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An intramolecular 6p/10p-electrocyclization from ketene-iminium salts was developed for the prepara-
tion of naphthylamines. Various substituents on the nitrogen, on the aromatic ring, and on the olefin
were studied. Tricyclic skeletons were obtained in few steps and good overall yields. The electrocycliza-
tion of ketene-iminium salts has been computationally explored by means of DFT calculations and their
activation barriers were compared to the parent triene as well as the corresponding dienyl allenes and
dienyl ketenes. Electrocyclizations for ketene-iminium salts were shown to be highly exergonic and have
much smaller barriers to activation.

� 2014 Elsevier Ltd. All rights reserved.
Aromatic amines are very important structural motifs and
building blocks which have attracted considerable attention. As a
consequence, various methodologies to access substituted
aromatic amines have been reported and for example Buchwald–
Hartwig amination has been frequently used.1 This method is
accelerated by electron-withdrawing groups on the aromatic ha-
lide and by highly nucleophilic amines. However, acyclic secondary
amines as well as electron-rich or -neutral aryl halides are less
favorable substrates for this methodology. Electrocyclization has
been reported as a powerful tool for the synthesis of complex
structural motifs. These intramolecular reactions have been inves-
tigated for trienes and for their corresponding imines,2 dienyl
allenes,3 dienyl ketenes,4 and dienyl keteneimines,5 leading to ring
closure products which in some cases could be transformed into
aromatic skeletons. The thermal transformation of hexa-1,3,5-
triene into cyclohexa-1,3-diene has limited use owing to the high
temperatures required for this transformation. However, changing
the hybridization of a bonding atom from sp2 to sp (as in the case
of dienyl allenes and dienyl ketenes) lowers Ea by 15–
20 kcal mol�1.6 Ketene-iminium salts have been developed as an
improved alternative to ketene for intra- and intermolecular
[2+2] cycloaddition reactions. These charged species increase very
significantly the electrophilicity of the central sp carbon in the
ketene-iminium salts, promoting the attack of a nucleophile.7
Moreover, ketene-iminium salts do not polymerize, are easily
accessible from amides, and are currently useful tools for selectiv-
ity and stereocontrol in [2+2] cycloadditions.8 However, to the best
of our knowledge, the use of vinyl ketene-iminium salts in 6p/10p-
electrocyclization has never been reported. We describe herein the
first example of such an electrocyclization reaction which leads to
substituted naphthylamines carrying even sterically demanding
residues which are difficult to access with the usual Buchwald–
Hartwig coupling.9

The conditions of the reaction were first optimized with N,N-di-
methyl-2-(2-vinylphenyl)acetamide 2a. This product was obtained
in good yield via a two-step synthesis from commercially available
2-iodophenylacetic acid. This was converted to the corresponding
acyl chloride which on treatment with N,N-dimethylamine pro-
vided the corresponding amide 1a. Subsequent Stille coupling with
tributylvinyltin gave vinylamide 2a in very good yield (Scheme 1).

In a first attempt to generate the ketene-iminium salt, we used
the standard conditions already described for intramolecular [2+2]
cycloadditions.10 Thus, amide 2a was treated with 1.1 equivalent of
triflic anhydride and 2,4,6-trimethylpyridine (sym-collidine) in
dichloromethane. To our delight, naphthylamine 3a was isolated
in 48% yield (Scheme 2, Table 1). In order to optimize the condi-
tions, the amount of sym-collidine, the concentration, the solvent,
and the temperature of the reaction were studied. The yield was
ncreased to 60% using 2.4 equiv of sym-collidine, 1.1 equiv of
Tf2O, in a 0.05 M solution in CH2Cl2, at 40 �C. The importance of
the concentration was investigated with no significant effect
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Scheme 1. Preparation of N,N-dimethyl-2-(2-vinylphenyl)acetamide 2. Reagents
and conditions: (i) oxalyl chloride (2 equiv), DMF (cat.), CH2Cl2; (ii) NHMe2

(4 equiv), CH2Cl2, 0 �C, 99%; (iii) vinylstannane (1.5 equiv), Pd(PPh3)4 (3 %), toluene,
reflux, 16 h, 84%.
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on the yield of 3a, as expected for ketene-iminium chemistry
(entry 3).

Higher amounts of sym-collidine were detrimental (entry 4).
Stirring in dichloromethane between ambient temperature and re-
flux gave the best results. When the reaction was carried out below
room temperature or above 40 �C, decomposition occurred (entries
5, 8 and 10). The use of 2,6-ditertbutyl-4-methylpyridine did not
improve the yield (Entry 7). When the reaction was carried out
in the dark, the naphthalene derivative 3a was obtained in similar
yield (entry 9). Changing the solvent to acetonitrile did not lead to
any further improvements (entry 11).

Having established suitable reaction conditions, we then
focused on the scope by varying substituents (R1, R2) on the amide
2a–h (Table 2), on the aromatic ring (R3) 2i–k (Table 3) and on the
vinyl group (R4, R5) 2l–q (Table 4).

We started by varying the amide moiety (Table 2). Linear and
cyclic alkyl chains were chosen, as well as aryl substituents which
would lead to more or less hindered and/or electrophilic ketene-
iminium intermediates. These amides 2a–h were prepared accord-
ing to the previously described two-step synthesis (Scheme 1).

Table 2 describes the first set of different naphthalene deriva-
tives obtained by using 2.4 equiv of sym-collidine, 1.1 equiv of
triflic acid, in dichloromethane (0.05 M) at 40 �C. For some of these
reactions, 1.8 equiv of Tf2O were necessary to reach full conversion.
Increasing the amount or triflic acid led to decomposition.
Moreover, product 3g was obtained by conducting the reaction at
room temperature. Once again, higher temperatures led to
Tf2O

4a

sym-collidine

2a

C N +
NO

Scheme 2. Electrocyclization of ketene-im

Table 1
Optimization of the condition for electrocyclization of amide 2a to naphthylamine 3a

Entry sym-Collidine (equiv) Triflic anhydride (equiv) Con

1 1.2 1.1 0.05
2 2.4 1.1 0.05
3 2.4 1.1 0.02
4 5 1.1 0.05
5 2.4 1.1 0.05
6 2.4 1.1 0.05
7 2.4a 1.1 0.05
8 2.4 1.1 0.05
9b 2.4 1.1 0.05
10b 2.4 1.1 0.05
11 2.4 1.1 0.05

a 2,6-Diterbutyl-4-methylpyridine.
b The reaction was carried out in the dark.
decomposition and loss of material. Some of these products were
found to be light sensitive and all the manipulations (including
workup, purification, and evaporation) were carried out in the
dark.11 The reaction tolerates a large variety of amides; even hin-
dered nitrogen substituents gave good results. However, the mor-
pholine derivative 3f was isolated in low yield. Even an increase in
temperature to 60 �C did not lead to full conversion. Side-product
formation was observed during the reaction which led to a lower
yield of isolated product 3f. In this particular case, the product it-
self could be reactive toward ketene-iminium salt due to the nucle-
ophilic oxygen atom of the morpholine ring, leading to loss of
material.

We then focused on the influence of different substituents on
the aromatic ring to the outcome of the 6p/10p-electrocyclization
(Table 3). Full conversion was realized with 1.8 equiv of Tf2O under
reflux, although 1.5 equiv were sufficient at room temperature. Ta-
ble 3 describes the results obtained for various derivatives. Yields
decreased when the reaction was carried out under reflux, proba-
bly due to the degradation of the products under the reaction con-
ditions. Working at room temperature improved the results with
completion after 10 min. For example the product 3j where
R3 = OMe was rather unstable in the reaction mixture.

We then turned our attention to the influence of substituents on
the olefin. Table 4 summarizes the effect of varying substituents R4

and R5 on the olefin part on the reaction outcome. Compound 3l
was isolated in 60% yield despite its light sensitivity. Interestingly,
the tricyclic naphthylamines 3m–o were isolated in better yields
although the steric hindrance at the extremity of the double bond
could have decreased the reactivity of such reagents. The tricyclic
structures of the products 3m–o do not allow the coplanar orien-
tation of the amine and of the adjacent aromatic ring due to steric
repulsion between the saturated ring and the N,N-diisopropyl moi-
ety. Consequently, the derivatives 3m–o were less light sensitive
than the other products we have described previously. These types
of structures 3m–o are so far difficult to access by other methodol-
ogies.12 Electron-donating groups were introduced on both posi-
tions of the double bond. Whereas 3p (R4 = OEt, R5 = H) was
obtained in very good yield, compound 3q (R4 = H, R5 = OEt) could
not be obtained at all. In the latter case, only starting material was
-H+

3a

N+ N

inium salt 4a to naphthylamine 3a.

centration of 2a (mol L�1) Solvent T (�C) Yield (%)

CH2Cl2 rt 48
CH2Cl2 rt 58
CH2Cl2 rt 54
CH2Cl2 rt 44
CH2Cl2 0 23
CH2Cl2 40 58
CH2Cl2 rt 0
(CH2)2Cl2 80 39
CH2Cl2 40 60
CHCl3 60 Traces
MeCN 40 35



Table 2
Effect of the nitrogen substituents on the electrocyclization reaction

2a-h 3a-h

NO
R2

R1

N
R1

R2

Entry Product Yield

1
N

60% (3a)

2 N 83% (3b)

3 N 58%a (3c)

4 N 50%a (3d)

5 N 65%a (3e)

6 N
O

28% (3f)

7 N 48% a,b (3g)

8 N 54%a (3h)

General conditions: 1.1 equiv of Tf2O, 2.4 equiv of collidine, dichloromethane,
0.05 M, reflux.

a 1.8 equiv of Tf2O and 3.0 equiv of collidine were added to reach completion.
b Reaction carried out at rt.

Table 3
Effect of the substituents on the aromatic ring on the electrocyclization reaction

2i-k 3i-k

NR3
O N

R3

Entry R3 Yield at rt (%) Yield at reflux (%)

1 Cl 78 (3i) 66
2 OMe 56 (3j) 41
3 Me 71 (3k) 62

General conditions: 3.0 equiv of sym-collidine, 1.8 equiv of Tf2O, dichloromethane
0.05 M.

Table 4
Effect of the substituents on the vinyl group on the electrocyclization reaction

2l-q 3l-q

N

R5
R4

O N

R5
R4

Entry Product Yield

1
N

60% (3l)

2
N

73% (3m)

3
N

86% (3n)

4

N
75% (3o)

5
N

OEt

86% (3p)

6
N

OEt

0% (3q)
(2q: E)

General conditions: 3.0 equiv of sym-collidine, 2.0 equiv of Tf2O, dichloromethane,
0.05 M, reflux.
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recovered. In 3p, the reactivity was probably enhanced by increas-
ing the HOMO coefficient in the b-position (R5), leading to a better
nucleophilic attack of the double bond to the ketene-iminium salt.
The lack of reaction in the case of 3q is most likely due to steric
clash between the ethoxy and isopropyl moieties, disfavoring the
interaction between the central carbon atom of the ketene-imini-
um salt and the terminal carbon atom of the olefin. The influence
of an additional substituent at the benzylic position adjacent to
the amide will be investigated in a near future.

A DFT study was performed to compare the electrocyclization
among the parent triene system, the corresponding dienyl allenes,
dienyl ketenes, and dienyl ketene-iminiums. The electrocyclization
reactions were modeled in gas-phase using M06-2X,13 a meta-GGA
known to perform well in organic systems with dispersion
effects.14 Geometry optimizations and frequency calculations were
performed using the Gaussian 09 program package.15 Thermal
corrections were obtained from vibrational frequencies, which
were also used to confirm the nature of the stationary points. Free
energy corrections are reported at 1 atm and 298 K.

From the calculated data shown in Table 5, it is clear—both
kinetically and thermodynamically—that ketene-iminium salts
(row 4) will undergo electrocyclization reactions more easily;
ketene iminiums are followed by ketenes, allenes, and finally, tri-
enes. In the extended systems, the evolution of bond distances
within the aromatic rings reveals that all p electrons are involved
in the process, hence indicating a 10p electrocyclization.

In summary, we have disclosed herein the first example of an
efficient 6p/10p-electrocyclization reaction of ketene-iminium
salts to form naphthylamines.12 A variety of substituents on the



Table 5
Transition state structures, relative free energy barriers (DG�), and reaction free energies (DGrxn) for 6p/10p electrocyclizationsa

Substrate Transition state structure DG� DGrxn Transition state structure DG� DGrxn

30.9b

-14.2
39.7
3.4

C

21.1
�28.9

23.5
�13.6

C OC O

14.9
�23.8

18.7
�7.0

N +C

8.5
�44.5

6.4
�35.4

a M06-2X/6-31+G(d,p); free energies in kcal/mol; critical distances in Å.
b Experimental activation energy for the 6p electrocyclization of hexa-1,3,5- triene: 29.9 ± 0.5 kcal/mol.16
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nitrogen atom, on the aromatic ring, and on the vinyl group have
been investigated, leading to the formation of the corresponding
naphthylamines. The reaction tolerates a large scope of functional-
ities, from acyclic to cyclic, hindered or unhindered, electron-rich
and electron-poor substituents, and allowed fast access to
structurally more complex tricyclic structures which would be
difficult to obtain otherwise. The extension of this methodology
to further various aromatic amine derivatives as well as other
scaffolds is ongoing and will be reported soon.
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