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Herein, we review copper-mediated aromatic amination reactions including the classical Ullmann

coupling and the recently developed mild aryl amination with an effective ligand as well as the C-H
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amination reaction. Several applications of intramolecular aryl amination to the syntheses of natural

products demonstrate the general applicability of the reaction.

1. Introduction

Because a wide variety of pharmacologically important natural
products such as duocarmycins and other compounds 1-13
contain aromatic C(sp?)—N bonds, the introduction of nitrogen
functionalities onto aromatic rings has been one of the main
topics in organic synthesis (Figure 1). Standard methods for the
introduction of an amino functionality are illustrated in Scheme
1. One of the most fundamental methods for preparation of
anilines is a nitration of aromatic compounds 14 followed by
reduction of the nitro group. Because of the harsh reaction
conditions used for conventional nitration, the procedures are
not always compatible with many sensitive functional groups
(Route A). Amination via a benzyne intermediate 15
accompanies a regiochemical problem, giving rise in general to
regioisomeric mixtures when using unsymmetrical substrates.
Furthermore, a typical generation of reactive benzyne species,
for instance, p-elimination of aryl halides, requires a strong
base such as NaNH, (Route B).! Nucleophilic aromatic
substitution (SyAr) via a Meisenheimer complex 16 requires
high reaction temperature or aryl halides activated by strong
electron-withdrawing groups such as a nitro group at the para
or ortho position,? thereby diminishing the substrate generality
(Route C). Another method for the synthesis of aniline
derivatives is halogenation followed by transition metal-
catalyzed aryl amination. This route is superior to the above
methods because halogenation on an aromatic ring generally
proceeds under milder conditions compared to those required
for nitration (Route D). In this review, we focus on the
historical overview of copper-mediated aromatic amination and
its synthetic utility of the intramolecular amination in the total
syntheses of natural products with nitrogen heterocycles,
because tremendous intermolecular aminations have been
reported compared to intramolecular aminations.

This journal is © The Royal Society of Chemistry 2013
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Scheme 1 Approaches to N-arylamines.

Among the transition metal-catalyzed N-arylations, the copper-
catalyzed Ullmann®~Goldberg® reaction is known to be one of
the most classical methods (Scheme 2). However, this reaction
is not always useful because of harsh conditions, such as high
reaction temperature and/or neat conditions. Therefore, the
reaction lacks broad functional group compatibility, which is
required for the synthesis of highly functionalized, complex
molecules.
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| + PhNH, - >
CO,H reflux CO,H
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Br HoN_ _Ph K>COg N__Ph
©/ " bl @( T
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Scheme 2 Copper-mediated Ullmann-Goldberg reaction.

In 1983, Kosugi and Migita reported an aryl amination reaction
of aryl bromides using tributyltin amides 17, catalyzed by
PACI,[P(o-tolyl)s], (Scheme 3).° Reaction of N,N-dialkyl
tinamides and aryl bromides such as m- or p-tolyl bromides
provided the corresponding coupling products in good yields,
although reactions using aryl bromides with methoxy, acetyl,
nitro, and dimethylamino substituents resulted in low to
moderate yields of the products. In 1994, Guram and Buchwald
extended the chemistry beyond electron-neutral aryl bromides.®
They reported that the use of tin amides prepared from lithium
amides and n-BuzSnCl in diethyl ether was ineffective, due to
the deactivation of the active species by LiCl, residual BuLi, or
diethyl ether. They overcame this problem by in situ generation
of tin amides from n-Bu3SnNEt, (18) and amines under heating
conditions with the removal of volatile Et,NH. The modified
amination proceeded in high yield with limited tin amides that
could be derived from secondary amines.

2 | J. Name., 2012, 00, 1-15

R
|
A~ Br R cat. PACI,[P(o-tolyl)s], Z N.g
Fag_ | * n-Buasn’N‘R' Fa_ |
S toluene S
17 100 °C
Buchwald Modification
Ar purge R
n-BugSn—NEt, + HNRR'® & ——— > N
toluene, 80 °C mBugSn” "R
18 —HNEt, 17

Scheme 3 Synthesis of aniline by coupling of aryl bromide and tin amide.

In 1995, the research groups of Buchwald and Hartwig
concurrently published their results on the tin-free amination of
aryl halides. They carried out the amination reactions at 65—
100 °C using amines and either NaOt-Bu or LiN(SiMejy), as a
base. The catalysts used initially were PdCI,[P(o-tolyl)s],,
Pd[P(o-tolyl)s],, or a combination of Pd,(dba); and P(o-tolyl)s
(Scheme 4). Palladium complexes with monodentate ligands,
such as P(o-tolyl)s, were effective catalysts for the amination of
aryl bromides or aryl iodides; however, these catalysts cannot
be applied to aryl triflates. Buchwald and Hartwig reported on
the amination of aryl triflates 19 using palladium complexes
with the bidentate phosphine ligands BINAP and DPPF as
effective catalysts (Scheme 5).” Electron-poor aryl halides were
susceptible to cleavage under the basic reaction conditions,
because the electron-withdrawing groups stabilized the
generated phenolate. The use of K3;PO, as the base was
effective for suppressing the undesired cleavage of the triflate.?
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=
Fe{j/ + N \
xny H R

Scheme 4 Palladium-catalyzed tin-free aryl amination.
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Scheme 5 Palladium-catalyzed aryl amination of aryl triflates.

In 1998, Buchwald reported a highly active catalyst for
palladium-catalyzed aryl amination. The reaction proceeds at
room temperature utilizing bidentate ligand 20.° Hartwig also
published a room temperature aryl amination using modified
DPPF-type ligand 21.%° Hartwig described that the use of
sterically hindered phosphine 21 increases the rates of both
oxidative addition and reductive elimination (Scheme 6).

This journal is © The Royal Society of Chemistry 2012
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Scheme 6 Mild palladium-catalyzed aryl amination.
Although triarylbismuths,™ aryllead triacetates,™ arylboronic
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acids, = and hypervalent aryl siloxanes = were excellent
transmetalating agents for mild copper-catalyzed aminations,
the preparation of densely functionalized substrates often
requires multistep sequences, and thus their synthetic utilities
are limited (Scheme 7).
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Scheme 7 Copper-catalyzed amination with arylmetal species.

2. Recently developed copper-mediated aromatic
amination

2.1 Ligand-promoted aromatic amination

Several different reaction mechanisms have been proposed for
the Ullmann coupling, but the broadly accepted reaction
mechanism is a Cu(l)/Cu(lll) catalytic cycle that was initiated
by an oxidative addition of an aryl C-X bond to Cu(l) to
generate Cu(lll) species (Scheme 8).% Subsequent ligand
exchange followed by reductive elimination provides the N-
arylated product with the regeneration of Cu(l) species. In
contrast to the classical Ullmann and Goldberg aromatic
amination requiring harsh reaction conditions, N-arylation
conditions involving a combination of copper(l) salt and

This journal is © The Royal Society of Chemistry 2012
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ligand/Brgnsted base are milder and have been widely used
since the late 1990s."®
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Scheme 8 Plausible mechanism for a copper-catalyzed amination.

Mechanistic support to promote the reaction was not provided
at the beginning of the breakthrough regarding the mild copper-
catalyzed amination reaction around 2000. Recent research has
revealed that an appropriate choice of ligands is necessary to
conduct the animation processes under mild conditions. In 1998,
Ma and co-workers first reported that an amino acid acts as an
effective ligand (Scheme 9).Y” Notably, protection of either a
hydroxyl group or an amino group resulted in significant
decrease in chemical yield of the product, which supports the
necessity of the appropriate coordination of the unprotected
amino acid to the copper center to stabilize the Cu(lll) active
species to promote the reaction.

| Cul \/L/
. K2COs HN™ >COH
| D OH DMA
COLH
= 2 90°C, 48h OH

86%

Scheme 9 Aryl amination using valine as a ligand.

Goodbrand and Hu reported that a combination of CuCl-
phenanthrine (22) was also effective for aryl amination to
provide triaryl amine 23 with low catalyst loading (Scheme
10)."® The bidentate nature of the phenanthroline skeleton
promoted the formation of the active copper catalyst.

o
7

Scheme 10 Aryl amination using 1,10-phenanthroline as a ligand.
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Buchwald and co-workers reported 1,2-diaminocyclohexane
(24) as an effective ligand (Scheme 11)."* A combination of
trans-1,2-diaminocyclohexane and sodium tert-butoxide was
effective for the aryl amination, which provides a wide variety

of heterocycles.
NG
H,N
24
Cul
Me | NaOtBu
+ HN T Me N
1,4-dioxane
reflux
Me

85% Me

Scheme 11 Aryl amination using 1,2-diaminocyclohexane as a ligand.

In 2003, Buchwald and co-workers introduced N,N’-
diethylsalicylamide (25) as an effective ligand to conduct mild
copper-catalyzed amination (Scheme 12).% The amination
reaction were carried out at 90 °C to provide corresponding
anilines in excellent yields with high functional group
compatibility.
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NEt,
25

Cul
KsPO,
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Me
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Scheme 12 Aryl amination using N,N’-diethylsalicylamide as a ligand.

Buchwald and co-workers developed a method for the copper-
catalyzed amination of aryl iodides, which was catalyzed by a
combination of copper iodide and ethylene glycol (26) in 2-
propanol (Scheme 13).% The amination procedure is not
moisture sensitive and can be carried out under atmospheric
conditions.

HO/\/OH

26

Cul
! K3POy4 H
—_—

n-HexNH, ©/N\n-Hex

F i-PrOH
80 °C

84%

Scheme 13 Aryl amination using ethylene glycol as a ligand.

In addition to ethylene glycol, triol 27 was also effective for the
introduction of amine functionality on aryl iodides/bromides,
which was reported by Chen and co-workers (Scheme 14).%
They also applied the reaction conditions to introduce
oxygen/sulfur to the aryl halides, which should be useful for the
synthesis of heteroatom-containing compounds.

4| J. Name., 2012, 00, 1-15
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Scheme 14 Aryl amination using triol as a ligand.

Despite the recent progress in this field, longer reaction times
and inefficient compatibility of functional groups on substrates
remain serious limitations. Buchwald and co-workers reported
that the catalyst is occasionally deactivated by competitive N-
or O- arylation of the ligand (Scheme 15). They directed their
attention to B-diketones, which would be less prone to arylation.
After the optimization of the process, p-diketone 28 was found
to be superior to salicylamide 25. The aryl amination reaction
proceeded even at room temperature when 5-iodo-1,3-
dimethylbenzene was used as a starting material.>

O O

Me
Me

28
Cul

Me | Cs,CO. H
\©/ +  BiNH, — 2%, Me\QD/N\Bn
Me

DMF
rt
91% Me

Scheme 15 Aryl amination using 3-diketone as a ligand.

Diiminodipyridine 29 also promotes amidation reaction as a
tetradentate ligand (Scheme 16).?* In addition, several aryl
bromides and iodides were converted to the corresponding
amides, carbamates, pyridazin-2-one, azoles, diethyl malonate,
ethyl cyanoacetate, and malononitrile using the combination of
Cul and ligand 29.

_ N
N N
\_7 29 — o
fo) Cul b
s DR oy
.
Z HN DMF =
82°C

92%

Scheme 16 Aryl amidation using diiminodipyridine as a ligand.

In 2012, Fu and Peters reported a photoinduced Ullmann
coupling that proceeds even at —40 °C (Scheme 17).” They
proposed that the unusually mild reaction proceeded via a
single-electron transfer mechanism that is initiated by the
activation of copper complex 30.

This journal is © The Royal Society of Chemistry 2012
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Scheme 17 A mild photoinduced Ullmann coupling reaction.

2.2 Different modes of reactions by switching Pd/Cu or ligands *

In contrast to palladium catalysts, copper catalysts possess
different reactivities. In addition, even with the same copper
precatalysts, the choice of an appropriate ligand sometimes
affects reaction pathways to provide dissimilar products, which
provides the versatility of the copper-mediated aryl amination.
In this section, we present several examples of aminations with
different modes of reaction via switching catalysts or ligands.

Zhu and co-workers reported a palladium-catalyzed one-pot
construction of tetracyclic compound 32 from amide 31 via N-
arylation and subsequent biaryl coupling (Scheme 18).%
Conversely, copper-catalyzed amination conditions provided
diazepine 33. Notably, they also reported that an additional
ligand was ineffective at promoting the reaction, suggesting
that the amination proceeded via the coordination of the
nitrogen/oxygen of the substrate to copper.

PdCl,(dppf)
KOAc o
e N
DMSO ‘ A
120 °C P Ve

51% 6

Cul N
31 K,COs |
—_ 0

DMSO N
110 °C (X/ﬁ
43% ZN,~NMe
o
33

Scheme 18 Complementary reactivity of palladium- and copper-mediated aryl
amination.

Buchwald and co-workers reported the C/N arylation of
oxindole (34) utilizing a palladium/copper catalyst (Scheme
19). %  Although palladium-catalyzed conditions
chemoselectively provide C-arylated oxindole 35, copper-
catalyzed conditions give N-arylated oxindole 36.
Computational studies suggest that the reactions proceed via C—
Pd/N-Cu reactive species, which provides mechanistic insight
into the arylation of unprotected indolines.

This journal is © The Royal Society of Chemistry 2012
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Scheme 19 Orthogonal chemoselectivity of palladium- and copper-mediated
aryl amination.

In addition to the metal species that is replaced, an appropriate
choice of ligand is necessary for the chemoselective N/O
arylation (Scheme 20).* The complementary copper-catalyzed
N/O arylation of 5-aminopentyl alcohol proceeds simply by
switching a ligand, which should be useful for the synthesis of
several aniline/phenol derivatives. It was proposed that the
coordination of the enolate from diketone 28 to copper
generates a less electrophilic Cu(lll) species, which
predominates N-arylation. Contrarily, the use of 3,4,7,8-
tetramethylphenanthroline (38) provides O-arylated compound
39. The bromine atom remains untouched in the copper-

catalyzed reaction system, which allows for further
functionalization.
HoN">""0H
Cul (5 mol%)
28 (20 mol%) H
Cs,COq Br N g 0
) Me
e TOTT Oy
Me
92% OH
Br | 37 28
C Me
HN">""0n o Me
Cul (5 mol%) N
38 (10 mol%)_
Cs,COs, MS3A g, o
—— N
toluene, 90 °C \©/ |
\/P b ~
86% NH, Me
39 38

Scheme 20 Ligand-controlled chemoselective N/O-arylation.

2.3 Mild aromatic amination through the coordination of copper
species and nitrogen atom

As discussed above, an intermolecular aryl amination has been
extensively investigated and several reaction conditions have
been developed to date. Conversely, intramolecular reactions
that generate N-heterocyclic compounds, which are often found

J. Name., 2012, 00, 1-15 | 5
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in biologically active natural products or medicines, have been
rarely reported. In the amination reactions, more catalytic
loading (10%-~stoichiometric) of copper species™ is generally
required than that in the palladium-catalyzed aryl aminations®;
however, in some cases, heteroatoms in a substrate remarkably
accelerate the reaction rate by the coordination of these atoms
and copper species, thus providing the corresponding
heterocyclic compounds under mild conditions.

Fukuyama and co-workers independently developed an
intramolecular aryl amination during the course of synthetic
studies of duocarmycins.® They examined the selectivity of the
intramolecular amination using substrate 40 with an iodo group
introduced at a meta position to aminopropyl chain (Scheme
21). Notably, unlike the conventional palladium-catalyzed
systems, most of the iodo group survived under the reaction
conditions. An acceptable explanation for the bromo selective
reaction in the presence of an iodo group, which would be a
preferred position for the oxidative addition of palladium
catalysts, is that the reaction would be initiated by the
coordination of amine to copper species followed by oxidative
addition to the proximal C(sp?)—Br bond (Scheme 22).

Cul (2 equiv)
[ N’Ns CsOAc (5 equiv) X
\©(\/\H \©(j
Br DMSO N
90°C,5h Ns
40
X=1 81%
X=H 10%

Scheme 21 Intramolecular aryl amination using Cul and CsOAc.

The expected mechanism of this intramolecular amination is
shown below (Scheme 22). Preliminary experiments indicated
that both Cu(l) and carboxylate ions or CuOAc (41) are
essential for the smooth conversion. Addition of CsOAc
spontaneously turned the suspension of Cul in DMF to a clear
solution in which the conversion started strongly indicates that
the active species is CuOAc generated from Cul and CsOAc.
Then, CuOAc coordinates to the nitrogen, oxidatively adding to
the C-X bond to form Cu(lll) complex 42, which finally
undergoes reductive elimination to yield the corresponding
cyclic amine 43 with the regeneration of the Cu(l) species.

K

\

CuOAc =— Cul + NHR
CsOAc ¢
M
x Cu-0
O T
_NR o
0 7
N (0] Me
R hig HX
43 42 °

Scheme 22 Plausible reaction mechanism for the aryl amination.
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Different from the conventional palladium-catalyzed aryl
amination reaction, the copper-mediated aryl amination reaction
is useful, because an undesired reduction of the halogen atom is
suppressed and the remaining halogen group of indoline 45 is
useful for further functionalization (Scheme 23).

OBn

Br Br  _-0OBn H —0Bn
+
N N
BnO Br BnO Bn BnO Bn
44 45 46
entry conditions 452 (%) 462 (%)
1 Pd,(dba)s,? P(o-tolyl)s, NaOt-Bu 47 11
toluene, 110 °C, 2 h
2 Pd,(dba)s,? P(o-tolyl)3, CsOAc 34 trace
DMF, 120 °C, 4 h
3 Cul,¢ CsOAc, DMF, rt, 20 min 60 0

a|solated yield. ® 10 mol%. ¢ 2 equiv.

Scheme 23 Mild combination of Cul and CsOAc.

2.4 Recent progress on the spectroscopic analysis of active
Cu(ll) species

Recently, despite the mechanistic debate, there was no report on
the observation or isolation of active Cu(lll) species in aryl
aminations. Ribas and co-workers first described the direct
observation of aryl carbon-Cu(ll1)-X species (Scheme 24).%
They utilized a macrocyclic tridentate ligand 47 to stabilize the
planar Cu(lI1) species® and isolated the copper complex 48 as a
red crystal for which the structure was confirmed by X-ray
crystallographic analysis. These results indicate that an
appropriate ligand decreases the activation energy for the
formation of the Cu(lll) species.

®
ﬁﬁ 2CuX; x|
(X=Cl, Br) = ) ® o
2 H-N N-H H—N—-/CU/N‘H X + 47-H X
MeCN
N 25°C N/ CuX
Me Me
47 48
confirmed by X-ray

Scheme 24 Formation of copper(lll) complex.

This protocol for generating the tridentate ligand stabilized
Cu(lll) species at the unactivated aromatic C—H bond provides
an opportunity to realize direct aromatic C-H amination
(Scheme 25). Thus, treatment of the Cu(lll) complex 48 with
triflic acid provides the corresponding aryl bromide 49 and
Cu(l) species, which catalyzes amidation with pyridone (50) to
provide amide 51 even at room temperature.

This journal is © The Royal Society of Chemistry 2012
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Scheme 25 Copper-mediated C—H functionalization.

2.5 Directed aromatic C—H amination

In addition to the extensive research on the directed amination
of aromatic C-H bonds using palladium- or platinum-based
catalysts in the 2000s,* copper-catalyzed reactions have also
been vigorously studied owing to the lower cost and toxicity of
copper. In 2008, Buchwald and co-workers reported a
Cu(OAc),-catalyzed synthesis of benzimidazole 53 from
arylamidine 52 via C—H functionalization (Scheme 26).* In the
reaction, molecular oxygen is used as the reoxidant to generate
water as waste. Thus, this process should be environmentally
benign and an example of a next-generation chemical
transformation.

Cu(OAc), H
H p propionic acid N
N _
b DMSO @i,\?_@
NH 100 °C
68%
52 53

Scheme 26 Directed amination to form benzimidazole.

Zhang and Zhu reported a copper-catalyzed synthesis of pyrido
[1,2-a]benzimidazole 55 by the amination of the aromatic C-H
bond of N-phenyl-2-aminopyridine 54, utilizing a combination
of Cu(OAc), and Fe(NO3)39H,0 (Scheme 27).% They also
conducted mechanistic studies based on the kinetic isotope
effect, which suggested that the reaction proceeds via a Cu(l11)-
catalyzed electrophilic aromatic substitution (SEAr) pathway.

Cu(OAc),
Fe(NOz)3-9H,0
PivOH, O,
- 5
DMF
130 °C

o0 eay

Scheme 27 Directed aryl amination of N-phenyl-2-aminopyridine.

88%

Chang reported an intramolecular oxidative formation of C-N
bond to provide carbazole 57 from 56 (Scheme 28).%" Various
carbazoles were efficiently synthesized from the corresponding
2-aminobiphenyl derivatives using a combination of Cu(OTf),

This journal is © The Royal Society of Chemistry 2012
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and PhI(OAc), at 50 °C. The authors proposed that the
amination reaction proceeded through radical intermediates
because the addition of a radical inhibitor, such as BHT,
significantly decreasing the yield of the carbazole.

cat. Cu(OTf),
Phi(OAc),
CF4CO,H O
_—

( CICH,CH,CI N

NHSO,Ph 50 °C SO,Ph
93%
56 57

Scheme 28 Synthesis of carbazole by directed C—H amination.

Deng and Zhou reported a copper-catalyzed synthesis of N-aryl
acridones via sp?> C—H amination under aerobic conditions
(Scheme 29).® The reaction conditions are quite simple, and
several functional groups are tolerable.

(0]
fj\© cat Cul /’m
DMSO K
NH 120°C, 48 h N
Ph
78%
58 ) 59
under air

Scheme 29 Synthesis of N-arylacridone by direct C—H amination.

An intermolecular aryl C—H amination was first reported by Yu
and co-workers in 2006 utilizing a pyridyl group as a directing
group (Scheme 30).% After the report, several research groups
also demonstrated the effectiveness of the pyridyl group in the
same aryl C—H amination.”” Recently, Daugulis and co-workers
reported the intermolecular aryl C-H amination utilizing a
quinolylamide moiety as an effective directing group (Scheme
31).**2 The directing group on compound 63 was converted to
carboxylic acid by basic hydrolysis.

‘ = Cu(OAc), | =

~N TsNH, ~N

e
MeCN NHTs

‘ = reflux

> (under air)

o
60 74% 61

Scheme 30 Intermolecular directed C—H amination using pyridyl group.

N o \
) HN_J /
o lu N cat. Cu(OAC),
cat. AQZCO3
NeOH O
NMP “EoH
110 °C reflux
tBu 81% 91%
62 63 64

Scheme 31 Intermolecular directed C—H amination using quinolylamide.

J. Name., 2012, 00, 1-15 | 7



ChemComm

3. Application to natural product synthesis

The utility of copper-mediated aryl amination has been
demonstrated by the application of the reaction to the syntheses
of several bioactive natural products. Because the total
synthesis of natural products using intermolecular aryl
amination reaction was fully summarized in recent reviews,®
we herein focus on examples featuring intramolecular aryl
aminations.

3.1 Fukuyama’s synthesis of pyrroloindole alkaloids

3.1.1 Total synthesis of duocarmycins A and SA**

In 2003, Fukuyama reported the total synthesis of antitumor
antibiotics (+)-duocarmycins A (1) and SA (2) involving a mild
copper-mediated aryl amination reaction to construct all of the
aryl C-N bonds in these natural products. The synthesis starts
with the preparation of the common indole segment 65
(Scheme 32). Treatment of a bromobenzaldehyde with
phosphonate 67 and TMG (N,N,N’,N’-tetramethylguanidine)
exclusively provides (Z)-dehydroamino acid derivative 68 in a
stereoselective manner. Expected intramolecular amination
using a combination of Cul and CsOAc proceeds successfully
even at the congested reaction site and provides the
corresponding indole 69 in almost quantitative yield, which is
converted to acid chloride 65 for the condensation reaction at a
later stage in the synthesis.

Q
MeO-P.___CO,Me
MeO
NHCbz
67
OHC OMe ™G MeO,C = OMe
—_—
HN
Br: ; :OMe 97% cbz mOMe
OMe OMe
66 68
Cul
(1.5 equiv) OMe cl OMe
CsOAc MeO,C 74 74
DMSO gbz OMe ¢} N OMe
rt, 24 h, 98% OMe OMe
69 65

Scheme 32 Synthesis of the common indole segment.

The synthesis of the left-hand segment of duocarmycin A (1)
starts with the iodine-selective lithiation of trihalobenzene 70
and subsequent Michael addition to chiral nitroalkene 71
(Scheme 33). After conversion to benzylamine 73, the aryl
amination using a combination of Cul and CsOAc was then

conducted to form indoline with the other bromo group retained.

The conventional palladium-catalyzed amination reactions,
however, provided the desired product in low yields. After the
protection of the primary alcohol with tert-butyldimethylsilyl
ether, a side chain bearing the chiral tetrasubstituted carbon
center was constructed by the regioselective addition of the aryl
lithium to azlactone 75. A bromo group was then introduced at
the para position to the nitrogen. The second intramolecular
aryl amination reaction proceeded smoothly at room

8 | J. Name., 2012, 00, 1-15

temperature with stoichiometric copper iodide to provide the
indolinone 78 in quantitative yield. Finally, assembly of two
segments and the formation of the cyclopropane ring were
successfully achieved to obtain (+)-duocarmycin A (1).

70 72
OH 1) Cul (20 mol%)
Br CsOAc, DMSO Br —O0TBS
/@fVNHBn 1, 24 h, 67% l N
—_— -
e
Bno Br 2) TBSCI, Im BnO N
quant Bn
73 74
n-BulLi; 75
75% —OTBS  nBs
—_—
MeO,C O 91%
Me*
NSO
75 0Bn 76 7
Cul (2 equiv)
CsOAc (5 equiv)

- 000 @ @ . - >
DMSO -
rt,3h OMe

t OMe
quan OMe
CO,Me
Me: ) (0]
HN
HO OMe
(o) N
H OMe
OMe
79 (+)-Duocarmycin A (1)

Scheme 33 Synthesis of (+)-duocarmycin A.

The synthesis of duocarmycin SA (2), which has an indole ester
moiety, begins with Mizoroki-Heck reaction of the
iodoindoline 80 that was derived from common intermediate 74
(Scheme 34). Regioselective bromination provided 82, which
was subjected to the amination conditions to obtain the tricyclic
dihydropyrroloindole 83. Finally, the total synthesis of
duocarmycin SA (2) was accomplished in a similar manner to
that developed for (+)-duocarmycin A (1).

This journal is © The Royal Society of Chemistry 2012
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1) Pd(OAc), CO,Me Cul 1) NaNg
X —OTBS P(o-tolyl)3 (2 equiv) n-BulLi; OH 2) TBSCI, Im QTBS
EtsN, 81,72% CbzHN™™ ~—OTBS  CsOAc (xs) | BF4-OEt, ‘_ _Cl 99% NHNs
_— Br. 3 _ Br. Br  84,93% (2 steps)
BnO gj 2) NBS, 82% DMSO — = Br Br . PBr Br
n rt, 10 mi , 3) n-BugP;
- it 74: X =Br Bn
;i E;;IT; L.goix=1  CozAN™S o 82 84 OBn aq. NaHCO, Sen
2 ° 70 89%
85 86
Cul
(0.5 equiv) oTBS Pd,(dba)s OTBS
CsOAc ~ (biph)P(t-Bu), A
(5 equiv) 81, Et3N, 89%
y OMe Br NN 8 MeO,C.__- NNs
DMSO MeO.C
o H OMe 60 °C, 24 h 29N CbzHN
OMe OBn CbzHN 81 OBn
83%
(+)-Duocarmycin SA (2) N 87 88
Scheme 34 Synthesis of (+)-duocarmycin SA.
1) PhSH OTBS Gyl (1 equiv) oTBS
Cs,CO5 CsOAc
99% MeO,C _ NH (2.5 equiv) MeO y NH
_—
. 45 2) NBS CbzHN DMSO
3.1.2 Yatakemycin 90% Br M, 12h o N
R . OBn OBn
Fukuyama and co-workers also applied their intramolecular quant
89 90

amination strategy to the total synthesis of a related compound,
yatakemycin (3). The middle segment of 90 corresponds to the

left segment of duocarmycin SA (2), except for the ester moiety.

They accomplished a more efficient synthetic route for the
middle segment by utilizing the tetrahydroquinoline derivative
as a key intermediate (Scheme 35). The stereochemistry was
controlled by the regioselective ring opening of optically active
epichlorohydrin (84) with a 2,6-dibromophenyl lithium species
that was generated by the iodine-selective halogen—lithium
exchange of 70. The chlorohydrin 85 was then converted to
nosylamide 86 in a three-step sequence. The key intramolecular
aryl amination proceeded smoothly to provide the desired
tetrahydroquinoline 87 with the other bromo group left
untouched. Then, the pyrrole ring was constructed through a
Heck reaction with a dehydroalanine derivative 81, a
regioselective bromination, and an intramolecular aryl
amination at the congested position. The use of a stoichiometric
amount of Cul provided the tricyclic middle segment 90
guantitatively even at ambient temperature.

This journal is © The Royal Society of Chemistry 2012

Scheme 35 Synthesis of the middle segment.

The copper-mediated aryl amination was also effective for the
facile construction of the dihydropyrroloindole skeleton of the
left-hand segment 98 (Scheme 36). Bromoindoline 93 was
synthesized by the intramolecular amination of persubstituted
phenylethylamine derivative 92 that was prepared from
commercially available  homoveratrylamine  (91) via
dibromination. Benzyl alcohol 93 was then converted to
dehydroamino acid derivative 95 by TPAP oxidation and
Horner—-Wadsworth—-Emmons reaction. The tricyclic
pyrroloindole was constructed by the intramolecular amination
reaction to provide dihydropyrroloindole 96. Finally, the
manipulation of functional groups including a regioselective
demethylation of 97 provided left-hand segment 98.

H,N NHNs HO
Cul (10 mol%)
CsOAc (2.5 equw) Br

MeO DMSO MeO NS
MeO 80°C,24h MeO
91 92 93
1. TPAP BnO,C
NMO, MS4A z Cul (1equiv)  BnOG
85% (2 steps) CbzHN™ ™ CsOAc (2.5 equiv) =
_— Br - > CbzN
2. 94, TMG, 84% DMSO
N m,12h, 77% N
94 COBn . MeO Ns MeO Ns
CbzHN">PZOMe MeO MeO
1" 95 96
SMe SMe
0 o=
HN BCl; HN
—_—
N 97% N
MeO Fmoc MeO Fmoc
MeO HO
97 98

Scheme 36 Synthesis of the left segment.
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The amination strategy allows a multigram-scale preparation of
the three segments, which leads to the gram-scale total
synthesis of yatakemycin (3) via the construction of the five
aryl carbon-nitrogen bonds (Scheme 37). One of the most
important features of this ligand free protocol is that the
reaction is applicable to construct an aryl carbon-nitrogen bond
at congested reaction sites.

SMe oTBS
o :
HN MeO NH
74 cl OBn
4
MeO N °© (’?"Jbz
[e] N
OH Fmoc OBn H OMe
98 20
SMe OH
°© OMe
HN
\
N
MeO H

(+)-Yatakemycin (3)

Scheme 37 Synthesis of (+)-yatakemycin by assembly of three segments.

3.1.2 PDE-11%4

In 2010, Tokuyama reported the total synthesis of PDE-11 (4), a
subunit of CC-1065 and yatakemycin (3), featuring a double
intramolecular amination to construct the characteristic tricyclic
dihydropyrroloindole skeleton (Scheme 38). The substrate 102
for the amination reaction was synthesized by BF; OEt,-
mediated Mannich reaction of ketene silyl acetal 101 and
hemiaminal 100, which was readily prepared from
commercially available homoveratryl amine (99) using a seven-
step sequence established in our synthetic studies on
yatakemycin. The key double amination was effected by the
additional base, cesium carbonate, to complete the reaction. The
resultant pyrroloindole 103 was transformed to PDE-II (4) in
three steps.

10 | J. Name., 2012, 00, 1-15
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Me;SiO.__OMe
-
Ns MegSi. ]/ MeO,C
HoN MeO. N gbz 101 2 Ns
CbzHN
BF5-OFEt:
Br 3'OEt, Br
MeO CHCl,, 0 °C;
MeO MeO B TBAF, rt MeO Br
MeO MeO
62% ©
99 100 102
HO,C
Cul (1.5 equiv) MeO-G 2
CsOAc (5 equiv) = -
Cs,CO3 (3 equiv) HN N hN
50°0.9h MeO N Meo \
' MeO HO O)\Me
57%
103 PDE-II (4)

Scheme 38 Total synthesis of PDE-II (4).

An outline of the formation of the pyrroloindole skeleton is
shown in Scheme 39. After the first intramolecular amination to
form tricyclic intermediate 104, p-elimination, the second
amination of nosyl amide 105, and base assisted-deprotection
of the Cbz group furnished dihydropyrroloindole 106. Finally,
the nosyl group was removed to obtain pyrroloindole 103

through compound 107.

MeO,C

Ns MeO,C N
CbzHN o A
Br. Amination CbzN B-Elimination
., alihesly
MeO Br MeO Br
MeO MeO
102 104
MeO,C
CbzN Amination
R
MeO Br NHNs Deprotection
MeO of Cbz Group

105 (not isolated)

Me0,G

Removal of
Ns Group

107 (not isolated)

106 (not isolated)

MeO,C
HN
Aromatization A
- >
MeO H
MeO

103

Scheme 39 Outline of the formation of the pyrroloindole skeleton.

3.2 Ma’s synthesis of SB-214857

In 2001, Ma and Xia reported an intramolecular Cul-catalyzed
amination of aryl halides with o-amino acids (Scheme 40).% In
the amination reaction, the use of an unprotected amino acid
109 is necessary for the smooth Ullmann-type aryl amination
reaction, which provides the corresponding cyclized product
without racemization of the a-position of the amino acid.

This journal is © The Royal Society of Chemistry 2012
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Acidic removal of the tertiary butyl group and subsequent
condensation with bispiperidine derivative 112 give compound
113, which is subjected to basic conditions followed by acid
treatment to obtain SB-214857 (5), a potent GPIIb/Illa receptor
antagonist.

(0]
+BuO,C.
\@\,\N,,e 7 "CO:R 108 R =Me, R =Fmoc
| NHR' ] NaOH
109 R=R'=H
Cul (10 mol%)
K,COg, DMF
90 °C (no racemization)
Me
I-BUOZC@N 110 R=H
o ~ ] CHuN,
NJ.,\: - R=Me 67% (3 steps)
H “—COsR
(o}

1) TFA, anisole Me
CH,Cl, N N o

2) WSCD, HOBt N): com
CH,Cl, H “—CO.Me
91% BocN

NH 113
BocN 1) ag. NaOH, MeOH

2) HCl, 1,4-dioxane
79%

12 l

SB-214857 (5)
Scheme 40 Total synthesis of SB-214857 (5).

3.3 Takayama’s synthesis of psychotrimine

In 2008, Takayama and co-workers reported the first total
synthesis of (x)-psychotrimine (6) utilizing copper-mediated
aminations (Scheme 41).% The synthesis began with the
formation of a-aminonitrile 115 from indoline and o-
bromobenzaldehyde (114) in the presence of hydrogen cyanide.
Construction of cyclic amidine was conducted via the
installation of nitroalkane followed by the reduction of the nitro
group. Subsequent Boc protection resulted in the isomerization
of the double bond of amidine to produce the substrate 118 for
the key amination reaction. The Buchwald’s conditions using
palladium catalyst resulted in low vyield of the desired
compound. Their extensive optimization revealed that the
reaction proceeded smoothly using a stoichiometric copper salt.
Treatment of 119 with Red-Al provided the desired aminal
skeleton, which corresponded to that of psychotrimine (6). The
regioselective installation of an iodine atom and subsequent
introduction of tryptamine unit 123 followed by removal of the
nosyl group proceeded to give (z)-psychotrimine (6).

This journal is © The Royal Society of Chemistry 2012
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1) NaHMDS;

(I J ] = g
N KCN N ZNO, M
H aq HCI N THF, —78 °C N
CHO  MeCN,tt K CN 2)DDQ Z NO,
= ‘ ~ ‘ 1,4-dioxane ~ L on
~ 92% T Br 50 °C Br
Br 90% (2 steps)
114 115 116
Cul
2 (1 equiv)
Fe | | Boc,0 | K3PO,
aq HCI x N -\ i-ProNEt N (2 equiv)

—_ N T NBoc ————>
EtOH MeCN, rt DMSO
reflux 80 °C

gr M2 88% (2 steps) grWH
91%
17 118
i~ 1) NaHMDS =
S | Boc,0 S
N Red-Al N THF, -78 °C N
toluene = ;e 2)sBuli 7 S
P 0to0 90 °C . J TMEDA . J
N" "N N" "N THF, -78 °C; N” "N
Boc  60% H Me lp, 7810 0 °C | Boc Me
87% (2 steps)
119 120 121
NMeNs NMeR
-
@\—/H/\ MeHN.__~\1ivie W
Cul
N KePO, N
— > 2 S I At SR> NG
\ | . J 1,4-dioxane . J
N° 'N 90 °C N° "N
H Me H Me

| N
72%
122 |
H NMeR
N
@j\/\ 124:R=Ns
NMeNs Psychotrimine (6): R =H ]

123
Scheme 41 Total synthesis of (+)-psychotrimine (6).

PhSH
Cs,C04

3.4 Argade and Kshirsagar’s synthesis of (-)-Circumdatins H
and J

In 2010, Argade and Kshirsagar demonstrated the utility of a
copper-catalyzed intramolecular aryl amination of a
quinazolinone to generate the benzodiazepine moiety in their
efficient and convergent synthesis of (-)-circumdatins H (7)
and J (Scheme 42).% They first examined the palladium-
catalyzed amination of quinazolinone 126a; however, they only
recovered starting material 126a. The palladium-catalyzed
amination using the congested substrate did not proceed
probably because of the prevention of the palladium species
accessing the reaction site. Notably, the reaction occurred in the
presence of copper catalyst and a ligand. The optimal reaction
conditions using L-proline and sodium hydride in DMF at
120 °C exclusively produced demethoxy-circumdatin H in 84%
yield. The enantiomeric excess was decreased to 73% during
the amination reaction. Application of the optimal conditions to
compound 126 led to total synthesis of circumdatin H (7).
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(0]
= NHBr o Br. _
k [ o2 LiOH o |
= NH E—— NH N
THF-H,0 N
o N 0°C N
92%
125 126a
l conditions
conditions yield (%)

Cul, 8-hydroxyquinoline, K,CO3 1
DMSO, 120 °C

Cul, 2-oxazolidinone, NaOMe 30
DMSO, 120 °C
Cul, L-proline, NaH 84
DMF, 120 °C
Cul
(e] Br = ] N:H (0] 4 A
O, L-proline MeO =
MO\~ NH SN e N o
N DMF P
N 120 °C N N
89%
126 Circumdatin H (7) (99% ee)

Scheme 42 Total synthesis of circumdatin H (7).

3.5 Panek and Evano’s synthesis of macrocyclic compounds

In 2005, Panek and Evano reported the total synthesis of (+)-
reblastatin (8)* based on an intramolecular aryl amidation
using a combination of dimethylethylenediamine and Cul
(Scheme 43). Regioselective hydrozirconation of acetylene 127
and subsequent nucleophilic addition to aldehyde 129
exclusively produced allylic alcohol 130. After the
transformation of the ester to amide, the resultant 131 was
subjected to Buchwald amidation conditions to provide 19-
membered lactam 132 in 83% yield. Evano also applied the
amidation reaction to the cis-styryl iodide 133 for the synthesis
of abyssenine (9) and mucronine E (10) (Scheme 44). They
constructed the 15-membered lactam under the same reaction
conditions in good yield and achieved the total synthesis of
abyssenine (9)* and mucronine E (10)* by the deprotection of
the Boc group. Similarly, they utilized this amination strategy
to synthesize paliurine F (135),> Ziziphines N (136),® and Q
(137),% which demonstrated the utility of this reaction for the
formation of macrolactam skeletons.
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o
— ] Et OJ Me
BnO \
MeO
MeO.
CHO
Br Cp,ZrHCI 129
.~ _— J
Me toluene, 50 °C; 0°C

wOMOM  Me,Zn, -65 °C;
55% (dr = 20:1)

MeHN._~ \iivie
Cul
KoCOj
-
toluene
100 °C
83%
130 131
BnO OH
M M
eO o eO o
N = N =
H —
B Me - B Me
Me' MOMO MeO Me' OH MeO 0]
MeO <y NoTBS MeO <Ny N07 NH,
Me Me Me Me
132 (+)-Reblastatin (8)
Scheme 43 Total synthesis of reblastatin (8).
MeO R | MeO. R
MeHN._~
Boc, _ NHMe P \
N Cul N o
Mé NH , O Cs200, Mé NH NH
%o, ) NI THRE0C . S
., g : o 2 K ]]—NH/L
e
Me™ \( Me™ O Me” “Me
Me
133a (R=H) 134a (R =H, P = Boc): 82%
133b (R = OMe) TMSOTf 134b (R = OMe, P = Boc): 84%
2,6-lutidine E
CH,Cl,, 0 °C Abyssenine (R =P =H) (9)

Mucronine E (R = OMe, P = H) (10)

Me,N Me R
Mé MeoN Me

Paliurine F (135) Ziziphine N (136) (R = ~CH,CHMe,)

Ziziphine Q (137) (R = ~CHMe,)

Scheme 44 Total synthesis of natural products having macrolactam moiety.

This journal is © The Royal Society of Chemistry 2012
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3.6 Tokuyama’s synthesis of rhazinicine and rhazinilam

Tokuyama and co-workers reported an enantiocontrolled total
synthesis of rhazinicine (11) and rhazinilam (12) utilizing a
copper-mediated introduction of nitrogen onto an aromatic ring
(Scheme 45). 5 They constructed the highly elaborated
indolizinone derivative 140 by their original gold-catalyzed
double cyclization using a linear substrate 139 bearing aryl
acetylene, amide, and acetal functionalities from optically
active acetylene 138 in two steps. After the conversion of ester
140 to amide 141, the amide was subjected to the modified
amidation conditions and produced (-)-rhazinicine (11).
Conversely, the total synthesis of rhazinilam (12) was achieved
via an intermolecular amination of indolidine 142 using sodium
azide as a nitrogen source® under milder conditions to produce
aniline 143, which was transformed to (-)-rhazinilam (12) by
the formation of nine-membered lactam.

MEO%NHZ
1) MeO
o] o cat. Au(PPhg)NTf,
EDCI, HOBt MeO cat. KHSO,
HO DMAP i-PrOH-1,4-dioxane
[ CHZCIZ , 81% 80 °C (MW)
C[ @K 65%
CO,Me COgMe
cat. PdCl,(PPhg),
138 cat. Cul, Et;N 139
DMF, 50 °C, 88%
o
MeHN._~ 1 ive
Cul
NaN
: - <~
NH, DMSO W
CO,Me 100°C.48h CO,Me CO,Me
143 64% 142 140
1)KOH | 2) EDCI 1) TMSI | 2) CDI
MeOH HOBt CHCly THF;
rt CHCly, 1t reflux NH,OH
76% 94% rt, 83%
(2 steps)
o
MeHN.__~ e
Cul
CsF
: -
xylene
H e} H/g\/ reflux, 120 h
61%
(-)-Rhazinilam (12) (-)-Rhazinicine (11) 141

Scheme 45 Total synthesis of rhazinicine (11) and rhazinilam (12).

3.7 Nishida’s synthesis of lundurine B

Recently, Nishida and co-workers utilized a copper-mediated
intramolecular aryl amination to form cyclopropane-fused
indoline in the total synthesis of (+)-lundurine B (13) (Scheme
46). * Stereoselective formation of the lactone-fused
cyclopropane was achieved by treatment of the trisubstituted
olefin 144 with iodine. The methyl ester 145 was converted to
the corresponding Boc carbamate via saponification followed
by Curtius rearrangement. Regioselective bromination at the
para position of the methoxy group gave the substrate 146 for
the aryl amination. The key amination proceeded smoothly with

This journal is © The Royal Society of Chemistry 2012
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TMEDA as a ligand to provide the desired cyclopropane-fused
indoline 147 in excellent yield, which led to the total synthesis
of (z)-lundurine B (13).

OBn

I, K,.CO5 MeO F H
\<: BUNELCH W
.. 0

o THF 65°C w60 éf

1) 10 M NaOH, 40 °C;

1 M HCI-THF, 30 °C
T

2) DPPA, EtzN, MS4A

+BuOH, 80 °C
84% 90% (2 steps)
(dr 12:1) 145 3) NBS, MeCN, rt

Br H’I\‘ I 100 °C Boc I COMe
Boc 88%
146 (2 steps) 147 (%)-Lundurine B (13)

Scheme 46 Total synthesis of lundurine B (13).

4. Conclusion

The classical copper-mediated Ullmann coupling had been
considered an impractical reaction, although the importance of
the formation of C(sp?)-N bonds had been recognized. This
situation was dramatically changed by the discovery of
palladium-catalyzed aryl amination of aryl halides in the mid-
1990s. Several years later, a mild copper-mediated aryl
amination was revisited based on the use of fine-tuned ligands.
A number of reaction conditions established by several research
groups have been utilized for the construction of C(sp?)-N
bonds in the syntheses of biologically important natural
products and medicines. The copper-mediated aryl aminations
described in this review are complementary methods to the
palladium-catalyzed aminations. Because there are still lack of
copper-mediated C(sp®)-N bond formation of pseudohalides
such as sulfonates compared to the palladium-catalyzed aryl
amination,”® further investigation is strongly required for
expanding the scope. Recently, several examples of palladium-
or copper-catalyzed aryl C—H amination were reported for more
direct synthesis of aniline derivatives. Although aryl C-H
aminations remain immature and plenty of room for
improvement remains, such as the scope of possible substrates
and reaction temperatures, these C-H aminations using
inexpensive copper catalysts could become a practical method
for the conversion of an aromatic C—H bond to a C-N bond.
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