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Abstract: Pd-catalysed annulation reactions between

indole derivatives and internal alkyne esters leading to
various pyrrolo[1,2-a]indoles and pyrroloquinolines have

been developed. The strategy involves an intermolecular
addition of the indole nitrogen on to the internal alkyne

ester followed by an intramolecular insertion of a vinyl–

palladium complex into the carbonyl group. This method
offers a facile and practical approach to pyrrolo[1,2-a]in-

doles and pyrroloquinolines.

Pd-catalysed annulation reactions are very important in organic

synthesis, providing an access to the rapid construction of or-
ganic molecules. These annulation reactions have received

much attention due to their broad scope and a high function-
al-group tolerance.[1] Alkyne annulation, one such potent
method, has received considerable attention from synthetic
chemists for the synthesis of a wide variety of complex carba-
and heterocycles, such as indoles,[2] benzofurans,[3a,b] benzopyr-

ans,[3a] isocoumarins,[3a] indenones,[3c] isoquinolines,[3d,e] a-pyro-
nes[3f] and polycyclic aromatic hydrocarbons.[3g–i]

Pyrroloindole- and pyrroloquinoline-substituted moieties
have been found in a wide range of potent biologically active
natural products (Figure 1).[4] For example, mitomycins exhibit
a diverse array of biological properties, including antibacterial,

antitumour and anticancer activities.[5] Flinderoles A and B ex-
hibit selective antimalarial activity.[6] Pyrroloquinolines are
active against histamine, platelet activating factor (PAF) and
leukotrienes, which are recognised to be of great importance
in asthma.[4g] Oxidised and reduced derivatives of pyrroloqui-

nolines have gained considerable attention in the area of drug
discovery, agrochemistry and material science.[7] Excellent bio-

logical activity and medicinal importance of these molecules
encourage synthetic chemists to develop facile synthetic ap-
proaches to access pyrrolo[1,2-a]indoles and pyrroloquinolines.

Our prior report describing the synthesis of highly substitut-
ed pyrrolo[1,2-a]indoles involved Cu(OTf)2 catalysed formal

[3++2] cycloaddition reaction, which generated three contigu-
ous stereocentres in a highly regio- and diastereoselective

manner.[8] However, this method was limited in substrate

scope as only more activated ethylindole cinnamates (push–
pull ester) acted as dienophiles and underwent a formal [3++2]

cycloaddition reaction. All the other dienophiles, such as vari-

ous cinnamate derivatives and the corresponding alkyne ester
derivatives, failed to undergo a cycloaddition reaction. Inspired

by many reports in the literature regarding annulation reac-
tions of alkynes using metal catalysts, it was envisioned that

alkyne activation by metals followed by an intermolecular nu-
cleophilic attack of the indole nitrogen and insertion of the re-

sulting vinyl–metal complex would afford the desired pyrro-

loindole derivatives (Scheme 1). To check our hypothesis, sec-
ondary alcohol 5 was treated with internal alkyne ester 10
using metal catalysts, such as Pd(OAc)2, [Pd(PPh3)2Cl2] and
[Pd(CH3CN)2Cl2] , but to our disappointment all these catalysts

failed to work for the synthesis of pyrroloindoles. The main
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Figure 1. Biologically active pyrroloindole and pyrroloquinoline derivatives.

Scheme 1. Planning for the annulation reaction.
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problem in this reaction was the compatibility of the highly re-
active secondary alcohol with a comparatively less reactive

alkyne moiety; thus it was decided to synthesise 2-carbonyl in-
doles. Because of the high nucleophilicity of the indole C-3 po-

sition, it has always been challenging to achieve the alkylation
at N-1 in preference to C-3 position. Numerous reports are

available in the literature describing a metal-catalysed C-3 alk-
ylation but very few of them are for the alkylation at C-2 or

N-1 position.[9] To avoid the complications initially we blocked

C-3 position of the indole.
To verify our hypothesis depicted in Scheme 1, ketone 9 a

and alkyne ester 10 a were treated with various metal catalysts
in combination with different types of bases and oxidants. Pre-
liminary studies were performed with the aim to find a suitable
catalyst to promote the reaction between 9 a and 10 a. Since

the annulation reactions of alkyne compounds are known

mostly with Pd(OAc)2 as a metal catalyst, we also chose it as
our initial screening catalyst.

Initially the reaction was performed using Pd(OAc)2 (5 mol %)
and CuCl2 as oxidant in DMF at 75 8C (Table 1); however, it

failed to afford the desired product and the starting material
was recovered. Uses of other oxidants, such as CuCl, CuBr and
phenyliodine diacetate (PIDA), were also unsuccessful. To our

delight, treatment of the mixture of ketone 9 a and alkyne
ester 10 a with Pd(OAc)2 (5 mol %) and AgOAc (2 equiv) in

CH3CN/dioxane (1:1) at 75 8C afforded compound 11 a in 22 %
yield. Encouraged by this result, various solvents and bases/ox-

idants were screened. The best results were obtained when
Pd(OAc)2 was used in presence of Cs2CO3 (2 equiv) in DMF at

75 8C with the highest yield of 95 % (entry 15). This annulation
reaction with other bases/oxidants, such as AgOAc, K2CO3,

Cu(OAc)2, KOH and KOtBu, gave lower yields compared to
Cs2CO3 (entries 9–14). Among several Pd catalysts screened,

[Pd(CH3CN)2Cl2] (entry 16) and [Pd(PPh3)2Cl2] (entry 17) gave
77 % and 93 % yield, respectively. It is worth mentioning that
a decrease in catalyst and base loadings lowered the rate of re-

action, although the rate and yields of the reaction were unaf-
fected when a higher catalyst and base loading were used.

The reaction was sluggish at room temperature, and 75 8C was
found to be the optimum temperature.

The substrate scope of the reaction was examined by pre-
paring various pyrroloindole derivatives (Scheme 2). Both elec-

tron-withdrawing and -donating substituents on the benzene
ring were well tolerated and gave high yields of pyrroloindole
derivatives. Heteroaryls, like furan-, thiophene- and naphtha-
lene-substituted internal alkynes also reacted quite well and
gave high yields. The structure of pyrroloindole derivative was

unambiguously established by single-crystal X-ray analysis of
compound 11 n (Figure 2).[10]

Initially, with an anticipation that the indole C-3 position

would interfere in the reaction due to its higher nucleophilicity,
we carried out all the reactions using C-3 substituted indoles.
Just out of curiosity, later the annulation reaction was per-
formed on C-3 unsubstituted indoles. Surprisingly, the reaction

went smoothly to afford desired pyrroloindoles in excellent
yields. No C-3 alkylation products were observed in these

cases.
At this stage, we also became interested in the outcome of

the reaction between the indoline derivative 9 d’ and alkyne

esters 10 d and 10 e following the same reaction conditions. In-
terestingly, indoline 9 d’ on independent reactions with alkyne

esters 10 d and 10 e generated pyrroloindoles 11 j and 11 n, re-
spectively (Scheme 3), first by palladium-catalysed aromatisa-

tion of indoline to indole[11] and subsequent reaction with

alkyne ester.
Furthermore, it was observed that pyrrolo[1,2-a]indole deriv-

atives 11 converted to more stable compounds 12 when kept
in CDCl3 at room temperature for 5 min in the NMR tube

(Scheme 4). These structures of 12 were established by spec-
troscopic data. A similar rearrangement was also observed

Table 1. Optimisation of the annulation reaction.[a]

Entry Catalyst Base/Oxidant Solvent Yield [%]

1 Pd(OAc)2 CuCl2 DMF NR
2 Pd(OAc)2 CuCl DMF NR
3 Pd(OAc)2 CuBr DMF NR
4 Pd(OAc)2 PIDA DMF NR
5 Pd(OAc)2 AgOAc 1,4-dioxane NR
6 Pd(OAc)2 AgOAc toluene NR
7 Pd(OAc)2 AgOAc acetonitrile NR
8 Pd(OAc)2 AgOAc CH3CN/1,4-dioxane (1:1) 22
9 Pd(OAc)2 AgOAc DMSO 28
10 Pd(OAc)2 AgOAc DMF 44
11 Pd(OAc)2 K2CO3 DMF 47
12 Pd(OAc)2 Cu(OAc)2 DMF 61
13 Pd(OAc)2 KOH DMF trace
14 Pd(OAc)2 KOtBu DMF trace
15 Pd(OAc)2 Cs2CO3 DMF 95
16 [Pd(CH3CN)2Cl2] Cs2CO3 DMF 77
17 [Pd(PPh3)2Cl2] Cs2CO3 DMF 93
18 [Pd(PPh3)2Cl2] Cs2CO3 CH3CN 48
19 [Pd(PPh3)2Cl2] Cs2CO3 toluene 46

[a] Unless specified, reactions were carried out by treating 9 a (0.3 mmol)
and 10 a (0.3 mmol) with catalyst (5 mol %) and base (2 equiv) in solvent
(2 mL) at 75 8C. NR = no result; PIDA = phenyliodine diacetate.

Figure 2. X-ray crystal structures of 11 n and 18 a. Nitrogen (green) and
oxygen (red).
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under hydrogenation conditions, such as with Pd/C/H2 or
Pd(OH)2/H2 or Pt/H2 and Mg/NH4Cl, in the case of compound

11 j.
Mechanistically, two different plausible reaction pathways

for this annulation reaction are proposed (Scheme 5). In

path A, an intermolecular addition of the indole nitrogen of 9
onto the internal alkyne ester 13 activated by the Pd catalyst

takes place first to form vinyl–palladium complex 14, which
followed by intramolecular insertion into the carbonyl group

forms intermediate 15.[12] Finally, protonolysis of the resulting
metal complex generates tertiary alcohol 11. In path B, pallada-

Scheme 2. Substrate scope of the reaction. In the case of compound 11 a
and 11 d, the reaction was carried out on a 1.3 mmol scale.

Scheme 3. Annulation reaction with 2-carbonyl indoline.

Scheme 4. Rearrangement of allylic tertiary alcohol. In the case of com-
pound 12 a, the reaction was carried out on a 1.0 mmol scale.

Scheme 5. Plausible mechanism.
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tion of indole 9 yields the palladium intermediate 16. This is
followed by a syn addition of 16 to the alkyne ester to gener-

ate 14, which then affords 11 as explained in path A.
Finally, we also became interested in the reaction of com-

pound 17 with internal alkyne ester 10. The annulation reac-
tion between 7-carbonylindole 17 and 10 in the presence of

Pd(OAc)2 (5 mol %) and Cs2CO3 (2 equiv) in DMF at 75 8C gener-
ated pyrroloquinoline 18, presumably by isomerisation of the
initially formed allylic tertiary alcohol to the N,O-acetal

(Scheme 6). The structure of the pyrroloquinoline derivative
was unambiguously established by single-crystal X-ray analysis

of compound 18 a (Figure 2).[10] This reaction was also found to
be general with a larger substrate scope. Many examples of

pyrroloquinoline derivatives were prepared in good yields.

In conclusion, a novel and facile synthetic method for the
syntheses of pyrroloindoles and pyrroloquinolines has been

developed using a Pd-catalysed annulation reaction of internal
alkyne esters with 2- or 7-carbonyl indoles. The highlight of

this method is the construction of C¢N and C¢C bond forma-
tion in one pot.

Experimental Section

Full details of experimental procedures, characterisation data and
NMR spectra can be found in the Supporting Information.
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