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Abstract
The novel three-component domino reactions have been discovered. The reactions are easy to
perform simply by mixing three common reactants in HOAc under microwave heating. The
reaction proceeds at fast rates and can be finished within 20–36 min, which makes work-up
convenient. Most of multiple stereocenters and geometry have been controlled well. The
stereochemistry has been unequivocally determined by X-ray structural analysis.
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The search for efficient construction of multicyclic skeletons of chemically and
biomedically importance has been an active theme in organic synthesis.[1–3] Among these
skeletons, the structurally diverse oxa-azaspiro skeletons commonly exist in nature and
represented by daphnilactone A,[1] serratezomine A[2] and nitraramine (Figure 1),[3] that
exhibit a broad range of biological activities. These complex architectures have inspired the
interest on creating strategies and tactics for total synthesis and methodologies.[4–5]

In the past several years, multicomponent domino reactions (MDRs) and related
environmentally benign, chemoselective and atom-efficient processes have emerged as
powerful tools for the assembly of complex structures with multiple stereocenters in a one-
pot operation.[6–10] These reactions can avoid time-consuming and costly purification of
various precursors and tedious steps of protection/deprotection of functional groups.[9]

There have been several domino strategies for the diverse formation of oxa-azaspiro
skeletons. However, the continuing search for more efficient MDRs for this synthesis still
remains challenging, and continues to attract interest to synthetic community.
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Recently, we and others have developed a series of MDRs that offer easy accesses to
multiple functionalized ring structures of chemical and pharmaceutical interest.[11–13]

During our continuous study on MDR project,11 we now discovered novel multicomponent
annulations of enaminones with o-phthalaldehyde (OPA) and 4-hydroxy-6-methyl-2H-
pyran-2-one divergently yielding multifunctionalized pyrano[3′,2′:2,3]indeno[2,1-
c]quinolines 4 and ([3,4]furanoimino)benzo[e]pyrano[4,3-b]oxepines 5 (Scheme 1). The
great aspects of these domino reactions are shown by the fact that up to five new bonds and
three new rings (tricyclic 5-6-6 skeleton including cyclopentene, pyridine, and pyrane) were
readily formed in domino fashions that involved [4+1]/[3+2+1]/[5+1] cyclizations; three
stereocenters including a quaternary center and geometry were controlled well in a one-pot
operation. The latter provided new bicyclic 7-7 skeleton including azepine and oxepine via
double [4+3] cyclizations with high stereoselectivity. The present work represents the first
example for constructing these special types of oxa-azaspiro 4 and oxa-azabridged 5
skeletons with multiple stereocenters.

The o-phthalaldehyde (OPA), possessing 1,4-biselectrophilic centers, has proven to be
important building blocks for the construction of important cyclic skeletons.[14] Our strategy
of synthesizing highly functionalized pentacyclic lactams was started from the reaction of o-
phthalaldehyde with 4-hydroxy-6-methyl-2H-pyran-2-one and enaminones based on the fact
that two formyl groups would undergo double nucleophilic additions and subsequent double
nucleophilic substitutions; and pyran-2-ones upon being treated with appropriate
nucleophiles can be converted into new nucleophiles through ring cleavage (Scheme 2).

Based on the above analysis, the reaction of o-phthalaldehyde 1, 4-hydroxy-6-methyl-2H-
pyran-2-one 2 with 5,5-dimethyl-3-(4-chlorophenylamino)cyclohex-2-enone 3a was first
carried out in HOAc for 20 min at 80 °C under microwave irradiation condition (Scheme 3).
Pleasantly, the white solid 4a was obtained in 68% chemical yield. In contrast, other
solvents, such as DMF, toluene, CHCl3 and EtOH, led to poor results. Aprotic solvents
( DMF, toluene and CHCl3) resulted in less that 10% yield; protic solvent, EtOH, gave 12%
isolated yield. Since metal triflates were known to show effective Lewis acidity even in the
presence of water,[15] three of them, Sc(OTf)3, Cu(OTf)2 and Fe(OTf)2, were then empoyed
attempting to enhance yield, but complex mixtures were formed, which made purification
difficult.

With this acceptable condition in hand, we examined the scope of this synthesis by using
various easily available starting materials. As revealed in Table 1, a range of polysubstituted
pyrano[3′,2′:2,3]indeno[2,1-c]quinoline derivatives can be generated in moderate to good
yields. The reaction is easy to perform simply by subjecting a mixture of o-phthalaldehyde
1, 4-hydroxy-6-methyl-2H-pyran-2-one 2, and enaminones 3 in acetic acids under
microwave heating. We also examined the scope of enaminones and found several different
N-substituents bearing electron-withdrawing or electron-donating groups were all suitable
substrate. Although substrates 3k-3p gave a mixture of two isomers (diastereoselectivity
64:36 to 89:11), most others (3a-3j) led to formation of single diastereoisomers. The
structure of 4p was unambiguously confirmed by X-ray crystal structural analysis (Fig. 2).
Furthermore, halogen functional groups (Cl, Br and I) were tolerated well and would allow
further functional group manipulations via cross-couplings.

In view of these results, we then turned our attention to investigate several differently
substituted enaminones. The reactions of o-phthalaldehyde 1, 4-hydroxy-6-methyl-2H-
pyran-2-one 2 with N-substituted 4-aminofuran-2(5H)-ones (3q–3w) were performed under
the above conditions for a short period (24–30 min). Surprisingly, the reaction occurred to
another direction to form multi-functionalized pentcyclic pyrano[4,3-b]oxepines 5 (Scheme
4). This novel multicomponent domino reaction also exhibit a good scope of enaminone
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substrates (Table 2) providing a straightforward pathway to construct highly substituted
pentcyclic pyrano[4,3-b]oxepines. Similar to the former reaction, the latter also illustrates
the remarkable chemo-, stereo-, and regioselectivity starting from very common and easily
accessible inexpensive starting materials. The structural elucidation and the attribution of
stereoselectivity were unequivocally determined by NMR spectroscopic analysis and X-ray
diffraction of single crystals that were obtained by slow evaporation of the solvent, as in the
case of product 5d (Fig. 3). Both reactions occurred at a fast speed; in fact, all cases can be
finished within 36 minutes. Water is nearly a sole by-product, which makes work-up
convenient. In most cases, the products can precipitate out after cold water was poured into
the reaction mixture. During these domino processes, up to three new rings and five sigma-
bonds were formed and accompanied by cleavage of two C=O of OPA and one C–O bonds
of pyran-2-ones 2, and all stereogenetic centers and geometry have been completely
controlled including a quaternary center attached on the lactam ring. It would be interesting
to make collections of these natural product-like structures for screening.

The mechanism hypothesis for these novel domino reactions are proposed and shown in
Scheme 2. The former involves the ring closure cascade reactions that consist of initial
condensation, Michael addition(A to B), intramolecular cyclization and ring-opening of
pyran-2-ones 2 (B to C), and the second intramolecular cyclization (C to 4). The latter
involves [4+3] cycloaddition to give azepinediols D, which is followed by subsequent
intermolecular double nucleophilic substitution (D to 5) leading to thermodynamically stable
fused pyrano[4,3-b]oxepines 5.

We reasoned that the divergence in these pathways could be caused by the different
nucleophilicity of six-membered and five-membered N-substituted enaminones. With higher
nucleophilicity, five-membered N-substituted enaminones favor double nucleophilic
additions of two formyl groups on o-phthalaldehyde ring. This would resist o-
phthalaldehyde to condensation with pyran-2-ones 2.

In summary, we have successfully established the first domino [4+1]/[3+2+1]/[5+1] and
double [4+3] cyclization reactions of o-phthalaldehyde, that led to the novel constructions of
pentcyclic pyrano[3′,2′:2,3]indeno[2,1-c]pyridine and ([3,4]furanoimino)
benzo[e]pyrano[4,3-b]oxepine skeletons with multiple stereocenters. The present work
provides an attractive strategy for construction of structurally diverse pentcyclic oxa-
azaspiro and oxa-azabridged skeletons. The ready accessibility of starting materials, the
broad compatibility of N-substituted enaminones and generality of these reactions make
them important in view of the synthetic and biomedical importance of fused heterocycles.
Other features of this tactic include the mild condition, convenient one-pot operation, short
periods of 20–36 min and excellent regioselectivity and good to high stereoselectivities. The
continuing work on this project will be focused on the development of asymmetric versions
of these reactions in due course.

Experimental Section
Example for the synthesis of 4a: 5-(4-Chlorophenyl)-3,3,9-trimethyl-3,4,10a,14b-
tetrahydro-1H-pyrano[3′,2′:2,3]indeno[2,1-c]quinoline-1,6,7(2H,5H)-trione

o-Phthalaldehyde (1, 1.1 mmol, 1.1 equiv.) was introduced in a 10-mL vial, 4-hydroxy-6-
methyl-2H-pyran-2-one (2, 1.0 mmol, 1.0 equiv.) and 5,5-dimethyl-3-(4-
chlorophenylamino)cyclohex-2-enone (3a, 1.0 mmol, 1.0 equiv.) were then added, followed
by HOAc (1.5 mL.). The reaction vial was capped and pre-stirring for 20 second. The
mixture was irradiated at 80 °C until TLC monitoring (petroleum ether: acetone 3:1) showed
that conversion of the starting material 3a was complete (20 min). The reaction mixture was
then cooled to room temperature and diluted with cold water (40 ml). The solid product was
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collected by Büchner filtration and was purified by flash column chromatography (silica gel,
mixtures of petroleum ether/acetone, 7:1, v/v) to afford the desired pure products 4a as
white solid (Mp: 275–276 °C).

Example for the synthesis of 5a
o-Phthalaldehyde (1, 1.1 mmol) was introduced in a 10-mL vial, 4-hydroxy-6-methyl-2H-
pyran-2-one (2, 1.0 mmol), and 4-((4-chlorophenyl)amino)furan-2(5H)-one (3q, 1.0 mmol)
were added and followed by adding HOAc (1.5 mL). The reaction vial was capped and pre-
stirring for 20 second. The mixture was irradiated at 80 °C until TLC monitoring (petroleum
ether: acetone 2:1) showed that conversion of the starting material 3q was complete (25
min). The reaction mixture was cooled to room temperature and diluted with cold water (50
ml). The solid product was collected by Büchner filtration and was purified by flash column
chromatography (silica gel, mixtures of petroleum ether/acetone, 4:1, v/v) to afford the
desired pure products 5a as white solid (Mp: 247–248 °C).
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Several oxa-azaspiro skeletons
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Figure 2.
X-ray structural of 4p.
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Figure 3.
X-ray structural of product 5d.
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Scheme 1.
Novel multicomponent domino reactions
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Scheme 2.
Mechanism hypothesis for forming products 4 and 5
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Scheme 3.
Formation of pentcyclic indeno[2,1-c]quinolines 4a
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Scheme 4.
The formation of pentcyclic pyrano[4,3-b]oxepines 5
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Table 2

Domino synthesis of pentcyclic pyrano[4,3-b]oxepines 5

Entry 5a R Time/min Yieldb/%

1 5a 4-Chlorophenyl (3q) 25 81

2 5b 3-Fluorophenyl (3r) 24 72

3 5c 3-Bromophenyl (3s) 24 73

4 5d Phenyl (3t) 28 79

5 5e 4-Methylpheny (3u) 30 84

6 5f 3-Methylpheny (3v) 30 71

7 5g 4-Methoxyphenyl (3w) 26 82

a
Conditions: HOAc (1.5 mL), 80 °C, microwave heating.

b
Isolated yield.
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