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Abstract: The design and synthesis of two pyrrolinefeptide hybrid ligands3(and20) for the rheumatoid
arthritis-associated class Il MHC HLA-DR1 protein are described. The hybrids incorporate bispyrrodnones
and21 as tetrapeptide mimics for amino acids VKQN (residues-38B2) of the virus hemagglutinin peptide

HA 306—318 (PKYWKQN TLKLAT). Ligand construction employed our polypyrrolinone synthetic protocol,

in conjunction with Fmoc-based solid-phase peptide synthesis. Bioaffinity studies reveal that hybrid3ligand
bound the HLA-DR1 protein with affinity (I = 137 nM) comparable to those of both the native HA 306

318 peptide (Igg = 89 nM) and a control peptide (kg = 176 nM). This result demonstrates that the
polypyrrolinone scaffold can be employed in the construction of bioactive peptide hybrid ligands, thus
considerably expanding the scope and utility of the pyrrolinone scaffold.

The use of peptides as therapeutic agents is not usually The design and synthesis of the 3,5,5-pyrrolin-4-one scaffold,

feasible, given their poor pharmacokinetic properti&forts

a general g-strand non-peptide peptidomimetic, was first

to improve upon these unfavorable properties led to the disclosed in 1992. These 3,5-linked polypyrrolinones, which are

development of pseudopepticdesdowever, the design and

development of medicinally useful peptidomimetics by this
approach remains difficult because few generalizations can be

resistant to proteases, adopt extended conformations both in the
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backbone is replaced by novel scaffolds but the critical side
chains are retained. This approach led to the successful

introduction of monosaccharide scaffolds as mimicg-tfirns
and of the polypyrrolinone scaffoldas a mimic ofs-strands/
pB-pleated sheets.
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solid state and in solution that closely resemble extended peptideThe primary role of this protein is to present antigenic peptides
p-strands. For example, trispyrrolinoBgbased on the structure  derived from extracellular and intravesicular pathogens and
of the equine angiotensinogen fragment Leu-Leu-Val-Tyr-OMe toxins for inspection by the CD4 T cells of the immune
(1, Figure 1), crystallized as a parall@ipleated sheet, similar ~ systemt1b-d

to 1.4ad Further analysis revealed a close correspondence Inhibition of CD4 T cell self-antigen recognition comprises
between the amino acid side-chain trajectories and the carbonyla promising approach for the treatment of numerous autoimmune
orientations oR and the known solid-state structure of the native disease$? Recent elegant structural studies by Wiley and co-
peptide. Due to the observed formation of interstrand hydrogen workers performed on the class 1| MHC protein led to the X-ray
bonds in the unit cell o, we speculated that the pyrrolinone crystal structure (Figure 2) of the extracellular portion of this
scaffold might be capable of binding to proteases and to other protein bound with the influenza virus hemagglutinin peptide
protein target$. Related studies demonstrated that the poly- fragment PKYVKQNTLKLAT (HA 306-318)12 These studies
pyrrolinone scaffold adopts a similar extended conformation in demonstrate that the class Il MHC protein exists as two
solution® noncovalently bound subunite @ndg). Each subunit is divided
into two domains: ther, andj, domains anchor the protein to
the cell membrane surface, while thgand/; domains pair to

H form an antigen binding site.

/I\u o:\/t-\i(N °
2
Figure 1. Tetrapeptide equine angiotensinogen fragneamdf-strand

trispyrrolinone peptidomimeti@.

Subsequently we reported the design and synthesis of several
potent mono- and bispyrrolinone inhibitors of the aspartic acid
proteases renffiand HIV-1 proteasé"" Importantly, the HIV-1
protease inhibitors exhibited improved membrane transport
properties, as characterized by the ratio of G ICsp,” relative
to those of their peptidal counterparts. Favorable transport
properties were suggested to be due to the presence of
intramolecular hydrogen bonds between the NH and CO
moieties of adjacent pyrrolinone rings (Figure 1). Thus, the
pyrrolinone scaffold results in fewer molecules of solvation than
found in amide bonds, thereby reducing the energy required
for desolvatiorf¢8 The intramolecular hydrogen bonding also
stabilizes the extendgtistrand conformation of the pyrrolinone
scaffold.

Taken together, these results suggested that the pyrrolinone
scaffold holds considerable promise for the design of a wide Figure 2. Top angle view of the X-ray crystal structéfef HA 306—
variety of non-peptidg-strand mimics. Particularly intriguing 318 (purple) bound to the class Il MHC HLA-DR1 protein binding
was the possibility of employing this scaffold to construct Site (blue)®
pyrrolinone-peptide hybridg! Herein, we describe a full
account of the design, synthesis, and evaluation of several
pyrrolinone-peptide hybrid ligands for the class Il major
histocompatibility complex (MHC) protein HLA-DR1. (11) (a) Adorini, L.; Muller, S.; Cardinaux, F.; Lehmann, P. V.; Falcioni,

The class Il MHC is a polymorphiextracellular membrane- E‘L;erigt),/ 'PZ_;' ﬁé':;t%ﬁéﬁfggaﬁg@ﬁﬁ' Jgjgesvggfrgk,{'_”?}'ja\t(&eplrggtlon'
bound protein that is normally found on B lymphocytes, 353 622. (c) Hunt, D. F.: Michel, H.; Dickinson, T. A.; Shabanowitz, J.;

macrophages, and other specialized antigen-presentingttells. Cox, A. L.; Sakaguchi, K.; Appella, E.; Grey, H. M.; Sette, Bcience
1992 256 1817. (d) Chicz, R. M.; Urban, R. Gmmunol. Todayl994

Normally, the class Il MHC complex is stable only when a
peptide is bound to the antigen presentation'diteor the MHC
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1971; Vol. 2, p 319. C. O.; McDermott, M.; Sinha, A. A.; Timmerman, L.; Steinman, L.;

(6) Guzman, M. C. Ph.D. Thesis, University of Pennsylvania, 1995. McDevitt, H. O. Sciencel988 240, 1003. Seebach has recently described
(7) Thompson, W. J.; Fitzgerald, P. M. D.; Holloway, M. K.; Emini, E.  the synthesis and binding affinity gFamino acid containing ligands for
A.; Darke, P. L.; McKeever, B. M.; Schleif, W. A.; Quintero, J. C.; Zugay, class | MHC proteins: Poenaru, S.; Lamas, J. R.; Folkers, G.; de Castro, J.
J. A.; Tucker, T. J.; Schwering, J. E.; Homnick, C. F.; Nunberg, J.; Springer, A. L.; Seebach, D.; Rognan, D. Med. Chem1999 42, 2318.

J. P.; Huff, J. RJ. Med. Chem1992 35, 1685. (13) (a) Brown, J. H.; Jardetzky, T. S.; Gorga, J. C.; Stern, L. J.; Urban,

(8) Hirschmann, R.; Smith, A. B., Ill; Sprengeler, P. A. Mew R. G.; Strominger, J. L.; Wiley: D. QNature1993 364, 33. (b) Stern, L.
Perspecties in Drug DesignDean, P. M., Jolles, G., Newton, C. G., Eds.;  J.; Brown, J. H.; Jardetzky, T. S.; Gorga, J. C.; Urban, R. G.; Strominger,
Academic: London, 1995; pp-114. J. L.; Wiley: D. C.Nature1994 368 215. See also: Jardetzky, Structure

(9) Kappes, D.; Strominger, J. lAnnu. Re. Biochem.1988 57, 991. 1997 5, 159.

(10) (a) Unanue, E. R.; Allen, P. MSciencel987 236, 551. (b) (14) Nelson, C. A,; Petzold, S. J.; Unanue, ENRture1994 371, 250.

Steinman, R. MAnnu. Re. Immunol.1991, 9, 271. Review: Cresswell, PAnnu Rev. Immunol.1994 12, 259.
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class Il protein, these peptides usually consist of 10 or more Scheme 1

amino acids that bind in an extended conformatibReptides P-K-Y-V-K-Q-NT-L-KL-AT =  P-K-Y-G-L-L-L-T-L-KL-AT
that bind to the class Il MHC protein have a wide variety of m © Q) -9
sequences; this feature is indicative of the ability of the MHC ﬂ*g‘sjf‘"gg;i,} (?8'5‘;'2' Peptice)
protein to present dissimilar antigenic peptides for inspection N Y

by immune system T cells. A common structural feature of high-
affinity peptides for the class Il MHC DR alleles is the presence
of one or more anchor residu&sby convention, the anchor
residue near the N-terminus is designated position 1. For the
HA 306—318 peptide, the presence of a tyrosine anchor at
position 1 and a leucine anchor at position 9 (Scheme 1),
combined with hydrogen bond interactions between the HA
306—318 peptide backbone and the class Il MHC HLA-DR1
protein accounts for a large portion of the total binding
energy!l-16¢

Design of a Pyrrolinone-Peptide MHC Class Il Hybrid
Ligand. Our design of a pyrrolinonepeptide hybrid ligand was
based on the X-ray structure of the HA 30818 peptide bound
to the MHC protein HLA-DR1:3 We examined the positions
in the HA 306-318 peptide sequence using molecular modeling
;Onadir;}gg’ozgﬂuggﬁgfn‘évhfé&z‘ri i’gﬁlr(‘jd%de brf]‘fr';?cokr(‘fd gs;Theetrypeptide PKYGLLL TLKLAT bound the HLA-DR1 protein with
pyrrolinone scaffold. Additionally, a series of alanine scans of an ,IQ’O of 176 nM, comp.arable to an kgof 89 nM for the .
HA 306—318 (PKYVKQN TLKLAT) and related 7-mer ligandé native HA 306-318 peptide. We therefore reasoned that, if
suggested that the side chains of YH¢QN sequence could be bispyrrolinone4 (Scheme 1) serves as a viable replacement for
altered without significantly affecting binding. For example, the 2-5 amino acidVKQN sequence of HA 306318, this

Figure 3. (a) X-ray crystal structure illustrating the positior-2 backbone hydrogen bonds of HA 36818 (purple) bound to the class Il MHC
HLA-DR1 protein (blue). (b) Molecular modeling prediction of the backbone hydrogen bonds of the positiohi®yyrrolinone mimic (yellow)
bound to the MHC protein (blue). (c) Least-squares overlay of the backbone atoms of the X-ray structure of+348Qgéurple) and the predicted
structure of the hybrid ligan8 (yellow).
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would provide additional evidence that the pyrrolinone scaffold
is truly a mimic of peptidal3-strands.

Molecular Modeling. The pyrrolinone-peptide hybrid was
constructed by molecular modeling starting from a low-energy,
extended conformation of the bispyrrolinone consistent with

previously described solid-state and solution structures of related

systemg! Within the structure of the HLA-DR1 complex, the
VKQN sequence of the HA 306318 peptide was excised, and
the bispyrrolinone4 was inserted with the appropriate atoms

superimposed to fit the backbone and side-chain residues of

the VKQN sequence. The HA 306318 peptide was replaced

by the docked structure, and the system was subjected to a

molecular dynamics minimization using MacroModeljn
which movements were permitted in the ligand but the binding
site was kept fixed throughout the simulations as in the X-ray
conformation of the MHC proteif?

The X-ray crystal structure of HA 366318 bound to the
HLA-DR1 proteirt® indicated that the peptide backbone at
positions 3 and 4 is involved in a complex network of hydrogen
bond interactions with Ghand Asf{? in the class Il MHC
binding site (Figure 3a). The results of the modeling studies
indicated that displacement of the glutamine backbone nitrogen
at position 4 to form the pyrrolinone ring results in the loss of
a hydrogen bond to Gfrof the MHC DR1 protein (Figure 3b).
Nonetheless, modeling revealed that the pyrrolinone carbonyl
groups in3 maintain their relative spacial orientations vis-a
vis the native HA 306-318 peptide, suggesting that the
hydrogen bond network involving these carbonyls might remain
intact. The molecular dynamics simulations also indicated that
the modeled conformation of the bound hybrid liga@Figure
3c) would closely resemble the conformation of HA 3¢&L8
bound to MHC derived from X-ray crystallography Other
molecular dynamics simulatiotfausing AMBER had suggested
that hydrogen bonds at the position where the aminoketone
group in3 replaces a valine residue might not be stable due to
increased flexibility associated with the lack of the Val isopropyl
group. The same effect was noted in simulations oMK&N
— GLLL peptide analogue. Since there could be compensating
factors such as the conformational preorganization afforded by
the bispyrrolinone, the potential loss of a hydrogen bond
interaction could not be accurately assessed. Consequently, th
synthesis and testing of the hybrid was pursued.

Synthesis of Pyrrolinone-Peptide Hybrid Ligand 3.
Analysis of 3 suggested that the peptide fragment TLKLAT
(positions 6-11) could be constructed using solid-phase chem-
istry, followed by incorporation of bispyrrolinorieusing Fmoc
chemistry (Scheme 2). Removal of the Fmoc protecting group,
addition of the remaining amino acids (PKY), and release of
the hybrid from the resin with concomitant deprotection would

(15) This figure was generated using Molscript (Kraulis, PJ.JAppl.
Crystallogr.1991 24, 946) and Raster 3D (Bacon, D.; Anderson, WJF.
Mol. Graph.1988 6, 219; Merritt, E. A.; Murphy, M. E. PActa Crystallogr.
1994 D50, 869.).

(16) (a) Rudensky, A. Y.; Preston-Hurlburt, P.; Al-Ramadi, B. K
Rothbard, J.; Janeway, C. A., Mature1992 359, 429. (b) Chicz, R. M.;
Urban, R. G.; Gorga, J. C.; Vignali, D. A. A.; Lane, W. S.; Strominger, J.
L. J. Exp. Med1993 178 27. (c) Hammer, J.; Valsasnini, P.; Tolba, K.;
Bolin, D.; Higelin, J.; Takacs, B.; Sinigaglia, Eell 1993 74, 197.

(17) (a) Hammer, J.; Belunis, C.; Bolin, D.; Papadopoulos, J.; Walsky,
R.; Higelin, J.; Danho, W.; Sinigaglia, F.; Nagy, Z. Rroc. Natl. Acad.
Sci. U.S.A1994 91, 4456. (b) Bolin, D.; Campbell, R. Hoffmann-La Roche
Inc., unpublished results.

(18) MacroModel, ver. 5.0: 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, 10027.

(19) Weiner, P. K.; Kollman, P. Al. Comput. Cheni981, 2 (3), 287
303.
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Scheme 2

P-K-Y-HN

FmocHN

U
o
ONOMe
)(o J\\NHZ +

then furnish the fully elaborated pyrrolinonpeptide ligand.
Bispyrrolinone5, in turn, would be constructed via two iterations
of our C-to-N pyrrolinone synthetic protoc#ld employing
precursor$, 8, and9 (Scheme 2). Amino estefsand8 would
be readily available via the Seebach/Karady oxazolidinone
method?® while aldehyded?! would derive from protection and
ozonolysis of R)-5-methyl-2-(2-methylpropyl)-4-hexen-1-#.
The synthesis of bispyrrolinorigbegan with the preparation
of amino este6 (Scheme 3). Condensation of the sodium salt
of p-leucine with pivalaldehyde followed by treatment with
benzyl chloroformat® provided oxazolidinone—)-10in 69%

é(leld as a separable mixture (5.3:1) of syn and anti diastereo-

mers; the desired syn diastereomer was isolated in 58% yield
after chromatography. Alkylation with allyl bromide, followed
by hydrolysig®@ and treatment of the resulting acid with
iodomethane, yieldedH)-11. Catalytic osmylation next pro-
vided a mixture (1.3:1) of diastereomeric diols, which were
protected as their acetonides and separated to furdistiZa
and (-)-12b. Although both diastereomers could, in principle,

Scheme 3
1) NaOH 1) THE 8 oc
2) £BuCHO b) N
pentane, A H (90%)
\( 3) CBzCI _/ 2) 1N NaOH
NHz* CH,Cly 5 N MeOH, A
(69%, 531 Z  ™Bu 3)Mel, DMF
syn:anti) K,CO,4
4) Separate (-)-10
(93%)
1) OsO, (cat.) e
\/\ej\ NMO (81%) /\'/\eL Me
2) Me,C(OMe), O
TsOH (83%) NHR
3) Separate

(+)-12a(R=2):1.3

10% Pd/C
cyclohexene [ (--12b (R=2):1
EtOH, A (6 R=H)

(99%)
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be advanced, only the less polar diastereomerl2a was

employed. The relative stereochemistry of the acetonide ste-
reogenic center was not established. Catalytic transfer hydro-

genolysig? then furnished amino ester}-6 in 99% yield.
Preparation of{)-7 entailed alkylation of {)-10 with prenyl
bromide (Scheme 4), followed by hydrolysis and treatment of
the resultant acid with iodomethane to furnish){13. Ozo-
nolysis, followed by protection of the resulting aldehyde as the
dimethyl acetal and catalytic transfer hydrogenoRfdis remove
the benzyl carbamate, provided )-8 in 91% yield for three
steps; condensation of this amine with aldehyde)-9,
followed by treatment with excess KHMDS, effected pyrroli-
none ring formation in 78% yield. Hydrolysis of the acetal then

gave aldehyde)-7.

Scheme 4
1a) KHMDS

THF, -78 °C
Br

o
H b) Y\/
N o (94%)

2) 1N NaOH

1) Og; PhsP
éga%)
2) HC(OMe),
MeOH, TsOH, A
(94%)

Scheme 5

e

OSEM

o

OWLOM
O | NHR
)( )\(-)—6

1a) PhH
~osem b) KHMDS, THF
E (76%)
2a) NaHMDS
THF, -78°C

b) AllocCl (89%)

1) HOAc, MeOH
TsOH (cat.)
35°C
(76% overall)

2) TsCl, Et;N
CH,Cl,, 0°C
(87% overall)

Smith et al.

MeOH, A 3) 10% Pd/C 1) Bu,NBr, PhH, A
3) Mel, DMF cyclohexene PhaP, H,0 (+)-16 (R = OTs) :| (92%)
()10 K,COy E‘(o“- A LHE é&(;)then - (#)-17 (R=N3) 2) NaN3, DMSO
o 99%) al -18 (R = NHF! 9
(90%) FmOCOSau (+)-18( 'moc) (80%)
OHE™ " 0sEM (65%)
(+)-9 3
1a) PhH 1) TsOH, MeOH

b) KHMDS, THF
(78%)
2) 3:1 THF, Ho0
TsOH, 55 °C
(80%)

The preparation of pyrrolinone—)-7 via acetal ()-8
represents a departure from our standard iterative polypyrroli-

none construction sequence, which entails a two-step oxidative

cleavage (Os@and NMOZ then NalQ) of an N-terminal

fully substituted, competing Os@xidation of the pyrrolinone
ring has been observétiThis oxidation does not occur when
the adjacent carbon is fully substituted.

employing amino ester<)-6 and aldehyde-)-7, followed by
Alloc protection of the pyrrolinone nitrogens, furnishe#){

15 (Scheme 5). Removal of the acetonide and conversion of

the primary alcohol in turn to the tosylate, bromide, and azide
then furnished-£)-17. Reduction of the azide (BR) 2+ followed

by in situ protection of the resulting amine with FmocO38u,
gave (+)-18. Keto-acid ()-19 was then prepared by removal
of the 2-(trimethylsilyl)ethoxymethyl (SEM) group, followed

(20) (a) Karady, S.; Amato, J. S.; Weinstock, L. Vetrahedron Lett.
1984 25, 4337. (b) Seebach, D.; Fadel, Melv. Chim. Actal985 68,

1243. (c) Seebach, D.; Aebi, J. D.; Gander-Coquoz, M.; NaetH&wv.
Chim. Actal987 70, 1194. (d) Seebach, D.; Sting, A. R.; Hoffmann, M.
Angew. Chem., Int. Ed. Endl996 35, 22708.
(21) Aldehyde §)-9 was prepared from alcoht as illustrated below:
1) SEMCI
FPrNE
)\/\/\ CH,Cl,
NN"ok (87%) OHC™ >"osEM
E 2) 04, CH,Cl, :
i \|/ then PhyP (+)-9 \(
78°C St
(74%)
(22) Jackson, A. E.; Johnstone, R. A. Bynthesid976 685.
(23) VanRheenen, V.; Kelly, R. C.; Cha, D. Yetrahedron Lett1976
17, 1973.
(24) Vaultier, M.; Knouzi, N.; CarfieR. Tetrahedron Lett1983 24,
763.

THF, 60°C
(99%)

2a) Dess-Martin

periodinane
CH,Cl,
b) Jones reagent

THF
(78%,; 2 steps)

(+)-19 (R = Alloc)
(--5(R=H)

(Ph4P),PdCl,
BusSnH, HOAc
CH,Cl, (72%)

by a two-step oxidation employing the Deddartin periodi-

prenyl group to generate the aldehyde. In cases when the carbon,3,26 and Jones reagent. Removal of the Alloc protecting

atom adjacent to the unsaturation in the pyrrolinone ring is not groups with catalytic (P#P)PdCh and excess BySnH’

completed the synthesis of bispyrrolinone){5.
With ample quantities of bispyrrolinone-§-5 available, we

- 8 ; ) began construction of hybri8 by attaching amino acids-6L1

A second iteration of the pyrrolinone synthetic protocol (TLKLAT) to Wang resin2® employing Fmoc-protected amino

acids. Initially, union of bispyrrolinone=)-5 with HBTU?® as

the coupling agent proved problematic; the difficulty was

overcome when moisture and oxygen were carefully excluded.

Sequential addition of the remaining amino acids (PKY),

followed by treatment with trifluoroacetic acid, released the

pyrrolinone-peptide hybrid from the resin with simultaneous

removal of the side-chain protecting groups. HPLC purification

then yielded the MHC class Il pyrrolinoageptide ligand3.
Binding Affinity of the Pyrrolinone —Peptide Ligand 3 for

the MHC Class Il Protein HLA-DR1. Affinity binding

competition experiment&revealed that hybri@ was, indeed,

a competent ligand, having andébf 137 nM, compared with

(25) (a) Paquet, ACan. J. Chem1982 60, 976. (b) Lapatsanis, L.;
Milias, G.; Froussios, K.; Kolovos, MSynthesis1983 671.
(26) (a) Dess, D. B.; Martin, J. Gl. Org. Chem1983 48, 4155. (b)
Dess, D. B.; Martin, J. CJ. Am. Chem. S0d.991, 113 7277. (c) Ireland,
R. E.; Liu, L. J. Org. Chem1993 58, 2899.
(27) (a) Guibe F.; Dangles, O.; Balavoine, Getrahedron Lett1986
27, 2365. (b) Dangles, O.; Guib€.; Balavoine, G.; Lavielle, S.; Marquet,
A. J. Org. Chem1987 52, 4984.
(28) Barany, G.; Merrifield, R. B. IIThe Peptides: Analysis, Synthesis,
Biology; Gross, E., Meienhofer, J., Eds.; Academic: New York, 1980; Vol.

2, pp 1-284.

(29) (a) Dourtoglou, V.; Ziegler, J.-C.; Gross, Betrahedron Lett1978
1269. (b) Dourtoglou, V.; Gross, B.; Lambropoulou, V.; Zioudrou, C.

Synthesis984 572.
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Figure 4. (@) Incorporation of an isopropyl side chain at position 2 and an N-methyl moiety at position 3 onto the bispyrrolinone scaffold. (b)
Molecular modeling prediction of a potentially unfavorable hydrophobic interaction with the position 3 pyrrolinone NH. (c) Overlay of theipeospect
second generation pyrrolinor@eptide hybrid ligand (green) with the HA 306-318 peptide (purple).

89 nM for the HA 306-318 peptide (PKYKQN TLKLAT) tional flexibility in this region. The second modification was
and 176 nM for the control peptide with the sequence introduced to prevent burying a pyrrolinone NH in a region that

PKYGLLL TLKLAT. The similarity of the affinity of3 to that

of the HA 306-318 peptide is intriguing, given the predicted Scheme 6

loss (vide supra) of the hydrogen bond between®®@ihthe
MHC DR1 protein and the backbone NH at position 4 of HA
306—318, due to displacement of the NH to form the N-terminal
pyrrolinone of the hybrid ligand. The observed binding was also
of interest, given that the ketone at position 2, required only
for synthetic purposes, was not expected to be as effective a
hydrogen bond acceptor relative to the amide at position 2 of
the HA 306-318 peptide (relative hydrogen bond acceptor index
385 ~ 0.50 for a ketone vsB, ~ 0.72 for a secondary
amide)3! Notwithstanding these considerations, the similarity
of the binding affinity of3 to those of HA 306-318 and the
control peptide suggests that incorporation of the bispyrrolinone
did not significantly affect the overall conformation of the
ligand, and that an energetically equivalent hydrogen bonding
array was available. Alternately, the preorganization of the
bispyrrolinone could have been a significant factor in counter-
balancing losses in energy due to missing interactions. These
issues will be addressed via X-ray crystallographic analysis of
the hybrid ligand bound to the class Il HLA-DRL1 protein.
Design of a Second Generation PyrrolinonePeptide
Hybrid Ligand. To increase the affinity of the pyrrolinore
peptide hybrid class Il MHC ligand, we designed a second
generation ligand20) employing modified bispyrrolinon@1l
(Scheme 6), incorporating both an isopropyl side chain at
position 2 and anN-methyl pyrrolinone at position 3. The
isopropyl side chain was introduced to mimic more closely the
valine at position 2 of HA 306318 (Figure 4a). We reasoned
that this modification would induce further preorganization of
the pyrrolinone-peptide hybrid by decreasing the conforma-

21 (R=H)
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is predominantly hydrophobic [i.e., a pocket formed by a cluster

Smith et al.

followed by addition of EZAICI (7 equiv), yielded alcohol<)-

of three phenylalanine residues (Figure 4b)]. From the synthetic 27 in 50% yield. The structure and stereochemistry -6j-27

perspectiveN-methylation of the pyrrolinone ring appeared ideal
in this regard. Importantly, the structure and conformation of
the prospective second generation hybrid lige2@ generated
by molecular modelint revealed good overall correspondence
with the native HA 306-318 peptide (Figure 4c).

Synthesis of the Second Generation Hybrid Ligand 20.
The requisiteN-methyl bispyrrolinon€2 (Scheme 6) was again
envisioned to derive via our pyrrolinone synthesis by coupling
amino esteR3with aldehyde?, the former available via reaction
of epoxide24 with the enolate of known oxazolidinone-J-
25.40.d|ncorporation 022 into the pyrrolinone-peptide hybrid
would then follow directly from the construction of hybr&i

Our point of departure for the synthesis of amino e&@r
(Scheme 7) was aldehyde-)-26, which was prepared from

Scheme 7

1) PhPCH,4Br
KOt-Bu, THF
0°C (89%) I/‘
BocHN CHO  2) m-CPBA BocHN )
()26 e (+)-24
>20:1de
o by NMR

o
N,
a) )\“‘“ e
(-)-25
KHMDS, Et20
-78°C
b) ELAICI
-78°C - -50°C
(50%)

BWHM o

1) (Me),C(OMe),
acetone
PPTs, A (87%)
2) 3N KOH

_MeOH, A

3) Mel, DMF
KLO,

Me

BocN H

)<0

S o
A

(-)-23

(94%; 2 steps)
4) Pd(Ph4P) 4

dimedone

THF (92%)

N-Boc L-valine in two stepg? Wittig olefination using Pk
PCH;Br and KQ-Bu in THF at 0°C provided the desired olefin
with no detectable loss of optical purity. Treatment with
m-CPBA then provided epoxideH)-24 with greater than 20:1

de (NMR). The high stereoselectivity of this process is presumed
to derive from the ability of the NHBoc moiety to direct the
approach of then-CPBA 34 Employing methodology previously
developed in our laboratof}3® treatment of the resulting
epoxide with the potassium enolate of oxazolidinorg-25,

(30) The binding affinity of the pyrrolinonepeptide hybridl to HLA-

DR1 was assessed by using a scintillation proximity assay (SPA) protocol
in which an 129-peptide was competitively displaced from HLA-DR1
(isolated from LG2 cells, purified, and coupled to SPA beads via an LB3.1
antibody). See: lto, K.; Bian, H.-J.; Molina, M.; Han, J. H.; Magram, J.;
Saar, E.; Belunis, C.; Bolin, D. R.; Arceo, R.; Campbell, R.; Falcioni, F.;
Vidovic, D.; Hammer, J.; Nagy, Z. AJ. Exp. Med1996 183 2635.

(31) Review: Abraham, M. HChem. Soc. Re 1993 22, 73.

(32) Fehrentz, J.-A.; Castro, Bynthesisl983 676.

(33) Nugiel, D. A., DuPont Pharmaceuticals, Personal communication.

(34) Luly, J. R.; Dellaria, J. F.; Plattner, J. J.; Soderquist, J. L.; Yi, N.
. Org. Chem1987, 52, 1487.

were confirmed by single-crystal X-ray analysis. Following
epoxide opening, the hydroxyl and carbamate nitrogen were then
protected as the acetonide. Hydrolysis of the oxazolidif&he,
treatment of the resulting acid with iodomethane, and removal
of the Alloc carbamafé provided amino ester<)-23 in 86%
yield for the three steps.

Coupling of amino ester<)-23 with aldehyde {)-7 via our
now standard procedure was achieved in 68% yield (Scheme
8). Chemoselective installation of the N-terminal pyrrolinone
methyl groug” then entailed treatment with 1.0 equiv each of
NaHMDS and methyl iodide; the yield was 55%. The reaction
selectivity was confirmed by the disappearance of the non-
hydrogen-bonded NH signals in both the IR and 500-MHz
NMR spectra. Protection of the C-terminal pyrrolinone nitrogen
as the allyl carbamate then gave){28, which upon treatment
with excessp-TsOH followed by FmocOSu provided-§-29
in 72% overall yield.

Scheme 8

N
ore )
12)()-7 o =
b) KHMDS, THF
(68%)
2) NaHMDS, Mel, THF
-78 °C —rt
(55%)
3) NaHMDS, AllocCl, THF
-78°Cort
(85%)
1) TsOH, MeOH
THF, 65 °C
2) FmocOSu
NaHCO3
CH,Cl,
(85%,; 2 steps)

OSEM

1) BPSCI, DMF
2,6-Lut. (89%)

2) TPAP (cat)
NMO, 3A MS
CHJCN (77%)

1) TsOH, MeOH

THF, 50 °C
(93%)

2) Dess-Martin
periodinane
CH,Cl,

3) Ag. NaClO2
DMSO, t-BuOH
m-(MeO)CgH,
(69%; 2 steps)

(PhgP),PdCl,
BugSnH, HOAc
CH,Cl, (89%)

(9-31 (R = Alloc)
(-)-22 (R=H)

-

Initially, efforts to oxidize ()-29 to the required keto-acid,
either in a single operation or in two steps via the keto-aldehyde,

(35) Smith, A. B., lll; Pasternak, A.; Yokoyama, A.; Hirschmann, R.
Tetrahedron Lett1994 35, 8977.

(36) Kunz, H.; Unverzagt, CAngew. Chem., Int. Ed. Engl984 23,
436.

(37) Smith, A. B., lll; Guzman, M. C.; Favor, D. A.; Berova, N.;
Hirschmann, R. Manuscript in preparation.
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proved unsuccessful. Ultimately, the desired transformation was distilled from sodium/benzophenone under argon prior to use. Dichlo-
accomplished by protecting the primary alcohol with BPSCI romethane was freshly distilled from calcium hydride before use.
and subsequently oxidizing the secondary alcohol with catalytic Triethylamine and diisopropylethylamine were distilled from calcium
TPAP® and NMO to provide ketone+)-30. Interestingly, hydride and stored over potassium hydroxide. HPLC grade benzene
TPAP oxidation of the unprotected primary alcohol appeared was purchased fr_om J.T. Baker _and stored_over 4-A molepular sieves.
to afford a keto-aldehyde in which the olefin of the C-terminal Anhydrous N,N-dimethylformamide and dimethyl sulfoxide were

. enyae i . . ; purchased from Aldrich and used without purificatiorButyllithium
pyrrgllnone ha,d migrated into conjugation th, the aldehyde; was purchased from Aldrich and standardized by titration with
this interpretation, however, has not been confirmed. Removal giphenylacetic acid. Water for HPLC was prepared from doubly
of the BPS group and conversion to the corresponding acid in deionized, filtered water and was purified on a Hydro Services
two steps with DessMartin periodinan® and buffered aqueous  purification unit. Fmoc-protected amino acids were purchased from
sodium chlorité® then gave acid-{)-31; the overall yield for Bachem or Advanced ChemTech. Fmoc-TB()-Wang resin was
the three steps was 64%. Completion of the second generatiorpbtained from Advanced ChemTech.
bispyrrolinone )-22 was achieved via palladium-catalyzed Unless otherwise stated, all solution-phase reactions were magneti-
removal of the allyl carbama#@.Incorporation of )-22 as a cally stirred and monitorgq by thin-layer chromatography using 0.25-
direct replacement for theKQN amino acid sequence in the MM E. Merck precoated silica gel plates. Flash column chromatography
HA 306—318 peptide, as previously described for lig&gide was performed with the indicated solvents using silica gel-60 (particle

. - S size 0.046-0.062 mm) supplied by E. Merck. Yields refer to
supra), provided the second generation hybrid ligad chromatographically and spectroscopically pure compounds, unless

Bioassay of Pyrrolinone-Peptide Hybrid Ligand 20. otherwise stated. Peptide syntheses were carried out either manually
Although hybrid ligand3 proved to be a competent ligand for  or on an Applied Biosystems model 431A peptide synthesizer. HPLC
the class Il MHC HLA-DRL1 protein, affinity binding experi-  chromatography was performed on an LDC apparatus equipped with
mentsP of ligand 20 revealed an 1§ of only 1.39uM. That two Constametric pumps, a Gradient Master solvent programmer and
this ligand, containing thil-methyl and isopropyl moieties, was ~ mixer, and a Spectromonitor Il variable-wavelength UV detector.
approximately 10 times less potent than the original hybrid Analytical HPLC was performed in reversed-phase mode using a YMC
ligand 3 was clearly unexpected. Comparison with the control ©PS-AQ column with linear gradients of buffer A (0.05% TFA®)
valine peptide PKYLLL TLKLAT (IC s = 78 nM) was even and buffgr B (0.04% TFA/_C[;CN) at a flow rate of 1.0 mL/min.
less encouraging. In hindsight, incorporation of both the Preparative HPLC separations were run on a Whatman Magnum 20

. . : o ; partisil 10 ODS-3 column (% 50 cm) equipped with a Waters Guard-
isopropy! side chain at position 2 and tNemethy! pyrrolinone Pak Gg precolumn. For amino acid composition analyses, peptides were

at position 3 in the same analogue prevents a clear determinationygrolyzed h 6 N HCI with 1 mg of phenol at 115C for 22 h in

of their independent roles in disrupting the binding26f The sealed, evacuated hydrolysis tubes. Analyses were performed on a
isopropyl side chain might be expected to exert its principal Waters HPLC-based amino acid analysis system using either a Waters
effect upon peptide backbone conformation, decreasing flex- Cat Ex resin or a Pierce AA511 column with ninhydrin detection.
ibility analogous to the replacement of a glycine by valineina  Peptides were prepared via solid-phase synthesis procedures using
peptide. However, this modification may also have generated a N®-Fmoc-protected amino acids. The protecting groups for the amino
distorted backbone conformation unanticipated by molecular &cid side chains were as follows: Lys (Boc), Thr, and TyB( ether).
modeling, resulting in the failure of one or more of the key All @mino acids were coupled using the HBTU/HOBL “FastMoc”
anchoring groups to bind. Additionally, the decreased flexibility Protocel- Fmoc protecting groups were removed by treatment with 40%

. . ) S piperidine in DMF for 20 min. Peptides were deblocked and cleaved
of the backbone might hinder the tight binding 20 to the from the resin by the following method. The peptide resing.6 g)

MHC protein via induced fit. Alternatively, incorporation of \yere treated with 5L of dimethyl sulfide, 50uL of ethanedithiol,

the N-methyl pyrrolinone at position 3 may have resulted in 150 41 of anisole, and 5.0 mL of trifluoroacetic acid at room
unfavorable steric interactions that were not predicted by temperature for 2 h. The reaction mixture was filtered, and the spent
molecular modeling. The reasons for the decreased affinity of resin was washed with three 1-mL volumes of trifluoroacetic acid. The
the second generation hybrid ligar@D] will become clear, we combined filtrates were precipitated from 100 mL of ether. The
believe, only upon successful cocrystallization and subsequentprecipitated solid was filtered, washed with three 20-mL volumes of

crystallographic analysis of the hybrid ligands bound to the class ether, dissolved in 10% aqueous acetic acid, and filtered. The combined
Il MHC HLA-DR1 protein. aqueous filtrates were then lyophilized to yield the crude product.

S The desi d thesis of tent i Purification was carried out by preparative HPLC. The peptides were
ummary. 1he design and synthesis of a competent pyrroli- applied to the column in @ minimum volume of either-120% HOAc

none-peptide hybrid ligand3) for the class Il MHC HLA- or 0.1% TFA. Gradient elutions were performed using linear gradients
DR1 protein has been achieved. The successful construction ofof puffer A (0.1% TFA/HO) and buffer B (0.1% TFA/CECN) at a
this hybrid ligand clearly demonstrates that the pyrrolinone flow rate of 8.0 mL/min with UV detection at 220 nm. Fractions were
scaffold can be employed to generate high-affinity ligands for collected at 1.52.5-min intervals, inspected by analytical HPLC,
non-enzymatic proteins, thereby considerably expanding the pooled, and lyophilized. Characterization of the final peptides was
scope and utility of this non-peptide scaffold. determined by analytical HPLC and amino acid analysis. The composi-
tion values obtained were within acceptable limits. The purified peptides
were also analyzed by fast atom bombardment mass spectrometry (FAB-
MS) and yielded the expected parent-MH ions within acceptable
General.All reactions were carried out in oven-dried or flame-dried  limits (=1 mass unit).
glassware under an argon atmosphere, unless otherwise noted. All All melting points were determined on a Bristoline heated-stage
solvents were reagent or high-performance liquid chromatography microscope or a Thomas-Hoover apparatus and are corrected. The IR
(HPLC) grade. Diethyl ether and tetrahydrofuran (THF) were freshly and NMR spectra were obtained for CHGind CDC} solutions,
respectively, unless otherwise noted. Infrared spectra were recorded
(38) (a) Griffith, W. P.; Ley, S. V.; Whitcombe, G. P.; White, A. D.  with a Perkin-Elmer model 283B spectrometer using polystyrene as

Experimental Procedures

Chem. Commuri987, 1625. (b)_Griffith, W. P Ley, S. VAI_drichimica an external standard. Proton and carbon-13 NMR spectra were recorded
Q?S‘yﬁ?ﬁgsizﬁgﬁ éc3)9l_'ey’ S. V.; Norman, J.; Griffith, W. P.; Maisden, S. o 5 Bryker AM-500 spectrometer and obtained at 305 K unless

(39) () Lindgren, B. O.; Nilsson, TActa Chem. Scand.973 27, 888. otherwise noted. Chemical shifts are reported relative to chloroform
(b) Bal, B. S.; Childers, W. E., Jr.; Pinnick, H. Wetrahedron1981, 37, (6 7.24 for proton and) 77.0 for carbon-13). Optical rotations were

2091. (c) Dalcanale, E.; Montanari, F. Org. Chem1986 51, 567. obtained with a Perkin-Elmer model 241 polarimeter in the solvent



9294 J. Am. Chem. Soc., Vol. 121, No. 40, 1999 Smith et al.

indicated. High-resolution mass spectra were obtained at the University to room temperature and was then concentrated in vacuo to provide a
of Pennsylvania Mass Spectrometry Service Center on either a VG white solid. This solid was then partitioned between EtOAc (700 mL)
micromass 70/70H high-resolution double-focusing electron impact/ and 10% aqueous NaHSQ L). The organic phase was washed with
chemical ionization spectrometer or a VG ZAB-E spectrometer. brine (500 mL), dried over anhydrous Mgi@oncentrated in vacuo,
Microanalyses were performed by Robertson Laboratories (Madison, and placed under high vacuum for 8 h.
NJ). Single-crystal X-ray diffraction structure determination was A solution of the crude residue in anhydrous DMF (31 mL) was
performed at the University of Pennsylvania using an Enraf Nonius treated with KCOs; (31 g) and cooled to C. lodomethane (10.2 mL,
CAD-4 automated diffractometer. 163 mmol) was added, and the mixture was stirred and warmed to
Oxazolidinone (—)-10. To a mixture ob-leucine (50.0 g, 381 mmol) room temperature for 16 h. The mixture was then diluted witfOEt
in absolute ethanol (800 mL) was added a solution of NaOH (15.2 g, (800 mL) and was washed with water ¥4100 mL) followed by brine
380 mmol) in water (60 mL). The mixture was stirred at room (200 mL). The organic phase was then dried over anhydrous MgSO
temperature for 90 min, over which time it became homogeneous. The and concentrated in vacuo to give-)¢11 (24.2 g, 93% vyield) as a
solution was concentrated in vacuo to give a solid massngpehtane light yellow oil that was used without further purification. Analytical
(1.2 L) was added followed by pivalaldehyde (62.3 mL, 574 mmol). sample: {1]%3 +27.2° (c 2.17, CHC}); IR (CHCls) 3425 (m), 3030
The flask was fitted with a DearStark trap, and the mixture was heated (m), 2970 (m), 1730 (s), 1505 (s), 1245 (s) ¢mtH NMR (500 MHz,
to gentle reflux at 45C for 72 h. The heat was then removed, and the CDCl) 6 7.31 (m, 5 H), 5.90 (s, 1 H), 5.54 (ddddl= 17.5, 10.3, 7.4,
mixture was concentrated in vacuo to provide a white solid that was 7.4 Hz, 1 H), 5.08 (dJ = 12.8 Hz, 1 H), 5.05 (dJ = 12.8 Hz, 1 H),
azeotropically dried with toluene (800 mL) and stored under vacuum 5.00 (m, 2 H), 3.72 (s, 3 H), 3.11 (dd,= 13.7, 7.1 Hz, 1 H), 2.41
for 16 h. A suspension of the dried salt in @, (1 L) was cooled to (dd,J=13.9, 7.6 Hz, 1 H), 2.36 (dd,= 14.1, 5.0 Hz, 1 H), 1.66 (dd,
0 °C in an ice bath, benzyl chloroformate (81.6 mL, 572 mmol) was J= 14.1, 7.6 Hz, 1 H), 1.56 (apparent nongt= 6.6 Hz, 1 H), 0.86
added, and the mixture was stirred at® for 16 days. Water (400 (d,J = 6.6 Hz, 3 H), 0.75 (dJ = 6.6 Hz, 3 H);'3*C NMR (125 MHz,
mL) and a catalytic quantity of (dimethylamino)pyridine (DMAP) were  CDCl) 6 174.25, 153.93, 136.72, 132.15, 128.40, 127.95, 127.86,
then added while the mixture was still cold. The biphasic system that 118.81, 66.15, 63.51, 52.44, 43.70, 40.73, 24.49, 23.71, 22.49; high-
resulted was warmed to room temperature and stirred for 16 h. The resolution mass spectrum (CI, WHNn/z 320.1861 [(M+ H)*], calcd
mixture was then extracted with EtOAc (1 L), and the organic phase for CygHsNO4 320.1862.
was washed with 10% aqueous NaHS&aturated aqueous NaHgO Anal. Calcd for GgHosNO.: C, 67.69; H, 7.89. Found: C, 67.50;
and brine (1 L each), dried over anhydrous MgSé&hd concentrated H, 8.09.
in vacuo. The residue was purified by flash chromatography using ethyl  Acetonides ¢)-12a and (—)-12b. To a solution of ¢)-11 (152.0
acetate-hexanes (1:19) as eluant to afford)¢10 (73.7 g, 58% yield) mg, 0.476 mmol) in an 8:1 mixture of acetone and water (13.5 mL)
as a colorless oil: ({]?f —40.6° (c 1.045, CHCYJ); IR (CHCL) 3015 was addedN-methylmorpholineN-oxide (111.5 mg, 0.952 mmol)
(w), 2955 (s), 1790 (s), 1715 (s), 1390 (m), 1330 (m), 1035 (n)*em  followed by a catalytic amount of osmium tetroxide. The solution was
H NMR (500 MHz, CDC}) 6 7.34 (m, 5 H), 5.53 (s, 1 H), 5.16 (d, protected from light, stirred for 16 h, and then quenched by addition
J=11.9 Hz, 1 H), 5.13 (dJ = 11.9 Hz, 1 H), 4.31 (apparentd,= of freshly prepared 10% aqueous NaHS@0 mL). The resulting
6.6 Hz, 1 H), 1.98 (nonet] = 6.6 Hz, 1 H), 1.77 (ddd) = 13.8, 7.9, mixture was next extracted with EtOAc (50 mL), the organic phase
6.4 Hz, 1 H), 1.63 (dddJ = 13.8, 7.9, 6.1 Hz, 1 H), 0.94 (s, 9 H),  was washed with brine (50 mL), dried over anhydrous MgSfd
0.91 (d,J = 3.3 Hz, 3 H), 0.90 (dJ = 3.3 Hz, 3 H);:3C NMR (125 concentrated in vacuo, and the residue purified by flash chromatography
MHz, CDCk) ¢ 172.98, 156.03, 135.25, 128.65, 96.29, 68.36, 55.56, using methanetmethylene chloride (1:19) as eluant to afford the diols
42.47,36.94, 25.02, 24.98, 22.73, 21.97; high-resolution mass spectrum(135.5 mg, 81% yield) as a colorless oil consisting of an inseparable

(Cl, NH3) m/z 334.2023 [(M+ H)7], calcd for GgH»gNO, 334.2018. mixture of diastereomers that was used without further characterization.
Anal. Calcd for GoH2/NO4: C, 68.44; H, 8.16. Found: C, 68.52; To a solution of the diols (2.20 g, 6.26 mmol) in 2,2-dimethoxy-
H, 8.27. propane (15 mL, 122 mmol) was added a catalytic amoupt t§OH.

Olefin (+)-11.To a—78°C solution of ()-10(30.0 g, 90.0 mmol) The solution was stirred at room temperature Zoh and was then
in THF (360 mL) was added 0.5 M KHMDS in toluene (216 mL, 108.0 diluted with EtO (100 mL). The resulting mixture was washed with
mmol) at a rate that maintained an internal temperature no higher thansaturated aqueous NaHg@llowed by brine (50 mL each). The
—70°C. The resulting yellow solution was stirred for 15 min, and then organic phase was then dried over anhydrous Mg$@ncentrated in
freshly distilled allyl bromide (11.7 mL, 135 mmol) was added dropwise vacuo, and purified by flash chromatography using ethyl acetate
via syringe, again maintaining an internal temperature less ti&h hexanes (1:4) as eluant to give)t12a (R 0.45, 1.16 g) and-f)-12b
°C. The solution was stirred for 15 min at78 °C and was then (R: 0.38, 874 mg) in 83% combined yield.
quenched at78°C by pouring into 10% aqueous NaH$(B00 mL). Acetonide @)-12a [a]Z +27.2 (c 2.405, CHCY); IR (CHC)
The resulting biphasic mixture was extracted with EtOAc (500 mL), 3405 (m), 3000 (m), 2950 (m), 1720 (s), 1500 (s), 1240 (s), 1060 (s)
and the organic phase was washed with saturated agueous NaHCOcm™%; 'H NMR (500 MHz, CDC}) 6 7.31 (m, 5 H), 6.14 (s, 1 H),
and brine (500 mL each), dried over anhydrous MgSfdd concen- 5.07 (d,J=12.4 Hz, 1 H), 5.04 (dJ = 12.4 Hz, 1 H), 3.98 (m, 2 H),
trated in vacuo. The resulting orange oil was purified by flash 3.71 (s, 3 H), 3.44 (apparentd,= 6.7 Hz, 1 H), 2.57 (ddJ = 14.0,
chromatography using ethyl acetatgexanes (1:9) as eluant to afford 2.9 Hz, 1 H), 2.33 (dd) = 14.2, 5.7 Hz, 1 H), 2.01 (dd, = 14.0, 9.2
the alkylated oxazolidinone (30.35 g, 90% yield) as a colorless oil: Hz, 1 H), 1.62 (dd,J = 14.4, 6.9, 1 H), 1.50 (apparent septet: 6.6
[0]2 —2.2° (c 1.66, CHC}); IR (CHCI3) 3020 (m), 2965 (m), 1790 Hz, 1 H), 1.29 (s, 3 H), 1.24 (s, 3 H), 0.84 (@l= 6.6 Hz, 3 H), 0.75
(s), 1715 (s), 1330 (s), 1290 (m) cf*H NMR (500 MHz, CDC}) & (d, J = 6.6 Hz, 3 H);'3C NMR (125 MHz, CDC{) 6 174.42, 153.98,
7.34 (m, 5 H), 5.44 (m, 2 H), 5.19 (d,= 11.9 Hz, 1 H), 5.05 (apparent ~ 136.61, 128.43, 128.03, 127.87, 108.90, 71.65, 69.21, 66.25, 61.50,
t,J=10.5Hz, 2 H), 4.96 (d)=17.0 Hz, 1 H), 3.11 (brs, 1 H), 2.42  52.40, 44.09, 41.00, 26.61, 25.48, 24.40, 23.64, 22.83; high-resolution
(apparent ddt) = 13.9, 6.2, 1.3 Hz, 1 H), 2.06 (br s, 1 H), 1.92 (dd, mass spectrum (Cl, Njinvz 394.2242 [(M+ H)*], calcd for GiHsx-
J=14.6,5.8 Hz, 1 H), 1.85 (dd, = 14.6, 5.2 Hz, 1 H), 0.94 (s, 9 H), NOs 394.2229.
0.93 (d,J = 7.2 Hz, 3 H), 0.91 (dJ = 6.7 Hz, 3 H);:3C NMR (125 Anal. Calcd for G;H31NOg: C, 64.10; H, 7.94. Found: C, 64.31;
MHz, CDCk) 6 174.34, 135.16, 130.57, 128.82, 128.63, 121.31, 95.17, H, 7.97.
67.81, 67.15, 46.19, 37.97, 25.63, 24.81, 24.59, 23.62; high-resolution ~ Acetonide ()-12b: [0]Z® —0.% (c 0.82, CHCH); IR (CHCl)

mass spectrum (Cl, N§invz 374.2337 [(M+ H)], calcd for GoHa 3415 (m), 3015 (m), 2960 (s), 1725 (s), 1500 (s), 1240 (s), 1065 (s)

NO, 374.2331. cm % H NMR (500 MHz, CDC4) 6 7.31 (m, 5 H), 5.88 (s, 1 H),
Anal. Calcd for Go:Hz:iNO,: C, 70.75; H, 8.37. Found: C, 70.67; 5.06 (apparents, 2 H), 3.95 (m, 1 H), 3.89 (dds 7.7, 6.1 Hz, 1 H),

H, 8.57. 3.73 (s, 3 H), 3.39 (apparentt,= 7.6 Hz, 1 H), 2.62 (ddJ = 14.3,

A heterogeneous mixture of the alkylated oxazolidinone (30.35 g, 7.0 Hz, 1 H), 2.26 (ddJ = 13.9, 5.1 Hz, 1 H), 1.96 (dd,= 14.5, 4.4
81.3 mmol) in MeOH ad 1 N aqueous NaOH (350 mL each) was Hz, 1 H), 1.74 (ddJ = 14.1, 7.0 Hz, 1 H), 1.59 (m, 1 H), 1.30 (s, 3
heated at reflux for 8 h. The resulting homogeneous solution was cooledH), 1.27 (s, 3 H), 0.86 (d] = 6.6 Hz, 3 H), 0.77 (dJ = 6.6 Hz, 3 H);
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13C NMR (125 MHz, CDC¥) 6 174.39, 154.34, 136.74, 128.46, 128.01,
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16 h. The solution was then concentrated in vacuo and the resulting

127.95, 108.91, 72.64, 69.32, 66.27, 62.01, 52.51, 44.35, 39.43, 26.62 white solid purified by flash chromatography using ethyl acetate

25.79, 24.22, 23.79, 22.82; high-resolution mass spectrum (C}§) NH
m/z 394.2236 [(M+ H)*], calcd for GiH3,NOs 394.2229.

Anal. Calcd for GiH3:1NOe: C, 64.10; H, 7.94. Found: C, 63.80;
H, 7.96.

Amino Ester (—)-6. To a mixture of {+)-12a(5.0341 g, 12.9 mmol)
and 10% Pd/C (1.0 g) in absolute EtOH (51 mL) was added freshly
distilled cyclohexene (10.56 g, 128.6 mmol). The mixture was then
heated at reflux for 15 min, cooled to room temperature, filtered, and
concentrated in vacuo. The residue was further purified by adding
CHClI; (100 mL), filtering the resulting suspension, and then concen-
trating the clear solution in vacuo. This procedure gave (3.2899
g, 99% vyield) as a colorless oil that was used without further
purification. Analytical sample: ]2 —1.3 (c 1.015, CHCJ); IR
(CHClz) 2955 (s), 1760 (s), 1380 (m), 1370 (m), 1225 (s), 1155 (m),
1135 (m), 1065 (m) cm; *H NMR (500 MHz, CDC}) 6 4.19 (dddd,
J=18.8,6.9,6.1, 4.1 Hz, 1 H), 4.05 (di= 8.0, 6.1 Hz, 1 H), 3.67 (s,

3 H),3.50 (ddJ=7.9, 7.1 Hz, 1 H), 2.12 (dd = 13.9, 8.8 Hz, 1 H),
1.73 (dd,J = 13.4, 7.4 Hz, 1 H), 1.65 (dd] = 13.9, 4.1 Hz, 1 H),
1.64 (m, 3 H), 1.48 (dd) = 13.4, 4.4 Hz, 1 H), 1.33 (s, 3 H), 1.29 (s,
3 H), 0.92 (dJ= 6.5 Hz, 3 H), 0.81 (dJ = 6.5 Hz, 3 H);'*C NMR
(125 MHz, CDC}) 6 177.63, 108.92, 71.98, 70.01, 59.11, 51.93, 49.53,

hexanes (1:4) as eluant to yield the aldehyde (904.5 mg, 98% vyield) as
a light yellow oil: [0]2 +5.8° (c 1.670, CHCY); IR (CHC;) 3410

(m), 3020 (m), 2975 (m), 1740 (s), 1725 (s), 1500 (s), 1240 (s)cm

'H NMR (500 MHz, CDC}) 6 9.58 (s, 1 H), 7.31 (m, 5 H), 6.06 (s, 1
H), 5.07 (d,J = 12.3 Hz, 1 H), 5.00 (dJ = 12.3 Hz, 1 H), 3.74 (s, 3

H), 3.71 (d,J=17.9 Hz, 1 H), 2.90 (dJ = 17.9, 1 H), 2.34 (m, 1 H),
1.55 (m, 2 H), 0.85 (dJ = 6.3 Hz, 3 H), 0.77 (dJ = 6.3 Hz, 3 H);

13C NMR (125 MHz, CDC¥) 6 198.91, 173.25, 154.18, 136.34, 128.45,
128.06, 127.82, 66.42, 59.53, 52.85, 49.79, 44.03, 23.88, 23.62, 23.07;
high-resolution mass spectrum (Cl, j)Hwz 322.1659 [(M+ H)*],

calcd for G7H24NOs 322.1654.

To a solution of the aldehyde (8.80 g, 27.4 mmol) in MeOH (24
mL) was added trimethyl orthoformate (24 mL, 219 mmol) and a
catalytic quantity ofp-TsOH. The solution was heated at reflux with
stirring for 2 h and was then diluted with £2 (300 mL). The mixture
was washed with saturated aqueous Nak&a brine (100 mL each),
and the organic phase was then dried over anhydrous M@0
concentrated in vacuo. Flash chromatography using ethyl aeetate
hexanes (1:4) as eluant then afforded the dimethyl acetal (9.47 g, 94%
yield) as a pale yellow oil: ¢]3 +13.0° (c 1.625, CHCJ); IR
(CHCls) 3410 (m), 3005 (m), 2955 (m), 1720 (s), 1495 (s), 1235 (s),

45.32, 26.69, 25.64, 24.74, 24.11, 23.01; high-resolution mass spectrum1050 (s) cm®; IH NMR (500 MHz, CDC}) 6 7.31 (m, 5 H), 6.06 (s,

(CI, NH3) mVz 260.1873 [(M+ H)™], calcd for GsH2eNO4 260.1862.
Olefin (+)-13.In a procedure analogous to the preparatiorgf
11, a—78°C solution of ()-10(37.6 g, 113 mmol) in THF (450 mL)
was treated with 0.5 M KHMDS in toluene (271 mL, 136 mmol)
followed by freshly distilled prenyl bromide (19.5 mL, 169 mmol).
Workup and flash chromatography using ethyl acetagxanes (1:9)

1H),5.08 (dJ=12.4 Hz, 1 H), 5.05 (dJ = 12.4 Hz, 1 H), 4.20 (dd,
J=28.4,2.6Hz, 1H), 3.70 (s, 3 H), 3.21 (s, 3 H), 3.20 (s, 3 H), 2.67
(dd,J=14.1, 2.6 Hz, 1 H), 2.32 (dd, = 14.2, 5.6 Hz, 1 H), 2.06 (dd,
J=14.1, 8.4 Hz, 1 H), 1.62 (dd,= 14.2, 7.0 Hz, 1 H), 1.50 (apparent
nonet,J = 6.7 Hz, 1 H), 0.84 (dJ = 6.7 Hz, 3 H), 0.74 (dJ) = 6.7
Hz, 3 H); 13C NMR (125 MHz, CDC}) 6 174.43, 153.91, 136.75,

as eluant then afforded the alkylated oxazolidinone (42.58 g, 94% yield) 128.45, 128.03, 127.99, 102.50, 66.24, 60.92, 55.07, 53.34, 52.37, 43.81,

as a colorless oil: ]2 +32.3 (c 7.95, CHC}); IR (CHCl) 3020
(m), 2960 (m), 1790 (s), 1710 (s), 1325 (s), 1185 (s)y EnH NMR
(500 MHz, CDC}) 6 7.33 (m, 5 H), 5.40 (s, 1 H), 5.21 (d,= 12.0
Hz, 1 H), 5.01 (dJ = 12.0 Hz, 1 H), 4.73 (apparentd,= 7.6 Hz, 1
H), 3.04 (br s, 1 H), 2.41 (ddl = 14.6, 6.9 Hz, 1 H), 2.10 (br s, 1 H),
1.92 (dd,J = 14.6, 5.8 Hz, 1 H), 1.85 (dd] = 14.6, 5.2 Hz, 1 H),
1.60 (s, 3 H), 1.51 (s, 3 H), 0.94 (s, 9 H), 0.92 (apparedtt,7.1 Hz,
7H); 13C NMR (125 MHz, CDC4) 6 174.67, 137.79, 135.31, 128.57,

39.87, 24.32, 23.72, 22.84; high-resolution mass spectrum (FAB,
p-nitrobenzyl alcoholywz 390.1899 [(M+ Na)'], calcd for GoHzg-
NOgNa 390.1893.

Anal. Calcd for GgH2gNOe: C, 62.11; H, 7.96. Found: C, 62.19;
H, 7.74.

In a procedure analogous to the preparation-9f§, a mixture of
the dimethyl acetal (13.1 g, 36.9 mmol), 10% Pd/C (2.6 g), and freshly
distilled cyclohexene (30.3 g, 369 mmol) in absolute EtOH (147 mL)

128.54, 128.49, 115.94, 95.13, 67.68, 67.42, 46.16, 37.94, 26.03, 25.66was heated at reflux for 15 min. The mixture was then filtered and

24.81, 24.59, 23.68, 17.99; high-resolution mass spectrum (C}§) NH
m/z 402.2639 [(M+ H)*], calcd for G4HzsNO, 402.2644.

Anal. Calcd for GsHssNO4: C, 71.79; H, 8.79. Found: C, 71.54;
H, 8.86.

In a procedure analogous to the preparationfof{1, a heteroge-
neous mixture of the alkylated oxazolidinone (42.58 g, 106 mmol) in
MeOH ard 1 N aqueous NaOH (350 mL each) was heated at reflux

concentrated in vacuo to give-}-8 (8.10 g, 99% yield) as a light yellow

oil that was used without further purification. Analytical sample:
[0]2® —22.7 (c 2.37, CHC}); IR (CHCly) 3680 (w), 3380 (w), 3000
(m), 2955 (s), 1760 (s), 1225 (m), 1195 (m), 1125 (s), 1075 (m), 1045
(m) cn?; 'H NMR (500 MHz, CDC}) 6 4.37 (apparent t] = 5.6 Hz,

1 H), 3.64 (s, 3H), 3.26 (s, 3 H), 3.23 (s, 3 H), 2.05 (des 14.1, 5.6

Hz, 1 H), 1.86 (br s, 2 H), 1.77 (dd,= 14.1, 5.6 Hz, 1 H), 1.65 (m,

for 8 h. The resulting homogeneous solution was worked up, and a 0 2 H), 1.46 (m, 1 H), 0.88 (dJ = 6.4 Hz, 3 H), 0.77 (dJ = 6.4 Hz,

°C solution of the crude residue in anhydrous DMF (43 mL) was treated
with K2CO;s (43 g) and iodomethane (13.2 mL, 212 mmol). The mixture

3 H); 3C NMR (125 MHz, CDC}) ¢ 177.79, 102.38, 58.69, 53.32,
53.23, 51.81, 49.72, 43.47, 24.69, 23.82, 22.77; high-resolution mass

was stirred and warmed to room temperature over 16 h and was thenspectrum (Cl, NH) nvVz 234.1707 [(M+ H)*], calcd for GiH24NO4

worked up and concentrated in vacuo to give)-{3 (33.16 g, 90%
yield for two steps) as a light yellow oil that was used without further
purification. Analytical sample: d]2® +39.¢° (c 1.655, CHCY); IR
(CHCIz) 3420 (m), 3020 (m), 2960 (m), 1720 (s), 1500 (s), 1235 (s)
cm; 'H NMR (500 MHz, CDC}) 6 7.30 (m, 5 H), 5.88 (s, 1 H),
5.07 (d,J=12.5 Hz, 1 H), 5.04 (d) = 12.5 Hz, 1 H), 4.85 (apparent
t,J = 7.3 Hz, 1 H), 3.70 (s, 3 H), 3.02 (dd,= 14.3, 7.4 Hz, 1 H),
2.39 (m, 2 H), 1.67 (ddJ = 14.1, 7.7, 1 H), 1.62 (s, 3 H), 1.55 (m, 1
H), 1.50 (s, 3 H), 0.86 (d] = 6.6 Hz, 3 H), 0.74 (dJ = 6.6 Hz, 3 H);

3C NMR (125 MHz, CDC{) 6 174.68, 153.96, 136.84, 135.64, 128.43,

234.1705.

Anal. Calcd for GiH23NO4: C, 56.63; H, 9.94. Found: C, 56.40;
H, 10.16.

Aldehyde (+)-9. To a 0°C solution of R)-5-methyl-2-(2-methyl-
propyl)-4-hexen-1-df (245.7 mg, 1.44 mmol) in C¥Ll, (0.72 mL)
was added diisopropylethylamine (932 mg, 7.21 mmol) followed by
trimethylsilylethoxymethyl chloride (SEMCI; 722 mg, 4.33 mmol). The
resultant red solution was stirred for 20 min at room temperature and
was then diluted with EO (30 mL). This solution was then washed
with water (30 mL), and the organic phase was dried over anhydrous

127.94,117.62, 66.10, 63.65, 52.36, 43.77, 35.43, 25.91, 24.57, 23.79MgSQO, and concentrated in vacuo. The residue was then purified by

22.50, 17.72; high-resolution mass spectrum (ClNid/z 348.2182
[(M + H)*], calcd for GoH3oNO4 348.2174.

Anal. Calcd for GoH20NO4: C, 69.14; H, 8.41. Found: C, 68.98;
H, 8.25.

Amino Ester (—)-8. A —78 °C solution of (+)-13 (1.00 g, 2.88
mmol) in CH,Cl, (32 mL) was saturated with ozone until a blue color

flash chromatography using ethyl acetatexanes (1:49) as eluant to
provide the SEM ether (376.2 mg, 87% vyield) as a colorless oil:
[0]2 —0.2° (c 1.75, CHCH); IR 3015 (m), 2965 (s), 2935 (s), 1255
(m), 1060 (s), 1030 (s), 860 (s), 835 (s) ¢n'H NMR (500 MHz,
CDCls) 6 5.09 (apparent ttJ = 7.3, 1.4 Hz, 1 H), 4.61 (s, 2 H), 3.59
(m, 2 H), 3.36 (apparent dg), = 9.5, 5.7 Hz, 2 H), 1.99 (apparent

persisted. The solution was then purged with argon until the blue color dsept,J = 7.1, 7.1 Hz, 2 H), 1.66 (s, 3 H), 1.64 (m, 2 H), 1.57 (s, 3

dissipated; P4 (1.13 g, 4.31 mmol) was then added. The resulting

H), 1.13 (m, 2 H), 0.90 (m, 2 H), 0.85 (d,= 6.6, 6 H),—0.01 (s, 9

solution was stirred and warmed to room temperature under argon for H); 3C NMR (125 MHz, CDC}) § 132.27, 122.59, 95.01, 70.68, 64.83,
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40.85, 36.75, 30.03, 25.80, 25.72, 25.34, 22.87, 18.14, 17.I5.5;
high-resolution mass spectrum (Cl, BHn/z 318.2823 [(M+ NH,) "],
calcd for G/H4NO,Si 318.2828.

In a procedure analogous to the preparation-9f8, ozonolysis of
a —78 °C solution of the SEM ether (12.10 g, 40.3 mmol) in H
(370 mL) followed by treatment with BR (13.20 g, 50.3 mmol) gave
(+)-9 (8.18 g, 74% yield) as a light yellow oil after workup and flash
chromatography using ethyl acetateexanes (1:19) as eluanta]f’
+15.8 (c 1.56, CHC}); IR 3000 (m), 2960 (s), 1725 (s), 1250 (m),
1055 (s), 1030 (s), 855 (s), 830 (s) ch'H NMR (500 MHz, CDC})
09.74 (ddJ = 2.5, 1.9 Hz, 1 H), 4.60 (d) = 6.7 Hz, 1 H), 4.58 (d,
J=6.7 Hz, 1 H), 3.55 (apparent di,= 8.4, 1.6 Hz, 2 H), 3.52 (dd,
J=9.6, 4.2 Hz, 1 H), 3.32 (dd] = 9.6, 7.2 Hz, 1 H), 2.42 (m, 1 H),
2.31 (m, 2 H), 1.60 (m, 1 H), 1.18 (m, 2 H), 0.90 (m, 2 H), 0.891d,
= 6.6 Hz, 3 H), 0.87 (dJ = 6.6 Hz, 3 H),—0.01 (s, 9 H);**C NMR
(125 MHz, CDC¥}) 6 202.34, 94.88, 70.68, 65.13, 47.17, 40.96, 31.92,
25.26, 22.71, 22.59, 18.1%+,1.45; high-resolution mass spectrum (Cl,
NHz) m/z 292.2302 [(M+ NHg)*], calcd for G4HsNOsSi 292.2308.

Aldehyde (—)-7. To a solution of )-8 (6.60 g, 29.8 mmol) in
benzene (31 mL) was added a solution #§-9 (8.18 g, 29.8 mmol)
in benzene (31 mL). Condensation was effected by allowing the solution
to stir for 20 min and then allowing it to stand undisturbed for 2 h.
The highly turbid mixture was concentrated in vacuo, and the residue
was azeotropically dehydrated with additional benzene @2 mL).

To a solution of the residue in THF (310 mL) was added 0.5 M
KHMDS in toluene (238 mL, 119 mmol) rapidly via addition funnel.
The resulting dark amber solution was stirred for 15 min, quenched by
addition of 10% aqueous NaHSCB00 mL), and diluted with EtOAc

(600 mL). The mixture was then washed with saturated aqueous

NaHCQG; followed by brine (500 mL each). The organic phase was
next dried over anhydrous MgeQoncentrated in vacuo, and purified
by flash chromatography using ethyl acetalfiexanes (2:3) as eluant
to give the monopyrrolinone (10.64 g, 78% yield) as a yellow oil:
[a]3 +36.8 (c 1.295, CHCY); IR 3425 (w), 3005 (m), 2960 (s), 1665
(m), 1585 (m), 1250 (m), 1120 (m), 1060 (s), 860 (M), 835 (m)Em
H NMR (500 MHz, CDC}) 6 7.74 (d,J = 3.8 Hz, 1 H), 5.64 (dJ =

3.5 Hz, 1 H), 4.59 (dJ = 6.6 Hz, 1 H), 4.57 (dJ = 6.6 Hz, 1 H),
4.42 (dd,J = 7.2, 4.3 Hz, 1 H), 3.55 (m, 3 H), 3.42 (dd= 9.4, 5.9
Hz, 1 H), 3.31 (s, 3 H), 3.25 (s, 3 H), 2.72 (dddd= 9.2, 5.8, 5.8, 5.8
Hz, 1 H), 1.88 (ddJ = 14.4, 4.3 Hz, 1 H), 1.61 (m, 2 H), 1.48 (m, 3
H), 1.39 (m, 2 H), 0.89 (m, 2 H), 0.84 (d,= 2.2 Hz, 3 H), 0.83 (d,
J=2.2Hz,3H),0.81 (d) = 6.3 Hz, 3H), 0.77 (dJ = 6.3 Hz, 3 H);

13C NMR (125 MHz, CDC}) 6 203.83, 161.31, 114.56, 102.45, 95.01,
70.88, 67.98, 64.90, 53.98, 53.36, 43.63, 40.49, 40.31, 31.81, 25.57
24.30, 24.26, 24.18, 23.29, 22.07, 18.61,.45; high-resolution mass
spectrum (Cl, NH) n/z 458.3323 [(M+ H)*], calcd for G4HsNOsSi
458.3301.

Anal. Calcd for G4H47;NOsSi: C, 62.98; H, 10.35. Found: C, 62.79;
H, 10.28.

To a solution of the monopyrrolinone (1.5074 g, 3.29 mmol) in a
3:1 mixture of THF and water (60 mL) was added’sOH (627 mg,
330 mmol). The solution was heated at 85 for 3 h and was then
cooled to room temperature and diluted with.&t(200 mL). The
mixture was washed with saturated aqueous Nakl&@@ brine (100
mL each). The organic phase was then dried over anhydrous MgSO
concentrated in vacuo, and purified by flash chromatography using
methanot-methylene chloride (1:24) as eluant to providg-{7 (1.0780
g, 80% yield) as a yellow oil: ]3 —49.5 (c 1.275, CHCJ); IR
(CHCIz) 3460 (w), 3020 (m), 2970 (s), 1665 (s), 1585 (m), 1255 (s),
1060 (s), 1030 (s), 860 (s), 835 (s) th*H NMR (500 MHz, CDC})

0 9.55 (d,J = 2.8 Hz, 1 H), 7.79 (dJ = 3.8 Hz, 1 H), 5.65 (br dJ

= 3.2 Hz, 1 H), 4.59 (apparent s, 2 H), 3.56 (m, 3 H), 3.44 (e,
9.4,5.5Hz, 1 H), 2.72 (m, 2 H), 2.54 (d= 16.6 Hz, 1 H), 1.69 (dd,
J=14.0,5.5Hz, 1 H), 1.63 (ddl = 14.0, 6.8 Hz, 1 H), 1.54 (m, 1
H), 1.46 (m, 1 H), 1.39 (m, 2 H), 0.90 (apparent dds 9.1, 7.7 Hz,

2 H), 0.85 (m, 9 H), 0.78 (dJ = 6.6 Hz, 3 H),—0.01 (s, 9 H);**C
NMR (125 MHz, CDC}) 6 202.51, 200.25, 161.01, 114.33, 95.01,

70.58, 67.42, 65.00, 50.52, 44.41, 40.35, 31.84, 25.61, 24.31, 24.27,

23.76, 23.21, 22.09, 18.16,1.42; high-resolution mass spectrum (Cl,
NH3) m/z 412.2876 [(M+ H)*], calcd for GoH4iNO,Si 412.2883.

Smith et al.

Anal. Calcd for GoHaoNO4Si: C, 64.19; H, 10.04. Found: C, 63.90;
H, 10.12.

Bispyrrolinone (+)-15. To a solution of {)-7 (3.4555 g, 13.4
mmol) in benzene (13.5 mL) was added a solution-6f-6 (5.5285 g,
13.4 mmol) in benzene (13.5 mL). Condensation was effected by
allowing the solution to stir for 20 min and then by allowing it to stand
undisturbed for 2 h. The highly turbid mixture was concentrated in
vacuo, and the residue was azeotropically dehydrated with additional
benzene (7 27 mL).

To a solution of the residue in THF (134 mL) was added 0.5 M
KHMDS in toluene (121 mL, 60.5 mmol) rapidly via addition funnel.
The resulting dark amber solution was stirred for 15 min, quenched by
addition of 10% aqueous NaH$(00 mL), and extracted with EtOAc
(400 mL). The mixture was then washed with saturated aqueous
NaHCG; followed by brine (300 mL each); the organic phase was dried
over anhydrous MgSg concentrated in vacuo, and purified by flash
chromatography using methanohethylene chloride (3:97) as eluant
to give the bispyrrolinone (6.3474 g, 76% vyield) as a yellow oil:
[0]2® —165.6 (c 0.215, CHCY); IR (CHCIs) 3435 (w), 2970 (s), 2880
(s), 1740 (s), 1655 (m), 1585 (m), 1380 (s), 1255 (s), 1050 (s}cm
H NMR (500 MHz, CDC}) 6 8.16 (d,J = 4.1 Hz, 1 H), 7.76 (dJ =
3.8 Hz, 1 H), 6.96 (dJ = 3.7 Hz, 1 H), 6.23 (dJ = 4.0 Hz, 1 H),
4.58 (s, 2 H), 4.33 (dddd} = 10.0, 6.6, 6.6, 3.0 Hz, 1 H), 4.03 (dd,
=8.1, 6.0 Hz, 1 H), 3.55 (apparent dt= 8.0, 1.1 Hz, 2 H), 3.51 (dd,
J=9.4,5.0Hz, 1 H), 3.43 (m, 2 H), 2.74 (m, 1 H), 1.84 (m, 1 H),
1.79 (dd,J = 14.2, 3.0 Hz, 1 H), 1.67 (dd] = 13.9, 5.9 Hz, 1 H),
1.57 (m, 3 H), 1.43 (ddJ = 14.2, 10.5 Hz, 1 H), 1.36 (s, 3 H), 1.33
(m, 4 H), 1.32 (s, 3 H), 0.89 (m, 2 H), 0.83 (@= 6.4 Hz, 3 H), 0.79
(m, 9 H), 0.73 (dJ = 6.9 Hz, 3 H), 0.65 (dJ = 6.6 Hz, 3 H),—0.02
(s, 9 H);*C NMR (125 MHz, CDC}) 6 203.29, 202.98, 161.96, 160.63,
113.49, 110.47, 109.51, 94.97, 72.26, 71.35, 70.00, 69.65, 67.62, 64.88,
47.24, 42.34, 41.39, 40.73, 31.34, 26.97, 25.62, 25.58, 24.84, 24.46,
24.12,24.10, 23.95, 23.71, 23.51, 21.83, 18:08,43; high-resolution
mass spectrum (Cl, Ngi m/z 621.4315 [(M + H)*], calcd for
Cs4He1N206Si 621.4298.

To a—78°C solution of the bispyrrolinone (794.4 mg, 1.28 mmol)
in THF (13 mL) was added 1.0 M NaHMDS in THF (3.84 mL, 3.84
mmol). The solution was stirred for 10 min, allyl chloroformate (616.8
mg, 5.12 mmol) was added dropwise via syringe, and the solution was
stirred for 30 min. The solution was then poured into 10% aqueous
NaHSQ (50 mL) and diluted with EtOAc (100 mL). The resulting
mixture was washed with saturated aqueous Nagfol@wed by brine
(50 mL). The organic phase was then dried over anhydrous MgSO
concentrated in vacuo, and purified by flash chromatography using ethyl

'acetate-hexanes (1:4) as eluant to provide)¢15 (894.9 mg, 89%

yield) as a light yellow oil: §]2°+80.6 (c 1.27, CHC}); IR (CHCI3)
2960 (m), 1730 (s), 1705 (s), 1610 (m), 1400 (s), 1230 (s), 1060 (s)
cm % H NMR (500 MHz, CDC}) 6 8.39 (br m, 2 H), 5.91 (br m, 2
H), 5.32 (br m, 4 H), 4.64 (brm, 7 H), 3.81 (br s, 1 H), 3.53 (br m, 5
H), 2.79 (br s, 1 H), 2.38 (br dd = 13.2, 5.4 Hz, 1 H), 2.14 (br m,
2 H), 1.60 (br m, 2 H), 1.43 (br m, 2 H), 1.28 (br s, 3 H), 1.24 (br s,
7 H), 0.91 (apparent t] = 9.7 Hz, 2 H), 0.86 (dJ = 6.5 Hz, 3 H),
0.82 (br m, 6 H), 0.78 (d) = 6.6 Hz, 3 H), 0.72 (dJ = 6.6 Hz, 3 H),
0.59 (br m, 3 H);~0.01 (s, 9 H)3C NMR (125 MHz, CDC}) 6 199.80,
155.36, 154.52, 154.16, 148.48, 131.81, 131.42, 123.44, 120.43, 119.89,
118.84, 107.63, 95.02, 71.43, 71.14, 69.86, 69.08, 67.73, 67.29, 66.87,
65.09, 45.36, 44.50, 42.08, 41.40, 40.26, 40.09, 31.80, 29.67, 26.54,
25.91, 25.63, 25.19, 24.29, 23.73, 23.48, 23.26, 23.12, 22.14, 18.12,
—1.42; high-resolution mass spectrum (FABnitrobenzyl alcohol)
m/z 811.4532 [(M+ Na)*], calcd for GoHssN2O10SiNa 811.4541.

Anal. Caled for GHegN2010Si: C, 63.93; H, 8.69. Found: C, 64.01;
H, 8.73.

Tosylate (+)-16. To a solution of §)-15 (7.6385 g, 9.68 mmol) in
HOACc (230 mL) and MeOH (76 mL) was added a catalytic amount of
p-TsOH. The solution was stirred at 3€ and carefully monitored by
TLC analysis using ethyl acetathexanes (1:1) as eluant until most
of the starting material had been consumed (ca. 45 min). The solution
was cooled and was then diluted with EtOAc (500 mL). The resultant
mixture was carefully washed with saturated aqueous NaH@C
300 mL, or until basic to litmus) and brine (300 mL). The organic
phase was then dried over anhydrous Mg&@ concentrated in vacuo.
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Purification of the residue by flash chromatography using ethyl acetate
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p-nitrobenzyl alcoholy/z 833.3380 [(M+ Na)'], calcd for GeHgaN2Og-

hexanes (11:9) as eluant, followed by resubjection of the recovered BrSiNa 833.3384.

starting material to the reaction conditions, gave the diol (5.4933 g,
76% overall yield) as a light yellow oil: of]3® +143.4 (c 1.585,
CHCl); IR (CHCl3) 3510 (w), 3020 (m), 2970 (m), 1710 (s), 1610
(m), 1405 (s), 1255 (s), 1235 (s), 1060 (m), 1040 (my&mH NMR
(500 MHz, CDC¥) 6 8.42 (br m, 2 H), 5.92 (br m, 2 H), 5.31 (br m,
4 H), 4.67 (br m, 7 H), 3.53 (br m, 5 H), 3.31 (br m, 3 H), 2.90 (br d,
J=4.8Hz, 1H),2.77 (br m, 1 H), 2.35 (dd,= 13.5, 5.6 Hz, 1 H),
2.13 (br m, 1 H), 2.03 (br m, 1 H), 1.84 (br m, 1 H), 1.63 (br m, 1 H),
1.53 (br m, 1 H), 1.41 (br m, 3 H), 1.19 (br m, 1 H), 0.89 (apparent t,
J= 8.3 Hz, 2 H), 0.81 (br m, 12 H), 0.70 (d,= 6.6 Hz, 3 H), 0.59
(br m, 3 H),—0.02 (s, 9 H);**C NMR (125 MHz, CDC{) 6 199.65,

Anal. Calcd for GoHesN,OgBrSi: C, 57.69; H, 7.82. Found: C,
58.03; H, 7.87.

To a solution of the bromide (32.4 mg, 0.040 mmol) in DMSO (1
mL) was added sodium azide (13 mg, 0.200 mmol). The mixture was
stirred at room temperature for 16 h and was then diluted wit® Et
(30 mL). The resulting mixture was then washed with water and brine
(30 mL each). The organic phase was next dried over anhydrous MgSO
and purified by flash chromatography using ethyl acethgxanes
(1:4) as eluant to afford#)-17 (24.7 mg, 80% yield) as a light yellow
oil: [a]®+117.5 £ 0.280, CHCY); IR (CHCl3) 3520 (w), 3010 (m),
2960 (s), 2100 (m), 1705 (s), 1605 (s), 1400 (s), 1250 (s), 1225 (s),

154.27, 149.73, 131.57, 131.38, 124.06, 119.95, 119.20, 94.96, 71.87,1060 (s) cm?*; *H NMR (500 MHz, CDC#}) ¢ 8.44 (br m, 2 H), 5.93
69.83, 67.98, 67.44, 66.87, 66.48, 65.09, 44.79, 42.79, 41.78, 40.34,(br m, 2 H), 5.32 (br m, 4 H), 4.70 (br m, 4 H), 4.60 (br m, 3 H), 3.57
40.11, 31.71, 25.15, 24.19, 23.79, 23.72, 23.23, 23.12, 22.05, 18.08,(m, 3 H), 3.49 (dd,J = 9.5, 5.4 Hz, 2 H), 3.15 (dd] = 12.4, 7.3 Hz,

—1.44; high-resolution mass spectrum (FABnitrobenzyl alcohol)
m/z 771.4236 [(M+ Na)'], calcd for GgHesN2010SiNa 771.4228.

Anal. Calcd for GgHeaN2010Si: C, 62.54; H, 8.61. Found: C, 62.67;
H, 8.42.

To a 0 °C solution of the diol (8.7000 g, 11.6 mmol) and
triethylamine (5.9 g, 58.3 mmol) in G&l, (58 mL) was added TsCI
(2.6694 g, 14.0 mmol). The solution was stirred for 30 min and was
then cooled to 5C for 16 h. The solution was then diluted with EtOAc

1 H), 2.93 (br ddJ = 12.2, 3.3 Hz, 1 H), 2.81 (br m, 2 H), 2.39 (dd,
J=13.5,5.7 Hz, 1 H), 2.03 (br m, 1 H), 1.92 (ddi= 14.3, 9.6 Hz,

1 H), 1.64 (br m, 1 H), 1.60 (br m, 1 H), 1.44 (br m, 3 H), 1.22 (br m,

2 H), 0.91 (apparent t] = 8.3 Hz, 2 H), 0.87 (dJ = 6.5 Hz, 3 H),

0.84 (d,J=16.7 Hz, 3 H), 0.82 (dJ = 6.5 Hz, 3 H), 0.80 (dJ=6.7

Hz, 3 H), 0.72 (dJ = 6.6 Hz, 3 H), 0.60 (br d) = 6.6 Hz, 3 H), 0.00

(s, 9 H);*C NMR (125 MHz, CDC}) 6 199.83, 154.16, 149.75, 131.61,
131.35, 128.32, 124.22, 120.28, 119.29, 95.00, 71.62, 69.93, 67.76,

(400 mL), and the resulting mixture was washed with 10% aqueous 67.53, 66.57, 65.12, 56.49, 44.78, 42.88, 42.34, 40.40, 31.73, 25.13,

NaHSQ, saturated aqueous NaHg@nd brine (200 mL each). The
organic phase was then dried over anhydrous Mg8%@ concentrated

24.32, 23.81, 23.63, 23.21, 22.04, 18.12,.41; high-resolution mass
spectrum (FABp-nitrobenzyl alcoholynwz 774.4469 [(M+ H)*], calcd

in vacuo. Purification of the residue by gradient flash chromatography for CsgHesaNsOgSi 774.4473.

using ethyl acetatehexanes (1:4 then 3:1) as eluant, followed by

Anal. Calcd for GoHgaNsOeSi: C, 60.52; H, 8.20. Found: C, 60.63;

resubjection of the recovered starting material to the reaction conditions, H, 8.21.

gave (+)-16 (9.2210 g, 87% overall yield) as a light yellow oiloZ>
+98.8 (¢ 1.235, CHCJ); IR (CHCls) 3520 (w), 3020 (m), 2965 (m),
1710 (s), 1610 (m), 1405 (s), 1255 (m), 1230 (m), 1180 (mY’¢AH
NMR (500 MHz, CDC}) 6 8.41 (br m, 2 H), 7.73 (br dj = 7.7 Hz,

2 H), 7.30 (br dJ = 7.9 Hz, 2 H), 5.90 (br m, 2 H), 5.33 (br m, 4 H),
4.72 (brs, 2 H), 4.58 (br m, 5 H), 3.72 (br m, 2 H), 3.53 (br m, 5 H),
2.75 (br m, 2 H), 2.41 (s 3 H), 2.35 (br m, 1 H), 2.20 (brJds 14.2
Hz, 1 H), 2.02 (br m, 1 H), 1.78 (br dd,= 14.1, 9.5 Hz, 1 H), 1.57
(br m, 2 H), 1.41 (br m, 3 H), 1.19 (br m, 1 H), 0.90 (apparerit+
8.3 Hz, 2 H), 0.85 (d = 6.6 Hz, 3 H), 0.83 (dJ = 6.6 Hz, 3 H), 0.80
(d, J= 6.5 Hz, 3 H), 0.78 (dJ = 6.7 Hz, 3 H), 0.70 (dJ = 6.6 Hz,

3 H), 0.58 (br dJ= 6.5 Hz, 3 H), 0.01 (s, 9 HC NMR (125 MHz,

CDCls) 6 199.72, 199.41, 155.48, 154.20, 150.42, 149.59, 144.80,

Carbamate (+)-18.To a solution of ¢)-17 (6.2890 g, 8.12 mmol)
in THF (81 mL) was added water (730 mg, 40.6 mmol) and
triphenylphosphine (3.20 g, 12.2 mmol). The solution was heated to
40°C and stirred for 16 h. The solution was cooled to room temperature,
solid NaHCQ (1.4 g, 13.2 mmol) was added followed by FmocOSu
(3.6 g, 10.7 mmol), and the resulting heterogeneous mixture was stirred
for 90 min. The mixture was then diluted with EtOAc (400 mL) and
washed with 10% aqueous NaH$Q@0% aqueous NaHCGOand brine
(250 mL each). The organic phase was next dried over anhydrous
MgSQ,, concentrated in vacuo, and purified by flash chromatography
using ethyl acetatehexanes (1:3) as eluant to give)18 (5.1564 g,
65% yield) as a light yellow oil: ¢]2* +83.3 (c 0.940, CHCY); IR
(CHCI3) 3520 (w), 3445 (w), 3005 (w), 2955 (m), 1710 (s), 1610 (m),

132.83, 131.61, 129.81, 127.99, 124.04, 120.11, 119.76, 119.30, 94.99,1400 (s), 1250 (s), 1230 (s), 1210 (s)ntH NMR (500 MHz, CDC})
72.85, 69.88, 67.85, 67.37, 65.09, 64.54, 44.67, 42.50, 41.32, 40.36,0 8.44 (br m, 2 H), 7.74 (d) = 7.5 Hz, 2 H), 7.57 (dJ = 7.3 Hz, 2
31.72, 25.13, 24.25, 24.18, 23.79, 23.66, 23.21, 23.16, 22.04, 21.60,H), 7.37 (t,J = 7.4 Hz, 2 H), 7.29 (tJ = 7.4 Hz, 2 H), 5.93 (br m, 2

18.10, —1.43; high-resolution mass spectrum (FAB-hitrobenzyl
alcohol) m'z 925.4319 [(M + Na)'], calcd for GeH7oN2012SSiNa
925.4317.

Anal. Calcd for GeH7oN20:2SSi: C, 61.17; H, 7.81. Found: C,
61.44; H, 7.78.

Azide (+)-17. To a solution of {)-16 (39.4 mg, 0.044 mmol) in

benzene (1 mL) was added tetrabutylammonium bromide (141 mg,

0.437 mmol). The solution was heated to€5and was stirred for 90

H), 5.32 (br m, 4 H), 5.11 (br s, 1 H), 4.68 (br m, 4 H), 4.60 (br m, 3
H), 4.34 (br dJ = 6.4 Hz, 2 H), 4.18 (br m, 1 H), 3.54 (br m, 5 H),
3.40 (brs, 1 H), 3.18 (brs, 1 H), 2.96 (br m, 1 H), 2.80 (br m, 1 H),
2.37 (dd,J = 13.5, 5.6 Hz, 1 H), 2.05 (br m, 1 H), 1.91 (br m, 1 H),
1.65 (br m, 2 H), 1.56 (br m, 1 H), 1.43 (br m, 2 H), 1.21 (br m, 1 H),
0.91 (apparent t) = 8.4 Hz, 2 H), 0.87 (d) = 6.5 Hz, 3 H), 0.84 (d,
J=6.7Hz, 3H),0.81 (dJ = 6.5 Hz, 3H), 0.79 (dJ = 6.6 Hz, 3 H),
0.71 (d,J = 6.6, 3 H), 0.59 (br dJ = 6.5, 3 H), 0.00 (s, 9 H)}*C

min. The resulting solution was then concentrated in vacuo and purified NMR (125 MHz, CDC}) 6 199.67, 156.50, 154.24, 149.76, 143.97,

by flash chromatography using ethyl acetaltexanes (1:4) as eluant
to provide the bromide (32.4 mg, 92% yield) as a colorless (niﬂ:ZDs[
+103.3 (c 3.185, CHCY); IR (CHCl3) 3510 (w), 3010 (w), 2960 (m),
1705 (s), 1610 (m), 1400 (s), 1250 (m), 1220 (m), 1060 (m)%¢AH
NMR (500 MHz, CDC}) 6 8.42 (br m, 2 H), 5.92 (br m, 2 H), 5.31
(br m, 4 H), 4.68 (br m, 4 H), 4.58 (br s, 3 H), 3.53 (br m, 2 H), 3.20
(brm, 2 H), 2.78 (br m, 2 H), 2.38 (br m, 1 H), 2.03 (br m, 1 H), 1.94
(brm, 1 H), 1.68 (br m, 1 H), 1.57 (br m, 1 H), 1.43 (br m, 3 H), 1.21
(br m, 2 H), 0.89 (apparent §, = 8.3 Hz, 2 H), 0.85 (dJ = 6.6 Hz,

3 H), 0.82 (dJ= 6.7 Hz, 3 H), 0.80 (dJ = 6.5 Hz, 3 H), 0.78 (d)

= 6.6 Hz, 3 H), 0.71 (dJ = 6.6 Hz, 3 H), 0.60 (br dJ = 6.5 Hz, 3
H), —0.02 (s, 9 H);*C NMR (125 MHz, CDC4) ¢ 199.87, 199.59,

141.28, 131.61, 127.64, 127.03, 125.08, 124.12, 119.94, 119.21, 94.98,
71.87, 69.85, 67.96, 67.47, 66.75, 65.33, 65.12, 47.23, 46.86, 42.75,
40.36, 31.71, 25.16, 24.23, 23.81, 23.69, 23.25, 23.16, 22.06, 18.10,
—1.42; high-resolution mass spectrum (FABnitrobenzyl alcohol)
m/z 992.5021 [(M+ Na)*], calcd for GH7s011N3sSiNa 992.5068.
Keto-Acid (+)-19. A solution of (+)-18 (85.9 mg, 0.089 mmol)
andp-TsOH (84 mg, 0.442 mmol) in a 2:1 mixture of MeOH and THF
(4.5 mL) was heated to 68C and stirred for 2 h. The solution was
then concentrated in vacuo and purified by flash chromatography using
ethyl acetate-hexanes (1:1) as eluant to yield the alcohol (73.3 mg,
99% vyield) as a white foam:o %> +3.1 (¢ 1.245, CHCJ); IR (CHCls)
3510 (w), 3450 (w), 3005 (w), 2960 (m), 1720 (s), 1700 (s), 1610 (m),

155.45, 154.22, 150.49, 149.44, 131.67, 131.47, 123.96, 120.22, 119.751400 (s), 1225 (s) cn; *H NMR (500 MHz, CDC}) 6 8.43 (br m, 2
119.21, 94.96, 71.49, 69.86, 67.78, 67.33, 66.51, 65.07, 45.71, 44.68,H), 7.73 (d,J = 7.5 Hz, 2 H), 7.55 (dJ = 7.4 Hz, 2 H), 7.37 (t) =
43.31, 42.33, 40.30, 40.08, 38.98, 31.72, 29.64, 25.11, 24.25, 23.19,7.4 Hz, 2 H), 7.29 (1) = 7.4 Hz, 2 H), 5.90 (br m, 2 H), 5.29 (br m,

23.15, 22.04, 18.08:-1.44; high-resolution mass spectrum (FAB,

4H),5.02 (brs, 1 H), 4.63 (br m, 4 H), 4.35 @= 6.9 Hz, 2 H), 4.18
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(brt,J=6.6 Hz, 1 H), 3.77 (br m, 1 H), 3.52 (br m, 1 H), 3.37 (br m,
1 H), 3.18 (br m, 1 H), 2.94 (br m, 1 H), 2.63 (br m, 1 H), 2.45 (dd,
J=13.5,5.8 Hz, 1 H), 2.30 (br m, 2 H), 2.04 (br m, 2 H), 1.89 (br m,
1H), 1.68 (br m, 2 H), 1.48 (br m, 2 H), 1.23 (br m, 2 H), 0.86 (br m,
12 H), 0.74 (dJ = 6.7 Hz, 3 H), 0.66 (br ddJ = 6.6 Hz, 3 H);*%C

NMR (125 MHz, CDC}) ¢ 201.41, 200.31, 156.58, 155.62, 149.12,

Smith et al.

(—)-5(505.2 mg, 72% vyield) as a light tan foam after azeotropic removal
of acetic acid with benzene (& 50 mL): [o]Z —123.2 (c 0.945,
CHCl); IR (CHCIs) 3670 (w), 3440 (m), 3005 (m), 2960 (s), 1715 (s),
1660 (m), 1570 (m), 1510 (m), 1445 (m), 1210 (m), 1165 (myEm
H NMR (500 MHz, CDC}) 6 8.22 (d,J = 3.7 Hz, 1 H), 7.89 (dJ =

3.8 Hz, 1 H), 7.73 (dJ = 7.6 Hz, 2 H), 7.67 (br s, 1 H), 7.56 (d,=

143.88, 141.27, 131.56, 127.66, 127.02, 124.99, 122.34, 120.48, 119.957.2 Hz, 2 H), 7.37 ()= 7.4 Hz, 2 H), 7.28 (t) = 7.4 Hz, 2 H), 7.01
119.34, 71.99, 67.90, 67.69, 67.31, 66.77, 66.22, 64.08, 47.19, 46.82,(br s, 1 H), 5.53 (br s, 1 H), 4.36 (d,= 7.0 Hz, 2 H), 4.19 (t) = 7.0
44.98, 43.12, 41.59, 41.01, 38.35, 37.26, 25.77, 24.54, 24.07, 23.66,Hz, 1 H), 4.06 (ddJ = 19.8, 4.9 Hz, 1 H), 3.99 (dd,= 19.4, 4.6 Hz,
23.53, 23.22, 23.12, 21.87; high-resolution mass spectrum (FAB, 1 H), 3.42 (m, 1 H), 2.86 (d] = 16.7 Hz, 1 H), 2.43 (d) = 16.6 Hz,

thiophenol) m/z 862.4243 [(M + Na)'], calcd for GgHeiNsOioNa
862.4255.

Anal. Calcd for GgHeiN3O10: C, 68.63; H, 7.32. Found: C, 68.72;
H, 7.58.

To a solution of the alcohol (83.2 mg, 0.099 mmol) in £H
(1 mL) was added DesdMartin periodinane (168.3 mg, 0.397 mmol).
The heterogeneous mixture was stirred under ai2fb and was then
concentrated in vacuo.

To a solution of the crude residue in THF (1 mL) was added 1 M
Jones reagent in water (4@Q, 0.400 mmol). The mixture was stirred
for 10 min and was then quenched by addition of EtOH (5 mL). The
resulting mixture was diluted with EtOAc (50 mL) and washed with
10% aqueous NaHS(O10% aqueous N&Os, and brine (50 mL each).
The organic phase was next dried over anhydrous Mg&centrated
in vacuo, and purified by flash chromatography using methaacétic
acid—methylene chloride (2:1:97) as eluant to give){19 (67.4 mg,
78% yield for two steps) as a light yellow oil after azeotropic removal
of acetic acid with benzene (2 10 mL): [o]Z® +72.3 (c 3.055,
CHCl); IR (CHCls) 3420 (w), 3010 (m), 2960 (m), 1725 (s), 1605
(m), 1510 (m), 1395 (s), 1205 (s) cf *H NMR (500 MHz, CDC})

0 8.44 (br m, 2 H), 7.73 (d) = 7.5 Hz, 2 H), 7.55 (br m, 2 H), 7.36
(t, J=7.4Hz, 2 H), 7.27 (br m, 2 H), 5.91 (br m, 2 H), 5.58 (br s, 1
H), 5.30 (br m, 4 H), 4.67 (br m, 4 H), 4.33 (br m, 2 H), 4.18Jt

7.0 Hz, 1 H), 3.99 (br m, 1 H), 3.71 (br m, 1 H), 3.54 (br m, 1 H), 2.79
(br m, 1 H), 2.40 (br m, 1 H), 2.03 (br m, 2 H), 1.78 (br m, 1 H), 1.57
(br m, 3 H), 1.41 (br m, 1 H), 1.26 (br m, 2 H), 0.91 @= 6.1 Hz,

3 H), 0.85 (br m, 6 H), 0.75 (br m, 6 H), 0.63 (br m, 3 HJC NMR
(125 MHz, CDC}) 6 200.58, 199.04, 198.61, 177.88, 156.10, 155.32,

1 H), 1.93 (ddJ = 14.1, 4.7 Hz, 1 H), 1.78 (m, 1 H), 1.66 (m, 2 H),
1.53 (m, 4 H), 1.31 (m, 1 H), 0.89 (d,= 6.5 Hz, 3 H), 0.87 (dJ =
6.5 Hz, 3 H), 0.85 (dJ = 6.7 Hz, 3 H), 0.81 (dJ) = 6.6 Hz, 3 H),
0.73 (d,J = 6.5 Hz, 3 H), 0.60 (dJ = 6.5 Hz, 3 H);13C NMR (125
MHz, CDCE) 6 203.57, 202.93, 201.90, 176.03, 163.11, 161.31, 156.29,
143.67, 141.27, 127.75, 127.06, 125.00, 119.99, 108.42, 68.66, 68.41,
67.27, 51.42, 47.05, 46.48, 45.66, 43.55, 40.43, 25.73, 24.57, 24.42,
24.16, 24.07, 23.76, 23.41, 22.46, 21.99; high-resolution mass spectrum
(FAB, p-nitrobenzyl alcohol)m/z 706.3452 [(M+ Na)'], calcd for
Ca0H49N:z07Na 706.3468.

Anal. Calcd for GoH49N3:O7: C, 70.26; H, 7.22; N, 6.14. Found:
C, 70.04; H, 7.60; N, 5.78.

Pyrrolinone—Peptide Hybrid Ligand 3. Fmoc-Thr{-Bu)-Wang
resin (95 mg, 0.05 mmol) was subjected to solid-phase synthesis using
five coupling cycles to sequentially add Fmoc-Ala, Fmoc-Leu, Fmoc-
Lys(Boc), Fmoc-Leu, and Fmoc-THBu). The resin was deprotected
and then coupled to<)-5 (51 mg, 0.075 mmol) by treatment with
HBTU (28 mg, 0.074 mmol) and diisopropylethylamine (a9 0.224
mmol) for 18 h. An additional three coupling cycles were then
performed to incorporate Fmoc-TBu), Fmoc-Lys(Boc), and Fmoc-
Pro. Removal of the N-terminal Fmoc group, vacuum-drying of the
resin, treatment with trifluoroacetic acid, and preparative HPLC
purification of the crude hybrid ligand yielded 12.9 mg of the hybrid
ligand 3 as a white, amorphous powder 808% purity by HPLC:

AAA Thr 2.20 (2); Pro 0.99 (1); Ala 1.06 (1); Leu 2.04 (2); Tyr 0.93
(1); Lys 1.90 (2); mass spectrum (FAB)z 1477.9 [(M+ H)*], calcd
for C74H12(3N14017 1477.84.
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67.12, 51.81, 47.06, 45.64, 44.63, 42.52, 41.33, 40.74, 37.70, 37.37,(National Institute of Allergy and Infectious Diseases) through
29.64, 25.69, 24.53, 24.04, 23.78, 23.45, 23.21, 22.36, 22.11; high- Grant Al-42010. We also thank Dr. Jeanmarie Guenot for the

resolution mass spectrum (FAB;nitrobenzyl alcoholywz 874.3876
[(M + Na)'], calcd for GgHs/N3O1:Na 874.3891.
Bispyrrolinone (—)-5. To a solution of {)-19 (890.7 mg, 1.03

AMBER modeling studies and Dr. Charles Belunis, Diana
Gaizband, and Raymond C. Makofske for their contributions
to this program.

mmol) in CH.CI, (10.5 mL) were added acetic acid (155 mg, 2.58
mmol) and (PEP),PdC}h (14.5 mg, 0.021 r_nmol). Tri_butyltin hyc_iride_ Supporting Information Available: Experimental proce-
(830uL, 2.64 mmol) was then added quickly and in one portion via  dures and spectroscopic and analytical dat@@p2—24, 27—

syringe; vigorous gas evolution was observed along with a darkening 31 (PDF). This material is available free of charge via the
of the color of the solution. The solution was stirred for 5 min, Internet at http://pubs.acs.org.

concentrated in vacuo, and purified by flash chromatography using
methanot-acetic acie-methylene chloride (7:2:191) as eluant to afford JA991251E



