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Abstract: An enantioselective synthesis of allylic esters has been achieved by a novel asymmetric alkylation
of allylic gemdicarboxylates. The catalyst derived from palladium(0) & 1,2-di(2-diphenylphosphino-
benzamido)cyclohexene efficiently induced the alkylation process with a variety of nucleophiles to provide
allylic esters as products in good yield. High regio- and enantioselectivities were observed in the alkylation
with most nucleophiles derived from malonate, whereas a modest level of ee’s was obtained in the reactions
with less reactive nucleophiles such as bis(phenylsulfonyl)ethane. In the latter case, a slow addition procedure
proved effective, leading to significantly improved ee’s. The utility of the alkylation products was demonstrated
by several synthetically useful transformations including allylic isomerizations, allylic alkylations, and Claisen
rearrangements. Using these reactions, the chirality of the initial allylic cardsgrgen bond could be transferred

to new carboroxygen, carborrcarbon, or carbonnitrogen bonds in a predictable fashion with high
stereochemical fidelity. The conversion gémdiesters to chiral esters by the substitution reaction is the
equivalent of an asymmetric carbonyl addition by stabilized nucleophiles. In conjunction with the subsequent
reactions that occur with high stereospecificity, allyjemdicarboxylates serve as synthons for a double
allylic transformation.

Introduction transformation in asymmetric synthesis. In particular, catalytic

. . ) . o methods for performing such transformations would be a more
Allylic esters are exceptionally versatile synthetic building yeasirable solution for accessing allylic systems.

blocks in organic chemistry. This feature originates from the A jassical approach to the construction of chiral allylic
steric and electronic properties of the allylic setting which allows systems involves an enzymatior chemical resolution of

for easy introduction of a new bond and provides strong r3cemic allylic alcohols. Although these methods have found a
diastereofacial guidance to the addition reactions of the adjacent, ,mper of applications, they suffer from the limitation of a 50%

alkene.".l'hus, allylic esters are useful'in a varigty of regctions theoretical yield. A recent deracemization strategy using a Pd-
exemplified by metal-catalyzed allylic alkylatiohsallylic catalyzed asymmetri©-alkylation reaction is free of this

t_rans‘?ositio_né Claisen rearrangemeritscycloaddition reac- jimitation at least for symmetrically substituted allylic systens.
tions;" epoxidations, and dihydroxylationS. These processes  The more widely adopted strategies utilize carbonyl addition
generally proceed Wlth'hlgh stergoqhemlcal f|deI.|ty, thereby oactions such as the asymmetric reducfiar alkylation of
transferring or propagating the chirality of the allylic center to g nsaturated systems. In particular, the asymmetric addition
other location(s) within the molecule. Therefore, the enantio- o gialkylzinc provides more synthetic flexibility as the allylic
selective preparation of allylic esters constitutes an important stereogenic center is created through an alkylation prddess.
(1) () Yamamoto, YAngew. Chem., Int. Ed. Engl986 25, 508. (b) However, this process is critically dependent on the nature of
Lipshutz, B.Synthesi’sl987, 325. () T'r’ost,'B. M Verhoevén, T.R.In the nucleophile and, thus far, not feasible with stabilized
Comprehensgie Organometallic ChemistryVilkinson, G.; Stone, F. G. A,; nucleophiles. A simple nucleophilic additiondg3-unsaturated

Abel, E. W., Eds.; Pergamon Press: Oxford, 1982; Vol. 8, Chapter 57, p i i i
713. (d) Godleski, S. A. IrComprehensie Organic SynthesisTrost, B. aldehydes which would create such an allylic system is

M., Fleming, I., Eds.; Pergamon Press: New York, 1991; Vol. 4, Chapter complicated by various issues of selectivity. In addition to

3.3. (7) For reviews, see: (a) Faber, Riotransformations in Organic
(2) Overman, L. EAngew. Chem., Int. Ed. Engl984 23, 579. Chemistry 3rd ed.; Springer-Verlag: Berlin, 1997. (b) Wong, C. H;
(3) For reviews of the Claisen rearrangement, see: (a) Ito, H.; Taguchi, Whitesides, G. MEnzymes in Synthetic Organic ChemistRergamon:

T. Chem. Soc. Re 1999 28, 43. (b) Gajewski, J. Acc. Chem. Re4997, Oxford, 1994; pp 41130. (c) Schmid, R. D.; Verger, RAngew Chem,

30, 219. (c) Wipf, P. InComprehensie Organic SynthesisTrost, B. M., Int. Ed. 1998 37, 1608. (d) Theil, FChem Rev. 1995 95, 2203.

Fleming, I., Paquette, L. A., Eds.; Pergamon Press: Oxford, 1991; Vol. 5,  (8) Martin, V. S.; Woodard, S. S.; Katsuki, T.; Yamada, Y.; lkeda, M.;

Chapter 7.2, pp 827874. (d) Ziegler, F. EChem. Re. 1988 88, 1423. Sharpless, K. BJ. Am. Chem. S0d.981, 103 6237.

(e) Rhoads, S. Drg. React1975 22, 1. (9) Trost, B. M.; Organ, M. GJ. Am. Chem. S0d.994 116, 10320.

(4) (a) Roush, W. RAdv. Cycloaddit.199Q 2, 91. (b) Carruthers, W. (10) Corey, E. J.; Heldal, ®Angew Chem, Int. Ed. 1998 37, 1987 and

Cycloaddition Reactions in Organic Synthestergamon Press: Oxford, references therein.

1990. (c) Helquist, P. i€omprehensie Organic Synthesigrost, B. M., (11) (a) Oguni, N.; Omi, T.; Yamamoto, Y.; Nakamura, @hem. Lett.

Fleming, I., Semmelhack, M. F., Eds.; Pergamon Press: Oxford, 1991; Vol. 1983 841. Oguni, N.; Omi, TTetrahedron Lett1984 25, 2823. Oguni,

4, Chapter 4.6. N.; Matsuda, Y.; Kaneko, TI. Am. Chem. So&988 110, 7877. (b) Noyori,
(5) Rossiter, B. E. InAsymmetric SynthesisMorrison, J. D., Ed.; R.; Suga, S.; Kawai, K.; Okada, S.; Kitamura, M.; Oguni, N.; Hayashi, M.;

Academic Press: Orlando, FL, 1985; Vol. 5, p 193. Kaneko, T.; Matsuda, YJ. Organomet. Cheni99Q 382 19. For reviews,
(6) For reviews, see: (a) Cha, J. K.; Kim, N.-Shem. Re. 1995 95, see: (c) Soai, K.; Niwa, SChem Rev. 1992 92, 833. (d) Dreisbach, C.;

1761. (b) Kolb, H. C.; Van Nieuwenhze, M. S.; Sharpless, KOBem. Wischnewski, G.; Kragl, U.; Wandrey, Q. Chem Soc, Perkin Tans 1

Rev. 1994 94, 2483. 1995 875.
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differentiation of the two prochiral faces of the carbonyl group, hydride as the base, and THF as the solvent. Thus, employing
stabilized nucleophiles are prone to undergo a conjugate additionthese conditions, diacetadevas reacted at 0C in THF in the
due to the reversibility and unfavorable equilibrium of a carbonyl presence of 1 mol %-allylpalladium chloride §) and 3 mol
addition. For these reasons, chiral induction by the carbonyl % R,R¥igand7. The nucleophiles were generated from a mixture
addition of a stabilized nucleophile has not been developed, in of 2.0-2.5 equiv of pronucleophile5] and 1.5-2.0 equiv of
contrast to the well-documented examples utilizing unstabilized sodium hydride. As summarized in Table 1, the alkylations of
nucleophiles. 4 with a variety of nucleophiles furnished allylic est@ss a

An alternative strategy to the carbonyl addition evolves from single regioisomer in good yields with high ee’s. All of the
the recognition of a carbonyl group as the sum of twe@ alkylation products were stable, easily handled, and readily
bonds!? In this approach, the problem of differentiating the two purified by simple chromatography. The ee was determined by
enantiotopicsr-faces of a carbonyl group becomes that of chiral shift studies on the corresponding desilylated alcofiols
asymmetric substitution of either of the enantiotopie@bonds or chiral HPLC analysis. It is worthy of note that the alkyne,
of the acetal. While this concept has proved successful in the acetal, carbamate, cyano, and phenylsulfonyl functionalities did
chiral auxiliary-based approaches, such a transformation can alsaot interfere with the asymmetric process (entries8% By
be performed in a catalytic fashion by the asymmetric allylic contrast, attempts to use w@irt-butyl methylmalonate as the
alkylation (AAA) usinggemdicarboxylate® (egs 1 and 2). In nucleophile failed to produce the alkylation product but rather

resulted in the recovery of unreact#dnder various conditions.

s Pro9) /\/“;H Interestingly, strong dependence of the ee on the alkylation
| Q f e @ procedure was noted (entry 8). The initial result of the alkylation
" =0 = /\/955 , * with sulfone derivativesh was disappointing as only 80% ee
. 7 . OER Fao). & 9%- was obtained under the standard conditions. On the other hand,
fe Q Pro-) H/\V(;Nu @ performing the same reaction using a slow addition procedure

significantly improved the ee to 92%.

The results of the alkylation with the sulfone derivative led
the Pd-catalyzed alkylation with malonate esters, the readily Us to examine the reactions 8t with other substrates. Methyl-
available acylals serve as an “activated form” of a carbonyl and phenyl-substitutegemdiacetated0and11were subjected
group for stabilized nucleophiles, giving rise to allylic ester ~ to alkylation with 5h under the standard conditions (eq 4).
as the product in high €€:14The chemoselectivity issue of the

carbonyl versus Michael additions now becomes a question of Ac SO ,Ph asineq3
regiocontrol in the nucleophilic addition to theallyl inter- RINNone + 0 HG —_—
mediate. Thus, the Pd-catalyzed allylic substitutiongeh: SO
dicarboxylates represents a novel method for the asymmetric 10 R=CHs 5h
synthesis of allylic esters in which chiral induction in the R=Ph
carbonyl addition of a stabilized nucleophile is achieved. Herein, Ac
we report our investigation on the scope and limitation of the AN CHs )
alkylation process and the synthetic utility of the alkylation PhO,S SO
products. 12 R =CHy

13 R=Ph
Results

Asymmetric Alkylation. Testing the efficacy of various ~Although both substrates providd@ and13 as single regioi-
nucleophiles began with the reactions of the straight-chain SOMers in 52% (99% based upon recovered starting material,
derivative @), which had also been used as a model substrate brsm) and 90% yields, respectively, chiral shift studies on the

in the previous study (eq 3). As established in our initial alkylation products revealed modest ee’s of 67% f@rand
85% for 13. Considering the excellent level of ee’s that these

(1P-C3HPACI), (6) substrates afforded in alkylations wila and5b, these results
OAc NaH, THF, 0 °C seemed rather suprising. In particular, the ee of phenyl derivative
TBDPSO\/\)\OAC + NuH 13 appeared even more puzzling since the alkylationlbf
4 5 o Q o invariably exhibited ee’s greater than 95% regardless of the
NH H nucleophile'®4 The factors affecting the ee in this case were

probed by using different sets of conditions. In the standard

PPhe - Phd procedure, the nucleophile was generated at@%nd added
Rov\j\“ to the mixture containing the substrate and catalyst &C0
SNy @) However, this procedure resulted in immediate precipitation of
8 R = TBDPS the nucleophile from the reaction mixture. Although increasing
9R=H

the solubility of the nucleophile by using tetraalkylammonium
as the counterion or DBU as the base led to a homogeneous
reaction, these modifications resulted in even slower reactions
and large deterioration in ee. It was hoped at this point that a
(12) For use of chiral acetals as chiral auxiliaries, see: Johnson, W. S.; homogeneous reaction still employing sodium as counterion
Harbert, C. A.; Stipanovic, R. [3. Am. Chem. Sod968§ 90, 5279. Johnson,  would give an efficient alkylation. Thus, after the nucleophile

W. S.; Ratcliffe, B. E.; Stipanovic, R. . Am. Chem. Sod976 98, 6188. : - : : .
For leading references, see: Sammakia, T.; Smith, B. Sm. Chem. Soc. was generated, the alkylation was immediately carried out using

1992 114, 10998. Ishihara, K.; Hanaki, N.; Yamamoto, 8.Am. Chem. a slow addition procedure, thereby taking advantage of the
Soc.1993 115 10695. For a review, see: Alexakis, A.; Mangeney, P.  kinetic solubility that keeps the reaction mixture homogeneous.
Tetrahedron Asymmetry199Q 1, 477.

(13) Trost, B. M.; Lee, C. B.; Weiss, J. M. Am. Chem. Sod. 995 (14) See the preceding paper: Trost, B. M.; Lee, CJBAmM. Chem.
117, 7247. So0c.2001 123,3671-3686.

studies, the best set of conditions emplogedidiacetate rather
than dipropionate or diisobutyrate as the substrate, sodium
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Table 1. Alkylations of 4 with Various Nucleophiles

J. Am. Chem. Soc., Vol. 123, No. 16, 28889

Entry Nucleophile Time (h) Product % Yield® % ee
COLH; Ac
Ha TBDPS! N CHa
1° COLH, 2 HacOsd COCHy 85 91¢
S5a 8a 87f 93f
COCH, Ac
/—< TBDPS! . on
¢ PR COLHs 3 H,00a& 00 LHs 98 90°
5b b
COBn Ac
Heo— TBDPSO. - A_CHa
3 co8n 5 arond o8 76 87°
Sc 8¢
COLHs Ac
TBDPS x ~
4 2 6 H,00sE 0O L 86 91°
5d 8d
COLH, Ac
MOMO— TBDPSO_ 0._OCHa
5 COLH; 4 HiCO:C COLCHs 9 93
Se Se
COLCHs QAc
TroeNH— TBDPSO,_ A -~ NHTroc
6 coLHs 6 H400,C" CO,CH, 92 8ot
st ent-8f
CN Ac
/—< TBDPS x o
7 Ph CN 1.5 ned N 80 90°
S5g 8g
SOzPh Ac
Ha TBDPS N CHs
8 S0zPh 6 PhO,$ SO,Ph 587 (80" godf
5h 8h 88 80?

a All reactions were carried out with 1% and 3%7 in THF (0.2-0.5 M) at 0°C unless otherwise noteblisolated yields¢ Reference 14, the
preceding papef. Determined by chiral shift studies on the corresponding desilylated al&@hsing ¢)-Eu(hfck in CDCls. € Determined by
chiral HPLC using Chiralel OD or Chiralpak AD column with a 2-propanol-heptane mixture as el@oi addition procedure was applied.
9 Reaction performed wit!$,Sligand, ent7. " Based upon the recovered starting material.

Indeed, this procedure increased the ee to 95%, albeit with aderivativel8was obtained in 83% yield with 85% ee from the
moderate isolated yield of 54% mainly due to lower conversion reaction of15. It is of interest to note that no alkylation occurred

(80% brsm).

A cyclic nucleophile such as Meldrum’s acid derivativé
was also tested for the alkylation (eq 5). The alkylation of the

(0]
OAc
R/\)\O Ac +
o~ 0

14 R = CH(Chp)
15R=TMS

4 R=CH,OTBDPS

asineq3

S

AcO

Y

R x5
(o o}

17 R = CH(CH),

18R =TMS

19 R = CH,OTBDPS

isopropyl-substituted substralel, which gave 95% ee in the
reaction with dimethyl methylmalonatBd), provided17in 58%
yield with a somewhat decreased 90% ee. Similarly, TMS ed®

when15was subjected to the reaction wibla in our previous
studies. The generally lower enantioselectivities usibgas
nucleophile are typified by the alkylation dfthat gavel9 in
86% vyield with a much lower ee of 56%. This result, in
particular, provides a striking contrast to those obtained with a
variety of acyclic nucleophile§, in which a high level of ee
(87—93%) was uniformly observed (see Table 1).

While the ee was easily determined by chiral shift studies
on these alkylation products, derivatization @7 to O-
methylmandelat@1 was carried out for further analysis (Scheme
1). The two-step sequence involving LAH reduction and
esterification provided tri®-methylmandelat@1 uneventfully.

The signals from the two vinyl protons and the quaternary
methyl group of the R)- and §-mandelates were completely
resolved in the'H NMR spectrum, and integration of those
signals confirmed the measurement of 90% ee as determined
by chiral shift studies. Furthermore, the pattern of their chemi-
cal shifts was in full agreement with the reported trend
and thus established the absolute stereochemistry as depict-



3690 J. Am. Chem. Soc., Vol. 123, No. 16, 2001 Trost and Lee

Scheme 1.Determination of Enantioselectivity and Absolute Configuration

H . R fo)
LAH, ether e O-methylmandelic acid s Ph
17 R=" 7
72% DCC, DMAP, CH,Cl, H OCH
HO OH 255G, 3h,99% RO OR 3
20 2

Scheme 2. Palladium-Catalyzed Allylic Transposition @2

QAc QAc
A 5% Pd(CHCN),Cl, N K,CQ3, MeOH
HLO,C COCH, PhCH, 110°C, 6 h HL£OL COCH;  gg2% in two steps
22 (90% e¢) 23 (91:9)

o]
i . Ph
OH (8)-O-Methylmandelic acid 0
N CH,O A~
DMF, (COCl),
HALO,C CO,CHy CH4CN, 0 °C, 95% HaCOC CO,CH4
24 25 (90%de, 100% ct)

Scheme 3. Palladium-Catalyzed Allylic Transposition and Derivatization to Mandelates

AC AC H
R R 5% PAd(CHZCN),Cb R R KoCOs, CHZ0H RVV\/?(R'
HyCOC COCHa  pciy, 110°C, 12 H3CO,C CO,CH3 H3CO,C CO,CHy

26 R=CyHs, R'=CHy 27 R=C;Hs, R'=CHjy 29 R =CyHs, R'=CHj
8b R=0TBDPS, R'=Bn 28 R=OTBOPS, R' = Bn TBAF C 30 R=0TBDPS, R'=Bn
31 R=0OH,R =Bn

(9]

Ph_-COH o)
ks Ph\.)Lo Ph\)LO

CH36 = H
CH3;0 % CH30 (k%?(\l’h
H3CO,C CO,CH3 RO H3CO,C CO,CHZ3

3or R = (RA-O-methylmandelyl
DMF, (COCI), 33
2,3 Pyr., CH,CN 0 °C
0 (o]
Ph o o
CH;0 = CH3O ('\/Xph
Py oo HCO,¢ CO,CH, RO HsCO,E CO,CH,

CH30 R = (S)-O-methylmandelyl
32s 33s

Allylic Transposition. With the alkylation products in hand,  ct) and the £ configuration of the allylic center indicated that
their allylic isomerization reactions were next investigated. The the transposition reaction proceeded in a highly stereospecific
equilibration reaction of allylic aceta®? was performed using  manner with conformity to suprafacial topology.
PACL(CH:CN), as catalyst (Scheme #).Toluene proved to Following the same protocol, thepropyl substitute@6 and
be the most efficient solvent as reactions in other solvents SUChTBDPS derivative8b were Subjected to the transpostion reaction
as benzene and THF required longer reaction times and failed(Scheme 3). The reaction @b (92% ee) led to the formation
to achieve complete equilibrium. Thus, treatmen22f(90% of an 11:89 isomeric mixture of allylic acetat€$ and 27.
ee) with 5% catalyst in refluxing toluenerfé h generated an  Cleavage of the acetyl group by treatment with methanolic
inseparable mixture d¥2 and23in a 9:91 ratio. As monitored potassium carbonate provided allylic alcol28lin 87% yield
by GC, the ratio of the transposed acet28aapidly increased  for two steps. On the other hand, isomerization of allylic acetate
and slowly reached a constant value, at which point the reactiongy, (90% ee) under the same palladium catalysis conditions went
was stopped. Separation was readily accomplished by hydrolysisto completion. No starting material remained after 12 h reflux
Of the miXture to affOI’d a"y“C aICOh024 in 86% y|e|d, Wh||e in toluene, and 0n|y the transposed acefz8avas |So|ated in
starting acetat22 was degraded to crotonaldehyde and dimethyl gsoy, yield. Hydrolysis of the acetyl group followed by removal
methylmalonate §a) by a retro-aldol process. Converting of the silyl group with TBAF afforded dioB1 in 83% yield.
alcohol 24 into O-methylmandelate estét5 provided unam-  For analysis of the stereochemical outcome, alc@8and diol
biguous determination of the ee and the absolute configuration.31 were converted to bothRj- and ©-O-methylmandelate
Both the ee of 90% (corresponding to 100% chirality transfer, esters in good yield? Determination of the de’s of the esters

- - - — ~ by 'H NMR and chiral HPLC analyses gave -992% ee for
TS Bl SIS, 3 L CouEsK, S MBS P 5L 52 and 69-90% o for33 corresponding fo 98100% ot

L.; Springer, J. PJ. Org. Chem1986 51, 2370.
(16) Overman, L. E.; Knoll, F. MTetrahedron Lett1979 321. (17) stadler, P. AHelv. Chim. Actal978 61, 1675.
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Scheme 4. Derivatization of Bismalonat87 to Lactone42

CO,CH,

CO,CH,
TBDPSO / 2.5 eq TBAF, THF
HyCO,¢ CO,CHy  65°C.24h

Lil, 2,6-lutidine
145°C, 4h, 90%

CO,CH3

42 (87% ee) DBU, THF 4
65°C, 12 h, 78%

Analysis of the chemical shifts in tH&l NMR spectra of these  regioisomers in good yields. While the use of either dppe or
mandelate esters verified the absolute configuration. dppp ligand gave satisfactory yields of the desired products,
Thea-alkyl-o-amino acid derivativ84, which was available no reaction was observed when triphenylphosphine was em-
from our total synthesis of sphingofungin F through the ployed as ligand. Interestingly, the chiral ligar&}S)-7, which
alkylation of4 with an azlactone nucleophile in 89% ¥ayas would be the matched ligand for this second ionization, was
also subjected to the transposition reaction in THF (eq 6). found to be ineffective for the alkylation.
The complete sterochemical fidelity accompanied in the

TBDPSOL A O’*‘i@oz‘;H3 5% PA(CHCN)LCly substitution reaction was verified by chiral shift _studiesaﬁl
~=NHCOPh ; that revealed 91% ee (100% ct). However, various efforts to
CHs - Tstégf’:cj’g?;h determine the ee of the methyl analoggié did not provide
34 (89% ce) ' unambiguous values. Thus, the bis-alkylated prod@rcvas
OAc further derivatized according to the sequence shown in Scheme
TBDPSO \/'\%\ﬁ.oons 4. Bis-malonate37 was treated with TBAF in refluxing THF
~=NHCOPh (6) ; ; ;
to give a mixture ofy-lactones39 and 40. The formation of
CHa thesey-lactones was readily noted by two carbonyl stretches at
35 (79%, 100% ¢} 1775 and 1736 cri in the IR spectra. The major lactod®

) o arose from dealkylative decarboxylation 80 which was

Although the reaction gave a somewhat diminished 81:19 jnitially generated from desilylated alcoh@8 followed by
isomeric ratio, the rearranged acetdgecould still be isolated  |actonization. The relative stereochemistry of lacteifewas
in a fairly good yield (79%). The 89% ee determined by chiral assigned as trans based on the large coupling constant (
shift studies demonstrated again the high stereospecificity 11.4 Hz) between the two methine protons. The mixture of
achieved in this process. _ N _ lactones39 and40 was further dealkylated with lithium iodide

Allylic Alkylations. While the allylic transposition reaction  in refluxing 2,6-lutidine to provide an inseparable mixture of
successfully achieved chirality transfer between the two allylic the unconjugated4(l) and conjugated4@) methyl esters in 2:1
C—0 bonds, the Pd-catalyzed allylic substitution allowed for ratio20 Upon treatment with DBU, thg,y-unsaturated estérl
the introduction of other types of carbenarbon and carbon cleanly isomerized ton,S-unsaturated este42 as a single
heteroatom bonds. Due to the highly stereospecific nature of diastereomer. Chiral HPLC analysis @2 gave 87% ee,
this process, a simple achiral ligand was sufficient for the corroborating the good degree of stereospecificity observed in
stereoselctive formation of a new botfdAllylic acetate 8a the second alkylation (at least 96% ct). It is worth noting that
(91% ee) was reacted with malonate-derived nucleophiles (eqthe y-lactone, a ubiquitous structural motif in various natural
7). The reactions were performed by treatizgvith the sodium  products, could be prepared by this three-step sequence in a

highly enantio- and diastereoselective fashion.

he N? CO,CH 1% 6 3% dppp The allylic acetat8b (90% ee) was similarly alkylated with
TBDPSO,_ CH, S 3 . \ ) i
+ R dimethyl malonate to give bis-malonat8 as a single product

HLOL CO:CH, COLH; 85°C, THF. 21 in 91% yield (eq 8). Both the chiral shift experiments and chiral
8a (31%ee) R=H, CHy Ac ® .
020022?43 TBDPSOL A phn + Nag £o«CHe _ asinear .
TBDPSO ~_CHy @ H{LO,C CO,CHy CO,CH, 91%
HiCOL COLH, 8b (90% e6)
36 R = H (95%, 100%ct) HaCO, G _CO,CHg
37 R = CHj (85%, 96% cf) 80PS P . "

salt of malonate esters in refluxing THF in the presence of 1% HLOL COCHy

6 and 3% dppp. Alkylations with both unsubstituted or methyl- 43 (100% ct)
substituted malonate dimethyl esters proceeded cleanly to give
the corresponding bis-malonate derivati®sand37 as single HPLC analysis on the alkylation product uniformly afforded

(18) Trost, B. M.; Lee, C. BJ. Am. Chem. S0d.998 120, 6818. (20) Elsinger, FOrganic Synthese®iley & Sons, New York, 1973;
(19) (a) Tsuji, JTetrahedronl986 42, 4361. (b) References 1c and 1d.  Collect. Vol. V, p 76.
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Scheme 5. Allylic Alkylation with Phthalimide and Derivatization

o
QAc 2% 6, 6% dppp OLEN; ;0
NN ' M Gs,c0, DME /\/Y
SpL 05,
HsCO:C COzCHg 85°C,1h,91%

Y HLO,C' CO,CHy
22 (90% ee) 46 (100% cf
03,NaOH ;j
N
CHaOH-CH,Cly :
“78°C, 78% HaC™ CO,CH,
47 (90% ee)

90% ee. This stereochemical outcome, again, clearly demon- As was encountered in the alkylation with dimethyl malonate
strated the efficiency of chirality transfer from a-© bond to (5a), the phenyl-substitutedi4 (>95% ee) showed similar
a new C-C bond by these Pd-catalyzed second allylic alkyla- aberration of optical purity in the phthalimidation (eq 10).
tions.

In contrast to the excellent results obtained from the alkyla- Ac
tions of the TBDPS derive8, similar alkylations of the phenyl- = . 9y asineq?9
substituted44 gave rather poor stereochemical outcomes (eq HaCO,C CO,CH, 03%
9). While the reaction o044 (> 95% ee) with dimethyl malonate o}
4
Ao CO,CH
A H @ 2CHs 2.5% 6, 7.5% dppe
: * Na @<
HELO0,C COCH, CO,CH;  THF,65°C,7h, 81% o o

N

(10)
44 (>95% ee) .
HyCO,C._CO,CH, HyCO,C CO,CHg
A~ CHs © 48 (81%ct)
Hy00,C CO,CH,

45 (62% 6, 65% o) Despite the excellent yield of the reaction, the ee of allylic
phthalimide48 was only 77% (81% ct). Variation of ligands,

using dppe as ligand gave an 81% yield of the desired alkylation _counterlons, catalyst concentrations, and solvents gave little

product45, it required much longer reaction time and suffered |mproyement. Given. .th.at other substrates (.:Ol“d b.e alkylated
from severe loss of stereochemical integrity. The ed5fvas with high stereospecificity, the leakage of optical purity appears

only 62% (65% ct) as determined by chiral shift experiments. to be only endemic to the phenyl-substituted substdte

Various attempts to improve the stereospecificity by employing ~ The introduction of a nitrogen functionality could also be
different ligands, solvents, and bases were not fruitful. carried out using an alternative nucleophile such as sulfonamides

The allylic alkylation was extended to include the introduction (€9 11). The Pd-catalyzed allylic amination2# (91% ee) with
of nitrogen nucleophiles. The reaction of allylic acet22¢90%

ee) with the cesium salt of phthalimide using dppp as ligand Ac 2.5% 6, 7.5% dppe
and DME as solvent led to the formation of allylic phthalimide A + ‘@"SOZNHZ

46 as a single product in 91% vyield (Scheme 5). The use of H3CO,C CO,CH; gOS%%'Oﬁ'rI"g;ZMSO
THF as solvent or triphenylphosphine as ligand did not induce 26

the substitution process. Chiral HPLC analysis and chiral shift HTs

experiments o6 afforded ee’s of 89-90%, thereby attesting P

to the complete chirality transfer from a-© bond to a &N )

bond. To determine the absolute stereochemistry of the newly
formed C-N bond, allylic phthalimidet6 was converted toS)-
N-phthaloyl alanine methyl ested). Ozonolysis of46 ac-
cording to the known protoc8idirectly generated.-amino acid
derivative 47 in 78% yield and 90% ee. Comparison of the
reported value fod7 (lit.22 [a]p = —21.8) and the obtained
optical rotation, §f]p = —20.2 € 1.00, CHC}), corroborated
the stereochemical assignment of both the initial asymmetric
and second alkylations.

HyCO,C  CO,CH,
(100% ct)
49

the sodium salt op-toluenesulfonamide was performed. The
initial reaction employing dppp as ligand and DME as solvent
proceeded sluggishly to provide allylic sulfonami¢iin 85%
yield with 88% ee. The small loss of enantiopurity was ascribed
to the long reaction time which was due to the poor solubility
of the nucleophile in the reaction medium. Thus, the reaction

(21) (a) Marshall, J. A.; Garafalo, A. W. Org. Chem1993 58, 3675. conditions were modified by employing cesium carbonate as
() Jumnan, R.; Williams, J. M.; Williams, A. Q.etrahedron Lett1993 base, dppe as ligand, and a 1:1 FHPMSO mixture as solvent.
(22) (a) Kashima, C.: Okada, R.; Arao, Bl Heterocycl. Chem991 Indeed, these modifications led to a rapid alkylation and

28, 1241. (b) Shoda, S.; Mukaiyama, Them. Lett198Q 391. increased the yield to 87% and the ee to 91%.
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Scheme 6. Claisen Rearrangement of Sulfones and Derivatization

qAc KHMDS, TBDMSOTH S0 L S0P

RW — == SO,Ph
PhO,S 'SO,Ph THF, -78t0 25 °C TBsoH

12 R =CH; (67% e¢)

13 R = Ph (95%ee¢)
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50

=
PhO,S SO,Ph

53 R =CH; (100% )
54 R = Ph (100% c}

(8)-a-Methylbenzylamine R
TEA, CHCh, 25 °C, 89%

Scheme 7.Claisen Rearrangement 8h and Derivatization to Lactong9
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CO,H
H;0" P

PhO,S 'SO,Ph

51 R =CH,(85%)
52 R = Ph (92%)

A CO,H
c 1) KHMDS, TBDMSOTf
TBDPSO s THF, -78t025°C HO. = P
PhO,S SO,Ph 2)5% HF, CHyCN PhO,S SO.,Ph
2 Teec sa% oo PhO,S SOzPh
8h (92% ee) 55 56 (92% ee)
2% Na(Hg) C}:'\/\; Q?j\/\/ H,, PA/C, EtOAC gj\/\/
Na, HPO,, MeOH = = 84% in two steps
57 58 53

§0.96 (d, J=6.9Hz) §1.01(d, J=6.8Hz

H O H:\CHa
H,;C: HiC " TN N NP
PhO2S SOPh H PhO,S SO.Ph
shielded less shielded
anti-53 syn-53

Figure 1. H NMR shielding effect insyn and anti-(S)-a-methyl-
benzylamides3.

at 6 0.96, whereas the minor amidsyn53, had the corre-
sponding signal ak 1.01. The difference of the chemical shifts
was quite large in magnitudé&§ = dsyi—ani = +0.05 ppm),
and the shielding pattern clearly followed the proposed working
model, indicating ang)-configuration for the C-3 methyl group
as depicted. Analysis 064 was not possible due to the
incomplete resolution of the corresponding signals in tHe
NMR spectrum.

When the TBDPS-substitute8h was subjected to the

rearrangement and subsequent desilylatjetgctone56 was

Claisen Rearrangement.Studies on the Claisen rearrange-

generated in good yield presumably via hydroxyd&SdScheme

ments were carried out using the substrates derived from the7). Chiral shift studies orb6 using )-Eu(hfck in CgDs

alkylations of bis(phenylsulfonyl)ethanesi) (Scheme 6).
Allylic acetatesl2 (67% ee) and.3 (95% ee) were treated with
LDA or KHMDS and TBDMSOTf in THF at—78 °C. Upon

determined the ee to be 92%. Removal of the two phenylsulfonyl
groups with 2% sodium amalgam gave an inseparable mixture
of four alkene isomers in a 48:26:19:7 ratio. Subsequent

Warming to room temperature, the generated Silylketene aCGtalShydrogena’[ion ob7 and 58 affordedﬂ-buty|-y-bu’[yro|actone
50 rearranged smoothly to the silylesters, which were then (59) in 84% yield. As compared to the reported value?4ito]o

hydrolyzed toy,0-unsaturated acidsl and52in 85% and 92%,

= +5.7 (¢ 1.73, CHC}), the measured optical rotation 69,

respectively. For analysis of the stereochemical outcome, thesqa]D = +4.6. (€ 0.30, CHC}), confirmed the absolute config-

acids were condensed witl®)fo-methylbenzylamine to give
53 and 54 both in 89% yields.'H NMR integration of

uration. Therefore, this correlation study verified the absolute
stereochemistry of both the initial asymmetric alkylation product

appropriate signals readily revealed the dr of the amides andgng the stereochemical course of the subsequent Claisen

thus the ee of acidsl and52. A 67% ee for51 and a 95% ee
for 52, which were identical with those of the corresponding
starting acetate, were indicative of complete transfer of chirality de
from C—0O bonds to C-C bonds via the Claisen rearrangement.
Analysis of the!lH NMR spectra of amid&3 also provided

the establishment of the absolute configuration. A recent NMR- /\/??Ac(
H

based method has suggested a working model in which the
shielding of C-3 substituents by the aromatic ring in the chiral
amine moiety are different within a diastereomeric pair due to
the conformation ofa-alkylbenzylamides (Figure 2. As a
result of this anisotropic effect, the C-3 methyl group in the
anti-isomer experiences an enhanced shielding effect and shows
up at higher field than in theynisomer. The C-3 methyl
chemical shift of the major amidanti-53 (R = CH3), appeared

(ent)-2

(23) Hoye, T. R.; Koltun, D. OJ. Am. Chem. S0d.998 120, 4638.

rearrangement.

In contrast to the sulfone-derived compounds, the malonate
rivedent22 took rather a different course of reaction (eq 12).

LDA, TBDMSCI
THF, -78 10 25 °C

5C0,C CO,CH; 68%

X i
Q —_— o]
/\/S<C020H3 S (2)
CO,CH, 0
HaCO,C

60 61 (dr=5.8:1)



3694 J. Am. Chem. Soc., Vol. 123, No. 16, 2001 Trost and Lee

Scheme 8.Consecutive Allylic Alkylation ofgemDicarboxylate

,CR' Nl Nu, ) Nu.
Uy Nuy 2
R/\iozcﬂ' /\)\ J\/\

Pd(0), L* R » O,CR' Pd(0), L R™ « Nuj,

O:CR = ® @
RNX"0,cR RN

Subjection to the same conditions did not induce the rearrange-ity of a C—0O bond to a different location of the molecule. The
ment but rather led to a complex mixture of products. When good regioselectivities obtained from these allylic transposition
LDA was employed as base in place of KHMDS, the lithium reactions appear to be reflective of the large steric differences
enolate underwent carbonyl addition to gigeketo-d-lactone between the two allylic substituents. Thecopentyl-like sub-

61in 68% yield as a 5.8:1 diastereomeric mixture. stituent at one allylic terminus provides a strong steric bias by
which the equilibration between the two allylic acetates under
Discussion palladium catalysis favors the transposed allylic acetates in a

high ratio. In the case d8b, such steric differences between
the two allylic substitutents leads to exclusive formation of only
one regioisome28in good yield. All rearrangements took place
with high suprafacial stereospecificity,as verified by the
analysis of derivatize®-methylmandelate esters. The regio-
preference of the second allylic alkylation that introduces a
nucleophile at the allylic carbon distal to the initially introduced
nucleophile moiety is in accord with that observed in the allylic
transposition reactions. It is worthwhile to note that simple
achiral ligands are sufficient to effect such transformations due
to the mechanism of the palladium(0)-catalyzed allylic substitu-
tion which leads to overall retention of stereochemid#yhe
successful results from both carbon and nitrogen nucleophiles
invites the possibility of performing this second alkylation with
other types of nucleophiles. Through the overall transformation
to dialkylated productsgemdicarboxylates become synthons

The results of the present investigation demonstrate the
feasibility of constructing chiral allylic esters by the asymmetric
allylic alkylation (AAA) reaction. The ready availability and
considerable stability of thegemdicarboxylates make this
strategy appealing in accessing an allylic system in enantio-
merically pure form. In particular, the various issues involved
in the addition of stabilized nucleophiles tof-unsaturated
aldehydes is efficiently resolved by the substitution process that
produces aldol-like adducts. In our early investigation, a range
of gemdiesters could be successfully employed as substrates,
although highly substituted systems exhibited some degree of
limitation.** On the other hand, as shown in the present study,
the choice of nucleophile seems to be less restrictive. A variety
of nucleophiles serve well in the alkylation to provide the desired
product in good yields with high ee. Many functional groups
in the nucleophiles are compatible with the alkylation process

. - >~ for a double allylic cation (Scheme 8).
and may prove useful for further elaboration. Pertinent to this . . .
) ) The ability of allylic esters to undergo Claisen rearrangements
result is our work on the use of azlactones and phenylsulfinate .

nucleophiles that have been reported elsewste imparts more significance to the enantioselective method

Th ‘I) that initiall P ited th l'k lati ; providing such compounds. As evident from the comparison

_'he jower ee that initially resuited Irom the alkylations of = optical purity between the starting acetate and the rearranged
b|§(ph§nyl§uIfonyl)ethapéih) appears to be the consequence product, the [3,3]-sigmatropic process proceeds with complete
of its diminished reactivity as compared to that (.)f the mal_ona_te- chirality transfer. The stereochemical course is best accounted
derived nucleophiles. The fact that the enantiodiscriminating for by the six-membered transition st&@in which the bulky
evelnt l";.sl n thti |on|za|t_||on step e);CIUd;S t_he_ef{gct of the substituent is placed in an equatorial position. Of particular
nuc qul |ethqn € ee. owevetr,bw elr']d g loniza 'or oc%urs interest is the sequence shown in Scheme 7 where the phenyl-
reversibly, this premise may not be valid. For example, when sulfonyl groups were easily removed after the desired transfor-
the nucleophiles are slow to add to theallylpalladium

int diate. th ibility of ionizati I ) tched mation. The formation 061 suggests that the lithium enolate
intermediate, the reversiuility ot ionization aflows a mismatche undergoes carbonyl addition faster than silylation. Thus, the
ionization to be competitive, thereby leading to erosion of ee.

In this case, the alkylation requires more efficient capture of malonate moiety participated in a potentially useful, rare
Do : . . condensation process to giveseketo-d-lactone structuré®
the kinetic intermediate. This demand is met by the use of a P give

slow addition procedure which allows the-allylpalladium
complex to experience excess nucleophile. The significantly
higher ee’s obtained through the slow addition procedure are In summary, a novel approach for the synthesis of chiral
consistent with the results of the previous study in which the allylic esters has been developed using palladium-catalyzed
less reactivebb, as compared tda, often required a slow  asymmetric allylic alkylation ofemdiesters. High enantio- and
addition procedure for high enantioselectivifyThese results  regioselectivities have been obtained from the alkylation of
suggest the kinetic importance of the fast nucleophilic addition readily availablegemdiesters with a variety of nucleophiles by
as well as good chiral recognition in the ionization. Although — — —— -

the ee was not optimized in the casel¥ it should be noted Sog“ﬁﬁ?ﬁﬁ%rgﬁ;igg%g"g'é'é_TakahaSh'* A.; Kanna, H.; UdaJHChem.

that unlike5a or 5b that gave a mixture of regioisomers, the (2’5) (a) Trost, B. M.; Ariza, XAngew. Chem., Int. Ed. Engl997, 36,
increased steric hindrance &h exhibited complete regio-  2635. (b) refl8.

Conclusions

selectivit (26) Trost, B. M.; Crawley, M. L.; Lee, C. Bl. Am. Chem. So2000
Y- 122, 6120.
The distinctive value of the alkylation gemdicarboxylates (27) Grieco, P. A.; Takigawa, T.; Bongers, S. L.; Tanaka,JHAm.

is more clearly manifested by the synthetic versatility of the Ch(ezrg). 20?1980 1% 7587.

i i i i i ererence .
resultlng aI_Iyllc e.Sters \.NhICh permits various S!J.b.sequem (29) (a) Brandaenge, S.; Flodman, L.; Norberg JAOrg. Chem1984
transformations with a high degree of stereospecificity. The 49927, (b) Kocienski, P. J.; Narquizian, R.; Raubo, P.; Smith, C.; Boyle,

palladium(ll)-catalyzed allylic isomerization transfers the chiral- F. T. Synlett1998 869.
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a simple procedure. The unusual chiral induction process (hexanes/ethyl acetate 15:1) afford&ths a colorless, sticky oil (0.217

achieves an equivalent of asymmetric carbonyl addition with
stabilized nucleophiles. The problems involved in addtion to

o,f-unsaturated aldehydes are effectively resolved through the

allylic substitution reaction that differentiates between two
geminal sp—sp® carbon-oxygen bonds. The present asym-
metric process in conjunction with the efficient transformations

g, 86%). The ee o024 was determined by integration of appropriate
signals in the'H NMR spectrum of the correspondir@-methylman-
delate25: tr = 6.51 min (GC); fJp —0.11 € 2.00, CHC}); IR (film)
3430, 1732, 1665, 1454, 1440, 1376, 1258, 1112, 1066, 975, 947 cm
IH NMR (300 MHz, CDC}): ¢ 6.05 (dd,J = 15.9, 1.2 Hz, 1H), 5.62
(dd,J = 15.9, 6.1 Hz, 1H), 4.374.28 (m, 1H), 3.70 (s, 3H), 3.69 (s,
3H), 2.28 (br s, 1H), 1.52 (s, 3H), 1.23 (@= 6.4 Hz, 3H);13C NMR

of the obtained allylic esters provides a useful approach for (75 MHz, CDCE): 6 171.7, 171.6, 135.8, 127.5, 68.1, 55.1, 52.7 (2),

asymmetric synthesis.

Experimental Section

Dimethyl (2'E,1'S)-2-(1'-Acetoxy-4-tert-butyldiphenylsilyloxy-2'-
butenyl)-2-(2,2',2'-trichloroethoxycarbonylamino)malonate, (ent

22.9, 20.0. HRMS Calcd for ¢E11305 (M* — CHg): 201.0762. Found:
201.0753.

Dimethyl (E,S)-2,6-Bis(methoxycarbonyl)-2-methyl-5tbutyl-
diphenylsilyloxy-3-heptenedioate(36). To a test tube charged with
sodium hydride (95% powder, 10.0 mg, 0.417 mmol) and THF (0.5
mL) was added dimethyl malonate (65.2 mg, 0.493 mmol). After stirring

8f). To a suspension of sodium hydride (95% powder, 54.5 mg, 2.16 for 0.5 h, a solution 06 (0.72 mg, 0.0020 mmol), dppp (2.44 mg,

mmol) in THF (2.5 mL) was added amidomalon&tie(0.926 g, 2.83
mmol). The resulting mixture was stirred at ambient temperature until

0.0059 mmol), an@a (0.101 g, 0.197 mmol, 91% ee) in THF (1 mL)
was added via cannula. The resulting mixture was heated under reflux

hydrogen gas evolution ceased. To this solution was added a mixturefor 0.5 h, cooled to room temperature, poured into 10% NaiHS0

of sr-allylpalladium chloride dimer®) (5.3 mg, 0.014 mmol), ligand
S,$7(30.0 mg, 0.0434 mmol), and geminal diaceta{®.610 g, 1.44
mmol) in THF (2.5 mL) via cannula at’0After stirring at @ for 6 h,
the reaction mixture was poured into 10% aqueous NaH3O® mL)
and extracted with ether (15 mk 3). The combined organic extracts
were washed with 10% aqueous NaHC@5 mL) and brine, dried
over anhydrous MgSfand concentrated. Purification on a silica gel
column (hexanes/ethyl acetate 10:1) yieléed8f as a colorless, sticky

mL), and extracted with ether (20 mk 3). The combined organic
layers were washed with 10% NaHg&nd brine, dried over anhydrous
MgSQ,, and concentrated. Purification on a silica gel column (hexanes/
ethyl acetate 10:1) yielde86 as a colorless, sticky oil (0.109 g, 95%).
The ee was 91% as determined ¥y NMR chiral shift study using
(+)-Eu(hfcy in CDCls: [o]p +16.8 € 1.45, CHCY); IR (film) 1738

(br), 1434, 1263, 1112, 975 824, 743, 704 ¢éntH NMR (300 MHz,
CDCl): ¢ 7.62-7.59 (m, 4H), 7.457.34 (m, 6H), 6.05 (dJ = 15.9

0il (0.908 g, 92%). The ee was 90% as determined by chiral shift studies Hz, 1H), 5.73 (ddJ = 15.9, 9.4 Hz, 1H), 3.83 (d] = 8.9 Hz, 1H),

using (+)-Eu(hfck in CDClL: [a]p +6.4 (€ 1.30, CHCY); IR (film)
1752, 1497, 1432, 1254, 1223, 1112, 1047 &nH NMR (300 MHz,
CDCly): 6 7.69-7.65 (m, 4H), 7.477.36 (m, 6H), 6.28 (s,1H), 6.23
(d, J= 5.2 Hz, 1H), 6.08-5.84 (m, 2H), 4.75 (dJ = 12.0 Hz, 1H),
4.63 (d,J = 12.0 Hz, 1H), 4.20 (dJ = 2.0 Hz, 2H), 3.80 (s, 3H), 3.78
(s, 3H), 2.07 (s, 3H), 1.08 (s, 9H)*C NMR (75 MHz, CDC}): o

3.75-3.65 (m, 2H), 3.71 (s, 3H), 3.69 (s, 3H), 3.67 (s, 6H), 3:32
3.02 (m, 1H), 1.52 (s, 3H), 1.04 (s, 9HJC NMR (75 MHz, CDCH):
51715 (2), 168.8, 168.5, 135.6 (2), 135.3, 133.2, 131.6, 129.8, 129.0,
127.8, 64.5, 55.5, 52.6 (2), 52.4, 52.2, 45.1, 26.6, 20.2, 19.1. HRMS
Calcd for GoHa70sSi (M™ — CHsO): 553.2258. Found: 553.2248.
Anal. Calcd for GiHagOsSi: C, 63.68; H, 6.90. Found: C, 63.97; H,

168.8, 165.8, 165.4, 152.7, 135.4, 134.7, 133.3, 133.2, 129.7, 128.2,6.81.

127.6, 121.9, 95.2, 74.5, 73.8, 68.5, 63.3, 53.6, 53.5, 26.7, 20.8, 19.2.

HRMS calcd for GgH27NOoSIF’Cls (M* — t-C4Hg): 636.0432. Found:
636.0441. Anal. Calcd for §H36CIsNOgSi: C, 52.29; H, 5.27; N, 2.03.
Found: C, 52.43; H, 5.18; N, 1.89.

(2E,1I'R)-2,2,5-Trimethyl-5-(1 -acetoxy-3-trimethylsilyl-2 '-prope-
nyl)-1,3-dioxane-4,6-dione(18). Following the procedure foent8f,
the reaction ofLl5(0.1078 g, 0.468 mmol) with a mixture &6 (0.150
g, 0.948 mmol) and sodium hydride (60% dispersion, 30 mg, 0.75
mmol) was carried out in the presence®{1.7 mg, 0.0046 mmol)
and R],R-7 (10.0 mg, 0.0145 mmol) in THF (0.5 mL) at room

Methyl (E,S)-2-methyl-2-methoxycarbonyl-5-phthalimido-3-hex-
enoate,(46). To a suspension of phthalimide (16.8 mg, 0.114 mmol)
and CsCO; (27.9 mg, 0.0856 mmol) in DME (0.25 mL) was added a
mixture of acetate2 (14.7 mg, 0.0570 mmol, 90% e€),(0.40 mg,
0.0011 mmol), and dppp (1.4 mg, 0.0034 mmol) in DME (0.25 mL) at
room temperature. The resulting mixture was heated under reflux for
1 h, diluted with ethyl acetate (10 mL), and washedw@tN NaOH
(5 mL), water, and brine. The organic layer was then dried over
anhydrous MgS®and concentrated. Purification by flash chromatog-
raphy on a silica gel column (hexanes/ethyl acetate 3:1) afforded allylic

temperature for 5 h. Purification by silica gel chromatography (hexanes/ phthalimide46 as a colorless, sticky liquid (18.0 mg, 91%). The ee of

ethyl acetate 10:1) gave @B as a colorless oil (0.128 g, 83%), which
became crystalline upon storage in a refrigerator. The et8afias
85% as determined by chiral shift studies using)-gu(hfcy in
CDCls: mp 79-80 °C (recryst. from pentane)p]p —14.9 € 1.63,
CHCL); IR (film) 2957, 1754, 1454, 1381, 1291, 1249, 1217, 1092,
1056, 1023 cmt; *H NMR (300 MHz, CDC}): 6 6.14-5.99 (m, 2H),
5.64 (d,J = 6.0 Hz, 1H), 2.05 (s, 3H), 1.79 (s, 3H), 1.74 (s, 3H), 1.53
(s, 3H), 0.10 (s, 9H)33C NMR (75 MHz, CDC}): ¢ 168.9, 168.5,
167.3, 139.3, 137.0, 105.3, 81.0, 52.4, 29.7, 28.6, 21.1, 201%.
Anal. Calcd for GsH2406Si: C, 54.86; H, 7.37. Found: C, 55.01; H,
7.20.

Dimethyl (1'E,3'S)-2-(3-hydroxy-but-1'-enyl)-2-methylmalonate,
(24). To a solution of Pd(CBCN),Cl, (15 mg, 0.058 mmol) in toluene
(45 mL) was added a solution @R (90% ee, 0.301 g, 1.16 mmol) in
toluene (5 mL). The resulting yellow solution was heated under reflux
for 12 h, at which point the GC isomeric ratitk (22) = 6.82 min and
tr (23) = 7.13 min) reached a constant value (8.7:9%.22:23). The

46 was determined to be 90% by chiral shift studies usitf-Eu-
(hfc)s in CDCl; and 89% by chiral HPLC analysiso]p +12.4 € 1.20,
CHCL); IR (film) 1737, 1711, 1613, 1459, 1441, 1385, 1256, 1112,
1023 cntt; *H NMR (300 MHz, CDCY): 6 7.79-7.74 (m, 2H), 7.76-
7.65 (m, 2H), 6.14 (dJ = 16.0 Hz, 1H), 6.02 (ddJ = 16.0, 7.1 Hz,
1H), 4.98-4.88 (m, 1H), 3.70 (s, 3H), 3.67 (s, 3H), 1.52 (= 7.0
Hz, 3H) 1.52 (s, 3H)133C NMR (75 MHz, CDC}): ¢ 171.2, 171.1,
167.6, 133.8, 131.9, 130.3, 130.2, 123.1, 55.2, 52.8, 48.2, 20.0, 18.8.
HRMS Calcd for GgH1gNOs (M™1): 345.1212. Found: 345.1211. Anal.
Calcd for GgH1gNOg: C, 62.60; H, 5.55; N, 4.06. Found: C, 62.49;
H, 5.45; N, 4.05.

(E,9)-3-Phenyl-6,6-bis(phenylsulfonyl)-4-heptenoic acidb2). To
a mixture of KHMDS (0.5 M in toluene, 0.53 mL, 0.27 mmol) and
THF (2.0 mL) was added dropwise a solution of aceft8€95% ee,
0.107 g, 0.220 mmol) in THF (2.0 mL) at78 °C. After 20 min,
TBDMSOTT (0.066 mL, 0.29 mmol) was added to the mixture via a
microliter syringe, and the resulting mixture was allowed to warm to

reaction mixture was then cooled to room temperature, filtered through room temperature over for 2 h. The mixture was then heated &€65
a short pad of silica gel, and concentrated to give a mixture of the two for 10 h, poured ird 3 N H,SO, (3 mL), stirred for 2 h, and extracted
isomeric acetates (0.301 g). The isomeric mixture was dissolved in with ethyl acetate (10 mlx 3). The combined organic phases were

methanol (5 mL) and treated with,€O; (0.242 g, 1.75 mmol) at room
temperature for 0.5 h. The reaction mixture was poured into 10%
NaHSQ (5 mL) and extracted with ether (5 mk 3). The combined
organic layers were washed with 10% NaH{Cahd brine, dried over
anhydrous MgS@) and concentrated. Purification on a silica gel column

dried over anhydrous MgSQconcentrated, and purified on a silica
gel column (hexanes/ethyl acetate/acetic acid 50:50:0.5) to yield acid
52 as a white solid (0.098 g, 92%): mp 16364 °C (recryst. ether);
[o]p +14.1 € 1.25, CHC); IR (film) 3380, 1711, 1651, 1584, 1512,
1334, 1067, 982, 911 cny *H NMR (300 MHz, CDC}): 6 9.90 (br
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s, 1H), 7.96-7.87 (m, 2H), 7.7+7.65 (m, 3H), 7.58-7.50 (m, 3H), graduate fellowship. Mass spectra were provided by the Mass
;'gg_(gdz‘j’ (ml' 55:)’675;0:7-2&)(”; 827"'2(14]5-9‘; ngH = 113-)8 2"'51 1(5'3 Spectrometry Regional Center of the University of California-

. J =158, 6.8 Hz, 1H), 3. = 7.3 Hz, 1H), 2. :
= 7.9 Hz, 2H), 1.72 (s, 3H)1*C NMR (75 MHz, CDC): 6 175.9, gzzoi:igglsco, supported by the NIH Division of Research

142.4, 140.6, 136.7, 136.3, 134.5, 134.3, 131.1, 130.8, 128.9, 128.6,
128.5, 127.4, 127.2, 121.3, 87.3, 44.6, 39.3, 15.2. HRMS Calcd for
CigH190:S (M — CeHs0,S): 343.1004. Found 343.1017. Supporting Information Available: Experimental proce-

dures for the preparation of all new compounds as well as
characterization data are included (PDF). This material is
available free of charge via the Internet at http://pubs.acs.org.
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