
Strategies for Heterocyclic
Construction via Novel
Multicomponent Reactions
Based on Isocyanides and
Nucleophilic Carbenes
VIJAY NAIR,* C. RAJESH, A. U. VINOD,
S. BINDU, A. R. SREEKANTH,
J. S. MATHEN, AND LAKSHMI BALAGOPAL

Organic Chemistry Division, Regional Research Laboratory
(CSIR), Trivandrum 695 019, India

Received October 23, 2002

ABSTRACT
This Account focuses mainly on our recent endeavors in the area
of multicomponent reactions (MCRs) involving zwitterionic species
generated by the addition of isocyanides and nucleophilic carbenes
such as dimethoxycarbene and N-heterocyclic carbenes to activated
alkynes. The strategy employed encompasses the interception of
1:1 zwitterionic species, generated in situ with a wide range of
electrophiles. The new MCRs developed offer an efficient and
convenient entry into several heterocycles of biological and
synthetic importance.

Introduction
Multicomponent reactions (MCRs), defined as one-pot
reactions in which at least three functional groups join
through covalent bonds, have been steadily gaining
importance in synthetic organic chemistry.1 The reagents
employed may be different molecules or they may be
different functional groups of the same reagent. Speed,
diversity, efficiency, and environmental amiability are

some of the key features of this class of reactions. The
history of MCRs dates back to 1838, when Laurent and
Gerhardt prepared “benzoylazotid” from bitter almond
oil and ammonia.2 Robinson’s tropinone synthesis from
succinic dialdehyde, methylamine, and dimethyl ace-
tonedicarboxylate provides a spectacular example of
the application of MCRs in natural product synthesis
(Scheme 1).3

Although several classes of compounds take part in
MCRs, the most successful ones are isocyanide-based
MCRs like the Passerini three-component reaction (P-
3CR)4 and the Ugi four-component reaction (U-4CR).5 This
is attributable, mainly, to the presence of formal divalent
carbon in these species (Scheme 2).

We have a long-standing interest in this field; the
observation that the methylene derivatives resulting from
the addition of aldehydes to Meldrum’s acid can be
intercepted by phloroglucinol being the starting point.6

In this article, we provide an account of some of our recent
efforts to develop novel multicomponent reactions for
heterocyclic construction by means of isocyanides as well
as nucleophilic carbenes.

Background
Among the plethora of methods available for heterocyclic
construction, the generation of 1,3-dipolar species and
their trapping by suitable π systems leading to five-
membered heterocycles occupies a prime position, at-
tributable in a large measure to the monumental contri-
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butions of Huisgen.7 Consequent to the success of
these reactions, the concept of generating and trapping a
variety of zwitterionic species leading to heterocycles
appeared attractive. Zwitterionic species often result
from the addition of nucleophiles to activated alkynes
like dimethyl acetylenedicarboxylate (DMAD).8 A variety
of nucleophiles such as triphenyl phosphine (PPh3),9

pyridine,10 tertiary amine,11 dimethyl sulfoxide,12 etc. has
been known to generate zwitterionic species by this
pathway. These reactive intermediates can be captured
by suitable substrates, and, after a series of transfor-
mations, the nucleophile gets eliminated from the sys-
tem. Thus, the effective role played by the nucleophile
is to “conduct” a reaction involving two components
(Figure 1).

In this type of two-component reactions catalyzed by
nucleophiles, triphenyl phosphine (PPh3) has been the
most studied nucleophilic species. As early as 1961, Tebby
observed that addition of PPh3 to various activated al-
kynes like DMAD, dicyanoacetylene, and dibenzoylacety-
lene generates zwitterionic intermediates.9 The chem-
istry of these intermediates has been studied in detail
(Scheme 3).

The trapping of this zwitterionic species with benzal-
dehyde, resulting in a low yield of the γ-lactone, has been
reported by Winterfeldt (Scheme 4).8

Subsequently, Nozaki modified the Winterfeldt pro-
tocol by employing activated carbonyl compounds, ob-
taining reasonably good yields of the adducts (Scheme
5).13

We observed that the activated carbonyl of benzoqui-
nones can successfully take part in these reactions, afford-
ing spirofused heterocyclic compounds (Scheme 6).14

It is worth mentioning that Trost15 and Lu16 have
independently developed the intra- and intermolecular
two-component transformations of electron-deficient
alkynes and allenes catalyzed by PPh3, and an account of
this work has appeared recently.17

Similar zwitterionic species have been known to result
from the addition of an isocyanide to DMAD. Isocyanides,
however, differ in their reactivity profile due to the
presence of the formal divalent carbon. In transformations
involving these entities, this divalent carbon gets con-
verted to a tetravalent state, which makes the addition
irreversible. It may be recalled that this property of
isocyanides has been crucial in the successful develop-
ment of classical multicomponent reactions like P-3CR
and U-4CR (Scheme 7).

Winterfeldt, in his pioneering work, had observed that
isocyanides readily add to DMAD, affording several ad-

Scheme 2

Scheme 3

FIGURE 1. Formation and reaction pathway of zwitterionic inter-
mediates.

Scheme 4

Scheme 5

Scheme 6
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ducts,18 all essentially involving isocyanide and DMAD in
different proportions. Subsequently, George et al. have
established the structure of the adducts by single-crystal
X-ray analysis and also studied their thermal isomeriza-
tions.19 We reasoned that the high nucleophilicity and the
formal divalent nature of isocyanides augur well for the
development of novel multicomponent reactions other
than P-3CR and U-4CR. As a conceptual framework, this
involves the capture of the zwitterionic species, generated
by the addition of nucleophilic carbenes to DMAD, by a
third component (Scheme 8). This simple theme was
appealing in its promise of access to several heterocyclic
compounds in high yields, in a convenient one-pot
operation. One remarkable feature of the methodology is
that, in principle, each of the three components can be
varied, thus allowing the delivery of a large number of
compounds, rendering the process particularly attractive
for the construction of combinatorial sortiments.20 Our

efforts in this direction, along with the seminal work by
other groups in this area, is the major focus of the present
Account.

Scheme 7

Scheme 8

Scheme 9 Scheme 10

Scheme 11
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The subject matter of this Account is grouped under
the following headings: 1. Trapping of the Zwitterionic
Species Generated by the Addition of Isocyanides to
DMAD; 2. Trapping of the Zwitterionic Species Gene-
rated by the Addition of Dimethoxycarbene to DMAD; 3.
Trapping of the Zwitterionic Species Generated by the
Addition of N-Heterocyclic Carbenes to DMAD; 4. Studies
with Isoquinoline as the Nucleophile; and 5. Concluding
Remarks.

1. Trapping of the Zwitterionic Species
Generated by the Addition of Isocyanides to
DMAD
There have been attempts to trap the zwitterionic species
generated by the addition of isocyanides to DMAD (Win-
terfeldt’s zwitterion) by a third component,21 but these
were essentially unsuccessful. Undoubtedly, a successful
reaction held the prospect of discovering novel multi-
component reactions. With the conviction of the sound-
ness of the conceptual framework and with our experience
in the related PPh3-induced reactions (vide supra), we
decided to explore this area. The correct choice of the
third component was crucial; it should be inert toward
both DMAD and isocyanide and at the same time should
be more reactive toward the zwitterion than DMAD itself!
After much careful experimentation, we broke through the
problem: aldehydes satisfied both of these criteria. Thus,
the reaction of DMAD, cyclohexyl isocyanide, and 3-ni-
trobenzaldehyde in refluxing benzene afforded the 2-ami-
nofuran 25 in good yield (Scheme 9). The reaction was
found to be general, with aldehydes 23 giving the analo-
gous adducts in good yields.22 It may be pointed out that
the aminofurans generally are very good 4π-components
in cycloaddition reactions and can serve as the starting
material in many natural product syntheses.23

A mechanistic rationale for this transformation is
depicted in Scheme 10. The initial event involves the
generation of the zwitterion 26 by the addition of isocya-
nide to DMAD. This zwitterionic species then annulates
the aldehyde carbonyl, affording the primary adduct 27,
which eventually yields the final furan derivative 25 after
a [1,5] H shift. The annulation step can be concerted or

Scheme 12

Scheme 13

Scheme 14

Scheme 15
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stepwise; the present experience does not allow a distinc-
tion to be drawn.

Impressed by the success of the reaction, we turned
our attention to trapping the zwitterion with imines, as
this would furnish aminopyrrole derivatives if the reac-
tion proceeded parallel to the case of aldehydes. In the
event, the reaction followed the expected course, affording
the aminopyrrole derivatives 29 in good yields (Scheme
11).24

In addition, we studied the reactivity of zwitterionic
species toward quinone. This was particularly interesting,
considering the fact that quinones offer multiple sites of
potent reactivity. It was found that both o- and p-ben-
zoquinones were annulated by the zwitterion at the CdO
function, yielding spirofused heterocyclic structures
(Scheme 12).25

p-Quinoneimines also behaved analogously, affording
the spirodihydropyrrole derivative 33 (Scheme 13).24

When we employed N-isocyanides in the reaction with
aldehydes, the pyrrolinone 36 resulted from the domino
cycloaddition-Dimroth rearrangement sequence (Scheme
14).26

During our studies, it was also established that the
zwitterionic intermediate can be efficiently intercepted
by heterocyclic C-H acids. The trapping of the zwit-

Scheme 16

Scheme 17

Scheme 18

Scheme 19

Scheme 20

Scheme 21
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terion by 4-hydroxycoumarin to afford a pyranocoum-
arin derivative is a typical example. Other acids of sim-
ilar nature also afforded the analogous adducts (Scheme
15).27

2. Trapping of the Zwitterionic Species
Generated by the Addition of
Dimethoxycarbene to DMAD
With the reasonable expectation that nucleophilic car-
benes would play the key role in analogous reactions, we
decided to explore this area. The overwhelming success
of the reactions involving isocyanides, which can be
regarded as nucleophilic carbenes, provided an optimistic
scenario, and the easy availability of nucleophilic carbenes
such as dimethoxycarbene by the Warkentin protocol
provided the additional impetus. Parenthetically, it may
be added that, although dimethoxy and other nucleophilic
carbenes have been known in the literature for some
time,28 the past few years have witnessed renewed interest
in the chemistry of these species, thanks mainly to the
efforts of Warkentin. Thermolysis of suitably substituted
oxadiazolines readily afforded alkoxy- and alkylthio-sub-
stituted carbenes (Scheme 16).29

Earlier studies by Hoffmann had shown that dimeth-
oxycarbene underwent addition to DMAD, affording a 1:2
adduct 41 in low yield (Scheme 17).30

The unique reactivity of nucleophilic carbenes offers
vast potential in natural product synthesis, as illustrated
by the recent synthesis of the azepinoindole substructure,
which is present in a number of stemona alkaloids, by
Rigby.31 In this Account, however, the focus is on some
novel multicomponent reactions based on these species.
To put things in perspective, the reaction of dimethoxy-
carbene with DMAD is briefly mentioned.

In a mechanistically intriguing reaction, the thermolysis
of bis(oxadiazoline) 42 in the presence of DMAD resulted
in the formation of the fused, three-ring heterocyclic
system 43 (Scheme 18).32

A mechanistic rationale for the reaction à la Warkentin
can be represented as shown in Scheme 19.32

To the best of our knowledge, there has not been any
successful attempt to trap the initially formed 1:1 zwitte-
rionic species of dimethoxycarbene and DMAD with a
third component. We reasoned that the intermediate
could be trapped, since the reactivity of dimethoxycarbene
is comparable to that of isocyanides. The validity of this
assumption was attested by the successful interception
of the zwitterionic species with aldehydes and quinones
(Scheme 20).33

The attempted interception of the zwitterion with
o-quinones and quinoneimides also gave the correspond-
ing products, albeit in low yields. This may be due to the
reduction of the quinonoid moieties by electron transfer
during the course of the reaction (Scheme 21).

When applied to isatins, a class of biologically impor-
tant molecules, the reaction furnished the spiro dihydro-
furan derivatives in moderate yields (Scheme 22).

A different kind of reactivity pattern was observed
with other 1,2 diones like phenanthrene quinone and
acenaphthene quinone under similar conditions; both
inserted and intercepted products were obtained34 (Scheme
23)

1,4-Dienones are a group of interesting organic com-
pounds whose participation in many organic reactions has
been studied in detail; the most important one is the
cationic electrocyclization reaction termed the Nazarov
reaction.35 The multicomponent reaction of 1,4-dienones,
DMAD, and dimethoxycarbene afforded the distyrenyl
dihydrofurans in good yields (Scheme 24).

When the distyrenyl dihydrofurans were exposed to a
Lewis acid, they underwent an interrupted Nazarov re-
action, yielding bicyclic lactones as shown in Scheme
25.36

A mechanistic rationale for this reaction is given in
Scheme 26. Initial coordination of the Lewis acid to the
dihydrofuran derivative 56 yields the diallyl cation which
undergoes a facile 4π electrocyclic ring closure resulting
in a new C-C bond, two new stereocenters and an allyl
cation. This allyl cation is trapped by the pendant ortho
ester borate, establishing a new C-O bond and elimina-

Scheme 22

Scheme 23
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tion of methanol, ultimately leading to the bicyclic lactone
57.

3. Trapping of the Zwitterionic Species
Generated by the Addition of N-Heterocyclic
Carbenes to DMAD
Ever since the isolation and characterization of a stable
crystalline diaminocarbene by Arduengo in 1991, there has
been growing interest in the exploration of the structure
and chemical reactivities of N-heterocyclic carbenes.37 By
virtue of their strong σ-donating ability, N-heterocyclic
carbenes have found impressive use as ligands in the
preparation of catalysts in organometallic chemistry.38

Even though the coordination and catalytic properties of
NHCs have been studied in detail, much of the funda-
mental chemistry of these species remains unexplored.
In this context, we decided to exploit the nucleophilic
properties of these carbenes in MCRs with DMAD and
electrophiles such as aldehydes. Our studies commenced
by exposing 3-chlorobenzaldehyde to DMAD and 1,3-
dimesitylimidazol-2-ylidene, generated in situ by the
reaction of 1,3-dimesitylimidazolium chloride with sodium

hydride in THF under an argon atmosphere. A facile
reaction leading to the formation of the furanone deriva-
tive 60 occurred (Scheme 27).39

Similar reactions were observed with other substituted
aldehydes, and furanone derivatives were obtained in
moderate to excellent yields.

A mechanistic rationale for this reaction is given in
Scheme 28.

It is conceivable that the addition is initiated by the
formation of the zwitterion 61 from the carbene and
DMAD, which adds to the aldehyde to form another
zwitterionic species 62. This ion, presumably for steric
reasons, adds to the ester carbonyl of DMAD in pref-
erence to the iminium ion to afford 63, which subse-
quently eliminates a proton to furnish the furanone
derivative 60.

4. Studies with Isoquinoline as the
Nucleophile
In related investigations, we have found that the zwit-
terion from isoquinoline and DMAD can be trapped by
aldehydes and quinones in a manner akin to the trap-
ping of the zwitterion from isocyanide or dimethoxycar-
bene and DMAD. Illustrative examples are given in
Scheme 29.40

Analogous three-component condensation of isoquin-
oline, DMAD, and N-tosylimine resulted in the diastereo-
selective synthesis of 2H-pyrimido[2,1-a]isoquinoline de-
rivatives in good yields (Scheme 30).41

5. Concluding Remarks
Novel multicomponent reactions based on isocyanides
and nucleophilic carbenes such as dimethoxycarbene and
1,3-dimesitylimidazol-2-ylidene offer a convenient entry
into several interesting heterocyclic structures. The three
components involved in the reaction are nucleophilic
carbenes, an activated acetylene, and an intercepting
molecule. As far as the third component is concerned, it
has the maximum range, spanning from aldehydes to
quinonoids. This list includes a large number of electro-
philic species, and consequently the reaction can give rise
to a variety of heterocyclic structures. As for the first
component, isocyanides and nucleophilic carbenes such

Scheme 24

Scheme 25

Scheme 26

Heterocyclic Construction via Multicomponent Reactions Nair et al.

VOL. 36, NO. 12, 2003 / ACCOUNTS OF CHEMICAL RESEARCH 905



as dimethoxycarbene and 1,3-dimesitylimidazol-2-ylidene
have been successfully employed so far, and other nu-
cleophilic carbenes are expected to follow suit. The
successful use of isoquinoline as a nucleophile is expected
to add another dimension to the MCRs. The major
limitation of the process, at this time, is with regard to
the activated acetylene component; so far it has been
found that only DMAD gives consistently high yields of
the product with different other components. It is reason-
able to assume that, in due course, other acetylenes or
related compounds that can find application in these
reactions would emerge. It is expected that this class of
reactions will attract the attention of synthetic organic
chemists in the near future.

The authors thank Council of Scientific and Industrial research,
New Delhi, for providing financial assistance.
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1309. (b) Hermann, W. A.; Köcher, C. N-Heterocyclic Carbenes.
Angew. Chem., Int. Ed. 1997, 36, 2162-2187.

(39) Nair, V.; Bindu, S.; Sreekumar, V.; Rath, N. P. Unprecedented
Reactivity of N-Heterocyclic Carbenes toward DMAD and Alde-
hydes Leading to Novel Multicomponent Reactions. Org. Lett.
2003, 5, 665-667.

(40) Nair, V.; Sreekanth, A. R.; Biju, A. T.; Rath, N. P.; The reaction of
isoquinoline and dimethyl acetylenedicarboxylate with 1,2- and
1,4-benzoquinones: a novel synthesis of spiro[1,3]oxazino[2,3-
a]isoquinolines. Tetrahedron Lett. 2003, 44, 729-732.

(41) Nair, V.; Sreekanth, A. R.; Abhilash, N.; Bhadbhade, M. M.;
Gonnade, R. C. A Novel Three Component Reaction for the
Diastereoselective Synthesis of 2H-Pyrimido[2,1-a]isoquinolines
via 1,4-Dipolar Cycloaddition. Org. Lett. 2002, 4, 3575-3577.

AR020258P

Heterocyclic Construction via Multicomponent Reactions Nair et al.

VOL. 36, NO. 12, 2003 / ACCOUNTS OF CHEMICAL RESEARCH 907


