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Abstract: Aluminum is the most abundant metal in the Earth’s crust and is also the principal constituent of many common
minerals. Taking advantages of its higher abundance and both lower costs and toxicity in comparison with more traditional
transition metals, this main group metal has emerged as a green metal of high potential and utility in organic synthesis. While
many racemic aluminum catalysts have been early applied as Lewis acids to promote various reactions, such as Friedel-Crafts
acylations, Alder-ene reactions and polymerizations, chiral aluminum counterparts have been developed only since 1990s in
asymmetric catalysis. Indeed, the possibility of tuning the Lewis acidity of aluminum by making use of appropriate chiral
ligands, allows to control the stereoselectivity in a wide diversity of catalytic enantioselective reactions. For example, various
types of ligands have been chelated to aluminum, such as salens, BINOL and VANOL derivatives, TADDOL-derived
ligands, cinchona alkaloids, and N,N’-dioxides. In the last decade, a wide variety of highly enantioselective aluminum-
catalyzed transformations have been developed, spanning from basic reactions, such as cyanations of carbonyl compounds,
aldol reactions, reductions, cycloadditions, cyclizations, o-alkylations of aldehydes, Michael additions, acyloin
rearrangements, copolymerizations etc., to more challenging and modern processes, such as domino and tandem reactions.
The goal of this review is to collect the recent developments in enantioselective aluminum-catalyzed reactions of all types
published since the beginning of 2015. It shows that asymmetric aluminum catalysis, that suits the growing demand for
greener processes, offers a real opportunity to replace toxic and expensive metals soon.
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1. INTRODUCTION

Aluminum is the most abundant metal in the Earth’s crust and is also the principal constituent of many
common minerals. Taking advantages of its higher abundance and lower costs and toxicity in comparison with
more traditional transition metals [1], this main group metal is becoming a green opportunity in organic
synthesis. Aluminum is almost present in the +3 oxidation state in aluminum complexes. While many racemic
aluminum catalysts have been early applied as Lewis acids to promote various reactions, such as Friedel-Crafts
acylations, Alder-ene reactions and polymerizations, chiral aluminum counterparts have been developed only
since 1990s in asymmetric catalysis [2]. Indeed, the possibility of tuning the Lewis acidity of aluminum by
making use of appropriate chiral ligands, allows to control the stereoselectivity in a wide diversity of catalytic
enantioselective reactions. A variety of ligands have been complexed to aluminum, such as salens, BINOL and
VANOL derivatives, TADDOL-derived ligands [3], cinchona alkaloids, and N,N’-dioxides. Especially in the last
decade, enantioselective aluminum-catalyzed transformations of high efficiency have been developed, including
aldol condensations, cyanations of carbonyl compounds, reductions, cyclizations, cycloadditions, o-alkylations
of aldehydes, acyloin rearrangements, Michael additions, copolymerizations, and domino/tandem reactions. This
review intends to update the field of enantioselective aluminum-catalyzed reactions published since 2015,
because the last report in this subject dated from 2016 with a book chapter published by Feng and Xie including
references up to 2014 [4]. The same year, a review focusing on enantioselective main group catalysis was
reported by Melen and Wilkins albeit it included none reference > 2015 dealing with asymmetric aluminum-
catalyzed transformations [5]. More recently in 2019, Gualandi and Cozzi reviewed aluminum (salen) complexes
in stereoselective catalysis but only four references > 2015 concerning applications of this special type of metal
catalysts were included [6]. In 2022, Ye and Luan published a report on bifunctional ligand-ligated Ni-Al
bimetallic catalysis applied to C—H and C—C bond activation including only six references > 2015 focusing on
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asymmetric reactions [7]. Moreover, different reviews dealing with organoaluminum reagents were previously
published [8]. In 2024, a mini-review focusing on asymmetric catalysis using general p-block elements was
published by Melen et al., including only six references > 2015 concerning aluminum [9]. This review is divided
into seven sections, focusing successively on enantioselective aluminum-catalyzed domino and tandem
reactions, cyanations of carbonyl compounds, kinetic resolutions, desymmetrizations and deracemizations, aldol
reactions, reductions of ketones, cyclizations, and miscellaneous reactions.

2. DOMINO AND TANDEM REACTIONS

One-step domino reactions permit the direct synthesis of complex molecules from simple starting materials,
avoiding the costly isolation and purification of intermediates [10]. Combining asymmetric aluminum catalysis
with the concept of domino/tandem reactions allows the synthesis of many types of chiral complex products to
be simply achieved with generally high enantioselectivities. The blooming of these reactions has already
permitted the synthesis of a wide diversity of cyclic as well as acyclic complex chiral molecules. The first and
still rare examples of enantioselective aluminum-catalyzed domino processes were described by Zhu et al. in
2007 [11]. Therefore, these authors reported the use of a chiral aluminum salen complex to promote an
asymmetric domino aldol/cyclization reaction of a-isocyanoacetamides with aldehydes to give the
corresponding chiral 5-aminooxazoles with enantioselectivities of up to 80% ee. In 2008, the same catalyst was
applied to develop an enantioselective three-component Passerini reaction between an aldehyde, a carboxylic
acid and an isocyanide to afford an enantiopure o-acyloxyamide (>99% ee) [12]. The same year, a closely
related aluminum complex was found capable of promoting another asymmetric three-component reaction
between aldehydes, isocyanides and hydrazoic acid, resulting in the formation of the corresponding chiral
(hydroxyalkyltetrazoles with up to 97% ee [13]. More recently in 2017, Ma et al. developed the synthesis of
chiral cinchona alkaloid-tethered aluminum phosphonate complexes to be applied as heterogeneous cooperative
catalysts in different types of asymmetric transformations [14]. Among them are enantioselective domino double
Michael reactions of o,p-unsaturated ketones 1 with aromatic nitroalkenes 2 performed in toluene at 20 °C
(Scheme 1). The best results were achieved when using 20 mol% of catalyst 3 which was easily prepared by
precipitation of the corresponding chiral phosphonate 4 with sodium aluminate. This dual cooperative catalyst
allowed the synthesis of a variety of chiral functionalized cyclohexanones 5 to be achieved with moderate to
high yields (36-85%) as major trans-diastereomers in good to high diastereoselectivities (70-94% de) and
uniformly high enantioselectivities (78-96% ee). It must be noted that the catalyst could be recovered through
centrifugation and reused without significant loss of catalytic activity for up to five runs. While generally the
immobilization of organocatalyst into a solid is limited to a single organocatalyst, this work proposed the first in
situ generation of a novel heterogeneous cooperative catalyst tethered on an aluminum phosphonate. The future
application of this new catalyst to more cooperatively organocatalytic reactions will provide access to other
complex chiral molecules with multiple stereogenic centers through a green manner.



A2 4 (20 mol%)
J)J\/\J/ toluene, 20 °C
| | +
1 . . N

Ar O,N 36-85% yield A2 AT ‘Ar?
70-94% de NO, NO,

1 2 78-96% ee (trans) )
trans-5 cis-5
major minor

i O
Michael ) Michael
|J
Ar'T " AP
NO,

Ar' = Ph, 0-CICgH,, 0-MeOCgH,, p-CICgHy, p-F3CCgHa, p-Tol, p-MeOCgH,4

Ar? = Ph, 0-CICgHy4, m-CICgH4, p-CICgHy4, 0-Tol, m-Tol, p-MeOCgHj,, p-Tol,

0-MeOCgH4, m-MeOCgH,4

QL
preparation of catalyst 4: /AI,O
AN
g O xn O Al—
) W ") [\ -
a(«\\e P\,OH a‘«\\e ﬁ,/o /N
OH OH
OMe OMe
N NaAlO, N
= NH, = | NH,
N N

with arm length = (CH5)>,S(CH,)>,S(CH>)4
Scheme 1. Domino double Michael reaction of a,B-unsaturated ketones with aromatic nitroalkenes.

The same year, an enantioselective formal [3+2] cycloaddition between three-membered carboxamides 6 and
alkynes 7 was described for the first time by Ye et al. (Scheme 2) [15]. It involved a dual metal catalyst system
constituted by 10 mol% of Ni(cod),, 30 mol% of AlMes, and 20 mol% of chiral ligand 8 derived from
TADDOL. When the process was carried out at 130 °C in mesitylene in the presence of 10 mol% of a tertiary
phosphine (PRs) as an additive, it resulted in the formation of chiral cyclopentenyl derivatives (S)-9 with 49-
>99% vyields and 59-94% ee. Generally, good yields (60—99%) and high enantioselectivities (86—94% ee) were
obtained in the reaction of symmetrical aromatic alkynes (R® = R* = (hetero)aryl) while aliphatic alkynes reacted
with both lower yields (43-63%) and enantioselectivities (59-77% ee). To explain the results, the authors
proposed the mechanism depicted in Scheme 2, beginning with the formation of intermediate A from the
reaction between the ligand, Ni(cod), and AlMe;. Then, intermediate A coordinated with the cyclopropyl
carboxamide to generate intermediate B. A subsequent tertiary phosphine-assisted oxidative addition of nickel to
the C—C bond of the cyclopropane afforded four-membered intermediate C. The latter further inserted into the
alkyne moiety to give six-membered nickel intermediate D. A final reductive elimination delivered the
cyclopentenyl carboxamide and regenerated the catalytic species. This novel methodology allowed for the first
time the elusive challenge that is the cycloaddition of unreactive cyclopropyl carboxamides with alkynes. This
resulted in the preparation of synthetically useful cyclopentenyl chiral carboxamides in up to 99%yield and 94%
ee.
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Scheme 2. Formal [3+2] cycloaddition of three-membered carboxamides with alkynes.



In 2020, Ye and Peng developed a novel and rare example of asymmetric domino reaction of aryl nitriles
with alkynes catalyzed by a bimetallic Al/Ni complex (Scheme 3) [16]. The process involved as catalyst system
a mixture of 10 mol% of Ni(cod),, 40 mol% of Al(i-Bu)s, and 20 mol% of chiral ligand 10 derived from
TADDOL. The latter promoted at 25 °C in hexane as the solvent the reaction of aryl nitriles 11 with alkynes 7 to
give the corresponding chiral indenes (S)-12 exhibiting a quaternary stereocenter with 32-91% yields and 73-
98% ee. The reaction required the use of 20 mol% of an achiral tertiary phosphine, such as (p-MeOCg¢H,)sP, as
an additive. The phenyl ring of aryl nitriles could bear electron-donating as well as -neutral substituents,
providing both good yields (62-90%) and ee values (86-95% ee) while that of electron-withdrawing substituents
decreased the enantioselectivity of the reaction (73-90% ee). Although the presence of bulky groups, such as t-
butyl or an aryl group at the 2-position of the alkene (R®) were not tolerated, that of an ethyl group or
functionalized linear alkyl chains were compatible, affording the desired products with 93-98% ee. Along with a
series of symmetrical alkyl alkynes found compatible, a nonsymmetrical aryl alkyl alkyne (R* = Ph, R? = n-Bu)
produced the desired product as a single product with 48% yield and 87% ee. To explain the results, the authors
proposed the mechanism depicted in Scheme 3 in which first intermediate E was generated from the
coordination of the nickel to the two triple bonds of the nitrile and the alkyne, concomitantly with the interaction
between the aluminum species and the nitrogen of the nitrile group. Then, oxidative addition of the C—-CN bond
to Ni(0), assisted by coordination of the nitrile group with Al, generated Ni(ll) intermediate F. The latter
underwent alkyne insertion to afford intermediate G, with the olefin coordinated to a Ni(ll) center. A subsequent
insertion of the alkene resulted in the formation of intermediate H which was further submitted to reductive
elimination in the presence of another alkyne, leading to the final domino product and regenerated catalysts. This
novel methodology using an inexpensive achiral phosphine presented the advantage to be a rare route to chiral
indenes bearing all-carbon quaternary stereocenters which are important structural motifs present in bioactive
products. While many racemic synthetic methods to prepare racemic indenes exist, enantioselective versions
remain scarce because the rigid ring and the sterically hindered carbon center render asymmetric control
challenging.
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Scheme 3. Domino reaction of aryl nitriles with alkynes.

Tandem processes, occurring under not strictly the same reaction conditions in contrast with domino
reactions, also constitute powerful one-pot methodologies to easily prepare very complex molecules [17]. In
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2016, Zhou et al. disclosed an asymmetric aluminum-catalyzed tandem Wittig/cyanosilylation reaction of
aldehydes 13 with phosphorane 14 and TMSCN, resulting in the formation of a wide range of cyanohydrins (S)-
15 bearing an alkene, a conjugated diene or an enyne group (Scheme 4) [18]. The first step of the sequence dealt
with a Wittig reaction between aldehydes 13 and phosphorane 14 performed in dichloromethane at 80 °C,
providing the corresponding o,f-unsaturated ketones 16. The latter subsequently underwent at —30 °C an
enantioselective aluminum-catalyzed cyanosilylation in the presence of TMSCN. This second step was promoted
by 10 mol% of chiral salen aluminum catalyst 17 and one equivalent of Ph;PO as a stoichiometric cocatalyst.
Actually as detailed in Scheme 4, phosphorane 14 was employed as substrate in the first step of the sequence but
also played the role of activating the aluminum catalyst while PhsPO activated TMSCN. An orthogonal
activation of both the aluminum catalyst and TMSCN by the phosphorane and PhsPO, respectively, is illustrated
in the transition state depicted in Scheme 4. This mechanism was supported by NMR analyses and DFT
calculations. Moreover, the formation of charged complexes through the activation of the chiral catalyst by the
phosphorane was confirmed by electrical conductivity experiments. The tandem reaction resulted in the
obtention of a variety of chiral alkenes, dienes, trienes and enynes 15 with moderate to quantitative yields (42-
98%) and high enantioselectivities (80-95% ee). Chiral dienes exhibiting two, three or four substituents on the
alkene moiety were generated as well as optically active conjugated trienes and enynes with either an aryl or
alkyl substituent. Moreover, non-conjugated aliphatic aldehydes (R = alkyl) were also compatible, providing the
corresponding chiral cyanohydrins with 90-95% ee albeit combined with lower yields (56-75%). The authors
demonstrated the utility of this novel asymmetric tandem cascade by converting one product into the natural
antibiotic fostriecin.
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Scheme 4. Tandem Wittig/cyanosilylation reaction of a phosphorane, aldehydes and TMSCN.

Despite their obvious utility, enantioselective versions of cascade reactions including a photochemical step
remain rare. To fill this gasp, Bach et al. developed in 2022 an enantioselective tandem
photocycloaddition/rearrangement reaction of 1-naphthaldehydes bearing a tethered allylic alcohol 18 promoted
by chiral 1,3,2-oxazaborolidine aluminum catalyst 19 [19]. The cascade was initiated at -78 °C in
dichloromethane by irradiation with visible light (A = 457 nm) under catalysis with 50 mol% of complex 19.
Then, the reaction mixture was warmed to 0 °C after the irradiation to lead through rearrangement to the
corresponding polycyclic benzoisochromenes (R)-20 with 65-93% vyields and 82-96% ee, as illustrated in
Scheme 5. The authors demonstrated that the photocycloaddition step governed the enantioselectivity of the
tandem reaction, giving chiral four-membered intermediate 1. The latter species coordinated to aluminum center
through its carbonyl group, undergoing a 1,2-alkyl shift which generated intermediate J. Then, the latter was
submitted to a second migration to give intermediate K. Subsequent elimination of the Lewis acid and ring
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scission regenerated the aldehyde moiety, resulting in aromatization which delivered the final product. In
addition to constitute a rare example of asymmetric tandem reactions including a photochemical step, this novel
transformation enabled the formation of structurally unique polycyclic products.
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Scheme 5. Tandem photocycloaddition/rearrangement reaction of 1-naphthaldehydes.

3. CYANATIONS OF CARBONYL COMPOUNDS

The cyanation reaction presents the synthetic advantage to form a new C—C bond, novel functionalities
(alcohol and cyanide) with concomitant creation of a stereogenic center in a single transformation. Lewis acid
catalysts have been widely employed to catalyze these reactions, affording cyanohydrins which are key
intermediates in organic synthesis [20]. Among these catalysts, a chiral aluminum salen complex was applied for
the first time by Jacobsen and Sigman in 1998 to promote the cyanation of carbonyl compounds derivatives,
such as imines, with enantioselectivities of up to 95% ee [21]. Ever since, many efforts have been accomplished
in the field of cyanation of ketones and derivatives [20d,22]. However, while a number of chiral catalysts have
been demonstrated to be efficient in highly enantioselective cyanosilylations of alkyl aryl ketones, the
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involvement of dialkyl ketones still remains challenging. In this context, Zhou et al. developed in 2016 the
application of a catalyst system, constituted by a combination of salen aluminum complex 17,
triphenylphosphine oxide, and phosphorane 21, to promote asymmetric cyanosilylation of dialkyl and alkyl aryl
ketones 22 (Scheme 6) [18]. Indeed, in the presence of a mixture of 10 mol% of chiral aluminum salen catalyst
17, 50 mol% of triphenylphosphine oxide, and 10 mol% of phosphorane 21 in dichloromethane, the asymmetric
cyanosilylation of a range of simple ketones 22 performed at -30 or -40 °C was achieved, affording cyanohydrins
(S)-23 with 56-99% yields and 80-95% ee. Especially, the reaction of dialkyl ketones afforded the corresponding
products with both high yields (85-97%) and enantioselectivities (80-95% ee). The lowest ee value (80% ee) was
obtained for cyclohexyl vinyl ketone (R* = vinyl, R? = Cy) while other aliphatic ketones provided 89-95% ee.
Furthermore, alkyl aryl ketones were also compatible, yielding the desired cyanohydrins with moderate to
quantitative yields (56-99%) and high enantioselectivities (89-92% ee). As illustrated by the transition state
depicted in Scheme 6, sterically hindered phosphorane 21 activated the chiral aluminum salen complex to
enhance its electrophilicity while TMSCN was activated by PhsPO.
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Scheme 6. Cyanosilylation of dialkyl and alkyl aryl ketones with TMSCN.

In 2017, Peters et al. demonstrated that aluminum fluoride salen complex 24 exhibiting an appended
ammonium salt provided a remarkable catalytic activity in the asymmetric carboxycyanation of aldehydes [23].
Indeed, this stable complex employed in most cases at as low as 0.01 mol% of catalyst loading was found
capable to promote the asymmetric carboxycyanation of many types of aldehydes 13 with ethyl cyanoformate 25
performed in chloroform as solvent in the presence of KCN as an additive to give the corresponding
cyanohydrins (R)-26 in both good to excellent yields (61->99%) and enantioselectivities (78-97% ee), as
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illustrated in Scheme 7. A range of variously substituted aromatic aldehydes were compatible (61->99% vyield,
80-93% ee) as well as an heteroaromatic substrate (R = 2-furyl) which afforded the corresponding product with
98% yield and 82% ee. Moreover, the reaction of a,B-unsaturated aldehydes provided both excellent yields (90-
>99%) and ee values (93-96% ee). Enolizable substrates, such as propanal and dihydrocinnamaldehyde, were
also compatible with 99% yield and 81-90% ee. Even a bulky aliphatic substrate, such as pivaldehyde (R = t-
Bu), reacted with quantitative yield (99%) albeit with a decreased enantioselectivity (78% ee). The authors
showed that catalyst loading as low as 0.01 mol% still allowed very high ee values and quantitative yields to be
achieved (R = (E)-MeCH=CH: 98% vyield, 93% ee). Turnover numbers of up to around 10* were achieved,
demonstrating the exceptional activity of catalyst 24. A cooperative catalysis between the aluminum Lewis acid
and the internal ammonium salt moiety was proposed by the authors in the mechanism depicted in Scheme 7.
Addition of KCN to the original catalyst 24 led to complex L which activated aldehyde 13 through coordination
to the aluminum center in intermediate M. This facilitated the 1,2-addition of the closely bound cyanide to the
aldehyde, affording intermediate N. Then, the latter led to the final product and regenerated catalyst through
carboxylation with ethyl cyanoformate 25.
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Scheme 7. Carboxycyanation of aldehydes with ethyl cyanoformate.

However, the most attractive cyanide source is inorganic cyanide salt KCN, which presents the advantage to
be cheaper and avoids the involvement of toxic reagents. In this context, these authors reported in 2019 the first
employment of KCN as the cyanide source in similar enantioselective carboxycyanations of aldehydes 13
catalyzed by the same bifunctional aluminum fluoride salen catalyst 24 [24]. This more practical
carboxycyanation protocol was performed at -80 °C in the presence of 1.5 equivalent of KCN as the cyanation
agent and 1 mol% of catalyst 24 in chloroform as the solvent. It provided cyanohydrins (R)-26 with 85->99%
yields and 55-95% ee, as presented in Scheme 8. The results were more or less comparable to those obtained
with the original protocol using ethyl cyanoformate as the cyanide source (Scheme 7).

)

—N. N=
A
tBu OF 0O tBu
[©) )3 e) t-Bu o
MeEt,N OTf )]\
O 24 (1 mol%) O~ TOEt
e - L

CHCl; or CH,Cl,/CHCl;, -80°c  ~ CN

13 85->99% yield (R)-26

55-95% ee

R = 2-Naph, 6-MeO-2-Naph, Ph, p-Tol, m-Tol, o-Tol, p-MeOCgHy,,
m-MeOC6H4, O-MGOC6H4, 3,4-M62C6H3, 3,4-M602C6H3, p-C|C6H4,
m-CICgHy4, p-FCgH,4, m-MeO,CCgH,, 2-furyl, 2-thienyl, (E)-PhCH=CH,
(E)-p-MeOCgH,4CH=CH, (E)-MeCH=CH, Me, BnCH,

Scheme 8. Carboxycyanation of aldehydes with KCN.

4. KINETIC RESOLUTIONS, DESYMMETRIZATIONS AND DERACEMIZATIONS

Among methodologies to access chiral compounds, simple kinetic resolution still constitutes the most
efficient and practical approach especially in industry [25]. This methodology, often catalyzed by chiral salen
cobalt or chromium complexes, has been extensively applied to achieve chiral epoxides, representing useful
reagents in organic synthesis [26]. In 2015, North et al. reported the first aluminum-based catalyst capable of
performing the kinetic resolution of epoxides through CO, coupling, affording chiral cyclic carbonates (Scheme
9) [27]. Indeed, the reaction of epoxides 27 performed under 1 atm of carbon dioxide pressure in the presence of
2.5 mol% of chiral aluminum complex 28 and the same quantity of Buy;NBr as cocatalyst afforded in the absence
of solvent the corresponding chiral cyclic carbonates (R)-29 with moderate to good enantioselectivities (54-86%
ee) and low conversions (15-36%) along with unreacted enantioenriched epoxides (S)-27. The k. values (4.3-
15.4) were found higher than those obtained by using the analogous chromium and cobalt complexes arisen from
the same ligand. The best k. value was achieved in the reaction of N-(2,3-epoxypropyl)diphenylamine as
substrate (R = CH,NPh,).
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R = CH,NPh,: 15% conversion, 86% ee (29), k., = 15.4
Scheme 9. Kinetic resolution of epoxides through CO, coupling.

In 2016, Hori, Itoh and Mino described the kinetic resolution of citronellal analogues catalyzed by a chiral
aluminum catalyst derived from 9 or 18 mol% of (R)-BINOL and 5 mol% of AIEt; [28]. The reaction evolved
through cyclization of 3-alkylcitronellals 30, leading to the corresponding chiral 5-alkylisopulegol derivatives 31
along with unreacted enantioenriched substrates (R)-30 (Scheme 10). While the latter were obtained in low
enantioselectivities (21-30% ee), cyclohexanols 31 were synthesized as mixtures of anti- and syn-diastereomers
in 65:35 to 70:30 of anti/syn ratios with enantioselectivities of 82-91% ee for the syn-products and 60-77% ee for
the anti-products. The best enantioselectivity (91% ee) was achieved in the reaction of 3-vinylcitronellal (R =
CH=CH,) to give chiral 5-vinylisopulegol.

CHO (R)-BINOL (9 or 18 mol%) R’,
AlEt3 (5 mol%)
+
| : OH T OH
toluene, 0-10 °C = z
/\ /\
30 anti-31 syn-31

CHO

R = CH=CH,: 81% conversion, anti-31/syn-31 = 66:34,
60% ee (anti-31), 91% ee (syn-31), 30% ee (30), k., = 1.4
R = Et: 46% conversion, anti-31/syn-31 = 65:35,
77% ee (anti-31), 82% ee (syn-31), 21% ee (30), ko = 2.1
R = Bu: 50% conversion, anti-31/syn-31 = 70:30,
71% ee (anti-31), 27% ee (30), ko = 27

Scheme 10. Kinetic resolution of citronellal analogues through cyclization.

In spite of the high synthetic potential of chiral bromohydrins, the desymmetrization of meso-epoxides by
bromide remains undeveloped. In 2017, Peters et al. described a novel methodology to prepare chiral O-acetyl
protected bromohydrins based on enantioselective aluminum-catalyzed ring-opening of meso-epoxides 32 with
AcBr [29]. The process occurred at -40 °C to room temperature in dichloromethane as solvent in the presence of
5 mol% of bifunctional aluminum chloride salen complex 33 exhibiting an appended ammonium salt and the
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same quantity of AcOH as an additive. It resulted in the formation of chiral acetyl protected bromohydrins (S,S)-
34 in high yields (82-92%), diastereoselectivities (92->98% de) and enantioselectivities (76-91% ee), as
illustrated in Scheme 11. The catalyst system was compatible with differently substituted aryl groups (Ar).
Diastereomerically pure (>98% de) products were obtained from substrates bearing electron-withdrawing
substituents while those with electron-donating ones provided lower diastereomeric ratios (Ar = p-Tol, m-Tol:
92% de). The highest enantioselectivities (90-91% ee) were achieved in the reaction of epoxides exhibiting a
fluoro and p-CF; substituents on the phenyl ring. The lowest ee value (76% ee) was obtained in the reaction of
an epoxide bearing a m-CF3 substituent. The reaction evolved via the intermediate formation of bromohydrin 35
which was then acylated to give the final product, as shown in the mechanism depicted in Scheme 11. The latter
shows the activation of the starting epoxide through coordination to the catalyst. The bromide anion occurred as
nucleophile in intermediate O, thus forming aluminum intermediate P. Then, the latter underwent protonation in

the presence of AcOH or HBr generated from the acylation step.

—N.  N=
AL
t-Bu oclo t-Bu
t-Bu @ Br@
33 (5 molo) NEt2Me
o ACOH (5 mol%) At OAc
A + AcBr >—<
Ar Ar CH,Cl,, -40 °C to r.t. BY Ar
32 (S,S)-34

82-92% yield

92->98% de

76-91% ee
Ar = Ph, p-Tol, m-Tol, p-FCgH,4, m-FCgHy,
p-F3CC6H4, m—F3CC6H4, p-C'CSH4, m—MeOC6H4

proposed mechanism: 0
Ar/;\Ar
o--- -Al
Ar K Ar @> *
e) NEt,Me " ®
Br (o) T
Al NEt,Me
G)Br
Br, O—AI§)
Ar Ar ® Ar OH
NEt,Me AcO@
P Br Ar

S)
AcOH/Br ‘//—\ 35

HBr AcBr
Ar OAc

Br Ar
(S,S)-34
Scheme 11. Desymmetrization of meso-epoxides through ring-opening with AcBr.
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Earlier in 2016, Lu et al. reported the first example of asymmetric copolymerization of meso-epoxides with
cyclic anhydrides using chiral dinuclear aluminum salen complex 36, which afforded stereoregular chiral
polyesters with completely alternating structure and narrow molecular weight distribution [30]. As shown in
Scheme 12, cyclohexene oxide 37 reacted with succinic anhydride 38a (n = 1) or glutaric anhydride 38b (n = 2)
in the presence of only 0.4 mol% of chiral catalyst 36 and 0.8 mol% of bis(triphenylphosphine)iminium chloride
(PPNCI) as cocatalyst to produce chiral polyesters (R,R)-39 in quantitative yields and moderate
enantioselectivities (60-61% ee). Better enantioselectivities (67-90% ee) combined with quantitative yields were
achieved in the reaction of phthalic anhydride 41 with different epoxides 40, such as cyclopentene oxide, cis-2,3-
epoxybutane and 1,2-epoxy-4-cyclohexene, to give chiral polyesters (R,R)-42.

=N
t-Bu O }AJ/N\
-]
t-Bu OC| \

o cl ©
I\ t-Bu
\N/ \ t-BU
N\

36 (0.4 mol%)

@ o
PPhs=N=PPh; Cl

O
Ox-0 PPNCI (0.8 mol%) w10. O
n Oor25°C O (@]
37 38ab
n=1-2 >99% yield (RR)-39
60-61% ee
090 N o O
/o) same conditions o o
Z S + > 7—\
R R >99% yield R R
40 67-90% ee
41 (R,R)-42
R = Me

R,R = (CH,)3, CH,CH=CHCH,
Scheme 12. Desymmetrizations of meso-epoxides through copolymerizations with cyclic anhydrides.

In 2022, these authors reinvestigated the same reactions by employing novel dinuclear chiral aluminum
catalysts with multiple chiralities and ammonium salts anchored on the ligand [31]. These bifunctional catalysts,
such as 43, allowed uniformly excellent enantioselectivities (86-99% ee) to be achieved at a remarkably low
catalyst loading (0.01 mol%). As shown in Scheme 13, the copolymerization of various meso-epoxides 44, such
as cis-2,3-epoxybutene, 1,2-epoxy-4-cyclohexene, 3,4-epoxytetrahydrofuran, 3,5,8-trioxaspiro[bicycle-[5.1.0]-
octane-4,1-cyclohexane], endo-4-phenyl-3,5,8-trioxabicyclo[5.1.0]octane  (4-cy-dioxaepoxide), and 4,4-
dimethyl-3,5,8-trioxabicyclo[5.1.0]octane, with cyclic anhydrides 45, including phthalic anhydride and naphthyl
anhydride, provided at 50 °C chiral polyesters (S,S)-46 with perfectly alternating structure with moderate to
excellent conversions (56-94%) and homogeneously excellent ee values (86-99% ee), as shown in Scheme 13.
Moreover, the reaction of carbic anhydride 47 with 1,2-epoxy-4-cyclohexene 37 led to chiral polyester (R,R)-48
with 88% yield and 87% ee.

15



Ox-0
o) O 43(0.01 mol%)
A\ -4t0 9
R R 50 °C —
44 R2 R'" R'O o
R? 56-94% conversion
45 86-99% ee (S,S)-46
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Cl (n-Bu),N
® ©
N(n-Bu), Cl

Scheme 13. Desymmetrizations of meso-epoxides through copolymerizations with cyclic anhydrides in the
presence of a dinuclear aluminum catalyst tethered to quaternary ammonium salts.

In the same area, these authors designed related chiral binaphthol-linked bifunctional dinuclear aluminum
catalysts featuring quaternary ammonium salts anchored on the ligand to be applied as promotors in asymmetric
copolymerization of various meso-epoxides with CO, to synthesize the corresponding chiral isotactic
polycarbonates (Scheme 14) [32]. When only 0.002-0.05 mol% of optimal chiral catalyst 49 was employed at 25
or 45 °C in dichloromethane as solvent to promote the copolymerization of a range of meso-epoxides 50 with
CO,, it afforded the corresponding chiral polycarbonates (S,S)-51 with completely alternating structure and
uniformly excellent enantioselectivities (90-99% ee).
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0 49 (0.002-0.05 mol%)

/N  + CO, - 0 0O
R R CH,Cl,, 25 or 45 °C / < o
50 R R

90-99% ee (S,S)-51

with
R‘l
© ®
Cl (n-Bu)4N ©
N(n-Bu), ClI

Scheme 14. Desymmetrization of meso-epoxides through copolymerization with CO, with a dinuclear aluminum
catalyst tethered to quaternary ammonium salts.

In 2021, the same authors reported an unprecedented enantioselective copolymerization of racemic cis-
internal epoxides 52 with cyclic anhydrides 53 mediated by chiral dinuclear aluminum catalyst 54 (0.4 mol%),
affording the corresponding chiral polyesters 55, along with unreacted epoxides (R,S)-52 (Scheme 15) [33]. The
reaction evolved at 25 or 0 °C through concomitant kinetic resolution of the epoxides with good conversions
(41-53%) and ki values (9-61). The copolymers were obtained with uniformly excellent enantioselectivities (93-
99% ee) while the recovered epoxides with moderate to good ee values (45-83% ee). Cyclic as well as acyclic
epoxides were well tolerated.
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Scheme 15. Kinetic resolution of racemic cis-internal epoxides with cyclic anhydrides through
copolymerization.

In 2023, Gilmour and Neugebauer reported the use of chiral aluminum salen complex 56 to perform a
photochemical deracemization of cyclopropyl ketones with enantioselectivities of up to 96% ee (Scheme 16)
[34]. Indeed, under irradiation at A = 400 nm, a series of cyclopropyl ketones 57 could be deracemized at -70 °C
in the presence of 10 mol% of catalyst 56 in acetone as solvent to afford enantioenriched ketones (S)-57 with 65-
97% yields and 40-96% ee. Both high yields (74-88%) and enantioselectivities (80-96% ee) were generally
observed with para-substituted substrates (R) whereas a meta-substituted substrate (R = m-FCgH,) led to the
corresponding product with 85% yield and 80% ee. In addition to geminal diaryl substituted cyclopropanes (R =
aryl), several diester substrates (R = ester) were tolerated, leading to the corresponding products with 65-75%
yields and 74-80% ee.
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Ar = Ph, p-FCgHy4, p-CICgH,4, m-FCgH4
Scheme 16. Photochemical deracemization of cyclopropyl ketones.

5. ALDOL REACTIONS

In 2016, Li et al. demonstrated that chiral bimetallic complexes based on aluminum and zinc could promote
the direct enantioselective aldol condensation of aldehydes with acetophenone (Scheme 17) [35]. Among them,
the optimal complex was in situ generated from 24 mol% of ZnEt,, 20 mol% of AlMes, and 20 mol% of ligand
58 derived from (R)-BINOL. Performed at -20 °C in DMF as the solvent in the presence of NHEt, as an additive,
the aldol reaction of acetophenone 59 with a range of aromatic as well as aliphatic aldehydes 60 led to the
corresponding chiral B-hydroxy alcohols (R)-61 in 23-99% yields and 46-90% ee. A range of aromatic aldehydes
bearing either electron-donating or electron-withdrawing substituents on the phenyl ring were compatible,
providing in most cases >80% ee values while lower ee values (46-56% ee) were observed in the reaction of
aldehydes exhibiting o-chloro- and o-methoxy groups. On the other hand, the best enantioselectivity (90% ee)
was obtained with 2-furaldehyde. Along with (hetero)aromatic aldehydes, aliphatic aldehydes also reacted
smoothly, giving the desired chiral alcohols with moderate to good ee values (65-83% ee). The authors have
proposed that the Al atom of the Al/Zn complex acted as a Lewis acid to activate aldehyde 60a, while ethylzinc
alkoxide interacted as a Brgnsted base to form a reactive zinc enolate with acetophenone. This is shown in the
mechanism proposed in Scheme 17, starting with the generation of heterobimetallic intermediate complex Q
from semi-crown chiral ligand 58, AlMe; and ZnEt,. Then, acetophenone 59 reacted with complex Q to give
reactive zinc enolate intermediate R. Further addition of benzaldehyde resulted in the formation of intermediate
S in which the zinc enolate attacked benzaldehyde chelated to aluminum center from its Re-face to generate an
R-configured chelated the aldol product in intermediate T. Then, the latter reacted with another molecule of
acetophenone to give the final product 61a along with regenerated intermediate R.
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Scheme 17. Aldol reaction of aldehydes with acetophenone.

In 2017, Ma et al. employed novel chiral cinchona alkaloid-tethered aluminum phosphonate complex 4
(Scheme 18) to promote green asymmetric aldol reaction of cyclohexanone 62 with benzaldehydes 63 performed
in water at room temperature [14]. The reaction afforded the corresponding chiral B-hydroxy alcohols anti-64 as
major diastereomers with 64-90% de and 12-98% vyields, as illustrated in Scheme 18. Uniformly excellent
enantioselectivities (88-98% ee) were obtained for these major diastereomers. Various substituents were
tolerated on the phenyl ring of benzaldehydes. While the presence of electron-withdrawing substituents resulted
in the obtention of good to high yields (65-98%) and stereoselectivities (64-90% de and 92-98% ee),
benzaldehydes bearing electron-donating groups provided lower yields (12-38%). Notably, this heterogeneous
cooperative catalyst could be recovered and reused without significant loss of catalytic activity for up to ten runs.
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oS %o
EA '.y /
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N
= | NH,
N
arm Iength = (CH2)28(CH2)28(CH2)4
o} 4 (5 mol%) O OH
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+ )J\ ’ > Ar
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12-98% yield
62 63 64-90% de anti-64 syn-64
88-98% ee (anti) major minor

Ar= O-OzNCeH4, m-OzNC6H4, p-02N06H4, O-NCC6H4, p-NCC6H4, O-C|C6H4,
m-CICgHy, p-CICgH4, o-Tol, m-Tol, p-Tol, 0-MeOCgH,4, m-MeOCgH,4
Scheme 18. Aqueous aldol reaction of cyclohexanone with benzaldehydes.

6. REDUCTIONS OF KETONES

Chiral 2-pyridine alcohols constitute important structural units in the pharmaceutical and agrochemical
industries, as well as ligands in asymmetric metal catalysis. One simple protocol to prepare these molecules is
based on the enantioselective reduction of the corresponding 2-pyridine ketones. In this context, Lebedev, Maity,
Cavallo and Rueping reported in 2019 an asymmetric hydroboration of a wide range of 2-pyridine and analogous
heterocyclic ketones, presenting the advantage to employ a very low catalyst loading of a chiral aluminum
catalyst [36]. The latter was in situ generated from only 1 mol% of AlMe; and the same quantity of chiral
BINOL-derived ligand 65 in toluene (Scheme 19). In this process performed at room temperature, HBPin was
selected as the borane, which reacted with a wide range of 2-pyridine ketones 66 (X = CH) to deliver chiral 2-
pyridine alcohols (S)-67 in 60-97% yields and 85-99% ee. The scope of the reaction could be extended to other
heterocyclic ketones, such as pyrazine, imidazole, and thiazole derivatives 68, leading to the corresponding
chiral alcohols (S)-69 with both high yields (80-94%) and enantioselectivities (95-99% ee). Moreover, the
hydroboration of acetophenone 59 yielded the desired alcohol (S)-70 in 93% yield and 95% ee. Importantly, the
ligand could be recovered and reused.
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Scheme 19. Borohydride reductions of 2-pyridine ketones, five-membered heterocyclic ketones and
acetophenone.

The use of inexpensive 2-propanol as a reducing agent as in the original Meerwein—Ponndorf—Verley
reaction is very attractive in the reduction of ketones. In view of this, Wulff et al. developed in 2020 an
enantioselective reduction of aryl alkyl ketones 71 using 2-propanol in the presence of 5 mol% of a chiral
VANOL-derived aluminum catalyst 72 (Scheme 20) [37]. The latter was preformed at room temperature in
pentane from AlMe; and the corresponding chiral ligand. It allowed in pentane as solvent at -10 °C the formation
of a range of chiral secondary alcohols (R)-73 to be achieved in 57-98% yields and 74-99% ee. Many aromatic
ketones exhibiting diff erent substituents on the phenyl ring were compatible with most of them reduced with
>90% ee values. Furthermore, excellent results were obtained in the reaction of various a-haloacetophenones,
such as a-chloro-, a,a-dichloro-, a-bromo-, and a,a,a-trifluoroacetophenones. The lowest ee value (74% ee) was
observed for propiophenone (R = Et, Ar = Ph). To explain the stereoselectivity of the process, the authors
proposed the favored transition state depicted in Scheme 20 which did not present steric interaction between the
cyclohexyl group on the catalyst and the phenyl group on the ketone (Ar = Ph) in comparison with the disfavored
transition state. Even more interesting, the authors found that by using related chiral VANOL-derived aluminum
catalyst 74, it was possible to reduce, for the first time with an aluminum complex, simple dialkyl ketones 75.
Three aliphatic ketones led at -10 or -20 °C in the presence of 5 mol% of catalyst 74 and 2-propanol as the
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hydride donor in pentane to chiral secondary alcohols (S)-76 in 81-87% vyields and 82-94% ee. It was found that
the highest enantioselectivity (94% ee) was reached in the reaction of the most sterically hindered ketone.
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Scheme 20. Meerwein—Ponndorf—Verley reductions of ketones.

In 2021, Kastner and Peters achieved the enantioselective hydroboration of ketones 77 with pinacolborane in
the presence of only 0.05 mol% of chiral salen catalyst 78 bearing an aprotic ammonium iodide (Scheme 21)
[38]. The use of this highly active catalyst allowed a range of chiral secondary alcohols (R)-79 to be synthesized
with 50-99% vyields and 55-98% ee in the presence of isopropanol as the proton source. The catalyst system
tolerated (hetero)aryl alkyl as well as dialkyl ketones. Remarkably, high turnover numbers (TON = 15400) were
achieved, being equivalent to an increase of activity of about 1.5 to >3 orders of magnitude compared to the most
efficient asymmetric hydroboration catalysts. This was explained by the cooperative activation of the ketone by
the Lewis acidic oxophilic metal center of the catalyst, and that of the borane reagent by the appended
ammonium iodide moiety. This simultaneous activation of the two reactants explained the high catalytic activity
of the aluminum complex.
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) I@ t-Bu
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R1 = Ph, p-TOl, p-ClCGH4, m—CICGH4, O-C|C6H4, p-FCSH4, p-OZNC6H4,
p-NCCGH4Y p—MeOZCCGH4, p—MeOC6H4, p-HzNC6H4, 2—Naph, 2—fury|,
2-thienyl, t-Bu, Cy, n-Pent, (E)-PhCH=CH
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Scheme 21. Borohydride reduction of (hetero)aryl alkyl and dialkyl ketones.

7. CYCLIZATIONS

In order to access chiral menthol derivatives, Hori and Mino applied in 2015 a chiral aluminum catalyst in
situ generated from 5 or 10 mol% of AlEt; and 9 or 18 mol% of (R)-BINOL to promote asymmetric
intramolecular ene reaction of unsaturated aldehydes 80ab [39]. As shown in Scheme 22, the reaction carried out
in dichloromethane at 0 to 10 °C gave access to chiral cyclohexanols (1R,2S)-81ab as single diastereomers
(>99% de) with high yields (85-86%) and moderate to high enantioselectivities (61-89% ee). The best ee value
(89% ee) was reached in the reaction of 3-methylcitronellal 80a, giving chiral trans-5-methylisopulegol 81a.
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Scheme 22. Intramolecular ene reactions of unsaturated aldehydes.

In 2018, Ye et al. reported the first example of nickel/aluminum-catalyzed enantioselective exo-selective
C—H cyclization of imidazole derivatives 82 with alkenes (Scheme 23) [40]. This process was induced by a
chiral bimetallic Al/Ni catalyst in situ generated from 20 mol% of AlMes, 5 mol% of Ni(cod),, and 5 mol% of
chiral phosphine oxide ligand 83. Performed in toluene at 100 °C, it resulted in the formation of a wide range of
bi- or polycyclic chiral imidazoles (R)-84 exhibiting a B-stereocenter with generally good yields (43-92%)
combined with homogeneously high enantioselectivities (87->99% ee). The substrate scope was remarkably
wide, since it included N-containing heterocycles 85 (X = N, CO and Y = N, CO) which also delivered products
(R)-86 with 70-74% vyields and 92-96% ee by using 15 mol% of additional ligand PhsP. Furthermore, simple
imidazole-derived substrates 87 bearing an electron-withdrawing substituent (X = CO,Me, Ac) underwent the
reaction to give bicyclic imidazoles (R)-88 with 85-90% yields and 88-93% ee. The authors proposed that the
mechanism of the reaction involved the simultaneously chelation of the chiral ligand to the two metals (Ni and
All) and the substrate. As illustrated in Scheme 23, a ligand-to-ligand H transfer from the imidazole to the alkene
occurred to generate (R)-86.
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Scheme 23. Exo-selective C—H cyclizations of imidazole derivatives with alkenes.
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With the aim of developing a novel route to chiral tricyclic imidazoles bearing a seven-membered ring which
constitute the structural motifs of many bioactive molecules, the same authors reported in 2021 a direct
construction of seven-membered rings through enantioselective unreactive C7—H cyclization of benzoimidazoles
89 with alkenes [41]. As shown in Scheme 24, these substrates exhibiting a trifluoromethyl group at the C2
position underwent an endo-selective C7-H bond cyclization in the presence of a combination of 10 mol% of
Ni(cod),, 80 mol% of AlMe; and 10 mol% of bulky chiral ligand 90- HCI as catalyst system. The reaction was
performed in toluene at 130 °C with 40 mol% of t-BuOK, thus producing a variety of chiral tricyclic imidazoles
(R)-91 with 46-92% yields and 67-90% ee.

Ar = 3,5-(t—BU)2C6H3

90 (10 mol%) R
R AlMe; (80 mol%) '
/‘_> Ni(cod), (10 mol%)
t-BuOK (40 mol%) N
N - )—CF
o / 3
N/>_ CFs toluene, 130 °C N
89 46-92% yield (R)-91
67-90% ee

R = Ph, p-Tol, m-Tol, 3,5-Me,;CgHs, p-(t-Bu)CgHy,
p-PhCeH4, 2-Naph, p-F3C006H4, p-FC6H4,
m-FC6H4, O-FC6H4, Me, BnO(CH2)2

Scheme 24. Endo-selective C7—H bond cyclization of benzoimidazoles with alkenes.

8. MISCELLANEOUS REACTIONS

The first example of enantioselective aluminum-catalyzed Michael-type reaction was described in 1999 by
Jacobsen and Myers, dealing with the conjugate addition of hydrazoic acid to a,B-unsaturated imides which was
achieved with up to 97% ee [42]. More recently in 2015, Szpilman et al. reported a highly enantioselective aza-
Michael addition of tetrafluorophthalimide 92 to o,-unsaturated ketones 93 catalyzed by chiral dinuclear salen
aluminum complex 94 (Scheme 25) [43]. The transformation was carried out at room temperature in hexane with
the involvement of 20 mol% of this salen p-oxo aluminum complex, which afforded chiral amino ketones (S)-95
in 24-89% vyields and 70-97% ee. This work constituted the first example of a conjugate addition of
tetrafluorophthalimide as a masked amine. The catalyst system was compatible with both alkyl and aryl groups
in the R position of a,B-unsaturated ketone 93, as well as alkyl groups in the R? position. Notably, even
sterically hindered substituents, such as isopropyl (70% yield, 89% ee) or cyclohexyl (24% yield, 97% ee), were
tolerated in the R? position, despite their proximity to the unsaturated acceptor carbon. Furthermore, tert-butyl-
substituted enones (R? = t-Bu) reacted to form the corresponding products with 55-61% vyields and 86-90% ee,
albeit requiring long reaction times (up to 3 days). The tetrafluorophthalimide group could be easily removed
under mild chemoselective conditions by treatment with hydrazine in methanol to afford in quantitative yields
the corresponding free primary 3-amino ketones which are of great utility in the synthesis of important products.
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R' = Et, Ph, Me, p-Tol, p-MeOCgH,, p-CICgH,4
R2 = Me, n-Bu, n-Pent, n-Non, n-Hept, BnCH,,
i-Bu, i-Pr, Cy, TBSO(CH,),, t-Bu
Scheme 25. Aza-Michael addition of tetrafluorophthalimide to a,-unsaturated ketones.

In 2016, a chiral aluminum catalyst system derived from chiral Hg-BINOL-derived ligand 96 was employed
by Harada et al. to promote the enantioselective vinylation of aldehydes 97 [44]. The required B,B-disubstituted
vinylaluminum reagents 98 were in situ generated through zirconium-catalyzed carboalumination of the
corresponding terminal alkynes 99 with Me;Al in the presence of isobutylaluminoxane (IBAQ), as presented in
Scheme 26. The vinylaluminum reagent further underwent, at 25 °C in the presence of 5 mol% of chiral ligand
96 in THF as solvent, enantioselective addition to a variety of aldehydes 97 to give the corresponding generally
(S)-configured allylic alcohols 100 in 78-99% vyields and 58-89% ee. A range of aromatic aldehydes were
compatible with the highest ee values (74-89% ee) obtained in the reaction of para- and meta-substituted
benzaldehydes while ortho-substituted ones provided lowest enantioselectivities (R* = 0-BrCgH,: 58% ee) as
well as 1-naphthaldehyde (R' =1-naphthyl: 58% ee). Interestingly, the catalyst system was also effective with an
aliphatic aldehyde (R* = BnCH,) which produced in this case of substitution the (R)-product with 69% ee.
Concerning the alkyne partner, in addition to 4-phenylbut-1-yne (R? = Bn(CH,),), branched and cycloalkyl-
substituted terminal alkynes (R? = i-Pr(CH,),, cyclohexyl, cyclopropyl) delivered the corresponding chiral allylic
alcohols with 74-81% ee. The authors showed that shifting aluminum to titanium catalyst derived from the same
ligand, resulted in the formation of the desired enantiomeric allylic alcohols.

R2_— + AlMe, ‘O Ar
99 OH

CpyZrCl, OH

IBAO/toluene ‘O

Ar = 3,5-Ph2C6H3

2
R7_ o 96 (5 mol%) S’i)\
o * 1JJ\ o R1 / R2
A|M62 R H THF’ 25 oC
98 97 78-99% yield 100
58-89% ee

R' = p-CICgH,, p-MeO,CCgHy, p-F3CCgH4, p-NCCgHy,

m-MeOCgHj,, 0-BrCgHy,1-Naph, BnCH,

R2 = BnCH,, i-Pr(CH,),, c-Pr, Cy, CI(CH,),, TBSO(CH,),
Scheme 26. Addition of vinylaluminum reagents to aldehydes.
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In 2020, Gualandi, Ceroni and Cozzi demonstrated that chiral aluminum salen complex 56 could be
employed as photoredox catalyst in the enantioselective reaction of aliphatic aldehydes 101 with o-bromo
carbonyl compounds, thus forming a-alkylated chiral products (Scheme 27) [45]. The reaction was performed at
room temperature in DMF in the presence of 14 mol% of chiral imidazolidine salt 102, 5 mol% of aluminum
catalyst 56 and 2,6-lutidine as base under visible light irradiation. Chiral imidazoline 102 was used as
organocatalyst which formed chiral enamine 103 by reaction with aldehyde 101 while the chiral aluminum
complex in its exited state directly reduced the bromine derivative, thus leading to radical species U after
debromination. As depicted in the catalytic cycle proposed in Scheme 27, radical U subsequently reacted with
chiral enamine 103 to give intermediate V. The latter reaction was the enantiodiscriminating step of the process.
Then, intermediate VV generated iminium intermediate W which delivered the final product and regenerated
organocatalyst. Merging organocatalysis with this aluminum-catalyzed photoredox process allowed a series of
chiral a-alkylated aldehydes (R)-104 to be synthesized in 45-85% yields and 88-91% ee from the corresponding
aliphatic aldehydes 101 and dimethyl/diethylboromomalonates 105. The extension of this methodology to o-
bromo ketones 106 produced, by reaction with 3-phenylpropanal 101a, chiral a-benzylated aldehydes (R)-107
with moderate yields (40-64%) albeit associated to high ee values (92-93% ee). The authors demonstrated the
radical nature of the reaction by the fact that it was inhibited in the presence of oxygen or TEMPO. This novel
procedure was applied to the development of a formal synthesis of antiepileptic drug pregabalin.
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Scheme 27. a-Alkylations of aliphatic aldehydes with dialkylbromomalonates/o.-bromo ketones.

In another area, Zhou and Feng demonstrated in 2020 that a chiral aluminum catalyst derived from 5 mol%
of N,N’-dioxide chiral ligand 108 and the same quantity of AI(OTf); as precatalyst was capable of promoting
enantioselective acyloin rearrangements of cyclic a-ketols 109 [46]. The process was performed at 40 or 60 °C in
1,2-dibromoethane as the solvent, resulting in the formation of chiral a-hydroxy cyclohexanones (S)-110 in 59-
99% yields and 84-92% ee, as illustrated in Scheme 28. The electronic nature of the substituents exhibited on the
phenyl group (Ar?) had no influence on the enantioselectivity of the reaction while the presence of a strong
electron-withdrawing group at the para-position (Ar? = p-CF;CgH,) or a methyl substituent at the meta-position
(Ar? = m-Tol) in the substrate led to lower yields (59-67%). In the reaction of a disubstituted aryl ring (Ar? = 2-
MeO-5-BrCgHs), the reaction required a higher temperature (60 °C instead of 40 °C) to afford the corresponding
product with 97% yield and 91% ee. In the presence of another chiral aluminum catalyst in situ generated from
10 mol% of closely related chiral N,N’-dioxide ligand 111 and the same quantity of AlI(OTf)s, a series of a-
hydroxy aldehydes 112 also underwent enantioselective acyloin rearrangement at 30 °C to afford the desired
chiral acyclic a-hydroxy ketones (R)-113 in low to moderate yields (11-54%) and good to high ee values (74-
88% ee). Generally, aryl-substituted alcohols with substituents at the para-position yielded the expected products
in higher yields than those with meta-substituted ones (39-49% vs 11-26%).
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Scheme 28. Acyloin rearrangements of cyclic a-ketols and a-hydroxy aldehydes.

The first total synthesis of natural product (—)-illicinone A was disclosed in 2021 by Lawrence et al. by using
a superstoichiometric quantity (3 equiv) of BINOL-derived chiral aluminum complex 114 [47]. The process
involved the asymmetric para-Claisen rearrangement of illicinole performed at -40 °C in dichloromethane as
solvent, resulting in the formation of (—)-illicinone A in moderate yield (35%) and 74% ee (Scheme 29). A
possible mechanism detailed in Scheme 29 evolved through chelation of illicinole with the aluminum catalyst to
give intermediate X which was then submitted to [3,3]-Claisen rearrangement to afford intermediate Y. The
latter species subsequently underwent [3,3]-Cope rearrangement to provide desired (—)-illicinone A.

L) e
Osa—
o
A( OO t-Bu <O O
<o:@0/\ 114 (3 equiv) 0 X
0 N CH,Cly, -40 °C /(

illicinole 35% yield
74% ee (-)-illicinone A
mechanism:
Y (A
* ' 3,3]-Claisen
<°]©QOA — <°JCC9\Z>\Y —
) AN O X
illicinole X

[AIT*

o) O
o o [3,3]-Cope % :q/\
< T

ow\\ﬁ\\ )]i

Y (-)-illicinone A
Scheme 29. Para-Claisen rearrangement of illicinole.

In 2023, Vidovic et al. reported the synthesis of novel preformed chiral oxazoline-containing aluminum
dichloro complexes to be investigated as promotors in enantioselective Diels—Alder reactions of 1,3-
cyclohexadiene with chalcones [48]. Among a series of catalysts, complex 115 exhibiting a tert-butyl group
connected to the stereogenic center of the oxazoline fragment was selected as optimal. As shown in Scheme 30,
promoted by 10 mol% of chiral catalyst 115 in the presence of the same quantity of NaBArCl, (ArCl = 3,5-
Cl,CgHs), a series of chalcones 116 reacted at room temperature in CDCl; as solvent with cyclohexadiene 117 to
afford the corresponding chiral cycloadducts 118 as single endo-diastereomers (>98% de) with good yields (63-
80%) and moderate enantioselectivities (26-68% ee). The best ee value (68% ee) was achieved in the reaction of
chalcone (Ar? = Ph) while substituted chalcones resulted not only in lower enantioselectivities (26-53% ee) but
also in longer reaction times. It must be mentioned that this work could also be situated in Section 7 focusing on
cyclizations.
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9. CONCLUSIONS

In comparison with more traditional metals, less toxic and cheaper aluminum encounters a growing success,
especially in the context of greener catalysis. While investigated only since 1990s, chiral aluminum catalysts are
increasingly applied to promote many types of enantioselective transformations. This review updates this field
since 2015, demonstrating that asymmetric aluminum catalysis is booming. The diversity of asymmetric
aluminum-catalyzed transformations recently reported, spanning from cyanations of carbonyl compounds, aldol
reactions, reductions of ketones, kinetic resolutions, desymmetrizations and deracemizations among other
reactions to more complex domino and tandem reactions, reflects that of chiral aluminum ligands employed to
promote them, including salens, BINOL and VANOL derivatives, TADDOL-derived ligands, cinchona
alkaloids, and N,N’-dioxides. For example in the last few years, was performed the first example of asymmetric
formal [3+2] cycloaddition between three-membered carboxamides and alkynes promoted by a Al/Ni bimetallic
catalyst derived from a TADDOL -derived chiral ligand, affording chiral cyclopentenyl carboxamides with up to
94% ee. Moreover, a related bimetallic catalyst allowed a novel asymmetric domino reaction of aryl nitriles with
alkynes to be achieved with up to 98% ee, opening a route to chiral indenes. An asymmetric aluminum-catalyzed
tandem Wittig/cyanosilylation reaction of aldehydes with phosphorane and TMSCN resulted in the formation of
a wide range of chiral functionalized cyanohydrins with 95% ee by using a chiral salen ligand. Progress has also
been made in the field of asymmetric cyanations of carbonyl compounds. For example, the cyanation of
challenging dialkyl ketones was disclosed by using a chiral salen aluminum complex with 95% ee. Furthermore,
an aluminum fluoride salen complex bearing an appended ammonium salt was used to promote the asymmetric
carboxycyanation of aldehydes at as low as 0.1 mol% of catalyst loading by using either ethyl cyanoformate or
less toxic and cheaper KCN as cyanide agent with respectively 97% and 95% ee. In another area, high ee values
of 91% ee were described in desymmetrizations of meso-epoxides with AcBr by using an aluminum chloride
salen complex. In the area of aldol condensations, a BINOL-derived Al/Zn heterobimetallic complex was
employed with high enantioselectivity (90% ee) in the aldol reaction between acetophenone and aldehydes. Even
higher ee values (98% ee) were reported in the aldol reaction of cyclohexanone with benzaldehydes performed in
water in the presence of a novel chiral cinchona alkaloid-tethered aluminum phosphonate complex. Borohydride
reductions of 2-pyridine ketones, various five-membered heterocyclic ketones and acetophenone catalyzed by a
chiral aluminum complex of a BINOL derivative were disclosed with up to 99% ee, while a VANOL-derived
aluminum complex allowed comparable ee values to be achieved in asymmetric Meerwein—Ponndorf—Verley
reductions of ketones. In addition, a highly enantioselective aza-Michael addition of tetrafluorophthalimide to
o,B-unsaturated ketones was achieved under catalysis with a chiral dinuclear salen aluminum complex with up to
97% ee. A chiral Hg-BINOL-derived aluminum complex was found capable of promoting enantioselective
vinylation of aldehydes with 89% ee. Even higher ee values (up to 93% ee) were reported in enantioselective
reactions of aliphatic aldehydes with different types of a-bromo carbonyl compounds catalyzed by a chiral
aluminum salen complex. Another type of ligands, such as chiral N,N’-dioxides, were applied in asymmetric
aluminum-catalyzed acyloin rearrangements of cyclic a-ketols and a-hydroxy aldehydes with up to 92% ee. In
spite of these good results, further efforts are awaited with the involvement of other types of transformations as
well as that of novel chiral catalysts to make aluminum a green competing metal.
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cod: cyclooctadiene

Cp: cyclopentadienyl

Cy: cyclohexyl

de: diastereomeric excess
DMF: dimethylformamide

ee: enantiomeric excess

EWG: electron-withdrawing
Hept: heptyl
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MS: molecular sieves

Naph: naphthyl

Pent: pentyl
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r.t.. room temperature
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