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Abstract: Highly efficient catalytic asymmetric Claisen rear-
rangements of O-propargyl b-ketoesters and O-allyl b-ketoest-
ers have been accomplished under mild reaction conditions. In
the presence of the chiral N,N’-dioxide/NiII complex, a wide
range of allenyl/allyl-substituted all-carbon quaternary b-
ketoesters was obtained in generally good yield (up to 99%)
and high diastereoselectivity (up to 99:1 d.r.) with excellent
enantioselectivity (up to 99% ee).

Claisen rearrangement and its variants have enjoyed
unparalleled value because of the utility of the products in
the synthesis of complex organic structures.[1] The develop-
ment of a general array of catalytic asymmetric rearrange-
ments represents a highly desirable goal. The classic Claisen
rearrangement of allyl vinyl ethers can give access to g,d-
unsaturated carbonyl compounds with contiguous stereogenic
centers (Scheme 1A). By relying on either chiral Lewis
acids,[2] Jacobsen�s guanidinium salts,[3] N-heterocyclic car-
benes,[4] or chiral transition metal systems,[5] the catalytic
asymmetric rearrangements of allyl vinyl ethers were ach-
ieved with an excellent level of enantioselectivity. Compara-

tively, the enantioselective catalytic version of the propargyl
vinyl rearrangement[6] continues to be relatively rare although
it provides an useful route to synthetically valuable function-
alized allenes (Scheme 1B).[7] Modern strategies for the
stereoselective construction of the propargyl rearrangements
are primarily based on either auxiliary controlled versions at
high temperature[8] or using optically active propargyl alco-
hols in the presence of gold(I).[9] To date, only one group
made a breakthrough in the asymmetric catalytic propargyl
Claisen rearrangements, that is the group of Kozlowski
recently reported on the first asymmetric Saucy–Marbet
rearrangement for the synthesis of allenyl oxindoles and
spirolactones catalyzed by palladium(II)/binap.[10] The explo-
ration of cheap and efficient chiral Lewis acids instead of
precious metals is obviously expected to expand the avail-
ability and generality of the reaction. Herein, we disclosed
a general asymmetric propargyl vinyl rearrangement to
a series of allenyl-substituted cyclic b-ketoesters by an easily
available chiral N,N’-dioxide/nickel(II) complex. The method
also enables the asymmetric allyl vinyl rearrangement to give
a wide range of allyl-substituted b-ketoesters with vicinal
tertiary-quaternary stereocenters. Excellent diastereo- and
enantioselectivities were obtained at a good catalytic turn-
over under mild reaction conditions.

Initially, we synthesized the propargyl vinyl ethers
1 (PVEs) utilizing the Mitsunobu reaction[11] according to
the report from the group of Jacobsen.[3b] Low to moderate
yields of the isolated O-propargyl ketoesters were obtained in
a single step from the propargyl alcohol and b-ketoester. The
ester group was introduced into the substrate with the
anticipation that it could provide an additional binding site
for the Lewis acid catalysts and thus improve the enantio-
control.[12] Based on our previously established metal/N,N’-
dioxide complex,[13] we investigated the asymmetric Claisen
rearrangement of the O-propargyl b-ketoester 1a (Table 1,
entries 1–4). We were delighted to find that 1 a engaged in the
rearrangement to afford the desired allenic derivative 2a in
84% yield and 91 % ee when promoted by 5 mol% of the L1/
Ni(OTf)2 complex (Table 1, entry 4). Encouragingly, the
reactions proceeded with unanimously excellent enantiose-
lectivities (98 % ee) when the N,N’-dioxides L2, L4, and L5,
containing 2,6-dimethylaniline subunits, served as the chiral
ligands (Table 1, entries 5, 7, and 8). However, performing the
reaction at 0 8C resulted in dramatic loss of reactivity (Table 1,
entry 9).

Then, the substrate scope of the asymmetric propargyl
vinyl rearrangement was surveyed with various substituents at

Scheme 1. Allyl vinyl rearrangment versus propargyl vinyl rearrange-
ment.
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the propargyl group and b-ketoester unit (Scheme 2). Both
electron-donating and electron-withdrawing substituents on
the 1H-indone backbone of the substrate (1a–e) were
tolerated in the asymmetric rearrangement. Varying the
ester groups of the b-ketoesters (1 f,g) delivered the similar
levels of enantioselectivity to that of 1a. Aryl substituents
(R2) at the terminal position of the alkynyl group (1h–j) had
no obvious influence on the yields and enantioselectivities.
Meanwhile, the absolute configuration of the propargyl
Claisen rearrangement product 2j was unambiguously deter-
mined to be R on the basis of X-ray single-crystal diffrac-
tion.[14] Moreover, neither the simplest unsubstituted con-
gener 1k, nor aliphatic substituents in 1 l,m, nor the TMS
group in 1n prevented the enantioselective rearrangement.
Notably, the THP-protected substrate 1o, generated from 1,4-
butanediol, gave the rearrangement product 2o in 90% yield,
and 95% and 73 % ee for the two diastereomers, respectively.
Comparatively, the TBS-protected substrate 1 p delivered the
allenic product 2p in higher enantioselectivity (97 % ee).
Cyclic b-ketoesters of fused aromatic rings (1q,r) were as
effective as the simple saturated aliphatic ring (1s,t) and
a heterocycle (1u) with regard to the enantioselectivities (93–
98% ee). It is noteworthy that a substituent (R3) on the O-
propargyl units was also favorable for products (2v,w) with
vicinal a chiral allene and an all-carbon quaternary center in
satisfactory yields. High enantioselectivity was obtained for
one diastereomer, albeit moderate for the other. It indicates
that the catalyst has excellent facial discrimination of the b-
ketoesters, and the minor ee value for the other diastereomer
results from the competition of the instinctive diastereose-
lection of the racemic substrates. And no obvious resolution

process occurred in the asymmetric rearrangement. More-
over, the Saucy–Marbet–Claisen rearrangement of the prop-
argyl-substituted indole 1x also proceeded smoothly with
high yield and moderate enantioselectivity.

To evaluate the potential of the allenic products of the
rearrangement for constructing interesting and useful chiral
building blocks, additional transformations were carried out
(Scheme 3). The carbonyl group of the allenyl-substituted b-
ketoester 2a was reduced by NaBH4, then the nucleophilic
hydroxy group attacked to allenyl motif in the presence of
Bi(OTf)3 to form the polycyclic product 5 in moderate yield,
and high diastereo- and enantioselectivity. Interestingly,
a cascade reaction occurred when 2 p was treated with
PPTS, thus affording the sterically congested spirolactone 6.

Table 1: Optimization of the reaction conditions.[a]

Entry Ligand Metal source Yield [%][b] ee [%][c]

1 L1 Sc(OTf)3 14 51
2 L1 Yb(OTf)3 91 65
3 L1 Cu(OTf)2 57 10
4 L1 Ni(OTf)2 84 91
5 L2 Ni(OTf)2 88 98
6 L3 Ni(OTf)2 85 80
7 L4 Ni(OTf)2 70 98
8 L5 Ni(OTf)2 73 98
9[d] L2 Ni(OTf)2 trace –

[a] Unless otherwise noted, all reactions were performed with 1a
(0.10 mmol), ligand/metal (1:1, 5 mol%) in CH2Cl2 (1.0 mL) at 35 8C for
48 h. [b] Yield of isolated product. [c] Determined by HPLC analysis using
a chiral stationary phase. [d] At 0 8C for 48 h. Tf = trifluoromethanesul-
fonyl.

Scheme 2. Substrate scope of the asymmetric propargyl Claisen rear-
rangement. The reactions were performed with 1 (0.10 mmol), L2/
Ni(OTf)2 (1:1, 5 mol%) in CH2Cl2 (1.0 mL) at 35 8C for 24–96 h (for
details, see the Supporting Information). Yields of the isolated
products were reported. The ee values were determined by HPLC
analysis using a chiral stationary phase. [a] Catalyst loading: 10 mol%.
[b] Reaction performed in CH2ClCH2Cl (1.0 mL) at 50 8C. Boc= tert-
butoxycarbonyl, TBS = tert-butyldimethylsilyl, THP= 2-tetrahydropyr-
anyl, TMS= trimethylsilyl.
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Upon investigation of the propargyl vinyl rearrangement,
we were glad to find that the catalyst system of N,N’-dioxide
L2/Ni(BF4)2 was capable of the asymmetric Claisen rear-
rangement of O-allyl b-ketoesters (Scheme 4). Remarkably,
a variety of allyl rearrangement products bearing continuous
tertiary-quaternary stereocenters was obtained in good to
excellent yields (90–99%), high diastereoselectivities (94:6–
99:1 d.r.), and enantioselectivities (91–98 % ee). The catalyst
loading was lowered to 0.5 mol% without deterioration of the
yields and stereoselectivities. Neither the ester group of the b-
ketoesters nor the substituents at the allyl group had an
adverse effect on the yield and the stereoselectivity (4a–j).
Also of note, the reaction could be extended to heteroar-
omatic and condensed-ring substrates, thus affording the

corresponding products (4k–m) in excellent results. The
conjugated substituent was also well tolerated and gave the
desired [3,3]-rearrangement product 4n. The six-membered
and fused aromatic ring substrates 3o–q also coupled with
satisfied yields and stereoselectivities.[15]

To obtain information about the reaction mechanism,
some control experiments were carried out. The crossover
reaction of 1e and 1 i indicates the propargyl rearrangement
proceeds in an intramolecular concerted manner (Sche-
me 5a). The radical pair intermediate is ruled out according
to the results that TEMPO had no effect on the reaction
outcome[16] (Scheme 5b). HRMS analysis of the mixture of
Ni(OTf)2, N,N’-dioxide L2, and 1a (1:1:1) confirmed the
coordination of the substrate to the catalyst. A peak at
m/z 1061.3521 was detected and corresponded to the complex
[Ni2+ + L2 + 1a + TfO�]+(cal. m/z 1061.3492). In line with the
X-ray structure of the chiral N,N’-dioxide/metal complexes[17]

and the product 2j,[14] the possible stereochemical model was
considered in Figure 1. The substrate 1 j coordinates tightly to
the Lewis acid catalyst through the ether oxygen atom and the
carbonyl group of the auxiliary ester group. The propargyl
unit preferentially approaches the enolate ether from the

Scheme 3. Application of the catalytic asymmetric rearrangement reac-
tion. DCE= CH2ClCH2Cl, PPTS= pyridinium p-toluenesulfonate,
THF = tetrahydrofuran.

Scheme 4. Substrate scope of the asymmetric allyl Claisen rearrange-
ment. The reactions were performed with 3 (0.10 mmol), L2/Ni-
(BF4)2·6H2O (1:1, 0.5 mol%) in CH2Cl2 (1.0 mL) at 35 8C for 1–48 h
(for details, see the Supporting Information). Yields of isolated
products reported. The ee values and d.r. were determined by HPLC
analysis using a chiral stationary phase. [a] Catalyst loading: 2.0 mol%.
[b] Catalyst loading: 1.0 mol%.

Scheme 5. Investigating mechanism experiment. TEMPO= 2,2,6,6-tet-
ramethyl-1-piperidinyloxy free radical.

Figure 1. Proposed stereochemical model of the propargyl rearrange-
ment.
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Re face.[18] Therefore, the R-configurated product 2j was
generated in high enantioversion.

In summary, we have successfully developed highly
enantioselective Claisen rearrangement of both propargyl
and allyl vinyl ethers. The readily available chiral N,N’-
dioxide/nickel(II) complex accelerated the reaction in high
efficiency and stereoselectivity under mild reaction condi-
tions. High catalyst turnover was smoothly realized for the
asymmetric allyl vinyl rearrangement. Meanwhile, a wide
range of substrates was well tolerated with high yield and
enantioselectivity. The rearrangement products demonstrated
great potential for the rapid access to functionalized chiral
building blocks. Further studies on expanding the scope of
this reaction to the construction of useful chiral compounds
and on further elucidation of catalytic mechanism is in
progress.

Experimental Section
General experimental procedure for the propargyl Claisen rearrange-
ment (for details, see the Supporting Information): Ni(OTf)2 (1.7 mg,
5 mol%) and the N,N’-dioxide ligand L2 (2.7 mg, 5 mol%) were
stirred in CH2Cl2 (1.0 mL) for 0.5 h at 35 8C. Subsequently, the
substrate 1 was added, and the resulting mixture was stirred at 35 8C
for the indicated time. The residue was purified by flash chromatog-
raphy on silica gel (1:10, Et2O/petroleum ether) to afford the desired
product 2.
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