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is – from simple aldehydes to
artificial enzymes

Zeqin Yuan,a Jun Liao,a Hao Jiang,b Peng Caoa and Yang Li *a

Chemists have been learning and mimicking enzymatic catalysis in various aspects of organic synthesis.

One of the major goals is to develop versatile catalysts that inherit the high catalytic efficiency of

enzymatic processes, while being effective for a broad scope of substrates. In this field, the study of

aldehyde catalysts has achieved significant progress. This review summarizes the application of

aldehydes as sustainable and effective catalysts in different reactions. The fields, in which the aldehydes

successfully mimic enzymatic systems, include light energy absorption/transfer, intramolecularity

introduction through tether formation, metal binding for activation/orientation and substrate activation

via aldimine formation. Enantioselective aldehyde catalysis has been achieved with the development of

chiral aldehyde catalysts. Direct simplification of aldehyde-dependent enzymes has also been

investigated for the synthesis of noncanonical chiral amino acids. Further development in aldehyde

catalysis is expected, which might also promote exploration in fields related to prebiotic chemistry, early

enzyme evolution, etc.
1 Introduction

Inspired by evolutionary optimized catalytic capabilities of
enzymes, chemists have a long history of mimicking useful
biocatalytic processes by application of low-molecular-weight
organic compounds, trivially named organocatalysts. The eld
of organocatalysis plays an increasingly important role in
organic synthesis,1 primarily due to its robust nature (air/water
stable), low toxicity, and sustainability. Many catalytic modes
have become well-established during the past decades, while
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several new modalities have recently surfaced. Herein, small
molecule aldehydes have been revealed as competent mimics of
biocatalytic processes.2 Aldehydes represent an important
functionality in biological systems and are also involved in the
research of prebiotic chemistry and investigation of life origi-
nation.3 Featured examples of aldehyde catalysis include their
capability to mimic the modes of action of biological photo-
catalytic systems, proteases and PLP-dependent enzymes
(Fig. 1, le).

Metal complexes (e.g. chlorophylls) and organic molecules
(e.g. carotenoids) are employed by nature for interaction with
light.4 Accordingly, chemists have developed various transition
metal containing compounds and organic dyes for light
chemistries.1k,5 Simple low molecular weight aromatic
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Fig. 1 Representative examples of enzymatic mimicking of aldehyde
catalysts (left); simple classification of the aldehyde catalysts (right).
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aldehydes may serve as a green alternative. The p-conjugation
of C]O functioning and aromatic group enables aromatic
aldehyde to become activated upon UV radiation (Fig. 1, le,
(a)). The resulting species have been applied as useful photo-
organocatalyt in important reactions such as isomerizations,
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atomtransfer radical additions, coupling reactions, polymeri-
zation and etc.2h

The electrophilicity of the aldehyde group enables aldehydes
to act as catalysts by interacting with substrate of nucleophilic
nature, e.g. amines, alcohols, thiols, and nitriles. Upon the
addition of nucleophiles, the aldehyde could transform to
a tether intermediate bearing a hydroxyl group.2a,b By
mimicking proteolysis6 (Fig. 1), this hydroxyl group activates
either target functional groups on the substrate (e.g. amides) or
nucleophiles (e.g. H2O), and facilitates the transformations of
the functional groups (Fig. 1, le, (b)).

In the reaction with primary amine substrate, an aldimine
intermediate could be generated.2c–g This successfully mimics
PLP-dependent enzymes (PLP: pyridoxal phosphate) for the
reactions of amino acid derivatives (Fig. 1, le, (c)).7 Except for
simple aldehydes, relevant complex/chiral aldehydes and
simplied enzymatic PLP are also worth mentioning along the
developments in this eld. By mimicking the mode of enzyme–
substrate complementarity (“Lock-and-key” mode),8 the alde-
hyde catalyst function either alone or cooperate with metal
which promotes an abundance of different types of reactions.

Understanding the properties of aldehydes is of great
scientic signicance that provides a source of inspiration for
novel development of catalytic transformations. In this tutorial
review, we aim to give an overview of the important synthetic
applications, in which aldehydes play a role as catalysts (mainly
with catalytic amount of the aldehydes). This review is struc-
tured by framing the aldehyde catalysts into the categories of
structurally simple aldehydes, designed aldehydes with distinct
structural framework (mainly focusing on PLP and binaphthyl-
based system), and complex aldehyde-based articial enzymes
(Fig. 1, right). Modes of actions, applicability and aspects of
future development will be discussed.
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Scheme 2 p-Anisaldehyde catalyzed ATRA of alkyl halides to olefins.
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2 Simple aldehydes
Photo-organocatalytic reaction

Aldehydes are well known as photo-organocatalysts in organic
synthesis. They are considered to be more sustainable and eco-
friendly alternatives of metal-based photoredox catalysts.2h

Seminal works were reported by Hammond and coworkers in
early 1960s where they explored the use of aromatic aldehydes
to catalyze the isomerization of cis-piperylene (Scheme 1).9 The
trans to cis ratio of piperylene reached as high as 13 : 1 in the
presence of 60 mol% 1-naphthaldehyde. The proposed mecha-
nism involves the aldehyde catalyst being activated to the triplet
stage upon UV irradiation. This in turn generates the triplet
stage of the alkene through energy transfer (Paterno–Büchi
reaction), which bridges the cis to trans isomerization.9b,10

This eld caught limited attention for over 50 years. Never-
theless, it inspired the Melchiorre group to utilize p-anisalde-
hyde to catalyze atom-transfer radical addition (ATRA)11 of
a variety of alkyl halides to olens in 2014 (Scheme 2).12 The
reaction was carried out under the irradiation by a 23 W
compact uorescent light (CFL) and giving generally high yields
of the products. Examples of applying primary, secondary and
tertiary halides (–Cl/–Br/–I) as substrates were provided.
Terminal olens, internal cyclic olens, olen containing
naturally occurring compounds as well as alkynes were
successfully applied in this reaction. The proposed mechanism
involves the aldehyde catalyst being excited to singlet state (S1)
through an n / p* transition by irradiation. Subsequently
transformation to its triplet state (T1) through intersystem
crossing (ISC)13 is followed by an energy transfer between the
triplet aldehyde and halide substrate generating the triplet alkyl
halide and reforming the ground state aldehyde. The triplet
alkyl halide then undergoes a homolytic cleavage giving the
alkyl radical which preformed the ATRA with the olens.

In 2016, Ji and coworkers discovered that benzaldehyde
largely enhanced the reactivity in the photoredox reaction for
cross-dehydrogenative coupling (CDC) between amides and
electron decient heteroarenes.14 As shown in Scheme 3, the
reaction of benzothiazole 6 and formamide occurred under
23 W CFL irradiation in the presence of radical initiator
Scheme 1 1-Naphthaldehyde catalyzed isomerization of cis-
piperylene.

This journal is © The Royal Society of Chemistry 2020
(NH4)2S2O8 and produced the product in 59% yield by NMR.
The addition of 50 mol% benzaldehyde resulted in an increase
of yield to 90%. With higher amount of benzaldehyde (1.0 eq.)
and TsOH (1.0 eq.) as additives, the yield of the product was
further improved to 99% yield by NMR (94% yield of isolated
product). This reactivity was also extended to other hetero-
arenes, e.g. imidazoles and pyridines, N-alkylated amides and
ethers.

Similar to a previously disclosed example utilizing metal-
based photoredox catalyst,15 benzaldehyde was shown to be
capable of initiating the formation of sulphate radicals in this
reaction (Scheme 4). These sulphate radicals in turn oxidize
amides to radical intermediate, which subsequently reacts with
aromatic substrates by the CDC reaction. The proposed mech-
anism in full starts with benzaldehyde being illuminated to the
photoexited benzaldehyde I and II upon the light irradiation.
This promotes the generation of the sulphate radical while
forming the possible intermediates III or IV. The sulphate
radical then reacts with amide and forms the active amide
radical. Subsequently, this amide radical reacts with the
protonated heteroarene through nucleophilic addition forming
intermediate V, which undergoes a deprotonation and is
subsequently oxidized by III or IV to generate the desired
Scheme 3 CDC of electron deficient heteroarenes with amides
enhanced by benzaldehyde.

RSC Adv., 2020, 10, 35433–35448 | 35435
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Scheme 4 Mechanism of the benzaldehyde enhanced CDC.

Scheme 5 Combination of benzaldehyde and Ni catalysis in the
coupling reaction of ethers/amides/thioethers and bromides.

Scheme 7 p-Anisaldehyde catalyzed sulfonylcynation of chiral
cyclobutenes.

Scheme 8 Diphenylacetaldehyde catalyzed ATRA of perfluoroalkyl
iodides with alkenes/alkynes.
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product and reforming the aldehyde catalyst to complete the
catalytic cycle.

In 2019, Hashimi group published examples of benzalde-
hyde and nickel combined photoredox catalysis for a-C(sp3)–H
alkylation/arylation with ethers, amides and thioethers (Scheme
5).16 Following the well-studied aldehyde's triplet exited state
activation and direct hydrogen atom transfer (HAT) process,
a radical intermediate I was suggested to be generated from the
substrate. This radical intermediate thus reacted with aliphatic
or aromatic bromide through nickel catalysis forming the
coupling products in high yields.

During the same year, with thorough screening of different
aromatic aldehydes, Kokotos and coworkers realized the acti-
vation of the ortho-hydrogen of aliphatic aldehydes for the
Scheme 6 p-Cyanobenzaldehyde catalyzed hydroacylation of elec-
tron-withdrawing alkenes.

35436 | RSC Adv., 2020, 10, 35433–35448
hydroacylation with electron-withdrawing alkenes (Scheme 6).17

The use of 10 mol% of p-cyanobenzaldehyde catalyzed the
reaction efficiently under the irradiation by CFL lamps.

In 2020, more examples were reported further demon-
strating the great potential of aldehydes as privileged alternative
catalyst in photo-catalysis. Landais and coworkers used p-ani-
saldehyde as photosensitizer in the sulfonylcynation of chiral
cyclobutenes (Scheme 7).18 The reaction showed high efficiency
when compared to the use of other organic dyes. Moreover,
excellent diastereoselectivities were observed in these reactions.

Yajima and coworkers recently reported an example of ATRA
of peruoroalkyl iodides with alkenes or alkynes applying
aldehyde catalysis (Scheme 8).19 Diphenylacetaldehyde, pyrro-
lidine and 23 W CFL were required for promoting this reaction.
The iodoperuoroalkylated products were generated in
moderate to excellent yields. For the reaction with alkynes, the
yields could be further improved to up to 100% when higher
loading of diphenylacetaldehyde and pyrrolidine were used.
Scheme 9 Mechanism of diphenylacetaldehyde-amine catalysis in
ATRA of perfluoroalkyl iodides with alkenes/alkynes.

This journal is © The Royal Society of Chemistry 2020
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Scheme 10 Salicylaldehyde/base catalyzed decarboxylative
alkylations.
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The reaction was proposed to proceed through a cooperative
catalytic pathway with enamine and amine (Scheme 9). The
enamine I was formed in situ by the aldehyde and pyrrolidine.
Next, an electron-donor–acceptor (EDA) complex II is formed
from I and the peruoroalkyl iodide. Upon the irradiation by
23 W CFL, this complex turns into a radical ion pair III.20 The
formed peruoroalkyl radical (a) then reacts with the alkene/
alkyne giving radical IV, and forms the nal product through
partial iodine transfer from another peruoroalkyl iodide. At
the same time, the iodide ion (c) reduces the enamine radical
cation (b) generating an iodine radical V and reforms the
enamine intermediate I. This iodine radical V is then captured
by free amines in the reaction mixture and also efficiently
reacted with radical intermediate IV giving the desired product.

Most recently, Kang and coworkers applied deprotonated
salicylaldehyde as photosensitizer in decarboxylative alkyl-
ations with isocyanides/thiophenols/disulfanes and N-hydrox-
yphthalimide esters as reactants (Scheme 10).21 This reaction
was carried out under visible light (>400 nm) irradiation owing
to the red shi and strong uorescence the salicylaldehyde
displayed upon deprotonation. The mechanism involves the
exited state of salicylaldehyde sensitizing N-hydroxyph-
thalimide through energy transfer pathway generating the
reactive radical R, which further reacts with the substrates.
These reactions are highly efficient and the catalyst loading
could be decreased to as low as 1 mol%.

This strategy was also successfully expanded to the visible
light induced aerobic oxidation of N-alkylpyridinium salts
Scheme 11 Potassium 2-formylphenolate (cat. 7) catalyzed aerobic
oxidation of N-alkylpyridinium salts.

This journal is © The Royal Society of Chemistry 2020
(Scheme 11).21 The reaction proceeded smoothly under mild
conditions generating isoquinolones in good yields.
Dehydration

Simple aldehydes (formaldehyde and octanal) were found to be
a green alternative for promoting the dehydration of amides.22

These compounds transferred the molecular equivalent of
water from amides to the solvent acetonitrile or benzonitrile in
the presence of formic acid (Scheme 12). This method enabled
the efficient transformation of both aromatic and aliphatic
amides to their corresponding nitriles in relatively mild reac-
tion conditions (a). In these reactions, excess amount of alde-
hyde is generally applied. Even though catalytic amount of
aldehyde is less efficient, a good amount of yield was obtained.
As shown in equitation (b), 60% yield of 3-phenylpropanenitrile
was generated when 20 mol% of octanal was employed to the
reaction of 3-phenylpropanamide 36.

The reaction was proposed to undergo via the mechanism
shown in Scheme 12. The nitrogen of acetonitrile attacks the
aldehyde catalyst, which is activated by the acid additive,
forming the cation intermediate I. This intermediate then
reacts with the amide substrate to form the new amide inter-
mediate II and the nitrile product. The formed amide inter-
mediate III subsequently releases the amide 38 and reforms the
aldehyde catalyst.
Dehydrative transformation

Xu and coworkers developed a series of dehydrative trans-
formation of alcohols with nucleophiles catalyzed by simple
aldehydes.23,24,27 These reactions were carried out in a metal-
and solvent-free fashion in the presence of base at elevated
Scheme 12 Simple aldehydes promoted dehydration of amides.

RSC Adv., 2020, 10, 35433–35448 | 35437
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Scheme 13 Simple aldehydes catalyzed dehydrative transformation
between the corresponding alcohols and primary amines/amides.

Scheme 15 Simple aldehydes catalyzed dehydrative transformation
between the corresponding alcohols and fluorenes.
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temperatures. The products were generated in low to excellent
yields. Regarding the reaction with primary amines/amides, the
catalytic role of aldehyde has been recognized in earlier report.25

However, the author managed to perform this reaction under
much milder reaction conditions (Scheme 13).23

The mechanism of the reaction is shown in Scheme 13. The
aldehyde catalyst forms an imine intermediate I with the amine
substrate. This intermediate then undergoes a metal-free
transfer hydrogenative reduction with the primary alcohol and
generates the product while reforming the aldehyde catalyst.
The later Meerwein–Pondorf–Verley (MPV) type reduction26 is
the key to the success of this reaction. The base plays an
important role, not only to promote the imine condensation,
but also enables the transition metal-free MPV reduction. The
use of aromatic aldehydes most probably facilitates the forma-
tion of the imine intermediate I with amines.

The dehydrative coupling with 2-substituted alcohols
involved multiple MPV redox sequences (Scheme 14).24 Firstly,
alcohol 42 is oxidized to the corresponding nucleophilic ketone
Scheme 14 Simple aldehydes catalyzed dehydrative transformation
between the corresponding alcohols and 2-substituted alcohols.

35438 | RSC Adv., 2020, 10, 35433–35448
420 through a MPV sequence. Compound 420 then undergoes an
Aldol condensation with the aldehyde catalyst forming an a,b
unsaturated ketone intermediate I. This intermediate is
sequentially reduced through MPV sequence over two steps by
the alcohol substrates 43 forming the nal product and recov-
ering the aldehyde catalyst 430. It is noted that, substrate alcohol
42 also participates in the last two MPV steps to generate
intermediate II, the product and side residue ketone 420.

In 2017, Xu group continuously expanded this strategy in the
dehydrative coupling of primary alcohols with uorenes
(Scheme 15).27 Similar to the previous examples, the aldehyde
catalyst forms an unsaturated intermediate (methylenyl uo-
rene I) with uorene, which undergoes a hydrogenative reduc-
tion with alcohol substrate forming the desired product and
regenerates the catalyst.

In the above reactions, the aldehydes both act as catalysts
and are eventually installed in the nal product, when regen-
erated from the corresponding alcohol substrates upon oxida-
tion. Its utility seems limited since for each catalytic reaction
with different hydroxyl group providing substrate, a corre-
sponding aldehyde catalyst is needed. Nevertheless, for simple
Scheme 16 Mechanisms of hydrolysis/hydrations/hydroaminations
applying temporary tether strategy.

This journal is © The Royal Society of Chemistry 2020
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aldehydes, these reactions in general have broad reaction
scopes with good yields.

Hydrolysis/hydrations/hydroaminations

Simple aldehyde-based catalysts are well applied in hydrolysis,
hydration or hydroamination reactions of a-heteroatom
substituted compounds. As shown in Scheme 16, these reac-
tions mainly follow two mechanisms (A or B). Substrate 48
forms a temporary tether intermediate (I or II) with the aldehyde
catalyst. This key intermediate introduces intramolecularity
between the substrate and nucleophile 49, facilitating the
transformations of the functional group on the substrate.2a,b

Early research focused on the hydrolysis of a-hetero atom
containing esters or amides following the A mechanistic cycle
(Scheme 17, Scheme 16 A).2a Upon the addition of the hetero
atom on the substrate 48 to the carbonyl catalyst, an
hemiacetal/hemiaminal/hemimercaptal anion intermediate is
formed, and the oxygen anion of the immediately attacks the
ester or amide forming a ve-membered ring intermediate I.
This intermediate eventually undergoes a hydrolysis process
and generates carboxylic acid product 49. For the hydration of a-
amino nitriles, amide product is generated correspondingly in
the presence of aldehydes or sugars (Scheme 17).2a,28

Later on, Beauchemin and coworkers continiously applied
this temporary tether stragegy to the hydrolysis of phosphinic
amides, allowing this reaction to procedes in mild reaction
conditions (Scheme 18).29 Compared to the earlier strategy
using formaldehyde as catalyst, o-phthalaldehyde displayed
superior catalytic activation. It was proposed that a six-
membered ring intermediate is generated, which enhanced
Scheme 17 Hydrolysis of 48 and hydration of 50 catalyzed by simple
aldehydes or sugars.

Scheme 18 o-Phthalaldehyde catalyzed hydrolysis of phosphinic
amides.

This journal is © The Royal Society of Chemistry 2020
the electrophilic property of the phosphorous atom. This
strategy avoided the use of strong acid/base, Lewis acids, metal,
uorides or exess amount of formaldehyde in this reaction.

Intermolecular hydroamination to strained alkenes is a very
powerful, yet challenging, strategy for constructing amines.
This is not only due to the high activation energy, but also due
to potential selectivity issues. Beauchemin and coworkers
overcame the challenges by applying aldehyde catalysis to
promote the cope-type hydroamination of a-amino substituted
terminal alkenes (allylic amines) with hydroxylamines in mild
reaction conditions (Scheme 19).30–32 The reaction mechanism
follows the B catalytic cycle shown in Scheme 16.2b Firstly, the
aldehyde catalyst forms a nitrone intermediate with the
hydroxylamine 55, which generates an aminal intermediate II
with the allylic amine. Thus, the aldehyde catalyst forms
a temporary tether that holds the two substrates together. Next,
this tether intermediate undergoes the hydroamination, which
is the rate determine step. Subsequent rapid release of the
product completes the catalytic cycle.

The choice of the aldehyde catalyst is critical since most
aliphatic or aromatic aldehyde forms a stable nitrone with
hydroxylamine disfavoring the formation to tether interme-
diate. Aldehyde with strong electron withdrawing group also
disfavors the desired catalytical cycle. Benzyloxyacetaldehyde30

and formaldehyde31 are promising catalysts in this reaction
system. Formaldehyde is able to efficiently promote the reaction
with chiral substrates in good yields and diastereoselectivities.
Moreover, formaldehyde was also found out to be active in
highly diluted aqueous solutions, and this catalytic mode might
illustrate its important role in prebiotic life. The chiral version
of this reaction was initially tested in the earlier work30 and was
further developed in 2013.32 By applying chiral catalyst cat. 12
and cat. 13, the a-amino hydroxylamines were obtained in good
to high yields and enantiomeric excess.
Coupling reaction

Transition metal mediated C(sp3)–H functionalization is one of
the most powerful transformations in synthetic chemistry for
Scheme 19 Aldehyde catalyzed hydroaminations.
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Scheme 20 Mechanism of metal catalysis applying aldehydes as
transient directing groups.

Scheme 21 Metal mediated C–H functionalization using catalytic
amount of aldehydes as transient directing groups.

Scheme 22 Metal mediated C–H functionalization using stoichio-
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the efficient installation of functional groups to the molecules.
Normally, proximal directing groups are required in the
substrate to guide the transition metal to the position where the
reaction occurs. This brings challenges for the substrates
without directing groups or with functional groups poorly
coordinate to the metal, e.g. primary amines. To circumvent this
additional steps are needed for installing the directing group to
the substrate. Recently, examples applying aldehyde as the
temporary directing functionality have been reported which
offers an alternate strategy for the efficient direct functionali-
zation of alkyl primary amines.33

The general mechanism is shown in Scheme 20. Normally,
the aldehyde catalyst contains an additional coordinating atom,
e.g. a heteroatom. Upon imine formation between the aldehyde
the amine substrate, the formed imine and the coordinating
atom in the catalyst coordinates to the transition metal in
a bidentate fashion (I). This leads the metal to the position
where C–H activation occurs (II, III). The in situ formed imine
function acts as a temporary directing group, which is readily
hydrolyzed giving the free amine product and release of the
aldehyde catalyst.

The rst example was developed by Ge and coworkers in
2016 (Scheme 21).34 Catalytic amount of glyoxylic acid was
applied, which allowed the g-arylation of aliphatic amines. The
products were prepared as free amine form and no additional
protection or deprotection was needed. Shortly aer, Yu re-
ported that 2-hydroxynicotinaldehyde showed to be an efficient
catalyst in this type of reaction, especially for the g-arylation on
the ring of cyclohexylamines (Scheme 21).35 It is notable that,
the loading of the metal catalyst [Pd(OAc)2] and transient
aldehyde catalyst can be as low as 3% and 5%, respectively. The
products were isolated aer a simple Boc-protection of the
amine. By applying the same aldehyde as transient directing
group, Kamenecka further optimized this reaction for allylic
and a-aromatic amino ester substrates and the g-(sp3)- and g-
(sp2)-arylated products were obtained in decent yields (Scheme
21).36 Instead of using aldehyde directly, Bull realized that
simple a-oxylacetal can be applied as the directing aldehyde
precursor in the g-arylation of aliphatic amines (Scheme 21).37

Except for above examples where aldehydes (or their
precursors) function in catalytic amount under the reaction
35440 | RSC Adv., 2020, 10, 35433–35448
conditions, stoichiometric amount of aldehyde, such as
quinoline-8-carbaldehyde cat. 17 and salicylaldehyde cat. 18,
were discovered by Dong andMurakami respectively to promote
the g-(sp3)-C–H activation of primary amines (Scheme 22).38

These reactions expand the substrate scope to o-allylic
substituted anilines. The reactivities using catalytic amount of
these aldehydes were also tested. They are able to promote the
reaction smoothly, albeit in lower yields.

Yu reported that by combining 2-hydroxybenzaldehyde cat.
19 and pyridin-2-ol the substrate scope of this class of reaction
could be extended to include allylic ring substituted primary
amines and a wide range of heteroaryl iodides (Scheme 23).39

The previously unreactive heteroaryl bromides also showed
metric amount of aldehydes as transient directing groups.

This journal is © The Royal Society of Chemistry 2020
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Scheme 23 Metal mediated C–H functionalization using 2-hydrox-
ybenzaldehyde cat. 19 and pyridin-2-ol as transient directing groups.
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high reactivity in this reaction system. In the transition state,
pyridin-2-ol transforms to the 2-pyridone form and coordinates
to the metal via the nitrogen atom as the additional ligand. The
author also realized the d-C(sp3)–H functionalization of the
amino substrate by replacing the ligands to carbonyl compound
cat. 20 and pyridin-2-ol.

The aldehyde catalysis has also been applied in cooperation
with copper catalysis. In 2013, Huang discovered that catalytic
amount of aldehyde formed aminal with secondary amines,
which underwent an aerobic oxidative C–H amination with
benzoxazoles (Scheme 24).40 Although the reaction could be
performed without aldehyde catalyst using DCM as solvent
(DCM forms aminal with amines), the efficiency and yields were
improved when aldehyde was added.
3 Aldehyde catalyst based on PLP
skeleton

As the active form in vitamin B6 family, pyridoxal phosphate
(PLP) is probably one of the most well studied cofactor which
Scheme 24 Metal mediated C–H amination of benzoxazoles coop-
erated with aldehyde cat. 21.

This journal is © The Royal Society of Chemistry 2020
base its mode of action on the principles of aldehyde catalysis
(Fig. 2).7 It cooperates with enzymes by binding its functional
groups to the specic amino acids of enzymes. The aldehyde
group condenses with the lysine residue of the enzyme to form
internal aldimines. The nitrogen of the pyridine is protonated
by the amino acid residue and exists as a salt form, and the
phosphate group interacts with the amino acid residue through
hydrogen bonding. The hydroxyl group has proven to be
essential for the activity of PLP by forming the hydrogen bond
with the nitrogen of the internal aldimine. When amino acids
approach the PLP cofactor, the aldehyde group is released from
the internal aldimine and forms an external aldimine with the
approaching amino acid substrates, enabling various reactions,
interconversion or metabolism of the amino acids.

Several catalytic pathways and the key intermediates of PLP-
dependent enzymes are summarized (Scheme 25). Detailed
enzyme types, enzymatic binding/breaking and the catalyst
recycling are omitted for the concise description. When amino
acid substrate approaches the PLP cofactor, the aldehyde group
of the cofactor is released from the internal aldimine and forms
the external aldimine 80 with the approaching substrate. This
key intermediate 80 may proceed via three main reaction
pathways, decarboxylation, elimination and deprotonation. The
rst two pathways lead to the corresponding amine and glycine
(Scheme 25, (a) and (b)). Through the deprotonation, an
important carbanionic aldimine intermediate 81 is generated
and undergoes a variety of reactions. Reprotonation at C1 of the
carbanionic aldimine 2 leads to the racemization of the amino
acid substrate (Scheme 25, (c)). Alternatively, reprotonation at
C2 leads to a ketimine intermediate that undergoes a trans-
amination process (Scheme 25, (d)). The released pyridoxamine
phosphate (PMP) interconverts to PLP in other catalytic cycles.
When R group of carbanionic aldimine 81 contains a leaving
group at the C3 position, elimination would occur and generate
an enamine (Scheme 25, (e)), which continuously undergoes
addition reactions. Carbanionic aldimine 81 is nucleophilic and
can also react directly with electrophiles through Aldol or
Claisen type addition (Scheme 25, (f)).

Aside from the diversity of PLP-dependent enzyme catalysis
which enables important biological interconversions, metabo-
lisms and transformations of amino acids, non-enzymatic
catalytic ability of PLP derivatives has also been long known.41

These sterling properties continuously inspire synthetic chem-
ists developing biomimetic aldehyde catalysis.

Racemization

In 2012, Branda's group developed a photoswitchable carbonyl
catalyst which shows the reversible ability of catalyzing the
Fig. 2 Structure of pyridoxal phosphate (PLP).
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Scheme 25 Brief summary of the catalytic routes of PLP-dependent enzymes.

Scheme 26 Photoswitchable catalyst promoted racemization of L-
alanine.
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racemization of L-alanine (Scheme 26).42 By mimicking the
structure property of PLP, they linked the pyridinium and
carbonyl group (see the core structure of PLP) with a dithieny-
lethene (DTE) moiety in between. The generated catalyst
combined the advantages of the photoswitchable property of
DTE and the catalytic function of the pyridinium aldehyde.
When the reaction solution was irradiated with 365 nm light,
the catalyst transformed to the pi-conjugated active form, which
enables the aldimine intermediate formation with 82, and the
exchange of hydrogen to deuterium of was observed. When the
irradiation was changed back to visible light, little racemization
of L-alanine occurred. The authors were able to obtain up to
95% yield (by NMR) of the racemic alanine from their
experiments.
35442 | RSC Adv., 2020, 10, 35433–35448
Transamination

Metal assisted oxidation strategies in nature (e.g. copper amine
oxidases) have inspired a set of aerobic catalytic reactions.43

Starting from mid-20th century, researchers have employed PLP
derivatives with various metal salts for the oxidative deamina-
tion of primary amines (Scheme 27).41 In these reactions, alde-
hydes including pyridoxal (PL, cat. 24), PLP, 50-deoxypyridoxal
(DPL, cat. 25) and 4-nitrosalicylaldehyde (cat. 26) have shown to
be reactive. The metal complex of the Schiff base is shown as
Scheme 27 Non-enzymatic catalyzed transamination using PLP
derivatives.

This journal is © The Royal Society of Chemistry 2020
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Scheme 28 Asymmetric transamination catalyzed by PL/PM derived
chiral catalysts.
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intermediate I. PL has also proven to be catalytic reactive
without metal cooperation. In 1957, Matsuo successfully
applied 50 mol% PL for catalyzing the transamination reaction
between alanine and 2-oxobutanoic acid in basic conditions
(Scheme 27).41b

The strategies of enantioselective biomimetic trans-
amination have also been developed for synthesizing chiral
amino acids.44 In most cases, stoichiometric amount of pyri-
doxamine (PM) derived chiral catalysts were applied with the
addition of metal salts. PM derived catalyst could be generated
from the transamination between the corresponding aldehyde
catalyst and a-ketone amino acid substrate in the reaction
mixture, thus the PM derived catalyst is considered as the
equivalent of the aldehyde catalyst.

This eld did not receive much attention until recently. In
2015, Zhao group developed PL based catalyst bearing a chiral
diaryl prolinol sillyl ether moiety (cat. 27), which successfully
catalyzed the transamination of 2,2-diphenylglycine with 2-
oxobutanoic acid in mild reaction conditions with 10 mol%
catalyst. The chiral aminal acids were generated in moderate
yields and enantioselectivities (Scheme 28).45 Based on this and
Scheme 29 Asymmetric Mannich reaction catalyzed by PL derived
chiral catalyst.

This journal is © The Royal Society of Chemistry 2020
the previous work, Zhao continued to develop two different PM
based catalysts (cat. 28 and cat. 29) in 2016, which improved the
yield up to 99% and enantioselectivity to 94% ee with as low as
5 mol% catalyst (Scheme 28).46
Mannich reaction

In 2018, Zhao's group developed an N-quaternized pyridoxal
catalyst that facilitated a stereoselective Mannich reaction
between glycinate and aryl N-diphenylphosphinyl imines
(Scheme 29).47 Pioneering studies showed that chiral pyridoxals,
together with metal salts, were able to promote the Aldol
addition of glycine to aldehydes (Scheme 29).48 However, stoi-
chiometric amount of pyridoxal catalysts (cat. 30) were needed,
and the stereoselectivities of the products were moderate. Based
on the enzymatic Aldol reaction, in which the coenzymatic
pyridoxal intermediates are protonated, Zhao developed meth-
ylated chiral pyridoxal catalyst 31. The more electrophilic
aldehyde catalyst alone is able to activate glycinate efficiently
while the amide side chain spontaneously activates the imine by
hydrogen-bonding. The loading of the bifunctional catalyst can
be as low as 0.2 mol%, and with 1.0 mol% catalyst the products
were in general obtained in high yields and stereoselectivities.
4 Aldehyde catalyst based on
binaphthyl skeleton
Nucleophilic substitution

Except for the example above, aldehyde catalyst based on
another class of chiral backbone has also been shown to be
effective in promoting the a-functionalization of amino acid
Scheme 30 Asymmetric nucleophilic substitution catalyzed by
binaphthyl derived catalyst.
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derivatives. Guo and coworkers demonstrated that catalysts
based on chiral binaphthyl structure enabled the amino esters
to react with electrophiles for the synthesis of tryptophan
derivatives and a,a-disubstituted-a-amino acid derivatives in
a stereoselective fashion (Scheme 30).49 The catalyst contains
the basic binol structure bearing an aldehyde group at 3-posi-
tion and a substituted group at 30-position. This catalyst is also
proposed to function as bifunctional catalyst that activates both
substrates spontaneously. As shown in intermediate I or II, the
formed imine coordinates with the hydroxyl group at 2 position
(or with ZnCl2), and the hydroxyl group (or deprotonated) at 20

position activates the electrophile through hydrogen bonding.
Scheme 32 Engineered TrpB catalyzed elimination/Micheal addition
sequence.
Micheal addition/cyclization

This type of chiral binaphthyl based catalyst is also able to
promote the Michael addition/cyclization sequence for the
synthesis of chiral D(1)-pyrroline 108 (Scheme 31).50 In this case,
binol based catalysts bearing an aldehyde group at 3-position
gave moderate yields and stereoselectivities. Modication of the
binaphthyl catalyst overcame these issues in this reaction
system. Electron withdrawing substituent were shown to
enhance the ability to activate the amine substrate. The
changing of the aldehyde position enabled the site of reaction to
occur much closer to the chiral axis and hindered substituted
aryl group. This catalyst is suitable for a wide scope of
substrates such as tert-butyl glycine ester and glycine ester/
amide free amine salts and a big range of a,b-unsaturated
ketones. Later on, Shi developed a Pd-catalyzed C–H naph-
thylation for the synthesis of chiral aldehyde catalysts and
applied them in the Michael addition/cyclization reaction of
glycine derived amides or dipeptides with (E)-chalcone, which
in general showed better catalytic activity and stereocontrol
compare with the previous examples (Scheme 31).51
5 Artificial enzymes
Elimination/Micheal addition

So far, the synthetic applications of asymmetric aldehyde
catalysis have been accomplished by mimicking several existing
Scheme 31 Asymmetric Michael addition/cyclization sequence cata-
lyzed by binaphthyl derived catalyst.

35444 | RSC Adv., 2020, 10, 35433–35448
biocatalytic processes for the a-amino acid derivatives. The
general strategy is mainly to designing chiral molecules bearing
an aldehyde substituent based on either PL-skeleton or
binaphthyl-derived-skeleton. Taking a look back to the enzy-
matic catalysis, the PLP co-enzyme alone is racemic and less/not
reactive, and the catalytic activities and stereoselectivities are
provided by the cooperative enzymes. Arnold and coworkers
focused on the simplication and modication of the cooper-
ative enzyme partner, which provides the alternative strategy for
expanding the aldehyde catalysis for more diverse synthesis of
noncanonical chiral amino acids.52–55

This work was initiated in 2015, when the authors applied
directed evolution to the b-subunit of tryptophan synthase from
Pyrococcus furiosus (PfTrpB). The obtained PLP-dependent
PfTrpB0B2 was proved to be active as a stand-alone catalyst.
Later on, a series of engineered PfTrpB and TmTrpB (from
Thermotoga maritima) were screened to efficiently catalyze the
reaction between L-serine and various substituted indoles. The
Scheme 33 Direct evoluted TrpB Pfquat catalyzed elimination/Micheal
addition sequence.

This journal is © The Royal Society of Chemistry 2020
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Scheme 34 Enzymatic synthesis of AMA and its analogues.
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noncanonical tryptophans were generally obtained in high
yields and nearly all in enantiopure form (Scheme 32).52–54 For
specic substrate, further directed evolution can be applied to
tune the catalytic activity.55 This reaction was also further
expanded to nitroalkenes as nucleophiles, with 3 different
engineered TrpB variants. A small scope of 6 examples were
shown, albeit with less impressive yields and stereoselectivities.
Nevertheless, this demonstrated the possibility of applying this
biocatalysis for the substrates little similarity to their native
case (Scheme 32).56

In 2019, Arnold group realized the elimination/addition
sequence of L-serine with less nucleophilic 3-subtituted oxin-
doles. This reaction generated new noncanonical amino acids
with quaternary carbon stereocenters (Scheme 33).57 Substrates
as lactone and ketone were also compatible with this reaction
and formed the quaternary carbon stereocenters. It is also worth
noting that by applying optimized engineered TrpB, all prod-
ucts were obtained in enantio-pure fashion and the reaction is
highly chemo-selective that no N atom alkylated product was
observed for the oxindoles substrates.

Most recently, Lei and coworkers reported the identication
of aspergillomarasmine A (AMA) synthase (PLP-dependent
enzyme) in biosynthesis.58 AMA is an inhibitor of New Delhi
metallo-b-lactamase that causes b-lactam antibiotic resistance,
and its synthesis is of great importance. The authors are able to
synthesize a group of AMA analogues not only by using the wild-
type enzyme, but also by applying engineered AMA synthase
R234A. The results are showing in Scheme 34.
6 Conclusions

Nature is a great treasure house. Through curiosity and passion
for exploring, understanding, mimicking and utilizing concepts
in nature, chemists have been able to continuously deduce,
advance and mature important synthetic strategies and proce-
dures. In the eld of aldehyde catalysis, we have witnessed
a continuous development, where many nature-inspired
This journal is © The Royal Society of Chemistry 2020
reactions are being reported. Different types of aldehyde cata-
lysts have been designed, developed and applied, including
simple aldehydes, PLP-derived aldehydes, binaphthyl-derived
aldehydes and PLP-dependent engineered enzymes. These
catalysts function in different ways on a variety of substrates. As
photo-organocatalysts, compounds such as alkenes, aliphatic
halides, amides, esters, sulfonyl cyanides and pyridinium salts
are activated for radical reactions. As electrophilic catalysts, the
aldehyde catalysts can activate amines, alcohols and carbon
nucleophiles for dehydrative transformations of primary alco-
hols. The a-heteroatom substituted functionality can be acti-
vated for transformations such as hydrolysis, hydrations and
hydroaminations. Amines can be activated by aldehydes in
cooperation with transition metals for C–H activations. More-
over, aldehydes have also been demonstrated to activate amino
acid derivatives for racemizations, transaminations and nucle-
ophilic reactions. By elaborately design, chiral aldehydes or
aldehyde-dependent enzymes have been developed for asym-
metric catalysis and high stereoselectivities have been achieved.

For further study and future developments, a few areas of
interest are worth a special mention. Firstly, except applying
aldehydes as directing groups in transition metallic catalysis,
the examples of combined catalysis with aldehyde catalysis are
still limited. More diverse reactivities might be opened up by
combining aldehyde catalysis with other catalytic modes, such
as hydrogen-bonding catalysis, iminium-ion activation, phase
transfer catalysis and etc. Secondly, the in situ formation of the
active catalyst strategy is worthy of more investigation. Less
active aldehyde catalyst might be necessary in some reaction
systems in order to avoid side reactions, thus an active catalyst
form needs to be generated in situ for promoting the desired
reaction. Comparably, for less active substrates, aldehyde
catalysts with greater catalytic activity are required. Therefore,
pre-activation of the aldehyde might be a possible solution.
Thirdly, taking advantages of enzymes might open an alterna-
tive way for asymmetric synthesis. Designing and synthesizing
chiral aldehyde catalysts could be effort and time consuming.
Except direct simplify PLP-dependent enzymes, study related to
other aldehyde-dependent proteins (e.g. antibodies) remains
undeveloped. Fourthly, the catalyst recycling in this eld seems
to have drawn limited attention. Unlike homogeneous and
heterogeneous metal catalyst for which recycling is oen
important, the reuse of greener and cheaper homogeneous
organocatalyst seems less necessary from a sustainability point
of view. However, for those well designed delicate chiral alde-
hyde catalyst and engineered aldehyde-dependent enzymes,
their immobilization or efficient recycling are worthy of study to
improve cost of goods. Last but not the least, the further fusion
of the synthetic and enzymatic aldehyde catalysis is expected. In
general, biocatalysis has evolved to be highly efficient and
specic for the precise control of the biochemical reactions of
signicant importance for regulating the chemical activities of
life. By borrowing its concept, chemists realized the chemically
fabricated catalysts, which oen are less efficient or selective,
but offer more generality and broader substrate scope. In
synthetic catalysis, more complicated aldehydes are being
designed and synthesized for the better control the reactivities
RSC Adv., 2020, 10, 35433–35448 | 35445
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and stereoselectivities. We have also seen the examples of very
detailed ne tuning of the catalysts for achieving higher reac-
tivities and stereocontrol. Meanwhile, effort has also been
devoted to enzyme modication to achieve broader reactivities.
Finding a better balance of these two types of catalysis
continues to be attractive, and we are looking forward to see
more development is this eld.
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