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ABSTRACT

A regioselective tandem synthesis of highly functionalized pyrrolo[1,2-a]quinolines has been developed through a novel strategy by palladium-
catalyzed [3þ 2] annulation of iodo-pyranoquinolines and internal alkynes with subsequent ring opening. Pyranoquinoline with n-alkyl substitution at the
3-position leads to the formation of pyrrolo-acridones via [3 þ 2] annulations/ring opening and successive intramolecular cross-aldol condensation.

Nitrogen-containing heterocycles are an important class
of compounds due to their presence in numerous natural
products and potent biological activity.1 Among various
N-heterocycles, reduced and oxidized forms of pyrrolo-
[1,2-a]quinolines occur widely among natural products2a,b

and exhibit a wide array of biological activities.2c Despite

various synthetic protocols available for the synthesis of
pyrrolo[1,2-a]quinoline,3 a need for novel and versatile
methods for their efficient synthesis attracts the interest of
synthetic chemists.
The annulation reactions catalyzed by transition metals

are among the most demanding synthetic processes for
constructing a wide variety of heterocyclic/carbocyclic
frameworks.4,5 Among various annulations, the [3 þ 2]
annulation represents a breakthrough in the field of
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organic synthesis.6 In 1998, Larock et al. reported an
elegant approach for the synthesis of indoles by [3 þ 2]
annulations7 andother polycyclic compounds throughCH
activation.8 Recently, Cramer and Tran reported the
synthesis of substituted indenes by [3 þ 2] annulations of
aromatic ketimines with internal alkynes using a Rh(I)-
catalyst along with chiral ligands.9 As a part of our ongoing
efforts in the synthesis of heterocycles using alkyne chem-
istry,10 for the first time herein we report the Pd-catalyzed
intermolecular [3 þ 2] annulation of internal alkynes and
iodo-pyranoquinolines with subsequent ring opening for
the synthesis of pyrrolo[1,2-a]quinolines 3 (Scheme 1). The
developed chemistry was successfully extended for the syn-
thesis of pharmaceutically important pyrrolo acridinones11

4 from easily accessible iodo-pyrano quinolines12 (R2 =
n-alkyl) via [3 þ 2] annulations/ring opening and successive
intramolecular cross-aldol condensation.

Based on the previous studies by Larock13 and our
group,14 we hypothesized and envisioned the formation
of polyheterocycle 5 by [4þ 2] annulation via palladacycle
X (Scheme 1, route a). We also anticipated the possible
formation of product 3a by [3 þ 2] alkyne annulation
(using pyridyl nitrogen) and successive pyran ring opening
via generation of vinylpalladium intermediate IV and
adductV (Scheme 1, route b). A preliminary study showed
that the reaction failed to afford the polyheterocycle 5

under Pd-catalyzed conditions (Scheme 1, route a). How-
ever, an interesting product 3 was detected and isolated,
which was characterized by spectroscopic analysis and
further confirmed by X-ray crystallographic studies of
compound 3k.15

To test our hypothesis, we began an investigation from
the reaction of 4-iodo-1-methoxy-3-phenyl-1H-pyrano-
[4,3-b] quinoline (1a) and diphenylacetylene (2a) using
NaOAc and LiCl with different Pd(II) catalysts in DMF
at 140 �C. When 5 mol % of Pd(OAc)2 was used, only a
30% yield of product 3a was observed after 24 h, while an
80% yield of the product was obtained after 36 h (Table 1,
entries 1 and 2). Further lowering of the catalyst loading
decreases the yield to 55% (entry 3). No significant effect
on the yieldwas observedby decreasing the amount of base

Scheme 1. Design of Polyheterocycles via [4þ 2]/[3þ 2] Alkyne
Annulation

Table 1. Optimization of the Reaction Conditionsa

entry solvent base catalyst mol % yieldb

1 DMF NaOAc Pd(OAc)2 5 30c

2 DMF NaOAc Pd(OAc)2 5 80

3 DMF NaOAc Pd(OAc)2 3 55

4 DMF NaOAc Pd(OAc)2 5 60d

5 DMF NaOAc PdCl2 5 78

6 DMF NaOAc Pd(PPh3)2Cl2 5 75

7 DMF NaOAc CuI 5 0

8 DMF NaOAc Cu(OTf)2 5 0

9 DMF NaOAc Cu(OAc)2 5 0

10 DMF NaOAc Pd(OAc)2 5 0e

11 DMF KOAc Pd(OAc)2 5 65

12 DMF K2CO3 Pd(OAc)2 5 20

13 DMF Na2CO3 Pd(OAc)2 5 30

14 DMSO NaOAc Pd(OAc)2 5 77

15 DMF NaOAc Pd(OAc)2 5 50f

16 DMF NaOAc Pd(OAc)2 5 78g

17 DMF NaOAc Pd(OAc)2 5 60h

aReactions were performed using 0.25 mmol of 1a, 1.2 equiv of 2a,
2.0 equiv of base, 3.0 equiv of LiCl in 2.0mL of solvent at 140 �C for 36 h
unless otherwise noted. b Isolated yield. cFor 24 h. d 1.0 equiv of NaOAc
and 1.5 equiv ofLiCl used. eAbsence ofLiCl. fAt120 �Cfor 40 h. gUsing
microwave irradiation at 120 �C for 20 min. hUsing microwave irradia-
tion at 120 �C for 15 min.
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to 1.0 equiv and LiCl to 1.5 equiv (entry 4). Also, 5 mol%
of PdCl2 and Pd(PPh3)2Cl2 were found to be effective
(entries 5 and 6). The Cu(I) salts such as CuI, Cu(OTf)2,
and Cu(OAc)2 were found to be ineffective (entries 7�9).
No product formationwas observed in the absence of LiCl

(entry 10). Use of KOAc afforded the product 3a in lower

yield (entry 11). Inferior results were observed when

K2CO3 and Na2CO3 were used as a base (entries 12 and

13). Using DMSO as a solvent, the desired product was

obtained in 77% yield (entry 14). Lowering the reaction

temperature to 120 �C leads to the incomplete conversion

of the substrate (entry 15).

From the above studies, the optimal conditions consist

of 2.0 equiv of NaOAc and 3.0 equiv of LiCl with 5 mol%

of Pd(OAc)2 in DMF for 36�44 h to carry out this

transformation in good yields. Interestingly, under mi-

crowave irradiation at 120 �C the reaction is complete

within 20 min, affording a 78% yield of product 3a

(entry 16), whereas, in 15 min, only a 60% yield was

obtained (entry 17).
After optimizing the reaction conditions, we examined

the scope of the reaction by utilizing a variety of pyrano-
[4,3-b]quinolines 1 and internal alkynes 2. The substrate
4-iodo-pyrano[4,3-b]quinolines 1a�f were readily pre-
pared by electrophilic iodocyclization using the reported
procedure.12 Phenyl substituted pyranoquinoline reacted
well with symmetrical internal alkynes and afforded the
desired product 3a�d in 80�85%yields under the optimized
reaction conditions (Scheme 2). Electron-donating substitu-
ents at R2 had no considerable effect on the reaction and
afforded the desired product 3d�j, 3l in good to excellent
yields. The aryl substituted symmetrical internal alkynes also
afforded the products in good yield, while a comparatively
lower yield of product 3hwas obtainedwith 1,2-di(thiophen-
3-yl)ethyne (2f). The aliphatic internal alkynes reacted slowly
and afforded the desired product 3d�e in 68 and 65% yield,
respectively. With 3-tert-butyl-iodo-pyrano[4,3-b]quinoline
1f, the product 3k was obtained in 72% yield. When a
methoxy groupwas substituted atR1, the reaction proceeded
smoothly in 30 h and afforded the product 3l in 85% yield.

With the above results, a plausible mechanism was
proposed on the basis of the reported mechanism7

(Scheme 3). The reaction proceeds via reduction of the
Pd(OAc)2 toPd(0), and thenLiCl donatesCl

� toPd(0) as a
ligand and forms [PdCl]�. The oxidative addition of the
aryl iodide to Pd(0) (I) and coordination of the alkyne to
the Pd-atom resulted in palladium alkyne intermediate II.
The regioselective insertion of alkyne into the aryl palla-
dium bond leads to the formation of intermediate III. The
attack of the nitrogen lone pair on the vinylpalladium
intermediate forms a palladacyclic complex (IV)16 which
upon reductive elimination forms the [3 þ 2] annulated

Scheme 2. Substrate Scope of the Palladium-Catalyzed [3 þ 2]
Alkyne Annulationa,b

aUnless otherwise specified, reactions were performed using
0.25 mmol of 1, 1.2 equiv of 2, 5 mol % Pd(OAc)2, 2.0 equiv of NaOAc,
3.0 equiv of LiCl in 2.0 mL of DMF at 140 �C for 36 h. bIsolated yield.
c For 40�44 h. d Using microwave irradiation at 120 �C for 20 min.

Scheme 3. A Plausible Mechanism
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adduct (V) and regeneration of the Pd(0). The instability of
intermediate V subsequently leads to the opening of the
pyran ring to form intermediateVI, which upon loss ofMe
provided the product 3.8a

To examine the generality of this developed chemistry,
unsymmetrical internal alkynes were allowed to react with
the pyrano[4,3-b]quinoline under the optimized reaction
conditions (Table 2). With 1-methoxy-4-(phenylethynyl)-
benzene (2h), the product was obtained in 75% yield as a
mixture of regioisomers (70:30) (entry 1).
Interestingly, alcohol substituted internal alkyne 3-p-

tolylprop-2-yn-1-ol (2i) afforded the single isomers 3m�p

in 62�68% yields (entries 2�4). The effect of the adjacent
hydroxyl group on the regioselectivity of the alkyne was
due to coordination of the hydroxyl group to the Pd.14This
is due to the formation of a chelated complex with Pd
during the insertion step (III), leaving only one position
available for the formationof theC�Cbond (IV), and thus
we obtained a single isomer (Scheme 4). Annulation with
internal alkyne 2j having an electron-withdrawing ester

group also afforded the single isomer 3q in 60% yield
(entry 5). The reasonmight be the substantial difference in
electron density at the two ends of the C�C triple bond.8a

In an effort to synthesize the fused heterocycle, we had
employed aliphatic substituted pyranoquinoline which con-
tainedR-H.With this objective, 3-butyl-4-iodo-1-methoxy-1H-
pyrano[4,3-b]quinoline (1h) and 1i were treated with different
internal alkynes 2a�c under microwave conditions. Surpris-
ingly, the corresponding products 4a�dwere obtained in good
yields by [3 þ 2] annulations/ring opening followed by intra-
molecular cross-aldol condensation (Scheme 5). The structure
of pyrrolo-acridones was confirmed by 1H, 13C NMR and
finally by X-ray crystallographic studies of compound 4c.

In summary, we have demonstrated a Pd-catalyzed tan-
dem synthesis of pyrrolo[1,2-a]quinolines by [3þ 2] annula-
tion of iodo-pyranoquinolines with successive ring opening
under mild reaction conditions. This chemistry was success-
fully extended to the synthesis of diverse pharmaceutically
important pyrrolo-acridinone via [3 þ 2] annulations/ring
openingand successive intramolecular cross-aldol condensa-

tion. It is noteworthy that unsymmetrical internal alkynes

containing a propargyl alcoholic group and ester group

selectively afforded a single isomer. Further investigation

of the scopeand synthetic applicationsof thepresent strategy

are currently underway and will be reported in due course.
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Table 2. Synthesis of Pyrrolo[1,2-a]quinolines Using Unsym-
metrical Internal Alkynesa

entry substrate internal alkyne product yield%b

1 1a 2h, R3 = Ph,

R4 = 4-MeOC6H4

3m 70(70:30)

2 1a 2i, R3 = CH2OH,

R4 = 4-MeC6H4

3n 62

3 1b 2i 3o 65

4 1c 2i 3p 68c

5 1c 2j, R3 = COOEt,

R4 = Ph

3q 60

aUnless otherwise specified, reactions were performed using
0.25 mmol of 1, 1.2 equiv of 2, 5 mol % Pd(OAc)2, 2.0 equiv of NaOAc,
3.0 equiv of LiCl in 2.0 mL of DMF at 140 �C for 36 h. b Isolated yields.
cAt 120 �C for 20 min in microwave.

Scheme 5. Synthesis of Pyrroloacridones via Alkyne Annula-
tions Followed by Intramolecular Cross-Aldol Condensation

Scheme 4. Regioselectivity via Formation of Chelated Complex
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