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A solid-phase method for the synthesis of tentoxin has been developed. Two key steps—dehydration and N-alkylation—are carried out while
the peptide is anchored to the resin. The method, which has been validated by the preparation of a library of tentoxin analogues, should be
applicable to the generation of further libraries that have the tentoxin scaffold structure, as well as other structures containing N-alkylated
didehydroamino acids.

The recent developments in genomics, proteomics, andof the rich source of structural diversity and biological
molecular biology are providing a large number of new activity shown by natural products as a result of evolution
targets associated with the most important disebgés. and natural selectiof® In this sense, a number of natural
though computational molecular modeling methods have products can be considered asivileged structures-as
evolved enormously in the past few years, rational drug defined by Evans and co-worké&rsbecause their function
design methods based on these are far from being routinelymay be related to binding to more than one protein, different
implemented. One current strategy for the design of new from that involved in their biosynthesisNatural products
drugs consists of the display, on a suitable rigid scaffold, of with contrasting biological activities could therefore be
functional groups that are known to be involved in interac- considered as unique scaffolds for the discovery of new drugs
tions with the corresponding recepfdcaffolds or templates  aimed at targets that differ from their primary activity. The
can be prepared through de novo design. Furthermore, an y :
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drug discovery process can be facilitated further by modify-

ing these scaffolds by exploiting combinatorial technigties.
Tentoxin (), which is a phytotoxic metabolite isolated

from the pathogenic funguslternaria tenuisNess?° can

Tentoxin exhibits structural features not commonly found
in natural peptides: (i) the presence of a didehydroamino
acid (DDAA), (ii) the strained 12-membered-ring system,
and (iii) the fact that two of the four residues are methylated,

be assessed as a scaffold because it fits all of the requirementscluding the nonproteinogenic didehydroamino acid. These
described above. For example, tentoxin induces chlorosis infactors all contribute to the challenge for this system as a
many dicotyledone plants, except cereals, tomatoes, andsynthetic target.

members of the species cruciferae and gramithabus
making it a potential selective herbici¢feFurthermore, it

To adopt the tentoxin structure as a scaffold in a combi-
natorial program it is necessary to have a rapid and efficient

has been demonstrated that tentoxin has at least two sitesnethod for its synthesis, preferably with the potential for

that are capable of forming strong interactions with
substrate3 16 The first site, which shows great affinity, is

automization. Although the preparation of compound libraries
may be conducted in solution or in solid phase, the latter

the cause of the chlorosis effect whereas the second, whichmethod is often preferred for reasons highlighted by the

has a lower affinity constant, is related to an effect involving
growth stimulation.

On the other hand, with the exception of diketopiperazines,

syntheses of biomolecules such as peptidasd oligonucle-
otides?® The first objective of the present work was there-
fore to develop a solid-phase method for the synthesis of

cyclic tetrapeptides are the smallest cyclic peptides that cantentoxin. Syntheses described in the literature are mainly

be synthesize. These compounds have a molecular weight
below 500, which makes them suitable for modification and
to fulfill the Lipinski'® and Ticé® rules. Finally, NMR studies
have shown that the tentoxin cycle is rather rigfiét

Tentoxin also contains motifs of other therapeutically
interesting peptides, including the presenceNsfmethyl

residues and the didehydroamino group present in cyclospo-

rine 22 thiocoraline?® or kahalalide P4
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carried out in solutiod? with the exception of the example
reported by Rich and Mathiaparanam, in which the linear
tetrapeptide containing a precursor of the DDAA was
prepared in the solid phase before the dehydration and
methylation stages.

The key steps of the strategy presented here are (i) the
formation of the DDAA, (ii) theN-methylation of the DDAA,
(i) the choice of the linear precursor, and (iv) cyclization.

(i) The synthesis of didehydropeptides (DDP) such as
tentoxin by the introduction of the protectdd*-DDAA
cannot be carried out. This is because the weak nucleophi-
licity of the corresponding enamine function prevents an
efficient elongation in theC to N direction when theN*-
protecting group is removed?® The synthesis of DDP can
only be accomplished by forming the double bond once the
peptide sequence has been assembled or by incorporation
of a shorter peptide, preferably a dipeptide, containing the
DDAA.30 However, in this case the second strategy suffers
from several drawbacks. For example, it would involve
carrying out the dehydration step in solution, which is not
appropiate in a combinatorial scheme if different analogues
are required. Furthermore, selective protection of the carboxyl
group of thes-hydroxyphenylalanine [phenylserine, Phe(
OH)] in the presence of amino and hydroxyl groups must
be carried out.

In the present work the DDP was prepared in the solid
phase by a method developed in our laboratéijhe route
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Table 1. Linear Peptides Enclosed in the Tentoxin Sequence

risk of difficulty of DKP
sequence epimerization? cyclization? formation® (%)
| H-L-MeAla-L-Leu-L/D-Phe(BOH)-Gly-O-Resin none moderate 34
11 H-Gly-L-MeAla-L-Leu-L/p-Phe(30H)-O-Resin none high 15
11 H-L-Leu-L/D- Phe(SOH)-Gly-L-MeAla-O-Resin high low 48
\Y] H-L/D-Phe(fOH)-Gly-L-MeAla-L-Leu-O-Resin - very high not evaluated

a Assumed? Calculated by amino acid analysis (AAA) of the peptide resin before and after the incorporation of the third residue.

involves the preparation of the peptide with the precursor activation of the hydroxy group with 3-@limethylamino-

of the didehydro residue, in this case/d-Phef3-OH)], propyl)-1-ethylcarbodiimide (EDC, WSC) in the presence
of CuCl# and concomitant elimination. Although the linear
sequence was obtained with the diastereomeric mixture of

Scheme 1. Solid-Phase Strategy Developed for the Phef3-OH), this method gave exclusively tdésomer, which
Preparation of Tentoxin is the thermodynamically more stable product.
HO_Q * (i) The N-methylation of the didehydrophenylalanine

Il residue was also carried out on the solid phase with Mel as
the alkylating agent and 4CG; as the base in the presence
HO \/?L of 18-crown-6 as a phase transfer reagent in DMF. These
 Fmoc” —o conditions led to regioselective methylation of the didehydro
residue due to the greater acidity of the corresponding amide

b (b)
bond. The absence of 18-crown-6 or the use of 1,8-
) diazobicyclo[5.4.0Jundec-7-ene (DBU) as base instead,of K
Boc.,, i \)L i CQO; did not give theN-methylated derivative in any case.
Me O

As expected, the Fmoc group of thieterminal residue was
unstable under these conditions and therefore these residues

f

I—|
time (min) 30

have to be introduced while protected with the Boc group.

(C)
(iii) In this case, the choice is limited for several reasons
As mentioned above, the DDAA or its precursor cannot be
Boc-, ¥ H @) situated at théN-terminal position (Sequence 1V, Table 1).
o \)J\ \)J\ —o On the other hand, tentoxin contains an additiohl

J methylated residue (Ala) and a glycine, which the Ala residue
[—T— can epimerizase if it is at th@-terminal position during the

(d)
cyclizatior?® and both the Ala and glycine are prone to induce
diketopiperazine (DKP) formation if they are at the first two
positions with respect to thé-terminal3® Synthesis of the
BOC“ N\)J\ N\)\o—o different possible peptides was carried out and DKP forma-
tion was evaluated. Table 1 shows the results and highlights

problematic sequences along with the corresponding DKP
formation data. Sequence | contains BrVieAla as N-

terminal and this would be expected to make the cyclization
W || step more difficult. The Gly at th€-terminal should favor
HN N\)L \)L

T both cyclization and DKP formation. Sequence Il contains
; a Gly at the N-terminal that should favor cyclization.
Furthemore, the didehydro residue could be advantageous
l because epimerization is not applicable in this case, although
Y the carboxylic groups of these residues have poor reactivity.
Sequence Il should suffer from a high risk of racemization
NMEMEN becauseN-MeAla is at theC-terminal, but will have a high
o probability of cyclization because the Leu at th¢erminal
L"_’“'M_J: : —— . (31) Royo, M.; Jinieez, J.; Lpez-Macia A.; Giralt, E.; Albericio, F.
tmefmin)  gpg  tme(minl 5 Eur. J. Org. Chem2001, 45-48.
aReagents and conditions: (a) Fmoc-Gly-OH, DIPCDI/DMAP, _ (32) Fukase, K. Kitazawa, M.; Sano, A.; Shimbo, K.; Horimoto, S.;

. . imaridi .Q)- aa. Fujita, H.; Kubo, A.; Wakamiya, T.; Shiba, Bull. Chem. Soc. Jpri992
DCM; (b) SPPS; (h piperidine/DMF (2:8); (8) Fmoc/Boc-aa: 65 29272240

OH, DIPCDI/HOBt, DMF; (c) EDCHCI, CuCl, DCM/DMF (9: (33) Alsina, J.; Giralt, E.; Albericio, Fletrahedron Lett1996 37, 4195
1); (d) Mel, Ko.CG;, 18-crown-6, DMF; (§ = (¢') TFA/HO (19: 4198 and refere’nces\ther‘ein.
1); (f) DIPCDI/HOBU/DIEA, DCM/DMF (99:1). (34) Lopez-Macia A.; Jimanez, J. C.; Royo, M.; Giralt, E.; Albericio,

F.J. Am. Chem. So@001, 123 11398-11401.
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Table 2. Tentoxin Analogues Synthesized by Using the

Approach Outlined in Schemée”l
o]

SN H/\FO
N-R; MeN
O#H\(\
R2 (0]
MS (M+H)*
# Ri Rz calcd. found
2 CH3 \/\O 468.6 4703

3 CH, /\,HK/\/\/ 499.6

4 O L 7335
H FFFFFF

5 /\© NN 490.3

6 CHy "7 4142

NG S 428.4

8 ey NS 4405

500.3

734.2

492.4

4143
430.3

4423

is not a hindered residue. Finally, it was demonstrated that
the risk of DKP formation was high because the two
C-terminal residues were prone to promote this side reaction.

Tentoxin was obtained with a nonoptimized overall yield
of 25% calculated from the starting Wang resin [60% for
steps a€' (Scheme 1) and 41% for cyclization and
purification steps].

The compounds shown in Table 2 were synthesized by
following a similar strategy. The preparation of compounds
3 and4 was carried out with 1,2-diaminopropionic acid
(instead of Leu) bearing Fmoc and Alloc groups for the
protection of theo. and 8 amino groups, respectively. The
Alloc group was removed after the alkylation step by a
process involving an allyl transfer to PhSit the presence
of Pd(PPh),4, followed by acylation of thg-amino function
by the DIPCDI/HOBt method®é-3"

In conclusion, the synthetic method reported here can be
applied to generate libraries of compounds that have tentoxin
as the scaffold structure, as well as other structures containing
N-alkylated didehydroamino acids. All reactions except for
the final cyclization take place on the solid phase.
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Although sequence |1 initially appeared to be a promising cedpres for the synthe;is of tentoxin. This material is
candidate, it was ruled out because the dehydration Stepavanable free of charge via the Internet at http://pubs.acs.org.

carried out on the solid phase did not give the target oL0345273

compound due to the formation of several byproducts and

early cleavage from the resih.

(36) Although tentoxin and its analogues were obtained after cyclization

Tentoxin was ultimately synthesized by using sequence | with excellent purity, similar to that shown by tentoxin (HPLC profile X,

(Scheme 1).
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Scheme 1), further purification was carried out in all cases by reversed-
phase HPLC to give compounds with a purity greater than 95%.

(37) For analogues 2 and 3, Alloc removal was performed with PdjiPPh
(0.1 equiv) and PhSik{(10 equiv) in anhydrous DCM (X 15 min) under
an Ar atmosphere.
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