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Abstract: A new process is described for metal-catalyzed doubly diastereoselective Mukaiyama aldol coupling
of a chiral tertiarya-amino aldehyde and an achiral silyl enol ether to form selectivelgrairaldol product.

The metal requirement is strict, since of several salts tested only fMigétions as an effective catalyst. The
Mgl,-catalyzed aldol greatly facilitates the total synthesis of lactacy$jimrid the corresponding-lactone

(2), microbial products which are potent and selective inhibitors of proteasome function, cell cycle progression,
and gene regulation. The method also allows the synthesis of analogliés which the B-methyl group

of lactacystin is replaced by higher alkyl or aralkyl groups. Detailed experimental procedures are presented
for the optimized synthesis of lactacystin on the scale required to meet the current needs of many hundreds of

biological laboratories.

Lactacystin {) is a microbial product which was obtained

by Omura et al. as a result of the screening of several thousand

microbial cultures for the capacity to induce differentiation of
the neuro 2A (neuroblastoma) cell liké. It was originally
thought that lactacystin might be a small molecular mimic of
nerve growth factof-® Stimulated by the unusual structure of
1, the remarkable biological activity, and the scarcity of natural
material, several research groups undertook the total synthé&es.
The first total synthesis df, in these laboratories in 199gand

a subsequent modified versid))y made availablel (and
radiolabeledl) and was instrumental in research which dem-
onstrated that the biological activity of lactacystin is due to
potent, highly selective, and irreversible inhibition of protea-
some-mediated peptidase activityy. Conclusive evidence was
obtained that th@-lactone21213is the effective agent and that
it acts by acylation of the amino terminal threonine residue of
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a proteasome subunit. This result was confirmed by X-ray
crystallographic studies at 2.4 A resolutift> Proteasomes
are large, hollow cylindrical protein structures (mass-7800

kD, length roughly 150 A, and diameter roughly 100 A)
composed of four stacked rings of seven protein subunits (Figure
1). They occur in prokaryotes and eukaryotes and serve as
machines for the degradation of ubiquitin-conjugated profins.
Proteasomes thus mediate the turnover of various proteins
including misfolded or denatured protelfisand many other
proteins including those involved in cell cycle progres&i@md

the regulation of gene transcriptié®. In consequence, lacta-
cystin and thes-lactone2 have emerged as important new tools
for the study of protein biochemistry and cell biology. Synthetic
lactacystin has been in use in many hundreds of biological
laboratories. The rapidly growing demand for lactacystin has
provided an incentive for a more efficient and economical
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Because of the problems enumerated above with the aldol
step4 — 5, we turned to the possibility of using metal chelation
between the basiN-benzyl nitrogen and the formyl oxygen of
4 to activate a Mukaiyama-type aldol process and to enhance
formyl face selectivity. To the best of our knowledge, no
efficient double-face selective, Mukaiyama aldol reactions of

Thr an achiral silyl enol ether have previously been repottéd.
Lactacystin M. T. Reetz et al. have investigated a single case of a
Mukaiyama aldol reaction, that of chifd|N-dibenzylalanal with
] TiCl, and the trimethylsilyl enol ether of phenyl acetate, and
Figure 1. observed a poor yield of aldol adduct (25%) with 95:5
process for its synthesis. In this paper we describe a type ofmonod_iastereoselect_iviﬂé‘:% _Non_etheless, we inve_stigz_ated
: extensively the reaction &f with TiCl, and other Lewis acids

metal-catalyzed, stereocontrolled aldol reaction which has been . . .
successfully applied to lactacystin synthesis. This new advanceWlth thetert-butyldimethylsilyl (TBS) enol ether of ethy| acetate

and other improvements in the originally described syntHesis, to ascertain feasibility of a chelate-controlled aldol reaction. The

- - > L . use of TiCl as catalyst in ChCl, at —78 °C resulted in slow
Wh'c.h are detailed herein, greatly S|mplnfy the preparation of decomposition of the aldehydewithout formation of any aldol
multigram or larger amounts of lactacystin.

Our first synthesis ol utilized as an early intermediate the produgt, as deterlmlned by t.hln-layer. chroma}tographm (TLC?)
. D . . g . analysis. Interestingly, experiments with the bicoordinate Lewis
crystalline aldoB3 which is available in quantity fronSj-serine acids SnC}, ZnCh, and Cu(OTRin CH,Cl, in the aldol reaction
methyl ester hydrochloride in three steps (without chromatog- ’ : 22

- of 4 with ethyl acetate endiert-butyldimethylsilyl ether led
raphy) In the next stage of the proce8swas converted as neither to substrate decomposition nor to reaction even at 0 and
shown to the aldehydd which serves as a component in a P

. . . . 23°C. These results, especially with cupric triflate, seemed to
second critical aldol coupling with a propionate ester enolate . . .
. . indicate that the benzyl-protected nitrogendoivas probably
(or equivalent) to produce amnti-aldol product5. On a larger

too sterically hindered to coordinate to the metal. For this reason

1.TfOH, 80 °C (among others), Mglwas tried as catalyst. It was extremely
2 (Tg:%')'mHlf 80°C gratifying that this experiment produced the desired aldol adduct
€O Me 4. LiBH,, THF-MeOH 6 in 90% yield withcompletediastereoselectivity. None of the
_> < j\)\ 5. Modified Swern Ox. isomeric aldol product could be detected b4 NMR or TLC
83% analysis of the crude reaction product. The stereochemistry of
the aldol adduct was proved by two-step conversion to the
3 crystalline dihydroxyy-lactam8, the structure of which was
Ph
\ CHO j Q OTBS
< j “"~~0TBS H :OMe
Mgl; (1.1 eq)
NOTBS  CH,Cly, -20 °C
4 5
4
scale (ca. 70 g) the synthesisdbfrom 3 has been improved so Phﬁ OR

that it can be carried out simply and in excellent overall yield

co,M
(for details, see the Experimental Section). In the Swern 2ve

oxidation step leading to the aldehydgit was advantageous ° Notes

to conduct the reaction by the addition of cold, preformed Swern (R=Hor TBS)

reagent (from DMSO and oxalyl chloride in GEl, at —78 6 (90%) 7 (0%)
°C) to a mixture of the primary alcohol precursor and triethyl-

amine in CHCI, solution at—78 °C. The normal mode of 1. Hy, Pd + RsN

Swern oxidation produced a number of byproducts. However,

the initially developed aldol process to fornb, R = 2,6- 2 F +

dimethylphenyl, using the PirrurgHeathcock procedur®was
much less satisfactory because the best formyl face selectivity
that could be obtained was ca. 2:1, and after a cumbersome
chromatographic separation the yield ®f R = 2,6-dimeth- Y
ylphenyl, was at best 50%. Although improved formyl face Ho' M
selectivity and good anti diastereoselectivity could be realized 8
using M. Braun’s chiral controller and the §&pCl enolate:!?this
aldol process was also not satisfactory for the productios of
on a larger scale since a 4-fold excess of the chiral enolate (22) (a) Mukaiyama, T.; Kobayashi, ®rg. React.1994 46, 1. (b)
component was required for complete conversion and since theMukaiyama, T.Org. React. 1982 28, 203.

next reaction with the bulky Braun ester was too slow to be (23) For a general review of functional group mediated diastereoselective

. reactions, see: Hoveyda, A. H.; Evans, D. A.; Fu, GCBem. Re. 1993
practical. In addition, a cumbersome silica gel column chro- 93 1307.

shown by X-ray diffraction analys®. The use of MgBy as

matography was required to obtain pure al8aF (24) Reetz, M. T.; Drewes, M. W.; Schmitz, Angew. Chem., Int. Ed.
Engl. 1987 26, 1141.
(20) Pirrung, M. C.; Heathcock, C. H. Org. Chem198Q 45, 1727. (25) See also: Reetz, M. T.; Jung, A. Am. Chem. Sod 983 105,

(21) Braun, M.; Sacha, HAngew. Chem., Int. Ed. Endl991 10, 1318. 4833.
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catalyst in the aldol reaction dfalso produce®, but at a slower believe that the preferential formation d0 can be explained
rate and in lower yield. We had observed earlier the superiority most simply on the basis of the IMghelate structur® which

of Mgl, over MgB# in catalytic enantioselective DietsAlder allows a low-energy pathway via the transition-state assembly
reactions with a chiral bisoxazoline as ligatidwhich can depicted in13. This arrangement involves a synclinal relation-
reasonably be attributed to the more facile dissociation-of | ship between the formyl CO and enol ethe+C about the bond
from species such as;Mgl,.22 The preferred stereochemical which is being formed in the aldol process. Structli2
course of the transformatioh — 6 had been predicted from involves considerably less steric repulsion than alternative
the expectation that the reaction would occur via a chelate of geometries for attachment of the silyl enol ether to the TMg
IMg™ with the formyl oxygen and the-tert-amino group 9)28 chelate, such as the antiperiplanar arrangement shovi#d. in

® _ -

10 (anti aldol)

by attack of the nucleophilic silyl enol ether on thieface of
the formyl carbon. Thee face of the formyl group ir® is
sufficiently screened by thid-benzyl and OTBS groups to favor
highly selective formation of aldol produét

The corresponding aldol reaction of aldehydaith the E)-
trimethylsilyl enol ether of methyl propionate and Mgl
proceeded with higki/re formyl face selectivity (ca. 40:1) and
also with very good double diastereoselectivity. Thus, with a
10:1 mixture of E)- and @)-trimethylsilyl enol ethers of methyl
propionate the desired major aldol prodd€twas obtained in

9:1 predominance over the diastereorh&r Possibly the ratio . . . . ; . "
of 10to 11 would be even higher starting with purE)(sily! Mukaiyama-like aldol reactions via an “open transition state

enol ether. The aldol product and 11, which were readily (i.e., not six-membered pericyplic prpces;es) 'have generally been
separated by flash chromatography on silica gel, were isolatedSonsidered to occur preferentially via antiperiplanar geonttry.

in yields of 77% and 8%, respectively. A very small amount Clearly, the annpenplangr p?‘thway vial, which would lead .
(ca. 2%) of the double diastereomer 18, the (%53R)-aldol to a synaldol_ product, is disfavored because of the steric
12, was also isolated. The stereochemistry of the major aldol '€Pulsions which are shown. , ,

product 10 was established by subsequent conversion to Th? effectwene_ss_ O_f the d(_)ubl_y d|ast_ereoselect|ve aldol
lactacystin (as well as to known synthetic intermediates in the '6aCtion was undiminished with increasing scale. In one
process; see Scheme 1). experiment conductedhia 1 L flask, 23 g of the aldehydé

The specific effectiveness of Mgfor the doubly diastereo- was converted to 21.8 g of Fhmn-aldol productLO. T he rest
selective conversion @ to theanti-aldol productl0 using an of the sequence for_ producmg $ynthet|c lactacystin could also
achiral silyl enol ether is noteworthy and novel. A variety of be pfe:formed_ reac;llli/_ an(tzl efflct!er}tly on a Ic?rger scsaltre], afterl
other types of anti-selective aldol reactions can be found in the careful experimentation 1o optimiz€ procedures. >cheme
work of Heathcock® Gennari® Patersor#! and Evang2 We summarizes the conditions and yields for the remaining eight

' ' ' ' steps of the synthesis @fvia the-lactone precursd. Inthe

(26) (a) Crystal structure data f8r C10H17NO4, orthorhomibicP2;2:2;, conversion ofLl5to 16, the modified Swern oxidation procedure
2z %558[?(3) é\'?l)]z 8-%%2% /(&5‘)3 ;eltzi-gigi(f; fgyztgl:g?a:h?gaata described for the preparation of aldehy#igave much better

=4 R o(1)] = O. . : \ -
are available from the Cambridge Crystallographic Data Centre, 12 Union results th_an t_he conventional Swern pl_’ocedure. The modified
Rd., Cambridge CB2 1EZ, U.K. Swern oxidation was conducted by adding the preformed Swern

(27) Corey, E. J.; Ishihara, Kletrahedron Lett1992 33, 6807. reagent to a solution df5 and EgN in CH,Cl,, all at—78°C.

(28) The IMg' chelated can be expected to be much more reactive than " : " ;
the corresponding Mglchelate: see: Hayashi, Y.: Jeffrey, J. R.: Corey, E. Under these conditions the reaction was both position selective

J.J. Am. Chem. Sod996 118 5502. However, both chelates would lead ~ fOr the primary alcohol and very clean. It is apparent that the

14 (antiperiplanar) 11 (syn aldol)

to the observed preference for aldol prod@aver 7. synthesis ofl described herein can be used without difficulty
(29) (a) Danda, H.; Hansen, M. M.; Heathcock, C. H.Org. Chem. ; i ;

1990 55, 173, (b) Raimundo, B. C.: Heathcock, C. Synleti1995 1213, tolprepartz centigram or kilogram amounts of lactacystin or the
(30) (a) Gennari, C.; Bernardi, A.; Columbo, L.; ScolasticoJCAm. ﬂ' actone . ) .

Chem. Soc1985 107, 5812. (b) Palazzi, C.; Colombo, L.; Gennari, C. Doubly diastereoselective Mgtatalyzed Mukaiyama aldol

Tetrahedron Lett1986 27, 1735. reactions were also achievable with the trimethylsilyl enol ethers

(31) (a) Paterson, l.; Cumming, J. G.; Smith, J. D.; Ward, R. A. ;
Tetrahedron Lett1994 35, 441. (b) Paterson, I.. Smith, J. Detrahedron  Of Methyl butyrate, methyl valerate, methyl isobutyrate, and

Lett. 1993 34, 5351. (c) Paterson, Pure Appl. Chem1992 64, 1821. (d) methyl hydrocinnamate to form tfemti-aldols17a—17din the
Paterson, I.; Goodman, J. M; Lister, M. A.; Schumann, R. C.; McClure, indicated yields. These intermediates were then transformed
C. K.; Norcross, R. D.Tetrahedron199Q 46, 4663. (e) Paterson, I.;
Goodman, J. M.Tetrahedron Lett.1989 30, 997. (f) Cowden, C. J; (32) Evans, D. A; Yang, M. G.; Dart, M. J.; Duffy, J. L.; Kim, A. S.
Paterson, 10rg. React.1997 51, 3. Am. Chem. Sod 995 117, 9598.
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Scheme 1

1. Hy, Pd-C
EtOH
(i-Pr):NEt
23°,30h

2. MeOH, 55 °
20h

3. 5% HF-CH,CN
23°,24h

76%

CO,Me

EtsN, CH,Cly, 23°,4 h

> 99%

Lactacystin (1)

J. Am. Chem. Soc., Vol. 120, No. 10, 2898

1. Et;N;
DMSO—COCI),,
CH,Cl,, -78°

2. NaClO,
NaH,PO,

3. HS(CHy)sSH

HCI
CF4CH,0H
55°,8h 16
77%
BOPCI, Et;N
CH,Cl,, 23 °
1h
93%
CO,H
Y
NHAc

N-Acety| L-cysteine

by a sequence analogous to that outlined in Scheme 1 to thereaction mixture was poured into a mixture of half-saturated aqueous

corresponding lactacystjftlactone analoguek8a—18d, all of

CO,Me
Ph

R = E‘

R =n-Bu

R = i-Pr

R = CH,CeH;

17a R =Et (79%) 18a
17b R = n-Bu (80% 18b
17¢c R = i-Pr (84%) 18¢c
17d R = CH,CgH; (83%) 18d

which showed good biological activity. The 7-ethyl analogue

NaHCG; solution (650 mL) and 20% aqueous®O; solution (50 mL)
carefully and diluted with EtOAeether (Vv 2:1, 2000 mL). The
organic layer was washed with water 3500 mL) and brine (500
mL) and dried over MgS® Evaporation of the solvent in vacuo
affordedN-benzyl-§)-a-(hydroxymethyl)-§)-5-hydroxyleucine methyl
ester as a colorless oil, which was used without further purification
after azeotropic drying with anhydrous benzene<(250 mL). To a
stirred solution of this product in DMF (260 mL) were added imidazole
(21.3 g, 313.2 mmol, 1.5 equiv) andrt-butyldimethylsilyl chloride
(34.5 g, 228.9 mmol, 1.1 equiv). After 25 h of stirring at 23, the
reaction mixture was diluted with ethyl acetatether (Vv 2:1, 2000
mL), washed with 0.5 M aqueous citric acid solution%4120 mL),
water (5x 400 mL), and brine (500 mL), and dried. After evaporation
of the solvent, the resulting oil was dried by azeotropic distillation with

of lactacystin has been found to be even more effective thanbenzene (2« 500 mL) to give a colorless oil, which without further
lactacystin in blocking the progression of the malaria parasite purification was taken up into anhydrous benzene (520 mL) and treated

Plasmodium bergheito the infective exoerythrocytic and
erythocytic state$®

Experimental Section
General Procedures All anhydrous solvents (THF, Ci€l,, E%O,

with powdered paraformaldehyde (60.0 g, 2.0 mol, 10 equiv) and
p-TsOHH-0 (1.90 g, 10.0 mmol, 5 mol %). The resulting suspension
was heated to 80C for 0.5 h with efficient stirring, cooled to room
temperature, and filtered through a pad of silica gel. The resulting
filtrate was diluted with ether (2000 mL), washed with 5% aqueous
NaHCG; solution (250 mL), water (X 400 mL), and brine (500 mL),

CHsCN, benzene) were dried by standard techniques and freshly and dried (MgS@) overnight. Evaporation of the solvent under reduced

distilled before use. All reactions were carried out underaxd
monitored by thin-layer chromatography (TLC). All organic extracts
were washed with brine before being dried over MgS@ll oily
products were purified by flash silica gel chromatography (SGC) eluting
with a solvent mixture of hexane and ethyl acetate. Melting points

pressure afforded the 1,3-oxazolidine derivativeNsbenzyl-©)-a.-
(((tert-butyldimethylsilyl)oxy)methyl)-§)-5-hydroxyleucine methyl es-
ter as a colorless oil, which was dried by azeotropic distillation with
benzene (2« 500 mL) and taken up into THF (800 mL). This solution
was treated wit a 2 Mlithium borohydride solution of THF (Aldrich,

(mp) were determined using a Fisher-Johns hot stage apparatus an@00 mL, 400 mmol, 2.0 equiv) with stirring at 2& and then with

are uncorrected. Specific optical rotationg]j[were measured using
a Perkin-Elmer 241 polarimeter at 28 with a sodium lampt line,
589 nm). FTIR spectra were recorded on a Nicolet 5 ZDX FTIR
spectrometer.’H and *C NMR spectra were recorded on a Bruker

methanol (50 mL) (cooling with a water bath to 26). After 15 h of
stirring, more lithium borohydride (2 M in THF, 200 mL, 400 mmol)
was added followed by more methanol (25 mL). After additional
stirring for 5 h, the reaction mixture was treated with water (500 mL)

AM series instrument. Mass spectral analyses and high-resolution massand diluted with ethyl acetateether (Vv 2:1, 3000 mL). The organic
spectral analyses (HRMS) were measured on a JEOL model AX-505 |ayer was washed with water (8 500 mL) and brine (500 mL) and

or SX-102 spectrometer by means of El, Cl, or FAB.

Conversion of f-Hydroxy Ester 3 to N-Benzyl Amino Aldehyde
4. To a stirred solution of crystalling-hydroxy esteB (73.0 g, 208.9
mmol) in 95% methanetwater (480 mL) was added dropwise
trifluoromethanesulfonic acid (73.0 mL, 835.6 mmol, 4.0 equiv) at 23
°C (cooling with a water bath). The resulting solution was heated to
80—85 °C in an open flask by an oil bath with efficient stirring, and
the methanol was removed by gradual distillation over 6.5 h. The

(33) Gantt, S. M.; Myung, J. M.; Briones, M. R. S.; Li, W. D.; Corey,
E. J.; Qnura, S.; Nussenzweig, V.; Sinnis,P Clin. Invest.,submitted for
publication.

dried. After evaporation of the solvent in vacuo, the primary alcohol
corresponding to aldehydewas obtained as a colorless oil (ca. 76 g),
which was dried by azeotropic distillation with benzene<(300 mL).

A solution of this product in CkCl, (1000 mL) at—78 °C was treated
with triethylamine (291.3 mL, 2.09 mol, 10 equiv) and then with a
cold (=78 °C) CH,CI, solution (850 mL) of Swern reagent prepared
from oxalyl chloride (54.8 mL, 0.63 mol, 3.0 equiv) and DMSO (59.7
mL, 0.84 mol, 4.0 equiv) at 78°C over 10 min. The resulting reaction
mixture was stirred fo2 h and allowed to warm slowly to @C. The
reaction mixture was diluted with saturated aqueous Nag{6@ mL)
and with etherEtOAc (Vv 4:1, 2000 mL). The organic phase was
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washed with water and brine and dried. The crude oil was purified by CHOH), 4.27 (br m, 2 H, NCKD), 7.18-7.35 (m, 5 H, ArH) ppm.

flash SGC (eluting with 5% EtOAc in hexane) to give aldeh¥d65.5
g, 83%) as a waxy solid, mp 4Z; R; 0.60 (Hex-EtOAc 4:1); []%b
—26.4 (c 1.18, CHCIy); FTIR (film) vmax 2957, 2929, 2857, 1726,
1472, 1108 cmt; *H NMR (500 MHz, CDC}) 6 0.11 (s, 3 H, CHSI),
0.13 (s, 3 H, CHSi), 0.80 (d, 3 HJ = 6.6 Hz, ((H3),CH), 1.02 (s, 9
H, C(CHy)s), 1.05 (d, 3 H,J = 6.6 Hz, (GH3).CH), 2.07 (m, 1 H,
CH(CHs),), 3.76 (d, 1 HJ = 9.6 Hz, OGHCH), 3.84 (d, 1 H) = 13.6
Hz, CHPh), 3.93 (d, 1 HJ = 13.6 Hz, CHPh), 3.98 (d, 1 HJ) =
11.5 Hz, CHOSI), 4.11 (d, 1 HJ = 11.5 Hz, CHOSI), 4.48 (s, 1 H,
NCH,0), 4.50 (s, 1 H, NCkD), 7.28-7.34 (m, 5 H, Ph-H), 9.42 (s, 1
H, CHO) ppm;**C NMR (100 MHz, CDC4) ¢ —5.9,—-5.7, 18.0, 19.3,

Data for12: 'H NMR (500 MHz, CDC}) 6 0.12 and 0.14 (each s, 3

H, CH;Si), 0.93 (s, 9 Hf-BuSi), 1.03 (t, 6 HJ = 6.7 Hz, (H3).CH),

1.36 (d, 3 HJ = 7.2 Hz, GH5CH), 2.06 (m, 1 H, €IMey), 3.03 (m, 1

H, CHCHg), 3.61 (s, 3 H, OCHh), 3.70 (d, 1 HJ = 7.2 Hz, O-CH),

3.88 and 4.15 (each d, 1 H,= 13.7 Hz, CHPh), 4.02 (ABq, 2 HJ

= 10.8; 5.4 Hz, CHOTBS), 3.85 (br d, 1 HJ = 3.6 Hz, GHOH),

4.30 (br s, OH), 4.26 and 4.33 (each d, 1 H+= 2.4 Hz, NCHO),
7.15-7.35 (m, 5 H, ArH) ppmEC NMR (125 MHz, CDC{) 6 —5.8,
-5.7, 17.9, 18.1, 20.1, 21.3, 25.9(3C), 28.4, 39.8, 51.7, 52.3, 61.8,
69.6, 74.7, 85.4, 86.8, 127.0, 127.9, 128.2(2C), 139.9, 177.2 ppm.

Conversion of Aldol 10 to Dihydroxy-y-lactam 15. To a solution

20.2,25.7,28.7,50.9, 60.2, 71.8, 86.1, 87.1, 127.3, 128.2, 128.4, 138.6,0f aldol 10 (200 g, 43.0 mmo|) and 0.1 mL ofPrNEt in ethanol

200.8 ppm; HRMS (FAB, NBAt+ Nal) vz calcd for [GiH3sNOsSI]*
378.2464, found for [M+ H]* 378.2455. Data for the primary alcohol
corresponding to aldehyde *H NMR (500 MHz, CDC}) 6 0.16 (s,
6 H, CHsSi), 0.99 (s, 9 Ht-BuSi), 1.07 (d, 3 HJ = 6.6 Hz, ((H3)-
CH), 1.11 (d, 3HJ = 6.6 Hz, (GH3).CH), 2.06 (br m, 1 H, GI(CHs),),
3.12 (br s, OH), 3.67 (brd, 1 H = 11.3 Hz, G4,0H), 3.73 (d, 1 H,
J=19.1 Hz, OGHCH), 3.76 (d, 1 HJ = 11.3 Hz, G4,0H), 3.82 (d, 1
H,J=13.4 Hz, H,Ar), 3.87 (ABq, 2 H,J = 10.8 Hz, CHOS:I), 4.10
(d, 1 H,J = 13.4 Hz, G1,Ar), 4.40 (s, 1 H, NCHO), 4.43 (s, 1 H,
NCH,0), 7.20-7.45 (m, 5 H, ArH) ppm; FABMS (NBA+ Nal) m/z
402 [M + Na]* (14%), 380 [M+ H]* (65%), 348 [M— CH,OH]*
(100%); HRMS (ClI, NH) m/z calcd for [GiH3sNOsSi]t 380.2621,
found for [M + H]* 380.2634.

Conversion of Aldehyde 4 to Aldol 10 by Mgb-Mediated
Mukaiyama Aldol. To a stirred suspension of anhydrous Mtom
Aldrich, 97%, 18.6 g, 66.9 mmol, 1.1 equiv) in GEl, (550 mL) was
added a solution of aldehyde (23.0 g, 60.9 mmol) in CkCl, (50
mL) at 0 °C. The resulting mixture was stirred for 20 min at that
temperature and cooled t610 °C, whereupon the trimethylsilyl enol
ether of methyl propionate (14.6 g, 91.3 mniblyas added dropwise
down the side of the flask over 15 min. The resulting reaction mixture
was allowed to warm gradually to @ over 30 min and stirred at 0
°C for an additional 1.5 h. The reaction mixture was diluted with a
mixture of half-saturated aqueous NaH{@00 mL) in ether (800 mL).

(250 mL) was added 10% P (2.40 g). The resulting mixture was
degassed and hydrogenated under balloon pressure for 22 @t 23
The reaction mixture was filtered through a pad of Celite, and the
resulting filtrate was concentrated in vacuo. The oily residue was taken
up in methanol (100 mL) and heated to 8C for 24 h. After
evaporation of the solvent in vacuo, the resulting crudeert(
butyldimethylsilyl)oxy)methyl)hydroxyy-lactam intermediate was dis-
solved in CHCN (300 mL) and treated with a solution of 48% HF
(15.5 mL). After 24 h of stirring at 23C, the reaction mixture was
diluted with EtOAc (800 mL), loaded onto a pad of silica gel (1500
g), and eluted with 10% (v) methanol in EtOAc (3000 mL). After
evaporation of the solvent under reduced pressure, the resulting solid
residue was recrystallized from 50% EtOAc in hexane to give
dihydroxy+-lactam15 (7.5 g, 76%) as colorless crystals: mp 18D
dec; R 0.38 (EtOAc); )%, +44.2 (c 0.95, CHCly); FTIR (film)

Vmax 3367, 1695, 1060, 1045 crh *H NMR (500 MHz, CDC}) 6
1.04 (d, 3HJ = 6.7 Hz, ((H3).CH), 1.06 (d, 3 HJ = 6.7 Hz, ((H3)--
CH), 1.32 (d, 3 HJ = 7.8 Hz, (HsCH), 1.72 (m, 1 H, EI(CHs)y),
2.14 (dd, 1 HJ = 4.2; 8.5 Hz,HOCH,), 2.96 (dq, 1 HJ = 9.5; 7.8

Hz, CHCHj), 3.00 (d, 1HJ = 10.4 Hz, OG4CH), 3.08 (d, 1 HJ =
11.0 Hz,HOCH), 3.75 (dd, 1 HJ = 4.2; 11.8 Hz, @i,0H), 4.02 (dd,
1H,J=8.5;11.8 Hz, G,0H), 4.43 (t, 1 HJ = 10.2 Hz, GHOH),
4.65 (d, 1 H,J = 5.0 Hz, NCHO), 5.18 (d, 1 H, NCHO) ppm;*3C
NMR (100 MHz, CDC}) ¢ 11.0, 18.3, 20.7, 27.8, 45.6, 58.6, 71.8,

The organic phase was washed successively with 5 wt % aqueous73.7, 75.4, 89.5, 179.8 ppm; HRMS (FAB, NBA Nal) nvz calcd for

NaS;0s, water, and brine (150 mL each) and then dried over MgSO
After evaporation of the solvent in vacuo, the resulting residual oil
was taken up into methanol (500 mL) and treated witC&s (3.5 g,
25.4 mmol) at 23C with stirring for 20 h (to effect the conversion of

trimethylsilyl ether adduct to the corresponding free aldol). The reaction

mixture was concentrated down to half of the original volume and
poured into a mixture of ethewater (1000 mL/200 mL). The organic

[C1iH1NOsNa] 252.1212, found for [M+- Na]t 252.1228.
Conversion of Dihydroxy-y-lactam 15 to Dihydroxy Acid 16. A
solution of dihydroxyy-lactam15 (7.5 g, 32.7 mmol) in ChCl, (420
mL) was cooled to—78 °C and treated with BN (45.0 mL, 322.8
mmol) and a CHCI, solution of Swern reagent prepared from oxaly!
chloride (5.7 mL, 65.2 mmol, 2 equiv) and DMSO (7.0 mL, 98.0 mmol,
3 equiv) at—78°C over 10 min. The reaction mixture was stirred for

phase was washed with water and brine (200 mL each) and dried. 1, 5t -78 °C and poured into a mixture of GBI, (1200 mL) and

Evaporation of the solvent under reduced pressure gave t0ddich
was purified by flash silica gel chromatography (2 kg) eluting with a
solvent mixture of ethyl acetate in hexane-@%) to affordanti-aldol
10(21.8 g, 77%) as a colorless oil along wikrraldol 11 (8%) and

re facial anti-aldol 12 (2%). Data forl0: R; 0.4 (Hex-EtOAc 10:1);
[a]?% —2.0° (c 1.0, CHCh); FTIR (film) vmax 3453, 1713, 1737 cmi;

IH NMR (500 MHz, CDC}) 6 0.11 (s, 3 H, CHSi), 0.12 (s, 3 H,
CH;Si), 0.92 (s, 9 H{-BuSi), 1.01 (t, 6 HJ = 6.3 Hz, (GH3).CH),
1.36 (d, 3H,J = 7.1 Hz, H5CH), 2.13 (m, 1 H, Gi(CHs).), 2.86 (m,

1 H, CHCHg), 3.62 (s, 3 H, CHOCO), 3.69 (d, 1 H) = 4.4 Hz, OCH),
3.90 (d, 1 HJ = 13.2 Hz, G4,Ph), 4.01 (br m, 1 H, BOH), 4.07 (s,

2 H, CH0Si), 4.11 (d, 1 HJ = 5.6 Hz,HOCH), 4.17 (d, 1 HJ =
13.2 Hz, G4,Ph), 4.26 (d, 1 HJ) = 2.3 Hz, NCH;0), 4.29 (d, 1 HJ

= 2.3 Hz, NGH;0), 7.16-7.30 (m, 5 H, ArH) ppm:**C NMR (100
MHz, CDCk) 6 —5.8, —5.7, 17.2, 18.1, 19.5, 21.7, 25.9(3C), 28.7,

39.7,51.7,52.4,70.0, 69.6, 75.6, 85.5, 86.5, 127.0, 127.9, 128.3, 128.4

139.4, 177.1 ppm; HRMS (FAB, NBA- Nal) m/z calcd for [GsHas

NOsSiNa]" 488.2808, found for [M+ Na]™ 488.2805. Data foll:

1H NMR (400 MHz, CDC}) 6 0.13 (s, 6 H, CHSI), 0.93 (s, 9 H,
t-BuSi), 1.03 (d, 3 HJ = 6.8 Hz, CH), 1.06 (d, 3 H,J = 6.8 Hz,
CHs), 1.33 (d, 3 H,J = 7.0 Hz, GHsCH), 2.12 (m, 1 H, EiMey), 2.82
(m, 1 H, GHCHs), 3.65 (s, 3 H, OCH), 3.75 (d, 1 H,J = 13.1 Hz,
CH,Ph), 3.91 (m, 2 H), 4.08 (m, 2 H), 4.16 (br d, 1 Bi= 6.7 Hz,

saturated aqueous NaH@®00 mL). The layers were separated, and
the aqueous phase was extracted withClE(800 mL). The combined
organic phases were dried and concentrated in vacuo to give the crude
hydroxy«y-lactam aldehyde intermediate as a colorless oil, which
without purification was taken up inteBuOH (350 mL) and 2-methyl-
2-butene (200 mL). The resulting mixture was treated with a freshly
prepared solution of NaCkJ30.0 g, 331.5 mmol, 10 equiv) in 20%
aqueous NabPO, (200 mL) at 23°C. After 1 h of vigorous stirring

at 23°C, the reaction mixture was poured into EtOAc (1500 mL), and
the aqueous phase was extracted with EtOAc (1000 mL). The
combined organic phases were dried and concentrated in vacuo. The
oily residue was taken up into EtOAc (500 mL) and washed with 8%
aqueous NakPO, (50 mL), and the aqueous phase was extracted with
EtOAc (2 x 500 mL). The combined organic phases were dried and
concentrated in vacuo to yield the crude hydroxy carboxylic acid as a
colorless film, which without purification was treated with 1,3-
propanedithiol (11.8 mL, 116.0 mmol, 3.6 equiv) and a saturated
solution of HCI (gas) (ca. 22 wt %) in CRCH,OH (300 mL) at 23

°C. The reaction vessel was sealed with a polypropylene cap and heated
to 50-55 °C for 7.5 h. The reaction mixture was cooled and
concentrated in vacuo. The resulting solid residue was triturated with
20% CHCI, in hexane (5x 200 mL) and dried under high vacuum to
afford dihydroxy acidl6 (6.0 g, 77%, three steps) as a white powder:

(34) Prepared according to Kita, Y.; Segowa, J.; Yasuda, H.; Tamura, Mp 240°C dec;R: 0.45 (CHC}—MeOH—-HOAC 10:10:1); 1]*% +44.5

Y. J. Chem. Soc., Perkin Trans.1P82 1099.

(c 0.90, DMSO); FTIR (film) vmax 3600-2800 (br), 1695, 1687 cm



Total Synthesis of Lactacystin in Quantity

~1 1H NMR (300 MHz, pyridineeks) 6 1.29 (d, 3HJ = 6.8 Hz, ((H3)2-
CH), 1.33 (d, 3 HJ = 6.6 Hz, ((H3).CH), 1.57 (d, 3 HJ = 7.5 Hz,
CHsCH), 2.37 (m, 1 H, €(CHs)), 3.73 (m, 1 H, ®ICH;), 4.76 (d, 1
H, J= 6.3 Hz, (HOH), 5.26 (d, 1 HJ = 5.9 Hz, GHOH), 9.40 (s, 1
H, NHCO) ppm;*H NMR (500 MHz, DMSO¢s) 6 0.79 (d, 3HJ =
6.8 Hz, ((H3).CH), 0.85 (d, 3 HJ = 6.8 Hz, (GH3).CH), 0.87 (d, 3
H, J = 7.8 Hz, (HsCH), 1.57 (m, 1 H, E(CHa)), 2.67 (m, 1 H,
CHCHjy), 3.72 (d, 1 HJ = 6.2 Hz, OGHCH), 4.23 (d, LHJ =5.8
Hz, CHOH), 4.88 (br s, 1 H, OH), 5.28 (br s, 1 H, OH), 7.66 (s, 1 H,
NH) ppm; 3C NMR (100 MHz, DMSOe¢l) ¢ 8.7, 19.0, 20.2, 30.4,
40.4,74.4,77.7,105.4, 172.6, 178.3 ppm; HRMS (FAB, NBAal)
m/z calcd for [GoH1gNOs] ™ 232.1185, found for [M+ H]™ 232.1186.
Conversion of Dihydroxy Acid 16 to S-Lactone 2. A suspension
of dihydroxy acid16 (800.0 mg, 3.46 mmol) in C¥Ll, (50 mL) was
treated with BN (1.44 mL, 10.3 mmol, 3 equiv) and bis(2-oxo-3-
oxazolidinyl)phosphinic chloride (BOPCI, 1.32 g, 5.2 mmol, 1.5 equiv)
at 23°C. After 0.5 h of stirring at 23C, the resulting reaction mixture
was diluted with water (10 mL) and extracted with EtOAc X350
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4.10 (br m, 3 H), 4.16 (d, 1 HJ = 13.1 Hz, CHPh), 4.26 (dd, 2 H,
J=2.3; 4.7 Hz, NCHO), 7.16-7.35 (m, 5 H, ArH) ppmC NMR

(125 MHz, CDC}) 6 —5.8, -5.7, 12.1, 18.1, 19.8, 21.5, 25.2, 25.9,
28.7,46.7,51.5,52.9,62.1, 69.7, 74.7, 85.8, 86.8, 127.0, 128.3, 139.6,
176.8 ppm; HRMS (FAB, NBA+ Nal) m/z calcd for [GsHasNOs-
SiNaJ" 502.2965, found for [MH+ Na]* 502.2956.

Aldol 17b: 80%; [0]®» —135.5 (c 0.6, EtOAc);*H NMR (500
MHz, CDCk) 6 0.11 (s, 3 H, CH), 0.12 (s, 3 H, CH), 0.90 (t, 3 H,J
= 7.3 Hz, CH), 0.91 (s, 9 Ht-BuSi), 0.99 (d, 3 HJ = 6.6 Hz, CH),
1.02 (d, 3HJ = 6.6 Hz, CH), 1.16-1.40 (br m, 4 H, CH), 1.69 (m,
1H), 1.91 (m, 1 H), 2.17 (sept, 1 H,= 6.6 Hz, CH), 2.73 (br m, 1 H,
CH-CO:Me), 3.58 (s, 3 H, OCH), 3.64 (d, 1 HJ = 6.2 Hz, GHOH),
3.93 (d, 1 HJ = 13.1 Hz, CHPh), 4.16 (d, 1 HJ = 13.1 Hz, Ch-
Ph), 4.04-4.12 (br m, 3 H), 4.26 (d, 2 Hl = 2.7 Hz, NCHO), 7.16~
7.35 (m, 5 H, ArH) ppm#3C NMR (100 MHz, CDC}) 6 —5.8,—5.7,
14.0, 18.2, 19.7, 21.5, 22.6, 25.9, 28.7, 29.4, 29.8, 31.8, 45.1, 51.5,
52.9,62.1,69.7,74.1,74.9, 85.8, 86.7, 127.0, 127.8, 128.3, 128.6, 128.6,
139.6, 176.9 ppm; HRMS (FAB, NBA- Nal) mvz calcd for [GgHao

mL). The combined organic phases were dried and concentrated inNOgSiNaJ" 530.3278, found for [M+ NaJ* 530.3275.

vacuo. The residue was loaded onto a pad of silica gel (15 g) and
eluted with EtOAc (150 mL). The eluent was concentrated in vacuo,
and the solid residue was recrystallized from EtOAc to giactone

2 (690.0 mg, 93%) as colorless crystals: mp 1%5 dec; R 0.10
(EtOAC); [0]%% —93.9 (c 0.53, CHCN); FTIR (CHCly) vmax 3687,
3602, 3410, 1840, 1731, 1640 cin'H NMR (500 MHz, pyridinees)

0 0.98 (d, 3 H,J = 6.8 Hz, ((H3).CH), 1.10 (d, 3 H,J = 6.8 Hz,
(CH3).CH), 1.45 (d, 3 H,J = 7.5 Hz, (HsCH), 2.09 (m, 1 H,
CH(CHa)y), 3.03 (dg, 1 HJ = 6.1; 7.4 Hz, GICH), 4.33 (dd, 1 HJ

= 3.6; 6.7 Hz, OGICH), 5.68 (d, 1 HJ = 6.1 Hz, CHOCO), 7.85 (d,
1H,J=6.8 Hz, OH), 10.50 (s, 1 H, NH) ppm3C NMR (100 MHz,
pyridine-ds) 6 8.8, 16.5, 20.4, 29.8, 38.9, 70.6, 77.0, 80.5, 172.4, 177.4
ppm; HRMS (CI, NH) m/z caled for [GoH19N,04] " 231.1344, found

for [M + NH,]* 231.1354.

Conversion of #-Lactone 2 to Lactacystin (1) by Coupling with
N-Acetyl-L-cysteine. A suspension of3-lactone2 (500.0 mg, 2.35
mmol) in CH,Cl, was treated wittN-acetyl+-cysteine (383.0 mg, 2.33
mmol, 1.0 equiv) and BN (0.98 mL, 7.05 mmol, 3.0 equiv) at Z&
under N. The resulting reaction mixture was stirred toh at 23°C
and concentrated in vacuo. The solid residue was dissolved in dry
pyridine (10 mL) and evaporated under reduced pressure. The
azeotropic distillation with pyridine was repeated again (to effect the
complete removal of BN). Regeneration of the free acid by azeotropic
distillation with a mixture of THFHOACc (v/v 5:1, 2 x 10 mL) was
followed by trituration with a mixture of EtOA€eHOAC (v/v 20:1, 2
x 20 mL) to afford lactacystin (880.0 mgz;99%) as a colorless
powder: mp 233-235°C dec;R 0.33 (THFEtOAc—HOAC 4:2:1);
[a]%s +78.6 € 0.49, MeOH); FTIR (neatymax 3584, 3484, 3317, 3216,
1698, 1674, 1647, 1623, 1617, 1560 ¢m'H NMR (500 MHz,
pyridine-ds) 6 1.18 (d, 3 H,J = 6.7 Hz, ((H3).CH), 1.25 (d, 3HJ =
6.7 Hz, (H3).CH), 1.57 (d, 3 HJ = 7.5 Hz, (HsCH), 2.04 (s, 3 H,
CH3CON), 2.25 (m, 1 H, ©(CHy),), 3.48 (dq, 1 HJ = 7.4; 7.4 Hz,
CHCHj), 3.84 (dd, 1 HJ = 6.7; 13.6 Hz, CHS), 4.05 (dd, 1 HJ) =
4.8; 13.6 Hz, CHS), 4.60 (d, 1 H) = 7.0 Hz, GHOH), 5.34 (d, 1 H,

J = 7.0 Hz, GHOH), 5.42 (br g, 1 HJ = 7.0 Hz, GHCH,S), 8.80 (d,
1 H,J= 8.2 Hz, NH), 9.90 (s, 1 H, NH) pprtC NMR (100 MHz,
pyridine-ds) 6 10.2, 19.9, 21.5, 23.0, 31.4, 32.1, 41.9, 53.0, 75.9, 80.0,
81.4,170.2, 173.7, 181.3, 203.0 ppm; HRMS (FAB, NBANal) nvz
caled for [GsH2aN2O7SNaj 399.1202, found for [Mt- NaJ* 3399.1198.

Mukaiyama aldol products7a—17d were prepared by applying the
procedure described above with aldehyidend the trimethylsilyl enol
ethers of methyl butyrate, methyl valerate, methyl isobutyrate, and
methyl hydrocinnamate, respectively. The correspondirgctone
analoguesl8a—18d were prepared by a sequence analogous to that

Aldol 17c: 84%; [0]*% +25.4 (c 0.40, EtOAc);*H NMR (500 MHz,
CDCls) 6 0.11 and 0.12 (2s, 3 H, GSi), 0.92 (s, 9 Ht-BuSi), 0.93
(d,3H,J=6.6 Hz, CH), 0.98 (d, 3HJ = 6.6 Hz, CH), 1.02 (d, 3
H,J= 6.5 Hz, CH), 1.04 (d, 3HJ = 6.5 Hz, CH), 2.23 (br m, 2 H,
CH(CHs),), 2.40 (dd, 1 HJ = 1.5; 9.4 Hz, G1(CHg)), 3.50 (s, 3 H,
OCHg), 3.52 (d, 1 HJ = 7.5 Hz, OCH), 3.95 (d, 1 H) = 12.7 Hz,
CH,Ph), 4.09 (d, 1 HJ = 10.5 Hz, CHOSI), 4.15 (d, 1 HJ = 10.5
Hz, CH0Si), 4.17 (d, 1 H) = 12.7 Hz, CHPh), 4.12 (brd, 1 H) =
9.3 Hz, (HOH), 4.20 (d, 1 HJ = 2.5 Hz, NCHO), 4.30 (d, 1 HJ =
2.5 Hz, NCHO), 4.23 (br d, 1 H) = 9.3 Hz,HOCH), 7.16-7.36 (m,

5 H, ArH) ppm; *C NMR (100 MHz, CDC}) ¢ —5.7, —5.7, 18.2,
20.4, 20.7, 21.0, 21.1, 25.9, 28.6, 29.6, 50.8, 51.2, 53.8, 62.0, 69.8,
73.2,86.1,87.2,127.0,128.2,129.1, 139.8, 177.0 ppm; HRMS (FAB,
NBA + Nal) m/z calcd for [G7H4/NOsSiNa]" 516.3121, found for [M

+ NaJ* 516.3131.

Aldol 17d: 83%; *H NMR (400 MHz, CDC}) 6 0.084 and 0.10
(each s, 3 H, CkbBi), 0.62 (d, 3 HJ = 6.7 Hz, CH), 0.90 (s, 9 H,
t-BuSi), 0.95 (d, 3 HJ = 6.7 Hz, CH), 2.12 (m, 1 H, CH), 2.96
3.14 (m, 2 H), 3.38 (d, 1 H} = 7.4 Hz, CH-0), 3.46 (s, 3 H, OCHh),

3.92 (d, 1 HJ = 13.0 Hz, CHPh), 4.19 (d, 1 HJ = 13.0 Hz, CH-

Ph), 4.03 (d, 1 HJ) = 10.7 Hz, CHOTBS), 4.14 (d, 1 HJ) = 10.7 Hz,
CH,OTBS), 4.25 (dd, 2 HJ = 2.5; 6.1 Hz, NCHO), 3.97 (br d, 1 H,
J=7.1Hz,HOCH), 4.33 (br d, 1 HJ = 8.0 Hz, (HOH), 7.15-7.30

(m, 10 H, ArH) ppm;*C NMR (100 MHz, CDC}) ¢ —5.8, —5.7,

18.1, 20.2, 20.5, 25.9(3C), 28.5, 37.5, 46.3, 51.6, 53.3, 61.8, 69.7, 74.0,
86.0, 87.2,126.7,126.9, 128.2, 128.3, 128.6, 128.7, 129.2, 138.5, 139.6,
176.5 ppm; HRMS (FAB, NBA+ Nal) m/z calcd for [G;H47NOs-
SiNa]t 564.3121, found for [M+- Na]t 564.3107.

y-Lactam 15, Ethyl Analogue: 78%; [0]%% +60° (c 0.01, EtOAc);
1H NMR (500 MHz, CDC}) ¢ 1.04 (t, 6 H,J = 6.7 Hz, ((H3).CH),
1.12 (t, 3 H,J = 7.3 Hz, (tHsCHy), 1.74 (M, 2 H, CH)), 1.84 (m, 1 H,
CH.CHs), 2.44 (dd, 1 HJ = 4.0; 8.5 Hz,HOCH), 2.68 (br g, 1 H,J
= 7.6 Hz, CH), 2.96 (d, 1 H) = 10.3 Hz, G1OH), 3.34 (d, 1 H,J =
10.5 Hz, GHOH), 3.76 (dd, 1 H,J = 4.0; 11.8 Hz, G,0H), 4.01 (dd,
1H,J=8.5; 11.8 Hz, ¢i,0H), 4.48 (t, 1 H,J = 9.8 Hz, CHOH),
4.62 (d, 1 HJ= 5.0 Hz, NCHO), 5.17 (d, 1 HJ = 5.0 Hz, NCHO)
ppm; 13C NMR (125 MHz, CDCY) 6 12.8, 18.5, 20.0, 20.8, 27.9, 52.0,
57.5, 59.1, 71.9, 73.3, 76.0, 89.3, 179.8 ppm; HRMS (ClsNidz
calcd for [G2H2:NO4] ™ 244.1549, found for [M+ H]* 244.1552.

y-Lactam 15, n-Butyl Analogue: 80%; [0]?% +14.0C° (c 0.02,
EtOAc); *H NMR (500 MHz, CDC}) 6 0.89 (t, 3 H,J = 7.3 Hz, (Hs-
CH,), 1.00 (d, 3 H,J = 6.5 Hz, GHsCH), 1.01 (d, 3 HJ = 6.5 Hz,
CHa), 1.32 (M, 2 H, CH), 1.48 (m, 2 H), 1.66-1.82 (br m, 3H), 2.71

described above. The chemical yields and spectral data of the various(q, 1 H,J = 8.8 Hz, CH), 2.93 (d, 1 HJ = 10.3 Hz, GHOH), 3.32 (br

intermediates are summarized below.

Aldol 17a: 79%;*H NMR (500 MHz, CDC}) 6 0.11 and 0.12 (each
s, 3 H, CHSi), 0.92 (s, 9 H{-BuSi), 0.94 (t, 3 HJ = 7.3 Hz, (Hs-
CHy), 0.99 (d, 3 HJ = 6.7 Hz, ((H3).CH), 1.03 (d, 3HJ = 6.7 Hz,
(CH3),CH), 1.74 (m, 1 H, €i,CHs), 1.92 (m, 1 H, €1.CHy), 2.18 (sept,
1H,J=6.7 Hz, H(CHjy),), 2.68 (m, 1 H, CH), 3.58 (s, 3 H, OGH
3.63(d, 1 HJ = 6.3 Hz, (HOH), 3.93 (d, 1 HJ = 13.1 Hz, CHPh),

s, 1 H, OH), 3.72 (dd, 1 H) = 4.5; 11.8 Hz, &,OH), 3.96 (dd, 1 H,
J=7.6; 11.8 Hz, ®,0H), 3.84 (d, 1 HJ = 9.6 Hz,HOCH,), 4.44

(t, 1 H,J=9.6 Hz, (HOH), 4.59 (d, 1 HJ = 5.0 Hz, NCHO), 5.09

(d, 1 H,J = 5.0 Hz, NCHO) ppm;**C NMR (125 MHz, CDC}) ¢

13.9, 18.5, 20.8, 22.8, 26.2, 27.9, 30.3, 50.4, 58.9, 71.7, 73.2, 75.6,
89.2, 179.9 ppm; HRMS (CI, Nyl m/z calcd for [GaHo6NO4]*
272.1862, found for [M+ H]* 272.1870.



2336 J. Am. Chem. Soc., Vol. 120, No. 10, 1998

tert-Butyldimethylsilyl Ether of the n-Butyl Analogue of 15:*H
NMR (500 MHz, CDC}) 6 0.082 and 0.090 (2s, 3 H, GHi), 0.90 (s,
9 H, t-BuSi), 0.89 (t, 3HJ = 7.3 Hz, CH}), 1.00 (d, 3HJ = 6.4 Hz,
CHg), 1.02 (d, 3HJ = 6.4 Hz, CH}), 1.32 (m, 2 H), 1.50 (br m, 2 H),
1.60-1.80 (br m, 3 H), 2.70 (g, 1 H} = 9.2 Hz, CH), 2.90 (d, 1 H,
J=10.4 Hz, OH), 3.62 (d, 1 H) = 10.9 Hz, OCH), 3.70 (d, 1 HJ
= 10.8 Hz, CHOSI), 3.99 (d, 1 HJ = 10.8 Hz, CHOSI), 4.39 (t, 1
H, J = 10.1 Hz, GHOH), 4.54 (d, 1 HJ = 5.0 Hz, NCHO), 5.14 (d,
1 H,J= 5.0 Hz, NCHO) ppm;*C NMR (125 MHz, CDC}) 6 —5.6,
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Acid 16, Isopropyl Analogue: 77%; []* +15° (c 0.02, MeOH);
H NMR (400 MHz, pyridinees) 6 1.28 (d, 3 H,J = 6.8 Hz, CH),
1.30 (d, 3 H,J = 6.8 Hz, CH), 1.33 (d, 3 HJ = 6.6 Hz, CH), 1.58
(d, 3 H,J = 6.6 Hz, CH), 2.36 (sept, 1 HJ) = 6.6 Hz, CH), 2.66 (m,
1 H, CH), 2.40 (dd, 1 H) = 5.2; 9.6 Hz, CH), 4.73 (d, 1 H] = 5.7
Hz, CHOH), 5.28 (d, 1 H,J = 5.3 Hz, HOCH), 9.11 (s, 1 H, NH)
ppm; 3C NMR (125 MHz, pyridinegs) 6 18.9, 21.2, 21.7, 22.5, 26.1,
32.3,53.0, 76.0, 76.9, 79.5, 174.8, 179.3 ppm; HRMS (FAB, NBA
Nal) m/z calcd for [GoH2iNOsNa]*t 282.1317; found for [M+ NaJ*

—5.3, 14.0, 18.4, 18.5, 20.8, 22.8, 25.9, 26.4, 27.9, 30.2, 50.4, 60.3, 282 1323.

72.0, 73.0, 75.7, 89.4, 179.2 ppm.

y-Lactam 15, Isopropyl Analogue: 82%; [a]%5 +11.#4 (c 0.1,
EtOAc); 'H NMR (500 MHz, CDC}) ¢ 1.00 (d, 6 H,J = 6.3 Hz,
(CHs)2CH), 1.09 and 1.12 (each d, 3 Bi= 6.8 Hz, CH), 1.75 (br m,
1 H, CH), 2.24 (m, 1 H, CH), 2.53 (dd, 1 H,= 6.6; 8.8 Hz, CH),
2.86 (d, 1 HJ = 10.2 Hz, CH®), 3.30 (br s, OH), 3.77 (d, L H =
11.8 Hz, G4,0H), 3.99 (d, 1 HJ = 11.8 Hz, G1,0H), 4.06 (d, 1 H,
J=9.1 Hz, GHOH), 4.52 (t, 1 HJ = 9.1 Hz, GHOH), 4.56 (d, 1 H,
J = 5.0 Hz, NCHO), 5.13 (d, 1 H,J = 5.0 Hz, NCHO) ppm;C
NMR (100 MHz, CDC¥) 6 18.7, 20.3, 20.9, 23.3, 26.1, 28.0, 55.3,
59.2, 71.9, 72.4, 76.0, 88.4, 179.9 ppm; HRMS (CI, Rz calcd
for [C13H24NO4] T 258.1705, found for [MH H]+ 258.1709.

tert-Butyldimethylsilyl Ether of the Isopropyl Analogue of 15:
1H NMR (500 MHz, CDC}) ¢ 0.066 and 0.076 (each s, 3 H, ¢3i),
0.875 (s, 9 H-BuSi), 0.99 and 1.00 (each d, 3 Bi= 6.5 Hz, CH),
1.08 and 1.10 (each d, 3 H,= 6.7 Hz, CH), 1.70 (m, 1 H), 2.22
(sept, 1 HJ = 6.7 Hz, CH), 2.46 (dd, 1 H] = 7.4; 8.8 Hz, CH), 2.82
(d, 1 H,J = 10.3 Hz, CHQH), 3.74 (d, 1 H,J = 10.7 Hz, CHOSI),
3.81 (d, 1 H,J = 9.3 Hz, GHOH), 4.00 (d, 1 HJ = 10.7 Hz, Ch-
0Si), 4.46 (t, 1 HJ = 9.2 Hz, HOCH), 4.49 (d, 1 HJ = 5.0 Hz,
NCH,0), 5.14 (d, 1 H,J = 5.0 Hz, NCHO) ppm; C NMR (125
MHz, CDCkL) 6 —5.7,—5.5, 18.3, 18.8, 20.4, 20.9, 23.3, 25.8, 26.0,
28.0, 55.4, 60.5, 72.0, 72.3, 76.0, 88.5, 179.1 ppm.

y-Lactam 15, Benzyl Analogue84%; [0]?% +50° (¢ 0.01, EtOAc);
1H NMR (400 MHz, acetonek) 6 0.99 (dd, 6 H,J = 6.7; 8.1 Hz,
(CH3),CH), 1.85 (m, 1 H, CH), 2.98 (dd, 1 H,= 5.6; 13.9 Hz, Ch+
Ph), 3.04-3.14 (m, 2 H), 3.23 (dd, 1 H] = 8.6; 13.9 Hz, CHPh),
3.78 (dd, 1 HJ=5.6; 11.7 Hz, €Gi,0H), 4.01 (dd, 1 H)=6.4; 11.7
Hz, CH,OH), 4.24 (t, 1 HJ = 6.0 Hz,HOCH,), 4.56 (d, 1 HJ = 4.6
Hz, NCH0), 4.58 (t, 1 HJ = 8.1 Hz, GHOH), 4.71 (d, 1HJ= 7.8
Hz, HOCH), 5.02 (d, 1 HJ = 4.6 Hz, NCHO), 7.16-7.35 (m, 5 H,
ArH) ppm; 13C NMR (100 MHz, acetonels) 6 18.9, 21.2, 28.7, 32.5,

52.2,59.6,50.7, 71.4,73.4, 76.4, 88.9, 126.6, 128.9, 129.8, 141.7, 179.

ppm; HRMS (FAB, NBA+ Nal) mvz calcd for [G7H24NO4] ™ 306.1705,
found for [M + H]* 306.1715.

Acid 16, Ethyl Analogue: 75%); [0]%% —10° (c 0.01, MeOH);'H
NMR (300 MHz, pyridinees) ¢ 1.13 (t, 3 H,J = 7.3 Hz, GHsCHy),
1.29 (d, 3 HJ = 6.8 Hz, CH), 1.34 (d, 3 HJ = 6.8 Hz, CH), 2.26
(M, 2 H, GH,CHs), 2.37 (M, 1 H, GI(CHs)2), 3.54 (br g, 1 HJ = 6.0
Hz, CH), 4.76 (d, 1 H,) = 5.9 Hz, CHOH), 5.28 (d, 1 H] = 5.7 Hz,
CHOH), 9.36 (s, 1 H, NH) ppmt3C NMR (125 MHz, pyridineds) o
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Acid 16, Benzyl Analogue:76%; [0]%5 —30° (¢ 0.02, MeOH);*H
NMR (500 MHz, pyridineds) 6 1.27 (d, 3 H,J = 6.6 Hz, CH), 1.34
(d, 3H,J=6.6 Hz, CH), 2.36 (m, 1 H, CH), 3.64 (br d, 2 H, GH
Ph), 4.08 (br m, 1 H, CH), 4.65 (d, 1 H,= 5.5 Hz, GHOH), 5.13 (d,
1 H,J = 5.6 Hz, GHOH), 7.15-7.60 (m, 5 H, ArH), 9.50 (s, 1 H, NH)
ppm; C NMR (100 MHz, pyridineds) 6 19.1, 21.1, 30.8, 32.2, 49.7,
75.5,76.9,79.3,125.9, 128.7, 129.5, 142.8, 174.7, 178.6 ppm; HRMS
(FAB, NBA + Nal) m/z calcd for [GeH22NOs] ™ 308.1498; found for
[M + H]+ 308.1487.

P-Lactone 18a:[a]%5 —215° (¢ 0.01, EtOAc);*H NMR (500 MHz,
CDCly) 6 0.91 (d, 3 H,J = 6.8 Hz, CH), 1.07 (d, 3 H,J = 6.8 Hz,
CHs), 1.12 (t, 3 H,J = 7.5 Hz, (HsCHy), 1.73 (m, 1 H, G,CH),
1.89 (M, 1 H, GICHs), 1.96 (m, 1 H, ®1,CHs), 2.10 (d, LHJ = 6.5
Hz, CHOH), 2. 59 (m, 1 H, CH), 3.96 (dd, 1 H] = 4.60; 6.5 Hz,
CHOH), 5.28 (d, 1 H,J = 6.0 Hz, CH), 6.26 (br s, 1 H, NH) pprm3C
NMR(125 MHz, CDC}) 6 12.4, 16.5, 18.0, 19.7, 29.8, 45.2, 72.1, 75.5,
78.5,162.1, 179.2 ppm; HRMS (CI, NHWz calcd for [GiH2iNoO4]
245.1501, found for [MH+ NH3]t 245.1499.

P-Lactone 18b:[a]% —253 (¢ 0.015, EtOAC)H NMR (400 MHz,
pyridine-ds) ¢ 0.80 (t, 3 H,J = 7.3 Hz, GH5CH,), 1.03 (d, 3 H,J =
6.7 Hz, CH), 1.12 (d, 3 HJ = 6.7 Hz, CH), 1.27 (br m, 2 H, CHJ),
1.49 (br m, 2 H), 1.89 (br m, 1 H, CH), 2.13 (br m, 2 H), 3.01 (m, 1
H), 4.36 (br s, OH), 5.81 (d, 1 Hl = 6.0 Hz, CH-0), 7.84 (br s, 1
H, OH), 10.46 (s, 1 H, NH) ppni*C NMR (100 MHz, pyridinegs) &
14.0, 16.6, 20.4, 23.0, 25.0, 29.9, 30.3, 44.4, 70.7, 76.5, 80.5, 172.3,
177.0 ppm; HRMS (CI, N mVz calcd for [G3H2sN,04] T 273.1814,
found for [M + NH,]*" 273.1809.

P-Lactone 18c:[0]% —28C° (c 0.015, EtOAc)H NMR (400 MHz,
pyridineds) ¢ 1.02 (d, 3 H,J = 6.7 Hz, CH), 1.11 (d, 3H,J = 6.9
Hz, CHy), 1.18 (d, 3 H,J = 6.7 Hz, CH), 1.42 (d, 3 HJ = 6.9 Hz,
CHs), 2.10 (br m, 1 H, CH), 2.39 (m, 1 H, CH), 2.80 (dd, 1 H=
6.1; 8.6 Hz, CH), 4.32 (br s, 1 H,KIOH), 5.82 (d, 1 HJ = 6.0 Hz,
CH—-0CO), 7.84 (br d, 1 H, OH), 10.40 (s, 1 H, NH) pp#C NMR
(125 MHz, pyridiness) 6 16.8, 20.4, 20.7, 22.0, 27.0, 29.9, 49.6, 70.8,
77.3, 79.9, 172.1, 176.3 ppm; HRMS (Cl, WHmM/z calcd for
[C12H23N204] " 259.1658, found for [MH- NH4]™ 259.1657.

B-Lactone 18d:[a]?% —32C (c 0.01, EtOACc)H NMR (400 MHz,
pyridineds) ¢ 0.90 (d, 3 H,J = 6.4 Hz, CH), 1.07 (d, 3HJ = 6.4
Hz, CHy), 2.07 (br m, 1 H, CH), 3.20 (t, 1 H] = 12.8 Hz, CHAr),

13.1, 18.3, 19.0, 21.2, 32.3, 49.2, 75.9, 76.8, 79.7, 174.9, 179.6 ppm;3.45 (M, 1 H, G-CH), 3.58 (dd, 1 H,) = 3.6; 12.8 Hz, CHAr), 4.33

HRMS (FAB, NBA + Nal) m/z calcd for [GiH20NOs]™ 246.1341,
found for [M + H]* 246.1344.

Acid 16, n-Butyl Analogue: 78%; [0]%% —21° (c 0.01, MeOH);
H NMR (400 MHz, pyridinees) 6 0.78 (t, 3 H,J = 7.3 Hz, CH),
1.30 (d, 3HJ = 6.6 Hz, CH), 1.35 (d, 3 HJ = 6.6 Hz, CH), 1.21—
1.37 (brm, 2 H, CH), 1.48 (br m, 1 H), 1.63 (br m, 1 H), 2.23 (br m,
2 H, CHp), 2.38 (sept, 1 H) = 6.1 Hz, CHQH), 5.28 (d, LHJ = 5.7
Hz, HOCH), 9.30 (s, 1 H, NH) ppm#3C NMR (100 MHz, pyridine-

(br m, 1 H, CHOH), 5.62 (d, 1 HJ = 5.8 Hz, HCOCO), 7.267.45
(m, 5 H, ArH), 7.83 (d, 1 HJ = 6.7 Hz, OH), 10.69 (s, 1 H, NH)
ppm;*3C NMR (125 MHz, CDC}) 0 16.5, 19.6, 29.8, 30.1, 46.4, 72.0,
75.1, 78.4, 126.9, 128.9, 128.9, 169.2 ppm; HRMS (FAB, NBAal)
m/z calcd for [GeHi1gNOsNa]t 312.1212, found for [M+ NaJ*
312.1217.
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174.9, 179.7 ppm; HRMS (FAB, glyceratyz calcd for [G3H24NOs]*
274.1654, found for [M+- H]* 274.1662.
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