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to the 3'%-helix of normal peptides, but contains a bulge at the
methoxyethyl insert and is C-capped with a type I like 8-turn
element at the Pro-Gly linkage.’

In conclusion, simple, prototype vinylogous polypeptides are
seen to be rich in secondary structure. These would appear to
be a promising new class of polypeptide-like substances with altered
backbones. It will be interesting to determine the receptor-binding
properties of these potential ligands. Indeed, the following com-
munication illustrates a naturally occurring vinylogous polypeptide
that functions as a high affinity ligand.
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Modern methods of molecular and structural biclogy provide
excellent opportunities to characterize the interactions between
natural products and their cellular receptors.! In the process,
much can be learned about cellular pathways sensitive to the
natural products.? Marine sponges have been a rich source of
natural products whose influences on cellular function have proved
especially illuminating. Examples include okadaic acid,’ the
microcystins,* and calyculin’® that, together with the bacterial
natural products FK506 and cyclosporin A,® have revealed the
significant role of soluble protein phosphatases in signal trans-
duction pathways.” More recently, a family of cyclic peptides
obtained from the marine sponge genus Theonella®® had been
characterized that appear to be promising candidates for structural
and mechanistic investigations. Of these, the cyclotheonamides'®
attracted our attention for two main reasons. First, it was exciting
to discover, in a natural product, a residue we had thus far con-
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Figure 1. Revised stereostructures of the cyclotheonamides.
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sidered nonnatural but whose synthesis and conformational
properties we had studied in some detail. Vinylogous tyrosine
(V-Tyr) belongs to the larger class of vinylogous amino acids that
can form polymers of regular secondary structure.!! Second, the
presence of an a-keto amide moiety was provocative and strongly
suggestive of a2 mechanism of action for these low molecular
weight!2 inhibitors of a protease of the blood coagulation cascade,
thrombin (see below). As a first step toward elucidating the
structural basis for thrombin—cyclotheonamide complexation, we
now report the total synthesis of cyclotheonamide B (CyB) and
the modification of the previously reported stereostructure.

In the early phase of our studies, we developed syntheses of both
the R and § stereoisomers at the Arg-like residue (see # in Figure
1; this site was not defined in the original studies) of the proposed
structure of CyB (having the proposed R stereochemistry at the
V-Tyr residue (S is shown); see *), using reaction sequences
analogous to that shown in Scheme I. The spectral properties
of our synthetic samples, however, differed significantly from those
of natural CyB kindly provided by Professor Fusetani.!® We then
proposed an alternative stereostructure in Figure 1, containing
the S stereochemistry at the V-Tyr residue, upon considering the
potential pitfalls in the earlier degradative studies® and our analyses
of NMR spectra from the synthetic and natural samples. The
S stereochemistry of the Arg-like residue followed from the potent
inhibition of thrombin by the R(*),S(# ) synthetic isomer'® and
our speculation concerning thrombin inhibition. (The a-keto group
of the cyclotheonamides may function as an electrophilic mimic
of the ArgX scissile amide bond of thrombin substrates.) This
stereochemical reassignment was confirmed by a synthesis of CyB
described below.

L-Proline methyl ester and the protected aminoserine 7, which
was readily synthesized according to the Izumiya procedure,'4 were
coupled with DCC/HOBT to yield a dipeptide that was acetylated
at its N-terminus (formylation would be required for the synthesis
of CyA 1) and alkylated at its C-terminus with phenacyl (Pac)
bromide (Scheme I). Three consecutive amide couplings in the
C — N direction converted 8 into the seco-CyB precursor 9. The

(11) Hagihara, M.; Anthony, N. J.; Stout, T. J.; Clardy, J.; Schreiber, S.
L. J. Am. Chem. Soc. 1992, 114, preceding communication in this issue.

(12) In contrast to protein inhibitors of thrombin such as hirudin, see: (a)
Haruyama, H.; Wiithrich, K. Biochemistry 1989, 28, 4301-4312. (b) Rydel,
T. J.; Ravichandran, K. G.; Tulinsky, A.; Bode, W.; Huber, R.; Roitsch, C,;
Fenton, J. W., II Science 1990, 249, 277-280.

(13) Unpublished results, M.H. and S.L.S.

(14) Waki, M; Kitajima, Y.; Izumiya, N. Synthesis 1981, 266-268.
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first of these involved homologation with the vinylogous tyrosine
derivative 4, which was prepared from the protected tyrosine
derivative 3 by application of our standard V-amino acid syn-
thesis'! followed by a pentafluorophenyl ester activation protocol'’
(eq 1). Following a second homologation with D-N-Boc-
phenylalanine,, the third coupling was achieved with the a-hydroxy
acid 6, which was prepared from the Weinreb amide!¢ of a pro-
tected arginine 5 (eq 2). The guanidinium of 6 was doubly
protected with Boc and 2,5,6-trimethyi-4-methoxybenzenesulfonyl
(Mtr) groups to prevent nucleophilic addition to an intermediate
arginine aldehyde, which was homologated to the a-hydroxy acid
6 by Seebach’s procedure.!’

OB | LiAl,, THF OBn
2 PhyP=CHCO;E1
89% (2 sieps)
o
N(MelOMe 3 LiOH, MeOH. H,0, . M
4DCC, C4FsOH, BocHN
o 3 CH,Cly. 100% 4 o

BocHN

I Boc; 0, DMAP, H
020, DMAP, 80% N NHMtr

H
N NHMIr 2 1iAlH,, THR
i 3 HC(SMejy, nBuli, s
NH 48% (2 sieps) o NBoc
2)
N(Me)OMe 4 HgO, HgCly, Hy0, ¢
BocHN dioxane, 89% BocHN OH

o 5 5 LiOH, H,0, 100% 6 OH

Macrolactamization was achieved by a four-step process.
Removal of the phenacyl group (Zn, AcOH) was followed by
pentafluorophenyl ester formation at the C-terminus. Selective
removal of the N-terminal Boc group with p-TsOH'® illustrates
the utility of the novel guanidinium protecting group strategy used
in this study. After neutralization of the ammonium tosylate with
Hiinig’s base, treatment with DMAP resulted in smooth conversion
to the cyclic peptide 10. After oxidation of the hydroxyl, which
is left unprotected during the synthesis, the entire regiment of
protecting groups could be removed in a single step with TFA and
thioanisole. The 'H NMR spectrum of the product, synthetic CyB
2 ([a)?p = -13.5°, ¢ = 0.2, MeOH),!%% was the same as that
obtained from the natural sample. The identity of synthetic CyB,
prepared in this manner, to natural CyB is in stark contrast to
the products obtained by analogous procedures using the enan-
tiomer of 3, which results in the originally proposed structure, and
the enantiomer of § (the stereochemistry at the arginine-like
residue was not previously defined).?! Thus, the cyclotheonamides
are represented by structures 1 and 2. With the full stereostructue
and an efficient total synthesis in hand, we are presently inves-
tigating the structural features of thrombin—CyB interactions and
the potential role of a vinylogous amino acid in this context.
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The oxidative aromatization of the meso-tetraalkylhexa-
hydroporphyrinogen to porphyrin is one of the most interesting
chemical and biochemical pathways.!”*  meso-Octaalkyl-
porphyrinogen,* for which the oxidative aromatization is prevented
by the presence of two alkyl substituents at each meso carbon,
shows an unexpected redox chemistry.

During our studies on the interaction of the meso-octaethyi-
porphyrinogen tetraanion 2 with transition metals,>” we discovered
its transformation into an oxidized dianionic form 4, which can
be reduced back to the original tetraanion, as shown in Scheme
L.

The attempt to complex Pd(II) with 2 led to the reduction of
Pd(II) to Pd metal and the isolation of 4,% whose hydrolysis led
to the diprotic ligand 6.° The cyclopropane form 4 can be reduced
back to the tetraanion 2 by the use of lithium metal.’® The C-C

* To whom correspondence and reprint requests should be addressed.

* University of Lausanne.

tUniversity of Parma.

$ Dedicated to Professor Lamberto Malatesta on the occasion of his 80th
birthday.
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(8) Preparation of 4: Palladium dichloride (1.17 g, 6.71 mmol) was added
to a solution of 2 (4.66 g, 5.47 mmol) in toluene (200 mL), and the mixture
was allowed to stir overnight. The filtrate, kept at —15 °C for 2 weeks, gave
orange-red crystals of 4 (25%). Anal. Caled for C HgLi,N,O,: C, 75.98;
H, 9.21; N, 8.06. Found: C, 75.58; H, 9.12; N, 7.88.

(9) Preparation of 6: 4 (0.25 g, 0.42 mmol) was hydrolyzed with a few
drops of aqueous HCI, followed by the addition of Et,O. The yellow etheric
phase gave, after evaporation to dryness, a pale yellow powder (88%): 'H
NMR (CD,Cl,) 6 11.6 (bs, 2 H, NH), 7.52 (d, 2 H, C,H;,;N), 6.71 (d, 2 H,
C,H,N), 5.88 (m, 2 H, C,H;N), 5.78 (m, 2 H, C,H,N), 2.79 (q, 2 H, Et),
2.14 (m, 6 H, Et), 1.94 (m, 8 H, Et), 1.03 (m, 6 H, Et), 0.75 (m, 12 H, Et),
0.39 (t, 6 H, Et).

(10) 4 (0.50 g, 0.72 mmol) was added to THF (200 mL) under argon
followed by metallic lithium sand (0.01 g, 1.44 mmol). The mixture was
refluxed overnight. After concentration to dryness, 2 was isolated (89%).
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