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Stereo- and regiocontrolled allylic rearrangement reactions
have played a central role in synthetic organic chemistry.1 A
number of the stereoselective rearrangement reactions of allylic
esters to their more stable regioisomers have been reported in
the literature2 including those that utilize various transition
metals as catalysts.3 However, these reactions are usually
carried out under harsh conditions and are often plagued with
low selectivity and/or low yield with the notable exception of
the highly versatile stereospecific palladium(II)-catalyzed rear-
rangement of allylic acetates.4 In the following, we describe
the stereospecific, facile rearrangement reactions of allylic
methoxyacetates under exceptionally mild conditions.
During the course of our investigation on the Mitsunobu

reaction5 of cyclic allylic alcohols, it was found that the (-)-
R-methoxy-R-(trifluoromethyl)phenylacetyl [(-)-MTPA] ester
of optically active 3-deuterio-2-cyclohexen-1-ol6 undergoes
regiochemical scrambling within the same face of the cyclohexyl
ring when kept in CDCl3 at room temperature in the presence
of the shift reagent Eu(fod)3 (see eq 1). It should be noted that

neither the acetate nor the benzoate derivative of this alcohol
showed any scrambling after extended periods of time under
the same conditions. It was further observed that the (-)-MTPA
ester scrambled the regiochemistry fastest (reaction half-life,

t1/2 ) 18 h) in the presence of 0.70 equiv of Eu(fod)3, followed
closely by the methoxyacetate (t1/2 ) 35 h) and then by the
R-methoxyphenylacetate (t1/2 > 20 days). These results seem
to suggest that the phenyl group is a detriment to the rate of
the rearrangement, whereas the CF3 group greatly enhances the
rate. Since this rearrangement does not proceed with the acetate
or the benzoate, it is conceivable that the methoxy group
provides an additional coordination site for the Eu atom of the
catalyst (Vide infra). In view of the ready availability of
methoxyacetic acid and the facility of the rearrangement
reaction, the methoxyacetate derivatives of various allylic
alcohols were prepared and their Eu(fod)3-catalyzed rearrange-
ments examined (see Table 1).
Preparation of the requisite allylic methoxyacetates was best

achieved by the treatment of allylic alcohols with methoxyacetic
acid in the presence of DCC/catalytic DMAP (N,N-dicyclo-
hexylcarbodiimide/4-(dimethylamino)pyridine) in CH2Cl2 at
room temperature, producing the methoxyacetate derivatives of
labile allylic alcohols in excellent yield. Exposure of these esters

† Current address: Glycosyn, Inc., 620 Hutton St., Ste. 104, Raleigh,
NC 27606. Tel/fax: 1-919-836-8655. Email: shull@glycosyn.com.

‡ Tel/fax: 1-313-764-7371. E-mail: koreeda@umich.edu.
(1) (a) Hill, R. K. In ComprehensiVe Organic Synthesis; Trost, B. M.,

Fleming, I., Eds.; Pergamon Press: Oxford, U.K., 1991; Vol. 5, pp 785-
826. (b) Wipf, P. ref 1a; pp. 827-873. (c) Ziegler, F. E. in ref 1a; pp 875-
898.

(2) (a) Goering, H. L.; Myers, R. F.J. Am. Chem. Soc. 1969, 191, 3386.
(b) Goering, H. L.; Linsay, E. C.Ibid. 1969, 91, 7435. (c) Goering, H. L.;
Briody, R. G.; Sandrock, G.Ibid. 1970, 92, 7401. (d) Goering, H. L.; Hopf,
H. Ibid. 1971, 93, 1224. (e) Goering, H. L.; Koermer, G. S.; Linsay, E. C.
Ibid. 1971, 93, 1230. (f) Goering, H. L.; Anderson, R. P.Ibid. 1978, 100,
6469. (g) Overman, L. E.; Campbell, C. B.; Knoll, F. M.J. Am. Chem.
Soc. 1978, 100, 4822.

(3) For a review, see: (a) Lutz, R. P.Chem. ReV. 1984, 84, 205. For
leading references, see: Tungsten-based, (b) Lehmann, J.; Lloyd-Jones, G.
C. Tetrahedron1995, 51, 8863. Cobalt-based, (c) Mukhopadhyay, M.;
Reddy, M. M.; Maikap, G. C.; Iqbal, J.J. Org. Chem. 1995, 60, 2670. For
the rearrangement of allylic alcohols, see: Vanadium-based catalysts, (d)
Matsubara, S.; Takai, K.; Nozaki, H.Tetrahedron Lett. 1983, 24, 3741. (e)
Matsubara, S.; Okazoe, T.; Oshima, K.; Takai, K.; Nozaki, H.Bull. Chem.
Soc. Jpn. 1985, 58, 844. Rhenium-based, (f) Narasaka, K.; Kusama, H.;
Hayashi, Y.Tetrahedron1992, 48, 2059.

(4) For reviews, see: (a) Overman, L. E.Angew. Chem., Int. Ed. Engl.
1984, 23, 579. (b) Hegedus, L. S. InComprehensiVe Organic Synthesis;
Trost, B. M., Fleming, I., Eds.; Pergamon Press: Oxford, U.K., 1991; Vol.
4, pp 551-569. (c) McDaniel, K. F. InComprehensiVe Organometallic
Chemistry II; Abel, E. W., Stone, F. G. A., Wilkinson, G., Eds.; Pergamon
Press: Oxford, U.K., 1995; Vol. 12, pp 601-622. (d) Tsuji, J.Palladium
Reagent and Catalysts: InnoVations in Organic Synthesis;Wiley: Chich-
ester, U.K., 1995; pp 399-404. For leading references, see: (e) Overman,
L. E.; Knoll, F. M. Tetrahedron Lett. 1979, 321. (f) Metz, P.; Mues, C.;
Schoop, A.Tetrahedron1992, 48, 1071. (g) Panek, J. S.; Yang, M.;
Solomon, J. S.J. Org. Chem. 1993, 58, 1003. (h) Clayden, J.; Warren, S.
J. Chem. Soc., Perkin Trans. 11993, 2913.

(5) For reviews, see: (a) Mitsunobu, O.Synthesis1981, 1. (b) Hughes,
D. L. Organic Reactions; Wiley: New York, 1992; Vol. 42, Chapter 2, p
335. (c)Org. Prep. Proced. Int.1996, 28, 127.

(6) Kawasaki, M.; Suzuki, Y.; Terashima, S.Chem. Pharm. Bull. 1985,
33, 52.

Table 1. The Preparation and Eu(fod)3-Catalyzed Rearrangement
of Allylic Methoxyacetatesa

entry
allylic
alcohol

methoxy-
acetate:
yield (%)b

rearranged methoxy-
acetatesb and other
products: yield (%)c

a All Eu(fod)3-catalyzed rearrangement reactions of allylic meth-
oxyacetates were carried out in CHCl3 (8 and22) or CDCl3 (all others)
in the presence of Eu(fod)3 (0.10 equiv) at room temperature, except
for 28 and32 (60 °C). Reaction times are as follows:2 (1.5 h),5 (1
h), 8 (5 h),11 (16 h),14 (2.5 h),17 (48 h),19 (36 h),22 (2 h),25 (8
h), 28 (6 d), 32 (40 h),35 (43 h),39 (3 d). bMAc ) CH3OCH2CO-.
c Yields of isolated chromatographically pure samples.
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to 0.10 equiv of Eu(fod)3, at room temperature with the
exception of esters28 and32 where the reaction temperature
was raised to 60°C, resulted in the rearrangement into the more
stable alkene isomers. The results of the rearrangement of the
methoxyacetates2, 5, 8, and117 (entries a-d) indicate that these
rearrangements proceed in a stereospecific manner. Surpris-
ingly, the rates of rearrangement oftert-butyl group-containing
allylic methoxyacetates5 and11were found to be quite similar
with ester5 having the equatorially fixed methoxyacetate group
rearranging slightly faster (t1/2 ) 9 min) than ester11with the
axially fixed methoxyacetate group (t1/2 ) 29 min). This
observation on similar rates of rearrangement may be rational-
ized in terms of the two Eu(III)-chelated conformersA andB
(see Figure 1) that may closely resemble the conformations of
their corresponding, most favorable transition states for the
Eu(fod)3-catalyzed rearrangement of methoxyacetates5 and11,
respectively. Thus, cis ester5might be able to adopt conformer
A where the atoms involved with the allylic rearrangement adopt
a chair conformation if the cyclohexene ring system assumes a
quasi-boat conformation. In contrast, the rearranging atoms in
conformerB is likely to adopt a boat conformation in order to
avoid the unfavorable interaction between the axial H at C-5
and the ester functionality. Therefore, the bicyclic transition
state structure of bothcis- and trans-5-tert-butyl-1-methyl-2-
cyclohexen-1-yl methoxyacetate should be close to those having
one chair and one boat conformation for the rearranging allylic
ester system and thetert-butyl group-bearing cyclohexene
skeleton, and thus, the observed rates of rearrangement might
be expected to be similar.
Forcis- (17) andtrans-1-phenyl-2-buten-1-yl methoxyacetate

(14) (entries f and e, respectively), the rearrangement was found
to proceed 18 times faster for the trans (t1/2 ) 18 min) than the
cis isomer (t1/2 ) 330 min). This large difference in rates may
be regarded as a manifestation of the relative energies of the
two chairlike transition states which should resemble the
conformationC given in Figure 2 (i.e., R) Me, R′ ) H and R
) H, R′ ) Me for the cis and trans isomers, respectively). Thus,
the difference in the steric energies between the quasi-axial and
quasi-equatorial methyl groups in the chairlike transition states
of the stereospecific concerted process might account for the
observed difference in the rates of the rearrangements. How-
ever, a distinct possibility exists that this doubly activated allylic
and benzylic ester system involves dissociative pathway, and
the rate difference reflects the rate-limiting dissociative process
(see structureD in Figure 2). It is quite conceivable that the
cis isomer (R) Me, R′ ) H in D) requires a higher activation
energy for the dissociation of the Eu-chelated methoxyacetate
group than the trans isomer (R) H, R′ ) Me) does due to the

severe A1,3 strain between the methyl group and the proton at
C-1 in the transition state.
The allylic acetate systems in which Pd(II)-catalyzed rear-

rangements are reported not to proceed effectively include those
containing alkynyl group(s) and those whose proximal alkenyl
carbons are fully substituted.11 In a marked contrast to the
Pd(II)-catalyzed reaction, both of these types of allylic systems
with methoxyacetates undergo facile rearrangements under the
Eu(fod)3-catalysis (see entries g and j12 -l). Interestingly, the
rearrangement of methoxyacetate35afforded the byproduct37
which is likely to have been generated as the result of the two
consecutive rearrangements from35via 36. It should be noted
that the Lewis acidity of Eu(fod)3, albeit its weak potency, could
prove potentially problematic, as exemplified by the attempted
rearrangement of the methoxyacetate of the extremely acid-labile
pulegol (38) (entry m). Interestingly, although only the volatile
diene40 was isolated from the reaction of pulegyl methoxy-
acetate (39), the presence of an intermediate corresponding to
the rearranged product structure in the reaction medium could
be verified when the reaction was monitored by1H NMR
spectroscopy.
The Eu(fod)3-catalyzed rearrangement of allylic methoxy-

acetates described above is extremely efficient and has a number
of distinct advantages over the existing methods. It does not
seem to be subject to steric hindrance, since the metal associates
with the methoxyacetate “tether” and not with the potentially
congested olefin. This notion was further corroborated by the
observation of the characteristic large downfield shifts and
significant line-broadening of both the methyl and the methylene
peaks of the OC(dO)CH2OCH3 group in the1H NMR spectra
of all of the methoxyacetates examined. Therefore, it appears
quite reasonable to assume that the Eu(fod)3 reagent exerts its
catalytic activity for the rearrangement through the chelate
formation with the oxygen atoms of the methoxy and ester
carbonyl groups.13 Unlike Pd(II) catalysts, the present method
with Eu(fod)3 is compatible with the presence of alkynyl group-
(s). Additionally, it may be inferred on the basis of the exper-
iments with various type of esters of 2-cyclohexen-1-ol that the
present method seems selective toR-alkoxyacetates, and thus,
other allylic esters should remain unaffected by exposure to the
reagent. All of these advantages should prove the Eu(fod)3-
catalyzed rearrangement to be an excellent complement to the
existing methods for the rearrangement of allylic esters.
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Figure 1. Postulated conformationsA andB of the Eu(III)-chelated
cis- (5) and trans-5-tert-butyl-1-methyl-2-cyclohexen-1-yl methoxy-
acetates (11), respectively, that lead to their respective favorable
transition states for their Eu(fod)3-catalyzed rearrangements.

Figure 2. Postulated Eu(III)-chelated conformations that lead to the
favorable transitions states for the concerted (C) and dissociative (D)
pathways for the Eu(fod)3-catalyzed rearrangements ofcis- (17; R )
Me, R′ ) H) andtrans-1-phenyl-2-buten-1-yl methoxyacetates (14; R
) H, R′ ) Me).
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