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A New Bicyclic Dipeptide Isostere with Pyrrolizidinone Skeleton
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The synthesis of a new conformationally constrained Gly-(s-cis)Pro Turn Mimetic (GPTM) in both
racemic and enantiomerically pure forms and their incorporation into peptides 18, 21, and 24 are
reported. The synthetic strategy adopted to assemble the bicyclic pyrrolizidinone skeleton is based
on the 1,3-dipolar cycloaddition of the cyclic nitrone 4a derived from proline and acrylamide, followed
by a reductive cleavage/cyclization domino process. The enantiomerically pure GPTMs are obtained
by synthesis and separation of diastereomeric intermediates containing (1R)-1-phenylethylamine
as chiral auxiliary. Analysis of pseudotripeptides 18, 21, and 22 by FT-IR and NMR shows that
the amide proton of GPTM derivatives 21 is intramolecularly hydrogen bonded in CDCl;, while

DMSO was shown to disrupt this hydrogen bond.

Introduction

Conformationally constrained polypeptides are the
object of substantial research activity, because turns are
present in the active conformations of biologically im-
portant peptides.! Among the different strategies adopted
to induce constraint in a peptide chain, of particular
interest and success has been the replacement of a
dipeptide substructure in a natural substrate with a
constrained rigid analogue that is able to induce a folding
of the peptide chain, such as a S-turn or a hairpin.?3 The
design of a rigid constraint dipeptide leads consequen-
tially to the construction of bicyclic aza-heterocycles that
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can provide the most useful features for the scope and
embody a broad structural diversity easily accessible by
numerous synthetic pathways. In fact, a large array of
fused bicyclic (or polycyclic) lactams featuring all the ring
combinations (4,5; 5,5; 5,6; 5,7; 5,8; 6,6; 6,7) have been
synthesized and employed in peptidomimetics.?* In search
of a new member of this class that could combine the
structural rigidity with the ease of access and the possible
implementation of the structure to provide a full family
of turn mimetics, we focused on pyrrolizinone 1 as our
target dipeptide isostere (Scheme 1).°

Compound 1 (R=R'=H) and its enantiomer can be
envisaged as Gly-Pro dipeptide mimetics rigidified by a
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S.; Belvisi, L.; Cesarotti, E.; Checchia, A.; Crippa, L.; Manzoni, L.;
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methylene bridge between the two amino acidic a car-
bons (GPTM, Gly-Pro Turn Mimetic), or as Ala-Pro
dipeptide mimics with the Ala methyl linked to the Pro
o carbon (APTM, Ala-Pro Turn Mimetic). The ability of
1 to induce a turn is conferred by the cis relationship of
the amine and carboxylic groups on the convex face of
the molecule. The high rigidity of the pyrrolizidinone
ring, in fact, bestowed the compound with a S-turn
mimetic ability similar to that of the best candidates of
the class.5$

Our retrosynthetic analysis for compound 1 suggested
that it could straightforwardly derive from the hydroxy-
lated analogue 2, which in turn could be prepared
through the well-known consecutive reductive cleavage/
cyclization of an isoxazolidine 3 formed by 1,3-dipolar
cycloaddition (1,3-DC) of nitrone 4 and acrylate or
acrylamide dipolarophiles 5. As nitrone 4 can be directly
synthesized from proline esters and acrylates and acryl-
amides are widely available substrates, the general
access to dipeptide isoster 1 is granted. Unfortunately,
the formation of nitrone from proline leads to the loss of
chirality of this starting material, and absolute config-
uration has to be introduced at a later stage of the
synthesis. There are many ways to introduce absolute
configuration in our compound, among these the resolu-
tion of racemic mixtures will be analyzed in this paper,
whereas others are still object of studies in our labora-
tories. Actually, in the preliminary investigation of new
peptidomimetic scaffolds both optical isomers are in
principle necessary. Therefore, the separation of optically
pure diastereomeric salts or derivatives leading to both
enantiomers is sometimes more convenient than the
asymmetric synthesis of one single optically pure dia-
stereoisomer.

Herein we report the synthesis of racemic and enan-
tiopure pyrrolizidinones 15, the coupling of these bicyclic
scaffolds with natural amino acids, and the conforma-
tional analysis of pseudotripeptides 18, 21, and 22 by
FT-IR and 'H NMR. This study indicates that both the
enantiomeric GPTMs mimic the two central residues of
VI -turn types. In particular, the diastereomeric conju-
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FIGURE 1. ORTEP drawing from the X-ray crystal structure
of adduct exo-6.

gates 21 adopt a VIa -turn conformation in relatively
nonpolar solvents such as CHyCl, and CDCls.

Results and Discussion

The treatment of a concentrated (3.5 M) aqueous
solution of the nitrone 4a” with 2 equiv of acrylamide
(5a) at 60 °C for 14 h afforded the 2-aminocarbonyl
pyrrolo[1,2-blisoxazolidines exo-6 and endo-7 and their
3-aminocarbonyl isomer 8 in 2.2:1.6:1 ratio and 91%
overall yield (Scheme 2). The 1,3-DC under the reported
reaction conditions shows a good regioselectivity (3.7:1)
in favor of the desired 2-substituted adducts and a low
endo/exo diastereoselectivity (1:1.4). Luckily, both the
adducts exo-6 and endo-7 could be used in the synthesis
of pyrrolizinone derivates 1 by selective conversion into
a common intermediate (see below).

The 'H NMR spectra of adducts exo-6 and endo-7
were differentiated mainly by the value of the coup-
ling constants between 2-H and the two 3-H atoms [exo-
6: 6oy = 4.59 (dd, J = 8.8, 4.8 Hz); endo-7: 65-y = 4.55
(dd, J = 9.5, 7.3 Hz)]. The NMR data were inconclusive
to ascertain the relative configuration of exo-6 and
endo-7, but the structure of exo-6 could be unequivocally
assigned by X-ray crystallography of a single crystal
(Figure 1).

The pyrrolizidine trans-10 was directly obtained from
ex0-6 by treatment with H in the presence of a catalytic
amount of Pd(OH),/C and 10 mol equiv of AcOH. The
reaction goes through the N—O bond hydrogenolysis to
the amino alcohol 9 followed by a spontaneous cyclization
via intramolecular transamidation (Scheme 3). The domino
process is very efficient and affords the analytically pure
trans-10 in 96% yield. As either the reductive cleavage
and cyclization steps do not affect the configuration of
the stereogenic centers (relative configuration: exo-6:
2R* 3aS¥*; trans-10: 2R*,7aS*), under the same hydro-
genation conditions the diastereomer endo-7 afforded the
sole alcohol cis-12 in 96% yield.

The alcohol t¢rans-10 features the pyrrolizin-3-one
skeleton of the target GPTM bearing the hydroxyl group

(6) Miiller, G.; Hessler, G.; Decornez, H. Y. Angew. Chem., Int. Ed.
2000, 39, 894—896.

(7) (a) Murahashi, S.-1.; Mitsui, H.; Shiota, T.; Tsuda, T.; Watanabe,
S. J. Org. Chem. 1990, 55, 1736—1744. (b) Murahashi, S.-1.; Shiota,
T. Tetrahedron Lett. 1987, 28, 2383—2386. (¢c) Marcantoni, E.; Petrini,
M.; Polimanti, O. Tetrahedron Lett. 1995, 36, 3561—3562. (d) Goti, A.;
Nannelli, L. Tetrahedron Lett. 1996, 37, 6025—6028. (e) Murray, R.
W.; Iyanar, K.; Chen, J.; Wearing, J. T. JJ. Org. Chem. 1996, 61, 8099—
8102.
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in the suitable position and orientation to introduce an
amino moiety on the convex face of the bicyclic system
through a SN2 reaction. The base-induced epimerization
of the cis-alcohol 12 to the thermodynamically more
stable trans isomer 10 was attempted, but an inseparable
diastereomeric mixture of 10 and 12 was always ob-
tained. In particular, the hydroxy ester cis-12 was
hydrolyzed to the corresponding cis-hydroxy carboxylate
by aqueous NaOH in MeOH in few minutes at room
temperature. Under more vigorous reaction conditions
[tBuOK (2 mol equiv), H20, sealed vial, 100 °C, 1 d], the
cis derivative was in part isomerized, and the subsequent
treatment with Mel in DMF at room temperature af-
forded a 1:1 mixture of ¢rans-10 and cis-12 in 72% overall
yield after chromatographic purification.

The alcohol ¢rans-10 was transformed into the corre-
sponding amine cis-15 through a three-step procedure
consisting of mesylation, nucleophilic displacement with
NaNj3, and reduction of the azido group with Raney-Ni
in 57% overall yield (Scheme 4). The direct conversion of
trans-10 to the azide cis-14 with diphenyl azidophosphate
(DPPA) in the presence of a base® was also tested, but it
was revealed to be less convenient because it afforded a
mixture of the azide and the corresponding 2-[(diphe-
noxyphosphoryl)oxyl-pyrrolizidinone that did not undergo
displacement by the azide ion even under strenuous
conditions. On the contrary, the diastereomeric alcohol
cis-12 gave the sole azide #rans-16 in 81% yield by
treatment with DPPA and 4-(dimethylamino)pyridine
(DMAP)? at 65 °C for 3.5 h (Scheme 4). The reduction of
trans-16 in the presence of Raney-Ni provided the amine
trans-17 in 87% yield.

The introduction of the azide group proceeded with
clean Sy2 inversion either from the mesilate trans-13
with NaNj3 or from the alcohol cis-12 with DPPA/DMAP.
The alcohol cis-12 could be also converted into the amino
ester cis-15 by a double inversion process. In fact,
treatment of cis-12 with SOCI; in the presence of pyri-
dine, followed by NaN3 in dimethylformamide, afforded
the cis-14 azide intermediate through two sequential Sy2
reactions (Scheme 4).

The '"H NMR spectra of the 2,7a-disubstituted hexahy-
dro-3H-pyrrolizin-3-ones 10 and 12—17 show two distinc-
tive patterns characteristic for the cis and trans deriva-

(8) Thompson, A. S.; Humphrey, G. R.; DeMarco, A. M.; Mathre, D.
J.; Grbowski, J. J. J. Org. Chem. 1993, 58, 5886—5888.

(9) In this case the use of DMAP as base afforded better results than
1,8-diazabicyclo[5.4.0lundec-7-ene (DBU) or 1,4-diazabicyclo[2.2.2]-
octane (DABCO).
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tives, respectively (Table 1). In particular, the coupling
constants between 2-H and the methylene hydrogens on
C-1in the trans-substituted derivatives were both large
(7.5—8.4 and 9.9—11.4 Hz), while the corresponding cis-
diasteromers show a much smaller coupling constant
(1.5—3.0 Hz) besides a large one (6.8—8.2 Hz). Moreover,
the difference between the chemical shift (Ad) of the two
hydrogens of the C-1 methylene moiety in the trans
bicyclic lactams is significantly larger than in the cis
compounds (Table 1). Analogues features were found in
all the other synthesized derivatives belonging to the
trans or cis series (see below and Table 1).

The primary amine cis-15 proved to be configuration-
ally less stable than the corresponding alcohol cis-12 and
azide cis-14 as it slowly isomerizes to the thermodynami-
cally more stable ¢trans-17 even at room temperature in
CDCIl; solution. It is, therefore, advisable to use im-
mediately the free amino ester in couplings with other
amino acids or to protect the amino group.

To test their potential utilization in the synthesis of
peptides, the two racemic amines cis-15 and ¢rans-17
were coupled with L-Phe either at the N-terminus or
C-terminus under classic solution-phase peptide synthe-
sis conditions. In all cases the reaction conditions were
not optimized because the diastereomeric pseudotripep-
tides appeared to be hardly separable. Nevertheless, the
product mixtures were useful to study the conformation
in solution of both pairs of diastereomers at the same
time (see below).

The reaction of cis-15 and Boc-Phe-OH in the presence
of bromol[tri(1-pyrrolidinyl)lphosphonium hexafluoro-
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TABLE 1. Selected 'H NMR Data of 2,7a-Disubstituted
Hexahydro-3H-pyrrolizin-3-ones (Values Referring to
trans-2,7a Compounds Are Underlined to Facilitate
Comparisons)

Y = OMe:

10,12 (X = OH); 13 (X = OMs);

trans-Cl (X = Cl); 14,16 (X = N3);

15, 17 (X = NH,); 18,19 (X = BocPhe);

23 (X = NHCH(Me)Phy);

24 [X = FmocAsp(tBu)]

Y = OH: 25 [X = FmocAsp(tBu)]
Y = PheOMe: 21 (X = NHBoc)

O2-H 01-Ha O1-Hb J1a2 J1b2

cmpd (ppm)® (ppm)® (ppm)® (Hz) (Hz)
10 471 300 19 15 105
12 4.37 2.54 2.25 1.5 6.8
13 555 ~32  ~21b 84 99
trans-Cl1 4.84 3.20 2.20 7.7 11.0
14 4.18 2.54 2.24 1.5 7.6
15 3.60 2.38¢ 2.244 8.2 3.0
16 4.54 2.94 1.84 8.1 11.0
17 592 296 ~L? 76 14

. 4.65 oAb 2.26

18a,b 455 2.4 911 8.2 3.0
19¢ ~46 319 18 77 109
218 ~4.2f 2.56 2.29 10.2 4.7
23a 3.31 2.16 2.03 2.2 7.9
23b 3.34 2.49 2.09 2.8 7.5
24a 4.68" 2.46 2.30° 9.0 2.5
25a ~4.50 2.50 ~2.8f 9.5 n.d.
24b 4.69" 2.41 2.30 8.5 2.2
25b ~4.4b ~2.4b ~2.4b n.d. n.d.

@ All doublet doublet (dd) except where indicated. ® Multi-
plet (m) (referred to the resonance of two or more hydrogen).
¢X part of an AXY system. ¢Y part of an AXY system. ¢ Re-
corded at 55 °C./m (referred to the resonance of only one
hydrogen). ¢ One diastereomer. * Doublet triplet (dt). { Broad dou-
blet (br d).

phosphate (PyBroP) and N-ethyl-IV,N-diisopropylamine
(DIPEA) afforded a mixture of the two diasteromeric
tripeptide isosteres (2R,7aR)-18a and (2S,7aS)-18b with
a not optimized 55% yield (Scheme 5). Similarly, the
amine trans-17 provided (2R,7aR)-19a and (2S,7aS)-19b
in 76% yield. In this case an accurate chromatographic
separation allowed recovery of one of the two diastereo-
mers 19 in low yield (12%) (Scheme 5).

The diastereomeric mixtures of tripeptide isosteres 21
and 22 were prepared by sequential treatment of cis-15
and trans-17, respectively, with (Boc);O to protect the
amino moiety, NaOH to hydrolyze the methyl ester, and
finally, L-Phe-OMe in the presence of the usual coupling
reagents (Scheme 6).

Besides demonstrating the good reactivity of the N-
and C-termini of both the enantiomers of cis-15 and
trans-17, the syntheses of compounds 18, 19, 21, and 22
confirmed the conservation of the relative configuration
between C-2 and C-7a under the coupling reaction
conditions and during the purification of the final prod-
ucts. The cis and ¢rans orientation of the amino and
carboxylic acid groups on the bicyclic system in 18, 21
and 19, 22, respectively, could be easily recognized by
analyzing the '"H NMR spectra that showed the same
typical patterns already observed in the other compounds
belonging to the cis or trans series (Table 1).

Enantiopure bicyclic scaffolds were required for pep-
tidomimetic synthesis because of the difficulties in sepa-

JOC Article

SCHEME 5¢
CO,Me

@) HN‘BOC (2R,7aR)-18a
(x)-cis-15 — +
55% CO,Me
Ph
{ HN !
HN\BOCO O (25,7a5)18b
COQMG
Ph
HN N
(@ HN (6]
(£)-trans-17 — Boc (2R,7aS)-19a
76% CO,Me

Ph z
CoClD

HN O O

Boc (2R,7aS)-19b

@ (a) Boc-Phe-OH, PyBroP, DIPEA.

SCHEME 6°¢
CO,Me
a
(x)-cis-15 (—)> HN (—b)>
67% Bod N 37%
O ()20

O%/ COMe COMe
HN: “Ph + HN
Boc N

o

(2R, 7aR)-21a (2s, 7aS)-21b

COzMe
N "
BOC

(a) (b) (2R,7aS)-22a
(£)-trans-17 —— +
51% H
OgN-_CO2Me
HN “ph
Boc’ N

O  (257aR)-22b

@ (a) (Boc)20, DIPEA; (b) i) NaOH, MeOH; ii) Phe-OMe, PyBroP,
DIPEA.

rating diastereomeric pseudotripeptides. To make both
enantiomers of amine cis-15 available, the resolution of
a racemate of an intermediate of the synthetic sequence
was planned by using a chiral auxiliary to create sepa-
rable diastereomeric compounds.

The commercial inexpensive (1R)-1-phenylethylamine
did not react with mesylate ¢rans-13 even at high tem-
perature. Therefore, the more reactive trifluoromethane-
sulfonyl (Tf) leaving group was introduced. The triflate
of trans-10 obtained by treatment of the alcohol with Tf,O
and pyridine!® in CH,Cl; at 0 °C reacted with the
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FIGURE 2. ORTEP drawing from the X-ray crystal structure
of optically pure amine (2R,7aR)-23a.

enantiomerically pure amine to afford equimolecular
amounts of the diastereomeric (2R,7aR)-23a and
(25,7a8)-23b (48% overall yield) that were separated by
chromatography on silica gel (Scheme 7). The 'H NMR
analysis confirmed the complete inversion at the C-2
(Table 1), leading to the formation of cis-disubstituted
pyrrolizidinones.

The secondary amines (2R,7aR)-23a and (2S,7aS)-23b
proved to be configurationally more stable than cis-15
and could be safely purified and characterized. The
absolute configuration of (2R,7aR)-23a could be ascer-
tained by single-crystal X-ray crystallography (Figure 2).

The chiral auxiliary was easily removed by hydro-
genolysis of (2R,7aR)-23a and (2S,7aS)-23b at 35 atm
in the presence of a catalytic amount of Pd(OH)y/C
(Scheme 7) to afford the enantiomerically pure amines
(2R,7aR)-15a and (25,7aS)-15b in high yields (86—97%).
Albeit the cis-amines have to be protected or utilized in
the subsequent step to avoid epimerization, (2S,7aS)-15b
could be purified by fast chromatography on silica to
determine its optical rotation value (see Experimental
Section).

The GPTM (2R,7aR)-15a and (2S,7aS)-15b were
coupled with the orthogonally protected amino acid
Fmoc-Asp(OtBu)-OH in the presence of PyBroP and
DIPEA and afforded the corresponding tripeptide iso-

(10) Zhang, C.; Ludin, C.; Eberle, M. K.; Stoeckli-Evans, H.; Keese,
R. Helv. Chim. Acta 1998, 81, 179—181.
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steres (2R,7aR)-24a and (2S,7aS)-24b in excellent yields
(97 and 85%, respectively) (Scheme 8). Only one diaste-
reomer 24 from each enantiomer 15 was obtained,
attesting that no racemization occurs at the aspartic acid
stereocenter under the coupling reaction conditions.

Tripeptides (2R,7aR)-24a and (2S,7aS)-24b were use-
ful model compounds to explore the possibility of hydro-
lyzing the methyl ester at the GPTM C-terminus in the
presence of the Fmoc protecting group and without any
C-2 epimerization. The alkaline hydrolysis in the pres-
ence of CaCls, following the procedure described by Pascal
and Sola,'! allowed obtaining of the Fmoc-Asp(OtBu)-
GPTM-OH (2R,7aR)-25a and (2S,7aS)-25b in 37 and
58% yield, respectively (Scheme 8). The relative cis con-
figuration of 24a, 24b, 25a, and 25b could be con-
firmed following the same criteria previously illustrated
(Table 1).

In a preliminary communication, we reported compu-
tational studies on model hexapeptides Ac-Ala-Ala-GPTM-
Ala-Ala-NHMe that showed effective turn restraints
induced by the insertion of the dipeptide isosteres.> In
particular, a high percentage of conformers of both the
diastereomeric Ac-Ala-Ala-GPTM-Ala-Ala-NHMe pep-
tides possessed geometrical parameters characteristic
of an open f(-turn i.e., a f(-turn not stabilized by a
hydrogen bond between the termini of the turn region
(NHAlaS_COAlaZ)-

To validate the modeling predictions, we investigated
some structural features of the protected pseudotripep-
tides 18, 21, and 22 by FT-IR and 'H NMR spec-
troscopies.!? The pseudotripeptide mixtures could be
directly analyzed without isolation of the single compo-
nents because the 'TH NMR signals of the two diastere-
omers were sufficiently differentiated, and in all cases,
no significant difference was observed between diaster-
eomers a and b. Compounds 18 and 21 were used as
models because they possess the minimum structural

(11) Pascal, R.; Sola, R. Tetrahedron Lett. 1988, 39, 5031—5034.

(12) (a) Dado, G. P.; Gellman, S. H. J. Am. Chem Soc. 1993, 115,
4228-4245. (b) Gellman, S. H.; Dado, G. P.; Liang, G.-B.; Adams, B.
R.J. Am. Chem. Soc. 1991, 113, 1164—1173. (c) Boussard, G.; Marraud,
M. J. Am. Chem. Soc. 1985, 107, 1825—1828. (d) Stevens, E. S.;
Sugarawa, N.; Bonora, G. M.; Toniolo, C. J. Am. Chem. Soc. 1980, 102,
7048—7050.
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elements to form the characteristic intramolecular hy-
drogen bond that is necessary to prove the formation of
p-turns.

CO,H

Analogously to the homologue indolizidinone 26 stud-
ied by Germanas et al.,*» GPTM could mimic the two
central residues of natural VI -turns that have a s-cis-
proline in position i + 2 (Figure 3).!3 Structure C (Figure
4) represents a type VIa -turn where the amino acids
ini+ 1andi+ 2 positions have been replaced with the
GPTM moiety. Conjugated GPTM could also adopt other
conformations stabilized by different intramolecular
hydrogen bonds, including D and E (Figure 4). On the
contrary, the ¢trans isomers of GPTM preclude the forma-
tion of the aforementioned internal hydrogen-bonded
conformations except for D (Figure 4).

The analysis and comparison of the N—H stretch
region of pseudopeptides 21 and 22 recorded at different
concentrations proved the presence of intramolecular
hydrogen bonds in the GPTM derivatives 21. In particu-
lar, the IR spectrum of a 30 mM solution of trans
derivatives 22 in CH,Cl; showed a relatively strong band
at 3411 cm™! attributable to a non-hydrogen-bonded NH
stretch, and only a weak band at 3333 cm™! for a
hydrogen-bonded NH stretch (Figure 5).14 As the con-
centration was reduced to 7 mM, the second band
disappeared, showing that the hydrogen bonding was
intermolecular rather than intramolecular.

(13) Richardson, J. S. Adv. Protein Chem. 1981, 34, 167—339.
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At a concentration of 30 mM, the IR spectrum of the
cis derivatives 21 exhibited two bands in the region of
free NH stretch (3449 and 3408 cm™') and one attribut-
able to a hydrogen-bonded NH stretch (3339 cm™)
(Figure 5). The indication that these NH hydrogens were
involved in intramolecular hydrogen bonds came from the
lack of any significant concentration dependence (from
30 to 2 mM) of the IR spectrum of 21.

The 'H NMR analysis of compounds 21 and 22 in
CDCIl; solution supported the presence of internal hy-
drogen bonds in both diastereomers 21a and 21b. In
general, chemical shift values (0) of the carboxamide
hydrogens higher than 7 ppm are strongly indicative of
NH involved in hydrogen bonds.* In fact, the ¢ NH?
(Figure 6) of cis isomers 21 measure 7.31 and 7.11 ppm
in the absence of significant aggregation (~2 mM CDCl;
solution).'® As a confirmation, the corresponding NH? of
trans isomers 22, which can be considered as reference
compounds with no hydrogen-bonded NH, resonate up-
field, namely at 6.55 and 6.54 ppm.

The absence of intramolecular hydrogen bonding in the
trans isomers 22 rules out the formation of 7-membered
ring hydrogen bonding (y-turn conformation D) also for
cis isomers 21. The formation of structure E (Figure 4)
involving NH? hydrogen bond was dismissed by observing
the NH stretch region of the IR spectrum of 18. In par-
ticular, the 7 mM solution of compounds 18 in CHyCl,
showed only a band at 3420 cm™! that was attributable
to free NH groups (Figure 5). The combination of these
data suggests that 10-membered ring hydrogen bonding
(B-turn conformation C, Figure 4) occurs in 21.

In DMSO the NH?3 protons of both isomers 21 undergo
a downfield shift (dpuso = 8.16 and 8.11 ppm), which
proves that they are both accessible to the solvent, i.e.,
NH? protons are no longer internally hydrogen bonded
in the presence of a competitive solvent.

The NH? hydrogen bond strength in CDCl; was quali-
tatively evaluated by measuring the Ao NH? upon small
addition of a competitive solvent such as DMSO and the
temperature dependence (AJ/AT) in CDCl;.*h14 Both the
parameters were in accord with NH? in equilibrium
between hydrogen-bonded and non-hydrogen-bonded
states. In particular, 6 NH? in each compound 18, 21,
and 22 shifted downfield upon addition of a small
quantity of DMSO-dg to the CDCl3 solution (Ad199 pmso:
21 +0.46 and +0.63; 22 +0.49 and +0.38, 18 +0.81 and
+0.77 ppm; Figure 7).

The internal NH? hydrogen bonding in both tripeptide
mimetics 21 showed a large temperature dependence
(21: AO/AT = —5.0 and —4.9 ppb/K; Figure 8) in accord
with the presence of amide protons in equilibrium
between hydrogen-bonded and non-hydrogen-bonded
states.* As expected, the non-hydrogen-bonded NH? in
the trans derivatives 22 showed a low-temperature
coefficient (22: AJ/AT = —1.3 and —1.4 ppb/K). The
AJ/AT values of NH? in 18 were too large in absolute
value (—3.4 and —2.8 ppb/K) for a non-hydrogen-bonded
state according to general classifications.'>* Anyway, in
this case the lack of hydrogen bonds was unambiguously
demonstrated by the IR analysis (see Figure 5).

(14) Belvisi, L.; Gennari, C.; Mielgo, A.; Potenza, D.; Scolastico, C.
Eur. J. Org. Chem. 1999, 389—400.

(15) For all model compounds 18, 21, and 22, NH ¢ values were
independent of concentration at or below 5.0 mM at 295 K.
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as a function of temperature (~2 mM solution in CDCl;).16

Comparison of the data sets from diastereomers 21a
and 21b suggests that the tendency to form intramolecu-
lar hydrogen bonding of the pseudopeptide BocGPTM-
PheOMe and its “mirror image”!” is qualitatively similar.
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The same resemblance between the conformational char-
acteristics of conjugates of the enantiomeric cis-indoliz-
idinones 26 have been previously described.*

In conclusion, all spectroscopic data demonstrated that
the amide NH? hydrogen in both compounds 21 experi-
ences a weak internal hydrogen bond, forming a 10-mem-
bered ring as in structure C (Figure 4). The reported
results suggest that GPTMs are potential g-turn induc-
ers, and encourage us to further explore the real synthetic
applications and conformational behavior of these com-
pounds.

Conclusion

The synthesis of the new conformationally constrained
Gly-(s-cis)Pro turn mimetic 15 in both racemic and enan-
tiomerically pure forms was accomplished. Preliminary
results concerning the coupling of the GPTMs with other
amino acids [Boc-Phe-OH, Phe-OMe, and Fmoc-Asp-
(OtBu)-OH], and the hydrolysis of the methyl ester
moiety at the GPTM C-terminus, either in the presence
of Boc- or Fmoc protected amino groups, proved that
these compounds can be used in peptide synthesis
without epimerization at the C-2 stereocenter. The study
of different protecting groups of the carboxylic moiety,
more suitable for the preparation of the Fmoc-GPTM-
OH building blocks for solid-phase peptide synthesis is
currently carried out in our group.

The racemic trans isomer 17 of the GPTM was also
coupled with Boc-Phe-OH and Phe-OMe. Compound
trans-17 itself can be regarded as a Gly-(s-cis)Pro mimetic
which, in contrast to cis-15 when incorporated in a
peptide, prevents the bending of the peptide chain.

Experimental conformation studies by FT-IR and 'H
NMR performed on model compounds 18, 21, and 22
demonstrated that GPTM are effective VI -turn mimet-
ics and can induce either hydrogen bonded stabilized, or
opened f-turn conformations. Accordingly, the bicyclic
system 1 (R=R'=H) and its enantiomer represent two

(16) The 6 NH obscured by the phenyl proton resonances were
determined from the gCOSY spectrum when a coupling constant
existed between the amide hydrogen and the corresponding C,H.

(17) Sibanda, B. L.; Thornton, J. M. Nature 1985, 316, 170—174.

(18) The X-ray CIF files have been deposited at the Cambridge
Crystallographic Data Centre and allocated with the deposition
numbers CCDC 231007 for compound exo-6 and CCDC 231008 for
compound (2R,7aR)-23a.
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new dipeptide scaffolds for the synthesis of VI f-turn
mimetics. Incorporation of GPTMs and their ¢rans iso-
mers in selected peptide chains is now in progress in our
laboratories.

Experimental Section

Methyl (2R*,3aS*)-2-(Aminocarbonyl)tetrahydropyr-
rolo[1,2-blisoxazole-3a(4H)-carboxylate (exo-6), Methyl
(28*,3aS%)-2-(Aminocarbonyl)tetrahydropyrrolo[1,2-b]-
isoxazole-3a(4H)-carboxylate (endo-7), and Methyl 3-(Ami-
nocarbonyl)tetrahydropyrrolo[1,2-blisoxazole-3a(4H)-
carboxylate (8). A solution of nitrone 4a (400 mg, 2.8 mmol)
and acrylamide (5a, 400 mg, 5.6 mmol) in bidistilled H2O (0.8
mL) was stirred at 60 °C for 14 h. The mixture was diluted
with AcOEt and concentrated. The crude product was crystal-
lized from AcOEt, yielding adduct exo-6 as a white solid (188
mg). The mother liquor was concentrated and purified by
column chromatography on silica gel (eluent: CHCly/MeOH
+ 1% concd NH,OH, 20:1) to obtain 8 as a white solid (116
mg, 19%), exo-6 (62 mg; total yield: 250 mg, 42%), and a
mixture of endo-7 and 5a. The pure adduct endo-7 (179 mg,
30%) was obtained as a pale-yellow viscous oil by chromato-
graphic separation on silica gel (eluent: AcOEt).

ex0-6:'® Ry = 0.30; mp = 163—164 °C; 'H NMR (200 MHz) 6
6.87 (br s, NH), 5.37 (br s, NH), 4.59 (dd, J = 8.8, 4.8 Hz, 1H),
3.76 (s, 3H), 3.48—3.20 (m, 2H), 3.18 (dd, J = 13.2, 4.8 Hz,
1H), 2.63 (dd, J = 13.2, 8.8 Hz, 1H), 2.42—2.26 (m, 1H), 2.22—
1.84 (m, 3H); 3C NMR (75 MHz) 6 174.0 (s), 172.9 (s), 77.4
(t), 77.0 (s), 57.4 (1), 52.8 (q), 44.1 (t), 35.8 (1), 24.2 (t); MS (EI)
m/z (%) 214 (3), 155 (100), 138 (50), 110 (70), 82 (26), 54 (22);
IR (CDCl;) 3519, 3402, 2958, 1737, 1689, 1571, 1202 cm™L.
Anal. caled for C9H14N2O4: C, 50.46; H, 6.59; N, 13.08.
Found: C, 50.57; H, 6.52; N, 12.89.

endo-7: Ry=0.23 (CHCIls/MeOH + 1% concd NH,OH 20:1);
R;=0.06 (AcOEt); 'H NMR (200 MHz) ¢ 6.28 (br s, 1H), 5.79
(br s, 1H), 4.55 (dd, J = 9.5, 7.3 Hz, 1H), 3.78 (s, 3H), 3.44—
3.11 (m, 2H), 3.26 (dd, J = 12.8, 7.3 Hz, 1H), 2.42—2.24 (m,
1H), 2.29 (dd, J = 12.8, 9.5 Hz, 1H), 2.20—1.86 (m, 3H); 13C
NMR (75 MHz) 6 172.9 (s), 172.6 (s), 77.7 (s), 77.7 (d), 57.2 (1),
52.8 (q), 43.6 (t), 34.6 (1), 23.9 (t); MS (EI) m/z (%) 214 (2), 155
(100), 138 (53), 110 (67), 82 (20), 54 (19); IR (CDCls) 3522, 3405,
2960, 1737, 1693, 1198 cm~!. Anal. caled for CoH14N2Oy: C,
50.46; H, 6.59; N, 13.08. Found: C, 50.20; H, 6.68; N, 12.80.

8: R;=0.32; mp = 103—104 °C; 'H NMR (200 MHz) ¢ 6.75
(br s, 1H), 5.91 (br s, 1H), 4.29 (dd, J = 9.9, 9.1 Hz, 1H), 4.10
(dd, J = 9.1, 7.3 Hz, 1H), 3.80 (s, 3H), 3.77 (dd, J = 9.9, 7.3
Hz, 1H), 3.47 (ddd, J = 11.4, 7.0, 4.4 Hz, 1H), 3.15 (ddd, J =
11.4, 8.8, 6.6 Hz, 1H), 2.20—1.86 (m, 4H); 3C NMR (75 MHz)
5 175.9 (s), 170.7 (s), 77.6 (s), 67.2 (t), 56.4 (t), 54.5 (d), 53.4
(q), 32.6 (t), 24.4 (t); MS (ED m/z (%) 214 (5), 155 (100), 108
(47), 85 (17), 59 (13); IR (CDCl,) 3500, 3379, 2959, 1724, 1689,
1590, 1253 cm 1. Anal. caled for CoH14N204: C, 50.46; H, 6.59;
N, 13.08. Found: C, 50.24; H, 6.48; N, 13.06.

Methyl (2R*,7aS%)-2-Hydroxy-3-oxotetrahydro-1H-pyr-
rolizine-7a(5H)-carboxylate (trans-10). A mixture of exo-6
(680 mg, 3.17 mmol) and AcOH (1.8 mL, 31.7 mmol) in MeOH
(26 mL) was hydrogenated over 20% Pd(OH)»/C (84 mg) at
room temperature and atmospheric pressure for 12 h. The
catalyst was removed by filtration on a short pad of Celite.
The filtrate was concentrated, diluted with CH3Clz (50 mL),
and treated with KoCO3 and NagSOy4 for 30 min. The mixture
was filtered and concentrated to give analytically pure ¢rans-
10 (606 mg, 96%) as a white solid.

trans-10: Ry = 0.22 (AcOEt); mp = 105—106 °C; 'H NMR
(500 MHz) ¢ 4.71 (dd, J = 10.5, 7.5 Hz, 1H), 4.36 (br s, OH),
3.74 (s, 3H), 3.68 (dt, J = 11.4, 7.8 Hz, 1H), 3.16 (m, 1H), 3.00
(dd, J = 12.7, 7.5 Hz, 1H), 2.46 (ddd, J = 12.7, 7.5, 3.2 Hz,
1H), 2.12—1.99 (m, 2H), 1.96 (dd, J = 12.7, 10.5 Hz, 1H), 1.73
(dt, J = 12.7, 9.7 Hz, 1H); 13C NMR (75 MHz) 6 175.1 (s), 173.4
(s), 72.4 (d), 69.4 (s), 52.8 (q), 42.0 (t), 41.8 (), 36.1 (1), 25.0
(t); MS (EI) m/z (%) 199 (0.5), 140 (100), 112 (82), 84 (64), 56
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(18); IR (CDCls) 3352, 2957, 1736, 1686, 1321, 1205, 1173 cm™1.
Anal. caled for CoH13NOy4: C, 54.26; H, 6.58; N, 7.03. Found:
C, 53.88; H, 6.64; N, 6.77.

Methyl (2S*,7aS%)-2-Hydroxy-3-oxotetrahydro-1H-pyr-
rolizine-7a(5H)-carboxylate (cis-12). The adduct endo-7
(2.30 g, 10.7 mmol) was converted into analytically pure cis-
12 (2.05 g, 96%) by the same procedure as described for the
synthesis of trans-10 starting from exo-6.

cis-12: white solid; Ry = 0.24 (AcOEt); mp = 130—131 °C;
H NMR (500 MHz) 6 4.49 (br s, 1H), 4.37 (dd, J = 6.8, 1.5
Hz, 1H), 3.76 (s, 3H), 3.64 (dt,J = 11.7, 7.8 Hz, 1H), 3.28 (ddd,
J =11.7, 9.3, 4.4 Hz, 1H), 2.54 (dd, J = 14.2, 1.5 Hz, 1H),
2.35 (ddd, J = 12.7, 7.3, 2.4 Hz, 1H), 2.25 (dd, J = 14.2, 6.8
Hz, 1H), 2.16—2.00 (m, 2H), 1.62 (m, 1H); 13C NMR (50 MHz)
0 174.3 (s), 173.9 (s), 74.0 (d), 72.2 (s), 52.7 (d), 41.4 (t), 39.7
(t), 36.0 (t), 25.5 (t); MS (EI) m/z (%) 199 (0.3), 140 (100), 112
(80), 84 (60); IR (CDCl3) 3379, 2957, 1738, 1692, 1210 cm ™.
Anal. caled for CoH13NOy4: C, 54.26; H, 6.58; N, 7.03. Found:
C, 53.91; H, 6.51; N, 6.84.

Partial Isomerization of cis-12 to trans-10. A suspension
of cis-12 (100 mg, 0.5 mmol) in HyO (1 mL) was treated with
tBuOK (111 mg, 1 mmol) and then heated in a sealed flask at
100 °C in an oven for 1 d. The solvent was removed under
reduced pressure, and the residue containing the hydroxy
carboxylates was treated with DMF and Mel (156 uL, 2.5
mmol). The heterogeneous mixture was stirred at room tem-
perature overnight and then concentrated. The crude prod-
uct was purified by chromatography on silica gel (eluent:
CH.Cls/MeOH, 20:1) to afford a 1:1 mixture of ¢{rans-10 and
cis-12 (72 mg, 72% yield).

Methyl (2R*,7aS%)-2-[(Methylsulfonyl)oxy]-3-oxotet-
rahydro-1H-pyrrolizine-7a(5H)-carboxylate ({rans-13).
Methanesulfonyl chloride (MsCl, 0.325 mL, 4.2 mmol) was
added dropwise to a solution of hydroxy ester ¢trans-10 (422
mg, 2.1 mmol) and triethylamine (TEA, 1.463 mL, 10.5 mmol)
in CHyCly (3 mL) at 0 °C. The mixture was stirred in dry
atmosphere at room temperature overnight, and the resulting
suspension was diluted with CH2Cl,, washed sequentially with
H>0 and brine, dried over NasSO,, and concentrated. The
crude mesylate trans-13 (578 mg, 99%) was sufficiently pure
to be used in the next step without further purification. A
sample purified by column chromatography on silica gel
(eluent: AcOEt/petroleum ether, 1:1) afforded analytically
pure trans-13 as a white solid.

trans-13: white solid; Ry = 0.25; mp = 88—90 °C (Et:0); 'H
NMR (200 MHz) 6 5.55 (dd, J = 9.9, 8.4 Hz, 1H), 3.77 (s, 3H),
3.70 (dt, J = 11.7, 7.7 Hz, 1H), 3.29 (s, 3H), 3.30—3.05 (m,
2H), 2.55 (ddd, J = 12.4, 6.6, 3.6 Hz, 1H), 2.28—2.00 (m, 3H),
1.72 (dt, J = 12.4, 9.6 Hz, 1H); 1*C NMR (50 MHz) 6 172.4 (s),
168.1 (s), 79.1 (d), 69.0 (s), 53.0 (q), 41.8 (t), 39.7 (t), 39.6 (q),
35.6 (t), 24.8 (t); MS (ED) m/z (%) 277 (M*, 35), 201 (14), 183
(10), 158 (100), 130 (33), 94 (31), 67 (61); IR (CDCls), 2957,
1714, 1413, 1358, 1281 cm™'. Anal. caled for C10H15NOgS: C,
43.32; H, 5.45; N, 5.05. Found: C, 42.93; H, 5.09; N, 5.08.

Methyl (2S*,7aS%)-2-Azido-3-oxotetrahydro-1H-pyr-
rolizine-7a(5H)-carboxylate (cis-14). Synthesis from
Mesylate trans-13. A mixture of the crude mesylate trans-
13 (578 mg, ~2.08 mmol) and NaNj3 (270 mg, 4.15 mmol) in
DMF (5 mL) was heated to 40 °C overnight. The reaction
mixture was diluted with CH3Cls, treated dropwise with 10%
aqueous HCI solution (10 mL), and vigorously stirred for 15
min. The separated organic phase was washed sequentially
with 5% NaHCOs3, H2O, and brine and was dried over NasSOy,
and concentrated. The crude product was purified by column
chromatography on silica gel (eluent: AcOEt/petroleum ether,
1:1) to afford azide cis-14 (325 mg, 70%) as a white solid.

Synthesis from Alcohol cis-12. Alcohol cis-12 (205 mg,
1.03 mmol) was dissolved in SOCI; (2 mL), to which pyridine
(104 uL, 1.03 mmol) was added dropwise at room temperature.
The mixture was refluxed during 1 h and concentrated under
reduced pressure, and the crude product was purified by
chromatography on silica gel (petroleum ether/AcOEt, 1:1). The
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pure methyl (2S5*,7aR*)-2-chloro-3-oxotetrahydro-1H-pyrroliz-
ine-7a(5H)-carboxylate (trans-chloride) derivative was ob-
tained as a yellow oil (122 mg, 54%).

trans-chloride: yellow oil; Ry = 0.20 (petroleum ether/
AcOEt, 1:1); 'TH NMR (200 MHz) 6 4.84 (dd, o/ = 11.0, 7.7 Hz,
1H), 3.76 (s, 3H), 3.85—3.64 (m, 1H), 3.29—3.11 (m, 1H), 3.20
(dd, J = 13.2, 7.7 Hz, 1H), 2.49 (ddd, J = 12.4, 6.4, 3.8 Hz,
1H), 2.20 (dd, J = 13.2, 11.0 Hz, 1H), 2.16—2.00 (m, 2H), 1.73
(dt, J = 12.4, 9.3 Hz, 1H); 13C NMR (50 MHz) 6 172.7 (s), 169.0
(s), 70.1 (s), 57.2 (d), 53.0 (q), 43.6 (t), 42.5 (t), 35.9 (t), 25.4
(t); MS (EI) m/z (%) 160 (34), 158 (100), 130 (14), 84 (59), 69
(27), 67 (36); IR (CDCls) 2956, 1738, 1712, 1405, 1210 cm ™.
Anal. caled for CoH12CINOs: C, 49.67; H, 5.56; N, 6.44.
Found: C, 49.21; H, 5.32; N, 6.70.

A mixture of the ¢rans-chloride (122 mg, 0.56 mmol) and
NaNj3 (73 mg, 1.12 mmol) in DMF (3 mL) was heated to 40 °C
overnight. The reaction mixture was diluted with CHsCls,
treated dropwise with 10% aqueous HCI solution (10 mL), and
vigorously stirred for 15 min. The separated organic phase was
washed sequentially with 5% NaHCOs;, H2O, and brine and
was dried over NaxSO, and concentrated. The crude product
was purified by column chromatography on silica gel (eluent:
AcOEt/petroleum ether, 1:1) to afford azide cis-14 (90 mg, 71%)
as a white solid.

cis-14: Ry = 0.26; mp = 84—87 °C (Et.0); 'H NMR (200
MHZ)é418(dd J =17.6,1.5 Hz, 1H), 3.78 (s, 3H), 3.66 (dt, J
=11.7,7.8 Hz, 1H), 3.31 (ddd, J = 11.7, 8.8, 4.5 Hz, 1H), 2.54
(dd, J = 14.4, 1.5 Hz, 1H), 2.32 (ddd, J =124, 6.6, 3.2 Hz,
1H), 2.24 (dd, J = 14.4, 7.6 Hz, 1H), 2.19—-2.03 (m, 2H), 2.66
(dt,J = 12.4, 9.6 Hz, 1H); 1*C NMR (75 MHz) 6 173.1 (s), 169.2
(s), 71.9 (s), 63.5 (d), 52.5 (q), 41.4 (t), 37.1 (t), 36.0 (t), 25.3
(t); MS (EI) m/z (%) 165 (75), 137 (100), 110 (35), 81 (35); IR
(CDCly) 2957, 2116, 1735, 1703, 1412, 1208 cm™'. Anal. caled
for CoH12N4O3: C, 48.21; H, 5.39; N, 24.99. Found: C, 48.08;
H, 5.34; N, 24.74.

Methyl (2S*,7aS%)-2-Amino-3-oxotetrahydro-1H-pyr-
rolizine-7a(5H)-carboxylate (cis-15). To a solution of cis-
14 (56 mg, 0.25 mmol) in MeOH (2.5 mL) was added dropwise
a water suspension (~1 mL) of Raney-Ni. The mixture was
stirred at room temperature for 30 min, filtered through a
short pad of Celite, and concentrated under reduced pressure
to give analytically pure cis-15 (41 mg, 82%) as a colorless oil.

cis-15: Ry = 0.06 (AcOEt/petroleum ether, 6:1); 'H NMR
(200 MHz) ¢ 3.76 (s, 3H), 3.68—3.52 (m, 1H), 3.60 (dd, J =
8.2, 3.0 Hz, 1H), 3.19 (ddd, J = 11.6, 9.1, 4.2 Hz, 1H) 2.41
(ddd, J =12.4,7.0, 2.6 Hz, 1H), 2.38 (X part of an AXY system,
J =14.0,8.2 Hz, 1H) 2.24 (Y part of an AXY system, J = 14.0,
3.0 Hz, 1H) 2.15—-1.88 (m, 2H), 1.64—1.44 (m, 1H); 3C NMR
(50 MHz) 0 176.3 (s), 174.4 (s), 71.9 (s), 57.2 (d), 52.8 (q), 41.6
(t), 39.5 (t), 35.9 (t), 25.6 (t). Anal. caled for CoH12N4O3: C,
54.53; H, 7.12; N, 14.13. Found: C, 54.57; H, 7.29; N, 13.92.

Methyl (2R*,7aS%)-2-Azido-3-oxotetrahydro-1H-pyr-
rolizine-7a(5H)-carboxylate (trans-16). To a solution of
compound cis-12 (61 mg, 0.3 mmol) and DMAP (50 mg, 0.4
mmol) in toluene (0.6 mL) was added DPPA (86 uL, 0.4 mmol).
The mixture was heated at 65 °C for 3.5 h, then purified by
column chromatography on silica gel (eluent: initially petro-
leum ether, then AcOEt/petroleum ether, 1:1) to afford ana-
lytically pure trans-16 (56 mg, 81%) as a colorless oil.

trans-16: Ry = 0.44 (AcOEt/petroleum ether, 1:1); 'H NMR
(200 MHz) 6 4.54 (dd, J = 11.0, 8.1 Hz, 1H), 3.76 (s, 3H), 3.71
(dt, J = 11.5, 7.5 Hz, 1H), 3.26—3.10 (m, 1H), 2.94 (dd, J =
13.2, 8.1 Hz, 1H), 2.48 (ddd, J = 12.4, 6.2, 4.4 Hz, 1H), 2.18—
2.00 (m, 2H), 1.84 (dd, J = 13.2, 11.0 Hz, 1H), 1.69 (dt, J =
12.5, 9.2 Hz, 1H); 3C NMR (50 MHz) ¢ 173.0 (s), 170.4 (s),
69.6 (s), 62.2 (d), 52.9 (q), 42.0 (t), 39.3 (t), 35.9 (1), 25.3 (t);
MS (EI) m/z (%) 225 (MH™, 43), 165 (77), 137 (92), 110 (19),
81 (28), 59 (100); IR (CDCl3) 2959, 2113, 1707, 1407, 1328,
1207 cm™'. Anal. caled for CoH12N4Os: C, 48.21; H, 5.39; N,
24.99. Found: C, 48.23; H, 5.47; N, 25.39.

Methyl (2S*,7aR*)-2-Amino-3-oxotetrahydro-1H-pyr-
rolizine-7a(5H)-carboxylate (trans-17). The azide trans-
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16 (119 mg, 0.53 mmol) was converted into the amine ¢trans-
17 (91 mg, 87%) by the same procedure as described for the
synthesis of cis-15 starting from cis-14.

trans-17: Ry= 0.06 (AcOEt/petroleum ether, 6:1); 'H NMR
(200 MHz) 6 3.92 (dd, J = 11.4, 7.6 Hz, 1H), 3.73 (s, 3H), 3.65
(dt, J = 11.6, 7.8 Hz, 1H), 3.24—3.08 (m, 1H), 2.96 (dd, J =
12.6, 7.6 Hz, 1H), 2.43 (ddd, J = 12.6, 6.2, 4.4 Hz, 1H), 2.15—
1.93 (m, 2H), 1.80—1.58 (m, 2H); 3C NMR (50 MHz) 6 175.6
(s), 173.8 (s), 69.4 (s), 55.9 (d), 52.7 (q), 43.0 (t), 41.8 (t), 36.2
(t), 25.2 (t); MS (EI) m/z (%) 198 (M*, 25), 139 (37), 111 (100),
84 (33), 70 (10).

Methyl (2R,7aR)- and (2S,7aS)-2-({ (2S)-2-[ (tert-Butoxy-
carbonyl)amino]-3-phenylpropanoyl} amino)-3-oxotet-
rahydro-1H-pyrrolizine-7a(5H)-carboxylate [(2R,7aR)-
18a and (2S,7aS)-18b]. DIPEA (72 ul, 0.41 mmol) was
added to a solution of crude cis-15 (40 mg, ~0.20 mmol),
Boc-L-Phe-OH (54 mg, 0.20 mmol), and PyBroP (54 mg, 0.20
mmol) in CHCl; (2 mL) with cooling in an ice/water bath. The
mixture was allowed to stand at room temperature overnight
and then concentrated. The crude compound was diluted with
AcOEt, then filtered, and washed sequentially with 5%
KHSO,4, 5% NaHCOs, and brine. The organic solution was
dried over NagSO,, filtered, and concentrated. The crude
product was purified by column chromatography on silica gel
(eluent: AcOEt/petroleum ether, 1:1) to afford a 1:1 insepa-
rable mixture of the two diastereoisomers (2R,7aR)-18a and
(2S,7aS)-18b (49 mg, 55%).

18 (1:1 mixture of two diastereomers): Ry = 0.16; 'H NMR
(300 MHz) 6 7.31-7.17 (m, 5H + 5H), 6.96—6.88 (m, NH),
6.83—6.72 (m, NH), 5.13—4.98 (m, NH + NH), 4.67 (dt, J =
2.8, 8.6 Hz, 1H) 4.54 (m, 1H) 4.44—4.24 (m, 1H + 1H), 3.71 (s,
3H + 3H), 3.64 (dt, J = 11.7, 7.8 Hz, 1H), 3.61 (dt, J = 11.7,
7.5 Hz, 1H), 3.28—2.92 (m, 3H + 3H), 2.50—2.35 (m, 2H +
2H), 2.25 (dd, J = 14.4, 3.0 Hz, 1H), 2.18—1.88 (m, 3H + 2H),
1.64—1.48 (m, 1H + 1H), 1.36 (s, 9H), 1.35 (s, 9H); 'H NMR
(300 MHz, 55 °C) ¢ 7.32—7.14 (m, 5H + 5H), 6.79—6.71 (m,
NH), 6.66—6.57 (m, NH), 5.02—4.88 (m, NH + NH), 4.65 (dt,
J = 3.0, 8.2 Hz, 1H) 4.55 (dt, J = 3.0, 8.2 Hz, 1H) 4.42—4.24
(m, 1H + 1H), 3.72 (s, 3H + 3H), 3.72—3.58 (m, 1 H + 1H),
3.26—2.94 (m, 3 H + 3H), 2.50—2.36 (m, 2H + 2H), 2.26 (dd,
J =141, 3.0 Hz, 1H), 2.17-1.96 (m, 2H + 2H), 2.11 (dd, J =
14.1,3.0 Hz, 1H), 1.64—1.49 (m, 1 H + 1H), 1.39 (s, 9 H), 1.38
(s, 9 H); 13C NMR (75 MHz) 0 174.0 and 173.9 (s), 171.9 and
173.8 (s), 171.3 and 171.2 (s), 155.3 and 155.2 (s), 136.8 and
136.62 (s), 129.5 and 129.4 (d, 2C), 128.6 (d, 2C + 2C), 127.0
and 126.8 (d), 80.2 (s, 1C + 1C), 71.8 (s, 1C + 1C), 56.0 (d, 1C
+ 1C), 54.3 and 54.1 (d), 52.8 (q, 1C + 1C), 42.2 and 42.1 (%),
38.6 (t, 1C + 1C), 37.4 and 37.3 (t), 35.4 and 35.2 (t), 28.3 (q,
3C + 30C), 25.7 and 25.6 (t); MS (EI) m/z (%) 445 (0.4), 389 (6),
269 (29), 254 (30), 183 (39), 164 (51), 120 (85), 91 (27), 57 (100);
IR (CDCl;) 3422, 3031, 2982, 1704, 1488, 1211, 1160 cm™.
Anal. caled for Co3H31N350g: C, 62.01; H, 7.01; N, 9.43. Found:
C, 61.72; H, 7.04; N, 9.63.

Methyl (2R,7aS)- and (2S,7aR)-2-({ (2S)-2-[ (tert-Butoxy-
carbonyl)amino]-3-phenylpropanoyl} amino)-3-oxotet-
rahydro-1H-pyrrolizine-7a(5H)-carboxylate [(2R,7aS)-
19a and (2S,7aR)-19b]. DIPEA (161 uL, 0.92 mmol) was
added to a solution of amine trans-17 (91 mg, 0.46 mmol), Boc-
L-Phe-OH (122 mg, 0.46 mmol), and PyBroP (215 mg, 0.46
mmol) in CH3Cly (4.5 mL) with cooling in an ice/water bath.
The reaction mixture was treated by following the same
procedure described in the previous synthesis. The crude
product was purified by column chromatography on silica
gel (eluent: AcOEt/petroleum ether, 6:1) to afford a mix-
ture of the two diastereomers [(2R,7aS)-19a and (2S,7aR)-19b
(156 mg, 76%)]. The diastereomeric mixture was partially sep-
arated by column chromatography (eluent: AcOEt/petroleum
ether, 2:1) to afford a mixture of 19a and 19b (117 mg, 57%)
and one of the two diastereomers 19 (24 mg, 12%) as a white
solid.

19 (one diastereomer): By = 0.18 (AcOEt/petroleum ether,
1:1); mp = 141-144 °C; [a]?*’p = —21.8 (¢ = 0.11, CHCly); 'H
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NMR (300 MHz) 6 7.35—7.10 (m, 5H), 6.52—6.41 (m, 1H),
5.04—4.90 (m, 1H), 4.68—4.52 (m, 1H), 4.42—4.30 (m, 1H), 3.78
(s, 3H), 3.67 (dt, J = 11.2, 7.8, Hz, 1H), 3.24—3.13 (m, 1H),
3.19 (dd, J = 12.8, 7.7 Hz, 1H), 3.07 (d, J = 6.3 Hz, 2H), 2.48
(ddd, J = 12.5, 6.9, 3.7 Hz, 1H), 2.16—2.00 (m, 2H), 1.86 (dd,
J =12.8,10.9 Hz, 1H), 1.69 (dt, J = 12.9, 9.5, Hz, 1H), 1.41
(s, 9H); 13C NMR (75 MHz) 6 173.3 (s), 171.6 (s), 171.5 (s),
155.2 (s), 136.5 (s), 129.4 (d, 2C), 128.7 (d, 2C), 127.0 (d), 80.4
(s), 70.3 (s), 55.9 (d), 54.5 (d), 52.8 (q), 42.2 (t), 41.1 (¢t), 38.5
(t), 36.2 (t), 28.3 (q, 3C), 25.4 (t); MS (EI) m/z (%) 445 (0.2),
389 (2), 269 (15), 254 (23), 183 (16), 164 (25), 120 (56), 91 (40),
57 (100); IR (CDCl3) 3693, 3417, 2936, 1705, 1483, 1164 cm ™.
Anal. caled for Co3H31N306: C, 62.01; H, 7.01; N, 9.43. Found:
C, 61.88; H, 6.62; N, 9.33.

Methyl (2R*,7aR*)-2-[ (tert-Butoxycarbonyl)amino]-3-
oxotetrahydro-1H-pyrrolizine-7a(5H)-carboxylate (20).
DIPEA (163 mL, 0.95 mmol) and (Boc)2O (207 mg, 0.95 mmol)
were added to a solution of amine cis-15 (188 mg, 0.95 mmol)
in a 4:1 mixture of CHyCl, (7.6 mL) and EtOH (1.9 mL) at
room temperature. The reaction mixture was stirred overnight
at room temperature, and then the solvents were removed
under reduced pressure. The residue was dissolved in a 2:1
mixture of CHyCl, and Et;O and treated with a 10% solution
of KHSO,. The two phases were separated, the aqueous layer
was extracted with a 2:1 mixture of CHzCly and Et20, and the
combined organic extracts were dried over NaySOy, filtered,
and concentrated. The crude product was purified by column
chromatography on silica gel (eluent: AcOEt/petroleum ether,
2:1) to afford racemic Boc-GPTM-OMe (170 mg, 67%) as a
white solid.

20: R;= 0.22 (AcOEt/diethyl ether, 1:2); mp = 161-163 °C;
'H NMR (400 MHz) 6 5.18 (br s, NH), 4.44 (m, 1H), 3.82 (s,
3H), 3.70 (dt, J = 11.8, 8.0 Hz, 1H), 3.28 (ddd, J = 11.8, 9.5,
3.9 Hz, 1H), 2.54—-2.45 (m, 2H), 2.39 (dd, J = 14.3, 3.2 Hz,
1H), 2.19—2.12 (m, 1H), 2.12—2.02 (m, 1H), 1.61 (ddd, J = 12.4,
10.9, 9.0 Hz, 1H), 1.46 (s, 9H); 13C NMR (50 MHz) 6 174.1 (s),
172.4 (s), 155.2 (s), 80.0 (s), 71.7 (s), 55.4 (d), 52.8 (q), 42.0 (t),
37.6 (1),35.2 (t), 28.2 (q, 3C), 25.5 (t); MS m/z (%) 241 (0.3)
[M* — CMes], 239 (14), 225 (8), 183 (100), 165 (16), 137 (12),
122 (90), 111 (25), 57 (94); IR (CDCl3) 3433, 2982, 2956, 1733,
1710, 1502, 1165 cm™!. Anal. caled for C14H2oN205: C, 56.36;
H, 7.43; N, 9.39. Found: C, 56.55; H, 7.34; N, 9.15.

Methyl (2S)-2-{[((2R,7aR)-2-[(tert-Butoxycarbonyl)-
amino]-3-oxotetrahydro-1H-pyrrolizin-7a(5H)-yl)car-
bonyllamino}-3-phenylpropanoate and Methyl (2S)-2-
{[((2S,7aS)-2-[(tert-Butoxycarbonyl)amino]-3-oxotetrahy-
dro-1H-pyrrolizin-7a(5H)-yl)carbonyl]Jamino}-3-phenyl-
propanoate [(2R,7aR)-21a and (2S,7aS)-21b]. A 1 M solu-
tion of NaOH (170 mL, 0.17 mmol) was added dropwise to a
mixture of 20 (51 mg, 0.17 mmol) in MeOH (0.24 mL) at
0 °C. The reaction mixture was stirred during 1 h at room
temperature, and then the solvent was removed under re-
duced pressure. DIPEA (30 mL, 0.17 mmol) and PyBroP (79
mg, 0.17 mmol) were added to the mixture of the crude
residue and L-Phe-OMe (30 mg, 0.17 mmol) in CH.Cl; (1.7
mL) at 0 °C. The reaction mixture was stirred overnight at
room temperature, then the solvent was removed under
reduced pressure, and the residue was dissolved in AcOEt and
filtered. The solution was washed twice with a 5% aqueous
solution of KHSO,, twice with a 5% aqueous solution of
NaHCOs, and once with brine and then dried over NasSQOy,
filtered, and concentrated. The product was purified by column
chromatography (eluent: AcOEt/Et.O, 1:1) to afford a 1:1
mixture of diastereomers 21a and 21b (28 mg, 37%) as a white
solid.

21: [1:1 mixture of two diastereomers (the absolute config-
uration of 21a and 21b was not established, but most of the
hydrogen resonances could be attributed to one diastereomer
(I) or to the other (II) by analyzing gCOSY and NOESY 1D
spectra of the mixture)]: Ry= 0.29 (AcOEt/diethyl ether, 1:2);
H NMR (400 MHz) ¢ 7.38—7.20 [m, 4H + (4H + NH); I and
I1], 7.20—7.14 (m, 1H + 1H; I and II), 7.11 (br s, NH; II), 5.48
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(brd,J =7.2Hz, NH; I), 5.05 (br s, NH; II), 4.83—4.73 (m, 1H
+ 1H; I and II), 4.24—4.11 (m, 1H; I), 4.09—-3.98 (m, 1H; II),
3.75 (s, 3H), 3.71 (s, 3H), 3.66 (dt, J = 11.9, 8.3 Hz, 1H: ID),
3.53 (dt, J = 11.8, 8.2 Hz, 1H; 1), 3.29 (dd, J = 14.1, 5.1 Hz,
1H; 1), 3.21 (dd, J = 13.9, 5.8 Hz, 1H; I1), 3.11 (ddd, J = 11.9,
9.9, 3.6 Hz, 1H; II), 3.08 (dd, J = 13.9, 7.8 Hz, 1H; II), 2.95
(dd, J = 14.1, 9.8 Hz, 1H; 1), 2.70 (m, 1H; 1), 2.65—2.47 (m, 1H
+ 2H; I and II), 2.56 (dd, J = 14.4, 10.2 Hz, 1H; 1), 2.29 (dd,
J = 14.4, 4.7 Hz, 1H; 1), 2.04—1.81 (m, 2H + 3H; I and II),
1.46 (s, 9H), 1.44 (s, 9H), 1.40—1.20 (m, 1H + 1H; I and II);
13C NMR (50 MHz) 6 175.6 and 174.9 (s), 173.4 and 173.0 (s),
172.1 and 171.7 (s), 155.3 and 155.2 (s), 136.4 and 136.3 (s),
129.1 and 128.9 (d, 2C), 128.6 and 128.5 (d, 2C), 127.1 (d, 1C
+ 1C), 80.4 and 80.3 (s), 72.2 and 71.7 (s), 54.7 and 54.0 (d),
53.4 and 53.3 (d), 52.5 and 52.3 (q), 43.2 and 42.6 (t), 37.5 and
37.1 (t), 37.1 and 35.5 (t), 34.3 and 34.0 (t), 28.4 and 28.3 (q,
3C), 24.8 and 24.6 (t); IR (CHxCl, 30 mM) 3449, 3408, 3339,
2979, 2955, 1741, 1709, 1679, 1507, 1367, 1164 cm™!. Anal.
caled for Co3H3:N3Oq: C, 62.01; H, 7.01; N, 9.43. Found: C,
61.87; H, 6.97; N, 9.44.

Methyl (25)-2-{[((2R,7aS)-2-[(tert-Butoxycarbonyl)-
amino]-3-oxotetrahydro-1H-pyrrolizin-7a(5H)-yl)car-
bonyllamino}-3-phenylpropanoate and Methyl (2S)-2-
{[((2S,7aR)-2-[ (tert-Butoxycarbonyl)amino]-3-oxotetrahy-
dro-1H-pyrrolizin-7a(5H)-yl)carbonyl]lamino}-3-phenyl-
propanoate [(2R,7aS)-22a and (2S,7aR)-22b]. Tripeptides
22a,b were synthesized starting from amine ¢rans-17 by the
same procedure as described for the synthesis of 21a,b starting
from cis-15.

22 (1:1 mixture of two diastereomers): yield 51%; Rr= 0.25
(AcOEt/diethyl ether, 1:2); 'TH NMR (400 MHz) 6 7.32—7.12
(m, 4H + 4H), 7.14-7.09 (m, 1H + 1H), 6.85 (br s, NH), 6.83
(br s, NH), 5.12 (br s, NH), 5.06 (br d, J = 3.7 Hz, NH), 4.89—
4.81 (m, 1H + 1H), 4.45 (m, 1H), 4.21 (m, 1H), 3.77 (s, 3H),
3.74 (s, 3H), 3.64—3.51 (m, 1H + 1H), 3.26 (dd, J = 14.1, 5.3
Hz, 1H), 3.22 (dd, J = 15.0, 5.3 Hz, 1H), 3.10—2.96 (m, 4H),
2.88 (m, 1H), 2.78 (dd, J = 12.8, 8.1 Hz, 1H), 2.47 (ddd, J =
12.5, 6.7, 3.3 Hz, 1H), 2.31 (ddd, J = 12.4, 6.9, 3.2 Hz, 1H),
2.01-1.80 (m, 5H), 1.67—1.58 (m, 2H), 1.50—1.38 (m, 1H), 1.43
(s, 9H), 1.41 (s, 9H); 13C NMR (50 MHz) 6 174.7 and 174.5 (s),
172.8 and 172.7 (s), 171.7 and 171.5 (s), 155.1 (s, 1C + 1C),
136.0 and 135.6 (s), 129.0 and 128.9 (d, 2C), 128.8 and 128.6
(d, 2C), 127.3 and 127.2 (d),80.0 (s, 1C + 1C), 71.0 (s, 1C +
1C), 54.4 (d, 1C + 1C), 52.9 and 52.8 (d), 52.5 and 52.4 (q),
43.1 and 43.0 (t), 41.7 and 41.3 (t), 37.4 and 37.3 (t), 36.8 and
36.6 (t), 28.2 (q, 3C + 3C), 25.0 and 24.8 (t); IR (CHCly, 30
mM) 3411, 3333, 3057, 2956, 1740, 1711, 1680, 1503, 1368,
1165 ecm™'. Anal. caled for Co3H31N3O6: C, 62.01; H, 7.01; N,
9.43. Found: C, 61.74; H, 6.87; N, 9.71.

Methyl (2R,7aR)- and (2S,7aS)-3-0x0-2-{[(1R)-1-phen-
ylethyllamino} tetrahydro-1H-pyrrolizine-7a(5H)-car-
boxylate [(2R,7aR)-23a and (2S,7aS)-23b]. A solution of the
alcohol ¢trans-10 (395 mg, 1.98 mmol) and pyridine (0.177 mL,
2.19 mmol) in CH.Cl; (4.5 mL) was added to a solution of
trifluoromethane sulfonic anhydride (Tf;O, 0.367 mL, 2.18
mmol) in CHyCl; (4.5 mL) at 0 °C. The reaction mixture was
stirred at 0 °C for 30 min and then filtered through a short
pad of silica gel (eluent CH3Cly). After evaporation of the
solvent, the crude triflate was dissolved in CH3Cl; (4.5 mL)
and added to a solution of (1R)-1-phenylethanamine (0.765 mL,
5.94 mmol) in CH2Cls (4 mL) at 0 °C. The reaction mixture
was stirred at 0 °C for 30 min, and then the solvent was
evaporated. The crude product was purified by chromatogra-
phy on silica gel (eluent: Et;O/iPry0O, 5:1 then 2:1) to afford
the two pure diastereomers (2R,7aR)-23a (144 mg, 24%) and
(28,7aS)-23b (144 mg, 24%) as a white crystalline solid and a
colorless oil, respectively.

(2R,7aR)-23a:'® Ry = 0.3 (Et20); mp = 63 °C (iPry0); [a]?6p
= +5.89 (¢ = 0.475, CHCl3); "TH NMR (500 MHz) ¢ 7.36—7.33
(m, 2H), 7.32—7.27 (m, 2H), 7.24—7.19 (m, 1H), 4.13 (q, J =
6.6 Hz, 1H), 3.74 (s, 3H), 3.62 (td, J = 11.6, 8.0 Hz, 1H), 3.31
(dd, J =17.9, 2.2 Hz, 1H), 3.20 (ddd, J = 11.6, 9.2, 4.1 Hz, 1H),
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2.31 (ddd, J = 12.7, 7.3, 2.6 Hz, 1H), 2.16 (dd, J = 13.9, 2.2
Hz, 1H), 2.10—-1.96 (m, 2H), 2.03 (dd, 13.9, 7.9 Hz, 1H), 1.85
(br s, 1H), 1.49 (ddd, J = 12.7, 10.6, 8.8 Hz, 1H), 1.31 (d, J =
6.6 Hz, 3H); 3C NMR (50 MHz) 6 175.2 (s), 174.6 (s), 145.0
(s), 128.3 (d, 2C), 127.0 (d, 2C), 126.9 (d), 71.9 (s), 60.9 (d),
56.4 (d), 52.6 (q), 41.6 (t), 39.0 (t), 36.0 (t), 25.6 (t), 24.2 (q);
MS (ED) m/z (%) 303 (MH*, 1), 287 (10), 124 (49), 120 (100),
105 (87), 77 (11); IR (CDCls) 3331, 2955, 1735, 1688, 1451,
1209 cm™L. Anal. caled for C17H22N2Os: C, 67.53; H, 7.33; N,
9.26. Found: C, 67.64; H, 7.28; N, 9.70.

(28,7aS)-23b: Ry = 0.25 (Et20); [a]?p = —72.9 (¢ = 0.48,
CHCls); 'H NMR (500 MHz) 6 7.35—7.28 (m, 2H), 7.27—7.25
(m, 2H), 7.24—7.20 (m, 1H), 3.85 (q, J = 6.6 Hz, 1H), 3.74 (s,
3H), 3.65 (dt, J = 11.6, 7.8 Hz, 1H), 3.34 (dd, J = 7.5, 2.8 Hz,
1H), 3.24 (ddd, J = 11.6, 8.6, 5.0 Hz, 1H), 2.49 (dd, J = 13.6,
2.8 Hz, 1H), 2.26 (ddd, J = 12.7, 6.8, 3.3 Hz, 1H), 2.09 (dd, J
= 13.6, 7.5 Hz, 1H), 2.07—1.98 (m, 2H), 1.82 (br s, 1H), 1.56
(dt, J = 12.7, 9.7 Hz, 1H), 1.37 (d, J = 6.6 Hz, 3H); 1*C NMR
(50 MHz) 6 175.0 (s), 174.6 (s), 144.4 (s), 128.6 (d, 20), 127.1
(d), 126.5 (d, 2C), 72.0 (s), 60.0 (d), 55.67 (d), 52.6 (q), 42.1 (t),
37.2 (t), 35.7 (t), 25.6 (t), 24.0 (q); MS (ED) m/z (%) 303 (MH",
1), 287 (8), 124 (44), 120 (100), 105 (67), 77 (7); IR (CDCls)
3330; 2955; 1734; 1690; 1450; 1214 cm™!. Anal. caled for
C17H22N203: C, 67.53; H, 7.33; N, 9.26. Found: C, 67.51; H,
7.37; N, 9.48.

Methyl (2R,7aR)-2-Amino-3-oxotetrahydro-1H-pyrroli-
zine-7a(5H)-carboxylate ((2R,7aR)-15a). A solution of
(2R,7aR)-23a (181 mg, 060 mmol) in MeOH (5 mL) was
hydrogenated in an autoclave in the presence of 20%
Pd(OH)s/C (50 mg) at room temperature and a pressure of 35
atm for 20 h. The catalyst was removed by filtration through
a short pad of Celite, and then the solution was concentrated
to give the crude amine (2R,7aR)-15a (116 mg, 97%), suf-
ficiently pure to be used in the next step without further
purification.

(2R,7aR)-15a: spectral properties are identical with those
of cis-15.

Methyl (2S,7aS)-2-Amino-3-oxotetrahydro-1H-pyrroli-
zine-7a(5H)-carboxylate [(2S,7aS)-15b)]. The amine
(2S,7aS)-23b (295 mg, 0.98 mmol) was hydrogenated under
the same conditions as its diastereomers (2R,7aR)-23a. The
purification of the crude amine (200 mg) by column chroma-
tography on silica gel (eluent: CH2Cly/MeOH 50:1 then 25:1
and 20:1) afforded the pure compound (2S,7aS)-15b (166 mg,
86%).

(28,7aS)-15b: [0]?®p = +28.1 (¢ = 0.66, CHCIy); spectral
properties are identical with those of cis-15.

Methyl (2R,7aR)-2-[((2S)-4-tert-Butoxy-2-{[(9H-fluor-
en-9-ylmethoxy)carbonyllamino}-4-oxobutanoyl)ami-
nol-3-oxotetrahydro-1H-pyrrolizine-7a(5H)-carboxy-
late [(2R,7aR)-24a]. DIPEA (200 uL, 1.15 mmol) was added
to a solution of amine (2R,7aR)-15a (116 mg, ~0.58 mmol),
Fmoc-L-Asp(OtBu)-OH (238 mg, 0.58 mmol), and PyBroP (270
mg, 0.58 mmol) in CHCl; (6 mL) with cooling in an ice/water
bath. The mixture was allowed to stand at room temperature
overnight and then concentrated. The crude compound was
diluted with AcOEt, then filtered and washed sequentially
with 5% KHSOy, 5% NaHCOj3, and brine. The organic solution
was dried over NaySOy, filtered, and concentrated. The crude
product was purified by column chromatography on silica gel
(eluent: AcOEt/Et;0, 1:1) to afford (2R,7aR)-24a (334 mg,
97%) as a white solid.

(2R,7aR)-24a: Ry= 0.21; mp = 85—86 °C; [a]?*’p = —3.26 (¢
= 0.49, CHCly); 'H NMR (500 MHz) 6 7.78—7.75 (m, 2H),
7.63—7.58 (m, 2H), 7.42—7.38 (m, 2H), 7.35—7.30 (m, 2H),
7.29—7.25 (m, 1H), 5.99—5.94 (m, 1H), 4.68 (dt, J = 2.5, 8.4
Hz, 1H), 4.58—4.51 (m, 1H), 4.41 (d, J = 7.1 Hz, 2H), 4.24 (t,
J =17.1 Hz, 1H), 3.72 (s, 3H), 3.65 (dt, J = 11.6, 8.1 Hz, 1H),
3.23 (ddd, J = 11.6, 9.7, 3.7 Hz, 1H), 2.86 (dm, J = 16.5 Hz,
1H), 2.69 (dd, J = 16.5, 5.6 Hz, 1H), 2.50—2.42 (m, 1H), 2.46
(dd, J =14.3,9.0 Hz, 1H), 2.30 (br d, J = 14.3 Hz, 1H), 2.18—
2.00 (m, 2H), 1.59 (ddd, J = 12.5, 10.9, 8.8 Hz, 1H), 1.45 (s,
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9H); 13C NMR (50 MHz) 6 173.9 (s), 172.1 (s), 170.7 (s), 170.4
(s), 156.1 (s), 143.7 (s, 2C), 141.2 (s, 2C), 127.6 (d, 2C), 127.0
(d, 20), 125.1 (d, 2C), 119.9 (d, 2C), 81.7 (s), 72.0 (s), 67.4 (t),
54.4 (d), 53.0 (q), 51.5 (d), 47.1 (d), 42.1 (t), 37.7 (t), 36.9 (t),
35.1 (t), 28.0 (g, 3C), 25.7 (t); MS (EI) m/z (%) 458 (<1), 333
(1), 236 (55), 178 (100), 176 (48), 165 (11), 152 (23), 122 (60),
88 (14); IR (CDCls) 3417, 3068, 2982, 1721, 1498, 1247 cm ™.
Anal. caled for C32H37N3Og: C, 64.96; H, 6.30; N, 7.10. Found:
C, 64.61; H, 5.96; N, 7.11.

(2R,7aR)-2-[((2S)-4-tert-Butoxy-2-{ [(9H-fluoren-9-
ylmethoxy)carbonyllamino}-4-oxobutanoyl)amino]-3-
oxotetrahydro-1H-pyrrolizine-7a(5H)-carboxylic Acid
[(2R,7aR)-25a]. The tripeptide (2R,7aR)-24a (296 mg, 0.50
mmol) and NaOH (24, mg, 0.6 mmol) were added to a 0.8 M
solution of CaCl, in iPrOH/H20 7:3 (11.2 mL). The reaction
mixture was stirred for 6 h at room temperature and then was
neutralized with 1 M AcOH and concentrated. The residue was
dissolved in CH3Cly, and the solution was dried over NasSQOy,
filtered, and concentrated. The crude compound was purified
by column chromatography on silica gel (eluent: CHCIly/MeOH/
AcOH, 200:10:0.1) to afford the compound (2R,7aR)-25a (108
mg, 37%) as a white solid.

(2R,7aR)-25a: Ry = 0.22 (CHCls/MeOH/AcOH = 20:1:0.1);
mp = 108—110 °C; [a]?"p = —0.56 (¢ = 1.25, CHCl3); 'H NMR
(400 MHz) 6 7.79—17.72 (m, 2H), 7.61—7.66 (m, 2H), 7.44—7.29
(m, 4H + NH), 5.96—5.88 (m, 1H), 4.60—4.30 (m, 2H), 4.46 (d,
J = 6.8 Hz, 2H), 4.23 (t, J = 6.8 Hz, 1H), 3.69 (dt, J = 11.8,
8.0 Hz, 1H), 3.26—3.17 (m, 1H) 2.90 (br d, J = 17.1 Hz, 1H),
2.69 (dt, J = 11.9, 4.4 Hz, 1H), 2.59 (br dd, J = 17.1, 3.8 Hz,
1H), 2.50 (dd, J = 14.6, 9.5 Hz, 1H), 2.37—2.26 (m, 1H), 2.13—
2.03 (m, 2H), 1.58—1.42 (m, 1H), 1.44 (s, 9H); 3C NMR (50
MHz, CD3;0D) 6 176.8 (s), 174.7 (s), 173.0 (s), 171.3 (s), 159.1
(s), 145.2 (s, 2C), 142.6 (s, 2C), 128.8 (d, 20), 128.2 (d, 20),
126.3 (d, 2C), 120.9 (d, 2C), 82.4 (s), 73.3 (s), 68.2 (t), 55.4 (d),
53.1 (d), 48.3 (d), 44.5 (t), 38.7 (), 36.8 (t), 35.9 (t), 28.3 (q,
3C), 26.3 (t); MS (EI) m/z (%) 178 (100), 176 (24), 165 (4), 152
(17), 150 (10), 111 (2), 89 (5), 86 (9), 84 (10), 76 (11); IR (CDCls)
3688, 3519, 3404, 2928, 1705, 1602, 1506, 1369, 1216 cm™.
Anal. caled for C3;H3sNsO0g: C, 64.46; H, 6.11; N, 7.27. Found:
C, 64.96; H, 6.20; N, 6.99.

Methyl (2S,7a8)-2-[((2S)-4-tert-Butoxy-2-{[(9H-fluor-
en-9-ylmethoxy)carbonyllamino}-4-oxobutanoyl)ami-
nol-3-oxotetrahydro-1H-pyrrolizine-7a(5H)-carboxy-
late [(2S,7aS)-24b]. The amine (2S,7aS)-15b (166 mg, 0.84
mmol) was coupled with Fmoc-L-Asp(OtBu)-OH (345 mg, 0.84
mmol) to afford (2S,7aS)-24b (422 mg, 85%) by the same
procedure as described for the synthesis of (2R,7aR)-24a.

(2S,7aS)-24b: white solid, R = 0.38 (AcOEt/Et;0, 1:1); mp
= 82-83 °C; [a]?"p = +43.30 (¢ = 1.03, CHCly); 'H NMR (500
MHz) 6 7.78—17.76 (m, 2H), 7.63—7.60 (m, 2H), 7.43—7.39 (m,
2H), 7.37.34—7.30 (m, 2H), 7.27—7.24 (m, 1H), 5.94—5.91 (m,
1H), 4.69 (dt, J = 2.2, 8.3 Hz, 1H), 4.56—4.50 (m, 1H), 4.46—
4.40 (m, 2H), 4.25 (t, J = 7.0 Hz, 1H), 3.78 (s, 3H), 3.66 (dt, J
=11.7,8.1 Hz, 1H), 3.24 (ddd, J = 11.7, 9.6, 3.7 Hz, 1H), 2.97
(dd, J = 17.1, 4.0 Hz, 1H), 2.59 (dd, J = 17.1, 5.3 Hz, 1H),
2.53 (dd, J = 12.2, 7.0 Hz, 1H), 2.41 (dd, J = 14.3, 8.5 Hz,
1H), 2.30 (dd, J = 14.3, 2.2 Hz, 1H), 2.20—2.12 (m, 1H), 2.11—
2.01 (m, 1H), 1.60 (ddd, J = 12.5, 11.1, 8.8 Hz, 1H), 1.45 (s,
9H); 3C NMR (50 MHz) 6 174.0 (s), 171.6 (s), 171.2 (s), 170.5
(s), 155.8 (s), 143.6 (s, 2C), 141.2 (s, 2C), 127.7 (d, 2C), 127.0
(d, 20), 125.0 (d, 2C), 119.9 (d, 2C), 81.8 (s), 72.1 (s), 67.2 (1),
54.8 (d), 53.0 (q), 51.1 (d), 47.0 (d), 41.8 (t), 37.7 (t), 37.4 (t),
35.2 (t), 27.9 (q, 3C), 25.7 (t); MS (EI) m/z (%) 333 (1), 236
(55), 178 (100), 176 (26), 165 (6), 152 (26), 122 (36), 88 (82), 76
(50); IR (CDCl3) 3417, 3068, 2976, 1712, 1496, 1215 cm™!. Anal.
caled for C3oH37N3Og: C, 64.96; H, 6.30; N, 7.10. Found: C,
64.63; H, 6.29; N, 7.14

(28,7a8)-2-[((2S)-4-tert-Butoxy-2-{[(9H-fluoren-9-
ylmethoxy)carbonyl]amino}-4-oxobutanoyl)amino]-3-
oxotetrahydro-1H-pyrrolizine-7a(5H)-carboxylic acid
[(2S,7aS)-25b]. The tripeptide (2S,7aS)-24b (170 mg, 0.29
mmol) was hydrolyzed to (2S,7aS)-25b by the same pro-
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cedure as described for the synthesis of (2R,7aR)-25a. The
crude compound was purified by column chromatography on
silica gel (eluent: CHyCly/MeOH/TFA, 40:1:0.2) to afford
(25,7aS)-25b (96 mg, 58%) as a white solid.

(2S,7a8)-25b: R;= 0.24 (CH,Cly/MeOH/TFA, 20:1:0.2); mp
= 113-114 °C; [a]*®p = +28.97 (¢ = 1.07, CHCly); 'H
NMR (400 MHz)) 6 7.77—17.72 (m, 2H), 7.65—7.59 (m, NH),
7.59-7.54 (m, 2H), 7.41-7.36 (m, 2H), 7.31-7.27 (m, 2H),
6.07—6.01 (m, NH), 4.66—4.58 (m, 1H), 4.52—4.32 (m, 3H),
4.24—4.16 (m, 1H), 3.64 (dt, J = 11.7, 8.1 Hz, 1H), 3.33—3.20
(m, 1H), 2.81-2.72 (m, 1H), 2.72—2.62 (m, 1H), 2.59—2.52 (m,
1H), 2.45—2.37 (m, 2H), 2.14—2.03 (m, 2H), 1.58—1.45 (m, 1H),
1.42 (s, 9H); ¥C NMR (50 MHz) 6 175.2 (s), 172.2 (s), 171.3
(s), 170.6 (s), 156.2 (s), 143.3 (s, 2C), 141.1 (s, 2C), 127.7 (d,
2C), 127.0 (d, 2C), 125.1 (d, 2C), 119.9 (d, 2C), 82.0 (s), 72.0
(s), 67.4 (t), 54.7 (d), 51.4 (d), 46.9 (d), 42.1 (t), 37.9 (t), 36.6
(t), 35.2 (t), 28.0 (q, 3C), 25.5 (t); MS (EI) m/z (%) 236 (1), 178
(100), 176 (22), 165 (12), 152 (11), 122 (8), 111 (7), 88 (9), 76
(12); IR (CDCl,) 3688, 3419, 2982, 1710, 1516, 1368, 1224, 1156
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cm™ L Anal. caled for C3H3sN30s: C, 64.46; H, 6.11; N, 7.27.
Found: C, 64.11; H, 6.40; N, 6.83.
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