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Abstract: A flexible, convergent synthesis of Cyclotheonamide B (1b) was developed, starting from the
constituent amino acids, using conventional benzyl-, t-butyl- and allyl-based protecting groups. By
modification of the key intermediates, this approach allows the preparation of cyclotheonamide analogues.

Cyclotheonamides A/B (1a,b), metabolites isolated from a marine sponge,! are cyclic pentapeptides,
whose 19-membered ring features five stereocenters and one E-double bond. Besides the residues of three o-
amino acids (L-proline (Pro), L-2,3-diaminopropanoic acid (Dpr) and D-phenylalanine (D-Phe)), those of an
a,B-unsaturated y-amino acid derived from L-tyrosine (Tyr) and of o-keto L-B-homoarginine (kArg) are present
(scheme 1). The latter two amino acids were unknown as constituents of natural products up to the isolation of
the Cyclotheonamides. These unique structural features, in combination with their serine-protease inhibiting
properties have prompted many researchers to study these compounds.2-? Among the proteases inhibited is
thrombin, which plays a crucial role in the process of thrombosis and hemostasis. Thus, the Cyclotheonamides
can serve as valuable lead compounds in the development of a new class of antthrombotic agents.
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As shown by crystallographic studies of the Cyclotheonamide-human a-thrombin-hirugen complex, the
o-keto group of the B-homoarginine unit (see @ in scheme 1) forms a highly stabilized hemiketal with Seri9 of
the enzyme, similar to the transition state of peptide hydrolysis.? Moreover, these studies showed that, besides
the conventional Pro-Arg binding mode, the remainder of the macrocycle has no strong interactions with the
enzyme, so that it is to be expected that proper modifications of the molecular structure of the natural product
can improve its binding properties.

In this paper a convergent, [2 + 3] fragment-condensation route to Cyclotheonamide B is described.10
This route was designed to allow the synthesis of a series of Cyclotheonamide analogues, to probe and to
improve the selectivity and potency of the nawral product with respect to its thrombin inhibiting properties. The
key fragment in Cyclotheonamide A/B undoubtedly is the a-keto L-B-homoarginine unit. Because of the high
reactivity of a-keto carboxylic acid derivatives it was decided that this unit was to be formed from an a-hydroxy
carboxylic acid in a late step in the total synthesis (step @ in the retrosynthetic analysis, scheme 1).
Disconnection of the Dpr-Pro amide bond (step @) and subsequent breaking of the Phe-Tyr bond (step @)
gives tripeptide 2 with an o-hydroxy L-B-homoarginine moiety as the central part, and dipeptide 3 containing the
vinylogous tyrosine unit. The synthesis of these properly protected key intermediates was achieved as follows.
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a) CuCO3, Hy0, 100 °C, 1h; b) Nl-(N,N’-bis(Boc)amidino)pyrazole/DiPEA, formamide, 24h; ¢) EDTA/benzylchloroformate,
H,O/aceton, 12h; d) CHyN,; e) DiBAH, CH,Cly, - 72 °C, 2h; f) LiC(SCH3)3, THF, - 72 °C, 5h; g) HgO/HgCl,, CH;0H/H,0,
68 h; h) LiOH, THF/CH30H/H,0, 12 min; i) DCC/HOBYH-D-Phe-OCH3, CH,Cly, 14h; j) Hy/Pd/C, CH;0H; k) Aloc-Pro-OH
/TBTU, CH,Cl,, 1.5h.

Starting compound for the preparation of the a-hydroxy f-homoarginine moiety, the predominant part of
tripeptide 2, was N®, N®'-bis(Boc) N°-Z L-arginine methyl ester (5), prepared in 4 steps (50% yield) from
L-ornithine (4) (scheme 2). Reduction of § to the corresponding aldehyde and subsequent addition of
tris(methylthio)methyllithium, followed by treatment with HgCl,/HgO in aqueous methanol, yielded the
orthogonally protected methyl ester of a-hydroxy B-homoarginine 6 (mixture of diastereomers SR:SS =
8:1).11 Upon hydrolysis of 6 under standard conditions (LiOH 3 eq, THF/MeOH/H,0, 4/1/1, rt, 72 min) a
considerable amount of cyclic carbamate was found, due to intramolecular nucleophilic attack by the hydroxyl
group at the benzyloxycarbonyl group.!2 Decreasing the reaction time to 12 min prevented this side-reaction and
gave the a-hydroxy acid as the only product. Subsequent coupling (DCC/HOBt) with D-phenylalanine methyl
ester followed by hydrogenolysis to remove the Z group and coupling (TBTU, 2-(1H-benzotriazol-1-yl)-
1,1,3,3-tetramethyluronium tetrafluoroborate) with N-allyloxycarbonyl proline, gave the desired tripeptide 2 in
10.5% yield from 4. '

For the synthesis of the other intermediate, i.e. dipeptide 3, the allyl ester of L-2,3-diaminopropanoic
acid (8) (prepared from L-aspartic acid (7), scheme 3) was reacted with Boc,O/TEA under high-dilution
conditions to give mainly the mono NB-Boc regioisomer (N : NP = 1 : 8) of 2,3-diaminopropanoic acid allyl
ester.13 The crude reaction mixture was treated with acetyl chloride yielding, after chromatographic purification
and removal of the Boc group with an etheral solution of HCl, N®-acetyl 2,3-diaminopropanoic acid ailyl ester
(9). The tyrosine-derived o,B-unsaturated y-amino acid 12 was prepared by a Wadsworth-Emmons olefination
of the aldehyde prepared from N-Boc O-z-butyl tyrosine methyl ester (11), which in its turn was prepared (5
steps, 70% yield) from L-tyrosine (10). This Wittig-type reaction gave in quantitative yield the ethyl ester
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exclusively having the E-alkene geometry,!4 which, after hydrolysis to 12, was coupled (TBTU) with 9, to
yield dipeptide 3 in 64.4% yield from 10.
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a) NaN3, 30 % oleum/CHCl3, 58 °C, 4h, H,O: b) allyl alcohol/pTSOH, benzene, reflux, 5.5h; c) Boc,O/TEA, CHyCly, - 68 °C,
3h; d) acetyl chloride/TEA, CH;Cl,, 14h; €) 3M HC, Et;0, 0 °Con, lh; f) SOCl,, CH30H, reflux, 0.5h; g) benzyl-
chloroformate /NaCO3, HyO/CHCl3, 5 °C, 2h; h) isobutene/H;SO4, CH,Cl; 36h; i) Hp/Pd/C, CH30H; j) BocyO, DMF, 50 °C,
0.5h; k) DiBAH, CH,Cly, - 72 °C, 0.5h; 1) triethylphosphonacetate/NaH, THF, -50 —10 °C, 2.5h; m) NaOH, dioxane/H,0, 14h;
n) 7/TBTU, CH,,Cly, 2.5h.

Selective deprotection of the C-terminus of 2 was achieved by saponification (LiOH, rt, 12 min) to yield
13 (scheme 4), which was used without further purification. A longer reaction time caused hydrolysis of the
Pro-Arg peptide bond, probably via intramolecular nucleophilic attack by the free hydroxyl group (vide
supra). Treatment of 3 with acid gave the corresponding O,N-deprotected dipeptide. Unfortunately, it was
found that the conditions for oxidation of an o-hydroxy f-homoarginine moiety to the corresponding a-keto
carboxylic acid derivative are incompatible with the presence of a free phenolic hydroxyl group.!S
Consequently, we faced the challenge to achieve selective N-Boc removal in the presence of an aryl ¢-
butylether. Treatment of 3 with conventional acids in different concentrations and different solvents was
unsuccessful.16 It was gratifying to observe that treatment of 3 with trimethylsilyl trifluoromethane-
sulphonate/2,6-lutidine effected selective removal of the N-Boc group to yield 14 in quantitative yield.!7
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a) LiOH, THF/CH30H/H,0, 12 min; b) TMS-wriflate/2.6-lutidine, CH,Cl,, 0 °C-rt, 3h; ¢) TBTU, CH;Cl,, 3h; d) Pd(PPhs),4
/morpholine, THF, 45 min; e)TBTU/HOBYDMAP, 0.5 mM CH,Cl,, 18h; f) Dess-Martin periodane/t-BuOH, CH,Cl,, t, 24h,
g) TFA/thioanisole, 80 min.
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Coupling (TBTU) of tripeptide 13 with dipeptide 14 yielded smoothly (73%) the fully protected penta-
peptide 15. Treatment of 15 with 5 mol% of Pd(PPh;),, in the presence of a 50-fold excess of morpholine,
caused simultaneous removal of the C-terminal allyl group and the N-terminal allyloxycarbonyl group, to give
(73%), after chromatographic purification [silica; CH,Cl,/CH;OH/N-ethylmorpholine (NEM), 85/15/10], the
NEM-salt of the C,N-terminal deprotected pentapeptide. This compound (0.5 mM solution in CH,Cl,) was
cyclized by treatment with TBTU/HOB/DMAP to give (61%) the protected cyclopentapeptide 16. Oxidation of
the a-hydroxy group with Dess-Martin periodane (room temperature, 24 h) in the presence of t-butylalcohol,
followed by O,N-deprotection with TFA/thioanisole, and subsequent HPLC-purification led to Cyclotheon-
amide B (1b) in 51% yield.18

The convergent synthesis outlined here and the use of conventional benzyl-, -butyl- and allyl-based
protecting groups in combination with the straightforward synthesis of the key fragment, i.e. N®, N®'-
bis(Boc) NB-Z a-hydroxy B-homoarginine (6), provide an efficient route for the preparation of Cyclotheon-
amide analogues. In combination with molecular modeling studies, this synthetic strategy will enable us to
explore a new class of low molecular-weight thrombin inhibitors based on Cyclotheonamide B, a natural
transition-state analogue, as lead compound.!?
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