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Solid-phase total synthesis of cyclodepsipeptideushostatin A 1) has been achieve
Initially, immobilization of the Bom-Val-statine derivativ8 via the hindere@®-hydroxy grou
was efficiently achieved using polymsupported silyl triflate. Subsequently, the peptteair
was successfully extended on the polysgpport to yield the tetrapeptide cyclization prsou
2 with high purity. 2-Methyl-6-nitrobenzoic anhydedMNBA)-mediated macrolactonization
2 proceeded smoothly on the polymer-support to pievhacrolactond?2. Finally, release «
the macrolactone from the polymsupport followed by in situ disulfide formation fushec
spiruchostatin AX) in 17% overall yield.

2009 Elsevier Ltd. All rights reserved

1. Introduction

Histone deacetylases (HDACS) are attractive targetsafiocer
therapy, because inhibition of HDACs can lead to apmipt cell
cycle arrest, and inhibition of angiogenesis andtastasis.
Naturally occurring and synthetic HDAC inhibitors, suels
romidepsin (FK228§, vorinostat (SAHAY and belinostat
(Beleodaq), have recently been approved for clinical use a:
anticancer agents; several naturally occurringadepsipeptides
exhibiting HDAC inhibitory activity have also been &wted in

preclinical trialsS These advances indicate that inhibitors of

HDAC activity can be viable candidates for the treatmef
cancer. Spiruchostatin AL, isolated fromPseudomonas sp. by
Shin-ya et al. in 2001, is a 15-membered cyclogegide with
an intramolecular disulfide bond and exhibits potéiDAC
inhibitory activity (IG, = 3.3 nM)°® The structure oflL bears
similarities with that of the approved cyclodepsiagp FK228;

performed entirely on a polymer-suppdrallowing for the
combinatorial synthesis of spiruchostatin  analogsias
envisioned? Here we describe the solid-phase total synthesis of
spiruchostatin AX), wherein 2-methyl-6-nitrobenzoic anhydride
(MNBA)-mediated macrolactonization was performed oe th
polymer-supported intermediate and the final didalfforming
reaction was performed in situ after cleaving thecnoeycle

Srom the polymer-support.

2. Results and Discussion

The nature and position of the amino acid residuaadbilized
on the polymer support is a critical factor thatswmes the
successful total synthesis df on the polymer-support. The
retrosynthetic scheme for the polymer-supportedrssis ofl is
illustrated in Figure 1. We planned to immobilibe Bocb-Val-
statine derivative3 via the 3-hydroxy group onto the polymer-

therefore,1 is an attractive lead compound for the developmengUPPort using a trialkylsilyl linkef, because the silyl linker can

of a drug for treating HDAC-dependent diseases. Becaliits
unigue biological activity, spiruchostatin Al)( has been the
target of total syntheses with efforts by our anldeotresearch
group(s)” ® We have synthesizetl and its derivatives utilizing
both solution- and solid-phase synthesis, in agldito the use of
automated laboratory technologfeOur previous solid-phase
synthesis commenced with the immobilization of @&erminus
of the Fmocb-Val-statine derivative onto a polymer-support.
The advanced intermediate, i.e., the precursothi@rcyclization
reaction, was prepared on the polymer-support ustagdard
peptide synthesis protocols and then cleaved poidn-solution
cyclization. Therefore, the final macrolactonizatiand disulfide
formation steps were performed in a stepwise faslomhe
solution phase. Subsequently, a more concise ssisthef
spiruchostatin  analogs incorporating a radioactipeobe

be readily cleaved under mild acidic conditions withleading
to decomposition of the cleaved prodtfct® Furthermore, such a
scheme allows for the use of the Boc group for ttegegtion of
the amino group ir8, thereby precluding the formation of the
lactam under basic conditions. It is worth notingehéhat the
peptide chain on the polymer-support can be eleugaither
from the N- or C-terminus of theD-Val-statine derivative3.
Based on our prior experientaye considered elongating the
peptide at theN-terminus of the immobilized>-Val-statine
derivative. We envisioned that elongation of tmedir peptide on
the polymer-support followed by macrolactonizatioih 20and
subsequent disulfide formation with concomitant cége from
the polymer-support will afford the desired spirustatin A ().
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2) Disulfide formation /3)C'eavage diisopropylethylamine (DIEA). Epimerization at tleposition
\ L of the cysteine residue or the formation of a 5-inerad lactam
; ’E‘ was not observed under these conditions (entryidilé® yields
o were observed when the reaction was performed uglidid-
----- fo s=s = NH T“S 5 benzotriazol-1-yloxy-tri(pyrrolidino)phosphonium
O hexafluorophosphate  (PyBAdfPIEA (entry 3). Further
\ngrizamn investigations revealed that when utilizing HATU/DIEAet
Spiruchostatin A (1) Cyclization precursor 2 reaction was completed within 3 h and the desireztimediates
oy 2amicaion Q was obtained in 85% yield (entry 5).
FmocHN ;\ /NSI’Et Table 1. Optimizing the reaction conditions for the synikes
BocHN oH X g _ ; ;
. of polymer-supported dipeptide
STrt 1) Immobilization
"0 © O 1) TMSOTY (0.3 M) \/O\ E
(o] Et
:> rrrr o OAllyl etatine derivat \/ /\s,/Et 2,6-lutidine (0.9 M) EmocHN N g O/SI\
bAla NHEmoC i STrt Boc-D-Val-statine derivative 3 BocHN o \Et CH,Cl, 1t, 3h I Et
_D-Cys- STrt
v (0] ? z?:(;tgn?,lsis?e’—é Y o
B Hydroxy acid 4 CAllyl OAllyl
Figure 1. Retrosynthesis of spiruchostatin B ( 5 6

Entry Reagent (M) Additive (M) Time (h)  Yield (%)?

To immobilize the Bom®-Val-statine derivative3® onto the

polymer support (Scheme 1), commercially availaB®-DES ! pIC (0.1) HOBL(0.15) 12 39
resin was first converted to PS-DES-OTf according teported 2 DIC (0.1) HOAL(0.15) 12 57
protocol™* The modified resin was then treated wRhunder 3 &Py ) DEAQLS) 12 -
basic conditions to afford polymer-supported Bo¥al-statine

4 HATU (0.1) DIEA (0.15) 12 82

5. The loading of resin-boun8 was determined to be 0.532
mmol-g* by post-cleavage gravimetric analysis. - RATUQ1)  DIEAIS) 3 85

a) Isolated yield was determined after cleavage from the polymer-support
(HF-Pyridine, THF-MeCN, rt, 2 h)

1) TMSCI, CH,Cl, )\ (i
rt, 30 min O/S'
_ g ——————> BocHN et
St 2) TIOH, CH,Cl, . . .
B 130 min ) Further elongation of dipeptideto afford polymer-supported
oo oreortiah Onllyi tetrapeptided was performed according to a protocol established
5: 0.532 mmol/g by us previously. The details concerning the reactionditions
N— are displayed in Scheme 2. Removal of the Fmoc pyiiau6
BocHN O under basic conditions (20% piperidine in DMF, rf Bin)
o followed by coupling of the resulting amiffewith Fmocb-Ala-
OAllyl OH utilizing DIC/HOBL afforded polymer-supported triiiefe 8.

Removal of the Fmoc group iB and acylation with the-
hydroxy acid derivative4® in the presence of PyBoP/DIEA at
room temperature providéwith high purity.

Scheme 1. Immobilization of the Bo®-Val-statine derivative
3 onto the polymer-support

Next, we investigated the conditions for the couptng with o) \/O\_,Et o \/O\_,El
Fmocb-Cys-OH to obtain polymer-supported dipeptide FmocHN— SN o g 200 piperidine. HN—O N o gt
Selective removal of the Boc group %nin the presence of the ST: DME, 1t 30 min ST:
acid-labile silyl ether linkage was carried out bgating5 with °© °
TMSOTf/2,6-lutidine, followed by addition of MeOH for OAllyl OAllyl
removal of the TMS group on the resulting amindt was 6 7
necessary to use excess 2,6-lutidine (0.9 M) fersttlective and Q
efficient removal of the Boc group. The resultimgef amine was P e oy 0 N\ E
immediately used in the next reaction to precludye @otentialy- HOBt (0.15 M) HN—C N o et
lactamization. As FmoD-Cys-OH is readily epimerized under DMF4h (]:0 STt o
the conditions typically used for condensation, welared NHFmoc
different reaction conditions to couple the polyraapported OAll!
amine with Fmo®-Cys-OH (Table 1). Our initial attempt based 8
on our previous solid-supported synthesisN, [ N'-
diisopropylcarbodiimide (DIC)/1-hydroxybenzotriago(HOBY), S o \__ y-E
Table 1, entry T]yielded the desired dipeptidein low yields. It Rt Y N9 et
is likely that acylation of the amino group is hémed by the ) pHydoyacda .. foms”sm
bulkiness of both the isopropyl group at taposition and the PyBoP, DIEA, DMF NH OA"y?
trialkylsilyl group on thep-hydroxy group. The use of 1- ’ d oH
hydroxy-7-azabenzotriazole (HOAt) instead of HOBt mdgest 9

increased the yield & up to 57% (entry 2). Higher yield (82%) .
of the desired dipeptide 6 was successfully obtaiméld the use Scheme 2. Scheme for the synthesis of polymer-supported

of O-(7-aza-1H-benzotriazol-1-yl), N, N, N'- tetrapeptided
tetramethyluronium  hexafluorophosphate  (HATW)/ N-



After obtaining the desired tetrapeptilewe next explored
the conditions for the removal of the allyl group 9 and
subsequent macrolactonization of the polymer-suppor
cyclization precursoR (Scheme 3). The allyl group was readily
removed by treatment with morpholifiein the presence of
Pd(PPh),. The polymer-supported cyclization precur&mwas
then subjected to macrolactonization in the presemf
MNBA/4-(dimethylamino)pyridine ~ (DMAPJ?  However,
analysis of the products after cleavage of theti@agroducts
from the polymer-support revealed an inseparabldure of the
desired macrolacton#0 and the unexpected amidé that was
formed by condensation of the free carboxylic awith the
residual morpholine (left over from the allyl defmction
reaction). It is likely that the polymer-supportettallylated
carboxylic acid retained morpholine through ioniteractions,
which subsequently resulted in the amidation reacfiderefore,
we considered that use of amines was unsuitablesfooval of
the allyl group owing to the difficulty associated thvithe
efficient removal of the amine on washing with orgaswlvents
after completion of the reaction.

N 8

R —
(¢]
STrt o

Pd(PPhs), (0.01 M)
morpholine (0.1 M)

R,

HN N 0

o\H
TS STrt

Et

o THFR t,3h TS
NH NH
= OAlyl OH
o OH S OH
9 2
1) MNBA (0.01 M) o N\ o N\
DMAP (0.1 M) HN N—JOH HN N OH
CH,Cly, 1t, 12 h (1:0 M o) H
_ +
2) HF-Pyridine TS STt o THS STt o
THF-MeCN NH > NH > N
i, 2h o 3
B OH
o
Macrolactone 10 Amide 11
Scheme 3. Removal of the allyl group in9 and

macrolactonization on the polymer-support.

Owing to the presence of the unexpected amidatiodugto
the conditions for the removal of the allyl group revere-
evaluated. After extensive investigations, a contimna of
Pd(PPh), and phenylsilarf@ was found to be effective in
affording 2 in a pure form. Macrolactonization of the polymer-
supported cyclization precurs@ was subsequently performed
utiizing MNBA/DMAP to afford macrolactone 12.
Macrolactonization o2 was sluggish (a conversion of 60% in 3
h, Table 2, entry 1) when compared with that in tbit®on
phase, which was completed within £ Bxtending the reaction
time improved the conversion of the macrolactomirateaction
(6 h, 77% conversion, entry 2). The reaction waspieta in 12
h with >95% conversion, affording macrolactofi2 with 60%
purity (Table 2, entry 3). It should be noted h#rat its dimer
was not observed, therefore, performing the reactibrhigh
dilutions is not necessary. Efforts directed atriowing the purity
of the macrolactonization product revealed thatdasing the
concentration of MNBA improved the purity &P (74%, entry 4
vs 60%, entry 3). Further improvement in the punty the
macrolactonization product was achieved when the/npei-
support was washed with a solution of the carbamit¢ sedium
salf! (efficiently removes any residual Pd catalyst).tiihe
wash step included in the protocol, the purity ofeased
macrolactone from 12 increased to 86%. In summary,
macrolactond0 (17% overall yield, isolated) was synthesized in
9 steps starting from the polymer-supported Beééal-statine
derivative5 (entry 5).

3

Table 2. Optimization of the conditions for

macrolactonization on the polymer-support

07\
E

1) Pd(PPhg), (0.01 M) o

Phenylsilane (0.1 M)

HN THF, rt, 2h

N
H
TS STrt

NH

- Q/a
3

2: TrtS STrt
=

o 2) Macrolactonization
Conditions, listed
OAllyl

OH

H

(e)
12

Entry Conditions Conv.(%)? Purity?

MNBA (0.01 M)

DMAP (0.1 M), 1t, 3h 60

MNBA (0.01 M)

DMAP (0.1 M), 1t, 6 h 77

MNBA (0.01 M)

DMAP (0.1 M), 1t, 12 h >95

60

MNBA (0.04 M)

4 DMAP (0.1 M), 1t, 12 h

>95 74

MNBA (0.04 M)

b
) DMAP (0.1 M), 1t, 12 h >99 86 (17)9

a) Determined by HPLC with UV peak area at 214 nm
after cleavage from the polymer-support.
b) A solution of sodium diethyldithiocarbamate was used for washing
out a trace amount of Pd catalyst after removal of the allyl group.
c) Isolated yield (9 steps from the polymer-supported 5)

Finally, we explored the reaction conditions leadiogthe
formation of the intramolecular disulfide bond dre tpolymer-
support and resulting in polymer-supported totahtlsgsis of
spiruchostain A X). Initial attempts to form the disulfide under
oxidative conditions as reported previouslyifl CH,Cl,/MeOH,
rt)” 8 did not yield1 reproducibly on cleavage from the polymer-
support (Table 3, entry 1). Despite extensive irigatibns,
efficient conditions for solid-supported formationf the
intramolecular disulfide bond were not identifiechefefore, we
decided to pursue the intramolecular disulfide bforching
reaction after first releasing the macrolactonemfrime polymer
support. The silyl ether link between the polymepmsut and
macrolactone irl2 was cleaved using a solution of HF-pyridine
in THF, and the resulting solution, containing theleased
macrolactonelO, was directly added to a solution of iodine in
CH,CI,/MeOH. Unexpectedly, a complex mixture, with no clear
indication for the presence df was obtained (entry 2). It is
likely that the pyridine retained in the solutiororh the prior
reaction inhibits the disulfide-forming reaction.

intramolecular disulfide

HN{< 1

Og
Spiruchostatin A (1)

Table 3. Optimization of the

formation
N,
HN

4” © \Et Condmons
(EO

TrtS
NH
(e]

[e]
12

Entry Conditions Yield?

15, CH,Cl,-MeOH, rt, 30 min <2

HF-Pyridine (0.01 M), THF, rt, 2 h;
filtered;
I, CH,Cl,-MeOH, rt, 30 min

Complex mixture

5% aqueous HF, CH,Cl,-MeOH, rt, 2 h;
addition of CaCO3, then filtered;
I, CH,Cl,-MeOH, rt, 30 min

17

a) Isolated yield (10 steps from the polymer-supported 5)



4
Therefore, we utilized 5% aqueous HFACTH/MeOH to
release the macrolactone from the polymer suppord the
resulting resin-free cleavage solution was neugdlizy addition

Tetrahedron

respectively, in the indicated solvent. Chemicaliftshare
reported in units parts per million (ppm) relativeo
tetramethylsilane (0.00 ppm fdH), chloroform (7.26 ppm for

of CaCQ.”? Finally, the macrolactone-containing neutralized*H) and chloroformd (77.0 ppm for**C) when internal standard

reaction mixture was filtered and the filtrate wasedily added
to a solution of iodine in C}€l,/MeOH to afford1l in 17%
overall yield. Because the precursor macrolatttheias obtained
in 17% overall yield (see, Table 2), the yield b& tdisulfide
formation was quantitative. Spectral data, includisecific
rotation, of the synthesized spiruchostatinlAwWere identical to
those of the natural produftt.

3. Conclusion

We have established a protocol for the solid-sugpototal
synthesis of spiruchostatin Al)( The salient features of the
synthesis include immobilization of the BDeVal-statine
derivative3 via a silyl linker on the polymer support, sequant
coupling of Fmo®-Cys-OH, Fmom-Ala-OH, and B-hydroxy
acid 4 at the N-terminus of5 to provide polymer-supported
tetrapeptide, use of the PhSi#Pd catalyst combination for the
removal of the allyl group at thé-terminus in9, and MNBA-
mediated macrolactonization of polymer-suppor2etd provide
the advanced intermediate macrolactéBelt is noteworthy that
use of a Pd scavenger for washing the polymer stipgfter
removal of the allyl group is a critical factor fonproving the
purity of the released macrolactod®. Finally, two sequential
reactions, release of the macrolactone from thgnpei support
and subsequent disulfide formation, furnished thesirdd
spiruchostatin AX) in 17% overall yield. It should be noted here
that this protocol, in addition to the synthesidha linear peptide
as demonstrated previously, allows for macrolacttdion to take
place on the polymer support; this approach caretbee be used
for the synthesis of spiruchostatins, related m@atproducts and
their analogues. The synthesis and biological etmo of
spiruchostatin analogs are underway in our laboyatmd the
results will be reported in due course.

4, Experimental Section
4.1 General Techniques

All commercially available reagents were used asivede
Dry THF and CHCI, (Kanto Chemical Co.) were obtained by
passing commercially available pre-dried, oxygeefr
formulations through activated alumina columns. Adactions
were monitored by thin-layer chromatography caroetion 0.2
mm E. Merck silica gel plates (60F-254) with UV light,

is not indicated. Multiplicities are reported byetHollowing
abbreviations: s; singlet, d; doublet, t; triplet, quartet, dd;
double doublet, dt; double triplet, ddt; double bleutriplet, m;
multiplet, br; broad)J; coupling constants in Hertz. Mass spectra
and high-resolusion mass spectra were measured
ThermoScientifit" Exactivé™ Plus Orbitap Mass Spectrometer
(for ESI). IR spectra were recorded on a JASCO FT4BO3
Only the strongest and/or structurally importantaapson are
reported as the IR data afforded in"tnOptical rotations were
measured with a JASCO P-1010 polarimeter.

4.2 Immobilization of Boc-D-Val statine derivative 3 onto PS-
DESresin

4.2.1 Immobilization of 3 onto PS-DESresin

To a PS-DES resin (500 mg) in a 20 mL syringe-stagssel
(Varian Reservoir) was added gH, (5.0 mL), and the mixture
was shaken for 3 min and filtered. To this resin \aasled
chlorotrimethylsilane (194L, 1.50 mmol, 0.3 M) in CKCl, (5.0
mL) at room temperature. After the mixture was shaken30
min, the resin was filtered and washed three timek @HLCl,.
The resulting resin was treated with trifluoromethsr®nic
acid (132pL, 1.5 mmol, 0.3 M) in CHECl, (5.0 mL) at room
temperature. After the mixture was shaken for 30 rthia,resin
was filtered and washed three times with,CH To this resin
was added a solution 8f(452 mg, 1.50 mmol, 0.3 M) and 2,6-
lutidine (230pL, 2.0 mmol, 0.4 M) in CECI, (5.0 mL) at room
temperature. After the mixture was shaken for 12 résin was
filtered and washed 10% triethylamine in £H x 3, THF/HO
(1:1) x 3, MeOH x 3 and ether x 3. The resultingrrasas dried
under reduced pressure to give polymer-supportectbBdal-
statine-derivativeb. IR (resin) 3451, 3372, 3026, 2925, 1738,
1722, 1494, 1454, 1235, 1176, 836, 768'cm

4.2.2 Cleavage of 5

To a polymer-supportel (30 mg) in a 6 mL syringe-shaped
vessel (Varian Reservoir) was added THF (1.5 mL), tre
mixture was shaken for 3 min and filtered. To thepension in
THF(acetonitrile (30QuL, 2:1) was added HF-pyridine (1QQ)
at room temperature. After the mixture was shaker2for, the
resin was filtered and washed with THF x 3. The fifravas
quenched with saturated aqueous NaHCthe aqueous layer
was extracted with ethyl acetate. The combined ocgkayiers

visualized by p-anisaldehyde solution, phosphomolybdic acid'Were washed with 1 M aqueous HClI, saturated aqueous NgHCO

solution. Column chromatography and flash
chromatography were carried out with silica gel 60 Kar(to
Chemical Co. 100-210m) and silica gel 60 N (Kanto Chemical

columnbPrine and dried over MgSQ and filtered. The filtrate was

concentrated in vacuo. The residue was purified bljinon
chromatography on silica gel (25% ethyl acetatédhémane) to

Co. 40-50um), respectively. Gel Permeation Chromatographydive Boco-Val-statine derivatives (5.41 mg, 19.2/mol) as a

was performed on LC-9201 (recycling preparative HRL@jh
RI-50 refractive index detector and s-3740 ultraleti detector
with polystyrene gel column (JAIGEL-1H, 20 mm x 600 jym
using chloroform as a solvent (3.5 mL/min). PrepaeaHPLC
purification was performed on reversed-phase HPLC t¢vga
HPLC system), and the purity was determined with pak at
UV 214 nm. The column used was Waters X Bridfg€18 5
pm, 10 x 150 mm. Analysis of the synthetic peptideasw
performed on reversed-phase HPLC (Waters LC/MS sy&@-
2000), and the purity was determined with peak atdd\Va214
or 254 nm. The column used was Waters X Britigg18 3.5
pm, 4.6 x 75 mm'H NMR spectra (400 MHz) anfC NMR

colorless oil, and the loading amount was determtodae 0.532
mmoleg™. *H NMR (400 MHz, CDC}) 5(/5.92 (ddt, 1H,J =
16.8, 10.0, 6.0 Hz), 5.33 (dd, 18i= 16.8, 1.2 Hz), 5.26 (m, 1H),
4.62 (d, 2HJ = 6.0 Hz), 4.41 (d, 1H] = 9.6 Hz, NH), 3.94 (m,
1H), 3.54 (m, 1H), 3.22 (brs, 1H, OH), 2.64 (dd, IH; 16.4, 3.2
Hz), 2.51 (dd, 1H) = 16.4, 11.2 Hz), 2.12 (m, 1H), 1.44 (s, 9H),
0.95 (d, 3H,J = 6.8 Hz), 0.87 (d, 3H] = 6.8 Hz);"*C NMR (100
MHz, CDCk) 5 172.8, 156.4, 131.8, 118.5, 79.5, 69.1, 65.4,,58.8
38.3, 28.3, 27.5, 20.1, 16.2; IR (CHICB444, 3372, 2964, 1717,
1695, 1521, 1367, 1171, 1068, 988 tna]p>* [1-8.42 € 1.00,
CHCl,); HRMS(ESI) calcd for GH,-NOsNa [M+Na] 324.1787,
found 324.1776.

spectra (100 MHz and 150 MHz) were recorded on JEOL-JNM
AL400 spectrometers and JEOL ECA-600 spectrometers,

on



4.3 Synthesis of polymer-supported dipeptide 6

4.3.1 Amidation with Fmoc-D-Cys(Trt)-OH

To a polymer-supported Baz-Val-statine derivatives (50
mg) in a 6 mL syringe-shaped vessel (Varian Reserweas

5

afforded Fmoc-deprotected resin, and the resultegin was
immediately used for the next reaction.

To the resin was added DMF (1.0 mL) and the mixtuas
shaken for 3 min and filtered. To a mixture of nefimocb-Ala-

added CHCI, (1.0 mL) and the mixture was shaken for 3 min OH (15 mg, 0.045 mmol, 0.1 M), HOBt (9.2 mg, 0.068 mmol

and filtered. To the mixture of resin and 2,6-lin& (79uL, 0.68
mmol) in CHCI, (0.45 mL) was added a solution of
trimethylsilyl trifluoromethanesulfonate (4L, 0.23 mmol) in

0.15 M) and DIEA (15uL, 0.090 mmol, 0.2 M) in DMF (0.45
mL) was added DIC (7.QuL, 0.045 mmol, 0.1 M) at room
temperature. After the mixture was shaken for 4 &,résin was

CH,Cl, (0.30 mL) at room temperature. After the mixture wasfiltered and washed three times with DMF and THF,

shaken for 3 h, MeOH (0.15 mL) was added to the maxttr
room temperature. After the mixture was shaken foml®, the
resin was filtered and washed with €H, x 3 and DMF x 3 to

respectively. The resulting resin was dried undeduced
pressure to give polymer-supported tripep8dé¢R (resin) 3396,
3304, 3028, 2920, 1727, 1685, 1677, 1665, 14943,14386,

afforded Boc/deprotected resin. The resulting resin was1251, 1064, 1034, 844, 752¢m

immediately used for the next reaction.

To the above resin was added DMF (1.0 mL) and théumx
was shaken for 3 min and filtered. To a suspensionresin,
Fmocb-Cys(Trt)-OH (44 mg, 0.075 mmol, 0.1 M) and DIEA
(26 pL, 0.15 mmol, 0.2 M) in DMF (0.75 mL) was added HATU
(29 mg, 0.075 mmol, 0.1 M) at room temperature. Afte
mixture was shaken for 3 h, the resin was filterad washed
with DMF x 3, THF x 3. The resulting resin was drieddar
reduced pressure to give polymer-supported dipepdid IR
(resin) 3310, 3025, 2919, 1732, 1683, 1668, 1495411252,
1071, 1030, 839, 752 ¢

4.3.2 Cleavage of 6

To a polymer-supported dipeptid@ (50 mg) in a 6 mL
syringe-shaped vessel (Varian Reservoir) was added (1D
mL) and the mixture was shaken for 3 min and filleréo a
suspension in THFacetonitrile (300 uL, 2:1) was added
HF[Ipyridine (100uL) at room temperature. After the mixture
was shaken for 2 h, the resin was filtered and watireé times
with THF. The filtrate was quenched with saturated eags

4.4.2 Cleavage of 8

To a polymer-supported tripeptid® (50 mg) in a 6 mL
syringe-shaped vessel (Varian Reservoir) was added (1D
mL) and the mixture was shaken for 3 min and filleréo a
suspension in THFacetonitrile (300 puL, 2:1) was added
HF[pyridine (100pL) at room temperature. After the mixture
was shaken for 2 h, the resin was filtered and wasired times
with THF. The filtrate was quenched with saturated eags

NaHCQO,. The aqueous layer was extracted with ethyl acetate.

The combined organic layers were washed with 1 M aggieo
HCI, saturated aqueous NaHg@rine and dried over MgSQ
and filtered. The filtrate was concentrated in vaclive residue
was purified by column chromatography on silica €% ethyl
acetate in hexane) to give tripepti&2 (19.5 mg, 23.3 /mol,
88%, 5 steps frorb) as a white amorphoudd NMR (400 MHz,
CDCly) 611 1000 (dy, 2H,J = 7.2 Hz), 7.51 (t, 2HJ) = 6.8
Hz), 7.10—-7.46 (m, 19H), 6.24 (m, 2H, NH x 2), 5.92 (dd, J
=17.2,11.2,5.0 Hz), 5.29 (d, 1BI= 17.2 Hz), 5.21 (d, 1Hl =
11.2 Hz), 5.08 (d, 1H] = 4.8 Hz, NH), 4.56 (d, 2H] = 5.0 Hz),
4.36 (m, 2H), 3.95-4.14 (m, 4H), 3.83 (m, 1H), 3.26(K1H,

NaHCO;. The aqueous layer was extracted with ethyl acetateoH), 2.94 (m, 1H), 2.59 (d, 1H,= 16.0 Hz), 2.49 (m, 1H), 2.41
The combined organic layers were washed with 1 M asgieo (dd, 1H,J = 16.0, 10.0 Hz), 2.13 (m, 1H), 1.30 (d, 3Hs 6.8

HCI, saturated aqueous NaHg®rine and dried over MgSQ
and filtered. The filtrate was concentrated in vaclive residue
was purified by column chromatography on silica &% ethyl
acetate in hexane) to give dipepti8& (17.4 mg, 22.6./mol,
85%, 3 steps frond) as a colorless oifH NMR (400 MHz,
CDCly) 80 UL (t, 2H,J = 7.6 Hz), 7.54 (t, 2H] = 8.0 Hz),
7.1607.45 (m, 19H), 5.84 (m, 1H), 5.80 (d, 1Hz 9.6 Hz, NH),
5.28 (d, 1HJ = 17.2 Hz), 5.20 (d, 1Hl = 10.4 Hz), 4.89 (d, 1H,
J = 6.8 Hz, NH), 4.54 (m, 2H), 4.40 (m, 2H), 4.17 (t, I+ 6.0
Hz), 3.87 (m, 1H), 3.78 (m, 1H), 3.69 (m, 1H), 3.231H,J =
4.4 Hz, OH), 2.66 (d, 2H] = 7.6 Hz), 2.54 (d, 1H] = 16.0 Hz),
2.40 (dd, 1HJ = 16.0, 10.0 Hz), 2.08 (m, 1H), 0.81 (d, 3Hz
6.4 Hz), 0.80 (d, 3H] = 6.4 Hz);"*C NMR (100 MHz, CDCJ) &
172.8, 170.7, 156.1, 144.3, 143.6, 143.6, 141.3,713129.5,
128.1, 127.9, 127.8, 127.1, 126.9, 124.9, 124.9.01,2118.6,
68.7, 67.5, 67.0, 65.5, 57.3, 54.2, 47.0, 38.11,337.3, 20.1,

Hz), 0.80 (m, 6H)}*C NMR (100 MHz, CDCJ) 5 172.9, 172.1,
170.2, 156.1, 144.3, 143.7, 143.4, 141.3, 141.3,9,3129.4,
128.1, 127.8, 127.8, 127.1, 126.9, 125.0, 120.8,3168.7, 67.2,
67.1, 65.3, 57.7, 52.6, 51.0, 47.0, 38.1, 32.75,220.2, 18.3,
16.6; IR (CHCJ) 3289, 3245, 3063, 2961, 1718, 1706, 1701,
1647, 1540, 1401, 1245, 1077, 1034, 741, 701%cfa]p?0
(00 (c 0.85, CHCY); HRMS(ESI) calcd for GHsaN;O;SNa
[M+Na]+ 862.3502, found 862.3476.

4.5 Synthesis of polymer-supported tetrapeptide 9

4.5.1 Amidation with S-hydroxy acid derivative 4

To a polymer-supported tripeptid® (50 mg) in a 6 mL
syringe-shaped vessel (Varian Reservoir) was added QPIMF
mL) and the mixture was shaken for 3 min and fillerEhe resin
was treated with a solution of 20% piperidine in DMFO(mL)

16.2; IR (CHCJ) 3311, 3026, 2959, 1703, 1699, 1661, 1528at room temperature. After the mixture was shaken3fmin,

1446, 1033, 987, 741, 701 cmla]p?° +L1010 (c 0.60, CHC)):
HRMS(ESI) calcd for GH,gN,OsSNa [M+Na] 791.3131, found
791.3105.

4.4 Synthesis of polymer-supported tripeptide 8

4.4.1 Amidation with Fmoc-D-Ala-OH

To a polymer-supported dipeptidg@ (50 mg) in a 6 mL
syringe-shaped vessel (Varian Reservoir) was added QPIMF
mL) and the mixture was shaken for 3 min and fillerEhe resin
was treated with a solution of 20% piperidine in DMFO(mL)
at room temperature. After the mixture was shaken3@min,
the resin was filtered and washed three times with D#IF

the resin was filtered and washed three times with D#IF
afforded Fmoc-deprotected resin, and the resultegjn was
immediately used for the next reaction.

To the above resin was added DMF (1.0 mL) and théumx
was shaken for 3 min and filtered. To a suspensforesin, 3-
hydroxy acid4® (31 mg, 0.075 mmol, 0.10 M) and DIEA (P8,
0.15 mmol, 0.20 M) in DMF (0.75 mL) was added PyB&B (
mg, 0.11 mmol, 0.15 M) at room temperature. Aftex thixture
was shaken for 12 h, the resin was filtered and washest
times with DMF and THF, respectively. The resultiegin was
dried under reduced pressure to give polymer-supg@or
tetrapeptide9. IR (resin) 3628, 3307, 3026, 2920, 1735, 1671,
1510, 1493, 1250, 1183, 1072, 1014, 843, 759, 698 c
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4.5.2 Cleavage of 9 was shaken for 2 h, the resin was filtered and watiree times
To a polymer-supported tetrapepti@e(50 mg) in a 6 mL  with THF. The filtrate was quenched with saturated eags
syringe-shaped vessel (Varian Reservoir) was added (kD NaHCQO,. The aqueous layer was extracted with ethyl acetate.
mL) and the mixture was shaken for 3 min and filero the = The combined organic layers were washed with 1 M aggieo
suspension in THFacetonitrile (300 puL, 2:1) was added HCI, saturated aqueous NaHg@rine and dried over MgSO
HFpyridine (100uL) at room temperature. After the mixture and filtered. The filtrate was concentrated in vaclioe residue
was shaken for 2 h, the resin was filtered and watiree times Was purified by column chromatography on preparafiv€ (9%
with THF. The filtrate was quenched with saturatedeags methanol in chloroform) to give macrolactofe (4.2 mg, 4.4
NaHCO, The aqueous layer was extracted with ethyl acetate.mol, 17%, 9 steps frof) as a white amorphoud NMR (400
The combined organic layers were washed with 1 M aggieo MHz, CDCL) 617.18-7.50 (m, 30H), 6.92 (d, 1H,= 7.2 Hz,
HCI, saturated aqueous NaHG®rine and dried over MgSQ  NH), 6.77 (m, 1H, NH), 5.91 (m, 1H, NH), 5.58-5.69 (m, 2H),
and filtered. The filtrate was concentrated in vacTiwe residue 5.34 (dd, 1HJ = 15.6, 6.4 Hz), 4.39 (m, 1H), 4.23 (m, 1H), 3.78
was purified by column chromatography on preparafiiec (M, 1 H), 3.22-3.41 (m, 1H), 2.39-2.69 (m, 5H), 222K, J =
(10% methanol in chloroform) to give tetrapeptB®(14.2 mg, 7.2 Hz), 2.03-2.12 (m, 3H), 1.36 (d, 3Hz 7.2 Hz), 0.96 (d, 3H,
13.9'mol, 52%, 7 steps fror) as a white amorphoud NMR ~ J = 6.4 Hz), 0.88 (d, 3HJ = 6.8 Hz); °C NMR (150 MHz,
(400 MHz, CDC}) 5117.15-7.47 (m, 30H), 6.97 (d, 1d,= 7.6  CDCl) 5 172.8, 171.9, 170.4, 169.9, 144.4, 144.5, 13233,11
Hz, NH), 6.18 (d, 1H,) = 9.6 Hz, NH), 6.09 (d, 1Hl = 6.4 Hz,  132.0, 129.6, 129.5, 128.0, 127.9, 126.9, 126.8,%B.2, 66.8,
NH), 5.87 (ddt, 1HJ = 17.6, 10.8, 5.6 Hz), 5.41 (m, 1H), 5.29 66.6, 60.7, 50.0, 41,1, 37.5, 32.0, 31.3, 31.17,298.8, 20.4,
(m, 2H), 5.20 (d, 1HJ = 10.8 Hz), 4.57 (m, 2H), 4.32 (m, 1H), 19.2, 17.8; IR (CHG) 3301, 2926, 1734, 1669, 1540, 1444,
4.26 (t, 1H,J = 6.8 Hz), 3.98-4.12 (m, 2H), 3.81 (m, 1H), 3.791260, 1182, 1034, 743, 700 Tm[a],” [—16.0 € 0.300,
(d, 1H,J = 4.8 Hz, OH), 2.78 (brs, 1H, OH), 2.73 (dd, 1y ~ CHCL); HRMS(ESI) calcd for GHeNsOsS:Na [M+Na[
13.2, 6.8 Hz), 2.59 (dd, 1H,= 16.8, 2.4 Hz), 2.39-2.47 (m, 2H), 982.3899, found 982.3876.
2.22 (dd, 1HJ = 14.0, 2.4 Hz), 2.16-2.24 (m, 3H), 2.02—2.12 (m, . : :
2H), 1.34 (d, 3H, = 7.2 Hz), 0.88 (d, 3H] = 6.8 Hz), 0.88 (d, *+ Synthesisof spiruchostatin A (1)
3H, J = 6.8 Hz);“C NMR (100 MHz, CDG)) 3 172.8, 172.1, To a polymer-supported macrolactot (50 mg) in a 6 mL
171.8, 170.5, 144.8, 144.2, 132.3, 131.9, 130.4,.5.2129.4, syringe-shaped vessel (Varian Reservoir) was adde€igi.0
128.1, 127.9, 126.9, 126.6, 118.3, 69.8, 68.7,,668%, 65.3, L) and the mixture was shaken for 3 min and fitlefEhe resin
57.9, 52.7, 50.0, 43.9, 38.0, 33.0, 31.3, 31.2/,220.1, 17.4, \yas treated 5% hydrogen fluoride solution (47% agseo
16.9; IR (CHC) 3275, 2959, 2298291 1735, 1623, 1529, 1443 hydrogen fluoride was attenuated with LH/MeOH (2:1)) at
1260, 1032, 744, 699 ¢ [op™ (101111 (¢ 0.38, MeOH);  15om temperature. After the mixture was shaken fb ® the
HRMS(ESI) calcd for GHeNsO;SNa [M+Na]+ 1040.4318, mixture was added CaG@L50 mg) at room temperature. After
found 1040.4296. the mixture was shaken for 20 min, the resin wasréti. The
filtrate was subsequently added to a solution ofnied48 mg,
0.38 mmol) in CHCI, (10 mL) at room temperature. After being
4.6 Synthesis of polymer-supported macrolactone 12 stirred for 30 min, the reaction mixture was quenchéh 10%
. . aqueous N#&S5,0; and the aqueous layer was extracted with
4.6.1 Removal of the protecting groups in 9 and CH,Cl,. The combined organic layers were washed with brine,
macrolactonization on polymer-support _ dried over MgSQ and filtrated. The filtrate was concentrated in
To a polymer-supported tetrapeptiein a 6 mL syringe-  yacuo. The residue was purified by reverse-phase HLgve
shaped vessel (Varian Reservoir) was added THF (deda$.0  spjruchostatin A1) (2.1 mg, 4.4 /mol, 17%, 10 steps froiS) as
mL) and_ the mixture was shake_n for 3 min and filler€o a 5 white amorphougH NMR (400 MHz, CDCJ) 8(17.40 (d, 1H,
suspension of resin and phenylisilane (@2 0.075 mmol, 0.10 3 = .8 Hz, NH), 6.70 (d, 1H] = 9.2 Hz, NH), 6.40 (m, 1H),
M) in THF (degassed, 0.75 mL) was addedsg4 (m, 1H, NH), 5.65 (d, 1H,= 15.2 Hz), 5.50 (m, 1H), 4.93
tetrakis(triphenylphosphine)palladium(0) (8.7 md@r5 mmol, (gt 1H,J = 8.8, 4.0 Hz), 4.60 (m, 1H), 4.28 (dq, 1H= 7.2, 4.0
0.010 M) at room temperature. After the mixture Waasken for  Hz) 3.39 (m, 2H), 3.24 (m, 1H), 3.15 (m, 1H), 2.6962(&,
2 h, the resin was filtered and washed three timds WF, 3%  5H) 256 (d, 2H,) = 13.2 Hz), 2.36-2.51 (m, 2H), 1.52 (d, 3H,

(v_v/v) sodium diethyldithic_)carbamate in DMF, DMI_: and =72 Hz), 1.04 (d, 3H] = 6.8 Hz), 0.93 (d, 3H] = 6.8 Hz);"°C
Q|chlorpmethane, respectively. _The resulting resimas NMR (100 MHz, CDCJ) & 171.9, 170.9, 170.6, 169.0, 133.6,
immediately used for the next reaction. 128.6, 70.5, 69.3, 63.8, 63.7, 52.3, 52.2, 40.87,489.6, 29.6,
To the crude resin was added &# (1.0 mL) and the 20.6, 20.6, 19.6, 16.6; IR (CHgI3368, 3333, 2954, 292294, 1733,
mixture was shaken for 3 min and filtered. To thepsmsion of 1667, 1660, 1652, -16537’ 1432, 1265, 1160, 752;dop* 1-60
resin and DMAP (9.2 mg, 0.075 mmol, 0.1 M) in &# (0.75 (€ 0.045, MeOH) lit. [o]p —63.6 € 0.14, MeOH)]; HRMS(ESI)
mL) was added MNBA (10 mg, 0.03 mmol, 0.04 M) at roomcalcd for GoHaN;OsS,Na [M+Na] 496.1552, found 496.1534.
temperature. After the mixture was shaken for 1 résin was
filtered and washed three times with &H. The resulting resin Acknowledgments
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