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Catalysis of the Claisen Rearrangement of Aliphatic Allyl Vinyl Ethers
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The thermal Claisen rearrangement of allyl vinyl ethers is
generally regarded as high-performance method for diaster-
eoselective C-C bond formation. Substrate-induced diaster-
eoselectivity and reagent-induced enantioselectivity with
stoichiometric amounts of external chiral auxiliaries have fre-
quently been exploited to control the stereochemical course
of the Claisen rearrangement. This review summarizes the
attempts to catalyze the Claisen rearrangement of acyclic ali-

phatic allyl vinyl ethers with chiral and achiral catalysts. The
best suited catalysts for the Claisen rearrangement so far
identified are Lewis acids. Finally, bis(oxazoline)copper(Il)
complexes have found a further useful application as chiral
catalysts for the first catalytic, enantioselective Claisen re-
arrangement — 90 years after Ludwig Claisen originally re-
ported a [3,3]-sigmatropic rearrangement of an allyl vinyl
ether.

Introduction

“From what began as a casual introduction to a paper 76
years ago has blossomed a reaction of considerable signific-
ance. The Claisen rearrangement has stimulated the interest
of several generations of chemists. Physical organic chemists
have been provided with a mechanistic challenge, the synthetic
organic community has had the opportunity to expand the
scope of the reaction and apply it to complex syntheses, and
bioorganic chemists have solved a formidable challenge in the
chemistry of enzymes. Perhaps a new and imaginative genera-
tion will see new opportunities for this reaction and expand
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upon the chemistry discussed in this review.” Frederick E.
Ziegler, 1988.111

The first example of a thermal [3,3]-sigmatropic re-
arrangement of an aliphatic allyl vinyl ether was reported
by Ludwig Claisen in 1912 (Scheme 1).”2! Claisen heated
ethyl 3-allyloxybut-2-enoate (1) in the presence of solid
NH,CI and isolated the B-oxo ester 2 as the product of a
[3,3]-sigmatropic rearrangement.
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Scheme 1. First published example of the Claisen rearrangement

Since Claisen’s original report, the rearrangement now
named after him has developed into one of the most soph-
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isticated synthetic methods for C—C bond formation. Over
the years, a number of comprehensive review articles have
been published, covering all the important features of the
Claisen rearrangement and the numerous related [3,3]-
sigmatropic rearrangements, such as mechanism, stereo-
chemistry, and synthetic applications.[':*! The purpose of
this microreview is not to add another general review article
concerning the Claisen rearrangement, but to provide an
overview of catalysis of the Claisen rearrangement of ali-
phatic allyl vinyl ethers by metal catalysts. Only those cata-
lysts that catalyze the Claisen rearrangement in substoichi-
ometric amounts are taken into account.

The Challenge

The utility of the Claisen rearrangement rests on its abil-
ity to transform an easily accessible C—O single bond into
a less easily accessible C—C single bond, thereby generating
up to two new chirality centers and a stereogenic double
bond. Scheme 2 presents an instructive example; the 2-al-
koxycarbonyl-substituted allyl vinyl ether 3a was trans-
formed into the a-oxo ester 4a as a single diastereomer. The
reaction temperature was moderate and the yield was al-

most quantitative.
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Scheme 2. Thermal Claisen rearrangement of the acyclic aliphatic
allyl vinyl ether 3a; the asynchronous nature of the transition state
was not considered in the drawing

It is generally accepted that the stereochemical outcome
of a thermal Claisen rearrangement of an acyclic allyl vinyl
ether can be explained/predicted on the basis of a chair-like
transition state conformation. The inherent strength of
the Claisen rearrangement is the reliable transformation of
a given double bond configuration into a single relative
configuration in the rearrangement product. Unfortunately,
when the starting material is an achiral allyl vinyl ether
(e.g., 3a), the rearrangement proceeds through two enanti-
omeric transition states to afford a racemic product (e.g.,
4a). Several chiral reagents for an enantioselective Claisen
rearrangement have been proposed.l>! Unfortunately, they
all have to be used in at least stoichiometric amounts. In
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October 1997, we set out to combine the inherent diastereo-
selectivity of the thermal Claisen rearrangement with the
potential of modern chiral catalysts for enantiofacial differ-
entiation. We were seeking for a catalyst that would be able
to catalyze the Claisen rearrangement of 2-alkoxycarbonyl-
substituted allyl vinyl ethers diastereo- and enantioselec-
tively (Scheme 3).

R!I:L'fo O R\.'HZI.'TU U
Rh\ chiral catalyst R'
0 n 0
RbA-\_‘T) diastereo- and enantioselective RS
r r

Scheme 3. What is an appropriate catalyst for an enantioselective
Claisen rearrangement?

Achiral Catalysts

The number of known catalysts for Claisen rearrange-
ments of aliphatic allyl vinyl ethers is amazingly limited;
van der Baan and Bickelhaupt apparently reported the first
successful  example in  1986.71  They utilized
[PACI,(CH5;CN),] as catalyst and studied how the substitu-
ents on the allyl vinyl ether 5 determined the reactivity
(Schemes 4 and 5). Their study revealed that the cyclic allyl
vinyl ether 5a was transformed with 5 mol% of
[PACI,(CH5;CN),] at room temperature into the rearrange-
ment product 6a (Scheme 4), double bond migration and
cleavage of the vinyl ether being the most important side
reactions. The allyl vinyl ethers Sb and Sc, with a trisubsti-
tuted allylic ether double bond or a methyl group at C-5,

were not reactive.
0 . 0 4 : 0
o X

5 mol% PdCly(CH;CN),
@30 3 benzene, r.t., 2 h
10 %

N
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Sa 6a, 65 % 9%
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Y

5b 5S¢

Scheme 4. Pd'"-catalyzed Claisen rearrangement

They also studied the [PdCIl,(CH;CN),]-catalyzed
Claisen rearrangement of acyclic allyl vinyl ethers 5d—i and
found that the Pd'™ catalyst was efficient if certain structural
demands were met (Scheme 5). To obtain an acceptable re-
sult from the rearrangement, C-1 and C-2 of the allyl vinyl
ether 5 had to be substituted with alkyl groups. The authors
explained this observation through the assumption of a
“cyclization-induced” rearrangement mechanism. They ar-
gued that the substituent on C-1 prevents the unproductive
coordination of the Pd™" catalyst to the vinyl ether double
bond and that the alkyl group at C-2 stabilizes a positive
charge in the intermediate Pd—C o-complex 7. Unfortu-
nately, the stereochemical outcome of the catalyzed re-

Eur. J. Org. Chem. 2002, 1461—1471
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Scheme 5. Pd"-catalyzed Claisen rearrangement

arrangement was not explicitly mentioned in their publica-
tion.

The work of van der Baan and Bickelhaupt was inspired
by two review articles published by L. E. Overman and R.
P. Lutz in 1984.8° These comprehensive review articles
summarize the early work concerning the catalysis of [3,3]-
sigmatropic rearrangements. The seminal observation was
apparently made by Winstein in 1966. He found that
Pd(OAc), in AcOH was able to promote the equilibration

# PA(OAC),, AcOH S
1 +Pd"L, ~pd"L,
PdL, PdL,

i
g ’ﬁ —_—
e e
Scheme 6. The “cyclization-induced” rearrangement mechanism of
the Pd'"-catalyzed rearrangement of allylic acetates

of allylic acetates (Scheme 6).I'% Henry thoroughly studied
the mechanism of this reaction and found evidence for
the “cyclization-induced” rearrangement mechanism
(Scheme 6).111]

This specific mechanism is also believed to operate for
the Pd"-catalyzed [3,3]-sigmatropic rearrangement of allylic
imidates and the Pd"-catalyzed Cope rearrangement.!'>13!
[PACI,(CH;CN),] was first utilized as a convenient catalyst
for [3,3]-sigmatropic  rearrangements by  Meyer'¥
(Scheme 7).
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Scheme 7. First application of PdCl,(CH3CN), for the catalysis of
sigmatropic rearrangements

Winstein’s seminal discovery,!'!l followed by the work of
Henry,!"?l Meyer,'¥ and Overman!®'3! culminated in the
study by van der Baan and Bickelhaupt, summarized
above.ll Their investigation was followed by a series of pa-
pers of T. Nakai and co-workers, who developed an in situ
vinyl ether exchange procedure to avoid the sometimes
troublesome  synthesis of an allyl vinyl ether.
[PdCl,(CH;CN),] catalyzes vinyl ether exchange between a
methyl vinyl ether and an appropriate allylic alcohol and
also the subsequent Claisen rearrangement of the interme-
diate allyl vinyl ether (Scheme 8).[1¢]
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+ +

(\/

(e]
b &

78 %, anti:syn = 88:12

Scheme 8. Pd'-catalyzed, in situ vinyl ether exchange/Claisen re-
arrangement

A combination of [PdCl,(CH3CN),] and CF;CO,H was
used if the substrates were reluctant to undergo the vinyl
ether exchange reaction in situ (Scheme 9).['”! This proced-
ure allowed the formation in situ and the catalyzed re-
arrangement of a chiral allyl vinyl ether with complete 1,3-
chirality transfer. The relative and absolute configuration of
the rearrangement product is best explained by the assump-
tion of a boat-like transition state conformation in the Pd!-
catalyzed rearrangement. Regioisomeric products are pos-
sible if a methyl vinyl ether of an unsymmetrical ketone is
used as substrate for the in situ vinyl ether exchange reac-
tion. 8!

10 mol% PACl,(PHCN),
QMe 10 mol% CF,CO,H

O
OH -~ /'\/\/
+ — - i
A toluene, 1 h, r.t. v

78 % ee 65 %, 78 % ee

Scheme 9. Pd'-catalyzed, in situ vinyl ether exchange/Claisen re-
arrangement

In 1995, Nakai and Sugiura reinvestigated the experi-
ments of van der Baan and Bickelhaupt and determined the
stereochemical result of the rearrangement (Scheme 10).[1]
Somewhat surprisingly, they found that both the (E,Z)- and
the (Z,Z)-configured acyclic allyl vinyl ethers 5j underwent
the Pd"-catalyzed Claisen rearrangement with a preference
for the same relative configuration in the rearrangement
product 6j.
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Scheme 10. Pd'-catalyzed Claisen rearrangement of allyl vinyl
ethers

They suggested that, depending on the double bond con-
figuration of the allyl vinyl ether, the Pd" catalyst could
coordinate one or both double bonds and that boat- or
chair-like transition states would therefore be possible
(Scheme 11). Alternatively, it was also proposed that the
Pd™ catalyst could induce a (Z2)/(E) isomerization of the
vinyl ether double bond of the (Z,Z)-configured substrate
5j, followed by a rearrangement through a chair-like trans-
ition state.

\/PdL CsHy,
H o}
/
CSHI 1 C5H1 |
(Z.E-S{)PdL, syn-6j (Z,Z-5j)PdL,,

Scheme 11. Pd"-catalyzed Claisen rearrangement of allyl vinyl
ethers

Oshima apparently first reported that A" Lewis acids
were able to promote the Claisen rearrangement of aliphatic
allyl vinyl ethers in 1981.12% Since then, AI'"! Lewis acids
have frequently been used and Yamamoto even developed
an enantioselective Claisen rearrangement based on a chiral
AT complex with BINOL derivatives.?!>?l Unfortunately,
1—2 equiv. of the AI'"" Lewis acid are necessary to promote
the Claisen rearrangement, the only exception so far having
been published in 1996.12%) Significantly, catalysis with an
achiral A" Lewis acid resulted in the formation of a mix-
ture of [1,3]- and [3,3]-rearrangement products (Scheme 12).

Ph
10 mol% AlTO

CH,Cl,, -78°C,2.5h /i/k
13,3

90 %, 5:1

L2,

[1.3]

Z0
K

Scheme 12. Al'l-catalyzed Claisen rearrangement of allyl vinyl
ethers

In 1999 we reported the first Pd"-catalyzed rearrange-
ment of a 2-alkoxycarbonyl-substituted allyl vinyl ether
3.24 At this early point in our work we were still using
mixtures of vinyl ether double bond isomers to determine
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the reactivity of allyl vinyl ethers 3 with an ester group in
the 2-position. In our hands, only the (E,E)-configured allyl
vinyl ether 3b underwent the [PdCl,(PhCN),]-catalyzed re-
arrangement. The three other double-bond isomers were
not reactive in the presence of [PdCl,(PhCN),]. We took
advantage of the different reactivities of the (E,E)- and
(Z,E)-configured allyl vinyl ethers 3b and effected a com-
bination of Pd-catalyzed and thermal rearrangement as a
one-pot procedure (Scheme 13). Application of this meth-
odology transformed a mixture of the (E,E)- and (Z,E)-
configured allyl vinyl ethers 3b into the anti-configured re-
arrangement product 4b. The (£, E)-configured substrate 3b
rearranged with Pd' catalysis at room temperature to the
anti-configured o-oxo ester 4b, presumably through a boat-
like transition state. At increased temperature, the re-
maining (Z,E)-configured substrate 3b underwent the ther-
mal Claisen rearrangement through a chair-like transition
state to give the anti-configured rearrangement product 4b.

5 mol% PdCL,(PhCN),
toluene, 44 h, r.t.
Oy -OCH;3 then
J 6h, 150°C 0
=
0 - OCH,4
AN ~~ O

3b, Z.E=59:4] 4b, 74 %, >9:1

Scheme 13. Pd"-catalyzed Claisen rearrangement of the allyl vinyl
ether 3b

The strict requirements regarding substrate structure
have so far prevented the development of a catalytic and
enantioselective Claisen rearrangement of aliphatic allyl vi-
nyl ethers based on a chiral Pd" catalyst. Nevertheless, it
should be mentioned that chiral Pd!! catalysts have success-
fully been employed to catalyze the [3,3]-sigmatropic re-
arrangement of allylic imidates.[>!

Seeking for alternative catalysts, Trost reported an inter-
esting result in 2000. He was able to demonstrate that lan-
thanide(III) cations in combination with the FOD ligand
were suitable as catalysts for the Claisen rearrangement of
cyclic aliphatic allyl vinyl ethers (Scheme 14).[26-27]

X o4
9 > ¥ "OH
96 %, 98 % ee

O 1 mol% Ho(fod),
CHCl,, A
o >

P N

10 mol% Ho(fod);
CHCl,, 5060 °C

84 %, 100 % ee

Scheme 14. Ho'"-catalyzed Claisen rearrangement of cyclic allyl
vinyl ethers
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The [Ho(fod)s]-catalyzed Claisen rearrangement of chiral
allyl vinyl ethers proceeded with very high chemical yields
and almost complete 1,3-chirality transfer. An appropriate
Lewis acidity of the catalyst was critical to ensure a concer-
ted process. More strongly Lewis acidic catalysts such as
[Yb(fod);] gave partially racemized rearrangement prod-
ucts, and lanthanide(III) triflates were characterized as too
reactive.

The apparent futility of developing a general Pd" catalyst
for the Claisen rearrangement of aliphatic acyclic allyl vinyl
ethers made us turn our attention toward Lewis acids. At
the beginning of our research program, we had decided to
use 2-alkoxycarbonyl-substituted allyl vinyl ethers 3. The
application of this class of allyl vinyl ethers offers advant-
ages in terms of synthesis, stability, and reactivity.*®! We
performed a variety of different studies to determine the
best Lewis acid in terms of reactivity and chemoselectivity.
All the commercially available lanthanide(III) triflates and
also Ce(OTf), were tested as catalysts for the Claisen re-
arrangement of the l-isopropyl-6-propyl-substituted allyl
vinyl ether 3¢ (Scheme 15, Table 1), used in our screening
program as a (Z)/(E) = 9:1 mixture of vinyl ether double-
bond isomers. We found that Ln(OTf); and Ce(OTf),-H,O
all catalyzed the Claisen rearrangement at room temper-
ature in CH,Cl, in the presence of molecular sieves (MS)
with superb chemoselectivity. No side reactions were ob-
served and the product 4¢ was isolated in analytically pure
form after removal of the catalyst by filtration through a
4X0.5 cm silica gel column. The degree of conversion after
a given reaction time depended on the lanthanide(I1I) cat-
ion and decreased with increasing ionic radius (decreasing
Lewis acidity). Consequently, the most reactive catalysts
were Lu(OTf); and Yb(OTY);3. Less Lewis acidic lanthanide
triflates needed prolonged reaction times for complete con-
version of the allyl vinyl ether 3¢ into the a-oxo ester 4c
(Table 1, Entries 5, 7). The diastereoselectivity of the re-
arrangement was obviously determined by the stereoiso-
meric purity of the substrate 3¢. It should be pointed out
that the presence of pulverized and activated molecular
sieves was mandatory for optimal reactivity and chemose-
lectivity.

10 mol% Ln(OTf);

0 m.s., CHyCly, r.t. 0 (6]
Nom —_— 7 OiPr + 7 OiPr
0 0 ~ O

nPr syn-4e (rac) anti-4c¢ (rac)
3¢, ZE=9:1

syn:anti = 9:1
m.s. = molecular sieves

Scheme 15. Ln'"!-catalyzed Claisen rearrangement of the allyl vinyl
ether 3¢

We next compared Lu(OTf); with Sc(OTf); and Cu-
(OTf), and briefly studied the ability of the commercially
available hydrates of LuCl; and YbCl; to catalyze the
Claisen rearrangement.*”) Table 2 summarizes the results

Eur. J. Org. Chem. 2002, 1461—1471

with the (Z,Z)-configured 1-benzyl-6-propyl-substituted al-
lyl vinyl ether 3d as substrate (Scheme 16).

Sc(OTf); proved to be the most active Lewis acid, fol-
lowed by Cu(OTf), and Lu(OTf);. With LuCl; and YbCls,
prolonged reaction times were required to obtain complete
consumption of the allyl vinyl ether 3d. The diastereoselec-
tivity of the catalyzed rearrangement of 2-alkoxycarbonyl-
substituted allyl vinyl ethers 3, with a (Z)-configured allylic
ether double bond, was uniformly high for all Lewis acid
catalysts used. This situation changed dramatically if sub-
strates with an (E)-configured allylic ether double bond
were used. As demonstrated in Scheme 17 and Table 3, the
(Z,E)-configured allyl vinyl ether 3e underwent the Cu(-
OTf),/molecular sieves catalyzed rearrangement with a sig-
nificantly lower diastereoselectivity than the corresponding
(Z,Z)-configured allyl vinyl ether 3e (Table 3, Entries 1, 6).

The ratio and sense of diastereoselectivity depends on the
substituent R' on the allyl ether double bond and, to some
extent, on the Lewis acid used to catalyze the rearrange-
ment (Scheme 17, Table 3). We observed a modest influence
of the Lewis acid on the diastereoselectivity, with Cu(OTf),
being the most selective catalyst. The most striking result
was the syn diastereoselectivity observed for the rearrange-
ment of the 1-isopropyl-substituted, (Z,E)-configured allyl
vinyl ether 3¢ (Table 3, Entries §—10). The 1-benzyl- and 1-
isopropenyl-substituted allyl vinyl ethers 3d and 3e showed
a low diastereoselectivity in favor of the anti diastereomers
4d and 4e. The anti-configured product 4 would be expected
on the assumption of a chair-like transition state for the
rearrangement. At this point, it was evident that the config-
uration of the allyl ether double bond had the pivotal influ-
ence on the diastereoselectivity of the Lewis acid catalyzed
rearrangement, the Lewis acid catalyst having, if any, then
only a modest influence. We finally synthesized a complete
set of double-bond isomers of the 1-methyl-6-propyl-substi-
tuted allyl vinyl ether 3a. Again, only the allyl vinyl ethers
3a with (Z)-configured allylic ether double bonds re-
arranged with high diastereoselectivities (Table 3, Entries
13, 14), the configuration of the vinyl ether double bond
determining the sense of diastereoselectivity. This reaction
proved to be the principal access to both diastereomers of
the rearrangement product 4a under Lewis acid catalysis
conditions, simply by choosing the appropriate vinyl ether
double bond configuration. The allyl vinyl ethers 3a with
(E)-configured allylic ether double bonds showed low to
moderate diastereoselectivities in the Lewis acid catalyzed
Claisen rearrangement (Table 3, Entries 12, 13). Interest-
ingly, the vinyl ether double bond configuration determines
not only the sense, but also the extent, of the diastercoselec-
tivity.

The Lewis acid catalyzed Claisen rearrangement of 6,6-
dimethyl-substituted allyl vinyl ethers 3f—h was also studied
(Scheme 18).3% It was instructive to observe that this spe-
cific substituent pattern on the allylic ether double bond
resulted in the formation of significant amounts of the [1,3]-
rearrangement product 8f—h (Table 4). The extent of
formation of the [1,3]-rearrangement product 8f—h was de-
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Table 1. Catalysis of the Claisen rearrangement of 3¢ with Ln(OTf); (Scheme 15)

Entry Ln(OTf); @ Ln3* radius [A] t [h] Yield [%0]°) Conversion [%]
1 Lu(OTf); 0.848 6 98 100
2 Yb(OTf), 0.858 6 98 100
3 Tm(OTf), 0.869 6 100 93
4 Er(OTh), 0.881 6 99 82
5 Er(OTI), 0.881 24 100 100
6 Ho(OTf), 0.894 6 98 75
7 Ho(OTf), 0.894 24 98 100
8 Dy(OTf)3 0.908 6 99 65
9 Tb(OTf);3 0.923 6 100 66

10 Gd(OTf); 0.938 6 100 49

11 Eu(OTf); 0.950 6 100 44

12 Sm(OTf), 0.964 6 97 41

13 Nd(OTf), 0.995 6 99 29

14 Pr(OTf); 1.013 6 99 30

15 Ce(OTf)4H,O 0.92 (Ce*t) 6 100 41

16 La(OTf); 1.061 6 98 7

17 Y(OTf); 0.88 6 100 61

[al The reactions were performed with 0.4 mmol of the allyl vinyl ether in CH,Cl, (4 mL) containing 1—3 mol % of EtOH. ™ Isolated
yield after removal of the catalyst by filtration through a 4X0.5 cm silica gel column.

Table 2. Comparison of different Lewis acids as catalysts for the
Claisen rearrangement (Scheme 16)

Entry Catalyst t [h] Yield [%]®
1 5 mol % Sc(OTf), 0.5 98
2 10 mol % Cu(OTf), 1 100
3 10 mol % Lu(OTf), 3 98
4 10 mol % LuCls+6 H,O 18 98
5 10 mol % YbCls-6 H,O 18 97

[al Tsolated yield after removal of the catalyst by filtration through
a 4X0.5 cm silica gel column.

Ph
catalyst o]

(0]
MS, CH,Cl,, r.t.
Ph\”r\HJ\OiPr e = OiPr
—_—
\f\/o (¢]
3d, ZE=973 4d, syn:anti = 95:5

Scheme 16. Lewis acid catalyzed Claisen rearrangement of the allyl
vinyl ether 3d

Table 3. Influence of substrate structure and Lewis acid catalyst on the diastereoselectivity of the Claisen rearrangement (Scheme 17)

Entry Substrate Catalyst ¢ [h] Product Yield [%6]® synlanti®!
1 Z.,7-3e 5 mol % Cu(OTf), 6 4e 98 91:9
2 Z,E-3d 2.5 mol % Sc(OTf); 0.5 4d 98 46:54
3 Z,E-3d 2.5 mol % Cu(OTY), 0.5 4d 99 33:67
4 Z.E-3d 10 mol % Lu(OTf); 1 4d 99 37:63
5 Z,E-3e 2.5 mol % Sc(OTf); 0.5 4e 98 42:58
6 Z,E-3e 2.5 mol % Cu(OTY), 0.5 4e 99 31:69
7 Z,E-3e 10 mol % Lu(OTf), 1 4e 95 36:64
8 Z,E-3¢ 2.5 mol % Sc(OTf); 0.5 4c 98 76:24
9 Z,E-3¢ 2.5 mol % Cu(OTfY), 0.5 4c 98 75:25

10 Z,E-3¢ 10 mol % Lu(OTf); 2 de 100 74:26

11 E,E-3a 5 mol % Sc(OTf); 16 4a 99 70:30

12 Z,E-3a 5 mol % Sc(OTf); 1 4a 98 44:56

13 E,Z-3a 5 mol % Sc(OTf)s 1t 4a 100 4:96

14 Z,7-3a 5 mol % Sc(OTf)3 1t 4a 95 96:4

[a] Tsolated yield after removal of the catalyst by filtration through a 4Xx0.5 cm silica gel column. [ Determined from 'H NMR spectra.

[l Reaction time not optimized.

termined by the Lewis acidity of the catalyst and the sub-
strate structure (Scheme 18, Table 4).

The most Lewis acidic catalyst, Sc(OTf)s, required the
shortest reaction times but at the same time resulted in the
formation of the largest amount of the [1,3]-rearrangement
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product 8 (Table 4, Entries 1,5). The less Lewis acidic cata-
lysts, such as Cu(OTf), or Lu(OTf)s, were less reactive than
Sc(OTf); and afforded smaller amounts of [1,3]-rearrange-
ment product 8 (Table 4, Entries 2—4, 6—7). The 1-isopro-
pyl-substituted allyl vinyl ether 3h showed a greater propen-
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catalyst
m.s., CHyCl,, rt.
R0
o RZY oipr ——— ij/'\(U\OlPr'F/\/kﬂ)J\OlPr
R ~0
syn-4a—e (rac) anti-4a—e (rac)
3 m.s. = molecular sieves

R'E= methyl, R = n-propyl: E,E-3a
R'Z= methyl, R%= n-propyl: Z,E-3a
RE= methyl, R%= n-propyl: E,Z-3a
RIZ= methyl, R%= n-propyl: Z,Z-3a
RY= isopropyl, R%E= n-propyl: Z,E-3¢
R1Z= benzyl, R%= n-propyl: Z,E-3d
RYZ= isopropenyl, R = n-propyl: Z,E-3¢
RZ= isopropenyl, R%= n-propyl: Z,Z-3e

Scheme 17. Lewis acid catalyzed Claisen rearrangement of the allyl
vinyl ethers 3a and 3c—e

catalyst
m.s., CH2C12, r.t.

RIMOzPr _— 7 WClPr +M01Pr

[1.3]
8i-h

[3.3]
= benzyl (Z:E = 97:3). Z-3f 4f-h
R! = isopropeny! (Z.E = 96:4): Z-3g

R! = isopropyl (Z:E = 92:8): Z-3h

Scheme 18. Lewis acid catalyzed Claisen rearrangement of the allyl
vinyl ethers 3f—h

Table 4. The influence of substrate structure and catalyst on the
periselectivity of the Lewis acid catalyzed Claisen rearrangement
of 6,6-dimethyl-substituted allyl vinyl ethers 3f—h (Scheme 18)

Entry Substrate Catalyst ¢ [h] Yield [%0]! 4f—h/8f—h

[3,3]/[1,3]®

1 Zz3f  1mol%ScOTH; 0.5 98 76:24
2 Z3f  5mol%CuOT), 1 100 83:17
3 Z3f  5mol%Lu(OThH; 2 100 91:9
4 Z3f  5mol%YbOThH;, 2 100 91:9
5  Z3g  1mol%Sc(OThH; 0.5 93 74:26
6 Zz3g  10mol% Lu(OTH; 1 93 95:5
7 Z3h  5mol% YbOTf); 2414 97 80:20

[l Tsolated yield after removal of the catalyst by filtration through
a 4x0.5 cm silica gel column. All reactions were run on a 0.4-mmol
scale. [®) Determined from "H NMR spectra. [l Catalyst loading
not optimized. [4 Reaction time not optimized.

sity for the formation of the [1,3]-rearrangement product
8h. Even if the reaction was performed with the less Lewis
acidic catalyst Yb(OTf);, a large amount of the [1,3]-re-
arrangement product 8h could still be detected (Table 4,
Entry 7).

As a working model, we suggest the following simple
mechanistic scheme for the Lewis acid catalyzed Claisen re-
arrangement (Scheme 19). It appears feasible to assume the
formation of the chelate 9 between the metal cation and the
allyl vinyl ether 3. This arrangement could further increase

Eur. J. Org. Chem. 2002, 1461—1471

the propensity of the allyl vinyl ether 3 to undergo the
Claisen rearrangement through a transition state 10, featur-
ing a high degree of charge separation.’”] One could ima-
gine the formation of a metal cation stabilized a-oxo ester
enolate and an allylic cation, interacting in a pericyclic fash-
ion.

Qs -OiPr iPi.iO
1 1
=
R (6] R (@]
R = Ré/v
4 3
M(OTY),
iPrO., iPrO,
=0 =0,
R! X O/ M(OTH), RN~ o M(OTH),
Rﬁ/\) 0
iPrO. ¥
\I MO,
=0
R. \O _ M(OTf)n 9

R6
x\ M(OTH), %
8 3

Scheme 19. Presumed catalytic cycle and mechanism for the Lewis
acid catalyzed Claisen rearrangement of the allyl vinyl ethers 3

The catalyst could accelerate the rearrangement by desta-
bilizing the allylic ether O—C bond and by stabilizing the
negative partial charge in the vinyl ether moiety formed in a
transition state 10, characterized by a high degree of charge
separation. Increased Lewis acidity of the catalyst and
charge stabilization by substituents, namely the stabilization
of the allylic cation by alkyl substituents, could accelerate
the rearrangement and, in an extreme scenario, induce the
formation of the [1,3]-rearrangement product 8. No appar-
ent explanation is yet available for the low diastereoselectiv-
ities observed for the catalyzed Claisen rearrangement of
allyl vinyl ethers 3 with (E)-configured allylic ether double
bonds. Competition between boat- or chair-like transition
state geometries may be responsible, but an (E)/(Z) equilib-
ration of a separated allylic cation based on a mechanism
in which an ion pair intermediate is involved cannot be
ruled out. Further work using a combination of theoretical
calculations and the accumulation of kinetic data will be
necessary to elucidate the operating mechanism(s) precisely.
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The First Catalytic Enantioselective Claisen
Rearrangement

Bis(oxazoline)copper(Il) complexes have emerged as use-
ful chiral catalysts for a variety of different C—C bond-
forming reactions.*!l The scope of reactions that can be
catalyzed with [Cu'box] [box = bis(oxazoline)] catalysts is
still increasing,?? and the first immobilized [Cu"box] com-
plexes have very recently been reported.’3! In view of the
encouraging results involving catalysis of the Claisen re-
arrangement with the Cu(OTf),/molecular sieves system, we
decided to study chiral [Cu"box] complexes as potential
catalysts for a catalytic and enantioselective Claisen re-
arrangement. The [Cu''box]-catalyzed Claisen rearrange-
ment of the 6,6-dimethyl-substituted allyl vinyl ethers 3i—n
was studied first (Scheme 20, Table 5).134

catalyst

1 1
0 CH,Cla, 1.t RO R0
RSO ——— W@‘Pr + WOiPr
\(vo [¢) 0

3 R-4fj S-af-j
0 2
A~ oM OT><W -
e S/{\I N/ 2loTf
0 NN

Y\/ 3 ch Y
3k
R = Ph, (5,9)-13: [Cu{(5,5)-Ph-box}](OTH),

R = Bu, (5,8)-14: [Cu{(S,S)-Bu-box } [(OTf),

Scheme 20. [Cu''(box)](OTf),-catalyzed enantioselective Claisen re-
arrangement

As detailed in Table 5, the [Cu(Ph-box)](OTf), complex
13 catalyzes the Claisen rearrangement with very good en-
antioselectivity and outstanding chemoselectivity. Compet-
ing formation of the [I,3]-rearrangement product 8, ob-
served when the Cu(OTf),/molecular sieves system had
been used, was insignificant. Different alkyl substituents
and an alkenyl substituent were tolerated and only slightly
influenced the enantioselectivity (Table 5). The rearrange-

ment of the methyl ester 3k did not improve the enantiose-
lectivity of the process (Table 5, Entry 13). As expected, a
change in the absolute configuration of the catalyst 13 or
the vinyl ether double configuration in 3 inverted the abso-
lute configuration of the preferred rearrangement product
4 (Table 5, Entries 1—3). In a scaled up reaction, only 0.5
mol % of (R,R)-13 was sufficient to transform the allyl vinyl
ether 3i completely into the rearrangement product 4i
(Table 5, Entry 12). The [Cu(zBu-box)](OTf), catalyst 14
proved to be significantly less reactive, and incomplete con-
sumption was observed even with an increased catalyst con-
centration and prolonged reaction times (Table 5, Entries 4,
10). Addition of molecular sieves increased the reactivity,
however, with catalysis with the [Cu{(S,S)-tBu-box}](OTf),/
molecular sieves system resulting in the highest enantiose-
lectivities so far observed (Table 5, Entries 5, 11). As has
been reported in the literature for other [Cu'box]-catalyzed
reactions,[®] the (S,S)-13 and the (S,S)-14 catalysts induced
opposite absolute configurations in the rearrangement
product 4. Generally, thanks to the outstanding chemose-
lectivity of the [Cu"box](OTTf),-catalyzed Claisen rearrange-
ment, simple removal of the catalyst by filtration through a
short plug of silica gel followed by evaporation of the solv-
ent provided the analytically pure rearrangement product 4.
Undoubtedly, the observed enantioselectivities still need to
be further improved by variation of the catalyst and the
substrate structure. Nevertheless, the simplicity of the pro-
cedure opens an efficient route to a very interesting class of
building blocks, difficult to synthesize even as racemates by
other methods.

The enantioselectivity of the [Cu{(S,S)-rBu-box}](OTf),-
catalyzed Claisen rearrangement can be explained in ana-
logy to previously proposed stereochemical models for
other [Cu(box)]-catalyzed reactions.’!-32] We suggest a bi-
dentate coordination of the allyl vinyl ether 3 on the [Cu-
(box)] complexes and a square-planar geometry around the
copper(Il) cation (Scheme 21). On the assumption of a

Table 5. The catalytic enantioselective Claisen rearrangement of 2-alkoxycarbonyl-substituted allyl vinyl ethers 3f—j (Scheme 20)

Substrate R! (2)I(E) Catalyst t [h] Yield [%]@ (R)/(S)P!
1 Z-3i methyl 96:4 5 mol % (S,S)-13 1 100 91:9
2 Z-3i methyl 96:4 5 mol % (R,R)-13 1 100 9:91
3 E-3i methyl 4:96 5 mol % (S,S)-13 1 99 9:91
4 Z-3i methyl 96:4 10 mol % (S,S)-14 24 47l 6:94
5 Z-3i methyl 96:4 10 mol % (S,S)-14, 4-A m.s. 24 99 6:94
6 Z-3j ethyl 100:0 5 mol % (S,S)-13 2 99 92:8
7 Z-3h isopropyl 90:10 5 mol % (S,S)-13 24 98 89:11
8 Z-3g isopropenyl 100:0 5 mol % (S,S)-13 1 100 93:7
9 Z-3f benzyl 97:3 5 mol % (S,S)-13 1 99 88:12
10 Z-3f benzyl 97:3 10 mol % (S,S)-14 72 7t -
11 Z-3f benzyl 97:3 10 mol % (S,S)-14, 4-A m.s. 72 94[el 8:92
12 Z-3f benzyl 97:3 0.5 mol % (R,R)-131 24 100 12:88
13 Z-3k methyl 100:0 5 mol % (S,S)-13 3 99 90:10

[al Tsolated yield after removal of the catalyst by filtration through a 4X0.5 cm silica gel column. All reactions were run on a 0.4-mmol
scale. m.s.: molecular sieves. ) Determined by HPLC: Daicel Chiracel OD14025, hexane/iPrOH (99.9:0.1). 1 52% substrate isolated. [
93% substrate isolated. [ 6% substrate isolated. [fl Reaction run on a 4-mmol scale. Reaction time not optimized.
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chair-like transition-state geometry for the catalyzed
Claisen rearrangement, the allylic ether moiety should ap-
proach the vinyl ether moiety from the direction opposite
to the tert-butyl substituent on the box ligand. In this
model, the [Cu(box)] catalyst differentiates between the two
enantiomeric chair-like conformations by enantiotopos dif-
ferentiation between the enantiotopic lone pairs [(pro-R)
and (pro-S)] on the allylic ether oxygen atom. Our results
so far indicate that [Cu{(S,S)-Ph-box}](OTf), (13) preferen-
tially coordinates the (pro-R) lone pair, whereas [Cu{(S,S)-
tert-butyl-box }](OTf), (14) prefers to coordinate the (pro-
S) lone pair of the allylic ether oxygen atom. From this
stereochemical relationship and the double-bond configura-
tion of the allyl vinyl ether 3, it should be possible to pre-

3

[Cu{(S,S)-tert-butyl-box} [(OTH),

20Tf

6z O
R"’E*\:\ Cl

RlZ

(S,8,pro-S) (S,S,pro-R)

R'Z RU¥O R'Z RO
GOIN g QiPr = Z ) OiPr
R% R%G R6Z REE)

[Cu{(S,S)-Ph-box} (OTt),
(S,S,pro-S) (S,S,pro-R)

3

Scheme 21. Stereochemical model for the [Cu'!(box)](OTf),-cata-
lyzed enantioselective Claisen rearrangement

dict/explain the absolute configuration of the main isomer
from the [Cu'(box)]-catalyzed Claisen rearrangement. Fur-
ther work to corroborate this model is currently underway.

The highly diastereoselective generation of two vicinal
chirality centers is an inherent strength of the thermal ali-
phatic Claisen rearrangement. Consequently, we set out to
investigate whether or not it would be possible to combine
the inherent diastereoselectivity of the thermal Claisen re-
arrangement with the ability, as shown above, of [Cu'l(box)]
complexes to catalyze the Claisen rearrangement enantiose-
lectively. Our previous results with the Cu(OTf),/molecular
sieves system had revealed an amazing dependence of the
diastereoselectivity on the configuration of the allylic ether
double bond (Scheme 17, Table 4).1>°1 This observation was
confirmed when [Cu{(S,S)-Ph-box}](OTf), (13) was used as
a catalyst for the Claisen rearrangement of 2-alkoxycar-
bonyl-substituted allyl vinyl ethers 3a, 3d, and 3e, con-
taining two stereogenic double bonds (Scheme 22, Table 6).

1

R' O R' O
= OiPr  + /A:)\”)Lomr
O ~~ O

anti-(3R,4R)-4a,d.e

5 mol % (5,5)-13
CH,Cly, .

3a,de ———

syn-3RAS)-4a,d.e

' 0 L
/\/ﬁ\)k OPr + é/ﬁfu\ozpr
S 0 0

syn-(3S,4R)-4a,d,e anti-(35,45)-4a,d,e

Scheme 22. [Cu'(box)](OTf),-catalyzed enantioselective Claisen re-
arrangement

The diastereoselectivity of the catalyzed Claisen re-
arrangement of the allyl vinyl ether 3a with an (E)-config-
ured allylic ether double bond was moderate (Table 6, Ent-
ries 1, 2). The allyl vinyl ethers 3a, 3d, and 3e, each with a
(Z)-configured allylic ether double bond, rearranged with
very good diastereoselectivities and acceptable enantioselec-
tivities (Table 6, Entries 3—6). It was possible to control the
relative configuration of the rearrangement product 4 by
choosing the appropriate vinyl ether double-bond config-
uration (Table 6, Entries 3, 4). The reaction times are quite

Table 6. Diastereo- and enantioselectivities of the [Cu{(S,S)-Ph-box}](OTf),-catalyzed Claisen rearrangement (Scheme 22)

Entry Substrate ¢ [h]al Yield [%]] synlantit] ee [o]l Absol. config.[
1 E.E-3a 12 100 86:14 82 (3S,4R)
2 Z,E-3a 4 100 28:72 72 (3R4R)
3 E,Z-3a 38 99 3:.97 88 (35,45)
4 7.7-3a 38 98 99:1 84 (3R4S)
5 Z,72-3d 48 100 95:5 82 (B3RAS)
6 7.7-3e 2% 98 92:8 86 (3RA4S)
7 7.7-3a 1210 99 96:4 76 (3RA4S)

[al Reaction times not optimized. ™ Isolated yield after removal of the catalyst by filtration through a 4X0.5 cm silica gel column. All
reactions were run on a 0.4-mmol scale. ! Determined from "H NMR spectra. [4 Determined by HPLC: Daicel Chiracel OD14025,
hexane/iPrOH (99.9:0.1). [ Absolute configuration of the major enantiomer. Configuration assigned by assumption of an (S,S,1Z,15i)
or (S,S,1E,1Re) topicity of a chair-shaped transition state. [ Reaction run with 10 mol % of (S,S)-13.
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long in some cases but can be shortened significantly by
increased catalyst loading (Table 6, Entry 7).

Conclusion

In the 90 years since Claisen’s original report, the Claisen
rearrangement and related [3,3]-sigmatropic rearrangements
have been objects of dynamic development. Nevertheless,
problems such as the understanding of the mechanism, the
development of new variations, and possible applications
in complex natural product synthesis still attract chemists.
Somewhat surprisingly, catalysis of [3,3]-sigmatropic re-
arrangements, specifically of the Claisen and the Cope re-
arrangement, is underdeveloped. Furthermore, with the ex-
ception of the [3,3]-sigmatropic rearrangement of allylic im-
idates, no catalytic and enantioselective [3,3]-sigmatropic re-
arrangement had been developed until very recently. This
microreview summarizes the available methods for catalysis
of the Claisen rearrangement. It is now clear that well-
known Lewis acids are suitable catalysts for the Claisen re-
arrangement under very simple reaction conditions, if cer-
tain structural demands are met. 2-Alkoxycarbonyl-substi-
tuted allyl vinyl ethers are apparently a substrate of choice
for catalysis of the Claisen rearrangement. Use of the estab-
lished chiral bis(oxazoline)copper(II) catalysts and the che-
lation ability of the 2-alkoxycarbonyl-substituted allyl vinyl
ethers have allowed us to develop the first catalytic, enantio-
selective Claisen rearrangement. Outstanding chemoselec-
tivity combined with acceptable enantioselectivities pro-
vides a good basis for further developments.
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