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ABSTRACT: A tetraorganyl-alumaborane (3) that contains an Al–B bond and twisted Al and B planes was synthesized and structurally 
characterized. UV-vis absorption spectroscopy, electrochemical measurement, and DFT calculations were employed to reveal the electronic 
properties of 3. The reactivity of the 3 toward DMSO and CO was studied to demonstrate its deoxygenating abilities. Based on the results of 
the DFT calculations, a detailed reaction mechanism was developed, which highlighted the important role of the distinct Lewis acidity of the 
group-13 elements Al and B in 3.   

Neutral tricoordinate boron and aluminum compounds are 
widely used in organic synthesis as Lewis-acidic catalysts. Their 
Lewis acidity, which arises from a vacant p-orbital, is generally 
weakened by substitution with 𝜋-electron-donating group(s), the 
coordination of a Lewis base, or the formation of a 3-center-2-
electron bond to satisfy the octet rule.1 Accordingly, carbon-
substituted boron and aluminum compounds without such 
stabilizing effects exhibit unperturbed Lewis acidity. In contrast, we 
have recently reported enhancement of the Lewis acidity of the 
boron atoms in pinB–BMes2 (pin = pinacolato; Mes = 2,4,6-
Me3C6H2) by overlapping the two vacant p-orbitals of two boron 
atoms.2 This concept was expanded to an all carbon-substituted 
diborane(4) (A; Figure 1), which exhibited even higher Lewis 
acidity than the corresponding triarylborane and pinB–BMes2.2-3 
Similar carbon-substituted homodinuclear species B–E with a B–B 
or Al–Al single bond have also been synthesized,4-8 although their 
Lewis acidity has not been reported. In contrast, the hitherto 
reported heterodinuclear alumaboranes F–I9-12 are electronically 
stabilized by either p-electron-donating group(s), the coordination 
of a Lewis base, or the formation of a 3-center-2-electron bond. Thus, 
electronically unperturbed heterodinuclear B–Al species have not 
been reported so far. 

The Lewis acidity of boron and aluminum compounds is 
controlled by several factors. In comparison, boron compounds have 
a higher electron affinity due to the lower energy level of the 2p-
orbital on the boron atom,13 whereas longer Al–X bonds in 
aluminum compounds lead to less steric congestion around the 
aluminum atom upon complexation with a Lewis base. The reported 
fluoride ion affinity (FIA), a computationally obtained indicator for 
evaluating Lewis acidity, of 59.2 kcal/mol for BMe3 and 88.1 
kcal/mol for AlMe3 indicate that AlMe3 behaves as a stronger Lewis 
acid toward the fluoride ion than BMe3.14 In this case, it is thought 
that the electropositive Al atom15 interacts strongly with the 
negatively charged fluoride ion. In other words, Coulomb 
interactions can also be a factor in determining Lewis acidity. Thus, 
it would be interesting to examine how alumaboranes, which contain 
two different Lewis acidic centers, behave toward Lewis bases. 

 

Figure 1. Previously reported singly-bonded dinuclear boron and 
aluminum species having (a) tetraorganyl homodinuclear structures, 
and (b) electronically stabilized heterodinuclear structures. 

 

Figure 2. (a) Al(I) anions that have been reported to serve as 
nucleophilic Al reagents. (b) This work: Synthesis of 
(dialkyl)(diaryl)alumaborane 3 by using dialkyl-Al(I) anion 1. 

Recently, Al(I) anions J–M and 1 have been reported as 
nucleophilic Al reagents that undergo nucleophilic substitution, 
addition, cycloaddition, and transmetalation reactions (Figure 
2a).8,16-23 Among these, dialkylalumanyl anion 18 is the only reagent 
that can introduce an non-heteroatom-substituted alumanyl 
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substituents.20-23 Herein, we report the synthesis of a tetraorganyl-
alumaborane (3) (Figure 2b) together with its physical properties 
and reactivity. 

The alumaborane 3 was synthesized as illustrated in Scheme 1. 
The reaction of 1 with dimesitylfluoroborane furnished 
borylfluoroaluminate 2 as red crystals through the migration of 
fluoride from boron to aluminum.24 Subsequently, 2 was treated 
with Me3SiOTf to remove the fluoride to afford yellow crystalline 
alumaborane 3. The crystal structures of 2 and 3 are shown in Figure 
3. The Al–B bonds in 2 [2.2805(19) Å] and 3 [2.191(2) Å] are 
longer than those of all previously reported alumaboranes 
[2.119(3)–2.156(2) Å],9-12 probably due to the steric repulsion 
between the bulky trimethylsilyl and mesityl groups. The shorter Al–
B bond in 3 compared to that in 2 reflects the change in 
hybridization at the aluminum atom. In the structure of 3, planar and 
trigonal Al and B atoms are observed (angle sum around Al and B = 
360°) with highly twisted Al and B planes (C–Al–B–C = −60.5°). 
The 1H NMR spectrum of 2 indicates a Cs-symmetrical structure. A 
broad 19F NMR signal at 139 ppm (h1/2 = 251 Hz) and a low-field 11B 
NMR signal at 𝛿B 122 ppm corroborate the binding of fluoride to 
aluminum in solution, as was observed in the solid state.8, 25 In 
contrast, the 1H NMR spectrum of 3 exhibited a C2v-symmetrical 
pattern and the 11B NMR signal of 3 resonated at 𝛿B 109 ppm, which 
suggests the existence of the planarized aluminum and boron atoms 
in solution.  
Scheme 1. Synthesis of alumaborane 3. 

 

 

Figure 3. Molecular structures of 2 (left) and 3 (right) with thermal 
ellipsoids at 50% probability; all hydrogen atoms are omitted for clarity. 
For a summary of the metrical parameters, see Table S2. 

The electronic structure of 3 was examined using UV-vis 
absorption spectroscopy, electrochemistry, DFT calculations, and 
natural-bond-orbital (NBO) analysis. The UV-Vis spectrum of 3 in 
hexane exhibited an absorption maximum at 452 nm (𝜀 = 3370), 
which is reflected in the yellow color of 3, whereas the emission 
spectrum showed a weak emission (𝜆ex = 475 nm; 𝜆max = 552 nm; 𝛷 
= 0.010) (Figures S17, S18). Similar to our previous reports on 
diborane(4) A,2b,3a the dependence of the LUMO energy level and 
the electronic energy on the C−Al−B−C torsion angle of 3 was 
estimated using DFT calculations; the results are presented in 
Figure 4a, along with those for A. While A has the lowest LUMO 

level at a torsion angle of 0°, 3 has the lowest LUMO level (–1.34 
eV) at –20°, and its lowest value is less negative than that of A (–2.20 
eV). This is consistent with the differential pulse voltammetry 
(DPV) of 3, which exhibits a reduction peak at –2.32 V (vs. 
Cp2Fe/Cp2Fe+); this value is slightly more negative than that of A (–
2.11 V) (Figure S20). The maximum energy change for 3 was 
estimated to be ca. 4 kcal/mol between the C–Al–B–C torsion 
angles of –61.9° and –30°, indicating free rotation of the Al–B bond. 
Some key molecular orbitals of 3 at torsion angles of –61.9° and –20° 
are summarized in Figure 4b. Based on the difference in energy 
between the 2p and 3p orbitals, the LUMO at −61.9° mainly consists 
of the 2p orbital of the B atom and the π*-orbitals of the two mesityl 
rings. In contrast, the contribution of the 3p orbital of the Al atom is 
significant in the LUMO+1. At a torsion angle of −20.0°, the LUMO 
corresponds to the two completely merged vacant p-orbitals on the 
Al and B atoms. In both states, the Al–B bond significantly 
contributes to the HOMO. TD-DFT calculations suggested that the 
characteristic visible absorption of 3 corresponds to the HOMO–
LUMO transition (Table S2, Figures S23, S24). The natural 
population analysis (NPA) charges of +1.82 on Al and +0.14 on B 
suggest polarization of the Al(𝛿+)–B(𝛿–) bond due to the difference 
in the electronegativity of them. The second-order perturbation 
energy in the NBO analysis showed that the negative 
hyperconjugation from the Si-C s-bonds to the vacant 3p-orbital of 
Al (<20 kcal/mol) and the 𝜋-donation from the two Mes 
substituents to the vacant 2p-orbital of B (<9 kcal/mol) are weaker 
than the binding of fluoride to AlMe3 (FIA: 88.1 kcal/mol).14  

 

Figure 4. (a) Dependence of the LUMO energy level (red; in eV) and 
the relative stability (blue; in kcal/mol) of 3 (full circles) and A (open 
circles) on the torsion angle of the C−E−B−C moiety. (b) Frontier 
orbitals of the rotational isomers of 3 at C−Al−B−C = −61.9° (top) and 
C–Al–B–C = −20.0° (bottom). 

Subsequently, the reactivity of 3 toward small molecules was 
examined (Scheme 2). The reaction of 3 with Me2S+–O– led to the 
formation of boroxyalumane 4 and dimethyl sulfide26 in the same 
manner as the reaction of dialumane D.27 The 1H NMR spectrum of 
4 exhibited a C2v-symmetrical pattern, and the 11B NMR signal of 4 
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was observed at a relatively low-field (𝛿B 49 ppm), supporting the 
existence of the B-O bond in 4. A single-crystal X-ray diffraction 
analysis revealed a linear Al–O–B structure with twisted Al and B 
planes (Figure S21). On the other hand, the reaction of 3 with CO 
afforded benzocyclobutane-substituted Al–O–B species 5 [Scheme 
3(a)], in which the C≡O triple bond of CO28 and the benzylic C–H 
bond of the Mes group were cleaved, which was supported by a 
preliminary crystallographic analysis (Figure S22; R1 = 12%).29 The 
five non-equivalent signals of the Me groups in the Mes substituents, 
and the one methine and one methylene signals in the 1H NMR 
spectrum of 5 support the C-H cleavage of one Me group. Moreover, 
the 11B NMR signal at high-field (𝛿B 51 ppm) supports the binding 
of the oxygen atom to the boron atom.  
Scheme 2. Reactivity of 3 toward small molecules. 

 
DFT calculations at the M06-2X/6-31+G(d)/PCM (SMD, 

Benzene) level of theory were used to shed light on the details of the 
mechanism by which 4 is produced from 3 and Me2S+–O–. A 
schematic illustration of the mechanism and its energy profile are 
provided in Scheme 3. Two possible intermediates, int_6 and int_7, 
were found, in which the negatively charged oxygen atom of Me2S+–
O– binds to Al and B atoms to form a four-coordinate aluminate or 
borate structure. The subsequent 1,2-B-shift from int_6 and 1,2-Al-
shift from int_7 afford the same product (4) via TS6-4 and TS7-4, in 
which the migrating boryl or alumanyl group nucleophilically 
attacks the O atom with concomitant elimination of dimethyl sulfide. 
The pathway via int_6 and TS6-4 has a lower activation energy than 
that via int_7 and TS7-4. These results suggest that the Coulomb 
interaction between the electropositive Al atom and the negatively 
charged O atom can be expected to contribute to the energetically 
lower pathway, which is consistent with the preference of the 
fluoride for the Al atom rather than the B atom in 2. 

Scheme 3. (a) Schematic illustration of the DFT-based reaction 
mechanism for the formation of 4 from 3; (b) energy profile. 

 
A schematic representation of the DFT-based mechanism and its 

energy profile for the reaction of 3 with CO to form 5 is summarized 
in Scheme 4. Coordination of CO to 3 generates four-coordinate 
borate intermediate Int_8, in which the carbon atom of CO binds to 

the B atom. A subsequent 1,2-shift of the R2Al moiety to the C atom 
of CO furnishes the second intermediate, O--Al interacting 
(alumanyl)(boryl)ketone Int_9 via TS8-9 with an activation energy 
of 4.3 kcal/mol. It is feasible to assume another pathway via four-
coordinate aluminate intermediate Int_11 and O--B interacting 
(alumanyl)(boryl)ketone intermediate Int_12. However, these 
intermediates are less stable than Int_8 and Int_9. These results 
stand in stark contrast to the reaction of 3 with Me2S+–O–, which is 
initiated by O--Al interaction (Scheme 3). These results indicate 
two characteristics: (i) The relative stability between Int_8 and 
Int_11 is controlled by orbital interactions. i.e., the lone pair on the 
C atom of CO interacts with the vacant 2p orbital on the B atom in 
Int_8 more strongly than with the 3p orbital on the Al atom in 
Int_11. (ii) The Coulomb interactions control the relative stability 
between Int_9 and Int_12), i.e., the electronegative O atom of the 
carbonyl group interacts with the electropositive Al atom in Int_9 
more strongly than with the B atom in Int_12. The strained 
structure of Int_9 induces the cleavage of the Al–C bond to afford 
boraoxaallene Int_10 with a negligible barrier,30 which further 
undergoes a 1,2-Mes-shift to furnish boraalkene Int_13 via TS10-13. 
The alumoxy group in Int_13 migrates to the boron atom with 
assistance from the 𝜋-electrons of the Mes group to give borataallene 
Int_14 with concomitant formation of a thermodynamically stable 
B–O bond.31 Since Int_14 can be expected to contain a contribution 
from (aryl)(boryl)carbene, the C atom of Int_14 deprotonates the 
benzylic C–H to generate ortho-quinodimethane Int_15 via the 
highest activation energy in this profile (21.1 kcal/mol). The 
subsequent aromatizing electrocyclic reaction of Int_15 results in 
the formation of 5. Thus, the distinct characteristic Lewis acidity of 
the B and Al atoms, with the former preferring orbital interaction 
and the latter favoring Coulomb interaction, would be responsible 
for the present characteristic pathway to form 5. 
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Scheme 4. (a) Schematic illustration of the DFT-based reaction 
mechanism for the formation of 5 from 3; (b) energy profile. 

 
In summary, compound 3, which contains an Al–B bond, was 

synthesized as the first example of a tetraorganyl-alumaborane. The 
structure of 3, which consists of dihedral Al and B-containing planes, 
was determined via a crystallographic study. The electronic 
character arising from the Al–B bond of 3 was estimated 
experimentally using absorption spectroscopy and electrochemistry 
as well as theoretically using DFT calculations. The reaction of 3 
with DMSO and CO gave two different Al–O–B bonded species. An 
analysis of the reaction mechanism using DFT calculations revealed 
the importance of the distinct Lewis acidity of the group-13 
elements Al and B in 3.  
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