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Abstract 

Aluminium anions with an unoccupied orbital are generally considered highly difficult synthetic target, 

as aluminium is the most electropositive element in the p-block. Stabilizing effects from two nitrogen 

substituents and/or the coordination of a Lewis base have recently been used to synthesise the first 

examples of anionic nucleophilic aluminium species. Here we show the synthesis and properties of a 

potassium salt of a non-stabilised dialkylaluminium anion that exhibits very strong basicity, which 

reflects the electropositive character of aluminium. An X-ray diffraction analysis revealed a 

monomeric structure and the shortest Al–K distance hitherto reported. The UV-vis spectrum in 

combination with DFT calculations suggests an electronic structure characterised by a lone pair of 

electrons and an unoccupied p-orbital on the Al centre. This species readily deprotonates benzene to 

form the corresponding (hydrido)(phenyl)aluminate. Reactions with other electrophiles corroborate 

the nucleophilicity of the Al centre. 

 Carbenes, i.e., carbon compounds with six valence electrons and two bonds at a central 

carbon atom, arguably represent one of the most important classes of reactive molecules in organic 

chemistry.1-4 Replacement of the carbon atom in carbenes by another main-group element generates a 

series of carbene analogues (Fig. 1a).5-7 For example, heavier analogues of carbenes that bear a silicon 

atom, i.e., silylenes, have been extensively studied, especially their structures, photophysical properties, 

and reactivity. Isoligated carbene analogues that incorporate a Group-13 element should bear a 

negative charge on the central atom, while replacement with a Group-15 element should produce a 

positively charged compound. The main methods to stabilise anionic six-electron Group-13 element 

species are the preparation of salts with Li+ cations and/or the introduction of two nitrogen atoms (Fig. 

1b), although several other methods have been developed for boron-based anionic species.8 So far, 

four diamino-substituted anions of Group-13 elements have been isolated, which contain B, Al, Ga, or 

In centres (I–IV; Fig. 1b).9-14 Moreover, the neutral and base-stabilised six-electron Al species V, 

which is related to II, has been reported (Fig. 1c).15 An alternative method for the stabilization of B 



and Al anions is the coordination with a Lewis base under concomitant formation of an eight-electron 

species, such as VI–XI for B16-22 and XII for Al23 (Fig. 1d). XII has been isolated as the first example 

of an Al-based anion that exhibits basicity and nucleophilicity at the Al centre. Moreover, XII has 

been applied to the synthesis of unsupported Al–Mg- and Al–Au-bonded species.24 Moreover, XII 

could be derivatised to a monomeric base-stabilised Al anion (XIII) by addition of [2.2.2]cryptand.25 

Yet, examples of electronically unbiased Group-13 anionic species remain elusive. Considering that 

the tetrakis(trimethylsilyl)butylene ligand is able to stabilise six-electron silylene XIV and seven-

electron phosphinyl radical species XV (Fig. 1e),26,27 one could feasibly expect that the same ligand 

enables the isolation of an alkyl-substituted Al anion. We herein report the synthesis of a potassium 

salt of a six-electron anionic aluminium species (5) that contains an unprecedented Al–K bond (Fig. 

1f). A single-crystal X-ray diffraction analysis of 5 revealed a characteristically small C–Al–C angle, 

long C–Al bond, and the shortest hitherto reported Al–K contact. The UV-vis spectrum and DFT 

calculations corroborated the existence of a lone pair of electrons and an unoccupied p-orbital on the 

Al atom. This aluminium anion exhibits also very strong basicity, which enables the fast deprotonation 

of benzene, and significant nucleophilicity, which allows SN2 and SNAr reactions.  

Synthesis of dialkyl-substituted Al anion 

 The synthesis of six-electron anionic aluminium species 5 is illustrated in Fig. 2a. The 

reaction of 1,1-bis(trimethylsilyl)ethylene (1) with excess Li afforded ether-solvated 1,4-dilithio-

1,1,4,4-tetrakis(trimethylsilyl)butane 2 as a crystalline material, which is slightly different from the 

previously reported tetrahydrofuran (THF)-coordinated analogue.28 Addition of aluminium triiodide 

to 2 furnished cyclic five-membered aluminium iodide 3. A subsequent reduction of 3 with excess Li 

resulted in the formation of dialumane 4, which exhibits an Al–Al single bond. Finally, treatment of 4 

with Na/K alloy in THF/toluene (1/100) for 15 h at –35 °C induced the cleavage of the Al–Al bond to 

give toluene-solvated alumanylpotassium 5 as a red crystalline solid. The reaction in toluene did not 

proceed, while the reaction in THF afforded a complicated mixture of products. It should be noted that 

5 decomposes in benzene at room temperature within hours (vide infra). In an attempt to stabilise 5 in 

solution by separation of the potassium cation, we added [2.2.2]cryptand. However, the addition of 

[2.2.2]cryptand led to the immediate decomposition of 5. Similarly, dissolution of 5 in the more polar 

solvent THF induced rapid decomposition. These results suggest that 5 retains its Al–K bond in 

solution as a contact ion pair. A single-crystal X-ray diffraction analysis revealed a planar and trigonal 

Al centre (angle sum around Al: 360°) (Fig. 2b). The Al–K bond in 5 [3.4549(5) Å] is slightly longer 

than the sum of the covalent radii of Al and K (3.28 Å), and much shorter than the Al···K distance in 

diamino-substituted Al anion II [3.5346(8)–3.7053(9) Å]11 or base-stabilised Al anion XII [3.844(1), 

4.070(1) Å].23 The optical absorption of 5 was examined by UV-vis spectroscopy in toluene (Fig. 2c). 



At –50 °C, 5 exhibits two absorption maxima at 309 (e = 981) and 468 nm (e = 327), which are 

comparable to those of the corresponding silylene bearing the same ligand set [260 (e = 1700) and 440 

nm (e = 500)] (XIV, Fig. 1e).26  

Electronic structure of dialkyl-substituted Al anion 

 The electronic structure of 5 was examined by a combination of single-crystal X-ray 

diffraction analysis and density functional theory (DFT) calculations. A structural comparison of 

alumanylpotassium 5 with its precursor 4 showed that the two Al–C bonds [2.0846(9) Å] in 5 are 

longer than those in 4 [2.005(3)–2.011(3) Å], and that the C–Al–C bond angle [90.40(5)°] in the former 

is narrower than that in the latter [97.78(12)°]. These results suggest a higher p-character of the C–Al 

bond on the Al atom and a more pronounced s-character of the Al–K bond on the Al atom in 5, which 

is supported by a natural bond orbital (NBO) analysis (Al–C: 80.78% p-orbital of Al; Al–K: 78.98% 

s-orbital of Al). The C–Al–C bond angle of 5 (~ 90°) is similar to the N–Al–N angle in V [89.86(8)°; 

Fig. 1c],15 and much smaller than those in II [103.89(8)° and 105.05(8)°; Fig. 1b].11 The three most 

characteristic molecular orbitals of 5 are illustrated in Fig. 3. The HOMO of 5 is a lone pair of electrons 

that is mainly located on the Al atom, similar to the case of II and XII,11,23 while the LUMO of 5 

consists of the p*-orbitals of the toluene molecules coordinated to the K atom. An almost non-
perturbed Al 3p-orbital was found in the LUMO+8. It should be noted here that the HOMO energy 

level of 5 is higher than those of II and XII (Supplementary Fig. 32). Additionally, the calculated 

HOMO–LUMO gap in 5 (2.564 eV) is significantly smaller than that of II (3.368 eV) and XII (3.212 

eV). These discrepancies between the electronic structures should be attributed to a) the absence of 

electronegative nitrogen atoms, b) the absence of Al–N pp-pp interactions, and c) the existence of a 

low-lying p*-orbital of toluene in 5. Time-dependent (TD) DFT calculations indicated that a 
combination of transitions from the HOMO to the LUMO and LUMO+8 reproduces the characteristic 

absorptions observed in the UV-vis spectrum of 5 (Fig. 2c and Supplementary Fig. 30; calcd. 467 nm). 

The properties of the Al–K bond were estimated by NBO and atoms in molecules (AIM) analyses. The 

second order perturbation energy analysis provided two types of significant donor–acceptor 

interactions: (i) from the lone pair of electrons on the Al centre to the potassium ion (22.53 kcal/mol), 

and (ii) from the sSiC bonding electrons to the unoccupied p-orbital on the Al atom (9.38–13.57 
kcal/mol). A natural population analysis (NPA) suggested that the Al atom bears a positive charge 

(+0.5956), probably due to its very low electronegativity. Removal of the four trimethylsilyl 

substituents in the model compounds also afforded a positive charge at the Al atom (cf. Supplementary 

Table 4). Moreover, the AIM analysis suggested a polar character of the Al–K bond with a small r(r) 

value (0.01173 e/a03) and a positive Ñ2r(r) value (0.02083 e/a05). Thus, the Al–K bond in 5 can be 
considered as a highly polarised bond between Al– and K+. 



Reactivity of dialkyl-substituted Al anion 

 Subsequently, we examined the reactivity of alumanylpotassium 5 (Fig. 4). Keeping a 

benzene solution of 5 at room temperature led to the formation of (hydrido)(phenyl)aluminate 6, 

probably via the deprotonation of benzene by an anionic aluminium atom followed by a nucleophilic 

attack of the resulting phenylpotassium on the hydroalumane. It should be noted here that this reaction 

was completed within 2.5 h at room temperature. Based on the terminology in the IUPAC Gold Book, 

the definition of "oxidative addition" depends only on the nature of the starting material and the 

products, regardless of the reaction mechanism. Therefore, this compound 6 can also be considered as 

the product of an oxidative addition of the C-H bond to the Al(I) centre. In contrast, the previously 

reported aluminium nucleophiles XII and XIII required harsher conditions (60 °C, 4 d) to give a 

similar compound,23 or induced C–C bond cleavage of the six-membered ring in benzene.25 We assume 

that the electronically unbiased structure of 5 would shed light on the very high basicity of the Al anion, 

which was not observed in the reactions of XII and XIII. Moreover, 5 exhibited a higher basicity than 

a diaminoboryl anion derivative, evident from the ability to deprotonate benzene,29 which is probably 

due to the lower electronegativity of aluminium (1.61)30 compared to that of boron (2.04) as well as to 

the carbon substituents in 5, which are less electronegative than the amino substituents in the boryl 

anion. The reaction of 5 with methyl trifluoromethanesulfonate (MeOTf) afforded the corresponding 

methylalumane 7. Due to the low crystallinity of 7, the corresponding 4-(N,N-dimethylamino)pyridine 

(DMAP) adduct, 7·DMAP (cf. Supplementary Information), was generated in order to confirm the 

presence of the methyl group. This result clearly demonstrates the nucleophilicity of the aluminium 

centre in 5. Dibenzylaluminate 8 and chloroalumane 9 were obtained from the reaction with benzyl 

chloride, as evident from an NMR analysis. These results suggest that 5 is susceptible to a nucleophilic 

substitution at the chlorine atom that generates 9 and benzylpotassium, which further reacts with an 

equimolar amount of 9 to afford benzylalumane 10 as a potential intermediate. Subsequently, 10 reacts 

with benzylpotassium to give 8 and the corresponding remaining amount of 9 was observed. Although 

we consider a SET-based mechanism would be probable, we favour at this point an ionic mechanism, 

as similar boron-based anions have been proven by DFT calculations to be ionic.31 Moreover, we did 

not observe any change of color of the reaction solution, which is commonly observed in electron-

transfer reacitons (cf. Supplementary Information).32 Treatment of 5 with C6F6 afforded a mixture of 

11 and 12 via one and two nucleophilic aromatic substitution reaction(s), in which the ratio of 11/12 

varied with the stoichiometry of C6F6. In the reaction with 0.5 equiv. of C6F6, dialuminated 12 was 

isolated as the major product, leading to the full structural characterization of 12 by a single-crystal X-

ray diffraction analysis. Increasing the stoichiometry of C6F6 (1 equiv.) afforded a mixture of 11 and 

12 at a ratio of 11:12 = 4:3. Even in the reaction with 10 equiv. of C6F6, a significant amount of 12 



was formed (11:12 = 3:1). These results indicate that monosubstituted 11 is more reactive toward 5 

than C6F6, where the (dialkyl)(fluoro)alumanuidyl substituent likely decreases the electron density of 

the C6F5 moiety compared to that of C6F6, thus enhancing the reactivity toward nucleophilic aromatic 

substitution (SNAr) reactions.  

Conclusion 

 In summary, we have reported the four-step synthesis of the monomeric potassium salt of 

an alkyl-substituted aluminium anion (5). The structural features of 5 in the crystal indicate that 5 is 

stabilised by a small C–Al–C angle, a long C–Al bond, and the shortest hitherto reported Al–K contact. 

The characteristic absorption of 5 at 468 nm suggests the presence of a lone pair of electrons and an 

unoccupied p-orbital on the Al atom, which is supported by the results of DFT calculations. NBO and 

AIM analyses indicate a polar bond between Al– and K+. The strongly basic and nucleophilic character 

on the Al-centre was demonstrated by reactions with benzene, methyl triflate (MeOTf), benzyl 

chloride, and C6F6. 

Data availability 

Crystallographic data for the structures in this paper have been deposited at the Cambridge 

Crystallographic Data Centre under reference numbers 1869762 (2), 1869763 (3), 1869764 (4·hexane), 

1869765 (5), 1869766 (6), 1869767 (7·DMAP), 1869768 (8), 1869769 (9·pyridine), and 1869770 (12). Copies 

of the data can be obtained free of charge from www.ccdc.cam.ac.uk/structures/. All other data supporting the 

findings of this study are available within the Article and its Supplementary Information, or from the 

corresponding author upon reasonable request. 
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Fig. 1 | Group-13-element anions and related compounds. (a) Carbenes and their analogues 

containing elements from adjacent main groups with six valence electrons. (b) Previously reported 

diamino-substituted anions of Group-13 elements (I–IV). (c) A neutral six-electron Al(I) species (V). 

(d) Base-stabilised Group-13-element anions (VI–XIII). (e) A dialkylsilylene (XIV) and a 

dialkylphosphinyl radical (XV) that bear a tetrakis(trimethylsilyl)butylene ligand. (f) The six-electron 

dialkylaluminium anion (5) described in this study. R = alkyl, Dip = 2,6-(i-Pr)2C6H3, 18-c-6 = 18-

crown-6 (1,4,7,10,13,16-hexaoxacyclooctadecane), thf = tetrahydrofuran, Cy = cyclohexyl, Ph = 

phenyl, Mes = 2,4,6-Me3C6H2. 

Fig. 2 | Synthesis and characterisation of alumanylpotassium 5. (a) Synthesis of 5 from 1,1-

bis(trimethylsilyl)ethylene in four steps. (b) Crystal structure of 5 with thermal ellipsoids at 50% 

probability; hydrogen atoms have been omitted for clarity. (c) UV-vis spectrum of 5 (T = –50 °C; 

toluene; [5] = 1.07×10–3 M; 1 mm sealed cuvette). 

Fig. 3 | Characteristic molecular orbitals of alumanylpotassium 5. All Kohn-Sham orbitals were 

calculated at the B3LYP/6-31+g(d) level of theory. 

Fig. 4 | Reactivity of alumanylpotassium 5. a Characterised by 1H and 19F NMR analysis of the 

reaction mixture. 

 


