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a b s t r a c t

An oxidative annulation of 2-arylidene-1,3-indanediones with Meldrum’s acid has been developed for

the divergent syntheses of spirolactones with a spirocenter located at the γ -position with respect to the

carbonyl group. This heteroannulation protocol tolerates various functional groups and delivers moderate-

to-good product yields. Interestingly, the reaction outcomes are exclusively controlled by the reaction

oxidant/medium. This annulation strategy can also be executed in the flow system with decent product

yields. Control experiments revealed that the reaction proceeds via a radical tandem annulation pathway.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

γ -Spirolactones are essential and distinctive functional hete-

rocyclic units embodied in many biologically active and natu-

ral products [1–5], clinical pharmaceuticals (such as spironolac-

tones) and chemiluminescent materials [6–10]. Considerable re-

search has been dedicated to investigating synthetic pathways

for reaching these valuable compounds, for instance intramolec-

ular oxidative dearomatisation [11–22], N-heterocyclic carbene

(NHC)-catalysed heteroannulation [23–27], metal-catalysed cycli-

sation/spirolactonisation [28–32] and other reactions [33–36]. De-

spite these remarkable progresses, it is highly desirable to explore

a versatile and efficient synthetic protocol aiming at the direct con-

struction of γ -spirolactones.

In 2013, Krische and co-workers reported a Ru(0)-catalysed

hydrohydroxyalkylation of acrylates with diols for accessing the

γ -spirolactones (Scheme 1A-i) [37]. Later, Marchalín and Daïch

showed the synthesis of the γ -spirolactones using a multi-step

Pt(II)-catalysed carbocyclisation of benzaldehyde bearing alkyne-

nitrile (Scheme 1A-ii) [38]. Recently, γ -spirolactones with contigu-

ous sterocenters were made through a specially designed dinuclear

zinc complex-catalysed asymmetric tandem reaction of α–hydroxy-

1-indanone (Scheme 1A-iii) [39].
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In fact, the synthesis of γ -spirolactones with tri-carbonyl group

remains sporadically investigated. In 2000, Chatani and Murai

unveiled prominent research on the ruthenium-catalysed inter-

molecular cyclocoupling between indane-1,2,3-trione, ethylene (3

atm) and carbon monoxide (5 atm), leading to the formation

of the γ -spirolactone in 51% yield (Scheme 1B-i) [40]. Kim in-

dependently reported a similar transformation using an indium-

mediated protocol (Scheme 1B-ii) [41]. Nevertheless, the reac-

tion between allylic bromide and ninhydrin gave rise to mix-

tures of γ -hydroxyester derivatives and the target γ -spirolactones.

After column separation and the treatment with pyridinium p-

toluenesulfonate (PPTS), the γ -spirolactones was isolated in 64%

yield. Despite these attempts to synthesize γ -spirolactones, the

development of more concise synthetic route under milder re-

action conditions remains challenging. In addition, the construc-

tion of α,β-disubstituted γ -spirolactones is still less explored (one

example of 4-methylene-3-phenyl-3,4-dihydro-5H-spiro[furan-2,2′-
indene]−1′,3′,5-trione (66%) was shown [41]. Hence the explo-

ration of an operationally simple strategy for accessing these valu-

able γ -spirolactones remains a prominent goal in organic synthe-

sis. In continuation of our former works on heterocycle construc-

tion [42–45] and annulation reaction [46–48], herein we present

an oxidative annulation of 2-arylidene-1,3-indanediones for the di-

vergent synthesis of γ -spirolactones (Scheme 1C).

Our initial attempt employed 2-benzylideneindane-1,3–dione

(1a) and Meldrum’s acid (2) as the prototypical substrates for opti-
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Scheme 1. Previous methods and our design for γ -spirolactones synthesis.

mizing the oxidative annulation reaction parameters (Table 1). The

choice of catalyst and oxidant were critical to succeed this cou-

pling reaction. TBHP and DTBP gave the desired product 3a in 55%

and 52% yield, respectively (entries 1 and 4), while TBPB was en-

tirely ineffective in this reaction (entry 3). The spirolactonisation

did not occur in the absence of ligand (entry 2). The addition of

4,4′-dimethyl-2,2′-dipyridyl (L3) was found to be superior in af-

fording the product 3a in 71% yield (entry 7). Other copper salts,

such as CuBr, Cu(OAc)2 and Cu2O were also evaluated, yet their ef-

ficacy were less than CuI (entries 7 vs. 11−13). Increasing the cop-

per catalyst loading to 20 mol% gave comparable result to that of

10 mol% (entries 7 vs. 14). A brief survey of solvents showed that

DCE is the most appropriate solvent. Increasing the reaction tem-

perature to 90 °C led to a slightly lower yield of 3a (entry 19).

With the optimised reaction conditions, we next commenced to

investigate the scope of 2-arylidene-1,3-indanediones 1 with Mel-

drum’s acid (2) and the results are summarized in Scheme 2. Var-

ious 2-arylidene-1,3-indanediones were subjected in the spirolac-

tonisation and the corresponding γ -spirolactones were successfully

delivered. To further evaluate the practical utility of this methodol-

ogy, a gram-scale experiment was conducted, producing 3a in 65%

yield. The structure of 3a was unambiguously confirmed by single-

crystal X-ray diffraction analysis (CCDC: 2175973). It is worth not-

ing that this reaction protocol tolerated the chloro– (products 3b,

3g) and bromo–groups (products 3h, 3i), providing an excellent

opportunity for further functionalisation via well-known cross-

coupling processes. Despite the possible steric hindrance arising

from the substitution at the ortho-position of the phenyl ring, 1i

was a feasible coupling partner that did not affect the reaction ef-

ficiency, yielding the desired product in 64% yield.

The outcome of a chemical transformation can often be diver-

gent when the reaction conditions are modified. To our delight,

under the reciprocal metal-free conditions, a new series of prod-

Table 1

Optimization of the reaction conditions.a

Entry [Cu] Ligand Oxidant Solvent Yield (%)b

1 CuI L1 TBHP DCE 55

2 CuI – TBHP DCE trace

3 CuI L1 TBPB DCE trace

4 CuI L1 DTBP DCE 52

5c CuI L1 TBHP DCE 51

6 CuI L2 TBHP DCE 64

7 CuI L3 TBHP DCE 71

8 CuI L4 TBHP DCE 57

9 CuI L5 TBHP DCE 61

10 CuI L6 TBHP DCE 25

11 CuBr L3 TBHP DCE 49

12 Cu(OAc)2 L3 TBHP DCE 33

13 Cu2O L3 TBHP DCE 36

14d CuI L3 TBHP DCE 65

15 CuI L3 TBHP PhCl 40

16 CuI L3 TBHP MeCN 31

17 CuI L3 TBHP THF trace

18 CuI L3 TBHP CHCl3 trace

19e CuI L3 TBHP DCE 66

a Reaction conditions: 1a (0.3mmol), 2 (0.2mmol), Cu salt (10 mol%), ligand (20

mol%), and TBHP (0.6mmol, 70% aqueous solution) or oxidant (0.6mmol) in solvent

(1mL) at 80 °C for 5h.
b Isolated yield.
c TBHP (5.5mol/L in decane) was used.
d 20 mol% of CuI was used.
e 90 °C was used.

Scheme 2. Copper-catalysed spirolactonisation of 2-benzylideneindane-1,3-diones.

Reaction conditions: 1 (0.3mmol), 2 (0.2mmol), CuI (10 mol%), L3 (4,4′-dimethyl-

2,2′-dipyridyl) (20 mol%), and TBHP (0.6mmol, 70% aqueous solution) in DCE (1mL)

at 80 °C for 5h. Isolated yields were reported. a A gram-scale experiment was con-

ducted.
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Scheme 3. TBAI-catalysed spirolactonisation of 2-benzylideneindane-1,3-diones.

Reaction conditions: 1 (0.2mmol), 2 (0.3mmol), TBAI (20 mol%), and H2O2

(0.6mmol, 30% aqueous solution) in DCE/GVL (v/v=1:1, 1mL) at 100 °C for 5h.

Isolated yields were reported.

uct 4 was successfully attained (Scheme 3). This product frame-

work thus even provides more manipulation opportunity for pos-

sible functionalization, such as diarylation at the α-position [49].

Attempt conducting the reaction with 1a and 2 under TBAI (20

mol%) and 3 equiv. of H2O2 in the solvent mixture of DCE/GVL

(γ -valerolactone) at 100 °C, the desired product 4a was obtained

in 81% yield (see Supporting information for optimization of reac-

tion conditions). Encouraged by this fruitful result, representative

substrates with substituents at the ortho-, meta-, and para-position

of the phenyl ring were tested (products 4b-4f). Substrates bear-

ing halo substituent at ortho- and/or para-position were also well-

tolerated with good product yields (products 4b, 4g, 4h and 4i).

Particularly noteworthy is that this transformation was able to ac-

commodate thienyl-, furyl-, and styryl-containing substrates, pro-

viding the corresponding products 4j, 4k and 4l, respectively.

Flow chemistry has become a valuable tool in many organic

syntheses [50–52] and often enriches the productivity by improv-

ing the reactivity through better heat and mass transfer. To demon-

strate the synthetic utility of spirolactonisation, we examined the

reaction in a continuous flow protocol using a Vapourtec flow reac-

tor (Scheme 4). Under the flow conditions, the reaction proceeded

efficiently to give the corresponding γ -spirolactones in improved

yields with a significantly shorten reaction time (10min vs. 5h)

when compared to previous studies.

To elucidate the reaction mechanism, radical-trapping experi-

ments were performed (Scheme 5A). When 3.0 equiv. of radical

scavengers, such as TEMPO, BHT, or 1,1-diphenylethylene (DPE) was

added to the reaction, the product yields of 3a and 4a were de-

creased. The corresponding radical-quenched products were also

detected using electrospray ionisation-time-of-flight-mass spec-

trometry (ESI-TOF-MS) (see Supporting information for details),

suggesting that the reaction likely involves a radical mechanism.

Furthermore, product 5 was isolated in the copper-catalysed spiro-

lactonisation of 2-benzylideneindane-1,3-diones with the addition

of TEMPO (Scheme 5A, a(i)). Based on the aforementioned mech-

Scheme 4. TBAI-catalysed spirolactonisation of 2-benzylideneindane-1,3–dione in

flow conditions. Reaction conditions: Mixture A: 1 (5.0mmol), 2 (7.5mmol) in

DCE:GVL=1:1 (20mL). Mixture B: 30 wt% H2O2 (15.0mmol), TBAI (1.0mmol) in

DCE:GVL=1:1 (20mL). Mixture A and B were each pumped at 0.5mL/min and the

streams were combined in a T-mixer followed by a coiled reactor with the rate of

1mL/min (vol=10mL; tR =10min; T=100 °C) equipped with a 5bar back pressure

valve. Isolated yields were reported.

Scheme 5. Radical-trapping experiments and proposed mechanism.
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anistic studies [53] and experimental results, a postulated mech-

anism is illustrated in Scheme 5B. Initially, radical intermediate A

is generated through the Cu(I)/TBHP oxidation system (Scheme 5B,

for Scheme 2 pathway). Alternatively, the reaction is suggested to

begin with the decomposition of H2O2 catalysed by TBAI to gen-

erate hydroxyl radical and I2, which capture an α-hydrogen atom

from Meldrum’s acid 2 to form radical intermediate A (Scheme 5B,

for Scheme 3 pathway). Species A then generates radical B via

a C=C bond addition step. The resulting B reacts with copper(II)

species, followed by reductive elimination to afford product 5 [54].

Subsequently, radical B undergoes a radical addition to the C=O

bond to give the geometry-favored five-membered ring radical C.

The radical C is likely thermally-unstable and can be easily con-

verted to radical D with an expulsion of acetone. With the help

of t-BuO·, the radical trapping reaction occurs with D, resulting in

the formation of product 3a. Otherwise, in the absence of trap-

ping species t-BuO· (i.e., Scheme 3 pathway), the intermediate D

thus undergoes a decarbonylation pathway and subsequent proton

abstraction to give product 4a. It is of note that all the proposed

intermediates A, B, C, D and E were successfully captured by rad-

ical scavengers, and the resulting intermediates were detected by

ESI-TOF-MS (see Supporting information for details).

In summary, we have developed a divergent method for access-

ing β-arylspirolactones with a spirocenter at the γ -position to the

lactone-moiety. Interestingly, the CuI/L3/TBHP catalyst system pro-

vided a range of γ -spirolactones 3 in good yields, while the metal-

free system allowed for the synthesis of various γ -spirolactones

4 with complementary structures. The mild reaction conditions

offered decent functional group compatibility, especially the re-

mained intact –Br and –Cl groups which are advantages to the

inherent shortcomings of existing metal-catalyzed protocols. No-

tably, the metal-free protocol was found applicable even in a flow

system, resulting in significantly shorter reaction times. Mecha-

nistic investigation revealed that this annulation process proceeds

through a radical pathway, with specific intermediates being de-

tected by ESI-TOF-MS.
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