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Practical total syntheses of axinastatins 2 2b and 3 2c were completed by employing Fmoc protection for
the N-terminal, and tert-butyl ester blocking for the C-terminal, units of the amino acid and peptide
intermediates. Generally, diethyl phosphorocyanidate proved effective for formation of the peptide
bond, and in the one exception, asparagine, the o-nitrophenyl active ester proved to be useful. For the
final cyclization reaction BOP-C1 was found especially effective.

Introduction

While searching for powerful antineoplastic constituents of an
Axinella sp. (marine Porifera) from the Republic of Palau, we
isolated (1076 to 10-7% yields) the remarkably potent (log molar
GIs, —8 to —10) polyethers halichondrin B 1 and homo-

1 Halichondsin B

halichondrin B.? One of the major difficulties encountered
in these polyether isolations was separation from trace
(~ 107%%) cyclic peptide constituents such as the cycloheptapep-
tides axinastatins 1 2a,> 2 2b?3% and 3 2¢.3* When these
peptides were finally obtained pure [evidenced by TLC, HPLC,
500 MHz NMR and high-resolution fast-atom bombardment
mass spectrometry (HRFABMS) studies] their structures were
determined and each was evaluated against a selection of
animal (P388 lymphocytic leukaemia) and human cancer (e.g.,
ovarian and colon) cell lines. All were found to be cell growth
inhibitory in the range Gl 54 0.1-0.01 ug ml™*. Only about 6 mg
each of axinastatins 2 and 3 was isolated. Thus, for extended
biological evaluations, it became necessary to devise practical
total syntheses of both peptides. Our earlier concern® that
axinastatins 2 and 3 might in some manner be serving as a
carrier for a halichondrin present at a level too small to detect
by our best physical and chemical techniques further enhanced
the need for specimens 2b and 2¢ prepared by synthesis. For
parallel reasons, we have also begun synthesis of axinastatin 4
obtained from an Indian Ocean Axinella sp. halichondrin
fraction.3 In the present contribution, we have described the
solution-phase synthesis of axinastatins 2 2b and 3 2c.

For synthesis of cyclic peptides 2b and 2¢ we used a
modification**® of a relatively new solution-phase strategy
which involved fluoren-9-ylmethoxycarbonyl (Fmoc) N-termi-
nal protection, tert-butyl protection at the C-terminus, and
formation of a peptide bond with diethyl phosphorocyanidate
(DEPC), a method we have also used to obtain stylopeptide 1.#
Extension of the peptide chain was accomplished in a stepwise
manner beginning with zert-butylproline. Due to the low yields
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reported® for the direct esterification of proline with 2-
methylpropene, we prepared (629, yield) the previously
unreported N-Fmoc-Pro-OBu’ 3 by the acid-catalysed reaction
of Fmoc-proline with 2-methylpropene.® Cleavage of the Fmoc
group was performed with diethylamine in acetonitrile. The
product was used in the subsequent coupling step without
further purification. The DEPC-promoted coupling between
Pro-OBu’ and N-Fmoc-Leu was investigated using various
conditions. Shiori’ has reported DEPC-mediated couplings in
dimethylformamide (DMF) using triethylamine as the base and
N-Boc- or -Z-protection. Two subsequent studies showed 5-°
that triethylamine caused significant cleavage when N-Fmoc
protection was employed. However, diisopropylethylamine
(DIEA) was found #° to have little effect on the Fmoc group.
Furthermore, the stability of the Fmoc group towards DIEA
has been demonstrated !° recently using a series of solution-
phase benzotriazol-1-yloxy(tripyrrolidine)phosphonium hexa-
fluorophosphate (pyBOP) coupling reactions with N-Fmoc-
amino acids.

When two mole equivalents of DIEA were used, the
dipeptide 4 was obtained in 62%, yield. However, the yield was
not reproducible and this may have been due to the kinetics
of the cleavage of the Fmoc group by the base. For this reason
we chose to use a heterogeneous system in order to provide
a small but steady concentration of base. Thus, the base was
changed to anhydrous sodium carbonate and the solvent to
dichloromethane. A similar procedure was reported by Veber
and colleagues ' ' who performed a diphenylphosphoryl azide
coupling step in the presence of sodium hydrogen carbonate.
Since we assumed the use of this base would be detrimental,
the reaction of Pro-OBu’ with N-Fmoc-Leu was accomplished
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Fig. 1 Synthesis of axinastatin 2 2b

(89% yield) in dichloromethane using two mole equivalents of
DEPC and three mole equivalents of sodium carbonate. At this
point the syntheses of axinastatins 2 and 3 became divergent
and will be discussed separately.

In the approach to axinastatin 2 (Fig. 1) peptides 5-7 were
prepared in high yield using the new DEPC—sodium carbonate
coupling procedure. In each case the product appeared
diastereomerically pure by both !'H and '3C NMR
spectroscopy, implying that either the diastereomer(s) formed
by partial racemization were separated in the chromatographic
step and/or the coupling reactions proceeded with an
insignificant degree of racemization. The structures of the
peptides were confirmed by UV, IR, 'H and !*C NMR
spectroscopy combined with low- and high-resolution FAB
mass spectral studies and elemental analyses. Except for
reactions involving asparagine, the synthesis of axinastatin 2
progressed very efficiently. The coupling of N*-Fmoc-Asn to
peptide 7 to give hexapeptide 8 proved troublesome and gave a
consistently low (28%,) yield. Although Fmoc-Asn is known 2
to undergo dehydration of the unprotected amide in
carbodiimide-activated peptide-bond-forming reactions, the
use of active esters results in minimal side-chain dehydra-
tion.'>!* The application of Asn p-nitrophenyl esters has
provided useful examples.'* Thus, Fmoc-peptide 7 was depro-
tected and allowed to react with N*-Fmoc-Asn o-nitrophenyl
ester under the conditions described by Bodanszky ! to afford
peptide 8 in 639 yield.

Cyclization of heptapeptide 9 to provide axinastatin 2 was
accomplished as follows. The Fmoc protecting group was
removed followed by cleavage of the OBu’ ester group with
trifluoroacetic acid (TFA) to provide TFA salt 10. The
cyclization of compound 10 was realized using a procedure
developed by Bates!® for synthesis of similar cyclic
heptapeptides. By this means, a solution of peptide 10and DIEA
in dichloromethane was added dropwise to a solution of BOP-
C1'7 in the same solvent. After one week at room temperature,
the product 2b was isolated (309 yield). The synthetic axina-
statin 2 2b was identical by TLC, high-field (500 MHz) 'H
NMR and IR spectral measurements with the natural product.
The optical rotation of the synthetic sample was significantly
more negative, —217 vs. —153° x 107! cm? g™!, than that of
the natural product, which points to the possibility of the latter
being associated with a chemically undetected contaminant or
complex (see below).
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Fig.2 Synthesis of axinastatin 3 2¢

For synthesis of axinastatin 3 (Fig. 2), peptides 11-13 and 15
were prepared by the procedure employed for preparation of
axinastatin 2. Hexapeptide 14 was formed in good yield using
the o-nitrophenyl ester of N*-Fmoc-Asn. Interestingly, many of
the resonances in the !3C NMR spectra of peptides 11-15 were
accompanied by smaller (~ 15%) peaks. We have previously
demonstrated '-*9 that an isoleucine-derived unit can readily
lead to conformational isomers observable in the 'H and !*C
NMR spectra. Peptide 15 was deprotected using diethylamine
followed by TFA (in dichloromethane) to give amino acid 16,
which was subjected to the cyclization reaction (see above)
to give axinastatin 3 in 23% yield (after chromatographic
purification). The synthetic peptide 2¢ was found (TLC, HPLC,
IR and 'H NMR) to be identical with the natural product.
In this case the optical rotations of the synthetic sample of
axinastatin 3 and the natural product, —190 vs. —185 x 107
deg cm? g! respectively, were quite comparable.

Biological evaluation of the synthetic axinastatin 2 and
axinastatin 3 against the P388 lymphocytic leukaemia cell line
employing the same procedures as used earlier with the natural
cyclic peptides showed cell growth inhibitory activity about 10-
to 100-fold less (e.g., Gl 5o 5.0 pg ml~! for synthetic peptide 2c)
as compared with the natural products. The result of these
biological experiments was further evidence that such natural
cyclic peptides are able to complex with or otherwise carry trace
(too small for usual NMR and chromatographic detection)
amounts of exceptionally potent antineoplastic compounds
such as the sponge halichondrins/halistatins.>*2° Additional
biological studies of axinastatins 2 and 3 are under way.

Experimental

The Fmoc L-amino acids, N*-Fmoc-L-asparagine-ONp ester,
and diethyl phosphorocyanidate (DEPC) were obtained from
Sigma-Aldrich Co. and used without further purification.
The N,N-bis(2-oxooxazolidin-3-yl)phosphorodiamidic chloride
(BOP-Cl) was supplied by TCI America. All solvents were
redistilled prior to use. Acetonitrile and dichloromethane were
dried over 4 A-type molecular sieves. Anhydrous DMF was
redistilled from ninhydrin. All reactions were carried out in dry
glassware under argon. Solvent extracts of aqueous solutions
were dried over anhydrous magnesium sulfate. Solvents were
removed on a rotary evaporator with a bath temp <30 °C.
Unless otherwise noted, the penultimate or final isolation step



for each peptide involved flash chromatography on silica gel
and the respective elution solvent is given for each new
compound. Commercial TLC silica gel plates were obtained
from Analtech, Inc. The TLC plates were visualized at 254 nm
or by dipping in 3% cerium(1v) sulfate in 1.5 M H,SO, followed
by charring. Column chromatography was performed using
230400 mesh ASTM silica from EM Science.

Mps were recorded on a Kofler hot stage or Electrothermal
9100 apparatus and were uncorrected. The 'H NMR spectra
were recorded in the stated solvent, employing either a Varian
Gemini-300 or Varian VXR-500S instrument at 300 and 500
MHz, respectively. In addition, the 'H NMR spectral
assignments were determined with the aid of !'H-'H
homonuclear chemical-shift correlation (COSY) spectra which
were obtained with the VXR-500S instrument. J Values are
given in Hz. All the '3C NMR spectra were recorded in the
solvent noted with the Gemini-300 instrument at 75.5 MHz.
The '3C NMR spectral assignments were decided with the aid
of either attached proton test (APT) or distortionless
enhancement by polarization transfer (DEPT) spectra which
were obtained with either the VXR-500S or the Gemini-300
instrument. UV spectra were recorded in chloroform with a
Perkin-Elmer Lambda 3B UV/VIS spectrophotometer. Optical
rotations were obtained with a Perkin-Elmer 241 polarimeter
at ambient temperature, and [a], values are given in units of
10! deg cm? g*. IR spectra were recorded on a Mattson
Instruments 2020 Galaxy FTIR instrument. EI mass spectra
were recorded using a FINNIGAN MAT3I2 (70 eV).
FABMS measurements were made at the Midwest Center for
Mass Spectrometry, Lincoln, NE. Elemental analyses were
determined at Galbraith Laboratories, Inc., Knoxville, TN.

tert-Butyl N-Fmoc-L-prolinate 3

A solution composed of N-Fmoc-L-proline (10.0 g, 30 mmol),
conc. sulfuric acid (0.3 ml) and dry dichloromethane (60 ml)
in a pressure bottle was cooled to —72°C and liquified
2-methylpropene (50 ml, —0.4 mol) was added dropwise (via
cannula). After the addition was complete, the bottle was
securely sealed with a septum and the solution was stirred at
room temperature for 17 h. Upon cooling of the mixture to
—72 °C, the septum was carefully removed and the mixture was
vigorously stirred at room temperature for 1 h to remove the
excess of 2-methylpropene. The solution was carefully poured
into saturated aq. sodium hydrogen carbonate (30 ml) and the
organic layer was washed successively with saturated ag.
sodium hydrogen carbonate (2 x 20 ml), water (until neutral,
3 x 20 ml) and brine. Removal of the solvent in vacuo gave a
solid, which was separated by flash chromatography on silica
gel (2:2:1 hexane-CH,Cl,~-EtOAc) to afford a solid, which
was recrystallized from methanol to give ester 3 (7.3 g, 62%,) as
needles, mp 109-110 °C; R; 0.60 (1: 1 EtOAc-hexane), R; 0.68
(98:2 CH,Cl,-MeOH); [«]3° —90 (¢ 0.25, CHCl,); ,,.,(CH-
Cl3)/nm (log €) 234 (3.85), 266 (4.30), 289 (3.78) and 300 (3.84);
Vmax(NUjol)/cm™ 1728, 1709, 1159, 1123 and 743; 5(75.5 MHz;
CDCl,) (two conformers) 23.0/23.9 (Pro y), 27.7 (‘Bu CH,),
29.6/30.8 (Pro B), 46.2/46.8 (Pro &), 47.0/47.1 (Fmoc CH),
59.4/59.86 (Pro «), 67.2/67.5 (Fmoc CH,), 81.1/81.3 ('Bu C),
120.0 (Fmoc ArCH), 125.2 (Fmoc ArCH), 125.3 (Fmoc
ArCH), 1255 (Fmoc ArCH), 127.1 (Fmoc ArCH), 127.2
(Fmoc ArCH), 127.7 (Fmoc ArCH), 141.3/141.4 (Fmoc
ArC), 143.8/144.1 (Fmoc ArC), 144.3/144.5 (Fmoc ArC),
154.7/154.9 (carbamate CO) and 172.0/172.2 (ester CO),
u(300 MHz; CDCl,) 1.44/1.47 [9 H, 2 s (two conformers),
‘Bu], 1.85-2.35 (5 H, complex), 3.45-3.80 (2 H, complex),
4.15-4.50 (3 H, complex), 7.32 2 H, t, J 7.3), 740 2 H, t,
J17.3),7.61 2H,t,J73and 7.77 2 H, d, J 7.3); m/z (EI) 393
1%, M%), 320 (1, M* — 'Bu0O), 292 (12, M* — ‘BuOCO),
178 (100, dibenzofulvene), 165 (40), 152 (24), 114 (35), 89 (9),
70 (75) and 57 (75) (Found: C, 73.7; H, 7.0; N, 3.55. Calc. for
C,4H,;NO,: C, 73.26; H, 6.92; N, 3.56%).

Generally, ester 3 did not require chromatographic
purification and the crude product was recrystallized from
methanol.

General procedure for peptide-bond-forming reactions

A solution of the N-Fmoc amino acid or peptide tert-butyl ester
(25.4 mmol) in dry acetonitrile (200 ml) was stirred under argon
at room temperature and diethylamine (200 ml) was added.
After | h, the excess of diethylamine and acetonitrile were
removed, a fresh aliquot of acetonitrile (100 ml) was added, and
the mixture was evaporated to dryness. To another flask were
added the appropriate Fmoc amino acid (25.4 mmol) and dry
dichloromethane (250 ml). The solution was cooled to —5 °C
and stirred while DEPC (4.25 ml, 28.0 mmol) was added. After
the mixture had been stirred for 10 min at 0°C, a dry
dichloromethane (150 ml) solution of the unit from N-Fmoc
deprotection was added wia cannula. Anhydrous sodium
carbonate (8.1 g, 76.2 mmol) was added and the reaction
mixture was stirred under argon and allowed to warm to room
temperature over a period of 3 h. A further aliquot of DEPC
(4.25 ml, 28.0 mmol) was added and the solution was stirred at
room temperature for another 2 h. The solution was filtered and
the filtrate was evaporated to dryness to give a viscous oil
(generally) which was purified as described in the following
experiment.

N-Fmoc-Leu-Pro-Bu’ 4. Final isolation as noted above
(General section) was by flash chromatography on silica gel
(2:1 hexane-EtOAc as eluent) to give dipeptide 4 (11.5 g, 89%)
as a foamy solid, mp 50-52 °C; R; 0.44 (hexane-EtOAc 1:1);
[2]3® —59 (¢ 1.04, CHCl); Ap,.(log &)/nm 232 (3.93), 266
(4.32), 288 (3.78) and 300 (3.84); v,,,(Nujol)/cm™! 3200, 1736,
1720, 1641, 1252, 1223, 1154 and 739; -(75.5 MHz; CDCl,)
21.9 (Leu y), 23.7 (Pro y), 24.8 (Leu §), 25.1 (Leu 6), 28.2 (‘Bu
CH,), 29.3 (Pro B), 42.4 (Leu B), 47.1 (Pro §), 47.5 (Fmoc CH),
51.2 (Leu «), 60.0 (Pro «), 67.4 (Fmoc CH,), 81.7 (‘Bu C), 120.5
(Fmoc ArCH), 125.8 (Fmoc ArCH), 127.6 (Fmoc ArCH), 128.2
(Fmoc ArCH), 141.9 (Fmoc ArC), 144.5 (Fmoc ArC), 144.6
(Fmoc ArC), 157.0 (urethane CO), 171.8 (amide or ester CO)
and 172.0 (ester or amide CO); 4(300 MHz; CDCl,) 0.97 (3 H,
d, J 6.7, Leu §), 1.035 (3 H, d, J 6.7, Leu 3), 1.46 (9 H, s, ‘Bu),
1.56 (1 H, septet, J 6.7, Leu v), 1.73-2.24 (6 H, complex, Pro B,
Pro y and Leu B), 3.53-3.63 (1 H, complex, Pro §), 3.69-3.78
(1 H, complex, Pro §),4.21 (1 H, t, J 6.8, Fmoc CH),4.34 (2 H,
d, J 6.8, Fmoc CH,), 4.41 (1 H, dd, J 8.7 and 4.6, Pro «), 4.57
(1 H,dt,J9.0and 4.5, Leu «), 5.53 (1 H, d, /9.0, Leu NH), 7.31
(2 H,tt,J7.5and 1.5, Fmoc ArH), 740 2 H, t, J 7.5, Fmoc
ArH), 7.60 2 H, d, J 7.5, Fmoc ArH) and 7.760 (2 H, d, J 7.5,
Fmoc ArH); m/z (EI) 506 (2%, M™*), 433 (3, M* — 'Bu0),
394 (1), 336 (1), 308 (6), 264 (4), 209 (4) and 178 (100,
dibenzofulvene) (Found: C, 70.95; H, 7.7; N, 5.7. Calc. for
C;0H35N,05: C, 71.12; H, 7.56; N, 5.53%).

N-Fmoc-Val-Leu-Pro-OBu’ 5. Chromatographic separation
(95:5 hexane-Pr'OH) gave peptide 5 (12 g, 96%) as a foamy
solid, mp 92-96 °C; R; 0.50 (1:1 hexane-EtOAc); [«]3° —60
(c 1.02, CHCl,); 4,,..(l0g £)/nm 229 (3.91), 267 (4.22), 289 (3.68)
and 300 (3.74); v (Nujol)/em™ 3292, 1736, 1728, 1638, 1534,
1152, 1031 and 739; m/z (FAB) 606 (37%, [M + H]%), 384 (73)
and 277 (100) {HRMS(FAB) Found: [M + H]*, 606.3547.
Calc. for C35H,gN;O04: [M + H], 606.3543} (Found: C, 69.2;
H, 8.0; N, 6.8. Calc. for C;5H,,N;O04: C, 69.40; H, 7.82; N,
6.94%).

N-Fmoc-Phe-Val-Leu-Pro-OBu' 6. Chromatography and
elution with 2: 3 hexane—ethyl acetate gave tetrapeptide 6 (5.8 g,
929;) as a foamy solid, mp 129-131 °C; R; 0.29 (2:3 hexane—
EtOAc), R; 0.24 (9:1 hexane-Pr'OH); [«]3°® —57 (c 1.18,
CHCL,); Apa.(log &)/nm 232 (3.99), 257 (4.24), 267 (4.27), 289
(3.74) and 300 (3.79); V. (Nujol)/ecm™ 3273, 1738, 1703, 1636,
1537, 1152 and 739; m/z (FAB) 753 (47%, [M + H]%), 582 (25),
469 (48) and 179 (100) {HRMS(FAB) Found: [M + H]",
753.424]1. Calc. for C,,Hs,N,O,: [M + H], 753.4227}
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(Found: C, 69.8; H, 7.7; N, 7.6. Calc. for C,,Hs(N,O,: C,
70.19; H, 7.50; N, 7.44%,).

N-Fmoc-Pro-Phe-Val-Leu-Pro-OBw' 7. Elution with 1:7
hexane—ethyl acetate followed by crystallization from
methanol-water led to peptide 7 (3.5 g, 77%) as a solid, mp 144—
146 °C; R; 0.23 (1:7 hexane-EtOAc); [«]3® —93 (c 1.09,
CHCl,); Apa.(log £)/nm 229 (3.95), 267 (4.26), 289 (3.70) and
300 (3.76); Viau(neat)/cm™ 3295, 1736, 1707, 1638, 1545, 1233,
1154, 1123,758 and 741; m/z (FAB) 850.5 (5%, [M + H]*), 794
(1), 679 (4), 628 (7), 467 (9), 229 (12), 179 (100) and 116 (34)
{HRMS(FAB)Found:[M + H]"*,850.4758 [A 0.3 ppm]. Calc.
for C,oHg4NsO5: [M + H], 850.4754} (Found: C,69.3; H, 7.5;
N, 8.2. Calc. for C,oH¢3NsOq: C, 69.24; H, 7.47; N, 8.24%).

N-Fmoc-Asn-Pro-Phe-Val-Leu-Pro-OBu' 8. A solution of
compound 7 (703 mg, 0.83 mmol) and diethylamine (30 ml) in
dry acetonitrile (30 ml) was stirred at room temperature under
argon. After 1 h, the excess of diethylamine and acetonitrile
were removed (bath temp. <30°C), a fresh aliquot of
acetonitrile (100 ml) was added and the solution was
evaporated to dryness (1.5 h at 0.05 mmHg). Anhydrous DMF
(8 ml) was added to the residue and the mixture was stirred
under argon until all of the solid had dissolved (ca. 15 min).
Next, N-hydroxybenzotriazole (HOBt) (115 mg, 0.85 mmol)
followed by N*-Fmoc-Asn-ONp (523 mg, 1.10 mmol) were
added and the solution was stirred under argon at room
temperature for 2.5 h. The solvent was removed and separation
of the residue by flash chromatography on silica gel (EtOAc)
was followed by trituration with diethyl ether (20 ml). The
precipitate thus formed was collected, and dried under vacuum
(0.05 mmHg for 3 h) to give hexapeptide 8 as a solid (0.50 g,
63%), mp 170173 °C; R, 0.12 (ethyl acetate); [a]3° —93 (c 1.0,
CHCl,); Apa.(log ¢)/nm 228 (3.99), 267 (4.27), 289 (3.71) and
300 (3.76); Vmax(Nujol)/cm™ 3383, 3341, 3287, 3190, 1723, 1661,
1636, 1534, 1242, 1155, 1030 and 743; m/z (FAB) 986.5 (100%,
[M + Nal*), 884 (4), 793 (11), 680 (19), 581 (14), 434 (12) and
133 (14) {HRMS(FAB) Found: [M + H]*,986.5001. Calc. for
Cs3HgoN,0,oNa: [M + Na], 986.5003} (Found: C, 65.7; H,
7.25; N, 10.0. Calc. for C53HoN,O,,: C, 66.02; H, 7.21; N,
10.17%).

N-Fmoc-Val-Asn-Pro-Phe-Val-Leu-Pro-OBu' 9. The fraction
eluted with 99:1 ethyl acetate-methanol was triturated with
diethyl ether to give peptide 9 (234 mg, 69%) as a solid, mp 211-
213°C; R; 0.19 (EtOAc-MeOH, 99:1); [a]3° —86 (c 1.0,
CHCl,); Ap..(log &)/nm 230 (4.02), 267 (4.29), 289 (3.73) and
300 (3.79); vpax(neat)/cm™ 3304, 1724, 1643, 1530, 1242, 1155
and 756; 6(75.5 MHz; CD,0D) 19.0 (Val? y), 19.3 (Val! ),
19.9 (Val? y), 20.0 (Val! y), 22.4 (Leu ), 23.8 (Leu 8), 25.1 (Pro?
1), 25.9 (Leu v), 26.0 (Pro! y), 28.4 (‘Bu CHj,), 30.2 (Pro' B),
30.6 (Pro? B), 32.1 (Val? B), 32.3 (Val! B), 37.4 (Phe B), 38.4
(Asn B), 41.6 (Leu B), 48.4 (Pro? B), 48.6 (Fmoc CH), 49.0 (Pro!
3), 49.1 (Val? «), 51.0 (Asn «), 57.3 (Phe «), 60.5 (Pro? «), 61.6
(Val! «), 62.3 (Leu a), 62.5 (Pro’ «), 68.3 (Fmoc CH,), 82.9 ('Bu
C), 121.5 (Fmoc ArCH), 126.8 (Fmoc ArCH), 128.2 (Ph p-CH),
128.8 (two overlapping resonances, Ph m-CH), 129.4 (Fmoc
ArCH), 130.0 (Fmoc ArCH), 130.9 (Ph 0-CH), 140.2 (Ph C),
143.2 (Fmoc ArC), 145.7 (Fmoc ArC), 145.9 (Fmoc ArC), 159.2
(carbamate CO), 173.1 (ester or amide CO), 173.4 (ester or
amide CO), 173.6 (ester or amide CO), 173.7 (ester or amide
CO), 174.4 (ester or amide CO), 174.5 (ester or amide CO),
174.8 (ester or amide CO) and 175.5 (ester or amide CO); 6,;(300
MHz; CDCl,;) 0.90-0.956 (18 H, overlapping d, Val! y, Val? y
and Leu 6), 1.40 (9 H, s, ‘Bu), 1.57 (2 H, t, J 6.8, Leu B), 1.65-
1.79 (3 H, complex, Pro! B, Pro? B and Leu v), 1.86-2.19 (7 H,
complex, Val? g, Pro? y, Pro! v, Pro? B, and Pro! B), 2.42 (1 H,
distorted septet, J 6.8, Val' B), 2.63 (1 H, dd, A part of ABX,
J14.8 and 4.1, Asn B), 2.94 (1 H, dd, B part of ABX, J 8.1 and
14.8, Asn B), 3.04 (1 H, dd, A part of ABX, J 13.9 and 12.2, Phe
B), 3.37 (1 H, dd, B part of ABX, J 13.9 and 4.0, Phe B), 3.52—
3.79 (4 H, complex, Pro! & and Pro? §), 3.95 (1 H, t, J 6.8, Val?
), 4.01 (1 H, distorted dt, J 7.4 and 1.1, Val' «), 4.22 (1 H, t,
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J 6.9, Fmoc CH), 4.31-4.45 (4 H, overlapping m, Fmoc CH,,
Pro! « and Pro? «), 4.62-4.72 (2 H, overlapping m, Leu « and
Phe «), 5.02 (1 H, dt,J 7.5and 4.0, Asn «), 5.46 (1 H, brd, J 7.5,
Val?> NH), 6.27 (1 H, br s, Asn NH), 6.65 (1 H, br s, Asn NH),
7.08 (1 H, br d, J 4.4, Asn NH), 7.18-7.30 (7 H, complex, PhH,
Leu NH and Val' NH), 7.32 (2 H, partly obscured t, J 6.8,
Fmoc ArH), 7.41 (2 H, t, J 7.2, Fmoc ArH), 7.52 (1 H, br
d, J 8.4, Phe NH), 7.60 (2 H, d, J 6.7, Fmoc ArH) and 7.77 (2 H,
d, J 7.2, Fmoc ArH); m/z (FAB) 1063.6 (32%, [M + H]%),
892.5 (12), 779 (15), 680 (7), 572 (4), 533 (7), 436 (7), 344 (7)
and 179 (100) {HRMS(FAB) Found: [M + H]*, 1063.5882.
Calc. for CsgH,oNgO,;: [M + H], 1063.5867} (Found: C,
65.4; H, 7.5; N, 10.45. Calc. for CsgH,3NgO,: C, 65.52; H,
7.39; N, 10.54%).

TFA-Val-Asn-Pro-Phe-Val-Leu-Pro  10. A solution of
peptide 9 (37 mg, 0.035 mmol) in dry acetonitrile (10 ml) was
stirred and diethylamine (10 ml) was added. The solution was
stirred at room temperature for 1 h. The solvent was removed
and TFA (2 ml) was added to the residue. The solution was kept
under argon at room temperature for 1 h, excess of TFA was
removed, diethyl ether (15 ml) was added and the solvent was
removed. A further amount of diethyl ether (15 ml) was added
and the precipitated solid was collected to yield TFA salt 10 (31
mg, 98%,) as an off-white solid, which was used directly in the
cyclization step.

Axinastatin 2 2b. A three-necked flask equipped with a 200
ml pressure-equalizing dropping funnel was cooled and dry
dichloromethane (700 ml) and BOP-CI (0.62 g, 2.45 mmol) were
added under argon. The solution was cooled to 0 °C and part of
a solution of peptide 10 (0.15 g, 0.167 mmol) and DIEA (4.7 ml)
in dry dichloromethane (700 ml) was added to the dropping
funnel via cannula. The peptide solution was added dropwise
over a period of 1 h (the dropping funnel was filled periodically
via cannula with the remaining solution). After complete
addition, the solution was stirred at room temperature under
argon for 7 days. The dichloromethane was removed and the
residue was dissolved in ethyl acetate (200 ml)}-water (100 ml).
The ethyl acetate phase was washed successively with water
(100 ml), saturated aq. sodium hydrogen carbonate (2 x 100
ml) and brine (50 ml) and dried over anhydrous sodium sulfate.
The solvent was removed and the residue was separated by
flash chromatography (twice) on silica gel and elution with
1:1 hexane-propan-2-ol followed by recrystallization from
methanol-water to afford axinastatin 2 (39 mg, 30%) as a solid,
mp 335-337 °C (decomp. 280 °C) compared with the natural
sample, mp 280282 °C, R, 0.36 (1:1 hexane-Pr'OH); [a]3*
—217 (c 0.16, MeOH), {lit.,** [«]3*> —153 (c 0.17, MeOH)};
Vmax(NaCl)/em™! 3271, 2959, 2872, 1630, 1520, 1447 and 1414,
J04(500 MHz; CDCl,) 0.89 (3 H, d, J 6.5), 0.95 (9 H, m), 1.02
(6 H, dd, J 7.0 and 2.0), 1.14-1.32 (complex), 1.65-2.03
(complex), 2.23 (1 H, ddt, J 12.5, 6.5 and 2.0), 2.37 (1 H, hex,
J6.5),2.59 (1 H,dd, J11.5 and 6.5), 2.91 (1 H, dd, J 14.5 and
12.0), 3.11 (1 H, dd, J 13.5 and 5.5), 3.28 (1 H, dd, J 13.5 and
4.5), 3.44-3.52 (2 H, complex), 3.59 (1 H, br t, / 8.3),3.67 (1 H,
dt, J 12.5 and 4.0), 4.03 (1 H, dd, J 9.5 and 7.0), 4.16 (1 H,
overlapping t, J 7.0), 4.18 (1 H, overlapping t, J9.5),4.34 (1 H,
dt, J12.5 and 3.0), 4.38 (1 H,d, /7.0), 4.68 (1 H, poorly resolved
dd, J3.5),4.77 (1 H, ddd, J 11.5, 9.5 and 4.5), 541 (L H, br s),
6.24 (1 H, brs), 6.59 (1 H, br d, J 4.0), 7.17-7.24 (5 H, m, Ph),
7.51(1H,d,J9.5),796 (1 H, d, J 8.0) and 8.03 (1 H, d, J 4.5).

N-Fmoc-Ile-Leu-Pro-OBu‘11. Separation by flash chromatog-
raphy on silica gel (5:4 hexane-EtOAc) followed by gravity
chromatography on silica gel (same solvent mixture) gave
tripeptide 11 as a foamy solid (6.5 g, 86%), mp 97-100 °C;
R; 0.33 (5:4 hexane-EtOAc); [«]2® —59 (¢ 1.05, CHCl,);
Amax(log £)/nm 230 (3.92), 266 (4.23), 289 (3.68) and 300 (3.74);
Vaad(NaCl)/cm™ 3293, 1736, 1703, 1640, 1537, 1244, 1154, 1036,
758 and 741 {HRMS(FAB) Found: [M + H]*, 620.3698. Calc.
for C34HsoN;O4: [M + H], 620.3699} (Found: C, 69.5; H, 8.2;
N, 6.8. Calc. for C34H,oN;04: C, 69.76; H, 7.97; N, 6.78%).



N-Fmoc-Phe-Ile-Leu-Pro-OBu’ 12. Tetrapeptide 12 was
isolated by gradient column chromatography using 6:5—1:1
hexane-EtOAc to yield the pure peptide as a foamy solid (4.75
g, 64%). A 0.52 g sample was precipitated from methanol-water
(ca. 1:3) to give a solid (0.50 g), mp 133-136 °C (softens at
119 °C); R, 0.32 (hexane-EtOAc, 1:1), 0.34 (hexane—Pr'OH,
93:7); [@]2® —59 (¢ 1.0, CHCl,); 4,...(log &)/nm 230 (3.96),
267 (4.26), 289 (3.69) and 300 (3.75); Vpmax(Nujol)/cm™! 3273,
1736, 1703, 1638, 1543, 1258, 1231 and 1154; m/z (FAB) 767
(73%, [M + H]™"), 711 (7), 596 (27), 483 (42) and 178 (100)
{HRMS(FAB) Found: [M + H]*, 767.4380. Calc. for
C4sHsoN,O,: [M + H], 767.4383} (Found: C, 70.25; H, 7.9;
N, 7.5. Calc. for C,sHsgN,O4: C, 70.47; H, 7.62; N, 7.30%).

N-Fmoc-Pro-Phe-Ile-Leu-Pro-OBw*  13. Chromatography
(twice) using 1 :4 hexane—ethyl acetate as eluent provided a total
of 3.5 g (74%) of peptide 13 as a foamy solid. A sample was
precipitated from methanol-water (ca. 1: 3) to give pure peptide
13 as a solid, mp 148-151 °C; R; 0.35 (1:7 hexane-EtOAc);
[«]3® —96 (c 1.0, CHCl,); A..(log &)/nm 230 (3.97), 267 (4.28),
289 (3.69) and 300 (3.76); v.(NaCl)/em™ 3293, 1738, 1709,
1638, 1547, 1221, 1154, 758 and 743 {HRMS(FAB) Found:
[M + H]*, 864.4927. Calc. for CsoHggNsOs: [M + H],
864.4911} (Found: C, 69.4; H, 7.6; N, 8.1. Calc. for
Cs50HgsNsOg: C, 69.50; H, 7.58; N, 8.11%,).

N-Fmoc-Asn-Pro-Phe-lle-Leu-Pro-OBu’ 14. A solution com-
posed of pentapeptide 13 (3.1 g, 3.59 mmol), diethylamine (60
ml) and dry acetonitrile (60 ml) was stirred under argon at room
temperature for 1 h. The solvent and excess of diethylamine
were removed in vacuo. Acetonitrile (20 ml) was added and the
solvent was again evaporated off (in vacuo at 0.1 mmHg for 2 h).
The residue was dissolved in dry DMF (44 ml) and HOBt (494
mg, 3.66 mmol) and N*-Fmoc-Asn-ONp (2.22 g, 4.66 mmol)
were added. The solution was stirred under argon at room
temperature for 2 h. The DMF was removed at room
temperature and the residue was separated by flash
chromatography on silica (ethyl acetate as eluent) to give
hexapeptide 14 (2.48 g, 719,) as a solid, mp 157-159 °C; R;0.31
(7:3 hexane-Pr'OH); [«]2® —89 (c 1.0 CHCl,); A,..,(log &)/nm
229(3.91), 267 (4.23), 289 (3.59) and 300 (3.67); V. (NaCl)/cm™*
3306, 3212, 1723, 1645, 1530, 1246, 1154, 1034, 914 and 737
{HRMS(FAB) Found: [M + H]*, 978.5336. Calc. for
Cs4H,,N,0,0: [M + H], 978.5341} (Found: C, 65.6; H, 7.75;
N, 9.8. Calc. for Cs,H,,N,0,,:0.5 H,0: C, 65.70; H, 7.35; N,
9.93%).

N-Fmoc-Val-Asn-Pro-Phe-Ile-Leu-Pro-Obu' 15. Employing
95:5 CH,C1,-MeOH as eluent followed by precipitation from
dichloromethane—-ethyl acetate gave the product 15 (1.2 g, 52%)
as a solid, mp 210-211 °C; R; 0.22 (EtOAc), 0.34 (97 : 3 EtOAc—
MeOH); [a]3% —82 (c 1.0, CHCl,); A, (log &)/nm 229 (3.97),
267 (4.26), 289 (3.67) and 300 (3.74); v,..(NaCl)/em™ 3304,
3065, 1723, 1659, 1530, 1242, 1155 and 736; 6:(75.5 MHz;
CDCl,) 11.1 (Tle 8), 15.4 (Ile ), 17.7 (Val y), 18.9 (Val y), 21.6
(Leu &), 23.0 (Leu 8), 23.7 (Pro® y), 24.4 (Leu ), 24.6 (Pro* v
and Ile v), 27.7 (‘Bu CH,), 28.8 (Pro! B), 29.1 (Pro? ), 31.0 (Val
B), 35.8 (Phe P and Ile B), 37.3 (Asn B), 40.5 (Leu B), 46.7 (Pro*
3), 46.9 (Fmoc CH), 47.3 (Pro? 8), 47.7 (Val «), 49.2 (Asn «),
55.6 (Phe «), 58.9 (Pro? ), 59.9 (Ile «), 60.1 (Leu «), 60.9 (Pro*
«), 67.0 (Fmoc CH,), 81.2 (‘Bu C), 120.1 (Fmoc ArCH),
125.2/125.3 (Fmoc ArCH), 126.6 (Ph p-CH), 127.2 (Ph m-CH),
127.9 (Fmoc ArCH), 128.4 (Fmoc ArCH), 129.3 (Ph o-CH),
138.4 (Ph C), 141.4 (Fmoc ArC), 144.0 (Fmoc ArC), 156.7
(carbamate CO), 171.1 (ester or amide CO), 171.5 (ester or
amide CO), 171.7 (two signals, ester or amide CQO), 172.3 (two
signals, ester or amide CO) and 173.1 (ester or amide CO);
4(300 MHz; CDCl;) 0.83-0.94 (18 H, complex, Val vy, Leu 9§,
Ile 3 and Ile y CH,), 1.18-1.33 (2 H, complex, Ile y CH,), 1.40 (9
H, s, 'Bu), 1.52-1.72 (4 H, complex, Pro g and Leu ), 1.86-2.18
(7 H, complex, Val B, Pro B and Pro y), 2.67 (1 H, d, A part of
ABX, J 13.1, Asn B), 2.95 (1 H, dd, B part of ABX, J 15.4 and
14.7, Asn B), 3.05 (1 H, t, A part of ABX, J 12.8, Phe f), 3.31

(1 H, d, B part of ABX, J 11.3, Phe B), 3.47-3.82 (4 H, complex,
Pro 6), 4.11-4.47 (5 H, complex, Pro «, Fmoc CH, and Fmoc
CH), 4.54-4.70 (3 H, complex, Asn «, Ile «, and Phe «), 4.95
(1 H, br m, Val «), 5.75 (1 H, br t, Asn NH), 6.28 (1 H, br s,
Asn NH), 7.13-7.32 (11 H, complex Fmoc ArH, PhH, Asn
NH, Phe NH, Ile NH, Leu NH), 7.39 (2 H, t, J 7.2, Fmoc
ArH),7.59(2H,d,J 7.2, Fmoc ArH)and 7.75 (2 H, J 7.2, Fmoc
ArH) {HRMS(FAB) Found: [M + H]", 1077.6014. Calc. for
CsoHg NgO,: [M + H], 1077.6024} (Found: C, 64.9; H, 7.7;
N, 10.2. Calc. for C5oHgoNgO,;-H,0: C, 64.68; H, 7.55; N,
10.23%).

TFA-Val-Asn-Pro-Phe-Ile-Leu-Pro 16. A solution of peptide
15 (512 mg, 0.53 mmol) in dry acetonitrile (100 ml) was stirred
under argon and diethylamine (100 ml) was added. The solution
was stirred at room temperature for 1 h and solvent was
removed in vacuo. Dry dichloromethane (20 ml) and TFA (20
ml) were added and the remaining isolation of the TFA salt was
conducted as summarized for obtaining TFA salt 10.

Axinastatin 3 2¢. The cyclization of heptapeptide 16 was
effected using dry dichloromethane (230 ml), BOP-CI (1.3 g,
5.10 mmol), peptide 16 (308 mg, 0.34 mmol) and DIEA (9.7 ml)
as described above for producing axinastatin 2 2b to yield
axinastatin 3 2¢ (61 mg, 23%), mp 337-340 °C (decomp.
307°C); R; 0.26 (9:1 EtOAc-MeOH); [a]2® —190 (¢ 0.22,
MeOH) {lit.,>* [«]3° —185 (¢ 0.21, MeOH)}; v,,.o(NaCl)/cm™!
3312, 2963, 2876, 1636, 1524 and 1435; §,4(300 MHz; CDCl,;)
0.86-0.95 (12 H, m), 1.02 (6 H, J 6.8), 1.39-1.49 (4 H, complex),
1.46-1.56 (1 H, m), 1.68-2.02 (13 H, complex), 2.24 (1 H, dddd,
J13.0,7.5,5.9 and 2.5), 2.37 (1 H, hex, J 6.8),2.59 (1 H, dd, J
11.2and 6.5),2.92 (2 H, distorted t, J11.8), 3.15(1 H, dd, J 14.8
and 44), 3.25 (1 H, dd, J 13.9 and 4.8), 3.43-3.72 (4 H,
complex), 4.05 (1 H, dd, 9.8 and 7.7), 4.15 (1 H, dd, J 8.2 and
6.6),4.28 (1 H,t,J9.3),4.33-4.40 (2 H, m), 467 (1 H,dd, J9.7
and 5.9),4.78 (1 H, ddd, J 11.4and 4.7), 5.39 (1 H, br s), 6.45 (1
H, brs),6.70 (1 H, brs), 7.16-7.28 (5H, m), 7.55(1 H,d, J9.5),
7.96 (1H,d,J7.8)and 8.06 (1 H,d, J4.5).
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