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a b s t r a c t

The asymmetric addition of aromatic organometallic compounds to the carbonyl group (C-3) of isatins,

catalyzed by transition metals, has emerged as a remarkably efficient method for the synthesis of chiral

3-hydroxyoxindoles. Here, an exceptionally enantioselective approach was developed for the first time to

achieve a catalytic NHK reaction of isatins with aromatic halides (both aryl and heteroaryl). Utilizing chi-

ral cobalt complexes as catalysts, and the presence of a diboron reagent B2nep2 as both a reducing agent

and determinant in enantiocontrol, has resulted in the triumphantly achieved synthesis of enantioen-

riched products. Compared to reported strategies, this approach exhibits remarkable compatibility with

substrates bearing sensitive functional groups, such as halides and borate esters, while also eliminating

the need for organometallic reagents as required in previous strategies. Through experimental investiga-

tions, the presence of aryl-cobalt species during the addition process was confirmed, rather than in-situ

generation of an arylboron reagent. Furthermore, the successful attainment of the R absolute configura-

tion through aryl addition was demonstrated.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Isatin, known for its alternative name indoline-2,3–dione, along

with its derivatives, occupies a prestigious position in the realm of

medicinal chemistry and organic synthesis [1-9]. A profound ex-

ploration into the reactivity of isatins, possessing an indole struc-

ture adorned with a ketone and a γ -lactam entity, has revealed

numerous captivating facets of organic transformations [10,11]. The

most enchanting application of isatins in organic chemistry stems

from the remarkably reactive C-3 carbonyl group, which serves as

a prochiral center [12-22]. The corresponding arylated derivatives

of isatins, specifically enantiomerically pure 3-hydroxyoxindoles,

emerge as abundant and indispensable constituents within a

plethora of biologically active compounds and drugs (Fig. 1a) [23].

For instance, coprisidins B, extracted from a gut-associated Strep-

tomyces sp. in the dung beetle Copris tripartitus, demonstrate ac-

tivity in inducing NAD(P)H:quinone oxidoreductase 1 [24]. Another

noteworthy example is SM-130686, a remarkably potent and orally

active nonpeptidic growth hormone secretagogue [25]. Addition-

ally, 3-hydroxyoxindoles assume crucial roles as fundamental in-

termediates in a variety of total syntheses, encompassing a re-

markable molucule such as diazonamide A [26-29]. Hence, facile
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strategies for the asymmetric construction of the carbon center in

3-hydroxyoxindoles hold substantial significance.

The application of aromatic organometallic agents in the asym-

metric addition to the C3 carbonyl group of isatins, facilitated

by metal catalysts, is considered to be an exceptionally advanta-

geous strategy for obtaining chiral quaternary carbon centers of 3-

hydroxyoxindoles. The pioneering work carried out by Hayashi and

coworkers in 2006 first introduced the rhodium-catalyzed asym-

metric addition of arylboronic acids to isatins (Fig. 1b) [30]. How-

ever, the reaction exhibited low enantioselectivity when working

with unsubstituted isatins at the 5-position [31]. Therefore, nu-

merous investigations have been conducted in the field of asym-

metric catalysis employing arylboronic acids and esters in or-

der to overcome this limitation [32-42]. The utilization of al-

ternative organometallic compounds such as arylsilanes has also

demonstrated remarkable effectiveness in the synthesis of chiral

3-hydroxyoxindoles through aryl addition into isatins, facilitated

by the presence of a copper catalyst [43]. Despite of these ad-

vances, heteroaryl organometallic compounds, whether in the form

of boron or silane reagents, continues to present a formidable ob-

stacle in these reactions [44]. Considering factors such as ease of

use and cost, there is an increasing tendency towards approaches

that avoid the utilization of organometallic compounds and noble

metal catalysts, all the while maximizing compatibility with the
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Fig. 1. Metal-catalyzed asymmetric synthesis of 3-hydroxyoxindoles through aryl addition.

functional groups found in the reactants involved in the coupling

process.

The venerable Nozaki-Hiyama-Kishi (NHK) reaction, first discov-

ered in 1977 [45] and formalized in 1986 [46], is one of the most

useful and reliable C–C bond-forming reactions in organic synthe-

sis (Fig. 1c). It generally involves the cross-coupling of an alkenyl

halide with an aldehyde through the use of stoichiometric Cr and

catalytic Ni to afford an allylic alcohol product. Substantial ad-

vancements have been achieved in the realm of catalytic asym-

metric carbonyl addition reactions under mild reductive conditions,

opening the path for the direct use of aromatic (pseudo)halides

as substitutes for preformed organometallic reagents [47-57]. How-

ever, practical control of enantioselectivity in ketone addition has

not been reported [58-68]. Herein, we present the groundbreak-

ing catalytic asymmetric NHK type reactions of isatins with aro-

matic halides (Fig. 1d). Upon exposure to a cobalt catalyst [69-

83] adorned with a commercially available chiral biphosphine lig-

and, isatins exhibit the capacity to undergo reductive 1,2-addition

with aromatic iodides. By substituting conventional metal dust

with bis(neopentyl glycolato)diboron (B2nep2) as a reductant, re-

markable progress has been made in both yield enhancement and

the preservation of enantioselectivity at elevated levels. In a re-

markable showcase that sets it apart from prior methodologies,

this chemistry has achieved an exceptional level of precision in

governing chemoselectivity, favoring the reaction of aromatic C–I

bonds instead of C–B bonds. Moreover, a diverse array of heteroaryl

haildes proved to be compatible in this instance.

Our inquiries began with the reaction of isatin 1a and iodoben-

zene (1b) employing a catalytic amount of CoCl2 (10 mol%) and

a stoichiometric quantity of zinc powder as the reducing agent in

toluene at 85 °C (Table 1). The formation of the addition product

1c was only detectable in minute quantities when employing the

pyridine-oxazoline ligand (R)-L1 (entry 1). Subsequent screening of

various chiral ligands revealed that the utilization of (S)-SEGPHOS

(L2) yielded the desired product 1c with a yield of 16%, but almost

racemic (entry 2). Further exploration of bisphosphine ligands un-

der optimal conditions confirmed that (R,R)-Ph-BPE (L3) provided

a level of 16% ee (entry 3). It was with great satisfaction that we

observed how the implementation of (R,R)-QuinoxP (L4) markedly

enhanced the enantioselectivity, affording 1c with an 70% ee, de-

spite the yield still being low (entry 4). The treatment of (R,R)-

BenzP (L5) produced product 1c with exceptional enantioselectiv-

ity (82% ee), though the yield remained suboptimal (entry 5). Un-

der the established reaction conditions, the use of (S,S)-DUPHOS

(L6) merely produced modest levels of enantioselectivity (entry

6). When employing L5 as the optimical ligand, alternate reduc-

ing agents such as manganese dust proved entirely ineffective in

this reaction (entry 7). Although the use of bis(pinacolato)diboron

(B2pin2) did not yield the desired product (entry 8), the addition

of K3PO4 to the system greatly enhanced the formation of 1c, re-

sulting in a 68% yield and 81% ee (entry 9). It was discovered that

treating bis(neopentyl glycolato)diboron (B2nep2) led to a favor-

able yield (90%), as well as an improved enantioselectivity of 96%

(entry 10). To examine the influence of solvents, we also tested

various options. P-xylene proved to be more effective, producing

1c with a 90% yield and maintaining enantioselectivity (entry 11).

When mesitylene was utilized as the solvent, the reaction exhib-

ited even better results (92% yield, 97% ee, entry 12). Alternative

cobalt sources, such as CoBr2 and CoI2, also yielded 1c in excellent

enantioselectivities, albeit with slightly lower yields (84%−86%, en-

tries 13 and 14). Nonetheless, the utilization of Co(NTf2)2 resulted

in remarkably diminished reactivity during the reaction (entry 15).

Surprisingly, the complex of 1,1′-bis(diphenylphosphino)ferrocene,
Co(dppf)Cl2, displayed remarkable reactivity, producing 1c with a

98% yield and 97% ee (entry 16). Another complex, Co(PPh3)2Cl2,

also maintained excellent enantioselectivity (96% ee), albeit with

a lower yield (81%, entry 17). To investigate the reactivity of al-

ternative halides, we additionally assessed bromide and chloride

as leaving groups. Substituting bromobenzene (1a’) with 1a in the

system resulted in a sluggish reaction (entry 18). Using chloroben-

zene (1a”) as the reaction partner did not lead to any progress in

the reaction (entry 19). Finally, decreasing the catalyst loading to 5

mol% produced comparable conversion with an 85% yield and 93%

ee (entry 20).

Having established the optimal conditions for the asymmet-

ric reductive aryl addition, we proceeded to explore its applica-
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Table 1

Reaction optimization.a

Entry cat [M] L∗ Additives Solvent ee (%)b Yield (%)c

1 CoCl2 (R)-L1 Zn Toluene – <5

2 CoCl2 (S)-L2 Zn Toluene <5 16

3 CoCl2 (R, R)-L3 Zn Toluene 16 6

4 CoCl2 (R, R)-L4 Zn Toluene −70 13

5 CoCl2 (R, R)-L5 Zn Toluene 82 8

6 CoCl2 (S, S)-L6 Zn Toluene −40 21

7 CoCl2 (R, R)-L5 Mn Toluene – 0

8 CoCl2 (R, R)-L5 B2pin2 Toluene – 0

9 CoCl2 (R, R)-L5 B2pin2 +K3PO4 Toluene 81 68

10 CoCl2 (R, R)-L5 B2nep2 +K3PO4 Toluene 96 70

11 CoCl2 (R, R)-L5 B2nep2 +K3PO4 p-xylene 95 90

12 CoCl2 (R, R)-L5 B2nep2 +K3PO4 Mesitylene 97 92

13 CoBr2 (R, R)-L5 B2nep2 +K3PO4 Mesitylene 95 84

14 CoI2 (R, R)-L5 B2nep2 +K3PO4 Mesitylene 94 86

15 Co(NTf2)2 (R, R)-L5 B2nep2 +K3PO4 Mesitylene 18 61

16 Co(dppf)Cl2 (R, R)-L5 B2nep2 +K3PO4 Mesitylene 97 98

17 Co(PPh3)2Cl2 (R, R)-L5 B2nep2 +K3PO4 Mesitylene 96 81

18d Co(dppf)Cl2 (R, R)-L5 B2nep2 +K3PO4 Mesitylene 42 19

19e Co(dppf)Cl2 (R, R)-L5 B2nep2 +K3PO4 Mesitylene – 0

20f Co(dppf)Cl2 (R, R)-L5 B2nep2 +K3PO4 Mesitylene 93 85

a Reaction conditions: 1a (0.10mmol), 1b (0.14mmol), Co catalyst (10mol%), ligand (10mol%), additives (0.30mmol), solvent (1.0mL), in sealed Schlenk tubes, 85 °C, 24h,
under N2.

b ee value was determined by chiral HPLC analysis.
c Isolated yield after chromatography.
d Bromobenzene was used instead of iodobenzene.
e Chlorobenzene was used instead of iodobenzene.
f 5 mol% of Co catalyst and 5 mol% of ligand were used.

bility with various isatins, as depicted in Scheme 1. The reac-

tion between iodobenzene (1b) and isatin 2a, lacking any sub-

stituents on its benzene core, yielded the product 2c in 66% yield

and an impressive ee of 96%. The presence of methyl groups

(3–4a) and isopropyl groups (5a) on the substituted isatins ex-

hibited great compatibility with the reaction conditions. Simi-

larly, the isatins 6–8a, endowed with OMe groups at various po-

sitions on the aryl rings, facilitated the formation of the de-

sired products 6–8c with favorable yields and excellent enan-

tioselectivities. Notably, isatins containing halogen substituents (F,

Cl, and Br, 9–14a) demonstrated significant efficacy in the re-

ductive 1,2-arylation, highlighting the potential value of this pro-

cedure alongside traditional cross-coupling reactions. Moreover,

isatins carrying electron-withdrawing groups such as CF3 (15a),

OCF3 (16–17a), and CO2Me (18a) displayed compatibility, afford-

ing the desired products 15–18c in moderate to good yields, ac-

companied by excellent enantioselectivities. It is worth noting

the exemplary outcome achieved with the π-extended substrate

of 1-methyl-1H-benzo[g]indole-2,3–dione (19a), which yielded the

product 19c in a remarkable 93% yield and 94% ee. Further-

more, various N-substituted isatins, including trityl (20a), phenyl

(21a), benzyl (22a), and p-methoxybenzyl (23a), were also well-

tolerated within our system. Additionally, the compatibility of

5,6-dihydro-4H-pyrrolo[3,2,1-ij]quinoline-1,2–dione (24a) with our

reaction conditions was demonstrated, furnishing product 24c

with outstanding enantiomeric excess. However, NH-free isatin

25a did not perform satisfactorily under the optimized reaction

conditions.

We conducted further investigation into the range of aryl and

heteroaryl iodides (Scheme 2). Iodoarenes with diverse electron-

neutral groups, such as methyl (2b), tert–butyl (3b), and phenyl

(4–5b), yielded the corresponding products 26–29c with excep-

tional ee (>96%). Similarly, excellent enantioselectivities were ob-

served for aryl iodides containing electron-donating groups, such

as OMe (6–7b), OBn (8b), OPh (9b), OAc (10b), dioxole (11b),

and SMe (12b), in the formation of products 30–36c. Notably,

the presence of halogen groups including F, Cl, and Br (37–44c)

had no impact on the reaction. Of particular interest is the us-

age of 1,4-diiodobenzene (21b), where one C-I bond could be

preserved under the reaction conditions, resulting in the corre-

sponding product 45c with a yield of 65% and an ee of 97%.

Aryl iodides featuring electron-withdrawing substituents, such as

trifluoromethyl (22–23b), trifluoromethoxy (24b), ester (25–26b),

amide (27b), sulfonamide (28b), cyano (29–30b), and acetyl (31b),

have generously bestowed upon us the resulting products 46–55c.

These products have been graced with yields ranging from 57%

to an impressive 97%, all the while maintaining ees exceeding

the remarkable threshold of 95%. Moreover, the isatin derivative

32b with an ethynyl group could be effectively phenylated un-

der these conditions. Using this strategy, polycyclic arenes such
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Scheme 1. Substrate scope of isatins. Reaction conditions: Co(dppf)Cl2 (10 mol%), (R,R)-L5 (10 mol%), 2–25a (0.10mmol), 1b (0.14mmol), B2nep2 (0.30mmol), K3PO4

(0.30mmol) in mesitylene (1mL) at 85 °C for 24h under N2 atmosphere. Isolated yields. ee values were determined by chiral HPLC. a Reacted for 48h.

as 2-iodonaphthalene (33b) and 2-iodo-9,9-dimethyl-9H-fluorene

(34b) could be employed with satisfactory enantioselectivities, and

the absolute configuration of product 57c was confirmed via X-

ray diffraction. Furthermore, the reaction displayed compatibility

with a diverse array of heterocyclic patterns, encompassing pyra-

zole (35b), carbazole (36b), indole (37b), quinoline (38b), thio-

phene (39b), benzothiophene (40b), and benzofuran (41b), thereby

yielding products 59–65c with varying yields ranging from 61% to

99% and impressive ee percentages ranging from 87% to 99%.

In order to showcase the applicability of our approach, a se-

quence of trials was executed (Scheme 3). While NH-free isatin 25a

was unsuccessful under the optimized reaction conditions, the re-

moval of the trityl group in product 20c can be easily achieved un-

der mild reaction conditions, resulting in the desired product 25c

with excellent yield and enantioselectivity. Furthermore, we found

that scaling up the reaction system did not have a significant im-

pact on the product outcome. When the reaction of isatin 22a and

PhI (1b) was carried out on a gram-scale, the product 22c was ob-

tained with a yield of 76%, maintaining its efficiency. Additionally,

the enantioselectivity of the reaction, with a 94% ee, was minimally

affected as well. Furthermore, the chiral alcohol within the product

can be further utilized in follow-up transformations including alky-

lation, acylation, and arylation, leading to the formation of prod-

ucts 66–68 with exceptional yields, while still maintaining excel-

lent enantioselectivities.

A sequence of mechanistic investigations was subsequently car-

ried out in order to provide enlightenment into this reaction

(Scheme 4). The arylboronate esters have the ability to easily en-

gage in transmetallation with transition metals in carbonyl addi-

tion reactions [30,32-42]. To rule out the possibility of in situ for-

mation of aryl boron species in the system, we initially exam-

ined the reactivity of Ar-Bnep (Scheme 4a). It was discovered that

PhBnep (69) did not react with isatin 2a under the devised re-

action conditions. Furthermore, iodoarene 70, bearing a Bnep mo-

tif, exhibited exceptional chemoselectivity as it exclusively yielded

the desired product 71 in 63% yield with a remarkable ee (98%).

This outcome dismisses the possiblity of in situ generation of the

arylboron reagent for addition to the isatins. Subsequently, sev-

eral intermolecular competition experiments were conducted to

further scrutinize the reaction pathway (Scheme 4b). A competi-

tive trial was conducted between isatins 6a and 17a, each featur-

ing OMe and OCF3 groups respectively, yielding products 6c and

17c (17c/6c > 20/1). This finding establishes the intrinsic superior-

ity of electron-deficient isatin in terms of reactivity, thereby pro-

viding evidence for a mechanism involving the nucleophilic addi-

tion pathway. In another competitive test, an equimolar mixture of

aryl iodides 6b and 22b was used, resulting in a product ratio of

30c and 46c at 1/2.5. This indicates a higher reactivity of electron-

withdrawing aryl iodides compared to the electron-rich ones. As

depicted in Scheme 4c, the treatment of stoichiometric amounts of

Co(dppf)Cl2 and ligand L5 led to the formation of uncoordinated

dppf ligand and a new compound. The structure of this compound

72, further confirmed by X-ray diffraction, was determined to be

a result of ligand exchange reactivity towards the background re-

action, but demonstrate high activity after undergoing ligand ex-

change with L5. With a catalytic amount of compound 72 with

B2nep2, product 1c was generated with a favorable outcome (96%

yield and 97% ee). between Co(dppf)Cl2 and ligand L5. Addition-

ally, when CoCl2 or Co(dppf)Cl2 was employed as the catalyst in

the absence of L5, the formation of product 1c was not observed

(Scheme 4d). These findings suggest that the cobalt sources exam-

ined do not display Therefore, this result implies that complex 72

functions as an intermediate in the reaction, while dppf does not

actively participate in the catalytic cycle. Notably, replacing B2nep2

with B2pin2 in the reaction catalyzed by complex 72 resulted in

a diminished outcome of product 1c (94% yield and 89% ee). This

result, coupled with the findings from the reaction optimization

experiments (Table 1, entries 9 and 10), highlights the bifunctional

nature of boron species, which acts as not only a reducing agent,

but also a determinant of enantioselectivity. Based on the com-

plex 72, we have also obtained UV–visible absorption spectra of

catalytic entities (Scheme 4e) [84-87]. The UV-visible spectra of
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Scheme 2. Substrate scope of aromatic iodides. Reaction conditions: Co(dppf)Cl2 (10 mol%), (R,R)-L5 (10 mol%), 2a (0.10mmol), 2–41b (0.14mmol), B2nep2 (0.30mmol),

K3PO4 (0.30mmol) in mesitylene (1mL) at 85 °C for 24h under N2 atmosphere. Isolated yields; ee values were determined by chiral HPLC. aReacted for 48h.

Scheme 3. Further investigations. Reaction conditions: (a) Et3SiH, TFA, DCM, 0 °C
to r.t., 1 h; (b) MeI, NaH, DMF, 0 °C to r.t., 12 h; (c) Ac2O, DIPEA, 4-DMAP, DCM, r.t.,

24 h; (d) PhB(OH)2, Cu(OAc)2, Et3N, 4-DMAP, 4 Å MS, DCM, under O2 atmosphere,

r.t., 24 h.

compound 72 exhibited three conspicuous absorption peaks at 607,

659, and 712nm. Upon reacting compound 72 with B2nep2, only a

slight change in absorbance was observed, and subsequent addi-

tion of K3PO4 resulted in the vanishing of the characteristic peaks

attributed to the Co(II) complex. Simultaneously, a broad absorp-

tion band ranging from 367nm to 525nm appeared in the UV-

visible spectra, signifying the formation of the Co(I) complex [88-

89]. Finally, a noticeable linear correlation was observed in the

asymmetric reaction between isatin 1a and PhI (1b) in the pres-

ence of ligand L5 (Scheme 4f). This correlation implies that only

one chiral ligand can coordinate with the cobalt center during the

reaction [90-91].

Density functional theory (DFT) calculations were carried out

to scrutinize the intricate mechanism of the reaction using com-

pounds 1a and 2a as model substrates, as well as the determi-

nants behind the observed high enantioselectivity and regioselec-

tivity in the reaction (Fig. 2). Various Co-complexes with different

spin states were preliminarily calculated, among which the spin
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Scheme 4. Mechanistic experiments.

states with a spin multiplicity of 3 for Co(I) and Co(III) and a spin

multiplicity of 4 for Co(II) are the lowest energy states (for de-

tails, see Supporting information). The initial step involves single-

electron reduction of complex 72 by the boronate-base “ate” com-

plex INT1A, generating a Co(I) species INT2A with an endothermic

energy of 6.4 kcal/mol. The giving intermediate INT2A undergoes

σ -bond metathesis with the “ate” complex through transition state

TS3A with an activation energy of 11.9 kcal/mol, resulting in the

formation of active catalyst INT3A (Fig. 2a) [92,93]. Subsequently,

the calculated energy profile for the catalytic cycle was depicted in

Fig. 2b, where the Gibbs free energy of INT3A was set as the rela-

tive zero point. The oxidative addition of the C–I bond in substrate

2a to the low-valent cobalt center of INT3A, forming Co(III) specie

INT4A. This step is the rate-determining step of the catalytic cycle,

with a surmountable energy barrier of 25.6 kcal/mol. The insertion

of an isatin 1a can generate different Co(III)-oxygen intermediates,

and the regioselectivity is mainly determined by electronic factors.

The natural population analysis (NPA) reveals that the β-carbonyl

of 1a is more electron-rich compared to the α-carbonyl connected

to the amino group, making it more favorable for the β-carbonyl to

insert into the Co–C bond of INT4A. The energy barrier for carbonyl

insertion leading to the formation of the α-selective product INT5B

is 26.7 and 33.6 kcal/mol, respectively, which are higher than that

for the formation of the β-selective product INT5A, suggesting that

the formation of intermediate INT5A is kinetically favorable. The

insertion of β-carbonyl can proceed through two different path-

ways, TS5A-R and TS5A-S, and the significant discrepancy in ac-

tivation energy barriers between them is primarily attributed to

the non-covalent interactions between the tBu group in chiral lig-

and, Bnep, and isatin. The independent gradient model based on

Hirshfeld partition (IGMH) [94] shows that the favored transition

state (TS5A-R) has stronger van der Waals interactions. In TS5A-

R, the presence of three C–H…O hydrogen bonds (C–H1…O2 2.41 Å,

C–H2…O1 2.36 Å, C–H3…O1 2.58 Å) facilitates the stabilization of

TS5A-R and promotes the formation of the chiral intermediate

INT5A-R. This calculational results align with the observed enan-

tioselectivity, providing further theoretical evidence for the experi-

mental findings. The preferred intermediate INT5A-R undergoes re-

duction elimination through the transition state TS6A-R with an

activation energy of 1.5 kcal/mol, generating the R-configured prod-

6
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Fig. 2. Proposed mechanism (DFT calculations were conducted at the M062X/def2TZVP/SMD(mesitylene)//B3LYP-D3BJ/def2SVP level of theory.

7



J. Xiao, Y. Zheng, Y. Zhao et al. Chinese Chemical Letters 36 (2025) 110243

uct pro-R, which is then protonated to obtain the desired prod-

uct (R)−3aa. Final reaction of the complex INT1A with intermedi-

ate INT6A regenerate the catalytic species INT3A through σ -bond

metathesis with a calculated energy barrier of 4.7 kcal/mol, com-

pleting the catalytic cycle.

In summary, we have successfully explored the utilization of

cobalt catalysts to achieve enantioselective addition of aromatic

halides to isatins using B2nep2 as the reducing agent. This strat-

egy showcases remarkable compatibility with substrates contain-

ing sensitive functional groups, while obviating the need for

organometallic reagents employed in prior methods. Considering

the increasing significance of 3-aryl-3–hydroxy-2-oxindoles in the

field of pharmacology, we envision that this technique will expe-

dite the process of drug discovery and offer a valuable resource for

the synthesis of these pharmacophores. Through a comprehensive

integration of experimental and computational investigations, we

have gained a profound comprehension of the reaction mechanism

and the variables influencing the level of enantioselectivity.
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