared completely. The latter paramagnetic
species is most likely the elusive N2O insertion complex in
which the titanium centre is still in the formal oxidation state
+III. So far, attempts to isolate this paramagnetic species were
not successful.

The connectivity structure of 5 indicates a highly symmetri-
cal structure with only one symmetrically independent pyrazo-

lato ligand, the titanium centre and bridging oxygen in the
asymmetric unit (Fig. 4).

Each titanium centre is coordinated by three terminal pyra-
zolato ligands in the κ

2(N,N) mode adopting a propeller-like
geometry. NMR studies corroborate the highly symmetric char-
acter of 5 showing only one signal set for all six pyrazolato
ligands. The 1H NMR spectrum displays a sharp signal at δ =
6.36 ppm with an integral of six protons assignable to the aro-
matic ring protons and a slightly broadened signal at δ =
1.01 ppm with an integral of 108 protons for the tBu moieties.
Similarly, the 13C NMR spectrum revealed one signal set,
however, the quaternary carbon ring atom could only be
resolved in a 1H–

13C HMBC NMR experiment at δ = 157.5 ppm.
The core structure of 5 is reminiscent of 2 except the

inserted CO2. Therefore, we wondered about whether 5 can be
transformed into putative {[Ti(CO2·pz

tBu2)2(pz
tBu2)]2(µ-O)} or

{[Ti(CO2·pz
tBu2)(pztBu2)2]2(µ-O)} when exposed to an excess of

CO2. Due to the insolubility of 5 in non-donating solvents
these experiments were conducted in THF, which however did
not result in any CO2 insertion at ambient conditions as indi-
cated by 1H NMR experiments. This behaviour can be ascribed
to the enhanced steric bulk of the tBu moieties blocking the
titanium centres, in addition to the low solubility of 5 in THF.
Attempts to synthesize the sterically less demanding Ti(pzMe2)3
as a precursor in order to access putative [Ti(pzMe2)3]2(µ-O)
were not successful.

Catalytic formation of cyclic carbonates

Titanium complexes are widely used in the copolymerization
of CO2 and epoxides.44–48 Since metal pyrazolates effectively
promote the catalytic cycloaddition of CO2 and epoxides, a
similar behaviour of the titanium derivatives could be
anticipated.32–34 For better comparability, the conditions of
the catalytic transformations were adapted to our previous
studies (Scheme 5).

Tetravalent Ti(pzMe2)4 (1) exhibits moderate catalytic activity
for the conversion of propylene oxide (59%), ranging between

Fig. 4 Connectivity of [Ti(pztBu2)3]2(µ-O) (5). Ellipsoids are set at the

50% probability level. Hydrogen atoms are omitted and tBu moieties are

displayed in the wireframe projection for clarity.

Paper Dalton Transactions

10894 | Dalton Trans., 2025, 54, 10890–10897 This journal is © The Royal Society of Chemistry 2025

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 2

3
 J

u
n
e 

2
0
2
5
. 
D

o
w

n
lo

ad
ed

 o
n
 7

/2
4
/2

0
2
5
 2

:0
0
:2

9
 P

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n

 3
.0

 U
n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online



magnesium (42–59%) and rare-earth-metal pyrazolates
(84–99%) and close to Al(pztBu2)3 (65%).32–34 This is in line
with the carboxopilicity criterion (as derived from the CO2-
release temperature),33 and reflects both the enhanced oxophi-
licity and Lewis acidity of titanium(IV).41 As expected, the con-
version of sterically more demanding epoxides was consider-
ably lower, being lowest for 2-tert-butyloxirane (3%) and
highest for epoxy hexane (11%). Trivalent Ti(pztBu2)3 (4)
showed a significantly lower conversion of 27% for propylene
oxide compared to tetravalent 1. This can be ascribed to side
reactions, as indicated by an immediate colour change upon
the addition of epoxide. Trivalent titanium compounds are
known to catalytically convert epoxides to alcohols under ring
opening and oxidation of the titanium center.49 Examples of
titanium-based catalysts in this cycloaddition reaction are
rather rare.50–55 The highest catalytic activity was observed for
the tetrazole containing (C5Me5)TiCl2(O,N-L) (L = 5-(2-hydroxy-
phenolate)-1H-tetrazole) featuring a maximum TOF of 422 for
propylene oxide at 75 °C and 22 bar CO2.

52 Recently, the Ti31
cluster (C2H8N)8[Ti31O52(OiPr)4(PhCO2)24] was reported to
reach a quantitative conversion for propylene oxide when a
catalyst load of 0.83 mol% is used at 80 °C and 1 bar CO2 over
five days, according to a photocatalytic mechanism.55

Conclusions

Tetravalent Ti(pzMe2)4 undergoes a twofold CO2 insertion to Ti
(CO2·pz

Me2)2(pz
Me2)2 when exposed to an excess of CO2 as

proven by SCXRD, NMR and DRIFT experiments. A thermo-
gravimetric analysis showed an exhaustive CO2 release between
90–150 °C pointing to the reversibility of the CO2 insertion. In
solid form, Ti(CO2·pz

Me2)2(pz
Me2)2 showed an exceptionally

high stability, when compared to derivatives of other light
metals. Even after a month at ambient atmosphere only minor
hydrolysis products were observed. Strikingly, in solution
under a 1 bar CO2 atmosphere Ti(CO2·pz

Me2)2(pz
Me2)2 con-

verted into oxo-bridged species [Ti(CO2·pz
Me2)2(pz

Me2)]2(µ-O)
and [Ti(μ-O)2(μ-pz

Me2)4(Ti{CO2·pz
Me2}{pzMe2})2], en route to

titania. This transformation reflects the highly polarizing
nature of titanium(IV) and is accelerated at elevated tempera-
tures. Heteroallene CS2 undergoes a fully reversible mono-
insertion into Ti(pzMe2)4 via formation of Ti(CS2·pz

Me2)
(pzMe2)3. The thiocarbamate complex does not engage in the
formation of sulfido-bridged species, even under thermal treat-
ment. Trivalent Ti(pztBu2)3 also undergoes a twofold CO2 inser-
tion and the obtained bis(carbamato) complex Ti
(CO2·pz

tBu2)2(pz
tBu2) is stable in solution against oxidation and

deoxygenation. Ti(CO2·pz
tBu2)2(pz

tBu2) de-inserts CO2 exhaus-
tively already at 70 °C without a decomposition side reaction.
Distinct reactivity of tetravalent Ti(pzMe2)4 and trivalent Ti
(pztBu2)3 is also found when treated with nitrous oxide. The tet-
ravalent pyrazolate displayed inert behaviour toward N2O,
whereas Ti(pztBu2)3 gets oxidized to afford the oxo-bridged
complex [Ti(pztBu2)3]2(µ-O) via fast release of N2.
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Experimental Section 

General Considerations. All manipulations were performed under rigorous exclusion of air and 

moisture under argon atmosphere (< 0.1 ppm O2, < 0.1 ppm of H2O) in a MB200B glovebox (MBraun) 

or according to standard Schlenk techniques and in oven-dried glassware. Solvents (THF, Et2O n-

pentane, n-hexane and toluene) were purified by using SPS Grubbs-type columns (MBraun SPS-800, 

solvent purification system) and stored inside a glovebox. THF was dried further over molecular sieves. 

[D8]toluene, C6D6 and [D8]THF were obtained from Sigma Aldrich and dried over Na/K alloy and filtered 

prior to use. 3,5-Dimethyl pyrazole (99%), hydrazine hydrate, styrene oxide (>97%, degassed prior to 

use), tetrakis(dimethylamido)titanium (99.999%), 2,2,6,6-tetramethylheptane-3,5-dione and titanium 

tetrachloride (99.9%) were purchased from Sigma Aldrich and used as received. Carbon disulfide 

(99.9%), propylene oxide (99.5%) and pyrazole (98%) were purchased from Acros Organics and the 

former was degassed prior to use. 2-tert-Butyloxirane was purchased from abcr and degassed prior to 

use. 1,2-Epoxyhexane (97%) was purchased from Thermo Fischer Scientific and degassed prior to use. 

3,5-Di-tert-butylpyrazole1, TiCl3(thf)3
2

 and Ti(pztBu2)3
3 (2) were synthetized according to literature 

known synthesis routes. Argon and CO2 were supplied by Westfalen AG. Solution 1H and 13C spectra 

were recorded in a J. Young valve NMR tube on a Bruker AVII+400 spectrometer (1H: 400.11 MHz; 13C: 

100.61 MHz) or a Bruker AVII+500 spectrometer (1H: 500.13 MHz; 13C: 125.76 MHz) at 299 K. The 

chemical shifts listed in the experimental section are referenced to solvent residual resonances in parts 

per million in relation to tetramethylsilane. Solid-state NMR spectra were obtained at ambient 

temperature on a Bruker AVIIIHD-300WB spectrometer (1H: 300.13 MHz, 13C: 75.47 MHz) equipped 

with MAS (magic angle spinning) hardware using a ZrO2 rotor with an outside diameter of 4 mm. IR 

spectra were recorded on a Bruker Invenio R spectrometer (Bruker). The samples were mixed with KBr 

powder and measured in a DRIFT cell with KBr windows. DRIFT data were converted by using the 

Kubelka-Munk refinement. EPR spectra were measured on a continuous wave X-band Bruker ESP 300E 

instrument using 5 mm O.D. Wilmad quartz (CFQ) EPR tubes. Spectra are referenced to the Bruker 

strong pitched standard giso = 2.0088. Elementary analyses were performed on an Elementar vario 

MICRO cube in CHNS mode. Mass spectrometry experiments were conducted on an AmaZon SL 

(Bruker). Single crystals were grown from saturated solutions of toluene by standard techniques. 

Suitable single crystals from 1CO2, 2, 3, 1CS2, 4CO2 and 5 for X-ray structure studies were selected in a 

glovebox and coated with Parabar 10312 (Hampton research). Crystallographic data were measured 

on a Bruker APEX II DUO instrument equipped with IµS micro focus sealed tube and QUAZAR optics for 

MoKα radiation (λ = 0.71073 Å). The data collection strategy was determined using COSMO4 employing 

ω- and ϕ scans. Raw data were processed using APEX5 and SAINT,6 corrections for absorption effects 

were applied using SADABS.7 The structures were solved by direct methods and refined against all data 

by full-matrix least-squares methods on F2 using SHELXTL8 and Shelxle.9 For 1CO2 and 2, disorder models 

were calculated using DSR10, a program included in ShelXle, for refining disorder. For 1CO2, embedded 

solvent molecules, which are seriously disordered, were treated by using PLATON/Squeeze.11 All 

graphics were produced employing Mercury 2022.2.12 

Ti(pzMe2)4 (1). To a solution of Ti(NMe2)4 (237 mg, 1.06 mmol) in 10 mL toluene a solution of HpzMe2 
(407 mg, 4.22 mmol) in 3 mL toluene was added dropwise and the resulting dark red solution was 
stirred overnight at ambient temperature. The solvent was removed under reduced pressure and 1 
was obtained as yellow crystals (443 mg, 1.03 mmol, 98%). The analytical data was consistent with the 
literature.13 DRIFTS: ṽ = 3110 (w), 2981 (w), 2954 (m), 2922 (m), 2859 (w), 1582 (vw), 1548 (vw), 1520 
(s), 1462 (vs), 1440 (vs), 1415 (vs), 1366 (s), 1390 (w), 1174 (vw), 1139 (s), 1063 (w), 1015 (vs), 964 (m), 
787 (vs), 729 (m), 663 (vw), 639 (w), 586 (w), 553 (vw), 478 (m), 437 (vs) cm‒1. 

Ti(CO2·pzMe2)2(pzMe2)2 (1
CO2). In a 25 mL Schlenk tube a solution of Ti(pzMe2)4 (201 mg, 469 μmol) in 5 mL 

toluene was stirred under 1 bar CO2 for 3 h at 0 °C. The solution was transferred to the glovebox and 
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stored at ‒40 °C. A yellow amorphous precipitate was formed and over time of three years orange 
crystals suitable for a SCXRD analysis were formed. The supernatant solution was removed and the 
residue was dried for 30 min at reduced pressure and 1CO2 was obtained as orange powder (224 mg, 
435 μmol, 93%). 1H NMR (500.1 MHz, C6D6, 26 °C): δ = 5.72 (s, 2 H, 4-H(pz)), 5.00 (s, 2 H, 4-H(CO2·pz)), 
2.62 (s, 6 H, 5-CH3(CO2·pz)), 2.21 (s, 3-6 H, CH3(CO2·pz)), 2.17 (s, 12 H, 3/5-CH3(pz)) ppm. 
Ti(13CO2·pzMe2)2(pzMe2)2: 13C{1H} NMR (125.76 MHz, C6D6, 26 °C): δ = 150.5 (CO2), 150.3 (5-C(CO2·pz)), 
144.7 (3/5-C(pz)), 141.8 (3-C(CO2·pz)), 141.8 (3-C(CO2·pz)), 116.2 (4-C(pz)), 110.2 (4-C(CO2·pz)), 110.2 
(4-C(CO2·pz)), 13.3 (5-CH3(CO2·pz)), 12.3 (3-CH3(CO2·pz)), 11.9 (3/5-CH3(pz)) ppm. DRIFTS: ṽ = 3131 
(vw), 3104 (vw), 2978 (vw), 2929 (vw), 2867 (vw), 1740 (vs), 1690 (vw), 1559 (vw), 1521 (vw), 1459 
(m), 1440 (w), 1413 (w), 1386 (w), 1348 (m), 1287 (s), 1230 (w), 1138 (w), 1048 (s), 1024 (m), 987 (w), 
848 (s), 804 (s), 778 (s), 728 (w), 630 (vw), 583 (vw), 478 (m), 441 (s), 406 (m) cm‒1. Elemental analysis 
calcd. (%) for C22H28N8O4Ti (516.39 g mol‒1): C 51.17, H 5.47, N 21.70; found C 51.63, H 5.28, N 21.83. 
After 1 week at ambient temperature a few crystals of 2 suitable for a SCXRD analysis were formed. 
Fragments of the side product urea derivative OC(N-pzMe2)2 were analyzed by mass spectrometry. 
LRMS(ESI): m/z calcd. for C11H14N4O [M+H]+ 219.12; found 219.16. After 3 months at ambient 
temperature a few crystals of 3 suitable for a SCXRD analysis were formed. 

Ti(CS2·pzMe2)(pzMe2)3 (1
CS2). In a pressure tube, an excess of CS2 (504 mg, 6.62 mmol) was added to a 

solution of Ti(pzMe2)4 (100 mg, 233 μmol) in 10 mL toluene. The mixture was heated to 60 °C and stirred 
for 5 d. The solution was concentrated and stored at ‒40 °C. Overnight yellow crystals were obtained 
suitable for a SCXRD measurement. The supernatant solution was removed and 1CS2 was obtained as 
yellow powder after evaporation of the solvent (94.9 mg, 188 μmol, 81%). 1H NMR (500.1 MHz, C6D6, 
‒60 °C): δ = 5.76 (s, 2 H, 4-H(cis-pz)), 5.52 (s, 1 H, 4-H(trans-pz)), 4.78 (4-H(CS2·pz)), 2.41 (s, 3 H, 5-
CH3(CS2·pz)), 2.39 (s, 6 H, 3/5CH3(cis-pz)), 2.27 (s, 3 H, 3-CH3(CS2·pz)), 2.06 (s, 6 H, 3/5-CH3(trans-pz)), 
1.97 (s, 6 H, 3/5-CH3(cis-pz)) ppm. 13C{1H} NMR (125.76 MHz, C6D6, 26 °C): δ = 209.2 (CS2), 150.6 (5-
C(CS2·pz)), 145.5 (3/5-C(cis-pz)), 145.0 (3-C(CS2·pz)), 144.0 (3/5-C(trans-pz)), 114.2 (4-C(trans-pz)), 
113.8 (4-C(cis-pz)), 113.2 (4-C(CS2·pz)), 17.9 (3-CH3(CS2·pz)), 15.7 (5-CH3(CS2·pz)), 12.9 (3/5-CH3(cis-pz)), 
12.5 (3/5-CH3(trans-pz)) ppm. DRIFTS: ṽ = 3105 (w), 2972 (w), 2954 (w), 2621 (m), 2861 (w), 1579 (s), 
1520 (s), 1477 (m), 1462 (s), 1439 (vs), 1414 (s), 1373 (s), 1323 (vs), 1313 (s), 1247 (vs), 1168 (w), 1131 
(vs), 1071 (vs), 1033 (vs), 1015 (s), 985 (s), 895 (s), 814 (m), 795 (m), 749 (m), 729 (m), 665 (vw), 635 
(vw), 586 (w), 548 (vw), 523 (vw), 480 (m), 438 (vs), 408 (vs) cm‒1. Elemental analysis calcd. (%) for 
C21H28N8S2Ti (504.50 g mol‒1): C 50.00, H 5.59, N 22.21, S 12.71; found C 49.79, H 5.65, N 22.05, S 12.42. 

Ti(CO2·pztBu2)2(pztBu2) (4CO2). In a 25 mL Schlenk tube, a solution of Ti(pztBu2)3 (100 mg, 233 μmol) in 5 mL 
toluene was stirred under 1 bar CO2 for 3 h at ambient temperature. The color of the blue solution 
turned green, then yellow and finally red. The solution was transferred to the glovebox and stored at 
‒40 °C. A red amorphous precipitate formed and overnight also colorless crystals suitable for a SCXRD 
measurement. The supernatant solution was removed and the residue was dried for 30 min at reduced 
pressure yielding 4CO2 as a light red powder (99.1 mg, 147 μmol, 63%). 1H NMR (500.1 MHz, C6D6, 26 
°C): δ = 5.30 (4-H(pz)), 1.55(tBu) ppm. 13C{1H} NMR (125.76 MHz, C6D6, 26 °C): δ = 170.7 (pz), 30.9 
(tBu) ppm. DRIFTS: ṽ = 2962 (s), 2911 (w), 2871 (w), 1765 (s), 1753 (vs), 1545 (vw), 1513 (vw), 1482 
(vw), 1462 (w), 1435 (w), 1393 (vw), 1363 (w), 1324 (m), 1259 (s), 1239 (s), 1179 (w), 1138 (vw), 1062 
(m), 1016 (w), 976 (vw), 857 (w), 825 (w), 818 (m), 780 (w), 525 (vw), 498 (w), 437 (w), 404 (w) cm‒1. 
Elemental analysis calcd. (%) for C35H57N6O4Ti (673.75 g mol‒1): C 62.40, H 8.53, N 12.47; found C 63.16, 
H 8.35, N 12.71. The carbon value is outside analytical purity, but no better elemental analysis could 
be obtained to date, due to the high content of solvent molecules in the lattice. 

[Ti(pztBu2)3]2( -O) (5). In a 25 mL Schlenk tube, a solution of Ti(pztBu2)3 (100 mg, 233 μmol) in 5 mL 
toluene was stirred under 1 bar N2O for 30 min at ambient temperature. The color of the blue solution 
turned green, then yellow and finally orange. Orange crystals suitable for a SCXRD measurement 
formed overnight under ambient temperature. The supernatant solution was removed and the residue 
was dried at reduced pressure yielding 5 as an orange powder (100 mg, 84.5 μmol, 99%). 1H NMR 
(400.11 MHz, THF-D8, 26 °C): δ = 6.36 (4-H), 1.01 (C(CH3)3) ppm. 13C{1H} NMR (100.61 MHz, THF-D8, 26 
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°C): δ = 157.5 (3/5-C), 109.5 (4-C), 32.3 (C(CH3)3), 31.1 (C(CH3)3) ppm. The signal at 157.5 ppm was only 
resolved in an 1H-13C-HMBC experiment. DRIFTS: ṽ = 3118 (vw), 2961 (vs), 2929 (m), 2903 (m), 2867 
(w), 1520 (m), 1501 (m), 1484 (w), 1461 (w), 1427 (m), 1388 (vw), 1363 (s), 1288 (vw), 1253 (m), 1229 
(m), 1206 (w), 1020 (vw), 999 (w), 801 (s), 744 (vs), 708 (m), 627 (vw), 564 (vw), 531 (w), 482 (s) cm‒1. 
Elemental analysis calcd. (%) for C66H114N12OTi2 (1186.82 g mol‒1): C 66.76, H 9.68, N 14.15; found C 
67.14, H 9.20, N 14.17. 

General procedure of the catalytic conversion of epoxides and CO2 to cyclic carbonates. 
Representative example: A Schlenk tube was charged with Ti(pzMe2)4 (10.5 mg, 24.5 μmol) and TBAB 
(15.8 mg, 49.0 μmol) dissolved in propylene oxide (343 μL, 4.90 mmol). The atmosphere was 
exchanged with 1 bar CO2 and the reaction mixture was stirred for 24 h. The conversion was 
determined via 1H NMR spectroscopy by dissolving the reaction mixture in CDCl3. 
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Figure S31. TGA of Ti(CO2·pzMe2)2(pzMe2)2 (1CO
2). The sample was heated from 27 °C to 1000 °C with a heating 

ratio of 2 Kmin–1 under constant Ar flow. 

 

Figure S32. TGA of Ti(CS2·pzMe2)(pzMe2)3 (1CS
2). The sample was heated from 27 °C to 1000 °C with a heating ratio 

of 2 Kmin–1 under constant Ar flow. 
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Table S1. Crystallographic data for complexes 1CO2, 2, 3 and 1CS2 

 1CO2 2 3 1CS2 

CCDC 2423933 2423932 2423934 2423931 

formula 
C22H28N8O4Ti · 0.5 
C7H8 

C34H42N12O9Ti2 · 
C7H8 

C42H56N16O6Ti3 · 0.5 
C7H8 

C21H28N8S2Ti · C7H8 

M [g mol‒1] 562.49 950.73 1070.79 596.67 

color/shape orange/plate yellow/plate orange/block yellow/plate 

Crystal dimensions 
[mm] 

0.210 x 0.103 x 
0.069 

0.183 x 0.151 x 
0.053 

0.172 x 0.163 x 
0.140 

0.264 x 0.150 x 
0.112 

cryst. system orthorhombic monoclinic triclinic orthorhombic 

space group Pccn P21/n P1" Pbca 

a [Å] 13.996(4) 12.0147(16) 10.2731(3) 14.9266(7) 

b [Å] 15.781(5) 12.7078(17) 13.7173(4) 16.7993(8) 

c [Å] 27.295(8) 29.572(4) 18.2960(6) 24.6971(13) 

α [°] 90 90 82.3550(10) 90 

β [°] 90 92.721(3) 81.5940(10) 90 

γ [°] 90 90 85.9250(10) 90 

V [Å3] 6029(3) 4510.0(11) 2524.38(13) 6193.0(5) 

Z 8 4 2 8 

T [K] 100(2) 100(2) 100(2) 100(2) 

wavelength [Å] 0.71073 0.71073 0.71073 0.71073 

ρcalcd [g cm‒3] 1.239 1.400 1.409 1.280 

µ [mm‒1] 0.326 0.421 0.527 0.442 

F(000) 2360 1984 1118 2512 

θ range [°] 1.945/28.776 1.379/27.143 1.764/28.744 2.003/26.398 

unique reflns  7839 9977 13079 6339 

observed reflns  93953 64412 100585 40857 

R1
[a]/wR2 (I>2σ)[b] 0.0606/0.1559 0.0502/0.1115 0.0413/0.1032 0.0381/0.0932 

R1
[a]/wR2 (all data)[b] 0.0756/0.1641 0.0931/0.1316 0.0554/0.1126 0.0497/0.1015 

GOF[c] 1.106 1.017 1.047 1.053 

[a]R1 = Σ(||F0| - |Fc||) / Σ|F0|, F0 > 4σ(F0),
 [b]

 wR2 = {Σ[w(F0
2 - Fc

2)2 / Σ[w(F0
2)2]}1/2. [c]GOF = [Σw(F0

2 - Fc
2)2 / (n0 - np)]1/2. 
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Table S2. Crystallographic data for complexes 4CO2* and 5* 

 4CO2* 5*   

CCDC 2423936 2423935   

formula C35H57N6O4Ti · 2 
C7H8 

C66H114N12OTi2   

M [g mol‒1] 858.03 1187.46   

color/shape colorless/column yellow/block   

Crystal dimensions 
[mm] 

0.434 x 0.179 x 
0.143 

0.212 x 0.199 x 
0.168 

  

cryst. system orthorhombic cubic   

space group Pbca Pa3"   

a [Å] 28.975(4) 19.2439(11)   

b [Å] 23.619(3) 19.2439(11)   

c [Å] 43.439(6) 19.2439(11)   

α [°] 90 90   

β [°] 90 90   

γ [°] 90 90   

V [Å3] 29728(7) 7126.6(12)   

Z 24 4   

T [K] 100(2) 100(2)   

wavelength [Å] 0.71073 0.71073   

ρcalcd [g cm‒3] 1.150 1.107   

µ [mm‒1] 0.219 0.270   

F(000) 11112 2584   

θ range [°] 1.455/24.462 1.833/28.740   

unique reflns  24573 3094   

observed reflns  199425 138932   

R1
[a]/wR2 (I>2σ)[b] 0.0844/0.1760 0.0923/0.2387   

R1
[a]/wR2 (all data)[b] 0.1548/0.2094 0.1061/0.2466   

GOF[c] 1.039 1.133   

[a]R1 = Σ(||F0| - |Fc||) / Σ|F0|, F0 > 4σ(F0),
 [b]

 wR2 = {Σ[w(F0
2 - Fc

2)2 / Σ[w(F0
2)2]}1/2. [c]GOF = [Σw(F0

2 - Fc
2)2 / (n0 - np)]1/2            

* Connectivity structure only. 
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