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Chiral binaphthols (BINOL)-metal combinations serve as powerful catalysts in

asymmetric synthesis. Their chiral induction mode, however, typically relies
on multifarious non-covalent interactions between the substrate and the
BINOL ligand. In this work, we demonstrate that the chiral-at-metal stereo-
induction mode could serve as an alternative mechanism for BINOL-metal
catalysis, based on mechanistic studies of BINOL-aluminum-catalyzed asym-
metric hydroboration of heteroaryl ketones. Theoretical calculations reveal
that an octahedral stereogenic-at-metal aluminum alkoxide species is the most
stable species within the reaction system, and also is the catalytic relevant
intermediate, promoting the stereo-determining hydroboration reaction
through a ligand-assisted hydride transfer mechanism rather than the con-
ventional hydroalumination mechanism. These computations reproduce the
experimental selectivities and also rationalize the stereoinduction mechanism,
which arises from the aluminum-centered chirality induced by chiral BINOL
ligands during diastereoselective assembly. The reliability of the proposed
mechanism could be verified by the single-crystal X-ray diffraction char-
acterization of the octahedral aluminum alkoxide complex. Additional NMR
and Electronic Circular Dichroism (ECD) experiments elucidated the behavior
of the hexacoordinated aluminum alkoxide in the solution phase. We antici-
pate that these findings will extend the applicability of BINOL-metal catalysis
to a broader range of reactions.

M Check for updates

Asymmetric catalysis provides a powerful tool for the precise con-
struction of multi-level chiral functional materials'>. Understanding
the chiral induction mechanism is one of the central questions in the
area of asymmetric synthesis*, and it is of great significance for the
rational design of catalysts producing improved stereoselectivity and
even novel catalytic strategies’ . Chiral binaphthols (BINOL)-metal

complexes, with their expansive combinatorial possibilities and
exceptional chiral control capabilities, have become powerful catalysts
in asymmetric synthesis"™*. Over the past few decades, a wide range of
asymmetric reactions have been developed utilizing BINOL-metal
combinations. Despite the diverse applications of BINOL ligands, the
chiral induction mechanism of these processes mainly relies on non-
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covalent interactions>'® between the catalyst microenvironment and
the substrates (Fig. 1a).

Stereospecific catalytic hydroboration of ketones is one of the
most efficient methods to generate chiral alcohols that are funda-
mental functionalities in pharmaceuticals, natural products, etc”,
This can be achieved by either transition metal'** or rare-earth metal
catalysis®?*. The use of main-group element catalysts for the hydro-
boration of carbonyl derivatives is highly attractive due to the advan-
tages of economy and environmental sustainability”> %, In this field,
aluminum®*, calcium®-**, magnesium®-¢, and boron catalysts® have

been reported. Despite these achievements, examples of enantiose-
lective hydroboration of ketones with main-group catalysts are still
rare®®*, Recently, Rueping and coworkers elegantly introduced a
BINOL-aluminum catalytic system for the asymmetric hydroboration
of heteroaryl ketones 1 using pinacolborane (HBpin) (Fig. 1b)*% A
pathway involving the hydroalumination of C=0 bond was proposed
for this borylation reaction. It is speculated that the hydroalumination
step is the stereo-determining step, with the steric hindrance effect
being the source of enantioselectivity (Fig. 1b). It should be mentioned
that such a BINOL-aluminum catalytic system is not only applicable to
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metal catalysis mechanism in BINOL-metal catalytic systems with BINOL-aluminum-
catalyzed asymmetric hydroboration of heteroaryl ketones as a case of study
(This work).
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the alkyl-(pyridine-2-yl) methanones but also suitable to aryl-(pyridine-
2-yl) methanones, a type of substrate with low discrimination in terms
of steric hindrance between the two substituents at the carbonyl car-
bon atom. This distinctive reaction outcome intrigued us to revisit the
rationale of this asymmetric hydroboration of heteroaryl ketones.

In this work, by employing a combination of quantum chemical
calculations and experimental studies on the mechanism of BINOL-
aluminum-catalyzed asymmetric hydroboration of heteroaryl ketones,
an unusual octahedral chiral-at-aluminum complex**, resulting from
BINOL ligands-induced diastereoselective assembly, was discovered
(Fig. 1c). This aluminum complex is predicted to be thermodynamically
more favorable than the previously proposed aluminum hydride
complex, being the real catalytically relevant species. The proposed
octahedral aluminum alkoxide complex was isolated and character-
ized by single-crystal X-ray diffraction analysis, NMR and ECD spectra.
Additionally, this isolated aluminum species has been proven to
reproduce the reactivity of the in situ generated catalyst. With this
hexacoordinated aluminum alkoxide complex as the key intermediate,
a different pathway involving a sequence of ligand-assisted hydride
transfer*®*°, Al-O/O-B o-bond metathesis, was proposed. Ligand-
assisted hydroboration of octahedral chiral-at-aluminum complex
with HBpin is the stereo-determining step. The source of enantios-
electivity is the aluminum-centered chirality rather than steric repul-
sion. The discovered chiral induction mode could account for the
observed enantioselectivity of both alkyl-(pyridine-2-yl) methanones
and aryl-(pyridine-2-yl) methanones. To the best of our knowledge, this
chiral-at-aluminum catalytic mechanism represents a pioneering
metal-centered stereoinduction mode in the field of BINOL-metal
catalysis.

Results

Theoretical investigations on possible BINOL-Al complex within
the catalytic system

Based on previous studies on aluminum-catalyzed asymmetric
Meerwein-Schmidt-Ponndorf-Verley reduction of ketones™*°*?, we
first explored two pathways leading to different catalytically active
species: the aluminum hydride (Al-H) and the aluminum alkoxide
(Fig. 2a) with B3LYP****-D3* calculations. Optimized structures were
obtained at Def2-SVP basis set, and single-point calculations were
conducted at a large Def2-TZVP basis set. The solvent effect was
treated with Polarizable Continuum Model (PCM)***" (toluene). Since
[(R)-CF5-BINOL-AlMe], 4-dimer has already been experimentally
characterized*?, we use 4-dimer as the starting point of the free energy
profile and 2-acetylpyridine 1a as the model substrate.

Figure 2a displays the computed free energy profile for the for-
mation of both the previously reported aluminum hydride species and
the discovered hexacoordinated aluminum alkoxide complexes. In line
with earlier studies by Rueping et al., the formation of the aluminum
hydride species follows a sequential process involving methyl migra-
tion and Al-O/H-B o-bond metathesis (Fig. 2a, in gray line)*’. This
process is exergonic by 22.9 kcal/mol, and the methyl migration step is
the rate-limiting step with an activation barrier of 21.9 kcal/mol (via TS-
6-7). While this process is kinetically accessible, we unexpectedly
observed that for the pentacoordinated intermediate 7, the nitrogen
atom of the coordinated 2-acetylpyridine 1a can further bind with the
aluminum center, leading to the formation of hexacoordinated alu-
minum alkoxides, such as 12¢ and 12f (Fig. 2a, in blue line). In both 12¢
and 12f, substrate 1a exhibits a bidentate coordination mode with the
aluminum center. The formation of these two species is notably
exergonic, with energy releases of 49.5 and 44.2 kcal/mol, respectively.
It is worth noting that the previously mentioned aluminum hydride
intermediate 10 is predicted to be thermodynamically less favorable
than 12c by a substantial margin, with an energy difference of
26.6 kcal/mol. Also, hexcoordinated aluminum alkoxides are more
stable than pentacoordinated aluminum alkoxides (Supplementary

Figs. 2 and 4). It shoud also be mentioned that we also computationally
revisited the hydroboration reaction with 2-benzoylpyridine as the
model substrate. We found that the aluminum hydride mechanism
failed to explain the stereoselectivity when using 2-benzoylpyridine as
the model substrate according to the small barrier difference
(AAG*.5 = 0.2 kcal/mol), which is in contradiction with the experi-
mentally observed enantioselectivity (98% ee, AAG"eXp >2.7 kcal/mol)
(Supplementary Fig. 3). These results hint that the stereoselective
hydroboration of heteroaryl ketones via the aluminum hydride
mechanism is unlikely.

Along with 12¢ and 12f, eight configurations of hexacoordinated
aluminum alkoxides could be located through ligand rearrangement,
and all of them possess metal-centered chirality (Fig. 2b)**%, Among
these configurations, 12c¢ is the most stable species. The free energy
difference of the second most stable species 12g relative to 12c is as
high as 4.5kcal/mol. To validate the reliability of B3LYP-D3 calcula-
tions, we conducted a benchmark study using highly accurate DLPNO-
CCSD(T)* method (Supplementary Table 2). The absolute errors
between the B3LYP-D3 and DLPNO-CCSD(T) relative energies are
always less than 1.0 kcal/mol, highlighting the reliability of B3LYP-D3
results. This means that BINOL-AlMe reacts with two equivalents of
heteroaryl ketone substrates, leading to a chiral-at-metal complex with
a definite stereo configuration such as 12¢ in this system. In this
complex, the substrate with bidentate coordination at the metal center
is in a well-defined chiral environment, which facilitates the following
asymmetric transformation.

Previously, the generation of chiral-at-metal catalysts typically
required the use of transition metals or multidentate ligands*>™*". This
BINOL-induced asymmetric self-assembly provides an alternative
route to generate chiral-at-metal complexes. Two factors, T-Tt
stacking®®®! and trans-effect®**> might be responsible for the unique
stability of 12c. Generally, A-configured aluminum species feature
better Ti-t stacking interactions than A-configurations (Supplementary
Fig. 6). As displayed in Fig. 2c, both two side arms of the BINOL ligand
in A-12c adopt m-t stacking interactions with the coordinated sub-
strates. Besides, the two pyridine groups in 12¢ adopted in trans-
orientation can avoid the trans-effect of the pyridine ligands with
strong o-donors (here are the BINOLate, alkoxide, etc.), which might
weaken the coordination of pyridine groups. This trans-effect is sup-
ported by the shorter AI-N bond distances in A-12¢ (2.02 A and 2.06 A)
than the other seven configurations (da.n=2.03~2.22A) (Supple-
mentary Table 1). These two factors can be used to predict the con-
figuration of other chiral-at-metal complexes.

Experimental investigation
Based on the comprehensive investigation of possible BINOL-Al com-
plexes within the catalytic system, we speculated that thermo-
dynamically stable hexacoordinated aluminum alkoxides might be
experimentally characterized. After extensive screening of the sub-
strate and solvent system, we successfully isolated a hexacoordinated
aluminum alkoxides species (13g) from the reaction of in situ [(R)-CF3-
BINOL-AlMe], 4-dimer with 2-(4-chlorobenzoyl)pyridine 1c (Fig. 3a).
The solid-state structure of 13g revealed an octahedral aluminum
center with the substrate 1c bound in a bidentate coordination fashion
(Fig. 3a). To investigate other configurational isomers of 13g in the
solvent phase, we performed B3LYP-D3 calculations using the basis
sets described above. In these calculations, dichloromethane was used
as the solvent within the PCM model. Our computational results
showed that 13c, 13f, and 13g are more stable than other isomers, and
the energy differences of these three structures are within 1.0 kcal/mol
(Fig. 3b). The preference for 13g in the solid state could be attributed
to the packing effects and/or solubility difference during the crystal-
lization. Dissolving the crystals of 13g in deuterated dichloromethane
resulted in a complex mixture according to NMR spectra (Supple-
mentary Figs. 18-20). These results indicate that some configurations
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of the hexacoordinated aluminum species might coexist and are
interconvertible in the solution phase.

To further probe the existing state of the hexacoordinated alu-
minum species 13g in the solution phase, ECD investigations were
performed (Fig. 3b). The ECD spectrum of the isolated crystals in the
dichloromethane solution shows a negative Cotton effect at 238 nm,
and a positive Cotton effect at 256 nm and 277 nm (Fig. 3b, black solid
line). According to our theoretical calculations, configurations 13c, 13f
and 13g are the main components in dichloromethane. The simulated
ECD spectrum at TD-B3LYP-D3/Def2-TZVP level (with the PCM model,
DCM as the solvent) of 13c¢ (Fig. 3b, red dashed line) shows a negative
Cotton effect at 245 nm and a positive Cotton effect at 277 nm and
313 nm, which are qualitatively in accord with experimental results.
However, configurations 13f and 13g (crystalized configuration) do not
contribute to the negative Cotton effect observed at 238 nm but
contribute to the positive Cotton effect in the spectrum. We therefore
speculated that 13g in the solid state mainly converts into 13c in
dichloromethane solution. The NMR and ECD experiments demon-
strated the substitutional and configurational lability of the BINOL-
aluminum complex, which is different from other chiral-at-metal cat-
alysts with configurational inertness.

Subsequently, we investigated the catalytic activity of 13g using
various substrates. As shown in Fig. 3¢, both methyl and phenyl sub-
stituted substrates 1a and 1b reacted with HBpin in the presence of
1mol% of 13g with excellent yields and enantioselectivities. 13g
reproduced the reactivity of the in situ generated catalyst*>. We further
validated the catalytic performance of both the in situ generated cat-
alyst and isolated species 13g using heteroaryl ketones bearing
electron-donating or electron-withdrawing groups (Fig. 3c). Our
results show that the in situ generated catalyst provided excellent
enantioselectivity (97%-98% ee) for heteroaryl ketones 1d and 1f
bearing electron-donating groups (OMe) and 1g bearing an electron-
withdrawing group (CF;) on the pyridine ring (Condition A). For 1e,
substrate bearing a trifluoromethyl group on the phenyl ring, a slightly
lower enantioselectivity (3e, 87% ee) was observed when using the
in situ generated catalyst. When using the isolated aluminum species
13g as the catalyst, excellent enantioselectivity can be observed for all
four species (Condition B, 98%-99% ee). Notably, for species 1e, com-
plex 13g was able to improve the enantioselectivity (ee value) to 98%,
surpassing the results obtained under standard condition (Condition
A, 87% ee). Subsequently, for cyclic ketone species 1h, a lower 86% ee
value was reported*” using the in situ generated catalyst. Our results
show that employing 2 mol% of isolated 13g as catalyst leads to a sig-
nificantly enhanced ee value (96%). These results indicated that this
catalytic system is insensitive to electronic effects, and the octahedral
chiral-at-aluminum complex might be the actual catalyst for the
asymmetric hydroboration of heteroaryl ketones. The slightly worse
performance observed with the in situ generated catalyst may be
attributed to the formation of other unidentified aluminum species
during the reaction®**, Besides, we also found that neither the in situ
generated [(R)-CF3-BINOL-AIMe], complex nor the isolated aluminum
species 13g could effectively catalyze the asymmetric hydroboration
of acetophenone (Supplementary Fig. 34). Our results demonstrated
that the bidentate coordination of 2-pyridyl ketones with the Al center
is essential for achieving high enantioselectivity in hydroboration.

Computed hydroboration pathway with octahedral chiral-at-
aluminum as the key intermediate

Based on the computational and experimental results, we proposed
that hexacoordinated aluminum alkoxides are the resting state of the
catalytical species, and then explored free energy profile for the full
catalytic cycle of the hydroboration reaction. The intermediates and
transition states were located with the help of combined molecular
dynamics and coordinate driving method (MD/CD)***’. Hex-
acoordinated aluminum alkoxides 12 have amphiphilic structural

characteristics, in which the alkoxy anion is nucleophilic and the car-
bonyl group is electrophilic. Many previous studies proposed ligand-
assisted hydroboration*®** as a crucial step in hydroboration of
ketones. Thus, we envisioned that when the boron atom of HBpin
coordinates with the nucleophilic alkoxy anion, the nucleophilicity of
hydride will be enhanced, facilitating the hydride transfer to the
electrophilic carbonyl group. According to our assumption, only when
the Al-alkoxy bond and carbonyl group of 12 adopted a non-planar
configuration (c.f., Fig. 2b, 12a-12d), the related ligand-assisted
hydroboration process could occur (Supplementary Fig. 7). Because
the configuration of 12a-12d is specific, these hydride transfer events
are stereospecific. More specifically, hydride transfer through 12a or
12d could only lead to (S)-enantiomers, while hydride transfer through
12b or 12¢ lead to (R)-enantiomers.

Due to the fact that 12c and 12d lead to the most favorable tran-
sition states for the (R) and (S) products, respectively, only the path-
ways starting from 12¢ and 12d are presented in Fig. 4a for simplicity.
With the assistance of the alkoxy anion ligand, 12c undergoes a facile
hydride transfer from the Bpin group to the carbonyl group, affording
the R-configured 14c with an activation barrier of 12.9 kcal/mol (via TS-
12c-14c¢). From 14c¢, a two-stage Al-O/O-B o-bond metathesis yields the
Al-hydroboration product complex 16¢ via a transfer of the Bpin
group. During the first stage, a B-O bond is formed between the Bpin
group and the alkoxy anion ligand in 14c (via TS-14c-15c), resulting in
an Al-O-B-O four-membered ring intermediate 15c. Then, 15¢ under-
goes the dissociation of the old B-O bond (via TS-15¢-16c), forming the
complex 16c. Finally, 16¢ releases the hydroboration product (R)-2a
and regenerates aluminum complex 12c through ligand exchange.
Aluminum species 12d is responsible for the formation of the
S-configured product and the key hydride transfer process requires an
activation barrier of 21.2 kcal/mol via TS-12d-15d. It is worth men-
tioning that although the absolute configurations of the chiral alumi-
num center in 12¢ and 12d are both A, the exposed prochiral surfaces
of bidentate coordinated substrates in these two configurations are
opposite, so they will yield products with opposite configurations. The
barrier difference between TS-12¢-14¢ and TS-12d-15d is predicted to
be 8.4 kcal/mol using B3LYP-D3 method. We have also calculated the
free energy barriers for four different transition states starting from
12a-12d using highly accurate DLPNO-CCSD(T) method. The absolute
errors between the B3LYP-D3 and DLPNO-CCSD(T) free energy bar-
riers are always less than 1.0 kcal/mol (Supplementary Table 3). For the
barrier difference between TS-12c¢-14c and TS-12d-15d, the DLPNO-
CCSD(T) method predicted a value of 8.3 kcal/mol, which is close to
the B3LYP-D3 result. The calculated AAG* values are in qualitative
consistency with the experimentally observed enantioselectivity
(99% ee).

Besides regenerating catalytically active species through Al-O/O-B
o-bond metathesis and then ligand exchange, 14c can directly undergo
ligand exchange with substrate 1a to give the hexacoordinated alu-
minum species with similar catalytic activity, such as 17c¢ and 17d
(Supplementary Figs. 8 and 9). As shown in Fig. 4b, as a species like 12c,
intermediate 17c can also undergo ligand-assisted hydroboration
reaction with HBpin affording (R)-configurated product, with a lower
activation barrier (via TS-17¢c-18c, AG* =10.9 kcal/mol). The reaction of
17d with HBpin generates (S)-configurated product just like 12d. Given
the similar coordination geometry, the activation barrier difference in
the stereo-determining step for the hydroboration with 17¢/17d
(AAG*=8.0 kcal/mol) is close to that of 12c and 12d (AAG'=
8.4 kcal/mol).

The hexacoordinated aluminum alkoxides-based mechanism
successfully explained the enantioselectivity with 1a as the substrate in
the preceding section. We then investigated whether this mechanism
can also account for the asymmetric hydroboration of diaryl sub-
strates. With 2-benzoylpyridine 1b as the substrate, similar hex-
acoordinated aluminum alkoxides species (20a-20h, 23a-23h) and
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boration. Gibbs free energies are in kcal/mol with respect to 12¢ or 17c. Compu-
tational details are described in the text.

their hydride transfer transition states have also been computationally
located (Fig. 5 and Supplementary Figs. 10-13). Similarly, species 20c
and 23c are the most stable configurations among all the configura-
tions considered. Starting from 20c or 23c, the formation of the major
R-enantiomer is energetically more favorable with activation barriers
of 13.3 kcal/mol (via TS-20c-21c) and 10.7 kcal/mol (via TS-23c-24c).
The pathway to yield the S-enantiomer involves much higher barriers
(23.5kcal/mol via TS-20d-22d, or 18.7 kcal/mol via TS-23d-25d),
respectively. Unlike the originally proposed Al-H mechanism, the
hexacoordinated aluminum alkoxides-based mechanism can account

for the experimentally observed enantioselectivity (99% ee) for diaryl
substrates.

Theoretical investigation on the asymmetric induction
mechanism

With the favored activation mode established, we then investigated
the factors affecting the enantioselectivity. We decomposed the free
energy barrier difference (AAGgei*) of the stereo-determining step into
the contributions of stability difference of the related hexacoordinated
aluminum intermediates (AAG,,) and intrinsic energy difference of the
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Fig. 5 | Key intermediates and transition states involved in hydroboration of
exchange (see Supplementary Fig. 13 for ligand exchange step).

2-benzoylpyridine 1b. Gibbs free energies are in kcal/mol with respect to 20c and
23c. Computational details are described in the text. Hexacoordinated aluminum
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Fig. 6 | Origin of enantioselectivity. a Contributions of free energy barrier dif-
ference (AAGg.") in the stereo-determining step and the experimental ee values
with isolated species 13g as the catalyst. Gibbs free energies are in kcal/mol with
respect to 12¢, 17c, 20c and 23c. Computational details are described in the text.
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Fig. 7 | Proposed chiral-at-aluminum mechanism for the BINOL-aluminum-catalyzed asymmetric hydroboration of heteroaryl ketones. R' = alkyl, aryl group;

R*=Me or H.

related transition states (AAGnyit = AAGge™~AAGyy, Fig. 6a). Interest-
ingly, AAGy,,, contributes more than a half to the free energy barrier
difference. This means that the source of enantioselectivity is largely a
preference for the arrangement of different coordination species at
the aluminum center. In addition, AAGy* also contributes to the free
energy barrier difference in the stereo-determining step. For TS-12c-
14c related to the formation of major R-enantiomer, this six-
membered transition state adopts a chair conformation (Fig. 6b). In
contrast, TS-12d-15d adopts a boat-like geometry. This conformational
difference was proposed to be responsible for the calculated AAGerit.

Previously, the steric hindrance between the side arms of BINOL
ligands and the substrates was proposed to be vital for
stereoinduction*2, However, in the current favored reaction mode,
the substrates are arranged in parallel with the side arms of BINOL,
resulting in little steric hindrance effect. The observed enantioselec-
tivity is determined by the aluminum-centered chirality resulting from
the assembly mode of the substrates around the aluminum center.
Accordingly, the chirality transfer mechanism is from chiral ligand to
aluminum-centered chirality, and then to the final hydroboration
product. For this reason, this reaction mode can account for the
enantioselectivity observed with diaryl 2-benzoylpyridine 1b as the
substrate, a case for which the Al-H based mechanism was unable to
explain the results.

Based on our computational and experimental studies, we pro-
posed an octahedral aluminum-based mechanism for the BINOL-

aluminum-catalyzed asymmetric hydroboration of heteroaryl ketones
(Fig. 7). The diastereoselective assembly of in situ generated [(R)-CF3-
BINOL-AIMe], species with two equivalents of substrates yields hex-
acoordinated aluminum alkoxide that is the catalytically relevant
species L In the solution phase, I is in coexistence with some other
hexacoordinated aluminum complexes. Subsequently, species I
undergoes stereo-determining ligand-assisted hydride transfer to
generate the hydroalumination intermediate II. The aluminum-
centered chirality induced by the chiral BINOL ligand leads to the
experimentally observed enantioselectivity. Il can undergo Al-O/O-B o-
bond metathesis, leading to IlIl. The subsequent ligand exchange
regenerates the hexacoordinated aluminum alkoxide I and liberates
the desired product. Besides, intermediate I can also directly undergo
ligand exchange with another substrate molecule to regenerate the
related hexacoordinated aluminum complex I and liberate the chiral
hydroboration product. The alkoxy anionic ligand plays an important
role in the catalytic cycle. First, the complexation of the anionic ligand
with the Bpin group enhances the nucleophilic attack of the hydride on
the carbon atom of the carbonyl group. In addition, the anionic ligand
acts as a relay for the transfer of the Bpin group to the oxygen atom of
the carbonyl group in the Al-O/0-B o-bond metathesis step.

Discussion
In summary, we have identified an octahedral chiral-at-aluminum cat-
alysis mechanism in BINOL-aluminum-catalyzed asymmetric
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hydroboration of heteroaryl ketones. BINOL-induced diaster-
eoselective assembly leads to the catalytically active hexacoordinated
aluminum alkoxides and determines the absolute configuration of the
product. The predicted hexacoordinated aluminum complex was
successfully isolated and characterized by single-crystal X-ray diffrac-
tion analysis. Further experiments identified the catalytic reactivity of
this discovered aluminum complex. This work demonstrated that the
combination of main-group metals and simple BINOL ligands can be
assembled into chiral-at-metal complexes in the presence of bidentate
substrates. In these complexes, the substrates might be activated
through a LUMO activation mode**® and the alkoxy anionic ligand
could be noninnocent, as discussed in the preceding section. We
expect our present work to stimulate the future development of
asymmetric catalysis using main-group aluminum catalysts, as well as
the design of other asymmetric reactions based on the BINOL/metal
combination.

Methods

Computational methods

All density functional calculations were performed with the Gaussian 16
package (Revision A.03)®. Geometry optimizations and vibrational fre-
quency analysis were performed at B3LYP***-D3%/Def2-SVP level. The
solvent effect was dealed with polarizable continuum model (PCM)***
in toluene or dichloromethane. The Def2-TZVP basis set was used to get
more accurate single-point energies for all structures with the same
functional and implicit solvent model. To simulate ECD spectra, TD-DFT
calculations with 100 considered excited state were carried out at
B3LYP-D3/Def2-TZVP level with the PCM model to deal with the solvent
effect of dichloromethane. DLPNO-CCSD(T)* calculations with Def2-
TZVP basis set were performed with ORCA 5.0° software.

Procedure for the synthesis of hexacoordinated aluminum
alkoxides 13g

Inside a glovebox under argon atmosphere, to a solution of (R)-CF3-
BINOL (284.2mg, 0.4 mmol) in dichloromethane (1.6 mL), AlMe;
(0.4 mmol, 200 pL, 2 M in toluene) was dropwise added. After the gas
stopped releasing, the reaction solution was stirred at room tempera-
ture for 3 h. The in situ generated [(R)-CF3-BINOL-AlMe], was dropwise
added to a solution of (4-chlorophenyl)(pyridin-2-yl)methanone 1c
(174.1mg, 0.8 mmol) in dichloromethane (1.6 mL). The reaction solu-
tion was then stirred at room temperature for 2h. Through a filter
membrane, the reaction solution was equally filtered into four small test
tubes (inner diameter 6 mm, length 20 cm). To each small test tube,
0.1 mL of dichloromethane was added as a buffer layer. Then each small
test tube was layered with at least 1.3 mL of pentane as poor solvent.
Finally, the test tubes were tightly sealed. After standing for two weeks,
red block crystals of 13g grew on the test tube wall as the sole solids. The
mother liquor was decanted off and the solid was washed with cold
pentane, affording the product in a yield of 31% (147 mg).

Data availability

All data that support the findings of this study are available within the
paper and its supplementary information files, and also available from
the corresponding author upon request. The X-ray crystallographic
structures data generated in this study have been deposited in the
Cambridge Crystallographic Data Center (CCDC) database under
accession code 2288118, 2288119, and 2309175, and can be obtained
free of charge via www.ccdc.cam.ac.uk. The xyz coordinates of the
optimized structures in this study are provided in the Source Data
file. Source data are provided with this paper.
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