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ABSTRACT: A palladium/XantPhos-catalyzed [5 + 2] annulation of
VECs with electron-deficient alkenes having an isolated carbon−carbon
double bond has been developed to afford spirobarbiturate-tetrahy-
drooxepines. This study provides an expedient assembly of biologically
interesting spirobarbiturate-tetrahydrooxepines. The easy scalability and
versatile transformability of the reaction products were also exhibited.

Vinylethylene carbonates (VECs) have been demonstrated
as a versatile synthon for the construction of cyclic and

acyclic molecular scaffolds.1 On the one hand, VECs have been
used in allylic substitution reactions.2 On the other hand,
[3+n] and [5+n] cycloadditions of VECs are exceptional
synthetic tools that provide efficient avenues toward the rapid
synthesis of various cyclic molecules.3 A broad range of
substrates including aldehydes,3a alkenes,3b−d isocyanates,3e

imines,3f,g azadienes,3h azomethine imines,3i benzoxazinano-
nes,3j enals3k and electron-deficient conjugated 1,3-dienes3o,p

have been exploited as the electrophilic reagents in diverse Pd-
catalyzed annulation reactions of VECs. Among these
electrophilic coupling reagents, alkenes are particularly
fascinating for synthesis of oxygen-containing heterocycles
and have attracted much attention. In principle, all types of
electron-deficient alkenes can perform the cycloaddition
reaction with VECs under palladium catalysis. In previous
reports, electron-deficient alkenes having an isolated carbon−
carbon double bond such as methylenemalononitriles,3b 3-
cyanochromones,3c and β-nitroolefins3d have been used in Pd-
catalyzed [3 + 2] annulation reactions of VECs to construct
tetrahydrofuran derivatives (Scheme 1a). However, those
alkenes having an isolated carbon−carbon double bond have
not been successfully tamed in Pd-catalyzed [5 + 2]
cycloaddition of VECs to construct medium-ring heterocycles,
in which the zwitterionic palladium intermediates generated
from VECs through decarboxylation serve as 1,5-dipoles. Due
to their unfavorable transannular interactions4 as compounds
and competitive [3 + 2] annulation, Pd-catalyzed [5 + 2]
annulation of VECs and the isolated carbon−carbon double
bond represent a formidable challenge.3k In our previous work,
we realized a Pd-catalyzed [5 + 4] annulation of electron-
deficient conjugated 1,3-dienes with VECs via tandem [3 + 2]
cycloaddition/Cope rearrangement to achieve synthesis of
nine-membered cyclic compounds3p (Scheme 1b). Most
recently, Peng and Han reported [5 + 4] and [5 + 2]

annulations of VECs and conjugated 1,3-dienes for synthesis of
seven- and nine-membered rings3o (Scheme 1b and 1c). As our
continuous efforts on the cycloaddition reactions,5 we herein
describe an unprecedented palladium-catalyzed formal [5 + 2]
cycloaddition of barbiturate-derived alkenes (BDAs) with
VECs to synthesize functionalized spirobarbiturate-tetrahy-
drooxepines (Scheme 1d).
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Scheme 1. Palladium-Catalyzed Annulation Reactions of
VECs with Alkenes
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As a readily accessible reaction partner6 and pharmaceuti-
cally interesting skeleton,7 barbiturate-derived alkenes were an
ideal target for the current work. We chose the VEC 1a with
BDA 2a as model reaction to investigate the optimal reaction
conditions (Table S1). After an extensive investigation of
reaction parameters, the optimal conditions for the [5 + 2]
cycloaddition reaction were ultimately identified as follows:
Pd2dba3·CHCl3 (2.5 mol %) as a catalyst and XantPhos (5.0
mol %) as a ligand in CHCl3 at room temperature.
With the optimized reaction conditions in hand, the scope of

VECs in this [5 + 2] annulation was examined first (Table 1).
It is worth pointing out that the [3 + 2] cycloaddition product
4 has not been observed in all the following cases (see below).
A wide range of substituted phenyl-VECs having different
electronic and steric properties were well-tolerated and a
number of spirobarbiturate-tetrahydrooxepines (3aa−3ua)

were readily constructed (entries 1−21). Obviously, the steric
hindrance makes much difference on the yield of correspond-
ing products. For example, the VECs 1b and 1i bearing o-
methyl- and o-fluorophenyl underwent the annulation reaction
to afford the products 3ba and 3ia in 52% and 63% yield,
respectively, in comparison, meta- and para-substituted
substrates provided the corresponding products in >80%
yield (entry 2 vs entries 3, 4 and entry 9 vs entries 10 and 11).
The installation of a heterocycle in the spiro compounds was
also workable (entry 24). The unsubstituted, methyl-, and tert-
butyl-substituted VECs did not react with alkene 2a (entries
25−27), probably due to instability of the corresponding
seven-membered ring of products. Interestingly, the annulation
product with a cyclohexyl group could be obtained in 65%
yield through using a higher catalyst loading (7.5 mol %
Pd2dba3·CHCl3) (entry 28). The vinyl-substituted VEC was
also proved to be reactive to afford the product in 94% yield
(entry 29). Additionally, the process also worked well for
substrate VEC having a methyl group at alkenyl motif to
furnish corresponding spiro compounds in 87% yield (entry
30). The structure of the product 3oa was unequivocally
determined through X-ray crystallographic data and that of
other products was established by analogy.
In order to further amplify the scope of the reaction, we then

systematically varied the BDAs to produce the annulation
products 3 (Table 2). The alkene bearing a phenyl group led

Table 1. Scope of [5 + 2] Cycloaddition of VECsa

entry R1 R2 time (h) 3 yieldb (%)

1 Ph H 36 3aa 99
2 2-MeC6H4 H 36 3ba 52
3 3-MeC6H4 H 36 3ca 99
4 4-MeC6H4 H 36 3da 96
5 4-t-BuC6H4 H 36 3ea 99
6 2-OMeC6H4 H 80 3fa 78
7 3-OMeC6H4 H 46 3ga 82
8 4-OMeC6H4 H 24 3ha 86
9 2-FC6H4 H 70 3ia 63
10 3-FC6H4 H 36 3ja 99
11 4-FC6H4 H 36 3ka 85
12 2,4-F2C6H3 H 60 3la 97
13 2-ClC6H4 H 72 3ma 83
14 3-ClC6H4 H 25 3na 97
15 4-ClC6H4 H 36 3oa 99
16 3,4-Cl2C6H3 H 42 3pa 83
17 2-BrC6H4 H 52 3qa 94
18 3-BrC6H4 H 48 3ra 99
19 4-BrC6H4 H 36 3sa 99
20 4-CNC6H4 H 48 3ta 86
21 4-PhC6H4 H 49 3ua 84
22 1-naphthyl H 72 3va 55
23 2-naphthyl H 36 3wa 90
24 3-thienyl H 12 3xa 99
25 H H 93 NRc

26 Me H 93 NR
27 t-Bu H 72 NR
28 cyclohexyl H 72 3zc 65d

29 vinyl H 4 3zd 94
30 Ph Me 72 3ze 87

aUnless noted otherwise, the reaction of 1 (0.15 mmol), 2a (0.10
mmol), Pd2dba3·CHCl3 (2.5 mol %), and XantPhos (5.0 mol %) was
performed in 1.0 mL of CHCl3 under the indicated reaction
conditions. bIsolated yield. cNo reaction. dThe reaction was carried
out with 7.5 mol % of Pd2dba3·CHCl3 and 15 mol % of XantPhos.

Table 2. Scope of [5 + 2] Cycloaddition of BDAsa

entry R time (h) 3 yieldb (%)

1 Ph 48 3ab 37, 69c

2 4-MeC6H4 48 3ac NRc,d,e

3 4-OMeC6H4 42 3ad 35, 64e

4 3,4-(OMe)2C6H3 42 3ae 73
5 4-FC6H4 48 3af NRc,e

6 4-ClC6H4 48 3ag NRc,e

7 2-naphthyl 48 3ah NR, 43c

8 2-pyridyl 48 3ai tracec,e

9 3-pyridyl 48 3aj trace, 88c

10 4-pyridyl 48 3ak NRc,e

11 2-furanyl 23 3al 82
12 3-furanyl 23 3am 30, 64e

13 2-thienyl 48 3an tracec,e

14 3-thienyl 48 3ao 91
15 3-Me-2-thienyl 17 3ap 69
16 5-Me-2-thienyl 43 3aq 60
17 5-Cl-2-thienyl 23 3ar 46
18 2-benzofuran 12 3as 46
19e cyclohexyl 24 3au 63

aUnless noted otherwise, the reaction of 1a (0.15 mmol), 2 (0.10
mmol), Pd2dba3·CHCl3 (2.5 mol %), and XantPhos (5.0 mol %) was
performed in 1.0 mL of CHCl3 under the indicated reaction
conditions. bIsolated yield. cThe reaction was performed with 5.0
mol % of Pd2dba3·CHCl3 and 20 mol % of PPh3 in 1.0 mL of CH2Cl2.
dNo reaction. e5.0 mol % of Pd2dba3·CHCl3 and 10 mol % of
XantPhos were used.
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to a 37% yield of the product (entry 1). In order to increase
the yield, many experiments were carried out to tune reaction
parameters. Out of various trials (see Table S2), the use of
PPh3 as ligand and dichloromethane as solvent led to an
appreciable conversion, affording 3ab in 69% isolated yield
(entry 1). Surprisingly, BDAs bearing methyl- or electron-
withdrawing substituents on the aromatic group failed to
provide the desired products (entries 2, 5, and 6). Conversely,
p-methoxyphenyl and 3,4-dimethoxyphenyl-substituted alkenes
2d and 2e were suitable for this transformation, delivering the
products 3ad and 3ae (entries 3 and 4), indicating that the
electron-rich group was beneficial to the reaction. Mean-
ingfully, alkene with naphthyl was effective for this trans-
formation (entry 7). Notably, the reaction of alkenes derived
from picolinaldehyde and isonicotinaldehyde led to a trace
amount of the seven-membered ring product, while the anti-
Knoevenagel condensation/allylic alkylation product 11 was
obtained as a major product (see Scheme S1). However, BDAs
containing 3-pyridyl and furanyl moieties were tolerated under
the reaction conditions to give the products in 64−88% yield
(entries 9, 11, and 12). The alkenes from 2-thiophene-
carboxaldehyde and benzofurancarboxaldehyde were also
suitable for this transformation, giving the products 3ao−3as
(entries 14−18), whereas 2-thienyl olefin 2n was unproductive
(entry 13). The alkene having an aliphatic substituent was
practicable, although a higher amount of Pd catalyst (5.0 mol
%) was necessary (entry 19).
Following exploration of the substrate scope of olefins

derived from aromatic and aliphatic aldehydes, we attempted
to develop [5 + 2] annulation of cinnamaldehyde-derived
olefins to construct alkenyl-substituted spiro seven-membered
cyclic products and optimization was carried out (see Table
S3). To our delight, the [5 + 2] annulation reaction of VEC 1a
with styryl olefin 5a in the presence of Pd2dba3·CHCl3 at
ambient temperature proceeded smoothly to afford the
annulation product 6aa in 72% yield. As outlined in Table 3,
it can be seen that VECs with different electron-donating or
electron-withdrawing substituents worked well to give the
corresponding products in moderate to high yield (entries 2−4
and 9−18). When olefins 5d and 5e, which feature a methyl or
a methoxy on phenyl group, respectively, were used as the
material, the reaction failed to give the corresponding products
under standard conditions (entries 7 and 8). Contrary to the
results in Table 2, the electron-rich group in the substrate 5
was unfavorable for the reaction. Olefins bearing an electron-
withdrawing group and thienyl were both competent substrates
(entries 9−18). In addition, α-amylcinnamaldehyde-derived
alkene favorably produced 6ai in 98% yield (entry 19). We
clearly determined the structure of 6of by the single-crystal X-
ray analysis and assigned that of the other products by analogy.
Subsequently, we attempted to develop an asymmetric

variant of palladium-catalyzed [5 + 2] annulation reaction.
Although different palladium salts, ligands, solvents, reaction
temperatures, and substrates with different functional groups
had been screened, attempts to increase the yield and improve
enantioselectivity of the reaction failed and only trace amount
of the desired product was observed in most cases. Overall,
spiro seven-membered cyclic product 6aa was obtained in 17%
yield with 96% ee in the presence of Pd2dba3·CHCl3 (2.5 mol
%) and the chiral phosphoramidite L1 (10 mol %) (Scheme
2). The absolute configuration of the chiral product 6aa had
not been assigned. Since asymmetric annulation reaction gave
the higher ratio of [3 + 2] cycloadduct 7aa and

spirotetrahydrofurans are also biologically important com-
pounds,8 optimization was performed to explore stereo-
selective [3 + 2] annulation of 1a and 5a (see Table S4).
Spiroketal-based diphosphine (SKP)9 was found to be the
optimal choice and afforded the product 7aa in 95% yield with
99/96% ee and 83:17 dr. The reaction of a series of alkenes 2
and a range of VECs 1 gave products 7 with moderate to good
yield with excellent enantioselectivity and good diastereose-
lectivity (see Table S5).
As shown in Scheme 3, to demonstrate the efficiency and the

usefulness of this catalytic process, a gram-scale reaction of
VEC 1a and olefin 2a was conducted under the optimized
reaction conditions, furnishing the seven-membered spirocyclic
product 3aa in 80% yield (0.95 g). Importantly, 3aa could
undergo 1,3-dipolar cycloaddition reaction with nitrile oxides,
producing a mixture of diastereoisomers of isoxazole-fused

Table 3. Scope of Cinnamaldehyde-Derived Alkenes for Pd-
Catalyzed [5 + 2] Cycloaddition of VECsa

aUnless noted otherwise, the reaction of 1 (0.15 mmol), 5 (0.10
mmol), Pd2dba3·CHCl3 (5.0 mol %), and XantPhos (10 mol %) was
stirred in 1.0 mL of CHCl3 under the indicated reaction conditions.
bIsolated yield.

Scheme 2. Asymmetric Variant of [5 + 2] Annulation
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spirobarbiturate-tetrahydrooxepines 8a and 8b in 99% yield
with the dr of 1:1. Furthermore, direct epoxidation of 6ah
provided 9 with two oxiranes ring in 48% yield with a single
diastereomer. Interestingly, bromination of the product 3 or 6
resulted in a 6,8-dioxabicyclo[3.2.1]octane derivatives 10a or
10b. The configurations of the derivatives were unambiguously
confirmed by single-crystal X-ray diffraction analysis.
In conclusion, we have developed a palladium-catalyzed [5 +

2] annulation of VECs with electron-deficient alkenes having
an isolated carbon−carbon double bond, offering a useful tool
for the synthesis of spirobarbiturate-tetrahydrooxepines. A
broad range of VECs and BDAs were compatible in this
procedure and were converted into the corresponding spiro
seven-membered ring compounds in high yields. A gram-scale
reaction and a series of synthetic transformations of these
products were also demonstrated.
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