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1. Introduction a: Boger's work (ref. 70-t)
Tandem intramolecular [4+2]/[3+2] cycloaddition of 1,3 ,4-oxadiazoles
Vinblastine (, Fig. 1), isolated fronCatharanthus roseyss MOMO BnO

one of the most famoudinca alkaloids because of its significant
anti-cancer activitie5.More than 50 years ago, vinblastine was
found to be a potent inhibitor of tubulin polymexiion and was

clinical used for treatment of various carcinorhdven today,
vml_alastlne and |ts.anallogue V|ncr.|st|né) (renjalr) efficacious Me COZMe R=H, 57%, 101 dr I\‘/IeH GOV
antitumor drugg. Vindoline, a major alkaloid isolated from A R = OMe, 31%, 10:1 dr B
Catharanthus rosetfsconstitutes the most complex fragment of -
vinblastine and serves as a precursor for biosgighand total  b: Kuehne's work (ref. 71)

synthesig of vinblastine-type alkaloids. Structurally virlohe Intramolecular Diels-Alder cyclization initiated by ammonium ion rearrangement
features a pentacyclic framework and a fully subtd OH
cyclohexane ring with six contiguous stereocenténseé of -\ rE}ﬁE(
which are congested quaternary carbon centers). N N ¢l ———
R N
. . . . H R N
The formidable challenge presented by vindoline endda COMe R=H 61% 41dr 1 CoMe

prevailing synthetic target. To date, a number d¢égant c R=0OMe, 93%, 41dr D

strategies have been developed towards the syntheBes -------------------mooomoomoomo oo
vindoline and its related alkaloidsAmong them, tandem ¢ Fukuyama's work (ref. 6d,7m)

processes leading to the construction of the highllgstituted Acid-promoted defydraion4+2, /CRQ’

cyclohexane core present in vindoline and relatkdl@ds are ”T'c/)z,'fr

especially attractiv€?™*™°*8 Some representative examples N O@/Et
towards the synthesis of vindoline-related natutkhlaids are | 1) TFA
indicated in Fig. 2. Inspired by these well-designeabcade N 2) Pyrrolidine _
processes, we recently developed a Heathcock/aza-Prin 52%20 65% for 2 steps

sequence to provide access to the core structdrgmaoline-

. E:R = OMs
related natural alkaloids®®

d: Rapoport's work (ref. 7k)
t-BuOCI oxidation induced rearrangement

t-BuOCI
DBU

_J 75% yield

with one recycle O

COZMe

Me, Vindoline G H
) ] , Vindorosine . . . .
1:R = CHg, Vinblastine Fig. 2. Representative cascade procedures for vindolila¢ece

2: R = CHO, Vincristine natural alkaloids. MOM = methoxymethyl, Bn = benZBbc =
Fig. 1. Natural alkaloids containing vindoline structurétun ~ tert-butoxycarbonyl, Ar = 2.4-dinitrobenzensulfonyl, AF=

) ) ) trifluoroacetic acid, DBU = 1,8-diazabicyclo[5.4.0et-7-ene,
In our previous work, we have established a scaltenetic s = mesyl.

route towards the synthesis e-{iindorosine 4). We were also
able to access the key scaffold for (—)-vindolimsdx on a highly 2. Results and discussion
diastereoselective vinylogous Mannich addition arah
intramolecular Heathcock/aza-Prins cyclizatt®nln this full
paper, we report the enantioselective total synshedi (-)-

Ol
H

(0]

N Tandem
Heathcock/

vindoline, which constitutes part of our currentoef§ towards :yzjiz';rt'i’;
the final synthesis of anti-cancer drug vinblastine 20 NTNA0
071677718 N 34 0Ac ‘ H H
! 8 Cogume o O/T/
3: Vindoline 5: key structural unit
& Asymmetric
X\)LN/\/\ h -S. NH vinylogous
Mannich
‘ addition
‘ f—
0 N Z>0 (¢} N e
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desired amideésa by means of deprotection with trifluoroacetic

Scheme 1. Retrosynthetic analysis cf)¢Vindoline. ; ATl ' )
acid and amidation with chloroacetyl chloride.

The retrosynthetic analysis of (-)-Vindoline is dttated in

Scheme 1. We planned to obtain (-)-Vindoline fromy ke .‘CS‘)\
intermediate 5, which could in turn be elaborated by an ﬁ NH NH2 | g
intramolecular Heathcock/aza-Prins  cyclization ~froamide l2 (25 moRe) Nal, K,COn
compounds. Amide 6 could be obtained by procedures involving N | o To/2>o N | o W
deprotection,N-alkylation and amidation fron7, sequentially. \ Boc {/ . Boc 60%
Compound 7 could be prepared by a diastereoselective 7a‘0 Y 20 ©
vinylogous Mannich reaction between ethyldioxindhand N- o
tertbutanesulfinyl imine 9, which could be obtained by HN X a P~
condensation of commercially available indolyl #igee 11 and 1) TFA, CH,Cl N
. . . . 2 2

enantiomerically pureert-butanesulfinamide. \

We began our total synthesis with the condensatibn o o N~ Z o 2 gerco0l E{CN“ZCCE,’ (c:;l|
commercially available indolyl aldehydell and tert- ! Bog o{/ 85% for two §te;s \
butanesulfinamide. According to our predicting moftal the 13
dlastereoselec_tlve \_/|nylogous Mannich addition €oh 2), &)- Scheme 3. Synthesis of the am|cm.
tert-butanesulfinamide was used to ensure correct
stereochemistry at C19 (Scheme 2). This reactiongmded well Next, the key Heathcock/aza-Prins cyclization was
in the presence of Ti(OEt)to afford the desiredN-tert- investigated. Treatment of indolyl chloroacetamtdewith silver

butanesulfinylimine9 in 91% yield** Next, we carried out the trifluoromethansulfonate in THF did not provide ied product
diastereoselective vinylogous Mannich addition betws-tert- 5 due to the low reactivity of chloroacetamide. There,
butanesulfinyl imine 9 and the dioxinone-derived lithium displacement of chloroacetamifie (2.71 g) with Nal in acetone
dienolate generateéh situ from compound8.”> The desired followed by addition of silver trifluoromethansulfate in THF at
product 7a (84% isolated yield) was readily obtained on aroom temperature afforded the desired produst i6 82%
multigram scale in the presence of ;88,0 in tetrahydrofuran isolated yield over two steps (Scheme 4). The ptesgithway
(THF) together with its diastereom@&b (13% isolated yield). is indicated in Scheme 4, silver-mediated intramaler 2
The absolute configurations @& and its diasteromerb were  substitution of indolyl haloacetamide resulted tigid lactam
established by X-ray crystallography and the alisolu spiroindolenine (transition-state |, Heathcock pesjewhich
configurations of these two diasteromers were shaw@cheme relocated the newly generated iminium salt spatiellhge to the
2* The X-ray crystallographic experimental results ar fully  dioxinone moiety to effect the formation of ring (Eansition-

accordance with our predicting model. state J, aza-Prins procedure).
0 i 0 |
I 10, Tioey),, =N K Cl\)LN/\)
[ THF, 50 °C /@\—/\(\
C‘) N 91% (‘) N | 1) Nal, acetone, reflux
11 Boc N 20 2) AgOTf, THF, rt
\ H {/ 82% for two steps
C?(C) 8 GaO Y 2.71 g-scale
AN ;

LIHMDS, BF5-OFEt,

THF,-78°C 0O
97%, dr=65:1 |

12.75 g-scale
%.-‘Sto_-—u - Agl
NI(”M‘\
Ar/l‘\\\H Z
Hy —
o Scheme 4. The key Heathcock/aza-Prins cyclization. Tf =

Ar = indolyl group trifluoromethanesulfonyl.

M = BF3-OEt; Having accomplished the key cascade cyclization, ext n
. began to investigate the construction of the D-riofg (—)-
é%yD%tf;‘:gg?gg;a Xé?;é“ﬁgg 60537'0 Vindoline. Treatment of lactarG with methyl chlorofor_mate in
Scheme 2. The diastereoselective vinylogous Mannich reactionthe presence of N&O; afforded carbamati -(93%)’ which was
: L subsequently converted to the corresponding aldehyd97%)
T_HF = tetrahydro_furan, HMDS = hexamethyldisilazide, = through an oxidative cleavage of the terminal deubbnd
diastereomeric ratio. (Scheme 5). Intramolecular aldol condensation délaydel5 in

With sulfinamide 7a in hand, we next conducted selective the presence of different bases, such a€0g K,CO;, and NaH,
deprotection of theert-butanesulfinyl group using iodine (25 failed to give the desired produds]. To our delight, the alcohol
mol%) in THF and HO.** Primary aminel2 was obtained in productl6 was finally obtained in 96% isolated yield as agkin
90% isolated yield (Scheme 3). Treatment of aniiddevith 3-  stereoisomer when 1,8-diazabicyclo[5.4.0Jundec-7-¢D8U)
butenyl bromide in the presence 0fGO; and Nal afforded the Was used as base in this aldol reactforDehydration of

secondary amin&3, which was subsequently converted into thecompound 16 by heating with thionyl chloride in pyridine
successfully provided olefid7 in 74% yield. It is noteworthy

Proposed transition
state model
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that dehydration ofi6 did not proceeded under a number of ketoesterl8 with CeCk7H,O under an oxygen atmosphéte.

other conditions such as dehydration with Burgessgest,
Martin's sulfuane and (GEO),O/ELN.

CICOOMe
Na,CO3, CHoCly

o N >0 93% c‘) NH Z0
\ H H MeOOC {/
0~ o o~ 0
5 o 14
A~
0s0y4, NalO4
THF/H,0 DBU, THF, 35 °C
97% 0 NI o 96%
‘ |
MeOOC oﬁ/
0 15 o)

SOCl,
Pyridine, 90 °C
74% 0

"l,/
o

ot

CeCly 7TH,0
Oy, iPrOH
—_—

71%

NaBH,
CeCly 7H,0
MeOH
—_—
88%
Q #
CBry, PPhs,
toluene
-',/ 82 °C 2N HClI
o —_— E——
? N 4OH  83%
50 COOMe
Q MCPBA Q
CH,Cl,/MeOH Ac,0
then HCHO DMAP
“,,_— NaBH3CN “.,,_— pyridine
"
oH %% o N OH 87%

| I Goome
22

MeOTf, CH20|2
2,6-di-tert-butylpyridine

then NaBH,4, MeOH ey —
- e,
91% O N Ho: OAc
! 7 Goome
(-)-Vindoline

Scheme 6. Total Synthesis of (-)-vindolinen-CPBA = meta
chloroperbenzoic acid, DMAP N,N-4-dimethylaminopyridine.

The final stage of the total synthesis of (-)-vilm® is
described in Scheme 6. Treatment of carbarhateith NaOMe

in methanol in a sealed-tube at 92 provided the desired

Unfortunately, we failed to get the desired prodimterestingly,
the reaction proceeded and resulted in an unpratstdle
oxidation to afford enond9 in 71% isolated yield. Radical
oxidation of amine to imine followed by relocate thenjugate
system might account for this result (Schemé&, 19). Luche
reduction of enond9 provided enoR0 as a single diasteromer.
The stereochemistry at C4 was unforturnatbonfiguration by
NOE experiments. Because the stereochemistry at C4)in
vindoline is R-configuration, therefore, we had to reverse the
stereochemistry at C4. Unexpectedly, treatment20f with
carbon tetrabromide in the presence of triphenydphoe in
toluene followed by saturated NaHg®ur previous procedure
for the synthesis of vindorosin&)did not afford the desired enol
21. Changing the base to M)&O; or K,CO; also failed to effect
the reaction. To our delight, treatment 80 with carbon
tetrabromide and triphenylphosphine in tolueneofed by 2N
HCI provided enol21 in 83% isolated yield. The plausible
intermediate for this transformation is shown in &ule 6-' We
believed a conjugated imine might be formed wheattnent of
20 with carbon tetrabromide in the presence of
triphenylphosphine and Michael addition of water ragl by
acid provided the desired enol. This is an intémgstase that
more electron rich conjugated system deters the-beliated
Michael addition. Conversion of en2l to diol 22 was achieved
by following Fukuyama's one-pot proc&%swhich involved
oxidation of21 with metachloroperbenzoic acid in the presence
of saturated sodium bicarbonate (10% MeOH in dicl@ihane)
and subsequent reductive amination with formaldehgdel
sodium cyanoborohydride. Selective acetylatio2fvith acetic
anhydride followed by reductive removal of the lactearbonyl
with sodium borohydride in the presence of MeOTf (Bdg
proceduré) furnished (-)-vindoline.

3. Conclusion

In conclusion, a concise and stereocontrolled egsafor the
total synthesis of (-)-vindoline is disclosed based the
multigram-scale vinylogous Mannich addition and gham-scale
Heathcock/aza-Prins cyclization. Other importantifigd in our
synthesis include the oxidation d¢¥ketoester to enone and
stereoselective inversion of C4 stereochemistry with
triphenylphosphine and carbon tetrabromide followég
hydrochloric acid. As a continuation of our studies
asymmetric total synthesis of vinblastine, the Iteimthesis of
velbanamine fragment of vinblastine is being adyiyv®irsued in
our laboratory.

4, Experimental section
4.1 General information

Melting points were measured on a Hanon MP 430 auto
melting-point system. The infrared (IR) spectra walnéained on
a Nicolet iS10 FTIR spectrometer with 4 ¢mesolution and 32
scans between wavenumber of 4000'camd 400 crit. Samples
were prepared as KBr disks with 1 mg of samples it rb@ of
KBr. Proton nuclear magnetic resonant¢-KIMR) spectra were
obtained on a Bruker Avance 400 or 600 spectromete4§0 or
600 MHz. Carbon-13 nuclear magnetic resonari¢g-NMR)
was obtained on Bruker Avance 400 or 600 spectrosetet00
or 125 MHz. Chemical shifts are reporteddaslues in parts per
million (ppm) relative to tetramethylsilane (TMS)orf all
recorded NMR spectra. High Resolution Mass spectra teden
on AB QSTAR Pulsar mass spectrometer or Aglient LC/MSD

product 18 as a mixture of enol and ketone tautomerstor mass spectrometer. Optical rotations were redoafe a

(enol/ketone = 1:1) in 90% isolated yields. Ouriatiplan was to

introduce the hydroxy group at the C3 position kiglation of -

JASCO P-2000 polarimeter. All novel compounds were



characterized by IRH NMR, *C NMR and HRMS. The known
compounds were characterized'pByNMR and™C NMR. Silica
gel (200-300 mesh) for column chromatography alicasGFs,
for TLC were produced by Merch Chemicals Co. Ltd.
(Shanghai). THF used in the reactions were driedibillation
over metallic sodium and benzophenone. Startingenads and
reagents used in reactions were obtained commigrdiadm
Acros, Aldrich and Adamas-béta and were used without
purification, unless otherwise indicated. All moigtsensitive
reactions were conducted in dried glassware undeositiye
pressure of dry nitrogen or argon. Reagents amtingtanaterials
were accordingly transferred via syringe or cannwaless
otherwise stated, all other reactions were also pedd under a
dry nitrgen atmosphere. Reaction temperatures refetthe
external oil bath temperature.

4.2 Experimental procedures and data for synthetic
intermediates

4.2.1 Sulfinimined. A mixture of aldehydell (10.30 g, 37.40

S
stirred solution of ethyldioxinon& (11.47 g, 67.40 mmol) in
THF (200 mL) was added lithium bis(trimethylsilyl)ata (1.0
M in THF, 74.2 mL, 74.2 mmol) at —78C. The resulting
mixtures were stirred at —7%& for 1 h. Then, the solution of
dioxinone-derived lithium dienolate was transferrénl the
solution of sulfinimine at —78C. Stirring was continued at —78
°C for 3 h. The reaction was then quenched with stdia.
NH,CI (150 mL) at —78C. The cooling bath was removed and
the mixture was warmed to rt, followed by extractioith
EtOAc (3 x 200 mL). The combined organic layers wershed
with brine (200 mL), dried over N8O, filtered, and
concentrated under reduced pressure. The residupusified by
flash chromatography eluting with petroleum ethedi&t (5:1 to
3:1) to afford sulfinamid&ga (15.51 g, 84%) and its diasteromer
7b (2.40 g, 13%).

7a: White solid, m.p.: 150-152C. R = 0.33 (petroleum ether:
ethyl acetate = 1:1)a[5 = -11.4 € 0.71, CHCJ). FTIR (KBr,
thin film) cm’: 3436, 2977, 1728, 1639, 1490, 1371, 1277, 1230,
1160, 1094, 1062, 1009, 900, 7.NMR (400 MHz, CDC)):

mmol), §-tert-butanesulfonamine (5.44 g, 44.90 mmol) and§ 7.74 (1H, brs), 7.46 (1H, s), 7.44 (1H,Jds 7.6 Hz), 6.89 (1H,

Ti(OEt), (28.3 mL, 44.90 mmol) in THF (200 mL) was stirrdd a
50 °C for 12 h. The reaction was quenched with water (25 m
and the resulting suspension was filtered throughat pad of
Silica gel (200—-300 mesh). The solid cake was wasligdethyl
acetate, and the separated organic layer was wasliedrivie.
The organic layer was dried over anhydrousS®, filtered, and
concentrated under reduced pressure. The residupusified by
flash column chromatography eluting with
ether/EtOAc (5:1) to afford sulfinimin@b (12.90 g, 91%) as a
white solid, m.p.: 144-148C. R = 0.27 (petroleum ether: ethyl
acetate = 9:1).0o]> = 11.7 € 0.49, CHC)). FTIR (KBr, thin film)
cm’: 3452, 3136, 2979, 1737, 1598, 1577, 1493, 133211
1290, 1278, 1237, 1178, 1096, 1073, 849, 7@5NMR (400
MHz, CDCk): 5 8.67 (1H, s), 8.14 (1H, d,= 8.8 Hz), 7.94 (1H,
s), 7.75 (1H, brs), 6.97 (1H, dd,= 8.8 Hz,J,= 2.4 Hz), 3.88
(3H, s), 1.69 (9H, s), 1.27 (9H, $JC NMR (100 MHz, CDC)):

5 158.8, 156.1, 149.1, 137.5, 132.0, 122.9, 12018.d, 113.5,
99.4, 85.1, 57.4, 55.7, 28.2, 22 8RMS (El+) m/z found:
401.1505, Calcd for gH2eN,0,S+Na: 401.1505.

4.2.2 Ethyldioxinond@. Meldrum acid (8.64 g, 60.00 mmol) was
stirred in dichloromethane (70 mL) and pyridine .gLOML,
132.00 mmol) at —16C for 10 min. To this mixture, a solution of
butyryl chloride (7.20 mL, 66.00 mmol) was addedpivise at
-10 °C. The resulting mixture was then stirred abmo
temperature for 4 h. The reaction mixture was tcbatgh HCI
(6%, 60 mL) and washed with water (2 x 60 mL). Theeays
phases were back-extracted with dichloromethane (60 The
combined organic phases were dried over anhydrodsurso
sulfate. After removal of the solvent, the residiges dissolved in
freshly distilled toluene (75 mL) under argon. Tinéture was
heated to reflux. To the refluxing mixture was adidecetone
(2.20 mL, 30.0 mmol) in one portion. The mixture wafuxed
for 5 h. After removal of the solvent, the residueswparified by
flash column chromatography eluting with
ether/EtOAc (10:1) to afford ethyldioxino®e(9.10 g, 89%) as a

pale yellow oil. R=0.35 (petroleum ether: ethyl acetate = 10:1).

'H NMR (400 MHz, CDCJ): § 5.21 (1H, s), 2.18 (2H, §,= 7.4
Hz), 1.66 (6H, s), 1.59-1.54 (2H, m), 0.95 (3H] £ 7.4 Hz).°C
NMR (100 MHz, CDC}): 8 172.0, 161.6, 106.4, 93.3, 35.6, 25.1,
19.3, 13.6. The spectra were identical to thosertegan the
literature™®

4.2.3 Sulfinamidera and diastereomei7b. To a solution of

d,J=7.6 Hz), 5.32 (1H, s), 4.66 (1H,J= 8.0 Hz), 3.86 (3H, s),
3.60 (1H, d,J= 6.4 Hz), 2.73 (1H, dt);= 9.6 Hz,J,= 4.0 Hz),
1.74 (3H, s), 1.69 (3H, s), 1.65 (9H, s), 1.48-1.44, (@), 1.15
(9H, s), 0.83 (3H, tJ = 7.6 Hz).*C NMR (100 MHz, CDC}): §
170.8, 160.8, 158.3, 149.6, 137.1, 122.7, 121.6.9,1119.5,
112.5, 106.8, 100.0, 96.7, 84.1, 56.5, 55.7, 56248, 28.3, 26.7,
24.3, 22.8, 22.7, 11.HRMS (EI') m/zfound: 571.2450, Calcd

petroleumfor C,gH,oN,0,S+Na: 571.2448.

7b: White solid, m.p.: 136-137C. R = 0.31 (petroleum ether:
ethyl acetate = 2:1)0]? = 102.0 ¢ 0.37, CHC)). FTIR (KBr,
thin film) cm: 3441, 2966, 1739, 1630, 1459, 1383, 1273, 1219,
1157, 1092, 1054, 793, 76H NMR (400 MHz, CDC)): 6 7.78
(1H, brs), 7.50 (1H, s), 7.44 (1H, 3= 7.6 Hz), 6.85 (1H, ddl;
= 8.4 Hz,J,= 2.0 Hz), 5.44 (1H, s), 4.59 (1H, d8i= 9.6 Hz,J,
= 1.2 Hz), 3.87 (3H, s), 3.64 (1H, s), 2.72 (1H,Ht 10.4 Hz,
J,= 3.6 Hz), 1.80 (3H, s), 1.74 (3H, s), 1.66 (9H, sp611.44
(1H, m), 1.36-1.24 (1H, m), 1.12 (9H, s), 0.80 (3H, %, 7.6 Hz).
®C NMR (100 MHz, CDCJ): & 170.0, 160.3, 158.2, 149.5,
137.5, 125.0, 121.5, 120.9, 117.3, 112.3, 107.%,997.0, 84.1,
55.7, 55.5, 53.1, 51.6, 28.3, 25.6, 25.3, 22.76,221.7.HRMS
(EI") m/zfound: 571.2447, Calcd for,gH,0N,0;S+Na: 571.2448.

4.2.4 Aminel2. To a solution of sulfinyl aminga (13.77 g,
26.40 mmol) in THF/HO (5:1, 360 mL) was added iodine (1.68
g, 6.60 mmol, 0.25 equiv) in portions (5 x 336 ragery 2 hours)
at 50°C under air. The progress of the reaction was matby
TLC until the sulfinyl amine had been completelynsomed.
Et:N (9 mL) was then added to the reaction mixture anro
temperature, and the resulting mixture was thenaetad with
EtOAc (3 x 150 mL). The combined organic phase weréhads
with brine (150 mL), dried over N8O, filtered, and
concentrated under reduced pressure. The residupusified by
flash chromatography eluting with petroleum ethed/&t/EtN

petroleum (2:1:0.01 to 1:1:0.01) to afford amirk2 (10.40 g, 90%) as a

yellow solid. M.p.: 51-53C. R = 0.47 (petroleum ether: ethyl
acetate: BN = 1:1:0.01). ]2 = -42.0 € 0.40, CHC)). FTIR
(KBr, thin film) cm™: 3439, 2970, 2936, 1732, 1629, 1571, 1489,
1444, 1383, 1274, 1228, 1157, 1089, 1035, 1009, 86@2, 808,
768."H NMR (400 MHz, CDC}): 6 7.75 (1H, brs), 7.51 (1H, d,
J=8.8 Hz), 7.41 (1H, s), 6.88 (1H, d= 8.8 Hz,J,= 2.0 Hz),
5.37 (1H, s), 4.22 (1H, d,= 9.2 Hz), 3.87 (3H, s), 2.52 (1H, dt,
Ji= 9.6 Hz,J,= 3.6 Hz), 1.75 (3H, s), 1.71 (3H, s), 1.66 (9H, s),
1.58 (2H, brs), 1.53-1.45 (1H, m), 1.43-1.32 (1H, 081 (3H, t,

sulfinimine 9 (12.75 g, 33.70 mmol) in THF (150 mL) was addedj = 7.6 Hz)."*C NMR (100 MHz, CDCJ): § 172.1, 160.9, 158.1,

BF;*Et,0 (4.1 mL, 33.70 mmol) at —7&. In the mean time, to a

149.8, 137.0, 123.2, 122.6, 121.9, 120.2, 112.8,61®9.7, 96.0,
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83.9, 55.7, 54.0, 50.6, 28.3, 25.5, 25.3, 23.00.12RM S (EI') dried over NaSO,, filtered, and concentrated under reduced

m/zfound: 467.2154, Calcd for,gH;,N,O¢+Na: 467.2153. pressure. The resulting crude product (iodoamidey used in
the next reaction without purification. The crudddamide was
dissolved in freshly distilled THF (150 mL) under At O °C.

c{iilver trifluoromethanesulfonate (3.24 g, 11.38 mnequiv)
as added in one portion and the resulting mixture theen
removed from the ice bath and warmed to room tenera

Once the starting material had been consumed (Ty@cally
within 1 h), the mixture was filtered through a shmad of Celite,
which was rinsed three times with EtOAc (3 x 150 mL)eTh
solution was transferred to a separatory funnelveaghed with a
mixed solution of saturateédhg. NaHCQ;, and saturatedaq.
N&S,0; (1:1, 150 mL) and then with brine (200 mL). The
organic phase was dried over 88, filtered, and concentrated
in vacuo The residue was purified by flash chromatography
eluting with petroleum ether/EtOAc (1:1) to affordtlam5 (2.06
g, 82%) as a yellow solid. M.p.: 122-12€. R = 0.36
(petroleum ether: ethyl acetate = 1:19]3] = -16.1 ¢ 0.51,

' CHCly). FTIR (KBr, thin film) cm® 1711, 1693, 1635, 1616,
1498, 1405, 1379, 1310, 1267, 1216, 1158, 1110,'BUBIMR
(400 MHz, CDC})): 4 6.93 (1H, dJ = 8.4 Hz), 6.20 (1H, dd}; =
8.0 Hz,J,= 2.4 Hz), 6.16 (1H, dJ= 2.4 Hz), 5.89-5.78 (1H, m),
5.26 (1H, s), 5.18 (1H, dd; = 17.2 Hz,J,= 1.2 Hz), 5.13 (1H,
dd, J;= 10.0 Hz,J,= 1.2 Hz), 4.57 (1H, s), 4.02-3.95 (2H, m),

' 3.73 (3H, s), 2.87-2.80 (1H, m), 2.65 (2H, s), 2.5342A1H, m),
2.43-2.37 (2H, m), 1.70 (3H, s), 1.61 (3H, s), 1.5881(1H, m),

4.2.5 Secondary aminE3. To a solution of amind2 (10.30 g,
23.40 mmol) and 3-butenyl bromide (15.00 mL, 11Z1880l) in
DMF (400 mL) was added Nal (34.00 g, 234.00 mmol) an
K,CO; (3.8 g, 28.08 mmol). The reaction mixture was atirat
50 °C under Ar for 12 h. Water (600 mL) was then adateroom
temperature, and the resulting mixture was thenaetad with
EtOAc (3 x 200 mL). The combined organic phase weréhadhs
with water (400 mL), brine (300 mL), and dried over,863;.
filtered, and concentrated under reduced pressiire. residue
was purified by flash chromatography eluting with rpktum
ether/EtOAc (4:1) to afford secondary amik®(7.01 g, 60%) as
a yellow oil. R = 0.52 (petroleum ether: ethyl acetate = 44} [
=-44.6 € 0.40, CHC)). FTIR (KBr, thin film) cmi*: 3439, 2974,
2936, 2836, 1731, 1630, 1570, 1489, 1443, 13843,12229,
1158, 1088, 1009, 906, 809, 788.NMR (400 MHz, CDC}): &
7.75 (1H, brs), 7.56 (1H, d,= 8.8 Hz), 7.36 (1H, brs), 6.87 (1H
d, J = 8.8 Hz), 5.70-5.60 (1H, m), 5.37 (1H, s), 5.00 (HH) =
15.2 Hz), 4.97 (1H, d] = 9.2 Hz), 3.88 (3H, s), 3.84 (1H, 3=
10.0 Hz), 2.55-2.49 (2H, m), 2.44-2.38 (1H, m), 2.28#,(q,J=
6.4 Hz), 1.75 (3H, s), 1.73 (3H, s), 1.68 (9H, s)511436 (1H,
m), 1.32-1.26 (2H, m, CH and NH), 0.76 (3HJ & 7.6 Hz).*C
NMR (100 MHz, CDC)): 5 172.4, 161.1, 158.0, 149.8, 137.1
136.5, 122.9, 120.7, 120.4, 116.5, 112.0, 106.6/,995.9, 83.8,

5E7|'+5’ 5/5f7 ' 5(21'_652416'222%4'3’ lzsé.:;,, 257*&%?&?%%?56'\225 1.45-1.33 (1H, m), 1.02 (3H,4,= 7.6 Hz).°C NMR (100 MHz,
(EI) m/zfound: 521.2622, Calcd foryHsNOstNa: 521.2622. o). 5 173.4, 167.9, 161.2, 161.1, 149.8, 134.9, 1222,4,

4.2.6 Amide6a. To a solution of secondary amii8 (6.32 g, 117.6,106.7, 104.2, 101.9, 95.5, 65.7, 62.4, 5614, 47.3, 42.3,
12.76 mmol) in CHCI, (170 mL) was added trifluoroacetic acid 40.6, 31.9, 26.6, 23.9, 21.3, 12ARMS (EI') m/z found:
(36 mL). The reaction mixture was stirred at roomgerature  439.2228, Calcd for £H3oN,Os+H: 439.2233.

for 20 h and quenched with saturategl NaHCQ. The aqueous 4.2.8 Carbamateld. To a solution of lactanb (2.01 g, 4.58

solution was extracted with EtOAc (3 x 200 mL). Thenbined mmol) in CHCl, (150 mL) was added CICOOMe (7.4 mL, 91.67

organic phases were washed with brine (250 mL), dowest mmol) and NaCO; (9.72 : :
- . . ; .72 g, 91.67 mmol). The resulting mixture
NaSQ,, filtered and concentratéd vacuo The resulting residue was stirred at room temperature for 12 h. Water if&0 was

was dissolved in CI€l, (150 mL), and BN (3.2 mL,19.14 then added to the reaction mixture. The mixture wlasn
mmol) and chloroacetyl chloride (1.2 mL, 15.31 mnulas extracted with ChCl, (3 x 80 mL). The combined organic

added at 0°C. The reaction mixture was stirred at room phases were washed with water (100 mL) and brine (100 m

temperature for 2 h and quenched with saturaigdNaHCQ.. . - :
. . respectively, dried over N&Q,, filtered, and concentrated under
The aqueous solution was extracted with,Ch(3 x 100 mL). redﬁced gressure. The 4residue was purified by flash

The combined organic phases were washed with briiezl dver . .

8 i . chromatography eluting with petroleum ether/EtOAc Y1td
Na2§04, filtered and concentrateih vacug, The reS|due WasS  afford carbamatd4 (2.45 g, 93%) as a white solid. M.p.: 91-93
purified by flash chromatography eluting with p °C. R = 0.38 (petroleum ether: ethyl acetate = 1:4)¢’ [= -29.9
ether/EtOAc (1:1) to afford amidga (5.17 g, 85%) as a rotamer (c 0.31, CHCJ). FTIR (KBr, thin film) cri’: 3439, 2955, 1735,

(94:6). White s_oliq, m.pzéz_197-19’8:. R = 0.39 (petroleum ether: 1701, 1641, 1616, 1502, 1443, 1418, 1273, 1251112098,

ethyl acetate = 1:1).o]p = -40.6 € 0.20, CHCJ)). FTIR (KBr, 1 .

thin fil . 3424, 2966, 1734, 1625, 1445, 1272, 1163, 11120+ /63:H NMR (400 MHz, CDCI): 5 7.49 (1H, 5), 7.03 (1H,
in film) cm™. ' ' ' ' ' ' ' 1144, 3= 8.4 Hz), 6.61 (1H, d] = 8.0 Hz), 5.83-5.73 (1H, m), 5.16-

1030, 1012, 916, 841, 76 NMR (400 MHz, CDCI): 8 £'6910' (311 m). 3.88 (1H, ), 3.87 (3H, ), 3.85 (HIF4.3.67
8.49/8.28 (0.06H/0.94H, 5), 7.57/7.48 (0.94HI0.06H e 8.8 croo B Tl 8 L S o o i .65 (11,
Hz), 7.28 (1H, s), 6.88 (1H, d,= 2.0 Hz), 6.81 (1H, ddh = 8.8 ;'y'_ 17 5 11,y 2 51.2.48 (1H, m), 2.39-2.37 (1H, M)222325
Hz,J; = 2.0 H2), 5.6 (H, brs), 5.49-540 (1H, m), 5.38(8). (11 ' Lou ol (15 m). 173 (311 9 .67 (GHIB0-1 62

4.90 (1M, dJ = 100 Hz). 471 (IH, ddl; = 172 Hz.J, = 1.2 v i e 700 oS o S oo GPssiies
Hz), 3.98 (2H, 5), 3.84 (3H, s), 3.39-3.31 (IH, MAIZH, brs),  5'1751" 15676 161.0, 159.1, 153.8, 143.5, 13423,3, 117.4,

1.86 (1H, brs), 1.77 (3H, s), 1.70 (3H, s), 1.56-X53, m), 0.86 1145 1958 101.7, 101.3, 68.9, 64.9, 55.7. 5804, 45.4, 42.1,

13, .
(IH,1,J=7.6 Hz)."C NMR (100 MHz, CDCY): 5 170.7, 166.7, 41 1 "35> 565 239, 19.6, 13.BRMS (EI) m/z found:
161.1, 157.1, 136.7, 133.9, 121.7, 119.9, 117.8.711110.5, 519.2102, Calcd for SHsN,O,+Na: 519.2102
106.9, 95.7, 94.8, 55.8, 49.2, 42.0, 34.3, 26.5],223.2, 12.1. ' ’ s I '
HRMS (EI") m/zfound: 497.1818, Calcd for,3;,CIN,Os+Na: 4.2.9 Aldehyddb5. To a solution of the alken®&4 (3.46 g, 6.97
497.1814. mmol) in THF/HO (1:1, 300 ml) was added an aqueous solution

. . . of OsQ (2 wt% in HO, 25 ml, 0.19 mmol) and 4-
4.2.7 Lactanb. To a solution of amidéa (2.71 g, 5.69 mmol) in Ny :
acetone (150 mL) was added Nal (8.54 g, 56.90 m quiv). methylmorpholineN-oxide (3.30 g, 20.91 mmol). The reaction

. mixture was stirred at rt for 12 h. NaJ@.80 g, 17.43 mmol)
The mixture was heated .at reflyx for 4 h. Water (b)) was was added in one portion and the resulting mixturs stared at
then added to the reaction mixture at room tempezatThe

resulting mixture was then extracted with EtOAc (350 InL). rt for an additional 2 h. The saturated. N&:S,05 (650 mL) was

. . . ; then added and the mixture was then extracted WIIFAEL(3 x
The combined organic phases were washed with brir@r(i, 100 mL). The combined organic phases were washedbs\i'nla
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(100 mL), dried over NSO, filtered, and concentrated under 22.8, 7.7. HRMS (EI') m/z found: 503.1794, Calcd for
reduced pressure. The residue was purified by flask,eH,sN,O,+Na: 503.1789.

g‘rg%zgoggagh{vﬁi't‘g'Zglm"thM?;?AfO;O_1%%"_%6":(’?21"?%%' 4.212 Tautomersl8. Sodium (766.0 mg, 33.30 mmol) was
acetate). ]2 = -33.2 ¢ 0.31, CHCY). FTIR (KBr, thin film) cmi added to methanol (20 mL) in a tube i After addition, the

1. 3439, 2957, 1727, 1640, 1617, 1501, 1443, 1325111201 tube was removed .frlom the ice bath and warmed to room
1166 1,101.1H, NMR, (400 ,MHz ’CDCj):' 5 9.86 (1H, s) 7_4é temperature. After stirring at room temperaturea‘@rmlln,. olefin
(1H, :s), 7.02 (1H, dJ = 8.0 Hz),'6.62 (1H, dJ = 8.4 I-’Iz),’ 517 17 (160.0 mg, 0.33 mmol) was added to the tube asichismne

portion and the resulting mixture was stirred foraaldlitional 30
%H ’3sié?é9411 ((11|_||_|’ S%’) 3.3830(_32H5232i3.8r(3])(szl—| 828 )('?_ﬁ?d? ](_y_é min. The tube was then sealed with a terflon screwatugp the
Hz’) 2692 63 (1|_’| m)’ 263 (iH d=176 H.z) 253 (1,H d] mixture was heated at 98 for an additional 30 h. The saturated

- ) ~ag.NH,CI (10 mL) was then added to the reaction mixturg.at
1 ég .?132);5.806916.7(%!51% r=n)7 ;'7:331':(': S,zl’MlsS(l(ggj l\llll?lg The resulting mixture was then extracted with EtOAcx(35

. mL). The combined organic phases were washed witte g0
(1:3%3)' 81(2)2%1’131395’110?744’ 35106229%5175358390154&553]'3 mL), dried over Ng5Q,, filtered, and concentrated under reduced

+ .’ pressure. The residue was purified by flash chrogmaphy
ggflggfcsaﬁcjé fﬁ?;ll 2’3\’180 19N; 5123_16;2;/'9?1 (EF’) m/zfound: eluting with EtOAc to afford the product as a mixtafeketone
. ’ 301 N2\8 . . .

and enol tautomer$8 (119.0 mg, 1:1, 90%) as a white solid.
4.2.10 Alcoholl6. To a solution of aldehyd&5 (3.37 g, 6.76 M.p.: 200-201°C. R = 0.39 (ethyl acetate)o]y’ = -141.0 ¢ 0.44,
mmol) in THF (150 ml) was added DBU (1.30 mL, 8.11 fjmo CHCl,). FTIR (KBr, thin film) cm™ 2955, 1733, 1694, 1618,
The reaction mixture was stirred at %5 for 6 h. The saturated 1440, 1414, 1363, 1294, 1199, 1164, 853, 8B/ NMR (400
ag. NH,Cl (60 mL) was then added to the reaction mixturg.at MHz, CDCL): 8 12.62 (0.5H, s), 7.05 (0.5H, d~= 8.0 Hz), 7.01
The resulting mixture was then extracted with EtOAc<(300  (0.5H, d,J = 8.4 Hz), 6.35-6.30 (1H, m), 6.19 (0.5H,X 2.4
mL). The combined organic phases were washed witke §ti@0  Hz), 6.14 (0.5H, dJ= 2.4 Hz), 5.96-5.85 (1.5H, m), 5.47 (0.5H,
mL), dried over Ng5Q,, filtered, and concentrated under reduceddt, J, = 10.0 Hz,J,= 2.4 Hz), 5.02 (0.5H, dJ= 3.2 Hz), 4.66
pressure. The residue was purified by flash chrograghy (0.5H, s), 4.31-4.11 (2.5H, m), 3.84 (1.5H, s), 3.8kl s), 3.76
eluting with EtOAc to afford alcohdl6 (3.25 g, 96%) as a white (1.5H, s), 3.71 (1.5H, s), 3.68-3.57 (1H, m), 3.15K).d, J=
solid. M.p.: 228-229C. R = 0.29 (ethyl acetate)a];’ = -135.1  18.0 Hz), 2.86 (0.5H, dl= 17.2 Hz), 2.68 (0.5H, d,= 17.2 Hz),
(c 0.82, CHCYJ). FTIR (KBr, thin film) cm™: 1702, 1629, 1504, 2.61 (0.5H, dJ= 17.6 Hz), 1.83-1.70 (1H, m), 1.50-1.39 (0.5H,
1445, 1416, 1373, 1277, 1255, 1202, 1100, 1044, 88, 734. m), 1.37-1.30 (0.5H, m), 0.74 (1.5HJt= 7.2 Hz), 0.52 (1.5H, t,
'"H NMR (400 MHz, CDCJ): § 7.48 (1H, s), 7.14 (1H, d,=8.0  J=7.2 Hz).°*C NMR (100 MHz, CDCJ): § 204.3, 177.3, 173.1,
Hz), 6.62 (1H, dd,); = 8.4 Hz,J,= 2.4 Hz), 5.31 (1H, s), 4.17 172.4, 170.3, 161.6, 161.2, 151.2, 150.5, 128.98.82124.5,
(1H, dd,J; = 13.2 Hz,J,= 4.0 Hz), 3.82 (3H, s), 3.79 (3H, s), 124.1, 123.5, 123.4, 123.3, 122.4, 105.0, 104.%,%6.4, 95.8,
3.65 (1H, tdJ; = 11.2 Hz,J,= 3.6 Hz), 3.65 (1H, s), 3.04 (1H, d, 68.6, 64.4, 63.8, 62.6, 55.5, 55.5, 55.0, 52.76,532.3, 50.0,

J =18.0 Hz), 2.74-2.72 (1H, m), 2.70 (1H,XJ+ 18.0 Hz), 2.25 48.0, 47.6, 45.8, 44.8, 40.9, 40.1, 29.8, 26.9, 8.8. HRMS
(1H, d,J = 12.4 Hz), 1.99 (1H, d] = 12.4 Hz), 1.94-1.87 (1H, (EI') m/zfound: 397.1756, Calcd for,g&,,N,Os+H: 397.1758.

8%2178 (SH’_S)’ 1.74 ggH s), 1.61 (1H, s), 1'445,]('BH’ m), 4.2.13 Enond. To a solution of tautomers (247.0 mg, 0.62
52 (3H, t,J = 7.2 Hz).®C NMR (100 MHz, CDC)): 6 171.4, 0
169.5, 161.3, 160.0, 153.6, 143.0, 124.9, 123.6,41106.6, Mo _in iPrOH (50 mL) and CkCl, (5 mL) was added
104.8. 101.6, 72.3, 68.8, 64.5. 55.8, 53.0, 48703,447 3. 38.6 CeCk*7H,0 (70.0 mg, 0.19 mmol) and the mixture was heated at
' y i . ' - ! ' ' '’ 35°C under oxygen (1 atm) for 48 h. The saturatgdNaHCQ,
29.8, 28.0, 24.4, 22.5, 7.BIRMS (EI') m/z found: 521.1897, Y9 . :
Calcd for GgHagN,Og+Na: 521.1894. (15 mL) was then added to the reaction mixture aamd the
resulting mixture was extracted with EtOAc (3 x 20 mLhe
4.2.11 Olefinl7. A stirred solution of thionyl chloride (144L, combined organic phases were washed with brine (20 dnled
1.68 mmol) in anhydrous pyridine (18 mL) was addedlzol 16 over NaSQ,, filtered, and concentrated under reduced pressure
(700.0 mg, 1.40 mmol) in one portion and the résglmixture  The residue was purified by flash chromatographyirejuwith
was heated at 98C for an additional 40 min. The reaction EtOAc to afford enond9 (174.0 mg, 71%) as a yellow solid.
mixture was quenched with saturategl NaHCQ, (30 mL) at rt.  M.p.: 212-214°C. R = 0.22 (ethyl acetate)a]?’ = 24.5 € 0.30,
The mixture was extracted with EtOAc (3 x 50 mL). TheCHCL). FTIR (KBr, thin film) cm®: 3439, 2966, 1692, 1630,
combined organic phases were washed with brine (80 dnled 1584,1501, 1453, 1382, 1279, 1265 1118, 810, ‘FPNMR
over NaSQ,, filtered, and concentrated under reduced pressur¢400 MHz, CDCJ): & 10.12 (1H, s), 7.23 (1H, d, = 8.4 Hz),
The residue was purified by flash chromatographyireduwith 6.66-6.62 (2H, m), 6.06 (1H, d,= 10.4 Hz), 5.95 (1H, ddd; =
EtOAc to afford olefinl7 (520.0 mg, 74%) as a white solid. M.p.: 10.4 Hz,J,= 4.0,J;= 1.2 Hz), 4.54 (1H, ddd]; = 18.0 Hz,J,=
225-227°C. R = 0.41 (ethyl acetate)o];’ = -127.6 ¢ 0.23, 4.0 Hz,J;= 1.2 Hz), 3.94 (1H, s), 3.84 (3H, s), 3.82 (3H, H93.
CHCL). FTIR (KBr, thin film) cm™ 1725, 1693, 1631, 1495, (1H, d,J = 18.0 Hz), 2.74 (1H, d] = 17.6 Hz), 2.64 (1H, d] =
1416, 1376, 1287, 1254, 1202, 1108, 1038, 882, 8&0, 723. 17.2 Hz), 1.45-1.35 (1H, m), 1.32-1.23 (1H, m), 0.3H,(t,J =
'"H NMR (400 MHz, CDCJ): 8 7.48 (1H, s), 7.12 (1H, d,=8.4 7.6 Hz).*C NMR (100 MHz, CDC}): & 193.8, 175.5, 169.2,
Hz), 6.66 (1H, ddJ; = 8.4 Hz,J,= 2.4 Hz), 5.91 (1H, dt}),; = 167.1, 161.2, 142.6, 128.0, 127.2, 124.0, 122.2,9.®8.9, 96.6,
10.4 Hz,J,= 2.8 Hz), 5.60 (1H, dt}; = 10.0 Hz,J, = 2.0 Hz), 59.4, 55.9, 52.0, 51.0, 50.4, 48.4, 39.9, 34.6, ARMS (EI')
5.31 (1H, s), 4.20 (1H, df;= 19.6 Hz,J,= 2.8 Hz), 3.82 (3H, s), m/zfound: 417.1414, Calcd for,&,,N,Os+Na: 417.1421.

?Z?Lz(gBEHSZ)) :;67? ((11E 2’:3'15894(}41,)\1]'; %8(23:2)3)31029(1(|?:|Hds) 4.2.14 EnoR0. To a solution of enon#d (209.0 mg, 0.53 mmol)
' o . ; N i1 - "~ in MeOH (30 mL) was added Ce&iH,0 (218.0 mg, 0.59 mmol)

113'38[\]1,\'/'42 ((1llgbm,\)/|’le'4%E'§§_(%H’ﬂn;)’zo'f?o(gwlgl?f 1H62())9 and the mixture was stirred at rt for 30 min. Sodiuwnohydride
’ ’ . . A "’ (31.0 mg, 0.80 mmol) was then added to the mixtéver

153.7, 1427, 127.1, 126.4, 124.8, 1235, 110.4.210101 6, stirring at room temperature for an additional 20n,mthe
1006, 67.4, 64.6, 55.7, 53.0, 47.5, 46.8, 44.43,429.0, 27.6, saturatechq. NH,Cl (10 mL) was added and the resulting mixture
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was then extracted with EtOAc (3 x20 mL). The combinedCDCL): 6 6.97 (1H, dJ = 8.4 Hz), 6.62 (1H, ddl,= 8.4 Hz,J,=

organic phases were washed with brine (20 mL), drieer o
N&aSQ,, filtered, and concentrated under reduced presdire
residue was purified by flash chromatography etutiwith
EtOAc to afford enoR0 (185.0 mg, 88%) asahite solid. M.p.:
198-200°C. R = 0.36 (petroleum ether : ethyl acetate = 1:&). [
© =.19.4 € 0.55, CHCJ). FTIR (KBr, thin film) cm™ 3377,
2954, 1685, 1655, 1617, 1459, 1431, 1383, 1279112216,
850, 727'H NMR (400 MHz, CDCJ): & 8.56 (1H, s), 7.10 (1H,
d,J = 8.8 Hz), 6.49 (1H, s), 6.48 (1H, 3~ 8.4 Hz), 5.93-5.85
(2H, m), 5.67 (1H, s), 4.56 (1H, s), 4.56 (1H, dd= 17.6 Hz,J,

= 3.2 Hz), 3.90 (1H, s), 3.88 (3H, s), 3.79 (3H, $HB831H, d,J
=18.0 Hz), 2.72 (1H, d] = 18.0 Hz), 2.55 (1H, dl = 17.6 Hz),
1.70-1.56 (1H, m), 0.99-0.92 (1H, m), 0.66 (3HJ & 7.6 Hz).
BC NMR (100 MHz, CDC)): & 170.0, 168.2, 164.4, 160.8,
143.6, 131.4, 128.6, 123.5, 121.8, 106.9, 97.33,981.1, 60.6,
55.7, 51.6, 48.1, 47.7, 44.6, 39.8, 22.0, 8lARMS (EI') m/z
found: 397.1755, Calcd for,g¢1,,N,Os+H: 397.1763.

4.2.15 EnolR1. To a solution of ena20 (168.0 mg, 0.42 mmol)
in dry toluene (25 mL) was added triphenylphospl{#8.0 mg,
0.85 mmol) and carbon tetrabromide (282.0 mg, h&%ml). The
mixture was stirred at rt under argon for 20 mine Thixture was
then heated at 82ZC under argon for 4 h. After cooling to rt,
toluene was removed under reduced pressure and HE) (®
mL) were added, and the resulting mixture was thiered at rt
for 3 h. The reaction was quenched by saturatedNaHCQ and

2.4 Hz), 6.09 (1H, dJ = 2.4 Hz), 5.95 (1H, dt];= 10.8 Hz,J,=
2.8 Hz), 5.65 (1H, dt},= 10.8 Hz,J,= 2.8 Hz), 4.14 (1H, dt},=
19.2 Hz,J,= 2.8 Hz), 4.01 (1H, d] = 8.0 Hz), 3.94 (1H, s), 3.86
(3H, s), 3.78 (3H, s), 3.61 (1H, 8= 18.8 Hz), 3.48 (1H, s), 3.84
(1H, d,J = 5.6 Hz), 2.76 (1H, d] = 16.8 Hz), 2.73 (3H, s), 2.55
(1H, d,J =16.8 Hz), 2.41 (1H, dd, = 8.0 Hz,J,= 2.4 Hz), 1.65-
1.56 (1H, m), 1.19-1.10 (1H, m), 0.73 (3HJt= 7.6 Hz).*C
NMR (100 MHz, CDCJ): & 174.8, 171.6, 161.6, 153.8, 128.1,
123.6, 123.3, 122.9, 104.7, 96.6, 81.2, 79.7, &l 13, 55.6, 53.3,
51.8, 50.5, 40.9, 39.5, 39.0, 33.6, HRMS (EI') m/z found:
429.2020, Calcd for £H»sN,Og+H: 429.2020.

4.2.17 Ester23. To a solution of22 (50.0 mg, 0.12 mmol) and
DMAP (3.0 mg, 0.024 mmol) in pyridine (0.50 mL), dcet
anhydride (0.25 mL) was added under Ar. The reactidxiure
was stirred at room temperature for 2 h, then dilwtéh EtOAc
followed by the addition of saturated aqueous,@lHat O °C. The
mixture was extracted with EtOAc, and the combined rmimga
phases were washed sequentially with water, saturageeloas
NaHCQO, saturated aqueous NaCl, and dried ovesSg and
concentrated under reduced pressure. The residupusified by
flash chromatography eluting with EtOAc (100 : 3 :t@)afford
ester23 (49.0 mg, 87%) as a white solid. M.p.: 8940 R =
0.29 (ethyl acetate : MeOH = 100:1p]} = -17.6 ¢ 0.53,
CHCly). FTIR (KBr, thin film) cm': 3432, 2962, 1741, 1686,
1660, 1618, 1503, 1438, 1372, 1233, 1168, 1038, 939.'H

was then extracted with EtOAc (3 x 20 mL). The combinedNMR (400 MHz, CDC}): 5 6.98 (1H, dJ = 8.4 Hz), 6.62 (1H,

organic phases were washed with brine (20 mL), drieer o
N&aSQ,, filtered, and concentrated under reduced presdire
residue was purified by flash chromatography elutingh
CH,CI,/THF (2:1) to afford alcohol en@1l (140.0 mg, 83%) as a
white solid. M.p.: 118-119C. R = 0.38 (CHCl,: THF = 2:1).
[a]® = -87.9 € 0.64, CHCJ)). FTIR (KBr, thin film) cm’: 3417,
2919, 1677, 1617, 1500, 1457, 1236, 1191, 1115,'""2BIMR
(400 MHz, CDC}): 4 9.29 (1H, brs), 7.11 (1H, d, = 8.8 Hz),
6.49 (1H, s), 6.48 (1H, ddl, = 7.2 Hz,J,= 2.4 Hz), 6.13 (1H,
ddd,J; = 10.4 Hz,J,= 4.0 Hz,J;= 1.6 Hz), 5.70 (1H, dt};= 10.0
Hz, J,= 2.0 Hz), 4.70 (1H, s), 4.67 (1H, dd#,= 18.0 Hz,J,=
4.0 Hz,J;= 1.6 Hz), 3.80 (1H, s), 3.79 (3H, s), 3.77 (3H, HP3.
(1H, d,J = 18.0 Hz), 3.16 (1H, d] = 16.8 Hz), 2.52 (1H, dJ=
16.8 Hz), 1.88 (1H, d] = 1.6 Hz), 1.07-0.92 (2H, m), 0.69 (3H, t,
J=7.6 Hz).*C NMR (100 MHz, CDC}): § 170.8, 168.3, 167.8,
160.7, 143.7, 129.6, 128.9, 127.6, 121.9, 106.94,93.9, 70.8,
62.6, 55.7, 51.4, 50.0, 48.2, 43.0, 39.5, 29.9, RABMS (EI")
m/zfound: 397.1758, Calcd for,gH,,N,Os+H: 397.1758.

4.2.16 Diol22. To a solution of ena?1 (132 mg, 0.33 mmol) in
methanol/dichloromethane (1:9, 15 mL) and a satdrafjueous
solution of sodium bicarbonate (5.0 mL) af® was addean-
chloroperoxybenzoic acid (85 % w%, 82 mg, 0.40 mméafjer
stirring for 10 min at 0 °C, 37% aqueous formaldaih(0.57 mL)
and sodium cyanoborohydride (83 mg 1.32 mmol) welded
and pH of the solution was adjusted to 3.0 with 10%rdghloric
acid in methanol. After stirring for 10 min, an ailotial sodium
cyanoborohydride (83 mg 1.32 mmol) was added aimdngt
was continued at room temperature for 30 min. Sodiarhonate
was added to adjust pH of th solution to 9~10. Aftarisg for
30 min at room temperature, the reaction mixture wen
extracted with CECl, (3 x 25 mL). The combined organic
phases were washed with brine (25 mL), dried ove;SNa
filtered, and concentrated under reduced pressitre. residue
was purified by flash chromatography eluting with EtO#sc
afford diol22 (91.0 mg, 64%) as a white solid. M.p.: 92°@3 R

= 0.28 (ethyl acetate : MeOH = 100:1y]¥ = -31.2 ¢ 0.22,
CHCL). FTIR (KBr, thin film) cm™: 3432, 2926, 1735, 1685,
1654, 1618, 1504, 1438, 1233, 109R. NMR (400 MHz,

dd, J,= 8.4 Hz,J,= 2.4 Hz), 6.11 (1H, dJ = 2.0 Hz), 5.91 (1H,
dt, J,= 10.4 Hz,J,= 3.2 Hz), 5.40 (1H, s), 5.28 (1H, di= 10.4
Hz, J,= 2.0 Hz), 4.17 (1H, dt}; = 19.2 Hz,J,= 2.8 Hz), 3.96
(1H, s), 3.79 (3H, s), 3.62 (1H, @= 18.8 Hz), 3.50 (1H, s), 2.85
(1H, d,J = 17.2 Hz), 2.68 (3H, s), 2.67 (1H, 3= 16.8 Hz), 2.03
(3H, ), 1.67-1.58 (1H, m), 1.31-1.23 (1H, m), 0.581,(3 J =
7.6 Hz).®C NMR (100 MHz, CDCJ): 5 173.7, 171.8, 170.0,
161.7, 153.6, 128.4, 123.6, 123.0, 122.8, 104.%,9%5..8, 78.5,
75.2, 60.8, 55.6, 53.3, 51.5, 50.3, 41.4, 39.54,3®.1, 21.0, 7.6.
HRMS (EI") m/z found: 471.2127, Calcd for ,@H3N,O7+H:
471.2126.

4.2.18 {)-Vindoline. Methyl trifluoromethanesulfonate (24,
0.21 mmol) was added in portions to a solutior2®f(33 mg,
0.07 mmol) and 2,6-dert-butylpyridine (48uL, 0.21 mmol) in
CH,CIl, (5 mL). The reaction mixture was stirred at room
temperature for 2 h, and concentrated under aip@$iow of N,.
The residue was dissolved in dry MeOH (3 mL), andtae with
NaBH, (8.4 mg, 0.21 mmol). The reaction mixture was atirat
room temperature for 15 min, diluted with EtOAc, angtiched
with saturated aqueous NEI followed by the addition of 28—
30% aqueous NIDH. The aqueous layer was extracted with
EtOAc (3 x15 mL), and the combined organic layer washed
with saturated aqueous NaCl, dried over ,%@, and
concentrated under reduced pressure. The residupusified by
flash chromatography eluting with EtOAc to afforgd-¢indoline
(30.2 mg, 91%) as a white solid. M.p.: 153-1%5 R = 0.34
(ethyl acetate).of? = -16.0 € 0.47, CHC)). Lit’®% [o]? = -17 €
0.4, CHCY). FTIR (KBr, thin film) cmi': 3439, 2962, 1741, 1617,
1502, 1436, 1371, 1243, 1168, 1121, 108BNMR (600 MHz,
C¢Dg): 6 8.54 (1H, brs), 6.65 (1H, d,= 8.2 Hz), 6.37 (1H, dd}
=8.2 Hz,J,= 1.3 Hz), 6.05 (1H, dJ = 1.4 Hz), 5.95 (1H, s), 5.48
(1H, dd,J; = 10.1 Hz,J,= 4.4 Hz), 5.26 (1H, dJ = 10.1 Hz,),
3.84 (1H, s), 3.41 (3H, s), 3.39 (3H, s), 2.92 (1H,X1d,16.1 Hz,
J,= 4.7 Hz), 2.88 (1H, td};= 9.2 Hz,J,= 1.8 Hz), 2.43 (3H, s),
2.36 (1H, s), 2.28-2.21 (2H, m), 2.14-2.08 (1H, m)31H,
ddd,J; = 13.7 Hz,J,= 9.5 Hz,J3= 2.3 Hz), 1.94-1.89 (1H, m),
1.90 (3H, s), 1.58-1.52 (1H, m), 0.47 (3HJt= 7.4 Hz).*C
NMR (150 MHz, GD¢): 172.5, 170.5, 161.8, 154.6, 1314, 126.8,



124.1, 123.1, 105.3, 96.3, 83.7, 79.5, 76.7, 6869), 53.3, 52.7,
51.6, 51.5, 44.1, 43.9, 37.6, 31.6, 20.9, HRMS (EI') m/z
found: 457.2333, Calcd for,gHs,N,0Os+H: 457.2333. The NMR
spectra of our synthesis sample were in fully agesgnwith
those reported in the literatufg?
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