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Abstract — This review summarizes a variety of synthetic methods for nitrogen
heterocycles based on hydrogen transfer reactions catalyzed by transition metals
in a past decade. Most of them employ iridium and ruthenium complexes as the
catalysts and provide a versatile and environmentally benign synthetic
methodology of various nitrogen heterocyclic compounds. Intermolecular
cyclization reactions of amines with alcohols afford 5-7 membered alicyclic
amines, quinolines, piperazines, indoles, quinoxalines, pyrroles, benzimidazoles,
and benzoxazoles. Intramolecular cyclization reactions of amino alcohols give
indoles, 1,2,3 4-tetrahydroqunolines, 1,2,3 4-tetrahydroquinoxalines,
3 4-dihydro-2(1H)-quinolinones, and oxindoles. Friedldnder-type cyclization
reactions provide a convenient route to various quinolines. Finally, cyclization

reactions of amines with amines afford quinolines and phenylpyrrolidines.
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1. INTRODUCTION

Organic transformations based on catalytic hydrogen transfer reactions have attracted considerable
attention in recent years from viewpoint of development of environmentally benign synthetic
methodology, one of the most important subjects in current organic synthesis.! Ru-catalyzed C-N bond
formation reactions of amines with alcohols were initially investigated in 1980's, though most of them
required high reaction temperature (>150 °C) and applicable substrates were rather limited.” We found
the high catalytic performance of Cp*Ir (Cp*: m’-pentamethylcyclopentadienyl) complexes in
Oppenauer-type oxidation of alcohols in 2002.°  Since then, we have developed several environmentally
benign C-N bond formation reactions using a Cp*Ir complex, [Cp*IrCl,], (1), as a hydrogen transfer
catalyst.*” In these reactions, use of harmful organic halides as substrates can be avoided, and harmless
and readily available alcohols are utilized as substrates. Moreover, only water is generated as the

coproduct without producing stoichiometric amounts of wastes. A couple of examples are shown below.

(a) N-Alkylation of Amines with Alcohols*

R1
OH cat. [Cp*IrClo], |
R'R2NH  + SJ\ 4 _N__R* * H0
. R 'R cat. base R Y
primary or primary or R3
secondary amine  secondary alcohol
(b) Cyclization of primary Amines with Diols’
R2 R2
OH cat. [Cp*IrCly], 1~
RINH, + Ho/\{/\/ RNA 4 0
cat. base )
n=1-3 n
(c) Cyclization of Amino Alcohols®
R2 2
OH * R
= I~ cat. [Cp*IrCly] = S
R ZL.RE TS + HoO
N AN
NH, cat. base H
R2
= oH cat. [Cp*IrCly], = )
R1W -RC [ ]+ ho
X" NH, cat. base NONTOR?
H

n=1,2
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Other than our works, there have been many reports on organic transformations based on catalytic

12¢8 " Tn this review, we would

hydrogen transfer reactions and several reviews have been appeared so far.
like to summarize our and other works on new catalytic synthetic methods for nitrogen heterocyclic

compounds based on hydrogen transfer reactions over the last decade.

2. INTERMOLECULAR CYCLIZATION OF AMINES WITH ALCOHOLS

Intermolecular cyclization of amines with alcohols have proven to be attractive synthetic methods for
nitrogen heterocycles. We have recently found versatile and efficient Cp*Ir-catalyzed cyclization
systems and, thereafter, several Ir-catalyzed reactions have been reported.

2.1. Ir-Catalyzed Reactions

We reported a new method for the N-heterocyclization of primary amines with diols catalyzed by
[Cp*IrCl,], (1) / NaHCO, system.™® A variety of five-, six-, and seven-membered cyclic amines could
be synthesized in good to excellent yields in environmentally benign and atom economical manner with
only water as a coproduct. Table 2-1 summarizes the representative results of the reaction of primary
amines with diols. In the presence of a catalytic amount of 1 (1.0 mol% Ir) and NaHCO; (1.0 mol%),
the reaction of benzylamine with 1,5-pentanediol (1.5 : 1.0 ratio) in toluene for 17 hours gave
N-benzylpiperidine in an isolated yield of 91% (entry 1). The reactions of benzylamine with
1 4-butanediol and 1,6-hexanediol gave N-benzylpyrrolidine and N-benzylazepane in good yields,
respectively (entries 2 and 3). The reactions of several substituted diols on the methylene chain also
proceeded smoothly to give substituted cyclic amines (entries 4-8). In the reaction of benzylamine with
2.,5-hexanediol, a diastereomeric mixture of N-benzyl-2,5-dimethylpyrrolidine (cis : trans = 73 : 27) was
obtained in 94% yield (entry 4). Benzo-fused cyclic amines such as N-benzylisoindoline and
N-benzyl-1,2,3 4-tetrahydroisoquinoline were also synthesized by the reactions of benzylamine with
1,2-benzenedimethanol and 2-(2-hydroxyethyl)benzyl alcohol, respectively (entries 9 and 10). The
product having a morpholine skeleton could be synthesized in good yield (76%) by the employment of
diethylene glycol as a diol substrate (entry 11). N-(3-Pyridylmethyl)pyrrolidine, which is known as a
nicotinic agonist, could be smoothly synthesized using easily available 3-pyridylmethylamine as a
starting material (entry 12). In the reactions of aniline as the starting primary amine, higher catalyst
loading (5.0 mol% Ir) and a higher reaction temperature (130 °C) were required to obtain good yields
(entries 14 and 15). The reaction of aniline with 1,4-butanediol gave N-phenylpyrrolidine in 70% yield
(entry 14). Introduction of electron-donating substituents at the phenyl ring of aniline considerably
improved the yield (entry 15). The reactions of other primary amines, such as 1-naphthylmethylamine,

phenethylamine and octylamine, also afforded the cyclic amines in good yields (entries 13, 16, and 17).
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Table 2-1. Cp*Ir Complex-Catalyzed N-Heterocyclization of Primary Amines with a

Variety of Diols?
2
R? cat. [Cp*IrClal, (1), NaHCO; A/R
RINH, + /\H//\/OH R'N )
2 HO h toluene, 110 °C, 17 h )
n=1-3 n
entry amine diol cat. (mol% Ir) yield®(%)
qe PhCH,NH, HO™ """ 0H 1.0 91
2 PhCH,NH, HO " OH 1.0 72
3d PhCH,NH, H o/\/\/\/OH 2.0 73
4¢ PhCH,NH, HO OH 1.0 94
5 PhCH,NH, J\/\/\ 1.0 79
HO OH
Ph
6 PhCH,NH, 1.0 98
Ph
7 PhCH,NH, 2.0 90
o~ OH
Ph
8 PhCH,NH, W 4.0 789
HO OH
ohi PhCH,NH, gg 2.0 63
OH
10 PhCH,NH, @ 2.0 76
12 (3-Py)CH,NH, HO OH 1.0 62
13 (1-Naph)CH,NH, HO > OH 1.0 91
144k PhNH, HO™ > OH 5.0 70
15/ (4-MeOCgHs5)NH, HO/\/\/OH 5.0 90
16 PhCH,CH,NH, HO > OH 4.0 73
17 n-CgH17NH, Ho O 4.0 819

4The reaction was carried out at 110 °C for 17 h with amine (3.0 mmol), diol (2.0 mmol), [Cp*IrCl5]»
(1.0 - 5.0 mol% Ir), and NaHCO3; (same equivalent to the iridium catalyst) in toluene (1 mL).
bisolated yield. °Reaction temperature was 90 °C. Toluene (3 mL) was used. ®Na,CO3 was used
as base. ‘cis : trans = 73 : 27 (determined by "H NMR analysis). 9GC yield. "Amine (2.0 mmol) was
used. ‘Base was not added. /Reaction temperature was 130 °C. kReaction time was 40 h.
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The synthesis of N-benzylpiperidine in 100 mmol scale has been successfully accomplished by using a

smaller amount of the iridium catalyst 1 (0.50 mol% Ir) as shown in Scheme 2-1.
Scheme 2-1
[Cp*IrCl5], (1) (0.50 mol% Ir

)
NaH . 19 -
toluene reflux, 17.5 h

10.7 g 104 ¢ 14.2¢9
100 mmol 100 mmol 81%

A possible mechanism for the Cp*Ir complex-catalyzed N-heterocyclization of primary amines with diols
is shown in Scheme 2-2,”** which is based on our previous studies on Cp*Ir-catalyzed N-alkylation of
amines with alcohols.** There should be two catalytic cycles 1 and 2. In the former, an intermolecular
N-Alkylation of the primary amine with one of the alcohol moiety of diol would proceed to afford amino
alcohol as an intermediate. Then, in the cycle 2, the amino alcohol intermediate would be cyclized
intramolecularly to give the product via an iminium intermediate. The formation of iridium alkoxide
species could be stimulated in the presence of the base by trapping hydrogen chloride generated at the

first step of the reaction.

Scheme 2-2
[Cp*IrCly],
Bnl\O " diol
1,5-pentanediol ’ base
i . OHC
\ —‘ / [Ir]\O/\/\/\OH \/\/\OH

e i \/
! A\
Ph” NH,
OH- P NNV N Non
H
(I —H
(IrI—H cycle 2 > cycle 1
BnN
A O
in NV y
ph/\N/\/\/CHO Ph/\H/\/\/\O Ph" N OH Ph/\N/\/\/\OH
H

(i1

We also demonstrated an efficient two-step asymmetric synthesis of (§)-2-phenylpiperidine as an

5ab

extension of the N-heterocyclization of primary amines with diols. The results are illustrated in
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Scheme 2-3. First, the reaction of enantiomerically pure (R)-1-phenylethylamine and
1-phenyl-1,5-pentanediol was conducted to produce a diastereomeric mixture of the corresponding
N-(1-phenylethyl)-2-phenylpiperidines 2a and 2b with 92% de. Then hydrogenation of this
diastereomeric mixture using Pd/C catalyst gave (S)-2-phenylpiperidine in 96% yield with 78% ee.

Scheme 2-3

o [Cp*IrCly], (1) (3.0mol% Ir)
NH, KOAc (6.0mol%) .
A+ W — ~ PRYONT T PhTON
Ph HO OH toluene
Ao PN

1.0 mmol 1.0 mmol 100 °C, 17 h Ph
2a 2b
major, 86% ee? minor, 93% ee?
Y = 76%" (92% de)?
H, (1 atm)
10% Pd/C
6 N HCl,q (2.0 equiv)
EtOH PR N
65 °C, 14.5h

Y = 96%P (78% ee)°

@Determined by chiral GC analysis. “Determined by GC analysis. Determined by chiral HPLC analysis.

Trudell et al. reported a facile method for the efficient and enantioselective construction of
2-(pyridin-3-yl)piperidine alkaloids based on N-heterocyclization of enantiomerically pure primary
amines with diols catalyzed by 1. As shown in Scheme 2-4, N-heterocyclization of
(R)-1-phenylethylamine with diol 3 catalyzed by 1 gave a diastereomeric mixture of 2-substituted
piperidines 4a and 4b in 72% yield with 90% de. Similarly, the reaction starting with
(S)-1-phenylethylamine gave S5a and Sb in 69% yield with 90% de. Then, 4a and Sa were converted to 6
and 7, respectively, via hydrogenolysis of N-1-phenylethyl group and concomitant treatment with POCl,
(Scheme 2-5). Pd-catalyzed Suzuki-Miyaura coupling of 6 with 3-pyridineboronic acid gave
(S)-noranabasamine in 84% with ee greater than 86%. (R)-noranabasamine were also prepared from 7 in

76% yield with ee greater than 80%.
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Scheme 2-4
OH
| Ny oH
/
3
NH2
Ph [Cp*IrClyl, (1) (3.0 mol% Ir)
KOAc (6.0 mol%)
o]
729 toluene, 110°C, 17 h
| \\ O AN N | \\\‘ ’\II\
~ .
N7 )\Ph MeO N/ )\ph MeO T e P
4a  (95:5) 4b 0
Scheme 2-5
O 56% O 84% . 0
S SN
z P _~_BOH), XN
MeO N Ph 1) Hy, Pd/C Cl N - | _
4a EtOH 6 N N” (S)-noranabasamine
0,
55 OC sz(dba)3 >86% ee
2) POCly PCys, K3PO,4
120 °C dioxane/H,0
100 °C, 18 h
TN
o N N
60% | H 76% N N7
7 |
Cl N P
7 N”  (R)-noranabasamine
> >80% ee

We reported the facile synthesis of five- and six-membered cyclic secondary amines by
N-heterocyclization of an ammonium tetrafluoroborate with diols, as a development of our studies on
Cp*Ir-catalyzed N-alkylation of ammonium salts with alcohols.”” When the reaction of ammonium
tetrafluoroborate with 1-phenyl-1,5-pentanediol was performed at 140 °C for 17 h in the presence of 1
(5.0 mol% Ir) and NaHCO; (30 mol%), 2-phenylpiperidine was obtained in 85% yield (Scheme 2-6).
Similarly, 2-phenylpyrrolidine was synthesized in 62% yield by the reaction of ammonium
tetrafluoroborate with 1-phenyl-1.4-butanediol. By this method, synthetically important secondary
N-heterocycles could be obtained by using cheap ammonium salt and diols as starting materials under

solvent-free conditions.
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Scheme 2-6

[Cp*IrCl2]o (1) (5.0 mol% Ir)
OH NaHCO3 (30 mol%)
NHBF, + L~ -

Ph OH 140°C, 17 h Ph N

solvent-free
85%

[Cp*IrCl5]5 (1) (5.0 mol% Ir)

OH NaHCOj (30 mol%) D
NH BF, +
e PhMOH 140°C, 17 h Ph™ N
solvent-free

62%

Williams et al. reported the N-heterocyclization of tryptamine with diols catalyzed by [IrCl(cod)], / dppf
[1,1'-bis(diphenylphosphino)ferrocene].'”  The reaction of tryptamine with the appropriate diols
(1,4-butanediol, 1,5-pentanediol, and 1,6-heptanediol) resulted in good conversion to the corresponding

pyrrolidine, piperidine, and in reasonable isolated yield into azepane (Scheme 2-7).

Scheme 2-7
[IrCl(cod)]s (5.0 mol%)
WNHZ oy dppf (5.0 mol%) WN n
+ >
N HO/\/\M:‘ 3A molecular sieves N
H toluene, 110 °C, 24 h H
83% (n=1)
72% (n = 2)
40% (n = 3)

Ishii et al. reported a unique system for N-heterocyclization of 1-naphthylamines with 1,2- and 1,3-diols
catalyzed by IrCl,-3H,O / BINAP [2,2'-bis(diphenylphosphino)-1,1'-binaphthyl]." Table 2-2
summarizes the representative results. When the reaction of 1-naphthylamine with 1,3-propanediol was
performed in mesitylene under air at refluxing temperature for 15 h in the presence of IrCl;-3H,O (5.0
mol% Ir), BINAP (7.5 mol%), and Na,CO; (8.0 mol%), 7,8-benzoquinoline was obtained in 96% yield
(entry 1). A variety of benzoquinoline and benzoindole derivatives were synthesized by this system

starting with naphthylamines and 1,2- and 1,3-diols (entries 2-8).
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Table 2-2. N-Heterocyclization of 1-Naphthylamine with 1,2- and 1,3-Diols Catalyzed by Iridium

Chloride / BINAP System?

IrCl3-3H,0 (5.0 mol%)

NH ~ HN
R’ 7 =2 BINAP (7.5 mol%) R Nw R \
X\ Na,COs (8.0 mol%) \e Vooor X \
+ /\/ OH - R2 R2
N HO T'): mesitylene, reflux, 15 h S .
entry 1-naphtylamine diol product yield®(%)
NH2 N ’ |
1 HO™ >"OH OO 96
NH2 N ’ |
g oo (I
Me Me
NH2 N s |
MeO
3¢ HO” " 0OH MeO OO 72
NH, N
‘“ e LY
NH; NH,
NH HN—)
S ~~_-OH 47
° 99
NH
2 HN—
OH
NGO 0y
NH,
OH HN
7de OO é.\\OH OO 84
NH»
OH HN N
N es NG 88
OH

(cis / trans = 64 | 36)

8The reaction was carried out at 169 °C for 15 h with 1-naphthylamine (5.0 mmol), diol (2.0 mmol), IrCl3-3H,0
(5.0 mol%), BINAP (7.5 mol%), and Na,COj3 (8.0 mol%) in mesitylene (3 mL) under air. Plsolated yield. The
reaction was carried out under O, (1 atm). 91-Naphthylamine (10 mmol) was used. °PPh; (10 mol%) was used

instead of BINAP.
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Madsen et al. reported the synthesis of piperazines by the reactions of 1,2-diamines with 1,2-diols
catalyzed by 1 / NaHCO, in aqueous media.'> The results are summarized in Table 2-3. For example,
when the reaction of frans-1,2-diaminocyclohexane with ethylene glycol was performed in water at
100 °C overnight in the presence of 1 (1.0 mol% Ir) and NaHCO; (5.0 mol%), decahydroquinoxaline was
obtained in an isolated yield of 96% (entry 1). Various piperazine derivatives were also synthesized by

this catalytic system (entries 2-5).

Table 2-3. Synthesis of Piperazines by Cyclization of 1,2-Diamines with 1,2-Diols Catalyzed by
[Cp*IrCl5), (1) / NaHCO3 System in Aqueous Media?

R R2 [Cp*IrCl5]5 (1) (1.0 mol% Ir) H
NaHCO3; (5.0 mol%) Y
/\/ NH, // OH 3 R1-L 1R
HN™ ™7 HO™ '™~ H,0, overnight KN)
H
entry  diamine diol temp. (°C) product yield®(%) (dr)°

H
NH» N
1 Of HO/\/OH 100 Of ] 96
,,NH2 "/”
H H
2 JVOH 100 O’ ]/ O’ j 98 (>20: 1)
"/NHZ HO "/N "/N
NH,
3 O/ HOJ\(OH 140 O’ IO’ ]/ 81 (3:1)
‘NH,

H
Ph NH
4 pN N2 120 quant
2 Ho)\/OH HN\)\Ph
N Ph p
N N
OH
5 [ HO 140 \/@ 73

4The reaction was carried out overnight with 1,2-diamine (2.0 mmol), 1,2-diol (2.0 mmol), [Cp*IrCl,], (1.0 mol% Ir),
and NaHCOj3 (5.0 mol%) in water (1 mL). ®Isolated yield. “Determined by "H NMR.

We also reported the synthesis of piperazines by the N-alkylative homo- and cross-coupling of
ethanolamines catalyzed by 1/ NaHCO,."” The representative results are summarized in Table 2-4 and
Scheme 2-8. When the reaction of N-benzylethanolamine was performed in toluene at 110 °C for 17 h
in the presence of 1 (5.0 mol% Ir) and NaHCO, (15 mol%), N,N-dibenzylpiperazine was obtained in

66% yield (entry 1). Methyl, methoxy, chloro, bromo, and trifluoromethyl substituents were tolerant in
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this catalytic system to give the corresponding piperazine derivatives in moderate to good yields (entries
2-7). Furthermore, cross-coupling reactions of Boc-protected diethanolamines with benzylamine were
also carried out as shown in Scheme 2-8. These reactions gave N-benzyl-N'-Boc-piperazine derivatives

in moderate to high yields.

Table 2-4. N-Alkylative Homocoupling of Several N-Benzylethanolamines
Catalyzed by [Cp*IrCl,], (1) / NaHCO5 System?

[Cp*IrCly]o (1) (5.0 mol% Ir)

A /\N/\/OH NaHCO; (15 mol%) K\N/\Ar
r H toluene Ar N\)
110°C, 17 h ~
entry substrate yield (%)°
_ N/\/OH
R I H
N
1 1a R=H (66)
2 1b R =4-Me 45
3 1c R=2-Me 47
4 1d R =4-OMe 53
5 1e R =4-Cl 49
6 1f R=4-Br 63
7 1g R=4-CF3 54

aThe reaction was carried out with N-benzylethanolamine (1.0 mmol), [Cp*IrCl5]»
5.0 mol% Ir), and NaHCO3 (15 mol%) in toluene (0.1 mL) at 110 °C for 17 h.
Isolated yield. The value in parentheses indicates GC yield.

Scheme 2-8

[Cp*IrClyl, (1) (5.0 mol%)

R2
1
. N NaHCOj (30 mol%) R%NKQ
N 2
HO/\/ \(l\OH + /\© toluene BOC/N\)
1

110°C, 17 h

82% (R'=R?=H)
56% (R!=Me, R?=H)
67% (R'=H, R? = Me)

A possible mechanism for the N-alkylative homocoupling of ethanolamines is described in Scheme 2-9.
The first stage of the reaction would involve an intermolecular carbon-nitrogen bond formation through
hydrogen transfer process and condensation to afford a diaminoethanol intermediate A. Subsequent

intramolecular carbon-nitrogen bond formation would give the piperazine product.
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Scheme 2-9
oy
OH
N/\/
N
NR [Cp*Ir] /\/OH
I
20 & 'l'
[Cp*Ir]—H [Cp*Ir]—H
N\/\N/\/O N +_~__OH
\/\N
[Cp*Ir]
OH
R A

2.2. Ru-Catalyzed Reactions'

Osakada and Yamamoto et al. reported that the reactions of 1,1’-ferrocenedimethanol with arylamine and
with  alkylamine in the presence of RuClL(PPh;); catalyst afforded N-alkyl-(or
N-aryl)-2-aza[3]ferrocenophanes (Table 2-5).” Thus, the reaction of 1,1’-ferrocenedimethanol and
4-butylaniline was carried out in the presence of RuCl,(PPh,), catalyst (3.5 mol%) in NMP solution at
180 °C for 24h to give N-(4-butylphenyl)-2-aza[3]ferrocenophane in 63% yield (entry 1). Similar
reactions with 4-t-butylaniline, 4-hydroxyaniline, hexylamine, and benzylamine afforded the

corresponding N-substituted 2-aza[3]ferrocenophanes in moderate to good yields (entries 2-5).

Table 2-5. Preparation of N-alkyl (or aryl)-2-aza-[3]-ferrocenophanes?

<> CHz0H RuCl,(PPhs) (3.5 mol%) <L 2>—C

Fe + H,NR Fe N-R

o /
©\CH20H NMP, 180 °C, 24 h ©\E|

entry amine R yield (%)
1 4-Butylaniline 4-BuCgHy 63
2 4-t-Butylaniline ~ 4-t-BuCgH,4 58
3 4-Hydroxyaniline 4-HOCgH,4 56
4 Hexylamine CeHi3 40
5 Benzylamine CHzPh 70

4The reactions were carried out by heating of the NMP solution for 24 h at
180 °C under a nitrogen or argon atmosphere.
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Cho and Shim et al. reported Ru-catalyzed heteroannulation of anilines with alkanolammonium chlorides
affording indoles.'® After several experiments to obtain the optimized reaction conditions, they found
that the reactions of anilines with alkanolammonium chlorides in the presence of a catalytic amount of a
ruthenium catalyst (5-10 mol%) together with SnCl,,2H,O (1 equiv.) in an aqueous medium
(H,O—dioxane) at 180 °C for 20 h afforded the corresponding indoles in moderate to good yields. The
representative results are summarized in Table 2-6. The employment of RuH,(PPh,), catalytic system
was revealed to be more active towards indole formation than that of RuCl,'nH,0/ 3PPh, catalytic system.
The yield was considerably affected by the electronic nature and the position of the substituent on aniline.
With chloroaniline having electron-withdrawing Cl substituent (entry 6), the yield was generally lower
than those with anilines having electron-donating substituents (entries 2-5, 7 and 8). The yields of the
reactions with ortho- and meta-substituted anilines were higher than those when para-substituted anilines
were used (entries 2-8). In the reaction of m-toluidine, the corresponding indoles were obtained as a
regioisomeric mixture, favoring 6-methyl isomer, which was formed via less sterically hindered position

(entry 3).

Table 2-6. Ruthenium-Catalyzed Synthesis of Indoles from Anilines and
Triethanolammonium Chloride in the Presence of SnClye 2H,0

A t. [Ru], SnCl,+2H,0 =
R~ ]+ (HOCHCHo)N-HC cat. [Rul, SnClp2H; R |

NH, 180°C, 20 h N
entry aniline (R=) indoles (R=) yield (%)?

A B
1 H H 57 85
2 4-Me 5-Me 48 68
3 3-Me 4- and 6-Me 98¢ -
4 2-Me 7-Me 80 -
5 4-OMe 5-OMe 43 80
6 4-Cl 5-Cl 16 13
7 2-Et 7-Et 87 -
8 4-sec-Bu 5-sec-Bu 49 58
9 2,3-Me 6,7-Me 689 -
10 2,5-Me 4,7-Me 1079 -
11 3,5-Me 4,6-Me 1699 -
12 2,5-OMe 4,7-OMe 21 -

aAll reactions were carried out with aniline (10 mmol), triethanolammonium chloride (1
mmol), and SnClye 2H,0 (1 mmol) in H,O/dioxane ( =1 mL/9 mL) at 180 °C for 20 h.
bisolated yield based on triethanolammonium chloride. A: RuClzenH,0 (0.1 mmol)/PPhs
(0.3 mmol); B: RuH,(PPh3); (0.05 mmol). By 'H NMR (300 MHz): 4-methylindole/6-
methylindole=1/1.8. “RuClz* nH,0 (0.05 mmol)/PPh; (0.15 mmol).
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In the cases of two-methyl substituted anilines (entry 9-11), the reactions proceeded smoothly even by the
use of 5 mol% of ruthenium catalyst (RuCl;;nH,0O/3PPh;) as compared to those with mono-substituted
anilines. The formation of >100% yields of indoles indicates that at least two alkanol groups out of

three in triethanolammonium chloride are available for the C,-fragment counterpart.

Scheme 2-10
HO NR,*HCI
H,O
[Ru]
+
/N NHR NR
HO /\‘Rz —_— HO/\( 2 _— H /\7 2
\ \[Ru]H O\« /
[Ru] [Ru]H"
[RuH"
/T
PhNH,  OH
k(NR2 ——— " Ph-NH OH * HNR
N -[Ru]
Ph—N-H A
H
Scheme 2-11
Ph—NH HN—-Ph Ph—NH HN—Ph H,
N
[RU] Y
/N
Ph—NH N—-Ph
/N
Ph—NH N-Ph \/
[Ru]
RulH
HZO [Ru] 2 CycIeA CycIeB >
H
PhNH, I [Ru] N
Ph—NH O A > “Ph
w4 [RuJH
[Ru]H2 N
_ H

|
7\ N.
Ph—NH  O—[Ru]H @j Ph/
H
N. N
; 4w
-PhNH, N
H
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Although the present reaction mechanism including the role of SnCl,-2H,0 is not yet fully understood, a
plausible pathways are shown in Schemes 2-10 and 2-11. The initial formation of 2-anilinoethanols (A)
by an alkanol group transfer from alkanolammonium chlorides to anilines seems to be a key step (Scheme
2-10). Subsequent steps seems to proceed via N-alkylation and ruthenium-mediated heteroannulation
shown in Cycle A and Cycle B (Scheme 2-11).

Cho and Oh reported a new ruthenium-catalyzed approach for quinoxalines from o-phenylenediamines

and vicinal-diols."”  The representative results are summarized in Table 2-7.

Table 2-7. Ruthenium-Catalyzed Synthesis of Quinoxalines from o-Phenylenediamines
and Vicinal-diols?

1 3
RQNHZ HOIR cat. RuCly(PPh3)3, KOH R1J@Nj\
+ >
R NH, HO R2 benzalacetone, diglyme, Ri N/ R,

reflux, 20 h
entry R R? R3 base additive yield (%)
1 H H H KOH - 75
2 H H H KOH Benzalacetone 82
3 H H H KOH 1-Dodecene 76
4 H H H - - 13
5 H H H - Benzalacetone 18
6 H Ph H KOH Benzalacetone 82
7 H 4-MeCgH,4 H KOH Benzalacetone 80
8 H 3-MeCgH,4 H KOH Benzalacetone 76
9 H 2-MeCgHy H KOH Benzalacetone 81
10 H 4-MeOCgHy H KOH Benzalacetone 73
11 H 3-MeOCgH4 H KOH Benzalacetone 76
12 H 2-MeOCgH4 H KOH Benzalacetone 72
13 H F H KOH Benzalacetone 63
14 Me Ph H KOH Benzalacetone 84
15 Me 4-MeCgHy4 H KOH Benzalacetone 79
16 H 2-Naphtyl H KOH Benzalacetone 75
17 H 1-Furyl H KOH Benzalacetone 69
18 H Bu H KOH Benzalacetone 68
19 H Me Me KOH Benzalacetone 79
20 H —(CH5)4- KOH Benzalacetone 82

@Reaction conditions: diamine (0.5 mmol), diol (1 mmol), RuCl,(PPhz); (0.02 mmol), KOH (2
mmol), benzalacetone(1 mmol), diglyme (5 mL), reflux, for 20 h.
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The addition of benzalacetone as a hydrogen acceptor at the present reaction resulted in a slightly
increased yield, whereas that of 1-dodecene showed no significant change (entries 1-3). The presence of
KOH was essential for the effective formation of quinoxalines, because the reactions in the absence of
KOH resulted in only 13% and 18% yields (entries 4 and 5), consistent with the well-known fact that
strong bases are used as promoters in transition metal-catalyzed transfer hydrogenation from alcohols.
Various vicinal-diols were subjected to react with o-phenylenediamines in order to investigate the
reaction scope (entries 6-20). The product yield was not significantly affected by the position of the
substituent on the aromatic ring, whereas the electronic nature of that had some relevance to the product
yield.

Williams et al. reported that the combination of a bidentate phosphine, such as dppf, with
[Ru(p-cymene)Cl,], was particularly effective for N-alkylation of amines with alcohols.” Cyclization of
1,5-pentanediol with aniline by using this catalytic system afforded N-phenylpiperidine in moderated
yield (Scheme 2-12). However, a greater catalyst loading was needed to avoid formation of the lactone

and other side products than the mono-alkylation.

Scheme 2-12

5 mol% [Ru(p-cymene)Cl,],
10 mol% dppf

20 mol% K2CO3
HOMOH + Ph—NH2 N
toluene, reflux, 24h

Y

Williams et al. also reported ruthenium-catalyzed conversion of 14-alkynediols into pyrroles.”
Xantphos as ligand gave the best reactivity and selectivity in furan formation and used this ligand for
pyrrole-forming reactions. Thus, various 1,2,5-substituted pyrroles have been synthesized from
1 4-alkynediols using a ruthenium catalyzed isomerization to give the corresponding 1,4-dicarbonyl
compounds, which undergo in situ cyclization to pyrroles in the presence of amine. The representative

results are summarized in Table 2-8.
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Table 2-8. Ru-Catalyzed Formation of Pyrroles from Various 1,4-Alkynediols and Amies?

O
Ru(PPh3)3(CO)H, (2.5 mol%) _R3 ]\
RN\ R R1JWR2 F2NR R1D\R2
Xantphos (2.5 mmol%) \ R3
)

OH PhMe, reflux, 24 h O
R R2
Xantphos O O o
o)

PPh, PPh,
entry R? R2 R3 diketone (%)? furan (%)P pyrrole (%)P
1¢ Me Me PhCH, 0 0 100
2¢ Me i-Pr PhCH, 0 10 90
3 Me Me PhCH,CH, 0 0 100
4 Me Pr PhCH,CH,, 0 14 86
5 Me i-Pr PhCH,CH, 0 35 65
6 Me cy-Hexyl PhCH,CH, 0 38 62
7 Me PhCH,CH,  PhCH,CH, 0 29 71
8 Me Ph PhCH,CH, 4 12 84
9 Me 2-MeCgH,4 PhCH,CH, 16 13 71
10 Me 4-FCgH,4 PhCH,CH, 9 25 66
11 Me 4-CNCgH,4 PhCH,CH, 0 9 91
12 Me 4-MeOCOCgH; PhCH,CH, 0 37 63
13 Me 2-Naphtyl PhCH,CH, 20 10 70
14 Me 1-Furyl PhCH,CH, 0 14 86
15 Me Me Ph 22 2 76
16 Me Me 4-CICgHy4 28 0 72
17 Me Me 4-MeOCgH, 2 0 98
18 Me Me 2-Py 63 4 33
19 Me 4-CICgH4 Ph 6 61 33
20 Me 4-CICgH, PhCH, 1 29 70
21 Me 4-CICgH4 PhCH,CH, 1 29 70

4Reaction conditions: 1,4-Alkynediol (1 mmol), Ru(PPh3)3(CO)H, (2.5 mol%) and Xantphos (2.5 mol%) were dissolved
in PhMe (1 mL) and heated to reflux. After 30 min, amine (2 mmol) was added to the reaction mixture. After 24h, the
reaction mixture was cooled, diluted with MeOH:PhMe (1:1, 10mL) and injected into GC-MS without further purification.
bDetermined by GC-MS.

°PhCH,N=CHPh also formed as a minor by-product.

The reactions with unhindered substrates were highly selective for pyrrole formation, leading to the
formation of 2,5-dimethylpyrroles (entries 1-4). More hindered substrates still afforded pyrroles
selectively, although in some cases, the corresponding furans were formed as significant by-products
(entries 5-7, 10, and 12). However, many functional groups were tolerated, including halide, nitrile,
ester and furyl (entries 10-14). Aniline could be used as the amine (entries 15-17), although some
diketone remained uncyclized under these conditions. 2-Aminopyridine gave an unsatisfactory

conversion into pyrrole (entry 18). Formation of pyrroles possessing a 2-(p-chloro)-substituent was
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generally less selective towards pyrrole formation, although reasonable conversions were obtained in
favorable cases, where unbranched aliphatic primary amines were used (entries 20 and 21).

Very recently, Williams et al. reported Ru-catalyzed N-heterocyclization of amines with diols.” Given
the success of amine alkylation with alcohols using the catalytic system consisted of [Ru(p-cymene)Cl,],
with diphosphines, they disclosed that the use of 2.5 mol % [Ru(p-cymene)Cl,], with DPEphos was an
effective catalyst. The use of triethylamine (10 mol %) was found to provide consistent results, and this
was used as an additive in all cyclization reactions. The representative results are summarized in Table

2-9.

Table 2-9. Reaction of Diols with Amines to Form N-Heterocycles?

2.5 mol% [Ru(p-cymene)Cl,],
5.0 mol% DPEphos

o 10mol% EtN
RNH, + HO RNy

toluene, reflux, 24h

entry R n conversion(%)?
1 Ph 1 100(78)
2 @— 1 94(74)
3 4-t-BuCgH, 1 92(85)
4 4-MeOCgH, 1 100(70)
5 4-CICgH, 1 100(87)
6 3-CF3CgH, 1 61(60)
7 4-MeOCOCgH; 1 50(33)
8 PhCH, 1 81(72)
9 Ph(CHs;)CH 1 100(82)

0

10 @/C"b 1 77(63)

11 PhCH,CH, 1 100(69)

12 Ph 2 87(72)

13 Ph(CHj;)CH 3 100(65)

4Reactions were performed using amine (1 mmol) and 1.2 mmol of diol
using DPEphos as the ligand. ?Values given are conversions with respect
to unreacted alcohol, as determined by analysis of the 'TH NMR spectra.
Figures in parentheses are isolated yields.

Aniline and other substituted anilines were reacted with 1,4-butanediol to give N-phenylpyrrolidines

(entry 1-7), although the more electron poor anilines gave lower conversions under these conditions
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(entries 6 and 7). Aliphatic primary amines were also effective (entries 8-11), including the branched
primary amine. The use of 1,5-pentanediol and 1,6-hexanediol also led to cyclization to the

corresponding N-heterocycle (entries 12 and 13).

2.3. Other Reactions

Blacker, Marsden, and Williams et al. have recently reported Ru-catalyzed synthesis of benzimidazoles
from alcohols and o-aminoaniline’* The reactions were carried out using Ru(PPh,),(CO)H, (2.5
mol %) as a catalyst and Xantphos (2.5 mol %) as a ligand in the presence of crotononitrile (2.2 equiv.) as
a hydrogen acceptor as well as piperidinium acetate (15 mol %) in toluene at reflux. The representative

results are summarized in Table 2-10.

Table 2-10. Ru-Catalyzed Formation of Benzimidazoles from Alcohols and o-Aminoaniline?

Ru(PPh3)3(CO)H5 (2.5 mol %)
Xantphos (2.5 mol%)

P HaN CsH1gNH<HOACc (15 mol %) N
RTCOH  + ]@ R—
H,oN NN (2.2 equiv) N

toluene, reflux, 8h

entry R isolated yield (%)
1 4-MeC6H4 73
2 Ph 72
3 4—MeOC6H4 79
4 O/<; :>— 78

LO

5 4-CF3CgH4 65
6 2-MeCgHy 43
7 2-Thienyl 71
8 2-Fulyl 68
9 PhCH, 70

10 4-NH,CgH4CH, 60

11 4-MeOCgH,4 85b

4Conditions: alcohol (1.0 mmol), o-aminoaniline (1.2 mmol),
crotononitrile (2.2 mmol), piperidinium acetate (15 mol%).

H

N N«
bproduct is Ar4<\ _

N N

Ar = 4-MeOCgH,
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A range of alcohols was converted into the corresponding benzimidazoles. Benzylic alcohols having
electron-rich (entries 3 and 4) and electron-deficient (entry 5) substituents were converted into
benzimidazoles in good yield, although the 2-methylsubstituted benzyl alcohol gave a lower yield (entry
6). The 2-thienyl, 2-furyl and nonbenzylic substrates were also effective (entries 7-10). The reaction is
not limited to simple o-aminoanilines, as is shown in the heterocyclization of 2,3-diaminophenazine
giving the product in high yield (entry 11).

They also reported Ir-catalyzed synthesis of bezoxazoles from aldehydes and 2-aminophenoles without

a

hydrogen acceptor.”™ The reactions were conducted using [Cp*IrL,], (1 mol %) as a catalyst in toluene
at reflux. When the reaction was carried out at the higher concentration of 5 M, higher yield were
obtained. The reactions were equally effective in the presence or absence of styrene as a sacrificial
hydrogen acceptor. The representative results are summarized in Table 2-11. Benzaldehyde (entry 1)
and electron-rich benzaldehydes (entries 2 and 3) gave good yields, although the electron-deficient
4-cyanobenzaldehyde (entry 4) and aliphatic aldehyde (entry 7) only gave moderate yields, consistent
with a mechanism involving a hydride abstraction with associated buildup of partial cation character.

The reactions of heterocyclic aldehydes (entries 5 and 6) and substituted 2-aminophenols (entries 8-11)

were successful in all cases. Enolizable aliphatic aldehydes were not suitable substrates.

Table 2-11. Ir-Catalyzed Synthesis of Bezoxazoles from Aldehydes
and 2-Aminophenoles without Hydrogen Acceptor?

J\ ’ :©\ N 1 < :©\
+ R N

1 =

R H HoN R? toluene (c =5 M) N 2

reflux, 24h
entry R? R? isolated yield (%)
1 Ph - 74
2 4-M606H4 H 77
3 4-MeOCgH4 H 85
4 4-CNCgHy H 36
5 2-Furyl H 61
6 2-Thienyl H 80
7 t-Bu H 52
8 Ph Me 77
9 4-MeCgHy4 Me 80
10 2-Thienyl Me 69
11 4—MngH4 Cl 63
12 4-MeOCgH4 Cl 68

4Conditions: aldehyde (1.0 mmol), o-aminophenol (1.2 mmol),
[Cp*Irly], (1 mol %), PhMe (0.2 cm?3), 111 °C, 24h.
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Finally, a synthesis of benzothiazole was also successfully performed by the similar reaction conditions
as above. Thus, the cyclization reaction of p-tolualdehyde and 2-aminothiophenol gave benzothiazole in

a moderate yield (Scheme 2-13).

Scheme 2-13
O
HS [Cp*Irly]s (1 mol%) S
toluene (c =5 M) N

HoN reflux, 24h

Y =68%

Table 2-12. Ruthenium-Catalyzed Oxidative Condensation of Amines with 2-Aminophenols
Affording Benzoxazoles?

[{n®-Ph,C4CO)},HRU,(CO)4(u-H)] (1 mol%)

HO 2,6-dimethoxybenzoquinone (2 equiv) 1 o
177 R\
R NH, + ) N 3
HoN R3 mesitylene (¢ = 0.5 M) R

R2 150 °C, 24 h R?

entry R1 R2 RS product yield®(%)

0
1 Ph H H ©—<\ 43
N
0
2 4-MeOCgH, H H M904©_<\ 70
N
0
3 4-MeCgH, H H Me~©—<\ 62
4 4-CICgH, H H 4©—< D 36

5 4-MGOC6H4 H Me MeO

6 4-MeOCgHy4 H Cl MeO

\‘

0

>0

<

0]

T

E/ EO Z/ (@) ZE/E
(&3] (&)

N o

8 n-CsH1y H H n-CsHy—4 D 55
N

8The reaction was carried out at 150 °C for 24 h with amine (1.0 mmol), 2-aminophenol (1.0 mmol), 2,6-
dimethoxy-1,4-benzoquinone (2.0 mmol), and Shvo catalyst (1.0 mol%) in mesitylene (2 mL). PIsolated yield.
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Very recently, Blacker, Marsden, and Williams et al. reported a new system for oxidative condensation of
amines with 2-aminophenols catalyzed by [{n’-Ph,C,CO)},HRu,(CO),(u-H)], so-called Shvo catalyst.*'”

Various benzoxazole derivatives can be synthesized by this catalytic system using
2,6-dimethoxy-1,4-benzoquinone as the hydrogen-accepting terminal oxidant. The representative results
are summarized in Table 2-12. The reaction is effective for a range of benzylic amines. Higher yields
were obtained for substrates bearing electron-donating substituents and lower yields were obtained for the
electron-poor derivative (entries 2-4). The presence of an electron-withdrawing chloro substituent in
aminophenol gives lower yield than the corresponding electron-rich variants (entries 5 and 6).
Additionally, the reaction also proceeded with non-benzylic amine to give the corresponding benzoxazole

in moderate yield (entry 8).

3. INTRAMOLECULAR CYCLIZATION OF AMINO ALCOHOLS

The intramolecular cyclization of amino alcohols should be an attractive method for the synthesis of
N-heterocyclic compounds, because they can be obtained in a single step reaction and without the
generation of wasteful coproducts.” Some publications describing the new catalytic system for
N-heterocyclization of amino alcohols based on hydrogen transfer reactions have appeared recently.

We reported the cyclization of amino alcohols to benzo-fused N-heterocycles catalyzed by 1 / K,CO,
system.” The representative results are summarized in Table 3-1. The reaction of 2-aminophenethyl
alcohol under toluene reflux for 17 hours in the presence of 1 (5.0 mol% Ir) and K,CO; (10 mol%) gave
indole in 80% yield (entry 1). 2-Aminophenethyl alcohol derivatives bearing a substituent on the
aromatic ring were converted into the corresponding indoles in moderate to high yields (entries 2-4).
Indoles bearing a substituent on the N-heterocyclic ring could be also synthesized in good to excellent
yields by the reaction of 2-aminophenethyl alcohols with a substituent on the methylene chain (entries 5
and 6).

Although the mechanism for this reaction is not completely clear as of yet, a possible mechanism is
shown in Scheme 3-1. The first step of the reaction would involve catalytic oxidation of an alcohol to
an aldehyde to give an intermediate A and a hydrido iridium species. The intermediate A would readily
cyclize to afford indoles via intramolecular nucleophilic attack of amino group to carbonyl carbon
followed by dehydration, which would be a noncatalytic process. Release of hydrogen in the reaction of
the hydrido iridium with 2-aminophenethyl alcohol could regenerate the catalytic active alkoxo iridium

species.”
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Table 3-1. Synthesis of Indoles from Various Amino Alcohols Catalyzed by
[Cp*IrCly]» (1) / Ko,CO3 System?

R? OH [Cp*IrCly], (1) (5.0 mol% Ir) R2
o @\//\/ K,CO3 (10 mol%) R />
S X
AN NH, toluene reflux ”
entry substrate time (h) product yield?(%)
OH
N
NH, H
N
NH2 H
OH
N
NH, H
OH
\ \@\/\/ 20 m 68
NH»> ”
OH Q
5 20 N 73
NH2 H
OH
NH; N

aThe reaction was carried out with amino alcohol (1.0 mmol), 1 (5.0 mol% Ir), and
K,CO3 (10 mol%) in toluene (2 mL) under reflux. Plsolated yield.

Scheme 3-1

OH
[CPIChl, (1) @\/V base

0
@\/ ~[Cp*ir]
H, 5
NH2 @v N\
OH ——
@\/\/ NH

2
A

Iz

NH; [Cp*Ir]—H
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We also reported the intramolecular cyclization of amino alcohols affording 1,2,3 4-tetrahydroquinoline
derivatives.” The results are summarized in Table 3-2. 3-(2-Aminophenyl)propanols bearing a
substituent at the aromatic ring (entries 2-4) or the methylene chain (entries 5 and 6) were converted into
the corresponding 1,2,3 4-tetrahydroqunolines in moderate to high yields. It should be noted that this
catalytic system was applicable to the synthesis of 2,34,5-tetrahydro-1-benzazepine using

4-(2-aminophenyl)butanol as a starting material (entry 7).

Table 3-2. Synthesis of N-Heterocycles from Various Amino Alcohols Catalyzed
by [Cp*IrCl,], (1) / K,CO5 System?

2
R [Cp*IrCly], (1) (5.0 mol% Ir)

R ““oH KeCOs (10 mol%) RZ T Y
toluene, 111 °C NN 2
X NH, H R
entry substrate time (h) product yield?(%)
1¢ ©(\/\OH 17 @j 969
N
Cl NH2 Cl H
2 @(\/\OH 40 @(j 76
NH, N
Cl oH Cl
3 \@\A 40 54
NH, N
MeO oH MeO
N
NH> N
OH
5 20 \ 83e
NH
? Ph H
6 @\)\OH 20 @j\ 73f
NH, N~ Ph
OH
NH, N

aThe reaction was carried out with amino alcohol (1.0 mmol), 1 (5.0 mol% Ir), and
K,CO3 (10 mol%) in toluene (2 mL) at 111 °C. PIsolated yield. ©1 (2.0 mol% Ir) was
used. 9GC yield. ®2-Methylquinoline (9%) was also isolated. 22-Phenylquinoline (6%)
was also isolated. 9The reaction was carried out in 0.7 mmol scale.
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A possible mechanism for the catalytic synthesis of 1,2,34-tetrahydroquinolines and
2,34 ,5-tetrahydro-1-benzazepine is shown in Scheme 3-2. The first step of the reaction affording an
intermediate B would be similar to that for the synthesis of indoles shown above. The intermediate B
would transform into C via intramolecular nucleophilic addition and dehydration. Then addition of the
hydrido iridium to an iminic C=N bond of C would occur to give an amido iridium intermediate D. The
intermediate D would react with an amino alcohol to give a product and regenerate the catalytic active

alkoxo iridium species.

Scheme 3-2

\

[Cp*IrCl,], (1) @\/\M/\ , base
n=1,2
n

_[Cp*
N NH, B
H

[Cp*Ir]-H

Y o g f @

NH,
[Cp*I—N

Eary et al. reported the cyclization of anilino alcohols to give 1,2,3 4-tetrahydroquinoxalines catalyzed by
1 / K,CO; system. The results are summarized in Scheme 3-3.* The reaction of
2-(2-aminophenylamino)ethanol at 110 °C for 17 hours in the presence of 1 (25 mol% Ir) and K,CO;, (25
mol%) gave N-methyl-1,2,3 4-tetrahydroquinoxaline in 80% yield. Similar reactions of
2-(2-aminophenylamino)ethanol derivatives gave corresponding 1,2,3 4-tetrahydroquinoxaline products
in moderate to high yields, although longer reaction time and higher catalyst loading were required.
1-Methyl-2,3 4 ,5-tetrahydro-1H-benzo[b][ 1 4]diazepine were also obtained in 68% yield after the

reaction for seven days.



1118 HETEROCYCLES, Vol. 81, No. 5, 2010

Scheme 3-3

[Cp*IrCl,], (1) (20 - 25 mol% Ir)

H
NH N
R 2 K,COj3 (20 -25 mol%) R _/@ })n
OH
> N/\(‘/)/ NS "\\l/l
e

n toluene, 110 °C, 17 h to 7 days
Me
n=1,2
H
“ SO S
Rl/le Me Me
17 h, 80% 2d, 64% 3d, 62%
H H §
T Ty A
N N N
Me Me Me
3d,64% 3d,61% 7 d, 68%

We reported the oxidative cyclization of amino alcohols leading to lactams catalyzed by [Cp*RhCl,], /
K,CO, system using acetone as a hydrogen acceptor.” The results for the synthesis of six- or
seven-membered benzo-fused lactams are summarized in Table 3-3. When the reaction of
3-(2-aminophenyl)propanol was performed at 100 °C for 20 hours in the presence of [Cp*RhCl,], (5.0
mol% Rh) and K,CO; (10 mol%) in acetone, 3 ,4-dihydro-2(1H)-quinolinone was formed in 80% yield
(entry 1). 3-(2-Aminophenyl)propanols bearing a substituent on the aromatic ring were converted into
the corresponding 3.,4-dihydro-2(1H)-quinolinones in moderate to excellent yields, respectively (entries
2-7). It should be noted that the present catalytic system was applicable to the synthesis of
1,3.,4,5-tetrahydro-2H-1-benzazepin-2-one in good yield (86%) using 4-(2-aminophenyl)-1-butanol as a
starting material (entry 8).

The results for the synthesis of five-membered benzo-fused lactams (oxindoles) are summarized in Table
3-4. 2-Aminophenethyl alcohols bearing a substituent on the aromatic ring, the methylene chain, and
the nitrogen atom were converted into the corresponding oxindoles in moderate to high yields,
respectively (entries 1-4). In contrast to the synthesis of dihydroquinolinones, the synthesis of oxindoles

could be carried out at a lower temperature (acetone reflux).
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Table 3-3. Synthesis of Various Six- and Seven-Membered Benzo-Fused
Lactams from Amino Alcohols Catalyzed by the [Cp*RhCl,],/K,CO5 System?

[Cp*RhCl], (5.0 mol% Rh)

=
R—/ | n OH  K,CO;5 (10 mol%) R—\ | h
X" NH, acetone, 100 °C N" "0
entry substrate product yield?
OH
1 80
NH, N O
Cl oH Cl
, \@\ﬁ \@(\/\L o
NH, N O
MeO,C oH MeO,C
3 \©(\/\ 97
NH, N O
MeOC oH MeOC
4 \©\/\/\ 96
NH; N O
5¢ \©(\/\ 71
NH, N O
MeO oH MeO
69 \@\A 63
NH, N O
Me oH Me
7 \@\A 96
NH; N O
OH
NH, N

T
(@)

dReaction was carried out in a heavy-walled glass reactor at 100 °C for 20 h
with amino alcohol (0.50 mmol), [Cp*RhCl,], (5.0 mol% Rh), and K,CO3 (10
mol%) in acetone (12.5 mL). bIsolated yield. °Reaction time was 30 h.
9Cp*RhCl,], (9.8 mol% Rh) was used as a catalyst. {Cp*RhCl,], (10.5 mol%
Rh) was used as a catalyst.
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Table 3-4. Synthesis of Oxindoles from Amino Alcohols Catalyzed by the
[Cp*RhCI5],/K,CO4 System?

R' Rl
[Cp*RhCl,], (3.0-6.0 mol% Rh)
OH 0 =
R = K5CO3 (10 mol%) . RE 0
X | acetone, reflux AN N
NHR" R"
entry substrate cat.(mol% Rh) product yield?
OH
NH2 H
OH
2c 3.0 O g0
NH, N
Cl Cl
OH
3d 3.2 N O &
NH, H
OH
4¢ @\/V 6.0 @/\:O 46
N N
H Me

dReaction was carried under reflux for 8 h with amino alcohol (1.0
mmol), [Cp*RhCl,],, and K,CO3 (10 mol%) in acetone (20 mL). Plsolated
yield. °Reaction was carried out in 0.50 mmol scale. Reaction time was 20
h.

A possible mechanism for the oxidative cyclization of amino alcohols leading to lactams catalyzed by
[Cp*RhCL,], / K,CO; system is shown in Scheme 3-4. The first step of the reaction would involve the
coordination of amino alcohol to the rhodium center to give an intermediate A. Then, B-hydrogen
elimination would occur to give an amino-aldehyde B and a rhodium hydride species C (step a).
Insertion of acetone into the rhodium-hydride bond in C would occur to give a rhodium isopropoxide
species D (step b), which is subject to the alkoxy exchange reaction with amino alcohol to regenerate A
(step ¢). Concurrently, the intermediate B would undergo condensation to give a cyclic hemiaminal E
(step d). Oxidation of E by the rhodium catalyst via B-hydrogen elimination would give the lactam
product F (steps e and f). Thus, the Cp*Rh catalyst could play a dual role in both dehydrogenations of

the alcohol as well as the hemiaminal.
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Scheme 3-4
_-OH
[Cp*RhCl,], + @(’v n=1,223
NH,
base
n /O
OH - -
r 9 " o
@W [RA] e :
B E
N/ a
Cc H2
@E‘NOH A
NH,
[Rh]—
[Rh] O 5

o [Rh]

4. FRIEDLANDER-TYPE CYCLIZATION FORMING QUINOLINES

Since quinoline ring is present in a number of natural and synthetic products exhibiting interesting
pharmacological activities or physical properties, a variety of synthetic approaches for the preparation of
quinolines have been investigated. The Friedldnder reaction is one of the simplest and the most efficient
methods.® The Friedlinder reaction is a base- or acid-catalyzed condensation of an aromatic
2-amino-substituted carbonyl compound with a carbonyl derivative containing a reactive o-methylene

group followed by cyclodehydration (Scheme 4-1).

Scheme 4-1
1
O RS R ;
SO i R2/|\R
A r
X NH, 0~ R ™ N/ R

However, most of the these reactions reported so far suffer from the need for high temperatures or harsh
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conditions, low yields, and problems associated with the storage and stability of starting
2-amino-substituted carbonyl compounds. Thus, various catalytic systems for Friedldnder-type
cyclization (modified Friedldnder reaction) using transition metal hydrogen transfer catalyst starting with
2-aminobenzyl alcohol leading to quinolines have been investigated since 2-aminobenzyl alcohol is less

expensive and more stable than is 2-aminobenzaldehyde.

4.1. Ru-Catalyzed Reactions

Cho and Shim et al. reported the ruthenium-catalyzed oxidative cyclization of 2-aminobenzyl alcohol
with ketones affording quinolines.”” When the reaction of 2-aminobenzyl alcohol with acetophenone
was carried out at 80 °C for 1 hour in the presence of RuCl,(=CHPh)(PCy,), (1.0 mol% Ru) and KOH
(100 mol%), 2-phenylquinoline was formed in the yield of 97%. Not only above catalyst (Grubbs' first
generation catalyst) but also RuCl,(PPh,); and RuH,(PPh,),, well-known catalysts for hydrogen transfer

® showed high catalytic activity for this reaction.”” The results of oxidative cyclization of

reactions,*?
2-aminobenzyl alcohol with a variety of ketones are summarized in Table 4-1.

Alkyl aryl ketones were readily cyclized with 2-aminobenzyl alcohol irrespective of the examined
functional groups on the aromatic ring to afford the corresponding 2-arylquinolines in excellent to good
yields (entries 1-11). The yield of quinoline was not greatly affected by the position of the substituent
on the aromatic ring of ketones, whereas the electronic nature of that had some relevance to the product
yield. Lower reaction rate and yield were observed with acetophenones having nitro, hydroxy and cyano
functional groups on the aromatic ring (entries 8-10). With alkyl heteroaryl ketones, the corresponding
quinolines were also formed in high yields (entries 12-14). In the reaction of dialkylketones, the
corresponding quinolines were obtained as a regioisomeric mixture, favoring cyclization at less-hindered
position over a-methylene (entries 16 and 17). An array of alkyl, aryl, cyclic and benzo-fused cyclic
ketones having only the methylene reaction site also afforded the corresponding products ranging from
66-90% (entries 19-23).

Based on above work, Cho and Shim et al. reported the oxidative cyclization of 2-aminobenzyl alcohol
with secondary alcohols instead of ketones leading to quinolines (Scheme 4-2).  When 2-aminobenzyl
alcohol was allowed to react with 1-phenylethanol in the presence of RuCl,(=CHPh)(PCy,), (1.0 mol%
Ru) and KOH in dioxane at 80 °C for 20 hours, 2-phenylquinoline was produced in only 10% yield.
However, the addition of 1-dodecene as hydrogen acceptor increased the yield of 2-phenylquinoline to
52%. RuCl,(PPh,), also showed catalytic activity, and optimum result was obtained with catalyst

loading of 2.0 mol% Ru.
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Table 4-1. Ruthenium-Catalyzed Oxidative Cyclization of 2-Aminobenzyl Alcohol with Ketones
Leading to Quinolines?

RUCl,(=CHPh)(PCy3), (1.0 mol%) R
@(\oH . ﬁ\/ ,__KOH (100 mol%) m
NH, Rz R 80°C, 1h N R2
entry ketone product yield?(%)
O X
RJ\ @
N R

1 R =Ph R =Ph 97

2 R = 2-MeCgH,4 R = 2-MeCgH,4 94

3 R = 3-MeCgHy4 R = 3-MeCgH,4 9

4 R = 4-MeCgH,4 R = 4-MeCgH,4 96

5 R = 4-MeOCgHy4 R = 4-MeOCgH,4 94

6 R = 4-FCgH,4 R = 4-FCgHy4 97

7 R = 3-CF3CgH4 R = 3-CF3CgH4 98

8 R = 4-N02C6H4 R = 4-N02C6H4 40

9 R = 2-HOCgH, R = 2-HOCgH,4 50¢
10 R = 4-CNCgH,4 R = 4-CNCgH,4 70
11 R = 2-naphthyl R = 2-naphthyl 99
12 R = 2-furanyl R = 2-furanyl 94
13 R = 2-thiophenyl R = 2-thiophenyl 78
14 R = 2-pyridyl R = 2-pyridyl 89
15 R =Me R =Me 769
16 R = pentyl R = pentyl 69¢
17 R = phenethyl R = phenethyl 79
18 R = i-Pr R = i-Pr 72

O
19 86
Ph
O
20 (j 66
O
21 @ij 90
0]
A
22 é/ 74
~
N
O

23 @:g 86

Spng

4The reaction was carried out overnight with 2-aminobenzyl alcohol (1.0 mmol), ketone (2.0 mmol),
RuCly(=CHPh)(PCys3), (1.0 mol%), and KOH (100 mol%) at 80 °C for 1 h. PIsolated yield. °For 15 h. “Acetone : 2-
aminobenzyl alcohol = 5. 3-Butyl-2-methylquinoline was also formed in 30% yield. "3-Benzyl-2-methylquinoline

was also formed in 20% yield.

1123
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Scheme 4-2
Ru catalyst (1.0 or 2.0 mol%)

OH KOH (100 mol%)
OH hydrogen acceptor (500 mol%) ~
+ )\
NH, Ph dioxane, 80°C, 20 h N~ >Ph

Ru catalyst (mol%) hydrogen acceptor yield (%)
RuCly(=CHPh)(PCy3), (1.0) none 10
RuCly(=CHPh)(PCys), (1.0)  1-dodecene 52
RuClI,(PPh3)3 (1.0) 1-dodecene 53
RuCl,(PPh3)3 (2.0) 1-dodecene 74

Various secondary alcohols were subjected to react with 2-aminobenzyl alcohol. Representative results
are summarized in Table 4-2. With aryl(methyl) carbinols the oxidative coupling and cyclization
products were formed in the range of 71-87% yields (entries 1-6). The product yield was not
significantly affected by the position and electronic nature of the substituent on the aromatic ring. The
reaction proceeds likewise with heteroaryl(methyl) carbinols to give the corresponding 2-heteroaryl
substituted quinolines (entries 7-9). 1-(2-Naphthyl)ethanol was also readily oxidatively coupled and
cyclized with 2-aminobenzyl alcohol to afford 2-(2-naphthyl)quinoline in 90% yield (entry 10). From
the reactions of alkyl(alkyl) carbinols, the corresponding quinolines were also produced in moderate to
good yields (entries 11-14). The reaction of 1-phenyl-1-propanol, which has only methylene reaction
site, also proceeded to give the corresponding quinoline in 61% yield (entry 15).

As to the reaction pathway, it seems to proceed via a sequence involving initial oxidations of both
substrates to carbonyl compounds, cross aldol reaction under KOH to afford a,p-unsaturated ketone A,
and cyclodehydration (Scheme 4-3). The initial oxidations of alcohols to carbonyl compounds, which
proceed via oxidative addition of O-H bond to the ruthenium center and subsequent [B-hydrogen
elimination, are well documented in transition metal-catalyzed transfer hydrogenations. 1-Dodecene
seems to act as a sacrificial hydrogen acceptor oxidizing [Ru]H, generated in the initial oxidation stage to
[Ru]. An alternative route for the product involves a sequence such as reduction of A to saturated

ketone B, cyclodehyderation to form 3,4-dihydroquinoline C and dehydrogenation.
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Table 4-2. Ruthenium-Catalyzed Oxidative Cyclization of 2-Aminobenzyl Alcohol with Secondary

Alcohols Leading to Quinolines?
R1
SO X
+
R1
NH, RZJV N R2

RuCly(PPh3)s (2.0 mol%)
KOH (100 mol%)
1-dodecene (500 mol%)

dioxane, 80 °C, 20 h

entry ketone product yield®(%)
OH S
R)\ @
N~ 'R
1 R =Ph R =Ph 74
2 R = 4-MeCgH,4 R = 4-MeCgH,4 87
3 R = 3-MeCgH4 R = 3-MeCgH4 85
4 R = 2-MeCgH,4 R = 2-MeCgH4 71
5 R = 4-MeOCgH4 R = 4-MeOCgH4 85
6 R =4-FCgH, R =4-FCgH, 82
7 R = 4-pyridyl R = 4-pyridyl 48
8 R = 2-thienyl R = 2-thienyl 73
9 R = 2-furanyl R = 2-furanyl 57
10 R = 2-naphthyl R = 2-naphthyl 90
11 R =Me R =Me 56¢
12 R = i-Pr R =i-Pr 42
13 R = phenethyl R = phenethyl 609
14 R = pentyl R = pentyl 43¢
Y X
15 61
Ph N >Ph
OH
X
~
O N
OH O X
17

—
g i
4The reaction was carried out with 2-aminobenzyl alcohol (1.0 mmol), secondary alcohol (1.0 mmol), RuCly(PPh3)3
(2.0 mol%), KOH (100 mol%), and 1-dodecene (500 mol%) at 80 °C for 20 h. Isolated yield. ®lsopropanol (3.0

mmol) was used. 93-Benzyl-2-methylquinoline was also formed in 16% vyield. ¢3-Butyl-2-methylquinoline was also
formed in 10% yield.
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Scheme 4-3

1-dodecene dodecane

L o
NH, NH, i o
KOH X" g M2 R
[Ru] [RulH, ,
NH Ha

OH o A B\
R)\ Rk “H,0 \—HZO

L = QL
-
~ >
N R N R
C

Kaneda er al. reported the oxidative cyclization of 2-aminobenzyl alcohol with ketones using

1-dodecene dodecane

ruthenium-grafted hydrotalcite (Ru/HT) as a heterogeneous catalyst (Scheme 4-4).”  When the reaction
of 2-aminobenzyl alcohol with acetophenone was performed in toluene at 100 °C for 20 hours under O,
atmosphere in the presence of Ru/HT catalyst (3.0 mol% Ru), 2-phenylquinoline was formed in 84%
yield. A variety of quinoline derivatives were synthesized by this catalytic system under base-free
conditions. This is the first reported one-pot quinoline synthesis using heterogeneous catalysts. It
should be also noted that Ru/HT could be reused with retention of a high product yield; a recycling

experiment resulted in 81% yield of 2-phenylquinoline.

Scheme 4-4
Ru/HT (3.0 mol% Ru)
NH, Ph toluene, 100 °C, 20 h N” >Ph

84%
81% (with recycled catalyst)

Ramoén and Yus et al. reported oxidative cyclization of 2-aminobenzophenone with secondary alcohols
affording multi-substituted quinoline derivatives using RuCl,(dmso), as a catalyst under solvent-free
conditions.” Representative results are summarized in Table 4-3. For example, when the reaction of
2-aminobenzophenone with 1-phenylethanol was conducted at 100 °C for 48 hours in the presence of
RuCl,(dmso), (2.0 mol%), potassium fert-butoxide (100 mol%), and benzophenone (100 mol%) under

solvent-free condition, 2,4-diphenylquinoline was isolated in the yield of 99% (entry 1). A variety of
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multi-substituted quinoline derivatives could be synthesized in good yields by this catalytic system

(entries 2-9).

Table 4-3. Ruthenium-Catalyzed Oxidative Cyclization of 2-Aminobenzophenone with
Secondary Alcohols Affording Multi-Substituted Quinoline Derivatives®?

o RuCl,y(dmso), (2.0 mol%) R?
oH t-BuOK (100 mol%) R4
0,
R1—/ | R2 . 3J\/R4 Ph,CO (100 mol%) R1—/ | X
X NH, R 100 °C, 48 h N N/ R3
solvent-free
entry R? R? R3 R4 yield?(%)
1 H Ph Ph H 99
2 H Ph 4-CF;CgHy4 H 99
3 H Ph 2-furyl H 85
4 H Ph H Ph 51
5 H Ph Ph Me 94
6 H Ph —(CHy)4— 81
7 6-Cl Ph Ph H 98
8 6-Cl Ph t-Bu H 79
9 6-NH, Ph Ph H 65

4The reaction was carried out with 2-aminobenzophenone (2.0 mmol), secondary alcohol (2.0
mmol), RuCl,(dmso), (2.0 mol%), t-BuOK (100 mol%), and benzophenone (100 mol%) at 100
°C for 48 h. lsolated yield.

4.2. Other Reactions

Ishii et al. reported the iridium-catalyzed Friedldnder-type reaction starting with 2-aminobenzyl alcohol
and ketones.”  [Ir(cod)Cl], and IrCl; showed high catalytic activity for the oxidative cyclization of these
substrates affording quinoline derivatives. Representative results are summarized in Table 4-4. When
2-aminobenzyl alcohol was allowed to react with acetophenone in the presence of iridium catalyst (2.0
mol% Ir) and KOH (20 mol%) under solvent-free conditions, 2-phenylquinoline was obtained in good
yield (90% with [IrCl(cod)], / PPhs catalyst, 85% with IrCls catalyst). Several quinoline derivatives
were synthesized by this catalytic system.

Cho et al. reported the recyclable palladium catalyst for the Friedldnder-type reaction affording a variety
of quinoline derivatives (Scheme 4-5).** 2-Aminobenzyl alcohol undergoes oxidative cyclization with
an array of ketones in the presence of a palladium catalyst combined with PEG-2000 along with KOH to
give quinolines in good yields. The palladium / PEG-2000 catalytic system could be easily recovered
from reaction mixture and reused five times without any loss of catalytic activity. This protocol is the

first recyclable transition metal-catalyzed strategy for Friedlander-type quinoline synthesis.
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Table 4-4. Iridium-Catalyzed Oxidative Cyclization of 2-Aminobenzyl Alcohol with Ketones Leading
to Quinolines?

[IrCl(cod)]> (2.0 mol% Ir) / PPhs (4.0 mol%)

or IrCl3 (2.0 mol% Ir)

R1
@\AOH . LW KOH (20 mol%) @(j:
NH, R? N7

100°C, 3h

yield®(%)
with cat.[IrCl(cod)],/PPh3 with cat.IrCl;

N Ph

entry ketone product

N
3 76 53
Jo O
@)
N/
@)
X
5 ij/ N/ 78 72°

4The reaction was carried out with 2-aminobenzyl alcohol (2.0 mmol), ketone (4.0 mmol), iridium catalyst (2.0
mol%), PPhs (4.0 mol%), and KOH (20 mol%) at 100 °C for 3 h. ®Determined by GC. °The reaction was carried
out at 115 °C.

Scheme 4-5
o Pd(OAc), / PEG-2000 (2.0 mol% Pd)
@COH .+ 1 _KoH@Eo0mo%) . @j
NH, Ph toluene, 100 °C, 20 h N~ >Ph
recycle use of the catalyst

recycle 1 2 3 4 5 6
product yield (%) 76 80 77 58 78 88

Cho er al. also reported the recyclable copper catalyst composed of CuCl, / MS 4A for the
Friedldnder-type reaction (Scheme 4-6).> When the oxidative cyclization of 2-aminobenzyl alcohol
with acetophenone was carried out in dioxane at 100 °C in the presence of CuCl, (5.0 mol% Cu) along
with KOH (300 mol%) under O, atmosphere for 20 hours, 2-phenylquinoline was obtained in 90% yield.
The copper catalytic system could be easily recovered by simple filtration from the reaction mixture.

The recovered catalyst could be reused 10 times without loss of catalytic activity.
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CuCl, / MS 4A (5.0 mol% Cu)
KOH (300 mol%)

dioxane, O,, 100 °C, 20 h

GH\

—

N” "Ph
recycle use of the catalyst

pro

recycle 1 2 3 4 5 6 7 8 9 10 11
ductyield (%) 90 92 83 88 83 89 89 88 8 89 92

5. CYCLIZATION O

F AMINES WITH AMINES

1129

Shim et al. have reported a series of synthetic methods of quinolines by Ru-catalyzed hetereoannulation

of anilines with aliphatic amines.

They reported ruthenium-catalyzed synthesis of 2-ethyl-3-

methylquinolines from anilines and triallylamine.” When a mixture of anilines (10 mmol), triallylamine

(1 mmol), RuCl;-H,O (0.05 mmol), SnCl,-H,O (1 mmol) and PPh, (0.15 mmol) in dioxane (10 mL) was

stirred at 180 °C for 20 h under Ar, 2-ethyl-3-methylquinoline was obtained in 51% yield. The present

cyclization could also be applied to several substituted anilines.

summarized in Table 5

-1.

The representative results are

Table 5-1. Ruthenium-Catalyzed Synthesis of 2-Ethyl-3-methylquinolines from Anilines and Triallylamine?

RuCl3enH50 (5 mol %)
PPh3 (15 mol %)

R ] +  N(CH,CH=CH,)s rC
X NH, SQCI2-2H20 (1 equiv) NN N/
dioxane
entry R product isolated yield (%)

1 H 2-ethyl-3-methylquinoline 51
2 4-Me 2-ethyl-3,6-dimethylquinoline 61
3 3-Me 2-ethyl-3,5-dimethyl- and 2-ethyl-3,7-dimethylquinolines 56
4 2-Me N-allyl-o-toluidine 37
5 4-MeO 2-ethyl-6-methoxyl-3-methylquinoline 55
6 3-MeO 2-ethyl-5-methoxy- and 2-ethyl-7-methoxy -3-methylquinolines 50
7 4-Cl 6-chloro-2-ethyl-3-methylquinoline 24
8 3-ClI 5-chloro- and 7-chloro-2-ethyl-3-methylquinolines 28
9 4-Bu 6-butyl-2-ethyl-3-methylquinoline 55
10 4-sec-Bu 6-(sec-butyl)-2-ethyl-3-methylquinoline 61
11 3,5-Me, 2-ethyl-3,5,7-trimethylquinoline 59

4A miture of anilines (10 mmol), triallylamine(1 mmol), RuClzenH,0 (0.05 mmol), SnCl,¢2H,0 (1 mmol) and

PPh3 (0.15 mmol) in dioxane (10 mL) was stirred at 180 °C for 20 h under Ar.
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The yield was considerably affected by the electronic nature and the position of the substituent on aniline.
When anilines having electron-donating substituents were used (entries 2, 3, 5, 6, 9, and 10), the yield
was generally higher than those of anilines with electron-withdrawing substituent (entries 7 and 8). In
the case of o-toluidine the reaction did not proceed at all toward quinoline formation, N-allyl-o-toluidine
being only detectable product (entry 4). In the cases of meta-substituted anilines, the corresponding
quinolines were obtained as a regioisomeric mixture in moderate yields, favoring the formation of
7-substituted isomers (entries 3, 5, and 8).

They also reported synthesis of quinolines via ruthenium-catalyzed amine exchange reaction between
anilines and trialkylamines.”” When anilines (6 mmol) reacted with an array of trialkylamines (1 mmol)
in the presence of a catalytic amount of RuCl;-nH,O (0.08 mmol) and bis(diphenylphosphino)methane
(dppm) (0.12 mmol) together with SnCl,-2H,0O (1 mmol) and 1-hexene (10 mmol) as hydrogen acceptor
in dioxane at 180 °C for 20 h, the corresponding 2,3-disubstituted quinolines were produced in moderate
to good yields. The representative results are summarized in Table 5-2. The yield was not decisively
affected by the position of the substituent on aniline. With 4-chloroaniline having electron-withdrawing
Cl substituent (entry 6), the product yield was low. When anilines having electron-donating character
were used, the yields are moderate to good. However, compared with the cases of anilines having
electron-donating character, much more N-alkylaniline was produced. This result indicates that the
reaction proceeds competitively between heteroannulation and N-alkylation and the electronic nature of
the substituent on aniline determines relative rate. In the case of m-toluidine, the quinolines were
obtained as a regioisomeric mixture, favoring predominantly the formation of the 7-substituted isomer

(entry 3).
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Table 5-2. Ruthenium-Catalyzed Synthesis of Quinoines from Anilines and Trialkylamines?

RuClsnH,0 (8 mol%)

1131

= dppm (12 mol%) = AN
R | + RI3N R+ |
A SnCl,«2H,0 (1 equiv) A 2
NH, : N
1 mmol 1-hexene (10 equiv)
6 mmol )
dioxane, 180 °C, 20 h
entry aniline trialkylamine quinoline yield(%)®
= = X
R | R I
NH, N
1 R=H BusN R=H 51
2 R =4-Me BusN R = 6-Me 52
3 R = 3-Me BusN R =7-Me 67
4 R =2-Me BusN R = 8-Me 47
5 R =4-OMe BusN R = 6-OMe 46
6 R =4-Cl BusN R = 6-Cl 21
7 R =4-Bu BusN R =6-Bu 77
8 R = 4-s-Bu BusN R = 6-s-Bu 75
9 R = 3,5-Me, BusN R = 5,7-Me, 76
Me N
10 R =4-Me [(CH3)2CH(CHz)2IsN _ 45
N
11 R =4-Me [CH3(CH2)5]3N
12 R = 4-s-Bu [CH3(CH»)s]3N
86
66
Me N S
13 R = 4-Me [CH3(CH2)713N _ 81
N 5

aAll reactions were carried out with aniline (6 mmol), trialkylamine (1 mmol), RuCl3* nH,O (0.08 mmol),
dppm (0.12 mmol), SnCl, « 2H,O (1 mmol), and 1-hexene (10 mmol) in dioxane (10 ml) at 180 °C for 20h.
bisolated yield based on trialkylamine.

The initial formation of imines by amine exchange reaction between anilines and trialkylamines seems to
be a crucial step. Subsequent steps seem to be followed by the known Schiff-base dimerization and

ruthenium-mediated heteroannulation (Scheme 5-1).

Scheme 5-1

Ph. =
PANH, + ProN —— P /j/v — @L
Ph. —
N N
H

Shim et al. also reported Ru-catalyzed synthesis of quinolines from anilines and allylammonium chlorides
in an aqueous medium via amine exchange reaction.® When anilines (6 mmol) reacted with

allylammonium chlorides (1 mmol) in the presence of a catalytic amount of RuCl,(PPh;), (0.05 mol)
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together with SnCl,-2H,0O (1 mmol) in an aqueous medium (H,O-dioxane = 1 : 9, 10 mL) at 180 °C for 20
h, the quinolines were obtained in moderate to good yields. The representative results are summarized
in Table 5-3. All reactions were also accompanied by the formation of N-propylanilines as a side
product. The yield was generally lower in the reactions of ortho-substituted anilines (entries 4 and 9)
than those in the reactions of meta- and para-substituted anilines. In the cases of meta-substituted
anilines such as m-toluidine and m-anisidine (entries 3 and 6), a regioisomeric mixture of the
corresponding quinolines was obtained, favoring 7-substituted isomers which were formed via less
sterically hindered position on meta-substituted anilines. The reactions of an array of anilines with
tetraallylammonium chloride under the identical reaction conditions gave higher yields than those in the

reaction with allylammonium chlorides.

Table 5-3. Ruthenium-Catalyzed Synthesis of Quinolines from Anilines and Allylammonium Chlorides?

X =
4 RuCl,y(PPh3)3 (5 mol%) = X

Re | + N*CF Rw Il
X" NH, R” R SNnCly2H,0 (1 equiv) NN
(R'=Pr, Et, By, allyl)  H;O-dioxane (1:9)
6 mmol 1 mmol 180°C, 20 h
entry R R' quinoline yield (%)

1 H Pr H 57

2 4-Me Pr 6-Me 64

3 3-Me Pr 5- and 7-Me 48¢

4 2-Me Pr 8-Me 45

5 4-MeO Pr 6-OMe 58

6 3-MeO Pr 7-OMe 509

7 4-Cl Pr 6-Cl 34

8 4-Et Pr 6-Et 62

9 2-Et Pr 8-Et 23
10 4-Bu Pr 6-Bu 62
11 4-s-Bu Pr 6-s-Bu 66
12 3,5-Me, Pr 5,7-Me, 62
13 4-Acetyl Pr 6-Acetyl 63
14 H Et H 37
15 H Bu H 33
16 H Allyl H 93
17 4-Me Allyl 6-Me 82
18 2-Me Allyl 8-Me 74
19 4-MeO Allyl 6-MeO 86
20 4-Cl Allyl 6-Cl 48
21 4-s-Bu Allyl 6-s-Bu 91

@Reaction conditions: aniline(6 mmol), allylammonium chloride (1 mmol), RuCly(PPh3)3 (0.05 mmol), and
SnCl,¢2H,0 (1 mmol) in H,O-dioxane (= 1 mL/9 mL) at 180 °C for 20 h.

bisolated yield based on allylammnonium chloride. In almost all cases N-propylanilines (<15%) were
formed.

°Regioisomeric ratio was determined by "H NMR (300 MHz): 2-ethyl- 3,7-dimethylquinoline / 2-ethyl-3,5-
dimethylquinoline =9/ 1.

9Even if 2-ethyl-5-methoxy-3-methylquinoline is present, its amount is a trace.
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A plausible pathway is shown in Scheme 5-2. The reaction would proceed via an initial formation of
imines by ruthenium-catalyzed amine exchange reactions between anilines and allylammonium chlorides.
According to the well-known intermolecular alkyl group transfer between alkylamines through iminium
ion complex catalyzed by transition metals such as palladium and ruthenium, Cycle A can rationalizes the
transfer of allylic moiety from allylammonium chloride to aniline. Quaternary ammonium salt could be
converted into tertiary amine by cleavage of the carbon-nitrogen bond in an aqueous medium. The
initial coordination of tertiary amine to ruthenium followed by oxidative insertion of ruthenium in the
adjacent C-H bond produces an alkylruthenium complex A, which rapidly equilibrates with an iminium
ion complex B. Nucleophilic attack of aniline to the complex B gives a,B-unsaturated imine C along
with [Ru]H,. The following selective reduction of C by [Ru]H, affords imine D. Subsequently, the
known Schiff-base dimerization producing E followed by ruthenium-mediated heteroannulation shown in
Cycle B affords 2-ethyl-3-methylquinoline. Watanabe er al. reported that a ruthenium-catalyzed
heterocyclization of the Schiff-base dimer E gave quinolines through oxidative addition of the ortho C-H
bond of E to low valent ruthenium via orthometallation, insertion of C=N double bond into Ru-C bond of

F, reductive elimination of G, and deamination and dehydrogenation of H.*”’

Scheme 5-2
Ph.
. NZ >
HNR, NS D Ph. 7
w/\' ¢ T
[RuH; AN \ TP
RylH h e [Ruj<|
N-H - N
Ph Cycle A Cycle B
—[Ru]« .

/\/NR2 N~
A ! -PhNH, N
-z, |
X = N -H, N/
e H
NI H
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Cho and Shim et al. reported that ruthenium-catalyzed reductive cyclization of nitroarenes with

trialkylamines affording quinolines.** The representative results are summarized in Table 5-4.

Table 5-4. Ruthenium-Catalyzed Synthesis of Quinoines from Nitroarenes and Trialkylamines?

= : RUClz(PPh3)3 (4 mol%) = AN
R— | + R3N R—+ |
X NO, SnCl, «2H50 (1 equiv) X N/
2 mmol Tmmol  toluene-H,0 (9:1)
180°C, 20 h
entry aniline trialkylamine quinoline yield (%)P
= = A
R_\ | R_\ | —
NO, N
1 R=H BusN R=H 55
2 R =2-Me BusN R = 8-Me 22
3 R = 3-Me BusN R =7-and 5-Me 69¢
4 R = 4-Me BusN R = 6-Me 58
5 R = 4-OMe BusN R = 6-OMe 41
6 R = 4-Cl BusN R = 6-ClI 40
7 R = 4-Acetyl BusN R = 6-Acetyl 40
8 R = 4-Benzoyl BusN R = 6-Benzoyl 40
9 R = 3,5-Me;, BusN R =5,7-Me, 85
Me
10 R = 3,5-Me, PrsN o 71
—
Me N
Me
X
11 R=3,5Me; [(CH3)2CH(CH2)I5N 62
Me Nig
Me
N 3
11 R = 3,5-Me, [CH3(CH5)5]3N 73
~
Me N 3
Me
N
12 R = 3,5-Me, [CH3(CHa)713N 75
~
Me N 5

4Reaction conditions: aniline (2 mmol), trialkylamine (1 mmol), RuCly(PPh3)s (0.04 mmol), SnCly¢2H,0
(1 mmol) in toluene-H,O (9 mL/1 mL) at 180 °C for 20h.

bisolated yield based on trialkylamine.

°Regioisometric distribution was determined by 'H-NMR (400MHz): 7-Me/5-Me = 5.9/1
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When nitroarenes (2 mmol) were treated with trialkyamines (I mmol) in the presence of a catalytic
amount of RuCl,(PPh,); (0.04 mmol) together with SnCl,-2H,O (1 mmol) in toluene-H,O (9/1, 10 mL) at
180 °C for 20 h, the reductive cyclization products quinolines were produced in moderate to good yields
with the concomitant formation of the corresponding N-alkyl anilines. With meta- and para-substituted
nitroarenes (entries 3 and 4), the yield was higher than that when ortho-substituted nitroarene was used
(entry 2). In the reaction of meta-substituted nitroarene, a regioisomeric mixture of the product
quinolines were obtained, favoring 7-methyl isomer (entry 3), which was formed via less sterically
hindered position. With nitroarenes having electron-withdrawing substituents such as p-chloro, p-acetyl,
and p-benzoyl, the yields were lower (entries 5-7). In the case of two-methyl substituted nitroarene,
3,5-dimethylnitrobenzene (entry 9), the yield increased much more when compared with
mono-substituted nitroarenes. From the reactions between 3,5-dimethylnitrobenzene and several
trialkylamines, the corresponding quinolines were also produced in good yields (entries 10-12). On
statistical calculation, it is necessary for the two butyl group transfer from tributylamine to
3,5-dimethylnitrobenzene to form the quinoline. Thus, the result of 85% yield indicates that at least two
butyl groups out of three in tributylamine are available for the transfer.

Beller et al. reported the selective N-alkylation of aryl amines using cyclic alkyl amines in the presence of
so-called Shvo catalyst.*' In this novel catalytic transformation three C-N bond cleaving and forming
steps take place. When aniline (2 equiv.) and pyrrolidine (1 equiv.) were heated at 150 °C for 24 h in the
presence of Shvo catalyst (1 mol%), N-phenylpyrrolidine was obtained in 32% isolated yield. The
reaction of various aryl amines and three cyclic alkyl amines were investigated. The representative
results are summarized in Table 5-5. Electron-rich aryl amines such as m/p-toluidine and m/p-anisidine
gave the N-arylpyrrolidines in 31-67% yield (entries 2-5). The pharmaceutically important
3 4-(methylenedioxy)-aniline gave the corresponding product in 58% yield (entry 6). On the other hand,
electron-poor haloanilines such as 4-fluoro-, 4-chloro-, and 4-bromoanilines gave the alkylated anilines in
low (25-31%) yields (entries 7-9). Other cyclic amines like piperidine and 2-methylpyrrolidine do also
react with electron-rich anilines to afford the cyclized products in 58% and 68% yields (entries 10 and
11).

The supposed reaction mechanism is illustrated in Scheme 5-3. Initially, ruthenium-catalyzed
dehydrogenation of pyrrolidine should occur via coordination and f-hydride elimination. Then,
nucleophilic attack of aniline on the resulting imine would give the aminal, ring opening of which
followed by hydrogenation could yield the corresponding 1,4-diamine A. Here, dehydrogenation of the
primary amino group would be fast compared to that of the secondary amine. Subsequent nucleophilic
attack on the imine, elimination of ammonia and catalytic hydrogenation could finally lead to

N-phenylpyrrolidine.
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Table 5-5. N-Alkylation of Aryl Amines with Cyclic Secondary Alkylamines in the Presence of Shvo Catalyst?

R
R<\NH —R 1 mol% Shvo N\ O O
&// + HoN \ ( g\/N Ph‘é %Ph
(Mg 150 °C, 24 h n :

= OC |
n=12 (2 equiv)
-NH; Shvo catalyst
entry arylamine product yield (%)?

w0 Sl
OMe CNOOMe 67

~-
0 OMe
3 HzN@ CN@ 48
@—Me CNOMe 31
M Me
5 HzN@ CNO 51
6 H,N N 8
Qe OOy
7 HzNOF CN@—F 31
OCI CN@CI 25
9 HZNOBr CNOBr 28

OMe [/(N@ OMe 58
OMe { NOOMe 68

@Reaction conditions: 1 mol % Shvo catalyst, 150 °C, 24 h.
bisolated yields.

10 H,N

11 H,N

sl
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