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ABSTRACT: Primary arylamines are an important unit broadly found in synthetic, biological, and materials science. Herein we
describe the development of a (NHC)Cu system that mediates a direct C—H amidation of (hetero)arenes by using N-
chlorocarbamates or their sodio derivatives as the practical amino sources. A facile stoichiometric reaction of reactive copper-aryl
intermediates with the amidating reagent led us to isolate key copper arylcarbamate species with the formation of a C—N bond.
The use of ‘BuONa base made this transformation catalytic under mild conditions. The present (NHC)Cu-catalyzed C—H
amidation works efliciently and selectively on a large scale over a range of arenes including polyfluorobenzenes, azoles, and
quinoline N-oxides. Deprotection of the newly installed carbamate groups such as Boc and Cbz was readily performed to afford

the corresponding primary arylamines.

B INTRODUCTION

Functionalized arylamines are versatile compounds to show
broad utility in various fields such as organic synthesis,
medicinal chemistry, and materials science (Figure 1).! For
instance, cefdinir is a third-generation antibiotic for treating
infections caused by Gram positive and negative bacteria,' and
triphenylamines (TPA) draw interest in the field of organic
light-emitting diodes (OLEDs)."™™ As a result, various
preparative methods have been developed for the synthesis of
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Figure 1. Selected examples of arylamines in applications.
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arylamines.” Among those, whereas a tandem procedure of
nitration followed by reduction is the most conventional
route,”” it often requires dealing with issues of selectivity and
functional tolerance. In this context, transition-metal-catalyzed
construction of C—N bonds has attracted special attention.” In
particular, Pd-catalyzed N-arylation of aryl (pseudo)halides is
now well-established with broad applications by the pioneering
contributions of Buchwald and Hartwig.4’5 On the other hand,
as an alternative approach, direct C—H amination of arenes has
recently been scrutinized with the use of several late transition
metals such as Pd, Ru, Rh, and Ir.° The direct C—H amination
approach has also been examined by using first-row transition
metals due to their abundance, cost efficiency, and environ-
mental compatibility.” In this line, copper has been investigated
in the C—H amination that occurs through an oxidative
coupling pathway® as well as in the conventional nucleophilic
amination.

Recently, Miura et al. introduced secondary chloroamines as
a highly efficient electrophilic aminating source for the copper-
catalyzed C—H amination of azoles (Scheme 1a, top)."® Those
amino precursors were subsequently utilized in the Rh- or Fe-
catalyzed ortho-amination of arenes.'' In addition, O-acyl
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Scheme 1. Cu-Catalyzed C—H Amination of (Hetero)arenes
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hydroxylamine derivatives were also shown to be an efficient
aminating source in the C—H amination by the action of
several metal catalysts including Pd,"**™* Rh,'* Co,'* or
Cu.'?®" Su et al. proved that electron-deficient anilines can be
directly reacted with (hetero)arenes by copper catalyst in the
presence of TEMPO and alkoxide base under aerobic oxidative
conditions to afford secondary diraylamines (Scheme Ia,
bottom)."> We previously showed that silver, cobalt, or
manganese species can eﬁectlvely mediate a nondirected C—
H amination of azoles."* Detailed mechanistic studies of these
reactions revealed that they involve an oxidative rearomatiza-
tion process as a key element, thus giving rise to difficulty in
expanding the substrate scope beyond azoles.'

Contmulng our interests in the direct C—H amination
reactions,'® we herein present the development of (NHC)Cu-
catalyzed C—H amidation of (hetero)arenes by using N-
chlorocarbamates or their sodio derivatives as the practical
amino sources. Stoichiometric studies to fully characterize two
key copper intermediates led us to optimize mild catalytic
conditions that were successfully applied to various substrates
including fluoroarenes, azoles, and quinoline N-oxides. Facile
deprotection of initially introduced carbamate groups readily
delivered primary arylamines.

B RESULTS AND DISCUSSION

Stoichiometric Amidation: Characterization of Key
Copper Intermediates. Recently, N-heterocyclic carbene
(NHC)-copper complexes have been fruitfully utilized in
various important catalytic reactions.'” Along with this
methodology development, detailed mechanistic investigations
have been made mainly by the characterization of key
intermediates bearing NHC as a stabilizing ligand."® Inspired
by Nolan and Hou’s independent studies,'”*’ we recently
reported a (NHC)Cu-catalyzed C—H allylation and homo-
allylation of polyfluoroarenes or heteroarenes.”’ Subsequently,

we were curious if a similar catalyst system of (NHC)Cu can
also be applied to the direct C—H amination of (hetero)arenes.

We decided to initiate this prospective program first by
figuring out key plausible intermediates in a stoichiometric
transformation to see whether the envisioned C—H amination
would indeed be feasible. We, therefore, attempted the
characterization of a (NHC)Cu-aryl species that would serve
as a precursor in a subsequent C—N bond formation.

A NHC-bound copper complex, [(IMes)CuCl] [1a, IMes =
N,N’-bis(2,4,6-trimethylphenyl)imidazol-2-ylidene], was trea-
ted with sodium tert-butoxide (1.0 equiv) in benzene, and then
1.0 equiv of pentafluorobenzene was added at room temper-
ature (Scheme 2). The reaction was completed within 2 h to

Scheme 2. Synthesis of Reactive Copper-Aryl Complexes
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afford a new copper species that was isolated (70%), and its
structure was determined by NMR to be [(IMes)Cu-(C¢F;)]
(2a). Similarly, an analogous copper-aryl species, [(IMes)Cu-
(2,3,5,6-C¢F,H)] (2b), could be isolated in 85% yield by
employing 1,2,4,5-tetrafluorobenzene in THF solvent.
Pleasingly, the molecular structure of 2a was confirmed by an
X-ray crystallographic analysis to display that this copper
complex is monomeric (Figure 2). The angle of Cyyc—Cu—

Figure 2. ORTEP of 2a with thermal ellipsoids set at 50% probability
level (H atoms and benzene solvent are omitted for clarity). Selected
bond lengths (A) and angles (deg): Cul—Cl, 1.888(6); Cul—C12,
1.907(6); C1—Cul—C12, 180.0.

C,iy1 bonds is 180.0° to indicate that the bonding configuration
is completely linear. Bond lengths of Cu—Cyyc and Cu—C,y
are 1.888(6) and 1.907(6) A, respectively. The Cu—C,,; bond
in this complex turns out to be shorter when compared to that
of Cu—C,, in a previously reported tetrameric pentafluor-
ophenyl copper species [1.962(2) to 2.007(2) Al, 2 but
slightly longer than that of a pentafluorophenyl copper-pyridine
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complex [1.8913(17) A].**" The Cu—C,, bond length in
complex 2a is similar to that in a dimeric complex of (4-
methoxy-2,3,5,6-tetra-fluorophenyl)copper-phenanthroline  re-
ported by the Daugulis group, where the corresponding bond
length is 1.932(2) A% 1t should be noted that complex 2a
represents the first example of structurally characterized NHC-
bound copper polyfluoroaryl species to our best knowledge. In
fact, while polyfluoroarenes are known to readily react with
(NHC)Cu complexes to afford the corresponding copper-aryl
species which were proposed as the key intermediate in a
number of reactions,'*****"*! these species have not been
crystallographically characterized while the {(IPr)Cu[CsH,(4-
OMe)]} complex obtained from a reaction of [(IPr)Cu(O'Bu)]
with arylboronic ester was known [IPr = N,N’-bis(2,6-
diisopropylphenyl)imidazol-2-ylidene].'*"

With these isolated copper-aryl complexes [(NHC)Cu-Aryg]
in hand, we next examined the feasibility of copper-mediated
C—N bond formation by reaction with amino precursors.
Regarding plausible amino sources, we first chose N-
chlorocarbamate derivatives since they are easy to prepare
and convenient to handle. Moreover, we envisioned that, upon
deprotection of initially formed carbamate-bearing products,
the corresponding primary arylamines can readily be accessible.
To our delight, when [(IMes)Cu-(2,3,5,6-C¢F,H)] (2b) was
allowed to react with N-chloro-N-sodio-tert-butylcarbamate
[(Boc)N(Na)(Cl)] (3), easily prepared from Boc-NH, (vide
infra), the aryl group was smoothly transferred from the copper
center to the nitrogen atom of the carbamate group to deliver
[(IMes)Cu-N(Boc)(2,3,5,6-CsF,H)] (4) in THF solvent
(63%), thus generating a new C—N bond (Scheme 3). This
complex was fully characterized by NMR and X-ray analysis to
disclose that complex 4 is also monomeric (Figure 3).

Scheme 3. Stoichiometric C—N Bond Formation
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The carbamate group is shown to be bound to the copper
center in an 77'-N—7'-O fashion forming a three-coordinate
copper species. Interestingly, an alkoxy group instead of
carbonyl oxygen is weakly coordinated to the copper center
(Cul—02: 2.838 A). Bond lengths of Cu—Cyyc and Cu—N
are 1.8720(13) and 1.8742(11) A, respectively. The Cu—Cyyyc
bond length in complex 4 is slightly shortened compared to
that in complex 2a, and the Cu—N bond length is slightly
longer than the reported Cu—N distance in the copper anilido
complex [1.846(2) A].*> The angle of C1—Cul—N3 is
173.53(6)°, only slightly distorted from linearity. Interestingly,
weak interactions of C—H:--F—C and C—H:-O=C were
displayed from the crystal packing of this complex (see Table
S14 in the Supporting Information for details). To our best
knowledge, this copper complex [(IMes)Cu-N(Boc)(2,3,5,6-
C¢F,H)] (4) is the first characterized copper species obtained
from a copper-mediated C—N bond forming-process.

N-Choro-N-sodio-carbamates as the Practical Amidat-
ing Reagent. The above stoichiometric reactions demon-
strated that copper-aryl complexes, generated from copper-

Figure 3. ORTEP of 4 with thermal ellipsoids set at 50% probability
level (H atoms are omitted for clarity). Selected bond lengths (A) and
angles (deg): Cul—Cl, 1.8720(13); Cul—N3, 1.8742(11); C1-N1,
1.3609(19); C1—-N2, 1.3594(18); N3—C22, 1.3529(18); C1—Cul—
N3, 173.53(6); N1—C1—Cul, 128.15(11); N2—C1—Cul, 127.55(11).

mediated C—H activation of (hetero)arenes, readily react with
N-chloro-N-sodio-tert-butylcarbamate (3) forming a new C—N
bond. This result led us to anticipate that the development of a
direct C—H amination with the (NHC)Cu system would be
highly feasible. First, we tried to establish a preparative
procedure of the amidating precursor. While we recently
reported a Rh-catalyzed C-8 amidation of quinoline N-oxides
by using N-chlorocarbamates,”* these amino presursors are
often difficult to handle because of troublesome physical
properties (e.g., tert-butyl chlorocarbamates: mp 39 °C**).

In this text, we desired to employ a more convenient and
practical type of amino sources for the C—H amination.
Previously, it was reported that N-chloro-N-sodio-tert-butylcar-
bamate was readily prepared by the reaction of tert-
butylcarbamate (Boc-NH,) with ‘BuOCI followed by treatment
with NaOH/MeOH.” In our case, the same product could be
obtained in high yield by a reaction of Boc-NH, with
trichloroisocyanuric acid (TCCA) followed by a treatment
with NaOH/MeOH (Scheme 4). It should be mentioned that
trichloroisocyanuric acid is cheap and the byproduct (iso-
cyanuric acid) is nontoxic. This reaction could be performed on
a large scale to produce N-chloro-N-sodio-tert-butylcarbamate

Scheme 4. Preparative Route to N-Chloro-N-sodio-tert-
butylcarbamate (3)
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(3). The isolation process is also easy: a conventional workup
provides the analytically pure solid product in high yield (see
the Supporting Information for details). Importantly, N-chloro-
N-sodio-tert-butylcarbamate (3) is convenient to handle and
stable to store without decomposition for a few months at —20
°C.

Catalytic C—H Amidation with (NHC)Copper System.
Encouraged by the above stoichiometric transformations, we
initiated an optimization study of the (NHC)Cu-catalyzed C—
H amidation of 1,2,4-trifluorobenzene®® in reaction with 1.1
equiv of N-chloro-N-sodio-tert-butylcarbamate (3) (Table 1).

Table 1. Optimization for the Amidation Conditions”

R F i) cat. (5 mol %) R F
Na. .Boc Base (2.0 equiv
N N _ Base 20equiv) | NHBoc
Cl Solvent, RT, 5 h
F F

3 ii) H,O 59
R 1a, [(IMes)CuCl] 1b, [(IPr)CuCl] 1c, [(I'Pr)CuCl]
[N>->CuCI R = 2,4,6-Me3CgH, R = 2,6-Pr,CqHs R=/Pr
N 1d, [(ICy)CuCl] 1e, [(I'Bu)CuCI]
R R=Cy R=Bu
INHCICUC ¢ ((sIMes)cuCh 1g, [(SIPr)CuCI]
R = 2,4,6-Me;CgHa R=Pr

entry catalyst base solvent yieldb (%)
1 la ‘BuONa THF 43
2 1b ‘BuONa THF 12
3 1c ‘BuONa THF 57
4 1d ‘BuONa THF 48
5 le ‘BuONa THF 51
6 1f ‘BuONa THF 42
7 1g ‘BuONa THF 56
8 CuCl ‘BuONa THF 14
9 - ‘BuONa THF <1
10 1c - THF <1
11 1c ‘BuOLi THF 3
12 1c ‘BuOK THF 12
13 1c ‘BuONa 1,4-dioxane 45
14 1c ‘BuONa toluene <1
15 1c ‘BuONa CICH,CH,Cl <1
16° 1c ‘BuONa THF S8
174 1c ‘BuONa THF 65
18%¢ 1c ‘BuONa THF 63

?1,2,4-Trifluorobenzene (0.2 mmol), 3 (1.1 equiv), base (2.0 equiv),
catalyst (5.0 mol %), and dibenzyl (0.5 equiv, internal standard) in
THF (0.5 mL). *Crude NMR yields. “Performed in dark conditions.
9For 12 h. *tert-Butyl N-chlorocarbamate was used as the amidation
source with 3.0 equiv of base.

When pregenerated (NHC)Cu catalysts (S mol %) were
examined in the presence of 2 equiv of ‘BuONa, the desired
amidation was found to proceed more efficiently at room
temperature with IMes or I'Pr [I'Pr = 1,3-diisopropylimidazol-
2-ylidene] ligands when compared to IPr (entries 1—3). Other
copper NHC complexes including ICyCuCl (1d) or I'BuCuCl
(1e) displayed slightly lower efficiency compared to I'PrCuCl
(1c) (entries 4—5). In addition, copper catalysts bearing
saturated NHCs such as SIMes (1f) or SIPr (1g) were also
effective for the present amidation (entries 6—7). A reaction
with CuCl alone took place only in low efficiency (entry 8)
while no conversion was observed in the absence of copper

species or base (entries 9—10). Counter cations of tert-butoxide
base were influential for the amidation efliciency to reveal that
lithium or potassium was less effective than sodium (compare
entries 3 and 11—12). While the use of 1,4-dioxane solvent led
to a slightly decreased yield than THF (compare entries 3 and
13), other nonpolar solvents were totally ineffective (entries
14—15). When the reaction was carried out in dark conditions,
no noticeable change was observed (entry 16) to imply that the
amidation is not affected by visible li%ht as sometimes observed
in the copper-catalyzed reactions.”” The amidation gave a
similar yield when tert-butyl N-chlorocarbamate [Boc-NH(CI)
in Scheme 4] was employed as an amino source, but with
higher loading of ‘BuONa (entry 18).

Substrate Scope of the (NHC)Cu-Catalyzed C-H
Amidation. With the optimized conditions in hand, a range
of polyfluoroarenes were next examined. Pleasingly, substrates
bearing various substituents were amidated with N-chloro-N-
sodio-tert-butyl carbamate (3, 1.1 equiv) in satisfactory yields at
room temperature (Table 2). Tetrafluoroanisole was reacted to
give the desired product (Sa, 86% in 2 h) using 2.0 mol % of
catalyst 1c. The structure of Sa was confirmed by an X-ray
crystallographic analysis. Likewise, a substrate bearing a tert-
butoxy group reacted smoothly (Sb). Labile substituents such
as bromo or cyano groups were compatible with the present
conditions (5c—5d). Two isomeric tetrafluorobenzenes were

Table 2. Scope of Fluoroarenes in the C—H Amidation®

cat. 1c (2 ~ 10 mol %) NHB
oc
Fn@ . Na\N,Boc Fn@
Cl
3

BuONa (2.0 equiv)

25 °C, THF
R F | R F
-~/ S
MeO NHBoc /\\ /\/\@/\ BuO NHBoc
F F | F F
5a, 2 h, 86% X-ray of 5a 5b, 2 h, 70%
R F R F R F
BrAQ—NHBoc NC‘%}NHBOC Q—NHBOC
FF FF F F
5¢, 2 h, 68% 5d, 4 h, 78%" 5e, 2 h, 64%

-
-
! m

F
NHBoc Q—NHBOC
F F

5f, 2 h, 68%

F
FQNHBOC
E

5h, 12 h, 36%°
12 h, 66%7

NC F
NHBoc
NHBoc @F NHBoc
F

5i, 12 h, 13%¢

59, 12 h, 59%°

2

5§, 12 h, 0% 5k, 12 h, 62%°

F NO, R F R F
BuO
NHBoc NHBoc BocHN O O NHBoc
o
F F F F F F

51, 12 h, 60%¢ 5m, 12 h, 59% 5n, 2 h, 70%°

“Fluoroarenes (0.5 mmol), 3 (1.1 equiv), ‘BuONa (2.0 equiv), and 1c
(2.0 mol %) in THF (0.5 mL); isolated product yields shown. “LiOBu
used as the base. “1c (5.0 mol %). “1c (10.0 mol %). ©2.5 equiv of 3

and 4.0 equiv of ‘BuONa.
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amidated without difficulty (Se—5f). Not surprisingly, sub-
strates bearing less acidic C—H reactive sites were found to
exhibit lower reactivity. Trifluorobenzenes were amidated in
moderate yields with higher loading of copper catalyst (Sg—
Sh). It needs to be mentioned that the position of amidation is
controlled by the relative acidity of the potentially reactive C—
H bonds present (Sg).28 On the other hand, challenging
substrates including di- or monofluorobenzene were sluggish
under the present conditions (5i—5j). However, we were
pleased to see that electron-withdrawing groups other than
fluoro can also be effective substituents for the present copper-
catalzyed C—H amidation. Indeed, benzenes substituted with
cyano, ester, and nitro groups were readily amidated under the
present catalyst system to afford the corresponding products in
satisfactory yields (Sk, Sl, and Sm, respectively). It should be
noted that tert-butyl 3,5-difluorobenzoate was selectively
amidated at the C-4 position (51). Interestingly, a biphenyl
substrate bearing octafluoro substituents was smoothly
amidated at both C—H bonds leading to a bisamidated product
(5n), a potentially valuable compound in materials science.'*®

With the successful results on polyfluoroarenes, we
subsequently turned our attention to the C—H amidation of
heteroarenes (Table 3). Benzothiazole was efficiently amidated
at the C-2 position (6a) with N-chloro-N-sodio-tert-butyl
carbamate (3, 1.1 equiv) by using catalyst 1c (S mol %), and

Table 3. Scope of Heteroarenes in the C—H Amidation®

cat. 1¢ (5 mol %)
L3

BuONa (2.0 equiv)

o
I 25°C, THF
N NN\ . - N
@[ S=nhBoc  V\_ VT NN/ /@[ S—NHBoc
s NS ’ n Br s
6a, 2 h, 80% X-ray of 6a 6b, 2 h, 55%
/\/\/6\'/
/©[N\ N, \\/ $ !
NHBoc
Me.. s>_ [ >—nHBoc
N vof ~
) S l
Boc /\@/\,\ \
-

6c, 2 h, 75% 6d, 12 h, 67%"

X-ray of 6d (Dimer)

N s_ N N-N
Br—_| [/> <l (P ~NHBoo
S S (¢}
NHBoc N NHBoc

6e,2h, 77% 6f, 12 h, 62%" 6g, 2 h, 54%°
I\I/Ie
O. N N
N-N N-N
B B T | D=NHBoc
o NHBoc e} NHBoc Me”™ N
FaC MeO 5 )

6h, 2 h, 69%° 6i, 2 h, 69%° 6j, 12 h, 41%

> TULL,,, O
P P
N~ “NHBoc > NHBoc =7

I

10-Z+
10-Z+

6k, 12 h, 45% 6l, 12 h, 73%4 X-ray of 61

“Heteroarenes (0.2 mmol), 3 (1.1 equiv), ‘BuONa (2.0 equiv), and 1c
(5.0 mol %) in THF (0.5 mL); isolated product yields shown. bAt 60
°C. “LiO'Bu was used as the base. I 4-Dioxane was used as the

solvent.

the structure of 6a was confirmed crystallographically.
Derivatives having bromo or amido substituents also underwent
the desired amidation without difficulty (6b—6c). Thiazole was
reacted selectively at the C-2 ]gosition28 to afford synthetically
valuable 2-amidothiazole (6d).” Again, the structure of 6d was
confirmed by an X-ray crystallographic analysis. Significantly,
the position of C—H bonds in the amidation of thiazoles was
found to be altered by the presence of the pre-existing
substituents. For instance, 2-bromothiazole was selectively
amidated at the C-S position leaving the C4—H bond intact
while the labile bromo group remained untouched (6e).
Monoamidation of 2,2’-bithiazole was achieved by using 1.1
equiv of N-chloro-N-sodio-tert-butyl carbamate (3) at slightly
higher temperature in good yield (6f). It needs to be
mentioned that Daugulis and co-workers succeeded in the
direct C-2 arylation of thiazoles with iodobenzene by using a
copper/phenanthroline catalyst system.'”*

Oxadiazoles were amidated effectively by employing ‘BuOLi
base in these substrates (6g—6i). Electronic variation at the 2-
phenyl moiety of 1,3,4-oxadiazoles little influenced the
amidation efficiency. Significantly, caffeine, a structural motif
found in important biomolecules,®® underwent the desired
reaction to afford 8-amidocaffeine (6j). In addition, quinoline
N-oxides were observed to be amidated selectively at the C-2
position. When quinoline N-oxide was allowed to react with N-
chloro-N-sodio-tert-butyl carbamate (3, 1.1 egiuv) in 1,4-
dioxane, the corresponding amidated product (6k) was
obtained in moderate yield (25 °C, 12 h). A derivative bearing
a chloro group at the C-6 position underwent the C—H
amidation more efficiently to give the desired product (61), and
its structure was confirmed by X-ray analysis.

It should be mentioned that the present copper catalyst
system for the C-2 amidation of quinoline N-oxides turns out
to be complementary to the previously reported C—H
amidation routes with regard to the regioselectivity. We recently
showed that quinoline N-oxides can be amidated selectively at
the C-8 position under the Ir or Rh catalyst systems by
employinég sulfonyl azides or N-chlorocarbamates as the amino
sources.'°“** In this approach, the N-oxide moiety of quinoline
N-oxide substrates works as a directing group to guide the
remote C8—H bond activation by forming the corresponding
metallacyclic intermediates. This aspect is clearly distinct for
the present approach wherein the most acidic C—H bond is
selectively amidated without the need of directing groups in
substrates.

In addition to the scope of (hetero)arenes, we also briefly
investigated the feasibility of synthetically valuable carbamates
as additional types of deprotectable amidating sources. We were
pleased to see that a wide range of N-chlorocarbamates were
readily employed with the present (NHC)Cu catalyst system
under mild conditions (Table 4). For instance, N-benzylox-
ycarbonyl (Cbz) could be introduced at the 2-position of
benzothiazole (7a). In addition, the alkoxy group in carbamates
was found to be flexible to include methyl, ethyl, and chiral
menthyl groups (7b—7d). Trimethylsilylethyl carbamate was
also installed in satisfactory yield (7e) that has been widely
used as an amino-protecting group as well as in the synthesis of
glycosides.”’ We were pleased to observe that N-chlorobenza-
mide could serve as an efficient amidating precursor in a
reaction with benzothiazole (7f). In addition, the application of
benzyl N-chlorocarbamate (Cbz) was successful with several
(hetero)arenes such as 2-bromothiazole (7g), tetrafluoroanisole
(7h), and polyfluorobiphenyl (7i). It is noteworthy that the C—
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Table 4. Scope of N-Chlorocarbamates®

cat. 1c (5 mol %)
. H\’?‘,Pro

BuONa (3.0 equiv)

& THF, RT
N N N
@[ H=NHCbz H=NHCO,Me H=NHCO,Et
S s s
7a, 12 h, 62% 7b, 2 h, 65% 7¢,2h,61%
(63%)P
N N o] o)
A, O y 30
S o] S o) ©[ H=NH
0 _\—TMS S
>©_ 7e,2h, 63% 7f,2h, 75%

0,
7d, 3 h, 83% E F

R FFR F
N NHCbz
)E S—8r MeOAQ—NHCbZ
CbzHNT S AR F FF F

79, 12 h, 64%°¢ 7h, 12 h, 59%¢ 7i, 12 h, 65%¢
(63%)bed (56%) (77%)

?(Hetero)arenes (0.2 mmol), amidation source (1.1 equiv), ‘BuONa
(3.0 equiv), and 1c (5.0 mol %) in THF (0.5 mL); isolated product
yields. bUsing N-chloro-N-sodio benzylcarbamate (1.1 equiv) and
‘BuONa (2.0 equiv); the values in parentheses refer to the NMR
yields. “1c (10.0 mol %). “At 60 °C.

H amidation of heteroarenes was also examined with isolated N-
chloro-N-sodio benzylcarbamate [(Cbz)N(Na)(CI)] as the
amidating reagent. Pleasingly, the reaction efliciency was
observed to be similar when compared to the product yields
obtained from amidation with [(Cbz)NH(CI)] (7a, 7g, 7h, and
7i).

Mechanistic Studies. To shed light on the present C—H
amidation pathway, a serious of mechanistic experiments were
performed. No measurable kinetic isotope effect (KIE) was
observed in competition reactions between (tetrafluoro)-
alkoxybenzene and its deuterated derivative (Scheme Sa).
The absence of intermolecular kinetic isotope effect (KIE)
suggests that the C—H bond cleavage of arenes may not be
related to the rate-determining step.

When 1,2,4,5-tetrafluorobenzene-d was subjected to the
amidation conditions, a H/D exchange was observed in this
substrate leading us to conclude that no informative intra-
molecular KIE values can be obtained (Scheme 5b). Notably, a
small amount of a byproduct, 1,1’-biphenyl, was detected in
NMR and GC—MS analysis from an amidation of 2,3,5,6-
tetrafluoroanisole under the current catalyst system. On the
basis of the precedent examples, this result can be interpreted
to consider that a higher order of oxidation state of copper
species may be involved.”> Moreover, a radical pathway could
be ruled out since the addition of TEMPO did not affect the
reaction outcome (Scheme Sc).

We were also curious about the final stage in the catalytic
cycle: the regeneration of catalytically active copper species
with product release (Scheme Sd). When an isolated copper
carbamato complex [(IMes)Cu-N(Boc)(2,3,5,6-C¢F,H)] (4)
was allowed to react with ‘BuOH (2.0 equiv) that is generated
in situ from the copper-aryl formation, no conversion (<1%)
was observed, thus indicating that protonolysis of the
[(IMes)Cu-N(Boc)(Arg)] intermediate is less likely. However,
when ‘BuOLi (2.0 equiv) was added to this solution,
[(IMes)Cu(O'Bu)] started to form slowly at room temper-
ature, and the conversion reached 30% after 5 h at the same

Scheme 5. Preliminary Mechanistic Studies

a) Intermolecular kinetic isotope effects

HID 1c (2 mol %) 80 k .
F F Na, BuONa (2.0 equiv) u
"N T asc
F F ~de, 25°C F N(Na)Boc
O'Bu F
klkp = 1.0
b) H/D Exchange
N(Na)Boc H
H 1c (2 mol %)
F FOF F
F F Na, ‘BUONa (2.0 equiv)
+ NC —————~ » +
F F Bod THF-dg, 25°C, 40 min ~ F F F F
) X X
38% 62%
X HD=211) (X HD=122)
(No informative intramolecular KIE )
c) Effect of electron transfer inhibitors
OMe
H i) 1c (2 mol %) BocHN F F
F F Na BuONa (2.0 equiv) E E
+ N-Bog ——————r . F F
F £l THF-dg, 25 °C i E F
OMe i) H20 F O
OMe F F
OMe
W/TEMPO (1.5 equiv) 92% 3%
w/o TEMPO 90% 3%
d) Ligand exchange of copper carbamato complex E

E
additive (2 eq) Mes F F
Mes F F 250°C
+ BuOH

N
N [ >—~Cu—OBu + X—N_F
[N>——Cu\—N F (2equy THFds N

\ 0Ny Mes 0
Mes >L
/% 4 additive 10 min 5h

- <1% A% (X=H)
BuOLi 5% 30% (X =Li)
‘BuONa 99% 99% (X =Na)
e) C-5 Activation of 2-bromothiazole
R
N N 'BUONa, THF N,R
RT,2h N
o o 9o —2h o gy
N\ S Isolated Yield: 63% N ST gy
1.1 equiv, i
R (116 R=26/PrCH) R g(xray)
1b (X = Cl)
‘BuONa

>99%

N
1b' (X = OBu) + [ >—Br
S

THF-dg, RT, 15 min
>99% (NMR tube)

temperature. Significantly, the same conversion was completed
within 10 min by the addition of sodium base (‘BuONa, 2.0
equiv) under otherwise identical conditions to form [(IMes)-
Cu(O'Bu)] quantitatively along with [(Na)N(Boc)(Arg)] (see
the Supporting Information for details). These results suggest
that the copper carbamato complex [(NHC)Cu-N(Boc)(Ary)]
readily exchanges the amido ligand with tert-butoxide to relase
product with the regeneration of catalytically active copper
species [(IMes)Cu(O'Bu)], and its efficiency is dependent on
the counter cations although the exact reason is not clear at the
present stage.

In addition, a Cu(I) aryl complex 8 generated from the C—H
activation at the C-S position of 2-substituted thiazoles was
confirmed crystallographically for the first time (Scheme Se).
When [IPrCuCl] (1b) was reacted with 2-bromothiazole in the
presence of sodium tert-butoxide, a new copper complex was
isolated in 63% yield (in 2 h at 25 °C). It was also proved that
[(IPr)Cu(OBu)] (1b’) was formed quantitatively from its
chloro precursor 1b with ‘BuONa, and that 1b’ was
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subsequently reacted with 2-bromothiazole affording the same
complex 8 also in quantitative yield. Structure of 8 was
characterized by an X-ray analysis (Figure 4) to reveal that the
Cu—Cyyc and Cu—C,, bond lengths are 1.897(2) and
1.895(2) A, respectively, and the angle of C1—Cul—C28 is
173.15(10)°.

Figure 4. ORTEP of 8 with thermal ellipsoids set at 50% probability
level (H atoms and diethyl ether solvent are omitted for clarity).
Selected bond lengths (A) and angles (deg): Cul—Cl, 1.897(2);
Cul—C28, 1.895(2); C28—C29, 1.360(4); C28—S1, 1.717(3); C29—
N3, 1.385(3); C1—Cul—C28, 173.15(10).

On the basis of the above mechanistic studies and literature
precedents,'’~>"**** a proposed pathway of the (NHC)Cu-
catalyzed C—H amidation of (hetero)arenes is presented in
Scheme 6. First, a catalyst precursor [(NHC)Cu—ClI] (I)
exchanges its chloro ligand with alkoxide base to form an
isolable [(NHC)Cu—O‘Bu] complex (II) that will subse-

quently react with arene substrates (Ar—H) with the generation
of a structurally fully characterized copper-aryl intermediate
(III). We propose that an oxidative insertion of an amidating
reagent (N-chloro-N-sodio-alkyl carbamates or N-chlorocarba-
mates) at the Cu(I) center of IIT will occur, thus forming a
Cu(III) complex (IV). In fact, copper-aryl species were known
to react with chloroamines or O-acyl hydroxylamines to form
Cu(IlI) complexes according to the independent studies of
Buchwald, Miura, and others.'”'*®** Moreover, Stahl provided
a solid evidence for the involvement of the Cu(I)/Cu(IIL) cycle
in the C—N bond formation with the isolation of a well-defined
Cu(III) complex.**

Again, it is believed that the reactive Cu(III) species IV will
undergo a transfer of an aryl group to the carbamate moiety
affording a Cu(I) carbamato intermediate (V) by forming the
desired C—N bond as characterized in the above study. Finally,
this copper species V will exchange a ligand with base, sodium
tert-butoxide, thus delivering the amidation product with
concurrent regeneration of catalytically active copper species IL.

Synthesis of Primary Aromatic Amines. Synthetic utility
of the present (NHC)Cu catalyst system was briefly
demonstrated as shown in Scheme 7. The C—H amidation
was highly convenient even on a gram scale where the catalyst
loading could be lowered without affecting the efficiency
(Scheme 7a). As anticipated, the newly introduced carbamate
groups were readily deprotected under the well-established
conditions to afford primary arylamines. For instance, after the
initial C—H amidation of benzothiazole, the NH-Boc group was
removed by acid to give 2-aminobenzothiazole (9a) in 80%
yield over 2 steps (Scheme 7b).

The present amidation approach is highly flexible in choosing
amidating precursors as proved in the synthesis of an aniline
derivative (Scheme 7c). Two amino sources (Boc- and Cbz-
carbamates) can be efficiently utilized in the C—H amidation,
and the corresponding amidated compounds were subsequently

Scheme 6. Proposed Mechanism
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/ —_—
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1 Ar-H
\[BUOH

NHC—Cu—Ar III
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Scheme 7. Synthetic Application
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subjected to the individual deprotection conditions to afford
2,3,5,6-tetrafluoro-4-methoxyaniline (9b). Finally, this catalytic
system can be applied as an orthogonal route to install
multiamino moieties with different protecting groups (Scheme
7d). For instance, a double C—H amidation of octafluor-
obiphenyl occurred through a tandem manner to afford a
bisamidated compound (9¢) bearing two different carbamate
groups (Boc and Cbz). Importantly, each protecting group
could selectively be removed without affecting the other
carbamate moiety (9d and 9e).

B CONCLUSIONS

We have developed the (NHC)Cu-catalyzed C—H amidation
of (hetero)arenes using N-chlorocarbamates or their sodio
derivatives as the amidating sources. In particular, the latter one
(N-chloro-N-sodio-carbamates) was found to be convenient to
handle, easy to scale up, stable to store, and environmentally
friendly, giving rise to NaCl as a single byproduct in the present
C—H amidation system. In stoichiometric reactions, two types
of key copper intermediates were isolated and fully
characterized for the first time which subsequently led us to
optimize the catalytic conditions. The developed amidation
protocol works highly efficiently and selectively over a broad

12612

range of substrates to include polyfluorobenzenes, azoles, and
quinoline N-oxides. The installed carbamate groups can readily
be deprotected to deliver primary arylamines, thus anticipating
an immediate application in synthetic, medical, and materials
chemistry.
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