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Abstract

Single-electron reduction of C=0 and C=N bonds of aldehydes, ketones, and imines results in the
formation of ketyl and a.-aminoalkyl anion radicals, respectively. These reactive intermediates are
characterized by an altered electronic character with respect to their parent molecules and undergo
a diverse range of synthetically useful transformations, which are not available to even-electron
species. This Review summarizes the reactions of ketyl and a-aminyl radicals generated from
carbonyl derivatives under transition-metal photoredox-catalysed conditions. We primarily focus
on recent developments in the field, as well as give a brief overview of catalytic enantioselective
transformations that provide means to achieve precise stereocontrol over the reactivity of ion
radicals.

Introduction

Aldehydes, ketones, and imines are important intermediates for the assembly of complex
molecules. Conventional synthetic protocols usually take advantage of the strong
electrostatic polarization of carbon-heteroatom double bond of carbonyl (C=0) and iminyl
(C=N) groups, which places a partial positive charge at the carbon atom, rendering the atom
electrophilic and thus susceptible to undergo a nucleophilic attack. Methods that alter this
natural reactivity pattern of carbonyl derivatives and enable them to engage in carbon-carbon
bond forming reactions with non-nucleophilic partners have provided a paradigm shift in
organic synthesis.1: 2 Among the strategies reported in the literature, the formation of ketyl
radicals viasingle electron reduction of carbonyl derivatives has emerged as an appealing
route to access a wide range of valuable molecular architectures. 3 However, a widespread
application of ketyl radicals in synthesis has been hindered by (i) the highly negative
reduction potential 4 of aldehydes (£, = =1.93 V vs. SCE for benzaldehyde),> ketones
(1" = —2.11 V vs. SCE for acetophenone), ® and imines (£, = -1.91 V vs. SCE for
N-benzylideneaniline) ® (Scheme 1) and (ii) the requirement to employ toxic, air- and
moisture-sensitive reducing agents, and harsh reaction conditions to generate the ketyl and
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a-aminoalkyl anion radical intermediates. Accordingly, early examples of reductive
coupling reactions between carbonyl derivatives and alkenes/alkynes were performed using
very strong reductants such as alkali & and alkali earth 7 metals, tin, 813 zinc,14: 15 titanium,
16 and samarium reagents,17-22 as well as under electrochemical 23-26 and photochemical
21-32 conditions. Due to the severe drawbacks of these strategies, such as the requirement for
a strong reductant and generation of a stoichiometric amount of organometallic by-products,
there has been a growing demand for development of new methods to access ketyl and a-
aminoalky! anion radicals under mild and eco-compatible reaction conditions. In order to
address these issues, a number of reductive coupling reactions of carbonyl derivatives
involving a catalytic amount of early transition (e.g., Ti, V) or lanthanide metals (e.g., Sm)
have been developed over the years and applied in natural product synthesis. 3: 33-38
Nonetheless, complementary strategies to generate ketyl and a-aminoalkyl anion radical
intermediates and to harness their unusual reactivity are still highly sought after.

Over the past few decades, visible light photoredox catalysis has emerged as an attractive
alternative to traditional ways of generating radical intermediates. 3943 The use of
photoredox catalysts, which, upon photoexcitation with visible light, can engage in single
electron transfer (SET) processes with organic substrates, obviates the need for radical
initiators and a stoichiometric amount of strong reducing agents. Since Ru'!(bpy)sCl, was
first reported to engage in a SET with aromatic carbonyl compounds in the late 1970s,%4
visible light organometallic photoredox catalysis has become widely recognized as an
efficient way to generate ketyl 4562 and a-aminoalky! anion radicals under mild reaction
conditions.8: 63-65

Since most of the photoexcited catalysts or the reduced forms thereof are not sufficiently
reducing (£, = —1.33 V vs. SCE for Ru)® to reduce a carbonyl or iminyl species
(E£y5™9 = -1.93 V vs. SCE for benzaldehyde) (Scheme 1),5 the majority of the reported
examples of photoredox-catalysed formation of ketyl or a-aminoalkyl anion radicals require
Bransted acids,*: 53 54 |ewis acids,*7: 49 50. 52,55, 57,62 or acids generated 7 sity, %6 59-61
as activators to promote the electron transfer step. With a Bragnsted acid additive, proton-
coupled electron transfer (PCET),57 which involves a simultaneous transfer of a proton and
an electron to an organic substrate in a concerted process, enables a single-electron reduction
of compounds with very negative reduction potentials. In reactions that exploit PCET, an
interaction between a carbonyl/iminyl group and an acid activator lowers the energy barrier
during the SET process, and thus facilitates the formation of a ketyl/a-aminoalkyl anion
radical intermediates, which would otherwise be inaccessible via separate proton- and
electron-transfer steps.53: 54, 69-71

Scope of the review

Over the past decade, ketyl and a-aminoalkyl anion radicals generated from aldehydes,
ketones, and imines under photoredox conditions have been shown to undergo a diverse
array of new C—C bond forming transformations, which provided convenient synthetic
routes to medicinally relevant building blocks.”2 Most remarkably, the area of catalytic
asymmetric radical coupling reactions has enjoyed tremendous growth, and thus a number of
these ketyl/a-amino radical reactions have been accomplished in an enantioselective
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fashion. The purpose of this Review is to provide an overview of the important precedents
that laid the foundation for photocatalytic coupling reactions of carbonyl and iminyl
derivatives, and the recent (2008-2017) progress in the field. Radical-radical coupling
reactions, radical additions to m-systems, as well as other reactions initiated by a single-
electron reduction of carbonyl or iminyl moieties along with their proposed mechanisms, are
discussed herein.

Functionalization of a-C—X bond of ketones via ketyl radical intermediates

In late 1970s, Kellogg and coworkers published their seminal studies describing the
reduction of phenacyl onium salts (sulfonium, ammonium, phosphonium) with A+substituted
1,4-dihydropyridines in the presence of Ru'!(bpy),Cl, (Scheme 2).44 73 While the reaction
was very sluggish in the dark or in the absence of a photoredox catalyst, a significant rate
enhancement was observed upon addition of a catalytic amount of Ru'!(bpy)sCl5 to the
reaction mixture. In addition to having higher rates, the reactions performed in the presence
of Ru'!(bpy)3Cl, were characterized by their cleanness and a lack of competing
rearrangement of A~substituted 1,4-dihydropyridines.

Following the initial Kellogg's report, the ability of photoredox catalysts to reduce ketone-
activated a-C-X bonds, where X = Cl, Br, N, O, S, P, has been widely explored.61: 73-78
Single-electron transfer to a a-carbonyl compound generates an anion radical, which can be
represented either as a carbon radical bonded directly to a negatively charged oxygen 3.2, or
its mesomeric structure containing a radical positioned on oxygen attached to a negatively
charged carbon atom 3.3 (Scheme 3). This anion radical is known to undergo mesolysis — a
fragmentation to afford an anion, X~, and the a-carbonyl radical 3.4. The a-carbonyl radical
can then either abstract a hydrogen atom to yield a reduced product, or undergo a further
transformation, such as a coupling reaction with another radical or an addition to a r-bond.

An interesting example of a photoredox reduction of a-halocarbonyl reduction was reported
in 1990 by Fukuzumi and co-workers.”” Phenacyl halides (bromides and chlorides) were
efficiently converted to acetophenones using Ru'!(bpy)sCl, as a photocatalyst and 10-
methyl-9,10-dihydroacridine as the stoichiometric reductant (Scheme 4). The authors also
observed that the addition of perchloric acid improved the product yields.

Based on the quenching experiments, the authors proposed that in the absence of acid, the
reaction proceeds via reductive quenching of *Ru'l(bpy)32* by ArcH, (5.4) (£,"%= +0.80
V vs. SCE)’? generating Ru'(bpy)s* reductant and cation radical ArcHye* (5.5) (Scheme 5).
The Ru(l) species may then reduce phenacyl bromide (5.1) to form a-carbonyl radical 5.2
and Ru''(bpy)32* species. The a-carbonyl radical can then abstract a hydrogen atom from
cation radical ArcH,e* (5.5) to generate the final product 5.3 and by-product ArcH* (5.6).
Conversely, in the presence of HCIO,4, *Rul!(bpy)32* reduces either protonated or acid—
activated (via PCET) phenacyl halides producing strongly oxidizing Ru'"'(bpy)33*in situ.
Ru(l11) can then oxidize ArcH, (5.4) (or ArcHs* at a high concentration of the acid) to form
ArcHoe* (5.5) and regenerate Ru(ll). The acetophenone product (5.3) is generated upon one-
electron reduction of a ketyl radical 5.9 by ArcHe (5.7) followed by the loss of bromide and
keto-enol tautomerization.
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The ability of photoredox catalysts to reduce a-heteroatom substituted ketones has also been
utilized to achieve reductive opening of epoxides and aziridines (Scheme 6).61 Due to the
highly negative redox potentials of epoxides (£1,"84 = —=2.27 V vs. Ag/Agl for stilbene
oxide in DMF),8 which precludes a direct electron transfer to the oxirane from Ru(l) or
Ir(11), the authors installed an a-carbonyl moiety as a relay. Positioning an epoxide or an
aziridine next to the redox-active carbonyl group enabled their reductive opening with
Ru'l(bpy)32*/Ir'"(ppy)2(dtbppy)* photocatalysts and Hantzsch ester (HEH) as a
stoichiometric reductant. By performing the reaction in the presence of allyl sulfone, it was
possible to obtain products of a reduction/allylation sequence.

Reductive opening of epoxides and aziridines 7.1 proceeds vi/a a reductive quenching cycle
of *Rull(bpy)3%* (Scheme 7). SET from HEH. (7.7) to *Ru'!(bpy)s2* forms a strong
reductant, Ru'(bpy)s*. Reduction of epoxychalcone or a-ketoaziridine 7.1 by Ru'(bpy)s*
delivers a ketyl radical 7.2 and regenerates Ru'!(bpy)s2* catalyst. Subsequently, ketyl radical
7.2 undergoes C—-O or C-N bond cleavage to form anion radical 7.3. Protonation by PyH

* (7.8) and a hydrogen atom abstraction from HEH (7.6) affords the g-hydroxy or
aminoketone product 7.5. Instead of undergoing hydrogen atom abstraction, the intermediate
a-carbonyl radical 7.3 can engage in allylation process with 7.10 to form a new C-C bond.
This tandem ring-opening/allylation reaction affords g-hydroxy-a-allylketones 7.11 in good
yields and high diastereoselectivity. It was found that the reduction of both epoxides and
aziridines required an aryl substituent on the carbonyl group in order to enable the formation
of a ketyl radical intermediate.

In 2016, Ma and Chen coupled a variety of carbonyl-group activated tertiary alkyl bromides
with 4-alkyl Hantzsch esters and 4-alkyl Hantzsch nitriles under photocatalytic conditions to
synthesize congested ketones, including ketones with all-carbon quaternary centers (Scheme
8).82 In their approach, 4-substituted Hantzsch derivatives were used as alky! radical
precursors, which can release the Csp3-centered alkyl radicals upon a single electron
oxidation.

It was proposed that the reaction starts with the photoexcitation of fac-Ir'"!(ppy)s. Oxidation
of 4-alkyl Hantzsch ester (9.4) by * fac-Ir'"!(ppy)s in the presence of base generates radical
9.5and Ir(11). Aromatization-driven C—C bond cleavage of radical 9.5 83 gives benzylic
radical 9.6 (Ar = Ph, £;,"9= -1.43 V/ vs. SCE)8 and a pyridine byproduct 9.8. SET from
the Ir(11) species (£12'"" = =2.19 V vs SCE)®® to a-bromoketone 9.1 (R = Ph, £;,"®d=
-1.65 V vs SCE)82 regenerates Ir(111) and furnishes anion radical 9.2, which subsequently
undergoes mesolysis to a-carbonyl radical 9.3 and bromide. Radical recombination between
9.3 and 9.6 affords the product 9.7. An alternative pathway, in which anion radical 9.2
directly recombines with 9.6, is also viable based on computational studies.

In 2017, Landais and co-workers utilized photoredox-catalysis to achieve intramolecular
carboarylation of cyclopropenes with phenacyl bromides (Scheme 10).86 Naphthalenones
were obtained in moderate yields from both a-bromoacetophenones and heteroaryl a-
bromoketones.
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The reaction has been proposed to proceed v/a an oxidative quenching cycle of Ir(l11) as
depicted in Scheme 11. The a-carbonyl radical 11.2 formed upon reduction of a-
bromoacetophenone (11.1) by the excited state photocatalyst, * fac-1r'!!(ppy)3 (£1/p' V> =
-1.73 V vs SCE), 5 87 undergoes addition to cyclopropene 11.3 to generate cyclopropyl
radical 11.4. Intramolecular addition of 11.4 to the arene moiety provides cyclohexadienyl
radical 11.5, which is then oxidized by Ir(IV) species to 11.6, and deprotonated under basic
conditions to afford cyclopropane 11.7. Naphthalenone 11.8 is then obtained upon
deprotonation of 11.7 a to the ketone followed by the opening of the cyclopropane ring and
protonation.

Radical-radical coupling reactions

The earliest literature example which invokes the formation of a ketyl radical and its
subsequent recombination with another radical species under photoredox conditions was
reported by Pac in 1983. 8 Pac and co-workers described their studies on the reduction of
(hetero)aromatic aldehydes and ketones under visible light irradiation with A-benzyl-1,4-
dihydronicotinamide (BNAH) as a stoichiometric reductant and Ru'!(bpy)sCls as a photon-
absorbing catalyst (Scheme 12). The authors found that the course of the reaction was
strongly dependent on the structural and electronic parameters of the carbonyl compounds
used. While benzaldehydes and trifluoroacetophenone were preferentially converted to
coupling adducts 12.2, di-2-pyridylketone was almost quantitatively reduced to the
corresponding alcohol 12.1 without formation of any adduct. The authors argued that the
exclusive reduction of di-2-pyridylketone to di-2-pyridinylmethanol can be attributed to the
two pyridyl groups attached to the carbonyl group. The pyridyl substituents are strongly
electron-withdrawing and thus facilitate the one-electron reduction of the intermediate
radical HO-Ce(2-py)». In addition, the steric hindrance of radical HO-Ce(2-py),, bearing two
large pyridyl groups, inhibits the radical coupling reaction and prevents the formation of the
adduct 12.2.

It was proposed that the reaction proceeds as outlined in Scheme 13.88: 89 Reduction of
excited *Ru'!(bpy)s2* (E1/,*W' = +0.77 V vs SCE)® by BNAH (13.3) (£10"%9 = +0.639 V
vs SCE)®3 gives Ru'(bpy)s* and BNAHs* (13.4). Ru'(bpy)s™ (£1/2™9= -1.33 V vs SCE)56
reduces the carbonyl compound 13.1 presumably via PCET to a ketyl radical 13.2. The ketyl
radical 13.2 can then recombine with BNAe (13.5) (formed upon deprotonation of BNAHs*)
to afford 13.8 or undergo a competitive one-electron reduction by BNAe« (13.5) or BNAH
(13.3) to generate 13.7. Recombination of two BNAe« radicals (13.5) leads to the formation
of a side product 13.9.

Following initial studies by Pac et al. on photoredox-catalysed reactions of aromatic
aldehydes and ketones with BNAH, ketyl and a-aminoalkyl anion radicals generated from
carbonyl derivatives upon a single-electron reduction have been employed in a number of
radical homo-and heterocoupling reactions. For instance, in 2013, MacMillan and co-
workers developed a strategy for direct S-functionalization of cyclic ketones with aryl
ketones (Scheme 14) by merging photoredox and organocatalysis.>2 The products are
formed in good yields and moderate to good diastereoselectivities upon coupling of
benzophenone with cyclohexanones bearing both alkyl and aryl substituents at the 3-, and 4-
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positions (Scheme 14). The reaction also works well with cyclopentanone (65% yield);
however, lower yields (10-20%) of the desired S-alkyloxy products are observed when 7-
membered ketones are employed as substrates. In terms of ketyl radical precursors, the
reaction tolerates a range of substituted benzophenones. Aryl-alkyl ketones, however, being
more difficult to reduce than biaryl ketones (£, = —2.11 V vs SCE for acetophenone),
do not undergo the desired coupling reaction when Ir'!!(ppy) is employed as the
photocatalyst. Expansion of the scope of ketyl-radical partners and coupling of both
electron-rich and electron-poor acetophenone derivatives have been facilitated by the use of

Ir'"'(>-OMe-ppy)s.

MacMillan et. al. proposed that the photocatalytic synthesis of -y-hydroxyketones proceeds
as illustrated in Scheme 15. Irradiation of Ir'"!(ppy); with visible light produces *Ir'!'(ppy)s,
which is sufficiently reducing (£1,'V/*!I' = —=1.73 V vs SCE)®: 87 to engage in a SET
process in the presence of acetic acid — the reduction potential of benzophenone (£;,"¢4 =
-1.83 V vs SCE)®! is elevated in acidic medium through hydrogen bonding interactions,
which renders the C=0 bond reduction thermodynamically feasible. An electron transfer
from *Ir'!(ppy)s to the aryl ketone 15.1 affords a strongly oxidizing Ir'V(ppy)s* and the
corresponding ketyl radical 15.2. Ir'V(ppy)s* (£12"V'! = +0.77 V vs SCE)®® then oxidizes
an electron-rich enamine 15.5 (£, = +0.385 V vs SCE for 15.5)%2 formed upon
condensation of amine catalyst 15.4 with the ketone coupling partner 15.3. A subsequent
proton loss from the oxidized enamine 15.6 generates an enaminyl radical 15.7, which
readily recombines with the ketyl radical 15.2 to generate y-hydroxyketone enamine 15.8.
Enamine hydrolysis affords the desired y-hydroxyketone product 15.9, regenerates the
secondary amine catalyst 15.4 and completes the organocatalytic cycle. With Ir'!l(p-OMe-
ppy)s the reaction proceeds via an alternative pathway, in which oxidation of the enamine
precedes the reduction of acetophenone, as evidenced by Stern-Volmer quenching
experiments: while the emission of *Ir!!l(ppy)5 is readily quenched by benzophenone,
neither acetophenone or acetophenone in the presence of acetic acid can quench the excited
state of Ir'!!(p-OMe-ppy)s. In contrast, emission of *Ir!!\(p-OMe-ppy); is efficiently
quenched by the enamine generated from cyclohexanone and azepane.

In 2015, MacMillan et. al. reported that in analogy to y~hydroxyketones, racemic -
aminoketones can be synthesized via coupling of S-enaminyl radicals with a-amino radicals
under photoredox conditions with Ir!"'(ppy),(dtbbpy)PFg catalyst.53 The reaction is
applicable to a wide range of imine coupling partners: aldimines, diaryl and aryl-alkyl
ketimines furnish the desired y-aminoketones in high yields (Scheme 16). With regard to the
B-enaminyl radical precursors, cyclohexanone derivatives with substituents at 2-, 3-, and 4-
positions as well as cyclopentanones readily undergo the S-aminoalkyl ketone-forming
reaction.

The reaction is suggested to proceed via reductive quenching of *Ir!!!(ppy),(dtbbpy)*
(Eryp*"M = +0.66 V vs SCE)93 by DABCO (17.3) (£1,™¢ = +0.69 V vs SCE)% (Scheme
17). In this process, DABCO cation radical (DABCO*) (17.4) and the strongly reducing
Ir'l(ppy),(dtbbpy)(£1,"!! = —1.51 V vs SCE)®3 are generated. Subsequent reduction of
17.4 by the electron-rich enamine 17.7(£;,™4 = +0.385 V vs SCE for 17.7)%2 affords
enaminylcation radical 17.8 and regenerates DABCO, which acts as an electron transfer
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agent. A SET from Ir'l(ppy),(dtbbpy) to a protonated imine 17.1 forges a-amino radical
17.2, which undergoes radical-radical coupling with S-enaminyl radical 17.9, formed upon
deprotonation of 17.8. Hydrolysis of the resulting y-aminoketone enamine 17.10 furnishes
the final y-aminoketone product 17.11. The proposed mechanism is corroborated by (i)
Stern-Volmer quenching studies, according to which DABCO is a better quencher of the
excited photocatalyst than enamine; and (ii) significant drop in the reaction efficiency upon
lowering the loading of DABCO.

In 2014, MacMillan and coworkers demonstrated that a-amino radicals generated from
imines can efficiently couple with benzylic ether radicals to furnish a variety of g-amino
ether products.9® Various oxygen-protecting groups, cyclic ethers, and heteroaromatic-
containing ethers are well tolerated under the optimized conditions With regard to the
aldimine substrate, high yields can be obtained with electron-rich, electron-poor, as well as
heteroaromatic substituents on both the aldehyde- and imine-derived moieties of the imine
(Scheme 18).

It was proposed that the key to achieve the desired reactivity is the combination of an
iridium photocatalyst with a thiol organocatalyst (Scheme 20). Upon irradiation with blue
light, Ir'''(ppy),(dtbbpy)* undergoes photoexcitation to give a long-lived (t = 557 ns)%
excited state, *Ir!!!(ppy),(dtbbpy)*. This *Ir'!! species can act as an oxidant (£;,*!"! =
+0.66 V vs SCE)?3 and accept an electron from the thiol organocatalyst methyl thioglycolate
(20.3) to form Ir!!(ppy),(dtbbpy) and thiyl radical 20.4. The authors argued that this electron
transfer step is facilitated by the weakly basic additive, LiIOAc, and proceeds v/a a concerted
PCET event. Abstraction of a hydrogen atom (HAT) from benzyl ether 20.5 affords benzylic
ether radical 20.6 and regenerates the thiol catalyst. A C—C bond forming coupling reaction
between a benzylic ether radical 20.6 and an a-aminoanion radical 20.2, generated upon a
single electron reduction of imine 20.1 (£,,™4 = -1.91 V vs SCE for A-benzylideneaniline)®
by Ir'(ppy)a(dtbbpy) (£12"V" = -1.51 V vs SCE)?, yields the final of f-amino ether
product 20.7.

Ketyl and a-aminoalkyl anion radicals are known to undergo C—C bond-forming
homocoupling reactions to furnish pinacol and imino-pinacol products, respectively. In
2015, Rueping and co-workers reported that such a transformation can proceed efficiently
under visible light photoredox conditions (Scheme 21 and Scheme 22).56 In case of the
pinacol coupling of aldehydes and ketones, the protocol is applicable to the synthesis of
diols derived from benzaldehydes bearing electron-donating and electron-withdrawing
groups, as well as both electron-poor aromatic and aliphatic ketones. In this transformation,
I [F(CF3)ppy]2(bpy)PFg is employed as a photoredox catalyst, while tributylamine plays a
dual role — it not only acts as an electron donor, but also serves as a precursor to a radical
cation, which activates the carbonyl substrates in the reduction step.

Under slightly modified reaction conditions, imines were found to undergo photoredox-
catalysed imino-pinacol coupling reaction to yield symmetric diamines in good yields
(Scheme 22).
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The postulated mechanism for the photoredox-catalysed reductive coupling of carbonyl
derivatives developed by Rueping et al. is depicted in Scheme 23. The reaction is initiated by
visible light-induced photoexcitation of Ir''[F(CF3)ppy]o(bpy)* to its excited state,
*|rl[F(CF3)ppy]o(bpy)*. Reductive quenching of *Ir'"[F(CF3)ppy]a(bpy)* by NBuj3 affords
I'[F(CF3)ppyla(bpy) (E12'"M = -1.31 V vs SCE)®® and cation radical 23.2. The resulting
Lewis acidic cation radical 23.2 can interact with the weakly basic C=0 (or C=N) bond of a
carbonyl compound through a two-center/three-electron bond. This interaction facilitates the
reduction of species 23.4 by Ir''[F(CF3)ppy]l.(bpy) to a ketyl radical by lowering the energy
barrier for the SET process. Alternatively, the carbonyl group can be activated by the a-
ammonium radical 23.3 generated from 23.2 viaa [1,2]-H shift. The so-formed 23.5 can
then engage in hydrogen-bonding interaction with a C=0 bond and thus enable ketyl radical
23.6 formation. Homocoupling of two 23.6 followed by protonation affords the desired
product 23.7.

In 2015, Ooi et al.%* utilized an elegant dual catalytic system comprising a photoredox
catalyst and a chiral Brgnsted acid to achieve an asymmetric a-coupling of A:sulfonyl
imines with A-arylaminomethanes (Scheme 24). Unsymmetrical chiral vicinal diamines
were obtained in high yields and excellent enantioselectivities (up to 97% ee) from a wide
range of aryl and heteroaryl A:sulfonyl aldimines. With respect to the aminomethyl radical
precursor, both N, A-diarylaminomethanes and A-alkyl- AV-arylaminomethanes were suitable
reaction partners for the a-coupling process. Development of the catalytic enantioselective
coupling protocol by Ooi has been a remarkable milestone in the field of asymmetric radical
chemistry as the precise control of the high intrinsic reactivity of odd-electron species is
considered a formidable challenge in organic synthesis.

The reaction has been proposed to proceed v/a a reductive quenching pathway of the iridium
photocatalyst as depicted in Scheme 25. The process is initiated by irradiation of

I (ppy),(Me,phen)* with visible light, followed by a single electron reduction of
*r!ll(ppy),(Me,phen)* by PhoNMe (25.1). A SET from Ir!l(ppy),(Mesphen) (£, =
-1.58 V vs SCE)54 to Atsulfonyl imine 25.4 (£, = —1.45 V vs SCE for A-
benzylidenemethanesulfonamide)®4 produces a-aminoanion radical 25.5 and regenerates the
active photocatalyst. Catalytic ion pair formation between P-spiro chiral
tetraaminophosphonium cation 25.6 and 25.5 enables an enantioselective radical coupling
reaction between 25.5 and aminomethyl radical 25.3 to afford the desired diamine product
25.7.

A conceptually similar reaction was reported by Rueping et al. in 2016.%8 In this case, the
coupling between aldimines and tertiary amines yielding unsymmetrical vicinal diamines
was accomplished with the use of Ir'!l(ppy),(dtbbpy)PFg as a photoredox catalyst (Scheme
26). With respect to the amine-derived part of the imine moiety, the reaction tolerated both
electron-rich and electron-poor (hetero)aromatic substrates with different substitution
patterns. In terms of the aldehyde-derived R1-substituent, imines containing aryl, heteroaryl,
and carbonyl group underwent coupling reaction in good yields. Under Rueping's
conditions, a range of N, A-disubstituted aniline derivatives were converted into the desired
diamine products in moderate to good yields. In addition, coupling of a two secondary a-
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amino radical fragments was enabled by an introduction of an electrofugal groups (TMS or
CO,H) onto the methylene moiety of the amine partner.

Rueping et. al. also demonstrated that their reductive coupling protocol is applicable to the
synthesis of vicinal aminoalcohols via recombination of ketyl and a-amino radicals (Scheme
27). Differently-substituted benzaldehydes as well as pyridinecarboxaldehyde successfully
provided the desired products. The authors also noted that addition of catalytic amounts of
benzoic acid had a beneficial influence on the reactions: it enabled the coupling to proceed
faster and with lower catalyst loading (0.5 mol%).

A proposed mechanism for the Rueping's synthesis of 1,2-aminoalcohols is illustrated in
Scheme 28. Reductive quenching of *Ir!! (ppy),(dtbbpy)* by amine 28.1, followed by a
single-electron reduction of aldehyde 28.4 by Ir'!(ppy),(dtbbpy) generates the ketyl radical
28.5, which couples with the a-amino radical 28.3 to provide the final product 28.7 upon
protonation of 28.6.

In 2016, Meggers and co-workers employed a chiral metal photocatalyst (*-1rS) to develop a
novel catalytic enantio- and diastereoselective synthesis of 1,2-amino alcohols from
trifluoromethyl ketones and tertiary amines (Scheme 29).62 A variety of aromatic amines
can be used in this transformation to afford the desired coupling products in high yields and
excellent enantioselectivities (up to 99% ee). The scope of this reaction, however, is limited
to heteroaryl trifluoromethyl ketones that are sufficiently electron-deficient to undergo a
single-electron reduction process and possess two coordinating directing groups through
which they can bind to the chiral metal center.

The authors postulated that the mechanism involves a SET from a tertiary amine 30.4 to the
photoexcited *Ir(111)-bound ketone 30.3, which generates an amino cation radical 30.6 and
an iridium-coordinated ketyl radical 30.5 (Scheme 30).52 Subsequent proton transfer and
radical-radical cross-coupling between 30.7 and 30.8 affords the Ir(111)-bound 1,2-amino
alcohol product 30.9, which is then replaced by new substrate 30.1. In this transformation,
the chiral iridium complex acts both as a photoredox catalyst, and a Lewis acid that activates
ketones for the reduction process and controls the stereochemistry of the radical-radical
cross-coupling step.

In their subsequent work, Meggers et al. extended the scope of the coupling reaction from
ketones containing the a-CF3 group to a range of 2-acyl imidazoles (Scheme 31).97 The
chiral-at-the metal rhodium-based Lewis acid ~-RhS was employed in combination with
Ru(bpy)3(PFg)» photoredox catalyst to facilitate the reaction between ketones and a-
silylamines. Chiral 1,2-aminoalcohols were obtained in high yields and excellent
enantioselectivities from both aromatic and aliphatic 2-acyl imidazoles and differently
substituted a-trimethylsilylalkylamines.

The process begins with absorption of visible light by Ru!!(bpy)32* to give photoexcited
*Rull(bpy)s2*. *Rull(bpy)s?* (£12*'V! = +0.77 V vs SCE)%6 is sufficiently oxidizing to
accept an electron from a-silylamine 32.1 (£,™4 = +0.41 V vs SCE for A-phenyl-\-
((trimethylsilyl)methyl)aniline),%8 generating Ru'(bpy)s* species and a cation radical 32.2,
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which undergoes rapid silyl transfer with Rh-bounded ketone 32.5 to afford an a-
aminomethyl radical 32.3 and an electron deficient silylated intermediate 32.6. A SET from
Ru(bpy)s* (£12'' = -1.33 V vs SCE)%6 to 32.6 forms a rhodium coordinated, silylated
ketyl radical 32.7, which subsequently undergoes a radical-radical coupling reaction with the
a-aminomethyl radical 32.3 to afford Rh-bound coupled product 32.8. Release of the 1,2-
aminoalcohol 32.9 and coordination of a new substrate 32.4 completes the catalytic cycle.

In 2017, Xia group reported that ketyl and a-aminoalkyl radicals can undergo
intermolecular coupling reaction with anion radicals derived from dicyanobenzenes or
isonicotinonitrile to afford arylation products (Scheme 33).99 This photocatalytic protocol is
applicable to a broad range of aromatic aldehydes, ketones, and imines, and allows access to
secondary/tertiary alcohols and amines under mild reaction conditions in moderate to
excellent yields.

In analogy to the Rueping's protocol,>® it has been proposed that the C=X bond reduction is
enabled by the interaction with the a-ammonium radical 34.3 (or the Lewis acidic cation
radical 34.2) (Scheme 34). PCET from Ir!l(ppy),(dtbbpy) (&1, = -1.51 V vs SCE)® to
34.4 (or, alternatively, to 34.5) leads to the formation of ketyl or a-aminoalky! radical 34.6,
which undergoes intermolecular radical-radical cross-coupling with 34.8, formed in the
second photoredox cycle upon a single electron reduction of 34.7 byIr!!(ppy),(dtbbpy).
Subsequent elimination of the cyanide anion from 34.9 affords the desired product 34.10.

Reactions of enones and cyclopropylketones via ketyl radical intermediates

The reactivity of conjugated ketyl radical intermediates generated from enones in the
presence or Lewis/Brgnsted acid activators was extensively studied by the Yoon group.
Enones, whose reduction potential is elevated by coordination to an acid, have been reported
to engage in a number of photocatalytic cycloaddition reactions. For example, in 2008, Yoon
demonstrated that (hetero)aryl enones readily react with pendant Michael acceptors in the
presence of the Lewis acid to yield c¢/s products of intramolecular [2+2] cycloaddition
(Scheme 35).47 Aliphatic enones and enoates, which are more difficult to reduce, do not
form the desired products under the reaction conditions. Subsequently, Yoon developed
intermolecular versions of this reaction, which enabled an access to crossed [2+2]
heterodimers.*8: 100 Aryl enones were efficiently coupled with suitable a,B-unsaturated
carbonyl derivatives to yield #rans cycloaddition products (Scheme 36). The competing
homodimerization was successfully suppressed provided that aryl enones were both (i) more
readily reducible, and (ii) less reactive than their corresponding Michael acceptor coupling
partners.

Yoon proposed that the cycloaddition reaction proceeds v/aa reductive quenching cycle of
*Rull(bpy)32* as depicted in Scheme 37. Ru'(bpy)3*, formed upon reduction of
*Rull(bpy)s2* by Hiinig's base, transfers an electron to the lithium-activated enone 37.2 to
furnish an enone anion radical 37.3, initiating the [2+2] cycloaddition process with 37.4 and
regenerating the Ru'!(bpy)s2* photocatalyst. Since aryl enones are significantly easier to be
reduced than less-conjugated enone substrates, 101 the coupling reaction can be performed
with high chemoselectivity.
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In 2014, Yoon reported an asymmetric variant of the intermolecular [2+2] enone
cycloaddition (Scheme 38).%° Since no background reaction takes place in the absence of a
Lewis acid due to the need for enone activation towards a single-electron reduction, high
enantioselectivities of 1,2-frans cyclobutane products could be obtained by using a
combination of a Lewis acid, Eu(OTf)3, and a chiral ligand 38.1. The cyclization reaction
proceeded in good yields for enones bearing both electron-rich and electron poor aryl rings,
heteroaryl enones, as well as y-substituted enones.

While bis(enones) with a three-carbon tether were shown to undergo [2+2] cycloaddition,
47,100 reaction of bis(enones) with a longer aliphatic tether length under similar
photoreductive conditions led to the formation of [4+2] hetero Diels-Alder cycloadducts
(Scheme 39).50 Notably, Yoon's photoredox conditions facilitated coupling between an
electron-deficient diene and an electron-poor dienophile, which is normally difficult to
achieve upon thermal activation. In this process, Mg(ClO,4), was found to be the optimal
Lewis acid, which enabled the right balance between substrate activation for the SET step
and an undesired reductive decomposition of the cycloaddition product. Symmetrical aryl
enones bearing electron-rich and electron-poor substituents and heteroaryl enones were well
tolerated under the optimized conditions. The reaction was also found to be applicable to
unsymmetrical aryl-alkyl enones, although slightly diminished yields were observed with
these substrates.

The photocatalytic [4+2] hetero Diels-Alder cycloaddition reaction has been proposed to
proceed as depicted in Scheme 40. Reduction of *Ru'!(bpy)s2* by Hiinig's base generates
Ru'(bpy)s*, a reductant which engages in a SET with the Lewis-acid activated aryl enone
40.2 (the rate of a one-electron reduction of methyl enone was found to be much slower than
the rate of the reduction of aryl enone). Intramolecular cyclization of anion radical 40.3
affords frans-substituted cyclohexane intermediate 40.4, which isomerizes to the more stable
aryl ketyl radical 40.5. The key step is the selective formation of the C—O bond from 40.5.
Subsequently, loss of an electron either to the photogenerated amine cation radical or
another equivalent of enone affords the [4+2] hetero Diels-Alder cycloaddition product 40.7.

Yoon et al. also reported that aryl cyclopropy! ketones react with olefins to afford highly
substituted cyclopentane rings under similar photoredox conditions (Scheme 41).102 |n
contrast to the [2+2] cycloaddition reaction, this [3+2] process was found to be applicable to
substrates containing not only pendant enone acceptors, but also styrenes, cyclic aliphatic
olefins, as well as aryl and aliphatic alkynes. In addition, it was empirically determined that
LiBF,4 was not sufficiently Lewis acidic to activate cyclopropyl ketones towards the single-
electron reduction; a more strongly acidic Lewis acid additive, La(OTf)3, was required to
facilitate the reaction.

More recently, the Yoon group reported an asymmetric intermolecular version of the [3+2]

cycloaddition process (Scheme 42).57 The enantioselectivity of the reaction was controlled

by the use of a catalytic amount of Gd(I11) pybox complex. It was demonstrated that a wide
range of aryl and heteroaryl cyclopropyl ketones could undergo the coupling reaction with

styrenes, N-vinylcarbazole, and conjugated dienes to afford densely substituted

Chem Commun (Camb). Author manuscript; available in PMC 2018 December 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lee and Ngai

Page 12

cyclopentanes in excellent yields with high enantioselectivities and moderate
diastereoselectivities.

Scheme 43 depicts the working hypothesis of the mechanism of the [3+2] cycloaddition
process. In analogy to the previously discussed examples, this transformation is proposed to
proceed via reductive quenching cycle of *Ru'!(bpy)32*. Ru!(bpy)s* transfers an electron to
phenyl ketone activated by the chiral Gd(I11) Lewis acid complex 43.1. The SET yields a
ketyl radical 43.2, which undergoes a cyclopropyl ring opening followed by alkene addition,
cyclization and reoxidation. The formation of a neutral product 43.7 can occur either by
chain-terminating reduction of the photogenerated amine cation radical or by chain-
propagating electron-transfer to another equivalent of Gd(I11)-activated substrate 43.1.

Interestingly, Yoon et. al. observed that the outcome of the photocatalytic reaction of enones
strongly depends on the nature of the acid co-catalyst employed for the substrate activation.
47,49 While Lewis acids, for instance LiBF,, promote the [2+2] cycloaddition, Brgnsted
acids, such as HCO,H, have been reported to favor the reductive coupling reaction (Scheme
44). Notably, these two reactions differ by their overall redox balance: the [2+2]
cycloaddition is net redox-neutral, whereas the reductive cyclization constitutes a two-
electron reduction of the enone substrate. It was argued that the reactivity of the neutral
radical intermediate formed in the presence of a Bragnsted acid is very distinct from the
chemistry of the anion radical generated under Lewis acidic conditions: the neutral radical
preferentially undergoes 5-exo-trig cyclization rather than the [2+2] cycloaddition. Thus, the
acid co-catalyst determines the nature of the reactive intermediate, which, in turn, has a
profound influence on the overall transformation, its stereoselectivity, and oxidation state of
the products.

It is worth noting that the photoreductive cyclization of enones, in contrast to the [2+2]
cycloaddition reaction, is applicable to aliphatic enones, activated alkynes and styrenes, and
is generally trans selective (Scheme 45).49

Another net reductive coupling reaction under photoredox conditions involving conjugated
ketyl radical intermediates was reported by Xia and co-workers (Scheme 46).103 Chalcones
we shown to undergo reductive dimerization when treated with Ru'!(bpy)3(PFg)> photoredox
catalyst, Sm(OTf)3 Lewis acid and Hiinig's base as the terminal reductant. Sm(lll)-stabilized
anion radical 46.2 was proposed to dimerize to generate dienolate 46.3. Sequential
protonation and intramolecular aldol reaction provided an access to polysubstituted
cyclopentanol derivatives 46.5. Nine examples were reported, and the reaction was shown to
tolerate neither substitution at gand B-position nor ortho-substituted Ar! groups.

In 2017, Gong and Meggers demonstrated that conjugated ketyl radicals undergo
intermolecular enantioselective radical-radical coupling reaction with A-centered radicals
derived from Ataryl carbamates (Scheme 47).194 The conjugate amination of a,3
unsaturated 2-acyl imidazoles proceeds with very high yields and excellent
enantioselectivities in the presence of a chiral-at-rhodium Lewis acid catalyst A-RhO, a
weak phosphate base, and an iridium-based photoredox catalyst Ir'"[dF(CF3)ppy]2(5,5 -
dCF3bpy)PF6.
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It was proposed that the reaction proceeds as depicted in Scheme 48. 104 A PCET to the
photoexcited *Ir(l11) catalyst from the Brgnsted-base-activated carbamate 48.1 generates a
N-centered radical 48.2 and Ir(Il) species. A single-electron reduction of the rhodium-
coordinated substrate 48.3 by Ir(ll) leads to the formation of rhodium enolate radical
intermediate 48.4, which subsequently undergoes recombines with the carbamoyl A+radical
48.2 to afford 48.5. Protonation of 48.5 followed by product release from Scheme 48.6 and
coordination of a new substrate to the chiral rhodium catalyst closes the catalytic cycle. The
asymmetric induction providing S-configured products is governed by the A-configured
rhodium catalyst.

Gong and Meggers also reported that under slightly modified reaction conditions 2-acyl
imidazoles react with A-alkyl amides to furnish &-alkylation products (Scheme 49).105 This
asymmetric remote C(sp3)-H functionalization tolerated different 8- and A-substituents on
2-acyl imidazole substrates; with regard to the amide coupling partner, the reaction was
shown to work best with PMP-containing substrates, presumably due to the more facile
oxidation of electron-rich amides under PCET conditions.

The alkylation reaction was proposed to proceed as depicted in Scheme 50 and follow the
mechanism previously discussed for the g-amination of enones (Scheme 48).104. 105 The
amidy! radical 50.2 generated from 50.1 under PCET conditions was proposed to undergo an
intramolecular 1,5-hydrogen atom transfer (1,5-HAT) to form a carbon-centered radical
50.3. Radical-radical coupling between 50.3 and 50.5 furnishes the C—C bond in an
enantioselective fashion.

Addition of ketyl and a-aminyl anion radicals to r-systems

Another important class of transformations characteristic of ketyl and a-aminyl anion
radicals are their additions to activated m-bonds. In 2013, Knowles and co-workers
developed a new photocatalytic protocol for an intramolecular ketyl-olefin coupling reaction
(Scheme 51) using the concept of proton-coupled electron transfer (PCET).5* The
cyclization was applicable to aryl ketones with pendant acrylate esters, acrylonitrile, and
styrenyl acceptors.

Knowles et al. postulated that the reaction proceeds as depicted in Scheme 52.
Photoexcitation of Ru'!(bpy)s2* generates *Rul!(bpy)32*, which is proposed to be reduced to
Ru'(bpy)s* by HEH. At the same time, the Bransted acid catalyst can engage in reversible
hydrogen-bonding interactions with the ketone substrate 52.1 to form a hydrogen-bonded
Brgnsted acid-ketone complex, which can participate in a concerted PCET. In this step, an
electron transfer from the strongly reducing Ru'(bpy)s* occurs concomitantly with the
proton transfer to the ketone oxygen to afford a neutral ketyl intermediate 52.2. The ketyl
radical 52.2 can then undergo an intramolecular Michael addition to form a cyclopentane
ring and an a-carbonyl radical 52.3. Hydrogen atom abstraction from HEH by the a-
carbonyl radical 52.3 generates the final product 52.4 and HEHe. HEHe, being a strong
reductant, can reduce *Ru'!(bpy)3%* and close the catalytic cycle upon proton transfer.
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Also in 2013, Knowles group applied the concept of PCET into development of a highly
enantioselective intramolecular azapinacol coupling reaction (Scheme 53).53 The
enantioselectivity of the reductive coupling of ketones and hydrazones was realized by the
use of a chiral triphenylsilyl-substituted phosphoric acid. The coupling reaction proceeded
with good yields and high enantioselectivities from both electron-rich and electron-poor
acetophenone derivatives. Heterocyclic ketones were also tolerated, although an erosion in
both yield and ee was observed in these cases.

In analogy to their previous work,?3: %4 the authors proposed that the reaction is initiated by
an off-cycle excitation of the Ir(111) photocatalyst, followed by reduction of *Ir(111) by HEH
(Scheme 54). Concerted PCET from Ir(I1) to a hydrogen-bonded complex between the
ketone 54.1 and the phosphoric acid furnishes a neutral ketyl radical as a H-bonded adduct
to the chiral phosphate 54.2. The association between of the ketyl radical and the phosphate
controls the enantioselectivity of the C—C bond forming step. The final product 54.4 is
generated upon hydrogen atom abstraction from HEH by the hydrazyl radical 54.3.
Reduction of *Ir(111) by HEHe affords pyridinium ion, whose subsequent deprotonation by
the phosphate anion regenerates the active catalyst and completes the catalytic cycle.

In 2016, Rueping group reported that ketyl radicals generated from aromatic aldehydes
under photoredox conditions can undergo an intramolecular addition to alkenes and alkynes
to yield chromanol derivatives (Scheme 55).%% Aldehydes containing electron-withdrawing
and electron-donating substituents were well tolerated under the reaction conditions and
afforded the cyclized products in modest d.r.

The authors proposed that the reaction proceeds via photoexcitation of Ir'!l(ppy),(dtbbpy)*
to *Ir'!!(ppy),(dtbbpy)™, followed by reduction of *Ir'! (ppy),(dtbbpy)* by Hiinig's base
(Scheme 56). The Hinig's base cation radical 56.2 undergoes a [1,2]-H shift to form 56.3,
which is deprotonated by another molecule of 56.1 followed by oxidation to afford
ammonium derivative 56.5 and iminium ion 56.6. Either 56.5 or 56.3 can engage in a PCET
with the aldehyde substrate 56.7, facilitating its reduction by Ir'!(ppy),(dtbbpy)and
formation of a neutral ketyl radical 56.8. The ketyl radical addition to the multiple bond (6-
exo-dig or 6-exo-trig cyclization) forms the chromane ring and a benzy! radical 56.9, which
abstracts a hydrogen atom to deliver the final product 56.10.

In addition to intramolecular coupling reactions, ketyl and a-aminoalkyl anion radicals
generated upon a single-electron reduction of carbonyl derivatives under photoredox
conditions have been reported to engage in intermolecular reactions with activated olefins. In
2016, Chen et al. reported visible-light-induced allylation and intermolecular Michael
addition of aldehydes and ketones (Scheme 57).60 The formation of homoallylic alcohols
was achieved with iridium-based photocatalyst, Ir'!!(ppy),(dtbbpy)(PFg), and when Hantzsch
ester (HEH) was employed as a stoichiometric reductant. The allylation reaction proceeded
efficiently with (hetero)aryl aldehydes, aryl-, ester-, and amide-substituted ketones. Michael
addition of ketyl radical to (vinylsulfonyl)benzene also afforded the desired product in high
yield. Aryl imines with various substitution patterns were also shown to readily participate
in this polarity reversal reaction. In addition, it was demonstrated that they can undergo
coupling reactions with other acceptors such as vinyl ketones, esters, and nitriles. Most
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remarkably, the reaction was also applicable to alkyl imines, which were previously elusive
coupling partners due to their highly negative reduction potential.19 Owing to their inherent
instability, alkyl imines were prepared /n situ under the photoredox reaction conditions.

It has been proposed that the reaction proceeds as depicted in Scheme 58. Ir'!!(ppy),(dtbbpy)
* undergoes photoexcitation with blue light to form *1r!!!(ppy),(dtbbpy)*. The resulting
*1r!l(ppy),(dtbbpy)* (E12*""! = +0.66 V vs SCE)% is then reduced by Hantzsch ester to
Ir'l(ppy),(dtbbpy). The highly reducing Ir''(ppy),(dtbbpy) (£1,"'V!" = -1.51 V vs SCE)?3
transfers a single-electron to the aldehyde or imine activated by hydrogen bonding with
Hantzsch ester cation radical (HEH«"). Following the PCET process, hydroxymethyl or a-
aminyl radical 58.3 undergoes addition to either the allyl sulfone 58.4 to afford the
homoallylic alcohol 58.5, or to the Michael acceptor 58.6, to furnish the product of the
Michael addition 58.7. In this photoredox transformation, Hantzsch ester plays a dual role: it
serves as electron/proton donor, and activates the aldehydes for the PCET step.

Recently, Ngai et al. disclosed a reductive coupling reaction between aldehydes and
alkenylpyridnes under dual Lewis acid/photoredox catalysis (Scheme 59).107 The C-C bond
forming event involving a ketyl radical addition to activated vinylpyridines was
accomplished with Ru'!(bpy)3(PF), as a photoredox catalyst, Hantzsch ester as a terminal
reductant, and La(OTf)3 as the Lewis acid activator. Under these conditions, a broad range of
aryl and heteroaryl aldehydes, including complex substrates, were readily converted into
secondary alcohols in high yields. With respect to the alkenylpyridine coupling partners the
reaction tolerated a wide scope of substituents at the a-position of alkenylpyridines,
including hydrogen atom, alkyl group, as well as aromatic and heteroaromatic moieties. The
corresponding coupling products were obtained in good to excellent yields and with modest
diastereoselectivities. In addition to ketyl radicals, a-aminoalkyl anion radicals generated
from aromatic imines upon a SET were reported to undergo the coupling reaction with 4-
vinylpyridine. The reaction was observed to proceed well regardless of the electronic
structure of the iminyl aromatic rings.

The proposed mechanistic details of the coupling reaction are depicted in Scheme 60.
Irradiation of Ru(bpy)s2* with visible light produces a long-lived (1.1 ps)1%8 photoexcited
state, *Ru'!(bpy)32*, which is then reduced by the catalytically generated intermediate
Hantzsch ester radical (HEHs) to form a strongly reducing ruthenium (1) species,
Ru'(bpy)s*, and pyridinium ion PyH*. Ru(bpy)s* (£1/2"%9= —1.33 V vs SCE)86 subsequently
participates in a PCET with the aldehyde activated by hydrogen bonding with PyH* (60.1) to
afford ketyl radical intermediate 60.2 and regenerate the Ru'(bpy)32* catalyst. Radical 60.2
adds to Lewis acid-activated 4-vinylpyridine 60.4 to form radical 60.5, which abstracts a
hydrogen atom from HEH, generating the Lewis acid-bounded product 60.6 and another
molecule of a reductant (HEH®) capable of reducing *Ru'!(bpy)s%*. Replacement of the
product by new 4-vinylpyridine 60.3 substrate liberates the desired coupling product 60.7
and completes the catalytic cycle.
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Conclusions and Future Outlook

Recent years have witnessed a tremendous progress in reactions of carbonyl derivatives
initiated by a SET from organometallic photoredox catalysts. Generation of ketyl and a-
aminyl anion radicals from aldehydes, ketones, and imines under photochemical conditions
has obviated the need for strong stoichiometric reductants, and provided an access to
important synthons under mild reaction conditions using simple reagents and catalysts.
Moreover, it has enabled a variety of transformations that would otherwise be difficult or
even impossible to achieve. A number of these photoredox reactions tolerate a wide array of
functional groups, facilitate novel reactivities (e.g. g-functionalization of ketones), and allow
the synthesis of medicinally-relevant compounds and structures of unprecedented molecular
architectures. Recently described catalytic enantioselective reactions that rely on the use of a
chiral catalyst have provided means for precise stereocontrol over the reactivity of ion-
radicals and significantly advanced the field of asymmetric radical chemistry. With the
continuing interest of the scientific community in photoredox catalysis, one might expect to
see further applications of the photocatalytically-generatedketyl and a-aminyl anion
radicalsin synthesis.
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Me™ N Me 25°C light
s , room lig
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+ + +
R = Ph or CHg; X = SR'R2, NMej, or PPhg; Y = BF,, or CIO,

O Me O Ph O Me

+) - Y - o
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Scheme 2.
Photoredox-catalysed reduction of phenacyl onium salts with A~substituted 1,4-

dihydropyridines.
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Scheme 3.
Proposed mechanism for a single-electron reduction of a-heteroatom substituted carbonyl

compounds.
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hv (>452 nm)

Ru(bpy);Cl, (5 mol%) 0 X
)J\/H + P
MeCN (0.1 M) Ph

8h,25°C Me
without HCIO,: ~ 74% 75%
with HCIO,: 98% 98%

Reductive dehalogenation of phenacyl bromides in the absence and presence of an acid

additive.”’

Chem Commun (Camb). Author manuscript; available in PMC 2018 December 07.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Lee and Ngai

Page 24

without HCIO,
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Scheme 5.
Electron transfer pathways in photoredox reduction of phenacy! halides by dihydroacridine

derivatives with and without perchloric acid.’’

Chem Commun (Camb). Author manuscript; available in PMC 2018 December 07.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Lee and Ngai Page 25

XH O
Ru(bpy);Cl,-6H,0 (5 mol%
3Cl2°6H;0 ( 0) R’ -
H

O H RO DMSO (0.1 M), lamp 14 W, RT
& :
X EtO OEt
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Ph Ph Ph
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Scheme 6.
Photocatalytic reductive ring opening of epoxides and aziridines and reductive allylation
reaction.®1
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Plausible mechanism of the photocatalytic reductive ring opening of epoxides and aziridines

and reductive allylation.81. 81
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Scheme 8.
Photoredox catalysed synthesis of congested ketones with 4-alkyl Hantzsch esters and 4-

alkyl Hantzsch nitriles as precursors for alkyl radicals.82
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Scheme 9.
Proposed mechanism of the visible-light photoredox transfer alkylation reaction.82
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fac-Ir''(ppy); (2 mol%)
K,COj3 (2 equiv), LiBr (2 equiv)
CO,Et blue LED, DMF (0.2 M),
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20°C,12h
)J\/Br + /A @‘
Ar then 60 °C, 24 h

no LED

Ar = (hetero)aryl

44% 24%

Scheme 10.
Photoredox-catalysed intramolecular carboarylation of cyclopropenes.8®
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Scheme 11.
Proposed mechanism for the photoredox-catalysed reaction between phenacyl bromides and

cyclopropenes.86
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Scheme 13.
Proposed mechanism of the photoredox-catalysed transformations of carbonyl compounds

with BNAH.88-90
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- i i 2
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R' = H, alkyl, aryl; R? = alkyl, aryl
Ar = (hetero)aryl

b o &
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Scheme 14.

Direct g-functionalization of cyclic ketones with biaryl and aryl-alkyl ketones via the merger

of photoredox and organocatalysis. 4Reaction performed with 1.0 equiv of LiAsFg.
bReaction performed with Ir(p-OMe-ppy)s, in MeCN (0.17 M). 52
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Proposed mechanism for the synthesis of y-hydroxyketones under photoredox conditions.>?
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Scheme 16.
Photoredox-catalysed synthesis of y-aminoketones. Diastereomeric ratios were between 1:1

and 1.5:1. 4LiBF, (1.0 equiv) was added. ZPyrrolidine (20 mol%) was used in place of
azepane. “Morpholine (40 mol%) was used in place of azepane.3
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Proposed mechanism for the synthesis of y-aminoketones under photoredox conditions.53
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Ir(ppy),(dtbbpy)PFg (1 mol%) Ar2__NHAr?
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Coupling of benzylic ethers with imines: imine substrate scope.9
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Ph

o X . | Ir(ppy)(dtbbpy)PFg (1 mol%) X~
Ar) R MeO,CCH,SH (20 mol%) o,
LiOAc (10 mol%)

? R
5 or 10 equiv 1 equiv HN‘Ph
Ar = aryl, (hetero)aryl; DMA (1.0 M), 48 h, RT
X = alkyl, SiR3; R = H, OMe blue LEDs

O HN. HN. HN

)
>

“Ph
82% 73% 66%
OTBS OTBS OTBS
B 2] <)
2 HNL N\ hN. HN.
N Ph Ph Ph
54% 45% 53%
Scheme 19.

Coupling of benzylic ethers with imines: ether substrate scope.?®
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A I'(ppy),(dtbbpy)*
)N\ catalyst e |
R™H s~
20.1 \
{
' Photoredox 1A
catalytic cycle

“Ir'(ppy)(dtbbpy)*
oxidant

o Organocatalytic
= cycle A
N
206 maadl
I b \ / 204
OF'Gn OPG
A | =" "H
R -
20.7 20.5

Scheme 20.

Proposed mechanism of the coupling reaction between benzylic ethers and imines.%°
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Ir[F(CF3)ppylz(bpy)PFg (1 mol%)

;
JOL NBuj (3.0 equiv) R on
R1 R2 . R2 RZ

Light 450 nm, RT HO
DMF (0.1 M), 15 h R’

R' = (hetero)aryl or CO,R3
RZ2=H, alkyl, (hetero)aryl

OH O OMe OH O OH i\
F Me
9 C WY g
H H H
MeO © 2 .

70% 53% 47%2
OH OH C OH
N A AT S
EtO,C © Mé 3 Me
OH OH OH

64% 85% 61%
Scheme 21.
Photoredox-catalysed pinacol coupling of aldehydes and ketones. #1.5 equiv of NBug was
used.56
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67%

51%

Scheme 22.

Photoredox-catalysed imino-pinacol coupling.5®

Ir[F(CF3)ppyla(bpy)PFg (1 mol%)
NBuj3; (1.2 equiv)

Page 41

Light 450 nm, RT

P MeCN (0.1 M), 15 h

F3C
(J
n
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N-r
(R
Rl
231
*Ir(F(CFy)ppyla(bpy)*
i
- ol
|/N:R —— N-R
R R
. R R
Ir"(F(CF3)ppyla(bpy)*  IF'[F(CF3)ppyla(bpy) 23.2 233
o
R R R'N’R R'
R1 U RZ ’u‘&/ R H + G
n s i e 'f
|
11 RURY 234 Ri‘J\Rz 235
R! 2-cenler/3-¢ interaction H-bond activation
OH
RET[Re
HO R!
23.7
Scheme 23.
Postulated catalytic cycle for the photoredox-catalysed pinacol coupling of aldehydes and
ketones.>8
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Ms R’ Ir(ppy)2(Meyphen)BArF (1 mol%) Ms g
)N|\ iy Brensted acid catalyst (4 mol%) /"ﬂ/'?
+ N o N\
Ar” TH Me™ R PhMe (0.2 M), RT, 8 h Ar R2
2 equiv 1 equiv visible light
Bronsted acid catalyst

Ar = (hetero)aryl

R' = aryl
R? = alkyl, aryl O O
NH_ HN

BArF
Ar = 2-Ph-4-CF3CgH3

Ms. Ms. Ms.
S NH S NH S NH
@JVN@ /©)VN\© @NO
F MeS Me

90%, 91% ee 72%, 96% ee 77%, 94% ee
Me
Ms\ MS\NH "Hex
W & SANb! @ &
Cl Me
60%, 95% ee? 85%, 89% ee 65%, 91% ee
Scheme 24.

Asymmetric a-coupling of imines with Atarylaminomethanes under synergistic chiral
Bransted acid/photoredox catalysis. 40.05 M, 34 h.64
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HANth HANPhQ GQNth
251 25.2 25.3

*I'"(ppy)2(Me,phen)’ BArF I'(ppy);(Mezphen)

X
v Photoredox R™ H
‘l“‘ catalytic cycle 254
_N,Ms
I (ppy);(Me;phen)* Ir(ppy),(Me,phen)* %
‘BArF R
V 25-5
H J
g h“\‘ Bronsted acid N "
H._N_-ﬁ_N catalytic H‘N:P_N‘H _N‘)As
™ |
l\- ﬁ J }_{ cycle N J %
H BAFF H R
25.6+BArF 25.6+25.5
e
ﬂ\,NPh; GQNth + HBArF
25.7 25.3

Scheme 25.

Page 44

Proposed mechanism of asymmetric a-coupling of imines with A-arylaminomethanes.54
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_Ar! 2 Ar'l,
j\ll\ R Ir(ppy),(dtbbpy)PFg (1 mol%) NH R?
+ ,N\ N\
R" "H RS AP Li,COj3 (20 mol%), DMA (0.5 M) R Ar?
1 equiv 3 equiv blue LEDs, 25 °C, 72 h

Ar! = (hetero)aryl; Ar? = aryl
R' = (hetero)aryl, CO,Et; R? = H, Me, Ph; R® = H, TMS, CO,H

2-Py~ Ph

NH  Me “NH Me “NH Me
N ] N EtO,C
72% Me S 52% Mé 63% Me
Py Ph Ph\H M Ph~NH H
O oYU OO0
74%? 43%7 72%"
Scheme 26.

a-Coupling of imines with anilines. 2R3 = H /R3 = TMS®8
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0 Me
e+ N
Ar” TH Me”™  “p-Tol
1 equiv 3 equiv

Ar = (hetero)aryl

OH l\llle
N
<O “p-Tol
47%
OH |\|/|e
“p-Tol
AcHN 48% MeO,C

Scheme 27.

Ir(ppy),(dtbbpy)PFg (0.5 mol%)

PhCO,H (20 mol%), DMA (0.5 M)
blue LEDs, 25 °C, 6-24 h

OH 'Yle
N
“p-Tol

OMe
67%

OH I\Ille

N
“p-Tol

66%

Coupling of aldehydes with A, A-dimethyl-p-toluidine.>8
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Me

Me” o “p-Tol
-lr"(ppy),(dtbbpy)*{ 28.1

. a,\/

I (ppy),(dtbbpy)*  Ir'(ppy),(dtbbpy) 282

"

OH Me

S
o p-Tol
28.7

o) Ko :30 o :l‘ﬂ
A A S pTol A pTol
284 28.5 28.3 286
Scheme 28.
Proposed photoredox catalytic cycle for the synthesis of unsymmetrical 1,2-aminoalcohols.

58
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_|+ PFg
1)
o HO, CF4Ar S/Q' Bu
Ar? A-IrSPFg (3 mol%) ZN S
1J\ + R\ A N~ p2 N _Me
A" °CFs T RUNsgo  cHel, 05M), RT s
R 3 \Y- ’ R1 ‘i, \\N &
CFL or blue LEDs _ Sy
1 equiv 3 equiv 57-97% yield l Nsg
up to 99% ee N “Me
Ar' = 1-phenyl-2-imidazolyl, 2-pyridinyl; Ar? = aryl -
R'=H or aryl; R?= aryl or alkyl S Bu
A-IrSPFg
Me Bu
HO, CF; HO, CF3 HO, CF3
N\j)'\/N N\\l)‘\/N N\j)'\/N
LT S GRS O
Ph Ph OMe Ph Bu
60%, 98% ee 71%, 97% ee 75%, 95% ee

Br

C :

HO CF, HO, CFj
{i\j)\/N | Ng N
\
N
*Ph Me Z Me
61%, 95% ee 74%, 93% ee 97%, d.r. 10:1, 98% ee?
Scheme 29.

Photoredox-catalysed enantio- and diastereoselective synthesis of 1,2-amino alcohols. %
mol% of ~-Ir Swas used.52
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s ]
~0 R!__N.
R?
¢ /
% Ar,lkcﬁ 304
30.3
()4 o [Irliq_ A
X e, RN
HOXCF::‘?' Ar” CF, Ar T CFy s
& 1,_]_.\N.R2 .':oz 30.5 | 30.6
R’ ha f
30.10 \i | 1 sanid
0 _/r‘l /J H
H -
Al’m 1CF3 U"]'~d _CFaﬁl' [ir] \QH 1 *l'
1 g " RL 2N,
A7 NR radicatradical  ArECFs v R
R " 308
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Scheme 30.
Postulated mechanism for the visible-light-activated catalytic asymmetric process and a

proposed stereochemical model for the asymmetric induction.52
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~|*PFe
1
(o} S\/Q Bu
N " . A-RhSPFg (4 mol%) HO, R 33 N _Me
= R R®  Ru(bpy)s(PFg), (1 mol%) N N - C
\ N + Si | NS \RZ n, \\N Z
MesSis N, 23 W CFL O CRK
/@ MeCN:DMAC 4:1 (0.1 M) l Nsg
Ph afterwards: TBAF N Me
Ph !
1.0 equiv 1.5 or 3.0 equiv
S Bu
R', R® = alkyl, aryl; R? = aryl
A-RhSPFg
OMe ‘Bu
HO, Ph Bn T Me HO, Ph

o o o,

Ar Ar Bu
78%, 93% ee 71%, 86% ee 69%, 93% ee
HO Ph HO Et Me HO Me Me

SR

86%, 99% ee

70%, 95% ee 88%, 97% ee

Scheme 31.
Enantioselective synthesis of 1,2-aminoalcohols under Rh/Ru photoredox catalysis.”
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SIM93
‘Rl.l"(bw’g 321
* "'a.,_\
Photoredox
catalytic cycle
Ru'(bpy)?* Ru(bpy)s*
thné,ms [Rh]% o ™S
R* s
N. Ar)l\R' Ar’ELR‘ 0
¥ R 32.6 QGN R,
323
Lewis acid
n catalytic
Me,Si N. cycle
~"""R? [Rh] Ar R' RrR3
322 N (R A
P - "0 R
Araz.sR ™S 3238
Ar R' R® o)
TMSO N-ge N'Jj\ni
329 324

Scheme 32.
Proposed mechanism of the visible-light activated Rh/Ru dual catalysis.%’
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CN Ir(ppy)2(dtbbpy)PFg (1 mol%)
X .
)J\ N SN NEt; (3.0 equiv)
Ar” OR! R 20 W blue LED
Y MeOH (0.1 M), RT
1 equiv 2 equiv

Ar = (hetero)aryl; R' = H, alkyl; R> = H, Me
X =0, N(alkyl), N(aryl); Y =N, C(CN)

OH
MeO II II CN

HO Me

o
\ |
CN

96% 47%

PhHN Me HO Me
O ”e
CN F CN

40% 53%

Scheme 33.
Photocatalytic arylation of aldehydes and imines. 9
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Nf o

| | N- Et = .- N\: Et
it Et

Me
ir'"(ppy),(dtbbpy)* Ir'(ppy),(dtbbpy) 342 343

1 — x"

X
XH N 344 N/L R! 5 |
A:/é;“ 'R‘
i H-bond activation 2-center/3-e” interaction
XH

R‘-\_t/ﬂ — ./ ( ‘\
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Scheme 34.
Proposed mechanism for the photocatalytic arylation of aldehydes and imines.%°
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Ar |
Xo

Ar = (hetero)aryl

Ru(bpy);Cl, (5 mol%)
'Pr,NEt (2 equiv)
LiBF4 (2 equiv)

MeCN (0.1 M), RT
275 W floodlight

= (hetero)aryl, Me, OEt, NEt,, X= O, CHy; R“ = H, Me
R'=(h )aryl, Me, OEt, NEt,, X= O, CHy; R2= H, M

O 0}
Ph Ph

89%, >10:1 d.r.

O O
Ph/[lc, A\\Ph

Hi. H
54%, 6:1 d.r.
Scheme 35.

89%, >10:1 d.r.
(0] O

Ph NEt,
H H

74%, >10:1 d.r.

Photocatalytic [2+2] enone cycloaddition.*”
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Ru(bpy)sCl, (5 mol%)

0 Pr,NEt (2 equiv) o O\\\
+ rU\Rz LiBF, (4 equiv) Ar/ﬁ:‘,o‘ R2
] | MeCN (0.1 M), RT
R 2.5 equiv 23 W CFL R!

Ar = (herero)aryl
R' = alkyl, R? = alkyl, OMe, SEt

Ar

o

0 o o, 2 9 0 Q
Me" Me" BnOH,C™
84%, >10:1 dr 74%, >10:1 dr 61%, >10:1 dr
0 o 0 Q 0 o
M
ome e -~/
SEt
Me" Me" Me"
65%, 5:1 dr? 88%, >10:1 dr 57%, 5:1 dr?

Scheme 36.
Photocatalytic intermolecular [2+2] enone cycloaddition. ?Reaction was performed with 6

equiv of Michael acceptor.48
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'Ru"(bpy] 320 ’PI’zNEt

i "1.\ (
’Pr;l:lEt

Ru"(bpy);** Ru'(bpy)s*
o) b Mo
LiBF, l
P P, P
374 Me 372 Me 373 Me
PN
Me
37.4
5 ?L Lisg ﬁ\ lisg =
. -e- .
Ph)k‘:]-' Mo ~— Ph)'j:]-' Me P 1 “Me
Me™ Me™ Me
37.7 37.6 375
Scheme 37.

Proposed mechanism of photocatalytic [2+2] enone cycloaddition.100
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Ar = (hetero)aryl
R', RZ = alkyl

Me
71%, 7:1 dr, 92% ee
o § %
\ / S Me
Me"

72%, 8:1 dr, 93% ee

Scheme 38.
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Ru(bpy)sCl, (5 mol%)
o Eu(OTf)3 (10 equiv)

o 0
Ar/%jp\\\ R?

R2 Ligand (20 mol%)
| Pr,NEt (2 equiv) ]
o 1
5 equiv MeCN (0.2 M), -20 °C R
visible light
ligand

66%, 2.5:1dr, 91% ee

0 ? o o
Q/S:]p‘\\ Me O/S:’.AL Et
Et Me™

62%, 9:1 dr, 90% ee

62%, 3:1 dr, 89% ee

68%, 4:1 dr, 91% ee

Photocatalytic enantioselective intermolecular [2+2] enone cycloaddition.®®
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Ru(bpy)sCl, (5 mol%)

o o Pr,NEt (5 equiv) Ar
Mg(ClOy4), (2 equiv), H,O (10 equiv)
W
Ar R
4 MeCN (0.025 M), RT
Ar = (hetero)aryl 200 W tungsten filament light bulb

R = (hetero)aryl, alkyl

84%

Scheme 39.
Photocatalytic [4+2] cyloaddition.50

Chem Commun (Camb). Author manuscript; available in PMC 2018 December 07.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Lee and Ngai

Page 59

‘Ru'{bpy);" ‘szN Et

” "1‘\ (
'F"l'g};lEt

Ru'(bpy);** Ru'(bpy)s*
LA \ LA
o *ol o
N"ph LA N-"“ph ZSpn
= Me P Me = Me
401 O 402 O 403 O

Scheme 40.
Proposed mechanism of the regioselective [4+2] hetero Diels-Alder cycloaddition reaction.
50
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Ru(bpy);Cl; (2.5 mol%)

(0] La(OTf)3 (1 equiv), TMEDA (5 equiv) (}) R3 R?
A R R MgSOy, (200 wt%) Ar/lo,, g
r |
x\/\:”iR2 MeCN (0.05 M), 23 °C, 23 W CFL
X
Ar = aryl; R? = H, alkyl; R® = H, alkyl; H

R* = alkyl, aryl, CO,Et, C(O)SEt; X = O or CH,

83%, 6:1 d.r. 79%, >10:1 d.r.
(,)Me,, Ph /[(,3 O Me
ph™ . A Me Ph™” Ph H
H O H O H O
57%, 3:1 d.r. 69%, 2:1 d.r. 73%, >10:1 d.r.
Scheme 41.

Photocatalytic [3+2] cycloaddition of aryl cyclopropyl ketones.102
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RS R*
YT
R "R?

5 equiv

Ar = (hetero)aryl
R', R%2 = H, CO,Bu, alkyl

R3, R*=H, alkyl, aryl, N(aryl),, vinyl

O
ph—  Pn

éOZIBU
90%, 93% ee, 3:1d.r.

o
A

ph— =

éOZtBU
59%, 87% ee, 3:1 d.r.

Scheme 42.

Page 61
Ru(bpy)sCl; (2.5 mol%)
Gd(OTf); (10 mol%), Ligand (20 mol%) o RR*
ProNEt (1 equiv) )\/,,, g
MeCN (0.1 M), 0 °C Ar NR2
23 W CFL Y
ligand NMe,
A

55%, 86% ee, 2:1 d.r.

57%, 89% ee, 2:1 d.r.

éOZIBU éOZIBU
95%, >99% ee, 2:1 d.r.

0 0
/ ph ph—/  Ph

éOZtBU
88%, 94% ee, 5:1 d.r.?

Photocatalytic enantioselective intermolecular [3+2] cycloaddition. 2Reaction conducted
using 20 mol% Gd(OTf)3 and 30 mol% of the ligand at —20 °C.5”

Chem Commun (Camb). Author manuscript; available in PMC 2018 December 07.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Lee and Ngai

d , 433 Y
(Cdl~q /

NI COz::l.; ...'. N he
a1 COz’Bu Rbpy)y’ PN \
(Gdlng %
‘PerEt —~/  pn
coz'au Ru'(bpy)s?* ‘Rul(bpy)s?* /
Ha L -
iy (0l 436
/\ ‘
AT 94 N/w
433 CO,Bu 435 CO,Bu
Scheme 43.

Proposed mechanism for enantioselective [3+2] cycloaddition.>’
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Page 63

@
L. © o 0
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Ph Ph
Ph™ Ph H H
L anion radical J [2+2] cyclization
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anion radical vs neutral radical
Ph Different connectivity, stereochemistry,
& oxidation state
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= neutral radical

reductive coupling

Divergent reactivity of photoredox-generated radical and anion radical intermediates.*°
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Ru(bpy);Cl, (2.5 mol%)

o) iPr,NEt (10 equiv)
RJ\k/ R R4 HCO,H (5 equiv)
| :
XJ[RZ MeCN (0.05 M), RT
23 W CFL

R' = alkyl, (hetero)aryl; R?, R®= H, Me
R* = alkyl, aryl, C(O)alkyl/aryl, CO,(alkyl), C(O)SEt, CN

0 \{o 0 \/(o 0
P% Ph PM% PMP Ph
o
TMSO *—\
Br
82%, >10:1 d.r. 93%, >10:1 d.r. 64%, 10:1 d.r.
0 0
/—~COMe Ph
PhH,CH,C PhH,CH,C
o
68%, 8:1d.r.2 64%, 2:1d.r.2 73%, >10:1 d.r.?
Scheme 45.

Photocatalytic reductive cyclization of enones. ?Reaction was conducted with 2.5 mol% of
Ir(ppy)2(dtbbpy)(PFe).*°
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Reductive chalcone dimerization under photoredox conditions.193
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Enantioselective S-amination of enones.104
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Scheme 48.

Proposed mechanism of enantioselective S-amination of enones.104

Chem Commun (Camb). Author manuscript; available in PMC 2018 December 07.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Lee and Ngai

Ar1JLN/\/>/ \)\(j

1.5 equiv 1.0 equw

Ar' = 3-OMeCgHy, PMP; Ar? = aryl; R', R? =

A-RhOPFg (8 mol%)
PC (4 or 6 mol%)
Base (8 mol%)

blue LEDs,
CH,Cl; (0.3 M)
4AMS, 27 °C

alkyl; R®= aryl, alkyl

Page 68

JCJ)\ A% O
r1 N/\/MV/N
H v ()
R3

+ + =
. CF3 1R
O Bu
\N _Me CF3
, ///C =~ | uo —
v, | N =z a5 funeu
SN ~ ,P\
. N‘\C\ N S /O \O
N Me = Bu
a CF,
o Bu Base
CF3
A-RhO PC
Ph
MeO N . /N
H Me Me N\/)
Ph MeO
40%, 77% ee 64%, 9
(o] h (o]
ME Me N\/) md Me N\/)
MeO MeO,C PH MeO Me”
51%, 28:1d.r. 80%, 94% ee
Scheme 49.

Asymmetric &functionalization of A-alkyl amides under photoredox conditions.19
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Proposed mechanism of asymmetric &-functionalization of A-alkyl amides under photoredox

conditions.104
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Scheme 51.
Photoredox-catalysed intramolecular ketyl-olefin coupling reaction.54
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Scheme 52.
Proposed mechanism for photoredox-catalysed intramolecular ketyl-olefin coupling
reaction.>*
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Scheme 53.
Photoredox-catalysed asymmetric intramolecular aza-pinacol coupling reaction. Reaction

run at 0 °C in THE.S3

Chem Commun (Camb). Author manuscript; available in PMC 2018 December 07.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Lee and Ngai Page 73

I (ppy).(dtbpy)*
(o] o) HEH ™ E o

N\
7 H-OP(O)(OR), 2"~ NMe,

Me” "N~ “Me
Ir'(ppy)(dtbpy) H s
proton
transfer 0\\P,0R
(o] (e} N,
’H,,O OR
EtO I\ OEt - o — 0
Z I dtbpy)*
H ~ "NMe;
H
54.2
P C-C bond
™ [ser] Srmstion
" M. . OR
7 . % OP(O)(OR), o o-';“on
EQJI]\)\"E‘ IP(ppy);(dtbpy)* -Ph O
+
Me” "N "Me I “NMe, '""(PPY)2(dtbpy)
HAT 543
Ph,PH NHNMe; HEH
54.4
Scheme 54.

Proposed mechanism for the photoredox-catalysed asymmetric intramolecular aza-pinacol
coupling reaction.>3
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Scheme 55.
Intramolecular photoredox-catalysed ketyl-alkene/alkyne coupling. Reaction performed

with 2.5 mol% of photocatalyst.>
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Scheme 56.

Proposed reaction mechanism of the photoredox-catalysed intramolecular ketyl-olefin/
alkyne coupling.>®
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Scheme 57.

Allylation reaction of aldehydes, ketones and imines under photoredox conditions.5°
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Scheme 58.
Proposed mechanism of the allylation and Michael addition reactions.®?
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Scheme 59.

Photoredox-catalysed coupling reaction between aldehydes/imines and and 4-vinylpyridine.

1H NMR yields are provided in parenthesis.107
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Scheme 60.

Proposed reaction mechanism of the photoredox coupling reaction between aldehydes and
alkenylpyridines.107
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