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Total Synthesis of (+)-Yatakemycin
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Abstract: A convergent total synthesis
of (4)-yatakemycin was accomplished
by a 20-step sequence in 13% overall

ring. The five aryl-nitrogen bonds in
(4+)-yatakemycin were constructed by a
mild copper-mediated aryl amination
that utilized the combination of Cul

with CsOAc. The efficient and chemo-
selective debenzylation of aryl benzyl
ether with BCl; in the presence of pen-

yield. The regioselective ring opening
of (S)-epichlorohydrin with a 2,6-dibro-
mophenyllithium derivative enabled us
to introduce a chiral carbon center,
which was required for the stereoselec-
tive construction of the cyclopropane

Introduction

(+)-Yatakemycin (1), which was isolated from a culture
broth of Streptomyces sp. TP-A0356 by Igarashi etal. in
2003, is an antitumor antibiotic based on a sequence-se-
lective DNA alkylation. Among this family of antibiotics, 1
has proven to exhibit the most potent activity against L1210
(ICsy=3 pm), and therefore has attracted a great deal of at-
tention with regard to the nature of its interaction with
DNA.™ Boger and co-workers recently reported the first
total synthesis of this compound and at the same time re-
vised its structure and determined its absolute configura-
tion. !

(+)-Yatakemycin (1) is a member of the class of antitu-
mor antibiotics with a characteristic dienone cyclopropane
ring, such as CC-1065™ (2), duocarmycin SAl'#2*3 (3), and
duocarmycin AP** (4) (Scheme 1). Compound 1 consists of
three subunits connected by amide bonds. The middle seg-
ment contains a dienone cyclopropane ring that is responsi-
ble for DNA alkylation and is identical to the left segment
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tamethylbenzene was developed. With
these new methodologies, the subgram-
scale synthesis of (+)-yatakemycin was

asym- )
achieved.

copper - total

of duocarmycin SA (3). The left segment of 1, on the other
hand, is similar to the middle and right subunits of CC-1065
2).

Although many synthetic methods for this class of com-
pounds have been reported, none of them are adequately ef-
ficient. Key synthetic issues here would be the effective

y )—/ OMe
o H OMe o) u OMe

OMe OMe
(+)-Duocarmycin SA (3) (+)-Duocarmycin A (4)

Scheme 1. Structure of yatakemycin (1) and its derivatives.
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preparation of highly functionalized subunits and the assem-
bly of these segments without affecting the sensitive thioles-
ter functionality, which is not found in the related com-
pounds 2-4. For the preparation of the three segments 6-8
(Scheme 2) that have nitrogen-containing heterocycles, we
intended to use the exceptionally mild copper-mediated aryl
amination reaction developed in our laboratories.”) During
investigation of an assembly of the segments, we faced diffi-
culty in selectively manipulating the protective groups. We
circumvented this problem by developing a mild and effi-
cient debenzylation protocol with a combination of BCl;
and pentamethylbenzene. In this paper, we describe the full
details of the preparation of each segment by utilizing the
copper-mediated aryl amination reaction as well as the ensu-
ing total synthesis of (+)-yatakemycin (1).

Results and Discussion

As outlined in the retrosynthetic analysis (Scheme 2), we
planned to form the highly reactive spirocyclopropane by
ring contraction of the hydroxytetrahydroquinoline®® 5 at
the final stage of the synthesis. Disconnections at the two
amide bonds would then lead to the three segments 6-8.

The investigation started by exploring the synthetic route
to produce the middle segment 6 (Scheme 3). The crucial
construction of the chiral center was achieved by regioselec-
tive ring opening of (S)-epichlorohydrin (10) with a 2,6-di-
bromophenyllithium species, which was prepared by iodose-
lective lithiation of the 2,6-dibromoiodobenzene derivative
9.1 Thus, 9 was treated with nBuLi in toluene at —78°C to
generate a white slurry, to which were added 10 followed by
BF;-OEt, to provide the desired chlorohydrin 11 exclusively
in excellent yield.® We then converted 11 into the amina-
tion precursor 14 by a three-step sequence involving the in-
troduction of an azide group, the Staudinger reaction,” and
finally treatment of the resultant primary amine with NsCl
in situ."”

With the nosyl amide 14 in hand, we then examined the
key intramolecular aryl amination to construct tetrahydro-
quinoline 15 (Table 1). The reaction proceeded cleanly with
0.5 equivalents of Cul and 6.1 equivalents of CsOAc to pro-
vide the desired 15 in 89 % yield with retention of the other
bromo group (Table 1, entry 1). Decreasing the amount of
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Scheme 2. Retrosynthetic analysis of (+)-yatakemycin (1). Bn=benzyl,
Cbz=benzyloxycarbonyl, ~Fmoc=9-fluorenylmethoxycarbonyl, Ms=
methanesulfonyl, TBS = fert-butyldimethylsilyl.

CsOAc meant that a longer reaction time was required
(Table 1, entry 2). In the case of 0.2 equivalents of Cul, the
substrate was not consumed completely, even after 36 h
(Table 1, entry 3). The reaction at elevated temperature
(80°C) provided a complex mixture (Table 1, entry 4).

Next, construction of the dehydroamino acid moiety at
the remaining bromo substituent was investigated. The first
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Scheme 3. Preparation of the amination precursor 14. Reagents and con-
ditions: a)nBuLi (1.0 equiv), toluene, —78°C, 10 min; BF;-OEt,, 10,
—78°C, Smin, 93%; b) NaN;, DMF, 90°C, 9h; c) TBSCI, imidazole,
DMAP, DMF, 50°C, 6 h, 99 % (2 steps); d) P(nBu);, THF, room tempera-
ture, 30 min; H,O, room temperature, 2 h; NsCl, aqueous NaHCO;, room
temperature, 24 h, 89 % . DMAP =4-dimethylaminopyridine, DMF = N,N-
dimethylformamide, Ns=o-nitrobenzenesulfonyl.

Table 1. Optimization of intramolecular aryl amination. !

oTBS 0oTBS
A NHNs ;
Cul
Br Br CsOAC Br: NNs
DMSO
OBn 14 OBn 15
Entry  Cul [equiv] CsOAc [equiv] T[°C] «¢[h]  Yield[%]
1 0.5 6.1 50 15 89
2 0.5 5.0 60 24 83
3 0.2 2.7 50 36 63
4 0.2 2.5 80 12 vl

[a] DMSO =dimethyl sulfoxide. [b] Complex mixture.

attempt at a Mizoroki-Heck reaction"! of this hindered
bromide 15 with dehydroalanine 16" under ligand-free con-
ditions™™ provided a trace amount of the desired product 17
(Table 2, entry 1). We found that addition of a ligand was ef-
fective. Thus, the yield of 17 improved to 38 % in the pres-
ence of P(o-tolyl); (Table 2, entry 2). After extensive optimi-

Table 2. Ligand effects in the Mizoroki-Heck reaction.[*!

oTBS MeO.C ~ oTBS
: CbzHN 16 S
Pd source
Br NNs ligand, EGN MeO,C > NNs
CbzHN
DMF
OBn 15 17 OBn

Entry Pdsource ([mol%]) Ligand ([mol%])  Additive Yield [%]
1 Pd(OAc), (20) none none trace
2 Pd(OAc), (20) P(o-tolyl); (40) none 38
3 [Pd,(dba);] (5) (biph)P(rBu), (20) LiCl 89

[a] biph =biphenyl, dba=dibenzylideneacetone.
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zation of various Pd catalysts and phosphine ligands, a com-
bination of [Pd,(dba);] and bulky 2-di(fert-butyl)phosphanyl-
1,1'-biphenyl in the presence of LiCl gave 17 in 89 % yield
(Table 2, entry 3).

Synthesis of the middle segment 6 was completed by re-
gioselective bromination and copper-mediated intramolecu-
lar aryl amination (Scheme 4). After removal of the nosyl

OTBS OTBS
a
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CbzHN CbzHN
OBn OBn
17 18
oTBS 0OTBS
b c
, MeO,C._~ NH . MeO 7 NH
CbzHN
0 N
Br Cbz
OBn OBn
19 6

Scheme 4. Synthesis of the middle segment 6. Reagents and conditions:
a) PhSH, Cs,CO;, MeCN, room temperature, 30 min, 99%; b)NBS,
CH,Cl,, 0°C, 20min, 90%; c)Cul (1.0equiv), CsOAc (2.5equiv),
DMSO, room temperature, 12 h, quant. NBS = N-bromosuccinimide.

group, a bromo substituent was regioselectively introduced
at the para position of the nitrogen atom. The amination re-
action at the highly sterically hindered position proceeded
smoothly with stoichiometric amounts of Cul at ambient
temperature to furnish the middle segment 6.

We then turned our attention to the synthesis of the left
segment 7. Synthesis of 7 commenced with dibromination!!
of tetrahydroisoquinoline 20, which was readily obtained
from commercially available homoveratrylamine by a two-
step sequence (Scheme 5). After removal of the trifluoro-
acetyl group, oxidation to dihydroisoquinoline 21 and subse-
quent treatment with NsCl furnished hemiaminal 22.

At this point, we considered that the nosyl amide of the
primary amine, which would be generated from 22 under
equilibrium, could undergo intramolecular amination to pro-

MeO MeO Br MeO Br
OMe OMe OMe

20 21 22

Scheme 5. Preparation of hemiaminal 22. Reagents and conditions:
a) Br,, FeCl;, CH,Cl,, 0°C, 30 min, 88%; b) K,CO;, MeOH, room tem-
perature, 6 h; ¢) MnO,, CH,Cl,, room temperature, 18 h, 90% (2 steps);
d) NsCl, THF, 0°C, 5 min; room temperature, 1h; aqueous NaHCO;,
room temperature, 30 min. TFA =trifluoroacetyl.
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vide indoline 23 (Scheme 6). However, subjection of 22 to
the standard amination conditions did not yield 23. We then
tried to open the cyclic hemiaminal under other conditions.
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10 mol % of Cul at 80°C gave the desired 27 with retention
of the other bromo group (Table 3, entries 3 and 4).

The second heterocyclic ring of the left segment was then
formed in a straightforward manner. After conversion of 27
into the dehydroamino acid ester 29 by TPAP oxidation*!

Ox and Horner-Wadsworth-Emmons reaction'® with phospho-
CCC';II\ Br nate 28, intramolecular amination was performed to pro-
SoRe vide dihydropyrroloindole 30 in good yield (Scheme 7). The
DMSO, A MeO Ne
OMe
23 COZBn
CO,Me HO
Ja CbzHNX
Ns CbzHN""P~OMe COMe
HO._N 8 NHNs Br ab Br c
5 24 ChzHNT —_— -
r T™MG N 28 COBn N
" Br eO Ns J_" oMe MeO Ns
CH,Cl,, A OMe CbzHN Iﬁ-OMe OMe
MeO Br e MeO Br 0
OMe OMe 27 29
22 25
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NaBH, Br CbzN de  ChzN f HN
MeOH N N
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' OMe OMe OMe OMe
78% 30 31 32
(2 steps from 21) 26
Scheme 6. Attempts to open hemiaminal 22. TMG =1,1,3,3-tetramethyl- SMe SMe
guanidine. o} (e}
9 HN h HN
Whereas Horner-Wadsworth-Emmons'®  reaction with MeO N MeO N
phosphonate 24" did not afford the desired dehydroamino OMe | MO¢ Fmoc
acid derivative 25, treatment with NaBH, in methanol effec- 23 ;

tively gave the reductively opened product, aminoalcohol
26.

In the case of the substrate with an unprotected hydroxy
group, amination under stoichiometric conditions provided
the desired indoline 27 in moderate yield together with 23,
which is the oxidation product of alcohol 27, in 7.8 % yield
(Table 3, entry 1). Optimization of the amination revealed
that a lower catalytic loading of Cul was efficient to prevent
oxidation (Table 3, entry?2). Finally, it was found that

Table 3. Key intramolecular aryl amination.

HO NHNs HO Ox
Cul B
Br. CsOAG Br . r
N N
MeO Br DMSO MeO Ns MeO Ns
OMe OMe OMe
26 27 23
Entry Cul CsOAc T t 27 23
[mol %] [equiv] [°C] (h] [%] [%]
1 100 30 RT 13 66 7.8
2 50 10 50 14 85 trace
3 10 2.5 80 24 9stal 5lal
4 5 2.5 80 24 73 trace

[a] Yield determined by NMR spectroscopy.
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Scheme 7. Synthesis of the left segment 7. Reagents and conditions:
a) TPAP (2 mol %), NMO, MS4A, CH,Cl,, room temperature, 1 h, 85%
(2 steps); b)28, TMG, CH,Cl,, room temperature, 6 h, 84%; c) Cul
(1.0 equiv), CsOAc (5.0 equiv), DMSO, room temperature, 12 h, 77 %;
d) PhSH, Cs,CO;, MeCN, room temperature, 3h, 95%; e) FmocCl,
NaHCO;, THF/H,O (3:1), room temperature, 10 min, 91 %; f) Pd/C, H,,
THF/EtOH (1:1), room temperature, 3 h; g) MeSH, WSCD-HCl, DMAP,
DMF, 0°C, 3h, 76% (2steps); h) BCl;, CH,Cl,, 0°C, 20 min, 97 %.
MS4A =4-A molecular sieves, NMO = N-methylmorpholine N-oxide,
TPAP =tetra-n-propylammonium perruthenate, WSCD = N-(3-dimethyl-
aminopropyl)-N'-ethylcarbodiimide.

remaining task for obtaining the left segment was regiose-
lective demethylation and formation of the thiol ester. After
the Ns group was replaced by Fmoc, the benzyl ester and
Cbz group were removed under hydrogenation conditions,
followed by a condensation reaction with the resultant car-
boxylic acid 32 to lead to thiol ester 33. Finally, an Fmoc-di-
rected, regioselective demethylation was performed with
BCL,™ to furnish the left segment 7 in excellent yield.

The right segment 8 was prepared in a straightforward
manner by using the aryl amination strategy (Scheme 8).
The amination precursor 35, a dehydroamino acid deriva-
tive, was prepared from commercially available isovanillin
(34) by a three-step sequence. The copper-mediated aryl
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Scheme 8. Synthesis of the right segment 8. Reagents and conditions:
a) BnBr, K,CO;, MeCN, reflux, 1 h; b) Br,, CH,Cl,/MeOH (1:1), 0°C to
room temperature, 2 h, 86% (2 steps); c) 24, TMG, CH,Cl,, room tem-
perature, 2 h, 96%; d) Cul (5 mol%), CsOAc (2.5 equiv), DMSO, 90°C,
24 h, 80%; e) LiOH, dioxane/H,O (2:1), 50°C, 2 h, quant.; f) SOCl,,
CH,Cl,, reflux, 30 min.

amination proceeded smoothly with 5 mol % of Cul to give
the corresponding indole 36! in good yield. Hydrolysis of
the methyl ester followed by conversion into the acid chlo-
ride provided the right segment 8.

Having synthesized the requisite three segments 6-8, we
then moved to the crucial assembly of these compounds. As
the left segment 7 contains the base-labile thiol ester func-
tionality, we planned to couple the middle segment 6 and
right segment 8 first, then introduce the left segment 7 to
the resultant middle-right segment.

The first-generation protocol based on this idea is depict-
ed in Scheme 9. After coupling of the middle segment 6
with the right segment 8, TBS ether 37 was converted into
mesylate 38. Subsequent hydrolysis under basic conditions
provided carboxylic acid 39 with concomitant removal of
the Cbz group. After removal of the two benzyl groups by
hydrogenolysis, the crucial condensation between 40 and the
left segment 410°! was executed according to the conditions
of Boger and co-workers to give the desired compound 5 in
low to moderate yield. Finally, spirocyclopropanation was
effected by treatment with NaHCOj; in aqueous DMF!"! to
furnish (+)-yatakemycin (1), which was identical in all re-
spects to the natural product.

Although the first-generation approach allowed us to syn-
thesize 1, there was a considerable drawback with regard to
yield and reproducibility in the coupling reaction of the left
segment 7. This is possibly due to the presence of unprotect-
ed phenolic hydroxyl groups. Thus, we examined next the
coupling reaction with the protected substrate 39
(Scheme 10).

The Fmoc group was removed by treatment with
TBAF.?!! After disappearance of the left segment 7 as deter-
mined by TLC analysis, carboxylic acid 39 and the conden-
sation reagents were added to the reaction mixture. Fortu-
nately, the desired coupling reaction between indoline 42
and carboxylic acid 39 proceeded smoothly to afford the de-
sired product 43 in excellent yield.

The remaining task was the chemoselective removal of
the two phenolic benzyl ethers in 43 in the presence of thio-
lester and electron-rich aromatic rings (Table 4). When 43
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Scheme 9. First-generation total synthesis of (4)-yatakemycin (1). Re-
agents and conditions: a) pyridine, CH,Cl,, 0°C, 5 min, quant.; b) TBAF,
THEF, room temperature, 30 min; evaporation; MsCl, pyridine, CH,Cl,,
room temperature, 4 h, 97 %; c) LiOH, THF/H,O (3:1), room tempera-
ture, 18 h, 92%. d) H, (1 atm), cat. Pd/C, acetone, room temperature,
10 h, 94 %; e) 41, WSCD-HCI, DMF, room temperature, 15 min, up to
40% (irreproducible); f) NaHCO;, DMF/H,O (2:1), room temperature,
2 h, 80 %. TBAF =tetra-n-butylammonium fluoride.

—

was subjected to conventional hydrogenolysis conditions, the
reaction gave a complex mixture (Table 4, entry 1). Depro-
tection under acidic conditions with TFA also resulted in a
complex mixture even in the presence of PhSMe or penta-
methylbenzene as a cation scavenger (Table 4, entries 2 and
3).l Lewis acids in general, such as BF;-OEt, with EtSH,*!
did not provide the debenzylated product 5 (Table 4,
entry 4). Among the Lewis acids we examined, BCl; was the
only one to provide the desired product 5; however, we en-
countered a serious problem with regard to reproducibility

Chem. Asian J. 2008, 3, 296 —309
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Scheme 10. Successful one-pot condensation with the left segment 7.
HOBt = 1-hydroxybenzotriazole.

Table 4. Chemoselective removal of benzyl groups.
SMe
o)

HN

OMs
MeO N/ 71/:
43:R=Bn
OH 7\
H 5 R=H
OR

conditions
Entry  Conditions Yield [%]
1 H,, Pd/C, EtOAc, RT _a)
2 TFA, PhSMe, RT —a
3 TFA, pentamethylbenzene, RT —al
4 BF;-OEt,, EtSH, CH,Cl,, RT el
5 BCl;, CH,Cl,, —78°C, 15 min 19-72
6 BCl;, PhSMe, CH,Cl,, —78°C—RT al
7 BCl;SMe,, CH,Cl,, —78°C—RT a)
8 BCl;, pentamethylbenzene, CH,Cl,, —78°C, 15 min 83

[a] Complex mixture. TFA =trifluoroacetic acid.

(Table 4, entry 5). Under modified reaction conditions with
a combination of BCl; with PhSMe as a cation scavenger or
the milder BCl;-SMe,, the reaction did not take place at
—78°C, and the starting benzyl ether 43 decomposed when
the temperature was raised (Table 4, entries 6 and 7). Final-
ly, a combination of BCl; with pentamethylbenzene was
found to be optimal, with high reproducibility and providing
the desired compound 5 in good yield (Table 4, entry 8).
These results indicate that pentamethylbenzene acts as a
good cation scavenger that does not decrease the Lewis
acidity of BCl;. On the other hand, conventional cation

Chem. Asian J. 2008, 3, 296 -309
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scavengers such as PhSMe or SMe, were not effective as
these compounds decrease the Lewis acidity of BCl; too
much by forming complexes with BCl;. The other advantage
of using pentamethylbenzene is that the unreacted penta-
methylbenzene and benzylpentamethylbenzene can be
easily removed by column chromatography.

Having established mild conditions for the removal of the
benzyl groups, we investigated the unoptimized spirocycliza-
tion under various reaction conditions (Table 5). Reaction

Table 5. Optimization of transannular spirocyclopropanation.
SMe

...o

Entry Base ([equiv])  Solvent t Yield [%]

1 Cs,CO; (6.0) MeCN 10 min
2 Na,HPO, (60) MeCN/THF/H,O (1:1:1) 10h 63
3 NaHCO; (6.0) MeCN/THF/H,O (1:1:1) 10h 47
4 NaHCO, (10) THF/H,0 (3:1) Sh 62
5 NaHCO, (10)  DMF/H,0 (2:1) 2h 79
6 NaHCO, (30) DMF/H,0 (2:1) 2h %

[a] Complex mixture.

with Cs,CO; in acetonitrile”! was not affected and resulted
in a complex mixture (Table 5, entry 1). The milder condi-
tions with NaH,PO, in MeCN/THF/H,O provided the de-
sired 1 in modest yield; however, the reaction was accompa-
nied by the generation of unidentified by-products (Table 5,
entry 2). The reaction with NaHCO; in MeCN/THF/H,O
proceeded more cleanly, although the reaction rate was
rather slow, and the starting material remained even after
10 h (Table 5, entry 3). After several optimizations, DMF/
H,O was found to be the best solvent system!'® (Table 5, en-
tries 3-5). Furthermore, we found that a large excess of base
shortened the reaction time and improved the yield substan-
tially to over 90 % (Table 5, entry 6).

Conclusions

We have accomplished a highly efficient total synthesis of
(+)-yatakemycin (1), which features the coupling of (§)-epi-
chlorohydrin (10) with 2,6-dibromophenyllithium species, a
chemoselective debenzylation reaction, and the copper-
mediated construction of all five aryl-nitrogen bonds in 1.
The efficiency of the synthetic strategy containing these new
methodologies has been proven by conducting a subgram-
scale synthesis of 1 in 13% overall yield over 20 steps (lon-
gest linear steps). The synthetic route established in this
study should be generally applicable to the synthesis of this
class of compounds.
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Experimental Section

General Remarks

All reactions were carried out in oven-dried glassware under a slight pos-
itive pressure of argon unless otherwise noted. 'H (400 or 500 MHz) and
BC NMR (100 or 125 MHz) spectra were recorded on a JEOL ECX400
or ECX500 spectrometer. "H NMR chemical shifts are reported in parts
per million (ppm) downfield from tetramethylsilane as the internal stan-
dard, and coupling constants are in hertz (Hz). The following abbrevia-
tions are used for spin multiplicity: s=singlet, d=doublet, t=triplet, q=
quartet, m =multiplet, br=broad. *C NMR chemical shifts are reported
in ppm relative to the center of the triplet at 77.0 ppm for deuterio-
chloroform. IR spectra were recorded on a JASCO FT/IR-410 FTIR
spectrometer and are reported in wavenumbers (cm~'). Where denoted
“neat”, the sample was loaded as a thin film on a zinc/selenium plate.
Optical rotations were measured on a JASCO DIP-1000 digital polarime-
ter with a sodium lamp. Melting points were measured on a YANACO
MP-500V instrument. High-resolution mass spectra were obtained on a
JEOL JMS-700 spectrometer with the positive FAB ionization method
by using a PEG 1000, 600, 400, or 200 matrix from Kanto Chemical Co.,
Ltd. as the internal standard. Analytical TLC was performed on Merck
precoated analytical plates, 0.25 mm thick, of silica gel 60 F,s,. Prepara-
tive TLC was performed on Merck analytical plates (0.25 or 0.50 mm
thick) precoated with silica gel 60 Fys,. Flash chromatography was per-
formed on Kanto Chemical silica gel 60 (normal or neutral, 40—
100 mesh).

Materials

Copper iodide (99.5% purity) and cesium acetate were purchased from
Wako Pure Chemical Industries, Ltd. and were used as supplied. Cesium
acetate was weighed under argon atmosphere to prevent absorption of
moisture. Dry DMSO and dichloromethane were purchased from Aldrich
Chemical Co. and Wako Pure Chemical Industries, Ltd., respectively.
Other dry solvents were supplied from Kanto Chemical Co., Inc. (unless
otherwise noted). Substrates were prepared according to the procedures
outlined below. Spectroscopic data for all new compounds are also listed
below.

Syntheses

11: A flame-dried 1-L three-necked round-bottomed flask equipped with
a digital thermometer, a dropping funnel, and a mechanical stirrer was
charged with 4-benzyloxy-2,6-dibromoiodobenzene (9; 23.4 g, 50.0 mmol)
and dry toluene (500 mL). The colorless solution was cooled to —78°C.
nBuLi (1.51Mm, 33.1 mL, 50.0 mmol) was added dropwise to the solution
over 40 min at a rate that kept the inner temperature under —75°C. (S)-
Epichlorohydrin (10; 3.91 mL, 50.0 mmol) was added dropwise to the re-
sulting viscous suspension over S5min. After BF;OEt, (6.34 mL,
50.0 mmol) was added rapidly, the reaction mixture was stirred for 5 min,
after which TLC (hexane/dichloromethane =3:2) indicated complete con-
sumption of 9. The reaction was quenched with saturated aqueous
sodium bicarbonate at —78°C, and the mixture was warmed to room
temperature. The resulting mixture was extracted with ethyl acetate. The
combined organic extracts were washed with brine, dried over anhydrous
sodium sulfate, and filtered through a thin pad of silica gel. The resulting
filtrate was concentrated under reduced pressure to afford analytically
pure  (—)-(25)-1-(4-benzyloxy-2,6-dibromophenyl)-3-chloropropan-2-ol
(11; 202 g, 46.5mmol, 93%). The residue was recrystallized from
hexane/dichloromethane to give optically pure 11 as a fine colorless nee-
dles. The enantiomeric excess of 11 was determined by HPLC (DAICEL-
CHIRALCEL-OJ, hexane/iPrOH=85:15, flow rate=1.0 mLmin"!, t;=
20.9 min, t, =24.9 min). R;=0.49 (CH,Cl,); m.p.: 90.1-90.4°C (hexane/di-
chloromethane); [a]y =-18.1 (¢=1.02, CHCL); IR (neat): 7#=3403,
2977, 1700, 1603, 1507, 1392, 1366, 1253, 1169, 750, 700 cm™'; '"H NMR
(400 MHz, CDCl;): 0=7.41-7.32 (m, 5H), 7.21 (s, 2H), 5.02 (s, 2H),
4.27-4.18 (m, 1H), 3.73-3.64 (m, 2H), 3.35 (dd, /=128, 7.2 Hz, 1H),
3.15 (dd, J=12.8, 5.6 Hz, 1H), 2.27 ppm (d, J=8.4 Hz, 1H); "C NMR
(100 MHz, CDCly): 6=157.9, 135.7, 128.7, 128.5, 128.4, 127.5, 125.7,
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119.2, 70.9, 70.5, 50.1, 40.1 ppm; elemental analysis: caled (%) for
CsH;sBr,ClO,: C 44.22, H 3.48; found: C 44.06, H 3.55.

(—)-(2S)-3-Azido-1-(4-benzyloxy-2,6-dibromophenyl)propan-2-ol: A 500-
mL round-bottomed flask equipped with a magnetic stirrer bar was
charged with 11 (11.9 g, 27.4 mmol) and dry DMF (27.4 mL). NaN;,
(5.34 g, 82.2 mmol) was added to the solution. The resulting mixture was
heated to 90°C for 9 h, after which TLC (dichloromethane) indicated
complete consumption of 11. After the flask was cooled to room temper-
ature, the reaction mixture was diluted with ethyl acetate. The organic
layer was washed with water, dried over anhydrous sodium sulfate, and
filtered. The filtrate was concentrated under reduced pressure to give the
analytically pure azide (12.8 g) as colorless plates, which was used in the
next reaction without further purification. R;=0.36 (hexane/ethyl ace-
tate=3:1); m.p.: 99.2-100.4°C (hexane/ethyl acetate); [a]5 =-9.1 (c=
1.18, CHCl;); IR (neat): #=3393, 2932, 2103, 1594, 1542, 1450, 1382,
1253, 1024, 923, 839, 738, 695cm '; '"HNMR (400 MHz, CDCL): 6=
7.44-7.32 (m, 5H), 7.20 (s, 2H), 5.01 (s, 2H), 4.22-4.12 (m, 1H), 3.47 (dd,
J=124, 6.8 Hz, 1H), 3.41 (dd, /J=12.4, 4.0 Hz, 1H), 3.24 (dd, /=14.0,
8.0 Hz, 1H), 3.11 (dd, /=14.0, 6.0 Hz, 1H), 2.07 ppm (d, J=5.6 Hz, 1H);
“C NMR (100 MHz, CDCly): 6=157.9, 135.7, 128.7, 128.6, 128.4, 127.5,
125.7, 119.3, 70.6, 70.5, 56.4, 40.2 ppm; elemental analysis: calcd (%) for
CisH;sB1,N;0,: C 43.56, H 3.43, N 9.53; found: C 43.26, H 3.48, N 9.34.

12: A 500-mL round-bottomed flask equipped with a magnetic stirrer bar
was charged with the above crude azide (12.8 g), imidazole (2.80 g,
41.1 mmol), DMAP (167 mg, 1.37 mmol), and dry DMF (27.4mL).
TBSCI (4.54 g, 30.1 mmol) was added to the solution. The resulting reac-
tion mixture was heated to 50°C for 6 h, after which TLC (hexane/ethyl
acetate =3:1) indicated complete consumption of the starting alcohol.
The reaction mixture was diluted with ethyl acetate. The organic layer
was extracted with water, washed with brine, dried over anhydrous
sodium sulfate, and filtered. The filtrate was concentrated under reduced
pressure. The residue was purified by silica-gel chromatography (hexane/
ethyl acetate=9:1) to afford pure (+)-((2S5)-3-azido-1-(4-benzyloxy-2,6-
dibromophenyl)propan-2-yloxy)(tert-butyl)dimethylsilane ~ (12; 15.0 g,
27.0 mmol, 99%) as a viscous colorless liquid. R;=0.58 (hexane/ethyl
acetate=3:1); [a] =+5.1 (¢c=1.81, CHCL); IR (neat): #=2952, 2928,
2856, 2103, 1594, 1543, 1454, 1378, 1294, 1255, 1105, 1025, 962, 837, 808,
777, 737, 696 cm™'; '"H NMR (400 MHz, CDCl,): 6 =7.42-7.33 (m, 5H),
7.18 (s, 2H), 5.02 (s, 2H), 4.29-4.22 (m, 1H), 3.33-3.23 (m, 3H), 3.07 (dd,
J=14.0, 5.6 Hz, 1H), 0.86 (s, 9H), 0.03 ppm (s, 3H), —0.17 (s, 3H);
C NMR (100 MHz, CDClLy): 6=157.7, 135.7, 129.2, 128.7, 128.3, 127.5,
126.0, 119.2, 70.6, 70.4, 56.6, 40.8, 25.8, 17.8, 14.1, —4.9 ppm; elemental
analysis: calcd (%) for C,,HBr,N;O4Si: C 47.58, H 5.26, N 7.57; found:
C47.71, H529, N 7.27.

14: A 500-mL round-bottomed flask equipped with a magnetic stirrer bar
was charged with 12 (14.3 g, 25.7 mmol) and dry THF (64 mL). Tri-n-bu-
tylphosphine (6.98 mL, 28.3 mmol) was added to the clear solution at
room temperature. Nitrogen gas started to evolve within 5 min. The reac-
tion mixture was stirred at room temperature for 30 min, after which
TLC (hexane/ethyl acetate =3:1) indicated complete consumption of 12.
Water (25 mL) was added to the iminophosphorane generated in situ,
and the resulting solution was stirred for 2 h at room temperature. Satu-
rated aqueous sodium bicarbonate (25 mL) and nosyl chloride (6.83 g,
30.8 mmol) were added to the pale-yellow solution. The mixture was
stirred for 18 h, after which another portion of nosyl chloride (1.71 g,
7.72 mmol) was added, and the resulting yellow suspension was stirred
for another 24 h at room temperature. The reaction mixture was poured
into hydrochloric acid (1m) and extracted with ethyl acetate. The com-
bined organic extracts were washed with brine, dried over anhydrous
sodium sulfate, and filtered. The filtrate was concentrated under reduced
pressure. The residue was purified by silica-gel chromatography (hexane/
ethyl acetate =85:15-75:25, gradient) to afford (+)-((25)-3-(o-nitroben-
zenesulfonylamino)-1-(4-benzyloxy-2,6-dibromophenyl)propan-2-yloxy)

(tert-butyl)dimethylsilane (14; 16.4 g, 23.0 mmol, 89%) as a colorless
amorphous solid. R;=0.34 (hexane/ethyl acetate =3:1); [a]5 =+2.3 (c=
1.27, CHCL); IR (neat): »=3353, 2929, 2856, 1594, 1542, 1452, 1406,
1362, 1256, 1172, 1104, 1040, 909, 837, 779, 737, 697, 668 cm '; "H NMR
(400 MHz, CDCl;): 6=8.09-8.03 (m, 1H), 7.89-7.83 (m, 1H), 7.76-7.68
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(m, 2H), 7.43-7.32 (m, 5H), 7.17 (s, 2H), 5.69 (t, J=5.2 Hz, 1H), 5.02 (s,
2H), 4.33-4.26 (m, 1H), 3.28 (dd, J=13.8, 8.2 Hz, 1 H), 3.24 (dd, J=13.4,
5.2 Hz, 1H), 3.15-3.07 (m, 1H), 3.05 (dd, /=13.6, 5.8 Hz, 1H), 0.79 (s,
9H), —0.08 (s, 3H), —0.22 ppm (s, 3H); 3C NMR (100 MHz, CDCL): 6 =
157.7, 148.1, 135.7, 133.5, 133.3, 132.7, 130.9, 128.8, 128.7, 128.3, 127.5,
126.0, 125.3, 119.2, 70.4, 69.5, 49.0, 40.5, 25.6, 17.7, —4.9, —5.0 ppm; ele-
mental analysis: caled (%) for C,H3Br,N,0,SSi: C 47.07, H 4.80, N
3.92; found: C 47.05, H 4.75, N 3.85.

15: A flame-dried 100-mL round-bottomed flask equipped with a mag-
netic stirrer bar was charged with 14 (3.13 g, 4.39 mmol), copper iodide
(417.1 mg, 2.19 mmol), cesium acetate (4.21g, 21.9 mmol), and dry
DMSO (14.6 mL) under argon atmosphere. The resulting pale-green so-
lution was stirred at 60°C for 24 h, after which TLC (hexane/dichloro-
methane=3:2) indicated complete consumption of 14. After the flask
was cooled to room temperature, the reaction mixture was poured into
5% aqueous sodium chloride in 10 % aqueous ammonium hydroxide and
extracted with ethyl acetate. The combined organic extracts were washed
with brine, dried over anhydrous sodium sulfate, and filtered. The filtrate
was concentrated under reduced pressure. The residue was purified by
silica-gel chromatography (dichloromethane/hexane=1:1-3:1, gradient)
to afford pure (—)-(3S5)-7-benzyloxy-5-bromo-1-(o-nitrobenzenesulfonyl)-
1,2,3,4-tetrahydro-3-(tert-butyldimethylsilyloxy)quinoline ~ (15; 2.32 ¢,
3.66 mmol, 83 %) as a white solid, which was recrystallized from hexane/
dichloromethane to afford a fine colorless needles. R;=0.42 (hexane/
ethyl acetate=3:1); m.p.: 106.3-106.9°C (hexane/dichloromethane);
[a]f=-26.6 (c=1.17, CHCLy); IR (neat): #=2929, 2856, 1605, 1546,
1471, 1367, 1254, 1168, 1111, 1023, 839, 779, 738 cm™'; 'H NMR
(400 MHz, CDCL,): 6=7.90 (d, /J=8.4 Hz, 1H), 7.74-7.68 (m, 2H), 7.64—
7.59 (m, 1H), 7.40-7.30 (m, 5H), 7.07 (d, J=2.4 Hz, 1H), 6.95 (d, J=
2.4 Hz, 1H), 4.94 (s, 2H), 4.17-4.09 (m, 1H), 4.02 (dd, J=13.2, 4.0 Hz,
1H), 3.41 (dd, J=14.0, 8.4 Hz, 1H), 2.91 (dd, J=17.6, 6.4 Hz, 1H), 2.59
(dd, J=17.6, 7.6 Hz, 1H), 0.88 (s, 9H), 0.08 ppm (s, 6H); “C NMR
(100 MHz, CDCl;): 6=157.0, 147.8, 137.7, 136.1, 134.0, 133.8, 132.1,
130.4, 128.6, 128.1, 127.5, 125.3, 124.6, 120.8, 116.8, 108.7, 70.2, 65.0, 52.0,
37.4, 257, 18.0, —4.81, —4.83 ppm; elemental analysis: caled (%) for
CyH3;BrN,O4SSi: C 53.08, H 5.25, N 4.42; found: C 53.01, H 526, N
4.44.

17: A flame-dried 80-mL Schlenk tube equipped with a magnetic stirrer
bar was charged with 15 (1.92 g, 3.02 mmol), 16 (1.42 g, 6.04 mmol), [Pd,
(dba);] (138.3 mg, 0.151 mmol), 2-di(fert-butyl)phosphanyl-1,1"-biphenyl
(180.2 mg, 0.604 mmol), lithium chloride (128.0 mg, 3.02 mmol), triethyl-
amine (1.69 mL, 12.1 mmol), and dry DMF (7.6 mL) under argon atmos-
phere. The reaction mixture was degassed by three freeze—pump-thaw
cycles and heated to 90°C for 1 h, after which TLC (hexane/ethyl ace-
tate=3:1) indicated complete consumption of 15. The reaction mixture
was diluted with ethyl acetate, washed with water and brine, dried over
anhydrous sodium sulfate, and filtered. The filtrate was concentrated
under reduced pressure. The residue was purified by silica-gel chroma-
tography (hexane/ethyl acetate =3:1-1:1, gradient) to afford pure (—)-
(Z)-3-[(3S)-7-benzyloxy-1-(o-nitrobenzenesulfonyl)-1,2,3,4-tetrahydro-3-

(tert-butyldimethylsilyloxy)-quinolin-5-yl]benzyloxycarbonylaminoacrylic
acid methyl ester (17; 2.12 g, 2.69 mmol, 89 %) as an off-white amorphous
solid. R;=0.53 (hexane/ethyl acetate=1:1); [a]3)=-38.7 (c=0.756,
CHCL;); IR (neat): »=3403, 2977, 1700, 1603, 1507, 1392, 1366, 1253,
1169, 750, 700 cm™'; '"H NMR (400 MHz, CDCl;): 6=7.82 (d, J=8.0 Hz,
1H), 7.69-7.55 (m, 3H), 7.42-7.21 (m, 10H), 7.10 (s, 1H), 6.99 (d, /=
2.2 Hz, 1H), 6.85 (d, J=2.2 Hz, 1H), 6.30 (brs, 1H), 5.03 (dd, /=184,
12.2 Hz, 2H), 4.88 (s, 2H), 4.13-4.03 (m, 1H), 3.83 (s, 3H), 3.35 (dd, /=
11.8, 7.4 Hz, 1H), 2.70 (dd, /=164, 5.6 Hz, 1H), 2.44 (dd, /J=16.4,
6.8 Hz, 1H), 0.86 (s, 9H), 0.06 (s, 3H), 0.04 ppm (s, 3H); “C NMR
(100 MHz, CDCl;): 6=165.0, 156.7, 153.2, 147.9, 137.2, 136.4, 135.7,
134.6, 133.8, 133.6, 132.0, 130.4, 128.5, 128.5, 128.3, 128.1, 128.0, 127.5,
126.9, 126.4, 124.4, 120.6, 112.2, 110.3, 70.1, 67.4, 65.1, 52.7, 52.0, 34.1,
31.5, 25.7, 179, —4.80, —4.84 ppm; elemental analysis: caled (%) for
C,H,sN;0,,SSi: C 60.97, H 5.76, N 5.33; found: C 60.99, H 5.68, N 5.31.

18: A 100-mL round-bottomed flask equipped with a magnetic stirrer bar
was charged with 17 (2.08 g, 2.64 mmol), cesium carbonate (1.29g,
3.96 mmol), and dry acetonitrile (13.2mL). Thiophenol (0.339 mL,
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3.17 mmol) was added to the stirred suspension. The reaction mixture
was stirred for 30 min at room temperature, after which TLC (hexane/
ethyl acetate=3:1) indicated complete consumption of 17. Cesium car-
bonate was removed by filtration, and the filtrate was concentrated
under reduced pressure. The residue was purified by silica-gel chroma-
tography (neutral silica gel, hexane/ethyl acetate=3:1-1:1, gradient) to
afford (4)-(Z)-3-[(35)-7-benzyloxy-1,2,3,4-tetrahydro-3-(tert-butyldimeth-
ylsilyloxy)quinolin-5-yl]benzyloxycarbonylaminoacrylic acid methyl ester
(18; 1.57 g, 2.60 mmol, 99%) as a yellow amorphous solid. R;=0.60
(hexane/ethyl acetate=1:1); [a]y =+19.0 (c=1.68, CHCL); IR (neat):
v=3404, 2953, 2856, 1724, 1602, 1497, 1259, 1219, 1174, 1114, 1060, 868,
837, 776, 697 cm™'; '"H NMR (400 MHz, CDCl;): 6 =7.36-7.24 (m, 10H),
7.12 (s, 1H), 6.41 (d, J=2.6 Hz, 1H), 6.27 (brs, 1H), 6.11 (d, J=2.82 Hz,
1H), 5.09 (s, 2H), 4.88 (s, 2H), 4.13-4.02 (m, 1H), 3.82 (s, 3H), 3.30-3.23
(m, 1H), 3.01 (t, J=12.0 Hz, 1H), 2.82-2.74 (m, 1H), 2.50 (dd, /=15.6,
92 Hz, 1H), 0.89 (s, 9H), 0.09 ppm (s, 6H); "CNMR (100 MHz,
CDCly): =165.3, 157.5, 153.7, 145.2, 136.8, 135.7, 133.7, 128.3, 128.3,
128.0, 127.9, 127.7, 127.5, 127.3, 126.2, 112.0, 103.6, 100.9, 69.6, 67.2, 65.3,
52.4, 482, 34.0,25.7, 17.9, —4.7, —4.8 ppm; elemental analysis: calcd (%)
for C3,H,N,O6Si: C 67.75, H 7.02, N 4.65; found: C 67.65, H 7.05, N
4.55.

19: A 500-mL round-bottomed flask equipped with a magnetic stirrer bar
was charged with 18 (1.57 g, 2.60 mmol) and dry dichloromethane
(52.0 mL). The resulting solution was cooled to 0°C. NBS (462.8 mg,
2.60 mmol) was added portionwise to the solution over 15 min. The reac-
tion mixture was stirred at 0°C for 5 min, after which TLC (dichloro-
methane) indicated complete consumption of 18. The reaction mixture
was diluted with ethyl acetate, washed with aqueous sodium thiosulfite
and brine, dried over anhydrous sodium sulfate, and filtered. The filtrate
was concentrated under reduced pressure. The residue was purified by
silica-gel chromatography (neutral silica gel, dichloromethane) to afford
(4+)-(2)-3-[(3S)-7-benzyloxy-6-bromo-1,2,3 4-tetrahydro-3-(tert-butyldi-
methylsilyloxy)quinolin-5-yl]benzyloxycarbonylaminoacrylic acid methyl
ester (19; 1.59 g, 2.34 mmol, 90%) as a yellow amorphous solid. R;=0.45
(dichloromethane); [a]% =+26.4 (c=0.590, CHCL,); IR (neat): #=3405,
2952, 2856, 1727, 1579, 1453, 1260, 1219, 1118, 1061, 838, 779, 739,
696 cm'; '"H NMR (400 MHz, CDCL): 0=7.45 (d, J=7.2 Hz, 2H), 7.38
(t, J=7.8 Hz, 2H), 7.34-7.27 (m, 6H), 6.94 (s, 1H), 6.16 (brs, 1H), 6.09
(s, 1H), 5.08-5.04 (s, 4H, overlapped), 4.05-3.98 (m, 1H), 3.82 (s, 3H),
3.27-3.18 (m, 1H), 3.04-2.94 (m, 1H), 2.75-2.60 (m, 1H), 2.43 (dd, /=
15.6, 8.4 Hz, 1H), 0.86 (s, 9H), 0.06 ppm (s, 6H); *C NMR (100 MHz,
CDCly): 0=164.5, 153.7, 153.6, 153.2, 144.0, 136.4, 135.6, 134.6, 128.6,
128.4, 128.3, 128.1, 128.0, 127.7, 126.7, 111.6, 99.6, 99.4, 70.5, 67.2, 64.8,
52.5,48.1, 34.5,25.7, 17.9, —4.7, —4.9 ppm; elemental analysis: calcd (%)
for C3,H,,BrN,O4Si: C 59.90, H 6.06, N 4.11; found: C 60.03, H 6.01, N
4.16.

6: A flame-dried 100-mL round-bottomed flask equipped with a magnet-
ic stirrer bar was charged with 19 (1.36 g, 1.99 mmol), copper iodide
(378.2 mg, 1.99 mmol), and cesium acetate (955.0 mg, 4.98 mmol). The
flask was evacuated and then backfilled with argon. Dry DMSO (20 mL)
was added to the mixture. The resulting pale-green solution was stirred
at room temperature under argon atmosphere for 12 h, after which TLC
(hexane/ethyl acetate =1:1) indicated complete consumption of 19. The
reaction mixture was poured into 5% aqueous sodium chloride in 10 %
aqueous ammonium hydroxide and extracted with ethyl acetate. The
combined organic extracts were washed with water and brine, dried over
anhydrous sodium sulfate, and filtered. The filtrate was concentrated
under reduced pressure. The residue was purified by silica-gel chroma-
tography (neutral silica gel, dichloromethane) to afford (4)-(S)-3-benzyl-
2-methyl-4-(benzyloxy)-6,7,8,9-tetrahydro-8-(tert-butyldimethylsilyloxy)-

pyrrolo[3,2-f]quinoline-2,3-dicarboxylate (6; 1.19 g, quant.) as a light-
yellow amorphous solid. R;=0.70 (hexane/ethyl acetate=1:1); [a]Z=
+40.3 (¢=0.890, CHCL;); IR (neat): »=3407, 2953, 2852, 1768, 1715,
1598, 1549, 1498, 1438, 1390, 1231, 1167, 1099, 837, 697 cm™'; 'H NMR
(400 MHz, CDCL,): 6=7.46-7.18 (m, 10H), 7.09 (s, 1H), 6.19 (s, 1H),
5.06 (s, 2H), 5.02 (s, 2H), 4.24-4.14 (m, 1H), 3.82 (s, 3H), 3.34-3.26 (m,
1H), 3.08 (dd, /=10.0, 10.0 Hz, 1H), 3.03 (dd, J=15.8, 5.2 Hz, 1H), 2.75
(dd, /=158, 82 Hz, 1H), 0.89 (s, 9H), 0.12 ppm (s, 6H); “C NMR
(100 MHz, CDClLy): 6=161.2, 152.9, 144.7, 138.7, 136.5, 134.5, 128.6,
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128.5, 128.3, 128.1, 127.8, 127.3, 122.6, 109.2, 103.3, 99.3, 70.7, 70.2, 65.7,
52.0, 49.4, 33.3, 25.9, 25.8, 18.1, —4.59, —4.67 ppm; HRMS (FAB): m/z
caled for C3,H,0N,0,Si: 600.2656 [M]*; found: 600.2655.
1,2,3,4-Tetrahydro-6,7-dimethoxyisoquinoline: A 1-L round-bottomed
flask equipped with a magnetic stirrer bar was charged with homovera-
trylamine (50.9 g, 281 mmol). Formic acid (141 mL) was added slowly to
the flask at 0°C, and the resulting orange solution was stirred at 0°C for
S min. Paraformaldehyde (8.43 g, 281 mmol) was added to the flask, and
the resulting mixture was heated to 50°C for 11h, after which TLC
(methanol/dichloromethane =3:7) indicated complete consumption of
the starting amine. Excess formic acid was removed under reduced pres-
sure. The residual viscous oil was then poured into aqueous sodium hy-
droxide (1m) saturated with sodium chloride. The aqueous layer was ex-
tracted with dichloromethane. The combined organic extracts were dried
over anhydrous sodium sulfate and filtered. The filtrate was removed
under reduced pressure to afford the crude tetrahydroisoquinoline
(56.5 g) as pale-yellow crystals, which was used in the next step without
further purification. The crude material was purified by recrystallization
from dichloromethane to give a pale-yellow needles. R;=0.10 (methanol/
dichloromethane =1:9); m.p.: 77.7-78.8°C (dichloromethane); IR (neat):
v=3318, 2933, 2834, 1611, 1518, 1465, 1255, 1227, 1107, 1025, 853,
807 cm™'; 'TH NMR (400 MHz, CDCly): 6 =6.58 (s, 1H), 6.50 (s, 1H), 3.94
(s, 2H), 3.85 (s, 3H), 3.84 (s, 3H), 3.12 (t, J=6.0 Hz, 2H), 2.71 ppm (t,
J=6.0Hz, 2H); "CNMR (100 MHz, CDCL): 0=147.3, 1472, 1274,
126.3, 111.8, 108.9, 55.8, 47.7, 43.8, 28.5 ppm (one signal is missing owing
to overlap with other signals); HRMS (FAB): m/z calcd for C;;H;sNO,:
193.1103 [M]*; found: 193.1106.

20: A 1-L round-bottomed flask equipped with a magnetic stirrer bar
was charged with the above crude product (56.5 g), dry dichloromethane
(280 mL), and pyridine (27.2 mL, 337 mmol). The yellow solution was
cooled to 0°C, and trifluoroacetic anhydride (TFAA; 47.6mL,
337 mmol) in dry dichloromethane (50 mL) was added dropwise to the
solution over 30 min. After addition of TFAA was finished, the flask was
warmed to room temperature, and the mixture was stirred for 2 h, after
which TLC (methanol/dichloromethane=1:19) indicated complete con-
sumption of the starting compound. Aqueous hydrochloric acid (1w,
300 mL) was added to the flask. The mixture was extracted with dichloro-
methane. The combined organic extracts were washed with saturated
aqueous sodium bicarbonate and brine, dried over anhydrous sodium sul-
fate, and filtered. The filtrate was concentrated under reduced pressure.
The residue was purified by recrystallization from hexane/dichlorometh-
ane to afford 2,2,2-trifluoro-1-(1,2,3,4-tetrahydro-6,7-dimethoxyisoquino-
lin-2(1H)-yl)ethanone (20; 73.1 g, 253 mmol, 90% from homoveratryl-
amine) as pale-yellow needles. R;=0.43 (hexane/ethyl acetate=3:1);
m.p.: 101.5-102.7°C (hexane/dichloromethane); IR (neat): #=1693, 1613,
1520, 1463, 1254, 1231, 1186, 1133, 1113, 1014, 925, 655 cm™'; 'H NMR
(400 MHz, CDCl;): =6.63 (s, 1H), 6.62 (s, 1H), 4.73 (s, 2H), 3.88 (t, /=
6.4 Hz, 2H), 3.873 (s, 3H), 3.867 (s, 3H), 2.89 ppm (t, /J=6.4 Hz, 2H)
(complexity due to rotamers); “C NMR (100 MHz, CDCl,;): 6=156.1,
148.1, 148.0, 125.0, 123.2, 118.0, 111.1, 109.0, 56.0, 56.0, 46.7, 45.2, 43.4,
28.8 ppm (complexity due to rotamers); elemental analysis: calcd (%) for
C;3H,FsNO;: C 53.98, H 4.88, N 4.84; found: C 54.09, H 4.94, N 4.83.
1-(5,8-Dibromo-1,2,3 4-tetrahydro-6,7-dimethoxyisoquinolin-2(1 H)-yl)-

2,2 2-trifluoroethanone: A four-necked 300-mL round-bottomed flask
was charged with FeCl; (3.80 g, 23.4 mmol), 20 (3.21 g, 11.1 mmol), and
dry dichloromethane (22 mL). The resulting mixture was cooled to 0°C.
Br, (1.22mL, 24.4 mmol) in dichloromethane (12 mL) was added drop-
wise to the flask over 15 min. The reaction mixture was stirred at 0°C for
30 min, after which TLC (hexane/ethyl acetate =3:1) indicated complete
consumption of 20. Dichloromethane (30 mL) was added to the flask fol-
lowed by crushed ice. The mixture was stirred vigorously and extracted
with dichloromethane. The combined organic extracts were washed with
saturated aqueous sodium bicarbonate, aqueous sodium thiosulfite, and
brine, dried over anhydrous sodium sulfate, and filtered. The filtrate was
concentrated under reduced pressure. The residue was purified by silica-
gel chromatography (hexane/ethyl acetate =9:1-4:1, gradient) to provide
the pure dibrominated compound (4.39 g, 9.82 mmol, 88%) as a fine
white powder. R;=0.48 (hexane/ethyl acetate =3:1); IR (neat): ¥=1698,
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1462, 1407, 1307, 1194, 1142, 1030, 771cm'; 'HNMR (400 MHz,
CDCly): 6=4.74 (major, s, 1H), 3.97-3.74 (m, 8H), 2.95 ppm (major, t,
J=64Hz, 2H) (complexity due to rotamers); “CNMR (100 MHz,
CDCLy): 6=150.1, 150.0, 149.8, 131.5, 130.7, 128.7, 128.3, 120.0, 119.6,
117.7, 117.2, 116.7, 114.9, 60.9, 60.9, 60.9, 60.8, 48.0, 48.0, 46.6, 49.6, 42.8,
42.8, 40.9, 30.5, 30.4, 28.9 ppm (complexity due to rotamers); elemental
analysis: caled (%) for C,sH,;3NOg4: C 34.93, H 2.71, N 3.13; found: C
3522, H 2.85,N 3.24.

5,8-Dibromo-1,2,3 4-tetrahydro-6,7-dimethoxyisoquinoline: A 500-mL
round-bottomed flask equipped with a magnetic stirrer bar was charged
with the above trifluoroacetamide (25.86g, 57.8 mmol), methanol
(240 mL), and dichloromethane (60 mL). Powdered K,CO; (23.99 g,
174 mmol) was added to the suspension. The mixture was stirred vigo-
rously for 6 h at room temperature, after which TLC (hexane/ethyl ace-
tate=3:1) indicated complete consumption of the starting compound.
K,CO; was removed by filtration, and the filtrate was concentrated
under reduced pressure. The residue was dissolved in dichloromethane,
and the solution was washed with water and brine, dried over anhydrous
sodium sulfate, and filtered. The filtrate was concentrated under reduced
pressure to give the crude corresponding secondary amine (18.66 g),
which was used for the next reaction without further purification. The
crude material was purified by recrystallization from dichloromethane to
give colorless prisms. R;=0.43 (methanol/dichloromethane=1:9); m.p.:
94.2-95.0°C (dichloromethane); IR (neat): v=3325, 2939, 2872, 1457,
1400, 1292, 1223, 1104, 1016, 978, 934, 792, 743 cm™"; 'H NMR (400 MHz,
CDCLy): 0=3.94 (s, 2H), 3.89 (s, 3H), 3.89 (s, 3H), 3.10 (t, J=6.0 Hz,
2H), 2.71 ppm (t, J=6.0 Hz, 2H); "CNMR (100 MHz, CDCL): 6=
149.3, 149.0, 133.2, 132.5, 120.2, 117.1, 60.8, 60.8, 49.5, 43.3, 30.2 ppm;
HRMS (FAB): m/z caled for C;;H;,Br,NO,: 349.9391 [M+H]*; found
349.9396.

21: A 1-L round-bottomed flask equipped with a magnetic stirrer bar was
charged with the above crude amine (18.66 g), dry dichloromethane
(500 mL), and manganese oxide (particle size <5 um, 100 g, 1.16 mol).
The resulting mixture was stirred vigorously at room temperature for
18 h, after which TLC (methanol/dichloromethane =1:19) indicated com-
plete consumption of the starting compound. The reaction mixture was
filtered through a celite pad, and the filtrate was concentrated under re-
duced pressure to afford analytically pure 5,8-dibromo-3,4-dihydro-6,7-di-
methoxyisoquinoline (21; 18.16 g, 52.0 mmol, 90 % over 2 steps) as white
plates. R;=0.26 (hexane/ethyl acetate =1:1); m.p.: 67.9-69.0°C (dichloro-
methane); IR (neat): »=2940, 1622, 1525, 1456, 1406, 1366, 1322, 1300,
1177, 1113, 1028, 988, 938, 897, 731 cm™'; '"H NMR (400 MHz, CDCl,):
0=28.60 (brs, 1H), 3.96 (s, 3H), 3.91 (s, 3H), 3.76 (t, J=7.6 Hz, 2H),
278 ppm (t, J=7.6 Hz, 2H); "CNMR (100 MHz, CDCL): 6=157.7,
153.1, 150.0, 135.1, 124.2, 118.8, 118.4, 60.9, 60.9, 46.7, 25.0 ppm; elemen-
tal analysis: calcd (%) for C;;H;;Br,NO,: C 37.85, H 3.18, N 4.01; found:
C38.00, H3.21, N 3.71.

22: A 30-mL round-bottomed flask equipped with a magnetic stirrer bar
was charged with 21 (344.2 mg, 0.986 mmol) and dry THF (4.9 mL).
Nosyl chloride (262.2 mg, 1.18 mmol) in THF (1.0 mL) was added drop-
wise to the solution at 0°C over 5 min, and the resulting mixture was
warmed to room temperature over 1 h. Saturated aqueous sodium bicar-
bonate (10 mL) was added to the solution. The mixture was stirred vigo-
rously for 30 min, after which TLC (dichloromethane) indicated complete
consumption of 21. The aqueous layer was extracted with ethyl acetate.
The combined organic extracts were washed with saturated aqueous
sodium bicarbonate, dried over anhydrous sodium sulfate, and filtered.
The filtrate was concentrated under reduced pressure. The residue was
passed through a silica pad to afford crude 5,8-dibromo-2-(o-nitroben-
zenesulfonyl)-1,2,3,4-tetrahydro-6,7-dimethoxy-1-hydroxyisoquinoline

(22; 562.1 mg) as a pale-yellow amorphous solid. R;=0.18 (dichloro-
methane); IR (neat): ¥=3518, 2941, 1542, 1462, 1373, 1303, 1172, 1026,
964, 776, 731, 586 cm™'; "H NMR (400 MHz, CDCl;): 6=8.15-8.10 (m,
1H), 7.77-7.72 (m, 2H), 7.71-7.66 (m, 1H), 6.51 (d, J=4.4 Hz, 1H),
4.05-3.98 (m, 1H), 3.899 (s, 3H), 3.895 (s, 3H), 3.79 (d, /=4.4 Hz, 1H),
3.64 (dt, J=12.8, 5.2 Hz, 1H), 3.03-2.88 ppm (m, 2H) (one proton signal
was obscured owing to overlap with that of MeO); *C NMR (100 MHz,
CDCly): 4=151.5, 150.0, 147.9, 134.0, 133.2, 132.2, 131.6, 131.0, 130.8,
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124.6, 119.8, 118.9, 67.1, 60.9, 60.8, 37.8, 30.2 ppm; elemental analysis:
caled (%) for C;H;¢Br,N,O;S: C 36.98, H 2.92, N 5.07; found: C 36.95,
H 3.08, N 4.95.

26: A 50-mL round-bottomed flask equipped with a magnetic stirrer bar
was charged with crude 22 (562.1 mg) and dry methanol (10 mL). The re-
sulting solution was cooled to 0°C. Sodium borohydride (112.0 mg,
2.96 mmol) was added portionwise to the solution over 10 min. The re-
sulting mixture was warmed to room temperature over 1 h, after which
TLC (dichloromethane) indicated complete consumption of 22. Hydro-
chloric acid (1m; 20 mL) was added to the reaction mixture at 0°C, and
the mixture was extracted with ethyl acetate. The combined organic ex-
tracts were washed with brine, dried over anhydrous sodium sulfate, and
filtered. The filtrate was concentrated under reduced pressure. The resi-
due was purified by silica-gel chromatography (dichloromethane) to give
pure (2-(2-(o-nitrobenzenesulfonyl)aminoethyl)-3,6-dibromo-4,5-dimeth-
oxyphenyl)methanol (26; 425.5 mg, 0.768 mmol, 78 % over 2 steps) as a
white solid, which was purified by recrystallization from hexane/dichloro-
methane to provide colorless fine prisms. R;=0.28 (hexane/ethyl ace-
tate=1:1); m.p.: 154.4-154.9°C (hexane/dichloromethane); IR (neat):
?=3523, 3341, 2935, 1541, 1459, 1405, 1364, 1344, 1303, 1164, 1099, 1011,
731, 590 cm™"; '"H NMR (400 MHz, CDCl;): §=8.17-8.11 (m, 1H), 7.85-
7.77 (m, 1H), 7.74-7.67 (m, 2H), 6.06 (t, J=6.4Hz, 1H), 495 (d, J=
5.6 Hz, 2H), 3.87 (s, 3H), 3.87 (s, 3H), 3.41 (td, /=72, 6.4 Hz, 2H), 3.26
(t, J=72Hz, 2H), 236 ppm (t, 5.6 Hz, 1H); "CNMR (100 MHz,
CDCly): 6=151.2, 150.0, 147.8, 135.2, 134.5, 133.7, 133.4, 132.7, 131.1,
125.2, 121.1, 120.9, 62.6, 60.8, 42.6, 33.9, 30.9 ppm; elemental analysis:
caled (%) for C,;HsBr,N,O,S: C 36.84, H 3.27, N 5.05; found: C 36.74,
H 3.27,N 5.05.

27: A flame-dried 250-mL Schlenk tube equipped with a magnetic stirrer
bar was charged with 26 (13.41 g, 24.2 mmol), copper iodide (460.9 mg,
2.42 mmol), and cesium acetate (11.62 g, 60.5 mmol). The flask was evac-
uated and then backfilled with argon. Dry DMSO (96.8 mL) was added
to the mixture. The resulting pale-green solution was stirred at 80°C
under argon atmosphere for 24 h, after which TLC (hexane/ethyl ace-
tate=1:1) indicated complete consumption of 26. The reaction mixture
was poured into 5% aqueous sodium chloride in 10 % aqueous ammoni-
um hydroxide and extracted with ethyl acetate. The combined organic ex-
tracts were washed with water and brine, dried over anhydrous sodium
sulfate, and filtered. The filtrate was concentrated under reduced pres-
sure. The residue was passed through a silica pad to provide crude N-(o-
nitrobenzenesulfonyl)-4-hydroxymethyl-5-bromo-6,7-dimethoxyindoline
(27; 12.02 g) as an off-white amorphous solid, which decomposed gradu-
ally at room temperature. R;=0.18 (hexane/ethyl acetate=1:1); IR
(neat): ¥=3545, 3400, 2943, 1541, 1470, 1407, 1354, 1165, 1085, 1002, 964,
913, 781, 732, 602, 570 cm™'; '"H NMR (400 MHz, CDCl;): 6=8.24-8.18
(m, 1H), 7.78-7.69 (m, 3H), 4.69 (s, 2H), 4.36 (t, J=8.0 Hz, 2H), 3.77 (s,
3H), 333 (s, 3H), 321 ppm (t, J=8.0Hz, 2H); "CNMR (100 MHz,
CDCly): 6=149.8, 147.2, 143.4, 135.1, 134.7, 133.2, 131.9, 131.7, 130.9,
1304, 124.1, 116.2, 62.5, 60.6, 59.7, 53.5, 28.9 ppm; HRMS (FAB): m/z
caled for C;H,,BrN,0;S: 471.9940 [M]*; found 471.9939.

23: A flame-dried 1-L round-bottomed flask equipped with a magnetic
stirrer bar was charged with crude 27 (12.02g), NMO (425¢,
36.3 mmol), and dry dichloromethane (100 mL). MS4A (12.1 g, activated)
were added to the solution, and the mixture was stirred for 5 min. TPAP
(165.4 mg, 0.484 mmol) was added to the mixture in one portion, and the
reaction mixture was stirred at room temperature, after which TLC
(hexane/ethyl acetate=1:1) indicated complete consumption of 27. The
reaction mixture was diluted with diethyl ether and passed through a
celite pad. The filtrate was concentrated under reduced pressure. The res-
idue was purified by silica-gel chromatography (dichloromethane) to
afford N-(o-nitrobenzenesulfonyl)-4-formyl-5-bromo-6,7-dimethoxyindo-
line (23; 9.75 g, 20.7 mmol, 85% over 2 steps) as a white solid, which was
purified by recrystallization with hexane/dichloromethane to afford fine
colorless needles. R;=0.35 (hexane/ethyl acetate=1:1); m.p.: 160.2—
161.0°C (hexane/dichloromethane); IR (neat): ¥ =2947, 1687, 1542, 1471,
1359, 1319, 1166, 1117, 1085, 964, 915, 783, 741, 606, 570 cm™"; '"H NMR
(400 MHz, CDCL;): 6=10.36 (s, 1H), 8.21-8.14 (m, 1H), 7.79-7.69 (m,
3H), 4.35 (t, J=8.0 Hz, 2H), 3.80 (s, 3H), 3.46 (s, 3H), 3.44 ppm (t, J=
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8.0 Hz, 2H); ®*C NMR (100 MHz, CDCL,): 6=192.1, 149.6, 147.9, 147.2,
135.7, 135.3, 135.0, 133.3, 131.6, 130.2, 124.9, 124.2, 120.1, 60.8, 59.9, 53.9,
30.1 ppm; elemental analysis: caled (%) for C,;H;sBrN,O,S: C 43.33, H
3.21, N 5.94; found: C 43.03, H 3.43, N 5.86.

29: A 100-mL round-bottomed flask equipped with a magnetic stirrer bar
was charged with 23 (4.95 g, 10.5 mmol), 28 (4.50 g, 11.0 mmol), and dry
dichloromethane (21.0 mL). The flask was cooled to 0°C, and 1,1,3,3-tet-
ramethylguanidine (1.38 mL, 11.0 mmol) was added to the solution. The
reaction mixture was warmed to room temperature over 6 h, after which
TLC (hexane/ethyl acetate=1:1) indicated complete consumption of 23.
Hydrochloric acid (1M; 10 mL) was added to the solution. The mixture
was extracted with ethyl acetate. The combined organic extracts were
washed with saturated aqueous sodium bicarbonate and brine, dried over
sodium sulfite, and filtered. The filtrate was concentrated under reduced
pressure. The residue was purified by silica-gel chromatography (hexane/
ethyl acetate =3:1) to afford (Z)-3-[N-(o-nitrobenzenesulfonyl)-5-bromo-
6,7-dimethoxy-indolin-4-yl|benzyloxycarbonylaminoacrylic acid methyl
ester (29; 6.66 g, 8.45 mmol, 84 %) as a pale-yellow amorphous solid. R;=
0.29 (dichloromethane); IR (neat): #=3331, 3029, 2946, 1723, 1542, 1469,
1360, 1244, 1166, 1065, 968, 852, 755, 699, 656 cm™'; "H NMR (400 MHz,
CDCl;): 6=8.22-8.18 (m, 1H), 7.76-7.66 (m, 3H), 7.44-7.21 (m, 10H),
7.06 (s, 1H), 6.34 (brs, 1H), 529 (s, 2H), 5.03 (s, 2H), 4.18 (t, /=7.6 Hz,
2H), 3.76 (s, 3H), 3.36 (s, 3H), 2.80 ppm (t, J=8.0 Hz, 2H); "C NMR
(100 MHz, CDCl;): 6=163.8, 152.9, 149.8, 147.1, 143.4, 1354, 1351,
134.8, 134.7, 133.2, 131.5, 130.9, 130.3, 128.4, 128.3, 128.1, 128.1, 127.7,
126.8, 125.5, 124.0, 115.5, 67.5, 67.4, 60.4, 59.6, 53.6, 29.7 ppm (two signals
are missing owing to overlap with other signals); HRMS (FAB): m/z
caled for CyH;BrN;O,,S: 751.0835 [M]*; found: 751.0845.

30: A flame-dried 500-mL round-bottomed flask equipped with a mag-
netic stirrer bar was charged with 29 (6.66 g, 8.45 mmol), copper iodide
(1.61 g, 8.45 mmol), and cesium acetate (8.11 g, 42.3 mmol). The flask
was evacuated and then backfilled with argon. Dry DMSO (42.3 mL) was
added to the mixture. The resulting pale-green solution was stirred at
room temperature under argon atmosphere for 12 h, after which TLC
(hexane/ethyl acetate =1:1) indicated complete consumption of 29. The
reaction mixture was poured into 5% aqueous sodium chloride in 10 %
aqueous ammonium hydroxide and extracted with ethyl acetate. The
combined organic extracts were washed with water and brine, dried over
anhydrous sodium sulfate, and filtered. The filtrate was concentrated
under reduced pressure. The residue was purified by silica-gel chroma-
tography (neutral silica gel, hexane/ethyl acetate=1:1) to afford benzyl
3-(o-nitrobenzenesulfonyl)-4,5-dimethoxy-6-benzyloxycarbonyl-1,2-dihy-
dro-3H-pyrrolo[3,2-¢]indole-7-carboxylate (30; 4.35 g, 6.48 mmol, 77 %)
as a yellow amorphous solid. R;=0.40 (hexane/ethyl acetate=1:1); IR
(neat): »=2947, 1770, 1715, 1541, 1491, 1351, 1253, 1165, 1029, 750, 698,
605 cm™'; '"HNMR (400 MHz, CDCLy): 6=8.15-8.10 (m, 1H), 7.73-7.64
(m, 3H), 7.45-7.33 (m, 5H), 7.10 (s, 1H), 5.34 (s, 2H), 5.31 (s, 2H), 4.42
(t, J=7.6 Hz, 2H), 3.68 (s, 3H), 3.38 (s, 3H), 3.12 ppm (t, /J=7.6 Hz,
2H); "CNMR (100 MHz, CDCLy): 6=160.2, 152.5, 147.4, 142.9, 138.1,
135.3, 134.8, 134.2, 133.1, 131.8, 131.6, 131.4, 130.6, 130.4 128.8, 128.7,
128.6, 128.5, 128.5, 128.4, 124.0, 123.3, 119.8, 110.3, 70.9, 67.1, 61.1, 59.8,
54.3, 289 ppm; HRMS (FAB): m/z caled for C;H,0N;0,,S: 671.1574
[M]*; found: 671.1572.

Benzyl 4,5-dimethoxy-1,2-dihydro-3H-pyrrolo[3,2-¢Jindole-7-carboxylate:
A 50-mL round-bottomed flask equipped with a magnetic stirrer bar was
charged with 30 (2.10g, 3.13mmol), cesium carbonate (3.06g,
9.38 mmol), and dry acetonitrile (6.26 mL). PhSH (481.6 uL, 4.69 mmol)
was added to the suspension. The reaction mixture was vigorously stirred
at room temperature for 3 h, after which TLC (hexane/ethyl acetate=
1:1) indicated complete consumption of 30. The reaction mixture was di-
luted with ethyl acetate and filtered through a celite pad. The filtrate was
concentrated under reduced pressure. The residue was purified by silica-
gel chromatography (neutral silica gel, dichloromethane then hexane/
ethyl acetate=1:1) to afford the Ns-deprotected compound (1.45¢g,
2.98 mmol, 95%) as a viscous yellow liquid. R;=0.29 (hexane/ethyl ace-
tate=1:1); IR (neat): ¥=3370, 2941, 1766, 1713, 1495, 1240, 1198, 1148,
1028, 750, 698 cm™'; 'H NMR (400 MHz, CDCl,): 6 =7.44-7.31 (m, 10H),
7.06 (s, 1H), 5.34 (s, 2H), 5.30 (s, 2H), 3.90 (s, 3H), 3.76 (s, 3H), 3.65 (t,
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J=84Hz, 2H), 3.10ppm (t, J=8.4Hz, 2H); "CNMR (100 MHz,
CDCly): 6=160.6, 153.1, 141.7, 139.3, 137.8, 135.6, 134.4, 128.8, 128.6,
128.6, 128.5, 128.3, 128.1, 127.8, 127.0, 120.8, 115.5, 110.1, 70.6, 66.7, 61.2,
60.2, 48.3, 29.3 ppm; HRMS (FAB): m/z calcd for C,gH,¢N,O¢: 486.1791
[M]*; found: 486.1792.

31: A 100-mL round-bottomed flask equipped with a magnetic stirrer bar
was charged with the above compound (1.57 g, 3.23 mmol), NaHCO;
(8141 mg, 9.69 mmol), THF (15mL), and H,0O (5mL). FmocCl
(835.6 mg, 3.23 mmol) was added portionwise to the suspension over
S min at room temperature. The resulting mixture was stirred for 10 min,
after which TLC (hexane/ethyl acetate=1:1) indicated complete con-
sumption of the starting compound. The reaction mixture was diluted
with ethyl acetate, and the aqueous layer was extracted with ethyl ace-
tate. The combined organic extracts were washed with brine, dried over
anhydrous sodium sulfate, and filtered. The filtrate was concentrated
under reduced pressure. The residue was purified by silica-gel chroma-
tography (hexane/ethyl acetate=3:1-3:2, gradient) to afford benzyl 3-
(9H-fluoren-9-yl)methoxycarbonyl-4,5-dimethoxy-6-benzyloxycarbonyl-
1,2-dihydro-pyrrolo[3,2-¢]indole-7-carboxylate  (31; 2.09 g, 2.95 mmol,
91%) as a pale yellow amorphous solid. R;=0.58 (hexane/ethyl acetate =
1:1); IR (neat): ¥=2947, 1769, 1714, 1452, 1414, 1391, 1325, 1250, 1214,
1163, 741, 568 cm'; '"H NMR (400 MHz, CDCL;): 6=7.74 (d, J=7.2 Hz,
2H), 7.56 (d, J=8.4 Hz, 2H), 7.46-7.21 (m, 14H), 7.13 (s, 1H), 5.36 (s,
2H), 5.32 (s, 2H), 4.55 (d, /=6.4 Hz, 2H), 4.29 (t, J=6.4 Hz, 1H), 4.15
(t, J=7.2Hz, 2H), 3.85 (s, 3H), 3.76 (s, 3H), 3.05 ppm (t, /=72 Hz,
2H); CNMR (100 MHz, CDCLy): 6=160.3, 154.8, 152.8, 143.8, 143.6,
141.3, 138.4, 135.4, 134.2, 131.8, 130.0, 128.8, 128.7, 128.6, 128.5, 128.5,
128.4, 128.3, 127.6, 127.0, 125.0, 122.2, 119.9, 119.6, 110.3, 70.8, 67.6, 67.0,
61.1, 60.2, 51.6, 47.3, 28.4 ppm; HRMS (FAB): m/z calcd for Cy;3H3N,Oq:
708.2472 [M]*; found: 708.2465.

32: A 100-mL round-bottomed flask equipped with a magnetic stirrer bar
was charged with 31 (2.02g, 2.85mmol), 10% Pd/C (303.3 mg,
0.285 mmol), THF (143 mL), and EtOH (143 mL). The flask was
charged with hydrogen gas (1 atm) at room temperature. The resulting
suspension was vigorously stirred for 3 h, after which TLC (hexane/ethyl
acetate =1:1) indicated complete consumption of 31. The reaction mix-
ture was filtered through a celite pad, and the filtrate was concentrated
under reduced pressure. The residue was passed through a silica pad to
give 3-(9H-fluoren-9-yl)methoxycarbonyl-4,5-dimethoxy-1,2-dihydro-6 H-
pyrrolo[3,2-e]indole-7-carboxylic acid (32; 1.40¢g) as a yellow viscous
liquid, which was used in the next step without further purification. R;=
0.20 (methanol/chloroform=1:9); IR (neat): »=3453, 3286, 2941, 1698,
1537, 1449, 1416, 1329, 1248, 1190, 1036, 909, 759, 738 cm™'; 'H NMR
(500 MHz, CDCL): 6=9.19 (brs, 1H), 7.75 (d, J=7.5 Hz, 2H), 7.58 (d,
J=17.7Hz, 2H), 7.39 (dd, J=17.7, 7.5 Hz, 2H), 7.27 (dd, J=7.7, 7.5 Hz,
2H), 7.16 (d, J=2.0 Hz, 1H), 4.57 (d, /J=6.9 Hz, 2H), 4.31 (t, J=6.9 Hz,
1H), 418 (t, J=7.7 Hz, 2H), 4.03 (s, 3H), 3.90 (s, 3H), 3.10 ppm (t, /=
7.7 Hz, 2H); "*CNMR (125 MHz, CDCL;): §=165.9, 161.3, 155.2, 143.9,
142.4, 141.3, 137.5, 130.9, 130.5, 127.7, 127.0, 125.0, 122.1, 120.6, 119.9,
108.6, 67.7, 61.2, 60.4, 51.8, 47.3, 28.7 ppm; HRMS (FAB): m/z calcd for
CysH,,N,Oy: 484.1634 [M]*; found: 484.1631.

33: A 100-mL round-bottomed flask equipped with a magnetic stirrer bar
was charged with 32 (1.40g), DMAP (69.6 mg, 0.570 mmol), and
WSCD-HCI (1.64 g, 8.55 mmol). The resulting mixture was cooled to
0°C. A saturated solution of MeSH in DMF (14.3 mL) was added to the
mixture, and the resulting mixture was stirred at 0°C for 3 h, after which
TLC (hexane/ethyl acetate =1:1) indicated complete consumption of 32.
The reaction mixture was diluted with ethyl acetate and hydrochloric
acid (1m). The aqueous layer was extracted with ethyl acetate, and the
combined organic extracts were washed with aqueous sodium bicarbon-
ate and brine, dried over anhydrous sodium sulfate, and filtered. The fil-
trate was concentrated under reduced pressure. The residue was purified
by silica-gel chromatography (hexane/ethyl acetate =3:1-3:2, gradient) to
afford methyl 3-(9H-fluoren-9-yl)methoxycarbonyl-4,5-dimethyoxy-1,2-
dihydro-6 H-pyrrolo[3,2-e]indole-7-thiocarboxylate (33; 1.11 g, 2.16 mmol,
76% over 2 steps) as a pale-yellow amorphous solid. R;=0.56 (hexane/
ethyl acetate=1:1); IR (neat): ¥=3318, 2941, 1712, 1640, 1502, 1449,
1415, 1327, 1281, 1244, 1186, 1147, 1121, 1021, 908, 871, 759, 734 cm™';
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"H NMR (400 MHz, CDCL;): 6=9.00 (brs, 1H), 7.76 (d, J=7.2 Hz, 2H),
7.58 (d, J=7.6 Hz, 2H), 7.39 (dd, J=7.6, 7.2 Hz, 2H), 7.27 (dd, J=17.6,
7.2 Hz, 2H), 7.13 (d, J=1.6 Hz, 1H), 4.56 (d, J=7.2 Hz, 2H), 4.31 (t, /=
7.2 Hz, 1H), 4.18 (t, J=7.6 Hz, 2H), 3.99 (s, 3H), 3.89 (s, 3H), 3.10 (t,
J=7.6Hz, 2H), 2.52ppm (s, 3H); *CNMR (100 MHz, CDCl,): 6=
183.8, 155.1, 143.9, 142.6, 141.3, 137.6, 134.5, 131.2, 130.0, 127.6, 127.0,
125.1, 122.1, 120.4, 119.9, 106.1, 67.6, 61.1, 60.3, 51.8, 47.3, 28.7, 22.6 ppm;
HRMS (FAB): m/z caled for C,H,N,0sS: 514.1562 [M]*; found:
514.1569.

7: A flame-dried 300-mL round-bottomed flask equipped with a magnetic
stirrer bar was charged with 33 (1.35g, 2.62 mmol) and dry dichloro-
methane (52mL). BCl; (1M in dichloromethane, 2.62 mL, 2.62 mmol)
was added dropwise to the solution at 0°C over 5 min. The red reaction
mixture was stirred vigorously for 15 min. Next, another portion of BCl,
(1™ in dichloromethane, 0.78 mL, 0.78 mmol) was added dropwise to the
reaction mixture over 5 min, after which TLC (hexane/ethyl acetate=
1:1) indicated complete consumption of 33. The excess reagent was re-
moved by saturated aqueous ammonium chloride, and the mixture was
extracted with dichloromethane. The combined organic extracts were
washed with brine, dried over anhydrous sodium sulfate, concentrated
under reduced pressure, and filtered. The filtrate was concentrated under
reduced pressure. The residue was purified by silica-gel chromatography
(dichloromethane) to give methyl 3-(9H-fluoren-9-yl)methoxycarbonyl-4-
hydroxy-5-methoxy-1,2-dihydro-6 H-pyrrolo[3,2-e]indole-7-thiocarboxyl-
ate 7 (1.28 g, 2.55 mmol, 97 %) as a light-yellow solid. R;=0.62 (hexane/
ethyl acetate=1:1); IR (neat): »=3323, 2930, 1663, 1629, 1450, 1335,
1243, 1144, 1060, 1019, 908, 871, 736 cm™"; '"H NMR (400 MHz, CDCl,):
0=11.30 (s, 1H), 8.93 (brs, 1H), 7.80 (d, /=72 Hz, 2H), 7.63 (d, J=
8.0 Hz, 2H), 7.44 (dd, J=8.0, 7.2 Hz, 2H), 7.35 (dd, /=8.0, 7.2 Hz, 2H),
7.08 (s, 1H), 4.61 (t, J=6.4 Hz, 2H), 4.34 (t, /=64 Hz, 1H), 411 (t, /=
7.6 Hz, 2H), 4.01 (s, 3H), 3.22 (t, J=7.6 Hz, 2H), 2.50 ppm (s, 3H);
BCNMR (100 MHz, CDCly): 0=183.4, 155.2, 143.4, 141.3, 138.6, 133.8,
132.7, 130.5, 127.9, 127.2, 126.0, 124.8, 120.1, 119.7, 117.5, 106.3, 68.8,
60.7, 49.3, 47.0, 26.7, 21.0ppm; HRMS (FAB): m/z caled for
CyH,N,05S: 500.1406 [M]*; found: 500.1404.

3-Benzyloxy-4-methoxybenzaldehyde: A 500-mL round-bottomed flask
equipped with a magnetic stirrer bar was charged with isovanillin (34;
25.0 g, 164 mmol), powdered K,CO; (25.0 g, 181 mmol), and dry acetoni-
trile (160 mL). BnBr (19.5 mL, 164 mmol) was added to the resulting
mixture. The reaction mixture was heated at reflux for 1h, after which
TLC (hexane/ethyl acetate =1:1) indicated complete consumption of the
starting phenol. The reaction mixture was filtered through a celite pad,
and the filtrate was concentrated under reduced pressure to provide ana-
lytically pure 3-benzyloxy-4-methoxybenzaldehyde (41.3g) as a pale-
yellow liquid, which gradually solidified at room temperature. R;=0.52
(hexane/ethyl acetate=1:1); IR (neat): »=3318, 2933, 2834, 1518, 1465,
1256, 1227, 1107 cm™'; '"H NMR (400 MHz, CDCL): 6=9.81 (s, 1H),
7.48-7.42 (m, 3H), 7.38 (dd, J=7.2, 7.2 Hz, 2H), 7.31 (t, J=7.2 Hz, 1H),
7.00 (s, 1H), 6.98 (s, 1H), 5.18 (s, 2H), 3.95 ppm (s, 3H); *C NMR
(100 MHz, CDCl;): 6=190.8, 155.0, 148.6, 136.2, 129.9, 128.6, 128.1,
127.4, 126.8, 111.2, 110.7, 70.8, 56.1 ppm; HRMS (FAB): m/z calcd for
C,5H,,05: 242.0943 [M]*; found: 242.0932.

5-Benzyloxy-2-bromo-4-methoxybenzaldehyde: A 500-mL round-bot-
tomed flask equipped with a magnetic stirrer bar was charged with the
above crude benzaldehyde, dichloromethane (80 mL), and methanol
(80 mL). The resulting colorless solution was cooled to 0°C. A solution
of bromine (9.24 mL, 180 mmol) in dichloromethane (20 mL) was added
dropwise to the solution at 0°C over 30 min. The reaction mixture was
warmed to room temperature and stirred for 2h, after which TLC
(hexane/ethyl acetate =1:1) indicated complete consumption of the start-
ing compound. Water was added to the reaction mixture, and the mixture
was extracted with dichloromethane. The combined organic extracts were
washed with saturated aqueous sodium bicarbonate, aqueous sodium sul-
fite, and brine, dried over anhydrous sodium sulfate, and filtered. The fil-
trate was concentrated under reduced pressure to afford a pale-yellow
solid. Recrystallization from hexane/ethyl acetate provided 5-benzyloxy-
2-bromo-4-methoxybenzaldehyde as colorless needles (45.4 g, 141 mmol,
86% over 2steps). R;=0.63 (hexane/ethyl acetate=1:1); m.p.: 142.4-
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143.3°C (hexane/ethyl acetate); IR (neat): ¥=1681, 1591, 1505, 1438,
1384, 1268, 1216, 1160, 1025, 739 cm™'; '"H NMR (400 MHz, CDCl,): 6 =
10.16 (s, 1H), 7.48 (s, 1H), 7.44 (d, /=6.8 Hz, 2H), 7.41-7.31 (m, 3H),
7.07 (s, 1H), 5.16 (s, 2H), 3.95 ppm (s, 3H); *C NMR (100 MHz, CDCl,):
0=190.7, 155.0, 147.8, 135.8, 128.6, 128.2, 127.5, 126.3, 120.6, 115.6, 112.3,
70.8, 56.4 ppm; elemental analysis: calcd (%) for C;4H,sN,0,: C 56.10, H
4.08; found: C 55.86, H 4.10.

35: A 50-mL round-bottomed flask equipped with a magnetic stirrer bar
was charged with 5-benzyloxy-2-bromo-4-methoxybenzaldehyde (3.21 g,
10.0 mmol), 24 (3.48 g, 10.5 mmol), and dry dichloromethane (20 mL).
The reaction mixture was cooled to 0°C. 1,1,3,3-Tetramethylguanidine
(1.51 mL, 12.0 mmol) was added to the solution. The reaction mixture
was warmed to room temperature over 2 h, after which TLC (hexane/
ethyl acetate =1:1) indicated complete consumption of the benzaldehyde
derivative. Hydrochloric acid (1M) was added to the solution, and the
mixture was extracted with ethyl acetate. The combined organic extracts
were washed with saturated aqueous sodium bicarbonate and brine, dried
over anhydrous sodium sulfate, and filtered. The filtrate was concentrat-
ed under reduced pressure. Recrystallization from hexane/ethyl acetate
provided benzyl (Z)-1-methoxycarbonyl-2-(5-benzyloxy-2-bromo-4-meth-
oxyphenyl)vinylcarbamate (35; 5.03 g, 9.56 mmol, 96 %) as fine colorless
needles. R;=0.41 (hexane/ethyl acetate=1:1); m.p.: 159.1-159.7°C
(hexane/ethyl acetate); IR (neat): v=1724, 1696, 1598, 1523, 1497, 1435,
1262, 1206, 1171, 1069, 697 cm™'; '"H NMR (400 MHz, CDCl,): 6 =7.41 (s,
1H), 7.36-7.24 (m, 10H), 7.18 (s, 1H), 7.05 (s, 1H), 6.29 (brs, 1H), 5.06
(s, 2H), 4.89 (s, 2H), 3.88 (s, 3H), 3.83 ppm (s, 3H); *C NMR (100 MHz,
CDClLy): d=165.5, 153.4, 150.7, 147.1, 136.3, 135.6, 129.2, 128.6, 128.5,
128.4, 128.31, 128.1, 127.3, 126.0, 124.1, 116.8, 115.6, 113.7, 71.0, 67.6,
56.1, 52.8 ppm; elemental analysis: calcd (%) for C,H,,BINOy: C 59.33,
H 4.60, N 2.66; found: C 59.08, H 4.60, N 2.80.

36: A flame-dried 30-mL round-bottomed flask equipped with a magnet-
ic stirrer bar was charged with 35 (1.28 g, 2.43 mmol), copper iodide
(462.8 mg, 2.43 mmol), and cesium acetate (2.33 g, 12.1 mmol). The flask
was evacuated and then backfilled with argon. Dry DMSO (12.2 mL) was
added to the mixture. The resulting pale-green solution was stirred at
90°C under argon atmosphere for 24 h, after which TLC (hexane/ethyl
acetate =1:1) indicated complete consumption of 35. The reaction mix-
ture was poured into 5% aqueous sodium chloride in 10% aqueous am-
monium hydroxide and extracted with ethyl acetate. The combined or-
ganic extracts were washed with water and brine, dried over anhydrous
sodium sulfate, and filtered. The filtrate was concentrated under reduced
pressure. The residue was purified by silica-gel chromatography to afford
methyl 5-benzyloxy-6-methoxy-1H-indole-2-carboxylate (36; 862.1 mg,
1.94 mmol, 80 %) as a white solid, which was purified by recrystallization
from hexane/ethyl acetate to provide colorless fine needles. R;=0.38
(hexane/ethyl acetate =1:1); m.p.: 182.7-183.5°C (hexane/ethyl acetate);
IR (neat): 7=1683, 1524, 1285, 1255, 1212, 1148cm™'; 'HNMR
(400 MHz, CDCl,): 6=8.74 (brs, 1H), 7.48 (d, J=7.2 Hz, 2H), 7.37 (dd,
J=172,68Hz, 2H), 7.31 (dd, /=6.8, 6.8 Hz, 1H), 7.08 (s, 1H), 7.06 (dd,
J=2.0, 0.8 Hz, 1H), 6.86 (s, 1H), 5.17 (s, 2H), 3.94 (s, 3H), 3.91 ppm (s,
3H); "*CNMR (100 MHz, CDCL,): 6=162.2, 150.7, 145.1, 137.2, 132.4,
128.5, 127.8, 127.3, 125.6, 120.3, 108.9, 105.7, 93.9, 71.5, 56.1, 51.8 ppm; el-
emental analysis: caled (%) for CgH;NO,: C 69.44, H 5.50, N 4.50;
found: C 69.17, H 5.74, N 4.42.

5-Benzyloxy-6-methoxy-1H-indole-2-carboxylic acid: A 30-mL round-
bottomed flask equipped with a magnetic stirrer bar was charged with 36
(175.2 mg, 0.563 mmol), 14-dioxane (6.0 mL), and water (3.0 mL).
LiOH-H,O (210.0 mg, 5.00 mmol) was added to the colorless solution.
The solution was stirred at 50°C for 2 h, after which TLC (hexane/ethyl
acetate =1:1) indicated complete consumption of 36. The reaction mix-
ture was poured into hydrochloric acid (3m), and the mixture was ex-
tracted with ethyl acetate. The combined organic extracts were washed
with brine, dried over anhydrous sodium sulfate, and filtered. The filtrate
was concentrated under reduced pressure to give the corresponding
indole carboxylic acid (168.1 mg, quant.) as an off-white solid. Further
purification was performed by recrystallization from hexane/ethyl acetate
to afford pale-yellow prisms. R;=0.10 (hexane/ethyl acetate=1:1); m.p.:
207.6-208.9°C (hexane/ethyl acetate); IR (neat): v=3417, 2941, 1670,
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1532, 1251, 1006; '"H NMR (400 MHz, [Dg]acetone): 0=10.98 (brs, 1H),
10.57 (brs, 1H), 7.52 (d, /J=7.6 Hz, 2H), 7.38 (dd, J=7.6, 7.2 Hz, 2H),
7.31 (t, J=7.2Hz, 2H), 7.23 (s, 1H), 7.06 (s, 2H, overlapped), 5.11 (s,
2H), 3.86 ppm (s, 3H); *CNMR (100 MHz, [Dg]acetone): 0=162.8,
151.6, 146.2, 138.8, 134.1, 129.1, 128.5, 128.4, 127.1, 121.4, 109.1, 106.4,
95.5, 71.9, 56.1 ppm; elemental analysis: calcd (%) for C;;H;sNO,: C
68.68, H 5.09, N 4.71; found: C 68.57, H 5.29, N 4.61.

8: A flame-dried 20-mL round-bottomed flask equipped with a magnetic
stirrer bar was charged with the above indole carboxylic acid (647.5 mg,
2.18 mmol) and dry dichloromethane (20 mL). Thionyl chloride (5.0 mL)
was added to the white suspension, and the mixture was heated at reflux
for 30 min, after which TLC (hexane/ethyl acetate=1:1) indicated com-
plete consumption of the starting compound. The reaction mixture was
concentrated under reduced pressure to give crude 5-benzyloxy-6-meth-
oxy-1H-indole-2-carbonyl chloride (8; 689.2mg) as a light-yellow
powder, which was used in the next coupling reaction without further pu-
rification.

37: A 300-mL round-bottomed flask equipped with a magnetic stirrer bar
was charged with the 6 (1.19 g, 1.98 mmol) and dry dichloromethane
(100 mL). The resulting solution was cooled to 0°C. Pyridine (0.320 mL,
3.96 mmol) was added to the solution, followed by 8 (688.3 mg,
2.18 mmol) in dry dichloromethane (10 mL), and the reaction mixture
was stirred for 5 min, after which TLC (hexane/ethyl acetate =1:1) indi-
cated complete consumption of 6. The reaction mixture was concentrated
under reduced pressure, and the residue was diluted with ethyl acetate
and hydrochloric acid (1m). The aqueous layer was extracted with ethyl
acetate. The combined organic extracts were washed with saturated aque-
ous sodium bicarbonate and brine, dried over anhydrous sodium sulfate,
and filtered. The filtrate was concentrated under reduced pressure. The
residue was purified by silica-gel chromatography (hexane/ethyl ace-
tate=3:1-3:2, gradient) to afford (—)-((8S)-4-benzyloxy-3-benzyloxycar-
bonyl-2-methoxycarbonyl-8,9-dihydro-8-(tert-butyldimethylsilyloxy)pyr-
rolo[3,2-f]quinolin-6(7 H)-yl)(5-benzyloxy-6-methoxy-1H-indol-2-yl)-
methanone (37; 1.74 g, 1.98 mmol, quant.) as a pale-yellow amorphous
solid. R;=0.48 (hexanelethyl acetate=1:1); [a]5=-16.5 (c=148,
CHCL); IR (neat): »=3293, 2951, 1773, 1717, 1608, 1517, 1390, 1238,
838, 697 cm™'; '"H NMR (400 MHz, CDCl,): 6=9.83 (brs, 1H), 7.47 (d,
J=72Hz, 2H), 7.36 (dd, J=7.2, 7.2 Hz, 2H), 7.32-7.18 (m, 12H), 6.99
(s, 1H), 6.92 (s, 1H), 6.88 (s, 1H), 6.37 (s, 1H), 5.14 (s, 2H), 5.07 (s, 2H),
4.80 (s, 2H), 4.43-4.32 (m, 1H), 428-4.15 (m, 1H), 4.11-3.97 (m, 1H),
3.88 (s, 3H), 3.82 (s, 3H), 3.26 (dd, /=16.8, 5.6 Hz, 1H), 2.92 (dd, J=
16.8, 5.6 Hz, 1H), 0.81 (s, 9H), 0.08 (s, 3H), 0.03 ppm (s, 3H); *C NMR
(100 MHz, CDCl3): 6=160.8, 152.4, 150.2, 144.8, 143.4, 137.4, 1359,
134.1, 133.0, 131.9, 128.6, 128.5, 128.5, 128.4, 128.4, 128.3, 128.1, 127.9,
127.7, 127.6, 127.6, 127.3, 127.0, 125.6, 120.2, 113.8, 109.6, 108.2, 105.7,
94.2,94.1, 71.5, 70.9, 70.6, 66.2, 55.9, 52.1, 33.6, 31.5, 25.6, 22.6, 17.9, 14.1,
—4.8, —4.9 ppm; HRMS (FAB): m/z calcd for Cs;Hs;N;0,Si: 879.3551
[M+H]*; found: 879.3554.

38: A flame-dried 100-mL round-bottomed flask equipped with a mag-
netic stirrer bar was charged with 37 (1.76 g, 2.00 mmol) and dry THF
(20 mL). TBAF (1M in THF, 2.10 mL, 2.10 mmol) was added to the solu-
tion, and the resulting mixture was stirred for 30 min, after which TLC
(hexane/ethyl acetate=1:1) indicated complete consumption of 37. THF
was removed under reduced pressure. The residue was dissolved in dry
dichloromethane (20 mL) and pyridine (3.24 mL, 40.0 mmol). The result-
ing mixture was cooled to 0°C, and MsCl (1.55mL, 20.0 mmol) was
added dropwise to the solution over 5 min. The reaction mixture was
stirred at room temperature for 4 h, after which TLC (hexane/ethyl ace-
tate=1:3) indicated complete consumption of the secondary alcohol. The
mixture was diluted with ethyl acetate and washed with hydrochloric acid
(1m), aqueous sodium bicarbonate, and brine, dried over anhydrous
sodium sulfate, and filtered. The filtrate was concentrated under reduced
pressure. The residue was purified by silica-gel chromatography (hexane/
ethyl acetate/dichloromethane =2:1:2-1:1:2, gradient) to afford (-)-
((88)-4-benzyloxy-3-benzyloxycarbonyl-2-methoxycarbonyl-8,9-dihydro-

8-(methanesulfonyloxy)pyrrolo[3,2-f]quinolin-6(7H)-yl)(5-benzyloxy-6-

methoxy-1H-indol-2-yl)methanone (38; 1.64 g, 1.94 mmol, 97%) as a
beige solid, which was recrystallized from hexane/dichloromethane to
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give colorless prisms. R;=0.42 (hexane/ethyl acetate =1:3); m.p.: 189.9—
190.8°C (hexane/dichloromethane); [a]3 =-30.3 (c=1.94, CHCL); IR
(neat): v=3291, 3030, 2947, 1771, 1716, 1605, 1517, 1385, 1308, 1239,
1172, 1023, 966, 891, 754, 697 cm'; '"H NMR (400 MHz, CDCl;): 6=9.35
(brs, 1H), 7.44 (d, J=7.2 Hz, 2H), 7.34 (dd, J=7.2 Hz, 2H), 7.30-7.15
(m, 12H), 6.93 (s, 1H), 6.83 (s, 1H), 6.78 (s, 1H), 6.23 (s, 1H), 5.43-5.37
(m, 1H), 5.11 (s, 2H), 5.07 (d, J=14.4 Hz, 1 H), 5.04 (d, J=14.4 Hz, 1 H),
4.78 (d, J=13.6 Hz, 1H), 4.75 (d, /=13.6 Hz, 1H), 4.67-4.57 (m, 1H),
4.04-3.96 (m, 1H), 3.87 (s, 3H), 3.85 (s, 3H), 3.39 (dd, J=17.6, 5.6 Hz,
1H), 3.29 (dd, J=17.6, 3.6 Hz, 1H), 2.87 ppm (s, 3H); “CNMR
(100 MHz, CDCl;): 6=163.7, 160.6, 152.2, 150.4, 144.9, 143.8, 137.1,
135.6, 133.9, 132.9, 132.1, 128.6, 128.5, 128.4, 128.3, 128.2, 127.9, 127.8,
127.6, 127.2, 126.5, 125.7, 120.0, 111.5, 109.1, 108.4, 106.2, 105.4, 94.0,
73.8, 71.3, 70.9, 70.7, 55.8, 52.2, 49.3, 38.3, 30.2 ppm; elemental analysis:
caled (%) for CyHyN;O,;S: C 65.47, H 4.90, N 4.98; found: C 65.40, H
4.95, N 4.95.

39: A 50-mL round-bottomed flask equipped with a magnetic stirrer bar
was charged with 38 (1.18 g, 1.40 mmol) and THF (21 mL). A solution of
LiOH-H,O (1.17 g, 28.0 mmol) in water (7.0 mL) was added to the result-
ing suspension. The suspension was stirred for 18 h at room temperature,
after which TLC (methanol/chloroform=1:9) indicated complete con-
sumption of 38. The reaction mixture was acidified with hydrochloric
acid (1m), and the aqueous layer was extracted with ethyl acetate. The
combined organic extracts were washed with brine, dried over anhydrous
sodium sulfate, and filtered. The filtrate was concentrated under reduced
pressure to give analytically pure (—)-(8S)-4-benzyloxy-6-(5-benzyloxy-6-
methoxy-1H-indol-2-yl)carbonyl-6,7,8,9-tetrahydro-8-methanesulfonyl-
oxy-3H-pyrrolo[3,2-f]quinoline-2-carboxylic ~ acid (39; 897.3 mg,
1.29 mmol, 92%) as a pale-yellow solid. R;=0.18 (methanol/chloro-
form=1:9); [a]y =—44 (c=0.10, CHCL); IR (neat): »=3288, 2935, 1770,
1600, 1519, 1311, 1241, 1197, 1171, 905, 751, 697 cm™'; 'H NMR
(500 MHz, [Dg4Jacetone): d=11.11 (brs, 1H), 10.48 (brs, 1H), 7.41-7.18
(m, 9H), 7.06 (s, 2H), 6.79 (s, 1H), 6.32 (s, 1H), 5.48-5.41 (m, 1H), 5.05
(s, 2H), 4.94 (d, J=12.3 Hz, 1H), 4.90 (d, J=12.3 Hz, 1H), 459 (dd, /=
13.8, 4.0 Hz, 1H), 4.10 (dd, /=13.8, 3.1 Hz, 1H), 3.84 (s, 3H), 3.56 (dd,
J=183, 6.1 Hz, 1H), 3.30 (dd, /=183, 4.6 Hz, 1H), 3.09 ppm (s, 3H);
BCNMR (125 MHz, [D(]DMSO): 6=163.3, 162.5, 161.5, 152.3, 149.1,
144.3, 143.3, 142.8, 137.4, 136.8, 136.2, 134.2, 131.8, 128.4, 128.4, 128.3,
127.8, 127.7, 127.5, 127.1, 126.6, 119.5, 111.6, 106.7, 104.6, 94.5, 79.2, 75.1,
702, 555, 493, 377, 29.5ppm; HRMS (FAB): m/z caled for
C3H33N;0,S: 695.1938 [M]*; found: 695.1938.

40: A 50-mL round-bottomed flask equipped with a magnetic stirrer bar
was charged with 39 (21.8 mg, 26.3 umol), 10% Pd/C (5.6 mg, 5.3 umol),
and acetone (1.0 mL). The resulting suspension was charged with H, gas
(1 atm). The resulting suspension was stirred for 10 h at room tempera-
ture, after which TLC (methanol/chloroform=1:9) indicated complete
consumption of 39. The reaction mixture was diluted with MeOH and fil-
tered through a celite pad. The filtrate was concentrated under reduced
pressure to give analytically pure (85)-4-hydroxy-6-(5-hydroxy-6-meth-
oxy-1H-indol-2-yl)carbonyl-6,7,8,9-tetrahydro-8-methanesulfonyloxy-3 H-
pyrrolo[3,2-f]quinoline-2-carboxylic acid (40; 12.8 mg, 24.8 pmol, 94 %)
as a pale-yellow solid, which was used in the next coupling reaction with-
out further purification.

43: A flame-dried 100-mL round-bottomed flask equipped with a mag-
netic stirrer bar was charged with 7 (742.8 mg, 1.48 mmol) and dry THF
(12.4mL). TBAF (1M THF solution, 1.61 mL, 1.61 mmol) was added
dropwise to the resulting mixture over 5 min. The reaction mixture was
stirred for 30 min, after which TLC (hexane/ethyl acetate =1:1) indicated
complete removal of the Fmoc group. WSCD-HCI (1.19 g, 6.20 mmol), 39
(860.4 mg, 1.24 mmol), and HOBt (379.8 mg, 2.48 mmol) were added to
the reaction mixture. The mixture was stirred vigorously at room temper-
ature for 2h, after which TLC (methanol/chloroform=1:9) indicated
complete consumption of the unprotected left segment 42. The reaction
mixture was diluted with chloroform (25 mL) and passed through a silica
pad (THF/chloroform =1:2) to afford (—)-methyl 3-((85)-4-benzyloxy-6-
(5-benzyloxy-6-methoxy-1H-indol-2-yl)carbonyl-6,7,8,9-tetrahydro-8-

methanesulfonyloxy-3H-pyrrolo[3,2-f]quinoline-2-yl)carbonyl-4-hydroxy-
5-methoxy-1,2-dihydro-3H-pyrrolo[3,2-¢]indole-7-thiocarboxylate (43;
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1.15 g, 1.19 mmol, 96 %) as a yellow powder. R;=0.61 (methanol/chloro-
form=1:9); [a]ff:leO (c=0.38, DMF); IR (neat): ¥=3312, 2929, 1607,
1512, 1303, 1235, 900, 867, 797, 726, 694, 526 cm™'; 'TH NMR (500 MHz,
[D,]DMF): 8=12.07 (brs, 1H), 11.98 (brs, 1H), 11.38 (brs, 1H), 11.19
(s, 1H), 7.51 (d, J=7.2 Hz, 2H), 7.48-7.42 (m, 2H), 7.41-7.35 (m, 2H),
7.34-7.25 (m, 6H), 7.16 (s, 1H), 7.11 (s, 1H), 6.88 (s, LH), 6.48 (s, 1H),
5.47-5.40 (m, 1H), 5.08 (s, 2H), 5.02 (d, /=123 Hz, 1H), 4.98 (d, /=
12.3 Hz, 1H), 4.90-4.83 (m, 2H), 4.70 (dd, J=13.0, 3.3 Hz, 1H), 4.17 (d,
J=122Hz, 1H), 3.95 (s, 3H), 3.87 (s, 3H), 3.64 (dd, J=17.6, 6.2 Hz,
1H), 3.45 (t, J=8.0 Hz, 2H), 3.36 (dd, J=17.6, 3.4 Hz, 1H), 325 (s, 3H),
2.47 ppm (s, 3H); *C NMR (125 MHz, [D,]DMF): 6 =183.1, 164.0, 161.8,
150.5, 145.6, 144.4, 140.4, 138.7, 137.7, 135.6, 134.3, 133.1, 133.0, 132.6,
131.2, 130.3, 129.1, 129.0, 128.9, 128.8, 128.4, 128.3, 128.23, 128.15, 127.1,
126.4, 122.8, 120.9, 118.5, 112.1, 107.5, 106.7, 105.9, 105.5, 95.6, 76.4, 71.6,
70.8, 64.2, 60.7, 56.1, 54.3, 49.9, 38.1, 28.3, 10.9 ppm; HRMS (FAB): m/z
caled for CsoH,N5O;;S,: 956.2635 [M +H]; found: 956.2673.

5: A flame-dried 100-mL round-bottomed flask equipped with a magnet-
ic stirrer bar was charged with 43 (480.8 mg, 0.496 mmol), pentamethyl-
benzene (735.3 mg, 4.96 mmol), and dry dichloromethane (24.8 mL). The
solution was cooled to —78°C. BCl; (1.0M in dichloromethane, 1.98 mL,
1.98 mmol) was added dropwise to the solution over 5 min. The resulting
mixture was stirred vigorously at —78°C for 15 min, after which TLC
(methanol/chloroform =1:9) indicated complete consumption of 43. The
excess BCl; was removed with 10% MeOH/CHCI; at —78°C. The reac-
tion mixture was purified by silica-gel chromatography (methanol/chloro-
form=1:9) to give (—)-methyl 3-((8S)-4-hydroxy-6-(5-hydroxy-6-meth-
oxy-1H-indol-2-yl)carbonyl-6,7,8,9-tetrahydro-8-methanesulfonyloxy-3 H-
pyrrolo[3,2-f]quinoline-2-yl)carbonyl-4-hydroxy-5-methoxy-1,2-dihydro-
3H-pyrrolo[3,2-¢]indole-7-thiocarboxylate  (5; 320.1 mg, 0.413 mmol,
83%) as a fine yellow powder. R;=0.46 (methanol/chloroform=1:9);
(@)% =-100 (¢=0.18, DMF); IR (neat): #=3334, 2929, 1634, 1523, 1505,
1437, 1315, 1232, 1197, 1172, 1119, 1019, 871, 755, 529 cm™"; 'H NMR
(500 MHz, [D;]DMF): 6=12.04 (brs, 1H), 11.53 (brs, 1H), 11.31 (s,
1H), 11.25 (brs, 1H), 9.87 (s, 1H), 8.48 (s, 1H), 7.47 (d, J=2.3 Hz, 1H),
7.34 (d, /=23 Hz, 1H), 7.02 (s, 1H), 6.89 (s, 1H), 6.64 (s, 1H), 6.37 (s,
1H), 5.52-5.47 (m, 1H), 4.89-4.85 (m, 2H), 4.60 (d, /=142 Hz, 1H),
413 (d, J=142Hz, 1H), 3.95 (s, 3H), 3.85 (s, 3H), 3.61 (dd, J=18.0,
6.2 Hz, 1H), 3.5 (2H; obscured by signals of water), 3.32 (dd, J=18.0,
42Hz, 1H), 324 (s, 3H), 247ppm (s, 3H); “CNMR (125 MHz,
[D,]DMF): 6=183.1, 149.0, 143.8, 142.5, 140.5, 135.6, 134.2, 133.2, 133.1,
132.2, 130.5, 130.0, 129.6, 128.9, 128.8, 128.7, 125.9, 122.9, 121.4, 118.5,
110.3, 107.7, 107.6, 107.0, 107.0, 105.6, 94.9, 79.8, 76.7, 60.7, 56.1, 54.1,
49.8, 38.1, 28.3, 10.9 ppm; HRMS (FAB): m/z calcd for C;Hi3NsO;S,:
775.1618 [M]*; found: 775.1617.

1: A 500-mL round-bottomed flask equipped with a magnetic stirrer bar
was charged with sodium bicarbonate (1.79 g, 21.3 mmol) and water
(11.8 mL). A solution of 5 (550.8 mg, 0.710 mmol) in DMF (23.7 mL) was
added to the aqueous sodium bicarbonate. The resulting mixture was
stirred vigorously at room temperature for 2 h, after which TLC (metha-
nol/chloroform =1:9) indicated complete consumption of 5. The reaction
mixture was acidified with AcOH (2.44 mL) and dried under reduced
pressure. The residue was purified by silica-gel chromatography (metha-
nol/chloroform =10:90-15:85, gradient) to afford (+)-yatakemycin (1;
453.8 mg, 0.669 mmol, 94%) as a fine pale-yellow powder. R;=0.45
(methanol/chloroform =1:9); [a]5 =+99 (c=0.060, DMF); IR (neat): 7=
3312, 2925, 2852, 1633, 1505, 1386, 1290, 1256, 1017, 870, 750 cm™';
"H NMR (500 MHz, [Ds]pyridine): 6=14.65 (brs, 1H), 13.72 (s, 1H),
12.74 (s, 1H), 11.71 (s, 1H), 10.71 (brs, 1H), 7.73 (s, 1H), 7.64 (s, 1H),
7.52 (d, J=2.0Hz, 1H), 7.24 (s, 1H), 6.74 (s, 1H), 4.54-4.42 (m, 4H),
4.03 (s, 3H), 3.85 (s, 3H), 3.23 (t, /J=8.1Hz, 2H), 2.98 (dd, J=17.6,
4.8 Hz, 1H), 2.49 (s, 3H), 1.77 (dd, J=7.7, 3.8 Hz, 1H), 1.45 ppm (t, /=
4.8 Hz, 1H); "CNMR (125 MHz, [Ds]pyridine): 6=183.5, 178.5, 161.9,
161.9, 161.3, 150.4, 144.8, 140.5, 136.0, 134.5, 133.4, 133.1, 132.7, 130.5,
130.3, 129.2, 128.9, 122.4, 122.0, 118.6, 112.9, 107.8, 107.7, 107.6, 106.6,
94.4, 60.5, 55.9, 55.6, 53.9, 31.5, 28.2, 26.1, 24.0, 11.2 ppm; HRMS (FAB):
ml/z caled for C3sH;N;O5S: 680.1838 [M +H]T; found: 680.1815.
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