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Abstract—Palladium-catalyzed asymmetric tandem allylic substitution of (Z)-1,4-diacyloxy- and (Z)-1,4-bis(alkoxycarbonyloxy)-2-
butene (2a–c) using 2-(phosphinophenyl)pyridine 1 as chiral ligand provided optically active six-membered 2-vinyl-1,4-dihetero-
cyclic compounds with good to high enantioselectivity. For example, the reactions with catechol, 2-(benzylamino)phenol, or
1,2-bis(benzylamino)ethane as a nucleophile gave 2-vinyl-1,4-benzodioxane (71% ee), 4-benzyl-2-vinyl-1,4-benzoxazine (86% ee),
and 1,4-dibenzyl-2-vinylpiperazine (86% ee), respectively.
� 2004 Elsevier Ltd. All rights reserved.
Palladium-catalyzed asymmetric allylic substitution is a
major topic in catalytic asymmetric synthesis and vari-
ous chiral ligands for this reaction have been developed
to date.1 In 1993, 2-(phosphinophenyl)oxazolines (P,N
ligands) were reported to be excellent chiral ligands for
asymmetric allylic alkylation.2 The ensuing introduction
of various types of P,N ligands has expanded the scope
of asymmetric allylic alkylation.3 We have demonstrated
that 2-(phosphinophenyl)pyridine 1 bearing an isopro-
pyl group at C7 is an efficient chiral auxiliary for palla-
dium-catalyzed allylic alkylation of both acyclic and
cyclic alkenyl substrates (Scheme 1).4a,b Furthermore,
we have found that a palladium–1 complex serves as a
good catalyst for asymmetric intramolecular allylic
amination.4c

On the other hand, most heterocyclic compounds pos-
sessing heteroatoms at C1 and C4 show unique thera-
peutical and biological activities. Palladium-catalyzed
tandem allylic substitution (PTAS) of 1,4-diacyloxy-2-
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butene or 1,4-bis(alkoxycarbonyloxy)-2-butene using a
1,2-heterofunctionalized compound as nucleophile is a
useful method for the synthesis of these types of hetero-
cyclic compounds.5 Thus, much effort has been directed
toward asymmetrization of the tandem allylic substitu-
tions. Although many chiral ligands have been applied
to these tandem reactions (Scheme 2),6 Nakano et al.
have recently demonstrated that the xylofuranose-based
chiral P,N ligand induces good to high asymmetry in the
synthesis of 2-vinylmorpholine and 2-vinylpiperazine
derivatives, indicating that the chiral P,N ligand is a
promising chiral ligand for catalytic asymmetric tandem
allylic substitution.6h

In PTAS, the first substitution reaction gives a x-hetero
substituted allyl ester derivative that undergoes intramo-
lecular allylic substitution. Since compound 1 is a potent
chiral ligand for palladium-mediated intramolecular
allylic amination (Scheme 1),4c we expected that asym-
metric PTAS would be effected by using 1 as the chiral
ligand.

We first examined the reaction of (Z)-1,4-diacetoxy-2-
butene (2a) with catechol in the presence of the Pd–1
complex as catalyst and K2CO3 as a base (Table 1).
The reaction was completed after 7days and was moder-
ately enantioselective (entry 1). Replacement of the
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Table 1. Asymmetric PTAS of 2a–c with catechol, giving 3a as the producta

Entry Substrate Base Time (d) Yield (%) %eeb Confignc

1 2a K2CO3 7 97 62 R

2 2b K2CO3 19 65d 64 R

3 2c K2CO3 8 74d 65 R

4 2a Cs2CO3 1 91 24 R

5 2a Na2CO3 –– –– –– ––

6 2a CsF 1 77 56 R

7 2a KF 9 87 71 R

8e 2a KF 14 17d 66 R

9 2c KF 14 85 71 R

a All reactions were carried out in CH2Cl2 at room temperature with a 2/catechol/base/[Pd(C3H5)Cl]2/1 molar ratio = 1:3:3:0.025:0.05, unless

otherwise mentioned.
b Determined by HPLC analysis using chiral stationary phase column (Daicel Chiralcel OJ-H; hexane–i-PrOH = 99.5:0.5).
c Absolute configuration was determined by chiroptical comparison with the published value (Ref. 6c).
d Reaction was not completed.
e Reaction was performed at 0 �C.

Scheme 2.

Scheme 1.

7278 K. Ito et al. / Tetrahedron Letters 45 (2004) 7277–7281
acetyl group in 2a with an i-propoxycarbonyl (2b) or a
pivaloyl group (2c) slowed the reaction, though the
enantioselectivities were slightly improved (entries 2
and 3). Thus, the reaction conditions were optimized
by using 2a as the substrate. It is well known that the
base affects the reaction rate and/or the enantioselectiv-
ity in allylic substitution. Thus, the effect of the base was
next examined. Use of Cs2CO3 accelerated the reaction
but adversely affected enantioselectivity (entry 4). On
the other hand, use of Na2CO3 badly decelerated the
reaction (entry 5). Use of CsF also accelerated the reac-
tion but somewhat diminished enantioselectivity (entry
6). Use of an amine base such as triethylamine or Proton
sponge� reduced the reaction rate seriously. Finally, the
highest enantioselectivity of 71% ee was observed when
KF was used as the base (entry 7).7

Lowering the reaction temperature to 0 �C diminished
the enantioselectivity and the reaction rate (entry 8).
We examined the reactions of 2b and 2c under the
optimized conditions: the reaction of 2c proceeded
somewhat slowly with the same enantioselectivity as
that of 2a (entry 9), but that of 2b was much slower.

The reaction using 2-(benzylamino)phenol was next
examined with KF as the base (Table 2). The reaction
of 2a was fast but moderately enantioselective (entry
1). Fortunately, the reaction of 2b proceeded smoothly



Table 2. Asymmetric PTAS of 2a–c with other nucleophiles, giving 3c,e,g as the productsa

Entry Substrate Nucleophile Product Base Time (h) Yield (%) %eeb Confign

1 2a 2-(Benzylamino)phenol 3c KF 24 98 66 Rc

2 2b 3c KF 24 89 72 Rc

3d 2b 3c KF 72 96 86 Rc

4 2c 3c KF 24 92 67 Rc

5 2b 3c K2CO3 144 72e 69 Rc

6 2a 2-(Benzylamino)ethanol 3e KF 24 67 69 Rf

7 2b 3e KF 48 51e 75 Rf

8 2c 3e KF 24 91 75 Rf

9d 2c 3e KF 72 74 81 Rf

10 2a 1,2-Bis(benzylamino)ethane 3g K2CO3 24 99 64 Rf

11 2a 3g KF 24 85 54 Rf

12 2b 3g K2CO3 24 88 80 Rf

13d 2b 3g K2CO3 72 88 86 Rf

14 2b 3g KF 24 81 76 Rf

15 2c 3g K2CO3 120 83 73 Rf

a All reactions were carried out in CH2Cl2 at room temperature with a 2/nucleophile/base/[Pd(C3H5)Cl]2/1 molar ratio = 1:3:3:0.025:0.05, unless

otherwise mentioned.
b Determined by HPLC analysis using chiral stationary phase column (Daicel Chiralpak AD-H; hexane–i-PrOH = 99:1).
c Absolute configuration was determined by chiroptical comparison with the published value (Ref. 6c).
d Reaction was performed at 0 �C.
e Reaction was not completed.
f Absolute configuration was determined by chiroptical comparison with the published value (Ref. 6f).
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with improved enantioselectivity (entry 2). Lowering
the reaction temperature to 0 �C further improved the
enantioselectivity to 86% ee (entry 3). The reaction of
2c also proceeded smoothly but the enantioselectivity
was diminished (entry 4). The reaction of 2b with
K2CO3 was slow.

We also examined the reaction with 2-(benzylamino)eth-
anol (entries 6–9). Of 2a–c, 2c was the best substrate in
terms of enantioselectivity and chemical yield. The reac-
tion at 0 �C showed 81% ee.

The reactions of 1,2-bis(benzylamino)ethane were, how-
ever, the best effected with K2CO3 as the base and enan-
tioselectivity of 80% ee was achieved when 2b was used
as the substrate (entry 12). Lowering the reaction tem-
perature to 0 �C improved the enantioselectivity up to
86% ee (entry 13).

As discussed above, the best enantioselectivities ever
have been achieved in three of the reactions of four dif-
ferent nucleophiles with 1 as the chiral ligand, except for
the reaction of 2-(benzylamino)ethanol.6h We have
Figure 1. Structure of PdCl2–1 complex (hydrogen atoms are omitted for cl

group.
designed 1 with the expectation that the 7-isopropyl
group would direct inward to regulate the coordination
sphere around the palladium ion efficiently and induce
high asymmetry.4 To clarify the structure of the Pd–1
complex, we performed its X-ray analysis (Fig. 1).8

Although the crystal of the PdCl2–1 complex possessed
two molecules in a crystal lattice, their structural fea-
tures are almost identical and the discussion is limited
to one of them. The six-membered chelate ring adopts
an envelope-like form and the palladium atom is out
of the plane. One of the phenyl groups on the phospho-
rus atom, which is cis to the isopropyl group, occupies a
pseudoaxial position, and the other occupies a pseudo-
equatorial one. The Pd–Cl bond trans to the P atom is
longer than that trans to the N atom, reflecting the trans
effects of the phosphorus and nitrogen atoms. These
structural features are common to other P,N-ligand–
Pd complexes.9 However, the PdCl2–1 complex has the
following unique features. The geometry around the pal-
ladium ion is a distorted square planar configuration, in
which the Cl1 atom is located below the N–Pd–P plane.
This distortion is probably caused by the repulsion be-
tween the Cl1 and the C7 atoms. One methyl group in
arity). (a) Front view from chloro ligand; (b) top view from isopropyl



Scheme 3.
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the isopropyl group is close to the pseudoaxial phenyl
group at ca. 3.5 Å, probably due to an attrac-
tive CH–p interaction.10 This directs the other methyl
group over the Cl1 atom, constituting an asymmetric
coordination sphere, as we expected (see also Scheme
3). This also explains why the isopropyl group is supe-
rior to other groups as the C7 substituent of 1.4

PTAS is a four-step reaction:5,6d,f (i) oxidative addition;
(ii) intermolecular allylic substitution at the terminal
carbon; (iii) the second p-allyl palladium formation;
and (iv) intramolecular ring formation giving a dihetero-
cyclic compound. The final ring formation should be the
step determining the stereochemistry. In the step, the
possible diastereomeric p-allyl palladium complexes
(A, B, D, and E) have been reported to be in a rapid
equilibrium (Scheme 3).1 A nucleophile has been
reported to preferentially attack the carbon trans to
the P-atom, reflecting the strong trans-effect of phospho-
rus.1b Furthermore, it has been proposed that the allyl
system rotates in the direction causing less steric repul-
sion, when the nucleophile attacks the p-allyl complex
to give a Pd(0)–olefin complex. Taking into account
the above proposals1b together with the X-ray structure,
the reaction is considered to give the R-isomer as the
major product via C.

In conclusion, we have demonstrated that 2-(phosphino-
phenyl)pyridine 1 was an efficient chiral ligand for
PTAS and discussed asymmetric induction by 1 based
on the X-ray structure of PdCl2–1 complex.
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