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As far back as the mid-nineteenth century, the studies of Louis Pasteur brought to light
the essential role of molecular chirality in biology. Since then, organic chemists, biologists
and physicians have become more and more aware of the close correlation between the
biological activity and chirality of organic compounds, resulting from mediation by chiral
biological receptors. This assumption, corroborated by the drawbacks associated with the
use of racemic materials (the case of thalidomide is exemplary) led, through the second
half of the twentieth century, to a rapid development of methods to selectively obtain
the eutomer of a natural product or a synthetic analog for many applications, including
pharmaceuticals, food chemicals, health care products and materials. The early efforts in
the asymmetric synthesis field were based on the racemic resolution methods and later on
the use of enantiopure stoichiometric reagents and chiral auxiliaries. However, the real
breakthrough took place in the 1970s and 1980s with the emergence of asymmetric catalysis,
marked out by the outstanding achievements by Knowles and Noyori in enantioselective
hydrogenation, by Sharpless in enantioselective epoxidation and the subsequent implemen-
tation of several industrial processes. Since in principle a single molecule of chiral catalyst
can generate tens, hundreds or even thousands of molecules of enantioenriched product,
which Noyori referred to as multiplication of chirality, asymmetric catalysis can rightly be
considered the highest evolution of asymmetric synthesis. The end of the twentieth century
has seen an explosion of methods based on the combination of newly designed chiral or-
ganic ligands and metal centers, as well as a rapid growth of asymmetric biocatalysis. The
beginning of this new century marked a revival of the use of small organic chiral molecules
as catalysts. The advantages of organocatalysis in terms of environmental impact, low
costs and simplicity of reaction set-up have indeed led to an impressive development of
this strategy in the last two decades. To this day, asymmetric catalysis, founded on three
main pillars—metal catalysis, organocatalysis and biocatalysis—is undoubtedly the most
powerful tool for preparing enantioenriched products, and the ever-increasing research
effort made in this field is therefore not surprising.

Although a large volume of work is still devoted to designing novel and more efficient
chiral ligands and organocatalysts, and to expanding the scope of accessible enantioselec-
tive transformations, more and more attention is being paid to developing more sustainable
processes. Accordingly, techniques requiring lower environmental impact, waste reduction,
lower energy cost and the use of cheap, readily available and recyclable reagents and
catalysts are being pursued. In this respect, the articles collected in the present Special
Issue focus on these new trends.

Proline is one of the smallest and most inexpensive and readily available chiral
organocatalysts. Unfortunately, a major drawback is its poor solubility in most organic
solvents, enabling good enantioselectivities and catalytic activities only in polar aprotic
solvents, such as dimethylsulfoxide, dimethylformamide or acetonitrile, which are high-
boiling, toxic and expensive. The article by Quintavalla et al. provides a sustainable
protocol for the proline-catalyzed asymmetric aldol reaction in methanol and water [1].
Unsatisfactory results were obtained by using pure solvents, since methanol was affected
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by poor stereocontrol, and water led to low reaction rates. The best compromise was
achieved by using methanol–water mixtures.

Four review articles offer interesting overviews of some hot topics in asymmetric
catalysis. The application of electrochemistry to enantioselective organic synthesis has
recently received a renewed interest, being associated with mild reaction conditions and
reduced energy consumption. The review of Margarita and Lundberg describes the recent
advances in asymmetric metal-catalyzed and organocatalyzed electrosynthesis, reporting
examples of C–H and alkene functionalization, carboxylation and cross-coupling reactions,
and the related mechanistic insight [2]. The review is divided into oxidative and reductive
transformations, highlighting that asymmetric oxidative processes are more explored
compared to reductive ones.

The asymmetric ring-opening of epoxides is an important method for the preparation
of enantioenriched vicinal difunctionalized organic compounds. The review by Warnmark
et al. [3] provides a comprehensive overview of the desymmetrizations of meso-epoxides
and the kinetic resolution of racemic chiral epoxides, catalyzed by chiral metal–salen
complexes, a privileged class of effective and easily tunable chiral catalysts. Throughout
their discussion, the authors have stressed the recent progresses made, reducing the catalyst
loading and preparing easily recyclable supported catalysts. Particularly relevant is the
application of multi-metallic catalysts, which has enabled improved performances and
further mechanistic insight. At the end of their review, the authors outline the possible
future developments, with particular reference to the substrate scope expansion.

Sunlight is one of the most available and renewable energy sources, and as such,
its application in green organic synthesis is extremely attractive. From this perspective,
asymmetric visible-light photocatalysis has experienced a remarkable growth in the last
decade. Moreover, the mechanism of photocatalyzed redox reactions involves the formation
of unusual radical intermediates, enabling synthetic transformations that are difficult to
accomplish under conventional conditions. The review by Alemán et al. [4] summarizes
the achievements of the last few years in the α-functionalization of imine building blocks,
both racemic and stereoselective, by means of visible-light photoredox catalysis. As
outlined in the introduction, imines are versatile substrates under photoredox catalysis
conditions, which can serve either as nucleophiles or electrophiles. The photocatalytic
addition reactions of radicals to imines and reactions involving α-aminoradicals, generated
by the single-electron reduction of imines, are covered in different sections. However,
as pointed out by the authors, despite the impressive advances made in this field, the
asymmetric functionalization of imine bonds remains a formidable challenge.

N-heterocyclic carbenes (NHCs) are valuable Lewis base species largely employed
in asymmetric catalysis. Their mode of action involves the generation of intermediates
such as acyl anions, homoenolates, enolates and α,β-unsaturated acylazolium equivalents,
and their subsequent reaction with electrophiles. Recently, as illustrated in the review
by Ren et al. [5], Lewis acids, in combination with chiral NHC catalysts, were proved to
increase the reaction yields and enantioselectivity of many reactions, as well as decisively
affect (often reversing) regio- and diastereoselectivities. The review examines several
examples categorized according to the Lewis acid type involved.

In conclusion, this collection of publications well represents the progresses and latest
trends in the constantly evolving area of asymmetric catalysis. We wish to thank the authors
for their valuable contributions, and we hope that this Special Issue could be inspiring for
many scholars active in this field.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: The proline-catalysed asymmetric aldol reaction is usually carried out in highly dipolar
aprotic solvents (dimethylsulfoxide, dimethylformamide, acetonitrile) where proline presents an
acceptable solubility. Protic solvents are generally characterized by poor stereocontrol (e.g., methanol)
or poor reactivity (e.g., water). Here, we report that water/methanol mixtures are exceptionally simple
and effective reaction media for the intermolecular organocatalytic aldol reaction using the simple
proline as the catalyst.

Keywords: proline; organocatalysis; asymmetric aldol reaction; methanol/water mixtures; sustainability

1. Introduction

The asymmetric intermolecular aldol addition catalysed by (S)-proline, proposed by List and
co-workers in 2000 [1], is the prototype of enamine-based organocatalysis [2,3]. Proline is the smallest air-
and water-stable bifunctional catalyst; it is inexpensive, non-toxic, and available in both enantiomeric
forms. It has been proven to catalyse enantioselective α-functionalizations of carbonyl compounds
(aldol and Mannich reactions, Michael additions, α-halogenations, oxygenations, aminations, and so
on), adopting reaction protocols that do not require inert atmosphere and anhydrous conditions and
are carried out at room temperature [4,5].

The proline-catalysed aldol reaction [4,6–19] has been object of in-depth analyses after the first
mechanistic rationale proposed by List and Houck [20], in particular, fundamental contributions have
been given by Seebach [21], Armstrong and Blackmond [22,23], Sharma and Sunoj [24], Benaglia [25],
and Gschwind [26,27]. However, proline scarce solubility in most organic solvents has limited its
use in dimethylsulfoxide (DMSO), acetonitrile, or dimethylformamide (DMF). Moreover, proline
often displays poor activity, requiring the use of high catalyst loadings and high reaction times,
sometimes with unsatisfactory stereocontrol [1,28–36]. Because, in several cases, proline-catalysed
aldol reactions are still underdeveloped, the last 15 years have witnessed an intense effort aimed at
modifying the proline scaffold, following two directions: (1) the carboxylic group is replaced by a
new hydrogen-bonding donor, such as a tetrazole, or by a sterically demanding group, such as the
Hayashi–Jørgensen diarylmethanol and related compounds, as exhaustively reviewed by Trost [37];
and (2) the carboxylic group is retained and a supplementary substituent is bound to the proline
scaffold. The new substituent, generally installed on the 4-OH group of 4-hydroxyproline, may play
different roles: (i) it modifies the solubility profile of the parent amino acid, expanding the solvent
choice to further classes [38]; and/or (ii) it enhances the catalyst activity and stereoselectivity, allowing
a reduction of catalyst loading and reaction time; and/or (iii) it allows the catalyst immobilization on
a solid support [39–56], adopting a biphasic condition reaction protocol. Despite that high levels of

Catalysts 2020, 10, 649; doi:10.3390/catal10060649 www.mdpi.com/journal/catalysts5
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reactivity and selectivity have been achieved with these modified prolines, most of the aforementioned
proline derivatives require multi-step syntheses, dramatically increasing the catalyst cost, a severe
limitation particularly when the catalyst cannot be efficiently recycled.

After having contributed to the synthesis of prolines, mostly modified with the incorporation
of ionic tags on 4-position, and obtaining excellent results in terms of activity and stereoselectivity
as well as catalyst recyclability [57–66], we decided to go back to the parent unmodified (S)-proline.
We envisaged to improve the performance of this small, stable, inexpensive, non-toxic, and easily
available organocatalyst exploring new experimental conditions.

The role of the solvent in determining the aldol reaction efficiency was also addressed by other
authors. Invariably, the use of unmodified proline (without additives) forced to choose polar aprotic
solvents to obtain acceptable yields and selectivities [1,11,13–15,28–36,44,45]. A peculiar case was
represented by ionic liquids (ILs) [67–72], which allowed in a few cases to decrease the catalyst loading
(up to 1 mol%) and, during the work-up, to confine proline in a separate phase, enabling a simple
product isolation and the reuse of the catalytic system. In recent literature, attempts are reported
where proline is used in acetone/CHCl3 mixtures [73], in DMF at 4 ◦C (a condition that often requires
several days) [74], in tert-butyl methyl ether (MTBE) [75], in deep eutectic solvents [76,77], or under
solvent-free conditions, with [78–80] or without [81] the ball milling approach. However, many issues
associated with the use of proline remain unsolved and polar aprotic solvents are characterized by
several undesirable features (toxicity, high production cost, high environmental impact, difficult
product recovery) [82–84].

The use of unmodified proline can be also combined with additives [85,86], such as water [85–87],
acids [85,86,88], diols [89,90], amines [85,86], or thioureas [91–93]. In these cases, the additive can tune
the solubility, the reactivity, and/or the stereoselectivity of native proline, making the asymmetric
aldol process more efficient [18]. In one case, the addition of achiral guanidinium salts as additives
allows to switch the diastereoselectivity as a function of the counterion, for example, tetrafluoroborate
versus tetraphenylborate [94]. Nevertheless, the achieved performance is not optimal yet (long reaction
times, stereocontrol strongly depending on the substrate) and some drawbacks are still present, such
as high proline loadings and the cost of the not recovered chiral additive. Significant advances
were accomplished employing metal salts as additives [95–106]. In particular, Reiser and co-workers
developed a strategy based on cobalt(II)-proline complexes, which ensured excellent results in direct
aldol reactions involving aromatic aldehydes [106]. However, several disadvantages lead the avoidance
of the use of metals, especially at an industrial level (costs, toxicity, environmental impact, limited
sources) [107–109].

In the present work, we aim to avoid the use of both polar aprotic solvents and additives (being
sometimes expensive, mostly non-recoverable, and contaminants, used in non-generalizable procedures),
in order to develop an efficient and sustainable organocatalyzed aldol condensation protocol, which can
be interesting from a scale-up and an industrial point of view. In particular, our goals are as follows:
(1) a reduction of the process costs, related to employed solvents and reagents, but also purification and
waste disposal; and (2) an improved reactivity, especially for poorly reactive substrates. We planned
to achieve these objectives by using the following: (i) the native proline, a small, stable, inexpensive,
and non-toxic organocatalyst; and (ii) the minimum amount of a low-cost, non-toxic reaction solvent,
enabling a good process efficiency and a simple and inexpensive final reaction work-up.

A number of research groups noticed that protic media were not suitable for aldol condensations
promoted exclusively by native proline [15,29–33,87]. However, despite a plethora of studies focused on
the use and the role of water (as solvent, co-solvent, or additive) [31,32,34,87,100–105,110,111], very few
authors extended their investigations to alcohols [15,29,31,42,102,106], discouraged by the generally
observed poor diastereo- and enantioselectivity. Only when proline was used in combination with metal
salts as additives, the use of methanol as solvent [106] or co-solvent [102] afforded acceptable results.

Intrigued by the few data available on the proline-mediated aldol condensation employing methanol,
a prototypical green solvent [84,112] also in terms of LCA (life-cycle assessment) [113], we decided to
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explore in depth the impact of methanol on the asymmetric intermolecular aldol condensation promoted by
unmodified (S)-proline. It should be stressed, however, that efficient organocatalyzed aldol condensations
invariably require a large excess of a liquid donor ketone (5–10 equivalents) that must thus be considered
as a part of the reaction solvent-system.

2. Results and Discussion

2.1. Optimization of the Reaction Protocol

As model reaction, we selected the (S)-proline–catalysed aldol condensation between
cyclohexanone 1a and aromatic aldehydes 2 (Scheme 1). At the outset, we confirmed the low
performance of proline in terms of stereocontrol in pure methanol, but soon we realized that the
simple use of a hydroalcoholic solution as the reaction medium was highly profitable. Here, we report
a comparison among (S)-proline–catalysed reactions between cyclohexanone 1a and four different
aromatic aldehydes 2a–d, carried out in methanol/water (2/1 V/V), pure water, and pure methanol,
respectively, all other parameters being kept identical (Table 1). The 2/1 V/V methanol/water mixture
composition ensures that the aldol reaction takes place under homogeneous conditions.

Scheme 1. The benchmark aldol reaction.

Table 1. Comparison of different protic reaction media 1.

R (2) Solvent t [h]
3 Conversion

[%] 2 ee [%] 3 anti/syn 2

4-NO2Ph (2a)
MeOH/H2O 19 >99 98 93:7

H2O 19 25 99 95:5
MeOH 19 >99 76 59:41

4-CNPh (2b)
MeOH/H2O 19 97 98 95:5

H2O 19 80 99 95:5
MeOH 19 >99 87 82:18

4-ClPh (2c)
MeOH/H2O 19 43 99 97:3

H2O 19 5 >99 nd
MeOH 19 64 98 85:15

Ph (2d) 4
MeOH/H2O 30 58 97 88:12

H2O 30 20 >99 >99:1
MeOH 30 64 83 72:28

1 Reaction conditions: 1a (5 equiv.), 2 (0.3 mmol), (S)-proline (10 mol%), rt, MeOH/H2O (20 μL/10 μL, 2/1 V/V) or
H2O (10 μL), or MeOH (20 μL). 2 Determined by 1H NMR on the crude mixture. 3 Determined by chiral stationary
phase (CSP)-HPLC on the crude mixture. 4 Here, 20 mol% of (S)-proline was used. rt = room temperature, h = hours,
nd = not determined.

The data collected in Table 1 demonstrate the crucial role of water; if in pure water conversions are
the lowest, enantioselectivity reaches the highest values. On the other hand, pure methanol displays
the highest reactivity and the poorest stereocontrol. The 2/1 V/V methanol/water solution is able to
combine the pros of the two pure solvents, providing the same conversions of pure methanol and
almost the same ees and good drs observed in pure water.

In Table 2, the results are reported when the 2/1 V/V methanol/water solution was applied to aldol
reactions between cyclohexanone 1a and other aromatic aldehydes 2e–i (Table 2).

7
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Table 2. MeOH/H2O-based protocol applied to different aromatic aldehydes 2 1.

R (2) t [h] 3 Conversion [%] 2 ee [%] 3 anti/syn 2

C6F5 (2e) 19 >99 97 >99:1
2-NO2Ph (2f) 19 93 95 95:5
4-BrPh (2g) 19 41 99 98:2

2-naphthyl (2h) 24 37 93 91:9
4-MeOPh (2i) 4 70 18 90 86:14

1 Reaction conditions: 1a (5 equiv.), 2 (0.3 mmol), (S)-proline (10 mol%), MeOH/H2O (20 μL/10 μL), rt. 2 Determined
by 1H NMR on the crude mixture. 3 Determined by CSP-HPLC on the crude mixture. 4 Here, 20 mol% of (S)-proline
was used.

With the most reactive electron-poor aldehydes (2a, 2b, 2e, and 2f), high conversion and high
stereocontrol were achieved in only 19 h. Moreover, these results are excellent if compared with those
reported in the literature for analogous transformations promoted by unmodified (S)-proline and
exploiting more complex protocols [114–117]. Unfortunately, the limitations of the proline-catalysed
aldol reactions were not completely overcome. In fact, electron-rich aromatic aldehydes were
confirmed to be less reactive, requiring longer reaction times. More in detail, for substrates 2g and
2h, the conversions reached after 19 and 24 h, respectively, were modest; nevertheless, it is worth
mentioning that the enantio- and the diastereoselectivities were both higher than those reported so
far by proline-based protocols [118,119]. As far as the electron-rich p-methoxy benzaldehyde 2i is
concerned, the only example with proline (20 mol%) in DMSO reported a low conversion (15%) and
absence of diastereoselection [105]. The effect on product conversion was even poorer when a Lewis
acid and water were added. Exploiting our MeOH/H2O-based protocol, the product conversion
remained poor (18%), but the reaction proceeded with good enantio- (90% ee) and diastereoselectivity
(anti/syn = 86:14).

Once the performance of native proline in 2/1 V/V methanol/water solution had been examined,
we explored the effect of a more methanol-rich aqueous mixture. In Table 3, aldol reactions of
cyclohexanone 1a and different aldehydes 2 in 2/1 V/V and 4/1 V/V solutions are compared.

Doubling the methanol volume (40 μL), the conversions significantly improved with all the tested
aldehydes, while maintaining an excellent to remarkable level of enantiocontrol (Table 3). The most
reactive substrates (2a, 2b, 2e, and 2f) provided excellent conversions in only 4 h, demonstrating an
unprecedented reactivity of proline. Moreover, interesting amounts of product were obtained exploiting
these reaction conditions for less electrophilic aldehydes as well (2c,2d, 2g,2i; Table 3). Concerning
the diastereocontrol, a slight drop of the anti/syn ratio was observed with some aldehydes when the
volume of methanol was increased. Conversely, for benzaldehyde 2d and 2-naphthyl aldehyde 2h, the
diastereoselection lightly improved. In the case of benzaldehyde 2d, the better performance could be
the result of the reduced amount of catalyst (10 mol%), exploitable thanks to the higher proline reactivity
reached with larger amounts of methanol. In the case of the most reactive 4-nitrobenzaldehyde 2a,
we solved the problem of diastereoselectivity drop by adding the methanol amount in two portions
(one half after 2 h), completely restoring the diastereocontrol, while maintaining a high reaction rate.
In general, a good diastereoselectivity level is retained with this protocol (4/1 V/V methanol/water)
compared with the literature data [114–119]. At the same time, reaction rates are significantly enhanced.
Therefore, these reaction conditions represent the best trade-off between reactivity and stereoselectivity.
In Table 3, this optimized protocol was extended to some other aldehydes (2j–m), with good results
compared with the literature data [120–123]. In particular, aliphatic aldehyde 2j, known as poorly
responsive in this kind of organocatalysed reaction, reached an interesting conversion (63%) and
remarkably high stereochemical results (>99% ee and anti/syn > 99:1), superior to those reported by
other authors for unmodified proline [120].
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Table 3. Optimization of the MeOH/H2O-based protocol 1.

R (2)
MeOH/H2O

[μL/μL]
t [h]

3 Conversion
[%] 2 ee [%] 3 anti/syn 2

4-NO2Ph
(2a)

20/10 4 3aa, 47 97 94:6
40/10 4 3aa, 82 98 92:8

20 + 20 4/10 4 3aa, 84 97 94:6

4-CNPh
(2b)

20/10 4 3ab, 65 97 95:5
40/10 4 3ab, 77 95 94:6

4-ClPh
(2c)

20/10 19 3ac, 43 99 97:3
40/10 19 3ac, 64 98 95:5

Ph
(2d)

20/10 5 30 3ad, 58 97 88:12
40/10 30 3ad, 75 96 90:10

C6F5
(2e)

20/10 4 3ae, 63 97 >99:1
40/10 4 3ae, 67 96 >99:1

2-NO2Ph
(2f)

20/10 4 3af, 34 97 98:2
40/10 4 3af, 59 97 97:3

4-BrPh
(2g)

20/10 19 3ag, 41 99 98:2
40/10 19 3ag, 88 96 94:6

2-naphthyl
(2h)

20/10 24 3ah, 37 93 91:9
40/10 24 3ah, 72 93 92:8

4-MeOPh
(2i) 5

20/10 68 3ai, 18 90 86:14
40/10 68 3ai, 43 89 80:20

i-Pr
(2j) 5 40/10 72 3aj, 63 >99 >99:1

4-CF3Ph
(2k) 40/10 4 3ak, 78 97 97:3

2-thiophenyl
(2l) 5 40/10 48 3al, 65 88 84:16

4-CH3Ph
(2m) 40/10 40 3am, 64 94 87:13

1 Reaction conditions: 1a (5 equiv.), 2 (0.3 mmol), (S)-proline (10 mol%), rt. 2 Determined by 1H NMR on the crude
mixture. 3 Determined by CSP-HPLC on the crude mixture. 4 Here, 20 μL of MeOH was added after 2 h. 5 Here,
20 mol% of (S)-proline was used.

The next step of our investigation was directed to the ketone partner 1 of the asymmetric aldol
condensation. In proline-catalysed aldol reactions, a typical drawback is represented by the excess
of ketone over the limiting aldehyde generally required to achieve good yields. To increase the
sustainability of the process, we planned to lower the ketone excess (Table 4).

Some aldehydes characterized by high or medium reactivity were selected for this study, in which
the ketone amount was reduced to 2 equivalents. With almost all the tested substrates, high conversions
and excellent ee values were again obtained. Although longer reaction times were required, the reaction
rates remained worthy of note, especially when compared with the performance of other protocols in
similar conditions. The main drawback of this procedure was a slight decrease of diastereoselectivity,
an effect that is not immediately obvious. Benaglia, using the reaction progress kinetic analysis
(RPKA) approach [25], a technique that allowed Blackmond et al. to define the kinetic rate law of
proline-catalysed aldol reactions [23], proved the reversibility of the aldol reaction. Lowering the
ketone excess leads to the following: (i) longer reaction times to preserve the same level of product
conversion; and (ii) a less efficient opposition to the retroaldol reaction, which is a slow process within
the time scale of our reactions. Both factors promote equilibrium on a little extent, likely accounting for
the slightly decreased diastereocontrol observed when reduced amounts of cyclohexanone 1a were
used (Table 4). In conclusion, the high efficiency achieved by MeOH/H2O/(S)-proline-based protocol
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allows to reduce the ketone excess, involving (i) slight adverse effects on aldol reaction performance;
and (ii) benefits, such as lower costs and easier work up and product purification.

Table 4. Effects of cyclohexanone 1a amount in the MeOH/H2O/(S)-proline-based protocol 1.

R (2)
1a

[eq.]
t [h]

3 Conversion
[%] 2 ee [%] 3 anti/syn 2

4-NO2Ph
(2a)

5 4 82 98 92:8
5 4 84 4 97 94:6
2 19 99 95 92:8

1.05 19 92 97 90:10

4-CNPh
(2b)

5 4 77 95 94:6
2 24 98 91 90:10

C6F5
(2e)

5 4 67 97 >99:1
2 24 >99 92 >99:1

2-NO2Ph
(2f)

5 4 59 97 97:3
2 24 92 93 94:6

4-BrPh
(2g)

5 19 88 96 94:6
2 24 97 91 90:10

4-CF3Ph
(2k)

5 4 78 97 97:3
3 20 96 96 95:5
2 24 93 94 93:7

1 Reaction conditions: 2 (0.3 mmol), (S)-proline (10 mol%), MeOH/H2O (40 μL/10 μL), rt. 2 Determined by 1H NMR on
the crude mixture. 3 Determined by CSP-HPLC on the crude mixture. 4 Here, 20 μL of MeOH was added after 2 h.

2.2. Application of the Protocol to Other Ketones

Afterwards, we focused on the application of the developed catalytic protocol to two different
donor ketones 1b,1c (Table 5). Considering the excellent performance (stereoselectivity and reaction
rate) achieved employing the MeOH/H2O/(S)-proline protocol in the presence of 5 equivalents of 1a,
we decided for convenience to apply these conditions to the ketones investigation.

Table 5. MeOH/H2O/(S)-proline-based protocol applied to ketones 1b,c 1.

(1) R (2) t [h]
3,

Conversion
[%] 2

ee [%] 3 anti/syn 2

(1b)

4-NO2Ph (2a) 4 3ba, >99 94 61:39
4-NO2Ph (2a) 19 4 3ba, 91 94 78:22
4-BrPh (2g) 19 3bg, 64 93 75:25

Ph (2d) 30 3bd, 70 93 73:27

 
(1c)

4-BrPh (2g) 24 3cg, 90 86 78:22Ph (2d) 48 3cd, 82 86 77:23

1 Reaction conditions: 2 (0.3 mmol), 1 (5 eq.), (S)-proline (10 mol%), MeOH/H2O (40 μL/10 μL), rt. 2 Determined by
1H NMR on the crude mixture. 3 Determined by CSP-HPLC on the crude mixture. 4 Reaction carried out at 0 ◦C.

At first, we tested cyclopentanone 1b with highly reactive 4-nitrobenzaldehyde 2a, observing a
particularly high reaction rate, with the transformation being complete in only 4 hours. This result is
unprecedented in the presence of unmodified proline or most of its derivatives [124–127], confirming
once again the high reactivity achievable employing the MeOH/H2O protocol. The corresponding
product 3ba was obtained with excellent ee, but low diastereoselectivity. This behaviour was expected
because poorly diastereoselective aldol reactions catalyzed by proline or its derivatives were regularly

10



Catalysts 2020, 10, 649

reported for cyclopentanone 1b [87,124–127]. To improve the diastereoselctivity, we lowered the
reaction temperature to 0 ◦C and we obtained a good 78:22 anti/syn ratio, maintaining a high conversion
in a reasonable time.

Considering the excellent performance achievable with MeOH/H2O/(S)-proline-based protocol,
we were particularly interested in the results obtainable with less reactive aldehydes. In fact,
4-Br benzaldehyde 2g and benzaldehyde 2d provided the corresponding products (3bg and 3bd,
respectively) with good conversions and diastereoselectivities, and, noteworthy, with the best
enantioselectivities ever achieved employing unmodified proline as catalyst [128].

As further confirmation, 2,2-dimethyl-1,3-dioxan-5-one 1c (Table 5) also displayed good reactivity
and stereoselectivity when reacted with less reactive aldehydes 2g and 2d. In particular, our
results represent the first examples of organocatalyzed aldol condensation between 2,2-dimethyl-1,
3-dioxan-5-one 1c and 4-Br benzaldehyde 2g or benzaldehyde 2d, promoted by only 10 mol% of
proline [129–133].

At last, we applied our protocol to acetone 1d as simple aliphatic ketone (Table S3, Section 2,
Supplementary Materials). Although with 4-NO2 benzaldehyde 2a, we obtained an unprecedented
high reaction rate if compared with the published corresponding transformations, the enantioselectivity
was poor, as commonly reported for the proline-catalysed aldol additions involving these substrates.

2.3. Large-Scale Application of the Protocol

Our aim is the development of an efficient and sustainable organocatalyzed aldol condensation
protocol, which can be interesting from a scale-up perspective. Therefore, as a first step, we confirmed
the excellent performance of the MeOH/H2O/(S)-proline-based protocol by carrying out the aldol
condensation between moderately reactive benzaldehyde 2d and cyclohexanone 1a on a 10 mmol scale
(gram scale). The desired product 3ad was isolated in 78% yield and with high stereocontrol (90:10 dr,
95% ee), fully confirming the data obtained on small scale (Table 3).

The next step was the accomplishment of the same reaction on a 100 mmol scale of the limiting
reagent benzaldehyde 2d (Scheme 2) in order to study some aspects in more detail.

Scheme 2. Process scale-up on 100 mmol of limiting aldehyde 2d.

At first, we investigated the impact of the aldehyde addition rate on the reaction outcome (Table 6).
With benzaldehyde 2d not being very reactive, good conversions were recorded only after 23 h and we
did not observe a significant difference depending on the addition rate of benzaldehyde (Table 6).

Then, we monitored product conversion and stereoselectivity for a longer reaction time (Table 6),
to establish if a high conversion could be achieved without a significant loss in stereocontrol exploiting
our reaction conditions. Indeed, as previously mentioned, aldol reaction is reversible and longer
reaction times could make the retroaldol process competitive, providing a decreased diastereomeric
ratio. Actually, we observed a slow increase of the product conversion, achieving 85% after 2 days,
without a significant erosion of anti/syn ratio (in comparison with small scale-reactions, a slightly lower
dr was recorded, which remained constant for the first 48 h). We confirmed that even the enantiomeric
excess of the product remained at high levels (94% ee after 47 h).
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Table 6. Process scale-up study 1.

Aldehyde
Addition Rate

t [h]
Conversion

[%] 2 anti/syn 2 ee [%] 3

45 min
23 72 86:14 96
28 78 87:13 -
47 83 85:15 94

6 h
23 71 87:13 -
28 80 85:15 -
47 85 84:16 -

1 Reaction conditions: 2d (100 mmol), 1a (500 mmol), (S)-proline (10 mol%), MeOH/H2O (13.33 mL/3.33 mL), rt. Total
volume = 79 mL. 2 Determined by 1H NMR on the crude mixture. 3 Determined by CSP-HPLC on the crude mixture.

The results reported in Table 6 clearly show that the best reaction outcome is obtained at a reaction
time representing the best balance between product conversion and stereocontrol. To further explore
this effect, we compared the data obtained with different moderately or poorly reactive aldehydes
(Table 7).

Table 7. Study of the reaction outcome as a function of the reaction time 1.

R (2) t [h] Conversion [%] 2 anti/syn 2

Ph
(2d)

24 75 86:14
46 81 84:16
71 85 79:21
94 85 71:29

4-CH3Ph
(2m)

23 53 90:10
45 65 87:13
71 74 84:16
138 75 79:21

4-MeOPh
(2i) 3

68 43 80:20
115 49 72:28
164 52 66:34

1 Reaction conditions: 2 (50 mmol), 1a (5 eq.), (S)-proline (10 mol%), MeOH/H2O (6.67 mL/1.67 mL), rt. 2 Determined
by 1H NMR on the crude mixture. 3 Here, 20 mol% of (S)-proline was used.

Concerning the stereoselectivity, in this study, we focused our attention on diastereoselectivity
variation, which is much more impaired by retroaldol reaction (see Supplementary Materials for a study
on enantioselectivity variation). The data collected in Table 7 demonstrate that the aldol transformation
reaches a position, after which the product conversion no longer grows, while the dr continues to drop.
The time required to achieve this situation depends on the aldehyde reactivity. On the other hand, the
rate of retroaldol process is less affected by the aldehyde nature; therefore, the retroaldol effects are less
troublesome for reactive aldehydes (high conversion in short time with high dr) and more marked for
poorly reactive aldehydes (long time required to reach acceptable conversion with low dr). This study
proves that, in the asymmetric aldol process promoted by proline, the reaction time providing the best
performance (balance between conversion and stereoselectivity) strongly depends on the substrate;
therefore, a careful investigation should be done before tackling a large-scale application.

A further point that we evaluated to increase the sustainability of our large-scale protocol was
the reduction of the ketone excess. For this purpose, we applied the MeOH/H2O/(S)-proline-based
protocol to moderately reactive benzaldehyde 2d (50 mmol) in the presence of only 2 equivalents of
cyclohexanone 1a, monitoring the results over the time. After 71 h, we achieved the highest product
conversion (83%) with an excellent 89:11 dr. Prolonging the reaction time (98 h) only led to a drop in dr
(84:16). These findings suggest that, exploiting our protocol, a large excess of ketone (5 equivalents)
only enhances the initial reaction rate, but it is not necessary for the achievement of an excellent
final performance.
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2.4. Work-Up Investigations

As the last point, we investigated some different work-up approaches, in order to (i) compare the
results (also in terms of sustainability), and (ii) establish if part of the organocatalyst could be easily
recovered. The first 100 mmol-scale aldol condensation (Table 6, 45 min long aldehyde addition) was
stopped after 49 h and the reaction mixture (total volume = 79 mL) was divided in six portions, treated
as described in Table 8.

Table 8. Process work-up study 1.

Method Conditions Final Volume (mL) Crude Analysis 2

A
Reaction mixture = 18 mL (22.8 mmol)

filtered on a silica-pad, mobile phase = EtOAc 242 Conv. = 87%
dr = 84:16

B

Reaction mixture = 18 mL (22.8 mmol)
diluted with EtOAc, quenched with aqueous

NH4Cl, extracted with EtOAc, dried with
Na2SO4 (washed with EtOAc)

90 Conv. = 86%
dr = 83:17

C

Reaction mixture = 10 mL (12.6 mmol)
diluted with EtOAc and placed at −15 ◦C for 36

h. 1◦ vacuum filtration. At −15 ◦C for 36 h.
2◦ vacuum filtration. Solution dried with

Na2SO4 (washed with EtOAc)

46

Conv. = 89%
dr = 84:16

Proline recovery:
113.3 mg (78%)

D

Reaction mixture = 10 mL (12.6 mmol)
diluted with Et2O and placed at −15 ◦C for 36 h.

1◦ vacuum filtration. At −15 ◦C for 36 h.
2◦ vacuum filtration. Solution dried with

Na2SO4 (washed with Et2O)

52

Conv. = 90%
dr = 85:15

Proline recovery:
124.8 mg (86%)

E

Reaction mixture = 10 mL (12.6 mmol)
diluted with DCM and placed at −15 ◦C for 36

h. Two liquid phases obtained, dried with
Na2SO4 (washed with DCM)

36 Conv. = 88%
dr = 85:15

F

Reaction mixture = 10 mL (12.6 mmol)
diluted with n-hexane and placed at −15 ◦C for
36 h. Two liquid phases obtained, dried with

Na2SO4 (washed with n-hexane)

43 Conv. = 89%
dr = 86:14

1 Aldol condensation carried out on 100 mmol of 2d, reaction conditions described in Scheme 2, reaction stopped after
49 h, reaction mixture (total volume = 79 mL) divided in six portions and treated with six different work-up methods.
2 Determined by 1H NMR on the crude mixture. EtOAc= ethyl acetate, Et2O=diethyl ether, DCM=dichloromethane.

The first portion of reaction mixture (18 mL, 22.8 mmol) was filtered through a short pad of silica
to remove water and proline (method A, Table 8). EtOAc was used as mobile phase to elute product
3ad (along with residual reagents 1a and 2d). Despite the significant polarity of EtOAc, a large amount
of solvent was required to recover all the product and an undesirable high volume of organic solvent
(242 mL) had to be evaporated under reduced pressure.

The second portion of reaction mixture (18 mL, 22.8 mmol) was subjected to a typical aqueous
work-up to remove water and proline (method B, Table 8). NH4Cl (2 equivalents with respect to
proline, solved in 20 mL of H2O) was employed to quench proline, the two phases were separated,
and the aqueous phase was extracted two additional times with EtOAc, until complete recovery of
the product (checked by thin-layer chromatography). The solution was dried with Na2SO4, which
restrained a significant amount of aldol product 3ad, so that it was necessary to wash it three times
with EtOAc. A considerable volume of organic solvent (90 mL) had to be evaporated.

At this point, we tried to develop a work-up method that allowed us in a simple way not only to
remove the catalyst, but also to recover it, at least partially. Exploiting the very low amount of protic
polar solvents used in our MeOH/H2O/(S)-proline-based protocol, we envisaged that the addition of a
small portion of organic solvent could make the reaction environment sufficiently lipophilic to trigger
the catalyst precipitation. Four different organic solvents were tested: EtOAc (method C, Table 8),
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Et2O (method D), dichloromethane (method E), and n-hexane (method F). The minimum amount of
solvent able to provide an opalescent solution was added to each portion (10 mL, 12.6 mmol) and the
mixtures were stored at −15 ◦C for 36 h. In the portions treated with EtOAc and Et2O (methods C

and D, respectively), a white precipitate, corresponding to proline, was clearly observed; therefore,
it was filtered under vacuum and washed with a small amount of cold solvent. The filtered solutions
were stored at −15 ◦C for further 36 h and a second portion of catalyst was recovered in both cases.
Afterwards, the mixtures were dried with Na2SO4, which was required to be washed three times with
organic solvent. In these two cases (methods C and D), a considerable amount of organic solvent also
had to be evaporated (46 and 52 mL, respectively). In the portions treated with DCM and n-hexane
(methods E and F, respectively), two liquid phases were observed and we decided to directly use
Na2SO4 to remove the small water-based phase. Na2SO4 was washed with solvent until complete
recovery of the product (three times for DCM, four times for n-hexane). In these two cases (methods E

and F), the lowest amounts of organic solvent were employed (36 and 43 mL, respectively).
By comparing the results obtained with the tested work-up methods, we can infer the following:

(1) no work-up approach adversely affects reaction conversion and diastereoselectivity, in fact all
the crude mixtures showed comparable good results (Table 8). (2) The least suitable and sustainable
method to remove water and proline seems to be the silica-pad (method A), owing to the large amount
of solvent required to recover all the desired product; (3) when two organic and aqueous phases are
formed (methods B, E and F), the simplest and cheapest work-up appears the dilution with a very small
amount of DCM, cooling, and directly drying with Na2SO4 (method E). This approach is practicable
only thanks to the very low amount of protic polar solvents used in our MeOH/H2O/(S)-proline-based
protocol. (4) Among the tested work-up approaches, the most convenient are those allowing an easy
recovery of a large part of the organocatalyst (methods C and D). In particular, method D employing
Et2O reached 86% of proline recovery using an acceptable volume of organic solvent. Moreover, this
result is obtainable on the basis of very low amount of protic polar solvents used in our protocol.

Although the tested work-up methods are not optimized and, therefore, can be further improved,
they give a clear indication of the advantages that our protocol can offer.

3. Materials and Methods

3.1. General Information

1H and 13C NMR spectra were recorded on Inova 400 NMR instrument (Agilent, Santa Clara, CA,
United States) with a 5 mm probe. Chemical shifts (δ) are reported in ppm, relative to the residual
peaks of deuterated solvent signals.

HPLC-MS analyses were performed on an Agilent Technologies HP1100 instrument (Agilent,
Santa Clara, CA, United States) coupled with an Agilent Technologies MSD1100 single-quadrupole
mass spectrometer (Agilent, Santa Clara, CA, United States). A Phenomenex Gemini C18, 3 μm
(100 × 3 mm) column was employed for the chromatographic separation: mobile phase H2O/CH3CN,
gradient from 30% to 80% of CH3CN in 8 min, 80% of CH3CN until 22 min, and then up to 90% of
CH3CN in 2 min; flow rate 0.4 mL min−1 (Phenomenex, Torrance, CA, United States).

Chiral stationary phase (CSP)-HPLC analyses were performed on an Agilent Technologies
Series 1200 instrument (Agilent, Santa Clara, CA, United States) using Daicel®chiral columns and
n-hexane/2-propanol (n-Hex/IPA) mixtures (Daicel, Osaka, Japan).

Optical rotation measurements were performed on a polarimeter Schmidt+Haensch UniPol L1000
(Schmidt + Haensch GmbH & Co, Berlin, Germany).

Flash chromatography purifications were carried out using Merck silica gel 60 (230–400 mesh
particle size). Thin layer chromatography was performed on Merck 60 F254 plates (Merck, Darmstadt,
Germany).

Commercial reagents were used as received without additional purification, with exception of
liquid aldehydes, which were distilled and stored under nitrogen atmosphere to avoid the formation
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of the corresponding acids. Dry methanol (Sure/Seal™ bottle) was used to ensure a reproducible
water content.

The diastereomeric and enantiomeric compositions were checked on the crude products against the
corresponding racemic products, obtained under the same reaction conditions using racemic proline.

3.2. Synthetic Procedures.

3.2.1. General Procedure for the Small-Scale Aldol Condensation Between Aldehydes 2 and Ketones 1

The aldol reaction was carried out in a 2 mL vial. In a typical reaction, the vial was charged at
room temperature with the reactants in the following order: (S)-proline (0.03 mmol), methanol (40 μL),
water (10 μL), the selected ketone 1 (1.5 mmol), and the selected aldehyde 2 (0.3 mmol). The flask was
capped with a stopper and sealed. Then, the reaction mixture was stirred at room temperature for the
desired time. The conversion was monitored by TLC (Merck, Darmstadt, Germany) and 1H-NMR
(a small portion was taken, diluted, and immediately analyzed) (Agilent, Santa Clara, CA, United
States). Then, the mixture was filtered on a short pad of silica with ethyl acetate and concentrated
under reduced pressure.

The product conversion with respect to the limiting aldehyde and the diastereomeric ratio were
determined by 1H-NMR in CDCl3 on the crude mixture. The enantiomeric excess was determined by
chiral stationary phase (CSP)-HPLC (Agilent, Santa Clara, CA, United States) on the crude mixture.

The study of the solvent role (Tables 1–3), the study of the effects of ketone amount (Table 4), and
the protocol application to other ketones (Table 5) were carried out following this general procedure.

3.2.2. Procedure for the Aldol Condensation Between Benzaldehyde 2d and Cyclohexanone 1a on
10 mmol Scale

The aldol reaction was conducted in a 25 mL flask. The flask was charged with (S)-proline (115 mg,
1 mmol), methanol (1.33 mL), water (330 μL), and cyclohexanone 1a (5.18 mL, 50 mmol) and the
mixture was allowed to stir for 10 min at room temperature. Then, the mixture was cooled at 0 ◦C and
benzaldehyde 2d (1.02 mL, 10 mmol) was slowly added by means of a syringe. The flask was capped
with a stopper and sealed. The reaction mixture was stirred at room temperature for 30 h. Then, the
mixture was filtered on a pad of silica with ethyl acetate and concentrated under reduced pressure.
The conversion (85%) with respect to the limiting aldehyde and the diastereomeric ratio (90:10) were
determined by 1H-NMR in CDCl3 on the crude mixture. The obtained residue was purified by column
chromatography (ethyl acetate/cyclohexane = 2:8 as the eluent) to afford the product 3ad in 78% yield.
The enantiomeric excess (95% ee) was determined by CSP-HPLC on the pure product.

3.2.3. Procedure for the Aldol Condensation between Benzaldehyde 2d and Cyclohexanone 1a on
100 mmol Scale (Table 6)

The aldol reaction was conducted in a 250 mL flask. The flask was charged with (S)-proline (1.15 g,
10 mmol), methanol (13.33 mL), water (3.33 mL), and cyclohexanone 1a (51.8 mL, 500 mmol) and the
mixture was allowed to stir for 15 min at room temperature. Then, the mixture was cooled at 0 ◦C and
benzaldehyde 2d (10.2 mL, 100 mmol) was slowly added by means of (i) addition funnel (addition
rate = 45 min), or (ii) syringe for slow addition (addition rate = 6 h). Then, the flask was capped with a
stopper and sealed. The reaction mixture was stirred at room temperature. The reaction performance
was monitored over time (a small portion was taken, diluted, and immediately analyzed); the product
conversion with respect to the limiting aldehyde and the diastereomeric ratio were determined by
1H-NMR in CDCl3 on the crude mixture, and the enantiomeric excess was determined by CSP-HPLC
on the crude mixture. After 49 h, the first reaction (addition rate = 45 min) was stopped, the reaction
mixture (total volume = 79 mL) was divided in six portions, and they were treated as described in
Table 8 (see below for details).
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3.2.4. General Procedure for the Study of Reaction Outcome as a Function of Reaction Time (Table 7)

The aldol reaction was conducted in a 100 mL flask. The flask was charged with (S)-proline
(575 mg, 5 mmol), methanol (6.67 mL), water (1.67 mL), and cyclohexanone 1a (25.9 mL, 250 mmol)
and the mixture was allowed to stir for 15 min at room temperature. Then, the mixture was cooled
at 0 ◦C and the desired aldehyde 2 (50 mmol) was slowly added by means of an addition funnel.
Then, the flask was capped with a stopper and sealed. The reaction mixture was stirred at room
temperature. The reaction performance was monitored over time (a small portion was taken, diluted,
and immediately analyzed); the product conversion with respect to the limiting aldehyde and the
diastereomeric ratio were determined by 1H-NMR in CDCl3 on the crude mixture, and the enantiomeric
excess was determined by CSP-HPLC on the crude mixture. At the reported time (Table 7), the mixture
was filtered on a pad of silica with ethyl acetate and concentrated under reduced pressure. The obtained
residue was purified by column chromatography (ethyl acetate/cyclohexane = 2:8 as the eluent) to
afford the pure product (3ad: 76% yield, 3am: 67% yield, 3ai: 43% yield).

3.2.5. Procedure for the Aldol Condensation between Benzaldehyde 2d (50 mmol) and Cyclohexanone
1a (2 equivalents, 100 mmol)

The aldol reaction was conducted in a 100 mL flask. The flask was charged with (S)-proline
(575 mg, 5 mmol), methanol (6.67 mL), water (1.67 mL), and cyclohexanone 1a (10.36 mL, 100 mmol)
and the mixture was allowed to stir for 15 min at room temperature. Then, the mixture was cooled
at 0 ◦C and benzaldehyde 2d (5.1 mL, 50 mmol) was slowly added by means of an addition funnel.
Then, the flask was capped with a stopper and sealed. The reaction mixture was stirred at room
temperature. The reaction performance was monitored over time (a small portion was taken, diluted,
and immediately analyzed); the product conversion with respect to the limiting aldehyde and the
diastereomeric ratio were determined by 1H-NMR in CDCl3 on the crude mixture, and the enantiomeric
excess was determined by CSP-HPLC on the crude mixture. After 99 h, the reaction was stopped
and it was filtered on a pad of silica with ethyl acetate and concentrated under reduced pressure.
The obtained residue was purified by column chromatography (ethyl acetate/cyclohexane = 2:8 as the
eluent) to afford the product 3ad in 76% yield. The enantiomeric excess (91% ee) was determined by
CSP-HPLC on the pure product.

3.3. Work-Up Procedures

3.3.1. Procedure for Filtration on a Silica-Pad (Method A, Table 8)

A portion (18 mL corresponding to 22.8 mmol) of the first reaction (addition rate = 45 min)
carried out on 100 mmol of limiting aldehyde 2d (see Section 3.2.3) was filtered on a silica-pad: 1.5 cm
height, 9.6 cm diameter, gooch porosity = 4 (10–16 μm), mobile phase = EtOAc. In the last EtOAc
portions (25 mL each), the presence of product was checked by TLC. The filtered reaction mixture
(total volume = 242 mL) was concentrated under reduced pressure. The product conversion (87%)
with respect to the limiting aldehyde and the diastereomeric ratio (84:16 = anti:/syn) were determined
by 1H-NMR in CDCl3 on the obtained residue.

3.3.2. Procedure for Aqueous Work-Up Employing NH4Cl (Method B, Table 8)

A portion (18 mL corresponding to 22.8 mmol) of the first reaction (addition rate = 45 min) carried
out on 100 mmol of limiting aldehyde 2d (see Section 3.2.3) was diluted with EtOAc (5 mL) and treated
with an aqueous solution of NH4Cl (242 mg, 2 equivalents with respect to proline, in 20 mL of H2O).
The two layers were separated and the aqueous phase was further extracted with EtOAc (2 x 20 mL,
the complete product extraction was checked by TLC). The collected solution was dried with Na2SO4

(1.15 g), and then it was filtered and washed with EtOAc (3 x 9 mL, the complete product recovery was
checked by TLC). The filtered reaction mixture (total volume = 90 mL) was concentrated under reduced
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pressure. The product conversion (86%) with respect to the limiting aldehyde and the diastereomeric
ratio (83:17 = anti/syn) were determined by 1H-NMR in CDCl3 on the obtained residue.

3.3.3. Procedure for Dilution with EtOAc and Cooling (Method C, Table 8).

A portion (10 mL corresponding to 12.6 mmol) of the first reaction (addition rate = 45 min) carried
out on 100 mmol of limiting aldehyde 2d (see Section 3.2.3) was diluted with EtOAc (4 mL) and placed
at −15 ◦C for 36 h. A white precipitate was formed, was filtered under vacuum, and washed with cold
EtOAc (2 × 4 mL). Here, 86.2 mg of white solid was recovered. The obtained solution was placed at
−15 ◦C for further 36 h. A second portion of white solid was filtered under vacuum and washed with
cold EtOAc (2 × 3 mL). Here, 27.1 mg of white solid was recovered. The collected solution was dried
with Na2SO4 (650 mg), and then it was filtered and washed with EtOAc (3 × 6 mL, the complete product
recovery was checked by TLC). The filtered reaction mixture (total volume = 46 mL) was concentrated
under reduced pressure. The product conversion (89%) with respect to the limiting aldehyde and
the diastereomeric ratio (84:16 = anti/syn) were determined by 1H-NMR in CDCl3 on the obtained
residue. Total recovered proline = 113.3 mg (78%). The nature of the white solid was confirmed by
1H-NMR spectroscopy (see Supplementary Materials) and optical rotation measurement ([α]D

25 = −84;
c = 0.135, water) in comparison with the commercial compound ([α]D

25 = −86; c = 0.133, water).

3.3.4. Procedure for Dilution with Et2O and Cooling (Method D, Table 8).

A portion (10 mL corresponding to 12.6 mmol) of the first reaction (addition rate = 45 min) carried
out on 100 mmol of limiting aldehyde 2d (see Section 3.2.3) was diluted with Et2O (4 mL) and placed at
−15 ◦C for 36 h. A white precipitate was formed, it was filtered under vacuum and washed with cold
Et2O (2 × 4 mL). Here, 109.4 mg of white solid was recovered. The obtained solution was placed at
−15 ◦C for further 36 h. A second portion of white solid was filtered under vacuum and washed with
cold Et2O (2 × 3 mL). Here, 15.4 mg of white solid was recovered. The collected solution was dried
with Na2SO4 (650 mg), and then it was filtered and washed with Et2O (3 × 8 mL, the complete product
recovery was checked by TLC). The filtered reaction mixture (total volume = 52 mL) was concentrated
under reduced pressure. The product conversion (90%) with respect to the limiting aldehyde and
the diastereomeric ratio (85:15 = anti/syn) were determined by 1H-NMR in CDCl3 on the obtained
residue. Total recovered proline = 124.8 mg (86%). The nature of the white solid was confirmed by
1H-NMR spectroscopy (see Supplementary Materials) and optical rotation measurement ([α]D

25 = −80;
c = 0.131, water) in comparison with the commercial compound ([α]D

25 = −86; c = 0.133, water).

3.3.5. Procedure for Dilution with DCM and Cooling (Method E, Table 8)

A portion (10 mL corresponding to 12.6 mmol) of the first reaction (addition rate = 45 min) carried
out on 100 mmol of limiting aldehyde 2d (see Section 3.2.3) was diluted with DCM (5 mL) and placed
at −15 ◦C for 36 h. Two liquid phases were formed. The mixture was directly dried with Na2SO4

(650 mg), and then it was filtered and washed with DCM (3 × 7 mL, the complete product recovery was
checked by TLC). The filtered reaction mixture (total volume = 36 mL) was concentrated under reduced
pressure. The product conversion (88%) with respect to the limiting aldehyde and the diastereomeric
ratio (85:15 = anti/syn) were determined by 1H-NMR in CDCl3 on the obtained residue.

3.3.6. Procedure for Dilution with n-Hexane and Cooling (Method F, Table 8)

A portion (10 mL corresponding to 12.6 mmol) of the first reaction (addition rate = 45 min) carried
out on 100 mmol of limiting aldehyde 2d (see Section 3.2.3) was diluted with n-hexane (5 mL) and
placed at −15 ◦C for 36 h. Two liquid phases were formed. The mixture was directly dried with
Na2SO4 (650 mg), and then it was filtered and washed with n-hexane (4 × 7 mL, the complete product
recovery was checked by TLC). The filtered reaction mixture (total volume = 43 mL) was concentrated
under reduced pressure. The product conversion (89%) with respect to the limiting aldehyde and the
diastereomeric ratio (86:14 = anti:syn) were determined by 1H-NMR in CDCl3 on the obtained residue.
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3.4. Products Characterization.

All the synthesized products were known compounds and the obtained data were in agreement
with the published ones:

[134] for products 3aa, 3ab, 3ac, 3ad, 3af, 3ag, and 3ah;
[135] for products 3ae, 3ai, 3ak, and 3ba;
[106] for product 3aj;
[136] for product 3bd;
[137] for product 3cd;
[138] for products 3al and 3am;
[139] for product 3bg;
[129] for product 3cg.

As an example, the complete characterization of the most studied aldol product 3ad (anti isomer)
is reported in the Supplementary Materials. CSP-HPLC separation conditions and chromatograms of
all the aldol products 3 are reported in the Supplementary Materials.

4. Conclusions

Since 2000, the time the first seminal publication by List, Lerner, and Barbas III on the intermolecular
asymmetric aldol reaction catalyzed by proline appeared, a countless number of papers focused on
enamine organocatalysis with the aim to solve a few critical issues inherent in the use of proline.
Summarizing, high catalyst loading, long reaction times, solvent limitations owing to proline solubility,
variable stereocontrol mainly dependent on the donor-acceptor aldol partners, difficult and/or expensive
product isolation, and catalyst recovery characterize the proline-catalysed aldol protocol. On the other
hand, advantages have been previously underlined such as low cost, no toxicity, no need for anhydrous
solvents or controlled atmosphere, and process practicality.

Over these two decades, the greatest efforts have been dedicated to the design and synthesis of
new catalysts, mostly sharing with proline the chiral pyrrolidine scaffold. These derivatives allow to
enlarge the platform of solvent candidates, up to enabling the possibility of catalyst recycling. Reaction
kinetics improve with shorter reaction times and lower catalyst loadings. If these improvements are
beyond doubt, the costs coupled to their preparation are clearly a limiting factor. On the other hand,
it is known that a number of common solvents have been questioned in recent years as their hazardous
properties have come to light, for example, the environmental, safety, and health issues associated to
the use of DCM, toluene, DMSO, and others.

The work presented here shows that very good results can be simply achieved using methanol/water
mixtures as reaction medium. When only water is used, these reactions take place in a typical heterogeneous
conditions (emulsions), where the interphase water has as many as about a quarter of the O–H bonds
not being involved in hydrogen bonding. According to Jung and Marcus [140], the interactions of these
unbound hydroxyl groups with organic reactants and, more importantly, with the transition states, lower
the activation energies, enabling rate and yield enhancements. Faster reactions occur in pure methanol
because of the homogeneous conditions, which allow all the amount of proline used to participate to
catalysis, but this superior reactivity is characterized by a lower stereocontrol. Recent papers evidenced, by
DFT calculations, the positive effects of co-additives such as water or methanol in stabilizing the transition
states of the aldol reaction, with methanol displaying the larger effects [24,141–143]. These protic additives
could directly participate in the reaction mechanism, acting as an active proton transfer relay between
the proline carboxylic acid group and the incoming aldehyde. The amount and the nature of the protic
additive could significantly change the reactivity and stereoselectivity of this transformation, as transition
states with one, two, and even three molecules of the additive have been located and described.

If both methanol and water as pure solvents give largely unsatisfactory results that discouraged
further investigations, we demonstrated that methanol/water mixtures provide the high reaction rates
(good yields in short reaction times) typical of methanol and the high stereocontrol typical of water.
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The efficient, simple, and cost-effective reaction protocol proposed, easily scaled up here up to the
100 mmol scale, as well as the safe handling of the methanol/water mixture, positively impact the overall
efficiency and sustainability of this proline-catalysed aldol protocol. However, we have to observe that,
also following this procedure, the recurring dependence of relative reaction rates and stereochemical
outcome on the nature of the donor-acceptor pair has not been overcome. Thus, cyclohexanone is the
best donor in terms of reactivity and stereocontrol, while cyclopentanone works faster, but with a much
lower stereocontrol. Electron-rich aromatic aldehydes are the slowest reaction acceptors, requiring
long reaction times, while electron-poor aldehydes are the best. Nevertheless, given that the usual
relative behavior of ketones and aldehydes is confirmed, the aldol protocol in methanol/water can be
considered a useful contribution, enabling the achievement of performance never obtained before (also
for less reactive compounds), employing the smallest and cheapest organocatalytic species, proline.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/10/6/649/s1,
Table S1: Enantioselectivity variation as a function of reaction time; Figure S1: 1H-NMR spectrum of commercial
proline; Figure S2: 1H-NMR spectrum of recovered proline employing work-up method C (Table 8); Figure S3:
1H-NMR spectrum of recovered proline employing work-up method D (Table 8), CSP-HPLC separation conditions
and chromatograms of aldols 3 (racemic and enantio-enriched), full characterization of anti aldol product 3ad

(CSP-HPLC chromatogram of enantio-enriched product, 1H-NMR spectrum, 13C-NMR spectrum, HPLC-MS
chromatograms, ESI-MS spectrum).
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Abstract: The renewed interest in electrosynthesis demonstrated by organic chemists in the last
years has allowed for rapid development of new methodologies. In this review, advances in
enantioselective electrosynthesis that rely on catalytic amounts of organic or metal-based chiral
mediators are highlighted with focus on the most recent developments up to July 2020. Examples of
C-H functionalization, alkene functionalization, carboxylation and cross-electrophile couplings are
discussed, along with their related mechanistic aspects.
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1. Introduction

The stereochemistry of organic compounds can dramatically influence their properties, such as
biological activity of pharmaceuticals or macroscopic physical characteristics of polymers. Thus,
the ability to control the stereochemical outcome in organic synthesis can be of great importance,
and asymmetric catalysis is an indispensable tool in this endeavor. In asymmetric catalysis, racemic or
prochiral substrates are converted to stereogenically enriched products with the aid of a chiral mediator
in sub-stoichiometric amounts. As the catalyst is continually being reused in the process, the strategy
presents great opportunities for highly atom-efficient processes. Traditionally, asymmetric catalysis
has focused on two-electron transformations [1,2]. However, the toolbox of the organic chemist has
been expanded tremendously in the last decade with the introduction of methods for asymmetric
transformations with open-shell radical intermediate species using chemical, photochemical and
electrochemical strategies [3–10].

In electrosynthesis, chemical redox reagents are replaced with electricity for the transformation of
organic molecules. While dating back to the 19th century, the topic is currently receiving renewed interest
due to its enabling potential for selective and sustainable synthesis [11–19]. In an electrochemical
reaction, oxidation occurs at the anode and reduction at the cathode in a conductive medium.
The redox processes can take place at constant current or constant potential in an undivided or divided
electrochemical cell, where the latter separates the anodic and cathodic compartments by a conductive
membrane [20]. The redox event that ultimately converts starting material to product in electrosynthesis
can occur via different paths. As exemplified for a net-oxidative process, the electron transfer from a
substrate to the anode can occur directly at the electrode surface (Figure 1a) or take place in solution
with the aid of a homogeneous redox mediator. The latter represents indirect electrolysis (Figure 1b),
where the mediator effectively acts as a catalyst for the electron transfer. The use of such redox mediators
can facilitate the redox event from electrode to substrate and thereby reduce energy consumption and
enable milder conditions with higher chemoselectivities [15,21]. In addition, electricity can be used
to drive product formation by (re)generation of catalytically active species (Figure 1c). For clarity,
we use the word “redox mediator” for electron transfer catalysts in this review, whereas “catalyst”
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denotes compounds added in catalytic amounts to mediate a transformation by other mechanistic
action. In the context of asymmetric electrosynthesis, both redox mediators and catalysts can be chiral
and induce stereoselectivity in the reaction in which they are used. Mechanistic insight can be crucial
for rational development of new catalysts and synthetic protocols. To probe the reaction mechanism of
electrosynthetic reactions, electroanalytical techniques such as cyclic voltammetry (CV) in combination
with classic chemical approaches are commonly used [22].

 

Figure 1. Examples of electrosynthetic pathways for substrate oxidation (cathodic reaction not shown)
(a) direct anodic oxidation; (b) indirect anodic oxidation; (c) indirect oxidation by anodic activation and
regeneration of catalyst.

In this review, electrosynthetic protocols that utilize catalytic amounts of small organic
or metal-based chiral mediators to afford asymmetric induction in C–H functionalization,
alkene functionalization, carboxylation and cross-electrophile couplings are discussed, along with
mechanistic aspects of the transformations. Other strategies for asymmetric electrosynthesis,
e.g., biocatalysis, chiral auxiliaries, pre-functionalized chiral electrodes and chiral media have recently
been covered elsewhere and will not be discussed here [3–6,23–25]. This review is divided into
oxidative and reductive transformations and highlights recent developments up to July 2020.

2. Oxidative Transformations

2.1. C-H Functionalization

Asymmetric C–H functionalization of α-positions in carbonyl compounds through enamine
intermediates is a well-explored topic in organocatalysis, often employing proline-derived catalysts [26].
In an electrochemical setting, Jang and co-workers reported on α-oxyamination of aldehydes in the
presence of the prolinol derivative (S)-α,α-diphenyl-2-pyrrolidine methanol trimethylsilyl ether in
catalytic amounts using platinum electrodes under constant current in an undivided cell (Scheme 1a) [27].
Supported by control experiments and CV, the authors suggested that the reaction proceeds via
single-electron oxidation of the intermediate enamine, formed by dehydrative condensation between
the substrate and pyrrolidine catalyst. The resulting cation radicals were trapped by TEMPO to
form the oxyaminated products in 60–70% ee, in accordance with the design principle in Figure 2a.
As such, this study was the first to demonstrate that anodic oxidation could be used to promote
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enamine-mediated organocatalytic reactions via cationic radical enamine intermediates. A similar
strategy was used by the same group for α-alkylation of aldehydes with xanthene using chiral
pyrrolidine catalysts in an undivided cell with platinum electrodes under constant current conditions
(Scheme 1b) [28]. Supported by CV analysis and control experiments, the mechanism was proposed to
proceed via single-electron oxidation of both the enamine and the xanthene, followed by radical coupling
to afford the product in up to 74% yield and 70% ee (Figure 2a). However, as homocoupled products
were not observed, a mechanism in accordance with the design principle of Figure 2b proceeding via
enamine attack of an electrochemically formed xanthene cation could not be excluded. This alternative
activation mode was proposed by Jørgensen and co-workers for α-arylation of aldehydes with N-tosyl
p-anisidine to form enantioenriched alcohols with ee’s up to 96% using (S)-α,α-diphenyl-2-pyrrolidine
methanol trimethylsilyl ether as catalyst (10 mol%) in an undivided cell with carbon anode and
platinum cathode under constant current conditions (Scheme 1c) [29]. The authors suggested that
electrochemical oxidation of the phenolic compound results in an electrophilic intermediate that is
attacked by the chiral enamine, formed from the catalyst and the aldehyde substrate. Following the
mechanistic rationale of traditional enamine catalysis, the resulting iminium ion is hydrolyzed to
release the catalyst, which enters a new cycle, whereas the product would rearomatize and eventually
cyclize to the corresponding dihydrobenzofuran.

Building on this initial work [27–29], Luo and co-workers utilized the enamine strategy for
electrooxidative coupling of tertiary amines with ketones using a chiral diamine catalyst to obtain
enantioenriched alkylated tetrahydroisoquinolines, using a graphite anode and Pt cathode in an
undivided cell at constant potential (Scheme 2) [30]. No reaction was observed in the absence of either
catalyst or current, and under optimized conditions the reaction proceeded with good to excellent
enantioselectivities (up to 95% ee) and good yields for several N-arylated tetrahydroisoquinolines
and ketones. The transformation was proposed to proceed via anodic oxidation of the benzylic
position in the N-aryl tetrahydroisoquinoline substrate to form an intermediate iminium ion (Scheme 2),
in accordance with the design principle in Figure 2b. Subsequent attack by the chiral enamine,
formed by dehydrative condensation of the catalyst and ketone substrate, results in the enantioenriched
product in high yields and ee’s after hydrolysis with release of the catalyst. The presence of a protonic
additive (CF3CH2OH) was found to facilitate the C–C bond formation, supposedly by capturing the
iminium ion as a more stable hemiaminal intermediate. The proposed mechanism was supported by
control experiments, where pre-oxidation of the tetrahydroisoquinoline substrate to the corresponding
iminium ion and subsequent addition of catalyst/TfOH and ketone gave close to identical results
compared to standard conditions. Furthermore, electroanalytic studies confirmed that preferential
oxidation of the tetrahydroisoquinoline occurred in the reaction mixture.

The use of TEMPO and analogous N-oxide compounds as redox mediators in electrochemical
oxidation of organic substrates is well-established. In several examples, chiral N-oxide derivatives
were developed and afforded asymmetric electrochemical transformations such as the oxidative
kinetic resolution of secondary alcohols and amines [31–39]. Similarly, asymmetric Cu-catalysis under
electrooxidative conditions has been reported for kinetic resolution of 1, 2 diols, aminoalcohols and
aminoaldehydes [40]. Mei and co-workers reported on a co-catalytic Cu/TEMPO system for oxidative
substitution of N-aryl and N-carbamate tetrahydroisoquinolines with terminal alkynes [41]. The use of
TEMPO as redox mediator (20 mol%) and a CuII-species (10 mol%) with a chiral bisoxazoline
ligand enabled good yields and up to 98% ee of the C1-alkynylated products under constant
current conditions in an undivided cell using Pt electrodes (Scheme 3). The broad substrate scope
demonstrated good functional group tolerance of the process and control experiments indicated that
each reaction component was necessary for converting starting material into product. Based on CV
measurements, the authors proposed that TEMPO acts as a redox mediator for Shono oxidation [42] of
the tetrahydroisoquinoline to form the corresponding iminium species in benzylic position. Addition
of the chiral copper acetylide, supposedly formed in situ from the CuI catalyst and the alkyne in the
presence of base, results in the enantioenriched product. As such, the authors propose a mechanism
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following the general principles of Figures 1b and 2b, although alternative cooperative mechanisms
involving both Cu and TEMPO were not ruled out. The active CuI was suggested to form by interaction
of CuII with the reduced TEMPO mediator (TEMPO-H) or by cathodic reduction. A kinetic isotope
effect study for the benzylic α-hydrogens of the tetrahydroisoquinoline indicated C–H cleavage is not
rate-determining in the process.

 
Scheme 1. (a) electrochemical organocatalytic α-oxyamination of aldehydes; (b) electrochemical
organocatalytic α-alkylation of aldehydes; (c) electrochemical organocatalytic α-arylation of aldehydes.

 

Figure 2. Two design principles for α-functionalization of carbonyl compounds in electrooxidative
enamine catalysis: (a) electrogenerated SOMOphile; (b) electrogenerated electrophile.
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Scheme 2. Enantioselective organocatalytic coupling of tetrahydroisoquinolines and ketones under
electrooxidative conditions.

 

Scheme 3. CuII/TEMPO-catalyzed enantioselective electrooxidative alkynylation of tetrahydroisoquinolines.

Guan, He and co-workers reported on the proline-catalyzed enantioselective synthesis of
C2-quaternary indolin-3-ones from 2-arylindoles and ketones under electrochemical conditions
(Scheme 4) [43]. The transformation was carried out in an undivided cell at constant current with Pt
electrodes and resulted in moderate to good yields and excellent diastereo-and enantioselectivities
(up to 99% ee) of 2,2-disubstituted indol-3-one products bearing a quaternary stereocenter, an interesting
compound class found in naturally occurring biologically active substances. The procedure was
mostly found to be efficient on cyclic ketones, but two acyclic examples were also reported and
could afford high ee’s. Similar to the findings of Luo and co-workers [30], no reaction occurred
in the absence of proline or electric current. In addition, no reaction was observed when starting
from N-methyl-substituted indole. The reaction was proposed to proceed in accordance with the
design principle in Figure 1b via indirect oxidation of the indole to the corresponding radical cation,
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using TEMPO as redox mediator. Upon loss of a proton, the resulting indole radical was proposed
to react with atmospheric oxygen after a hydrogen atom transfer (HAT). Subsequent attack of the
imine carbon by the enamine, formed by the proline catalyst and the ketone substrate, results in the
product after hydrolysis. Control experiments using isolated imine in the presence of the proline
catalyst and ketone substrate under non-electrochemical conditions resulted in excellent yields and
enantioselectivity and provided support for the proposed mechanism. Furthermore, the addition of
BHT to standard conditions resulted in lower yields of the product as well as in the formation of a BHT
adduct of the indole, detected by HRMS, thus indicating that a radical mechanism is operating. The use
of 18O-labelled O2 and H2O indicated that the former was indeed the source of the incorporated
oxygen, a hypothesis that was further strengthened by the greatly reduced yields observed when the
reaction was performed under an Ar atmosphere. Benzoic acid was used as weakly acidic additive,
which aided to increase the yield by facilitating enamine formation, an effect reported in various
examples of asymmetric enamine catalysis [44]. The reaction was found to proceed in the absence of
TEMPO with the same enantioselectivity but reaching lower yields. Based on CV analysis, the authors
proposed that direct oxidation of the indole at the anode is occurring in the absence of TEMPO.

 

Scheme 4. Enantioselective proline-catalyzed electrosynthesis of C2-quaternary indolin-3-ones.

Luo and co-workers reported on the first asymmetric enamine-benzyne coupling (Scheme 5) [45].
Using a chiral diamine catalyst in an undivided cell with Pt electrodes and constant current conditions,
α-arylation of cyclic α-ketocarbonyls with anodically formed benzyne occurred to form products with
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quaternary carbon stereocenters in good yields and with ee’s up to 99%. Under the electrochemical
conditions, 1-aminobenzotriazole could be used as benzyne precursor in the absence of the toxic oxidant
Pb(OAc)4, typically required under non-electrochemical conditions [46–50]. In addition, the strategy
was extended to the generation and use of cyclohexyne via the corresponding triazole precursor.
Trapping experiments with tetraphenylcyclopentadienone under standard conditions resulted in good
yields of the benzyne and cyclohexyne adducts but only trace amounts of the benchmark products,
thus confirming the existence of the elusive intermediates. The substrate scope was limited to cyclic
ketoesters and products were in some cases obtained as regioisomers, however all with high ee’s
and in moderate to good yields. No reaction was observed in the absence of the aminocatalyst,
whereas results in the absence of electric current was not explicitly discussed. Experimentally, it was
found that Co(OAc)2·4H2O was beneficial as an additive (20 mol%) with a major effect on yield
(71% vs. 28%) and a minor effect on ee (94% ee vs. 88% ee) of the product. With the use of CV,
the authors found that the redox potentials of the Co salt and 1-aminobenzotriazole were comparable
(Eox = 0.83 vs. 0.84 V), hence suggesting that the Co salt was likely not functioning as a redox mediator
for oxidative benzyne generation. However, control experiments with benzyne quenching reagents in
the absence of α-ketocarbonyl substrates resulted in rapid decomposition of the benzotriazole but only
trace amounts of quenching adducts in the absence of the Co salt, whereas considerably higher yields
were obtained in the presence of Co. Based on these findings, the authors proposed that the Co salt
stabilizes the intermediate arynes by binding to the triple bond, thereby enhancing the propensity for
enamine coupling. This hypothesis was supported by DTF calculations, indicating that coordination to
Co acetate stabilizes benzyne by 18.6 kcal/mol.

 

Scheme 5. Asymmetric catalytic α-arylation of cyclic α-ketocarbonyls with anodically formed benzyne
or cyclohexyne.

Meggers and co-workers described an oxidative metal-catalyzed asymmetric C–H
functionalization of theα-position of 2-acyl imidazoles in an undivided cell equipped with a C anode and
Pt cathode under constant current conditions (Scheme 6) [51]. Using a chiral Lewis acidic Rh complex,
2-acyl imidazoles and silyl enol ethers were coupled to provide enantioenriched 1,4-dicarbonyls in
up to 91% yield and >99% ee, including >10 examples of the formation of all-carbon quaternary
stereocenters as well as two examples of complex natural product derivatization. Considerably lower
yields were observed in the absence of a base, whereas only homocoupling of the silyl enol ether was
obtained in the absence of the Rh catalyst. Mechanistically, the reaction was proposed to proceed via
initial coordination of the 2-acyl imidazole substrate to the metal catalyst, followed by deprotonation
by the external base (2,6-lutidine). The resulting Rh-coordinated enolate was envisioned to undergo
anodic oxidation to afford a C-centered radical in α-position that would undergo stereocontrolled C–C
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bond formation with the silyl enol ether and form a TMS-protected ketyl radical. A second anodic
oxidation, followed by subsequent desilylation would close the catalytic cycle (Scheme 6). As presented,
the anodic oxidations of the catalyst-bound substrate were envisioned as direct electrolysis events in
accordance with the general principle in Figure 1a. The mechanistic proposal was supported by CV
analysis, indicating that the Rh-bound 2-acyl imidazole has a considerably lower oxidation potential
compared to the silyl enol ether and the unbound 2-acyl imidazole. Furthermore, control experiments
using TEMPO as a radical quenching agent resulted in high yields of TEMPO-functionalized 2-acyl
imidazole in α-position, thus indicating that this carbon indeed hosts an intermediate radical.

Scheme 6. Electrooxidative Lewis acid-catalyzed asymmetric cross-coupling of enolates.

Similar to the work of Meggers, Guo and co-workers reported the use of a Lewis acidic chiral
Ni catalyst for enantioselective α-benzylation of 2-acyl imidazoles with substituted hydroxytoluenes
(Scheme 7) [52]. In an undivided cell at 0 ◦C using C electrodes at constant potential, electrochemical
benzylation was carried out with good yields and excellent enantioselectivities (up to 97% ee) in the
presence of Ni(OAc)2, a chiral diamine ligand and base (quinuclidine). No product formed in the
absence of either Ni, diamine ligand or current, whereas the absence of base resulted in reduced
yields but similar ee. Trapping experiments afforded 11% of the TEMPO adduct in α-position to the
2-acyl imidazole, suggesting that a radical can form at this carbon. Furthermore, dimerization of
the 1,4,6-trimethylphenol under different conditions indicated that an intermediate benzylic radical
may also form. Based on the combined results from these studies as well as CV and electron
paramagnetic resonance (EPR) spectroscopy, the authors proposed the mechanism found in Scheme 7.
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Initial coordination of the 2-acyl imidazole to the chiral Ni catalyst followed by deprotonation by the
base affords the Ni-bound enolate. Anodic oxidation of this species affords the C-centered radical in
α-position to the coordinated carbonyl, which undergoes coupling with a benzylic radical, formed via
anodic oxidation via a separate route. As such, a mechanism similar to that of electrogenerated
SOMOphiles in enamine catalysis (Figure 2a) was proposed. The possibility of direct interaction
between the benzylic radical and the Ni center that could result in product formation after reductive
elimination was not discussed by the authors. While quinuclidine is a known HAT catalyst in
photoredox catalysis [53–58], additional mechanistic roles of this base, e.g., assistance in the formation
of the postulated benzylic radical coupling partner, were not proposed.

Scheme 7. Lewis acid-catalyzed electrooxidative enantioselective α-benzylation of 2-acyl imidazoles.

Along the same lines, the same group developed an enantioselective bifunctional squaramide-
catalyzed detrifluoroacetylative alkylation reaction using substituted hydroxytoluenes under
electrochemical conditions [59]. Using carbon electrodes under constant current conditions at 70 ◦C,
fluorine-containing compounds bearing stereocenters at the C-F bond were formed in good yields and
ee’s up to 95%. As suggested by the authors, the trifluoromethyl α-fluorinated β-keto gem-diol substrate
is activated by the squaramide catalyst and reacts with the electrochemically formed p-quinone
methide (Scheme 8), as such resembling the principles of Figure 2b with anodic electrophile formation.
Base-induced detrifluoroacetylation followed by stereoselective proton transfer generates the product
as the final step in the absence of electricity.
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Scheme 8. Squaramide-catalyzed electrooxidative enantioselective α-benzylation/detrifluoroacetylation of
trifluoromethyl α-fluorinated β-keto gem-diols.

Ackermann and co-workers demonstrated the first asymmetric electrooxidative C–H activation
process using Pd-catalysis and L-tert-leucine as transient directing group to provide access to axially
chiral biaryls (Scheme 9) [60]. In an undivided cell with graphite felt anode and Pt plate cathode
and constant current at 60 ◦C, various aldehyde-substituted biaryls were alkenylated to form axially
chiral products in good yields with excellent ee’s (up to 99%) and high position- and diastereocontrol.
The substrate scope also included examples of N–C axially chiral N-aryl pyrroles and the use of
perfluorinated alkenes. Furthermore, it was demonstrated how the axially chiral products could be
converted into enantioenriched [5]-and [6]-helicenes, dicarboxylic acids and BINOL derivatives in high
yields and optical purity. Control experiments revealed that no reaction occurred in the absence of
either Pd catalyst or L-tert-leucine, whereas the absence of current resulted in considerably lower yield
of the benchmark substrate (25% vs. 71%). Labelling experiments indicated that C–H activation is the
rate-limiting step and that no H/D scrambling occurs between the substrate and the acetic acid solvent.
Furthermore, a non-linear-effect (NLE) was not observed, indicating that the reaction proceeds with a
metal to ligand ratio of 1:1 in the enantiodetermining step.

With the aid of DFT calculations, the authors proposed a PdII-mechanism where initial imine
formation between the leucine ligand and the aldehyde substrate results in a transient directing group
that facilitates the asymmetric Pd-catalyzed C(sp2)–H activation. The nature of the transition state for
this step was not discussed by the authors. Based on the presented geometry-optimized structures
of intermediates, it does however appear as if the C–H bond breakage is envisioned to occur with
the aid of an acetate base. The resulting PdII species coordinates an alkene reactant, followed by its
insertion into the Pd–C bond. Although not explicitly mentioned, it can be envisioned that β-hydride
elimination followed by hydrolysis of the transient imine releases the product. The role of the electricity
was not specifically discussed by the authors. However, as the control reaction without current resulted
in a product yield corresponding to more than two catalyst turnovers, it appears as if electricity is
accelerating product formation rather than enabling it.
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Scheme 9. Palladium-catalyzedC–Hactivationwithatransientdirectinggroupunderelectrochemicalconditions.

2.2. Alkene Functionalization

The prochiral nature of alkenes makes them excellent starting materials for asymmetric synthesis.
A classic asymmetric oxidative transformation of alkenes is the Sharpless dihydroxylation using osmium
catalysis in conjunction with chiral amine ligands and a stoichiometric oxidant [61–63]. As reported by
Tsuji and Sharpless in the early 1990′s, potassium ferricyanide [K3Fe(CN)6] can efficiently reoxidize an
Os catalyst back to the active +8 state [64–66]. In the original Sharpless procedure, 3 equivalents of the
ferricyanide salt were added to enable good turnover for the asymmetric dihydroxylation with excellent
ee’s. Making use of anodic regeneration, Amundsen and Balko were able to reduce the stoichiometry
to 0.4 equivalents using coupled redox cycles (Figure 3) in a divided cell with Pt electrodes at constant
potential [67]. Similar to the Sharpless protocol, the authors used a biphasic mixture with the Fe salt in
the aqueous phase and the organic transformation occurring in the organic phase, with re-oxidation of
the Os catalyst taking place at the solvent interface. With an analogous approach, Torii et al. were able
to further reduce the loading of both Os and K3Fe(CN)6 using an undivided cell with Pt electrodes
at constant current conditions at 0 ◦C [68]. In addition, Torii et al. developed an electrochemical
iodine-assisted asymmetric dihydroxylation under similar electrochemical conditions, replacing
ferricyanide with substoichiometric I2 as co-oxidant. As pointed out by the authors, although the OsIV

complex could be directly oxidized at the anode, mediated electrolysis in solution is preferred as direct
oxidation can lead to catalyst adsorption on the electrode surface that may inhibit catalysis [69].

 
Figure 3. Principle for indirect oxidative electrolysis using coupled redox cycles.
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Using the same principle of electrochemically driven coupled redox cycles, Torii and co-workers
developed a protocol using anodically generated chloronium oxidants for olefin epoxidation [70],
inspired by the Katsuki-Jacobsen epoxidation [71–73]. With an optically active Mn-salen complex
(5 mol%) in an undivided cell and Pt electrodes at 0 ◦C under constant current conditions in biphasic
media, a handful of substrates were converted to the corresponding epoxides in up to 93% yield and
87% ee. According to the authors, chloride ions were oxidized in the aqueous phase to chloronium
species that subsequently entered the organic phase to oxidize the Mn catalyst, thereby driving the
oxidation process forward. Along the same lines, Bethell and co-workers utilized electrogenerated
percarbonate and persulfate oxidants for iminium catalyzed epoxidation of alkenes with moderate
enantiomeric excess (up to 64% ee), using a boron-doped diamond anode and Pt wire cathode in an
undivided cell under constant current conditions [74]. In recent years, asymmetric electrochemical
Os-catalyzed dihydroxylation and Mn-catalyzed epoxidation have been demonstrated to work well on
a photovoltaic platform for improved process sustainability (Scheme 10) [75,76].

 

Scheme 10. Indirect electrooxidation of alkenes using coupled redox cycles in a photovoltaic system.

Lin and co-workers described enantioselective cyanophosphinoylation and cyanosulfinylation
of alkenes in an anodically driven electrochemical process, using a copper catalyst with a newly
developed serine-derived bisoxazoline ligand (Scheme 11) [77]. With a carbon felt anode and Pt
cathode in an undivided cell under constant current conditions at 0 ◦C, a variety of styrene derivatives
were functionalized in moderate to good yields with ee’s up to 95% (cyanophosphinoylation) and 98%
(cyanosulfinylation), including heterocyclic substrates and substrates with functional groups sensitive
to oxidation such as aldehyde and sulfide. The authors proposed that the electric current is required
to oxidize the Cu catalyst from oxidation state +1 to its catalytically active +2 state. In its activated
state, the copper catalyst was claimed to have a dual role (Scheme 11). Initially, the CuII catalyst
was envisioned to oxidize a secondary phosphine oxide to its corresponding radical. This would
in turn attack the alkene substrate to form an intermediate with the resulting radical situated in
the stabilized benzylic position. Secondly, the reduced Cu catalyst would undergo another anodic
oxidation event to form once more the active CuII complex. The active complex would thereafter
accommodate the benzylic radical intermediate and form the enantiomerically enriched product upon
reductive elimination. As such, the Cu catalyst is envisioned to act as a redox mediator in the first
step in accordance with the general principle in Figure 1b, whereas it acts as an enantioselective
cross-coupling catalyst in an electrochemically driven redox cycle in the second step (Figure 1c).
Based on the assumption of a CuIII intermediate, optimization of the ligand structure was carried
out by adding ancillary ester groups to the bisoxazoline (BOX) scaffold to stabilize the high-valent
intermediate prior to reductive elimination. In addition, it was hypothesized that this modification
would allow for a more rigid structure that could improve selectivity in the enantio-determining step,
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as well as prevent cathodic demetalation of the catalyst. With the new ligand, an increase in ee from
84% to 95% was observed for the benchmark substrate.

 
Scheme 11. Copper-catalyzed asymmetric oxidative difunctionalization of alkenes.

Along the same lines, the Lin group published a second anodically driven enantioselective
functionalization of alkenes [78]. In conjunction with a cobalt(salen) complex, the use of the same type
of asymmetric Cu catalyst as in their prior work enabled hydrocyanation of differently substituted
olefins using PhSiH3 and TMSCN in an undivided cell at 0 ◦C and constant potential, equipped with a
carbon anode and Pt cathode (Scheme 12). A range of terminal and internal alkenes were transformed
into their corresponding hydrocyanated products with high enantioselectivity (80–95% ee). Dienes,
enynes and allenes were also compatible substrates, with terminal bonds being favored sites for
hydrocyanation. In the case of allenes, excess reagents allowed for dicyanation. A comparison between
the developed electrochemical protocol and the use of several chemical oxidants indicated that anodic
oxidation resulted in the best yields and enantioselectivities under the examined conditions. Acetic acid
was used as an additive in the transformation, rationalized as preventing undesired cathodic reduction
of the Cu catalyst.

The suggested mechanism for the transformation resembles that proposed for the Lin group’s
preceding work on Cu-catalyzed alkene functionalization in Scheme 11 [77]. The first anodic event leads
to the formation of a C-centered radical and the second anodic event produces the active asymmetric
CuII cross-coupling catalyst that reacts with the C-centered radical and forms product upon reductive
elimination. For the hydrocyanation reaction, the initial anodic oxidation step was proposed to involve
electrochemical oxidation of the CoII catalyst, followed by the formation of a cobalt hydride species
upon reaction with the hydrosilane reagent. Hydrogen atom transfer of this metal hydride to the alkene
would result in a C-centered radical that in turn reacts with the asymmetric Cu-catalyst and eventually
forms product. As such, both electrochemical processes appear to follow the general principle of
Figure 1c. A radical rearrangement experiment provided support for the notion of intermediate
radicals, whereas DFT calculations suggested that the enantio-determining C–CN bond formation was
the turnover-limiting step of the process.
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Scheme 12. Anodically driven asymmetric hydrocyanation of alkenes by Co/Cu catalysis.

3. Reductive Transformations

Reductive organocatalytic electrosynthesis dates back to the late 1960s, when Grimshaw and
co-workers described the use of alkaloids in catalytic amounts for the reduction of 4-methylcoumarins
to optically active 3,4-dihydro-4-methylcoumarins in a divided cell at constant potential [79,80].
The transformation resulted in only modest chiral induction and moderate yields, the latter due
to competing dimerization of the intermediate coumarin radical. Nevertheless, the organocatalytic
strategy inspired the work of other groups working in this field [81–83] and chiral amines have been
used as additives in catalytic amounts for asymmetric reduction of various ketones, carboxylic acids
and oximes as well as for reductive dehalogenation [84–97]. Electrocatalytic reductions have also
been carried out using metal catalysts, including a RhIII polypyridyl complex for the hydrogenation
of acetophenone with modest chiral induction [98]. Other early electroreductive metal-catalyzed
enantioselective processes include cobalt catalysis in the form of vitamin B12 [99–101], as well as nickel
catalysis [102] for dehalogenations, isomerizations, reductive cleavages, etc.

3.1. Carboxylation Using CO2

The electroreductive use of carbon dioxide (CO2) as a C1 synthon is a strategy that receives
continued interest for direct reduction to fuels and bulk chemicals, as well as for incorporation
in more complex organic molecules [103–107]. In the context of asymmetric electrosynthesis,
both organocatalytic and metal-catalyzed examples can be found. In similarity with the early
asymmetric electroreductive protocols, alkaloids have found their use in asymmetric electroreductive
carboxylation of ketones with carbon dioxide. Lu and co-workers utilized catalytic amounts of
cinchonidine and cinchonine to form (R)-or (S)-atrolactic acid with ee’s up to 30%, respectively,
using a stainless steel cathode and Mg sacrificial anode in an undivided cell and constant current
conditions [108]. Furthermore, cinchonine was used in catalytic amounts for the electrocarboxylation of
4-methylpropiophenone to form the (S)-configured product (up to 33% ee), using a similar experimental
setup [109]. A few years later, the same group reported moderate yields and ee’s (up to 49% ee)
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in the electrocarboxylation of 2-acetonaphthone under constant current conditions, using 2.5 mol%
of cinchonidine with a sacrificial Mg anode and stainless steel cathode in an undivided cell under
atmospheric CO2 pressure at 0 ◦C [110]. In successive work, the group utilized a metal-catalyzed
strategy for the electrocarboxylation of 1-phenylethyl chloride, employing a CoII-(R,R)(salen) complex
(15 mol%) [111]. Optically active 2-phenylpropionic acid could be obtained in 37% yield and 83% ee
under potentiostatic conditions in an undivided cell with glassy carbon cathode and Mg anode at
50 ◦C (Scheme 13), while no reaction was observed in absence of a Co source. With the support
of CV analysis, the transformation was proposed to proceed via one-electron transfer to give an
anionic [CoI-(R,R)(salen)] complex, which could react with the substrate to form a CoIII organocobalt
intermediate. One-electron reduction of this species to a CoII anionic complex followed by direct
nucleophilic attack to CO2 ensures the asymmetric induction. However, if homolytic cleavage of the
Co-R bond occurs, the generated [PhCH(CH)3] radical can prompt a competing background reaction
(upon reduction to the corresponding anion and attack to CO2) to give the racemic acid. Detection
of styrene by GC-MS and the observation of dimer as major side-product supported the proposed
formation of radical intermediates.

 

Scheme 13. Cobalt-catalyzed reductive carboxylation of benzylic chlorides.

In 2018, Mei and co-workers developed a Pd-catalyzed electrocarboxylation of allyl esters,
providing α-aryl carboxylic acids in high yields and regioselectivity [112]. In the report,
the enantioselective variant of the method was developed using Pd(OAc)2 (7.5 mol%) in combination
with a chiral bidentate triarylphosphine ligand (8 mol%) under constant current in an undivided cell
with a Pt cathode and a Mg sacrificial anode, under 1 atmosphere of CO2. Moderate yield (66%) and
enantioselectivity (67% ee) could be obtained (Scheme 14). No reaction was observed when the current
was replaced with common chemical reductants as Mn0 or Zn0, whereas the reaction proceeded even in
the absence of the Pd catalyst, albeit with low conversion. The use of EtOH as an additive was crucial
to grant higher yields and regioselectivities, although further insight about its role was not disclosed.
Based on CV measurements, the authors proposed that initial reduction of PdII to Pd0 followed by
oxidative addition of the allyl acetate generates a cationic π-allylpalladiumII complex. This species
equilibrates to the favored terminal η1-allylpalladiumII species, which is reduced at the cathode.
The resulting nucleophilic Pd0 complex reacts with CO2 to form a magnesium carboxylate salt with
Mg2+ from the anode, while Pd0 re-enters the catalytic cycle. Direct attack of the η1-allylpalladiumII

species to CO2 was ruled out since the transformation did not occur in absence of electric current.
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Scheme 14. Cathodically driven Pd-catalyzed carboxylation of cinnamyl acetate.

3.2. Cross-Electrophile Couplings

Reductive dehalogenation is a classic transformation in electrosynthesis [113] that includes
stereoselective examples using cobalt catalysis [99,100]. The principle is relevant for transition
metal-catalyzed reductive cross-electrophile couplings [114–116], and an enantioselective coupling of
alkenyl and benzyl halides using a chiral Ni catalyst was demonstrated by Reisman and co-workers
under electrochemical conditions [117]. Electrochemical catalyst activation and turnover granted
C(sp2)–C(sp3) bond formation without the need for sensitive organometallic reagents or metal powder
reductants, and products bearing allyl stereocenters were obtained under mild conditions. NiCl2 dme
(10 mol%) was employed as catalyst precursor together with an indanyl-substituted bisoxazoline ligand
(20 mol%) in the presence of NaI in an undivided cell with a reticulated vitreous carbon (RVC) cathode
and a Zn sacrificial anode at 0 ◦C, furnishing the products in good yields and high ee‘s (up to 95%)
(Scheme 15). Control experiments confirmed that all components (Ni, ligand, current, additive) were
essential for the reaction outcome. Although not specifically discussed in the paper, the cross-coupling
has been considered to follow a sequential reduction mechanism [118,119] taking into account results
that proved inconsistent with a radical chain mechanism for the non-electrochemically-driven variant
of the reaction [120]. In the sequential reduction pathway, a Ni0 complex would be generated from
electroreduction of the NiII precursor, and the C(sp2) coupling partner (the alkenyl bromide) would
undergo oxidative addition with this Ni0 species. The resulting NiII intermediate is reduced at the
cathode to a NiI intermediate with concomitant loss of halide, while the following oxidative addition
(of the racemic benzyl chloride) was defined as the stereoconvergent step. Upon reductive elimination,
the NiIII complex is envisioned to liberate the enantioenriched product and forms a NiI-Cl species,
which is again reduced to Ni0 to allow for catalyst turnover.

Another asymmetric cross-electrophile coupling was reported by Mei and co-workers to afford
enantioselective electrochemical homocoupling of aryl bromides to axially chiral biaryls [121]. By the
use of 10 mol% NiCl2·glyme with chiral pyridine-oxazoline ligands in presence of NaI and 4A molecular
sieves in an undivided cell equipped with a Ni cathode and a sacrificial Fe anode at 0 ◦C, yields up to 91%
and stereoselectivities up to 96% ee were obtained (Scheme 16). Control experiments showed that the
reaction does not occur in absence of Ni or current, while Mn0 or Zn0 as alternative reductants afforded
lower yields and slightly lower ee’s. CV analysis indicated that the Ni catalyst is preferentially reduced
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over the substrate, and that the latter can undergo oxidative addition to Ni0. The authors suggested a
reductive coupling mechanism analogous to that suggested for Reisman’s work (Scheme 15), in which
cathodic reduction of the initial complex to Ni0, followed by oxidative addition of the aryl bromide,
results in a NiII complex. Subsequent cathodic reduction to NiI and oxidative addition of another
molecule of the aryl bromide substrate generates a NiIII intermediate. Reductive elimination releases
the biaryl product, while the NiI species undergoes further electrochemical reduction to close the
catalytic cycle. However, the authors state that other pathways could not be ruled out at this stage.

Scheme 15. Electrochemically driven cross-electrophile coupling with Ni-catalysis.

 

Scheme 16. Reductive cross-electrophile coupling for the formation of axially chiral biaryls using
Ni-catalysis under electrochemical conditions.
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4. Conclusions and Outlook

Asymmetric catalysis under electrosynthetic conditions is a rapidly expanding research field
that has equipped the organic chemist toolbox with new methods for enantioselective synthesis of
organic molecules in the last few years, not the least for electrochemically driven metal catalysis.
In comparison with the use of pre-functionalized chiral electrodes, chiral electrolytes or solvents
or pre-modified substrates with chiral auxiliaries, homogeneous catalysis for the conversion of
prochiral substrates appears as an economical, user-friendly and modular approach for asymmetric
electrosynthesis [3–6]. It can be noted that the use of electricity to promote enantioselective oxidative
processes is currently considerably more explored compared to its use in reductive transformations.
As such, further developments on the latter topic can be anticipated.

Electrosynthesis offers the possibility to bypass the use of (super)stoichiometric and commonly
hazardous and toxic chemical redox reagents, which results in increased safety and atom efficiency
of the processes. On the other hand, large amounts of electrolyte are typically required to provide
sufficient conductivity to the organic medium, which clearly hampers atom efficiency. Development of
easily recyclable electrolytes, economic ionic liquids or microfluidic systems that make electrolytes
superfluous due to the small distance between cathode and anode are interesting possibilities to
address this problem that may promote the transition from academic research to industrial processes
for the synthesis of fine chemicals [122,123]. Up until now, however, such approaches have not been
applied for asymmetric catalysis. Furthermore, the energy efficiency of electrosynthetic processes is
not necessarily optimized as more current is typically required to transform starting material into
product compared to what theory would suggest. This Faradaic loss may be partly addressed by the
use of redox mediators for indirect electrolysis. As redox mediators can allow for redox events to
occur at lower potentials (in absolute numbers), this may also enable higher selectivities and functional
group tolerance [15]. There is plenty of room for innovation in this field, not the least for reductive
transformations, and inspiration for electrosynthetic applications is likely to be found in photoredox
catalysis, as well as the proceedings of the organic battery community [124].

It can be noted that chiral amines and derivatives thereof play a key role for asymmetric catalysis
in an electrosynthetic setting, either as organocatalysts or as ligands in metal-catalyzed systems. In this
light, future development of other chiral inductors will be interesting. For example, chiral hypervalent
iodine reagents were recently demonstrated to induce optical activity in organic molecules under
electrosynthetic conditions [125]. As electrochemical synthesis of hypervalent halogen compounds has
been demonstrated viable [126–129] and the use of halides and halogen compounds as electrochemical
redox mediators is already known [40,69,70,130], future developments in this area are anticipated.
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Abstract: The asymmetric ring-opening of epoxides is an important reaction in organic synthesis,
since it allows for the enantioselective installation of two vicinal functional groups with specific
stereochemistry within one step from a highly available starting material. An effective class of catalysts
for the asymmetric ring-opening of epoxides is metal–salen complexes. This review summarizes
the development of metal–salen catalyzed enantioselective desymmetrization of meso-epoxides and
kinetic resolution of epoxides with various nucleophiles, including the design and application of both
homogeneous- and heterogeneous epoxide-opening catalysts as well as multi-metallic covalent and
supramolecular catalytic systems.
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1. Introduction

The availability of enantiomerically pure or enriched compounds is crucial for several different
fields of chemistry including pharmaceutical, biological, agricultural, and materials chemistry [1,2].
The high demand for chiral compounds has inspired extensive research into the development of practical
and efficient methods for their preparation. One of the main tools for obtaining enantiomerically pure
compounds is asymmetric catalysis. In the field of asymmetric catalysis, enantiomerically pure catalysts
are employed to transform prochiral or racemic substrates into valuable enantioenriched compounds.

Chiral metal–salen complexes are privileged catalysts, meaning that they are demonstrating
enantioselectivity over a wide range of reactions and substrates [3,4]. Salen ligands have attracted
much attention due to the fact of their tunable steric and electronic properties as well as their ability to
coordinate a large number of different metal ions and stabilize them in various oxidation states [5,6].
In addition, the commercial availability of starting materials, such as enantiomerically pure vicinal
diamines, and well-established synthetic procedures allows for the facile preparation of a wide variety of
enantiomerically pure salen ligands and their corresponding metal complexes in high yields (Scheme 1).

 
Scheme 1. The synthesis of enantiomerically pure salen ligands and corresponding metal–salen
complexes. The ligand synthesis is a Schiff base reaction. The formation of the metal–salen complex is
illustrated as the insertion of the metal in oxidation state +II followed by oxidation in air to oxidation
state +III.
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Epoxides represent an important class of compounds in organic synthesis due to the fact of their
high availability and facile, stereoselective, and often regioselective nucleophilic ring-opening, leading
to multifunctional organic compounds in very few steps [7]. Achiral and racemic epoxides can be
easily prepared by the oxidation of simple alkene precursors, and much effort has also been focused on
the development of enantioselective epoxidations [8].

The asymmetric ring-opening (ARO) of epoxides affords enantiopure vicinal difunctionalized
organic compounds with two adjacent stereocenters [9,10]. The relative stereochemistry of two
stereocenters in the ring-opened product depends on the configuration of the epoxide (Scheme 2).
The use of chiral Lewis acids, such as metal–salen complexes, has been shown to significantly increase
the reactivity and enantioselectivity of ARO reactions. An alternative way of obtaining the same
product would be to first perform an enantioselective epoxidation, followed by selective ring-opening
of the enantiomerically pure epoxide.

Scheme 2. The asymmetric ring-opening of epoxides and the resulting relative stereochemistry of
the ring-opened products. Ring-opening of (a) cyclic meso-epoxides to yield a ring-opened product
with trans-stereochemistry; (b) acyclic meso-epoxides and cis-epoxides to yield ring-opened product
with syn-stereochemistry; (c) trans-epoxides to yield ring-opened product with anti-stereochemistry;
(d) terminal epoxides.

There are two main types of epoxides that have been used in ARO reactions: achiral (meso)
epoxides and racemic epoxides. In the former case, the desymmetrization of meso-epoxides with a
suitable optically pure catalyst leads to the formation of chiral vicinally substituted alcohols with
trans- (for cyclic meso-epoxides) and syn stereochemistry (for acyclic meso-epoxides) in up to 100%
yield and enantiomeric excess. In the latter case, the catalyst has to be able to differentiate between
the two enantiomers and preferentially transform one of them into the ring-opened product with
high regioselectivity and enantioselectivity. This process is a kinetic resolution (KR). While the
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maximum yield of the ring-opened product is only 50%, this method also allows for the simultaneous
enantioenrichment of the unreacted epoxide, enabling, for example, the preparation of optically
enriched terminal epoxides.

In this review, we present an overview of the development and application of metal–salen
complexes as catalysts for the ARO of epoxides. Previous reviews in this area have either been focused
on the ARO of epoxides in general and covered a number of different salen and non-salen catalysts [9,10]
or focused on the use of metal–salen complexes as catalysts for several different reactions [4]. There are
also a number of reviews focused on multi-metallic salen complexes [11–13] and heterogeneous salen
complexes [14,15] but, again, covering several different types of reactions. As several of the mentioned
reviews were published 5–15 years ago, we here provide an up-to-date and comprehensive overview
of the field, covering the literature until the beginning of 2020.

2. Desymmetrization of meso-Epoxides

2.1. With Azides

The enantioselective ring-opening of epoxides with azides is a very important reaction due to
the facile conversion of the products into valuable vicinal amino alcohols of very high optical purity
(Scheme 3) [16–19]. The first report of a metal–salen catalyst used for an ARO reaction came from
Jacobsen and coworkers [20] in 1995 with the use of Cr(III)salen complex 1 for the ARO of epoxides
with trimethylsilylazide (TMSN3) as nucleophile (Scheme 4). Since then, considerable efforts have
been invested into improving this catalytic system, including developing multi-metallic catalysts
and employing different heterogenization strategies. The Cr(III)salen complexes remain the most
investigated catalysts for the ARO of epoxides with azides as nucleophile, and only a few less efficient
salen complexes based on other metals can be found in the literature [21–23].

 
Scheme 3. The asymmetric ring-opening of cyclohexene oxide with TMSN3 followed by reduction to
synthesize the corresponding trans-1,2-amino alcohol with high enantioselectivity.

 
Scheme 4. The asymmetric azidolysis of meso-epoxides catalyzed by Cr–salen complexes.

The seminal work of Jacobsen and coworkers on chiral Cr–salen complexes for the asymmetric
catalysis of the azidolysis of meso-epoxides have yielded invaluable insight in the development of
catalysts for the ARO of epoxides. Drawing on knowledge gained in their previous work on the
asymmetric epoxidation of alkenes [24–26], they found that by using the same salen ligand and
exchanging the manganese(III) for chromium(III) (complex 1), the ARO of cyclic meso-epoxides with
TMSN3 as nucleophile could be catalyzed in high yields and with high enantioselectivities (up to 99%
yield and 97% ee, Scheme 4). The reactions could be conducted either in ethereal solution or under
solvent-free conditions with similar yields and enantioselectivities [20,27].

The stability of the catalyst under the reaction conditions facilitated the mechanistic studies,
which showed that the active catalyst was the Cr–salen azide complex 2 (Scheme 4). This complex could
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be isolated from the reaction mixture and recycled up to 10 times at 1 mol% loading with maintained
reactivity and enantioselectivity. Kinetic studies revealed a second-order dependence of the reaction
rate on the catalyst, suggesting that the catalyst played a dual role in the mechanism: activating both
the electrophile and the nucleophile in a bimetallic rate-determining step (Scheme 5) [28]. The proposed
mechanism was also supported by the observation of significant non-linear effects of the enantiomeric
composition of the catalyst on the enantioselectivity of the reaction [29]. Studies also showed that
TMSN3 was not directly involved in the catalytic cycle but rather served as a source of HN3 in the
presence of trace amounts of water [28].

 
Scheme 5. The mechanism for the ARO of cyclopentene oxide with TMSN3 catalyzed by Cr–salen
complexes as proposed by Jacobsen et al. [28].

The proposal of a bimetallic rate-determining step led to the synthesis and application of
dimeric catalysts, both in order to gain further mechanistic insights and in the hope that enforcing
the cooperativity would lead to improved catalytic activity and enantioselectivity. Jacobsen and
coworkers [30] designed and synthesized a number of covalently linked dimeric complexes with
different position and length of the linker (Figure 1), which were evaluated as catalysts for the
solvent-free ARO of cyclopentene oxide with TMSN3. The positioning of the linker was based on
two limiting geometries envisioned for the transition state of the ARO of meso-epoxides catalyzed by
monomeric complex 2: “head-to-head” and “head-to-tail” (Figure 2). Complex 3 was designed
to evaluate the “head-to-head” geometry and complexes 4–10 were designed to evaluate the
“head-to-tail” geometry.

 
Figure 1. Bimetallic catalysts designed to evaluate the “head-to-head” geometry (catalyst 3) and the
“head-to-tail” geometry (catalyst 4–10) of the bimolecular catalysis.
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Figure 2. The two limiting geometries for the enantioselectivity-determining transition state of
the asymmetric ring-opening of meso-epoxides catalyzed by Cr–salen complex 2 as proposed by
Jacobsen et al. [30].

All of the investigated dimeric complexes could be used under solvent-free conditions and gave
increased reaction rates in the ARO of cyclopentene oxide with TMSN3 compared to monomeric
analogues. While the complex based on the “head-to-head” alignment (complex 3) gave very
low enantioselectivity (8% ee), the “head-to-tail” aligned complexes 4–10 gave enantioselectivities
similar to those obtained with monomeric analogues (90–94% ee). Complexes 4–10 also performed
efficient catalysis at concentrations one order of magnitude below the lower limit of reactivity for the
monomeric analogues. Kinetic studies showed the participation of both inter- and intramolecular
pathways in the ARO, with complex 6 (n = 5) demonstrating the highest rate constants for both the
inter- and intramolecular pathways out of the investigated dimeric catalysts (4–10). The intramolecular
cooperative catalysis could also be observed by the decreasing non-linear effects in the ARO of
cyclopentene oxide with TMSN3 with decreasing concentration of the dimeric catalyst [29,30].

Inspired by Jacobsen’s dimeric Cr–salen complexes (Figure 1), Wärnmark and coworkers designed
and synthesized several heterobimetallic dimeric complexes, based on the idea that some metal–salen
complexes might be more efficient at activating the epoxide and others might be better at activating the
nucleophile. This was supported by the initial screening of different 1:1 combinations of monometallic
salen complexes with different metal ions as catalysts in the ARO of cyclohexene oxide with TMSN3,
where synergistic effects in terms of reactivity and enantioselectivity were observed when Cr–monosalen
complexes were combined with Mn– or Co–monosalen complexes. The design of the dimeric complexes
included a novel design principle, where C2- and Cs-symmetric ligands are desymmetrized by the
insertion of two different metal ions, giving catalysts of pseudo-C2 [31] and pseudo-Cs [32] symmetry,
respectively (Figure 3). The catalysts were applied in the ARO of a number of meso-epoxides
with TMSN3. The pseudo-C2 catalysts, Cr(III)-Co(III) catalyst 12 gave the best results; the reaction
could be performed under solvent-free conditions and with very low catalyst loading (0.01 mol%).
The ring-opened products were obtained in excellent yields and enantioselectivities (up to 99% yield and
94% ee). The Cr(III)–Co(III) catalyst 12 (Figure 3) exhibited higher enantioselectivity than monomeric
analogue 1 (Scheme 4) and dimeric homobimetallic complex 6 (Figure 1) in the ARO of cyclohexene
oxide under the same reaction conditions. Cr(III)–Mn(III) catalyst 11 (Figure 3) displayed the highest
reactivity, with a turnover frequency (TOF) fifty times higher than monomeric 1 and five times higher
than homometallic complex 6 (Figure 1) under the same reaction conditions. The study also included a
number of dimeric catalysts with different diamine backbones, although the best results were obtained
for the catalysts shown in Figure 3 with trans-1,2-diaminocyclohexyl backbones. For the pseudo-Cs
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catalysts 13 and 14 (Figure 3), the ligand itself is achiral, and the chirality is induced only by the
coordination of two different metal ions. Even so, this weak source of chirality was enough to induce
enantioselectivity and the complexes were found to catalyze the ARO of cyclopentene oxide with
TMSN3 under solvent-free conditions, giving the ring-opened product in >99% yield and 63–76% ee.

 
Figure 3. Pseudo-C2 and pseudo-Cs-symmetric heterobimetallic bissalen complexes.

Another way of exploiting the cooperative mechanism is by designing catalysts where metal–salen
complexes are brought into close proximity by non-covalent interactions. Hence, Mirkin and
coworkers [33] developed an allosteric supramolecular catalyst by synthesizing a Cr–salen complex
with a 2-diphenylphosphanylethylsulfanyl linker at each end of the salen ligand. The dimeric allosteric
catalyst was formed by connecting two Cr–salen complexes through coordination to Rh(I) at each end
(Figure 4). The distance between the two Cr–salen units (changing between the closed and open forms)
could be allosterically controlled by the reversible binding of a CO molecule and a chloride ion to
each Rh(I) center (Figure 4). The catalytic properties were investigated in the ARO of cyclohexene
oxide with TMSN3. Using the closed form of the catalyst (complex 15) gave 68% ee and a 20-fold rate
enhancement compared to the monomeric catalyst 1 under the same conditions. The open form of the
catalyst (complex 16) generated a further doubling of the reaction rate. However, no ee values of the
product were reported from the catalysis performed with the open form of the catalyst. Due to the
poor solubility of the catalyst, all reactions were performed in benzonitrile.

The same research group also developed catalytically active molecular tweezers based on the same
design principle with a single Rh(I) center acting as the hinge [34]. This complex allowed for reactions to
be run in THF instead of benzonitrile. Using the catalyst in the ARO of cyclohexene oxide with TMSN3

yielded products with up to 80% ee, compared to 26% ee obtained with complex 1 under the same
reaction conditions. The closed form of the catalyst maintained a high enantioselectivity over a range
of concentrations, while the open (linear) form exhibited significantly decreased enantioselectivity at
lower concentrations.

Wärnmark and coworkers [35,36] explored hydrogen-bonded supramolecular catalysts, designing
Cr–salen complexes capable of forming heterodimers through complementary hydrogen-bonding
motifs (complexes 17 and 18 in Figure 5). In addition, complexes containing an alkyl strap were also
synthesized (complexes 19 and 20 in Figure 5) in order to force the hydrogen-bonding moieties of the
monomers into a favorable conformation to assist the aggregation of the desired cyclic heterodimer.
The ARO of cyclohexene oxide and cyclopentene oxide with TMSN3 in toluene was used to evaluate
the supramolecular systems. Kinetic studies showed that the supramolecular systems 17 + 18 and 19 +

20, respectively, gave higher reaction rates than monosalen catalyst 1 (Scheme 4) with the strapped
systems showing the highest catalytic efficacy. The effect was most pronounced at lower catalyst
concentrations. As an example, at 5 mM catalyst concentration in toluene, the strapped system 19 + 20

gave eight times higher initial rate than monosalen catalyst 1 for the ARO of cyclohexene oxide. Studies
also indicated that more than one reaction mechanism may be involved in the catalysis involving
these systems. The induced enantioselectivity was, however, significantly lower (<10% ee) than what
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was obtained with catalyst 1. Equilibrium studies on similar studies by the Wärnmark group [37]
showed that only a fraction of the supramolecular assemblies contained the cyclic dimeric structure
in solution. Hence, the catalysis was, instead, most likely conducted by a mixture of open, linearly
aggregated species.

 
Figure 4. An allosteric supramolecular bissalen catalyst; closed form (top, 15) and open form (bottom,
16). PPNCl = bis(triphenylphosphoranylidene)ammonium chloride.

 
Figure 5. Monomeric catalysts 17–20, drawn as hydrogen-bonded cyclic dimeric aggregates.

One area of interest has been the development of heterogeneous metal–salen catalysts, as this
potentially allows for an easier product separation and catalyst recovery [14,15,38]. Several different
strategies have been explored for the immobilization of metal–salen complexes on different solid
supporting materials [39]. In addition to the reactivity and enantioselectivity, the heterogeneous
catalysts also need to be evaluated in terms of stability, leaching, and recyclability.

Early examples include polymer-supported chiral Cr–salen complexes [40] and cationic chiral
Cr–salen complexes incorporated into the cavities of zeolites and the interlamellar region of
montmorillonite [41]. Both of these strategies gave low enantioselectivities in the ARO of cyclic
meso-epoxides with TMSN3. The decreased enantioselectivities compared to homogeneous catalysts
were attributed to a changed steric environment around the complex [40,41] and loss of the cooperative
catalytic effect [41].

Garcia and co-workers [42] developed heterogeneous catalysts by binding chiral Cr–salen
complexes to solid silicates. The complexes were anchored on functionalized silicates through
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aminopropyl tethers, either by complexation with the metal (complex 21, Figure 6) or by covalent
linkage to the ligand (complex 22, Figure 6). The complexes anchored to the solid through coordination
to the chromium catalyzed the ARO of cyclohexene oxide with TMSN3 with high yield (93–99%) and up
to 70% ee but were found to undergo extensive leaching of the complex into the diethyl ether solution.
In contrast, the covalently linked complexes showed no leaching but generated only moderate yields
and low enantiomeric excesses in the ring-opening of cyclohexene oxide (43–66% yield and 8–18% ee).
The decreased enantioselectivity compared to homogeneous catalysts was attributed to a likely change
in the reaction mechanism.

Figure 6. Cr–salen complexes anchored to functionalized silicates SiO2, ITQ-2 and MCM-41.

Jacobs and coworkers [43] conducted further investigations of heterogeneous catalyst 21 (Figure 6)
in the ARO of meso-epoxides. They found that the level of Cr–salen complex leaching is largely
dependent on the choice of solvent. While homogeneously catalyzed ARO reactions of epoxides are
usually performed in ethereal solvents, in heterogeneous catalysis, these solvents greatly enhanced
the leaching by facilitating ligand exchange processes. Using apolar non-coordinating solvents like
hexane gave leaching of <1% in the ARO of cyclohexene oxide and cyclopentene oxide with TMSN3 as
nucleophile, while maintaining excellent yields and good enantioselectivities (up to 77% ee). Recycling
experiments showed that the catalyst could be recycled up to 10 times without loss of reactivity and
enantioselectivity, although the reaction time had to be increased after each run.

Jacobs and coworkers also explored monomeric complex 1 (Scheme 4) and dimeric complex
23 (Figure 7) impregnated on unfunctionalized silica [44,45]. The heterogeneous catalysts were
used in the ARO of cyclopentene oxide and cyclohexene oxide with TMSN3. All reactions were
performed in hexane. The catalyst based on monomeric complexes exhibited moderate reactivity and
enantioselectivity (47–98% yield and 30–45% ee), and while leaching was limited, the silica support
suffered some deterioration after repeated experiment [45]. The catalyst based on dimeric complex
23 (Figure 7) gave higher yields (74–98%) and improved, although still moderate, enantioselectivities
(50–68% ee). Using the catalyst in a continuous-flow reactor reduced the deterioration of the support,
although these experiments were only performed for the KR of 1,2-epoxyhexane with TMSN3 [44].
In later studies, the dimeric Cr–salen complex was also immobilized in a silica-supported ionic
liquid, using ionic liquid [bmim][PF6] (bmim = 1-butyl-3-methylimidazolium) [46]. This type of
heterogenization resulted in both increased reactivity and enantioselectivity compared to the dimeric
catalyst impregnated on silica (93% yield and 75% ee in the ARO of cyclohexene oxide with TMSN3),
as the catalyst in the supported ionic liquid phase was more accessible for reaction than when adsorbed
on a silica surface. The catalyst and the ionic liquid could be recovered by Soxhlet extraction with
acetone and recycled without loss of enantioselectivity. As reported for the catalysts impregnated on
silica, the support shows some deterioration over time, but this could again be improved by using a
continuous-flow reactor.
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Figure 7. Dimeric Cr–salen complex 23.

Another approach to the heterogenization of Cr–salen complexes is to use dendritic structures as
a soluble support. Hence, Keilitz and Haag [47] developed catalysts based on Cr–salen complexes
immobilized on hyperbranched polyglycerol (complexes 24–27, Figure 8). The catalysts consist of
Cr–salen analogues with a pyrrolidine backbone, which are linked to the support by linkers of different
lengths. The catalysts were used in the ARO of cyclopentene oxide and cyclohexene oxide with TMSN3,
using diethyl ether as solvent. The dendrimeric catalysts displayed significant rate enhancements
compared to a monomeric analogue, but decreased enantioselectivity. By increasing the length of
the linker, the enantioselectivity was improved (from 16% to 64% ee for the ARO of cyclopentene
oxide). The best results were obtained with a C10 linker (catalyst 26) which gave the ring-opened
products with ee values of 48% (for the product from cyclohexene oxide) and 64% (for the product
from cyclopentene oxide). Full conversions were reported for all reactions.

 
Figure 8. Cr–salen complexes immobilized on hyperbranched polyglycerol (hPG).
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Schulz and coworkers [38] synthesized a chiral calixsalen-type chromium complex that was
employed as a heterogeneous catalyst in the ARO of cyclohexene oxide and 3,4-epoxytetrahydrofuran
with TMSN3. The macrocyclic catalyst 28 contains 2–5 repeating thiophene-salen units and was used
as an oligomeric mixture (Figure 9). The reaction was performed under heterogeneous conditions
in tert-butyl methyl ether (TBME), and the catalyst could be recovered by filtration and recycled
several times. The products were obtained in good yields (62–90%) and moderate enantioselectivities
(42–62% ee).

 
Figure 9. Macrocyclic calixsalen catalyst 28.

Inspired by Weck’s [48] work on hydrolytic kinetic resolution (HKR) of terminal epoxides, Liu and
coworkers [49] studied the catalytic properties of macrocyclic oligomer-supported Cr–salen catalysts in
the ARO of cyclohexene oxide with TMSN3. Catalysts with different linker lengths between the salen
complex and the oligomers were synthesized and compared (catalysts 29–31, Figure 10). The catalysts
were obtained as mixtures of different ring sizes (dimers to decamers) and used as such in the catalytic
studies. Reactions carried out with 0.2 mol% catalyst loading in diethyl ether gave significantly higher
catalytic activity, enantioselectivity and reaction rates than for the monomeric catalyst 1 (Scheme 4)
under the same conditions. The catalyst with the shortest linker (catalyst 29) showed the highest
reaction rate (17 times higher initial TOF than monomeric catalyst 1) and the catalyst with the longest
linker (catalyst 31) gave the highest enantioselectivity (82% ee), demonstrating the importance of
distance and relative orientation of the Cr–salen complexes in multi-metallic catalysts. The catalysts
could be recovered by precipitation with acetone and recycled up to five times with maintained
reactivity and enantioselectivity.

 
Figure 10. Macrocyclic oligomer-supported Cr–salen catalysts.
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In an effort to improve catalyst recycling, Song and coworkers [50] investigated the use of ionic
liquids based on 1-butyl-3-methylimidazolium salts ([bmim][X], Figure 11) as reaction medium in the
ARO of cyclic meso-epoxides with TMSN3 catalyzed by Cr–salen complex 1 (Scheme 4). By performing
the reactions in ionic liquids, the products could be extracted with hexane, while the catalyst remained
in the ionic liquid phase. The recovered catalyst could be recycled several times without loss of
reactivity or enantioselectivity. The study also found that the nature of the anionic counter ion has
a large influence on the reaction, where reactions performed in [bmim][PF6] gave high yields and
enantioselectivies (Scheme 6), comparable to those obtained under homogeneous conditions [20],
while reactions carried out in more hydrophilic ionic liquids like [bmim][OTf] hardly gave any product.

 
Figure 11. 1-Butyl-3-methylimidazolium salts.

 
Scheme 6. The asymmetric azidolysis of cyclopentene oxide catalyzed by Cr–salen complex 1 (Scheme 4)
in [bmim][PF6].

Cui and coworkers [51] prepared chiral coordination cages with metal–salen linkers. The so formed
supramolecular nanoreactors consisted of six dicarboxylate linkers based on metal–salen complexes
(Mn(III)-, Cr(III)-, and Fe(III)salen complexes) and four Cp3Zr3 cluster vertices, giving a tetrahedral cage
with a hydrophobic cavity (Figure 12). Remarkably, the mixed-linker cage containing both Mn–salen
and Cr–salen linkers was able to catalyze the sequential asymmetric epoxidation/ring-opening of
2,2-dimethyl-2H-chromene, giving the product with high yield and enantioselectivity (Scheme 7).
The cage catalyst also allowed for very low catalyst loadings and remained active at 0.005−0.01 mol%.
The reactions were performed under homogeneous conditions, but the catalyst could be recovered
by precipitation by the addition of diethyl ether and recycled up to five times with only a slight
decrease of enantioselectivity. The same group also explored metal-organic frameworks (MOFs)
containing metal–salen linkers prepared by post-synthetic exchange of ligands. The mixed Cr–Mn
MOFs catalyzed the sequential alkene epoxidation/ring-opening of 2,2-dimethyl-2H-chromene in good
yield and enantioselectivity [52].

Yang and coworkers [53] used Cr–salen complex 1 (Scheme 4) to catalyze the ARO of meso-epoxides
with TMSN3 as an example reaction to investigate the efficiency of their liquid-solid hybrid catalysts.
The hybrid catalysts were designed to bridge homogeneous and heterogeneous catalysis and consisted
of a catalyst-containing ionic liquid hosted in a porous solid outer crust (Figure 13). The ionic
liquid phase consisted of [bmim][PF6] mixed with 20% [bmim][BF4] and a small amount of water,
and the silica porous crust was prepared from tetramethoxysilane (TMOS). The catalytic particles
were successfully packed into fixed-bed reactors for continuous flow reactions. During the reaction,
the reactants could pass through the porous crust to the liquid pool where the “homogeneous” reaction
occurred. When used in a continuous flow system with n-octane as the mobile phase, the hybrid
catalyst demonstrated high catalytic efficiency for the ARO of cyclopentene oxide, cyclohexene oxide
and cis-2,3-epoxybutane. The products were obtained with excellent yields (>99%) and up to 93% ee
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(for the product from cyclopentene oxide). The reactivity and enantioselectivity could be maintained
over 600 h.

Figure 12. Single crystal X-ray structure of Mn–salen linked coordination cage. The yellow sphere
highlights the hydrophobic cavity. Reprinted with permission from Reference [51]. Copyright 2018
American Chemical Society.

 
Scheme 7. The sequential asymmetric epoxidation/ring-opening of 2,2-dimethyl-2H-chromenes
catalyzed by the mixed Mn–Cr coordination cage shown in Figure 12.

 

Figure 13. A liquid-solid hybrid catalyst. Adapted with permission from Reference [53]. Copyright
2019 American Chemical Society.

2.2. With Anilines, Amines, and Carbamates

An alternative, seemingly more straightforward method for obtaining enantiopure vicinal amino
alcohols than first forming the azido alcohol and then reducing it, is to use amines as nucleophiles in
the ARO of meso-epoxides. However, this approach suffers from an inherent compatibility problem,
as the Lewis acidic metal–salen catalyst can be deactivated by complexation with the Lewis basic
amine. Nevertheless, there are several examples of successful strategies for overcoming these issues
and achieving highly active and enantioselective catalysis of the aminolysis of meso-epoxides.

Bartoli and Melchiorre [54] employed Cr–salen complex 1 (Scheme 4) in the ARO of meso-stilbene
oxide with anilines as nucleophiles. Reactions carried out in dichloromethane with 10 mol% catalyst
loading afforded the corresponding amino alcohols with high yields, complete diastereocontrol (only
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the syn-isomer was observed) and high enantioselectivity (Scheme 8). The use of a catalytic amount of
Et3N as an additive was found to give a significantly enhancement of the enantioselectivity (from 76%
to 90% ee for reaction with aniline) but caused a moderate loss of reactivity.

 
Scheme 8. The asymmetric aminolysis of meso-stilbene catalyzed by Cr–salen complex 1 (Scheme 4).

Kureshy and coworkers [55,56] investigated several different approaches to achieve the
enantioselective synthesis of vicinal amino alcohols by the ARO of meso-epoxides. One such approach
is the use of in situ generated monomeric and polymeric Ti(IV)salen complexes from ligands 32

and 33 (Scheme 9) [55]. In order to achieve an efficient asymmetric catalysis, high catalyst loading
(20 mol%) and the addition of additives was required. For the ARO of meso-stilbene oxide with aniline,
the best results were obtained with the enantiopure imine additive A (Scheme 9). Under optimized
conditions, the ring-opened product was obtained in excellent yield and enantioselectivity (99% yield
and >99% ee). Noticeably, the use of the opposite enantiomer of the additive resulted in significantly
lower enantioselectivity (75% ee). The authors suggested that this could indicate synergistic effects
between the catalyst and the additive but did not investigate it further. For the ARO of cyclic
epoxides, triphenylphosphine was found to be the best additive, although yields and ee values were
significantly lower than those found for meso-stilbene oxide. The monomeric and polymeric catalyst
gave comparable yields and enantioselectivities, but the polymeric catalyst generated from ligand 33

showed higher reactivity. In addition, the polymeric catalyst could be precipitated out from the reaction
mixture by the addition of n-hexane and recycled several times without loss of enantioselectivity.

 
Scheme 9. The asymmetric aminolysis of meso-stilbene oxide catalyzed by in situ formed Ti–salen
complexes using ligands 32 and 33.

The same group also synthesized and evaluated a series of enantiopure macrocyclic Cr–salen
complexes with different counter ions [56]. After the screening of different reaction conditions, optimal
results were obtained for reactions performed in CH2Cl2/MeOH (9:1 v/v) with 0.5 mol% catalyst loading
using catalyst 34 (Figure 14). These conditions were used for the ARO of a limited number of cyclic
and acyclic meso-epoxides with aniline, giving the products in excellent yields (98–99%) and high
enantioselectivities (up to 91% ee). The catalyst could be recycled up to four times without loss of
reactivity or enantioselectivity.
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Figure 14. Macrocyclic Cr–salen complex 34.

Jacobsen and coworkers [57,58] used cyclic Co–salen catalyst 35 as a mixture of oligomers in
the ARO of cyclic meso-epoxides with phenyl carbamate, resulting in the asymmetric synthesis of
N-protected trans-1,2-amino alcohols in high yields and with excellent enantioselectivities (Scheme 10).
For six-membered ring epoxides, the addition of the nucleophile was followed by intramolecular
cyclization, resulting in trans-4,5-disubstituted oxazolidinone products. The ARO of five-membered
ring epoxides also proceeded smoothly, although the products did not undergo cyclization, most likely
due to the unfavorable strain in trans-fused 5-5 ring systems. The products could be deprotected by
hydrolysis under basic conditions, and the method could be scaled-up to prepare multigram quantities
of the products (Scheme 11).

 
Scheme 10. The asymmetric carbamolysis of meso-epoxides catalyzed by cyclic oligomeric Co–salen
complex 35.

Scheme 11. A multigram synthesis of trans-2-aminocyclohexanol hydrochloride using oligomeric
catalyst 35 (Scheme 10).

Peddinti and coworkers [59] used Co(III)salen complexes to catalyze the ARO of cyclohexene
oxide with secondary aliphatic amines, enabling the highly enantioselective synthesis of biologically
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important molecules such as vesamicol. Screening of reaction conditions revealed that the solvent had
a large impact on the reaction rate and the enantioselectivity. The counter ion was also shown to affect
both the catalytic activity of the catalyst and the enantioselectivity of the reaction. For the ARO of
cyclohexene oxide with 4-arylpiperidines, the reaction performed with catalyst 36 in tert-butyl methyl
ether (TBME) gave products with good yields and good to excellent enantioselectivities (Scheme 12).

 
Scheme 12. The asymmetric aminolysis of cyclohexene oxide catalyzed by Co–salen complex 36.

In the area of heterogeneous catalysis, Islam and coworkers developed catalysts based on a series of
metal–salen complexes supported on functionalized mesoporous silica materials. A chiral Fe(III)salen
complex was covalently immobilized on mesoporous silica SBA-15 through an aminopropyl linker
(Figure 15) [60]. The so-formed heterogeneous catalyst 37 was used in the ARO of cyclohexene oxide
with different anilines, giving the products in high yields (85–96%) and with excellent enantioselectivities
(96–99% ee). Notably, the reactions could be performed under solvent-free conditions and reached
complete conversions in just 2–3 h at room temperature. The catalyst could be recycled up to five times
with maintained reactivity and enantioselectivity.

 
Figure 15. A Fe–salen complex immobilized on mesoporous silica SBA-15.

Islam and coworkers [61] also immobilized Co–salen complexes on mesoporous silica.
The Co–salen complexes were grafted on the material through non-covalent interactions between
quaternary amine groups on the salen units and carboxylate units on the functionalized silica (catalyst
38, Figure 16). The material showed excellent catalytic activities for the ARO of cyclohexene oxide
with a number of aromatic and cyclic amines under solvent-free conditions, with short reaction times
(1–2.5 h), high yields and high enantioselectivities (87–97% yield and 77–99% ee). After the reaction,
the catalyst could be recovered by precipitation and centrifugation and then recycled without loss of
reactivity or enantioselectivity and with no detectable metal leaching.
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Figure 16. A Co–salen complex immobilized on mesoporous silica SBA-15.

Tu and coworkers [62] developed two-dimensional self-supported (i.e., immobilized without
the use of an external support) chiral catalysts based on titanium. The catalytic systems consisted of
coordination assemblies consisting of heteroditopic ligands containing enantiopure 1,1’-bi-2-naphthol
(BINOL) and salen derivatives, where the oxygen bridge in dimeric Ti(IV)salen complexes was used
as a crosslinker (Figure 17). Due to the fact of their insolubility in most organic solvents and water,
the assemblies were used as heterogeneous catalysts in the ARO of cyclic and acyclic meso-epoxides with
benzylic and aliphatic amines as nucleophiles. The reactions were performed in toluene and the products
were obtained in high yields and enantioselectivities (83–99% yield and 83–98% ee). Furthermore,
saturated analogues of the metal–salen complexes were also investigated, and the salan-based
catalyst 39 was successfully used for the one-pot sequential asymmetric epoxidation/ring-opening
of 2,2-dimethyl-4,7-dihydro-1,3-dioxepine, giving the product with high yield and enantioselectivity
(Scheme 13). The self-supported catalysts demonstrated very high stability and could be reused up to
20 times without significant loss in yield or enantioselectivity.

Cui and coworkers [63] developed heterogeneous catalysts based on MOFs and coordination cages
with metal–salen linkers. The Cr/VO-salen mixed MOF catalysts were fabricated via solvent-assisted
linker exchange and used in the ARO of meso-stilbene oxide with aniline as nucleophile. The reaction
performed in CH2Cl2 with 5 mol% catalyst loading gave the product in 87% yield and 76% ee. The same
group also designed coordination cages with mixed Mn–salen and Cr–salen linkers which were able
to catalyze the sequential asymmetric epoxidation/ring-opening of 2,2-dimethyl-2H-chromene with
anilines, affording the products in good yield (60–82%) and with excellent enantioselectivity (up to
99.9% ee) (Scheme 7) [51].
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Figure 17. (a) A schematic representation of 2D titanium metal–organic coordination assemblies.
(b) A self-supported chiral Ti–salen catalyst with different linkers and diamine substituents.

 
Scheme 13. The sequential asymmetric epoxidation/ring-opening of 2,2-dimethyl-4,7-dihydro-1,3-
dioxepine catalyzed by self-supported Ti-salan catalyst 39.

2.3. With Oxygen-Containing Nucleophiles

The hydrolytic asymmetric ring opening of cyclic meso-epoxides provides a pathway towards
enantioenriched vicinal trans-diols and is a valuable complement to other methods such as the catalytic
asymmetric dihydroxylation of cyclic alkenes which selectively produce cis-diols [64]. Several of the
catalysts that have proven effective for the HKR of terminal epoxides have also been investigated in the
ARO of meso-epoxides [65–68]. While many of the HKR catalysts failed to exhibit high reactivity and
enantioselectivity in the ARO of meso-epoxides, there are a few examples where the use of Co(III)salen
complexes afforded enantioenriched vicinal trans-diols in high yields and enantioselectivities.

In 2001, Jacobsen and coworkers [69] reported a mixture of macrocyclic oligosalen complexes
(catalyst 40, Figure 18) as a catalyst for the HKR of terminal epoxides. This catalyst was also proven to
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be effective in the hydrolytic ARO of cyclohexene oxide. Using this catalyst, trans-1,2-cyclohexane diol
was synthesized with 98% yield and 94% ee (Scheme 14).

 
Figure 18. Macrocyclic oligosalen mixtures 40 and 35 and monomeric analogue 41.

 
Scheme 14. The asymmetric hydrolysis of cyclohexene oxide catalyzed by cyclic oligomeric Co–salen
complex 40 (Figure 18).

Kinetic studies demonstrated that oligosalen catalyst 40 was much more reactive and
enantioselective in the hydrolysis of cyclohexene oxide than monomeric analogue 41 (Figure 18).
Despite its excellent reactivity, the application of catalyst 40 was limited by its low solubility in the
reaction mixture. In addition, reproducibility problems were observed when applying 40 from different
batches in the same reaction [69]. To resolve these issues, the same group reported a new generation
of oligomeric salen complexes (catalyst 35 in Figure 18) which could be prepared on a multigram
scale with 60–66% overall yield [58]. The mixture was found to consist mainly of dimer (n = 1),
with a small amount of trimer (n = 2). The catalyst showed improved reactivity and enantioselectivity
compared to monosalen complex 41 and oligomeric mixture 40 in the hydrolysis of meso-epoxides.
The catalyst tolerated a broad scope of substrates and gave the ring-opened products in high yields
and enantioselectivities for five- and six-membered cyclic meso-epoxides (Scheme 15). The enhanced
reactivity of these oligomeric salen complexes compared to monosalen analogues was attributed to the
cooperative intramolecular interactions between two salen moieties, which was further supported by
the observed first-order kinetic dependence on catalyst concentration.

Scheme 15. The asymmetric hydrolysis of cyclic meso-epoxides catalyzed by cyclic oligomeric Co–salen
complex 35 (Figure 18).

The cooperative mechanism was also exploited by Liu and coworkers in the design of bimetallic
catalyst 42 (Figure 19) [70]. Complex 42 is capable of self-assembling into a dimer by aromatic
donor-acceptor interactions between naphthalenediimide and pyrene. The catalyst displayed excellent
reactivities in HKR reactions of several terminal epoxides as well as in the hydrolytic ARO of
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cyclohexene oxide, the latter detailed in Scheme 16. In addition, it was found that performing the
reactions with a 1:1 mixture of analogues 43 and 44 (Figure 19) gave similar or better results than
complex 42. Using only one of the analogues (either 43 or 44) required significantly longer reaction
times to reach full conversions. This further supported that the aromatic donor-acceptor interactions
played an important role for the reactivities of these catalysts.

 
Figure 19. Self-assembling cooperative Co–salen catalysts 42–44 (blue = aromatic acceptor,
red = aromatic donor).

 
Scheme 16. The asymmetric hydrolysis of cyclohexene oxide catalyzed by cooperative Co–salen
complexes 42 or 43 + 44 (Figure 19).

The ARO of meso-epoxides with carboxylic acids is of interest owing to its possibility to access
monoesters of vicinal diols in high yield and with high enantio- and diastereoselectivity, something
which is difficult to achieve with other synthetic methods. Jacobsen’s group investigated this type
of reaction with various monosalen catalysts, finding that a Co(III)salen complex, generated in situ
by stirring Co(II)salen complex 45 (Figure 20) in carboxylic acid in air, was the most effective in
catalyzing the reaction [71]. With the addition of diisopropylethylamine, complex 45 catalyzed the
reactions between meso-epoxides and benzoic acid, affording the corresponding mono-benzoate esters
in good to excellent yields and ee values (Scheme 17). The substrate scope included cyclic and
acyclic meso-epoxides with aliphatic and aromatic substituents. The use of one equivalent of weakly
coordinating base was necessary to achieve a high rate, enantioselectivity and yield. The authors
hypothesized that the beneficial effects might stem from the fact that amines significantly increase
the solubility of benzoic acid in TBME. The crystallinity of the mono-benzoate esters also meant
that for reactions with moderate ee values, the enantiomeric excess could easily be further improved
by recrystallization. This methodology was successfully applied to the ARO of meso-epoxides with
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benzoic acid and benzoic acid derivatives as nucleophiles. Using other acids, such as acetic acid or
pivalic acid, resulted in lower enantioselectivity and reactivity and was not pursued further.

Figure 20. Co(II)salen complex 45.

 
Scheme 17. The asymmetric ring-opening of meso-epoxides with benzoic acid catalyzed by Co–salen
complex 45 (Figure 20) to generate monoesters.

2.4. With Halogens

Metal–salen complexes have seen limited use as catalysts for the ARO of meso-epoxides with
halogen nucleophiles. The few examples that can be found in literature are focused on fluorinations,
most likely owing to the growing interest in and importance of fluorine substituted organic
compounds [72–74].

Haufe and coworkers published a number of studies using Cr–salen complex 46 and different
fluoride sources to achieve the enantioselective fluorination of epoxides. The reaction of cyclohexene
oxide with KHF2/18-crown-6 gave (R,R)-2-fluorocyclohexanol in 64% yield and 55% ee when
stoichiometric amounts of catalyst 46 was used. Attempts to lower the catalyst loading resulted in
a drastic drop in enantioselectivity. The reaction also produced some amount of the corresponding
chlorohydrin [75]. Changing the fluoride source to silver fluoride led to improved yields and
enantioselectivities, and complete suppression of the formation of the chlorinated by-product, although
a high catalyst loading of 50–100 mol% was still required (Scheme 18) [76]. Attempts to lower the
necessary quantity of catalyst by using different fluoride sources and reaction conditions proved
unsuccessful [77].

 
Scheme 18. The asymmetric ring-opening of cyclohexene oxide with AgF catalyzed by Cr–salen
complex 46.

Doyle and Kalow reported the enantioselective ring-opening of cyclic meso-epoxides with fluoride
catalyzed by Co(II)salen complex 47 and an enantiopure amine cocatalyst. The protocol included in
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situ generation of HF from benzoyl fluoride and 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP). For the ARO
of variety cyclic meso-epoxides, the use of (-)-tetramisole as the chiral base gave good yields and high
enantioselectivities of the resulting fluorohydrins (Scheme 19) [78].

 
Scheme 19. The asymmetric ring-opening of meso-epoxides with HF catalyzed by Co(II)salen
complex 47.

Extensive mechanistic studies of the above reaction resulted in some unexpected and seemingly
incompatible data. Kinetic studies demonstrated an apparent first-order dependence on the catalyst
while substituent and nonlinear effects supported a bimetallic rate-determining step. Based on this,
the authors proposed that the active fluorinating agent was a cobalt-bifluoride complex which formed
a fluorine-bridged dimer as a resting state. The amine cocatalyst was proposed to facilitate the
dissociation of the dimer (Scheme 20). Further support for the proposed bimetallic mechanism was
obtained by the use of the covalently linked Co(II)salen dimer 48 (Figure 21), which resulted in
increased reaction rates, extended substrate scope and high enantioselectivity [79].

Scheme 20. A part of the proposed mechanism of the asymmetric fluorination of meso-epoxides
catalyzed by Co–salen 47 (Scheme 19), proposed by Doyle and Kalow [79], showing the dimeric
resting-state and its dissociated form.

 
Figure 21. Dimeric Co(II)salen catalyst 48.
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2.5. With Thiols and Selenols

Jacobsen and coworkers applied Cr–salen catalyst 46 (Scheme 18) in the ARO of cyclohexene
oxide with benzyl mercaptan as the nucleophile (Scheme 21) [80]. The product was obtained in good
yield but with only moderate enantioselectivity. The enantioselectivity could be improved by instead
employing 1,4-benzenedimethanethiol as the nucleophile, which resulted in a diastereomeric mixture
of C2-symmetric and meso ring-opened products (Scheme 22). The desired C2-symmetric product
could be isolated with high enantioselectivity and transformed into the free thiol by a dissolving metal
reduction in a subsequent step.

Scheme 21. The asymmetric ring-opening of cyclohexene oxide with benzyl mercaptan catalyzed by
Cr–salen complex 46 (Scheme 18).

 
Scheme 22. The asymmetric ring-opening of meso-epoxides with 1,4-benzenedimethanethiol catalyzed
by Cr–salen complex 46 (Scheme 18).

Many of the reported methods for the ARO of meso-epoxides with thiols and selenols employ
Ti–salen catalysts. One such method was published by Hou and coworker, who used a chiral Ti(IV)salen
complex, formed in situ from Ti(OiPr)4 and salen ligand 32 (Scheme 9). This catalyst afforded vicinal
hydroxy sulfides in good yields and moderate enantioselectivities (Scheme 23) [81]. The choice of
sulphur nucleophile could also be extended to dithiophosphorus acids, which was explored by Zhou
and Tang [82,83]. Their protocol gave the ring-opened product in high yield and good enantioselectivity.
Subsequent reduction afforded the corresponding vicinal hydroxy sulfide (Scheme 24).

Scheme 23. The asymmetric ring-opening of meso-epoxides with thiols catalyzed by a Ti–salen complex
generated in situ from Ti(OiPr)4 and salen ligand 32 (Scheme 9).
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Scheme 24. The asymmetric ring-opening of cyclohexene oxide with dithiophosphorous acid catalyzed
by a Ti–salen complex generated in situ from Ti(OiPr)4 and salen ligand 32 (Scheme 9).

For the enantioselective addition of aryl selenols to meso-epoxides, Zhu and coworkers reported
the use of heterobimetallic titanium-gallium-salen complex 49 (Scheme 25) [84]. The “open” complexes
were prepared by first incorporating gallium (GaMe3) and then adding Ti(OiPr)4. Catalyst 49 was
used in the ARO of a number of cyclic and acyclic meso-epoxides with aryl selenols as nucleophiles,
affording the products in high yields and up to 97% ee. The authors proposed a strong synergistic effect
between the two Lewis acids, with the hard Lewis acid titanium activating the epoxide and the softer
gallium coordinating the arylselenol and directing the nucleophilic attack. The same method could
also be extended to the ARO of meso-epoxides with thiols, resulting in high yields and moderate to
high enantioselectivities (up to 92% ee) [85,86].

 
Scheme 25. The asymmetric ring-opening of meso-epoxide with aryl selenols and thiols catalyzed by
Ti-Ga-salen complex 49.

Another protocol for the asymmetric synthesis of vicinal hydroxy selenides was reported by
Tiecco and Marini, who used Cr–salen complexes to catalyze the ARO of meso-epoxides with
(phenylseleno)silanes as nucleophiles [87]. Complexes with different counter ions, reactions in
different solvents and with different additives were evaluated. The best results were obtained
with 5 mol% of complex 50 with BF4

− as counterion in TBME in the presence of one equivalent of
N,N,N’,N’-tetramethylethylenediamine (TMEDA) at −10 ◦C, which gave the products in good to
excellent yields and enantioselectivities (Scheme 26). The method gave better results for meso-stilbene
oxide and its derivatives than for cyclic meso-epoxides.

 
Scheme 26. The asymmetric ring-opening of meso-stilbene oxide with (tert-butyldimethyl(phenylselanyl)silane
as nucleophile catalyzed by Cr–salen complex 50.

2.6. With Carbon-Containing Nucleophiles

The formation of carbon-carbon bonds in one of the most fundamental and important reactions
in organic synthesis. Carbon-carbon bonds form the backbone of essentially all organic molecules,
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and the asymmetric C-C bond formation is of key importance in the synthesis of optically active and
highly functionalized molecules, such as biologically active compounds [88,89]. As such, the catalytic
ARO of meso-epoxides with carbon-based nucleophiles represents a potentially attractive strategy
for achieving this task. However, the use of metal–salen complexes as catalysts for these kinds of
reactions has been limited. One example comes from Cozzi and Umani-Ronchi, who used enantiopure
Cr–salen catalyst 1 (Scheme 4) for the ARO of meso-stilbene oxide with indoles as carbon nucleophiles,
giving ring-opened products in excellent yields and enantioselectivities (Scheme 27) [90].

Scheme 27. The asymmetric ring-opening of meso-stilbene oxide with indoles catalyzed by Cr–salen
complex 1 (Scheme 4).

Pietrusiewicz and coworkers reported the use of Al(III)salen catalyst 51 in the ARO of
3,4-epoxy-1-phenylphospholane-1-oxide with TMSCN (Scheme 28) and TMSN3 as nucleophiles [22].
The products are potential intermediates in the synthesis of phosphasugar derivatives. It was found
that the enantioselectivity was greatly influenced by the choice of solvent. For the azide addition,
the highest yield was obtained in THF (90%) and best enantioselectivity in dichloromethane (28%
ee). The use of an ionic liquid as the reaction medium gave high yields but did not increase the
enantioselectivity. For the cyanide addition, the ARO of 3,4-epoxy-1-phenylphospholane-1-oxide
performed with 10 mol% catalyst in TBME afforded the corresponding cyanohydrin in 56% yield and
72% ee (Scheme 28).

Scheme 28. The asymmetric ring-opening of 3,4-epoxy-1-phenylphospholane-1-oxide with TMSCN
catalyzed by Al-salen complex 51.

Another example is the Y-salen complexes explored by RajanBabu and coworkers [23]. A number
of salen complexes with different diamine backbones were employed as catalysts in the ARO of
cyclohexene oxide with TMSCN. The best result in terms of enantioselectivity was obtained using
binaphthyldiamine (BINAP(NH2)2) derived salen complex 52, which gave the ring-opened product in
77% ee (Scheme 29). The catalyst loading could be reduced from 2 mol% to 0.1 mol% without significant
loss of reactivity or enantioselectivity and the reaction could also be run under solvent-free conditions.
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Scheme 29. The asymmetric ring-opening of cyclohexene oxide with TMSCN catalyzed by Y-salen
complex 52.

3. Kinetic Resolution of Epoxides

Some epoxides, typically terminal ones, are difficult to prepare directly with high enantiomeric
purity. Since the racemic mixtures are usually readily available at low cost, using an efficient KR
becomes an attractive alternative for obtaining enantiomerically pure epoxides. Ideally, this strategy
results in both the enantiopure ring-opened product, as well as the enantiomeric enrichment of the
unreacted epoxide [91]. The selectivity can often be tuned towards the ring-opened product or the
enantioenriched unreacted epoxide by the amount of nucleophile used.

Most of the examples presented herein concern the KR of terminal epoxides, although there are a
few examples of the use of 1,2-disubstituted epoxides (mainly with trans stereochemistry) and even
trisubstituted epoxides. In general, the reactions proceed with almost exclusive regioselectivity for the
nucleophilic attack at the least substituted epoxide carbon.

For most of the reported examples of the KR of epoxides, the focus is on the ring-opened product.
The most obvious exception is in the HKR, where the use of water as an inexpensive, environmentally
friendly and highly available nucleophile makes it an attractive strategy for the enantioenrichment of
the unreacted epoxide. As such, many of the references presented herein only report the yields and ee
values of the product for which the method was optimized. There are also several ways of calculating
the yield of the reaction. Although the theoretical maximum yield of the enantiopure ring-opened
product is 50% (given that the starting material is used as a racemic mixture), many of the references
calculate the yield based on the amount of nucleophile used, which varies a lot between different
papers. To facilitate the comparison of different protocols, we have recalculated all yields based on the
epoxide, giving a 50% maximum yield for each product. In some references, the results are reported as
conversion instead of yield. In those cases, the products are often not isolated, and the conversion is
calculated based on the consumption of each of the two enantiomeric starting materials determined by
chiral GC separation.

3.1. With Azides

Jacobsen and coworkers reported the azidolytic KR of terminal epoxides catalyzed by Cr–salen
complex 2 (Scheme 4) [92]. The reactions were run under solvent-free conditions at 0–2 ◦C. By using
0.5 equivalents of TMSN3, the ring-opened products could be obtained in 40–49% yield and 89–97% ee.
The reaction exhibited good functional group tolerance (Scheme 30). One of the investigated reactions,
the azidolytic KR of epichlorohydrin, was further investigated, as it was discovered that the unreacted
epoxide underwent racemization under the reaction conditions. This enabled the dynamic kinetic
resolution (DKR) of epichlorohydrin, where, by adding TMSN3 in portions over time, the desired
ring-opened product was obtained in 76% yield and 97% ee (Scheme 31) [93].

The same protocol was also extended to include 2,2-disubstituted epoxides, using in situ formed
HN3 (formed from TMSN3 and isopropanol) as the nucleophile [94]. Performing the reaction in TBME
afforded both ring-opened products and unreacted epoxides in high yields and enantioselectivities
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(Scheme 32). This methodology was successfully used for the enantioselective preparation of a key
intermediate in a synthesis of the natural product taurospongin A [95].

Scheme 30. The azidolytic kinetic resolution terminal epoxides catalyzed by Cr–salen complex 2

(Scheme 4).

 
Scheme 31. The dynamic kinetic resolution of epichlorohydrin with TMSN3 catalyzed by Cr–salen
complex 53.

Scheme 32. The azidolytic kinetic resolution of 2,2-disubstituted epoxides catalyzed by Cr–salen
complex 2 (Scheme 4).

Jacobs and coworkers used Cr–salen complex 1 (Scheme 4) for the KR of terpene epoxides with
TMSN3 [96]. This constitutes a rare example of the kinetic resolution of trisubstituted epoxides.
The reaction gave enantioenriched epoxides and ring-opened products in good yields and high
diastereomeric excess. Initial experiments revealed that both enantiomers of the Cr–salen complex,
(R,R)-complex 1 (Scheme 4) and (S,S)-complex 46 (Scheme 18), exhibited similar reactivity and selectivity.
It was therefore hypothesized that the observed stereoselectivity of the reaction was induced by the
C4 substituent (Scheme 33) and that the Cr–salen complex served only as an activating agent for the
azide-transfer. As such, later experiments were performed with the Cr–salen complex 1(46) as a racemic
mixture (Scheme 33). For all investigated substrates, the cis-diastereomers were selectively transformed
and the trans-epoxides remained unreacted (cis and trans refers to the relative stereochemistry of the
methyl group and the C4 substituent). Jacobs and coworkers also investigated the effect of micro-wave
irradiation on the Cr–salen-catalyzed KR of terminal epoxides, as well as the ARO of meso-epoxides.
It was found that the reaction rate could be increased by up to three orders of magnitude without any
significant loss of enantioselectivity under micro-wave irradiation [97].
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Scheme 33. The kinetic resolution of (-)-limonene-1,2-epoxide with TMSN3 catalyzed by Cr–salen
complex 1(46) (Schemes 4 and 18, respectively) as a racemic mixture.

Similar to the ARO of meso-epoxides with azides, most examples of metal–salen-catalyzed KRs of
epoxides with azides are based on chromium-salen complexes. One example of a different metal–salen
complex was published by Kim and coworkers, who used binuclear Co(II)salen complexes bearing
Lewis acids of group 13 metals (Scheme 34) [98]. The presence of a group 13 Lewis acid was necessary
for catalytic activity, and the dimeric complexes showed enhanced reactivity and enantioselectivity
compared to their monomeric analogues. The system allowed for low catalyst loading, where 0.5 mol%
of complex 54 catalyzed the azidolytic KR of a number of terminal epoxides, affording ring-opened
products in excellent yields and with high enantioselectivity (Scheme 34).

 
Scheme 34. The azidolytic kinetic resolution of terminal epoxides with catalyzed by dimeric Co(II)salen
complexes formed by group 13 metal activation.

For the development of heterogeneous catalysts for the KR of epoxides, the same strategies as for the
ARO of meso-epoxides have been employed. Early examples of polymer-supported Cr–salen complexes
only induced low enantioselectivities in the ring-opened products, but exhibited good stability and
recyclability [40]. Jacobs and coworkers have published extensive work on the impregnation of
Cr–salen complexes on silica and silica-supported ionic liquids. Both monomeric complex 1 (Scheme 4)
and dimeric complex 23 (Figure 7) were separately physiosorbed on silica and evaluated as catalysts
in the KR of 1,2-epoxyhexane and 1,2-epoxyoctane, achieving quantitative conversions and high
enantioselectivities (up to 98% ee for ring-opened products). The dimeric complexes showed improved
enantioselectivity compared to the monomeric analogues. Using the catalyst in a continuous flow
reactor decreased the deterioration of the solid support and resulted in quantitative yields and high
enantioselectivities for both the ring-opened products and unreacted epoxides (up to 99 and 85%
ee, respectively) [44,45]. Immobilizing the dimeric complex in a silica-supported ionic liquid further
improved the reactivity and enantioselectivity, and both the catalyst and the ionic liquid could be
recovered by Soxhlet extraction with acetone [46].

Liu and coworkers investigated the macrocyclic oligomer-supported Cr–salen catalysts 29–31

(Figure 10) in the KR of 1,2-epoxyhexane and propylene oxide [49]. The same trend as in the ARO of
meso-epoxides was found, where a shorter linker between the Cr–salen complex and the macrocycle
increased the reaction rate and gave the highest yield (45–48%), while a longer linker gave better
enantioselectivity (83–84% ee) for the ring-opened product.

Yang and Li constructed an efficient solid nanoreactor by encapsulating Cr–salen complex 1

(Scheme 4) and pyridine inside a mesoporous silica nanocage [99]. The addition of pyridine led
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to a pronounced increase in TOF and enantioselectivity, which was attributed to the increased
nucleophilicity of the Cr–salen complex after coordination to pyridine. The system was investigated in
the KR of 1,2-epoxyhexane with TMSN3 under solvent-free conditions and at very low catalyst loading
(0.002 mol%), affording both ring-opened product and unreacted epoxide in close to quantitative yield
and with high enantioselectivity (91% ee and 92% ee respectively). The nanoreactor showed high stability
and could be recovered and recycled nine times with maintained reactivity and enantioselectivity.

3.2. With Anilines, Amines and Carbamates

Bartoli and Melchiorre investigated different metal–salen catalysts for the KR of epoxides with
different nitrogen-based nucleophiles. Cr–salen complex 1 (Scheme 4) was used for the KR of a variety
of trans-disubstituted aromatic epoxides with aniline and anisidine (Scheme 35). Complete regio-
and diastereoselectivity was observed, and the vicinal anti-amino alcohol products were obtained in
reasonable yields and enantioselectivities (77–99% ee). The study also included a rare example of the
KR of a trisubstituted epoxide, where applying the protocol on trans-2-methyl-2,3-diphenyl oxirane
afforded the ring-opened products in 18% yield and 81% ee [54].

Scheme 35. The aminolytic kinetic resolution of internal trans-epoxides catalyzed by Cr–salen complex 1

(Scheme 4).

The same group also investigated the KR of terminal epoxides using tert-butyl arbamate as the
nucleophile. Co(II)salen complex 45 (Figure 20) was used as a pre-catalyst and oxidized in situ to
the corresponding Co(III)salen complex by addition of p-nitrobenzoic acid, affording enantiopure
(ee ≥ 99%) N-protected vicinal amino alcohols in high yields and with complete regioselectivity,
while the unreacted epoxides could also be isolated with high ee values (Scheme 36). The protocol
was effective for both linear and relatively hindered aliphatic epoxides, as well as epoxides containing
different functional groups [100].

 
Scheme 36. The carbamolytic kinetic resolution of terminal epoxides employing Co(II)salen complex 45

as a pre-catalyst (Figure 20).

The use of ionic liquids as the reaction medium is considered an environmentally friendly
alternative to traditional organic solvents [101]. This was exploited by Kureshy and coworkers in
several studies on the KR of epoxides. In one such study, the protocol presented in Scheme 36 was further
improved by the use of ionic liquids as reaction medium [102]. Performing the reaction in [bmim][PF6]
afforded both ring-opened products and unreacted epoxides in excellent yields and enantioselectivities
for a number of glycidyl ethers and terminal alkyl epoxides (Scheme 37). The reactions were completed
in 5–10 h and the catalyst and ionic liquid could be recycled six times with maintained enantioselectivity
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and reactivity. The choice of nucleophile could be extended to urethane and benzyl carbamate with
equally excellent yield and enantioselectivity.

 
Scheme 37. The carbamolytic kinetic resolution of terminal epoxides in ionic liquid, employing
Co(II)salen complex 45 (Figure 20) as the pre-catalyst.

In another study, Kureshy and coworkers investigated the KR of trans-stilbene oxide and
trans-β-methyl styrene oxide with different anilines catalyzed by Cr–salen complex 53 (Scheme 31) [103].
Performing the reaction in [bmim][PF6] (Figure 11) afforded ring-opened products in 40–49% yield
and 63–99% ee. The unreacted epoxides could be recovered in quantitative yield and in 60–97% ee.
The use of ionic liquids had several advantages, including easy product separation (extraction with
n-hexane), efficient recyclability of the catalyst and the ionic liquid, and significantly reduced reaction
times compared to reactions run in conventional organic solvent.

In another effort to improve the recyclability of the catalyst, Kureshy and coworkers employed
the enantiomerically pure polymeric Cr–salen complex 57 (Figure 22) in the KR of trans-stilbene oxide
and trans-β-methyl styrene oxide with anilines as nucleophiles [104]. The reactions were performed
in dichloromethane. The desired vicinal amino alcohols were obtained in good to excellent yield
(35–49%) and high enantiomeric excess (up to 100% ee after a single recrystallization). The unreacted
epoxide could be recovered in excellent yield (48–51%) and good to high enantiomeric excess (70–98%
ee). The catalyst could be easily recovered by precipitation with n-hexane and recycled up to four
times with maintained enantioselectivity. In a separate study, the same reaction was carried out with
dimeric and polymeric Cr–salen complexes under microwave irradiation in a CH2Cl2/MeOH mixture
(1:1), which allowed for very short reaction times (2 min) [105]. The best results were achieved with
dimeric complex 23 (Figure 7) in the KR of trans-stilbene oxide with different anilines. The ring-opened
products were obtained in 45–49% yield and 88–94% ee and the unreacted epoxides were isolated in
47–48% yield and 80–92% ee. Both dimeric catalyst 23 and polymeric catalyst 57 could be recycled five
times without loss of reactivity or enantioselectivity.

 
Figure 22. Polymeric Cr–salen complex 57.

The same group also developed a series of Cr–salen complexes with cationic side groups
(catalyst 58–60, Figure 23), which were used in the KR of trans-epoxides with different anilines [106].
The best results were obtained with catalyst 60 (Figure 23) in the KR of trans-stilbene oxide in
dichloromethane, where the ring-opened products were obtained in excellent yields (41–49%) and
with high enantioselectivities (86–99% ee) and the unreacted epoxides were recovered in quantitative

79



Catalysts 2020, 10, 705

yield and 89–99% ee. The catalyst could be recycled up to six times without loss of reactivity
or enantioselectivity.

 
Figure 23. Cr–salen complexes with cationic side chains.

Kureshy and coworkers investigated macrocyclic Cr–salen complex 35 (Figure 14) in the KR of
trans-epoxides with anilines The ring-opened products were obtained in excellent yields (46–49%) and
with high enantioselectivities (up to > 99% ee), with concomitant recovery of the unreacted epoxides
in quantitative yields and with high enantioselectivities (up to > 99% ee) [56]. The reactions were
performed in a CH2Cl2/MeOH mixture and the catalyst showed excellent recyclability. The same group
also developed another set of macrocyclic Cr–salen complexes [107]. Complex 61 (Figure 24) was used
as a catalyst for the synthesis of pharmaceutically important β-amino-α-hydroxyl ester derivatives
by the KR of aromatic ester epoxides with anilines. The ring-opened products were obtained in high
yields and with high diastereoselectivities and enantioselectivities (Scheme 38). The catalyst showed
good stability and good recyclability.

 
Figure 24. Macrocyclic Cr–salen complex 61.

Scheme 38. The aminolytic kinetic resolution of aromatic ester epoxides catalyzed by macrocyclic
Cr–salen complex 61 (Figure 24).
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For the KR of epoxides with carbamates as nucleophiles, Kureshy and coworkers developed
a number of chiral polymeric Co–salen complexes with chiral and achiral linkers. The complexes
were evaluated as catalysts in the KR of a number of glycidyl ethers and terminal alkyl epoxides with
different carbamates [108]. The reaction with 1 mol% of catalyst 62 (Figure 25) in dichloromethane
afforded both epoxides and N-protected vicinal amino alcohols in quantitative yield and with excellent
enantioselectivity (>99% ee) in 16 h. The catalyst could be precipitated with n-hexane and reused up to
six times with complete retention of enantioselectivity.

 
Figure 25. Polymeric Co–salen complex 62.

Jacobsen and coworkers showed that their oligomeric Co–salen complex 35 (Scheme 10) could be
used in the KR of 1,2-epoxyhexane with tert-butyl carbamate, where a low catalyst loading (0.2 mol%)
was enough to obtain the ring-opened product in high yield and enantioselectivity (Scheme 39) [58].

 
Scheme 39. The carbamolytic kinetic resolution of 1,2-epoxyhexane catalyzed by oligomeric Co–salen
complex 35 (Scheme 10).

3.3. With Water (Hydrolytic Kinetic Resolution)

Since the first report by Jacobsen in 1997, the hydrolytic kinetic resolution (HKR) of terminal
epoxides has been one of the most researched applications of metal–salen catalysts. The use of water
as an inexpensive and environmentally friendly nucleophile also makes it an attractive method for
the enantioenrichment of epoxides otherwise difficult to obtain. The protocols have mainly used
Co(III)salen catalysts and the reactions are characterized by excellent yields and enantioselectivities.
Hence, instead of only focusing on obtaining high yields and enantioselectivity, much effort has been
focused on increasing cooperativity and reaction kinetics, decreasing catalyst loading, as well as
developing heterogeneous systems and new catalytic methodologies in general.

In their original paper, Jacobsen and coworkers found that Co(III)salen complex 63 (Scheme 40),
formed in situ from the corresponding Co(II)salen complex, worked very well in the HKR of
several terminal alkyl, alkenyl, and aryl epoxides, resulting in unreacted (S)-terminal epoxides
and (R)-1,2-diols with excellent yields (up to 46% and 50%, respectively) and ee values (up to 99% and
98%, respectively) [109]. The catalyst could be easily regenerated by treatment with acetic acid in air
and reused in two cycles without loss of reactivity or enantioselectivity. Later, the scope was extended
to a broad group of epoxides with different steric and electronic environments [110]. In almost all
cases, the unreacted epoxides could be obtained in > 99% ee (Scheme 40a). Furthermore, by tuning
the equivalents of water and catalyst loading, most of the 1,2-diols could be obtained with excellent
enantioselectivities (94–99% ee) (Scheme 40b).
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Scheme 40. The hydrolytic kinetic resolution of terminal epoxides catalyzed by Co–salen complex
63. The displayed reaction conditions are optimized for enantioenrichment of (a) (S)-epoxides;
(b) (R)-1,2-diols.

For cases where the diol was required in very high enantiomeric excess, a strategy called “double
resolution” was suggested and employed in the synthesis of (S)-3-chloropropane-1,2-diol (Scheme 41).
Epichlorohydrin was first subjected to HKR with (R,R)-salen complex 64 as the catalyst (Figure 26).
The enantioenriched unreacted epoxide was then separated and subjected to another HKR with the
opposite enantiomer of the catalyst, (S,S)-salen complex 63 (Scheme 40), which resulted in enantiopure
(S)-3-chloropropane-1,2-diol in 41% overall yield.
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Scheme 41. Preparation of enantiopure (S)-3-chloropropane-1,2-diol using a “double resolution”
strategy employing catalyst 63 (Scheme 40) and 64 (Figure 26).
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Figure 26. Co–salen complex 64.

The high reactivity and excellent enantioselectivity of complex 63 and 64 in the HKR of a broad
range of terminal epoxides set a high standard for catalysts for these reactions. Subsequent studies have
largely focused on improving other aspects of the catalysis, including reducing reaction times (average
reaction time for catalyst 63 was 12–18 h, sometimes up to 72 h), reducing catalyst loading and enabling
solvent-free reactions. Another important issue is catalyst recycling. For instance, homogenous catalyst
63 was recycled as a solid residue by distilling off the diols and unreacted epoxides during work up,
a method which is time-consuming and only applicable for sufficiently volatile products. In addition,
catalyst 63 needed to be regenerated with acetic acid in air before it could be recycled.
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3.3.1. Multi-Metallic Catalysts

Similar to what was observed for the azidolytic ARO of meso-epoxides catalyzed by Cr–salen
complexes, preliminary kinetic studies indicated a second-order dependence on catalyst 63 in the HKR
of terminal epoxides [109]. Consequently, a similar cooperative bimetallic pathway was proposed as a
possible mechanism for the HKR of epoxides (Figure 1). Since then, numerous studies have reported
multi-metallic catalysts where several salen moieties are linked together in order to facilitate this
bimetallic pathway. Larger systems also have the advantage of often being less soluble and therefore
more easily recyclable.

Kureshy and coworkers [111,112] synthesized dimeric Co-complexes 65 and 66 (Figure 27).
Two Co(III)salen moieties were covalently linked by a methylene or propane-2,2-diyl group, with the
expectation that the increased molecular weight would result in an easier catalyst recovery compared
to the monosalen complexes. This very straight-forward way of linking two salen moieties together
was also employed by Jacobs and coworkers [44] in their design of dimeric Cr–salen complex 23

(Figure 7), which was impregnated on silica and used as a heterogeneous catalyst for the azidolytic
ring-opening of meso-epoxides. Complex 65 was employed in the HKR of epichlorohydrin, propylene
oxide and styrene oxide under solvent-free conditions. Complex 66 was investigated in the HKR of
epichlorohydrin and a variety of alkyl terminal epoxides. For all substrates, the ring-opened diols and
the unreacted epoxides were obtained with excellent yields (up to 50% for the diols and up to 52% for
the epoxides) and enantiomeric excesses (up to 99% for both the diols and the epoxides). In addition,
the dimeric complexes could be recycled and reused for up to four cycles without significant loss of
reactivity or enantioselectivity [111,112].
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Figure 27. Dimeric Co(III)salen complexes 65 and 66.

In an effort to design versatile and easily recyclable Co–salen complexes capable of cooperative
catalysis, Jones and coworkers synthesized styryl-substituted bissalen complex 67, which could
be polymerized to give access to homogeneous catalysts 68 and 69 and heterogeneous catalyst 70

(Figure 28) [113]. All the complexes were investigated as catalysts for the HKR of epichlorohydrin
under solvent-free conditions, with reaction conditions optimized for the enantioenrichment of the
unreacted epoxide. For homogenous catalysts 67–69, full conversion of one of the enantiomers (50%)
was achieved in 7 h with only 0.02 mol% Co loading, affording highly enantioenriched unreacted
epoxide (99% ee). As a comparison, the corresponding monosalen catalyst 64 (Figure 26) afforded the
unreacted epoxide in 13% ee under the same reaction conditions and reaction time. The increased
enantioselectivity and reactivity was attributed to the facilitated cooperative pathway with the dimeric
catalyst. For the heterogenous catalyst 70, a slightly higher catalyst loading (0.04 mol% Co) was
needed. At this catalyst loading, catalyst 70 achieved full conversion of one of the enantiomers
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of the epoxide and 99% ee for the unreacted epoxide of the opposite absolute configuration in 5 h.
Furthermore, the insoluble catalyst 70 could be recovered by simple filtration, then regenerated and
reused. The enantioselectivity of catalyst 70 was retained over three cycles, although each cycle
required longer reaction time to reach full conversion.
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Figure 28. Dimeric Co–salen complex 67 and polymeric complexes 68–70.

Calix[4]arene-based dimeric Co(III)salen complex 71 (Figure 29) was reported by Wezenberg
and Kleij [114]. Two salen moieties were installed on the upper rim of a calix[4]arene, with the
expectation of facilitating the cooperative pathway in the HKR of terminal epoxides. Catalyst 71 and
monosalen analogues 72 and 73 (Figure 29) were separately employed in the HKR of 1,2-epoxyhexane,
epichlorohydrin and styrene oxide in acetonitrile, with conditions optimized for the production of
the enantioenriched epoxide. All catalysts gave comparable conversions (32–52%), while catalyst 71

gave slightly lower ee values of both the ring-opened product and the unreacted epoxide (83–91%
and 83–97%, respectively) than monosalen analogues 72 and 73 (88–95% and 97–99%, respectively).
Kinetic studies showed that the HKR reactions employing catalyst 71 predominantly followed an
intramolecular cooperative pathway. Comparison of the intra- and intermolecular rate constants
for 71 and 72 revealed that although 71 had a significant intramolecular rate constant, as expected,
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the intermolecular rate constant was lower than for monosalen analogue 72. This is remarkable since
many other bimetallic salen catalysts show both increased intra- and intermolecular rate constants in
the HKR reaction compared to the corresponding monosalen catalysts [21]. For catalyst 71, the lower
intermolecular rate constant meant that at higher catalysts loadings, the overall initial rate was lower
than for the monosalen analogue 72, while at lower catalyst loadings the intermolecular pathway was
suppressed and catalyst 71 showed higher reaction rates. The authors suggest that the decreased
intermolecular reaction rate could be caused by the way the salen moieties were immobilized on the
calixarene [114].
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Figure 29. Calix[4]arene-based dimeric Co–salen complex 71 and monomeric analogues 72 and 73.

Jacobsen and coworkers [58,69,115] developed three generations of oligomeric Co(III)salen
complexes. Apart from catalyzing the ARO of meso-epoxides with water and carbamate as nucleophiles,
the first generation (catalyst 40, Figure 18) also catalyzed the HKR of terminal epoxides [69].
With enantioselectivity similar to monosalen complex 64 (Figure 26), catalyst 40 allowed a 10- to
50-fold decrease in catalyst loading (mol% Co) and up to 16-fold decrease in reaction time compared
to catalyst 64 (Table 1). For the second generation of catalysts (complex 74 and 75 in Figure 30),
the major difference was the linker. The use of a pimelate tether gave an oligomeric complex with a
more predictable and reliable conformation [115]. Both complexes worked very well in the HKR of
terminal epoxides, and the catalyst loading and reaction time were further decreased compared to the
first generation (Table 1). The third generation (catalyst 35, Scheme 10) exhibited better solubility and
could be synthesized with high overall yield on a large scale [58]. The catalyst loading in the HKR of
terminal epoxides could be reduced down to 0.003 mol% Co while retaining excellent enantioselectivity.
Furthermore, its lipophilicity made catalyst 35 a good catalyst for solvent-free reactions (Table 1).

Table 1. Comparison of catalytic properties of oligosalen Co(III) complexes in the hydrolytic kinetic
resolution (HKR) of terminal epoxides.

 
Catalyst Lowest mol% Co Epoxide Diol Solvent

63 or 64 0.5 36–48% (98–99% ee) 37–45% (94–99% ee) solvent-free or THF
40 0.01 36–45% (99% ee) 40–50% (94–98% ee) solvent-free

74 or 75 0.0004 44–45% (>99% ee) 44–51 (97% ee) MeCN or MeCN/CH2Cl2
35 0.0003 35–44% (>99% ee) - solvent-free
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Figure 30. Jacobsen and coworkers’ [115] second generation of oligosalen catalysts 74 and 75.

Besides Jacobsen, Weck, and coworkers [48] also developed macrocyclic oligomers. They reported
macrocyclic Co(III)salen oligomers 76 and 77 (Figure 31). Unlike other macrocyclic oligosalen complexes
where the salen was part of the macrocycle, oligomers 76 and 77 consisted of a central macrocyclic
backbone onto which the salen moieties were connected in a pendant-like fashion. This added flexibility
afforded excellent reactivity and enantioselectivity in the HKR of terminal epoxides with very low
catalyst loadings (down to 0.01 mol% Co). For a number of terminal alkyl epoxides and glycidyl ethers,
the unreacted epoxides could be obtained in up to 48% yield and >99% ee under solvent-free conditions.
More sterically hindered epoxides such as styrene oxide and tert-butyloxirane could also be resolved
with similar reactivities and enantioselectivities, but higher catalyst loading (0.1–0.25 mol% Co) and
longer reaction times were required. Interestingly, a linear polymeric analogue 78 (Figure 31) gave
poorer results than macrocyclic catalysts 76 and 77 in terms of both reactivity and enantioselectivity,
which reinforced the important role of the macrocyclic structure for this class of catalysts. A later study
from the same group described the copolymerized cross-linked macrocyclic Co-oligosalen mixture 79

(Figure 32). With similar catalytic properties to 76 and 77, oligomeric mixture 79 was more synthetically
available and, therefore, more practical for larger scale catalysis [116].
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Figure 31. Macrocyclic oligosalen catalysts 76 and 77, and linear polymeric analogue 78.

 
Figure 32. Cross-linked macrocyclic oligosalen catalyst 79.
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Khan and coworkers [117] designed a group of cyclic bissalen complexes where two Co–salen
moieties were tethered by ethylene glycol chains (80–84 in Figure 33). Co-complexes 80, 81, and 84

catalyzed the HKR of a number of terminal epoxides and glycidyl ethers with excellent yields (46–53%
for the so formed 1,2-diols and 43–47% for the unreacted epoxides) and enantioselectivities (92–96%
ee for the 1,2-diols and 96–99% ee for the unreacted epoxides) under solvent-free conditions and at
low catalyst loadings (down to 0.016 mol% Co). Catalyst 84 could be recycled up to three times with
maintained reactivity and enantioselectivity and could be used directly without catalyst regeneration
between cycles. For the HKR of epichlorohydrin, catalyst 84 maintained its performance on a multigram
scale, illustrating the scalability of the protocol. (S)-Propylene oxide obtained from this methodology
was applied in a short synthesis of (R)-mexiletine with high overall yield (80%) and ee (98%).
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Figure 33. Cyclic bissalen complexes 80–84 containing ethylene glycol chains. The counterions (X) are
formally illustrated as bound to the metal.

Kureshy and Ganguly [118] reported a series of polymeric catalysts where the Co–salen moieties
were tethered by different chiral and achiral linkers. Preliminary studies of the HKR of 1,2-epoxyhexane
revealed that the highest enantioselectivity was obtained with polymeric Co–salen complexes with
chiral BINOL linkers where the absolute configuration of the BINOL linker and the salen ligand were
opposite (i.e., (S,R,R) in catalyst 85 and (R,S,S) in catalyst 86, Figure 34). The preferred enantiomeric
pairing of the two components was supported by DFT calculations comparing (R,S,S) catalyst with
(S,S,S) catalyst. When employed in the HKR of a broad range of terminal alkyl and aryl epoxides and
glycidyl ethers, catalyst 86 enabled excellent yields and enantioselectivities of both the ring-opened
products and the unreacted epoxides (Scheme 42). Catalyst 86 could be recycled six times in the HKR
of 1,2-epoxyhexane without loss of enantioselectivity, and only required one catalyst regeneration
(between cycle 4 and 5). To show the scalability of the protocol, catalyst 86 was successfully employed in
gram-scale syntheses of chiral β-blockers (S)-metoprolol, (S)-toliprolol and (S)-alprenol, where the final
products were obtained in moderate overall yields (up to 44%) and excellent enantioselectivities (>99%).
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Figure 34. Polymeric Co–salen catalysts with 1,1’-bi-2-naphthol (BINOL) linkers.

87



Catalysts 2020, 10, 705

 ee ee

86

Scheme 42. The hydrolytic kinetic resolution of terminal epoxides catalyzed by catalyst 86 (Figure 34).

Schulz and coworkers [119] reported the polymeric bithiophene-linked Co–salen catalyst 87

(Figure 35). The insoluble catalyst was employed in the dynamic HKR of epibromohydrin in THF.
The catalyst was successfully reused in 11 subsequent catalytic runs, giving ring-opened products in
good to excellent yield (60–99%) and with consistent enantioselectivity (around 84% ee). In a following
study, the same group synthesized cyclic calixsalen catalyst 88, which contained a phenyl linkers
instead of the previously used thiophene linkers (Figure 35) [120]. Catalyst 88 could be used either as a
pure trimer, a pure tetramer or as a mixture. The best results were obtained with the tetramer, which
afforded the ring-opened product in full conversion (>99%) and with high enantioselectivity (92% ee)
when used in the dynamic HKR of epibromohydrin in THF. The trimer exhibited significantly lower
reactivities, both in terms of conversion and reaction rate. All the catalysts could be easily recovered
from the reaction mixture by filtration and reused with maintained enantioselectivity, although the
yield decreased after each run.

 
Figure 35. Polymeric Co–salen catalyst 87 and calixsalen Co catalyst 88.

In addition to dimers and macrocyclic oligomers, there are also some examples of other types
of multi-salen structures. Jacobsen and coworkers synthesized dendrimeric Co-complexes based
on polyamidoamine (PAMAM) central core containing 4, 8, and 16 salen moieties (represented by
8-dendrimer 89 in Figure 36), expecting that the dendritic framework would enforce the bimetallic
cooperative pathway in the HKR of 1,2-epoxyhexane in THF [121]. The dendrimeric catalysts exhibited
higher reactivities than monomeric and dimeric analogues 90 and 91 (40–42% yield compared to
29–37% yield for the ring-opened product), as well as significantly higher rate constants. All catalysts
(including 90 and 91) afforded the ring-opened product with excellent enantioselectivity (>98% ee).
For the enantioenrichment of the unreacted epoxide, it was reported that catalyst 89 effected the HKR
of 2-cyclohexyloxirane with 50% conversion and 98% ee.

Zheng and coworkers developed linear and cross-linked polymeric Co–salen complexes.
They reported the linear polymeric Co–salen catalysts 92 and 93 (Figure 37), which catalyzed the HKR
of propylene oxide, epichlorohydrin and phenyl glycidyl ether with excellent conversions (up to >
49%) and ee values (up to 98% for the unreacted epoxides and the 1,2-diols) in organic solvents (THF
and CH2Cl2) or under solvent-free conditions [122]. No obvious differences in catalytic performances
were observed between the two polymeric catalysts.
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Figure 36. Polyamidoamine-based 8-dendrimer 89 and its monomeric (90) and dimeric (91) analogues.

 
Figure 37. Linear polymeric Co–salen catalysts 92 and 93.
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The same group also reported the synthesis and catalytic performance of a set of
cross-linked copolymers [123]. Catalyst 94 was synthesized by the condensation of enantiopure
trans-1,2-diaminocyclohexane and a mixture of dialdehyde 95 and trialdehyde 96 (Scheme 43). A series
of catalysts, oligomers 94, were thus synthesized with different ratios of the two aldehydes (ranging from
100% dialdehyde 95 to 100% trialdehyde 96). The catalysts were applied in the HKR of epichlorohydrin,
styrene oxide, and phenyl glycidyl ether under solvent-free conditions. Conversions of 43–53% were
reported, with high enantioselectivities for both the ring-opened products and the unreacted epoxides
(up to > 99% ee and up to 97% ee, respectively). The mixed cross-linked polymeric catalysts exhibited
slightly higher reactivity than the catalysts based on either pure dialdehyde or pure trialdehyde.
Recycling of the catalysts was unsuccessful due to the decomposition of the catalyst during the reaction.
The authors attributed this to the hydrolysis of the ester groups under the reaction conditions.

 
Scheme 43. The synthesis of cross-linked polymeric Co–salen catalyst 94 from dialdehyde 95 and
trialdehyde 96. LPTS = lutidinium p-toluenesulfonate.

Weck and Jones [124] reported a set of homopolymerized and copolymerized Co(III)salen
complexes, where the salen moieties were installed in a pendant-like fashion on the polystyrene chain
(97–100 in Figure 38). Catalysts with different ratios of salen moieties and styrene moieties were
investigated in the HKR of epichlorohydrin in CH2Cl2. All the catalysts gave 49–55% conversion and
afforded the unreacted epoxide with excellent enantioselectivities (>99% ee). Copolymeric catalysts
99 and 100 exhibited improved reactivity compared to homopolymeric catalyst 97 (1 h reaction time
compared to 2 h). The authors hypothesized that the lower ratio of the salen moieties on the polystyrene
chain could make the catalytic sites more accessible to the substrate. The same group also evaluated the
optimal flexibility of polymeric Co–salen catalysts by synthesizing a series of homopolymeric catalysts
with different lengths of the linker connecting the Co–salen complexes to the polymeric backbone
(catalyst 101–104 in Figure 38) [125]. The catalysts were employed in the HKR of epichlorohydrin.
Kinetic studies revealed that a 6-atom distance (corresponding to m = 1, catalyst 102) between the
polymer backbone and salen unit gave the highest reactivity and enantioselectivity. Catalyst 102

executed the successful HKR of a number of terminal epoxides under solvent-free conditions and
with low catalyst loading (0.01–0.1 mol%), affording unreacted epoxides in 43–46% yield and ≥98%
ee. These papers illustrate the importance of the flexibility and composition of polymer-supported
Co–salen catalysts for the HKR of terminal epoxides.
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Figure 38. Homo- and copolymerized Co–salen complexes 97–100 and homopolymerized Co–salen
complexes 101–104.

Weberskirch and coworkers [126] synthesized the first water-soluble amphiphilic block
copolymeric Co–salen catalyst for the employment in HKR reactions (Figure 39) epoxides.
The polymeric complex 105 could aggregate into micellar assemblies in aqueous environment, forming
a hydrophobic core with a high local concentration of the active catalyst. The so-formed catalyst 105

enabled the efficient and enantioselective HKR of a number of terminal aryl epoxides and glycidyl
ethers. The reactions proceeded with 50–54% conversion and with high-to-excellent enantioselectivities
(up to 95% ee for the 1,2-diols and >98% ee for the unreacted epoxides). The catalyst could be recycled
and reused in four successive cycles with consistent ee values for the unreacted epoxides, although the
reaction time needed to be increased after each cycle to maintain the yield.

 
Figure 39. Amphiphilic copolymerized Co–salen catalyst 105.

As described above, covalently linking metal–salen moieties together is one approach to obtaining
multi-metallic catalysts. However, these larger motifs often require considerable synthetic efforts.
In addition, many of the oligomeric complexes and polymers are prepared and used as mixtures
in the catalysis, making it more complicated to elucidate the most active structure and understand
how efficient catalysis is achieved. One alternative that could reduce the synthetic cost is the use of
multi-metallic metal–salen assemblies based on non-covalent interactions. The most attractive case is
one where the assembly can be completely controlled and only one well-defined catalyst is formed.

Following this line, Kim and coworkers [127] developed a series of dimeric catalysts where two
identical Co–salen complexes were connected through the coordination of one oxygen of each salen unit
to an Al(III)-containing Lewis acid (catalyst 54 in Scheme 34). The dimeric catalysts could induce high
reactivities (41–46% yield for the ring-opened products and 40–46% yield for the unreacted epoxides)
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and enantioselectivities (up to 86% ee for the ring-opened products and up to 99% ee for the unreacted
epoxides) in the HKR of epichlorohydrin, 1,2-epoxybutane, and glycidol, whereas monomeric analogues
catalyzed the reactions with significantly lower reactivities and enantioselectivities. The catalysis could
be performed either in THF or under solvent-free conditions. The same strategy was also extended to
Lewis acids of other group 13 elements (catalyst 55 and 56 in Scheme 34) [128]. The dimeric Co–salen
complex 55 (linked by GaCl3) was employed in the HKR of a wide range of 3-substituted propylene
oxides and glycidyl ethers, affording unreacted epoxides in 40–49% yield and 97–99.8% ee. Ring-opened
products were obtained in 42–50% yield and >85% ee. The reactions were performed under solvent-free
conditions in THF or in a CH2Cl2/THF mixture. Kinetic studies showed the participation of both
intramolecular and intermolecular pathways in the HKR reactions and significantly higher reaction
rates for dimeric complexes than monomeric analogues. Other Lewis acids (ZnCl2, FeCl3, SnCl4, etc.)
have also been attached to Co(III)salen complexes, and the so-formed monomeric catalysts exhibited
improved reactivities in comparison with monosalen complex 64 (Figure 26) in the HKR of terminal
epoxides [129–131].

Supramolecular interactions, such as aromatic donor–acceptor interactions and hydrogen bonding,
have also been utilized to construct multi-metallic catalysts with controlled structures. The previously
mentioned aromatic donor–acceptor complexes 42–44 (Figure 19) also worked very well as catalysts for
the HKR of various terminal epoxides such as styrene oxide and sterically hindered tert-butyloxirane in
CHCl3 or CCl4 [70]. The resolved epoxides were isolated in high yields (>40%) and enantioselectivities
(up to 99% ee).

Hong and coworkers [132] designed and synthesized bis-urea-functionalized Co–salen complexes
capable of forming self-assembled hydrogen-bonding structures in solution. The complex with
p-CF3-phenyl substituents on the urea groups gave the highest rate constant in the HKR of
epichlorohydrin (catalyst 106 in Figure 40). Catalyst 106 was investigated in the HKR of epichlorohydrin,
allyl glycidyl ether, 1,2-epoxybutane and 1,2-epoxyhexane under solvent-free conditions, affording
unreacted epoxides in 41–43% yield and 99% ee. In addition, complex 106 showed significantly
higher reactivity than the monosalen complex 64 (Figure 26) at the same catalyst loading. Kinetic
and self-association studies supported the hypothesis that the observed rate enhancement could be
attributed to the enforcement of the bimetallic mechanism by the proximal self-association of Co–salen
units through urea–urea hydrogen-bonding.
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Figure 40. Bis-urea-functionalized Co–salen catalyst 106, displayed as hydrogen-bonded dimer.

Another approach to achieving more efficient catalysis is to utilize space constraints.
Li and Yang [133] placed homogenous monosalen catalyst 64 (Figure 26) in a nanocage of mesoporous
silica SBA-16 (one catalyst per cage) via the ship in a bottle strategy. A key step was tuning the size
of the pores so that the reactants used for synthesizing the catalytically active complex (salen ligand
and cobalt salt) were allowed to enter the nanocage but the formed complex was hampered from
escaping. The so-immobilized catalyst was easy to recycle and was effective for up to 11 successive
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runs, but the system gave lower enantioselectivity and reactivity than reactions performed with catalyst
64 under homogeneous conditions. To enable the bimetallic cooperative pathway, the same group
described a new catalytic system where two Co–salen complexes were accommodated in one nanocage
(Scheme 44) [134]. With nanoreactor 107, the HKR of propylene oxide in CH2Cl2 could be completed
with full conversion (50%) and excellent enantioselectivity (98% ee for both the unreacted epoxide and
the 1,2-diol) at very low catalyst loading (1:12000 Co–salen/epoxide).
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Scheme 44. The hydrolytic kinetic resolution of terminal epoxides performed in nanoreactor 107

in CH2Cl2.

3.3.2. Immobilized Catalysts

In the HKR of terminal epoxides catalyzed by Co(III)salen complexes, the main recycling procedure
for most homogenous catalysts is to distill off all the volatile fractions and collect the solid residue.
However, distillation is not an ideal separation method for industrial purposes due to the large amount
of energy needed and may be limited by the stability of the catalysts at elevated temperatures. In light
of this, much research has been aimed at improving the separation of the catalyst and products.

One strategy is to use a fluorous biphasic catalytic system, where employing fluorinated catalysts
allows the reaction to be worked up through an organic/fluorocarbon phase separation. The products
dissolve into the organic phase and the F-containing catalyst dissolves into the fluorocarbon phase.
This concept was explored by Pozzi and coworkers [135,136], who synthesized a number of fluorinated
Co–salen complexes for the HKR of terminal epoxides. Some of the fluorinated complexes worked well,
but some complexes suffered from a compromise between the solubility in organic solvent to induce
the reaction and the solubility in fluorocarbon to achieve the biphasic extraction. Other approaches
to achieving improved catalyst separation include the use of ionic liquids and solvent-resistant
nanofiltration, both of which have been applied successfully [137,138].

Still, the most investigated approach is the immobilization of the catalyst on polymers and
inorganic materials. Following this line, Jacobsen and coworkers [139] investigated Co–salen complexes
immobilized on polystyrene resin. The hydroxymethylpolystyrene-supported heterogeneous catalyst
108 (Figure 41) was applied in the HKR of epichlorohydrin and 4-hydroxy-1-butene oxide, two substrates
that were not suitable for distillation. The HKR of epichlorohydrin was conducted in CH2Cl2,
and the HKR of 4-hydroxy-1-butene oxide was run in THF. Both the ring-opened products and the
unreacted epoxides were obtained in good yields (36–52% and 38–41%, respectively) and with high
enantioselectivities (up to >99% ee for the unreacted epoxides and up to 95% ee for the ring-opened
products). Catalyst 108 was also used for the dynamic HKR of epibromohydrin, affording the
ring-opened product in 94% yield and 96% ee. The catalyst could be recovered by simple filtration and
recycled up to five times with no apparent loss of reactivity or enantioselectivity.

Kirschning and coworkers [140] reported on a related system, where the Co–salen complex
was immobilized on a chloromethylpolystyrene resin (catalyst 109 in Figure 41). Catalyst 109

was investigated in the HKR of epichlorohydrin, styrene oxide, and phenyl glycidyl ether in THF,
affording ring-opened products and unreacted epoxides in similar or slightly inferior yields and
enantioselectivities compared those obtained with homogeneous Co–salen catalyst 64 (Figure 26).
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Catalyst 109 was also effective in catalyzing the dynamic HKR of epibromohydrin in THF, giving the
corresponding diol with 94% yield and 95% ee. The same study also included the immobilization of
Co–salen complexes on a porous glass/polymer composite material inside a “PASSflow” reactor [141]
which was used to study the catalysis of the dynamic HKR of epibromohydrin in THF under
continuous-flow conditions. With reactivation after each run, the modified microreactor could be used
for four consecutive runs, affording the ring-opened product in 76–87% yield and 91–93% ee [140].
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Figure 41. Resin-supported Co–salen catalysts 108 and 109.

Weck and coworkers [142] synthesized polystyrene resin-supported dendronized Co–salen catalyst
110 (Figure 42) which was employed in the HKR of epichlorohydrin, 1,2-epoxyhexane, allyl glycidyl
ether, and styrene oxide. Reactions performed with very low catalyst loading (0.04–0.06 mol% Co) and
under solvent-free conditions afforded unreacted epoxides in high yields (40–47%) and with excellent
enantioselectivities (>99% ee). The excellent catalytic properties were attributed to the flexible linkers
and the dendronized framework which probably assisted to promote the cooperative interactions
among Co–salen sites and facilitate the bimolecular pathway. Catalyst 110 could be used in five
successive HKR reactions with maintained reactivity and enantioselectivity.
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Figure 42. Resin-supported dendronized Co–salen catalyst 110.
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Weck and coworkers [143] grafted their macrocyclic oligomeric catalyst 76 (Figure 31) on a
polystyrene resin. The resulting catalyst 111 (Figure 43) was used in the solvent-free HKR of
epichlorohydrin and 1,2-epoxyhexane, achieving complete resolution (≥50% conversions and 99% ee of
the unreacted epoxides) in 3 h or less with only 0.01 mol% Co loading. As such, catalyst 111 is the
most efficient heterogeneous catalyst for the HKR of terminal epoxides to date. The catalyst could be
recovered by filtration and reused up to five times with maintained enantioselectivity, although the
reaction time required to reach full conversion increased after each run. A noteworthy observation was
that the use of an excess of water (six equivalents instead of 0.6) led to a significant rate enhancement.
The enhanced reactivity was attributed to the formation of a biphasic reaction system, in which the
formed diol partitions into the aqueous phase, leaving a higher concentration of epoxide and catalyst
in the organic phase.
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Figure 43. Resin-supported macrocyclic oligosalen catalyst 111 based on oligomer 76 (Figure 31).

In addition to the immobilization on polystyrene resin, Co–salen catalysts have also been
immobilized on different silica-based supports. Compared to polystyrene, silica is a more rigid
support and thus potentially better suited for use as a stationary phase in continuous-flow apparatus.
Jacobsen and coworkers covalently immobilized a Co–salen complex on silica (Figure 44) [139].
The resulting catalyst 112 was employed as stationary phase in a continuous-flow system for the
HKR of 4-hydroxy-1-butene oxide. Employing THF/H2O as mobile phase, the reaction afforded the
corresponding triol in a good yield (37%) and with high enantioselectivity (94% ee).
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Figure 44. Silica-supported catalyst 112.

Jones and coworkers [144] synthesized a series of heterogeneous polymeric catalysts by
immobilizing Co–salen complexes on CAB-O-SIL silica-supported polymer brushes (Figure 45).
The HKR of epichlorohydrin in CH2Cl2 was employed as a model reaction to compare the catalytic
properties of polymeric catalyst 114 with the less flexible polymeric analogue 113, the homogenous
catalyst 64 (Figure 26), and the monosalen analogue 115. Amongst all the catalysts, polymer 114

exhibited the highest reactivity and enantioselectivity (close to 50% conversion and > 99% ee for both
the ring-opened product and the unreacted epoxide). The catalyst with a less flexible linker, polymer
113, was less reactive than 114, but still exhibited high enantioselectivity (>99% ee for the ring-opened
product and 95% ee for the unreacted epoxide). Monomeric catalyst 115 performed worst, both in terms
of reactivity and enantioselectivity, which was attributed to its low local concentration of Co–salen sites
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and thus diminished Co–salen cooperativity. Catalyst 114 was also investigated in recycling studies,
where the enantioselectivity could be maintained over five catalytic runs, although the reaction rate
decreased after each subsequent run. The FTIR and elemental analysis studies indicated that the loss
of reactivity might be caused by cleavage of the salen ligand under the reaction condition.
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Figure 45. Silica-immobilized copolymeric Co–salen complexes (113 and 114) and silica-immobilized
monomeric complex (115).

Jacobsen’s group [145] successfully immobilized Co(III)salen complexes on gold colloids
through an exchange reaction between thiol-containing Co–salen complexes and n-octanethiolates,
the latter pre-coordinated to the gold colloid (Figure 46). With low catalyst loading (0.01 mol% Co),
the so-immobilized catalyst 116 catalyzed the solvent-free HKR of 1,2-epoxyhexane ten times faster
than the non-immobilized analogue 117 (Figure 46), achieving complete resolution within 5 h (≥50%
conversion and >99% ee of the unreacted epoxide). The catalyst could be recovered by filtration through
centrifugal filter units and recycled several times with maintained reactivity and enantioselectivity,
only requiring re-oxidation after six consecutive reaction cycles.

Kim and coworkers [65,128] published several studies on the immobilization of salen catalysts on
inorganic materials such as mesoporous silicate or alumosilicate. A series of monomeric and dimeric
Co–salen catalysts were grafted onto mesoporous silica MCM-41 (Figure 47). In the solvent-free HKR of
epichlorohydrin, styrene oxide, and 1,2-epoxyhexane, each of the silica-supported monosalen catalysts
118–121 exhibited decreased reactivities but comparable enantioselectivities compared to homogenous
monosalen catalyst 63 (Scheme 40) [65]. In a later study, Kim and coworkers [128] immobilized
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dimeric Co–salen complexes 54–56 (Scheme 34) on MCM-41 (catalysts 122–124 in Figure 47). Similar
to what was observed for the immobilized monosalen catalysts 118–121, the immobilized dimeric
catalysts 122–124 also exhibited decreased reactivities but comparable enantioselectivities in the HKR
of epichlorohydrin compared to homogeneous analogues 54–56 (Scheme 34). In both these cases, it is
clear that the immobilization hindered efficient catalysis. One explanation could be the relatively
short linkers used, as previous studies clearly show that the flexibility and length of the linker is of
paramount importance in enabling efficient catalysis. Another possible explanation could be the choice
of mesoporous silica as solid support.
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Figure 46. Au colloid-supported Co–salen catalyst 116 and non-immobilized analogue 117.
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Figure 47. MCM-41-supported salen catalysts 118–124.
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To this end, Kim and coworkers [146] studied the effect of the pore size and structure of the
silica support on the catalytic activity. Dimethylcarbonate (DMC) was used to partially desilylate
mesoporous silica, and the resulting material was then used as a solid support for polymeric Co–salen
complexes. The so-formed catalysts exhibited increased reactivities and enantioselectivities in the HKR
of terminal epoxides compared to catalysts prepared without pretreatment with DMC.

Kim and coworkers [147] also investigated other mesoporous materials such as SBA-15 and
SBA-16 with a wider range of pore sizes and higher stability. Co–salen complexes were attached on
sulfonate functionalized SBA-16 through electrostatic interaction between the cobalt and the sulfonate
(Figure 48). The so-formed catalyst 125 was employed in the HKR of epichlorohydrin in THF, affording
the unreacted epoxide in 44% yield and 98% ee, although similar results were also obtained with
homogeneous analogues.

Figure 48. SBA-16-supported Co–salen catalyst 125.

In a later study, the same group reported another type of non-covalent immobilization
based on interactions between fluorine-bearing catalysts and different acidic sites in mesoporous
Al-SBA-15 (Figure 49) [148,149]. The so-formed catalyst 126 was investigated in the HKR of terminal
epoxides in THF, affording unreacted epoxides in full conversions (50%) and with good-to-excellent
enantioselectivities (up to 99% ee). However, homogeneous analogues gave comparable results in
shorter reaction times.

 
Figure 49. Al-SBA-15-supported Co–salen catalyst 126, formed by interactions with (a) Lewis acidic
sites and (b) Brønsted acidic sites.
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3.3.3. Mechanistic Studies

Several practical and theoretical studies have been carried out to investigate the mechanism of
the HKR of terminal epoxides by Co(III)salen complexes. Even though the cooperative mechanism
has been supported by many studies [28,29], a few features about this reaction required further
investigation. One of them was the influence of different counterions on the reactivity of the catalyst.

In most of the early papers regarding the HKR of epoxides using Co(III)salen catalysts, the acetate
anion was employed as the counterion. However, later studies showed that the reaction could be
promoted or demoted by changing the counterion [110,150]. Jacobsen and coworkers [151] performed
extensive mechanistic studies in an effort to understand and explain this effect, and to identify
more active catalysts for the HKR of terminal epoxides. As illustrated in Scheme 45, two possible
reaction pathways that compete with each other are proposed. When the counterion (X) is completely
non-nucleophilic (e.g., hexafluoroantimonate), the reaction undergoes a less selective monometallic
pathway, where the epoxide is activated by the Co(III)salen(X) and attacked by water (Scheme 45,
top). When the counterion is nucleophilic (e.g., chloride or acetate), a bimetallic cooperative pathway
takes place (Scheme 45, bottom). In the latter pathway, the active nucleophile Co(III)salen(OH) is
formed irreversibly from an initial hydrolysis of Co(III)salen(X). The bimetallic pathway being the
major pathway is supported by kinetic studies by Kleij and Jacobsen [114,139] and DFT calculations by
Li [152]. In the bimetallic pathway, the key to obtaining high rates in the HKR reaction is to have an
equal ratio of Co(III)salen(X) (which could activate the epoxide) and Co(III)salen(OH) (which could act
as nucleophile). Kinetic studies of a number Co–salen complexes with different counterions showed
that Co(III)salen(OTs) achieved full conversion fastest in the HKR of 1,2-epoxyhexane. This was
attributed to its slower coordination to the epoxide, thus maintaining a more favorable Co-X/Co-OH
ratio throughout the reaction [151]. The experimentally observed trends of reaction rates between
different counterions (OTs > OAc > Cl) were also supported by DFT calculations performed by Sherrill
and coworkers [153].

 
Scheme 45. Proposed reaction pathways for the HKR of terminal epoxides catalyzed by Co(III)salen
complexes [151]. (top) A monometallic pathway with one Co–salen catalyst activating the epoxide
and H2O acting as a nucleophile. (bottom) A bimetallic cooperative pathway with initial formation of
Co(III)salen(OH) from the reaction between Co(III)salen(X), H2O, and epoxide, followed by a reaction
between the so-formed activated nucleophile Co(III)salen(OH) and an epoxide activated by another
Co(III)salen(X) catalyst.

Another mechanistic mystery concerned the deactivation of the catalyst. In the original paper
where Co–salen 63 (Scheme 40) was first employed in the HKR of epoxides, the catalyst needed to be
regenerated by treatment with acetic acid in air before it could be reused [109]. One of the possible
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explanations was that Co(III) was reduced to Co(II) through a one-electron transfer oxidation during
the reaction. Although many of the later Co–salen catalysts did not require reactivation, the reason for
the occasionally observed deactivation remained unclear. In a mechanistic study, Davis and coworkers
ruled out the reduction hypothesis by UV-Vis and XANES (X-ray absorption near edge structure)
spectroscopic studies of the catalyst before and after the HKR reaction [154]. Another suspected reason
of deactivation, the formation of a catalyst dimer, was investigated by ESI-MS studies. While dimer
formation was detected over time for Co–salen complex 64 (Figure 26) in dichloromethane, no difference
in reactivity or enantioselectivity in the HKR reaction was observed between the dimeric material and
fresh catalyst. Instead, it was proposed that the deactivation was mainly due to the formation of the less
active Co(III)salen(OH) species [155]. In the proposed mechanism (Scheme 45), the Co(III)salen(OH)
species is formed irreversibly and the more selective bimetallic pathway is dependent on the presence
of both Co(III)salen(OH) and Co(III)salen(X), where the Co(III)salen(X) complex is good at activating
the epoxide. This hypothesis was further supported by experiments where a Co(III)salen(Cl) complex
was recycled in the HKR of epichlorohydrin. Without reactivation, Co(III)salen(Cl) showed a significant
loss of catalytic activity after one reaction cycle, because of the rapid formation of Co(III)salen(OH).
By adding a non-cooperative complex Co(III)salen(SbF6), the catalytic activity was completely restored.

There has also been some theoretical studies focused on the mechanistic origin of the high selectivity
and broad scope of the HKR of epoxides catalyzed by Co(III)salen complexes. Jacobsen and coworkers
published a comprehensive study on this issue, resulting in several important findings [156]. First,
effective catalysis could be induced only when the two salen moieties in the cooperative pathway had
the same absolute configuration. The specific stereochemistry of the salen was not important, only the
matched stereochemistry (i.e., the two interacting Co-complexes should either both be (S,S) or both
(R,R)). Secondly, the stereochemical communication was primarily due to the stepped conformation
of the entire metal–salen complex (Figure 50), and not due to the shape of the diamine backbone.
The stepped conformation is the tilt of the salicylaldimine aryl rings relative to the equatorial plane of
the complex. This conformation is not dependent on the presence of an enantiomerically pure diamine
backbone that enforces the conformation, such as trans-1,2-diaminocyclohexyl. Rather, it was found
that salen complexes derived from achiral diamines such as 1,2-ethylenediamine were also capable of
adopting this stepped conformation. This finding was further supported by X-ray crystal structures
and computational studies. Finally, the binding geometry of the terminal epoxides to the Co(III)salen
complexes was independent of the substituent of the epoxides which could explain the broad scope of
HKR reactions catalyzed by Co(III)salen catalysts.

 
Figure 50. The stepped conformation of a metal–salen complex.

3.3.4. Other Studies

Berkessel and Ertuerk [157] reported an interesting catalyst for the HKR of terminal epoxides.
They designed and synthesized DIANANE (endo,endo-2,5-diaminonorbornane)-based Cr(III) complexes
127 and 128 (Scheme 46), which exhibited high reactivity and enantioselectivity in the HKR of terminal
epoxides under low catalyst loading (Scheme 46). Both catalysts were more enantioselective than the
parent Cr–salen complex 1 (Scheme 4). Complex 127 with Cl– counterion was less active than complex
128 with OTs– counterion, which is in line with the counterion effect previously described.
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Scheme 46. The hydrolytic kinetic resolution of terminal epoxides catalyzed by Cr-DIANANE-salen
complex 128. DIANANE = endo,endo-2,5-diaminonorbornane.

Schulz and coworkers [67] implemented a heterobimetallic dual-catalyst system for the HKR
of terminal epoxides. A 1:1 mixture of complex 129 and 130 (Figure 51) was employed in the HKR
of phenyl glycidyl ether, allyl glycidyl ether, and styrene oxide in THF. The reactions with mixed
catalysts afforded both products with excellent conversions (up to 57%) and enantioselectivities (up
to 94% ee for 1,2-diols, up to 99% ee for the unreacted epoxides), while reactions employing only
catalyst 129 were less reactive and enantioselective. Kinetic studies revealed a first order dependence
on the concentration of the Co–salen complex 129, which supported a heterobimetallic cooperative
pathway similar to the cooperative mechanism in Scheme 45, where Co–salen complex 129 would
be responsible for the generation of the nucleophilic Co(III)salen(OH) and Mn–salen complex 130

would be responsible for the activation of the epoxides. The study also included an investigation of
different combinations of the absolute configuration of the two complexes. Higher enantioselectivity
was achieved when the two complexes had the same absolute configuration which was in agreement
with Jacobsen’s [156] findings for a similar system.

 

t t

129  
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Figure 51. Salen complexes 130 and 131.

There are also examples of research that focus on more general reaction conditions. For example,
Kim and coworkers [158] described the advantage of ultrasonication over mechanical stirring in the
Co(III)salen-catalyzed HKR of terminal epoxides, both for homogeneous and heterogeneous catalysts.
With ultrasonication, a shortening of the reaction time was observed in all cases.

3.4. With Alcohols, Phenols, and Carboxylic Acids

In addition to water (HKR), other oxygen-containing nucleophiles such as phenols, alcohols and
carboxylic acids have also been employed in the KR of terminal epoxides. The ring-opened products
are monoprotected enantioenriched 1,2-diols, which are versatile building blocks in the pharmaceutical
industry and natural product synthesis [159]. Many of the catalysts mentioned above that are effective
in the HKR of terminal epoxides are also found to work well for the KR of epoxides with phenols and
alcohols as nucleophiles.

Jacobsen and coworkers [160] investigated several of their Co–salen complexes as catalysts in
the KR of epoxides with phenols and alcohols as nucleophiles. In an early example, they employed
catalyst 131 (Scheme 47) in the phenolic kinetic resolution of a number of different terminal epoxides.
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The ring-opened products where obtained in high yields and with high enantioselectivity (Scheme 47).
The protocol could also be extended to different para- and meta-substituted phenols as nucleophiles,
with consistently high yields and ee values for the ring-opened products.

 
Scheme 47. The phenolic kinetic resolution catalyzed by Co–salen complex 131.

The polystyrene resin-supported Co–salen catalyst 108 (Figure 41) was employed in the phenolic
KR of terminal epoxides in the first examples of an enantioselective catalytic synthesis of parallel
libraries [161]. Following this protocol, a wide range of terminal epoxides and phenol nucleophiles were
employed in parallel syntheses, resulting in 110 different 1-aryloxy-2-alcohols which were obtained in
high yields (80–99%) and ee values (up to 99% ee). The reactions were performed using the epoxide as
a solvent. As such, an excess of epoxides was used and therefore all yields were calculated based on
the nucleophile [139,161].

The oligomeric macrocyclic Co–salen catalyst 35 (Scheme 10) was proven to also be efficient in
the KR of epoxides with phenols and alcohols as nucleophiles [58]. Using complex 35 as catalyst,
a broad range of phenols (with electron withdrawing and -donating substituents in the ortho-, meta-
and para-position) and primary alcohols (including benzylic and allylic) could be used as nucleophiles
in the HKR of a number of different terminal epoxides. The ring-opened products were isolated in high
yields (36–45%) and with excellent enantioselectivities (97–99% ee). All reactions were performed in
acetonitrile with catalyst loadings of 0.0075–0.5 mol% Co, with more sterically hindered nucleophiles
requiring the higher catalyst loadings.

Weck and coworkers applied their oligomeric Co–salen complex 77 (Figure 31) in the KR of
epichlorohydrin and 1,2-epoxyhexane with a limited number of phenols and aliphatic alcohols.
The reactions performed in TBME or acetonitrile and with a low catalyst loading (0.02 mol% Co)
afforded the ring-opened products in 38–45% yield and 95–99% ee [162].

Kim and coworkers published a number of studies where different Co(III)salen catalysts were
employed in the phenolic KR of terminal epoxides. Most of these studies focused on dimeric Co–salen
complexes linked by group 13 elements (catalyst 54–56 in Scheme 34) [163,164] and the immobilization
of these catalysts on microporous materials such as zeolite [165,166], mesoporous materials such as
SBA-15 and SBA-16 [146,148], and different macroporous materials [167,168]. In all cases the catalysts
exhibited good enantioselectivities, but the substrate scopes were usually limited.

Kim’s group also made efforts to apply Co–salen catalysts in the KR of terminal epoxides with
carboxylic acids as nucleophiles. Dimeric Co–salen complexes bridged by the Lewis acids GaCl3 and
Al(NO3)3 (complex 55 in Scheme 34 and complex 132 in Figure 52) were investigated in the KR of
terminal epoxides with a number of different carboxylic acids in TBME [128,169]. The reactions afforded
2-hydroxy monoesters in good yields (35–43%) and with moderate to good enantioselectivities (53–86%
ee), but most of the products needed further recrystallization or other treatment to provide practically
applicable enantioenriched compounds. One of the applications of this reaction was the synthesis of
highly enantioenriched (S)-glycidyl butyrate (Scheme 48). Hence, catalyst 55 was employed in the
KR of epichlorohydrin with butyric acid. The so formed chlorohydrin (76% ee) was then subjected to
a ring closing reaction under basic conditions, again promoted by catalyst 55, affording (S)-glycidyl
butyrate in 98% ee.
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Figure 52. Dimeric Co–salen complex 132.
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Scheme 48. The synthesis of (S)-glycidyl butyrate by kinetic resolution of epochlorohydrin employing
catalyst 55 (Scheme 34).

The dimeric Co–salen catalyst 54 bridged by AlCl3 (Scheme 34) exhibited good catalytic activity
in the KR of terminal epoxides with different sulfonic acids (Scheme 49) [170]. The reactions were
performed in TBME and it was discovered that the addition of tetrabutylammonium chloride (TBACl)
increased the yields and ee values significantly (from 32% to 47% yield and from 68% to 99% ee for the
reaction of phenyl glycidyl ether and p-toluenesulfonic acid). No explanation for this enhancement of
the catalytic activity was given.

ee

54

Scheme 49. The kinetic resolution of terminal epoxides with substituted sulfonic acid catalyzed by
dimeric Co–salen catalyst 54 (Scheme 34). TBACl = tetrabutylammonium chloride.

3.5. With Halogens

Haufe and coworker investigated Cr–salen complex 46 (Scheme 18) as catalyst for the enantioselective
fluorination of epoxides [75–77]. The studies included a limited number of examples of the KR of terminal
epoxides. The reaction required a very high catalyst loading (50 mol%) and the ring-opened products
were obtained in moderate yield (28–29%) and moderate to high enantioselectivity (62–90% ee).

A more recent example of the enantioselective fluorination of epoxide was reported by
Kalow and Doyle [79]. Using dimeric Co(II)salen complex 48 (Figure 21) together with cocatalyst
1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) and HF (formed in situ from benzoyl fluoride and HFIP),
the ring-opened products of a number of terminal epoxides were obtained in high yields and with
excellent enantioselectivities (Scheme 50). The dimeric catalyst also showed a significant rate
enhancement compared to the monomeric analogue and reactions were completed in 2–4 h.
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Scheme 50. The kinetic resolution of terminal epoxides with fluoride catalyzed by Co–salen complex 48

(Figure 21).

Kim and coworkers reported the KR of terminal epoxides with HCl catalyzed by dimeric
Co(II)salen complexes linked by Lewis acids of group 13 metals (catalysts 54–56, Scheme 34). Catalyst
55 afforded both ring-opened products and unreacted epoxides in high yields and enantioselectivities
(up to 90% ee and 89% ee, respectively) for terminal alkyl epoxides and glycidyl ethers (Scheme 51).
Aryl glycidyl ethers gave significantly lower ee values than alkyl glycidyl ethers and terminal alkyl
epoxides. It was discovered that the ee value of the unreacted epoxide decreased over time, as the
formed chlorohydrin was capable of performing the reverse ring-closing reaction in the presence of
catalyst 55. To prevent this, the reaction had to be terminated once a high ee value was reached for
the unreacted epoxide. Different group 13 metals and anions were evaluated but showed similar
reactivities and enantioselectivities [127,128].

 
Scheme 51. The kinetic resolution of terminal epoxides with hydrochloric acid catalyzed by dimeric
Co–salen complex 55 (Scheme 34).

3.6. With Carbon-Containing Nucleophiles

Cozzi and Umani-Ronchi [90] used Cr–salen-SbF6 complex 133 (Figure 53) as a catalyst for the
KR of 1,2-disubstituted aromatic epoxides with indoles. The ring-opened products were obtained in
high yields and with high enantioselectivities (Scheme 52). Notably, this constitutes a rare example
of a reported method for the KR of epoxides that is efficient for both cis and trans aromatic epoxides.
For all substrates, the ring-opened products were obtained with complete regioselectivity (nucleophilic
attack at the benzylic carbon of the epoxides). Moreover, by adjusting the amount of indole used,
the reaction could be tuned to afford unreacted epoxides in satisfactory yields and with excellent
enantioselectivities (91–99% ee).

Recently, Hajra and Roy [171] reported the first enantioselective construction of an all-carbon
quaternary center from an epoxide by KR, using Co(III)salen catalysts 73 (Figure 29) and 134 (Figure 54)
and spiro-epoxides with N-benzylindoles as nucleophiles. The desired 3,3’-bisindole methanols were
obtained with complete regioselectivity, that is, with reaction of the nucleophile at the more substituted
carbon of the epoxide. The excellent regioselectivity of the reaction was explained by a proposed
mechanism where the Lewis acid coordinating to the epoxyindole led to the ring-opening of the epoxide
to the more stabilized tertiary carbocation before the nucleophile attacks [172]. Under optimized
conditions with Co(III)salen(OTf) catalyst 73, which included the addition of 1 equivalent of water,
the ring-opened products were obtained in good yields and with high enantioselectivities. The unreacted
epoxides were recovered in low-to-moderate enantioselectivities. Using Co(III)salen(SbF6) complex 134

as catalyst resulted in a DKR, giving ring-opened products in good yields and with moderate-to-good
enantioselectivities, with no unreacted epoxides recovered (Scheme 53). Mechanistic studies indicated
that the ring-opening reaction of spiro-epoxides was governed by an equilibration between KR and DKR
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processes, and that this equilibrium was further controlled by feedback inhibition caused by the formation
of a catalyst–product complex. Catalyst 134 with a non-coordinating counterion was less influenced by
the feedback inhibition and could therefore be operated by the dynamic kinetic process [171].

Figure 53. Cr–salen complex 133.

Scheme 52. The kinetic resolution of internal 1,2-disubstituted aromatic epoxides with indoles catalyzed
by Cr–salen complex 133 (Figure 53).

 
Figure 54. Co(II)salen complex 134.

 
Scheme 53. (a) The kinetic resolution (KR) of spiro-epoxides with N-benzylindoles catalyzed by
Co–salen complex 73 (Figure 29). (b) The dynamic kinetic resolution (DKR) of spiro-epoxides with
N-benzylindoles catalyzed by Co–salen complexes 134 (Figure 54). Both processes generate quaternary
all-carbon centers with high enantioselectivity.
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4. Conclusions and Outlook

The catalytic asymmetric ring-opening of epoxides is a highly useful method for the preparation
of synthetically important, vicinally difunctionalized organic compounds such as amino alcohols,
diols, and halohydrins in high yield and with high enantiomeric purity. The use of metal–salen
complexes as catalysts for ARO reactions has seen much development since the first reports some
25 years ago. From an enantioselectivity standpoint, the original monosalen catalysts reported by
Jacobsen (Cr–salen for ARO with azides, Scheme 4, and Co–salen for ARO with water, Scheme 40)
remain competitive to this day, but significant progress has been made in terms of catalyst loading,
substrate scope, and recyclability.

One area of interest has been the development of multi-metallic catalysts capable of enforcing a
bimetallic cooperative pathway. Numerous strategies have been employed, ranging from covalently
linking two or more salen complexes together by installing them on dendrimers, polymers or in
supramolecular assemblies. Although this approach often requires more laborious synthetic efforts,
many of the resulting catalysts have shown significantly increased reaction rates for the ARO of
epoxides compared to monosalen analogues, and also enabled efficient catalysis at considerably
lower catalyst loadings. In addition, the development and application of multi-metallic complexes
have provided further insight into the reaction mechanism and highlighted the importance of factors
such as the orientation of the complexes relative to each other as well as the length and flexibility of
bridging linkers.

As large-scale applications depend largely on the separation of the products and recovery and
recycling of the catalyst, the development of heterogeneous catalysts has received much attention.
Metal–salen complexes have been immobilized on a number of different solid surfaces and materials,
providing access to catalysts with good stability that can be easily recycled without loss of catalytic
properties. A further challenge in this area is to design the catalyst so that the cooperative interactions
are still possible in order to achieve high reactivity and enantioselectivity. In terms of recyclability,
the use of ionic liquids has also received some attention and shows much promise. Looking forward,
one interesting area that has so far only been sparingly explored is the development of catalysts bridging
homogeneous and heterogeneous catalysis, for example, by using soluble supports or encapsulating
metal–salen complexes inside porous materials. The facile synthesis and easy modification of
metal–salen complexes has also made them attractive catalysts to use for demonstrating the design
and efficacy of new catalytic concepts and systems in general.

Different catalytic systems based on increasing the local concentration of catalyst or improving
the cooperative interactions have allowed for significantly decreased catalyst loadings. This includes
the development of polymeric salen complexes and the incorporation of metal–salen complexes in
nanoreactors. Very low catalyst loadings (< 0.01 mol%) have mainly been realized for the hydrolytic
kinetic resolution (HKR) of epoxides catalyzed by Co–salen complexes, with a few examples for the
ARO of meso-epoxides with azides catalyzed by Cr–salen. However, for other nucleophiles there is still
a lot of room for improvement.

Regarding the substrate scope, many of the reported catalysts have only been investigated for a
limited number of substrates, both in terms of nucleophiles and epoxides. With regard to the nucleophile,
one desirable development would be a wider application and investigation of different carbon-based
nucleophiles in the metal–salen catalyzed ARO of epoxides, in order to produce asymmetric C–C bonds.
Another class of nucleophiles that merits further investigation is oxygen-containing nucleophiles other
than water, as this could result in the regioselective preparation of monoprotected diols, something
which can be difficult to achieve by other methods.

Another aspect of the substrate scope is the epoxide. For the KR of epoxides, the vast majority of
the research has been focused on terminal epoxides. This can be explained by the limited availability
of enantiopure terminal epoxides by other methods, making the KR of terminal epoxides highly
attractive as the unreacted epoxide can be recovered in high ee. As such, the metal–salen-catalyzed
HKR have been successfully applied to a broad range of terminal epoxides with a wide variety of
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substituents, although no examples of the HKR of internal epoxides have been published to date.
There are a few examples of the KR of trans-epoxides with anilines and indoles, and one example of
the KR of cis-epoxides with indoles, but other than that there is a distinct lack of protocols for the KR of
internal epoxides.

Extending the metal–salen catalyzed ARO of epoxides to include internal epoxides would also
make it a good complement to other synthetic protocols. For example, the successful HKR of
trans-epoxides would yield anti-diols, making it complementary to Sharpless dihydroxylation of olefins
which works well for trans-olefins and gives the corresponding syn-diols with high regio-, diastereo-
and enantioselectivity [64]. In addition, since asymmetric epoxidation methods such as Jacobsen’s
Mn–salen epoxidation usually work poorly for trans-alkenes [24,173], achieving an efficient KR of
trans-epoxides would give access to otherwise difficult to obtain enantiopure trans-epoxides.

There is also a lack of examples of the ARO of more substituted epoxides, with only a handful
reported examples of the ARO of trisubstituted and 2,2-disubstituted epoxides. Extending the substrate
scope to more substituted epoxides would also enable further studies of the regioselectivity of this
type of catalysis. So far, most studies report complete regioselectivity with the investigated substrate
scope, but further studies are needed to better understand, and by extension tune, this selectivity.

There are also several examples of innovative ways of utilizing metal–salen-catalyzed ARO
reactions to solve general challenging synthetic problems. This includes the enantioselective
construction of all-carbon quaternary centers from epoxides and the development of sequential
asymmetric alkene epoxidation/ring-opening reactions. Both of these reactions are potentially of
high importance and we hope to see much further research in this direction. Another aspect that
merits further study is the dynamic kinetic resolution, which allows the preparation of enantiopure
ring-opened products from racemic starting materials in 100% theoretical yield. There are a few
examples of the successful application of this highly attractive strategy, mainly for the HKR of terminal
epoxides. However, it is an area where much progress remains to be made.

To conclude, catalytic systems for the asymmetric ring opening of epoxides based on metal–salen
complexes have been extensively studied and developed. With excellent catalytic activity and selectivity,
this class of catalysts is a valuable tool in the area of asymmetric catalysis. As such, it remains an active
field of research and we expect further advances are still forthcoming.
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Abstract: The innate electrophilicity of imine building blocks has been exploited in organic synthetic
chemistry for decades. Inspired by the resurgence in photocatalysis, imine reactivity has now been
redesigned through the generation of unconventional and versatile radical intermediates under
mild reaction conditions. While novel photocatalytic approaches have broadened the range and
applicability of conventional radical additions to imine acceptors, the possibility to use these imines
as latent nucleophiles via single-electron reduction has also been uncovered. Thus, multiple research
programs have converged on this issue, delivering creative and practical strategies to achieve racemic
and asymmetric α-functionalizations of imines under visible light photoredox catalysis.

Keywords: amines; imines; photoredox catalysis; radical additions; radical–radical couplings;
stereoselectivity; umpolung chemistry; visible light

1. Introduction

Visible light photoredox catalysis has been at the forefront of organic chemistry research for over
a decade, establishing itself as a sustainable and multifaceted synthetic tool [1]. Irradiation of catalytic
amounts of polypyridyl complexes and organic sensitizers under mild conditions has proven to be
an excellent activation pathway to access a wide variety of radical intermediates (Figure 1). Spurred
by this resurgence, long-standing challenges in the field have been resolved, while a plethora of
transformations continue to be developed in an effort to revamp organic synthesis.

α

λλ λλ

t

t

Visible Light Photoredox Catalysts

Figure 1. Visible light photoredox catalysts (λ = local absorbance maximum for lowest energy absorption).

The reactivity of imines has certainly undergone a complete makeover, as different strategies
involving these key building blocks have been developed (Scheme 1). The classical approach still relies
on the innate electrophilic nature of imines to undergo standard alkyl radical addition (pathway A in
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Scheme 1, left). Thanks to photoredox catalysis, the generation of nucleophilic radicals starting from
mild alkylating reagents [2] has provided a broader range to a severely limited transformation in the
past due to hazardous reagents and impractical conditions.

Pathway B2

Giese Radical
Addition

Photocatalytic Functionalization of Imines

broader range of
reacting partners

diverse reactivity:
electrophile

&
nucleophile

Pathway A

Alkyl Radical
Addition

Pathway B

Single-Electron
Reduction

Pathway B1

Radical-Radical
Coupling

Pathway B3

Nucleophilic
Attack

Scheme 1. Photocatalytic functionalization of imines: pathway A, alkyl radical addition (left); pathway
B, single-electron reduction (right).

Alternatively, the photocatalytic single-electron reduction of imines has emerged as a powerful
technology to generate radical anion intermediates which exist as two different resonant forms (pathway
B in Scheme 1, right) [3,4]. The α-amino radical species can engage in radical–radical couplings with
a large pool of reacting partners (pathway B1 in Scheme 1), while also displaying a complementary
nucleophilic behavior to their corresponding electrophilic imine precursors. Indeed, they can be
trapped by electron-deficient π-systems, a combination which would not be feasible using polar
chemistry (pathway B2 in Scheme 1). Interestingly, the N-centered radical species can be quickly
quenched by an H atom donor to yield a stable carbanion capable of reacting with a traditional
electrophile in polar fashion (pathway B3 in Scheme 1).

The single-electron reduction event (pathway B in Scheme 1, right) can be a challenging
redox process which often requires assistance [4]. While some electron-poor imines can undergo a
straightforward photocatalytic reduction (such as N-sulfonyl- or α-keto-imines), other neutral imines
feature a reduction potential which falls out of range of most photocatalysts. The addition of an external
Lewis acid can increase the reduction potential of the imine (less negative) through coordination.
Moreover, hydrogen-bonding via Brønsted acid can make this reduction a thermodynamically favorable
process thanks to proton-coupled electron transfer (PCET), wherein an electron transfer from the
photocatalyst to the imine takes place in concert with a proton transfer from the Brønsted acid to
the imine.

2. Photocatalytic Radical Additions to Imines—Pathway A

2.1. Racemic Photocatalytic Radical Additions to Imines

Racemic radical additions to imines under visible light photocatalysis began to appear in 2016,
when Bode reported the cyclization of silicon amine protocol (SLAP) reagents with an imine moiety
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(Scheme 2, left) [5]. These α-silyl amine precursors could undergo mild single-electron oxidation to
render α-amino radicals, which could then engage with the imine to yield a wide variety of piperazine
derivatives. The protocol was expanded further with α-silyl ether and thioether precursors to access
morpholines, oxazepanes, thiomorpholines and thiazepanes (Scheme 2, right) [6,7]. It should be noted
that, in this case, a Lewis acid was required to activate the imine, and the photocatalytic cycle could
start with an initial Lewis acid-assisted single-electron reduction of the imine.

 

when Y =
when Y = O, S

[batch]
[flow]

Bode

[alkenyl, alkyl,
(het)aryl imines]

N

[flow] [flow] [flow] [batch]

selected examples

Scheme 2. Cyclization of SLAP reagents developed by Bode for the synthesis of piperazines (left) and
morpholines, oxazepanes, thiomorpholines and thiazepanes (right).

The first intermolecular photocatalytic radical addition was published in 2017 by Molander’s
group [8]. The design of a general and modular approach based on the swift single-electron oxidation
of ammonium alkyl bis(catecholato)silicates enabled the alkylation of different N-sulfonyl- and
N-aryl-imines (Scheme 3, top left) [9]. In addition, Friestad employed these silicon reagents to perform
the alkylation of N-acyl hydrazones in the presence of a Lewis acid (Scheme 3, top right) [10]. Alkyl
silicates have also been utilized by Kelly and Molander to achieve the synthesis of various saturated
N-heterocycles via radical alkylation and subsequent cyclization in a radical polar crossover (RPC)
process (Scheme 3, bottom) [11].

More radical precursors have also been deployed in an attempt to expand the synthetic prowess
of this transformation. For instance, Hanna, Jr. and Molander disclosed the photocatalytic activation
of alkyl trifluoroborates, enabling the radical alkylation of non-activated imines (Scheme 4) [12,13].
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Scheme 3. Intermolecular photocatalytic radical additions to imines using alkyl silicates developed by
Molander (top left), Friestad (top right) and Kelly and Molander (bottom).
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Scheme 4. Photocatalytic radical additions to imines using alkyl trifluoroborates developed by Hanna,
Jr (left) and Molander (right).
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Alkyl carboxylic acids hold a preferred position among radical precursors due to their versatility and
ubiquity. Indeed, these alkylating agents can be implemented into mechanistically distinct photoredox
pathways. Deprotonation of the acid can render a carboxylate species which can then undergo
single-electron oxidation and subsequent decarboxylation to afford the alkyl radical intermediate.
Alternatively, these acids can be activated with N-hydroxyphthalimide (NHPI) or its tetrachlorinated
derivative (TCNHPI) through a simple esterification process to provide redox-active esters (RAEs). In this
case, single-electron reduction can deliver the alkyl radical intermediate. This flexible behavior has
been exploited by several research groups attempting to perform the alkyl radical addition to imines
(Scheme 5). Weng and Lu reported the decarboxylative benzylation process following the oxidative
pathway (Scheme 5, left) [14,15], while Mariano and Wang published a reductive version. In this later case,
the decarboxylative glycosylation of imines was featured, although a Hantzsch ester (HEH) derivative
was needed as a stoichiometric photosensitizer (Scheme 5, right) [16,17].

 

 

[glycosyl carboxylic acids]
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Scheme 5. Photocatalytic radical additions to imines using alkyl carboxylic acids developed by Weng
and Lu (left) and Mariano and Wang (right).

Notably, the radical fluoroalkylation of imines had remained inaccessible in the field until Maestro
and Alemán recently reported the direct difluoromethylation of imine moieties (Scheme 6) [18].
This general procedure was predicated on the single-electron oxidation of readily available zinc
difluoromethane sulfinate (DFMS) in the presence of an organophotoredox catalyst (Rhodamine 6G).
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Scheme 6. Photocatalytic difluoromethyl radical addition to imines using DFMS developed by Maestro
and Alemán.
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Lastly, hydrogen atom transfer (HAT) has also been used in order to perform the C-H activation
of different alkyl radical precursors and perform the desired alkylation reaction with activated imines
(Scheme 7). Lu and Gong reported the α-oxyalkyl radical addition of 1,3-dioxolane to fluoroalkyl
imines (Scheme 7, top) [19,20], while Dilman managed to install different alkyl and acyl radicals into
N-sulfonyl imines (Scheme 7, bottom) [21–23].
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Scheme 7. Photocatalytic radical additions to imines using HAT developed by Lu and Gong (top) and
Dilman (bottom).

2.2. Stereoselective Photocatalytic Radical Additions to Imines

In the field of asymmetric photocatalytic additions to imines, Knowles first described in 2013 an
elegant intramolecular example in which a hydrazone trapped a ketyl radical intermediate—generated
by PCET—in enantioselective fashion thanks to the chiral induction exerted by a chiral phosphoric
acid (Scheme 8) [24].
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Scheme 8. Asymmetric intramolecular photocatalytic radical addition to hydrazones developed
by Knowles.

No further reports were published on this topic until Maestro and Alemán disclosed in 2017
an asymmetric intermolecular radical alkylation of imines based on the use of chiral sulfoxides
(Scheme 9) [25]. The photocatalytic reduction of NHPI-derived RAEs delivered the alkyl radical, which
then engaged with the enantiopure N-sulfinimine in diastereoselective fashion to afford α-branched
benzyl amine derivatives.

 

fac

i

Maestro, Alemán

dr

[activation with NHPI][(het)aryl imines]

dr dr dr dr

selected examples

Scheme 9. Asymmetric intermolecular photocatalytic radical addition to N-sulfinimines developed by
Maestro and Alemán.

Moreover, Gong’s research group developed a series of transformations in 2018 and 2019 based
on chiral Lewis acid-catalyzed radical alkylations of different imine scaffolds (Scheme 10, top) [26,27].
When using redox-active alkyl trifluoroborates and silanes, the Cu-BOX complexes acted as bifunctional
chiral photocatalysts, performing both the asymmetric induction and the single-electron oxidation of
the radical precursors, while suppressing the need for an external photocatalyst. In the latest report
published by Gong, an HAT-photocatalyst (5,7,12,14-pentacenetetrone, PT) was required to perform the
C-H activation of benzyl and allyl positions, as well as non-activated alkanes (Scheme 10, bottom) [28].
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Scheme 10. Asymmetric intermolecular photocatalytic reactions developed by Gong: Cu-photocatalyzed
radical additions (top) and HAT-photocatalyzed C-H activation (bottom).

The generality observed throughout this section noticeably stands out, wherein an assortment of
radical precursors has been inserted into mechanistically similar protocols based on their photocatalytic
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activation to render the nucleophilic radical intermediate. Most notably, the range of imine building
blocks employed in these reactions is quite impressive, as both activated and non-activated substrates
have proven to be suitable acceptors to the different radical additions.

3. Photocatalytic α-Amino Radical Reactivity via Single-Electron Reduction of Imine
Derivatives—Pathway B

3.1. Racemic α-Amino Radical–Radical Couplings—Pathway B1

The generation of α-amino radical intermediates derived from imine building blocks was first
reported by Kisch (Scheme 11, top) [29,30]. By means of a family of heterogeneous photocatalyst
semiconductors, their group developed a series of transformations involving the coupling of α-amino
radicals and allyl radicals (pathway B1 in Scheme 1) [31]. CdS powder as well as supported versions
on SiO2, ZnS, and Al2O3 can behave as the photocatalyst semiconductor which features a surface
with the ability to engage in interfacial electron transfer (IFET). Upon visible light absorption, the
semiconductor can generate an electron-hole pair—essentially reducing and oxidizing surface centers.
These sites can then perform IFET with the adsorbed substrates, delivering the two radical intermediates
that eventually afford the recombination product (known as semiconductor photocatalysis B). Later
on, Pu and Shen used CdSe/CdS core/shell quantum dots (QDs) as photocatalysts for the transfer
hydrogenation of diaryl imines with a thiophenol as H atom donor (Scheme 11, bottom) [32,33].

α
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[hole acceptor]

Pu, Shen
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[aryl imines]

p
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Scheme 11. Heterogeneous photocatalytic α-amino radical–radical couplings developed by Kisch (top)
and Pu and Shen (bottom).

In the field of homogenous photocatalysis, MacMillan first reported the coupling of α-amino
radicals with α-oxybenzyl and β-enaminyl radicals, giving access to pinacol-type products and the
formal β-Mannich reaction, respectively (Scheme 12, top) [34,35]. Notably, the generation of the radical
reacting partners required elegant multicatalytic approaches. The pinacol-type coupling reaction
relied on the initial photocatalytic oxidation and deprotonation of methyl thioglycolate to produce
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a thiyl radical. Then, this S-centered radical could perform the H atom abstraction from the benzyl
ether to afford the α-oxybenzyl radical and regenerate the thiol catalyst. On the other hand, the
β-enaminyl radical could be accessed following: i) initial condensation of a cyclic ketone with a
simple aminocatalyst (azepane), ii) subsequent oxidation of the catalytic enamine, and iii) final allylic
deprotonation (Scheme 12, bottom).

 

[benzyl ethers]

MacMillan

[aryl imines]

selected examples

Scheme 12. Photocatalytic α-amino radical–radical couplings (top) and mechanistic proposal for the
formal β-Mannich reaction (bottom) developed by MacMillan.

Concurrently, Rueping displayed the ability of these α-amino radicals to react with each other to
render symmetrical and unsymmetrically substituted 1,2-diamines (Scheme 13) [36,37].

Following the development of these transformations, different variants of the radical–radical
coupling of α-amino radicals began to appear. Sudo successfully employed an organophotoredox
catalyst in a similar symmetrical coupling [38], whereas Gilmore obtained vicinal primary diamine
products through in situ formation of the imines with aldehydes and ammonia [39]. Regarding
unsymmetrical adducts, Wang reported the coupling of imine-derived α-amino radicals with
tetrahydroisoquinoline-derived α-amino radicals [40]. In most cases, the imine reduction is believed to
be assisted by coordination to an external acidic species.
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Scheme 13. Photocatalytic α-amino radical–radical couplings developed by Rueping.

A unique example based on the reactivity of these α-amino radicals was reported by Opatz
featuring a four-component reaction which gave access to structurally diverse products (Scheme 14) [41].
The protocol involved the simultaneous construction of three new bonds: C-N (via in situ formation
of the imine), C-S (via sulfonyl radical addition to styrene) and C-C (via α-amino radical-benzyl
radical coupling).
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Scheme 14. Photocatalytic α-amino radical-benzyl radical coupling developed by Opatz.

Arylation reactions, which had remained elusive in the context of radical chemistry with imines,
were achieved by Xia and Lehnherr and Rovis (Scheme 15) [42,43]. Through generation of stabilized
aryl radical intermediates, the radical–radical coupling became feasible with 1,4-dicyanobenzene and
4-cyanopyridine precursors, respectively.
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Scheme 15. Photocatalytic α-amino radical-aryl radical couplings developed by Xia (left) and Lehnherr
and Rovis (right).

3.2. Racemic α-Amino Radical Additions to Activated Olefins—Pathway B2

The development of the single-electron reduction of imines to produce new radical–radical
couplings has undoubtedly revamped this area. Furthermore, the polarity reversal displayed in this
redox process served as a platform upon which an even greater challenge could be tackled. The new
nucleophilic character of the α-amino radical was exploited in a series of Giese radical additions
(pathway B2 in Scheme 1) reported by several groups. Indeed, Chen [44], Dixon [45,46], Ngai [47],
and Rueping [48] independently worked on the addition of these intermediates to different activated
olefins (Scheme 16).
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Scheme 16. Photocatalytic α-amino radical additions to activated olefins developed by Chen (top left),
Dixon (top right), Ngai (bottom left), and Rueping (bottom right).
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In addition, Dixon’s lab described two procedures built on these radical additions to electrophilic
partners followed by cyclization events, thus granting access to molecules of higher structural
complexity (Scheme 17) [49,50]. Notably, the addition of the α-amino radical to vinyl sulfones led to a
reverse polarity Povarov reaction (Scheme 17, top), while bridged 1,3-diazepanes could be prepared
via α-amino radical addition to the 4-position of a quinoline core and subsequent ring closure at the
2-position (Scheme 17, bottom).
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Scheme 17. Photocatalytic reactions of α-amino radicals for the synthesis of polycyclic
structures developed by Dixon: reverse polarity Povarov reaction (top) and bridged 1,3-diazepane
construction (bottom).
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3.3. Racemic α-Amino Carbanion Nucleophilic Attacks—Pathway B3

After thorough evaluation of the results outlined above, it could be assumed that the single-electron
reduction of imine scaffolds usually delivers a radical anion that can exist as two different resonant
forms. As mentioned previously, the N-radical resonant form can engage in an HAT to yield a stable
carbanion (pathway B3 in Scheme 1). This behavior has been exploited by Yu and Fan and Walsh to
achieve polar nucleophilic attacks on numerous electrophiles, such as CO2 and aldehydes, as well as
the direct hydrolysis of these anionic intermediates to afford the formal reduction to benzyl amines
(Scheme 18) [51–54].
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Scheme 18. Photocatalytic carbanion additions to electrophiles developed by Yu and Fan and Walsh:
carboxylation (top), reaction with aldehydes (middle left) and hydrolysis (middle right).

3.4. Stereoselective Photocatalytic α-Amino Radical Reactivity via Single-Electron Reduction of Imine
Derivatives—Pathway B

Controlling the stereochemical outcome of transformations involving the single-electron reduction
of imines has proven to be an outstanding challenge. An exceptional solution to this problem was
developed by Ooi’s lab in 2015 and 2016 (Scheme 19) [55,56], wherein the radical anion derived
from this redox process was ion-paired with a chiral phosphonium salt, rendering an asymmetric
radical–radical coupling with α-amino radicals (pathway B1 in Scheme 1).
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Scheme 19. Asymmetric photocatalytic α-amino radical–radical couplings developed by Ooi.

Moreover, Jiang’s lab reported two transformations involving the use of traditional organocatalysts
(Scheme 20) [57,58]. In the first one, the formal reduction of activated ketimines was achieved via
coordination of Takemoto’s urea catalyst to the radical anion and ensuing asymmetric HAT (pathway
B1 in Scheme 1). In the second one, a chiral Brønsted acid managed to activate vinyl pyridines—acting
as acceptors in a Giese radical addition—while exerting stereocontrol through H-bond interactions
(pathway B2 in Scheme 1).

Finally, Ward and Wenger published an interesting asymmetric reduction of cyclic imines in which
enzymatic catalysis played a fundamental role (Scheme 21) [59]. Initial photocatalytic reduction and
HAT would deliver a racemic mixture of both amines (pathway B1 in Scheme 1), yet, in the presence
of monoamine oxidase MAO-N-9, only one enantiomer could undergo subsequent re-oxidation
(enantiomer recycling). Therefore, the combination of photocatalysis and biocatalysis yielded an
elegant dynamic kinetic resolution (DKR) en route to chiral amines.

In this section, the pool of radical precursors employed in reactions following pathway B1 may
not be as diverse when compared to conventional radical additions (pathway A). However, thanks to
the nucleophilic character of the imine-derived radical anion, pathways B2 and B3 have widened the
scope of reacting partners since they no longer require photocatalytic activation. Remarkably, common
electrophiles used in polar methodologies find a smooth transition into these new radical processes
thanks to the inspired polarity reversal enforced upon the imine substrates.
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Scheme 20. Asymmetric photocatalytic α-amino radical-mediated reactions developed by Jiang:
asymmetric protonation (top) and asymmetric Giese radical addition (bottom).
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Scheme 21. Asymmetric bio- and photo-catalytic reduction of cyclic imines developed by Ward
and Wenger.

4. Conclusions

The development of new methodologies to perform the α-functionalization of imine building
blocks has proven to be a subject of intense research during the past decade, as numerous approaches
featuring outstanding versatility have surfaced in the context of visible light photoredox catalysis.
Most importantly, the complimentary nature to the different photocatalytic strategies employed in
imine chemistry has provided immense flexibility, since the imine reagent can now be used as both an
electrophile and, strikingly, a nucleophile. This multifaceted behavior has delivered a wide array of
racemic transformations in this area. However, asymmetric functionalization of the C=N moiety has
remained a great challenge in photoredox catalysis. Nevertheless, brilliant activation strategies have
been deployed to achieve stereoselectivity, although an increase in generality and modularity can be
expected as the field continues to grow.
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abbreviation full description
4CzIPN 2,4,5,6-tetra(9H-carbazol-9-yl)isophthalonitrile
Ac acyl
Alk alkyl
Anth anthracenyl
Ar aryl
BArF B[3,5-(CF3)2C6H3]4
BD 2,3-butanedione
Boc tert-butyloxycarbonyl
BOX bis(oxazoline)
bpy 2,2′-bipyridine
Bu butyl
Bz benzoyl
CBA chiral Brønsted acid
CPA chiral phosphoric acid
CPME cyclopentyl methyl ether
Cy cyclohexyl
DABCO 1,4-diazabicyclo[2.2.2]octane
DCM dichloromethane
DFMS zinc difluoromethanesulfinate
DKR dynamic kinetic resolution
DMA N,N-dimethylacetamide
DMF N,N-dimethylformamide
DMPU N,N’-dimethylpropyleneurea
DMSO dimethylsulfoxide
DPZ 5,6-bis(5-methoxythiophen-2-yl)pyrazine-2,3-dicarbonitrile
dr diastereomeric ratio
dtbbpy 4,4′-di-tert-butyl-2,2′-dipyridyl
E electrophile
ee enantiomeric excess
Et ethyl
EWG electron withdrawing group
HAT hydrogen atom transfer
HEH Hantzsch ester
Het heteroaryl
IFET interfacial electron transfer
iPr iso-propyl
MAO monoamine oxidase
Me methyl
Mes mesityl
MS molecular sieves
Naph naphthyl
NHPI N-hydroxyphthalimide
NHS N-hydroxysuccinimide
PCET proton-coupled electron transfer
Ph phenyl
phen 1,10-phenanthroline
ppy 2-phenylpyridine
PT 5,7,12,14-pentacenetetrone
pTol para-tolyl
QD quantum dot
RAE redox-active ester
RPC radical polar crossover
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SET single-electron transfer
SLAP silicon amine protocol
SN2 bimolecular nucleophilic substitution
sppy 3-(pyridin-2-yl)benzenesulfonate
TBS tert-butyldimethylsilyl
TCNHPI N-hydroxytetrachlorophthalimide
Tf trifluoromethanesulfonyl
TFA trifluoroacetic acid
TFE 2,2,2-trifluoroethanol
THF tetrahydrofuran
TMS trimethylsilyl
TPP 2,4,6-triphenylpyrylium tetrafluoroborate
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Abstract: In the last ten years, the combination of Lewis acid with N-heterocyclic carbene (NHC)
catalysis has emerged as a powerful strategy in a variety of important asymmetric synthesis, due to
the ready availability of starting materials, operational simplicity and mild reaction conditions.
Recent findings illustrate that Lewis acid could largely enhance the efficiency and enantioselectivity,
reverse the diastereoselectivity, and even influence the pathway of the same reaction partners.
Herein, this review aims to reveal the recent advances in NHC-Lewis acid synergistically promoted
enantioselective reactions for the expeditious assembly of versatile biologically important chiral
pharmaceuticals and natural products.

Keywords: N-heterocyclic carbenes (NHC); Lewis acid; cooperative catalysis; asymmetric
synthesis; umpolung

1. Introduction

N-heterocyclic carbenes (NHCs) are roughly categorized into three sections in accordance with
their properties and applications: (i) excellent ligands for transition metals; (ii) coordination to p-block
elements and (iii) organocatalysts [1–7]. The first N-heterocyclic carbene stabilized by two bulky
adamantyl substituents was isolated and characterized by the Arduengo group in 1991 [8], which
opened up an intriguing class of organic compounds for investigation. So far, a variety of novel
carbenes have been revealed and synthesized, for instance, the dominant thiazolium-, imidazolium-
and triazolium-based carbenes [9–12]. As powerful and efficient organocatalysts, they have been
employed successfully for the synthesis of highly complex molecular architectures [13–18]. However,
the stereoselectivities and/or regioselectivities of assembled products were limited for the single mode
of activation during NHC catalyzed processes. Inspired by the importance and advantages of the
cooperative catalysis strategy [19–25], which could activate the starting materials simultaneously with
satisfying enantio- and stereoselectivities, N-heterocyclic carbenes as an important class of Lewis bases
can cooperate with various Lewis acids to enhance yield and reverse selectivity or regioselectivity [26].
This strategy has emerged as a powerful approach for the direct access to various carbocyclic and
heterocyclic compounds [27–32].

The recent developments in NHC/Lewis acid cooperative catalysis for the synthesis of some
important enantioenriched molecules will be discussed in this review. They are categorized into
several sections according to the species of the Lewis acid, including LiCl, Mg(Ot-Bu)2, Sc(OTf)3,
La(OTf)3, Ti(Oi-Pr)4, etc. Due to the unique umpolung capacity, NHCs are widely applied in a
variety of asymmetric transformations, resulting in the construction of versatile active acyl anions,
enolates, homoenolates and α,β-unsaturated acylazolium equivalents from the corresponding carbonyl
compounds (Scheme 1) [33–41], while Lewis acids as co-catalysts improve the reactivities or activate
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inactive electrophiles. The related exciting discoveries involving NHCs/Lewis acid cooperative catalysis
are presented herein.

 
Scheme 1. Carbonyl compounds and corresponding N-heterocyclic carbene
(NHC)-bound intermediates.

2. Cooperative NHC/Mg Catalysis

Though NHCs have been proved to be good ligands for many transition metals on account of their
strong donor properties, the Scheidt group reported a pioneering investigation and made an important
breakthrough, which defies conventional wisdom with respect to the potential incompatibility of Lewis
acids and bases. γ-lactam derivatives 2 with high enantioselectivities and diastereoselectivities were
obtained by a formal [3 + 2] cycloaddition of N-acyl hydrazones 1 and cinnamaldehyde (Scheme 2).
The results indicated that the employment of Mg(Ot-Bu)2 could increase the yield of γ-lactam distinctly
from 31% to 78% and enhance the enantioselectivity slightly in the presence of 5 mol% of NHC
catalyst. Subsequently, the substrates scope was surveyed and a broad range of functionalities turned
out to be well accommodated. In these processes, carbene precursor A was deprotonated by the
base 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) followed by addition to α,β-unsaturated aldehyde to
produce homoenolate equivalent 4 by raising the HOMO energy. Simultaneously, magnesium (II)
di-tert-butoxide was selected as the optimal Lewis acid to activate N-acyl hydrazones by lowering
the LUMO energy. Further kinetic studies indicated that the reaction initial-rate emerged an inverse
first-order relation for Mg (II) concentration [42].

The Zhao group reported the pioneering work on the kinetic resolution of tertiary alcohols 6 by
NHC-catalyzed esterification under oxidative conditions (Scheme 3). The presence of Mg(OTf)2 and
NaBF4 in this catalytic system turned out to be efficient to improve both selectivity and reaction rate.
A broad range of substrates was investigated and displayed the practicability of this protocol. In most
cases, the unreacted starting tertiary alcohols 8 were recovered in high to excellent enantioselectivities.
The proposed mechanism revealed that the Lewis acid Mg(OTf)2 may activate the substrate in a
cooperative way to benefit the presumable attack of tertiary alcohol on acyl azolium intermediate from
the opposite side of the catalyst’s chiral backbone. However, the oxindole structure was proved to be
critical for this system to work smoothly [43].
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Scheme 2. NHC/Mg(Ot-Bu)2 strategy for the stereoselective synthesis of γ-lactams.

Scheme 3. Kinetic resolution of tertiary alcohols by NHC and Lewis acid.
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In 2018, Wang and co-workers disclosed a [3 + 3] atroposelective annulation of alkynyl acyl
azoliums 15 with 1,3-dicarbonyls 12 (Scheme 4). 3,3′,5,5′-tetratert-butyldiphenoquinone (DQ) as an
external oxidant, acted as a two-electron acceptor to deliver the Breslow intermediate 14 to alkynyl acyl
azolium 15. This approach accessed an array of axially chiral pyranones 13 in a good to excellent level
of enantioselectivities. The Lewis acid Mg(OTf)2 was proved to be critical to promote the ketoenolate’s
‘C’ attack to alkynyl acyl azolium instead of the direct ‘O’ attack. Further transformation of the
axially chiral pyranone-aryls successfully afforded the commonly used axial biaryls via Diels-Alder
reaction. It is worth mentioning that the key intermediate alkynyl acyl azoliums 15 derived from
ynals were discovered for the first time in NHC catalysis [44]. Encouraged by the initial exploration
of the alkynyl acylazolium intermediates, they reported another formal [3 + 3] annulation of ynals
with amidines to afford a series of functionalized 1,2,6-trisubstituted pyrimidin-4-ones under mild
reaction conditions. Notably, the chemical yields of pyrimidin-4-ones were increased significantly
with the addition of Mg(OTf)2, which activated the N-substituted amidines and alkynyl acyl azolium
intermediates simultaneously [45].

 
Scheme 4. Enantioselective [3 + 3] atroposelective annulation catalyzed by N-heterocyclic carbenes.

142



Catalysts 2019, 9, 863

3. Cooperative NHC/Ti Catalysis

The Scheidt group found that an appropriate Lewis acid could reverse the diastereoselectivity
in NHC-catalyzed enals with chalcones 20 through preorganization of the reactants (Scheme 5) [46].
Though the Bode group previously reported that NHC-catalyzed reactions of chalcone derivatives
and enals provided trans-cyclopentene products, cis-cyclopentenes 21 were also obtained only using
(E)-ethyl 4-oxo-2-butenoate as the partner of substrates. Optically active cis 1,3,4-trisubstituted
cyclopentenes were observed when employing titanium tetraisopropoxide as the Lewis acid and
involving homoenolates 22 generated by NHC catalysis. While other Lewis acids such as magnesium,
zinc or scandium triflate completely inhibited homoenolate addition, the usage of Mg(Ot-Bu)2 afforded
predominately the trans cyclopentenes in moderate yield. It is noteworthy that the catalytic amounts
of isopropyl alcohol could improve both the yield and the rate by separating the titanium catalyst from
the intermediate easily. In the exploration of mechanism, Scheidt proposed that the titanium Lewis acid
promotes the generation of homoenolate equivalents 22, and then activates the chalcone to coordinate
with the homoenolate-titanium intermediate 23. Subsequently, two successive C–C bond formation,
acylation and decarboxylation provides the cyclopentene. Density functional theory (DFT) studies by
Domingo illustrated that the titanium complex could not only accelerate the annulation reaction by
lowing the Gibbs free energy, but also favor pre-organizing the spatial alignment of homoenolate and
chalcone, in line with the proposed reaction pathway [47].

Scheme 5. NHC/Ti(Oi-Pr)4 strategy for the synthesis of optically active cis cyclopentenes.

To extend the scope of substrates, Scheidt et al. developed the enantioselective dimerization of
enals using cooperative catalysis NHC/Ti(Oi-Pr)4 (Scheme 6). The NHC/titanium-mediated 1,4-addition
of homoenolate equivalents to enals was favored over the traditional 1,2-addition, resulting in the
formation of γ-lactones [48].
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Scheme 6. NHC-catalyzed enantioselective enal dimerization.

Meanwhile, the Scheidt group uncovered the β,γ-unsaturated α-ketoesters 28 as a suitable class
of homoenolate acceptors with enals to give the highly functionalized cyclopentanes 29 (Scheme 7) [49].
Importantly, the Lewis acid Ti(Oi-Pr)4 played a crucial role in the initial coordination to the enals,
which promoted the formation of extended Breslow intermediate 30 and subsequent coordination
to another enal or the β,γ-unsaturated α-ketoester. The high enantiopure products were received
through the C–C bond formation, protonation/tautomerization, intramolecular aldol reaction and then
acylation/elimination or transesterification. In addition, no reaction happened drastically without the
titanium (IV) iso-propoxide, which confirmed the significance of the Lewis acid during the process.

Scheme 7. NHC-catalyzed addition of homoenolates to β,γ-unsaturated α-ketoesters.
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In 2013, Snyder group disclosed a one-step cooperative NHC/Lewis acid catalysis to forge the
entire tricyclic butenolide cores, which belong to securinega alkaloids and exhibit various intriguing
biological activities (Scheme 8). A linear enynal 35 was selected as the appropriate precursor for the
in-situ generated homoenolate equivalent, which underwent an intramolecular addition to ketone and
followed by lactonization to afford the desired product. The reaction conditions were optimized by
investigating different NHC catalyst structures, species of Lewis acid or the concentration of solutions.
Eventually, the tricyclic butenolide 36 product was isolated by slowly adding starting material into
a suspension of catalyst and Ti(Oi-Pr)4 in toluene with the concentration of 0.03 M. Surprisingly,
an exogenous base was not necessary, probably due to the Ti(Oi-Pr)4 was basic enough to facilitate
the generation of the active carbene. In this dual catalysis strategy, ynals were used as nucleophilic
homoenolate precursors to synthesize securinega alkaloids in only nine steps from commercial
materials, which could provide opportunities for the further development of NHC-catalyzed reactions
in total synthesis of fused bicyclic butenolide domains [50].

Scheme 8. NHC/Ti(Oi-Pr)4 strategy for the synthesis of securinega alkaloids.

Later on, Cheng group reported the NHC/Ti(Oi-Pr)4 co-catalyzed dimerization
of 2-formylcinnamates 37 for the access to isochromenone derivatives 38 via an
unexpected pathway. However, a mixture of two diastereoisomers with cis- and
trans-isochromeno[4,3-c]isochromene-6,12-diacetates were isolated in the absence of Ti(Oi-Pr)4

(Scheme 9). The combination of NHC and Ti(Oi-Pr)4 changed the reaction pathway of the dimerization
completely [51]. The proposed mechanism revealed that the Breslow intermediate 39 was firstly
generated via the deprotonation, nucleophilic addition and proton transfer. It then underwent the
second nucleophilic addition to 2-formylcinnamates to generate α-hydroxyl ketones 40, which
was activated by titanium(IV) and underwent the aerobic oxidation to afford the 1,2-diketone
42. Intriguingly, the nucleophilic addition of NHC to the carbonyl of 1,2-diketone, the following
intramolecular rearrangement and copy rearrangement produced the peroxide intermediates 45.
1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU) as a powerful nucleophile attacked the peroxide intermediate
to facilitate the cleavage of O–O bond and elimination of the acetate moiety resulting in the formation
of the enolates 46. At last, the intramolecular lactonization and release of the NHC delivered the
isochromenone derivatives 38. In this case, the Lewis acid changed the reaction pathway and provided
opportunities for the application of NHC/Lewis acid cooperative catalysis.
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Scheme 9. Dimerization of 2-formylcinnamates by NHC/Lewis acid cooperative catalysis.

Moreover, the Cheng group has systematically studied the chiral N-heterocyclic
carbene/Lewis acid co-catalyzed intermolecular dimerization of 2-aroylvinylcinnamaldehydes,
2-aroylvinylcinnamaldehydes 47 with aromatic aldehydes 48 and 2-(aroylvinyl)benzaldehydes 51 with
enals (Scheme 10). A variety of synthetically unavailable functionalized chiral indeno[1,2-c]furan-1-ones
49, tetrahydroindeno[1,2-c]furan-1-ones 50, 4,5-dihydro-1,4-methanobenzo[c]oxepin-3-ones 52 and
2,8-dihydrocyclopenta[a]indenes 53 were synthesized with good yields, excellent enantioselectivities
and high diastereoselectivities. The Lewis acid Ti(Oi-Pr)4 as a co-catalyst has been exemplified
by activating the reaction partners simultaneously and then inducing the stereoselectivities
preferentially [52–54].
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Scheme 10. The reactions of 2-aroylvinylcinnamaldehydes or 2-(aroylvinyl)benzaldehydes involved in
NHC/Ti(Oi-Pr)4 cooperate catalysis.
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Zhao and co-workers developed a divergent annulation reaction of heterocyclic enones 64 with
enals to synthesis ε-lactones 65 or spiro-heterocycles (Scheme 11). Ti(Oi-Pr)4 as the optimal Lewis acid
was surveyed to enhance the conversion of the catalytic system and deliver the [3 + 4] annulation
product ε-lactones 65 in good yield and excellent chemo- and stereo-selectivities [55]. Surprisingly, the
indole-based enones afforded the indole-fused ε-lactones as a single diastereomer, potentially due to
the control of chiral catalyst. This work displayed the catalyst-controlled chemoselective process in
NHC catalysis and extended the capability of NHC/Lewis acid cooperative catalysis.

Scheme 11. Stereoselective synthesis of ε-lactones by NHC-catalyzed annulation.

4. Cooperative NHC/Li Catalysis

Since the combination of NHC catalysis with Lewis acids demonstrated high efficiency to facilitate
synthetic transformations, the Scheidt group has made a number of pioneer works and reported the
first cooperative catalytic system consisting of achiral NHC and LiCl to promote an intermolecular
conjugate addition of primary and secondary alcohols with activated alkenes (Scheme 12). The impact
of lithium cation was probed that the addition of 1.0 equivalent of 12-crown-4 leaded a decreased yield.
Therefore, LiCl was added to generate the desired β-alkoxy ketone 68 in 95% yield. Unfortunately,
the enantioselective versions with the chiral NHC/LiCl co-catalysis were carried out resulting in
racemic products or low ee values even if high yields. The mechanism investigation illustrated
that the free N-heterocyclic carbene derived from IMes acted as a Brønsted base and accessed the
NHC-alcohol complex 69 as a crucial intermediate. Remarkably, no oligomerization products were
observed presumably because the lithium chloride as a Lewis acid activated the enones toward the
1,4-additon of the alcohols. Ultimately, the overall yield was improved [56].

Subsequently, Scheidt and coworkers reported an enantioselective annulation of isatins 71 with
enals for accessing spirooxindole lactones 72 in good yields and high enantioselectivities (Scheme 13) [57].
Soon later, Sunoj and coworkers focused on the mechanism and origin of stereoselectivity in the chiral
NHC/Lewis acid co-catalyzed synthesis of spirooxindole lactones. The addition of chiral NHC to
α, β-unsaturated aldehydes generates the homoenolate equivalent as nucleophilic species and then
inducts the enantioselectivity of the annulation process. On the other hand, the lithium counterion
interacts with both the 1,2-dicarbonyl of the isatin and the NHC-bound homoenolate, resulting in
an enantioselective addition of the re face with the enhancement on the level of enantioselectivity, in
line with the experimental observations [58]. At last, this approach was successfully applied into the
concise synthesis of maremycin B, which contains a 3-hydroxy indole structure scaffold and exhibits
the excellent anticancer activity [57].
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Scheme 12. NHC-catalyzed conjugate additions of alcohols.

 
Scheme 13. NHC/LiCl strategy for the stereoselective synthesis of spirooxindole lactones.

The appropriate Lewis acid has a significant influence on the NHC-catalyzed umpolung reactions.
In 2013, the She group reported an elegant work that the NHC/Lewis acid catalytic system mediated the
[3 + 2] annulation of alkynyl aldehydes 73 with β,γ-unsaturated α-ketoester 74 (Scheme 14). No desired
product was observed in initial studies employing only NHC-catalyst in the absence of the Lewis acid.
Notably, the yields of butenolides were enhanced and the starting materials were consumed completely
in a short time in the presence of LiCl. In addition, the enantioselective studies of this methodology
were carried out by screening several available chiral carbenes to realize the asymmetric version of this
formal [3 + 2] cyclization. Although a moderate enantioselectivity was observed, this result prompted
further exploration on the NHC/Lewis acid mediated enantioselective reactions [59]. Shortly thereafter,
Scheidt and co-workers further explored a chiral NHC-catalyzed cascade reaction of α,β-alkynals
with α-ketoesters by using the same cooperative catalysis strategy. The enantioselectivity of this
formal [3 + 2] annulation reaction was induced by a saturated imidazolium J (SImes·Cl) and chiral
phosphoric acid. Remarkably, the introduction of lithium cation organized the transition state by means
of activating the phosphate and α-ketoesters simultaneously [60]. Du and Lu group reported another
formal [3 + 2] annulations of alkynyl aldehydes with isatins. A variety of spirooxindole butenolides
and spirooxindole furan-3(2H)-ones were formed by the NHC/LiCl co-catalyzed transformation via
the a3-d3 umpolung of alkynyl aldehydes and a1-d1 umpolung process respectively. The asymmetric
version of this formal [3 + 2] cyclization reaction has also been realized using the chiral carbene
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precursor I as catalyst, and the spirooxindole butenolide as a single regioisomer was afforded in 78%
yield and 73% ee value [61]. In short, the common nature of these elegant studies is the umpolung of the
β-position of alkynyl aldehydes by N-heterocyclic carbenes to afford a unique “allenolate” nucleophile,
whilst LiCl as the optimal Lewis acid activates the carbonyl of various electrophilic reagents.

Scheme 14. NHC-catalyzed/Lewis acid mediated conjugate umpolung of alkynyl aldehydes.

Studer et al. reported the cooperative NHC/LiCl catalyzed the conjugate additions of tertiary
prochiral C-nucleophiles to α,β-unsaturated acyl azolium in situ generated from the oxidation of the
Breslow intermediate (Scheme 15). β-diketones, β-ketoesters, and malonates 76 bearing a β-oxyalkyl
substituent at the α position reacted smoothly with enals to afford highly substituted cyclopentanes 77
in high yields and excellent diastereo- and enantioselectivities. The proposed mechanism revealed that
this organic cascade process consisted of the deprotonation of NHC precursor K, Michael addition and
subsequent asynchronous formal [2 + 2] aldol lactonization with the regeneration of the NHC catalyst
to give the desired highly substituted β-lactones [62].

Scheme 15. Asymmetric synthesis of highly substituted β-lactones through oxidative carbene catalysis
with LiCl as cooperative Lewis acid.

In 2015, Studer and Ye reported the similar results that the cooperative oxidative NHC/Lewis acid
enantioselective catalysis gave highly substituted δ-lactones 79 through the reactions of enals with
ε-oxo-γ,δ-malonates 78 containing two Michael acceptors (Scheme 16). The suggested mechanism of
these two cascade reaction demonstrated that the oxidation of vinyl Breslow intermediate afforded the
α,β-unsaturated acyl azolium intermediate, which was then attacked by the deprotonated malonates
to give the enolate intermediate. Subsequently, the second intramolecular Michael-type cyclization
and lactonization afforded the cyclopentane- and cyclohexane-fused δ-lactones with the release of the
catalyst. Meanwhile, the LiCl was likely to coordinate with the enolate of malonates and the oxygen
atom of the α,β-unsaturated acylazolium intermediate by lowering the LUMO energy. Therefore,
LiCl turned out to be essential for facilitating the formation of new C–C bond and the outcome of high
yields and excellent stereoselectivities [63,64].
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Scheme 16. Enantioselective synthesis of bicyclic δ-lactones via NHC-catalyzed cascade reaction.

In 2016, Zhong reported an enantioselective annulation of α,β-unsaturated aldehydes with
1,3-dicarbonyl compounds 80 by cooperative N-heterocyclic carbene/Lewis acid catalysis strategy
(Scheme 17). LiCl and 4Å molecular sieves were found to be the best in the optimization studies. The
ee value of the desired dihydropyranone 81 was improved distinctly from 60% to 87% in the presence
of LiCl. It was noteworthy that the ambient air acted as the sole oxidant in this asymmetric annulation
reaction. Some control experiments were carried out to illustrate that the molecular O2 indeed could
promote the oxidation of homoenolate equivalent to theα,β-unsaturated acyl triazolium. In this regards,
the aerobic oxidative NHC/Lewis acid catalyzed enantioselective annulations provided an efficient,
concise and green version in asymmetric synthesis [65]. Then, Du and Zheng independently reported the
formal NHC/Lewis acid catalyzed [3 + 3] annulation of 1,3-dicarbonyl compounds with isatin-derived
2-bromoenals and β-cyano-substituted α,β-unsaturated aldehydes, respectively [66]. Compared with
the isatin-derived enals, which was unstable under air and always difficult to separate from the Z/E
mixtures, the isatin-derived 2-bromoenals were proved to be more stable under air and reacted well
with 1,3-dicarbonyl compounds under NHC/base conditions. However, it was still ambiguous that
whether the β-cyano-substituted α,β-unsaturated aldehydes could be attacked by the NHC catalyst
or not. The enantioselective annulations of β-cyano-substituted α,β-unsaturated aldehydes with
malonates were investigated under NHC-catalyzed oxidative conditions. In these two reactions, the
addition of LiCl enhanced the reaction yields and stereoselectivities significantly to give the desired
spirooxindole δ-lactones and dihydropyran-4-carbonitrile compounds [67]. Then, Dong, Du and
colleagues reported the first application of esters as alkynyl acyl azolium precursors that have been
utilized to undergo a formal [2 + 3] annulation with amidomalonates through dimethylaminopyridine
(DMAP)/LiCl and NHC/LiCl cooperative catalysis. A wide range of (Z)-5-amino-3-furanones was
synthesized with moderate to high yields (41%–99% yield) and high regioselectivities [68].

Scheme 17. NHC/Lewis acid catalyzed enantioselective aerobic annulation of α,β-unsaturated
aldehydes with 1,3-dicarbonyl compounds.

Compared with enals, the carboxylic acids are more readily available and stable.
They could be easily activated and in situ converted to the key NHC-bound
intermediates with the assist of an array of coupling reagents, such as carbonyldiimidazole
(CDI), 2-(7-aza-1H-benhexafluorophoszotriazole-1-yl)-1,1,3,3-tetramethyluroniumphate (HATU), and
pivaloyl chloride. Yao and co-workers reported that α,β-unsaturated carboxylic acids could
be transformed into α,β-unsaturated acyl azolium in the presence of HATU via the in situ
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activation strategy. Moreover, the introduction of LiCl could improve the enantioselectivities of
dihydropyranone products [69]. In 2017, the Biju group demonstrated an intramolecular NHC-catalyzed
aldol-lactonization of ketoacids 82 using the dynamic kinetic resolution (DKR) strategy (Scheme 18).
The kinetics study indicated that the reaction proceeded via DKR process because more than 50%
β-lactones were obtained in 6 h. Further transformation of the cyclopentane-fused β-lactone products
83 with primary amines resulted in succinimide derivatives containing four contiguous stereocenters
in excellent yields and diastereoselectivities and good enantiopurities [70].

Scheme 18. NHC-catalyzed aldol-lactonization of ketoacids via dynamic kinetic resolution.

In 2017, Huang and Fu Group reported an oxidative amidation of aldimine 84 by NHC catalysis
with LiCl as cooperative Lewis acid under ambient air (Scheme 19). The proposed reaction pathway
indicated that the NHC-bounded aldimine intermediate was produced firstly by the umpolung of
aldimine under NHC catalysis with the assistance of the LiCl, and the structure of the intermediate
was confirmed by X-ray diffraction analysis. Then the intermediate underwent dearomatization and
deprotonation process to form an imine-derived Breslow intermediate, which then added to dioxygen
from the air and cleaved the O–O bond under basic condition to afford amides 85 with the expulsion of
the free carbene. Overall, an economical and efficient methodology was developed for the synthesis of
some biological molecules by the cooperative catalysis with ambient air or O2 as the sole oxidant [71].

 
Scheme 19. Access to amide from aldimine via aerobic oxidative carbene catalysis and LiCl as
cooperative Lewis acid.

Later, the same authors employed potassium 2-oxo-3-enoates 86 as outstanding and practical
surrogates for α,β-unsaturated aldehydes in NHC-catalyzed asymmetric reactions. These salts
could be prepared at scale and purified to undergo NHC-catalyzed reactions with enones 87, isatins
89, and 1,3-dicarbonyl compounds 91 respectively, affording various corresponding cyclopentenes
88, spirooxindole lactones 90 and lactones 92 with broad substrate scopes and good to excellent
enantioselectivities [72]. In 2019, this group further developed a novel NHC-catalyzed [3 + 3]
annulation of potassium 2-oxo-3-enoates 86 with 2-ethylidene 1,3-indandione 93 to give 2,2-diacyl
spirocyclohexanones 94 in good to excellent yields. Lewis acid LiCl was added in these reactions to
activate the potassium 2-oxo-3-enoates via the collaborative strategy (Scheme 20) [73].
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Scheme 20. Potassium 2-oxo-3-enoates as effective and versatile surrogates for α,β-unsaturated
aldehydes in NHC-catalyzed asymmetric reactions.

In 2018, the Enders group reported a new NHC-catalyzed domino process of enals with reactive
malonates 98 (Scheme 21). The huge challenge of this cascade reaction was how to control the
reactivities of multifold nucleophilic and electrophilic of the substrates [74]. Hence the malonates
bearing an ortho-hydroxy phenyl group and enals were selected as starting materials to validate the
feasibility of the domino processes. Gratifyingly, the desired cyclopenta[c]-fused chromenones 99
were isolated in an acceptable yields and high enantioselectivities with the assistance of LiCl as a
cooperative Lewis acid. Since there are two possible mechanisms to illuminate the reaction pathway,
DFT calculations and control experiments were carried out to verify that the reaction has been subjected
to the domino Michael/aldol/lactonization/dehydration process. Notably, low chemical yields and
ee values were obtained in the absence of LiCl. This domino reaction clearly showed the power of
NHC/Lewis acid cooperative catalysis involving reactive reagents.
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Scheme 21. NHC-catalyzed quadruple domino reactions: asymmetric synthesis of
cyclopenta[c]chromenones.

Recently, Naumann, Buchmeiser and co-workers established an NHC/LiCl cooperative catalysis for
the synthesis of linear poly(oxazolidin-2-one)s (POxa) 102 (Scheme 22). Diepoxides 101, aromatic as well
as aliphatic diisocyanates 100, and NHC-CO2 adducts were employed in the polymerization reaction.
More importantly, the Lewis acid LiCl was selected as cocatalyst to secure high-molecular-weight
POxa and control the polymerization in a reasonable degree [75].

 

Scheme 22. Synthesis of linear poly(oxazolidin-2-one)s by cooperative catalysis based on NHC/LiCl.

5. Cooperative NHC/Sc Catalysis

In 2012, the scandium-based Lewis acid was first applied in the cooperative NHC catalysis by
the Chi group [76]. The authors successfully circumvented the difficulties in improving the reactivity
and enantioselectivity of the remote γ-carbon of enals (Scheme 23). β-phenyl substituted butenal was
chosen as the starting material to avoid the competing pathway of the NHC-mediated enal reactions.
The combination of Sc(OTf)3 and Mg(OTf)2 offered a small but consistent additional ee enhancement.
Remarkably, only 5%–23% ee were observed in all cases when the reactions were conducted without
Sc(OTf)3, which demonstrated that the potential coordination of Sc(OTf)3 played a critical role in the
chiral induction.
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Scheme 23. Oxidative γ-addition of enals to trifluoromethyl ketones by NHC/Sc(OTf)3

cooperative catalysis.

Inspired by these results, Wang and co-workers reported an enantioselective intermolecular
dynamic kinetic resolution (DKR) catalyzed by an N-heterocyclic carbene and a Lewis acid cooperatively
(Scheme 24) [77]. The enantiomerically pure DKR products σ-lactones 106 were isolated from the
reaction of β-phenyl substituted butenal and β-halo-α-ketoesters 105 under oxidative conditions with
excellent enantio- and diastereocontrol. The postulated reaction pathway was illustrated that the key
intermediate vinyl enolate 109 arose from the γ-deprotonation of the oxidatively generated unsaturated
acyl azolium intermediate 108. Then, this intermediate underwent the nucleophilic addition to activate
ketones, resulting in the regioselective γ-addition and construction of the cyclization products. The
Lewis acid Sc(OTf)3 or Mg(OTf)2 were known to exhibit good affinities for carbonyl oxygen and
carboxylates, and potentially involved in the multisite coordination to bring the ketone electrophile
into close proximity with vinyl enolate intermediate. In general, the effect of this coordination may
amplify the otherwise weak chiral induction by the chiral NHC catalyst.
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Scheme 24. Intermolecular dynamic kinetic resolution cooperatively catalyzed by an N-heterocyclic
carbene and a Lewis acid.

6. Miscellaneous

In 2014, Yao and coworkers reported a novel Lewis acid La(OTf)3 as a co-catalyst in the
NHC-catalyzed [4 + 2] annulation of 2-bromo-2-enals with isatin derivatives 112 (Scheme 25). This dual
catalysis process was initiated by the addition of the NHC to 2-bromo-2-enals to give the Breslow
intermediate, which then underwent a3 to d3 umpolung and debromination to generateα,β-unsaturated
acyl azolium intermediate without the addition of external oxidant. The α,β-unsaturated acyl azolium
was then deprotonated at the γ-position to provide the vinyl enolate intermediate. Subsequently,
the nucleophilic addition and intramolecular lactonization occurred between the vinyl enolate and
isatin 112. Spirocyclic oxindole-dihydropyranones 113 were prepared in good yields and with excellent
enantioselectivities. Similar to Chi’s and Wang’s report (vide supra), only 19–41% ee were observed in
all cases in the absence of Lewis acid La(OTf)3 as a co-catalyst [78].
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Scheme 25. NHC/La(OTf)3 strategy for the stereoselective synthesis of
spirocyclic oxindole-dihydropyranones.

Ye and colleagues investigated the reactions ofα,β-unsaturated carboxylic acids with isatin-derived
ketamines under NHC catalysis. Initially, the desired spirocyclic oxindolodihydropyridinone product
was isolated in low yield with only 7% ee in the absence of Lewis acid. Notably, the Lewis acid
La(OTf)3 performed well to improve the yield and enantioselectivity [79]. In 2017, Huang and
co-workers presented an enantioselective β-protonation of enals via a shuttling strategy (Scheme 26).
A variety of Lewis acids have been screened and displayed a strong impact on the enantioselectivity.
Finally, Cu(OTf)2 resulted in the highest yield and ee value. The Lewis acid could coordinate
with enals and mercaptans 114 through not only stabilizing a homoenolate intermediate but also
facilitating protonation by increasing the acidity of the thiol. In a word, the combination of a
chiral N-heterocyclic carbene (NHC) catalyst and a strong Brønsted/Lewis acid cocatalyst solved
the longstanding challenge of enantioselective remote β-protonation of homoenolates with excellent
reactivity and enantioselectivity [80].

Scheme 26. Enantioselective β-protonation of enals via a shuttling strategy.

7. Conclusions

In this review, a number of catalytic applications have demonstrated that the combination of
NHC catalysis with Lewis acid is a unique and efficient strategy for access to a wide range of highly
functionalized complex and enantiomerically enriched structural motifs. The use of a Lewis acid in
combination with a NHC catalyst enable us to (1) increase the yield and enantioselectivity, (2) reverse
diastereo- and regioselectivity, (3) change the reaction pathway and (4) activate a previous inactive
electrophile in NHC-generated processes. Overall, the dual catalytic approaches would expand the
utility of NHC/Lewis acid methodology and construct other synthetically useful products with diverse
particularly important skeletons. Further development of the cooperative catalysis in the total synthesis
of natural products and pharmaceuticals will be the target of future studies.
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