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A palladium-catalyzed cascade cyclization of allenylethylene carbonates with 1,3-indandiones was devel-
oped, providing biologically interesting tetracyclic dihydrocyclopentaindenofuranone derivatives having
three contiguous quaternary carbon centers in moderate to high yields with excellent diastereoselectivi-
ties. In this reaction, the allene moiety was fully fused into the cyclopentene ring.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Terpenoids such as Ginkgolides and Bilobalide (Fig. 1) are
unique components of the Ginkgo biloba tree, which displayed di-
verse bioactivities such as antioxidant, anti-aging, blood pressure
lowering, blood circulation promotion and anti-platelet activating
factors [1-4]. Therefore, synthesis of Ginkgolides, Bilobalide and
their derivatives having multicyclic skeleton are very significant
and have attracted much attention [5]. However, assembly of con-
tiguous quaternary carbons in these terpenoid natural products re-
mains a big challenge. New synthetic methods for these structures
are highly desirable.

Pd-catalyzed decarboxylative cycloadditions are one of the most
powerful tools for synthesis of carbo- and hetero-cyclic compounds
from readily available starting material [6-20]. Generally, these
(m+n) cycloadditions were furnished through stepwise reactions
of in situ generated zwitterionic sr-allyl palladium intermediates
from decarboxylation of precursors with electron-deficient reac-
tion partner [6-20]. Obviously, the type and reactivity of the pre-
cursors for formation of m-allyl palladium intermediate played a
key role in Pd-catalyzed decarboxylative cycloadditions. In 2021,
we designed and synthesized the allenylethylene carbonates (AECs)
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as the precursor of m-allyl palladium intermediates, which may
act as 1,3 or 1,5-dipoles undergoing cycloadditions with dipo-
larophiles [21]. In our early exploration, we studied the cycload-
dition reactions of AECs with electron-deficient reaction partner
and successfully developed a palladium-catalyzed (3 +3) annula-
tion of AECs with nitrile oxides, producing 3,6-disubstituted-5-
hydro-1,4,2-dioxazines in high yields (Scheme 1a) [21]. In this ex-
ample, AECs worked as three-membered synthons and the allene
moiety in AECs did not participate in the construction of six-
membered ring. As continuous efforts in the exploration on the
application of AECs in Pd-catalyzed cycloadditions, we anticipated
to achieve formation of ring system involving the allenyl moiety.
In 2019, Shao reported an elegant Pd-catalyzed (4+1) cycloaddi-
tion of allenyl acetates and pyrazolones, in which allenic esters
worked as C4 synthons to be fused in cyclopentene rings (Scheme
1b) [22]. This inspired us to think about transformations of al-
lene moiety of AECs for construction of cyclic framework. The 1,3-
indandiones were often used in cascade/domino reactions to con-
struct various cyclic compounds because the protons of methy-
lene group are very acidic and prone to isomerize into their enol
forms [23,24]. Considering the high reactivity of 1,3-indandiones,
we explored their reaction with AECs under palladium catalysis.
Herein we report palladium-catalyzed cascade cyclization of AECs
with 1,3-indandiones, giving tetracyclic dihydrocyclopentaindeno-
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Scheme 1. Pd-catalyzed decarboxylative annulations of AECs.

furanone derivatives having three contiguous quaternary carbon
centers (Scheme 1c).

We chose the reaction of 1,3-indandione 1a and AEC 2a to begin
the investigation (Table 1), which was performed in CH,Cl, at 25
°C. When the combination of Pd;dbas-CHCl; with PPh; was used,
no product was observed (Table 1, entry 1). We then screened a
series of ligands (entries 2—6) and found that when XantPhos was
used as the ligand, and the desired product 3aa was isolated in
the highest 35% yield (entry 2). Subsequently, with XantPhos as
the ligand, different palladium catalysts were tested and no bet-

Fig. 2. X-ray crystal structure of the product 3af.

Table 1
Optimization of reaction conditions.?
. X
o Yo [Pd]/L
* \_(\/-/ solvent, temp.
o Ph

1a 2a
PPh,
O O PPh, pph, &S —Pph, @E}Q
]
o o [ @: Fe Fe PPhy
PPh, FPPh2 >

| H
—N
PPh, PPh, PPh, PPh; &=—PPh; /

XantPhos DpePhos dppe dppbz dppf L*

Entry [Pd] Ligand Solvent T (°C) t (h) Yield (%) dr¢

1 Pd,dbas-CHCl3 PPh; CH,Cl, 25 48 trace ND

2 Pd,dbas-CHCl; XantPhos CH,Cl, 25 48 35 >20:1
3 Pd,dbas-CHCl3 DpePhos CH,Cl, 25 48 23 >20:1
4 Pd,dbas-CHCl3 Dppe CH,Cl, 25 48 NR ND

5 Pd,dbas-CHCl; Dppbz CH,Cl, 25 48 NR ND

6 Pd,dbas-CHCl3 Dppf CH,Cl, 25 48 trace ND

7 Pd(dba), XantPhos CH,Cl, 25 48 26 >20:1
8 Pd(dmdba), XantPhos CH,Cl, 25 48 26 >20:1
9 Pd(PPh; )4 XantPhos CH,Cl, 25 18 trace ND
10 Pd,dbas-CHCls XantPhos CI(CH; ),Cl 25 26 22 >20:1
11 Pd,dbas-CHCl3 XantPhos CHCl3 25 26 44 >20:1
12 Pd,dbas-CHCls XantPhos toluene 25 26 trace ND
13 Pd,dbas-CHCl3 XantPhos THF 25 26 32 >20:1
14 Pd,dbas-CHCl3 XantPhos CCly 25 48 NR ND
15 Pd,dbas-CHCl; XantPhos CHCl; 40 6 39 >20:1
16 Pd,dbas-CHCls XantPhos CHCl5 60 6 55 >20:1
17 Pd,dbas-CHCl3 XantPhos CHCl3 80 6 17 >20:1
184 Pd,dbas-CHCl3 XantPhos CHCl; 60 6 64 >20:1
19d.e Pd,dbas-CHCl; XantPhos CHCl; 60 6 77 >20:1
20f Pd,dbas-CHCl3 L* CHCl3 25 56 60 >20:1 (0% ee)

2 Unless noted otherwise, the reactions of 1a (0.1 mmol), 2a (0.15mmol), [Pd] (5 mol%), and ligand (20 mol% for Phs;P, 10 mol% for diphosphines) were
performed in 1 mL of solvent. NR: no reaction; ND: not detected; dba: dibenzylidene acetone; dmdba: 3,5,3',5'-dimethoxydibenzylidene acetone.

b solated yield.

¢ Determined by '"H NMR.

4 With 0.2 mmol of 2a.

¢ With 0.15 mmol of ‘Pr,NH.

f See details of reaction conditions in Supporting information.
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Table 2
Scope of allenylethylene carbonates.?

Pd,dbag*CHCl3 (5 mol%)
XantPhos (10 mol%)
\_W 7 TPoNA (15 equiv) Pr,NH (1.5 equiv.)

CHCl3, 60 °C
t Yield
Entry R 3 (h) (%)b
1 CgHs 6 77
3aa
2 3- 12 45
FCG H4 3ab
3 3- 6 68
CICgH4 3ac
4 3- 6 50
BrCsHy 3ad
5 4- 6 54
FCgHy 3ae
6 4- 6 74
ClCgHy 3af
7 4- 6 69
BrCgHy 3ag
8 3,5- 12 43
F,CgH3 3ah
9 3- 6 70
OMeCgH4 3ai
10 4- 6 69
OMeCgH4 3aj
11 4- 6 85
MeCgH4 3ak
12 4- 6 52
CNCG H4 3al
13 4- 6 56
CF3CgHy 3am
14 4- 6 70
PhCgHy 3an
15 2- 6 81
naphthyl 3ao
16 3- 6 66
thienyl 3ap
17 Me 12 17
3aq
18 Et 12 22
3ar

2 All reactions were carried out with 1a (0.1 mmol), 2 (0.2 mmol), Pdydbasz-CHCl3
(5 mol%), XantPhos (10 mol%) and ‘Pr,NH (0.15 mmol) in 1 mL of CHCl3 at 60 °C.
b Isolated yield. >20:1 dr, determined by 'H NMR.

ter yield was obtained (entries 7—9). We then screened several
other solvents, including CICH,CH,Cl (DCE), CHCl;, toluene, THF
and CCly4 (entries 10—14). Among them, CHCl3 exhibited the best
performance, and the product 3aa was obtained in 44% yield (en-
try 11). Effect of temperature to the reaction was also investigated
(entries 15—17). The reaction at 60 °C led to the product in 55%
yield (entry 16). During the optimization process, we found that
the AEC underwent self-polymerization to form side products, so
that we increased the loading amount of AEC and the yield of 3aa
was thus increased to 64% (entry 18). In further optimization, var-
ious bases were examined as additives (detailed in Supporting in-
formation). To our great delight, when diisopropylethylamine was
used as the base, the yield of product 3aa was improved to 77%
(entry 19). In order to develop asymmetric catalytic reaction, we
screened various types of chiral ligands (see Supporting informa-
tion for details). Unfortunately, only chiral ligand L* displayed cat-
alytic activity, delivering the product in 60% yield but with 0% ee
(entry 20).

Having established the optimal conditions, we tested a vari-
ety of AECs to explore the reaction scope. The results were sum-
marized in Table 2. The reactions of AECs 2 bearing diverse sub-
stituents with different electronic properties with 1,3-indandione
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Table 3
Scope of indandiones.?
o\fo Pd,dbaz*CHCl5 (5 mol%)

0]
r/\ . J XvantPhos (10 mol%) .
S Ph 'ProNH (1.5 equiv.)
o) S CHCl3, 60 °C
1

2a
Entry 1 3
0 HO, O
Lo ooy ¢ o
2
b O 3ba O
(0] o o
O 0 Ph
2 < < > 6 43
o] 0 v
1¢c¢ O 3ca O
0 o. o0
o .
3 A - \ ,Ph 6 48
o o v
1d O 3da ©
cl o Cl HO
c cl e Ph
4 7, 24 0
cl cl 7
Cl ) Cl o]
1e 3ea

2 All reactions were carried out with 1 (0.1 mmol), 2a (0.2 mmol),
Pd,dba;-CHCl; (5 mol%), XantPhos (10 mol%) and ‘Pr,NH (0.15mmol) in 1mL
of CHCl; at 60 °C.

b Isolated yield. >20:1 dr, determined by "H NMR.

1a were carried out under standard conditions (entries 1-—18).
The AECs with halogen atoms at the meta or para position of
the phenyl group were tolerated, producing the desired prod-
ucts (3ab—3ah) in 43%—74% yield (entries 2—8). The AECs having
electron-donating (Me and OMe) and electron-withdrawing (CN
and CF3) groups on the phenyl ring at the meta and para position
were also favourable (entries 9—13), and the corresponding prod-
ucts were obtained in 52%-—85% yields. The AECs with biphenyl
moieties also performed well in the reaction, leading to the for-
mation of the corresponding product 3an in 70% yield (entry 14).
In addition, AECs containing fused or heterocyclic aromatic groups
were also suitable substrates. The AEC containing a 2-naphthyl
group afforded the corresponding product 3an in 81% yield (entry
15) while the 3-thienyl substituted one afforded the corresponding
product 3ap in 66% yield (entry 16). Unfortunately, the AECs con-
taining methyl and ethyl groups were challenging substrates, af-
fording the corresponding products 3aq and 3ar in poor 17% and
22% yield respectively (entries 17 and 18). The structure of the
product 3af was confirmed by the results of single crystal X-ray
diffraction analysis (Fig. 2, CCDC 2,195,449, detailed in Supporting
information).

We further evaluated various 1,3-indandione in this cascade cy-
clization of AECs 2a. As indicated in Table 3, the effect of differ-
ent substituents on the phenyl group of indandione 1 was tested.
Delightedly, 1H-cyclopenta[b]naphthalene-1,3(2H)-dione (1b) was
workable, producing the product (3ba) in 51% yield (entry 1). The
reaction of 1,3-indandione 1c having dioxolane moiety on the ben-
zene ring resulted in the formation of the corresponding product
3ca in 43% yield (entry 2). The reactivity of 5,6-dimethoxy-1H-
indene-1,3(2H)-dione (1c) was moderate, giving 48% yield of the
product 3da (entry 3). Unfortunately, the 4,5,6,7-tetrachcloro-1,3-
indene-dione (1e) did not work (entry 4). The big steric hindrance
may suppress the reaction.

In order to demonstrate the practical applicability of this reac-
tion, we carried out a scale-up reaction under standard reaction
conditions (Scheme 2). This cyclization reaction at 2 mmol of scale
still proceeded smoothly to give the product 3aa in 65% yield. Sub-
sequently, the transformation of product 3aa was conducted. As
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a) Scale-up reaction

[0} (o}
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. [eNe) XantPhos (10 mol%)
—_—
\‘N 'ProNH(1.5 equiv.)
o Ph \ CHCls, 60 °C

1a, 292 mg 2a \ 3aa, 397 mg
(2 mmol) 65% vyield, >20:1 dr

b) Further transformation of the product 3aa

6 (R = 3,5-(NO,),CgH3)

78% yield, 7:1
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75% yield, 3:1 dr

Scheme 2. Scale-up reaction and further transformation of the product.
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Scheme 3. A plausible reaction mechanism.

shown in Scheme 2, under the catalysis of palladium, the product
3aa was reduced by hydrogen to form the product 4 in 78% yield
(CCDC: 2195450, detailed in Supporting information). The double
bond of 3aa underwent addition reaction with Br, to afford the
corresponding product 5 in a yield of 75% (CCDC: 2195452, de-
tailed in Supporting information). In the presence of Et3N, the hy-
droxyl in the product 3aa reacted with 3,5-dinitrobenzoyl chloride
to form the product 6.

As shown in Scheme 3, a plausible reaction mechanism was
proposed. In the presence of palladium catalyst, decarboxylation
of AEC 2a afforded the zwitterionic intermediate A, which sub-
sequently deprotonated the 1,3-indandione 1a to produce both
the reaction partners B and C. They performed allenylic alkyla-
tion to produce the intermediate D. Subsequent isomerization
generated the intermediate E, which perform hemiacetaliza-
tion/intramolecular cyclization to produce the product 3aa with
regeneration of the catalyst. According to the data in Table 1, the
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catalytic cycle could proceed without needing a base. Therefore,
the role of {Pr,NH probably was to assist deprotonation.

In summary, we have developed a palladium-catalyzed cascade
cyclization of allenylethylene carbonates with 1,3-indandiones. Un-
der the standard conditions, a variety of AECs worked well with in-
dandiones, producing biologically interesting tetracyclic dihydrocy-
clopentaindenofuranone derivatives having three contiguous qua-
ternary carbon centers in moderate to high yields with excellent
diastereoselectivities. Additionally, the scale-up reaction and late-
stage transformations of the product 3aa were also demonstrated.
In this reaction, the allene moiety of AECs was fused into the ring
system for the first time. The cascade cyclization reaction indicates
that AECs may work as a versatile synthon and find more applica-
tions in construction of ring system.
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