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The Cu(OTf),- and Yb(OTf)s-catalyzed Claisen rearrangement of 2-alkoxycarbonyl-substituted allyl vinyl ethers has been developed. Reactivity
and stereoselectivity strongly depend on the substrate structure.

The development of catalytic enantioselective reactions playsknow, neither Cu(OT§) nor Yb(OTf); has been used suc-
a central role in current research efforts. In this regard, the cessfully to catalyze the Claisen rearrangement of aliphatic
Claisen rearrangement as one of the most powerful syntheticacyclic allyl vinyl ethers. Therefore, we set out to study the
transformations has found only limited attention. Van der potential of Cu(OTf) and of Yb(OTf} in the catalysis of
Baan and BickelhauptNakai? and our research grotipave the Claisen rearrangement of 2-alkoxycarbonyl-substituted
utilized a Pd(lIl)-catalyst to catalyze the Claisen Rearrange- allyl vinyl ethers. The purpose of this Letter is to describe
ment of acyclic allyl vinyl etheré.Very recently, Trost has  our preliminary results concerning the nature of the catalyst
shown that HOFOD can be used to catalyze the rearrangemensystem and the relationship between substrate structure,
of chiral aliphatic allyl vinyl ethers with very high efficiendy.  reactivity, and diastereoselectivity.

Cu(OTfy and Yb(OTf} in combination with the appropri- The 2-alkoxycarbonyl-substituted allyl vinyl etheka—f
ate chiral ligands are useful Lewis acids for a number of were synthesized by the application of our previously
catalytic enantioselective transformatidnés far as we reported methodThe catalyzed Claisen rearrangement was
performed by stirring a solution of an allyl vinyl ether (0.4
(1) van der Baan, J. L.; Bickelhaupt, Fetrahedron Lett1986 27, 6267. mmol) in dry CHCI, (4 mL) at the appropriate temperature
gg Sugiura, a“rfn Nhﬂaé(?;{l;f:lg%g;llful-é%%?’ 697. and in the presence of the catalyst and pulverized activated
(4) For an Al(lll)-catalyzed Claisen rearrangement of an aliphatic allyl 3A molecular sieves (1 g/mmdhWe started our investiga-

vinyl ether, see: Saito, S.; Shimada, K.; YamamotoSkhlett1996, 721. tions with theZ,E-configured a||y| vinyI etherg,E-1aand
(5) Trost, B. M.; Schroeder, G. Ml. Am. Chem. So2000,122, 3785.
(6) (a) Johnson, J. S.; Evans, D. Acc. Chem. Re000,33, 325. (b)
Evans, D. A,; Johnson, J. S. I@omprehensive Asymmetric Catalysis  C.; Wang, L.Tetrahedron: Asymmetr3000,11, 2347. (g) Evans, D. A.;
Jacobsen, E. N., Pfaltz, A., Yamamoto, H., Eds.; Springer: Berlin, Johnson, J.S.; Olhava, EJJAm. Chem. So200Q 122, 1635. (h) Audrain,
Heidelberg, 1999; Vol. Ill, Chapter 33, p 1177. (c) Kobayashi, S. In H.; Thorauge, J.; Hazell, R. G.; Jorgensen, KJAOrg. Chem2000,65,

Lanthanides: Chemistry and Use in Organic Synthesabayashi, S., Ed.; 4487. (i) Evans, D. A,; Tregay, S. W.; Burgey, C. S.; Paras, NJ.AAm.
Springer: Berlin, Heidelberg, 1999; Vol. 2, p 64. (d) Evans, D. A.; Rovis, Chem. Soc2000,122, 7936. (2j) Evans, D. A.; Rovis, T.; Kozlowski, M.
T.; Johnson, J. Lure Appl. Chem1999,71, 1407. (e) Aggarwal, V. K; C.; Downey, C. W.; Tedrow, J. §. Am. Chem. So2000,122, 9134.
Jones, D. E.; Martin-Castro, A. NEur. J. Org. Chem200Q 2939. (f) Qian, (7) Hiersemann, MSynthesi2000, 1279.
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Z,E-1c. We were pleased to find that the presence of 5 mol
% of Cu(OTf) or of Yb(OTf); led to complete transforma-
tion of the allyl vinyl ethers into the:-keto esteraand2c
(Table 1, entries 1, 2, 6, and 7). Unfortunately, the diaste-

Table 1. The Catalyzed Claisen Rearrangement

catalyst
CO,i-Pr 3 A mol sieves Z REO
1 2.
RSN CHClp,24h A
COL-Pr
R!

o}
Rzﬁyr

RE

ZZ1a R'=Bn, R%= n-Pr, RE=H syn-2a

ZE1a R'=Bn, R%= H, RE= n-Pr anti-2a

ZZ1b R'=Bn, R%= CH,OBn, RE=H syn2b

ZE1c R'= i-Pr, R%= H, RE= n-Pr anti-2c

ZZ-1c R'= iPr, R%= n-Pr, RE=H syn-2c

equiv of T yield
entry  substrate? catalyst (°C) (%)® syn-2:anti-2¢

1 ZE-1a(96:4) 0.05Cu(OTf); 25 99 22:71
2  ZE-1a(96:4) 0.05Yb(OTf)z 25 99 34:66
3 Z7Z-1a(97:3) 0.05Cu(OTf), 25 98 93:7
4  Z77-1a(97:3) 0.075Yb(OTf)s 25 99 96:4
5 Z,Z-1b(96:4) 0.1Yb(OTf);  60¢ 97 94:6
6 ZE-1c(92:8) 0.05Cu(OTf), 25 97 55:45
7  ZE-1c(92:8) 0.05Yb(OTf)s 25 95 69:31
8 Z,Z-1c(92:8) 0.05Cu(OTf), 25 99 93:7
9  Z,Z-1c(92:8) 0.075Yb(OTf); 25 99 91:9

aln parenthesesZ/E ratio of the enol ether double bontlisolated
material after filtration through a 4 0.5 cm silica gel columrt: Determined
by 'H NMR spectroscopyd Reaction performed in a sealed tube in
dichloroethane. QOil bath temperature.

reoselectivities of the rearrangements were low and depended

on the catalyst employed. Thanti/syn preference was
inverted by changing Rrom Bn toi-Pr (Table 1, entries 1,

6 and 2, 7). TheZ,Z-configured allyl vinyl etherdl-a,c
surprisingly underwent the catalyzed rearrangement with high
diastereoselectivities to give tisgn-configuredx-keto esters

2a,c(Table 1, entries 3, 4, 5, 8, and 9). In these cases, to entry

obtain complete product formation within the given reaction

time, an increased catalyst loading was necessary. The

variation of the amount of catalyst (from 1.25 mol % up to
10 mol %) did not alter the observed diastereoselectivities.
Halogenated solvents (GHI,, CHCl, CH,CICH,CI) and
benzene were used without a significant change of reactivity
and diastereoselectivity. Polar solvents (THF, DMF, aceto-
nitrile) completely inhibited or decreased the rate of the
catalysis of the rearrangement with Yb(Oif)

(8) General procedure: The allyl vinyl ether (4 mmol) was dissolved
in dry CHCI, (4 mL) under argon. Activated 3A molecular sieves (400

mg) and the catalyst (used as purchased) were added. The reaction mixtur:

was stirred under argon for 24 h at the appropriate temperature. The
molecular sieves were then removed by filtration. The solvent was then

evaporated at reduced pressure. The crude product was then dissolved i ]

heptane/ethyl acetate (1/1) and filtered through a 9.5 cm silica gel

column. The solvent was then removed to afford the product as a colorless

oil. The composition of the product was analyzed Iy and 13C NMR
spectroscopy. Commercially available 3A molecular sieves were activated
by drying for several hours at 25 and at 5x 102 mbar. Prior to use,
they were stored at 20TC.
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Two experiments were performed in order to identify
possible reasons for the low diastereoselectivities of the
rearrangement of thé,E-configured allyl vinyl ethers E-
la,c. To exclude product epimerization, we stirred th&eto
esteranti-2a under the reaction conditions for the catalysis
but observed no epimerizatioB/Z isomerization of the enol
ether double bond prior to the rearrangement could be a
possible reason for the low diastereoselectivities. The enol
etherZ-4 (Figure 2) was stirred in the presence of the catalyst
and molecular sieves, but we observed no enol ether double
bond isomerization. Consequently, the low diastereoselec-
tivities of the rearrangement of tiZgE-configured allyl vinyl
ethers Z,E-1a,chould be a consequence of the rearrange-
ment mechanism.

The Z,Z-configured allyl vinyl etheZ,Z-1b containing a
benzyloxymethyl-substituted allyl ether double bond required
60 °C as reaction temperature and the presence of 10 mol
% of Yb(OTf); for a catalyzed rearrangement (Table 1, entry
5). A control experiment showed no rearrangement in the
absence of the catalyst at 8G; 10 mol % of Yb(OTf} or
of Cu(OTf), did not catalyze the rearrangementA#-1b
at room temperature. Furthermore, Cu(QT¥as inefficient
as the catalyst even at 8C. Only 1.25 mol % of Yb(OTH
or 5 mol % of Cu(OTf) was necessary to catalyze the
rearrangement of the allyl vinyl eth@r1d (Table 2, entries

Table 2. The Catalyzed Claisen Rearrangement

Cu(OTf),
CO,iPr or o)
1 >
RIS YoOTh:
0 CO,i-Pr
CHzclz, 25°C R1
= 3 A mol sieves 2d, R'= Bn
2e, R'= iPr
Z4d, R'=Bn 5
Z1e, R'= i-Pr
ad Rl=pn ~ > COH-Pr
3e, R'= i-Pr R
substrate?  equiv of catalyst  yield (%)P 1:2:3¢
1 Z-1d (97:3)  0.0125 Yb(OTf)3 99 0:97:3
2 Z-1d (97:3)  0.05 Cu(OTf), 99 0:94:6
3 Z-1e (95:5)  0.05 Yb(OTf)s 95 0:80:20
4 Z-1e (95:5) 0.1 Cu(OTf), 78 21:57:22

aln parenthesesZ/E ratio of the enol ether double bontlsolated
material after filtration through a %4 0.5 cm silica gel columrf: Determined
y IH NMR spectroscopy.

1 and 2). A very small amount of the corresponding [1,3]-
rearrangement product could be detected. A significant
amount of the [1,3]-rearrangement product was formed when

%he allyl vinyl etherZ-1ewas treated with 5 mol % of Yb-

(OThH3 ([3,3]:[1,3] = 4:1) (Table 2, entry 3). Employing 5
% of Cu(OTf} as the catalyst for the same substrate
Z-1eled to incomplete product formation (Table 2, entry
4).
Finally, we investigated the reactivity of the allyl vinyl
etherZ-1f. Unfortunately, neither Yb(OT§)nor Cu(OTf)
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was useful as catalysts for the Claisen rearrangement of thi
substrate. Mainly starting materidl1f was isolated after

stirring at 40°C for 96 h in the presence of 10 mol % of R o R
Yb(OTf)s (Scheme 1). At 60C, the noncatalyzed thermal /\E)\H/U\Oi_pr ML, o \Hk/o\mn
-Pr O P
H o ©
anti-2a,c |

Scheme 1 A

P
Ph CO,iPr 0.1 Yb(OTf); o]
\/\( 3 A mol sieves slow
o 40 °C, CH,Cly, 96 h COiPr

/]//\ Ph R R’
# 2 n—Pr\[H/\)\(/O\ML,, n-Pr. H)fy/o\n\_/mn
94 %, 2. Z:11= 22:78 = 5 I~ \H‘(;;O/
Pt Pr
Z,E-1a,c sc-IP

Claisen rearrangement becomes a significant side reaction.

The available experimental data indicate a critical influence M= Cu(l) or Yb(ill
of the substitutent pattern at the allyl ether double bond. The
substitution pattern determines the reactivity in the catalyzed

R1, n-Pr: synclinal

rearrangement, and the double bond configuration is of R R’

pivotal importance for the observed diastereoselectivities. We H ';)/\\\(/O\ML,‘ H H)Q,/ O\KAL,,
propose the following mechanism for the catalyzed Claisen - )QO/ “'I);O
rearrangement in order to explain the different diastereo- P Q sl Q
selectivities which we observed for the catalyzed rearrange- s an

ment of theZ,E- andZ,Z-configured allyl vinyl etherda,c zz1ac ap-Ip

R, n-Pr: antiperiplanar

(Figure 1). We suggest that the Cu(ll) or Yb(lIl) is
coordinated between the ether and the carbonyl oxygen
atom? The ether bond would heterolytically be broken to

fast

generate an ion pair between theketo ester enolate and R!

the corresponding allyl cation. R' o ML . _0_
The rate of C—C-bond formation should then depend on 7\('\”/U\Oi-Pr L H = /M""

the steric hindrance between the substituents at the two n-Pr O n-Pr o/\ o

trigonal carbon atoms which approach each other for the syn-2a.c Pt

C—C-bond formation. Therefore, the formation of thn-
2a,cdiastereomer through thep-IP, which features the R Figure 1. Suggested catalysis mechan!sm. The rearrangement of
andn-Pr substituents in an antiperiplanar arrangement, could fﬁi’&gﬁcﬁ?‘iﬁ Jﬁigﬁzﬂfgmt{ﬁg ;‘K/ rl]u/c aﬂg{%&?gtgﬁﬁﬂfg'my
be faster than the formation of ttenti-2a,c diastereomer '
through thesc-IP (R* and n-Pr synclinal). Thesc-IP and
ap-lP COU|d equi"brate by a eC-bond I’Otation in the a||y|IC Of the rearrangement ﬁ,E_lc (Rl = i_Pr) in Comparison
cation!® Therefore, it might be feasible to explain the low tg the rearrangement & E-1a(R! = Bn). Increasing bulk
diastereoselectivities of the catalyzed rearrangementk of Rt decreases the rate of the-C-bond formation through
la,cby an equilibration of the corresponding allylic cations  sc-|p and facilitates the transition state equilibration which
in the ion pairssc-IP andap-IP.* leads to increased amounts ®fn-2c. The catalyzed rear-
This model of a stepwise rearrangement through an ion rangement of th&,Z-configured allyl vinyl ether&,Z-1ab,c
pair also accounts for the increasgghdiastereoselectivity s realized with high diastereoselectivities through the more

favorableap-IP ion pair.
(9) For the coordination of Cu(ll)-species dsthio acrylates, see ref 5i. ; ; i ; ;
(10) For rates of allyl cation isomerization, see: (a) Schleyer, P. v. R.; The difference in the reactivity of the studied allyl viny!

Su, T. M.; Saunders, M.; Rosenfeld, J. £.Am. Chem. Sod 969,91, ethers can be explained on the basis of the corresponding

5174. (b) Demo, N. C.; Haddon, R. C.; Nowak, E. N.Am. Chem. Soc. jon pair structures (Figure 2). The catalyzed Claisen rear-
1970,92, 6691. (c) Allinger, N. L.; Siefert, J. H. Am. Chem. S0d.975, .
97, 752. rangement of the allyl vinyl ethez,Z-1b would proceed

(11) Assuming a concerted rearrangement, a boatlike transition state for through theZ,Z-1b-IP ion pair. The benzyloxymethyl sub-

the catalyzed Claisen rearrangemenZ-1a,ccould also account for the : g : :

formation of thesyn-2a,adiastereomer. We found that the thermal Claisen stituent presumably deStablllzes the allylic Ca_tlon' Therefore,
rearrangement i,E-1aled to the exclusive formation @nti-2awhereas the rearrangement requires elevated reaction temperatures
ZZ-1aaffordedsyn2a Therefore, we conclude that the thermal rearrange- jn comparison to the rearrangement of the allyl vinyl ethers
ment proceeds exclusively through chairlike transition states. To accept a g .

boatlike transition state for the catalyzed Claisen rearrangementtof Z,Z-1ac. The enhanced reactivity of the allyl vinyl ethédd

la,c, it would be necessary to explain why the presence of Cu(ll) or Yb- is a consequence of a more stable allylic cation in the ion

(Il) opens access to a boatlike transition state at room temperature for the __. ;
rearrangement of,E-1a,c. Further experiments to clarify the mechanism pa|rZ-1d-IP. The Catalyzed rearrangement of the a”yl mel

of the catalyzed Claisen rearrangement are currently underway. etherZ-1eled to significant amounts of [1,3]-rearrangement
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s vinyl etherZ-1f to undergo Claisen rearrangement could be

the consequence of a less stable allylic cation in the ion pair

Bn pt (13l Z-1f-IP.
)§|/o - 33~ Yo _ In conclusion, the Claisen rearrangement of 2-alkoxycar-
HH Yol ML ; )
=TT = P W/;; e bonyl-substituted allyl vn_"nyl ethers may be catalyzed by Cu-
Bno g © g © (OTf)2 and by Yb(OTf} in the presence of 3A molecular
Pt Pt sieves. Reactivity and stereoselectivity strongly depend on
ZZ-1bIP Z-1d-IP, R'=Bn the substrate structure. Optimization of the catalyst concen-
Z1edP, R'= iPr tration is necessary for each individual substrate. We suggest
Bn a stepwise reaction mechanism through an ion pair interme-
S~ ~O__ o] diate to explain the observed reactivity and stereoselectivity.
HO S S . .
= \-o P PhMOFPr Furthgr worl_< is in progress to_study other e_fhmenf[ catalysts
¢ ~ o ~~_O and to investigate the catalytic asymmetric Claisen rear-
Pr rangement.
ZAHIP z4

Figure 2. Suggested ion pair structuréb—f-IP of the catalyzed Acknowledgment. Financial support from the DFG and
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Supporting Information Available: Experimental pro-
cedures, characterization data of compousys2a—cand
2d, and selected copies of NMR spectra. This material is
eavailable free of charge via the Internet at http://pubs.acs.org.

product in comparison to the rearrangement of the allyl vinyl
etherZ-1d. This result can be explained by an increased steric
bulk of thei-Pr group in comparison to the Bn group. That
makes an attack at the less substituted carbon atom of th
allylic cation more favorable. The reluctance of the methallyl OL006760W

52 Org. Lett., Vol. 3, No. 1, 2001



