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Efficient generation of an oxidopyrylium ylide
using a Pd catalyst and its [5+2] cycloadditions
with several dipolarophiles†

Hiroyuki Suga, * Taichi Iwai, Masahiro Shimizu, Kie Takahashi and
Yasunori Toda

An efficient method for the generation of an oxidopyrylium ylide

from 6-acetoxy-6-acetoxymethyl-2H-pyran-3(6H)-one using a Pd

catalyst and [5+2] cycloadditions of the resulting ylide are

described. Among substituted styrene derivatives as dipolarophiles,

electron-rich styrenes showed higher yield (up to 80%). The [5+2]

cycloaddition reactions can also be applied to exo-methylene

cyclic compounds, and an improved method for the synthesis of

polygalolide intermediate has been demonstrated.

A number of natural products containing an 8-oxabicyclo[3.2.1]-
octane skeleton, such as englerins,1 intricarene,2 anthecularin,3

polygalolides,4 descurainin,5 and cartorimine,6 are biologically
and medicinally important compounds (Fig. 1). In addition to
being a common structural motif in numerous natural products,
the [3.2.1]oxabicyclic ring system has also been shown to be a
versatile intermediate for transformation to functionalized seven-
membered carbon skeletons.7 The [5+2] cycloaddition between
oxidopyrylium ylides and alkenes is one of the best synthetic
approaches to the 8-oxabicyclo[3.2.1]octane scaffold.8 In fact,
these [5+2] cycloadditions were used for the construction of
[3.2.1]oxabicyclic rings as the key step in the syntheses of
englerins A and B,9 polygalolides A and B,10 descurainin,11 and
cartorimine11 (Fig. 1).12 Typically, oxidopyrylium ylides are
generated from 2H-pyran-3(6H)-one derivatives by thermal,
base-promoted, or acid-mediated elimination (Fig. 2, classical
method).8,13,14 However, depending on the substitution pattern
of the precursors such as 6-acetoxy-6-acetoxymethyl-2H-pyran-
3(6H)-one (1), low yields of the cycloadducts can be problematic
for the practical synthesis of the [3.2.1]oxabicyclic core. To
overcome this issue, we hypothesized that Pd catalysis would
enable efficient generation of the oxidopyrylium ylides through
the formation of a p-allyl palladium species15 followed by
deprotonation with a base (Fig. 2, a novel Pd-catalyzed method).

Indeed, it has been known that [3+2] trimethylenemethane
cycloaddition reactions are catalyzed by Pd(0) species effectively,
in which 3-acetoxy-2-trimethylsilylmethyl-1-propene undergoes
oxidative addition to form the p-allyl intermediate.16,17 Thus, we
expected that p-allyl formation by a Pd catalyst may facilitate
deprotonation by enhancing the acidity of the carbonyl a-proton.
Furthermore, the catalytic generation under mild conditions
would enable evaluation of the reactivity of dipolarophiles toward
oxidopyrylium ylides based on their electronic properties. Herein,
we report that the addition of a catalytic amount of [Pd(Z3-
C3H5)Cl]2 in the presence of i-Pr2NEt was found to be effective

Fig. 1 The oxidopyrylium ylide [5+2] cycloadditions for syntheses of
selected natural products containing an 8-oxabicyclo[3.2.1]octane skeleton.
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for the efficient generation of an oxidopyrylium ylide from
2H-pyran-3(6H)-one 1.

Initially, the reaction of 2H-pyran-3(6H)-one 1 with styrene
(2a: 2.0 or 5.0 equiv.) as a model reaction was carried out in the
presence of i-Pr2NEt (1.0 equiv.) in CH2Cl2 (Table 1).18 In the
absence of a Pd catalyst, low conversion (10–41%) of starting
material 1 was observed even at 100 1C in toluene (entries 1–3).
The addition of PdCl2 (10 mol%) in CH2Cl2 (0.063 M) at 25 1C
using 2.0 equiv. of 2a resulted in 100% conversion of 1 in 16 h,
and [5+2] cycloadducts 3a were obtained in 24% NMR yield
(endo/exo = 80 : 20) along with 15% NMR yield of by-product 4,
which corresponds to the dimer of the oxidopyrylium ylide
(entry 4). PdCl2/PPh3 or Pd(PPh3)4 did not show satisfactory
results in terms of the yield of the desired cycloaddition

products (entries 5 and 6). The use of Pd2(dba)3 (5 mol%)
shortened the reaction time to 5 h for 100% conversion,
affording 16% (NMR yield) of cycloadducts 3a, albeit with
33% (NMR yield) of dimer 4 (entry 7). The Pd2(dba)3-catalyzed
reaction in the presence of 5.0 equiv. of 2a resulted in 26% yield
of 3a and 29% yield of 4 (entry 8). Finally, [Pd(Z3-C3H5)Cl]2 was
found to be the most suitable catalyst to obtain the highest
yield of 3a among the Pd catalysts tested (entries 9–12). After
investigation of catalyst loading and reaction temperature, the
conditions shown in entry 12 (10 mol% [Pd(Z3-C3H5)Cl]2 at
35 1C) led to the best result [3a: 71% (isolated); 4: 13% yield],
which indicates that at least 84% of the corresponding oxido-
pyrylium ylide was generated.19

With the optimized conditions in hand, the substrate scope
of several electron-deficient and electron-rich styrene derivatives
was investigated (Scheme 1a). The reactions with styrenes 2b–2d
possessing electron-withdrawing substituents at the para-
position resulted in lower yields (3b–3d: 53–69%) compared
with that of styrene (71%), with the formation of dimer 4 in
12–16% yields. In contrast, electron-rich styrenes 2e–2i afforded
higher yields (3e–3i: 75–80%), especially in the case of o- or
p-methoxy substituted styrenes, where the dimer formation was

Fig. 2 Our novel Pd-catalyzed method vs. classical method.

Table 1 Optimization of reactions of 2H-pyran-3(6H)-one 1 with styrene
(2a)a

Entry
Pd-Catalyst
(mol%)

Temp
(1C)

Time
(h)

Conv.
(%)

Yield (%) of 3a
(endo/exo)b,f

1 None 25 16 10 8 (81 : 19)
2 None 35 16 25 16c (82 : 18)
3 None 100 16 41 36c (78 : 22)
4d PdCl2 (10) 25 16 100 24c (80 : 20)
5d PdCl2/PPh3 (10) 25 16 100 27c (79 : 21)
6d Pd(PPh3)4 (10) 25 16 100 0c

7d Pd2(dba)3 (5) 25 5 100 16c (84 : 16)
8 Pd2(dba)3 (5) 25 3 100 26 (81 : 19)
9 [Pd(al)Cl]2

e (5) 25 72 100 68 (79 : 21)
10 [Pd(al)Cl]2

e (10) 25 42 100 65 (80 : 20)
11 [Pd(al)Cl]2

e (5) 35 24 100 60 (82 : 18)
12 [Pd(al)Cl]2

e (10) 35 20 100 71 (81 : 19)

a The reaction of 2H-pyran-3(6H)-one 1 (0.063 M) with styrene (5.0 equiv.) was
carried out in the presence of i-Pr2NEt (1.0 equiv.) in CH2Cl2. b Combined
yield (isolated). The selectivity (endo/exo) was determined by 1H NMR analysis.
c Determined by 1H NMR using 1,1,2,2-tetrachloroethane as an internal
standard. d 2.0 equiv. of 2a. e [Pd(Z3-C3H5)Cl]2. f Yield of 4 (%); entry 2: trace,
entry 4: 15%, entry 5: 25%, entry 7: 33%, entry 8: 29%, entry 9: trace, entry 10:
10%, entry 11: 8%, entry 12: 13%.

Scheme 1 Pd-Catalyzed [5+2] cycloadditions of styrenes, vinyl ethers,
and electron-deficient alkenes with the oxidopyrylium ylide generated
from 2H-pyran-3(6H)-one 1.
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minimized as expected (see the ESI†). To investigate the scope of
electron-rich alkenes further, we selected n-propyl vinyl ether
(5a) as a candidate for the dipolarophile. Although additional
optimization of reaction conditions was required to suppress
the production of dimer 4 (see the ESI† for details), the optimal
yield (6a: 71%, endo only) was obtained using 0.2 equiv. of
i-Pr2NEt at a concentration of 0.13 M at 35 1C (Scheme 1b).
Ethyl, cyclohexyl, and t-butyl vinyl ethers 5b–5d also provided
only endo-cycloadducts 6b–6d in good yields (60–76%, Scheme 1b)
under the same conditions. On the other hand, the Pd-catalyzed
reactions with electron-deficient alkenes such as acrylic acid
derivatives 7a and 7b and N-phenylmaleimide (7c) proceeded
smoothly to give cycloadducts 8a–8c in moderate yields
(62–65%, Scheme 1c). It is noteworthy that the employment of
exo-methylene cyclic compounds 9a–9e as dipolarophiles in the
cycloaddition reactions resulted in mostly good to high yields of
cycloadducts (10a–10e: 61–88%), probably due to their relatively
high reactivity as dipolarophiles on the basis of the exo-methylene
structure (Scheme 2).

Conversion of cycloadduct 10c to polygalolide intermediate
11 was accomplished according to the modified Snider’s
method (Scheme 3).10 Treatment of 10c with Cs2CO3 in a 1 : 1
mixture of THF/H2O solvents at 35 1C for 14 h, followed by
acidification with 10% hydrochloric acid to pH 1 furnished 11
in 76% yield over the two steps. The synthetic method of
polygalolides A and B from 11 has already been reported by
Nakamura and Hashimoto.20 The overall yield from 1 to 11
(54%) was improved by the sequence of Pd-catalyzed [5+2]
cycloaddition, hydrolysis, and intramolecular cyclization.

Finally, to gain insight into the mechanism of Pd catalysis
for the generation of the oxidopyrylium ylide, control experiments
using Pd2(dba)3 (10 mol%) in the absence and presence of i-Pr2NEt
(1.0 equiv.) were conducted and compared with the conditions of
the non-catalytic reaction shown in entry 2 of Table 1 (Scheme 4).21

In the presence of Pd2(dba)3 and i-Pr2NEt, cycloadducts 3a (24%)
and dimer 4 (29%) were obtained along with 2-pyranone 12 (6%),
whereas only 2-pyranone 12 (72%) was afforded with the use of
Pd2(dba)3 in the absence of i-Pr2NEt, albeit with 100% conversion
of 1a in both cases. Based on these results, we propose a plausible
mechanism for this [5+2] cycloaddition as follows. (a) The initial
reaction of 2H-pyran-3(6H)-one 1 with the Pd(0) species, which
could also be generated from [Pd(Z3-C3H5)Cl]2 and i-Pr2NEt,
produces the p-allyl palladium intermediate.15,22 (b) In the presence
of i-Pr2NEt, the oxidopyrylium ylide is generated by deprotonation of
the carbonyl a-proton of the p-allyl intermediate, wherein the Pd(0)
species is regenerated along with formation of i-Pr2NEt�HOAc.
(c) The oxidopyrylium ylide reacts not only with dipolarophiles
to afford cycloadducts but also with itself to afford a certain
amount of dimer 4 depending on the reaction conditions. Since
only b-elimination proceeds in the absence of i-Pr2NEt and the
combined use of a Pd catalyst and base obviously accelerates the
cycloaddition, the transient p-allyl species seems to undergo
deprotonation by i-Pr2NEt more effectively than starting material 1.

In conclusion, we have demonstrated the productive generation
of an oxidopyrylium ylide from 6-acetoxy-6-acetoxymethyl-2H-pyran-
3(6H)-one (1) through Pd catalysis. A variety of dipolarophiles,
including styrenes, vinyl ethers, and exo-methylene cyclic com-
pounds, were tolerated to afford the cycloadducts in good to high
yields. Conversion of the a-methylene-g-butyrolactone cycloadduct
to the polygalolide intermediate was also accomplished in an
acceptable total yield (54%). Further studies for efficient generation
methods and synthetic applications of oxidopyrylium ylide cyclo-
additions are currently underway in our laboratory.

This work was supported in part by the Japan Society for the
Promotion of Science (JSPS) through a Grant-in-Aid for Scientific
Research (C) (No. JP15K05497).

Conflicts of interest

There are no conflicts to declare.

Notes and references
1 R. Ratnayake, D. Covell, T. T. Ransom, K. R. Gustafson and J. A. Beutler,

Org. Lett., 2009, 11, 57–60.
2 J. Marrero, A. D. Rodrı́guez and C. L. Barnes, Org. Lett., 2005, 7,

1877–1880.
3 A. Karioti, H. Skaltsa, A. Linden, R. Perozzo, R. Brun and D. Tasdemir,

J. Org. Chem., 2007, 72, 8103–8106.

Scheme 2 Pd-Catalyzed [5+2] cycloadditions of exo-methylene cyclic
compounds.

Scheme 3 Conversion of cycloadduct 10c to polygalolide intermediate 11.

Scheme 4 Mechanistic studies: control experiments using Pd2(dba)3 in
the absence and presence of i-Pr2NEt.

ChemComm Communication

Pu
bl

is
he

d 
on

 1
5 

Ja
nu

ar
y 

20
18

. D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

Id
ah

o 
L

ib
ra

ry
 o

n 
15

/0
1/

20
18

 1
1:

55
:4

1.
 

View Article Online

http://dx.doi.org/10.1039/c7cc09552j


Chem. Commun. This journal is©The Royal Society of Chemistry 2018

4 W. Ma, X. Wei, T. Ling, H. Xie and W. Zhou, J. Nat. Prod., 2003, 66,
441–443.

5 K. Sun, X. Li, W. Li, J. Wang, J. Liu and Y. Sha, Chem. Pharm. Bull.,
2004, 52, 1483–1486.

6 H.-B. Yin, Z.-S. He and Y. Ye, J. Nat. Prod., 2000, 63, 1164–1165.
7 b-Bulnesene: (a) S. M. Bromidge, P. G. Sammes and L. J. Street, J. Chem.

Soc., Perkin Trans. 1, 1985, 1725–1730; Phorbol: (b) P. A. Wender,
H. Kogen, H. Y. Lee, J. D. Munger, Jr., R. S. Wilhelm and P. D.
Williams, J. Am. Chem. Soc., 1989, 111, 8957–8958; (c) P. A. Wender,
K. D. Rice and M. E. Schnute, J. Am. Chem. Soc., 1997, 119, 7897–7898;
Resiniferatoxin: (d) P. A. Wender, C. D. Jesudason, H. Nakahira,
N. Tamura, A. L. Tebbe and Y. Ueno, J. Am. Chem. Soc., 1997, 119,
12976–12977; Bicyclo[5.4.0]undecane: (e) D. R. Williams, J. W. Benbow,
J. G. McNutt and E. E. Allen, J. Org. Chem., 1995, 60, 833–843; Deoxy
epolone B: ( f ) R. M. Adlington, J. E. Baldwin, A. V. M. Mayweg and
G. J. Pritchard, Org. Lett., 2002, 4, 3009–3011; Pseudolaric Acid A:
(g) Z. Geng, B. Chen and P. Chiu, Angew. Chem., Int. Ed., 2006, 45,
6197–6201; Sundiversifolide: (h) M. Kawasumi, N. Kanoh and
Y. Iwabuchi, Org. Lett., 2011, 13, 3620–3623; Dolastatrienol:
(i) L. T. Leung and P. Chiu, Chem. – Asian J., 2015, 10, 1042–1049; For
reviews, see: ( j) M. A. Battiste, P. M. Pelphrey and D. L. Wright, Chem. –
Eur. J., 2006, 12, 3438–3447; (k) T. V. Nguyen, J. M. Hartmann and
D. Enders, Synthesis, 2013, 845–873.

8 For reviews, see: (a) V. Singh, U. M. Krishna, Vikrant and
G. K. Trivedi, Tetrahedron, 2008, 64, 3405–3428; (b) H. Pellissier,
Adv. Synth. Catal., 2011, 353, 189–218; (c) K. E. O. Ylijoki and
J. M. Stryker, Chem. Rev., 2013, 113, 2244–2266.

9 K. C. Nicolaou, Q. Kang, S. Y. Ng and D. Y.-K. Chen, J. Am. Chem.
Soc., 2010, 132, 8219–8222.

10 B. B. Snider, X. Wu, S. Nakamura and S. Hashimoto, Org. Lett., 2007,
9, 873–874.

11 B. B. Snider and J. F. Grabowski, Tetrahedron, 2006, 62, 5171–5177.
12 Intricarene: (a) P. A. Roethle, P. T. Hernandez and D. Trauner, Org.

Lett., 2006, 8, 5901–5904; (b) B. Tang, C. D. Bray and G. Pattenden,
Tetrahedron Lett., 2006, 47, 6401–6404; (c) B. Tang, C. D. Bray and
G. Pattenden, Org. Biomol. Chem., 2009, 7, 4448–4457; Anthecularin:
(d) Y. Li, C. C. Nawrat, G. Pattenden and J. M. Winne, Org. Biomol.
Chem., 2009, 7, 639–640; Hainanolidol and harringtonolide:
(e) M. Zhang, N. Liu and W. Tang, J. Am. Chem. Soc., 2013, 135,
12434–12438; Santalin Y: ( f ) S. Strych, G. Journot, R. P. Pemberton,
S. C. Wang, D. J. Tantillo and D. Trauner, Angew. Chem., Int. Ed., 2015, 54,
5079–5083; Colchicine, demecolcinone and metacolchicine: (g) B. Chen,
X. Liu, Y.-J. Hu, D.-M. Zhang, L. Deng, J. Lu, L. Min, W.-C. Ye and C.-C. Li,
Chem. Sci., 2017, 8, 4961–4966.

13 For pioneer studies: (a) K. T. Potts, A. J. Elliott and M. Sorm, J. Org.
Chem., 1972, 37, 3838–3845; (b) J. B. Hendrickson and J. S. Farina,
J. Org. Chem., 1980, 45, 3359–3361; (c) J. B. Hendrickson and
J. S. Farina, J. Org. Chem., 1980, 45, 3361–3363; (d) P. G. Sammes
and L. J. Street, J. Chem. Soc., Perkin Trans. 1, 1983, 1261–1265;
(e) P. G. Sammes, L. J. Street and P. Kirby, J. Chem. Soc., Perkin Trans.

1, 1983, 2729–2734; ( f ) P. G. Sammes and L. J. Street, J. Chem. Res.,
1984, 196–197; (g) N. Ohmori, T. Miyazaki, S. Kojima and K. Ohkata,
Chem. Lett., 2001, 906–907; For acid-mediated generation: (h) P. Magnus
and L. Shen, Tetrahedron, 1999, 55, 3553–3560.

14 For asymmetric variants, see: (a) N. Z. Burns, M. R. Witten and E. N.
Jacobsen, J. Am. Chem. Soc., 2011, 133, 14578–14581; (b) M. R. Witten
and E. N. Jacobsen, Angew. Chem., Int. Ed., 2014, 53, 5912–5916;
(c) A. Orue, U. Uria, E. Reyes, L. Carrillo and J. L. Vicario, Angew. Chem.,
Int. Ed., 2015, 54, 3043–3046; (d) D. Roca-López, U. Uria, E. Reyes,
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