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Asymmetric catalysis is seen as one of the most economical strate-
gies to satisfy the growing demand for enantiomerically pure small
molecules in the fine chemical and pharmaceutical industries'. And
visible light has been recognized as an environmentally friendly and
sustainable form of energy for triggering chemical transformations
and catalytic chemical processes®™. For these reasons, visible-light-
driven catalytic asymmetric chemistry is a subject of enormous current
interest®. Photoredox catalysis provides the opportunity to generate
highly reactive radical ion intermediates with often unusual or uncon-
ventional reactivities under surprisingly mild reaction conditions®.
In such systems, photoactivated sensitizers initiate a single electron
transfer from (or to) a closed-shell organic molecule to produce rad-
ical cations or radical anions whose reactivities are then exploited
for interesting or unusual chemical transformations. However, the
high reactivity of photoexcited substrates, intermediate radical ions
or radicals, and the low activation barriers for follow-up reactions
provide significant hurdles for the development of efficient catalytic
photochemical processes that work under stereochemical control and
provide chiral molecules in an asymmetric fashion’. Here we report
a highly efficient asymmetric catalyst that uses visible light for the
necessary molecular activation, thereby combining asymmetric catal-
ysis and photocatalysis. We show that a chiral iridium complex can
serve as a sensitizer for photoredox catalysis and at the same time
provide very effective asymmetric induction for the enantioselective
alkylation of 2-acyl imidazoles. This new asymmetric photoredox
catalyst, in which the metal centre simultaneously serves as the exclu-
sive source of chirality, the catalytically active Lewis acid centre, and
the photoredox centre, offers new opportunities for the ‘green’ syn-
thesis of non-racemic chiral molecules.

Recently, strategies have been developed in which efficient catalytic
photochemical processes that work under stereochemical control and
provide chiral molecules in an asymmetric fashion can be carried out by
two catalysts that work in tandem for a single chemical transformation®.
In such dual-catalyst reactions, visible-light redox sensitizers are com-
bined with asymmetric co-catalysts, such as chiral secondary amines®",
chiral N-heterocyclic carbenes', chiral Brensted acids', chiral Lewis
acids'’, or chiral thiourea'. With respect to single catalysts, ultraviolet
light in combination with hydrogen bonding or Lewis acid interaction
has been used previously in pioneering work to trigger enantioselective
catalysis'®° and an enantioselective cycloaddition induced by visible
light—although not including photoinduced electron transfer—has been
reported*'; also, an interesting but special case of photoactivated enamine
catalysis was disclosed recently in which a transient electron donor-
acceptor complex is capable of absorbing visible light and triggering a
charge transfer*. General solutions for interfacing visible-light-induced
photoredox chemistry and asymmetric catalysis with single catalysts
are highly desirable, and will potentially provide new opportunities for
reaction design by having a closer control over the entire reaction path,
including the crucial stereodiscrimination step.

Taking into account that currently used visible-light photosensitizers
are typically based on transition-metal complexes®™, and that chiral

transition-metal complexes constitute an established class of catalysts
for asymmetric transformations’, we envisioned the combination of these
two features into a single transition-metal-based asymmetric photore-
dox catalyst. We conducted our study with the recently developed chiral-
at-metal iridium(1r) complex A-Ir1* and the derivative A-Ir2 (Fig. 1).
In both complexes, the octahedral iridium centre is coordinated by two
achiral bidentate ligands in a left (A)- or right (A)-handed propeller-type
fashion, thereby establishing metal-centred chirality****, and coordinated
by two additional labile acetonitriles which give access to a Lewis acid
metal centre upon ligand exchange (see Supplementary Fig. 1 for a crystal
structure of A-Ir2). Our laboratory has previously reported the activa-
tion of o,3-unsaturated 2-acyl imidazoles by chiral-at-metal A- or A-Ir1
as a step towards the enantioselective addition of indole nucleophiles®,
so we considered the possibility that these chiral Lewis acids might be
capable of intertwining chiral enolate catalysis*® with photoredox rad-
ical ion chemistry”>~: we therefore selected the model reaction of 2-acyl
imidazole 1a with the electron deficient benzyl bromide 2a as our start-
ing point (see Table 1). Encouragingly, in the presence of light from a
14 W energy-saving household lamp, A-Ir1 at a loading of 5 mol% was
able to catalyse the reaction between 1a and 2a, providing the o-alkylation
product 3a in good yield (85%) and with high enantioselectivity (95%
enantiomeric excess, e.e.) after 20 h photolysis at room temperature (entry
1 of Table 1). Optimization of the reaction conditions—by empirically
adjusting the solvent, increasing the concentration to speed up the reac-
tion, slightly raising the temperature to promote ligand exchange at the
iridium centre, and adding the weak base Na,HPOj to facilitate enolate
chemistry—provided the product 3a in an excellent yield of 97% with
95% e.e. after exposure to visible light for just 3 h in the presence of a
reduced catalyst loading of just 2mol% A-Irl (entry 2). The catalyst
A-Ir2 (2 mol%) even provided the a-alkylation product in quantitative
yield with a superior enantioselectivity of 99% e.e. and a further reduced
reaction time of 1.5h (entry 3). We attribute the improved enantios-
electivity to an increased steric hindrance in A-Ir2 compared to A-Irl
created by the long C-S bonds of the benzothiazole moieties, which
position the two fert-butyl groups somewhat closer to the exchange-
labile acetonitrile ligands (see Supplementary Fig. 2). The loading of the
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Figure 1 | Chiral iridium complexes for asymmetric photoredox catalysis.
S, substrate; I, intermediate; P*, non-racemic chiral product. The Ir centre acts
as a chiral centre, a catalytic centre, and a photoredox centre.
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Table 1 | Initial iridium-catalysed photoinduced enantioselective alkylation of acyl imidazole 1a with benzyl bromide 2a

A-Ir1 or A-Ir2 Q GN

M /\@ visible Ilght <N/\ .
\ ]
N_ Ph

NO,
(R)-3a
Entry Catalyst lllumination* Reaction conditionst t(h) Yieldi (%) e.e8 (%)
1 A-lr1 (5 mol%) Visible light 1a (0.3 M, 3equiv.), MeOH, RT 20 85 95
2 A-lrl (2 mol%) Visible light NaoHPO,, 1a (1.2 M, 3 equiv.), MeOH/THF (4:1),40°C 3 97 95
3 A-Ir2 (2 mol%) Visible light Same as above 15 100 99
4 A-1r2 (0.5 mol%) Visible light Same as above 4.5 97 98
5 A-Ir2 (2 mol%) Dark Same as above 1.5 <5 ND
6 None Visible light Same as above 16 0 NA

RT, room temperature; ND, not determined; NA, not applicable.

*Light source: 14 W white light energy-saving lamp.

1 All reactions performed under the exclusion of air. See Supplementary Methods for more details.
i lsolated yields.

§ Enantiomeric excess determined by HPLC analysis on chiral stationary phase.

catalyst A-Ir2 can be further decreased to merely 0.5 mol% without
much affecting the yield (97%) or the enantioselectivity (98% e.e.) (entry 4).
We note that neither the catalyst A-Ir2 alone in the dark (entry 5) nor
visible light in the absence of the catalyst (entry 6) trigger this reaction
toa significant degree under these conditions, thus unequivocally dem-
onstrating that it is the combination of iridium(1r) complex and visible
light that is necessary to efficiently catalyse the enantioselective C-C
bond formation.

Examples of the photoinduced enantioselective o-alkylation of 2-acyl
imidazoles with benzyl bromides catalysed by A-Ir2 are summarized in
Fig. 2. A variety of electron acceptor substituted benzyl bromides pro-
vide the a-alkylation products in up to quantitative yields (97-100%)
and with up to almost perfect enanantioselectivities (94-99% e.e.), while
requiring only short reaction times of 1.5 to 6 h (3a-d). The 2-acyl-N-
methylimidazole substrates tolerate steric (products 3e and 3f), electron
donating (product 3g) and electron accepting (product 3h) substituents
in the phenyl moiety, which can be replaced by the bicyclic aromatic
naphthalene (product 3i) or the heteroaromatic thiophene (product 3j).
Furthermore, the photoredox catalysed reaction also tolerates less acidic
2-acyl-N-methylimidazoles devoid of any aromatic substituent at the
methylene group, as demonstrated for the products 3k and 31. For these
substrates, the addition of a weak base is essential to achieve high con-
versions and excellent enantioselectivities. We also tested a different class
of electrophiles, namely phenacyl bromides, and found that they readily
provide the expected C-Cbond formation products with very good yields
0f 86-91% and high enantioselectivities of 90-91% e.e. (products 3m-o).
In order to reach satisfactory enantioselectivities, the N-methyl substi-
tuent at the imidazole moiety needed to be replaced by the more bulky
isopropyl group. Overall, it can be concluded that A-Ir2 is a highly
effective catalyst for the a-alkylation of acyl imidazoles with acceptor
substituted benzyl bromides and phenacyl bromides in the presence of
visible light with high to quantitative yields and impressive enantios-
electivities, while only using a catalyst loading of 2 mol%.

A plausible mechanism in which photoredox catalysis intertwines
with asymmetric catalysis is shown in Fig. 3. Herein, the catalysis is ini-
tiated by the coordination of 2-acyl imidazoles (1) to the iridium catalyst
in a bidentate fashion (intermediate I), followed by the formation of a
nucleophilic iridium (1) enolate complex (intermediate IT) upon depro-
tonation. The subsequent chirality generating key step constitutes the
exergonic addition of a photo-reductively generated electrophilic radi-
cal to the electron rich metal-coordinated enolate double bond, thereby
affording an iridium-coordinated ketyl radical (intermediate III). Oxi-
dation of this ketyl intermediate to a ketone by single electron transfer
regenerates the iridium(1r) photosensitizer and provides the iridium-
coordinated product (complex IV), which is released upon exchange
with unreacted starting material, followed by a new catalytic cycle. The
proposed key intermediate which uniquely connects the asymmetric
catalysis with the photoredox cycle is the iridium(111) enolate complex II,

which not only provides the crucial asymmetric induction in the catalysis
cycleand but at the same time serves as the in situ generated active chiral
photosensitizer”’.
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Figure 2 | Substrate scope of the photoinduced enantioselective alkylation
of 2-acyl imidazoles with acceptor substituted benzyl bromides and
phenacyl bromides. Top row, the studied reaction; all other rows show
products, giving reaction time, isolated yields after chromatographic
purification, and enantiomeric excess (e.e.), which was determined by HPLC
on a chiral stationary phase. Product (S)-3k: for comparison, in the absence
of base a yield of 18% with 91% e.e. was obtained after photolysis for 24 h.
Product (S)-3I: reaction was irradiated instead with a blue LED light source
(3 W) in order to improve the yield. EWG, electron withdrawing group.
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Figure 3 | Plausible mechanism for a combined photoredox and
asymmetric catalysis. For variations of this mechanism, see Supplementary
Fig. 7. SET, single electron transfer; EWG, electron withdrawing group; PS,
photosensitizer in the form of enolate complex II. See main text for details.

A series of investigations support this mechanism. To start with, as
confirmed by X-ray crystallography (Supplementary Fig. 3), 2-acyl-N-
methylimidazoles efficiently coordinate to the iridium catalyst A-Ir2
in a bidentate fashion upon release of the two monodentate acetonitrile
ligands, thereby providing the proposed intermediate complex I. Sub-
sequent deprotonation generated the intermediate iridium(1ir) enolate
complex II, which was independently isolated and unambiguously char-
acterized by X-ray crystallography, as shown in Fig. 4a. This structure
also illustrates that one face of the prochiral enolate n-bond is blocked
by a tert-butyl group, thereby rationalizing the observed high asymmet-
ric induction in the course of the proposed diastereoselective addition
of the electron-deficient radical to the electron-rich double bond?®. The
determined absolute configurations of the a-alkylation products are con-
sistent with this mechanistic picture. This reaction step relates to recent
reports of the photosensitized generation of electron-deficient radicals

and their stereoselective addition to electron-rich n systems of chiral
enamines’'*. For our system, a radical mechanism is consistent with
the observation that photoreactions in the presence of air, the alkene
1,1-diphenylethylene (isolation of adduct 4) or the radical trap 2,2,6,6-
tetramethylpiperidine-1-oxyl (TEMPO) (isolation of products 5 and 6)
suppress the formation of the a-alkylation product (Fig. 4b). Further-
more, the direct correlation between photolysis and product formation
is demonstrated by a light-dark interval reaction shown in Fig. 4c.
Importantly, several experimental results lead to the conclusion that
the intermediate iridium(1ir) enolate complex I is not only a key nucle-
ophilic intermediate in the asymmetric catalysis cycle, but also consti-
tutes the active in situ assembled photosensitizer in the photoredox
cycle. Since iridium(11) complex IT apparently represents the only neutral
iridium(t) complex within the reaction mixture, this conclusion is also
consistent with observed trends regarding redox and photophysical prop-
erties of iridium(1r) complexes—namely that neutral bis-cyclometalated
iridium(1ir) photosensitizers are significantly stronger photoreducing
agents than their cationic counterparts®. Accordingly, Stern-Volmer
plots (Fig. 4d) illustrate that the luminescence emission of the enolate
complex II is quenched by benzyl bromide 2a much more efficiently
compared to Ir2, which can be attributed to a fast electron transfer from
atriplet excited state of enolate complex II to the electron-deficient benzyl
bromide. This is furthermore supported by cyclic voltammetry (Sup-
plementary Fig. 4), which reveals that the enolate complex IT has a sig-
nificantly decreased oxidation potential (by around 1 V) compared to
the cationic complex Ir2, and thus comprises a much stronger reducing
agent in the ground state and even more so in its photoexcited state
(Fig. 4¢). The estimated excited state redox potential E; ,(II'*/IT*) of
—1.74V versus Ag/AgCl for the enolate complex II is comparable to
that of fac-[Ir(ppy)s] (ppy = 2-phenylpyridine)*, an iridium sensitizer
that has been used previously for the reductive cleavage of electron defi-
cient benzyl bromides'. Conveniently, compared to Ir2 and established
iridium(1r) photosensitizers?, the enolate complex II displays a batho-
chromically shifted long wavelength absorbance maximum with an
additional shoulder at around 500 nm, thus permitting an excitation

b Figure 4 | Mechanistic investigations. a, X-ray
Underair et crystal structure of the proposed Ir(111) enolate
© produc complex intermediate II. This compound was
A2 =<Ph o \ N j\rystalliz.ed asa raﬁemic }:nixture, anéi ;{‘lllgypthe
2 mol%) oh . -enantiomer is shown here, as an
la+2a——————» 4 (57 %yield) drawing with 30% probability ellipsoids. b, Control
Visible |(2.5 equiv.) . . .
light experiments in the presence of molecules which
react with radicals. See main text for details.
—> 7)1\( ¢, Light-dark interval experiment for the reaction
<, 1a + 2a— 3a according to entry 3 of Table 1.
. 0, . d, Luminescence quenching experiments. I and I
5 (87% yield) 6 (92 7 vield) are respectively luminescence intensities in the
(2 5 equiv.) absence and presence of the indicated
concentrations of the electron deficient benzyl
bromide 2a. e, Comparison of the photo and redox
c d 104 .
100 ] fight | dark | ight } dark {ight {dark} ignt e Enolate Il properties of catalyst A/A-Ir2 and the enolate
- 8 o Catalyst A/A-Ir2 complex II. Columns 2 and 3 show wavelength of
< 801 maximum absorbance and emission, respectively.
< E%, energy of the emitting excited state as
S 60+ 3 61 calculated from the luminescence peak. Column 4
o shows the one-electron redox potential of the
g 401 44 couple oxidized sensitizer / sensitizer as
o 204 determined from the peak maximum of differential
2 pulse voltammetry. Column 5 shows the one-
0 —— T T T T electron redox potential of the couple oxidized
0 15 30 45 60 75 90 105 120 0 1 2 3 4 5 sensitizer / excited sensitizer as calculated from
t (min) 2a] (mM) E,»(PS*/PS*) = E, ,(PS*/PS) — E.
e
Complex | Absorbance 4, Emissioni. . (E%)  E,,(PS*/PS) E,,(PS*/PS
A/A-Ir2 425 nm 560 nm (2.21 eV) >+1.5V >-0.71V
Enolate Il | 440 nm 550 nm (2.25 eV) +0.51V -1.74V
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across half of the visible spectrum ranging from violet to green light
(Fig. 4e and Supplementary Fig. 5). The visible-light absorbance of eno-
late complex II is not affected by the presence of organic bromide sub-
strates, thus most probably ruling out the possibility that an electron
donor-acceptor complex between enolate complex IT and bromide sub-
strate is responsible for the light absorption (Supplementary Fig. 6)**.
It is also worth noting that an independently synthesized enolate com-
plex IT is catalytically competent and catalyses the photoredox reaction
with an identical efficiency compared to Ir2, thereby supporting the
notion that complex IThas a dual function as a chiral nucleophile in the
catalytic cycle and the in situ photosensitizer in the photoredox cycle.
Finally, two distinct variations of the outlined mechanism need to be
considered (Supplementary Fig. 7). First, instead of regenerating the pho-
tooxidized sensitizer in every cycle (PS* + e~ — PS, Fig. 3), the ketyl
intermediate ITI might transfer a single electron directly to another bro-
mide substrate, thus skipping the photoredox cycle and leading to a
chain reaction. Although the direct light-dependence of the asymmetric
photoactivated catalysis shown in Fig. 4c suggests that the asymmetric
catalysis and photoredox cycle operate in concert atleast to some extent,
a contribution of the chain propagation mechanism as a function of the
nature of the substrates is feasible, and might even explain the differences
in photolysis times for the individual reactions®. The second mechanis-
tic variation to discuss revolves around the direct reaction of the inter-
mediate benzyl radical with the oxidized sensitizer (PS™). However, a
major contribution of this recombination process is unlikely since both
reactive intermediates will not be generated in close proximity, consid-
ering that the fragmentation of the formed radical anion does not occur
instantaneously. In this respect, it has been established that the life time
of such radical anions significantly increases in protic solvents and with
a decreasing energy of the m* orbitals™. This notion is supported by an
experiment in which low concentrations of the radical trap TEMPO were
still able to capture the intermediate benzyl radical (see Supplementary
Methods), thus rendering unlikely an efficient recombination of the
benzyl radical with the oxidized iridium sensitizer, and instead favour-
ing an addition of the intermediate electron-deficient benzyl radical with
the electron-rich n-bond of the iridium(ir) enolate complex II, which
is present in solution at a much higher steady state concentration.
We have reported a unique case of visible-light-induced asymmetric
redox catalysis by a single, structurally simple catalyst. The two catalytic
cycles are apparently connected through an intermediate iridium()
enolate complex, formed from the initial catalyst and the 2-acyl imida-
zole substrate, which is not only the key nucleophilic intermediate in
the asymmetric catalysis cycle but also constitutes the in situ generated
active visible-light photosensitizer. The reaction scheme that we intro-
duce here may serve as a blueprint for the design of other catalytic asym-
metric photoredox reactions, and will most probably provide new avenues
for the efficient and green synthesis of non-racemic chiral molecules.
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