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ABSTRACT: 2-Aminobiaryls are privileged scaffolds and their cogent synthesis and diversifications, particularly through 

the CH bond activation strategy, is a continuous enterprise in organic synthesis. In this realm, capitalization on susceptible 

native amine (NH2) directing group is beneficial but increasingly challenging owing to its innate nucleophilic reactivity. 

Also, the CH activation reactions of this class of substrates have traditionally been restricted to the cross-ring CH bond 

as the ortho CH functionalization presumably requires the formation of a strained high-energy four-membered metallacy-
cle. Herein, we report the first example of free amine-di-

rected ortho CH activation reaction of 2-aminobiaryls un-
der high-valent Cp*Co(III)-catalysis, enabling regio- and ste-
reoselective allylation reaction in high yields. The protocol 

engages vinyl cyclopropanes as allyl synthons where the CC 

bond construction event was tunneled to a CC activation 
process to forge internal olefin with exclusive (E)-selectivity. 
The products were judicially used to access high-value 
benzo[d]isoxazoles and dihydro phenanthridine derivatives. 
Mechanistic experiments and DFT calculations have also 
been conducted to unravel the rationale behind the unique 
site selectivity, where the thermodynamic constraints of the 

corresponding intermediates favoring the ortho CH activa-
tion over cross-ring functionalization.

INTRODUCTION 

Biaryl scaffolds adorn the core structure of several im-
portant natural products, therapeutic agents, and agro-
chemicals.1 They also form the backbone of a diverse class 
of chiral ligands.1d,e Consequently, the synthesis and di-
versification of biaryl molecules have always garnered in-
terest in the synthetic community. While, traditional ap-
proaches toward the biaryl scaffolds rely mainly on tran-
sition metal-catalyzed cross-coupling reactions2, in re-

cent years, directed CH bond activation reactions have 
come to the fore as they offer step and atom economic 
disconnections for the synthesis of these molecules.3 

Here, heteroatomic directing groups play an important 
role by dictating the regioselectivity of these reactions.4a 
In this context, the utilization of common organic func-
tionalities like carboxylic acids, amides, ketones, esters, 
etc. as directing groups (DGs) is advantageous.4b,4c How-
ever, unlike the aforementioned functional groups, the 
potential of the native amine (–NH2) functionality to act 
as a directing group has not been realized fully (Scheme 

1a), despite the ubiquitous distribution of amine or its de-
rivatives in bio-relevant molecules.5 The dormant pro-
gress in this area of research can be attributed to 
 

Scheme 1. Free Amine Directing Group and CH 
Bond Activation Reactions of 2-Aminobiaryls 

 



 

native reactivity of the free amine functionality such as 
strong coordination with metal catalyst leading to its de-
activation, substrate coordination under the reaction 
conditions, and innate nucleophilic reactivity en route to 
undesired side reactions (Scheme 1a).6 Thus, exploration 

of sustainable free amine directed CH activation reac-
tions is highly desirable. The 2-aminobiaryl motif has 
been considered as a prototype substrate for free amine 

directed CH activation reactions. A closer look into this 
framework reveals the presence of two alternate sites of 

directed CH activation, the ortho CHA bond and the 

cross-ring CHB bond (Scheme 1a). The functionalization 

of the cross-ring CHB bond requires the formation of a 
thermodynamically more stable six-membered metal-
lacycle and has been explored to a large extent.7 In sharp 
contrast, directed C–H bond activation methodologies 

that harness the reactivity of the CHA bond ortho to the 
free amine unit are highly challenging as such function-
alization necessitates the formation of a strained four-
membered metallacycle with a high energy barrier 
(Scheme 1a).8 
   We posited that the adoption of an electrophilic C–H 
metalation strategy using high-valent Co(III) catalysis 
could offer an exciting solution.9 Cobalt being the first-
row transition metal with smaller ionic radii would be 
significantly electrophilic at higher oxidation state9i-p and 
we believe such characteristics would favor the desired 
metalation in the aniline ring and may be useful to over-
come the thermodynamic barrier associated with the for-
mation of strained four-membered cobaltacycle. Of note, 
this reaction modality is crucial to preserve the ortho-se-
lectivity as electrophilic functionalization of anilines of-
ten resulted in a mixture of ortho- and para-functional-
ized products with poor synthetic utility.10  
   Herein, we demonstrated the first example of such a re-
action through the development of a regio- and stereose-
lective Co(III)-catalyzed C–H allylation of 2-arylanilines 
with vinyl cyclopropanes (Scheme 1b). While cobalt en-
compasses a relatively nontoxic portfolio with a high 
abundance in the earth’s crust, favoring sustainable ca-
talysis, the products of this process are functionally en-
riched with amine and allyl motifs which were engaged 
to prepare valuable benzo[d]isoxazole and dihydrophe-
nanthridine frameworks. DFT studies were also per-
formed to support the reaction mechanism. In this work, 
the critical challenge is grounded in the synchronous 
control of regioselective C–H bond activation through a 
strained metalacycle, regioselective opening of vinyl cy-
clopropane11 that involves a C–C bond activation, and the 
stereochemistry of the internal olefin bestowed in the al-
lylation product.  
 
RESULTS AND DISCUSSION 
 
We commenced investigations following the model reac-
tion between 2-phenylaniline 1a and vinylcyclopropane 
2a (Table 1). Our initial attempts turned out challenging 
as the exposure of 1a and 2a to Cp*Co(CO)I2 catalyst in 
presence of 1-AdCOOH as additive and AgSbF6 as halide  

Table 1. Reaction Optimizationa 

 

en-
try 

solvent acid  

additive  
Ag salt 

T  

(oC) 

yield (%)b 

3a 3a′ 

1 THF 1-AdCO2H AgSbF6 80 – 59 

2 DCE 1-AdCO2H AgSbF6 80 – 65 

3 TFE 1-AdCO2H AgSbF6 80 32 55 

4 HFIP 1-AdCO2H AgSbF6 80 34 51 

5 TFT 1-AdCO2H AgSbF6 80 63 18 

6 Toluene 1-AdCO2H AgSbF6 80 54 26 

7 TFT MesCO2H AgSbF6 80 41 22 

8 TFT 1-AdCO2H AgSbF6 100 78 < 5 

9c TFT 1-AdCO2H – 100 65 18 

10 TFT 1-AdCO2H AgNTf2 100 53 < 5 

11 TFT – AgSbF6 100 – trace 

12 TFT 1-AdCO2H – 100 – trace 

aReaction conditions: 1a (0.3 mmol), 2a (0.33 mmol), solvent 
(3.0 mL) for 10 h under argon atmosphere. bIsolated yields 
were provided. 

ion scavenger in THF or DCE solvent at 80 oC gave only 
undesired N-adduct 3a′ (entries 1-2). We first noticed the 
formation of the desired C–H bond activation product 3a 
when the reaction was conducted in CF3CH2OH (TFE), 
albeit in a poor yield of 32% (entry 3). Further alteration 
o reaction solvent to HFIP did not improve the situation 
and the N-attack product was still formed in major 
amounts (entry 4). However, in trifluorotoluene (TFT) 
solvent, product selectivity was reversed, favoring the de-
sired C–H activation product with 63% isolated yield (en-
try 5). The selectivity was also unchanged in toluene sol-
vent; however, the reaction efficacy was moderate (entry 
6). The replacement of 1-AdCO2H with MesCO2H re-
duced the yield of 3a considerably (entry 7). Satisfyingly, 
when the reaction temperature was increased to 100 oC, 
yield and selectivity both improved significantly, offering 
ortho-functionalized product 3a in 78% yield (entry 8). At 
this juncture, the undesired product from N-adduct was 
formed in a negligible amount (< 5% yield).  Also, the ole-
fin geometry was exclusively trans and no para-function-
alization product was formed. The use of 
[Cp*Co(MeCN)3][SbF6]2 as a  catalyst was also effective 
for this reaction, although the desired product was iso-
lated in reduced yield (entry 9). Consideration of AgNTf2 
additive provided detrimental outcomes (entry 10). The 
presence of both additives, acid as well as silver salt, was 
critical and the reaction was unproductive in the absence 
of any of them (entries 11-12). 

   Having finalized the optimal conditions (entry 8, Table 

1), the scope of the CH allylation protocol was explored 
(Scheme 2). The reaction is quite general for a wide range 



 

 

Scheme 2. Substrate Scope in Co(III)-Catalyzed CH Allylation of 2-Aminobiaryls 

 

Reaction conditions: 1 (0.3 mmol), 2 (0.33 mmol), TFT (3.0 mL) for 10 h under argon atmosphere. Isolated yields were pro-
vided.

of substrates. 2-Aminobiaryls encompassing electron-do-
nating substituents like alkyl (3b–d) and alkoxy (3e–f) 
produced desired products in high yields. The reaction 

was amenable to halogen (3g-i) and sensitive vinyl (3j) 
substituents. Electron-withdrawing substituents like tri-
fluoromethyl (3k), ester (3l), keto (3m), and nitro (3n) 



 

were also well tolerated. Biaryls bearing meta- and ortho-
substituents in the aryl ring were also suitable to furnish 
3o–3t in high yields. The presence of bulky 1-naphthyl, 2-
naphthyl, and 1,3-benzodioxolyl motifs did not hamper 
the reaction, giving 3u–3w in 75-78% yields. Substrates 
with heterocyclic frameworks such as indole (3x–3y), pyr-
role (3z), furan (3za), and thiophene (3zb) also exhibited 
smooth reactivity to dispense desired products in good 
yields. The scope of the reaction was also evaluated with 
2-phenylanilines containing common functional groups 
in para- and meta-positions of the aniline ring. Methyl 
(3zc), methoxy (3zd), and chloride (3ze) functionalities 
rendered high yields (71%–80%), while trifluoromethyl 
(3zf), ester (3zg), and fluoro (3zh) groups offered slightly 
reduced yields (62%–65%). Intriguingly, in all cases, 
products were isolated with excellent regio (ortho) and 
stereoselectivity (E-olefin). 

   Next, the variation in vinylcyclopropanes (VCPs) was 
examined where 1,1-diester unit prepared from primary 
(4a, 4c), secondary (4b, 4d) as well as tertiary (4f) alco-
hols, effortlessly delivered allylation products in uni-
formly high yields (Scheme 2). The VCP obtained from 2-
chloroethanol offered desired product 4e in 75% yield. 
The reactivity of VCPs derived from biomolecules like 

menthol (4g), borneol (4h), and -citronellol (4i) was 
also investigated. Delightfully, they were equally effective 
to furnish the C–H allylated 2-phenylanilines in very high 
yields with exclusive E-selectivity (Scheme 2).  

Scheme 3. Synthesis of Benzo[d]isoxazoles via Oxi-
dation of C–H allylation Products  

 

 
 
    To adorn the synthetic utility, several post-synthetic 
modifications were performed. We considered nitroso-
functionality-based allylic C–H functionalization by con-
verting free amine into a nitroso group (Scheme 3). Ac-
cordingly, product 3h was treated with m-CPBA oxidant 
in DCM solvent at room temperature, which produced 
functionalized benzo[d]isoxazole 5a in 75% yield. The 
formation of 5a can be rationalized through [3+2] cy-

cloaddition reaction of in situ generated nitrone interme-
diate as depicted in Scheme 3. The structure of 
benzo[d]isoxazole product 5a was also confirmed 
through single-crystal X-ray analysis.  Notably, while the 
allyl C–H bond in 3h promotes this unique transfor-
mation, the oxidation conditions did not affect the olefin 
functionality. The protocol can be extended to other C–
H allyllated products to furnish 5b–5i in good yields 
(Scheme 3). 
 
    The Pd/C mediated hydrogenation of product 3a was 
also executed. In this case, along with hydrogenation of 
the double bond, N-alkylation of amine functionality 
took place to give 6a in 85% yield (Scheme 4a). The for-
mation of 6a can be attributed to the transfer hydrogena-
tion-based reductive amination process.12 Subsequently, 
6a was subjected to aza-Mannich cyclization in the pres-
ence of paraformaldehyde and a catalytic amount of p-
TsOH.H2O to access dihydrophenanthridine derivative 
7a in 92% yield (Scheme 4a). Through LiAlH4 reduction 
1,3-diols 8a and 8b were prepared in high yields (Scheme 
4b). Further, the Krapcho decarboxylation process was 
also performed to prepare monoester 9a and 9b in 76% 
and 79% yields, respectively (Scheme 4c).  
    

Scheme 4. Post-functionalization of CH Allylation 
Products 

 

   To delineate the mode of action of this Co(III)-
catalyzed process, we conducted various mechanistic 
studies. Whether the reaction proceeds via an initial nu-
cleophilic attack of the amine functionality on VCP fol-
lowed by thermal/Lewis acid mediated Hofmann-Mar-
tius type rearrangement giving rise to the ortho allylated 
product was an intriguing question. To address this issue, 
the isolated N-adduct 3a′  was treated under the standard 
reaction conditions. However, no rearrangement of 3a′  
to 3a was detected, refuting the intermediacy of 3a′  in  



 

 

 

 

Scheme 5. Mechanistic Studies and DFT Calculation (wB97XD/6-31+G(d,p)-LanL2DZ-PCM(1,2-Dichloroethane)  
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this process (Scheme 5a). Next, we treated 2-aminobi-
phenyl 1a with excess CD3OD under the standard catalytic 
conditions where we found a considerable amount of deu-
terium incorporation in the aniline ring and slight H/D-

exchange in the cross-ring CH bonds (Scheme 5b). This 

observation suggested the operation of a reversible CH 
cobaltation process. Notably, deuterium incorporation 
also occurred at the para-position of the aniline ring; how-
ever, we never detected the para-functionalized product 
during our investigation. Of note, we observed around 25% 
deuterium incorporation in the aniline ring when Sc(OTf)3 

Lewis acid was employed instead of Co(III)-catalyst 
(Scheme 5b). Thus, deuterium incorporation via Friedel 
Crafts type electrophilic aromatic substitution reaction 
cannot be ignored; however, the contribution of this pro-
cess is lower for the overall C–H/C–D exchange event. Also, 
free amine functionality is critical for this reaction as pro-
tected N,N-dimethyl or N-acetyl substrate was unable to 
promote this reaction (Scheme 5c). These findings signify 
the indispensable role of the free amine motif as a directing 
group that favors the ortho-functionalized product. A com-
petition experiment between electronically different sub-
strates revealed that the reaction with electron-rich me-
thyl-substituted aniline proceeds 1.8 times faster compared 
to the electron-deficient trifluoromethyl derivative 
(Scheme 5d). Further, for this reaction, we found the Ham-

mett correlation with a negative value, imply-
ing the decrease of electron density in the aniline ring dur-

ing the CH activation step and the development of a pos-
itive charge in the transition state (Scheme 5e). Findings 
from both of these studies collectively satisfy the require-

ments of CH scission protocol likely operating via a base-
assisted internal electrophilic substitution (BIES) mecha-
nism.13  
  
  To gain additional mechanistic insights, we performed 
DFT calculations (Scheme 5f-g).14 At the onset, we com-
puted the energies associated with probable ortho-metal-
lated species arising from cobalt complex A (Scheme 5g). 

Our control experiments suggested a BIES type CH acti-
vation process which will generate the four-membered co-
baltacycle C and we obtained 24.5 kcal/mol energy for this 
cobalt complex. The desired metalation event can also oc-
cur via initial N–H deprotonation followed by classical 
electrophilic aromatic substitution reaction, which garners 
the dearomatized Wheland intermediate. The initial 
deprotonation will give the cobalt complex C1 having ani-
onic coordination to amine. Its energy was 25.9 kcal/mol 
higher than the cobalt complex A having neutral coordina-
tion between the amine and cobalt catalyst. The energy of 
the metallated species C2 arising from A via SEAr mecha-

nism and harnessing a 3 -allyl coordination with cobalt 
turned out 58.8 kcal mol-1. The complex C1 can also trans-

form into the 3 -allyl cobalt complex C3, which was found 
to have an energy of 39.7 kcal/mol. We also calculated the 
energy of the cobalt complex C4 forming via para-C–H 
bond activation; however, it was considerably high (39.9 
kcal mol-1). Overall, the cobalt complex C with significantly 
lower energy is most suitable and was considered to com-

pute the full mechanistic profile of this reaction. A com-
parison with the cross-ring functionalization was also con-
sidered to unravel the unique site selectivity. In Scheme 5h, 
Path I (denoted by blue line) depicts the formation of the 
ortho-functionalized product 3 and Path II (denoted by 
grey line) accounts for the formation of cross-ring func-
tionalized product 3′ ′ . The reaction commences with the 

free amine-directed, carboxylate-assisted CH activation 
leading to the formation of respective cobaltacycles. We 
found that the barrier for the formation of the cobaltacyle 
C via transition state TSB-C was about 29.2 kcal mol-1, which 
was comparable to the cobaltacycle H (28.9 kcal mol–1) 
formed via transition state TSG-H. The next step involves 
ligand exchange with vinyl cyclopropane generating inter-
mediate D (19.4 kcal mol-1) and intermediate I (20.5 kcal 
mol-1) for Path I and Path II respectively. Notably, this step 
is exergonic for Path I by 5.1 kcal/mol. The subsequent mi-
gratory insertion of the vinyl cyclopropane into the cobal-
tacycle was found to be the rate-determining step of the 
reaction. The energy barrier for the TSD-E to give interme-
diate E was about 2.7 kcal mol-1 lower when compared with 
TSI-J leading to the intermediate J. In addition, this inser-
tion step was highly exergonic with the release of 30.2 
kcal/mol energy for Path I. Further, our calculation re-

vealed that the CC bond cleavage event was also favorable 
for path I with an activation barrier of 21.0 kcal/mol as com-
pared to 24.1 kcal/mol for path II. Also, the intermediate F 

(-3.9 kcal mol-1) resulting from CC bond cleavage step in 
path I is much more stable than the intermediate L (0.9 
kcal mol-1) in path II. Overall, these results indicate that 
path I is energetically favorable. Most likely, lower free en-
ergy barriers associated with TSD-E and TSE-F as well as the 
higher stability of intermediates E and F govern the ortho 
selectivity for this process.   
 

Scheme 6. Plausible Mechanism 

 

   Based on the mechanistic experiments and theoretical 
calculations, a general catalytic cycle for the protocol is 
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presented in Scheme 6. Initially, the catalytically compe-
tent cationic Co(III) species is generated from the precur-

sor [Cp*Co(CO)I2] and engages in a regioselective CH 
cleavage of 2-aminobiaryl substrate 1. This step is reversi-
ble in nature and operates via a BIES mechanism leading 
to the four-membered cobaltacycle C. Ligand exchange, 
coordination, and subsequent migratory insertion of vinyl 
cyclopropane then lead to the formation of intermediate E. 

Next, this intermediate undergoes CC bond cleavage to 
give intermediate F. The geometry of the olefin is dictated 
by this step. Finally, protodemetalation liberates the allyla-
tion product 3 with the regeneration of the active Co(III) 
catalyst to continue the cycle. 
 
    In conclusion, we have developed for the first time a 

Cp*Co(III)-catalyzed site-selective CH activation/CC 
bond formation cascade reaction in 2-aminobiaryls using 
vinyl cyclopropanes as synthons. The reaction features re-
gioselective insertion/cyclopropane ring opening event 
and offers ortho-allylation products in high yields. The re-
action scope was broad encompassing both electron-do-
nating and withdrawing functionalities and olefins were 
obtained with exclusive E-selectivity. The synthetic poten-
tial of this strategy was highlighted through product diver-
sification, which gives facile access to valuable heterocycles 
such as benzo[d]isoxazoles and phenanthridine deriva-
tives. The rationale behind the unique site selectivity was 
unraveled using both experimental and theoretical meth-
ods. The thermodynamic stability of the observed product 
drives the reaction in its desired pathway, overcoming the 
kinetic barrier associated with the formation of a strained 
cobaltacycle.  
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