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Dysiherbaine I) and its congener neodysiherbaine 2 ére naturally occurring excitatory amino acids

with selective and potent agonistic activity for ionotropic glutamate receptors. We describe herein the
total synthesis o and its structural analogu@s-8. Advanced key intermediate6 was employed as a
branching point to assemble a series of these anal@ju@svith respect to the £and G functionalities,

which would not have been accessible through manipulations of the natural product itself. The synthesis
of key intermediaté 6 features (i) stereocontrolle@-glycosylation to set the gStereocenter, (ii) concise
synthesis of the bicyclic ether skeleton through chemo- and stereoselective dihydroxylatiorexfthe
olefin and stereoselective epoxidation of #mredaolefin, followed by epoxide ring opening&xoring
closure, and (iii) catalytic asymmetric hydrogenation of enamide ester to construct the amino acid
appendage. A preliminary biological evaluation of analogues for their in vivo toxicity against mice and
binding affinity for glutamate receptors showed that both the type and stereochemistry gfahd G
functional groups affected the subtype selectivity of dysiherbaine analogues for members of the kainic
acid receptor family.

Introduction of their pharmacological preference toward selective agonists:
o-amino-3-hydroxy-5-methylisoxazole-4-propionic acid (AMPA),
kainate, andN-methylp-aspartic acid (NMDA) receptors.
Molecular cloning studies demonstrated that ionotropic glutamate
4 receptors are encoded by at least six NMDA (NR1, NRZA

and NR3A), four AMPA (GIluR*-4), and five kainate (GIuR5

7, KA1, and KA2) receptor genédJnderstanding the complex
roles that ionotropic glutamate receptors play in physiological

Glutamate receptors play a central role in the mammalian
central nervous system (CNS), not only in excitatory neu-
rotransmission but also in complex brain functions such as
learning and memory. Glutamate receptors are broadly divide
into ionotropic and metabotropic receptors. lonotropic glutamate
receptors are further subdivided into three subtypes on the basis

* To whom correspondence should be addressed. Pht8&:22-717-8897.

Eax: +81-22-717-8897. 21(::LL)G\éV_aztléi‘?s, J. C.; Evans, R. FAnnu. Re. Pharmacol. Toxicol1981,
T Tohoku University. ) .
* University of Texas Medical Branch. (2) (a) Seeburg, Plrends Neuroscil993 16, 359-365. (b) Hollmann,
§ Kitasato University. M.; Heinemann, SAnnu. Re. Neurosci1994 17, 31—-108. (c) Dingledine,
I'Suntory Institute for Bioorganic Research. R.; Borges, K.; Bowie, D.; Traynelis, S. Pharmacol. Re. 1999 51, 7—45.
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Total Synthesis of Neodysiherbaine A and Analogues
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FIGURE 1. Structures of dysiherbainel)( neodysiherbaine A2,
and simplified analogu8.
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FIGURE 2. Structures of dysiherbaine analoguess.

and pathological processes in the brain has been facilitated byamino acids and their designed analogues are anticipated to serve
the presence of selective pharmacological agents. However,as useful tools for understanding the structure and functions of

pharmacological characterization of kainate receptors has for
many years been hampered by the lack of selective ligands,
both agonists and, particularly, antagonfsts.

Dysiherbaine 1), isolated from the Micronesian sponge
Dysidea herbaceds a novel excitatory amino acid with potent
convulsant activity (Figure 1). The unprecedented molecular
structure consists of @éis-fused hexahydrofuro[3,B}pyran ring
system containing a glutamic acid substructure. Dysiherbaine
activates neuronal AMPA and kainate receptors, with a higher
affinity for kainate receptors, but shows no detectable affinity
for NMDA receptors? Pharmacological characterization of the
affinity of dysiherbaine for recombinant GIuR5, GIuR6, and
KA2 kainate receptor subunits revealed that it had extremely
high affinity for GIURS5 or GIuR6 but very low affinity for KA2
subunits, which produced unusual biophysical behavior from
heteromeric kainate receptdrs.

Neodysiherbaine A2), isolated as a minor congener from
the same sponge, differs frohin the G functional group
(Figure 1) and is also a selective agonist for AMPA and kainate
receptors. Most recently, we characterized the pharmacological
action of neodysiherbaine A and a simplified synthetic analogue,
3,2 on glutamate receptoPsThese studies revealed that neo-
dysiherbaine A is similar to dysiherbaine in its pharmacological
activity on kainate receptors, albeit with slightly different
binding affinities for individual receptor types. In contrast,
compound3, lacking the G and G functional groups, was a
selective, competitive antagonist for GluR5-containing kainate
receptors. In addition, homology modeling of kainate receptor

ionotropic glutamate receptors in the CNS. Therefore, dysi-
herbaine and neodysiherbaine A have attracted a great deal of
attention as synthetic targets, and seven total synth&sasd
several synthetic approach&ésave been described to date.

To reveal further the detailed structaractivity relationship
profiles of dysiherbaines, we set out to develop a flexible route
to a series of dysiherbaine analogues. We describe herein the
details of a concise total synthesis @fand its structural
analogues 8,@pineodysiherbaine A 4),12 8-epineodysi-
herbaine A §), 9-epineodysiherbaine Ag), 8-deoxyneodysi-
herbaine A 7), and 9-deoxyneodysiherbaine 8)((Figure 2)
from a common key intermediate. These analogues, easily
accessible through efficient synthesis, allowed us to test the
hypothesis that thedand G functional groups are the critical
determinants of pharmacological activity of dysiherbaines. The
preliminary biological evaluation described herein revealed that
both the type and stereochemistry of these functional groups
strongly affected the subtype selectivity of dysiherbaine ana-
logues for members of the kainate receptor family.

Results and Discussion

Overall Synthetic Strategy. We have previously reported
the synthesis of via a key intermediatel,6,12 which was settled
on a branching point for a flexible entry into the dysiherbaine
analogues not accessible from the natural product itself. The
key features of the synthesis d6 involved (i) stereoselective
C-glycosylation of allylsilanel 02 with di-O-acetyl+-arabinal

subunits generated a conceptual framework for understanding(9)14 to set the G stereocenter, (ii) chemoselective oxidation

the interaction between theg@nd G functional groups and
residues in the ligand-binding domains that confer selectivity
and specificity to the marine toxirfs.

Due to these unusual pharmacological properties of dysi-
herbaines and their potent epileptogenic activity, these excitatory

(3) Brauner-Osborne, H.; Egebjerg, J.; Nielsen, E. &.; Madsen, U,
Krogsgaard-Larsen, B. Med. Chem200Q 43, 2609-2645.

(4) Sakai, R.; Kamiya, H.; Murata, M.; Shimamoto, &. Am. Chem.
Soc.1997 119 4112-4116.

(5) Sakai, R.; Swanson, G. T.; Shimamoto, K.; Contractor, A.; Ghetti,
A.; Tamura-Horikawa, Y.; Oiwa, C.; Kamiya, H. Pharm. Exp. The2001,
296, 650-663.

(6) Swanson, G. T.; Green, T.; Sakai, R.; Contractor, A.; Che, W.;
Kamiya, H.; Heinemann, S. Meuron2002 34, 589-598.

(7) Sakai, R.; Koike, T.; Sasaki, M.; Shimamoto, K.; Oiwa, C.; Yano,
A.; Suzuki, K.; Tachibana, K.; Kamiya, HDrg. Lett.2001, 3, 1479-1482.

(8) Sasaki, M.; Maruyama, T.; Sakai, R.; Tachibanal &trahedron Lett
1999 40, 3195-3198.

(9) Sanders, J. M.; lto, K.; Settimo, L.; Pentikainen, O. T.; Shoji, M.;
Sasaki, M.; Jonson, M. S.; Sakai, R.; Swanson, Gl. Pharm. Exp. Ther
2005 314, 1068-1078.

of bisolefin11, (iii) epoxide ring opening/®xoring closure of

(10) For the total synthesis of dysiherbaine, see: (a) Snider, B. B.;
Hawryluk, N. A. Org. Lett 200Q 2, 635-638. (b) Sasaki, M.; Koike, T.;
Sakai, R.; Tachibana, KTetrahedron Lett200Q 41, 3923-3926. (c)
Masaki, H.; Maeyama, J.; Kamada, K.; Esumi, T.; lwabuchi, Y.; Hatakeya-
ma, S.J. Am. Chem. Soc200Q 122 5216-5217. (d) Phillips, D.;
Chamberlin, A. R.J. Org. Chem 2002 67, 3194-3201. For the total
synthesis of neodysiherbaine A, see: (e) Reference 7. (f) Lygo, B.; Slack,
D.; Wilson, C.Tetrahedron Lett2005 46, 6629-6632. (g) Takahashi, K.;
Matsumura, T.; Corbin, G. R. M,; Ishihara, J.; Hatakeyamd, 8rg. Chem.
2006 71, 4227-4231.

(11) For synthetic studies on dysiherbaine, see: (a) Naito, T.; Nair, J.
S.; Nishiki, A.; Yamashita, K.; Kiguchi, THeterocycle200Q 53, 2611~
2615. (b) Huang, J.-M.; Xu, K.-C.; Loh, T.-Bynthesi003 755-764.

(c) Miyata, O.; Iba, R.; Hashimoto, J.; Naito, Org. Biomol. Chem2003
1, 772-774. (d) Kang, S. H.; Lee, Y. MSynlett2003 993-994.

(12) For a preliminary communication, see: Shoji, M.; Shiohara, K.;
Oikawa, M.; Sakai, R.; Sasaki, Metrahedron Lett2005 46, 5559-5562.

(13) Konosu, T.; Furukawa, Y.; Hata, T.; Oida, Shem. Pharm. Bull
1991, 39, 2813-2818.

(14) Hullomer, F. L.Methods in Carbohydrate Chemistrpcademic
Press: New York, 1962; Vol. |, pp 838.
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SCHEME 1. Our First Total Synthesis of TABLE 1. Asymmetric Dihydroxylation of Diene 11
8,9-epiNeodysiherbaine A (4) Asymmetric

OAc m Ohe dihydroxylation HO @ OAc
. B B
@OAC C-glycosylation n0. o no. > o

= OAc H KCO3 (3 equiv) H
- K3Fe(CN)g (3 equiv)
5 BnO o _— 1 MeSO,NH, (2 equiv) ”
T™MS H t-BuOH/H,0 (1:1)
° BnO 10 T osmium time yield

entry sourcé ligand® (h) (%) de
C OH 1 AD-mix-a 12 85 1:1.3
O, H 2 AD-mix-f 12 quantitative 1.2:1

OH OH

RO & RiQ_ 0 3 K:0sO(OH), (DHQDHAQN 12 58 31

A o L Ro— o —_— 49 OsQy (DHQD),AQN 3 80 31
H g-iﬁ(z)ation 2 H 5 K,OsO(OH), (DHQD),PYR 12 78 1:2.3
R0 12 4 13 6 K:0sQ(OH),  (DHQ)PYR 12 59 2.3:1
aA 1 mol % concentration of KOSQ(OH), was used® A 10 mol %
i )L concentration of ligand was usetDetermined by 500 MHZH NMR.

g i
o NHBn |, O’\'T o° “NR " 0/\h Performed on a gram scaleA 5 mol % concentration of Osfvas used.
i 5 0 o 0
(s :
TBOMSO—" S assigned at a later stage. The use of pseudoenantiomeric reagent
o) 0 . ; . g
H Teomso N AD-mix-f resulted in reversed but poor diastereoselectivity

14 15 (entry 2). The highest diastereoselectivity (gr 3:1) was

observed when (DHQBRAQN was used as a ligand (entry
NHBoc 1y OH NH, M 3), and these conditions showed good reproducibility even on
MeO,C o OH HO,C o) OH a gram scale (entry 4). When the (DHQBYR?° ligand was
W —_— W used, the diastereoselectivity was reversed with a moderate ratio
MeOZC16 H© HOC LM 0 (entry 5), and the selectivity was reversed again by changing

the ligand to (DHQ)PYR (entry 6). The diastereomeric mixture

) o ) ) thus obtained in entry 4 was carried forward without separation
12 to form the bicyclic ring skeletod3, and (iv) construction  yrough the subsequent transformations.

of the amino acid side chain through stereoselective introduction Selective monosilylation of diol9 was performed under

of the G amino group following the procedure of Kishi et*al. standard conditions (TBDMSOTY, triethylamine, GE,) to
(14 - 15).(Scheme'1). o afford the corresponding TBDMS eth20 (Scheme 3). After
While highly concise to construct the bicyclic ether skeleton, methanolysis of the acetyl group (95%), treatment of the
this first-generation route required a multistep sequence of regyjtant allylic alcohol witim-chloroperbenzoic acidré CPBA)
reactions for the €amino group. Accordingly, we decided 10 |64 exclusively to the8-epoxide21. When the crude epoxide
explore_ an al_ternative approach _for the efficient synthesis of 51 \yas subjected to purification by flash chromatography on
the amino acid appendage. In this context, we focused on angjjica gel, epoxide ring opening by an intramolecular attack of
asymmetric hydrogenation of enamide esters, which has beeny,o tertiary alcohol occurred in a@xotrig mode, leading to
recently utilized for the synthesis of various functionalized bicyclic ether22 in high yield. After protection of the diol as
amino acid derivative¥1” Thus, the key intermediatkt was the acetonide (85%), the benzyl group of the resul28wvas
envisioned to be prepared by catalytic _asymmetric hydrogenation e moved under hydrogenolysis to afford alcoh@dgand24b
of th.e precursor enamide est&v, Whlch,_ in .turn, could be in 75% and 20% yield, respectively, which were readily
readily derived from alcohdl8 through oxidation followed by - geparaple by flash column chromatography. Thus, the synthesis
Horner-Wadsworth-Emmons (HWE) olefination (Scheme 2).  of the bicyclic ether skeleton was realized in only seven steps

We first reinvestigated chemo- and diastereoselective oxida- from 9. In addition, both alcoholg@4aand24b are considered
tion of the exoolefin within 11 under Sharpless asymmetric 5 pe potentially identical compounds, just being different in
dihydroxylation conditiond? In the previous study? oxidation the position of the TBDMS protection. Therefore, these
of 11with AD-mix-at (CHsSOQ;NH, t-BUOH/H,0, 0°C — room compounds were expected to be transformed to the single
temperature) proceeded in a completely chemoselective mannegompound in a convergent manner.
to produce dioll9 in 85% yield; however, the diastereoselec- Introduction of an Amino Acid Appendage. Oxidation of
tivity proved to be low (ca. 1.3:1) by 500 MH# NMR (Table the major alcohoR4ato the corresponding acid by a two-step
1, entry 1). The stereochemistry at the §lereocenter was sequence (S@pyridine/DMSO and NaCl@ oxidations)
followed by esterification with trimethylsilyldiazomethane

ll(()g)l'\l’”l”lamiv N.; Ko, S. S.; Kishi, Y.J. Am. Chem. Sod 982 104 (TMSCHN,) provided methyl esteR5 in 85% overall yield

(16) (a) Burk, M. J.: Feaster, J. E.; Nugent, W. A.; Harlow, RILAM. (Scheme 4)-_At this stage, the 5t§r90Chem|Stry at theoSition
Chem. S0c1993 115 10125-10138. (b) Burk, M. JAcc. Chem. Res was determined by NOE experiments as shown. Removal of
2000 33, 363-372. the TBDMS group with TBAF gave the desired alcoi@in

(17) (a) Debenham, S. D.; Debenham, J. S.; Burk, M. J.; Toone,E. J. 85% vield
Am. Chem. Soc 997 119 9897-9898. (b) Debenham, S. D.; Cossrow, o yield. . . )
J.; Toone, E. 1. Org. Chem1999 64, 9153-9163. (c) Allen, J. R.; Harris, On the other hand, the minor diastereomeric alc@ddlwas
C. R.; Danishefsky, S. JI. Am. Chem. So@001, 123 1890-1897. (d) also converted td8 as depicted in Scheme 5. Thus, protection

Endo, A.; Yanagisawa, A.; Abe, M.; Tohma, S.; Kan, T.; Fukuyama].T.
Am. Chem. So2002 124, 6552-6554.

(18) For a review, see: Kolb, H. C.; VanNieuwehze, M. S.; Sharpless, (19) Becker, H.; Sharpless, K. B\ngew. Chem., Int. Ed. Engl996
K. B. Chem. Re. 1994 94, 2483-2547. 35, 448-451.
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SCHEME 2. New Approach for Key Intermediate 16

NHBoc 1y M

NHR y 7%
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H
MeO,C MeO,C MeO,C
2 H O 2 H O 2 e O
16 17 18
SCHEME 32 SCHEME 52
ca. 3:1 o)
RO (_ A~ JOAC TBDMSO OH o’\r ojr
OH bc OH 0 eeq o AP
o o &b -
TBDMSO— HO—
BnO BnO 21 H (®)

19:R=H
a
’—_' 20: R = TBDMS

TBDMSO\—7<;I\/‘\/r
H
o TBDMSO—

24a

Tsomsom
BnO—

aReagents and conditions: (a) TBDMSOTfzEf DMAP, CH.Cl,, rt,
85%,; (b) KkCOs, MeOH, rt, 95%; (c)m-CPBA, CHCl./pH 7 phosphate
buffer, 0°C — rt, then silica gel, 89%; (d) M€(OMe), CSA, CHCIy, 0
°C, 85%; (e) H, Pd/C, hexane, rt,2d4a) 75%, @4b) 20%.

o

H
TBDMSOQ \_<O;I\/k/r°
HO—‘: (0]

H
24a

SCHEME 42

H T ;0
TBDMSO O,
MeOZC&
oY O
H oH
NOE 25
oAv
H
MeO. C
2! H O

18

a-c

aReagents and conditions: (a) $pyridine, DMSO, E{N, CH,Cl,, 0
°C; (b) NaClQ, 2-methyl-2-butene, NajPQy, t-BuOH/HO, rt; (c)
TMSCHN,, MeOH, rt, 85% (three steps); (d) TBAF, THF, rt, 85%.

of 24b as the ethoxyethyl (EE) ether followed by removal of
the TBDMS group provided alcoh@6. The primary hydroxy
group was oxidized to the corresponding carboxylic acid by a
two-step procedure and esterified with TMSCHRI give
methyl ester27. Removal of the EE group by treatment with
hydrochloric acid in diethyl ether then deliverdd. Thus,
diastereomeric alcoho4a and 24b were convergently used
for the synthesis of hydroxy estés.

We next converted alcoh@Bto the requisite enamide esters
N-Cbz-protectedL7a and N-Boc-protectedl7b in a two-step
procedure (Scheme 6). OxidationI8 under Swern conditions

(20) Crispino, G. A.; Jeong, K.-S.; Kolb, H. C.; Wang, Z.-M.; Xu, D.;
Sharpless, K. BJ. Org. Chem1993 58, 3785.

Py

H
MeO,C MeO,C

a Reagents and conditions: (a) ethyl vinyl eth@isOHH,0, CH,Cl,,
rt, 97%; (b) TBAF, THF, rt, quantitative; (c) S&pyridine, DMSO, E{N,
CH,Cl,, 0°C; (d) NaClQ, 2-methyl-2-butene, NajP Oy, t-BuOH/HO, rt;
(e) (TMS)CHN,, MeOH, rt, 80% (three steps); (f) HCI, £, 0°C, 91%.

0’\'f NHR 4 0’\'V

SCHEME 62

H o
MeOC R0 poyome),  MeO:C T To
18 17a: R=Cbz
RHN™ "CO,Me 17b: R = Boc
28a: R = Chz
28b: R = Boc

a Reagents and conditions: (a) (COLDMSO, EgN, CHxClp, —78°C
— rt; (b) 28a or 28b, tetramethylguanidine, Ci&l,, rt, (178 81% (two
steps), {7b) 80% (two steps).

followed by HWE olefination using phosphonagaand28i?!
andN,N,N',N'-tetramethylguanidine (TMG) generated enamide
estersl7aand17bin 81% and 80% vyield for the two steps,
respectively.

With the desired enamide estelr'd now available, we were
positioned to investigate the asymmetric hydrogenation (Table
2). The reaction was first attempted on t&bz-protected 7a
in the presence of 0.5 mol % [RE0D)-(SS)-EtDUPHOSTOTf~
catalyst® in methanol under pressurized hydrogen (0.4 MPa)
at room temperature; however, the desired amino acid derivative
29a was not obtained (entry 1). When the reaction was
performed under higher pressure (0.8 MPa) in THF, the desired
product29a was obtained, albeit in a low yield (22%), with
complete stereoselectivity (entry 2). The yield28awas further
improved by using 1 mol % catalyst (entry 3). When the reaction
was carried out at 40C, no improvement of the yield was
observed (entry 4). Finally, the best result was obtained by using
5 mol % catalyst to give the desir@®ain 85% yield and with
a diastereomeric ratio of 20:1 (entry 5). The corresponding
diastereomer could not be detected in entrie$2n the 500
MHz 'H NMR spectra. The stereochemistry of the prod2@a

(21) Schmidt, U.; Lieberknecht, A.; Wild, Bynthesis1984 53—59.

J. Org. ChemVol. 71, No. 14, 2006 5211



JOC Article Shoji et al.
TABLE 2. Asymmetric Hydrogenation of Enamide Ester 17
NHR OAV H,, [Rh(1)(COD)- NHR OAT
Meozc%() (S.S)-Et-DUPHOS]*OTF Meozc%o
MeO,C Mo Me0,C T~o
17a: R = Cbz 29a: R = Cbz
17b: R = Boc 29b: R = Boc
enamide catalyst concn H, time yield
entry ester (mol %) pressure (MPa) solvent temp (h) (%) dr (252R)?
1 17a 0.5 0.4 MeOH rt 48 0 -
2 17a 0.5 0.8 THF rt 48 22 >20:1
3 17a 1.0 0.8 THF rt 120 53 >20:1
4 17a 1.0 0.8 THF 40C 120 55 >20:1
5 17a 5.0 0.8 THF rt 96 85 >20:1
6 17b 5.0 0.8 THF rt 96 90 6:1

aDetermined by 500 MH2ZH NMR. P 17awas recovered in 70% yield.17awas recovered in 329%.17awas recovered in 30% yield.

SCHEME 72
NHR y 97V NHBoc 1 OH
Me020—<_<3;1\/‘tr0 . Meozc%OH
MeO. C MeO Cf\\
> H O 2 H O
29a: R=Cbz 16
29b: R =Boc

aReagents and conditions: (ay,HPd(OH)Y/C, BogO, hexane/MeOH,
guantitative; (b) DDQ, CECN/H,0, 55°C, 80%.

was tentatively assigned on the basis of Burk’'s empirical le,
and was confirmed later. In contrast to the casel@f
hydrogenation oN-Boc-protected enamide esterb under the
optimized conditions resulted in a moderate selectivity=dr
6:1, entry 6). This result is apparently caused by the steric
demand of the bulky Boc protective group, which would
interfere in the diastereoselective interaction of the olefin moiety
with the rhodium catalyst. Hydrogenation bfb under achiral
conditions (H, Pd(OHY/C, hexane/methanol) produced a 1:1
mixture of diastereomers, providing a comparison for diaster-
eomeric ratio determination.

The Cbz group oR9awas replaced with the Boc group by
hydrogenolysis in the presence of B@cto furnish29b in
quantitative yield, which was completely identical with that

previously synthesized (Scheme 7). After several experiments,

selective removal of the acetonide group witBBbwas realized
by the action of DDQ (MeCN/kD, 55°C),?2 and the desired
16 was obtained in 80% yield without any loss of the Boc group.
Thus, the advanced key intermedidtwas concisely prepared
from 9 in 12% overall yield over 16 steps.

Total Synthesis of Neodysiherbaine AHaving established
a concise synthetic route i, we next set out to synthesi2e
from this advanced intermediate. Thais;diol 16 was converted
to cyclic sulfate esteB0in 91% yield by a two-step sequence,
including cyclic sulfite formation with SOGlnd triethylamine
followed by oxidation using Ru@INalO, (Scheme 8¥3 Treat-
ment of 30 with cesium acetate (DMF, 638C) effected
regioselective substitution at the @osition to produce acetate

(22) (a) Fernandez, J. M. G.; Mellet, C. O.; Martin, A. M.; Fuentes, J.
Carbohydr. Res1995 274, 263-268. (b) Tu, Y.; Wang, Z.-X.; Frohn,
M.; He, M.; Yu, H.; Tang, Y.; Shi, Y.J. Org. Chem 1998 63, 8475
8485. (c) Tian, H.; She, X.; Yu, H.; Shu, L.; Shi, ¥. Org. Chem2002
67, 2435-2446.

(23) For a review of cyclic sulfates, see: Byun, H.-S.; He, L.; Bittman,
R. Tetrahedron200Q 56, 7051-7079.
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SCHEME 82
Lo
—S=
NHBoc 14 OH NHBoc iy § 5
MeO,C o) oH MeOzC%
a, -
MeO,C o MeO,C no
16 l 3
cd
NHBoc H ?H NHBoc p O';
MeOZC%NOAc f Meozc%\\\OAc
e’ -
MeO,C ) o) org,h MeO,C ) 0O
\ 32 31
i
NH,  OH NHBoc 1 9AC
HO,C o) ~OH [ MeO,C o) wOAc
HOC MeO,C
2 H (0) 2 H O
neodysiherbaine A (2) 33

aReagents and conditions: (a) SQCE&N, CH.Cl,, —20 °C; (b)
catalytic RuC4, NalOQy, CCl/MeCN/H;0, rt, 91% (two steps); (c) CsOAc,
DMF, 65 °C; (d) catalytic HSOQs, THF, rt, 83% (two steps); (e) catalytic
TPAP, NMQ, 4 A molecular sieves, CiEly, rt; (f) NaBH,;, MeOH, —40
°C, 30—-77% (two steps); (g) TD, pyridine, DMAP, CHCI,, —20°C; (h)
CsOAc, DMF, rt, 71% (two steps);)(6 M HCI, 85 °C, 93%.

31in 83% yield after acid hydrolysis of the resultant sulfate
ester. Inversion of the £hydroxy group was next attempted
by an oxidatior-reduction sequence; however, this protocol
lacked reproducibility (3677% yield). Therefore, we decided
to undertake inversion of the gCalcohol by nucleophilic
substitution. Triflation o031 using triflic anhydride and pyridine
proceeded cleanly to give the corresponding triflate. Subsequent
treatment with cesium acetate led to alcoBdlvith the inverted

Cg stereochemistry in 71% yield over the two steps, and the
expected diacetat83 was not obtained at all. Although this
transformation can be rationalized by neighboring group par-
ticipation of the G acetoxy group, we do not have an
explanation of why the acetyl group remains at thgGsition
(Scheme 9). In addition, since the use of DMAP instead of
cesium acetate also effected this inversion of tlec@hfigu-
ration, the role of cesium acetate was just that of an acid
scavenger. Finally, acidic hydrolysis of alcotg2 completed
the synthesis o2 in 93% yield, which was identical to the
natural samplé.
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SCHEME 9

OTf

H
0 W H,0
®
o ( O o ;j O\\/(O o rfj
A
Me Me
H H
o~ o~
7 "W
AcO o
32

Co
O— o
7
Me
SCHEME 102
NHBoc 1 OJY NH, iy §H o
= a S
3 HO,C
MeO,C a O 2 H (0)
29b 4
NHBoc 1 9 NH, y §H
MeOzc%NOAC ) Hozo%“m
MeO,C HO,C
2 H O 2 pt (@)
31 5

aReagents and conditions: )@ M HCI, 65°C, 94%; () 6 M HCI, 85
°C, 90%.

SCHEME 112
NHBoc 1y 9H NHBoc py Q1
Me020—<_<)/\I\)j,OH MeOZC%OPIV
a
MeO,C MeO,C
2 H O 2 H O
16 ‘ bo 34
NHBoc ' NHBoc y QAc
MeOZC%OPIV MeOZC%OPw
> + N 6
MeO,C MeO,C
2 H O 2 H (0]
36 35
d
NOE
Q:H NH, O
PivO ACO )g; HO,C o
H
35 6

aReagents and conditions: (a) PivClgRt DMAP, CH,Cl,, —50 °C,
82%,; (b) TO, pyridine, DMAP, CHCl,, —20 °C; (c) CsOAc, DMF, 50
°C, (35) 37% (two steps),36) 11% (two steps); (d6 M HCI, 100 °C,
guantitative.

Synthesis of AnaloguesAnalogues4 and 6 were prepared
by acid hydrolysis of intermediate29b and 31, respectively
(Scheme 10).

Synthesis of analogu® is summarized in Scheme 11.

Selective protection of the LChydroxy group of 16 was

performed with pivaloyl chloride, triethylamine, and DMAP in

CH,Cl, to provide pivalate est&4in 82% yield. The remaining

Cg hydroxy group was triflated (triflic anhydride, pyridine), and
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SCHEME 122
I
NHBoc  OH NHBoc |y @ ©OPh
MeOZC%mOAc Meozc%\‘\OAc
N a 5
MeO,C MeO,C
2 p (®) 2 H O
31 37

b

NHBoc H

NH,
HOZC%\\\OH MeOZC%\\\OAC
< Cc <
HO,C MeO,C
2 H O 2 p (®)
7 38

a2 Reagents and conditions: (a) PhOC(S)CI, DMAP, toluene, reflux, 73%;
(b) n-BuzSnH, AIBN, toluene, reflux, 78%; §jc6 M HCI, 85 °C, 92%.

SCHEME 132
\ |
NHBoc 1y 97 NHBoc 1y QH
Meozc%O b MeOZC%
MeO,C MeO,C
2 H (@) 2 H O
30 39
c,d
NH, M NHBoc y OH
HO,C o e MeOZC%
HO,C MeO,C
2 H (0] > H O
40

a2 Reagents and conditions: (a) NaBHDMA, rt; (b) catalytic SOy,
THF, rt, 51% (two steps); (c) catalytic TPAP, NM®@ A molecular sieves,
CHCly, rt; (d) NaBH,;, MeOH, —20 °C, 88% (two steps); {& M HCI, 65
°C, 90%.

The G stereochemistry 085 was determined by the observed
NOE between 6-H and 8-H as shown. Finally, global depro-
tection of35with 6 M HCI at 100°C afforded6 in quantitative
yield.

Analogue? was prepared as shown in Scheme 12. Alcohol
31 was converted to the corresponding phenyl thiocarbonate
37 by the action of phenyl chlorothionoformate and DMAP in
refluxing toluene (73% yield). Subsequent deoxygenation
proceeded smoothly under radical conditionsg®H, AIBN,
toluene, reflux) to deliveB8 in 78% yield. Acidic hydrolysis
of 38 generated in 92% yield.

The synthesis 08 is summarized in Scheme 13. Treatment
of 30 with sodium borohydride effected reductive ring opening
of the cyclic sulfate to yield, after acid hydrolysis of the resultant
sulfate monoester, alcoh8b in 51% yield over the two steps.
The p-oriented hydroxy group 089 was then inverted by an
oxidation—reduction sequence to produeealcohol40in 88%
yield for the two steps. Finally, global deprotection by acid
hydrolysis furnished® in 90% vyield.

Analogue3, which was a selective, competitive antagonist
for GluR5-containing kainate receptdt®was also prepared
from diol 16 (Scheme 14). Treatment of di&b with thiocar-
bonyldiimidazole and DMAP in refluxing toluene generated

subsequent nucleophilic substitution by cesium acetate providedcyclic thiocarbonatell in 80% yield without epimerization at

acetate35 in 37% yield over the two steps. In this reaction,
elimination producB6 was produced as a significant byproduct.

the G position. Subsequent reductive deoxygenation of the C
and G oxygen functionalities was performed by the Corey

Formation of36 could not be avoided under various conditions. Winter method using 1,3-dimethyl-2-phenyl-1,3,2-diazaphos-
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SCHEME 142
S
NHBoc OH NHBoc 1 0’4
MeO,C MeO,C
2 b O 2 H (0]
16 41
b
NH, H NHBoc H
HO,C MeO,C
> H O 2 H O
3 42

aReagents and conditions: (a) (imidaze&FS, DMAP, toluene, 70
°C, 80%; (b) 1,3-dimethyl-2-phenyl-1,3,2-diazaphospholidine, THF,G0
73%; (c) H, Pd(OH)Y/C, hexane/MeOH, rt, 94%; Ydb M HCI, 65 °C,
859%.

TABLE 3. Epileptogenic Activity of Natural Dysiherbaines 1 and
2 and Synthetic Analogues 48

EDsg EDsg
(nmol/mouse, (nmol/mouse,
entry compd icv) entry compd icv)
1 DH (1) 1.3x 1072 5 6 9.4
2 NDH (2) 1.6x 102 6 7 0.17
3 4 no activity? 7 8 6.7
4 5 0.23

aDid not induce convulsant behaviors at 69 nmol/mouse.

pholidine* to give olefin42 in 73% vyield. Finally, hydroge-
nation of the double bond followed by acid hydrolysis furnished
analogue3 in 80% yield for the two steps. According to the
newly developed procedures, analo@ueas prepared even on
a 100 mg scale with good reproducibility.

Biological Evaluation of Dysiherbaine AnaloguesThe in
vivo toxicity of analoguegt—8 against mice was determined
by intracerebroventricular injection. Among the analogues tested,
9-epi, 8-deoxy, and 9-deoxy analogué&s T, and8, respectively)

elicited behavior in a dose-dependent manner. The seizure

behavior observed after injection of these analogues cor-
responded well to that observed Inwith the exception that
such behavior seldom recurred. ThedgRalues for analogues
6, 7, and8 were 9.4, 0.17, and 6.7 nmol/mouse, respectively
(Table 3). 8,%pi analogue4 did not induce noticeable

convulsant behavior even at a higher dose (69 nmol/mouse),

although mice became relatively hypoactive for a while.
Injection of 5 also resulted in the induction of seizures with an
EDsp value of 0.23 nmol/mouse. Interestingly, the behavioral
profile of 5 was substantially different from that af Stereo-

typed behaviors, such as persistent scratching or clonic convul-

sions, frequently observed after administratior,ofvere absent
in the case 0b. Instead, transient jumping and running behaviors
were apparent.

The binding affinities of analoguek-8 were first evaluated
with native ionotropic glutamate receptors by radioligand
binding assays using rat synaptic membrane preparation (Tabl
4)5 Analogues5—8, which possess a hydroxy group with at
least the same configuration as that of the natural product on
the G and/or G position, showed affinities for AMPA and

(24) (a) Corey, E. J.; Winter, A. B. Am. Chem. Sod.963 85, 2677
2678. (b) Corey, E. J.; Hopkins, P. Betrahedron Lett1982 23, 1979
1982.
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TABLE 4. Receptor Binding Affinities of Natural Dysiherbaines 1
and 2 and Synthetic Analogues 48 for Native AMPA and Kainate
Receptor$

entry compd HIAMPA [3H]kainic acid
10 DH (1) 0.153+ 0.01110 0.026t 0.004
2° NDH (2) 0.227+ 0.0405 0.066+ 0.005
3 4 >100 >100
4 5 9.7+ 23 24.1+6.8
5 6 32+ 11 91+ 35
6 7 42+1.6 1.44+0.35
7 8 68.1+17.9 31.8+ 141

a Affinities for receptors (IGo, #M) were determined by the displacement
of [3H]JAMPA and [*H]kainic acid from rat synaptic membrane preparations.
bK; values (M), reference 5¢K; values M), reference 9.

TABLE 5. Receptor Binding Affinities of Natural Dysiherbaines 1
and 2 and Synthetic Analogues 4, 5, 7, and 8 for Recombinant
Kainate Receptor§?

entry compd GIuR5 GIuR6 KA2
1 DH (1) 0.4% 1.2 4300
2 NDH (2) 7.7° 33 600
3 4 48000 >100000 >100000
4 5 34 22000 >100000
5 7 11 42 36000
6 8 168 >100000 >100000

a Affinities for receptors K;, nM) were determined by the radioligand
binding assays using HEK 293 cells expressing the appropriate KA receptor
subunits.? [3H]Kainic acid was used as a radioligarfdReference 5.
dReference 6¢Reference 9.

kainate receptors, whereas analogirad no significant affinity.
These results were consistent with the behavioral activity
described above. Among active analogues with binding affini-
ties, 8-deoxy analogué showed the highest affinity for both
AMPA and kainate receptors, but was 20-fold less potent than
the natural produc®. Interestingly,5 and 6 displaced {H]-
AMPA more potently than3H]kainic acid from the receptors.
None of the analogues exhibited a detectable affinity for NMDA
receptors.

To estimate the binding affinities of analogugs, 7, and8
to the kainate receptor subunits, the radioligand binding assay
was next performed using recombinant homomeric kainate
receptor subunits (GIuR5, GIuR6, and KA2 receptors) expressed
in HEK 293 cells. The results are summarized in Table 5.
Although4 did not bind detectably to native kainate receptors,
it displaced H]kainic acid from homomeric GIUR5 kainate
receptors. The binding affinity of analogués5, 7, and8 for
GIuR5 kainate receptors correlated well with their epileptogenic
potency in mice, suggesting that activation of the GIuR5 kainate
receptor subunit directly results in seizure behaviors. In contrast,
the affinity for the GIuR6 or KA2 subunits poorly correlates
with the epileptogenic potency. Especially, the potently con-
vulsant 8-deoxy analogugéexhibited a high affinity for GIuR5
receptors comparable to that of the natural proddbut its
affinity for GIuR6 receptors was greatly reduced. These results
suggest that thex-oriented G hydroxy group is a critical
structural element required for highly selective binding to the
GIuR5 kainate receptors.
Conclusion.We have developed an efficient synthetic route
to 2 and its analogue3—8, which features (i) a concise synthesis
of the bicyclic ether skeleton through stereoselecte
glycosylation to set the £stereocenter and &xo cyclization
for constructing the tetrahydrofuran ring and (ii) stereoselective
construction of the amino acid appendage through catalytic
asymmetric hydrogenation of enamide ester. The preliminary
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structure-activity relationship studies described herein revealed
that the a-oriented G hydroxy group is a critical element
required for selective binding to the GIuR5 kainate receptor
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(80 mL). The organic layer was dried over J$&, filtered, and
concentrated under reduced pressure. Purification by flash column
chromatography on silica gel (100 g, ethyl acetate:hexang&s)

subunit. More detailed neurophysiological studies of analogues fforded TBDMS ethe0(10.6 g, 85%, an inseparable 3:1 mixture

4—8 and newer analogues will not only facilitate an in-dept
understanding of the structuréunction relationship between

dysiherbaine analogues and glutamate receptors but also lea

us to the development of compounds with therapeutic utility.

p of diastereomers) as a colorless oitt] 26 —66.2 (€ 0.72, CHC});

IR (film) 3522, 2928, 2856, 1736, 1237, 1094, 837 ¢mH NMR
500 MHz, CDC}) (major diastereomerdy 7.35-7.25 (m, 5 H),
.88 (d,J = 10.0 Hz, 1 H), 5.81 (dt) = 10.5, 2.5 Hz, 1 H), 5.15

(d,J=3.0 Hz, 1 H), 4.55 (dJ = 9.0 Hz, 1 H), 4.53 (ddJ = 10.0,

Further investigations along these lines are currently under way2 5 Hz, 1 H), 4.51 (dJ = 9.0 Hz, 1 H), 4.04 (ddJ = 12.0, 3.5

and will be reported in due course.

Experimental Section

C-Glycoside 11.To a solution of 3,4-d®-acetyl-L-arabinal ;
11.92 g, 59.6 mmol) and allylsilarid (16.8 g, 71.5 mmol) in Cht
Cl, (300 mL) at 0°C was added Yb(OT$)(5.54 g, 8.94 mmol).
The reaction mixture was stirred at room temperature for 2.5 h
and treated with water (50 mL). The mixture was extracted with
CH.Cl; (2 x 100 mL). The combined organic layers were dried
over NaSQ,, filtered, and concentrated under reduced pressure.
Purification by flash column chromatography on silica gel (150 g,
triethylamine:ethyl acetate:hexarnes0.1:1:10) affordedC-glyco-
side11 (15.7 g, 87%) as a colorless oila]»?® —110.1 € 0.25,
CHCly); IR (film) 2927, 2857, 2359, 2342, 1734, 1370, 1236, 1092
cm % IH NMR (500 MHz, CDC}) 6 7.35-7.25 (m, 5 H), 5.92 (d,
J=10.0 Hz, 1 H), 5.82 (dJ = 10.0 Hz, 1 H), 5.19 (s, 1 H), 5.16
(s, 1H),5.03(s,1H), 4.48 (s, 2 H), 4.31 (s, 1 H), 4.07 (@&
12.0, 5.0 Hz, 1 H), 4.02 (d] = 16.0 Hz, 1 H), 3.99 (dJ = 16.0
Hz, 1 H), 3.53 (ddJ = 12.0, 6.0 Hz, 1 H), 2.37 (ddl = 14.5, 8.0
Hz, 1 H), 2.29 (ddJ = 14.5, 5.0 Hz, 1 H), 2.05 (s, 3 H)}*C NMR
(125 MHz, CDC}) 6 170.6, 142.1, 138.2, 128.4R), 127.8, 127.6,

124.0, 123.9, 115.0, 73.0, 72.0, 71.8, 64.9, 64.8, 64.7, 37.6, 21.2;

HRMS (FAB)m/z calcd for GgH2304 [(M + H)*] 303.1596, found
303.1604.

Diol 19. To a solution of Os@(1% solution intert-butyl alcohoal,
19.0 mL, 0.750 mmol), (DHQBAON (1.29 g, 1.50 mmol), Kk
CO; (6.22 g, 45.0 mmol), and fFe(CN)] (14.8 g, 45.0 mmol) in
water (40 mL) at ®C were successively added diehk(4.53 g,
15.0 mmol) intert-butyl alcohol (40 mL) and methanesulfonamide
(4.28 g, 45.0 mmol). The reaction mixture was stirred3d and
then quenched with saturated aqueousS® (40 mL). The
resulting mixture was stirred at room temperature for an additional

Hz, 1 H), 3.57 (ddJ = 4.0, 2.0 Hz, 1 H), 3.553.54 (m, 2 H),
3.45-3.44 (m, 2 H), 3.12 (s, 1H), 2.06 (s, 3 H), 1.85 (dd=
14.5,5.0 Hz, 1 H), 1.62 (dd, = 14.5, 2.5 Hz, 1 H), 0.85 (s, 9 H),
0.02 (s, 6 H);3C NMR (125 MHz, CDC}) (major diastereomer)
0 169.1, 135.6 x2), 128.6, 127.9%2), 126.5 (&2), 123.3, 78.9,
73.7,73.2,70.4,66.2, 65.0, 64.3, 36.9, 25¢3), 21.3, 18.2;-4.5
(x2); HRMS (FAB) mvz calcd for G4H3gO6Si [(M + H)']
451.2516, found 451.2520.

Acetonide 23.To a solution of TBDMS ethe?0 (11.5 g, 25.5
mmol) in methanol (150 mL) at room temperature was addgd K
CGO; (702 mg, 5.00 mmol). The reaction mixture was stirred at room
temperature for 12 h and then concentrated under reduced pressure
to give an oily solid. The residue was purified by flash column
chromatography on silica gel (100 g, ethyl acetate:hexan#&sl)
to afford allylic alcohol (9.73 g, 95%, an inseparable 3:1 mixture
of diastereomers) as a colorless oitt] 2% ~58.6 € 0.72, CHC});

IR (film) 3410, 2927, 2359, 2341 cmy 'H NMR (500 MHz,
CDCl;) (major diastereomer) 7.33—7.25 (m, 5 H), 5.86 (dtJ) =
10.0, 3.0 Hz, 1 H), 5.74 (d] = 10.0 Hz, 1 H), 4.55 (dJ = 11.5
Hz, 1 H), 4.52 (dJ = 11.5 Hz, 1 H), 4.46 (dJ = 10.0 Hz, 1 H),
4.10 (m, 1 H), 3.99 (dd) = 11.5, 4.0 Hz, 1 H), 3.56 (s, 2 H), 3.45
(s, 2 H), 3.44 (ddJ = 11.0, 5.5 Hz, 1 H), 3.25 (s, 1H), 1.82 (dd,
J =145, 5.0 Hz, 1 H), 1.67 (d] = 8.5 Hz, 1H), 1.63 (ddJ =
15.0, 6.0 Hz, 1 H), 0.84 (s, 9 H), 0.03 (s, 3 H), 0.02 (s, 31}
NMR (125 MHz, CDC}) (major diastereomery 138.2, 133.3,
128.3 (x2), 127.6 &2), 127.5, 127.4, 73.6, 73.4, 72.8, 70.4, 67.6,
66.2, 62.6, 36.4, 25.8x3), 18.2,—5.5 (x2); HRMS (FAB) m/z
calcd for GoH370sSi [(M+H)™] 409.2410, found 409.2416.

To a solution of allylic alcohol (8.70 g, 21.3 mmol) in GEl,
and pH 7 phosphate buffer (9:1, v/v, 150 mL) at© was added
m-CPBA (65%, 8.5 g, 32 mmol). The reaction mixture was stirred
at room temperature for 12 h, quenched with saturated aqueous
NaSQO; (100 mL), and then stirred for an additional 30 min. The

30 min. The organic phase was separated, and the aqueous layeorganic layer was separated, and the aqueous layer was extracted

was extracted with CKCl, (5 x 300 mL). The combined organic
layers were washed with brine (100 mL), dried over,8@;,

with CH,Cl, (3 x 300 mL). The combined organic layers were
washed with brine (100 mL), dried over p&O,, filtered, and

filtered, and concentrated under reduced pressure. Purification byconcentrated under reduced pressure. Purification by flash column

flash column chromatography on silica gel (150 g, ethyl acetate:
hexanes= 1:1) afforded diol19 (4.07 g, 80%, an inseparable 3:1
mixture of diastereomers) as a colorless oik]g?¢ —67.0 € 1.03,
CHCl); IR (film) 3446, 2925, 2359, 1733, 1418 cf H NMR
(500 MHz, CDC}) (major diastereomer) 7.35-7.26 (m, 5 H),
5.82-5.79 (m, 2 H), 5.21 (ddj = 4.0, 2.0 Hz, 1 H), 4.54 (d] =
11.5 Hz, 1 H), 4.49 (dJ = 11.5 Hz, 1 H), 4.464.43 (m, 1 H),
4.09 (d,J = 5.5 Hz, 1 H), 3.55 (dJ = 6.5 Hz, 2 H), 3.51 (ddJ
=11.0, 6.5 Hz, 1 H), 3.49 (dl = 9.0 Hz, 1 H), 3.46 (s, 1H), 3.45
(d,J=12.0 Hz, 1 H), 3.41 (dJ = 9.0 Hz, 1 H), 2.62 (tJ = 14.0
Hz, 1 H), 2.06 (s, 3 H), 1.761.74 (m, 2 H);13C NMR (125 MHz,
CDCls) (major diastereomer) 170.5, 137.8, 134.0, 128.4, 127.8
(x2), 127.7 «2), 124.1, 73.4, 73.2, 70.5, 66.8, 64.6, 60.3, 37.1,
20.9, 14.1; HRMS (FAB)m/z calcd for GgH2s06 [(M + H)']
337.1651, found 337.1654.

TBDMS Ether 20. To a solution of dioll9(9.21 g, 27.6 mmol),
triethylamine (9.30 mL, 66.2 mmol), and DMAP (674 mg, 5.52
mmol) in CH,Cl, (150 mL) at 0°C was added TBDMSOTTf (6.90
mL, 30.3 mmol). The reaction mixture was stirred at room
temperature for 12 h. The mixture was diluted with ethyl acetate

chromatography on silica gel (100 g, ethyl acetate:hexan#sl)
afforded diol 22 (8.10 g, 89%, an inseparable 3:1 mixture of
diastereomers) as a colorless oil.

To a solution of the above di@2 (8.09 g, 19.0 mmol) in CkH
Cl, (150 mL) at 0°C were added CSA (882 mg, 3.80 mmol) and
2,2-dimethoxypropane (23 mL, 190 mmol). The reaction mixture
was stirred at OC for 2 h and then quenched with triethylamine
(5 mL). The solution was concentrated under reduced pressure, and
the residue was purified by flash column chromatography on silica
gel (100 g, ethyl acetate:hexanes1:9) to afford acetonid@3
(7.50 g, 85%, an inseparable 3:1 mixture of diastereomers) as a
colorless oil: f1]p% —5.5 (¢ 0.66, CHC}); IR (film) 2928, 2857,
2359, 2342, 1085, 1062 crj 'H NMR (500 MHz, CDC}) (major
diastereomer) 7.34-7.25 (m, 5H), 4.53 (dJ = 13.0 Hz, 1 H),
4.50 (d,J = 13.0 Hz, 1 H), 4.42 (s, 1 H), 4.19 (di,= 11.0, 7.0
Hz, 1 H), 4.16 (s, 1 H), 4.07 (dd,= 12.0, 2.5 Hz, 1 H), 3.73 (q,
J=6.0 Hz, 1 H), 3.65 (d) = 9.0 Hz, 1 H), 3.61 (dJ = 11.0 Hz,
1 H), 3.52 (dJ = 15.0 Hz, 1 H), 3.45 (dJ = 15.0 Hz, 1 H), 3.10
(t, J=11.0 Hz, 1 H), 2.23 (ddJ = 14.5, 5.5 Hz, 1 H), 1.99 (dJ
= 14.5 Hz, 1 H), 1.44 (s, 6 H), 0.87 (s, 9 H), 0.03 (s, 3 H), 0.02

(500 mL) and washed successively with water (80 mL), aqueous 1 (s, 3 H);13C NMR (125 MHz, CDC}) (major diastereomer) 138.0,

M HCI (80 mL), saturated aqueous NaHg@®0 mL), and brine

128.2,127.5%2), 127.4 «2), 108.4, 84.1, 78.1, 76.2, 73.5, 73.3,
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72.9,72.4,68.9,65.7, 65.5, 37.0, 27.9, 258, 18.2,—5.4 (x2); 68.2, 66.4, 64.9,51.9, 51.8, 38.5, 27.8, 25.7, 25.8)(—5.7,—5.6;
HRMS (FAB) miz calcd for GsHa106Si [(M + H)*] 465.2672, HRMS (FAB) m/z calcd for GgH3s0;Si [(M + H)'] 403.2152,
found 465.2672. found 403.2156.

Alcohols 24a and 24b A suspension of acetonide8 (3.77 g, Alcohol 18. To a solution of TBDMS etheR5 (528 mg, 1.30

8.12 mmol) and 10% Pd/C (377 mg) in hexane (80 mL) at room mmol) in THF (9.0 mL) at room temperature was added TBAF
temperature was stirred under a hydrogen atmosphere for 2 h. The(1.0 M in THF, 4.0 mL, 4.0 mmol). The reaction mixture was stirred
reaction mixture was filtered through a short pad of Celite, and the at room temperature for 30 min and then concentrated under reduced
filtrate was concentrated under reduced pressure. Purification bypressure. Purification by flash column chromatography on silica
flash column chromatography on silica gel (100 g, ethyl acetate: gel (20 g, ethyl acetate:hexanes3:7) afforded alcohol8 (313
hexanes= 1:9) afforded (&)-alcohol24a (2.27 g, 75%) and its mg, 85%) as a pale yellow oil:0]p?® —20.4 € 0.67, CHC}); IR
diastereomeric @-alcohol24b (609 mg, 20%) as colorless oils.  (film) 3479, 2985, 1732, 1218, 1086, 1060 cih'H NMR (500
Data for (&R)-alcohol24a [0]p?® —21.8 € 0.18, CHCY); IR (film) MHz, CDCl) 6 4.55 (d,J = 5.5 Hz, 1 H), 4.25 (dtJ = 10.5, 6.0
3481, 2952, 2359, 1085, 1062, 837 ¢in'H NMR (500 MHz, Hz, 1 H), 4.23 (s, 1 H), 4.09 (s, 1 H), 3.82 (dii= 12.0, 7.0 Hz,
CDCl;) 6 4.38 (d,J = 5.5 Hz, 1 H), 4.20 (dtJ = 11.0, 5.5 Hz, 1 1 H), 3.73 (s, 3 H), 3.72 (dd] = 18.0, 6.0 Hz, 1 H), 3.63 (dd]

H), 4.09 (s, 1 H), 4.07 (dd] = 5.0, 2.5 Hz, 1 H), 3.77 (¢ = 6.0 =12.0, 6.5 Hz, 1 H), 3.07 (1 = 10.5 Hz, 1 H), 2.49 (dJ = 14.0

Hz, 1 H), 3.69 (dJ = 9.5 Hz, 1 H), 3.62 (ddJ = 12.0, 7.0 Hz, 1 Hz, 1 H), 2.23 (ddJ= 7.0, 5.5 Hz, 1 H), 1.44 (s, 3 H), 1.35 (s, 3
H), 3.59 (d,J = 9.5 Hz, 1 H), 3.56 (ddJ = 12.0, 6.0 Hz, 1 H), H); 13C NMR (125 MHz, CDC}) ¢ 173.4, 108.8, 86.5, 79.3, 75.0,

3.10 (t,J=11.0 Hz, 1 H), 2.25 (t) = 6.5 Hz, 1 H), 2.07 (dJ = 72.7, 68.7, 66.3, 65.3, 52.5, 39.4, 28.2, 26.1; HRMS (FA®)
15.0 Hz, 1 H), 1.99 (dd] = 15.0, 5.0 Hz, 1 H), 1.44 (s, 3 H), 1.33  calcd for G3H:NO7 [(M + H)*] 289.1287, found 289.1288.
(s, 3 H),0.86 (s, 9 H), 0.04 (s, 6 HFC NMR (125 MHz, CDC}) Chz-Protected Enamide Ester 17aTo a solution of DMSO

0 108.9, 85.0, 78.2, 76.5, 72.4, 68.8, 66.3, 66.1, 65.9, 36.7, 28.3,(4.05 mL, 57.2 mmol) in CKCl, at —78 °C was added oxalyl
26.5, 26.0 «3), 18.4,—5.2, —5.3; HRMS (FAB)m/z calcd for chloride (3.81 mL, 42.9 mmol). The resultant mixture was stirred
C1gH3506Si [(M + H)*] 375.2203, found 375.2209. Data forg4 at —78 °C for 15 min, and then a solution of alcoht8 (4.11 g,
alcohol24b: [0]p2® —12.1 € 0.56, CHC}); IR (film) 3481, 2929, 14.3 mmol) in CHCI, (140 mL) was introduced via cannula. The
2359, 1085, 1063, 838 criy 'H NMR (CDCl3) 6 4.40 (d,J =5.5 reaction mixture was stirred at the same temperature for 45 min
Hz, 1 H), 4.24 (dtJ = 11.0, 5.5 Hz, 1 H), 4.11 (s, 1 H), 4.07 (dd, and then treated with triethylamine (11.9 mL, 85.8 mmol). The
J=5.0, 2.0 Hz, 1 H), 3.80 (¢ = 6.0 Hz, 1 H), 3.55 (dJ = 6.0 resultant mixture was allowed to warm to room temperature over
Hz, 2 H), 3.54 (s, 2 H), 3.14 (§ = 11.0 Hz, 1 H), 2.61 (t) = 5.3 1 h and quenched with saturated aqueous,®IH100 mL). The

Hz, 1 H), 2.23 (ddJ = 14.0, 5.3 Hz, 1 H), 1.98 (d] = 14.0 Hz, mixture was extracted with ethyl acetate ¥3250 mL), and the
1H), 1.44 (s, 3H), 1.34 (s, 3 H), 0.87 (s, 9 H), 0.04 (s, 6 B combined organic extracts were washed with brine (100 mL), dried
NMR (125 MHz, CDC}) 6 108.6, 83.8, 77.7, 76.2, 72.4, 68.9, 66.9, over NaSQ,, filtered, and concentrated under reduced pressure to

66.4, 65.7, 37.2, 28.0x(2), 25.9, 25.8 k¥2), 18.1,—5.5 (x2); give a crude aldehyde as a yellow solid.

HRMS (FAB) m/z calcd for GgH3sO6Si [(M + H)*] 375.2203, To a stirred solution of the above aldehyde inCH (140 mL)

found 375.2207. at 0°C were added (MeQP(O)CH(NHCbz)CQMe (28g 14.17
Methyl Ester 25. To a solution of alcohok4a (3.26 g, 9.40 g, 42.90 mmol) andN,N,N’,N'-tetramethylguanidine (7.20 mL, 57.2

mmol) in CH,CI,/DMSO (4:1, v/v, 80 mL) at ®C were succes- mmol). The reaction mixture was stirred at room temperature for

sively added triethylamine (6.50 mL, 47.0 mmol) ands$@ridine 1 h and then quenched with saturated aqueougQNK40 mL).
(5.98 g, 37.6 mmol). The resultant mixture was stirred at room The mixture was extracted with GHI, (3 x 50 mL), and the
temperature for 1.5 h. The mixture was then extracted with ethyl combined organic layers were washed with brine (30 mL), dried
acetate (3x 200 mL), and the combined organic layers were over NaSQy, filtered, and concentrated under reduced pressure.
successively washed with aqusoti M HCI (80 mL), saturated Purification by flash column chromatography on silica gel (300 g,
aqueous NaHC®(80 mL), and brine (80 mL). The organic layer ethyl actetate:hexanes 3:7) afforded enamide estéi7a (5.65 g,
was dried over NgSO,, filtered, and concentrated under reduced 81% for the two steps) as a colorless solidq?° —8.0 (c 0.61,
pressure to give a crude aldehyde as a colorless oil. CHCl); IR (film) 3365, 2986, 2952, 2359, 2341, 1733, 1653, 1219,
To a solution of the above aldehydetert-butyl alcohol/water 1062 cm?; *H NMR (500 MHz, CDC}) 6 7.58 (br s, 1 H), 7.35
(5:1, vlv, 70 mL) at CC were added 2-methyl-2-butene (17.0 mL), 7.29 (m, 5 H), 6.02 (s, 1 H), 5.14 (s, 2 H), 4.50 §d= 5.5 Hz, 1
NaH,PQ, (1.24 g, 10.3 mmol), and NaC}gd2.81 g, 31.0 mmol). H), 4.26 (s, 1 H), 4.19 (dtJ = 10.5, 5.5 Hz, 1 H), 4.05 (s, 1 H),
The resultant mixture was stirred at room temperatur@fb and 3.72 (m, 1 H), 3.69 (s, 6 H), 3.04 @,= 11.0 Hz, 1 H), 2.92 (d,
then poured into CHGlwater (3:1, v/v, 200 mL). The mixture was J = 13.5 Hz, 1 H), 2.23 (dd) = 13.5, 4.0 Hz, 1 H), 1.43 (s, 3 H),
acidified to pH 2 with aqueail M HCI. The organic layer was  1.36 (s, 3 H);'3C NMR (125 MHz, CDC}) 6 172.2, 164.3, 153.4,

separated, and the aqueous layer was extracted with JAX 135.6, 130.5, 128.442), 128.1 (2), 128.0, 108.6, 83.8, 78.9, 74.2,
200 mL). The combined organic layers were dried oves3Qa, 72.3, 68.3, 67.4, 65.9, 60.2, 52.9, 52.5, 43.9, 27.9, 25.9; HRMS
filtered, and concentrated under reduced pressure to give a crudgFAB) m/z calcd for G4H3oNOy [(M + H)*] 492.1870, found
carboxylic acid as a colorless oil. 492.1867.

To a solution of the above carboxylic acid in methanol/benzene  Boc-Protected Enamide Ester 17bTo a solution of DMSO
(2:1, v/v, 80 mL) at room temperature was added TMSGNM (0.28 mL, 3.0 mmol) in CHCI, (2.0 mL) at—78 °C was added

in Et,O, 14.0 mL, 28 mmol). The reaction mixture was stirred at oxalyl chloride (0.26 mL, 4.0 mmol). The resultant mixture was
room temperature overnight and then concentrated under reducedstirred at—78 °C for 15 min, and then a solution of alcohb8
pressure. Purification by flash column chromatography on silica (288 mg, 1.00 mmol) in CkCl, (8.0 mL) was introduced via
gel (200 g, ethyl acetate:hexaresl:4) afforded methyl este25 cannula. The reaction mixture was stirred at the same temperature
(10.6 g, 85% for the three steps) as a colorless ailpP —11.0 for 45 min and then treated with triethylamine (0.86 mL, 6.00
(c 0.44, CHC}); IR (film) 2953, 2929, 2362, 1733, 1249, 1086, mmol). The mixture was allowed to warm to room temperature
838 cn1t; IH NMR (500 MHz, CDC}) ¢ 4.54 (d,J = 5.5 Hz, 1 over 1 h and then quenched with saturated aqueou€NHO mL).

H), 4.24 (dt,J = 10.5, 5.5 Hz, 1 H), 4.19 (s, 1 H), 4.06 (s, 1 H), The reaction mixture was extracted with ethyl acetate (0 mL),
3.82 (d,J=11.0 Hz, 1 H), 3.71 (dd) = 13.0, 6.5 Hz, 1 H), 3.70 and the combined organic layers were washed with brine (10 mL),
(s, 3 H), 3.67 (dJ = 10.0 Hz, 1 H), 3.08 (tJ = 10.5 Hz, 1 H), dried over NaSQy, filtered, and concentrated under reduced pressure
2.45(d,J =14.0 Hz, 1 H), 2.31 (dd) = 14.0, 4.5 Hz, 1 H), 1.44 to give a crude aldehyde as a yellow solid.

(s, 3H), 1.35(s, 3 H),0.85 (s, 9 H), 0.04 (s, 3 H), 0.03 (s, 3H); To a stirred solution of the above aldehyde in £ (10 mL)

13C NMR (125 MHz, CDC}) 6 172.9, 108.3, 86.4, 78.9, 74.8, 72.3, at 0°C were added (MeQp(O)CH(NHBoc)CGMe (28b; 892 mg,
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3.00 mmol) andN,N,N',N'-tetramethylguanidine (0.52 mL, 4.0 methanol:CHG = 3:97) afforded diolLl6 (163 mg, 80%) as a white
mmol). The reaction mixture was stirred at room temperature for solid: [a]p!® +24.5 € 0.28, CHC}); IR (film) 3435, 2977, 2953,
1 h and then quenched with saturated aqueougQWKILO mL). 1734, 1716, 1506, 1164, 1082 cl'H NMR (500 MHz, CDC})
The mixture was extracted with ethyl acetatexX330 mL), and 05.41 (d,J=7.0Hz, 1 H), 4.23 (dd) = 7.5, 5.0 Hz, 1 H), 4.16
the combined extracts were washed with brine (10 mL), dried over (s, 1 H), 4.15 (br s, 2 H), 4.01 (s, 1 H), 3.72 (s, 3 H), 3.70 (s, 3 H),
N&SQ,, filtered, and concentrated under reduced pressure. Purifica-3.52 (dd,J = 11.0, 5.0 Hz, 1 H), 3.44 (] = 10.5 Hz, 1 H), 2.95
tion by flash column chromatography on silica gel (15 g,,Cht (brs, 1 H), 2.61 (dJ = 14.0 Hz, 1 H), 2.59 (dd) = 7.0, 5.5 Hz,
ethyl acetate:hexanes 1:2:7) afforded enamide esté&i7b (365 1H), 2.16 (ddJ = 14.0, 5.5 Hz, 1 H), 2.06 (dd, = 13.0, 3.5 Hz,
mg, 80% for the two steps) as a pale yellow foarajpf® +2.9 1 H), 1.40 (s, 9 H)23C NMR (125 MHz, CDC}) 6 174.2, 172.2,
0.48, CHC}); IR (film) 3391, 2982, 1728, 1655, 1459, 1245, 1162, 154.8, 83.3,82.4,79.7,72.7, 66.4, 63.8, 63.5, 52.3, 52.1, 50.2, 43.7,
1084, 1063, 858 cnt; *H NMR (500 MHz, CDC}) 6 7.21 (br s, 39.7, 27.9 «3); HRMS (FAB) m/z calcd for GgHzoNOsg [(M +
1H),5.83(s,1H),4.42 ()= 7.0 Hz, 1 H), 4.17 (s, 1 H), 411  H)*] 420.1870, found 420.1869.
(dt,J=10.0, 6.0 Hz, 1 H), 3.99 (s, 1 H), 3.66 (s, 3 H), 3.62 (s, 3 Cyclic Sulfate 30.To a solution of dioll6 (254 mg, 0.61 mmol)
H), 3.60 (dd,J = 12.0, 6.5 Hz, 1H), 2.96 (1) = 11.0 Hz, 1 H), in CH,CI, (7.0 mL) at—20°C were added triethylamine (0.23 mL,
2.84 (d,J=14.5Hz, 1 H), 2.17 (dd) = 14.5, 3.5 Hz, 1 H), 1.34 1.71 mmol) and thionyl chloride (0.100 mL, 1.46 mmol). The
(s, 3H), 1.34 (s, 9 H), 1.27 (s, 3 HFC NMR (125 MHz, CDC}) resultant mixture was stirred &t20 °C for 30 min and then poured
0 172.7,163.2, 152.9, 131.1, 123.6, 109.4, 84.2, 81.4, 79.9, 74.7,into ice—water (5 mL). The mixture was extracted with,8t(3 x
72.7, 68.7, 65.5, 53.2, 52.7, 44.2, 2843, 28.3, 26.2; HRMS 20 mL), and the combined organic layers were washed with brine
(FAB) m/z calcd for GiH3:NOgp [(M + H)™] 458.2026, found (10 mL), dried over NgSO,, filtered, and concentrated under
458.2029. reduced pressure to give a cyclic sulfite (265 mg) as a white solid.
Chz-Protected Amino Acid Derivative 29a.A degassed mixture To a solution of the above cyclic sulfite in GEN/CCl, (4:5,
of [Rh'(COD)-(S9-EtDUPHOS]OTf (41.0 mg, 0.060 mmol) and  v/v, 9.0 mL) at room temperature were added Nal@B7 mg, 2.28
enamide estet7a (564 mg, 1.14 mmol) in freshly distiled THF ~ mmol) and RuGJ (24 mg, 0.11 mmol) followed by water (4.0 mL).
(6.0 mL) was placed in a hydrogenation bottle and pressurized with The resultant mixture was stirred at room temperaturel fo and
hydrogen to an initial pressure of 0.8 MPa. The reaction mixture then extracted with BO (3 x 20 mL). The combined organic layers
was stirred at room temperature for 96 h. The mixture was were washed with brine (10 mL), dried over 488, filtered, and
concentrated under reduced pressure, and the residue was purifiedoncentrated under reduced pressure. Purification by flash column
by flash column chromatography on silica gel (10 g,,CH:ethyl chromatography on silica gel (10 g, ethyl acetate:hexan&s7)
acetate:hexanes 1:2:7) to afford Cbz-protected glutamic acid afforded cyclic sulfate30 (245 mg, 91% for the two steps) as a
derivative 29a (486 mg, 85%) as a white solid:a]p?® +8.4 (c white solid: [o]p?® +66.8 € 0.11, CHC}); IR (film) 3421, 2954,
0.67, CHCY); IR (film) 3348, 2986, 2952, 2359, 2341, 1729, 1244, 2359, 1746, 1714, 1392, 1213, 985 ¢m'H NMR (500 MHz,
1085 cnt?; 1H NMR (500 MHz, CDC}) 6 7.34-7.29 (m, 5 H), CDCl3) 6 5.26 (d,J = 4.5 Hz, 1 H), 5.21 (dJ = 7.5 Hz, 1 H),
5.64 (d,J = 7.0 Hz, 1 H), 5.11 (dJ = 12.5 Hz, 1 H), 5.07 (dJ 5.02 (dt,d = 11.0, 5.5 Hz, 1 H), 4.32 (s, 1 H), 4.33 (dil= 7.5,
=125Hz, 1 H),4.42 (d)=5.0Hz, 1 H),4.34 (ddJ=7.5,5.5 5.0 Hz, 1 H), 4.19 (tJ = 3.5 Hz, 1 H), 3.97 (ddJ = 12.0, 6.5 Hz,
Hz, 1 H), 4.20 (dtJ = 10.5, 5.5 Hz, 1 H), 4.15 (s, 1 H), 4.03 (s, 1H), 3.69 (s, 3 H), 3.67 (s, 3 H), 3.52 t,= 11.0 Hz, 1 H), 2.61
1H),3.73 (s, 3H),3.68 (dd} = 11.5,6.0 Hz, 1 H), 3.59 (s, 3H), (d,J=14.0 Hz, 1 H), 2.59 (ddJ = 7.0, 5.5 Hz, 1 H), 2.18 (dd,
3.03 (t,J = 10.5 Hz, 1 H), 2.59 (dJ = 14.0 Hz, 1 H), 2.58 (dd, J=14.0, 4.0 Hz, 1 H), 2.13 (dd] = 15.0, 5.5 Hz, 1 H), 1.38 (s,
J=14.0,6.5Hz, 1 H), 2.18 (dd,= 14.5, 6.5 Hz, 1 H), 2.11 (dd, = 9 H); 13C NMR (125 MHz, CDC}) 6 173.4, 171.9, 154.9, 84.0,
J=14.5,4.0Hz, 1 H), 1.42 (s, 3 H), 1.34 (s, 3 HJC NMR (125 80.1, 76.6, 74.9, 74.7, 61.%(2), 52.5, 52.4, 50.5, 43.9, 39.3, 28.3

MHz, CDCk) 6 174.1, 172.1, 155.8, 136.4, 12867), 128.3, &2), (x3); HRMS (FAB) m/z calcd for GgHpeNOLS [(M + H)*]
128.2, 108.8, 83.6, 78.9, 77.5, 72.8, 68.7, 67.0, 65.2, 52.6, 52.4,482.1332, found 482.1335.

51.6, 44.9, 39.6, 28.2, 26.1; HRMS (FAB)z calcd for G4H3z>- Acetoxy Alcohol 31.To a solution of cyclic sulfat0 (76.0
NOyo [(M + H)*] 494.2026, found 494.2026. mg, 0.160 mmol) in DMF (2.0 mL) at room temperature was added

Boc-Protected Amino Acid Derivative 29b.To a solution of cesium acetate (45.0 mg, 0.230 mmol). The resultant suspension
29a(486 mg, 0.97 mmol) in hexane/methanol (3:2, v/v, 10 mL) at was stirred at 65C for 6 h and then concentrated under reduced
room temperature were added BOc(0.89 mL, 3.80 mmol) and pressure to give an acetoxy sulfate as a pale yellow solid.

10% Pd(OHYC (50.0 mg). The mixture was stirred at room To a stirred suspension of the above acetoxy sulfate in THF (2.0
temperature under a hydrogen atmosphereflo and then filtered mL) at room temperature was added concentratgi(4 drops).
through a pad of Celite. The filtrate was concentrated under reducedThe mixture was stirred at room temperature foh and then
pressure, and the residue was purified by flash column chroma- partitioned between ethyl acetate (5 mL) and-eeater (5 mL).
tography on silica gel (20 g, ethyl acetate:hexanrek1) to afford The organic layer was separated, and the aqueous layer was
29b (458 mg, 100%) as a colorless solido]p'® +19.2 € 0.29, extracted with ethyl acetate (8 10 mL). The combined organic
CHCl); IR (film) 3365, 2981, 2952, 2359, 2342, 1749, 1717, 1246, layers were washed with brine (10 mL), dried over8Ia,, filtered,
1164, 1062 cm’; *H NMR (500 MHz, CDC}) ¢ 5.33 (d,J=7.0 and concentrated under reduced pressure. Purification by flash
Hz, 1 H), 4.43 (dJ = 4.5 Hz, 1 H), 4.30 (ddJ = 7.5, 5.5 Hz, 1 column chromatography on silica gel (5 g, methanol:GHEB:97)

H), 4.24 (dt,J = 6.5, 4.5 Hz, 1 H), 4.16 (s, 1 H), 4.04 (s, 1 H), afforded acetoxy alcohdl (68.0 mg, 83% for the two steps) as a
3.72 (dd,J = 13.0, 6.5 Hz, 1 H), 3.70 (s, 3 H), 3.69 (dii= 12.0, white solid: [o]p?® +18.3 € 0.36, CHCY); IR (film) 3437, 2978,

6.0 Hz, 1 H), 3.03 (tJ = 11.0 Hz, 1 H), 2.59 (dJ = 14.5 Hz, 1 2360, 1729, 1368, 1245, 1163, 1073 ¢m*H NMR (500 MHz,

H), 2.55 (dd,J = 15.0, 5.0 Hz, 1 H), 2.17 (dd} = 14.5, 5.5 Hz, CDCl3) 6 5.36 (d,J = 6.5 Hz, 1 H), 4.55 (s, 1 H), 4.26 (s, 1 H),
1H),2.14 (ddJ=12.0,4.5Hz,1H),1.42(s,3H),1.41(s,9H), 4.14 (s, 1 H), 4.07 (d) = 4.0 Hz, 1 H), 3.79 (s, 1 H), 3.78 (dd,

1.39 (s, 3 H)13C NMR (125 MHz, CDC}) 6 173.8, 172.1, 154.8, = 10.5, 3.0 Hz, 1 H), 3.69 (s, 3 H), 3.68 (s, 3 H), 3.67 (m, 1H),
108.3, 83.2, 79.6, 78.5, 74.4, 72.4, 68.3, 64.8, 60.1, 52.1, 50.6, 44.32.56 (d,J = 14.0 Hz, 1 H), 2.44 (dd) = 14.5, 5.5 Hz, 1 H),

39.4, 28.3 &3), 27.8, 25.7; HRMS (FAB)Wz calcd for GiHas 2.19-2.15 (m, 2 H), 2.11 (s, 3 H), 1.84 (br s, 1H), 1.41 (s, 9 H);
NOy, [(M + H)*] 460.2183, found 460.2188. 13C NMR (125 MHz, CDC}) 6 173.4, 172.6, 171.3, 155.1, 83.7,

Advanced Key Intermediate 16.A solution of 29b (225 mg, 83.6, 74.7,69.9, 66.1, 64.9, 55.5, 52.6, 52.4, 50.8, 42.9, 40.6, 28.3
0.49 mmol) and DDQ (22 mg, 0.098 mmol) in @EN/H,0 (9:1, (x3), 20.9; HRMS (FAB)mM/z calcd for GoH3oNO,; [(M + H)T]
vlv, 5.0 mL) was stirred at 55C for 12 h. The mixture was cooled  462.1975, found 462.1979.
to room temperature and then concentrated under reduced pressure. Alcohol 32.To a solution of alcohoB1 (51.4 mg, 0.111 mmol)
Purification by flash column chromatography on silica gel (30 g, in CH,Cl, (1.0 mL) at—20°C were added pyridine (36, 0.444
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mmol) and DMAP (2.7 mg, 0.022 mmol), followed by trifluo-
romethanesulfonic acid anhydride (56.Q, 0.333 mmol). The

resultant mixture was stirred at20 °C for 2 h and then partitioned
between icewater (3.0 mL) and ethyl acetate (3.0 mL). The

Shoji et al.

Pivalate 34.To a solution of diol16 (24.2 mg, 0.0580 mmol)
in CH,Cl; (0.5 mL) at—78 °C were added triethyamine (3240,
0.232 mmol) and DMAP (1.4 mg, 0.011 mmol) followed by
pivaloyl chloride (21.Q«L, 0.173 mmol). The reaction mixture was

organic layer was separated, and the aqueous layer was extractedtirred at—50 °C for 12 h and then poured into icevater (ca. 1

with ethyl acetate (3< 5 mL). The combined organic layers were
successively washed with saturated aqueous NaHE@L) and
brine (5 mL), dried over N&O,, filtered, and concentrated under
reduced pressure to give a triflate as a yellow oil.

To a stirred solution of the above triflate in DMF (1.0 mL) at

mL). The mixture was extracted with ethyl acetatex(33 mL),

and the combined organic layers were washed with aqueous 1 M
HCI (1 mL), saturated aqueous NaHEQ mL), and brine (1 mL).
The organic layer was dried over }&0,, filtered, and concentrated
under reduced pressure. Purification by flash column chromatog-

room temperature was added cesium acetate (63.90 mg, 0.333aphy on silica gel (5 g, methanol:CHG# 3:97) afforded pivalate

mmol). The resultant mixture was stirred at room temperature for

34(23.1 mg, 79%) as a colorless oil]p” +23.3 € 0.06, CHCY});

4 h and then poured into a mixed solution of water and ethyl acetate IR (film) 3446, 2973, 2359, 2342, 1733, 1717, 1162 &mH NMR

(1:1, viv, 10 mL). The organic layer was separated, and the aqueou
layer was extracted with ethyl acetate X35 mL). The combined

(500 MHz, CDC}) ¢ 5.33 (d,J = 7.0 Hz, 1 H), 5.19 (m, 1 H),

4.32 (d,J = 7.0 Hz, 1 H), 4.22 (s, 1 H), 4.14 (s, 1 H), 4.02 (s, 1

organic layers were successively washed with saturated aqueoué")' 3.75 (s, 3 H), 3.71 (s, 3 H), 3.61 (dd= 11.0, 5.5 Hz, 1 H),

NaHCG; (5 mL) and brine (5 mL), dried over N80, filtered,

3.49 (t,J = 11.0 Hz, 1 H), 2.582.54 (m, 2 H), 2.17 (ddJ =

and concentrated under reduced pressure. Purification by flash14-5, 5.5 Hz, 1 H), 2.082.04 (m, 2 H), 1.40 (s, 9 H), 1.18 (s, 9

column chromatography on silica gel (5 g, methanol:GH€EB:97)
afforded alcohoB2 (36.4 mg, 71% for the two steps) as a colorless
oil: [0]p?° —6.6 (€ 0.12, CHCY}); IR (film) 3365, 2977, 2954, 2359,
2341, 1733, 1792, 1653, 1245 cin'H NMR (500 MHz, CDC})

0 5.29 (d,J = 7.0 Hz, 1 H), 4.85 (dJ = 2.0 Hz, 1 H), 4.33 (d,)
=6.0 Hz, 1 H), 4.03 (s, 1 H), 4.02 (s, 1 H), 3.97 (dd= 12.5, 3.5
Hz, 1 H), 3.90 (s, 1 H), 3.77 (s, 3 H), 3.72 (s, 3 H), 3.40Jd:
12.5 Hz, 1 H), 2.66 (dJ = 13.5 Hz, 1 H), 2.58 (ddJ = 14.5, 5.5
Hz, 1 H), 2.24 (ddJ = 14.5, 5.5 Hz, 1 H), 2.17 (s, 3 H), 2.15 (dd,
J=13.5,4.5Hz, 1 H), 1.42 (s, 9 H}*C NMR (125 MHz, CDC})

0 173.5, 172.4, 171.2, 154.9, 83.5, 80.1, 78.7, 76.3, 68.4, 66.7,
65.8, 65.1, 52.7, 52.5, 43.8, 40.6, 28:33), 21.0; HRMS (FAB)
mvz calcd for GoHzoNO11 [(M + H) '] 462.1975, found 462.1979.

Neodysiherbaine A (2) A solution of alcohoB2 (12.7 mg, 0.028
mmol) in aqueos 6 M HCI (0.5 mL) was heated at 8& overnight.
The mixture was cooled to room temperature and lyophilized to
afford 2 (8.5 mg, 93%) as a colorless solida]p?° +1.4 € 0.07,
H,0); *H NMR (500 MHz, D,O) 6 4.08 (br s, 1 H), 4.00 (br s, 1
H), 3.76 (t,J = 3.7 Hz, 1 H), 3.68 (ddJ = 13.0, 2.5 Hz, 1 H),
3.57 (brs, 1 H), 3.46 (d] = 11.5 Hz, 1 H), 3.41 (dJ = 13.0 Hz,

1 H), 2.55 (ddJ = 15.0, 2.0 Hz, 1 H), 2.42 (d} = 14.5 Hz, 1 H),
2.04 (dd,J = 14.3, 3.3 Hz, 1 H), 1.84 (dd] = 15.0, 11.5 Hz, 1
H); 3C NMR (125 MHz, BO:CD;OD = 15:1) 6 180.4, 174.1,
87.6, 81.6, 77.5, 70.4, 68.6, 67.8, 54.0, 45.3, 39.8; HRMS (FAB)
m/z calcd for G3jH1gNOg [(M + H)*] 292.1032 found 292.1037.

8,9-epirNeodysiherbaine A (4).A solution of 29b (73.1 mg,
0.159 mmol) in aqueai6 M HCI (1.0 mL) was heated at 6%
overnight. The reaction mixture was cooled to room temperature
and lyophilized to afforet (46.0 mg, 94%) as a white foamop?®
—40.0 € 0.05, HO); *H NMR (600 MHz, D,O) 6 4.13 (m, 1 H),
4.09 (m, 1 H), 4.05 (m, 1 H), 3.93 (ddd,= 10.6, 5.0, 3.2 Hz, 1
H), 3.61 (dd,J = 10.6, 2.3 Hz, 1 H), 3.47 (ddl = 10.6, 5.0 Hz,
1 H), 3.39 (ddJ = 10.6, 10.6 Hz, 1 H), 2.54 (d] = 14.1 Hz, 1
H), 2.53 (dd,J = 15.6, 2.3 Hz, 1 H), 2.09 (dd} = 14.1, 3.8 Hz,
1 H), 2.00 (dd,J = 15.6, 10.6 Hz, 1 H)}C NMR (125 MHz,
D,0:CD;OD = 15:1)6 178.6, 174.1, 86.9, 84.0, 74.2, 67.4, 65.1,
64.4,53.8, 44.3, 39.7; HRMS (FABWz calcd for G;H1¢NOg [(M
— H)~] 290.0876, found 290.0881.

8-epiNeodysiherbaine A (5) A solution 0of31(50.0 mg, 0.108
mmol) in aqueos 6 M HCI (1.0 mL) was heated at 8& overnight.
The mixture was cooled to room temperature and lyophilized to
afford 5 (32.0 mg, 90%) as a white solid:a]p?° —20.6 € 0.02,
H,0); *H NMR (500 MHz, D;0) 6 4.17 (s, 1 H), 4.05 (s, 1 H),
3.93 (s, 1 H), 3.73 (dJ = 12.5 Hz, 1 H), 3.69 (d) = 10.5 Hz, 1
H), 3.59 (d,J=13.0 Hz, 1 H), 3.51 (s, 1 H), 2.68 (d,= 15.0 Hz,
1H),2.49 (dJ=14.0 Hz, 1 H), 2.19 (dJ = 13.5 Hz, 1 H), 2.02
(t, J=12.5 Hz, 1 H);*3C NMR (125 MHz, BO/CD;OD = 15:1)

0 180.5, 174.5, 88.0, 81.9, 75.1, 68.7, 67.0, 66.4, 54.5, 46.3, 40.3;

HRMS (FAB) m/z calcd for G3jH1gNOg [(M — H)~] 290.0876,
found 290.0876.
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H); 3C NMR (125 MHz, CDC}) 6 177.3 (x2), 172.6, 155.3, 84.4,
82.7,80.2,73.8,67.7,66.4,61.4,52.7,52.6, 51.1, 44.5, 40.3, 39.1,
28.5 (x3), 27.4 x 3); HRMS (FAB)m/z calcd for GsHzgNOy4 [(M

+ H)*™] 504.2445, found 504.2452.

Acetate 35.To a solution 034 (22.0 mg, 0.0430 mmol) in CH
Cl, (0.5 mL) at—20°C were added pyridine (1441, 0.172 mmol)
and DMAP (1.2 mg, 0.0080 mmol) followed by trifluoromethane-
sulfonic acid anhydride (22.&L, 0.133 mmol). The reaction
mixture was stirred at-20 °C for 2 h and then partitioned between
ice—water (1.5 mL) and ethyl acetate (1.5 mL). The organic layer
was separated, and the aqueous layer was extracted with ethyl
acetate (3x 3 mL). The combined organic layers were successively
washed with saturated aqueous NaHGDmL) and brine (1 mL),
dried over NaSQ,, filtered, and concentrated under reduced pressure
to give a triflate as a yellow oil.

To a solution of the above triflate in DMF (0.5 mL) at room
temperature was added cesium acetate (75.0 mg, 0.387 mmol). The
resultant mixture was stirred at 3C for 48 h and then poured
into a mixed solution of water and ethyl acetate (1:1, v/v, 5.0 mL).
The organic layer was separated, and the aqueous layer was
extracted with ethyl acetate (8 3 mL). The combined organic
layers were successively washed with saturated aqueous NaHCO
(3 mL) and brine (3 mL). The organic layer was dried ovep-Na
SO, filtered, and concentrated under reduced pressure. Purification
by flash column chromatography on silica gel (5 g, ethyl acetate:
hexanes= 3:7) afforded acetatg5 (8.6 mg, 37% for the two steps)
and36 (2.1 mg, 11% for the two steps) as colorless oils. Data for
35: [o]pt” +98.8 € 0.085, CHCY); IR (film) 2974, 2876, 2359,
1733, 1717, 1161 cnd; *H NMR (500 MHz, CDC}) ¢ 5.50 (d,J
= 7.0 Hz, 1 H), 5.35 (dtJ = 10.5, 5.0 Hz, 1 H), 5.13 (dd] =
10.5, 3.5 Hz, 1 H), 4.31 (s, 1 H), 4.29 (d~= 7.0 Hz, 1 H), 4.09
(s, 1H), 3.89 (ddJ = 10.5, 5.0 Hz, 1 H), 3.81 (s, 3 H), 3.67 (s, 3
H), 3.11 (t,J = 10.5 Hz, 1 H), 2.64 (dJ = 13.0 Hz, 1 H), 2.58
(dd,J=14.5,4.5 Hz, 1 H), 2.16 (dd,= 14.5, 5.5 Hz, 1 H), 2.12
(s, 3H), 2.05 (m, 1 H), 1.41 (s, 9 H), 1.13 (s, 9 FAC NMR (125
MHz, CDCk) 6 177.6,174.9, 174.3,172.3, 155.1, 84.9, 79.6, 71.4,
66.6, 66.0 &«2), 60.3, 52.6, 52.2, 51.0, 44.7, 39.9, 38.7, 2&3),

26.9 (x3), 20.9; HRMS (FAB)M/z calcd for GsH4oNO1, [(M +
H)*] 546.2551, found 546.2557. Data f86: 'H NMR (500 MHz,
CDCl3) 6 5.17 (d,J = 4.5 Hz, 1H), 5.39 (dJ = 6.0 Hz, 1H), 4.37
(m, 1H), 4.31 (dJ = 5.5 Hz, 1H), 4.12 (dJ = 15.0 Hz, 1H), 4.06
(s, 1H), 3.86 (dJ = 15.0 Hz, 1H), 3.72 (s, 3H), 3.71 (s, 3H), 2.62
(d,J = 13.5 Hz, 1H), 2.53 (dd] = 14.5, 5.5 Hz, 1H), 2.23 (dd}
=13.5,4.5 Hz, 1H), 2.19 (dd,= 14.5, 5.5 Hz, 1H), 1.41 (s, 9H),
1.21 (s, 9H).

9-epiNeodysiherbaine A (6) A solution 0f35(6.00 mg, 0.0109
mmol) in aqueos 6 M HCI (1.0 mL) was heated at 10TC
overnight. The mixture was cooled to room temperature and
lyophilized to afford6 (4.4 mg, 100%) as a white foama]p??
+33.1 € 0.12, HO); *H NMR (500 MHz, D;O) 6 4.29 (m, 1 H),
4.17 (s, 1 H), 3.88 (dd] = 11.0, 3.0 Hz, 1 H), 3.82 (dtj = 11.0,
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4.5 Hz, 1 H), 3.69 (ddJ = 11.0, 4.5 Hz, 1 H), 3.65 (dd, = 10.5, was stirred at room temperature for 4.5 h and then concentrated

4.5 Hz, 1 H), 3.07 (tJ = 10.5 Hz, 1 H), 2.63 (ddJ = 13.0, 2.5 under reduced pressure to give a sulfate monoester as a white solid.

Hz, 1 H), 2.62 (dJ = 13.5 Hz, 1 H), 2.15 (dd) = 13.0, 3.5 Hz, To a suspension of the above sulfate in THF (2.0 mL) at room

1 H), 2.10 (dd,J = 13.5, 11.0 Hz, 1 H)}C NMR (125 MHz, temperature was added concentratg8®j (9 drops). The resultant

D,0:CD;OD = 15:1)¢ 181.0, 175.9, 89.0, 78.8, 77.3, 71.4, 65.1, mixture was stirred at room temperature fch and then partitioned

54.9, 46.9, 40.5, 31.6; HRMS (FABWz calcd for G;H1gNOg [(M between ethyl acetate (5 mL) and ieeater (5 mL). The organic

— H)7] 290.0876, found 290.0883. layer was separated, and the aqueous layer was extracted with ethyl
Thiocarbonate 37.To a solution of alcohaB1 (46.0 mg, 0.0990  acetate (3x 10 mL). The combined organic layers were washed

mmol) in toluene (2.0 mL) at room temperature were added DMAP With brine (5 mL), dried over N&SO,, filtered, and concentrated

(24.0 mg, 0.198 mmol) and phenyl chlorothionoformate (0.0210 under reduced pressure. Purification by flash column chromatog-

mL, 0.149 mmol). The resultant mixture was heated at reflux for raphy on silica gel (5 g, methanol:CHCF 2:98) afforded B-

3 h and then cooled to room temperature. Water (5 mL) was added,2/cohol39(37.0 mg, 51% for the two steps) as a white solidof°

and the mixture was extracted with ethyl acetatex(20 mL). +1.3 (¢ 0.08, CHCY); |E€ (film) 3441, 2953, 2359, 2341, 1734,
The combined organic layers were successively washed with 1714, 1164, 1074 cr; *H NMR (500 MHz, CDC}) ¢ 5.38 (d,J
aqueos 1 M HCI (5 mL), saturated aqueous NaH§® mL), and =7.0Hz, 1H),4.31(dd)=7.5,5.0 Hz, 1 H), 4.17 (s, 1 H), 4.13

brine (5 mL). The organic layer was dried over S8, filtered, (s, 1 H), 3.72 (s, 1H), 3.71 (s, 3 H), 3.70 (s, 3 H), 3.67 (de;
and concentrated under reduced pressure. Purification by flash13.0, 1.5 Hz, 1 H), 3.55 (ddd,= 11.0, 4.0, 1.5 Hz, 1 H), 2.55 (d,
column chromatography on silica gel (5 g, ethyl acetate:hexanesJ = 14.0 Hz, 1 H), 2.49 (ddJ = 14.0, 5.0 Hz, 1 H), 2.21 (d =
= 1:1) afforded thiocarbona®@7 (41.0 mg, 70%) as a white solid: ~ 13.0, 4.0 Hz, 1 H), 2.15 (dd} = 15.0, 6.0 Hz, 1 H), 2.05 (dd, =
[a]p2® +25.3 € 0.06, CHCY); IR (film) 3365, 2951, 2359, 1734, 10.0, 4.0 Hz, 1 H), 1.82 (ddl = 14.5, 3.5 Hz, 1 H), 1.41 (s, 9 H);
1717, 1276, 1200 cn; 'H NMR (500 MHz, CDC4) 6 7.40 (t,J 13C NMR (125 MHz, CDC}) 6 172.7, 171.5, 155.4, 84.2, 81.2,
= 8.0 Hz, 2 H), 7.28 (tJ = 7.5 Hz, 1 H), 7.03 (dJ = 8.5 Hz, 2 80.2,73.3,64.1,60.4,52.5,52.4,51.1, 44.5, 40.4, 28.6, 283} (
H), 5.68 (s, 1 H), 5.26 (d) = 7.5 Hz, 1 H), 4.81 (dJ = 1.5 Hz, HRMS (FAB) m/z calcd for GgHzoNOg [(M + H)*] 404.1942,
1'H), 4.32 (ddJ = 7.5, 5.0 Hz, 1 H), 4.14 (s, 1 H), 3.99 (s, 1 H), found 404.1942. _
3.89 (d,J=13.0 Hz, 1 H), 3.73 (s, 3 H), 3.70 (s, 3 H), 3.72 (dd, 8a-Alcohol 40. To a solution of alcohoB9 (37.0 mg, 0.0920
J=10.5, 3.0 Hz, 1 H), 2.77 (d] = 14.0 Hz, 1 H), 2.46 (dd) = mmol) in CHCl; (2.0 mL) at room temperature were added
14.0, 4.5 Hz, 1 H), 2.21 (dd, = 15.0, 6.0 Hz, 1 H), 2.17 (dd, = powdered 4 A molecular sieves (50.0 mg), NMO (32.0 mg, 0.28
13.5, 4.5 Hz, 1 H), 2.16 (s, 3 H), 1.41 (s, 9 H}C NMR (125 mmol), and TPAP (6.50 mg, 0.018 mmol). The resultant mixture
MHz, CDCk) 6 193.1, 172.7, 172.1, 170.5, 155.1, 153.3, 129.6 Was stirred at room temperature for 30 min and then passed through
(x2), 126.7, 121.7%2), 84.2, 79.9, 76.7, 74.8, 74.4, 65.7, 64.7, @ short pad of silica gel (5 g, ethyl acetate). The filtrate was
52.6, 52.4, 50.6, 43.5, 40.4, 28.2%), 20.9; HRMS (FAB)mMz concentrated under reduced pressure to give a ketone (22.6 mg) as
calcd for G/HzsNOLS [(M + H)*] 598.1958, found 598.1960. & White solid. _ _

Acetate 38.A solution of thiocarbonate7 (41.0 mg, 0.069 To aostlrred solution of the above ketone in methanol (1.0 mL)
mmol) and AIBN (23.0 mg, 0.138 mmol) in toluene (3.0 mL) was at—20°C was added NaBI6.10 mg, 0.16 mmol). The resultant

: L . mixture was stirred at-20 °C for 15 min and then poured into a
degassed by bubbling of argon under sonication for 30 min. To _. - )
e miure eted at 13T was added B (0410 mL, 0414 TS0l of CHCl and pit T prospnate uffer (31w 40
mmol). The resultant mixture was stirred at 1@Dfor 1 h, cooled j 9 y b ' d Y

extracted with CHCI, (3 x 10 mL). The combined organic layers
to room temperature, and then concentrated under r(_e_duced PressilGiere concentratlérd: 2u(nder reduc)ed pressure Purifi?:ation b{/ flash
Purification by flash column chromatography on silica gel (5 g, '

e 5 el L S Tl O o Svonogegy s 10, v O
as a white solid: ¢]p* +34.4 € 0.05, CHCY: IR (film) 3365, .\ e Solid: fp20+115.3 € 0.045, CHC); IR (film) 3375, 2955
2952, 2359, 1728, 1247 cth *H NMR (500 MHz, CDCL) 05.34 5350 5341 '1734, 1717, 1164 cinH NMR (500 MHz, CDCY)
(d,J=7.0Hz, 1 H), 4.68 (s, 1 H), 4.28 (dd,= 7.5, 5.0 Hz, 1 H), 55.34 d,J ~75Hz 1 H), 4.32 (dd) = 12.5, 5.0 Hz, 1 H), 3.99
3-901&“,% ;313-0,33;4-0 ';Zégl H)’33H89 3(>dz]14_ 3]-1(’:”121’ é q)’53H88 (s, 1 H), 3.96 (s, 1 H), 3.78 (ddd,= 11.0, 4.0, 2.0 Hz, 1 H), 3.75
(m, 1H), 3.73 (s, 3 H), 3.69 (s, 3 H), 3.44 (dti=11.0, L5 Hz, (/31" 375 (5 3 H), 323 (4= 11.0 Hz, 1 H), 3.72 (m, 1 H),
1H), 267 (dJ=150Hz,1H) 2.40 (dd) = 14.0, 45Hz 1H), 5 66 (ddJ=14.0, 5.0 Hz, 1 H), 2.61 (dl = 13.0 Hz, 1 H), 2.28
2.34(dJ=17.0 Hz, 1 H), 2.16 (dd) = 16.0, 7.0 Hz, 1 H), 2.05 (>3 505 o\ o B0 i 2 % o 1) 208 (dd
(d,J=7.0 Hz, 1 H), 2.11 (s, 3 H), 1.92 (di,= 11.5, 4.0 Hz, 1 ' A0Hs 1H) 1 5 50Hz 1H) 1. ’

J=14.0, 4.0 Hz, 1 H), 1.95 (dg} = 12.5, 5.0 Hz, 1 H), 1.67 (dd,
H), 1.40 (s, 9 H);%C NMR (125 MHz, CDCY) 6 173.3,172.3,  J_ 3150 60y 1 H)) im ((s cg HIZC NMR (125 MH)Z CDC(Q
171.3, 155.1, 83.7, 76.2, 74.7, 67.52), 64.8, 52.4 £2), 50.9, : s A ’

43.8, 402, 28.3 %3), 28.2, 21.3; HRMS (FAB)Nz calcd for 0172.8,172.7,154.9, 83.5,80.4, 79.9, 76.4, 67.6, 64.9, 52.6, 52.3,

50.9, 45.8, 40.8, 29.4, 28.3xB); HRMS (FAB) m/z calcd for

8-Deoxyneodysiherbaine A (7)A solution of acetat@8 (35.0 9-Deoxyneodysiherbaine A (8)A solution of alcohol0 (41.0
mg, 0.079 mmol) in aquesu6 M HCI (1.0 mL) was heated at 85 g, 0.101 mmol) in aquesu6 M HCI (1.0 mL) was heated at 65
°C overnight. The mixture was cooled to room temperature and °C gvernight. The mixture was cooled to room temperature and
lyophilized to afford7 (22.0 mg, 92%) as a white solid:a]p® lyophilized to afford8 (30.0 mg, 90%) as a brown solidoJp?
—37.0 €0.016, HO); *H NMR (500 MHz, D,0) 6 4.16 (s, 1 H), +18.4 € 0.026, HO); IH NMR (500 MHz, D,O) ¢ 4.13 (s, 1H),
4.08 (s, 1 H), 3.89 (dd] = 11.0, 3.0 Hz, 1 H), 3.76 (s, 1 H), 3.69 4,05 (s, 1H), 3.89 (ddd] = 12.0, 5.0, 3.5 Hz, 1H), 3.74 (ddd =
(d,J=13.0 Hz, 1 H), 3.53 (dJ = 12.5 Hz, 1 H), 2.74 (dd) = 12.5, 3.0, 1.5 Hz, 1H), 3.65 (dd,= 12.0, 2.0 Hz, 1H), 3.30 (1]
15.5, 3.0 Hz, 1 H), 2.46 (d] = 15.0 Hz, 1 H), 2.26 (dd) = 14.5, = 12.0 Hz, 1H), 2.57 (dJ = 13.0 Hz, 1H), 2.54 (dd]) = 14.5, 2.5
3.5 Hz, 1 H), 2.19 (dd) = 14.5, 2.0 Hz, 1 H), 2.08 (dd, = 15.0, Hz, 1H), 2.08 (dd,) = 14.0, 3.0 Hz, 1H), 2.03 (dd, = 15.0, 12.0
10.5 Hz, 1 H), 1.95 (dtJ = 15.5, 3.0 Hz, 1 H)*C NMR (125 Hz, 1H), 1.83 (dgJ = 12.0, 4.5 Hz, 1H), 1.57 (dd] = 12.5, 5.0
MHz, D,O:CD;OD = 15:1)6 178.9, 174.8, 87.6, 83.6, 78.5, 74.1, Hz, 1H); 13C NMR (125 MHz, BO:CD;0OD = 15:1)0 178.5, 174.6,
69.7, 68.0, 54.5, 45.3, 40.3; HRMS (FABYz calcd for GiHie 87.4, 82.3, 77.9, 73.4, 68.8, 66.5, 54.3, 45.5, 40.3; HRMS (FAB)
NOs [(M — H)™] 274.0927, found 274.0923. mz caled for GiH16NOg [(M — H)~] 274.0927, found 274.0927.

8f-Alcohol 39.To a solution of cyclic sulfat80(89.9 mg, 0.180 Cyclic Thiocarbonate 41.To a solution of dioll6 (624 mg,
mmol) in N,N-dimethylacetamide (2.0 mL) at room temperature 1.49 mmol) in toluene (15 mL) at @C were added DMAP (182
was added NaBH(17.0 mg, 0.450 mmol). The resultant mixture mg, 1.49 mmol) and thiocarbonyl diimidazole (320 mg, 1.79 mmol).
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The resultant mixture was heated at 0 for 30 min and then

Shoji et al.

2952, 2359, 1750, 1716, 1167 ci*H NMR (500 MHz, CDC})

concentrated under reduced pressure. Purification by flash columné 5.13 (d,J = 7.0 Hz, 1 H), 4.38 (dJ = 5.5 Hz, 1 H), 3.89 (s, 1

chromatography on silica gel (20 g, ethyl aceate:hexanés7)
afforded cyclic thiocarbonatdl (523 mg, 76%) as a colorless
solid: [0]p?° +36.9 € 0.79, CHCY); IR (film) 3421, 2978, 1745,
1713, 1499, 1353, 1320, 1164, 1095, 991, 736%AH NMR (500
MHz, CDCk) ¢ 5.22 (d,J = 6.5 Hz, 1 H), 5.12 (dJ= 7.0 Hz, 1
H), 5.02 (dddJ = 8.0, 6.0, 2.5 Hz, 1 H), 4.34 (s, 2 H), 4.27 {t,
= 4.5 Hz, 1 H), 3.98 (ddJ = 12.5, 6.0 Hz, 1 H), 3.72 (s, 3 H),
3.70 (s, 3 H), 3.28 (dd] = 12.5, 8.0 Hz, 1 H), 2.61 (dd,= 14.5,
5.5 Hz, 1 H), 2.56 (dJ = 14.0 Hz, 1 H), 2.27 (ddJ = 14.0, 5.0
Hz, 1 H), 2.17 (ddJ = 14.5, 4.5 Hz, 1 H), 1.41 (s, 9 H)}*C NMR
(125 MHz, CDC¥}) 6 190.4, 173.6, 172.2, 155.2, 109.9, 84.1, 80.4,
75.4,75.1,74.2,62.2,52.9,52.8,50.9, 44.9, 39.4, 28%;(HRMS
(FAB) m/z calcd for GoHgNO10S [(M + H)*] 462.1434, found
462.1434.

Olefin 42. To a solution of cyclic thiocarbonat#l (525 mg,
1.13 mmol) in THF (0.6 mL) at room temperature was added 1,3-
dimethyl-2-phenyl-1,3,2-diazaphospholidine (0.62 mL, 3.41 mmol).
The resultant mixture was stirred at 4G for 12 h. The mixture
was cooled to room temperature and purified by flash column
chromatography on silica gel (20 g, ethyl acetate:hexandsl)
to afford olefin42 (319 mg, 73%) as colorless oilo]p?® —143.7
(c 0.41, CHC}); IR (film) 3375, 2977, 2359, 2342, 1748, 1733,
1716, 1166, 1089 cni; 1H NMR (500 MHz, CDC}) 6 5.96-5.91
(m, 2 H), 5.39 (dJ = 6.5 Hz, 1 H), 4.20 (m, 1 H), 4.04 (m, 1 H),
4.00-3.86 (m, 3 H), 3.63 (s, 3 H), 3.60 (s, 3 H), 2.51 §d= 14.0
Hz, 1 H), 2.42 (ddJ = 14.0, 5.0 Hz, 1 H), 2.14 (dd, = 14.0, 5.0
Hz, 1 H), 2.11 (ddJ = 14.0, 6.5 Hz, 1 H), 1.32 (s, 9 H}*C NMR
(125 MHz, CDC}) 6 174.1, 172.2, 154.9, 130.4, 121.9, 84.0, 79.6,
74.6, 73.5, 63.5, 52.2, 52.1, 50.7, 43.9, 39.4, 2&B8)( HRMS
(FAB) m/z calcd for GgH,gNOg [(M + H)*] 386.1815, found
386.1816.

Compound 3.To a solution of olefiM2 (167 mg, 0.430 mmol)
in hexane/methanol (2:1, v/v, 6 mL) at room temperature was added
Pd(OH)/C (10 wt %, 16.7 mg). The mixture was stirred at room
temperature under a hydrogen atmospherd fio and then filtered
through a short pad of Celite. The filtrate was concentrated under
reduced pressure, and the residue was purified by flash column
chromatography on silica gel (10 g, ethyl acetate:hexandsl)
to afford fully protected glutamic acid derivative (158 mg, 94%)
as a white solid: ¢]p?° +107.0 € 0.22, CHC}); IR (film) 3375,
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H), 3.83 (s, 1 H), 3.69 (s, 3 H), 3.60 (s, 3 H), 3.75 (diit= 10.5,

4.0, 2.0 Hz, 1 H), 3.26 (dt) = 13.0, 2.0 Hz, 1 H), 2.54 (d] =

14.0 Hz, 1 H), 2.31 (ddJ = 14.0, 4.5 Hz, 1 H), 2.16 (dd] =

14.0, 6.0 Hz, 1 H), 2.062.03 (m, 2 H), 1.96 (dg) = 13.0, 4.0

Hz, 1 H), 1.64 (ttJ = 13.5, 4.0 Hz, 1 H), 1.38 (s, 9 H), 1.27 (d,
J=13.0 Hz, 1 H);®*C NMR (125 MHz, CDC}) 6 174.5, 172.4,
155.1, 83.9, 79.7, 77.2, 77.1, 75.6, 66.2, 52.2, 52.1, 50.9, 44.9, 40.1,
28.2 (x2), 25.3, 19.5; HRMS (FABVz calcd for GgHaoNOs [(M

+ H)*] 388.1971, found 388.1971.

A solution of the above product (155 mg, 0.40 mmol) in aqueous
6 M HCI (1.0 mL) was heated at 68C overnight. The mixture
was cooled to room temperature and lyophilized to afford compound
3 (100 mg, 85%) as a brown solido]p?° —21.7 € 0.026, HO);
IH NMR (500 MHz, D:O) 6 4.07 (s, 1 H), 3.97 (s, 1 H), 3.88 (dd,
J=10.5,3.0 Hz, 1 H), 3.72 (d] = 7.5 Hz, 1 H), 3.69 (dd) =
10.5, 3.5 Hz, 1 H), 3.29 (] = 11.0 Hz, 1 H), 2.62 (dd) = 15.5,
3.0 Hz, 1 H), 2.52 (dJ = 14.0 Hz, 1 H), 2.152.09 (m, 2 H),
1.97 (d,J=11.0 Hz, 1 H), 1.7£1.69 (m, 2 H), 1.30 (dJ = 8.0
Hz, 1 H); 13C NMR (125 MHz, BO:CD;OD = 15:1) 6 178.8,
173.5, 86.4, 79.9, 77.0, 67.8, 53.3, 46.1, 39.8, 25.8, 20.8; HRMS
(FAB) mvz calcd for G3H17NOgCI [(M — H)~] 294.0774, found
294.0750.
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