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Indole alkaloids 1%, Bk~ Z2ZEENEMEZ A4 5 M8V T, HFEHICHERMEEWEETH
%o ZTOHIZ, indole BRD 3 A& 4 (LIS T DA EE SN BEE AT 216G
WMDIMEE L 213 ergot alkaloid FHD FEAR B4 % 7279 (+)-Lysergic acid (1) =<2, teleocidine
¥OHBER % 729 ()-Indolactam V (2) 232 F H D (Figure 1),

%ji
K NH“\\\
4 3 MeN OH
A\
N \
H N
H
(+)-Lysergic Acid (1) (-)-Indolactam V (2)

Figure 1. Indole derivatives

WUHFZEROPIH H1X, FHARHK aziridine S hEZ B L72 (Scheme 1),

+ + =
Cl K3 Ph/\)l\]l\/\COZR base Ph" N"COR
AN
MeN ~NMe > MeN” NMe . — = MeN~ “NMe
", / Br /
PR Ph P Ph P’ Ph
3 Guanidinium Salts 4 Guanidinium Ylides 5
(COCl),
(0] Ar—CHO
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Ph Ph Ar = S | X=H, C|, OMe, N02
X
3
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Imidazolidinone 8 Aziridines 7 N N
Boc Boc

Scheme 1. New aziridines formation (cyclic reaction) from guanidinium salts

J 7245, chloroamidinium salt 3 2> 5 #5338 L 72 guanidinium salt 4 (ZxF L, 3L A1
X C guanidinium ylide 5 ZFHH L7=%% . 2% F5&KKR aldehyde 6 & ALEE 25 = L2k
- T, aziridine7 & imidazolidinone 8 #1525 &5 HDTH S, Z? imidazolidinone 8
I%. oxalyl chloride [(COCI),] Z1ER&E D Z LIk~ T 3 2l CcE 20T, KEIIFE
BRENISTH D, £72PH 5%, aldehyde 6 & L THEix D benzene #5EAIZN% . indole
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BROD X 972 hetero FERILAWZILE L LTHY, aziridine7 15T\ 5,

—J7. MWFFEE D Disadee HIIASLZHEERE & L CTHY, D-erythro-sphingosine (11)
DERITHEII LT3 (Scheme 2), 2 T2 5. aziridine9 725 BIBERC ester #HL0DE
JL72 E &R CHEL L7 amino alcohol 10 7> AL MED B REFE AR T, B 11 ~
FHE LT,

CO,Bu BnHN HoN
OH OH
/ Nj,/ .
Phi l TIPSO;q Hog

Cq3Ha7 Cq3Ho7 Cq3Ho7

9 10 D-erythro-sphingosine 11

Scheme 2. Synthesis of D-erythro-sphingosine 11 from aziridine 9

Aziridine JERSSIZI VT, hetero HEFEBR TH S indole WL TNDH Z L, £
L T aziridine 23 EPHEMME OEICIHIT 2AMREMRTHIEL 22 2 Lnb | FHIT
aziridine TERES & BEELRE & L TH, (+)-Lysergic acid (1) X (—)-Indolactam V (2) DA
HEma BT 2 & & Le, LLTIZ, N6 DOFEMIZ OV TR D,
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i)

=
D 3Ll 4 MPBESNIETHEH L, 2L T2 o0OFRESEHTS tetrahydro-

pyridine FZAMEER L72 4 BRIEBEK AR L TWD Z EMRZET 5D, Ergot alkaloid $H(Z
1%, BEERSCFE MR . HioS—% 0 Y UiEM A & R & A AR STV
. AEBER R E G L LT b IR IRV LA EE T

%, £, FEMIC L - THE B Lysergic acid (1) @ diethylamide K T& % LSD (14)
X, O TN ZRLRTAIERZH LT\ 5b (Figure 2), Z D XK 51T, ergot alkaloid FE LK
(0]

C|

i
Lysergic acid (1) 1%, & LV BB =415 Ergotamine (12) <° Ergonovine (13) %MD —iif
O ergot alkaloid FHD KA FHK 22 {LEWTH S, P HENFE L LTiE, indole B

-
—

ICBWTHHETHL L &b

Ergonovine (13)

B D,

Ergotamine (12)

Figure 2. Ergot alkaloids

R = OH : (+)-Lysergic Acid (1)
R = NEt, : LSD (14)



52 OmEOES

Lysergic acid (1) & OV OFHIEMATH 5 methyl ester D2ERLIE. Woodward & % 5 &
THZEL D group ICE - THEREINTND, ¥ LIAR, ZTbITVTbEEk
ROE B I A FTREZR A RIS & 7> T D, —H T, EFEEHEROEE KR OWE

I%. Szantay 5 & Fukuyama Hi(2K5 2 FIOLTH D, O LLTFIC, @BEOEMHIO—
AB%fHJIﬁ—éo

% 1 8 Woodward HIZ L5 T IEOEH

Woodward &1 1956 4E(Z, ()-Lysergic acid (1) DD E=H Rk % 2 EJZLK (Scheme 3),

CO,H o Br )Q/NHMe
1) SOCly, r.t. PyHBr-Bry
N 2) AICl3, CS; N, AcOH,60°C PhH, reflux
Bz 69% 94%

Bz reflux
2 steps, 77%
15 16
(o Q o Me
o @) NaOMe X 1) Acy0, 25°C
H>0, reflux EtOH, -10°C 2) NaBH4, MeOH, r.t.
77% N 69% N 2 steps, 60%
H H
19 20 21
NC N,Me MeO,C N,Me
1) SOCly H,SO4
lig. SO,, 25°C N MeOH A
2) NaCN, lig. HCN 100 °C
0°C N sealed tube N
c 2 steps, 54% Ac 53% H
23 24
HOZC N,Me
KOH
H,0 XN Raney Ni
reflux xylene, reflux

N 2 steps, 30%
H
25 (x)-Lysergic Acid (1)
Scheme 3. Synthesis of Lysergic Acid (1) by Woodward’s group
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H78JFEE S L C indoline (15) Z MV, £ LR RSN & %F )7 B8 chloride & L
721%% . 73 FW Friedel-Crafts 2 &> T3 BRI ketone 16 % &k L 7=, il > T, carbonyl
=D o fLxERFELL T a-bromo ketone 17 & L7=% . alkylamine 18 % H\ 7= S\2 K
WX VILEW 19 & Lz, O, HEEIZ X > T benzoyl &KLY ketal FRALABRZE L.
b7 diketone 20 @ 43P aldol MEEIZ LY 4 BRYE ketone 21 (2o, 2o 21
DIEREDEFR 1% acetyl I THRGE L7-1%. ketone HBA7 % L L T alcohol & 22 & L
72, IRIZ, alcohol 22 D/KEEHL%Z 2 BifET cyano JEIZZ8H#A L 7-1% . methanol T THii
2 & EM S8 T methylester 24 & L7z, 21T, ester24 % alkali ZK¥HE T TR 53
L7-%. Raney nickel |Z & % indoline 25 DOi/KFE 1T\, ()-Lysergic acid (1) DAL
Z3ERL L72 (indoline 15 XV 13 THEULE 1.4%), SOFFTE L CIImEIM 72 & itk ¢
XH20, BUCERED LI RN &, 22 72D 23 ~OEMOBRITIE RO 7 1k
KFBZHNTWD Z ENERE LTET NS,

% 2 #i Szantay ©IZ X BIEEIEMAD SR

Szantay ©IZd 5 (+)-Lysergic acid (1) D& k#EHK % Scheme 4 (Z/x L7z, HFEEEL &
L T indole-3-propanoic acid (26) Z F\ ., #1®IZ indole DZEFRJR 1% pivaloyl & CTHrH#
L. 27 & L7, HEWT, ®ST 58 chloride (2242 L7-1%. 4 W Friedel-Crafts )i
IZfF L. 3 BRPE ketone 28 & L7z, #il T, carbonyl D afiix BB LI=tk., ZD
carbonyl % ketal & L CPR## L7-, IKIZ., indole 30 @ pivaloyl #&ZFREL, Fo7-
L&Y 31 @ ketal % WifRi# L. a-bromoketone & 32 % 15F7=, ZiLZx L. amine 18 T
% SN2 U EMWTEREREEZEAL, IRWT ketal H7 2 RS T THRE, 15
HiL7e diketone & 34 D431 aldol MEAIZ L - T, 4 BRI ketone 35 IZ&# L7, =
Z T, (-)-dibenzoyltartartic acid & V72 F 3 EI 24TV, ILER 38% ICTHBIE T 5080
FIEMER (H)-35 2157, £0%, HWHEAAET isonitrile & EH S, formamide F5E(K
(1)-36 & L7-, 5l&#\\ T formamide (+)-36 ZHikL & ALER L C nitrile (+)-37 & L7=%4.
nitrile ERALDMAEBL /S fRIZ X > T methyl ester (+)-38 (ZZ5Ha L, 41T ester BB % Mtk
PSR IS TR R Z ATV, (+)-Lysergic acid (1) (235 L7z, 2RI, 1.1% THo
7o (16 BtfE), ZOEMBRKOMER L LTIE, P TREFEAFNEIToTnDH D, D7
< EHREOHEBAEREY 50% LLETFEELTWDLZ L, ZLTRIEREDLI 20N
EMFET BN D,



COH  KOH, PivCI CO,H o
n-BugNHSO, 1) SOCly, r.t.
N\ N
CH,Cly, THF N 2) AICl3, CICH,COCI N
Piv

A\
N
H 0°Ctor.t. Piv CH,Cly, 0 °C torr.t.
3 steps, 43%
26 27 28
B B
HO(CH,),OH (o r (o r
PyHBr-Brsy p-TsOH 0 MeNH, 0
CH.,Cly, r.t. PhH, reflux N CHCIs, 15°C N
0 5 N 0 N
85% 81% Piv 88% N
29 30 31
6] 0
Br )Q/NHMe g;&\N,Me >AN,Me
o) HCI O
acetone THF, r.t. N\ H,O N\
rt., 97% 94% 35to40°C N
N H
H
32 33 34
LiBr (-)-dibenzoyl- t-BuOK, TsCHyNC
EtsN tartaric acid THF, t-BuOH, 0 °C
THF, CHCl3 MeCN, H,0 then H,0, -5°C
0to5°C 38% 77%
2 steps, 60%
(£)-35 (+)-35
NHCHO R ‘Me
Ts N'Me  NaOMe N NaOH
et MeOH N Ho0
N 70-75°C A\ 70-80 °C
70% N 54% N
N H H
(+)-36 HCI, MeOH (+)-37:R=CN (+)-Lysergic Acid (1)

75-80 °C, 72% “ (+)-38 : R = CO,Me

Scheme 4. Synthesis of (+)-Lysergic acid (1) by Szantay’s group



% 3 #fi Fukuyama 52X 2 XFEMHEIKD AR Y

HNRD 2 DD group DAERUE. WTFiLE Lysergic acid (1) @ AB BRIZHY T 5
indole FHEARZ HFEFELE L THWTWD, T 6% L, Fukuyama 5i3ie< # e 5
BRI AR LTz, PIDIC, #L 725 D BB A2 &7 nitroolefin /& 49 ZFHHL L 7=

(Scheme 5),
lipase PS H NsNHBoc
CO-Et = AcOCH=CH, - PPh3, DEAD
COyEt OH -15°C OH toluene
(o]
39 40 41 O°Ctor.t.

2 steps, 95%

H 1) TFA, CHyCly, r.t. 1) KoCO3 H
- 2) O3, then Me5S z MeOH, r.t. B
/\/\fo Ac (j/\OAC WOPNB
NNsBoc 3) CSA, quinoline N 2) PNBCI, Py “
. PhH, reflux S Et,0, MeCN, rt. S
42 (95% ee) 3 steps, 79% 43 2 steps, 48% (99% 4949 after
(o]
recrystallization)
1) NIS, MeOH H allytrimethylsilane H
CH,Cly, r.t. Za® OPNB SnCly t fj/\OPNB
2) DBU, DMF, 50°C  MeO “ toluene, -78 °C \H “
2 steps, 88% s S
45 46
1) KoCO3, MeOH H 1) PhSH, Cs,CO3 H
CHoCl, rt. t @AOTBDPS MeCN, 50 °C t fj/\OTBDPS
2) TBDPSCI, imid. AN 2) CICO,Me, NaHCO3 VAN
DMF, r.t. Ns CHoCly, . COMe
3 steps, 86% 47 2 steps, 85% 48

1) 0sO4, NMO

acetone, HyO, r.t.

2) Pb(OAc)4, KoCO3

benzene, r.t.

3) piperidine, AcOH

MeNOy, r.t.
3 steps, 66%

H
OzN\L fjAOTBDPS
W N

H co,Me
49

Scheme 5. Preparation of nitroolefin 49

Diethyl malonate (39) 752 T2 THFE L7- meso KD diol 40 %, EEFE DO —FH lipase
PS % W= IERFMEIZ & 0 JEFIEMEZR monoacetate 41 & L7241, JEEESSIC L 0 %
FIRADEAEITV, nosyl amine & 42 & L7=, %\ T, TFA (2L Y Boc FaBREL

-7-



727212, K olefin % ozone 77fRIZATT &, A U7 aldehyde (Zxf L, EFREREEND
DEALDET L. RIS TR T2 2 LI XK V| enamide 43 (TEH L7z, ZD
enamide 43 D acetyl FAENMIEEZRIZ L - ThRRE LK, £ UEBEOKEEL A
p-nitrobenzoyl & TLREE L, Z DR THE M ZITV, EFMEOM RIZEPI L T 5,
HFHIT M7 enamide 44 % methanol ' NIS THLEET 5 & iodomethoxylation 732
V., glEHE< DBU ([ZXVBBENKIGSIZ L - T, 45 & Lz, fW T, U LA X (SnCly)
{F1EF allyl trimethyl silane % i SH 25 Z LI12L 0 | allyl 1K 46 23ESLIRERICE S
iz, {tEY 46 @O p-nitrobenzoyl 2 NS R K-> TErE L2, A Ul KEERE
% TBDPS A TCRE L7, ZD%, silyl /& 47 1D nosyl & FrEL, 557 MALGE
@ amine % methoxycarbonyl J&TLR# L7=, &% I|Z. methoxycarbonyl & 48 K
olefin % diol (ZZ#it% ., diol OFELIIFHZIZ X - T aldehyde & L. e\ T nitromethane
& @ Knoevenagel i % AV, BHYE T D nitroolefin K 49 AFHELIL 72,

RIZ, Fukuyama 5% 4 BRMEEHZHEEE L2 (Scheme 6),

H
OZN]\ fj/\OTBDPS
NN H

B e H COzMe A OTBDPS
n-BulLi . 49
I Li Br N
H COzMe
5 toluene B
r r
-78 °C
BrN02
50 51 52 (75%)

1) Fe, FeCl, CO-Me
NH,4Cl, i-PrOH OoTBDPS Pd(OAc),, PPh; TBDPSO | NS 2
HZO, 85°C CSZCO3, Et3N

H

2) Bocy,0, NaHCO3 EtCN, 110 °C
CH20|2, Hzo, r.t. 65% N
2 steps, 71% Boc

53 54

Scheme 6. Synthesis of tetracyclic compound 54

2,6-Dibromoiodobenzene (50) Z{KIRIZ T n-BuLi TLEET 5 Z L2k v, 3 vRF &
R Y FAAL L724&. nitroolefin 49 L AEH &2 2 & THEAIMAE 52 21572, 20
52 @ nitro &%, BRIC XL D5 —FEEILITAT LTk amine I[ZAEW L7, EHRET%
Boc TR L CERALAIEEA 53 & L7, i T, HilZ palladium [Pd(OAc),] flEAF(E
T propionitrile F CHMEGEIET 5 &, BA LT 5 ZHELIL (45T amination 2 Y
53 FW Heck BUi) 2EATL, 4 BBMALEY 54 2157,

-8-



%12, Fukuyama 53 Scheme 7 |2 HIEICL D, BEMEERK LT,

1) NaClO,, NaH,PO4
2-methyl-2-butene
tBuOH, H50, r.t.

N/COQMG

/COQMG
¥ N

1) TBAF
) H

AcOH, r.t.

2) Dess-Martin oxi.
2 steps, 69%

2) CH2N2, Etzo, r.t.
2 steps, 74%

54 55

1) TFA
CH2C|2, r.t.

1) TMSI
MeCN, 50 °C

2) (PhSe0),0
indole, 45 °C
oc 2 steps, 84%

56 57

2) Boc,0O, DMAP
MeCN, r.t.
2 steps, 58%

Boc 1) DBU, MeOH, ..
N 2)TFA, CH.Cly

0°Ctor.t. N
3) Py, MeCN, 50 °C N
N 3 steps, 95%
Boc ° H
58 HCHO, NaBH3;CN C 59:R=H (+)-Lysergic acid (1)
AcOH, r.t., 64% 60 : R =Me

Scheme 7. Completion for the total synthesis of (+)-Lysergic acid (1) by Fukuyama’s group

Tebb 4 BRIE(LEY 54 @ TBDPS %% TBAF 2L - CTERE L TE L Lzt D
KEEHL 2Rl L C aldehyde 55 & L. & BITHNRUFE~DEE{L KN esterification % %
C. methyl ester 56 (ZZ5#2 L7z, W T Boc #:DFRZE & indoline OFALIISIZ LD |
indole 57 & L7z, Methoxycarbonyl FDFRZE K OUERED 2 #% amine @ Boc {LiZ & -
T 58 IZFFE L7-%, DBU S/ERSH D Z LICX 5T olefin DEM{LEZL I o7,
Boc ZEDOPARFEIZL > T 2 % amine & 539 & L, & 5IZEICHY methlation (2 & VLS
Y 60 \ZZHR LT, A% 12, methyl ester 60 Z /K53 L, HRJE 35 (+)-Lysergic acid (1)
DGR EENR LT, BIRO group 23ERH L7 A REERRES & &< B 5K 2 W TAaERK
LTWD b0, I diol40 7205 34 TREZZEL TWDH I EAMELRE LTHIT
bivd,



/’rfr‘3

2

{118

B A REHE

AR & 912, SHFEROPHE HIZ L > THH aziridine Gpkik D BRI, &5
I~ Disadee HIZ X » TARISHN R AERITIGHENTZ, 2 ZOLHIREENS, &
HIIARVESR (4)-Lysergic acid (1) OERRICE T 28 E LTHWAS Z & & L=, ARGt

[#j % Scheme 8 2777,

+
ph N"Cco,R
MeN NMe _
* = Br
P NHMe
CHO R R P Nec: PO...C.
4 62 C” CO,R c’’*c
N —— Cls
N J y
P H
Aldehyde 61 Aziridine 63 64

(+)-Lysergic acid (1)
Scheme 8. Synthetic plan for (+)-Lysergic acid (1) from aziridine 63

T 725 4-formylindole 61 & Y77 guanidinium salt 62 725 aziridine 63 D Y%
IEMER Z 8L L 7= aziridine 63 DOPHERKX O C BRIEFUZ L - T 3 BRIELEY 64 ~iF
9%, 5l&HEE. amine 64 & alkyl halide 65 & DRIGIZ &> TILEH) 66 & L7,
IR DOBREZRTHIY 1 ~E BT IR AR LI, KEROREO—RH T,
FEEME T B ALD aziridine 63 DfRE LK NERHFN 2D F £42 T Lysergic acid (1) D
BRICHHAT2ZETHDH, b 9 — iU, 24 E TIT approach 23F & A E72 indole D
4 it 3 NE~OABRKSZFMA LT, C REMEL LS L0562 LT D,

-10 -



% 4 B 3-(Indol-4-yl)aziridine-2-carboxylate D&%
% 1 i Indole-4-carboxaldehyde (67) 7R %L

XU WDIC, aziridine FEREGZ VYD indole-4-carboxaldehyde (67) Zifl4 25 = & &
L7z, MHFFEEORKIBIL, UL TFORKEIC LY aldehyde 67 Z &% L7~ (Scheme 9), ©

CO.H Mel CO,Me CO,Me H2 (5.5 atm)
Me  NaHCO; Me  DMFDMA @NMGZ 10% Pd/C
( I DMF, 60 °C ( I DMF PhH, r.t.
NO, 90% NO2  y500c NO,
68 69 70
CO,Me CO,Me CO,Me CH,0H
Zn LiAIH,
N\, + N\ A\ N
N N AcOH, 85 °C N THF,0°C N
H OH 3 steps, 75% H H
71 72 71 73
CHO Boc,0 CHO
MnO, DMAP
A\ A\
CH,Cly, r.t. N MeCN,0°C N
2 steps, 92% H 97% Boc
67 74

Scheme 9. Preparation of indole-4-carboxaldehyde 67 by Yajima

+ 725, Kozikowski & DA " 222 L, 2-methyl-3-nitrobenzoic acid (68) %
methylation L7-%%. 1554172 methyl ester 69 % Leimgruber-Batcho @ indole k&I
EV, DMF H 150 °C (ZC DMFDMA (N,N-dimethylforamide dimethylacetal) & O#E&
I EATV, PHERBIBEA CTH D enamine 70 & L7, HeW THIESAME (5.5 KE) FICT
enamine 70 DR ITCEIT 7L T A, nitro JEEIC IV THA L7E amine 76 DERAL
FOSHFRIBRFCHEIT L, B ET 2 indole 71 &, REITHAZER L CTUW 2V N-hydroxyindole
2 DIREMEG AT, ZTROOREMIE, O ERHRTIC THgneE L2 Vv Z N-O
fE e OZIC LY | A& O indole 71 IZINR EE 7z, ZD1%, ester FfizEIL L, &%
IZFF B AT alecohol 73 % it~ iz k> CTEb L. HWIE 3% aldehyde & 67
1372, E 51T indole DEFJF 1% Boc & THRE L, ZEHFMFEIR 68 DO HIFE L,
N-Boc 1K 74 % 7 TREAULE 60% TR L7,

T TCTEFRIL. UMREEDORIENBAGE LR IZHE > T, indole-4-carboxaldehyde (67)
AT HZ & E L7z (Scheme 10), #1912, ik 2-methyl-3-nitrobenzoic acid (68) @

-11 -



methylation %47V), methyl ester 69 AUV 93% ([T L7z, Z O, ML L TR
Ber ) o LN D Z LIk SIS TRISHEIT LTz, 51 & #EV T, ester 69 2 DMF
H 150 °C (2C DMFDMA C{ER&®7-E 2 A JFE 69 1H7EK L7725 DD, enamine 70
DILRIT 69% LR DWW FERNG BN o712,

CO,H Mel CO,Me CO,Me
i Me  KyCOj ©:Me DMFDMA @NMez
NO2 DMF, r.t. NO2 DMF, 150 °C N02
93% 69%
68 69 70

Scheme 10. Preparation of enamine 70

Z 2T ROSRESCHIED Y &, £ U CHEIREIZE LG L7z (Table 1), Scheme 10
DRIGSEAEZ entry 1 1277 L7z, IRIZ, Ponticello & DE Y Z2HE(C L, LEEE &Y
RESHEN0°C ITTRISTARTZE A MERIT 69% D 81% ~E ELZbDD,
IR E LTI 69 35 7 LTz (entry 2), AUisiE, Fauqg & H#E LT\ Z &
O, WHOIERY ICRBSN TV AREEZEALIZE 25, FE 69 OIRNR L,
enamine 70 23X 90% THFHAL7z (entry 3), & BT, UGFFEOEAEO =, UGN
Ex 125°C [CETLETF-EZA, B9 70 25N RTHELND X )27 57 (entry
4), [, AL S gscale TIT-> T, BEMELSHEITTHZ EnbroTe (RE 69 %
5.07 g HW, IE 97% (T TEK L),

Table 1. Synthesis of enamine 70 by treatment with DMFDMA

COsMe COsMe
Me DMFDMA . NMe,
NO, DMF NO,
temp.
69 70
ent concentration DMFDMA temp. time 70 69
Y [(69) mg/mL] (eq.) (°C) (h) (%) (%)
1 195 3 150 12 69 0
2 464 2 110 36 81 12
3 394 3 120 20 90
4 384 3 125 13 97

KIZ, enamine 70 O nitro FEDOFEIE T AT > 7= (Scheme 11), FKUE DA ITHE,
benzene HIZ CHIESM: (5.5 &JE) T.enamine 70 % BEfiliE Tioft L7= & Z 4. indole 71
& N-hydroxyindole 72 DiEE#) (NMR #H L TT71:72=1:2) 25272, 2N LDORA

-12 -



W % WElE I CHlgh & /B & 8T, N-hydroxyindole 72 #1? N-O #f&& %2 B L | indole 71

E AN, INFRIL enamine 70 /> HHAFL LT 2 EkfE 24% DL %

IR ST,
Nl
CO,Me Ho (05-5 atm) CO,Me CO,Me . CO,Me
~NMe, 10% Pd/C \ + \ n \
NO PhH, r.t. N N AcOH, 85 °C N
2 H OH | 2 steps, 24% H
70 (crude) L 7 72 ] 71

Scheme 11. Hydrogenation of enamine 70 and conversion to indole 71

Z ZC. enamine 70 DHFHMEITLOERE T, indole 71 DA% 5 2 5 K 9 72 KOSk % B
KT HZEE LT, Ley blE, M E LT methanol TN dichloromethane % VN, &

2N C enamine 70 OFEEEITA4T 5 &, indole 71 OANELND Z & S L T

% (Scheme 12), '*

CO,Me Hy (1 atm) CO,Me
s NMe, 10% Pd/C \
MeOH, CH,CI N
NO i
2 r.t., 65% H
70 71

Scheme 12. Hydrogenation of enamine 70 in a mixture of methanol and dichloromethane

T ZTCARGMH ERRT-E Z A, {KFRE LT indole 71 & N-hydroxyindole 72 DiEA

T ZTeh, Wil LT benzene Z VY, HE (5.5 atm) DOKFBFRFK K TITolc & &

(Scheme 11) & kil LT, indole 71 DTN\ ELTWDHZ & (NMR #HET71:72=
2:1) HBH L, 20 Z &5, methanol HIZ THIESRM: THAE L 21T 21X, indole
71 OPERIFT S B BT 25 EWfF L TS Z A7z & Z A, N-hydroxyindole 72 [ —1])
537, indole 71 Z B — DAY (INFE 81%) & L TH X7 (Scheme 13), ., AKX
JIX Sgscale TIToTh, HHMISEITTL2Z L AMHAELTWD B 70 % 484 ¢
U, IER 81% (nitrobenzoate 69 7205 D 2 BREINER) (2 CTHARL L],

COZMe H2 (055 atm) COZMe
. NMe; 10% Pd/C \
MeOH, r.t. N
NO ’
2 81% from 69 H
70 71

Scheme 13. Hydrogenation of enamine 70 in methanol

PLE®D X 512 L TH B4 72 methyl ester 71 % aldehyde 67 (2758 L 7= (Scheme 14), 7
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725, lithium alminium hydride (LiAIH,) {2 & > T ester 71 ZiEc L7=#%., 507z
alcohol 73 % “fgfb~ 2 T AT XV EEkT %5 &, HBYE T % indole-4-carboxaldehyde (67)
Bhz 7=, BORIGZHAWS T2, 55172 aldehyde 67 DZEFJF 1% Boc = THEEL
77. Boc fLIZEBWTIX, E 67 @ acetonitrile ~DIEMRIEDIK I G, W% THF (12
EHELIZEZA, MR UEDNEIT L, BV 740 % BIRIERICTER LT,

CO,Me CH,OH CHO Boc,0 CHO
O 2 O =2 () e )
A\ A\ A\ A\
N THF,0°C N CH.Cly, rt. N  THF,0°C N
H H 2 steps, 93% H 94% Boc
71 73 67 74

Scheme 14. Conversion to aldehyde 67 and protection of nitrogen atom

UEORREEZE L DD L FEHIIRIBOLISSEME (T TRIEE 60%) 20 < DoiE
T5Z &LV, HEOD 2-methyl-3-nitrobenzoic acid (68) 75 HIE L, 74 = 6 TREINE
66% IZTHMT D L& BT, TEBOEMK& CIROUGEITHKI LT,

CO,H Mel CO,Me CO,Me Hz (5 atm)
i :Me K2CO3 ©:Me DMFDMA @NM% 10% Pd/C
N02 DMF, r.t. N02 DMF N02 MeOH, r.t.
93% 125°C 2 steps, 81%
68 69 70

CO,Me CH,0H Boc,O

CHO CHO
LiAIH4 MnO» DMAP
A\ N N A\
N THF, 0°C N CH5Cl, r.t. N THF, 0 °C N

H 2 steps, 93% 94% Boc
71 73 67 74

Scheme 15. Synthesis of aldehyde 74 from 2-methyl-3-nitrobenzoic acid (68)

- 14 -



% 2 Hi Aziridine JERUG O Rt

% 1 I Guanidinium salts 754

ATERIC I\ T . aziridine JERSSIZ LB 72 57515 aldehyde 74 ZFHEE L7z DT, &
T guanidinium salts Z &7 52 & & Lz, sENEICBE L Tk, SWFE=E TR I
JE 2O EEM O (Scheme 16), #IIZHiFE L LT triethylamine (Et;N) 771E T,
2-chloro-1,3-dimethylimidazolium chloride (DMC, 75) & benzylamine (76) % #fi& St C
guanidine 77 & L721%. ethyl bromoacetate & {Eff] & T N-alkylation Z4T\ >, guanidinium
salt 78a Z /&I =R TR L7z,

_ +
Cl g R EtsN Ph/\)l\ll\ BrCH,CO.Et  Ph” "N~ “CO,Et
Ning. PR ONH,
MeN "™ Nie CHycl,  MeN” NMe MeCN MeN” "NMe
0O°Ctor.t. 0°Ctor.t.
DMC (75) 76 97% 77 99% 78a

Scheme 16. Preparation of guanidinium salts-1

F 7=, allyl FETEHLIIL7- guanidinium salts (X FFED K 5 IZFHEL L7~ (Scheme 17),
4725, allylamine (79) @ N-alkylation = - T glycine ester 80'? % 7157-1% . DMC (75)
& DHFEE K Y counter anion DAZHAIZ LV | guanidinium salts 81 % ZiLZ7Laf%d L7,

1) Et3N, MeCN

- N NP
BFCH2C02R Cl Cl 0°Ctor.t. \/\N CO-R
\/\NHZ \/\N/\C()zR + T 2
Et,0 H MeN “NMe  2) NH,PFq MeN” "NMe -
0°Ctor.t. H>0, r.t. 6
79 80a: R =Et(77%) 75 81a: R =Et (90%)
80b : R = {-Bu (75%) 81b : R =t-Bu (87%)

Scheme 17. Preparation of guanidinium salts-2
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% 2 IH  Aziridine JER o

AT E CIZHRE L7- aldehyde 74 % OY guanidinium salts (ZxF L. S50 TR S
7= aziridine JERG Y AW L7z (Table 2), Hikke LT 1,1,3,3-tetramethylguanidine
(TMG) f#7E F. benzylamine (76) 7>57#%55 L7 guanidinium salt 78a & aldehyde 74 & @
RISEIToT2E ZA, FABWE LT trans-aziridine 82a 7% 62% DOUUETH Gz, T
DRE, diastereomer Td» 5 cis-aziridine 83a & HHfE S 172 (entry 1), 723, UHIED KR
WEIX, tert-butyl ester HEALANE A X472 guanidinium salt 78b % V= BRIC, EARM T
% trans-aziridine 82b DULRIL 50% FREICHEDLZ LaWEL WD, ©

% 72, allylamine (79) 2> 5% L 72 guanidinium salts 81 & aldehyde 74 & O SIZEW
Tl ethyl ester 81a % W 7ZFRIZ, YU 60% (2T trans-aziridine 84a 72315 54172 (entry
3), — i T, ester ELIT tert-butyl A E A L7-FE 81b (ZiEH L 72ERITIL, ethyl ester
(s L MM%Mb@W$@ﬁTﬁﬁ%MK(mm@O

Table 2. Aziridine formation from indole-4-carboxaldehyde 74

R. R.
CHO 1) TMG, THF N N
RX N" COR rt., time-1 L NcoLR s NCoLR’
N+ )L 3 +
N MeN  NMe- 2) Si0p, CHCl3 @ b
Boc r.t., time-2 N
Boc Boc
74 78a:R=Bn,R'=Et, X=Br 82a: R =Bn,R'=Et 83a:R=Bn,R'=Et
78b : R=Bn, R'=tBu, X=Br 82b: R=Bn, R'=tBu 83b: R =Bn,R'=tBu
81a: R =Allyl, R' = Et, X = PFg 84a: R =Allyl, R'= Et 85a: R = Allyl, R"=Et
81b : R = Allyl, R' = t-Bu, X = PFg 84b:R=Allyl, R"=t-Bu 85b:R=Allyl, R"={-Bu
entry guanidinium salts time-1 (h) time-2 (h) Product (%)
1 78a 22 72 trans-82a : 62, cis-83a : 13
22 78b 27 72 trans-82b : 53, cis-83b : 8
3 81a 65 48 trans-84a : 60, cis-85a : 12
4 81b 72 72 trans-84b : 38, cis-85b : 11

a: Mr. Yajima's result

PL o X 512, indole-4-carboxaldehyde (74) % H\, B#Y & T % aziridine Z &R L7z,
72%5. Lysergic acid A %IZFVNTIL, aziridine @ 3 (LITAH Y9 2 HBALOSAR T T ILIH
KT D7D, ZORETIILT L mrans-aziridine 2 B IRAJIZE T D HEVET /20,
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¥ 3 i Aziridine OBIBKIG

HIiEl C& O 37z aziridine & V., 3 BEROBZNIS N OBHER THE U S 2 % amino %
DIRH#E%1T > 7= (Scheme 18),

R. R. Bn.
FSCOEt  acoH  AQuNoet CICOEt A Noo et
@ r.t. N THF,0°C tor.t. A\
N N 95% from 86 N
Boc Boc ° Boc
trans-82a: R = Bn syn-86 : R = Bn (89%) Syn-88

trans-84a : R = Allyl syn-87 : R = Allyl (78%)

Scheme 18. Ring opening of aziridine and protection of amine

9725, trans-aziridine 82 KON 84 DOFEEAIZ L 5 BHER T amino ester syn-86 & O°
syn-87 Z 1572, PABRIA 86 1L, —#% amine ‘nLM_L%L’ ethoxycarbonyl & C{Ri# L. syn-88 &
L7z, 22T, aziridine OPABRSISIZIIT DIBIRMEICEI L, aziridine trans-82a & fl25
%% (Scheme 19), '

Bn
a { AcO,
\/l%COzEt AcOH ’ b CO,Et
(':
N :) / N
Boc N+ Boc
Boc

tfrans-82a B 89 a syn-86

Scheme 19. Mechanism for ring opening of aziridine trans-82a

HIDHIZ, indole BRDZEFEIF 1 LD lone pair MHLDEFOMLH LICK - T, BRI
7R 89 234 U %, Scheme 19 (Z/R L72 K 912, Cram’s model % At DERIRHE
(AR SREEAD (AcOH) 13T —F/N S 2EHEL (H) O (@ oI5 2bHEET %
7o, BRBREUG THE U EABM DS syn-86 Th-o7-Z LN TE 5,

k. BHBRIE 86 MU 87 OAHMIELEIL. ROME 2 CICHEE LTz, MBFIEERE DRI
IZ. TBS ether 90 OFHER)G T HAL7Z 91 @ diastereomer JEAIT%} L., 1,1°-carbonyl-
diimidazole (CDI) % {Ef &+ T oxazolidinone 92 (27544 L 7= (Scheme 20), %5 72{b&
W) 92 @ 2 FliD diastereomer %454 HHEL , 'H-NMR (2815 Cp-Cs D J fifi% ik
Lizk A, FAEBMTIX 52Hz TholeDixt L, BIEKMIL 80Hz Tho7oZ &

-17 -



D trans RMERE L TELNIZZ L ARELTWS, © Lo T, a2 M= aziridine

DBHER S IE, benzyl fZIZEBWTIARRFFTHETL TWHEDTH L, 774205, rans K
MO, syn RBMBEHRLTHLND EEXLND,

Allyl< AIIyI\NH
N -TsOH
I~oms P50 HO OTBS
H 2
@ MeCN \
N r.t. N
Boc Boc
trans-90 — anti-91 —
Q. Ayl Q. Ayl
PN N 4
CDI O__X__0oTBS O OTBS
. H J=52Hz H J=8.0Hz
CHyCl,, 35 °C AN A\
N N
Boc Boc
trans-92 cis-92

(2 steps, 68%) (2 steps, 9%)

Scheme 20. Ring opening of aziridine fran-90 and conversion to oxazolidinone 92

AS%IT, BONERBEE AT, & bR 5 FELERERIT 5 TETH 5.
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5 E C BREEICmITmmEDORA

UHFZER D RMEIL, (+)-Lysergic acid (1) @ C BRIEFICHIT T, KD K 9 katz217-
TW5b, 9 cis-Aziridine 83a @ ester #iiz %z 1E 7T L THE S 7= alcohol 93 % = 7 FHE (A
[ZEWE, ZOHDEHWT radical S CTORILKISEZRAATZ, L LB 6,
FOSMIEHEIRIBE M A 5 2. BH LT 5ARIK 95 13156720 > 7= (Scheme 21), Ff]
BRISDET Lgro e & LT 4 BRIEALEY 95 OfE Lo OT 3B 5 LT

LOTERWNE RIBITEXTND,

BN\ BN\ DEAD °™N nBusSnH °TN
CO2Et  LiAiH,4 PPhs, Mel AIBN
THF, 0 °C toluene toluene
Boc quant. Boc 70 °C, 59% Boc reflux Boc
cis-83a cis-93 cis-94 95

Scheme 21. Attempt for radical-mediated cyclization of cis-94

S 5|2, amine 86 DiEITH) methylation DBRIZEIAT 5 carboxylic acid 96 % V>, 4y
W Friedel-Crafts &IZ & % PAER 2 W1#F L T polyphosphoric acid (PPA) % 1EH S 7

D3 BOUSIBEMERIEE M A 5 2.3 (HABRIK 97 2455 Z &3 T& 72hr o7 (Scheme 22),

Bn. Bn. Bn.
NH NaBH3CN NMe NMe

ACO. ~Nco,et  HCLHCHO  AOw ~Scon pPa HO-
e~

A\ MeCN, r.t. A\ 80 °C

N 22% N N

Boc Boc H
syn-86 syn-96 97

Scheme 22. Attempt for PPA-mediated cyclization of carboxylic acid syn-96

UED L DT, RBARSL TG TIE, C EBAEREINT 3 B LEWESGL Z &0
T&ERDoT,
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o6 = R ETO indole @ 4 AL E 3 AL ~D BRI

ST, R B4 FHICEIT S indole @ 4 (20D 3 AL~DEHEHIZZHRRIGIE, 3
EENTWD, *'19 Spadoni &1, PPA % M\ 7~ indole-4-propionic acid 98 4y F-P
Friedel-Crafts SOGIZ LD HEYL T2 3 fLPABRIK 99 N ONTZZ & E2MELTWD
(Scheme 23), ™ HAEUMDOILHRIL, indole D 2 (7 LDOEHILOFMEIYEKEL, EFK
5P methoxycarbonyl FE2NEHL L7= 98a 7> HIIZR L S BARKNELN D DKL,
HEEHLR 98b & FHWTCBRITIZHFREEE (35%) (I2& EFE o T D,

CO,H 0
MeO PPA MeO
N_R N_R
N 80 °C N
H H
98a: R =COsMe 99a : R = CO,Me (84%)
98b:R=H 99b : R = H (35%)

Scheme 23. Intramolecular Friedel-Crafts reaction of carboxylic acid 98

— 5., Nedelec 51X amide 100 % A\ 72531 Vilsmeier MinlZ K-> T, 3 (LFALR
K101 NMEHND Z L EHE L TWD (Scheme 24), Y

CONMe, POCI3 0]
THF, 65 °C
N N\
N then NH3 aq. N
H 49% H
100 101

Scheme 24. Intramolecular Vilsmeier-Haack reaction of amide 100

X 512, Hendrickson 5 1% (£)-Lysergic acid MDA RKAFZEIZI T, pyridinoaldehyde 102
IZ%f LT NaOH Z{EHSHE D& B E T2 3MN~DOARKICHNETT 52 L 2HE L
TW5 (Scheme 25), *

EtO.C_~ |N NaOH EtO.C_~ |N
A CHO (2 mol%) X OH
N MeOH N
N r.t., 91% N
H H
103

102

Scheme 25. Cyclization of aldehyde 102

— 5T, aldehyde ORIV IT ester HNLZEAN LTGEITIL, BRIGEUSDIHELIT L7227
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Sl Z LI b it TV %, Pyrizine R CYMMEEDOHHBENE L TWDL Z &, S HITIE
REEKEE 252 1723\ aldehyde 2NFEREHICAEAEL TWD Z &N ARIIDOER & LT8R
b,

INETIZHETTE 73 20611%. 22T carbonyl FIZKHT HHARKIGTHD, £ A
73, Lysergic acid @ C BREMAICITEER BREREN RN L2 6| acylation DS E1T -
72BRIZIE. D HIT carbonyl JEA4EIC L7 TEZe b3, AIEEZR HREIT 720,

Fo. 4 s 3 M~ORARKISDORIFILZ < DT Th D720, [IEH EoBE#EL
DIFFED, C BRZWET DUSICB W TIKRIEE ISR 5D E D LW AL 20,

DX EFENG, FEHIL indole D 4 (LS 3 MLA~OFHPARKIGZBRE T,
1) 2 E TICHERID 720 alkylation T D EABRKUSOBHFE, 2) #EHIDH 5 acylation
B O FFEUE O ffes8 Je OVt FH#RFH OyEEZ B s L <, #FZEICE T LTz,
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% 7 B Alkylation BT K% PABR DR
%1 B 45 W Pummerer TS DR

X C I, alkylation BLDPABRIZ DWW THETT 2 Z & & L7c, 28 51 sulfoxide 104 (Z
%f L. Pummerer D&% FV T isoquinoline 105 ~ & #E LTV % (Scheme 26) '%,

ﬁ TFAA SPh NiCly
SPh BF3:0Ety 100 Ph NaBH,4 MeO Ph
MeO:©5/Ph N
PhH, r.t. N. THF, MeOH  MeO CHO
MeO Neoco — 62% MO CHO '+, 86%
104 105 106

Scheme 26. Reported cyclization to isoquinoline by Pummerer-type reaction

ZOWEESEIZ LT, sulfoxide 107 (ZxF LA 2w X, ko X 5 Z2EARIK
108 5L, S HITIIMMKISIZE Y, {BEW 109 IZFERE TRV EE 2T

(Scheme 27),
R'R2N 0O Pummerer R'R?N R'R?N
R30 SPh R30 SPh o R30
rearrangement e desulfurization

\ O \ \
N N N
H H H

107 108 109

Scheme 27. Strategy for alternative cyclization-1: alkylation-type reaction

LI E DI 2B E 2 . KS0 model FEL L LT, sulfoxide 110 Z3%E L C.S?Ph
7= (Figure 3), Z @t DX, indole-4-carboxaldehyde (74) (b3 5 i ik SOt
AREIEL LTARTRETHS LEX BRD, 3
W1, Bk aziridine RS THVZ aldehyde 74 (2% 5 H
Horner-Emmons S Lo C, 3 RFEMTHYS T 57 2 U LEE unit %38 110
Figure 3.

A L72 (Scheme 28), AJGIFXHEICHESIT L, ethyl ester 111a & O methyl
ester 111b N ZN LN RAFRNERTHE OGN, 5l EHEN T, AEIF ester 111a DHIFHD
GG & W EOKFFZPAZ T CTEIL L, indole-4-propionate 112a (ZFFEEH L7=, & Z A7,
IKFIINBRIZIBVN T, indole D 2 ik 3 fLANBRICIEIC I 472 indoline 113a H3EIA:
R (14%) & LTHRLATLE-T,
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CHO  (RO)P(O)CH,COLR COR 1, (1 atm)

NaH Z 5% Pd/C COEt COE
N A\ +
N THF, 0°C to r.t. N EtOH, CH,Cl, N N
Boc N r.t. Boc Boc
Boc from 111a
74 111a : R = Et (97%) 112a (78%) 113a (14%)

111b : R = Me (97%)

Scheme 28. Horner-Emmons reaction and hydrogenation of unsaturated ester 111

% ZC, ARfAFD ester 111 OFEMGEITCICE L, Bl R AR T 52 L & L7 (Table
3), Entry 1 (ZiX. Scheme28 D&KM% /x LTz, #1OIT, W% ethyl acetate (AcOEt) &
dichloromethane (CH,Cl,) DIREGWEIZZA %2 7273, indoline 113a A% < RIET HHFEFR & 72
7= (entry 2), VA% AcOEt 7°5 THF (ZZ 2T, entry2 & [RIFRIC indoline 113a 73
30% HELILTLE ST (entry 3), & Z T, RMBMEDRILKFIREE TH 5 benzene % H
Witk Z A, B ET S indole 112a DULEIX 95% F Tl kL. indoline 113a DEI|A%
5% LATICHIT 5 2 L3 TE 72 (entry 4), 7233, methyl ester 111b % T RIERD S
ZRBTZEZA, THHHEIET indole 112b 235 b LT,

Table 3. Hydrogenation of o, f-unsaturated esters 111

COsR
Hz (1 atm) CO,R CO,R
Z 5% Pd/C 2 2
N\ +
N solvent, r.t. N N
N time Boc Boc
Boc
111a: R =Et 112a:R=Et 113a: R =Et
111b: R=Me 112b : R= Me 113b: R=Me
entry substrate solvent time (h) 112 (%) 113 (%)
1 111a EtOH, CH5Cl, 4 78 14
2 111a AcOEt, CH,Cl, 2 64 34
3 111a THF, CH,Cl» 1 65 33
4 111a PhH, CH,Cl» 1 95 5
5 111b PhH, CH5Cl, 1 96 4

WIZ, BRI T HAL72 ester 112a 75 722 5 BHERAHL % 1T > 7= (Scheme 29), F
9", sodium borohydride (NaBH,) (Z &V ester #ifiz &&= c L, alcohol 114 & L7z, Z D
alcohol 114 DI/KFEKE% phenylsulfide FEIZZEHE L7-1%. sulfide 115 Zffb L7z, 72k,
sulfide 115 @ sodium periodate (NalOy4) (Z KL 5 figf lﬁ}iﬁl‘?\“(“&i\ RN S 4172 sulfone
117 ROTNIZEIE %) Licbod, HiYE T % sulfoxide 116 N EIER TH LT,
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CO,Et . OH nBusP SPh
LiBH4 PhSSPh NalOy4
N A\ A\
N THF, EtOH N MeCN, N MeOH, H,O
Boc rt., 93% Boc 0°Ctor.t. Boc r.t.
0,
112a 114 95% 115
O
éph SO,Ph
+
, .
N
Boc Boc
116 (96%) 117 (4%)
Scheme 29. Preparation of N-Boc-sulfoxide 116
%I, B 572 sulfoxide 116 @ Boc Sk Diff# %47 - 7= (Table 4),
Table 4. Deprotection of N-Boc group
Q Q
SPh SPh
reagent
N temp. N
N i N
Boc time H
116 110
entry reagent temp. (°C)  time (h) 110 (%)
1 HCO,H (500 Meq.) 25 2 53
2 HCO,H (300 Meq.) 25 1.5 86
3 HCO,H (100 Meq.) 25 15 76°
4 AcOH (220 Meq.) 100 22 87
a : Starting material 116 was recovered in 3%.
T DICFEE 500 YEAWTRISEZRAATZE Z A, FE 116 [Z—UIFRFL TV

Do ToH, BARER 110 OUCRIZPREEICE P E o7 (entry 1), 2 T, FE% 300 4
IO L, ﬁmﬁ%%%<bt& A, B9 110 % BAF72IETHT- (entry 2), &
DICKXERO Y EAEJRD L7z, WSSO ELS 220 | Lsﬁﬁéf%&mﬁ%ﬁbﬁﬂ
72 (entry 3), A EDFER LY | %M%amégﬁwé@ﬁﬁbfwékwﬁﬁm

L7=25, URREBMENMEONR)ho T2, £ 2T, %%i@%%w%f%é%%%mw
MAGET D I CRISZRAT- & 2 A, RUSHRIZEW L OO, BUR#ER 110 2 EiI
RKTELNT,
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LED X5z, HRY® sulfoxide 110

68% TH K L7 (Scheme 30),

% indole-4-carboxaldehyde (74) 725 6 BrFEIN R

GHO 2 steps COzEt 4 steps SPh
AN —_, N\ —_
N 92% N 74% N
Boc Boc N
H
74 112a 110

Scheme 30. Summary for the preparation of sulfoxide 110

Scheme 30 T15 5417 sulfoxide 110 {Z5%}f L trifluoroacetic anhydride (TFAA) Z/EH &
HeE A, 3 MHARK 118 TiEA<, THERILEY 119 235 547 (Scheme 31),
550t & DG &5, HRFABMS (positive mode) (28T 266.1022 /R L7172 & &
D PERIT CH NS GEERE : 266.1003) THDHEEZHND, 72, 1H-NMR T8
WT indole BRD 3 (ZIZAHY T % signal 3Bl S4L72 (56.84) DITx L., 5 ALdE I
HE L TW=Z & methylene & B35 signal 75 6H BLHIEL, 2055 2H 47
% 3.93-4.20 LAKRELYS shift L T2 &nn, MR 119 O XD ICIRE LT,

YT A 118 1%, FRIA 120 12k L, indole @ 3 (22 S RHID X 9 II&

NETT 22 LICE>THELND, LOLARRG, FEEIZIE 5 L TRE-MERKANE

A7z 3 B sulfonium salt 119 & HN7ZZ &0 D, SUSERN THIRIEA 121 2% L.

KHIDO XD ITPHBRDE Z o 72 L HEZR S D,

-2
O CFj
ohS. SPh
/—\ \
\ N
N H
120 P 118
- 9 _
Q" CF3
PhS
S
A\
N
H
R

Scheme 31. Pummerer-type reaction of sulfoxide 110

HLE Pummerer SURDME Z o 72K E L TIE.B% 5 < indole BRDZEZFZFE 175 TFAA
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& It LT trifluoroacetyl JECRRFES N Z LI L V., 3 ML TOREHERIE L DG
DEZVIZK K RoTcled 2 LRI N D, £ LT IRAAFL OB CIRGEL D PR E ST,
119 Mo nizLBbns,

ZD X I, W Pummerer LS TIZL A E T DAL ET Lo &
ME L EOBREHINET L2 L & LT,

52 8 SN2 MUSERIA L7 PABREG DR A

#e\ T, indole @ 3 fZ2rBHD S\2 MUSZFIMA LIZ C BEELZMAT0Z & & LT
Smith 5%, (+)-Nodulisporic acid F OARF AT IS T #EERE & LT mesylate 122 @
451 alkylation 12X % indole @ 2 /6 3 fi~DFBRZHE L T D, 'Y ZDEE,
Lewis & & LT zinc triflate [Zn (OTf),] ZWINT 5 Z &I2L D, BRI 123 DI
E L7z LT 5 (Scheme 32),

t-BuMgCl
MsO Zn(OTf), .o
g ord
H ) e toluene 0
122 123

Scheme 32. Intramolecular alkylation of mesylate 122

Smith & D#HEEZ BB L, FH L mesylate 124 D431 alkylation (210, B E
THHBRIR 125 NELND D TIEZR2 W) E# % 7= (Scheme 33),

OMs intramolecular
alkylation

A\ A\
N
N H
124 125
Scheme 33. Synthetic plan for 125 by intramolecular alkylation of 124

FREEOFEIZESE, KISHKEE L 72D mesylate 124 Z %45 Z & & L7 (Scheme
34), #1®IZ. alcohol 114 D/KEEFED mesylation (2L V&S iuizAbLAY 126 (Zxt L. HE
M2l &5 Boc KDOBUREZRAATZE Z A, BRI 124 OPEEIL 30% (2E EFE D, Fl
Rk & LU C acetate 127 MG LN T LE -7, 7238, TFA MW T Boc HEDOFREZER
Flc b A, BHERISRAE % 52 DRI D T2,
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OH MsCI OMs OMs OAc
EtsN AcOH
\ \ N\ + N\
( £N> CH.Cly, 0 °C ( £N> 100 °C ( £N> ( £N>
Boc 98% Boc H H

114 126 124 (30%) 127 (9%)
Scheme 34. Preparation of mesylate 124: Part-1

% Z . alcohol 114 DEEMET Boc RDREZRATZN, AN E L TEHELNTZD
IX esterification 2NHETT L 72 acetate 127 TH V. BHIE T A MARFER 128 1XIFE A L
7o 7= (3%, Scheme 35),

OH OH OAc
AcOH
N\ \ + \
N 100 °C N N
Boc H H
114 128 (3%) 127 (85%)

Scheme 35. Deprotection of N-Boc group

UL EDOFERDG | alcohol DRI B Tf%a%%’i’ﬁ?jﬁ‘ﬁ“é <E & L 72 (Scheme 36),

CO,Me CO,Me _ MsCl OMs
AcOH LiBHy4 EtsN

A\ A\ A\ A\

N 100 °C N THF, EtOH, r.t. N CH,Cly N

Boc H H

2 steps, 92% H -10°C, 91%
112b 129 128 124

Scheme 36. Preparation of mesylate 124: Part-2

T b, ester 112b ZHNEFEEEE S EH SIS Z L1128V Boc EAMifRiEL., 56
A7z 129 @ ester FALZ =L L C alcohol 128 & L 7=, YK\ T, alcohol 128 @ mesylation
(2L 0, RSHE L 722 mesylate 124 Z L 7=,

A E% L7z mesyalte 124 (ZxF L., 737 alkylation (2 & % PASRKG Z #i5T L7z (Table 5),
FUOIC, HHEE LT +~BuOK ZHWZBRICIE, ok 124 13 F L Wb oo, &
MEZR R Rk % 52 7= (entry 1), —J5C. Scheme 32 OFID X 512, Zn(OTh), 1F7E FHXE
& L CTHM magnesium 7R A HUW7ZBRIZIT mesylate 124 [ZIER L7228, HOE 5 3
MLPABRIR 125 356N T. ZH 6 bEMREEYMZ 5 2 DR RITHKD S T2 (entry 2),
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Table 5. Attempt for cyclization of mesylate 124

OMs
reagents

A\ - A\

N conditions N

H H

124 125
entry reagent temp. (°C) time (h) results

1 t-BuOK, THF -10to 50 5 a complex mixture
2 EtMgBr, Zn(OTf),, toluene 95 1 a complex mixture

ZZ T, EH EOfEER A halogen JRFIZAEZDHZ LIk, HETEHH0FHNTO
alkylation |2 & 2 BRILISDHEITT 2D TiEAeWn &5 2, bromide 130 Z#FA%I4 25 2 &
& L7z (Scheme 37), Z D mesylate 126 (Zxf L. lithium bromide % HV 7= Finkelstein [
JRIZ Ko TRBRFA2EALE, BBESIETIZT Boe Mo lifri L7z,

OMs Br Br
LiBr AcOH
A\ A\ N
N acetone N 100 °C, 85% N
Boc 50 °C, 96% Boc H
126 131 130

Scheme 37. Preparation of bromide 130

FHEL L 7= bromide 130 % VT, 07N SN2 KISIZ L DPABR Z /T L7z (Table 6),

Table 6. Attempts for intramolecular Sy2 reaction of bromide 130

Br
Br
reagents AN

N\ —_— Ny, ot N —

N conditions N NH

H H

130 125 132
concentration o .
entry reagents [(130) mg/mL] temp. (°C) time (h) results

1 EtsN, THF 6.5 2510 60 24 130 : 99%
2 NaH, THF 4.5 Oto 25 18 130 : 94%
3 NaH, THF 24 0to 25 60 130 : 83%, 132 : 2%
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RIS 2k T 2 BT, ARSI TS AT, 1o, e LT EGN &
e &2 A, 60°C IZETHIEL TH NI —UNTHET LD > 72 (entry 1), & Z T,
BRI JLCTdH D sodium hydride (NaH) Z HW =23, Z OB B & 35 KIS FETET,
JFEF 130 % 94% BN L7= (entry2), £ Z T, FHEBREL LIF CSERAT-E A,
JFEE 130 % 80% LA L[N U723, 23 FRIBUG 2N EE Z o 72 727>, N-alkylation & 132 &
Bon 2t EMB DTG BT (entry 3),

UL EDOFRER LV AT OFPTIL, /3P alkylation (2K % indole @ 4 {iZ7)»
b 3 M~OFRIINEETH D LEm L., ZUl LoRFHIMad o2& & L,
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%5 8 B Vilsmeier acylation F|H L7z C ZRFEEE
o1 Hi fIEHIZ amino FEA A L72V model FE & A7 BABR L

HTIE Tk ~7= X 912, alkylation-type i CIZHBID 3 ALFARIKRD G DN o T,
Z 2T, 3Ok (B B PP msh TV 43N Vilsmeier acylation (2 &5 BEREZ B EIC
L. Scheme38 D& HICHIEAS TEHT Z & & L7z, J72b 5, amide 133 D5 +FH
Vilsmeier 2 X > T 3 ZPABRIK 134 2HB5L 052D THDH, 2D DI, carbonyl
BOBFETIZE T, 109 ([CHEFRETIH RN EELEND,

R'R2N

1R2 1R2
3 Vilsmeier R'R“N RTRN
RO

3 3
CONMe, reaction RO e O deoxygenation RO

A i’ \
N N
H

Y

H
133 134 109

Irz

Scheme 38. Strategy for alternative cyclization-2: acylation-type reaction

HIDIZ, Nedelee & DG Y OFIMEL O D Z & & Lz, Scheme 39 (Z/R7 )ik
T HH & 72D N,N-dimethyl amide 100 %5 5% L7z, 37245 indole-4-propionate 112a
ester ¥RAZD aminolysis'” (2 & > T amide 135 (ZZ5H#: L7-#%. Wil % HV T Boc & i
REL, HEO® 100 2157,

MesAl
COzEt Me,NH-HCI CONM82 ACOH CONM62
A\ A\ A\
N PhH, 60 °C N 100 °C N
Boc 96% Boc 87% H
112a 135 100

Scheme 39. Preparation of amide 100

Scheme 39 T 54172 amide 100 % V>, 43 F PN Vilsmeier SOiZ sEAIICRRE L 72
(Table 7), F£9°. k"™ LR ULHET CRIGEIT-T2E 245, BET S 3 fii~DH
BRITHEIT L7200, A 101 OLERIE 38% SR DWW FER (CCHkTlE, 49%) 73
Bo7eh o7z (entry 1), & Z T IEBEOREK D Y B2 B LG L 7=, Chloroform (CHCI)
AL LTHWEE 24, SUSOEATIIERLS 2o 7228, IROm LT 6 RnoTz
(entry 2), —77. acetonitrile (MeCN) H1 TS 21T 2 72BRIZIX. BRI 101 OULERDS 58%
2 kL7 (entry 3), =T, AKISTHUS phosphorus oxychloride (POCls) 13 H MH:4'E
TH DO, WEOKI R EW L - THEERPEAET S ARENH D, HHFFEETIE, POCL
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% M\ 7= arylpropionic acid #3ERD 437N Friedel-Crafts SSDERIZ, TN THRAET D
2T Lo T, methylenedioxy H&2MiARGE S 415 D% i< HAJT potassium carbonate
(K,CO3) ZIRINL, tetralone #hEiA%Z BAFRNRTH TS, 20 2T, K,CO3 &R
MFDEMFERFTLZE L Lz, £9°. 6 YED POCL IZXF L, KoCO; & 2.5 Yk
WIMLT=& 2 A entry3 EEDLRWEERDBGE LN (entry 4), & HIZ,POCly & K,CO;
DY EZHmFI L= & Z A (entries 5, 6), entry 5 (IR L72SMHIZBWT, BHE T 581L
K 101 ZILE 74% THDHZ LN TET,

Table 7. Intramolecular Vilsmeier reaction of model amide 100

CONMe, POCly 0
KoCO3
A\ A\
o]
N solvent, 65 °C N
H H
100 101

entry solvent  POCI; (eq.) KyCOs3(eq.) time(h) 101 (%)

1 THF 6.3 6 38
2 CHCl3 6.4 0 2 40
3 MeCN 6.3 0 2 58
4 MeCN 6.2 25 2 56
5 MeCN 3.6 2.7 3 74
6 MeCN 3.8 3.8 4 64

PLED X 512, 43 F W Vilsmeier FUGNZ X - T 3 AZPABRK 101 NEBMEL GO
LD ENDNoTe, IRWT, amide S OBEHIEN KT T OWTIHNLZ L L L
7o BARMIIZIZ, N-methylanilide 136, Weinreb amide 137, N,N-dimethyl thioamide 138 %
HE L LRI LT (Figure 4),

CONMePh CONMe(OMe) CSNMe;

A\ N\ A\

N N N

H H H

136 137 138
Figure 4.

F£7. amide 136 XN 137 OERH A TH 5 indole-4-propionic acid 139 Z FHT %
Z &L L7, Indole DZEHEFEFDREHEIZH TS Boe HITHEIZTHVE WS Fn kg, 2D
DD EMD BRI T ester 112 ZNNK 5 fET 5 5:0: 285 L 7= (Table 8), #]
HIZ ethyl ester 112a ([ZxF L, &7k THF HiZ T sodium hydroxide (NaOH) % {Ef & ¥7-

-31 -



LA, B 139 Oz, Boc FE03FRZE S47- carboxylic acid 140 23&IZE L T\ 5 &
VW9 ZEA THINMR T L 0 o7 (entry 1), 2T, NaOH LV H < SATH
I ToH D lithium hydroxide (LIOH) # H\\ 7= & Z A, Boc JE23RZ S 4172 carboxylic
acid 140 2MKIRE U THEIA L TV, ARiEEid LTz (entry 2), % Z T, ethyl
ester 112a OAKGMREDOHEHNEZ Z T L. KO IR ZZ T neELLND
methyl ester 112b % V>, LiOH (2 X DK 53 F 2 587 7=, HIFE@E D . Boc O iIRF#ERK
JeNEZ B Z 72, B ET D carboxylic acid 139 NEIE THE S 72 (entry 3),
Table 8. Hydrolysis of indole-4-propionates 112

COsR CO5H CO5H
base
A\ A\ + A\
N THF, H,O N N
Boc r.t. Boc H
112a: R = Et 139 140
112b: R =Me
entry ester (R) base time (h) results
1 112a (Et) NaOH 24 139:140=5:3°
2 112a (Et) LiOH-H,0 44 139:140=4:1°
3 112b (Me) LiOH-H,0O 8 139 : 99%

a : estimated by "H-NMR analysis

WIZ, Table 8 Tai#l L7~ carboxylic acid 139 % V>, %fI&d % amine & DFEA. Boc
FEOBRED 2 TRIZE D, amide 136 XY 137 Z#Z L Z L& L2 (Scheme 40),

CO,H PhMeNH CONMePh CONMePh
DCC, DMAP ACOH
A\ A\ N
N CH,Cl, N 100 °C, 89% N
Boc -10°C tor.t., 86% Boc H
139 141 136
co,H Me(OMe)NH-HCI CONMe(OMe) CONMe(OMe)
DMC, EtsN AcOH
N N N
N MeCN N 100 °C, 89% N
Boc -15°Ctor.t., 91% Boc H
139 142 137

Scheme 40. Synthesis of amides 136, 137

Carboxylic acid 139 & amine & DOFEHIZIBWV T, MH#l & LT NN -dicyclohexylcarbo-
diimide (DCC) # MW= & Z A, BiF72I3 T N-methylanilide 141 ZFHH4 2% Z L3 T
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X 72, —J T, Weinreb amide 142 OFHHIFZIL, DCC % AW 7=ME & TIEUL OHEI T
o7 ('H-NMR fEHTIC X0 | 5K 50%), ZAUUCkE L, fdal & LTYMFEE T
BA%E S 472 2-chloro-1,3-dimethylimidazolium chloride (DMC)* % V5 & | UGS #F i
H#IT L, HAOD amide 142 B EIEETH L7,

S B2, N,N-dimethyl thioamide 138 AR N,N-dimethylamide 100 & Lawesson {3
EDRISZ LY AR L7z (Scheme 41),

CONMe, Lawesson's CSNMe,
reagent

A\ A\

N THF N

H 0°Ctor.t. H

100 93% 138

Scheme 41. Preparation of thioamide 138

Scheme 40 % (N Scheme 41 TH#L L 7= 3 FEHD amide & AV, 43 Vilsmeier X
I ZERRET L7 (Table 9), & Z A THIZK L, N-methylanilide 136, Weinreb amide 137 %
WX, UGS TEMEMIR S W% 5 2 7 (entries 2,3), — 5 C. thioamide 138 & @
FOSIZHRBWTIE, EM 101 @ spot 2 TLC L I THOTMNIHER L7=2%, HEEd 512
LB B2 0> 7 (entry 4),

Table 9. Effect of amide functional groups on intramolecular Vilsmeier reaction

R POCI;3 (3-4 eq.) (0]
KoCO3 (2-3 eq.)
A\ A\
N MeCN, 65 °C N
H H
100 : R = CONMe, 101
136 : R = CONMePh
137 : R = CONMe(OMe)
138 : R = CSNMe,
entry substrate (R) time (h) results
1 100 (CONMey») 3 101 :74%
2 136 (CONMePh) 4 a complex mixture
3 137 [CONMe(OMe)] 3 a complex mixture
4 138 (CSNMey) 4 101 : trace

LLED X 512, N,N-dimethylamide 100 LA+ amide 3 FE22HIZHAIY 101 2315651
7ol Z e G, Vilsmeier I IS D amide #BALIE. dimethylamino J:73ii T &
HZ ENDNoT,
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%2 #i AEHIZ amino FEAIE A L72 model FE CORHER i

FIHIZ BT, 4P Vilsmeier acylation % 1| o
FHZLICEY . indole ® 3 fi~OBENEFT O HO Me
. . . . CONM62
HZENbINoTz, &I T, Lysergic acid (1) &k
N
IZBWTHEE SN PHEIEE LIcibkEm e L N \
T, afiflZ amino HEAZEAL, & HIZZD amine : N
EBAE % acetyl K T{r## L 72 o-amino 25 EK 143 (+)-Lysergic Acid (1)
143 23R L, ZITOWT Vilsmeier PABR G % Figure 5.

RADHZ EIT LT,

ARIE 143 ZFRT HITH 72> T I L HIT 4-bromoindole FEHD Heck KRIZ L - T,
amino fiZ unit ZE AT 5L L L, (ZU®IT dehydroalanine 144 % 7% L 7= (Scheme
42), SCERBEZNOD 715 2 1206V, pyruvate 145 & acetamide 146 % benzene ¥&¥i Fifi&
S, B9 144 Z1572,

p-benzoquinone
0 TsOHH,0 NHAc

P +  HoNAc
CO,R

PhH, reflux COR
145a : R = Et 146 Dean-Stark frap 4445 . R = Et (49%)
145b : R = Me 144b : R = Me (53%)

Scheme 42. Preparation of dehydroalanine 144

e T, TR 4-bromoindole (147) 705 Hi%E L, EHE IR 1% Boc HETH# L T 148"
& L7=%. dehydroalanine 144a & @ Heck KIGZ AR L Z A, HELZNOLHNET D
coupling & 149 [F1T & A LB 572 (Scheme 43),

Br Boc,0 Br PdCly(PPhs), COEL
DMAP NHAc AcONa Z "NHAc
A\ N +
©[N THF, r.t. ©[N %002'5‘ DMF, Et;N N
H quant. Boc 125°C I,%loc
sealed tube
147 148 144a 149 (9%)

Scheme 43. Heck reaction of N-protected-4-bromoindole 148

Heck FUGHIZ, BNE R ORELTH D Boc i DifRi#E L T L £ o 7o wJREMED
Hol=Z L Af#EHEE Ts HICE 2T 150" & L7-%. dehydroalanine 144 & @ Heck
iz i A 7= (Scheme 44), FE & LT ethyl ester 144a % H 72 BRIZ, coupling {& 151a
DHRREDIE (66%) I[ZTHELLE, — T, ester Hiii% ethyl 252> BRRJIT/N S
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W methyl JEICAEZ 72IVE 1440 A VD &L BB 15107 DR 79% (2 £ Tk
L7,

o O g PACI(PPha), TR
NaH NHAC AcONa Z "NHAc
[ I ) [ I N ot )\
N THF,0°C N COR  pMmF, EtsN N
H 92% Ts 125 °C N
Ts
sealed tube
147 150 144a : R = Et 151a : R = Et (66%)
144b : R = Me 151b : R = Me (79%)

Scheme 44. Heck reaction of N-protected-4-bromoindole 150

WIZ, Heck T B 7= indolyldehydroalanine 151a OHIEHD —HEfES %2, #IED
KFE T TiEJL L7z (Schemed5), & Z AN, B ET 5 152a OhiZ, indole @ 2 fif & 3
AL " HAEA BIRIT AT TAER LTS indoline 153 OAFTEA, 'H-NMR EfgiR iz
(152a:153=3:1), 26 _ODILEMDOSERIREECTH - 7-720, #EflETO Z L
FoREHIAIThRWZ Lk LT,

CO,Et Hy (1 atm) NHAGC NHAGC
Z>NHAc 10% Pd/C CO,Et CO,Et
+
N AcOEt, EtOH N
1’\_1 r.t. I\rl I\rl
s 152a: 153 =3 : 1 s s
151a 152a 153

Scheme 45. Hydrogenation of indolyldehydroalanine 151a

2T ouB-REAFD ester D 14 TICB W T I VSN HEME (Mg, MeOH)™® %,
dehydroalanine 151 OIS{DZEICICHEH T 5 Z & & L7z (Scheme 46), FE & LT ethyl
ester 151a Z AW BRICIL, “EFA DIEIC, ester AZHS, £ LT Ts EDOMIRHED
[Ffl—&MN T Z v | indolylalanine 152b") 23 IR THE 57z, —J7 T, methyl ester 151b
D 1LA4-ZTICBWTH, F—La¥ 152b 2155 2 LTI,

CO,R NHAG
Z>NHAc Mg CO,Me
N MeOH, 25 °C N
N sonication N
Ts 85% from 151a H
151a: R=Et 90% from 151b 152b
151b : R =Me

Scheme 46. 1,4-Reduction of a,B-unsaturated esters 151

Sl &V T 5 572 indolylalanine 152b @ ester HRZ.0D aminolysis (2 X % amide -~
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DEBZ RT3, FOSOEATIZIEFITES . B 143 OIGRIT 20% (2L EFE D
J5BF 152b % 46% [FIIX L7 (Scheme 47),

NHAc MesAl NHAC
CO,Me Me,NH-HCI CONMe,
N CH,Cl,, 25 °C N
N 143 : 20% N
H 152b : 46% H

152b 143

Scheme 47. Attempt for aminolysis of ester 152b

% ZT.indole BRDUHEDERGF 1 2RI NIE B E T HRISDETT S L& X,
Boc MCHE# LT 154" L L7=#%. ester #\Z0> aminolysis Z{T>7-& 25, HRRED
IR (66%) T amide 155 ~FFE4 5 2 LN T 72, K%, amide 155 @ Boc AW
feChrZ L, Vilsmeier OSOIRE L7202 143 ZFHHL L7 (Scheme 48),

NHAc NHAc NHAc NHAc
Boc,O MesAl
COo,Me DMAP COoMe  MeyNH-HCI CONMey  AcOH CONMe>
N THF, rit. N CH,Cly, 30 °C N 100 °C N
N o N o N o N
N 97% Boc 66% Boc 92% N
152b 154 155 143

Scheme 48. Conversiton to amide 143 by protection-deprotection sequence

ZOE DI LTI L7 amide 143 (26 L, AIFE CTHaifb L7232 W To 7
Vilsmeier acylation Z17-72& Z A, FREEDIVE (34%) THME T 5 3 (CHARIK 156
D35 54172 (Scheme 49),

NHAc POCH, NHAcO
CONMGQ K2CO3
N MeCN, 65 °C N
N 349 N
H % H
143 156

Scheme 49. Intramolecular Vilsmeier reaction of acetamide 143

ST, AHEE 143 (21X 2 DD amide BREENH V. #hZHY72 Vilsmeier KGZE1T 9
7202, SorEoEMiEzRTT5Z & & Lic, BARAYIZIE, Figure 6 (Z/R3 X 9
7% a-amino &% MEARFEIZ L7- amino BAFHE(A 157, LN amino }£% benzyloxycarbonyl
(Cbz) 2. ethoxycarbonyl %k, benzoyl (Bz) 2. p-toluenesulfonyl (Ts) & CTEILEILIRE L
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7= amide 158-161 %z, ARLUSDEHE & LT NH NHR

E L7z, CONMe, CONMe,
Indole-4-carboxaldehyde 74 7> 5 HF L, o A A

AZIZ amino &3 {EHE L7 phosphonoacetate N N

162 & @ Horner-Emmons a2 & ¥V amino 157 R = Cbz (158), CO.Et (159)

FR A A LT 163" %437~ (Scheme 50). Bz (160), Ts (161)

Z D%, 1,438 7012 & - T indolylalanine 164" Figure 6.

L7, 5IEHVT, ester 164 @ aminolysis (28> T amide 165 (ZAE#T5HZ & & L,
INEASAH T benzene HIZ T dimethylamine hydrochloride & trimethylaluminium (MesAl)
EEMSERLL A, BHNE T2 amide 165 1315 H 7208, IR 31% L Dun<
TR TIER)M o7 (entry 1), 2T, W% CHCL IR Z, #ER7ZR%AE (0-30°C) F
T® aminolysis Z A7, FUSOEITIZIFICELS . BRI 165 DICEITKIFIAK
TLTLE -7 (entry?2),

COzMe
M P NH
(MeQ),(0) Cbz COMe NHCha
CHO 162
T™G 7" "NHCbz Mg COyMe
A\
N THF, -20 °C to rt. N MeOH, r.t. N
Boc 87% N sonication N
Boc 90% Boc
74 163 164
Me,NH-HCI NHCbz
MesAl CONMe; entry  solvent temp (°C) time (h) results
see table A\ 1 PhH 0to 55 10 165 : 31%
N 165: 7%
2 HoCl t
Boc CHCl; 01030 36 164 530,
165

Scheme 50. Preparation and attempt for aminolysis of indolylalanine 164

ST, RSB TIEREIAERD & LT, I8 amino 50 Cbz fREELNREINT
HONEE SN Z EnD, ester 205 amide ([ JEAELHAT HREOMEBHIM AL, L
BEITEL 250D, fEFEIC amide (& 165 BEOLNLIREEZMET LT, T72bb,
ester 164 DNNIKAIRIZ X - T carboxylic acid 166 & L7-%%., #i&#lL LT DMC? % H
V72 dimethylamine hydrochloride & D& S IAT L7z & Z A, amide 165 73 SUR
(92%) THEOLNT-, H%IZ, FilR A EA S C amide 165 @ Boc JE& BifRi# L. Cbz &
158 Z i L7~ (Scheme 51),
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NHCbz NHCbz NHCbz NHCbz

Me,NH-HCI
CO,Me LiOH-H,0 CO,H DMC, EtzN CONMe, AcOH CONMe;
N THF, H,0 N MeCN, -10°C N 100 °C N
N rt., 99% N 92% N 93% N
Boc Boc

Boc H

164 166 165 158
Scheme 51. Synthesis of N-Cbz amide 158

fEVNT, Figure 6 (2R L7255 D @ amide Z %8 L7-, Amide 1K 158 @ Cbz MK
RO L > TEBRE L. a-amino ENERGED 157 21572, S HIT. 157 ZHEEFET
Txht 3% chloride (ethyl chloroformate, benzoyl chloride, p-toluenesulfonyl chloride) & {E
Fl &4, ethoxycarbonyl & 159, Bz {& 160, Ts /& 161 % ZZCiL & L7~ (Scheme 52),

NHCO,Et
CONMe,
CICOEt, K»CO3 N
THF, rt.
96% from 158 N
159
NHCbz NH, NHBz
Hy (1 atm)
CONMe; 5% Pd/C CONMe; BzCl, K,CO3 CONMe;
N MeOH, r.t. N THF, r.t. N
H 96% H 94% from 158 H
158 157 160
TsCl, KoCOs3 NHTs
THF, r.t. CONMe,
81% from 158
A\
N
H
161

Scheme 52. Modification of N-protecting groups of amide 158

ZOXHIZL TR L 7= amides 157-161 (2% L, ZFN57 N Vilsmeier %
7*7= (Table 10), Acetamide & 143 DOFER% entry 1 I[ZHF L7z, 7 I/ EPNELEHED
amide 157 2> 6 1%, EBRIC U VEEEBALA T X JEICH A LIcb&W 167 BEARm E L
THBES L7 (entry2), — T, Cbz 1A 158 ° Ts 1k 161 % HV/-FUSTid, B
IBAW % 5 2 7= (entries 3, 6), F7=. ethoxycarbonyl {& 159 /5%, HAIY) 168 T
2 1% 6D DHTH o7 (entry 4), mEIT, Ac EE VD HI @V Bz ANEAS
U7z amide 160 % F\ 7= & X 121X, carboxylic acid 169 23 EIZfF H 472 (entry 5), BE 5
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< amide #BfL & POCL 1IIET D H DD, BEHILDNAREE D=0 3 L6 OPAER
EITH T, FAD chloroiminium salt R LEECIIKGEEZSZ T T LE -T2 D EHE
2L TWD,

Table 10. Effect of amino protecting groups for intramolecular Vilsmeier reaction of amides

NHR NHR
POCI; (3-4 eq.)

CONMe, KoCO3 (2-3 eq.) ©
N MeCN, 65 °C N
N N
H H Q
NHP(OMe),
143, 157-161 156, 168 CONMe,
entry substrate (R) time (h) results l\}
H
1 143 (Ac) 1 156 (Ac) : 34% 167
2 157 (H) 3 167 : 44%"
3 158 (Cbz) 3 a complex mixture NHBz
4 159 (CO,Et) 4 168 (CO,EL) : 11% COH
5 160 (B2) 4 169 : 36% ,\}
6 161 (Ts) 6 a complex mixture H
169

* Quenched with methanol.

L EDOFER NS 43FW Vilsmeier MIGTEIBEO T 2/ E#EON S E ST L - T,
RELFEEEZZITTLED Z ML=,
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%3 OET JeFEMEZY amide 224N Vilsmeier SOt D ERIx

ST, BIEIORERNOMEICT X /KA E AN LTz amide & V72471 Vilsmeier X
JRIZBWT, R E LT acetyl DN EAINTZIEORN, 3 MHAREKE G2 7-, %
Z T, acetyl 1K 143 OHFAIEEELGHRE L, ZOHOD5 TN Vilsmeier KUGNIZ X -
T, WM 2 (R FF L72IRRE CBRALIR 156 NELN DM E I EMERTHZ L LT,

JeFIEME e amide 143 215572012, LK™ THMHNTWD 1 flid Rh filflt % v
7= indolyldehydroalanine 163 D RFKFILICEZFIH L T, REFERFELEAT L L &
L7= (Table 11), F3°, SURIZFEH I N T D5M (entry 4) ZiBR L7223, RO AT
BEMEZGD Z LN TERDPoT (entry 1), WEIREAZ LR SELE A, KISOHEHL
KixmbEL=boo, KK E L THEE 163 135517 L TV /= (entry 2), £ Z T, HIETF (3
atm) CTHRISEAIT-To & 2 A, IGOHRHE K O E B OIEE W - L7e (entry 3), 7233,
BoNT7-HEY 164 O Y5AEE 1., Chiral HPLC (CHIRALCEL OD-H) 12X ¥ . 99% ee UL
ETHDZERbhoT, B, AR LT 164 ORI STARELE IZ OV TR, FEXEE DR
T SCIRE D LT A Z R IC kS LIE LT [AR  [a]p® ~15.5 (¢ 0.500, MeOH),
SCHRAE : [o]p —13.4 (¢ 0.685, MeOH)],

Table 11. Asymmetric hydrogenation of dehydroalanine 163

H
CO,M 2 NHCb
2Vie [Rh(COD)L*] (6-7 mol%) e

Z “NHCbz L = (S,S)-MeDuPhos COzMe
N MeOH, r.t. N
N time N

Boc Boc
Z-163 (S)-164
entry concentration Ho time (S)-164 s
[(163) mg/mL] (atm) (h) yield (%) ee (%)
1 6.7 1 72 43 92
2 421 1 24 52 93
3 50.4 3 15 86 99
4b 6.7 1 72 98 99

a : estimated by HPLC analysis (Daicel CHIRALCEL OD-H)
b:ref. 11

BHNTz ester DNFIEVER (5)-164 % AT, amide (S)-158 ~ & #HE L7~ (Scheme
53), Indolylalanine (S)-164 H' @ ester #AL % MK FRIZ & - TERZ LT carboxylic acid
(5)-166 L L7-%#%. #iA#l (DMC) 177 FC amide (S)-165 Z &k L7-, #il T, Boc 4
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ARGE L. BRINERZNUERED amide (5)-158 =57, ZDHDODWFHE % chiral
HPLC (CHIRALCEL OJ-H) {2X V., 99%ee U ETHLHZ L A2MER L, 2 2 F TOFHEM
FE TR IR R LTIRRE T T L TV A Z ERNb o T,

I;IHCbz I;lHCbz Me,NH-HCl I;lHCbz I;IHCbz
COy,Me LiOH-H,O CO,H DMC, EtzN CONMe, AcOH CONMe,
N THF, H,0 N MeCN, -10 °C N 100 °C N
N r.t., 99% N 93% N 92% N
Boc Boc Boc H
(S)-164 (S)-166 (S)-165 (S)-158
(>99% ee) (>99% ee)

Scheme 53. Conversion to amide (5)-158

Z D%, amide (5)-158 WD Cbz EEDONIKFE kL acetylation Z [F]—FRH TITV, N-
acetamide & (5)-143 #157-, wE D4 FWN Vilsmeier KIS TH L0, BRIET D 3 fif
FAERIK 156 % HREFEEDILE (33%) TH:DH Z L3 TE 72 (Scheme 54), & Z A0, BRAILIK
156 OY¢2EfE 13, chiral HPLC (CHIRALPAK-AD-H) (2 X AHIET 4% ee ThHh o722 &
MH, KEIGFTT7 2 IR EITTLTCWAZ ENHH L, 207 I{kIZBIL Tt
1) Vilsmeier GO IR E L CTALT 2 chloroiminium salt 7%, enamine (2SI AKX
BT 25, 2) HDOWIIFARKEN AT T D IIZ L - T enolate TR T HZ LI L Vi
STebDEHLEL TV D,

NHCbz H, (1 atm), Acy0 NHAC POCl, '?'HACO
CONMe, 5% Pd/C CONMe; KoCO3
A MeOH, r.t. N MeCN, 65 °C N
N o N o N
N 85% N 33% N
(S)-158 (S)-143 (S)-156
(>99% ee) (4% ee)

Scheme 54. Preparation and intramolecular Vilsmeier reaction of chiral amide (S)-143
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PLE®D X 912, (+)-Lysergic Acid (1) DEBMEE B L TE 720, ZNETIZHE LN
iR EE LD D,

% 1 fi 4-formylindole DOFE, aziridine TEA & OBHERBUG

EF L, TR 2-methyl-3-nitrobenzoic acid (68) 75 Hi%E L 4-formylindole 74 % 6 T
FRIE 66% 12 CTHEL L7z, R\ T aldehyde 74 & guanidinium salts 78a, 81a % {EfH &,
trans-aziridine 82a, 84a % FAM & L TH7-, S BT, aziridine BR D PESCLRGERL DE

ANIZED | syn-88 %A% L 7= (Scheme 55),

COoH CHO R.* 1) TMG ‘N
2 Me 6 steps N/\COZEt THF ?\CozEt
> ¥ M NJ\NM g AN
66% N eN" NMe_  2)sio, ©E§
NO2 Boc X CHCl, N
Boc
68 74 78a: R =Bn, X=Br frans-82a : R = Bn (62%)
81a: R = Allyl, X = PFg trans-84a : R = Allyl (60%)
R. Bn.
o NH K,CO3 o NCO,Et
AcOH " Sco.Et  CICOEt 2 >co,Et
A\ A\
N N
Boc Boc

syn-86 : R = Bn (89%) syn-88 (95%)

syn-87 : R = Allyl (78%)
Scheme 55. Synthesis and modification of aziridines

9% 2 €1 Model LA % AV Indole D 4 N5 3 NL~DOPABRKIE 2

1) Sulfoxide 110 % HV 72437 Pummerer SIZEBWTIE, indole @D 3 AL TIE72< 5

NEPABRBUG N Z o 72 3 BRPE sulfonium salt 119 23 & L TH 5472 (Scheme 56),

0
SPh SPh
TFAA PhS.
N PhH  CF3CO2 N ,\}
N 38% H H
H
110 119 118

Scheme 56. Pummerer reaction of sulfoxide 110
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2) Amide % M\\724>FW Vilsmeier FISIZBW T, RUSSAEETE 2 5T L 7=k 5. I8
NIEBEBLOFE 100 2> HIXRAFRINERT 3 rBBIR 101 255 2 N TE, X
DT, IEHIZ acetamide A BHALEE 143 IZb#EHLzE 2 A, HRIOBR{KIK
156 7SR DOPRIZ TH B L7z (Scheme 57),

R POCI, R o
CONMe,  KyCOs
N MeCN N
N N
H H
100 R = H 101: R = H (74%)
143 - R = NHAC 156 : R = NHAC (34%)

Scheme 57. Intramolecular Vilsmeier reaction of amides

3) fRIC, RAEKFITE > THE L7 ester (S)-164 DONFIEMEARMN S 4 BTl
L7265 amide (S)-143 % FHV 72 Vilsmeier )G TIL, 7B IR EZ 5 Z &2
HBH L72 (Scheme 58),

uHCbZ NHAc NHAc
- POCI3 ‘0O
CO;Me 4 steps CONMe, KoCO3
\ —_—
) 70% D MeCN, 65 °C )
Boc H 33% H
(S);1 64 (S)-143 (S)-156
(>99% ee) (4% ee)

Scheme 58. Intramolecular Vilsmeier reaction of optically active amide (S)-143
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5% 10 T Experimentals

General : Analytical and preparative thin-layer chromatography (TLC) was developed on E.
Merck silica gel 60 Fs4 plates (No. 5715; 0.25 mm and 5744; 0.50 mm), respectively with a
fluorescent indicator. Column chromatography was performed using silica gel 60 (spherical,
60-210 pm, Kanto Chemical Co. 37558-79), or silica gel 60N (spherical, 60-230 um, Kanto
Chemical Co. 37558-91). All melting points were measured on a Yanaco micro melting point
apparatus and were uncorrected. HPLC was performed on a Jasco Gulliver-series instrument
equipped with a variable wavelength detector and Daicel ChiralCel OD-H, OJ-H, or Daicel
ChiralPak AD-H column. Optical rotations were measured on a JASCO DIP-360 polarimeter
with a sodium lamp, and were reported as follows: [a]p™™ “© (¢ g/ 100 mL, solvent).
Infrared (IR) spectra were recorded on FTIR-300E (JASCO) spectrometer as a thin film
between NaCl plates, KBr pellets, or an attenuated total reflection (ATR) instrument. 'H-
NMR spectra and *C-NMR spectra were recorded on a JEOL JNM ECP 400 and JEOL
GSC-500a spectrometers using CDCl;, CD;0D, acetone-ds or DMSO-d; as a solvent and with
tetramethylsilane as an internal standard. Data were presented as follows: chemical shift,
multiplicity (br = broad, s = singlet, d = doublet, t = triplet, ¢ = qualtet, m = multiplet),
coupling constants in hertz (Hz) and integration. LREIMS were recorded on a JEOL
GC-mate with direct inlet. LRFABMS were obtained on a JEOL JMS-AX 500 or JEOL
JMS-AX 505 and HRFABMS were performed on JEOL JMS-HX 110A with
m-nitrobenzylalcohol as a matrix. FElemental analysis was measured on PERKIN CE
INSTRUMENTS PE-2400, and was reported as percent (%).

Anhydrous THF and CH,Cl, were purchased from Wako and Kanto Chemicals, respectively.
DMF, MeCN, benzene and EtOH were distilled from calcium hydride (CaH,;). MeOH was
distilled from magnesium turnings. Triethylamine (Et;N) was distilled from potassium

hydroxide (KOH).

-44 -



Methyl 2-methyl-3-nitrobenzoate (69).

CO,H CO,Me

CHs Mel, K2CO3 CHs
DMF, r.t.
NO, NO2
68 69

Under an argon atmosphere, K,COs (19.07 g, 138 mmol) was added to a solution of acid 68
(10.00 g, 55.2 mmol) in dry DMF (64 mL) at room temperature, and the mixture was stirred at
room temperature for 30 min. Methyl iodide (8.80 mL, 141 mmol) was added to the above
mixture at 0 °C, and the whole was stirred at room temperature for 2 h and quenched with sat.
NH4CI aq. (30 mL) at 0 °C. After the precipitate was dissolved with H,O (100 mL) and
AcOEt (80 mL), the reaction mixture was stirred at room temperature for 10 min and extracted
with a mixture of n-hexane-AcOEt (2:1, 170 mL x 3). The combined organic layer was
washed with H,O (30 mL), sat. NaHCO; aq. (50 mL x 2) and brine (50 mL x 2), dried over
NaSOQ,, and concentrated in vacuo. The residue was recrystallized from EtOH to afford ester
69 (10.03 g, 93%) as colorless prisms.

69: Mp 65.0-65.5 °C (lit.” 64.2-65.5 °C); 'H-NMR (400 MHz, CDCl) & = 2.63 (3H, s,
C,-CHj3), 3.95 (3H, s, OCH3), 7.39 (1H, dd, J=7.9, 7.9 Hz, Cs-H), 7.86 (1H, d, J=7.9 Hz, Cs-H),
8.00 (1H, d, J=7.9 Hz, C4-H); IR (KBr) Vinax 1722 (CO) cm™. LRFABMS m/z: 196 [(M+H)'].

Its NMR spectrum was identical with that reported previously.”

Methyl indole-4-carboxylate (71).

CO,Me CO,Me H2 (5.5am)  co,Me
cH, DMFDMA @NMGZ 10% Pd/C \
( I DMF, 125 ° MeOH, rt. EI :
NO, ,125°C NO, eOH, r H

69 70 71

Under an argon atmosphere, N,N-dimethylforamide dimethyl acetal (8.25 mL, 62.1 mmol)
was added to a solution of ester 69 (3.910 g, 20.0 mmol) in dry DMF (10.0 mL) at room
temperature, and the mixture was stirred at 125 °C for 12 h. After the whole was cooled to

room temperature, Et;O (150 mL) and AcOEt (150 mL) were added. The organic layer was
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washed with H,O (17 mL x 2) and brine (60 mL), dried over NaSQO,, and concentrated in vacuo
to afford enamine 70 as red oil (4.839 g, 97%). This product was used in next step without
purification. A mixture of enamine 70 (4.839 g, 19.3 mmol) in dry MeOH (85 mL) was
hydrogenated over 10% Pd/C (1.530 g) under medium hydrogen atmosphere (5.5 atm) at room
temperature for 24 h using Parl apparatus. After removal of the catalyst by filteration through
celite pad followed by washing with MeOH, the filtrate was concentrated in vacuo. The
residue was dissolved with AcOEt (410 mL), and the organic layer was washed with 5% HCl
aq. (17 mL x 2), sat. NaHCOs aq. (50 mL) and brine (60 mL), dried over NaSO,, and
concentrated in vacuo. The residue was purified by silica-gel column chromatography (Si0;
neutral, 69 g, n-hexane-AcOEt=15:2 to 6:1) to afford indole 71 (2.830 g, 2 steps 81%) as
yellow prisms.

71: Mp 65.5-66.5 °C (lit.” 67.5-69.0 °C); "H-NMR (400 MHz, CDCls) & = 3.99 (3H, s, OCH3),
7.20 (1H, ddd, J=3.2, 2.2, 0.9 Hz, Cs;-H), 7.25 (1H, dd, J=7.7, 7.7 Hz, C¢-H), 7.36 (1H, dd,
J=3.2, 2.9 Hz, C,-H), 7.60 (1H, ddd, J=7.7, 1.1, 0.9 Hz, C;-H), 7.93 (1H, dd, J=7.7, 1.1 Hz,
Cs-H), 8.39 (1H, br s, N-H, exchangeable with D,0); IR (KBr) viyax 3335 (NH), 1686 (CO)
cm’. LRFABMS m/z: 176 [(M+H)']. Its NMR spectrum was identical with that reported

previously.’

Indole-4-carboxaldehyde (67).
CO,Me CH,0H CHO

LiAIH4 MnO»
N THF N CHoClo, rt N
H 0°Ctort H H
71 73 67

Under an argon atmosphere, LiAlH4 (1.750 g, 36.9 mmol) was added to a solution of ester
71 (1.763 g, 10.1 mmol) in THF (29 mL) at 0 °C, and the mixture was stirred at the same
temperature for 2 h. After the addition of LiAlH4 (0.300 g, 6.33 mmol) at 0 °C, the reaction
mixture was stirred at room temperature for 1 h. After the reaction was quenched with H,O
(2.5 mL), 20% NaOH aq. (2.5 mL), and H,O (7.5 mL), a mixture of CH,Cl, and MeOH (9:1,
70 mL) was added, and the mixture was stirred at room temperature for 10 min. After
removal of the precipitate by filteration through celite pad followed by washing with a mixture
of CH,Cl, and MeOH (8:1), the filtrate was washed with brine (22 mL x 3), dried over MgSOs,
and concentrated in vacuo to afford crude alcohol 73 (1.579 g, quant.) as a yellow oil. To a

solution of crude alcohol 73 (1.579 g) in CH,Cl, (53 mL) was added activated MnO, (85%
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purity, 7.48 g, 73.2 mmol), and the reaction mixture was stirred at room temperature for 12 h.
After the addition of activated MnO,; (85% purity, 6.86 g, 67.1 mmol) at room temperature, the
mixture was stirred at room temperature for 8 h. After removal of the precipitate by
filteration through celite pad followed by washing with a mixture of CH,Cl, and MeOH (7:1),
the filtrate was concentrated in vacuo to afford crude aldehyde 67 (1.351 g, 2 steps 93%) as
yellow prisms. This product was used in next step without purification.

67: Mp 142.0-143.5 °C (lit.” 138 °C); "H-NMR (400 MHz, CDCls) & = 7.35 (1H, dd, J=7.3, 7.3
Hz, C¢-H), 7.37 (1H, ddd, J=2.9, 2.2, 0.9 Hz, C;-H), 7.44 (1H, dd, J=2.9, 2.7 Hz, C,-H), 7.66
(1H, dd, J=7.3, 0.9 Hz, Cs-H), 7.69 (1H, ddd, J=7.3, 0.9, 0.9 Hz, C;-H), 8.56 (1H, br s, N-H,
exchangeable with D,0), 10.27 (1H, s, CHO); IR (KBr) vmax 3228 (NH), 1668 (CO) cm™.
LREIMS m/z: 145 (M", base peak), 144 (74), 116 (24). Its NMR spectrum was identical with

that reported previously.’

tert-Butyl 4-formylindole-1-carboxylate (74).

CHO Boc,O CHO
DMAP
Ny — N\
N THF, 0 °C N
H Boc
67 74

Under an argon atmosphere, Boc,O (10.10 g, 46.3 mmol) was added to a mixture of
aldehyde 74 (5.197 g, 35.8 mmol) and DMAP (460.5 mg, 3.77 mmol) in THF (93 mL) at 0 °C,
and the mixture was stirred at 0 °C for 1 h. After the solvent was concentrated in vacuo, the
residue was purified by silica-gel column chromatography (SiO,, 270 g, n-hexane-AcOEt
=24:1) to afford N-Boc aldehyde 74 (8.228 g, 94%) as yellow prisms.

74: Mp 38.0-39.0 °C; 'H-NMR (400 MHz, CDCl3) & = 1.69 [9H, s, C(CHs)s], 7.40 (1H, d,
J=3.5 Hz, C3-H), 7.47 (1H, dd, J=7.8, 7.8 Hz, C¢-H), 7.73 (1H, dd, J=7.8, 0.9 Hz, Cs-H), 7.78
(1H, d, J=3.5 Hz, C,-H), 8.48 (1H, dd, J=7.8, 0.9 Hz, C;-H), 10.24 (1H, s, CHO); IR (ATR)
Vmax 1724 (CO), 1688 (CO) cm'. LRFABMS m/z: 246 [(M+H)']. Its NMR spectrum was

identical with that reported previously."!
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2-Benzylimino-1,3-dimethylimidazolidine (77).

Cl o , N EtzN Ph/\)l\]l\
Nt Ph™ NH,
MeN "™ NMe CHycl,  MeN” "NMe
O°Ctor.t.
DMC (75) 76 77

Under an argon atmosphere, to a solution of DMC (75) (89.0%, 7.348 g, 38.7 mmol) in
CH)Cl, (60 mL) was added dropwisely EtsN (11.0 mL, 78.9 mmol) at -5 °C, followed by
addition of a solution of benzylamine (76) (2.20 mL) in CH,Cl, (13 mL) at 0 °C. The mixture
was stirred at room temperature for 5 h, and the solvent was concentrated in vacuo. After the
residue was dissolved with H;O (4 mL), SN NaOH aq. was added to the mixture at 0 °C to
adjust pH to 12.  The mixture was extracted with toluene (160 mL x 5), and the combined
organic layer was washed with H,O (9 mL x 10) and brine (25 mL x 2), dried over Na,;SO,,
and concentrated in vacuo to afford guanidine 77 (3.987 g, 97%) as a yellow oil.
77a: "H-NMR (400 MHz, CDCl3) & = 2.85 (6H, br s, NCH; x 2), 3.20 (4H, s, -CH,CH,-), 4.67
(2H, s, -CH,Ph), 7.19 (1H, t, J=7.6 Hz, Ar-H), 7.30 (2H, t, J=7.6 Hz, Ar-H), 7.40 (2H, d, J=7.6
Hz, Ar-H); IR (neat) vimax 1662 (CN) cm’™.

N-Benzyl-N-(ethoxycarbonyl)methyl-V’,N’-dimethyl-V’,N”-ethyleneguanidinium
bromide (81a).

+
PR )rle\ BrCH,CO,Et  Ph” "N~ “CO,Et
MeN\_/NMe MeCN MeN\_/NMe Br
O0°Ctor.t.
77 78a

Under an argon atmosphere, to a solution of guanidine 77 (3.936 g, 19.4 mmol) in MeCN
(65.6 mL) was added dropwisely ethyl bromoacetate (2.45 mL, 22.1 mmol) at 0 °C and the
solution was stirred at room temperature for 9 h. The solvent was concentrated in vacuo and
the residue was washed with a mixture of n-hexane and Et,O under cooling to solidify. Then
the solid was washed with a mixture of n-hexane and Et,O to afford guanidinium salt 78a
(7.128 g, 99%) as pale yellow prisms.
78a: Mp 59.5-60.3 °C; 'H-NMR (400 MHz, CDCl;) & = 1.30 (3H, t, J=7.1 Hz, CO,CH,CHj),
3.22 (6H, br s, NCHs x 2), 3.82 (2H, s, NCH,CO,Et), 4.03 (4H, s, -CH,CH>»-), 4.24 (2H, q,
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J=7.1 Hz, CO,CH,CH3), 4.67 (2H, s, -CH,Ph), 7.36-7.54 (SH, m, Ar-H); *C-NMR (125 MHz,
CDCLy) & = 14.1, 36.4, 49.3, 49.8, 54.5, 62.2, 128.9, 129.0, 129.3, 129.5, 133.7, 164.2, 168.5;
IR (ATR) Vinax 1736 (CO), 1596 (CN) cm’.

Ethyl 2-allylaminoacetate (80a).

BI’CHQCOQEt X A~
X NH, NN CO,Et
Et,0 H
0
79 0°Ctor.t. 80a

To a solution of amine 79 (3.60 mL, 48.0 mmol) in Et;O (12.0 mL) was added ethyl
bromoacetate (4.014 g, 24.0 mmol) at 0 °C and the mixture was stirred at 0 °C for 2 h, and at
room temperature for 24 h. After filteration, the filtrate was concentrated in vacuo. The
residue was purified by bulb-to-bulb distillation (105-110 °C/16 mmHg) to afford ester 80a
(2.640 g, 77%) as a colorless oil.
80a: 'H-NMR (400 MHz, CDCls) & = 1.28 (3H, t, J=7.1 Hz, CH;CH,0), 3.27 (2H, ddd, J=6.0,
1.4, 1.4 Hz, C,-H), 3.40 (2H, s, C,-H), 4.20 (2H, q, J=7.1 Hz, CH3CH,0), 5.12 (1H, ddd,
J=10.2, 1.4, 1.4 Hz, C3-H), 5.20 (1H, ddd, J=17.2, 1.4, 1.4 Hz, Cs--H), 5.87 (1H, dddd, J=17.2,
10.2, 6.0, 6.0 Hz, C,--H); IR (ATR) vimax 3336 (NH), 1738 (CO) em’.  Its NMR spectrum was

identical with that reported previously.'*

tert-Butyl 2-allylaminoacetate (80b).

BrCH,COpt-Bu -
NNH, XN COLt-Bu
Et,O H
79 O0°Ctor.t. 80b

According to the same manner as described above, ester 80b was obtained as a colorless oil
in 75% yield from allylamine (79).
80b: "H-NMR (400 MHz, CDCl3) & = 1.47 [9H, s, (CH3)s], 3.25 (2H, ddd, J=6.0, 1.4, 1.4 Hz,
Cy-H), 3.30 (2H, s, C,-H), 5.11 (1H, ddd, J=10.2, 1.4, 1.4 Hz, Cs--H), 5.19 (1H, ddd, J=17.2,
1.4, 1.4 Hz, Cs-H), 5.87 (1H, ddt, J=17.2, 10.2, 6.0 Hz, C,-H); IR (ATR) vmax 3334 (NH),

1732 (CO) em™.  Its NMR spectrum was identical with that reported previously.13b
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N-Allyl-N-(ethoxycarbonyl)methyl-NV’,N’-dimethyl-/V’,N”’-ethyleneguanidinium

hexafluorophosphate (81a).
1) Et3N, MeCN

cl - N A P PN
Cl 0°Ctor.t. N~ "CO,Et
NONTCOE + +
H C02 MeN \NMe 2) NH.PF MeN)]\NMe .
J/ 4rre \_/ PFg
Hzo, r.t.
80a 75 81a

To a solution of amine 80a (1.857 g, 13.0 mmol) and Et;N (5.00 mL, 35.9 mmol) in MeCN
(33.0 mL) was added dropwisely a solution of DMC (75) (3.508 g, 18.5 mmol) in MeCN (16.0
mL) at 0 °C, and the mixture was stirred at room temperature for 4 h. After filteration of the
reaction mixture, the filtrate was concentrated in vacuo. The residue was dissolved with H,O
(65.0 mL) and then NH4PFg¢ (4.829 g, 29.6 mmol) was added before being stirred at room
temperature for 10 min. The mixture was extracted with CH,Cl, (70 mL x 3), and the
combined organic layer was washed with water (55 mL x 3) and brine (30 mL x 2), dried over
MgSO,, and concentrated in vacuo. The residue was recrystallized from a mixture of
n-hexane and AcOEt to afford 81a (4.513 g, 90%) as colorless prisms.
81a: Mp 98.0-98.5 °C; 'H-NMR (400 MHz, CDCl;) & = 1.31 (3H, t, J=7.2 Hz, CO,CH,CHj),
3.11 (6H, s, NCH; x 2), 3.85 (4H, s, -CH,CH»-), 3.97 (2H, ddd, J=6.5, 1.2, 1.2 Hz,
NCH,CHCH»), 3.97 (2H, s, NCH,CO»Et), 4.24 (2H, q, J/=7.2 Hz, CO,CH,CH3), 5.33 (1H, dd,
J=17.0, 1.2 Hz, NCH,CHCH>), 5.39 (1H, dd, J=10.1, 1.2 Hz, NCH,CHCH,), 5.81 (1H, dddd,
J=17.0, 10.1, 6.5, 6.5 Hz, NCH,CHCH,); ?C-NMR (125 MHz, CDCl3) § = 14.0, 35.8, 49.0,
49.3,53.8,62.2,122.3, 131.3, 163.7, 168.4; IR (ATR) vimax 1739 (CO), 1595 (CN) em™.

N-Allyl-N-(tert-butoxycarbonyl)methyl-N’,N’-dimethyl-/V’,N”-ethyleneguanidinium

hexafluorophosphate (81b).
1) Et3N, MeCN

+
Cl o 0°tort NN CoLtB
Cl e plag=1Y]
\/\HACOZFB“ * MeN)*KJMe
L 2) NH4PFg MeN\_/NMe PF;;
Hzo, r.t
80b 75 81b

According to the same manner as described above, ester 81b was obtained as colorless
prisms in 87% yield from glycinate 80b.
81b: Mp 93.5-94.0 °C; 'H-NMR (500 MHz, CDCls) & = 1.48 [9H, s, (CH3);C], 3.09 (6H, s,
NCHj; x 2), 3.83 (4H, s, -CH,CHb»-), 3.85 (2H, s, NCH,CO,#-Bu), 3.95 (2H, ddd, J=6.7, 1.0, 1.0
Hz, NCH,CHCH,), 5.32 (1H, dd, J/=16.9, 1.0 Hz, NCH,CHCH>), 5.38 (1H, dd, J=10.0, 1.0 Hz,
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NCH,CHCHb), 5.81 (1H, dddd, J=16.9, 10.0, 6.7, 6.7 Hz, NCH,CHCH,); *C-NMR (125 MHz,
CDCls) & = 27.9, 35.9, 49.3, 49.8, 53.7, 83.5, 122.2, 131.4, 163.8, 167.2; IR (ATR) Vpax 1737
(CO), 1580 (CN) cm™.

General procedure for aziridine formation

Under an argon atmosphere, TMG (10.4 mmol) was dropwise added to a mixture of
aldehyde 74 (6.12 mmol) and guanidinium salts (6.88 mmol) in THF (0.85 mL) at room
temperature, then the mixture was stirred at room temperature for 22-72 h.  SiO, (45.0 g) was
added after dilution with CHCIl; (170 mL). The resulting slurry was stirred at room
temperature until disappearance of a highly polar intermediate on TLC (CHCIl3-MeOH).
After removal of SiO; by filteration, filter cakes were successively washed with CHCl;. The
filtrate was the washings were combined and the solvent was concentrated in vacuo. The
residue was purified by silica-gel column chromatography (n-hexane-AcOEt) to afford

trans-aziridine and cis-aziridine.

trans-Ethyl 1-benzyl-3-[1-(tert-butoxycarbonyl)indol-4-yl]aziridine-2-carboxylate (82a).
Bn-, The title compound was obtained as a colorless oil. '"H-NMR (500 MHz,
?\COZEt CDCls) (Major isomer) 6 = 1.22 (3H, t, J/=7.1 Hz, OCH,CHj3), 1.67 [9H, s,
@ C(CH;);], 2.92 (1H, d, J=2.0 Hz, Cs-H), 3.62 (1H, d, J=2.0 Hz, C,-H),
’L;,loc 4.13-4.21 (3H, m, OCH,CH3;, NCH,Ph), 4.32 (1H, d, J=13.9 Hz, NCH,Ph),
trans-82a 6.76 (1H, d, /=3.3 Hz, C5--H), 7.15-7.32 (§H, m, Ar-H, Cs-H, C¢-H), 7.40 (2H,
d, J/=7.3 Hz, Ar-H), 7.59 (1H, d, J=3.3 Hz, C,-H), 8.05 (1H, d, J=7.5 Hz, Cs-H); (Major
isomer) & = 1.32 (3H, t, J/=7.1 Hz, OCH,CHs), 1.67 [9H, s, C(CHs)3], 2.95 (1H, d, J=2.0 Hz,
Cs-H), 3.68 (1H, d, J=2.0 Hz, C,-H), 4.13-4.21 (3H, m, OCH,CHj3;, NCH,Ph), 4.23 (1H, d,
J=13.9 Hz, NCH,Ph), 6.84 (1H, d, J=3.3 Hz, C3:-H), 7.15-7.32 (5SH, m, Ar-H, Cs-H, Cs-H),
7.33 (2H, d, J=7.3 Hz, Ar-H), 7.64 (1H, d, J=3.3 Hz, C»-H), 8.21 (1H, d, J=7.5 Hz, C;-H);
BC-NMR (125 MHz, CDCls) (major isomer) & = 14.1, 28.2, 43.7, 47.3, 55.1, 61.2, 83.8, 105.2,
114.4, 120.0, 124.3, 126.0, 126.9, 128.1, 128.3, 128.9, 130.2, 135.2, 139.2, 149.7, 168.9;
(minor isomer) & = 14.3, 28.2, 41.8, 46.0, 55.7, 61.3, 84.0, 105.5, 115.5, 120.0, 123.5, 124.5,
126.6, 127.7, 128.1, 128.9, 131.7, 135.2, 138.5, 149.6, 170.7; IR (ATR) Vimax 1726 (CO) cm’.

HRFABMS m/z: 421.2097 (calcd for CysHa9N,O4: 421.2127).
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cis-Ethyl 1-benzyl-3-[1-(tert-butoxycarbonyl)indol-4-yl]aziridine-2-carboxylate (83a).
Bn\N The title compound was obtained as a colorless oil. 'H-NMR (400 MHz,
CO,Et CDCIl3) 6 =0.85 (3H, t, J/=7.2 Hz, OCH,CH3), 1.66 [9H, s, C(CH3)3], 2.74 (1H,
N\ d, J=6.6 Hz, Cs-H), 3.34 (1H, d, J=6.6 Hz, C,-H), 3.73 (1H, d, J=13.8 Hz,
I’%loc NCH,Ph), 3.77-3.92 (2H, m, OCH,CH3), 4.00 (1H, d, J/=13.8 Hz, NCH,Ph),
cis-83a 6.70 (1H, d, J/=3.6 Hz, Cs--H), 7.22-7.36 (5H, m, Ar-H, Cs-H, Ce¢-H), 7.46 (2H,
d, J=7.6 Hz, Ar-H), 7.57 (1H, d, J=3.6 Hz, C»-H), 8.01 (1H, d, /=8.0 Hz, C;-H); "C-NMR
(125 MHz, CDCls) & = 13.8, 28.2, 45.3, 46.0, 60.6, 63.8, 83.7, 105.1, 114.3, 122.3, 123.9,
125.8, 127.1, 127.4, 128.1, 128.5, 129.3, 134.8, 137.6, 149.8, 168.2; IR (ATR) vimax 1736 (CO)
cm’. HRFABMS m/z: 421.2097 (calcd for CosHy9N,Oy: 421.2127).

trans-Ethyl 1-allyl-3-[1-(tert-butoxycarbonyl)indol-4-yl]aziridine-2-carboxylate (84a).
\ The title compound was obtained as a colorless oil. '"H-NMR (500 MHz,
?\CozEt CDCls) (Major isomer) 6 = 1.30 (3H, t, J/=7.2 Hz, OCH,CHs), 1.67 [9H, s,
@ C(CHs)3], 2.89 (1H, d, J=2.0 Hz, C5-H), 3.48 (1H, d, J=2.0 Hz, C,-H), 3.60
N. (IH, dd,J=14.3,52 Hz, C~-H), 3.75 (1H, dd, /~14.3, 5.8 Hz, C;--H), 4.23
frans-84a (2H, q, J=7.2 Hz, OCH,CH3), 5.11 (1H, d, /=10.4 Hz, Cs»-H), 5.27 (1H, d,
J=17.2 Hz, C3»-H), 5.96-6.03 (1H, m, C,-H), 6.79 (1H, d, /=3.2 Hz, C3-H), 7.16 (1H, d, J=7.4
Hz, Cs-H), 7.26 (1H, dd, J=7.4, 7.4 Hz, Cs-H), 7.61 (1H, d, J=3.2 Hz, C,-H), 8.07 (1H, d,
J=7.4 Hz, C;-H); (Minor isomer) 6 = 1.35 (3H, t, J/=7.0 Hz, OCH,CH3), 1.67 [9H, s, C(CH3)s],
2.40 (1H, dd, J/=14.1, 5.5 Hz, C,~-H), 2.78 (1H, s, C3-H), 3.08 (1H, dd, J=14.1, 5.2 Hz, C,~-H),
3.91 (1H, s, C,-H), 4.30 (2H, q, J=6.8 Hz, OCH,CH3), 5.01 (1H, d, J=12.1 Hz, Cs»-H), 5.02
(IH, d, J=15.1 Hz, C3-H), 5.79-5.86 (1H, m, C,»-H), 6.86 (1H, d, J/=2.8 Hz, C5--H), 7.11 (1H,
d, J/=7.4 Hz, Cs-H), 7.28 (1H, dd, J=7.4, 7.4 Hz, Ce¢-H), 7.67 (1H, br d, J/=2.8 Hz, C»-H), 8.17
(1H, d, J=7.4 Hz, C;-H); *C-NMR (125 MHz, CDCls) (Major isomer) & = 14.2, 28.2, 43.5,
46.6, 53.9, 61.2, 83.8, 104.9, 114.4, 116.4, 119.7, 123.7, 124.3, 126.6, 129.1, 130.2, 135.3,
149.7, 168.9; (Minor isomer) & = 14.3, 28.2, 41.4, 45.6, 54.5, 61.4, 84.0, 105.3, 115.5, 116.5,
119.7, 123.5, 124.4, 126.0, 131.7, 134.7, 135.2, 149.5, 170.8; IR (ATR) Vimax 1728 (CO) cm’.
HRFABMS m/z: 371.1993 (calcd for C;1H27N,04: 371.1971).

\/\
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cis-Ethyl 1-allyl-3-[1-(zert-butoxycarbonyl)indol-4-yl]aziridine-2-carboxylate (85a).
The title compound was obtained as a colorless oil. 'H-NMR (500 MHz,

XN
CO,Et CDCl3) & = 0.83 (3H, t, J=7.2 Hz, OCH,CHj3), 1.67 [9H, s, C(CHs)3], 2.65
N\ (1H, d, J=6.9 Hz, C3-H), 3.14 (1H, dddd, J=13.7, 5.8, 1.5, 1.5 Hz, C»-H),
N 322 (IH, d, J=6.9 Hz, C;-H), 3.41 (1H, dddd, /~13.7, 5.8, 1.5, 1.5 Hz,
cis-85a Cy-H), 3.79 (1H, dq, /=10.7, 7.2 Hz, OCH,CH3), 3.91 (1H, dq, J=10.7, 7.2

Hz, OCH,CHs), 5.20 (1H, dddd, J=10.4, 1.5, 1.5, 1.5 Hz, C3~-H), 5.32 (1H, dddd, J=17.1, 1.5,
1.5, 1.5 Hz, Cs--H), 6.07 (1H, dddd, J=17.1, 10.4, 5.8, 5.8 Hz, C»--H), 6.73 (1H, d, J=3.7 Hz,
Cy-H), 7.26 (1H, d, J=7.8, 7.8 Hz, C¢-H), 7.38 (1H, d, J=7.8 Hz, Cs-H), 7.59 (1H, d, J=3.7
Hz, Cy-H), 8.03 (1H, d, J=7.8 Hz, C7--H); *C-NMR (125 MHz, CDCl;) & = 13.8, 28.2, 45.0,
45.7, 60.7, 62.8, 83.7, 105.0, 114.3, 117.8, 122.2, 123.9, 125.8, 127.1, 129.3, 134.0, 134.8,
149.8, 168.3; IR (ATR) vmax 1730 (CO) cm”. HRFABMS m/z: 371.1961 (caled for
Cy1HyN,04: 371.1971).

trans-tert-Butyl 1-allyl-3-[1-(tert-butoxycarbonyl)indol-4-yl]aziridine-2-carboxylate (84b).
Sy The title compound was obtained as a colorless oil. 'H-NMR (400 MHz,
l%COZt-Bu CDCl3) (Major isomer) 6 = 1.55 [9H, s, C(CH3);], 1.67 [9H, s, C(CH3)s],
@ 2.89 (1H, d, J/=2.0 Hz, Cs-H), 3.48 (1H, d, J=2.0 Hz, C,-H), 3.60 (1H, dd,
Eoc J=143, 5.2 Hz, C»-H), 3.75 (1H, dd, J=14.3, 5.8 Hz, C;»-H), 5.11 (1H, d,
frans-84b J=10.4 Hz, Cs»-H), 5.27 (1H, d, J=17.2 Hz, Cs»-H), 5.96-6.03 (1H, m,
Cy,-H), 6.79 (1H, d, J=3.2 Hz, Cs-H), 7.16 (1H, d, J/=7.4 Hz, Cs-H), 7.26 (1H, dd, J=7.4, 7.4
Hz, C¢-H), 7.61 (1H, d, J/=3.2 Hz, C,-H), 8.07 (1H, d, J/=7.4 Hz, C7-H); (Minor isomer) & =
1.57 [9H, s, C(CH3)3], 1.67 [9H, s, C(CH3)s], 2.40 (1H, dd, J/=14.1, 5.5 Hz, C,»~-H), 2.78 (1H, s,
Cs-H), 3.08 (1H, dd, J=14.1, 5.2 Hz, C,~-H), 3.91 (1H, s, C;-H), 5.01 (1H, d, J=12.1 Hz,
Cs;-H), 5.02 (1H, d, J=15.1 Hz, Cs»-H), 5.79-5.86 (1H, m, C»»-H), 6.86 (1H, d, J=2.8 Hz,
Cy-H), 7.11 (1H, d, J=7.4 Hz, Cs-H), 7.28 (1H, dd, J=7.4, 7.4 Hz, C¢-H), 7.67 (1H, br d,
J=2.8 Hz, C»-H), 8.17 (1H, d, J=7.4 Hz, C;-H); "C-NMR (100 MHz, CDCls) (Major isomer)
S = 27.8, 28.2, 45.3, 46.0, 60.6, 82.5, 83.7, 105.1, 114.3, 122.3, 123.9, 125.8, 127.4, 128.5,
129.3, 134.8, 137.6, 149.8, 168.2 (Minor isomer) & = 27.5, 28.2, 41.4, 45.6, 61.4, 82.8, 84.0,
105.3, 116.5, 119.7, 123.5, 126.0, 127.3, 129.0, 131.7, 134.7, 135.2, 149.5, 170.8; IR (ATR)
Vmax 1724 (CO) cm’. HRFABMS m/z: 399.2276 (calcd for Co3H31N,O4: 399.2284).
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cis-tert-Butyl 1-allyl-3-[1-(zert-butoxycarbonyl)indol-4-yl]aziridine-2-carboxylate (85b).

XN The title compound was obtained as a colorless oil. 'H-NMR (400 MHz,
COtBu cpCly) § = 1.03 [9H, s, CHCO,C(CHs)s], 1.67 [9H, s, NCO,C(CHs)s],

N 2.54 (1H, d, J=7.0 Hz, Cs-H), 3.05 (1H, dddd, J=6.0, 1.6, 1.6, 1.6 Hz,

Bloc Cy~-H), 3.13 (1H, d, J/=7.0 Hz, C,-H), 3.44 (1H, dddd, J=5.4, 1.6, 1.6, 1.6

cis-85b Hz, C~-H), 5.17 (1H, dddd, J=10.4, 1.6, 1.6, 1.6 Hz, C5»-H), 5.35 (1H, d,

J=17.2, 1.6, 1.6, 1.6 Hz, C3~-H), 6.07 (1H, dddd, J=17.2, 10.4, 6.0, 5.4 Hz, C»~-H), 6.76 (1H, d,
J=3.7 Hz, Cy-H), 7.25 (1H, d, J=7.7, 7.7 Hz, C¢-H), 7.37 (1H, d, J=7.7 Hz, Cs-H), 7.59 (1H,
d, J=3.7 Hz, C»-H), 8.02 (1H, d, J=7.7 Hz, C-H); “C-NMR (100 MHz, CDCl;) & = 27.6,
28.2,45.3,46.0, 62.7, 81.0, 83.7, 105.3, 114.1, 117.4, 122.3, 123.9, 125.6, 127.6, 129.4, 134.2,
137.8, 149.8, 167.4; IR (ATR) vmax 1730 (CO) cm™. HRFABMS m/z: 399.2276 (calcd for
Ca3H3N,O4: 399.2284).

53 HiOER

Ethyl 3-acetyloxy-2-benzylamino-3-[1-(fert-butoxycarbonyl)indol-4-yl|propanoate (86).

Bn.\ B-NH
')\ COEt  AcOH  A%Ow“coLkt
@ r.t. N
I,%loc I,%loc
trans-82a syn-86

A mixture of aziridine 82a (244.8 mg, 0.582 mmol) in AcOH (2.8 mL) was stirred at room
temperature for 4 h, and the solvent was concentrated in vacuo. H,O (6 mL) was added to the
residue, and the mixture was extracted with AcOEt (10 mL x 3). Combined organic layer was
washed with sat. NaHCOs aq. (5 mL x 2) and brine (5 mL), dried over NaSQOs, and
concentrated in vacuo. The residue was purified by silica-gel column chromatography (SiO,
neutral, 5 g, n-hexane-AcOEt=8:1 to 5:1) to afford acetate 86 (248.2 mg, 89%) as a colorless
oil.

86: 'H-NMR (400 MHz, CDCl3) & = 1.19 (3H, t, J=7.1 Hz, OCH,CHj3), 1.67 [9H, s, C(CH3)3],
2.05 (3H, s, CH3CO), 3.56 (1H, d, J=13.7 Hz, NCH,Ph), 3.78 (1H, d, J=13.7 Hz, NCH,Ph),
3.79 (1H, d, J=7.1 Hz, C,-H), 4.06-4.16 (2H, m, OCH,CH3), 6.23 (1H, d, J=7.1 Hz, Cs-H),
6.70 (1H, d, J=3.8 Hz, Cs--H), 7.06-7.12 (2H, m, Cs-H, Ar-H), 7.11-7.22 (4H, m, Ar-H),
7.25-7.29 (1H, dd, J=7.9, 7.9 Hz, C¢-H), 7.57 (1H, d, J=3.8 Hz, C,-H), 8.13 (1H, d, J=7.9 Hz,
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C-H); *C-NMR (125 MHz, CDCl3) § = 14.2, 20.9, 28.2, 51.8, 61.0, 64.0, 74.9, 83.8, 105.7,
115.3, 121.5, 124.0, 126.1, 127.0, 128.1, 128.2, 128.7, 129.2, 135.4, 139.3, 149.6, 169.5, 172.2;
IR (ATR) vmax 3344 (NH), 1730 (CO) cm’. HRFABMS m/z: 4812362 (caled for
C27H33N,04: 481.2339).

Ethyl 3-acetyloxy-2-allylamino-3-[1-(fert-butoxycarbonyl)indol-4-yl|propanoate (87).

NN NONH
‘)\ COEt  AcOH A0~ Sco ket
@ r.t. N
I’%loc Eoc
frans-84a syn-87

According to the same procedure as described above, acetate syn-87 was obtained as a

colorless oil in 78% yield from aziridine trans-84a.

87: '"H-NMR (500 MHz, CDCl3) & = 1.19 (3H, t, J=7.2 Hz, OCH,CHj3), 1.67 [9H, s, C(CH:)s],
2.08 (3H, s, CH3CO), 3.06 (1H, dddd, J=14.0, 6.1, 1.4, 1.4 Hz, C,»-H), 3.21 (1H, dddd, J=14.0,
5.8, 1.4, 1.4 Hz, Cy--H), 3.84 (1H, d, J=7.0 Hz, C,-H), 4.06-4.19 (2H, m, OCH,CH3), 5.02 (1H,
dddd, J=10.4, 1.5, 1.4, 1.4 Hz, Cs»-H), 5.06 (1H, dddd, J=17.2, 1.5, 1.4, 1.4 Hz, Cs»-H), 5.68
(1H, dddd, J=17.2, 10.4, 6.1, 5.8 Hz, C»-H), 6.23 (1H, d, J=7.0 Hz, C3-H), 6.80 (1H, d, J=3.8
Hz, Cs-H), 7.23 (1H, d, J=7.5 Hz, Cs-H), 7.29 (1H, dd, J=7.5, 7.5 Hz, C¢-H), 7.63 (1H, d,
J=3.8 Hz, C»-H), 8.13 (1H, d, J=7.5 Hz, C;-H); "C-NMR (125 MHz, CDCl3) & = 14.2, 20.9,
28.2,50.6, 61.0, 64.2, 74.9, 83.8, 105.7, 115.4, 116.6, 121.4, 124.0, 126.2, 128.7, 129.3, 135.4,
135.9, 149.6, 169.5, 172.1; IR (ATR) Vi 3340 (NH), 1732 (CO) cm”. HRFABMS m/z:
431.2198 (calcd for Co3H31N2Og: 431.2182).

Ethyl 3-acetyloxy-2-(/N-benzyl-/N-ethoxycarbonyl)amino-3-[1-(fert-butoxycarbonyl)indol-

4-yl]propanoate (88).
Bn. Bn.

o NH K,CO3 o NCO,Et
€D >CoEt  CICO,E >0,k
A\ THF A\
N 0°Ctor.t. N
Boc Boc
syn-86 syn-88

To a mixture of acetate 86 (105.8 mg, 0.220 mmol) and K,CO3 (75.0 mg, 0.543 mmol) in
THF (2.5 mL) was added CICO,Et (35.0 pL, 0.366 mmol) at 0 °C, and the mixture was stirred
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at room temperature for 36 h. The reaction was quenched with sat. NH4Cl aq. (1.5 mL) and
H,0 (3.0 mL), and the mixture was extracted with AcOEt (6 mL x 3). Combined organic
layer was washed with brine (5 mL), dried over NaSQy, and concentrated in vacuo. The
residue was purified by silica-gel column chromatography (SiO, neutral, 8 g, n-hexane-AcOEt
=6:1 to 5:1) to afford N-CO,Et ester 88 (115.5 mg, 95%) as a colorless oil.

88: '"H-NMR (400 MHz, CDCls) (Major isomer) & = 1.09 (3H, t, J=7.2 Hz, OCH,CH3), 1.25
(3H, t, J=7.2 Hz, OCH,CH3), 1.69 [9H, s, C(CH3);], 2.02 (3H, s, CH3CO), 3.39 (1H, d, J=15.9
Hz, NCH,Ph), 3.90-4.15 (4H, m, OCH,CH3 x 2), 4.25 (1H, d, J=15.9 Hz, NCH,Ph), 4.46 (1H,
d, /=9.8 Hz, C»-H), 6.70 (1H, d, J/=9.8 Hz, C5-H), 6.77 (1H, d, J/=3.4 Hz, C5--H), 7.00-7.11 (2H,
m, Cs-H, Ar-H), 7.15-7.28 (5H, m, C¢-H, Ar-H), 7.63 (1H, d, /=3.4 Hz, C,-H), 8.15 (1H, d,
J=7.4 Hz, C;-H); (Major isomer) 6 = 1.12-1.20 (6H, m, OCH,CHj3 x 2), 1.69 [9H, s, C(CH3)s],
2.01 (3H, s, CH3CO), 3.25 (1H, d, J=13.7 Hz, NCH,Ph), 3.90-4.17 (4H, m, OCH,CH3 x 2),
4.38 (1H, d, J=13.7 Hz, NCH,Ph), 4.46 (1H, d, J=9.5 Hz, C,-H), 6.81 (1H, d, J=9.5 Hz, C;-H),
6.83 (1H, d, J/=3.4 Hz, C5--H), 7.00-7.10 (2H, m, Cs--H, Ar-H), 7.25-7.35 (5H, m, C¢-H, Ar-H),
7.61 (1H, d, J=3.4 Hz, C»-H), 8.15 (1H, d, J=7.4 Hz, C-H); "C-NMR (125 MHz, CDCl;)
(Major isomer) 6 =13.9, 14.4, 20.9, 28.2, 51.4, 61.1, 61.2, 62.0, 71.7, 84.0, 105.5, 115.7, 122.1,
124.1, 126.4, 127.4, 127.9, 128.0, 129.1, 129.4, 135.5, 136.6, 149.6, 155.6, 168.6, 169.1;
(Minor isomer) 8 =13.9, 14.5, 20.9, 28.2, 51.6, 61.2, 61.8, 62.1, 72.2, 83.8, 105.8, 115.4, 121.8,
124.0, 126.2, 127.2, 128.0, 128.7, 128.9, 129.2, 135.4, 136.2, 149.6, 155.9, 168.7, 169.0; IR
(ATR) Vmax 1736 (NH), 1707 (CO) cm™. HRFABMS m/z: 552.2495 (caled for C3oH3sN,Og:
552.2472).
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Ethyl (E)-3-[1-(tert-butoxycarbonyl)indol-4-yl]-2-propenoate (111a).

CHO (EtO),P(0)CH,CO,Et COLEt
=
NaH
A\
N THF, 0 °C to r.t. N
Boc N
Boc
74 111a

Under an argon atmosphere, to a suspension of NaH (60%, 125.0 mg, 3.13 mmol) in dry
THF (5.5 mL) was added dropwise triethyl phosphonoacetate (0.530 mL, 2.67 mmol) at 0 °C
and the mixture was stirred at room temperature for 1 h. Then, a solution of aldehyde 74
(345.1 mg, 1.41 mmol) in dry THF (4.5 mL) was added dropwise to the whole mixture at 0 °C,
and the mixture was stirred at room temperature for 4 h and quenched with sat. NH4Cl aq. (6
mL). After the precipitate was dissolved with H>O (4 mL), the reaction mixture was stirred at
room temperature for 10 min and extracted with a mixture of n-hexane-AcOEt (1:1, 10 mL x 3).
The combined organic layer was washed with sat. NaHCOs aq. (10 mL) and brine (10 mL),
dried over NaSQ,, and evaporated in vacuo. The residue was purified by silica-gel column
chromatography (SiO, neutral, 20 g, n-hexane-AcOEt=20:1) to afford ester 111a (427.7 mg,
96%) as colorless prisms.
111a: Mp 128.5-129.0 °C; 'H-NMR (400 MHz, CDCl;) & = 1.36 (3H, t, J=7.1 Hz, CH,CHj3),
1.68 [9H, s, C(CHs)s], 4.30 (2H, q, J=7.1 Hz, CH,CH3), 6.57 (1H, d, J=15.9 Hz, C,-H), 6.86
(1H, d, J=3.7 Hz, Cs-H), 7.33 (1H, dd, J=8.0, 8.0 Hz, C¢-H), 7.50 (1H, d, J=8.0 Hz, Cs-H),
7.69 (1H, d, J=3.7 Hz, C,-H), 8.06 (1H, d, J=15.9 Hz, Cs-H), 8.21 (1H, d, J=8.0 Hz, Cs-H);
BC-NMR (100 MHz, CDCl3) & = 14.4, 28.2, 60.5, 84.1, 105.2, 116.9, 119.0, 121.4, 124.3,
126.8, 127.0, 130.1, 135.7, 141.9, 149.5, 167.2; IR (KBr) vimax 1720 (CO), 1698 (CO) cm™.
LRFABMS m/z: 316 [(M+H)'], 315 (M"). Anal. Calcd for C;gH, NO4: C, 68.55; H, 6.71; N,
4.44. Found: C, 68.60; H, 6.68; N, 4.28.
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Methyl (E)-3-[1-(tert-butoxycarbonyl)indol-4-yl]-2-propenoate (111b).

CHO (MeO),P(O)CH,CO,Me COzMe
=
NaH
A\

N THF, 0°C to r.t. N

Boc N
Boc

74 111b

According to the same manner as described above, methyl ester 111b was obtained as
colorless prisms from aldehyde 74 in 97% yield.
111b: Mp 103.5-104.0 °C; 'H-NMR (400 MHz, CDCl;) & = 1.68 [(9H, s, C(CHs)3], 3.84 (3H, s,
OCHs), 6.57 (1H, d, J=16.1 Hz, C,-H), 6.85 (1H, d, J/=3.7 Hz, C;--H), 7.33 (1H, dd, J=8.0, 8.0
Hz, Ce¢-H), 7.50 (1H, d, J=8.0 Hz, Cs-H), 7.69 (1H, d, J/=3.7 Hz, C,-H), 8.07 (1H, d, J=16.1
Hz, C3-H), 8.22 (1H, d, J=8.0 Hz, C7-H); ?C-NMR (125 MHz, CDCl3) & = 28.2, 51.8, 84.1,
105.1, 117.0, 118.5, 121.4, 124.3, 126.7, 127.1, 130.1, 135.6, 142.1, 149.5, 167.6; IR (ATR)
Vimax 1722 (CO), 1703 (CO) em™. LREIMS m/z: 302 [((M+H)", 4], 301 (M", 23), 245 (84),
201 (64), 170 (47), 115 (32), 57 (base peak). Anal. Calcd for C;7H9NO4: C, 67.76; H, 6.36;
N, 4.65. Found: C, 67.66; H, 6.32; N, 4.54.

Ethyl 3-[1-(tert-butoxycarbonyl)indol-4-yl|propanoate (112a).
CO,Et

7 5% Pd/C 2
_— > \
N PhH, CH,Cl, N
N r.t. Boc
Boc
111a 112a

A mixture of unsaturated ester 111a (1.259g, 3.99 mmol) in dry benzene (24.0 mL) and dry
CH,Cl, (12.0 mL) was hydrogenated over 5% Pd/C (349.0 mg) under hydrogen atmosphere at
room temperature for 40 min. After removal of the catalyst by filteration through celite pad
followed by washing with AcOEt, the filtrate was concentrated. The residue was purified by
silica-gel column chromatography (SiO, neutral, 47 g, n-hexane-AcOEt=23:1) to afford ester
112a (1.199 g, 95%) as a colorless oil.
112a: '"H-NMR (400 MHz, CDCls) & = 1.24 (3H, t, J=7.1 Hz, CH,CHj3), 1.67 [9H, s, C(CH3)3],
2.69 (2H, t, J=7.9 Hz, C,-H»), 3.19 (2H, t, J=7.9 Hz, Cs;-H,), 4.13 (2H, q, J/=7.1 Hz, CH,CH3),
6.64 (1H, d, J=3.8 Hz, Cs-H), 7.06 (1H, d, J=7.3 Hz, Cs-H), 7.24 (1H, dd, J=8.3, 7.9 Hz,
Ce-H), 7.60 (1H, d, J=3.8 Hz, C»-H), 8.02 (1H, d, J=8.3 Hz, C,-H); *C-NMR (100 MHz,
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CDCl3) 0 = 14.2, 28.1, 28.2, 35.3, 60.5, 83.7, 105.2, 113.4, 122.0, 124.4, 125.7, 129.6, 132.8,
135.2, 149.8, 173.0; IR (neat) vmax 1735 (CO) cm™. HRFABMS m/z: 317.1629 (caled for
C18H23NO41 3171627)

Methyl 3-[1-(tert-butoxycarbonyl)indol-4-yl|propanoate (112b).

COzMe
Hy (1 atm) CO-Me
7 5% Pd/C 2
—_— \
A PhH, CH,Cl, N
N r.t. Boc
Boc
111b 112b

According to the same manner as described above, methyl ester 112b was obtained as a
colorless oil from unsaturated ester 111b in 96% yield.
112b: 'H-NMR (400 MHz, CDCl) & = 1.67 [9H, s, C(CH3)], 2.71 (2H, t, J=7.9 Hz, C,-H»),
3.20 (2H, t, J=7.9 Hz, Cs-H»), 3.67 (3H, s, OCH3), 6.64 (1H, d, J=3.7 Hz, Cs--H), 7.05 (1H, d,
J=1.7THz, Cs-H), 7.24 (1H, dd, J=7.7, 7.7 Hz, C¢-H), 7.61 (1H, d, J=3.7 Hz, C»-H), 8.02 (1H,
d, J=7.7 Hz, C;-H); "C-NMR (125 MHz, CDCl;) & =28.2, 28.2, 35.1, 51.6, 83.7, 105.2, 113.5,
122.0, 124.4, 125.7, 129.6, 132.8, 135.2, 149.8, 173.4; IR (ATR) Vma 1735 (CO) cm™.
HRFABMS m/z: 303.1473 (calcd for C17H;NO4: 303.1471)

3-[1-(tert-Butoxycarbonyl)indol-4-yl]propan-1-ol (114).

CO,Et OH
LiBH4
N - > A\
N THF, EtOH N
Boc r.t. Boc
112a 114

Under an argon atmosphere, a mixture of ester 112a (209.4 mg, 0.660 mmol) and LiBH4
(95%, 34.3 mg, 1.50 mmol) in dry THF (3.2 mL) and EtOH (0.8 mL) was stirred at room
temperature for 1.5 h, and the reaction mixture was quenched with sat. NH4CI aq. (5 mL)
followed by addition of H,O (2 mL) at 0 °C. The mixture was extracted with AcOEt (10 mL
x 3), and the combined organic layer was washed with brine (5 mL), dried over Na,SO4, and
concentrated in vacuo. The residue was purified by column chromatography (SiO; neutral,
12.5 g, n-hexane-AcOEt =9:2) to afford alcohol 114 (169.0 mg, 93%) as a colorless oil.

114: "H-NMR (400 MHz, CDCl3) & = 1.67 [9H, s, C(CHs)3], 1.72 (1H, br s, OH), 2.00 (2H, tt,
J=7.6, 6.4 Hz, C,-H»), 2.96 (2H, t, J=7.6 Hz, Cs;-H,), 3.68 (2H, t, J/=6.4 Hz, C,-H»), 6.64 (1H,
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dd, J=3.7, 0.7 Hz, C3-H), 7.06 (1H, dd, J=7.7, 0.7 Hz, Cs-H), 7.23 (1H, dd, J=7.7, 7.7 Hz,
Ce-H), 7.59 (1H, d, J=3.7 Hz, C»--H), 8.00 (1H, d, J=7.7 Hz, C»~-H); “C-NMR (100 MHz,
CDCl3) 8 =28.2,29.1, 33.5, 62.3, 83.6, 105.4, 113.0, 122.2, 124.3, 125.5, 129.7, 134.2, 135.1,
149.8; IR (neat) vmax 3368 (OH), 1735 (CO) cm™. HRFABMS m/z: 275.1540 (caled for
C16H2NO3: 275.1522).

3-[1-(tert-Butoxycarbonyl)indol-4-yl]propyl phenyl sulfide (115).

OH n-BusP SPh
PhSSPh
N > N
N MeCN N
Boc O0°Ctor.t. Boc
114 115

Under an argon atmosphere, to a solution of alcohol 114 (116.4 mg, 0.423 mmol) in dry

MeCN (3.5 mL) was added PhSSPh (185.1 mg, 0.848 mmol) at room temperature, and the
mixture was cooled to 0 °C by ice-water bath. After n-BusP (0.210 mL, 0.843 mmol) was
added to a mixture at 0 °C, the reaction mixture was stirred at room temperature for 1 h. The
mixture was quenched with 5% NaOH aq. (3.5 mL) at 0 °C, and was extracted with Et,O (8
mL x 3). The combined organic layer was washed with 10% HCI aq. (2.7 mL), sat.
NaHCOj; aq. (6 mL x 2), and brine (5 mL x 2), dried over Na,SOj, and concentrated in vacuo.
The residue was purified by column chromatography (SiO; neutral, 13.2 g, n-hexane-AcOEt
=120:1 to 110:1) to afford sulfide 115 (146.9 mg, 95%) as a colorless oil.
115: '"H-NMR (400 MHz, CDCl;) & = 1.67 [9H, s, C(CHs)s], 2.04 (2H, tt, J=7.3, 7.3 Hz,
Cy-H»), 2.94 (2H, t, J=7.3 Hz, Cs-H»), 3.00 (2H, t, J/=7.3 Hz, C,;-H,), 6.59 (1H, dd, J=3.7, 0.9
Hz, Cs-H), 7.03 (1H, dif. d, J/=7.8 Hz, Cs--H), 7.16 (1H, m, Ar-H), 7.23-7.31 (5H, m, C¢-H,
Ar-H), 7.57 (1H, d, J=3.7 Hz, C,--H), 8.00 (1H, d, J=7.8 Hz, C;-H); *C-NMR (100 MHz,
CDCl3) 6 =28.2,29.9, 31.7, 33.0, 83.6, 105.3, 113.1, 122.4, 124.3, 125.5, 125.8, 128.8, 129.0,
129.7, 133.6, 135.1, 136.5, 149.7; IR (neat) Viax 1735 (CO) cm™. HRFABMS m/z: 367.1596
(calcd for CyH,sNO,S: 367.1606).
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3-[1-(tert-Butoxycarbonyl)indol-4-yl]propyl phenyl sulfoxide (116).

O
SPh I
NalOy SPh
—_—

N MeOH, H,O N
r.t. N

Boc Boc
115 116

A mixture of sulfide 115 (265.1 mg, 0.721 mmol) and NalO4 (237.4 mg, 1.11 mmol) in

MeOH (5.5 mL) and H,O (1.1 mL) was stirred at room temperature for 7 h, and quenched with
H,O (10 mL). The reaction mixture was extracted with AcOEt (13 mL x 3), and the
combined organic layer was washed with sat. NaHCOj3 aq. (5 mL), and brine (5 mL x 2), dried
over Na,SO4, and concentrated in vacuo. The residue was purified by column
chromatography (SiO; neutral, 9.5 g, n-hexane-AcOEt=7:2) to afford sulfoxide 116 (265.0 mg,
95%) as a colorless oil.
116: "H-NMR (400 MHz, CDCl3) & = 1.67 [9H, s, C(CHs)3], 2.04 (1H, dtt, J=15.2, 7.6, 7.6 Hz,
Cy-H»), 2.20 (1H, dtt, J=15.2, 7.6, 7.6 Hz, C,-H,), 2.79 (2H, t, J=7.6 Hz, C5-H,), 2.99 (2H, t,
J=7.6 Hz, C,-H»), 6.56 (1H, d, J/=3.9 Hz, Cs--H), 6.99 (1H, d, J/=7.9 Hz, Cs-H), 7.22 (1H, dd,
J=19, 7.9 Hz, C¢-H), 7.46-7.51 (3H, m, Ar-H), 7.55-7.59 (3H, m, C»-H, Ar-H), 8.01 (1H, d,
J=1.9 Hz, C7-H); "C-NMR (100 MHz, CDCl;) & =22.9, 28.1, 31.5, 56.2, 83.7, 105.1, 113.4,
122.3, 123.9, 124.2, 125.6, 129.1, 129.6, 130.8, 132.6, 135.1, 143.7, 149.6; IR (neat) Vmax 1735
(CO)ecm™. HRFABMS m/z: 384.1632 (caled for Co,HasNOsS: 384.1633).

3-(Indol-4-yl)propyl phenyl sulfoxide (110).

1 1

SPh ACOH SPh
_—
N 100 °C N
N N
Boc H
116 110

A solution of N-Boc sulfoxide 116 (138.0 mg, 0.360 mmol) in AcOH (4.5 mL, 78.7 mmol)
was stirred at 100 °C for 19 h, and the solvent was concentrated in vacuo. The residue was
dissolved with AcOEt (20 mL), and the organic layer was washed with sat. NaHCOs aq. (8
mL) and brine (9 mL), dried over Na,SO,, and concentrated in vacuo. The residue was
purified by silica-gel column chromatography (SiO; neutral, 4 g, n-hexane-AcOEt=3:1 to 2:1)
to afford N-free sulfoxide 110 (88.4 mg, 87%) as a yellow oil.
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110: 'H-NMR (400 MHz, CDCl;) & = 2.10 (1H, dtt, J=13.9, 7.5, 7.5 Hz, C,-H), 2.25 (1H, dtt,
J=13.9, 7.5, 7.5 Hz, C,-H), 2.83 (2H, t, J=7.5 Hz, Cs-H), 3.05 (2H, t, J=7.5 Hz, C;-H), 6.53
(1H, ddd, J=2.9, 2.0, 0.9 Hz, Cs--H), 6.88 (1H, dd, J=7.4, 0.9 Hz, Cs-H), 7.11 (1H, dd, J=7.4,
7.4 Hz, Ce-H), 7.20 (1H, dd, J=2.9, 2.7 Hz, C,-H), 7.27 (1H, d, J=7.4 Hz, C;-H), 7.46-7.52
(3H, m, Ar-H), 7.55-7.59 (3H, m, Ar-H), 8.23 (1H, br s, N-H, exchangeable with CD;0OD);
BC-NMR (100 MHz, CDCl3) & = 22.7, 31.9, 56.5, 100.3, 109.5, 119.0, 121.7, 123.9, 124.0,
127.0, 129.1, 130.8, 132.2, 135.8, 143.5; IR (neat) Vipax 3400-3160 (NH) cm™’. HRFABMS
m/z: 284.1117 (calcd for C;7H;3NOS: 284.1109).

Attempt for Pummerer-type cyclication of sulfoxide 110.

Q
Ph
S (CF3C0),0 oni
_— \
N PhH, r.t. CF3CO, N
N H
H
110 119

To a solution of suloxide 110 (45.2 mg, 0.159 mmol) in dry benzene (3.0 mL) was added

TFAA (70.0 pL, 0.496 mmol), and the mixture was stirred at room temperature for 1 h.  After
the solvent was concentrated in vacuo, the residue was purified by preparative TLC
(CHCI5:MeOH=10:3) to afford cyclized product 119 (23.2 mg, 38%) as pale red prisms.
119: Mp 133.5-134.5 °C; '"H-NMR (500 MHz, CD;0D) & = 2.15 (1H, m, Cs-H), 2.48 (1H, m,
Cs-H), 3.32 (1H, m, C4-H), 3.59 (1H, m, C4-H), 3.93 (1H, m, C¢-H), 4.20 (1H, m, C¢-H), 6.84
(1H, d, J=3.2 Hz, Cs-H), 7.33 (1H, d, J/=8.5 Hz, C;-H), 7.54 (2H, m, Ar-H), 7.59 (1H, d, J=3.2
Hz, C,-H), 7.64 (2H, m, Cs-H, Ar-H), 7.69 (2H, m, Ar-H); C-NMR (125 MHz, CD;0D) & =
15.9, 24.9, 42.0, 101.9, 112.7, 125.2, 128.8, 128.9, 130.1, 130.8, 131.3, 131.9, 133.7, 134.0,
139.4; IR (KBr) Vi 1684 (CO) cm™. HRFABMS m/z: 266.1022 (caled for C7H;¢NS:
266.1003).
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3-[1-(tert-Butoxycarbonyl)indol-4-yl]propyl methanesulfonate (126).

OH MsClI OMs
Et3N
N N
N CH,Cl,, 0 °C N
Boc Boc
114 126

Under an argon atmosphere, to a mixture of alcohol 114 (187.2 mg, 0.681 mmol) and

triethylamine (0.400 mL, 2.87 mmol) in CH,Cl, (4.5 mL) was added MsCl (80.0 mL, 1.03
mmol) at 0 °C, and the mixture was stirred at 0 °C for 1 h. The reaction mixture was
quenched with sat. NH4Cl aq. (4 mL) and H,O (4 mL), and the mixture was extracted with
CH,CI, (10 mL x 3). Combined organic layer was washed with brine (5 mL x 2), dried over
Na,SO4, and concentrated in vacuo. The residue was purified by silica-gel column
chromatography (SiO; neutral, 8.0 g, n-hexane-AcOEt=5:1 to 4:1) to afford mesylate 126
(234.9 mg, 98%) as a colorless oil.
126: "H-NMR (400 MHz, CDCl3) & = 1.67 [9H, s, C(CHs)3], 2.17 (2H, m, C»-H), 2.98 (3H, s,
CH3S0»), 3.01 (2H, t, J=7.3 Hz, C5-H), 4.23 (2H, t, J/=6.2 Hz, C,-H), 6.62 (1H, dd, J=3.8, 0.7
Hz, C3-H), 7.05 (1H, dd, J=7.7, 0.7 Hz, Cs-H), 7.25 (1H, dd, J=7.7, 7.7 Hz, Ce-H), 7.61 (1H,
d, J=3.8 Hz, C»-H), 8.03 (1H, d, J=7.7 Hz, C-H); “C-NMR (100 MHz, CDCl;) & = 28.1,
28.5, 29.9, 37.2, 69.2, 83.6, 105.0, 113.3, 122.2, 124.3, 125.6, 129.5, 132.5, 135.1, 149.6; IR
(ATR) vimax 1730 (CO) cm™. FABHRMS m/z: 353.1297 (calcd for C17H23NOsS: 353.1297).

3-(Indol-4-yl)propyl acetate (127).

OH OAc
AcOH
A\ A\
N 100 °C N
Boc H
114 127

A mixture of alcohol 114 (92.4 mg, 0.336 mmol) in AcOH (4.2 mL, 73.4 mmol) was stirred
at 100 °C for 14 h, and the solvent was concentrated in vacuo. The residue was dissolved
with AcOEt (13 mL), and the organic layer was washed with sat. NaHCOs aq. (7 mL) and
brine (9 mL), dried over Na;SO4, and concentrated in vacuo. The residue was purified by
silica-gel column chromatography (SiO; neutral, 4.2 g, n-hexane-AcOEt=7:1 to 5:1) to afford
acetate 127 (62.0 mg, 85%) as a yellow oil.
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127: 'H-NMR (400 MHz, CDCl;) & =2.07 (3H, s, CH;CO), 2.09 (2H, tt, J=11.4, 7.6 Hz, C»-H),
2.99 (2H, t, J=7.6 Hz, Cs-H), 4.13 (2H, dd, J=11.4, 5.7 Hz, C,-H), 6.57 (1H, ddd, J=3.3, 1.1,
1.1 Hz, Cs--H), 6.93 (1H, d, J=7.4 Hz, Cs-H), 7.13 (1H, dd, J=7.4, 7.4 Hz, Cs-H), 7.21 (1H,
dd, J=3.3, 2.8 Hz, C,-H), 7.27 (1H, d, J=7.4 Hz, C;-H), 8.21 (1H, br s, N-H, exchangeable
with CD;0D); *C-NMR (100 MHz, CDCl3) & = 21.0, 29.3, 29.7, 64.2, 100.8, 109.1, 119.2,
1222, 123.7, 1272, 133.4, 135.8, 171.2; IR (ATR) Vima 3411 (NH), 1714 (CO) cm™.
FABHRMS m/z: 217.1097 (calcd for C3H;5NO,: 217.1103).

3-(Indol-4-yl)propan-1-ol (128).

CO,Me CO,Me _ OH
AcOH LiBH4
N N N\
N 100 °C N THF, EtOH N
Boc H rt. H
112b 129 128

A mixture of ester 112b (432.6 mg, 1.43 mmol) in AcOH (18.0 mL, 315 mmol) was stirred
at 100 °C for 19 h, and the solvent was concentrated in vacuo. The residue was dissolved
with AcOEt (25 mL), and the organic layer was washed with sat. NaHCOs aq. (8 mL) and
brine (8 mL), dried over Na,SO4, and concentrated in vacuo to afford crude ester 129 (296.8
mg) as a brown oil. To a solution of ester 129 in THF (5.6 mL) and EtOH (1.4 mL) was
added LiBH4 (85.0 mg, 3.51 mmol, 2.46 Meq.) at room temperature and the mixture was
stirred at the same temperature for 40 min. A mixture was quenched with sat. NH4Cl aq. (5
mL) and H,O (8 mL) at 0 °C, then the mixture was extracted with AcOEt (20 mL x 3). The
combined organic layer was washed with brine (10 mL), dried over Na,SOj, and concentrated
in vacuo. The residue was purified by silica-gel column chromatography (SiO; neutral, 8 g,
n-hexane-AcOEt=3:1 to 7:3) to afford alcohol 128 (230.4 mg, 2 steps 92%) as a yellow oil.
128: '"H-NMR (400 MHz, CDCls) 6 = 1.29 (1H, t, J=5.7 Hz, O-H, exchangeable with CD;0D),
2.04 (2H, tt, J/=11.4, 7.6 Hz, C,-H), 3.01 (2H, t, J/=7.6 Hz, Cs-H), 3.72 (2H, dd, J=11.4, 5.7 Hz,
Ci-H), 6.61 (1H, ddd, J/=3.3, 1.1, 1.1 Hz, Cs--H), 6.95 (1H, dd, J=7.5, 1.1 Hz, Cs--H), 7.13 (1H,
dd, J=7.5, 7.5 Hz, C¢-H), 7.21 (1H, dd, J=3.3, 2.8 Hz, C,-H), 7.27 (1H, d, J=7.5 Hz, C7-H),
8.18 (1H, br s, N-H, exchangeable with CD;0D); >C-NMR (125 MHz, CDCls) & = 29.6, 33.2,
62.7, 100.8, 109.0, 119.1, 122.1, 123.7, 127.2, 134.0, 135.7; IR (ATR) Vmax 3500-3200 (NH,
OH) cm™. FABHRMS m/z: 175.0996 (caled for C H;3NO: 175.0997)
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3-(Indol-4-yl)propyl methanesulfonate (124).

OH MsCl OMs
EtzN
N A\
N CH,Cl, N
H 10 °C H
128 124

According to the same manner as described before, mesylate 124 was obtained as a yellow
oil in 91% yield from alcohol 128.
124: 'TH-NMR (400 MHz, CDCl;) & = 2.20 (2H, m, C,-H), 2.97 (3H, s, CH3SO,), 3.05 (2H, t,
J=1.3 Hz, C3-H), 4.25 (2H, t, J/=6.2 Hz, C,-H), 6.62 (1H, ddd, J=3.8, 1.3, 0.7 Hz, C3--H), 6.93
(1H, dd, J=7.7, 0.7 Hz, Cs-H), 7.14 (1H, dd, J=7.7, 7.7 Hz, C¢--H), 7.23 (1H, dd, J=3.8, 3.2 Hz,
Cy,-H), 7.28 (1H, d, J=7.7 Hz, C»-H), 8.22 (1H, br s, N-H, exchangeable with CD;0D);
BC-NMR (100 MHz, CDCls) & = 29.1, 29.7, 37.3, 69.3, 100.7, 109.4, 119.4, 122.2, 123.9,
127.1, 132.3, 135.8; IR (ATR) vmax 3320 (NH) cm™. FABHRMS m/z: 253.0791 (calcd for
Ci2H5sNOsS: 253.0773).

3-[1-(tert-Butoxycarbonyl)indol-4-yl|propyl bromide (131).

OMs Br
LiBr
A\ A\
N acetone N
Boc r.t. to 50 °C Boc
126 131

Under an argon atmosphere, a mixture of mesylate 126 (193.4 mg, 0.547 mmol) and LiBr

(100.1 mg, 1.16 mmol) in acetone (5.0 mL) was stirred at room temperature for 1 h, and then
stirred at 50 °C for 9 h. After the mixture was filtered and the precipitate was washed with
AcOEt, the filtrate was concentrated in vacuo. The residue was purified by silica-gel column
chromatography (SiO, neutral, 7.7 g, n-hexane-AcOEt=50:1) to afford bromide 131 (176.9 mg,
96%) as a colorless oil.
131: 'H-NMR (400 MHz, CDCl3) & = 1.67 [9H, s, C(CH3)s], 2.25 (2H, tt, J=7.3, 6.5 Hz, C,-H),
3.03 (2H, t, /=7.3 Hz, Cs-H), 3.41 (2H, t, J=6.5 Hz, C,-H), 6.66 (1H, d, /=3.8 Hz, C3--H), 7.07
(1H, d, J=7.6 Hz, Cs-H), 7.25 (1H, dd, J=7.6, 7.6 Hz, C¢-H), 7.61 (1H, d, J=3.8 Hz, C,-H),
8.02 (1H, d, J=7.6 Hz, C»-H); C-NMR (125 MHz, CDCls) & = 28.2, 31.1, 33.4, 33.6, 83.7,
105.3, 113.3, 122.5, 124.3, 125.6, 129.7, 132.9, 135.2, 149.8; IR (ATR) Vmay 1730 (CO) cm™.
FABHRMS m/z: 337.0662 (calcd for C1H20BrNO;: 337.0677).
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3-(Indol-4-yl)propyl bromide (130).

Br Br
AcOH
A\ A\
N 100 °C N
Boc H
131 130

A mixture of bromide 131 (325.0 mg, 0.961 mmol) in AcOH (11.4 mL) was stirred at 100 °C

for 56 h, then the solvent was concentrated in vacuo. The residue was purified by silica-gel
column chromatography (SiO; neutral, 11.8 g, n-hexane-AcOEt=35:1 to 24:1) to afford
bromide 130 (195.2 mg, 85%) as pale green prisms.
130: 'H-NMR (400 MHz, CDCl;) & = 2.25 (2H, tt, J=7.3, 6.5 Hz, C>-H), 3.03 (2H, t, J/=7.3 Hz,
Cs-H), 3.41 (2H, t, J=6.5 Hz, C;-H), 6.66 (1H, d, J=3.8 Hz, C;--H), 7.07 (1H, d, J=7.6 Hz,
Cs-H), 7.20 (1H, dd, J=7.6, 7.6 Hz, Cs-H), 7.25 (1H, d, J=3.8 Hz, C»-H), 7.34 (1H, d, J=7.6
Hz, C--H), 8.20 (1H, br s, N-H, exchangeable with CD;0D); *C-NMR (125 MHz, CDCl3) & =
31.1, 33.4, 33.6, 105.3, 113.3, 122.5, 124.3, 125.6, 129.7, 132.9, 135.2; IR (ATR) Vmax 3400
(NH) cm™. FABHRMS m/z: 237.0153 (caled for CoH;BrN: 237.0153).

3-[1-(tert-Butoxycarbonyl)indol-4-yl|-NV,N-dimethylpropanamide (135).

CO,Et  MexNH-HCI CONMe;
MesAl
A\ N
N PhH N
Boc 0to65°C Boc
112a 135

Under an argon atmosphere, to a suspension of Me,NH-HCI (268.4 mg, 3.29 mmol) in dry
benzene (5.5 mL) was added Mes;Al (2 M in heptane solution, 1.6 mL, 3.20 mmol) dropwise at
0 °C, and the mixture was stirred at room temperature for 1 h. After a solution of ester 112a
(504.3 mg, 1.59 mmol) in dry benzene (7.0 mL) was added to the above mixture at 0 °C, the
reaction mixture was stirred at 65 °C for 7 h and quenched with H,O (8.0 mL) at 0 °C. After
addition of 10% HCI aq. (2.4 mL), the mixture was extracted with AcOEt (15 mL x 3).
Combined organic layer was washed with sat. NaHCOs3 aq. (10 mL), and brine (12 mL), dried

over Na;SO4, and concentrated in vacuo. The residue was purified by silica-gel column
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chromatography (SiO; neutral, 17 g, benzene-AcOEt=6:1 to 4:1) to afford amide 135 (480.8
mg, 96%) as a colorless oil.

135: '"H-NMR (400 MHz, CDCl;) & = 1.67 [9H, s, C(CHs):], 2.68 (2H, t, J=7.9 Hz, C,-H)),
2.86 (3H, s, NCHs), 2.94 (3H, s, NCH3), 3.22 (2H, t, J/=7.9 Hz, Cs-H,), 6.66 (1H, d, J=3.7 Hz,
Cs-H), 7.07 (1H, d, J=7.1 Hz, Cs-H), 7.24 (1H, dd, J=7.1, 7.7 Hz, C¢-H), 7.60 (1H, d, J=3.7
Hz, C»-H), 8.03 (1H, d, J=7.7 Hz, C7-H); >C-NMR (100 MHz, CDCl;) & = 28.1, 28.5, 34.4,
35.4,37.1, 83.6, 105.3, 113.2, 122.1, 124.3, 125.6, 129.6, 133.7, 135.1, 149.7, 172.2; IR (neat)
Vmax 1734 (CO), 1653 (CO) cm”'. FABHRMS m/z: 317.1872 (caled for CigHasN,Os:
317.1865).

N,N-Dimethyl 3-(indol-4-yl)propanamide (100).

CONMes ACOH CONMe,
Y T S
N 100 °C N
Boc H
135 100

A solution of N-Boc amide 135 (706.7 mg, 2.23 mmol) in AcOH (29.0 mL, 507 mmol) was

stirred at 100 °C for 22 h and the solvent was concentrated in vacuo. The residue was
purified by silica-gel column chromatography (SiO; neutral, 18 g, benzene-AcOEt=4:1 to 2:1)
to afford N-free amide 100 (420.1 mg, 87%) as colorless prisms.
100: Mp 117.0-118.0 °C (1it."** 117.0-118.0 °C); 'H-NMR (400 MHz, CD;0D) & =2.75 (2H, ,
J=7.8 Hz, C,-H,), 2.78 (3H, s, NCH3), 2.87 (3H, s, NCH3), 3.16 (2H, t, J/=7.8 Hz, Cs;-H,), 6.50
(1H, dd, J=3.1, 0.9 Hz, C5--H), 6.83 (1H, dd, J=7.6, 0.9 Hz, Cs--H), 7.01 (1H, dd, J=7.6, 7.6 Hz,
Ce-H), 7.21 (1H, d, J=3.1 Hz, C»-H), 7.23 (1H, d, J=7.6 Hz, C»-H); "C-NMR (100 MHz,
CD;OD) & = 29.1, 34.5, 35.5, 37.2, 100.7, 109.3, 119.1, 122.1, 123.9, 127.1, 133.5, 135.8,
172.8; IR (ATR) Vpax 3208 (NH), 1631 (CO) cm™. HRFABMS m/z: 216.1249 (caled for
Ci3H16N20: 216.1263).

Intramolecular Vilsmeier-Haack reaction of amide 100.

MeCN, 65 °C
A\ > A\
N then NaOH aq. N
H r.t. H
100 101

To a solution of amide 100 (45.3 mg, 0.209 mmol) in dry MeCN (0.6 mL) was added K,CO;
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(75.4 mg, 0.546 mmol) and POCl; (70.0 puL, 0.751 mmol) at 0 °C, and the mixture was stirred
at 65°C for 3 h. The reaction mixture was quenched with H,O (3 mL), and the aqueous layer
was washed with AcOEt (4 mL x 2). After the aqueous layer was basified by SN NaOH aq.
to pH 12, the mixture was extracted with AcOEt (11 mL x 3). The combined organic layer
was washed with brine (10 mL), dried over Na,SO,, and concentrated in vacuo. The residue
was purified by silica-gel column chromatography (SiO; neutral, 5.4 g, benzene-AcOEt=7:1 to
9:2) to afford N-free ketone 101 (26.5 mg, 74%) as yellow prisms.

101: Mp 183.5-184.0 °C (lit."*" 184.0 °C); "H-NMR (500 MHz, CDCls) 2.90 (2H, t, J=7.0 Hz,
Cs-H»), 3.37 (2H, t, J=7.0 Hz, C4-H»), 7.11 (1H, dd, J=7.5, 0.9 Hz, Ar-H), 7.25 (2H, dd, J=7.5,
7.5 Hz, Ar-H), 7.31 (1H, dd, J=7.5, 0.9 Hz, Ar-H), 7.75 (1H, d, J/=2.7 Hz, Ar-H), 9.09 (1H, br s,
N-H); “C-NMR (125 MHz, CDCl5) 27.7, 39.9, 109.2, 114.3, 118.5, 123.8, 124.3, 129.1, 129.3,
133.6, 194.5; IR (ATR) Vmax 3500-3250 (NH), 1650 (CO). HRFABMS m/z: 172.0770 (calcd
for C;1H;oNO: 172.0762).

3-[1-(tert-Butoxycarbonyl)indol-4-yl|propanoic acid (139).

COsMe ) CO5H
LiOH-H,0
A\ —_— A\
N THF, H,O N
Boc r.t. Boc
112b 139

A mixture of ester 112b (157.1 mg, 0.518 mmol) and LiOH-H,0 (330.4 mg, 7.87 mmol) in

THF (2.4 mL) and H,O (2.4 mL) was stirred at room temperature for 5 h.  After the reaction
mixture was acidified by 6N HCl aq. to pH 2, the mixture was extracted with AcOEt (9 mL x
3). The combined organic layer was washed with brine (5 mL), dried over Na,SO,4, and
concentrated in vacuo. The residue was purified by silica-gel column chromatography (SiO;
neutral, 6.4 g, n-hexane-AcOEt=10:1 to 10:3) to afford carboxylic acid 139 (149.7 mg, 99%) as
colorless prisms.
139: Mp 131.5-132.0 °C; 'H-NMR (400 MHz, CDCl3) & = 1.67 [9H, s, C(CHs)3], 2.77 (2H, t,
J=7.9 Hz, C,-H»), 3.21 (2H, t, J=7.9 Hz, Cs-H»), 6.64 (1H, d, J=3.8 Hz, C;--H), 7.07 (1H, d,
J=7.8 Hz, Cs-H), 7.25 (1H, dd, J=7.8, 7.8 Hz, C¢-H), 7.61 (1H, d, J=3.8 Hz, C»-H), 8.03 (1H,
d, J=7.8 Hz, C-H); "C-NMR (125 MHz, CDCl3) & = 27.8, 28.0, 34.9, 83.7, 105.1, 113.6,
122.0, 124.4, 125.8, 129.5, 132.3, 135.2, 149.7, 178.9; IR (ATR) vmax 3200-2600 (OH), 1726
(CO), 1693 (CO) cm™. LRFABMS m/z: 290 [(M+H)]. Anal. Calcd for Ci¢H;oNOy4: C,
66.42; H, 6.62; N, 4.84. Found: C, 66.37; H, 6.63; N, 4.73.
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3-[1-(tert-Butoxycarbonyl)indol-4-yl]-N-methyl-N-phenylpropanamide (141).

COLH PhNHMe CONMePh
DCC, DMAP
A\ I N
N CH,Cl, N
Boc -10°Ctor.t. Boc
139 141

To a solution of carboxylic acid 139 (100.4 mg, 0.347 mmol) in CH,Cl, (2.5 mL) was added

N-methylaniline (75.0 mL, 0.692 mmol) at room temperature, and was cooled to -10 °C.
After DCC (142.4 mg, 0.690 mmol) and DMAP (10.5 mg, 85.9 mmol) were added to the above
mixture, the mixture was stirred at room temperature for 6 h. The reaction mixture was
quenched with sat. NH4Cl aq. (3 mL), and the resultant precipitate was dissolved with H,O (3
mL). The reaction mixture was extracted with CH,Cl, (12 mL x 2), and the combined organic
layer was washed with brine (6 mL), dried over Na,SO4, and concentrated in vacuo. The
residue was purified by silica-gel column chromatography (SiO; neutral, 7.2 g, n-hexane-
AcOEt=5:1 to 3:1) to afford anilide 141 (112.3 mg, 86%) as a colorless oil.
141: 'H-NMR (400 MHz, CDCls) & = 1.67 [9H, s, C(CHs)3], 2.44 (2H, t, J=7.8 Hz, C,-H>),
3.14 (2H, t, J=7.8 Hz, Cs-H»), 3.25 (3H, s, NCH3), 6.40 (1H, d, J=3.7 Hz, Cs--H), 6.91 (1H, d,
J=7.6 Hz, Cs-H), 6.97 (2H, d, J/=7.0 Hz, Ar-H), 7.17 (1H, dd, J=7.6, 7.6 Hz, C¢-H), 7.27-7.33
(3H, m, Ar-H), 7.51 (1H, d, J=3.7 Hz, C,-H), 7.97 (1H, d, J=7.6 Hz, C;-H); *C-NMR (125
MHz, CDCl3) 6 = 28.2, 29.1, 35.2, 37.4, 83.6, 105.3, 113.2, 122.3, 124.3, 125.5, 127.3, 127.7,
129.6, 129.7, 133.5, 135.1, 144.0, 149.8, 172.4; IR (ATR) Vi 1724(CO), 1649 (CO) cm'.
HRFABMS m/z: 379.2023 (calcd for Cy3H27N,05: 379.2022).

N-Methyl-N-phenyl 3-(indol-4-yl)propanamide (136).

CONMePh CONMePh
AcOH

N —_— N

N 100 °C N

Boc H

141 136

A solution of N-Boc amide 141 (397.7 mg, 1.05 mmol) in AcOH (13.2 mL, 231 mmol) was
stirred at 100 °C for 12 h, and the solvent was concentrated in vacuo. The residue was
dissolved with AcOEt (25 mL), and the organic layer was washed with SN NaOH aq. (3 mL),
and brine (7 mL), dried over Na,SO,, and concentrated in vacuo. The residue was purified by
silica-gel column chromatography (SiO; neutral, 12.8 g, n-hexane-AcOEt=3:1 to 2:1) to afford
N-free amide 136 (262.4 mg, 89%) as a yellow oil.
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136: '"H-NMR (400 MHz, CDCls) & = 2.51 (2H, t, J=8.1 Hz, C,-H>), 3.20 (2H, t, J=8.1 Hz,
C3-Hy), 3.27 (3H, s, NCH3), 6.36 (1H, br s, C3-H), 6.80 (1H, d, J=7.6 Hz, Cs-H), 7.01 (2H, d,
J=7.1 Hz, Cy¢-H), 7.06 (1H, dd, J=7.6, 7.6 Hz, Cs-H), 7.13 (1H, dd, J=2.7, 2.6 Hz, C,-H),
7.23 (1H, d, J=7.6 Hz, C;-H), 7.27-7.33 (3H, m, C3»45-H), 8.15 (1H, br s, N-H); *C-NMR
(100 MHz, CDCl3) & = 29.6, 35.1, 37.4, 100.8, 109.1, 119.1, 122.1, 123.6, 127.1, 127.3, 127.6,
129.6, 133.3, 135.7, 144.1, 172.8; IR (ATR) Vimax 3282 (NH), 1633 (CO) cm. HRFABMS
m/z: 279.1498 (caled for CigH oN,O: 279.1497).

3-[1-(tert-Butoxycarbonyl)indol-4-yl]-N-methoxyl-NV-methylpropanamide (142).
Me(OMe)NH-HCI

CO,H DMC, EtN CONMe(OMe)
A\ - N
N MeCN N
Boc -15°C to r.t. Boc
139 142

To a solution of carboxylic acid 139 (398.9 mg, 1.38 mmol) in dry MeCN (10.3 mL) was

added  N,O-dimethylhydroxylamine hydrochloride (385.0 mg, 3.95 mmol) at room
temperature, and the mixture was cooled to 0 °C. After EtsN (1.60 mL, 11.5 mmol) was
added to the reaction mixture over 5 min, the mixture was cooled to -15 °C. A solution of
DMC in CH,Cl, solution (1M, 3.20 mL, 3.20 mmol) was added to the mixture over 20 min,
and the reaction mixture was stirred at -10 °C for 4 h and was stirred at room temperature for 1
h. The mixture was quenched with sat. K,COs aq. (10 mL), and the resultant prepicitate was
dissolved with H,O (10 mL). The mixture was extracted with AcOEt (30 mL x 2), and the
combined organic layer was washed with brine (15 mL), dried over Na,SOj, and concentrated
in vacuo. The residue was purified by silica-gel column chromatography (SiO; neutral, 23 g,
benzene-AcOEt=10:1) to afford N-Boc amide 142 (416.7 mg, 91%) as a colorless oil.
142: '"H-NMR (400 MHz, CDCls) & = 1.67 [9H, s, C(CH:)s], 2.81 (2H, t, J=8.0 Hz, C,-H,),
3.18 (3H, s, NCH3), 3.20 (2H, t, J/=8.0 Hz, C;-H»), 3.57 (3H, s, OCHs), 6.67 (1H, d, J=3.8 Hz,
Cs-H), 7.09 (1H, d, J/=7.8 Hz, Cs-H), 7.24 (1H, dd, J=7.8, 7.8 Hz, Ce¢-H), 7.60 (1H, d, J=3.8
Hz, C,-H), 8.01 (1H, d, J=7.8 Hz, C;-H); *C-NMR (100 MHz, CDCl3) & = 27.9, 28.2, 32.2,
33.2,61.2,83.7,105.4, 113.3, 122.2, 124.4, 125.6, 129.6, 133.6, 135.2, 149.8, 173.8; IR (ATR)
Vimax 1732 (CO), 1662 (CO) cm™. HRFABMS m/z: 333.1798 (caled for CgHasN,Ou:
333.1814).
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N-Methoxyl-N-methyl 3-(indol-4-yl)propanamide (137).

CONMe(OMe) CONMe(OMe)
AcOH
A\ - A\
(o]
N 100 °C N
Boc H
142 137

A solution of N-Boc amide 142 (84.4 mg, 0.254 mmol) in AcOH (3.2 mL, 56.0 mmol) was

stirred at 100 °C for 21 h, and the solvent was concentrated in vacuo. The residue was
purified by silica-gel column chromatography (SiO; neutral, 4.2 g, benzene-AcOEt=8:1 to 4:1)
afforded N-free amide 137 (52.6 mg, 89%) as a yellow oil.
137: "H-NMR (400 MHz, CDCl3) & = 2.87 (2H, t, J=8.1 Hz, C,-H,), 3.20 (3H, s, NCH3), 3.26
(2H, t, /=8.1 Hz, Cs-H»), 3.58 (3H, s, OCHs), 6.63 (1H, ddd, J=3.0, 2.2, 1.1 Hz, Cs-H), 6.98
(1H, dd, J=7.6, 1.1 Hz, Cs-H), 7.14 (1H, dd, J=7.6, 7.6 Hz, C4--H), 7.22 (1H, dd, J=3.0, 2.8 Hz,
C,-H), 7.28 (1H, dd, J=7.6, 1.1 Hz, Cs-H), 8.20 (1H, br s, N-H, exchangeable with CD;0D);
BC-NMR (100 MHz, CDCls) & = 28.4, 32.2, 33.0, 61.2, 100.9, 109.2, 119.1, 122.2, 123.8,
127.1, 133.4, 135.8, 174.2; IR (ATR) vmx 3400-3286 (NH), 1637 (CO) cm”. HRFABMS
m/z: 233.1283 (calcd for C;3H;7N»0,: 233.1290).

N,N-Dimethyl 3-(indol-4-yl)propanthioamide (138).

CONMe, Lawesson's CSNMe,
reagent
N E N
N THF N
H 0°Ctor.t. H
100 138

To a solution of amide 100 (128.0 mg, 0.592 mmol) in THF (1.8 mL) was added Lawesson’s
reagent (167.0 mg, 0.413 mmol) at 0 °C, and the mixture was stirred at room temperature for
24 h. After MeOH (2.5 mL) was added to the mixture and being stirred at room temperature
for 5 min, the mixture was quenched with sat. NH4ClI aq. (2 mL), followed by addition of H,O
(3 mL). The reaction mixture was extracted with AcOEt (13 mL x 2), and the combined
organic layer was washed with brine (6 mL), dried over Na,SO4, and concentrated in vacuo.
The residue was purified by column chromatography (SiO; neutral, 12.5 g, benzene-AcOEt
=1:0 to 20:1) to afford thioamide 138 (127.3 mg, 93%) as colorless plates.

138: Mp 89.5-90.4 °C; 'H-NMR (400 MHz, CDCl3) & = 3.05 (3H, s, NCH3), 3.21 (2H, dd,
J=10.3, 8.4 Hz, C,-H,), 3.41 (2H, dd, J=10.3, 8.4 Hz, Cs-H»), 3.46 (3H, s, NCHj3), 6.67 (1H,
ddd, J=3.1, 2.2, 0.9 Hz, Cs;--H), 6.97 (1H, d, J=7.6 Hz, Cs-H), 7.13 (1H, dd, J=7.6, 7.6 Hz,
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Ce-H), 7.23 (1H, dd, J=3.1, 2.6 Hz, C-H), 7.29 (1H, dd, J=7.6, 0.9 Hz, C,-H), 8.20 (1H, br s,
N-H); *C-NMR (100 MHz, CDCly) § = 33.5, 41.6, 44.2, 44.6, 100.9, 109.5, 119.3, 122.2,
124.0, 1272, 132.8, 135.7, 203.7; IR (ATR) vuax 3400-3200 (NH), 1522 (CS) em’.
HRFABMS m/z: 232.1047 (caled for Ci3HygNoS: 232.1034),

%2 HioER

N-[1-(Ethoxycarbonyl)vinyl]acetamide (144a).

p-benzoquinone

O TSOH'Hzo NHAc
P§ +  HoNAc
Et Et
02 PhH, reflux CO2
145a 146 Dean-Stark trap 144a

Under an argon atmosphere, a mixture of ethyl pyruvate (145a) (1.30 mL, 11.5 mmol),
acetamide (146) (1.372 g, 23.2 mmol), p-toluenesulfonic acid monohydrate (240.0 mg, 1.26
mmol, p-benzoquinone (66.0 mg, 0.611 mmol) in dry benzene (15.0 mL) was refluxed for 5 h
with a Dean-Stark apparatus for continuous removal of water. The solution was directly
passed through a short alumina column chromatography (Al,Os, 28 g, n-hexane-benzene=1:1
to 0:1) to afford dehydroalanine 144a (880.4 mg, 49%) as colorless prisms.
144a: Mp 34.0-35.0 °C; 'H-NMR (400 MHz, CDCl3) & = 1.35 (3H, t, J=7.1 Hz, CH,CHj3),
2.14 (3H, s, CH;CO), 4.30 (2H, q, J=7.1 Hz, CH,CHs), 5.88 (1H, s, CH,=C), 6.59 (1H, s,
CH,=C), 7.75 (1H, broad s, N-H, exchangeable with D,0); IR (ATR) v 3269 (NH), 1718
(CO), 1660 (CO) cm’. LREIMS m/z: 157 (M", 100). Tts NMR spectrum was identical with
that reported previously.*

N-[1-(Methoxycarbonyl)vinyl]acetamide (144b).

p-benzoquinone

e} TsOH-H,O NHAc
Pt +  HoNAc
M M
COzMe PhH, reflux COMe
145b 146 Dean-Stark trap 144b

According to the same procedure as desribed above, dehydroalanine 140b was obtained as
colorless prisms in 53% yield from methyl pyruvate (145b) and acetamide (146).
144b: Mp 47.5-48.5 °C (lit.* 49.0-51.0 °C); 'H-NMR (400 MHz, CDCl3) & = 2.14 (3H, s,
CH;CO), 3.85 (3H, s, CHs), 5.885 (1H, s, CH,=C), 6.61 (1H, s, CH,=C), 7.74 (1H, broad s,
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N-H, exchangeable with D,0); IR (ATR) vme 3359 (NH), 1707 (CO), 1672 (CO) cm™.
LREIMS m/z: 143 (M", 59), 101 (base peak). Its NMR spectrum was identical with that

reported previously. »

tert-Butyl 4-bromoindole-1-carboxylate (148).

Br Bocz0 Br
DMAP
A\ A\
N THF, rt. N
H Boc
147 148

Under an argon atomsphere, to a solution of 4-bromoindole (147) (410.8 mg, 2.01 mmol) in

THF (4.5 mL) were added Boc,O (606.5 mg, 2.78 mmol) and DMAP (27.8 mg, 0.228 mmol)
at room temperature, and the mixture was stirred at same temperature for 1 h. The reaction
mixture was quenched with H,O (4 mL), followed by extraction with Et,O (15 mL). The
organic layer was washed with sat. NH4Cl aq. (5 mL) and brine (4 mL x 2), dried over Na,;SOs,
and concentrated in vacuo. The residue was purified by column chromatography (SiO;
neutral, 27 g, n-hexane-AcOEt=95:1 to 90:1) to afford N-Boc indole 148 (599.3 mg, quant.) as
a coloress oil.
148: '"H-NMR (400 MHz, CDCl3) & = 1.67 [9H, s, C(CH3)s], 6.64 (1H, dd, J=3.8, 0.7 Hz,
Cs-H), 7.17 (1H, dd, J=7.9, 7.9 Hz, C¢-H), 7.39 (1H, dd, J=7.9, 0.7 Hz, Cs-H), 7.64 (1H, d,
J=3.8 Hz, C,-H), 8.11 (1H, d, J=7.9 Hz, C;-H); *C-NMR (100 MHz, CDCl3) & = 28.2, 84.3,
107.1, 114.2, 114.7, 125.1, 125.5, 126.5, 131.1, 135.6, 149.5; IR (ATR) vy 1739 (CO) cm™.
HRFABMS m/z: 295.0213 (calcd for C13H14BrNO;: 295.0208).

4-Bromo-1-p-toluenesulfonylindole (150).

Br TsCl Br
NaH
o os,
N THF, 0 °C N
H Ts
147 150

Under an argon atmosphere, to a solution of 4-bromoindole (147) (990.0 mg, 4.85 mmol) in
THF (20.0 mL) was added NaH (60%, 320.0 mg, 8.00 mmol) at 0 °C, and the mixture was
stirred at the same temperature for 30 min.  After TsClI (1.35 g, 7.08 mmol) was added to the
mixture, the reaction media was stirred at the same temperature for 1.5 h. The mixture was

quenched with H,O, and then AcOEt (60 mL) was added. The mixture was stirred at room
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temperature for 10 min, and the organic layer was separated. The organic layer was washed
with sat. NaHCO; aq. (10 mL x 2) and brine (10 mL), dried over Na,SQO4, and concentrated in
vacuo. The residue was recrystallized from the mixture of n-hexane-AcOEt to afford N-Ts
indole 150 (1.558 g, 92%) as colorless prisms.

150: Mp 119.0-119.5 °C (lit.”> 119.0-121.0 °C); '"H-NMR (400 MHz, CDCl3) & = 2.35 (3H, s,
Ar-CH»), 6.73 (1H, d, J=3.7 Hz, C5-H), 7.17 (1H, dd, J=8.3, 8.3 Hz, C¢-H), 7.24 (2H, d, J=8.1
Hz, Cs s-H), 7.39 (1H, d, J=8.3 Hz, Cs-H), 7.62 (1H, d, J=3.7 Hz, C,-H), 7.76 (2H, d, J=8.1
Hz, Cy ¢-H), 7.94 (1H, d, J=8.3 Hz, C;-H); IR (ATR) Vmax 1360 (ArSO,N) cm™. LREIMS
m/z: 351 [M'(*'Br), 52], 349 [M"(”Br), 48], 91 (base peak). Its NMR spectrum was identical

with that reported previously. %

Ethyl (£)-2-acetamido-3-[1-(p-toluenesulfonyl)indol-4-yl]-2-propenoate (151a).

Br PACI,(PPhs)s COzEt
NHAC AcONa Z "NHAc
N+ )\
@EN: COEt  DMF, EtsN N
Ts 125 °C N
Ts
sealed tube
150 144a 151a

A mixture of 4-bromoindole 150 (91.3 mg, 0.261 mmol), dehydroalanine 144a (63.4 mg,
0.403 mmol), PdCl,(PPhs), (21.7 mg, 30.9 umol), and AcONa (94.0 mg, 1.15 mmol) in Et;N
(0.80 mL)-DMF (0.45 mL) was heated at 125 °C for 7 h in a sealed tube. The reaction
mixture was diluted with AcOEt (5.0 mL) and then filtered through a Celite pad. The Celite
pad was throughly wased with AcOEt and H,O and the separated aqueous layer was extracted
with AcOEt (10 mL x 3). The combined organic layer was washed with 10% HCI aq. (4 mL),
sat. NaHCOs aq. (6 mL) and brine (10 mL), dried over Na,SO4, and concentrated in vacuo.
The residue was washed with PhH to afford acrylate 151a (50.3 mg, 45%) as a colorless prisms.
The mother liquid was concentrated in vacuo, and the residue was purified by silica-gel column
chromatography (SiO; neutral, 5.0 g, benzene-AcOEt=1:0 to 2:1) to afford acrylate 151a (22.7
mg, 21%) as colorless prisms.
151a: Mp 195.5.0-196.0 °C; 'H-NMR (500 MHz, DMSO-ds) & = 1.23 (3H, t, J=7.1 Hz,
OCH,CH3), 1.90 (3H, s, CH3CO), 2.31 (3H, s, Ar-CHj3), 4.16 (2H, q, J=7.1 Hz, OCH,CH,),
6.89 (1H, d, J=3.8 Hz, C3:-H), 7.27 (1H, s, C3-H), 7.37 (1H, dd, J=8.4, 8.4 Hz, C¢-H), 7.38
(2H, d, J=8.5 Hz, Ar-H), 7.52 (1H, d, J/=8.4 Hz, Cs-H), 7.86 (2H, d, J=8.5 Hz, Ar-H), 7.87 (1H,
d, J=3.8 Hz, C»-H), 7.92 (1H, d, J=8.4 Hz, C;-H), 9.57 (1H, br s, AcN-H); *C-NMR (125
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MHz, DMSO-dg) & = 14.0, 21.0, 22.2, 60.8, 107.5, 113.5, 123.5, 124.6, 125.6, 126.6, 126.7,
127.4, 128.6, 129.8, 130.2, 134.0, 134.1, 145.6, 164.8, 169.3; IR (ATR) Vynax 3259 (NH), 1709
(CO), 1655 (CO), 1369, 1277, 1246 (ArSO,N) cm”. HRFABMS m/z: 427.1301 (calcd for
CaoH3N>O5S: 427.1328).

Methyl (£)-2-acetamido-3-[1-(p-toluenesulfonyl)indol-4-yl]-2-propenoate (151b).

Br PACIy(PPhs), ¢OzMe
NHAC AcONa ~" "NHAc
Ny o+ )\
@EN: COMe  puF, Et;N N
Ts 125 °C N
Ts
sealed tube
150 144b 151b

According to the same procedure as desribed above, acrylate 151b was obtained as colorless
prisms in 79% yield from 4-bromoindole 150 and dehydroalanine 144b.
147b: Mp 170.5-171.5 °C (lit.* 171.0-173.0 °C); 'H-NMR (400 MHz, DMSO-ds) & = 1.90
(3H, s, CH3CO), 2.31 (3H, s, Ar-CHj3), 3.71 (3H, s, CO,CHs), 6.89 (1H, d, J=3.7 Hz, C;--H),
7.30 (1H, s, C5-H), 7.37 (1H, dd, J=7.9, 7.9 Hz, C¢-H), 7.38 (2H, d, J=7.6 Hz, Ar-H), 7.52 (1H,
d, /=7.9 Hz, Cs-H), 7.85 (2H, d, J=7.6 Hz, Ar-H), 7.86 (1H, d, J=3.7 Hz, C,--H), 7.92 (1H, d,
J=7.9 Hz, C7-H), 9.55 (1H, br s, AcN-H); IR (ATR) vmax 3261 (NH), 1722 (CO), 1658 (CO),
1367, 1282, 1246 (ArSO,N) cm™. LREIMS m/z: 412 (M", 42), 370 (12), 183 (78), 155 (base
peak), 91 (51). Its NMR spectrum was identical with that reported previously.23

Methyl 2-acetoamido-3-(indol-4-yl)propanoate (152b).

CO,Me NHAG
~" "NHAc Mg COsMe
e
N MeOH, r.t. N
N icati N
Ts sonication ™
151b 152b

Under an argon atmosphere, to a mixture of dehydroalanine 151b (483.0 mg, 1.17 mmol) in
dry MeOH (16.0 mL) was added magnesium turnings (249.0 mg, 10.2 mmol) at room
temperature, and the reaction mixture was stirred at same temperature for 1 h with sonication,
and was stirred for additional 2.5 h. The mixture was quenched with sat. aq. NH4ClI aq. (9.0
mL), and then H,O (9.0 mL) and AcOEt (5.0 mL) was added to the mixture. The mixture was

extracted with AcOEt (40 mL x 3), and the combined organic layer was washed with sat.
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NaHCOs aqg. (20 mL), and brine (30 mL), dried over Na,SO4, and concentrated in vacuo. The
residue was purifed by silica-gel column chromatography (SiO, neutral, 11.7 g, benzene-
AcOEt=3:1 to 2:1) to afford arylalanine 152b (273.9 mg, 90%) as a yellow oil.

152b: 'H-NMR (400 MHz, CDCls) & = 1.93 (3H, s, CH3CO), 3.38 (1H, dd, J=13.9, 5.6 Hz,
Cs-H), 3.46 (1H, dd, J=13.9, 5.9 Hz, Cs-H), 3.70 (3H, s, OCHj3), 5.00 (1H, ddd, J=8.0, 5.9, 5.6
Hz, C,-H), 5.92 (1H, d, J=8.0 Hz, amide NH), 6.57 (1H, ddd, J=3.2, 2.2, 1.1 Hz, Cs--H), 6.83
(1H, d, J/=7.2 Hz, Cs-H), 7.12 (1H, dd, J=7.2, 7.2 Hz, C¢-H), 7.23 (1H, dd, J=3.2, 2.5 Hz,
Cy-H), 7.32 (1H, d, J=7.2 Hz, C;-H), 8.24 (1H, br s, indole N-H); IR (ATR) Vimax 3288 (NH),
1736 (CO), 1653 (CO) cm™. LREIMS (70 eV) m/e: 261 [(M+H)", 20], 260 (M", base peak),
201 (100), 170 (65), 159 (51), 131 (100), 130 (100). Its NMR spectrum was identical with
that reported previously.''

Methyl 2-acetoamido-3-[1-(tert-butoxycarbonyl)indol-4-yl|propanoate (154).

NHAc NHAc
Boc,O
COsMe DMAP COy,Me
T

N THF, rt. N

N N

H Boc
152b 154

Under an argon atmosphere, a mixture of indolylalanine 152b (265.7 mg, 1.02 mmol),
DMAP (13.7 mg, 0.112 mmol) and Boc,0O (280.5 mg, 1.29 mmol) in dry THF (7.5 mL) was
stirred at room temperature for 1 h. The solvent was concentrated in vacuo, and the residue
was purified by silica-gel column chromatography (SiO, neutral, 15 g, benzene-AcOEt=4:1 to
2:1) to afford N-Boc-indolylalanine 154 (357.2 mg, 97%) as a colorless oil.

154: "H-NMR (400 MHz, CDCls) & = 1.67 [9H, s, C(CHs)s], 1.95 (3H, s, CH;CO), 3.35 (1H,
dd, J=13.9, 5.2 Hz, C;-H), 3.41 (1H, dd, J=13.9, 6.0 Hz, Cs;-H), 3.69 (3H, s, OCHs), 4.97 (1H,
ddd, J=6.8, 6.0, 5.2 Hz, C,-H), 5.93 (1H, d, J/=6.8 Hz, amide N-H), 6.61 (1H, dd, J=3.8, 0.5 Hz,
Cs-H), 6.93 (1H, dd, J=7.8, 7.8 Hz, Cs-H), 7.23 (1H, d, J/=7.8 Hz, Cs--H), 7.60 (1H, d, J=3.8
Hz, C,-H), 8.07 (1H, dd, J/=7.8 Hz, C»-H); IR (ATR) vmax 3379 (NH), 1732 (CO), 1657 (CO)
cm”. LRFABMS m/z: 361 [(M+H)'], 360 (M"). Its NMR spectrum was identical with that

reported previously.'!
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2-Acetoamido-3-[1-(tert-butoxycarbonyl)indol-4-yl]-V,N-dimethylpropanamide (155).

NHACc NHAc
Me,NH-HCI
COsMe MesAl CONMe,
—_—
N CH,Cl, N
N 0to30°C N
Boc Boc
154 155

Under an argon atmosphere, to a solution of Me,NH-HCI (136.0 mg, 1.67 mmol) in dry

CH,Cl, (3.0 mL) was added Me3;Al (2 M in heptane solution, 2.20 mL, 4.40 mmol) dropwise at
0 °C, and the mixture was stirred at room temperature for 1 h. After a solution of ester 154
(305.0 mg, 0.846 mmol) in dry CH,Cl, (4.5 mL) was added at 0 °C, the reaction mixture was
stirred at 30 °C for 26 h. After the mixture was quenched with sat. NH4Cl aq. (8.0 mL) at
0 °C, H;O (5.0 mL) and 10% HCI aq. (2.4 mL) was added. The mixture was extracted with
CH)Cl, (25 mL x 3). Combined organic layer was washed with sat. NaHCO; aq. (15 mL),
and brine (25 mL), dried over Na,SO,, and concentrated in vacuo. The residue was purified
by silica-gel column chromatography (SiO; neutral, 9.5 g, AcOEt-EtOH=1:0 to 12:1) to afford
amide 155 (207.0 mg, 66%) as a colorless oil.
155: 'TH-NMR (500 MHz, CDCl;) & = 1.68 [9H, s, C(CHs)3], 2.01 (3H, s, CH3CO), 2.27 (3H, s,
NCHs;), 2.76 (3H, s, NCHs), 3.13(1H, dd, J=13.0, 9.8 Hz, C5-H), 3.37 (1H, dd, J=13.0, 4.4 Hz,
Cs-H), 5.23 (1H, ddd, J=9.8, 7.9, 4.4 Hz, C;-H), 6.57 (1H, d, J=7.9 Hz, amide N-H), 6.83 (1H,
d, J/=3.7 Hz, Cs-H), 7.01 (1H, d, J=7.6 Hz, Cs-H), 7.22 (1H, dd, J=7.6, 7.6 Hz, Cs-H), 7.60
(1H, d, J=3.7 Hz, C,--H), 8.05 (1H, d, J=7.6 Hz, C;-H); *C-NMR (125 MHz, CDCl3) & = 23.3,
28.2,35.5,36.7,37.7,49.8, 83.8, 105.5, 114.1, 123.6, 124.3, 126.0, 128.6, 130.6, 135.1, 149.7,
169.4, 171.3; IR (ATR) Vmax 3294 (NH), 1732 (CO), 1630 (CO) cm”. HRFABMS m/z:
374.2082 (calcd for CyoH2sN304: 374.2080).

N,N-Dimethyl 2-acetamido-3-(indol-4-yl)propanamide (143).

NHAc NHAc
CONM62 AcOH CONM62
—_—
N 100 °C N
N N
Boc H
155 143

A solution of N-Boc amide 155 (217.2 mg, 0.582 mmol) in AcOH (7.0 mL, 122.4 mmol)

was stirred at 100 °C for 22 h, and the solvent was concentrated in vacuo. The residue was
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purified by silica-gel column chromatography (SiO, neutral, 6 g, AcOEt-EtOH=1:0 to 9:1 to
4:1) to afford N-free amide 143 (146.6 mg, 92%) as yellow prisms.

143: Mp 176.0-177.0 °C; "H-NMR (400 MHz, DMSO-dg) & = 1.78 (3H, s, CH3CO), 2.57 (3H,
s, NCH3), 2.67 (3H, s, NCHs), 3.00 (1H, dd, J/=13.3, 6.9 Hz, Cs-H), 3.11 (1H, dd, J=13.3, 7.8
Hz, C3-H), 5.05 (1H, ddd, J=8.4, 7.8, 6.9 Hz, C,-H), 6.53 (1H, br s, C3--H), 6.77 (1H, d, J=7.6
Hz, Cs-H), 6.96 (1H, dd, J=7.6, 7.6 Hz, C¢-H), 7.23 (1H, d, J=7.6 Hz, C;-H), 7.31 (1H, dd,
J=2.9,2.6 Hz, C,-H), 8.30 (1H, d, J=8.4 Hz, AcN-H, exchangeable with CD;0D), 11.1 (1H, br
s, indole N-H, exchangeable with CD;0OD); *C-NMR (125 MHz, DMSO-ds) & = 22.3, 35.0,
36.2,36.3, 48.8, 99.3, 109.9, 119.2, 120.7, 124.9, 127.4, 128.6, 135.6, 168.7, 171.2; IR (ATR)
Vinax 3300-3200 (NH), 1620 (CO) cm™. HRFABMS m/z: 274.1547 (caled for CsHoN3O:
274.1556).

Intramolecular Vilsmeier-Haack reaction of amide 143.

NHAC POCI3, K5CO3 NHACO
CONMe, MeCN, 65 °C
N then NaOH aq. N
N r.t. N
H H
143 156

To a suspension of amide 143 (40.2 mg, 0.147 mmol) in dry MeCN (0.65 mL) was added
K,COs3 (52.7 mg, 0.381 mmol) and POCIl; (53.0 puL, 0.569 mmol) at 0 °C, and the mixture was
stirred at 65 °C for 1 h. The reaction mixture was quenched with H;O (3 mL), and the
aqueous layer was washed with AcOEt (6 mL x 2). The aqueous layer was basified by SN
NaOH aq. to pH 12. The mixture was extracted with AcOEt (12 mL x 3), and combined
organic layer was washed with brine (6 mL), dried over Na,SO4, and concentrated in vacuo.
The residue was purified by silica-gel column chromatography (SiO; neutral, 3.7 g, benzene-
AcOEt=1:1 to 0:1) to afford N-free ketone 156 (11.5 mg, 34%) as yellow prisms.

156: Mp 231.5-232.0 °C; "H-NMR (500 MHz, acetone-ds) & = 2.02 (3H, s, CH3CO), 3.20 (1H,
dd, /=15.8, 12.2 Hz, Cs-H), 3.68 (1H, dd, J=15.8, 6.6 Hz, Cs-H), 4.90 (1H, ddd, J=12.2, 6.6,
5.2 Hz, C4-H), 7.06 (1H, d, J=7.6 Hz, Ar-H), 7.21 (1H, dd, J=7.6, 7.6 Hz, Ar-H), 7.37 (1H, d,
J=7.6 Hz, Ar-H), 7.44 (1H, br s, NHAc, exchangeable with CD;0D), 7.88 (1H, d, J=2.4 Hz,
Ar-H), 11.30 (1H, br s, indole N-H, exchangeable with CD;OD); *C-NMR (125 MHz,
acetone-dg) 6 = 22.9, 35.4, 57.3, 110.8, 113.6, 119.1, 124.7, 125.9, 128.6, 129.7, 134.8, 170.4,
190.2; IR (ATR) Vimax 3294 (NH), 1650 (CO) cm™. HRFABMS m/z: 229.0989 (caled for
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C13H12N202Z 2290977)

Methyl (£)-2-benzyloxycarbonylamino-3-[1-(zert-butoxycarbonyl)indol-4-yl]-2-

propenoate (163).
COyMe
CHO
\ . GOaMe TMG Z “NHCbz

N (MeO)2(0)P” "NHCbz THF N\

Boc -20°Ctor.t. N
Boc

74 162 163

Under an argon atmosphere, to a solution of methyl phosphonoacetate 162 (97%, 1.270 g,
3.72 mmol) in THF (4.5 mL) was added TMG (0.590 mL, 4.70 mmol) at -15 °C, and the
mixture was stirred at the same temperature for 30 min. Then aldehyde 74 (701.0 mg, 2.86
mmol) was added to the reaction mixture at -15 °C, and the mixture was stirred at -15 °C for 1
h, and at room temperature for 5 h. The reaction was quenched with sat. NH4Cl aq. (4 mL)
and H,O (12 mL) at 0 °C, and the mixture was extracted with AcOEt (23 mL x 3). The
combined organic layer was washed with sat. NaHCO3 aq. (10 mL) and brine (10 mL), dried
over Na;SO4, and concentrated in vacuo. The residue was purified by silica-gel column
chromatography (Si0O,, 47 g, n-hexane-AcOEt=7:1 to 6:1) to afford ester 163 (1.116 g, 87%) as
colorless prisms.

163: Mp 84.0-85.0 °C (lit."" 83.4-84.7 °C); 'H-NMR (400 MHz, CDCl;) & = 1.68 [9H, s,
(CHs)3], 3.85 (3H, s, OCHs), 5.07 (2H, s, OCH,Ph), 6.38 (1H, br s, N-H, exchangeable with
D,0) 6.61 (1H, dd, J=3.8 Hz, Cs-H), 7.21-7.38 (6H, m, Cs-H, Ar-H), 7.43 (1H, d, J=7.8 Hz,
Cs-H), 7.58 (1H, s, C;-H), 7.58 (1H, d, J=3.8 Hz, C,-H), 8.14 (1H, d, J=7.8 Hz, C;-H); IR
(ATR) Vimax 3321 (NH), 1714 (CO) cm™. LREIMS m/z: 451 [((M+H)", 5], 450 (M", 19), 394
(25), 350 (12), 286 (53), 183 (33), 155 (78), 108 (32), 91 (90), 57 (base peak). Its NMR

spectrum was identical with that reported previously.''
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Methyl  2-benzyloxycarbonylamino-3-[1-(fert-butoxycarbonyl)indol-4-yl]-2-propanoate
(164).

CO,Me NHCbz
Z>NHCbz Mg CO,Me
_—
N MeOH, r.t. N
N sonication N
Boc Boc
163 164

Under an argon atmosphere, to a mixture of dehydroalanine 163 (180.1 mg, 0.400 mmol) in
dry MeOH (5.1 mL) was added magnesium turnings (62.0 mg, 2.55 mmol) at room
temperature, and the reaction mixture was stirred at same temperature for 1 h with sonication,
and was stirred for additional 1 h. Magnesium turnings (21.0 mg, 0.864 mmol) were added to
the mixture, and the reaction mixture was further stirred at room temperature for 1 h with
sonication. The mixture was quenched with sat. NH4Cl aq. (4.0 mL), and then H,O (4.0 mL)
and 4% HCI aq. (1.5 mL) was added to the mixture. The mixture was extracted with AcOEt
(20 mL, 14 mL x 2), and the combined organic layer was washed with sat. NaHCOj3 aq. (7 mL),
and brine (7 mL), dried over Na,SOj, and concentrated in vacuo. The residue was purifed by
silica-gel column chromatography (SiO,, 8.0 g, n-hexane-AcOEt=7:1) to afford arylalanine
164 (162.4 mg, 90%) as a colorless oil.

164: "H-NMR (400 MHz, CD;0OD) & = 1.67 [9H, s, C(CHs)3], 3.18 (1H, dd, J=13.9, 8.7 Hz,
Cs-H), 3.39 (1H, dd, J=13.9, 5.7 Hz, Cs-H), 3.66 (3H, s, OCH3), 4.53 (1H, dd, J=8.8, 5.7 Hz,
Cs-H), 4.97 (1H, d, J=12.2 Hz, OCH,Ph), 5.02 (1H, d, J=12.2 Hz, OCH,Ph), 6.69 (1H, dd,
J=3.8 Hz, C3-H), 7.03 (1H, d, /=7.8 Hz, Cs--H), 7.19 (1H, dd, J/=7.8, 7.8 Hz, C¢-H), 7.22-7.33
(5H, m, Ar-H), 7.58 (1H, d, J=3.8 Hz, C»-H), 8.01 (1H, d, J/=7.8 Hz, C7-H); IR (ATR) Vpax
3348 (NH), 1728 (CO) cm™. LREIMS (70 eV) m/z: 453 [(M+H)', 16], 452 (M", 55), 396
(25), 352 (11), 245 (base peak), 220 (28), 201 (91), 174 (94), 130 (100), 91 (100), 57 (92). Its

NMR spectrum was identical with that reported previously."!

2-Benzyloxycarbonylamino-3-[(1-tert-butoxycarbonyl)indol-4-yl|propanoic acid (166).

NHCbz NHCbz
COoMe LiOH-H,O CO5H
—_—
N THF, H,0 N
N r.t. N
Boc Boc
164 166
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A mixture of ester 164 (369.4 mg, 0.816 mmol) and LiOH-H,0O (480.5 mg, 11.5 mmol) in

THF (4.1 mL) and H,O (4.1 mL) was was stirred at room temperature for 1 h. After the
reaction mixture was acidified by 6N HCI aq. to pH 2, the mixture was extracted with AcOEt
(20 mL, 15 mL x 2). The combined organic layer was washed with brine (10 mL), dried over
Na,SO4, and concentrated in vacuo. The residue was purified by silica-gel column
chromatography (SiO,, 12.4 g, n-hexane-AcOEt=4:1 to 3:1) to afford carboxylic acid 166
(360.2 mg, quant.) as a colorless oil.
166: '"H-NMR (400 MHz, CDCl3) & = 1.67 [9H, s, C(CHs)s], 3.35 (1H, dd, J=13.9, 6.3 Hz,
Cs-H), 3.48 (1H, dd, J=13.9, 5.9 Hz, Cs;-H), 4.77 (1H, ddd, J=8.2, 6.3, 5.9 Hz, C,-H), 5.08 (1H,
d, /=12.2 Hz, OCH,Ph), 5.11 (1H, d, J=12.2 Hz, OCH,Ph), 5.19 (1H, d, J=8.2 Hz, N-H,
exchangeable with CD;0D), 6.61 (1H, d, J=3.7 Hz, Cs--H), 7.00 (1H, d, J/=7.8 Hz, Cs-H), 7.22
(1H, dd, J/=7.8, 7.8 Hz, C¢-H), 7.29-7.38 (5H, m, Ar-H), 7.55 (1H, d, J=3.7 Hz, C,-H), 8.07
(1H, d, J=7.8 Hz, C»-H); °C- NMR (125 MHz, CDCl;) § = 28.2, 35.1, 54.5, 67.1, 83.8, 105.1,
114.4, 123.5, 124.4, 126.1, 127.8, 128.2, 128.2, 128.5, 130.5, 135.3, 136.1, 149.7, 155.8,
175.7; IR (ATR) Vinay 3400-2800 (OH), 1726 (CO) cm™. HRFABMS m/z: 438.1758 (calcd
for Ca4H26N>06: 438.1791).

2-Benzyloxycarbonylamino-3-[1-(zert-butoxycarbonyl)indol-4-yl]-/V,N-dimethylpropan-
amide (165).

NHCbz NHCbz
MeoNH-HCI
COoH DMC, Et3N CONMe,
_—
N MeCN N
N -10to 0 °C N
Boc Boc
166 165

To a solution of carboxylic acid 166 (171.3 mg, 0.391 mmol) in dry MeCN (3.4 mL) was
added dimethyamine hydrochloride (88.0 mg, 1.08 mmol) at room temperature, and the
mixture was cooled to 0 °C. After Et;N (0.55 mL, 3.95 mmol) was added to the reaction
mixture over 5 min, the mixture was cooled to -15 °C. A solution of DMC in CH,Cl, solution
(1M, 1.10 mL, 1.10 mmol) was added to the mixture over 10 min, and the reaction mixture was
stirred at -10 °C for 1.5 h and was stirred at 0 °C for 1.5 h. The mixture was quenched with
sat. NaHCOs aqg. (4 mL), and the resultant prepicitate was dissolved with H,O (3.0 mL). The
mixture was extracted with AcOEt (13 mL x 3), and the combined organic layer was washed

with sat. K,COs3 aq. (4 mL), brine (7 mL), dried over Na,SOy4, and concentrated in vacuo. The
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residue was purified by silica-gel column chromatography (SiO; neutral, 10.8 g, n-hexane-
AcOEt=4:1 to 3:1) to afford N-Boc amide 165 (169.8 mg, 93%) as a colorless oil.

165: "H-NMR (400 MHz, CDCl3) & = 1.68 [9H, s, (CH3)3], 2.26 (3H, s, NCH3), 2.75 (3H, s,
NCHa3), 3.16 (1H, dd, J=13.0, 9.8 Hz, Cs-H), 3.37 (1H, dd, J=13.0, 4.8 Hz, Cs-H), 4.97 (1H,
ddd, J=9.8, 8.2, 4.8 Hz, C,-H), 5.12 (2H, s, OCH,Ph), 5.84 (1H, d, J=8.2 Hz, N-H,
exchangeable with CD;0OD), 6.79 (1H, d, J=3.5 Hz, Cs--H), 7.02 (1H, d, J=7.7 Hz, Cs-H), 7.22
(1H, dd, J=7.7, 7.7 Hz, C¢-H), 7.29-7.36 (SH, m, Ar-H), 7.59 (1H, d, J=3.5 Hz, C,-H), 8.05
(1H, d, J=7.7 Hz, C-H); >C-NMR (125 MHz, CDCl;) & = 28.2, 35.1, 36.7, 38.0, 51.3, 66.8,
83.8, 105.4, 114.1, 123.6, 124.3, 126.0, 127.0, 128.0, 128.1, 128.5, 130.5, 135.1, 136.4, 149.7,
155.7, 171.2; IR (ATR) vmax 3273 (NH), 1726 (CO), 1637 (CO) cm”'. HRFABMS m/z:
466.2338 (calcd for Co6H3,N30s5: 466.2342).

2-Benzyloxycarbonylamino-3-(indol-4-yl)-V,N-dimethylpropanamide (158).

NHCbz NHCbz
CONMe; AcOH CONMe;
—_—
N 100 °C N
N N
Boc H
165 158

A solution of N-Boc amide 165 (268.0 mg, 0.576 mmol) in AcOH (6.6 mL, 115 mmol) was

stirred at 100 °C for 16 h, and the solvent was concentrated in vacuo. The residue was
purified by silica-gel column chromatography (SiO; neutral, 10.5 g, n-hexane-AcOEt=2:1 to
3:2) to afford N-free amide 158 (195.6 mg, 93%) as a yellow oil.
158: '"H-NMR (400 MHz, CDCl3) & = 2.21 (3H, s, NCH3), 2.73 (3H, s, NCH3), 3.19 (1H, dd,
J=12.8, 9.9 Hz, C;-H), 3.42 (1H, dd, J=12.8, 4.9 Hz, C;-H), 5.06 (1H, ddd, J=9.9, 8.2, 4.9 Hz,
C,-H), 5.12 (2H, s, OCH,Ph), 5.85 (1H, d, J=8.2 Hz, CbzN-H, exchangeable with CD;0OD),
6.75 (1H, br s, C3--H), 6.90 (1H, d, J=7.5 Hz, Cs--H), 7.09 (1H, dd, J=7.5, 7.5 Hz, C¢-H), 7.22
(1H, dd, J=2.7, 2.7 Hz, C,-H), 7.29 (1H, d, J=7.5 Hz, C;-H), 7.31-7.37 (5H, m, Ar-H), 8.22
(1H, br s, indole N-H, exchangeable with CD;0OD); *C-NMR (125 MHz, CDCl;) & = 35.5,
36.6, 38.5, 51.2, 66.7, 100.8, 110.1, 120.5, 121.8, 124.3, 127.9, 128.0, 128.1, 128.5, 135.7,
136.5, 155.7, 171.7; IR (ATR) Vimax 3292 (NH), 1703 (CO), 1630 (CO) cm™. HRFABMS m/z:
366.1812 (calcd for C;1H24N305: 366.1818).
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2-Amino-3-(indol-4-yl)propanamide (157).

NHCbz H, (1 atm) NH,
CONMe, 5% Pd/C CONMe,
—_—
N MeOH N\
N r.t. N
H H
158 157

To a solution of N-Cbz amide 158 (131.5 mg, 0.360 mmol) in MeOH (3.0 mL) was added

5% Pd/C (27.4 mg), and the reaction mixture was stirred at room temperature for 2 h under H,
(1 atm). After filtration through a pad of Celite, the filtrate was concerated in vacuo. The
residue was purifed by silica-gel column chromatography (SiO; neutral, 5.4 g, CHCl;-MeOH
=30:1 to 8:1) to afford N-free amide 157 (80.1 mg, 96%) as yellow oil.
157: "H-NMR (400 MHz, CDCl;) & = 2.60 (3H, s, NCH3), 2.86 (3H, s, NCH3), 3.09 (1H, dd,
J=13.2, 7.5 Hz, C3-H), 3.22 (1H, dd, J=13.2, 7.0 Hz, C5-H), 4.12 (1H, dd, J=7.5, 7.0 Hz, C,-H),
6.60 (1H, ddd, J=3.1, 2.2, 0.9 Hz, Cs-H), 6.94 (1H, dd, J=7.6, 0.9 Hz, Cs-H), 7.13 (1H, dd,
J=7.6, 7.6 Hz, Cs-H), 7.23 (1H, dd, J=3.1, 2.7 Hz, C»-H), 7.30 (1H, d, J=7.6 Hz, C;-H), 8.29
(1H, br s, indole N-H, exchangeable with CD;0OD); *C-NMR (125 MHz, CDCls) & = 35.7,
36.6, 40.8, 52.0, 100.8, 109.7, 120.5, 122.1, 124.1, 127.8, 129.8, 135.8, 175.0; IR (ATR) Vpax
3600-3100 (NH), 1620 (CO). HRFABMS m/z: 232.1460 (calcd for C;3H;3sN;0: 232.1450).

2-Ethoxycarbonylamino-3-(indol-4-yl)-V,N-dimethylpropanamide (159).

NHCbz Ha (1 atm) NH. CICO,E! NHCO,Et
CONMe, 5% Pd/C CONMe,  K,COs CONMe;
— > EE—
N MeOH N THF N
N t N °Ctort. N
N r N O°Ctor N
158 157 159

To a solution of N-Cbz amide 158 (60.0 mg, 0.164 mmol) in MeOH (1.5 mL) was added 5%
Pd/C (12.0 mg), and the reaction mixture was stirred at room temperature for 2.5 h under H, (1
atm). After filtration through a pad of Celite and concentration of the filtrate, the residue was
dissolved in dry THF (1.4 mL), and K,COs (74.5 mg, 0.539 mmol) and CICO,Et (35.0 uL,
0.366 mmol) was added at 0 °C. After being stirred at room temperature for 30 min, the
mixture was quenched with H,O (3 mL), and extracted with AcOEt (7 mL x 3). The
combined organic layer was washed with brine (4 mL), dried over Na,SOy, and concentrated in

vacuo. The residue was purifed by silica-gel column chromatography (SiO; neutral, 4.1 g,
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n-hexane-AcOEt=3:1 to 1:1) to afford N-CO,Et amide 159 (47.7 mg, 2 steps 96%) as a
colorless oil.

159: '"H-NMR (400 MHz, CDCl3) & = 1.25 (3H, t, J=7.1 Hz, OCH,CH3), 2.21 (3H, s, NCH3),
2.73 (3H, s, NCH3), 3.18 (1H, dd, J/=13.0, 9.7 Hz, C;-H), 3.41 (1H, dd, J=13.0, 4.9 Hz, C;-H),
4.13 (2H, q, J=7.1 Hz, OCH,CHs), 5.04 (1H, ddd, J=9.7, 8.4, 4.9 Hz, C,-H), 5.72 (1H, d, J=8.4
Hz, EtO,CN-H, exchangeable with CD;0D), 6.75 (1H, br s, Cs--H), 6.90 (1H, d, J=7.6 Hz,
Cs-H), 7.09 (1H, dd, J=7.6, 7.6 Hz, Cs-H), 7.22 (1H, dd, J=2.7, 2.7 Hz, C,-H), 7.29 (1H, d,
J=7.6 Hz, C-H), 8.31 (1H, br s, N-H, exchangeable with CD;OD); *C-NMR (125 MHz,
CDCl3) 6 = 14.6, 35.5, 36.6, 38.5, 51.0, 60.9, 101.0, 110.0, 120.5, 122.0, 124.2, 128.0, 128.4,
135.6, 156.0, 171.8. IR (ATR) vimax 3294 (NH), 1697 (CO), 1632 (CO) cm”. HRFABMS
m/z: 304.1672 (calcd for Ci6Hz1N303: 304.1661).

2-Benzamido-3-(indol-4-yl)-V,V-dimethylpropanamide (160).

NHCbz H, (1 atm) NH, B2Cl NHBz
CONMe, 5% Pd/C CONMe,  K,COs CONMe;
—_— —_—
N MeOH N THF N
N r.t. N 0°Ctor.t. N
H H H
158 157 160

To a solution of N-Cbz amide 158 (110.0 mg, 0.301 mmol) in MeOH (2.4 mL) was added
5% Pd/C (23.5 mg), and the reaction mixture was stirred at room temperature for 2.5 h under
H; (1 atm). After filtration through a pad of Celite and concentration of the filtrate, the
residue was dissolved in dry THF (2.5 mL), and K,COs3 (252.0 mg, 1.82 mmol) and BzCl (60.0
uL, 0.517 mmol) were added at 0 °C. After being stirred at room temperature for 1 h, the
mixture was quenched with H,O (3 mL), and extracted with AcOEt (6 mL x 3). The
combined organic layer was washed with sat. NaHCO3 aq. (5 mL) and brine (7 mL), dried over
Na,SO4, and concentrated in vacuo. The residue was purifed by silica-gel column
chromatography (SiO, neutral, 6.8 g, n-hexane-AcOEt=1:1) to afford N-Bz amide 160 (95.0
mg, 2 steps 94%) as colorless prisms.

160: Mp 197.0-198.0 °C; 'H-NMR (500 MHz, DMSO-d) & = 2.74 (3H, s, NCHz), 2.77 (3H, s,
NCH3), 3.20 (1H, dd, J=13.4, 7.7 Hz, Cs-H), 3.26 (1H, dd, J=13.4, 7.0 Hz, C;-H), 5.21 (1H, dd,
J=7.7,7.0 Hz, C,-H), 6.60 (1H, m, Cs--H), 6.91 (1H, d, J=7.6 Hz, Cs-H), 6.97 (1H, dd, J=7.6,
7.6 Hz, Cs-H), 7.23 (1H, d, J=7.6 Hz, C-H), 7.32 (1H, dd, J=2.7, 2.7 Hz, C,-H), 7.43 (2H,
dd, J/=7.4, 7.4 Hz, Ar-H), 7.51 (1H, dd, J=7.4, 1.5 Hz, Ar-H), 7.84 (2H, dd, J=7.4, 1.5 Hz,
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Ar-H), 8.74 (1H, d, BzN-H, exchangeable with CD;OD), 11.07 (1H, br s, indole N-H,
exchangeable with CD;0D); *C-NMR (125 MHz, DMSO-dg) & = 35.2, 35.3, 36.4, 49.9, 99.3,
109.9, 119.5, 120.7, 124.9, 127.5, 128.1, 128.9, 131.3, 133.8, 135.7, 165.8, 171.3; IR (ATR)
Vinax 3350-3250 (NH), 1620 (CO) cm™. HRFABMS m/z: 336.1685 (caled for CaoHzN30:
336.1712).

3-(Indol-4-yl)-2-p-toluenesulfonamido-/N,N-dimethylpropanamide (161).

NHCbz H, (1 atm) NH, TsCl NHTs
CONMe, 5% Pd/C CONMe,  KyCOs CONMe,
—_— —_—
N MeOH N THF N
N r.t. N 0°Ctor.t. N
H H H
158 157 161

To a solution of N-Cbz amide 158 (110.1 mg, 0.301 mmol) in MeOH (2.4 mL) was added

5% Pd/C (24.7 mg), and the reaction mixture was stirred at room temperature for 2 h under H,
(1 atm). After filtration through a pad of Celite and concentration of the filtrate, the residue
was dissolved in dry THF (2.7 mL), and K,CO3 (189.5 mg, 1.37 mmol) and TsCl (90.0 mg,
0.472 mmol) were added at 0 °C.  After being stirred at room temperature for 3 h, the mixture
was quenched with H;O (3 mL), and extracted with AcOEt (7 mL x 3). The combined
organic layer was washed with sat. NaHCOs aq. (5 mL) and brine (7 mL), dried over Na;SO,,
and concentrated in vacuo. The residue was purifed by silica-gel column chromatography
(Si0; neutral, 6 g, CHCl3-MeOH=35:1) to afford N-Ts amide 161 (93.0 mg, 2 steps 81%) as
pale green prism.
161: Mp 223.0-224.0 °C; 'H-NMR (500 MHz, DMSO-ds) & = 2.24 (3H, s, NCH3), 2.34 (3H,
Ar-CHs), 2.38 (3H, s, NCH3), 2.88 (1H, dd, J=13.0, 5.8 Hz, C3-H), 3.02 (1H, dd, J=13.0, 8.9
Hz, C5-H), 4.44 (1H, dd, J=8.9, 5.8 Hz, C;-H), 6.20 (1H, br s, C3--H), 6.64 (1H, d, J/=7.6 Hz,
Cs-H), 6.92 (1H, dd, J=7.6, 7.6 Hz, C¢-H), 7.22 (1H, d, J=7.6 Hz, C»-H), 7.27-7.29 (3H, m,
Cy-H, Ar-H), 7.57 (2H, d, J=8.2 Hz, Ar-H), 8.15 (1H, br s, TsN-H), 11.05 (1H, br s, indole
N-H); *C- NMR (125 MHz, DMSO-ds) & = 20.9, 34.9, 36.0, 36.8, 51.9, 98.7, 110.1, 119.4,
120.7, 125.0, 126.4, 127.2, 127.4, 129.1, 135.6, 138.1, 142.4, 169.9; IR (ATR) vimax 3500-3200
(NH), 1620 (CO) cm™. HRFABMS m/z: 386.1526 (calcd for CoHy4N303S: 386.1538).
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%3 HioEER

Methyl (S)-2-benzyloxycarbonylamino-3-[1-(fert-butoxycarbonyl)indol-4-yl|propanoate
[(S)-164].

COMe asymmetric I?IHCbZ
2 "NHCbz  hydrogenation COoMe
B ———
A\ A\
N N
Boc Boc
163 (S)-164

Ester (S)-164 was obtained as a colorless oil by asymmetric hydrogenation of
dehydroalanine 163 according to the reported procedure. !
(S)-164: [a]p™* —15.5 (¢ 0.500, MeOH) [lit."" [a]p —13.4 (¢ 0.685, MeOH) for (S)-164];
'H-NMR (400 MHz, CD;0D) & = 1.67 [9H, s, C(CH3)3], 3.19 (1H, dd, J=13.9, 8.8 Hz, C3-H),
3.38 (1H, dd, J=13.9, 5.8 Hz, Cs;-H), 3.66 (3H, s, OCHs3), 4.53 (1H, dd, J=8.8, 5.8 Hz, C,-H),
4.97 (1H, d, J/=12.7 Hz, OCH,Ph), 5.02 (1H, d, J=12.7 Hz, OCH,Ph), 6.69 (1H, dd, /=3.7 Hz,
Csy-H), 7.03 (1H, d, J=7.8 Hz, Cs-H), 7.20 (1H, dd, J=7.8, 7.8 Hz, C¢-H), 7.23-7.33 (5H, m,
Ar-H), 7.59 (1H, d, J=3.7 Hz, C,-H), 8.02 (1H, d, J/=7.8 Hz, C;-H). The ee of (5)-164 was
estimated to be 99.0% by the HPLC analysis of 164. The conditions were as follows: column,
Chiralcel OD-H; eluent, n-hexane/2-propanol=24/1; flow rate, 1.0 mL/min; retention time,
25.5 (S, major) and 27.9 (R) min. Its NMR spectrum was identical with that reported

previously."!

(5)-2-Benzyloxycarbonylamino-3-[1-(zert-butoxycarbonyl)indol-4-yl|propionic acid
[(5)-166].

NHCbz NHCbz
COzMe L|OHH2O COzH
—_—
N THF, H,0 N
N r.t. N
Boc Boc
(S)-164 (S)-166

Acid (5)-166 was obtained as a colorless oil by hydrolysis of ester (S)-164 according to the
same manner as described previously.
(5)-166: [a]p>> +32.5 (¢ 0.670, CHCl3); 'H-NMR (400 MHz, CDCl3) & = 1.67 [9H, s, C(CH3)s],
3.35 (1H, dd, J=13.9, 6.5 Hz, Cs-H), 3.48 (1H, dd, J/=13.9, 5.4 Hz, Cs-H), 4.77 (1H, ddd, J=7.7,
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6.5, 5.4 Hz, C,-H), 5.06 (1H, d, J=12.3 Hz, OCH,Ph), 5.11 (1H, d, /=12.3 Hz, OCH,Ph), 5.17
(1H, d, J/=7.7 Hz, N-H, exchangeable with CD;0D), 6.61 (1H, d, /=3.7 Hz, Cs--H), 7.00 (1H, d,
J=1.8 Hz, Cs-H), 7.23 (1H, dd, J=7.8, 7.8 Hz, C¢-H), 7.28-7.38 (5H, m, Ar-H), 7.55 (1H, d,
J=3.7 Hz, C,-H), 8.07 (1H, d, /=7.8 Hz, C»-H). Its NMR spectrum was identical with that of

this authentic specimen.

(5)-2-Benzyloxycarbonylamino-3-[1-(zert-butoxycarbonyl)indol-4-yl]-/V,/N-dimethyl-
propanamide [(S)-165].

NHCbz NHCbz
: MeosNH-HCI :
CO,H DMC, Et3N CONMe,
—_—
N MeCN A
N -15to 0°C N
Boc Boc
(S)-166 (S)-165

Amide (S5)-165 was obtained as a colorless oil from carboxylic acid (S)-166 according to the
same manner as described previously.
(5)-165: [a]p>* +24.9 (¢ 0.560, CHClz); "H-NMR (400 MHz, CDCl3) & = 1.68 [9H, s, (CH3)s],
2.26 (3H, s, NCHs), 2.75 (3H, s, NCHj3), 3.16 (1H, dd, J=13.0, 9.9 Hz, C;-H), 3.37 (1H, dd,
J=13.0, 4.7 Hz, C5-H), 4.98 (1H, ddd, J=9.9, 8.8, 4.7 Hz, C,-H), 5.12 (2H, s, OCH,Ph), 5.84
(1H, d, /=8.8 Hz, N-H, exchangeable with CD;0OD), 6.79 (1H, d, J=3.8 Hz, Cs--H), 7.02 (1H, d,
J=7.8 Hz, Cs-H), 7.21 (1H, dd, J=7.8, 7.8 Hz, Ce¢-H), 7.30-7.39 (5H, m, Ar-H), 7.59 (1H, d,
J=3.8 Hz, C,-H), 8.05 (1H, d, J/=7.8 Hz, C;--H). Its NMR spectrum was identical with that of

this authentic specimen.

N,N-Dimethyl (S)-2-benzyloxycarbonylamino-3-(indol-4-yl)propanamide [(S5)-158].

NHCbz NHCbz
CONMe, AcOH CONMe,
—_—
N 100 °C N
N N
Boc H
(S)-165 (S)-158

N-Free amide (S)-158 was obtained as a pale yellow oil from N-Boc amide (S5)-165

according to the same manner as described previously.
(S)-158: [a]p>*+38.2 (¢ 0.560, CHCls); 'H-NMR (400 MHz, CDCl3) & =2.21 (3H, s, NCHj),
2.73 (3H, s, NCH3), 3.19 (1H, dd, J=12.9, 9.9 Hz, Cs-H), 3.42 (1H, dd, J=12.9, 4.9 Hz, C3-H),
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5.06 (1H, ddd, J=9.9, 8.1, 4.9 Hz, C,-H), 5.12 (2H, s, OCH,Ph), 5.85 (1H, d, J=8.1 Hz,
CbzN-H, exchangeable with CD;0D), 6.75 (1H, J=2.6, 1.6 Hz, Cs--H), 6.90 (1H, d, J=7.6 Hz,
Cs-H), 7.09 (1H, dd, J=7.6, 7.6 Hz, Cs-H), 7.22 (1H, dd, J=2.6, 2.6 Hz, C,-H), 7.29 (1H, d,
J=7.6 Hz, C-H), 7.31-7.37 (5H, m, Ar-H), 8.23 (1H, br s, indole N-H, exchangeable with
CDs;OD). The ee of (S)-158 was estimated to be 99.0% by the HPLC analysis of 158. The
conditions were as follows: column, Chiralcel OJ-H; eluent, n-hexane/2-propanol=9/1; flow
rate, 0.7 mL/min; retention time, 57.5 (S, major) and 64.4 (R) min. Its NMR spectrum was

identical with that of this authentic specimen.

N,N-Dimethyl (S)-2-acetamido-3-(indol-4-yl)propanamide [($)-143].

,;lHCbZ H, (1 atm), Ac,O ,;lHAC
CONMe> 5% Pd/C CONMe>
N MeOH N
N r.t. N
H H
(S)-158 (S)-143

To a solution of N-Cbz amide (S)-158 (163.9 mg, 0.449 mmol) in MeOH (3.7 mL) were
added 5% Pd/C (49.0 mg) and Ac,0O (0.300 mL, 3.17 mmol), and the reaction mixture was
stirred at room temperature for 5.5 h under H, (1 atm).  After filtration through a pad of Celite
and concentration of the filtrate, the residue was purifed by silica-gel column chromatography
(S10; neutral, 3.9 g, AcOEt-EtOH=1:0 to 20:1) to afford N-Ac amide (S)-143 (104.6 mg, 85%)
as pale orange prisms.

(S)-143: Mp 174.0-175.0 °C; [a]p>* +84.0 (c 0.434, MeOH); 'H-NMR (500 MHz, DMSO-ds) &
=1.78 (3H, s, CH3CO), 2.59 (3H, s, NCH3), 2.69 (3H, s, NCHs), 3.03 (1H, dd, J=13.3, 6.9 Hz,
Cs-H), 3.12 (1H, dd, J=13.3, 7.8 Hz, Cs;-H), 5.06 (1H, ddd, J/=8.4, 7.8, 6.9 Hz, C,-H), 6.55 (1H,
br s, C3-H), 6.79 (1H, d, J=7.6 Hz, Cs-H), 6.97 (1H, dd, J=7.6, 7.6 Hz, Cs-H), 7.25 (1H, d,
J=7.6 Hz, C;-H), 7.32 (1H, dd, J=2.9, 2.6 Hz, C»-H), 8.31 (1H, d, J/=8.4 Hz, AcN-H,

exchangeable with CD;OD), 11.1 (1H, br s, indole N-H, exchangeable with CD;OD). Its

NMR spectrum was identical with that of this authentic specimen.
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Intramolecular Vilsmeier-Haack reaction of amide (5)-143.

NHAC POCl3, K5CO3 '?'HA%
CONMe, MeCN, 65 °C
N then NaOH aq. N
N r.t. N
H H
(S)-143 (S)-156

Ketone (S)-156 was prepared from N-Ac amide (S5)-143 according to the manner as
described previously.
(S)-156: Mp 231.4-232.3 °C; [a]p>* +3.5 (¢ 0.210, MeOH); "H-NMR (500 MHz, acetone-ds) &
=2.03 (3H, s, CH;CO), 3.19 (1H, dd, J=15.7, 12.1 Hz, Cs-H), 3.69 (1H, dd, J=15.7, 6.6 Hz,
Cs-H), 4.89 (1H, ddd, J=12.1, 8.0, 6.6 Hz, C4-H), 7.06 (1H, d, J=7.6 Hz, Ar-H), 7.21 (1H, dd,
J=7.6,7.6 Hz, Ar-H), 7.37 (1H, d, J/=7.6 Hz, Ar-H), 7.42 (1H, br s, N-HAc, exchangeable with
CD;0D), 7.88 (1H, d, J=2.4 Hz, Ar-H), 11.22 (1H, br s, indole N-H, exchangeable with
CDs;OD). The ee of (5)-156 was estimated to be 4.0% by the HPLC analysis of 156. The
conditions were as follows: column, Daicel Chiralpak AD-H; eluent, n-hexane/EtOH=4/1; flow
rate, 0.7 mL/min; retention time, 16.8 (S, major) and 19.7 (R, minor) min. Its NMR spectrum

was identical with that of this authentic specimen.
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B2

Synthetic Studies toward (—)-Indolactam V
from 4-Substituted Indoles
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=S

i)

B

(—-)-Indolactam V (2) %, Streptoverticillium blastmyceticum NA34-17 76 BB X 7=
indole alkaloid T % (Figure 1), *¥ HEAFHM E L C. indole BED 3 ik 4 NLiCHA
B3 HEALD 9 BER lactam THRIEBSNTMEL L >TNHZ &, ZLTID lactam
BA&IZ L-valine AL AAEN TWD Z ENET NS, ZOHOIE, 3 promoter
Td % teleocidin % [Teleocidin A (170, A-1 135114 Lyngbyatoxin A* & FEEIL TN %),
Teleocidin B (171)] OILEEFHE Z K ITILEM TH YD . S HITRILEM LIHNRD B &5 E
promoter & L COIEMEEZH L TW\W5, F7=. protein kinase C (PKC) @ activator & L T[&
FHNCEERMEAY TH D, 0 5T, AR LTI 1990 412, Koshimizu
RN Db OEAFED LI PC T label {L L7z amino BECAEE S5 A4 A K AITER
K2 W2 EBRIZ X Y | L-tryptophan, L-valine, % L C L-methionine @ 3 Ff( amino F&
NOERREND ZEEWEL TS, Y

MeN OH
R3
\ | @
H R1R 1R
(-)-Indolactam V (2) Teleocidin A (170) Teleocidin B (171)
R R? R! RZ R® R4
A-1(170a) vinyl Me B-3(171a) Me vinyl i-Pr Me
A-2 (170b) Me  vinyl B-4 (171b) vinyl Me Me i-Pr

A-1 (170a): so-called Lyngbyatoxin A

Figure 1. The structures of teleocidin classes of compounds
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52 OmEOES
(-)-Indolactam V (2) OEEFITEANATONTEY | THUETIZT B RGN 3 fi
. T UCRFREMEARARD 5 61 @S Tnd, 22T SEHEERO A RKIC

B L7= 3 2D group DHFFEIZOWTHITT D,

%1 £ Nakatsuka & DAk 32

CbzHN._ .CO;Me 1) LiBH4 CbzHN “NOAc DDQ CbzHN SSNOAc
25°C (2 eq.)
o)
l\} 2) Ac,0, py l\} THF, H,O l\}
H 25°C H 25 °C, 74% H
2 steps, 979
(S)-172 steps, 97% (S)-173 (S)-174
CbzHN_
Hs, (1 atm) NH “NoAc
PtO, 2 NaBH,4
{ o
MeOH, 25 °C DMF, Hy0
60% N 25 °C, 96%
(S)-176
CbzHN_ oH 1) NaBH3CN \i Hp (1 atm)
NH> DMF,25°C |,/ CO2Su Pd/C
< + I NHCbz
N 0™ COH 2)su0OH, DCC N\ MeOH, 25 °C
™ MeCN, 25 °C N \OH 73%
2 steps, 76% H
(S)-177 178 179 (5:6 mixture)

0 0 J 0
NH NaHCO3 NH ”'»\NH N
HN ~ OH Mel MeN - OH L MeN ~ OH
N MeOH, 70 °C \ N
N sealed tube N N
H

H H
180 (5:6 mixture) (-)-Indolactam V (2) 181
(32%) (53%)

Scheme 1. Synthesis of (—)-Indolactam V (2) by Nakatsuka’s group.

Nakatsuka & ¥ (X, HFEJFEE LT, L-tryptophan ORIEERALDZEFEFE A Cbz Jk
THRE STz ester (S)-172 ZHW T 5 (Scheme 1), D2, JFEEL (S)-172 D ester
fZ% lithium borohydride (LiBHy4) (Z & - Tt L7z, 4 U7z alcohol Hii% acetyl T

ke
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PR L. acetate (S)-173 % 157-, IT 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) %
FAWT-BRU G X - T benzyl (\ZIZ carbonyl FEZ3E AL (S)-174 (22 #itk | indole O
4 FLIZIRIAYIZ nitro FEAEA L7z, £ LT, (8)-175 @ nitro DA% KR 3FRIC

- CiEJL LT amine & (S)-176 & L7-1%. sodium borohydride (NaBH4)(Z J - CHERZ
ester DIEILHL N benzyl LD carbonyl F:DiE L% [RIFRFIZITVY, alcohol (S)-177 ~ & i
L7z, D%, alcohol & (S)-177 @ amino KEIZXFF 2 pyruvic acid 178 DiEILH)
alkylation %17\, 42 U7z carboxylic acid % succinate 179 ~& &7z, Z OKFATIE, 5
6 @ diastereomer AW TH>7-, WIZ, Cbz HEEMKEDNFIZL > THRETDHE, &
U7z amino ££7% succinic ester FIAZICSKEZHBEZE Z L, 9 B lactam 180 %1572, &
#%I1Z, 9 BIR lactam [ amino M DERAIZL methylation 12XV | (-)-Indolactam V (2)
& Z? diastereomer TH 5 181 DNZENENSGHILZ, T/ H, L-tryptophan ester
($)-172 705 10 THEILE 2.9% IZTEAKITKI Uiz, BIEERE LRI & KW
NERIEPPRICRIT D 2 LA, REHROMERE LTHETF 6N D,

% 2 fi Kogan & DENL P

CIH-H,N_ .COMe  CprCl CbzHN._.CO,Me CbzHN__ .~
3 steps OAc
NaOH
> H.0, di > 73% f S
0, dioxane o from
; ; o SN
(S)-182 (S)172 (S)-174
1) T(OCOCF3)s COzHN "~ oac ChzHN, .,
TFA, r.t. N3 3) NaBHy, H,0 NH;
o
2) Cu(OTf),, NaN3 ) DMF, r.t. N
DMF, 100 °C N 3 steps, 44% N
(S)-183 (S)177

Scheme 2. Synthesis of 4-amino-tryptophanol (S)-177.

Kogan © 9 %, HFEEIE LT L-tryptophan ester OYEEEHE (S)-182 Z AV T\ %
(Scheme 2), FIOIZMEID amino H% Cbz FETHRF#EL T (5)-172 & L7214, Nakatsuka
5 ERIBEDEREILZAHL (ester JEDIEIT, acetylation, DDQ (Z L DL 3 BxfE) |
T (5)-174 I[ZFFE L7z, 5l&XkiE. indole @ 4 NLITTERAIIC azide FEAEA L, H&i%IC
NaBH; % MV 7212 el K - T, 4-amino-tryptophanol [(S)-177] #15 T\ 5,

—J5C, valine E‘BM@%A ZHWS triflate (R)-187 IX FREDFIETHKI N TN D
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(Scheme 3),
NaN02 SOC|2 szo

\( H,SO, \( BnOH \( 2,6-lutidine \(

HoNY “COH H,0,0°C HO" “CO,H benzene HO' “COBn  CH,Cl, TfO" ~CO»Bn

7% reflux, 78% -78°C tor.t.
D-valine (D-184) (R)-185 (R)-186 99%, (R)-187

Scheme 3. Preparation of triflate (R)-187.

T 72> H, D-valine (D-184) @ amine I Z /KEEILIZZHL L7214, carboxylic acid (R)-
185 @ benzylation, } UVKEEFED trifluoromethanesulfonylation (BLEfEFE DEA) @ 3 B
12k~ T, triflate (R)-187 ZFHH L 7=,

I BT HEEE & L C 2,6-lutidine % AV, amino alcohol (S)-177 & triflate (R)-187 &
D coupling #{To7=& Z A, BIF/RILEET valine SN A I N7 HRY 188 =15 T
W% (Scheme 4),

CbzHN_ . \£ Hy (1 atm)
NHz OH 26-utidine _ #~CO,Bn Pa/C
A\ + \\( NHCbz
N TfO" "CO2Bn 1 2_dichloroethane @E\g\:: MeOH, (+)-CSA
H 70 °C, 78% N OH 25°C
(S)'177 (R)-187 188
0 0
\ﬁ BOP, NMM NH HCHO, AcOH /g)LNH“‘\\
HN 02" HOBt HN "SoH  NaBHCN MeN OH
NH,
@E\iv\ DMA, 25°C N\ MeCN, Ho0 \
N OH \ 25 oG N
" H 66% from 188 H
189 190 (-)-Indolactam V (2)

Scheme 4. Completion for the synthesis of Indolactam V (2) by Kogan’s group.

Z D%, coupling & 188 @ Cbz J K N benzyl ester HHALE MIAKFEZFRIZ LV ERE L,
o7 AbEY 189 D5+ lactam JERS, RWT lactam 190 @ amino F&DIZEJT
#Y methylation (ZJ ¥ . L-tryptophan ester DIERAME (5)-182 7°5H 11 LFRENGE 16.5% (T
T (-)-Indolactam V (2) OEARITLEN LT-,
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Sipe

5 3 i Semmelhack & DA EL Y

Semmelhack &% ¥*Y F4, 4-amino-3-formylindole FHEK 191 ZFHHL L7~ (Scheme 5),
H78 B LT 2,6-dinitrotoluene (192) % H VY, Leimgruber-Bacho 7412 X % indole & hk
%17 - 7=, £7. DMFDMA (N,N-dimethylforamide dimethylacetal) & D #5412 & - T
enamine 193 & L 7=, enamine @ 2 O® nitro F&%& PRI L > T amino JEIZE
$i9~ 2 L RIRFICER LSOOG 23 ST L indole 194 %A 45%7-, ¥RIZ, amino &% trifluoroacetyl &
TIRFE L72%. S 5IT amino J&D metylation 1T -72, H&IZ Vilsmeier G2 LY
indole @ 3 fiZiZ formyl 5% A L, aldehyde 191 ~&FFE&E L7z,

NO, DMFDMA NO, H, (60 psi) NH. TFAA
i p (3eq.) @\/\/NMez 10% Pd/C @ EtsN
DMF, 115 °C benzene, r.t. N CHyClI,, 0°C
NOz2 969 NO2 84% H 93%
192 193 194
o) o)
I NaH, 10% DMPU I 1) POCl3, DMF
FsC™ 'NH THF, 0°C FsC™ 'NMe 0to 85°C F3C™ 'NMe CHO
N} then Mel, 0 to 25 °C Ny 2) NaOH, H,0 N
N 98% N reflux, 76% N
H H H
195 196 191

Scheme 5. Synthesis of aldehyde 191

Aldehyde 192 7>% (-)-Indolactam V (2) ~D & k% #1E Scheme 6 (2757, Aldehyde
191 @ indole BRNDEFRFE 1% Boc M THri# L7217, aldehyde N DEITIZ LY |
alcohol 198 % 4537-, 5l & &V T, £ 54172 alcohol 198 & D-valine 7>5H %5 L7 triflate
199 & @ coupling |2 X > TLEW 200 24571, Klekiz RFILITEHL T 201 &L
7o IZ, bromide 201 & —->@ amino F£ (valine, glycine) DOiffi 5K Téh % bislacim ether
202 & DONIZ LY | alkylation K 203 ~EFHE L7, S 5472 203 OFEMESMTTO
A FRIZ - T tryptophan 58 K 204 ~EZ28H#a L 7-1%, HL/KFE gas (2L - T
t-butyl ester & Boc Mz FERFICERE L. BRAILATEMEA 205 ZER L7z, fMEHIE LT
benzotriazol-1-yloxy-tris(dimethylamino)phosphonium hexafluorophosphate (BOP) % I\ T 9
B8 lactam 206 Z % L7214, &f&IZ ester FfiZEc L, HWE 9% (-)-Indolactam V
(2) DAREER L TWD, B, BURIT 18.4% (14 TiE) ThHh-o7=,
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(@)
)J\ Boc,0, EtsN NHMe
F3C° 'NMe F3C° "'NMe NaBH
3 CHO DMAP 3 CHO 4 < OH
N MeCN, 25 °C N EtOH N
N 98% N 0to25°C Boc
oc 98%
191 197 198
NHMe proton \£ Bro-PPh3
@\/\g\OH . \( sponge MeN~  CO2t-Bu EtzN
N TfO" CO,t-Bu CICH,CHCI @jg\OH CCly, 25°C
Boc 70 °C, 88% N 95%
Boc
198 199 200
(derived from D-valine)
1) n-BuLi /g/co t-Bu
. N. _OMe 2 OMe
MeN COxt-Bu . Ji X THF, 70 °C MeN N:$<< 0.1N HCI
NS 1ee
@E\g\gr MeO™ N 2) 201, THF @E\g gzN THF, 25°C
N -70 to -50 °C N OMe 85%
Boc 86% Boc
201 202 203
@)
HCI BOP, NMM /g)LNH COMe
MeN CO2tBu (gas)  peN” CO2H HOBt MeN e
MNHZ m "
A\ MeNO, Ny 2 DMA, 25 °C N\
N COMe 10500 N COMe 5 Giens, 78% N
Boc H H
204 205 206
@)
LiBH,4 NH
MeOH MeN h OH
Ety0, reflux \
72% N
H

(-)-Indolactam V (2)

Scheme 6. Synthesis of Indolactam V (2) from 3-formylindole 190 by Semmelhack’s group.
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53 E EFHONETE

AIFIC T, BEIZWL DD group I8 - TER SNTZEBRKEF T Lz, 78
KOERIZKEI LTz group HED, A F TIZEMN 2 EINTREOL B L TWD
ZENHDH, UL, 4-aminoindole FEFEIR 207 & D-valine O TR THFEL 2-
Hydroxybutanoic acid 7&K 208 & @ SN2 [t~ (N-alkylation) (ZJ > T, L-valine ‘B
ZEANLTWHZ ETHD (Scheme 7),

0]
o i JVL
2 N NH
RHN ) COR? SN

reaction R2y MeN OH
1 —_—
TfO 002R3 ©E\< R <
N
H H
207 208 209 (-)-Indolactam V (2)

Scheme 7. A typical strategy for introduction of L-valine unit to indole skeleton in the reported

(-)-indolactam V (2) synthesis.

& Z AN, (-)-indolactam V (2) DEEFIZISUN T, 4-bromoindole % L < {Z 4-iodoindole
FEILL | amino KEATHILEWE D coupling K& (Ullmann S ) 12k » T,
L-valine B#ZEA L7 LW HEFIT 2N E T,

S C.Ma 5 (-)-Indolactam V DFH#FIK ToH % benzolactam V8 (210) DEFLIZFIT 5
PEEEPE L L C, A& amination ZFH L CTW5, 3725, aryliodide 211 & amine
source T& 5 L-valine (L-184) & @ coupling G, filt & 3 {8 (1) F4E F T%h
KR EITLIZZ L EME L TWD (Scheme 8) ), Ma & DL TIL, L-valine & Ffix
@ aryliodide @ coupling |Z DWW THitdiI N TV D

K,CO3 NH
HN” ~CO,H
OH + I 2 HN -:ll\
HoN™ "CO2H  pmA, 90 °C OH OH

86%
211 L-184 212 benzolactam V8 (210)

Scheme 8. Synthesis of benzolactam V8 (210) via amination of aryl halide 211 with L-valine (L-184).

FIRED G, Twieg HICE > THHEIN TS O, M 5H1x, KEUSEEE LT
F, #ifiEEo ligand & L C 2-dimethylaminoethanol (DMAE) Z ¥ L T\ 5, A
I%. bromobenzene (214) % AWZERIZ 33 I < coupling 1K (216,217) BEHH TV 5
(Table 1, Ma & DA TIX, 214 7205 216 ZUCE 81% IZTAK L TV D),
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Table 1. Cul-catalyzed amination in aqueous media by Twieg’s group
Cul (10 mol%), DMAE (2 eq.)

R K3PO4 (2 eq.) R
+ B Y > A
X HoN™ "COyH H,0, 100 °C H COyH
. 48 h, N, .
213 : X =1 184 : R =i-Pr 216 : R =j-Pr
217 : R = PhCH,

214: X =Br 215: R =PhCH,

entry halobenzene amino acid product (%)
1 212 DL-valine (184) 216 :85
213 DL-valine (184) 216 : 90
213 DL-phenylalanine (215) 217 : 80

& T AN, indole D K 9 7% hetero HELRILGY & amino &L D coupling Z4To72 &
WO IREIZZ L E T2,

—5C, Buchwald &% Pd fifit% F\ 7= 5-bromoindole (218) ¢ amination % %5 L
TW5 (Scheme 9)°7, ARISIZHV B~ amine & LT, aniline (219). morpholine,
din-butylamine 2351 B0 525, amino FEIZHWV BTV 720,

szdba3 H O
Br \ NH, LHMDS, 221 N PCy,
+ ©/ ©/ @ MeoN
N THF, 65 °C N O
24 h, 96% H

218 219 220 221

Scheme 9. Pd-catalyzed amination of 5-bromoindole (218)

ZOXI NG, FEIL (-)-Indolactam V- DA% % AFEIZ ., haloindole FH D EHZHY
amination {2 J % L-valine 72 £ amino BB OEANZRFTH2 & Lz, £/, 4
WF7EEE TR ST aziridine TERESIZ DWW T AMEAW O A RGGHEIZEY AvD 2
& & L7z (Scheme 10), #@HIZ, JEE M7 guanidinium salts 224 & 3-formylindole 225
& DIUGNNZ &5 T aziridine 223 ZFHHL L7-1%. aziridine DBAER KX O indole @ 4 L TD
amination (Z J > T, (-)-Indolactam V (2) DERFA T E A I 72 coupling & 222 %
BT DENIEDTHD, KIEZEIT ester FALDOIEITLL 9 BER lactam DOJBELR & &1T

W, BRI~ FHERRETH D LB R T,
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+
BN-N"Nco,Rr
Me. .Me
N N -
* * Y
0
Ph  Ph
NH BnNS~CO,R'
N CO-H Br o 224
MeN OH HN 2 *

P
P N\
222 223 N
P

Scheme 10. Retrosynthesis of (—)-indolactam V (2)

AIFFETIZ. LLFDSRICHOWTHETAZ & & L,

1) Haloindole %% F\ 7= 5% % amination (2B L. model {L&# & L T benzene #E
REfREL, Z0OHOD amination DEEFMZIRET S, K Il S 7214,
haloindole ¥H% JE L CHWEKIGEZRAD Z & & LT,

2) Indole @ 4 {LIZEHLILNE A I 7z 3-formylindole A% FEH & L CHUV, aziridine
DIERBFRETH DN EMGET 52 & & L,
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¥ 4 B Model {bEW % H\ -5 FE amination

IR L7280 . X U DI ERE halide & LT iodobenzene (213) % A\ 7= amino B &
@ coupling UNMZBA L, FEMICHREIT 22 L & Lz, a5 FHEE LTiE, s ix
IS & AL U CROSIRE P DO\ R T b b,

F9. AWV DN LR E A2 e L7c (Table 2), 1T Uiz, HEFE L LT potassium
carbonate (K,COs) 1F/E T, SCHk ) & [F UM TdH D N,N-dimethylacetamide (DMA) %
V), iodobenzene (213) & L-valine (L-184) @ coupling #17->7=& Z A, B 216 28
81% & BUF7RINEE TR LN (entry 1), S H72 DD M EAMIFRF L, RIGIEE % 150
FEIZETCTHIE L2 EZ A, THICK LIERIZIK T L2 (entry 2), &Ko T, ISR 90
JEMBWE WS FEERICE L, 2 ORE TR Z a2 2 & & L7z, IF proton PEAR
MIRIECToH 5 N,N-dimethylforamide (DMF) % HW=BRIZIE, HEOY 216 OYLEED 68%
& DMA A L7oFRRICHE L TR T A 6472 (entry 3), 72, BRIK amide @
—HETH D N,N-dimethylimidazolidinone (DMI) % fV 7z & 1213, ICRIFMK T3 B4R
Ll oTc (entry4), & I CEFRT 25 ERWIE proton MERBPERIETH %5 dimethyl
sulfoxide (DMSO) 12X 72 & Z A, coupling & 216 DULRIT 86% M L7z (entry 5),
LLEDORERD D ARBOSIZHE LTV S BHE DMSO Th 5 Z & 3bny | LIFEIL DMSO
PRt L CTHWSDSZ & & LT,

Table 2. Optimization of Cul-catalyzed amination-1: solvent effect

LL

Cul (20 mol%)
KoCOs3 (2 eq
.o+ X
I HaN™ “CO2H solvent (1M) COZH
213 L-184 (1.2 eq.) temp., time 216
entry solvent temp. (°C) time (h) 216 (%)
1 DMA 90 48 81
2 DMA 150 36 63
3 DMF 90 48 68
4 DMI 90 48 40
5 DMSO 90 48 86

DMA : N,N-Dimethylacetamide, DMF : N,N-Dimethylforamide
DMI : N,N-Dimethylimidazolidinone, DMSO : Dimethyl sulfoxide

Iz, HWBH I Z BT L2 (Table 3), (XU HIZ. K,COs & cation 23R L TH 5
potassium phosphate (K3POy) ([ZHiEZZH L7z & 2 A, WERITHOTITME T L7z (entry 2),
KIZ, cesiumsalt ik L THWAD Z & & L7, Cesium acetate (CsOAc) % V=R
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T, B 216 OULERIT 76% (¥ £ > 72 (entry 3) 75, K,CO; & counter anion 723 [F] U
T&# % cesium carbonate (Cs,CO3) ZfHEH L7 2 A, BEUE T % coupling K 216 73k
R 93% THLINLD Z ERbhoic (entry 4), — T, 3 #% amine TH D EuN %
I E UTHWERBRICIE, KIGBNIEE A EH#IT LD 572 (entry 5), LA EDORKFING
Cs,CO3 MAISITHWA I E LTl Th 5 & ffiam L7,
Table 3. Optimization of Cul-catalyzed amination-2: effect of base
Cul (20 mol%)

base (2 eq.)
D B
| HoN CozH

COzH DMSO (1M)

0
213 L-184 (1.2 eq.) 90°C, 48 hr 216
entry base 216 (%)
18 K,CO3 86
2 K3POy4 80
3 CsOAc 76
4 082CO3 93
5 Et3N 14

a : Data from entry 5 in Table 2.

I 52, AWAFERE halide % bromobenzene (214) [ZZE L, K,CO; {F4E . 2 Fl
DIf proton PEMRMEEE (DMA, DMSO) A&t L7= (Tabled), #tf & LT, WTFNDOHE
PEZIB W T HIE & LT iodobenzene (213) M L7-FF & AR WFEREZ1SD Z &M
T& 72 (entries 1-2),

Table 4. Attempt for amination of bromobenzene (214) with L-valine (L-184)
Cul (20 mol%)

©\ I Cs,CO3 (2 eq ©\
+
Br HN COH

CO2H solvent (1 M)

90°C,48h
214 L-184 (1.2 eq.) 216
entry solvent 216 (%)
1 DMA 84
28 DMSO 93

a : Data from entry 4 in Table 3.

WUNT, AREJSITH W D Hilfi O I 0 & A2 /gt L72 (Table 5), 2&E & LT, iodo-
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benzene (213) & (’% bromobenzene (214) Z W5 Z L & L7z, 9, EHT 25 3 7L
DY EZFTLIZE Z A AKKGIE 10 mol% DA F THER I S EITT 5 2 & AV
Bl L7 (entry2), =2 C, X% 2.0 ¥&END 15 YEIIWO Lz A, B 216
DRIERDOIRETHE LN (entry 3), & BITARSIE FEHT 28I % 3-6 mol% (ZED
SHTHEWINET coupling & 216 23515 Z L3 A > 7= (entries 4, 5),

% Z T, bromobenzene (214) |[ZHEH A Z X T, FRERORFIZ ¥ 272> 72 (entries 6, 7).
%2 10 mol% . Cs,CO; & 1.5 HMEHWERIZ S, entry5 & [FIERIZ BAF 2GR %
525 Z &N TETZ (entry 7).

Table 5. Optimization of copper-catalyzed amination-3: amount of Cul and base

Cul
CSQCOg
N
X HoN CO,H DMSO (1M) H COzH
0
213: X =1 L-184 (1.2 eq.) 90°C, 48 h 216

214 : X =Br

entry halobenzene Cul (mol%) CsoCO3 (eq.) 216 (%)

18 213 20 2.0 93
2 213 10 2.0 93
3 213 10 15 94
4 213 6 15 94
5 213 3 15 94
6 214 20 2.0 93
7 214 10 1.5 93

a : Data from entry 4 in Table 3.

B, Table 5 Thefb L7 It5:F% . iodobenzene (213) & L-valine (L-184) LI%+
@ amino Fg & @ coupling FUSIZIEHTH Z & & L7z (Table 6), (L ®HIZ, 1 #% amino
[%C& % L-phenylalanine (L-215) X° L-phenylglycine, & L C D-methionine % 7z & =
AH. FNEFNEREZ2INERTHR E T 5 coupling 5 217, 226, 227 7345 5372 (entries 1-3),
— 5T, 2 #% amino %% A7 2 L-proline &= HW7=EIZiX, EFED 3 250 amino BED
it & #7200 coupling & 228 DILEDIK TR R BT (67%, entry 4), & Z AT Ma b
3 3. L-proline & @ coupling FUSILER 80% (2 THEATT 5 Lk TWVWAD T, 2 #
amino &% 9% amino BED 523, 1 #%& amino FRIZFLEZ L CRUSMERNERW & 13E 21
KV FHRDISHKIZBWT, IEROETNALNZHBITEN TR,

WTHIZ LTS, flixk @ amino B8 & D coupling SKISIZINHT 5 Z ERAIGETH - 7=,
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Table 6. Application on coupling reaction with various amino acids

Cul (3 mol%)
Cs,CO3 (1.5 €eq.)

amino acid (1.2 eq.) R ;/\SMe &
M N NCOAH N~ ~COzH
| COLH N Co, N

DMSO (1 M) H
90 °C, 48 hr
213 217 :R=Bn 227 228
226 : R=Ph
entry amino acid product (%)

1 L-phenylalanine (L-215) 217 : 94

2 L-phenylglycine 226 : 86

3 D-methionine 227 : 86

4 L-proline 228 : 67

I bz, RS EEILAGY E LT 1-bromonaphthalene (229) Z 3R L, ZiLIZDOWT
% coupling s & k7= (Table 7), 7 X / g & LT, L-valine (L-184) <° L-phenylalanine
(L-215) 22 & ZA WTRIZBW TS RAFRINET coupling & 230-231 235 Hh
7o

Table 7. Application of coupling reaction to 1-bromonaphthalene (229)

Cul (10 mol% R
id R 0520533 (15 eoci.) NN COH
+ A - 2
HoN™ "CO2H DMSO (1M)
90°C, 48 h
229 184 : R = j-Pr 230 : R=j-Pr
215: R =PhCH, 231 : R =PhCH,
entry amino acid product (%)
1 L-valine (L-184) 230:93
2 L-phenylalanine (L-215) 231:92

LLEDORERZ E L% L | halobenzene (X9 % amino FE% H\ M- coupling KU T,
AL LT CsCOs WL LT DMSO WD &) RN TH D Z LoV L
2o F7o. fEx D amino gL D coupling i & FREEED D BAF /2R THEIT L 72,
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% 5 ¥ Haloindole ®J53F /% amination DIEFT
%01 2,3-ME{EH haloindole ¥ coupling i

ATEIZB VT AL L LT CsCOs. L LT DMSO & V% & 5 578 L-valine
(L-184) £ ® coupling IZBWTHRIETHD Z ENRbhoTz, £I T, KiH%E 2,3-MEE
#® haloindole FHIC bEMI 52 & & L7z,

£ 9. coupling [ZHV 5 4-bromoindole FHDFEE A %% 1T > 7= (Scheme 11),

Br Boc,O Br TsCl Br
i DMAP f NaH i
N A\ A\
N THF, r.t. N THF, 0°C N
Boc quant. H 91% Ts
148 147 150

Scheme 11. Preparation of 4-bromoindole derivatives 148, 150

Tl @ 4-bromoindole (147) 7> & % L | 4-dimethylaminopyridine (DMAP) f#7E T Boc,0
ZVEF &, Boc & 148 ZGRM L7, FERIC, ¥ L LT sodium hydride (NaH) % F
V), indole 147 & tosyl chloride & ZFSEEDHZ LIZX V. Ts K 1507 % BAF7RINER
Thi,

KIZ, 4-iodoindole FAZ F#E L7 (Scheme 12),

H 1 ) T|(CF3COQ)3 | |
COMe  “en 1t CO2Me 19N NaOH aq.

A\ A\ A\

N 2) Kl, H,0, 0 °C N MeOH, reflux N

H 2 steps, 75% H 77% R
232 233 234-R=H TsClI, NaH
THF, 0°C

235:R=Ts 91%

Scheme 12. Preparation of 4-iodoindole derivatives

FP LR THE SN TV D HIEY 1266V, HillkD methyl indole-3-carboxylate (232) (2
%t L. thallium REZEM ST indole ® 4 (7 &1EMEA(L L72#. potassium iodide (KI)
ERISEEDZLICEY | 4-odo 1K 233 157, BI& K&, methyl ester ERAZODMNAK
R L OWLRERIZ LV . 4-iodoindole (234) ~EFHE L=, ®EIC, BRI 2RO
JEIC k0 Ts ECR#EL, 235V 2ARLTE,

Scheme 11, 12 THHL L 72 EH 2 V>, L-valine (L-184) & @ coupling & L7=, %
DT, Ma™ HAASCHRIC THE LTV D&M 28 A L, amination (2351} %72 indole
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DEFRIFA EORERLELRKETHZ L L L7z (Table 8),

Table 8. Cul-catalyzed amination of 4-haloindoles

Cul (20 mol%)

X
K2CO3 (2 eq.)
A\ +
N HoN~ ~COQH DMA (1 M)
R

:

Z>—-<
;UZ/g O

N

T

90 °C, 52 hr
147 : X=Br,R=H L-184 (1.2 eq.) 236 :P=H
148 : X =Br, R=Boc 237 : P =Boc
150: X=Br,R=Ts 238:P=Ts

235: X=I,R=Ts

entry substrate results
1 147 a complex mixture
2 148 236 : 7%, 237 : trace
3 150 238 : 45%
4 235 238 :43%

EHRFFPEREOLE 147 ZHWZERITIE, B9 236 21525213 TE T &
HETRIREW % 5% 72 (entry 1), £72, Boc K 148 ZH\\ T4, B 237 1356407,
iR S A7z coupling 1K 236 23O T NIIHELNDLDHTH T (entry 2), ZALHITxXE
L. 8FF 1% Ts £ TLH# L7 4-bromoindole 150 % & & L THWE=H4A. BHIY
238 DHFREEDILF (45%) TR O (entry 3), LA EDFER LV | coupling SR80
% indole DEFRIFA - ORFELIL Ts KWL TV D &V I FEamICE LT,

S 512, Scheme 12 TH#¥ L7z 4-iodoindole & 235 %ﬂﬂb\f:*ﬁﬁ%ﬁ5 kb,
SURKOFTVRFELY QISERENZ E D, HERR amination MEHESILD Z
ST R0 IR BT S E MR LT, L LS DRI, REMR 150 2 A 7-kpC
e L, HAU®) 238 OUERITE D B 72> 72 (entry 4),

UL EDFRERN G S RUZBIT 2 BEBEEL E BB L T, IROKEHEL Ts HA TR
## 7~ 4-bromoindole 150 Z W\ Tiro = & & L7~

W2, I AL O Y EITHOWTHRFIT D Z & & L7z (Table9), Entry 1 (21X, Table 8 N
@ entry3 %7~ L7275, indole @ amination (X, iodobenzene <° bromobenzene % JFL'E &
L CH 7= halobenzene @ amination (2t LT, N HF L o ie, £Z T, H
Ab#E 2 b am e VO AUE coupling SUGIMEE S E LD TIT v eE 2, 1 ¥EH
b\f}iﬁu‘?\%ﬁot (entry2), & Z AN, THNIK LHBY 238 OPERIIK T3 565 5%
(9%) &720  WFITHEFIIER 239 DEAEME L THONTLESTZ, 2O Z b,

- 104 -



ARBOG Ik 3 U2 WD DRNRITH D Z LRI LT,

Table 9. Optimization of Cul-catalyzed amination of 4-bromoindole: amount of Cul

Br Cul I
K2CO3 (2 eq.)

\/( HN™ >CO,H
AN +
( IN> HoN" >CO,H DMA (1 M) @
Ts 90 °C, 52 hr N
Ts
150 L-184 (1.2 eq.) 238
H
entry Cul (mol%) 238 (%) @
N
12 20 45 Ts
2 100 9 239

a : Data from entry 3 in Table 8.

RIZ, OSSR 2G5 2 & & L7z (Table 10),

Table 10. Optimization of Cul-catalyzed amination of 4-bromoindole: base and solvent

Br Cul (20 mol%) \/(
\/'\/ base (2 eq.) HN™ "CO.H
AN +
i I,\E H,N~ ~CO4H solvent (1 M) @

Ts 90 °C, 52 hr N
Ts
150 L-184 (1.2 eq.) 238
entry base solvent 238 (%)
1° K,CO3 DMA 45
2 K,CO3 DMF 9
3 KoCO3 DMSO 51
4 K3POy4 DMA 23
5 Cs,CO5 DMA 53
6 Cs,CO3 DMSO 59
7° Cs,CO3 DMSO 62
8° Cs,CO3 DMSO 63

a : Data from entry 3 in Table 8.
b : Cul (10 mol%) and base (1.5 eq.) were used.
¢ : Cul (3 mol%) and base (1.5 eq.) were used.

F9, HI L LT KCO; &V, FE proton MERMIREE A MG L7ZE 2 A, DMF T
I% coupling & 238 DRI KIEIZAL T L7223, DMSO % W= ET OIRO [\ E
2 HE B L7 (entries 1-3),
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WIZ, MWD HEABE LTz, #1DIZ, KPOy 2N & 2 A, IEROETAR LI
7= (entry 4), ZAUZXt L, CspCO3 & MW T FW Tl iodobenzene @ amination &
[ U & 912, coupling & 238 DULED M\ LA R BT (entries 5,6), S HIZ, HW\5 3
UAb#I A 3-10mol% (. £ L THiEA 1.5 YEICENENED SE2L 24, RO
IN=RTHRY 238 235 54072 (entries 7, 8),

PLEDOFER LV | 4-haloindole & amino B2% /- coupling FUSIZIWT H |
halobenzene D& & FIERIC, i 7 ik & LI TN EIL Cs,CO3 & DMSO Th D Z
&R LT,

% ZC. 4-bromo & 150 % MV 7= amination DS/ % . O indole FHERIZ G
WHT D2 & & L7z (Scheme 13), 4-i&#4 indole %, bromobenzene ‘&% H1.0MZ RiviE
ortho- | meta-_{&#L benzene L5 Z L2720 | BER1TOE D IZH S @O EHEE DT
FELTWAD, ZHUCxI L, 5-E#i indole | meta-, para-—[E#: benzene TH YV | 4 L&
BRI TIRIIC D LZES Z 2B IERDBH LT 5D TiEnne BT,

F9, 7l 5-bromoindole 218) % iEIZ L > T Ts {kL7=, 15 HAL7= N-Ts & 240%
@ amination {7\, HFEEE DI (61%) (2T coupling 1A 241 2455 Z LN TE T,
Z OREFRD G| halogen RN EELT DAL RS TH, IERICEE L H X 02 &R
DinoTz,

TsCl Cul (10 mol%)

Brm NaH Brm \/( Cs2CO3 (1.5 q.) CO2N
+ HN
N THF.0°Ctort. N, HN"TCOH pmso, 90°C @
93% 61% N
218 240 L-184 (1.2 eq.) 241

Scheme 13. Preparation and amination of indole 240

& ZATHIED X 912 amino B8 TliL72\ 23, Buchwald ©1Z & - T haloindole % H\»
7~ amination 2NERE SN TW5, ¥ ZZ T, Buchwald b D&ESAMEZ HVW T L-valine
FHEIR L indole @ coupling BULSPEATT 20 Z N 5H Z & & Lz (Table 11),

%9, 5-bromoindole (218) & L-valine (L-184) @ coupling % il 7723, 1T & A E L
AT L7275 72 (entry 1), & 2T, N-Ts K 240 ([ZE X 7208, FIT Ts HEOPIRFERIL
DMESE LTS Z > T e (entry 2), & 512, 5-bromoindole (218) & valine ester 244 & D
FOSZEAT T2, TH0 b SITEIT LR o7, LEDZ &2 5 | amino 2 & D
coupling (2. palladium AREEIFIZN AT/ EAVHI LT,
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Table 11. Attempt for Pd-catalyzed amination of 5-bromoindole

Pd,dbag ' O
Br LHMDS, 221 COzR oe
N HoN” SCOR' THF, 85°C @ €2
R 24 h N
R
218:R=H L-184 :R'=H 242 :R=H,R'=H 221
240 :R=Ts L-244 : R' = Et 241 :R=Ts,R'=H
243 :R=H,R'=Et
entry indole amino acid results
1 218 L-184 no reaction
2 240 L-184 240 : 28%, 218 : 70%
3 218 L-244° no reaction

a : used as a hydrochloride salt

itk

%Rt L7z (Table 12),

Table 12. Cul-catalyzed coupling reaction of indoles and amino acids

(Z. bromoindole 150,240 & L-valine (L-184) L%t ® amino W2 & @ coupling S

0oaCO °<TZ'?3 )  Bn (G SMe
223 - . COzH -
Brye B amino acid (1.2 eq.) HN>, 2 HN" ~CO,H N ~COH
NN DMSO (1 M) | ,\} N\ @
o N N
90°C, 52 h Ts N Ts
150 : 4-Br 245 : 4-amino 246 247
240 : 5-Br 248 : 5-amino
entry substrate amino acid results
1 150 L-phenylalanine (L-215) 245 :63%
2 150 D-methionine 246 : 40%
3° 150 D-methionine 246 : 47%
4 150 L-proline 247 : trace
5 240 L-phenylalanine (L-215) 248 : 61%

a : Cul (20 mol%) was used in the reaction

4-Bromoindole (150) & L-phenylalanine (L-215) @ coupling 13%h=R X < #4T L, FRERE
DILFETHIIY) 245 23554072 (entry 1), —J7C. D-methionine D SIZFBVTIE,
coupling & 246 DOULROIK TN R HL72 (entry 2), Z DB, FE 150 % 30% AL L
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72 Coupling FUSDEITHED > T2JH[K & LT, D-methionine D sulfide ENAL2N T &
L8l (1) Ot L 72> TV D EE 2 AV 28O REE 20 mol% |2 F CHEIME -
23, WEROFE EITENTH -7 (entry 3), ZAHIZxF L, 2 % amino A2 HT 5
L-proline & HWZBRIZIZ, BRI 247 2 —0)155 Z L3 T&E 7o 72 (entry 4), — .,
5-bromoindole (240) & L-phenylalanine (L-215) & @ coupling <&, 4- = FELiK 150 &
RIERICTIRICHEITT 5 Z L3> 72 (entry 5),

PLED X 512, 2,3-ME{EHL0> 4-haloindole $% HV 72 amino B & @ coupling SIGITRN

RIESETTDHZENDNSTZD T, (-)-Indolactam V (2) DERKIZHZEATH 5, indole D
3NN EBINTIREITEATHZ L E L,
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% 2 Hi 3-E#: bromoindole ® coupling it D7k

£79°. coupling RSIZHW 5 IEE 2 7% L7= (Scheme 14),

Br 1) POC|3, DMF Br TSC', Et3N Br Br
f 0to 35°C l ;CHO DMAP CHO NaBH4 @OH
A\ N A\ N
N  2)5N NaOH aq. N THF, 20 °C N THF, EtOH N
H 0to 70°C H 2 steps, 86% Ts 20 °C, 94% Ts
147 249 250 251

Scheme 14. Preparation of aldehyde 250 and alcohol 251.

ik ® 4-bromoindole (147) 7>5 Hi%& L. Vilsmeier-Haack [)inZ &> T indole BRD 3
A formyl FE2 A L7-1%, HHF 1% Ts L TH#E L T aldehyde & 250°” %157~
X 52, 5N 7= aldehyde 250 % NaBH, (2 & > TiEJE L. alcohol 251 Z IR E < G
L7,

Scheme 14 THBIL7- 2 FORE (250,251) & L-valine (L-184) & @ coupling i
Z ARt L7 (Table 13),

Table 13. Cul-catalyzed coupling reaction of 3-substituted indoles

Br Cul ;
Cs,CO3 COH

R
s oLk L
N HoN® "COH  DMSO (1 M) R
Ts 90 °C, 52 hr N
Ts
250 : R=CHO 184 252 : R =CHO
251 : R = CH,OH 253 : R = CH,OH
entry indole results
1 250 a complex mixture
2 251 253 :13%

1L U IZ aldehyde 250 & @ coupling ZikAic & 2 A, MINTEMRIEEYME 5 2 7-
(entry 1), KISHARWT formyl & amino Zk & DT iminium salt & 2Rk L TV 5 AlHE
PEARIZ SN2 2 LD 3BT 47z alcohol 1K 251 Z# AW CRIBRDRIAT LTz & 2
A, DTN G HBET D coupling 1A 252 #1552 ENTET (entry2), LL7
RO, BIENHZ N THAOIERPRE AKF L2 Z &5, indole O 3 AL Lo {EH#H
ARSEDSARFEFE T > T D &bl b, 4 1%1%, 77 amination % FEFIZ A4,
L-valine (L-184) & @ coupling Zik#H % TE ThH 5,
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% 6 B 3-(Indol-3-yl)aziridine-2-carboxylate D&%

KIZ, (-)-indolactam V (2) OEERKICH T HHEEMETH 5| aziridine AU E % 57
HZEE LT, HEELTIL, indole @ 4 (LIZEHBILHE A S 7= 3-formylindole $H %
AWnZ & & Lz, S5t EOFHIX, indole DERIFFICIRHELLEA Lieh o 2B
(2, aziridine 235 Z ENTE Do/ NI ZEERELTNDHZ L™ i FH
t, N-Boc 1& 254*D ZFH#EL L 7=, 13 U LT, Vilsmeier-Haack FiHIZ & - T, indole @ 3 fif
(2 formyl &2 HAL7-#%., EFEF% Boc A THRi# L7 (Scheme 15),

Br 1) POC|3, DMF Br BOCzO Br
0t035°C CHO  DMAP CHO
o0 s s
N 2)5N NaOH ag. N THF, 0°C N
H 0 to 70 °C H 2 steps, 92% Boc
147 249 254

Scheme 15. Preparation of aldehyde 254.

Scheme 14, 15 T8 L7~ N-Ts /& 250 &% N-Boc /& 254 % i\, aziridine TERSE e
) %327 (Table 14),

Table 14. Attempt for aziridine formation reaction of aldehydes

1) TMG, THF B B
Br . 25°C, 60 h N N
CHO BnN" “CO,Et sonication Br SN\ Br
\ + N \ COsEt + { “cogt
MeN NMe ) sio,, CHCI,
25°C,72h R R
254 : R = Boc 78a trans-255 : R = Boc cis-256 : R = Boc
250 :R=Ts trans-257 : R=Ts cis-258 : R=Ts
entry aldehyde results
1 252 trans-255 : 9%, cis-256 : trace, 249 : 39%
2 248 trans-257 : 68%, cis-258 : 6%, 249 : 15%

L DICHII L LT TMG & HVY, N-Boc & 254 & guanidinium salt 78a & % i &
Hot A, BHBWET D aziridine 255 K TN 256 (1T & A CHBES T, (RiEL OB
ERFEEL LTI (entry 1), — /5T, N-Ts {& 250 & guanidinium salt 78a & D s
(X IZHELT L | trans-aziridine 257 7 RAFRUNR T S 40, BiOR#EIR 249 ORIEL 15%
FTHRDENTE (entry2), LLEDFEFRIS . aziridine TEALGIZI T % indole
DERIF T OMRERIL, Ts 2008 LTV 5 LR L7,
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PLED X 912, (-)-Indolactam V (2) OEHAMFFEE B L TEX 720, ZNETIZHE LN
iR EE LD D,

Sipen S

%1 Hi 5 EE amination OFFHIEI L T

1) Todobenzene (213) Z JHWZIRFHIIBW T, W E LT DMSO, H#ikd LT CsCO;s
EHOWTERBR ORI THD Z B booTz, 7o, EHE L LT bromobenzene
(214) ZHWBRIZ S, I UHEKRERFEDOIET coupling B3O, S HIT, —
BEO B FHALEY T D 1-bromonaphthalene (229) & amino FE & @ coupling it
b, EELHETTH I ENDD o7 (Scheme 16),

amino acid (1.2 eq.)

Cul (3 - 10 mol%) R
©\ Br Cs,CO3 (1.5 €eq.) ©\ jR\ ~ HN/'\COZH
DMSO, 90 °C N COH
48 h
213X =| 229 R = i-Pr, Bn, (CH,),SMe R = i-Pr, Bn
214 : X =Br 86-94% 91-93%

Scheme 16. Summary for aromatic amination-1

2) Sfilid A F V72 haloindole & L-valine <°ffLD amino FE & @ coupling 13 ¥ HEST
L. B ZPREDIRTH S Z LN TEX 7=, ZOFE, halogen & {-OFH%H, indole
EEACITREIN W L b oz, —J5 T, palladium % H\ 72 coupling
FOSIFESET Lo 72 2 &b ARISITITSMEE NS A2 TH 5 Z E bR L
(Scheme 17), L EDFERZEE 2 T, indole @ 3 (LIZEH#LELAE A L7- 4-haloindole
¥i & amino B coupling ZHFt L7273, 3 ML OEHLILSIARES & LT 72728
2, BEIIIIZ E A ER L) > 7= (Scheme 17),

amino acid (1.2 eq.)
B Br Cul (3 - 10 mol%) )R\
or N or
Ts 52h T N
Ts
150 : 4-Br 251 R = i-Pr, Bn, (CH5),SMe 253 (13%)
240 : 5-Br 40-63%

Scheme 17. Summary for aromatic amination-2
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% 2 B Aziridine JEEKSGICEE L C

4-Bromo-3-formylindole 8% H\ 7= aziridine AL E R AT- L 2 A, BRI 1%
Boc A TlriE LT AVE (254) 2 BIXHRIE T 5 aziridine Z#1Z & A EHBLZ &N TER
Mol — T, Ts FETHHE L= aldehyde (250) 75X BAF/RUNER T aziridine 235 5
Nic, 2TOZENL, AESIZH L TWHERERIT Ts K THDH Z L3P L7 (Table
15),

1) TMG, THF B B
n n
Br + 25°C,60h N N
CHO BnN" "CO.Et sonication Br AN\ Br
QA + N \ COEt + { Tcoskt
MeN NMe 5 sio,, CHCI,
ﬁ Br 0 N N
25°C,72h R R
254 : R =Boc 78a trans-255 : R = Boc (9%) cis-256 : R = Boc (trace)
250 :R=Ts trans-257 : R=Ts (68%) cis-258 : R=Ts (6%)

Scheme 18. Aziridine formation
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% 8 ¥ Experimentals

General : Analytical and preparative thin-layer chromatography (TLC) was developed on E.
Merck silica gel 60 Fs4 plates (No. 5715; 0.25 mm and 5744; 0.50 mm), respectively with a
fluorescent indicator. Column chromatography was performed using silica gel 60 (spherical,
60-210 pm, Kanto Chemical Co. 37558-79), or silica gel 60N (spherical, 60-230 um, Kanto
Chemical Co. 37558-91). All melting points were measured on a Yanaco micro melting point
apparatus and were uncorrected. Optical rotations were measured on a JASCO DIP-360
polarimeter with a sodium lamp, and were reported as follows: [a]p"™ ‘© (¢ g/ 100 mL,
solvent). Infrared (IR) spectra were recorded on FTIR-300E (JASCO) spectrometer as an
attenuated total reflection (ATR) instrument. 'H- NMR spectra and C-NMR spectra were
recorded on a JEOL JNM ECP 400 and JEOL GSC-5000 spectrometers using CDCls,
acetone-dg or DMSO-d; as a solvent and with tetramethylsilane as an internal standard. Data
were presented as follows: chemical shift, multiplicity (br = broad, s = singlet, d = doublet, t =
triplet, q = qualtet, m = multiplet), coupling constants in hertz (Hz) and integration. LREIMS
were recorded on a JEOL GC-mate with direct inlet. LRFABMS were obtained on a JEOL
JMS-AX 500 or JEOL JMS-AX 505 and HRFABMS were performed on JEOL IMS-HX 110A
with m-nitrobenzylalcohol as a matrix. Elemental analysis was measured on PERKIN CE
INSTRUMENTS PE-2400, and was reported as percent (%).

Anhydrous THF and CH,Cl, were purchased from Wako and Kanto Chemicals, respectively.
DMF and EtOH were distilled from calcium hydride (CaH;). MeOH was distilled from

magnesium turnings. Triethylamine (Et;N) was distilled from potassium hydroxide (KOH).

- 113 -



%4 EOER

General procedure for amination of iodobenzene or bromobenzene, 1-bromonaphthalene
A mixture of amino acid (1.2 eq.), aryl halide (1 mmol), Cs,COs (1.5 eq.), Cul (3 or 10
mol%) and DMSO (1 mL) in sealed tube was stirred at 90 °C for 48 h under argon atmosphere
and diluted AcOEt (10 mL) and H,O (10 mL). After removal of organic layer, the aqueous
layer was acidified with 6N HCI to pH 3 under ice-cooling and extracted with AcOEt (20 mL x
4). The combined organic layers were washed with brine (15 mL), dried over Na,SO,, and
evaporated. Purification of the residue by column chromatography (Si0O,, n-hexane/AcOEt)

afforded an aminated benzene of naphthalene.

(5)-3-Methyl-2-phenylaminobutanoic acid [(S)-216].
The title compound was obtained as colorless needles; Mp 118.5-119.0 °C
@LN\/(COZH (1it.*® 116.9-118.5 °C); [a]p>* —48.8 (¢ 0.415, CHCl3) [lit.>*® [o]p —49.1 (¢
H 1.00, CHCLy) for (5)-216]; 'H-NMR (400 MHz, CDCl3) & = 1.06 (3H, d,
J=7.0 Hz, CH3), 1.10 (3H, d, J=7.0 Hz, CHs), 2.20-2.28 (1H, m, C;-H), 3.86
(1H, d, J=5.3 Hz, C,-H), 6.66 (2H, dd, J=7.7, 0.9 Hz, Ar-H), 6.80 (1H, td, J=7.7, 7.7, 0.9 Hz,

Ar-H), 7.20 (2H, td, J=7.7, 7.7, 0.9 Hz, Ar-H); IR (ATR) vimax 3260-2800 (NH, OH), 1700
35b

216

(CO)cem™. Its NMR spectrum was identical with that reported previously.
(8)-2-Phenylamino-3-phenylpropanoic acid [($)-217].

(1it.*® 168.6-169.6 °C); [a]p>* +2.80 (¢ 0.346, acetone) [lit.>" [a]p®> +2.5 (¢
@LN co,H 050, acetone) for (5)-217]; 'H-NMR (400 MHz, DMSO-de) 8 = 2.91 (1H,
dd, J=13.6, 8.1 Hz, Cs-H), 3.01 (1H, dd, J=13.6, 5.6 Hz, C5-H), 4.06 (1H, dd,
J=8.1, 5.6 Hz, C,-H), 6.46-6.53 (3H, m, Ar-H), 6.97-7.01 (2H, dd, J=8.6, 7.3
Hz, Ar-H), 7.12-7.17 (1H, m, Ar-H), 7.19-7.26 (4H, m, Ar-H); IR (ATR) vVmax 3257 (NH),
3080-2960 (OH), 1714 (CO) em’. Its NMR spectrum was identical with that reported

: The title compound was obtained as pale yellow prisms; Mp 176-177 °C
217

previously.® b
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(S)-2-Phenylamino-2-phenylacetic acid [(5)-226].
The title compound was obtained as pale yellow prisms; Mp 172-172.7 °C;
[/P [a]p?? +94.3 (¢ 0.290, acetone); 'H-NMR (500 MHz, acetone-dg) & = 5.17
QN con (1H, s, Co-H), 6.57-6.61 (1H, m, Ar-H), 6.67-6.70 (2H, m, Ar-H), 7.03-7.07
(2H, m, Ar-H), 7.27-7.31 (1H, m, Ar-H), 7.34-7.38 (2H, m, Ar-H), 7.55-7.59
(2H, m, Ar-H); "C-NMR (125 MHz, acetone-ds) & = 60.9, 114.2, 118.1,

128.3, 128.8, 129.4, 129.7, 139.5, 147.6, 173.0; IR (ATR) vmax 3265 (NH, OH), 1718 (CO)
cm’”. HRFABMS m/z: 228.1027 (caled for C14H 4NO,: 228.1025).

226

(R)-4-Methylthio-2-phenylaminobutanoic acid [(R)-227].
The title compound was obtained as yellow prisms; Mp 141.5-142.5 °C;

< sMe 2 35b 25
N/:\CO H [a]p™ +39.2 (¢ 0.314, acetone) [lit.”” [a]p™ —11.8 (¢ 1.0, acetone) for
2
H (5)-227]; 'H-NMR (400 MHz, DMSO-ds) 5 = 1.90-2.00 (2H, m, C;-H),
227

2.04 (3H, s, SCH3), 2.52-2.62 (2H, m, C4-H), 3.99 (1H, dd, J=8.3, 5.0 Hz,
Cy-H), 6.52-6.56 (3H, m, Ar-H), 7.06 (2H, dd, J=7.9, 7.9 Hz, Ar-H); IR vn. 3240 (NH),
3080-2960 (OH), 1710 (CO) em’. Its NMR spectrum was identical with that reported

previously.® b

(S)-1-Phenylpyrrolidine-2-carboxylic acid [($)-228].
The title compound was obtained as a pale red oil; [a]p> —47.2 (¢ 0.370, CHCL)
N COH 11i¢.3% [a]p>® —46.8 (c 1.1, CHCLs) for (S)-228]; '"H NMR (400 MHz, CDCl3) § =
2.05-2.13 (2H, m, C4-H), 2.26-2.36 (2H, m, C5-H), 3.31 (1H, dd, J=16.7, 8.4 Hz,
Cs-H), 3.62-3.69 (1H, m, Cs-H), 4.19 (1H, dd, J=8.9, 2.8 Hz, C,-H), 6.64 (2H, dd,

J=8.8, 0.9 Hz, Ar-H), 6.80-6.86 (1H, m, Ar-H), 7.24-7.30 (2H, m, Ar-H); IR viax 3250-2800
35b

228

(OH), 1700 (CO) cm™. Its NMR spectrum was identical with that reported previously.

(5)-3-Methyl-2-(1-naphthyl)aminobutanoic acid [(5)-230].
The title compound was obtained as a yellow oil; [a]p> —13.7 (¢ 0.470,
HN™ "CO,H acetone); 'H-NMR (400 MHz, acetone-dg) 6 = 1.11 (3H, d, J=7.0 Hz, CH;),
OO 1.10 (3H, d, J=7.0 Hz, CHs), 2.25-2.40 (1H, m, Cs-H), 3.99 (1H, d, J=5.3 Hz,
C,-H), 6.61-6.69 (1H, m, Ar-H), 7.17-7.25 (1H, m, Ar-H), 7.24-7.33 (1H, m,
Ar-H), 7.39-7.50 (2H, m, Ar-H), 7.75-7.80 (1H, m, Ar-H), 8.10-8.15 (1H, m,
Ar-H); >C-NMR (125 MHz, acetone-ds) & = 18.7, 18.8, 31.0, 62.4, 104.8, 117.5, 120.8, 123.9,

230
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124.5, 125.7, 126.5, 128.3, 134.6, 143.3, 174.0; IR (ATR) vmax 3404 (NH, OH), 1709 (CO)
cm’'. HRFABMS m/z: 243.1274 (caled for CisHi7NO,: 243.1259).

(5)-2-(1-naphthyl)amino-3-phenylpropanoic acid [($)-231].
The title compound was obtained as a pale yellow oil; [a]n”! =57.7 (c 0.410,
acetone); 'H-NMR (400 MHz, CDCl;) & = 3.26 (1H, dd, J=13.9, 6.9 Hz,
HN" > CO,H Cs-H), 3.40 (1H, dd, J=13.9, 5.5 Hz, Cs;-H), 4.52 (1H, dd, J=6.9, 5.5 Hz,

OO Cy-H), 6.60 (1H, dd, J=5.0, 3.6 Hz, Ar-H), 7.23-7.38 (7H, m, Ar-H),
7.39-7.49 (2H, m, Ar-H), 7.69 (1H, d, J=8.1 Hz, Ar-H), 7.80 (1H, dd, J=7.6,
231 1.5 Hz, Ar-H); *C-NMR (100 MHz, CDCl3) & = 38.2, 57.7, 105.8, 119.2,

119.8,120.8, 123.7, 125.2, 126.0, 126.3, 127.4, 128.5, 128.7, 128.8, 129.3, 134.4, 135.8, 141.2,
177.0; IR (ATR) vmax 3420-3380 (NH, OH), 1712 (CO) cm’. HRFABMS m/z: 291.1255
(calcd for C9H7NO;: 291.1259).

tert-Butyl 4-bromoindole-1-carboxylate (148).

Br Boc,0 Br
DMAP
N A\
N THF, r.t. N
H Boc
147 148

Under an argon atomsphere, to a solution of 4-bromoindole (147) (410.8 mg, 2.01 mmol) in
THF (4.5 mL) were added Boc,O (606.5 mg, 2.78 mmol) and DMAP (27.8 mg, 0.228 mmol)
at room temperature, and the mixture was stirred at same temperature for 1 h. The reaction
mixture was quenched with H,O (4 mL), followed by extraction with Et,O (15 mL). The
organic layer was washed with sat. NH4Cl aq. (5 mL), brine (4 mL x 2), dried over Na,;SOy,
and concentrated in vacuo. The residue was purified by siliga-gel column chromatography
(Si0; 27 g, n-hexane-AcOEt=95:1 to 90:1) to afford N-Boc indole 148 (599.3 mg, quant.) as a
coloress oil.

148: '"H-NMR (400 MHz, CDCl3) & = 1.67 [9H, s, C(CH3)s], 6.64 (1H, dd, J=3.8, 0.7 Hz,
Cs-H), 7.17 (1H, dd, J=7.9, 7.9 Hz, C¢-H), 7.39 (1H, dd, J=7.9, 0.7 Hz, Cs-H), 7.64 (1H, d,
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J=3.8 Hz, C,-H), 8.11 (1H, d, J=7.9 Hz, C;-H); *C NMR (100 MHz, CDCl;) & = 28.2, 84.3,
107.1, 114.2, 114.7, 125.1, 125.5, 126.5, 131.1, 135.6, 149.5; IR (ATR) Vmax 1739 (CO) cm’.
HRFABMS m/z: 295.0213 (caled for Ci3H4BrNO,: 295.0208).

4-Bromo-1-p-toluenesulfonylindole (150).

Br TsCl Br
NaH
A\ N
N THF, 0 °C N
H Ts
147 150

Under an argon atmosphere, to a solution of 4-bromoindole (147) (990.0 mg, 4.85 mmol) in
THF (20.0 mL) was added NaH (60%, 320.0 mg, 8.00 mmol) at 0 °C, and the mixture was
stirred at the same temperature for 30 min. After TsCl (1.35 g, 7.08 mmol) was added to the
mixture, the reaction media was stirred at the same temperature for 1.5 h. The mixture was
quenched with H,O, and then AcOEt (60 mL) was added. The mixture was stirred at room
temperature, and the organic layer was separated. The organic layer was washed with sat.
NaHCOj; aq. (10 mL x 2) and brine (10 mL), dried over Na,SO,, and concentrated in vacuo.
The residue was recrystallized from the mixture of n-hexane-AcOEt to afford N-Ts indole 150
(1.558 g, 92%) as colorless prisms.

150: Mp 119.0-119.5 °C (lit.”> 119.0-121.0 °C); '"H-NMR (400 MHz, CDCl3) & = 2.35 (3H, s,
Ar-CHs), 6.73 (1H, d, J=3.7 Hz, C5-H), 7.17 (1H, dd, J=8.3, 8.3 Hz, C¢-H), 7.24 (2H, d, J=8.1
Hz, Ar-H), 7.39 (1H, d, J/=8.3 Hz, Cs-H), 7.62 (1H, d, J=3.7 Hz, C,-H), 7.76 (2H, d, J=8.1 Hz,
Ar-H), 7.94 (1H, d, J=8.3 Hz, C;-H); IR (ATR) Vmax 1360 (ArSO,N) cm™. LREIMS m/z: 351
[M"(®*'Br), 521, 349 [M"("Br), 48], 91 (base peak). Its NMR spectrum was identical with that

reported previously. %

4-Iodoindole (234).

| |
CO2Me 19N NaOH aq.
A\ A\
N MeOH, reflux N
H H

233 234

According to the reported procedure, a mixture of ester 233 (1.14 g, 3.74 mmol)* in MeOH
(39.8 mL) and 5N NaOH aq. (39.8 mL, 398 mmol) was refluxed for 1.5 h with stirring.  After

evaporation of the solvent, H;O (30 mL) was added to the reaction mixture, and the mixture
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was extraceted with a mixture of CH,Cl, and MeOH (12:1, 60 mL x 3). The combined
organic layer was washed with brine (35 mL), dried over Na,SO,, and concentrated in vacuo.
The residue was purified by silica-gel column chromatography (SiO, neutral, 33 g,
n-hexane-AcOEt=20:1 to 17:1) to afford indole 234 (707.1 mg, 77%) as coloress prisms.

234: Mp 97.5-98.0 °C (lit.*™® 98.5-99.0 °C); 'H-NMR (400 MHz, CDCls) & = 6.50 (1H, m,
Cs-H), 6.93 (1H, dd, J=7.8, 7.8 Hz, C¢-H), 7.28 (1H, dd, J=2.6, 2.6 Hz, C,-H), 7.38 (1H, dd,
J=7.8, 0.7 Hz, Cs-H), 7.53 (1H, dd, J=7.8, 0.7 Hz, C;-H), 8.34 (1H, br s, N-H, exchangeable
with CD;0D); IR (ATR) Vpax 3400-3280 (NH) cm™. Its NMR spectrum was identical with
that reported previously. **

4-Iodo-1-p-toluenesulfonylindole (235).

NaH
0 0
N THF, 0 °C N
H Ts
234 235

Under an argon atmosphere, to a solution of 4-iodoindole (234) (104.0 mg, 0.428 mmol) in
THF (2.1 mL) was added NaH (60%, 27.4 mg, 0.685 mmol) at 0 °C, and the mixture was
stirred at the same temperature for 30 min.  After TsCl (97.0 mg, 0.509 mmol) was added to
the mixture at 0 °C, the reaction media was stirred at the same temperature for 1 h. MeOH (2
mL) was added to the reaction mixture, and was stirred at room temperature for 10 min,
followed by addition of H,O (4 mL) to quench the reaction. The mixture was extracted with
AcOEt (13 mL x 2), and the organic layer was washed with sat. NaHCOs3 aq. (7 mL x 2) and
brine (10 mL), dried over Na,SO4, and concentrated in vacuo. The residue was purified by
silica-gel column chromatography (SiO; 6 g, n-hexane-Et,0O=5:1) to afford colorless oil, and
the oil was crystallized from the mixture of n-hexane and Et,O to afford N-Ts indole 235
(154.6 mg, 91%) as colorless prisms.

235: Mp 93.0-93.5 °C (lit.”™® 91-92.5 °C); 'H-NMR (400 MHz, acetone-dg) & = 2.35 (3H, s,
Ar-CHs), 6.66 (1H, d, J/=3.9 Hz, C;-H), 7.15 (1H, dd, J=8.1, 8.1 Hz, C¢-H), 7.39 (2H, d, /=8.4
Hz, Ar-H), 7.68 (1H, d, J/=8.1 Hz, Cs-H), 7.85 (1H, d, J=3.9 Hz, C,-H), 7.89 (2H, d, J/=8.4 Hz,
Ar-H), 8.05 (1H, d, J=8.1 Hz, C;-H); IR (ATR) vmax 1367, 1163, 1128 (ArSO,N) cm™. Its

NMR spectrum was identical with that reported previously.™®
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5-Bromo-1-p-toluenesulfonylindole (240).

TsCI
O0°Ctor.t.
218 240

Under an argon atmosphere, to a solution of 5-bromoindole (218) (301.0 mg, 1.52 mmol) in
THF (6.0 mL) was added NaH (60%, 94.0 mg, 2.35 mmol) at 0 °C, and the mixture was stirred
at room temperature for 1 h. After TsCl (350.0 mg, 1.84 mmol) was added to the mixture at
0 °C, the reaction media was stirred at room temperature for 1.5 h. The mixture was
quenched with MeOH (3 mL) and H,O (9 mL), and the reaction mixture was extracted with
AcOEt (20 mL + 14 mL). Combined organic layer was washed with sat. K;COj3 aq. (7 mL)
and brine (10 mL), dried over Na,SO,, and concentrated in vacuo. The residue was
recrystallized from a mixture of n-hexane and AcOEt to afford N-Ts indole 240 (486.3 mg,
93%) as a colorless prism.

240: Mp 138.5-139.0 °C (lit.** 139.0-140.0 °C); "H NMR (400 MHz, CDCls) & = 2.35 (3H, s,
Ar-CH3), 6.59 (1H, d, J=3.7 Hz, C;-H), 7.23 (2H, d, J/=8.4 Hz, Ar-H), 7.39 (1H, dd, J=8.8, 2.0
Hz, Cs-H), 7.56 (1H, d, J/=3.7 Hz, C,-H), 7.66 (1H, d, J/=2.0 Hz, C4-H), 7.74 (2H, d, J/=8.4 Hz,
Ar-H), 7.86 (1H, d, J=8.8 Hz, C;-H); IR (ATR) Vimax 1369, 1167 (ArSO,N) cm™.  Its NMR

spectrum was identical with that reported previously.”

General procedure-2 for amination of haloindole

To a sealed tube was added amino acid (0.74 mmol), haloindole (0.60 mmol), base (0.92
mmol), Cul (60 umol) and solvent (0.65 mL) under argon atmosphere, and the mixture was
stirred at 90 °C for 52 h. After being cooled to room temperature, the reaction mixture was
diluted AcOEt (10 mL) and H,O (10 mL), and organic layer was separated. The aqueous
layer was acidified with 6N HCI to pH 3 under ice-cooling. The mixture was extracted with
AcOEt (20 mL x 4), and the combined organic layer was washed with brine (15 mL), dried
over Na,SO4, and concentrated in vacuo.  The residue was purified by column

chromatography (SiO,, n-hexane/AcOEt) to afford the coupling product.
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(5)-3-Methyl-2-(1-p-toluenesulfonylindol-4-yl)aminobutanoic acid [(5)-238].
The title compound was obtained as a yellow oil; [a]p> —13.8 (¢ 0.370, acetone);
HNj\/COZH '"H-NMR (400 MHz, acetone-dg) 6 = 1.05 (3H, d, J=6.8 Hz, C4-H), 1.10 (3H, d,
N J=6.8 Hz, C3-CHz3), 2.14-2.24 (1H, m, C;-H), 2.34 (3H, s, Ar-CH3), 3.89 (1H, d,
N J=7.0 Hz, C,-H), 5.21 (1H, br d, J/=7.1 Hz, N-H, exchangeable with CD;OD),
23;8 6.42 (1H, d, J=8.0 Hz, Cs-H), 7.06 (1H, d, /=3.8 Hz, Cs--H), 7.11 (1H, dd, J=8.0,
8.0 Hz, C¢-H), 7.31-7.37 (3H, m, C»-H, Ar-H), 7.54 (1H, d, J/=3.8 Hz, C»-H), 7.83 (2H, d,
J=8.2 Hz, Ar-H); "C-NMR (100 MHz, acetone-d¢) & = 19.4, 19.5, 21.4, 31.7, 63.1, 103.9,
104.6, 107.0, 120.1, 124.8, 126.8, 127.7, 130.8, 136.2, 136.6, 142.5, 146.2, 174.8; IR (ATR)
Vinax 3600-2800 (NH, OH), 1709 (CO), 1363, 1192, 1165, 1128 (ArSO,N) cm™. HRFABMS

m/z: 386.1301 (calcd for Cy0H20N»04S: 386.1300).

(5)-3-Methyl-2-(1-p-toluenesulfonylindol-5-yl)aminobutanoic acid [(S)-241].

The title compound was obtained as colorless prisms; Mp 166.0-167.0 °C;

[a]p> =67.1 (¢ 0.400, acetone); 'H-NMR (400 MHz, acetone-dg) & = 1.04
N (3H, d, J=6.8 Hz, C4-H), 1.06 (3H, d, J=6.8 Hz, C3-CH3), 2.09-2.17 (1H, m,
¥s Cs-H), 2.33 (3H, s, Ar-CH3), 3.80 (1H, d, J=6.2 Hz, C,-H), 6.59 (1H, dd,

J=3.7,0.7 Hz, C5--H), 6.76 (1H, d, J=2.3 Hz, C4-H), 6.84 (1H, dd, J=8.9, 2.3
Hz, C¢-H), 7.33 (2H, d, J/=8.3 Hz, Ar-H), 7.52 (1H, d, J=3.7 Hz, C»-H), 7.74 (1H, dd, J=8.9,
0.7 Hz, C-H), 7.79 (2H, d, J=8.3 Hz, Ar-H); ?C-NMR (100 MHz, acetone-ds) & = 19.1, 19.6,
21.4, 31.9, 63.7, 103.8, 110.3, 114.4, 114.9, 127.7, 127.7, 128.9, 130.8, 133.2, 136.2, 146.0,
146.1, 174.9; IR (ATR) vmax 3300-3160 (NH, OH), 1684 (C=0), 1371, 1180-1120 (ArSO,N)
cm’'. LRFABMS m/z: 387 [(M+H)+], 386 (M+). Anal. calcd for Co0H2oN,04S: C, 62.16; H,
5.74; N, 7.25. Found: C, 62.17; H, 5.68; N, 7.14.

CO,H
HN

241

(5)-3-Phenyl-2-(1-p-toluenesulfonylindol-4-yl)aminopropanoic acid [(S)-245].
The title compound was obtained as a yellow oil; [a]p”* =212 (¢ 0.201, acetone);
"H-NMR (400 MHz, acetone-ds) & = 2.32 (3H, s, Ar-CHs), 3.14 (1H, dd, J=13.7,
HN™ ~Cco,H 7.7 Hz, Cs-H), 3.25 (1H, dd, J=13.7, 5.7 Hz, C;-H), 4.41 (1H, dd, J=7.5, 5.7 Hz,
N\ Cy-H), 5.39 (1H, br s, N-H, exchangeable with CD;0D), 6.40 (1H, d, J/=8.0 Hz,
"I\'ls Cs-H), 6.94 (1H, dd, J=3.7, 0.8 Hz, C3--H), 7.15 (1H, dd, J=8.0, 8.0 Hz, C¢-H),
245 7.16-7.22 (1H, m, Ar-H), 7.23-7.27 (2H, m, Ar-H), 7.29-7.36 (5H, m, C7-H,
Ar-H), 7.53 (1H, d, J=3.7 Hz, C»-H), 7.81 (2H, dt, /=8.4, 1.9, 1.9 Hz, Ar-H); C-NMR (125
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MHz, acetone-ds) & = 21.4, 38.9, 58.4, 104.0, 104.5, 106.9, 120.0, 124.8, 126.8, 127.4, 127.7,
129.1, 130.2, 130.8, 136.1, 136.6, 138.5, 141.8, 146.2, 174.5; IR (ATR) Vinax 3600-2900 (NH,
OH), 1701 (C=0), 1362, 1190, 1165, 1128 (ArSO,N) cm™. HRFABMS m/z: 434.1291 (caled
for Co4H2oN>04S: 434.1300).

(R)-4-Methylthio-2-(1-p-toluenesulfonylindol-4-yl)aminobutanoic acid [(R)-246].
" SMe The title compound was obtained as a yellow oil; [a]p? +11.7 (¢ 0.410,
HN/:\COZH acetone); 'H-NMR (400 MHz, acetone-de): & = 2.07 (3H, s, S-CHs), 2.08-2.19
N (2H, m, C;-H), 2.31 (3H, s, Ar-CHj3), 2.64-2.73 (2H, m, C4-H), 4.32 (1H, dd,
. J=8.5, 5.0 Hz, C»-H), 6.39 (1H, d, J=8.0 Hz, Cs-H), 7.01 (1H, dd, J=3.8, 0.8 Hz,
246 Cs-H), 7.12 (1H, dd, J=8.0, 8.0 Hz, C¢-H), 7.30-7.36 (3H, m, C;-H, Ar-H),
7.53 (1H, d, J=3.8 Hz, C»--H), 7.82 (2H, d, J=8.6 Hz, Ar-H); >C-NMR (125 MHz, acetone-ds):
6=15.2,214,31.1, 32.7, 55.8, 104.0, 104.4, 107.1, 120.1, 124.8, 126.8, 127.7, 130.8, 136.2,
136.6, 142.2, 146.2, 175.1; IR (ATR) vmax 3400-2900 (NH, OH), 1705 (CO), 1363, 1195-1100

(ArSO,N) cm™.  HRFABMS m/z: 418.0000 (caled for C2oHaN,0,4S: 418.1021).

(5)-3-Phenyl-2-(1-p-toluenesulfonylindol-5-yl)aminopropanoic acid [(S5)-248].
The title compound was obtained as colorless prisms; Mp 147.0-147.7

m coH °C; [a]p™ =3.6 (¢ 0.200, acetone); 'H-NMR (400 MHz, acetone-dg) & =
N 2.33 (3H, s, Ar-CHs), 3.07 (1H, dd, J=13.7, 7.6 Hz, C5-H), 3.20 (1H, dd,
Ts J=13.7, 5.8 Hz, C5-H), 4.32 (1H, dd, J=7.6, 5.8 Hz, C»>-H), 6.58 (1H, dd,

J=3.7, 0.7 Hz, C3-H), 6.75 (1H, d, J=2.3 Hz, C4-H), 6.78 (1H, dd,
J=8.8, 2.3 Hz, C¢-H), 7.16-7.21 (1H, m, Ar-H), 7.23-7.28 (2H, m, Ar-H), 7.29-7.34 (4H, m,
Ar-H), 7.51 (1H, d, J=3.7 Hz, C,--H), 7.74 (1H, dd, J=8.8, 0.7 Hz, C;--H), 7.78 (2H, dt, J=8.4,
1.8, 1.8 Hz, Ar-H); >C-NMR (125 MHz, acetone-de) & = 21.4, 39.1, 59.0, 103.8, 110.3, 114.2,
115.0, 127.4, 127.7, 128.9, 129.1, 130.2, 130.8, 133.2, 136.2, 138.6, 145.3, 146.0, 174.6; IR
(ATR) Vinax 3600-3200 (NH, OH), 1726 (CO), 1370, 1180-1120 (ArSO,N) cm”. LRFABMS
m/z: 435 [((M+H)'], 434 (M"). Anal. caled for CosHN,04S: C, 66.34; H, 5.10; N, 6.45.
Found: C, 66.10; H, 5.21; N, 6.44.

248
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52 HiOFER

4-Bromo-1-p-toluenesulfonylindole-3-carboxaldehyde (250).

Br 1) POCl3, DMF Br TsCl, Et;N Br
0to35°C CHO DMAP CHO
o0 g8 s
N 2)5N NaOH ag. N THF, 20 °C N
H 0to 70 °C H Ts
147 249 250

Under an argon atmosphere, POCl; (1.55 mL, 16.6 mmol) was added dropwisely to DMF
(8.0 mL) at 0 °C, and the mixture was stirred at room temperature for 20 min. A solution of
4-bromoindole (147) (96%, 847.0 mg, 4.15 mmol) in DMF (5.3 mL) was added dropwisely to
the reaction mixture at 0 °C, and the mixture was stirred at 35 °C for 2 h. The reaction was
quenched with H,O (8 mL) at 0 °C and the mixture was basicified with 5N NaOH to pH 10 at
0 °C. The mixture was stirred at 70 °C for 30 min, and was extracted with a mixture of
CH,Cl, and MeOH (9:1, 60 mL x 3). Combined organic layer was washed with brine (40
mL), dried over Na,SO,, and concentrated in vacuo to afford crude aldehyde 249 (1.010 g).
To a solution of aldehyde 249 in THF (33 mL) was added Et;N (1.16 mL, 8.32 mmol), DMAP
(50.1 mg, 0.410 mmol) and TsCI (910.5 mg, 4.78 mmol) at 20 °C, and the mixture was stirred
at the same temperature for 1.5 h. MeOH (10 mL) was added to the reaction mixture, and
was stirred at room temperature for 40 min, followed by addition of H,O (35 mL) to quench
the reaction. The mixture was extracted with AcOEt (60 mL x 2), and the organic layer was
washed with brine (25 mL), dried over Na,SO,, and concentrated in vacuo. The residue was
purified by silica-gel column chromatography (SiO; 44.5 g, n-hexane-AcOEt=5:1 to 3:1) to
afford N-Ts indole 250 (1.353 g, 2 steps 86%) as pale yellow prisms.

250: Mp 173.0-173.5 °C (lit.** 167 °C); '"H-NMR (400 MHz, CDCl5) 8 = 2.39 (3H, s, Ar-CH3),
7.24 (1H, dd, J=8.1, 8.1 Hz, Ce-H), 7.30 (2H, dd, J=8.4, 0.5 Hz, Ar-H), 7.55 (1H, dd, J=8.1,
0.8 Hz, Cs-H), 7.84 (2H, dt, J/=8.4, 1.7, 1.7 Hz, Ar-H), 8.00 (1H, dd, J=8.1, 0.8 Hz, C;-H), 8.42
(1H, s, C,-H), 10.92 (1H, s, CHO); IR (ATR) Vpmax 1676 (CO), 1377, 1173, 1122 (ArSO,N) cm’™.

Its NMR spectrum was identical with that reported previously.*’
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4-Bromo-3-hydroxymethyl-1-p-toluenesulfonylindole (251).

Br CHO Br
NaBH,
N THF, EtOH N
Ts 20 °C Ts
250 251

Under an argon atmosphere, to a solution of aldehyde 250 (505.4 mg, 1.34 mmol) in EtOH
(2 mL) and THF (10 mL) was added NaBH4 (87.5 mg, 2.31 mmol) at 20 °C, and the mixture
was stirred at the same temperature for 40 min. The reaction was quenched with sat. NH4Cl
ag. (5 mL), followed by addition of H,O (6 mL). The mixture was extracted with AcOEt (20
mL x 3), and combined organic layer was washed with brine (15 mL), dried over Na,SOy, and
concentrated in vacuo. The residue was purified by silica-gel column chromatography (Si0;
18.5 g, n-hexane-AcOEt=6:1 to 3:1) to afford alcohol 251 (478.3 mg, 94%) as colorless prisms.
251: Mp 152.0-152.5 °C; 'H-NMR (400 MHz, CDCl;) & = 2.09 (1H, t, J=6.6 Hz, O-H,
exchangeable with CD;0D), 2.36 (3H, s, Ar-CHj3), 4.97 (2H, d, J=6.6 Hz, CH,OH), 7.16 (1H,
dd, J/=8.1, 8.1 Hz, C¢-H), 7.26 (2H, d, J=8.5 Hz, Ar-H), 7.40 (1H, dd, J=8.1 Hz, Cs-H), 7.66
(1H, s, C,-H), 7.77 (2H, d, J=8.5 Hz, Ar-H), 7.97 (1H, d, J=8.1 Hz, C;-H); *C-NMR (125
MHz, CDCl;) & = 21.6, 57.2, 112.9, 113.8, 122.5, 125.7, 125.9, 126.9, 127.4, 128.3, 130.1,
134.9, 136.6, 145.4; IR (ATR) Vinax 3600-3250 (OH), 1365, 1171, 1128 (ArSO,N) cm™.  Anal.
calcd for C1gH4BrNOsS: C, 50.54; H, 3.71; N, 3.68. Found: C, 50.60; H, 3.78; N, 3.54.

%6 EDOER

tert-Butyl 4-bromo-3-formylindole-1-carboxylate (254).

Br 1) POCI3, DMF Br Boc,O Br
i 0to 35°C i SCHO DMAP i ;CHO
A\ A\ A\
N 2) 5N NaOH aq. N THF, 0 °C N
H 0to 70 °C H Boc
147 249 254

Under an argon atmosphere, POCl; (1.47 mL, 15.8 mmol) was added dropwise to DMF (7.9
mL) at 0 °C, and the mixture was stirred at room temperature for 30 min. A solution of
4-bromoindole (147) (96%, 854.6 mg, 4.19 mmol) in DMF (5.3 mL) was added dropwise to
the reaction mixture at 0 °C, and the mixture was stirred at 35 °C for 1.5 h. The reaction was
quenched with H,O (7mL) at 0 °C and the mixture was basicified with SN NaOH to pH 10 at

0 °C. The mixture was stirred at 70 °C for 30 min, and was extracted with a mixture of
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CH,Cl, and MeOH (9:1, 60 mL x 3). Combined organic layer was washed with brine (40
mL), dried over Na,SO,, and concentrated in vacuo to afford crude aldehyde 249 (1.130 g).
To a solution of aldehyde 249 in THF (24 mL) was added DMAP (73.9 mg, 0.605 mmol) and
Boc,0 (1.090 g, 4.99 mmol) at 0 °C, and the mixture was stirred at the same temperature for 1
h. The solvent was concentrated in vacuo and the residue was purified by silica-gel column
chromatography (SiO, 46 g, n-hexane-AcOEt=15:1) to afford N-Boc indole 254 (1.241 g, 2
steps 92%) as colorless needles.

254: Mp 120.0-121.0 °C (lit.*' 117-119 °C); '"H-NMR (400 MHz, CDCl3) & = 1.68 [9H, s,
(CHs)3], 7.25 (1H, dd, J=8.1, 8.1 Hz, C¢-H), 7.56 (1H, d, J=8.1 Hz, Cs-H), 8.29 (1H, d, J=8.1
Hz, C;-H), 8.40 (1H, s, C,-H), 10.98 (1H, s, CHO); IR (ATR) Vinax 1753 (CO), 1668 (CO) cm’.

Its NMR spectrum was identical with that reported previously.”!
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