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ABSTRACT:  Atroposelective compounds 

with axial chirality are important structural 

motifs in medicinal chemistry and materials 

science. Among these, anilides with a chiral 

C(=O)−N axis are intriguing structural motifs 

with several applications. Traditionally, the 

synthesis of these compounds has relied on 

the direct installation of the chiral 

C(sp²)−N(sp²) bond or enantioselective mod-

ification to the peripheral groups to increase 

steric around the C−N axis. However, these 

methods are limited in substrate scope and are 

constrained by the type and size of functional 

groups compatible with these strategies. Here, we show that phosphite-enabled loss of planarity led to a Dynamic Kinetic Asymmetric 

Transformation (DYKAT) for the oxidation of iminium ions to access enantioenriched isoquinolones. This method expands the sub-

strate scope, tolerating a wide variety of positional, steric, and electronic substitution patterns that were previously challenging or 

inaccessible. Furthermore, the phosphite-mediated approach is versatile, facilitating the synthesis of atroposelective pyridone, lactam, 

and acyclic anilide. These results demonstrate a conceptually new strategy for atroposelective synthesis that complements traditional 

methods in terms of substrate diversity. Computational studies support the phosphite mediated change in hybridization for DYKAT 

prior to the oxidation step, paving the way for future studies in the synthesis of complex axially chiral molecules.

Atropoisomers with chiral C(sp2)−N(sp2) bonds became a 

synthetic focus due to their occurrence in natural products and 

synthetic drugs, bioactive molecules, chiral ligands, organocat-

alysts, and smart materials.1 Among them, anilides are an im-

portant class,2 and the atropoisomerism around those led to new 

class of synthetic drugs with increased selectivity (Figure 1).3 

Controllable rotations around the atropoisomeric bonds are one 

of the approaches to building molecular rotors and motors.4 

Owing to their importance and potential, an intense focus on 

their synthesis, and in general atroposelective synthesis, is un-

derway.5 The substrate scope to install atroposelective C−N 

bond formation is generally limited, likely due to the sterically 

sensitive activation modes.6 The peripheral modification 

around an N-aryl bond for atroposelectivity can be classified 

into four main categories: i) de novo N-pyridone or aromatic 

ring formation,7 ii) asymmetric N−H functionalization,8 iii) 

asymmetric C−H functionalization around pyridone/anilides,9 

and iv) desymmetrization (Figure 2).10 Most of these reported 

methods rely on transition metal catalysis that requires suitably 

pre-functionalized starting materials. As a result, the substitu-

tion pattern and substrate scope are dependent on the reaction 

type and catalyst system, leading to products with specific func-

tional groups. Organocatalysis, such as chiral phosphoric acid 

and NHC catalysts, was also reported via cyclization−conden-

sation methods with specific functional group require-

ments.7c,f,8c,i,j Therefore, despite the recent focus and progress, 

synthesis of atroposelective pyridones and anilides with a wide 

range of substitution pattern remains a fundamental challenge.  

 

Figure 1. Representative atroposelective compounds with 

chiral C(=O)−N axis 
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Our research focus on chiral phosphite catalyzed asymmetric 

functionalization of azaarenium salts presents us with a possi-

bility to obtain axially chiral C−N bond formation via a new 

route. We anticipated that the oxidation of the phosphite adduct 

of iminium ion could lead to the anilide formation with phos-

phite controlled atroposelectivity (Figure 2F).11 Herein, we re-

port a chiral phosphite and photoredox catalyzed aerobic oxida-

tion of N-aryl isoquinolinium salts to atroposelective isoquin-

olones via DYKAT. Our protocol is notable for its success with-

out the need for an auxiliary group, leading to wide variety of 

substituents at all positions on both N-aryl group and isoquino-

line. Experimental and computation studies were conducted to 

understand the mechanism and the source of stereoinduction. 

The requirement of only C=N for its oxidation is demonstrated 

by extending our method for the oxidation of cyclic and acyclic 

iminium substrates to lactum and anilides respectively. A pyri-

dinium substrate was also successfully oxidized to atroposelec-

tive pyridone. The chiral influence of atropoiosmeric N-aryl 

groups on isoquinolone products was utilized to functionalize 

the enamide bond diastereoselectively. 

We started with the synthesis of isoquinolinium salt 1 from 

the corresponding Zincke salt and aniline derivative.12 The salt 

1 is also expected to have a restricted rotation around C−N de-

pending on the steric around it. In fact, N-aryl isoquinolinium 

and dihydroisoquinolinium natural products such as ancisheyn-

ine and ancistrocladiniums are known atropoisomers.13 Since 

the size of oxygen in product 6 is bigger than hydrogen in start-

ing salt 1, a dynamic kinetic resolution (DKR) is feasible with 

sterically tailored functional groups, while a bigger steric would 

lead to kinetic resolution (KR). However, we hypothesize that 

our proposed phosphite catalyst adduct 2, with a change in the 

hybridization of iminium carbon from sp2 to sp3, could lower 

the C−N rotational barrier. In that scenario, a chiral phosphite-

mediated dynamic kinetic asymmetric transformation 

(DYKAT) could be achieved with sterically bulky substituents 

as well.14  

 

 

Figure 2. Strategies for atrposelective synthesis of anilides. 

 

To test this hypothesis, we calculated the C−N bond rotational 

energies computationally for two starting materials and their 

phosphite adducts with chiral phosphite P1. The computation-

ally determined rotational energy decreased significantly for the 

catalyst adducts (2) by 6.0-12.1 kcal/mol (Scheme 4b; see SI for 

details). 1H NMR of 2a recorded in CDCl3 at room temperature 

shows only two diastereomers due to the formation of a new 

chiral center at C1 carbon. No extra diastereomers were de-

tected for the restricted C−N bond rotation. Therefore, we an-

ticipated that the faster C−N bond rotation in intermediate 2 

compared to its oxidation rate would allow atroposelective 

product (6) formation via DYKAT (Figure 2F).  

With a feasible phosphite-mediated DYKAT, we next fo-

cused on the oxidation to isoquinolone (6a) synthesis. A mild 

and waste-free aerobic oxidation under photoredox conditions 

would be ideal for sustainability.11,15 Hence, we started with a 

dual catalysis approach with 20 mol% chiral phosphite catalyst 

P1 and Eosin Y as the photocatalysts under blue light irradiation 

in an oxygen atmosphere. Subjecting 1a to the above reaction 

condition successfully led to the complete consumption of the 

starting material to 58% product (6a) formation, however, with 

only a 58:42 enantiomeric ratio (Table 1, entry 1). 

 

Table 1: Reaction Optimization Study 

 

en-

try 

Phos-

phite 

Solvent T 

(°C) 

Yield 

(%) 

er 

1a P1  THF 0 58 58:42 

2 - THF 0 65 - 

3 P1  THF 0 83 83:17 

4b P1  THF 0 80 75:25 

5b P1  THF 0 83 87:13 

6 P1  THF 0 83 91:9 

7 P1  diff. solvents 0 63-83 <91:9 

8 P1  THF -5 83 92:8 

9 P1  THF -10 78 91:9 

10 P2  THF -5 36 93:7 

11 P10 THF -5 80 91:9 

12 P11 THF -5 81 96:4 

13c P11 THF -5 <5 - 

14d P11 THF -5 <5 - 

15e P11 THF -5 80 96:4 

Otherwise mentioned all reactions were carried out at 0.1 mmol 

scale with 2 ml of solvent, stoichiometric phosphite, 2 mol% Eosin-

Y, 50 W blue LED light, and under an oxygen atmosphere. a20 

mol% P1, b35 mol% P1. cIn the absence of light. dIn the absence of 

photocatalyst. e Reaction with recovered phosphite catalyst.  
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 A background reaction check without the phosphite catalyst 

reveals an alternative light-mediated racemic oxidation path 

(entry 2).16 To avoid background reaction, stoichiometric phos-

phite was taken next to fully convert the starting material to the 

adduct (2a) before its photocatalytic oxidation, which led to an 

83% yield and an encouraging 83:17 enantiomeric ratio (entry 

3). For a sub-stoichiometric catalytic path, the substrate was 

added portion-wise to prevent its presence during the subse-

quent photocatalytic oxidation. Substrate addition in three re-

peated cycles with 35 mol% phosphite catalyst P1 resulted in a 

comparable yield, but with lower enantioselectivity than that of 

the stoichiometric one (entry 4 vs. 3). Screening of base and 

counter anion of the starting material showed that the enanti-

oselectivity is sensitive and diminishes in their presence (see 

SI). Although the optimal choice of counter anion, base, and its 

addition sequence improved the enantiomeric ratio to 87:13 (en-

try 5), the oxidation of adduct 2a free from those ionic entities 

led to a higher enantiomeric ratio (entry 6). Therefore, we opted 

for a stoichiometric phosphite-mediated adduct formation fol-

lowed by its photoredox aerobic oxidation after quick filtration. 

The phosphite catalyst was recovered via column chromatog-

raphy during the product purification and reused. A quick sol-

vent screening revealed that THF remained the best one (entry 

7). The screening of temperature led to the best result at -5 °C 

with a slightly improved enantiomeric ratio (entry 8). With op-

timal reaction conditions in hand, we screened various phos-

phite catalysts by modifying the aryl and diol-protecting groups 

of the chiral TADDOL backbone. Replacing the phenyl group 

with 2-methylphenyl (P2) led to an increase in enantioselectiv-

ity, but the yield dropped to 36% (entry 10). Other electroni-

cally and sterically different aryl groups tested did not improve 

the outcome (see SI for complete phosphite screening). Next, 

we varied the diol protecting group on TADDOL. Protection 

with an unsymmetrical methyl, tert-butyl ketone (P11) led to 

maximum enantiomeric ratio of 96:4 (entry 12). The presence 

of light and photocatalyst is essential for the reaction (entries 

13-14). The recovered phosphite was tested for its recyclability 

that resulted in identical result (entry 15).  

The optimization of the reaction condition prompts us to test 

the generality of our aerobic oxidative method (Figure 3). First, 

we screened electronically diverse functional groups on the N-

aryl ring, keeping the bulky ortho-tert-butyl substituent to attain 

atroposelectivity. An unsubstituted aryl ring did not affect the 

reaction outcome. An iodo in para-position worked well (6b), 

while chloro-substitution led to a slightly diminished yield and 

enantiomeric ratio (91:9) (6c). For other para-substitution, an 

electron-donating benzyloxy group was well tolerated (6e), 

while the enantiomeric ratio decreased to 86:14 er for electron-

withdrawing cyano substitution (6f).  Different aryl substitu-

tions, such as phenyl, 2-benzofuran, and 2-benzothiophene, led 

to good yields while maintaining very good enantiomeric ratios 

(6g-i). An alkene substitution resulted in good yield and enan-

tiomeric ratio, but the E-stilbene was converted to a major Z 

diastereomer in the product (6j) via photoisomerization.17 Sub-

stitutions at other positions such as meta (6k-l) and meta, para 

double substitutions (6m) were uneventful with good yields, 

while the enantioselectivity drops slightly for the electron-with-

drawing nitro group at the meta position (6l). Next, we exam-

ined substrates with 2,6-disubstituted aryl rings to find the fea-

sibility of DYKAT with increased steric around C−N. 2-

Bromo-6-methyl substituted substrates underwent complete 

conversion to form the products 6n and 6o in >80% yield and 

87.5:12.5 enantiomeric ratio. The high yield and enantiomeric 

ratio confirmed successful DYKAT over simple kinetic resolu-

tion (KR). To further test the steric difference as the stereo-con-

trolling factor, we subjected 2-bromo-6-ethyl substrate under 

the optimized reaction condition. Expectedly, the enantiomeric 

ratio decreased to 76.5:23.5 while the yield remained unaffected 

(6p).  2-Chloro-6-methyl and 2-fluoro-6-methyl substitutions 

also led to successful DYKAT. As the size of the halogen de-

creases, enantioselectivity gradually diminishes, resulting in an 

enantiomeric ratio of 81:19 for chloro (6q) and 77.5:22.5 for 

fluoro (6r). The diminished steric differences between the two 

ortho substituents presumably determine the enantioselectivity 

trend.18 Encouraged by the success of a variety of groups on 

both the ortho positions to exert enantioselectivity, we tested 

other combinations to find out their effectiveness. Dihalo sub-

stitutions such as bromo and fluoro led to 60:40 enantiomeric 

ratio (6s), while chloro and fluoro gave a poor 54:46 enantio-

meric ratio (6t). With methoxy and fluoro, the enantiomeric ra-

tio remained poor as well (6u). In all cases, the reaction re-

mained efficient with good yields.  

After achieving a broad functional group tolerance on the N-

aryl ring, we focused on the isoquinoline derivatives next. We 

started with substitution on the fused benzene ring of the iso-

quinoline. Methoxy, phenyl, and bromo all worked well at C5 

with good yields and enantioselectivity (6v-x). Those same sub-

stitutions at the C6 position also led to good yields and enanti-

oselectivities (6y-z, 6aa). Bromo substitution at C7 was equally 

efficient (6ab). We could not synthesize C8 substituted sub-

strates to test their compatibility. However, the isoquinolone 

oxygen in the product is known to act as a coordinating group 

to functionalize C8 hydrogen via transition metal catalysis to 

obtain C8 functionalized atroposelective isoquinolone.7k Fi-

nally, we tried substitutions on the azaarene ring carbons. Both 

phenyl and bromo substituted substrates on C4 carbon were 

successful, albeit with lower enantiomeric ratios (6ac-ad). The 

synthesis of C3 substituted starting materials was unsuccessful 

via its Zincke salt, but we synthesized the C3 phenyl starting 

material via a different literature-reported approach.19 Our oxi-

dation method successfully formed the corresponding product 

with moderate yield a low enantiomeric ratio of 69:31, probably 

due to the smaller steric differences in the two ortho positions 

with methyl and hydrogen (6ae). Overall, our aerobic oxidative 

method that does not require any auxiliary functional group led 

us to synthesize atroposelective isoquinolones with substitu-

tions at each position. The mild nature of the catalytic method 

allows a broad variety of functional group tolerance. The enan-

tioselectivity trends with a variety of sterically different substi-

tutions provide an insight into the probable combinations to 

achieve good selectivity. 

To gain insight into our new aerobic oxidative approach and 

to find the stereo-defining step for DYKAT, we conduct exten-

sive experimental and theoretical studies. Since a diastereo-

meric phosphite catalyst adduct (2) formed via the generation 

of a new chiral center, we tested its potential effect on product 

stereochemistry. The adduct formation at different temperatures 

led to different diastereomeric ratios (dr) with poor dr, but all 

those resulted in the formation of product in same enantiomeric 

ratio at optimal aerobic oxidation temperature.20 On the other 

hand, starting with a defined diastereomeric ratio of 1:0.85 led 

to product with different enantiomeric ratios when the subse-

quent photoredox oxidation step was carried out at different 

temperatures (Figure 4A). 
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Figure 3. Substrate scope.  All reactions were performed on a 0.1 mmol scale.  

These results establish that the selectiv formation of central 

chirality in intermediate 2 is inconsequential, and the chiral 

phosphite controlled stereo-differentiation occurs during the re-

generation of the planner chirality (Figure 4A). 

The oxidation process starts via single-electron oxidation of 

the nitrogen of intermediate 2 by eosin Y under light irradiation. 

The oxidation potential of 2a is determined to be 0.59 V; lower 

than that of the photocatalyst. The reduced photocatalyst is ox-

idized back by oxygen with the formation of superoxide radi-

cal.16a,21 A deprotonation of highly acidic α-H would lead to the 

formation of the corresponding α-carbon radical 3 (path A, Fig-

ure 4C), while hydrogen atom abstraction (HAT) by superoxide 

radical would directly generate isoquinolinium intermediate 4 

and hydroperoxide anion (path B, Figure 4C).21 The α-amino 

carbon radical 3 could either undergo a single electron transfer 

with peroxy radical to form 4 and hydroperoxide anion, or form 

product via C−O bond formation with peroxy radical.11a,17 The 

intermediacy of 4 results in the formation of hydrogen peroxide, 

and requires water to form the final product via an addition-

elimination mechanism (Figure 4C). To distinguish between the 

reactions paths operating here, we conducted the photoredox 

step in the presence of 18O2 and H2O
18 separately. The presence 

of labeled oxygen did not incorporate it into the product while 

labeled water led to the product with major 18O incorporation 

(Figure 4D).16,17 Conducting the reaction in the presence of a 

drying agent led to significant reduction in the product for-

mation (36%) and the detection of intermediates 4 and 5 by 

HRMS (Figure 4E). The presence of peroxide was also detected 

via GC-MS analysis of crude reaction mixture. On the other 

hand, adduct of intermediate 3 with peroxy radical was not de-

tected.17 The recovery and recycling of phosphite catalyst sug-

gests its oxidative stability under peroxide, which we demon-

strated separately (see SI). 

To understand the DYKAT21 process and stereo-determining 

step, we turned our attention to the C−N bond rotation and re-

action parameters that influence the enantiomeric ratio. First, a 

minimum energy calculation and the C−N bond rotational en-

ergy analysis were done computationally for the starting mate-

rials (1), products (6), and proposed intermediates (2 & 5) (Fig-

ure 4A & 4G; see SI for detailed analysis). The calculations 

were done at the PBE15a/D315b-TZVP15c level of theory, with 

Turbomole 7.5.15d The calculated rotational barriers of mono- 

and di-ortho substituted starting materials (1a & 1o) and prod-

ucts (6a & 6o) indicate that those exibit atropoisomerism.  
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Figure 4. Mechanistic investigation. 

Experimentally determined C−N bond rotational energy in 6a 

closely matches with the computational value (see SI for de-

tails), validating the computational method. The product stere-

ochemistry of C−N atropoisomer is (R), determined by single 

crystal structure of 6a (Figure 3). Therefore, rotation of dia-

stereomeric intermediates of 2 with (S) conformation around 

C−N are relevant to achieve DYKAT. For 2a, those rotational 

energies are 12.8 and 15.5 kcla/mol, while in 2o, the corre-

sponding energies are 18.0 and 17.2 kcal/mol. The computa-

tional C−N bond rotational frequencies and half-lives for race-

mization are in seconds for these intermediate (2) (see SI). For 

the other intermediate with sp3 α-carbon (5), the rotational en-

ergies are 20.6 and 26.7 kcla/mol with half-lives for racemiza-

tion are in hours to years. The DYKAT achieved experimentally 
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suggests the stereo-differentiating step is slower than the race-

mization. To gain experimental insight, we tweaked the photo-

redox aerobic oxidation procedure to observe the effect in 

DYKAT. 4CzIPN as photoredox catalyst with a stronger oxida-

tion potential than Eosin-Y led to significantly faster reaction, 

but with considerably lower enantiomeric ratio (Figure 4F). 

This result suggests that the DYKAT occurs during the photo-

redox oxidation of 2 to 4. The addition of hydroxide is expected 

to enhance the rate of formation of 6 from 4. But it did not en-

hance the overall oxidation process or reduce the enantioselec-

tivity, further supporting oxidation of 2 as the rate- and enantio-

determining step. 

Synthetic modifications of the atroposelective isoquinolones 

and their utilities were well documented in recent literature.6-10 

Here, we plan to take advantage of the chiral C−N bond for di-

astereoselective functionalization of the adjacent C=C in iso-

quinolone.23 Cyclobutanes are frequently encountered in natural 

products and pharmaceuticals, and a photochemical [2+2] cy-

cloaddition remains the simplest and most utilized path to the 

four-membered ring formations.24 However, the stepwise radi-

cal mechanism poses challenges for their regio- and stereose-

lective synthesis. Only a few asymmetric approaches have 

emerged recently for chiral cyclobutane synthesis.25 We treated 

chiral 6e with electron deficient alkene coupling partner acrylo-

nitrile, which led to the formation of [2+2] product 7 in a regio- 

and stereoselective fashion (Figure 5A). The major diastere-

omer was isolated in 73% yield and the stereochemistry was 

determined via comparing its NMR spectral data with the re-

ported literature.25b,26 The selective generation of three new chi-

ral centers in and around dihydroisoquinolone is significant as 

it is a structural feature present in many biologically active al-

kaloids.27 Next, we treated substrate 6ae with phenyl-substi-

tuted enamide for its hydrogenation via Pd/C catalyst, which led 

to the formation of inseparable diastereomers of dihydroiso-

quinolones 8 in 4:1 ratio. The steric bulk of methyl versus hy-

drogen is not as drastic as it is with other bigger groups such as 

a tert-butyl. Screening of sterically or electronically different 

groups along with optimization of hydrogenation method could 

lead to better selectivity.28  

 

 

Figure 5. Product derivatization via diastereoselective 

functionalization of enamide. 

 

Our aerobic oxidation of ‘iminium’ embedded in isoquinoline 

without any auxiliary functional group requirement allows us to 

synthesize isoquinolone with a wide variety of positional and 

functional substitutions. This success led us to question whether 

the ‘iminium’ has to be a part of azaarene for its oxidation or 

not. To test the generality of ‘iminium’ oxidation via our proto-

col, we screened non-aromatic cyclic and acyclic iminium salts 

9 and 12. We were delighted to obtain the corresponding lactam 

11 and anilide 14 under our reaction condition with 45% & 22% 

yields and 84:16 & 72.5:27.5 enantiomeric ratios (Scheme 6A 

and 6B). These results are remarkable, and they pave the way 

to a general synthetic approach for atroposelective anilides.  

 

 
Figure 6. Extension of phosphite catalyzed oxidative DYKAT 

with other ‘iminium’ substrates. 

 

For 4-phenyl pyridone, the phosphite catalyst adduct from the 

pyridinium formed successfully, while the subsequent photo-

catalytic aerobic oxidation did not occur. Subsequently, we 

tested other photocatalysts and oxidants to oxidize the interme-

diate 16. Although other aerobic photocatalytic methods 

screened did not give satisfactory results, we found that a chem-

ical oxidant potassium ferricyanide oxidized the intermediate 

with a moderate 38% yield and 72:28 enantiomeric ratio (Figure 

6C).29 These results suggest that reoptimization of reaction pa-

rameters and chiral phosphite catalyst is necessary to use our 

protocol for other anilide syntheses.  

In conclusion, we developed a chiral phosphite-mediated ox-

idative DYKAT of iminium for the synthesis of atroposelective 

anilides with a chiral C−N bond. For iminium embedded in iso-

quinoline, a dual phosphite and aerobic photoredox catalytic 

was successful in synthesizing N-aryl isoquinolone. Since no 

other functional group was required for this mild aerobic oxida-

tion, a broad range of substituents were tolerated at different 

positions on either aromatic ring. Experimental and computa-

tional studies established plausible reaction mechanism and 
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origin for phosphite catalyzed DYKAT. The atroposelective 

C−N bond was utilized to functionalize isoiquinolone to chiral 

dihydroisoquinolone derivatives. The chiral phosphite-cata-

lyzed DYKAT method was extended to pyridine-embedded 

iminium as well as non-heteroaromatic cyclic and acyclic imin-

ium ions. Currently, we focus on establishing a phosphite-cata-

lyzed atroposelective method for iminium ion functionalization.   
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