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Rh(III)-catalyzed Double Dehydrogenative Coupling of Free 1-

Naphthylamines with α,β-Unsaturated Esters   

Supriya Rej and Naoto Chatani* 

 

Abstract: The Rh(III)-catalyzed, consecutive double C-H oxidative 

coupling of free 1-naphthylamine and α,β-unsaturated esters through 

C-H/C-H and C-H/N-H coupling is reported. The one step reaction 

leads to the formation of biologically important alkylidene-1,2-

dihydrobenzo[cd]indoles scaffolds. This efficient process is much 

more synthetically convenient and useful than others because the 

starting materials, such as 1-naphthylamine derivatives are readily 

available and the free amine serves as a directing group. 

In the field of C‒H bond activation chemistry, significant progress 
has been made in the development of strategies for the direct 
functionalization of organic compounds by incorporating a 
suitable directing group.1 In this regard, the C‒H bond activation 
of amine derivatives is a reaction of major interest because 
amines are an industrially and synthetically important class of 
organic compounds. Many pioneering studies on the selective 
functionalization of C‒H bonds in amines in which a directing 
group strategy is used have been reported  (Scheme 1a).2 
However, in such cases, the introduction of a directing group prior 
to the actual functionalization and its removal after the C-H 
functionalization are needed, leading to multi-step processes. 
Hence, to solve this problem, many research groups have 
focused their studies on the direct C‒H bond activation of free 
amines (Scheme 1b).3-8 A variety of functionalizations including 
arylation, alkylation, alkenylation, alkynylation, annulation, 
acetoxylation, carbonylation, intramolecular or intermolecular 
amination, and trifluoromethylation using Pd,3 Rh,4 Ru,5 Ir,6 Co,7 
and Cu complexes8 as catalysts have been reported. Although a 
variety of free amines can be used in C-H functionalization 
reactions, the use of free 1-naphthylamine as a substrate is 
currently limited due to the regio-selectivity issue between the C2 
and C8-position. Conversely, to achieve functionalization at the 
C8-position of 1-naphthylamines, directing group strategies using 
various directing groups have been extensively explored.9 To the 
best of our knowledge, only one example is available that deals 
with the Ir-catalyzed C8-H activation and cyclization of free 1-
naphthylamine with diazo compounds to afford naphtha[1,8-
bc]pyridine derivatives (Scheme 1c).6h Therefore, functionalizing 
C-H bonds of free 1-naphthylamine derivatives is a subject of 
considerable interest.  
   In the family of N-heterocyclic compounds, alkylidene-1,2-
dihydrobenzo[cd]indoles are one of the important structural cores 
that are found in various biologically useful compounds such as 

antitumor drugs and kinase inhibitors.10 These scaffolds are also 
useful for the synthesis of dyes, which are used as fluorescent 
materials and cell-imaging probes.11 A few known synthetic 
methods have been reported for the synthesis of these 
compounds,12 but all of them require the use of pre-functionalized 
starting materials. To address the step economic issue, we were 
prompted to develop a suitable single step route for the synthesis 
of alkylidene-1,2-dihydrobenzo[cd]indoles from readily available 
starting materials. Due to the substantial importance of this class 
of compounds and having a continuous interest in the 
functionalization of 1-naphthylamine,9l we, for the first time, report 
on the direct Rh(III)-catalyzed C8-H functionalization of free 1-
naphthylamines with α,β-unsaturated esters via two consecutive 
double C‒H oxidative coupling reactions to afford alkylidene-1,2-
dihydrobenzo[cd]indole derivatives (Scheme 1d). 

d) New strategy using readily available 1-naphthylamine and alkenes
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Scheme 1. (a) Directing group assisted C-H bond functionalization of amines, 
(b) free amine-assisted C-H bond functionalization, (c) C-H 
activation/cyclization of free 1-naphthylamine with diazo compounds, and (d) 
this work: two consecutive double oxidative couplings of 1-naphthylamine and 
acrylate esters to give an alkylidene-1,2-dihydrobenzo[cd]indole. 
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Table 1. Optimization of the consecutive double C-H oxidative coupling of 1-
naphthylamine (1a) and ethyl acrylate [a]  

 

entry Rh cat. oxidant solvent 2 

1 [RhCp*Cl2]2 (2.0 mol%) - o-xylene n.d. 

2[b] [RhCp*Cl2]2 (2.0 mol%) Cu(OAc)2•H2O o-xylene 38 

3 [RhCp*Cl2]2 (2.0 mol%) Cu(OAc)2•H2O o-xylene 63 

4[c] [RhCp*Cl2]2 (2.0 mol%) Cu(OAc)2•H2O o-xylene 58 

5[d] [RhCp*Cl2]2 (2.0 mol%) Cu(OAc)2•H2O o-xylene 55 

6 [RhCp*Cl2]2 (2.0 mol%) Cu(OAc)2•H2O toluene 52 

7 [RhCp*Cl2]2 (2.0 mol%) Cu(OAc)2•H2O chloro-
benzene 

51 

8 [RhCp*Cl2]2 (2.0 mol%) Cu(OAc)2•H2O DCE 38 

9 [RhCp*Cl2]2 (2.0 mol%) Cu(OAc)2•H2O DMF 45 

10 [RhCp*Cl2]2 (2.0 mol%) Cu(OAc)2•H2O HFIP n.d. 

11 [RhCp*Cl2]2 (4.0 mol%) Cu(OAc)2•H2O o-xylene 88 

12 [RhCp*Cl2]2 (4.0 mol%) Ag2CO3 o-xylene n.d. 

13 [RhCp*Cl2]2 (4.0 mol%) Cu(OAc)2 o-xylene 92 
(89) 

14[e] [RhCp*Cl2]2 (2.0 mol%) Cu(OAc)2•H2O o-xylene 18 

15 - Cu(OAc)2 o-xylene n.d. 

16 [Rh(OAc)(cod)]2 (2.0 
mol%) 

Cu(OAc)2•H2O o-xylene n.d. 

17 Pd(OAc)2 (4.0 mol%) Cu(OAc)2•H2O o-xylene n.d. 

18 [IrCp*Cl2]2 (2.0 mol%) Cu(OAc)2•H2O o-xylene n.d. 

19 [Ru(p-cymene)Cl2]2 (2.0 
mol%) 

Cu(OAc)2•H2O o-xylene n.d. 

Reaction conditions: 1-naphthylamine (0.5 mmol), oxidant (1.0 mmol), Rh cat. 

(0.01 mmol, 2 mol% or 0.02 mmol, 4 mol%), ethyl acrylate (1.0 mmol) in solvent 

(1 mL) under N2 at 80 °C for 18 h. [a] Yields were determined from 1H NMR 

spectra of crude mixtures. Isolated yield is given in parentheses. n.d. refers to 

not detected. [b] 1.0 equiv Cu(OAc)2•H2O. [c] 2.2 equiv of Cu(OAc)2•H2O. [d] 3.0 

equiv ethyl acrylate. [e] Under air. 

We began our studies by investigating suitable conditions for the 
reaction of 1-naphthylamine with ethyl acrylate using [RhCp*Cl2]2 
as a catalyst, as shown in Table 1. An initial experiment was done 
in the absence of an oxidant, which resulted in no product (entry 
1). The use of 1 equiv. of Cu(OAc)2•H2O as an oxidant gave 2aa 
in 38% yield (entry 2). The use of 2 equiv. of Cu(OAc)2•H2O 
resulted in an increase in product yield to 63% (entry 3). The 
necessity for 2 equiv. of oxidant was due to the fact that the 
product is formed through two oxidative coupling of C–H/C–H and 
C–H/N–H. The use of excess oxidant (more than 2 equiv.) or 

coupling partner did not increase the product yield (entries 4 and 
5). o-Xylene was the best solvent over toluene, chlorobenzene, 
DCE, DMF, and HFIP (entry 3 vs entries 6–10). Increasing the 
catalyst loading to 4 mol% sharply increased the product yield 
(entry 11). After a screening of oxidants was performed (entries 
12 and 13), we found that the use of 4 mol% [RhCp*Cl2]2 and 2 
equiv of Cu(OAc)2 in o-xylene at 80 °C for 18 h produced 2aa in 
89% isolated yield (entry 13). Product yields were poor when the 
reaction was carried out in the presence of air (entry 14) and, as 
expected, no product was formed in the absence of a catalyst 
(entry 15). Various other catalysts such as [Rh(OAc)(cod)]2, 
Pd(OAc)2, [IrCp*Cl2]2, [Ru(p-cymene)Cl2]2 were also tested but 
none of them gave the desired product  (entries 16-19). 

Table 2. Substrate scope for Rh(III)-catalyzed, consecutive double C-H 
oxidative coupling of 1-naphthylamines and α,β-unsaturated esters  

NH
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2.0 equiv

2

NH NH NH

2ab   81% 2ac 63% 2ad   82%

NH

2ae   72%

NH

2af 61%

O
O

Ph

NH

P

2ah   42%

O
OEt

OEt

NH

2ag 62 %

O
O

Si
OMe

Me
OMe

NH

CO2Et

2ha  71%

O

NH

CO2Et

2fa   77% a
Br

NH

CO2Et

2ea  51% b
NO2

NH

CO2Et

NH

CO2Et

Me

CN

2ba  84%

2ga   52% b

NH

CO2Et

2ka  45%

R
R

NH

CO2Et

2ia 70%

O

2ai   61%

NH

CO2Et

2ca   51% a

Br

NH

CO2Et

2da   75%

OMe

NH

CO2Et

MeO

2ja  70%

NH

O
O

F3C CF3

O

OEt

O

But

O
O
Me

O
O
Cy

O
O

O
O
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Amine (0.5 mmol), Cu(OAc)2 (1.0 mmol), [RhCp*Cl2]2 (0.02 mmol, 4 mol%), 
acrylate ester (1.0 mmol) in o-xylene (1 mL) under N2 at 80 °C for 18 h. Isolated 
yields are reported. [a] 5 mol % catalyst. [b] 8 mol% catalyst. 
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With the optimized reaction conditions in hand, substrate scope 
was examined for this double C–H oxidative coupling of 1-
naphthylamine derivatives and α,β-unsaturated esters (Table 2). 
Notably, the reaction displayed a good substrate applicability with 
a high functional group tolerance for substituent groups such as –
OMe, –NO2, –Br, –CN, –OC(O)OEt, and –OC(O)tBu to give the 
corresponding products in good yields in the range of 51-84% 
(2ca-ja). Notably, along with C4, C5, C6-substituted 1-
naphthylamine derivatives, –Br or –Me substituted 1-
naphthylamines at the C2-position also gave impressive results 
despite steric effects (2ba and 2ca). This protocol was applicable 
for use with a pyrene derivative, which gave the desired product 
2ka. Other α,β-unsaturated esters, such as  methyl acrylate, 
cyclohexyl acrylate, n-butyl acrylate, t-butyl acrylate, benzyl 
acrylate, 3-[dimethoxy(methyl)silyl]propyl acrylate, and 
1,1,1,3,3,3-hexafluoroisopropyl acrylate were  examined as 
coupling partners for this cyclization reaction with the desired 
products being produced in good yields in the range of 42-81%. 
Diethyl vinylphosphonate was also found to react smoothly with 
1-naphthylamine to give the desired product 2ai. 
In order to shed light on the pathway for this reaction, a series of 
control experiments were performed, as shown in Scheme 2. A 
reaction of 1-naphthylamine and ethyl acrylate was performed 
under the optimized reaction conditions, but in the absence of the 
Rh(III) catalyst (Scheme 2a). As expected, the desired product 
was not formed as indicated in entry 15, Table 1, instead a simple 
1,4-addition product 3aa was formed. The fact that amines react 
readily with acrylate esters prompted us to assume that the first 
step in the reaction involved the dehydrogenating coupling of the 
N‒H of 1-naphthylamine and β-C‒H of the acrylate ester, with 6ab 
being formed as an intermediate.13 To trap this proposed 
intermediate, 8-aminoquinoline that contains no C8‒H bond was 
used as a substrate, however, only 4aa was formed, which is 
similar to 3aa (Scheme 2b). Even when 3aa was used as a 
substrate, the corresponding product 5aa was not formed 
(Scheme 2c). When 6ab was synthesized by following a literature 
protocol13 and exposed to the catalytic conditions, the expected 
cyclized product 2ab was not formed (Scheme 2d). From these 
control experiments, we concluded that, instead of 6, compound 
7 is formed as an intermediate (Scheme 2e). All attempts to trap 
7 were unsuccessful due to the rapid cyclization that occurred 
through C-H/N-H annulation. Therefore, we anticipated that, 
instead of the free amine 7 being formed, a Rh-complex 
coordinated with an alkene part in 7 might be generated as an 
intermediate (vide infra, Scheme 4, intermediate C). 
Next, deuterium labeling studies was carried out (Scheme 3). 
When 1-naphthylamine was reacted with a catalytic amount of 
[RhCp*Cl2]2 in the presence of ethanol-d6, H/D exchange took 
place at all positions of the naphthalene ring (Scheme 3a). In 
addition to the activated positions in 1-naphthylamine, such as C2 
and C4, significant amounts of H/D exchange were detected at 
the C8-position (0.18 D). This result suggests that a five-
membered rhodacycle is formed via the activation of the C8‒H 
bond. Surprisingly, when deuterated benzyl acrylate was used as 
an alkene, a significant amount of deuterium loss (0.06 D) was 
observed at the α-position in the product 2af (Scheme 3b). In this 
reaction, when the unreacted benzyl acrylate was isolated, almost 
no D/H scrambling had taken place.  
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CO2Et 2.0 equiv
2.0 equiv
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Scheme 2. Control experiments. 
 

To investigate the reason for why D/H scrambling occurs at the α-
position of the product 2af, we performed a control reaction in 
which 2af was reacted with a catalytic amount of [RhCp*Cl2]2 in 
the presence of ethanol-d6. We eventually observed significant 
H/D exchange (0.40 D) at the α-position of the product 2af′, even 
within a short reaction period (Scheme 3c). This result explains 
the reason for the unusual H-incorporation in product 2af, as 
mentioned in Scheme 3b. Conversely, since H/D exchange at the 
α-position of 2af′ was slightly lower than expected, we anticipated 
that D/H exchange also proceeds in the catalytic cycle because a 
stoichiometric amount of a carboxylic acid is generated during the 
reaction and the acid appears to promote D/H exchange through 
an unknown process. 
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Scheme 3. Deuterium labelling experiments. 
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Scheme 4. Proposed catalytic cycle 

Based on the control experiments and deuterium labeling studies, 
we propose a plausible mechanism for this consecutive double 
oxidative coupling of C‒H/C‒H and C‒H/N‒H bonds (Scheme 4). 
The coordination of an amine to a Rh-center initiates directed C‒
H bond activation at the C8-position to form intermediate A, along 
with the generation of two equivalents of acid. The migratory 
insertion of the acrylate ester into a Rh‒C bond in A forms B.4e β-
Hydride elimination, followed by the oxidation of the Rh-hydride 
species by Cu(OAc)2 gives intermediate C.14a,c The insertion of an 
alkene into a N-Rh bond subsequently forms intermediate D. The 

second β-hydride elimination then takes place to produce the 
product 2, along with the Rh-H species, which is oxidized by 
Cu(OAc)2 to regenerate the catalytically active species. The 
exclusive Z-configuration of 2 can be explained by the formation 
of an intramolecular hydrogen bond which forms a favorable six-
membered ring (intermediate D).14 
It should also be noted that this Rh(III)-catalyzed, consecutive 
double oxidative coupling of 1-naphthylamine and acrylate ester 
can be used on a gram-scale. When 1a (10.0 mmol) was reacted 
with ethyl acrylate under the optimization reaction conditions, the 
desired product 2aa was obtained in 78% yield (Scheme 5a). Due 
to the high reactivity of the α-C-H bond of 2aa (as observed in 
Scheme 3c, compound 2af), a bromination reaction using N-
bromosuccinimide (9; Scheme 5b) and a benzylation reaction 
using a benzyl bromide derivative (10; Scheme 5c) were 
successfully achieved. A dimerization reaction was also 
accomplished when the reaction was performed with Cu(OAc)2 as 
an oxidant (11; Scheme 5d). Alkylidene-1,2-
dihydrobenzo[cd]indole 2aa was successfully oxidized to 
benzo[cd]indol-2(1H)-one (12) using m-CPBA as the oxidant 
(Scheme 5b).  
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NH2
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o-xylene 15 mL, 80 C, 18 h
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2aa  78%
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yield - 1.87 gm
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11  78%
dimerization
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then, 
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60 C, 12 h NH
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10 64%
Ar = p-CNC6H4
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Br Ar

(c) NaH
(1.1 equiv)
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H

 
Scheme 5. (a) Gram-scale synthesis and (b-e) application of coupling product 

In summary, we report herein on the first example of the synthesis 
of biologically important 1,2-dihydrobenzo[cd]indole scaffolds in 
one step by the reaction of readily available free 1-
naphthylamines with α,β-unsaturated esters in the presence of 
Rh(III) as a catalyst and Cu(OAc)2 as an oxidant. A large window 
of functional group tolerance was observed, with the desired 
products being formed in good yields. Due to the high reactivity of 
the products, they can be easily transformed to a variety of 
important compounds.  
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The Rh(III)-catalyzed double oxidative coupling of free 1-naphthylamines and α,β-
unsaturated esters were achieved, leading to the formation of a class of biologically 
important alkylidene-1,2-dihydrobenzo[cd]indoles scaffolds.  
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