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Abstract: In this study, we unveil a novel method for the asymmetric 
dearomatization of indoles under cobalt/photoredox catalysis. By 
strategically activating C-H bonds of amides and subsequent 
migratory insertion of  p-bonds present in indole as reactive partner, 
we achieve syn-selective tetrahydro-5H-indolo[2,3-c]isoquinolin-5-
one derivatives with excellent yields and enantiomeric excesses of up 
to >99%. The developed method operates without a metal oxidant, 
relying solely on oxygen as the oxidant and employing an organic dye 
as a photocatalyst under irradiation. Control experiments and 
stoichiometric studies elucidate the reversible nature of the 
enantiodetermining C-H activation step, albeit not being rate-
determining. This study not only expands the horizon of cobalt-
catalyzed asymmetric C-H bond functionalization, but also showcases 
the potential synergy between cobalt and photoredox catalysis in 
enabling asymmetric synthesis of complex molecules. 

Introduction 

Faraday’s serendipitous discovery of benzene unveiled the 
doorway to a realm of molecules that would shape the course of 
modern chemistry.[1]  Over the past decade, the annual production 
of aromatic scaffolds has reached up to 100 million tons. 
Therefore, there has been a concerted effort to harness the 
abundant reservoir of flat aromatic molecules and elevate them 
into value-added, three-dimensional, complex molecular 
architectures.[2-5] However, due to unparallel stability[6-8] offered by 
the aromatic compounds through delocalization of p-electrons 
within their molecular framework empowers them to engage in a 
myriad of chemical transformations while preserving their 
aromatic character.[9-10]  Alternatively, uncovering strategies to 
disrupt aromaticity presents a promising avenue for generating 
novel molecular frameworks from widely available aromatic 
hydrocarbons.[11-12]  Besides traditional approaches,[13-17]  
hydrogenation,[18] nucleophilic addition[19] mediated by transition 
metals, and selective 1,2-hydroxylation mediated by enzymes[20]  
are among the known examples in the literature. In recent years, 
catalytic asymmetric dearomatization reactions have gained 
prominence as a potent synthetic methodology to access complex 
molecular architectures.[2-3],[5] This approach facilitates the 
transformation of various p-bonds present in the aromatic 
compounds as a reactive functional group, thereby enabling their 

utilization in creation of chiral molecules. Among the aromatic 
scaffolds, phenol and its derivatives,[11],[21-23] indole,[12] and other 
heteroarenes[24] have been extensively used in asymmetric 
dearomatization via cyclo addition,[19] allylic substitution,[25] 
hydrogenation,[18] arenophile-mediated dearomatization,[26] etc.  
However, Activation of inert C-H bond and subsequent coupling 
of p-bonds that involved in aromaticity is seldom explored.[27-29] In 
this regard, You and co-workers reported the novel chiral Cp#Rh-
catalyzed asymmetric dearomatization of 2-naphthols with alkyne 
via ortho-C-H bond activation of the 1-phenyl-2-naphthol 
derivatives.[27,28]  Xu and Lu recently reported the cascade 
intramolecular C-C and C-H activation strategy catalyzed by 
Rh(I)/(S)-dtbm-Segphos to access complex tetra cyclic core.[29]   

On the other hand, The field of cobalt-catalyzed C-H bond 
functionalization has witnessed remarkable expansion since the 
seminal work by Daugulis,[30] particularly in the realm of bidentate-
directing group-assisted transformations.[31] Recent 
developments have witnessed a shift towards sustainable 
methodologies, with investigations into the replacement of 
traditional oxidants like Mn(III) or Ag(I) with photocatalysts under 
irradiation[32b-d] or utilizing electricity as the sole oxidant.[32a-b] 

 

 

Scheme 1. Overview of Ligand enabled Co(III) catalysis and asymmetric C-H 
bond functionalizations. 
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Additionally, a profound understanding of the active octahedral 
cobaltacycles[33] formed in-situ has led to breakthroughs in 
asymmetric catalysis facilitated by the use of simple cobalt(II) 
salts and enantiopure Salox ligands as chiral sources.[34-35] This 
novel strategy has been explored led by Shi, Ackermann and Niu 
in cobalt-catalyzed asymmetric C-H bond functionalizations 
encompassing diverse transformations such as annulation with 
alkynes, alkenes, allenes, isonitriles as well as C-H arylation, 
under both thermal and electrochemical conditions.[36] 
Furthermore, the topic has been explored for asymmetric 
desymmetrization of phosphinamides through C-C, C-O and C-N 
bond formation with alkynes,  alcohols, amines under mild 
conditions.[37]  

To the best of our knowledge, the asymmetric 
desymmetrization of indoles coupled with C-H activation 
catalyzed by cobalt remains unexplored. Furthermore, utilization 
of a photocatalyst under irradiation to supplant the stoichiometric 
quantities of Mn(III) or Ag(I) in cobalt(II)-catalyzed asymmetric C-
H bond functionalizations has not been documented.  However, it 
is noteworthy that electricity has been successfully employed as 
a sole oxidant in these contexts for asymmetric C-H bond 
functionalization with cobalt, circumventing the need for Mn(III) 
and Ag(I).[36b], [36e], [36h], [37c-e] Previously, our research effort have 
achieved notable advancements in C-H bond annulation and 
alkynylation by synergistically employing cobalt and photocatalyst 
under oxidant-free conditions, resulting in racemic products.[32d] 

Notably, these efforts have yielded successful outcomes with 
alkyne, alkene, and bromoalkyne substrates.[38],[39] However, the 
transition to an asymmetric variant using the cobalt/PS dual 
catalytic approach has remained a formidable challenge. This 
challenge arises due to the lack of systematic validation of chiral 
ligands and the intricate interplay between the photocatalyst and 
the enantio-determining step. In this study, we unveil the novel 
method for the asymmetric dearomatization of indole. This 
process involves the enantio-determining C-H bond activation of 
amides, followed by the migratory insertion of the p-bond of the 
indole, essential for preserving aromaticity under 
cobalt/photoredox catalysis. This strategic approach results in the 
synthesis of syn-selective tetrahydro-5H-indolo[2,3-c]isoquinolin-
5-one derivatives in excellent yields, with enantiomeric excess 
reaching up to >99%.  

Results and Discussion 

 
In our pursuit of achieving enantioselective dearomatization of 

indoles through C-H and N-H bond annulation strategies, we 
initiated our preliminary investigation employing N-(quinolin-8-
yl)benzamide 1a as the limiting reagent and 1-(pyrimidin-2-yl)-1H-
indole 2a as the coupling partner. Under the catalytic system 
comprising 20 mol% Co(OAc)2·4H2O, 30 mol% (S)-Salox ((S)-L1) 
as the chiral ligand, 10 mol% Na2EosinY as the photocatalyst, and 
2.0 equiv NaOPiv as the additive in 2,2,2-trifluoroethanol (TFE), 
and irradiation with white LED bulbs (7 W × 4) for 36 h, the 
dearomatized product 3aa was obtained in 45% yield with 79% 
ee as a single regioisomer (entry 1). The structure of 3aa was 
confirmed through X-ray crystallographic analysis, and its 
absolute stereochemistry was assigned as (R,R)-configuration.[40] 

  
  

Table 1. Reaction optimization[a]  

Entry L Base Solvent Yield (%)[b] ee (%)[c] 

1 (S)-L1 NaOPiv TFE 45 79 

2 (S)-L1 NaOPiv EtOH n.d. n.d. 

3 (S)-L1 NaOPiv HFIP 25 59 

4 (S)-L1 NaOPiv tBuOH n.r. n.d. 

5 (S)-L2 NaOPiv TFE 55 24 

6 (S)-L3 NaOPiv TFE 33 92 

7 (S)-L4 NaOPiv TFE n.d. n.d. 

8 (S)-L5 NaOPiv TFE 85 95 

9 (S)-L5 PivOH TFE 22 48 

10 - NaOPiv TFE n.r. n.d. 

11 (S)-L5 - TFE n.r. n.d. 

12 (S)-L5 NaOPiv TFE n.r. n.d.[d] 

13 (S)-L5 NaOPiv TFE n.r. n.d.[e] 

14 (S)-L5 NaOPiv TFE n.r. n.d.[f] 

15 (S)-L5 NaOPiv TFE n.r. n.d.[g] 

16 (S)-L5 NaOPiv TFE 89 97[h] 

17 (S)-L5 NaOPiv TFE 71 91[i] 

18 (R)-L5 NaOPiv TFE 61 95[j] 

[a] All reactions were carried out under air unless otherwise stated using 1a (0.1 
mmol), 2a (0.15 mmol),Co(OAc)2·4H2O (20 mol%), Na2EosinY (10 mol%), Salox 
L (30 mol%), and NaOPiv (0.20 mmol) in TFE (1.0 mL) under irradiation for 36 
h. [b] Isolated yield. [c] The e.e. values were determined by chiral HPLC 
analysis. [d] without Co(OAc)2·4H2O  [e] without Na2EosinY [f] Performed under 
argon. [g] Performed under dark. [h] Performed with Mn(OAc)2.4H2O (0.1 mmol) 
as oxidant at room temperature.[i] Performed in 1.0 mmol scale. [j] (S,S)-3aa 
was obtained with (R)-L5. TFE-2,2,2-Trifluoroethanol, n.r. = no reaction, n.d. = 
not determined. 

To optimize the reaction conditions, we conducted systematic 
screenings of various solvents and chiral Salox ligands (entries 
2–8).  Among the solvents tested, TFE was found to be optimal, 
yielding the expected product 3aa with moderate yields and good 
ee (entries 1-4). Considering the significant role of the Salox 
ligand in the reaction, we explored different ligand modifications 
to enhance both yield and enantiomeric excess (entries 5-8). 
Through quick screening of stereo-electronically biased Salox 
ligands (S)-L2 – (S)-L5, (S)-L5 emerged as the most promising 
ligand, affording an ee of up to 95% and a yield of 85% (entry 8). 

O

NHQ +

Co(OAc)2.4H2O - 20 mol %
L                         - 30 mol %
Na2EosinY          - 10 mol %
NaOPiv               - 2 equiv.

TFE (0.1 M),  h!, 36 h, Air

Q = 8-quinolinyl

OH N

O

R
OH N

O

Ph

R

OH N

O

Ph
R = Me (L3)
R = NO2 (L4)

R = Ph (L1)
R = Bn (L2) L5

1a 2a 3aa

N

N

O
Q

Pym
H

H

N
Pym

X-ray of 3aa

https://doi.org/10.26434/chemrxiv-2024-dxz34 ORCID: https://orcid.org/0000-0003-1112-137X Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-dxz34
https://orcid.org/0000-0003-1112-137X
https://creativecommons.org/licenses/by-nc-nd/4.0/


RESEARCH ARTICLE    

3 
 

Further fine-tuning of sodium pivalate to pivalic acid did not 
improve the yield or ee, suggesting that cobaltacycle formation is 
assisted by the carboxylate base (entry 9). Control experiments 
were conducted to elucidate the role of each parameter in the 
dearomatization protocol (entries 10-15). The absence of cobalt 
salt, Salox ligand, or base hindered the reaction, indicating their 
essential role in the activation and functionalization of the C-H 
bond (entries 10-12). Furthermore, without Na2EosinY, no 
product formation was observed, highlighting the crucial role of 
the photocatalyst in oxidizing the cobalt (entry 13). An experiment 
conducted under argon  or in the dark condition demonstrated the 
necessity of irradiation for product formation and the role of 
air/oxygen (entries 14-15).  To compare the results, the similar 
reaction was setup with Mn(III) as oxidant at room temperature 
under standard conditions resulted in 89% isolated yield of 3aa 
(R,R) with 98% ee (entry 16). To validate the practicality of the 
developed protocol, a 1.0 mmol scale reaction was performed, 
yielding the dearomatized product 3aa with 71% yield and 91% 
ee (entry 17). Additionally, we tested other bidentate directing 
groups such as pyridine, benzoxazole, and aza-indole, but found 
them unsuitable under the reaction conditions (see the supporting 
information)[40]. Employing (R)-L5 ligand instead of the (S)-variant 
resulted in the formation of the opposite isomer of 3aa, i.e. (S,S)-
3aa, in 61% yield with 95% ee.[40] 

Upon employing optimized conditions, we initiated an 
exploration into the scope of benzamides, as delineated in 
Scheme 2. A diverse range of benzamides, featuring both para- 
and meta-substitutions, exhibited broad functional group 
tolerance and afforded the dearomatized annulated products in 
good-to-excellent yields and excellent enantioinduction. 
Substitutions encompassing various electron-donating (Me-, tBu, 
MeO, OBn) and electron-withdrawing (CF3, F, Cl, Br, Ph, OCF3, 
SMe, CO2Me, COMe) groups (1b–1n) at the para-position 
demonstrated suitability for the dearomatization process, yielding 
products within the range of 52% to 82%, and enantiomeric 
excess (ee) values spanning from 92% to >99%.  In the case of 
meta-substituted benzamides, annulation favoured at the less 
hindered site, furnishing products (3oa–3ra) with yields ranging 
from 72% to 83% and ee values spanning from 92% to >99%.  
More interestingly, aromatic arene containing strong coordinating 
group such as sulphur group in 2-thienyl at the para-position is 
tolerable and provide the expected product 3sa in good yield and 
95% ee.  Even naphthyl, thiophene based amides were also 
amenable and provide the annulated compound in 84% and 70% 
yield with >99% and 97% ee respectively. Validation of the 
stereochemistry and structural elucidation of 3qa, 3oa, and 3ua 
was achieved through X-ray crystallography.[40] 

We next examined the suitability of various stereo-
electronically biased N-pyrimidyl indole derivatives under 
optimized reaction conditions (Scheme 3). A broad spectrum of 
electron-donating and electron-withdrawing functional groups, 
such as -OMe, -Me, NR2, and -CO2Me, -Br, -Ar positioned at the 
C-4, C-5 and C-6 sites of indole, exhibited excellent tolerance, 
affording the desired products (3ab-3am) in moderate-to-good 
yields (62-85%) with enantioinduction ranging from 86 to >99%. 
Notably, reactions involving substrates bearing sensitive and 
synthetically useful functional groups such as -F (2m), -Cl (2k), -
Br (2c), and -OBn (2h) proceeded smoothly, and the resultant 
products were available for further derivatizations. Indoles 
featuring sterically hindered phenyl (2e, 2l) and naphthyl (2g) 
moieties were also found to be compatible, providing the target  

 

Scheme 2. Scope of aryl amides. The products obtained at room temperature 
(28-30 ºC) using 1 (0.1 mmol), 2a (0.15 mmol),Co(OAc)2·4H2O (20 mol%), Salox 
L (30 mol%), Mn(OAc)2.4H2O (0.1 mmol) and NaOPiv (0.20 mmol) in TFE (1.0 
mL) for 36 h.  

products in good yields (62-79% yield, 92->99% ee, respectively). 
Furthermore, to validate the protocol's applicability, biologically 
relevant indole 1f was subjected to the optimized conditions, 
yielding the desired product 3af in good yield (70%) and with high 
enantiopurity (95% ee).  The scope of aryl amides and indole were 
also performed using Mn(III) as oxidant at room temperature 
(without Photocatalyst and no irradiation), and their results were 
given in scheme 2 and 3 for comparison. 

Following the scope of our experimental work, we conducted 
a series of control experiments and Density Functional Theory 
(DFT) calculations aimed at elucidating the mechanistic 
underpinnings of the asymmetric dearomative coupling of indole 
with aryl amides, as depicted in Scheme 4. Initially, our objective 
was to isolate the crucial chiral octahedral cobaltacycle 
intermediate implicated in the catalytic cycle. The predominant  
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Scheme 3. Scope of Indole. The products obtained from at room temperature 
(28-30 ºC) using 1 (0.1 mmol), 2a (0.15 mmol),Co(OAc)2·4H2O (20 mol%), Salox 
(S)-L (30 mol%), Mn(OAc)2.4H2O (0.1 mmol) and NaOPiv (0.20 mmol) in TFE 
(1.0 mL) for 36 h.  

diastereomer of the in situ-formed octahedral cobaltacycle, 
denoted as mer-[(SL)-∆Co], was successfully isolated in 39% yield 
utilizing benzamide 1a with Co(OAc)2·4H2O, (S)-L5, NaOPiv, 
Na2EosinY, and 4-acetylpyridine in 2,2,2-trifluoroethanol (TFE) 
under air atmosphere for 36 hours (Scheme 4a). The structure 
and stereochemistry of mer-[(SL)-∆Co] were corroborated via X-
ray crystallography. Subsequently, employing the isolated 
cobaltacycle mer-[(SL)-∆Co] in a stoichiometric reaction with N-
pyrimidyl indole furnished the desired product 3aa in 70% yield 
with 92% enantiomeric excess (ee) (Scheme 4b). Furthermore, 
catalytic utilization of the octahedral cobaltacycle mer-[(SL)-∆Co] 
engendered the desired annulation product 3aa in 21% yield with 
85% ee (Scheme 4c). Both catalytic and stoichiometric 
experiments corroborated the involvement of the cobaltacycle 
mer-[(SL)-∆Co] in the catalytic cycle. To gain insights into the 
reaction pathway, we conducted the standard reaction in the 
presence of radical scavengers such as TEMPO and BHT, 
resulting in a significant reduction in product yield (10% and 12%, 
respectively), indicative of single electron transfer involvement 
during the catalytic cycle (see the supporting information)[41]. 
Furthermore, supplementation of the reaction mixture with 1.0 
equiv. of DABCO did not affect the product yield, suggesting the 
absence of singlet oxygen during the reaction (Scheme 4d). To 
preclude the potential formation of superoxide anion via the 
photoredox process, the standard reaction was conducted in the 
presence of KO2 under argon atmosphere, yielding only trace 
amounts of the desired product 3aa, thus indicating that in-situ-
generation of O2- is insufficient to re-oxidize the low-valent cobalt 
species (Scheme 4e). 

 

Scheme 4. Mechanistic studies and control experiments.  

Subsequently, an intramolecular competitive experiment was 
conducted between electron-donating (1o) and electron-
withdrawing (1r) substituents at the C-3 position of benzamide. 
Analysis revealed that substrate 1o exhibited faster reactivity 
compared to 1r, suggesting C–H bond activation occurs via Base-
Induced Electrophilic Substitution (BIES) pathway.[41]  
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Figure 1.  DFT calculations on (a) enantiodetermining C-H activation, (b) optimized structures for mer-[(SL)-DCo] and mer-(SL)-LCo] and (c) TS of the reductive 
elimination step.

Additionally, D/H scrambling experiments employing [D5]-1a in 
the absence and presence of N-pyrimidyl indole indicated 
significant D/H exchange at the ortho C-H bond in the recovered 
benzamide and annulated product, indicative of reversible C-H 
activation and involvement of the concerted metalation-
deprotonation (CMD) pathway in the catalytic cycle (Scheme 4f & 
4g).  Moreover, a kinetic isotope effect value of 1.08 suggested 
that the C-H bond cleavage step of benzamide is not the rate-
determining step (Scheme 4h). 
 
DFT Studies 
 

Quantum chemical investigations using density functional 
theory (DFT) were performed to gain further insights into reaction 
mechanism and the key energetics were depicted in Figure 1. The 
reference point for our calculations was [(N,N-1a)(SL)CoIII( k2-
Piv)],[41] with a transition state energy of 5.89 kcal/mol required to 
surpass the carboxylate-assisted concerted-metalation and 
deprotonation step. Upon C-H activation, multiple diastereomers 
are feasible. However, since the crystal structure confirmed 
meridional coordination modes as the geometrical isomer for the 
isolated cobalt complex, we did not compute the energy difference 
between these geometrical isomers. Given the fixed 
stereochemistry of the ligand with the use of enantiopure Salox 
ligand (S)-L5, we proceeded to evaluate the energy difference 
between the two principal optical isomers (ΔCo/ΛCo). Upon 
cyclocobaltation, this analysis revealed a disparity of 11.44 
kcal/mol, favoring the intermediate mer-[(SL)-ΔCo]. Subsequent 
substitution of pivalic acid with TFE in intermediate D 
demonstrated an energy barrier of 8.91 kcal/mol between the two 
optical isomers, thus reinforcing the superior stability of mer-[(SL)-
ΔCo]. 

Upon ligand exchange with indole in intermediate D, two 
stereoisomers mer-[(SL)(R,R)-ΔCo] and mer-[(SL)(S,S)-ΔCo]) 
were formed depending on the orientation of the indole during 
migratory insertion. The transition state energy difference 
between these orientations was found to be 4.96 kcal/mol. In the 
subsequent reductive elimination of intermediate F must pass 
through the transition state with the energy barrier of 33.87 

kcal/mol for mer-[(SL)(R,R)-ΔCo] and 50.68 kcal/mol for mer-
[(SL)(S,S)-ΔCo], favoring 3aa-(R,R) under the reaction conditions. 
The stabilization of F1,2-TS, mer-[(SL)(R,R)-ΔCo], was evident 
through p-p stacking between the pyrimidine ring and arene of the 
8-aminoquinoline. These computational results align with our 
experimental outcomes, further confirmed by X-ray analysis of the 
isolated dearomatized annulation products (3aa, 3qa, 3oa, and 
3ua), establishing its absolute configuration as (R,R). Finally, the 
energy barrier for the 2,1-migratory insertion followed by reductive 
elimination was found to be 6.19 kcal/mol higher in energy 
compared to 1,2-migratory insertion, consistent with the 
experimental results as observed only 1,2-migratory insertion 
product from the reaction mixture. Overall, the energy profile 
suggests that reductive elimination, rather than C-H activation, is 
the rate-determining step, consistent with our experimental 
observations. 

Drawing upon control experiments, stoichiometric studies, 
and DFT investigations, a plausible mechanistic pathway has 
been delineated, as shown in Scheme 5. [36b],[38-39] Initially, 
intermediate B is formed through sequential ligand exchange 
between Co(OAc)2·4H2O, (S)-Salox ligand, and benzamide 1a, 
followed by one-electron oxidation yielding Co(III) intermediate C. 
Photoexcited Na2Eosin Y* facilitates the oxidation of Co(II) to 
Co(III), generating a radical anion of Na2Eosin Y as a potent 
reductant. This species may then reduce triplet oxygen present in 
the reaction, completing a parallel catalytic cycle. Subsequently, 
carboxylate-assisted enantiodetermining C-H activation provides 
the diastereoselective mer-[(SL)-∆Co] cobaltacycle D. Upon 
coordination with the p-bond of the pyrrole ring in the indole 
molecule, intermediate D undergoes subsequent regioselective 
insertion between Co-C, stabilized by p-p stacking of the 
pyrimidine ring with the arene of the quinoline, yielding 
intermediate F. Further, reductive elimination from intermediate F 
and subsequent ligand exchange leads to the formation of the 
desired product 3aa and liberated Co(I) species subsequently 
couples with benzamide 1a, followed by oxidation mediated by 
the photocatalyst, regenerating the Cobalt intermediate B. 
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Scheme 5. Proposed mechanism. 

Conclusion 

In summary, we demonstrate the pioneering example of 
cobalt-catalyzed asymmetric dearomatization reaction via 
cascade C-H activation, leveraging the p-bond present in indole 
to access enantioenriched three-dimensional cyclic scaffolds in a 
single step under mild conditions. Notably, the developed method 
operates without the need for a metal oxidant, relying solely on 
oxygen as the oxidant and employing an organic dye as a 
photocatalyst under irradiation. Exploration of the scope of 
amides and indoles involved an examination of the tolerance of 
various functional groups under the established conditions. 
Control experiments and stoichiometric studies indicate that the 
enantiodetermining step is the C-H activation, which is reversible, 
though not rate-determining. Ongoing efforts in our laboratory are 
directed towards further harnessing this dual cobalt-photocatalytic 
approach for asymmetric functionalizations, promising to unveil 
novel synthetic methods and expand the repertoire of accessible 
chiral architectures. 
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In this study, we showcase the successful cobalt-catalyzed asymmetric dearomatization of indoles with aryl amides, achieving 
remarkable enantioinduction and exceptional regioselectivity. This dual catalytic strategy, which integrates photocatalyst and cobalt, 
represents a pioneering approach in asymmetric C-H bond functionalization. Notably, this method offers a pathway to accessing chiral 
three-dimensional molecules. Through detailed experimental investigations and DFT calculations, we present a plausible mechanism 
to elucidate the reaction pathway. 
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