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Abstract: Pyrrolinone-based peptidomimetics, the first mimics of/3-strands, are potent inhibitors of HIV-I protease. 
Importantly, the bis(pyrrolinones) described herein proved to be more active in cellular antiviral assays compared 
with an analogous peptide-derived inhibitor even though they are less effective in inhibiting the isolated protease. 
These results suggest that pyrrolinone inhibitors offer better transport properties than the corresponding peptide-
based peptidomimetics; we attribute this effect to decreased solvation of the mimetics. Structure—activity relationships 
for the pyrrolinones correlate well with those reported for related peptides, consistent with similar modes of binding. 

In recent years intensive efforts have been directed toward 
the design, synthesis, and utilization of non-peptide peptido
mimetics.1 These investigations have been prompted, in part, 
by the generally unfavorable pharmacokinetic properties of 
peptides.1'2 In addition, peptidomimetics have been exploited 
as probes of the bioactive conformations of endogenous peptide 
ligands.'y 
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The prevalent strategy for peptidomimetic design involves 
the enforced emulation of specific motifs of peptide secondary 
structure.1 This approach reflects the accepted view that 
biologically active peptides adopt discrete conformations upon 
binding, even though many energetically similar conformations 
are accessible. Peptidomimetics based upon the /?-strand motif, 
which previously attracted relatively little attention, have gained 
considerable importance with the discovery that peptidal 
substrates and inhibitors bind to diverse proteolytic enzymes 
as /3-strands.31 a Notably, X-ray studies revealed /3-strand bound 
conformations for inhibitors of the HIV protease, an aspartic 
acid protease required for processing of the viral polyprotein 
precursor (vide infra).4 

Recently we reported the design and synthesis of /3-strand 
mimics in which a novel, linked 3,5,5-pyrrolin-4-one scaffolding 
entirely replaced the native peptide backbone (e.g., 1 —- 2, Figure 
l). l l n Tetrapeptide 1, a fragment of equine angiotensinogen, 
exists in the solid state as a parallel /3-pleated sheet; we have 
demonstrated that the analogous urethane-protected tris(pyr-
rolinone) 2 crystallizes as an antiparallel /3-sheet. The corre
sponding free amine, like 1, crystallizes as a parallel /3-pleated 
sheet. The side-chain trajectories and pyrrolinone carbonyl 
orientations of 2 closely correspond with those of tetrapeptide 
1. Importantly, the formation of /3-pleated sheets in the solid 
state implied that the nitrogens, although displaced from their 
usual positions on the backbone, were nonetheless capable of 
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Figure 1. Teirapcptidc equine angiotersinogen fragment 1: structure 
and solid-stale /^-strand conformation of tris(pyrrolinone) peptidomi-
metic 2. 

forming interstrand hydrogen bonds. These features were 
considered essential for effective inhibition of aspartic acid 
proteases, as recognition and binding require both specific side-
chain and backbone hydrogen bond interactions.Ia-5 These 
pyrrolinones thus represent the first peptidomimetics of/3-pleat-
ed sheets. 

Via this strategy we subsequently generated biologically 
active inhibitors of the aspartic acid proteases renin and HIV-I 
protease.1"1 A full account of the renin work, has already 
appeared.1" Herein we describe in detail the design, synthesis, 
and antiviral activity of a series of novel pyrrolinone-based 
HIV-I protease inhibitors. 

Design of an HIV-I Protease Inhibitor Incorporating the 
Pyrrolinone Scaffold. The X-ray structures of diverse inhibi
tors bound to HIV-I protease revealed that many binding 
interactions are conserved.'1 Moreover, substrates of this enzyme 
contain a variety of amino acid sequences on either side of the 
scissile bond, suggesting that sequence requirements may be 
less important than substrate conformation for recognition.'1''7 

Inhibitors bind in the active site in extended /i-strand conforma
tions with the side chains inserted into adjacent lipophilic 
pockets of the enzyme, as exemplified by the X-ray-derived 
representations of the bound inhibitors MVT-K)I (Figure 2) and 
JG-365 (not shown).s The solid-state conformation of tris-
(pyrrolinone) 2 (Figure 1) strikingly mimics the pleated 
backbone conformations and antiperiplanar side-chain trajec
tories observed for both MVT-IOl and JG-365. Accordingly, 
preorganization of pyrrolinone-based inhibitor of HIV-I protease 
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Figure 2. Enzyme-bound conformation of HIV protease inhibitor 
MVT-IOl. 

was expected to promote recognition and binding, in accord 
with the pioneering studies of host/guest complexation by Cram 
et al." 

Other elements of our design derived from the structure of 
L-682,679 (Figure 3), a potent inhibitor of the HIV protease 
(IC50 = 0.4 nM, CIC95 = 6 ,uM).U) The P r - P 3 ' tripeptide 
sequence of L-682,679 was replaced by a bis(pyrrolinone) 
bearing the three requisite side chains. The Pi Phe," the 
hydroxyethyl transition-state mimetic, and the N- and C-terminal 
endcaps were also adopted, leading to 3 as our prototypical 
target. 

H 
,CL „N 

Figure 3. Merck inhibitor L-682.679 as the model for a prototypical 
pyrrolinone-based inhibitor 3. Pyrrolinone motif is generated by NH 
displacement from peptide backbone. 

Molecular Modeling. We generated an initial conformation 
of 3, analogous to the X-ray crystal structures of peptidal 
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inhibitors MVT-101 (Figure 2) and JG-365 bound to the 
protease.12 This exercise entailed substitution of two pyrrolinone 
units in their lowest-energy linear conformations for the P|— 
P:' and Pr-Pv amide bonds, as well as incorporation of 
appropriate side chains and end capping. Energy minimization 
with the MM2 force field13 then furnished a local minimum 
(Figure 4a). which was similar to the initial conformation: 
importantly, the minimized structure also closely resembled the 
global minima obtained in more extensive computational 
analysis of related bis(pyrrolinones). Least-squares comparisons 
with the solid state conformation of enzyme-bound MVT-101 
(Figure 4b) indicated that 3 can easily adopt the conformation 
required for binding. Docking into the HIV-I protease active 
site14 revealed no unfavorable steric interactions. Moreover, 
the docking study suggested that the pyrrolinone carbonyls of 
3 should hydrogen bond with similar geometries to the same 
enzyme NH groups as the amide carbonyls of cocrystallized 
peptidal inhibitor MVT-101. The pyrrolinone NH moieties were 
likewise predicted to H-bond with the same enzyme groups as 
the backbone amide NH's of MVT-101, albeit necessarily with 
different geometries. 

a 

Figure 4. (a) MM2-minimized extended conformation of proposed 
bis(pyrrolinone) inhibitor 3. (b) Least-squares comparisons of 3 (black) 
with inhibitor MVT-101 (gray). 

Synthesis of Bis(pyrrolinone) Inhibitor 3. As outlined 
retrosynthetically in Figure 5. we envisioned a highly convergent 
approach to 3 via precursors of comparable complexity (i.e., 4 
and 5). We elected to prepare pyrrolinone 5 from the a.a-
disubstituted amino ester 6 and aldehyde 7. exploiting our well-
established cyclization protocol.15 The aldehyde in turn would 
derive from Evans asymmetric alkylation chemistry.16 We 
planned to construct 4 via alkylation of the enolate of oxazo-
lidinone 9 with iodide 8. 

In the event, the synthesis of 5 proceeded smoothly (Scheme 
1). Acylation of the Evans oxazolidinone (-)-10 with hydro-
cinnamoyl chloride and alkylation with prenyl bromide furnished 

(12) MacroModel. ver. 3.1X: Still. W. C ; Mohamadi. F.: Richards. N. 
G. J.. Guida. W. C ; Lipton, M.; Liskamp. R.; Chang, G.: Hendrickson, T.; 
DeGunst, F.; Hasel, W. Department of Chemistry, Columbia University, 
New York. NY 10027. 
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Pathiaseril, A.; Profeta, S., Jr.; Allinger, N. L. J. Org. Chem. 1987, 52, 
5162. See also: Allinger. N. L. J. Am. Chem. Soc. 1977, 99, 8127. 
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MVT-101 and JG-365 were kindly provided by Dr. A. Wlodawer (NIH, 
Bethesda. MD), see refs 6b and 8. A stereodiagram of 3 docked into the 
MVT-I0I/HIV-1 protease X-ray structure active site is included in the 
supporting information. 
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Figure 5. Retrosynthetic analysis of target inhibitor 3. 

(+)- l l with good diastereoselectivity (82% yield for two steps). 
Following removal of the chiral auxiliary with benzyl thiolate,17 

LAH reduction of the intermediate thio ester quantitatively 
afforded primary alcohol (+)-12. Hydroxyl protection as the 
TBS ether (97% yield) and reductive ozonolysis (91%) then 
gave aldehyde (+)-7. 

Scheme 1 

B \ r̂  HY 
O 

B-10 

1) n-BuLi; hydro-
cinnamoyl chloride 

2) NaHMDS, THF; ^ 
\ ^ B r 

(82%, two steps) 

Ph 

^s. X. .OR 

P h ^ B \ 

If A 
W Y Y 

1 O O 
(+)-11 

J**s^C02Me 
I NH2 

a) S^K (-0-6 

a) BnSLi, 
Et2O, THF 

D)LAH 
(100%) 

PhMe 
fc-

1) TBSCI. imid (97%) 
2) O3, CH2CI2; Ph3P 

(91%) 
C 

b) KHMDS, THF; AllocCI 

(+)-12 R = H, X = CHMe2 (76%> 
(-)-7 R = TBS, X = O 

OTBS 

1)Cat. OsO4, NMO 
2) 2% NaOH/p-dioxane (1:1/ r-

(85%, two steps) I 
3) Pb(OAc)4 (76%) 

-)-13 R = AIlOC1X = CHMe2 

(-)-5 R = H1X = O 

Pyrrolinone cyclization was effected in conjunction with in 
situ protection of the product amine. Condensation of 7 with 
the known a,a-disubstituted amino ester (+)-6, l s followed by 
KHMDS deprotonation of the resultant imine. and N-acylation 
with allyl chloroformate furnished mono(pyrrolinone) (-)-13 
in 76% yield. Oxidative cleavage of the prenyl side chain of 
13, required for elaboration of the second pyrrolinone. was then 
undertaken via our usual two-step procedure. Dihydroxylation 

(17) Damon. R. E.; Coppola. G. M. Tetrahedron Lett. 1990. JI. 2849. 
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with a catalytic amount of OSO4 and excess NMO proceeded 
with concomitant oxidation of the Alloc protecting group; the 
latter moiety proved to be necessary to prevent oxidation of 
the pyrrolinone double bond. We note here that competing 
oxidation of pyrrolinone olefins with OSO4/NMO occurs only 
when the allylic carbon is tertiary. Normally this position is 
quaternary, as our standard mono(pyrrolinone) units derive from 
two a,a-disubstituted amino esters; in these latter cases the 
vinylogous amide double bond does not react. Following 
removal of the hydroxylated Alloc group with a mixture of 2% 
aqueous NaOH and />-dioxane (1:1) (85% yield from 13), 
oxidative diol cleavage with Pb(OAc)A provided the correspond
ing aldehyde, mono(pyrrolinone) building block (—)-5, in 76% 
yield. 

The synthesis of amine subunit 4 began with the known 
epoxide (+)-14, prepared from Boc-Phe.18 Pursuent to our 
initial strategy, the epoxide was converted to protected iodohy-
drin (—)-8 (Scheme 2). Diastereoselective alkylation of ox-
azolidinone (+)-9, derived from D-Phe, with iodide 8 via the 
Karady/Seebach protocol19 was then intended to furnish the 
complete backbone of 4. Unfortunately, the coupling of 9 with 
8 failed under a variety of experimental conditions; this result 
was not entirely unexpected, as Karady/Seebach oxazolidinone 
alkylations normally require highly reactive electrophiles such 
as benzyl, allyl, or methyl halides.20 In an effort to circumvent 
this limitation, we next explored the direct alkylation of the 
enolate of 9 with epoxide 14, a process apparently without 
precedent.21 The desired ring-opened adduct was readily 

Scheme 2 

BOcHNx^CO2H 3 Steps BocHN^^<J 1) I2, PPh3 

i (Ref. 17) i 2) Cat TsOH, 
P h / Ph-" (Me)2C(OMe)2 
Ph W-14 (93%. 2steDs) 

p 
(-Bu 

Scheme 3 

(.Bu* Alloc ., I \ Kl \ BocN 
KHMDS T ^ BocN, 

Ph ' (-)-8 

obtained under the influence of Lewis acids. Initial experiments 
with BF3-OEt2 afforded alcohol 16 in modest yield (28-33%) 
as a 7:1 mixture of epimers. Ultimately we discovered that 
addition of diethylaluminum chloride to a mixture of the enolate 
and epoxide at —78 0C gave alcohol (—)-16 in 82% yield with 
>97% diastereoselectivity (Scheme 3).22 Protection of the 
carbamate nitrogen and hydroxyl of 16 as an acetonide (77% 

(18) Thompson, W. J.; Fitzgerald, P. M. D.; Holloway, M. K.; Emini, 
E. A.; Darke, P. L.; McKeever, B. M.; Schleif, W. A.; Quintero, J. C ; 
Zugay, J. A.; Tucker, T. J.; Schwering, J. E.; Homnick, C. F.; Nunberg, J.; 
Springer, J. P.; Huff, J. R. / Med. Chem. 1992, 35, 1685. 

(19) (a) Karady, S.; Amato, J. S.; Weinstock, L. M. Tetrahedron Lett. 
1984, 25, 4337. (b) Seebach, D.; Fadel, A. HeIv. Chim. Acta 1985, 68, 
1243. (c) Seebach, D.; Aebi, J. D.; Gander-Coquoz, M.; Naef, R. HeIv. 
Chim. Acta 1987, 70, 1194. 

(20) (a) Beck, A. K.; Seebach, D. Chimia 1988, 42, 142. (b) Nebel, K.; 
Mutter, M. Tetrahedron 1988, 44, 4793. 

(21) The alkylation of an imidazolidinone enolate with ethylene oxide 
in the presence of BF3-OEt2 (56% yield) has been reported: Fitzi, R.; 
Seebach, D. Tetrahedron 1988, 44, 5277. 

u 

NMe 

W. 
BOC \ , 

a) LDA, THF 
hexane, -50 °C HO. 

NMe 
b) Ethylene oxide \, / 
c) BF3OEt2 EL. \ 

'-Bu (56%) B0C '-Bu 
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Ph 
L ,NH2 

Sv^^C02Me 

W-4 

I)(Me)2C(OMe)2 
Cat. TsOH (77%) 

2) 1NNaOH-MeOH 
(1:1), reflux 

3) K2CO3, MeI, DMF 
4) (Ph3P)4Pd, dimedone 

(76%, 3 steps) 

yield), cleavage of the oxazolidinone ring, methyl ester forma
tion, and Alloc removal (76% for three steps) then furnished 
amino ester (+)-4, suitable for union with 5. 

Alkylation of Oxazolidinone Aluminum Enolates with 
Epoxides: Scope and Limitations. Recognizing that the 
alkylation of oxazolidinone enolates with epoxides, if general, 
would constitute a valuable approach to homoserine analogs, 
we completed a parallel investigation of this methodology. The 
protocol developed enables the alkylation of oxazolidinones 
derived from a variety of amino acids with ethylene oxide and 
monosubstituted epoxides (Table I).22 Diastereoselectivities 
generally exceeded 95%. 

Following hydroxyl protection, the alkylated oxazolidinones 
readily furnish the corresponding amino esters via established 
chemistry.1519 In the simple systems the alcohol was masked 
as a MEM ether, as illustrated in Scheme 4. Hydrolysis (1 N 
NaOH/MeOH, 1:1), esterifiction of the resultant carboxylic acid 
(K2CO3, DMF; MeI), and removal of the Alloc protecting group 
[Pd(PPh3)4 catalyst, dimedone] then afforded the target ho
moserine derivative (e.g., 26). 

Elaboration of 3, the Target Bis(pyrrolinone) Inhibitor. 
The synthesis of 3 proceeded uneventfully with the union of 5 
and 4, executed via our now-standard protocol.15 In situ Alloc 
protection of both pyrrolinones gave (+)-27, a key intermediate 
containing all of the backbone carbons and stereocenters of the 
target compound, in 76% yield (Scheme 5). Treatment of 27 
with Jones reagent in MeCN at —39 0C led to desilylation and 
oxidation of the resultant alcohol to the corresponding carboxylic 
acid (75% yield). The N-terminal Boc moiety remained intact 
under these conditions. We also noted that deprotection of the 
pyrrolinone nitrogens prior to oxidation resulted in lower yields 
of the carboxylic acid. Subsequent Pd(0)-catalyzed removal of 
the Alloc groups followed by primary amide formation via a 
mixed anhydride furnished (—)-28 (85% yield, two steps). 
Finally, after removal of the acetonide and Boc moieties with 
mefhanolic HCl, the N-terminal Boc endcap could be reinstalled 
to give (—)-3 in 64% yield. Selective alcoholysis of the 

(23) An X-ray crystal structure verified the relative stereochemistry of 
the major isomer 25a. 

HO 
Ph O 

K 
Alloc\.Bu 

Tetrahedron. Lett. 1994, 35, 8977. 

(+)-25a 
(24) (a) Heimbach, J. C ; Garsky, V. M.; Michelson, S. R.; Dixon, R. 

A. F.; Sigal, I. S.; Darke, P. L. Biochem. Biophys. Res. Commun. 1989, 
164, 955. (b) Thompson, W. J.; Fitzgerald, P. M. D.; Holloway, M. K.; 
Emini, E. A.; Darke, P. L.; McKeever, B. M.; Schleif, W. A.; Quintero, J. 
C; Zugay, J. A.; Tucker, T. J.; Schwering, J. E.; Homnick, C. F.; Nunberg, 
J.; Springer, J. P.; Huff, J. R. J. Med. Chem. 1992, 35, 1685. 
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Entry 

1 

2 

3 

4 

5 

6 

7 2 3 

8 

Oxazolidinone 

" A 
Alloc S-Bu 

(+1-9 

( • ) - » 

; i 
N - / . 
AlOC VBu 

H-18 

W 
Alloc '''(.Bu 

(•)-20 

0 

-A 
Alloc \ B U 
(+1-22 

(•)•» 

(•»•9 

( - ) • • 

Epoxide 

0 
ZA 

(excess) 

A 
(excess) 

A 
(excess) 

A 
(excess) 

A 
(excess) 

*»°—-<J 
(5 equlv) 

( t 2 equlv) 

O 
(2 equlv) 

Product 

Ph o 

Ate '''(-Bu 
(-)-17 [ags-38° 

M-17 [a£5 +42» 

Aloe \ B U 
<+)-19 

Y0 

Ak)C \ B U 

(+1-21 
O 

H O ^ v T , 
Aloe >Bu 

(+)-23 

Ph o 

A t o \ . B u 
<+)-24 

Alec ^t-Bu 
(•)-25i H 1 - O H , H a - H ( 3 : 1 ) 

(+)-25b R' • H, FT • OH ' 

-

Yield (%) 

69 

68 

47 

54 

64 

40 

48 

NR 

Selectivity (de) 

>95 

>95 

5:95 

89 

£95 

>95 

295 
(each isomer) 

-

Scheme 4 

MEMO' 

1) MEMCI, /-Pr2NEt 
CH2CI2 (89%) 

2)1 NNaOH/MeOH(1:1) 
650C, 16 h 

3) K2CO3, DMF; MeI 
„ (97%, two steps) 
'-Bu 4 ) Pd(PPh3), (cat.), 

( - H ' dimedone(91%) 

acetonide in 28 could be effected in the presence of the Boc 
group with CSA and ethylene glycol in methanol, but this 
alternative proved less efficient (39% yield). 

Bioassay of 3: HIV-I Protease Inhibition and Cellular 
Antiviral Activity. The enzyme inhibitory (IC50) and cellular 
activated (CIC50) assays were carried out via published proce
dures.24 In enzyme inhibition the IC50 of 3 proved to be 10 
nM, compared with 0.6 nM for the related peptidal peptidomi-
metic L-682,679; the results indicate that the bis(pyrrolinone) 
is recognized and bound by HIV-I protease, but not as 
effectively as the peptide-based analog. Because one would 
expect the preorganization built into 3 to result in tighter binding 
to the enzyme, the explanation for the higher IC50 value actually 
observed has not yet been established but may reflect lower 
complementarity (i.e., displacement of the NHs or unfavorable 
steric interactions) with the active site for 3 relative to L-682, 
679. We anticipate that X-ray analysis now underway will 
clarify this point. Importantly, however, the relative potencies 

Scheme 5 

Ph 

BocNL . X >C + 0HC 

CO2Me 

_ T „ a) PhMe 
0 T B S b) KHMDS 

W-4 Ph' 

BocN ^ 

J ~ »xs 
1) Jones [O], MeCN,-39 0C , > „ , „ , „ . , , * , „ „ „2 .„ 
2) (Ph3J4P, dimedone p <+>"27 R " CH2OTBS, R2 = Alloc 
3) ABuOCOCI, Et3N; NH3 •— (-)-28 R1 = CONH2, R

2 = H 
(64%, 3 steps) 

2) (BoC)2O, Et3N 
(64%, 2 steps) 

were reversed in the cellular antiviral assay (CIC95 values of 
1.5 and 6.0/<M, respectively), suggesting that bis(pyrrolinone) 
3 is more readily transported into the cell than its peptidal 
counterpart. This conclusion emerges most clearly from the 
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ratios of CIC95 to IC50 (C/I). These values serve as an index 
of cell penetration, as antiviral activity requires transport of the 
inhibitor into the HIV-infected lymphocytes ;24b lower C/I ratios 
thus signify better cellular transport properties. The C/I ratios 
for 3 and L-682,679 were 150 and 10 000, respectively, the 
largest difference we have observed for a pyrrolinone-based/ 
amide-based inhibitor pair. 

We have proposed an explanation for the improved transport 
of our pyrrolinones vis-a-vis the corresponding peptide-based 
specieslmp based upon the observation by Stein that cellular 
transport correlates inversely with the ability to H-bond inter-
molecularly with water.25 He proposed that solvation is an 
impediment to transport because extraction of a molecule into 
a lipid bilayer from an aqueous phase requires desolvation, an 
endothermic process. In addition, Diamond and Wright pre
sented evidence that an intramolecular hydrogen bond (as found 
in 3) can lead to better transport by reducing the number of 
waters of solvation by two.26 It is noteworthy that these 
concepts also serve to explain, at least in part, the unexpectedly 
favorable oral bioavailability of cyclosporin A. Seven of its 
amide bonds are methylated, and in hydrophobic solvents, the 
remaining four secondary amides participate in intramolecular 
H-bonding (three transannular H-bonds and one solvent ex
posed).27 The latter conformation presumably is also adopted 
when cyclosporin passes through cell membranes, with the 
intramolecular hydrogen bonds reducing the required desolvation 
energy.28 

Analogs of Bis(pyrrolinone) 3: Synthesis and Biological 
Activity. To refine our understanding of the binding interactions 
in the HIV-I protease active site and further improve the 
inhibitor transport properties, we next prepared a number of 
analogs of 3 (i.e., 33, 35, 36, 39, and 40). Ghosh and 
co-workers31 replaced the Boc group on the Pi amino function
ality of inhibitor L-685,434 (29) with a carbamate derived from 
(^-3-hydroxytetrahydrofuran, resulting in reductions of the IC50 
and CIC95 values by 1 and 2 orders of magnitude, respectively 
(Figure 6). The analogous carbamate congener of 3 was 
prepared by treatment of (—)-31, the immediate synthetic 
precursor of (—)-3 (Scheme 5, structure not shown), with the 
readily available 3-tetrahydrofuranyl succinimidyl carbonate (32) 
(Scheme 6).32 The resultant bis(pyrrolinone) (—)-33 gave IC50 
and CIC95 values of 1.3 and 800 nM. The order-of-magnitude 
improvement in IC50, compared with 3, mirrors the findings of 
Ghosh and confirms that the two classes of inhibitors have 
similar binding modes. This result was expected on the basis 
of our design strategy and molecular modeling, as well as the 

(25) Stein, W. D. In The Movement of Molecules Across Cell Membranes; 
Academic: New York, 1967; pp 65-125. 

(26) Diamond, J. M.; Wright, E. M. Proc. R. Soc. B 1969, 172, 273. 
(27) (a) Kessler, H.; Loosli, H.-R.; Oschkinat, H. HeIv. Chim. Acta 1985, 

68, 661. (b) Kessler, H.; Gehrke, M.; Lautz, J.; Kock, M.; Seebach, D.; 
Thaler, A. Biochem. Pharmacol. 1990, 40, 169; erratum 2185. 

(28) In contrast, a number of equilibrating conformations appear to be 
present in polar solvents such as DMSO-rf629 and in protic media.30 It has 
been shown that binding to cyclophilin induces a conformational change 
in cyclosporin A: all of the intramolecular H-bonds are broken, and these 
functionalities become available for intermolecular interactions.29 

(29) (a) Fesik, S. W.; Gampe, R. T.; Holzman, T. F.; Egan, D. A.; Edalji, 
R.; LuIy, J. R.; Simmer, R.; Helfrich, R.; Kishore, V.; Rich, D. H. Science 
1990, 250, 1406. (b) Weber, C; Wiber, B.; von Freyberg, B.; Traber, R.; 
Braun, W.; Widmer, H.; Wuthrich, K. Biochemistry 1991, 30, 6563. (c) 
Fesik, S. W.; Gampe, R. T., Jr.; Eaton, H. L.; Gemmecker, G.; Olejniczak, 
E. T.; Neri, P.; Holzman, T. F.; Egan, D. A.; Edalji, R.; Simmer, R.; Helfrich, 
R.; Hochlowski, J.; Jackson, M. Biochemistry 1991, 30, 6574. 

(30) Kofron, J. L.; Kuzmic, P.; Kishore, V.; Genmecker, G.; Fesik, S. 
W.; Rich, D. H. J. Am. Chem. Soc. 1992, 114, 2670. 

(31) Ghosh, A. K.; Thompson, W. J.; McKee, S. P.; Duong, T. T.; LyIe, 
T. A.; Chen, J. C; Darke, P. L.; Zugay, J. A.; Emini, E. A.; Schleif, W. A.; 
Huff, J. R.; Anderson, P. S. / Med. Chem. 1993, 36, 292. 

(32) Ghosh, A. K.; Duong, T. T.; McKee, S. P.; Thompson, W. J. 
Tetrahedron Lett. 1992, 33, 2781. 

R = f-Bu L-685,434 (29) 
IC60 = 0.3 nM, CIC95 = 400 nM 

R = / S \ 30 
0-> IC50 < 0.03 nM, CIC95 = 3 nM 

Figure 6. Enhanced activity attributable to the THF-derived N-terminal 
carbamate in a peptide-based inhibitor. 

reported bound X-ray structure of an enzyme-bound inhibitor 
closely related to L-685,434.33 In contrast, the CIC95 value for 
33 did not show the same degree of improvement observed by 
Ghosh. The reasons for this discrepancy are not clear. The 
greater conformational flexibility of 29 might facilitate hydro
phobic collapse34 in an aqueous environment, shielding the 
tetrahydrofuranyl carbamate oxygens from solvation; reduced 
solvation might in turn lead to improved transport and better 
CIC95 values. 

Scheme 6 
0 

H2N ̂ ^ ^ X A X °(-)-32 C T ; 
: ]\ Sl // C ° N H 2 Et3N1CH2CI2 

H-31 

O" 
H 

0 S 
PIT 

PK H 
OH I N—\ O 

(-)-33 ' ^ 
IC50 = LSnM1CIC95 = SOOnM 

.Ph 

CONH2 

Evaluation in two dogs revealed that 33 was not orally 
bioavailable in dogs. Its absence from the plasma could reflect 
nonabsorbtion from the gastrointestinal tract, first-pass metabo
lism in the liver, or excretion into the bile. Given the high 
molecular weight (735), lack of oral bioavailability was not 
unexpected. Consistent with this interpretation, we have 
recently synthesized a pyrrolinone-based HIV-I protease inhibi
tor with a lower molecular weight (<600); this compound has 
proven to be orally bioavailable in dogs in preliminary experi
ments35 and will be described in due course. 

The improved in vitro potency of 33 encouraged us to explore 
other modifications based upon peptide SAR's, with particular 
emphasis on optimizing the C-terminus. The potency of HIV-I 
protease inhibitors containing ~?y methyl ester36 and tert-buty\ 
amide37 endcaps suggested the synthesis of 35 and 39. Impor
tantly, we anticipated that either of the latter endcaps would 
result in reduced solvation with water. We also sought to 
prepare the N-terminal (5)-3-hydroxytetrahydrofuranyl carbam-

(33) Thompson, W. J.; Fitzgerald, P. M. D.; Holloway, M. K.; Emini, 
E. A.; Darke, P. L.; McKeever, B. M.; Schleif, W. A.; Quintero, J. C ; 
Zugay, J. A.; Tucker, T. J.; Schwering, J. E.; Homnick, C. F.; Nunberg, J.; 
Springer, J. P.; Huff, J. R. J. Med. Chem. 1992, 35, 1685. 

(34) (a) Wiley, R. A.; Rich, D. H. Med. Res. Rev. 1993, 3, 327. (b) Rich, 
D. H. In Perspectives in Medicinal Chemistry; Testa, B., Kyburz, E., Fuhrer, 
W., Giger, W., Eds.; VCH: New York, 1993. 

(35) Pasternak, A. University of Pennsylvania. Unpublished results. 
(36) Sigal, I. S.; et al. European Patent Application 0337714, 1988. 
(37) Huff, J. R. Merck Research Laboratories, private communication. 
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Scheme 7 

BocN 

Table 2. Bioassay Data: Inhibition of HIV-I Protease (IC5o), 
Cellular Antiviral Activity (CIC95), and C/I Ratios 

CO2Me 

/s^CiO J r~ (.).34 R = H —̂  (BOC)2O 
V 0 <P\ (-)-35 R = BOC J E«3N, CH2CI2 

(-)-32 
Et3N, CH2CI2 

(67%) 

(-)-36 R = to 
(65%) 

ate analogs embodying both the P3' methyl ester and ferf-butyl 
amide moieties (36 and 40, respectively). 

Methyl esters 35 and 36 were elaborated from (—)-28 
(Scheme 7). Exposure to acidic methanol at room temperature 
for 24 h resulted in removal of the Boc and acetonide groups 
as well as methanolysis of the C-terminal primary amide, 
furnishing amino ester (—)-34 in 61% yield. The latter 
unforeseen methanolysis reaction was relatively slow; after 1 h 
the fully deprotected primary amide could be isolated as the 
major product (Scheme 5). Amine 34 then furnished the Boc 
and 3-hydroxytetrahydrofuranyl carbamate analogs (—)-35 and 
(-)-36 by treatment with (BoC)2O (65% yield) and (-)-3-
tetrahydrofuranyl succinimidyl carbonate (32) (67%). 

For the synthesis of tert-butyl amides 39 and 40, we turned 
to carboxylic acid (+)-37, also an intermediate in the synthesis 
of 3 (Scheme 5, structure not shown). Amide formation via a 
mixed anhydride (81% yield), followed by simultaneous Boc 
and acetonide removal (78%) provided primary amine (—)-38 
(Scheme 8), which was converted to the Boc and 3-(S)-
hydroxytetrahydrofuranyl carbamates (—)-39 (78% yield) and 
(-)-40 (67%) as described for 35 and 36. 

Scheme 8 

BocN 1) >-BuOCOCI, Et3N1 

THFi-BuNH2 

2)1 N HCI, MeOH, 1h 
(63%, 2 steps) 

CONH-t-Bu 

n - 1 O 
W-32 

Et3N, CH2CI2 

(67%) 

—I (BOC)2O 

(-)-39 R = Boc - J E ,aN ' CH2CI2 

T4O 
HIV-I Protease Inhibition and Antiviral Activity of 35, 

36,39, and 40. Bioassay results for all of the bis(pyrrolinones) 
are compared with the data for peptidal inhibitor L-682,679 in 
Table 2. The P3* rerr-butyl amide and methyl ester endcaps led 
to somewhat diminished potency in enzyme inhibition (IC50) 
compared with the original primary amides. In both the Boc 
and 3-hydroxy THF series, the methyl ester analogs were slightly 

inhibitor 

L-682,679 
3 
35 
39 
33 

36 

40 

N-terminus 

Boc 
Boc 
Boc 
Boc 
furanyl 

carbamate 
furanyl 

carbamate 
furanyl 

carbamate 

C-terminus 

NH2 
NH2 
OMe 
NH-f-Bu 
NH2 

OMe 

NH-f-Bu 

IC50 
(nM) 

0.6 
10 
37 
48 

1.3 

2.0 

3.3 

CIC95 
(nM) 

6000 
1500 

800 

400 

800 

C/I 

10000 
150 

615 

200 

242 

more active than the fert-butyl amides. No analogous SAR's 
are available for the peptidal inhibitor L-682,679, precluding a 
direct SAR correlation with the pyrrolinone-based structures. 
We note, however, that in all cases replacement of the 
N-terminal Boc group with an (S)-3-hydroxytetrahydrofuranyl 
urethane resulted in an order-of-magnitude decrease in the IC50 
value. 

Importantly, in the furanyl carbamate series the C-terminal 
rerf-butyl amide 40 proved to be as active as the corresponding 
primary amide 33 in the cellular assay (CIC95); moreover, 
methyl ester 36 gave the lowest value we have observed to date. 
The superior (i.e., lower) C/I ratios for these two compounds 
compared with primary amide 33, indicate that the two new 
C-terminal endcaps result in improved transport properties. 

Summary and Conclusions. Inhibitors incorporating our 
pyrrolinone-based, non-peptidal /3-strand motif inhibit the HIV-I 
protease. The bis(pyrrolinones) described herein are more active 
than a related peptidal structure in cellular antiviral assays 
despite displaying lower potency in enzyme inhibition; the lower 
CIC95/IC50 ratios are attributed to decreased solvation of the 
pyrrolinones compared with the corresponding peptides. We 
are currently evaluating the pharmacokinetic properties of 
pyrrolinone-based inhibitors with lower molecular weights. 

Replacement of the N-terminal Boc group with a carbamate 
derived from (S)-3-hydroxytetrahydrofuran improved enzyme 
inhibition and antiviral activity in all cases. This observation 
is in accord with published SAR studies for peptide-derived 
inhibitors and thus may provide additional evidence for analo
gous modes of enzyme—inhibitor binding. To buttress this 
important inference we are attempting to determine the X-ray 
crystal structure of HIV-I protease cocrystallized with inhibitor 
33. Incorporation of a methyl ester or ferf-butyl amide in place 
of the C-terminal primary amide generated pyrrolinone inhibitors 
with identical or improved antiviral activities (CIC95) and 
enhanced transport properties, the latter revealed by the C/I 
ratios. 

Finally, our success in employing pyrrolinone-based, non-
peptide peptidomimetics to inhibit both HIV-I protease and 
renin suggests that the pyrrolinones will prove to be broadly 
useful as mimics of peptidal /3-strands. 

Experimental Section38 

Oxazolidinone (-H)-Il. A solution of (S)-(-)-4-benzyl-2,5-oxazo-
lidinone (1O)16 (25.00 g, 141.1 mmol) in THF (500 mL) was cooled to 
—78 °C and treated dropwise over ca. 45 min with n-BuLi (2.5 M in 
hexane, 56.4 mL, 141 mmol). The resultant yellow solution was stirred 
for an additional 10 min and neat hydrocinnamoyl chloride (23.8 g, 
21.0 mL, 141 mmol) was added dropwise over ca. 15 min. The reaction 
mixture was stirred 15 min further at —78 0C and then warmed to room 
temperature. After 1 h the mixture was diluted with Et2O (600 mL) 
and washed with saturated aqueous NaHCOi (3 x 200 mL) and brine 
(200 mL). The organic phase was dried over MgS04, filtered, and 
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concentrated. Flash chromatography (gradient elution, 5—20% EtOAc/ 
hexanes) furnished the hydrocinnamoyl oxazolidinone (33.72 g, 77% 
yield) as white needles. Crystallization of an analytical sample from 
hot EtOAc/hexanes gave a white solid: mp 106.5-107.5 0C. 

At —78 0C a solution of the hydrocinnamoyl oxazolidinone (33.7 g, 
109 mmol) in THF (500 mL) was treated over ca. 1 h with NaHMDS 
(1.0 M in THF, 131 mL, 131 mmol). The mixture was stirred 15 min 
further, and freshly distilled prenyl bromide (48.7 g, 37.7 mL, 0.327 
mol) was added dropwise over ca. 30 min. After an additional 15 min 
at - 7 8 0C, the reaction was warmed to 0 0C, stirred for 45 min, and 
poured into 10% aqueous NaHS04 (300 mL). After separation of the 
layers, the aqueous phase was extracted with EtOAc (2 x 250 mL) 
and the combined organic layers were washed with 10% aqueous 
NaHS04, saturated aqueous NaHCOa, and brine (200 mL each), dried 
over MgS04, filtered, and concentrated. Flash chromatography (10% 
EtOAc/hexanes) afforded 11 (32.8 g, 80% yield) as a white solid, an 
analytical sample of which could be crystallized from hot EtOAc/ 
hexanes to give white needles: mp 78.5-80 0C; [a]28

D +120° (c 1.03, 
CHCl3);

 13C NMR (62.5 MHz, CDCl3) 6 175.7, 152.9, 139.2, 135.2, 
134.1, 129.3, 129.0, 128.0, 128.2, 127.2, 126.2, 120.7, 65.6, 55.2, 44.6, 
38.1, 37.7, 30.8, 25.8, 17.8; HRMS (FAB, NBA) m/z 378.2057 [(M + 
H)+; calcd for C24H28NO3 378.2069]. Anal. Calcd for C24H27NO3: 
C, 76.36; H, 7.22; N, 3.71. Found: C, 76.45; H, 7.62; N, 4.00. 

Alcohol (+)-12. n-BuLi (2.5 M in hexane, 9.5 mL, 23.8 mmol) 
was slowly added to a solution of BnSH (3.92 g, 3.7 mL, 31.8 mmol) 
in THF (120 mL) at 0 °C. The resultant mixture was transferred 
dropwise via a cannula to a solution of oxazolidinone (+) - l l (6.00 g, 
15.9 mmol) in THF (240 mL) cooled to 0 0C. After an additional 15 
min LAH (1.0 M in THF, 23.8 mL, 23.8 mmol) was added dropwise. 
The reaction mixture was stirred 0.5 h further at 0 0C, quenched by 
sequential addition OfH2O (1 mL), 10% aqueous NaOH (2 mL), and 
H2O (2 mL), stirred for 0.5 h at room temperature, filtered, and 
concentrated. Flash chromatography (10% EtOAc/hexanes) afforded 
12 (3.24 g, 100% yield) as a colorless liquid. The oxazolidinone 
auxiliary was also recovered (2.33 g, 83%). 

12: [Ct]24D +27° (c 1.0, CHCl3); 13C NMR (62.5 MHz, CDCl3) 6 
140.7, 133.2, 129.1, 128.2, 125.8, 122.3, 65.1, 43.3, 37.5, 29.5, 25.8, 
17.8; HRMS (CI, NH3) m/z 204.1495 [M+; calcd for Ci4H20O 
204.1514], 

Silyloxy Aldehyde (-)-7. A solution of alcohol (+)-12 (3.59 g, 
17.6 mmol) in DMF (30 mL) was treated with imidazole (2.99 g, 43.9 
mmol) and TBSCl (3.18 g, 21.1 mmol) and stirred overnight at ambient 
temperature. The reaction mixture was then partitioned between Et2O 
(200 mL) and H2O (500 mL) and the aqueous phase extracted with 
Et2O (100 mL). The combined organic solutions were dried over 
MgSO4, filtered, and concentrated. Flash chromatography (2% Et2O/ 

(38) Materials and Methods. All reactions were carried out under argon 
with dry, freshly distilled solvents, in vacuum-flamed glassware with 
magnetic stirring, except as otherwise indicated. Diethyl ether (Et2O) and 
tetrahydrofuran (THF), benzene and toluene, and dichloromethane (CH2-
Cl2) were distilled from sodium/benzophenone, sodium, and calcium 
hydride, respectively. Triethylamine, diisopropylethylamine, and pyridine 
were distilled from calcium hydride and stored over KOH. n-Butyllithium 
and was standardized by titration with diphenylacetic acid. 

All reactions were monitored by thin layer chromatography (TLC) with 
0.25-mm E. Merck precoated silica gel plates. Flash chromatography was 
performed with the indicated solvents and E. Merck silica gel 60 (particle 
size 0.040—0.063 mm). Yields refer to chromatographically and spectro-
scopically pure compounds, unless otherwise indicated. 

All melting points were determined with a Thomas-Hoover apparatus 
and are corrected. Infrared spectra were recorded on a Perkin-Elmer Model 
283B spectrophotometer. Proton and carbon-13 NMR spectra were recorded 
on a Bruker AM-500 spectrometer and a Bruker WH-250 or WH-500 
instrument, respectively. Chemical shifts are reported in 6 values relative 
to tetramethylsilane. Optical rotations were measured with a Perkin-Elmer 
Model 241 polarimeter. High-resolution mass spectra were obtained at the 
University of Pennsylvania Mass Spectrometry Center with either a VG 
Micromass 70/70H or VG ZAB-E spectrometer. High-performance liquid 
chromatography was performed with a Rainin system equipped with a 
Dynamax Method Manager, Rabbit MPX solvent delivery system, Rheodyne 
injector, and Gilson Model 131 refractive index detector or Gilson Model 
115 variable-wavelength UV detector. Normal-phase columns, 4.0, 10.0, 
or 25.0 mm x 25 cm with 8-,«m (60 A) packing, were purchased from 
Dynamax. 

Microanalyses were performed by Robertson Labs, Madison, NJ. 

hexanes) furnished the silyl ether (5.45 g, 97% yield) as a colorless 
liquid. 

Ozone was bubbled through a solution of the silyl ether (4.85 g, 
15.2 mmol) in CH2Cl2 (100 mL) at - 7 8 0C until a pale blue color 
persisted. Argon was then passed through the solution until the blue 
color disappeared. Ph3P (4.00 g, 15.2 mmol) was added and the reaction 
mixture allowed to warm to room temperature, stirred overnight, and 
concentrated. Flash chromatography (5% Et20/petroleum ether) af
forded 7 (4.06 g, 91% yield) as a colorless oil: [a]28

D +10° (c 1.0, 
CHCl3); 13C NMR (62.5 MHz, CDCl3) 6 202.3, 139.6, 129.2, 128.4, 
126.2, 65.0, 45.8, 38.3, 37.3, 25.7, 18.2, - 5 . 5 ; HRMS (FAB, NBA) 
m/z 293.1942 [(M 4- H)+; calcd for C17H29O2Si 293.1937]. Anal. Calcd 
for C17H28O2Si: C, 69.79; H, 9.67. Found: C, 69.39; H, 9.93. 

Mono(pyrrolinone) (-)-13. Amino ester (+)-6 (15.2 g, 71.2 mmol) 
and aldehyde (-)-7 (20.5 g, 70.0 mmol) were dissolved in CHCl3 (100 
mL) and toluene (200 mL) at ambient temperature. The resultant 
solution was allowed to stand for 15 min and then concentrated in 
vacuo. The residue was then redissolved in toluene (200 mL) and the 
solution concentrated; this cycle was repeated four times. Following 
final concentration under high vacuum for 0.5 h, the crude imine was 
dissolved in THF (550 mL) and KHMDS (0.5 M in toluene, 574 mL, 
287 mmol) was slowly added (20 min). During the addition the color 
of the reaction mixture changed from pale yellow to orange. The 
mixture was stirred 20 min further, cooled to 0 0C, and treated with 
neat AllocCl (45.3 mL, 51.5 g, 427 mmol) over 10 min. After an 
additional 25 min, the mixture was poured into 10% aqueous NaHSO4 

(500 mL), the phases were separated, and the aqueous layer was washed 
with Et2O (2 x 400 mL). The combined organic solutions were washed 
with brine (400 mL), dried over MgSO4, filtered, and concentrated. 
Flash chromatography (5% EtOAc/hexanes) gave 13 (27.9 g, 74% yield) 
as a pale yellow oil. NMR data were acquired at 350 K to achieve 
coalescence of the resonances for two rotamers observable at ambient 
temperature: [a]26

D -44° (c 1.0, CHCl3);
 13C NMR (125 MHz, DMSO-

db, 350 K) d 202.5, 156.2, 152.7,' 139.3, 134.3, 131.8, 128.2, 127.6, 
125.4, 122.0, 118 (br), 115.8, 71.5, 65.8, 63.2, 43.7 (br), 36.8, 35.2, 
25.3, 24.9, 23.5, 23.2, 22.8, 17.4, 17.1, -6 .0 ; HRMS (FAB, NBA) 
m/z 540.3483 [(M + H)+; calcd for C32H50NO4Si 540.3509]. Anal. 
Calcd for C32H49NO4Si: C, 71.18; H, 9.17; N, 2.60. Found: C, 70.98; 
H, 9.39; N, 2.39. 

Aldehyde (-)-5. A solution of Alloc-protected prenyl oxazolidinone 
(-)-13 (1.31 g, 2.43 mmol) in acetone and H2O (4:1, 75 mL) was 
treated with NMO (1.14 g, 9.72 mmol) and a few crystals of OsO4. 
The reaction mixture was stirred at room temperature for 48 h, quenched 
with 10% aqueous NaHSO3 (10 mL), and stirred 15 min further. Most 
of the acetone was then removed under reduced pressure and the 
resultant aqueous solution extracted with EtOAc (3 x 75 mL). The 
combined organic layers were washed with 10% aqueous NaHSO3 and 
brine (75 mL each), dried over MgSO4, filtered, and concentrated. The 
crude tetraols were dissolved inp-dioxane and 2% aqueous NaOH (1:1 
135 mL) precooled to 0 0C. The reaction mixture was stirred at 0 0C 
for 1 h, and the pH was then adjusted to <7 by slow addition of 10% 
aqueous NaHSO4. Following extraction with Et2O (3 x 75 mL), the 
combined organic phases were washed with brine (75 mL), dried over 
MgSO4, filtered, and concentrated. Flash chromatography (50% EtOAc/ 
hexanes) gave a mixture (ca. 1:1) of diastereomeric diols (1.01 g, 85% 
yield) as an oil. This material was then dissolved in CH2Cl2 (15 mL) 
and treated at 0 °C with anhydrous K2CO3 (0.761 g, 5.51 mmol) and 
Pb(OAc)4 (1.13 g, 2.55 mmol). After 20 min, the reaction mixture 
was partitioned between H2O (75 mL) and EtOAc (100 mL) and the 
aqueous phase was extracted with EtOAc (100 mL). The combined 
organic solutions were washed with saturated aqueous NaHCO3 (2 x 
75 mL), dried over MgSO4, filtered, and concentrated. Flash chroma
tography (40% EtOAc/hexanes) furnished S (664.1 mg, 76% yield, 65% 
for the three steps) as a pale yellow oil which darkened upon storage: 
[(X]25D -57° (c 2.6, CHCl3); 13C NMR (62.5 MHz, CDCl3) 6 202.3, 
200.4, 161.7, 140.4, 129.2, 128.1, 125.8, 113.3, 67.3, 64.1, 50.3, 44.3, 
37.2, 36.7, 26.0, 24.4, 24.2, 24.0, 18.2, -5 .4 , -5 .5 ; HRMS (FAB, NBA) 
m/z 430.2754 [(M + H)+; calcd for C25H40NO3Si 430.2777]. 

/8-Hydroxy Oxazolidinone (—)-16. A solution of oxazolidinone 
(+)-9 (3.60 g, 11.3 mmol) in THF (55 mL) was cooled to - 7 8 0C, 
and KHMDS (0.5 M toluene, 49.9 mL, 25.0 mmol) was carefully added 
dropwise such that the internal reaction temperature did not exceed 
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—74 0C. After an additional 10 min, a solution of epoxide (+)-1418 

(3.43 g, 13.0 mmol) in THF (5 mL) was added in the same fashion. 
The reaction was stirred 15 min further, Et2AlCl (1.0 M in heptane, 
79.4 mL, 79.4 mmol) was added dropwise, and after another 10 min, 
the mixture was poured into a mixture of ice and 1 N HCl (1:1, 100 
mL). Following extraction with EtOAc (3 x 75 mL), the combined 
organic layers were washed with 1 N HCl and brine (75 mL each), 
dried over MgS04, filtered, and concentrated. Flash chromatography 
(gradient elution, 10—25% EtOAc/hexanes) afforded 16 (4.07 g, 62% 
yield) as a white powder. NMR analysis at 330 K coalesced the 
rotameric signals observed at ambient temperature: mp 60—62 0C; 
[Ct]26D -51.1° (c 1.93, CDCl3);

 13C NMR (125 MHz, CDCl3, 330 K) 
5 173.8, 156.4, 155.2, 138.0, 135.6, 132.2, 131.2, 129.2, 128.6, 128.3, 
127.2, 126.5, 119.1, 95.6, 79.8, 69.8, 67.6, 66.5, 58.0, 43.4, 39.9, 37.8 
(br), 37.6, 28.3, 25.3; HRMS (FAB, NBA) m/z 581.3224 [(M + H)+; 
calcd for C33H45N2O7 581.3226]. Anal. CaMfOrC33H44N2O7: C, 
68.24; H, 7.65; N, 4.82. Found: C, 67.89; H, 7.40; N, 4.70. 

Acetonide a-Amino Ester (+)-4. ^-Hydroxy oxazolidinone (-)-
16 (12.8 g, 22.0 mmol) was dissolved in acetone and Me2C(OMe)2 

(1:1, 400 mL). p-TsOH-H20 (100 mg, 0.53 mmol) was added, the 
mixture was stirred at room temperature for 3 days, and the solution 
was then concentrated under reduced pressure without heating. Flash 
chromatography (gradient elution, 10—20% EtOAc/hexanes) gave the 
intermediate acetonide (12.4 g, 91% yield) as a white foam consisting 
of two rotameric isomers. 

A solution of the oxazolidinone acetonide (0.860 g, 1.39 mmol) in 
MeOH (15 mL) was treated with 1 N methanolic NaOH (15 mL) and 
heated at reflux for 3 days. Most of the MeOH was evaporated, and 
the resultant aqueous mixture was acidified to pH 3 with 10% aqueous 
NaHSO4 and then extracted with EtOAc (3 x 60 mL). The combined 
organic layers were washed with brine (60 mL), dried over MgSO4, 
filtered, and concentrated. The crude acid was dissolved in DMF (20 
mL), and anhydrous K2CO3 (0.574 g, 4.16 mmol) was added. The 
suspension was cooled to 0 0C and treated with MeI (393 mg, 0.172 
mL, 2.77 mmol). The reaction mixture was stirred for an additional 
20 min at 0 0C and 1 h at room temperature and then was partitioned 
between Et2O (100 mL) and H2O (50 mL). The aqueous phase was 
extracted with Et2O (100 mL), and the combined ethereal solutions 
were washed with H2O (3 x 75 mL), saturated aqueous NaHCO3, and 
brine (75 mL each), dried over MgSO4, filtered, and concentrated. Flash 
chromatography (20% EtOAc/hexanes) furnished the intermediate 
methyl ester (699 mg, 89% yield) as a colorless glass. 

A mixture of the Alloc-protected amino ester (8.50 g, 15.0 mmol), 
dimedone (10.5 g, 75.0 mmol), Pd(PPh3)4 (175 mg, 0.151 mmol), and 
THF (100 mL) was stirred at room temperature overnight and then 
partitioned between 10% aqueous NaOH and Et2O (100 mL each). The 
aqueous phase was extracted with Et2O (2 x 100 mL), and the 
combined organic solutions were washed with 10% aqueous NaOH (2 
x 100 mL), H2O, and brine (100 mL each), dried over MgSO4, filtered, 
and concentrated. Flash chromatography (30% EtOAc/hexanes) af
forded 4 (6.98 g, 96% yield) as a pale yellow viscous oil. NMR analysis 
at 320 K coalesced most of the rotameric signals observed at ambient 
temperature: [a]25

D +17 ° (c 1.0, CHCl3);
 13C NMR (125 MHz, CDCl3, 

320 K) d 176.6, 152.0 (br), 137.4, 136.5, 129.9, 128.3, 128.2, 126.8, 
126.5, 94.5 (br), 80.0, 75.9 (br), 64.0, 62.2, 51.7, 47.0, 43.8 (br), 39 
(br), 36.4 (br), 28.5, 26.4; HRMS (FAB, NBA) m/z 483.2874 [(M + 
H)+; calcd for C28H39N2O5 483.2859], Anal. Calcd for C28H38N2O5: 
C, 69.67; H, 7.95; N, 5.81. Found: C, 69.50; H, 8.06; N, 5.60. 

General Procedure for Alkylation of Oxazolidinones with Ep
oxides Mediated by Lewis Acids (Table 1). Alcohol (—)-17. In a 
representative experiment, a solution of oxazolidinone (+)-9 (162.7 
mg, 0.513 mmol) in dry toluene (5 mL, ca. 0.1 M) was cooled to —78 
0C and treated with KHMDS (0.5 N in toluene, 1.15 mL, 0.575 mmol). 
The reaction mixture was stirred for 20 min, Et2AlCl (1.0 M in heptane, 
1.10 mL, 1.10 mmol) was added dropwise, and the solution was stirred 
15 min further. Excess ethylene oxide was then introduced via a balloon 
and the reaction stirred for an additional 1.5 h. Solid Na2SO4

1IOH2O 
(ca. 5 g), NaHCO3 (ca. 100 mg), and Et2O (20 mL) were added at 78 
0C, and the resultant suspension was stirred for 1 h at ambient 
temperature, filtered, and concentrated. Flash chromatography (1:6 
EtOAc/hexanes to elute unreacted 9, then 1:2 EtOAc/hexanes) afforded 
17 (127.8 mg, 69% yield) as a colorless oil: [a]25

D -38 ° (c 1.1, 

CHCl3);
 13C NMR (125 MHz, CDCl3) 6 174.1; 155.2 (br), 135.5, 131.7, 

131.1, 128.2, 127.2, 119.6, 95.3, 66.7, 66.4, 58.3, 43.1, 38.4 (br), 37.6, 
25.3; HRMS (CI, NH3) m/z 362.1973 [(M + H)+; calcd for C20H28-
NO5 362.1967]. 

The same reaction carried out with 1.1 and 3.1 equiv of Et2AlCl 
gave (—)-17 in 36% and 69% yields, respectively. With THF as the 
reaction solvent and 2.1 equiv of Et2AlCl, (-)-17 was formed in 32% 
yield. 

Alcohol (+)-17: [a]25
D +42.0° (c 1.07, CHCl3);

 13C NMR (125 
MHz, CDCl3) d 174.1, 155.0 (br), 135.4, 131.6, 131.0, 128.2, 127.2, 
119.5, 95.3, 66.6, 66.4, 58.1, 43.1, 38.8 (br), 37.6, 25.2; HRMS (CI, 
NH3) m/z 362.1958 [(M + H)+; calcd for C20H28NO5 362.1967]. Anal. 
Calcd for C20H27NO5: C, 66.46; H, 7.53; N, 3.81. Found: C, 66.07; 
H, 7.81; N, 3.81. 

Alcohol (+)-19: [a]25
D +15.7° (c 1.07, CHCl3);

 13C NMR (125 
MHz, CDCl3) 6 174.8, 155.1, 131.7, 119.4,94.9,67.0,66.6,58.6,37.6, 
36.1, 32.1, 26.0, 18.7, 18.1; HRMS (CI, NH3) m/z 314.1965 [(M + 
H)+; calcd for Ci6H28NO5 314.1967]. Anal. Calcd for C16H27NO5: 
C, 61.32; H, 8.68; N, 4.47. Found: C, 61.20; H, 9.03; N, 4.37. 

Alcohol (+)-21: [<x]25D +5.4° (c 1.05, CHCl3);
 13C NMR (125 MHz, 

CDCl3) 6 175.1, 154.6 (br), 131.7, 119.3, 95.0, 66.5, 64.7, 58.3, 47.0, 
37.8, 37.7 (br), 25.8, 24.9, 24.6, 23.5; HRMS (CI, NH3) m/z 328.2141 
[(M + H)+; calcd for C17H30NO5 328.2124]. 

Alcohol (+)-23: [a]25
D +18.8° (c 1.02, CHCl3);

 13C NMR (125 
MHz, CDCl3) d 175.8, 155.0 (br), 131.7, 118.9, 94.9, 66.3, 61.4, 58.1 
(br), 40.0 (br), 38.2 (br), 25.32, 25.30 (br); HRMS (CI, NH3) m/z 
286.1652 [(M+ H)+; calcd for C4H24NO5 286.1654]. Anal. Calcd 
for C4H23NO5: C, 58.93; H, 8.12; N, 4.91. Found: C, 58.76; H, 7.89; 
N, 4.65. 

Alcohol (+)-24: [<x]25
D +14.2 ° (c 1.32, CHCl3);

 13C NMR (125 
MHz, CDCl3) <5 174.2, 154.8 (br), 137.6, 135.4, 131.5, 131.1, 128.4, 
128.2, 127.9, 127.7, 127.2, 119.8, 95.2, 73.7, 66.6 (2 C), 65.4, 43.7, 
40.2 (br), 37.6, 25.5; HRMS (CI, NH3) m/z 499.2808 [(M + NH4)

+; 
calcd for C28H39N2O6 499.2808], 

Alcohol 25b: [rx]25
D +59 ° (c 0.94, CHCl3);

 13C NMR (125 MHz, 
CDCl3) 5 173.8, 155.8 (br), 135.6, 132.1, 131.1, 128.2, 127.2, 119.0, 
95.7, 67.9, 66.4, 64.7, 43.3 (br), 43.2, 37.6, 25.5, 25.2; HRMS (CI, 
NH3) m/z 376.2126 [(M + H)+; calcd for C2,H30NO5 376.2124]. 

Alcohol 25a: [Ct]25
D +20.6° (c 1.06, CHCl3);

 13C NMR (125 MHz, 
CDCl3) <5 174.7, 155.0 (br), 135.4, 131.5, 131.1, 128.2, 127.1, 119.8, 
95.2, 66.6, 65.7, 64.2, 46.0 (br), 43.6, 37.5, 25.5, 24.4; HRMS (CI, 
NH3) m/z 393.2381 [(M + NH4)+; calcd for C2]H33N2O5 393.2390]. 
Anal. Calcd for C2]H29NO5: C, 67.18; H, 7.78; N, 3.73. Found: C, 
67.07; H, 7.95; N, 3.64. 

MEM-Protected a-Amino Ester (+)-26. At room temperature 
1-Pr2NEt (141.4 mg, 19O1ML, 1.10 mmol) and (MEM)Cl (90.9 mg, 0.730 
mmol) were added to a solution of alcohol (—)-17 (131.8 mg, 0.365 
mmol) in dry CH2Cl2 (5 mL). The mixture was stirred for 19 h and 
then poured into Et2O (50 mL), washed with brine (2 x 20 mL), dried 
over MgSO4, filtered, and concentrated. Flash chromatography (1:3 
EtOAc/hexanes) gave the MEM ether (145.5 mg, 89% yield) as a 
colorless oil. 

A solution of the MEM ether (143.5 mg, 0.319 mmol) in MeOH (3 
mL) was treated with aqueous NaOH (1 N, 3 mL) and stirred at 60 0C 
for 20 h. The reaction mixture was acidified to pH 3 with 3 N HCl, 
and brine (50 mL) was added followed by extraction with EtOAc (3 x 
15 mL); the combined organic solutions were washed with brine (20 
mL), dried over MgSO4, filtered, and concentrated. A solution of the 
crude residue in DMF (1 mL) was cooled to 0 0C, treated with K2CO3 

(161 mg, 0.96 mmol) and MeI (91 mg, 0.64 mmol), and stirred for 30 
min at 0 0C and 45 min at room temperature. Aqueous NH4Cl (10%, 
5 mL) was then added, the mixture was extracted with EtOAc ( 3 x 5 
mL), and the combined organic solutions were washed with brine (20 
mL), dried over MgSO4, filtered, and concentrated. Flash chromatog
raphy (1:2 EtOAc/hexanes) gave the methyl ester (118.3 mg, 94% yield) 
as a colorless oil. 

At room temperature, dimedone (186 mg, 1.33 mmol) and Pd(PPh3)4 

(12.2 mg, 0.0110 mmol) were added to a solution of the Alloc-protected 
a-amino ester (79.5 mg, 0.202 mmol) in THF (5 mL) and the resultant 
mixture was stirred for 17 h. The mixture was then poured into 10% 
aqueous NaOH (10 mL) and extracted with Et2O (3 x 10 mL), and 
the combined organic layers were washed with 10% aqueous NaOH 
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(2x10 mL), distilled H2O, and brine (10 mL each), dried over MgSCU, 
filtered, and concentrated. Flash chromatography (gradient elution, 
0—5% MeOH/EtOAc) afforded 26 (56.9 mg, 91% yield) as a colorless 
oil: [CX]25D +10.1° (c 1.04, CHCl3);

 13C NMR (125 MHz, CDCl3) d 
176.7 (s), 135.9 (S), 129.9 (d), 128.3 (d), 126.9 (d), 95.3 (t), 71.7 (t), 
66.8 (t), 63.8 (t), 61.0 (s), 58.9 (q), 51.8 (q), 46.7 (t), 39.3 (t); HRMS 
(CI, NH3) m/z 312.1802 [(M + H)+; calcd for C6H26NO5 312.1811]. 

Bis(pyrrolinone) (+)-27. At room temperature, a-amino ester (+)-4 
(630.0 mg, 1.305 mmol) and aldehyde (-)-5 (609.2 mg, 1.418 mmol) 
were dissolved in CHCl3 (50 mL), toluene (200 mL) was added, and 
the solution was allowed to stand for 15 min and then concentrated 
under reduced pressure. The residue was redissolved in toluene (200 
mL) and the solution concentrated; this cycle was repeated four times. 
Following final concentration under high vacuum for 1 h, the resultant 
imine was dissolved in THF (35 mL) and treated at room temperature 
dropwise with KHMDS (0.5 M in toluene, 10.4 mL, 5.22 mmol). After 
15 min, the temperature was lowered to 0 0C and AllocCl (1.10 g, 
0.970 mL, 9.14 mmol) was added dropwise. The reaction mixture was 
stirred 15 min further, poured into 10% aqueous NaHS04 (100 mL), 
and extracted with EtOAc (3 x 75 mL). The combined organic layers 
were washed with brine (100 mL), dried over MgS04, filtered, and 
concentrated. Flash chromatography (25% EtOAc/hexanes) provided 
27 (1.03 g, 76% yield) as a colorless oil which became a puffy solid 
upon storing under vacuum. NMR signals of rotameric isomers 
coalesced almost completely at 355 K: mp 59-61 0C; [a]26

D +52.8° 
(c 1.04, CHCl3);

 13C NMR (125 MHz, DMSO-^6, 355 K) d 198.2, 
197.7, 156.5 (br), 153.6, 150.9, 148.1 (br), 139.3, 136.8, 135.9 (br), 
133.3, 131.7, 131.6, 130.3, 128.9, 128.6, 128.4, 127.74, 127.66, 127.2, 

126.1, 125.8, 125.4, 121.4, 118.0, 117.9, 93.1, 78.9, 75.0, 71.5, 68.0, 
66.8, 66.1, 65.8, 63.4, 63.0, 62.4, 41.7, 41.5, 37.0, 35.3, 27.7, 26.9, 
25.3, 23.6, 22.8, 22.2, 21.8, 21.7, 17.4, -6.0, -6.1; HRMS (FAB, NBA) 
m/z 1030.5663 [(M + H)+; calcd for C60H80N3O10Si 1030.5612], Anal. 
CaICdKwC60H79N3Oi0Si: C, 69.93; H, 7.74; N, 4.08. Found: C, 69.87; 
H, 7.85; N, 3.96. 

Carboxylic Acid (+)-37. A solution of silyl ether (+)-27 (2.88 g, 
2.79 mmol) in MeCN (1 L) was cooled to -40 0C (dry ice/MeCN 
bath), and Jones reagent (8 N, 5.53 mL, 44.3 mmol) was added 
dropwise. The reaction mixture was stirred at —40 0C for 4 h, quenched 
with !-PrOH (5 mL), poured into brine (1 L), and extracted with EtOAc 
(3 x 750 mL). The combined organic phases were washed with 10% 
aqueous NaHSO3 (2 x 500 mL) and brine (500 mL), dried over MgS04, 
filtered, and concentrated. Flash chromatography (gradient elution, 
1—3% MeOH/CH2Cl2) provided bis(Alloc)-protected acid (1.85 g, 71% 
yield) as a pale yellow glass. 

A solution of the bis(Alloc)-protected acid (77.1 mg, 0.0829 mmol), 
dimedone (116 mg, 0.829 mmol), and Pd(PPh3)4 (ca. 5-10 mg) in THF 
(2 mL) was stirred at room temperature for 24 h, diluted with Et2O 
(30 mL), and filtered through a Celite plug. The filter cake was washed 
with Et2O (30 mL). Concentration and flash chromatography (0.5% 
HOAc, 49.5% EtOAc/hexanes) afforded the deprotected acid 37 (53.5 
mg, 85% yield) as a white solid. NMR analysis at 330 K coalesced 
the rotameric signals observed at ambient temperature: mp 93 0C (dec); 
[Ot]25D -114° (c 1.01, CHCl3);

 13C NMR (125 MHz, CDCl3, 330 K) d 
202.2, 201.8, 174.8, 163.2, 161.4, 152.0, 138.5, 137.1, 134.4, 130.0, 
129.7, 129.0, 128.5, 128.4, 128.2, 127.6, 127.1, 126.7, 126.5, 125.3, 
109.9, 107.2, 94.5, 80.2, 75.0, 70.6, 68.9, 64.0, 46.4, 44.8, 43.4, 39.8, 
38.1, 28.5, 26.3, 24.5, 24.4, 24.0; HRMS (FAB, NBA) m/z 762.4158 
[(M + H)+; calcd for C46H56N3O7 762.4118]. Anal. Calcd for 
C46H55N3O7: C, 72.50; H, 7.29; N, 5.52. Found: C, 72.26; H, 7.49; 
N, 5.17. 

PhePheLeuPhe Primary Amide (-)-28. A solution of (+)-37 (581 
mg, 0.763 mmol) in THF (50 mL) was cooled to -10 to -15 "C (NaCl/ 
ice bath) and treated with N-methylmorpholine (108 mg, 1.07 mmol) 
followed by (-BuOCOCl (146 mg, 1.07 mmol). After 10 min, gasous 
NH3 was bubbled through the reaction mixture for 3—4 min. The 
mixture was stirred 10 min further, poured into 10% aqueous NaHSO4 

(100 mL), and extracted with EtOAc (3 x 75 mL). The combined 
organic solutions were washed with 10% NaHSO4 and brine (75 mL 
each), dried over MgSO4, filtered, and concentrated. Flash chroma
tography (65% EtOAc/hexanes) furnished 28 (580.7 mg, 100% yield) 
as a pale yellow solid. NMR analysis at 330 K coalesced the rotameric 
signals observed at ambient temperature: mp 111 — 113 "C; [a]25

D 

-147° (c 0.99, CHCl3);
 13C NMR (125 MHz, CDCl3, 330 K) o 202.0, 

201.6, 175.6, 162.3, 160.9, 152.0, 139.7, 137.1, 134.6, 130.0, 129.8, 
128.9, 128.5, 128.2, 127.7, 127.0, 126.7, 126.1, 111.1, 109.6, 94.5, 
80.2, 74.9, 70.2, 68.3, 64.0, 46.8, 43.8, 43.5, 39.9, 37.0, 28.5, 28.0, 
26.9, 26.3, 24.5, 24.2, 23.9; HRMS (FAB, NBA) m/z 761.4245 [(M + 
H)+; calcd for C46H57N4O6 761.4278]. Anal. Calcd for C46H56N4O6: 
C, 72.59; H, 7.43; N, 7.36. Found: C, 72.37; H, 7.64; N, 7.09. 

Amino Alcohol (-)-31. The Boc acetonide (-)-28 (508 mg, 0.668 
mmol) was dissolved in anhydrous methanolic HCl (1 N, 40 mL), 
prepared by addition of AcCl (3.56 mL, 3.93 g, 50.0 mmol) to 
anhydrous methanol (46.5 mL). The mixture was stirred at room 
temperature until TLC analysis of an aliquot indicated that the reaction 
was complete (1.5 h). Prolonged reaction times led to formation of 
the unwanted C-terminal methyl ester. The mixture was diluted with 
CH2Cl2 (50 mL), and solid NaHCO3 was added until fizzing from 
neutralization of HCl subsided. The resultant mixture was filtered 
through Celite, and the filter cake was rinsed with methanol and 
CH2Cl2. Concentration and flash chromatography (6% MeOH saturated 
with NH3/CH2C12) gave (-)-31 (347.0 mg, 84% yield) as a pale yellow 
solid: mp 106-108 0C; [a]25

D -195° (c 1.02, CHCl3);
 13C NMR (125 

MHz, CDCl3) (5 203.0, 201.6, 175.8, 162.5, 161.4, 139.5, 138.3, 134.7, 
129.9, 129.2, 128.9, 128.7, 128.2, 127.6, 127.0, 126.6, 126.2, 110.2, 
109.0, 70.9, 69.8, 68.4, 57.2, 46.1, 43.9, 43.5, 40.4, 40.2, 37.0, 24.6, 
24.5, 24.0; HRMS (FAB, NBA) m/z 621.3457 [(M + H)+; calcd for 
C38H45N4O4 621.3441]. Anal. Calcd for C38H44N4O4: C, 73.51; H, 
7.16; N, 9.03. Found: C, 73.17; H, 7.41; N, 8.82. 

Boc Primary Amide Inhibitor (—)-3. A solution of primary amine 
(-)-31 (50 mg, 0.081 mmol) in CH2Cl2 (1 mL) was treated with Et3N 
(16.3 mg, 0.161 mmol) followed by (BoC)2O (19.3 mg, 0.0886 mmol) 
and stirred at room temperature for 3.5 h. The mixture was diluted 
with EtOAc (25 mL) and washed with 10% aqueous NaHSO4 (20 mL), 
and the aqueous phase was extracted with EtOAc (25 mL). The 
combined organic solutions were then washed with 10% NaHSO4 (2 
x 20 mL), saturated aqueous NaHCO3, and brine (20 mL each), dried 
over MgSO4, filtered, and concentrated. Flash chromatography (90% 
EtOAc/hexanes) furnished 3 (44 mg, 76% yield) as a pale yellow 
solid: mp 122-124 0C (dec); [a]25

D -168° (c 1.0, CHCl3);
 13C NMR 

(125 MHz, CDCl3) d 204.0, 201.6, 175.7, 162.6, 161.0, 156.3, 139.4, 
138.3, 134.2, 129.8, 129.4, 128.9, 128.5, 128.2, 127.8, 127.1, 126.5, 
126.2, 109.3, 109.0, 79.5, 70.8, 68.1, 67.6, 57.2, 46.4, 43.8, 41.6, 39.2, 
38.7, 37.0, 28.4, 24.51, 24.48, 24.0; HRMS (FAB, NBA) m/z 721.3937 
[(M + H)+; calcd for C43H53N4O6 721.3965]. 

Tetrahydrofuranyl Primary Amide Inhibitor (-)-33. A solution 
of primary amine (—)-31 (357 mg, 0.575 mmol) in CH2Cl2 (15 mL) 
was treated with Et3N (175 mg, 1.73 mmol) and (-)-(35)-3232 (170 
mg, 0.742 mmol) and stirred at room temperature for 2.25 h. The 
mixture was then diluted with CH2Cl2 (50 mL) and washed with 10% 
aqueous NaHSO4 (2 x 30 mL). The combined aqueous phases were 
extracted with CH2Cl2 (50 mL), and the combined organic solutions 
were washed with saturated aqueous NaHCO3 and brine (40 mL each), 
dried over MgSO4, filtered, and concentrated. Flash chromatography 
(2% HOAc, 3%MeOH/EtOAc) furnished 33 (357 mg, 85% yield) as a 
white foam. NMR analysis at 330 K coalesced the rotameric signals 
observed at ambient temperature: [a]25

D -216° (c 1.0, CHCl3);
 13C 

NMR (125 MHz, CD3OD, 330 K) d 204.2, 202.1, 178.7, 164.8, 163.3, 
158.2, 140.9, 140.1, 136.2, 131.1, 130.4, 130.1, 129.3, 129.2, 128.7, 
127.9, 127.3, 127.1, 110.3, 109.8, 76.5, 74.2, 72.4, 69.7, 69.5, 67.9, 
59.4, 45.5, 44.1, 43.5, 41.2, 39.7, 38.6, 33.7, 25.4, 24.9, 24.5; HRMS 
(FAB, NBA) m/z 735.3733 [(M + H)+; calcd for C43H5]N4O7 

735.3758], 
Amino Alcohol (—)-34. A solution of Boc acetonide (—)-28 (69.0 

mg, 0.0907 mmol) in methanolic HCl (1 N, 3 mL, prepared as described 
above) was stirred at room temperature for 18 h. Excess solid NaHCO3 

was added slowly to neutralize the HCl, and the resultant suspension 
was stirred for 15 min and then concentrated. The residue was 
partitioned between EtOAc and H2O (15 mL each), and the aqueous 
phase was extracted with EtOAc (2 x 10 mL). The combined organic 
solutions were washed with H2O and brine (15 mL each), dried over 
MgSO4, filtered, and concentrated. Flash chromatography (6% MeOH 
saturated with NH3/CH2C12) afforded 34 (34.8 mg, 61% yield) as a 
white foam: [a]26

D -179° (c 1.0, CHCl3);
 13C NMR (125 MHz, CDCl3) 

<5 203.3, 200.6, 174.3, 161.6, 161.4, 138.8, 138.4, 134.9, 130.0, 129.2, 
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129.0, 128.6, 128.2, 127.7, 126.9, 126.5, 126.3, 110.6, 109.3, 70.8, 
69.6, 67.6, 57.2, 51.7, 46.0, 43.3, 40.8, 40.5, 40.2, 38.8, 24.6, 24.4, 
23.6; HRMS (FAB, NBA) m/z 658.3276 [(M + Na)+; calcd for 
C39H45N3O5Na 658.3257]. 

Boc Methyl Ester Inhibitor (-)-35. Primary amine (-)-34 (55 
mg, 0.087 mmol) was dissolved in CH2Cl2 (1.1 mL) and treated with 
(BoC)2O (21 mg, 0.095 mmol) and Et3N (17.5 mg, 0.173 mmol). The 
reaction mixture was stirred at room temperature for 2.75 h and then 
partitioned between EtOAc and 10% aqueous NaHS04 (10 mL each). 
The aqeous layer was extracted with EtOAc (10 mL), and the combined 
organic solutions were washed with 10% aqueous NaHSO4, saturated 
aqueous NaHCO3, and brine (10 mL each), dried over MgSO4, filtered, 
and concentrated. Flash chromatography (5% MeOH/CH2Cl2) gave 
35 (35.2 mg, 65% yield) as a white foam. NMR analysis at 330 K 
coalesced the rotameric signals observed at ambient temperature; [CL]26U 
-152° (c 1.0, CHCl3);

 13C NMR (125 MHz, CDCl3, 330 K) 6 204.5, 
200.7, 174.2, 161.4, 161.2, 156.3, 139.1, 138.5, 134.7, 130.0, 129.5, 
129.1, 128.6, 128.21, 128.15, 127.2, 126.5, 126.3, 110.8, 109.7, 79.6, 
70.7, 67.9, 67.4, 57.5, 51.6, 46.7, 41.0, 41.0, 39.6, 38.8, 28.4, 24.6, 
24.5, 23.8; HRMS (FAB, NBA) m/z 772.3558 [(M + Na)+; calcd for 
C44H53N3O7Na 772.3574]. 

Tetrahydrofuranyl Methyl Ester Inhibitor (—)-36. A solution 
of primary amine (-)-34 (77 mg, 0.121 mmol) in CH2Cl2 (3.2 mL) 
was treated with Et3N (36.7 mg, 0.363 mmol) and (-)-(35)-3232 (27.7 
mg, 0.121 mmol). The reaction mixture was stirred at room temperature 
for 3 h and then partitioned between EtOAc and 10% aqueous NaHSO4 

(20 mL each). The aqueous phase was next extracted with EtOAc (20 
mL), and the combined organic solutions were washed with 10% 
aqueous NaHSO4 and brine (20 mL each), dried over MgSO4, filtered, 
and concentrated. Flash chromatography afforded 36 (56.3 mg, 62% 
yield) as a white foam. NMR analysis at 320 K coalesced the rotameric 
signals observed at ambient temperature: [a]26o -171° (c 1.0, CHCl3); 
13C NMR (125 MHz, CDCl3, 330 K) 6 204.2, 200.6, 174.1, 161.9 (br), 
161.4 (br), 156.3, 138.9, 138.2, 134.6, 129.9, 129.4, 129.0, 128.5, 128.2, 
128.0, 127.1, 126.6, 126.3, 110.2, 109.4, 75.4, 73.2, 70.8, 67.7, 66.9, 
57.9, 51.6, 46.5, 42.0, 41.1, 39.7, 38.9, 38.7, 32.8, 24.5, 24.4, 23.8; 
HRMS (FAB, NBA) m/z 772.3558 [(M + Na)+; calcd for C44H51N3O8-
Na 772.3574]. 

Hydroxy Amino te/f-Butyl Amide (-)-38. A solution of acetonide 
carboxylic acid (+)-37 (57.0 mg, 0.0748 mmol) in THF (4.5 mL) was 
cooled to -10 0C, treated with i-BuOCOCl (14.3 mg, 0.105 mmol) 
and Et3N (10.6 mg, 0.105 mmol), and stirred for 0.5 h. J-BuNH3 (27.4 
mg, 0.374 mmol) was then added, and the resultant mixture was stirred 
0.5 h further, poured into 10% aqueous NaHSO4 (10 mL), and extracted 
with EtOAc (2 x 15 mL). The combined organic solutions were 
washed with 10% NaHSO4 (10 mL), saturated aqueous NaHCO3 (2 x 
10 mL), and brine (10 mL), dried over MgSO4, filtered, and concen
trated. Flash chromatography (35% EtOAc/hexanes) provided the tert-
butyl amide (49.8 mg, 81% yield) as a white foam. 

A solution of the acetonide terr-butyl amide (56 mg, 0.066 mmol) 
in methanolic HCl (1 N, 4.5 mL, prepared as described above) was 
stirred at room temperature for 18 h. Solid NaHCO3 was added until 
bubbling subsided, the reaction mixture was then filtered through Celite, 
and the filter cake was washed with MeOH (25 mL). Following 
concentration under reduced pressure, the residue was partitioned 
between EtOAc (15 mL) and H2O (10 mL), the aqueous phase was 
extracted with EtOAc (15 mL), and the combined organic solutions 
were washed with brine (10 mL), dried over MgSO4, filtered, and 
concentrated. Flash chromatography (6% MeOH saturated with NH3/ 
CH2Ch) furnished 38 (36.3 mg, 78% yield) as a pale yellow glass: 
[(X]26D -175° (c 0.99, CHCl3);

 13C NMR (125 MHz, CDCl3) 6 203.3, 
201.4, 172.1, 162.0, 161.2, 139.8, 138.4, 134.8, 129.9, 129.2, 129.0, 
128.6, 128.1, 127.8, 127.0, 126.6, 126.0, 110.9, 110.5,70.7,69.7,67.8, 
57.1, 50.8, 46.0, 44.0, 43.4, 40.8, 40.1, 37.7, 28.6, 24.6, 24.4, 24.0; 

HRMS (FAB, NBA) m/z 699.3872 [(M + Na)+; calcd for C42H52N4O4-
Na 699.3887]. 

Boc terf-Butyl Amide Inhibitor (—)-39. A solution of primary 
amine (-)-38 (22.3 mg, 0.0329 mmol) in CH2Cl2 (1 mL) was treated 
with (BoC)2O (8.6 mg, 0.040 mmol) and Et3N (8.3 mg, 0.082 mmol) 
and stirred at room temperature for 2 h. The reaction mixture was 
then partitioned between EtOAc (20 mL) and 10% aqueous NaHSO4 

(10 mL), and the combined organic solutions were washed with 10% 
aqueous NaHSO4, saturated aqueous NaHCO3, and brine (10 mL each), 
dried over MgSO4, filtered, and concentrated. Flash chromatography 
(4% MeOH/CH2Cl2) furnished 39 (19.9 mg, 78% yield) as a white 
glass. NMR analysis at 330 K coalesced the rotameric signals observed 
at ambient temperature: [a]25

D -179° (c 0.67, CHCl3);
 13C NMR (125 

MHz, CDCl3, 330 K) b 204.4, 201.6, 172.1, 161.9, 160.8, 156.3, 140.0, 
138.5, 134.5, 129.9, 129.5, 129.1, 128.6, 128.18, 128.16, 127.3, 126.6, 
126.1, 110.9, 79.6, 70.6, 67.9, 67.7, 56.8 (br), 50.9, 46.6, 44.3, 41.9, 
39.6, 38.8, 37.8, 28.7, 28.4, 24.7, 24.5, 24.1; HRMS (FAB, NBA) m/z 
799AA32 [(M + Na)+; calcd for C47H60N4O6Na 799.4411]. 

Tetrahydrofuranyl tert-Butyl Amide Inhibitor (-)-40. A solution 
of primary amine (-)-38 (18.3 mg, 0.027 mmol) in CH2Cl2 (1 mL) 
was treated with (-)-(35)-3232 (6.2 mg, 0.027 mmol) and Et3N (8.2 
mg, 0.081 mmol) and stirred at room temperature for 2.5 h. The 
reaction mixture was then partitioned between EtOAc and 10% aqueous 
NaHSO4 (20 mL each), the aqueous phase was extracted with EtOAc 
(20 mL), and the combined organic solutions were washed with 10% 
aqueous NaHSO4, saturated aqueous NaHCO3, and brine (20 mL each), 
dried over MgSO4, filtered, and concentrated. Flash chromatography 
(5% MeOH/CH2Cl2) gave 40 (14.7 mg , 66% yield) as a white foam. 
NMR analysis at 330 K coalesced the rotameric signals observed at 
ambient temperature: [a]25

D -181° (c 0.97, CHCl3);
 13C NMR (125 

MHz, CDCl3, 330 K) 6 204.5, 201.5, 172.1, 162.0, 160.8, 156.2, 139.9, 
138.2, 134.4, 129.9, 129.4, 129.1, 128.6, 128.2, 128.2, 127.4, 126.7, 
126.1, 111.0, 110.9, 75.5, 73.3, 70.6, 67.7, 66.9, 57.9, 50.9, 46.5, 44.1, 
41.8, 39.5, 38.5, 37.8, 32.9, 28.7, 24.6, 24.4, 24.1; HRMS (FAB, NBA) 
m/z 813.4215 [(M + Na)+; calcd for C47H58N4O7Na 813.4204]. 
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