J. Am. Chem. S0d.999,121,1072710737 10727

Enantioselective Allylations of Azlactones with Unsymmetrical
Acyclic Allyl Esters

Barry M. Trost* and Xavier Ariza
Contribution from the Department of Chemistry, Stanford énsity, Stanford, California 94305-5080
Receied August 2, 1999

Abstract: A catalytic asymmetric synthesis of quaternary amino acids has been developed. The method derives
from the asymmetric allylic alkylation (AAA) reaction with chiral palladium catalysts derived from
mr-allylpalladium chloride dimer and the bis-2-diphenylphosphinobenzamid RfL,2-diaminocyclohexane

and related ligands. Highly symmetrical allylating agents such as allyl acetate and 2-methallyl acetate give
moderate to low ee. On the other hand, 1-monosubstituted and 1,1-disubstituted allyl systems give excellent
results with ee’s normally90%. A most interesting dichotomy occurs in the facial selectivity with respect to

the azlactone as it depends on the allylating agent as well as the ligand. For example, prenylation gives 99%
ee derived from attack on tre face of the azlactone with R,Rligand, but cinnamylation gives a 90% ee of

the product derived from attack on theface with thesameligand. A model based upon the catalyst creating

a chiral pocket is presented to explain these results. Using a trimethylsilyl-substituted allylating agent, excellent
ee (97%) was obtained. Protodesilylation then provides the simple allylated amino acid with high ee. Oxidative
cleavage of these allylated systems provides a practical asymmetric synthesakylated aspartic acids

where variation of the alkyl group derives from using variously substituted azlactones. The ability to modify
the double bond provides further flexibility to generate unusual amino acids.

Quaternary amino acids constitute an important target for o.-carbon of amino acids introduces conformational constraints
asymmetric synthesis because of their value in biological that can probe the molecular structure of receptors or enhance
applications. Since the first isolation afaminoisobutyric acid the biological activity by helping to preorganize the optimum
in 1872} a-alkylatedei-amino acids have generated an ever conformation for binding:*° Such substitution inhibits metabolic
growing interest in biology and pharmacology as well as degradation as well as restricting conformational flexibility. The
chemistry. Some are naturally occurring or are structural biological consequences of these effects are immense and have
components of natural products which have interesting propertiesled to useful therapeutic agents. Thus, increased access to
such as antibiotié.> Unnaturalo-methyl-a-amino acids have  enantiomerically pure quaternary amino acids increases op-
also shown powerful reversible inhibition of amino acid portunities for new drug discovery.
decarboxylase%? More recently, their use in peptidomimetics Asymmetric creation of any quaternary center constitutes a
has been a major focdsintroduction of alkyl chains at the gitficyit challengelt The most successful route for catalytic

(1) Urech, F Liebigs Ann. Chemi872 164 255, asymmetric synthesis of amino qcids, c':atalyt'ic hydrogenafion,

(2) Jung, G.; Brakner, H.; Schmidt, HStructure and Actiity of Natural does not apply to quaternary amino acids. Virtually all methods
Peptides Voelter, W., Wietzel, G., Eds.; de Gruyter, Berlin, 1981. involve controlling diastereoselectivity either by use of chiral

SCﬁég‘;??”&ggﬂ%ggg?%;*-756? Lane, W. S.; Choi, S.; Corey, E. J.. guxiliaried? or by involving what is termed self-reproduction

(4) Hanessian, S.; Haskell, T. Hetrahedron Lett1964 2451. of chirality.!* The applicability of the recently reported asym-
(5) Kluepfel, D.; Bagli, J. F.; Baker, H.; Charest, M. P.; Kudelski, A.; metric alkylation of glycine derivatives to such cases remains
Sehgal, S. N.; Veina, C.J. Antibiot. 1972 25, 109, to be establishetf A very recent report of the palladium-
(6) Amino Acids, Peptides and Protein&heppard, R. C., Ed.; The Royal o Y . P . p
Chemical Society: London, 1979; Vol. 10, p 11. catalyzed asymmetric alkylation af-amidof-keto ester$
(7) Cf. Methyldopa: Scriabine, A.; Ed. IRharmacology of Antihyper-
tensve Drugs Raven: New York, 1980; pp 4354. (9) (a) Paul, P. K. C.; Sukumar, M.; Bardi, R.; Piazzesi, A. M.; Valle,
(8) (a) Veber, D. F.; Freidinger, R. Mirends Neuroscil995 8, 392. G.; Toniolo, C.; Balaram, PJ. Am. Chem. Socl986 108 6363. (b)

(b) A Textbook of Drug Design and belopment Krosgaard-Larsen, P., References in Obrecht, D.; Altorfer, M.; Lehmann, C.; Sdnalzer, P.;
Bundgaard, H., Eds.; Harwood Academic Publishers: Chur, 1991. (c) Jung, Muller, K. J. Org. Chem1996 61, 4080.

G.; Beck-Sickinger, A. GAngew. Chem., Int. Ed. Endl992 31, 367. (d) (10) Jung, N. J. IlChemistry and Biochemistry of Amino Aci@srrett,
Balaram, P Curr. Opin. Struct. Biol.1992 2, 845. (e) Schiller, P. W. In G. C., Ed.; Chapman and Hall; New York 1985, p 227.
Medicinal Chemistry for the 21Century Wermuth, C. G., Ed.; Oxford (11) For some reviews, see: (a) Williams, R. Sinthesis of Optically

Blackwell Scientific Publications: Oxford, 1992; Chapter 15. (f) Giannis, Active Amino Acids Pergamon Press: Oxford, 1989; Vol. 7. (b) Heim-
A.; Kolter, T. Angew. Chem., Int. Ed. Endl993 32, 1244. (g) Hruby, V. gartner, HAngew. Chem., Int. Ed. Endl991, 30, 238. (c) Ojima, I.Acc.

J. In Peptides Chemistry, Structure and Biology, Proceedings of the 13 Chem. Res1995 28, 383. (d) Ohfune, Y.; Moon, S.-H.; Horikawa, M.
American Peptide Symposiutdudges, R. S., Smith, J. A., Eds.; Escom  Pure Appl. Cheml996 68, 645. (e) Wirth, TAngew. Chem., Int. Ed. Engl.

Science, 1993; pp-317. (h) Gante, JAngew. Chem., Int. Ed. Engl994 1997, 36, 225.
33, 1699. (i)Burger’'s Medicinal Chemistry and Drug Disgery, 5th ed.; (12) Noyori, R.Asymmetric Catalysis in Organic Synthesishn Wiley

Wolff, M. E., Ed.; Wiley: New York, 1995. (j) Goodman, M.; Ro, S. In & Sons: New York, 1994; Chapter 2.
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783—-801. (I) Muscate, A.; Kenyon, G. L. In ref 8i, Chapter 18, pp 733 SynthesisJohn Wiley & Sons: New York, 1995.

782. (m) Marshall, G. R. In ref 8i, Chapter 15, pp 57&%0. (n) (14) (a) Seebach, D.; Sting, A. R.; Hoffmann, Mngew. Chem., Int.
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Table 1. Alkylations of Type A&

oY od
x%g, __________ . x%j{, ......... . time yield  ed

, AN i entry R R solvent base (h) (%) (%ee)
€] €]
g()\/\ -— /@\ 8. — i~ 1 CHPh H@a) CHsCN (CHs)sN 2.5 98 70:30 (40)
w L e 2 CHPh H@a CHLCN PMG 5 70 65:35 (30)
A B 3 CHPh H@Ba PhCH (CHs)N 2 100 67:33(34)
Figure 1. Asymmetric induction at prochiral nucleophile. 4  CHPh CH(3b) CHCN (CHs)sN 2 79 55:45(10)

imul | h ic alkviati aReactions performed as in eq 4 with 1.0 equiv of allylating agent
stimulates us to report our results on the asymmetric alkylation 4 2,25 equiv of azlactoné Pentamethylguanidiné Isolated yields.
of azlactones with achiral allyl este¥s. der = enantiomeric ratio.

Introduction of asymmetry at a pro-chiral nucleophilic center

as shown in Figure 1 by the asymmetric allylic alkylation (AAA) tivity. Nevertheless, the fact that use of a five-membered ring

reactiolt® suggests that such induction is a real stretch. Since S-ketoester saw a significant decrease in ee did not bode well

the nucleophile attacks the-allyl unit on the face distal to ~ for our azlactone substrates.

palladium and therefore quite far from the chiral inducing Because of the symmetry properties of theallylmetal

elements? L*, it would appear remote to believe that good intermediates for the two types of allylating agents of eq 2 are

enantioselectivity could be achieved in such a @da. our quite different, both types must be examined. Allylating agents

initial work directed toward quaternary amino acids, we of eq 2, path a (which we will refer to as type A), form achiral

employed 1,3-disubstituted allyl systems with great success (seer-allylmetal complexes and do not generate a product wherein

eq 1) In such a case, stereoinduction occursbath the a stereogenic center is also being created at the allyl unit. On
the other hand, allylating agents of eq 2, path b (which we will

Q refer to as type B), form chirat-allylmetal complexes even
O i< M though the products do not possess an allylic stereogenic center.
o @C% P:j@ Thus, the transition states for alkylation on the enantiotopic faces
QOA N#O EPEySTr— w o of the allyl unit are diastereotopic even with achiral ligands.
‘ o e @ 18 Our initial effort examined the simplest allylating agent, allyl
e g:h/ . acetate (eq 4 and Table 1).
[e]
electrophile and nucleophile. The excellent stereocontrol at the N ore - R\)(O 12 MO “
nucleophile may be a secondary effect of stereoinduction at the A N e
electrophile. If there is no stereoinduction associated with the 8 4 s 7
allyl group being introduced as illustrated in eq 2, will high ee N i

¢) R=CH; R'=H

The very first result (Table 1, entry 1) wherein a 40% ee of

!

RORJ )R\/x i Rl A

M R\)ko NANAX R‘V\/RL
- A 7

o o 2)
N#Ph patna N=<Ph path b N%Ph 5awas observed appeared promising. However, the enantiose-
lectivity was far from the typical>95% ee observed with
be observed? Our results in the AAA reactiorpefetoesterd cycloalkenylating agents. In the casefBketoesters, changing

encouraged us to consider this situation. For example, thebase to tetramethylguanidine and solvent to toluene proved

alkylation shown in eq 3 proceeds with excellent enantioselec- Peneficial. Tetramethylguanidine could not be used here since
it opened the azlactone. Employing pentamethylguanidine (entry

2) or changing to toluene (entry 3) decreased the enantioselec-

2 % ? CO,CH,Ph )| )
@)kocazpn . \Lﬁm 12 @/\f o tivity. Introducing a methyl group at the central carbon of the
oac  [(CHyNl, C=NH onc allylating agent to givésb also decreased the er (entry 4).
s 94% ee Switching to allylating agents of type B led to dramatically

(15) (@) Corey, E. J- Xu, F.. Noe, M. G. Am. Chem. S0d997, 119, different results. In|t|z?1lly, reactions o_f allyl acetate with
12414. (b) O'Donnell, M. J.: Delgado, F.; Hostettler, C.: Schwesinger, R. azlactonet were examined as summarized in eq 5 and Table 2.

Tetrahedron Lett1998 39, 8775.
(16) Kuwano, R.; Ito, YJ. Am. Chem. So&999 121, 3236. For a related
transformation using a chiral auxiliary, see: Benovsky, P.; Stephenson, G. ohe 2 2.5 mol % 2 \ o o
A Stille, J. R.J. Am. Chem. Sod998 120, 2493 Jo . Ao 75 mavuigm O .
(17) Cf. Trost, B. M.; Ariza, XAngew. Chem., Int. Ed. Engl997, 36, = (CoHe)oN. solvent R N=( AN={
2635. For a leading reference for the synthesig,éfunsaturated quaternary 6 T Pn
amino acids, see: Kazmaier, U.; SchneiderSgnlett1996 975. o a) R=CHPh
(18) (a) Trost, B. M.; Van Vranken, D. LChem. Re. 1996 96, 395. o b) R=CHj,
(b) Trost, B. M.Acc. Chem. Re<.996 29, 355. )\»01 1 O R=FCH,
(19) (a) Trost, B. M.; Weber, L.; Strege, P. E.; Fullerton, T. J.; Dietsche, 1
T.J.J. Am. Chem. S0d.978 100, 3416. (b) Trost, B. M.; Verhoeven, T. a) R=CH,
R.J. Am. Chem. S0d.978 100, 3435. (c) Trost, B. M.; Verhoeven, T. R. b) R' = OC,Hgt
J. Am. Chem. Socl98Q 102 4730. (d) Hayashi, T.; Yamamoto, A.;
Hagihara, T.J. Org. Chem1986 51, 723.
(20) (a) Hayashi, T.; Kanehira, K.; Hagihara, T.; Kumada, MOrg. o P'>_/

" Q vz
Chem.1988 53, 113. (b) Gefie J.-P.; JugeS.; Ruiz-Monts, J.; Gaudin, NH 1 O N el O @N_ 0
J.-M. J. Chem. Soc., Chem. Commui988 718. (c) Sawamura, M., ‘ O " HD
PPh, Ph,P PPy
10

Ph
7 8

Nakayama, Y.: Tang, W.-M.: Ito, YJ. Org. Chem1996 61, 9090. (d) PPh, PP e

Fiaud, J. C.; De Gournay, A. H.; Larchepee, M.; Kagan, H. B.J. 9

Organomet. Chenl978 154, 175. (e) Ito, Y.; Sawamura, M.; Matsuoka,

M.; Matsumoto, Y.; Hayashi, TTetrahedron Lett1987 28, 4849. . . - Lo
(21) Trost, B. M. Ra)éino\,’ R.: Grenzer, E. Nl Am. Chem. S0d.997 Comparing entries-13 of Table 2 indicates that the reaction is

119, 7879. better performed at room temperature compared to those at lower
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Table 2. Prenylation of Azlactonés

prenylating isolated yield e€ (%)
entry azlactone agent ligand solvent time (%) 7 (8) 7(8)
1 4a 6 1 CH:CN rt (2h) 44 (23) 97 (4)
2 4a 6 1 CHCN —20° (6h) 41 (41) 97 (25)
3 4a 6 9 CHCN rt (2h) 59 (17) -97(3)
4 4a 6 1 PhCH rt (3h) 72 (23) 98 (20)
5d 4a 6 1 PhCH rt (6h) 15 (3) 95 (20)
6° 4a 6 1 PhCH rt (2h) 57 (23) 99 (21)
7 4a 6 1 PhCH 70° (18h) 65 (23) 93 (9)
8 4a 6 10 PhCH rt (24h) 32 (47) 96 (12)
o 4a 6 1 PhCH rt (24h) 75 (15) 99 (20)
10 4a 1la 1 PhCH rt (6h) 78 (12) 99 (27)
11 4a 1lla 9 PhCH rt (6h) 62 (12) —99 (20)
12 4a 1lla 1 PhChH rt (3h) 65 (11) 99 (31)
13 4a 11b 1 PhCH rt (3h) 74 (16) 99 (27)
14 4a 11b 1 CH:CN rt (3h) 56 (16) 98 (17)
15 4b 6 1 PhCH rt (3h) 55 (13) 96 (14)
16 4b 6 1 PhChH rt (2h) 53 (31) 98 (10)
17 4b 1lla 1 PhCH rt (4h) 67 (17) 98 (21)
18 4c 6 1 PhChH rt (72h) 57 ) 97 (-)
19 4c 1lla 1 PhCH rt (18h) 47 €) 91(-)

a All reactions were run as in eq 5 using 1.0 equiv of allyl ester and 2.25 equiv of azlactone at 0.1 M concentration unless stated dfierwise.
yields are for isolated pure compounds for each regioisofiigetermined by chiral HPLC; the absolute configuration of the product is as depicted
in 7 unless otherwise indicatedlPentamethylguanidine (PMG) used as b&$eaction performed by slow addition of the prenylating agent.
fReaction performed with 1.2 equiv df, 1.0 equiv of6, 0.5 mol %2, and 1.5 mol %l at 1 M concentrationd Reaction performed by slow
addition of a mixture of azlactone and triethylamif&eaction performed with 0.1 mol % and 0.3 mol %1, 1.05 equiv of4 and 1.3 equiv of
6 at 1.0 M. In this case, the mirror image &fis obtained.

Table 3. Cinnamylations of Azlactonés

isolated

time yields ee¢

entry azlactone cinnamylating agent ligand base solvent  (h) 14(15) 14
1 4a 6 1 (CoHs)sN CH:CN 2 76 ) 77
2 4a 12 9 (C2H5)3N CH:CN 6 65 (—) -7
3 4a 12 1 (CoHs)sN PhCH; 3 91 (-) 90
4 4da 12 1 CoHsN(i—CsH7)2 PhCH; 3 92 () 91
5 4a 12 1 (CzHs)sNPh PhCH 3 95 (-) 89
6 4a 12 1 NONE PhCH 3 94 () 89
7d 4a 12 1 (CoHs)sN PhCH; 3 91 (-) 85
8 4a 13 1 (CoHs)sN PhCH; 3 45 (47Y 90
9 4b 12 1 (CoHs)sN PhCH; 24 74 ) 86
10 4b 12 9 (CoHs)sN PhCH; 3 80 (-) -6
11 4b 12 16 (CzHs)sN PhCH; 2 84 (-) 31
12 4b 12 1 (C2Hs)3N PhCH 242 72 () 69
13 4b 12 1 (CzHs)sN PhCH 6 75 (12 90

a Reactions performed as in eq 6 using 1.0 equiv of cinnamylating agent and 2.25 equiv of azlactone at 0.1 M concentration at room temperature
unless specified otherwiselsolated yield of each pure regioisomébDetermined by chiral HPLC; the absolute configuration observed is depicted
in 14 unless indicated otherwiséReaction performed at40 °C. ¢ Reaction performed at78 °C for 2 h and at—45 °C for 2 h.f Reaction
performed with 0.1 mol %2, 0.3 mol %1, and co-equal amounts b and12 at 1 M concentration? Yield of mixture of two diastereomers; in
entry 8 each diastereomer isolated in 28 and 19%, respectively; in entry 13, each diastereomer isolated in 8 and 4%, resphetipedguct is
the mirror image of that depicted 4

temperatures and that there is a dependence of regioselectivitydesirable. As shown in entry 9, with only 0.5 mol % 2&nd

on the choice of ligand. It is quite surprising that we obtain a 1.2:1 rato o#a:6, a 75% yield of7a of 99% ee was produced.
such significant amounts of alkylation at the tertiary allyl A similar result was obtained with the somewhat less hindered
terminus wherein the two quaternary centers are being createdazlactonetb (entries 15-17). In this case, the best result gave
adjacent to each other (vide infra). Better yields of the alkylation the alkylated produc?b in 67% vyield with an ee of 98%.
products are obtained in toluene compared to those in aceto-Decreasing the amount of palladium catalyst to 0.1% and using
nitrile. Such a difference was not observed in our previous nearly stoichiometric amounts of th& and 6 gave results
studies with cyclic allyl esters. A guanidine base, which was similar to those with higher loadings and excess azlactone (entry
superior in the alkylation of-keto esters, was unsatisfactory 16 vs 15). The yield of the alkylation product derived from
here (entry 5). Slow addition (entry 6) or increasing temperature attack at the tertiary allylic positio increased upon reduction
(entry 7) had little effect. Ligands (entries 8 and 11) other than of the catalyst loading which may indicate that this regioisomer
the “standard” one were also not beneficial. Surprisingly, the may come, in part, from a non-palladium-catalyzed event. This
ee of the major alkylation produ@ia was excellent and that of ~ suggestion also may account for the low ee always observed
the minor alkylation produdda was poor regardless of condi-  for the minor product. On the other hand, increasing the steric
tions. The simplest conditions proved to give among the best demand of the nucleophile, i.el¢, led to one regioisomeric
results (entries 4, 9, 10, and 13) wherein the alkylated azlactoneproduct7c having 97% ee (entry 18).

7a was isolated in 7278% yields having 9899% ee. For The cinnamyl system was examined as an example of an
preparative purposes, minimizing the amount of catalyst is allylating agent bearing only one substituent. Table 3 and eq 6
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P X"0Ac Table 4. Alkylations with 3-Acetoxy-3-phenyl-1-butefe
2.5 mol% 2
2 75 mO':o ligand Ph/\/";(ﬁo vpg(ﬁ o isolated
o " 4 solvent, base, r.t. R N:< ' R N=<O © ) tlme yleldS (%) ee (%)
/ﬁ; 14 Ph s P entry ligand solvent  (h) 21(22 21(22
=
Ph - 9 R-CHPn b R=CH, 1 1 CHsCN 18 45 (35) 97 (46)
2 1 PhCH; 3 47 (41) 97 (12)
summarize the results. As previously observed in the prenylation 3 9 PhChH; 18 40(26)  —91(4)
reaction, toluene (entries-3.3) proved superior to acetonitrile a All reactions were performed as outlined in eq 9 using 1.0 equiv

(entries 1-2) as solvent. Varying the nature of the tertiary amine of 20 and 2.5 equiv o#b.

base (entries-35) had no effect. In fact, deleting the base (entry . .

6) gave fully equivalent results. Lower temperatures than room €MPployed, almost no geometrical selectivity was observed as
temperature were slightly detrimental (entry 7). The “standard” Mixtures of both theE and Z isomers were obtained. The ’
ligand was preferred among the limited range explored. A quite 960metry of the two double bonds was established by nOe’s
noticeable effect occurred upon using the regioisomeric cin- P€tween the methyl group and the vinyl hydroger2ihand
namylating agent3. In this case, an almost equal amount of the allylic methylene group i@2. Curiously, theZ-alkene21

the two regioisomeric products were obtained; whereas, in all Showed high ee in all cases, but telkene did not. The latter
the cases employint@, only 14awas observed. By this method, showed a significant variability of ee with solvent (entry 1 vs

the latter is available in 9295% yield and 9G- 1% ee (entries ~ 2) @nd ligand (entry 2 vs 3).
3-6). Several additional monosubstituted alkenes were also exam-

Using the less hindered nucleophite, the same excellent  ined. Using a simple branched alkyl group as in the caszof
regioselectivity was observed under our standard conditions (€d 10) led to satisfactory results. Using 2.5 mol2%&.5 mol
(entries 9-12). Clearly, the “standard” ligand gave better
results than the other ones examined (entrie$1. Once again, S ok L w cat 2, cat. 1 YV/(E"
lower temperatures proved detrimental (entry 12). Decreasing 2 (CaHs)sN, PhCHs, . 2 N=(Ph
the catalyst loading to 0.1 mol % & (entry 13) and using
only a 1:1 ratio of the two substratdb and12 gave excellent % 1 and a 2.25:1 ratio o#b:23 at 0.1 M concentration, an
reactivity and e.nantioselectivity. As previously,.these conditions gooy yield of alkylated azlacton®4 of 80% ee was obtained.

did see formation of some amount of the regioisortb, an Somewhat better results were achieved by dropping the catalyst
isomer not observed with higher catalyst loads. to 0.1 mol %2 and 0.3 mol %l with a 1:1 ratio of4b:23 at 1

Given the successful regio- and enantioselective alkylations y; concentration. Under these conditions. the azlac@haas
with the prenyl and cinnamyl systems, we broadened our surveyigq|ated in 88% yield and had an ee of 83%.

to other allylating agents. Switching from a prenylation to the e versatility of a silicon substituent led us to employ acetate
sterically more demanding geranylation led to excellent regio- op2 (eq 11). Initial studies with benzylazlactorta were
and enantioselectivity as summarized in eq 7. Although the

\/ﬂ«c ™S
. 9 o
/]\/\/k/\ izmolff N ™S <4 RVNT S 9 oY o an
.5 mol¥ —
x X"oa 4g TOMRN N X @ AN Roan=(
Ph Ph
27

(10)

c + [0} 25
PhCH3, CHsN(1C3Hs), I N=(
ot Ph Ph
17 26a) R =CH,Ph, R'=TMS a) R =CH,Ph
26b) R=CHy R'=TMS b) R=CHs
. . .. 5a) R=CH,Ph, R'=H
reaction was sluggish, requiring 24 h to consume the gerany- Sc) R=OHy, A'=H

lating agent, the alkylated azlactod& was isolated in 66%

yield with an ee of 87%. Using the sterically even more encouraging. The major product under standardized conditions,

demanding allylating aged, the reaction was incomplete after 263 was obtained in 69% yield and had an ee of 98%. The

3 days but still gave a quite satisfactory result (eq 8). The desired desilylated producba was isolated in 27% yield but had an ee
of only 13%. None of the regioisomeric allylated prodaca

Ph 2.5 mol% 2 Ph o}

PPN o _78mom ] was isolated. The presence of the desilylated prqduct was in
ke A e G P“)\/Fﬁf ° contrast to our previous work that showed that this allylating
® . W agent did not have a propensity to desilyZi®Vvith 1-trimeth-

. . . ylsilyl-3-substitutedr-allylpalladium intermediates, desilylation
alkylated azlacton&9 was isolated in 84% yield (96% brsm),  Giq oecur upon alkylation and this behavior was attributed to

with 13% recovery of allyl acetat#8, and had an ee of 89%.  formation of a carbene complex. The higher stability of the
Starting with an unsymmetrical 1,1-disubstituted allylating anions of azlactones may slow the alkylation sufficiently that a

agent has the danger of generating two different geometrical similar intermediate28 (eq 12) may now be forming even in
isomeric products. If one starts with the allylating agent

possessing the trisubstituted double bond, the product retains TS o 2
that alkene geometry (e.g., eq2?5.0n the other hand, if the O O —= Opq L,\WL (12)
regioisomeric starting material is employed, there is no necessary 28

predisposition of the allylation proceeding to give either . , . -
geometrical isomer of the product. To ascertain if the ligand this case. This behavior was attributed to the stability of the

could influence this selectivity, the allyl acet@@was subjected ~ L-3-dipole28which may be considered a carbene complex. With
to the alkylation (eq 9 and Table 4). Under the three conditions 1€ 1ess hindered azlactorb, a more complicated product
(22) a) Danheiser, R. L.; Fink, D. M.; Okano, K.; Tsai, Y.-M,;

4\/ 32"‘":;? P 2 e Szczepanski, S. Wl. Org. Chem1985 50, 5393. (b) Danheiser, R. L,;
Ph OA/ o4 —2TORT L W o . an‘o © Fink, D. M.; Okano, K.; Tsai, Y.-M.; Szczepanski, S. ®rg. Synth1988
C (C2Hs)3N, solvent Y N= N= 66, 14.
20 r a7 2 (23) Trost, B. M.; Self, C. RJ. Am. Chem. S0d.983 105, 5942.
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Scheme 1.Determination of Absolute Configuratidn

)\/\io
N=
Ph

97% 84%

a b CH30,C c
WOCHa _ b CHO: WEOCH:; _c

J. Am. Chem. Soc.

95%

, Vol. 121, No. 46, 19931

HO,C
=X ToH

NHCOPh NHCOPh NH3Cl
7b 29 (+)-30 (+)-31
[olp +54.7 [elp +233 ol +10.4 lolp +355
(€ 1.1, CH,Cly) (¢ 1.0, CH,Cly) (¢ 1.1, CH,Cly) (c 1.1, CH3OH)
98% ee
lit.>5[oy + 31.1
(c 1.1, CH;OH)
(0] (0} (0] 0
Ph/\/%o a PR X" OCH, b CH30,C %LOCH:; c HOZC—%LOH
0, 0O,
N={ 9% NHcoph  81% NHCcoPh ~ 99% NHSCI
14b Ph 32 (-)-30 (-)-31
[O']D +0.5 [(X]D -24.0 [(I]D -6.6 [a]D -288
(c 1.1, CH,Cly) (c 2.0, CH,Cl,) (¢ 1.5, CH,Cly) (c 1.4, CH;0H)
90% ee
x> a %, b o,
(o] N OCH3 —— CH3OZC ; OCH3
N= 99% NHCOPhH 92% NHCOPhH
24 Ph 33 (-)-30
[o]p -34.1 [olp -17.0 [olp -4.6
(¢ 1.0, CH,Cl,) (c 1.1, CH,Cly) (¢ 1.3, CH,Cly)
83% ee
Tms/\/h/io 4 TMSTN\ oH ° XN oH
N= NHCOPh  86% overall © NHCOPh
26b Ph 34 35
[olp +33.9 [olp -11.9
(c 0.6, CH,Cly) (c 0.4, CH,0OH)
97% ee ity -15.5
(c 0.6, CH;0H)

2 (a)TMS-CI, CHOH, room temperature. (b)ONaOH, CHOH, CHCl,, —78°. (c) 6 N HCI, reflux. (d) HCI, CHCN, room temperature. (e)
HCI, CH,CN, 70.
mixture was observed. The direct allylated azlact@fb was 14b gave the hydrochloride ofti-methylaspartic of opposite
the major product, isolated in 53% yield and having an ee of configuration, i.e., théR isomer ()-31 This result was most
97%. The desilylated produbt was isolated in only 8% yield  surprising since both alkylated azlactones resulted from using
(7% ee). However, two additional products were formed. The the same enantiomer of the ligand.
regioisomeric allylated azlactor2¥b was obtained in 20% yield Performing the same sequence with azlactdderoduced
with good stereocontret93% de and 99% ee (for the major R-aspartic acid derivative—)-30. Thus, nucleophilic attack
diastereomer). Th&-alkene related t@86bwas a minor product,  occurred on thee face of the azlactone following the same
formed in 7% yield (3% ee). Changing the ligand to that derived trend as the cinnamyl case. The silylated azlact®@le was
from stilbenediamin® gave reduced amounts 27b (9%) but correlated with the known-allylated alanine derivativg5.26
increased amounts of tialkene isomer oR6b (16%). The  Mild exposure to concentrated hydrochloric acid in acetonitrile
net result was an unchanged 52% isolated yiel@6if of 97% simply effected hydrolysis to the acB#. Raising the temper-
ee. ature of this reaction to 78C then effected desilylation t85.

The absolute configurations of four of the allylated products This stereochemistry derives from alkylation of tsiface of
were established by correlation to known compounds (seethe azlactone and follows that observed with prenyl.
Scheme). The methanolysis prodi&9 from the prenylated
azlactonerb was ozonize# to the protected amino estef)-

30. Global deprotection gave the hydrochloride salt cof o )
methylaspartic acid31.25 Comparison of its rotation to the The results demonstrate the feasibility of using the AAA

known amino acid salt indicated it was tiSsisomer ¢)-31. reaction to synthesize quaternary amino acids simply with high

Repetition of the sequence using the cinnamylated derivative Yi€lds and enantioselectivities. In contrast to the alkylations of
the3-ketoesters, the symmetry properties of the allylating agent

Discussion

(24) Marshall, J. A.; Garofalo, A. WJ. Org. Chem1993 58, 3675.
(25) Cativiela, C.; Daz-de-Villegas, M. D.; Gaez, J. A.; Lapén, Y.
Tetrahedron1997, 53, 5891 and references therein.

(26) Frauer, A.; Mehlfarer, M.; Thirring, K.; Berner, HJ. Org. Chem.
1994 59, 4215.
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Figure 2. Allyl and nucleophile facial discrimination.
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Figure 3. Dependence of azlactone facial discrimination on electro-
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are important to achieve high ee. Theallylmetal complex
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some extent, be reflected in the corresponding diastereomeric
transition states of nucleophilic attaékAnalyzing the equi-
librium mixture provided an approximation of the enantiose-
lectivity. This question was explored B¥P NMR spectroscopy

for the complex involving ligand and the cinnamy! unit. Two
sets of¥lP signals were observed, oneda22.40 and 22.96 and

the other atd 25.28 and 25.99 in a ratio of 3:1. This pattern
suggests that the two diastereomeric complexes are present in
this ratio. Molecular mechanics calculations parametrized for
palladium (PM-3 and AM-1) gave a 74:26 ratitn excellent
agreement with our observatioffsSince the ee observed in
this case was 90%, it does not appear that this alkylation reflects
ground stater-allyl structural stabilities to some extent. For
reasons discussed elsewhere, the kinetically most active complex
is represented by the cartoons in Figure 4 for the catalyst derived
from theR,Rligand 1.3! During the alkylation, as the substrate
rotates in a clockwise direction because of the change in
hapticity from#° to 52, there is increased steric interactions
between Z and the ligand 86 and between Y and the ligand

in 37. The preference to react by attack on #idace of the

derived from the parent allyl ester is achiral. The transition state 7z-allyl with the R,Rligand1 as depicted i86 and37 combined
for alkylation becomes diastereomeric only in the presence of With the preference to attack tiseface of the nucleophile as in
the chiral ligands as in Figure 1. With the azlactones, this type 36 or re face as in37 then accounts for the chiral recognition.

of enantiodiscrimination led to modest ee’s. On the other hand,

if the structure of thes-allyl unit creates a diastereotopic

This cartoon representation also helps explain the change in
facial selectivity observed between the prenyl and cinnamyl

transition state in the absence of a chiral ligand, then good eesubstrates. Figure 5 depicts a preferred transition state to account
is seen in these alkylations. The initial studies using 1,3- for this facial selectivity. Considering the positively charged
disubstituted allyl systems such as shown in eq 1 illustrate this nature of the palladium complex and the negative charge of

point. Discrimination of enantiotopic leaving groups of gem
dicarboxylate¥’ are another class of reactions that provide
excellent enantioselectivity:?We can now add 1-substituted

and 1,1-disubstituted allyl systems to this group that has good
chiral recognition. Figure 2 demonstrates that the asymmetric

induction derives from three levels of asymmetihe ligands,
the mw-allyl, and the nucleophiteregardless of which allyl

terminus is attacked. Thus, for azlactones as the nucleophile
with this class of ligands, high asymmetric induction requires

a synergy between the chirality of theallyl moiety and the

nucleophile. Figure 3 summarizes the facial discrimination seen

with different electrophiles.

the nucleophile, a transition state such 38is reasonable.

D
L

(

o]
|

The depicted orientation i89 minimizes charge separation as

~ The nature of the chiral pocket may amplify the discrimina- \ell as steric interactions during rotation accompanying the
tion. Work of the Bosnich group suggested that the energy alkylation. On the other hand, in the case of cinnamylation, the

differences among ground-stateallyl intermediates would, to

(27) Trost, B. M.; Lee, C. B.; Weiss, J. M. Am. Chem. Sod 995
117, 7247.
(28) Trost, B. M.; Lee, C. BJ. Am. Chem. S0d.998 120, 6818.

(29) Auburn, P. R.; Mackenzie, P. B.; Bosnich, B.Am. Chem. Soc.
1985 107, 2033.

(30) Oslob, J. D., unpublished calculations.

(31) Trost, B. M.; Toste, F. DJ. Am. Chem. S0d.999 121, 4545.
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Figure 4. Cartoon representing chiral recognition.

Figure 5. Dependence of facial discrimination upon electrophile.

corresponding transition sta4® becomes destabilized because sion26 Thus, accompanying any change in structure of the tight
of steric interactions between the approaching ion pair of the ion pair is a simultaneous change in ligand conformation.
nucleophile and the twisted phenyl ring. Steric interactions with Furthermore, there is likely no static “meso-liket-allyl

the walls of the chiral pocket forces the phenyl ring to twist structure. This symmetry only derives from an averaging of
such that the plane of this ring is perpendicular to that of the equilibrating structures. At present, this explanation accounts
allyl unit.32 The steric bulk of the phenyl ring then extends in for all the observations. Until detailed structural information is

a vertical direction, causing a destabilizing interaction with the forthcoming in this series, it is not possible to define these
nucleophile. Flipping the azlactone ring as depicted4i structural changes in a more detailed fashion.

relieves this interaction and provides the observed product. On the other hand, prenylation does not show a memory
Similar reasoning accounts for the other examples and has beerffect. Both regioisomeric starting materials gave significant
extrapolated to tentatively assign the absolute configuration for amounts of attack at the tertiary carbon to form a highly

the remaining examples. congested produ@. Recent work established that this family
The regioselectivity is also noteworthy. In the cinnamylation, of ligands has a propensity to direct the nucleophile to attack
a pronounced “memory” effect was observezhly primary at the more substituted carbon when the diastereomeric com-

attack occurred with cinnamyl acetal®, but nearly equal plexes are interconverting more rapidly than undergoing nu-
amounts of both regioisomers formed fraxphenylallyl acetate cleophilic attack! In the case of phenols as nucleophiles,
13. We have previously noted a memory effect with these excellent regioselectivity for attack at the more substituted allyl
ligands3? and this case demonstrates how strong such an effectterminus was obtained. The formation 8f wherein two
may be, considering the steric hindrance created in forrbfing contiguous quaternary centers are being formed, during the
The memory effect has been attributed to different tight ion alkylation illustrates how strong this effect might be.

pairs depending upon the starting allyl ester. This explanation  The silyl-substituted allylation becomes a useful functionality
has been recently question&d{owever, the structure of the  for elaboration. Vinylsilanes have great versatility as nucleo-
ion pair is not simply the arrangement of anion and cation and philes. This compound also provides a means to overcome the
their solvation shell but also includes the conformation of the modest ee in the reactions of allyl acetate itself. Protodesilylation
ligand. An X-ray structure of a related complex clearly shows of 26a or 26b provides the products of simple allylatida

that the ligand does not poss&&ssymmetry3® Such a situation and5c in high ee. It should be pointed out that the use of the
likely exists for this ligand as well. Calculations (AM-1 and strategy of self-reproduction of chirality for the synthesi$of
PM-3 parametrized forr-allylpalladium) support this conclu-  has been stated to be problema&8id@he current method offers

a reasonable approach.

(32) Cf. Hodgson, D. J.; Rychlewska, U.; Eliel, E. L.; Manoharan, M.;

Knox, D. E.; Olefirowicz, E. M.J. Org. Chem1985 50, 4838. The present study provides a facile entry to quaternary amino
(33) Trost, B. M.; Bunt, R. CJ. Am. Chem. S0d.996 118, 235. acids using catalytic asymmetric alkylation. The versatility of
(34) Lloyd-Jones, G. C.; Stephen, S. Chem. Eur. J1998 4, 2539. i,

(35) Trost, B. M.; Breit, B.; Peukert, S.; Zambrano, J.; Ziller, J. W. (36) Hagelin, H.; Aermark, B.; Trost, B. M.; Norrby, P.-O., to be

Angew. Chem., Int. Ed. Endgl995 34, 2386. submitted for publication.
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Table 5. Experimental Details for Table 2, Entries-14

product? product8
ligand yield [ado yield [ado
entry (mg) mg (%) (c, CHxCly mg (%) (c, CHxCly
1 6 1(10.4) 28.0 44 —63.4 (2.67) 14.8 23 —0.8 (1.36)
2 6 1(10.4) 26.2 41 —63.2 (2.62) 26.2 41 +21.9 (2.62)
3 6 9(11.8) 37.8 59 +64.3 (3.78) 10.8 17 —12.2 (1.08)
4 6 1(10.4) 45.9 72 —63.8 (0.78) 14.5 23 +19.5 (1.45)
5 6 1(10.4) 9.5 15 —57.3(0.95) 19 3 +15.4 (0.19)
6 6 1(10.4) 36.3 57 —61.3(0.67) 15.0 23 +18.5 (0.44)
7 6 1(10.4) 41.7 65 —57.8(1.11) 14.4 23 —0.9 (0.27)
8 6 10(11.9) 20.2 32 —62.1 (0.50) 29.8 47 +0.3(0.51)
9 see text
10 11a 1(10.4) 49.8 78 —61.7 (0.97) 7.4 12 +22.1(0.74)
11 1l1a 9(11.8) 39.5 62 +63.9 (0.92) 7.6 12 —42.2 (0.76)
12 11a 1(10.4) 41.4 65 —62.0 (0.80) 7.2 11 +15.6 (0.72)
13 11b 1(10.4) 47.1 74 —62.0 (1.16) 10.5 16 +16.3 (1.05)
14 11b 1(10.4) 35.6 56 —52.4 (0.37) 10.4 16 +15.2 (0.95)

the double bond for further elaborations make asymmetric toluene (27 mL). Then, a preformed solution (2 mL) of hisgllyl)-
allylations particularly useful. For example, hydrogenation di-u-chlorodipalladium, 5.5 mg, 15mol) and chiral ligand. (31.1
provides the saturated analogues. Oxidative cleavage providegnd. 45umol) was added via cannula. After 24 h the reaction mixture
an entry toa-alkylated aspartic acids. Scheme 1 illustrates access Was duenched with aqueous phosphate buffer (pH 7) and extracted with
to either enantiomer ofe-methylaspartic acid simply by CH,Cl,. The combined organic layer was dried over,8@, and

. . S ) concentrated in vacuo. The residue was purified by flash chromatog-
changing the allylating agennot the chirality of the ligand. raphy on silica gel eluting with petroleum ethekcOEt (97:3) to give

Naturally, changing the chirality of the ligand accomplishes the s 4 fraction containing 4-benzyl-4-(2-methyl-3-buten-2-yl)-2-phenyl-
same end result. This compound has generated interest becausgoxazolin-5-one§a): 144.6 mg (15%, 20% ee)o]p = +10.1 € =

of its biological activity as a competitive inhibitor of aspartate 1.26, CHCL,) as an oil, and then a second fraction containing 4-benzyl-
amino transferase and its possible use as an excitatory aminat-(3-methyl-2-butenyl)-2-phenyl-2-oxazolin-5-onga); 718.0 mg
acid?® All of the known asymmetric synthesis routes control (75%, 99% ee),d]o = —63.4 € = 1.67, CHCl,) also as an oil.
relative stereochemistry either via chiral auxiliaries or self-  4-Benzyl-4-(3-methyl-2-butenyl)-2-phenyl-2-oxazolin-5-one (7a):
reproduction of chirality>3738The route reported herein is the IR (neat film from CDC}) 1817, 1655, 1602, 1581, 1496, 1451, 1321
first catalytic asymmetric route and can provide many different ¢cm*. *H NMR (300 MHz, CDC}) ¢ 7.85-7.82 (m, 2H), 7.51 (m,
a-substituted aspartic acids simply by varying the azlac8ne. 1H). 7.44-7.39 (m, 2H), 7.26.7.12 (m, 5H), 5.05 (m, 1H), 3.25 (d,
= 13.5 Hz, 1H), 3.17 (dJ = 13.5 Hz, 1H), 2.74 (ddj = 14.1, 8.1
) ) 13C NMR (75.5 MHz, CDC}) 6 179.7, 159.8, 137.6, 134.7, 132.5,
Prenylation of 4-Benzyl-2-phenyl-2-oxazolin-5-one (4a). General ~ 130.2, 128.7, 128.2, 127.8, 127.1, 125.9, 116.2, 75.2, 43.0, 36.0, 25.8,
Procedure. Method A.Allylic substrate 6 or 11, 200umol), was added 18.0. Anal. Calcd for §H»NO,: C, 78.97; H, 6.63, N, 4.39. Found:
to a solution (1 mL) of triethylamine or PMG (4@0nol) and 4-benzyl- C, 79.00, H, 6.65, N, 4.37.
2-phenyl-2-oxazolin-5-one4g, 113.1 mg, 45Qumol). Then, a pre- 4-Benz ; .
. ) . . . . yl-4-(2-methyl-3-buten-2-yl)-2-phenyl-2-oxazolin-5-one (8a):
formed solution (1 mL) of bisf-allyl)di-u-chlorodipaliadium (11) g, IR (neat film from CDC}) 1813, 1658, 1603, 1582, 1496, 1452¢m
1.8 mg, 4.«mol) and chiral ligand (15.&mol) was added via cannula. 1H NMR (300 MHz, CDC}) 8 7.81—7.78 (m, 2H), 7.49 (m, 1H), 7.42
The reaction mixture was quenched with aqueous phosphate buffer (pH; 37 (m, 2H) 7.09'7.07 (m, 5H), 6.22 (dc’iJ _ ’17.8 10’.5 Hyz 1H)

7, 40 mL) and extracted with Gi&Ix(3 x 30 mL). The combined 5.23-5.17 (m, 2H), 3.20 (s, 2H), 1.29 (s, 3H), 1.27 (s, 3HT NMR

organic layer was dried over B8O, and concentrated in vacuo. The (75.5 MHz, CDC}) 6 178.9, 159.5, 142.6, 134.8, 132.4, 130.5, 128.6
residue was purified by flash chromatography on silica gel eluting with ;55 127’.8 127.0 125_é 114_é 79.6’ 43.0 ’38.6 2’2.0 2i.8. Anél.
petroleum etherAcOEt (97:3) to give first a fraction containing Calcd‘for Q1|"|21N0221 C 78’.97' H ‘6.63 ’N 4.’39. Fo,und: ’C 78.84
4-benzyl-4-(2-methyl-3-buten-2-yl)-2-phenyl-2-oxazolin-5-08a) @s H 6.69 N 4.32 ' Y Y ' '
an oil and then a second fraction containing 4-benzyl-4-(3-methyl-2- ~ " """ "' "7 .
butenyl)-2-phenyl-2-oxazolin-5-on@4) also as an oil. Enantiomeric Prenylation of 4-Methyl-2-phenyl-2-oxazolin-5-one (4b)3-Ace-
excess was determined by chiral HPLC (Chiralcel OD column, ©OXY-3-methyl-1-butened) or 3-methyl-2-propen-1-yl acetatelq) was
heptane-2-propanol, 99.9:0.1%x(8a, —) = 15.3, tx(8a, +) = 16.3: added to a_solutlon of triethylamine and 4-methyl-2-phenyl-z-oxazolln-
ta(7a, —) = 17.3,tx(7a, +) = 20.7. Tables 2 and 5 summarize the 5-one.€lb) in tolugne (1..5 mL). Then.a p.reformled solution of lpis(
experimental details for each run. allyl)di-u-chlorodipalladium 2) and chiral ligandL in toluene (0.5 mL)

Method B (1% cat). 3-Acetoxy-3-methyl-1-butend (a 384.5 mg, was added via cannula. The reaction mixture was quenched with
3.0 mmol) was added to a solution of triethylamine (420 3.0 mmol) aqueous phosphate butffer (pH 7, 40 mL) and extracted withOGH
and 4-benzyl-2-phenyl-2-oxazolin-5-onéa( 829.2 mg, 3.3 mmol) in (3 x 30 mL). The combined organic layer Wa_s_drled oves3@, and

concentrated in vacuo. The residue was purified by flash chromatog-

(37) (a) Chinchilla, R.; Galindo, N.; Nera, C.Synthesi€4999 704. (b) raphy on silica gel eluting with petroleum ethekcOEt (96:4) to give
Abellan, T.; Najera, C.; Sansano, J. Metrahedron: Asymmetry998 9, first a fraction containing 4-methyl-4-(2-methyl-3-buten-2-yl)-2-phenyl-

2211. (¢) Chinchilla, R, Falvello, L. R.; Galindo, N.,’ja, C.Angew. 2-oxazolin-5-one&b) as an oil and then a second fraction containing
Chem,, Int. £d. Engll997 36, 995. (d) Berkowitz, D. B.; Smith, M. KJ. 4-methyl-4-(3-methyl-2-butenyl)-2-phenyl-2-oxazolin-5-oii)(also
Org. Chem1995 60, 1233. (e) Belokon, Y. N.; Tararov, V. I.; Maleev, V. y Y Yl)-2-pheny

I.; Mociskite, S.; Vitt, S. V.; Chernoglazova, N. I.; Savel'eva, T. F.; asan oil. Tables 2 and 6 summarize the experimental details for each
Saporovskaya, M. Blzyv. Akad. Nauk SSSR, Ser. Khir®91, 7, 1542; run.
Chem. Abstr199], 115 280496. 4-Methyl-4-(3-methyl-2-butenyl)-2-phenyl-2-oxazolin-5-one (7b):

b -(‘K’Asgéﬁ‘groﬁr-e}i?fgﬁeﬁﬁ,ﬂ%@% 1‘5'1 Dl%'é’éé] gz ('t');’rc';”;‘g?gr" g';IS’%]S;Rh;'?er’ Oil. Enantiomeric excess was determined by chiral HPLC (Chiralcel

Kant, J. Tetrahedron Lett.1988 29, 403. (c) Fadel, A.; Salaun, J.  OD column, heptane2-propanol, 99.5:0.5)(—) = 5.3,tr(+) = 9.1.
Tetrahedron Lett1987, 28, 2243. (d) Aebi, J. D.; Seebach, Belv. Chim. IR (neat film from CHCI,) 1819, 1655, 1602, 1581, 1494, 1451, 1377,
Acta 1985 68, 1507. 1321 cmrl. 'H NMR (300 MHz, CDC}) 6 8.00-7.92 (m, 2H), 7.57
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Table 6. Experimental Details for Table 2, Entries-159
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Tbor7c 8b
1 2 (CHs)sN 4bor4c 6orlla mg (% yield) mg (% yield)
entry mg (umol) mg (umol) uL (umol) mg (umol) mg (umol) [a]o (€, CHLCI) [a]b (¢, CHLCI)
15 10.4 (15.1) 1.8 (4.9) 56 (400)  4b, 78.8 (450) 6, 25.6 (200) 7b 26.7 (55) 6.4 (13)
+48.0 (1.06) —4.9 (0.64)
16 4.0 (5.8) 0.7 (1.9) 293 (2100) 4b, 385.4 (2200) 6, 352.4 (2750) 7b 284.4 (53) 168.2 (31)
+54.7 (1.11) —4.8 (1.91)
17 10.4 (15.1) 1.8 (4.9) 56 (400)  4b, 78.8 (450) 113 25.6 (200) 7b32.6 (67) 8.5 (17)
+52.8 (1.14) —7.2(0.85)
18 10.4 (15.1) 1.8 (4.9) 56 (400)  4c, 91.5 (450) 6, 25.6 (200) 7¢31.0 (57)
+66.4 (0.89)
19 10.4 (15.1) 1.8 (4.9) 56 (400)  4c, 91.5 (450) 113 25.6 (200) 7¢25.7 (47)
+66.5 (0.57)
(m, 1H), 7.5%7.46 (m, 2H), 5.03 (tJ = 7.5 Hz, 1H), 2.64-2.50 (m, Table 7. Experimental Details for Table 3
2H), 1.64 (s, 6H), 1.53 (s, 3H)*C NMR (75.5 MHz, CDC}) 6 180.9, azlactone! oroductla
159.8, 137.6, 132.6, 128.8, 128.0, 126.2, 116.4, 70.2, 36.8, 25.8, 23.0, allyl ester/ ligand base mg (% yield)
18.0. Anal. Calcd for GH17NOs: C, 74.05, H, 7.04, N, 5.76. Found: entry solvent (mg) (”L) [a]D (C, CHZC|2)
C, 73.89, H, 6.89, N. 5.57.
4-Methyl-4-(2-methyl-3-buten-2-yl)-2-phenyl-2-oxazolin-5-one (8b): 1 4d12CHCN - 1(10.4)1 (Q(EE))SN 55—86(565) (0.50)
Oil. Enantiomeric excess was determined by chiral HPLC (Chiralcel 2 4312CHCN  9(11.8) (GHs)N 47.8 (65) '
OD column, heptane2-propanol, 99.9:0.1}r(—) = 7.1,tr(+) = 8.3. (56) —62.0 (1.05)
IR (neat film from CHCIl,) 1819, 1657, 1582, 1494, 1451, 1415, 1371, 3 4a12PhCH  1(10.4) (GHs):N 66.5 (91)
1320 cnT™ *H NMR (300 MHz, CDC}) ¢ 8.02-7.99 (m, 2H), 7.57 (56) +77.0 (0.75)
(m, 1H), 7.51-7.45 (m, 2H), 6.06 (dd) = 17.7, 10.5 Hz, 1H), 5.16 4  4a12/PhCH;  1(10.4) GHsN(i-CsHy) 67.6 (92)
5.10 (m, 2H), 1.45 (s, 3H), 1.20 (s, 3H), 1.17 (s, 3HL NMR (75.5 (70) +79.6 (1.08)
MHz, CDCk) 6 180.2, 159.7, 142.3, 132.6, 128.8, 128.0, 126.1, 114.6, 5 4a12/PhCH  1(10.4) (GHs)NPh  69.7 (95)
74.2,42.6,21.5, 21.4, 19.5. Anal. Calcd forg@:i:NO,: C, 74.05, H, (64) +73.4 (1.24)
7.04, N, 5.76. Found: C, 74.24, H, 6.89, N. 5.63. 6 4d1ZPhCh  1(104) none 63%7(99420 97)
Prenylation of 4-Isopropyl-2-phenyl-2-oxazolin-5-one (4c)The : :
reactions were performed as in the casetbf Enantiomeric excess 7 A4d12PhChH  1(104) (GHa)N 66.9 (91)
was determined by chiral HPLC (Chiralcel OD column, hepta?e (56) 742 (1.28)
y mn, heptalie 8 4al13PhCH  1(10.4) (GHs)N 33.4 (45)
propanol, 99.9:0.1}r(—) = 5.1,tr(+) = 7.3. The experimental details (56) +87.3(0.65)
are summarized in Tables 2 and 6. 9 4b/12PhCH  1(10.4) (GHs)sN 43.2 (74)
4-Isopropyl-4-(3-methyl-2-butenyl)-2-phenyl-2-oxazolin-5-one (7c): (56)
IR (neat film from CDC}) 1816, 1655, 1581, 1495, 1415, 1387, 1320 10 4b/12PhCH  9(11.8) (GHs):N 46.3 (80)
cm . 'H NMR (300 MHz, CDC}) 6 8.01~7.98 (m, 2H), 7.57 (m, (56)
1H), 7.51-7.46 (m, 2H), 4.97 (m, 1H), 2.622.59 (m, 2H), 2.20 (hp, 11 4b/12/PhCH  16(12.2) (GHs)sN 49.1 (84)
J=6.8 Hz, 1H), 1.62 (s, 3H), 1.60 (s, 3H), 1.07 (t= 6.9 Hz, 3H), (56)
0.95 (d,J = 6.7 Hz, 3H).13C NMR (75.5 MHz, CDC}) 6 180.5, 159.9, 12 4b/12/PhCH  1(10.4) (GHs):N 42.2 (72)
137.3, 132.5, 128.8, 128.0, 126.2, 116.3, 77.3, 34.4, 33.6, 25.8, 18.0, 13 seetext (56)

17.1, 16.8. Anal. Calcd for GHNO, C, 75.25, H, 7.80, N. 5.16.
Found: C, 75.12, H, 7.87, N, 5.19.

Cinnamylation of 4-Benzyl- and 4-Methyl-2-phenyl-2-oxazolin-
5-one. Following the general procedure, cinnamyl acetatg) (or
3-acetoxy-3-phenyl-1-propené3) (35.2 mg, 20Q«mol), amine (400
umol), azlactone4a, 113 mg;4b, 78.8 mg; 45Qumol), bisg;*-allyl)-
di-u-chlorodipalladium 2, 1.8 mg, 4.«mol), and ligand (15.kmol)
in 2 mL of toluene or acetonitrile gave the alkylated prodigafter
flash chromatography (94:6 petroleum ethethyl acetate). In the
alkylation of4awith 13, flash chromatography (93:7 petroleum ether
ethyl acetate) gave successively first one diastereomébafnext a
second diastereomer dbaand finally14a Tables 3 and 7 summarize
the experimental details for each of the runs. Enantiomeric purity was
determined by chiral HPLC (Chiralcel OD column, 99:1 heptaRe
propanoltg(+) = 11.1,tr(—) = 13.7 for 14g tr(+) = 8.3, tr(—) =
11.0 for 14b.

Preparative Run (Table 7, entry 13).Cinnamyl acetatel2, 388.4
mg, 2.2 mmol) was added to a solution of triethylamine (2052.2
mmol) and 4-methyl-2-phenyl-2-oxazolin-5-onéb( 385.4 mg, 2.2
mmol) in toluene (1.5 mL). Then, a preformed solution of hisfllyl)-
di-u-chlorodipalladium(ll) g, 0.7 mg, 1.9«mol) and chiral ligandlL
(4.0 mg, 5.8umol) was added via cannula in toluene (0.5 mL). The
reaction mixture was stirred at room temperature for 6 h, quenched
with aqueous phosphate buffer (pH 7, 40 mL) and extracted witk CH
Cl, (3 x 30 mL). The combined organic layer was dried ovep3@,
and concentrated in vacuo. The residue was purified by flash chroma-
tography on silica gel eluting with petroleum ethéxcOEt (94:6) to
give a first fraction of one diasteroisomer of 4-methyl-2-phenyl-4-(1-
phenyl-2-propenyl)-2-oxazolin-5-on&%b, 48.4 mg, 8%), followed by

a First eluting diastereomer df5a 20.4 mg (28% yield); second
eluting isomer ofl5a 14.2 mg (19% yield).

the other diastereoisomet, 23.1 mg, 4%) and finallyH)-4-methyl-
2-phenyl-4-(3-phenyl-2-propen-1-yl)-2-oxazolin-5-on&4lf) as an
oil: 479.1 mg (75%, 90% ee).

(E)-4-Benzyl-2-phenyl-4-(3-phenyl-2-propenyl)-2-oxazolin-5-
one (14a): IR (neat film from CDC}) 1815, 1654, 1601, 1580, 1495,
1451, 1320 cmt. *H NMR (300 MHz, CDC}) 6 7.85-7.82 (m, 2H),
7.51 (m, 1H), 7.43-7.38 (m, 2H), 7.36-7.14 (m, 10H), 6.55 (d) =
15.8 Hz, 1H), 6.08 (dtJ = 15.8, 7.5 Hz, 1H), 3.24 (d] = 13.4 Hz,
1H), 3.20 (d,J = 13.4 Hz, 1H), 2.942.83 (m, 2H).23C NMR (75.5
MHz, CDChk) 6 179.3, 160.2, 135.4, 134.4, 132.6, 130.2, 128.7, 128.5,
128.2,127.9, 127.6, 127.3, 126.4, 125.7, 122.0, 74.9, 43.2, 40.7. Anal.
Calcd for GsH2iNOy: C, 81.72, H, 5.76, N, 3.81. Found: C, 81.96,
H, 6.00, N, 3.69.

(E)-4-Methyl-2-phenyl-4-(3-phenyl-2-propenyl)-2-oxazolin-5-
one (14b):IR (neat film from CDC}) 1819, 1654, 1580, 1495, 1450,
1321 cm*. *H NMR (300 MHz, CDC}) 6 8.00-7.98 (m, 2H), 7.57
(m, 1H), 7.50-7.45 (m, 2H), 7.36-7.18 (m, 5H), 6.53 (dJ = 15.8
Hz, 1H), 6.07 (dtJ = 15.8, 7.5 Hz, 1H), 2.842.70 (m, 2H), 1.57 (s,
3H). *3C NMR (75.5 MHz, CDC}J) 6 180.5, 160.1, 136.9, 135.4, 132.8,
128.9, 128.5, 128.0, 127.6, 126.4, 125.9, 122.2, 69.9, 41.6, 23.2. Anal.
Calcd for GgH1/NO,: C, 78.33, H, 5.88, N, 4.81. Found: C, 78.22,
H, 5.99, N, 4.78.

Geranylation of 4-Benzyl-2-phenyl-2-oxazolin-5-oneFollowing
the general procedure, geranyl acetate (42.9 200 umol), N,N-
diisopropylethylamine (7@mol, 400umol) 4a(113.1 mg, 45@:mol),
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2 (1.8 mg, 4.9«mol), and1 (10.4 mg, 15.Jumol) in 2 mL of toluene umol), and1 (4.0 mg, 5.8«mol) in 1.5 mL of toluene gave, after 3 h
after stirring at room temperature for 24 h and flash chromatographic at room temperature and flash chromatography (95:5 petroleum-ether

purification (93:7 pet etherethyl acetate) gave azlactoh@(51.0 mg, ethyl acetate), azlactort (452.4 mg, 88% yield),d]o = —34.1 €
66% vyield), pjo = —41.2 € = 1.04, CHCI,). Enantiomeric excess = 1.01, CHCI,). Enantiomeric excess was determined by chiral HPLC
was determined by chiral HPLC (Chiralcel OD column, heptake (Chiralcel OD column, heptane2-propanol, 99.5:0.8x(—) = 5.4, tr-
propanol, 99.9:0.1)z(—) = 11.2,tr(+) = 12.5. (+)=7.8.

4-Benzyl-4-geranyl-2-phenyl-2-oxazolin-5-one (17)R (neat film (E)-4-Methyl-4-(4-methyl-2-pentenyl)-2-phenyl-2-oxazolin-5-

from CDCk) 1817, 1656, 1603, 1581, 1496, 1452, 1376, 1321%cm  one (24):IR(neat film from CHCl,) 1823, 1655, 1602, 1581, 1494,
H NMR (300 MHz, CDCH) 6 7.85-7.82 (m, 2H), 7.51 (m, 1H), 7.43 1451, 1321 cmt. 'H NMR (300 MHz, CDC}) & 8.00-7.97 (m, 2H),
7.38 (m, 2H), 7.26-7.12 (m, 5H), 5.06 (tJ = 7.6 Hz, 1H), 4.96 (m,  7.57 (m, 1H), 7.547.45 (m, 2H), 5.54 (ddJ = 15.4, 6.8 Hz, 1H),
1H), 3.25 (d,J = 13.4 Hz, 1H), 3.17 (dJ = 13.4 Hz, 1H), 2.75 (dd,  5.21 (dt,J = 15.4, 7.4 Hz, 1H), 2.592.46 (AB system, 2H), 2.16 (m,
J=14.0, 8.2 Hz, 1H), 2.67 (dd,= 14.0, 7.1 Hz, 1H), 1.961.88 (m, 1H), 1.52 (s, 3H), 0.85 (d] = 6.6 Hz, 3H), 0.84 (dJ = 6.6 Hz, 3H).

4H), 1.65 (s, 3H), 1.58 (s, 3H), 1.47 (s, 3HJC NMR (75.5 MHz, 13C NMR (75.5 MHz, CDCY) 6 180.6, 159.7, 144.3, 132.7, 128.8,
CDCl) 6 179.7, 159.8, 141.3, 134.7, 132.4, 131.6, 130.2, 128.7, 128.2, 127.9, 126.1, 119.0, 70.2, 41.1, 30.9, 22.9, 22.3, 22.1. Anal. Calcd for
127.8, 127.1, 125.9, 123.9, 116.1, 75.3, 43.0, 39.7, 35.9, 26.5, 25.5,C;eH:sNO,: C, 74.68, H, 7.44, N, 5.44. Found: C, 74.68, H, 7.20, N,
17.4, 16.4. Anal. Calcd for £HoNO,: C, 80.59, H, 7.54, N, 3.61.  5.20.

Found: C, 80.71, H, 7.38, N, 3.61. Alkylations with 3-Acetoxy-3-trimethylsilylpropene (25). 4-Ben-
Alkylation of 4-Benzyl-2-phenyl-2-oxazolin-5-one with 3-Acetoxy- zyl-2-phenyl-2-oxazolin-5-one: Following the general procedure, 3-ace-

1,1-diphenylpropene (18)Following the general procedure, 3-acetoxy- toxy-3-trimethylsilylpropene 35, 34.5 mg, 20Qumol), triethylamine

1,1-diphenylpropenel8, 50.5 mg, 20Qumol), triethylamine (56uL, (56 uL, 400 umol), 4a (113.1 mg, 45Qumol), 2 (1.8 mg, 4.9umol),

400 umol), 4a (113.1 mg, 45Qumol), 2 (1.8 mg, 4.9umol), and1 and1 (10.4 mg, 15.1umol) in 2 mL of toluene gave, after 24 h at

(10.4 mg, 15.1umol) in 2 mL of toluene gave after 3 days at room room temperature and flash chromatography (95:5 pet etthyl
temperature and flash chromatographic purification (95:5 pet ether: acetate), the silylated azlactoB6a (50.3 mg, 69%),¢]o = —53.7 €
ethyl acetate), (6.7 mg, 13% recovery) recovered starting mafes;ial = 1.05, CHCI,), and desilylated azlactori® (16.8 mg, 27% including
and azlacton&9 (73.9 mg, 84% yield, 96% yield brsmy]o = —70.7 catalyst). Enantiomeric excess was determined by chiral HPLC (Chiral-
(c = 0.93, CHCI,). Enantiomeric excess was determined by chiral cel OD column, heptare2-propanol, 99.9:0.1)x(—) = 13.4,tr(+)
HPLC (Chiralpak AD column, heptane 2-propanol 99t&);-) = 9.5, = 18.9.
tr(+) = 11.6. (E)-4-Benzyl-2-phenyl-4-(3-trimethylsilyl-2-propenyl)-2-oxazolin-
4-Benzyl-4-(3,3-diphenyl-2-propenyl)-2-phenyl-2-oxazolin-5- 5-one (26a): IR (neat film from CDCH$) 1818, 1655, 1605, 1581, 1496,
one (19):IR (neat film from CDC}) 1816, 1655, 1601, 1580, 1495, 1452, 1321 cmt. *H NMR (300 MHz, CDC}) 6 7.89-7.86 (m, 2H),

1452, 1321 cm. 'H NMR (300 MHz, CDC}) 6 7.88-7.85 (m, 2H), 7.54 (m, 1H), 7.467.41 (m, 2H), 7.22-7.16 (m, 5H), 6.19 (dt) =
7.54-7.49 (m, 1H), 7.447.34 (m, 5H), 7.237.11 (m, 12H), 6.03 (t,  14.2, 7.4 Hz, 1H), 5.70 (d] = 14.2 Hz, 1H), 3.26 (dJ = 13.3 Hz,
J = 7.4 Hz, 1H), 3.19 (d]) = 13.4 Hz, 1H), 3.10 (dJ = 13.4 Hz, 1H), 3.17 (d,J = 13.3 Hz, 1H), 2.82 (ddJ = 7.4, 1.2 Hz, 2H), 0.16

1H), 2.85-2.83 (m, 2H) 13C NMR (75.5 MHz, CDC}) 6 179.3, 160.0, (s, 9H).13C NMR (75.5 MHz, CDC)) 6 179.3, 159.9, 139.3, 135.3,
146.2, 142.2, 139.4, 134.4, 132.6, 130.2, 130.0, 128.7, 128.4, 128.2,134.4,132.6, 130.3, 128.7, 128.2, 127.9, 127.3, 125.8, 74.2, 43.2, 40.3,
127.9,127.5,127.4,127.2, 125.7, 120.9, 74.6, 42.9, 37.4. Anal. Calcd 0.0. Anal. Calcd for GH»sNO,Si: C, 72.69, H, 6.93, N, 3.85. Found:

for C3;H2sNO,: C, 83.95, H, 5.68, N, 3.16. Found: C, 84.09, H, 5.49, C, 72.77, H, 7.02, N, 3.90.

N, 3.16. 4-Methyl-2-phenyl-2-oxazolin-5-one.Following the general pro-
Alkylation of 4-Methyl-2-phenyl-2-oxazolin-5-one with 3-Ace- cedure, 3-acetoxy-3-trimethylsilylpropen25( 172.5 mg, 1.0 mmol),

toxy-3-phenyl-1-butene (20)Following the general procedure, 3-ace- triethylamine (28QuL, 2.0 mmol),4b (394.0 mg, 2.25 mmol)2 (9.0

toxy-3-phenyl-1-butene2Q, 38 uL, 200 #mol), triethylamine (56.L, mg, 24.5¢mol), andl (51.8 mg, 75.5mol) in 10 mL of toluene gave,

400umol), 4b (78.8 mg, 45Qumol), 2 (1.8 mg, 4.umol), andl (10.4 after 22 h at room temperature and flash chromatography (97:3 pet
mg, 15.1umol) in 2 mL of toluene gave, aft& h atroom temperature ether-ethyl acetate), in order of elutioB7b (56.9 mg, 20% yield),
and flash chromatography (96:4 pet ether:ethyl acetate), azlagfione 26b(151.4 mg, 53% yield)Z-isomer of26b (19.2 mg, 3% yield), and
(28.5 mg, 47% yield)d]p = —5.0 € = 0.53, CHCI,) followed by 5¢ (27.0 mg, 7% yield).
azlactone22 (25.3 mg, 41% vyield),d]o = +3.7 (€ = 2.13, CHCl,). (E)-4-Methyl-2-phenyl-4-(3-trimethylsilyl-2-propenyl)-2-oxazolin-
Enantiomeric excess was determined by chiral HPLC (Chiralcel OD 5-one (26b): Oil. Enantiomeric excess was determined by chiral HPLC
column heptane:2-propanol 99.1:0.%)(+) = 11.3,tr(—) = 19.5 for (Chiralcel OD column, heptare2-propanol, 99.9: 0.1jr(—) = 10.4,
21; tr(—) = 23.6,tr(+) = 31.1 for22. tr(+) = 13.0. IR(neat film from CKCI,) 1821, 1655, 1610, 1581, 1452,
(2)-4-Methyl-4-(3-phenyl-2-butenyl)-2-phenyl-2-oxazolin-5-one (21): 1321 cnmt™. *H NMR (300 MHz, CDC}) 6 8.01-7.98 (m, 2H), 7.57
IR(neat film from CHCI,) 1820, 1654, 1601, 1580, 1493, 1451, 1374, (m, 1H), 7.5%-7.46 (m, 2H), 6.14 (dt) = 14.2, 7.3 Hz, 1H), 5.68 (d,
1321 cntl. 'H NMR (300 MHz, CDC}) ¢ 8.03-8.00 (m, 2H), 7.57 J=14.2 Hz, 1H), 2.69 (dJ = 7.3 Hz, 2H), 1.54 (s, 3H), 0.14 (s, 9H).
(m, 1H), 7.52-7.46 (m, 2H), 7.3%7.32 (m, 2H), 7.26 (m, 1H), 7.19 3C NMR (75.5 MHz, CDC)) ¢ 180.4, 159.9, 139.5, 135.2, 132.7,
7.16 (m, 2H), 5.37 (tg) = 7.3, 1.3 Hz, 1H), 2.54 (d] = 7.3 Hz, 2H), 128.8, 128.0, 126.0, 69.2, 41.2, 23.2, 0.0. Anal. Calcd fgH&NO,-
1.98 (d,J = 1.3 Hz, 3H), 1.44 (s, 3H):*C NMR (75.5 MHz, CDC)) Si: C, 66.86, H, 7.36, N, 4.87. Found: C, 66.71, H, 7.12, N, 4.85.
0 180.9, 159.8, 141.9, 141.4, 132.7, 128.8, 128.3, 128.0, 127.9, 126.9,  (2)-4-Methyl-2-phenyl-4-(3-trimethylsilyl-2-propenyl)-2-oxazolin-
126.1, 118.9, 69.5, 37.5, 25.9, 23.0. Anal. Calcd fesHzoNO,: C, 5-one -isomer of 26b): Oil. Enantiomeric excess was determined
78.66, H, 6.27, N, 4.59. Found: C, 78.65, H, 6.22, N, 4.54. by chiral HPLC (Chiralcel OD column, heptang-propanol, 99.5: 0.5),
(E)-4-Methyl-4-(3-phenyl-2-butenyl)-2-phenyl-2-oxazolin-5-one tr(—) = 5.9,tr(+) = 7.0. IR (neat film from CDGJ) 1821, 1655, 1617,
(22): IR (neat film from CHCI,) 1820, 1655, 1601, 1581, 1494, 1451, 1581, 1494, 1452, 1321 crh *H NMR (300 MHz, CDC}) 6 7.98-

1381, 1321 cm. 'H NMR (300 MHz, CDC}) 6 8.00-7.97 (m, 2H),  7.95 (m, 2H), 7.56 (m, 1H), 7.507.44 (m, 2H), 5.845.82 (m, 2H),
7.56 (m, 1H), 7.56-7.44 (m, 2H), 7.257.18 (m, 5H), 5.63 (tg) = 2.64-2.62 (AB system, 2H), 1.52 (s, 3H);0.09 (s, 9H).3C NMR
7.7, 1.4 Hz, 1H), 2.79 (d] = 7.7 Hz, 2H), 2.06 (dJ = 1.4 Hz, 3H), (75.5 MHz, CDC}) 6 180.5, 159.8, 138.3, 137.8, 132.7, 128.8, 127.9,

1.60 (s, 3H)*C NMR (75.5 MHz, CDCJ) 6 180.7, 160.0, 143.6, 140.4,  126.0, 69.8, 45.0, 22.9;1.7. Anal. Calcd for GH»1NO,Si: C, 66.86,
132.7, 128.9, 128.2, 128.0 (2), 127.1, 125.9, 119.9, 70.1, 37.3, 23.2,H, 7.36, N, 4.87. Found: C, 67.01, H, 7.30, N, 4.80.

16.3. Anal. Calcd for @H1oNO.: C, 78.66, H, 6.27, N, 4.59. Found: 4-Allyl-4-methyl-2-phenyl-2-oxazolin-5-one (5¢)Oil. Enantiomeric
C, 78.70, H, 6.43, N, 4.47. excess was determined by chiral HPLC (Chiralcel OD column,
Alkylation of 4-Methyl-2-phenyl-2-oxazolin-5-one with (E)-1- heptane-2-propanol, 99.9: 0.1}r(—) = 11.7,tr(+) = 22.8. IR (neat

Acetoxy-4-methyl-2-pentene (23)Following the general procedure,  film from CDCl3) 1819, 1655, 1581, 1493, 1451, 1321 ¢miH NMR
(E)-1-acetoxy-4-methyl-2-penteng3, 284.4 mg, 2.0 mmol), triethyl- (300 MHz, CDC}) ¢ 8.00-7.97 (m, 2H), 7.57 (m, 1H), 7.517.45
amine (28QuL, 2.0 mmol),4b (350.2 mg, 2.0 mmol)2 (0.7 mg, 1.9 (m, 2H), 5.68 (m, 1H), 5.265.10 (m, 2H), 2.682.54 (AB system,
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2H), 1.53 (s, 3H)**C NMR (75.5 MHz, CDC}) ¢ 180.4, 160.0, 132.7,
130.9, 128.8, 128.0, 126.0, 120.5, 69.7, 42.2, 23.1. Anal. Calcd for
Ci13H1sNOy: C, 72.54, H, 6.09, N, 6.51. Found: C, 72.54, H, 6.15, N,
6.37.

4-Methyl-2-phenyl-4-(1-trimethylsilyl-2-propenyl)-2-oxazolin-5-
one (27b):0il. Enantiomeric and diasteromeric excess were determined
by chiral HPLC (Chiralcel OD column, heptang-propanol, 99.9:
0.1): major isomer:tr(—) = 6.3, tr(+) = 6.9; minor isomer:tg =
7.9,tr = 8.5 (only one observed). IR (neat film from CREIL823,
1652, 1581, 1494, 1451, 1321 cin'H NMR (300 MHz, CDC}) 6
8.02-7.99 (m, 2H), 7.58 (m, 1H), 7.527.46 (m, 2H), 5.93 (ddd] =
17.0, 11.0, 10.2 Hz, 1H), 5.16 (dd,= 10.2, 1.7 Hz, 1H), 5.05 (dd}
=17.0, 1.7 Hz, 1H), 2.09 (d] = 11.0 Hz, 1H), 1.46 (s, 3H)-0.03
(s, 9H).13C NMR (75.5 MHz, CDC}) 6 181.8, 159.5, 134.4, 132.7,
128.9, 127.9, 126.2, 116.9, 70.1, 43.0, 24:2.1. Anal. Calcd for
Ci6H21NO,SI: C, 66.86, H, 7.36, N, 4.87. Found: C, 67.00, H, 7.24,
N, 4.86.

(S)-Methylaspartic Acid ((+)-31). Methyl (S)-2-Benzamido-2,5-
dimethyl-4-hexeneate (29)Trimethylsilyl chloride (TMS-CI) (5QuL,

0.4 mmol) was added to a solution of 4-methyl-4-(3-methyl-2-butenyl)-
2-phenyl-2-oxazolin-5-one7p, 251.9 mg, 1.04 mmol, 31, 98% ee) in
methanol (5 mL). The solution was stirred for 30 min and concentrated
in vacuo. The residue was purified by flash chromatography on silica
gel eluting with petroleum ethetAcOEt (85:15) to afford methyl
2-benzamido-2,5-dimethyl-4-hexeneat29,( 276.8 mg, 97%) as a
colorless solid, mp: 834 °C, [a]p = +23.3 € = 1.01, CHCL). IR
(neat film from CHCIl,) 3322, 1741, 1639, 1602, 1580, 1534, 1489,
1451, 1376, 1326 cm. *H NMR (300 MHz, CDC}) 6 7.77-7.74 (m,
2H), 7.50-7.39 (m, 3H), 6.92 (s, 1H), 5.02 (td,= 7.7, 1.4 Hz, 1H),
3.78 (s, 3H), 3.00 (dd) = 14.3, 7.7 Hz, 1H), 2.63 (ddl = 14.3, 7.7

Hz, 1H), 1.72 (s, 3H), 1.69 (s, 3H), 1.61 (s, 3fAC NMR (75.5 MHz,
CDCl) 6 175.0, 166.6, 136.5, 135.0, 131.5, 128.6, 126.9, 117.7, 60.4,
52.6, 35.2, 25.9, 22.6, 17.8. Anal. Calcd forgd,:NOs: C, 69.79, H,
7.69, N, 5.09. Found: C, 70.00, H, 7.57, N, 5.14.

Dimethyl (S)-2-Benzamido-2-methylsuccinate (¢)-30). A metha-
nolic solution of NaOH (1.74 mL, 4.3 mmol, 2.5 M) was added to a
solution of methyl §-2-benzamido-2,5-dimethyl-4-hexenoat29,(
239.3 mg, 0.87 mmol) in C¥Cl, (6.8 mL) at—78 °C. Ozone (ozone:
1.0 mL/min, sample: 0.8 mL/min, 75 V, 7 psi) was bubbled for 30
min. A yellow precipitate appeared, and the solution turned to a light
blue after 25 min of bubbling. Water (5 mL) and diethyl ether (5 mL)

were added, and the mixture was warmed to room temperature. The
aqueous layer was extracted with ether. The combined organic layer

was dried over MgS©and concentrated in vacuo. The residue was
purified by flash chromatography on silica gel eluting with petroleum
ether~AcOEt (4:1) to afford dimethyl §-2-benzamido-2-methylsuc-
cinate (+)-30), 203.5 mg, 84%) as an oila]p = +10.4 € = 1.15,
CH.CL,). IR(neat film from CDC}) 3385, 1740, 1654, 1603, 1580, 1528,
1488, 1438, 1319 cnt. 'H NMR (300 MHz, CDC}) 6 7.80-7.77 (m,
2H), 7.51-7.41 (m, 4H), 3.83 (s, 3H), 3.64 (d= 16.5 Hz, 1H), 3.64

(s, 3H), 3.06 (dJ = 16.5 Hz, 1H), 1.76 (s, 3H}3C NMR (75.5 MHz,
CDCly) 6 174.2, 171.4, 166.6, 134.5, 131.7, 128.6, 127.0, 57.9, 53.1,
51.7, 39.9, 23.1. Anal. Calcd for6H:7NOs. C, 60.21, H, 6.13, N,
5.02. Found: C, 60.41, H, 6.17, N, 5.00.

(S)-Methylaspartic Acid Hydrochloride ((+)-31). Concentrated
hydrochloric acid (3 mL) was added dropwise to dimeth§)-Z-
benzamido-2-methyl-succinate (146.3 mg, a@dol) in water (3 mL).
The mixture was heated to reflux for 48 h. Then, it was diluted with
water (10 mL) and extracted wtih diethyl etherx4 mL). The aqueous
layer was evaporated to dryness to affo-hethylaspartic acid
hydrochloride (+)-31), 91.4 mg, 95%) as a solidy]p = +35.5 ¢ =
1.07, MeOH). IR(KBr) 3506-2100 (broad), 1756, 1691, 1601, 1570,
1508, 1452, 1414, 1388, 1339 cin'H NMR (300 MHz, D,O) 6 2.99
(d, J = 18.2 Hz, 1H), 2.70 (dJ = 18.2 Hz, 1H), 1.35 (s, 3H)}:’C
NMR (75.5 MHz, D,O) 6 181.6, 181.3, 65.2, 47.8, 30.0.

(R)-Methyl Aspartic Acid (( —)-31). From 14b.As above, TMS-

Cl (50 uml, 0.4 mmol) andl4b (291.4 mg, 1.0 mmol, 90% ee) in 5

J. Am. Chem. Soc., Vol. 121, No. 46, 19937

mL of methanol fo 1 h gave, after flash chromatography (85:15 pet
ether-ethyl acetate) the est@2 as a foam (310.8 mg, 96%).

Methyl (R,E)-2-benzamido-2-methyl-5-phenyl-4-pentenoate (32):
[alo = —24.0 € = 2.03, CHCI,). IR(neat film from CDC}) 3327,
1739, 1644, 1602, 1580, 1532, 1488, 1450, 1376, 1327.ctd NMR
(300 MHz, CDC}) 6 7.78-7.75 (m, 2H), 7.48 (m, 1H), 7.467.37
(m, 2H), 7.36-7.18 (m. 5H), 7.01 (s, 1H), 6.47 (d,= 15.7 Hz, 1H),
6.06 (dt,J = 15.7, 7.6 H, 1H), 3.81 (s, 3H), 3.27 (ddl = 14.0, 7.6
Hz, 1H), 2.85 (ddJ = 14.0, 7.6 Hz, 1H), 1.76 (s, 3H). 13C NMR
(75.5 MHz, CDCI3)0 174.7, 166.7, 137.0, 134.7, 134.5, 131.6, 128.6,
128.5, 127.5, 126.9, 126.2, 123.8, 60.5, 52.8, 39.6, 22.9. Anal. Calcd
for CooH21NOs: C, 74.28, H, 6.55, N, 4.33. Found: C, 74.08, H, 6.64,
N, 4.25.

The ozonolysis was performed as above using a methanolic solution
of sodium hydroxide (1.61 mL, 4.0 mmol, 2.5 M) aB@ (260.2 mg,
0.81 mmol) in 6.4 mL of methylene chloride for 30 min to give, after
flash chromatography as before, some starting mat8éa8.7 mg,
3% recovery) and—)-30 (183 mg, 81% yield, 84% yield brsm). The
spectral data are the same as before, and the rotation is opposite.

Global deprotection as above ©f)-30 (90.8 mg, 325%mol) with
3 mL of concentrated hydrochloric acid in 3 mL of water for 48 h
gave the hydrochloride salt-)-31 (58.9 mg, 99%), o = —28.8 €
= 14.4, CHOH).

From 24. As above, TMS-CI (5@iL, 0.4 mmol) and24 (262.8 mg,
1.02 mmol, 83% ee) in 5 mL of methanol for 30 min gave, after flash
chromatography (85:15 pet ethegthyl acetate) the est&3 (290.9
mg, 99%).

Methyl (R,E)-2-benzamido-2,6-dimethyl-4-heptenoate (33]op
= —17.0 € = 1.06, CHCI,). IR(neat film from CDC}) 3321, 2956,
2869, 1742, 1642, 1603, 1580, 1532, 1489, 1451, 1375, 132F.cm
H NMR (300 MHz, CDC}) 6 7.78-7.76 (m, 2H), 7.56-7.40 (m,
3H), 6.93 (s, 1H), 5.50 (dd] = 15.4, 6.9 Hz, 1H), 5.26 (ddd] =
15.4, 7.4, 7.1 Hz, 1H), 3.78 (s, 3H), 2.97 (dd= 13.6, 7.1 Hz, 1H),
2.55 (dd,J = 13.6, 7.4 Hz, 1H), 2.24 (m, 1H), 1.72 (s, 3H), 0.93 (d,
J = 6.6 Hz, 3H), 0.92 (dJ = 6.5 Hz, 3H).3C NMR (75.5 MHz,
CDCls) 6 174.8, 166.5, 143.4, 134.9, 131.5, 128.6, 126.9, 120.4, 60.3,
52.6, 39.8, 31.1, 22.5, 22.4. Anal. Calcd for/8,3NO;: C, 70.56, H,
8.01, N, 4.84. Found: C, 70.54, H, 8.06, N, 4.84.

The ozonolysis was performed as above using a methanolic solution
of sodium hydroxide (1.58 mL, 4.0 mmol, 2.5 M) aB8 (228.9 mg,
0.79 mmol) in 6.3 mL of methylene chloride for 35 min to give, after
flash chromatograph as befolg;)-30 (202.4 mg, 92%),d]p= —4.6
(c = 1.32, CHCI).

(S)-2-Benzamido-2-methyl-4-pentenoic Acid (35)Concentrated
hydrochloric acid (25:L) was added dropwise t86b (30.0 mg, 104
umol, 97% ee) in acetonitrile (2 mL). The mixture was stirred for 30
min and quenched with HCI (1 N) and extracted with methylene
chloride. The combined organic layer was dried over3@ and
concentrated in vacuo. On the basisléfNMR, the residue was mainly
(E)-2-benzamido-2-methyl-5-trimethylsilyl-4-pentenoic a@d)( It was
dissolved again in acetonitrile (2 mL) with concentrated hydrochloric
acid (25uL) for 30 min at 70°C. The same type of workup afforded
a residue which was purified by flash chromatography on silica gel
eluting with AcOEt to afford §-2-benzamido-2-methyl-4-pentenoic
acid 35, 19.3 mg, 86%): ¢Jp= —11.9 € = 0.39, MeOH).
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