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Chiral allylic alcohols and their derivatives are important presence of 1 mol % COP-OAc at room temperature followed the
intermediates in the synthesis of many biologically active com- order: CHCI, (88%, 17 h)> THF (69%, 16 h)> benzene (43%,
pounds. The most widely used method to prepare 1-alken-3-ols, or16 h) > MeCN (8%, 17 h). With the exception of MeCN, these
their ester derivatives, in high enantiomeric purity is by kinetic reactions providedR)-3a in high enantiopurity (9£94% ee).
resolutiont=3 An alternative enantioselective approach involves
formation of the carboroxygen bond. Transition-metal-catalyzed
allylic substitution has been used to prepare enantioenriched allylic
ethers from the reaction of achiral allylic carbonates with phenox-
ides! or aliphatic alkoxide$,although these products are not readily
converted into the corresponding enantioenriched allylic alcohols.

In this communication, we report the first catalytic asymmetric
synthesis of 3-acyloxy-1-alkenes, products readily transformed to

enantioenriched allylic alcohols.
Recently, we reported that prochir&)allylic trichloroacetimi-
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The scope of the reaction aZ)-allylic trichloroacetimidated

dates can be transformed into chiral allylic trichloroacetamides, and with carboxylic acid® (3 equiv) in the presence of 1 mol % COP-
the corresponding amines, of high enantiopurity by a palladium- OAc, (+)-7, or its enantiomer,=)-7, is summarized in Table 1.

(I1)-catalyzed asymmetric allylic rearrangeménn this reaction,
the catalyst is believed to activate the carbearbonsz-bond for

Imidatela and acetic acid gave acet&a with excellent enantio-
selectivity after 17 h atTC, albeit in low yield (entry 1). However,

attack by the internal nitrogen nucleophile, with the trichloroacet- this reaction occurred at a practical rate at room temperature or at
imidate functional group eventually serving also as a leaving group 38 °C, with higher enantioselectivity (94%) being realized at room

by undergoing carbonoxygen bond cleavage. We report herein
that prochiral £)-allylic trichloroacetimidate&, which only slowly

undergo palladium(ll)-catalyzed allylic imidate rearrangeménts,

react efficiently with carboxylic acids to give chiral allylic est&s
(eq 1). When the palladium(ll) catalyst is COP-OAg-}¢7]7:8 or
its enantiomer,entCOP-OAc [()-7], the 3-acyloxy-1-alkene
products3 are produced in high enantiopurity.
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The reaction of Z)-allylic trichloroacetimidatesl® and acetic
acid to give racemic allylic acetat& (R? = Me) is catalyzed by
palladium(ll) acetate4) at room temperature [5 mol % catalyst
CH,CIy/HOACc (2:1 viv; 1 M)]%in the absence of Pd(OAg)the
formation of allylic acetates3 is not observed under these
conditions. The transformation of prochiral trichloroacetimidede
to enantioenriched acetada (R = n-Pr) was examined using 1
mol % of a variety of chiral palladium(ll) complexes (GEl,, 1.5

M, room temperature, 3 equiv of glacial acetic acid). Of the 12

catalysts screened, compleXes? proved to be the most effective.
Cyclopalladated cataly§'! displayed excellent reactivity (100%
conversion after 16 h); however, acet@a was formed in low
enantiopurity £3% ee). Bisoxazoline comples¢? exhibited lower
reactivity (38% conversion after 16 h) and slightly improved

enantioselectivity (12% ee). By far, the best catalyst was COP-

OAc [(+)-7], which provided R)-allylic acetate3a in 88% yield

and 94% ee. Solvent had a marked influence on catalytic efficiency.

Reactions of allylic imidatela with 3.0 equiv of HOAc in the

T Current address: Technische UniveisiMiinchen, Lichtenbergstrasse 4,
85747 Garching, Germany.
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temperature (entries-24). At room temperature, reactions of imi-
datela with other aliphatic or aromatic carboxylic acids provided
the corresponding allylic esteBg—| in 91-99% ee and good yield
(60—98%)3 (entries 5-11). The reaction of substratiéb (R! =

i-Bu) with acetic acid also took place in high yield and with high
enantioselection (entry 12). The presence of heteroatom substituents
in the allylic imidate was well tolerated. Trichloroacetimiddte
containing a free hydroxyl group gave acetatan high yield and
enantioselectivity (97% ee) (entry 13), as did substrates containing
ester, ether, or silyl ether functional groups (entries-1%).

Several additional observations merit note. The reactions reported
in Table 1 were remarkably clean, taking place without the
formation of any significant byproduct4 Of primary importance,
the corresponding or E prochiral primary allylic esters were not
seen by'H NMR analysis of crude reaction mixtures; f8a,
capillary gas chromatography indicated the branched-to-linear ratio
to be extremely high (800:2}:16The reaction was slowed markedly
when R was branched [R= cyclohexyl, 45% yield and 90% ee
after 48 h in the presence of 2 mol %-)-7]; in this case, the
branched-to-linear ratio was 92:8. Primary allylic trichloroacetimi-
dates containing a second alkyl substituent at C3 did not provide
the corresponding enantioenriched tertiary allylic esters, forming
instead mixtures of primary and racemic branched tertiary allylic
esters. The use of sodium acetate or ammonium acetate instead of
acetic acid resulted in no product formation. Reaction of Ehe
stereoisomer of trichloroacetimidatea with acetic acid in the
presence of 5 mol % COP-OAcH{-7] provided §-3a in low
yield and enantioselectivity (42%, 54% ee).

A plausible mechanism for the catalytic nucleophilic displace-
ment reaction reported herein is shown in Scheme 1. Reversible
coordination of COP-OACc to the imidate nitrogen produces complex
9, which after loss of an acetate ligand, activates the prochiral olefin
for attack by the external carboxylic acid nucleophile to give

10.1021/ja0425583 CCC: $30.25 © 2005 American Chemical Society
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Table 1. Enantioselective Formation of Allylic Esters 3 from (2)-Allylic Trichloroacetimidates 1 and Carboxylic Acids 22

entry R (1) R?(2) catalyst time [h] temp [°C] 3 yield [%]° ee [%]° (config)
1 n-Pr (1a) Me (2a) (+)-7 17 0 3a 1 96 (R)®

2 la 2a (+)-7 17 23 3a 88 94 R)®

3 la 2a (+)-7 17 38 3a 94 87 R)®

4f la 2a (-)-7 20 23 ent3a 91 94 )¢
59 la CHyPh 2b) (+)-7 20 23 39 90 9

6 la i-Pr (2¢) (+)-7 21 23 3h 89 92

79 la Ph @2d) (+)-7 16 23 3i 98 94 R)

g la Ph @2d) (—)-7 18 23 ent3i 100 >99 (9
99 la CeHa(p-NO2) (2¢) (+)-7 26 23 3j 60 94

100 la CesHa(0-MeO) (2f) (+)-7 10 23 3k 92 >99

119 la 2-naphthyl 2g) (+)-7 17 23 3l 87 9@

12 i-Bu (1b) 2a (+)-7 14 23 3b 96 93

13 CHOH (10 2a (+)-7 17 23 3c 92 97 B)K
14 CHOAC (1d) 2a (+)-7 8 23 3d 90 >99 (9K
15 CHOPMB (1¢ 2a (+)-7 16 23 3e 93 >99 (9
16 (CH,)s0TBS (1f) 2a (+)-7 17 23 3f 98 93 R)
17 1f 2d (—)-7 20 23 ent3m 93 >99" (9°

aConditions: 0.15 mmol of, 1 mol %7, 0.45 mmol of2, CH,Cl, (1.5 M). P Yield of pure product after column chromatographetermined by GC
analysis unless otherwise indicatéd.he remainder of the mass waa. © Absolute configuration by the Mosher method (ref Z0)ith 4.1 mmol ofla,
1 mol %7, 13.5 mmol of2a, CH,Cl, (0.5 M). 9 At 0.5 M. " Determined by HPLC analysisAbsolute configuration by optical rotation (ref 2¢&)With 0.6
mmol of 1a, 1 mol %7, 1.8 mmol of2d, CHCl, (0.2 M). kK Absolute configuration by synthesis fror8){3-butene-1,2-diol' Absolute configuration by
optical rotation (ref 1c).

Scheme 1. Mechanism (lllustrated for Catalysis by (+)-COP-OAc) Tetrahedron Lett1998 39, 4071-4074. (e) Takagi, Y.; Teramoto, J.;
N Kihara, H.; Itoh, T.; Tsukube, Hletrahedron Lett1996 37, 4991-4992.
) B (f) Takahata, H.; Uchida, Y.; Momose, Tetrahedron Lett1992 33,
AcO—Pd-C “OAc N'\ 3331-3332. This procedure is optimal when coupled with in situ
0] . 9 HN—---pd Cc racemization; for a recent example and leading references, see: (g) Choi,
A NH ohC T J. H.; Choi, Y. K.; Kim, Y. K.; Park, E. S.; Kim, E. J.; Kim, M.-J.; Park,
R® O CISC—< _/=\ 3 _< _/':\ J.J. Org. Chem2004 69, 1972-1977.
: e} R' < e} R! (2) Using chemical catalysts, see inter alia: (a) Johnson, R. A.; Sharpless,
R2COOH K. B. In Catalytic Asymmetric Synthesnd ed.; Ojima, ., Ed.; Wiley-
W

—

2 VCH: New York, 2000; Chapter 6A. (b) Fischer, C.; Defieber, C.; Suzuki,
T.; Carreira, E. MJ. Am. Chem. So@004 126, 1628-1629. (c) Martn,

V. S.; Ode, J. M.; Paldzg J. M.; Soler, M. ATetrahedron: Asymmetry
oke—< N\ Hoac  H N 1992 3, 573-580.

QCORZ N"Pd ¢ (3) For other representative methods, see: (a) Boyall, D.; Lopez, F.; Sasaki,
Ao OCOR? H.; Frantz, D.; Carreira, E. MOrg. Lett.200Q 2, 4233-4236. (b) Corey,
{5\ 4 R Cl;C 4)_\ E. J.; Guzman-Perez, A.; Lazerwith, S.EAm. Chem. S0od.997 119

~

11769-11776. (c) RajanBabu, T. V.; Nugent, W. . Am. Chem. Soc.
1994 116, 986—-997. (d) Busche-Hunefeld, J. L.; Seebach, Detrahe-
12 )]\ dron 1992 48, 5719-5730. (e) Oppolzer, W.; Radinov, R. Netrahedron
Cl,C™ 'NHp Lett. 1988 29, 5645-5648.
(4) (a) Lopez, F.; Ohmura, T.; Hartwig, J. B. Am. Chem. So@003 125,
palladacyclic intermediatél. Deoxypalladation of this intermediate gﬁ%@g&g?ﬁ%%ﬁf&%g%) Trsrggt’HB.CM‘.;TTo(féfe’ﬁ:'. . ‘)\",;; gﬂgm:

produces compleX2 and ultimately the 3-acyloxy-1-alkene and goc.iggg 11221d %5145841%54- (d) Trost, B. M.; Toste, F. 0. Am. Chem.
: H OC. .

2,2 2-trichloroacetamid. _ _ _ o (5) (a) Shu, C.; Hartwig, J. Angew. Chemint. Ed.2004 43, 4794-4797.
In summary, the first catalytic asymmetric allylic esterification (b) Jiang, L.; Burke, S. DOrg. Lett.2002 4, 3411-3414. (c) Trost, B.

reaction is described. This reaction proceeds with predictable high RAZ'%'(\)ASCEaChem' E.J.; Toste, F. D. Am. Chem. 508998 120, 12702~

stereoinductiont® is accomplished at room temperature using low  (6) (a) Kirsch, S. F.; Overman, L. E.; Watson, M. Org. Chem2004 69,

catalyst loadings, and likely proceeds by a novel mechanism. The %gﬁgﬂigﬁgdersonl C.E.; Overman, L.EAm. Chem. S02003

use of trichloroacetimidates as leaving grodpis particularly (7) (a) Stevens, A. M.; Richards, C. @rganometallics1999 18, 1346~

convenient as these intermediates can be prepared in high yield by ~ 1348. (b) Anderson, C. E.; Kirsch, S. F.; Overman, L. E.; Richards, C. J.;

. . . . Watson, M. POrganic Synthesjssubmitted.
simple base-catalyzed condensation of allylic alcohols and trichlo-  (g) cop-OAc can be generated from COP&ly reaction in CHCI, at room

roacetonitrile? We anticipate additional applications of this concept teTper%gg V(\_L,Ilth 25 e-ﬁlﬂ}l c%f Ag%kdc._ fﬁllgwed by Ifigfaﬂ%'lglafgl{%h frilica
for catalytic asymmetric carbercarbon and carbonheteroatom ?;_' g){d R)_éo|ljs_ S"A"ﬂ ‘;’,‘V”Fsg%? be ani,abfemc'gﬁqmg-mﬂa”y, ); bo
bond formations. (9) Numata, M.; Sugimoto, M.; Koike, K.; Ogawa, Tarbohydr. Res1987,
163 209-225.
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Supporting Inf(?rmatlon Available: Representative experlmental' (13) Low solubility of 2e in CHyClI, is likely responsible for the moderate
procedures, copies of HPLC and GC traces used to determine yield in forming 3j (entry 9).

i i i (14) In the presence of water0.01% v/v), £)-hex-2-enyl trichloroacetate
enantlopurlty, copies ofH NMR spectra a?d GCltraces of cruda, was identified as a minor byproductg + 2a — 3a). This byproduct
and copies ofH NMR spectra ofla—f, and*H and**C NMR of 3a— was not formed when commercial glacial acetic acid (contaiB1%
m. This material is available free of charge via the Internet at http:/ acetic anhydride) was used.

(15) The limits of detection by this method are approximately 1000:1.
(16) With HOAc concentrations in Ci&l, >4.5 M, the branched:unbranched
ratio decreases markedly.
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