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The Catalytic Enantioselective Claisen
Rearrangement of an Allyl Vinyl Ether**

Lars Abraham, Regina Czerwonka, and
Martin Hiersemann*

The [3,3]-sigmatropic rearrangement of an allyl vinyl ether
was described by Claisen for the first time in 1912.' Since
then this rearrangement, which was named after him, has
been developed into one of the most powerful C—C bond
forming methods (Scheme 1).[ There are various approaches
to carry out the Claisen rearrangement and related [3,3]-

R? R?
1 1
Rz o R o
_—
Rsx\) RE
R® R®
Scheme 1. The Claisen rearrangement of an allyl vinyl ether. Which
catalysts are able to catalyze this process diastereo- and enantioselectively ?

sigmatropic rearrangements enantioselectively by using chiral
reagents.> ¥ The only catalytic enantioselective [3,3]-sigma-
tropic rearrangement known to date was described for allyl
imidates.’) Yamamoto et al. used chiral Lewis acids based on
Al for the enantioselective Claisen rearrangement of acyclic,
aliphatic allyl vinyl ethers. However, 1-2 equivalents of the
chiral Lewis acid are required and the range of substrates is
very select.l%]

In our search for a chiral catalyst for the Claisen rearrange-
ment of 2-alkoxycarbonyl-substituted allyl vinyl ethers 1, we
found the combination of Cu(OTf), and a molecular sieve to
be suitable.I”) In an extension of this work, we now report the
use of chiral copper(i) bis(oxazoline) ([Cu"(box)]) com-
plexes as catalysts for the Claisen rearrangement (Scheme 2).

0. 0OR
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11 11
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R " R md 4 Bu
H,0 OH,

3 (R=Phy: [CU{(S,S)-Ph-box}(OTf), 5: [Cu(S, S)-tBu-box}](H,0)2(SbFs),
4 (R= 1Bu) [CU{(S,S)-tBu-box}](OTf),

Scheme 2. General substrate structure and the catalysts used.
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Chiral [Cu"(box)] complexes have proven to be suitable
catalysts for a large number of reactions.> In our inves-
tigations, we employed the commercially available Ph-BOX
and Bu-BOX ligands (Scheme 2). Initially, we investigated
the [Cu"(box)](OTf), catalyzed Claisen rearrangement of
allyl vinyl ethers in which only one center of chirality is
formed during the rearrangement (Scheme 3, Table 1).[' We
could show that the catalyst (S,5)-3 was able to catalyze the

Catalyst

Q CH,5Cly, RT
R“’\\)j\omr . = Z
PN)

Y\/

1a-e

R' 0O R' O
OiPr . Womr
0 o

R -2a-e (S)-2a-e

0 Phy o 0
A ome z opr Pia~NPloier
@)-1f 6 7

Scheme 3. Catalytic enantioselective Claisen rearrangement. Results are
given in Table 1.

Claisen rearrangement of 1-methyl-6,6-dimethyl-substituted
allyl vinyl ether 1a with perfect chemoselectivity and very
good enantioselectivity (Table 1, entries 1-5). A change in
the configuration of the vinyl ether double bond or the
absolute configuration of the catalyst led, as expected, to the
reversal of the absolute configuration of the rearrangement
product 2a (Table 1, entries 1, 2, 5).'1 The catalyzed rear-
rangement was markedly slower with (S,5)-4 as the catalyst
(Table 1, entry 3). The combination of 4-A molecular sieves
and (S,5)-4 showed a satisfactory reactivity and gave the
highest enantiomeric excesses (Table 1, entry 4). Remarkably,
we observed the same absolute configuration in the rear-
rangement product 2a when (S,5)-4 and (R,R)-3 were used
(Table 1, entries 2, 4). This effect was first described for the
catalysis of the hetero-Diels— Alder reaction by [Cu'(box)]
catalysts.['3]

Table 1. Catalytic enantioselective Claisen rearrangements.

In addition to the methyl group, other alkyl and alkenyl
groups are tolerated on C1 of the allyl vinyl ether (Table 1).
The catalyzed rearrangement of the methyl ester (Z)-1f did
not lead to an improvement in the enantioselectivity (Table 1,
entry 14). In the catalyzed rearrangement of the 1-benzyl-
substituted allyl vinyl ether (Z)-1e, (S,5)-4 in combination
with molecular sieves showed the highest enantioselectivity,
however with an unacceptable reaction time of three days
(Table 1, entry 11). Use of the cationic Cu"" complex (S,S)-5
resulted in a drastic reduction in the chemoselectivity;*l in
addition to the Claisen rearrangement product 2e, the [1,3]-
rearrangement product 6, and the a-oxoester 7 were isolated
(Table 1, entry 12). Clearly, the more Lewis-acidic catalyst
(S,5)-5 can cause the dissociation of the allyl vinyl ether (Z)-
1e, which results in the formation of the [1,3]-rearrangement
product and can lead to the hydrolysis of the vinyl ether unit.
Noteworthy is that the addition of molecular sieves in this
case hinders the formation of the a-oxoester 7. The catalysis of
the Claisen rearrangement is also successful on a larger scale:
the rearrangement of 4 mmol of the allyl vinyl ether (Z)-1e
was catalyzed with only 0.5 mol % (R,R)-3 when the reaction
time was increased to 24 h (Table 1, entry 13).

The absolute configuration of the products that results from
the use of (S,5)-4 can be understood on the basis of known
models (Scheme 4):! we assume that the allyl vinyl ether is
coordinated to the Cu'' ion in a bidentate fashion. The
formation of a chelate between the [Cu''(box)] catalyst and
the substrate is generally accepted as the prerequisite for a
high enantioselectivity.”] This chelation should lead to a
relatively rigid, ideally planar arrangement of the box ligand,

2+

\O()O((\O (S.8,Z,Re) topicity
Y- )
QRSN [0 ———= AL
oL 7 ¢

R= Me, Bn; (S)-2a,e

Scheme 4. Model for the stereochemical pathway of the catalyzed Claisen
rearrangement.

Entry Substrate R! Z:E Catalyst t[h] Yield [% ]® R:SPI
1 (Z)-1a methyl 96:4 5mol% (S,5)-3 1 100 91:9
2 (Z)-1a methyl 96:4 Smol% (R,R)-3 1 100 9:91
3 (Z)-1a methyl 96:4 10 mol % (S.S)-4 24 471l 6:94
4 (Z)-1a methyl 96:4 10 mol % (S,S)-41¢! 24 99 6:94
5 (E)-1a methyl 4:96 Smol% (S,5)-3 1 99 9:91
6 (Z2)-1b ethyl 100:0 5mol% (S,5)-3 2 99 92:8
7 (Z)-1c 2-propyl 90:10 5mol% (S,5)-3 24 98 89:11
8 (Z)-1d 2-propenyl 100:0 5mol% (S,5)-3 1 100 93:7
9 (Z2)-1e benzyl 97:3 Smol % (S,5)-3 1 99 88:12

10 (Z)-1e benzyl 97:3 10 mol % (S,5)-4 72 7l -

11 (Z2)-1e benzyl 97:3 10 mol % (S,S)-4!! 72 9411 8:92

12 (Z2)-1e benzyl 97:3 10 mol % (S,9)-5 24 621l 27:73

13 (Z2)-1e benzyl 97:3 0.5 mol % (R,R)-31" 24 100 12:88

14 (2)-1f methyl 100:0 5mol% (S.,5)-3 3 99 90:10

[a] Yield of isolated, analytically pure product after removal of the catalyst by filtration through a column of silica gel (4 x 0.5 cm). Reactions were carried out
with 0.4 mmol substrate. [b] Determined by HPLC: Chiracel OD 14025, hexane::PrOH 99.9:0.1. [c] In a mixture with 52 % substrate. [d] Additionally with
4-A molecular sieves. [e¢] In a mixture with 93 % substrate. [f] In a mixture with 6% substrate. [g] In a mixture with 24 % [1,3]-rearrangement product 6 and

13 % a-oxoester 7. [h] On a 4 mmol scale.
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the Cu" ion, and the vinyl ether unit. For a chair-shaped
conformation of the allyl vinyl ether, the allyl unit would then
approach the vinyl-ether double bond on the side opposite to
the tert-butyl group of the BOX ligand. This direction of
aproach leads to the favored Re attack on the Z-configured
vinyl ether double bond during catalysis with (S,5)-4. Ulti-
mately, this is, an enantiotopos-differentiating reaction in
which the catalyst can distinguish between the two enantio-
topic lone pairs on the oxygen atom of the allyl vinyl ether.

When we used the allyl vinyl ethers (Z)-1g and (Z)-1h,
which are not substituted in the 6-position, we found that
considerably greater concentrations of catalyst and longer
reaction times were necessary, and lower enantioselectivities
were obtained [Eq. (1)]. The diasteroselective construction of

20 mol% (S, S)-3

o
CH,Cl, RT,5d  R®
/VLOiPr
0 OiPr M])Lolpr
;R5

R%=H: (2)-1g

R®=H: 95 %, (R)-29:(S)-2g= 84:16
R®= Me: (2)-1h 2

R®= Me: 79 %, (R)-2h:(S)-2h= 75:25

two neighboring centers of chirality is one of the strengths of
the thermal Claisen rearrangement.”! Therefore, we inves-
tigated the conditions under which the inherent diastereose-
lectivity of the thermal Claisen rearrangement can be
combined with the enantioselectivity of the catalyzed Claisen
rearrangement [Eq. (2)]. Once again, in agreement with our
results with the Cu(OTf),/molecular sieve catalyzed Claisen
rearrangement, the diastereoselectivity of the Claisen rear-
rangement was dependent on the configuration of the allyl
ether double bond (Table 2). Allyl vinyl ethers with a Z-
configured allyl ether double bond rearranged with very good
diastereo- and enantioselectivities (Table 2, entries

/\/\H)LO/Pr M]/ILO/Pr
nPr nPF

5 mol% (S,5)-3

(3S4R)-syn-2|-| (3R,4R)-ant/-2|—|
CH,Cl,, RT
R“'\HLO/Pr4>2 2 @)
nPrWO & o & o
1ie| WOiPr A o
nPr O nPr O
(3R,4S)-syn-2i-l  (35,4S)-anti-2i-1

3-5,7,9,10). The relative configuration of the rearrange-
ment product can be determined by the choice of the
configuration of the vinyl ether double bond (Table 2,
entries 3, 4). The relationship between the configuration of
the double bond in the allyl vinyl ether and the relative
configuration of the rearrangement product is the same in this
case as for the thermal rearrangement (“(Z,Z) to syn” and
“(E,Z) to anti”).2l This observation indicates a chair-shaped
transition state in the catalyzed Claisen rearrangement of the
allyl vinyl ethers 1i—1 which have a Z-configured allyl ether
double bond.

The catalyzed Claisen rearrangement of allyl vinyl ethers
with an E-configured allyl ether double bond is generally not
completely diastereoselective. The extent of the diastereose-
lectivity is dependent on the configuration of the vinyl ether
double bond and on the substituent at C1 (Table 2, en-
tries 1, 2, 6, 8). The preference for the syn diastereomer in the
catalyzed rearrangement of the Z,E-configured 1-isopropyl-
substituted allyl vinyl ether (Z,E)-1k is particularly remark-
able because, on the basis of a chair-type transition state, the
formation of an anti diastereomer is expected (Table 2,
entry 8).[19]

We have presented here the first catalytic enantioselective
Claisen rearrangement. We exploited the potential of chiral,
Lewis-acidic, [Cu''(box)] catalysts and the ability of our
2-alkoxycarbonyl-sustituted allyl vinyl ethers to complex in a
bidentate mode and thus, were able to achieve excellent
chemoselectivities and acceptable enantioselectivities. Our
current work focuses on the improvement of the enantiomeric
excesses and substrate tolerances by variation of the substrate
structure and the catalyst.

Experimental Section

General procedure: A mixture of the ligand (6-22 mol %) and Cu(OTf),
(5-20mol %) in CH,Cl, (2 mL) was stirred in a round-bottomed flask
under argon at room temperature for 1-3h. Subsequently, the corre-
sponding allyl vinyl ether (0.4 mmol) in CH,Cl, (2 mL) was added. After
stirring for a suitable reaction time, the catalyst was removed by filtration
of the reaction solution through a short column of silica gel (4 x 0.5 cm).
The solvent was removed and the residue dried in a high vacuum to give the
rearrangement product, which was generally an analytically pure colorless
oil.

Received: August 8, 2001 [Z17689]

Table 2. Diastereo- and enantioselectivity of the catalyzed Claisen rearrangement.

Entry Substrate R! Conlfig. ¢ [h]t@ Yield [% ]! syn:antill ee [% ]
1 (E,E)-li methyl 1ESE 12 100 86:14 82 (3S4R)
2 (Z,E)1i methyl 1Z,5E 4 100 28:72 72 (3R4R)
3 (E,2)-1i methyl 1E5Z 38 99 3:97 88 (35,45)
4 (Z,2)1i methyl 12,52 38 98 99:1 84 (3R.4S)
5 (Z,2)1i methyl 12,52 128 99 96:4 84 (3R4S)
6 (Z,E)-1j benzyl 1Z5E 6 100 44:56 n.d.lf
7 (Z,2)j benzyl 12,52 48 100 95:5 82 (3RA4S)
8 (Z,E)-1k 2-propyl 1Z5E 7 96!l 85:15 n.d.lf
9 (Z,2)1k 2-propyl 12,57 241h] 97 94:6 n.d.t

10 (Z,2)11 2-propenyl 12,52 24 98 92:8 86 (3RA4S)

[a] Reaction time not optimized. [b] Yield of isolated, analytically pure product after removal of the catalyst by filtration through a column of silica gel (4 x
0.5 cm). Reactions were carried out with 0.4 mmol substrate. [c] Determined from the 'H NMR spectra. [d] Determined by HPLC: Chiracel OD1 14025,
hexane:iPrOH 99.9:0.1. Absolute configuration assigned by assumption of a (S,5,1Z,15i) or (S,S,1E,1Re) topicity of a chair-shaped transition state. The
ee value of the minor diastereomer could not be determined. [e] With 10 mol % catalyst. [f] n.d. =not determined. [g] In a mixture with 4% substrate.

[h] With 7.5 mol % catalyst.
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led, with very high to complete diastereoselectivity, to the diaster-
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