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ABSTRACT: A catalytic system was discovered for the intramolecular C-H amidation of N-phenoxy acetamide derivatives. 
For the first time, a cobalt catalyst was employed for the Catellani reaction. Additionally, a monocyclic olefin, maleimide, 
was used as a transient mediator in place of bicyclic norbornenes. Maleimide promotes a Co(III) intermediate to undergo 
oxidative addition into the O–N bond to form a Co(V) nitrene species and subsequently directs nitrene addition to the ortho 
position. A plausible mechanism for the transformation is proposed, supported by experimental and density functional 
theory (DFT) computational studies. Further, the synthetic utility of this methodology was demonstrated via the ortho-
amidation of estrone. 

INTRODUCTION 
Since the dawn of the 21st century, transition metal-cata-

lyzed C-H bond activation has been employed as a key strat-
egy for the synthesis of biologically active scaffolds, func-
tional organic materials, and pharmaceuticals.1 Due to the 
ubiquitous nature of C-H bonds in organic molecules, selec-
tive functionalization of C-H bonds remains a challenging 
task. However, directing groups have enabled solutions to 
this problem by allowing metal to activate C-H bonds proxi-
mal to directing groups.2 Nonetheless, the nature of the sub-
strate and coupling partner also control the threshold for the 
C-H bond activation process.3  

Among the various transformations involving C-H bond 
activation, the Catellani reaction is one of the earliest exam-
ples and occupies a unique space in organometallic chemis-
try. The Catellani reaction was first discovered by Marta Ca-
tellani in 1997. This reaction uses a palladium catalyst and 
norbornene (NBE) as the transient directing group/mediator 
for the synthesis of ortho bi-functional aromatic molecules 
(Figure 1a).4 This Pd/NBE combination has been declared as 
a winning combination after thousands of successful at-
tempts (Figure 1b).5 Bicyclic olefins have been the gold stand-
ard for driving Catellani reactions for the last 24 years – pri-
marily limited to NBE and its derivatives. Pioneering re-
search groups like those of Yu,6 Glorius,7 Ding,8 and Dong9 
have used modified NBEs, which exhibited high reactivity 
and better selectivity than NBE1 (Figure 1c). However, until 
now, the scope of the olefin mediator has not been expanded 
beyond bicyclic bridged NBEs. In addition, only noble metal 
palladium has been employed in the Catellani reaction, bar-
ring a couple of reports with rhodium (Figure 1d). This land-
scape provides an excellent opportunity to explore the reac-
tivity of earth-abundant, eco-friendly and less expensive 
first-row  

 

Figure 1. (a) and (b) Palladium/NBE catalyzed Catellani reaction 
(c) Reactivity comparison between NBE and maleimide (d) Tran-
sition metal explored in the Catellani reaction.  



 

transition metal such as cobalt for Catellani reactions (Figure 
1d).  

In 2017, the Glorius group reported an elegant Catellani 
approach for o-amidation of phenols, using a rhodium cata-
lyst and a new oxanorbornene (NBE3) as the bicyclic olefin 
mediator.7 The key feature of the NBE3 structure is its rigid-
ity, which precludesβ-hydride elimination and facilitates or-
tho functionalization (Figure 2a).9,10 Protons Ha and Hb do not 
undergo β-hydride elimination due to a lack of the requisite 
syn-periplanar arrangement and geometric constraints (c.f., 
Bredt’s rule).11  

To date, the potential utility of a monocyclic olefin/malei-
mide as a transient mediator has not been recognized by the 
scientific community. Therefore, we intended to perform the 
intramolecular C-H amidation reaction of phenol in the pres-
ence of cationic Cp*Co as catalyst and maleimide as transient 
mediator. In this report, we successfully demonstrate o-ami-
dation of phenols using this combination of reagents (Figure 
2b).  

Thus, this is the first time the Catellani reaction is found 
to be successful with first-row metal cobalt. Moreover, this is 
also the first time a monocyclic olefin has been used as a Ca-
tellani mediator. The protocol has been established with an 
oxidizing auto cleavable directing group that also serves as 
an amidating agent and facilitates the formation of a C-N 
bond. The salient features of the developed protocol are: (i) 
intramolecular C(sp2)-H amidation, (ii) a less expensive cata-
lytic system, (iii) use of a cobalt/monocyclic olefin combina-
tion, (iv) oxidative addition of Co(III) to O–N bond forming a 
Co(V) nitrene species, (v) detection of a key intermediate in 
ESI-MS, (vi) support for the proposed mechanism through 
DFT calculation, and (vii) application of the method to late-
stage diversification of a natural product.  

 

 
Figure 2. (a) Reactivity comparison between NBE and malei-
mide (b) first time reported the new catalytic system for Ca-
tellani reaction consisting of first-row Co metal and maleimide 
as transient mediator. 

 

RESULTS AND DISCUSSION 
We began our investigation by choosing N-(p-tolyloxy)ac-

etamide 2b as the model substrate. A stoichiometric amount 

of N-phenyl maleimide 1f was used as the olefin mediator 
(Table 1). After several sets of optimizations, 10 mol % of cat-
ionic Cp*Co complex, 50 mol % of CsOAc, and 50 mol % of 
K3PO4 in the presence of 0.2 M of TFE solvent at 60 ℃ was 
found to deliver the desired o-amidation product 3b in 70% 
yield (Table 1, entry 1). Instead of a cationic cobalt complex, 
when we employed Cp*CoCOI2 reduced product yields were 
observed (Table 1, entries 2-3). Product yield decreased to 
53% when catalyst loading was reduced to 5 mol % (Table 1, 
entry 4). A lower yield was observed upon lowering the 
amount of maleimide from 1 equivalent to 20 mol % and 50 
mol % (Table 1, entries 5-6). Changing the acetate base to 
NaOAc or KOAc did not result in much variation in the prod-
uct yield (Table 1, entries 7-8). However, CsOPiv was not ef-
ficient for the transformation; it gave only 50% yield of de-
sired product 3b (Table 1, entry 9). Varying the temperature 
from 60 ℃ to 40 ℃ or rt resulted in lower yields (Table 1, en-
tries 10-11). Furthermore, the reaction without CsOAc and 
K3PO4 led to decreased product yield (Table 1, entries 12-13). 
Control experiments indicated that Cp*Co catalyst and malei-
mide were indispensable for the transformation (Table 1, en-
tries 14-15). The migration of the amide group to one of the 
olefin termini was the most common pathway that has been 
observed in transition metal-catalyzed C-H activation of phe-
noxy acetamide.12 However, during optimization, the hydro-
arylated maleimide product was either not observed or ob-
served only in trace amounts. 
 
Table 1. Optimization of Reaction Conditionsa 

 
aConditions: 1f (1 equiv.), 2b (1 equiv.), [Cp*Co (CH3CN)3] 

(SbF6)2 (10 mol %), CsOAc (50 mol %), K3PO4 (50 mol %), TFE 
(0.2 M), temperature (60 ℃). bNMR yield (trimethoxybenzene 
was taken as internal standard for crude NMR). 

We also examined an array of maleimide derivatives for co-
balt catalyzed C(sp2)-H amidation (Table 2). Simple malei-
mide 1a showed poor reactivity, providing only 30% yield of 
the desired product. Enhancement in the reaction yield was 
observed when N-Me 1b and N-Et 1c maleimide were em-
ployed as co-catalysts. In addition, N-propyl maleimide 1d re-
sulted in 75% yield and N-benzyl maleimide 1e gave 82% 



 

yield of the product. As N-Ph maleimide 1f resulted in 70% 
yield of the desired product, various electron-rich and elec-
tron-poor N-phenyl substituted maleimides were explored. 
The variation in substituents on the phenyl ring did not lead 
to much difference in reactivity, resulting in 71%-65% yield 
of the desired product (Table 2, 1g-1j). 4-Halo substituted N-
phenyl maleimide was also tested under standard conditions, 
which resulted in good yield (Table 2, 1k-1l). However, N-
pentafluorophenyl maleimide decreased the product yield to 
55%, showing that dramatic electron deficiency on N-substi-
tution negatively affects the reaction. 

 
Table 2. Investigation of Monocyclic Maleimides in the 
Cp*Co Catalyzed C(sp2)-H o-Amidationa 

 
aConditions: 1 (1 equiv.), 2b (1 equiv.), [Cp*Co (CH3CN)3] 

(SbF6)2 (10 mol %), CsOAc (50 mol %), K3PO4 (50 mol %), TFE 
(0.2 M), temperature (60 ℃). 1H NMR yield is shown (trimethox-
ybenzene was taken as an internal standard for crude NMR). bRe-
sult in parentheses is the isolated yield. 

The oxygen equivalent of maleimide, phthalimide 1n was 
also tested, however it did not to show any reactivity. The 
most commonly used oxanorbornene 1o also was employed 
as transient mediator and 8% product yield was observed. 
This observation implies that the conditions developed for 
the above transformation are potentially general and co-
balt/NBE combinations could serve as potential catalytic sys-
tems for other Catellani reactions in the future. In summary, 
N-Et maleimide was found to be the optimal transient medi-
ator, delivering an 85% isolated yield of the desired product. 

With the optimized conditions in hand, the substrate 
scope was studied (Scheme 1). Unsubstituted phenoxy acet-
amide underwent intramolecular ortho-C-H amidation under 
the standard conditions to deliver 65% yield of the desired 

product 3a. As, p-methyl phenoxyacetamide 2b was found to 
deliver 85% yield of product during optimization, various N-
substituents were tested. Amide directing group-containing 
alkyl chains up to four carbons in length were found compat-
ible, delivering 77%-82% yields of the desired products 
(Scheme 1, 3b1-3b3). In addition, branched alkyl substitution 
also led to good yields (Scheme 1, 3b4). However, further in-
creases in bulkiness on the directing group resulted in only a 
trace amount of the product 3b5, which can be attributed to 
steric repulsion during the electrophilic attack (see SI for 
more information). 

 
Scheme 1. Substrate Scope.a 

 
aConditions: 1 (1 equiv.), 2b (1 equiv.), [Cp*Co (CH3CN)3] 

(SbF6)2 (10 mol %), CsOAc (50 mol %), K3PO4 (50 mol %), TFE 
(0.2 M), temperature (60 ℃). 

Further, the effectiveness of the standard conditions was 
tested with other p-substituted phenoxy acetamides. Alkyl 
(linear and branched), aryl, and halo substituted phenoxy ac-
etamides were successfully converted to their respective 
products in good to very good yields (Scheme 1, 3c-3i). How-
ever, phenoxy acetamides containing electron-withdrawing 
groups did not result in the desired product, instead deliver-
ing carbo-amidated product 3j* in 86% yield (see Supporting 
Information). This finding was supported by the DFT study, 
which indicates a high energy barrier for the electrophilic at-
tack of nitrogen to the aryl ortho C-center (vide infra). Fur-
thermore, meta substituted substrates worked well, deliver-
ing the desired products with excellent selectivity (Scheme 1, 
3k-3m). Ortho-substituted substrates gave their respective 
products in very high yields, perhaps due to a steric-induced 
rate enhancement of the olefin extrusion step (Scheme 1, 3n-



 

3p). However, increase in the steric effects ortho to the react-
ing center (C-H bond) shuts down reactivity. Thus, no prod-
uct was detected in the case of 2q. Interestingly, meta-para 
disubstituted substrate 2r gave the desired product 3r in 
78% yield, with the amide group transferred to the less steri-
cally hindered site. 
Mechanistic Studies 

Mechanistic studies have been conducted in pursuit of in-
sights into the details of the reaction (Scheme 2). When a 
cross-over experiment was performed by reacting 2b1 and 
2e together, we observed products 3b1 and 3e exclusively; 
this observation indicates that the ortho-amidation pro-
ceeded via an intramolecular pathway (Scheme 2a). The ef-
fect of electronics in the reaction rate has been tested and 
substrate with electron-donating substituent working better 
than electron withdrawing substituent (Scheme 2b). An ESI-
MS study led to detection of a mass peak that corresponds to 
the masss of cobalt-nitrenoid intermediate IV (Scheme 2c). 
The addition of TEMPO and BHT as radical scavengers does 
not impact the product yield, suggesting a non-radical path-
way (Scheme 2d). 
Scheme 2. Mechanistic studies 

 
To gain additional insight into the reaction mechanism, a 

theoretical investigation was undertaken. DFT calculations at 
the M06/Def2-TZVP/SMD(TFE)//B3LYP-D3(BJ)/Def2-SVP 
level13 were used to examine the cascade reaction of 2b me-
diated by 1b as a model reaction. As the cationic catalyst 
[Cp*Co(OAc)] was proposed to be generated in the presence 
of CsOAc and K3PO4, this compound was selected as the start-
ing point of the reaction. We also considered that a triplet 

state might be possible for the CoIII system, thus we per-
formed supplementary calculations for several key struc-
tures; those calculations reveal that the energies of the triplet 
species are much higher than those of the corresponding sin-
glet state species (see Supporting Information).  

The mechanism considered consists of five main steps: C–
H activation, olefin insertion, oxidative addition, electrophilic 
addition, and olefin elimination; the complete free energy 
profile is shown in Figure 3. The preferred pathway for ortho 
C–H bond cleavage is predicted to involve a concerted meta-
lation deprotonation (CMD) process,14 converting intermedi-
ate 1 through the six-membered transition state structure 
(TSS) TS1 (Figure 3) to afford intermediate 2 (after dissocia-
tion of acetic acid), a five-membered cobaltacycle. During this 
process, the C–H bond cleavage and Co–C bond formation oc-
cur synchronously. Similar six-membered ring TSSs for CMD 
processes have been reported for Pd and Ir catalyzed C–H ac-
tivations.15 Alternative mechanisms were considered – σ-
bond metathesis, oxidative addition and electrophilic substi-
tution – but our attempts to obtain the corresponding inter-
mediates and/or TSSs failed. The overall free energy barrier 
for the CMD process is predicted to be 18.9 kcal mol-1, as 
shown in Figure 3, a readily surmountable barrier under the 
reaction conditions. The overall 0 → 2 process is predicted to 
be endergonic by approximately 9 kcal mol-1. 

Once acetic acid has dissociated, the maleimide mediator 
can bind to 2 to form complex 3. Although complexation is 
predicted to be endergonic, olefin insertion via the four-
membered ring TSS TS2 (Figure 3) to form the seven-mem-
bered cobaltacycle 4 is predicted to be exergonic and rapid 
(Figure 1). A lower energy conformer of the seven-membered 
cobaltacycle, 5, then can undergo oxidative addition of Co 
into the O–N bond, with a predicted barrier of 17.2 kcal mol-

1, through the three-membered TSS TS3 (Figure 3), forming 
what is formally a Co(V) nitrene species (6). 

Post O–N cleavage, nitrene addition to the ortho carbon is 
predicted to be associated with a barrier of 24.3 kcal mol-1 
(via TS4). While this is the largest barrier encountered along 
the reaction pathway, it is low enough to be overcome under 
the experimental reaction conditions. This step leads to the 
polycyclic dearomatized intermediate 7, which can rapidly 
lose maleimide via TS5 (Figure 3) to generate complex 8 
(from which the final product is released by protodemetalla-
tion).  
To assess the changes in aromatic character along the 6 → 
TS4 → 7 → TS5 → 8 pathway,16 we computed NICSzz values 1 
Å above the center of the benzene moiety (more negative val-
ues are generally associated with greater aromaticity): -25.6, 
-4.7, -4.7, -8.3, and -13.7 respectively. As expected, aromatic 
character is predicted to be greatest for 6 and 8, but it ap-
pears that some aromatic character is lost overall in this pro-
cess, perhaps due to the presence of a second π-donating sub-
stituent attached to the benzene ring in 8. We alternatively 
considered that this is a direct consequence of the Mills-
Nixon effect,17 where the aromatic benzene moiety may be 
slightly perturbed by the fusion of a 5-membered ring. How-
ever, there is not much bond alternation present in either 6 
(1.39 Å to 1.41 Å) or 8 (1.38 Å to 1.42 Å).   

 

 

 



 

 

 

Figure 3. Proposed mechanism and optimized geometries of transition states structures (TSSs) with key nuclear distances of the 
[Cp*CoOAc]-catalyzed cascade reaction of N-(4-methylphenoxy) acetamide mediated with N-ethylmaleimide. The bond distances 
are in angstroms (Å). Color code: C grey, H white, Co pink, O red, N blue. 

Scheme 4. Proposed Mechanism

 
 

Proposed Mechanism 
Based on our experimental and computational studies along 
with literature precedent,7,18 a plausible catalytic cycle is 
proposed as shown in Scheme 4. Active cationic cobalt com-
plex I generated in situ in the presence of CsOAc and K3PO4. 
The cobaltacycle intermediate II is generated via a C-H acti-
vation step. Olefin insertion leads to 7-membered cobal-
tacycle III. β-H elimination from intermediate III has been 
restricted due to the absence of a syn-periplanar arrange-
ment of the β-H and metal. Thus, the rigidity of maleimide 
allows intermediate III to persists and undergo oxidative 
addition of Co(III) to the O–N bond, leading to the formation 
of Co(V) nitrene intermediate IV. At this stage, electrophilic 
addition of nitrogen to the ortho C-H bond generates a 
dearomatized spirocyclic intermediate V and reducing 
Co(V) to Co(III). Rearomatization and steric repulsion fa-
vors the release of maleimide, resulting in intermediate VI. 
Further, protonation by acetic acid gives rise to product 3 
and regenerates the active cationic cobalt catalyst for the 
next cycle. 
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Synthetic Utility 
The synthetic applicability of the developed protocol 

was demonstrated (Scheme 3). Owing to the wide availabil-
ity of phenol motifs in valuable drugs and pharmaceuti-
cals,19 achieving site-selective amidation has significant po-
tential utility. In this context, estrone 4 was subjected to our 
standard conditions (Scheme 3a), and the catalytic system 
worked efficiently, giving 85% yield of the desired product 
5 (which is superior than rhodium/NBE condition).7 Fur-
ther, the reproducibility of the reaction has been checked at 
1 mmol scale and found 75% product yield (Scheme 3b). 
Benzoxazole core is an important pharmacophore in drug 
discovery. The product ortho-acetamido phenol 3a sub-
jected to palladium catalyzed condition20 in the presence of 
aryl iodide delivered benzoxazole derivative 6 in 76% yield 
(Scheme 3c).  
Scheme 3. Diversification of Natural Product and Appli-
cations

 

CONCLUSION 
The Catellani reaction occupies a unique space in ena-

bling numerous valuable organic transformations. In the 
last 24 years, Pd/NBE has been considered as a gold stand-
ard for conducting the Catellani reaction. However, in this 
report we disclose a cobalt catalyzed Catellani reaction, 
which employed a monocyclic olefin as the transient medi-
ator, for the first time. This catalytic system is compatible 
with a wide range of phenoxy acetamide derivatives, deliv-
ering the desired o-amidated products in good yields. The 
synthetic utility of the developed protocol has been demon-
strated on estrone derivatives, and many additional appli-
cations can be envisioned. 
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