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ABSTRACT

Stereodefined monocyclic, spirobicyclic, and bis-spirotricyclic pyrazolidin-3-ones can be prepared efficiently by a three-component reaction
involving a 1,3-dipolar cycloaddition of azomethine imines obtained from hydrazones with R-oxo-ketene dipolarophiles generated in situ. The
reaction allows the creation of four covalent bonds and two contiguous chiral quaternary centers with excellent diastereoselectivity in a single
catalyst/additive-free, highly atom-economical transformation. From a fundamental point of view, the reaction introduces R-oxo-ketenes as
effective dipolarophiles in 1,3-dipolar cycloadditions.

Sequential multiple bond-forming transformations
(MBFTs), which include consecutive and domino multi-
component reactions (MCRs), allow the preparation of
diverse and sometimes impressively complexmolecules in a
single chemical operation, thereby largely contributing to

the development of sustainable chemistry.1 They are now

firmly established as one of the primary tools of modern

organic synthesis and are extensively used in both aca-

demic and pharmaceutical company laboratories for the

generation of libraries ofmolecules aiming at the discovery

of new therapeutic agents.2 The invention of newMBFTs,

and particularly those involving unprecedented transfor-

mations, is of utmost value because they can provide rapid

entries to new classes of compoundswith unforeseen appli-

cations. Herein, we describe a microwave-assisted three-

component reaction for the stereoselective preparation of

pyrazolidin-3-ones (e.g., 6) and its application to the syn-

thesis of a new class of spirooxindoles based on an unprece-

dented reactivity of R-oxo-ketenes.
Pyrazolidin-3-ones are conformationally constrained

β-amino acids, some of which exhibit potent antibacterial

activities and reducing chemical properties exploited in

the industry of photography, andmore recently, they have
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been identified as effective organocatalysts.3 R-Oxo-

ketenes4 are well-known to react with nucleophiles to

produce 1,3-dicarbonyl compounds,5a but in sharp con-

trast with simple ketenes, they almost exclusively react as

1-oxadienes with unsaturations (XdY or CtX) in inverse

electron demand [4 þ 2] oxa-Diels�Alder cycloaddi-

tions.5bWe have recently reported a switch of periselectiv-

ity in R-oxo-ketene six-electron cycloadditions, revealing

their reactivity as excellent dienophiles in [2 þ 4] aza-

Diels�Alder cycloadditions with 1-aza-dienes.5c Based

on this unique reactivity, we surmised that pyrazolidin-3-

one 6 could be obtained from the carbonyl compound 1,

the substituted hydrazine 2, and the diazo compound 3 in a

single catalyst-free domino three-component reaction as

follows: the rapid formation of hydrazone 4a, which upon

heating should undergo a 1,2-hydrogen shift to give the

corresponding azomethine imine 1,3-dipole 4b,6 followed

by Wolff rearrangement7 of 3 to 5, providing the two

partners of an original 1,3-dipolar cycloaddition leading

to the pyrazolidinone 6 (Scheme 1).

The feasibility of the key 1,3-dipolar cycloaddition relies
on the unprecedented behavior of R-oxo-ketenes as effi-
cient dipolarophiles. Besides this, crucial for the success of
this synthetic plan is the faster formation of the hydrazone
4a compared to theR-oxo-ketene 5 to avoid the irreversible
nucleophilic addition of hydrazine 2 to 5. Also, hydrolysis
of the R-oxo-ketene 5 with the water produced concomi-
tantly with the formation of the hydrazone 4a should be
avoided. In early experiments, we submitted a 1:1:1

mixture of benzaldehyde, phenylhydrazine, and 5,5-di-
methyl-2-diazo-cyclohexan-1,3-dione (diazodimedone) in
toluene to microwave irradiation at 140 �C for 15 min
(ramp up time = 2 min), and rewardingly, the spiro
pyrazolidin-3-one 6a was obtained in 74% yield as the

only detectable regio- and diastereomer (Figure 1). A

slightly better yield of 6a (80%) was obtained when the

diazo compound was introduced after 10 min of reaction,

and the latter protocol (consecutive reaction) was pre-

ferred for this study. The reaction was found very general

and accommodates a broad range of each of the three

substrates (Figure 1): carbonyl compounds 1 can include

aromatic (e.g., in 6a�d), aliphatic (in 6e and 6f), and R,β-
unsaturated (in 6h) aldehydes as well as acyclic (in 6i and

6j), cyclic (in 6k�n), heterocyclic (in 6o), and functiona-

lized (in 6j) ketones; aryl- (e.g., in 6a), functionalized aryl-

(in 6m), heteroaryl- (in 6g), alkyl- (e.g., in 6l), and functio-

nalized alkyl- (in 6d) hydrazines 2 could be used without

noticeable change in efficiency; and finally six- (e.g., in 6a

and 6c) and seven-membered cyclic (in 6f and 6n) and

acyclic (in 6b and 6k) diazo compounds 3 revealed good

precursors of the corresponding R-oxo-ketenes. The struc-
tures of spiro pyrazolidinones 6h and 6i have been resolved

by X-ray diffraction analyses, which confirmed the chemo-,

regio- and stereochemical outcome of the reaction.8 No-

tably, in most cases the overall transformation allowed the

construction of a chiral all-carbon quaternary center9

adjacent to a second stereocenter with excellent control of

the diastereoselectivity. In the case of ketones, the con-

struction of two adjacent quaternary centers resulted in the

formation of interesting and challenging structures includ-

ing bis-spiro scaffolds (in 6l�o). The example of compound

6h is particularly interesting regarding the periselectivity of

6π electrocyclic processes with R-oxo-ketenes, the 1,3-dipo-
lar cycloaddition mode being preferred to the predictable

[4 þ 2] and [2 þ 4] modes.10 Our current understanding of

the reaction, which accounts for both the observed regio-

and diastereoselectivity, invokes a thermodynamically con-

trolled stepwise (or concerted very asynchronous) process

via disrotatory 6π electrocyclizationof a zwitterionic species

as depicted in Scheme 2.11

Scheme 1. Planned Synthesis of Pyrazolidin-3-ones
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Stimulated by these results, we envisioned the applica-
tion of the above reaction to the synthesis of an original
class of spirooxindoles 10 from isatinderivatives 9 (Scheme
3). Spirooxindoles are privileged heterocyclic molecules
generally endowed with biological properties, several of
which have recently been identified as useful cellular
probes and lead compounds for the development of new
therapeutic agents.12 The most studied and abundant
biologically active spirooxindoles are spiro[pyrrolidine-
3,30-oxindoles] of type 7 and the regioisomeric spiro[pyrro-
lidine-2,30-oxindoles] of type 8. Type 7 spirooxindoles are
found in many naturally occurring alkaloids biosyntheti-
cally derived from tryptamine, while type 8 spirooxindoles
are purely synthetic compounds. In both cases, the inte-
gration of these compounds in medicinal chemistry and
chemical biology research programs has only been made
possible by the development of efficient synthetic methods

to solve the problem of compound supply and provide a
rapid access to collections of molecules.13 The develop-
ment of type 7 and 8 spirooxindoles has relied on efficient
and versatile domino three-component reactions involving
1,3-dipolar cycloadditions of azomethine ylides with
dipolarophiles,14 which have allowed the preparation of
thousands of compounds and the identification of
highly potent molecules (Scheme 3).12,15 From the above
analysis, we surmised that spiro[pyrazolidinone-5,30-
oxindoles] of type 10, which combine both type 7
and 8 spirooxindoles in a single molecule, should be a
valuable class of compounds easily assembled by our
methodology.16

In practice, microwave irradiation at 140 �C of a 1:1:2
mixture ofN-benzyl isatin, methylhydrazine, and diazodi-
medone in toluene for 15 min afforded the bis-spiroox-
indole 10a as the only detectable diastereomer in 74%yield
(Figure 2). As for the previous series, the consecutive
reaction protocol was found to be slightly more efficient

Scheme 2. Proposed Pathway

Scheme 3. Three-Component Strategies toward Spirooxindolesa

a 3-CR = three-component reaction.

Figure 1. Scope of pyrazolidin-3-ones (dr >25:1 in all cases).
Yields were determined by isolation of the product following
silica gel flash chromatography. aYield for the multicomponent
protocol; see Supporting Information for details.
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and afforded 10a in 80%yield. The structure of 10a, which
was unambiguously determined by X-ray diffraction
techniques,8 shows an anti relationship between the carbo-
nyl groups of the oxindole and the cyclopentanone moi-
eties, and a cage spatial arrangement essentially due to the
two contiguous chiral spiro carbonatoms. The scopeof the
reaction was examined under the optimized conditions,
and the results are summarized in Figure 2. In this series,
the focus was placed on variations on the oxindole moiety,
and a variety of isatin derivatives 9 could be used. Among
these several N-benzyl- (e.g., in 10a�d), N-propargyl- (in
10e), N-allyl- (in 10f), and N-methyl (in 10j and 10l) isatin
derivatives 9 proved effective; 5-fluoro- and 7-bromo-N-
benzyl isatin (in 10g and 10h, respectively), aswell as 7-aza-
N-methyl-oxindole (in 10i), were also suitable substrates

for the reaction. However, isatin itself (9: R = R1 = H)
and N-acetyl isatin (9: R = H, R1 = Ac) led to complex
mixtures of products. As in the previous series, six- and
seven-membered cyclic and acyclic diazo compounds 3
could be used (e.g., in 10i�l).However, in contrastwith the
previous series, only alkyl- and functionalized alkyl-hy-
drazines 2 led to the desired spirooxindole 10 (e.g., in 10a
and 10n, respectively).
Overall, the microwave-assisted three-component (or

consecutive, depending on the protocol) reaction described

herein introduces R-oxo-ketenes as excellent dipolaro-

philes in 1,3-dipolar cycloadditions. The reaction has

allowed a highly chemo-, regio-, and diastereoselective

straightforward synthetic access to a collection of mono-

cyclic, structurally distinct spirobicyclic, and bis-spirotri-

cyclic pyrazolidin-3-ones 6 and 10, which, based on

existing data,3,12,15 exhibit a certain “drug-like” character.

It should be highlighted that the reaction is highly atom-

economical, producing only water and nitrogen gas copro-

ducts under additive-free conditions. From a diversity

point of view, the reaction intrinsically introduces a ketyl

group in position 4 and a free N�H in position 1 on the

pyrazolidin-3-one, and its excellent chemoselectivity has

allowed the introduction of additional functional groups

(cyano, ester, amide, alkene, alkyne, nitro, and halogens

for the examples described herein) amenable for further

postcondensation reactions.Currentwork concentrateson

the chemistry of type 6 and 10 pyrazolidin-3-ones, their

resolution, and the determination of their biological

activities.
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Figure 2. Scope of spiro[pyrazolidinone-5,30-oxindoles] (dr>25:1
in all cases). Yields were determined by isolation of the pro-
duct following silica gel flash chromatography. aYield for
the multicomponent protocol; see Supporting Information
for details.


