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First total syntheses of (-)-emestrin H and (—@stepin are described. To find thppropriat
protecting group on the amide nitrogen of the dipigierazine core, we conducted m«
studies using a simple diketopiperazine derivatA®.a result, allyloxymethyl (Allom) grot
was the most suitable protecting group, which &ikst Nicolau’s sulfenylation conditions, a
was easily cleavable under the mild conditions giftd(PPk), andN,N-dimethylbarbituric aci
leaving methylthioethers intact. The generlity of Allom group for protection of amidesas
studied using simple substeat Finally, the effectiveness of Allom group wasved by th
accomplishment of the first total synthesis of ¢mestrin H. Allom group was robust eno
during installation of two methylthioetheto the diketopiperazine core and easily remoy
the final step. The first total synthesis of (-)easxepin was also completed by acylation of (-)-

2009 Elsevier Ltd. All rights reserved

1. Introduction

Dithiodiketopiperazine alkaloids bearing the sulfortaining
diketopiperazine as a core structure have attraatiemtion due
to their structural diversity and fascinating bgileal activities
[1,2]. Among them, compounds bearing the 4,5-dihggepine
ring, such as (-)-acetylaranotit) (3], (+)-MPC1001B 7) [4],
and (-)-acetylapoaranotiB)(5], have been challenging synthetic
targets and a lot of effort has been made to sgitbethese
compounds [6,7]. Reismaet al reported the first innovative
total synthesis of (—)-acetylaranotih) (n 2012 [8], followed by
the first total synthesis of (—)-acetylapoarang@n[10]. We also
focused on this class of compounds, reporting teorsd total
synthesis ofl just after Reismart al. in 2012 [9]. Using the
synthetic protocol established during the synthstidlies onl,
which was based on the characteristic proline-fuses- 4
dihydrooxepine ring, we successfully performed thet ftotal
synthesis of (+)-MPC1001B/)[11] and determined the structure
of (-)-SCH648743) and hirsutellomycing) via semi-synthesis
[12]. Despite these synthetic developments ovelakedecade,
the total syntheses of (-)-asteroxepth[L3] and (-)-emestrin H
(5) [14] bearing the NH-free diketopiperazine core hawebeen
reported so far.

Our preliminary model studies towatdand5 revealed that
the enolate-mediated introduction of two methyl#tivers
reported by Nicolaowet al. [15] was unsuccessful for the
unprotected diketopiperazing3 due to the competitive
deprotonation of the unprotected N-H proton (Scherhg
Therefore, the major challenge toward the syntheki¥ and5
was—the selection of the appropriate protectingugréor the

OCorresponding author. E-mail: tokuyama@ mail.phaaku.ac.jp

diketopiperazine ring’s NH group. The ideal proiegtgroup
(PG in Scheme 1a) should be robust enough to telénatstrong
basic conditions during the introduction of the two
methylthioethers. Moreover, it should be easily and
chemoselectively cleaved under the particularlydneibnditions

in the final stage of the total synthesis withodi¢eting the base-,
nucleophile-, and oxidant-sensitive methylthioethand the
acid-sensitive dihydrooxepin structure. Howevennpared to
the many available protecting groups for aminegrehare
limited choices for amides, especially for dikefmpiazines. In
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(-)-acetylaranotin (1): R = Ac (—)-asteroxepin (4): R = Ac
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Fig. 1. Dithiodiketopiperazine alkaloids



2 Tetrahedron

thi
functionalized NH-free diketopiperazines and founatithe less
common allyloxymethyl (Allom) group, which only haveen
used for a protection of thd-3 position in xanthine and the
imidazole nitrogen in histidine was the most suiaptotecting
group [19]. Its efficiency was further demonstratedthe first
total synthesis of-)-asteroxepin4) and (—)-emestrin Hoj.
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Scheme 1. Synthetic plan and preliminary results.
2. Results and discussion

To identify the most suitable protecting group theduld
fulfill the abovementioned requirements, we prepaeskries of
N-protecteddiketopiperazines16a—¢ following a conventional
method [16,17], which were then subjected to theesyltion
conditions established by Nicolaet al. (Table 1) [15]. Among
the protecting groups in substratdba—e stable benzylic
protecting groups, such gsmethoxybenzyl (PMB) inl6a or
2,4-dimethoxybenzyl (2,4-DMB) iti6b, were not affected by the
sulfenylation conditions, providing dithiodiketopimzinesl7a
and17b, respectively, in moderate yields (Table 1, estfie

Table 1
Protecting groups and introduction of the methgigtiher.

[e]
NaHMDS (3 eq); <""/:?J\ PG
g (1 eq.); NaBH, (3 eq); = N”
O)\;\/K/ NaHMDS (2 eq) Mel (1 eq.); N\”/&/Ph
THF toluene THF/EtOH SMe
0°Ctort,1h
16a, b 17
PG = protecting group o
o N /?ko/\/
'{;H’HLN/PG R Alloc
</N\H/K/Ph é\@\ /E/\O/\/TMS
3
o R2 SEM
16c,d, e PMB:RI=H,R2=OMe Ao 7
2,4-DMB: RY, R? = OMe Allom
entry substrate PG 17 (%)
1 168 PMB 44
2 167 2,4-DMB 57
3 16¢ Alloc decompositiol
4 16d SEM 68
5 16¢ Allom 50

3C3 (S) C8a ©) isomer”C3 (S) C8a R) isomer.“Isolated yield “Obtained as
single diastereomer.

ich as
16d with the tnimethylsilylethoxymethyl (SEM) group arde
with the Allom group, afforded the corresponding dinyéthio
compoundsi7d and17¢ in good yieldg(Table 1, entries 4 and
5). However, analoguel6c protected as urethane with an
allyloxycarbonyl group (Alloc), afforded a complexixture
under the same sulfenylation conditions (Tablenirye3).

The deprotection of the bis(methylthio) produdfsa, 17b,
17d, and 17e was examined under the most frequently used
deprotection conditions for each protecting grodmble 2).
Analoguesl7aand17b bearing PMB and 2,4-DMB groups were
decomposed upon treatment with ceric ammonium ai{i@AN)
and 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ),
respectively (Table 2, entries 1 and 2). Moreotlez,SEM group
in 17d was stable upon treatment with HF/pyridine 47d was
recovered (Table 2, entry 3), whereas the use of HBA
THF/DMF decomposed.7d (Table 2, entry 4). In contrast to
these unsuccessful entries, the Allom grouplife could be
smoothly removed by a combination of Pd(BPrand N,N-
dimethylbarbituric acid (DMBA) in MeOH yielding5 in 56%
yield, while a substantial amount of the hemiamint#rmediate
18 was also obtained (Table 2, entry 5) [18,19]. Thiessequent
in situ treatment of the reaction mixture with agq. Nkas
effective in reducing the amount 8, affording15in 87% yield
(Scheme 2). Furthermore, the addition of solid Nakl@fter the
consumption oL 7eimproved the yield o15to up to 95%.

Table 2
Deprotection conditions.

o] o] : o
Me§ PG Me§ u ' Me§ N
O)‘\N conditions O)J\N i O)LN OH

Nm/&/Ph E——— N\”/&/Ph N\H/&/Ph
& SMe o SMe & SMe
17 15 18 (from 171)
entry17 reagents temp. Time (h) Yield (%)
1" 17a  CAN, CHCN/H,0 rt 2 0
2 17b DDQ, CHCN/H,0 60 °C 20 0
3" 17d TBAF, THF/DMF 60 °C 18 0
4° 17d  HF/pyridine 60 °C 22
5% 17e  Pd(PPh)s, DMBA, 30°C 6 56
MeOH

dsolated yield."Decomposition“17d was completely recoveredReaction
conditions:17 (1.0 eq), Pd(PR (45 mol%), DMBA (5.5 eq), MeOH (0.1
M), 30 °C, 6 HThe hemiaminal intermediafis8 was obtained in 38% vyield.

Pd(PPh
([Sj(mol°/i))4 condition A
DMBA 0 aq. l\(l)tlé (g.ﬁ eq.) s ©
(2.0 eq) . S

17e

MeOH
40°C, 14 h

MeS H
B N"oH or z N
N \H/K/ Ph condition B N m/_K/ Ph
SMe

z solid. NaHCOg (excess)
SMe 1, 40 min )

18 15

condition A: 87%
condition B: 95%

Scheme 2. Removal of the Allom group.

The feasibility of the removal of the Allom proteti
group from secondary amides was investigated usiserias
of N-Allom secondary amide2() (see Experimental Section
for the preparation and additional data) (Tablen@ &cheme
3). The treatment of thBl-Allom benzamide20a—-e and y-
lactam 20f with Pd(PPE), and DMBA in MeOH smoothly
provided the hemiaminal intermediatgl, which was
converted into amide$9a—e and 19f, respectively,in good
yields using aq. NH(Table 3, entries 1-6). In contrast, the
reaction ofN-Allom aliphatic amide20g under the Pdd,N-



dim

21g (21%), andN-MOM amides 229 (3Y%) due to the
exchange of the OH group in intermedi®é&g with the

methoxy group of methanol (Scheme 3). This sidetiea
was overcome by performing the deprotectior2@din THF

and HO, providing the hemiaminal intermediat2kg, which

were thenconverted toamides 199 in good yields using
trimethylsilyl iodide (TMSI).

Table 3.
One-pot Removal of the Allom group.
f i NH, f
Pd(PPhg), ad. NHy
‘J\N/Rz DMBA R|J\NfR2 mAomin N R
Allom _— H
MeOH
20 40°C, 6 h; 21 " 19
entry substrate products yield (%)
o o
N ph N Ph
1 Allom H 98
20a 19a
o o
P P
N~ “Ph N~ “Ph
2 /©)1\Allom H 86
Br Br
20b 19b
o o
S S
N~ Ph N7 Ph
3 /©)J\Allom H 47
O,N O,N
20c 19¢
o o
4 N"Ph 8
Allom H
MeO MeO

20d

[o]

3
NM\OMOM
Allom

20e

78

70

[e]
2 Iz
sb

o

kS

Reaction conditions20 (1.0 eq), Pd(PR) (10 mol%), DMBA (2.0 eq),
MeOH (0.3 M), 40 °C, 6 h, then aqg. Niexcess). The yields refer to the
isolated products.

one-pot deprotection Pd(PPhg),
(10 mol%)
o o aqg. NH
A~ (2.0 eq) (excess)
M TN n-C7H‘5)J\N/\Ph _—
MeOH (0.3 M) rt, 40 min
20g 40°C, 6 h; 21g:R-H OR
22g:R = Me
(o} (o}
n-C7H‘5)I\N/\Ph + n-C7H,5)J\ “SPh o+ n-C7H‘5)J\N/\Ph
19 o, o kOH o\ OMe
g (5.3%) 219 (21%) 22g (39%)
stepwise deprotection
Pd(PPhg), (10 mol%) TMSCI (7.0 eq)
DMBA (2.0 eq) Nal (7.0 eq)
219 (92%) 19g (quant.)
THF, HZO (0.3 M) CH4CN (0.2 M)
(3:1) i, 24 h
40°C,8h

Scheme 3. Stepwise Removal of the Allom group.

The applicability of the Allom protecting group waslly
demonstrated by the first total syntheses of (—¢srm H §)
and (-)-asteroxepin 4f. The proline-fused dihydrooxepine
derivative 9, which was prepared according to our previously
established protocol in the total synthesis of geétylaranotin
(1) [9], was first condensed with th&){phenylalanine methyl

3

up was
then removed under transter hydrogenation condtiand the
formation of the tricyclic diketopiperazine deriveg 25 was
promoted upon treatment of the resulting aminoestith
ammonium hydroxide. Subsequently, the Allom group was
introduced using a combination of the allyloxyméthialoride
(AllomCl) 26 [20] and lithium hexamethyldisilazide (LIHMDS),
which afforded the desired produl7 in 84% vyield. After
desilylation, the stereochemistry of the C-10 hygt@roup was
inverted through a stepwise process [9], which inetldan
oxidation of 28 to ketone wusing PhI(OAg) and 9-
azanoradamantané-oxyl (nor-AZADO) [21] and a subsequent
Luche reduction, which gave the desired alca®his the sole
isomer.

CO,H

HO
MeO NH,
14 steps Hsee ref. 9 /}\(\
\
BOPCI, Et3 N ag. NH
HR NH
886 1 CHyCly, rt 1850 MeO,

ct MeOH, rt
Ph

48%

Et,SiH, EtsN, cat. Pd(OAc),
CH,Cly, reflux, quant

87%

23:R=Cbz
2:R=H

o o}
h N o PhI(OAG),
£ L|HMDS Y nor-AZADO
4’_”_": 20 °C T H N—Allom ———>
TBSO )\& -20 RO o//\\& CH,Cly, 1t
84% Ph 96%
=TBS HF-pyridine, pyridine
R=H = 50°C, 98%
CeCly O o
NaBH, \
~ Allom BN N—Alom
EtOH, CH,Cl, o H
-78°C o Ph

91% 30

Scheme 4. Preparation of diketopiperazine 30.

The final steps toward the synthesis of (—)-eme#iri) and
(-)-asteroxepin4) including the crucial introduction of the two
methylthioethers and the removal of the Allom prttergroup
are depicted in Scheme 5. According to the modelysfuide
suprd, diketopiperazin0 was treated with a mixture of excess
LIHMDS and S to form an epipolysulfide. Its reduction to the
corresponding dithiol with NaBH and the subsequent
methylation afforded the bis(methylthio) derivati@& in 65%
yield over two steps fron80. Finally, the Allom group was
removed under the optimized conditions affordingerestrin H
(5) in 78% vyield, which was further acetylated to gi-
asteroxepin4). All properties of synthetic (-)-emestrin B) @nd
(-)-asteroxepin 4) were identical with those reported except
magnitude of specific rotations proving the repdribsolute
stereochemistry of and5 by this total synthesis [22].

0\ DUHMDS, S5 07X _MeS DMBA
LiHMDS \ PA(PP,),
allom THRELO.R N MeOH, 40 °C;
H N-allom ————
NaBHA, Mel HO )\(\ solid. NaHCO4
EtOH, THF, 1t o s
65% (2 steps) SMe —Ph 78%

31 (94% brsm)

comparison of specific rotation

(-)-emestrin H (5)
synthetic: [a]p?8 = —203 (c 0.234, MeOH)
ref 14: [a]p?® = 97 (c 0.071, MeOH)

Mes
TN f o]
\ N
H NH
HO 8
o’ ¢

Ac,0 (-)-asteroxepi
pin (4)
) i DMAP
()-emestrin H (5) pyridine synthetic: [a]o? = ~178 (c 0.556, MeOH)

(-)-asteroxepin (4)

rt, 89% ref 13: [a]p = —102 (c 0.4, MeOH)

Scheme 5. Final steps of the total syntheses of-efestrin H
(5) and (-)-asteroxepin (4).
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3. ied over
anhydrous sodium sultate, filtered, and concerdratsder

In conclusion, the total syntheses of (-)-emesti(s) and (— reduced pressure to give a crude material, whichpuaged by
)-asteroxepin4) have been accomplished for the first time. Theirsilica gel column chromatography (EtOAc) to afford
preparation was successful owing to the suitabilityhe Allom diketopiperazinel6a (3.00 g, 8.23 mmol, 75%). A white foam;
group as protecting group for the amide nitrogerthef highly ~ The spectral data dféawere identical with those reported in the
functionalized  dithio-diketopiperazine intermediate This literature [23].
protecting group (_:ould b(_a easily cleaved even éptesence of 4.3 Diketopiperazirsb
the acid-sensitive  dihydrooxepin  structure and the

dimethylthioethers, which are sensitive to baseglemphiles, To a solution oN-Cbz4-proline (1.06 g, 4.25 mmolIN-2,4-
and oxidants. Thus, this study demonstrated thdicapipn DMB-L-phenylalanine methyl ester (1.15 g, 3.49 mmolE&N
potential of the Allom group not only for the synsigof other and CHCI, (2.0 mL and 20.0 mL) was added BOP-CI (1.87 g,
N-unprotected diketopiperazine alkaloids, but alsw the  7.35 mmol) at room temperature. After stirring f@ 12 at room
preparation of various functionalized amides. temperature, the reaction was quenched with 1 M adjaH€the
resulting mixture was extracted with @&, (x3). The combined
organic extracts were dried over anhydrous sodiutfatsy
4.1 General method filtered, and concentrated under reduced pressugéve a crude
material, which was purified by silica gel column
Materials were obtained from commercial supplierd ased  chromatography (hexanes:EtOAc = 3:2 to 6:5) to dffamide
without further purification unless otherwise men&dn 32b (846 mg, 1.51 mmol, 47%). To a suspension of arBie
Anhydrous THF, BEO, CHCl,, toluene, DMF, and MeCN were (846 mg, 1.51 mmol) and Pd(OAcf135 mg, 601umol) in
purchased from commercial suppliers. Anhydrous MeOH wag€H,Cl, (10.0 mL) was added &t (425uL, 3.02 mmol) at room
dried and distilled according to the standard mol® All  temperature. After stirring at reflux for 7 min&iH (1.20 mL,
reactions were carried out under Ar atmosphere unigeswise  7.51 mmol) was added and the mixture was stirre@faix for
mentioned. Flash column chromatography was performed 3.5 h. The reaction mixture was diluted with £# and the
Silica Gel 60N (Kanto, spherical neutral, 40-50 pRtgparative  reaction was quenched with sat. aq. NaHCThe separated
TLC and analytical TLC was performed on Merck 60 #2fass aqueous phase was extracted with,Clil (x3). The combined
plates precoated with a 0.25 mm thickness of sifjea NMR  organic extracts were dried over anhydrous sodiuifatey
spectra were recorded on a JNM-AL400 spectrometer and filtered, and concentrated under reduced pressugéve a crude
JEOL ECAG600 spectrometer. Chemical shifts far NMR are  material, which was purified by silica gel column
reported in parts per million (ppm) downfield from chromatography (EtOAc) to afford diketopiperazihéb (540
tetramethylsilane as the internal standard andlsmuponstants mg, 1.37 mmol, 91%). A white foantH NMR (400 MHz,
are in Hertz (Hz). The following abbreviations aredu$er spin  CDCly): 8 7.31-7.20 (4H, m), 7.12-7.06 (2H, m), 6.48-6.43 (2H,
multiplicity: s = singlet, d = doublet, t = tripletj = quartet, m = m), 5.40 (1H, dJ = 14.8 Hz), 4.32 (1H, m), 4.25 (1H, d,=
multiplet, and br = broad. Chemical shifts f6C NMR are  14.8 Hz), 3.84 (3H, s), 3.81 (3H, s), 3.72 (1H, d¢; 12.0, 6.0
reported in ppm, relative to the central line ofriplet at 77.0  Hz), 3.68-3.61 (1H, m), 3.36-3.27 (2H, m), 3.14-3.0,(m),
ppm for CDC} or a septet at 39.5 ppm for DMS@-tR spectra  1.91-1.81 (1H, m), 1.60-1.42 (2H, m), 0.14-0.01 (1Bt ic
were measured on a SHIMADZU FTIR-8300 spectrometersMasNMR (100 MHz, CDC)): & 165.3, 163.9, 160.7, 158.7, 135.1,
spectra were recorded on a Bruker micrOTOF (ESI).icapt 131.7, 130.0, 128.3, 127.1, 115.9, 104.4, 98.33,680.0, 55.3,
rotations were measured on a Horiba SEPA-300 higigisve  55.3, 44.0, 40.6, 36.4, 28.4, 20.9; IR (film): 292®52, 2944,
polarimeter. Melting point determinations were perfed by 2891, 1656, 1612, 1587, 1508, 1456, 1298, 12891,12808,
using a Yanaco MP-500 instrument. Compoufdf9], 19ae 1184, 1157, 1033, 751, 703 Tn[a],>* = -116 € = 0.66,
[25], 19f [26], and 199 [25] were prepared according to the CHCL); HRMS (ESI)m/z calcd. for GzH,gN,NaQ, [M*+Na]

4. Experimental section

procedures reported in references. 417.1785, Found 417.1769.
4.2 Diketopiperazinka 4.4 Amide33
To a solution ofN-Cbhz4-proline (3.68 g, 14.8mmol) and- To a solution ofN-Boc-L-proline (10.8 g, 50.0 mmol) and

PMB-L-phenylalanine methyl ester (4.24 g, 14.2 mmolEisN phenylalanine methyl ester (8.95 g, 50.0 mmol) k., (200
and CHCI, (5 mL and 30 mL) was added BOP-CI (3.74 g, 14.7mL) were added BN (27.9 mL, 200 mmol), HOBt (6.99 g, 51.7
mmol) at room temperature. After stirring for 24.5ahroom  mmol), and EDCI/HCI (9.91 g, 51.7 mmol) at room terapere.
temperature, additional BOP-CI (1.96 g, 7.70 mmoly weded, After stirred for 29.5 h at room temperature, thgamic phase
and the reaction mixture was stirred for 2.5 h. Tésction was was washed with 1 M aq. HCI (x3) and sat. aq. NakIGQ).
quenched with sat. ag. NaHgCand the aqueous phase wasThe resulting organic phase was dried ove;9Qy, filtered and
extracted with CBELCl, (x3). The combined organic layers were concentrated under reduced pressure to give a amaterial,
washed with 1 M aq. HCI, dried over }$0,, filtered and which was used for the next reaction without furthenifization.
concentrated under reduced pressure to give a anaterial, To a solution of the crude material in @, (120 mL) was
which was purified by silica gel column chromatograph added TFA (15 mL) at room temperature. After stifiad20 h at
(hexanes:EtOAc = 1:1) to afford amiB2a (5.80 g, 10.9 mmol, room temperature, the reaction mixture was diluteith W&iH,Cl,
77%). To a suspension of ami@2a (5.80 g, 10.9 mmol) and (150 mL) and neutralized by sat. ag. NaHC®he aqueous
Pd(OAc) (983 mg, 4.38 mmol) in C}&l, (55.0 mL) was added phase was extracted with @El,(x3), and the combined organic
EtN (3.08 mL, 21.9 mmol) at room temperature. Aftemisig at  layers were dried over MaO,, filtered, and concentrated under
reflux for 5 min, E{SiH (8.74 mL, 54.7 mmol) was added and reduced pressure to give a crude material, whichpugfied by
the mixture was stirred at reflux for 3.5 h. Thect@mn mixture  flash column chromatography (GEl,:MeOH = 10:1) to afford
was diluted with CHCI, and the reaction was quenched with sat.amine amide33 (6.76 g, 24.5 mmol, 49%, 2 steps frdd¥Boc-.-
ag. NaHCQ. The separated aqueous phase was extracted with



5

prol Ac
with those reported In the literature |24]. and washed with water (x5) and brine (x1). The orgghiase
was dried over anhydrous sodium sulfate, filteredid a
concentrated under reduced pressure to giweude material,
To a solution of amid&3(6.76 g, 24.5 mmol) in MeOH (400 Which was purified by silica gel column chromatognaph
mL) was added NaHCO (20.0 g, 85.3 mmol) at room (hexanes:EtOAc = 1:3) to afford diketopiperazited (1.33 g,
temperature. After stirring for 22.5 h at 65 °C, MeQwis  3-55 mmol, 79%). A colorless oftd NMR (400 MHz, CDCJ): &
removed under reduced pressure. The residue waedlimith  7-29-7.26 (3H, m), 7.18-7.15 (2H, m), 5.13 (1H] &,10.4 Hz),
CH,Cl, and filtered through a pad of CefiteThe filtrate was 4-53 (1H, d.J = 10.4 Hz), 4.42 (1H, dd] = 5.2, 4.9 Hz), 3.61—
washed with KO, and the aqueous phase was extracted wit8-52 (3H, m), 3.35 (1H, ddd,=12.1, 9.3, 2.9 Hz), 3.24 (1H, dd,
CH,Cl, (x2). The combined organic extracts were dried oved = 14.3,5.2 Hz), 3.19 (1H, dd,= 14.3, 4.9 Hz), 2.52 (1H, dd,
anhydrous sodium sulfate, filtered, and concerdratmder = 10.6, 6.6 Hz), 2.14-2.06 (1H, m), 1.92-1.84 (1H, my9%
reduced pressure to give a crude material, whichpusied by ~ 1.68 (1H, m), 1.69-1.53 (1H, m), 1.01-0.87 (2H, m)10(9H,
crystallization from EtOAc to afford diketopiperazit@ns13  S); C NMR (100 MHz, CDGC)): 6 168.3, 164.7, 135.2, 129.9,
(3.43 g, 14.1 mmol, 57%). The mother liquor was emtiatedn 128.5, 12_7-5: 73.3,66.3,62.1, 57.6, 44.8, 306l,21.8, 17.9, -
vacuoand the second crop was crystallized from EtOAcforaf  1.5; IR (film): 2952, 2890, 1671, 1454, 1440, 129860, 1249,
diketopiperazingransd3 (643 mg, 2.64 mmol, 11%). A white 1207, 1075, 1044, 860, 837, 749, 703 Grfu]p™ = +55.0 ¢ =
solid.; fmp: 153.5-154.2 °CH NMR (400 MHz, CDC)): 3  2.71, CHCl; HRMS (ESI) m/z calcd. for GiHsoNaN,OsSi
7.35-7.20 (5H, m), 6.31 (1H, s), 4.22 (1H, ddd; 6.6, 4.0, 3.8  [M"+Na] 397.1918, Found 397.1909.
Hz), 3.63 (1H, ddd) = 12.4, 8.5, 85 Hz), 3.40 (1H, ddd,= 4 g piketopiperazintse
12.4, 9.4, 3.0 Hz), 3.15 (1H, dd,= 13.9, 6.6 Hz), 3.08 (1H, dd,
J=13.9,4.0 Hz), 2.97 (1H, dd,= 10.4, 6.4 Hz), 2.23-2.15 (1H, To a solution of diketopiperazingans-13 (880 mg, 3.61
m), 1.98-1.90 (1H, m), 1.86-1.64 (2H, M NMR (100 MHz,  mmol) in dry THF (8.0 mL) was added NaH (60% disp®rsn
CDCly): 8 169.5, 164.8, 135.3, 129.9, 128.5, 127.3, 58.76,57 mineral oil, 181 mg, 4.53 mmol) at room temperatuidter
44.9, 40.3, 28.8, 21.5; IR (film): 3483, 3238, 308829, 2981, stirring for 50 min, AllomCl 26) [20] (750pL, 7.23 mmol) was
2953, 2931, 2886, 1664, 1496, 1454, 1336, 13076,12206, added at room temperature, and the mixture waedtfor 9.5 h
1186, 1115, 1106, 921, 732, 702, 593 ¢ifu]p?® = +93.0 € =  at 50 °C. The reaction was quenched with sat. ag\kblution
0.200, HO); HRMS (ESI)m/z calcd. for GH;7N,O, [M+H"] at room temperature, and the aqueous phase wasdily
245.1285, found 245.1277. The spectral datdararis13 were  water, extracted with BED (x1) and CHCI, (x3). The combined
identical with those reported in the literature [27] organic extracts were dried over anhydrous sodiulfatsy
4.6 Diketopiperazirtsc filtereql, and cqncentrated un.d.er reduced p.reswgda/e a crude
material, which was purified by silica gel column
To a solution of diketopiperazingans13 (203 mg, 0.832 chromatography (hexanes:EtOAc = 2:1, then EtOAc only)
mmol) in THF (4.0 mL) was added LiIHMDS (1.3 M solutipn ~ afford diketopiperazinel6e (946 mg, 3.01 mmol, 83%). A
THF, 650uL, 845 umol) at 0 °C. After stirring for 4 min, Alloc-  colorless oil;"H NMR (400 MHz, CDCJ): 6 7.32—7.24 (3H, m),
OSu (172 mg, 86amol) in THF (1.50 mL) was added at 0 °C. 7-19-7.14 (2H, m), 5.89 (1H, m), 5.29 (1H, ddd= 17.6,1.2,
The resulting mixture was stirred for 35 min at room1.2, Hz), 5.19 (1H, dJ = 10.8 Hz), 5.14 (1H, dJ = 10.6 Hz),
temperature. The reaction was quenched with sahigCl, and ~ 4-58 (1H, d.J = 10.6 Hz), 4.43 (1H, dd] = 4.7, 4.8 Hz), 4.10-
the resulting mixture was diluted by water. The safgar 3-98 (2H, m), 3.57 (1H, ddd, = 12.3, 8.5, 8.5 Hz), 3.36 (1H,
aqueous phase was extracted with,Chi(x3), and the combined ddd,J =12.3,9.3, 2.9 Hz), 3.25 (1H, dd = 14.3, 4.8 Hz), 3.20
organic extracts were dried over anhydrous sodiuffatey (1H, dd,J =14.3, 4.7 Hz), 2.53 (1H, dd,= 10.6, 6.6 Hz), 2.09
filtered, and concentrated under reduced pressugive a crude  (1H, ddd,J = 12.0, 6.2, 6.2 Hz), 1.94-1.84 (1H, m), 1.81-1.69
material, which was purified by silica gel column (LH, m), 1.66-1.53 (1H, m);C NMR (100 MHz, CDG)): &
diketopiperazinel6c (248 mg, 78%umol, 95%). A colorless oil; 62.4, 57.7, 44.9, 37.7, 29.0, 21.8; IR (film): 302879, 2951,
'H NMR (400 MHz, CDCJ): & 7.31-7.26 (3H, m), 7.19-7.14 2883, 1668, 145_3, 14496, 1344, 1296, 1261, 12072,100857,
(2H, m), 5.99-5.87 (1H, m), 5.43 (1H,H= 17.2 Hz), 5.31 (1H, 923, 748, 703 cif; [a]p™* = +60.0 ¢ = 4.41, CHC); HRMS
d, J = 10.8 Hz), 5.01 (1H, ddd] = 5.0, 5.0, 1.4 Hz), 4.75 (1H, (ESI) m/z calcd. for GgH,.N,NaO; [M"+Na] 337.1523, Found
ddd,J = 13.3, 5.8, 1.0 Hz), 4.69 (1H, dd#i= 13.3, 5.6, 1.2 Hz), 337.1506.
3.60-3.50 (1H, m), 3.45-3.37 (1H, m), 3.33-3.22 (2l, 264 4 g pithiodiketopiperaziné7a (General Procedure A)
(1H, dd,J = 9.6, 6.8 Hz), 2.17-2.07 (1H, m), 1.96-1.79 (2H, m),
1.72-1.57 (1H, m)**C NMR (100 MHz, CDCJ): & 167.2, 164.0, To a suspension of sulfug 64 mg, 1.03 mmol) in THF (5.0
151.8, 134.9, 130.7, 129.9, 128.6, 127.5, 119.49,62.3, 58.6, mL) was added NaHMDS (0.6 M in toluene, 5.00 mL, 3.00
44.8, 38.2, 29.1, 21.8; IR (film): 3086, 3062, 302883, 2953, mmol) at room temperature. After stirring for 1 min,
2885, 1782, 1731, 1672, 1455, 1384, 1270, 1231, P88, 747, diketopiperazind6a (372 mg, 1.02 mmol) in THF (5.0 mL) was
703 cm®; [a]p”® = +143 € = 0.425, CHG); HRMS (ESl)m/z  added, and the mixture was stirred for 1 min. THéaHMDS
calcd. for GgH,gN,NaQ, [M+Na'] 351.1315, Found 351.13109. (0.6 M in toluene, 3.40 mL, 2.04 mmol) was added] &me
4.7 Diketopiperazirisd mixture was stirred for 30 min at room temperatditge reaction
) was quenched with sat. aq. MH, and the separated aqueous
To a solution of diketopiperazingans13 (1.10 g, 4.51 Phase was extracted with gEl, (x3). The combined organic
mmol) in dry DMF (10.0 mL) was added NaH (60% dispmsi €xtracts were dried over anhydrous sodium sulfétered, and
in mineral oil, 248 mg, 6.20 mmol) at room temperat After ~ concentrated under reduced pressure to give a amaterial,
stirring for 15 min, SEMCI (1.60 mL, 9.03 mmol) wadded at Which was used for the next reaction without furthenifation.
room temperature, and the resulting mixture wasestiat 60 °C ~ T0 & solution of the crude material in THF (10.0)naind EtOH
for 18 h. The reaction was quenched with sat. ag,QNeit room  (10.0 mL) was added NaBH964 mg, 25.5 mmol) at 0 °C. After

4.5 Diketopiperazingrans-13
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sti ‘1H, m),
added at 0 °C, and the resulting mixture was stifeedl9 h at 5.51 (1H, d,J = 9.8 Hz), 5.36 (1H, dd) = 17.2, 1.6 Hz), 5.21
room temperature. The reaction was quenched byagaNH,CI, (1H, dd,J = 15.9, 1.8 Hz), 5.11 (1H, d, 9.8 Hz), 4.29 (2H, ddid,
and the separated aqueous phase was extracted wWi@l,GxB8). =5.5,1.5, 1.5 Hz), 3.54-3.47 (2H, m), 3.47 (1H) &,13.6 Hz),
The combined organic extracts were dried over amugr 3.18 (1H, dJ = 13.6 Hz), 2.26 (3H, s), 2.15 (3H, s), 2.14-2.04
sodium sulfate, filtered, and concentrated undeéuced pressure (1H, m), 2.03-1.89 (1H, m), 1.58-1.46 (1H, m), 0.986Q1H,
to give a crude material, whiclwas purified by flash column m); 1BC NMR (100 MHz, CDGJ): 6 166.8, 162.9, 134.4, 134.2,
chromatography (hexanes:EtOAc = 12:5) to affordnbéylthio) 130.6, 128.2, 127.4, 117.0, 77.3, 73.3, 71.2, 69%7, 44.9,
diketopiperazinel7a (204 mg, 0.449 mmol, 44%, 2 steps from 32.8, 18.5, 15.2, 13.9; IR (film): 2952, 2920, 289669, 1438,
164). A white solid; mp: 136.7-137.0 °CH NMR (400 MHz, 1416, 1385, 1362, 1248, 1083, 1057, 860, 836, 768,cm";
CDCly): 8 7.53 (2H, d,J = 8.8 Hz), 7.31-7.22 (3H, m), 7.09 (2H, [a]p*° = -9.65 ¢ = 0.660, CHGJ); HRMS (ESI)m/z calcd. for
d,J = 6.0 Hz), 6.83 (2H, dJ = 8.8 Hz), 5.18 (1H, dJ = 14.4  C,gH,eN,NaO:S, [M+Na'] 429.1277, Found 429.1271.
Hz), 4.54 (1H, dJ = 14.4 Hz), 3.79 (3H, s), 3.66-3.48 (2H, m), L . .
3.54 (1H, d,J = 13.6 Hz), 3.25 (1H, d] = 13.6 Hz), 2.05-1.91 13 Dithiodiketopiperazin5
(2H, m), 2.01 (3H, s), 1.99 (3H, s), 1.58-1.49 (1H, 0§1-0.71 To a mixture of bis-(methylthio) diketopiperazifi&e (52.9
(1H, m); “C NMR (100 MHz, CDG)): 5165.9, 163.0, 158.6, mg, 130umol) and Pd(PPJy, (7.53 mg, 6.51ymol) and 1,3-
134.1, 130.2, 129.6, 128.4, 127.7, 113.3, 78.89,886.1, 46.7,  dimethylbarbituric acid (40.7 mg, 26dmol) was added MeOH
45.8, 44.1, 32.7, 18.5, 15.0, 14.0 (One signal issmg due to (1,3 mL) at room temperature. The resulting suspensvas
overlap.), IR (film): 2994, 2956, 2933, 2922, 168812, 1421, stirred for 14 h at 40 °C. The reaction mixture veasled to
1395, 1352, 1247, 1177, 1033, 756, 703 ¢chu]p™ = +0.89 € rpom temperature before addition of excess NaH@30 mg)
0.58, 9"'093 HRMS (ESI) m/z calcd. for GHzgN-NaGsS,  and further stirred for 40 min at room temperatiiee reaction
[M+Na'] 479.1419, Found 479.1434. mixture was diluted by water (1.0 mL), and the sejara
4.10 Dithiodiketopiperazin7b aqueous phase was extracted with,Chl (x3). The combined
organic extracts were dried with anhydrous sodiurfatyl and
According to the General Procedure A, diketopiperai®le  concentrated undereduced pressure to give a crude material,
(301 mg, 0.763 mmol) were converted to bis-(methgjth which was purified by silica gel column chromatognaph
diketopiperazinel7b (210 mg, 0.431 mmol, 57 %, 2 steps from (hexanes:EtOAc = 2:1 to 1:1) to afford bis-(methydhi
16b). A white solid; mp: 186.3-186.7 °CH NMR (400 MHz,  diketopiperazinel5 (41.6 mg, 124umol, 95%). A white solid;
CDCly): 5 7.39 (1H, dJ = 8.5 Hz), 7.30-7.20 (3H, m), 7.11 (2H, mp: 159.9-160.5 °C'H NMR (400 MHz, DMSO-¢): 5 8.85
d,J=6.4Hz), 6.48 (1H,d] = 2.1 Hz), 6.41 (1H,d) =8.5,2.1 (1H, s), 7.26-7.14 (5H, m), 3.48 (1H,H= 12.8 Hz), 3.46-3.26
Hz), 5.07 (1H, dJ = 15.8 Hz), 4.68 (1H, dJ = 15.8 Hz), 3.90 (2H, m), 3.00 (1H, dJ = 12.8 Hz), 2.29 (3H, s), 2.11 (3H, s),
(3H, s), 3.79 (3H, s), 3.67-3.53 (2H, m), 3.55 (1HJ)d&; 13.6  2.02 (1H, ddJ = 13.2, 7.2 Hz), 1.95-1.81 (1H, m), 1.63-1.52
Hz), 3.33 (1H, dJ = 13.6 Hz), 2.14 (3H, s), 2.14 (3H, s), 2.10— (1H, m), 0.97 (1H, ddd) = 9.3, 12.1, 12.1 Hz)**C NMR (100
1.94 (2H, m), 1.61-1.50 (1H, m), 0.86-0.73 (1H, H}; NMR  MHz, DMSO-d): & 165.6, 163.2, 134.9, 130.3, 127.8, 126.9,
(100 MHz, CDC}): & 165.7, 162.9, 159.5, 157.2, 134.2, 130.1,69.6, 67.4, 44.9, 44.6, 33.7, 18.6, 14.0, 13.2;(fiRn): 3211,
128.3, 127.5, 127.0, 118.5, 103.5, 98.2, 78.5,,685/3, 55.2, 3096, 3087, 3062, 2987, 2961, 2922, 2896, 16769,16806,
45.8, 44.1, 41.1, 32.5, 18.4, 15.2, 14.2; IR (fil@P98, 2959, 1208, 755, 705 cim; [a],™® = -17.5 ¢ = 0.65, CHCJ); HRMS
2936, 2921, 2835, 1662, 1616, 1590, 1508, 14559,14320, (ESI)m/z calcd. for GgH,oN,NaG,S, [M+Na'] 359.0858, Found
139?2, 1361, 1300, 1261, 1208, 1156, 1120, 1036, 76% cm’; 359.0835.
[a]p™ = +21.3 ¢ = 0.26, CHCJ); HRMS (ESI)m/z calcd. for .
CosHaiNNaO,S, [M+Na'] 509.1539, Found 509.1526. 4.14 amide20a (General Procedure B)
4.11 Dithiodiketopiperazin&7d To a solution of amidd9a (1.11 g, 5.26 mmol) and TBAI
(195 mg, 0.527 mmol) in THF (21.0 mL) was added LiH®D
According to the General Procedure A, diketopiperaZide (1.3 M solution in THF, 4.46 mL, 5.80 mmol) at —40. After
(456 mg, 1.22 mmol) were converted to bis-(methglthi stirring for 30 min, AllomCI 26) [20] (0.764 mL, 5.80 mmol)
diketopiperazinel7d (386 mg, 0.828 mmol, 68%, 2 steps from was added at —40 °C, and the mixture was stirred@t°€ for
16d). A white solid; mp: 82.9-83.3 °CH NMR (400 MHz, 14 h. The reaction was quenched with sat. aq,Q\solution
CDCly): 6 7.25-7.19 (3H, m), 7.12 (2H, ddi= 7.8, 2.2 Hz), 5.48 and the mixture was diluted by water. The aqueouseheas
(1H, d,J = 9.6 Hz), 5.06 (1H, d] = 9.6 Hz), 3.79 (2H, t) = 8.6 extracted with CHCI, (x4). The combined organic extracts were
Hz), 3.50 (2H, ddJ = 9.2, 6.4 Hz), 3.46 (1H, dl = 13.6 Hz), dried over anhydrous sodium sulfate, filtered, aodcentrated
3.18 (1H, d,J = 13.2 Hz), 2.26 (3H, s), 2.14 (3H, s), 2.12-2.04under reduced pressure to give a crude materialchwhias
(1H, m), 2.02-1.89 (1H, m), 1.55-1.46 (1H, m), 1.096Q02H, purified by silica gel column chromatography (hesstEtOAC =
m), 0.93-0.84 (1H, m), 0.03 (9H, s)’C NMR (100 MHz, 4:1) to afford amide0a (1.43 g, 5.08 mmol, 97%). A colorless
CDCly): 5 166.8, 163.0, 134.3, 130.6, 128.2, 127.4, 77.31,73 oil; '"H NMR (400 MHz, DMSO-¢, VT 80 °C):5 7.48-7.42 (5H,
69.5, 67.4, 45.7, 44.8, 32.7, 18.5, 18.4, 15.30,141.4; IR m), 7.36-7.26 (5H, m), 5.82-5.75 (1H, m), 5.14 (1H] &,17.6
(film): 2952, 2920, 1669, 1454, 1438, 1416, 138362, 1248, Hz), 5.07 (1H, dJ =10.4 Hz), 4.86-4.67 (4H, m), 3.84 (br, 2H);
1083, 1057, 860, 836, 756, 703 ¢nfa]p>° = -6.99 ¢ = 2.76, '*C NMR (100 MHz, DMSO-¢g VT 80 °C):d 171.0, 137.2,
CHCl); HRMS (ESI) m/z caled. for GHa:N.NaGS,Si 135.4, 134.0, 129.4, 128.0, 127.9, 127.1, 126.6.512116.3,
[M+Na'] 489.1672, Found 489.1649. 77.0, 68.0, 48.1; IR (film): 3062, 3030, a3942, 286851, 1496,
o . . 1445, 1417, 1267, 1071, 1050, 699 GmHRMS (ESI) m/z
4.12 Dithiodiketopiperazin&7e calcd. for GeHiNNaO, [M+Na'] 304.1308, found 304.1296.

According to the General Procedure A, diketopiperadiée 4 15 gmide0ob
(843 mg, 2.68 mmol) were converted to bis-(methglkhi
diketopiperazinel7e (539 mg, 1.33 mmol, 50% 2 steps from  According to the General Procedure B, ami®&b (55.5 mg,
168. A white solid; mp: 84.8-85.2 °CH NMR (400 MHz, 191 pmol) was converted to amid20b (51.6 mg, 143umol,
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8 7.64—7.16 (2H, m), (.47 (2H, d,= 8.4 Hz), 7.34—7.26 (5H,
m), 5.82-5.77 (1H, m), 5.16 (1H, 3= 17.6 Hz), 5.09 (1H, d

=10.0 Hz), 3.86 (2H, br s}°C NMR (100 MHz, DMSO-¢l VT

80 °C):5170.1, 137.0, 134.5, 133.9, 130.9, 128.7, 1280,2,

126.7, 122.9, 116.3, 77.0, 68.0, 48,3; IR (filmP8ss, 3063,
3030, 2979, 2942, 2898, 2863, 1652, 1590, 14437,14360,
1292, 1266, 1072, 1011, 932, 837, 754, 700'cMRMS (ESI)

m/z calcd. for GgH:sBrNNaQ, [M+Na']l 382.0413, Found
382.0403.

4.16 amide20c

According to the General Procedure B, ami®e (62.4 mg,
2.43 pmol) was converted to amid20c (70.4 mg, 215mmol,
89%). A yellow oil;*"H NMR (400 MHz, DMSO-¢, VT 80 °C):
5 8.26 (2H, dJ = 8.0 Hz), 7.73 (2H, dJ = 8.0 Hz), 7.35-7.25
(5H, m), 5.84-5.71 (1H, m), 5.16 (1H,37 17.6 Hz), 5.08 (1H,
d, J = 10.8 Hz), 4.70 (2H, br), 4.64 (2H, br), 3.86 (2H, BFg
NMR (100 MHz, CDC)): 6169.4, 147.9, 1415, 136.8, 133.9,
128.1, 127.9, 127.3, 126.8, 123.2, 116.5, 68.13,548.5; IR
(film): 3080, 3066, 3031, 2945, 2862, 1651, 160821, 1425,
1349, 1072, 732, 700 ¢m HRMS (ESI) m/z calcd. for
CigH1gNo,NaQ, [M+Na'] 349.1159, Found 349.1140.

4.17 amide20d

According to the General Procedure B, ami@e (60.3 mg,
250 pmol) was converted to amid20d (68.0 mg, 218umol,
87%). A colorless oil!H NMR (400 MHz, DMSO-¢, VT 80
°C): & 7.49-7.46 (2H, m), 7.35-7.25 (5H, m), 6.99-6.97 (@M,
5.86-5.76 (m, 1H), 5.19-5.14 (m, 1H), 5.11-5.08 (hf), #.69—
4.68 (m, 4H), 3.89-3.86 (m, 2H), 3.80 (s, 1M NMR (100
MHz, DMSO-d;, VT 80 °C):6170.8, 160.4, 137.4, 134.0, 128.6,
127.9, 127.4, 127.2, 126.6, 116.3, 113.4, 77.59,699.5, 48.2;
IR (film) 1442, 1417, 1358, 1302, 1253, 1175, 111249, 933,
842, 766, 700, 598 ch HRMS (ESI) m/z calcd. for
CigHNNaO; [M+Na'] 334.1414, Found 334.1408.

4.18 amide20e

According to the General Procedure B, ami®e (74.0 mg,
331 pmol) was converted to amid20e (92.1 mg, 314umol,
95%). A yellow oil;"H NMR (400 MHz, DMSO-¢, VT 80 °C):
0 7.45-7.42 (5H, m), 5.84-5.78 (1H, m), 5.18 (1HJd; 17.6
Hz), 5.09 (1H, dJ = 10.4 Hz), 4.69 (2H, br), 4.54 (2H, br), 3.86
(2H, br), 3.51 (4H, br), 3.26 (3H, br), 1.88-1.85 (@H); “°C
NMR (100 MHz, DMSO-¢, VT 80 °C):6 170.9, 135.8, 134.1,
129.1, 127.8, 126.4, 116.1, 95.6, 67.4, 64.8, 528, 27.9 (One
signal is missing due to overlap.); IR (film): 293383, 1651,
1446, 1419, 1404, 1271, 1147, 1112, 1043, 919, 728,cm";
HRMS (ESI) m/z calcd. for GgH,sNNaO, [M+Na'] 316.1519,
Found 316.1516.

4.19 amide0f

According to the General Procedure B, amid® (40.5 mg,
251 mmol) was converted to ami@®f (49.5 mg, 214umol,
85%). A colorless oil'lH NMR (400 MHz, CDCJ): 5 7.39-7.21
(5H, m), 5.88-5.81 (1H, m), 5.25 (1H,H5 16.8 Hz), 5.17-5.12
(2H, m), 4.82 (m, 1H), 4.06 (1H, d,= 10.8 Hz), 3.97-3.94 (m,
2H), 2.64-2.50 (3H, m), 1.99-1.95 (1H, mjC NMR (100

MHz, CDCk): 6 176.2, 140.5, 134.0, 128.8, 128.0, 126.5, 116.9

70.0, 69.4, 60.4, 30.2, 28.1; IR (film): 3081, 308831, 2979,
2941, 2885, 1704, 1456, 1415, 1392, 1319, 12567,12Q065,
932, 769, 703 cil; HRMS (ESI)m/z calcd. for G4H;/NNaO,
[M+Na'] 254.1151, Found 254.1147.

4.20 amide20g

7

ng,
250 pmol) was converted to amid20g (/1.7 mg, 236umol,
95%). A colorless oil!H NMR (400 MHz, CDCJ, mixture of
rotamers):d 7.37-7.18 (5H, m), 5.94-5.82 (2H, m), 4.92 (0.7H,
s), 4.67 (2H, s), 4.63 (1.3H, s), 4.31 (0.7Jd: 5.2 Hz), 3.94
(1.3H, d,J = 6.0 Hz), 2.46 (1.3 H, 1] = 7.6 Hz), 2.33 (0.7H, 8.0
Hz), 1.71-1.63 (m, 2H), 1.32—-1.35 (m, 8H), 0.88-0184 % H);
¥C NMR (100 MHz, CDGJ, mixture of rotamers)d 174.8,
174.1, 137.8, 136.9, 134.3, 133.8, 128.8, 128.48.112127 .4,
127.2, 126.3, 117.6, 116.9, 76.8, 74.3, 69.5, 68%2, 48.3,
33.32, 32.99, 31.63, 31.58, 29.3, 29.2, 29.00,2828.3, 25.0,
22.53, 22.50, 14.0; IR (film): 3086, 3064, 3030529 2926,
2855, 1664, 1496, 1453, 1421, 1359, 1236, 1036, 934, 732,
700 cm®’ HRMS (ESI)m/z calcd. for GgH,gNNaO, [M+Na']
326.2091, Found 326.2082.

4.21 amidel9a (General Procedure C)

To a mixture of amid@0a (56.0 mg, 199umol) and Pd(PPy
(23.3 mg, 20.Qumol) and 1,3-dimethylbarbituric acid (62.2 mg,
398 umol) was added MeOH (0.67 mL) at room temperature.
The resulting suspension was stirred for 6 h at @0 The
reaction mixture was cooled to room temperature reedddition
of excess aq. NH(0.3 ml) and further stirred for 40 min at room
temperature. Then, the reaction mixture was dilbtedater (1.0
mL) and then the separated aqueous phase was edtraih
CH,CI, (x3). The combined organic extracts were dried with
anhydrous sodium sulfate and concentrated un@eiuced
pressure to give a crude material, which was purlfigdilica gel
column chromatography (hexanes:EtOAc = 3:1) to affomdde
19a(41.4 mg, 19@umol, 98%).

4.22 amidel9b

According to the General Procedure C, anf@ (78.4 mg,
218 pmol) was converted to amidEdb (54.1 mg, 186umol,
86%).

4.23 amidel9c

According to the General Procedure C, anfifle (37.8 mg,
116 umol) was converted to amid&c (13.9 mg, 54.2umol,
47%).

4.24 amidel9d

According to the General Procedure C, anfie (65.5 mg,
210 pmol) was converted to amid&9c (40.9 mg, 170umol,
81%).

4.25 amidel9e

According to the General Procedure C, anfifde (66.7 mg,
227 ymol) was converted to amid&de (39.0 mg, 175umol,
78%).

4.26 amidelof

According to the General Procedure C, am2®é¢ (39.7 mg,
172 umol) were converted to amidE9f (19.3 mg, 120umol,
70%).

4.27 hemiaminallg

To a mixture of amide20g (20.9 mg, 68.8umol) and
Pd(PPh), (8.0 mg, 6.87umol) and 1,3-dimethylbarbituric acid
(21.5 mg, 134umol) were added THF (0.17 mL) and MeOH
(0.06 mL) at room temperature. After stirred for 8tH0 °C, the
reaction was quenched with sat. aq.,®@&, and the aqueous
phase was extracted with EtOAc (x3). The combined dcgan
extracts were dried over anhydrous sodium sulféterdd, and
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cc
which was puriied by silica gel column chromatognaph
(hexanes:EtOAc = 5:1) to afford amide hemiamigah (16.6
mg, 63.2umol, 92%). A colorless oil’H NMR (400 MHz,
CDCls, mixture of rotamers) 7.36—7.22 (5H, m), 4.86 (2H, br),
4.86-4.65 (2H, br), 3.69 (0.7H, br), 2.64-2.49 (0.94), 2.31
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niH
NMR (400 MHz, CDC{, mixture ot rotamers):H NMR (400
MHz, CDCk, mixture of rotamers) 7.49-7.28 (8.8H, m), 7.12—
7.09 (1.2H, m), 6.48-6.37 (2.4H, m), 6.11 (0.6HJ & 8.4 Hz),
5.37-5.13 (3H, m), 5.05-4.76 (3H, m), 4.50 (1H, ddie; 8.4,
8.4, 2.8 Hz), 3.81 (1.2H, s), 3.72 (1.8H, s), 3.26438H, m),

(1.4H, t,J = 8.0 Hz), 1.71-1.61 (m, 2H), 1.25 (br, 8H), 0.88-0.842.76 (0.4H, dJ = 15.2 Hz), 2.64 (0.6H, d = 15.2 Hz), 0.940

(m, 3 H);™*C NMR (100 MHz, CDGJ, mixture of rotamers):
0175.9, 174.2, 138.0, 136.9, 128.9, 128.7, 128.1, 127.6, 127.5, 1
26.4,72.2,71.7,51.5, 48.2, 33.4, 33.1, 31.7, 31.6, 29.4, 29.2, 29.

1, 29.0, 25.4, 24.9, 22.6, 14.0 (Two signals are missing due to
overlap.); IR (film): 3371, 3087, 3063, 3030, 292926, 2870,
2855, 1636, 1629, 1453, 1423, 1041, 1029, 699" chiRMS
(ESI) m/z calcd. for GgH,gN,O, [M+H'] 264.1958, Found
264.1946.

4.28 amidel9g

To a mixture of hemiamina2lg (19.1 mg, 72.7umol) and
Nal (76.3 mg, 509umol) in MeCN (0.36 mL) was added TMSCI
(46.0 pL, 495 umol) at 0 °C. After stirred for 24 h at room
temperature, the reaction was quenched with saN&gO;, and
the aqueous phase was extracted with EtOAc (x3). Timbioed
organic extracts were dried over anhydrous sodiulfatsy
filtered, and concentrated under reduced pressugé/é a crude
material, which was purified by preparative TLC
(hexanes:EtOAc = 1:1) to afford amid&g(17.0 mg, 72.3umol,
quant).

4.29 amide22g

To a mixture of amide20g (17.3 mg, 57.0umol) and
Pd(PPB), (6.6 mg, 5.67umol) and 1,3-dimethylbarbituric acid
(17.8 mg, 114umol) was added MeOH (0.2 mL) at room
temperature. The resulting suspension was stirretldf® h at 40
°C. Then, the reaction was quenched with sat. agC@gaand
the mixture was extracted with EtOAc (x3). The comdbine
organic extracts were washed with 1 M ag. HCI and bdnied
over anhydrous sodium sulfate, filtered and corre¢ed under
reduced pressure to give a crude material, whichpuaged by
preparative TLC (hexanes:EtOAc = 3:1) to afford adifig (0.7
mg, 3.00pmol, 5.3%),21g (3.2 mg, 12.1umol, 21%), and22g
(6.1 mg, 22.Qumol, 39%). A colorless oil'H NMR (400 MHz,
CDCls, mixture of rotamers)d 7.37—-7.18 (5H, m), 4.85 (0.8H,
s), 4.67 (1.2H, s), 4.61 (2H, s), 3.33 (1.2H, s), 3128H, s), 2.46
(1.2H, t,J = 7.6 Hz), 2.35 (0.8H, tJ = 7.6 Hz), 2.48-1.64 (2H,
m), 1.32-1.25 (8H, m), 0.88-0.84 (3H, M NMR (100 MHz,
CDCls, mixture of rotamers) 175.0, 174.2, 137.8, 136.9, 128.8,
128.5, 128.1, 127.5, 127.3, 126.3, 78.9, 76.0,,56513, 49.1,
48.3, 33.4, 33.0, 31.7, 31.6, 29.3, 29.2, 29.10,295.2, 25.1,
22.57, 22.55, 14.0 (One signal is missing due terlap.); IR
(film): 3087, 3063, 3031, 2953, 2927, 2871, 285663, 1453,
1420, 1389, 1095, 1077, 699 CMHRMS (ESI)m/z calcd. for
C,-H,,NNaQ, [M+Na'] 300.1934, Found 300.1921.

4.30 amide23

To a solution of carboxylic acié [9] (491 mg, 1.10 mmol)
andL-phenylalanine methyl esté&f (497 mg, 2.78 mmol) in dry
CH,CI, (15.0 mL) was added §#t (612puL, 4.40 mmol) at room
temperature. After stirring for 10 min, BOP-CI (576),m2.26
mmol) was added, and the mixture was stirred forh2al room
temperature. The reaction was quenched with satNaHCQG;,
and the mixture was extracted with EtOAc (x3). The cowedh
organic extracts were washed with 1 M ag. HCI and bdrnied
over anhydrous sodium sulfate, filtered and corre¢ed under
reduced pressure to give a crude material, whichpuaged by
silica gel column chromatography (hexanes:EtOAc =) 2dl

(9H, s), 0.120 (3H, s), 0.054 (3H, sYC NMR (100 MHz,
CDCls, mixture of rotamers) 171.6, 171.5, 171.4, 171.2, 154.7,
153.9, 145.5, 145.2, 136.1, 135.7, 135.4, 135.®.4,2129.1,
128.5, 128.5, 128.4, 128.3, 128.1, 128.1, 127.9,.11,2127.0,
120.3, 118.7, 105.9, 105.5, 67.6, 67.3, 67.1, 66=0, 64.4,
61.8, 61.4, 53.0, 52.5, 52.2, 52.1, 37.8, 37.73,332.0, 25.6,
17.8, -4.5, -4.6, -5.0, -5.1 (Five signals are mggue to
overlap.); IR (film): 3325, 3031, 2953, 2928, 282855, 1746,
1713, 1639, 1526, 1437, 1408, 1350, 1318, 1252012142,
1113, 1085, 959, 836, 777, 748, 698 tnja]y>’ = -175 € =
1.20, CHC)); HRMS (ESI) m/z calcd. for GzH4N,NaO,Si
[M+Na'] 629.2653, found 629.2624.

4.31 Amide24

To a suspension of amid23 (398 mg, 657umol) and
Pd(OAc) (57.8 mg, 257umol) in CH,CI, (12.0 mL) was added
Et:N (300pL, 2.16 mmol) at room temperature. After stirring fo
30 min at reflux, ESIH (1.10 mL, 6.90 mmol) was added, and
the mixture. was stirred for 40 min at reflux. Theaction
mixture was diluted by C}€l, and the reaction was quenched
with sat. ag. NaHC® The separated aqueous phase was
extracted with CKCl, (x4). The combined organic extracts were
dried over anhydrous sodium sulfate, filtered, aodcentrated
under reduced pressure to give a crude materialchwhias
purified by silica gel column chromatography (heasuEtOAC =
6:1 to 2:1) to afford amin@4 (347 mg, quant). A colorless oil;
'H NMR (400 MHz, CDCJ): & 7.90 (1H, dJ = 8.4 Hz), 7.22—
7.16 (3H, m), 7.03 (2H, d} = 6.8 Hz), 6.25 (1H, d] = 2.0 Hz),
6.22 (1H, d,J = 8.0 Hz), 4.80 (1H, ddd] = 10.8, 3.2, 3.2 Hz),
4.71 (1H, ddJ = 8.0, 7.8 Hz), 4.27 (1H, dd, = 7.8, 2.2 Hz),
3.79 (1H, ddJ = 7.2, 5.6 Hz), 3.70 (3H, s), 3.55 (1H, s), 3.19
(1H, dd,J = 14.0, 5.8 Hz), 3.01 (1H, dd,= 14.0, 6.6 Hz), 2.73—
2.71 (2H, m), 2.28 (1H, s), 0.82 (9H, s), 0.033 (3HPK22 (3H,
s); C NMR (100 MHz, CDG)): 5 173.0, 171.9, 145.5, 135.8,
133.1, 129.1, 128.3, 126.9, 120.5, 105.6, 67.9,680.9, 52.5,
52.1, 37.6, 35.0, 25.6, 17.9, -3.8, -4.7; IR (filn3B49, 3029,
2952, 2928, 2893, 2855, 2360, 2341, 1745, 1677416808,
1437, 1360, 1344, 1254, 1200, 1079, 961, 837, 709, cm’;
[a]p?® = =195 ¢ = 1.65, CHCJ)); HRMS (ESI)m/z calcd. for
CasH3N,0sSi [M+H™] 473.2466, found 473.2451.

4.32 Dithiodiketopiperazings

To a solution of aming4 (447 mg, 945umol) in MeOH (250
mL) was added 25% aq. NH15.0 mL) at room temperature.
After stirring for 2.7 days at room temperature, thaction was
concentrated under reduced pressure to give a amaterial,
which was purified by silica gel column chromatognaph
(hexanes:EtOAc = 2:1) to afford diketopiperaz2te (202 mg,
459 umol, 48%). A colorless oil'H NMR (400 MHz, CDC)): &
7.33-7.18 (5H, m), 6.41 (1H, s), 6.29 (1H,Jds 8.0 Hz), 5.90
(1H, s), 5.00 (1H, dJ = 7.6 Hz), 4.88 (1H, dd] = 8.0, 7.6 Hz),
4.77 (1H, s), 4.23-4.16 (2H, m), 3.51 (1H, dd; 14.0, 3.6 Hz),
2.89-2.79 (2H, m), 2.52 (1H, dd~= 13.0, 13.0 Hz), 0.79 (9H, s),
0.011 (3H, s), 0.006 (3H, sj°C NMR (100 MHz, CDG)): &
168.5, 163.9, 145.0, 135.6, 135.1, 129.3, 128.9,3,2112.4,
106.4, 66.9, 63.1, 57.9, 56.2, 37.3, 33.4, 25.78,14.3, —4.5;
IR (film): 3381, 3228, 3220, 2952, 2928, 2895, 282359,
2341, 1684, 1663, 1444, 1422, 1294, 1256, 12029,11683,
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CHCL); HRMS (EI) m/z calcd.
440.2131, found 440.2134.

4.33 Dithiodiketopiperazing7

tor  GaHaN,O,S1 [M']

To a solution of diketopiperazirs (63.4 mg, 144umol) in
THF (630puL) was added LIHMDS (1.3 M solution in THF, 120
pL, 156 umol) at —40 °C. After stirring for 8 min, AllomCRg)

9

ture.
After stirrng for 1.5 h at room temperature, th@aton was
quenched with sat. agq. b&0O; solution and water (1:2). The
separated aqueous phase was extracted wiyCIgkx3). The
combined organic extracts were dried over anhydsndium
sulfate, filtered, and concentrated under reducedsorre to give
a crude material, which was purified by silica gelluomn
chromatography (hexanes:EtOAc = 1:3) to afford laet@9

[20] (120uL, 1.16 mmol) was added at —40 °C, and the mixture(71.0 mg, 180imol, 96%). A white foamH NMR (400 MHz,

was stirred at =20 °C for 17 h. The reaction was gled with

sat. ag. NECI solution and the mixture was diluted by water.

The separated aqueous phase was extracted witCICEk4).
The combined organic extracts were dried over armdugr
sodium sulfate, filtered, and concentrated undéuced pressure
to give a crude material, which was purified by silgel column
chromatography (hexanes:EtOAc 4:1 to 2:1) to dffor
diketopiperazin€7 (66.3 mg, 12Qumol, 84%). A colorless oil;
'H NMR (400 MHz, CDCJ): 3 7.28-7.22 (3H, m), 7.04 (2H, 4,
= 8.0 Hz), 6.28 (1H, d) = 7.6 Hz), 6.27 (1H, s), 5.96-5.87 (1H,
m), 5.51 (1H, dJ = 10.8 Hz), 5.31 (1H, dt) = 17.2, 1.6 Hz),
5.24 (1H, dtJ = 10.8, 1.2 Hz), 4.87(1H, dd, = 7.8, 7.6 Hz),
4.82 (1H, dJ = 7.8 Hz), 4.79 (1H, d] = 10.8 Hz), 4.62 (1H, s),
4.57 (1H, m), 4.12 (1H, dd,= 12.8, 6.0 Hz), 4.07-4.40 (2H, m),
3.42 (1H, ddJ = 14.0, 2.8 Hz), 3.21 (1H, dd,= 14.0, 2.8 Hz),
2.44 (1H, ddJ = 13.2, 6.0 Hz), 0.94 (1H, dd,= 13.2, 12.8 Hz),
0.79 (9H, s), 0.007 (3H, s}0.009 (3H, s); “°C NMR (100 MHz,
CDCly): 6 166.2, 163.7, 144.9, 134.9, 134.7, 133.4, 13(28,6]
127.4, 118.1, 112.8, 106.4, 72.5, 69.9, 68.6, 63®]1, 58.2,
36.5, 33.6, 25.8, 18.0,4.3, —4.5; IR (film): 2952, 2928, 2856,
1662, 1452, 1441, 1295, 1200, 1138, 1092, 1051, 986, 837,
777, 703 cnt; [a]p?® = -333 ¢ = 0.535, CHGJ)); HRMS (ESI)
m/z calcd. for GgHigN,NaQSi [M+Na'] 533.2442, found
533.2417.

4.34 Dithiodiketopiperazin28

To a solid of diketopiperazing7 (66.3 mg, 12Qumol) was
added HF-Py in pyridine (2.00 mL, 1:4, HF-Py contajni70%
hydrogen fluoride and ~30% pyridine) at room terapare.
After stirring for 17 h at 45 °C, the reaction misguvas diluted

CDCly): 8 7.28-7.22 (3H, m), 7.09 (2H, d= 8.0 Hz), 7.00 (1H,
d,J = 7.6 Hz), 6.59 (1H, d] = 2.4 Hz), 6.01-5.91 (1H, m), 5.61
(1H, d,J = 7.6 Hz), 5.36 (1H, dJ = 18.4 Hz), 5.35 (1H, d] =
10.4 Hz), 5.31 (1H, s), 5.27 (1H, 3= 10.4 Hz), 4.90 (1H, dl =
10.4 Hz), 4.68 (1H, dd] = 4.0, 3.4 Hz), 4.20-4.10 (2H, m), 3.91
(1H, dd,J = 13.4, 6.0 Hz), 3.43 (1H, dd,= 14.0, 3.4 Hz), 3.29
(1H, dd,J = 14.0, 4.0 Hz), 2.53 (1H, dd,= 15.2, 6.0 Hz), 1.01
(1H, dd,J = 13.4, 13.4 Hz)°C NMR (100 MHz, CDCJ): &
180.9, 164.9, 163.6, 153.3, 136.9, 134.5, 133.4.013128.3,
127.1, 117.6, 115.4, 107.8, 73.5, 70.4, 66.3, 66700, 36.9,
31.8; IR (film): 3028, 2925, 2867, 1687, 1667, 160454, 1350,
1327, 1292, 1204, 1078, 1051, 940, 930, 864, 838, 736
cm b [a]p?® = =279 € = 0.445, CHGJ); HRMS (ESI)m/z calcd.
for CyH»aN,Os [M+H] 395.1601, found 395.1605.

4.36 Dithiodiketopiperazingd0

To a solution of lacton@9 (138 mg, 350umol) in CHClI,
(750 pL) and EtOH (50QuL) was added Cegl7H,0O (381 mg)
in EtOH (2.0 mL) at =78 °C. After stirring for 10 miNaBH, in
EtOH (22.0 mg, 582imol in 550uL) was added at -78 °C, and
the mixture was stirred at —78 °C for 1.6 h. Thectiea was
quenched with ag. NAI solution at room temperature. The
separated aqueous phase was extracted witfCIgkix3). The
combined organic extracts were dried over anhydsadium
sulfate, filtered, and concentrated under reducedsoire to give
a crude material, which was purified by silica gelluenn
chromatography (hexanes:EtOAc = 1:3) to afford allgbhol30
(126 mg, 318imol, 91%). A white foam'H NMR (400 MHz,
CDCly): 6 7.31-7.23 (3H, m), 7.08 (2H, d= 6.4 Hz), 6.27 (1H,
dd,J = 2.2, 2.2 Hz), 6.13 (1H, dd, = 8.0, 2.4 Hz), 6.00-5.90

by water at 0C. The separated aqueous phase was extracted wifhH. m), 5.42 (1H, dJ = 10.8 Hz), 5.36 (1H, d] = 17.2 Hz),
CH,Cl, (x4). The combined organic extracts were dried oveP-26 (1H, dJ=10.0 Hz), 5.07 (1H, dI = 3.6 Hz), 4.88 (1H, s),

anhydrous sodium sulfate, filtered, and concerdratsxder
reduced pressure to give a crude material, whichpuagied by
silica gel column chromatography (@E,:EtOAC 1:5) to
afford allyl alcohol28 (46.6 mg, 118umol, 98%). A white solid;
mp: 155.5-156.5 °C*H NMR (400 MHz, CDCJ): & 7.28-7.22
(3H, m), 7.07-7.04 (2H, m), 6.34 (1H, H= 8.0 Hz), 6.34 (1H,
d,J = 2.0 Hz), 5.98-5.91 (1H, m), 5.41 (1H,Jd 10.8 Hz), 5.35
(1H, ddd,J = 17.5, 2.9, 1.7 Hz), 5.24 (1H, ddb= 10.3, 2.9, 1.5
Hz), 5.05 (1H, ddJ = 8.2, 8.0 Hz), 4.82 (1H, d, = 10.8 Hz),
4.79-4.76 (2H, m), 4.69 (1H, s), 4.58-4.56 (1H, m224(1H,
dd,J=12.2, 6.0 Hz), 4.16-4.10 (2H, m), 3.42 (1H, 3¢, 14.2,
3.0 Hz), 3.23 (1H, ddJ = 14.2, 4.4 Hz), 2.48 (1H, dd,= 14.4,
6.0 Hz), 0.94 (1H, ddJ = 14.4, 12.2 Hz)"*C NMR (100 MHz,
CDCly): 6 166.0, 163.8, 145.1, 135.2, 134.7, 133.6, 13(28,4],
127.3, 117.8, 113.7, 105.7, 73.2, 70.3, 68.1, 63%8, 58.3,
36.8, 33.3; {i]p™°> = -367 € = 0.260, CHGJ); IR (film): 3425,
3419, 2921, 2359, 2340, 1694, 1659, 1454, 13396,12200,
1137, 1074, 1047, 929, 857, 758, 736, 704 'cHRMS (ESI)
m/z caled. for GH,N,NaQ; [M+Na']l 419.1577, found
419.1558.

4.35 Dithiodiketopiperazin29

To a solution of allyl alcohd?8 (74.3 mg, 18gumol) and nor-
AZADO (8.50 mg, 61.5umol) in dry CHCI, (1.40 mL) was

4.87 (1H, d,J = 10.8 Hz), 4.64 (1H, dd] = 3.0, 4.2 Hz), 4.52
(1H, d,J = 7.6 Hz), 4.20-4.17 (1H, m), 4.14 (1H,J 5.8 Hz),
4.13 (1H, d,J = 5.8 Hz), 3.91 (1H, dd] = 13.0, 5.8 Hz), 3.40
(1H, dd,J = 13.8, 3.0 Hz), 3.27 (1H, dd,= 13.8, 4.2 Hz), 2.36
(1H, dd,J = 13.6, 5.8 Hz), 0.80 (1H, dd,= 13.6, 13.0 Hz)}*C
NMR (100 MHz, CDCJ): & 167.0, 165.1, 138.0, 137.0, 134.2,
133.4, 130.2, 128.7, 127.7, 118.1, 109.8, 109.22,78.5, 69.1,
64.1, 59.8, 56.3, 37.0, 33.7; IR (film): 3369, 302942, 2863,
1661, 1453, 1344, 1296, 1193, 1133, 1078, 1058, B39, 756,
730, 704, 578 cil; [a]p®™ = —229 € = 1.04, CHCJ); HRMS
(ESI) m/z calcd. for G,H,N,NaQ, [M+Na'] 419.1577, found
419.1564.

4.37 Dithiodiketopiperazing@l

To a suspension of sulfug 3.6 mg, 247umol) in EtO (1.0
mL) was added LIHMDS (1.3 M in THF, 734, 943 umol) at
room temperature. After stirring for 5 min, diketppiazine30
(18.6 mg, 47.Qumol) in a mixture of THF (2.0 mL) and £ (1.0
mL) was added at room temperature, and the resudhgtion
was stirred for 1 min. Then, LIHMDS (1.3 M in THF, 725,
943 umol) was added, and the mixture was stirred for 30 ani
room temperature. The reaction was quenched withNajCl
and diluted with water. The separated aqueous phase w
extracted with BO (x1) and CHCI, (x2). The combined organic
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and concentrated under reduced pressure to giuga material,
which was purified by preparative TLC (hexanes:EtOAE6:1
x2, then hexanes:GBI, = 3:5) to afford the mixture of bridged
polysulfides. To a solution of the polysulfides anmixture of
THF (3.2 mL) and EtOH (3.2 mL) was added NaBB6.5 mg,
965 umol) at 0 °C. After stirred for 8 min at room tematerre,
Mel (1.60 mL, 25.6 mmol) was added af@ and the resulting
mixture was stirred at room temperature for 4 e Téaction was
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and
DMAP (1.23 mg, 10.lumol) in pyndine (120uL) was added
Ac,O in pyridine (0.127 M, 100uL, 12.7 pwmol) at room
temperature. After stirring for 50 min at room temgtere,
additional AgO (13.0uL, 138umol) was added, and the mixture
was stirred for 35 min. Then, additional DMAP (5.69,M§.6
umol) was added, and the mixture was stirred for 4% ahiroom
temperature. The reaction was diluted with ,CH and
quenched with ag. 1 M HCI. The separated aqueouseplias

quenched by ag. Nj€I, and the separated aqueous phase wasxtracted with CHCI, (x5), and the combined organic extracts

extracted with BO (x1) and CHCI, (x2). The combined organic
extracts were dried over anhydrous sodium sulfdterdd, and
concentrated under reduced pressure to give a amaterial,
which was purified by preparative TLC (hexanes:EtOAL6+1,
then hexanes:EtOAc = 2:1)
diketopiperazineg1 (18.3 mg, 30.3umol, 65% 2 steps frorB0).
A white foam;’H NMR (400 MHz, CDCJ): & 7.29-7.24 (3H,
m), 7.15-7.12 (2H, m), 6.31 (1H, m), 6.17 (1H, dd; 8.4, 2.4
Hz), 6.03-5.93 (1H, m), 5.40-5.34 (1H, m), 5.53 (1H] &,9.6
Hz), 5.24-5.22 (2H, m), 5.12 (1H, 3= 9.6 Hz), 4.91 (1H, ddl
=8.2, 1.8 Hz), 4.58-4.55 (1H, m), 4.42 (1H,Jd; 8.0 Hz), 4.30—
4.28 (2H, m), 3.48 (1H, d] = 13.2 Hz), 3.23 (1H, d] = 13.2

were dried over anhydrous sodium sulfate, filtereahd
concentrated undereduced pressure to give a crude material,
which was purified by preparative TLC (hexanes:EtOAE:. ¥1)
to afford (—)-asteroxepird] (2.60 mg, 5.6umol, 89%). A white

to afford bis-(methylthio) solid; mp: 189.6-190.0 °CH NMR (600 MHz, CDCJ): & =

7.32-7.27 (3H, m), 7.20-7.18 (2H, m), 6.41 (1H, ild,2.4, 2.4
Hz), 6.29 (1H, ddJ = 8.4, 3.0 Hz), 6.00 (1H, br s), 5.88 (1H, ddd,
J=175,2.1,2.1), 489 (1H, br. d= 7.8 Hz), 4.68 (1H, dd] =
8.4, 1.2 Hz), 3.66 (1H, d,= 13.8 Hz), 2.97 (1H, dl = 13.8 Hz),
2.64 (1H, dJ = 15.0 Hz), 2.36 (3H, s), 2.20 (3H, s), 2.13 (3H, 5),
1.82 (1H, dddJ = 15.3, 2.1, 2.1 Hz)**C NMR (150 MHz,
CDCl): & = 170.1, 165.6, 164.4, 139.7, 137.3, 133.5, 130.9,

Hz), 2.55 (1H, dJ = 15.2 Hz), 2.29 (3H, s), 2.53 (3H, s), 1.59 128.7, 127.9, 109.1, 105.5, 71.4, 69.9, 68.0, 6464, 39.6, 21.2,

(1H, d,J = 15.2 Hz);"*C NMR (100 MHz, CDGCJ)): & 167.1,
166.1, 137.6, 137.2, 134.3, 133.6, 130.7, 128.6,92117.2,
110.8, 107.1, 77.5, 73.4, 72.2, 71.3, 67.7, 65540,438.1, 15.2,
14.0; IR (film): 3370, 3008, 2920, 2852, 1662, 148516, 1380,
1191, 1136, 1083, 1056, 1050, 772, 756, 704" cju],”° = -123
(c=0.619, CHQ); HRMS (ESI)m/z calcd. for G4H.eN,NaGsS,

[M+Na'] 511.1332, found 511.1303.

4.38 (-)-Emestrin H5)

To a solid of bis-(methylthio) diketopiperazi®d (6.65 mg,
13.6 umol) was added Pd(PRh(27.2 mM solution in CHCl,,

14.5, 14.0; §]p°" = -178 (c = 0.556, CHE)I (Lit. [a]p = —102 €

= 0.4, CHC)}); HRMS (ESI) m/z calcd. for G,H,,N,NaGsS,
[M+Na'] 483.1019, found 483.0996. The spectral data were
identical with those reported in the literature [13]

4.40 AllomCl 26) [20]

To a mixture of allyl alcohol (40.0 mL, 0.588 mmaind
paraformaldehyde (19.0 g, 0.633 mol) was added aonhbgd
hydrogen chloride generated from,3®©, and NaCl at room
temperature. After stirred for 30 min at room tenapere, the
mixture was heated by oil bath at 150 °C for 2 the Tesulting

25.0 uL 0.682 umol). The mixture was concentrated under mixture was diluted with hexanes, dried over magmesulfate,

reduced pressure give a pale brown solid. To thd s@s added
1,3-dimethylbarbituric acid (4.26 mg, 27u80l) in MeOH (136
pL), and the mixture was stirred for 16.5 h at 40 T@e reaction
mixture was diluted with MeOH (68L) and stirred for 2 h.
Then, the mixture was cooled to room temperature diluted
with MeOH (200pL). To the mixture was added NaHg@10.0
mg), and the resulting suspension was stirred fomZbat room
temperature and diluted with GEl, and HO. The separated
aqueous phase was extracted with,Cls(x3). The combined
organic extracts were dried over anhydrous sodiutfatsy
filtered, and concentrated under reduced pressugé/é a crude
material, which was purified by preparative
(hexanes:EtOAc = 3:1 x3) to afford (—)-emestrin3ji (@.46 mg,
10.6 pmol, 78%) and diketopiperazing (1.15 mg, 17%). A
white solid; mp: 86.0-87.2 °GH NMR (600 MHz, CDCJ): &
7.34-7.30 (3H, m), 7.19 (2H, d,= 6.6 Hz), 6.36 (1H, s), 6.19
(1H, dd,J = 1.8, 8.4 Hz), 6.05 (1H, s), 5.12 (1H,X5 4.8 Hz),
4.93 (1H, dJ = 8.4 Hz), 4.63-4.61 (1H, m), 4.55 (1H,Xx 7.2
Hz), 3.64 (1H, dJ = 13.2 Hz), 3.02 (1H, d] = 13.2 Hz), 2.63
(1H, d,J = 15.0 Hz), 2.41 (3H, s), 2.23 (3H, s), 1.88 (1HJ ¢,
15.0 Hz);™®C NMR (150 MHz, CDGJ)): 5167.2, 165.4, 137.7,
137.4, 133.2, 130.7, 128.8, 128.1, 110.9, 107.4,%68B.5, 68.4,
64.9, 46.3, 38.9, 14.7, 14.3; IR (film): 3361, 323062, 3008,
2918, 2848, 2360, 2341, 1675, 1638, 1409, 13403,11939,
1123, 1047, 756, 730, 704, 581, 564 tnja],?® = —203 € =
0.234, MeOH) (Lit. fi]p*® = —97 € = 0.071, MeOH)); HRMS
(ESI) m/z calcd. for GH,.N,NaQ,S, [M+Na'] 441.0913, found
441.0907. The spectral data were identical with theperted in
the literature [14].

4.39 (-)-Asteroxepird]

and the hexanes were removed under reduced presEuee.
crude material was distilled from anhydrous calciahioride
(37.0 °C/67.5 mmHg) to afford AllomCR6) (25.0 g, 0.234 mol,
40%) as colorless oil.
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First total syntheses of (—-)-emestrin H and (—@stepin are described. To find thppropriat
protecting group on the amide nitrogen of the difgierazine core, we conducted me
studies using a simple diketopiperazine derivatA®.a result, allyloxymethyl (Allom) grot
was the most suitable protecting group, which &ikst Nicolau’s sulfenylation conditions, a
was easily cleavable under the mild conditions gi$id(PPk). andN,N-dimethylbarbituric aci
leaving methylthioethers intact. The generdity of Allom group for protection of amidesas
studied using simple substeat Finally, the effectiveness of Allom group wasved by th
accomplishment of the first total synthesis of ¢r)estrin H. Allom group was robust eno
during installation of two methylthioetheto the diketopiperazine core and easily remov
the final step. The first total synthesis of (-)ezsxepin was also completed by acylation of (-)-

2009 Elsevier Ltd. All rights reserved

1. Introduction

Dithiodiketopiperazine alkaloids bearing the sulfortaining
diketopiperazine as a core structure have attraatiemtion due
to their structural diversity and fascinating bgileal activities
[1,2]. Among them, compounds bearing the 4,5-dihggepine
ring, such as (-)-acetylaranotit) (3], (+)-MPC1001B 7) [4],
and (-)-acetylapoaranotiB)(5], have been challenging synthetic
targets and a lot of effort has been made to sgitbethese
compounds [6,7]. Reismaet al reported the first innovative
total synthesis of (—)-acetylaranotih) (n 2012 [8], followed by
the first total synthesis of (—)-acetylapoarang@n[10]. We also
focused on this class of compounds, reporting teorsd total
synthesis ofl just after Reismart al. in 2012 [9]. Using the
synthetic protocol established during the synthstidlies onl,
which was based on the characteristic proline-fuses- 4
dihydrooxepine ring, we successfully performed thet ftotal
synthesis of (+)-MPC1001B/)[11] and determined the structure
of (-)-SCH648743) and hirsutellomycing) via semi-synthesis
[12]. Despite these synthetic developments ovelakedecade,
the total syntheses of (-)-asteroxepth[L3] and (-)-emestrin H
(5) [14] bearing the NH-free diketopiperazine core hawebeen
reported so far.

Our preliminary model studies towatdand5 revealed that
the enolate-mediated introduction of two methyl#tivers
reported by Nicolaowet al. [15] was unsuccessful for the
unprotected diketopiperazing3 due to the competitive
deprotonation of the unprotected N-H proton (Scherhg
Therefore, the major challenge toward the syntheki¥ and5
was—the selection of the appropriate protectingugréor the

OCorresponding author. E-mail: tokuyama@ mail.phaaku.ac.jp

diketopiperazine ring’s NH group. The ideal proiegtgroup
(PG in Scheme 1a) should be robust enough to telénatstrong
basic conditions during the introduction of the two
methylthioethers. Moreover, it should be easily and
chemoselectively cleaved under the particularlydneibnditions

in the final stage of the total synthesis withodi¢eting the base-,
nucleophile-, and oxidant-sensitive methylthioethand the
acid-sensitive dihydrooxepin structure. Howevennpared to
the many available protecting groups for aminegrehare
limited choices for amides, especially for dikefmpiazines. In

FTN O on B RY:
\ Ng SNt \ N
CI S g Hoy NH
RO - RO 8

(0] N o)/\&

° SMa~—Ph

(-)-acetylaranotin (1): R = Ac (—)-asteroxepin (4): R = Ac
(-)-emestrin H (5): R=H

(-)-deacetylaranotin (2): R=H
(-)-SCH 64874 (3):

o O hirsutellomycin (8)

Fig. 1. Dithiodiketopiperazine alkaloids
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thi
functionalized NH-free diketopiperazines and founatithe less
common allyloxymethyl (Allom) group, which only haveen
used for a protection of thd-3 position in xanthine and the
imidazole nitrogen in histidine was the most suiaptotecting
group [19]. Its efficiency was further demonstratedthe first
total synthesis of-)-asteroxepin4) and (—)-emestrin Hoj.

)\C o
W‘PG

Nicolaou’s
@ sulfenylation

condensatron
M
O\ :f?so
\ N -
)\& final-stage H PG
SMe

deprotection

a) Synthetic Plan MeO

O
COH

TBSO

rotect/on
9 p

H

(-)-asteroxepin (4): R = Ac 12
—)-emestrin H (5) R=

b) y by s condition
o NaHMDS (3 eq); o o]
H _H  Sg(leq); _H MeS H
N NaHMDS (3 eq) g, N < N
A NOTAL T >
N \ﬂ/h THF-toluene \(\ ””” =N \”/& Ph
o Ph ih 0 Ph o SMe
13 14 15

Scheme 1. Synthetic plan and preliminary results.
2. Results and discussion

To identify the most suitable protecting group theduld
fulfill the abovementioned requirements, we prepaeskries of
N-protecteddiketopiperazines16a—¢ following a conventional
method [16,17], which were then subjected to theesyltion
conditions established by Nicolaet al. (Table 1) [15]. Among
the protecting groups in substratdba—e stable benzylic
protecting groups, such gsmethoxybenzyl (PMB) inl6a or
2,4-dimethoxybenzyl (2,4-DMB) iti6b, were not affected by the
sulfenylation conditions, providing dithiodiketopimzinesl7a
and17b, respectively, in moderate yields (Table 1, estfie

Table 1
Protecting groups and introduction of the methgigtiher.

[e]
NaHMDS (3 eq); <""/:?J\ PG
g (1 eq.); NaBH, (3 eq); = N”
O)\;\/K/ NaHMDS (2 eq) Mel (1 eq.); N\”/&/Ph
THF toluene THF/EtOH SMe
0°Ctort,1h
16a, b 17
PG = protecting group o
o N /?ko/\/
'{;H’HLN/PG R Alloc
</N\H/K/Ph é\@\ /E/\O/\/TMS
3
o R2 SEM
16c,d, e PMB:RI=H,R2=OMe Ao 7
2,4-DMB: RY, R? = OMe Allom
entry substrate PG 17 (%)
1 168 PMB 44
2 167 2,4-DMB 57
3 16¢ Alloc decompositiol
4 16d SEM 68
5 16¢ Allom 50

3C3 (S) C8a ©) isomer”C3 (S) C8a R) isomer.“Isolated yield “Obtained as
single diastereomer.

ich as
16d with the tnimethylsilylethoxymethyl (SEM) group arde
with the Allom group, afforded the corresponding dinyéthio
compoundsi7d and17¢ in good yieldg(Table 1, entries 4 and
5). However, analoguel6c protected as urethane with an
allyloxycarbonyl group (Alloc), afforded a complexixture
under the same sulfenylation conditions (Tablenirye3).

The deprotection of the bis(methylthio) produdfsa, 17b,
17d, and 17e was examined under the most frequently used
deprotection conditions for each protecting grodmble 2).
Analoguesl7aand17b bearing PMB and 2,4-DMB groups were
decomposed upon treatment with ceric ammonium ai{i@AN)
and 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ),
respectively (Table 2, entries 1 and 2). Moreotlez,SEM group
in 17d was stable upon treatment with HF/pyridine 47d was
recovered (Table 2, entry 3), whereas the use of HBA
THF/DMF decomposed.7d (Table 2, entry 4). In contrast to
these unsuccessful entries, the Allom grouplife could be
smoothly removed by a combination of Pd(BPrand N,N-
dimethylbarbituric acid (DMBA) in MeOH yielding5 in 56%
yield, while a substantial amount of the hemiamint#rmediate
18 was also obtained (Table 2, entry 5) [18,19]. Thiessequent
in situ treatment of the reaction mixture with agq. Nkas
effective in reducing the amount 8, affording15in 87% yield
(Scheme 2). Furthermore, the addition of solid Nakl@fter the
consumption oL 7eimproved the yield o15to up to 95%.

Table 2
Deprotection conditions.

o] o] : o
Me§ PG Me§ u ' Me§ N
O)‘\N conditions O)J\N i O)LN OH

Nm/&/Ph E——— N\”/&/Ph N\H/&/Ph
& SMe o SMe & SMe
17 15 18 (from 171)
entry17 reagents temp. Time (h) Yield (%)
1" 17a  CAN, CHCN/H,0 rt 2 0
2 17b DDQ, CHCN/H,0 60 °C 20 0
3" 17d TBAF, THF/DMF 60 °C 18 0
4° 17d  HF/pyridine 60 °C 22
5% 17e  Pd(PPh)s, DMBA, 30°C 6 56
MeOH

dsolated yield."Decomposition“17d was completely recoveredReaction
conditions:17 (1.0 eq), Pd(PR (45 mol%), DMBA (5.5 eq), MeOH (0.1
M), 30 °C, 6 HThe hemiaminal intermediafis8 was obtained in 38% vyield.

Pd(PPh
([Sj(mol°/i))4 condition A
DMBA 0 aq. l\(l)tlé (g.ﬁ eq.) s ©
(2.0 eq) . S

17e

MeOH
40°C, 14 h

MeS H
B N"oH or z N
N \H/K/ Ph condition B N m/_K/ Ph
SMe

z solid. NaHCOg (excess)
SMe 1, 40 min )

18 15

condition A: 87%
condition B: 95%

Scheme 2. Removal of the Allom group.

The feasibility of the removal of the Allom proteti
group from secondary amides was investigated usiserias
of N-Allom secondary amide2() (see Experimental Section
for the preparation and additional data) (Tablen@ &cheme
3). The treatment of thBl-Allom benzamide20a—-e and y-
lactam 20f with Pd(PPE), and DMBA in MeOH smoothly
provided the hemiaminal intermediatgl, which was
converted into amide$9a—e and 19f, respectively,in good
yields using aq. NH(Table 3, entries 1-6). In contrast, the
reaction ofN-Allom aliphatic amide20g under the Pdd,N-



dim

21g (21%), andN-MOM amides 229 (3Y%) due to the
exchange of the OH group in intermedi®é&g with the

methoxy group of methanol (Scheme 3). This sidetiea
was overcome by performing the deprotectior2@din THF

and HO, providing the hemiaminal intermediat2kg, which

were thenconverted toamides 199 in good yields using
trimethylsilyl iodide (TMSI).

Table 3.
One-pot Removal of the Allom group.
f i NH, f
Pd(PPhg), ad. NHy
‘J\N/Rz DMBA R|J\NfR2 mAomin N R
Allom _— H
MeOH
20 40°C, 6 h; 21 " 19
entry substrate products yield (%)
o o
N ph N Ph
1 Allom H 98
20a 19a
o o
P P
N~ “Ph N~ “Ph
2 /©)1\Allom H 86
Br Br
20b 19b
o o
S S
N~ Ph N7 Ph
3 /©)J\Allom H 47
O,N O,N
20c 19¢
o o
4 N"Ph 8
Allom H
MeO MeO

20d

[o]

3
NM\OMOM
Allom

20e

78

70

[e]
2 Iz
sb

o

kS

Reaction conditions20 (1.0 eq), Pd(PR) (10 mol%), DMBA (2.0 eq),
MeOH (0.3 M), 40 °C, 6 h, then aqg. Niexcess). The yields refer to the
isolated products.

one-pot deprotection Pd(PPhg),
(10 mol%)
o o aqg. NH
A~ (2.0 eq) (excess)
M TN n-C7H‘5)J\N/\Ph _—
MeOH (0.3 M) rt, 40 min
20g 40°C, 6 h; 21g:R-H OR
22g:R = Me
(o} (o}
n-C7H‘5)I\N/\Ph + n-C7H,5)J\ “SPh o+ n-C7H‘5)J\N/\Ph
19 o, o kOH o\ OMe
g (5.3%) 219 (21%) 22g (39%)
stepwise deprotection
Pd(PPhg), (10 mol%) TMSCI (7.0 eq)
DMBA (2.0 eq) Nal (7.0 eq)
219 (92%) 19g (quant.)
THF, HZO (0.3 M) CH4CN (0.2 M)
(3:1) i, 24 h
40°C,8h

Scheme 3. Stepwise Removal of the Allom group.

The applicability of the Allom protecting group waslly
demonstrated by the first total syntheses of (—¢srm H §)
and (-)-asteroxepin 4f. The proline-fused dihydrooxepine
derivative 9, which was prepared according to our previously
established protocol in the total synthesis of geétylaranotin
(1) [9], was first condensed with th&){phenylalanine methyl

3

up was
then removed under transter hydrogenation condtiand the
formation of the tricyclic diketopiperazine deriveg 25 was
promoted upon treatment of the resulting aminoestith
ammonium hydroxide. Subsequently, the Allom group was
introduced using a combination of the allyloxyméthialoride
(AllomCl) 26 [20] and lithium hexamethyldisilazide (LIHMDS),
which afforded the desired produl7 in 84% vyield. After
desilylation, the stereochemistry of the C-10 hygt@roup was
inverted through a stepwise process [9], which inetldan
oxidation of 28 to ketone wusing PhI(OAg) and 9-
azanoradamantané-oxyl (nor-AZADO) [21] and a subsequent
Luche reduction, which gave the desired alca®his the sole
isomer.

CO,H

HO
MeO NH,
14 steps Hsee ref. 9 /}\(\
\
BOPCI, Et3 N ag. NH
HR NH
886 1 CHyCly, rt 1850 MeO,

ct MeOH, rt
Ph

48%

Et,SiH, EtsN, cat. Pd(OAc),
CH,Cly, reflux, quant

87%

23:R=Cbz
2:R=H

o o}
h N o PhI(OAG),
£ L|HMDS Y nor-AZADO
4’_”_": 20 °C T H N—Allom ———>
TBSO )\& -20 RO o//\\& CH,Cly, 1t
84% Ph 96%
=TBS HF-pyridine, pyridine
R=H = 50°C, 98%
CeCly O o
NaBH, \
~ Allom BN N—Alom
EtOH, CH,Cl, o H
-78°C o Ph

91% 30

Scheme 4. Preparation of diketopiperazine 30.

The final steps toward the synthesis of (—)-eme#iri) and
(-)-asteroxepin4) including the crucial introduction of the two
methylthioethers and the removal of the Allom prttergroup
are depicted in Scheme 5. According to the modelysfuide
suprd, diketopiperazin0 was treated with a mixture of excess
LIHMDS and S to form an epipolysulfide. Its reduction to the
corresponding dithiol with NaBH and the subsequent
methylation afforded the bis(methylthio) derivati@& in 65%
yield over two steps fron80. Finally, the Allom group was
removed under the optimized conditions affordingerestrin H
(5) in 78% vyield, which was further acetylated to gi-
asteroxepin4). All properties of synthetic (-)-emestrin B) @nd
(-)-asteroxepin 4) were identical with those reported except
magnitude of specific rotations proving the repdribsolute
stereochemistry of and5 by this total synthesis [22].

0\ DUHMDS, S5 07X _MeS DMBA
LiHMDS \ PA(PP,),
allom THRELO.R N MeOH, 40 °C;
H N-allom ————
NaBHA, Mel HO )\(\ solid. NaHCO4
EtOH, THF, 1t o s
65% (2 steps) SMe —Ph 78%

31 (94% brsm)

comparison of specific rotation

(-)-emestrin H (5)
synthetic: [a]p?8 = —203 (c 0.234, MeOH)
ref 14: [a]p?® = 97 (c 0.071, MeOH)

Mes
TN f o]
\ N
H NH
HO 8
o’ ¢

Ac,0 (-)-asteroxepi
pin (4)
) i DMAP
()-emestrin H (5) pyridine synthetic: [a]o? = ~178 (c 0.556, MeOH)

(-)-asteroxepin (4)

rt, 89% ref 13: [a]p = —102 (c 0.4, MeOH)

Scheme 5. Final steps of the total syntheses of-efestrin H
(5) and (-)-asteroxepin (4).



4 Tetrahedron
3. ied over
anhydrous sodium sultate, filtered, and concerdratsder

In conclusion, the total syntheses of (-)-emesti(s) and (— reduced pressure to give a crude material, whichpuaged by
)-asteroxepin4) have been accomplished for the first time. Theirsilica gel column chromatography (EtOAc) to afford
preparation was successful owing to the suitabilityhe Allom diketopiperazinel6a (3.00 g, 8.23 mmol, 75%). A white foam;
group as protecting group for the amide nitrogerthef highly ~ The spectral data dféawere identical with those reported in the
functionalized  dithio-diketopiperazine intermediate This literature [23].
protecting group (_:ould b(_a easily cleaved even éptesence of 4.3 Diketopiperazirsb
the acid-sensitive  dihydrooxepin  structure and the

dimethylthioethers, which are sensitive to baseglemphiles, To a solution oN-Cbz4-proline (1.06 g, 4.25 mmolIN-2,4-
and oxidants. Thus, this study demonstrated thdicapipn DMB-L-phenylalanine methyl ester (1.15 g, 3.49 mmolE&N
potential of the Allom group not only for the synsigof other and CHCI, (2.0 mL and 20.0 mL) was added BOP-CI (1.87 g,
N-unprotected diketopiperazine alkaloids, but alsw the  7.35 mmol) at room temperature. After stirring f@ 12 at room
preparation of various functionalized amides. temperature, the reaction was quenched with 1 M adjaH€the
resulting mixture was extracted with @&, (x3). The combined
organic extracts were dried over anhydrous sodiutfatsy
4.1 General method filtered, and concentrated under reduced pressugéve a crude
material, which was purified by silica gel column
Materials were obtained from commercial supplierd ased  chromatography (hexanes:EtOAc = 3:2 to 6:5) to dffamide
without further purification unless otherwise men&dn 32b (846 mg, 1.51 mmol, 47%). To a suspension of arBie
Anhydrous THF, BEO, CHCl,, toluene, DMF, and MeCN were (846 mg, 1.51 mmol) and Pd(OAcf135 mg, 601umol) in
purchased from commercial suppliers. Anhydrous MeOH wag€H,Cl, (10.0 mL) was added &t (425uL, 3.02 mmol) at room
dried and distilled according to the standard mol® All  temperature. After stirring at reflux for 7 min&iH (1.20 mL,
reactions were carried out under Ar atmosphere unigeswise  7.51 mmol) was added and the mixture was stirre@faix for
mentioned. Flash column chromatography was performed 3.5 h. The reaction mixture was diluted with £# and the
Silica Gel 60N (Kanto, spherical neutral, 40-50 pRtgparative  reaction was quenched with sat. aq. NaHCThe separated
TLC and analytical TLC was performed on Merck 60 #2fass aqueous phase was extracted with,Clil (x3). The combined
plates precoated with a 0.25 mm thickness of sifjea NMR  organic extracts were dried over anhydrous sodiuifatey
spectra were recorded on a JNM-AL400 spectrometer and filtered, and concentrated under reduced pressugéve a crude
JEOL ECAG600 spectrometer. Chemical shifts far NMR are  material, which was purified by silica gel column
reported in parts per million (ppm) downfield from chromatography (EtOAc) to afford diketopiperazihéb (540
tetramethylsilane as the internal standard andlsmuponstants mg, 1.37 mmol, 91%). A white foantH NMR (400 MHz,
are in Hertz (Hz). The following abbreviations aredu$er spin  CDCly): 8 7.31-7.20 (4H, m), 7.12-7.06 (2H, m), 6.48-6.43 (2H,
multiplicity: s = singlet, d = doublet, t = tripletj = quartet, m = m), 5.40 (1H, dJ = 14.8 Hz), 4.32 (1H, m), 4.25 (1H, d,=
multiplet, and br = broad. Chemical shifts f6C NMR are  14.8 Hz), 3.84 (3H, s), 3.81 (3H, s), 3.72 (1H, d¢; 12.0, 6.0
reported in ppm, relative to the central line ofriplet at 77.0  Hz), 3.68-3.61 (1H, m), 3.36-3.27 (2H, m), 3.14-3.0,(m),
ppm for CDC} or a septet at 39.5 ppm for DMS@-tR spectra  1.91-1.81 (1H, m), 1.60-1.42 (2H, m), 0.14-0.01 (1Bt ic
were measured on a SHIMADZU FTIR-8300 spectrometersMasNMR (100 MHz, CDC)): & 165.3, 163.9, 160.7, 158.7, 135.1,
spectra were recorded on a Bruker micrOTOF (ESI).icapt 131.7, 130.0, 128.3, 127.1, 115.9, 104.4, 98.33,680.0, 55.3,
rotations were measured on a Horiba SEPA-300 higigisve  55.3, 44.0, 40.6, 36.4, 28.4, 20.9; IR (film): 292®52, 2944,
polarimeter. Melting point determinations were perfed by 2891, 1656, 1612, 1587, 1508, 1456, 1298, 12891,12808,
using a Yanaco MP-500 instrument. Compoufdf9], 19ae 1184, 1157, 1033, 751, 703 Tn[a],>* = -116 € = 0.66,
[25], 19f [26], and 199 [25] were prepared according to the CHCL); HRMS (ESI)m/z calcd. for GzH,gN,NaQ, [M*+Na]

4. Experimental section

procedures reported in references. 417.1785, Found 417.1769.
4.2 Diketopiperazinka 4.4 Amide33
To a solution ofN-Cbhz4-proline (3.68 g, 14.8mmol) and- To a solution ofN-Boc-L-proline (10.8 g, 50.0 mmol) and

PMB-L-phenylalanine methyl ester (4.24 g, 14.2 mmolEisN phenylalanine methyl ester (8.95 g, 50.0 mmol) k., (200
and CHCI, (5 mL and 30 mL) was added BOP-CI (3.74 g, 14.7mL) were added BN (27.9 mL, 200 mmol), HOBt (6.99 g, 51.7
mmol) at room temperature. After stirring for 24.5ahroom  mmol), and EDCI/HCI (9.91 g, 51.7 mmol) at room terapere.
temperature, additional BOP-CI (1.96 g, 7.70 mmoly weded, After stirred for 29.5 h at room temperature, thgamic phase
and the reaction mixture was stirred for 2.5 h. Tésction was was washed with 1 M aq. HCI (x3) and sat. aq. NakIGQ).
quenched with sat. ag. NaHgCand the aqueous phase wasThe resulting organic phase was dried ove;9Qy, filtered and
extracted with CBELCl, (x3). The combined organic layers were concentrated under reduced pressure to give a amaterial,
washed with 1 M aq. HCI, dried over }$0,, filtered and which was used for the next reaction without furthenifization.
concentrated under reduced pressure to give a anaterial, To a solution of the crude material in @, (120 mL) was
which was purified by silica gel column chromatograph added TFA (15 mL) at room temperature. After stifiad20 h at
(hexanes:EtOAc = 1:1) to afford amiB2a (5.80 g, 10.9 mmol, room temperature, the reaction mixture was diluteith W&iH,Cl,
77%). To a suspension of ami@2a (5.80 g, 10.9 mmol) and (150 mL) and neutralized by sat. ag. NaHC®he aqueous
Pd(OAc) (983 mg, 4.38 mmol) in C}&l, (55.0 mL) was added phase was extracted with @El,(x3), and the combined organic
EtN (3.08 mL, 21.9 mmol) at room temperature. Aftemisig at  layers were dried over MaO,, filtered, and concentrated under
reflux for 5 min, E{SiH (8.74 mL, 54.7 mmol) was added and reduced pressure to give a crude material, whichpugfied by
the mixture was stirred at reflux for 3.5 h. Thect@mn mixture  flash column chromatography (GEl,:MeOH = 10:1) to afford
was diluted with CHCI, and the reaction was quenched with sat.amine amide33 (6.76 g, 24.5 mmol, 49%, 2 steps frdd¥Boc-.-
ag. NaHCQ. The separated aqueous phase was extracted with
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prol Ac
with those reported In the literature |24]. and washed with water (x5) and brine (x1). The orgghiase
was dried over anhydrous sodium sulfate, filteredid a
concentrated under reduced pressure to giweude material,
To a solution of amid&3(6.76 g, 24.5 mmol) in MeOH (400 Which was purified by silica gel column chromatognaph
mL) was added NaHCO (20.0 g, 85.3 mmol) at room (hexanes:EtOAc = 1:3) to afford diketopiperazited (1.33 g,
temperature. After stirring for 22.5 h at 65 °C, MeQwis  3-55 mmol, 79%). A colorless oftd NMR (400 MHz, CDCJ): &
removed under reduced pressure. The residue waedlimith  7-29-7.26 (3H, m), 7.18-7.15 (2H, m), 5.13 (1H] &,10.4 Hz),
CH,Cl, and filtered through a pad of CefiteThe filtrate was 4-53 (1H, d.J = 10.4 Hz), 4.42 (1H, dd] = 5.2, 4.9 Hz), 3.61—
washed with KO, and the aqueous phase was extracted wit8-52 (3H, m), 3.35 (1H, ddd,=12.1, 9.3, 2.9 Hz), 3.24 (1H, dd,
CH,Cl, (x2). The combined organic extracts were dried oved = 14.3,5.2 Hz), 3.19 (1H, dd,= 14.3, 4.9 Hz), 2.52 (1H, dd,
anhydrous sodium sulfate, filtered, and concerdratmder = 10.6, 6.6 Hz), 2.14-2.06 (1H, m), 1.92-1.84 (1H, my9%
reduced pressure to give a crude material, whichpusied by ~ 1.68 (1H, m), 1.69-1.53 (1H, m), 1.01-0.87 (2H, m)10(9H,
crystallization from EtOAc to afford diketopiperazit@ns13  S); C NMR (100 MHz, CDGC)): 6 168.3, 164.7, 135.2, 129.9,
(3.43 g, 14.1 mmol, 57%). The mother liquor was emtiatedn 128.5, 12_7-5: 73.3,66.3,62.1, 57.6, 44.8, 306l,21.8, 17.9, -
vacuoand the second crop was crystallized from EtOAcforaf  1.5; IR (film): 2952, 2890, 1671, 1454, 1440, 129860, 1249,
diketopiperazingransd3 (643 mg, 2.64 mmol, 11%). A white 1207, 1075, 1044, 860, 837, 749, 703 Grfu]p™ = +55.0 ¢ =
solid.; mp: 153.5-154.2 °C;'H NMR (400 MHz, CDCJ): 3  2.71, CHCl; HRMS (ESI) m/z calcd. for GiHsoNaN,OsSi
7.35-7.20 (5H, m), 6.31 (1H, s), 4.22 (1H, ddd; 6.6, 4.0, 3.8 [M"+Na] 397.1918, Found 397.1909.
Hz), 3.63 (1H, ddd) = 12.4, 8.5, 85 Hz), 3.40 (1H, ddd,= 4 g piketopiperazintse
12.4, 9.4, 3.0 Hz), 3.15 (1H, dd,= 13.9, 6.6 Hz), 3.08 (1H, dd,
J=13.9,4.0 Hz), 2.97 (1H, dd,= 10.4, 6.4 Hz), 2.23-2.15 (1H, To a solution of diketopiperazingans-13 (880 mg, 3.61
m), 1.98-1.90 (1H, m), 1.86-1.64 (2H, M NMR (100 MHz,  mmol) in dry THF (8.0 mL) was added NaH (60% disp®rsn
CDCly): 8 169.5, 164.8, 135.3, 129.9, 128.5, 127.3, 58.76,57 mineral oil, 181 mg, 4.53 mmol) at room temperatuidter
44.9, 40.3, 28.8, 21.5; IR (film): 3483, 3238, 308829, 2981, stirring for 50 min, AllomCl 26) [20] (750pL, 7.23 mmol) was
2953, 2931, 2886, 1664, 1496, 1454, 1336, 13076,12206, added at room temperature, and the mixture waedtfor 9.5 h
1186, 1115, 1106, 921, 732, 702, 593 ¢ifu]p?® = +93.0 € =  at 50 °C. The reaction was quenched with sat. ag\kblution
0.200, HO); HRMS (ESI)m/z calcd. for GH;7N,O, [M+H"] at room temperature, and the aqueous phase wasdily
245.1285, found 245.1277. The spectral datdararis13 were  water, extracted with BED (x1) and CHCI, (x3). The combined
identical with those reported in the literature [27] organic extracts were dried over anhydrous sodiulfatsy
4.6 Diketopiperazirtsc filtereql, and cqncentrated un.d.er reduced p.reswgda/e a crude
material, which was purified by silica gel column
To a solution of diketopiperazingans13 (203 mg, 0.832 chromatography (hexanes:EtOAc = 2:1, then EtOAc only)
mmol) in THF (4.0 mL) was added LiIHMDS (1.3 M solutipn ~ afford diketopiperazinel6e (946 mg, 3.01 mmol, 83%). A
THF, 650uL, 845 umol) at 0 °C. After stirring for 4 min, Alloc-  colorless oil;"H NMR (400 MHz, CDCJ): 6 7.32—7.24 (3H, m),
OSu (172 mg, 86amol) in THF (1.50 mL) was added at 0 °C. 7-19-7.14 (2H, m), 5.89 (1H, m), 5.29 (1H, ddd= 17.6,1.2,
The resulting mixture was stirred for 35 min at room1.2, Hz), 5.19 (1H, dJ = 10.8 Hz), 5.14 (1H, dJ = 10.6 Hz),
temperature. The reaction was quenched with sahigCl, and ~ 4-58 (1H, d.J = 10.6 Hz), 4.43 (1H, dd] = 4.7, 4.8 Hz), 4.10-
the resulting mixture was diluted by water. The safgar 3-98 (2H, m), 3.57 (1H, ddd, = 12.3, 8.5, 8.5 Hz), 3.36 (1H,
aqueous phase was extracted with,Chi(x3), and the combined ddd,J =12.3,9.3, 2.9 Hz), 3.25 (1H, dd = 14.3, 4.8 Hz), 3.20
organic extracts were dried over anhydrous sodiuffatey (1H, dd,J =14.3, 4.7 Hz), 2.53 (1H, dd,= 10.6, 6.6 Hz), 2.09
filtered, and concentrated under reduced pressugive a crude  (1H, ddd,J = 12.0, 6.2, 6.2 Hz), 1.94-1.84 (1H, m), 1.81-1.69
material, which was purified by silica gel column (LH, m), 1.66-1.53 (1H, m);C NMR (100 MHz, CDG)): &
diketopiperazinel6c (248 mg, 78%umol, 95%). A colorless oil; 62.4, 57.7, 44.9, 37.7, 29.0, 21.8; IR (film): 302879, 2951,
'H NMR (400 MHz, CDCJ): & 7.31-7.26 (3H, m), 7.19-7.14 2883, 1668, 145_3, 14496, 1344, 1296, 1261, 12072,100857,
(2H, m), 5.99-5.87 (1H, m), 5.43 (1H,H= 17.2 Hz), 5.31 (1H, 923, 748, 703 cif; [a]p™* = +60.0 ¢ = 4.41, CHC); HRMS
d, J = 10.8 Hz), 5.01 (1H, ddd] = 5.0, 5.0, 1.4 Hz), 4.75 (1H, (ESI) m/z calcd. for GgH,.N,NaO; [M"+Na] 337.1523, Found
ddd,J = 13.3, 5.8, 1.0 Hz), 4.69 (1H, dd#i= 13.3, 5.6, 1.2 Hz), 337.1506.
3.60-3.50 (1H, m), 3.45-3.37 (1H, m), 3.33-3.22 (2l, 264 4 g pithiodiketopiperaziné7a (General Procedure A)
(1H, dd,J = 9.6, 6.8 Hz), 2.17-2.07 (1H, m), 1.96-1.79 (2H, m),
1.72-1.57 (1H, m)**C NMR (100 MHz, CDCJ): & 167.2, 164.0, To a suspension of sulfug 64 mg, 1.03 mmol) in THF (5.0
151.8, 134.9, 130.7, 129.9, 128.6, 127.5, 119.49,62.3, 58.6, mL) was added NaHMDS (0.6 M in toluene, 5.00 mL, 3.00
44.8, 38.2, 29.1, 21.8; IR (film): 3086, 3062, 302883, 2953, mmol) at room temperature. After stirring for 1 min,
2885, 1782, 1731, 1672, 1455, 1384, 1270, 1231, P88, 747, diketopiperazind6a (372 mg, 1.02 mmol) in THF (5.0 mL) was
703 cm®; [a]p”® = +143 € = 0.425, CHG); HRMS (ESl)m/z  added, and the mixture was stirred for 1 min. THéaHMDS
calcd. for GgH,gN,NaQ, [M+Na'] 351.1315, Found 351.13109. (0.6 M in toluene, 3.40 mL, 2.04 mmol) was added] &me
4.7 Diketopiperazirisd mixture was stirred for 30 min at room temperatditge reaction
) was quenched with sat. aq. MH, and the separated aqueous
To a solution of diketopiperazingans13 (1.10 g, 4.51 Phase was extracted with gEl, (x3). The combined organic
mmol) in dry DMF (10.0 mL) was added NaH (60% dispmsi €xtracts were dried over anhydrous sodium sulfétered, and
in mineral oil, 248 mg, 6.20 mmol) at room temperat After ~ concentrated under reduced pressure to give a amaterial,
stirring for 15 min, SEMCI (1.60 mL, 9.03 mmol) wadded at Which was used for the next reaction without furthenifation.
room temperature, and the resulting mixture wasestiat 60 °C ~ T0 & solution of the crude material in THF (10.0)naind EtOH
for 18 h. The reaction was quenched with sat. ag,QNeit room  (10.0 mL) was added NaBH964 mg, 25.5 mmol) at 0 °C. After

4.5 Diketopiperazingrans-13
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sti ‘1H, m),
added at 0 °C, and the resulting mixture was stifeedl9 h at 5.51 (1H, d,J = 9.8 Hz), 5.36 (1H, dd) = 17.2, 1.6 Hz), 5.21
room temperature. The reaction was quenched byagaNH,CI, (1H, dd,J = 15.9, 1.8 Hz), 5.11 (1H, d, 9.8 Hz), 4.29 (2H, ddid,
and the separated aqueous phase was extracted wWi@l,GxB8). =5.5,1.5, 1.5 Hz), 3.54-3.47 (2H, m), 3.47 (1H) &,13.6 Hz),
The combined organic extracts were dried over amugr 3.18 (1H, dJ = 13.6 Hz), 2.26 (3H, s), 2.15 (3H, s), 2.14-2.04
sodium sulfate, filtered, and concentrated undeéuced pressure (1H, m), 2.03-1.89 (1H, m), 1.58-1.46 (1H, m), 0.986Q1H,
to give a crude material, whiclwas purified by flash column m); 1BC NMR (100 MHz, CDGJ): 6 166.8, 162.9, 134.4, 134.2,
chromatography (hexanes:EtOAc = 12:5) to affordnbéylthio) 130.6, 128.2, 127.4, 117.0, 77.3, 73.3, 71.2, 69%7, 44.9,
diketopiperazinel7a (204 mg, 0.449 mmol, 44%, 2 steps from 32.8, 18.5, 15.2, 13.9; IR (film): 2952, 2920, 289669, 1438,
164). A white solid; mp: 136.7-137.0 °CH NMR (400 MHz, 1416, 1385, 1362, 1248, 1083, 1057, 860, 836, 768,cm";
CDCly): 8 7.53 (2H, d,J = 8.8 Hz), 7.31-7.22 (3H, m), 7.09 (2H, [a]p*° = -9.65 ¢ = 0.660, CHGJ); HRMS (ESI)m/z calcd. for
d,J = 6.0 Hz), 6.83 (2H, dJ = 8.8 Hz), 5.18 (1H, dJ = 14.4  C,gH,eN,NaO:S, [M+Na'] 429.1277, Found 429.1271.
Hz), 4.54 (1H, dJ = 14.4 Hz), 3.79 (3H, s), 3.66-3.48 (2H, m), L . .
3.54 (1H, d,J = 13.6 Hz), 3.25 (1H, d] = 13.6 Hz), 2.05-1.91 13 Dithiodiketopiperazin5
(2H, m), 2.01 (3H, s), 1.99 (3H, s), 1.58-1.49 (1H, 0§1-0.71 To a mixture of bis-(methylthio) diketopiperazifi&e (52.9
(1H, m); “C NMR (100 MHz, CDG)): 5165.9, 163.0, 158.6, mg, 130umol) and Pd(PPJy, (7.53 mg, 6.51ymol) and 1,3-
134.1, 130.2, 129.6, 128.4, 127.7, 113.3, 78.89,886.1, 46.7,  dimethylbarbituric acid (40.7 mg, 26dmol) was added MeOH
45.8, 44.1, 32.7, 18.5, 15.0, 14.0 (One signal issmg due to (1,3 mL) at room temperature. The resulting suspensvas
overlap.), IR (film): 2994, 2956, 2933, 2922, 168812, 1421, stirred for 14 h at 40 °C. The reaction mixture veasled to
1395, 1352, 1247, 1177, 1033, 756, 703 ¢chu]p™ = +0.89 € rpom temperature before addition of excess NaH@30 mg)
0.58, 9"'093 HRMS (ESI) m/z calcd. for GHzgN-NaGsS,  and further stirred for 40 min at room temperatiiee reaction
[M+Na'] 479.1419, Found 479.1434. mixture was diluted by water (1.0 mL), and the sejara
4.10 Dithiodiketopiperazin7b aqueous phase was extracted with,Chl (x3). The combined
organic extracts were dried with anhydrous sodiurfatyl and
According to the General Procedure A, diketopiperai®le  concentrated undereduced pressure to give a crude material,
(301 mg, 0.763 mmol) were converted to bis-(methgjth which was purified by silica gel column chromatognaph
diketopiperazinel7b (210 mg, 0.431 mmol, 57 %, 2 steps from (hexanes:EtOAc = 2:1 to 1:1) to afford bis-(methydhi
16b). A white solid; mp: 186.3-186.7 °CH NMR (400 MHz,  diketopiperazinel5 (41.6 mg, 124umol, 95%). A white solid;
CDCly): 5 7.39 (1H, dJ = 8.5 Hz), 7.30-7.20 (3H, m), 7.11 (2H, mp: 159.9-160.5 °C'H NMR (400 MHz, DMSO-¢): 5 8.85
d,J=6.4Hz), 6.48 (1H,d] = 2.1 Hz), 6.41 (1H,d) =8.5,2.1 (1H, s), 7.26-7.14 (5H, m), 3.48 (1H,H= 12.8 Hz), 3.46-3.26
Hz), 5.07 (1H, dJ = 15.8 Hz), 4.68 (1H, dJ = 15.8 Hz), 3.90 (2H, m), 3.00 (1H, dJ = 12.8 Hz), 2.29 (3H, s), 2.11 (3H, s),
(3H, s), 3.79 (3H, s), 3.67-3.53 (2H, m), 3.55 (1HJ)d&; 13.6  2.02 (1H, ddJ = 13.2, 7.2 Hz), 1.95-1.81 (1H, m), 1.63-1.52
Hz), 3.33 (1H, dJ = 13.6 Hz), 2.14 (3H, s), 2.14 (3H, s), 2.10— (1H, m), 0.97 (1H, ddd) = 9.3, 12.1, 12.1 Hz)**C NMR (100
1.94 (2H, m), 1.61-1.50 (1H, m), 0.86-0.73 (1H, H}; NMR  MHz, DMSO-d): & 165.6, 163.2, 134.9, 130.3, 127.8, 126.9,
(100 MHz, CDC}): & 165.7, 162.9, 159.5, 157.2, 134.2, 130.1,69.6, 67.4, 44.9, 44.6, 33.7, 18.6, 14.0, 13.2;(fiRn): 3211,
128.3, 127.5, 127.0, 118.5, 103.5, 98.2, 78.5,,685/3, 55.2, 3096, 3087, 3062, 2987, 2961, 2922, 2896, 16769,16806,
45.8, 44.1, 41.1, 32.5, 18.4, 15.2, 14.2; IR (fil@P98, 2959, 1208, 755, 705 cim; [a],™® = -17.5 ¢ = 0.65, CHCJ); HRMS
2936, 2921, 2835, 1662, 1616, 1590, 1508, 14559,14320, (ESI)m/z calcd. for GgH,oN,NaG,S, [M+Na'] 359.0858, Found
139?2, 1361, 1300, 1261, 1208, 1156, 1120, 1036, 76% cm’; 359.0835.
[a]p™ = +21.3 ¢ = 0.26, CHCJ); HRMS (ESI)m/z calcd. for .
CosHaiNNaO,S, [M+Na'] 509.1539, Found 509.1526. 4.14 amide20a (General Procedure B)
4.11 Dithiodiketopiperazin&7d To a solution of amidd9a (1.11 g, 5.26 mmol) and TBAI
(195 mg, 0.527 mmol) in THF (21.0 mL) was added LiH®D
According to the General Procedure A, diketopiperaZide (1.3 M solution in THF, 4.46 mL, 5.80 mmol) at —40. After
(456 mg, 1.22 mmol) were converted to bis-(methglthi stirring for 30 min, AllomCI 26) [20] (0.764 mL, 5.80 mmol)
diketopiperazinel7d (386 mg, 0.828 mmol, 68%, 2 steps from was added at —40 °C, and the mixture was stirred@t°€ for
16d). A white solid; mp: 82.9-83.3 °CH NMR (400 MHz, 14 h. The reaction was quenched with sat. aq,Q\solution
CDCly): 6 7.25-7.19 (3H, m), 7.12 (2H, ddi= 7.8, 2.2 Hz), 5.48 and the mixture was diluted by water. The aqueouseheas
(1H, d,J = 9.6 Hz), 5.06 (1H, d] = 9.6 Hz), 3.79 (2H, t) = 8.6 extracted with CHCI, (x4). The combined organic extracts were
Hz), 3.50 (2H, ddJ = 9.2, 6.4 Hz), 3.46 (1H, dl = 13.6 Hz), dried over anhydrous sodium sulfate, filtered, aodcentrated
3.18 (1H, d,J = 13.2 Hz), 2.26 (3H, s), 2.14 (3H, s), 2.12-2.04under reduced pressure to give a crude materialchwhias
(1H, m), 2.02-1.89 (1H, m), 1.55-1.46 (1H, m), 1.096Q02H, purified by silica gel column chromatography (hesstEtOAC =
m), 0.93-0.84 (1H, m), 0.03 (9H, s)’C NMR (100 MHz, 4:1) to afford amide0a (1.43 g, 5.08 mmol, 97%). A colorless
CDCly): 5 166.8, 163.0, 134.3, 130.6, 128.2, 127.4, 77.31,73 oil; '"H NMR (400 MHz, DMSO-¢, VT 80 °C):5 7.48-7.42 (5H,
69.5, 67.4, 45.7, 44.8, 32.7, 18.5, 18.4, 15.30,141.4; IR m), 7.36-7.26 (5H, m), 5.82-5.75 (1H, m), 5.14 (1H] &,17.6
(film): 2952, 2920, 1669, 1454, 1438, 1416, 138362, 1248, Hz), 5.07 (1H, dJ =10.4 Hz), 4.86-4.67 (4H, m), 3.84 (br, 2H);
1083, 1057, 860, 836, 756, 703 ¢nfa]p>° = -6.99 ¢ = 2.76, '*C NMR (100 MHz, DMSO-¢g VT 80 °C):d 171.0, 137.2,
CHCl); HRMS (ESI) m/z caled. for GHa:N.NaGS,Si 135.4, 134.0, 129.4, 128.0, 127.9, 127.1, 126.6.512116.3,
[M+Na'] 489.1672, Found 489.1649. 77.0, 68.0, 48.1; IR (film): 3062, 3030, a3942, 286851, 1496,
o . . 1445, 1417, 1267, 1071, 1050, 699 GmHRMS (ESI) m/z
4.12 Dithiodiketopiperazin&7e calcd. for GeHiNNaO, [M+Na'] 304.1308, found 304.1296.

According to the General Procedure A, diketopiperadiée 4 15 gmide0ob
(843 mg, 2.68 mmol) were converted to bis-(methglkhi
diketopiperazinel7e (539 mg, 1.33 mmol, 50% 2 steps from  According to the General Procedure B, ami®&b (55.5 mg,
168. A white solid; mp: 84.8-85.2 °CH NMR (400 MHz, 191 pmol) was converted to amid20b (51.6 mg, 143umol,
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8 7.64—7.16 (2H, m), (.47 (2H, d,= 8.4 Hz), 7.34—7.26 (5H,
m), 5.82-5.77 (1H, m), 5.16 (1H, 3= 17.6 Hz), 5.09 (1H, d

=10.0 Hz), 3.86 (2H, br s}°C NMR (100 MHz, DMSO-¢l VT

80 °C):5170.1, 137.0, 134.5, 133.9, 130.9, 128.7, 1280,2,

126.7, 122.9, 116.3, 77.0, 68.0, 48,3; IR (filmP8ss, 3063,
3030, 2979, 2942, 2898, 2863, 1652, 1590, 14437,14360,
1292, 1266, 1072, 1011, 932, 837, 754, 700'cMRMS (ESI)

m/z calcd. for GgH:sBrNNaQ, [M+Na']l 382.0413, Found
382.0403.

4.16 amide20c

According to the General Procedure B, ami®e (62.4 mg,
2.43 pmol) was converted to amid20c (70.4 mg, 215mmol,
89%). A yellow oil;*"H NMR (400 MHz, DMSO-¢, VT 80 °C):
5 8.26 (2H, dJ = 8.0 Hz), 7.73 (2H, dJ = 8.0 Hz), 7.35-7.25
(5H, m), 5.84-5.71 (1H, m), 5.16 (1H,37 17.6 Hz), 5.08 (1H,
d, J = 10.8 Hz), 4.70 (2H, br), 4.64 (2H, br), 3.86 (2H, BFg
NMR (100 MHz, CDC)): 6169.4, 147.9, 1415, 136.8, 133.9,
128.1, 127.9, 127.3, 126.8, 123.2, 116.5, 68.13,548.5; IR
(film): 3080, 3066, 3031, 2945, 2862, 1651, 160821, 1425,
1349, 1072, 732, 700 ¢m HRMS (ESI) m/z calcd. for
CigH1gNo,NaQ, [M+Na'] 349.1159, Found 349.1140.

4.17 amide20d

According to the General Procedure B, ami@e (60.3 mg,
250 pmol) was converted to amid20d (68.0 mg, 218umol,
87%). A colorless oil!H NMR (400 MHz, DMSO-¢, VT 80
°C): & 7.49-7.46 (2H, m), 7.35-7.25 (5H, m), 6.99-6.97 (@M,
5.86-5.76 (m, 1H), 5.19-5.14 (m, 1H), 5.11-5.08 (hf), #.69—
4.68 (m, 4H), 3.89-3.86 (m, 2H), 3.80 (s, 1M NMR (100
MHz, DMSO-d;, VT 80 °C):6170.8, 160.4, 137.4, 134.0, 128.6,
127.9, 127.4, 127.2, 126.6, 116.3, 113.4, 77.59,699.5, 48.2;
IR (film) 1442, 1417, 1358, 1302, 1253, 1175, 111249, 933,
842, 766, 700, 598 ch HRMS (ESI) m/z calcd. for
CigHNNaO; [M+Na'] 334.1414, Found 334.1408.

4.18 amide20e

According to the General Procedure B, ami®e (74.0 mg,
331 pmol) was converted to amid20e (92.1 mg, 314umol,
95%). A yellow oil;"H NMR (400 MHz, DMSO-¢, VT 80 °C):
0 7.45-7.42 (5H, m), 5.84-5.78 (1H, m), 5.18 (1HJd; 17.6
Hz), 5.09 (1H, dJ = 10.4 Hz), 4.69 (2H, br), 4.54 (2H, br), 3.86
(2H, br), 3.51 (4H, br), 3.26 (3H, br), 1.88-1.85 (@H); “°C
NMR (100 MHz, DMSO-¢, VT 80 °C):6 170.9, 135.8, 134.1,
129.1, 127.8, 126.4, 116.1, 95.6, 67.4, 64.8, 528, 27.9 (One
signal is missing due to overlap.); IR (film): 293383, 1651,
1446, 1419, 1404, 1271, 1147, 1112, 1043, 919, 728,cm";
HRMS (ESI) m/z calcd. for GgH,sNNaO, [M+Na'] 316.1519,
Found 316.1516.

4.19 amide0f

According to the General Procedure B, amid® (40.5 mg,
251 mmol) was converted to ami@®f (49.5 mg, 214umol,
85%). A colorless oil'lH NMR (400 MHz, CDCJ): 5 7.39-7.21
(5H, m), 5.88-5.81 (1H, m), 5.25 (1H,H5 16.8 Hz), 5.17-5.12
(2H, m), 4.82 (m, 1H), 4.06 (1H, d,= 10.8 Hz), 3.97-3.94 (m,
2H), 2.64-2.50 (3H, m), 1.99-1.95 (1H, mjC NMR (100

MHz, CDCk): 6 176.2, 140.5, 134.0, 128.8, 128.0, 126.5, 116.9

70.0, 69.4, 60.4, 30.2, 28.1; IR (film): 3081, 308831, 2979,
2941, 2885, 1704, 1456, 1415, 1392, 1319, 12567,12Q065,
932, 769, 703 cil; HRMS (ESI)m/z calcd. for G4H;/NNaO,
[M+Na'] 254.1151, Found 254.1147.

4.20 amide20g

7

ng,
250 pmol) was converted to amid20g (/1.7 mg, 236umol,
95%). A colorless oil!H NMR (400 MHz, CDCJ, mixture of
rotamers):d 7.37-7.18 (5H, m), 5.94-5.82 (2H, m), 4.92 (0.7H,
s), 4.67 (2H, s), 4.63 (1.3H, s), 4.31 (0.7Jd: 5.2 Hz), 3.94
(1.3H, d,J = 6.0 Hz), 2.46 (1.3 H, 1] = 7.6 Hz), 2.33 (0.7H, 8.0
Hz), 1.71-1.63 (m, 2H), 1.32—-1.35 (m, 8H), 0.88-0184 % H);
¥C NMR (100 MHz, CDGJ, mixture of rotamers)d 174.8,
174.1, 137.8, 136.9, 134.3, 133.8, 128.8, 128.48.112127 .4,
127.2, 126.3, 117.6, 116.9, 76.8, 74.3, 69.5, 68%2, 48.3,
33.32, 32.99, 31.63, 31.58, 29.3, 29.2, 29.00,2828.3, 25.0,
22.53, 22.50, 14.0; IR (film): 3086, 3064, 3030529 2926,
2855, 1664, 1496, 1453, 1421, 1359, 1236, 1036, 934, 732,
700 cm®’ HRMS (ESI)m/z calcd. for GgH,gNNaO, [M+Na']
326.2091, Found 326.2082.

4.21 amidel9a (General Procedure C)

To a mixture of amid@0a (56.0 mg, 199umol) and Pd(PPy
(23.3 mg, 20.Qumol) and 1,3-dimethylbarbituric acid (62.2 mg,
398 umol) was added MeOH (0.67 mL) at room temperature.
The resulting suspension was stirred for 6 h at @0 The
reaction mixture was cooled to room temperature reedddition
of excess aq. NH(0.3 ml) and further stirred for 40 min at room
temperature. Then, the reaction mixture was dilbtedater (1.0
mL) and then the separated aqueous phase was edtraih
CH,CI, (x3). The combined organic extracts were dried with
anhydrous sodium sulfate and concentrated un@eiuced
pressure to give a crude material, which was purlfigdilica gel
column chromatography (hexanes:EtOAc = 3:1) to affomdde
19a(41.4 mg, 19@umol, 98%).

4.22 amidel9b

According to the General Procedure C, anf@ (78.4 mg,
218 pmol) was converted to amidEdb (54.1 mg, 186umol,
86%).

4.23 amidel9c

According to the General Procedure C, anfifle (37.8 mg,
116 umol) was converted to amid&c (13.9 mg, 54.2umol,
47%).

4.24 amidel9d

According to the General Procedure C, anfie (65.5 mg,
210 pmol) was converted to amid&9c (40.9 mg, 170umol,
81%).

4.25 amidel9e

According to the General Procedure C, anfifde (66.7 mg,
227 ymol) was converted to amid&de (39.0 mg, 175umol,
78%).

4.26 amidelof

According to the General Procedure C, am2®é¢ (39.7 mg,
172 umol) were converted to amidE9f (19.3 mg, 120umol,
70%).

4.27 hemiaminallg

To a mixture of amide20g (20.9 mg, 68.8umol) and
Pd(PPh), (8.0 mg, 6.87umol) and 1,3-dimethylbarbituric acid
(21.5 mg, 134umol) were added THF (0.17 mL) and MeOH
(0.06 mL) at room temperature. After stirred for 8tH0 °C, the
reaction was quenched with sat. aq.,®@&, and the aqueous
phase was extracted with EtOAc (x3). The combined dcgan
extracts were dried over anhydrous sodium sulféterdd, and
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cc
which was puriied by silica gel column chromatognaph
(hexanes:EtOAc = 5:1) to afford amide hemiamigah (16.6
mg, 63.2umol, 92%). A colorless oil’H NMR (400 MHz,
CDCls, mixture of rotamers) 7.36—7.22 (5H, m), 4.86 (2H, br),
4.86-4.65 (2H, br), 3.69 (0.7H, br), 2.64-2.49 (0.94), 2.31

Tetrahedron

niH
NMR (400 MHz, CDC{, mixture ot rotamers):H NMR (400
MHz, CDCk, mixture of rotamers) 7.49-7.28 (8.8H, m), 7.12—
7.09 (1.2H, m), 6.48-6.37 (2.4H, m), 6.11 (0.6HJ & 8.4 Hz),
5.37-5.13 (3H, m), 5.05-4.76 (3H, m), 4.50 (1H, ddie; 8.4,
8.4, 2.8 Hz), 3.81 (1.2H, s), 3.72 (1.8H, s), 3.26438H, m),

(1.4H, t,J = 8.0 Hz), 1.71-1.61 (m, 2H), 1.25 (br, 8H), 0.88-0.842.76 (0.4H, dJ = 15.2 Hz), 2.64 (0.6H, d = 15.2 Hz), 0.940

(m, 3 H);™*C NMR (100 MHz, CDGJ, mixture of rotamers):
0175.9, 174.2, 138.0, 136.9, 128.9, 128.7, 128.1, 127.6, 127.5, 1
26.4,72.2,71.7,51.5, 48.2, 33.4, 33.1, 31.7, 31.6, 29.4, 29.2, 29.

1, 29.0, 25.4, 24.9, 22.6, 14.0 (Two signals are missing due to
overlap.); IR (film): 3371, 3087, 3063, 3030, 292926, 2870,
2855, 1636, 1629, 1453, 1423, 1041, 1029, 699" chiRMS
(ESI) m/z calcd. for GgH,gN,O, [M+H'] 264.1958, Found
264.1946.

4.28 amidel9g

To a mixture of hemiamina2lg (19.1 mg, 72.7umol) and
Nal (76.3 mg, 509umol) in MeCN (0.36 mL) was added TMSCI
(46.0 pL, 495 umol) at 0 °C. After stirred for 24 h at room
temperature, the reaction was quenched with saN&gO;, and
the aqueous phase was extracted with EtOAc (x3). Timbioed
organic extracts were dried over anhydrous sodiulfatsy
filtered, and concentrated under reduced pressugé/é a crude
material, which was purified by preparative TLC
(hexanes:EtOAc = 1:1) to afford amid&g(17.0 mg, 72.3umol,
quant).

4.29 amide22g

To a mixture of amide20g (17.3 mg, 57.0umol) and
Pd(PPB), (6.6 mg, 5.67umol) and 1,3-dimethylbarbituric acid
(17.8 mg, 114umol) was added MeOH (0.2 mL) at room
temperature. The resulting suspension was stirretldf® h at 40
°C. Then, the reaction was quenched with sat. agC@gaand
the mixture was extracted with EtOAc (x3). The comdbine
organic extracts were washed with 1 M ag. HCI and bdnied
over anhydrous sodium sulfate, filtered and corre¢ed under
reduced pressure to give a crude material, whichpuaged by
preparative TLC (hexanes:EtOAc = 3:1) to afford adifig (0.7
mg, 3.00pmol, 5.3%),21g (3.2 mg, 12.1umol, 21%), and22g
(6.1 mg, 22.Qumol, 39%). A colorless oil'H NMR (400 MHz,
CDCls, mixture of rotamers)d 7.37—-7.18 (5H, m), 4.85 (0.8H,
s), 4.67 (1.2H, s), 4.61 (2H, s), 3.33 (1.2H, s), 3128H, s), 2.46
(1.2H, t,J = 7.6 Hz), 2.35 (0.8H, tJ = 7.6 Hz), 2.48-1.64 (2H,
m), 1.32-1.25 (8H, m), 0.88-0.84 (3H, M NMR (100 MHz,
CDCls, mixture of rotamers) 175.0, 174.2, 137.8, 136.9, 128.8,
128.5, 128.1, 127.5, 127.3, 126.3, 78.9, 76.0,,56513, 49.1,
48.3, 33.4, 33.0, 31.7, 31.6, 29.3, 29.2, 29.10,295.2, 25.1,
22.57, 22.55, 14.0 (One signal is missing due terlap.); IR
(film): 3087, 3063, 3031, 2953, 2927, 2871, 285663, 1453,
1420, 1389, 1095, 1077, 699 CMHRMS (ESI)m/z calcd. for
C,-H,,NNaQ, [M+Na'] 300.1934, Found 300.1921.

4.30 amide23

To a solution of carboxylic acié [9] (491 mg, 1.10 mmol)
andL-phenylalanine methyl esté&f (497 mg, 2.78 mmol) in dry
CH,CI, (15.0 mL) was added §#t (612puL, 4.40 mmol) at room
temperature. After stirring for 10 min, BOP-CI (576),m2.26
mmol) was added, and the mixture was stirred forh2al room
temperature. The reaction was quenched with satNaHCQG;,
and the mixture was extracted with EtOAc (x3). The cowedh
organic extracts were washed with 1 M ag. HCI and bdrnied
over anhydrous sodium sulfate, filtered and corre¢ed under
reduced pressure to give a crude material, whichpuaged by
silica gel column chromatography (hexanes:EtOAc =) 2dl

(9H, s), 0.120 (3H, s), 0.054 (3H, sYC NMR (100 MHz,
CDCls, mixture of rotamers) 171.6, 171.5, 171.4, 171.2, 154.7,
153.9, 145.5, 145.2, 136.1, 135.7, 135.4, 135.®.4,2129.1,
128.5, 128.5, 128.4, 128.3, 128.1, 128.1, 127.9,.11,2127.0,
120.3, 118.7, 105.9, 105.5, 67.6, 67.3, 67.1, 66=0, 64.4,
61.8, 61.4, 53.0, 52.5, 52.2, 52.1, 37.8, 37.73,332.0, 25.6,
17.8, -4.5, -4.6, -5.0, -5.1 (Five signals are mggue to
overlap.); IR (film): 3325, 3031, 2953, 2928, 282855, 1746,
1713, 1639, 1526, 1437, 1408, 1350, 1318, 1252012142,
1113, 1085, 959, 836, 777, 748, 698 tnja]y>’ = -175 € =
1.20, CHC)); HRMS (ESI) m/z calcd. for GzH4N,NaO,Si
[M+Na'] 629.2653, found 629.2624.

4.31 Amide24

To a suspension of amid23 (398 mg, 657umol) and
Pd(OAc) (57.8 mg, 257umol) in CH,CI, (12.0 mL) was added
Et:N (300pL, 2.16 mmol) at room temperature. After stirring fo
30 min at reflux, ESIH (1.10 mL, 6.90 mmol) was added, and
the mixture. was stirred for 40 min at reflux. Theaction
mixture was diluted by C}€l, and the reaction was quenched
with sat. ag. NaHC® The separated aqueous phase was
extracted with CKCl, (x4). The combined organic extracts were
dried over anhydrous sodium sulfate, filtered, aodcentrated
under reduced pressure to give a crude materialchwhias
purified by silica gel column chromatography (heasuEtOAC =
6:1 to 2:1) to afford amin@4 (347 mg, quant). A colorless oil;
'H NMR (400 MHz, CDCJ): & 7.90 (1H, dJ = 8.4 Hz), 7.22—
7.16 (3H, m), 7.03 (2H, d} = 6.8 Hz), 6.25 (1H, d] = 2.0 Hz),
6.22 (1H, d,J = 8.0 Hz), 4.80 (1H, ddd] = 10.8, 3.2, 3.2 Hz),
4.71 (1H, ddJ = 8.0, 7.8 Hz), 4.27 (1H, dd, = 7.8, 2.2 Hz),
3.79 (1H, ddJ = 7.2, 5.6 Hz), 3.70 (3H, s), 3.55 (1H, s), 3.19
(1H, dd,J = 14.0, 5.8 Hz), 3.01 (1H, dd,= 14.0, 6.6 Hz), 2.73—
2.71 (2H, m), 2.28 (1H, s), 0.82 (9H, s), 0.033 (3HPK22 (3H,
s); C NMR (100 MHz, CDG)): 5 173.0, 171.9, 145.5, 135.8,
133.1, 129.1, 128.3, 126.9, 120.5, 105.6, 67.9,680.9, 52.5,
52.1, 37.6, 35.0, 25.6, 17.9, -3.8, -4.7; IR (filn3B49, 3029,
2952, 2928, 2893, 2855, 2360, 2341, 1745, 1677416808,
1437, 1360, 1344, 1254, 1200, 1079, 961, 837, 709, cm’;
[a]p?® = =195 ¢ = 1.65, CHCJ)); HRMS (ESI)m/z calcd. for
CasH3N,0sSi [M+H™] 473.2466, found 473.2451.

4.32 Dithiodiketopiperazings

To a solution of aming4 (447 mg, 945umol) in MeOH (250
mL) was added 25% aq. NH15.0 mL) at room temperature.
After stirring for 2.7 days at room temperature, thaction was
concentrated under reduced pressure to give a amaterial,
which was purified by silica gel column chromatognaph
(hexanes:EtOAc = 2:1) to afford diketopiperaz2te (202 mg,
459 umol, 48%). A colorless oil'H NMR (400 MHz, CDC)): &
7.33-7.18 (5H, m), 6.41 (1H, s), 6.29 (1H,Jds 8.0 Hz), 5.90
(1H, s), 5.00 (1H, dJ = 7.6 Hz), 4.88 (1H, dd] = 8.0, 7.6 Hz),
4.77 (1H, s), 4.23-4.16 (2H, m), 3.51 (1H, dd; 14.0, 3.6 Hz),
2.89-2.79 (2H, m), 2.52 (1H, dd~= 13.0, 13.0 Hz), 0.79 (9H, s),
0.011 (3H, s), 0.006 (3H, sj°C NMR (100 MHz, CDG)): &
168.5, 163.9, 145.0, 135.6, 135.1, 129.3, 128.9,3,2112.4,
106.4, 66.9, 63.1, 57.9, 56.2, 37.3, 33.4, 25.78,14.3, —4.5;
IR (film): 3381, 3228, 3220, 2952, 2928, 2895, 282359,
2341, 1684, 1663, 1444, 1422, 1294, 1256, 12029,11683,



957
CHCL); HRMS (EI) m/z calcd.
440.2131, found 440.2134.

4.33 Dithiodiketopiperazing7

tor  GaHaN,O,S1 [M']

To a solution of diketopiperazirs (63.4 mg, 144umol) in
THF (630puL) was added LIHMDS (1.3 M solution in THF, 120
pL, 156 umol) at —40 °C. After stirring for 8 min, AllomCRg)

9

ture.
After stirrng for 1.5 h at room temperature, th@aton was
quenched with sat. agq. b&0O; solution and water (1:2). The
separated aqueous phase was extracted wiyCIgkx3). The
combined organic extracts were dried over anhydsndium
sulfate, filtered, and concentrated under reducedsorre to give
a crude material, which was purified by silica gelluomn
chromatography (hexanes:EtOAc = 1:3) to afford laet@9

[20] (120uL, 1.16 mmol) was added at —40 °C, and the mixture(71.0 mg, 180imol, 96%). A white foamH NMR (400 MHz,

was stirred at =20 °C for 17 h. The reaction was gled with

sat. ag. NECI solution and the mixture was diluted by water.

The separated aqueous phase was extracted witCICEk4).
The combined organic extracts were dried over armdugr
sodium sulfate, filtered, and concentrated undéuced pressure
to give a crude material, which was purified by silgel column
chromatography (hexanes:EtOAc 4:1 to 2:1) to dffor
diketopiperazin€7 (66.3 mg, 12Qumol, 84%). A colorless oil;
'H NMR (400 MHz, CDCJ): 3 7.28-7.22 (3H, m), 7.04 (2H, 4,
= 8.0 Hz), 6.28 (1H, d) = 7.6 Hz), 6.27 (1H, s), 5.96-5.87 (1H,
m), 5.51 (1H, dJ = 10.8 Hz), 5.31 (1H, dt) = 17.2, 1.6 Hz),
5.24 (1H, dtJ = 10.8, 1.2 Hz), 4.87(1H, dd, = 7.8, 7.6 Hz),
4.82 (1H, dJ = 7.8 Hz), 4.79 (1H, d] = 10.8 Hz), 4.62 (1H, s),
4.57 (1H, m), 4.12 (1H, dd,= 12.8, 6.0 Hz), 4.07-4.40 (2H, m),
3.42 (1H, ddJ = 14.0, 2.8 Hz), 3.21 (1H, dd,= 14.0, 2.8 Hz),
2.44 (1H, ddJ = 13.2, 6.0 Hz), 0.94 (1H, dd,= 13.2, 12.8 Hz),
0.79 (9H, s), 0.007 (3H, s}0.009 (3H, s); “°C NMR (100 MHz,
CDCly): 6 166.2, 163.7, 144.9, 134.9, 134.7, 133.4, 13(28,6]
127.4, 118.1, 112.8, 106.4, 72.5, 69.9, 68.6, 63®]1, 58.2,
36.5, 33.6, 25.8, 18.0,4.3, —4.5; IR (film): 2952, 2928, 2856,
1662, 1452, 1441, 1295, 1200, 1138, 1092, 1051, 986, 837,
777, 703 cnt; [a]p?® = -333 ¢ = 0.535, CHGJ)); HRMS (ESI)
m/z calcd. for GgHigN,NaQSi [M+Na'] 533.2442, found
533.2417.

4.34 Dithiodiketopiperazin28

To a solid of diketopiperazing7 (66.3 mg, 12Qumol) was
added HF-Py in pyridine (2.00 mL, 1:4, HF-Py contajni70%
hydrogen fluoride and ~30% pyridine) at room terapare.
After stirring for 17 h at 45 °C, the reaction misguvas diluted

CDCly): 8 7.28-7.22 (3H, m), 7.09 (2H, d= 8.0 Hz), 7.00 (1H,
d,J = 7.6 Hz), 6.59 (1H, d] = 2.4 Hz), 6.01-5.91 (1H, m), 5.61
(1H, d,J = 7.6 Hz), 5.36 (1H, dJ = 18.4 Hz), 5.35 (1H, d] =
10.4 Hz), 5.31 (1H, s), 5.27 (1H, 3= 10.4 Hz), 4.90 (1H, dl =
10.4 Hz), 4.68 (1H, dd] = 4.0, 3.4 Hz), 4.20-4.10 (2H, m), 3.91
(1H, dd,J = 13.4, 6.0 Hz), 3.43 (1H, dd,= 14.0, 3.4 Hz), 3.29
(1H, dd,J = 14.0, 4.0 Hz), 2.53 (1H, dd,= 15.2, 6.0 Hz), 1.01
(1H, dd,J = 13.4, 13.4 Hz)°C NMR (100 MHz, CDCJ): &
180.9, 164.9, 163.6, 153.3, 136.9, 134.5, 133.4.013128.3,
127.1, 117.6, 115.4, 107.8, 73.5, 70.4, 66.3, 66700, 36.9,
31.8; IR (film): 3028, 2925, 2867, 1687, 1667, 160454, 1350,
1327, 1292, 1204, 1078, 1051, 940, 930, 864, 838, 736
cm b [a]p?® = =279 € = 0.445, CHGJ); HRMS (ESI)m/z calcd.
for CyH»aN,Os [M+H] 395.1601, found 395.1605.

4.36 Dithiodiketopiperazingd0

To a solution of lacton@9 (138 mg, 350umol) in CHClI,
(750 pL) and EtOH (50QuL) was added Cegl7H,0O (381 mg)
in EtOH (2.0 mL) at =78 °C. After stirring for 10 miNaBH, in
EtOH (22.0 mg, 582imol in 550uL) was added at -78 °C, and
the mixture was stirred at —78 °C for 1.6 h. Thectiea was
quenched with ag. NAI solution at room temperature. The
separated aqueous phase was extracted witfCIgkix3). The
combined organic extracts were dried over anhydsadium
sulfate, filtered, and concentrated under reducedsoire to give
a crude material, which was purified by silica gelluenn
chromatography (hexanes:EtOAc = 1:3) to afford allgbhol30
(126 mg, 318imol, 91%). A white foam'H NMR (400 MHz,
CDCly): 6 7.31-7.23 (3H, m), 7.08 (2H, d= 6.4 Hz), 6.27 (1H,
dd,J = 2.2, 2.2 Hz), 6.13 (1H, dd, = 8.0, 2.4 Hz), 6.00-5.90

by water at 0C. The separated aqueous phase was extracted wifhH. m), 5.42 (1H, dJ = 10.8 Hz), 5.36 (1H, d] = 17.2 Hz),
CH,Cl, (x4). The combined organic extracts were dried oveP-26 (1H, dJ=10.0 Hz), 5.07 (1H, dI = 3.6 Hz), 4.88 (1H, s),

anhydrous sodium sulfate, filtered, and concerdratsxder
reduced pressure to give a crude material, whichpuagied by
silica gel column chromatography (@E,:EtOAC 1:5) to
afford allyl alcohol28 (46.6 mg, 118umol, 98%). A white solid;
mp: 155.5-156.5 °C*H NMR (400 MHz, CDCJ): & 7.28-7.22
(3H, m), 7.07-7.04 (2H, m), 6.34 (1H, H= 8.0 Hz), 6.34 (1H,
d,J = 2.0 Hz), 5.98-5.91 (1H, m), 5.41 (1H,Jd 10.8 Hz), 5.35
(1H, ddd,J = 17.5, 2.9, 1.7 Hz), 5.24 (1H, ddb= 10.3, 2.9, 1.5
Hz), 5.05 (1H, ddJ = 8.2, 8.0 Hz), 4.82 (1H, d, = 10.8 Hz),
4.79-4.76 (2H, m), 4.69 (1H, s), 4.58-4.56 (1H, m224(1H,
dd,J=12.2, 6.0 Hz), 4.16-4.10 (2H, m), 3.42 (1H, 3¢, 14.2,
3.0 Hz), 3.23 (1H, ddJ = 14.2, 4.4 Hz), 2.48 (1H, dd,= 14.4,
6.0 Hz), 0.94 (1H, ddJ = 14.4, 12.2 Hz)"*C NMR (100 MHz,
CDCly): 6 166.0, 163.8, 145.1, 135.2, 134.7, 133.6, 13(28,4],
127.3, 117.8, 113.7, 105.7, 73.2, 70.3, 68.1, 63%8, 58.3,
36.8, 33.3; {i]p™°> = -367 € = 0.260, CHGJ); IR (film): 3425,
3419, 2921, 2359, 2340, 1694, 1659, 1454, 13396,12200,
1137, 1074, 1047, 929, 857, 758, 736, 704 'cHRMS (ESI)
m/z caled. for GH,N,NaQ; [M+Na']l 419.1577, found
419.1558.

4.35 Dithiodiketopiperazin29

To a solution of allyl alcohd?8 (74.3 mg, 18gumol) and nor-
AZADO (8.50 mg, 61.5umol) in dry CHCI, (1.40 mL) was

4.87 (1H, d,J = 10.8 Hz), 4.64 (1H, dd] = 3.0, 4.2 Hz), 4.52
(1H, d,J = 7.6 Hz), 4.20-4.17 (1H, m), 4.14 (1H,J 5.8 Hz),
4.13 (1H, d,J = 5.8 Hz), 3.91 (1H, dd] = 13.0, 5.8 Hz), 3.40
(1H, dd,J = 13.8, 3.0 Hz), 3.27 (1H, dd,= 13.8, 4.2 Hz), 2.36
(1H, dd,J = 13.6, 5.8 Hz), 0.80 (1H, dd,= 13.6, 13.0 Hz)}*C
NMR (100 MHz, CDCJ): & 167.0, 165.1, 138.0, 137.0, 134.2,
133.4, 130.2, 128.7, 127.7, 118.1, 109.8, 109.22,78.5, 69.1,
64.1, 59.8, 56.3, 37.0, 33.7; IR (film): 3369, 302942, 2863,
1661, 1453, 1344, 1296, 1193, 1133, 1078, 1058, B39, 756,
730, 704, 578 cil; [a]p®™ = —229 € = 1.04, CHCJ); HRMS
(ESI) m/z calcd. for G,H,N,NaQ, [M+Na'] 419.1577, found
419.1564.

4.37 Dithiodiketopiperazing@l

To a suspension of sulfug 3.6 mg, 247umol) in EtO (1.0
mL) was added LIHMDS (1.3 M in THF, 734, 943 umol) at
room temperature. After stirring for 5 min, diketppiazine30
(18.6 mg, 47.Qumol) in a mixture of THF (2.0 mL) and £ (1.0
mL) was added at room temperature, and the resudhgtion
was stirred for 1 min. Then, LIHMDS (1.3 M in THF, 725,
943 umol) was added, and the mixture was stirred for 30 ani
room temperature. The reaction was quenched withNajCl
and diluted with water. The separated aqueous phase w
extracted with BO (x1) and CHCI, (x2). The combined organic
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€
and concentrated under reduced pressure to giuga material,
which was purified by preparative TLC (hexanes:EtOAE6:1
x2, then hexanes:GBI, = 3:5) to afford the mixture of bridged
polysulfides. To a solution of the polysulfides anmixture of
THF (3.2 mL) and EtOH (3.2 mL) was added NaBB6.5 mg,
965 umol) at 0 °C. After stirred for 8 min at room tematerre,
Mel (1.60 mL, 25.6 mmol) was added af@ and the resulting
mixture was stirred at room temperature for 4 e Téaction was

Tetrahedron

and
DMAP (1.23 mg, 10.lumol) in pyndine (120uL) was added
Ac,O in pyridine (0.127 M, 100uL, 12.7 pwmol) at room
temperature. After stirring for 50 min at room temgtere,
additional AgO (13.0uL, 138umol) was added, and the mixture
was stirred for 35 min. Then, additional DMAP (5.69,M§.6
umol) was added, and the mixture was stirred for 4% ahiroom
temperature. The reaction was diluted with ,CH and
quenched with ag. 1 M HCI. The separated aqueouseplias

quenched by ag. Nj€I, and the separated aqueous phase wasxtracted with CHCI, (x5), and the combined organic extracts

extracted with BO (x1) and CHCI, (x2). The combined organic
extracts were dried over anhydrous sodium sulfdterdd, and
concentrated under reduced pressure to give a amaterial,
which was purified by preparative TLC (hexanes:EtOAL6+1,
then hexanes:EtOAc = 2:1)
diketopiperazineg1 (18.3 mg, 30.3umol, 65% 2 steps frorB0).
A white foam;’H NMR (400 MHz, CDCJ): & 7.29-7.24 (3H,
m), 7.15-7.12 (2H, m), 6.31 (1H, m), 6.17 (1H, dd; 8.4, 2.4
Hz), 6.03-5.93 (1H, m), 5.40-5.34 (1H, m), 5.53 (1H] &,9.6
Hz), 5.24-5.22 (2H, m), 5.12 (1H, 3= 9.6 Hz), 4.91 (1H, ddl
=8.2, 1.8 Hz), 4.58-4.55 (1H, m), 4.42 (1H,Jd; 8.0 Hz), 4.30—
4.28 (2H, m), 3.48 (1H, d] = 13.2 Hz), 3.23 (1H, d] = 13.2

were dried over anhydrous sodium sulfate, filtereahd
concentrated undereduced pressure to give a crude material,
which was purified by preparative TLC (hexanes:EtOAE:. ¥1)
to afford (—)-asteroxepird] (2.60 mg, 5.6umol, 89%). A white

to afford bis-(methylthio) solid; mp: 189.6-190.0 °CH NMR (600 MHz, CDCJ): & =

7.32-7.27 (3H, m), 7.20-7.18 (2H, m), 6.41 (1H, ild,2.4, 2.4
Hz), 6.29 (1H, ddJ = 8.4, 3.0 Hz), 6.00 (1H, br s), 5.88 (1H, ddd,
J=175,2.1,2.1), 489 (1H, br. d= 7.8 Hz), 4.68 (1H, dd] =
8.4, 1.2 Hz), 3.66 (1H, d,= 13.8 Hz), 2.97 (1H, dl = 13.8 Hz),
2.64 (1H, dJ = 15.0 Hz), 2.36 (3H, s), 2.20 (3H, s), 2.13 (3H, 5),
1.82 (1H, dddJ = 15.3, 2.1, 2.1 Hz)**C NMR (150 MHz,
CDCl): & = 170.1, 165.6, 164.4, 139.7, 137.3, 133.5, 130.9,

Hz), 2.55 (1H, dJ = 15.2 Hz), 2.29 (3H, s), 2.53 (3H, s), 1.59 128.7, 127.9, 109.1, 105.5, 71.4, 69.9, 68.0, 6464, 39.6, 21.2,

(1H, d,J = 15.2 Hz);"*C NMR (100 MHz, CDGCJ)): & 167.1,
166.1, 137.6, 137.2, 134.3, 133.6, 130.7, 128.6,92117.2,
110.8, 107.1, 77.5, 73.4, 72.2, 71.3, 67.7, 65540,438.1, 15.2,
14.0; IR (film): 3370, 3008, 2920, 2852, 1662, 148516, 1380,
1191, 1136, 1083, 1056, 1050, 772, 756, 704" cju],”° = -123
(c=0.619, CHQ); HRMS (ESI)m/z calcd. for G4H.eN,NaGsS,

[M+Na'] 511.1332, found 511.1303.

4.38 (-)-Emestrin H5)

To a solid of bis-(methylthio) diketopiperazi®d (6.65 mg,
13.6 umol) was added Pd(PRh(27.2 mM solution in CHCl,,

14.5, 14.0; §]p°" = -178 (c = 0.556, CHE)I (Lit. [a]p = —102 €

= 0.4, CHC)}); HRMS (ESI) m/z calcd. for G,H,,N,NaGsS,
[M+Na'] 483.1019, found 483.0996. The spectral data were
identical with those reported in the literature [13]

4.40 AllomCl 26) [20]

To a mixture of allyl alcohol (40.0 mL, 0.588 mmaind
paraformaldehyde (19.0 g, 0.633 mol) was added aonhbgd
hydrogen chloride generated from,3®©, and NaCl at room
temperature. After stirred for 30 min at room tenapere, the
mixture was heated by oil bath at 150 °C for 2 the Tesulting

25.0 uL 0.682 umol). The mixture was concentrated under mixture was diluted with hexanes, dried over magmesulfate,

reduced pressure give a pale brown solid. To thd s@s added
1,3-dimethylbarbituric acid (4.26 mg, 27u80l) in MeOH (136
pL), and the mixture was stirred for 16.5 h at 40 T@e reaction
mixture was diluted with MeOH (68L) and stirred for 2 h.
Then, the mixture was cooled to room temperature diluted
with MeOH (200pL). To the mixture was added NaHg@10.0
mg), and the resulting suspension was stirred fomZbat room
temperature and diluted with GEl, and HO. The separated
aqueous phase was extracted with,Cls(x3). The combined
organic extracts were dried over anhydrous sodiutfatsy
filtered, and concentrated under reduced pressugé/é a crude
material, which was purified by preparative
(hexanes:EtOAc = 3:1 x3) to afford (—)-emestrin3ji (@.46 mg,
10.6 pmol, 78%) and diketopiperazing (1.15 mg, 17%). A
white solid; mp: 86.0-87.2 °GH NMR (600 MHz, CDCJ): &
7.34-7.30 (3H, m), 7.19 (2H, d,= 6.6 Hz), 6.36 (1H, s), 6.19
(1H, dd,J = 1.8, 8.4 Hz), 6.05 (1H, s), 5.12 (1H,X5 4.8 Hz),
4.93 (1H, dJ = 8.4 Hz), 4.63-4.61 (1H, m), 4.55 (1H,Xx 7.2
Hz), 3.64 (1H, dJ = 13.2 Hz), 3.02 (1H, d] = 13.2 Hz), 2.63
(1H, d,J = 15.0 Hz), 2.41 (3H, s), 2.23 (3H, s), 1.88 (1HJ ¢,
15.0 Hz);™®C NMR (150 MHz, CDGJ)): 5167.2, 165.4, 137.7,
137.4, 133.2, 130.7, 128.8, 128.1, 110.9, 107.4,%68B.5, 68.4,
64.9, 46.3, 38.9, 14.7, 14.3; IR (film): 3361, 323062, 3008,
2918, 2848, 2360, 2341, 1675, 1638, 1409, 13403,11939,
1123, 1047, 756, 730, 704, 581, 564 tnja],?® = —203 € =
0.234, MeOH) (Lit. fi]p*® = —97 € = 0.071, MeOH)); HRMS
(ESI) m/z calcd. for GH,.N,NaQ,S, [M+Na'] 441.0913, found
441.0907. The spectral data were identical with theperted in
the literature [14].

4.39 (-)-Asteroxepird]

and the hexanes were removed under reduced presEuee.
crude material was distilled from anhydrous calciahioride
(37.0 °C/67.5 mmHg) to afford AllomCR6) (25.0 g, 0.234 mol,
40%) as colorless oil.

Acknowledgments
This work was financially supported by KAKENHI
(JP16H01127, JP16H00999, JP26253001, JP18H02549,

JP18H04231, JP18HO04379, JP18K14862) from JSPS and
Platform Project for Supporting Drug Discovery antel$cience

TLC Research (BINDS) from AMED (JP19am0101100).

References and notes

1. (a) P. Waring, R.D. Eichner, A. Millbacher, Med.sR&ev. 8
(1988) 499-524;

(b) D.M. Gardiner, P. Waring, B. Howlett, J. Miciology, 151
(2005) 1021-1032;

(c) C.-S. Jiang, Y.-W. Guo, Mini-Rev. Med. Chem. (2011)
728-745;

(d) E. lwasa, Y. Hamashima, M. Sodeoka, Isr. J.nCH&l (2011)
420-433;

(e) A.D. Borthwick, Chem. Rev. 112 (2012) 3641-3716

2. T.R. Welch, R.M. Williams, Nat. Prod. Rep. 31 (2D1¥876—
1404.

3. (a) N. Neuss, L.D. Boeck, D.R. Brannon, J.C. ClieC.
DelLong, M. Gorman, L.L. Huckstep, D.H. Lively, J.akk,
M.M. Marsh, B.B. Molloy, R. Nagarajan, J.D. Nelsow.M.
Stark, Antimicrob. Agents Chemother. 8 (1968) 2113;2
(b) P.W. Trown, H.F. Lindh, K.P. Milstrey, V.M. Gal B.R.
Mayberry, H.L. Lindsay, P.A. Miller, Antimicrob. Amts
Chemother. 8 (1968) 225-228;



10.

11.

12.

13.

14.

15.

16.

17.

IVIAIDI T, IN. INTUDD, J. Al UIITIHL. QUL. JU (1IJV0) LIBuws s

(d) R. Nagarajan, N. Neuss, M.M. Marsh, J. Am. Ch&wc. 90
(1968) 6518-6519;
(e) D.B. Cosulich, N.R. Nelson, J.H. Van den HendeAm.
Chem. Soc. 90 (1968) 6519-6521.
(a) H. Seya, S. Nakajima, K. Kawai, S. Udagawa&hem. Soc.
Chem. Commun. (1985) 657-658;
(b) H. Seya, K. Nozawa, S. Nakajima, K. Kawai, $lagawa, J.
Chem. Soc. Perkin Trans. 1 (1986) 109-116;
(c) N. Tsumagari, R. Nakai, H. Onodera, A. Hasegaf#s.
Rahayu, K. Ando, Y. Yamashita, J. Antibiot. 57 (2D832-534;
(d) H. Onodera, A. Hasegawa, N. Tsumagari, R. Nakabgawa,
Y. Kanda, Org. Lett. 6 (2004) 4101-4104;
(e) K.B. Herath, H. Jayasuriya, J.G. Ondeyka, Pd@ishook, G.F.
Bills, A.\W. Dombrowski, A. Cabello, P.P. Vicario,. Hweerink,
Z. Guan, S.B. Singh, J. Antibiot. 58 (2005) 686-694
(@ N. Neuss, R. Nagarajan, B.B. Molloy, L.L. Huigs
Tetrahedron Lett. 9 (1968) 4467-4471;
(b) E.J. Choi, J.-S. Park, Y.-J. Kim, J.-H. Jungs. lee, H.C.
Kwon, H.O. Yang, J. Appl. Microbiol. 110 (2010) 3€81.3.
(a) N. Kawahara, S. Nakajima, M. Yamazaki, K. Kaw@hem.
Pharm. Bull. 37 (1989) 2592-2595;
(b) V.R. Hegde, P. Dai, M. Patel, P.R. Das, M.S.aiPu
Tetrahedron Lett. 38 (1997) 911-914;
(c) M. Isaka, P. Kittakoop, K. Kirtikara, N.L. Hywdones, Y.
Thebtaranonth, Acc. Chem. Res. 38 (2005) 813-823.
(@) R.M. Goodman, Y. Kishi, J. Am. Chem. Soc. 12098)
9392-9393;
(b) J. Peng, D.L.J. Clive, Org. Lett. 9 (2007) 292941,
(c) J. Peng, D.L.J. Clive, J. Org. Chem. 74 (2(813-519;
(d) U. Gross, M. Nieger, S. BmasChem. Eur. J. 16 (2010)
11624-11631;
(e) K.C. Nicolaou, R. Yu, L. Shi, Q. Cai, M. Lu, Reretsch, Org.
Lett. 15 (2013) 1994-1997,
(f) A. Cameron, B. Fisher, N. Fisk, J. Hummel, J\White, E.H.
Krenske, M.A. Rizzacasa, Org. Lett. 17 (2015) S5BI8%;
(g) D.S. Belov, N.K. Ratmanova, I.A. Andreev, A.Xurkin,
Chem. Eur. J21 (2015) 4141-4147.
J.A. Codelli, A.L.A. Puchlopek, S.E. Reisman, J. A@hem.
Soc. 134 (2012) 1930-1933.
H. Fujiwara, T. Kurogi, S. Okaya, K. Okano, H. Tekma,
Angew. Chem., Int. Ed. 51 (2012) 13062—-13065.
H. Wang, C.J. Regan, J.A. Codelli, P. Romanato, .A.L
Puchlopek, S.E. Reisman, Org. Lett. 19 (2017) 1698%.
T. Kurogi, S. Okaya, H. Fujiwara, K. Okano, H. Tghma,
Angew. Chem., Int. Ed. 55 (2016) 283-287.
H. Tokuyama, K. Yamada, H. Fujiwara, J. SakataDKano, M.
Sappan, M. Isaka, J. Org. Chem. 82 (2017) 353-371.
G.W. Kirby, D.J. Robins, W.M. Stark, J. Chem. Rech{5)
(1986) 302—-303.
Y. Li, Q. Yue, N.M. Krausert, Z. An, J.B. Gloer, 5.Bills, J.
Nat. Prod. 79 (2016) 2357-2363.
(a) K.C. Nicolaou, M. Lu, S. Totokotsopoulos, P.rétech, D.
Giguére, Y.-P. Sun, D. Sarlah, T.H. Nguyen, I.C.I\WB.F.
Smee, C.W. Day, S. Bopp, E.A. Winzeler, J. Am. Ch&uc.
134 (2012) 17320-17332;
(b) K.C. Nicolaou, D. Giguére, S. Totokotsopoulds;P. Sun,
Angew. Chem. Int. Ed. 51 (2012) 728-732.
Compounds 16a and 16b with C3 @& and C8a 9
stereochemistries were synthesized by the stepwisdensation
of N-Chz+i-proline andN-PMB-L-phenylalanine methyl ester or
N-2,4-DMB-phenylalanine methyl ester, respectively.
HN'R

Meng Ph
o

0 R EtSiH o
co,H BOPCI N’ Et;N &
C( BN NCbZ)\/Ph Pd(OAc), NR
N
C% CHcl,  MeOC CH,Cly Nj(sbph
r reflux 0

32a: R=PMB, 77% 16a, 75%
32b: R = 2,4-DMB, 47% 16b, 91%

Compoundsl6c—ewere synthesized frortrans-13 with C3 ()

and C8a ) stereochemistries, which was prepared by the

stepwise condensation &f-Boc-L-proline andL-phenylalanine
methyl ester. During the intramolecular condensatitep, the

C8a ) stereochemistry was completely isomerized to give

trans-13 with C8a R) stereochemistry.
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1. Introduction

Dithiodiketopiperazine alkaloids bearing the sulfortaining
diketopiperazine as core structure have attradtedtaon due to
their structural diversity and fascinating biolaglicactivities
[1,2]. Among them, compounds bearing the 4,5-dihggepine
ring, such as (-)-acetylaranotih) ([3], (+)-MPC1001B 7) [4],
and (-)-acetylapoaranotin 6)( [5], have been challenging
synthetic targets and a lot of effort has been madg/nthesize
these compounds [6,7]. Reismast al reported the first
innovative total synthesis of (-)-acetylaranoti) {n 2012 [8],
followed by the first total synthesis of (-)-acefdaranotin §)
[10]. We also focused on this class of compounegonting the
second total synthesis @fjust after Reismaset al. in 2012 [9].
Using the synthetic protocol established during lyathetic

studies ori, which was based on the characteristic proline-fused

4,5-dihydrooxepine ring, we successfully perfornteel first total
synthesis of (+)-MPC1001B/)[11] and determined the structure
of (-)-SCH64874 ) and hirsutellomycing) via semi-synthesis
[12]. Despite these synthetic developments ovelakedecade,
the total syntheses of (-)-asteroxepih [L3] and (-)-emestrin H
(5) [14] bearing the NH-free diketopiperazine core hawebeen
reported so far.

Our preliminary model studies towadand5 (Scheme 1l1a)
revealed that the enolate-mediated introductiotwofmethylthio
groups reported by Nicolaaet al. [15] was unsuccessful for the
unprotected diketopiperazing3 due to the competitive
deprotonation of the unprotected N-H proton (Scherhg
Therefore, the major challenge toward the synthekié and5
was-the selection of the appropriate protectingugréor the

OCorresponding author. E-mail: tokuyama@ mail.phaaku.ac.jp

diketopiperazine ring’s NH group. The ideal proiegtgroup
(PG in Scheme 1) should be robust enough to tol¢hatstrong
basic conditions during the introduction of the tmethylthio
groups. Moreover, it should be easily and chemasizlely
cleaved under the particularly mild conditions fre ffinal stage
of the total synthesis without affecting the baseicleophile-,
and oxidant-sensitive methylthio groups and thel-aeinsitive
dihydrooxepin structure. However, compared to thanm
available protecting groups for amines, there enitdd choices
for amides, especially for diketopiperazines. Irs thtudy, we

M
mo OR N0
\ =& H \

Ne-S N
HoOsL N N DR NH
RO g g I,

SMe
Ac (-)-asteroxepin (4): R =Ac
=H (-)-emestrinH (5): R=H

(-)-acetylaranotin (1): R =
(-)-deacetylaranotin (2): R
(-)-SCH 64874 (3):

(o]
o QH \ A OH
R= % NS o
; O5-0 P 15 Nme
[e]
, OHOAc OH
TN, SN A o
AcO o MeO
N0 MeO
(-)-acetylapoaranotin (6) (+)-MPC1001B (7)
o
8 NN _ P oH
o NS
i WS
0 ¢ N\_d

o O hirsutellomycin (8)

Fig. 1. Dithiodiketopiperazine alkaloids.
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in
functionalized NH-free diketopiperazines and founatithe less
common allyloxymethyl (Allom) group was the most abie
protecting group. Its efficiency was further demaosistd by the
first total synthesis of-)-asteroxepin4) and (-)-emestrin H5j.

a) Synthetic Plan Me(j\/\(T_|2
0
COmeon e 4L
CoMH —————>
\ N 2 ) N N—pG
Cbz HO OHZ\
Ph

: H condensation
TBSO &
protection
9 1

Nicolaou’s
@ sulfenylation

=
Y
zZ
=
(0]
(]
o
ce)
Y4
I
P4
7 =
‘@
w
# o
b
[9]

H NH final-stage
RO O)\(\ deprotection HO O)\(\
SMe —Ph SMe —Ph
(—)-asteroxepin (4): R = Ac 12

(-)-emestrin H (5): R=H

b) Attempted sulfenylation by Nicolaou’s condition

o NaHMDS (3 eq); o o)
H ;
B H  Sg(leq); H Me§ H
N NaHMDS (3 eq) g N ¥ N
o —————A N,
N\H/ﬁ\ THF-toluene W/\ Nm/gk/Ph
o pn N 0 Ph o SMe
13 14 15

Scheme 1Synthetic plan and preliminary results.
2. Results and discussion

To identify the most suitable protecting group theduld
fulfill the abovementioned requirements, we prepaeskries of
N-protecteddiketopiperazines16a—¢ following a conventional
method [16,17], which were then subjected to theesyltion
conditions established by Nicolaet al. (Table 1) [15]. Among
the tested analoguekba—e substratesl6a and 16b bearing a
stable benzylic protecting group, such pgsnethoxybenzyl
(PMB) or 2,4-dimethoxybenzyl (2,4-DMB), were not affed by
the sulfenylation conditions, providing dithiodikeiperazines
17aand17b, respectively, in moderate yields (Table 1, estfie
and 2). Moreover, substrates protected N9®-acetals, such
asl6d with the trimethylsilylethoxymethyl (SEM) group atiée

Table 1
Protecting groups and introduction of the methgltgioup.

o o
H _pg  NaHMDS (3 eq); _ Me? PG
SOYT e mess (1Y
el eq.);
Nm/K/Ph A @ea (@ea) NT(:K/Ph
3 THF-toluene THF/EtOH SMe
o i, 1h 0°Ctort, 1h o
16 17
PG = i 0
= protecting group
Rl ’?J\O/\/
Alloc
™S
/g/\o/\/
R? SEM
PMB: R1=H, R2= OMe AN
2,4-DMB: R, R2= OMe /E/\:I’Iom

entry substrate PG 17 (%)
1 164 PMB 44
2 1647 2,4-DMB 57
3 16¢ Alloc decompositiol
4 16d SEM 68
5 16¢ Allom 50

3C3 (S) C8a ©) isomer”C3 (S) C8a R) isomer.“Isolated yield “Obtained as
single diastereomer.

tthio
compoundsX7d and17/¢ in good yields(Table 1, entries 4 and
5). However, analoguel6c protected as urethane with an
allyloxycarbonyl group (Alloc), afforded a complexixture
under the same sulfenylation conditions (Tablenlrye3).

The deprotection of the bis(methylthio) produdfsa, 17b,

17d, and 17e was examined under the most frequently used

deprotection conditions for each protecting grodmble 2).
Analoguesl7aand17b bearing PMB and 2,4-DMB groups were
decomposed upon treatment with ceric ammonium ai(@AN)
and 2,3-dichloro-5,6-dicyano-1,4-benzoquinone
respectively (Table 2, entries 1 and 2). Moreotlez,SEM group
in 17d was stable upon treatment with HF/pyridine 4@d was
recovered (Table 2, entry 4), whereas the use of HBA
THF/DMF decomposed.7d (Table 2, entry 3). In contrast to
these unsuccessful entries, the Allom grouplife could be
smoothly removed by a combination of Pd(BPrand N,N-
dimethylbarbituric acid (DMBA) in MeOH yielding5 in 56%
yield, while a substantial amount of the hemiamintdrmediate
18 was also obtained (Table 2, entry 5) [18,19]. Thiesequent
in situ treatment of the reaction mixture with agq. Nkas
effective in reducing the amount 8, affording15in 87% yield
(Scheme 2). Furthermore, the addition of solid Nakl@fter the
consumption ofL7eimproved the yield o15to up to 95%.

Table 2
Deprotection conditions.

MeS o . MeS It W MeS 0
G)kN’ " O)J\N ! O)J\N/\OH
conditions |
N\H/&Ph —_— NW/&/Ph | NT]/&/Ph
o SMe & SMe ‘ & SMe
17 15 i 18(from 17e)
entry17 reagents temp. Time (h) Yield (%)
1° 17a CAN, CH,CN/H,0 rt 2 0
2> 17b  DDQ, CHCN/H,0 60 °C 20 0
3* 17d TBAF, THF/DMF 60 °C 1.8 0

4° 17d  HF/pyridine 60 °C 22
5¢ 17e  Pd(PPh)., DMBA, 30°C 6 56
MeOH

3solated yield."Decomposition°17d was completely recoveredReaction
conditions:17 (1.0 eq), Pd(PR} (45 mol%), DMBA (5.5 eq), MeOH (0.1
M), 30°C, 6 h. The hemiaminal intermedid®was obtained in 38% yield.

Pd(PPh,
(5(m0I°/i))4 condition A
o aq. NH; (2.6 eq. o
oo Me$ e Ghe MeS
(2.0 eq) SN oM o S
e eon N K pn| conaions  \_n__K_rn
40°C,14h SMe solid. NaHCOj, (excess) ane

rt, 40 min fo)
18 15

condition A: 87%
condition B: 95%

Scheme 2Removal of the Allom group.

Feasibility of the deprotection condition of the @kt group
from secondary amides was investigated using assefis-
Allom secondary amide2() (see Experimental Section for
the preparation and additional data) (Scheme &atiment of
N-Allom benzamide0a-e and y-lactam20f with Pd(PPh),
and DMBA in MeOH smoothly provided the hemiaminal
intermediate21, which wasconverted into amides9a—eand
19f, respectivelyjn good yields using aq. NHcondition A).
In contrast, the reaction dfl-Allom aliphatic amides20g
under the PdM,N-dimethylbarbituric acid/MeOH condition
provided a mixture of19g (5.3%), 21g (21%), and N-

(bDQ),



MO

due to an exchange ot the OH group In intermedzdmg with
methanol. This side reaction was eliminated by perfiog the
reaction in THF and }D, providing the hemiaminal
intermediate®21g which were therconverted toamides19g in
good yields using trimethylsilyl iodide (TMSI) (cdition B).

condition A
(one-pot deprotection)

(o)
R,

Pd(PPhg),, DMBA ag. NHy
MeOH, 40°C, 6 h;| R' N , 40 min
OH
o] 21 o
NP R
Allom 0
R 19:R=H
0 R‘J\N' 2 22: R = MOM
1) Pd(PPhg),, DMBA 2) TMSCI, Nal
THF/H,O (3:1) OH  CHaCN,rt,24h
40°C,8h 21
condition B
(stepwise deprotection)
condition A o
o 19a: Ar = CgHg, 98%
L 19biAr=4BiCoH,, 86% Ph)LN/\/\OMOM
Ar” ON” O Ph 19c: Ar = 4-NO,CgH,, 47% H
H 19d: Ar = 4-MeOH,, 81% 19e: 78%
44_)\ ! o condition A
O™\ "Phy )L (Pd(PPhg),, DMBA, MeOH, 40 °C, 16.5 h)
H ' CHys” N7 Ph 199:5.3% + 219: 21% + 22g: 39%
19 70% | 199 H condition B

21g: 92%, 19g: quant

Reaction conditions: Condition £0 (1.0 eq), Pd(PRJy (10 mol%), DMBA
(2.0 eqg), MeOH (0.3 M), 40°C, 6 h, then ag. {\Excess). Condition B20g
(1.0 eq), Pd(PR)y (10 mol%) , DMBA (2.0 eq), THF/KD (3:1, 0.3 M), then
21g(1.0 eq), TMSCI (7.0 eq), Nal (7.0 eq), &N (0.2 M). The yields refer
to the isolated products.

Scheme 3Removal of the Allom group under different
conditions.

The applicability of the Allom protecting group wéslly
demonstrated by the first total syntheses of (—¢&tnm H &)

and (-)-asteroxepin4]. The proline-fused dihydrooxepine

3

1zide
(LIHMDS), which attorded the desired produZt in 84% vyield.
After desilylation, the stereochemistry of the C-h@droxyl
group was inverted through a stepwise process [9],ctwhi
included an oxidation 028 to ketone using Phl(OAg)and 9-
azanoradamantané-oxyl (nor-AZADO) [21] and a subsequent
Luche reduction, which gave the desired alca®his the sole
isomer.

The final steps toward the synthesis of (-)-emesirifd) and
(-)-asteroxepin4) including the crucial introduction of the two
methylthio groups and the removal of the Allom petitey group
are depicted in Scheme 5. According to the modealystuide
suprd, diketopiperazing0 was treated with a mixture of excess
LIHMDS and S to form an epipolysulfide. Its reduction to the
corresponding dithiol with NaBH and the subsequent
methylation afforded the bis(methylthio) derivati@& in 65%
yield over two steps fron80. Finally, the Allom group was
removed under the optimized conditions affordingrémestrin
H (5) in 78% yield, which was further acetylated to gire-
asteroxepin4). All properties of synthetic (-)-emestrin B) @nd
(-)-asteroxepin 4) were identical with those reported except
magnitude of specific rotations proving the repadrbsolute
stereochemistry of and5 by this total synthesis [22].

0 DLUHMDS, S5 07 _MeS DMBA
LlHMDS \ § Pd(PPh,),
" THF, Et,0, rt N MeOH, 40 °C;
a om ___~ ° " H N=allom ——
2) NaBH,, Mel HO K solid. NaHCO3
EtOH, THF, rt o -
65% (2 steps) SMe —Ph 78%
31 (94% brsm)

comparison of specific rotation

(-)-emestrin H (5)
synthetic: [a]p?® = —203 (c 0.234, MeOH)
ref 14: [a]p?® = —97 (c 0.071, MeOH)

MeS
SN\ o
\ N
HO K
& 3
SMe —Ph

(-)-emestrin H (5)
(-)-asteroxepin (4)

Ac,0
DMAP
pyridine
rt, 89%

(-)-asteroxepin (4)
synthetic: [a]p?” = 178 (c 0.556, MeOH)
ref 13: [a]p = —102 (c 0.4, MeOH)

derivative 9, which was prepared according to our previouslyscheme 5Final steps of the total syntheses of (-)-emestr{B)

established protocol in the total synthesis of de¢tylaranotin
(1) [9], was first condensed with th&){phenylalanine methyl

and (-)-asteroxepirdj.

ester 10) (Scheme 4). The benzyloxycarbonyl (Cbz) group Was3 ~onclusion

then removed under transfer hydrogenation conditiand the
formation of the tricyclic diketopiperazine deriixad 25 was
promoted upon treatment of the resulting aminoestih
ammonium hydroxide. Subsequently, the Allom grouasw
introduced using a combination of the allyloxymétbkiloride

e

MeO NH,

BOPCI, Eta @‘( ag. NH,

N
z NH
TBSG H Cbz CHCly, rt TBSO MeO c—«_ MeOH, rt
o 87% Ph 489
23 R Cbz:l EtySiH, EtsN, cat. Pd(OAc),
CH,Cly, reflux, quant
0\ C'\/O\/\ 0\
PhI(OAc),
10 LlHMDS 10 nor-AZADO
THF N—Allom
TBSO -20°C CHyCly, 1t

H\Ph 96%

=TBS HF-pyridine, pyridine
Ho~J

84%

50 °C, 98%
CeCly O o
NaBH, \
AIIom - NN N-atom
EtOH, CH,Cl, o H‘
—78°C o Ph

91%

Scheme 4Preparation of diketopiperazii3e.

In conclusion, the total syntheses of (-)-emesitirf5) and
(-)-asteroxepin 4) have been accomplished for the first time.
Their preparation was successful owing to the suitalnf the
Allom group as protecting group for the amide nigngf the
highly functionalized dithio-diketopiperazine inteediate. This
protecting group could be easily cleaved even éngresence of
the acid-sensitive dihydrooxepin structure and dimethylthio
groups, which are sensitive to bases, nucleoplaled,oxidants.
Thus, this study demonstrated the application piatenf the
Allom group not only for the synthesis of othirunprotected
diketopiperazine alkaloids, but also for the pragian of various
functionalized amides.

4. Experimental section
4.1 General method

Materials were obtained from commercial supplierd aged
without further purification unless otherwise mené&dn
Anhydrous THF, BEO, CHClI,, toluene, DMF, and MeCN were
purchased from commercial suppliers. Anhydrous MeOH was
dried and distilled according to the standard mokm All
reactions were carried out under Ar atmosphere unigEswise
mentioned. Flash column chromatography was performed
Silica Gel 60N (Kanto, spherical neutral, 40-50 pPreparative
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TL
glass plates precoated with a 0.25 mm thicknesslioa gel.
NMR spectra were recorded on a JNM-AL400 spectronsetdr
a JEOL ECABO00 spectrometer. Chemical shifts'fdNMR are
reported in parts per million (ppm) downfield from
tetramethylsilane as the internal standard and lc@uponstants
are in Hertz (Hz). The following abbreviations aredugar spin
multiplicity: s = singlet, d = doublet, t = tripleg = quartet, m =
multiplet, and br = broad. Chemical shifts f6C NMR are
reported in ppm, relative to the central line ofriglet at 77.0
ppm for CDC} or a septet at 39.5 ppm for DMS@-tR spectra

Tetrahedron

crude
material, which was purified by silica gel column
chromatography (EtOAc) to afford diketopiperazih@b (540
mg, 1.37 mmol, 91%). A white foamiH NMR (400 MHz,
CDCly): 6 7.31-7.20 (4H, m), 7.12—-7.06 (2H, m), 6.48-6.43 (2H,
m), 5.40 (1H, dJ = 14.8 Hz), 4.32 (1H, m), 4.25 (1H, d,=
14.8 Hz), 3.84 (3H, s), 3.81 (3H, s), 3.72 (1H, d&; 12.0, 6.0
Hz), 3.68-3.61 (1H, m), 3.36-3.27 (2H, m), 3.14-310H,(m),
1.91-1.81 (1H, m), 1.60-1.42 (2H, m), 0.14-0.01 (1K, i
NMR (100 MHz, CDCJ): 6 165.3, 163.9, 160.7, 158.7, 135.1,
131.7, 130.0, 128.3, 127.1, 115.9, 104.4, 98.33,680.0, 55.3,

were measured on a SHIMADZU FTIR-8300 spectrometersMasb5.3, 44.0, 40.6, 36.4, 28.4, 20.9; IR (film): 292®52, 2944,

spectra were recorded on a Bruker micrOTOF (ESI).icapt
rotations were measured on a Horiba SEPA-300 highigitve
polarimeter. Compounds[9], 19a—e [25], 19f [26], and 19g[25]
were prepared according to the procedures reportezférences.

4.2 Diketopiperazinka

To a solution ofN-Cbz4.-proline (3.68 g, 14.8mmol) and-
PMB-L-phenylalanine methyl ether (4.24 g, 14.2 mmolEiN

2891, 1656, 1612, 1587, 1508, 1456, 1298, 1289]1,12808,
1184, 1157, 1033, 751, 703 ¢ma]s®t = -116 € = 0.66,
CHCL); HRMS (ESI)m/z calcd. for GsH,gN,NaQ, [M*+Na]
417.1785, Found 417.1769.

4.4 Amide33

To a solution ofN-Boc--proline (10.8 g, 50.0 mmol) and
phenylalanine methyl ether (8.95 g, 50.0 mmol) i,Cl, (200

and CHCI, (5 mL and 30 mL) was added BOP-CI (3.74 g, 14.7mL) were added BN (27.9 mL, 200 mmol), HOBt (6.99 g, 51.7

mmol) at room temperature. After stirring for 24.5ahroom
temperature, additional BOP-CI (1.96 g, 7.70 mmol} wdded,
and the reaction mixture was stirred for 2.5 h. Téection was

mmol), and EDCI/HCI (9.91 g, 51.7 mmol) at room tenapere.
After stirred for 29.5 h at room temperature, thgamic phase
was washed with 1 M aqg. HCI (x3) and sat. aq. NakIGQ).

quenched with sat. ag. NaHgQand the aqueous phase wasThe resulting organic phase was dried ovesS@, filtered and
extracted with CECI, (x3). The combined organic layers were concentrated under reduced pressure to give a amaterial,

washed with 1 M aq. HCI, dried over )0, filtered and
concentrated under reduced pressure to give a amaterial,
which was purified by silica gel column chromatognaph
(hexanes:EtOAc = 1:1) to afford ami82a (5.80 g, 10.9 mmol,
77%). To a suspension of ami@2a (5.80 g, 10.9 mmol) and
Pd(OAc) (983 mg, 4.38 mmol) in C}&l, (55.0 mL) was added
Et:N (3.08 mL, 21.9 mmol) at room temperature. Aftemristy at

which was used for the next reaction without furthanification.
To a solution of the crude material in &H, (120 mL) was
added TFA (15 mL) at room temperature. After stificad20 h at
room temperature, the reaction mixture was dilutetth WiH,Cl,
(150 mL) and neutralized by sat. ag. NaHCOhe aqueous
phase was extracted with @El,(x3), and the combined organic
layers were dried over M&aQ,, filtered, and concentrated under

reflux for 5 min, E4SiH (8.74 mL, 54.7 mmol) was added and reduced pressure to give a crude material, whichpuaged by

the mixture was stirred at reflux for 3.5 h. Thect&m mixture

flash column chromatography (GEl,:MeOH = 10:1) to afford

was diluted with CHCI, and the reaction was quenched with sat.amine amide3 (6.76 g, 24.5 mmol, 49%, 2 steps friN¥Boc-L-
ag. NaHCQ. The separated aqueous phase was extracted wigiroline). A white solid. The spectral data 83 were identical
CH,CI, (x3). The combined organic extracts were dried ovemith those reported in the literature [24].

anhydrous sodium sulfate, filtered, and concerdratsder
reduced pressure to give a crude material, whichpuagied by
silica gel column chromatography (EtOAc) to
diketopiperazinel6a (3.00 g, 8.23 mmol, 75%). A white foam;

afford

4.5 Diketopiperazingrans-13

To a solution of ami&3(6.76 g, 24.5 mmol) in MeOH (400
mL) was added NaHCQO (20.0 g, 85.3 mmol) at room

The spectral data dft6awere identical with those reported in the temperature. After stirring for 22.5 h at 65 °C, MeQ¥s

literature [23].
4.3 Diketopiperazinksh

To a solution oN-Cbzd-proline (1.06 g, 4.25 mmolN-2,4-
DMB-L-phenylalanine methyl ether (1.15 g, 3.49 mmolEtsN

removed under reduced pressure. The residue waedliwith
CH,CI, and filtered through a pad of CefiteThe filtrate was
washed with HO, and the aqueous phase was extracted with
CH,CI, (x2). The combined organic extracts were dried over
anhydrous sodium sulfate, filtered, and concerdratsder

and CHCI, (2.0 mL and 20.0 mL) was added BOP-CI (1.87 g,reduced pressure to give a crude material, whichpuasied by

7.35 mmol) at room temperature. After stirring f@ 2 at room
temperature, the reaction was quenched with 1 M agjaHCthe
resulting mixture was extracted with g8, (x3). The combined
organic extracts were dried over anhydrous sodiutfatsy
filtered, and concentrated under reduced pressugé/é a crude
material, which was purified by silica gel
chromatography (hexanes:EtOAc = 3:2 to 6:5) to dffamide
32b (846 mg, 1.51 mmol, 47%). To a suspension of arBiie
(846 mg, 1.51 mmol) and Pd(OAc}135 mg, 601umol) in
CH,CI, (10.0 mL) was added §#t (425uL, 3.02 mmol) at room
temperature. After stirring at reflux for 7 min;&iH (1.20 mL,
7.51 mmol) was added and the mixture was stirre@faix for
3.5 h. The reaction mixture was diluted with £ and the
reaction was quenched with sat. aq. NaHCThe separated
aqueous phase was extracted with,Cl5 (x3). The combined
organic extracts were dried over anhydrous sodiutfatsy

crystallization from EtOAc to afford diketopiperazit@ans-13
(3.43 g, 14.1 mmol, 57%). The mother liquor was emi@tedn
vacuoand the second crop was crystallized from EtOAc tordff
diketopiperazindrans-13 (643 mg, 2.64 mmol, 11%). A white
solid.; *H NMR (400 MHz, CDCJ): 6 7.35-7.20 (5H, m), 6.31

column (1H, s), 4.22 (1H, ddd] = 6.6, 4.0, 3.8 Hz), 3.63 (1H, ddd=

12.4, 8.5, 8.5 Hz), 3.40 (1H, ddd,= 12.4, 9.4, 3.0 Hz), 3.15
(1H, dd,J = 13.9, 6.6 Hz), 3.08 (1H, dd,= 13.9, 4.0 Hz), 2.97
(1H, dd,J = 10.4, 6.4 Hz), 2.23-2.15 (1H, m), 1.98-1.90 (1H,
m), 1.86-1.64 (2H, m)**C NMR (100 MHz, CDGJ)): 5 169.5,
164.8, 135.3, 129.9, 128.5, 127.3, 58.7, 57.6,,44093, 28.8,
21.5; IR (film): 3483, 3238, 3063, 3029, 2981, 295331, 2886,
1664, 1496, 1454, 1336, 1307, 1296, 1206, 11865,11106,
921, 732, 702, 593 ¢ [a]p®° = +93.0 € = 0.200, HO); HRMS
(ESI) m/z caled. for G4HN,O, [M+H'] 245.1285, found
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reported In the literature |27].

4.6 Diketopiperazinksc

To a solution of diketopiperazingans-13 (203 mg, 0.832
mmol) in THF (4.0 mL) was added LIHMDS (1.3 M solutiom
THF, 650pL, 845 umol) at 0 °C. After stirring for 4 min, Alloc-
OSu (172 mg, 863amol) in THF (1.50 mL) was added at 0 °C.

5
BT, wat

extracted with BED (x1) and CHCI, (x3). The combined organic
extracts were dried over anhydrous sodium sulféterdd, and
concentrated under reduced pressure to give a amaterial,
which was purified by silica gel column chromatography
(hexanes:EtOAc = 2:1, then EtOAc only) to afford
diketopiperazind.6e (946 mg, 3.01 mmol, 83%). A colorless oil;
'"H NMR (400 MHz, CDCJ): 5 7.32-7.24 (3H, m), 7.19-7.14

The resulting mixture was stirred for 35 min at room(2H, m), 5.89 (1H, m), 5.29 (1H, ddd,= 17.6,1.2, 1.2, Hz),

temperature. The reaction was quenched with saNHgCl, and
the resulting mixture was diluted by water. The seteal
aqueous phase was extracted with,Clsl(x3), and the combined
organic extracts were dried over anhydrous sodiulfatsy
filtered, and concentrated under reduced pressugé/é a crude
material, which was purified by silica gel column
chromatography (CKCIl:EtOAc = 5:1 to 3:1) to afford
diketopiperazinel6c (248 mg, 789umol, 95%). A colorless
solid; '"H NMR (400 MHz, CDC)): & 7.31-7.26 (3H, m), 7.19-
7.14 (2H, m), 5.99-5.87 (1H, m), 5.43 (1HJds 17.2 Hz), 5.31
(1H, d,J = 10.8 Hz), 5.01 (1H, ddd} = 5.0, 5.0, 1.4 Hz), 4.75
(1H, ddd,J = 13.3, 5.8, 1.0 Hz), 4.69 (1H, dd#i= 13.3, 5.6, 1.2
Hz), 3.60-3.50 (1H, m), 3.45-3.37 (1H, m), 3.33-322,(m),

2.64 (1H, dd,J = 9.6, 6.8 Hz), 2.17-2.07 (1H, m), 1.96-1.79

(2H, m), 1.72-1.57 (1H, m*C NMR (100 MHz, CDCJ): &
167.2, 164.0, 151.8, 134.9, 130.7, 129.9, 128.6,.5,2119.4,
67.9, 62.3, 58.6, 44.8, 38.2, 29.1, 21.8; IR (fillaP86, 3062,
3028, 2983, 2953, 2885, 1782, 1731, 1672, 1455413870,
1231, 980, 763, 747, 703 ¢[a]p*® = +143 € = 0.425, CHGJ);
HRMS (ESI)m/z calcd. for GgH»N,NaQ, [M+Na'] 351.1315,
Found 351.1319.

4.7 Diketopiperazinksd

To a solution of diketopiperazingans-13 (1.10 g, 4.51
mmol) in dry DMF (10.0 mL) was added NaH (60% disp®rsi
in mineral oil, 248 mg, 6.20 mmol) at room temperat After
stirring for 15 min, SEMCI (1.60 mL, 9.03 mmol) wadded at
room temperature, and the resulting mixture wasestiat 60 °C
for 18 h. The reaction was quenched with sat. agaWEt room
temperature and the resulting mixture was diluted&EtsyAc and
washed with water (x5) and brine (x1). The organicsphaas
dried over anhydrous sodium sulfate, filtered, andcentrated
under reduced pressure to givecaude material, which was
purified by silica gel column chromatography (heasuEtOAC =
1:3) to afford diketopiperazing6d (1.33 g, 3.55 mmol, 79%). A
colorless oil;'H NMR (400 MHz, CDCJ): & 7.29-7.26 (3H, m),
7.18-7.15 (2H, m), 5.13 (1H, d,= 10.4 Hz), 4.53 (1H, d] =
10.4 Hz), 4.42 (1H, dd} = 5.2, 4.9 Hz), 3.61-3.52 (3H, m), 3.35
(1H, ddd,J = 12.1, 9.3, 2.9 Hz), 3.24 (1H, ddl= 14.3, 5.2 Hz),
3.19 (1H, ddJ = 14.3, 4.9 Hz), 2.52 (1H, dd,= 10.6, 6.6 Hz),
2.14-2.06 (1H, m), 1.92-1.84 (1H, m), 1.79-1.68 (1H,1m69—
1.53 (1H, m), 1.01-0.87 (2H, m), 0.01 (9H, ¥ NMR (100

5.19 (1H, dJ = 10.8 Hz), 5.14 (1H, d] = 10.6 Hz), 4.58 (1H, d,
J = 10.6 Hz), 4.43 (1H, dd] = 4.7, 4.8 Hz), 4.10-3.98 (2H, m),
3.57 (1H, ddd,] = 12.3, 8.5, 8.5 Hz), 3.36 (1H, ddd,= 12.3,
9.3, 2.9 Hz), 3.25 (1H, dd, = 14.3, 4.8 Hz), 3.20 (1H, dd, =
14.3, 4.7 Hz), 2.53 (1H, dd,= 10.6, 6.6 Hz), 2.09 (1H, ddd,=
12.0, 6.2, 6.2 Hz), 1.94-1.84 (1H, m), 1.81-1.69 (fit}, 1.66—
1.53 (1H, m);*C NMR (100 MHz, CDG)): 5 168.4, 164.7,
135.3, 133.8, 129.9, 128.6, 127.5, 117.4, 73.6],76R.4, 57.7,
44.9, 37.7, 29.0, 21.8; IR (film): 3028, 2979, 298883, 1668,
1453, 1440, 1344, 1296, 1261, 1207, 1072, 1057, 828, 703
cm™; [a]p?® = +60.0 € = 4.41, CHCJ)); HRMS (ESI)m/z calcd.
for C;gH,,N,NaQ, [M*+Na] 337.1523, Found 337.1506.

4.9 Dithiodiketopiperazin&7a (General Procedure A)

To a suspension of sulfug 64 mg, 1.03 mmol) in THF (5.0
mL) was added NaHMDS (0.6 M in toluene, 5.00 mL, 3.00
mmol) at room temperature. After stirring for 1 min,
diketopiperazind.6a (372 mg, 1.02 mmol) in THF (5.0 mL) was
added, and the mixture was stirred for 1 min. THéaHMDS
(0.6 M in toluene, 3.40 mL, 2.04 mmol) was added] &me
mixture was stirred for 30 min at room temperatditge reaction
was quenched with sat. ag. MM, and the separated aqueous
phase was extracted with @E, (x3). The combined organic
extracts were dried over anhydrous sodium sulfdterdd, and
concentrated under reduced pressure to give a amaterial,
which was used for the next reaction without furthenification.
To a solution of the crude material in THF (10.0)nalnd EtOH
(10.0 mL) was added NaBH964 mg, 25.5 mmol) at 0 °C. After
stirring for 45 min at 0 °C, Mel (3.18 mL, 51.0 mihwas added
at 0 °C, and the resulting mixture was stirred fBrhlat room
temperature. The reaction was quenched by sat. agCIN&hd
the separated agueous phase was extracted wiBIO3). The
combined organic extracts were dried over anhydsndium
sulfate, filtered, and concentrated under reducedsorre to give
a crude material, whichwas purified by flash column
chromatography (hexanes:EtOAc = 12:5) to affordnbésylthio)
diketopiperazinel7a (204 mg, 0.449 mmol, 44%, 2 steps from
164). A white solid;"H NMR (400 MHz, CDCJ): 5 7.53 (2H, d,

J = 8.8 Hz), 7.31-7.22 (3H, m), 7.09 (2H, XF 6.0 Hz), 6.83
(2H, d,J = 8.8 Hz), 5.18 (1H, dJ = 14.4 Hz), 4.54 (1H, d] =
14.4 Hz), 3.79 (3H, s), 3.66-3.48 (2H, m), 3.54 (1H] d,13.6
Hz), 3.25 (1H, dJ = 13.6 Hz), 2.05-1.91 (2H, m), 2.01 (3H, s),

MHz, CDCL): & 168.3, 164.7, 135.2, 129.9, 128.5, 127.5, 73.31.99 (3H, s), 1.568-1.49 (1H, m), 0.81-0.71 (1H, g NMR

66.3, 62.1, 57.6, 44.8, 37.6, 29.1, 21.8, 17.95~IR (film):
2952, 2890, 1671, 1454, 1440, 1296, 1260, 12497,12075,
1044, 860, 837, 749, 703 c[a]p”® = +55.0 ¢ = 2.71, CHC));
HRMS (ESI)m/z calcd. for GoHsoNaN,O5Si [M*+Na] 397.1918,
Found 397.1909.

4.8 Diketopiperazinkte

To a solution of diketopiperazires-13 (880 mg, 3.61 mmol)
in dry THF (8.0 mL) was added NaH (60% dispersion inaral
oil, 181 mg, 4.53 mmol) at room temperature. Aftiriag for
50 min, AllomCI @6) [20] (750 pL, 7.23 mmol) was added at
room temperature, and the mixture was stirred forhdat 50 °C.
The reaction was quenched with sat. ag48Hsolution at room

(100 MHz, CDC})): 6165.9, 163.0, 158.6, 134.1, 130.2, 129.6,
128.4,127.7, 113.3, 78.8, 69.9, 55.1, 46.7, 4681, 32.7, 18.5,
15.0, 14.0 (One signal is missing due to overlafR),(film):
2994, 2956, 2933, 2922, 1662, 1512, 1421, 1395213347,
1177, 1033, 756, 703 ¢ [a]p>> = +0.89 ¢ 0.58, CHC)):
HRMS (ESI)m/z calcd. for GHyN,NaO;S, [M+Na'] 479.1419,
Found 479.1434.

4.10 Dithiodiketopiperazin&7b

According to the General Procedure A, diketopiperaidie
(301 mg, 0.763 mmol) were converted to bis-(methg)th
diketopiperazinel7b (210 mg, 0.431 mmol, 57 %, 2 steps from
16b). A white solid;*H NMR (400 MHz, CDC)): 8 7.39 (1H, d,
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J:
(1H, d,J = 2.1 Hz), 6.41 (1H, dJ = 8.5, 2.1 Hz), 5.07 (1H, d}
= 15.8 Hz), 4.68 (1H, d] = 15.8 Hz), 3.90 (3H, s), 3.79 (3H, s),
3.67-3.53 (2H, m), 3.55 (1H, d,= 13.6 Hz), 3.33 (1H, d) =
13.6 Hz), 2.14 (3H, s), 2.14 (3H, s), 2.10-1.94 (2H, Mp1-
1.50 (1H, m), 0.86-0.73 (1H, m)C NMR (100 MHz, CDG)): &
165.7, 162.9, 159.5, 157.2, 134.2, 130.1, 128.3,5,2127.0,
118.5, 103.5, 98.2, 78.5, 69.7, 55.3, 55.2, 4548],441.1, 32.5,
18.4, 15.2, 14.2; IR (film): 2998, 2959, 2936, 292835, 1662,
1616, 1590, 1508, 1455, 1439, 1420, 1396, 13610,13061,
1208, 1156, 1120, 1036, 755, 703 &nfia]p*? = +21.3 ¢ = 0.26,
CHCIl;); HRMS (ESI)m/z calcd. for GsHzN,NaQ,S, [M+Na']
509.1539, Found 509.1526.

4.11 Dithiodiketopiperazing7d

According to the General Procedure A, diketopiperaiie
(456 mg, 1.22 mmol) were converted to bis-(methgithi

Tetrahedron

H, m),
3.48 (1H, d,J = 12.8 Hz), 3.46-3.26 (2H, m), 3.00 (1H, X5
12.8 Hz), 2.29 (3H, s), 2.11 (3H, s), 2.02 (1H, did; 13.2, 7.2
Hz), 1.95-1.81 (1H, m), 1.63-1.52 (1H, m), 0.97 (1Hd,dd=
9.3, 12.1, 12.1 Hz)**C NMR (100 MHz, DMSO-g): & 165.6,
163.2, 134.9, 130.3, 127.8, 126.9, 69.6, 67.4,,4449%, 33.7,
18.6, 14.0, 13.2 ;IR (film): 3211, 3096, 3087, 308987, 2961,
2922, 2896, 1676, 1659, 1406, 1208, 755, 705 cfu]y>®
-175 € = 0.65, CHC); HRMS (ESI) m/z calcd.
C1H1.N,NaO,S, [M+Na'] 351.0232, Found 351.0207.

4.14 amide20a (General Procedure B)

for

To a solution of amidd9a (1.11 g, 5.26 mmol) and TBAI
(195 mg, 0.527 mmol) in THF (21.0 mL) was added LiH$D
(2.3 M solution in THF, 4.46 mL, 5.80 mmol) at -20. After
stirring for 30 min, AllomCI 26) [20] (0.764 mL, 5.80 mmol)
was added at —40 °C, and the mixture was stirred@t°€ for

diketopiperazinel7d (386 mg, 0.828 mmol, 68%, 2 steps from 14 h. The reaction was quenched with sat. ag,Q\VIdolution

16d). A white solid;'"H NMR (400 MHz, CDCJ): & 7.25-7.19
(3H, m), 7.12 (2H, dd) = 7.8, 2.2 Hz), 5.48 (1H, d, = 9.6 Hz),

5.06 (1H, dJ = 9.6 Hz), 3.79 (2H, t) = 8.6 Hz), 3.50 (2H, dd]

= 9.2, 6.4 Hz), 3.46 (1H, d = 13.6 Hz), 3.18 (1H, d] = 13.2

Hz), 2.26 (3H, s), 2.14 (3H, s), 2.12-2.04 (1H, m) 221089
(1H, m), 1.55-1.46 (1H, m), 1.07-0.96 (2H, m), 0.984Q1H,

m), 0.03 (9H, s)**C NMR (100 MHz, CDGJ): 5 166.8, 163.0,
134.3, 130.6, 128.2, 127.4, 77.3, 73.1, 69.5, 6357, 44.8,
32.7, 18.5, 18.4, 15.3, 14.0, —1.4; IR (film): 292820, 1669,
1454, 1438, 1416, 1385, 1362, 1248, 1083, 1057, 886, 756,
703 cm®; [a]p* = -6.99 € = 2.76, CHCJ)); HRMS (ESl)m/z

calcd. for GHaN.NaO;S,Si [M+Na']l 489.1672, Found
489.1649.

4.12 Dithiodiketopiperazing7e

According to the General Procedure A, diketopiperaiée
(843 mg, 2.68 mmol) were converted to bis-(methglkhi
diketopiperazinel7e (539 mg, 1.33 mmol, 50% 2 steps from
166. A white solid;'H NMR (400 MHz, CDCJ): & 7.29-7.18
(3H, m), 7.17-7.10 (2H, m), 5.97 (1H, m), 5.51 (1HJ)d; 9.8
Hz), 5.36 (1H, ddJ = 17.2, 1.6 Hz), 5.21 (1H, dd,= 15.9, 1.8
Hz), 5.11 (1H, d, 9.8 Hz), 4.29 (2H, ddii~ 5.5, 1.5, 1.5 Hz),
3.54-3.47 (2H, m), 3.47 (1H, d,= 13.6 Hz), 3.18 (1H, d] =
13.6 Hz), 2.26 (3H, s), 2.15 (3H, s), 2.14-2.04 (1H, 2)3—
1.89 (1H, m), 1.58-1.46 (1H, m), 0.98-0.86 (1H, M} NMR

and the mixture was diluted by water. The agqueouseheas
extracted with CHCI, (x4). The combined organic extracts were
dried over anhydrous sodium sulfate, filtered, andcentrated
under reduced pressure to give a crude materialchwhias
purified by silica gel column chromatography (heastEtOAC =
4:1) to afford amide0a (1.43 g, 5.08 mmol, 97%). A colorless
oil; "H NMR (400 MHz, DMSO-¢, VT 80 °C):5 7.48-7.42 (5H,
m), 7.36—7.26 (5H, m), 5.82-5.75 (1H, m), 5.14 (1H) &,17.6
Hz), 5.07 (1H, d,) = 10.4 Hz), 4.86-4.67 (4H, m), 3.84 (br, 2H);
¥C NMR (100 MHz, DMSO-¢l VT 80 °C): 5 171.0, 137.2,
135.4, 134.0, 129.4, 128.0, 127.9, 127.1, 126.6.5,2116.3,
77.0, 68.0, 48.1; IR (film): 3062, 3030, 2942, 236851, 1496,
1445, 1417, 1267, 1071, 1050, 699 &nHRMS (ESI) m/z
calcd. for GgH1gNNaO, [M+Na'] 304.1308, found 304.1296.

4.15 amide20b

According to the General Procedure B, ami@b (55.5 mg,
191 pmol) was converted to amid20b (51.6 mg, 143umol,
75%). A yellow oil;*H NMR (400 MHz, DMSO-¢, VT 80 °C):
0 7.64-7.16 (2H, m), 7.47 (2H, d,= 8.4 Hz), 7.34-7.26 (5H,
m), 5.82-5.77 (1H, m), 5.16 (1H, 3= 17.6 Hz), 5.09 (1H, d
=10.0 Hz), 3.86 (2H, br s}°C NMR (100 MHz, DMSO-¢/ VT
80 °C):6 170.1, 137.0, 134.5, 133.9, 130.9, 128.7, 128G,2,
126.7, 122.9, 116.3, 77.0, 68.0, 48,3; IR (filmp83, 3063,
3030, 2979, 2942, 2898, 2863, 1652, 1590, 14437,14360,

(100 MHz, CDCJ): 5 166.8, 162.9, 134.4, 134.2, 130.6, 128.2,1292, 1266, 1072, 1011, 932, 837, 754, 700'cHRMS (ESI)

127.4, 117.0, 77.3, 73.3, 71.2, 69.6, 45.7, 44298,318.5, 15.2,
13.9; IR (film): 2952, 2920, 2896, 1669, 1438, 141885, 1362,
1248, 1083, 1057, 860, 836, 756, 703 ¢rfu]p>° = —=9.65 € =
0.660, CHC)); HRMS (ESI) m/z calcd. for GgH,¢N.NaGsS,
[M+Na'] 429.1277, Found 429.1271.

4.13 Dithiodiketopiperazin&s

To a mixture of bis-(methylthio) diketopiperazid&e (52.9
mg, 130umol) and Pd(PP)y (7.53 mg, 6.51umol) and 1,3-
dimethylbarbituric acid (40.7 mg, 26dnol) was added MeOH
(2.3 mL) at room temperature. The resulting suspansvas
stirred for 14 h at 40 °C. The reaction mixture veasled to
room temperature before addition of excess NabH(30 mg)
and further stirred for 40 min at room temperatdree reaction
mixture was diluted by water (1.0 mL), and the sefgara
aqueous phase was extracted with,Cl5 (x3). The combined
organic extracts were dried with anhydrous sodiurfatjl and

concentrated undereduced pressure to give a crude material,

which was purified by silica gel column chromatognaph
(hexanes:EtOAc 2:1 to 1:1) to afford bis-(methydhi
diketopiperazind 5 (41.6 mg, 124imol, 95%). A white solid*H

m/z calcd. for GgH.;sBrNNaO, [M+Na']l 382.0413, Found
382.0403.

4.16 amide20c

According to the General Procedure B, ami®e (62.4 mg,
2.43 ymol) was converted to amid20c (70.4 mg, 215mmol,
89%). A yellow oil;*"H NMR (400 MHz, DMSO-¢, VT 80 °C):
6 8.26 (2H, dJ = 8.0 Hz), 7.73 (2H, dJ = 8.0 Hz), 7.35-7.25
(5H, m), 5.84-5.71 (1H, m), 5.16 (1H,37 17.6 Hz), 5.08 (1H,
d, J = 10.8 Hz), 4.70 (2H, br), 4.64 (2H, br), 3.86 (2H, BFg
NMR (100 MHz, CDCY)): 6169.4, 147.9, 141.5, 136.8, 133.9,
128.1, 127.9, 127.3, 126.8, 123.2, 116.5, 68.13,548.5; IR
(film): 3080, 3066, 3031, 2945, 2862, 1651, 160221, 1425,
1349, 1072, 732, 700 ¢m HRMS (ESI) m/z calcd. for
CigH1gNo,NaQ, [M+Na'] 349.1159, Found 349.1140.

4.17 amide20d

According to the General Procedure B, ami@el (60.3 mg,
250 pmol) was converted to amid20d (68.0 mg, 218umol,
87%). A colorless oil’H NMR (400 MHz, DMSO-¢, VT 80
°C): & 7.49-7.46 (2H, m), 7.35-7.25 (5H, m), 6.99-6.97 (@M,
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5.8 afford
4.68 (M, 4H), 3.89-3.86 (m, 2H), 3.80 (s, 1ML NMR (100 amidel9a(41.4 mg, 196imol, 98%).
MHz, DMSO-d;, VT 80 °C):5170.8, 160.4, 137.4, 134.0, 128.6

127.9, 127.4, 127.2, 126.6, 116.3, 113.4, 77.50.650.5, 48.2; 22 Amidelob
IR (film) 1442, 1417, 1358, 1302, 1253, 1175, 111049, 933, According to the General Procedure C, an@é (78.4 mg,
842, 766, 700, 598 ch HRMS (ESI) m/z caled. for 218 ymol) was converted to amide9b (54.1 mg, 186umol,
CygH,:NNaQ; [M+Na'] 334.1414, Found 334.1408. 86%).
4.18 amide20e 4.23 amidel9c

According to the General Procedure B, amide (74.0 mg, According to the General Procedure C, antfe (37.8 mg,

331 umol) was converted to amid2Oe (92.1 mg, 314umol, 116 pmol) was converted to amide9c (13.9 mg, 54.2umol,
95%). A yellow oil;*H NMR (400 MHz, DMSO-g, VT 80 °C): 4704

8 7.45-7.42 (5H, m), 5.84-5.78 (1H, m), 5.18 (1HJd 17.6 _

Hz), 5.09 (1H, d,J = 10.4 Hz), 4.69 (2H, br), 4.54 (2H, br), 3.86 4-24 amidel9d

. 13,
(2H, br), 3.51 (4H, br), 3.26 (3H,obr)., 1.88-1.85 @), "C According to the General Procedure C, anfifle (65.5 mg,
NMR (100 MHz, DMSO-g, VT 80 °C):8 170.9, 135.8, 134.1, 210 pmol) was converted to amid&9c (40.9 mg, 170umol
129.1, 127.8, 126.4, 116.1, 95.6, 67.4, 64.8, 528, 27.9 (One 81%) ' '

signal is missing due to overlap.); IR (film): 2933883, 1651,
1446, 1419, 1404, 1271, 1147, 1112, 1043, 919, 728,cm*; 4.25 amidel9e
HRMS (ESI)m/z calcd. for GgH,sNNaO, [M+Na'] 316.1519,

Found 316.1516. According to the General Procedure C, anfie (66.7 mg,
227 pmol) was converted to amid&de (39.0 mg, 175umol,
4,19 amide20f 78%).

According to the General Procedure B, ami® (40.5 mg, 4.26 amidel9f
251 mmol) was converted to ami@®f (49.5 mg, 214umol, .
85%). A colorless oil’'H NMR (400 MHz, CDCJ): & 7.39-7.21 According to the General Procedure C, am20¢ (39.7 mg,
(5H, m), 5.88-5.81 (1H, m), 5.25 (1H,45 16.8 Hz), 5.17-5.12 172 umol) were converted to amidE9f (19.3 mg, 120umol,
(2H, m), 4.82 (m, 1H), 4.06 (1H, d,= 10.8 Hz), 3.97-3.94 (m, /9%)-
2H), 2.64-2.50 (3H, m), 1.99-1.95 (1H, nfjC NMR (100  4.27 hemiaminaklg
MHz, CDChL): 6 176.2, 140.5, 134.0, 128.8, 128.0, 126.5, 116.9,
70.0, 69.4, 60.4, 30.2, 28.1; IR (film): 3081, 308831, 2979, To a mixture of amide20g (20.9 mg, 68.8umol) and
2941, 2885, 1704, 1456, 1415, 1392, 1319, 12567,12065, Pd(PPh), (8.0 mg, 6.87umol) and 1,3-dimethylbarbituric acid
932, 769, 703 cil; HRMS (ESl)m/z calcd. for GHi-NNaG; (21.5 mg, 134umol) were added THF (0.17 mL) and MeOH
[M+Na'] 254.1151, Found 254.1147. (0.06 mL) at room temperature. After stirred for 8tH0 °C, the

. reaction was quenched with sat. aq.,@®@, and the aqueous

4.20 amide20g phase was extracted with EtOAc (x3). The combined d@cgan

According to the General Procedure B, ami@g (58.3 mg, €xtracts were dried over anhydrous sodium sulféterdd, and
250 pmol) was converted to amid20g (71.7 mg, 236umol, ~ concentrated under reduced pressure to give a anaterial,
95%). A colorless oil’H NMR (400 MHz, CDCJ, mixture of ~ Which was purified by silica gel column chromatograph
rotamers):d 7.37—7.18 (5H, m), 5.94-5.82 (2H, m), 4.92 (0_7H,(hexanes:EtOAc = 5:1) to afford amide hemiamigap (16.6

S), 4.67 (2H, S), 4.63 (13H, S), 4.31 (07,\]d$ 52 HZ), 3.94 mg, 632pm0|, 92%) A colorless Oll;lH NMR (400 MHz,
(13H, d,J =6.0 HZ), 2.46 (13 H, t] =76 HZ), 2.33 (07H, 8.0 CDClg, mixture of rotamers)B 7.36-7.22 (5H, m), 4.86 (2H, br),

HZ), 1.71-1.63 (m, ZH), 1.32-1.35 (m, 8H), 088—0184:5 H); 4.86-4.65 (2H, bl’), 3.69 (0.7H, br), 2.64-2.49 (09113, 2.31
G NMR (100 MHz, CDG), mixture of rotamers)s 174.8, (L:4H: t.J =8.0 Hz), 1.71-161 (m, 2H), 1.25 (br, 8H), 0.88-0.84
174.1, 137.8, 136.9, 134.3, 133.8, 1288, 128.4.112127.4, (M. 3 H);"C NMR (100 MHz, CDCJ, mixture of rotamers):
127.2, 126.3, 117.6, 116.9, 76.8, 74.3, 69.5, 68%2, 48.3, 0175.9, 174.2, 138.0, 136.9, 128.9, 128.7, 128.1, 127.6, 127.5, 1
33.32, 32.99, 31.63, 31.58, 29.3, 29.2, 29.00,28%.3, 25.0, 26.4,72.2, 71.7,51.5, 48.2, 33.4, 33.1, 31.7, 31.6, 29.4, 29.2, 29.
2253, 2250, 1401 IR (fl'm) 3086, 3064, 3030’549 2926, 1, 290, 254, 249, 226, 14.0 (TWO Signals are mlSSIng due to

2855, 1664, 1496, 1453, 1421, 1359, 1236, 1036, 932, 732, overlap.); IR (fl|m) 3371, 3087, 3063, 3030, 292926, 2870,
700 em® HRMS (ES)miz caled, for GH,NNaO, [M+Na’] 2855, 1636, 1629, 1453, 1423, 1041, 1029, 699'cHRMS

326.2091. Found 326.2082 (ES|) m/z calcd. for GgH,eN,O, [M+H+] 264.1958, Found
’ ' ' 264.1946.

4.21 amidel9a (General Procedure C) .
4.28 amidel9g

To a mixture of amid@0a (56.0 mg, 199umol) and Pd(PPjy . o
(23.3 mg, 20.qumol) and 1,3-dimethylbarbituric acid (62.2 mg, 10 & mixture of hemiaminallg (19.1 mg, 72.7umol) and
398 umol) was added MeOH (0.67 mL) at room temperatureNa! (76.3 mg, 50@umol) in I\!IeCN (0.36 mL) was added TMSCI
The resulting suspension was stirred for 6 h at @0 The (46-0 pL, 495 umol) at 0 °C. After stirred for 24 h at room
reaction mixture was cooled to room temperaturereefddition ~ (€mperature, the reaction was quenched with saN&G.O,, and
of excess ag. NJ0.3 ml) and further stirred for 40 min at room the aqueous phase was extracted with EtOAc (x3). dhined
temperature. Then, the reaction mixture was dilbiedater (1.0 ~ 0rganic extracts were dried over anhydrous sodiutifatsy
mL) and then the separated aqueous phase was estratth flltereq, and cqncentrated undelr.reduced preswga/e.a crude
CH,Cl, (x3). The combined organic extracts were dried withmaterial, which  was purified by preparative TLC
anhydrous sodium sulfate and concentrated ungeiuced (N€xanes:EtOAc = 1:1) to afford amid®g(17.0 mg, 72.3mol,
pressure to give a crude material, which was purfigdilica gel ~ duant).

4.29 amide22g
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Pd(PPR), (6.6 mg, 5.67umol) and 1,3-dimethylbarbituric acid
(17.8 mg, 114umol) was added MeOH (0.2 mL) at room
temperature. The resulting suspension was stirretldf® h at 40
°C. Then, the reaction was quenched with sat. agC@aand
the mixture was extracted with EtOAc (x3). The comdbine
organic extracts were washed with 1 M ag. HCI and bdrnied
over anhydrous sodium sulfate, filtered and corre¢ed under
reduced pressure to give a crude material, whichpua§ed by
preparative TLC (hexanes:EtOAc = 3:1) to afford adifig (0.7
mg, 3.00pmol, 5.3%),21g (3.2 mg, 12.1umol, 21%), and22g
(6.1 mg, 22.Qumol, 39%). A colorless oil'H NMR (400 MHz,
CDCls, mixture of rotamers)d 7.37—-7.18 (5H, m), 4.85 (0.8H,
s), 4.67 (1.2H, s), 4.61 (2H, s), 3.33 (1.2H, s), 3128H, s), 2.46
(1.2H, t,J = 7.6 Hz), 2.35 (0.8H, tJ = 7.6 Hz), 2.48-1.64 (2H,
m), 1.32-1.25 (8H, m), 0.88-0.84 (3H, M NMR (100 MHz,
CDCls, mixture of rotamers) 175.0, 174.2, 137.8, 136.9, 128.8,
128.5, 128.1, 127.5, 127.3, 126.3, 78.9, 76.0,,56513, 49.1,
48.3, 33.4, 33.0, 31.7, 31.6, 29.3, 29.2, 29.10,295.2, 25.1,
22.57, 22.55, 14.0 (One signal is missing due talaps; IR
(film): 3087, 3063, 3031, 2953, 2927, 2871, 285663, 1453,
1420, 1389, 1095, 1077, 699 CMHRMS (ESI)m/z calcd. for
C,-H,,NNaQ, [M+Na'] 300.1934, Found 300.1921.

4.30 amide23

To a solution of carboxylic acié [9] (491 mg, 1.10 mmol)
andL-phenylalanine methyl eth&® (497 mg, 2.78 mmol) in dry
CH,CI, (15.0 mL) was added §#t (612puL, 4.40 mmol) at room
temperature. After stirring for 10 min, BOP-CI (576),n2.26
mmol) was added, and the mixture was stirred forh2af room
temperature. The reaction was quenched with satNaHCQG;,
and the mixture was extracted with EtOAc (x3). The coweth
organic extracts were washed with 1 M ag. HCI and bdrnied
over anhydrous sodium sulfate, filtered and corre¢ed under
reduced pressure to give a crude material, whichpuaged by
silica gel column chromatography (hexanes:EtOAc =) 2dl
afford amide23 (582 mg, 906umol, 87%). A white solid;*H
NMR (400 MHz, CDCY, mixture of rotamers) 7.56—7.32 (8H,
m), 7.32-7.25 (0.70H, m), 7.15-7.05 (1.30H, m), 66484
(1.05H+1.30H, m), 6.06 (1.30H, d= 7.6 Hz), 5.36 (0.35H, d,
= 12.4 Hz), 5.29-5.11 (0.35H+1.95H, m), 5.04 (0.35¢4,d =
7.8, 5.6, 5.6 Hz), 4.96-4.84 (0.70H+1.95H, m), 4083%H, dd,
J=7.8, 7.8 Hz), 4.53-4.46 (1H, m), 3.83 (0.35H3s}7 (1.95H,
s), 3.29-3.03 (3H, m), 2.76 (0.35H,X5 15.0 Hz), 2.64 (0.65H,
d,J = 15.0 Hz), 0.940 (9H, s), 0.131 (1.05H, s), 0.1295H, s),
0.054 (3H, s)*C NMR (100 MHz, CDGJ, mixture of rotamers):
6 171.6, 171.5, 171.4, 171.2, 154.7, 153.9, 145452, 136.1,
135.7, 135.4, 135.0, 129.4, 129.1, 128.5, 128.8.4,2128.3,
128.1, 128.1, 127.9, 127.1, 127.0, 120.3, 118.5.9,0105.5,
67.6, 67.3, 67.1, 65.9, 65.0, 64.4, 61.8, 61.40582.5, 52.2,
52.1, 37.8, 37.7, 33.3, 32.0, 25.6, 17.8, -4.56-45.0, -5.1
(Five signals are missing due to overlap.); IR1jil 3325, 3031,
2953, 2928, 2895, 2855, 1746, 1713, 1639, 15267,143808,
1350, 1318, 1252, 1210, 1142, 1113, 1085, 959, 838, 748,
698 cm®; [a]p?’ = -175 € = 1.20, CHCJ); HRMS (ESI)m/z
calced. for GsH,N,NaO,Si [M+Na'] 629.2653, found 629.2624.

4.31 Amide24

To a suspension of amid23 (398 mg, 657umol) and
Pd(OAc) (57.8 mg, 257umol) in CHCI, (12.0 mL) was added
EtsN (300pL, 2.16 mmol) at room temperature. After stirring fo
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ts were
dried over anhydrous sodium sultate, filtered, andcentrated
under reduced pressure to give a crude materialchwhias
purified by silica gel column chromatography (heastEtOAC =
6:1 to 2:1) to afford amin@4 (347 mg, quant). A colorless oil;
'H NMR (400 MHz, CDCJ): & 7.90 (1H, dJ = 8.4 Hz), 7.22—
7.16 (3H, m), 7.03 (2H, dl = 6.8 Hz), 6.25 (1H, d] = 2.0 Hz),
6.22 (1H, d,J = 8.0 Hz), 4.80 (1H, ddd] = 10.8, 3.2, 3.2 Hz),
4.71 (1H, ddJ = 8.0, 7.8 Hz), 4.27 (1H, dd, = 7.8, 2.2 Hz),
3.79 (1H, ddJ = 7.2, 5.6 Hz), 3.70 (3H, s), 3.55 (1H, s), 3.19
(1H, dd,J = 14.0, 5.8 Hz), 3.01 (1H, dd,= 14.0, 6.6 Hz), 2.73—
2.71 (2H, m), 2.28 (1H, s), 0.82 (9H, s), 0.033 (3HPK22 (3H,
s); ®C NMR (100 MHz, CDGJ)): 5 173.0, 171.9, 145.5, 135.8,
133.1, 129.1, 128.3, 126.9, 120.5, 105.6, 67.9,680.9, 52.5,
52.1, 37.6, 35.0, 25.6, 17.9, -3.8, -4.7; IR (filn3B49, 3029,
2952, 2928, 2893, 2855, 2360, 2341, 1745, 1677416808,
1437, 1360, 1344, 1254, 1200, 1079, 961, 837, 709, cm";
[a]p?® = =195 ¢ = 1.65, CHCJ); HRMS (ESI)m/z calcd. for
CosH3/N,OsSi* [M+H"] 473.2466, found 473.2451.

4.32 Dithiodiketopiperazing5

To a solution of amin@4 (447 mg, 945umol) in MeOH (250
mL) was added 25% aq. NH15.0 mL) at room temperature.
After stirring for 2.7 days at room temperature, thaction was
concentrated under reduced pressure to give a amaterial,
which was purified by silica gel column chromatognaph
(hexanes:EtOAc = 2:1) to afford diketopiperaz2fe (202 mg,
459 umol, 48%). A colorless oitH NMR (400 MHz, CDCJ): 6
7.33-7.18 (5H, m), 6.41 (1H, s), 6.29 (1H,Jds 8.0 Hz), 5.90
(1H, s), 5.00 (1H, dJ = 7.6 Hz), 4.88 (1H, dd] = 8.0, 7.6 Hz),
4.77 (1H, s), 4.23-4.16 (2H, m), 3.51 (1H, dd; 14.0, 3.6 Hz),
2.89-2.79 (2H, m), 2.52 (1H, dd~= 13.0, 13.0 Hz), 0.79 (9H, s),
0.011 (3H, s), 0.006 (3H, s}°C NMR (100 MHz, CDG)): &
168.5, 163.9, 145.0, 135.6, 135.1, 129.3, 128.9,3,2112.4,
106.4, 66.9, 63.1, 57.9, 56.2, 37.3, 33.4, 25.78,14.3, —4.5;
IR (film): 3381, 3228, 3220, 2952, 2928, 2895, 282359,
2341, 1684, 1663, 1444, 1422, 1294, 1256, 12029,11683,
957, 905, 837, 777, 746, 702 ¢m[a]p>> = -356 ¢ = 0.270,
CHCl); HRMS (El) m/z calcd. for GH3;N,O,Si [M]
440.2131, found 440.2134.

4.33 Dithiodiketopiperazing7

To a solution of diketopiperazir@s (63.4 mg, 144umol) in
THF (630puL) was added LIHMDS (1.3 M solution in THF, 120
pL, 156 pumol) at —40 °C. After stirring for 8 min, AllomCRg)
[20] (120pL, 1.16 mmol) was added at —40 °C, and the mixture
was stirred at =20 °C for 17 h. The reaction was gled with
sat. ag. NKCI solution and the mixture was diluted by water.
The separated aqueous phase was extracted witlCICEk4).
The combined organic extracts were dried over armdugr
sodium sulfate, filtered, and concentrated undeéuced pressure
to give a crude material, which was purified by silgel column
chromatography (hexanes:EtOAc 4:1 to 2:1) to dffor
diketopiperazine7 (66.3 mg, 12Qumol, 84%). A colorless oil;
'"H NMR (400 MHz, CDCYJ): 8 7.28-7.22 (3H, m), 7.04 (2H, d,
= 8.0 Hz), 6.28 (1H, d) = 7.6 Hz), 6.27 (1H, s), 5.96-5.87 (1H,
m), 5.51 (1H, dJ = 10.8 Hz), 5.31 (1H, dfj = 17.2, 1.6 Hz),
5.24 (1H, dtJ = 10.8, 1.2 Hz), 4.87(1H, dd,= 7.8, 7.6 Hz),
4.82 (1H, dJ =7.8 Hz), 4.79 (1H, d] = 10.8 Hz), 4.62 (1H, s),
4.57 (1H, m), 4.12 (1H, dd,= 12.8, 6.0 Hz), 4.07-4.40 (2H, m),
3.42 (1H, ddJ = 14.0, 2.8 Hz), 3.21 (1H, dd,= 14.0, 2.8 Hz),

30 min at reflux, ESIH (1.10 mL, 6.90 mmol) was added, and 2.44 (1H, ddJ = 13.2, 6.0 Hz), 0.94 (1H, dd,= 13.2, 12.8 Hz),

the mixture. was stirred for 40 min at reflux. Theaction

0.79 (9H, s), 0.007 (3H, s}0.009 (3H, s); °C NMR (100 MHz,

mixture was diluted by C}Cl, and the reaction was quenched CDCl): & 166.2, 163.7, 144.9, 134.9, 134.7, 133.4, 138,46
with sat. ag. NaHC® The separated aqueous phase wad27.4, 118.1, 112.8, 106.4, 72.5, 69.9, 68.6, 6391, 58.2,
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1662, 1452, 1441, 1295, 1200, 1138, 1092, 1051, 956, 837,
777, 703 cnt; [a]p?® = -333 ¢ = 0.535, CHGJ)); HRMS (ESI)
m/z calcd. for GgHsgN.NaQSi'[M+Na']l 533.2442, found
533.2417.

4.34 Dithiodiketopiperazin28

To a solid of diketopiperazing7 (66.3 mg, 12Qumol) was
added HF-Py in pyridine (2.00 mL, 1:4, HF-Py contajni70%
hydrogen fluoride and ~30% pyridine) at room terapane.
After stirring for 17 h at 45 °C, the reaction misguvas diluted

9

vas
quenched with ag. NI solution at room temperature. The
separated agueous phase was extracted wiyCIgkx3). The
combined organic extracts were dried over anhydsndium
sulfate, filtered, and concentrated under reducedsorre to give
a crude material, which was purified by silica gelluomn
chromatography (hexanes:EtOAc = 1:3) to afford allgbhol30
(126 mg, 318umol, 91%). A white solid;H NMR (400 MHz,
CDCly): 6 7.31-7.23 (3H, m), 7.08 (2H, d~= 6.4 Hz), 6.27 (1H,
dd,J = 2.2, 2.2 Hz), 6.13 (1H, dd, = 8.0, 2.4 Hz), 6.00-5.90
(1H, m), 5.42 (1H, dJ = 10.8 Hz), 5.36 (1H, d] = 17.2 Hz),

by water at 0C. The separated aqueous phase was extracted with26 (1H, dJ = 10.0 Hz), 5.07 (1H, dl = 3.6 Hz), 4.88 (1H, s),
CH,Cl, (x4). The combined organic extracts were dried ove-87 (1H, d.J = 10.8 Hz), 4.64 (1H, dd] = 3.0, 4.2 Hz), 4.52

anhydrous sodium sulfate, filtered, and concerdratsder
reduced pressure to give a crude material, whichpuaged by
silica gel column chromatography (@E,:EtOAc = 1:5) to
afford allyl alcohol28 (46.6 mg, 118umol, 98%). A white solid;
'"H NMR (400 MHz, CDCJ): 5 7.28-7.22 (3H, m), 7.07-7.04
(2H, m), 6.34 (1H, dJ = 8.0 Hz), 6.34 (1H, d] = 2.0 Hz), 5.98—
5.91 (1H, m), 5.41 (1H, d] = 10.8 Hz), 5.35 (1H, dt] = 17.5,
2.9, 1.7 Hz), 5.24 (1H, df = 10.3, 2.9, 1.5 Hz), 5.05 (1H, d,
=8.2, 8.0 Hz), 4.82 (1H, d,= 10.8 Hz), 4.79-4.76 (2H, m), 4.69
(1H, s), 4.58-4.56 (1H, m), 4.22 (1H, dds 12.2, 6.0 Hz), 4.16—
4.10 (2H, m), 3.42 (1H, dd, = 14.2, 3.0 Hz), 3.23 (1H, dd,=
14.2, 4.4 Hz), 2.48 (1H, dd,= 14.4, 6.0 Hz), 0.94 (1H, dd,=
14.4, 12.2 Hz)®C NMR (100 MHz, CDGJ): 5 166.0, 163.8,
145.1, 135.2, 134.7, 133.6, 130.1, 128.4, 127.3.81113.7,
105.7, 73.2, 70.3, 68.1, 62.6, 59.8, 58.3, 36.8;38],> = -367
(c = 0.260, CHGJ); IR (film): 3425, 3419, 2921, 2359, 2340,
1694, 1659, 1454, 1339, 1296, 1200, 1137, 10747,1929, 857,
758, 736, 704 cil, HRMS (ESI)m/z calcd. for G,;H,4N,NaGy
[M+Na'] 419.1577, found 419.1558.

4.35 Dithiodiketopiperazin29

To a solution of allyl alcohd?8 (74.3 mg, 188imol) and nor-
AZADO (8.50 mg, 61.5umol) in dry CHCI, (1.40 mL) was
added PhI(OAg) (64.2 mg, 200umol) at room temperature.
After stirring for 1.5 h at room temperature, theaton was
quenched with sat. agq. b&0O; solution and water (1:2). The
separated agueous phase was extracted wigCIgk3). The
combined organic extracts were dried over anhydsadium
sulfate, filtered, and concentrated under reducedspire to give
a crude material, which was purified by silica gelluomn
chromatography (hexanes:EtOAc = 1:3) to afford laet@9
(71.0 mg, 18Qumol, 96%). A white solid!H NMR (400 MHz,
CDCly): 6 7.28-7.22 (3H, m), 7.09 (2H, d~= 8.0 Hz), 7.00 (1H,
d,J = 7.6 Hz), 6.59 (1H, d] = 2.4 Hz), 6.01-5.91 (1H, m), 5.61
(1H, d,Jd = 7.6 Hz), 5.36 (1H, dJ = 18.4 Hz), 5.35 (1H, d] =
10.4 Hz), 5.31 (1H, s), 5.27 (1H, 8 10.4 Hz), 4.90 (1H, dl =
10.4 Hz), 4.68 (1H, dd] = 4.0, 3.4 Hz), 4.20-4.10 (2H, m), 3.91
(1H, dd,J = 13.4, 6.0 Hz), 3.43 (1H, dd,= 14.0, 3.4 Hz), 3.29
(1H, dd,J = 14.0, 4.0 Hz), 2.53 (1H, dd,= 15.2, 6.0 Hz), 1.01
(1H, dd,J = 13.4, 13.4 Hz)}*C NMR (100 MHz, CDC):
180.9, 164.9, 163.6, 153.3, 136.9, 134.5, 133.4.01,3128.3,
127.1, 117.6, 115.4, 107.8, 73.5, 70.4, 66.3, 6870, 36.9,
31.8; IR (film): 3028, 2925, 2867, 1687, 1667, 160454, 1350,
1327, 1292, 1204, 1078, 1051, 940, 930, 864, 838, 736
cm b [a]p?® = =279 € = 0.445, CHGJ); HRMS (ESI)m/z calcd.
for C,;H,3N,05 [M+H™] 395.1601, found 395.1605.

4.36 Dithiodiketopiperazingd0

To a solution of lacton@9 (138 mg, 350umol) in CHClI,
(750 pL) and EtOH (50QuL) was added Cegl7H,0O (381 mg)
in EtOH (2.0 mL) at =78 °C. After stirring for 10 miNaBH, in
EtOH (22.0 mg, 582imol in 550uL) was added at -78 °C, and

(1H, d,J = 7.6 Hz), 4.20-4.17 (1H, m), 4.14 (1H,X& 5.8 Hz),
4.13 (1H, d,J = 5.8 Hz), 3.91 (1H, dd] = 13.0, 5.8 Hz), 3.40
(1H, dd,J = 13.8, 3.0 Hz), 3.27 (1H, dd,= 13.8, 4.2 Hz), 2.36
(1H, dd,J = 13.6, 5.8 Hz), 0.80 (1H, dd,= 13.6, 13.0 Hz)*C
NMR (100 MHz, CDCJ)): & 167.0, 165.1, 138.0, 137.0, 134.2,
133.4, 130.2, 128.7, 127.7, 118.1, 109.8, 109.22,78.5, 69.1,
64.1, 59.8, 56.3, 37.0, 33.7; IR (film): 3369, 302942, 2863,
1661, 1453, 1344, 1296, 1193, 1133, 1078, 1058, B39, 756,
730, 704, 578 cit; [a]p,> = -229 € = 1.04, CHCJ); HRMS
(ESI) m/z calcd. for G,H,,N,NaQ, [M+Na'] 419.1577, found
419.1564.

4.37 Dithiodiketopiperazingl

To a suspension of sulfug 3.6 mg, 24imol) in ELO (1.0
mL) was added LIHMDS (1.3 M in THF, 728, 943 umol) at
room temperature. After stirring for 5 min, diketppiazine30
(18.6 mg, 47.Qumol) in a mixture of THF (2.0 mL) and & (1.0
mL) was added at room temperature, and the resuthgtion
was stirred for 1 min. Then, LIHMDS (1.3 M in THF, 725,
943 umol) was added, and the mixture was stirred for 30 ai
room temperature. The reaction was quenched witiNaQCl
and diluted with water. The separated aqueous phaese w
extracted with BO (x1) and CHCI, (x2). The combined organic
extracts were dried over anhydrous sodium sulféterdd, and
concentrated under reduced pressure to give a amaterial,
which was purified by preparative TLC (hexanes:EtOAE6:1
x2, then hexanes:GBI, = 3:5) to afford the mixture of bridged
polysulfides. To a solution of the polysulfides anmixture of
THF (3.2 mL) and EtOH (3.2 mL) was added NaBB6.5 mg,
965 pumol) at 0 °C. After stirred for 8 min at room tematerre,
Mel (1.60 mL, 25.6 mmol) was added af@ and the resulting
mixture was stirred at room temperature for 4 e Tdaction was
quenched by ag. Nj@l, and the separated aqueous phase was
extracted with BO (x1) and CHCI, (x2). The combined organic
extracts were dried over anhydrous sodium sulféterdd, and
concentrated under reduced pressure to give a amaterial,
which was purified by preparative TLC (hexanes:EtOAL61,
then hexanes:EtOAc 2:1) to afford bis-(methylthio)
diketopiperazine31 (18.3 mg, 30.3unol, 65% 2 steps frorB0).

A white foam;'H NMR (400 MHz, CDCJ): & 7.29-7.24 (3H,
m), 7.15-7.12 (2H, m), 6.31 (1H, m), 6.17 (1H, dd; 8.4, 2.4
Hz), 6.03-5.93 (1H, m), 5.40-5.34 (1H, m), 5.53 (1H] &,9.6
Hz), 5.24-5.22 (2H, m), 5.12 (1H, d= 9.6 Hz), 4.91 (1H, dd]
=8.2, 1.8 Hz), 4.58-4.55 (1H, m), 4.42 (1H,d; 8.0 Hz), 4.30—
4.28 (2H, m), 3.48 (1H, d] = 13.2 Hz), 3.23 (1H, d] = 13.2
Hz), 2.55 (1H, dJ = 15.2 Hz), 2.29 (3H, s), 2.53 (3H, s), 1.59
(1H, d,J = 15.2 Hz);"*C NMR (100 MHz, CDG)): & 167.1,
166.1, 137.6, 137.2, 134.3, 133.6, 130.7, 128.6,9,2117.2,
110.8, 107.1, 77.5, 73.4, 72.2, 71.3, 67.7, 65x40,438.1, 15.2,
14.0; IR (film): 3370, 3008, 2920, 2852, 1662, 148516, 1380,
1191, 1136, 1083, 1056, 1050, 772, 756, 704 cjn]p™ = -123
(c=0.619, CHQG); HRMS (ESI)m/z calcd. for G4H.eN,NaGsS,
[M+Na'] 511.1332, found 511.1303.
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paratormaldehyde (19.0 g, 0.633 mol) was added aonhbgd

To a solid of bis-(methylthio) diketopiperazi®d (6.65 mg,
13.6 umol) was added Pd(PRh (0.788 mg, 0.682umol) in

hydrogen chloride generated from,3®©, and NaCl at room
temperature. After stirred for 30 min at room tenapere, the

CH.CI, (25.0 uL). The mixture was concentrated under reducedixture was heated by oil bath at 150 °C for 2 e Fesulting

pressure give a pale brown solid. To the solid wateddL,3-
dimethylbarbituric acid (4.26 mg, 27.8nol) in MeOH (136uL),

and the mixture was stirred for 16.5 h at 40 °C. Téaction
mixture was diluted with MeOH (68L) and stirred for 2 h.
Then, the mixture was cooled to room temperature diluted

mixture was diluted with hexanes, dried over magmessulfate,
and the hexanes were removed under reduced presEuwee.
crude material was distilled from anhydrous calcicimoride to
afford AllomCl 26) (25.0 g, 0.234 mol, 40%) as colorless oil.

with MeOH (200pL). To the mixture was added NaHg@0.0 Acknowledgments

mg), and the resulting suspension was stirred fomgbat room

temperature and diluted with GBI, and HO. The separated This work was financially supported by KAKENHI
aqueous phase was extracted Wlthzcuz'l(XS) The combined (JP16H01127, JP16H00999, JP26253001, JP18H02549,

organic extracts were dried over anhydrous sodiutfatsy
filtered, and concentrated under reduced pressugé/é a crude
material, which was purified by preparative
(hexanes:EtOAc = 3:1 x3) to afford emestrin 5} (4.46 mg,
10.6 pmol, 78%) and diketopiperazing (1.15 mg, 17%). A
white solid;'H NMR (600 MHz, CDCJ): & 7.34—7.30 (3H, m),
7.19 (2H, dJ = 6.6 Hz), 6.36 (1H, s), 6.19 (1H, dii= 1.8, 8.4
Hz), 6.05 (1H, s), 5.12 (1H, d,= 4.8 Hz), 4.93 (1H, d] = 8.4
Hz), 4.63-4.61 (1H, m), 4.55 (1H, @i= 7.2 Hz), 3.64 (1H, d] =
13.2 Hz), 3.02 (1H, dJ = 13.2 Hz), 2.63 (1H, d] = 15.0 Hz),
2.41 (3H, s), 2.23 (3H, s), 1.88 (1H, H= 15.0 Hz);"*C NMR
(150 MHz, CDC)): 6167.2, 165.4, 137.7, 137.4, 133.2, 130.7,
128.8, 128.1, 110.9, 107.4, 72.3, 68.5, 68.4, 6483, 38.9,
14.7, 14.3; IR (film): 3361, 3224, 3062, 3008, 292848, 2360,
2341, 1675, 1638, 1409, 1340, 1193, 1139, 11237,1186, 730,
704, 581, 564 cil; [0]p2 = -203 € = 0.234, MeOH) (Lit. ¢i]5>°

= -97 ¢ = 0.071, MeOH)); HRMS (ESI)m/z calcd. for
CooHNoNaQ,S, [M+Na'] 441.0913, found 441.0907. The
spectral data were identical with those reportechen literature
[14].

4.39 (-)-Asteroxepind)

To a solution of (—)-emestrin b)Y (2.64 mg, 6.32imol) and
DMAP (1.23 mg, 10.lumol) in pyridine (120uL) was added
Ac,O in pyridine (0.127 M, 100uL, 12.7 pmol) at room
temperature. After stirring for 50 min at room temgiere,
additional AgO (13.0uL, 138umol) was added, and the mixture
was stirred for 35 min. Then, additional DMAP (5.69,M§.6
umol) was added, and the mixture was stirred for 4% ahiroom
temperature. The reaction was diluted with ,CH and
quenched with ag. 1 M HCI. The separated aqueouseplias
extracted with CHCI, (x5), and the combined organic extracts
were dried over anhydrous sodium sulfate, filtereahd
concentrated undereduced pressure to give a crude material,
which was purified by preparative TLC (hexanes:EtOAE: £1)
to afford asteroxepindj (2.60 mg, 5.65umol, 89%). A white
solid; '"H NMR (600 MHz, CDCJ): & = 7.32-7.27 (3H, m), 7.20—
7.18 (2H, m), 6.41 (1H, dd,= 2.4, 2.4 Hz), 6.29 (1H, dd,= 8.4,
3.0 Hz), 6.00 (1H, br s), 5.88 (1H, ddil= 7.5, 2.1, 2.1), 4.89
(1H, br. d,J = 7.8 Hz), 4.68 (1H, dd] = 8.4, 1.2 Hz), 3.66 (1H, d,
J=13.8 Hz), 2.97 (1H, dl = 13.8 Hz), 2.64 (1H, d = 15.0 Hz),
2.36 (3H, s), 2.20 (3H, s), 2.13 (3H, s), 1.82 (1H,,ddd 15.3,
2.1, 2.1 Hz);®*C NMR (150 MHz, CDG): & = 170.1, 165.6,
164.4, 139.7, 137.3, 133.5, 130.9, 128.7, 127.9.11,0105.5,
71.4, 69.9, 68.0, 61.7, 46.4, 39.6, 21.2, 14.50;1/4],>" = -178
(c = 0.556, CHG) (Lit. [a]p = -102 € = 0.4, CHCY))); HRMS
(ESI) m/z calcd. for G,H,/N,NaQ;S, [M+Na'] 483.1019, found
483.0996. The spectral data were identical with thieperted in
the literature [13].

4.40 AllomCl 26) [20]

2.

o

N

JP18H04231, JP18H04379, JP18K18462) from JSPS and
Platform Project for Supporting Drug Discovery antel$cience
TLC Research (BINDS) from AMED (JP19am0101100).
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