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For decades, progress in chiral transition metal catalysis has been closely linked
to the design of tailor-made chiral ligands. Recently, an alternative to this
conventional paradigm has emerged in which the overall chirality of the cata-
lysts arises solely from a stereogenic metal center. However, the development
of such chiral-at-metal catalysts based on earth-abundant metals is still a for-
midable challenge. Here, we report a reactive chiral-at-cobalt catalyst com-
prised entirely of achiral ligands, more than a century after Alfred Werner first
introduced chiral cobalt complexes with exclusive metal-centered chirality. The
cobalt center uniquely serves multiple functions: it is the sole stereocenter,
redox center, catalytic site, and a chromophore. While the cobalt(lll) complex is
inert and bench-stable under ambient conditions, it can be photoactivated
through an unexpected counterion-assisted mechanism, reducing inert cobal-
t(Ill) to catalytically active cobalt(ll). This chiral-at-cobalt complex enables the
visible-light-activated enantioselective conversion of isoxazoles into chiral 2H-
azirines, achieving high enantiomeric excess of up to 97%.

The development of homogeneous catalysts based on earth-abundant
metals, rather than noble metals, represents a significant advancement
toward achieving more sustainable chemistry'™*. Among these, cobalt
stands out as an attractive candidate due to its versatile organometallic
chemistry, ability to access multiple oxidation states’®, and emerging
prominence in photocatalysis®™?. Recent studies demonstrate the
effectiveness of cobalt complexes as photocatalysts, revealing their
ability to promote distinctive reactivity through unique mechanistic
pathways under light irradiation. This photoactive behavior positions
cobalt as a promising alternative to noble metals in light-driven
transformations, opening innovative avenues for catalysis design>2*.
In the realm of asymmetric catalysis, chiral cobalt catalysts have gar-
nered considerable attention, with prominent examples including
chiral cobalt porphyrins, chiral cyclopentadienyl complexes, chiral
pincer complexes, and cobalt complexes featuring chiral phosphines
or chiral N-heterocyclic carbene (NHC) ligands®?. Despite this

progress, there remains a striking absence of reactive chiral cobalt
catalysts constructed exclusively from achiral ligands®. This absence is
particularly surprising given Alfred Werner’s groundbreaking work
over a century ago, which first introduced chiral cobalt complexes
exhibiting exclusively metal-centered chirality””’. The challenge in
designing chiral-at-cobalt complexes lies in the intrinsic properties of
cobalt’s oxidation states. Octahedral cobalt(lll) complexes, while
geometrically well-suited for generating metal-centered chirality, are
typically highly inert and thus unreactive. In contrast, cobalt(Il) com-
plexes, though reactive, suffer from lability, which can lead to the rapid
loss of stereochemical information. This delicate interplay between
reactivity and stability has likely contributed to the lack of viable chiral-
at-cobalt catalysts in the literature, rendering the realization of such
systems particularly challenging.

Here, we report a reactive chiral cobalt catalyst composed entirely
of achiral ligands (Fig. 1). The cobalt-centered chirality arises from the
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Fig. 1| Chiral-at-cobalt asymmetric photocatalysis by light-induced counter-
anion assistance. BArF tetrakis(3,5-bis(trifluoromethyl)phenyl)borate, Mes mesi-
tyl, ee enantiomeric excess.

octahedral coordination of an unsymmetric meridional tridentate
ligand, combined with one bidentate ligand and one monodentate
ligand. The resulting chiral-at-cobalt(lll) (pre)catalyst is remarkably
stable, remaining inert and bench-stable in the dark without decom-
position. Upon exposure to visible light, however, an unanticipated
activation mechanism is triggered. This process involves MeCN dis-
sociation, followed by a reduction to the reactive cobalt(ll) oxidation
state, mediated by the tetrakis(3,5-bis(trifluoromethyl)phenyl)borate
(BArF) counteranion. The resulting in situ generated pentacoordinate
chiral-at-cobalt(ll) complex exhibits high catalytic activity and enan-
tioselectivity in the conversion of isoxazoles to their chiral 2H-azirines.

Results

Design and synthesis of complexes

Over the past decade, our group®*=? and others** have demon-
strated the broad utility of chiral-at-metal catalysts in asymmetric
catalysis*>*. Previous designs primarily relied on generating a ste-
reogenic metal center through a propeller-type arrangement of two
inert achiral bidentate ligands and two monodentate ligands in an
octahedral coordination sphere (2+2+1+1 design)*, while a few
alternatives have been reported®?**., As an unrealized coordination
mode for chiral-at-metal catalysts, we envisioned generating a ste-
reogenic metal center using one inert meridional tridentate ligand,
one inert bidentate ligand, and one labile monodentate ligand in an
octahedral coordination sphere (3+2+1 design) (Fig. 2a). This
arrangement creates a stereogenic metal center if the tridentate
pincer ligand is unsymmetric. The higher denticity of the tridentate
ligand is expected to enhance the inertness of the coordination
sphere, a crucial feature for the development of chiral-at-metal cat-
alysts based on 3d-metals. To date, such (3 + 2 +1) systems have only
been realized with at least one chiral ligand***>. Here, we present a
chiral-at-metal catalyst based exclusively on achiral ligands within a
(3+2+1) coordination geometry.

The realization of such a (3 + 2 +1) coordination sphere is shown in
Fig. 2b. Cobalt in the oxidation state +lII is coordinated by one pincer-
based pyridyl-2,6-bis-N-heterocyclic carbene (NHC) in addition to one N-
(2-pyridyl)-substituted NHC and one MeCN ligand in an octahedral
fashion. The three NHC ligands generate a strong ligand field and are
supposed to contribute to a high configurational stability of the com-
plexes. Since the two NHC moieties of the pincer ligand bear different
substituents (methyl vs. aryl group), the cobalt center is stereogenic and
the overall cobalt complexes are therefore chiral although all ligands are
achiral. The tricationic complexes are complemented by one hexa-
fluorophosphate and two tetrakis(3,5-bis(trifluoromethyl)phenyl)borate
(BArF) counterions. The bulky and hydrophobic BArF counterions have
the function to increase solubility of the salts in organic solvents.

The racemic complexes rac-CoBr1-3 were synthesized via standard
coordination chemistry, starting from CoBr, and sequentially coordi-
nating the tridentate and bidentate ligands (see Supplementary Infor-
mation, pages 5-16). Conversion to enantiomerically pure complexes was
accomplished using a monodentate chiral auxiliary ligand approach
(Fig. 3)**. Specifically, rac-CoBr1-3 were reacted with (S)-methox-
yphenylacetic acid ((S)-Aux) in the presence of K,CO3, followed by anion
exchange with NaBArF to yield the two diastereomers A-(S)-CoAux1-3
(28-35% yield) and A-(S)-CoAux1-3 (30-36% yield), which were separated
by silica gel chromatography. 'H NMR analysis confirmed the high dia-
stereomeric purity of each diastereomer (=98:2 dr). Treating the isolated
diastereomers with NH4PF¢ in MeCN at 70 °C yielded the corresponding
enantiomers A-CoCatl-3 (81-86%) and A-CoCatl-3 (82-86%). The enan-
tiomeric purity of these chiral-at-cobalt complexes was determined to be
>97:3 er via 'H NMR analysis using A-TRISPHAT" as a chiral NMR shift
reagent (see Supplementary Information, pages 33-37).

The crystal structure of a cobalt complex derivative (A-CoCat4) is
shown in Fig. 4. A-CoCat4 is a variant of CoCat3, where the CF3 group
on the PyNHC ligand is replaced by a 2,6-Me,Ph group, and the complex
is paired with three hexafluorophosphate counterions. Although
CoCat4 (with or without BArF counterions) proved catalytically inactive,
presumably due to high steric hindrance, it was the only complex in our
hands that yielded suitable crystals for single-crystal X-ray diffraction
analysis. The structure confirms the (3+2+1) coordination sphere,
consisting of one tridentate, one bidentate, and one monodentate
ligand arranged octahedrally and containing a stereogenic cobalt cen-
ter. Notably, two interligand 1t stacking interactions likely contribute
to the overall stability: the mesityl group of the bidentate pyridyl-NHC
ligand stacks with the central pyridyl moiety of the pincer ligand, while
the pyridyl moiety of the pyridyl-NHC ligand stacks against the central
phenyl group of the N-aryl substituent on the pincer ligand. The crystal
structure also highlights an important design rationale for selecting a
pyridyl NHC ligand as the bidentate fragment: steric factors require that
the NHC coordinates trans to the monodentate ligand (the reactive site),
enabling the mesityl group to stack favorably with the 1t-system of the
tridentate ligand and thus governing the diastereoselectivity. In the
alternative theoretical diastereomer, the mesityl group would clash with
the substituents of the tridentate ligand, making this arrangement sig-
nificantly less favorable. In this context, it is noteworthy that attempts to
coordinate 2,2"-bipyridine or 1,10-phenanthroline as bidentate ligands in
place of the pyridyl-NHC were unsuccessful. In contrast, coordination of
2,2-biquinoline yielded an achiral pentacoordinate complex (see Sup-
plementary Information, pages 66-68), further underscoring the sig-
nificance of the pyridyl-NHC moiety.

Catalytic application

As expected for hexacoordinated cobalt(lll) complexes, CoCatl-3 are
highly robust and remain stable when heated in MeCN at 70 °C for 24 h
without any signs of decomposition. While this stability seems unfa-
vorable for catalytic applications, we made the surprising discovery
that this class of chiral-at-cobalt complexes catalyzes the light-induced
conversion of isoxazole 1to 2H-azirine 2 (Table 1)******5, For example,
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Fig. 2 | New design strategy for chiral-at-metal catalysts using an unsymme-
trical pincer ligand. a Visualization of the design strategy. b Implementation of the
strategy for the design of chiral-at-cobalt catalysts. BArF tetrakis(3,5-bis(tri-
fluoromethyl)phenyl)borate, Mes mesityl.

using A-CoCatl (3 mol%) in CH»Cl, at room temperature under irra-
diating with blue LEDs (24 W) for 24 h provided azirine 2 in 90% NMR
yield (entry 1). In contrast, only trace amounts of product were
observed in the absence of light (entry 2). Unfortunately, the reaction
yielded racemic product for this initial photoreaction. Reducing the
temperature to —30 °C slightly improved the enantioselectivity to 2%
ee, albeit with a reduced yield of 9% (entry 3). To improve the enan-
tioselectivity, structural modifications of the cobalt complex were
investigated. Modifying the tridentate ligand by replacing the 2,6-dii-
sopropylphenyl group with a bulkier 2,6-bis(3,5-dimethylphenyl)phe-
nyl moiety (A-CoCat2) improved the enantioselectivity to 42% ee,
though with a yield of only 23% (entry 4). Introducing a CF3 group into
the bidentate ligand (A-CoCat3) further enhanced the yield to 93% and
the enantioselectivity to 64% ee (entry 5). Further lowering the tem-
perature to —45 °C improved the enantioselectivity to 82% ee (entry 6),
and at -50 °C, it increased slightly to 83% ee but with a decreased yield
of just 58% (entry 7). Interestingly, the addition of NaBArF (0.1 equiv)
increased the yield to 96% (entry 8). Optimal conditions were achieved
using A-CoCat3 at a higher catalyst loading (6 mol%) at -60 °C with 0.1
equiv of NaBArF, affording the azirine in 78% yield with a satisfactory
ee of 91% (entry 9). Finally, employing the mirror-image catalyst A-
CoCat3 (containing three BArF counterions) (entry 10) provided the
enantiomeric azirine product with the same level of enantioselectivity
(see comparison of entries 8 and 10). A brief substrate scope is shown
in Fig. 5. and demonstrates that this catalytic asymmetric rearrange-
ment is applicable to substrates with modified electronic and steric
properties (2b-j, 48-81% yield, 79-97% ee).

Mechanistic investigation
To elucidate the underlying photochemical mechanism, we investigated
the photophysical and photochemical properties of these cobalt
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Fig. 3 | Auxiliary-mediated synthesis of non-racemic chiral-at-cobalt com-
plexes. BArF tetrakis(3,5-bis(trifluoromethyl)phenyl)borate, Mes mesityl.

complexes. The complex rac-CoCat3 exhibits intense ligand-to-metal
charge transfer (LMCT) transitions in the UV range, characteristic of low-
spin Co(lll) complexes coordinated to aromatic ligands®” and metal
centered (MC) transitions in the visible spectral region (Fig. 6a): the spin-
allowed transition to the 'MC state is peaked at ca. 415nm (g4
nm=350M? cm™), while the weaker band tailing up to 700 nm is
attributed to the spin-forbidden transition to the *MC state (gsg0
am =10 M™ cm™)*, The complex is not emissive at room temperature
and at 77K, as expected from the fast non-radiative decay typically
exhibited by MC excited states of Co(lll) complexes. The excited-state
dynamics of the complex was studied by femtosecond transient
absorption spectroscopy (Fig. 6b). Upon photoexcitation at 350 nm, a
broad spectrum with a main absorption band in the 700-800 nm range
is observed. This signal, which can be attributed to the lowest triplet
state of the Co(lll) complex”, decays to zero with a time constant of
14 ps (Fig. 6b, inset). The very short lifetime of the lowest excited state of
rac-CoCat3 rules out the possibility of efficient bimolecular quenching
processes. Consequently, we focused on ligand photodissociation, a
well-established phenomenon in coordination chemistry™
Specifically, we exposed rac-CoCatl to an excess of CD3CN in
CD,Cl, and monitored the exchange of MeCN with CD3;CN using 'H
NMR spectroscopy (Fig. 7). As anticipated for inert Co(lll) complexes,
the ligand exchange proceeded very sluggish under ambient condi-
tions, with a rate constant of k=1.67 x 107> min~!, corresponding to
only 15% ligand exchange after 7 days at room temperature. Remark-
ably, upon irradiation with blue LEDs (24 W), the rate of ligand
exchange increased significantly, achieving 31% exchange within just
2h (under the experimental conditions used, an apparent rate
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constant of k=3.23 x 1073 min~! was measured, which is an enhance-
ment of approximately 200-fold). These results demonstrate that light
exposure effectively acts as a switch to trigger ligand lability, enabling
enhanced interaction with the cobalt(lll) center.

e,

>
a

Fig. 4 | X-ray crystal structure of A-CoCat4. ORTEP drawing with 50% probability
thermal ellipsoids. Solvent, three hexafluorophosphate counterions and the
hydrogen atoms are omitted for clarity.

Interestingly, when the irradiation was performed in CH,Cl, in the
absence of additional coordinating ligands, we observed an unex-
pected decomposition. Specifically, exposing rac-CoCatl to blue LEDs
for 20 hours at room temperature produced biphenyl 3 in 38% yield,
apparently originating from the BArF counteranion (Fig. 8a). Corre-
sponding boron degradation species could also be observed by F and
1B NMR (see Supplementary Information, pages 57-59). This suggests
that light irradiation triggers a reaction between the cobalt cation and
the BArF counteranion. Indeed, several studies have reported that B-C
bond cleavage and aryl transfer from BArF anions can be readily
induced by strongly Lewis acidic transition metal complexes® %,
Based on these observations, we propose the following activation
mechanism: visible-light irradiation of the cobalt(lll) complex causes
dissociation of the monodentate MeCN ligand, exposing a highly Lewis
acidic cobalt center. This Lewis acid center subsequently activates a
nearby BArF counteranion, facilitating the transfer of a 3,5-bis(tri-
fluoromethyl)phenyl group to the cobalt center. The resulting cobalt-
aryl bond is labile and undergoes homolytic cleavage, generating a
pentacoordinate cobalt(ll) complex and aryl radicals, which dimerize
to form biphenyl. This mechanism also explains the enhanced reac-
tivity observed for the cobalt catalyst bearing the CF3 group (compare
entries 4 and 5 in Table 1), as the electron-withdrawing substituent
increases the Lewis acidity of the photogenerated, coordinatively
unsaturated pentacoordinate cobalt(lll) intermediate. This, in turn,
promotes a more efficient reaction with the BArF counteranion, lead-
ing to the formation of a pentacoordinate cobalt(ll) species. Similarly,
a higher concentration of BArF further facilitates this transformation
(compare entries 7 and 8 in Table 1). This pentacoordinate cobalt(ll)
complex is proposed to act as the active catalyst for converting the
isoxazole into the chiral azirine.

The following additional experiments provide strong support for
the proposed mechanism. First, replacing the BArF counterions with
NTF (using rac-CoCatl with three NTF, counterions) rendered rac-
CoCatl inactive for the photoinduced conversion of isoxazole 1 to
azirine 2 (Fig. 8b). However, the photoactivity was fully restored upon
the addition of 10 mol% NaBArF. These results clearly highlight the
essential role of BArF counterions in the reaction. Second, photolyzing
A-CoCat3 for 1 hour at —45°C in CH»Cl,, followed by the addition of
the substrate and further reaction in the dark for 20 h, resulted in the
formation of the azirine product in 24% yield with 91% ee (Fig. 8c). This
observation supports the proposed mechanism, where light is only

Table 1] . Initial experiments and optimization

cat. CoCat1-3

N
z/ &n\‘Me
Ph

CH,Cl,

PH Me COLE
1 2

entry catalyst (mol%) conditions® T/[°C] yield® ee (%)°
1 A-CoCat1 (3) light r.t. 90 0
2 A-CoCat1 (3) no light r.t. trace
3 A-CoCat1 (3) light -30 9 2 (R)
4 A-CoCat2 (3) light -30 23 42 (R)
5 A-CoCat3 (3) light -30 93 64 (R)
6 A-CoCat3 (3) light -45 82 82 (R)
7 A-CoCat3 (3) light -50 58 83 (R)
8 A-CoCat3 (3) light, NaBArF¢ -50 96 80 (R)
9 A-CoCat3 (6) light, NaBArF¢ -60 78 91 (R)
10 N-CoCat3 (3)° light -50 9 80 (S)

“Standard condition: Substrate 1(0.04 mmol) in CH,Cl, (0.1 M) with cobalt catalyst (3-6 mol%) was stirred at the indicated temperature under nitrogen and irradiation with blue LEDs (24 W) for 24 h.
Deviations from these standard conditions are shown. "Determined by 'H NMR using 1,3,5-trimethoxybenzene as internal standard. “Determined with the purified products by HPLC on chiral
stationary phase. The absolute configurtation is provided in brackets. “NaBArF, 0.004 mmol (0.1 equiv.). °The A-catalyst was synthesized with three BArF counterions.
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Fig. 5 | Substrate scope for the enantioselective conversion of isoxazoles to
chiral 2H-azirines. Positions that are modified compared to the standard substrate
2 are highlighted. BArF tetrakis(3,5-bis(trifluoromethyl)phenyl)borate, ee enantio-
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required for the initial BArF-assisted generation of the catalytically
active cobalt species. Finally, to confirm that the catalytically active
species is indeed cobalt(ll), we conducted the reaction in the dark
using zinc instead of light. Treating A-CoCat3 at —50 °C for 24 h with
0.6 equivalents of zinc successfully converted isoxazole 1 to azirine 2
in 82% yield and with 80% ee (Fig. 8d).

To further substantiate the proposed mechanism, we monitored
the change in the absorption spectra of a 0.8 mM solution of rac-
CoCat3 in CH,Cl, solution upon irradiation with blue LED
(Amax = 467 nm). The initial absorption spectrum (black line in Fig. 6¢)
evolved, and a new band peaked at 520 nm appeared (red line in
Fig. 6¢, after 30 min of irradiation). This change can be attributed to
the photodissociation of MeCN ligand, followed by the reduction of
Co(lll) to Co(ll) in the presence of the BArF counterion. Upon air-
equilibration, the band peaked at 520 nm immediately disappeared
(green line in Fig. 6d), demonstrating a fast reoxidation to Co(lll); a
slow recovery of the initial spectrum was observed, likely related to the
regeneration of Co(lll) catalyst in the dark (dashed blue line in Fig. 6d).

On the other hand, when the experiment was conducted in MeCN,
no changes were observed in the absorption spectrum of rac-CoCat3
(Supplementary Fig. 20), indicating that photodissociated MeCN
rapidly re-coordinates due to its high concentration. Similarly, no
change was observed when the experiment was performed in air-
equilibrated CH,ClI, solution because the produced Co(ll) center was
rapidly restored by molecular oxygen to the inert Co(lll) complex.
Replacing the BArF counterion with the inert NTf, counterion also had
no effect on the absorption spectrum which indicates no Co(ll) species
were formed without BArF counterion (Supplementary Fig. 21). In the
presence of substrate 1, absorption changes similar to those reported
in Fig. 8a were registered (Supplementary Fig. 22), although the steady-
state concentration of produced Co(ll) was lower because of the cat-
alytic cycle that involves the substrate.
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0.8 mM solution of rac-CoCat3 (black line) in dichloromethane under inert atmo-
sphere and evolution upon irradiation at 467 nm: the spectrum obtained after
30 minutes of irradiation is reported in red. d Time-evolution in air-equilibrated
solution: the dashed green spectrum is registered immediately after air equilibra-
tion and the dashed blue line after 1 day.
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Fig. 7 | Light-induced ligand substitution. Excerpts of 'H-NMR spectra of
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dissolution; (b) in the dark after 7 days; (c) after irradiation with blue LEDs for 2 h.
BArF tetrakis(3,5-bis(trifluoromethyl)phenyl)borate.
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Combining all the results discussed above, the following plausible
mechanism is proposed (Fig. 9). The initiation begins with the cobal-
t(Ill) precatalyst, which undergoes photoinduced dissociation of the
MeCN ligand to form the pentacoordinated intermediate A. This tri-
cationic species acts as a strong Lewis acid, facilitating activation of the
C - Bbond of a BArF counterion as part of the solvated ion pair, leading
to the formation of the cobalt-aryl intermediate B, a transformation
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Fig. 9 | Proposed mechanism. The proposed cobalt intermediates involved in the
mechanism carry the following charges: intermediate A is tricationic, while inter-
mediates B through F are dicationic. BArF tetrakis(3,5-bis(trifluoromethyl)phenyl)
borate.

with established precedent in which the oxidation state at the cobalt is
unchanged. Intermediate B then undergoes homolytic bond cleavage,
likely induced by light, to produce the pentacoordinated open-shell
chiral-at-cobalt(ll) complex C, which serves as the active catalyst for
the rearrangement of the isoxazole to the chiral 2H-azirine. It is
important to note that the homolytic cleavage of the cobalt-aryl bond
represents a reduction at the cobalt center, resulting in the formation
of a reactive metal center. The catalytic cycle proceeds then as follows,
which is established in the literature’**’: the isoxazole coordinates to
complex C, forming intermediate D, after which a single-electron
transfer (SET) occurs from the cobalt center to the coordinated iso-
xazole, yielding the cobalt(lll)-coordinated iminyl radical E. This radi-
cal subsequently undergoes a stereocontrolled cyclization to generate
the cobalt(lll)-coordinated azirine F. The asymmetric induction occurs
in this step (E ~> F) and apparently requires a very bulky aryl substituent
on the pincer ligand. Finally, a back-electron transfer and release of the
2H-azirine product regenerates the active cobalt(ll) catalyst, enabling
continuation of the catalytic cycle.

In summary, we here presented a previously elusive example of a
(photo)reactive chiral-at-cobalt catalyst, more than a century after
Alfred Werner’s groundbreaking discovery of a chiral cobalt complex
exhibiting exclusively metal-centered chirality. This was achieved
using a (3+2+1) ligand system, which combines a meridional tri-
dentate, a bidentate, and a monodentate ligand. Metal-centered chir-
ality arises in this system when the meridional tridentate ligand is
unsymmetric. While octahedral, hexacoordinated cobalt(lll) com-
plexes are typically inert, we discovered a convenient and mild BArF-
counterion-assisted photoreduction: light triggers the conversion of
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the inert cobalt(lll) precatalyst into a catalytically active cobalt(ll)
complex. Photoinduced asymmetric cobalt catalysis in which the
cobalt complex serves as both the chromophore and chiral catalyst are
rare and just a recent development’®”’. To the best of our knowledge,
the BArF-assisted cobalt photoactivation is unprecedented. Remark-
ably, the reactive cobalt(ll) intermediate retains its metal-centered
chirality, allowing it to catalyze the highly enantioselective rearran-
gement of an isoxazole to a chiral azirine. The application of the sur-
prising but useful BArF-assisted photoactivation is currently
investigated in our laboratory for other catalytic processes.

Methods

Synthesis of non-racemic cobalt auxiliary complexes

A mixture of rac-CoBr1-3 (0.15 mmol), (§)-methoxyphenylacetic acid
(200 mg, 1.20 mmol) and K,CO; (84 mg, 0.60 mmol) in CH3CN/EtOH
(3:1,16 mL) was heated at 70 °C for 18 h under air. The reaction mixture
was concentrated to dryness. The residue material was dissolved
in CH,Cl, and washed with H,0. The organic layer was dried over
MgSO04, filtered, evaporated under reduced pressure to dryness, and
washed with Et,O to afford a yellow solid. The solid was dissolved in
CH,Cl, 10 mL) and then NaBArF (337 mg, 0.38 mmol) was added.
The mixture was stirred at room temperature overnight under
air. Then, CH,Cl, (10 mL) was added and the solution was filtered
through a plug of Celite. The filtrate was concentrated to dryness.
The residue was subjected to flash silica gel chromatography (CH,Cl,/
CH;0H/sat. solution of KPF¢ in MeCN = 200:10:1) or purified by
preparative layer chromatography (CH,Cl,/CH;0H =20:1) to obtain
both diastereomers.

Synthesis of Non-Racemic Cobalt Catalysts

To a solution of A-(S)-CoAux1-3 (0.05mmol) or A-(S)-CoAuxl-3
(0.05mmol) in CH3CN (S5mL) was added NH4PF¢ (0.75 mmol,
122 mg) and the tube sealed. The resulting mixture was stirred at 70 °C
for 24 hours. The reaction mixture was evaporated to dryness, dis-
solved in CH,Cl, (30 mL) and washed with H,O (three times 15 mL). The
organic layer was dried over MgSO,, filtered and evaporated under
reduced pressure to dryness. The obtained solid was washed with cold
Et,O and dried under vacuo to provide a yellow solid.

General Procedure for Asymmetric Catalysis

A dried 5mL Schlenk tube was charged with the A-CoCat3 (5.1 mg,
6 mol%), substrate (0.03 mmol) and NaBArF (2.7 mg, 0.003 mmol, 0.1
equiv.). The tube was purged with nitrogen, and CH,Cl, (0.3 mL,
0.1 M) was added via a syringe. The reaction mixture was degassed
using three freeze-pump-thaw cycles. The mixture was stirred at
-50 °C for 30 minutes. The vial was then positioned approximately
15c¢m from a 24 W blue LEDs lamp and stirred under irradiation at
-60 °C for 24 hours. Upon completion of the irradiation, the reaction
mixture was diluted with cold n-hexane, and 1,3,5-trimethox-
ybenzene was added as an internal standard. The solution was passed
through a short silica gel column and eluted with CH,Cl». The com-
bined eluents were concentrated under reduced pressure, and the
crude residue was analyzed by 'H NMR spectroscopy to determine
the yield. Then, the entire mixture was collected and purified by flash
chromatography on silica gel (n-hexane/EtOAc=5:1) to afford the
product. The enantiomeric excess was determined by HPLC analysis
using a chiral stationary phase.

Photophysical measurements

Optically diluted solutions with concentrations in the order of 107 or
10°M were prepared in spectroscopic or HPLC grade solvents for
steady-state and time-resolved absorption analysis. Absorption spec-
tra were recorded at room temperature on a Varian Cary 300 spec-
trophotometer with 1cm or 0.2cm quartz cuvettes. Degassed
solutions were prepared via 4 consecutive freeze-pump-thaw cycles

and spectra were taken using a home-made Schlenk quartz cuvette;
alternatively, N-saturated solutions were prepared in a glove box
using the same glassware. The estimated experimental errors are 2 nm
on the band maximum and 5% on the molar absorption coefficient.
Irradiation of samples in CH;CN or CH,Cl, were performed at room
temperature on thoroughly stirred N,-saturated solutions by using a
Kessil lamp at 467 nm (40 W) or blue LED (LED Engin LuxiGenTM LZ1-
10DB0O0, A =450~ 480 nm) operating at 10 V and 500 mA. The sample
was placed at 15 cm from the source.

Transient absorption spectroscopy

Pump-probe transient absorption measurements were performed with
an Ultrafast Systems HELIOS (HE-VIS-NIR) femtosecond transient
absorption spectrometer by using, as excitation source, a Newport
Spectra Physics Solstice-F-1K-230 V laser system, combined with a
TOPAS Prime (TPR-TOPAS-F) optical parametric amplifier (pulse
width: 100 fs, 1 kHz repetition rate) tuned at 350 nm. The pump energy
on the sample was 8 pJ/pulse. The probe continuum generation was in
the visible range (450-800 nm). The overall time resolution of the
system is 300 fs. Air-equilibrated solutions of the sample in 0.2cm
optical path cells were analyzed under continuous stirring. Surface
Xplorer software from Ultrafast Systems was used for data acquisition
and analysis. The raw 3D surfaces were corrected for the chirp of the
probe pulse prior to analysis. The error on the lifetime derives from the
fitting procedure.

Data availability

The experimental procedures, characterization data, NMR spectro-
scopic data, and photophysical experiments generated in this study
are provided in the Supplementary Information. All data are also
available from the corresponding authors upon request. The X-ray
crystallographic coordinates for structures reported in this study
have been deposited at the Cambridge Crystallographic Data Centre
(CCDC), under deposition numbers 2452612 (Co-bpq) and 2425622
(A-CoCat4). These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

References

1. Chirik, P. & Morris, R. Getting Down to Earth: The Renaissance of
Catalysis with Abundant Metals. Acc. Chem. Res. 48,

2495-2495 (2015).

2. Beller, M. Introduction: First Row Metals and Catalysis. Chem. Rev.
119, 2089-2089 (2019).

3. Kaplaneris, N. & Ackermann, L. Earth-abundant 3d transition metals
on the rise in catalysis. Beilstein J. Org. Chem. 18, 86-88 (2022).

4. Katherine, Webster, R. L. & Beutner, G. L. Advances and Applica-
tions in Catalysis with Earth-Abundant Metals. Org. Process Res.
Dev. 27, 1157-1159 (2023).

5. Kyne, S. H. et al. Iron and cobalt catalysis: new perspectives in
synthetic radical chemistry. Chem. Soc. Rev. 49, 8501-8542 (2020).

6. Giedyk, M. & Gryko, D. Vitamin B;,: An efficient cobalt catalyst for
sustainable generation of radical species. Chem. Catal. 2,
1534-1548 (2022).

7. Desai, B. et al. The recent advances in cobalt-catalyzed C(sp®)-H
functionalization reactions. Org. Biomol. Chem. 21, 673-699 (2023).

8. Tohidi, M. M., Paymard, B., Vasquez-Garcia, S. R. & Fernandez-
Quiroz, D. Recent progress in applications of cobalt catalysts in
organic reactions. Tetrahedron 136, 133352 (2023).

9. Hockin, B. M., Li, C., Robertson, N. & Zysman-Colman, E. Photoredox
catalysts based on earth-abundant metal complexes. Catal. Sci.
Technol. 9, 889-915 (2019).

10. Cheng, W.-M. & Shang, R. Transition Metal-Catalyzed Organic
Reactions under Visible Light: Recent Developments and Future
Perspectives. ACS Catal. 10, 9170-9196 (2020).

Nature Communications | (2025)16:6635


http://www.ccdc.cam.ac.uk/data_request/cif
http://www.ccdc.cam.ac.uk/data_request/cif
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-61727-9

.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Cheung, K. P. S., Sarkar, S. & Gevorgyan, V. Visible Light-Induced
Transition Metal Catalysis. Chem. Rev. 122, 1543-1625 (2021).

Li, Y., Ye, Z., Cai, J. & Gong, L. Visible-Light-Promoted Asymmetric
Catalysis by Chiral Complexes of First-Row Transition Metals.
Synthesis 53, 1570-1583 (2021).

Harris, C. F., Kuehner, C. S., Bacsa, J. & Soper, J. D. Photoinduced
Cobalt(ll)-Trifluoromethyl Bond Activation Enables Arene C-H Tri-
fluoromethylation. Angew. Chem. Int. Ed. 130, 1325-1329 (2018).
Ravetz, B. D., Wang, J. Y., Ruhl, K. E. & Rovis, T. Photoinduced Ligand-
to-Metal Charge Transfer Enables Photocatalyst-Independent Light-
Gated Activation of Co(ll). ACS Catal. 9, 200-204 (2018).

Pal, A. K., Li, C., Hanan, G. S. & Zysman-Colman, E. Blue-Emissive
Cobalt(lll) Complexes and Their Use in the Photocatalytic Tri-
fluoromethylation of Polycyclic Aromatic Hydrocarbons. Angew.
Chem. Int. Ed. 130, 8159-8163 (2018).

Liu, W.-Q. et al. Cobaloxime Catalysis: Selective Synthesis of Alke-
nylphosphine Oxides under Visible Light. J. Am. Chem. Soc. 141,
13941-13947 (2019).

Mendelsohn, L. N. et al. Visible-Light-Enhanced Cobalt-Catalyzed
Hydrogenation: Switchable Catalysis Enabled by Divergence
between Thermal and Photochemical Pathways. ACS Catal. 11,
1351-1360 (2021).

Li, J.-L. et al. Photocatalytic synthesis of 10-phenanthrenols via
intramolecular cycloaromatization under oxidant-free conditions.
Org. Chem. Front. 9, 6156-6164 (2022).

Chan, A. Y. et al. Exploiting the Marcus inverted region for first-row
transition metal-based photoredox catalysis. Science 382,
191-197 (2023).

Yu, J.-X., Cheng, Y.-Y., Chen, B., Tung, C.-H. & Wu, L.-Z. Cobaloxime
Photocatalysis for the Synthesis of Phosphorylated Heteroaro-
matics. Angew. Chem. Int. Ed. 61, 202209293 (2022).

Wang, C. et al. Catalytic Desaturation of Aliphatic Amides and Imi-
des Enabled by Excited-State Base-Metal Catalysis. ACS Catal. 12,
8868-8876 (2022).

Esezobor, O.Z. & Zeng, W. Lukas Niederegger, Griibel, M. & Hess, C.
R. Co-Mabig Flies Solo: Light-Driven Markovnikov-Selective C- and
N-Alkylation of Indoles and Indazoles without a Cocatalyst. J. Am.
Chem. Soc. 144, 2994-3004 (2022).

Yu, W.-L. et al. Cobalt-catalyzed chemoselective dehydrogenation
through radical translocation under visible light. Chem. Sci. 13,
7947-7954 (2022).

Guo, J. et al. Direct Excitation of Aldehyde to Activate the C(sp?)-H
Bond by Cobaloxime Catalysis toward Fluorenones Synthesis with
Hydrogen Evolution. Angew. Chem. Int. Ed. 62, 202214944 (2023).
Ye, M. & Xu, W. Enantioselective Cobalt-Catalyzed C-H Functiona-
lization. Synthesis 54, 4773-4783 (2022).

Zheng, Y., Zheng, C., Gu, Q. & You, S.-L. Enantioselective C-H
functionalization reactions enabled by cobalt catalysis. Chem.
Catal. 2, 2965-2985 (2022).

Chakrabortty, S., de Bruin, B. & de Vries, J. G. Cobalt-Catalyzed
Asymmetric Hydrogenation: Substrate Specificity and Mechanistic
Variability. Angew. Chem. Int. Ed. 63, €202315773 (2023).
Ganzmann, C. & Gladysz, J. A. Phase Transfer of Enantiopure Werner
Cations into Organic Solvents: An Overlooked Family of Chiral
Hydrogen Bond Donors for Enantioselective Catalysis. Chem. Eur. J.
14, 5397-5400 (2008).

Constable, E. C. & Housecroft, C. E. Coordination chemistry: the
scientific legacy of Alfred Werner. Chem. Soc. Rev. 42,

1429-1439 (2013).

Zhang, L. & Meggers, E. Steering Asymmetric Lewis Acid Catalysis
Exclusively with Octahedral Metal-Centered Chirality. Acc. Chem.
Res. 50, 320-330 (2017).

Huang, X. & Meggers, E. Asymmetric Photocatalysis with Bis-
cyclometalated Rhodium Complexes. Acc. Chem. Res. 52,
833-847 (2019).

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

Ye, C.-X. & Meggers, E. Chiral-at-Ruthenium Catalysts for Nitrene-
Mediated Asymmetric C-H Functionalizations. Acc. Chem. Res. 56,
1128-1141 (2023).

Carmona, M. et al. Metal as Source of Chirality in Octahedral
Complexes with Tripodal Tetradentate Ligands. J. Am. Chem. Soc.
140, 912-915 (2018).

Qurban, S., Dy, Y., Gong, J., Lin, S.-X. & Kang, Q. Enantioselective
synthesis of tetrahydroisoquinoline derivatives via chiral-at-metal
rhodium complex catalyzed [3+2] cycloaddition. Chem. Commun.
55, 249-252 (2019).

Hu, L., Lin, S., Li, S., Kang, Q. & Du, Y. Chiral-at-Metal Rhodium(lil)
Complex Catalyzed Enantioselective Vinylogous Michael Addition
of o,a-Dicyanoolefins with o,3-Unsaturated 2-Acyl Imidazoles.
ChemCatChem 12, 118-121 (2019).

Endo, K., Liu, Y., Ube, H., Nagata, K. & Shionoya, M. Asymmetric
construction of tetrahedral chiral zinc with high configurational
stability and catalytic activity. Nat. Commun. 11, 6263 (2020).
Ming, S., Qurban, S., Du, Y. & Su, W. Asymmetric Synthesis of Multi-
Substituted Tetrahydrofurans via Palladium/Rhodium Synergistic
Catalyzed [3+2] Decarboxylative Cycloaddition of Vinylethylene
Carbonates. Chem. Eur. J. 27, 12742-12746 (2021).

Xie, X., Zhao, Z., Wang, J. & Li, S.-W. Asymmetric Synthesis of Chiral
Cyclopropanes from Vinyl Sulfoxonium Ylides Catalyzed by a Chiral-
at-Metal Rh(lll) Complex. Org. Lett. 26, 8144-8148 (2024).

Tejero, A. G. et al. Dynamic Configuration on a Chiral-at-Rhodium
Catalyst Featuring a Flexible Tetradentate Ligand. Chem. Eur. J. 30,
202303935 (2024).

Chu, Y.-P., Yue, X.-L., Liu, D.-H., Wang, C. & Ma, J. Asymmetric
synthesis of stereogenic-at-iridium(lll) complexes through Pd-
catalyzed kinetic resolution. Nat. Commun. 16, 1177 (2025).

Liang, H. et al. Half-Sandwich Ru(ll) Complexes Featuring Metal-
Centered Chirality: Configurational Stabilization by Ligand Design,
Preparation via Kinetic Resolution, and Application in Asymmetric
Catalysis. J. Am. Chem. Soc. 147, 6825-6834 (2025).

Steinlandt, P. S., Zhang, L. & Meggers, E. Metal Stereogenicity in
Asymmetric Transition Metal Catalysis. Chem. Rev. 123,
4764-4794 (2023).

Zhang, L. & Meggers, E. Chiral-at-metal catalysts: history, termi-
nology, design, synthesis, and applications. Chem. Soc. Rev. 54,
1986-2005 (2025).

Li, L. et al. Complementing Pyridine-2,6-bis(oxazoline) with Cyclo-
metalated N-Heterocyclic Carbene for Asymmetric Ruthenium
Catalysis. Angew. Chem. Int. Ed. 59, 12392-12395 (2020).

Baran, D., Hinterlang, L. & Ivlev, S. I. & Meggers, E. Design of
Stereogenic-at-Iron Catalysts with a (3+2+1) Ligand Sphere. Eur. J.
Inorg. Chem. 26, €202300148 (2023).

Meggers, E. Chiral Auxiliaries as Emerging Tools for the Asymmetric
Synthesis of Octahedral Metal Complexes. Chem. Eur. J. 16,
752-758 (2009).

Gong, L., Wenzel, M. & Meggers, E. Chiral-Auxiliary-Mediated
Asymmetric Synthesis of Ruthenium Polypyridyl Complexes. Acc.
Chem. Res. 46, 2635-2644 (2013).

Ma, J., Zhang, X., Huang, X., Luo, S. & Meggers, E. Preparation of
chiral-at-metal catalysts and their use in asymmetric photoredox
chemistry. Nat. Protoc. 13, 605-632 (2018).

Yao, S.-Y., Ou, Y.-L. & Ye, B.-H. Asymmetric Synthesis of Enantio-
merically Pure Mono- and Binuclear Bis(cyclometalated) Iridium(lll)
Complexes. Inorg. Chem. 55, 6018-6026 (2016).

Li, L.-P., Yao, S.-Y., Ou, Y.-L., Wei, L.-Q. & Ye, B.-H. Diastereoselective
Synthesis and Photophysical Properties of Bis-Cyclometalated Ir(lll)
Stereoisomers with Dual Stereocenters. Organometallics 36,
3257-3265 (2017).

Lacour, J., Ginglinger, C., Favarger, F. & Torche-Haldimann, S.
Application of TRISPHAT anion as NMR chiral shift reagent. Chem.
Commun. 2285, 2286 (1997).

Nature Communications | (2025)16:6635


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-61727-9

52. Okamoto, K., Nanya, A. tsushi, Eguchi, A. & Ohe, K. Asymmetric
Synthesis of 2H-Azirines with a Tetrasubstituted Stereocenter by
Enantioselective Ring Contraction of Isoxazoles. Angew. Chem. Int.
Ed. 57, 1039-1043 (2017).

53. Steinlandt, P. S., Xie, X., Ivlev, S. & Meggers, E. Stereogenic-at-lron
Catalysts with a Chiral Tripodal Pentadentate Ligand. ACS Catal. 11,
7467-7476 (2021).

54. De, A. & Majee, A. Synthesis of various functionalized 2H-azir-
ines: An updated library. J. Heterocycl. Chem. 59, 422-448
(2021).

55. Steinlandt, P. S., Hemming, M., Xie, X., Ivlev, S. |. & Meggers,
E.,Trading Symmetry for Stereoinduction in Tetradentate, non-Cy-
Symmetric Fe(ll)-Complexes for Asymmetric Catalysis. Chem. Eur.
J.29, 202300267 (2023).

56. Yarranton, J. T. & McCusker, J. K. Ligand-Field Spectroscopy of
Co(lll) Complexes and the Development of a Spectrochemical
Series for Low-Spin d® Charge-Transfer Chromophores. J. Am.
Chem. Soc. 144, 12488-12500 (2022).

57. Ghosh, A., Yarranton, J. T. & McCusker, J. K. Establishing the origin
of Marcus-inverted-region behaviour in the excited-state dynamics
of cobalt(lll) polypyridyl complexes. Nat. Chem. 16, 1665-1672
(2024).

58. Waltz, W. L. & Sutherland, R. G. The photochemistry of transition-
metal co-ordination compounds - a survey. Chem. Soc. Rev. 1,
241-258 (1972).

59. Ford, P. C. The ligand field photosubstitution reactions of d6é hex-
acoordinate metal complexes. Coord. Chem. Rev. 44, 61-82 (1982).

60. Loftus, L. M. et al. Unusual Role of Excited State Mixing in the
Enhancement of Photoinduced Ligand Exchange in Ru(ll) Com-
plexes. J. Am. Chem. Soc. 139, 18295-18306 (2017).

61. Lehnherr, D. et al. Discovery of a Photoinduced Dark Catalytic Cycle
Using in Situ LED-NMR Spectroscopy. J. Am. Chem. Soc. 140,
13843-13853 (2018).

62. Bergamaschi, E., Beltran, F. & Teskey, C. J. Visible-Light Controlled
Divergent Catalysis Using a Bench-Stable Cobalt(l) Hydride Com-
plex. Chem. Eur. J. 26, 5180-5184 (2020).

63. Steinke, S. J., Piechota, E. J., Loftus, L. M. & Turro, C. Acet-
onitrile Ligand Photosubstitution in Ru(ll) Complexes Directly
from the *MLCT State. J. Am. Chem. Soc. 144, 20177-20182
(2022).

64. Sinha, N. et al. Reversible Photoinduced Ligand Substitution in a
Luminescent Chromium(0) Complex. J. Am. Chem. Soc. 146,
10418-10431 (2024).

65. Konze, W., Scott, B. & Kubas, G. First example of B-C bond cleavage
in the BArg (B[CgH3(CF3),-3,5]4) anion mediated by a transition
metal species, trans-[(PhsP),Pt(Me)(OEt,)]". Chem. Commun.
1807-1808 https://doi.org/10.1039/a902274k (1999).

66. Salem, H., Shimon, L. J. W., Leitus, G., Weiner, L. & Milstein, D. B-C
Bond Cleavage of BArg Anion Upon Oxidation of Rhodium(l) with
AgBArg. Phosphinite Rhodium(l), Rhodium(ll), and Rhodium(lll) Pin-
cer Complexes. Organometallics 27, 2293-2299 (2008).

67. Weber, S. G., Zahner, D., Rominger, F. & Straub, B. F. A cationic gold
complex cleaves BArF,,. Chem. Commun. 48, 11325 (2012).

68. Miranda-Pizarro, J., Navarro, M. & Campos, J. Multiple C-B
Bond Cleavage Reactions at [BArf;]- Anions Mediated by Ter-
phenyl Phosphine Gold Catalysts. Organometallics 44,
340-346 (2025).

69. Auricchio, S., Bini, A., Pastormerlo, E. & Truscello, A. M. Iron
dichloride induced isomerization or reductive cleavage of iso-
xazoles: A facile synthesis of 2-carboxy-azirines. Tetrahedron 53,
10911-10920 (1998).

70. Han,T.,Mou, Q.,Lv, Y. &Liu, M. Light-driven asymmetric coupling of
aromatic aldehydes and aryl iodides using a simple amine reduc-
tant. Green. Chem. 26, 1370-1374 (2024).

71. Chi, Z. et al. Asymmetric Cross-Coupling of Aldehydes with Diverse
Carbonyl or Iminyl Compounds by Photoredox-Mediated Cobalt
Catalysis. J. Am. Chem. Soc. 146, 10857-10867 (2024).

Acknowledgements

This project has received funding from the European Research
Council (ERC) under the European Union’s Horizon 2020 research and
innovation programme (grant agreement No. 883212 to E.M.). P.C.,
M.V., and A.F. acknowledge the project SUN-SPOT funded by the
MIUR Progetti di Ricerca di Rilevante Interesse Nazionale (PRIN) Bando
2022 (grant No. 2022JA3PSC). S.-Y.Y. thanks the China Scholarship
Council, Guangdong Basic and Applied Basic Research Foundation
(No. 2023A1515110790) for financial support. B.V. acknowledges the
Italian CNR (project Light-Induced Processes "LIP"). We thank Dr.
Xiulan Xie (Fachbereich Chemie, Philipps-Universitat Marburg) for
assistance with NMR measurements.

Author contributions

E.M., S.-Y.Y. and P.C. wrote the manuscript. E.M. and S.-Y.Y. conceived
the project and devised the synthetic and catalytic experiments. M.V.,
A.F., B.V. and P.C. conceived, performed and analyzed the photo-
physical experiments. Y.Z. performed catalytic experiments. S.l.I. per-
formed the X-ray crystallographic analysis.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-025-61727-9.

Correspondence and requests for materials should be addressed to
Paola Ceroni or Eric Meggers.

Peer review information Nature Communications thanks Marine
Desage-El Murr and the other anonymous reviewer(s) for their
contribution to the peer review of this work. A peer review file is
available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2025

Nature Communications | (2025)16:6635


https://doi.org/10.1039/a902274k
https://doi.org/10.1038/s41467-025-61727-9
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Cobalt catalyst with exclusive metal-centered chirality for asymmetric photocatalysis
	Results
	Design and synthesis of complexes
	Catalytic application
	Mechanistic investigation

	Methods
	Synthesis of non-racemic cobalt auxiliary complexes
	Synthesis of Non-Racemic Cobalt Catalysts
	General Procedure for Asymmetric Catalysis
	Photophysical measurements
	Transient absorption spectroscopy

	Data availability
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Additional information




