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Abstract

Asymmetric organocatalysis, the acceleration of enantioselective reactions by small chiral organic molecules, has
developed within two decades from a set of isolated observations into a mature and independent branch of catalysis. Its
appeal rests on a combination of practical advantages: the catalysts are metal-free, frequently derived from the chira
pool, tolerant of air and moisture, and compatible with the aims of green chemistry. This review examines the
mechanistic basis of the field and the methodological developments that have shaped it, with emphasis on the perioc
from 2018 to 2025. The two governing activation regimes, covalent (enamine, iminium and N-heterocyclic carbene
catalysis) and non-covalent (hydrogen-bond donation, Brensted acid catalysis and ion pairing), are treated in terms of the
frontier-orbital and non-covalent-interaction arguments that rationalise stereocontrol. Attention then turns to five areas
in which the field has moved most rapidly: dual and cooperative catalysis, in which organocatalysts are combined with
transition metals or with one another; the merger of chiral amine catalysis with visible-light photoredox catalysis, whict
has made enantioselective radical chemistry a practical proposition; enantioselective hydrogen atom transfer and relatec
open-shell manifolds; electrochemical and mechanochemical implementations; and confined Brensted acids such as the
imidodiphosphorimidates, whose enzyme-like active sites have brought previously intractable substrates within reach
Applications in pharmaceutical process chemistry, natural product total synthesis and sustainable manufacture are
surveyed, and the outstanding limitations of the field, principally catalyst loading, substrate generality and catalyst
incompatibility in multicatalytic systems, are assessed. Data-driven catalyst design and continued convergence with
photochemical, electrochemical and enzymatic catalysis are identified as the developments most likely to determine the
next phase of the discipline.
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I.INTRODUCTION

The three-dimensional arrangement of atoms within a molecule frequently determines its biological behaviour, and the
two enantiomers of a chiral compound may differ substantially in potency, metabolic fate and toxicity. The controlled
construction of stereogenic centres is therefore a central concern of synthetic chemistry, and of medicinal and process
chemistry in particular, where regulatory expectations increasingly favour single-enantiomer active ingredients. Three
catalytic strategies address this requirement: enzymatic catalysis, transition-metal catalysis, and organocatalysis, defined
as catalysis by small organic molecules that contain no metal centre [I,2].

Organocatalysis occupies a distinctive position among the three. Its catalysts are typically inexpensive, commercially
available or accessible in a small nhumber of steps, and in many cases drawn directly from the chiral pool; proline,
cinchona alkaloids and amino-acid-derived scaffolds remain among the most widely used. Because no metal is present,
the reactions are usually insensitive to air and moisture, require no glovebox technique or elaborate ligand design, and
generate no residual heavy metal that must be removed to meet pharmaceutical specifications. These characteristics
lower the barrier to adoption and account for much of the rapid growth of the field since 2000 [1,3].

The scope of organocatalytic transformations has widened considerably. What began with the aldol and Mannich
reactions now encompasses conjugate additions, cycloadditions and annulations, a- and B-functionalisations of carbonyl
compounds, desymmetrisations, atroposelective couplings, and cascade sequences that install several stereocentres in a
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single operation [l,4]. Parallel to this expansion of reaction scope, the field has absorbed methods developed
elsewhere: photoredox catalysis, electrochemistry, mechanochemistry, continuous-flow processing and, most recently,
machine learning approaches to catalyst design. The result is a discipline that is no longer defined solely by its catalysts
but also by the range of activation modes it can combine with them.

This review provides an integrated account of asymmetric organocatalysis with emphasis on developments reported
between 2018 and 2025. Section 2 traces the historical development of the field from its earliest precedents to its
formal recognition by the 2021 Nobel Prize in Chemistry. Section 3 sets out the mechanistic framework, distinguishing
covalent from non-covalent activation and describing the structural and electronic basis of stereocontrol in each.
Section 4 surveys the methodological frontiers: dual and cooperative catalysis, photoredox-assisted organocatalysis,
radical and hydrogen atom transfer manifolds, electro-organocatalysis, immobilised and flow systems, and data-driven
catalyst discovery. Section 5 examines applications in pharmaceutical manufacture, natural product synthesis and
sustainable chemistry. Sections 6 and 7 assess the limitations that remain and the directions in which the field appears
to be moving. Table 0l summarises the principal features of the discipline as an orientation to the discussion that
follows.

Table 01: Asymmetric organocatalysis at a glance: historical landmarks, activation modes, emerging strategies,
applications and limitations.

Aspect Summary

Cinchona-catalysed cyanohydrin synthesis (Bredig and Fiske, 1912); proline-catalysed
Hajos—Parrish—Eder—Sauer—Wiechert annulation (1971-1974); direct asymmetric aldol
(List, Lerner and Barbas, 2000) and imidazolidinone-catalysed Diels—Alder reaction
(Ahrendt, Borths and MacMillan, 2000); Nobel Prize in Chemistry (2021).

Historical landmarks

Enamine catalysis (HOMO raising); iminium catalysis (LUMO lowering); SOMO
Covalent activation activation; N-heterocyclic carbene catalysis and umpolung through the Breslow
intermediate.

Hydrogen-bond donor catalysis (thioureas, squaramides); chiral Brgnsted acid catalysis

Non-covalent (BINOL-derived phosphoric acids, confined imidodiphosphorimidates); asymmetric ion

activation - .
pairing and phase-transfer catalysis.
Organo—metal, for example chiral amine with palladium in enantioselective a-arylation;
Cooperative catalysis organo—organo, for example chiral amine with thiourea in conjugate addition; Brgnsted
acid with amine; squaramide with phase-transfer catalysis.
Radical and Visible-light photoredox catalysis merged with enamine or iminium activation; metal-free
photochemical organophotoredox catalysis; enantioselective hydrogen atom transfer and proton-
methods coupled electron transfer; NHC radical catalysis.

Immobilised catalysts on polymer, silica, magnetic and framework supports; continuous-
Process technologies | flow packed-bed reactors; solvent-free mechanochemical (ball-milling) protocols; electro-
organocatalysis.

Active pharmaceutical ingredients and advanced intermediates; natural product total

Principal applications . . ; . .
palapp synthesis; agrochemicals; fragrance and flavour chemistry; functional materials.

Metal-free product streams; air and moisture tolerance; low catalyst toxicity and cost;

Principal advantages . - . .
P g ready access to both enantiomers; compatibility with aqueous and bio-based solvents.

Catalyst loadings typically 1-20 mol %; turnover numbers below those of optimised
Principal limitations metal systems; uneven substrate generality; mutual deactivation in multicatalytic systems;
catalyst recovery.

Three-component cooperative catalysis; machine-learning-guided catalyst design;
Emerging directions confined and supramolecular active sites; process intensification through flow and
mechanochemistry.

2. HISTORICAL DEVELOPMENT

2.1. Early precedents

The proposition that small organic molecules can act as catalysts predates the vocabulary now used to describe it. In
1912 Bredig and Fiske reported that cinchona alkaloids promote the addition of hydrogen cyanide to benzaldehyde with
a measurable, if modest, excess of one enantiomer of the resulting cyanohydrin [5]. The enantiomeric excess obtained
was low by any modern standard, and the observation attracted little immediate attention, but the experiment
establishes the principle that a chiral organic base can transmit stereochemical information to a forming bond.

A more consequential precedent emerged in the early 1970s, when L-proline was found to catalyse the intramolecular
aldol cyclisation of 2,2-disubstituted cyclanediones. Hajos and Parrish isolated the bicyclic ketol in 93% ee using 3 mol %
catalyst, dehydration to the enedione being carried out as a separate acid-promoted step [6]; Eder, Sauer and
Wiechert, working with proline and perchloric acid, obtained the condensed enedione directly in 84% ee [7]. The
products of the two variants, the Hajos-Parrish and Wieland—Miescher ketones, became standard entry points to
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steroid and terpenoid frameworks, yet for nearly three decades the reaction was treated as a specialised procedure
rather than as an instance of a general catalytic principle. The mechanistic explanation, that proline operates through a
covalent enamine intermediate whose carboxylic acid delivers a proton to the developing alkoxide within a hydrogen-
bonded transition state, was not fully articulated until the field was revisited in 2000.

2.2. The renaissance of 2000

Two reports published within months of each other in 2000 transformed the status of the subject. List, Lerner and
Barbas demonstrated that L-proline catalyses direct intermolecular aldol reactions between unmodified ketones and
aldehydes, obviating the preformed enolate equivalents on which the reaction had previously depended [8]. In the same
year, Ahrendt, Borths and MacMillan introduced a chiral imidazolidinone that condenses with a,B-unsaturated aldehydes
to give iminium ions, lowering the LUMO of the alkene and enabling highly enantioselective Diels—Alder cycloadditions
[9]. The second paper also introduced the term organocatalysis and, more importantly, framed the approach as a
general strategy rather than a substrate-specific method.

The two reports are complementary in a way that proved decisive. Enamine formation raises the HOMO of a carbonyl
compound and activates it as a nucleophile; iminium formation lowers the LUMO of an enal or enone and activates it as
an electrophile. Together they provide a means of activating either partner of a carbonyl-based bond construction
under a single class of catalyst, and the great majority of subsequent covalent organocatalysis can be traced to one of
these two modes or to their interconversion within a cascade.

2.3. Consolidation and recognition

Between 2000 and the mid-2000s the field expanded rapidly along two axes. Covalent activation was extended to a
wide range of carbonyl transformations, while non-covalent strategies based on hydrogen-bond donation, Brgnsted acid
catalysis and phase-transfer ion pairing established a second, mechanistically distinct catalytic manifold. The combination
of the two, together with the operational tolerance of organocatalysts, made cascade and multicomponent designs
practical, and asymmetric organocatalysis came to be described as the third pillar of asymmetric catalysis alongside
metal complexes and enzymes (Figure O1) [I,10].

This assessment was confirmed in 2021 with the award of the Nobel Prize in Chemistry to Benjamin List and David
MacMillan for the development of asymmetric organocatalysis [10,11]. The citation emphasised both the conceptual
contribution, the recognition that small organic molecules can perform the function of an enzyme active site, and its
practical consequences for pharmaceutical synthesis. The field is now firmly established in both academic and industrial
practice, and the discussion that follows is concerned less with whether organocatalysis is viable than with the
mechanistic and engineering questions that determine where it is the method of choice.
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Figure O1: Timeline of the principal landmarks in asymmetric organocatalysis, from the 1912 cinchona-catalysed
cyanohydrin synthesis of Bredig and Fiske to the confined Brensted acid catalysis of the present decade.

3. MECHANISTIC FRAMEWORK

Organocatalytic activation is conventionally divided into two regimes according to whether the catalyst becomes
covalently bound to the substrate during the catalytic cycle. Covalent catalysis proceeds through discrete, isolable-in-
principle intermediates and typically exerts stereocontrol through the steric environment of a well-defined chiral
scaffold. Non-covalent catalysis assembles substrate and catalyst into an organised aggregate held together by hydrogen
bonds, ion pairs or dispersion interactions, and stereocontrol arises from the geometry of that aggregate in the
transition state. The distinction is one of degree rather than of kind, since many effective catalysts operate through both
modes simultaneously, but it remains the most useful organising principle for the field (Figure 02) [1,2].
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Classification of Organocatalytic Activation Modes
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Figure 02: Classification of organocatalytic activation modes. Covalent activation encompasses enamine, iminium,
SOMO and N-heterocyclic carbene catalysis; non-covalent activation encompasses hydrogen-bond donor catalysis,
Bronsted acid and base catalysis, and asymmetric ion pairing.

3.1. Covalent activation

3.1.1. Enamine catalysis

A chiral secondary amine condenses with an enolisable aldehyde or ketone to give an iminium ion, which loses the a-
proton to form an enamine. The nitrogen lone pair is delocalised into the alkene, raising the HOMO energy relative to
the parent enol and rendering the o-carbon strongly nucleophilic. The enamine then attacks an electrophile, and
hydrolysis of the resulting iminium ion releases the product and regenerates the catalyst (Figure 03) [1,8].

In proline catalysis the carboxylic acid is not a spectator. In the accepted transition-state model, supported by density
functional calculations, the acid transfers its proton to the developing alkoxide of the electrophile within a chair-like
transition state. Because the acid can reach only the enamine face syn to it, facial selection follows from this hydrogen
bond rather than from steric shielding by the pyrrolidine ring; steric face-blocking is instead the operating principle of
the diarylprolinol silyl ethers discussed below. Proline therefore functions as a bifunctional catalyst, and its behaviour
illustrates why the covalent and non-covalent categories are not mutually exclusive. A mechanistic consequence of this
arrangement is that, in homogeneous solution, proline-catalysed intermolecular aldol reactions show a linear
relationship between catalyst and product enantiopurity, consistent with a single proline molecule in the
stereodetermining transition state [12]. An early report of a nonlinear effect in the intramolecular reaction, once taken
as evidence for a two-proline transition state [|3], was not subsequently reproduced; where asymmetric amplification is
observed in proline catalysis it generally originates in the solid—liquid phase behaviour of the partially dissolved catalyst
rather than in the reaction mechanism [14].

Enamine activation supports aldol, Mannich, Michael, a-amination, a-oxygenation and a-halogenation reactions, and the
diarylprolinol silyl ethers introduced subsequently extend the manifold to substrates for which proline itself is
insufficiently selective. Diastereo- and enantiodivergent variants, in which the relative and absolute configuration of two
newly formed stereocentres can be selected independently by choice of catalyst pair, are among the more significant
recent refinements [I5].
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Figure 03: Catalytic cycle of the proline-catalysed direct intermolecular aldol reaction, showing enamine formation,
carbon—carbon bond construction through the Houk—List transition state, and hydrolytic turnover.
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3.1.2. Iminium catalysis

Condensation of a chiral secondary amine with an a,B-unsaturated aldehyde, or of a chiral primary amine such as a 9-
amino-9-deoxy-epi-cinchona alkaloid with an enone, generates an iminium ion in which the LUMO of the conjugated
system lies well below that of the parent carbonyl compound. The alkene is thereby activated towards conjugate
addition and towards cycloaddition as an electron-poor two-TT component, and the chiral framework of the catalyst
blocks one face of the reactive alkene (Figure 04) [9].

The MacMillan imidazolidinones remain the archetype. Their 2-substituent, the gem-dimethyl group of the first-
generation catalyst and the tert-butyl group of the second, enforces selective formation of the (E)-iminium ion, while
the benzyl group at C5 shields one face of it, the Si or Re face according to the enantiomer of the catalyst used. The
same scaffold serves for Diels—Alder cycloadditions, |,3-dipolar cycloadditions, Friedel-Crafts alkylations and conjugate
additions of a range of soft nucleophiles. Iminium and enamine activation are mechanistically linked: conjugate addition
to an iminium ion generates an enamine, which may be intercepted by a second electrophile before hydrolysis. This is
the basis of the organocatalytic cascade, in which two or more bond constructions and two or more stereocentres are
established in a single operation under the control of one catalyst [4].
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Figure 04: Iminium activation illustrated by the imidazolidinone-catalysed Diels—Alder reaction of cinnamaldehyde with
cyclopentadiene, together with the LUMO-lowering rationale and the origin of facial selectivity.
3.1.3. N-heterocyclic carbene catalysis and umpolung
N-heterocyclic carbenes provide a covalent activation mode of a different type. Nucleophilic addition of the carbene to
an aldehyde gives a tetrahedral alkoxide that tautomerises to the Breslow intermediate, an enaminol in which the
former carbonyl carbon has been converted from an electrophile into a nucleophile. This polarity reversal, or
umpolung, gives access to acyl anion equivalents without recourse to stoichiometric metallated reagents, and underpins
the asymmetric benzoin condensation and the Stetter reaction (Figure 5) [16].
The scope of NHC catalysis has broadened considerably beyond acyl anion chemistry. Addition of the carbene to an
o,B-unsaturated aldehyde gives an extended Breslow intermediate that is nucleophilic at the B-carbon, a homoenolate
equivalent, and engages in [3+2] and [3+3] annulations without any oxidant. Two-electron oxidation of the Breslow
intermediate instead affords acyl azolium species, or a,B-unsaturated acyl azoliums from enals, which underpin
annulations and acylative kinetic resolutions, while single-electron oxidation generates persistent radical intermediates
that have opened an NHC-based route into enantioselective radical chemistry. Chiral triazolium salts derived from
aminoindanol are the most widely used precatalysts, and the field has been reviewed comprehensively for the period

2015 to 2024 [16,17].
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Figure 05: N-heterocyclic carbene catalysis: formation of the Breslow intermediate from an aldehyde and its divergence
into acyl anion, homoenolate, acyl azolium and radical manifolds.
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3.2. Non-covalent activation

3.2.1. Hydrogen-bond donor catalysis

Thioureas and squaramides bearing two N—H donors bind Lewis-basic functional groups, most commonly nitro groups,
carbonyls and imines, through a pair of convergent hydrogen bonds. Binding withdraws electron density from the
bound substrate, activating it towards nucleophilic attack, and simultaneously fixes its orientation relative to the chiral
scaffold. Bifunctional derivatives that carry a tertiary amine or a cinchona alkaloid unit in addition to the hydrogen-bond
donor activate nucleophile and electrophile at the same time, and are the catalysts of choice for conjugate additions to
nitroalkenes and for a wide range of Michael and Mannich reactions (Figure 06) [18].

Squaramides differ from thioureas in the geometry rather than the nature of the interaction. The rigid cyclobutenedione
ring holds the two N—-H bonds further apart and more nearly parallel, giving a longer donor—donor distance and greater
conformational rigidity, and squaramides are consequently effective at lower loadings than the corresponding thioureas
for many substrates. Computational analysis of organocatalytic transition states indicates that electrostatic terms,
including hydrogen bonding and C-H ‘O contacts, are frequently decisive rather than dispersion alone, although the

balance is system-dependent and dispersion becomes dominant in large, confined scaffolds [19].
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Figure 06: Non-covalent activation by hydrogen-bond donors: dual hydrogen bonding of a bifunctional thiourea to a
nitroalkene, with concurrent Brensted-base deprotonation of the pronucleophile by the tertiary amine unit to give an
ammonium enolate held as an ion pair.
3.2.2. Chiral Brensted acids and confined catalysts
BINOL-derived chiral phosphoric acids combine a strongly acidic P-OH group with a Lewis-basic phosphoryl oxygen in
a rigid C2-symmetric pocket, and therefore act bifunctionally: the acid protonates an imine or activates a carbonyl
compound while the phosphoryl oxygen orients the incoming nucleophile. The 3,3'-substituents define the size and
shape of the pocket and are the principal handle for optimisation. Chiral phosphoric acids catalyse transfer
hydrogenations, Mannich and aza-Friedel-Crafts reactions, cycloadditions, desymmetrisations and, increasingly,
atroposelective transformations, and a recent comprehensive review organises their stereocontrol explicitly in terms of
the non-covalent interactions operating in the transition state (Figure 07) [20,21].
The most significant structural development in this area is the move towards catalysts whose active site is enclosed
rather than open. Imidodiphosphorimidates, in which two phosphorus centres are bridged by an imido nitrogen and
each bears a bulky BINOL-derived backbone, present a narrow confined cavity around a highly acidic proton. The
combination of extreme acidity and enzyme-like confinement has enabled transformations that had resisted asymmetric
catalysis entirely, including the enantioselective VWagner—Meerwein rearrangement of purely aliphatic hydrocarbons, in
which the catalyst must differentiate between substituents that offer almost no electronic or steric handle [22,23].

B
Chiral Phosphoric Acid (TRIP) Catalysis Confined Bronsted Acid (IDPi) Catalysis
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Figure 07: Chiral Brensted acid catalysis. Bifunctional activation of an imine by a BINOL-derived chiral phosphoric acid,
and the confined active site of an imidodiphosphorimidate.
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3.2.3. Asymmetric ion pairing and phase-transfer catalysis

Where the reactive species is charged, stereocontrol can be exercised through the counterion. Chiral quaternary
ammonium salts derived from cinchona alkaloids, and the binaphthyl-derived salts developed subsequently, transport
enolates and other anions from a solid or aqueous phase into the organic phase as chiral ion pairs, and the geometry of
that pair determines the face at which alkylation occurs. The approach is well suited to the alkylation of glycine-derived
Schiff bases for amino acid synthesis and has been implemented on manufacturing scale. Chiral anion-directed catalysis
operates on the same principle in reverse, pairing a cationic intermediate with a chiral phosphate or disulfonimide anion

[1,2].

4. EMERGING METHODS

The activation modes described in Section 3 define what a single organocatalyst can do in isolation. Most of the recent
growth in the field has come instead from combining those modes with a second catalytic cycle, or from changing the
physical means by which the reaction is driven. This section considers six such directions.

4.1. Dual and cooperative catalysis

In a cooperative system two catalysts activate two different reaction partners simultaneously within one vessel. The
requirement is orthogonality: each catalyst must engage its own substrate without deactivating the other, and the two
catalytic cycles must turn over at comparable rates. Where this can be arranged, the accessible reaction space is
considerably larger than the union of what either catalyst achieves alone, because bond constructions that require both
an activated nucleophile and an activated electrophile become possible [1,2].

4.1.1. Organo-metal cooperative catalysis

Transition metals excel at activating TT-systems, cleaving carbon—halogen and carbon—hydrogen bonds, and mediating
redox steps, but stereocontrol requires a chiral ligand whose design is often laborious. Organocatalysts supply
stereocontrol readily but cannot perform oxidative addition or T-activation. Combining the two allows each to
contribute what it does best.

The enantioselective a-arylation of carbonyl compounds illustrates the design. A chiral secondary amine converts the
aldehyde or ketone into a nucleophilic enamine, while a palladium(0) complex undergoes oxidative addition into an aryl
halide to give an aryl-palladium(ll) species. Ligand exchange with the enamine delivers an a-aryl-bound palladium(Il)
intermediate, and reductive elimination forms the carbon—carbon bond and regenerates palladium(0), the chiral
environment of the amine determining the configuration of the new stereocentre. Hydrolysis of the resulting iminium
ion then releases the product and returns the amine to its own cycle (Figure 8). Related pairings include N-heterocyclic
carbenes with palladium or gold for annulations initiated by umpolung, chiral amines with palladium or iridium for
enantioselective a-allylation through T-allyl-metal intermediates, and chiral amines with copper for a-vinylation [I,2,15].
The principal difficulty in this class is mutual deactivation. Amines coordinate metals, acids protonate basic ligands, and
redox-active catalysts may quench one another. Practical solutions include spatially separating the catalysts by
immobilisation, using a metal whose coordination sphere is saturated, staging the addition of reagents, and selecting
catalyst pairs whose resting states are mutually inert.
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Ar—Br + R'CH,CHO ————> Ar CHO + HBr
? [Pd(0)] R
Deprotontion
Y TSHI-SV Pd(dba), ®
1
Jorgensen type, H,0 @ —
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addition
NH R Br
Amine cycle \C C bond Pd® Palladium Ar—Pd-Br
l formation cycle

Reductive
elimination @

Hydrolysis r3\
Hydrolysls
Q &

Figure 08: Organo—metal cooperative catalysns: the two interlocking cycles of the enantioselective a-arylation of an
aldehyde, in which a chiral amine supplies the nucleophilic enamine and a palladium complex supplies the electrophilic
aryl fragment.

\

4.1.2. Organo-organo cooperative catalysis

Two organocatalysts operating through complementary modes can achieve the same division of labour without any
metal. The most developed combination pairs a chiral secondary amine, which generates a nucleophilic enamine from an
aldehyde, with a bifunctional thiourea or squaramide, which binds and activates a nitroalkene or unsaturated ester
through dual hydrogen bonding. The two activated partners meet in a transition state in which the hydrogen-bonding
network stabilises the developing negative charge and, together with the chiral amine, fixes the sense of the new
carbon—carbon bond. Hydrolysis of the iminium ion completes the cycle (Figure 09) [18,19].

[13]



Abdullah NR., UPI j. chem. life sci., Vol: 9, Issue: 2, 2026; 7-20

Other productive combinations include Bronsted acid with chiral amine, where protonation of the electrophile is
orthogonal to enamine formation, and squaramide with phase-transfer catalysis, where hydrogen bonding and ion
pairing act on the same substrate from opposite directions. The distinctive strength of organo—organo systems is in
cascade design, since both catalysts remain compatible with the intermediates generated at every stage, and sequences
that establish three or more contiguous stereocentres in one pot are now well precedented [4].

Jorgensen-type Chiral Stereodetermining Takemoto-type Chiral
Secondary Amine Catalyst Chiral Environment Bifunctional Thiourea Catalyst

\ Enamine Nitroalkene
© Nucleophile Electrophile Q

N CF3
o Dual Hydrogen
Forming C-C Bond to Nitro Group CFs
Partial Bond CF3
Ammonium Stereodetermining
Enolate Chiral Environment

Asymmetric Michael Addition: R'-CHO + R?-CH=CH-NO; (Catalysts) = Michael Adduct

o
Reactants ———> ©/\)LN2 ——> Product

Figure 09: Organo—organo cooperative catalysis: simultaneous enamine activation of the nucleophile and dual hydrogen-
bond activation of the nitroalkene in an enantioselective Michael addition.
4.2. Photoredox-assisted organocatalysis
The merger of visible-light photoredox catalysis with chiral amine catalysis, reported by Nicewicz and MacMillan in
2008, gave the field access to open-shell intermediates under stereochemical control [24]. The design is a dual cycle. A
photocatalyst, typically a polypyridyl ruthenium or iridium complex or an organic dye such as eosin Y or an acridinium
salt, absorbs visible light and reaches an excited state that is both a stronger oxidant and a stronger reductant than its
ground state. Single-electron transfer to or from a suitable precursor generates a carbon-centred radical. In parallel, the
chiral amine converts the carbonyl substrate into an enamine or an iminium ion. The radical and the organocatalytic
intermediate then combine within the chiral environment of the catalyst, and a second electron-transfer event closes
both cycles [24,25,26,27].
In the a-alkylation of aldehydes the electrophilic radical, generated by reduction of an alkyl bromide or a redox-active
ester, adds to the nucleophilic a-carbon of the enamine. The resulting a-amino radical is a potent reductant. In the
originally proposed closed cycle it transfers an electron to the photocatalyst to give an iminium ion, which is hydrolysed
to release the alkylated aldehyde and regenerate the amine; quantum yields substantially greater than unity indicate,
however, that under many conditions the electron is transferred directly to the alkyl halide instead, propagating a
radical chain, and the relative weight of the two pathways remains disputed [28]. On either pathway, facial selectivity is
imposed at the radical addition step by the chiral pocket of the imidazolidinone (Figure 10). A complementary iminium
manifold operates on a,B-unsaturated aldehydes: the iminium ion lowers the alkene LUMO, a photochemically
generated radical adds to the B-carbon, and the resulting a-amino radical cation is reduced to an enamine whose
hydrolysis delivers the B-functionalised aldehyde (Figure |1). Direct photoexcitation of the chiral iminium ion itself,
without a separate photocatalyst, achieves the same B-alkylation of enals enantioselectively [29]. A mechanistically
distinct photochemical route to B-functionalisation operates on saturated cyclic ketones, where photo-oxidation of the
enamine and deprotonation at the B-position generate a 5m-electron B-enaminyl radical that couples with a second
open-shell partner; this manifold is synthetically powerful but, as originally reported, is not enantioselective [30].
Metal-free variants using organic photocatalysts, first demonstrated for asymmetric organophotoredox alkylation with
eosin Y, remove the last transition metal from the system and are attractive where metal residues are a concern
[31,26]. Bifunctional catalysts that carry a chiral aminocatalytic site and a photoactive chromophore within a single
molecule have been developed to circumvent catalyst incompatibility, an imidazolidinone-thioxanthone conjugate for
the a-alkylation of aldehydes being a representative example [32,33]. Enantioselective photo-organocatalytic protocols
have also been translated to continuous-flow reactors, where the short optical path length overcomes the attenuation
of light that limits batch photochemistry on scale [34].
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Figure 10: Dual photoredox—organocatalytic cycle for the enantioselective a-alkylation of aldehydes, showing single-
electron transfer events, radical addition to the enamine, and turnover of both catalysts.
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Figure | 1: Photoredox—iminium dual catalysis for the enantioselective B-functionalisation of a,B-unsaturated aldehydes.
4.3. Radical organocatalysis and enantioselective hydrogen atom transfer

Not all asymmetric radical chemistry requires a photoredox partner. Enantioselective hydrogen atom transfer, in which
a chiral catalyst abstracts or delivers a hydrogen atom with facial discrimination, addresses positions that polar
disconnections cannot reach, including unactivated carbon—hydrogen bonds and sterically congested centres. Proton-
coupled electron transfer provides the thermodynamic framework for this chemistry: the effective bond dissociation
free energy of an X—H bond within a hydrogen-bonded complex can be tuned by the choice of acid and oxidant, which
allows homolysis to be triggered selectively at one site in a polyfunctional substrate [35].

Organocatalytic control over radical intermediates is exerted through the same interactions that operate in closed-shell
catalysis: enamine and iminium activation, hydrogen bonding, ion pairing and, in the NHC case, covalent binding to a
persistent radical. The difficulty is that radicals are short-lived and their reactions are frequently diffusion-controlled, so
the chiral environment must be present at the moment of bond formation rather than merely in the resting state.
Catalyst designs that address this by holding the radical in a defined cage, or by making the stereodetermining step a
radical-radical coupling within a solvent cage, have been the focus of recent work [36,37].

4.4. Electro-organocatalysis

Electrochemistry replaces stoichiometric chemical oxidants and reductants with an electrode potential, and thereby
removes a substantial fraction of the waste associated with redox transformations. Its combination with asymmetric
organocatalysis is comparatively recent but developing quickly. The principal design problem is that the electrode
surface is achiral: the stereodetermining step must therefore occur in solution, mediated by the chiral catalyst, while the
electrode confines itself to generating or consuming electrons [38,39].

Two arrangements are in use. In the first, anodic oxidation generates a reactive intermediate that is captured by a chiral
enamine or iminium ion, as in electro-organocatalytic cascade cyclopropanations [40]. In the second, the organocatalytic
cycle proceeds as it would in the absence of current and the electrode simply regenerates a mediator, as in the
enantioselective electrochemical a-chlorination of aldehydes, where anodic oxidation supplies the halogenating species
in situ [41]. Both arrangements avoid the stoichiometric oxidants that would otherwise be required, and both benefit
from the fine control over driving force that a potentiostat provides.

4.5. Immobilisation, continuous flow and mechanochemistry

Homogeneous organocatalysts are difficult to recover, and catalyst cost is a significant contributor to the economics of
processes that operate at loadings of several mol %. Immobilisation on polymer resins, silica, magnetic nanoparticles or
porous frameworks addresses this by making the catalyst separable, and, when combined with a packed-bed reactor,
allows the catalyst to remain in the reactor while substrate flows through it [42,43].

Continuous processing brings further advantages that are specific to organocatalysis. Residence-time control suppresses
the side reactions that erode enantiomeric excess in long batch runs; the high surface-to-volume ratio of a flow reactor
improves heat and light transfer; and the effective catalyst loading, expressed per unit of product, falls dramatically
because the same catalyst bed serves many reactor volumes of substrate. A heterogenised chiral phosphoric acid
operating in a purpose-designed continuous reactor has delivered optically active N,S-ketals on a multi-decagram scale
at an overall loading below 0.1 mol %, a figure that is competitive with metal catalysis [44]. Packed-bed organocatalytic
sequences have also been used to assemble stereochemically complex alkaloid cores in flow [45].

Mechanochemical activation removes the solvent altogether. Ball milling of solid reagents with a chiral organocatalyst
gives, for a growing number of transformations, enantioselectivities comparable to or better than those obtained in
solution, despite the absence of the solvation that transition-state models normally invoke [46]. Analysis of this
apparent paradox suggests that the reactive events still occur in a locally liquid or amorphous phase generated at the
point of impact, so that the conventional stereochemical models remain applicable, while the bulk process is solvent-
free [47]. The approach is attractive on green-chemistry grounds, although questions of reproducibility, parameter
reporting and scale remain to be resolved.
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4.6. Data-driven catalyst design

Catalyst optimisation in asymmetric organocatalysis has traditionally proceeded by empirical variation of a scaffold, an
approach that samples only a small fraction of the accessible design space. Statistical and machine-learning methods
offer an alternative in which the relationship between catalyst structure and selectivity is modelled explicitly. The
general workflow encodes catalysts and substrates as numerical descriptors, whether steric parameters, electronic
properties or conformer ensembles, trains a model on a deliberately designed set of experiments, and uses that model
to rank candidates that have not been tested [48,49].

The approach has been validated prospectively rather than only retrospectively. Chemoinformatically guided screening
identified chiral disulfonimide catalysts for an atroposelective iodination that had not been achieved with the existing
catalyst library, with predicted selectivities confirmed experimentally [48]. A related line of work addresses catalyst
generality, the extent to which a catalyst maintains its selectivity across a substrate scope rather than for a single
optimised case, and provides a statistical framework for quantifying and predicting it [50]. The relative merits of
quantum-mechanical, force-field and machine-learning approaches to enantioselectivity prediction have been reviewed
recently [51]. The principal limitation is data: models are only as good as the training sets available to them, and the
systematic under-reporting of unsuccessful experiments in the literature biases those sets in ways that are difficult to
correct [49].

5. APPLICATIONS

5.1. Pharmaceutical and process chemistry

The pharmaceutical industry has been the principal adopter of asymmetric organocatalysis outside academia, for
reasons that follow directly from the properties of the catalysts. Regulatory limits on residual metals in active
pharmaceutical ingredients impose purification costs on metal-catalysed routes that metal-free routes avoid entirely.
Organocatalysts are generally stable to air and water, which simplifies handling at scale, and many are available in both
enantiomeric forms at low cost, which allows either product configuration to be targeted without redesign of the route
[1,3,52].

Routes to pregabalin provide the best-documented process case. An organocatalytic conjugate addition, combining
continuous processing of the nitroalkene precursor with recycling of the organocatalyst, has been developed to the
point of being cost-competitive with the incumbent chemoenzymatic manufacturing route, and the accompanying
analysis remains a useful template for judging whether an organocatalytic step is worth developing [53]. More recently,
the imidodiphosphorimidate-catalysed polyene cyclisation of homofarnesol, developed jointly with an industrial partner,
delivered ambrox in 54% yield with a diastereomeric ratio above 20:1 and an enantiomeric ratio of 95:5 on a decagram
scale. This is a degree of control over a polyene cyclisation previously thought attainable only enzymatically, and it
makes confined Bronsted acid catalysis a credible non-enzymatic option for targets of this class [54].

Organocatalytic steps are most often deployed early in a synthetic sequence, where they establish the stereochemistry
that subsequent steps carry forward. Common applications include the enantioselective construction of B-amino acids
and |,2-amino alcohols through proline-catalysed Mannich chemistry [55], the asymmetric synthesis of a-amino acids by
phase-transfer alkylation, and organocatalytic transfer hydrogenation of imines mediated by chiral phosphoric acids
[20,52].

5.2. Natural product total synthesis

Organocatalytic steps are now a standard tactic in total synthesis rather than a novelty. Their value lies less in any single
transformation than in the way they alter retrosynthetic planning: an enantioselective aldol, Michael or Diels—Alder step
performed on an unprotected, functionalised substrate can replace a sequence of protection, resolution and
deprotection operations, shortening the route and improving overall yield [4].

Cascade sequences are particularly well suited to the polycyclic frameworks characteristic of alkaloids and terpenoids,
since a single organocatalyst can control several stereocentres formed in succession without isolation of intermediates.
Thiourea and squaramide catalysis has been applied extensively in this context, and a recent review surveys the natural
product targets addressed by these catalyst classes [18]. The organocatalytic Wagner—Meerwein and polyene cyclisation
chemistry described in Section 3.2.2 extends the same logic to terpenoid skeletons that had previously been accessible
only by enzymatic means [23,54].

5.3. Green and sustainable chemistry

The alignment of organocatalysis with green chemistry is more than rhetorical, but it is also not automatic, and it is
worth stating precisely where the advantages lie. The absence of a metal removes both the extraction burden
associated with precious metals and the metal-removal step required downstream. Many organocatalysts derive from
renewable feedstocks, proline and the cinchona alkaloids being the obvious examples. Reactions are frequently run at
or near ambient temperature, and the tolerance of organocatalysts to water permits the use of aqueous or bio-based
solvent systems in place of chlorinated or dipolar aprotic solvents [56].

Against these advantages must be set the catalyst loadings, typically between | and 20 mol %, one to three orders of
magnitude above those of an efficient metal catalyst, which dominate the mass balance of a small-scale process.
Immobilisation and flow processing address this directly by amortising the catalyst over many reactor volumes [42,44],
mechanochemistry addresses solvent use [46,47], and electrochemistry addresses stoichiometric redox reagents
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[38,39]. Where several of these are combined, the resulting process metrics are strong; where none is applied, the
green credentials of an organocatalytic route should not be assumed.

6. CHALLENGES AND LIMITATIONS

Four constraints continue to define the boundary of what asymmetric organocatalysis can be expected to do.

Catalyst loading and turnover. Organocatalysts commonly operate at loadings between | and 20 mol %, against 0.01 to
I mol % for a well-developed metal system. The origin is kinetic: covalent catalysis requires stoichiometric
condensation and hydrolysis events within each turnover, and non-covalent catalysis depends on association constants
that are modest by comparison with metal-ligand binding. Turnover numbers in the thousands remain exceptional.
Immobilisation and continuous processing mitigate the consequence rather than the cause [42,44].

Substrate generality. Selectivity is often optimised for a narrow substrate class and degrades outside it. Sterically
congested ketones, unactivated carbon—hydrogen bonds and substrates that cannot engage the catalyst through a
hydrogen bond or a covalent condensation remain difficult. The problem is compounded by a reporting convention in
which scope tables emphasise successful substrates, so that the true breadth of a method is often unclear from the
primary literature; statistical treatments of generality are a direct response to this [50].

Catalyst incompatibility in multicatalytic systems. Cooperative catalysis multiplies the number of species that must
coexist without mutual deactivation. Amines coordinate metals and quench excited states; acids protonate basic
catalysts; redox cycles interfere with one another. Each cooperative system therefore requires its own compatibility
study, and the design principles remain largely empirical. Immobilisation of one partner, site isolation and bifunctional
single-molecule catalysts are the main structural responses [I,32].

Scale-up, recovery and process economics. Beyond catalyst cost, translating an organocatalytic reaction to
manufacturing scale raises questions of mixing, heat removal, light penetration in photochemical steps, and the recovery
of catalyst from product streams. Continuous processing addresses several of these simultaneously and is the most
probable route to wider industrial adoption, but the engineering effort required is substantial and is justified only where
the organocatalytic route offers a clear advantage over the alternatives [44,53].

7. OUTLOOK

Four developments appear likely to shape the next phase of the field.

Convergence of catalytic modalities. Systems that combine an organocatalyst with a photoredox catalyst and a
transition metal, or with an electrode and a mediator, are becoming tractable as compatibility problems are solved case
by case. Three-component cooperative catalysis is the natural extension of the two-component systems described in
Section 4.1 and is where the least accessible transformations are most likely to be found [24,38].

Data-driven design. As descriptor libraries and curated datasets improve, the prediction of enantioselectivity for
untested catalyst—substrate pairs will become progressively more reliable, and the balance of effort will shift from
screening towards model-guided selection. Realising this depends on the community reporting unsuccessful as well as
successful results, since models trained only on positive outcomes systematically overestimate performance
[48,50,51,49].

Confined and higher-order architectures. The imidodiphosphorimidates demonstrate what becomes possible when the
active site is enclosed rather than merely chiral. Extending this principle, whether through larger cavity-containing
catalysts, supramolecular capsules or catalysts embedded in porous frameworks, is a direct route towards enzyme-like
selectivity for substrates that offer few conventional handles [22,23].

Process intensification. Immobilised catalysts, continuous reactors and solvent-free mechanochemical protocols are the
means by which organocatalysis will move from laboratory scale to manufacturing scale. The pregabalin and ambrox
routes show that the transition is achievable where the chemistry is strong enough to justify the development effort,
although each remains a case study rather than a general template [44,53,54].

8. CONCLUSIONS

Asymmetric organocatalysis has passed from a set of isolated observations to an established discipline within a single
generation. Its mechanistic foundations, covalent activation through enamine, iminium and carbene intermediates, and
non-covalent activation through hydrogen bonding, Brgnsted acidity and ion pairing, are now well understood and
provide a rational basis for catalyst selection rather than requiring empirical screening alone. Its methodological
frontiers have moved decisively towards cooperative systems, in which the organocatalyst supplies stereocontrol while
a second catalyst or an external energy source supplies reactivity that the organocatalyst cannot generate by itself.

The field is not a universal replacement for metal or enzymatic catalysis, and it is not helpful to present it as one.
Catalyst loadings remain high, substrate generality remains uneven, and the compatibility problems inherent in
multicatalytic systems are unsolved in the general case. What organocatalysis offers is a distinct and complementary set
of capabilities: metal-free conditions where metal residues are unacceptable, operational simplicity where infrastructure
is limited, ready access to both product enantiomers, and an activation manifold that has proved unusually receptive to
combination with photochemical, electrochemical and mechanochemical methods. On the evidence of the past five
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years, it is this capacity for combination, more than any single catalyst class, that will determine the future contribution
of the field.
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