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Chapter 1
Introduction

One important subject of modern synthetic chemistry is the development of
efficient and practical methods for constructing complex heterocyclic structures
found in bioactive compounds, natural products, and so on. It is also important to
effectively utilize the limited carbon resources minimizing the requisite reagents,
solvents, cost, time, separation processes, and wastes [1, 2]. The multi-component
reaction (MCR) [3–6], represented by Ugi’s four-component coupling (Scheme 1)
[3, 7], is well recognized as a powerful approach toward these ends. MCR is a
convergent reaction in which one product is yielded from three or more materials,
and can produce a variety of compounds if only each material is changed. MCRs
provide easy access to combinatorial chemistry, diversity-oriented synthesis, and
high throughput screening saving carbon resources. A catalytic domino reaction
[2, 8–10] including MCR would be more attractive to achieve these goals since it
can make it possible to form multiple bonds.

Since the indole nucleus is a prominent structural motif found in numerous
natural products and synthetic compounds with vital biological activities,
considerable attention has been directed toward general, flexible, and selective
synthetic methods for highly functionalized indole derivatives [11, 12]. Among the
functionalized indoles, 2-(aminomethyl)indole motif represents the key structures
that exist in several biologically active compounds [13–25] including calindol
(Fig. 1) [26–28]. Most of the synthetic routes to 2-(aminomethyl)indoles rely upon
the functionalized indoles such as indole-2-carboxylic acid or its derivatives as the
starting materials [26–30], which limit the structure of the target molecules that
can be readily synthesized.

The isoquinoline scaffold can be found in a wide variety of biologically active
natural and synthetic compounds [31–38]. Particularly, isoquinolines having an
additional nitrogen atom tethered by one carbon at the 3-position, including such
isoquinoline alkaloids as quinocarcine [39–42], ecteinascidins 597 and 583
[43, 44], and 3-(2-pyridinyl)isoquinolines [45–47] constitute an important class of
compounds with important biological activities (Fig. 2).

Y. Ohta, Copper-Catalyzed Multi-Component Reactions, Springer Theses,
DOI: 10.1007/978-3-642-15473-7_1, � Springer-Verlag Berlin Heidelberg 2011
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Synthesis of indole derivatives by a catalytic domino three-component reaction
including Sonogashira-type cross-coupling of dihalobenzenes [48, 49] or halo-
anilines [50–52] has been recently accomplished [53, 54]. Ackermann reported
synthesis of indoles through Sonogashira coupling of 2-chloro-1-iodobenzene and
a terminal alkyne followed by N-arylation and intramolecular hydroamination
(Eq. 1) [48, 49]. Alami synthesized 2-(aminomethyl)indoles by SN2 reaction of a
secondary amine with propargylic bromide, Sonogashira coupling with 2-iodo-
aniline, and hydroamination (Eq. 2) [50]. Senanayake succeeded in construction of
2,3-disubstituted indoles through Sonogashira coupling, insertion of aryl palladium
halide to alkyne moiety, and C–N bond formation (Eq. 3) [51].

I

Cl

+ Ph H
2) RNH2, t-BuOK

1) Pd(OAc)2, CuI
ligand, Cs2CO3
toluene

N
R

Ph

ðEq:1Þ

R1 R2

O
+ R3NC + R4COOH + R5NH2

N
N
HR1 R2
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O
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O
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Scheme 1 Ugi’s four-component coupling reaction
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Larock developed a powerful approach to isoquinolines which involves
copper-catalyzed hydroamination of N-tert-butyl-2-(1-alkynyl)benzaldimine
accompanied by elimination of tert-butyl group (Eq. 4) [55–59]. Asao and Yamamoto
reported a novel synthesis of 1,2,3-trisubstituted isoquinolines through attack of a
carbon nucleophile to the carbon–nitrogen double bond of N-alkyl-2-(1-alky-
nyl)benzaldimine and simultaneous hydroamination catalyzed by transition metal
[60]. They also achieved isoquinoline synthesis by transition metal-free three-com-
ponent coupling (Eq. 5) [61]. Takemoto and Yanada reported a related isoquinoline
formation by a catalysis of carbophilic Lewis acids such as indium(III), Ni(II), or
Au(I)/Ag(I) [62, 63]. Oikawa succeeded in palladium-catalyzed three-component
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construction of isoquinoline scaffold through oxime formation followed by 1,3-
dipolar cycloaddition (Eq. 6) [64]. Dyker efficiently synthesized isoquinoline-fused
polycyclic compounds using phenylenediamine (Eq. 7) [65]. Despite these successful
studies, four-component synthesis of isoquinolines was unprecedented.

During the course of the author’s efforts directed toward the development of
useful transformations of allenic compounds [66–77], the author found that the
reaction of N-tosylated 2-ethynylaniline 1 with paraformaldehyde 2 and
diisopropylamine 3 in dioxane in the presence of copper(I) bromide (Crabbé
conditions) [78] afforded a 2-(aminomethyl)indole derivative 7 in 92% yield
(Scheme 2) without forming the expected [2-(N-tosylamino)phenyl]allene.
This reaction can be rationalized by Mannich-type MCR followed by indole for-
mation through intramolecular hydroamination toward the activated alkyne moiety
of a plausible intermediate 6. This is the first example of three-component indole
formation without producing stoichiometric amount of salts as byproducts.

In this study, the author examined an atom-economical and diversity-oriented
synthesis of 2-(aminomethyl)indoles/isoquinolines by copper-catalyzed domino
multi-component coupling–cyclization. One-pot construction of polycyclic in-
doles/isoquinolines bearing an aminomethyl moiety was also investigated.

In Chap. 2, the author describes a novel synthesis of 2-(aminomethyl)indole by
copper-catalyzed domino three-component coupling and cyclization. Two-step
construction of polycyclic indoles by combination with palladium-catalyzed C–H
functionalization at the indole C-3 position, scope and limitation of the asymmetric
three-component indole formation, and synthesis of benzo[e][1, 2]thiazine deriv-
atives and indene-1,1-dicarboxylate, are also presented in this section.

In Chap. 3, the author describes two direct routes to 1,2,3,4-tetrahydro-b-
carboline derivatives by a copper-catalyzed one-pot three-component coupling–
indole formation–nucleophilic cyclization at the 3-position of indole.

In Chap. 4, the author describes a direct access to indole-fused tetracyclic
compounds containing a 1,4-diazepine framework by copper-catalyzed domino
three-component coupling, cyclization, and N-arylation, which involve the for-
mation of one carbon–carbon bond and three carbon–nitrogen bonds.

NHTs

+ (HCHO)n + (i-Pr)2NH
N
Ts

N(i-Pr)2dioxane
80 °C
92%

Cu

NHTs

+ N(i-Pr)2
CH2

Br N(i-Pr)2

NHTs

Cu

H2O

CuBr
1

5 equiv
2a

3 equiv
3a

4 5 6

7

Br

CuBr
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Scheme 2 Domino three-component coupling–cyclization
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In Chap. 5, the author describes copper-catalyzed domino four-component
coupling–cyclization reaction for diversity-oriented synthesis of 3-(aminomethyl)-
isoquinolines.

In Chap. 6, the author describes a novel approach to 3-(aminomethyl)isoquin-
olinefused polycyclic compounds utilizing four-component coupling and cascade
cyclization in the presence of a copper catalyst.
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Part I
Synthesis of Indole Derivatives



Chapter 2
Construction of 2-(Aminomethyl)indoles
Through Copper-Catalyzed Domino
Three-Component Coupling
and Cyclization

2.1 Introduction

As described in preface, the author found that the reaction of N-tosylated 2-
ethynylaniline 1a with paraformaldehyde 2a and diisopropylamine 3a in dioxane
in the presence of copper(I) bromide afforded a 2-(aminomethyl)indole derivative
7a in 92% yield (Scheme 1). This reaction can be rationalized by Mannich-type
MCR followed by indole formation through intramolecular hydroamination
toward the activated alkyne moiety of a plausible intermediate 6. Actually, the
reaction of the identically prepared propargyl amine 8 with CuBr (5 mol.%) gave
the expected indole 7b in quantitative yield (Scheme 2).

To improve the original reaction conditions using a stoichiometric amount of
CuBr and 3 equiv of (i-Pr)2NH (Scheme 1), the initial attempt was made by
reacting with N-tosyl-2-ethynylaniline 1a, paraformaldehyde 2a (2 equiv), piper-
idine 3b (1.1 equiv), and CuBr (100 mol.%) in the presence of Et3N (2 equiv)
which would decrease the loading of piperidine (Table 1, entry 1).1 The reaction
proceeded rapidly to give the desired 2-(aminomethyl)indole 7b in 71% yield.
While use of a catalytic amount of CuBr (10 or 1 mol.%) with respect to 1a
increased the yield of 7b (entries 2 and 3), the reaction without CuBr led to the
recovery of 1a. The reaction in the absence of Et3N also showed efficient con-
version into 7b (entry 4). This result can be explained by the plausible reaction
mechanism depicted in Scheme 1, in which the sulfonamide proton is presumably
transferred to the 3-position of indole. This step could be mediated by piperidine or
the basic substituent in the product and/or intermediate. The decreased use of 2a
also produced the desired indole 7b, although a prolonged reaction time (1–12 h)
was necessary (entries 5 and 6). Use of CuBr2, CuCl, or CuI as the catalyst was
also tolerated in this three-component indole formation (entries 7–9).

1 The author considered decreasing of the amount of amine component is important and
economical especially when using more valuable amines such as 11 (Scheme 4).
Y. Ohta, Copper-Catalyzed Multi-Component Reactions, Springer Theses,
DOI: 10.1007/978-3-642-15473-7_2, � Springer-Verlag Berlin Heidelberg 2011
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2.1.1 Synthesis of 2-(Aminomethyl)indoles Using Several
Amines and Aldehydes

Next, the author examined the scope of the 2-(aminomethyl)indole formation with
various symmetrical secondary amines (Table 2) under the optimized conditions
(Table 1, entry 4). The reaction of 2-ethynylaniline 1a with bulky diisopropyl-
amine 3a (1.1 equiv) and paraformaldehyde 2a (2 equiv) in the presence of CuBr
(1 mol.%) gave the expected indole derivatives 7a in 81% yield (entry 1). Pyr-
rolidine 3c also showed efficient conversion into the corresponding indoles 7c
(entry 3). The use of volatile diethylamine 3d successfully afforded 7d, although 2
equiv of Et2NH were needed (entry 4). Secondary amines containing removable
allyl and benzyl groups 3e and 3f, respectively, were also acceptable as
amine components when the reactions were conducted with a prolonged reaction
time (entries 5 and 6).2

The author also investigated the three-component synthesis of 2-(amino-
methyl)indoles using various aldehyde components (Table 3). The reaction of
2-ethynylaniline 1a with butanal 2b and piperidine 3b in the presence of CuBr
efficiently gave the indole 7g bearing a branched substituent in an excellent yield
(quant., entry 1). The bulky i-butyraldehyde 2c required an elevated reaction
temperature and prolonged reaction time leading to a slightly decreased yield of 7h
(77%, entry 2). Benzaldehyde 2d was tolerated for this indole formation (entry 3).
Similarly, use of a variety of substituted aryl aldehydes afforded the desired
indoles 7j–7l in good yields (entries 4–6).3

The author expected that a reaction with a chiral ligand which coordinates to a
copper atom could produce optically active 2-(aminomethyl)indoles. Knochel
recently developed a novel asymmetric synthesis of chiral propargylamines with
excellent ee values through a copper-catalyzed asymmetric Mannich-type reaction
of alkynes with an aldehyde and a secondary amine using QUINAP as a chiral
ligand (up to 98% ee) [1–3]. Carreira reported the similar synthesis of propargylic
amine in up to 99% ee with PINAP [4, 5]. The author initially examined the

2 When benzylamine was used instead of a secondary amine, dimeric compound 18 was
produced in 82% yield (100 �C, 3 h, then reflux, 1 h).

N
Ts

NBn

2

18
3 When acetone was used instead of an aldehyde, Mannich-type reaction did not proceed and
compound 19 was produced.

N
Ts

19
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asymmetric three-component construction of the 2-(aminomethyl)indole motif
with n-butyraldehyde 2b in dioxane in the presence of CuBr (5 mol.%) and
QUINAP (5.5 mol.%) (Table 4). The reaction proceeded smoothly even at rt to
give the desired 7g in a quantitative yield but with only 47% ee (entry 1). It was
reported that the copper-catalyzed Mannich reaction of alkynes in the presence of
(R)-QUINAP gave (S)-propargylamines, while the reaction with (S)-PINAP gave

dioxane
80 °C
quant.

N
Ts

N

7b

N

NHTs

8

CuBr
(5 mol %)

Scheme 2 Indole formation
from the proposed intermedi-
ate 8

Table 1 Optimization of reaction conditions using ethynylaniline 1a and piperidine 3b

NHTs

+ (HCHO)n +
N
Ts

N
conditions

dioxane
80 °C

1a 2a
1.1 equiv

3b 7b

N
H

Entry CuX (mol.%) (HCHO)n (equiv) Additive (equiv) Time (h) Yielda (%)

1 CuBr (100) 2.0 Et3N (2) 0.25 71
2 CuBr (10) 2.0 Et3N (2) 0.25 84
3b CuBr (1) 2.0 Et3N (2) 0.25 92
4 CuBr (1) 2.0 – 0.25 87
5 CuBr (1) 1.5 – 1 75
6 CuBr (1) 1.1 – 12 70
7 CuBr2 (1) 2.0 – 0.25 79
8 CuCl (1) 2.0 – 0.25 87
9 CuI (1) 2.0 – 0.25 83

Unless otherwise stated, reaction was carried out with 1a (0.18 mmol, 1 equiv), 2a (equiv
shown), 3b (1.1 equiv), and a copper salt (catalyst amount shown) in 1,4-dioxane (3 mL) at 80 �C
a Yields of isolated products. b The reaction was conducted on 1.25 mmol scale

NHTs

+ (HCHO)n + (i-Pr)2NH
N
Ts

N(i-Pr)2dioxane
80 °C
92%

Cu

NHTs

+ N(i-Pr)2
CH2

Br N(i-Pr)2

NHTs

Cu

H2O

CuBr
1a

5 equiv
2a

3 equiv
3a

4 5 6

7a

Br

CuBr
(1 equiv)

Scheme 1 Domino three-component coupling–cyclization
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the corresponding (R)-isomers, see Refs. 1–5. Screening of the reaction solvent did
not improve the asymmetric induction (entries 2–4). When the reaction was carried
out with PINAP in dioxane, 7g was obtained with a slightly higher ee (59%, ee,
entry 5). Use of PINAP in benzene gave the most promising result (63% ee),
although a prolonged reaction time was necessary (entry 7). These results suggest
that 2-ethynylaniline 1a is a less effective alkyne component for an asymmetric
Mannich reaction. Knochel and Carreira reported that phenylacetylene is a good
component for enantioselective synthesis of propargylic amine using QUINAP or
PINAP, see Refs. 1–5.

Table 2 Reactions with various amines

NHTs

(HCHO)n

1a

dioxane
80 °C

2a 3 7

R2NH

CuBr
(1 mol%)

+ +
N
Ts

NR2

Entry Amine 3 Time (h) Product Yield (%)b

1 (i-Pr)2NH (3a) 0.25 7a 81
2 Piperidine (3b) 0.25 7b 87
3 Pyrrolidine (3c) 0.25 7c 89
4 Et2NH (3d)a 0.25 7d 89
5 (allyl)2NH (3e) 0.5 7e 78
6 Bn2NH (3f) 2 7f 78

Unless otherwise stated, reactions were carried out with 1a (0.18 mmol), 2a (2.0 equiv), 3 (1.1
equiv), and CuBr (1 mol.%) in 1,4-dioxane (3 mL) at 80 �C
a 2 equiv of 3d were used, b yields of isolated products

Table 3 Reactions with various aldehydes

NHTs

RCHO

1a

dioxane

2 3b 7

CuBr
(1 mol%)

+ +
N
Ts

N
N
H R

Entry Aldehyde 2 Conditions Product yield (%)a

1 n-PrCHO (2b) 80 �C 7g (R = n-Pr) quant.
0.25 h

2 i-PrCHO (2c) Reflux 3 h 7h (R = i-Pr) 77
3 PhCHO (2d) Reflux 10 h 7i (R = Ph) 70
4 (4-CO2Me)C6H4CHO (2e) Reflux 3 h 7j [R = (4-CO2Me)C6H4] 76
5 (4-Me)C6H4CHO (2f) Reflux 3 h 7k [R = (4-Me)C6H4] 85
6 (2-Br)C6H4CHO (2g) Reflux 4 h 7l [R = (2-Br)C6H4] 65

Reactions were carried out with 1a (0.18 mmol), 2 (2.0 equiv), 3b (1.1 equiv), and CuBr (1
mol.%) in 1,4-dioxane (1.5 mL) at 80 �C
a Yields of isolated products
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2.1.2 Synthesis of Substituted 2-(Aminomethyl)indoles Using
Various Ethynylanilines and Secondary Amines

Various substituted 2-ethynylanilines and asymmetrical secondary amines were
then applied to the domino three-component coupling–cyclization (Table 5). 2-
Ethynylanilines 1b and 1c substituted by electron-withdrawing trifluoromethyl or
methoxycarbonyl group at the para position to the amino group were reacted with
paraformaldehyde 2a and dibenzylamine 3f in the presence of CuBr (1 mol.%) to
yield indoles 7m (90% yield) and 7n (91% yield), respectively (entries 1 and 2).
Ethynylaniline 1d bearing an electron-donating methyl group at the para position
to the amino group also showed efficient compatibility leading to the corre-
sponding indole 7o. The reaction using 2-ethynylanilines 1e and 1f containing an
electron-withdrawing group such as a trifluoromethyl or methoxycarbonyl group at
the meta position were similarly converted into the corresponding indoles 7p (61%
yield) and 7q (79% yield), respectively (entries 4, 5). The asymmetrical 2-
bromoallylamine 3g and 2-bromobenzylamine 3h were also applicable to this
indole formation using various 2-ethynylanilines (entries 6–11), although Et3N
was necessary for the cyclization step when using 2-ethynylanilines 1a and 1d.

Table 4 Asymmetric synthesis of 2-(aminomethyl)indoles

NHTs

+ n-PrCHO +
N
Ts

N
solvent

1a 2b 3b 7g

N
H

CuBr
ligand

n-Pr

*

Entry Ligand Solvent Conditions Yielda (%) Product (% ee)b

1 (R)-QUINAP Dioxane rt, 24 h quant. (+)-7g (47)
2 (R)-QUINAP THF rt, 72 h 86 (+)-7g (30)
3 (R)-QUINAP benzene rt, 72 h 86 (+)-7g (43)
4 (R)-QUINAP Toluene rt, 72 h 94 (+)-7g (22)
5 (S)-PINAP Dioxane rt, 10 h quant. (–)-7g (59)
6 (S)-PINAP Toluene rt, 120 h 93 (–)-7g (56)
7 (S)-PINAP Benzene rt, 120 h quant. (–)-7g (63)

N

PPh2

(R)-QUINAP

N

PPh2

(S)-PINAP

HN Ph

Reactions were carried out with 1a, CuBr (5 mol.%), ligand (5.5 mol.%) in solvent (2 mL)
a Yields of isolated products, b determined by chiral HPLC (CHIRALCEL OD-H)
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2.1.3 Construction of Polycyclic Indoles by Palladium-Catalyzed
C–H Functionalization

A polycyclic indole motif is an important core framework which is widely found in
biologically active compounds. For biologically active polycyclic indoles having a
2-(aminomethyl) moiety, see [6–10]. Therefore, development of a convenient and
reliable method for the construction of these frameworks is strongly required. For
recent synthesis of polycyclic indoles, see [11–13]. The author expected that the
present synthesis of 2-(aminomethyl)indoles via domino three-component cou-
pling–cyclization would bring about an extremely useful synthetic route to this
class of compounds. Thus, the author surveyed the construction of polycyclic
indole skeletons by three-component indole formation followed by palladium-
catalyzed C–H functionalization at the C-3 position of indoles. First, 2-(amino-
methyl)indole 7r synthesized by the three-component indole formation (Table 5,
entry 6) was subjected to Pd(OAc)2 (10 mol.%), PPh3 (20 mol.%), and CsOAc (2
equiv) in DMF (Table 6, entry 1). The reaction proceeded cleanly to afford
tetrahydropyridine-fused indole 9a in 47% yield. When DMA was used as the
reaction solvent, a higher yield of 9a was observed (65%, entry 2). Further
investigation of the palladium catalyst, ligand, and base (entries 3–5) revealed that
the conditions shown in entry 2 were most effective.

Encouraged by this result, the author investigated the reaction with several 2-
(aminomethyl)indoles containing an electron-withdrawing and -donating group to
obtain variously substituted tetrahydropyridine-fused indoles 9b–f in moderate to
good yields (Table 7).

The author next examined construction of polycyclic indoles by palladium-
catalyzed C–H arylation using 2-(aminomethyl)indole 7x, which was prepared
from ethynylaniline 1a and amine 3h (Table 5, entry 11). By treatment with
20 mol.% of Pd(OAc)2 and 40 mol.% of PPh3, dihydrobenzazepine-fused indole
10 was efficiently obtained in 80% yield over 2 steps (Scheme 3). One-pot three-
component indole formation/Pd-catalyzed C–H arylation also provided polycyclic
indole 10 in 84% yield from 1a.

2.1.4 Synthetic Application to Calindol, Benzo[e][1,2]thiazines,
and Indene

Calindol (13), which contains a 2-(aminomethyl)indole motif, is a positive mod-
ulator of the human Ca2+ receptor showing a calcimimetic activity [1–3]. This
compound could be easily synthesized using this domino three-component indole
formation (Scheme 4). As the author expected, the reaction of 2-ethynylaniline 1a
with paraformaldehyde 2a and 1-(1-naphthyl)ethylamine 11 in presence of CuBr
directly produced a protected calindol 12. The allyl and tosyl groups on the
nitrogen atoms of 12 were easily removed by successive treatment with Pd(PPh3)4

(2 mol.%)/NDMBA and TBAF [14] to give calindol 13 in 90% yield over 2 steps.
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The author next envisioned the preparation of benzothiazine-1,1-dioxide
derivatives 15 through domino MCR and cyclization. Since benzo[e][1,2]thiazine-
1,1-dioxides are widely found in biologically active compounds including non-
steroidal anti-inflammatory drugs (NSAIDs) [15–22], various approaches to con-
struct this structure have been reported [23–33]. The author expected that the use
of such a sulfonamide as 14, an aldehyde, and a secondary amine in the presence
of a copper catalyst would bring about a Mannich-type reaction followed by 6-
endo-dig cyclization (related synthesis of thiazines has been already reported, see
[34, 35]) to afford a benzo[e][1,2]thiazine 15. The reaction of N-methyl and N-
ethylsulfonamides 14a and 14b under standard conditions gave the desired ben-
zothiazines 15a and 15b, respectively, but in low yields (34 and 37%, respectively,
entries 1 and 2, Table 8). Considering that acidity of the amide proton in 14a and

Table 5 Synthesis of variously substituted 2-(aminomethyl)indoles

Unless otherwise stated, reactions were carried out with 1 (0.18 mmol), 2a (2.0 equiv), 3 (1.1
equiv), and CuBr (1 mol.%) in 1,4-dioxane (3 mL) a 0.37 mmol scale, b 4 equiv of Et3N were
added before reflux, c yields of isolated products

Entry 2-ethynylaniline Amine Conditions Product (yieldc)

1

NHTs

Bn2NH

80 °C, 3 h

N
Ts

NBn2

1b (R = CF3) 3f 7m (R = CF3, 90%)

R

R

R NHTs

4 1e (R = CF3) 80 °C, 3 h

N
Ts

NBn2

7p (R = CF3, 61%)

NHTs

80 °C, 3 h, then reflux,b 1 h

N
Ts

1a (R = H) 3g 7r (R = H, 98%)

R

R

R NHTs

1e (R = CF3) 80 °C, 3 h, then reflux, 1 h

N
Ts

7v (R = CF3, 94%)

H
N

Br n-Bu

R

R

12

NHTs

1a

Br
H
N

n-Bu

3h 80 °C, 3 h, then reflux, 1 h

N
Ts

N

n-Bu Br

N

n-Bu

N

n-Bu

Br

7x (80%)
Br

3g

2
3

5

6a

7a

8a

9a

10a

11a

1c (R = CO2Me)
1d (R = Me)

1f (R = CO2Me)

1b (R = CF3)
1c (R = CO2Me)

1d (R = Me)

1f (R = CO2Me)

80 °C, 3 h
80 °C, 3 h

80 °C, 3 h, then reflux,b 3 h

80 °C, 3 h, then reflux, 1.5 h

7n (R = CO2Me, 91%)
7o (R = Me, 78 %)

7q (R = CO2Me, 79%)

7s (R = CF3, 91%)
7t (R = CO2Me, 98%)

7u (R = Me, 98%)

7w (R = CO2Me, 99%)

80 °C, 5 h
80 °C, 5 h, then reflux, 1 h

80 °C, 5 h
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14b would be insufficient for the cyclization step, the author next examined the
reaction of sulfonanilide derivatives bearing a related structure to 2-ethynylani-
lines 1. As the author expected, the reaction of sulfonanilide 14c gave the ben-
zothiazine 15c in high yield (90%, entry 3). Other sufonanilides 14d–14f were also
good reactants in this three-component thiazine synthesis (entries 4–6).

Finally, the author investigated the synthesis of 2-(aminomethyl)indene-1,1-
dicarboxylate 17 using this domino Mannich-type reaction/cyclization strategy
(Table 9). Disappointingly, the reaction of malonate derivative 16 with (HCHO)n

2a and (i-Pr)2NH 3a in dioxane in the presence of CuBr (5 mol.%) did not afford

Table 6 Palladium-catalyzed C–H olefination

N
Ts

N n-Bu

7r 9a

Pd (10 mol %)
ligand (20 mol %)

base (2 equiv)

solvent
100 °C, 0.5 h

N
Ts

N

Br

n-Bu

Entry Catalyst Ligand Base Solvent Yield (%)a

1 Pd(OAc)2 PPh3 CsOAc DMF 47
2 Pd(OAc)2 PPh3 CsOAc DMA 65
3 Pd(PPh3)4 – CsOAc DMA 7
4 Pd(OAc)2 PPh3 KOAc DMA 35
5 Pd(OAc)2 dppm CsOAc DMA 32

Reactions were carried out with 2-(aminomethyl)indole 7r, palladium catalyst (10 mol.%), ligand
(20 mol.%), and base (2 equiv) in solvent (2 mL) at 100 �C for 0.5 h
a Yields of isolated products

Table 7 Palladium-catalyzed C–H olefination

N
Ts

N n-Bu

9

Pd(OAc)2 (10 mol %)
PPh3 (20 mol %)
CsOAc (2 equiv)

DMA
100 °C, 0.5 h

R1

R2

N
Ts
7

R1

R2
N

Br

n-Bu

Entry R1 R2 Indole Product Yield (%)a

1 CF3 H 7s 9b 64
2 CO2Me H 7t 9c 54
3 CH3 H 7u 9d 62
4 H CF3 7v 9e 62
5 H CO2Me 7w 9f 77

Reactions were carried out with 2-(aminomethyl)indole 7, Pd(OAc)2 (10 mol.%), PPh3 (20
mol.%), and CsOAc (2 equiv) in DMA (2 mL) at 100 �C for 0.5 h
a Yields of isolated products
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the desired indene 17, only to give the Mannich adduct in 90% yield (entry 1). A
careful evaluation of the reaction conditions revealed that the use of more polar
DMF as the solvent converted 16 into the desired 2-(aminomethyl)indene 17 in
39% yield. Addition of (i-Pr)2NEt after completion of the Mannich reaction effi-
ciently promoted the indene formation leading to 17 in 70% yield.

In conclusion, the author has developed a novel synthesis of 2-(amino-
methyl)indoles through a copper-catalyzed domino three-component coupling–
cyclization. This domino reaction forming two carbon–nitrogen bonds and one
carbon–carbon bond is the first catalytic multi-component indole construction
producing water as the only theoretical waste. The use of the chiral ligand PINAP
in the reaction with alkyl aldehydes produced the corresponding indole bearing a

NHTs
1a

Br
H
N

n-Bu

3h

+ (HCHO)n +

N
Ts

7x

N

Br

n-BuN
Ts

N
n-Bu

10

CuBr
(1 mol %)

dioxane
(80%)

Pd(OAc)2 (20 mol %)
PPh3 (40 mol %)
CsOAc (2 equiv)

DMA
(quant)

one-pot
(84%)

2a

Scheme 3 Palladium-catalyzed C–H arylation and one-pot formation of polycyclic indoles from
ethynylaniline

NHTs

(HCHO)n
N
H+ +

N
Ts

N N
H

H
N

1a 2a 11

12 calindol (13)

CuBr
(1 mol %)
dioxane

(85%)

1) Pd(PPh3)4
(2 mol %)
NDMBA
CH2Cl2

2) TBAF
THF

(90%, 2 steps)

NDMBA = N,N ’-dimethylbarbituric acid.

Scheme 4 Synthesis of calindol
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branched substituent 7g with moderate ee values. This reaction is synthetically
useful for diversity-oriented synthesis of not only 2-(aminomethyl)indoles but also
tetrahydropyridine- and benzazepine-fused indoles, using readily available reac-
tion components. The benzo[e][1,2]thiazine and indene motif could also be con-
structed using a similar domino three-component coupling and cyclization
strategy.

Table 8 Synthesis of benzo[e][1,2]thiazine-1,1-dioxide motif by three-component coupling and
cyclization

SO2NHR

CuBr (5 mol %)
(HCHO)n (2a)
(i-Pr)2NH (3a)

dioxane
100 °C

S
O2

NR

N(i-Pr)2

14 15

Entry R Time (h) Product Yield (%)a

1 Me (14a) 16 15a 34
2 Et (14b) 22 15b 37
3 (4-CH3)C6H4 (14c) 3.5 15c 90
4 Ph (14d) 4 15d 92
5 (4-MeO)C6H4 (14e) 3.5 15e 89
6 (4-Cl)C6H4 (14f) 3 15f 95

Reactions were carried out with 2a (2.0 equiv) and 3a (1.2 equiv) in the presence of CuBr (5
mol.%) in 1,4-dioxane (3 mL) at 100 �C
a Yields of isolated products

Table 9 Synthesis of 2-(aminomethyl)indene 17

CO2Me

CO2Me MeO2C CO2Me

N(i-Pr)2

CuBr (5 mol %)
(HCHO)n (2a)
(i-Pr)2NH (3a)

16 17

solvent
then additive

Entry Solvent Additivea Temperature
(�C)

Time
(h)

Yield
(%)b

1 Dioxane – 80 2 0
2 DMF – 150 5 39
3 DMF (i-Pr)2NEt 110 10 70

Reactions were carried out with 2a (2.0 equiv) and 3a (1.2 equiv) in solvent (2 mL) in the
presence of CuBr (5 mol.%)
a Added after completion of the Mannich-type reaction (ca. 30 min, monitored by TLC), b yields
of isolated products
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2.2 Experimental Section

2.2.1 General Methods

1H NMR spectra were recorded at 400 or 500 MHz frequency, respectively.
Chemical shifts are reported in d (ppm) relative to Me4Si (in CDCl3) as internal
standard. 13C NMR spectra were referenced to the residual CHCl3 signal. Melting
points were measured by a hot stage melting points apparatus (uncorrected).
COSY spectra (for confirmation of the NMR peak assignments) were recorded at
500 MHz frequency.

The compound 1a [see footnote 1, 36], S1 [see footnote 2, 37], and S12 [see
footnote 3, 38], were synthesized according to the literature.

The compounds S7a–e, S9, and S10a, b are commercially available.
The compounds S7a [39], S7b [40], S7c [41], S7d [42], S9d [43], and S12 [44]

are known.

I

NHTs NBocTs

Boc2O
DMAP

CH3CN
54%

Et3N-THF
43%

NBocTs
THF
62%

S1 S2

dioxane
80 °C
quant

CuBr

N
Ts

N

7b

S3

I
TMS

TBAF

NBocTs

N

NHTs

S4

N

NBocTs

CuBr
piperidine
(HCHO)n

dioxane
quant

TFA

CHCl3
45%

S5 8

2.2.1.1 N-(tert-Butoxycarbonyl)-2-iodo-N-tosylaniline (S2)

To a stirred solution of S1 (0.82 g, 2.19 mmol), DMAP (54.0 mg, 0.44 mmol) in
acetonitrile (9 mL) was added Boc2O (0.72 g, 3.29 mmol) at rt under argon, and
the reaction mixture was stirred for 0.5 h at this temperature. The reaction mixture
was stirred at 80 �C for 15 h. After concentration under reduced pressure, the
residue was extracted with Et2O. The extract was washed successively with
aqueous saturated NaHCO3 and brine, and dried over MgSO4. The filtrate was
concentrated under reduced pressure and the residue was purified by column
chromatography over alumina with hexane–EtOAc (3:1) to give S2 (561 mg, 54%)
as a colorless solid which was recrystallized from hexane–CHCl3 to give pure S2
as colorless crystals: mp 113 �C; IR (neat) cm-1 1734 (C=O); 1H NMR
(500 MHz, CDCl3) d 1.38 (s, 9H, C(CH3)3), 2.46 (s, 3H, ArCH3), 7.08–7.11 (m,
1H, Ar), 7.34–7.37 (m, 3H, Ar), 7.39–7.43 (m, 1H, Ar), 7.91 (dd, J = 8.0, 1.7 Hz,
1H, Ar), 8.01 (d, J = 8.6 Hz, 2H, Ar); 13C NMR (125 MHz, CDCl3) d 21.7, 27.9
(3C), 84.6, 101.1, 129.0, 129.2 (2C), 129.5 (2C), 130.3, 130.8, 136.6, 139.6, 139.9,
144.8, 149.7. Anal. Calcd for C18H20INO4S: C, 45.68; H, 4.26; N, 2.96. Found: C,
45.71; H, 4.18; N, 2.72.
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2.2.1.2 N-(tert-Butoxycarbonyl)-N-tosyl-2-[(trimethylsilyl)ethynyl]aniline (S3)

To a stirred suspension of S2 (0.51 g, 1.08 mmol), PdCl2(PPh3)2 (38.0 mg,
0.054 mmol) and CuI (10.2 mg, 0.054 mmol) in a mixed solvent of THF (5 mL)
and Et3N (5 mL) was added TMS-acetylene (0.18 mL, 1.30 mmol) at rt under
argon, and the reaction mixture was stirred for at 80 �C 12 h. The mixture was
filtered through a pad of Celite. The filtrate was concentrated under reduced
pressure and the residue was purified by column chromatography over silica gel
with hexane–EtOAc (10:1) to give S3 (206 mg, 43%) as a colorless solid.
Recrystallization from hexane–CHCl3 gave pure S3 as colorless crystals: mp
79–80 �C; IR (neat) cm-1 2162 (C:C), 1736 (C=O); 1H NMR (500 MHz,
CDCl3) d 0.05 (s, 9H, Si(CH3)3), 1.35 (s, 9H, C(CH3)3), 2.44 (s, 3H, ArCH3),
7.29–7.42 (m, 5H, Ar), 7.52–7.54 (m, 1H, Ar), 7.96 (d, J = 8.6 Hz, 2H, Ar); 13C
NMR (125 MHz, CDCl3) d 0.22 (3C), 22.2, 28.4 (3C), 84.5, 100.1, 101.4, 124.2,
129.2, 129.6, 129.7 (2C), 130.0 (2C), 131.5, 134.1, 137.7, 138.4, 144.8, 150.7.
Anal. Calcd for C23H29NO4SSi: C, 62.27; H, 6.59; N, 3.16. Found: C, 62.28; H,
6.58; N, 3.10.

2.2.1.3 N-(tert-Butoxycarbonyl)-2-ethynyl-N-tosylaniline (S4)

To a solution of S3 (140 mg, 0.32 mmol) in THF (2 mL) was added TBAF (1 M in
THF, 0.34 mL, 0.33 mmol) at -78 �C and the reaction mixture was stirred for 2
min at this temperature. After quenching with aqueous saturated citric acid, the
whole was extracted with Et2O. The extract was washed with water, aqueous
saturated NaHCO3 and brine, and dried over MgSO4. Usual workup followed by
purification by column chromatography over silica gel with hexane–EtOAc (5:1)
gave S4 (73.4 mg, 62%) as a colorless solid, which was recrystallized from
hexane–CHCl3 to give pure S4 as colorless crystals: mp 133–133 �C; IR
(neat) cm-1 2110 (C:C), 1732 (C=O); 1H NMR (500 MHz, CDCl3) d 1.34 (s,
9H, C(CH3)3), 2.45 (s, 3H, ArCH3), 2.91 (s, 1H, CH), 7.31 (d, J = 8.6 Hz, 2H,
Ar), 7.35–7.45 (m, 3H, Ar), 7.53–7.55 (m, 1H, Ar), 7.95–7.97 (m, 2H, Ar); 13C
NMR (125 MHz, CDCl3) d 21.7, 27.8 (3C), 79.9, 82.1, 84.3, 122.7, 128.8, 129.0
(2C), 129.4 (2C), 129.5, 130.9, 133.3, 136.6, 138.5, 144.5, 150.2. Anal. Calcd for
C20H21NO4S: C, 64.67; H, 5.70; N, 3.77. Found: C, 64.40; H, 5.61; N, 3.72.

2.2.1.4 N-(tert-Butoxycarbonyl)-2-[3-(piperidin-1-yl)propy-1-nyl]-
N-tosylaniline (S5)

To a stirred solution of S4 (200 mg, 0.54 mmol), (HCHO)n (32.4 mg, 1.08 mmol),
and CuBr (3.9 mg, 0.027 mmol) in dioxane (5 mL) was added piperidine
(64.0 lL, 0.65 mmol) at rt under argon. The reaction mixture was stirred at 80 �C
for 10 min. Concentration under reduced pressure followed by purification by
column chromatography over silica gel with hexane–EtOAc (3:1) gave S5
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(253 mg, quant) as a pale yellow solid, which was recrystallized from hexane–
CHCl3 to give pure S5 as pale yellow oil: IR (neat) cm-1 2233 (C:C), 1733
(C=O); 1H NMR (500 MHz, CDCl3) d 1.34 (s, 9H, C(CH3)3), 1.40–1.44 (m, 2H,
CH2), 1.57–1.61 (m, 4H, 2 9 CH2), 2.41–2.47 (s, 7H, 2 9 CH2 and ArCH3), 3.15
(s, 2H, CH2), 7.28–7.37 (m, 5H, Ar), 7.51 (d, J = 7.4 Hz, 1H, Ar), 7.97 (d,
J = 8.6 Hz, 2H, Ar); 13C NMR (125 MHz, CDCl3) d 21.5, 23.6, 25.8 (2C), 27.7
(3C), 48.2, 53.2 (2C), 81.4, 83.9, 90.2, 123.7, 128.5, 128.7, 128.9 (2C), 129.2 (2C),
130.6, 132.9, 136.9, 137.7, 144.1, 150.2; MS (FAB) m/z: 469 (MH+, 100); HRMS
(FAB) calcd for C26H33N2O4S (MH+), 469.2161; found, 469.2161.

2.2.1.5 2-[3-(Piperidin-1-yl)prop-1-ynyl]-N-tosylaniline (8)

To a stirred mixture of S5 (150 mg, 0.32 mmol) and water (75 lL) in chloroform
(1.5 mL) was added TFA (1.5 mL) at 0 �C. The reaction mixture was stirred for
2.5 h at this temperature. After concentration under reduced pressure, the residue
was quenched with aqueous saturated NaHCO3. The whole was extracted with
CH2Cl2, and the extract was dried over MgSO4. Usual workup followed by
purification by column chromatography over alumina with hexane–EtOAc (7:1)
then CHCl3–CH3OH (10:1) gave 8 (53.8 mg, 45%) as a colorless solid which was
recrystallized from hexane–CHCl3 to give pure 8 as colorless crystals: mp 111 �C;
IR (neat) cm-1 3266 (NH), 2256 (C:C); 1H NMR (500 MHz, CDCl3) d
1.45–1.49 (m, 2H, CH2), 1.64–1.68 (m, 4H, 2 9 CH2), 2.37 (s, 3H, ArCH3),
2.51–2.55 (s, 4H, 2 9 CH2), 3.50 (s, 2H, CH2), 6.98–7.01 (m, 1H, Ar), 7.20–7.31
(m, 5H, Ar), 7.58 (d, J = 8.0 Hz, 1H, Ar), 7.67 (d, J = 8.6 Hz, 1H, Ar); 13C NMR
(125 MHz, CDCl3) d 21.6, 23.8, 25.9 (2C), 48.5, 53.5 (2C), 79.8, 92.4, 113.9,
119.2, 124.1, 127.2 (2C), 129.4, 129.6 (2C), 132.2, 136.2, 137.8, 144.0. Anal.
Calcd for C21H24N2O2S: C, 68.45; H, 6.56; N, 7.60. Found: C, 68.25; H, 6.56; N,
7.50.

2.2.1.6 Synthesis of 2-[(Piperidin-1-yl)methyl]-1-tosylindole 7b from 8

To a stirred solution of 8 (25.0 mg, 0.068 mmol) in dioxane (1 mL) was added
CuBr (0.5 mg, 0.0034 mmol) at rt under argon. The reaction mixture was stirred at
80 �C for 50 min. Concentration under reduced pressure followed by purification
by column chromatography over silica gel with hexane–EtOAc (5:1) gave 7b
(25.0 mg, quant) as a colorless solid: mp 99 �C; 1H NMR (400 MHz, CDCl3) d
1.43–1.47 (m, 2H, CH2), 1.51–1.56 (m, 4H, 2 9 CH2), 2.33 (s, 3H, CH3),
2.46–2.54 (m, 4H, 2 9 CH2), 3.84 (s, 2H, ArCH2), 6.54 (s, 1H, 3-H), 7.17–7.27
(m, 4H, Ar), 7.43–7.45 (m, 1H, Ar), 8.03 (d, J = 8.0 Hz, 2H, Ar), 8.07 (d,
J = 8.0 Hz, 1H, Ar); 13C NMR (100 MHz, CDCl3) d 21.5, 24.3, 25.9 (2C), 54.6
(2C), 56.2, 111.2, 114.5, 120.4, 123.2, 124.0, 127.2 (2C), 129.0, 129.4 (2C), 136.5,
137.1, 138.4, 144.4; MS (FAB) m/z (%): 369 (MH+, 100), 284 (20); HRMS (FAB)
calcd for C21H25N2O2S (MH+): 369.1637; found: 369.1632.
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X

NH2

R

NH2

R
TMS

NHTs

R

TMS-acetylene
PdCl2(PPh3)2

CuI

THF-Et3N

1.TsCl
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2. TBAF
THF

1b (R = 4-CF3)
1c (R = 4-CO2CH3)
1d (R = 4-CH3)
1e (R = 5-CF3)
1f (R = 5-CO2CH3)

S6a (R = 4-CF3, X = I)
S6b (R = 4-CO2CH3, X = I)
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S7a (R = 4-CF3)
S7b (R = 4-CO2CH3)
S7c (R = 4-CH3)
S7d (R = 5-CF3)
S7e (R = 5-CO2CH3)

2.2.1.7 2-Ethynyl-N-(p-toluenesulfonyl)-4-(trifluoromethyl)aniline (1b)

To a stirred suspension of S6a (1.50 g, 5.23 mmol), PdCl2(PPh3)2 (91.7 mg,
0.13 mmol) and CuI (24.9 mg, 0.13 mmol) in THF (1 mL) and Et3N (20 mL) was
added TMS-acetylene (0.86 mL, 6.27 mmol) at rt under argon, and the reaction
mixture was stirred for 0.5 h at this temperature. The mixture was filtered through
a pad of Celite. The filtrate was concentrated under reduced pressure and the
residue was purified by column chromatography over silica gel with hexane–
EtOAc (20:1) to give the known compound S7a (1.30 g, 96%).

To a stirred solution of S7a (1.50 g, 5.82 mmol) in pyridine (10 mL) was
added TsCl (1.66 g, 8.73 mmol) at 0 �C under argon and the reaction mixture
was stirred overnight at rt. After concentration under reduced pressure, the res-
idue was extracted with EtOAc. The extract was washed successively with 3 N
HCl and brine, and dried over MgSO4. Usual workup followed by purification
over silica gel with hexane–EtOAc (20:1) gave crude tosylate as a pale yellow
solid, which was used in the next step without further purification. To a stirred
mixture of the tosylate in THF (10 mL) and water (0.5 mL) was treated with
TBAF (1 M in THF, 5.2 mL, 5.20 mmol) at 0 �C for 5 min. The reaction
mixture was quenched with aqueous saturated citric acid, and the whole was
extracted with EtOAc. The extract was washed successively with H2O, aqueous
saturated NaHCO3, and brine, and dried over MgSO4. Concentration under
reduced pressure followed by purification through a pad of silica gel with
hexane–EtOAc (5:1) gave 1b (1.76 g, 89%) as a colorless solid, which was
recrystallized from n-hexane–EtOAc to give pure 1b as colorless crystals: mp
99 �C; IR (neat) cm-1 3295 (NH), 2112 (C:C); 1H NMR (500 MHz, CDCl3) d
2.39 (s, 3H, CH3), 3.51 (s, 1H, C:CH), 7.27 (d, J = 8.0 Hz, 2H, Ar), 7.45 (br s,
1H, NH), 7.51 (dd, J = 8.6, 2.3 Hz, 1H, Ar), 7.61 (d, J = 2.3 Hz, 1H, Ar), 7.67
(d, J = 8.6 Hz, 1H, Ar), 7.73–7.75 (m, 2H, Ar); 13C NMR (125 MHz, CDCl3) d
21.6, 77.3, 86.0, 112.1, 117.9, 123.4 (q, J = 272.3 Hz), 126.0 (q, J = 33.6 Hz),
127.0 (q, J = 3.6 Hz), 127.3 (2C), 129.7 (q, J = 3.6 Hz), 130.0 (2C), 135.7,
141.4, 144.7. Anal. Calcd for C16H12F3NO2S: C, 56.63; H, 3.56; N, 4.13. Found
C, 56.88; H, 3.54; N, 4.14.
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2.2.1.8 2-Ethynyl-4-(methoxycarbonyl)-N-(p-toluenesulfonyl)aniline (1c)

By a procedure identical to that described for of 2-(trimethylsilylethynyl)aniline
S7a, 2-iodoaniline S6b (1.00 g, 3.61 mmol) was converted into the known com-
pound S7b (2.80 g, 77%).

By a procedure similar to that described for of 2-ethynylaniline 1b, S7b (1.64 g,
6.63 mmol) was converted into 2-ethynylaniline 1c (1.92 g, 88%) as colorless
crystals: mp 120 �C; IR (neat) cm-1 3299 (NH), 2104 (C:C), 1717 (C=O); 1H
NMR (500 MHz, CDCl3) d 2.38 (s, 3H, ArCH3), 3.49 (s, 1H, C:CH), 3.87 (s, 3H,
OMe), 7.25 (d, J = 8.0 Hz, 2H, Ar), 7.52 (br s, 1H, NH), 7.62 (d, J = 8.8 Hz, 1H,
Ar), 7.73–7.76 (m, 2H, Ar), 7.93 (dd, J = 8.8, 2.0 Hz, 1H, Ar), 8.04 (d,
J = 2.0 Hz, 1H, Ar); 13C NMR (125 MHz, CDCl3) d 21.5, 52.2, 77.6, 85.4, 111.6,
117.2, 125.5, 127.3 (2C), 129.9 (2C), 131.4, 134.1, 135.6, 142.2, 144.6, 165.6.
Anal. Calcd for C17H15NO4S: C, 61.99; H, 4.59; N, 4.25. Found C, 62.09; H, 4.61;
N, 4.31.

2.2.1.9 2-Ethynyl-4-methyl-N-(p-toluenesulfonyl)aniline (1d)

By a procedure identical to that described for 2-(trimethylsilylethynyl)aniline S7a,
2-iodoaniline S6c (2.03 g, 3.61 mmol) was converted into the known compound
S7c (1.77 g, quant).

By a procedure identical to that described for 2-ethynylaniline 1b, S7c (0.93 g,
4.57 mmol) was converted into 2-ethynylaniline 1d (1.17 g, 90%) as colorless
crystals: mp 104 �C; IR (neat) cm-1 3284 (NH), 2109 (C:C); 1H NMR
(500 MHz, CDCl3) d 2.23 (s, 3H, CH3), 2.36 (s, 3H, CH3), 3.29 (s, 1H, C:CH),
7.09–7.13 (m, 3H, Ar), 7.20 (d, J = 8.6 Hz, 2H, Ar), 7.48 (d, J = 8.6 Hz, 1H, Ar),
7.66 (d, J = 8.0 Hz, 2H, Ar); 13C NMR (125 MHz, CDCl3) d 20.5, 21.6, 78.8,
83.8, 112.9, 119.9, 127.4 (2C), 129.6 (2C), 131.0, 132.8, 134.2, 135.9, 136.0,
144.0. Anal. Calcd for C16H15NO2S: C, 67.34; H, 5.30; N, 4.91. Found C, 67.42;
H, 5.18; N, 4.91.

2.2.1.10 2-Ethynyl-N-(p-toluenesulfonyl)-5-(trifluoromethyl)aniline (1e)

By a procedure identical to that described for the 2-(trimethylsilylethynyl)aniline
S7a, 2-bromoaniline S6d (2.09 g, 8.69 mmol) was converted into the known
compound S7d (1.70 g, 76%) by the reaction under reflux for 16 h.

By a procedure similar to that described for 2-ethynylaniline 1b, S7d (2.22 g,
8.63 mmol) was converted into 2-ethynylaniline 1e (1.69 g, 58%) as colorless
crystals: mp 162 �C; IR (neat) cm-1 3266 (NH), 2111 (C:C); 1H NMR
(500 MHz, CDCl3) d 2.38 (s, 3H, CH3), 3.51 (s, 1H, C:CH), 7.24–7.26 (m, 3H,
Ar), 7.35 (br s, 1H, NH), 7.45 (d, J = 8.0 Hz, 1H, Ar), 7.70–7.72 (m, 2H, Ar), 7.86
(s, 1H, Ar); 13C NMR (125 MHz, CDCl3) d 21.6, 77.5, 86.6, 115.6 (m, 2C), 120.5
(q, J = 3.6 Hz), 123.3 (q, J = 272.3 Hz), 127.4 (2C), 129.9 (2C), 132.1 (q,
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J = 33.6 Hz), 133.0, 135.5, 139.1, 144.7. Anal. Calcd for C16H12F3NO2S: C,
56.63; H, 3.56; N, 4.13. Found C, 56.77; H, 3.74; N, 4.12.

2.2.1.11 2-Ethynyl-5-(methoxycarbonyl)-N-(p-toluenesulfonyl)aniline (1f)

By a procedure identical to that described for 2-(trimethylsilylethynyl)aniline S7a,
2-iodoaniline S6e (3.00 g, 10.8 mmol) was converted into S7e (2.40 g, 90%) as
colorless crystals.

Compound S7e: mp 64 �C; IR (neat) cm-1 3480, 3378 (NH2), 2145 (C:C),
1713 (C=O); 1H NMR (500 MHz, CDCl3) d 0.27 (s, 9H, 3 9 CH3), 3.88 (s, 3H,
OMe), 4.34 (s, 2H, NH2), 7.30–7.36 (m, 3H, Ar); 13C NMR (125 MHz, CDCl3) d
0.00 (3C), 52.1, 100.9, 102.7, 112.0, 114.9, 118.6, 131.0, 132.2, 148.1, 166.8.
Anal. Calcd for C13H17NO2Si: C, 63.12; H, 6.93; N, 5.66. found C, 63.12; H, 6.93;
N, 5.66.

By a identical similar to that described for 2-ethynylaniline 1b, S7e (2.40 g,
9.66 mmol) was converted into 2-ethynylaniline 1f (2.46 g, 77%) as colorless
crystals: mp 160 �C; IR (neat) cm-1 3268 (NH), 2105 (C:C), 1720 (C=O); 1H
NMR (500 MHz, CDCl3) d 2.37 (s, 3H, ArCH3), 3.51 (s, 1H, C:CH), 3.92 (s, 3H,
OMe), 7.23 (d, J = 8.6 Hz, 2H, Ar), 7.27 (br s, 1H, NH), 7.40 (d, J = 8.0 Hz, 1H,
Ar), 7.68 (dd, J = 8.0, 1.7 Hz, 1H, Ar), 7.72 (d, J = 8.6 Hz, 2H, Ar), 8.23 (d,
J = 1.7 Hz, 1H, Ar); 13C NMR (125 MHz, CDCl3) d 21.6, 52.5, 78.0, 86.8, 116.7,
119.9, 125.0, 127.5 (2C), 129.8 (2C), 131.7, 132.5, 135.8, 138.7, 144.4, 165.8.
Anal. Calcd for C17H15NO4S: C, 61.99; H, 4.59; N, 4.25. Found C, 62.25; H, 4.56;
N, 4.30.

2.2.2 General Procedure for Synthesis of 2-(Aminomethyl)indole

2.2.2.1 Synthesis of 2-[(N,N-Diisopropylamino)methyl]-1-tosylindole (7a)

To a stirred mixture of 2-ethynylaniline 1a (50.0 mg, 0.18 mmol), (HCHO)n

(11.1 mg, 0.37 mmol), and CuBr (0.3 mg, 0.0018 mmol) in dioxane (3.0 mL) was
added diisopropylamine 3a (28.6 lL, 0.20 mmol) at rt under argon, and the
reaction mixture was stirred at 80 �C for 15 min. Concentration under reduced
pressure followed by purification by column chromatography over silica gel with
hexane–EtOAc (10:1) afforded the indole 7a (57.3 mg, 81%) as a colorless solid:
mp 105 �C; 1H NMR (400 MHz, CDCl3) d 0.98 (d, J = 6.6 Hz, 12H,
4 9 CHCH3), 2.33 (s, 3H, ArCH3), 3.01–3.11 (m, 2H, 2 9 CH), 3.92 (d,
J = 1.5 Hz, 2H, CH2), 6.79 (s, 1H, 3-H), 7.18–7.25 (m, 4H, Ar), 7.41–7.43 (m,
1H, Ar), 7.64–7.67 (m, 2H, Ar), 8.16 (d, J = 8.0 Hz, 1H); 13C NMR (100 MHz,
CDCl3) d 20.8 (4C), 21.5, 44.4, 49.3 (2C), 110.1, 114.4, 120.2, 123.3, 123.5, 126.3
(2C), 129.8 (2C), 129.9, 136.4, 137.8, 144.4, 144.6; MS (FAB) m/z (%): 385
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(MH+, 100), 284 (75); HRMS (FAB) calcd for C22H29N2O2S (MH+): 385.1950;
found: 385.1953.

2.2.2.2 2-[(Piperidin-1-yl)methyl]-1-tosylindole (7b) from 1a

By a procedure similar to that described for indole 7a, 1a (50.0 mg, 0.18 mmol)
was converted into 7b (59.2 mg, 87%) using piperidine 3b (20.0 lL, 0.20 mmol).

2.2.2.3 2-[(Pyrrolidin-1-yl)methyl]-1-tosylindole (7c)

By a procedure similar to that described for indole 7a, 1a (50.0 mg, 0.18 mmol)
was converted into 7c (59.2 mg, 89%) as a colorless solid using pyrrolidine 3c
(16.8 lL, 0.20 mmol): mp 114 �C; 1H NMR (400 MHz, CDCl3) d 1.71–1.77 (m,
4H, 2 9 CH2), 2.32 (s, 3H, CH3), 2.56–2.60 (m, 4H, 2 9 CH2), 4.04 (s, 2H,
ArCH2), 6.58 (d, J = 0.5 Hz, 1H, 3-H), 7.15–7.29 (m, 4H, Ar), 7.43–7.45 (m, 1H,
Ar), 7.87–7.90 (m, 2H, Ar), 8.12 (dd, J = 8.3, 1.0 Hz, 1H, Ar); 13C NMR
(100 MHz, CDCl3) d 21.5, 23.6 (2C), 53.1, 54.0 (2C), 110.4, 114.6, 120.4, 123.2,
124.1, 126.9 (2C), 129.2, 129.4 (2C), 136.5, 137.1, 139.3, 144.4; MS (FAB) m/z
(%): 355 (MH+, 100), 284 (20); HRMS (FAB) calcd for C20H23N2O2S (MH+):
355.1480; found: 355.1485.

2.2.2.4 2-[(N,N-Diethylamino)methyl]-1-tosylindole (7d)

By a procedure similar to that described for of indole 7a, 1a (50.0 mg, 0.18 mmol)
was converted into 7d (58.2 mg, 89%) as a colorless solid using diethylamine 3d
(38.1 lL, 0.37 mmol): mp 51 �C; 1H NMR (400 MHz, CDCl3) d 0.99 (t,
J = 7.1 Hz, 6H, 2 9 CH2CH3), 2.33 (s, 3H, ArCH3), 2.60 (q, J = 7.1 Hz, 4H,
2 9 CH2CH3), 3.94 (s, 2H, ArCH2), 6.62 (s, 1H, 3-H), 7.17–7.27 (m, 4H, Ar), 7.44
(d, J = 7.1 Hz, 1H, Ar), 7.85 (d, J = 8.3 Hz, 2H, Ar), 8.12 (d, J = 8.3 Hz, 1H,
Ar); 13C NMR (100 MHz, CDCl3) d 11.2 (2C), 21.5, 46.7 (2C), 51.5, 111.0, 114.6,
120.4, 123.3, 124.0, 126.8 (2C), 129.3, 129.5 (2C), 136.4, 137.3, 139.7, 144.5; MS
(FAB) m/z (%): 357 (MH+, 100), 284 (60); HRMS (FAB) calcd for C20H25N2O2S
(MH+): 357.1637; found: 357.1633.

2.2.2.5 2-[(N,N-Diallylamino)methyl]-1-tosylindole (7e)

By a procedure similar to that described for indole 7a, 1a (50.0 mg, 0.18 mmol)
was converted into 7e (54.8 mg, 78%) as a colorless solid using diallylamine 3e
(25.0 lL, 0.20 mmol) (30 min): mp 42 �C; 1H NMR (500 MHz, CDCl3) d 2.33 (s,
3H, CH3), 3.18–3.23 (m, 4H, 2 9 NCH2), 4.02 (s, 2H, ArCH2), 5.14–5.22 (m, 4H,
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2 9 CH=CH2), 5.82–5.89 (m, 2H, 2 9 CH=CH2), 6.71 (s, 1H, 3-H), 7.17 (d,
J = 8.6 Hz, 2H, Ar), 7.19–7.22 (m, 1H, Ar), 7.25–7.28 (m, 1H, Ar), 7.45 (d,
J = 7.4 Hz, 1H, Ar), 7.75 (d, J = 8.6 Hz, 2H, Ar), 8.13 (d, J = 8.0 Hz, 1H, Ar);
13C NMR (125 MHz, CDCl3) d 21.5, 51.2, 56.5 (2C), 110.7, 114.6, 117.8 (2C),
120.5, 123.4, 124.1, 126.7 (2C), 129.4, 129.6 (2C), 135.1 (2C), 136.2, 137.4,
139.8, 144.6; MS (FAB) m/z (%): 381 (MH+, 100), 284 (75); HRMS (FAB) calcd
for C22H25N2O2S (MH+): 381.1637; found: 381.1640.

2.2.2.6 2-[(N,N-Dibenzylamino)methyl]-1-tosylindole (7f)

By a procedure similar to that described for indole 7a, 1a (50.0 mg, 0.18 mmol)
was converted into 7f (69.2 mg, 78%) as a colorless solid by treatment with
dibenzylamine 3f (39 lL, 0.20 mmol) for 2 h: mp 118 �C; 1H NMR (400 MHz,
CDCl3) d 2.29 (s, 3H, CH3), 3.73 (s, 4H, 2 9 CH2), 4.03 (s, 2H, CH2), 6.93 (s, 1H,
3-H), 7.02 (d, J = 8.3 Hz, 2H, Ar), 7.18–7.46 (m, 15H, Ar), 8.12 (d, J = 8.3 Hz,
1H, Ar); 13C NMR (100 MHz, CDCl3) d 21.5, 52.0, 58.5 (2C), 109.8, 114.7, 120.4,
123.6, 123.9, 126.2 (2C), 126.9 (2C), 128.3 (4C), 128.4 (4C), 129.7 (2C), 129.9,
135.6, 137.4, 139.2 (2C), 140.1, 144.5; MS (FAB) m/z (%): 481 (MH+, 100), 284
(40); HRMS (FAB) calcd for C30H29N2O2S (MH+): 481.1950; found: 481.1942.

2.2.2.7 2-[1-(Piperidin-1-yl)butyl]-1-tosylindole (7g)

By a procedure similar to that described for indole 7b, 1a (50.0 mg, 0.18 mmol)
was converted into 7g (75.7 mg, quant) as a colorless solid using butanal 2b
(33.2 lL, 0.37 mmol): mp 109 �C; 1H NMR (400 MHz, CDCl3) d 0.91 (t,
J = 7.3 Hz, 3H, CH2CH3), 1.21–1.54 (m, 8H, 4 9 CH2), 1.62–1.71 (m, 1H, CHH),
1.80–1.89 (m, 1H, CHH), 2.31 (s, 3H, ArCH3), 2.47–2.59 (m, 4H, 2 9 NCH2), 4.70
(dd, J = 9.8, 4.6 Hz, 1H, NCH), 6.51 (s, 1H, 3-H), 7.13–7.26 (m, 4H, Ar),
7.44–7.46 (m, 1H, Ar), 7.92 (d, J = 8.3 Hz, 2H, Ar), 8.08 (d, J = 8.3 Hz, 1H, Ar);
13C NMR (100 MHz, CDCl3) d 14.2, 20.1, 21.5, 24.7, 26.2 (2C), 30.3, 49.5 (2C),
59.8, 109.4, 115.2, 120.4, 123.3, 124.0, 127.0 (2C), 129.1, 129.3 (2C), 136.5, 137.1,
141.8, 144.3; MS (FAB) m/z (%): 411 (MH+, 90), 367 (100), 326 (50); HRMS
(FAB) calcd for C24H31N2O2S (MH+): 411.2106; found: 411.2115.

2.2.2.8 2-[2-Methyl-1-(piperidin-1-yl)propyl]-1-tosylindole (7h)

By a procedure similar to that described for indole 7b, 1a (50.0 mg, 0.18 mmol)
was converted into 7h (58.3 mg, 77%) as a colorless solid by treatment with i-
butyraldehyde 2c (33.6 lL, 0.37 mmol) under reflux for 3 h: mp 98 �C; 1H NMR
(400 MHz, CDCl3) d 0.75 (d, J = 6.6 Hz, 3H, CCH3), 1.12 (d, J = 6.6 Hz, 3H,
CCH3), 1.23–1.29 (m, 2H, CH2), 1.46–1.52 (m, 4H, 2 9 CH2), 2.08–2.19 (m, 1H,
CH), 2.29 (s, 3H, ArCH3), 2.32–2.38 (m, 4H, 2 9 CH2), 4.36 (d, J = 10.7 Hz, 1H,
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NCH), 6.40 (s, 1H, 3-H), 7.11 (d, J = 8.0 Hz, 2H, Ar), 7.20–7.29 (m, 2H, Ar),
7.45 (d, J = 7.8 Hz, 1H, Ar), 7.59 (d, J = 8.0 Hz, 2H, Ar), 8.16 (d, J = 7.8 Hz,
1H, Ar); 13C NMR (100 MHz, CDCl3) d 20.7, 21.1, 21.5, 24.7, 26.7 (2C), 29.7,
49.9 (2C), 66.5, 109.9, 115.8, 120.4, 123.6, 123.9, 126.7 (2C), 129.4, (2C), 129.6,
136.2, 137.3, 140.3, 144.5; MS (FAB) m/z (%): 411 (MH+, 70), 367 (100), 326
(35); HRMS (FAB) calcd for C24H31N2O2S (MH+): 411.2106; found: 411.2112.

2.2.2.9 2-[Phenyl(piperidin-1-yl)methyl)-1-tosylindole (7i)

By a procedure similar to that described for indole 7b, 1a (50.0 mg, 0.18 mmol)
was converted into 7i (57.1 mg, 70%) as an yellow oil by treatment with benz-
aldehyde 2d (37.6 lL, 0.37 mmol) under reflux for 10 h: 1H NMR (400 MHz,
CDCl3) d 1.38–1.57 (m, 6H, 3 9 CH2), 2.23–2.30 (m, 5H, ArCH3 and 2 9 CHH),
2.41–2.46 (m, 2H, 2 9 CHH), 5.34 (s, 1H, NCH), 6.95 (s, 1H, 3-H), 7.00 (d,
J = 8.0 Hz, 2H, Ar), 7.18–7.30 (m, 7H, Ar), 7.37–7.39 (m, 2H, Ar), 7.46–7.48 (m,
1H, Ar), 8.08 (d, J = 8.0 Hz, 1H, Ar); 13C NMR (100 MHz, CDCl3) d 21.4, 24.7,
26.4 (2C), 53.1 (2C), 67.5, 110.6, 115.2, 120.6, 123.5, 124.0, 126.5 (2C), 127.2,
128.0 (2C), 129.4 (2C), 129.6 (2C), 129.8, 136.0, 137.2, 140.1, 143.9, 144.4; MS
(FAB) m/z (%): 445 (MH+, 90), 360 (100); HRMS (FAB) calcd for C27H29N2O2S
(MH+): 445.1950; found: 445.1956.

2.2.2.10 2-{[4-(Methoxycarbonyl)phenyl](piperidin-1-yl)methyl}-1-tosylin-
dole (7j)

By a procedure similar to that described for indole 7b, 1a (50.0 mg, 0.18 mmol)
was converted into 7j (70.2 mg, 76%) as a colorless solid by treatment with 4-
methoxycarbonylbenzaldehyde 2e (60.5 mg, 0.37 mmol) under reflux for 3 h: mp
167 �C; 1H NMR (400 MHz, CDCl3) d 1.38–1.56 (m, 6H, 3 9 CH2), 2.25–2.31
(m, 5H, ArCH3 and 2 9 CHH), 2.39–2.44 (m, 2H, 2 9 CHH), 3.90 (s, 3H, OMe),
5.42 (s, 1H, NCH), 6.90 (s, 1H, 3-H), 7.03 (d, J = 8.0 Hz, 2H, Ar), 7.20–7.28 (m,
2H, Ar), 7.35 (d, J = 8.0 Hz, 2H, Ar), 7.43 (d, J = 8.0 Hz, 2H, Ar), 7.47–7.50 (m,
1H, Ar), 7.89 (d, J = 8.0 Hz, 2H, Ar), 8.13 (d, J = 8.0 Hz, 1H, Ar); 13C NMR
(100 MHz, CDCl3) d 21.4, 24.6, 26.4 (2C), 52.0, 53.0 (2C), 67.0, 111.2, 115.3,
120.7, 123.7, 124.3, 126.3 (2C), 129.0, 129.31 (2C), 129.34 (2C), 129.5 (2C),
129.6, 136.0, 137.5, 142.7, 144.6, 145.6, 166.9; MS (FAB) m/z (%): 503 (MH+,
55), 418 (100); HRMS (FAB) calcd for C29H31N2O4S (MH+): 503.2005; found:
503.2008.

2.2.2.11 2-[(Piperidin-1-yl)(p-tolyl)methyl]-1-tosylindole (7k)

By a procedure similar to that described for indole 7b, 1a (50.0 mg, 0.18 mmol)
was converted into 7k (68.3 mg, 85%) as an yellow oil by treatment with
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4-methylbenzaldehyde 2f (43.6 lL, 0.37 mmol) under reflux for 3 h: 1H NMR
(400 MHz, CDCl3) d 1.37–1.56 (m, 6H, 3 9 CH2), 2.24–2.34 (m, 8H, 2 9 ArCH3

and 2 9 CHH), 2.39–2.46 (m, 2H, 2 9 CHH), 5.28 (s, 1H, NCH), 6.94 (s, 1H, 3-
H), 6.99 (d, J = 8.0 Hz, 2H, Ar), 7.04 (d, J = 7.8 Hz, 2H, Ar), 7.18–7.31 (m, 6H,
Ar), 7.46–7.48 (m, 1H, Ar), 8.08 (d, J = 8.0 Hz, 1H, Ar); 13C NMR (100 MHz,
CDCl3) d 21.1, 21.4, 24.7, 26.4 (2C), 53.2 (2C), 67.2, 110.4, 115.2, 120.6, 123.5,
123.9, 126.5 (2C), 128.7 (2C), 129.3 (2C), 129.5 (2C), 129.8, 136.1, 136.8, 137.0,
137.3, 144.1, 144.3; MS (FAB) m/z (%): 459 (MH+, 50), 374 (100); HRMS (FAB)
calcd for C28H31N2O2S (MH+): 459.2106; found: 459.2114.

2.2.2.12 2-[(2-Bromophenyl)(piperidin-1-yl)methyl]-1-tosylindole (7l)

By a procedure similar to that described for indole 7b, 1a (50.0 mg, 0.18 mmol)
was converted into 7l (62.7 mg, 65%) as a colorless solid by treatment with 2-
bromobenzaldehyde 2f (42.7 lL, 0.37 mmol) under reflux for 4 h: mp 190 �C; 1H
NMR (400 MHz, CDCl3) d 1.43–1.50 (m, 6H, 3 9 CH2), 2.29 (s, 3H, ArCH3),
2.41–2.46 (m, 2H, 2 9 CHH), 2.60–2.65 (m, 2H, 2 9 CHH), 5.82 (s, 1H, NCH),
6.96 (s, 1H, 3-H), 7.04–7.14 (m, 4H, Ar), 7.20–7.29 (m, 3H, Ar), 7.45–7.51 (m,
3H, Ar), 7.58–7.61 (m, 1H, Ar), 8.11 (d, J = 8.0 Hz, 1H, Ar); 13C NMR
(100 MHz, CDCl3) d 21.5, 24.7, 26.9 (2C), 51.9 (2C), 65.5, 112.1, 115.0, 120.7,
123.4, 124.2, 126.5 (2C), 126.8, 127.1, 128.6, 129.2, 129.4 (2C), 131.0, 133.1,
136.3, 137.7, 139.2, 143.3, 144.4; MS (FAB) m/z (%): 525 [MH+ (81Br), 15], 523
[MH+ (79Br), 15], 440 (15), 438 (15); HRMS (FAB) calcd for C27H28BrN2O2S
[MH+ (79Br)]: 523.1055; found: 523.1052.

2.2.2.13 Enantioselective Synthesis of 2-[1-(Piperidin-1-yl)butyl]-1-tosylindole
(7g)

To a stirred suspension of CuBr (1.3 mg, 0.0092 mmol) in benzene (2 mL) was
added (S)-PINAP (5.7 mg, 0.010 mmol) at rt under argon. After the reaction
mixture was stirred for 0.5 h at this temperature, piperidine 3b (20.0 lL,
0.20 mmol), butanal 2b (33.2 lL, 0.37 mmol), and 1a (50.0 mg, 0.18 mmol) were
successively added and the reaction mixture was additionally stirred for 5 d at rt.
Concentration under reduced pressure followed by purification by column chro-
matography over silica gel with hexane–EtOAc (5:1) gave 7g (quant, 63% ee): [a]
D
23 –23.2 (c 1.00, CHCl3).

2.2.2.14 2-[(N,N-Dibenzylamino)methyl]-1-tosyl-5-(trifluoromethyl)indole
(7m)

By a procedure identical to that described for of indole 7f, 1b (62.5 mg,
0.18 mmol) was converted into 7m (91.0 mg, 90%) as a colorless solid by the
reaction at 80 �C for 3 h: mp 95 �C; 1H NMR (500 MHz, CDCl3) d 2.31 (s, 3H,
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ArCH3), 3.73 (s, 4H, 2 9 NCH2), 4.04 (d, J = 1.1 Hz, 2H, NCH2), 7.00 (s, 1H, 3-
H), 7.06 (d, J = 8.0 Hz, 2H, Ar), 7.23–7.26 (m, 2H, Ar), 7.29–7.32 (m, 4H, Ar),
7.39–7.42 (m, 6H, Ar), 7.48 (dd, J = 8.6, 1.7 Hz, 1H, Ar), 7.75 (s, 1H, Ar), 8.22
(d, J = 8.6 Hz, 1H, Ar); 13C NMR (125 MHz, CDCl3) d 21.6, 51.9, 58.6 (2C),
109.4, 114.8, 117.9 (q, J = 3.6 Hz), 120.6 (q, J = 3.6 Hz), 124.6 (q,
J = 272.3 Hz), 125.9 (q, J = 32.4 Hz), 126.2 (2C), 127.1 (2C), 128.40 (4C),
128.42 (4C), 129.6, 129.9 (2C), 135.4, 138.89, 138.94 (2C), 142.2, 145.1; MS
(FAB) m/z (%): 547 (M–H+, 70), 393 (100); HRMS (FAB) calcd for
C31H26F3N2O2S (M–H+): 547.1667; found: 547.1665.

2.2.2.15 2-[(N,N-Dibenzylamino)methyl]-5-(methoxycarbonyl)-1-tosylindole
(7n)

By a procedure identical to that described for of indole 7f, 1c (60.7 mg,
0.18 mmol) was converted into 7n (90.7 mg, 91%) as a colorless solid by the
reaction at 80 �C for 3 h: mp 104 �C; 1H NMR (400 MHz, CDCl3) d 2.30 (s, 3H,
ArCH3), 3.73 (s, 4H, 2 9 CH2), 3.91 (s, 3H, OMe), 4.03 (s, 2H, CH2), 7.00 (s, 1H,
3-H), 7.05 (d, J = 8.3 Hz, 2H, Ar), 7.23–7.42 (m, 12H, Ar), 7.94 (dd, J = 8.8,
1.5 Hz, 1H, Ar), 8.15–8.18 (m, 2H, Ar); 13C NMR (100 MHz, CDCl3) d 21.5,
51.9, 52.1, 58.6 (2C), 109.8, 114.2, 122.6, 125.2, 125.5, 126.2 (2C), 127.0 (2C),
128.36 (4C), 128.38 (4C), 129.6, 129.8 (2C), 135.4, 139.0 (2C), 140.0, 141.6,
144.9, 167.2; MS (FAB) m/z (%): 537 (M–H+, 85), 383 (100); HRMS (FAB) calcd
for C32H29N2O4S (M–H+): 537.1848; found: 537.1859.

2.2.2.16 2-[(N,N-Dibenzylamino)methyl]-5-methyl-1-tosylindole (7o)

By a procedure identical to that described for indole 7f, 1d (52.6 mg, 0.18 mmol)
was converted into 7o (71.2 mg, 78%) as a colorless solid by the reaction at 80 �C
for 5 h, then reflux, 1 h): mp 140 �C; 1H NMR (500 MHz, CDCl3) d 2.28 (s, 3H,
ArCH3), 2.38 (s, 3H, ArCH3), 3.72 (s, 4H, 2 9 NCH2), 4.01 (s, 2H, NCH2), 6.86
(s, 1H, 3-H), 7.01 (d, J = 8.0 Hz, 2H, Ar), 7.05 (d, J = 8.6 Hz, 1H, Ar),
7.22–7.25 (m, 3H, Ar), 7.28–7.31 (m, 4H, Ar), 7.37–7.41 (m, 6H, Ar), 7.99 (d,
J = 8.6 Hz, 1H, Ar); 13C NMR (125 MHz, CDCl3) d 21.2, 21.5, 51.9, 58.4 (2C),
109.8, 114.4, 120.4, 125.3, 126.2 (2C), 126.9 (2C), 128.3 (4C), 128.4 (4C), 129.6
(2C), 130.2, 133.1, 135.6 (2C), 139.2 (2C), 140.1, 144.4; MS (FAB) m/z (%): 495
(MH+, 100), 298 (55); HRMS (FAB) calcd for C31H31N2O2S (MH+): 495.2106;
found: 495.2099.

2.2.2.17 2-[(N,N-Dibenzylamino)methyl]-1-tosyl-6-(trifluoromethyl)indole
(7p)

By a procedure identical to that described for of indole 7f, 1e (62.5 mg,
0.18 mmol) was converted into 7p (61.7 mg, 61%) as a colorless solid by the
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reaction at 80 �C, 3 h: mp 104 �C; 1H NMR (500 MHz, CDCl3) d 2.31 (s, 3H,
ArCH3), 3.73 (s, 4H, 2 9 NCH2), 4.04 (s, 2H, NCH2), 6.98 (s, 1H, 3-H), 7.06
(d, J = 8.0 Hz, 2H, Ar), 7.23–7.26 (m, 2H, Ar), 7.29–7.32 (m, 4H, Ar), 7.39–7.42
(m, 6H, Ar), 7.45 (dd, J = 8.0, 1.1 Hz, 1H, Ar), 7.53 (d, J = 8.0 Hz, 1H, Ar), 8.43
(s, 1H, Ar); 13C NMR (125 MHz, CDCl3) d 21.5, 51.9, 58.6 (2C), 109.1, 112.0
(q, J = 3.6 Hz), 120.3 (q, J = 3.6 Hz), 120.7, 124.7 (q, J = 272.3 Hz), 126.0
(q, J = 32.4 Hz), 126.2 (2C), 127.1 (2C), 128.38 (4C), 128.40 (4C), 129.9 (2C),
132.4, 135.3, 136.5, 138.9 (2C), 143.2, 145.1; MS (FAB) m/z (%): 547 (M–H+,
65), 393 (100); HRMS (FAB) calcd for C31H26F3N2O2S (M–H+): 547.1667;
found: 547.1672.

2.2.2.18 2-[(N,N-Dibenzylamino)methyl]-6-(methoxycarbonyl)-1-tosylindole
(7q)

By a procedure identical to that described for indole 7f, 1f (60.7 mg,
0.18 mmol) was converted into 7q (78.3 mg, 79%) as a colorless solid by the
reaction at 80 �C for 5 h: 1H NMR (400 MHz, CDCl3) d 2.30 (s, 3H, ArCH3),
3.73 (s, 4H, 2 9 NCH2), 3.94 (s, 3H, OMe), 4.06 (s, 2H, NCH2), 6.98 (s, 1H,
3-H), 7.05 (d, J = 8.5 Hz, 2H, Ar), 7.23–7.49 (m, 14H, Ar), 7.91 (dd, J = 8.3,
1.5 Hz, 1H, Ar); 13C NMR (100 MHz, CDCl3) d 21.5, 52.0, 52.1, 58.6 (2C),
109.4, 116.3, 120.1, 124.9, 125.8, 126.3 (2C), 127.0 (2C), 128.4 (8C), 129.8
(2C), 133.6, 135.4, 136.9, 139.0 (2C), 143.7, 144.9, 167.4; MS (FAB) m/z (%):
539 (MH+, 100); HRMS (FAB) calcd for C32H31N2O4S (MH+): 539.2005;
found: 539.2007.

2.2.2.19 2-{[N-(2-Bromoprop-2-en-1-yl)-N-butylamino]methyl}-1-tosylindole
(7r)

By a procedure similar to that described for indole 7a, 1a (100 mg, 0.37 mmol)
was converted into 7r (171 mg, 98%) as an yellow oil by treatment with N-(2-
bromoprop-2-enyl)-N-butylamine 3g (77.8 mg, 0.41 mmol) at 80 �C for 3 h, then
in the presence of Et3N (205.5 lL, 1.47 mmol) under reflux for 1 h: 1H NMR
(500 MHz, CDCl3) d 0.87 (t, J = 7.4 Hz, 3H, CH2CH3), 1.25–1.33 (m, 2H,
CH2), 1.40–1.46 (m, 2H, CH2), 2.33 (s, 3H, ArCH3), 2.57–2.60 (m, 2H, NCH2),
3.38 (s, 2H, NCH2), 4.05 (d, J = 1.1 Hz, 2H, NCH2), 5.54 (s, 1H, C=CHH), 5.89
(d, J = 1.1 Hz, 1H, C=CHH), 6.81 (s, 1H, 3-H), 7.17–7.27 (m, 4H, Ar),
7.44–7.46 (m, 1H, Ar), 7.63–7.66 (m, 2H, Ar), 8.12–8.14 (m, 1H, Ar); 13C NMR
(125 MHz, CDCl3) d 14.1, 20.5, 21.5, 29.4, 52.2, 53.8, 62.6, 110.3, 114.5, 117.9,
120.5, 123.5, 124.0, 126.3 (2C), 129.69, 129.74 (2C), 131.9, 136.0, 137.4, 139.9,
144.7; MS (FAB) m/z (%): 475 [M–H+ (81Br), 100], 473 [M–H+ (79Br), 90];
HRMS (FAB) calcd for C23H26BrN2O2S [M–H+ (79Br)]: 473.0898; found:
473.0900.
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2.2.2.20 2-{[N-(2-Bromoprop-2-en-1-yl)-N-butylamino]methyl}-1-tosyl-5-tri-
fluoromethylindole (7s)

By a procedure identical to that described for of indole 7r, 1b (125 mg,
0.37 mmol) was converted into 7s (182.3 mg, 91%) as an yellow oil by the
reaction at 80 �C for 3 h: 1H NMR (500 MHz, CDCl3) d 0.88 (t, J = 7.4 Hz, 3H,
CH2CH3), 1.26–1.33 (m, 2H, CH2), 1.40–1.46 (m, 2H, CH2), 2.36 (s, 3H, ArCH3),
2.57–2.60 (m, 2H, NCH2), 3.38 (s, 2H, NCH2), 4.05 (d, J = 1.1 Hz, 2H, NCH2),
5.55 (d, J = 1.1 Hz, 1H, C=CHH), 5.87 (d, J = 1.1 Hz, 1H, C=CHH), 6.91 (s, 1H,
3-H), 7.22 (d, J = 8.6 Hz, 2H, Ar), 7.50 (dd, J = 8.6, 1.1 Hz, 1H, Ar), 7.66 (d,
J = 8.6 Hz, 2H, Ar), 7.76 (s, 1H, Ar), 8.23 (d, J = 8.6 Hz, 1H, Ar); 13C NMR
(125 MHz, CDCl3) d 14.1, 20.5, 21.6, 29.4, 52.2, 53.9, 62.6, 109.8, 114.6, 118.0
(q, J = 3.6 Hz), 118.2, 120.6 (q, J = 3.6 Hz), 124.6 (q, J = 272.3 Hz), 125.8 (q,
J = 32.4 Hz), 126.4 (2C), 129.4, 130.0 (2C), 131.8, 135.7, 138.9, 142.0, 145.3;
MS (FAB) m/z (%): 543 [M–H+ (81Br), 100], 541 [M–H+ (79Br), 90]; HRMS
(FAB) calcd for C24H25BrF3N2O2S [M–H+ (79Br)]: 541.0772; found: 541.0775.

2.2.2.21 2-{[N-(2-Bromoprop-2-en-1-yl)-N-butylamino]methyl}-5-(methoxy-
carbonyl)-1-tosylindole (7t)

By a procedure identical to that described for indole 7r, 1c (121.3 mg, 0.37 mmol)
was converted into 7t (193.0 mg, 98%) as a colorless solid by the reaction at 80 �C
for 3 h: mp 74 �C; 1H NMR (500 MHz, CDCl3) d 0.88 (t, J = 7.4 Hz, 3H,
CH2CH3), 1.26–1.33 (m, 2H, CH2), 1.40–1.46 (m, 2H, CH2), 2.35 (s, 3H, ArCH3),
2.57–2.60 (m, 2H, NCH2), 3.38 (s, 2H, NCH2), 3.92 (s, 3H, OCH3), 4.05 (d,
J = 1.1 Hz, 2H, NCH2), 5.55 (s, 1H, C=CHH), 5.88 (d, J = 1.1 Hz, 1H, C=CHH),
6.90 (s, 1H, 3-H), 7.20 (d, J = 8.6 Hz, 2H, Ar), 7.66 (d, J = 8.6 Hz, 2H, Ar), 7.95
(dd, J = 8.6, 1.7 Hz, 1H, Ar), 8.16–8.19 (m, 2H, Ar); 13C NMR (125 MHz,
CDCl3) d 14.1, 20.5, 21.6, 29.4, 52.1, 52.2, 53.9, 62.6, 110.3, 114.2, 118.2, 122.7,
125.2, 125.5, 126.4 (2C), 129.5, 129.9 (2C), 131.8, 135.8, 140.0, 141.5, 145.2,
167.3; MS (FAB) m/z (%): 533 [M–H+ (81Br), 100], 531 [M–H+ (79Br), 95];
HRMS (FAB) calcd for C25H28BrN2O4S [M–H+ (79Br)]: 531.0953; found:
531.0957.

2.2.2.22 2-{[N-(2-Bromoprop-2-en-1-yl)-N-butylamino]methyl}-5-methyl-1-
tosylindole (7u)

By a procedure identical to that described for indole 7r, 1d (105.1 mg, 0.37 mmol)
was converted into 7u (177 mg, 98%) as an yellow oil by the reaction at 80 �C for
3 h, then in the presence of Et3N (205.5 lL, 1.47 mmol) under reflux for 1 h: 1H
NMR (500 MHz, CDCl3) d 0.87 (t, J = 7.2 Hz, 3H, CH2CH3), 1.25–1.32 (m, 2H,
CH2), 1.40–1.46 (m, 2H, CH2), 2.32 (s, 3H, ArCH3), 2.39 (s, 3H, ArCH3),
2.56–2.59 (m, 2H, NCH2), 3.37 (s, 2H, NCH2), 4.03 (d, J = 1.1 Hz, 2H, NCH2),
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5.53 (d, J = 1.1 Hz, 1H, C=CHH), 5.88 (d, J = 1.1 Hz, 1H, C=CHH), 6.73 (s, 1H,
3-H), 7.07 (dd, J = 8.6, 1.7 Hz, 1H, Ar), 7.16 (d, J = 8.6 Hz, 2H, Ar), 7.24 (s,
1H, Ar), 7.62–7.64 (m, 2H, Ar), 8.00 (d, J = 8.6 Hz, 1H, Ar); 13C NMR
(125 MHz, CDCl3) d 14.1, 20.5, 21.2, 21.5, 29.4, 52.2, 53.8, 62.5, 110.2, 114.3,
117.9, 120.5, 125.3, 126.3 (2C), 129.7 (2C), 129.9, 132.0, 133.1, 135.6, 136.0,
139.9, 144.6; MS (FAB) m/z (%): 489 [M–H+ (81Br), 100], 487 [M–H+ (79Br), 90];
HRMS (FAB) calcd for C24H28BrN2O2S [M–H+ (79Br)]: 487.1055; found:
487.1051.

2.2.2.23 2-{[N-(2-Bromoprop-2-en-1-yl)-N-butylamino]methyl}-1-tosyl-6-(tri-
fluoromethyl)indole (7v)

By a procedure identical to that described for of indole 7v, 1e (125 mg,
0.37 mmol) was converted into 7s (188 mg, 94%) as an yellow oil by the reaction
at 80 �C, for 3 h then under reflux for 1 h: 1H NMR (500 MHz, CDCl3) d 0.87 (t,
J = 7.4 Hz, 3H, CH2CH3), 1.26–1.33 (m, 2H, CH2), 1.40–1.46 (m, 2H, CH2), 2.36
(s, 3H, ArCH3), 2.57–2.60 (m, 2H, NCH2), 3.38 (s, 2H, NCH2), 4.06 (s, 2H,
NCH2), 5.55 (s, 1H, C=CHH), 5.87 (s, 1H, C=CHH), 6.90 (s, 1H, 3-H), 7.22 (d,
J = 8.6 Hz, 2H, Ar), 7.47 (d, J = 8.0 Hz, 1H, Ar), 7.55 (d, J = 8.0 Hz, 1H, Ar),
7.65 (d, J = 8.6 Hz, 2H, Ar), 8.44 (s, 1H, Ar); 13C NMR (125 MHz, CDCl3) d
14.0, 20.5, 21.6, 29.4, 52.2, 53.9, 62.7, 109.6, 111.9 (q, J = 4.8 Hz), 118.3, 120.3
(m), 120.8, 124.7 (q, J = 272.3 Hz), 126.0 (q, J = 32.4 Hz), 126.4 (2C), 130.0
(2C), 131.8, 132.2, 135.7, 136.6, 143.0, 145.3; MS (FAB) m/z (%): 543 [M–H+

(81Br), 100], 541 [M–H+ (79Br), 90]; HRMS (FAB) calcd for C24H25BrF3N2O2S
[M–H+ (79Br)]: 541.0772; found: 541.0771.

2.2.2.24 2-{[N-(2-Bromoprop-2-en-1-yl)-N-butylamino]methyl}-6-(methoxy-
carbonyl)-1-tosylindole (7w)

By a procedure identical to that described for indole 7r, 1c (121 mg, 0.37 mmol)
was converted into 7w (194 mg, 99%) as an yellow oil by the reaction at 80 �C for
3 h, then under reflux for 1.5 h: 1H NMR (500 MHz, CDCl3) d 0.88 (t, J = 7.2 Hz,
3H, CH2CH3), 1.26–1.33 (m, 2H, CH2), 1.40–1.46 (m, 2H, CH2), 2.34 (s, 3H,
ArCH3), 2.57–2.60 (m, 2H, NCH2), 3.38 (s, 2H, NCH2), 3.95 (s, 3H, OCH3), 4.07
(d, J = 1.1 Hz, 2H, NCH2), 5.55 (s, 1H, C=CHH), 5.88 (d, J = 1.1 Hz, 1H,
C=CHH), 6.89 (s, 1H, 3-H), 7.21 (d, J = 8.6 Hz, 2H, Ar), 7.49 (d, J = 8.0v, 1H,
Ar), 7.68 (d, J = 8.6 Hz, 2H, Ar), 7.93 (dd, J = 8.0, 1.1 Hz, 1H, Ar), 8.85 (s, 1H,
Ar); 13C NMR (125 MHz, CDCl3) d 14.0, 20.4, 21.5, 29.4, 52.1, 52.3, 53.9, 62.7,
109.8, 116.1, 118.2, 120.2, 124.8, 125.7, 126.4 (2C), 129.9 (2C), 131.8, 133.4,
135.8, 136.9, 143.5, 145.1, 167.4; MS (FAB) m/z (%): 533 [M–H+ (81Br), 100],
531 [M–H+ (79Br), 90]; HRMS (FAB) calcd for C25H28BrN2O4S [M–H+ (79Br)]:
531.0953; found: 531.0947.
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2.2.2.25 2-{[N-(2-Bromobenzyl)-N-butylamino]methyl}-1-tosylindole (7x)

By a procedure similar to that described for indole 7a, 1a (50.0 mg, 0.18 mmol)
was converted into 7x (77.8 mg, 80%) as a colorless solid by treatment with N-(2-
bromobenzyl)butanamine 3h (49.1 mg, 0.20 mmol) at 80 �C for 3 h, then under
reflux for 1 h: mp 72 �C; 1H NMR (400 MHz, CDCl3) d 0.87 (t, J = 7.3 Hz, 3H,
CH2CH3), 1.25–1.34 (m, 2H, CH2), 1.48–1.56 (m, 2H, CH2), 2.31 (s, 3H, ArCH3),
2.57–2.61 (m, 2H, NCH2), 3.76 (s, 2H, NCH2), 4.02 (d, J = 1.0 Hz, 2H, NCH2),
6.77 (s, 1H, 3-H), 7.04–7.26 (m, 6H, Ar), 7.42–7.58 (m, 5H, Ar), 8.13 (d,
J = 8.5 Hz, 1H, Ar); 13C NMR (100 MHz, CDCl3) d 14.1, 20.6, 21.5, 29.4, 52.7,
54.8, 58.5, 110.4, 114.6, 120.4, 123.5, 123.9, 124.0, 126.3 (2C), 127.2, 128.0,
129.7 (2C), 129.8, 129.9, 132.6, 136.0, 137.5, 138.8, 140.3, 144.6; MS (FAB) m/z
(%): 525 [M–H+ (81Br),100], 523 [M–H+ (79Br), 95]; HRMS (FAB) calcd for
C27H28BrN2O2S [M–H+ (79Br)]: 523.1055; found: 523.1065.

2.2.3 General Procedure for Synthesis of Tetrahydropyridine-
Fused Indole

2.2.3.1 Synthesis of 2-Butyl-4-methylene-9-tosyl-2,3,4,9-tetrahydro-1H-pyr-
ido[3,4-b]indole (9a)

The mixture of indole 7r (50.0 mg, 0.11 mol), Pd(OAc)2 (2.4 mg, 0.011 mmol),
PPh3 (5.5 mg, 0.021 mmol), and CsOAc (40.4 mg, 0.021 mmol) in DMA (2 mL)
was stirred at 100 �C for 0.5 h under argon. Concentration under reduced pressure
followed by column chromatography purification over silica gel with hexane–
AcOEt (4:1) gave 9a (26.8 mg, 65%) as an yellow oil: 1H NMR (500 MHz,
CDCl3) d 0.94 (t, J = 7.4 Hz, 3H, CH2CH3), 1.30–1.38 (m, 2H, CH2CH3),
1.53–1.59 (m, 2H, NCH2CH2), 2.33 (s, 3H, ArCH3), 2.53–2.56 (m, 2H,
NCH2CH2), 3.38 (s, 2H, NCH2), 4.16 (s, 2H, NCH2), 5.10 (s, 1H, C=CHH), 5.59
(s, 1H, C=CHH), 7.20 (d, J = 8.6 Hz, 2H, Ar), 7.26–7.33 (m, 2H, Ar), 7.67 (d,
J = 8.6 Hz, 2H, Ar), 7.76–7.78 (m, 1H, Ar), 8.18 (d, J = 8.1 Hz, 1H, Ar); 13C
NMR (125 MHz, CDCl3) d 14.0, 20.6, 21.5, 29.6, 51.5, 55.8, 57.7, 108.6, 114.4,
116.5, 120.4, 124.0, 124.4, 126.4 (2C), 127.3, 130.0 (2C), 135.5, 135.7, 136.1,
136.6, 145.1; MS (FAB) m/z (%): 395 (MH+, 100); HRMS (FAB) calcd for
C23H27N2O2S (MH+): 395.1793; found: 395.1804.

2.2.3.2 2-Butyl-4-methylene-9-tosyl-6-(trifluoromethyl)-2,3,4,9-tetrahydro-
1H-pyrido[3,4-b]indole (9b)

By a procedure identical to that described for 9a, 7s (57.2 mg, 0.11 mmol) was
converted into 9b (31.3 mg, 64%) as an yellow solid: mp 133 �C; 1H NMR
(500 MHz, CDCl3) d 0.94 (t, J = 7.2 Hz, 3H, CH2CH3), 1.31–1.38 (m, 2H, CH2),
1.52–1.58 (m, 2H, CH2), 2.36 (s, 3H, ArCH3), 2.53–2.56 (m, 2H, NCH2), 3.39 (s,
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2H, NCH2), 4.16 (s, 2H, NCH2), 5.15 (s, 1H, C=CHH), 5.59 (s, 1H, C=CHH), 7.24
(d, J = 8.6 Hz, 2H, Ar), 7.56 (dd, J = 8.6, 1.7 Hz, 1H, Ar), 7.68 (d, J = 8.6 Hz,
2H, Ar), 8.01–8.03 (m, 1H, Ar), 8.28 (d, J = 8.6 Hz, 1H, Ar); 13C NMR
(125 MHz, CDCl3) d 14.0, 20.6, 21.6, 29.6, 51.4, 55.8, 57.5, 109.2, 114.5, 116.3,
117.6 (q, J = 3.6 Hz), 121.2 (q, J = 3.6 Hz), 124.5 (q, J = 271.1 Hz), 126.3 (q,
J = 32.4 Hz), 126.5 (2C), 127.0, 130.2 (2C), 135.3, 135.4, 137.2, 138.1, 145.6;
MS (FAB) m/z (%): 463 (MH+, 100); HRMS (FAB) calcd for C24H26F3N2O2S
(MH+): 463.1667; found: 463.1671.

2.2.3.3 2-Butyl-4-methylene-6-(methoxycarbonyl)-9-tosyl-2,3,4,9-tetrahydro-
1H-pyrido[3,4-b]indole (9c)

By a procedure identical to that described for 9a, 7t (56.1 mg, 0.11 mmol) was
converted into 9c (25.5 mg, 54%) as an yellow oil: 1H NMR (500 MHz, CDCl3) d
0.94 (t, J = 7.4 Hz, 3H, CH2CH3), 1.31–1.38 (m, 2H, CH2), 1.53–1.59 (m, 2H,
CH2), 2.35 (s, 3H, ArCH3), 2.54–2.57 (m, 2H, NCH2), 3.39 (s, 2H, NCH2), 3.93 (s,
3H, OCH3), 4.15 (s, 2H, NCH2), 5.16 (s, 1H, C=CHH), 5.70 (s, 1H, C=CHH), 7.22
(d, J = 8.6 Hz, 2H, Ar), 7.68 (d, J = 8.6 Hz, 2H, Ar), 8.01 (dd, J = 8.6, 1.7 Hz,
1H, Ar), 8.22 (d, J = 8.6 Hz, 1H, Ar), 8.48 (d, J = 1.7 Hz, 1H, Ar); 13C NMR
(125 MHz, CDCl3) d 14.0, 20.6, 21.6, 29.5, 51.4, 52.2, 55.8, 57.5, 109.4, 114.0,
116.7, 122.4, 125.7, 125.9, 126.4 (2C), 127.1, 130.1 (2C), 135.3 (2C), 136.7,
139.1, 145.5, 167.1; MS (FAB) m/z (%): 453 (MH+, 100); HRMS (FAB) calcd for
C25H29N2O4S (MH+): 453.1848; found: 453.1854.

2.2.3.4 2-Butyl-6-methyl-4-methylene-9-tosyl-2,3,4,9-tetrahydro-1H-pyr-
ido[3,4-b]indole (9d)

By a procedure identical to that described for 9a, 7u (51.5 mg, 0.11 mmol) was
converted into 9d (26.5 mg, 62%) as an yellow oil: 1H NMR (500 MHz, CDCl3) d
0.94 (t, J = 7.2 Hz, 3H, CH2CH3), 1.30–1.37 (m, 2H, CH2), 1.52–1.58 (m, 2H,
CH2), 2.33 (s, 3H, ArCH3), 2.43 (s, 3H, ArCH3), 2.52–2.55 (m, 2H, NCH2), 3.36
(s, 2H, NCH2), 4.14 (s, 2H, NCH2), 5.08 (s, 1H, C=CHH), 5.58 (s, 1H, C=CHH),
7.12 (dd, J = 8.6, 1.1 Hz, 1H, Ar), 7.19 (J = 8.0 Hz, 2H, Ar), 7.54–7.56 (m, 1H,
Ar), 7.64–7.66 (m, 2H, Ar), 8.04 (d, J = 8.6 Hz, 1H, Ar); 13C NMR (125 MHz,
CDCl3) d 14.0, 20.6, 21.46, 21.53, 29.6, 51.5, 55.8, 57.8, 108.5, 114.0, 116.4,
120.5, 125.6, 126.4 (2C), 127.5, 129.9 (2C), 133.6, 134.8, 135.6, 135.7, 136.2,
144.9; MS (FAB) m/z (%): 409 (MH+, 100); HRMS (FAB) calcd for C24H29N2O2S
(MH+): 409.1950; found: 409.1953.

2.2.3.5 2-Butyl-4-methylene-9-tosyl-7-(trifluoromethyl)-2,3,4,9-tetrahydro-
1H-pyrido[3,4-b]indole (9e)

By a procedure identical to that described for 9a, 7v (57.2 mg, 0.11 mmol) was
converted into 9e (30.3 mg, 62%) as an yellow oil: 1H NMR (500 MHz, CDCl3)
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d 0.94 (t, J = 7.4 Hz, 3H, CH2CH3), 1.31–1.38 (m, 2H, CH2), 1.52–1.58 (m, 2H,
CH2), 2.36 (s, 3H, ArCH3), 2.53–2.56 (m, 2H, NCH2), 3.38 (s, 2H, NCH2), 4.17
(s, 2H, NCH2), 5.14 (s, 1H, C=CHH), 5.59 (s, 1H, C=CHH), 7.24 (d, J = 8.6 Hz,
2H, Ar), 7.53–7.55 (m, 1H, Ar), 7.68 (d, J = 8.6 Hz, 2H, Ar), 7.86 (d,
J = 8.0 Hz, 1H, Ar), 8.48 (s, 1H, Ar); 13C NMR (125 MHz, CDCl3) d 14.0,
20.5, 21.6, 29.6, 51.4, 55.8, 57.5, 109.2, 111.7 (q, J = 3.6 Hz), 116.2, 120.6,
120.8 (q, J = 3.6 Hz), 124.5 (q, J = 272.3 Hz), 126.4 (q, J = 32.4 Hz), 126.5
(2C), 129.7, 130.2 (2C), 135.2, 135.5, 135.8, 138.1, 145.6; MS (FAB) m/z (%):
463 (MH+, 100); HRMS (FAB) calcd for C24H26F3N2O2S (MH+): 463.1667;
found: 463.1665.

2.2.3.6 2-Butyl-7-(methoxycarbonyl)-4-methylene-9-tosyl-2,3,4,9-tetrahydro-
1H-pyrido[3,4-b]indole (9f)

By a procedure identical to that described for 9a, 7w (56.1 mg, 0.11 mmol) was
converted into 9f (36.8 mg, 77%) as a brown oil: 1H NMR (500 MHz, CDCl3) d
0.94 (t, J = 7.2 Hz, 3H, CH2CH3), 1.31–1.38 (m, 2H, CH2), 1.52–1.58 (m, 2H,
CH2), 2.35 (s, 3H, ArCH3), 2.53–2.56 (m, 2H, NCH2), 3.38 (s, 2H, NCH2), 3.97 (s,
3H, OCH3), 4.17 (s, 2H, NCH2), 5.13 (s, 1H, C=CHH), 5.60 (s, 1H, C=CHH), 7.23
(d, J = 8.6 Hz, 2H, Ar), 7.70 (d, J = 8.6 Hz, 2H, Ar), 7.80 (d, J = 8.6 Hz, 1H,
Ar), 7.99 (dd, J = 8.6, 1.1 Hz, 1H, Ar), 8.87 (s, 1H, Ar); 13C NMR (125 MHz,
CDCl3) d 14.0, 20.6, 21.6, 29.6, 51.6, 52.3, 55.8, 57.6, 109.1, 115.9, 116.4, 120.0,
125.2, 126.1, 126.5 (2C), 130.1 (2C), 130.8, 135.4, 135.6, 136.0, 138.6, 145.5,
167.1; MS (FAB) m/z (%): 453 (MH+, 100); HRMS (FAB) calcd for C25H29N2O4S
(MH+): 453.1848; found: 453.1839.

2.2.3.7 6-Butyl-8-tosyl-5,6,7,8-tetrahydrobenzo[e]indolo[2,3-c]azepine (10)

The mixture of indole 7x (50.0 mg, 0.095 mol), Pd(OAc)2 (4.3 mg, 0.019 mmol),
PPh3 (10.0 mg, 0.038 mmol), and CsOAc (36.5 mg, 0.19 mmol) in DMA (2 mL)
was stirred at 140 �C for 1 h under argon. Concentration under reduced pressure
followed by purification by column chromatography with hexane–AcOEt (4:1)
gave 10 (42.3 mg, quant) as an yellow oil: 1H NMR (400 MHz, CDCl3) d 0.98 (t,
J = 7.3 Hz, 3H, CH2CH3), 1.39–1.49 (m, 2H, CH2), 1.60–1.68 (m, 2H, CH2), 2.30
(s, 3H, ArCH3), 2.65–2.69 (m, 2H, NCH2), 3.42 (s, 2H, NCH2), 4.05 (s, 2H,
NCH2), 7.16 (d, J = 8.3 Hz, 2H, Ar), 7.25–7.44 (m, 5H, Ar), 7.66–7.69 (m, 1H,
Ar), 7.72–7.74 (m, 1H, Ar), 7.83 (d, J = 8.3 Hz, 2H, Ar), 8.31 (d, J = 8.3 Hz, 1H,
Ar); 13C NMR (125 MHz, CDCl3) d 14.1, 20.6, 21.5, 30.2, 47.8, 55.8, 56.3, 115.6,
119.4, 123.8, 124.0, 124.8, 126.7 (2C), 127.2, 127.4, 127.6, 128.0, 129.7 (2C),
130.6, 134.4, 135.42, 135.43, 137.02, 137.04, 144.8; MS (FAB) m/z (%): 445
(MH+, 100); HRMS (FAB) calcd for C27H29N2O2S (MH+): 445.1950; found:
445.1952.
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2.2.3.8 N-[1-(Naphthalen-1-yl)ethyl]prop-2-en-1-amine (11)

To a stirred solution of 1-(naphthalen-1-yl)ethanamine (1.1 g, 6.42 mmol) and
DBU (0.98 mL, 6.55 mmol) in THF was added dropwise allyl bromide (0.56 mL,
6.42 mmol) at rt. The mixture was stirred for 7 h at this temperature, and the whole
was extracted with CHCl3. The extract was washed with H2O and dried over
MgSO4. Usual workup followed by purification by column chromatography with
hexane–AcOEt (1:1) afforded 11 as an yellow oil (779 mg, 57%): 1H NMR
(400 MHz, CDCl3) d 1.49 (d, J = 6.6 Hz, 3H, CHCH3), 3.15–3.25 (m, 2H,
NCH2), 4.67 (q, J = 6.6 Hz, 1H, NCH), 5.06–5.16 (m, 2H, CH=CH2), 5.89–5.98
(m, 1H, CH=CH2), 7.44–7.51 (m, 3H, Ar), 7.66 (d, J = 7.1 Hz, 1H, Ar), 7.73 (d,
J = 8.0 Hz, 1H, Ar), 7.84–7.87 (m, 1H, Ar), 8.17 (d, J = 8.0 Hz, 1H, Ar); 13C
NMR (100 MHz, CDCl3) d 23.6, 50.3, 52.7, 115.7, 122.6, 122.9, 125.2, 125.7
(2C), 127.1, 128.9, 131.3, 133.9, 137.0, 141.1; MS (FAB) m/z (%): 212 (MH+,
100), 196 (55); HRMS (FAB) calcd for C15H18N (MH+): 212.1439; found:
212.1443.

2.2.3.9 2-{N-(Prop-2-en-1-yl)-N-[1-(naphthalen-1-yl)ethyl]aminomethyl}-1-
tosylindole (12)

By a procedure similar to that described for indole 7a, 1a (250 mg, 0.92 mmol)
was converted into 12 (539 mg, 85%) as an yellow oil using 11 (214 mg,
1.01 mmol): 1H NMR (400 MHz, CDCl3) d 1.52 (d, J = 6.6 Hz, 3H, CHCH3),
2.19 (s, 3H, ArCH3), 3.33–3.44 (m, 2H, NCH2), 3.99 (d, J = 17.8 Hz, 1H,
NCHH), 4.20 (d, J = 17.8 Hz, 1H, NCHH), 4.84 (q, J = 6.6 Hz, 1H, NCH),
5.09–5.17 (m, 2H, CH=CH2), 6.00–6.10 (m, 1H, CH=CH2), 6.69 (s, 1H, 3-H), 6.92
(d, J = 8.3 Hz, 2H, Ar), 7.10–7.19 (m, 2H, Ar), 7.32–7.49 (m, 6H, Ar), 7.63 (d,
J = 7.3 Hz, 1H, Ar), 7.68 (d, J = 8.3 Hz, 1H, Ar), 7.79 (d, J = 8.3 Hz, 1H, Ar),
8.07 (d, J = 8.0 Hz, 1H, Ar), 8.37 (d, J = 8.3 Hz, 1H, Ar); 13C NMR (100 MHz,
CDCl3) d 16.5, 21.4, 48.9, 54.9, 56.4, 110.2, 114.4, 117.7, 120.2, 123.3, 123.6,
124.18, 124.21, 125.1, 125.3, 125.5, 126.1 (2C), 127.4, 128.6, 129.5 (2C), 129.8,
131.8, 133.9, 135.4, 135.6, 137.2, 140.0, 141.2, 144.3; MS (FAB) m/z (%): 495
(MH+, 100), 479 (50), 339 (30), 284 (60); HRMS (FAB) calcd for C31H31N2O2S
(MH+): 495.2106; found: 495.2108.

2.2.3.10 Calindol (13)

To a stirred mixture of Pd(PPh3)4 (8.9 mg, 0.0077 mmol) and 1,3-dimthylbarbi-
turic acid (179.6 mg, 1.15 mmol) in CH2Cl2 (4 mL) was added a solution of 12
(190.0 mg, 0.38 mmol) in CH2Cl2 (1 mL) at rt under argon. The reaction mixture
was stirred at 40 �C for 1 h, and the whole was extracted with CHCl3. The extract
was washed successively with Na2CO3 and H2O. Usual workup followed by
purification by column chromatography with hexane–EtOAc (3:1) afforded N-
tosylcalindole 13a (156.9 mg, 90%) as a colorless solid: mp 104 �C; 1H NMR
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(400 MHz, CDCl3) d 1.48 (d, J = 6.6 Hz, 3H, CHCH3), 2.26 (s, 3H, ArCH3), 2.36
(br s, 1H, NH), 3.95 (d, J = 15.4 Hz, 1H, NCHH), 4.15 (d, J = 15.4 Hz, 1H,
NCHH), 4.66 (q, J = 6.6 Hz, 1H, NCH), 6.36 (s, 1H, 3-H), 7.03 (d, J = 8.3 Hz,
2H, Ar), 7.20–7.31 (m, 2H, Ar), 7.38–7.51 (m, 4H, Ar), 7.56 (d, J = 8.3 Hz, 2H,
Ar), 7.75–7.78 (m, 2H, Ar), 7.87–7.89 (m, 1H, Ar), 8.07 (d, J = 8.0 Hz, 1H, Ar),
8.17 (d, J = 8.3 Hz, 1H, Ar); 13C NMR (100 MHz, CDCl3) d 21.5, 23.8, 44.9,
51.7, 111.2, 114.7, 120.6, 123.0, 123.1, 123.6, 124.4, 125.3, 125.7, 125.8, 126.2
(2C), 127.2, 128.9, 129.4, 129.7 (2C), 131.3, 134.0, 135.7, 137.4, 139.6, 140.6,
144.7; MS (FAB) m/z (%): 455 (MH+, 100), 479 (20), 284 (50); HRMS (FAB)
calcd for C28H27N2O2S (MH+): 455.1793; found: 455.1787.

The mixture of N-tosylated indole 13a (110 mg, 0.24 mmol) and TBAF (1 M in
THF, 4.8 mL, 4.8 mmol) was stirred under reflux for 3 h. The whole was extracted
with Et2O, and the extract was washed with H2O. Usual workup followed by
purification by column chromatography with hexane–EtOAc (1:1) yielded calindol
13 as a brown oil (72.8 mg, quant): 1H NMR (400 MHz, CDCl3) d 1.53 (d,
J = 6.6 Hz, 3H, CHCH3), 2.21 (br s, 1H, NH), 3.84 (d, J = 14.1 Hz, 1H, NCHH),
3.90 (d, J = 14.1 Hz, 1H, NCHH), 4.70 (q, J = 6.6 Hz, 1H, NCH), 6.27 (s, 1H, 3-
H), 7.05–7.09 (m, 1H, Ar), 7.12–7.16 (m, 1H, Ar), 7.30 (d, J = 7.8 Hz, 1H, Ar),
7.46–7.54 (m, 4H, Ar), 7.68 (d, J = 7.1 Hz, 1H, Ar), 7.77 (d, J = 8.3 Hz, 1H, Ar),
7.86–7.96 (m, 1H, Ar), 8.10–8.13 (m, 1H, Ar), 8.44 (br s, 1H, 1-H); 13C NMR
(100 MHz, CDCl3) d 23.4, 44.8, 53.0, 100.1, 110.7, 119.6, 120.1, 121.4, 122.6,
122.9, 125.5, 125.7, 125.9, 127.5, 128.5, 129.0, 131.3, 134.0, 135.8, 137.8, 140.5;
MS (FAB) m/z (%): 401 (MH+, 100); HRMS (FAB) calcd for C21H21N2 (MH+):
301.1715; found: 301.1716.

Br

SO2Cl

RNH2 Br

SO2NHR SO2NHR

TMS-acetylene
PdCl2(PPh3)2

CuI
THF-Et3N

S8 S9a (R = Me)
S9b (R = Et)
S9c (R = (4-CH3)Ph)
S9d (R = Ph)
S9e (R = (4-MeO)Ph)
S9f (R = (4-Cl)Ph)

14a (R = Me)
14b (R = Et)
14c (R = (4-CH3)Ph)
14d (R = Ph)
14e (R = (4-MeO)Ph)
14f (R = (4-Cl)Ph)

TBAF

SO2NHR

S10a (R = Me)
S10b (R = Et)
S10c (R = (4-CH3)Ph)
S10d (R = Ph)
S10e (R = (4-MeO)Ph)
S10f (R = (4-Cl)Ph)

TMS

2.2.3.11 2-Ethynyl-N-methylbenzenesulfonamide (14a)

To a solution of 2-bromobenzenesulfonylchloride S8 (3.00 g, 11.8 mmol) in
CHCl3 (100 mL) was added dropwise methanamine (40% in MeOH, 3.47 mL,
33.5 mmol) at 0 �C and the reaction mixture was stirred at rt for 5 min. After
concentration under reduced pressure, the residue was dissolved in Et2O. The
solution was washed successively with 1 N HCl and brine, and dried over MgSO4.
The filtrate was concentrated under reduced pressure and the residue was purified
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by column chromatography over silica gel with hexane–EtOAc (3:1) to give the
known sulfonamide S9a (2.70 g, 92%).

To a stirred mixture of S9a (2.65 g, 10.7 mmol), PdCl2(PPh3)2 (0.38 g,
0.53 mmol) and CuI (0.10 g, 0.53 mmol) in a mixed solvent of THF (25 mL) and
Et3N (25 mL) was added TMS-acetylene (1.75 mL, 12.8 mmol) at rt under argon,
and the reaction mixture was stirred at 100 �C for 2 h. The mixture was filtered
through a pad of Celite. The filtrate was concentrated under reduced pressure and
the residue was purified by column chromatography over silica gel with hexane–
EtOAc (5:1) to give S10a as an yellow oil (2.63 g, 92%). To a solution of S10a
(54.0 mg, 0.20 mmol) in THF (1 mL) was added TBAF (1 M in THF, 0.21 mL,
0.21 mmol) at -78 �C and the reaction mixture was stirred for 1 min at this
temperature. After quenching with aqueous saturated citric acid, the whole was
extracted with Et2O. The extract was washed with water, NaHCO3, and brine, and
dried over MgSO4. Usual workup followed by purification by column chroma-
tography over silica gel with hexane–EtOAc (3:1) gave 14a (33.6 mg, 86%) as a
pale yellow solid, which was recrystallized from hexane–CHCl3 to give pure 14a
as pale yellow crystals: mp 94 �C; IR (neat) cm-1 3268 cm-1 (NH), 2110 (C:C);
1H NMR (500 MHz, CDCl3) d 2.63 (d, J = 5.2 Hz, 3H, CH3), 3.65 (s, 1H,
C:CH), 5.15–5.18 (m, 1H, NH), 7.51–7.57 (m, 2H, Ar), 7.70 (d, J = 7.4 Hz, 1H,
Ar), 8.05–8.07 (m, 1H, Ar); 13C NMR (125 MHz, CDCl3) d 29.4, 80.1, 85.7,
119.3, 129.2, 129.7, 132.3, 135.2, 140.3. Anal. Calcd for C9H9NO2S: C, 55.37; H,
4.65; N, 7.17. Found: C, 55.41; H, 4.65; N, 7.16.

2.2.3.12 N-Ethyl-2-ethynylbenzenesulfonamide (14b)

By a procedure similar to that described for S9a, S8 (2.00 g, 7.83 mmol) was
converted into the known sulfonamide S9b (1.90 g, 92%) using ethylamine (70%
in H2O, 1.82 mL, 22.3 mmol).

By a procedure identical to that described for S10a, S9b (820 mg, 3.12 mmol)
was converted into S10b as a brown oil (568 mg, 65%). By a procedure identical
to that described for 14a, S10b (360 mg, 1.28 mmol) was converted into 14b
(210 mg, 79%): brown crystals; mp 98 �C; IR (neat) cm-1 3293 (NH), 2109
(C:C); 1H NMR (500 MHz, CDCl3) d 1.10 (t, J = 7.4 Hz, 3H, CH3), 2.95–3.01
(m, 2H, CH2), 3.69 (s, 1H, C:CH), 5.23 (t, J = 5.4 Hz, 1H, NH), 7.49–7.56 (m,
2H, Ar), 7.69 (dd, J = 7.4, 1.1 Hz, 1H, Ar), 8.05 (m, J = 7.4, 1.1 Hz, 1H, Ar);
13C NMR (125 MHz, CDCl3) d 15.0, 38.4, 80.3, 85.9, 119.3, 129.18, 129.22,
132.1, 135.2, 141.6. Anal. Calcd for C10H11NO2S: C, 57.39; H, 5.30; N, 6.69.
Found: C, 57.31; H, 5.37; N, 6.64.

2.2.3.13 2-Ethynyl-N-p-tolylbenzenesulfonamide (14c)

To a solution of 2-bromobenzenesulfonyl chloride S8 (1.00 g, 3.92 mmol) in
DMF (50 mL) was added p-toluidine (1.68 g, 15.7 mmol) at 0 �C and the
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reaction mixture was stirred at rt for 10 min. The whole was extracted with Et2O.
The extract was washed successively with 1 N HCl and brine, and dried over
MgSO4. The filtrate was concentrated under reduced pressure and the residue
was purified by column chromatography over silica gel with hexane–EtOAc (5:1)
to give S9c (1.03 g, 81%) as a colorless solid, which was recrystallized from
hexane–CHCl3 to give pure S9c as colorless crystals: mp 151–152 �C; IR
(neat) cm-1 3284 (NH); 1H NMR (500 MHz, CDCl3) d 2.23 (s, 3H, ArCH3),
6.99–7.02 (m, 4H, Ar), 7.07 (br s, 1H, NH), 7.33–7.37 (m, 2H, Ar), 7.69–7.72
(m, 1H, Ar), 7.97–8.01 (m, 1H, Ar); 13C NMR (125 MHz, CDCl3) d 20.8, 119.6,
122.2 (2C), 127.7, 129.8 (2C), 132.2, 132.9, 133.9, 134.9, 135.7, 137.8. Anal.
Calcd for C13H12BrNO2S: C, 47.86; H, 3.71; N, 4.29. Found: C, 47.79; H, 3.78;
N, 4.25.

By a procedure identical to that described for S10a, S9c (944 mg,
2.90 mmol) was converted into S10c (722 mg, 73%) as an yellow oil. By a
procedure identical to that described for 14a, S10c (671 mg, 1.96 mmol) was
converted into 14c as a white solid (283 mg, 53%), which was recrystallized
from hexane–CHCl3 to give pure 14c as colorless crystals: mp 158 �C; IR
(neat) cm-1 3290 (NH), 2110 (C:C); 1H NMR (500 MHz, CDCl3) d 2.22 (s,
3H, ArCH3), 3.77 (s, 1H, C:CH), 6.98–7.03 (m, 4H, Ar), 7.19 (br s, 1H, NH),
7.36–7.39 (m, 1H, Ar), 7.45–7.48 (m, 1H, Ar), 7.66 (d, J = 8.0 Hz, 1H, Ar),
7.89 (d, J = 8.0 Hz, 1H, Ar); 13C NMR (125 MHz, CDCl3) d 20.8, 80.7, 86.0,
119.4, 122.5 (2C), 129.1, 129.8 (3C), 132.4, 133.2, 135.1, 135.7, 140.6. Anal.
Calcd for C15H13NO2S: C, 66.40; H, 4.83; N, 5.16. Found: C, 66.27; H, 4.86;
N, 5.27.

2.2.3.14 2-Ethynyl-N-phenylbenzenesulfonamide (14d)

By a procedure identical to that described for S9c, S8 (3.00 g, 11.8 mmol) was
converted into the known compound S9d (2.87 g, 79%) using aniline (3.05 mL,
33.5 mmol).

By a procedure identical to that described for S10a, S9d (2.50 g, 8.04 mmol)
was converted into S10d as an yellow oil (2.43 g, 97%). By a procedure identical
to that described for 14a, S10d (55.0 mg, 0.18 mmol) was converted into 14d
(33.0 mg, 71%): brown crystals; mp 107 �C; IR (neat) cm-1 3283 cm-1 (NH),
2111 (C:C); 1H NMR (500 MHz, CDCl3) d 3.78 (s, 1H, C:CH), 7.05–7.08 (m,
1H, Ar), 7.13–7.15 (m, 2H, Ar), 7.18–7.21 (m, 2H, Ar), 7.33 (br s, 1H, NH),
7.37–7.40 (m, 1H, Ar), 7.45–7.48 (m, 1H, Ar), 7.65 (dd, J = 7.4, 1.1 Hz, 1H, Ar),
7.93 (dd, J = 8.0, 1.1 Hz, 1H, Ar); 13C NMR (125 MHz, CDCl3) d 80.5, 86.1,
119.5, 121.8 (2C), 125.6, 129.1, 129.2 (2C), 129.8, 132.5, 135.1, 136.0, 140.5.
Anal. Calcd for C14H11NO2S: C, 65.35; H, 4.31; N, 5.44. Found: C, 65.43; H, 4.46;
N, 5.53.
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2.2.3.15 2-Ethynyl-N-(4-methoxyphenyl)benzenesulfonamide (14e)

By a procedure identical to that described for S9c, S8 (1.00 g, 3.92 mmol) was
converted into S9e (1.13 g, 84%) using p-anisidine (1.45 g, 11.7 mmol): colorless
crystals; mp 127–128 �C; IR (neat) cm-1 3285 (NH); 1H NMR (500 MHz,
CDCl3) d 3.71 (s, 3H, OCH3), 6.72 (d, J = 8.6 Hz, 2H, Ar), 7.05 (d, J = 8.6 Hz,
2H, Ar), 7.09 (br s, 1H, Ar), 7.31–7.37 (m, 2H, Ar), 7.72 (dd, J = 7.4, 1.1 Hz, 1H,
Ar), 7.92 (dd, J = 7.4, 2.3 Hz, 1H, Ar); 13C NMR (125 MHz, CDCl3) d 55.3,
114.4 (2C), 119.6, 125.3 (2C), 127.8, 128.0, 132.2, 133.9, 134.9, 137.7, 158.1.
Anal. Calcd for C13H12BrNO3S: C, 45.63; H, 3.53; N, 4.09. Found: C, 45.78; H,
3.49; N, 4.15.

By a procedure identical to that described for S10a, S9e (1.03 g, 3.02 mmol)
was converted into S10e as an yellow oil (778 mg, 72%). By a procedure identical
to that described for 14a, S10e (685 mg, 1.91 mmol) was converted into 14e
(364 mg, 66%): pale yellow crystals; mp 122 �C; IR (neat) cm-1 3291 (NH),
2254 cm-1 (C:C); 1H NMR (500 MHz, CDCl3) d 3.71 (s, 3H, OCH3), 3.78 (s,
1H, C:CH), 6.71 (d, J = 8.6 Hz, 2H, Ar), 7.06 (d, J = 8.6 Hz, 2H, Ar), 7.14 (br
s, 1H, NH), 7.35–7.38 (m, 1H, Ar), 7.46–7.49 (m, 1H, Ar), 7.68 (d, J = 8.0 Hz,
1H, Ar), 7.84 (d, J = 8.0 Hz, 1H, Ar); 13C NMR (125 MHz, CDCl3) d 55.3, 80.6,
86.2, 114.3 (2C), 119.4, 125.3 (2C), 128.3, 129.1, 129.8, 132.3, 135.0, 140.6,
158.0. Anal. Calcd for C15H13NO3S: C, 62.70; H, 4.56; N, 4.87. Found: C, 62.77;
H, 4.53; N, 4.96.

2.2.3.16 N-(4-Chlorophenyl)-2-ethynylbenzenesulfonamide (14f)

By a procedure identical to that described for S9c, S8 (1.00 g, 3.92 mmol) was
converted into S9f (1.06 g, 78%) using 4-chloroaniline (1.99 g, 15.7 mmol):
colorless crystals; mp 133–134 �C; IR (neat) cm-1 3276 (NH); 1H NMR
(500 MHz, CDCl3) d 7.08–7.10 (m, 2H, Ar), 7.14–7.17 (m, 2H, Ar), 7.35–7.40 (m,
2H, Ar), 7.49 (br s, 1H, NH), 7.67–7.70 (m, 1H, Ar), 8.01–8.05 (m, 1H, Ar); 13C
NMR (125 MHz, CDCl3) d 119.6, 122.8 (2C), 127.8, 129.4 (2C), 131.1, 132.3,
134.2, 134.3, 135.1, 137.3. Anal. Calcd for C12H9BrClNO2S: C, 41.58; H, 2.62; N,
4.04. Found: C, 41.54; H, 2.62; N, 4.04.

By a procedure identical to that described for S10a, S9f (0.93 g, 2.71 mmol)
was converted into S10f (546 mg, 55%) as an yellow oil. By a procedure
identical to that described for 14a, S10f (491 mg, 1.35 mmol) was converted
into 14f (238 mg, 61%): yellow crystals; mp 123–124 �C; IR (neat) cm-1 3286
(NH), 2112 (C:C); 1H NMR (500 MHz, CDCl3) d 3.79 (s, 1H, C:CH),
7.07–7.10 (m, 2H, Ar), 7.15–7.18 (m, 2H, Ar), 7.37 (br s, 1H, NH), 7.40–7.43
(m, 1H, Ar), 7.48–7.51 (m, 1H, Ar), 7.66 (d, J = 8.0 Hz, 1H, Ar), 7.92 (d,
J = 8.0 Hz, 1H, Ar); 13C NMR (125 MHz, CDCl3) d 80.4, 86.3, 119.4, 123.2
(2C), 129.2, 129.4 (2C), 129.8, 131.2, 132.7, 134.5, 135.2, 140.1. Anal. Calcd
for C14H10ClNO2S: C, 57.63; H, 3.45; N, 4.80. Found: C, 57.79; H, 3.64;
N, 4.80.
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2.2.4 General Procedure for Synthesis of Benzo[e][1,2]thiazine-
1,1-dioxide

2.2.4.1 3-[(N,N-Diisopropylamino)methyl]-2-methyl-2H-benzo[e][1,2]thia-
zine-1,1-dioxide (15a)

To a stirred mixture of 14a (50.0 mg, 0.26 mmol), (HCHO)n (15.4 mg,
0.51 mmol), and CuBr (1.8 mg, 0.013 mmol) in dioxane (3 mL) was added
diisopropylamine (43.1 lL, 0.31 mmol) at rt under argon. The reaction mixture
was stirred at 100 �C for 16 h. Concentration under reduced pressure followed by
column chromatography purification over silica gel with hexane–EtOAc (8:1) gave
15a as a pale yellow solid (27.2 mg, 34%): mp 94.5–98.5 �C; 1H NMR (500 MHz,
CDCl3) d 1.06 (d, J = 6.9 Hz, 12H, 4 9 CHCH3), 3.11–3.19 (m, 2H, 2 9 CH),
3.40 (s, 3H, NCH3), 3.50 (s, 2H, NCH2), 6.51 (s, 1H, 4-H), 7.32 (d, J = 8.0 Hz,
1H, Ar), 7.39–7.42 (m, 1H, Ar), 7.52–7.55 (m, 1H, Ar), 7.84 (d, J = 8.0 Hz, 1H
Ar); 13C NMR (125 MHz, CDCl3) d 20.4 (4C), 30.9, 47.5 (2C), 48.4, 109.0, 121.5,
126.3, 126.8, 130.5, 131.7, 132.9, 143.5. Anal. Calcd for C16H24N2O2S: C, 62.30;
H, 7.84; N, 9.08. Found: C, 62.09; H, 7.57; N, 8.88.

2.2.4.2 3-[(N,N-Diisopropylamino)methyl]-2-ethyl-2H-benzo[e][1,2]thiazine-
1,1-dioxide (15b)

By a procedure identical to that described for 15a, 14b (25.0 mg, 0.12 mmol) was
converted into 15b as an yellow oil (14.3 mg, 37%): 1H NMR (500 MHz, CDCl3)
d 1.06 (d, J = 6.3 Hz, 12H, 4 9 CHCH3), 1.09 (t, J =7.2 Hz, 3H, CH2CH3),
3.11–3.18 (m, 2H, 2 9 NCH), 3.49 (s, 2H, NCH2), 3.95 (q, J = 7.2 Hz, 2H,
CH2CH3), 6.66 (s, 1H, 4-H), 7.33 (d, J = 8.0 Hz, 1H, Ar), 7.40–7.43 (m, 1H, Ar),
7.51–7.54 (m, 1H, Ar), 7.83 (d, J = 8.0 Hz, 1H, Ar); 13C NMR (125 MHz,
CDCl3) d 15.3, 20.4 (4C), 40.4, 47.7 (2C), 47.9, 110.9, 121.3, 126.5, 127.0, 131.6
(2C), 132.8, 142.9; MS (FAB) m/z (%): 323 (MH+, 100); HRMS (FAB) calcd for
C17H27N2O2S (MH+): 323.1793; found, 323.1765.

2.2.4.3 3-[(N,N-Diisopropylamino)methyl]-2-(p-tolyl)-2H-benzo[e][1,2]thia-
zine-1,1-dioxide (15c)

By a procedure identical to that described for 15a from 14a, 14c (25.0 mg,
0.09 mmol) was converted into 15c (31.9 mg, 90%): colorless crystals; mp
100–101 �C; 1H NMR (500 MHz, CDCl3) d 0.90 (d, J = 6.3 Hz, 12H, 4 9 CH3),
2.34 (s, 3H, ArCH3), 3.01–3.08 (m, 2H, 2 9 NCH), 3.21 (d, J = 1.1 Hz, 2H,
NCH2), 6.92 (s, 1H, 4-H), 7.06 (d, J = 8.6 Hz, 2H, Ar), 7.14 (d, J = 8.6 Hz, 2H,
Ar), 7.40–7.44 (m, 2H, Ar), 7.56–7.59 (m, 1H, Ar), 7.78 (d, J = 8.0 Hz, 1H, Ar);
13C NMR (125 MHz, CDCl3) d 20.5 (4C), 21.3, 47.8, 48.2 (2C), 111.6, 122.4,
127.0, 127.4, 128.1 (2C), 129.6 (2C), 131.4, 132.0, 133.1, 133.2, 138.5, 145.0.
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Anal. Calcd for C22H28N2O2S: C, 68.72; H, 7.34; N, 7.29. Found: C, 68.45; H,
7.46; N, 7.13.

2.2.4.4 3-[(N,N-Diisopropylamino)methyl]-2-phenyl-2H-benzo[e][1,2]thia-
zine-1,1-dioxide (15d)

By a procedure identical to that described for 15a from 14a, 14d (25.0 mg,
0.10 mmol) was converted into 15d (33.0 mg, 92%): colorless crystals; mp
73.5–74.0 �C; 1H NMR (500 MHz, CDCl3) d 0.88 (d, J = 6.3 Hz, 12H,
4 9 CH3), 3.00–3.08 (m, 2H, 2 9 NCH), 3.23 (s, 2H, NCH2), 6.92 (s, 1H, 4-H),
7.18–7.20 (m, 2H, Ar), 7.30–7.36 (m, 3H, Ar), 7.41–7.45 (m, 2H, Ar), 7.57–7.60
(m, 1H, Ar), 7.79 (d, J = 7.4 Hz, 1H, Ar); 13C NMR (125 MHz, CDCl3) d 20.4
(4C), 47.8, 47.9 (2C), 112.0, 122.4, 127.1, 127.5, 128.28 (2C), 128.31, 128.9 (2C),
131.6, 132.1, 133.0, 135.9, 144.8. Anal. Calcd for C21H26N2O2S: C, 68.08; H,
7.07; N, 7.56. Found: C, 67.96; H, 7.22; N, 7.26.

2.2.4.5 3-[(N,N-Diisopropylamino)methyl]-2-(4-methoxyphenyl)-2H-
benzo[e][1,2]thiazine-1,1-dioxide (15e)

By a procedure identical to that described for 15a from 14a, 14e (25.0 mg,
0.09 mmol) was converted into 15e as an yellow oil (31.1 mg, 89%): 1H NMR
(500 MHz, CDCl3) d 0.91 (d, J = 6.9 Hz, 12H, 4 9 CHCH3), 3.00–3.08 (m, 2H,
2 9 NCH), 3.20 (s, 2H, NCH2), 3.79 (s, 3H, OCH3), 6.85 (d, J = 9.2 Hz, 2H, Ar),
6.88 (s, 1H, 4-H), 7.10 (d, J = 9.2 Hz, 2H, Ar), 7.41–7.44 (m, 2H, Ar), 7.56–7.59
(m, 1H, Ar), 7.79 (d, J = 7.4 Hz, 1H, Ar); 13C NMR (125 MHz, CDCl3) d 20.5
(4C), 47.8, 48.1 (2C), 55.5, 112.2, 114.2 (2C), 122.4, 127.0, 127.3, 128.5, 129.6
(2C), 131.3, 132.0, 133.1, 145.1, 159.6; MS (FAB) m/z (%): 401 (MH+, 65);
HRMS (FAB) calcd for C22H29N2O3S (MH+): 401.1899; found, 401.1893.

2.2.4.6 2-(4-Chlorophenyl)-3-[(N,N-diisopropylamino)methyl]-2H-
benzo[e][1,2]thiazine-1,1-dioxide (15f)

By a procedure identical to that described for 15a from 14a, 14f (25.0 mg,
0.09 mmol) was converted into 15f (33.1 mg, 95%): colorless crystals; mp
113–114 �C; 1H NMR (500 MHz, CDCl3) d 0.89 (d, J = 6.9 Hz, 12H, 4 9 CH3),
3.01–3.09 (m, 2H, 2 9 NCH), 3.22 (d, J = 1.1 Hz, 2H, NCH2), 6.91 (s, 1H, 4-H),
7.10–7.13 (m, 2H, Ar), 7.30–7.33 (m, 2H, Ar), 7.43–7.46 (m, 2H, Ar), 7.58–7.61
(m, 1H, Ar), 7.78 (d, J = 7.4 Hz, 1H, Ar); 13C NMR (125 MHz, CDCl3) d 20.4
(4C), 47.8, 47.9 (2C), 112.7, 122.5, 127.2, 127.7, 129.1 (2C), 129.4 (2C), 131.5,
132.3, 132.8, 134.2, 134.5, 144.3; MS (FAB) m/z (%): 405 (MH+, 72). Anal. Calcd
for C21H25ClN2O2S: C, 62.28; H, 6.22; N, 6.92. Found: C, 62.15; H, 6.31; N, 6.87.
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2.2.4.7 Dimethyl 2-(2-Iodophenyl)malonate (S12)

To a solution of NaH (0.80 g, 20.1 mmol) in C(O)(OMe)2 (15 mL) was added S11
(1.38 g, 5.01 mmol) at 0 �C. The reaction mixture was stirred at rt for 1.5 h and
additional 0.5 h under reflux. To a mixture was added saturated aqueous NH4Cl at
0 �C, and the mixture was stirred for 10 min. Then water was added and the
mixture was extracted with CH2Cl2 three times. The organic layer was dried over
MgSO4. Usual workup followed by purification by column chromatography over
silica gel with hexane–EtOAc (5:1) gave the known compound S12 (1.38 g, 83%).

2.2.4.8 Dimethyl 2-(2-Ethynylphenyl)malonate (16)

To a stirred solution of S12 (1.26 g, 3.77 mmol), PdCl2(PPh3)2 (66.6 mg,
0.094 mmol) and CuI (17.9 mg, 0.094 mmol) in a mixed solvent of THF (2 mL)
and Et3N (25 mL) was added TMS-acetylene (0.62 mL, 4.52 mmol) at rt under
argon, and the reaction mixture was stirred at 55 �C for 20 min. The mixture was
filtered through a pad of Celite. The filtrate was concentrated under reduced
pressure and the residue was purified by column chromatography over silica gel
with hexane–EtOAc (5:1) to give S13 as a brown oil (1.13 g, 99%). To a solution
of S13 (0.89 g, 2.90 mmol) in THF (10 mL) was added TBAF (1 mol/L in THF,
3.05 mL, 3.05 mmol) at -78 �C and the reaction mixture was stirred for 25 min at
this temperature. After the reaction mixture was quenched with aqueous saturated
citric acid, the whole was extracted with Et2O. The extract was washed succes-
sively with water, aqueous saturated NaHCO3, and brine, and dried over MgSO4.
Usual workup followed by purification by column chromatography over silica gel
with hexane–EtOAc (8:1) gave 16 (509.2 mg, 76%) as a red solid which was
recrystallized from hexane–CHCl3 to give pure 16 as pink crystals: mp 41–42 �C;
IR (neat) cm-1 2106 (C:C), 1733 cm-1 (C=O); 1H NMR (500 MHz, CDCl3) d
3.32 (s, 1H, C:CH), 3.76, (s, 6H, 2 9 OMe), 5.37 (s, 1H, ArCH), 7.28–7.31 (m,
1H, Ar), 7.36–7.40 (m, 1H, Ar), 7.50–7.54 (m, 2H, Ar); 13C NMR (125 MHz,
CDCl3) d 52.3 (2C), 55.0, 81.0, 82.3, 122.6, 128.0, 128.8, 129.2, 132.8, 134.9,
168.3 (2C). Anal. Calcd for C13H12O4: C, 67.23; H, 5.21. Found: C, 67.14; H,
5.24.
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2.2.4.9 Dimethyl 2-[(N,N-Diisopropylamino)methyl]indene-1,1-dicarboxylate
(17)

To a stirred mixture of 16 (51.0 mg, 0.22 mmol), (HCHO)n 2a (13.2 mg,
0.44 mmol), and CuBr (1.58 mg, 0.011 mmol) in DMF (2 mL) was added 3a
diisopropylamine (34.0 lL, 0.24 mmol) at rt under argon. After the reaction
mixture was stirred at 110 �C for 30 min, diisopropylethylamine (77.0 lL,
0.44 mmol) was added to the mixture. The mixture was additionally stirred at
110 �C for 9.5 h. Concentration under reduced pressure followed by purification
by column chromatography over alumina with hexane–EtOAc (20:1) gave 17
(52.8 mg, 70%) as a brown oil: IR (neat) 1732 (C=O) cm-1; 1H NMR (500 MHz,
CDCl3) d 1.02 (d, J = 14.0 Hz, 12H, 4 9 CCH3), 3.06–3.11 (m, 2H, 2 9 NCH),
3.50 (d, J = 1.1 Hz, 2H, NCH2), 3.73 (s, 6H, 2 9 OCH3), 7.00 (s, 1H, 3-H),
7.15–7.18 (m, 1H, Ar), 7.24–7.31 (m, 2H, Ar), 7.57 (d, J = 7.4 Hz, 1H, Ar); 13C
NMR (125 MHz, CDCl3) d 20.7 (4C), 43.8, 48.7, 53.0 (2C), 70.3, 120.8, 124.8,
125.1, 128.7, 131.6, 141.0, 144.3, 149.4, 168.9 (2C); MS (FAB) m/z: 346 (MH+,
100), 286 (35), 245 (60); HRMS (FAB) calcd for C20H28NO4 (MH+), 346.2018;
found, 346.2008.
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Chapter 3
Facile Synthesis of 1,2,3,4-Tetrahydro-b-
Carbolines by One-Pot Domino Three-
Component Indole Formation
and Nucleophilic Cyclization

A 1,2,3,4-tetrahydro-b-carboline, which consists of a tricyclic indole, is an
attractive drug template due to its potential antioxidative activity [1–7]. Carboline
derivatives are also useful as intermediates for natural product synthesis [8–23].
Because construction of tetrahydro-b-carbolines is mostly dependent on the Pictet-
Spengler [8–17] and related reactions [18–23], development of alternative syn-
thetic methodologies is extremely important to ensure diversity-oriented synthesis.
For other representative synthetic routes, see: [24–31].

In Chap. 1, the author reported the copper-catalyzed synthesis of 2-(amino-
methyl)indoles via a domino three-component coupling-cyclization reaction of a
2-ethynylanilines, paraformaldehyde and a secondary amine [32, 33]. For related
heterocycle syntheses, see [34, 35]. Bosch and co-workers [36] previously reported
that treatment of a 2-[N-(benzenesulfonyl)indol-2-yl]piperidin-4-one derivative
having an N-hydroxylethyl group with t-BuOK brought about the formation of the
corresponding indolo[2,3-a]quinolizine, although this was an isolated example.
On the other hand, it is well established that cyclization at the 3-position of
N-alkylindoles containing an ester group is efficiently promoted by a strong acid to
afford 4-oxo-tetrahydro-b-carbolines [37–42]. Based on these chemistries, the
author expected that 2-(aminomethyl)indole 5, generated by copper-catalyzed
indole formation using ethynylanilines 1, aldehydes 2, and secondary amines 3
bearing an appropriate functionality (R3 = CH2OH or CO2R), could be converted
into b-carboline derivatives 6 or 7 by a second cyclization at the C-3 position
(Scheme 1). This sequential reaction is challenging in that various reactive com-
ponents exist in the reaction mixture, including unprotected amine(s), an aldehyde,
and an ester/alcohol, especially when N-alkylanilines are employed. In this
Section, the author reports two direct routes to 1,2,3,4-tetrahydro-b-carboline
derivatives by a copper-catalyzed three-component coupling-indole formation–
nucleophilic cyclization at the 3-position. To the best of the author’s knowledge,
there is no precedent for multi-component synthesis of tetrahydro-b-carbolines,
except for those using the Pictet-Spengler type reaction [8–17, 43, 44].

The initial attempt was carried out with N-tosyl-2-ethynylaniline 1a, butanal 2a
(2 equiv.), and 2-(N-methylamino)ethanol 3a (1.1 equiv.) in the presence of 5 mol
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% CuBr (Table 1). After the three-component indole formation in dioxane was
completed (monitored by TLC, 80 �C for 1 h), t-BuOK (3 equiv.) was added to the
reaction mixture. Although the desired bis-cyclization product 1,2,3,4-tetrahydro-
b-carboline derivative 6a was obtained in 31% yield, the N-cyclization product 8a
was formed as the major product (69% yield, entry 1). The author has already
reported a selective N-cyclization with an aryl bromide moiety, see: [35]. To
improve the selectivity of the second cyclization, the author optimized the reaction
conditions for deprotection–cyclization as well as the nitrogen protecting group.
Bosch proposed that the arylsulfonyl group on the indole nitrogen would be
transferred to the primary hydroxy group by the action of in situ-generated t-
BuOTs, and nucleophilic attack of the C-3 position of the resulting NH-indole
furnishes the corresponding cyclization product, see [36]. Addition of Et2O as the
co-solvent slightly improved the selectivity but decreased the combined yield to
43% (entry 2). In contrast, use of hexane led to the formation of 6a as the major
product (53% yield, entry 3). These results are in good agreement with Bosch’s
observation, in which carrying out the reaction in a less polar solvent improved the
selectivity of the C-3 cyclization over the N-cyclization [36]. As the N-protecting
group of 2-ethynylaniline, mesyl and mesitylenesulfonyl (Mts) groups were less
effective for selective formation of 6a (entries 4 and 5). The reaction of 1d bearing
an N-benzenesulfonyl group gave a better result (entry 6) than that of the N-tosyl
derivative 1a (entry 3). This result promoted the author to utilize more electron
deficient benzenesulfonamides 1e–h bearing a halogen atom or nitro group on the
benzene ring (entries 7–10). The results indicated that 4-chlorophenylsulfonyl
group was the best protecting group of the aniline nitrogen (entry 8). In this case,
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Scheme 1 Two direct routes to 1,2,3,4-tetrahydro-b-carboline derivatives
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the 2,3-unsubstituted N-arylsulfonylindoles, formed by intramolecular hydro-
amination of 1 without resulting in a Mannich-type reaction, were observed as a
byproduct. The author also tested the reaction at 50 �C for the three-component
indole formation and obtained 6a in 75% yield (entry 11). When NaH or KH was
used instead of t-BuOK, the desired product 6a was not obtained. This suggest that
the C-3 cyclization proceeds through rearrangement of the arylsulfonyl group from
the nitrogen atom of the indole to the hydroxyl group, as proposed by Bosch et al.

Under the optimized conditions (Table 1, entry 11), the scope of this one-pot
tetrahydro-b-carboline synthesis was explored using ethynylaniline derivative 1f
and several aldehydes (Table 2). Reaction with aldehyde 2b or 2c containing a
(trimethylsilyl)vinyl or benzyloxymethyl group afforded 6b and 6c in moderate
yields (entries 1 and 2, 48 and 55%, respectively), accompanied by the by-products
8b and 8c, respectively. In these reactions, a prolonged reaction time and elevated
temperature were necessary for completion of the initial indole formation,

Table 1 One-pot three-component synthesis of tetrahydro-b-carbolines using t-BuOK

NH

N
H

N

n-PrCHO

N
H

OH

n-Pr

3a

2a

6a
C3-cyclization

1

+

+

8a
N-cyclization

conditions

CuBr
dioxane

N
N

n-Prt-BuOK
co-solvent

0 ºC to rt
0.5 h

+

N
N

n-PrR1
R1

OH

Me Me

MeMe

Entry R1 Conditions Co-solvent Yield (%)a

6a 8a

1 Ts (1a) 80 �C, 1 h – 31 69
2 Ts (1a) 80 �C, 1 h Et2O 23 20
3 Ts (1a) 80 �C, 1 h Hexane 53 33
4 Ms (1b) 80 �C, 2 h Hexane 29 35
5 Mts (1c) 80 �C, 2 h Hexane 19 43
6 SO2Ph (1d) 80 �C, 1.5 h Hexane 63 25
7 SO2C6H4(4-Br) (1e) 80 �C, 0.5 h Hexane 58 14
8 SO2C6H4(4-Cl) (1f) 80 �C, 0.5 h Hexane 65 18
9 SO2C6H4(4-F) (1g) 80 �C, 0.5 h Hexane 48 20
10 SO2C6H4(4-NO2) (1h) 80 �C, 0.5 h Hexane 23 10
11 SO2C6H4(4-Cl) (1f) 50 �C, 1.5 h Hexane 75 25

Ethynylaniline 1 (0.18 mmol), n-PrCHO 2a (2 equiv.), and 2-(N-methylamino)ethanol 3a (1.1
equiv.) in dioxane (2 mL) were treated with CuBr (5 mol %) under the conditions shown in the
table. After the indole formation was completed (monitored by TLC), co-solvent (2 mL) and t-
BuOK (3 equiv.) were added at 0 �C and the reaction mixture was stirred at 0 �C for 5 min and rt
for an additional 30 min
a Isolated yields
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presumably because of the steric bulkiness of the functional groups. The reaction
with paraformaldehyde 2d gave 6d in 45% yield (entry 3). The high polarity of 6d
considerably lowered the chemical yield during purification with column chro-
matography over silica gel. Use of alumina column partly improved the yield of 6d
(45%).

The author next investigated the acid-induced direct construction of a 4-oxo-
tetrahydro-b-carboline scaffold using amino esters 3b–j (Table 3). In this reaction,
use of anilines without an electron-withdrawing group on the nitrogen atom is
essential to secure the nucleophilicity of the intermediate indoles of type 5
(Scheme 1). A mixture of N-methyl-2-ethynylaniline 1i, paraformaldehyde 2d,
and N-methylglycine ethyl ester 3b was treated with 5 mol % of CuBr in dioxane
at 170 �C under microwave irradiation (condition A) followed by the reaction with
MsOH. Other acids were less effective. For example, after indole formation with
1g, 2d, and 3d was completed, the reaction mixture was treated with polyphos-
phoric acid (PPA) to give 7c in only 19% yield to give the desired 4-oxo-1,2,3,4-
tetrahydro-b-carboline 7a in 72% yield (entry 1). The N-allyl or N-butylglycine
derivatives 3c and 3d showed clean conversion to 7b and 7c, respectively (entries
2 and 3). Methyl ester 3e was also a good component for this one-pot reaction
(entry 4). Whereas 3f having an N-benzyl group resulted in sluggish conversion in

Table 2 Synthesis of tetrahydro-b-carbolines using several aldehydes

Entry Aldehyde Product (yield)c,dConditionsb

6d (45%)

50 oC, 0.5 h3 (HCHO)n
N
H

N

2d

6b (48%)

50 oC, 2 h
then

100 oC, 0.5 h
1 N

H

N

2b

TMS
CHO

TMS

6c (55%)

50 oC, 2 h
then

100 oC, 0.5 h
2

N
H

N

2c

BnO CHO

OBn

8b (8%)

8c (16%)

8d (0%)e

N
N

TMS

N
N

OBn

N
N

Me

Me

Me

Me Me

Me

Ethynylaniline 1f (0.18 mmol), aldehyde 2 (2 equiv.), and 2-(N-methylamino)ethanol 3a in
dioxane were treated with CuBr (5 mol %) under the conditions shown in the table. Then hexane
(2 mL) and t-BuOK were added at 0 �C and the reaction mixture was stirred at 0 �C for 5 min and
rt for an additional 30 min
a Conditions for the initial indole formation
b Isolated yields
c Structures of 8b–d are shown below
d Not isolated
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Table 3 Preparation of 4-oxo-tetrahydro-b-carboline by domino three-component coupling-
indole formation and successive MsOH-induced cyclization

NHMe

(HCHO)n

amino esters
N
Me

N

R4OCuX
(5 mol %)
dioxane

MsOH
80 oC, 0.5 h1i

2d

3
7

+

+
R5

Entry Amino esters Product (yield)c

RHN CO2Et
N
Me

N

3
4

BuHN CO2R
N
Me

N

5
6

BnHN CO2Me
N
Me

N

7
8
9

MeHN CO2Me
N
Me

N

R
R

10

7e:
7f:
7g:

O

O

O

O

7a (72%)
7b (77%)

7d (32%)
7d (57%)

N
H

CO2Me
N
Me

N

O

7h (29%)

Conditionsb

A

3b: R = Me
3c: R = allyl

3d: R = Et
3e: R = Me

3f
3f

3j

C

1
2

A
A

7c (70%)
7c (68%)

A
B

C
C
C

R = Me (63%)
R = i-Bu (37%)
R = Bn (46%)

3g:
3h:
3i:

R = Me
R = i-Bu
R = Bn

R

n-Bu

Bn

Me

The mixture of ethynylaniline 1i (0.19 mmol), paraformaldehyde 2d (2 equiv.), and amino ester 3
(1.2 equiv.) in dioxane was stirred with CuX (5 mol%) under microwave irradiation (300 W).
After indole formation was complete on TLC, the reaction mixture was treated with MsOH at
80 �C for 30 min
a Condition A: CuI, 170 �C, 1 h; condition B: CuBr, 120 �C, 15 min, then 140 �C, 15 min;
condition C: CuBr, 120 �C, 15 min
b Isolated yields
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the indole formation step using condition A (entry 5), use of CuBr, a more reactive
catalyst for the initial three-component indole formation than CuI, led to 57% yield
of 7d after treatment with MsOH (condition B, entry 6). This one-pot construction
of b-carboline derivatives also tolerated such chiral amino acid derivatives as 3g–
i (entries 7–9). The tetracyclic compound 7h can be easily obtained from racemic
pipecolinate 3j, although in relatively low yield (29%, entry 10). It should be noted
that the indole formation of Mannich adducts derived from 1i did not proceed
when using aldehydes other than paraformaldehyde and amino esters.

In conclusion, the author has developed two direct synthetic routes to 1,2,3,4-
tetrahydro-b-carboline derivatives by copper-catalyzed three-component indole
formation followed by successive cyclization at the 3-position of indole. When an
aminoethanol was used as the amine component, the 4-chlorophenylsulfonyl group
is the protecting/activating group of choice for the second cyclization induced by t-
BuOK. On the other hand, N-methyl-2-ethynylaniline and a-amino esters were
good components for MsOH-induced cyclization at C-3 to produce various 4-oxo-
1,2,3,4-tetrahydro-b-carbolines, including optically active ones. These two meth-
odologies using three-component coupling of readily available substrates should
contribute to diversity-oriented synthesis of tetrahydro-b-carbolines as a drug-like
scaffold.

3.1 Experimental Section

The compounds 2a and 2c are commercially available.
The compounds 1a, 1b [45], 1d [46], 1h [47], 1i [48], 2b [49], 3b [50], 3c [51],

3d [52], 3e [53], 3f, 3g [54], 3h [55], 3i [56], 3j[57] are known.

3.1.1 General Methods

IR spectra were determined on a JASCO FT/IR-4100 spectrometer. Exact mass
(HRMS) spectra were recorded on JMS-HX/HX 110A mass spectrometer. 1H
NMR spectra were recorded using a JEOL AL-500 spectrometer at 500 MHz
frequency. Chemical shifts are reported in d (ppm) relative to Me4Si (in CDCl3) as
internal standard. 13C NMR spectra were recorded using a JEOL AL-500 and
referenced to the residual CHCl3 signal. Optical rotations were measured with a
JASCO P-1020 polarimeter. Melting points were measured by a hot stage melting
points apparatus (uncorrected). Microwave reaction was conducted in a sealed
glass vessel (capacity 10 mL) using CEM Discover microwave reactor with a run
time of no more than 10 min. The temperature was monitored using IR sensor
mounted under the reaction vessel. For column chromatography, Wakosil C-300
was employed. For HPLC separations, a CHIRALCEL OD-H analytical column
(DICEL CHEMICAL INDUSTRIES LTD., 4.6 9 150 mm, flow rate 0.5 mL/min)
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was employed, and eluting products were detected by UV at 256 nm. A solvent
system consisting of 0.1% Et2NH in n-hexane (v/v, solvent A) and 0.1% Et2NH in
i-PrOH (v/v, solvent B) was used for HPLC elution with a linear gradient of
i-PrOH (20–40% over 45 min).

3.1.2 General Procedure for Synthesis of N-Arylsulfonyl-2-ethy-
nylaniline: Synthesis of 2-Ethynyl-N-mesitylenesulfonylani-
line (1c)

To a stirred solution of 2-ethynylaniline (0.30 g, 2.56 mmol), pyridine (1.04 mL,
12.80 mmol), and DMAP (6 mg, 0.05 mmol) in CH2Cl2 (15 mL) was added Mts-
Cl (0.67 g, 3.07 mmol) at 0 �C under Ar. The mixture was stirred at rt for 12 h and
washed with 2 N HCl, H2O and brine. The Organic layer was dried over MgSO4

and concentrated under reduced pressure. The residue was purified by column
chromatography over silica gel with hex/EtOAc (10:1) as the eluent to give 1c
(0.76 g, quant.) as a colorless solid which was recrystallized from hex-AcOEt as
colorless crystals: mp 96–98 �C; IR (neat) 2,103 cm-1 (C:C); 1H NMR
(500 MHz, CDCl3) d 2.26 (s, 3H, CH3), 2.68 (s, 6H, 2 9 CH3), 3.44 (s, 1H,
C:C), 6.92 (s, 2H, Ar), 6.96 (dd, J = 7.7, 7.7 Hz, 1H, Ar), 7.20 (ddt J = 7.7, 7.7,
1.4 Hz, 1H, Ar), 7.29 (d, J = 7.7 Hz, 1H, Ar), 7.38 (dd, J = 7.7, 1.4 Hz, 1H, Ar),
7.41 (brs, 1H, NH); 13C NMR (125 MHz, CDCl3) d 20.1, 23.1 (2C), 78.8, 84.4,
111.3, 117.1, 123.3, 130.1, 132.2, 132.7, 133.3, 138.8, 139.5 (2C), 142.9. Anal.
Calcd. for C17H17NO2S: C, 68.20; H, 5.72; N, 4.68. Found C, 68.09; H, 5.81; N,
4.66.

3.1.3 N-(p-Bromobenzenesulfonyl)-2-ethynylaniline (1e)

To a stirred solution of 2-ethynylaniline (0.20 g, 1.71 mmol) in pyridine (10 mL)
was added p-bromobenzenesulfonyl chloride (0.52 g, 2.05 mmol) at 0 �C under
Ar. The mixture was stirred for 12 h at rt and the washed with 2 N HCl, H2O, and
brine. The Organic layer was dried over MgSO4 and concentrated under reduced
pressure. The residue was purified by column chromatography over silica gel with
hex/EtOAc (10:1) as the eluent to give 1c (0.57 g, quant.) as a colorless solid
which was recrystallized from hex-AcOEt as colorless crystals: mp 62–64 �C; IR
(neat) 2,105 cm-1 (C:C); 1H NMR (500 MHz, CDCl3) d 3.36 (s, 1H, C:C),
7.05–7.08 (m, 1H, Ar), 7.20 (brs, 1H, NH), 7.30–7.34 (m, 1H, Ar), 7.36 (dd,
J = 7.7, 1.4 Hz, 1H, Ar), 7.55–7.57 (m, 2H, Ar), 7.59 (d, J = 9.2 Hz, 1H, Ar),
7.63–7.66 (m, 2H, Ar); 13C NMR (125 MHz, CDCl3) d 78.5, 84.5, 113.2, 120.0,
124.8, 128.3, 128.8 (2C), 130.3, 132.3 (2C), 132.7, 137.85, 137.90. Anal. Calcd.
for C14H10BrNO2S: C, 50.01; H, 3.00; N, 4.17. Found C, 50.01; H, 3.14; N, 4.10.

3.1 Experimental Section 53



3.1.4 N-(p-Chlorobenzenesulfonyl)-2-ethynylaniline (1f)

By a procedure similar to that described for 1e, 2-ethynylaniline (0.20 g,
1.71 mmol) was converted into 1f (0.50 g, quant.) by treatment with p-chloro-
benzenesulfonyl chloride (0.43, 2.05 mmol); colorless crystals (from CHCl3–
hexane): mp 69–70 �C; IR (neat) 2,109 cm-1 (C:C); 1H NMR (500 MHz,
CDCl3) d 3.35 (s, 1H, C:C), 7.06 (dd, J = 7.7 Hz, 1H, Ar), 7.20 (brs, 1H, NH),
7.30–7.34 (m, 1H, Ar), 7.36 (dd, J = 7.7, 1.4 Hz, 1H, Ar), 7.38–7.41 (m, 2H, Ar),
7.60 (d, J = 7.7 Hz, 1H, Ar), 7.70–7.73 (m, 2H, Ar); 13C NMR (125 MHz,
CDCl3) d 77.3, 84.5, 113.2, 120.0, 124.8, 128.8 (2C), 129.3 (2C), 130.3, 132.7,
137.3, 137.9, 139.8. Anal. Calcd. for C14H10ClNO2S: C, 57.63; H, 3.45; N, 4.80.
Found C, 57.35; H, 3.60; N, 4.80.

3.1.5 2-Ethynyl-N-(p-fluorosulfonyl)aniline (1g)

By a procedure similar to that described for 1e, 2-ethynylaniline (0.50 g,
4.26 mmol) was converted into 1g (1.17 g, quant.) by treatment with p-fluoro-
benzenesufonyl chloride (1.19, 6.13 mmol); colorless crystals (from CHCl3–hex-
ane): mp 74–75 �C; IR (neat) 2,104 cm-1 (C:C); 1H NMR (500 MHz, CDCl3) d
3.34 (s, 1H, C:C), 7.04–7.07 (m, 1H, Ar), 7.08–7.11 (m, 2H, Ar), 7.18 (brs, 1H,
NH), 7.30–7.34 (m, 1H, Ar), 7.35 (dd, J = 7.7, 1.4 Hz, 1H, Ar), 7.60 (d,
J = 9.2 Hz, 1H, Ar), 7.77–7.81 (m, 7H, Ar); 13C NMR (125 MHz, CDCl3) d 78.5,
84.4, 113.3, 116.3 (d, J = 22.8 Hz, 2C), 120.1, 124.7, 130.1 (d, J = 9.6 Hz, 2C),
130.3, 132.6, 134.8, 138.0, 165.4 (d, J = 257.9 Hz). Anal. Calcd. for
C14H10FNO2S: C, 61.08; H, 3.66; N, 5.09. Found C, 60.80; H, 3.78; N, 5.00.

3.1.6 General Procedure for Synthesis of 1,2,3,4-Tetrahydro-b-
carboline by Domino Copper-Catalyzed Three-Component
Indole Formation and Cyclization with t-BuOK: Synthesis
of 2-Methyl-1-propyl-2,3,4,9-tetrahydro-1H-pyrido[3,4-
b]indole (6a) and 2-Methyl-1-propyl-1,2,3,4-tetrahydropy-
razino[1,2-a]indole (8a) (Table 1, Entry 11)

A mixture of N-(4-chlorophenyl)sulfonyl-2-ethynylaniline 1f (53.6 mg,
0.18 mmol), butanal 2a (33.2 lL, 0.37 mmol), 2-(N-methylamino)ethanol 3a (16.3
lL, 0.21 mmol), and CuBr (1.3 mg, 0.0092 mmol) in dioxane (1 mL) was stirred
at 50 �C for 1.5 h [for the reaction with 2b (Table 2, entry 1) and 2c (Table 2,
entry 2), the mixture was stirred at 100 �C for an additional 0.5 h]. After the three-
component indole formation was completed on TLC, hexane (2 mL) was added at
rt and the mixture was cooled to 0 �C. t-BuOK (62.0 mg, 0.55 mmol) was added at
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0 �C and the reaction mixture was stirred for 5 min at 0 �C and additional 30 min
at rt. The reaction mixture was concentrated under reduced pressure and purified
by column chromatography over silica gel with hexane/EtOAc (3:1 to 1:3) as the
eluent to give 6a (31.8 mg, 75%) and 8a (10.7 mg, 25%) both as an yellow oil.

Compound 6a:1H NMR (500 MHz, CDCl3) d 0.94 (t, J = 7.2 Hz, 3H,
CH2CH3), 1.31–1.41 (m, 1H, CHH), 1.45–1.56 (m, 1H, CHH), 1.69–1.76 (m, 1H,
CHH), 1.81–1.89 (m, 1H, CHH), 2.47 (s, 3H, NMe), 2.69–2.82 (m, 3H, 3 9 CH),
3.14–3.20 (m, 1H, CH), 3.51 (t, J = 5.4 Hz, 1H, 1-H), 7.08–7.11 (m, 1H, Ar),
7.12–7.15 (m, 1H, Ar), 7.31 (d, J = 8.0 Hz, 1H, Ar), 7.48 (d, J = 7.4 Hz, 1H, Ar),
7.72 (brs, 1H, NH); 13C NMR (125 MHz, CDCl3) d 14.3, 18.7, 19.0, 35.3, 41.9,
49.6, 59.8, 108.2, 110.6, 118.0, 119.3, 121.3, 127.3, 135.1, 135.8; MS (FAB) m/
z (%): 229 (MH+, 50), 185 (100); HRMS (FAB) calcd for C15H21N2 (MH+):
229.1705; found: 229.1713.

Compound 8a: 1H NMR (500 MHz, CDCl3) d 0.94 (t, J = 7.4 Hz, 3H,
CH2CH3), 1.34–1.53 (m, 2H, CH2CH3), 1.82–1.89 (m, 1H, CHH), 1.91–1.99 (m,
1H, CHH), 2.43 (s, 3H, NMe), 2.92 (ddd, J = 12.6, 9.2, 4.6 Hz, 1H, CHH),
3.26–3.30 (m, 1H, CHH), 3.65 (t, J = 4.6 Hz, 1H, 1-H), 4.01–4.10 (m, 2H, CH2),
6.24 (s, 1H, 9-H), 7.08–7.11 (m, 1H, Ar), 7.13–7.17 (m, 1H, Ar), 7.26 (d,
J = 8.0 Hz, 1H, Ar), 7.56 (d, J = 7.4 Hz, 1H, Ar); 13C NMR (125 MHz, CDCl3)
d 14.4, 17.8, 34.2, 39.9, 41.0, 50.9, 60.8, 96.8, 108.6, 119.7, 119.9, 120.5, 128.2,
136.0, 138.1; MS (FAB) m/z (%): 229 (MH+, 50), 185 (100); HRMS (FAB) calcd
for C15H21N2 (MH+): 229.1705; found: 229.1703.

3.1.7 2-Methyl-1-[2-(trimethylsilyl)ethenyl]-2,3,4,9-tetrahydro-1H-
pyrido[3,4-b]indole (6b) and 2-Methyl-1-[2(trimethyl-
silyl)ethenyl]-1,2,3,4-tetrahydropyrazino[1,2-a]indole (8b)

By a procedure similar to that described for indole 6a and 8a, 1f (53.6 mg,
0.18 mmol) was converted into 6b (25.0 mg, 48%) and 8b (4.2 mg, 8%) both as an
yellow oil by treatment with (E)-3-(trimethylsilyl)acrylaldehyde 2b (47.2 mg,
0.37 mmol).

Compound 6b: 1H NMR (500 MHz, CDCl3) d 0.13 (s, 9H, SiMe3), 2.47 (s, 3H,
Me), 2.60–2.66 (m, 1H, CHH), 2.75–2.80 (m, 1H, CHH), 2.90–2.97 (m, 1H,
CHH), 3.12–3.18 (m, 1H, CHH), 3.81 (d, 1H, J = 8.0 Hz, CH), 6.00 (dd, 1H,
J = 18.3, 8.0 Hz, CHCHCH), 6.10 (d, 1H, CHSiMe3 J = 18.3 Hz), 7.08–7.91 (m,
1H, Ar), 7.15 (ddd, 1H, J = 7.4, 7.4, 1.1 Hz, Ar), 7.31 (d, 1H, J = 8.0 Hz, Ar),
7.50 (d, 1H, J = 7.4 Hz, Ar), 7.55 (br, 1H, NH); 13C NMR (125 MHz, CDCl3) d
-1.20 (3C), 21.3, 43.4, 52.2, 68.4, 108.3, 110.8, 118.3, 119.3, 121.5, 127.5, 132.7,
135.8, 136.2, 145.7; MS (FAB) m/z (%): 73 (100), 185 (88), 285 (MH+, 47);
HRMS (FAB) calcd for C17H25N2Si (MH+): 285.1787; found: 285.1794.

Compound 8b: 1H NMR (500 MHz, CDCl3) d 0.14 (s, 9H, SiMe3), 2.44 (s, 3H,
Me), 2.76–2.82 (m, 1H, CHH), 3.24 (ddd, 1H, J = 12.0, 6.0, 3.0 Hz, CHH), 3.84
(d, 1H, J = 6.9 Hz, CH), 4.03–4.09 (m, 1H, CHH), 4.17 (d, 1H, J = 11.5, 5.7,
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3.0 Hz, CHH), 5.99 (dd, 1H, J = 18.9, 6.9 Hz, CHCHCH), 6.05 (d, 1H,
J = 18.9 Hz, CHSiMe3), 6.09 (s, 1H, Ar), 7.08–7.11 (m, 1H, Ar), 7.14–7.18 (m,
1H, Ar), 7.28 (d, 1H, J = 8.0 Hz, Ar), 7.55 (d, 1H, J = 7.4 Hz, Ar); 13C NMR
(125 MHz, CDCl3) d -1.26 (3C), 41.6, 43.6, 51.9, 69.3, 98.4, 108.7, 119.8, 120.2,
120.7, 128.1, 135.2, 136.3, 136.4, 114.4; MS (FAB) m/z (%):, 185 (50), 285 (MH+,
25); HRMS (FAB) calcd for C17H25N2Si (MH+): 285.1787; found: 285.1805.

3.1.8 1-(Benzyloxymethyl)-2-methyl-2,3,4,9-tetrahydro-1H-pyr-
ido[3,4-b]indole (6c) and 1-(Benzyloxymethyl)2-methyl-
1,2,3,4-tetrahydropyrazino[1,2-a]indole (8c)

By a procedure similar to that described for indole 6a and 8a, 1f (53.6 mg,
0.18 mmol) was converted into 6c (31.7 mg, 55%) and 8c (9.1 mg, 16%) both as
an yellow oil by treatment with benzyloxyacetaldehyde 2c (51.9 lL, 0.37 mmol).

Compound 6c: 1H NMR (500 MHz, CDCl3) d 2.54 (s, 3H, Me), 2.75–2.83 (m,
3H, 3 9 CHH), 3.08–3.11 (m, 1H, CHH), 3.57 (dd, 1H, J = 9.2, 9.2 Hz, CH),
3.69 (dd, 1H, J = 9.2, 4.0 Hz, CHCHH), 4.01 (dd, 1H, J = 9.2, 4.0 Hz, CHCHH),
4.61 (d, 1H, J = 12.2 Hz, PhCHH), 4.63 (d, 1H, J = 12.2 Hz, PhCHH), 7.07–7.10
(m, 1H, Ar), 7.13–7.15 (m, 1H, Ar), 7.28 (d, 1H, J = 8.0 Hz, Ar), 7.31–7.41 (m,
5H, Ar), 7.50 (d, 1H, J = 7.4 Hz, Ar), 8.48 (br, 1H). 13C NMR (125 MHz, CDCl3)
d 20.0, 43.4, 52.1, 59.5, 72.8, 73.8, 107.8, 110.8, 118.1, 119.0, 121.3, 126.5, 127.9
(2C), 128.0, 128.6 (2C), 134.4, 135.8, 137.7; MS (FAB) m/z (%): 185 (100), 307
(MH+, 45); HRMS (FAB) calcd for C20H23N2O (MH+): 307.1810; found:
307.1813.

Compound 8c: 1H NMR (500 MHz, CDCl3) d 2.57 (s, 3H, Me), 2.93–2.98 (m,
1H, CHH), 3.28–3.32 (m, 1H, CHH), 3.81–3.90 (m, 3H, CH, 2 9 CHH),
4.04–4.14 (m, 2H, 2 9 CHH), 4.59 (d, 1H, J = 12.0 Hz, PhCHH), 4.63 (d, 1H,
J = 12.0 Hz, PhCHH), 6.26 (s, 1H, Ar), 7.08–7.11 (m, 1H, Ar), 7.15–7.18 (m, 1H,
Ar), 7.27–7.33 (m, 6H, Ar), 7.55 (d, 1H, J = 7.4 Hz, Ar); 13C NMR (125 MHz,
CDCl3) d 39.9, 42.4, 50.8, 61.0, 71.8, 73.5, 97.4, 108.6, 109.8, 120.11, 120.70,
127.7, 127.9 (2C), 128.0, 128.4 (2C), 135.1, 135.9, 138.0; MS (FAB) m/z (%): 185
(100), 307 (MH+, 35); HRMS (FAB) calcd for C20H23N2O (MH+): 307.1810;
found: 307.1810.

3.1.9 2-Methyl-2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole (6d)

By a procedure similar to that described for indole 6a and 8a, 1f (53.6 mg,
0.18 mmol) was converted into 6d (17.2 mg, 45%) by treatment with (HCHO)n

and 2d (12.4 mg, 0.37 mmol); colorless crystals: mp (from CHCl3–hexane): 212
�C; 1H NMR (500 MHz, CDCl3) d 2.49 (s, 3H, NMe), 2.76–2.84 (m, 4H,
CH2CH2), 3.57 (s, 2H, ArCH2), 7.06–7.09 (m, 1H, Ar), 7.11–7.14 (m, 1H, Ar),
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7.27 (d, 1H, J = 7.4 Hz, Ar), 7.47 (d, 1H, J = 7.4 Hz, Ar), 7.91 (br, 1H, NH); 13C
NMR (125 MHz, CDCl3) d 21.5, 45.3, 51.8, 53.0, 107.7, 110.9, 117.9, 119.1,
121.2, 127.1, 131.9, 136.1. Anal. calcd. for C12H14N2: C, 77.38; H, 7.58; N, 15.04.
Found C, 77.38; H, 7.58; N, 15.04.

3.1.10 General Procedure for Synthesis of 1,2,3,4-Tetrahydro-b-
carboline by Domino Copper-Catalyzed Three-Component
Indole Formation and Cyclization with MsOH: Synthesis
of 2-Methyl-2,3-dihydropyrido[3,4-b]indol-4(9H)-one (7a)
(Conditions A)

A mixture of N-methyl-2-ethynylaniline 1i (25.0 mg, 0.19 mmol), paraformalde-
hyde 2d (11.4 mg, 0.38 mmol), N-methylglycine ethyl ester 3b (26.8 mg,
0.23 mmol), and CuI (1.8 mg, 0.0095 mmol) in dioxane (0.5 mL) was stirred at
170 �C for 1 h under the microwave irradiation (300 W). After the three-com-
ponent indole formation was completed monitored by TLC, MsOH (1 mL) was
added at rt and the mixture was stirred at 80 �C for 30 min. The reaction mixture
was diluted with H2O followed by neutralization with saturated aqueous NaHCO3.
The aqueous solution was extracted with EtOAc (twice). The organic layer was
washed with brine and dried over MgSO4. The filtrate was concentrated under
reduced pressure to leave an oily residue, which was purified by column chro-
matography over silica gel with CHCl3/CH3OH (50:1) as the eluent to give 7a
(32.6 mg, 72%) as a pale yellow solid, which was recrystallized from CHCl3–
hexane: colorless crystals: mp 183 �C; IR (neat) 1,639 cm-1 (C=O); 1H NMR
(500 MHz, CDCl3) d 2.55 (s, 3H, 2-NMe), 3.26 (s, 2H, 3-CH2), 3.63 (s, 3H, 9-
NMe), 3.76 (s, 2H, 1-CH2), 7.27–7.29 (m, 3H, Ar), 8.18–8.20 (m, 1H, Ar); 13C
NMR (125 MHz, CDCl3) d 30.0, 45.1, 50.4, 63.3, 109.3, 110.7, 121.5, 122.7,
123.2, 124.1, 137.6, 149.8, 189.9; MS (FAB) m/z (%): 215 (MH+, 100); HRMS
(FAB) calcd for C13H15N2O (MH+): 215.1184; found: 215.1180.

3.1.11 2-Allyl-2,3-dihydro-1H-pyrido[3,4-b]indol-4(9H)-one (7b)

By a procedure similar to that described for 7a, 1i (25.0 mg, 0.19 mmol) was
converted into 7b (35.1 mg, 77%) by treatment with N-allylglycine ethyl ester 3c
(26.8 lL, 0.23 mmol); colorless crystals (from CHCl3–hexane): mp 116 �C; 1H
NMR (500 MHz, CDCl3) d 3.29 (d, 2H, J = 6.9 Hz, NCH2CH), 3.32 (s, 2H,
COCH2), 3.63 (s, 3H, Me), 3.82 (s, 2H, ArCH2), 5.30–5.24 (m, 2H, CH=CH2),
5.86–5.94 (m, 1H, CH), 7.26–7.28 (m, 3H, Ar), 8.12–8.20 (m, 1H, Ar); 13C NMR
(125 MHz, CDCl3) d 30.0, 47.9, 60.2, 61.3, 109.3, 111.2, 119.0, 121.5, 122.7,
123.2, 124.1, 134.1, 137.6, 149.7, 189.9; MS (FAB) m/z (%): 241 (MH+, 30);
HRMS (FAB) calcd for C15H17N2O (MH+): 241.1341; found: 241.1336.
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3.1.12 2-Butyl-2,3-dihydro-1H-pyrido[3,4-b]
indol-4(9H)-one (7c)

By a procedure similar to that described for 7a, 1i (25.0 mg, 0.19 mmol) was
converted into 7c (34.2 mg, 68%) by treatment with N-butylglycine ethyl ester
3d (33.4 mg, 0.21 mmol); colorless crystals (from CHCl3–hexane): mp: 109 �C:
IR: ~m = 1,650 cm-1 (CO); 1H NMR (500 MHz, CDCl3) d 0.94 (t, 3H,
J = 7.4 Hz, CH2CH3), 1.34–1.41 (m, 2H, CH2CH3) 1.54–1.60 (m, 2H,
NCH2CH2), 2.64 (t, 2H, J = 7.4 Hz, NCH2CH2), 3.30 (s, 2H, COCH2), 3.64 (s,
3H, NMe), 3.82 (s, 2H, ArCH2), 7.26–7.28 (m, 3H, Ar), 8.16–8.18 (m, 1H, Ar);
13C NMR (125 MHz, CDCl3) d 13.9, 20.4, 29.2, 30.0, 48.7, 57.1, 61.3, 109.3,
111.1, 121.5, 122.7, 123.2, 124.1, 137.6, 150.0, 190.1; MS (FAB) m/z (%): 257
(MH+, 100); HRMS (FAB) calcd for C16H21N2O (MH+): 257.1654; found:
257.1660.

3.1.13 General Procedure for Synthesis of 1,2,3,4-Tetrahydro-b-
carboline by Domino Copper-Catalyzed Three-Component
Indole Formation and Cyclization by MsOH: Synthesis
of 2-Benzyl-2,3-dihydro1H-pyrido[3,4-b]indol-4(9H)-one
(7d) (Conditions B)

A mixture of N-methyl-2-ethynylaniline 1i (25.0 mg, 0.19 mmol), parafor-
maldehyde (11.4 mg, 0.38 mmol), N-benzylglycine ethyl ester 3f (44.2 mg,
0.23 mmol), and CuBr (1.3 mg, 0.0095 mmol) in dioxane (0.5 mL) was stirred
for 15 min at 120 �C and additionally for 15 min at 140 �C, using the
microwave apparatus. After the three-component indole formation was com-
pleted (monitored by TLC, MsOH (1 mL) was added at rt and the mixture
was stirred for 30 min at 80 �C. The reaction mixture was diluted with H2O
followed by neutralization with saturated aqueous NaHCO3. The aqueous
solution was extracted with EtOAc (twice). The organic layer was washed
with brine and dried over MgSO4. The filtrate was concentrated under reduced
pressure to give an oily residue, which was purified by column chromatog-
raphy over silica gel with hexane/AcOEt (2:1 to 1:1) as the eluent to give 7d
(31.5 mg, 57%) as a yellow pale solid which was recrystallized from CHCl3-
hexane. colorless crystals: mp 156 �C; IR: ~m = 1,650 cm-1 (CO); 1H NMR
(500 MHz, CDCl3) d 3.38 (s, 2H, COCH2), 3.60 (s, 3H, NMe), 3.82 (s, 2H,
ArCH2), 3.84 (s, 2H, ArCH2), 7.25–7.35 (m, 8H, Ar), 8.18–8.20 (m, 1H, Ar);
13C NMR (CDCl3) d 30.1, 48.0, 61.50, 61.53, 109.3, 111.1, 121.6, 122.8,
123.3, 124.1, 127.7, 128.6 (2C), 129.1 (2C), 137.0, 137.6, 149.7, 190.1; MS
(FAB) m/z (%): 291 (MH+, 35); HRMS (FAB) calcd for C19H19N2O (MH+):
291.1497; found: 291.1504.
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3.1.14 (R)-2,3-Dimethyl-2,3-dihydro-1H-pyrido[3,4-b]indol-
4(9H)-one (7e) (Conditions C)

By a procedure similar to that described for 7d, 1i (25.0 mg, 0.19 mmol) was
converted into 7e [27.2 mg, 63, 95% ee (Chiralcel OD-H with a linear gradient
of i-PrOH (20–40% over 45 min) in hexane in the presence of 0.1% Et2NH)]
by treatment with N-methylalanine methyl ester 3g (26.8 mg, 0.23 mmol) and
by the reaction at 120 �C at the indole formation step; colorless crystals (from
CHCl3–hexane): mp 143 �C; [a]D

24 15.5 (c 0.67, CHCl3); IR: ~m = 1,647 cm-1

(CO); 1H NMR (CDCl3) d 1.36 (d, 3H, J = 7.0 Hz, 3-CH3), 2.59 (s, 3H, 2-
CH3), 3.31 (q, 1H, J = 7.0 Hz, CH), 3.69 (s, 3H, 9-CH3), 3.87 (d, 1H,
J = 16.6 Hz, CHH), 4.14 (d, 1H, J = 16.6 Hz, CHH), 7.27–7.33 (m, 3H, Ar),
8.19–8.22 (m, 1H, Ar); 13C NMR (CDCl3) d 12.2, 30.0, 42.4, 47.3, 65.0, 109.2,
109.4, 121.6, 122.7, 123.2, 124.6, 137.7, 148.0, 193.6.; MS (FAB) m/z (%): 229
(MH+, 100); HRMS (FAB) calcd for C14H17N2O (MH+): 229.1341; found:
229.1334.

3.1.15 (R)-3-Isobutyl-2-methyl-2,3-dihydro-1H-pyrido[3,4-b]
indol-4(9H)-one (7f)

By a procedure similar to that described for 7e, 1i (25.0 mg, 0.19 mmol) was
converted into 7f (19.0 mg, 37%) by treatment with N-methylleucine methyl ester
3h (36.4 mg, 0.23 mmol); colorless crystals (from CHCl3–hexane): mp 157 �C;
[a]D

24 -13.2 (c 0.67, CHCl3); IR: ~m = 1,646 cm-1 (CO); 1H NMR (500 MHz,
CDCl3), d 0.95 (d, 3H, J = 6.9 Hz, CHCH3CH3), 0.99 (d, 3H, J = 6.9 Hz,
CHCH3CH3), 1.49–1.54 (m, 1H, CHCHH), 1.60–1.65 (m, 1H, CHCHH),
1.85–1.93 (m, 1H, CHCH3CH3), 2.59 (s, 3H, 2-CH3), 3.26 (dd, 1H, J = 8.6,
6.3 Hz, CH), 3.70 (s, 3H, 9-CH3), 3.90 (d, 2H, J = 17.2, 1-CHH), 4.35 (d, 2H,
J = 17.2, 1-CHH), 7.27–7.35 (m, 3H, Ar), 8.19–8.22 (m, 1H, Ar); 13C NMR
(125 MHz, CDCl3) d 22.1, 23.0, 25.2, 30.1, 37.4, 43.0, 45.8, 67.7, 109.3, 109.3,
121.7, 122.7, 123.0, 124.6, 137.6, 146.5, 195.2; MS (FAB) m/z (%): 271 (MH+,
65); HRMS (FAB) calcd for C17H23N2O (MH+): 271.1810; found: 271.1804.

3.1.16 (R)-3-Benzyl-2-methyl-2,3-dihydro-1H-pyrido[3,4-b]
indol-4(9H)-one (7g)

By a procedure similar to that described for 7e, 1i (25.0 mg, 0.19 mmol) was
converted into 7g (26.8 mg, 46%) as by treatment with N-methylphenylalanine
methyl ester 3i (44.2 mg, 0.23 mmol); mp 94 �C by (CHCl3–hexane); [a]D

24 -62.8
(c 0.67, CHCl3); IR: ~m = 1,646 cm-1 (CO); 1H NMR (500 MHz, CDCl3) d 2.54
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(s, 3H, 2-CH3), 3.00 (dd, 1H, J = 14.3, 9.2 Hz, CHCHH), 3.12 (dd, 1H, J = 14.3,
5.2 Hz, CHCHH), 3.54 (dd, 1H, J = 9.2, 5.2 Hz, CH), 3.69 (s, 3H, 9-CH3), 3.91
(d, 1H, J = 17.2 Hz, 1-CHH), 4.37 (d, 1H, J = 17.2 Hz, 1-CHH), 7.18–7.36 (m,
8H, Ar), 8.22–8.25 (m, 1H, Ar); 13C NMR (125 MHz, CDCl3) d 30.1, 34.7, 43.0,
46.5, 71.0, 109.3, 109.7, 121.7, 122.8, 123.2, 124.5, 126.1, 128.3 (2C), 129.0 (2C),
137.7, 139.3, 147.1, 193.5; MS (FAB) m/z (%): 305 (MH+, 45); HRMS (FAB)
calcd for C20H21N2O (MH+): 305.1654; found: 305.1649.

3.1.17 5,6,8,9,10,11,11a,12-Octahydroindolo[3,2-b]quinolizine
(7h)

By a procedure similar to that described for 7e, 1i (25.0 mg, 0.19 mmol) was
converted into 7h (14.0 mg, 29%) as an yellow oil by treatment with methyl
pipecolinate 3j (44.2 mg, 0.23 mmol); IR: ~m = 1,646 cm-1 (CO); 1H NMR
(500 MHz, CDCl3) d 1.38–1.78 (m, 4H, 4 9 CHH), 1.92 (m, 1H, CHH), 2.51 (m,
2H, 2 9 CHH), 2.83 (m, 1H, CHH), 3.10–3.13 (m, 1H, CH), 3.67–3.70 (m, 4H, 9-
Me, ArCHH), 4.08 (d, 1H, J = 16.0 Hz, ArCHH), 7.27–7.32 (m, 3H, Ar),
8.18–8.22 (m, 1H, Ar); 13C NMR (125 MHz, CDCl3) d 24.0, 25.4, 26.5, 29.9, 50.5,
56.3, 67.5, 109.2, 110.4, 121.6, 122.7, 123.2, 124.5, 137.6, 149.0, 191.0; MS
(FAB) m/z (%): 255 (MH+, 100); HRMS (FAB) calcd for C16H19N2O (MH+):
255.1497; found: 255.1507.
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Chapter 4
Concise Synthesis of Indole-Fused
1,4-Diazepines through Copper(I)-
Catalyzed Domino Three-Component
Coupling-Cyclization-N-Arylation
under Microwave Irradiation

Tandem catalysis [1–10], which involves several catalytic cycles within the same
medium to produce a desired product, is becoming increasingly important for the
economic and environmental acceptability of the process. Copper salts are efficient
catalysts in various transformations, including formation of carbon–carbon and
carbon–nitrogen bonds [11–14]. The author postulated they could play key parts in
construction of complex nitrogen heterocycles with important biological activities
through formation of multiple bonds [15–23].

Indole and 1,4-benzodiazepine frameworks are useful templates for drug dis-
covery. Indole-fused 1,4-diazepine [24–31], found in various bioactive compounds,
can also be an attractive drug template. In Scheme 1, the author reported a novel
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copper(I)-catalyzed synthesis of 2-(aminomethyl)indoles via a three-component
coupling-cyclization reaction [32, 33]. This new indole-forming reaction prompted
the author to develop a novel method for the synthesis of indole-fused tetracyclic
compounds by three-component indole formation and simultaneous copper-cata-
lyzed N-arylation (Scheme 1). The author expected that a copper salt could catalyze
multiple transformations, including Mannich-type coupling of ethynylaniline
derivative 1 with formaldehyde and N-substituted o-halobenzylamine 2, indole
formation, and arylation of the indole nitrogen. In this section, the author reports a
direct access to indole-fused tetracyclic compounds 3 containing the 1,4-diazepine
framework by copper(I)-catalyzed domino reactions, which involve the formation
of one carbon–carbon bond and three carbon–nitrogen bonds.

The author chose N-mesyl-2-ethynylaniline 1a as a model substrate because
three-component indole formation requires N-substituted ethynylanilines [32].
Appropriate conditions were initially investigated for one-pot three-component
indole formation, deprotection of the mesyl group, and subsequent N-arylation.
A mixture of 1a, paraformaldehyde (2 equiv), and secondary amine 2a (1.1 equiv)
was treated with CuI (5 mol%) in toluene and, after indole formation was com-
pleted (monitored by TLC), an additive for cleavage of the N-mesyl group was
introduced (Table 1) (One portion addition of all the reactants including the alk-
oxide at the beginning of the reaction caused decomposition of the starting
material). Addition of MeOK and heating of the reaction mixture under reflux for
1 h promoted the desired arylation of the indole nitrogen to afford the expected
tetracyclic compound 3a [34] in ca. 43% yield (entry 1). t-BuOK was less
effective, leading to ca. 38% yield of 3a (entry 2). These runs furnished tetracyclic
compound 3a containing some impurities that were not easily removed, but the
reaction with MeONa under reflux for 3 h gave pure 3a in 51% yield after column
chromatography (entry 3). Simultaneous addition of racemic trans-N,N0-dimeth-
ylcyclohexane-1,2-diamine, an efficient ligand for CuI-catalyzed intermolecular
N-arylation of indoles [35], was not effective for the present formation of
1,4-diazepine (34%, entry 4). Replacement of CuI by CuBr slightly decreased the
yield of 3a (49%, entry 5). Microwave-assisted conditions at 170 �C for the for-
mation of indole and diazepine improved the overall yield to 64% (entry 6).
Investigation of the reaction solvent and loading of the catalyst (entries 6–9)
revealed that 2.5 mol% of CuI in dioxane most effectively produced 3a in 88%
yield within 40 min (entry 9).

Having established optimal conditions (Table 1, entry 9), the author examined
the scope of this indole-fused benzodiazepine formation using several 2-ethy-
nylanilines 1a–e and paraformaldehyde, secondary amines 2b–d (Table 2).
Whereas the reaction of 2-ethynylaniline 1a, and 2-bromobenzylamine 2b
bearing a smaller N-substituent under standard conditions gave the corresponding
indole-fused benzodiazepine 3b in relatively low yield (51%, entry 1), the
reaction using 2c or 2d, carrying a removable nitrogen substituent such as benzyl
and allyl groups, proceeded smoothly to give 3c and 3d in 83 and 81% yields,
respectively (entries 2 and 3). Ethynylaniline 1b bearing a methoxycarbonyl
group at the para-position of the amino group gave a poor result to afford 3e
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(23% yield), along with a complex mixture of unidentified products (entry 4)
(since the formation 2-(aminomethyl)indole using 1b and 2d proceeded effi-
ciently (quantitative yield), deprotection conditions using MeONa caused unde-
sired side reactions). Anilines 1c and 1d with a para-trifluoromethyl or methyl
group, respectively, were good substrates for this copper-catalyzed reaction
sequence (entries 5 and 6). The reaction with ethynylaniline 1e containing a
trifluoromethyl group at the meta-position gave a moderate yield of 3 h (53%
yield, entry 7). Thus, the copper-catalyzed synthesis of indole-fused benzodi-
azepine was applicable to various N-substituted o-bromobenzylamines and
2-ethynylanilines with an electron-donating or electron-withdrawing group.

Synthesis of tetracyclic compounds containing a heterocycle-fused 1,4-diaze-
pine was investigated (Scheme 2). By employing the secondary amines 4 and 6
involving a pyridine and thiophene moiety, respectively, the reaction directly
delivered the desired pyridine- and thiophene-fused tetracyclic compounds 5 and 7

Table 1 Screening of reaction conditions using ethynylaniline 1a and secondary amine 2a

NHMs

1. (HCHO)n
copper salt

solvent
conditions A

additive
conditions B

2.

1a
3a

2a

n-BuNH

Br
+

N
N n-Bu

Entry Catalyst
(mol%)

Solvent Conditions Aa Additive
(equiv)

Conditions Ba Yieldb

(%)

1 CuI (5) Toluene Reflux, 6 h MeOK (6) Reflux, 1 h 43
2 CuI (5) Toluene Reflux, 6 h t-BuOK (6) Reflux, 0.5 h 38
3 CuI (5) Toluene Reflux, 6 h MeONa (6) Reflux, 3 h 51
4 CuI (5) Toluene Reflux, 6 h MeONa (6)

ligand (0.1)c
80 �C, 4 h 34

5 CuBr (5) Toluene Reflux, 6 h MeONa (6) Reflux, 3 h 49
6 CuI (5) Toluene MW, 170 �C,

20 min
MeONa (6) MW, 170 �C,

20 min
64

7 CuI (5) Dioxane MW, 170 �C,
20 min

MeONa (6) MW, 170 �C,
20 min

81

8 CuI (1) Dioxane MW, 170 �C,
20 min

MeONa (6) MW, 170 �C,
20 min

77

9 CuI (2.5) Dioxane MW, 170 �C,
20 min

MeONa (6) MW, 170 �C,
20 min

88

After the reactions with 2-ethynylaniline 1a, paraformaldehyde (2 equiv), and secondary amine
2a (1.1 equiv) was completed on TLC, additives were introduced
a MW microwave irradiation
b Isolated yields
c Ligand = (±)-trans-N,N0-dimethylcyclohexane-1,2-diamine
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in 71 and 56% yields, respectively. From these observations, this copper-catalyzed
formation of tetracyclic compounds allows the synthesis of indole-fused 1,4-dia-
zepines containing another heterocyclic ring system.

Table 2 Construction of tetracyclic compounds using substituted ethynylanilines and o-
bromobenzylamines

Entry Secondary amine

1

NHMs

Ethynylaniline

1a

NHMs

1a

NHMs

1a

NHMs

NHMs

1e

R

F3C

2

3

7

2d 3d (81)

2c 3c (83)

2b 3b (51)

2d
2d
2d

3e (R = CO2Me, 23)
3f (R = CF3, 81)
3g (R = Me, 85)

2d 3h (53)

N
N allyl

N
N Bn

N
N Me

N
N allyl

R

N
N allyl

F3C

4
5
6

1b: R = CO2Me
1c: R = CF3
1d: R = Me

MeHN

Br

BnHN

Br

N
H

Br

allyl

N
H

Br

allyl

N
H

Br

allyl

Product (%)b

All reactions were conducted with ethynylaniline 1, paraformaldehyde (2 equiv), and secondary
amine 2 (1.1 equiv) in the presence of CuI (2.5 mol%) in 1,4-dioxane at 170 �C for 20–40 min
under microwave irradiation. After the indole formation was completed (monitored by TLC),
MeONa (6 equiv) was added and the mixture was heated at 170 �C for 20 min under microwave
irradiationa Isolated yields
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In conclusion, the author developed a novel method for the preparation of fused
indoles by copper-catalyzed domino three-component coupling-indole formation-
N-arylation. Starting from simple 2-ethynylanilines and o-bromobenzylamines,
complex indole-fused tetracyclic compounds were easily and directly synthesized
in a single reaction vessel. This is the first example of copper-catalyzed one-pot
reaction including three catalytic cycles and formation of four bonds.

4.1 Experimental Section

The compounds 1a [36], 2a, c, d [37] are known.
The compound 2b, 2-bromo-3-(bromomethyl)thiophene, and 2-bromopicolin-

aldehyde are commercially available.

4.1.1 General Methods

Exact mass (HRMS) spectra were recorded on JMS-HX/HX 110A mass spec-
trometer. 1H NMR spectra were recorded using a JEOL AL-500 spectrometer at
500 MHz frequency. Chemical shifts are reported in d (ppm) relative to Me4Si
(in CDCl3,) as internal standard. 13C NMR spectra were recorded using a JEOL
AL-500 and referenced to the residual CHCl3 signal. Microwave reaction was
conducted in a sealed glass vessel (capacity 10 mL) using CEM Discover
microwave reactor with a run time of no more than 10 min. The temperature was
monitored using IR sensor mounted under the reaction vessel. For column
chromatography, Wakosil C-300 was employed.
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Scheme 2 Direct synthesis of pyridine- or thiophene-fused tetracyclic compounds
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4.1.2 General Procedure for Synthesi of 2-Ethynyl-N-methane-
sufonylaniline: Synthesis of 2-Ethynyl-N-methane
sulfonyl-4-methoxycarbonylaniline (1b)

To the mixture of 2-bromo-4-methoxycarbonylaniline (2 g, 8.69 mmol), PdCl2
(PPh3)2 (0.15 g, 0.22 mmol), and CuI (0.04 g, 0.22 mmol) in THF (2 mL) and
Et3N (20 mL) was added trimethylsilylacetylene (1.42 mL, 10.43 mmol) at rt
under Ar. After stirred under reflux for 16 h, the reaction mixture was filtered over
Celite and concentrated under reduced pressure. The residue was purified by
column chromatography over silica gel with hex/AcOEt (10:1) as the eluent to
give a colorless solid, which was used in the next step without further purification.
To a stirred solution of this TMS-acetylenated compound in pyridine (20 mL) was
added dropwise Ms-Cl (0.44 mL, 6.79 mmol) at 0 �C under Ar. After stirred at rt
for 12 h, the reaction mixture was quenched with aqueous saturated NaHCO3 and
extracted with EtOAc. The organic layer was washed with 1 N HCl, aqueous
saturated NaHCO3, and brine, dried over MgSO4, and concentrated under reduced
pressure. The residue was purified by column chromatography over silica gel with
hex/AcOEt (1:1) to give a colorless solid, which was used in the next step without
further purification. To the stirred solution of this mesylate in THF (7 mL) was
added dropwise TBAF (2.2 mL, 1 M in THF, 2.2 mmol) at 0 �C. After stirred for
5 min at this temperature, the reaction mixture was quenched with aqueous sat-
urated citric acid and extracted with EtOAc. The organic layer was washed with
H2O, aqueous saturated NaHCO3, and brine, drid over MgSO4, and concentrated
under reduced pressure. The residue was purified by column chromatography over
silica gel with hex/AcOEt (3:1 to 1:1) to give a colorless solid, which was
recrystallized from hex–AcOEt to give pure 1b (0.49 g, 22% over 3 steps) as
colorless crystals: m.p. 122 �C; IR (neat) 2106 cm-1 (C:C); 1H NMR (500 MHz,
CDCl3) d 3.10 (s, 3H, SO2CH3), 3.55 (s, 1H,C:CH), 3.92 (s, 3H, OMe), 7.29 (br,
1H, NH), 7.67 (d, J = 8.8 Hz, 1H, Ar), 8.04 (dd, J = 8.8, 2.0 Hz, 1H, Ar), 8.18
(d, J = 2.0 Hz, Ar); 13C NMR (125 MHz, CDCl3) d 40.3, 52.3, 77.6, 85.8, 111.5,
116.8, 125.8, 131.8, 134.5, 142.3, 165.5. Anal. Calcd for C11H11NO4S: C, 52.16;
H, 4.38; N, 5.53. Found: C, 52.11; H, 4.22; N, 5.50.

4.1.3 2-Ethynyl-N-methanesulfonyl-4-trifluoromethyl
carbonylaniline (1c)

By a procedure similar to that described for 1b, 2-iodo-4-trifluoromethylaniline
(1.50 g, 5.23 mmol) was converted into 1c (0.47 g, 34% over 3 steps); colorless
crystals (from AcOEt–hexane): m.p. 92 �C; IR (neat) 2111 cm-1 (C:C); 1H
NMR (500 MHz, CDCl3) d 3.11 (s, 3H, SO2CH3), 3.61 (s, 1H, C:CH), 7.30 (br,
1H, NH), 7.63 (dd, J = 8.7, 1.7 Hz, 1H, Ar), 7.74 (d, J = 8.7 Hz, 1H, Ar), 7.76
(d, J = 1.7 Hz, 1H, Ar); 13C NMR (125 MHz, CDCl3) d 40.3, 77.3, 86.4, 112.2,
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117.8, 123.3 (q, J = 272.3 Hz), 126.4 (q, J = 33.6 Hz), 127.4 (q, J = 3.6 Hz),
130.0 (q, J = 3.6 Hz), 141.5. Anal. Calcd. for C10H8F3NO2S: C, 45.63; H, 3.06;
N, 5.32. Found C, 45.67; H, 3.07; N, 5.29.

4.1.4 2-Ethynyl-N-methanesulfonyl-4-methylaniline (1d)

By a procedure similar to that described for 1b, 2-iodo-4-methylaniline (2.03 g,
5.23 mmol) was converted into 1c (1.53 g, 84% over 3 steps); colorless crystals
(from AcOEt–hexane): m.p. 95 �C; IR (neat) 2100 cm-1 (C:C); 1H NMR
(500 MHz, CDCl3) d 2.31 (s, 3H, ArCH3), 2.98 (s, 3H, SO2CH3), 3.45 (s, 1H,
C:CH), 6.88 (br, 1H, NH), 7.19 (dd, J = 8.4, 1.9 Hz, 1H, Ar), 7.32 (d, J = 1.9 Hz,
1H, Ar), 7.49 (d, J = 8.4 Hz, 1H, Ar); 13C NMR (125 MHz, CDCl3) d 20.5, 39.4,
79.0, 84.2, 113.3, 120.5, 131.3, 133.1, 134.9, 135.9. Anal. Calcd. for C10H11NO2S:
C,57.39; H, 5.19; N, 6.69. Found C, 57.39; H, 5.30; N, 6.69.

4.1.5 2-Ethynyl-N-methanesulfonyl-5-trifluoromethyl
carbonylaniline (1e)

By a procedure similar to that described for 1b, 2-bromo-5-trifluoroaniline (2.09 g,
8.69 mmol) was converted into 1c (0.35 g, 15% over 3 steps); colorless crystals
(from AcOEt–hexane): m.p. 107 �C; IR (neat) 2113 cm-1 (C:C); 3.08 (s, 3H,
SO2CH3), 3.63 (s, 1H, C:CH), 7.17 (br, 1H, NH), 7.38 (dd, J = 8.0, 0.6 Hz, 1H,
Ar), 7.62 (d, J = 8.0 Hz, 1H, Ar), 7.88 (d, J = 0.6 Hz, 1H, Ar); 13C NMR
(125 MHz, CDCl3) d 40.2, 77.5, 87.0, 115.6 (q, J = 3.6 Hz), 115.8, 121.0
(q, J = 3.6 Hz), 123.2 (q, J = 272.3 Hz), 132.5 (q, J = 33.6 Hz), 133.4, 139.1.
Anal. Calcd. for C10H8F3NO2S: C, 45.63; H, 3.06; N, 5.32. Found C, 45.68; H,
3.04; N, 5.36.

4.1.6 General Procedure for Synthesis of Indole-Fused
1,4-Diazepine through Three-Component Indole Formation-
N-Arylation: Synthesis of 7-n-Butyl-7,8-dihydro-6H-
benzo[f]indolo[1,2-a][1,4]diazepine (3a)

A mixture of 2-ethynylaniline 1a (25 mg, 0.13 mmol), paraformaldehyde (7.7 mg,
0.26 mmol), secondary amine 2a (35 mg, 0.14 mmol), and CuI (0.61 mg,
0.0032 mmol) in dioxane (1 mL) was stirred for 20 min at 170 �C under the
microwave irradiation (200 W). After the three-component coupling-cyclization
reaction was completed (monitored by TLC), NaOMe (41.4 mg, 0.77 mmol) was
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added at rt and the mixture was stirred for 20 min at 170 �C under microwave
irradiation (200 W). The reaction mixture was concentrated under reduced pressure
and purified by column chromatography over silica gel with hexane/EtOAc (3:1) as
the eluent to give 3a (32.8 mg, 88%) as a pale yellow oil; 1H NMR (500 MHz,
CDCl3) d 0.96 (t, J = 7.3 Hz, 3H, CH3), 1.36–1.43 (m, 2H, CH2CH3), 1.52–1.65
(br, 2H, NCH2CH2), 2.39–2.70 (br, 2H, NCH2), 3.20–4.05 (br, 4H, 2 9 Ar–CH2),
6.56 (s, 1H, 3-H), 7.16–7.23 (m, 2H, Ar), 7.30 (t, J = 7.4 Hz, 1H, Ar), 7.43 (dd,
J = 7.4, 1.3 Hz, 1H, Ar), 7.48 (ddd, J = 7.4, 7.4, 1.3 Hz, 1H, Ar), 7.61–7.69
(m, 3H, Ar); 13C NMR (125 MHz, CDCl3) d 14.1, 20.7, 30.2, 48.5, 54.9, 55.9,
102.2, 110.3, 120.6, 120.8, 122.2, 122.8, 126.0, 128.67, 128.70, 130.6, 131.2, 135.8,
136.1, 138.6; MS (FAB) m/z (%): 291 (MH+, 100); HRMS (FAB) calcd for
C20H23N2 (MH+): 291.1861; found: 291.1869.

4.1.7 7-Methyl-7,8-dihydro-6H-benzo[f]indolo[1,2-a][1,4]
diazepine (3b)

By a procedure similar to that described for indole 3a, 1a (25.0 mg, 0.13 mmol)
was converted into 3b (16.3 mg, 51%) as an yellow oil by treatment with 2b; 1H
NMR (500 MHz, CDCl3) d 2.46 (s, 3H, Me), 3.35–3.43 (br, 1H, CHH), 3.48–3.58
(br, 2H, 2 9 CHH), 3.71–3.81 (br, 1H, CHH), 6.58 (s, 1H, 3-H), 7.17–7.20
(m, 1H, Ar), 7.21–7.24 (m, 1H, Ar), 7.31–7.34 (m, 1H, Ar), 7.45 (dd, J = 7.4,
1.3 Hz, 1H, Ar), 7.49–7.52 (m, 1H, Ar), 7.62 (d, J = 8.0 Hz, 1H, Ar), 7.67
(d, J = 8.0 Hz, 1H, Ar), 7.69 (d, J = 8.0 Hz, 1H, Ar); 13C NMR (125 MHz,
CDCl3) d 43.8, 50.4, 56.7, 102.3, 110.3, 120.7, 120.9, 122.3, 123.0, 126.2, 128.7,
128.8, 130.4, 131.2, 135.7, 135.8, 138.6; MS (FAB) m/z (%): 249 (MH+, 100);
HRMS (FAB) calcd for C17H17N2 (MH+): 249.1392; found: 249.1400.

4.1.8 7-Benzyl-7,8-dihydro-6H-benzo[f]indolo[1,2-a][1,4]diazepine
(3c)

By a procedure similar to that described for indole 3a, 1a (25.0 mg, 0.13 mmol) was
converted into 3c (34.4 mg, 83%) as an yellow oil by treatment with 2c; 1H NMR
(500 MHz, CDCl3) d 3.34–3.63 (br, 3H, 3 9 CHH), 3.69 (s, 2H, ArCH2), 3.79–3.87
(br, 1H, CHH), 6.57 (s, 1H, 3-H), 7.16–7.20 (m, 1H, Ar), 7.21–7.24 (m, 1H, Ar),
7.29–7.33 (m, 1H, Ar), 7.35–7.38 (m, 1H, Ar), 7.41–7.45 (m, 1H, Ar), 7.49
(ddd, J = 7.7, 7.7, 1.6 Hz, 1H, Ar), 7.63 (dd, J = 8.2, 0.9 Hz, 1H, Ar), 7.66–7.70
(m, 1H, Ar),; 13C NMR (125 MHz, CDCl3) d 47.9, 54.6, 60.2, 102.3, 110.3, 120.6,
120.9, 122.2, 122.9, 126.1, 127.3, 128.5 (2C), 128.7, 128.8, 129.3 (2C), 130.6, 131.3,
135.81, 135.84, 138.65, 138.70; MS (FAB) m/z (%): 325 (MH+, 67); HRMS (FAB)
calcd for C23H21N2 (MH+): 325.1705; found: 325.1706.
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4.1.9 7-Allyl-7,8-dihydro-6H-benzo[f]indolo[1,2-a][1,4]diazepine
(3d)

By a procedure similar to that described for indole 3a, 1a (25.0 mg, 0.13 mmol)
was converted into 3d (28.5 mg, 81%) as an yellow oil by treatment with 2d; 1H
NMR (500 MHz, CDCl3) d 3.20 (dd, J = 6.7, 0.9 Hz, 2H, NCH2CH), 3.30–3.48
(br, 2H, 2 9 NCHH), 3.62–3.69 (br, 1H, CHH), 3.89–3.96 (br, 1H, CHH), 5.25
(dd, J = 10.2, 0.9 Hz, 1H, CH=CHH), 5.31 (d, J = 16.6, 1H, CH=CHH),
5.94–5.62 (m, 1H, CH=CH2), 6.56 (s, 1H, 3-H), 7.16–7.20 (m, 1H, Ar), 7.21–7.24
(m, 1H, Ar), 7.32 (dd, J = 7.5, 7.5 Hz, 1H, Ar), 7.44 (d, J = 7.5 Hz, 1H, Ar), 7.50
(dd, J = 7.5, 7.5 Hz, 1H Ar), 7.63 (d, J = 8.0 Hz, 1H, Ar), 7.67 (dd, J = 7.5,
0.7 Hz, 1H, Ar), 7.69 (d, J = 8.0 Hz, 1H, Ar); 13C NMR (125 MHz, CDCl3) d
47.8, 54.3, 59.0, 102.3, 110.3, 118.4, 120.7, 120.9, 122.3, 123.0, 126.1, 128.7,
128.8, 130.4, 131.3, 135.7, 135.78, 135.80, 138.7; MS (FAB) m/z (%): 275 (MH+,
100); HRMS (FAB) calcd for C19H19N2 (MH+): 275.1548; found: 275.1549.

4.1.10 7-Allyl-3-methoxycarbonyl-7,8-dihydro-6H-benzo[f]
indolo[1,2-a][1,4]diazepine (3e)

By a procedure similar to that described for indole 3a, 1b (32.4 mg, 0.13 mmol)
was converted into 3e (9.9 mg, 23%) as an yellow oil; 1H NMR (500 MHz,
CDCl3) d 3.20 (d, J = 6.7 Hz, 2H, NCH2CH), 3.33 (d, J = 12.2 Hz, 1H, NCHH),
3.42 (d, J = 13.9 Hz, 1H, NCHH), 3.68 (d, J = 12.2 Hz, 1H, NCHH), 3.95 (s, 3H,
OMe), 3.95–3.98 (m, 1H, NCHH), 5.26 (d, J = 10.2 Hz, 1H, CH=CHH), 5.31
(dd, J = 17.1, 1.5 Hz, 1H, CH=CHH), 5.93–6.01 (m, 1H, CH), 6.65 (s, 1H, 3-H),
7.37 (dd, J = 7.4, 1.0 Hz, 1H, Ar), 7.45 (dd, J = 7.4, 1.4 Hz, 1H, Ar), 7.53 (dd,
J = 7.4, 1.4 Hz, 1H, Ar), 7.61 (d, J = 8.7 Hz, 1H, Ar), 7.67 (d, J = 7.4 Hz, 1H,
Ar), 7.93 (dd, J = 8.7, 1.6 Hz, 1H, Ar), 8.42 (d, J = 1.6 Hz, 1H, Ar); 13C NMR
(125 MHz, CDCl3) d 47.7, 51.9, 54.1, 59.0, 103.4, 109.9, 118.6, 122.7, 123.0,
123.7, 123.8, 126.8, 128.3, 129.0, 130.4, 131.4, 135.6, 137.2, 138.1, 138.2, 167.9;
MS (FAB) m/z (%): 333 (MH+, 25); HRMS (FAB) calcd for C21H21N2O2 (MH+):
333.1603; found: 333.1606.

4.1.11 7-Allyl-3-trifluoromethyl-7,8-dihydro-6H-benzo[f]
indolo[1,2-a][1,4]di-azepine (3f)

By a procedure similar to that described for indole 3a, 1c (33.7 mg, 0.13 mmol)
was converted into 3f (34.7 mg, 81%) as an yellow oil; 1H NMR (500 MHz,
CDCl3) d 3.20 (d, J = 6.7 Hz, 2H, NCH2CH), 3.30 (d, J = 11.9 Hz, 1H, NCHH),
3.44 (d, J = 13.6 Hz, 1H, NCHH), 3.68 (d, J = 11.9 Hz, 1H, NCHH), 3.96
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(d, J = 13.6 Hz, 1H, NCHH), 5.27 (dd, J = 10.2, 1.7 Hz, 1H, CH=CHH), 5.31
(dd, J = 17.2, 1.6 Hz, 1H, CH=CHH), 5.93–6.01 (m, 1H, CH), 6.64 (s, 1H, 3-H),
7.37 (dd, J = 7.5, 1.2 Hz, 1H, Ar), 7.44–7.47 (m, 2H, Ar), 7.53 (ddd, J = 7.7, 7.7,
1.6 Hz, 1H, Ar), 7.65–7.68 (m, 2H, Ar), 7.96 (d, J = 7.4 Hz, 1H, Ar), 7.96
(s, 1H, Ar), 8.42 (d, J = 1.6 Hz, 1H, Ar); 13C NMR (125 MHz, CDCl3) d 47.6,
54.1, 59.0, 102.9, 110.5, 118.6 (q, J = 3.6 Hz), 118.7, 119.1 (q, J = 3.6
Hz), 123.0, 123.1 (q, J = 32.4 Hz), 126.2 (q, J = 272.3 Hz), 126.9, 128.1, 129.0,
130.4, 131.4, 135.5, 137.1, 137.5, 138.0; MS (FAB) m/z (%): 343 (MH+, 25);
HRMS (FAB) calcd for C20H18F3N2 (MH+): 343.1422; found: 343.1424.

4.1.12 7-Allyl-3-methyl-7,8-dihydro-6H-benzo[f]indolo[1,2-
a][1,4]diazepine (3g)

By a procedure similar to that described for indole 3a, 1d (26.7 mg, 0.13 mmol)
was converted into 3g (31.4 mg, 85%) as an yellow oil; 1H NMR (500 MHz,
CDCl3) d 2.47 (s, 3H, Me), 3.19 (d, J = 6.9 Hz, 2H, NCH2CH), 3.26–3.47 (br, 2H,
2 9 NCHH), 3.58–3.68 (br, 1H, NCHH), 3.84–3.96 (br, 1H, NCHH), 5.24
(dd, J = 10.2, 0.6 Hz, 1H, CH=CHH), 5.30 (d, J = 17.2 Hz, 1H, CH=CHH),
5.96–6.01 (m, 1H, CH), 6.48 (s, 1H, 3-H), 7.05 (d, J = 8.0 Hz, 1H, Ar), 7.30 (dd,
J = 7.4, 7.4 Hz, 1H, Ar), 7.41–7.52 (m, 4H, Ar), 7.67 (d, J = 8.0 Hz, 1H, Ar);
13C NMR (125 MHz, CDCl3) d 21.4, 47.8, 54.3, 59.0, 101.9, 110.0, 118.4, 120.6,
122.8, 123.8, 126.0, 128.8, 128.9, 130.0, 130.3, 131.2, 134.1, 135.76, 135.78,
138.8; MS (FAB) m/z (%): 289 (MH+, 100); HRMS (FAB) calcd for C20H21N2

(MH+): 289.1705; found: 289.1706.

4.1.13 7-Allyl-2-trifluoromethyl-7,8-dihydro-6H-benzo[f]
indolo[1,2-a][1,4]diazepine (3h)

By a procedure similar to that described for indole 3a, 1e (33.7 mg, 0.13 mmol)
was converted into 3h (23.1 mg, 53%) as an yellow oil. 1H NMR (500 MHz,
CDCl3) d 3.19 (d, J = 6.9 Hz, 2H, NCH2CH), 3.29 (d, J = 12.6 Hz, 1H, NCHH),
3.44 (d, J = 13.9 Hz, 1H, NCHH), 3.68 (d, J = 12.6 Hz, 1H, NCHH), 3.95
(d, J = 13.9 Hz, 1H, NCHH), 5.26 (dd, J = 10.2, 1.7 Hz, 1H, CH=CHH), 5.31
(dd, J = 17.1, 1.6 Hz, 1H, CH=CHH), 5.93–6.01 (m, 1H, CH), 6.62 (s, 1H, 3-H),
7.38 (ddd, J = 7.4, 7.4, 1.4 Hz, 1H, Ar), 7.42 (dd, J = 8.3, 1.1 Hz, 1H, Ar), 7.46
(dd, J = 7.4, 1.4 Hz, 1H, Ar), 7.56 (ddd, J = 7.4, 7.4, 1.4 Hz, 1H, Ar), 7.67 (dd,
J = 7.4, 1.4 Hz, 1H, Ar), 7.74 (d, J = 8.3 Hz, 1H, Ar), 7.87 (m, 1H, Ar); 13C
NMR (125 MHz, CDCl3) d 47.7, 54.2, 59.0, 102.4, 107.8 (d, J = 3.6 Hz), 117.3
(d, J = 3.6 Hz), 118.6, 121.2, 123.0, 124.4 (q, J = 32.4 Hz), 125.1 (q, J =

272.3 Hz), 126.9, 129.2, 130.5, 131.1, 131.4, 134.8, 135.6, 137.9, 138.6; MS
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(FAB) m/z (%): 343 (MH+, 25); HRMS (FAB) calcd for C20H18F3N2 (MH+):
343.1422; found: 343.1427.

4.1.14 Synthesis of N-[(2-bromothiophen-3-yl)methyl]butan-1-
amine (4)

To a stirred solution of 2-bromo-3-(bromomethyl)thiophene (1.90 g, 7.42 mmol)
in EtOH (5 mL) was added dropwise n-BuNH2 (7.40 mL,74.23 mmol) at rt. The
reaction mixture was stirred for 3 h at this temperature and extracted with EtOAc.
The extract was washed with H2O, dried over MgSO4 and concentrated under
reduced pressure. The residue was purified by column chromatography over silica
gel with hex/AcOEt (3:1 to 1:1) to give 4 (1.63 g, 88%) as an yellow oil; 1H NMR
(500 MHz, CDCl3) d 0.91 (t, J = 7.4 Hz, 3H, CH3), 1.31–1.38 (m, 2H, CH2CH3),
1.45–1.51 (m, 2H, CH2CH2CH3), 2.61 (dd, J = 7.4, 7.4 Hz, 2H,
CH2CH2CH2CH3), 3.73 (s, 2H, ArCH2), 6.94 (d, J = 5.7 Hz, 1H, Ar), 7.21 (d,
J = 5.7 Hz, 1H, Ar); 13C NMR (125 MHz, CDCl3) d 13.9, 20.4, 32.1, 47.6, 49.0,
110.0, 125.6, 128.2, 140.3; MS (FAB) m/z (%): 248 [MH+ (79Br), 100] 250 [MH+

(81Br), 100]; HRMS (FAB) calcd for C19H15BrNS (MH+): 248.0109; found:
248.0100.

4.1.15 7-Allyl-7,8-dihydro-6H-pyrydo[3,2-f]indolo[1,2-a][1,4]
diazepine (5)

By a procedure similar to that described for indole 3a, 1a (25.0 mg, 0.13 mmol)
was converted into 5 (24.9 mg, 71%) as an yellow oil by treatment with 4; 1H NMR
(500 MHz, CDCl3) d 3.24 (d, J = 6.6 Hz, 2H, NCH2CH), 3.52 (s, 2H, NCH2), 3.76
(s, 2H, NCH2), 5.27 (dd, J = 10.2, 1.4 Hz, 1H, CH=CHH), 5.32 (dd, J = 17.0,
1.4 Hz, 1H, CH=CHH), 5.94–6.02 (m, 1H, CH), 6.57 (s, 1H, 3-H), 7.19–7.29
(m, 3H, Ar), 7.63 (d, J = 8.0 Hz, 1H, Ar), 7.74 (dd, J = 7.4, 1.8 Hz, 1H, Ar), 8.09
(d, J = 8.0 Hz, 1H, Ar), 8.59 (dd, J = 4.9, 1.8 Hz, 1H, Ar); 13C NMR (125 MHz,
CDCl3) d 48.0, 54.1, 59.1, 104.3, 112.5, 118.7, 120.5, 120.8, 121.4, 123.0, 124.5,
128.8, 134.6, 135.4, 136.1, 139.8, 148.4, 152.7; MS (FAB) m/z (%): 276 (MH+, 71);
HRMS (FAB) calcd for C18H18N3 (MH+): 276.1501; found: 276.1507.

4.1.16 Synthesis of N-((2-bromopyridin-3-yl)methyl)prop-2-en-1-
amine (6)

A mixture of 2-bromopicolinaldehyde (0.5 g, 0.27 mmol) and allylamine
(2.00 mL, 2.72 mmol) in MeOH (1.5 mL) was stirred at rt for 48 h. To the
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mixture was added NaBH4 (0.11 g, 0.29 mmol) at 0 �C and the mixture was
stirred at this temperature for 10 min. After quenched with H2O, the mixture was
extracted with EtOAc and the organic layer was washed with H2O, dried over
MgSO4, and concentrated under reduced pressure. The residue was purified by
column chromatography over silica gel with hex/EtOAc (2:1 to 1:1) to give 6
(0.11 g, 35%) as an yellow oil; 1H NMR (500 MHz, CDCl3) d 3.29 (d,
J = 5.7 Hz, 2H, CH=CH2), 3.85 (s, 2H, ArCH2), 5.13–5.16 (m, 1H, CHH),
5.21–5.25 (m, 1H, CH=CHH), 5.89–5.97 (m, 1H, CH=CH2), 7.26 (dd, J =

7.4, 4.6 Hz, 1H, Ar), 7.76 (dd, J = 7.4, 1.7 Hz, 1H, Ar), 8.26 (dd, J = 4.6,
1.7 Hz, 1H, Ar); 13C NMR (125 MHz, CDCl3) d 51.6, 51.7, 116.4, 122.8, 136.3,
136.6, 138.0, 143.5, 148.3; MS (FAB) m/z (%): 227 [MH+ (79Br), 100], 229
[MH+ (81Br), 80]; HRMS (FAB) calcd for C9H12BrN2 (MH+): 227.0184; found:
227.0176.

4.1.17 7-Allyl-7,8-dihydro-6H-indolo[1,2-a]thieno[2,3-f][1,4]
diazepine (7)

By a procedure similar to that described for indole 3a, 1a (25.0 mg, 0.13 mmol)
was converted into 7 (21.2 mg, 56%) as an yellow oil by treatment with 6. 1H
NMR (500 MHz, CDCl3) d 0.95 (t, J = 7.4 Hz, 3H, CH3), 1.34–1.42 (m, 2H,
CH2CH3), 1.54–1.60 (m, 2H, CH2CH2CH3), 2.57 (dd, 2H, NCH2CH2), 3.55 (s, 2H,
NCH2), 3.74 (s, 2H, NCH2), 6.57 (s, 1H, 3-H), 6.99 (d, J = 5.3 Hz, 1H, Ar), 7.11
(d, J = 5.3 Hz, 1H, Ar), 7.18–7.21 (m, 1H, Ar), 7.25–7.28 (m, 1H, Ar), 7.63 (d,
J = 8.0 Hz, 1H, Ar), 7.80 (d, J = 8.0 Hz, 1H, Ar); 13C NMR (125 MHz, CDCl3)
d 14.1, 20.7, 30.2, 49.2, 50.5, 56.3, 103.2, 110.4, 119.2, 120.8, 121.1, 122.5, 127.5,
128.6, 129.2, 136.1, 137.2, 137.4; MS (FAB) m/z (%): 297 (MH+, 100); HRMS
(FAB) calcd for C18H20N2NaS (MNa+): 319.1245; found: 319.1261.
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Chapter 5
Facile Synthesis of
3-(Aminomethyl)isoquinoline by
Copper-Catalyzed Domino
Four-Component Coupling and
Cyclization

5.1 Introduction

In Chap. 2, the author has reported an efficient construction of 2-(amino-
methyl)indoles by a copper-catalyzed three-component coupling–cyclization
reaction [1, 2]. This reaction proceeds through Mannich-type coupling followed by
indole formation. On the basis of this indole synthesis, the author expected that a
four-component coupling reaction of 2-ethynylbenzaldehyde 1, aldehyde 2, sec-
ondary amine 3, and an appropriate N-1 synthon 4 followed by cyclization of the
alkyne intermediate 5 having a nitrogen atom with proximity to the triple bond (for
copper-catalyzed isoquinoline formation through N-tert-butyl-2-(1-alkynyl)benz-
aldimine derivatives, see [3–7]; For other isoquinoline formation from related
intermidiates, see [8–15]) would provide a direct route to 3-(aminomethyl)iso-
quinolines 6 without wasting any salts (Scheme 1). In this Section, the author
describes a copper-catalyzed domino four-component coupling–cyclization reac-
tion for diversity-oriented synthesis of 3-(aminomethyl)isoquinolines. To the best
of the author’s knowledge, this is the first example of four-component synthesis of
an isoquinoline scaffold. For synthesis of isoquinolines by three-component
reaction, see [16, 17].

In the initial investigation, the author examined the effect of N-1 synthon on the
copper-catalyzed four-component synthesis of 3-(aminomethyl)isoquinoline using
2-ethynyl benzaldehyde 1a as a model substrate, paraformaldehyde 2 and diiso-
propylamine 3a (Table 1). Since two nucleophilic reagents coexist with two
aldehydes in the reaction system, the nucleophilic reactions in the desired order
might be hampered on one-potion reaction. Actually, one-portion addition of all
the four components using 4j gave a complex mixture of unidentified products
without producing 6 (compare with Table 1, entry 10). Accordingly, after the
copper-catalyzed three-component reaction of 1a, 2, and 3a in DMF was com-
pleted (monitored by TLC), N-1 synthon was added. Whereas ammonium nitrite
4a, perchlorate 4b, hydroxide 4c, formate 4d, chloride 4e, and sulfate 4f were
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ineffective (entries 1–6), the use of acetate 4g and hydrogen carbonate 4h gave, as
expected, the desired isoquinoline 6a in moderate yields (42–53%, entries 7 and
8). For isoquinoline formation with such ammonium salts as formate, carbonate,
and ammonia, see Ref. [9]. More promising results were obtained with primary
amines having a readily cleavable alkyl group such as 2,4,6-trimethox-
ybenzylamine hydrochloride 4i and tert-butylamine 4j [3–7], leading to high yield
of 6a. Taking the atom economy of the reaction into consideration, the author
regarded 4j as the most potent N-1 synthon.

Table 1 Optimization of N-1 synthon 4

CHO
N

N(i-Pr)2

1a 6a

+

1) CuI (10 mol %)
DMF

2) N-1 synthon (4)

(HCHO)n

2

(i-Pr)2NH
3a

Entry N-1 synthon Yield (%)a

1 NH4NO2 (4a) Decomp.
2 NH4ClO4 (4b) Decomp.
3 28% NH4OH (4c) Trace
4 HCO2NH4 (4d) Trace
5 NH4Cl (4e) Trace
6 (NH4)2SO4 (4f) Trace
7 AcONH4 (4g) 42
8 NH4HCO3 (4h) 53
9 2,4,6-(MeO)3C6H2CH2NH2�HCl (4i) 82
10 t-BuNH2 (4j) 83

After a mixture of 2-ethynylbenzaldehyde 1a, paraformaldehyde 2 (2 equiv), amine 3a (2 equiv)
and CuI (10 mol%) in DMF was stirred at rt for 1 h, and N-1 synthon 4 (6 equiv) was added. The
resulting mixture was stirred for 5 h at rt and additional 45 min at 140 �C
a Isolated yield

CHO

cat. CuX
(HCHO)n (2)
R1R2NH (3)

R3NH2 (4)
NR1R2

N
R3

Cu

N

NR1R2

R3

1 5

6

X

R R

R

2 H2O

Scheme 1 Construction of
3-(aminomethyl)isoquino-
lines by copper-catalyzed
four-component coupling–
cyclization
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Next, various secondary amines were employed to determine the scope of this
reaction (Table 2). Although dibenzylamine 3b showed lower reactivity toward
Mannich-type coupling with 1a and 2 leading to recovery of the unchanged
starting material (entry 2), the reaction with more bulky bis(1-phenylethyl)amine
3c led to successful conversion into the corresponding isoquinoline 6c (73%, entry
3). Unfortunately, the initial Mannich-type reaction with highly nucleophilic
diallylamine, piperidine, or pyrrolidine was unsuccessful producing a complex

Table 2 Synthesis of various 3-(aminomethyl)isoquinolines

CHO
N

NR2

1a 6

(HCHO)n (2)
R2NH (3)

N

N(i-Pr)2

6a

Entry Product

1

+

i-Pr2NH

3a

Conditionsa

1) CuI (10 mol %)
DMF, conditions

2) t-BuNH2 (4j)

rt
1 h

Yield (%)c

83

N

NBn2

6b

2
Bn2NH

3b
100 °C

1 h
0

N

N

6c

3

3c

100 °C
1 h

73

N

N(allyl)2

6d

4
(allyl)2NH

3d
rt

1 hb 60

N

N

6e

5

3e

rt
1 hb 88

N

N

6f

6

3f

rt
1 hb 79

Ph N
H

Ph

N
H

N
H

Ph

Ph

Amine

After the three-component reaction of 1a, 2 (2 equiv), and 3 (2 equiv) in the presence of CuI
(10 mol%) in DMF was completed (monitored by TLC), t-BuNH2 4j (6 equiv) was added and the
reaction mixture was stirred for 5 h at rt and additional 45 min at 140 �C
a Conditions for the three-component coupling
b Before 1a was added, a mixture of 2, 3 and CuI in DMF was stirred for 30 min at rt
c Isolated yield
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mixture, presumably due to the simultaneous presence of two aldehydes
(2-ethynylbenzaldehyde 1a and paraformaldehyde 2) and a reactive amine.
Extensive optimization of the reaction conditions revealed that the addition of
2-ethynylaldehyde 1a after the formation of iminium between secondary amines
3d–f and paraformaldehyde 2 effectively produced 3-(aminomethyl)isoquinolines
6d–f, respectively, in moderate to high yields (entries 4–6).

The copper-catalyzed domino four-component synthesis of 3-(amino-
methyl)isoquinolines with various substituted 2-ethynylbenzaldehyde was next
investigated (Table 3). The use of 2-ethynyl-4-fluorobenzaldehyde 1b in the
presence of CuI (10 mol%) gave the desired 3-(aminomethyl)-6-fluoroisoquinoline
derivative 7 in high yield (83%, entry 1). Benzaldehyde 1c which has a fluorine
atom at the meta-position to the formyl group afforded the corresponding iso-
quinoline 8 (79%, entry 2). Also in the case of 2-ethynylbenzaldhydes containing
an electron-donating group such as methyl or methoxy group at the para- or meta-
position to the formyl group (1d and 1e, respectively), the copper-catalyzed four-
component isoquinoline formation proceeded smoothly (87 and 84% yield,
respectively, entries 3 and 4). Thus, this isoquinoline formation has proven to be
widely applicable to 2-ethynylbenzaldehydes having an electron-withdrawing and
-donating group.

In conclusion, the author has developed a novel copper-catalyzed domino four-
component coupling–cyclization reaction for the synthesis of 3-(amino-
methyl)isoquinolines, which form one carbon–carbon and three carbon–nitrogen

Table 3 Reactions with various substituted 2-ethynylbenzaldehyde

N

N(i-Pr)2

7

Entry Substrate Product

1

Yield (%)a

83

N

N(i-Pr)2

8

2 79

N

N(i-Pr)2

9

3 87

N

N(i-Pr)2

10

4 84

CHO
1b

F

CHO
1c

CHO
1d

Me

CHO
1e

F

MeO

F

F

Me

MeO

After the three-component reaction of 1, 2 (2 equiv), and 3a (2 equiv) in the presence of CuI
(10 mol%) in DMF was completed on TLC, t-BuNH2 (4j, 6 equiv) was added and the reaction
mixture was stirred for 5 h at rt and additional 45 min at 140 �C
a Isolated yield
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bonds. This methodology could be applied to construction of a highly potent
isoquinoline library in terms of diversity and biological activity.

5.2 Experimental Section

5.2.1 General Methods

IR spectra were determined on a JASCO FT/IR-4100 spectrometer. Exact mass
(HRMS) spectra were recorded on JMS-HX/HX 110A mass spectrometer. 1H
NMR spectra were recorded using a JEOL AL-400 spectrometer at 400 MHz
frequency. Chemical shifts are reported in d (ppm) relative to Me4Si (in CDCl3) as
internal standard. 13C NMR spectra were recorded using a JEOL AL-400 and
referenced to the residual CHCl3 signal. Melting points (uncorrected) were mea-
sured by a hot stage melting point apparatus. For column chromatography,
Wakosil C-300 was employed.

5.2.1.1 2-Ethynylbenzaldehyde (1a)

To a stirred suspension of 2-bromobenzaldehyde (2.00 g, 10.8 mmol), PdCl2-
(PPh3)2 (152 mg, 0.22 mmol), CuI (41.2 mg, 0.22 mmol) was added trimethylsi-
lylacetylene (1.77 mL, 12.97 mmol) at rt under argon. The reaction mixture was
stirred for 30 min at 80 �C followed by filtration though a pad of Celite. The
filtrate was concentrated under reduced pressure and the residue was purified by
column chromatography over silica gel with hexane/AcOEt (50:1) as the eluent to
give a solid mass. This solid was treated with K2CO3 (0.50 g, 3.64 mmol) in
MeOH (20 mL) for 15 min at rt, and the solvent was removed under the reduced
pressure. The residue was extracted with CH2Cl2 and the extract was washed with
saturated aqueous Na2CO3, and dried over MgSO4. The filtrate was concentrated
under reduced pressure to give a solid mass which was purified by column
chromatography over silica gel with hexane/AcOEt (50:1) to give the title com-
pound 1a (0.87 g, 62% yield from 2-bromobenzaldehyde). Recrystallization from
n-hexane gave pure 1a as colorless crystals: mp 65 �C; IR (neat): 2097 (C:C),
1686 (C=O); 1H NMR (400 MHz, CDCl3) d 3.47 (s, 1H, C:CH), 7.47–7.52 (m,
1H, Ar), 7.55–7.63 (m, 2H, Ar), 7.92–7.95 (m, 1H, Ar), 10.54 (d, J = 0.7 Hz, 1H,
CHO); 13C NMR (100 MHz, CDCl3) d 79.2, 84.2, 125.5, 127.2, 139.2, 133.7,
133.9, 136.6, 191.4. Anal. Calcd for C9H6O: C, 83.06; H, 4.65. Found: C, 82.99;
H, 4.61.

5.2.1.2 2-Ethynyl-4-fluorobenzaldehyde (1b)

By a procedure identical to that described for 1a, 2-bromo-4-fluorobenzaldehyde
(1.00 g, 4.93 mmol) was converted to 1b (434 mg, 62%) as a solid mass, which
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was recrystallized from n-hexane: colorless crystals; mp 103 �C; IR (neat): 2103
(C:C), 1689 (C=O); 1H NMR (400 MHz, CDCl3) d 3.52 (s, 1H, C:CH),
7.16–7.21 (m, 1H, Ar), 7.29 (dd, J = 8.8, 2.4 Hz, 1H, Ar), 7.97 (dd, J = 8.8,
5.9 Hz, 1H, Ar), 10.46 (s, 1H, CHO); 13C NMR (100 MHz, CDCl3) d 78.0, 85.4,
117.2 (d, J = 21.6 Hz), 120.5 (d, J = 24.0 Hz), 127.9 (d, J = 10.8 Hz), 130.1 (d,
J = 9.6 Hz), 133.3 (d, J = 3.6 Hz), 165.5 (d, J = 256.3 Hz), 189.7. Anal. Calcd
for C9H5FO: C, 72.97; H, 3.40. Found: C, 73.09; H, 3.14.

5.2.1.3 2-Ethynyl-5-fluorobenzaldehyde (1c)

By a procedure identical to that described for 1a, 2-bromo-5-fluorobenzaldehyde
(1.00 g, 4.93 mmol) was converted to 1c (542 mg, 77%) as a solid mass which
was recrystallized from n-hexane: colorless crystals; mp 109 �C; IR (neat): 2101
(C:C), 1693 (C=O); 1H NMR (400 MHz, CDCl3) d 3.46 (s, 1H, C:CH),
7.25–7.30 (m, 1H, Ar), 7.59–7.64 (m, 2H, Ar), 10.49 (d, J = 3.2 Hz, 1H, CHO);
13C NMR (100 MHz, CDCl3) d 78.2, 84.0, 113.8 (d, J = 22.8 Hz), 121.2 (d,
J = 22.8 Hz), 121.5 (d, J = 3.6 Hz), 135.9 (d, J = 7.2 Hz), 138.6 (d,
J = 7.2 Hz), 162.7 (d, J = 254.3 Hz), 190.1. Anal. Calcd for C9H5FO: C, 72.97;
H, 3.40. Found: C, 73.26; H, 3.31.

5.2.1.4 2-Ethynyl-4-methylbenzaldehyde (1d)

By a procedure identical with that described for 1a, 2-bromo-4-methylbenzalde-
hyde (1.00 g, 5.02 mmol) was converted to 1d (555 mg, 76%) as a solid mass
which was recrystallized from n-hexane: colorless crystals; mp 81 �C; IR (neat):
2101 (C:C), 1685 (C=O); 1H NMR (400 MHz, CDCl3) d 2.41 (s, 3H, CH3), 3.42
(s, 1H, C:CH), 7.29 (d, J = 8.0 Hz, 1H, Ar), 7.43 (s, 1H, Ar), 7.83 (d,
J = 8.0 Hz, 1H, Ar), 10.47 (s, 1H, CHO); 13C NMR (100 MHz, CDCl3) d 21.5,
79.4, 83.7, 125.5, 127.3, 130.2, 134.3, 134.4, 144.8, 191.1. Anal. Calcd for
C10H8O: C, 83.31; H, 5.59. Found: C, 83.29; H, 5.74.

5.2.1.5 2-Ethynyl-5-methoxybenzaldehyde (1e)

By a procedure identical with that described for 1a, 2-bromo-5-methoxybenzal-
dehyde (1.00 g, 4.65 mmol) was converted to 1e (593 mg, 80%) as a solid mass
which was recrystallized from n-hexane: colorless crystals; mp 98 �C; IR (neat):
2098 (C:C), 1677 (C=O); 1H NMR (400 MHz, CDCl3) d 3.37 (s, 1H, C:CH),
3.87 (s, 3H, OMe), 7.11 (dd, J = 8.5, 2.7 Hz, 1H, Ar), 7.41 (d, J = 2.7 Hz, 1H,
Ar), 7.53 (d, J = 8.5 Hz, 1H, Ar), 10.50 (s, 1H, CHO); 13C NMR (100 MHz,
CDCl3) d 55.6, 79.2, 82.7, 109.9, 118.1, 121.4, 135.2, 138.0, 160.1, 191.3. Anal.
calcd for C10H8O2: C, 74.99; H, 5.03. Found: C, 75.15; H, 4.81.
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5.2.2 General Procedure for Four-Component Isoquioline
Formation

5.2.2.1 Synthesis of 3-[(Diisopropylaminino)methyl]isoquinoline (6a)

To a stirred suspension of 2-ethynylbenzaldehyde 1a (25 mg, 0.19 mmol),
(HCHO)n 2 (12 mg, 0.38 mmol), and CuI (3.7 mg, 0.019 mmol) in DMF (1.5 mL)
was added i-Pr2NH 3a (54 lL, 0.38 mmol) at rt under Ar. After the reaction
mixture was stirred for 1 h at this temperature, t-BuNH2 4j (121 lL, 1.2 mmol)
was added and the mixture was stirred for 6 h at rt before stirring for 45 min at
140 �C. The reaction mixture was concentrated in vacuo and purified by column
chromatography over alumina with hexane/AcOEt (50:1) as the eluent to give 6a
(38.6 mg, 83% yield) as a pale yellow oil: 1H NMR (400 MHz, CDCl3) d 1.08
(d, J = 6.6 Hz, 12H, 4 9 CH3), 3.09–3.19 (m, 2H, 2 9 NCH), 3.97 (s, 2H,
NCH2), 7.48–7.52 (m, 1H, Ar), 7.61–7.65 (m, 1H, Ar), 7.80 (d, J = 7.6 Hz, 1H,
Ar), 7.91–7.93 (m, 1H, Ar, 4-H), 9.16 (s, 1H, 1-H); 13C NMR (100 MHz, CDCl3) d
20.8 (4C), 49.1 (2C), 51.3, 117.4, 126.1, 126.5, 127.4, 127.5, 130.0, 136.6, 151.5,
157.4; MS (FAB) m/z (%): 243 (MH+, 100); HRMS (FAB) calcd for C16H23N2

(MH+): 243.1861; found: 243.1857.

5.2.2.2 3-{Bis[(R)-1-phenylethyl]aminomethyl}isoquinoline (6c)

To a stirred suspension of 2-ethynylbenzaldehyde 1a (25 mg, 0.19 mmol),
(HCHO)n 2 (12 mg, 0.38 mmol), and CuI (3.7 mg, 0.019 mmol) in DMF (1.5 mL)
was added (+)-bis[(R)-1-phenylethyl]amine 6c (87.8 lL, 0.38 mmol) at rt under
Ar. After the reaction mixture was stirred for 1 h at 100 �C followed by cooling to
rt, t-BuNH2 4j (121 lL, 1.2 mmol) was added and the mixture was stirred for 6 h
at rt before stirring for 45 min at 140 �C. The reaction mixture was concentrated in
vacuo and purified by column chromatography over silica gel with hexane/AcOEt
(7:1) as the eluent to give the desired product 6c (51.2 mg, 73% yield) as a pale
yellow oil: 1H NMR (400 MHz, CDCl3): d 1.34 (d, J = 6.9 Hz, 6H, 2 9 CH3),
3.84 (d, J = 16.6 Hz, 1H, NCH2), 4.05 (q, J = 6.9 Hz, 2H, 2 9 NCH), 4.42
(d, J = 16.6 Hz, 1H, NCH2) 7.21–7.39 (m, 10H, Ar), 7.50–7.53 (m, 1H, Ar),
7.64–7.70 (m, 1H, Ar), 7.84 (d, J = 8.2, 1H, Ar), 7.92 (d, J = 8.2 Hz, 1H, Ar),
8.03 (s, 1H, 4-H), 9.12 (s, 1H, 1-H); 13C NMR (100 MHz, CDCl3): d 20.3 (2C),
52.1, 59.1 (2C), 118.0, 126.3, 126.5, 126.7 (2C), 127.5, 127.5, 127.8 (4C), 128.1
(4C), 130.1, 136.5, 144.2 (2C), 151.4, 157.3; MS (FAB) m/z (%): 367 (MH+, 60);
HRMS (FAB) calcd for C26H27N2 (MH+): 367.2174; found: 367.2169.

5.2.2.3 3-[(Diallylamino)methyl]isoquinoline (6d)

After the mixture of (HCHO)n 2 (12 mg, 0.38 mmol), and diallylamine 3d
(47.4 lL, 0.38 mmol) and CuI (3.7 mg, 0.019 mmol) in DMF (1.5 mL) was
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stirred for 30 min at rt, 2-ethynylbenzaldehyde 1a (25 mg, 0.19 mmol) was added
and the reaction mixture was stirred for 1 h at rt. Then, t-BuNH2 4j (121 lL,
1.2 mmol) was added and the reaction mixture was stirred for 6 h followed by
being stirred for 45 min at 140 �C. The reaction mixture was concentrated in
vacuo and purified by column chromatography over silica gel with CHCl3/CH3OH
(50:1) as the eluent to give the desired product 6d (27.4 mg, 60%) as a pale yellow
oil: 1H NMR (400 MHz, CDCl3): d 3.22 (d, J = 6.3 Hz, 4H, 2 9 CH2), 3.91 (s,
2H, CH2), 5.17 (d, J = 10.0 Hz, 2H, CH=CH2), 5.23 (d, J = 17.3 Hz, 2H,
CH=CH2), 5.96 (ddt, J = 17.1, 10.2, 6.3 Hz, 2H, 2 9 CH=CH2), 7.53–7.55
(m, 1H, Ar), 7.64–7.68 (m, 1H, Ar), 7.77 (s, 1H, 4-H). 7.80 (d, J = 8.3 Hz, 1H,
Ar), 7.95 (d, J = 8.3 Hz, 1H, Ar), 9.22 (s, 1H, 1-H); 13C NMR (100 MHz,
CDCl3): d 56.9 (2C), 59.3, 117.7 (2C), 118.8, 126.5, 126.7, 127.5, 127.7, 130.3,
135.7 (2C), 136.4, 152.1, 153.1; MS (FAB) m/z (%): 239 (MH+, 100); HRMS
(FAB) calcd for C16H19N2 (MH+): 239.1548; found: 239.1554.

5.2.2.4 3-(Piperidin-1-ylmethyl)isoquinoline (6e)

By a procedure identical with that described for compound 6d from the compound
1a, 1a (25 mg, 0.19 mmol) was converted to the compound 6e (38.2 mg, 88%) as
pale yellow oil: 1H NMR (400 MHz, CDCl3): d 1.43–1.49 (m, 2H, CH2),
1.61–1.67 (m, 4H, 2 9 CH2), 2.46–2.58 (m, 4H, 2 9 NCH2), 3.79 (s, 2H, NCH2),
7.54–7.57 (m, 1H, Ar), 7.64–7.68 (m, 1H, Ar), 7.71 (s, 1H, 4-H), 7.80 (d, J =

8.3 Hz, 1H, Ar), 7.95 (d, J = 8.3 Hz, 1H, Ar), 9.23 (s, 1H, 1-H); 13C NMR
(100 MHz, CDCl3): d 24.4, 26.0 (2C), 54.9 (2C), 65.3, 119.2, 126.5, 126.7, 127.5,
127.9, 130.3, 136.3, 152.11, 152.14; MS (FAB) m/z (%): 227 (MH+, 100); HRMS
(FAB) calcd for C15H19N2 (MH+): 227.1548; found: 227.1552.

5.2.2.5 3-[(Pyrrolidin-1-yl)methyl]isoquinoline (6f)

By a procedure identical with that described for compound 6d from the compound
1a, the compound 1a (25 mg, 0.19 mmol) was converted to the compound 6f
(32.4 mg, 79%) as a pale yellow oil: 1H NMR (400 MHz, CDCl3): d 1.82–1.90
(m, 4H, 2 9 CH2), 2.70–2.76 (m, 4H, 2 9 NCH2), 4.00 (s, 2H, NCH2), 7.56–7.59
(m, 1H, Ar), 766–7.69 (m, 1H, Ar), 7.76 (s, 1H, 4-H), 7.81 (d, J = 8.3 Hz, 1H,
Ar), 7.96 (d, J = 8.3 Hz, 1H, Ar), 9.23 (s, 1H, 1-H); 13C NMR (100 MHz,
CDCl3): d 23.5 (2C), 54.2 (2C), 61.8, 119.2, 116.5, 126.9, 127.5, 127.7, 130.3,
136.3, 151.7, 152.1; MS (FAB) m/z (%): 213 (MH+, 100); HRMS (FAB) calcd for
C14H17N2 (MH+): 213.1392; found: 213.1396.

5.2.2.6 3-[(Diisopropylamino)methyl]-6-fluoroisoquinoline (7)

By a procedure identical with that described for compound 6a from the compound
1a, the compound 1a (25 mg, 0.19 mmol) was converted to the compound 7
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(43.5 mg, 83%) as a pale yellow oil: 1H NMR (400 MHz, CDCl3): d 1.08
(d, J = 6.6 Hz, 12H, 4 9 CH3), 3.14 (m, 2H, 2 9 NCH), 3.95 (s, 2H, NCH2),
7.25–7.30 (m, 1H, Ar), 7.41 (dd, J = 2.4, 9.8 Hz, 1H, Ar), 7.90–7.96 (m, 2H, 4-H,
Ar), 9.12 (s, 1H, 1-H); 13C NMR (100 MHz, CDCl3): d 20.8 (4C), 49.2 (2C), 51.3,
109.7 (d, J = 20.7 Hz), 116.7 (d, J = 26.5 Hz), 117.0 (d, J = 5.8 Hz), 124.7,
130.4 (d, J = 9.9 Hz), 138.1 (d, J = 10.8 Hz), 151.1, 158.6, 163.2 (d,
J = 251.6 Hz); MS (FAB) m/z (%): 261 (MH+, 100); HRMS (FAB) calcd for
C16H22FN2 (MH+): 261.1767; found: 261.1764.

5.2.2.7 3-[(Diisopropylamino)methyl]-7-fluoroisoquinoline (8)

By a procedure identical with that described for compound 6a from the compound
1a, the compound 1a (25 mg, 0.19 mmol) was converted to the compound 8
(41.7 mg, 79%) as a pale yellow oil: 1H NMR (400 MHz, CDCl3): d 1.08
(d, J = 6.6 Hz, 12H, 4 9 CH3), 3.14 (m, 2H, 2 9 NCH), 3.96 (s, 2H, NCH2),
7.40–7.45 (m, 1H, Ar), 7.53 (dd, J = 8.8, 2.2 Hz, 1H, Ar), 7.81 (dd, J = 9.0,
5.4 Hz, 1H, Ar), 7.94 (s, 1H, 4-H), 9.12 (s, 1H, 1-H); 13C NMR (100 MHz,
CDCl3): d 20.8 (4C), 49.1 (2C), 51.2, 110.3 (d, J = 19.9 Hz), 117.3, 120.7
(d, J = 25.7 Hz), 127.8 (d, J = 8.3 Hz), 129.1 (d, J = 8.3 Hz), 133.7, 150.6
(d, J = 5.8 Hz), 157.1, 160.3 (d, J = 249.1 Hz); MS (FAB) m/z (%): 261 (MH+,
100); HRMS (FAB) calcd for C16H22FN2 (MH+): 261.1767; found: 261.1766.

5.2.2.8 3-[(Diisopropylamino)methyl]-6-methylquinoline (9)

By a procedure identical with that described for compound 6a from the compound
1a, the compound 1a (25 mg, 0.19 mmol) was converted to the compound 9
(38.9 mg, 87%) as an yellow oil: 1H NMR (400 MHz, CDCl3): d 1.08
(d, J = 6.3 Hz, 12H, 4 9 CH3), 2.53 (s, 3H, CH3), 3.14 (m, 2H, 2 9 NCH), 3.94
(s, 2H, NCH2), 7.34 (d, J = 8.3, 1.5 Hz, 1H, Ar), 7.57 (s, 1H, Ar), 7.82
(d, J = 8.3 Hz, 1H, Ar), 7.85 (s, 1H, 4-H), 9.09 (s, 1H, 1-H); 13C NMR (100 MHz,
CDCl3): d 20.8 (4C), 49.2 (2C), 51.3, 109.7, 116.7, 117.0, 124.7, 130.4, 138.1,
151.1, 158.6, 163.2; MS (FAB) m/z (%): 257 (MH+, 100); HRMS (FAB) calcd for
C17H25N2 (MH+): 257.2018; found: 257.2019.

5.2.2.9 3-[(Diisopropylamino)methyl]-7-methoxyquinoline (10)

By a procedure identical with that described for compound 6a from the compound
1a, the compound 1a (25 mg, 0.19 mmol) was converted to the compound 10
(44.1 mg, 84%) as a pale yellow oil: 1H NMR (400 MHz, CDCl3): d 1.08 (d,
J = 6.3 Hz, 12H, 4 9 CH3), 3.13 (m, 2 H, 2 9 NCH), 3.93 (s, 3H, OCH3), 3.94
(s, 2H, NCH2), 7.19 (d, J = 2.4 Hz, 1H, Ar), 7.31 (dd, J = 2.4 9.0 Hz, 1H, Ar),
7.71 (d, J = 9.0 Hz, 1H, Ar), 7.86 (s, 1H, 4-H), 9.07 (s, 1H, 1-H); 13C NMR
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(100 MHz, CDCl3): d 20.8 (4C), 49.0 (2C), 51.1, 55.4, 104.5, 117.3, 123.3, 128.0,
128.4, 132.4, 149.9, 155.5, 157.7; MS (FAB) m/z (%): 273 (MH+, 100); HRMS
(FAB) calcd for C17H25N2O (MH+): 273.1967; found: 273.1964.
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Chapter 6
Rapid Access to 3-
(Aminomethyl)isoquinoline-Fused
Polycyclic Compounds by Copper-
Catalyzed Four Component Coupling,
Cascade Cyclization, and Oxidation

Isoquinoline-fused polycyclic compounds such as pyrimido[2,1-a]isoquinolines
and imidazo[2,1-a]isoquinolines exert various biological effects [1–4] including
anti-tumor activity [5–8]. Considerable efforts have been made to develop efficient
methods for the synthesis of this class of compounds, in which stepwise intro-
duction/construction of the desired ring system is generally required [9–18]. In
Chap. 1, the author reported a novel synthesis of 3-(aminomethyl)isoquinolines by
four-component coupling–cyclization (Scheme 1) [19]. In this reaction, a copper-
catalyzed Mannich-type reaction of a 2-ethynylbenzaldehyde 1 with paraformal-
dehyde 2 and a secondary amine 3 followed by imine formation with t-BuNH2 4
promotes isoquinoline formation to afford 7 through cleavage of a tert-butyl group.

On the basis of this chemistry, the author expected that the use of a primary
amine containing a tethered nucleophilic group instead of t-BuNH2 could bring
about an intramolecular nucleophilic attack onto the isoquinolinium ion 10 without
causing cleavage (Scheme 2) [20–30]. In this section, the author describes a novel
approach to 3-(aminomethyl)isoquinoline-fused polycyclic compounds utilizing
four-component coupling and cascade cyclization in the presence of a copper
catalyst. To the best of the author’s knowledge, this is the first example of multi-
component sequential construction of an isoquinoline-fused heterocyclic ring
system including and pyrimido[2,1-a]isoquinolines.

The author envisioned that 1,3-diaminopropane would be an appropriate pri-
mary amine as it has an additional nucleophilic group that could sequentially form
isoquinoline and pyrimidine rings (the reaction using 3-aminopropanol as the
amine component 8 showed a promising result. However, the main product of this
reaction was unstable and decomposed during purification). Thus, attempts to
construct the pyrimido[2,1-a]isoquinoline framework was initiated with 2-ethy-
nylbenzaldehyde 1a, paraformaldehyde 2, diisopropylamine 3a and 1,3-diamino-
propane 8a (Table 1). Co-existence of two amines with two aldehydes in
one-portion of the reaction would hamper the effective Mannich-type reaction of
1a, 2 and 3a and subsequent imine formation with 8a in the desired order.
Therefore, the copper-catalyzed Mannich-type reaction of 1a, 2 (2 equiv) and 3a (2
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equiv) in DMF was completed (monitored by TLC), then the reaction mixture was
treated with 8a (3 equiv) at 120 �C to afford the expected product of the oxidized
form 12a in 38% yield (entry 1) (The unambiguous structure assignment for 12a
was made by X-ray analysis).
The elevated reaction temperature (200 �C) under microwave irradiation in the
ring formation step led to a lower yield of 12a (29%, entry 2). When other copper
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salts such as CuBr, CuBr2, CuCl2, CuF2, Cu(OAc)2 and CuCl (entries 3–8) were
used in the reaction, it was revealed that CuCl was the most effective catalyst for
this transformation (43% yield, entry 8). Use of MS 4 Å slightly improved the
yield of 12a (52%, entry 9). Further optimization demonstrated that the cyclization
reaction under an oxygen atmosphere, which would facilitate the oxidation step,
realized rapid formation of 12a in 72% yield (entry 10).

Several substituted 2-ethynylbenzaldehydes were then applied to this copper-
catalyzed four-component synthesis of 3,4-dihydro-2H-pyrimido[2,1-a]isoquino-
line under optimized conditions (Table 1, entry 10). The results are summarized in
Table 2. The substitution by a fluorine atom at the para-position to the formyl
group slightly decreased the yield of 12b (55%, entry 1). The reaction with 2-
ethynylbenzaldehydes 1c and 1d containing a fluorine atom at the meta-position or
methyl group at the para-position to the formyl group showed a good conversion
to yield the desired tricyclic compounds 12c and 12d (74 and 71%, respectively,
entries 2, 3). The use of 2-ethynyl-5-methoxybenzaldehyde 1e also gave tricyclic
compound 12e (55%, entry 4). Overall, this four-component construction of 3,

Table 1 Optimization of reaction conditions using 1,3-diaminopropane

CHO

1a

N

N

N(i-Pr)2

12a

CuX, DMF
Condition A

Condition B

H2N NH2

N

HN

N(i-Pr)2

11a

+
(HCHO)n (2)

(i-Pr)2NH (3a) then

8a

[O]

Entry CuX Condition A Condition B Yield (%)c

1 CuI rt, 0.5 h 120 �C, 15 h 38
2 CuI rt, 0.5 h MW, 200 �C, 0.33 h 29
3 CuBr rt, 1.5 h 120 �C, 15 h 42
4 CuBr2 rt, 1.0 h 120 �C, 15 h 38
5 CuCl2 rt, 2.3 h 120 �C, 10 h 42
6 CuF2 100 �C, 0.5 h 120 �C, 16 h 27
7 Cu(OAc)2 rt, 2.5 h 120 �C, 12 h 20
8 CuCl rt, 1.5 h 120 �C, 12 h 43
9a CuCl rt, 1.5 h 120 �C, 20 h 52
10a, b CuCl rt, 1.5 h 120 �C, 1 h 72

After the Mannich-type reaction of 1a, 2 (2 equiv) and 3a (2 equiv) in the presence of copper salt
(10 mol %) was completed under conditions A (monitored by TLC), 8a (3 equiv) was added. The
reaction mixture was stirred under conditions B
a 8a with MS 4 Å was added,
b Under oxygen atmosphere,
c Isolated yields
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4-dihydro-2H-pyrimido[2,1-a]isoquinoline having an aminomethyl group was
found to be applicable to 2-ethynylbenzaldehydes containing an electron-donating
or electron-withdrawing group.

Next, investigation with several secondary amines 3 was conducted (Table 3).
A one-portion Mannich-type reaction with 2-ethynylbenzaldehyde 1a, parafor-
maldehyde 2 and piperidine 3b was very sluggish. Therefore, a mixture of 2 and
3b in DMF was allowed to react at rt for 1 h in the presence of CuCl before
successive addition of 1a and 1,3-diaminopropane 8a. This stepwise addition was
successful to give the desired 3,4-dihydro-2H-pyrimido[2,1-a]isoquinoline 12f in
61% yield (entry 1). Diallylamine 3c and bis(1-phenylethyl)amine 3d showed

Table 2 Reaction with substituted 2-ethynylbenzaldehydes

CHO

1b–e

N

N

N(i-Pr)2

12b–eH2N NH2

(HCHO)n (2)
(i-Pr)2NH (3a)

then

8a

R
CuCl (10 mol %)

DMF, O2

Entry 2-ethynylbenzaldehyde Product (yield)a

1

2

CHO

F
N

N

N(i-Pr)2

F CHO

N

N

N(i-Pr)2

F

F

3

CHO

Me
N

N

N(i-Pr)2
Me

4

MeO CHO

N

N

N(i-Pr)2

MeO

1b

1c

1d

1e

12b (55%)

12c (74%)

12d (71%)

12e (55%)

After the Mannich-type reaction of 1, 2 (2 equiv) and 3aa (2 equiv) in the presence of CuCl (10
mol %) in DMF under O2 was completed (rt, within 1.5 h, monitored by TLC), 8a (2 equiv) and
MS 4 Å were added and the reaction mixture was stirred at 120 �C for 1 h.
a Isolated yields
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relatively low reactivity to give 12g and 12 h in 30 and 38% respective yields
(entries 2 and 3).

Finally, the author examined preparation of 3-(aminomethyl)isoquinolines fused
with various heterocycles, by changing the carbon tether of the diamine component
8 (Table 4). Use of 1,2-diaminoethane 8b in the reaction of 2-ethynylbenzaldehyde
1a, paraformaldehyde 2 and diisopropylamine 3a in the presence of CuCl under an
oxygen atmosphere gave the desired 2,3-dihydroimidazo[2,1-a]isoquinoline 13 in
56% yield (entry 1). The reaction using 1,4-diaminobutane 8c afforded the tricyclic
compound 14 with a tetrahydro[1,3]diazepine structure in 50% yield (entry 3). The
limitation of this reaction can be seen in the reaction with 1,5-diaminopentane 8d,
which produced 1,3-diazocine-fused isoquinoline 15 in only 12% yield (entry 5).
This strategy was also applicable to the synthesis of tetracyclic benzimidazo[2,1-
a]isoquinoline 16 (entry 7) [5].a In the case of entries 4 and 8, the increased yields
of 14 and 16 were observed under an argon atmosphere, although a prolonged
reaction time was required (15 h for the cyclization/oxidation step).

In conclusion, the author has developed a novel route to isoquinoline-fused
polycyclic compounds by a four-component coupling and cascade cyclization
strategy. In this reaction, the cyclization/oxidation step can be accelerated by use
of an oxygen atmosphere, giving rise to improved yields of the cyclized products
in many cases. Because this four-component reaction catalytically forms one
carbon–carbon and four carbon–nitrogen bonds producing only H2O and H2 as the

Table 3 Reaction with secondary amines 3b–d

Entry Secondary amine Product (yield)a

1b

2b

N

N

N

N(allyl)2

3c N

N

3b

3c

3d

12f (61%)

12g (30%)

12h (38%)

N

N

N

N
H

allyl2NH

Ph N
H

Ph Ph

Ph

The reactions were conducted as described in Table 2
a Isolated yields,
b Before addition of 1a, a mixture of 2 and 3 in DMF was stirred at rt for 1 h in the presence of
CuCl,
c One-portion Mannich-type reaction of 1a, 2, and 3d was conducted at 100 �C for 1 h
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theoretical waste products, it would be useful for diversity oriented synthesis of
various isoquinolines in an atom-economical manner.

6.1 Experimental Section

6.1.1 General Procedure for Synthesis of (Aminomethyl)isoquino-
line-Fused Polycyclic Compounds by Domino Mannich-Type
Reaction and Cascade Cyclization: Synthesis of 6-[(N,N-
Diisopropylamino)methyl]-3,4-dihydro-2H-pyrimido[2,1-a]
isoquinoline (12a) (Table 1, Entry 10)

A mixture of 2-ethynylbenzaldehyde 1a (25.0 mg, 0.19 mmol), paraformaldehyde
2 (11.5 mg, 0.38 mmol), diisopropylamine 3a (53.8 lL, 0.38 mmol) and CuCl

Table 4 Synthesis of (Aminomethyl)isoquinoline-fused polycyclic compounds

Entry Diamine Product (yield)b

N

N(i-Pr)2

N

N

8b
8b

13 (56%)
13 (53%)

H2N
NH2

N

H2N
NH2

N

H2N NH2
N

NH2

NH2

N(i-Pr)2

N(i-Pr)2

Atmospherea

N

N(i-Pr)2

N

1
2

8c
8c

14 (50%)
14 (63%)

3
4

O2
Ar

8d
8d

15 (12%)
15 (5%)

5
6

O2
Ar

8e
8e

16 (44%)
16 (58%)

7
8

O2
Ar

O2
Ar

The reactions were conducted as described in Table 2
a The reaction under argon required 15 h for the cyclization/oxidation step,
b Isolated yields
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(1.9 mg, 0.019 mmol) in DMF (1.5 mL) was stirred under O2 at rt for 1.5 h. After
the Mannich-type reaction was completed monitored by TLC, propanediamine 8a
(48.1 lL, 0.58 mmol) and MS 4 Å (37.5 mg) were added and the mixture was
additionally stirred at 120 �C for 1 h. The mixture was concentrated in vacuo and
purified by column chromatography over alumina with CHCl3/CH3OH (15:1) as
the eluent to give 12a (41.3 mg 72%) as a solid mass: mp 128–129 �C; 1H NMR
(400 MHz, CDCl3) d 1.04 (d, J = 6.6 Hz, 12H, 4 9 CH3), 1.91–1.96 (m, 2H, 3-
CH2), 3.06–3.16 (m, 2H, 2 9 CH(CH3)2), 3.49 (s, 2H, NCH2), 3.64 (t, J = 5.6 Hz,
2H, NCH2), 4.13 (t, J = 5.9 Hz, 2H, NCH2), 6.05 (s, 1H, 7-H), 7.19 (d,
J = 7.8 Hz, 1H, Ar), 7.23–7.27 (m, 1H, Ar), 7.36–7.40 (m, 1H, Ar), 8.26 (d,
J = 8.0 Hz, 1H, Ar); 13C NMR (100 MHz, CDCl3) d 20.3 (4C), 21.0, 43.5, 44.4,
47.2 (2C), 48.0, 105.3, 124.9, 125.6, 126.1, 127.2, 130.2, 134.0, 140.7, 149.9; MS
(FAB) m/z (%): 298 (MH+, 100); HRMS (FAB) calcd for C19H28N3 (MH+):
298.2284; found: 298.2285.

6.1.2 6-[(N,N-Diisopropylamino)methyl]-9-Fluoro-3,4-Dihydro-
2H-Pyrimido[2,1-a]isoquinoline (12b)

By a procedure identical to that described for 12a from 1a, 1b (28.5 mg,
0.19 mmol) was converted into 12b (33.3 mg, 55%) as a pale yellow solid: mp
123–125 �C; 1H NMR (400 MHz, CDCl3) d 1.04 (d, J = 6.6 Hz, 12H, 4 9 CH3),
1.90–1.96 (m, 2H, 3-CH2), 3.05–3.15 (m, 2H, 2 9 CH(CH3)2), 3.47 (s, 2H,
NCH2), 3.62 (t, J = 5.6 Hz, 2H, NCH2), 4.11 (t, J = 5.9 Hz, 2H, NCH2), 5.99 (s,
1H, 7-H), 6.82 (dd, J = 9.4, 2.6 Hz, 1H, Ar), 6.90–6.95 (m, 1H, Ar), 8.24 (dd,
J = 8.9, 6.0 Hz, 1H, Ar); 13C NMR (100 MHz, CDCl3) d 20.3 (4C), 21.0, 43.5,
44.4, 47.4 (2C), 47.9, 104.1, 109.8 (d, J = 21.5 Hz), 113.8 (d, J = 22.3 Hz),
123.8, 128.4, (d, J = 9.1 Hz), 136.1 (d, J = 9.9 Hz), 142.4, 149.1, 164.2 (d,
J = 248.3 Hz); MS (FAB) m/z (%): 316 (MH+, 100); HRMS (FAB) calcd for
C19H27FN3 (MH+): 316.2189; found: 316.2188.

6.1.3 6-[(N,N-Diisopropylamino)methyl]-10-Fluoro-3,4-Dihydro-
2H-Pyrimido[2,1-a]isoquinoline (12c).

By a procedure identical to that described for 12a from 1a, 1c (28.5 mg,
0.19 mmol) was converted into 12c (44.6 mg, 74%) as a pale yellow solid: mp
139–141 �C; 1H NMR (400 MHz, CDCl3) d 1.03 (d, J = 6.6 Hz, 12H, 4 9 CH3),
1.90–1.95 (m, 2H, 3-CH2), 3.05–3.15 (m, 2H, 2 9 CH(CH3)2), 3.47 (s, 2H,
NCH2), 3.63 (t, J = 5.5 Hz, 2H, NCH2), 4.12 (t, J = 5.7 Hz, 2H, NCH2), 6.01 (s,
1H, 7-H), 7.07–7.18 (m, 2H, Ar), 8.24 (dd, J = 10.6, 2.6 Hz, 1H, Ar); 13C NMR
(100 MHz, CDCl3) d 20.2 (4C), 20.9, 43.3, 44.5, 47.2 (2C), 47.8, 103.9, 111.1 (d,
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J = 23.2 Hz), 118.1 (d, J = 23.2 Hz), 126.7 (d, J = 7.4 Hz), 129.2, (d,
J = 8.3 Hz), 130.4 (d, J = 2.5 Hz), 140.0 (d, J = 2.5 Hz), 148.9 (d, J = 3.3 Hz),
161.3 (d, J = 244.1 Hz); MS (FAB) m/z (%): 316 (MH+, 100); HRMS (FAB)
calcd for C19H27FN3 (MH+): 316.2189; found: 316.2180.

6.1.4 6-[(N,N-Diisopropylamino)methyl]-9-Methyl-3,4-Dihydro-
2H-Pyrimido[2,1-a]isoquinoline (12d)

By a procedure identical to that described for 12a from 1a, 1d (27.7 mg,
0.19 mmol) was converted into 12d (42.2 mg, 71%) as a pale yellow solid: mp
132–135 �C; 1H NMR (400 MHz, CDCl3) d 1.03 (d, J = 6.6 Hz, 12H, 4 9 CH3),
1.90–1.95 (m, 2H, 3-CH2), 2.36 (s, 3H, ArCH3), 3.05–3.15 (m, 2H,
2 9 CH(CH3)2), 3.46 (s, 2H, NCH2), 3.63 (t, J = 5.6 Hz, 2H, NCH2), 4.11 (t,
J = 5.9 Hz, 2H, NCH2), 5.99 (s, 1H, 7-H), 6.98–7.00 (m, 1H, Ar), 7.08 (dd,
J = 8.3, 1.5 Hz, 1H, Ar), 8.15 (d, J = 8.3 Hz, 1H, Ar); 13C NMR (100 MHz,
CDCl3) d 20.2 (4C), 20.9, 21.4, 43.4, 44.2, 47.1 (2C), 47.9, 105.4, 124.6, 124.9,
125.6, 127.6, 134.0, 140.4, 140.6, 150.0; MS (FAB) m/z (%): 312 (MH+, 100);
HRMS (FAB) calcd for C20H30N3 (MH+): 312.2440; found: 312.2443.

6.1.5 6-[(N,N-Diisopropylamino)methyl]-10-Methoxy-3,4-Dihy-
dro-2H-Pyrimido[2,1-a]isoquinoline (12e)

By a procedure identical to that described for 12a from 1a, 1e (30.8 mg,
0.19 mmol) was converted into 12e (34.8 mg, 55%) as a pale yellow solid: mp
174–176 �C; 1H NMR (400 MHz, CDCl3) d 1.03 (d, J = 6.6 Hz, 12H, 4 9 CH3),
1.92–1.97 (m, 2H, 3-CH2), 3.05–3.15 (m, 2H, 2 9 CH(CH3)2), 3.49 (s, 2H,
NCH2), 3.67 (t, J = 5.5 Hz, 2H, NCH2), 3.90 (s, 3H, OMe), 4.16 (t, J = 5.7 Hz,
2H, NCH2), 6.02 (s, 1H, 7-H), 7.02 (dd, J = 8.5, 2.7 Hz, 1H, Ar), 7.14 (d,
J = 8.5 Hz, 1H, Ar), 7.75–7.77 (m, 1H, Ar); 13C NMR (100 MHz, CDCl3) d 20.2
(4C), 21.0, 43.5, 45.6, 47.0 (2C), 47.9, 55.6, 105.0, 106.2, 120.3, 126.6, 127.8,
128.4, 138.2, 149.8, 158.4; MS (FAB) m/z (%): 328 (MH+,100); HRMS (FAB)
calcd for C20H30ON3 (MH+): 328.2389; found: 328.2383.

6.1.6 6-(Piperidin-1-ylmethyl)-3,4-Dihydro-2H-Pyrimido[2,1-
a]isoquinoline (12f)

A mixture of paraformaldehyde 2 (17.3 mg, 0.58 mmol), piperidine 3b (57.0 lL,
0.58 mmol) and CuCl (1.9 mg, 0.019 mmol) in DMF (1.5 mL) was stirred under
O2 at rt for 1 h. Then 2-ethynylbenzaldehyde 1a (25.0 mg, 0.19 mmol) was added
at rt, and the mixture was additionally stirred at this temperature for 1.5 h. After
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the Mannich-type reaction was completed monitored by TLC, propanediamine 8a
(48.1 mL, 0.58 mmol) and MS 4 Å (37.5 mg) were added and the mixture was
stirred at 120 �C for 1 h. The mixture was concentrated in vacuo and purified by
column chromatography over alumina with CHCl3/CH3OH (20:1) as the eluent to
give 12f (41.3 mg 61%) as a brown oil: 1H NMR (400 MHz, CDCl3) d 1.40–1.47
(m, 2H, CH2), 1.52–1.57 (m, 4H, 2 9 CH2), 1.92–1.98 (m, 2H, 3-CH2), 2.35–2.43
(m, 4H, 2 9 CH2), 3.19 (s, 2H, NCH2), 3.65 (t, J = 5.6 Hz, 2H, NCH2), 4.09 (t,
J = 5.9 Hz, 2H, NCH2), 5.87 (s, 1H, 7-H), 7.17 (d, J = 7.6 Hz, 1H, Ar) 7.23–7.27
(m, 1H, Ar), 7.35–7.39 (m, 1H, Ar), 8.25 (d, J = 8.0 Hz, 1H, Ar); 13C NMR
(100 MHz, CDCl3) d 21.1, 24.3, 26.1 (2C), 43.7, 44.6, 54.1 (2C), 61.5, 105.2,
124.9, 125.5, 126.1, 127.7, 130.1, 133.7, 138.7, 149.7; MS (FAB) m/z (%): 282
(MH+, 100); HRMS (FAB) calcd for C18H24N3 (MH+): 282.1970; found:
282.1974.

6.1.7 6-[(N,N-Diallylamino)methyl]-3,4-Dihydro-2H-Pyrimi-
do[2,1-a]isoquinoline (12g)

By a procedure similar to that described for 12a from 1a, 1a (25.0 mg, 0.19 mmol)
was converted into 12g (17.0 mg, 30%) using diallylamine 3c (71.1 lL,
0.58 mmol): brown oil; 1H NMR (400 MHz, CDCl3) d 1.92–1.98 (m, 2H, 3-CH2),
3.10–3.12 (m, 4H, 2 9 NCH2), 3.34 (s, 2H, NCH2), 3.65 (t, J = 5.5 Hz, 2H,
NCH2), 4.07 (t, J = 5.9 Hz, 2H, NCH2), 5.16–5.21 (m, 4H, 2 9 C = CH2),
5.79–5.89 (m, 2H, 2 9 C = CH), 5.94 (s, 1H, 7-H), 7.18 (d, J = 7.6 Hz, 1H, Ar)
7.25–7.29 (m, 1H, Ar), 7.36–7.41 (m, 1H, Ar), 8.26 (d, J = 8.0 Hz, 1H, Ar); 13C
NMR (100 MHz, CDCl3) d 21.0, 44.0, 44.3, 56.0, 56.2 (2C), 106.2, 118.2 (2C),
125.0, 125.7, 126.5, 127.3, 130.4, 133.7, 134.9 (2C), 138.9, 149.8; MS (FAB) m/z
(%): 294 (MH+, 100); HRMS (FAB) calcd for C19H24N3 (MH+): 294.1970; found:
294.1969.

6.1.8 6-{[N,N-Bis((R)-1-phenylethyl)amino]methyl}-3,4-Dihydro-
2H-Pyrimido[2,1-a]isoquinoline (12h)

By a procedure similar to that described for 12a from 1a, 1a (25 mg, 0.19 mmol)
was converted into 12h (30.9 mg, 38%) using bis[(R)-1-phenylethyl]amine 3d
(87.9 lL, 0.38 mmol): colorless solid; mp 174–176 �C; 1H NMR (400 MHz,
CDCl3) d 1.42–1.68 (m, 8H, 3-CH2 and 2 9 CH3), 2.77–2.83 (m, 1H, NCH),
3.43–3.58 (m, 5H, NCH and 2 9 NCH2), 4.17 (q, J = 6.9 Hz, 2H, 2 9 CH3CH),
6.05 (s, 1H, 7-H), 7.11–7.38 (m, 13H, Ar), 8.19 (d, J = 8.0 Hz, 1H, Ar); 13C NMR
(100 MHz, CDCl3) d 14.5 (2C), 20.8, 42.6, 44.3, 47.8, 55.1 (2C), 106.0, 124.8,
125.5, 126.1, 126.8 (2C), 127.6, 127.8 (4C), 128.1 (4C), 130.1, 133.6, 139.9, 143.5
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(2C), 149.5; MS (FAB) m/z (%): 422 (MH+, 100); HRMS (FAB) calcd for
C29H32N3 (MH+): 422.2596; found: 422.2602.

6.1.9 5-[(N,N-Diisopropylamino)methyl]-2,3-Dihydroimidazo[2,1-
a]isoquinoline (13)

By a procedure similar to that described for 12a from 1a, 1a (25.0 mg, 0.19 mmol)
was converted into 13 (30.5 mg, 56%) using ethylenediamine 8b (38.7 lL,
0.58 mmol): brown oil; 1H NMR (400 MHz, CDCl3) d 1.04 (d, J = 6.6 Hz, 12H,
4 9 CH3), 3.06–3.16 (m, 2H, 2 9 CHCH3), 3.43 (s, 2H, NCH2), 4.03–4.09 (m,
2H, NCH2), 4.20–4.26 (m, 2H, NCH2), 5.97 (s, 1H, 7-H), 7.24–7.27 (m, 2H, Ar),
7.41–7.45 (m, 1H, Ar), 8.10 (d, J = 8.3 Hz, 1H, Ar); 13C NMR (100 MHz,
CDCl3) d 20.3 (4C), 47.2, 47.50, 47.54 (2C), 53.1, 102.8, 121.7, 125.2, 125.6,
126.0, 131.2, 136.5, 140.9, 158.6; MS (FAB) m/z (%): 284 (MH+, 100); HRMS
(FAB) calcd for C18H26N3 (MH+): 284.2127; found: 284.2134.

6.1.10 7-[(N,N-Diisopropylamino)methyl]-2,3,4,5-Tetrahy-
dro[1,3]diazepino[2,1-a]isoquinoline (14)

By a procedure similar to that described for 12a from 1a, 1a (25.0 mg, 0.19 mmol)
was converted into 14 (29.8 mg, 63%) using butanediamine 8c (57.9 lL,
0.38 mmol) under argon: brown oil; 1H NMR (400 MHz, CDCl3) d 1.05 (d,
J = 6.8 Hz, 12H, 4 9 CH3), 1.93–1.99 (m, 2H, CH2), 2.03–2.09 (m, 2H, CH2),
3.09–3.19 (m, 2H, 2 9 CHCH3), 3.50 (s, 2H, NCH2), 3.89–3.92 (m, 2H, NCH2),
4.03–4.06 (m, 2H, NCH2), 6.12 (s, 1H, 8-H), 7.16 (d, J = 7.6 Hz, 1H, Ar),
7.22–7.26 (m, 1H, Ar), 7.33–7.37 (m, 1H, Ar), 8.16 (d, J = 7.8 Hz, 1H, Ar); 13C
NMR (100 MHz, CDCl3) d 20.2 (4C), 25.4, 26.6, 47.2 (2C), 47.7, 47.8, 48.2,
105.9, 124.4, 125.6, 126.0, 128.5, 129.8, 134.1 142.6, 153.9; MS (FAB) m/z (%):
312 (MH+, 100); HRMS (FAB) calcd for C20H30N3 (MH+): 312.2440; found:
312.2433.

6.1.11 8-[(N,N-Diisopropylamino)methyl]-3,4,5,6-Tetrahydro-2H-
[1,3]diazocino[2,1-a]isoquinoline (15)

By a procedure similar to that described for 12a from 1a, 1a (25.0 mg, 0.19 mmol)
was converted into 15 (7.2 mg, 12%) using pentanediamine 8d (67.8 lL,
0.38 mmol): brown oil; 1H NMR (400 MHz, CDCl3) d 1.03 (d, J = 6.6 Hz, 12H,
4 9 CH3), 1.63–1.69 (m, 2H, CH2), 1.91–2.04 (m, 4H, 2 9 CH2), 3.08–3.18 (m,
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2H, 2 9 CHCH3), 3.44 (s, 2H, NCH2), 4.20 (t, J = 6.2 Hz, 2H, NCH2), 4.43 (t,
J = 6.6 Hz, 2H, NCH2), 6.16 (s, 1H, 9-H), 7.17 (d, J = 7.6 Hz, 1H, Ar),
7.23–7.26 (m, 1H, Ar), 7.34–7.38 (m, 1H, Ar), 8.31 (d, J = 8.0 Hz, 1H, Ar); 13C
NMR (100 MHz, CDCl3) d 20.2 (4C), 20.6, 29.2, 30.7, 45.4, 46.6, 47.2 (2C), 47.6,
106.3, 124.5, 126.1, 126.9, 129.4, 129.8, 134.2, 141.7, 150.2; MS (FAB) m/z (%):
326 (MH+, 100); HRMS (FAB) calcd for C21H32N3 (MH+): 326.2596; found:
326.2597.

6.1.12 6-[(N,N-Diisopropylamino)methyl]benzimidazo[2,1-a]iso-
quinoline (16)

By a procedure similar to that described for 12a from 1a, 1a (25.0 mg, 0.19 mmol)
was converted into 16 (28.1 mg, 58%) using phenylendiamine 8e (62.3 lL,
0.38 mmol) under argon: pale yellow solid; mp 152–154 �C; 1H NMR (400 MHz,
CDCl3) d 1.16 (d, J = 6.3 Hz, 12H, 4 9 CH3), 3.22–3.32 (m, 2H, 2 9 CHCH3),
4.36 (d, J = 1.2 Hz, 2H, NCH2), 7.36–7.40 (m, 1H, Ar), 7.49–7.53 (m, 2H, Ar and
5-H), 7.60–7.68 (m, 2H, Ar), 7.74 (d, J = 7.3 Hz, 1H, Ar), 8.06 (d, J = 8.0 Hz,
1H, Ar), 8.14 (d, J = 8.3 Hz, 1H, Ar), 8.84–8.86 (m, 1H, Ar); 13C NMR
(100 MHz, CDCl3) d 20.9 (4C), 47.6, 49.5 (2C), 109.0, 114.7, 119.9, 121.4, 122.2,
124.0, 125.0, 126.3, 127.0, 129.8, 130.9, 131.8, 140.9, 144.3, 148.6; MS (FAB) m/
z (%): 332 (MH+, 100); HRMS (FAB) calcd for C22H26N3 (MH+): 332.2127;
found: 332.2133.
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Chapter 7
Conclusions

1. Copper-catalyzed synthesis of 2-(aminomethyl)indole by domino three-
component coupling–cyclization was accomplished. This reaction proceeds
through Mannich-type reaction using 2-ethynylanilines, aldehydes, and sec-
ondary amines, followed by hydroamination. This is the first example of three-
component indole formation without producing any salts as a byproduct. Using
alkyl aldehydes and the chiral ligand PINAP, the corresponding indole bearing
a branched substituent was produced with moderate ee values. This indole
formation was applicable to the synthesis of indole-fused polycyclic com-
pounds via palladium-catalyzed C–H functionalization at 3-position of indole.
Synthetic application to calindol, benzo[e][1,2]thiazines, and indene was also
conducted.

2. b-Carboline structure was constructed by one-pot reaction, which involves the
three-component indole formation and nucleophilic cyclization by the addition
of t-BuOK or MsOH. This is the first example of multi-component synthesis of
carbolines, except for those using the Pictet-Spengler type reaction. Utilizing
the three-component indole formation, indole-fused 1,4-diazepines were also
synthesized through deprotection/N-arylation at nitrogen atom of indole by one-
pot addition of MeONa after the formation of indole. These reactions form four
bonds in a single reaction vessel, which involves two C–C bonds/two C–N
bonds or one C–C bond/three C–N bonds.

3. In relation to the three-component indole formation, a novel four-component
synthesis of 3-(aminomethyl)isoquinoline was developed. The reaction of 2-
ethynylbenzaldehyde with (HCHO)n, secondary amine, and t-BuNH2 proceeds
through Mannich-type reaction, cyclization, and elimination of t-butyl group.
By the use of alkane diamine instead of t-BuNH2, 3-(aminomethyl)isoquino-
line-fused polycyclic compounds were also synthesized by cascade cyclization
and oxidation. Changing the carbon tether of the diamine component led to the
synthesis of isoquinolines fused with various heterocycles.

Taken together, the author has achieved the development for the copper-
catalyzed synthesis of 2-(aminomethyl)indoles and 3-(aminomethtyl)isoquinolines

Y. Ohta, Copper-Catalyzed Multi-Component Reactions, Springer Theses,
DOI: 10.1007/978-3-642-15473-7_7, � Springer-Verlag Berlin Heidelberg 2011
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by catalytic domino reaction including multi-component coupling. These findings
would contribute to the diversity-oriented synthesis for the drug discovery and
facile synthesis of biologically active natural products containing complex struc-
ture. Futhermore, indole- or isoquinoline-fused polycyclic compounds were also
synthesized through this multi-component reaction and one-pot addition of acid or
base. These investigations may provide the development for the synthesis of
bioactive compounds in an atom-economical manner, which could lead to
development of promising drug leads with structural complexity.
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