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ABSTRACT: A non-solvated alkyl-substituted Al(I) anion di-
mer was synthesized by a reduction of haloalumane precursor 
using a mechanochemical method. The crystallographic and 
theoretical analysis revealed its structure and electronic prop-
erties. Experimental and theoretical XPS analysis of the dimer 
with reference compounds revealed the low oxidation state of 
Al(I) anions. It should be emphasized that the experimentally 
obtained XPS binding energies were reproduced by delta SCF 
calculations and were linearly correlated with NPA charges 
and 2p orbital energies.  

Aluminum (Al) is the most earth-abundant metal and is 
widely used in industry. Metallic aluminum in zero-oxidation 
state [Al(0)], obtained through electrolytic reduction of nat-
urally produced stable Al(III) oxide, and alloy are valued as 
lightweight materials. In molecular chemistry, Al(III) com-
pounds are often used as Lewis acid catalysts, hydride reagents, 
and alkyl nucleophiles.1 In contrast to the rich chemistry of 
Al(III) molecules, the molecular chemistry of aluminum in a 
low oxidation state [Al(II) and Al(I)] has been developed in 
the last four decades.2 All reported these molecules can be 
classified to three classes, radical anion,3 base-stabilized neu-
tral radical,4,5 and dialumanes.6 The history of the molecular 
Al(I) chemistry is relatively short because it has grown in the 
last 25 years.7 There are three different types of Al(I) 

molecules (Chart 1): (a) a neutral Al compound with one 𝜎-
bond, one lone pair of electrons, and two vacant p-orbitals (re-
ferred to as alandiyl, alumylene, and aluminylene),8 and its 
base-stabilized form and oligomers,9 including A and 
(Cp*Al)4 as the most widely studied species; (b) dialumene, 
an Al=Al double bond species;6s, 10 (c) alumanyl anion, an an-
ionic Al(I) species having a lone pair of electrons on the Al 
atom.11,12 After the first discovery of B in 2018,11a the chemis-
try of alumanyl anion has been rapidly developed in the past 
few years with a dianionic diamino or (alkyl)(amino) ligand,11 
including our latest contribution with a simple and scalable 
derivative C.11k, 11l In 2020, we also contributed to this chem-
istry with alkyl-substituted Al(I) anion D having a dianionic 
cyclic-alkylene ligand.12 

Considering their low oxidation state, one can expect that 
these Al(II) and Al(I) species would exhibit distinct elec-
tronic properties on the Al atom in comparison with those of 
Al(III) species. To analyze the electronic structure of Al(I) 
species, Al K-edge XANES spectra of A and (Cp*Al)4 were 
measured to give its lower energy absorption than that of the 
corresponding Al(III) species.13 Thus, analysis on the elec-
tronic property of Al(I) nuclei is limited to XANES analysis of 
neutral species.14 The thermal instability of the previously re-
ported D due to intramolecular C–H cleavage prevented its 
detailed characterization as Al(I) species. The latest develop-
ment of mechanochemistry with an elemental metallic reduct-
ant for reductive C-C coupling,15 preparation of Grignard 
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reagent,16 and formation of Mg(I) species17 inspired us to ap-
ply the mechanochemical method to the synthesis of Al ani-
ons. Herein, we report the mechanochemical synthesis of 
non-solvated dialkylalumanyl anion 1 and a systematic study 
on the electronic structures of dialkyl- and diamino-Al(I), 
Al(II), and Al(III) species 1-6 (Chart 2) including newly syn-
thesized dialumane 5 by using X-ray photoelectron spectros-
copy (XPS) and DFT calculations. 
Chart 1. Molecular Al(I) species (Dip = 2,6-iPr2C6H3, Trip = 2,4,6-
iPr3C6H2, Mes = 2,4,6-Me3C6H2, Ad = 1-adamanthyl, Si = SiMe3). 

 
Chart 2. This work. (Si = SiMe3). 

 
The dimeric alumanylpottassium 1 and symmetrical dialu-

mane 5 were synthesized as illustrated in Scheme 1. The reac-
tion of dilithiobutane 7 with AlBr3 furnished dialkylaluminum 
bromide 3. Ball-milling of 3 with Na/K alloy in the presence 
of a small amoun of hexamethyldisiloxane (TMS2O) led to a 
formation of 1 as a red solid in 77% NMR yield. It should be 
noted that the reduction of 3 under conventional stirring con-
dition in solution gave a trace amount of 1. Recrystallization 
of 1 from the crude reaction mixture furnished red crystals of 
1 in 20% isolated yield. The thermal stability of 1 up to ca. 
80 °C is noteworthy, in contrast to the previously reported D 

decomposes in toluene solution at room temperature via C–
H cleavage of toluene molecule.12b The single-crystal X-ray 
diffraction analysis of 1 revealed the centrosymmetric dimeric 
structure with two K--Al--K 3-center-2-electron bonds, sup-
ported by the shorter Al-K distance of 3.133(2) Å than a sum 
of covalent radii (4.36 Å for Al and K)18 (Figure 1). This di-
meric structural motif is similar to those of the previously re-
ported diaminoalumanyl anions. The 1H NMR spectrum of 1 
and 3 indicates a Cs-symmetrical structure. Moreover, the 1H 
NMR spectrum of 1 in toluene-d8 gave an identical spectrum 
to that of the previously reported D, suggesting 1 was con-
verted to the monomeric structure upon coordination of tolu-
ene. The signal at 230 ppm in 27Al NMR spectrum of 3 in C6D6 
was observed at a lower magnetic field than reported one of 
three coordinate Al(III) molecules, Mes3Al (Mes = 2,4,6-tri-
methylphenyl),19 whereases formally Al(I)-centered dialkyl-
alumanyl anions 1 and D did not give any signals. The dialu-
mane 5 was synthesized by a salt elimination reaction of pre-
viously reported C11k and 611k in 71% isolated yield. The Al–
Al bond of 2.5988(5) Å in the crystal of 5 (See SI) was in the 
range of those [2.4946(9)6k-2.751(2)6e Å] of previously re-
ported dialumanes.  
Scheme 1. Synthesis of dimeric alumanylpotassium 1 and 
tetraaminodialumane 5 (Si = SiMe3, Dip = 2,6-iPr2C6H3) 
aYield in parentheses was determined by 1H NMR with t-
Bu3C6H3 as an internal standard. 

 

 

Figure 1. Molecular structure of 1 with thermal ellipsoids at 50% 
probability; all hydrogen atoms are omitted for clarity. 

To reveal electronic structure of 1-6, DFT calculations were 
performed at the B3LYP/def2svp level of theory (Figure 2). 
All molecules except for 4 were optimized for their one asym-
metric unit obtained by crystallographic analysis, while 4 was 
optimized for its two asymmetric units to keep the interaction 
between the anionic aluminum atom and the K+[cryptand] 
cation. The highest occupied molecular orbital (HOMO) of 1 
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is differently phased two lone pairs of electrons that are lo-
cated mainly on the Al atom. The atoms in molecules analysis 
for 1 showed a polar character of the Al–K bond with a small 
ρ(r) value (0.010 e/a30) and a positive 𝛻2𝜌(r) value (0.021 
e/a50). A natural population analysis (NPA) of 1 revealed that 
Al and K atoms are positively and differently charged (Al: 
+0.566, K: +0.838). Thus, the Al–K bond in 1 can be consid-
ered as a polarized bond between Al– and K+. This character-
istics are similar to those observed in the previously reported 
Al anions.11,12 Similarly, the anionic parts of 4 possesses a lone-
pair character at the Al centers with opposite phases for each 
Al atom. In contrast to that dialkyldialumane 2 has a signifi-
cant contribution of the Al–Al bond to HOMO, diaminodi-
alumane 5 exhibits non-bonding N–Al–N character. Bromo-
alumane 3 shows an antibonding combination between Al–C 
bond and a lone pair of electrons on the Br atom, while the 
dimeric iodoalumane 6 has non-bonding N–Al–N character.  

 

Figure 2. HOMOs of (a) 1, (b) 2, (c) 3, (d) 4,a (e) 5, and (f) 6 
calculated at B3LYP/def2svp level of theory. 

a calculated for two asymmetric units. 

It is suggested that the formal oxidation states of the Al atom 
in the Al anions 1 and 4 are I, those in dialumanes 2 and 5 are 
II, and those in haloalumanes 3 and 6 are III. To experimen-
tally understand the difference in the Al oxidation states 1-6, 
XPS spectra of 1-6 were measured (Figure 3). A single Al 2p 
XPS peak of Al(I) species, dialkyl-Al anion 1 and diamino-Al 
anion 4, was observed at 74.0 eV (1) and 73.8 eV (4), respec-
tively, which were much smaller than that of alumina [75.6 eV: 
Al(III)]20 and closer to that of aluminum foil [73.1 eV for Al 
2p1/2 and 72.7 eV for Al 2p3/2: Al(0)],21 supporting the re-
duced state of the Al(I) center in 1 and 4. The Al 2p XPS peaks 
of 2 and 5 were observed at 75.4 eV (2) and 74.8 eV (5), re-
spectively, which were larger than those of 1 and 4, being con-
sistent with that the Al(II) centers of 2 and 5 are electronically 
more positive than those of 1 and 4. Similarly, the Al 2p XPS 
peaks of 3 and 6 exhibited the Al 2p XPS peak at 75.9 eV (3) 
and 75.2 eV (6), respectively, which are further increased, re-
flecting the most electronically positive characters of their Al 
centers among these Al species 1-6. The core level of binding 
energies of 1-6 (for Al 2p and Br 3d states) were calculated by 
the delta SCF method22 implemented in the OpenMX code.23 
The order of calculated binding energies (1 < 2 < 3,  4 < 5 < 

6) fit to that of experimentally obtained binding energies as 
summarized in Table 1. The means absolute error of the calcu-
lated binding energies vs. experimental data for 4-6 (0.11 eV) 
is smaller than that of 1-3 (0.53 eV). The delta SCF calcula-
tions could assign other peaks in 1 (KBr impurity, 69.44 eV) 
and 3 (Br bonded to Al, 70.81 eV) as well as peaks of Al foil 
[2p3/2 72.65 eV, 2p1/2 73.16 eV, surface Al2O3 2p (av.) 76.07 
eV]. Thus, it was experimentally and theoretically confirmed 
that the difference in Al oxidation states of 1-6 reflects binding 
energies in the XPS analysis, supporting the attribution of for-
mal oxidation states of the Al centers in 1-6. 

The binding energies obtained by experimental XPS analy-
sis were found to be correlated with NPA charges and energy 
levels of 2p orbitals (Table 1). As the XPS Al 2p binding ener-
gies increased, NPA charges increased as 1 < 2 < 3 and 4 < 5 < 
6. This is consistent with the increase of the formal oxidation 
states for these compounds. Furthermore, the energy levels of 
2p-orbitals on the Al atom also increased in the same order. It 
should be emphasized that these values are linearly correlated 
with R2 > 0.99 (Figure 4), although the accurate physical in-
terpretation for this correlation should be studied in the future.  

 

Figure 3. Al 2p XPS spectra of 1-6 and Al foil.a The peaks at 69.8 
eV (for 1) and 71.0 eV (for 3) can be assigned to Br 3d core-levels 
of small impurities (KBr) of 1 and the bromide on the Al atom in 
3. 

aAl foil was spattered to remove oxidized film from the surface 
(the peak at 76.1 eV can be assigned as the aluminum oxide on 
surface). 
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Table 1. Summary of experimentally obtained binding energy by 
XPS measurement, calculated binding energy using delta SCF 
method, calculated NPA charges and energy of 2p orbital on Al atom 
at the B3LYP/def2svp level of theory. 

compound 1 2 3 4 5 6 

Binding energy in 
XPS analysis (eV) 74.0 75.4 76.1 73.8a 74.8 75.2 

Calculated binding 
energy (eV)b 74.14 74.53 75.53 73.97 74.68 75.24 

NPA charges on Al 0.566 1.254 1.692 0.552a 1.278 1.550 

Calculated energy 
(eV) of 2p orbital on 

Alc 
–74.9 –76.6 –77.9 –73.1a –76.0 –76.8 

a calculated for two asymmetric units, b avaraged values from 
those of 2p3/2 and 2p1/2 states with consideration of degeneracy, c 
calculated as an avarage of core 2px, 2py, and 2pz orbitals from 
NBO analysis. 

 

  

Figure 4. Linear relationship between the observed binding en-
ergy in XPS analysis and (a) NPA charge on the Al atom, or (b) 
the energy levels of the calculated 2p-orbitals of Al atom. 

In conclusion, we reported the synthesis of dialkylalu-
manylpotassium dimer 1 with ball-milling reduction. A com-
bination of the X-ray structural analysis and DFT calculations 
revealed the electronic structure of 1 with a contribution of 
lone-pair and vacant 3p-orbital on the Al(I) center. Experi-
mental and theoretical XPS analysis of Al anions, dialumanes, 
and haloalumanes revealed their different Al 2p binding ener-
gies, depending on the difference in the oxidation states. The 
experimentally observed XPS binding energies were also 
found to be linearly correlated with calculated NPA charges 
and 2p energy levels of the Al atom, which fairly supported the 
attribution of Al formal oxidation states. These findings would 
open new ways to investigate unusual oxidation states of main 
group element chemistry and a reference dataset for Al(I) and 
Al(II) species for XPS analysis. 
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