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Tamandarins A and B are a class of marine natural cyclodepsipeptides with structures and biological
activities closely related to those of the didemnins. The easier synthetic access to tamandarins accelerates
the preparation of new macrocyclic derivatives of this family of antitumor, antiviral, and immunosup-
pressive compounds. The optimization of the previously reported synthetic route to tamandarins by
changing the macrolactamization site from Nabd Thf to Prd and N,O-Me,Tyr® residues led to a
significant improvement in the reaction yield. Using this new synthetic approach, four new macrocyclic
analogues of tamandarin B were prepared and evaluated for anticancer activity. These results provide
further insight into the structureactivity relationship of the tamandarins and didemnins.

Introduction Due to its impressive in vitro and in vivo biological activities,
) ) ) ) the didemnin family is a clear example of marine compounds

Nature is an inventive chemist and has been a vast source oljth potential therapeutic vali&The didemnins were isolated
biologically active compounds, which have been successfully from Trididemnum soliduma Caribbean tunicate, by Rinehart
employed in the treatment of different diseases. In spite of the g3ng co-workers in 1984.Didemnin B @), the initial lead
tremendous biodiversity present in the ocean, marine organismscongener, has shown potent antitumor, antiviral, and immuno-
do not have a history of use in traditional medicine as strong
as that of terrestrial organisms. However, in recent years the (1) Rawat, D. S.; Joshi, M. C.; Joshi, P.; AtheayaAiti-Cancer Agents
number of marine-derived compounds undergoing preclinical Med. Chem2006 6, 33-40.

and early clinical development has increased exponentidlly. _ (2) Schwarstsmann, G.; Brondani da Rocha, A.; Matei, J.; Lopes, R. M.
y P P y Expert. Opin. Imestig. Drugs2003 12, 1367-1383.

(3) Vera, M. D.; Joullie M. M. Med. Res. Re 2002 22, 102-145.

T Universidad Autmoma de Madrid. (4) Rinehart, K. L., Jr.; Gloer, J. B; Hughes, R. G., Jr;; Renis, H. E;
*Pharma Mar S.A. McGovren, J. P.; Swynenberg, E. B.; Stringfellow, D. A.; Kuentzel, S. L.;
8 University of Pennsylvania. Li, L. H. Sciencel98], 212, 933-935.
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FIGURE 1. Structures of didemnins and tamandarins.

suppressive activities, as well as the ability to inhibit in vitro
protein biosynthesis and to induce rapid apoptesisThe
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(25)-Hiv?

R = Me, Tamandarin A, 4
R =H, Tamandarin B, 5

results only in minor conformational modification and may not
greatly affect bioactivity.

antitumor action of these compounds resulted in the firsthuman  The first studies of structureactivity relationships of di-
clinical trials in the U.S. of a marine natural product against demnins showed that the biological activities were highly
cancer, and additional clinical trials of a second-generation gependent on the structure of the side clafihis observation
didemnin, dehydrodidemnin B (apliding), are underway:>° caused the majority of structur@ctivity studies to focus on
However, the mechanisms by which didemnins produce thesethjs region? The macrocyclic core itself presents levels of
biological activities are still under investigation. biological activity considerably lower than those reported for
In 2000, Fenical and co-workers reported the structures of the corresponding didemniA%’ However, besides the impor-
tamandarins A and B{and5), two cyclic depsipeptides isolated  tance of the side chain, it is difficult to identify a concrete
from a Brazilian ascidiat Their structures are related to those structure-activity model for the didemnin family. The length
of didemnins, differing only in that the macrocyclic core of and complexity of the existing synthetic routes for accessing
tamandarins A and B contains the Hiwa-fiydroxyvaleryl)  didemnin§18-22 have hindered the development of a large
instead of the more complex Hipa{(o-hydroxyvaleryl)-  number of macrocycle-modified analogues in which the im-
propionyl) moiety (Figure 1). The two species that generate portance of each residue was individually tested. Only a few

productsl and 4 originate from remote geographic locations examples of didemnin analogues modified at the Hip-
but use a common method to defend their vulnerable larvae by jsostatind?.23-25 (residues 1 and 2) or at thi,0-Me,Tyr®

producing these structurally similar depsipeptiéfes.
Tamandarins A and B were reported to exhibit much of the
same biological activity as didemnin B and aplidine, maintaining
similar levels of antitumor activity and protein biosynthesis
inhibition properties® In addition, the synthesis of several

analogues of tamandarins A and B has shown that equivalent

structural modifications result in similar biological activities for
both didemnins and tamandarit¥s1® Furthermore, fluorescence
studies of the predatemprey interactions revealed similar
behaviors for both depsipeptide familigsThese observations

(12) Gutierrez-Rodriguez, M.; Martin-Martinez, M.; Garcia-Lopez, M.
T.; Herranz, R.; Cuevas, F.; Polanco, C.; Rodriguez-Campos, |.; Manzanares,
I.; Cardenas, F.; Feliz, M.; Lloyd-Williams, P.; Giralt, E.J.Med. Chem.
2004 47, 5700-5712.

(13) Joullie M. M.; Portonovo, P.; Liang, B.; Richard, D. Tetrahedron
Lett. 200Q 41, 9373-9376.

(14) Liang, B. Ph.D. Thesis, University of Pennsylvania, Philadelphia,
PA, 2001.

(15) Liang, B.; Portonovo, P.; Vera, M. D.; Xiao, D.; JoUJlil. M.
Org. Lett, 1999 1, 1319-1322.

(16) Mayer, S. C.; Carroll, P. J.; Joulli®l. M. Acta Crystallogr.1995

support the hypothesis that tamandarins are simplified didemninC51, 1609-1614.

mimics, indicating that the absence of the propionic acid unit

(5) Grubb, D. R.; Ly, J. D.; Vaillant, F.; Johnson, K. L.; Lawen, A.
Oncogene2001, 20, 4085-4094.

(6) Li, W.-R.; Ewing, W. R.; Harris, B. D.; JoullieM. M. J. Am. Chem.
Soc.199Q 112 7659-7672.

(7) Sakai, R.; Rinehart, K. L.; Kishore, V.; Kundu, B.; Faircloth, G.;
Gloer, J. B.; Carney, J. R.; Namikoshi, M.; Sun, F.; Hughes, R. G. J;;
Gravalos, G.; de Quesada, T. G.; Wilson, G. R.; Heid, RJIMJed. Chem.
1996 39, 2819-2834.

(8) Schmidt, U.; Kroner, M.; Griesser, Hetrahedron Lett1988 29,
3057-3060, 44074408.

(9) Rinehart, K. L.Med. Res. Re 2000 20, 1-27.

(20) Vervoort, H.; Fenical, W.; Epifanio, R. de A. Org. Chem200Q
65, 782-792.

(11) Joullie M. M.; Leonard, M. S.; Portonovo, P.; Liang, B.; Ding, X;
LaClair, J. J.Bioconjugate Chen2003 14, 30—37.
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(17) Schmidt, U.; Griesser, H.; Haas, G.; Kroner, M.; Riedl, B;
Schumacher, A.; Sutoris, F.; Haupt, A.; Emling, F.Peptide Res1999
54, 146-161.

(18) Hamada, Y.; Kondo, Y.; Shibata, M.; Shioiri, IJ..Am. Chem. Soc.
1989 111, 669-673.

(19) Jou, G.; Gonzales, I.; Albericio, F.; Lloyd-Williams, P.; Giralt, E.
J. Org. Chem1997, 62, 354—366.

(20) Jouin, P.; Poncet, J.; Dufour, M. N.; Pantaloni, A.; Castro,J.B.
Org. Chem.1989 54, 617—627.

(21) Rinehart, K. L., Jr.; Kishore, V.; Nagarajan, S.; Lake, R. J.; Gloer,
J. B.; Bozich, F. A,; Li, K. M.; Maleczka, R. E., Jr.; Todsen, W. L.; Munro,
M. H. G.; Sullins, D. W.; Sakai, RJ. Am. Chem. S0d.987, 109, 6846~
6848.

(22) Schmidt, U.; Kroner, M.; Griesser, Faynthesisl991 294—300.

(23) Mayer, S. C.; Pfizenmayer, A. J.; JoU]liel. M. J. Org. Chem.
1996 61, 1655-1664.

(24) Xiao, D.; Carroll, P. J.; Mayer, S. C.; Pfizenmayer, A. J.; Joullie
M. M. Tetrahedron: Asymmetr§997, 9, 47—53.
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position have been reported to daf§:28 Also, no drastic MeNaphtf?).32 Next, we prepared a macrocycle that was

conformational change occurred whetPra* was substituted modified at the Prband ThP positions, where the tolerance

with a b-Pro residué? for variation was not well investigated except for changing
In this context, we envisage that the easier synthetic access.-proline to p-proline?® We now report the synthesis and

to tamandarin derivatives could accelerate the preparation ofcytotoxic evaluation of four new tamandarin B analogues,

new macrocyclic analogues to facilitate the elucidation of the providing further insight into the structur@ctivity relationships

didemnin pharmacophore. Tolerance for modification in the of the didemnin family.

tetrapeptide region of didemnin BL) resulted in several

syntheses of analogues modified in this region. TH®fMe,- Results and Discussion

Tyr9] at position 5 of didemnin is thought to be an important

pharmacophoric element, because it projects outward from the Synthesis ofN-MePhe>-Tamandarin B. The synthesis of

main body of the molecule in the solid state and in solufbi. N-Me-Phé-tamandarin B was achieved on the basis of meth-
We prepared two didemnin B analogues in which the tyrosine odology previously reported in our research groups for the
moiety was replaced with N-Me-leucine and N-Me- preparation of tamandarins A and'B;'® differing only in the

phenylalanin@®28 These analogues exhibited biological activity preparation of the tetrapeptide moiety. We began the synthesis
similar to that of didemnin B, indicating that changes in this

position are tolerated. (27) Pfizenmayer, A. J.; Ramanjulu, J.; Vera, M. D.; Ding, X.; Xiao,
In order to evaluate whether tamandarins are fully competent D.; Chen, W.-C.; JoullieM. M. Tetrahedron1999 55, 313-334.

(28) Pflzenmayer A. J.; Ramanjulu, J.; Vera, M. D.; Ding, X.; Xiao,
mimics of didemnins, we began our study by preparing a D.: Chen, W.-C.- JoullieM. M. Tandon, D.- Toogood. P. 1Bioorg. Med.

tamandarin B analogue in which theO-Me,Tyr® residue was  Chem. Lett1998 8, 3653-3656.
replaced with N-Me-phenylalanine N-MePhé) and ©-2- (29) Abou-Mansour, E.; Boulanger, A.; Badre, A.; Bonnard, |.; Banaigs,

methvlamino)-3-(naphthalen-1-vl)propanoic acid N- B.; Combaut, G.; Francisco, Qetrahedron1995 51, 12591-12600.
( y )-3-(nap yhprop ( (30) Hossain, M. B.; van der Helm, D.; Antel, J.; Sheldrick, G. M.;

Sanduja, S. K.; Weinheimer, A. BProc. Natl. Acad. Sci. U.S.A988 85,

(25) Xiao, D.; Vera, M. D.; Liang, B.; JoullieM. M. J. Org. Chem. 4118-4122.
2001, 66, 2734-2742. (31) Kessler, H.; Will, M.; Antel, J.; Beck, H.; Sheldrick, G. Melw.
(26) Pfizenmayer, A. J.; Ramanjulu, J.; Vera, M. D.; Ding, X.; Xiao, Chim. Actal989 72, 530-555.
D.; Chen, W.-C.; JoullieM. M. Bioorg. Med. Chem. Let.996 6, 2713~ (32) Adrio, J.; Cuevas, C.; Manzanares, |.; Jouliie M. Org. Lett.2006
2716. 8, 511-514.

J. Org. ChemVol. 72, No. 14, 2007 5131



]OCAT’tiCle Adrio et al.

27 o
{# — A
g \ QW g ——d © 0%

O bBH
17 18

o (7 e pen

N
Csz o
Me o ChzN" 20
Me 0 o
“INHBoc o
(0] .‘\\\NHZ
\NH “'NHBoc
21

TBSO o)
OH

pr—

NHBoc
23
FIGURE 2. Retrosynthetic analysis di-MeNaphtii-tamandarin B 17).
with the coupling of CbaN-MePhe 6) with Boc-Thr-OSEM Synthesis ofN-MeNaphth®-Tamandarin B. The hydropho-
(7) to afford the corresponding dipeptide esden good yield. bicity of the residue at position 5 in didemnins was believed to
Subsequent hydrogenolysis with Pd(QEizd coupling with acid be an important factor in the biological activityFor example,
9 yielded the desired tetrapeptid® (Scheme 1). the replacement of this moiety with more potMe-L-tyrosine
Hydrogenolysis of the Cbz group of tetrapeptid®[H,, Pd- resulted in loss of the cytotoxic and immunosuppressive

(OH),] provided the free amindl, which was coupled with activity.” The incorporation of other aromatic hydrophobic
the previously described PFP esti!® to afford the linear amino acids at this position appeared worthwhile; therefore, we
precursorl3in 43% overall yield. The cleavage of the SEM decided to prepare a tamandarin B analogue by replddjOg
group was achieved using MgHEt,O without affecting the Boc Me,Tyr® with the more hydrophobit\-Me-L-3-(2-naphthyl)-
and TIPS protecting groupto furnish the corresponding acid, alanine.
which was converted to the free amine under usual hydro- A retrosynthetic analysis for the synthesisNsMeNaphtf3-
genolysis conditions. Subsequent macrolactamization with tamandarin B17) is shown in Figure 2. The final step involves
HATU in CH.Cl, give the N-Boc-protected macrocyclé4 the addition of the side chaih5 to the macrocyclel8. The
(19%, three steps overall). Reaction with HCI (gas) in dioxane, bond between Pfoand N-MeNapht/¥ was selected as the
to remove both the TIPS and Boc protective groups, afforded macrocyclization site. The linear precurd®was disconnected
the hydrochloride salt, which was coupled with the correspond- into the dipeptide Boc-Thr-Chix-MeNaphth 20) and the Norst-
ing side chainl5 (prepared as previously describ&d}® to Hiv-Leu-Pro unit @1). Depsipeptide21 was prepared by
afford the desired PReamandarin B16; Scheme 2). coupling alcohol22 and norstatin@3 (Figure 2).

Several attempts to improve the low yield obtained in the  The synthesis began with the preparation of the norstatine
macrocyclization (only 19%) by changing the solvent, the base, moiety 23, which was carried out by following the procedure

and the coupling agent failed. Taking into account the require- previously described in our research group, but changing the
ment of an efficient protocol that would allow the preparation protecting groups (Boc instead of Cbz at nitrogen and TBS
of several macrocycle derivatives, we decided to modify the j,stead of TIPS at the oxygen; Scheme 3).

synthetic strategy by changing the macrocyclization'Si&ince

the first total synthesis of didemnins reported by Rinehart et al.
in 19872 several different macrocyclization approaches have
been reported. Among them, the protocol reported by Shioiri
and then by Lloyd-Williams and GirdRkeffected the cyclization 26 (Scheme 4)
between Prband N,O-Me,Tyr® to obtain the corresponding g ] ) ) )
macrolactam in 76% yield, the highest yield reported to date. _ 1he synthesis of acidO (Figure 2) began with the protection

On the basis of this precedent, we decided to apply this stra'[egyOf the acid and amino groups of threonine as a SEM ether and
in the synthesis of the next tamandarin B analogues. Boc carbamate. Unfortunately the coupling with QlaMe-

The coupling between Leu-Pro-OR4 and the hydroxyva-
leric acid25 using DCC and diisopropylethylamine in GEl,
afforded alcohoR2 in good yield. Subsequently, reaction with
norstatine23 employing DCC and DMAP gave depsipeptide

(33) Chen, W.-C.; Vera, M. D.; JoulljeM.. M. Tetrahedron Lett1997, (34) Marco, E.; Martin-Santamaria, S.; Cuevas, C.; Gaga]. Med.
38, 4025-4028. Chem.2004 47, 4439-4452.
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(2-naphthyl)alanine using DCC/DMAP occurred in very low The synthesis of the Setamandarin B was performed in a
yield (5%), affording a compound without the SEM moiety as way similar to that described for the preparatioNefleNaphti-

the major product of the reaction. This problem could be solved tamandarin B but usiniy,0-Me,Tyr instead\N-MeNaphttt and

by changing the protecting group on the ester moiety. Therefore, serine instead of threonine. The synthesis of IS€-Me,Tyr
N-Boc-threonine was protected as a phenacyl ester by reactiondipeptide is described in Scheme 7. The acid group-&foc-
with bromoacetophenone to affo?d. The subsequent coupling  serine was protected as a phenacyl ester to af2@th 98%
with CbzN-Me-3-(2-naphthyl)alanin28 using DCC/DMAP yield. The subsequent coupling witi+Cbz-MeTyr 30 using
afforded the desired dipeptide in 68% yield. The phenacyl group DCC/DMAP furnished the desired dipeptide in 80% yield. The
was then removed using Zn in AcOH/M@ to give acid20 in phenacyl group was then removed using Zn in AcO¥JHo
60% yield (Scheme 5). give the acid31in 55% vyield (Scheme 7).

Depsipeptide21, obtained by acidic deprotection of com- Next, depsipeptid21 was coupled with aci@1 using HBTU,
pound26, was coupled with aci@0 using HBTU, HOBt, and HOBt, and DIPEA to afford the protected linear precur3ar
DIPEA to afford the linear precursd®. The benzyl protecting  in 65% yield. The benzyl protecting groups were removed by
groups were removed simultaneously by hydrogenation in hydrogenation in 99% vyield to give rise to the corresponding
96% yield. The macrocyclization (HATU/NMM/CIEN) af- linear precursor. Finally, macrocyclization (HATU/NMM/GH
forded the desired macrocycle in 65% yield. The coupling CN) afforded the desired cyclic pepti@8in 57% yield. With
of the hydrochloride salt of macrocycle with the lactyl side the macrocycle in hand, the Séamandarin B analogu@4 was
chain 15 gave the corresponding tamandarin B analogide prepared by attaching the side chain to the macrocycle hydro-
(Scheme 6). chloride salt in the presence of BOP and NMM (Scheme 8).

Synthesis of Sef-Tamandarin B. The conformation of the Synthesis of Alg-Tamandarin B. To the best of our
threonine residue in several macrocycles is believed to play aknowledge, no successful synthetic changes in thé-Pedt
critical role in shaping the overall molecular conformation, as region of the didemnins have been reported to date, except for
this residue forms the junction of the cyclic and linear peptide the replacement of Léuwith Lys3.3® The fact that the Lel
chains. In several antibiotic peptides, the threonine residue formspra* region exists in g-turn conformation in the solid state
an ester bond between the threonine hydroxyl and the C-terminalhas led to speculation that this conformational feature may be
carboxyl in the cyclic part of the molecule, and the threonine a determining element in the biological activity of this family
amino group is acylated to form a linear peptide ciin. of compounds. However, the substitution ofproline by
Replacing this residue with serine should assess the importance-proline in naturally occurring-Prd*-didemnin B apparently
of this moiety.

(36) Vera, M. D.; Pfizenmayer, A. J.; Ding, X.; Xiao, D.; Jo(]lig!.
(35) Fischbach, M. A.; Walsh, C. Them. Re. 2006 106, 3468-3496. M. Bioorg. Med. Chem. LetR001, 11, 13—-16.
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did not cause much change in the conformation of the didemnin
macrocycle, preserving a similar cytotoxic actividyln order performed by following the same synthetic sequence used for
to understand the role of thePrd* residue in the biological  the synthesis of th&l-MeNapht®® and Set analogues. First,
activity of tamandarins, we decided to replace the proline residue N-Boc-L-alanine was protected as its benzyl ester in excellent
with L-alanine. yield (96%). Removal of the Boc group with a solution of HCI

The synthesis of the Afaamandarin B derivative was

5134 J. Org. Chem.Vol. 72, No. 14, 2007
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in EtOAc afforded the hydrochloride saR5 which was
successfully coupled witN-Boc-.-leucine using DCC/NMM/
HOBt to give the corresponding dipeptide in 78% yield. Finally,
the hydrochloride sal86 was obtained by cleavage of the Boc
group using a solution of HCI in EtOAc (Scheme 9).

The reaction of dipeptid86 with hydroxyvaleric acid25 in
the presence of DCC/NMM afforde’d¥7 in 77% yield. Further-
more, esterification of aci@3 with alcohol 37 gave fragment
38in 89% vyield. Next, the Boc and TBS groups were removed
in quantitative yield using a solution of HCI in EtOAc to give
39. The coupling betweeB9 and dipeptide40 afforded the
linear precursodl. Hydrolysis of benzyl protecting groups and
macrocyclization (HATU, NMM, CHCN) afforded the mac-
rocyclic core42 of a tamandarin B analogue, with alanine in
place of Prdt The coupling of the hydrochloride salt of
macrocycle42 with the lactyl side chain gave the desired Ala
tamandarin B analogué3 (Scheme 10).

Biological Evaluation of the Synthetic AnaloguesA panel
of 14 human tumor cell lines was used to evaluate the cytotoxic
potential of the tamandarin B analogu&§, 17, 34, and 43:
prostate carcinoma tumor cells (DU-145 and LN-CaP), ovarian
cells sensitive (IGROV) or resistant (IGROV-ET) to ET-743,

SK-BR-3 breast adenocarcinoma, MEL-28 malignant melanoma,
A-549 lung carcinoma NSCL, K-562 chronic myelogenous
leukemia, PANC-1 pancreatic epitheloid carcinoma, HT-29
colon carcinoma cells, LoVo lymph node metathesis cells and
the corresponding LoVo-Dox cells resistant to Doxorubicin, and
cervix epitheloid carcinoma (HeLa) or resistant (HeLa-Apl) to
Aplidine.

A conventional colorimetric ass&ywas set up to estimate
Glsp values: i.e., the drug concentration that causes 50% cell
growth inhibition after 72 h of continuous exposure to the test
molecules. Tamandarin B5) is included in the test for
comparison. The results obtained are shown in Table 1.

These results show that the modification accomplished in
N,O-Me,Tyr and Thf are well tolerated, since the cytotoxic
activities of analogue46, 17, and 34 are similar or in some
cases superior to that & However, the replacement of Pro
with alanine effected a considerable decrease in activity,
suggesting that Pfads a critical structural element required for
cytotoxic activity. This outstanding activity suggests that

(37) Skehan, P.; Storeng, R.; Scudiero, D.; Monks, A.; McMahon, J.;
Vistica, D.; Warren, J. T.; Bokesch, H.; Kenney, S.; Boyd, M.JRNatl.
Cancer Inst.1990 82, 1107+~1112.
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TABLE 1. Data of in Vitro Cytotoxicity (Gl so, M) of the
Compounds 5, 16, 17, 34, and 43

Tamandarin N-MePhé N-MeNapht®  Sef  Ala*
B (9 (16) 17 (39 43
DU-145 7.08 2.37 2.17 6.79 1810
LN-CaP 5.84 1.52 1.98 2.71 548
IGROV 7.31 2.94 2.09 11.1 1990
IGROV-ET 173 215 159 456
SK—BR-3 5.44 0.66 1.83 3.74 6860
MEL-28 3.03 2.74 4.14 16.6 1500
A-549 7.62 4.56 6.96 51.5 5850
K-562 8.47 23.2 20.0 78.0 5870
PANC-1 14.0 3.81 6.24 349 3750
HT-29 6.32 477 4.60 23.7 4220
LOVO 30.5 26.1 6.84 38.9 3550
LOVO-DOX 1250 358 429 2390 9840
HELA 3.90 1.17 2.81 3.76 1180
HELA-APL 59.7 44.5 36.4 411 9840

analogued6, 17, and34 might be used as scaffolds for further
development of new types of antitumor compounds.

Conclusions
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1H), 2.98-3.00 (m, 1H), 3.19-3.23 (m, 1H), 3.36-3.32 (m, 1H),
3.42 (dd,J = 9.8 and 4.9 Hz, 1H), 3.57 (dd,= 10 and 4.4 Hz,
1H), 3.60-3.62 (m, 1H), 3.63-3.64 (m, 1H), 4.03-4.21 (m, 1H),
4.32-4.36 (m, 1H), 4.374.45 (m, 1H), 4.574.60 (m, 1H), 4.66-
4.69 (m, 1H), 4.884.92 (m, 1H), 4.94 (dJ = 6.0 Hz, 1H), 5.80
(m, 1H), 7.12-7.17 (m, 2H), 7.28-7.31 (m, 3H), 7.487.51 (m,
2H). 3C NMR (125 MHz, CDC}, 9): 12.2,12.6, 15.1, 16.5, 17.5,
18.0, 18.2, 18.8, 19.6, 20.7, 21.0, 23.5, 24.9, 27.9, 28.1, 30.1, 31.0,
35.1, 38.5, 39.7,40.9, 47.7, 48.1, 55.5, 56.9, 59.3, 65.9, 68.8, 69.9,
71.8, 80.1, 81.2, 126.9, 128.7, 129.5, 138.1, 155.9, 168.7, 170.9,
171.0,172.2. IR (neat): 3331, 2926, 1743, 1636, 1513, 1456.cm
[N-MePhé?]-Tamandarin B (16). To a solution of the Boc-
protected macrocycl&4 (10 mg, 0.01 mmol) in HPLC-grade EtOAc
was added a solution of HCI in EtOAc. The resulting solution was
stirred at room temperature for 2 h. The solution was concentrated
and the residue diluted with GBI, and concentrated again to yield
the hydrochloride salt (quantitative yield) as a white solid, which
was used directly in the next step. To a mixture of the macrocycle
amine salt (9 mg, 0.01 mmol) and side chain (6.1 mg, 0.015 mmol)
in CH.ClI, (0.50 mL) at 0°C was added BOP (8.4 mg, 0.015 mmol)
and NMM (6 L, 0.05 mmol). After 30 min at 0C, the reaction
was stirred at room temperature overnight. The reaction mixture
was treated with NaCl solution (2 mL, saturated) and extracted with
EtOAc (2 x 10 mL). The organic layers were washed with 10%

We have completed four total syntheses of tamandarin B HCI (5 mL), 5% NaHCQ (5 mL), and NaCl (5 mL, saturated),
analogues using a new synthetic strategy based on the changéfied (NaSQ,), filtered, and concentrated. The crude oil (8 mg,

of the macrocyclization site. Coupling between norstatineljNst
and threonine (T} afforded only a 15% yield, while lactam-
ization between proline (Pfpand the aromatic moiety could
be achieved in 65% yield. The changes achievel,@Me,-

61%) was purified by HPLC (HyperPrep PEP 100 C18, isocratic,
CH3CN/H,O 85/15; flow 7 mL/min, 270 nm) to afford6 as a
white solid.*H NMR (500 MHz, CDC}, ): 0.83-1.02 (m, 24H),
1.25 (d,J = 6.2 Hz, 3H), 1.28 (m, 3H), 1.39 (d,= 6.2 Hz, 3H),
1.43 (d,J = 6.3 Hz, 3H), 1.3+1.57 (m, 4H), 1.63-1.67 (m, 1H),

Tyr and The residues were well tolerated and even enhanced 1 75-1 82 (m, 1H), 1.952.05 (m, 3H), 2.08-2.29 (m, 3H), 2.40

the cytotoxic activity against several human tumor cell lines.

However, the substitution of Pfoby alanine resulted in

(dd,J = 7.4 and 17.2 Hz, 1H), 2.50 (s, 3H), 3.10 (s, 3H), 3-10
3.17 (m, 1H), 3.26-3.22 (m, 1H), 3.36-3.29 (m, 1H), 3.39-3.47

dramatically reduced activity, indicating that conformational and (m, 1H), 3.56-3.61 (m, 2H), 3.86-3.84 (m, 1H), 3.93-4.00 (m,

spatial effects are critical for antitumor activity.

Experimental Section

[N-MePhée?]-Tamandarin B Protected Macrocycle (14) To a
solution of the fully protected linear precursd3 (140 mg,
0.11 mmol) dissolved in C¥Cl, (5 mL), at 0°C was added MgBr

1H), 4.28-4.30 (m, 1H), 4.36-4,33 (m, 1H), 4.624.65 (m, 1H),
4.66 (t,J = 4.5 Hz, 1H), 4.83 (tJ = 5.5 Hz, 1H), 5.05 (dJ =
4.4 Hz, 1H), 5.23 (m, 3H), 5.40 (g} = 3.8 Hz, 1H), 7.05-7.11
(m, 2H), 7.19-7.25 (m, 3H), 7.457.59 (m. 2H), 7.757.80 (m,
1H).

[2-Naphthylala®]-Tamandarin B Macrocycle (18). To a solu-
tion of protected linear precurs® (60 mg, 0.054 mmol) in MeOH

Et,O (85 mg, 0.33 mmol). The reaction mixture was stirred at under argon was added Pd(QH21 mg). The reaction mixture
0 °C for 2 h and overnight at room temperature. The mixture was was purged with KHand stirred overnight under attmosphere

diluted with CHCl,, and the organic layer was washed with 10%
HCI (100 mL) and NaCl (100 mL, saturated), dried (N@y),

(1 atm). The mixture was filtered through Celite. The filtrate was
concentrated to yield the free linear precursor (45 mg, 96%) as a

filtered, and concentrated. The resulting acid (130 mg) was obtainedyellow oil, which was used in the next step without purification.
as a white foam and used directly in the next step. To a solution of The crude amino acid linear precursor (45 mg, 0.050 mmol) was

crude acid (130 mg, 0.30 mmol) in MeOH (5 mL) under argon
was added Pd(OH)28 mg). The reaction mixture was purged with
H, and stirred overnight under a,Fatmosphere (1 atm). The

dissolved in CHCN (10 mL) and cooled to 6C. HATU (46 mg,
0.12 mmol) was added, followed by the dropwise addition of NMM
(11 L, 0.10 mmol). The reaction mixture was stirred at® for

mixture was filtered through Celite. The filtrate was concentrated 1 h and then overnight. The reaction solvent was evaporated in
to yield the linear precursor (87 mg, 78%) as a white foam, which vacuo, diluted with EtOAc (10 mL), washed with 10% KHSO
was used directly in the next step. The crude amino acid linear (10 mL), 5% NaHCQ (10 mL), and NaCl (10 mL, saturated), dried
precursor (87 mg, 0.08 mmol) was dissolved in DMF (9 mL) and (N&SQ,), filtered, and concentrated. The crude oil was purified

cooled to 0°C. HATU (40 mg, 0.10 mmol) was added, followed
by the dropwise addition of DIEA (46L, 0.26 mmol). The reaction
mixture was stirred at 0C for 1 h and then overnight. The reaction
mixture was concentrated in vacuo, diluted with EtOAc (10 mL),
washed with 10% HCI (10 mL), 5% NaHG®10 mL), and NaCl
(10 mL, saturated), dried (N&Qy), filtered, and concentrated. The
crude oil was purified by column chromatography (silica gel,
EtOAc/Hex 5:1) to yield the protected macrocyt#(10 mg, 19%
three steps overall) as a white foaR.= 0.40 (AcOEt/Hex 3/7).
[o]20® = —36.1 € = 1, CHCE). *H NMR (500 MHz, CDC}, 6):
0.79-1.09 (m, 18H), 1.091.10 (s, 21H), 1.27 (d) = 6.4 Hz,
3H), 1.44 (s, 9H), 1.561.70 (m, 3H), 1.73-1.81 (m, 1H), 1.99-
2.23 (m, 4H), 2.27 (ddJ = 17.0 and 2.9 Hz, 1H), 2.42 (dd,=
17.0 and 3.0 Hz, 1H), 2.50 (s, 3H), 2.61 (dds= 17.1 and 6.5 Hz,
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by column chromatography (silica gel, EtOAc/Hex 2/1) to yield
the protected macrocyclB (28 mg, 65%) as a white foarf =
0.26 (AcCOEt/Hex 1/2).d]p?° = —55.2 ¢ = 1, CHCE). 'H NMR
(500 MHz, CDC4, 6): 0.90-1.02 (m, 24H), 1.29 (d) = 6.6 Hz,
3H), 1.48 (s, 9H), 1.721.85 (m, 2H), 2.052.09 (m, 2H), 2.19-
2.23 (m, 2H), 2.52 (s, 3H), 2.96 (dd,= 4.7 and 16.9 Hz, 1H),
3.46 (dd,J = 10.7 and 14.0 Hz, 1H), 3.67 (dd, = 4.3 and
13.9 Hz, 1H), 3.73-3.77 (m, 2H), 3.78-3.83 (m, 1H), 3.99-4.05
(m, 1H), 4.39 (dd,J = 3.1 and 10.3 Hz, 1H), 4.564.59 (m, 1H),
4.92 (t,J = 12.0 Hz, 1H), 4.975.00 (m, 2H), 5.06-5.02 (m, 1H),
7.36-7.37 (m, 1H), 7.49-7.52 (m, 2H), 7.56-7.58 (m, 2H), 7.72
7.74 (m, 1H), 7.76:7.79 (m, 2H), 7.988.00 (m, 1H).:3C NMR
(125 MHz, CDC}, 6): 15.6, 18.4, 189, 18.9, 20.6, 21.2, 23.9, 25.3,
25.4,28.0, 28.4, 28.5, 30.8, 35.6, 39.0, 39.3, 39.5, 47.2, 48.8, 56.3,
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57.5, 60.7, 66.0, 69.3, 71.9, 79.6, 80.7, 126.3, 126.9 127.5, 127.8,(3 mL) at 0°C was added BOP (15 mg, 0.035 mmol) and NMM
128.2,128.5, 128.9, 132.8, 133.9, 135.9, 156.2, 169.0, 170.1, 170.9(10uL, 0.092 mmol). After 30 min at 0C, the mixture was stirred
171.7,172.0 173.2. IR (neat): 3339, 2962, 2872, 2248, 1742, 1665,at room temperature overnight. The reaction mixture was treated

1635, 1529, 1451, 1167, 851 cin

[2-Naphthylala®]-Tamandarin B (17). To a solution of the Boc-
protected macrocycld8 (28 mg, 0.032 mmol) in HPLC-grade
dioxane (3 mL) was added a solution of HCI in dioxane (3 mL).

with saturated NaCl solution (2 mL) and extracted with EtOAc
(2 x 10 mL). The organic layers were washed with 10% HCI
(5 mL), 5% NaHCQ (5 mL), and NaCl (5 mL, saturated), dried

(Na;SQy), filtered, and concentrated. The crude oil (24 mg) was

The resulting solution was stirred at room temperature for 2 h. The purified by HPLC (C18, isocratic, C}¥N/H,O 85/15; flow 7 mL/

solution was concentrated and the residue diluted withGHand
concentrated again to yield the hydrochloride salt (quantitative yield)
as a white solid, which was used directly in the next step. To a
mixture of the macrocycle amine salt (25 mg, 0.031 mmol) and
side chainl5 (14.6 mg, 0.046 mmol) in C¥Cl, (4 mL) at 0°C
was added BOP (20.3 mg, 0.046 mmol) and NMM (&4,
0.12 mmol). After 30 min at OC, the reaction was stirred at room

min, 270 nm) to obtairB4 as a white foam!H NMR (300 MHz,
CDCl;, 0): 0.82-0.96 (m, 24H), 1.091.28 (m, 14H), 1.391.43
(m, 3H), 1.64-1.67 (m, 2H), 1.88-1.98 (m, 2H), 2.16-2.15 (m,
2H), 2.58 (s, 3H), 2.982.65 (m, 1H), 3.05 (s, 3H), 3.698.12
(m, 1H), 3.35-3.43 (m, 1H), 3.43-3.82 (m, 5H), 3.79 (s, 3H),
3.98-4.05 (m, 1H), 4.124.17 (m, 1H), 4.454.50 (m, 1H), 4.62
4.66 (m, 1H), 4.674.70 (m, 2H), 5.05 (dJ = 5.3 Hz, 1H), 5.29-

temperature overnight. The reaction mixture was treated with NaCl 5.32 (m, 2H), 6.80 (dJ = 8.7 Hz, 2H), 7.02 (dJ = 8.6 Hz, 2H),

solution (2 mL, saturated) and extracted with EtOAc(20 mL).
The organic layers were washed with 10% HCI (5 mL), 5%
NaHCG; (5 mL), and NaCl (5 mL, saturated), dried (}D,),
filtered, and concentrated. The crude oil (8 mg, 68%) was purified
by HPLC (HyperPrep PEP 100 C18, isocratic, {OI/H,O 85/
15; flow 7 mL/min, 270 nm) to affordl7 as a white foam!H
NMR (500 MHz, CDC}, 6): 0.82-0.96 (m, 24H), 1.091. 28
(m, 14H), 1.31 (dJ = 6.8 Hz, 3H), 1.39 (dJ = 6.8 Hz, 3H), 1.64
(m, 3H), 2.10 (m, 4H), 2.48 (s, 3H), 3.10 (s, 3H), 3-®15 (m,
2H), 3.35-3.41 (m, 2H), 3.43-3.82 (m, 5H), 4.29-4.33 (m, 1H),
4.42-4.47 (m, 1H), 4.654.70 (m, 1H), 4.72 (tJ = 6.8 Hz, 1H),
4.87 (t,J = 8.3 Hz, 1H), 5.02 (dJ = 5.3 Hz, 1H), 5.29-5.32 (m,
2H), 7.24-7.27 (m, 1H), 7.457. 63 (m, 4H), 7.677.83 (m, 4H).
[Serf]-Tamandarin B Macrocycle (33). To a solution of the
protected linear precursd@2 (206 mg, 0.19 mmol) in MeOH
(15 mL) under argon was added Pd(QHK81 mg). The reaction
mixture was purged with FHand stirred overnight under a,H
atmosphere (1 atm). The mixture was filtered through Celite. The
filtrate was concentrated to yield the free linear precursor (150 mg,
91%) as a yellow oil, which was used in the next step without
purification. The crude amino acid linear precursor (150 mg,
0.17 mmol) was dissolved in GEBN (30 mL) and cooled to 0C.
HATU (160 mg, 0.42 mmol) was added, followed by the dropwise
addition of NMM (38uL, 0.34 mmol). The reaction mixture was
stirred at 0°C for 1 h and then overnight. The reaction mixture
was concentrated in vacuo, diluted with EtOAc (15 mL), washed
with 10% KHSQ, (10 mL), 5% NaHCQ (10 mL), and NacCl
(10 mL, saturated), dried (M&Oy), filtered, and concentrated. The
crude oil was purified by column chromatography (silica gel,
EtOAc/Hex 2/1) to yield the protected macrocyd8 (130 mg,
89%) as a white foanR; = 0.23 (AcOEt/Hex 1/2).4]p?° = —56.1
(c =1, CHCE). 'H NMR (500 MHz, CDC}, d): 0.89-1.05 (m,
18H), 1.45 (m, 9H), 1.621.74 (m, 1H), 2.06-2.20 (m, 4H), 2.55
(m, 3H), 2.81 (dd, 1H), 2.99(dd, 1H), 3.15 (dd, 18.36(dd, 1H),
3.53 (m, 1H), 3.67 (m, 1H), 3.73 (m, 1H), 3.80 (s, 3H), 3,91 (m,
1H), 4.10 (m, 1H), 4.19 (m, 1H), 4.42 (td, 1H), 4.48 (m, 1H), 4.51
(dd, 1H), 4.59 (m, 1H), 4,91 (m, 1H), 5.06 (m, 2H), 6.84 (d, 2H),
7.01 (d, 2H), 7.77 (d, 2H), 8.55 (d, 2H}C NMR (125 MHz,
CDCl, 0): 17.4,17.8,18.7, 20.2, 20.6, 21.4, 23.5, 24.9, 25.1, 26.0,

7.65 (d,J = 6.7 Hz, 1H), 8.09 (dJ = 9.5 Hz, 1H), 8.45 (dJ =
8.9 Hz, 1H). HRMS: mVz calcd for G;HgiN;O14sNa (M + Na)*
1050.5739, found 1050.5731.

[Ala4-Tamandarin B Macrocycle (42). To a solution of the
protected linear precursor (102 mg, 0.09 mmol) in MeOH (88 mL),
under argon, was added Pd(QH#4 mg). The reaction mixture
was purged with Kand stirred overnight under a;ttmosphere
(1 atm). The mixture was filtered through Celite, and the filtrate
was concentrated to yield the free linear precursor (77 mg, 96%)
as a yellow oil. The crude amino acid linear precursor (77 mg,
0.91 mmol) was dissolved in GEN (20 mL) and cooled to 6C.
HATU (815 mg, 0.22 mmol) was added, followed by the dropwise
addition of NMM (20uL, 1.82 mmol). The reaction mixture was
stirred at 0°C for 1 h and then overnight at room temperature. The
reaction mixture was concentrated in vacuo, diluted with EtOAc
(15 mL), washed with 10% KHSO(15 mL), 5% NaHCQ
(15 mL), and NaCl (15 mL, saturated), dried gS&y), filtered,
and concentrated. The crude oil was purified by column chroma-
tography (silica gel, EtOAc/Hex 2/1) to yield the protected
macrocycle42 (45 mg, 60%) as a white foarf = 0.24 (AcOEY
Hex 1/2). p]p?® = —33.09 € = 1, CHCE). *H NMR (500 MHz,
CDCls, 6): 0.92—1.04 (m, 18H), 1.16 (d) = 6.8 Hz, 3H), 1.17
1.30 (m, 3H), 1.49 (s, 9H), 1.511.61 (m, 1H), 1.73-1.75 (m,
1H), 1.83-1.86 (m, 1H), 1.93-1.97 (m, 1H), 2.36-2.40 (m, 1H),
2.57-2.39 (m, 1H), 3.06-3.05 (m, 1H), 3.08 (s, 3H), 3.1%8.21
(m, 1H), 3.49-3.51 (m, 1H), 3.82 (s, 3H), 3.984.00 (m, 1H),
5.01-5.06 (m, 2H), 5.2#5.30 (m, 1H), 5.56-5.66 (m, 1H), 6.67
6.69 (m, 1H), 6.88 (dJ = 7.9 Hz, 2H), 7.06-7.09 (m, 1H), 7.12
(d, 2H).*3C NMR (125 MHz, CDC}, 0): 15.1, 18.4, 18.9, 20.9,
21.1,23.2,24.0,24.8,24.9, 25.5, 28.0, 28.1, 30.1, 33.7, 34.4, 39.01,
39.3,45.4, 47.1, 51.2, 55.3, 69.3, 71.9, 79.5, 80.6, 114.1, 114.2,
129.9, 132.3, 156.1, 169.01, 170.9, 171.5, 172.3, 173.2. HRMS:
m/z calcd for GiHesNsO;oNa (M + Na)t 842.4527, found
842.4545.

[N-Ala%-Tamandarin B (43). To a solution of the Boc-protected
macrocycle42 (11 mg, 0.013 mmol) in HPLC-grade dioxane
(5 mL) was added a solution of HCI in dioxane (5 mL). The
resulting solution was stirred at room temperature for 4 h. The
solution was concentrated and the residue diluted with@}and

28.0, 28.1, 28.3, 28.6, 28.8, 30.2, 30.7, 34.1, 38.6, 46.1, 47.0, 48.7 concentrated again to yield the hydrochloride salt (quantitative yield)
48.9,52.4,55.3,57.2,62.9, 63.7, 65.6, 68.7, 69.3, 78.7, 80.5, 114.1,as a white solid, which was used directly in the next step. To a
129.8, 130.3, 155.6, 158.6, 169.1, 170.8, 171.1, 171.2. IR (neat): mixture of the macrocycle amine salt (10 mg, 0.013 mmol) and

3314, 2924, 2359, 1742, 1630 ch HRMS: m/z calcd for
Cs7H79N5O15Na (M + Na)* 1096.5470, found 1096.5498.
[N-Seff]-Tamandarin B (34). To a solution of the Boc-protected
macrocycle33 (20 mg, 0.024 mmol) in HPLC-grade dioxane
(10 mL) was added a solution of HCI in dioxane (10 mL). The
resulting solution was stirred at room temperature for 2 h. The
solution was concentrated and the residue diluted withGTHand

side chain (6.2 mg, 0.019 mmol) in GEl; (2 mL) at 0°C was
added BOP (8.4 mg, 0.019 mmol) and NMMgB, 0.052 mmol).
After 30 min at 0°C, the reaction was stirred at room temperature
overnight. The reaction mixture was treated with NaCl solution (5
mL, saturated) and extracted with EtOAc%2L0 mL). The organic
layers were washed with 10% HCI (5 mL), 5% NaHEG mL),
and NaCl (5 mL, saturated), dried (M&0y), filtered, and concen-

concentrated again to yield the hydrochloride salt (18 mg, quantita- trated. The crude oil (10 mg, 77%) was purified by semipreparative

tive yield) as a white solid, which was used directly in the next
step. To a mixture of the macrocycle amine salt (18 mg,
0.023 mmol) and side chain (11 mg, 0.035 mmol) in,CH

HPLC (C18, isocratic, CECN/H,O 85/15; flow 7 mL/min, 270
nm) to give43 as a white foam!H NMR (300 MHz, CDC4, 9):
0.82-1.46 (m, 32H), 1.46:2.10 (m, 12H), 2.16 (m, 4H), 2.65 (m,
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1H), 2.82-3.01 (m, 1H), 3.05 (s, 3H), 3.20 (s, 3H), 348.55
(m, 2H), 3.63-3.92 (m, 5H), 3.85 (s, 3H), 4.09 (m, 1H), 4:32
4.43 (m, 2H), 4.66-4.65 (m, 1H), 4.75 (tJ = 8.0 Hz, 1H), 5.01
(d,J = 5.3 Hz, 1H), 5.24 (s, 2H), 6.646.66 (m, 1H), 6.85 (dJ
= 8.7 Hz, 2H), 7.14 (dJ = 8.8 Hz, 2H), 7.22-7.23 (m, 1H).
LRMS: m/z calcd for GjHgiN;O14 (M + H)* 1016.2, found
1016.4.
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