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The past decade has seen unprecedented growth in the development of new chemical methods that proceed by
mechanisms involving radical intermediates. This new attention has served to highlight a long-standing challenge in the
field of radical chemistry — that of controlling absolute stereochemistry. This Review will examine developments using a
strategy that offers enormous potential, in which attractive non-covalent interactions between a chiral catalyst and the
substrate are leveraged to exert enantiocontrol. In a simplistic sense, such an approach mimics the modes of activation and
control in enzyme catalysis and the realization that this can be achieved in the context of small-molecule catalysts has had
sizable impact on the field of asymmetric catalysis in recent years. This strategy is now starting to quickly gather pace as a
powerful approach for control of enantioselectivity in radical reactions and we hope that this focused survey of progress so
far will inspire future developments in the area.

The fact that Nature’s most fundamental building blocks all exhibit chirality underlines the importance that chemists be able to
access synthetic chemical compounds as single enantiomers. The branch of synthetic chemistry concerning enantioselective synthesis
has risen to meet this challenge and there now exists a plethora of approaches that can be turned to for a particular target molecule.! On
close inspection, it is apparent that the majority of these approaches are based on chemical reactions that operate via two-electron
mechanisms. This is unsurprising given that the majority of mainstream organic chemistry is based on mechanisms in which electrons
move in pairs. However, study of the chemistry of organic radicals has been ongoing for many years.* Fundamental studies in the
1960s and 1970s progressed to powerful and practical synthetic methods in the 1980s and 1990s. The past decade has witnessed a
remarkable surge in the development of new radical processes, largely driven by the popularisation and widespread embrace of
photoredox catalysis.>® Electrochemistry is now being adopted by synthetic chemists with similar enthusiasm.® Photoredox catalysis, in
particular, has garnered so much attention because reactive open-shell intermediates with underexplored chemistries can be readily
accessed using cheap LEDs together with an appropriate photocatalytic system. Numerous exciting new processes and bond
disconnections have resulted, but the volume of attention has served to highlight a long-standing challenge within the broader field of
radical chemistry — that of controlling enantioselectivity in processes where new stereocentres are formed.

Whilst great progress had been made in controlling diastereoselectivity in radical reactions throughout the 1980s and 1990s,
dispelling the myth that radicals were too reactive to be conducive to stereocontrol, there were very few enantioselective approaches
reported.’%! The first pioneering strategies, developed by Sibi, Porter and co-workers in the late 1990s, utilized chiral Lewis acids and
demonstrated that enantiocontrol was possible (Fig. 1a).12!3 They did however struggle with background reaction and as a result most
protocols required stoichiometric chiral Lewis acid to obtain the highest levels of enantioselectivity.!* The widespread adoption of
photoredox catalysis has focused renewed attention on this challenge.'® From the earliest days, photoredox catalysis was successfully
combined with covalent modes of asymmetric organocatalysis — most prominently with chiral enamine catalysis, as first demonstrated
in seminal work from Nicewicz and MacMillan (Fig. 1b).%® This closely followed an important prior development from the same group
in which ceric ammonium nitrate was used as a stoichiometric single electron oxidant to generate the reactive chiral radical cation
intermediate.r” Another key covalent activation mode used extensively in organocatalysis, iminium catalysis, has been impressively
harnessed for the addition of radicals in more recent developments (Fig. 1c).*® Asymmetric Lewis acid catalysis has been powerfully
applied in a number of different settings, including photoredox catalysis (Fig. 1d)!° and photochemistry (Fig. 1e)?°2! and the challenges
of competitive background reaction have now been largely overcome. In other developments, a chiral thiyl radical has been used as a
catalyst for an enantioselective radical cyclisation (Fig. 1f)? and chiral ligands on samarium have realised stereocontrol in reductive
cyclisations and cascades, albeit at stoichiometric loadings.?® Transition metal catalysis that incorporates redox processes is increasingly
closely integrated into radical-based mechanisms, which offers opportunity for asymmetric induction using conventional chiral ligand
strategies.?* This has been powerfully demonstrated in examples using copper,?>28 nickel, 23 and titanium®23® catalysis (Fig. 1g).
Metalloradical-based catalysts have also emerged as powerful tools for stereocontrol in a range of radical reactions (Fig. 1h).34%

In the key developments outlined above, the chiral catalyst is generally associated with the substrate through a covalent bond.
Repulsive steric interactions at the transition state of the enantiodetermining step are primarily responsible for dictating subsequent
enantioinduction, disfavouring certain pathways through destabilisation. This basic paradigm has lain at the heart of most developments
in enantioselective catalysis until relatively recently and stands in contrast to the typical mechanisms by which enzymes, Nature’s
catalysts, control selectivity.3 At many enzyme active sites, a combination of multiple attractive non-covalent interactions act in tandem
to preorganise reactants and stabilise the transition states that lead to the desired product.

Over the past several decades, synthetic chemists have come to appreciate that use of these weaker interactions in the context of
carefully designed small molecule catalysts is not only viable but can be highly effective for enantiocontrol. As covalent organocatalysis
has become firmly established as a distinct branch of asymmetric synthesis, the non-covalent variety has emerged as a vibrant and
dynamic pursuit.>” Now, catalyst designs for two-electron processes that hinge on the most widely appreciated non-covalent interactions
of hydrogen bonding® and ion-pairing®-4! are widespread. Chiral scaffolds containing a thiourea group can be used as hydrogen bond



donors to activate basic substrates (Fig. 2a) as well as to bind to the conjugate anions of prochiral cationic intermediates (Fig. 2b). Whilst
chiral cations have been used extensively as phase transfer catalysts (Fig. 2c), chiral anion approaches have been predominantly tied to
developments in asymmetric Brgnsted acid catalysis. This area has been greatly advanced by the development of 1,1'-bi-2-naphthol
(BINOL)-derived phosphoric acids.*? Driven by independent reports in 2004 from the groups of Akiyama*® and Terada* the rigid, well
defined BINOL backbone, symmetrically substituted with large groups at the 3 and 3’ positions, creates a C2 symmetric pocket in which
the phosphoric acid functionality resides (Fig. 2d).* These catalysts are often bifunctional; once the acidic proton has been engaged to
activate basic functionality in a substrate, the catalyst’s phosphate character increases i.e. it becomes more basic and can then act as a
hydrogen bond acceptor to engage with the second partner in a highly organised transition state assembled through hydrogen bonds
(Fig. 2e). If these catalysts are used as phosphates at the outset, they can engage in ion-pairing interactions either with a cationic reactant
(Fig. 2f) or a cationic transition metal (Fig. 2g), in both cases retaining their bifunctional capability. Due to this versatility, they have
been applied extensively in non-covalent approaches to enantioselective catalysis. Strategies that utilise less common non-covalent
interactions such as cation-n*¢ and anion- n*’ interactions and halogen bonding*® are still emerging and understanding of how to
incorporate these into small molecule catalyst scaffolds is an exciting area of development.***° The increasing ability of density
functional theory (DFT) calculations to accurately account for observed reaction outcomes provides further insight which can feedback
into catalyst design.552 Until relatively recently there were only a handful of examples where non-covalent interactions between chiral
catalyst and substrate had been utilised for inducing enantiocontrol in radical reactions. The perceived barrier of low directionality and
the common label of ‘weak interactions’ likely led to the delay in their incorporation into enantioselective catalysts for two-electron
chemistry. These preconceptions have now firmly been overcome in the two-electron world, but it is probably natural that the first wave
of developments in enantioselective single-electron processes should apply longer-established covalent catalysis modes. Yet in the past
few years there has been a dramatic increase in the number of successful demonstrations of non-covalent modes of catalysis being
applied to this challenge, achieving outcomes not possible using other means.

This Review aims to showcase the strategies taken thus far and key developments in this still-emerging area. There are several
previous reviews that discuss some aspects covered here, most relevantly from Bach and co-workers (coverage to 2014)%, Silvi and
Melchiorre (coverage to 2017)% and Lu, Zheng and co-workers (coverage to 2019).>* During preparation of this manuscript, a relevant
review was published by Qiao, Zhang and co-workers.% In some examples discussed, the actual enantiodetermining step in the
mechanism may be proposed to proceed via a two-electron process and in some cases, a precise mechanistic picture may remain
unconfirmed. While the major focus will be on developments in small molecule catalysts, we will also discuss recent exciting
applications of enzymes to carry out enantioselective radical transformations, as the mechanisms of action in these cases surely involve
attractive non-covalent interactions.

Hydrogen bonding templates in photochemical reactions

Photochemical reactions have been subject to detailed study and often include radical intermediates. The challenges of rendering
such reactions enantioselective were eloquently described in the aforementioned review from Bach and co-workers.>® Early work on
enantioselective synthesis in the crystalline solid state demonstrated that asymmetric induction can be achieved in photochemical
reactions wherein the substrate is ion-paired with a chiral counterion as a crystalline salt, termed the “ionic auxiliary” approach.®
Remarkably, irradiation of material in a certain crystalline phase could result in high levels of asymmetric induction, an illustrative
example being in the Norrish type 11 cyclisation of prolinol salt 1 to form chiral cyclobutanol 2 (Fig. 3a).5” In the solution phase, racemic
2 was obtained but when carried out in the solid state with material crystallised as needles, 97% enantiomeric excess (e.e.) was achieved.
While intriguing, the requirement for material to be crystallised and in a specific form is a barrier to this approach becoming used more
generally.

Hydrogen bonding interactions between an appropriate substrate and a chiral template have been used to powerful effect by Bach
and co-workers to enable enantioselective photochemical reactions. Over the years a family of versatile templates have evolved that
crucially associate with the substrate through dual hydrogen bonding interactions (Fig. 3b).%® In 2000 Bach and Bergmann first reported
the intermolecular asymmetric [2+2] photocycloadditions of alkoxyquinolones such as 7 (Fig. 3c), enabled by chiral template 3 which
engaged with lactam 7 through hydrogen bonding.5®%° The result was selective blocking of one prochiral face of 7 from undergoing
cycloaddition after absorption of UV light. Excellent levels of enantio- and diastereocontrol were obtained and, although an excess of 3
was required to overcome racemic background reaction, this constitutes pivotal groundwork for a powerful and elegant approach, with
3 subsequently applied to a number of different reactions of lactam-containing substrates.®® It was also successfully applied to several
non-photochemical radical chain reactions®:-%® and, more recently, photoredox catalysis.®* In some cases high enantioselectivities were
obtained, but the necessity for superstoichiometric amounts of 3 limited practicality. In efforts to overcome the need for excess template,
Bach and co-workers incorporated a photoactive benzophenone unit, rendering the template bifunctional (Fig. 3b, 3—4). The hypothesis
was that energy or electron transfer to the substrate should only occur when it is bound so the background reaction resulting from direct
excitation of non-complexed substrate would be minimised and catalysis viable. This was realised for the cyclisation of an a-amino
radical, generated by photoinduced electron transfer from the pyrrolidine of the substrate 9 to the excited benzophenone unit of 4,
followed by deprotonation.%® The template could be used at 30 mol% loading, resulting in 70% e.e. (10, Fig. 3d) giving an important
demonstration of the feasibility of catalysis in photochemical reactions, with hydrogen bonding interactions between substrate and
catalyst proven crucial in enabling both enantioselectivity and catalytic turnover. By replacing benzophenone with xanthone as the
photosensitiser component (Fig. 3b, 4—5), photocycloadditions could be carried out with high enantioselectivities and low catalyst
loadings.®%%7 A final refinement incorporated thioxanthone (Fig. 3b, 6), making the template photoactive in the visible light region,
offering significant practical advantages.5® Template 6 has been used for intra- and intermolecular cycloadditions,®® and subsequently
for the highly noteworthy catalytic deracemisation of allenes (Fig. 3e).”° Deracemisation processes, in which a racemate is
enantioenriched without net chemical change, are extremely rare due to significant challenges related to both kinetics and



thermodynamics. Bach and co-workers’ allene deracemisation is thought to be enabled by two modes of differentiation between the
enantiomers of the racemic allene 11 (Fig. 3e). The highly directional interaction of catalyst and substrate dictates the binding
configurations of each enantiomer of 11. The allene substituent of 11b (tert butyl, as depicted) clashes with the thioxanthone unit when
bound (6-11b), whilst 11a is accommodated more readily (6-11a). This has two consequences. Firstly, the binding coefficient of 11a
with 6 was found to be significantly higher than that of 11b, so 11a preferentially occupies the catalyst. Secondly, because triplet energy
transfer is highly distance dependent, the increased distance between the thioxanthone unit and the allene functionality of 11b when
bound means the reaction has a lower quantum efficiency. These cooperative effects ensure that 11a preferentially undergoes
racemisation via achiral triplet 12, whilst 11b is far more stable to further excitation. The same template has been applied to the
deracemisation of cyclopropanes, albeit with moderate enantioselectivities so far.”* Overall, the breadth of reactions that have been
realised using these templates clearly demonstrates the power of hydrogen bonding for bringing catalyst and substrate together in close
proximity.

The thiourea functionality has been used extensively as a dual hydrogen bond donor unit in catalysts for two electron processes,
including examples where these can be productively merged into tandem processes with established radical reactions.” In 2014 Sibi,
Sivaguru and co-workers demonstrated that chiral thiourea catalysts could be applied to enantioselective photochemistry.” A thiourea
was incorporated into a BINOL scaffold that also featured a phenolic hydroxy group as a second hydrogen bond donor and this
bifunctional catalyst 13 was found to promote enantioselective intramolecular [2+2] cycloadditions of coumarins such as 12 (Fig. 3f).
The thiourea was proposed to interact with the carbonyl of the coumarin with a second hydrogen bond occurring between the phenolic
hydroxy and the sp® hybridised oxygen of the coumarin (Fig. 3f, see box). Control experiments showed that either removal or methylation
of the phenolic hydroxy resulted in very poor enantioselectivity. The network of hydrogen bonding interactions thus formed between
catalyst and substrate was proposed to enable exciplex formation, which was followed by [2+2] cycloaddition, crucially in the chiral
environment provided by the associated catalyst.

The final showcase of hydrogen bonding catalysis applied to enantioselective photochemistry comes from Baik, Yoon and co-
workers, who have recently utilised a family of Ir-based photocatalysts that feature helical, metal-centred chirality, a strategy previously
used in photoredox catalysis by Meggers and co-workers (Fig. 1d).*® Whilst Meggers’ catalyst acted through Lewis acid activation, due
to two vacant coordination sites, these catalysts (such as 16) incorporate a pyrazole moiety into a third ligand, which acts as a hydrogen
bond donor.” This binds the substrate and positions it appropriately to allow triplet sensitisation in the chiral environment provided by
the metal complex (Fig. 3g). These catalysts were applied to intramolecular cycloadditions of substrates such as 15, in which generally
high enantiomeric excesses (up to 91%) could be achieved.” Interestingly, careful NMR titration studies to establish the association of
substrate with pyrazole suggested that additional substrate-ligand interactions were occurring with the aryl ring of one of the
cyclometalated arylpyridine ligands (Fig. 3g, see box). Binding was increased by tuning the electronics of the aforementioned aryl ring
and DFT calculations suggested that a ligand-substrate n-n interaction is making an important contribution to enantioinduction in
addition to two hydrogen bonds between the lactam and the pyrazole. This ligand was then successfully applied to intermolecular [2+2]
cycloadditions using maleimide as a partner, in which generally superior enantioselectivities were obtained.”® Detailed mechanistic
studies suggest that triplet energy transfer occurs from the catalyst to the maleimide, rather than to the bound substrate. This contrasts
with the earlier intramolecular example and demonstrates that ground-state pre-association between the chiral catalyst and the sensitised
substrate is not necessary to obtain high enantioselectivity. Overall, this work further underscores the advantage of attractive non-
covalent interactions drawing the substrate in close to the chirality of a bifunctional catalyst, which can then promote reactivity in that
dedicated environment.

Dual hydrogen bond donor catalysts and chiral cations

The unique ability of dual hydrogen bond donor catalysts to assemble transition states was impressively combined with photoredox
catalysis in 2015 by Ooi and co-workers, who reported an enantioselective synthesis of 1,2-diamines via the redox-neutral coupling of
aldimines (18) with N-arylaminomethanes (19) (Fig. 4a).”” An iridium-based photoredox catalyst was used alongside chiral
phosphonium salt catalyst 21. The proposed mechanism commences with single electron oxidation of the amine in 19, which forms a
neutral a-amino radical after deprotonation. The reduced photocatalyst itself reduces the aldimine 18, forming a radical anion that ion
exchanges with the cationic phosphonium salt. A challenging, enantiodetermining radical-radical coupling (Fig. 4a, 22) is then proposed
to ensue under the careful control of the chiral phosphonium cation, which most likely engages in highly directional dual hydrogen
bonding interactions with the radical anion, in addition to electrostatic interactions arising from the opposite charges. A later study
suggests that the precise sequence of redox events is not critical to productive enantioselective coupling, as a catalytic cycle initiated by
oxidative quenching of an excited photosensitiser was also viable.”

Chiral cations derived from cinchona alkaloids have been used extensively for control in two-electron processes, most prominently
in asymmetric phase-transfer organocatalysis.” Overtly, an ion pairing interaction is the key attractive interaction in the transition state
for such reactions, but it is widely accepted that multiple weaker hydrogen bonding donor interactions from the cation play a crucial
role in geometry control.®’ These occur from the C—H bonds adjacent to the ammonium cation, which are significantly acidified due to
inductive effects, as well as in some cases the hydroxy O-H. In 2015, Melchiorre and co-workers demonstrated that chiral cations such
as 28 can be effective for control in a radical reaction with a highly enantioselective perfluoroalkylation of B-ketoesters (Fig. 4b).8 In
this process, a prochiral enolate ion-pairs with the chiral cinchonine-derived cation in solution. This forms a coloured electron donor-
acceptor complex 25 with a perfluoroalkyl iodide that, upon irradiation with white LEDs, undergoes electron transfer to generate a
perfluoroalkyl radical. This intermediate then reacts with another ion-paired enolate in the enantiodetermining step (24—26). The ketyl
radical 26 thus formed abstracts an iodine atom from the perfluoroalkyl iodide in chain propagation, furnishing 27 after heterolytic C-I
cleavage. A recent DFT study provides support for a network of hydrogen bonding interactions between the cation and anion being



responsible for the high selectivity in this process.? Given how widely privileged chiral cations such as these have been used in two-
electron organocatalysis, it seems likely that further developments using related approaches can be expected in the future.

Jiang and co-workers reported an enantioselective reduction of diketones (such as 29) and ketimines thought to proceed via a ketyl
radical, in which asymmetry is induced by the dual hydrogen bond donor guanidinium salt 32 (Fig. 4c).% Electron transfer is proposed
to occur from the reduced dicyanopyrazine photocatalyst 31 to form a ketyl radical anion, which interacts strongly with the dual hydrogen
bond donor organocatalyst. A further single electron reduction gives an a-oxyanion still associated with the chiral catalyst and it is the
latter that mediates the enantiodetermining protonation to form the product 33. Similar outcomes were observed in many cases in the
absence of photocatalyst and it was proposed that a photochemically active electron donor-acceptor complex between 29 and the
stoichiometric amine accounts for this. The same authors later used a similar catalytic system to enable an enantioselective
dehalogenative protonation reaction.®

Chiral Brgnsted acids and bases

Asymmetric Brgnsted acid catalysis is a hugely important branch of organocatalysis and bulky BINOL-derived phosphoric acids
have been instrumental to this success (Fig. 2d-g). Whilst hundreds of studies have utilised chiral Brgnsted acids in two electron
processes, successful application to radical reactions has been slow on the uptake but is now accelerating rapidly. Whilst an early report
from Lee and Kim showed that promising enantioselectivities could be achieved in the addition of alkyl radicals to imines using 30
mol% of a chiral N-triflyl phosphoramide catalyst,® it was a breakthrough paper from Knowles and co-workers in 2013 that
demonstrated how powerful the BINOL-phosphoric acid scaffold could be for enantioselective catalysis of radical processes. Here the
scaffold was used alongside an Ir photoredox catalyst to enable a highly enantioselective aza-pinacol cyclisation to give products such
as 43 (Fig. 5b).% The activation mode exploits proton-coupled electron transfer (PCET) to perform otherwise endergonic single electron
reductions of aryl-alkyl ketones. Pre-activation of the ketone 42 towards PCET is achieved via a hydrogen-bonding interaction between
the phosphoric acid catalyst and the ketone, priming it for concerted proton transfer from the acid and single-electron reduction by the
photocatalyst. The neutral ketyl radical formed thereafter is poised for enantiodetermining cyclisation and is crucially able to remain
associated with the chiral phosphate anion (produced following PCET) throughout this process, by way of hydrogen bonding interactions
(44). This report was highly influential as it demonstrated that even an apparently single hydrogen bond between the reactive radical
intermediate and a chiral catalyst is sufficient to induce high levels of asymmetry.

In 2018, Phipps and co-workers demonstrated how asymmetric Brgnsted acid catalysis could be applied to achieve enantioselectivity
in a very well-established class of radical reaction — Minisci-type alkylation of heteroarenes (Fig. 5¢).8” Their approach took into
consideration the typical requirement for Minisci-type reactions to be carried out in the presence of acid, which lowers the heteroarene
LUMO and permits nucleophilic radicals to attack the n-system. Using a BINOL-phosphoric acid, the hypothesis was that if the alkyl
radical possessed a hydrogen bond donor, a network of attractive non-covalent interactions may be achieved during the process, allowing
enantiocontrol. Photoredox catalysis was used to drive the transformation, which operated effectively on a range of quinolines and
electron-deficient pyridines. The mechanistic proposal involves N-acyl a-aminoalkyl radicals, generated by decarboxylative
fragmentation of an N-acyloxyphthalimide-based redox-active ester (46) after single electron reduction from the photocatalyst, adding
reversibly to the protonated heteroarene (48 to 49). A kinetic isotope effect experiment suggested that deprotonation of the subsequently
formed radical cation 49 is likely to be the enantiodetermining step. Hydrogen bonding interactions with the incoming radical were
crucial, as demonstrated by poor e.e. when a proline-derived radical, bearing no hydrogen bond donor, was employed. In collaboration
with Sigman and Reid, the same authors embarked on a data-driven, statistical approach® to develop a predictive model for the
developed reaction.®® Multivariate linear regression analysis of a targeted dataset comprising different substrates and catalysts led to a
model that was able to effectively transfer enantioselectivity outcomes to new reaction components: in this case pharmaceutically-
relevant diazines such as pyrimidines and pyrazines, which had not been explored in the original report.

In related developments, Jiang and co-workers communicated a very similar approach, using photocatalyst 31 and 1,1'-spirobiindane-
7,7'-diol (SPINOL)-derived phosphoric acids, in which good enantioselectivities were achieved on isoquinolines, a class of substrate
that gave low e.e. under the conditions used by Phipps and co-workers.®® Zheng and Studer demonstrated that the previously-developed
catalytic approach could be applied to a three-component reaction wherein the requisite a-aminoalkyl radical is efficiently assembled
from the reaction of an alkyl radical with an N-acyl enamide.®*

Also in 2018, Jiang and co-workers reported several reactions in which a chiral phosphoric acid is proposed to control
enantioselectivity in the coupling of two radicals by concurrently engaging both radical intermediates via hydrogen bonding. One notable
example is the enantioselective, decarboxylative coupling between 1,2-diketones and N-arylglycines (Fig. 5d).°? Single-electron
oxidation of the nitrogen atom of 51 by the photoredox catalyst is followed by deprotonation and decarboxylation to form a stabilised
a-amino radical. The reduced photocatalyst is then proposed to reduce the 1,2-diketone 50 to a ketyl radical. Hydrogen bonding
interactions between chiral catalyst and the two radicals are proposed to account for the high levels of asymmetric induction in the
transition state (53), although full details of the origin of selectivity are yet to be determined. This strategy was also applied to the
asymmetric reaction between racemic a-bromoketones and N-aryl glycine derivatives®® and later further expanded to 3-
chlorooxindoles.®* In all cases similar ternary transition states are proposed in which the chiral phosphoric acid orchestrates
enantiodetermining radical-radical coupling. The Jiang group have demonstrated further impressive advances using the same catalytic
system, which showcases how powerful phosphoric acid catalysts are for orchestrating a variety of challenging radical reactions in an
enantioselective sense. Building on previous work in which non-enantioselective radical addition was followed by enantiodetermining
protonation,® they showed that vinyl pyridines such as 54 are amenable to enantiodetermining radical conjugate addition of prochiral
ketyl and a-aminoalky! radicals to give products such as 57 (Fig. 5e).% In this step it is presumed that the chiral phosphate engages in
hydrogen bonding interactions with both components, leading to a highly organised transition state (58). The resultant a-pyridyl radical



is proposed to be quenched through hydrogen atom transfer (HAT) or consecutive electron and proton transfers from the dihydropyridine
reductant 56. In a remarkable display of versatility, the reaction scope encompasses prochiral radicals generated from benzophenones,
benzaldehydes, aldimines and ketimines and it is notable that the stereocentre generated is quite some distance from the pyridine
nitrogen.

In the examples surveyed so far, the catalyst has been used in its native acid form to perform some type of Brgnsted acid activation,
although the phosphate form is often postulated to come into play later in the mechanism. In an interesting study, Nicewicz and co-
workers sought to use chiral phosphates from the outset as counterions to highly oxidising, cationic photoredox catalysts. The hypothesis
was that ion pairing of the chiral anion with the radical cation generated on single electron oxidation of an alkene may allow
enantioinduction in an ensuing cation radical Diels-Alder reaction. The enantioselectivities (up to 50% e.e.) were moderate but
encouraging, particularly since little other functionality was present in the substrates to aid in transition state assembly.®’

In a strategy also involving the basic phosphate from the outset, Knowles and co-workers took a bioinspired approach to the
asymmetric enantioselective synthesis of pyrroloindolines via a radical mechanism (Fig. 6a).%® They imagined a process in which the
chiral phosphate base assists in oxidative PCET on an indole substrate such as 59, resulting in indole radical cation 61. Crucially, the
phosphate should remain associated through electrostatic and hydrogen-bonding interactions throughout a subsequent
enantiodetermining radical-radical cross-coupling of the tryptophanyl radical cation with the persistent radical (2,2,6,6-
tetramethylpiperidin-1-yl)oxyl (TEMPO). This strategy worked extremely well, resulting in the pyrroloindoline products 60 with
excellent control of enantioselectivity. Because TEMPO-H was observed to inhibit the reaction, most likely by preferentially undergoing
undesired oxidative PCET, the hypervalent iodine reagent TIPS-EBX was found to be necessary as a net oxidant, with the carboxylate
generated after reduction acting as the terminal base. Detailed mechanistic studies provided strong support for the proposed oxidative
PCET pathway and protocols were developed for further functionalisation of these isolated TEMPO adducts via mesolytic cleavage of
the weak C-O bond. This was achieved using photoredox catalysis, involving single electron oxidation to give configurationally biased
cation 63, which can undergo stereoselective trapping with a range of nucleophiles. The approach was showcased in concise asymmetric
syntheses of several dimeric pyrroloindoline natural products, such as (-)-calycanthidine (62).

As previously discussed, deracemisation is a formidable challenge in enantioselective catalysis, with few strategies able to
accomplish it. In the course of targeting asymmetric hydroamination reactions through a PCET strategy, Knowles, Miller and co-workers
developed a remarkable deracemisation of ureas such as 64 (Fig. 6b).*® Upon exposure of 64 to visible light with an Ir photoredox
catalyst, a chiral phosphate and thiophenol, modest enantioenrichment of recovered 64 was observed. Envisioning that this may occur
by single electron oxidation, enantioselective deprotonation of the resulting radical cation by the chiral phosphate and subsequent non-
selective HAT to reform the starting material, the authors speculated whether a chiral thiol may have the ability to perform the
terminating HAT in an enantioselective manner. The resulting combination of chiral phosphate salt (S)-36-BusN and peptide-derived
thiol 65, each playing their allotted role at different points in the mechanism, resulted in excellent levels of enantioselectivity. Detailed
studies of the enantioselectivity induced by each chiral catalyst alone enabled the net enantioselectivity resulting from the two chiral
catalysts working in tandem to be predicted. The predicted enantioselectivities matched closely to the experimental results,
demonstrating the synergistic manner in which the two catalysts operate. The proposed mechanism begins with the excited photocatalyst
indiscriminately oxidising 64 to give radical cations (R)-66 and (S)-66, the latter of which is selectively deprotonated by the chiral
phosphate to form achiral radical 67. Enantioselective HAT to 67 from the chiral thiol 65 preferentially forms (R)-64. Combined
together, this results in a ratio of (R)-64:(S)-64 of up to 95:5 in the reisolated material and is a remarkable example of the kinetic
decoupling of C-H bond breakage and formation. The free N-H of the pendant amide group was found to be important in enhancing
enantioselectivity in the deprotonation step, suggesting that there could be important hydrogen bonding interactions with the chiral
phosphate during this process. Conversely, this free N—H was found to be unimportant for the enantioselective HAT step, meaning that
thiol catalyst 65 is able to perform enantioselective HAT to radical 67, which is uncharged and has few overt handles for interaction, a
particularly notable achievement.

We have previously discussed Knowles’ influential aza-pinacol cyclisation, where enantioselectivity is controlled by a hydrogen
bond between a ketyl radical and a chiral phosphate after PCET reduction (Fig. 5b). In an important recent contribution the same group
targeted enantioselective hydroamination, and sought to generate an N-centred sulfonamidyl radical through PCET oxidation, with aid
of a chiral phosphate base (Fig. 6¢).2%° The crucial question was whether the phosphoric acid formed would remain associated with the
neutral sulfonamidyl radical during enantiodetermining cyclisation (Fig. 6c, inset box); very little information is known on the basicity
of sulfonamidyl radicals and their related proficiency as hydrogen bond acceptors. This work highlights the challenges in associating
chiral catalysts with neutral free radicals — the putative enantiodetermining step in many examples discussed in this section feature a
radical intermediate that is charged, enabling ion-pairing interactions with the catalyst, or bears a strong hydrogen bond donor.
Overcoming these design constraints is key to broadening the scope of enantioselective radical reactions. Following optimisation of
catalyst structure, excellent enantiocontrol was achieved in products such as 69 utilising triazolium-substituted BINOL-derived
phosphate 38 together with a bulky thiol to engage in terminal HAT post-cyclisation. These results, as well as various mechanistic
experiments, supported hydrogen bonding interactions between catalyst and substrate being crucial during the cyclisation. This study
provides another powerful example of a way in which the BINOL-phosphoric acid scaffold can be used to associate with reactive radical
intermediates.

Approaches incorporating transition metals

None of the approaches covered thus far have involved transition metals operating in redox processes, apart from as external
photoredox catalysts. As touched upon in the introduction, transition metal catalysis is increasingly being harnessed in radical-based
mechanisms and deployment of conventional chiral ligand strategies to render these asymmetric has had significant success. Several
transition metal-based strategies in which attractive non-covalent interactions feature prominently in the likely modes of stereoinduction



will be discussed herein. We believe they provide instructive examples of how non-covalent interactions can be closely integrated with
versatile transition metal reactivity and that there is much to explore in this line of inquiry.

In Nature, the oxidation of aliphatic C—H bonds by cytochrome P450 enzymes is well established to proceed via a radical pathway
involving a “radical rebound” sequence mediated by iron.2°2:192 The development of selective C—H oxidation reactions is an important
challenge for synthetic chemists and there have been several examples which seek to emulate this in an enantioselective manner using
ligand-substrate non-covalent interactions. In 2015, Bach and co-workers grafted a Ru-porphyrin onto their proven chiral template,
which had been so effective for enantioselective photochemistry (Fig. 3). This enabled the highly enantiotopo-selective C-H
oxygenation of spirocyclic oxindoles such as 70 (Fig. 7a).1%® By tethering the chiral lactam functionality to the porphyrin ligand (72),
substrate-ligand association via dual hydrogen bonds could direct reactivity. This association was shown to be crucial not only for
enantioselectivity but also catalyst activity, as demonstrated by N-methylation studies of substrate and ligand. 2,6-Dichloropyridine-N-
oxide (71) served as an external oxidant to generate the reactive Ru-oxo complex. Careful orientation of the substrate relative to the
metal centre facilitated selective HAT from one of two enantiotopic methylene groups on the oxindole, followed by hydroxy group
transfer through the radical rebound mechanism. Evidence for selectivity-determining HAT was provided by experimental and
computational studies.

This elegant approach to chiral ligand design paved the way for the same group to develop subsequent enantioselective benzylic
hydroxylations of 3,4-dihydroquinolones (such as 74) and 3-substituted quinolones, in which overoxidation to the ketone was avoided
by exchanging ruthenium for manganese (Fig. 7b).141% Once again, chiral ligand 72 provided the requisite enantiofacial discrimination
for selective HAT and subsequent hydroxylation. Furthermore, the strong directing ability of the dual hydrogen bonding system enabled
inherent site-selectivity to be overridden in some substrates (e.g. doubly benzylic 74 — alternative site shown in red).

The use of chiral phosphates as counterions for cationic transition metal catalysts has been extensively explored, but the majority of
these advances concern two electron processes.3*4! Copper is a versatile transition metal that frequently engages in radical mechanisms
and, whilst there are established ligands for copper that largely exert stereocontrol through steric repulsion,?-28 there are examples
emerging of chiral phosphate ligands (or counterions, depending on the degree of association) for copper that are highly adept at inducing
enantiocontrol in reactions involving radical intermediates. Liu and co-workers have developed a number of such transformations likely
involving crucial attractive non-covalent interactions between substrate and phosphate.l® In one example, they developed an
enantioselective aminotrifluoromethylation of alkenes such as 76 (Fig. 7¢).2%” Copper (1) is proposed to catalytically generate, from
reagent 78, a trifluoromethyl radical that undergoes addition to 76, giving achiral radical 79. Enantioinduction is proposed to occur via
one of two possible mechanisms: through addition of Cu(ll) phosphate to 79 to generate a chiral copper (I11) intermediate (80), wherein
the pendant urea moiety engages in hydrogen bonding with the copper-associated chiral phosphate, or through ion pairing with
carbocation 81, generated via oxidation of the radical adduct by copper (I1). They favour the first scenario and invoke a similar
mechanism involving a Cu(lll) intermediate in their subsequently developed radical diamination, which uses N-acyloxyamines as
precursors to nitrogen-centred radicals to functionalise similar scaffolds.’%®1%® The group also extended their alkene
aminofunctionalisation to an amination of allylic and benzylic C-H bonds via hydrogen atom abstraction, with a chiral Cu(ll) phosphate
complex proposed to intercept the prochiral radical intermediate, as described above, with the assistance of hydrogen bonding.'® Very
recently, they showed that the Cu-phosphate system can be used to desymmetrise 1,3-diols such as 82 by a cyclising alkene
difunctionalisation (Fig. 7d).**° DFT calculations suggest that the initially formed radical adduct (analogous to 79) is trapped by Cu(ll)
phosphate, but the resulting Cu(lll) intermediate rapidly collapses to a carbocation. This is trapped by a hydroxy group in the
enantiodetermining step, in which multiple hydrogen bonding contacts between substrate and chiral phosphate are invoked (85).
Mechanistic questions still remain in these processes but they convey the strong message that chiral phosphate counterions could produce
very exciting outcomes when partnered with transition metals that can engage in radical mechanisms, leading to unique combinations
of reactivity (from the metal) and selectivity (from the counterion). Copper is one such promising candidate, but the rich radical
chemistry undergone at nickel metal centres surely offers much potential in this regard.

Biocatalytic approaches to non-natural radical reactions

The unique potential that enzymes possess to catalyse challenging chemical transformations with the highest levels of efficiency and
stereocontrol makes their application to enantioselective synthesis very appealing.*-12 Major advances in protein engineering combined
with the increased awareness of the opportunities presented by substrate promiscuity have unleashed new catalytic activities between
enzymes and non-natural substrates.**32%" It is well established that enzymes are adept at mediating radical transformations in Nature.®-
120 In many cases, it is likely the restricted active site of the protein ‘shields’ the reactive radical from deleterious side reactions in
addition to guiding the path of the desired transformation, commonly through the action of multiple non-covalent interactions. If
biocatalytic approaches could be developed to perform non-natural radical reactions in an enantioselective manner, this could potentially
have a sizable impact on enantioselective synthesis, given that chemical approaches are still relatively limited. Recently, the Hyster
group has been at the forefront of developing such strategies and several examples are surveyed in this Review as the enantioinduction
is almost certainly controlled by attractive non-covalent interactions at the enzyme active site.

In 2016, Hyster and co-workers reported an enantioselective dehalogenation of racemic lactones, such as 86 and 87, which was
achieved by photoexcitation of nicotinamide-dependent ketoreductases (KREDs) (Fig. 8a).12! Photoexcitation enables the enzyme’s co-
factor nicotinamide adenine dinucleotide phosphate (NADPH) — typically a hydride donor — to function instead as a powerful single
electron reductant.*?? Within the enzyme’s active site, a charge transfer complex comprised of substrate and NADPH is formed (90).
Control experiments confirmed that charge-transfer complex formation is reliant on the presence of the enzyme. Furthermore, it was
shown that the KRED increased the fluorescence lifetime of NADPH by more than 20-fold. Taken together, these results demonstrate
that binding of substrate and co-factor within the enzyme active site, likely via multiple non-covalent interactions, is crucial to the
viability of the process. Upon visible light irradiation electron transfer from NADPH ensues and debromination by a spin-centre shift



mechanism gives a prochiral radical (90—91). This undergoes enantiodetermining HAT from the radical cation NADPH™* to form the
product (91—92). The positioning of the prochiral radical in the enzyme active site is crucial for exerting control over the facial
selectivity of hydrogen atom delivery. This is enabled by hydrogen bonding interactions between the substrate and amino acid residues
at the enzyme active site, delivering the products with high enantioselectivity. Indeed, modelling studies involving lactone (S)-89 and
one of the KREDs, RasADH, displayed key hydrogen bonding interactions between tyrosine and serine residues of the enzyme active
site and the carbonyl oxygen of the substrate. Experimental observations combined with docking models showed that the enzymes did
not discriminate between enantiomers of the a-bromolactone substrates for binding, highlighting that a mechanism involving kinetic
resolution of the racemic substrates was not operative. Different KREDs were identified which could provide access to both the R and
S enantiomers of the products in good yields and enantioselectivities although the requirement for formation of a charge transfer complex
limited the scope to lactone substrates. Subsequently, a related system that combines the use of a nicotinamide-dependant double bond
reductase (DBR) with the organic dye photocatalyst Rose Bengal (RB) was developed for the enantioselective radical deacetoxylation
of tetralones such as 93 (Fig. 8b).12® Within the enzyme’s active site, the substrate associates with a tyrosine residue via a hydrogen
bond, a known mode of binding for this enzyme family, and remains associated throughout (95). This hydrogen bond is not only crucial
for enabling enantiocontrol in the process but also alters the redox potential of 93, facilitating an otherwise endergonic single electron
transfer by the reduced photocatalyst (RB+~). The prochiral radical 96 is subsequently quenched via enantiodetermining HAT from the
NADPH co-factor present in the active site, akin to their previous work (vide supra). This hydrogen bond-mediated ‘enzymatic redox
activation’ of the carbonyl has been further extended to flavin (FMN)-dependent ene-reductases (EREDs) where the enantioselective
reduction of acetophenones was achieved using the common photocatalyst Ru(bpy)sCl.*?* Most recently, a similar system was
successfully applied to the enantioselective reduction of vinyl pyridines.?

Their previous enantioselective dehalogenation of racemic lactones had hinged on the formation of a charge transfer complex
between the substrate and NADPH to initiate the process (Fig. 8a). To move away from this limitation, Hyster and co-workers developed
a protocol that used an engineered flavin-dependent ERED, crucially enabling flavin hydroquinone (FMNxg) to act as a single electron
reductant and acyclic a-bromoesters such as 97 to become viable substrates (Fig. 8c).t?® Once within the enzyme’s active site FMNpq
possesses increased reducing ability (compared to NADPH) and is thus capable of directly reducing the enzyme-bound a-bromoester
substrates, alleviating the requirement for photoexcitation in this reaction. Bound to the enzyme active site via hydrogen bonds to
histidine and asparagine, dehalogenation of the substrate occurs following electron transfer from FMNng, furnishing an enzyme-bound
prochiral a-acyl radical which selectively abstracts a hydrogen atom from flavin semiquinone (FMNsg) (99). During optimisation the
authors hypothesised that a tyrosine residue present in the active site of the native enzyme, on the opposite face of the prochiral radical
(relative to FMNsg), may serve as an alternative hydrogen source and thus reduce the enantioselectivity of the reaction. Crucially,
replacement of that tyrosine residue with a phenylalanine via site-selective mutagenesis improved the enantioselectivity of the reaction
from 76% e.e. with the native enzyme (GIUER), to 94% e.e. with the Y117F variant (99).

Hyster and co-workers have recently extended the capabilities of FMN-dependent EREDs to enable the highly enantio- and
diastereoselective cyclisation of a-chloroacetamides such as 100 to lactams, a reaction that would be extremely challenging to control
using existing methods for chemical catalysis (Fig. 8d).*?” Supported by UV-vis analysis, it was proposed that in order for the desired
electron transfer to proceed, the binding of substrate 100 (via hydrogen bonding) and FMNyq within the enzyme’s active site were critical
to enabling the formation of a charge transfer complex, otherwise no reactivity was observed. Photoexcitation of a FMNnq-Substrate
charge transfer complex facilitates single electron reduction of 100 to form an a-acetamide radical. X-ray crystallographic data of the
wild-type GIUER and mutant GIUER-T36A enzymes showed canonical histidine and asparagine binding residues in the active site and
the authors propose the o-acetamide radical is bound to these residues through hydrogen bonding and held in a conformation that renders
cyclisation highly favourable. The enzyme controlled both the facial selectivity of the radical cyclization (102) and the subsequent
delivery of the hydrogen atom to the exocyclic radical (103). This elegant study demonstrates the truly unique capabilities of enzymes
to exert stereocontrol in the most challenging of transformations. Very recently, the same authors reported an enantioselective synthesis
of oxindoles from racemic a-haloamides using a related strategy, highlighting the versatility of FMN-dependent EREDs for enabling
challenging enantioselective radical chemistry.!?

Concluding remarks and future prospects

This Review has summarised the development of strategies that utilise attractive non-covalent interactions to control
enantioselectivity in reactions involving radical intermediates. Undoubtedly, much of the recent progress in enantioselective radical
chemistry in general has been spurred by advancements in photoredox catalysis. The power of harnessing catalyst-substrate non-covalent
interactions to control highly reactive intermediates was showcased early on in the context of photochemical reactions and a number of
different catalyst scaffolds have since been shown amenable. As the examples above demonstrate, in the era of photoredox catalysis,
Brensted acids, bases, hydrogen bond donors and ion pairing catalysts have all been utilised successfully to varying extents. Reflecting
upon the most widely used modes in non-covalent enantioselective catalysis (Fig. 2), it is notable that they are now all represented to
some degree. It is evident from the examples covered that one particular scaffold stands out in terms of its breadth of application — the
BINOL-derived phosphoric acid, whose conjugate base is also a key player in many mechanisms. The versatility of this privileged,
bifunctional scaffold is widely appreciated in ionic asymmetric chemistry and it has proved itself powerful in numerous diverse contexts.
Perhaps that privileged status has made it an early instrument for exploring the perceived greater challenge of asymmetric radical
chemistry. Chiral template catalysts that use rigid hydrogen bonding to precisely poise their reactive sites close to a particular site on
the substrate have proved effective and offer tantalising glimpses into the future exertion of both positional and stereochemical control
in radical processes. Whilst it is true that in most cases the radical intermediate engaging in the enantiodetermining step possesses either



a charge or suitable functionality with which to engage the catalyst, given the broad range of common functional groups that are capable
of participating in non-covalent interactions, this seems unlikely to become a major limitation.

Whilst the examples in this review have all by-and-large utilised ion pairing and hydrogen bonding interactions, the diversity of non-
covalent interactions that are now being integrated into catalyst designs for two-electron processes will surely filter down in the future
and be applied to radical processes. One might anticipate that this could actually happen rather quickly, since the basic understanding
and appreciation of how to integrate such interactions into small molecule scaffolds in ionic processes, as well as the understanding of
how transition states may be arranged from DFT studies, should aid and expedite progress. It seems inevitable too that the push to apply
novel biocatalysis strategies to address synthetic chemistry challenges will result in rapid further progress in the stereocontrol of radical
processes. We hope that this Review will further stimulate collective thinking on new approaches for applying non-covalent modes of
catalysis to the challenges that lie in the control of enantioselectivity when dealing with radical reactions.
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Table of contents summary:

The past decade has seen unprecedented growth in the development of new chemical methods that proceed by
mechanisms involving radical intermediates, but controlling absolute stereochemistry has been a long-standing
challenge. This Review Article will examine developments that utilise attractive non-covalent interactions between a
chiral catalyst and the substrate to exert enantiocontrol in radical reactions.
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fashion via a key mesolytic cleavage and trapping with a nucleophile. b, Catalytic deracemisation of ureas by dual enantioselective catalysis. Rac-64
is oxidised to give 66, with enantiomer (5)-66 selectively deprotonated by a chiral phosphate. The resultant neutral radical 67 can then undergo
hydrogen atom transfer (HAT) from 65 to selectively form (R)-64. Both of these steps combine to enrich the enantiomeric ratio. ¢, Intramolecular
asymmetric hydroamination. After proton-coupled oxidation of sulfonamide 68, the chiral phosphate is proposed to remain H-bonded to the neutral

N-centred radical, allowing asymmetric cyclisation to be achieved.
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Figure 7 Non-covalent interactions in asymmetric radical-based organometallic reactions. a, A ruthenium porphyrin bearing a chiral lactam can
enact desymmetrisation of spirocyclic compound 70 through hydrogen bonding in a radical rebound process. b, Enantioselective benzylic oxidation
of 74 by manganese-porphyrin Mn-72 is also site-selective. The doubly benzylic methylene C-H (highlighted in red) remains unaltered whilst double
hydrogen bonding by the lactam elements in both substrate and catalyst directs the oxidation to occur exclusively at the singly benzylic C-4 methylene
site (highlighted in blue). ¢, Asymmetric carboamination of styrenes by copper and a chiral phosphate ligand. Radical 79 may either undergo
enantiodetermining single-electron addition to copper, guided by hydrogen bonds, to give 80 or oxidation by copper to form ion-paired complex 81
with subsequent asymmetric trapping of the resulting carbocation. d, Desymmetrisation of diol 82 via carbocation 85 is orchestrated by multiple
non-covalent contacts between the phosphate and copper complex during stepwise reductive elimination.
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Figure 8 Examples demonstrating the use of biocatalysis to control enantioselectivity in non-natural radical reactions. a, Enantioselective
dehalogenation of racemic lactones by photoexcitation of nicotinamide-dependent ketoreductases (KREDs). The LKADH KRED variant enabled access
to the R enantiomer of product while the RasADH KRED variant enabled access to the S enantiomer of product. Positioning of the prochiral radical
within the enzyme’s active site by key hydrogen bonds from the substrate’s carbonyl to amino acid residues dictates the facial selectivity of the
enantiodetermining HAT event. b, Example of ‘enzymatic redox activation’ through the synergistic use of a nicotinamide-dependent double bond
reductase (DBR), NtDBR, with Rose Bengal (RB) photocatalyst under visible light irradiation, for the enantioselective deacetoxylation of racemic
tetralones. A hydrogen bond between the carbonyl of 93 and tyrosine residue of the enzyme active site attenuates the substrate’s redox potential
and exerts facial discrimination for enantiodetermining HAT. ¢, Enantioselective radical dehalogenation of a-bromoesters using a flavin (FMN)-
dependent ene-reductase (ERED) catalyst, GIUER Y117F. Bound to the enzyme’s active site via hydrogen bonds, the prochiral a-acyl radical selectively
abstracts a hydrogen atom from flavin semiquinone (FMNsq) d, Enantioselective cyclisation of a-chloroacetamides via photoexcitation of FMN-
dependent ERED, GIUER-T36A. Hydrogen bonds between the substrate and histidine and asparagine residues of the enzyme render the cyclisation
highly favourable. The enzyme controls the facial selectivity of the cyclisation (102) and subsequent exocyclic HAT from FMNsq (103).



