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Numerous natural products and biologically active com-
pounds have various types of ring moieties.[1] Cyclization
reactions have been investigated extensively, and the devel-
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opment of efficient methods to construct cyclic structures has
been a central field in organic synthesis.

The formation of medium-sized ring compounds is still
problematic even today. The reaction forming the medium-
sized ring often proceeds sluggishly, due to the unfavorable
transannular interaction and negative activation entropy for
the cyclization.[2] In addition, the preparation of macrocycles
is not always trivial, since the two reaction sites in a molecule
cannot interact with each other efficiently in some cases. In
these cases, intermolecular reactions compete with the
desired intramolecular reaction. To retard the intermolecular
process, high-dilution conditions with large amounts of
solvent combined with a slow-addition technique have been
adopted in the construction of medium- and large-sized ring
compounds. However, the use of large quantities of solvent is
uneconomical and inconvenient, and the process of slow
addition is a laborious operation. Recently, we have proposed
the use of an aqueous–organic biphasic system to circumvent
such drawbacks.[3] The biphasic system controls the concen-
tration of the organic hydrophobic substrate in the aqueous
phase (Figure 1). The distribution of the substrate retains the

high-dilution conditions in the aqueous reaction phase. The
applicability of the system has been demonstrated in rho-
dium-catalyzed [2+2+2] annulation reactions of triynes.

The formation of medium-sized lactones is still a chal-
lenging cyclization. There are few examples of effective
medium-sized-lactone formation.[4,5] Herein we wish to report
the preparation of a series of medium- and large-sized
lactones by an intramolecular
Tsuji–Trost reaction without high-
dilution conditions.

We investigated the aqueous
Tsuji–Trost reaction for the syn-
thesis of medium-sized lactones in
the biphasic system for the follow-
ing reasons: 1) A conformational
change of the substrate, which
would facilitate ring formation, is
expected due to the hydrophobic
effect in water. 2) p-Allylpalla-
dium species can be readily
formed from allylic esters in aque-
ous media.[6] 3) Macrocyclization
by the Tsuji–Trost reaction has
served as a pivotal step in a
number of total syntheses of natu-
ral products,[7] and it is therefore
highly desirable to develop a

related efficient procedure without high dilution. The starting
materials were synthesized as shown in Scheme 1.

The macrocyclization of 1b (n = 3, 0.5 mmol) to the nine-
membered lactone with a water-soluble palladium complex
prepared from [PdCl(h3-C3H5)]2 (2.5 mmol%) and the triso-
dium salt of tris(m-sulfonatophenyl)phosphine (tppts;
22 mol%) in water (5 mL) at room temperature for 24 h led
to the desired lactone in only 1% yield. After several trials,
we found that an efficient macrocyclization reaction was
accomplished in a water–ethyl acetate biphasic system. The
results are shown in Table 1. In the biphasic system, an
isomeric mixture of lactones 2 and 3 (2:1) was obtained in
63% combined yield after 12 h (entry 2). Lactone 2 consists of
two diastereomers as a consequence of the planar chirality of
its trans olefinic linkage. With a methoxycarbonate group
instead of the acetate group as the leaving group, the yield
was slightly improved but the selectivity was decreased
(entry 3).[8] The amount of water and ethyl acetate is crucial:

Figure 1. Concept of biphasic control of the concentrations in an aque-
ous phase. Circles: hydrophobic substrate, squares: water-soluble cata-
lyst.

Scheme 1. Preparation of the starting materials. a) 3,4-Dihydro-2H-
pyran, TsOH (cat.), THF; b) Swern oxidation, c) (EtO)2P(O)CH2-

C(O)OEt, NaH, THF, 0 8C!RT; d) DIBAL-H (2 equiv), hexane, 0 8C!
RT; e) Ac2O, pyridine; f) TsOH (cat.), CH3OH; g) diketene, THF,
AcONa, reflux. DIBAL-H= diisobutylaluminum hydride, THP= tetrahy-
dropyranyl, Ts = toluene-4-sulfonyl.

Table 1: Optimization of the reaction conditions for the synthesis of nine-membered lactones.[a]

Entry RO Ligand System t [h] Yield [%][b] Ratio 2 :3[c]

1 AcO tppts H2O
[d] 24 trace

2 AcO tppts H2O/AcOEt 12 63 2:1
3 ZO[e] tppts H2O/AcOEt 24 66 1:1
4 AcO tppts H2O/AcOEt[f ] 24 n.r.[g]

5 HO tppts H2O/AcOEt 24 trace
6 AcO 4 H2O/AcOEt 12 74 13:1
7 AcO PPh3 THF[h] 12 36 1:1

[a] If not otherwise stated, [PdCl(h3-C3H5)]2 (2.5 mol%), water-soluble ligand (22 mol%), Na2CO3

(1.2 mmol), 1b (0.5 mmol), H2O (5 mL), and AcOEt (5 mL) were employed. [b] Yield of isolated
product. [c] Determined by NMR spectroscopy. [d] H2O (5 mL) was employed. [e] Z: methoxycarbonyl.
[f ] H2O(50 mL)/AcOEt(10 mL). [g] Not recorded. [h] THF (10 mL, 0.05m) was employed.
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in a biphasic system with 50 mL of water and 10 mL of ethyl
acetate, the lactone was not obtained even after a prolonged
reaction period (24 h, entry 4). Using the water-soluble ligand
4,[9] prepared by sulfonation of tri(o-tolyl)phosphine with
oleum, instead of tppts greatly enhanced the yield and
selectivity (2 :3, entry 6). Obviously, ligand 4 can suppress
the isomerization of the p-allylpalladium intermediate, an
isomerization that results in the formation of the more stable
cis-configured nine-membered ring structure 3. The reaction
in THF also provided lactones 2 and 3, but yield and
selectivity were far less than those observed in the biphasic
system (entry 7).[10] Since we have recently reported that p-
allylpalladium species can be prepared from allylic alcohols in
an aqueous system,[11] we attempted the direct use of an allylic
alcohol as the substrate. Disappointingly, the desired lactone
was not obtained (entry 5).[12]

Under the optimized reaction conditions, we conducted
the synthesis of medium- and large-sized lactones with the
substrates that have longer methylene chains, 1 c–f
(Scheme 2). These substrates afforded the desired lactones

in high yields without any byproducts, as in the case with 1b,
R = OAc. In contrast, the reaction of 1e in N,N-dimethyl-
formamide (DMF, 0.05m) provided the 12-membered lactone
7 in only 28 % yield. Formation of the 13-membered lactone
from 1 f proceeded slowly to provide the product 8 in 17%
yield (with 51 % recovered starting material) under the
biphasic conditions at room temperature for 12 h. However,
the yield of 8 was improved to 57 % when an elevated reaction
temperature was used (60 8C for 12 h), although the stereo-
selectivity was decreased (E/Z = 3:1). Substrate 1a afforded
only 9 in 51 % yield by 6-exo cyclization. The eight-membered
lactone 10 was not detected.

To elucidate the configuration of the olefin moiety in the
lactones, we conducted methanolysis of the products. The
configuration of the double bond was assigned as E in all cases
on the basis of 1H NMR spectroscopy analysis and compar-
ison with authentic samples. Interestingly, the configuration
of the substrates is retained in the products under the aqueous

biphasic conditions with ligand 4. As shown in Scheme 3, the
substrate 11 that has a Z olefin moiety afforded the Z-
configured lactone 12 in excellent yield and with high
selectivity.

In conclusion, we have succeeded in synthesizing medium-
and large-sized lactones in high yields in an aqueous–ethyl
acetate biphasic system without the use of large amounts of
solvent. These lactones retain the original configuration of the
olefin moiety in their rings. We propose that the biphasic
cyclization protocol is a useful tool for the preparation of
medium- and large-sized ring compounds.

Experimental Section
Representative standard procedure: [PdCl(h3-C3H5)]2 (4.6 mg,
0.0125 mmol) and 4 (67.5 mg, 0.11 mmol) were placed in a 20-mL
flask under an argon atmosphere. Degassed water (5 mL) was
introduced, and the mixture was stirred vigorously at 75 8C for
15 min. Na2CO3 (127.2 mg, 1.2 mmol) and ethyl acetate (3 mL) were
added to the homogeneous clear yellow solution at room temper-
ature. A solution of 1c (128.1 mg, 0.5 mmol) in ethyl acetate (2 mL)
was added to the ethyl acetate phase. After stirring for 12 h, the
mixture was extracted with ethyl acetate. The organic extracts were
dried and concentrated. Purification of the residual oil afforded 3-
acetyl-3,4,7,8,9,10-hexahydrooxecin-2-one (5, 85.7 mg, 0.44 mmol) in
87% yield.

Received: November 20, 2004
Published online: March 16, 2005

.Keywords: allylation · biphasic catalysis · lactones · palladium ·
solvent effects

[1] a) Recent Progress in the Chemical Synthesis of Antibiotics (Eds.:
G. Lukacs, M. Ohno), Springer, Berlin, 1990 ; b) S. Masamune,
G. S. Gates, J. W. Corcoran, Angew. Chem. 1977, 89, 602; Angew.
Chem. Int. Ed. Engl. 1977, 16, 585.

[2] a) G. Rousseau, Tetrahedron 1995, 51, 2777; b) L. Yet, Chem.
Rev. 2000, 100, 2963.

[3] H. Kinoshita, H. Shinokubo, K. Oshima, J. Am. Chem. Soc. 2003,
125, 7784.

[4] a) E. J. Corey, D. J. Brunelle, K. C. Nicolaou, J. Am. Chem. Soc.
1977, 99, 7359; b) W. H. Kurizinga, R. Kingma, L. Leegstra, E.
Rokaszewski, G. Gruppen, R. M. Kellog, J. Chem. Soc. Chem.
Commun. 1990, 1647; c) T. Mukaiyama, J. Izumi, M. Miyashita, I.
Shuna, Chem. Lett. 1993, 907; d) K. Ishihara, M. Kubota, H.
Kurihara, H. Yamamoto, J. Org. Chem. 1996, 61, 4560.

[5] a) C. Galli, L. Mandolini, Org. Synth. 1978, 58, 98; b) B. M. Trost,
T. R. Verhoeven, J. Am. Chem. Soc. 1979, 101, 1595; c) J.
Christoffers, H. Oertling, P. Fischer, W. Frey, Synlett 2002, 6, 957;
d) B. L. Ashfeld, K. A. Miller, S. F. Martin, Org. Lett. 2004, 6,
1321; e) R. Munakata, H. Katakai, T. Ueki, J. Kurosawa, K.

Scheme 2. Synthesis of medium- and large-sized lactones in the bipha-
sic system. The product formed by 1b (n =3) is shown in Table 1.

Scheme 3. Cyclization of a cis isomer in the biphasic system.

Angewandte
Chemie

2451Angew. Chem. 2005, 117, 2449 –2452 www.angewandte.de � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

http://www.angewandte.de


Takao, K. Tadano, J. Am. Chem. Soc. 2003, 125, 14 722; f) G. A.
Molander, F. Dehmel, J. Am. Chem. Soc. 2004, 126, 10313.

[6] The aqueous Tsuji–Trost reaction has been extensively inves-
tigated. For selected examples, see: a) M. Safi, D. Sinou,
Tetrahedron Lett. 1991, 32, 2025; b) J. P. GenÞt, E. Blart, M.
Savignac, Synlett 1992, 715; c) E. Blart, J. P. GenÞt, M. Safi, M.
Savignac, D. Sinou, Tetrahedron 1994, 50, 505; d) S. Kobayashi,
W. W.-L. Lam, K. Manabe, Tetrahedron Lett. 2000, 41, 6115;
e) H. Danjo, D. Tanaka, T. Hayashi, Y. Uozumi, Tetrahedron
1999, 55, 14341; f) Y. Uozumi, K. Shibatomi, J. Am. Chem. Soc.
2001, 123, 2919; g) D. E. Bergbreiter, Y.-S. Liu, Tetrahedron Lett.
1997, 38, 7843; h) K. Manabe, S. Kobayashi, Org. Lett. 2003, 5,
3241. See also V. Michelet, M. Savignac, J. P. GenÞ, Electronic
Encyclopedia of Reagents for Organic Synthesis, (Eds.: L.
Paquette, P. Fuchs, D. Crich, P. Wipf), Wiley, New York, 2004.

[7] For the use of the Tsuji–Trost reaction for macrocyclization, see:
a) B. M. Trost, Angew. Chem. 1989, 101, 1199; Angew. Chem. Int.
Ed. Engl. 1989, 28, 1173; b) A. F�rstner, H. Weintritt, J. Am.
Chem. Soc. 1998, 120, 2817; c) R. Munakata, H. Katakai, T.
Ueki, J. Kurosaka, K. Takao, K. Tadano, J. Am. Chem. Soc. 2003,
125, 14722; d) R. Munakata, H. Katakai, T. Ueki, J. Kurosaka,
K. Takao, K. Tadano, J. Am. Chem. Soc. 2004, 126, 11254; e) J.
Pohlmann, C. Sabater, H. M. R. Hoffmann, Angew. Chem. 1998,
110, 656; Angew. Chem. Int. Ed. 1998, 37, 633.

[8] The reaction did not proceed in the absence of Na2CO3 at room
temperature and the starting material was recovered completely.

[9] W. A. Herrmann, G. P. Albanese, R. B. Manetsberger, P. Lappe,
H. Bahrmann, Angew. Chem. 1995, 107, 893; Angew. Chem. Int.
Ed. Engl. 1995, 34, 811.

[10] The reaction in DMF with tri(o-tolyl)phosphine as the ligand
provided none of the desired products 2 and 3.

[11] a) H. Kinoshita, H. Shinokubo, K. Oshima, Org. Lett. 2004, 6,
4085; b) N. Komine, A. Sako, S. Hirahara, M. Hirano, S. Komiya,
Chem. Lett. 2005, 34, 246.

[12] This allylic alcohol is quite soluble in water. We confirmed that
more than 70% of it existed in the water phase. We suppose that
the b-dicarbonyl moiety of the substrate affects the activity of
the water-soluble palladium catalyst. On the other hand, the
concentration of 1c (n = 4) in the aqueous phase was measured
to be roughly 1.7 � 10�3 molL�1. This value equals 1.7% of the
introduced substrate.

Zuschriften

2452 � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.de Angew. Chem. 2005, 117, 2449 –2452

http://www.angewandte.de

