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ABSTRACT

A facile Pd-catalyzed sequential reaction has been developed for the synthesis of δ-carbolines from 2-iodoanilines and N-tosyl-enynamines. This
protocol involves Larock heteroannulation/elimination/electrocyclization/oxidative aromatization cascade sequences and allows access to
multisubstituted δ-carbolines in moderate to good yields.

Pyrido[x,y-b]indoles, commonly known as carbo-
lines, are not only the fundamental motif found in
various natural alkaloids but also the key structural
units for pharmaceutical compounds.1 Thus the syn-
thesis of carbolines has attracted considerable at-
tention and many methods have been established for
their synthesis, such as Pd-catalyzed intramolecular

arylation of arylaminopyridines,2 [2 þ 2 þ 2] cycload-
dition of o,N-dialkynyl-N-tosylanilides and nitriles,3

and photostimulated cyclization of anilinohalopyri-

dines.4

Compared with R-, β-, and γ-carbolines, few methods

are described for the synthesis of δ-carbolines.5 Therefore
it is important to develop direct and efficient strategies

that afford δ-carboline derivatives.
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Pd-catalyzed sequential reaction of functionalized
alkynes represents an elegant and efficient way to
construct complex and valuable molecules.6 In the past
15 years, ynamides, a special class of functionalized
alkynes, have emerged as important synthons in
modern organic synthesis.7 Many nitrogen hetero-
cycles including natural alkaloids, such as indoles,8

pyridines,9 lennoxamine,10 and antiostatin A1,
11 were

successfully synthesized from ynamides.
In our continuous efforts to develop novel and

efficient methodologies for the synthesis of heterocyc-
lic compounds,12 we were recently interested in
Pd-catalyzed sequential reactions of ynamides. In the
course of the study for the synthesis of aminoindoles
from 2-iodoanilines and ynamides via Larock reac-
tion,13 we found an interesting product δ-carboline
(Scheme 1).

Considering the formation of the two heterocyclic
rings in one step and ready availability of the start-
ing material, we anticipate that this reaction might
be an efficient route to construct δ-carboline. Here
in we report this novel Pd-catalyzed sequential re-
action.
Initial studies focused on the reaction of 2-iodoani-

line 1a with N-tosyl-enynamine14 2a under the condi-
tions of a Larock reaction.13a The δ-carboline product
3a was isolated in 60% yield (Table 1, entry 1). Further
studies showed that additive LiCl was not necessary
in this reaction (entry 2). Addition of 1.5 equiv of

ynamide 2a gave no significant improvement in the yield
(entry 3). Pd(OAc)2 proved to be the most suitable

Scheme 1

Table 1. Optimization of the Reaction Conditionsa

entry catalyst base solvent

yield of

3a (%)

1b Pd(OAc)2 K2CO3 DMF 60

2 Pd(OAc)2 K2CO3 DMF 74

3c Pd(OAc)2 K2CO3 DMF 76

4 PdCl2(PPh3)2 K2CO3 DMF 35

5 PdCl2 K2CO3 DMF 51

6 Pd(OAc)2 Cs2CO3 DMF 48

7 Pd(OAc)2 Na2CO3 DMF 27

8 Pd(OAc)2 KOAc DMF 70

9 Pd(OAc)2 K2CO3 DMA 56

10 Pd(OAc)2 K2CO3 DMSO 64

aUnless otherwise specified, the reaction was carried out using 1a

(0.5mmol), 2a (0.5mmol), catalyst (0.025mmol), and base (2.5mmol) in
solvent (10 mL) at 100 �C under N2 for 20 h and then 150 �C under air
for 6 h. b 0.5 mmol of LiCl was added. c 0.75 mmol of 2a was added.

Table 2. Synthesis of δ-Carbolines 3a

substrate

entry 1 R1 R2 2 R3 R4

yield of

3 (%)

1 1a H H 2a Ph Ph 74 (3a)

2 1b H Me 2a Ph Ph 66 (3b)

3 1c H Bn 2a Ph Ph 70 (3c)

4 1d Me Bn 2a Ph Ph 72 (3d)

5 1e Cl Bn 2a Ph Ph 43 (3e)

6 1c H Bn 2b 4-MeC6H4 Ph 69 (3f)

7 1c H Bn 2c 4-MeOC6H4 Ph 76 (3g)

8 1c H Bn 2d 4-FC6H4 Ph 60 (3h)

9b 1a H H 2e Et Ph 29 (3i)

10 1c H Bn 2f Ph 4-MeC6H4 65 (3j)

11 1c H Bn 2g Ph 3-ClC6H4 58 (3k)

aUnless otherwise specified, the reaction was carried out using 1 (0.5
mmol), 2 (0.5 mmol), Pd(OAc)2 (0.025mmol), andK2CO3 (2.5mmol) in
DMF (10 mL) at 100 �C under N2 and then 150 �C under air. bThe
reaction was carried out at 100 �C.
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catalyst (entries 2, 4�5) while K2CO3 was the best base
(entries 2, 6�8) for this reaction. Other common sol-
vents such as DMA and DMSO were effective as well,
although lower yields were obtained (entries 2, 9�10).
Thus the following reaction conditions were chosen as
optimum for all subsequent reactions: 0.5 mmol of 1,
0.5 mmol of 2, 0.025 mmol of Pd(OAc)2, and 2.5 mmol
of K2CO3 in DMF were stirred at 100 �C under N2 and
then 150 �C under air.
Under the optimized conditions, the scope of this

Pd-catalyzed sequential reaction was further investi-
gated, as shown in Table 2. The reaction was successful
for various 2-iodoanilines (Table 2, entries 1�5). R3

and R4 groups of ynamides 2 can be a substituted
phenyl group with either an electron-donating or -
withdrawing group (entries 5�8, 10�11). Further-
more, the reaction was also successful when R3 was
alkyl, although the yield was lower (entry 9). However
the reaction failed to give the desired product when R4

was alkyl. The structures of these products were con-
firmed with the help of spectral data. In addition, we
were able to obtain single crystals of 3a, which un-
ambiguously confirmed the proposed structure via
X-ray diffraction study15 (Figure 1).

To have more insight into the reaction mechanism,
we conducted several control experiments (Scheme 2).
The reaction of 1a and 2a under the standard condi-
tions was stopped at 20 h, and imine 4a and δ-carboline
3a were isolated in 75% and 12% yields, respectively.
Further investigation demonstrated that the conver-
sion from 4a to 3a only required simply heating
at higher temperature. Interestingly, the reaction of
N-benzyl-2-iodoanniline 1c and 2a under the same
conditions only gave sulfonamide 5c as the sole pro-
duct. However in the presence of K2CO3, 5c was
smoothly converted to the corresponding δ-carboline
3c at 150 �C in high yield.

Since the above intermediates were isolated, the
following plausible mechanism was proposed for this
reaction as shown in Scheme 3: (i) the Larock hetero-
annulation reaction of 2-iodoanniline 1 and N-tosyl-
enynamine 2 affords the intermediate sulfonamide 5;
(ii) subsequently, elimination of a molecule of 4-met-
hylbenzenesulfinic acid gives the imine 4; (iii) that
reaction is followed by an electrocyclization reaction
to form tricyclic intermediate 6; (iv) finally, oxidative
aromatization by air gives the final product δ-carbo-
line 3.

In summary, we have described an interesting
Pd-catalyzed sequential reaction for the synthesis of
δ-carbolines from 2-iodoanilines and N-tosyl-enynamines.
The control experiments demonstrate that the proto-
col consists of Larock heteroannulation, elimination,
electrocyclization, and oxidative aromatization, lead-
ing to an efficient method to construct δ-carboline
derivatives.

Figure 1. ORTEP representation of 3a.

Scheme 2

Scheme 3

(15) CCDC 847932.
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