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Metal-catalyzed reactions for the C(sp?) — N bond formation:

achievements of recent years
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The review deals with the main catalytic methods for the C(sp?)—N bond formation, including Buchwald — Hartwig
palladium-catalyzed amination of aryl and heteroaryl halides, renaissance of the Ullmann chemistry, i.e., the application of
catalysis by copper complexes to form the carbon —nitrogen bond, and Chan— Lam reactions of (hetero)arylboronic acids
with amines. Also, oxidative amination with C— H activation, which has been booming during the last decade, is addressed.
Particular attention is paid to achievements in the application of heterogenized catalysts.
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1. Introduction

The discovery of cross-coupling reactions catalyzed by
palladium(0) complexes in the 1970s was a highly important
achievement that substantially changed the strategy of
organic chemistry. Although the Nobel Prizes in Chemistry
of 2010 were awarded for reactions concerning the
C(sp?)—C(sp?) bond formation, no less important are
other types of cross-coupling reactions giving carbon—
carbon bonds, e.g., involving carbon oxide (carbonylative

cross-coupling), and carbon —heteroatom (N, O, S, Se, P)
bonds. A special place among these processes is occupied by
C(sp?)—N bond formation reactions. It is well known that
these bonds are present in numerous natural products,
medicinal agents, agrochemicals and organic materials.
Meanwhile, particularly the C—N bond formation via
cross-coupling reactions proved to be the greatest challenge.
The cause for this is obvious: the catalytic cycle of reactions
of this type includes a transmetallation step involving
participation of the anion of the reacting nucleophile. One
more difficulty of amination, unlike the formation of the
C(sp?)—C(sp?) bond, is the influence of the reductive
amination step on the possibility for the reaction to occur.
These fundamental problems have been successfully solved
since the mid-1990s in the studies on the Pd-catalyzed
amination.

Meanwhile, just several years after the first studies on
the use of palladium complexes to form the C(sp?)—N
bond, alternative methods involving less expensive copper
catalysts started to be developed. On the one hand, the same
reactions of aryl iodides and aryl bromides with amines
were used, and this was called the renaissance of Ullmann
chemistry, but on the other hand, it was possible to use
arylboronic acids instead of aryl halides. Subsequently, the
catalytic oxidative amination with CH-activation started to
be actively developed. In this case, the presence of a halogen
or boron atom in the substrate is no longer necessary, but
an important role is played by directing groups, which boost
the C(sp?)—H bond conversion to the C(sp?)—N bond.

L.P.Beletskaya. Academician, Doctor of Science in Chemistry, Professor,
Head of the Laboratory of Organoelement Compounds of the Division of
Organic Chemistry, Department of Chemistry, MSU.

E-mail: beletska@org.chem.msu.ru

Current research interests: organic chemistry, chemistry of organoelement
compounds, transition metal catalysis in organic synthesis.

A.D.Averin. Doctor of Science in Chemistry, Leading Researcher of the
same Laboratory.

E-mail: alexaveron@yandex.ru

Current research interests: transition metal catalysis in organic synthesis,
macrocyclic compounds, fluorescence detection.

Translation: Z.P.Svitanko

Received 21 August 2020

© 2021 Uspekhi Khimii, ZIOC RAS, Russian Academy of Sciences and IOP Publishing Limited


https://doi.org/10.1070/RCR4999
https://orcid.org/0000-0001-9705-1434

1360

1.P.Beletskaya, A.D.Averin
Russ. Chem. Rev., 2021, 90 (11) 1359-1396

These diverse methods for the nitrogen—carbon bond
construction constitute the subject of this review.

2. Palladium-catalyzed amination of (hetero)aryl
halides

2.1. Early development of methodology of Pd-catalyzed
C —N bond formation
Currently, there are hundreds of publications devoted to the
development of methodology of carbon-—nitrogen bond
formation that consider various aspects of the palladium-
catalyzed amination. Recently, several reviews on this sub-
ject were published.! ~* Therefore, in this review, we address
the most important aspects of this reaction, first of all, the
influence of the ligand nature on the course of amination,
with the attention being focused on the achievements of
recent years.

In the case of free amine, the formation of an anion from
a basic amine is problematic; this brings about the problem
of decreasing the basicity of the nitrogen atom. A reaction
of C(sp?) — N bond formation was first described in 1983 by
Migita and co-workers,> who used aryl bromides and tin
amides and catalysis by palladium chloride PdCl, and
P(o-Tol)s ligand [Tol is methylphenyl (tolyl)]. When palla-
dium compounds are used as catalysts, the N—H bond in
the intermediate complex is acidic and, hence, the base is
capable of abstracting a proton to form the amide complex,
which is converted to the product ArNR» upon reductive
elimination (Scheme 1).

Scheme 1
i |
B
—Pd—NHR —Pd—
Ar /C{ 2 W Ar I‘Dd NRz —> ArNRz
X L L

L is ligand, X is the leaving group (halogen atom),
Ris alkyl or aryl substituent, B is base

Back in 1984, it was shown for a single example that in
the presence of 1.5 equiv. of Pd(PPhs3)4, reductive amination
of aryl bromide may take place to give a B-carboline.® After
preliminary study of the applicability of stannyl derivatives
of amines for elucidating the mechanism and modifying the
conditions of the Kosugi—Migita reaction,””% in 1995,

Buchwald: Scheme 2
Pd(dba)»/2 P(o-Tol)s 253
Br or PdClz(P(0-Tol)s) NRZR
+ HNR2R3 >
Bu'ONa, PhMe,
= 650r 100 °C R

R' = 4-Ph, 4-Bz, 4-NMe, 3-OMe, 3-CF3; /_\

HNR?R3 = n-HexNH,, PhNHMe, BnNHMe, [ ] fﬁ
H

Hartwig: H
PdCly(P(o-Tol)3)
or Pd(P(o Tol)3 2
R Br +
N Bu‘ONa
H or LIN(TMS), o
PhMe, 100 °C (72—94%)

R = H, Bu", OMe, CFj3; dba is dibenzylideneacetone
Hex is hexyl, TMS is trimethylsilyl

Buchwald and co-workers® and Louie and Hartwig !° inde-
pendently published papers in which they used amines
themselves, but not their stannyl derivatives, for amination
in the presence of a catalytic amount of the palladium
complex with tri(o-tolyl)phosphine (Scheme 2).

Subsequently, both research groups succeeded in devel-
oping the amination methods for aromatic compounds with
diverse amines: primary, secondary, cyclic, aliphatic and
aromatic amines and ammonia. It soon turned out that the
amination reactions often require the use of fairly specific
ligands; however, this stimulated the synthesis of a variety
of phosphine ligands with high efficiency. The success was
impressive: owing to appropriate selection of the electron-
donating and sterically hindered ligands, the amination of
aryl chlorides can be carried out under mild conditions.
This reaction was deservedly named the Buchwald —Hart-
wig reaction.

As compared with the cross-coupling reactions giving
the C(sp?)—C(sp?) bond, which was the subject of the
Nobel Prize in 2010, amination is a more complicated
task. The implementation of the transmetallation step
requires the formation of nucleophile in the anionic form,
but the deprotonation of the basic amino group is fairly
problematic. This is why the way from the reaction with tin
or boron amide to reactions with free amines was so long.

However, it should be mentioned that at the end of 1995,
Beletskaya and Davydov!'! accomplished the reaction of
aryl halide with diphenylamine catalyzed by palladium in
the presence of Cul without a ligand in aqueous butanol
(Scheme 3). Note that the authors did not intend to create
an amination method. They further developed the previ-
ously proposed approach to various types of cross-coupling
in water or in aqueous media catalyzed by ligand-free
palladium by attempting to extend it to reactions giving
carbon —heteroatom bonds, particularly the C(sp?)—N
bond.

|
Ph.NH Pd(OAC)z, K2COg, Cul
+ >~
. 2 H.0, Bu"OH

R = H, Cl, Me, OMe

Scheme 3

: NPh
R

(80—90%)

Subsequently, arylation of benzotriazole was carried out
under similar conditions (Scheme 4).!2 However, it turned
out that the palladium-catalyzed reaction gives a mixture of
isomeric products of amination at positions 1 and 2; only
the addition of a copper salt results in the selective for-
mation of the arylation product at the N(1) atom.!?

Scheme 4
R

PdCly(dppe), Cu'"
_ratlaldppe), bu”

H
I N
O L s
R N K>CO3, DMF, 150 °C N\
N
N

R = H, F, Cl, Br, I, Me, OMe, Ac, CN, COEt;
0,
dppe is 1,2-bis(diphenylphosphino)ethane (75—-98%)
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Since this reaction is sensitive to the nature of the aryl
halide and amine, careful choice of the ligand, the base and
the solvent is required. First of all, we will consider the
ligand issue. Even the first attempts of the Buchwald and
Hartwig to use the Kosugi and Migita catalytic system for
arylation of aliphatic amines demonstrated that this system
is suitable for reactions of secondary amines in the presence
of bases, but is inefficient in the reactions of primary
amines. In this case, the competing hydrodehalogenation
reaction, which always accompanies amination, becomes
predominant. As a result, instead of complex ArPANRR’,
palladium hydride complex ArPdH is formed, which finally
gives rise to ArH (Scheme 5).3- 13

Scheme 5
ArNRR/

ArH ArX

PdOL,

ArPdLNRR
ArPdHL ArPdXL,
R'CH=NR ArPdXL,
T R'CH,NHR
/
X R'CHNHR

It is known that particularly the use of phosphine
ligands made possible the first palladium-catalyzed cross-
coupling giving C(sp?)—C(sp?) bond. However, the choice
of the ligand is especially important for the cross-coupling
to form the C(sp?)—N bond. This issue is considered in
numerous publications describing a variety of ligands,
which allowed for conducting these reactions even for
poorly reactive aryl chlorides. However, other factors such
as the catalyst precursor, the solvent, the base and the
temperature are also important, and certainly the nature
of amine plays the crucial role. All these factors are
interrelated and can affect one another.

2.2. Phosphine ligands in palladium-catalyzed amination
While starting their studies on the amination of aryl halides,
Buchwald and Hartwig used bidentate ligands — 2,2'-
bis(diphenylphosphino)-1,1’-binaphthyl ~ (BINAP) and
1,1’-bis(diphenylphosphino)ferrocene (dppf), respectively —
in the presence of a strong base (sodium tert-butoxide).
Exactly the use of these systems enabled reactions with
primary and secondary amines.'% !5 Bidentate ligands such
as BINAP, possessing a chelating effect, ensure the pre-
dominance of reductive elimination over the P-hydride
elimination. They not only provide a higher reaction rate,
but also make it possible to aminate the least reactive aryl
tosylates and aryl chlorides under fairly mild conditions.!®
Subsequently, the range of aromatic bidentate ligands
designed for these processes was supplemented by
DPEPhos, XantPhos and NiXantPhos (Fig. 1).

These ligands were used to perform coupling of aryl
chlorides not only with amines,!” but also with various
N-nucleophiles such as amides, sultams and ureas.!8-2° It
was shown that the use of XantPhos enables the palladium-
catalyzed arylation of aniline with aryl trifluorosulfo-
nates.?! The use of catalytic amounts of metal trifluorome-

SO
! PPh,

rac-BINAP

H

o
PPh, PPh,
NiXantPhos

s¥sisee

PPh, PPh, PPh, PPh,

DPEPhos XantPhos

Figure 1. Bidentate diphos-
phine ligands.

thanesulfonates (triflates) (Al, Zn, In, Sc, Yb) accelerates
coupling of aryl bromides with amides catalyzed by the
Pd(dba),/XantPhos system via the exchange of the halogen
atom with triflate,?? while in the presence of NiXantPhos,
coupling of secondary amines with aryl chlorides was
successfully performed.?? 2-(Dimethylamino)-2'-(dicyclo-
hexylphosphino)biphenyl (DavePhos), a mixed P,N-biden-
tate ligand proposed by Buchwald,?* exhibits a high activity
towards amination of not only aryl bromides, but also aryl
chlorides (Scheme 6).

Scheme 6
Cl 2R3
Pdx(dba)s/DavePhos NR*R
+ HNR?2R? ———————»
ButONa,
R1 PhMe or DME 1
(up to 99%)

R' = 4-Me, 4-OMe, 2-OMe, 3-OMe, 4-CN, 3-CN, 4-NOg, 2-NO,,
4-Ac, 3-CO2Me, 2-CO2Me;
HNR?R® = BnNH2, Bu"NH,, PhNHMe, XCeH4NH2 (X = H, 2-OMe,

4-OMe, 3-Me, 2-CO,Et), [ ] [ ]

PCy2 H H
DavePhos = ; DME is dimethoxyethane, Cy is cyclohexyl
MEZN

It was found that the electron-donor, first of all, steri-
cally encumbered monophosphine ligands are also active in
the amination reactions (Fig. 2).

PCy, Pr
“ H ()
R = But: JohnPhos; XPhOS
R = Cy: CyJohnPhos Pri
R, Pr O Cy2P
H L) H W,
OMe Pri
R = Cy: BrettPhos; pr RuPhos

R = But: Bu'BrettPhos

Figure 2. Ligands based on 2-phosphinobiphenyl.
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In a review called ‘a user’s guide’ and addressing the
problem of choice of the ligand depending on the nature of
amines and arylating reagents, Buchwald and co-workers ?°
gave direct recommendations to synthetic chemists on how
to choose the most appropriate ligand for the arylation of
amines [primary, secondary, cyclic, acyclic, aliphatic and
(hetero)aromatic amines], amides, ureas, carbamates and
sulfamides, considering nine practically used biarylmono-
phosphine ligands as examples.

The amination of aryl chlorides with various amines was
successfully implemented wusing the JohnPhos and
CyJohnPhos monophosphine ligands.?* The sterically
more encumbered XPhos ligand enabled the amination
and amidation of aryl sulfonates;?® the same ligand proved
to be efficient in the amination of (hetero)aryl chlorides 27
and also made it possible to accomplish the selective syn-
thesis of di- and triarylamines from ammonia.?® Further
development involved the use of BrettPhos. This ligand was
used to perform amination of aryl mesylates and selective
monoarylation of primary amines with aryl chlorides,?®
while structurally similar Bu'BrettPhos catalyzed the aryla-
tion of amides with aryl chlorides.?® One more sterically
encumbered ligand, RuPhos, was especially efficient in the
reactions of secondary amines with aryl chlorides.?! Among
these ligands, mention should be made of the mixed
P,N-ligand L!, which promotes the arylation of sterically
hindered amines with aryl chlorides; in this case, palladium
is present as a cyclopalladate (Scheme 7).32

Scheme 7

L1\ OMe
HoN--Pd

e

+ But - —>
HoN Me ButONa, dioxane, 80 °C

OMe
Me

Cl

MeO

t Bun
AN MeP! Phy /
P MeoN

M62N

—>

MeO OMe
(100%)

Recently, a palladium complex with substituted carba-
zole L2 was proposed as the catalyst for successful amina-
tion of sterically hindered aryl chlorides with also sterically
hindered amines.?? This catalyst proved to be so active that
only minor concentrations of the catalyst (0.03—1 mol.%)
were needed for the reaction (Scheme 8).

The activation of the chlorine atom in 5-nitropyrimidine
derivatives 1 made it possible to obtain products in up to
96% yields by reactions with aliphatic and aromatic amines
catalyzed by the Pd°/BINAP system (Scheme 9).34

The effect of substituents in various positions of the
aromatic or heteroaromatic ring on the aminodehalogena-
tion reaction was considered for the reactions of 2-chloro-
and 2-bromo-5-fluoropyridines with various amines in the
presence of the Pd°/XPhos catalyst (Scheme 10). The prod-
uct yield depended on the nature of amine and varied over a
very broad range, from 96% for butylamine to 25 and 15%
for aniline and benzylamine, respectively.3>

Scheme 8
) ) Pri
Prl Pri Pd(OAG)/L2
Cl HoN (1 mol.%) N
—_—

+ ButONa, H b
i i PhMe —HexH (1: 1), r

Pr! Pr 110 °C Pri

Q (96%)
OEt

Pd;(dba)s/BINAP
(2/6 mol.%)
+ HNRPR® ———— > K
K2COs,
1 PhMe or MeCN

Scheme 9

NR?R3

(81-99% (R" # Cl);

— 809 1=
= CI, NHz, NHAIK, NHAr, NAIk2, NAr; 10-80% (R* = C)

HNR2?R3 = MeNHa, PriNH, cyclo-CsHgNH2, XCsH4NH2 (X = H,
2-OMe, 3-OMe, 4-OMe, 2-CN, 3-CN, 4-CN), PhNHMe, morpholine

Scheme 10
18F 18F
Pda(dba)s/XPhos
| o (4/8 mol.%) | N
2+ HNRIRE o oNa, Phie z
Hal N u ) ) 1R2)
et R'R2N” N
(up to 96%)

Hal = Cl, Br; l\(le

HNR'R? = O [ ] MeaNH, Bu"NH2, BnNH2, PhNH3, 3-PyNHo;

H H  Pyispyridyl

The use of sterically hindered ligands to increase the
selectivity of amination was studied in relation to the
reaction of 2,4-dichloro-5-(trimethylsilyl)pyrimidine with
aromatic and heteroaromatic amines catalyzed by cyclo-
palladate complexes with Bu'BrettPhos (Scheme 11). The
selectivity of replacement of the chlorine atom in position 2

Scheme 11

L (1/1 mol.%)

Cl MSO*I"d NH2
™S (L = Bu'BrettPhos)
)\ + (Het)ArNH, >
Cs,CO3, 2-MeTHF, 80—-100 °C
)\ H(Het)Al
(51 —81%
Ms = MeSOy;
NH, NH2 NH2
(Het) ArNH, = /@ @f (\j
Me F C
COzMe

OMe

[TNHZHZN \)\ ]\/\N Me @:%NHZ
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proved to be very high (99:1 for positions 2 and 4),
irrespective of the nature of the amine, which is due to
pronounced steric hindrance at the chlorine atom in posi-
tion 4 in the case where the bulky phosphine ligand is
used.3°

One more sterically encumbered ligand, a polysubsti-
tuted biphenyl derivative, was used as a part of the catalyst,
which demonstrated a broad range of applicability to
amination reactions.?” In the presence of a minor amount
of catalyst 2 (mainly 0.2—0.5 mol.%), this reaction pro-
ceeded at room temperature for sterically hindered amines
and electron-deficient anilines and also amines sensitive to
bases. The target products were obtained in high yields
within 1 h (Scheme 12).

Scheme 12
X 2
oy, 2002-05mol%) NHR
+ 2 "ByONa, THF, i, 1h
1 1
R R" (84—96%)

X =1, Br, Cl, OTf; R = H, 2-OPr|, 3-Me, 4-CO,Me, 4-OMe, 4-SO,Me;
R2 = 2-F3CCgH4, 2,6-F2CgH3, 4-CICeHa, 2,6-PrbCeHs,

BUtCHZCMez, HO(CHz)s

OBut
CY2 Ar
/

, CF3CH2, Cy, 2-Py,

Tf is trifluoromethanesulfonyl (triflyl), rt is room temperature

Sterically encumbered trialkylphosphines, e.g., tri(zert-
butyl)phosphine described earlier by Littke and Fu,3® which
provide the arylation of indoles and carbamates, were
studied under Hartwig’s supervision.?® During further stud-
ies, it was proposed #° to utilize the preliminarily prepared
air-stable dimeric complexes 3a,b with the composition
PdBrL, where L = BubP(1-Ad) (Ad is adamantyl) or Bu}P,
for reactions of secondary aliphatic amines with aryl chlor-
ides, which proceeded at a high rate (Scheme 13).

cl NR}
HNRY s 4
+ 2 BUONa, t

Scheme 13

R R! (68-99%)
R! = 4-Me, 2-Me, 4-CN, 4-NO, 4-CO,BuUt;
R? = Bu"; R2—R? = (CH2)20(CHz)z;
Br
3 = BulR3P—Pd—Pd—PBuR® (R® = Bu!(a), 1-Ad (b))
Br

Subsequently, Hartwig 4! employed phosphine ferrocene
derivatives of the JosiPhos family, which possessed appro-
priate steric and electronic properties (Scheme 14).

Using these ligands, the indicated reactions could be
performed for problem heteroaryl halides capable of sub-
stituting ligands in palladium complexes or for amines
prone to form diarylation products. High selectivity was
attained at low palladium and ligand concentrations. The

1363
Pd(OAc)z/JosiPhos Scheme 14
(0 001-1/0.001—
2 moI %)
2
Cl +R°NH2 —( ~- nie BU'ONa, DME NHR

82 99%)
X,Y = CH, N; R' = Me, CN, C(O)NHz, CO2H; )

R2 = n-Oct, BU/, Bus, But, Bn (Oct is octyl);
Me

PR3

JosiPhos = f¢ (R3 = Ph, Cy; R* = Cy, Bu)

PR3

amination was carried out not only for aryl bromides and
iodides, but also for (hetero)aryl tosylates. The range of
nitrogen-containing reagents was also broad: amines,
amides, imines and hydrazones.*>~4* Using MorDalPhos
as the ligand, arylation was carried out for problem com-
pounds such as ammonia#* and hydrazine (in the latter
case, the intermediate arylhydrazines were converted to
more stable hydrazones),*> and the yields of products
largely depended on the nature of substituents in the aryl
ring (Scheme 15).

Scheme 15

X NH>NH, NHNH2
>~ >
R [Pd(cynnamyl)Cl]o/Mor-dalPhos R

(5/7.5 mol.%),

ButONa, PhMe
X =Cl,Ts;
R = H (86%), Me (93%),
F (49%), Ph (86%),
OMe (27%), CFs (50%),
4-MeOCgHa4 (82%),

4-F5CCoH4 (83%)

p@; Ts is p-toluenesulfonyl (tosyl)
: iN ™
Lo

PhCHO
MeOH

MorDalPhos =

According to the results of the relatively few studies in
this field,*¢—*8 palladium-catalyzed arylation of hydrazine is
generally a fairly complicated task. However, recently it was
found that as little as 0.08 mol.% of the Pd[P(o-Tol)s]»/
CyPF-But catalytic system containing one of the JosiPhos
ligands can be used for successive arylation of hydrazine

Scheme 16
Hal Pd[P(o-Tol)s]o/ NHNH,
CyPF-But
(0.08/0.08 mol.%)
+ N2H4'H20 _— >
KOH, dioxane, 100 °C >
R
Me
7 Hal = Br, CI;
o o N. \ Me R = H, 4-F, 4-Cl, 4-Me,
Me Me N 4-But, 4-OMe, 4-SMe, 2-F,
100 °C 3-CF3, 3-CN, 4-NPhj, 2-OCFs3,
4-C(O)NMey; Me
R PBuj
(up to 99%) CyPF-But = Fe pcy,
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hydrate and subsequent in situ formation of substituted
pyrazoles on treatment with acetylacetone.*® A variety of
aryl bromides and chlorides can participate in this reaction
(Scheme 16).

Unexpectedly it turned out that the MorDalPhos ligand
can be used for amination of triaryl phosphates; the product
yields in many reactions of various amines exceeded 90%
(Scheme 17).5°

0
Il
Qo P + HNR2R? 2>
R, R,

3 (44 -99%)

Scheme 17

NR?R3

(a) [Pd(r-cynnamyl)Cl]2/MorDalPhos (2/8 mol.%), K.CO3, CPME,
130°C; R} = H, 4-Me, 3,5-Mey, 4-F, 4-CF3, 4-OMe, 4-CN, 4-COPh,
benzo[b], benzo[c]; HNR2R3 = PhNH,, PhNHMe, 4-PhCeH4NHo,
4-AcCeH4NH2, 2-PhCeH4NHy, 2,6-Me2CsH3NHo, 2,6-PriaCeHzNHy,

H H
N
BnNH,, 2-FuCH,NH,, 1-NaphNHa, /QNH , EN) @LJ;
Me

CPME is cyclopentyl methyl ether, Fu is furyl, Naph is naphthyl

High efficiency in this reaction was found for a recently
developed series of ylide-functionalized phosphines YPhos,
which allow the amination to be carried out at room
temperature.’! The reactions involving palladium(Ir) allyl,
cinnamyl or indenyl derivatives with the L?—L> ligands
(keYPhos, joYPhos and trYPhos, respectively) resulted in
the isolation of eight palladium complexes. In the presence
of compounds 4-6, the test reactions of p-chlorotoluene
with a number of primary and secondary amines gave
amination products in quantitative yields. Complex 6b

Scheme 18

1) BunLi
z ) Buti z R = Cy:Z = Me (L3,

2) R2PCl
—

Cys® “H 3)BUOK  Cysp” “PR, keYPhos)Ph (L%, joYPhos)
X L5 Z=MeR=Bu("
‘ trYPhos)
[Pd(allyl)Cl]
or Pd(indenyl)CI
[Pd(cinnamyl)Cl]> [Pd(indeny!)Cl]>
But
R L
Pd
7 ~ L
k Cl T’d/
fa-c, sab 6ab Cl

R’ = H:L = keYPhos (4a, Pa/1),
joYPhos (4b, P52), trYPhos (4c, P53);

R’ =Ph: joYPhos (5a, Pcin2),
trYPhos (5b, Pcin3)
Cat (0.5 mol.%) NR'R?
Me
(up to 100%)

L = keYPhos (a, Pina1),
joYPhos (b, Ping2)

Cl
/©/ + HNR'R?
Me

HNR'R? = PhNHMe, Bu"NHa, ButNH,, PriNH,, EtoNH,

PhCH2NHo, O

N
H

(Ping2) with joYPhos to be most efficient
(Scheme 18).

The possibility of performing reactions in water or in
aqueous solutions has always been of interest for research-
ers, despite the limitations related to the poor water sol-
ubility of organic compounds; this is also true for
palladium-catalyzed cross-coupling reactions.’? In this
case, two-phase systems with phase transfer catalysts are
used, or reactions are carried out in microemulsions.
Lipshutz and co-workers >3 reported reactions of aryl bro-
mides with a large number of secondary cyclic, aromatic
and heteroaromatic amines in aqueous solutions catalyzed
by the palladium complex [Bu'XPhosPd(cinnamyl)]JOTf (7)
in the presence of D,L-a-tocopherol methoxypolyethylene
glycol succinate (TGPS-750-M) as the micelle-forming
agent. The amination products were formed in high yields
under these conditions even with minor amounts of the

catalyst (approximately 0.1 mol.%) (Scheme 19).
Scheme 19
7 (0.1-0.5 mol.%)

@\ + HNRZ2R3 @\
\{
Br Bu!OK or K3POy4, NR2R?

R? 2% TGPS-750-M, R?
H20 (60—99%)

proved

R = 4-OMe, 3-OMe, 4-Ac, 3-Ac, 4-CO,Et, 4-CFs;
HNR2R3 = X,CeHs_ ,NHz (X, = 4-Me, 4-F, 4-Cl, 4-NO, 3-F,

NH2
NH2
3-CFs, 3-OMe, 3,4,5-(OMe)s), OO , , CNH ,

t
But

Bu
THO-
Pr-Pd "Spp

An important amination reaction of aryl halides is the
reaction of ArHal with ammonia to give anilines.>* Initially,
the catalytic synthesis of N-aryl-substituted benzophenone
imines was used to introduce an amino group into aromatic
compounds.>> Later, methods involving directly ammonia
were developed. These reactions were successfully carried
out using aqueous ammonia 28 and lithium amide,>¢ but the
reaction with gaseous ammonia was also actively studied. In
this case, the reaction conditions and the outcome are
determined to a large extent by the ligand in the palladium
complex.’”->® When the goal is to prepare anilines, it is
necessary to exclude the reaction of the formed amine with
aryl halide. Recently it was shown that the reactions with
aryl bromides or aryl iodides with an aqueous solution of
ammonia catalyzed by the palladium complex trans-
[PACI1>(PPh3)2] and conducted without an organic solvent

Scheme 20

/©/NH2
R

(87-93%)

NHs (aq),
trans-[PdCla(PPhs)2]
(1.4 mol.%)

Na2COs3, 80 °C

/©/Ha|
R

Hal = Br, I; R = H, Me, OMe, CHO, CN, NHz, NO2
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give rise to the corresponding anilines in high yields
(Scheme 20).%°

In view of the fact that interest in studying the reaction
mechanism has now markedly decreased, note the publica-
tion of Eastgate and co-workers,®® who made an attempt to
gain an insight into the cause of Pds(dba)s;/BippyPhos
catalyst deactivation. The use of this catalyst was due to
the necessity of arylation of the heteroaromatic amino acid
salt 8. It is known that palladacycles are reservoirs for
catalytically active species and that some palladacycles may
be very stable. The authors found out that the indicated
ligand can form a stable cyclic compound with palladium,
which eliminates the active metal from the catalytic cycle,
thus decreasing the efficiency of catalysis (Scheme 21).
Structures 9a—c were proposed as the side palladacycles.

Scheme 21
BujN*
-00C Me
BuIN* - N
-00C Me Br AN i
_— ! N
N N7 + bN 2 N
e~ ,\/l Me” N NH
N= \
Me \
8 NH. | N/N
Me \
a) Pdx(dba)s/Bi 0s mol.%), e
(a) Pda(dba)s/BippyPhos (8/8 mol.%) M

Bu}NOH, thioacetamide, 80 °C;

But< /E\FN Fh

BippyPhos = But”

The amination of aryl halides is also performed using
optimized procedures that are also used in other cross-
coupling reactions, for example, microwave (MW) irradi-
ation for acceleration of the process. We will present several
examples of such reactions reported in recent years. The
microwave-assisted reaction of protected 2-bromobenzalde-
hydes 10 with amines catalyzed by palladium acetate with
SPhos ligand is completed within 30 min, with the product
yields being in some cases up to 98% (Scheme 22).6!

Brominated imidazo[2,1-5][1,3,4]thiadiazole 11 was sub-
jected to microwave-assisted Pdx(dba)s/XantPhos-catalyzed
amination reactions with several anilines, which gave the
target products in up to 92% yields. However, when the
aniline contained a para-trifluoromethyl group, the yield of
the corresponding product decreased, while in the case of
aliphatic amines (n-butyl- and benzylamines), the reaction
did not proceed at all (Scheme 23).62

The use of microfluidic technique to carry out catalytic
reactions of C—N bond formation in various compounds
was addressed, in particular, by research groups of Buch-
wald and Kirschning.47-3-65 In a recent study, Buchwald
and co-workers % used palladium complexes with various
phosphine ligands to study the reaction of p-tolyltrifluoro-

1365
Scheme 22
O
/
0 Br O/> N—Me
] R?
(0]
N—Me + a R2N
R3
R? R3 fe)
NHR2 R* 10 1
O R4
(a) Pd(OAc),/SPhos, Cs>CO3, PhMe, (45-98%)
MW, 150 °C, 20 min;
R' =H, CI; R2 = H, Me; R® = H, Me, F, OMe; O
R* = H, Cl, OMe; SPhos = PCy>
MeO O OMe
Scheme 23
Me s Pda(dba)s/XantPhos Me

s
(5/10 mol.%)
>>N + ArNH. % N
—

\
N~

|
N~ N c -
/ s2C0O3, ndloxane,.
Ph MW, 140 °C, 30 min Ph
Br ArHN
11 (49-92%)

ArNH2 = PhNH3, 4-HOCgH4NH2, 4-MeOCgH4NH2, 2-MeOCgH4NH>,
4-F3CCeH4NH>, 3,5-Cl2CeHaNH>2

methanesulfonate with various N-nucleophiles (aniline,
benzamide, 2-phenylethylamine and morpholine) in the
presence of soluble organic compounds of different basic-
ities (Scheme 24). AlPhos proved to be the most efficient
ligand for amines, while BTTP showed the best properties
as a base in the reactions with the most stubborn secondary
dialkylamines.

In some cases, palladium-catalyzed amination is a step
of one-pot synthetic procedures. For example, benzazepine,
benzoxazepine and benzothiazepine derivatives 12 were
obtained using a sequence of hydroaminoalkylation and
palladium-catalyzed amination;%’ in the first step, titanium
complex 13 acted as the catalyst, while the second step was
catalyzed by the Pdx(dba)s/RuPhos system (Scheme 25).

Scheme 24
OTf NR'R?
PdC/AlPhos (1—2 mol.%)
1R2 >
+ HNR'R base, solvent
Me Me

(70—100%)

Solvent: DMSO, 2-MeTHF;
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Scheme 25
NHMe

Saas|
oL

13 (10 mol.%),
PhMe, 140 °C (X = CHyp)
or160°C (X = 0O, S)

12 (59— 88%)

(a) Pdz(dba)s/RuPhos (2.5/7.5 mol.%), ButONa, PhMe, 110 °C;
X = CHg, 0, S; R = H, 4-Me, 4-OMe, 4-F, 4-OCF3, 4-Pri, 4-Cl,

4-SMe, 3-Me, 3-F; JPri
PCy> O
Pri Pri
@ ) s
Pi \/  Pr
TI(NM62)3 Pl'i

The introduction of aryl triflates instead of aryl halides
into this reaction was described by Hartwig and co-work-
ers ®® back in 1997. Since then, this method has often been
used for the synthesis of arylamines, which was reflected in
the reviews mentioned above.?~# Quite a recent publica-
tion ® describes an elegant procedure for the preparation of
diverse N,N-dimethylanilines in excellent yields from the
appropriate aryl triflates and dimethylamine used as a
solution in THF in the presence of the Pdx(dba)s;/Xphos
catalytic system (Scheme 26).

Pda(dba)s/XPhos Scheme 26

(2.5/7.5 mol.%)
> ArNMe;
K3POg4, THF, 80 °C, 16 h

ArOTf + MeoNH

Ar = 4-XCgHa (X = H (99%), Me (90%), Pr' (90%), But (99%),
OMe (92%), SMe (99%), NOz (71%), Ph (99%)), 2-Naph (95%),

We made a contribution to the development of palla-
dium-catalyzed amination by studying some aspects of
arylation and heteroarylation of di- and polyamines (oxadi-
amines and tri-, tetra-, penta- and hexaamines), such as the
selectivity of substitution at a primary amino group in the
presence of a secondary one; the possibilities of mono-, di-
and tetra-arylation of di- and polyamines; dependence of
the yields of products on the nature of the (hetero)aryl
halide and the polyamine structure. We showed 7% 7! that
the Pd(dba),/BINAP system is, most often, the catalytic
system of choice for amination and that the reaction is
highly selective for polyamines, in which only primary
amino groups are arylated, while almost no arylation of
secondary dialkylamino groups is observed. The use of
electron-donor phosphines, e.g., DavePhos or JosiPhos,
provides more efficient catalytic diamination of dihalo(he-
tero)arenes in problem cases. This enables the use of linear
polyamines for the synthesis of polyazamacrocyclic com-
pounds comprising various aromatic and heteroaromatic
moieties, in particular those possessing the properties of

chromophores and/or fluorophores (naphthalene, quino-

line, anthraquinone, anthracene, bipyridine)
(Scheme 27).72-74
Scheme 27
X Pd(dba),/L
HaN™ """ NH, + (Het)ArHal (dbasf
Bu'ONa, dioxane,
X °
H’\“ N \/\NH 100 °C
(Het)Ar (Het)Ar
L = dppf, BINAP, XantPhos
I-‘lal HN/\
Pd(dba),/L
NS X, + (Het)Ar Padballl 4 enar | X

‘ONa

| dloxane \\/
Hal ~ 100°C HN
Cl
O\)ﬁ
N

L = BINAP, DavePhos, JosiPhos

(Het)ArHal, = @\

c o c B

O‘O T
\,,
N

Br Br
= N X = CH2NHCH2, NHCH2CH2NH,
\ N/ \ = CH2NHCH2CH2CH2NHCH2, OCH2CH-20,
CH>0OCH2CH,0CH>CH,0CH,
This methodology was extended by developing

approaches to macropolycyclic compounds of various top-
ology (for example, cryptands)’® and by the synthesis of
complex polyporphyrin systems and porphyrin conjugates
with other macrocycles.”®77 The use of chiral JosiPhos
ligand made it possible to obtain planar chiral macrocycles
from 1,5-dichloroanthraquinone and 1,5-dichloroanthra-
cene with a moderate enantioselectivity: the enantiomeric
excess (ee) for anthraquinone derivatives was 60%
(Scheme 28).78-7° Currently, the attention is focused on the
use of palladium-catalyzed amination for the synthesis of
fluorescent chemosensors for metal cations 386 and chiral
organic molecules.87-°! In particular, Scheme 28 gives
examples of the preparation of macrobicycles based on
diazacrown ethers and tetraazamacrocycles.”?

Aromatic amines are widely used in both fundamental
and applied research. The aminophenyl moiety is encoun-
tered in numerous natural compounds, pharmaceutical
agents and compounds used in agrochemistry, in biological
studies and for the design of new materials.! Among the
latest achievements in the field of palladium-catalyzed
amination, mention should be made of the key steps of
synthesis of 7-isovaleryloxy-8-methoxygirinimbine and
furoclausine B, containing carbazole as the central moi-
ety.9293 A fused tetracyclic compound, azaborinine deriva-
tive, was also prepared according to this methodology;®*
this product is valuable for the design of optoelectronic
systems. The Buchwald — Hartwig amination was also uti-
lized for the synthesis of other polyfused systems with
unusual electronic properties > and macrocyclic paracyclo-
phanes containing a 9,10-diaminoanthracene moiety.®

In a multistep synthesis of new efficient complexing
agents for the liquid —liquid extraction of minor actinides,
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Scheme 28 Scheme 30
H2N
Br Br (\ /\
NH HN
oﬁo
. ' Pd(OAC)/XPhos
_ >
ﬁoﬂ HaN X N, o =0 "BLOK, solvent,
N N (oY N 100°C
Pd(dba)s/L, N N \
<\ /7 ButONa, dioxane, Me
o) [e) 100 °C
__/ (0] (0]
__/
(0]
A Q Me ? Me
(\ ( NT ( N~
NH N (0] O
NH Ni\© [ j
[ AKX N HN~ HN
N HN Br HoN NH2 _ K)
v Pd(dba)s/L, HN
Bu'ONa, dioxane,
100 °C
Br
HaN XN,
Pd(dba)a/L,
Bu'ONa, dioxane,
100°C (40% ( PhMe) (12% (PhMe ,
42% (dioxane)) 8% (dioxane))
L = BINAP, DavePhos, JosiPhos; X = CH,NHCH»>, NHCH>CH>NH,
CH2NHCH2CH2CH;NHCH,, OCH,CH-0,
Scheme 31

CH20CH2CH20CH>CH>0CH3; Z = CH, C(O)

palladium catalysis and the CyPF-Bu! ligand (JosiPhos
series) were used in the step of amination of 1,2,4-triazine
14 (Scheme 29).°7

Scheme 29

Ph

N Ph a
~ + RNH2 —> RHN
N. =

N Ph
14 (58—-91%)

(a) Pd(dba),/CyPF-But (2.5—5/5—10 mol.%), KsPO., PhMe, 100 °C;
R = iSO-CsH11, n-Hex, n-Oct, I"I-C14H29, MeO(CH2)3, 4-XCeH4CH2
(X = H, Me, OMe), Ph(CH3)2, 3-PyCH, 2-FuCH>

The reaction of porphyrin complexes with isatin was
used to prepare new dyes and pigments.”® In this case, a
reactant is the amino derivative of the nickel tetraphenyl-
porphyrin complex, the catalyst is palladium acetate with
XPhos ligand, and the major product is complex 15. Poly-
cyclic compound 16 was isolated as a minor product,
formed from the major product via intramolecular CH/NH
amination, which 1is also catalyzed by Pd(OAc)»
(Scheme 30).

Fluorescent chemosensors of the off/on type based on
substituted 1,2,4,5-tetrazines were synthesized by palla-
dium-catalyzed amination of appropriate p-bromophenyl
derivatives. The reactions were carried out in the presence
of the Pd(dba),/Xphos catalytic system and gave the target
mono- and diamination products in good yields
(Scheme 31).°

sz(dba)g/XPhos
: N=N : 100 °C

(3—6/12—24 mol.%),
Cs2C03, PhMe,
-N
O
(61-71%)

—

or
N-N

S O
(61-69%)

X = CMey, O, S

2.3. The use of palladium carbene complexes
N-Heterocyclic carbenes (NHC) were included into the list
of most efficient ligands for palladium-catalyzed amination
somewhat behind phosphine ligands, but their practical
implementation started very rapidly; the fundamental role
in the development of these ligands belongs to Organ and
co-workers 190 and Bastug and Nolan.!?! Palladium NHC
complexes can contain a palladacycle 192 or a labile pyridine
ligand (so-called ‘pyridine-enhanced precatalyst prepara-
tion stabilization and initiation’, PEPPSI, family)
(Fig. 3).103



1.P.Beletskaya, A.D.Averin
Russ. Chem. Rev., 2021, 90 (11) 1359-1396

1368
Qf”v“@ Cr““@
Pr'
\CI
Cl NMez
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- Figure 3. Palladium NHC-
o | complexes including PEPPSI
Cl family.

These ligands allow for further expansion of the range of
substrates and for milder reaction conditions for amination:
even for non-activated aryl chlorides, the reactions proceed
at room temperature over short periods of time. In some
cases, relatively small structural changes in complexes, for
example the replacement of the allyl ligand by acetylacetone
group, induce considerable changes in the catalyst activity,
thus providing reactions of sterically encumbered (hetero)-
aryl chlorides.!® Further modification of ligands of the
PEPPSI family may represent immobilization on a polymer
support 195 and mechanochemical activation,'®® which
expands the scope of catalytic amination. It is known that
an important role for these reactions belongs to the leaving
group (halogen or pseudo-halogen atom). The applicability
of sulfide or sulfoxide groups for this role was studied. The
use of NHC-containing palladacycle SingaCycle-A1 enables
successful amination of diaryl sulfoxides (Scheme 32).107

Sch 32
SingaCycle-A1 cheme

O
I (2.5 mol.%), B2
S Bu'ONa (2.5 equiv.) NR'R
+HNR'RZ ——— >
THF, 60 °C

(79-99%)
R1 = 4- MeOC5H4, 2- MeOC6H4 4- OHC6H4, 4- MeSC6H4, 4- FC5H4,
4- C|CeH4 3- F3CC6H4 2 6- MGQCeHs Rz = H Me n-i Hex Cy Bu‘ Bn
Pri —_ Pri
NN

Sl

SingaCycle-A1 = O-Pd~ NMe»

SingaCycle-A1 Scheme 33
(2.5—-10 mol.%),
KHMDS (3 iv.
Ar2S unn Ar,SO + HetNH, ﬁl ArNHHet
© (70-98%)
OMe OMe

N
X [N s B
L, N B ; HMDS is bis(trimethylsilyl)amide
N N

The reactions with aromatic and heteroaromatic amines
in the presence of this catalyst proceed under relatively mild
conditions and give products in high yields (Scheme 33).

2.4. Reactions involving ligand-free palladium and
heterogeneous and heterogenized palladium catalysts

It is known that the use of palladium salts in the absence of
ligands as catalyst precursors gives rise to palladium nano-
particles (Pd-NPs) stabilized by a solvent and halide ions. It
is for this reason that palladium-catalyzed reactions could
formerly be carried out in water or aqueous organic
mixtures in the presence of so-called ligand-free palladium,
but usually with participation of aryl iodides. In a publica-
tion of 2019,'98 chlorinated thieno[2,3-b]pyridinone 17 was
aminated with anilines using Pd(OAc), as the catalyst in a
high concentration in DMF to obtain products in good
yields (Scheme 34). However, the possibility of this reaction
is related to the use of caesium fluoride as a co-catalyst.

NO, Scheme 34

cl
- /
S—
%N / COgEt
Q}COB R = H, Me, OMe, F
2

(50— 68%)

Pd(OAc (14 mol.%)
CSF DMF

A special place among cross-coupling reactions is occu-
pied by the reactions carried out without ligands. In this
case, palladium nanoparticles supported on various materi-
als serve as the catalyst. Advantages of this catalyst include
easy separation from reaction products and remaining
reactants and the possibility of using lower catalyst
amounts. An example of this type of catalysis in the
aromatic amination is provided by the reaction of (hetero)-
aryl chlorides with acyclic (EtaNH, BujNH) and cyclic
(piperidine, pyrrolidine) secondary amines in the presence
of the Pd-NP/‘CN’ system (‘CN’ is carbon nitride) and an
unusual base, lithium triflate in N-methyl-2-pyrrolidone
(NMP). This reaction resulted in the formation of expected
products in high yields (Scheme 35).199

Karvembu and co-workers !9 reported the development
of a simple and efficient catalyst for the arylation of aniline

Y g, ”@m

Scheme 35

_ QRO
NP- Pd/CN (75 95/")
_  »
LiOTf, NMP,

80°C A

Me%”ﬁMe ‘
NEQN

n Me

<\7¥ Me

X = CH, N; R = H, NO, CI;
(87-98%)

m=1,2,n=1,3
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with various bromo- and chloroarenes. The catalyst was
prepared by immobilizing Pd NPs (<10 nm size) on nano-
porous AIO(OH). The reactions proceeding in the presence
of 0.31 mol.% Pd/AIO(OH) in DMSO at 120 °C with
potassium phosphate as a base gave a variety of diphenyl-
amines with substituents in one of the rings (Scheme 36) in
moderate to nearly quantitative yields, in particular, for the
amination of aryl chlorides. The catalyst retained the
activity for up to four reaction cycles. Glorius and co-
workers ''! noted that the Pd/Al,Os catalyst, which is
generally unreactive towards amination, can be activated
by adding known N-heterocyclic carbenes as complexes
with tetrafluoroboric acid; in this case, the reaction of
some para- and ortho-substituted bromobenzenes with ani-
line gives the corresponding diphenylamines in up to 95%
yield.

Scheme 36
Hal NH Pd/AIO(OH) H
@/ . @/ 2 (0.31 mol.%) @/ \©
K3PO4, DMSO,
R 1200C R (54-96%)

Hal = Br, Cl; R = H, 4-Me, 4-CF3, 2-CN, 4-CN, 2-CHO, 4-CHO,
2-Ac, 4-COoH

The modification of carbon nanotube walls with
di(2-sulfanylethoxy)triazines allowed for immobilization of
palladium nanoparticles;!'> the MWCNTs/CC-SH/Pd cata-
lyst obtained in this way proved to be efficient for the
amination of aryl halides. The reactions with 0.5 mol.%
catalyst were carried out in DMF at 100 °C; the best
product yields (96%) were obtained in the amination of
iodo- and bromobenzenes with morpholine and piperidine,
while recycling experiments demonstrated that the catalyst
retains the activity up to the seventh catalytic cycle.

The palladium nanoparticles immobilized on the mag-
netic iron particles coated by oleic acid (Fe@OA-Pd)
proved to be efficient in the amination of aryl bromides
and aryl chlorides with piperidine.!'?> The best product
yields were attained in the case of 1-bromo- (95%) and
I-chloronaphthalenes (90%) in the presence of 1.5 mol.%
catalyst in a toluene —water mixture (5:1) at 105 °C.

Impressive results were obtained when palladium sup-
ported on sulfur-modified gold nanoparticles (SA-Pd)
served as the catalyst.!'' Rather low catalyst loadings
(0.21 mol.%) provided high yields of the products of
amination of aryl bromides (87—-97%) and even chloroben-

Scheme 37
> ArNR'R2
(87-97%)

Br
Br Cl Br Br
wa -7 O, O 7 0L
MeO NC Br Br
Br mBr @Br
7 N’ il Nr ’
[\

NHMe
o o_0
HNR'RZ = [ ] , h , BUsNH, CyzNH,
N
N

SA-Pd (0.21 mol.%)

ArHal + HNR'R2
ButOK, xylene, 130 °C

o

zene (up to 93%) (Scheme 37). A thorough study of catalyst
recyclability carried out for each reaction showed that the
catalyst fully retains its activity even in the tenth cycle.

3. Amination of aryl and heteroaryl halides
catalyzed by copper complexes

The reaction of C(sp?)—N bond formation catalyzed by
various copper salts has a long history and is connected with
the names of Ullmann !5 11¢ and Goldberg,!!” who were the
first to perform this reaction at the dawn of the 20th
century. These reactions have a high industrial value, first
of all, for the production of dyes; however, the conditions of
synthesis of the products were initially drastic. The optimi-
zation problem started to be solved with the use of nitrogen-
containing bases, which simultaneously served as ligands
for the catalyst. It was also important to choose an
appropriate solvent, which contained water to dissolve
copper compounds. As a result, this reaction was accom-
plished using a catalytic amount of copper, although this
amount still noticeably exceeded the applied concentrations
of palladium catalysts. It is evident that a relatively cheap
method for the preparation of N-aryl-substituted com-
pounds, especially heterocyclic ones, would possess a large
synthetic potential for the development of drugs and new
materials for electronics. There are examples demonstrating
a higher efficiency of copper catalysis in comparison with
the palladium or nickel catalysis, but they refer to specific
cases of amination.!'® A major part of fundamental results
on the copper-catalyzed amination were obtained in the first
decade of the 21st century; therefore, the number of review
publications on this subject is much smaller than that for
palladium-catalyzed amination. Mention should be made of
reviews of Ma and Cai!!® and Monnier and Taillefer,!20
published before 2010, which made a great contribution to
the development of this field of chemistry. In the review
published in 2011, Simas and co-workers 2! compared, in
some cases, two alternative approaches: copper and palla-
dium catalysis for amination of aryl halides. A general
review 22 was published in 2014, while two other stud-
ies 123.124 focused on the application of this method for the
synthesis of natural compounds. Two book chapters and a
monograph 12°-127 devoted to this issue and a review '8
addressing particular aspects of amination appeared over
the last decade.

The crucial role in the renaissance of the Ullmann
reaction was played by ligands, which made the cross-
coupling involving copper a catalyzed reaction. Among
such ligands, mention should be made of N,N-, N,O- and
0O,0O-ligands, which include amino acids, diamines, 1,10-
phenanthroline, B-diketones, B-ketoesters, amides,
8-hydroxyquinoline and Schiff bases. The use of copper
complexes with these ligands made it possible to change the
conditions of the Ullmann reaction. Furthermore, by vary-
ing the structure of the ligand, it was possible to carry out
the reactions at low temperature, down to room temper-
ature, to decrease the amounts of copper and the ligand and
to reduce the reaction time. This is especially noticeable for
the amination reactions. However, no universal catalytic
system for C(sp?)—N bond formation has yet been
found. The conditions should always be optimized and a
particular ligand should always be chosen, depending on the
nature of the aryl halide, especially on going from aryl
iodides to aryl chlorides, and on the nature of the amine or
amide. Moreover, this sensitivity to the ligand nature can be
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followed even within the same family of similar substrates.
The nature of the base also plays an important role.

The mechanism of the indicated reaction is studied
rather actively, but the key issue related to the change in
the copper oxidation state during the catalytic cycle has not
yet been solved. The mechanism generally accepted for
some time includes the exchange of the copper(l) salt
anion with the nitrogen-containing nucleophile (R'R""N~)
and subsequent usual oxidative addition giving Cu''! and
reductive elimination, resulting in the formation of the
product and regeneration of the catalyst (Scheme 38).

Scheme 38
LQCUX
i R'R'NH
X B
R'R’NH LoCu”
N =y
% NHR'R BH
LoCuX L.CuNR'R”
A ?\r
X ArX
e
ey LZCU\ ,
ArNR'R NR'R’

However, it cannot be ruled out that the sequence of
steps in the catalytic cycle can be different. A more complex
situation occurs in the case of catalysis by Cu® complexes in
which the Cu®<e Cu!! transition can take place in the
catalytic cycle, instead of the Cul 2 Cu!!! transition consid-
ered above. Morarji and Gurjar '?° proved that the outer-
sphere single-electron transfer corresponding to the
Cu' 2 Cu! transition may take place under certain condi-
tions. This mechanism was proved for the reaction of
chlorobenzene with aniline in the presence of the Cul/
N,N’-bis(2,4,6-trimethoxyphenyl)oxalylamide catalytic sys-
tem.

3.1. Copper-catalyzed arylation of ammonia

The synthesis of primary amines (aliphatic, aromatic and
heteroaromatic ones) is in fairly high demand, because they
serve as the starting compounds for the synthesis of phar-
maceuticals, agrochemicals, organic dyes and materials for
electronics. The application of copper salts and complexes
in cross-coupling reactions to give the C— N bond proved to
be rather successful,’?® in particular, for the synthesis of
anilines from ammonia, and various procedures for con-
ducting this reaction were proposed. The reaction of (het-
ero)aryl iodides and bromides with aqueous ammonia in the
presence of ligand L9, selected from a series of analogous
compounds, gave high yields of products at room temper-

CuBF/LS (5/10 or Scheme 39
10/20 mol. %)
(HetArl + NHs (@q.) —— = = —> (Het)ANH;
e ' (79-95%)

Ar =4-RCgH4 (R = H, Me, Cl, OMe, Ac, CO2Et, CN, NOy);

N N ~
Het=@, @,O}{,E\Q;Luw
N Me” °N N S Me

ature (Scheme 39). ortho-Substituted aryl iodides were
exceptions, requiring elevated temperature (80 °C).!3!

The reaction with the use of Cul and diamine ligand L7
containing phenol substituents carried out at elevated
temperature (120 °C) is equally successful (Scheme 40).
Anilines are formed in up to 95% yields from aryl bromides
and iodides.!32

Hal
©/ + NHs (aq.)
R

R = 4-Me, 4-NO>, 4-Ac, 4-Cl, 3-Cl, 4-OMe, 2-OMe; Hal = |, Br;
OH But
But
N
But
But OH

The reaction of aryl bromides and iodides with aqueous
ammonia was carried out in the temperature range of
130—-150 °C in DMSO, with the NH3; to DMSO ratio
being 3:1, or in PEG-300 in the presence of 1,2-dimethyl-
ethylenediamine and gave products in high yields. However,
the competing hydrodehalogenation reaction often took
place in parallel.!33

The introduction of the amino group for the synthesis of
2,7-diamino-1,8-naphthyridine derivative 18 was performed
at room temperature in aqueous ammonia with Cu,O as the
catalyst without the addition of ligands (Scheme 41).134 At
first glance, copper oxides can be considered as heteroge-
neous catalysts; however, currently, the prevalent opinion is
that in the presence of appropriate ligands, copper is
washed away from the catalyst surface into the solution in
the form of complexes, and the catalysis is actually homo-
geneous.

o) | N
0 Py + NH4OH
Bu \(J\” N N Br
Et

Scheme 40

Z NH2

R (61-95%)

Cul/L?
(10/10 mol.%)
_— >

120°C,12-24h

Scheme 41

Cu20 (30 mol.%)

ethylene glycol —
monoglyme (1:1), rt

‘ N AN

B n ‘ P e

Bu N~ N7 N7 ONH,
Bt 1887%)

The reaction of aryl halides ArHal (Hal = Cl, Br, I) with
NH; was accomplished by using the Cul/ascorbic acid
(AscH, LB8) catalytic system in liquid ammonia; it was
possible to considerably decrease the amount of the catalyst
(down to 1 mol.%).'3% The ligands that are normally used
for Cu! catalysis proved to be inefficient under these
conditions; however, in the presence of ligand L3, aryl
bromides with various substituents were converted into the
products in high or, in some cases, quantitative yields
(Scheme 42). The reactions with aryl chlorides took place
only if an electron-withdrawing group was present in the
ring. Thus, chlorobenzene did not react with ammonia,
while in the case of nitrochlorobenzenes, the yields of the
corresponding anilines were 88, 63 and 74% for ortho-,
meta- and para-isomers, respectively. The authors noted
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Cul/L8 (1/1 Mol.%) Scheme 42

K3PO4, DMF,
rtor 100 °C, 18-36 h

Ar = J@ﬂ (R = H, Me, But, Cl, CN, OMe, COzH, NO2),
R
%
(R = Cl, Br, Me, OMe, CO2H, NO2), ©\/ (R = Me, OMe,
R

R OH NH,, NO2)

HO Ho

Hal = 1(91-99%), Br (85—97%); L8 = Ho -~/ ©

ArHal + NH3 >  ArNH,

that even at 100 °C, no secondary arylation of the resulting
anilines took place.

Similar results were observed using Cu,O (equivalent
amount) in ethylene glycol,!3° catalytic amount of Cu,0,'37
Cul in the presence of L-proline in DMSO and H»O, Cul in
the presence of trans-4-hydroxyproline in DMSO, or
Cu(acac),/L7 (acac is acetylacetonate) in DMF.!3® Scalone
and co-workers 3% used a similar precatalyst, and this
reaction did not require the an additional ligand; probably,
this function was performed by acetylacetonate. Attention
is drawn by the fact that Cu'l, like Cu!, serves as an
excellent catalyst for the amination reaction.

Ma and co-workers %0 proposed oxalyl diamide L° as
the ligand. Complexes with this ligand are able to catalyze
the reaction of (hetero)aryl chlorides with ammonia.!4!

Me 0 O
H

LAk

.

YT
(0]
M
A catalyst with structurally similar ligand L' (MNBO),

in ethanol and in the presence of KOH as a base, provided
successful reactions with ammonia for aryl iodides and
bromides containing various substituents to furnish high
yields of the corresponding anilines.'#> The reactions were
conducted at 60 °C in the case of iodides and at 80 °C in the
case of bromides, with loadings of both the copper catalyst
(Cuz0) and ligand L' being fairly low (0.1 mol.%) (for
example, see Scheme 43).

Structure L°

e

3.2. Amine arylation by copper complexes

The copper-catalyzed formation of the N — C(Ar) bond was
studied for a variety of NH-containing compounds; a fairly
complete list of studies on this subject published before 2005

Scheme 43
/ \ a / \
(0] N Br + NHz(ag.) —> O N NH2
(91%)

(a) Cuz0/L10 (0.1/0.1 mol.%),
KOH, EtOH;

was reported by Wan and co-workers.'*3 The authors of
that study'#3 carried out reactions of cyclic and acyclic
aliphatic amines and heteroaromatic amines (pyrazole,
benzimidazole) with aryl bromides using the Cu (powder)/
Cul mixed catalyst and rac-BINOL (BINOL is 1,1’-bi-2-
naphthol) ligand and thus obtained the amination products
in high yields (Scheme 44).
Cu (powder)/Cul

(5/5 mol.%), NHR'!
Q/Br rac-BINOL (20 mol.%) /©/
+ R'NH. —
Cs2C0O3, DMF, 110 °C  R2
R2 (67 —95%)
R2 = H, Me, But, OMe, Ac; R' = Bn, Cy

Scheme 44

Cu (powder)/Cul (5/5 mol.%)
unu Cu (powder) (10 mol.%),
rac-BINOL (20 mol.%)

Cs2CO3, DMF or DMSO,
1100r125°C

Br X X Br N/ﬁ/Br
(He)ArHal = Q @ m C )
NC N~ CI N N

_ N
HNR'RZ = [ NH, ©: - OO o
N H rac-BINOL =

X

We would like to note a paper '** published in 2002, in
which ligand-free copper iodide was introduced into the
arylation of aromatic amines to give triarylamines in one
step (Scheme 45). The addition of nitrogen-containing
ligands such as 2,2’-bipyridine, terpyridine, phenanthroline
and its derivatives may increase the yield of triarylamines up
to 90-95%.

| NH2
(-0
R’ R2
(3 akB.)

(Het)ArHal + HNR'R2

> (Het)ArNR'R?
(82—98%)

Scheme 45

R1

e

RZ  (70-82%)

Cul (2 mol.%)
_ >

Bu'OK, PhMe,
135°C

R' = H, 4-OMe; R? = H, 4-Me, 2-Me, 4-OMe

The arylation of pyrrole was carried out using the
Cu(OAc),/L!! catalytic system in DMSO in the presence
of potassium phosphate.!*> Under these conditions, the
reaction with o-bromoanisole gave the product in 90%
yield (Scheme 46). Note that ligands that are normally
used in copper-catalyzed reactions had low efficiency in
this case. Imidazole and cyclic amines smoothly reacted
with o-bromoanisole, and the reaction of diethylamine with
bromobenzene gave the product in 92% yield. The authors
assumed that the Cu'-catalyzed reaction proceeds via the
formation of Cul'l,

Copper(I1)-based heterogeneous catalyst 19 was used in
the amination of aryl halides; the reaction was carried out
without a solvent or with a minimum amount of a solvent at
120 °C, with the product yields being up to 98%
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Scheme 46
e
Br  — Cu(OASIL™
+ [ NH
= K3PO4 DMSO
HO ~N
I O (90%)

L11 -
O OH

(Scheme 47). In the case of aliphatic secondary amines, the
yields were modest: 45% for diethylamine and 65% for di-
n-butylamine. Catalyst 19 can be recovered by mere filtra-
tion.!46

Scheme 47
2R3
Hal 19 (10 mol.%) NR°R
+ HNR?R? ————————
Bu!ONa, DMSO,
120 °C

R? R' (up to 98%)

R" = H, 4-Me, 4-Cl, 4-NO>, 2-NO; Hal = I, Br;

HNR2R3—CNH K\NH ©\/\ ©: .—.
Cre N«@

The amination—oxidative amination cascade reaction
was used to link two biologically active moieties into one
benzimidazoquinazolinone molecule 20 (Scheme 48). The
reaction catalyzed by Cu(OAc),-H>O (20 mol.%) in the
presence of 1,10-phenanthroline (Phen) as a ligand and
potassium phosphate as a base could be accomplished if
potassium iodide was added to the reaction mixture.'4’

Scheme 48

20 (57-93%)

(a) Cu(OAc)z - H20 (20 mol.%), Phen (30 moI %) K, KsPOs,
DMF, 130 °C, 24; R' = H, F, CI; R2 = H
CFs

- By

In order to arylate indole, Ma and Cai'!® studied the
effect of the nature of amino acid on its ability to form a
metal complex. The best result, determined by the ability to
coordinate to copper, was found for methionine, which is
coordinated via NH,, CO>H and S groups. In the presence
of the Cul/amino acid system (10/20 mol.%), indole reacted
with aryl halides containing various substituents to give
products in good yields. In addition, aliphatic amines and
morpholine were smoothly arylated, and the products were
formed in 62—75% yields.

In 2002, Buchwald and co-workers!4® described the
reaction of aryl iodides with primary alkylamines and cyclic
secondary amines. The reaction was carried out under mild
conditions: 5 mol.% Cul in isopropyl alcohol at 80 °C with
potassium phosphate as a base, but at higher concentration
of the ethylene glycol ligand (200 mol.%). A similar reac-
tion was carried out for aryl bromides at 90 °C in the
presence of ligand L'? (Fig. 4). With this ligand and more
reactive aryl halides, it was possible to reduce the amount of
Cul to 1 mol.%. Later, ligands L'3 and L!* were proposed,
and this made it possible to carry out amination at 25 °C for
aryl iodides and at 90 °C for aryl bromides using 5 mol.%
Cul and 20 mol.% ligand in DMF in the presence of
caesium carbonate as a base.

Meanwhile, Ma and co-workers !4° showed that excel-
lent results can be obtained by using amino acids — proline
and N-methylglycine (L!°) — in this reaction. Good cata-
lytic performance was found for Cul complexes with ligand
L6, which allowed the reactions for reactive aryl halides to
be carried out at room temperature.!>® Using Cul/L'> and
Cul/L'® systems and organic bases ([AlksN]JOH or
[Alk4P]JOH), Liu and co-workers '3! also carried out reac-
tions with aryl bromides and iodides at room temperature.
They showed that at high loadings of the catalyst (Cul
complex with proline) in the presence of excess amine,
amination is possible for a broad range of aryl iodides at
room temperature.!5?

An important step towards improving the amination
conditions was made by using 8-hydroxyquinoline N-oxide
(L'7) as a ligand, which made it possible to carry out the
reaction with good product yields for diversely substituted
aryl iodides and bromides and also for aryl chlorides with
strong electron-withdrawing substituents at low concentra-
tions of the catalyst and the ligand (1 mol.% Cul and
2mol.% L!'7) in DMSO, at moderate temperatures
(65—110 °C) and in the presence of caesium carbonate.!33
Finally, ligand L'°, which has already been noted for the
reactions with ammonia (see Scheme 43), allowed Ma and
co-workers 142 to carry out an analogous reaction with
primary amines using Cu,O catalyst in concentrations that
were exceptionally low for catalysis by copper complexes:
0.001 mol.% for aryl iodides (at 50 °C) and 0.01 mol.% for
aryl bromides (at 80 °C). This reaction was scaled-up, and
4-methoxy-N-(n-butyl)aniline was obtained in 95% yield in
an amount of 40 g at a time.

Provided that an appropriate ligand has been chosen,
cyclic secondary amines are converted to the products in
high, often quantitative yields. Ma and co-workers !5 used

raleplen

EtN
O§ Me
AN
N
Me PN ~ +
SN con L N
H OH O~
LS L16 L17

Figure 4. 0O,0- and N,O-Type ligands for copper-catalyzed ami-
nation.
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ligand L!® to carry out the reactions of aryl iodides and
bromides with aliphatic secondary amines; they obtained
amination products in good to high yields. Examples of
synthesized compounds are presented in Scheme 49.

Scheme 49
Br OH
T e o7
I
+ —

(100%)

N@ Me

Me  MeO (100%)
(a) Cul/L'8 (10/20 mol.%), Lis Me com
KsPO4, DMSO, 110 °C; N So
Me H

Cul/L"® (1-10/2—20 mol.%)

K3PO4, DMSO,
60-110°C,24-48h

(Het)ArHal + HNR'R2 (He) AINR'R?

Examples of products

Me I\‘/Ie
/©/N F\©/N\/\/OH
MeO,C (97% (Hal = 1))

(87% (Hal = Br))

N
)
i: :N
H

(64% (Hal = Br))

More nucleophilic and more sterically encumbered acy-
clic secondary amines are more difficult to aminate than
primary or cyclic secondary amines; such reactions are not
numerous.!>>

The preparation of diarylamines by this type of cross-
coupling is fairly problematic and requires an approach
differing from that described above. Fu and co-workers 156
carried out reactions of iodo- and bromobenzenes with
anilines, cyclohexylamine and morpholine in the presence
of ligand L'° (Scheme 50), with product yields varying from
good to high (60—-93%). However, in the case of chloro-
benzene, analogous amination reactions led to a modest
result (15—31% yields).

Scheme 50
Hal NR2R3
Cul/L"®
(10/20 mol.%)

K2CO3, DMF,
110°C

+ HNR2?R3

R’ R"  (60-93%)
R = H, 4-OMe; R = H: R3 = X,CeHs_n (X» = H, 2-NO2, 2-OMe,
2-COZH, 4-NO3, 2,6-Mes), Cy; R2—R3 = (CH2)20(CHz)z;

Hal = I, Br;
L19 = OH

N
H o

Buchwald and co-workers 37 used pyrrole-2-carbalde-
hyde (L?°) as a ligand to carry out the reaction of aryl
iodides and bromides with anilines, which gave very good
results (Scheme 51). Apparently, this reaction is consider-
ably affected by the nature of the base, since the reaction of
iodobenzene with aniline can also be catalyzed by ligand-
free copper iodide.

Scheme 51
Cul/L2®
_(1020mol.%) R2
K3POy, DMSO
70—100°C,24 h

R'  (50-82%)

R' = H, 4-OMe, 4-SMe, 4-F, 4-Cl, 3-OMe, 3-CN, 3-COEt, 2-OMe,
2-Me; R?2 = H, 4-F, 4-Me, 4-OMe, 4AC4COzEt4CN 4-NHAc,

3-Me, 3-CF3, 2-OMe; Hal = |, Br;
3, L2°=EN/)—/\/O
H

It is noteworthy that chiral N,O-ligands, which are
normally used in asymmetric synthesis, were also intro-
duced into the copper-catalyzed amination of aryl iodides
and bromides with heteroaromatic amines.!>® Bis(pyrroli-
dine) N-oxide derivative L?!, containing bulky 2,6-diisopro-
pylphenyl substituent, proved to be the most efficient ligand
(Scheme 52).

Scheme 52
Hal
Cul/L2" (10/10 mol.%) Het
+ HetH >
R CSzCQg, DME, R
80°C,20h
C\N \/\/Nz
L2 =
Pri
\©/Pr' Pr'\©/
Examples of products
f\ N\ Hal = I:
N R U R=H@EO%),
Me (82%),
Hal = |- Hal = Br: Cl (97%):
R = H(95%), R = H (90%), o ;’
o o al = br,
e (92%), NO- (86%), R = NO, (91%)
OMe (82%), Ph (82%) R
NO> (95%),

CI (93%), Br (89%);

Interesting conjugates of diphenyltetrazine with azoles
(AzH) (compounds 21) were prepared with the standard
copper catalyst Cul in the presence of a large amount of the
TMEDA ligand (TMEDA is tetramethylethylenediamine).
The replacement of the bromine atom in position 2 of the
benzene ring resulted in different yields for different azoles:
the yields varied from modest (13%) to high (80-89%)
(Scheme 53).1%°

It was found that D-glucose efficiently reduces Cul! to
Cu! during the amination of a broad range of substituted
bromobenzenes, with product yields being, in some cases,
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~
/

Br
N=N N
O v
N—N N
(13—89%)
(a) Cul (20 mol. %)/TMEDA (2 equiv.), KQCoa, PhMe 90 °C, 16 h;

AzH = [ NH (42%), LN 34%), [ » (13%), £<N (85%),

Me

N\ N\ Q
E/(N (65%), LN (89%), ©\/\§ (80%), @FN (83%);

Me N N

CF3 H H

Scheme 54

Cu(OTH2/L?2 (10/20 mol.%)

D-glucose (10 mol.%),
Bu'ONa (2 equiv.),

: Br @/\/\
TPGS-750M (2% aq.)
N z R = 3-Me, 2-OMe, 3-OMe,

H 4-OMe, 4-SMe, 4-SO,Me,
(up to 92%) 4-Ac, 4-CH,0H;
0 0

L22 =
BU'JK/MLBUt

—

higher than 90%.10 B-Diketone L??> was the most efficient
ligand (Scheme 54).

A method of ligand-free copper(I)-catalyzed amination
in low-melting eutectic mixtures of choline chloride with
glycerol (ChCl—Gly, 1:2 ratio) was proposed
(Scheme 55).16! In the case of aliphatic primary and secon-
dary amines, it is sufficient to use potassium carbonate as a
base at temperatures of 60—80 °C. When aniline is taken for
the reaction, high (> 70%) yields of amination products can
be obtained if the basicity of the medium is increased by
using 3 equiv. of potassium fert-butoxide and the reaction is
conducted at 100 °C. The possibility of reuse of the eutectic
mixture for up to five cycles without a significant decrease
in the yield of the cross-coupling product was shown using a
separate example.

Our attention was focused on the study of the Cu'-cata-
lyzed arylation and heteroarylation of various adamantane-
containing amines because of high potential physiological
activity of these compounds. A series of publications 162166
describe the characteristic features of reactions depending

Scheme 55

Cul (10 mol.%)
o e G‘ (Het)ArNR'R2
K 2 equiv.), ChCI-Gly,
’ 6:23(—8(?”0 )12h Y (53-98%)

(Het)ArHal + HNR'R2

(Het)ArHal = 3-MeOCgHa4l, XCeH4Br (X = H, 2-OMe, 4-OMe,

Br
Br
4-CN, 4-NO,, 4-CO,EY), @ : ﬁ : @ ;
N"Br N =N

HNR'R2 = BulNH, n-HexNHz, CyNHz, MeaN(CHz)2NH;,
EtoN(CH2)2NHz, Ph(CHz)2NHa2, morpholine

on the spatial environment of the amino group (the ada-
mantane cage is a bulky substituent, which strongly influ-
ences the efficiency of substitution at the amino group) and
on the structure of (hetero)aryl halide (the nature of the
halogen atom, the presence of electron-donating or elec-
tron-withdrawing groups, and the substituents in the ortho-
position relative to the halogen atom). We studied a variety
of catalytic systems differing in both the source of copper
and the nature of the ligand. The Cul complexes with rac-
BINOL or 2-isobutyrylcyclohexanone (L'4) ligand were
found to be most efficient and provided the target products
in yields exceeding, in some cases, 80% (Scheme 56). Cer-
tain limitations of this method were also demonstrated: for
example, in the vast majority of cases, it is better to use iodo
derivatives of benzene and pyridine, and considerable steric
hindrance either at the amino group or the halogen atom
sharply decrease the yields of (hetero)arylation products.
The results of copper-catalyzed amination were compared
with the data obtained for Pd°-catalyzed reactions of the
indicated adamantane-containing amines. The key advant-
age of the copper-catalyzed process is that the side
N,N-diarylation reaction is substantially suppressed, which
is especially important for reactions with more reactive
halogen-substituted pyridines and quinolines.

One more line of research concerns copper(I)-catalyzed
N,N'-di(hetero)arylation of linear diamines, oxadiamines
and polyamines, including those with known biological
activities (putrescine, cadaverine, spermine, spermidine,
norspermine and norspermidine).!®?=17! The regularities of

Scheme 56

(/Het)

X—NH> —NH

(Het)ArHal +

Lm
@

(up to 86% for Arl,
up to 90% for Pyl)

(a) Culfrac-BINOL or L4 (10 —20/20 — 40 mol.%), Cs2COs3,
DMF, 140 °C, 24 h; Hal = |, Br;

X—NHa
[
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m
D
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NH> »
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Scheme 57 Scheme 58
CullL
o) Cul/L?*
10—20/20—40 mol.% (0]
(HebArHal + HaN~ X NH, /C o s ! . M , _(1omol.%) RL@ JIg
. S U —
(2.5 equiv.) Zs H’\“ R% KaPO., dioxane, NT R
2 _ o
Hal = I B, R! R 90100 °C R2
Het)Ar Het)Ar Me < _
(Het) H/\XAH/( ) L2s SN CoM (69 —99%)
Me R,l, = 4-OMe, 4-NHy, 3,5-Mey, 2-OMe, 2-NMey, 2-NOy;
R2 = H, Me, Ph; R® = H, Me, Ph, 4-H,NCgH4
Table 1. N,N'-Di(hetero)arylation of linear di- and polyamines and
oxadiamines.!”?
Amines Conditions Yields (%) NH>
H2N NH Cr
_ 2 2 .,
Ar Het = Py 'NH, _
24 25
Diamines: - (0] - N 7N\
X = (CHy), (n = 1-4,8); rac-BINOL or  upto98 upto 79 | [l _
Oxadiamine: L DMF, OEt
X = CH>0O(CH»),OCH>, 140 °C,24 h Figure 5. Ligands for copper-cata-
(CH3),0(CH,CH,0)>(CHy),, L27 lyzed arylation of amides.
(CH2),0(CH2)+sO(CH>)>
Polyamines:
X = (CH;),NH(CH»),, L-Pro or L23, upto 92 upto75 to 5—10 mol.% and the temperature had to be raised to
(CH2)>NH(CH>)3, EtCN, 110 °C, 110—130 °C; the product yields reached or even exceeded
CH,NH(CH,),NHCH,, 24h 90%.
CH,NH(CH2);NHCH,, Subsequently, research groups headed by Taillefer 174
(CHa)2(NHCH,CHa)s, and Guo,!”> independently used new ligand L?%, which is a

(CH2)>NH(CH,);sNH(CH>)»,
(CH2):NH(CH»)sNH(CH>),

these reactions were elucidated. The above-indicated
Cul/rac-BINOL and Cul/L'# systems proved to be catalysts
of choice for diamines and oxadiamines, while for most
polyamines, the highest efficiency was observed for systems
containing L-proline (L-Pro) or N,N-dimethylglycine (L?3)
(Scheme 57, Table 1). In some cases, the yields of products
of the copper-catalyzed arylation of oxadiamines were
comparable with or higher than the yields obtained using
palladium catalysts, owing to the suppression of the side
N,N-diarylation. However, the reactions of polyamines
faced certain difficulties caused by arylation of secondary
amino groups, which was especially noticeable for iodopyr-
idines. The results of these studies were summarized in a
recent review.!7?

3.3. Copper-catalyzed arylation of amides

The Goldberg reaction (arylation of amides), as a modifi-
cation of the Ullmann— Goldberg reaction, is carried out
under miler conditions. The catalyzed variant of this reac-
tion was first accomplished in 2001 by Buchwald and co-
workers 173 using 1,2-diamines as ligands. This reaction was
carried out for aryl iodides, bromides and even chlorides in
the presence of 1 mol.% Cul and 10 mol.% ethylene dia-
mine (L?*) or cyclohexane-1,2-diamine (L?°) (Scheme 58,
Fig. 5). Dioxane served as the solvent, while potassium
phosphate or (in some cases) carbonate served as the base;
depending on the nature of substituents in the starting
compounds and on the halogen, the yields of products
varied over a broad range from good to nearly quantitati-
ve. In the case of aryl iodides, only 1 mol.% Cul was most
often required. In some reactions, it was shown that the
catalyst amount may be decreased to 0.2 mol.%. When aryl
bromides and, the more so, aryl chlorides were subjected to
amidation, the amount of copper iodide had to be increased

double Schiff base derived from cyclohexane-1,2-diamine
and 2-pyridylcarbaldehyde, in the Goldberg reaction. Lv
and Bao!7® proposed to carry out this reaction using
0,0-ligand L?7, representing ethyl 2-oxocyclohexanecar-
boxylate (see Fig. 5), which was also successfully used for
amidation of aryl iodides (at room temperature) and aryl
bromides (at 80 °C), with the CuBr loading being 10 mol.%
and the ligand L?7 concentration being 20 mol.%.

Recently, a series of reactions of substituted chloroben-
zenes with simple amines and amides were carried out in
order to find the optimal ligands and bases for amination
and amidation.!”” A number of experiments demonstrated
that the best yields in the amidation of chlorobenzenes are
attained by the simultaneous use of two structurally very
similar ligands: 1,2-ethylenediamine (L?*) and its dimethy-
lated derivative (L?%). The yields of amidation products
were considerably affected by both the nature and the
position of substituent in the aromatic ring; no unique
dependence was observed on either the electronic properties
or steric hindrance of substituents at the chlorine atom
(Scheme 59).

3.4. Cu'-catalyzed arylation of NH-heterocycles

The arylation of NH-heterocycles is of interest for the
synthesis of compounds with useful electronic and fluores-
cent properties. In this case, too, by using appropriate

Scheme 59
Cl 0 o
/] Cul/L24/L28 J/ R
@i; (10/10/10 mol.%) @i) @
+ NH ————> N
K2CO3 (1 equiv.),
R I\ PhMe, 110 °C, \
0 16 h o]

R = 4-NO; (82%), 3-NO; (96%), 2-NO, (0%), 4-CO-H (86%),

2-CO2H (99%), 4-Cl (60%), 4-NH2 (92%), 4-Me (16%), 2-Me (15%);
Me<,

L28 = N N

H H

_—Me
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bidentate ligands, it is possible to selectively perform the
catalyzed variant of this reaction. The arylation of azoles
possessing different acidity demonstrates most clearly that
it is impossible to select a universal ligand that would
efficiently perform the reaction for all representatives of
this group of compounds. Almost every azole requires its
own ligand that provides a high yield of product and makes
it possible to carry out the reaction not only for aryl iodides,
but also for aryl bromides. The choice of the ligand must be
combined with other factors such as the natures of the base
and the solvent, temperature and the character of the
copper catalyst precursor. Currently, a great body of data
has been accumulated, covering various types of ligands:
diamines, phenanthroline and its analogues, amino acids,
oxalic acid diamide and 8-hydroxyquinoline derivatives,
which were tested for various series of azoles.

In 1999, Buchwald and co-workers!’® reported the
N-arylation of imidazole, methylimidazole and benzimida-
zole with aryl iodides in the presence of a catalytic amount
(10 mol.% copper) of the (CuOTf),-PhH complex and a
stoichiometric amount of 1,10-phenanthroline as a ligand.
The reactions were carried out in xylene at 100—125 °C
under the action of caesium carbonate and gave arylation
products in 62 to 99% yields. It was found that aryl
bromides also successfully react under these conditions.
Later, the arylation of imidazoles with aryl bromide in the
presence of 4,7-dimethoxy-1,10-phenanthroline (L3°) was
also carried out; the products were obtained in high yields
at lower concentrations of the catalyst and lower temper-
atures (Scheme 60).!7°

Scheme 60
R2
Hal H Cuo0/L2° Np(
(5—20/10—30 mol.%) _ ~
e
N CSzCOs, PEG,
R Pr"CN, 110—-120 °C R1 (up to 97%)
MeO OMe
L2° = 7 N \ ; PEG is polyethylene glycol
-N N=
Examples of products
-
B OOH
N</ N</
(95% (Hal = 1)) (84% (Hal = Br))
— —
=\ = N—ph
N</ Ns(
(82% (Hal = 1)) Ph (92% (Hal = Br))

Even higher yields of arylation products were attained
for a large series of azoles upon the Cul-catalyzed reaction
with aryl iodides in dioxane in the presence of cyclohexane-
1,2-diamine (L2°) (Scheme 61).173

The BFMO ligand, N,N’-bis[(2-futyl)methylJoxalamide
(L39), derived from oxalic acid diamide, proved to be
efficient in the reactions of aryl and heteroaryl halides
with diverse azoles.'8¢ When only 1-3 mol.% Cu,O and
the same ligand concentrations were used, the reactions
gave high yields of products (Scheme 62).

Even minor changes in the ligand structure can induce
pronounced changes in the catalytic action. Thus the use of
2-methyl-8-hydroxyquinoline (L3?) and 8-hydroxyquinoline

Scheme 61
Cul/L?5 (1-10/10-20 mol.%)
Arl + AzH - > Ar—Az
K3POs, dioxane, 10 °C, 24 h

Examples of products
A‘r
N
N
Oy O 5
N N N
\ \ \
Ar r r
(99%) (96%) (99%) (91%)
- -
CN —Ar f\/N —Ar K\N —Ar
= N N=/ (for Ar = 3,5-Me,CgHs)
(99%) (89%) (91%)

Scheme 62
Cu20/L3® (1-3/1—3 mol.%)

KsPO4, MeCN, 80 °C (Hal = I)
or DMSO, 120 °C (Hal = Br)

(Het)ArHal + AzH

(Het)Ar—Az

O H
Hal = I, Br; L% = HN %{N
&
Examples of products

N N© TN

N
AN 29ra
N ‘ Me — Me — Me
Me
(94% (87% (99% (94% (Hal = Br),
(Hal = Br)) (Hal = Br)) (Hal = Br)) 92% (Hal = 1))

N-oxide (L'7),'33 instead of usual 8-hydroxyquinoline (L3'),
sharply increased the yield of products of amination of
p-iodoanisole with indole and decreased the reaction tem-
perature to 90 °C (Scheme 63).

Scheme 63
o
! CuBr/L (2/4 mol.% N
/@/ +©j\> UBr/L (2/4 mol.%)
K2CO3, DMSO,
N
MeO H 90°C, 24 h

N N OMe

L3 = Q\/Nj L= Q\/N\iM (23% (L") or

oH o 97% (L%2)

Fu and co-workers '8! used glyoxal (1E,2E)-dioxime
(L33 to arylate azoles and aliphatic amines in water. In
the case of aryl iodides and activated aryl bromides, high
product yields were attained (Scheme 64).

By increasing the temperature to 135 °C, Bolm and co-
workers 82 made possible the reaction for so-called "active’
azoles at a very low concentration of CuO (0.01 or even
0.001 mol.%) in the presence of 20 mol.% dimethylethyle-
nediamine L?® (Scheme 65).
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Hal = |, Br; L33 = HO*N//—\\NfOH; 72-91% for amines)
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f
N \y
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Phl _2 N h (88%)  (a) L28 (20 mol.%),
‘ P K3PO4, PhMe,
NN N .
H | N\ 135°C, 24 h
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The arylation of purine bases, for example adenine,'®3 in
the presence of 4,7-di(2-hydroxyethylamino)-1,10-phenan-
throline (L3*) as a ligand and sodium ascorbate was
reported (Scheme 66).

Scheme 66
NH,
CuBr/L34/NaAsc
NN (5/10/10 mol.%) N XN
Phal + S >
N© N KOH, DMF—H0 (4:1)
H 120°C, 48 h
(94% (Hal = |),
H H ol
NS 60% (Hal = Br))

The scope of this review does not allow for detailed
consideration of examples of using other metals as aryl
halide amination catalysts. Nevertheless, successful use of
nickel complexes for this purpose deserves attention.!84.185
For example, Ni® complexes efficiently catalyzed the ami-
nation of (hetero)aryl chlorides.!8¢ The search for optimal
catalysts based on Ni!! provided the possibility of using
aryl- and heteroaryl triflates in these reactions,'8’ while Ni°
immobilized on a magnetic support efficiently catalyzed the
amination of aryl sulfamates and carbonates.'®® The com-
plex of nickel bromide with dimethoxyethane in the pres-
ence of the Ru(2,2’-Bpy)s(PFs)> photocatalyst (Bpy is
bipyridine) was used for continuous flow amination of aryl
bromides,!#® while Ru!l as a complex with p-cymene served
as a catalyst for the amination of aryl fluorides.'®® The
catalytic synthesis of N-aryl- and N-hetarylsulfonamides

develops along a similar path. The application of NiBr; in
the presence of an Ir'!! photocatalyst for this purpose '°!
and the use of Au! and Au'! complexes in the presence of
AgOTf for amination, amidation and sulfoamidation of
aryl iodides '92 were reported. Special mention should be
made of the application of iron-based catalysts for gener-
ation of the carbon —nitrogen bond; this issue is extensively
reflected in the literature (see, for example, Ref. 193).

3.5. Heterogeneous catalysts in the copper-catalyzed
amination

In recent years, extensive studies were carried out on the
reactions of amines and azoles with aryl halides catalyzed
by copper(I) supported on a variety of materials such as
metal oxides, polymers, magnetic materials and various
porous materials. Primary attention was given to the sup-
ports incorporating magnetic nanoparticles because of easy
separation of the catalyst from the reaction mixture. The
authors of many studies obtained amination products in
high yields both from aryl iodides and from aryl bromides;
even aryl chlorides reacted in some cases to give moderate
yields of products. The catalyst was reused several times
without a noticeable loss of activity. The application of
copper and copper oxide nanoparticles in the reactions of
amines with aryl halides and with arylboronic acids was
considered in detail in a review of Varma and co-workers.!%4
Among early publications, mention should be made of the
study of Alper and co-workers,!?5 who described the syn-
thesis of an oxyproline ligand immobilized on Fe;O4 mag-
netic nanoparticles (MNPs) via triazolylphosphonate linker.
The reaction of NH-heterocycles with (hetero)aryl bromides
was carried out in the presence of 10 mol.% Cul and
20 mol.% MNPs in DMF at 110 °C for 24 h. The yields of
the imidazole arylation products exceeded 90%
(Scheme 67). Upon recycling of the catalyst, the product
yield in the fourth cycle decreased from 98 to 93% (for
p-methoxybromobenzene).

Copper(l) iodide immobilized in a polymer matrix
(10 mol.%) catalyzed reactions of aryl bromides with azoles
in the presence of L-proline and potassium carbonate. The
reactions carried out in DMSO at 120 °C for 60 h gave
products in 97 and 93% yields from p-methoxybromoben-
zene and imidazole and from bromobenzene and benzimi-
dazole, respectively.!®® Aryl chlorides reacted only when

Scheme 67

Cul/MNP (10/20 mol.%)
> ArNR'R2

Cs2CO3, DMF,
110°C, 24 h
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electron-withdrawing substituents were present in the aro-
matic ring. This catalyst retained the activity for at least
nine cycles.

A remarkable result was shown by catalyst 22 supported
on polyaniline (PANI):!°7 reactions of NH-heterocycles and
primary and cyclic secondary amines proceeded at room
temperature when 5 mol.% of this catalyst was used under
optimized conditions (Scheme 68). Moreover, catalyst 22
was reused almost without the loss of activity: in the
reaction of iodobenzene with imidazole, the product yield
was 99% in the first cycle and 98% in the fifth cycle.

Scheme 68
- Cul-PANI (22) ANRIR?
Arl + HNR KoCOs, DMF, rt,6h 'V
Examples of products
f\ =
N—Ph N—Ph  n-CsH{{NHPh
N/ S
(94%) (81%) (69%)
NHPh
n-CsH11NH OOMe O/ BnNHPh
(61%)
(99%) (90%)
_Ph
N Ph Q K\ N
(67%) (67%) 83%)

As one more example of an efficiently operating catalyst
containing magnetic particles, consider the Fes;O4@PVA/
CuCl system reported by Hekmati and co-workers,'® in
which the Cu! salt was grafted to a magnetic nanoparticle
via polyvinyl alcohol (Scheme 69). In the model reaction of
iodobenzene with morpholine, this catalyst was recycled
eight times, showing a relatively small decrease in the

activity.
Scheme 69
Fe304@PVA/CuCl
o (0.5 mol.%) oo
_ >
PhHal + HNR'R EtN. DMF, 100 °C PhNR'R
Amine Yield (%)
Hal = | Hal = Br Hal = CI
Morpholine 96 95 60
Piperidine 92 55
Indole 92 90 60
Imidazole 85 80 0

Heterogenized Cu! complexes were studied in the reac-
tions of NH-heterocycles and amides by Tajbakhsh and co-
workers,'”? who used silica gel-supported phenanthroline
copper complex 23 (Scheme 70).

Indole reacted with aryl halides also to give product in a
high yield (80%) and the catalyst was reused ten times,
while the yield gradually and slightly declined.

Attention is deserved by a study??® in which a Cul!
complex grafted to a magnetic support via 1,4-dihydroxy-
9,10-anthraquinone (DHAQ) — Fe304@SiO>-DHAQ-Cu!! —

Scheme 70

23 (0.05 mol.%)
e T .

K2CO3 or K3POy,
PhMe, 100 °C, 10 h

PhHal + PhC(O)NH; PhC(O)NHPh
(98% (Hal = 1),

84% (Hal = Br))

was used as the catalyst for arylation of NH-heterocycles
and secondary amines. All products were formed in high
yields under relatively mild conditions (Scheme 71). In the
case of aryl bromides, the yields were similar to those
obtained with aryl iodides; imidazole reacted with chlor-
obenzene for 24 h to give the product in 43% yield, while in
the reaction with p-chloronitrobenzene, the yield was 91%.
Secondary amines also successfully reacted. The catalyst
was recycled six times without a noticeable loss of activity.

Scheme 71
Fe3O4@Si02-DHAQ-Cu”
(0.45 mol.%)

Cs2C03, DMF, 100 °C, 4 h

ArHal + HNR'R? > ArNR'R?

Examples of products

hN —Ar: Hal = I, Ar = Ph (92%);
Hal = Br, Ar = Ph (91%), p-Tol (85%),
4-0;NCgHa (93%), 2-Py (94%)

e O D 1)

(96%) (96%) (96%)

Et;NPh (81%), BuSNPh (85%), Me—N  N—Ph (81%)

Catalyst 24 based on polymer-supported Cu'' success-
fully catalyzed the Ullmann reaction with aryl iodides (the
reaction was much less efficient with aryl bromides); in
terms of reactivity, the NH-heterocycles could be arranged
in the following order: imidazole > benzimidazole > pyra-
zole > pyrrole (Scheme 72); the catalyst could be recycled
several times without a considerable decrease in the product
yield.?°! The reaction of imidazole with aryl iodides pro-
vided yields of about 95% (for different substituents in the
para-position of the benzene ring), and the reaction of
aniline resulted in 93% yield. Catalyst 24 was successfully
recycled and showed a slight decrease in the yield by the
fifth run.

A polyaniline-supported Cu! catalyst was active not
only in the Ullmann arylation, but also in the Chan—Lam
reaction and the aza-Michael reaction,?°? which is usually
catalyzed by Cu'! compounds. As usual, the conditions were
optimized in relation to the reaction of iodobenzene with
imidazole (Scheme 73), and a high yield of the product was
attained (92%). The same yield was obtained in the aryla-
tion of pyrazole, while somewhat lower yields were observed
in the case of benzimidazole (84%) and pyrrole (88%). The
reaction of bromobenzene with imidazole also resulted in a
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high product yield (90%). The catalyst activity did not
decrease over five catalytic cycles.

The immobilized PS-Cu-(2-FuCHO) catalyst was
obtained by the reaction of copper(Il) acetate with a poly-
styrene derivative containing Schiff base derived from ani-
line and furfural. This catalyst was tested in the C— O, C—S
and C—N bond formation reactions. The amination was
accomplished both as the Chan—Lam reaction involving
imidazole and a number of arylboronic acids and as the
reaction of iodo- and bromoarenes with imidazole, anilines
and benzylamine. The best product yields exceeding 95%
were attained for iodobenzene and its derivatives with
electron-withdrawing substituents in the para-position.?%3
It is noteworthy that Cu'' complexes immobilized on
functionalized epoxy resins showed low efficieny even in
the reactions of iodobenzene with imidazole, but were used
with high success in the reactions of arylboronic acids.?%4

Silica gel-supported copper complexes proved to be a
good choice for Ullmann type reactions. Back in 2007, it
was shown 295 that Cu(OAc), efficiently catalyzed the reac-
tion of iodobenzene with imidazole (5 mol.% catalyst 25,
Cs,CO3, PhMe, 100 °C, 8 h); and aryl bromides without
electron-donating groups reacted in a similar way. Imida-
zole, benzimidazole, pyrazole and pyrrole were also
employed as the amine components; even in the case of
benzylamine, the product yield was 72%. It was found that
the catalyst can be recycled and reused several times. How-
ever, in the case of dibenzylamine, the arylation did not take
place (Scheme 74).

Recently, it was shown?2%¢ that silica gel-supported
copper complex with Schiff base smoothly catalyzes the
arylation reaction under optimized conditions not only for
azoles (pyrazole, benzimidazole, carbazole), but also for
secondary amines: for example, 87% yield of the product

R'= H, Me, OMe, Ac, NO>;

was obtained for piperidine, and 84 and 95% yields were
obtained for diethylamine and diphenylamine, respectively
(Scheme 75). Catalyst 26 was recycled and reused seven
times with a slight decrease in the yield.

Scheme 75
26
—— > PhNR'R?
K2CO3, DMF —H0,
85°C,4h

Phl + HNR'R?

Examples of products

_Ph
= N
ENfPh Etz;NPh PhsN
N
(92%) (87%)  (84%) (95%)

A heterogeneous catalyst, Cul on SBA-15-immobilized
melamine — pyridine (L33), proved to be efficient and recy-
clable;?°7 the reactions proceeded for not only iodo- and
bromobenzene, but also chlorobenzene (Scheme 76).
Among amines, benzylamine also reacted with a high
yield. Eight runs, accompanied by a minor and smooth
decrease in the product yield, were carried out. The authors
proposed a catalytic cycle involving Cu!'l,

Heterogenized Cul supported on thiosemicarbazide-
modified carbon nanotubes also showed high activity

N

Scheme 76
Cul/L35 (0.7 mol.%) A
o e
EtsN, DMF, 60 °C N

H
Hal = I, Br, CI;
11‘/ 11/ Me (96% (Hal = 1),
L3 = 96% (Hal = Br),
S Ny 70% (Hal = Cl)
_N N~
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towards reactions of aryl halides (including chlorobenzene)
with NH-heterocycles (indole, pyrazole, imidazole) and
aniline.?°% The yields of indole arylation products were:
96% for iodobenzene, 92% for bromobenzene and 75% for
chlorobenzene. The authors reported the successful use of
the catalyst in five cycles.

The magnetic support coated by SiO, with a grafted
Schiff base coordinating Cu(OAc)> (22—30 nm size nano-
particles) catalyzed the reaction of iodobenzene with imida-
zole in DMF in the presence of potassium carbonate base at
120 °C. The reaction product was formed in 82% yield. In
the case of bromobenzene, the yield was somewhat lower
(75%). Whereas imidazole did not react with chloroben-
zene, in the case of 1,4-dichlorobenzene, the arylation did
take place.??° The catalyst stability was insufficient, because
the product yield decreased by the fifth cycle to 75%.

However, the copper catalyst Fe;04@SiO,-TCT-PVA-
Cull (with a particle size of 12—45 nm) incorporated in a
polyvinyl alcohol-based magnetic material was well recycla-
ble: a slight decrease in the yield of the product was
observed only by the seventh cycle. High yields of the
products of arylation with iodobenzene were obtained for
imidazole, indole, benzimidazole and pyrrole; arylation was
also efficient for 2-iodopyridine.?!° In the case of N-phenyl-
piperazine, benzylamine and di-n-butylamine, the yields
somewhat decreased (Scheme 77).

Scheme 77
Fe304@SiO,-TCT-PVA-Cu"
(0.6 mol.%)

ButONa, 100 °C, 5 h

Phi + Nm Nm

~N N
H \
Ph
TCT is (3-chloropropyl)trimethoxysilane, (94%)

PVA is polyvinyl alcohol

A reaction catalyzed by the copper complex with Fe3;Os-
grafted guanidine derivative L3¢ was recently described.?!!
The arylation of aniline with bromobenzene in glycerol
(0.04 mol.% catalyst, potassium carbonate, 80 °C) resulted
in 80% yield; by the fifth cycle the yield of diphenylamine
decreased down to 70% (Scheme 78).

Scheme 78

Cu'/L38 (0.04 mol.%)
K>COgs, glycerol, 80 °C

@CHH g
l
NWNVKO

PhBr + PhNH> PhaNH

(80%)

L36 =

Ascorbic acid-coated magnetic support containing CuCl
proved to be a good catalyst for the arylation of not only
NH-heterocycles, but also aromatic and aliphatic amines.?!?
The reaction proceeded in water at room temperature in the
presence of KOH as the base (Scheme 79). Aniline, benzyl-
amine and n-butylamine reacted equally efficiently under
these conditions. The catalyst can be recycled and reused up
to six times without decrease in the efficiency.

Triazine-based dendrimer system 27, immobilized on
silica incorporating a magnetic filler, served as a support
for copper nanoparticles (Cu-NPs).2!3 Due to complication
of the catalyst structure, it was necessary to increase the

Scheme 79
- a —_— o
PhHal + | _ /NH - |_ /N*Ph (97% (Hal = 1),
N N 71% (Hal = Br),

Hal = 1, Br, Cl 59% (Hal = C))

Hal a NHR?
o = (Y
1 R1?

a — Cu/AscH@MNPs, KOH, HO, rt, 6 h;
MNPs are magnetic nanoparticles;
Hal = I, Br, Cl; R' = H, NO3; R2 = Ph, Bn, Bu"

R

R? R2 Hal Yield (%)
H Ph | 96
H Ph Br 52
NO2 Ph Cl 61
H Bn | 97
H Bn Br 87
H Bn Cl 67
NO2 Bn Cl 51
H Bu" | 92
H Bun Br 90

reaction temperature to 110 °C [Scheme 80; wave lines
correspond to the dendrimer branching sites: tris(3-amino-
propyl) groups ‘grow’ from triazine positions 4 and 6, while
on their amino groups, next-generation triazine molecules
are located, etc.]. NH-Heterocycles such as imidazole,
benzimidazole, indole and pyrrole were successfully ary-
lated with iodobenzene; reactions with bromobenzene and
with N-phenylpiperazine were also studied.

Scheme 80
Cu-NPs/27 (0.5 mol.%)

Az—Ph
Cs2CO3, DMF, 110°C, 4 h
(92—96% (Hal = 1),

84-87% (Hal = Br))

SN N
wn-th. O O
=0 (L, ” Ly %

PhHal + AzH

Copper nanoparticles were supported on various solid
materials to carry out amination reactions.?'# In the pres-
ence of the resulting catalysts, amination of p-iodobenzoni-
trile with various azoles — imidazole, pyrazole,
benzimidazole and indole — was carried out
(Scheme 81). Among the materials tested as supports (car-
bon, zeolites, montmorillonite K10, etc.), TiO> proved to be
the material of choice: the yields of amination products
ranged from 59 to 90%. When K,COs; was replaced by
Cs,COs, the yields were, in some cases, almost quantitative.
It is noteworthy that in the presence of these catalysts, the
yields of products were retained in 3 —4 successive cycles.
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Scheme 81
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3
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Copper(I) iodide in combination with sulfonic acid-
containing cation exchange resin INDION-770, which is
commercially available, catalyzed the reaction of aryl hal-
ides with imidazole (Scheme 82).2!> The reactions with aryl
iodides and bromides proceeded smoothly, while in the case
of aryl chlorides, only p-nitrochlorobenzene reacted. The
recyclability of this catalyst was moderate: from the third
cycle, the product yields started to decrease.

We will briefly mention other ways of immobilization of
Cu catalysts, in particular, on polystyrene-based materials.
Thus copper(ll)-containing polymer with alanine moieties
for the coordination of copper cations was used for amida-
tion of aryl halides without a solvent; the authors demon-
strated the possibility of conducting this reaction for a
broad range of substrates.?!® In 2017, a review on the use
of polystyrene-supported copper complexes, in particular,
for the C—N bond formation was published.?!”

Other polymers were also proposed for immobilization
of copper catalysts. For example, Cul complex with modi-
fied chitosan (PCCS) proved to be an efficient catalyst for
the arylation of amines, amides and azoles.?!® Primary and
secondary amines successfully reacted with aryl iodides and
bromides (aryl chlorides did not react under these condi-
tions) in the presence of Cs2CO3 in DMSO at 100 °C to give

Scheme 82
Cul/INDION-770

= (10 mol.%)
Atal + [ NH ‘) K\N —Ar
N-</ K2CO3, DMSO,
125 °C

Ar = Ph (94% (Hal = 1), 89% (Hal = Br)), 4-MeOCqH4 (91% (Hal = Br),
4-0,NCgHg4 (94% (Hal = CI))

Scheme 83
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(CLyos. Do,
H //
CNH(BQ%);

the desired products in up to 99% yields (Scheme 83). The
catalyst withstood five cycles without the loss of activity.

4. Chan- Lam reaction (copper-catalyzed
amination of arylboronic acids)

The methods of C(sp?)—N bond formation by the Buch-
wald — Hartwig reaction and by the catalytic Ullmann-—
Goldberg reaction considered above opened up new syn-
thetic opportunities for the preparation of various classes of
nitrogen-containing compounds. However, both methods
have shortcomings. The Buchwald—-Hartwig reactions
require the use of expensive palladium and rather costly
ligands. In addition, the reactions are often accompanied by
the formation of minor products resulting from hydro-
dehalogenation, which is rather difficult to avoid, since the
pathways to the major and minor products are similar. The
catalytic Ullmann reaction, although implies much less
expensive catalytic systems, is inferior to palladium-cata-
lyzed reactions in the synthetic scope. This is why the
alternative pathway to C(sp?) — N bond formation proposed
independently by research groups headed by Chan?2!° and
Lam 229 and based on the Cu'l-catalyzed reaction of amines
with arylboronic acids is an important achievement of
modern chemistry.

Unlike the two methods considered above, which are
based on the catalytic reaction between nucleophilic and
electrophilic reagents, in this case, both reagents are nucle-
ophiles. The reaction uses available copper acetate, weak
bases and cheap solvents; it proceeds at room temperature
and does not require inert atmosphere or external
ligands.??! As a historical note, it should be borne in mind
that the Chan—Lam reaction, like other types of cross-
coupling, has made a certain path, during which various
organoelement compounds were investigated. These studies
were initiated by Russian scientists, V.A.Dodonov and
A.V.Gushchin,??2 who used triphenylbismuth diacetate for
the arylation of amines in the presence of copper. A similar
transformation was later described by Barton et a/.??3 and
Chan.??* However, non-toxic boronic acids proved to be
most demanded, as in the case of C(sp?)—C(sp?) cross-
coupling reactions. It is also noteworthy that in 1998,
reaction of this type between arylboronic acids and phenols
was accomplished by West and co-workers,??> who thus
proposed an alternative method for the formation of the
C(sp?)—O bond.

Owing to its simplicity, the Chan—Lam approach found
wide use in organic synthesis.??® Conditions for efficient
preparation of compounds with various C(sp?) — Nu bonds
in the presence of catalytic amounts of copper complexes
were elucidated owing to the efforts of many research
groups.??7-228 The benefits of this method include the use
of available Cull salts and no need for additional ligands or
strong bases. Despite the seeming simplicity of the reaction
(Scheme 84), its mechanism is still a debated issue, and the
formation of copper(lll) via disproportionation of the
intermediate organic copper salt, proposed by Stahl and
co-workers,??® as well as Cu!! disproportionation and
reductive elimination lack strong evidence. The complexity
of this process is demonstrated by the detailed investigation
of the mechanism of model reaction of ArB(OH)
(Ar = 4-PhCgHy) with two amines (aniline and piperidine)
in the presence of a stoichiometric amount of copper,
reported by Watson and co-workers.?3? Scheme 84 shows
the catalytic cycle proposed by the authors.
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Scheme 84
Cu(OAc)2

1R2
B(OH)2 (1 equiv.) NR'R
+ HNR'R2 4>Et N (2 equiv,)
equiv.),
3 q Ph

Ph MeCN, air, rt
(87 —92%)

NH
unrRe = [ ©/ ’
N

H
Cu(OAC)2-2H20

RaNH, EtN 1| o oo
(7AcOH'Et3N)H ¢

O2 + RoNH + MeCN Ac ArB(OH)2

+ AcOH - EtsN Cu” B(OH)s
\/' “NHR,

MeCN
L,Cu'OAc
NHR2

u”
&MeCN LGz
ArNR; Cuul/

L,C'uX + HX

It can be seen from this cycle that the nature of the
amine can have a considerable influence on the course of the
reaction. Thus, the simplicity of this reaction bumped up
against the complexity of studying and understanding of
mechanism and pronounced dependence of the reaction
outcome on the type of reactants, the nature and concen-
tration of the copper catalyst and also on the natures of
oxidant, solvent, base and additives, the presence of water
and even temperature. A great contribution to investigation
of the reaction mechanism was made by Schaper’s research
group, who carried out thorough kinetic experiments and
proposed catalytic cycles involving sulfonato-diketimine 23!
and iminoarylsulfonate 232 copper(II) complexes.

4.1. Homogeneous conditions
There are quite a few procedures the successful use of which
depends on the nature of reactants.?3°~235 This is clearly
illustrated by the fact that the readily proceeding reaction of
amines with ArB(OH) is not always efficient when involves
pinacol esters of boronic acids, although such transforma-
tions are still known. For example, Hartwig and co-work-
ers 23¢ performed the amination of arylboronic acid pinacol
ester 28 with various primary amines in the presence of KF
(Scheme 85).

Reactions of this type were carried out using not only
arylboronic acids, but also boroxines, boric acid esters and
trifluoroborates, although their use is still limited to few

Me Me Scheme 85
0O
I Cu(OAC),
MeO,C By M'\ie OEt (10 mol.%)
+ e
Eto NHz “kF 0, MS4A,
MeCN, 80 °C
Me 28
n OEt
Me0-C N OEt MS are molecular sieves
—
Me (66%)

examples. In addition to arylboronic acids, in the presence
of stoichiometric amounts of copper acetate, alkylboronic
acids can also react. The nature of the ligand is also
important for this reaction and can affect the mechanism;
numerous possible reaction pathways were reported in the
literature. However, in most studies, if a poorly soluble
copper salt is not used as the precursor, the reaction is
carried out without a ligand, because copper acetate is
readily soluble in organic solvents. Back in their early
study in 1998, Lam and co-workers??? established the
following order of efficiency of solvents for the arylation
of imidazole: CH,Cl, > 1,4-dioxane > N-methylpyrrolido-
ne ~ THF ~ DMF >> ethyl acetate ~ toluene * DMSO.
Optimization of the conditions for a particular reaction
requires selection of a particular base, accelerating additive
and oxidant. Most often, the presence of oxygen, which
oxidizes Cu! to Cull, is sufficient for the reaction to occur.
However, the use of more potent oxidants such as (2,2,6,6-
tetramethylpiperidin-1-yl)oxyl (TEMPO) or pyridine
N-oxide may lead to oxidation of Cull to Cu!'l. All these
aspects are still being addressed. An interesting idea is to
apply photocatalysis to the Chan—Lam reaction, which
would markedly facilitate the conversion of Cu'! to Cu!'l.

As noted above, this approach was used to arylate
(hetero)arylamines, -amides, -sulfonamides and various
NH-heterocycles. Due to high demand for the products of
these reactions, aromatic amines have been studied most
widely. Quite a few pharmaceuticals have been obtained
from these substrates, e.g., a succinate-cytochrome C-reduc-
tase inhibitor,?37 retinoic acid 4-hydroxylase (CYP26)
inhibitors,?38 B3-adrenergic receptor agonists,?** MEK kin-
ase inhibitors 240 and selective agonists of formyl peptide
receptors (FPR).2*! The yields of products were sometimes
relatively low,%4%:243 the reactions were often conducted as
non-catalyzed versions; most likely, the authors did not aim
to optimize the procedures they used. Examples of these
reactions are depicted in Scheme 86.

Scheme 86
N NH N N
(HO)2B N N 2 N N
‘ * = ‘ = ‘ =
N OMe Br Br OMe
_ (6.5%)
(a) Cu(OAc)2 (1.5 equiv.), PrsNEt, CH2Cly, 25 °C
B(OH), 0
MezN(O)C |
\
F F CU(OAC)z (o) NH2
F (1.1 equiv.)
o PyH, CoHiCl,  Me™ NH
Me2N(O)C 02, MS4A, 25°C
|
Me" NH, F
(31%)

Primary and secondary cyclic alkylamines showed good
results in the Chan—Lam amination and are already widely
used to prepare potential drugs, for example, inhibitor of
isoprenylcysteine carboxyl methyltransferase 244 or ureido
NPY Y5 receptor antagonists.?*> (Scheme 87).

Bicyclic aziridine derivative 29 was also successfully
used in this reaction (Scheme 88).24¢
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Scheme 87 Scheme 90
(0]
C'\@/B(OH)2 Cu(OAc)2 (1 equiv.) 72\, 7\ //0
Pri;NEt, CHoCly, —N NH B _
o, )
+
Me
Me A\
" A\
B N
” Cl 30 H (90%)
(51%) (@) Cu(OAc)2 - H20 (20 mol.%), DMAP (20 mol.%),
H B(OH Kl (20 mol.%), DMF, air, rt
N
O/ \O Cu OAC),
HN EtsN, CH20|2 substrates successfully used for this purpose include pyrrole,
SO Me air, rt

\
o N\O
N
~S0,Me

(26%)
Scheme 88
B(OH)2
s Cu(OAc), MeO
(10 mol.%)
NH + N
myristic aC|d
2,6-lutidine, PhMe, o
air, rt (78%)

The reactions with primary and secondary amides were
carried out (the products of the latter are of interest for
pharmaceutical production) using not only aryl-, but also
alkylboronic acids (Scheme 89).247-248

Scheme 89
Me Me
Me M
A\ /o . a e o)
N + (HO)2B__Pr —> N by
NH; HN N—
M
Me e Me Me H
(a) CuBr (10 mol.%), NaOTMS, (Bu'O)z, (80%)
Bu'OH, 75 °C
F

MeO

o @

H B(OH),

(a) Cu(OAc)z (1.5 equiv.), PyH,
MS 4 A, CH,Cly, ari, rt

When a chelating system is present in the starting
molecule (compound 30), the arylation of the amide nitro-
gen atom with phenylboronic acid occurs with a high yield
of product (Scheme 90).24°

Obviously, the use of the Chan—Lam reaction for the
arylation of NH-heterocycles, especially for the preparation
of biologically active compounds, holds great promise. The

imidazole,?>° pyrazole,?3! tetrazole,>*? indole 233 and pyra-
zinone;?>* note that the reaction conditions are substantially
different, depending on the structure of the heterocyclic
compound when aryl- or alkylboronic acids are used
(Scheme 91).

Scheme 91

\
NH
0 ( )2
Cl N/ N/

Cl

(69%)

(a) Cu(OAc)2 (12.5 mol.%), 2,2'-Bpy (18.85 mol.%), valeric acid
(25 mol.%), PriNEtz, THF —DMSO (1:1), 5% O2/N2, 90 °C

N’/N
_ NH
o

(HO)2B Oz Cus0(5mol%)

\©/ DMSO 02,100 °C
(80%)

Recently, it was shown that N-arylation of 3,4,5-trisub-
stituted pyrazoles can be carried out at room temper-
ature;?>> broad prospects are opened by vinylation of
1,2,3-triazoles and tetrazoles into position 2 with vinyl-
boronic acid or potassium vinyltrifluoroborate.>’® The
search for the most efficient copper complexes for catalysis
of the Chan—Lam reaction is in progress: for example,
binuclear Cu!' complex 31 with bis(quinoline) Schiff base
proved to be a good choice for conducting the reaction at
room temperature.>>” On the basis of kinetic experiments,

Structure 31
r Q2+
o | ‘ N
NC/X\C 3
u

b NN 2AcO-
N (0]
| |

31
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the authors proposed a mechanism of the catalytic cycle
involving binuclear complex 31.

Similarly, a high efficiency was found only for the
copper complex [CuL37](OTf), with 4,5-diazafluorenone.?>8

For successful use of low-reactive anilines in the Chan—
Lam reactions, Gale-Day and co-workers 2%° proposed to
activate the reaction by conducting it in an electrochemical
cell with copper anode and cathode. This allowed the
synthesis of various functionalized diarylamines in high
yields under mild conditions.

Structure L37

L37 N=

There are interesting synthetic sequences that include
the Chan—Lam reaction followed by intramolecular cycli-
zation (C—H activation), giving rise to heterocyclic sys-
tems. In the first step, substituted diphenylamines are
obtained, while the second step represents Pd!-catalyzed
formation of the C—C bond from intermediate o-iodo
derivatives, thus furnishing a representative series of carba-
zoles (Scheme 92).260

Scheme 92

Cu(OAc)2 H20 (10 mol.%)

DBU (1.2 equiv.),
decanoic acid (0.2 equiv.),

B(OH)2 PhMe, ari, rt
- | Pd(0AC)2 (5 mol.%),
DBU (6 equiv.),
. \©i /@Rz PhMe, N2, 100 °C, 12h_
N
H
(44-78%) R’ = H, Me, F, Cl, Br,
COzMe, NOz;
Rz R? = H, 4-Me, 4-Cl, 4-Br,
4-OMe, 4-CO>Me, 3-CN,
3-Ac, 3-OMe;
(41 —93%) DBU is 1,8-diazabicyclo[5.4.0]-
undec-7-ene

Similarly, benzimidazopyridines were obtained from
2-aminopyridines and arylboronic acids by a one-pot pro-
cedure.?®! The reaction was carried out in the presence of a
stoichiometric amount of copper acetate in DMSO at
120 °C in air; the yields of heterocyclic products 32 varied
from moderate to high, depending on the positions of
substituents in the starting compounds (Scheme 93).

Using the Chan—Lam method, it was possible to suc-
cessfully perform arylation of primary and secondary sulfo-
namides 262263 and sulfoximines.?%* In the case of possible
competition between the aniline and sulfonamide nitrogen
atoms, divergent regioselectivity can be attained by varying
the reaction conditions (Scheme 94).265

Recently, efficient use of Ni!l catalyst in the Chan—Lam
reaction was reported.?®® Nickel carbene complex 33 was
used in the presence of an additional ligand — 4,4'-
dimethyl-2,2’-bipyridine (Me,Bpy). The reactions with pri-
mary and secondary amines were studied; moderate activity
of this catalyst in the reactions with amides and pronounced

Scheme 93
R? Cu(OAc)2 (1 equiv.) Ré
- ) R~
‘ SN . r2 PriNEt (3 euiv.) @\1@
= MS 4 A, DMSO, N
NH2 air, 120 °C N

B(OH)2 32 (42—-85%)

R'" = H, 4-Me, 3-Me, 3-OBn; R? = H, Me, Cl, Br, I, Ac, OMe, COzMe,
CH>OH (in different positions), 4-CF3

Scheme 94

st
H2N©\ + AB(OH), — SOzNHAr
SO2NH; b /H@\
Ar SOzNH;

(a) CuCl (40 mol.%), Et3N, dioxane, air, rt;
(b) 2-ThC(O)OCu (20 mol.%), 2,6-lutidine, DMF, air, rt

Scheme 95

33 (2 mol. %),

Me2Bpy (2 mol.%
HNR'RZ + R 2Bey { ), RS
K3PQO4, PhMe —DMF (19: 1),
air, 70 °C
B(OH)2 NR'R2

(24 —83%)

HNR'R? = O [ ] CyNHz, BnNH2, 4-MeOCsH4NH,

H H n- C12H25NH2, ACNHz, BUtOC(O)NHz

R3 = 2-Me, 2-OMe, 4-Me,
4-OMe, 4-F;

dependence of the product yields on the reactant structure
were demonstrated (Scheme 95).

4.2. Application of immobilized catalysts

As in the case of Cu'-catalyzed amination, Chan—Lam
reaction procedures using heterogeneous catalysis have
been actively developed in recent years. Many of these
catalysts, including those mentioned above,201-205 are
often employed for both reactions. For example, the aryla-
tion of diverse NH-heterocycles with arylboronic acids in
methanol was successfully carried out in the presence of
polystyrene-supported copper(Il) complex.2®” A catalyst
based on copper nanoparticles immobilized on N-doped
graphene oxide (N-GO) was developed.?°® Reactions of
diverse amines with phenylboronic acid made it possible to
obtain diarylamines in high yields (except for reactions with
2- and 4-nitroanilines). The recyclability of this catalyst
follows from the retention of product yields for up to five
reaction cycles (Scheme 96).

Graphene oxide modified with propylsiloxane derivative
bearing a 1-ferrocenylmethylimidazole moiety was used to
obtain Cu'! complex 34, which was studied in the reactions
of formation of N-arylsulfonamides.?°® The catalyst can be
used in six successive cycles without loss of activity.
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Scheme 96 Scheme 98
N-GO@Cu-NPs (2 mol.%)
HNR'R2 + PhB(OH), » R'R2NPh B(OH) /
K2COs, H20, EtOH, 76— 98% 2
50°C,1.5—5h (76-98%)
’ K/\ NP-Cu (15 mass %)
R? NH +
NH, N</ MeOH, 60 °C, 5_18h
HNR'R2 = @ (X, = H, 4-Me, 2-Me, 2,4-Mes, 4-OMe, 4-Br, ,
y 2-Br, 4-Cl), R
! R2 (60—96%)

NH>
N
Cry- e O
N < N
H

One more graphene oxide-supported copper(Il) complex
35 was utilized to obtain unsymmetrical diarylamines from
anilines and boric acids.?’? By varying substituents in both
reactants, the authors showed that the reactions of aniline
and p-toluidine with arylboronic acids containing methyl,
methoxy, nitro and cyano groups give target products in 70
to 90% yields. The recyclability of catalyst 35 was con-
firmed experimentally in four successive catalytic cycles.

Structures 34, 35
Cul

0
Oy v .
B! \—/ e

34 U=

ACO OH2

Oz et
2

The simplest Cul! complex with a Schiff base was
immobilized on graphene oxide using (3-aminopropyl)trial-
koxysilane linker; this gave an efficient catalyst for the
Chan—Lam reactions, which ensured 70-88% yields of
unsymmetrical diarylamines.?”! No significant decrease in
the catalyst efficiently was observed over five cycles.

Copper(I1) oxide nanoparticles with an average size of
7—17 nm, obtained by a simple procedure from the corre-
sponding chloride, were used in the reactions of arylboronic
acids with a number of anilines and imidazole at room
temperature; the yields of products exceeded 80% in all
cases (Scheme 97).272 The possibility of recycling copper
oxide nanoparticles was tested, and it was demonstrated
that the catalyst activity is retained over the first three
cycles.

Similarly, spherical CuO nanoparticles (~6 nm average
size) proved to be efficient in the arylation of simple

Scheme 97

R@HZN + AB(OH), 2> RONHN

(84-93%)
— -
=\ + ArB(OH), > = N—NAr
N</ N</
(81-88%)

(a) NP-Cu (30 mol.%), K2CO3, MeOH—H20 (1:1), rt,8—12h;
R = H, Br, OMe; Ar = XCgH4 (X = H, 4-Et, 4-F, 4-Cl, 4-OMe, 4-But, 3-Me)

R' = H, 2-Me, 4-Me, 5-Me; R? = H, 4-F, 4-Cl, 4-OMe, 3-Me

imidazoles (Scheme 98); this reaction did not require addi-
tion of a base.?”? The catalyst loading was 20 mg of nano-
particles per mmol of the starting imidazole.

The metal-organic framework (MOF) containing Cul!
compounds in the nodes and based on terephthalic acid
(BDC) and 4,4'-bipyridine was studied in reactions of some
anilines with phenylboronic acid.?’ The yields of arylation
products were 75—85%; the catalyst was used several times
without decrease in the yields of target compounds
(Scheme 99).

Scheme 99

.,

Cuy(BDC)2(4,4'-Bpy)-MOF
MeOH—H0, rt, 1h

NH2

+ PhB(OH),

R

75—85%) R
R = H, Me, Cl, Br, NO> ( %)

One more catalyst (URJC-1), a MOF based on 4,5-
di(tetrazolyl)-1 H-imidazole and Cu(NOs)2, was also tested
in reactions of phenylboronic acid with a number of
amines.?’> The yields of products were 61—-84% for aryl-
amines and 41—-71% for alkylamines. The efficiency of this
heterogeneous catalyst did not change significantly over five
cycles.

Nanostructured Fe3;O4 encapsulated into the Cu—apa-
tite composite was studied as a recyclable catalyst of the
Chan—Lam reaction.?’® High yields of arylation products
were obtained in reactions with imidazole and indole
(Scheme 100). The catalyst could be reused five times.

Scheme 100
B(OH)2 \Ex\>
}(:;r\‘[x\ N Fe304@Cu-apatite SRTN
N K2CO3, MeOH,
H R 60°C,6h
(72—96%)

X = CH, N; R = H, 4-Me, 3-Me, 2-Me, 4-OMe, 4-NO>

The catalytic properties of Cu'' iminopyridyl complex
grafted to the magnetic Fe;O4 particles via 3-aminopropyl-
siloxane linker (catalyst 36) were studied in reactions of
arylboronic acids with a number of anilines
(Scheme 101).277 The yields of the corresponding diaryl-
amines were 82 —95%; the possibility of using the catalyst in
five cycles with gradual decrease in the activity was demon-
strated.
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Scheme 101 Scheme 102
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*° 5SiMN NS ’ (OMe)e
0 _Cu—N_~
AcO \OA
¢ Scheme 103

The search for other solid supports for immobilization
of the copper catalyst used in the Chan— Lam reactions is in
progress. For example, sorption of copper(Il) sulfate on
montmorillonite K-10 gave a catalyst that allowed for
arylation of imidazole derivatives with up to 93% yields;
this catalyst could be reused in four successive cycles with a
minor decrease in the activity.?’® A bimetallic Pd—Cu
catalyst supported on SiO>—TiO> via diamine linkers was
developed. Using numerous examples, the efficiency of this
catalyst in the Chan—Lam and Suzuki reactions and the
catalyst reuse for up to five times were demonstrated.?”?

5. Amination using metal-catalyzed CH-activation

The use of simple arenes or heteroarenes instead of aryl
halides or arylboronic acids in the cross-coupling reactions
to give the C(sp?>)—N bond is evidently a new atom-
economical strategy for the synthesis of amino derivatives,
resulting in metallation of the activated C—H bond with
subsequent oxidation of the carbon atom to give the C—N
bond. Quite recently, these reactions seemed difficult to
implement, but now they are the subject of extensive
literature including reviews.?80-289 The successful imple-
mentation of these reactions started from the use of arenes
containing functional groups (so-called directing groups)
capable of being coordinated to a metal and directing its
addition to the ortho-position. In the case of intramolecular
amination, the amino group can perform a dual function
being both a reacting and a directing group. These reactions
are catalyzed by Pd! in the presence of oxidants (oxygen or
Cu'l). The metallation of arene gives a metallacycle, and
reductive amination affords the product and Pd®, which is
oxidized to Pd!. This oxidative reaction was first carried
out in 2005 by Buchwald and co-workers 2°? in the synthesis
of aza heterocycles, including carbazoles (Scheme 102).2°1
Subsequently, indazoles,?°? oxindoles,?3 benzimidazoles,>*
1-aryl-1 H-benzotriazoles,?®> quinazolinones 2°¢ and diverse
indoles and carbazoles 2°7 were obtained by this method
using various oxidants.

One more type of these reactions that occur even at
room temperature includes the use of a strong oxidant able
to oxidize Pd!! to Pd!V in the metallated arene; after that,
Pd'"V easily undergoes reductive elimination. An example of
such reaction is the synthesis of carbazole in the presence of
PhI(OAc),. In the oxidative reactions, the use of bidentate
chelators, e.g., 2-pyridinecarboxylic acid amide 37, as
directing groups, proposed by Nadres and Daugulis 2°%
and Chen and co-workers,?*® was found to be especially
efficient (Scheme 103).

Pd(OAC)>,
m =0 PhI(OAc)2 (2 equiv.)
_— >

PhMe, air =0
N~ ‘
370X
Amount of Pd(OAc)z, mol.% T,°C Yield (%)
5 100 80
2 60 88

The same principle,3°°-392 but with replacement of the
traditional phenyliodonium acetate as oxidant by more
potent phenyliodonium dimethyl malonate, was used to
prepare benzazetidine difficult to obtain by other meth-
0ds.303.304  The use of bidentate chelators markedly
improved the reaction conditions, namely, this decreased
the temperature, amount of the catalyst and the reaction
time. The directing group and the substituents in the arene
have a considerable influence on the amination.

5.1. Cu"" catalysis of C —H-amination

The possibility of using copper salts and complexes as
catalysts play an enormous role for the practical application
of the C—H amination. The first example of intramolecular
amination catalyzed by Cu(OAc) in the presence of oxygen
was reported by Brasche and Buchwald %5 in the synthesis
of benzimidazoles (Scheme 104).

Scheme 104
R
H Cu(OAc)2 (15 mol.%), H
N AcOH (5 equiv.) N
u “o.owso, /
’ ’ N
©/ NH 100°C, 18 h K
R = H, Me, CF3 (69—-89%)

These reactions can be carried out for heterocycles with
acidic C—H bond that can be easily metallated, as, for
example, in imidazole 38 (Scheme 105).30¢

Miura and co-workers307-398 qutilized this method to
prepare carbazole and indolines using microwave radiation
and MnO; as the oxidant (Scheme 106). The reaction
occured more readily when chelating directing groups were
present in the reactant. Not only intramolecular, but also
intermolecular reactions of arylation of azoles, primary
amines and secondary cyclic amines were carried out in
this way.?°! It is beyond doubt that that intermolecular
amination is more problematic. These reactions were
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N  Cu(OAc); (20 mol.%), x
N~ Phen (40 mol.%) N//\IL ~
NaOAc, m-xylene, N>/ N z Cu(OAc)z or N z
NHPh 155°C, 20 h \ (CuOH)2COs5
, o) NH 1R2 ——— > 0O NH
38 (93%) Ph N AR R o H DMso, 80 C N
or BujNF, Oz, 130 °C NR'R2
Scheme 106 l?n
Cu(OAc) O © N
2 1R2 = .
(30 mol.%), HNR'R e [N] [N] (63—73%);
O N AcOH (1 equiv.), H H H
MnO: (2 equiv. )
_o MnO:(eauv) PriNHz, Et2CHNHz, 1-AdNHz, BnNH; (40 —58%)
DMF, MW,
N= 200°C, 1h H
N\ / (96%) Scheme 109
accomplished using not only palladium and copper, but NH N
other metal catalysts, such as Co, Ni, Rh, Ru, Au, although + TsNH, —>
with only a narrow range of substrates, usually amides or NHTS o >N
electrophilic aminating agents.

The use of 8-aminoquinoline moiety as the directing
group was a lucky idea for intermolecular type reactions.
Examples of using this moiety in the reaction with morpho-
line catalyzed by Cull in the presence of 4-morpholine
N-oxide (NMO) and Ag,CO; oxidants or catalyzed by Nill
in the presence of Ag,CO; oxidant are shown in
Scheme 107.3%°

Scheme 107

d@ E]Meo@%

(@) Cu(OAc)2 (10 mol.%), Ag2CO3 (13 mol.%), ( 7%)

NMO (2 equiv.), NMP, 110 °C

@&;E?

0,
, Ag2C0O3, Na2CO3, PhMe, (80%)

(a) Ni(OAc)2
140°C, 10 h

Later Daugulis’s research team3°2 used the 8-amino-
quinoline moiety as the directing group and oxygen as the
oxidant to carry out Cu-catalyzed arylation and heteroar-
ylation of various amines, including primary aliphatic
amines, azoles and sulfonamides (Scheme 108).

The same directing group was used in the Cu(OAc),-
catalyzed amidation with sulfoximines.?!° One more biden-
tate directing group was involved in the Cul'-catalyzed
amidation of aryl- and heteroarylamides reported by Yu
and co-workers 31! (Scheme 109).

A variation of substituents in the arene or the nature of
the directing group strongly affects the outcome of amina-
tion,312313 and with a good combination, this reaction can
proceed even at room temperature.?!* Miura and co-work-
ers 315 showed that the copper-catalyzed reaction of enam-

(up to 94%)

(a) Cu(OAGC)2 (1 equiv.), NazCO3, DMSO, air, 80 °C;
Rn = 2-Me, 4-Me, 2,4-Me, 3-OMe, 4-OMe, 4-Ph, 2-F, 3-F, 4-F, 3-Cl,
4-Cl, 4-Br, 2-CF3, 3-CF3, 4-CF3

ide may give substituted indole or the product of
alkoxylation of the vinyl group — 2,4,5-trisubstituted
oxazole, depending on the nature of substituents in the
directing group. In other words, the directing group con-
trols the cyclization (Scheme 110).

Scheme 110

(R" = 3-MeO,
R2 = 3-MeOCeHa)
2

R N
\ 0
R2 (0]
N
R? H
(up to 91%) R’ (up to 96%)

(a) Cu(ButCO2)z (30 mol.%), MnOz, ButCOH, DMF, MW, 200 °C, 1 h

It is noteworthy that the young field of chemical science
related to C—H-activation, especially combined with the
intermolecular amination, is being developed very rapidly.
The first reactions using a stoichiometric amount of
Cu(OAc), and 2-pyridyl directing group were reported in
2006,316-317 and as soon as in 2010, Li and co-workers 3!8
performed these transformations in the catalyzed version,
although using a strong oxidant (CuBr— Bu'OOBu! system)
and high temperature (120 °C).

Nevertheless, in complicated cases, for example, when
ammonia is used as the aminating agent, it is not always
possible to successfully use particularly catalytic amounts of
copper(Il) in the reaction, even when the original activating
group has been thoroughly chosen.?'” As indicated by
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examples given below, the use of 2 equiv. of Cu(OAc), often
provides higher yields of amination products at lower
temperature, without requiring any additional reagents
such as N-methylmorpholine N-oxide (Scheme 111).

Scheme 111
i i
N b N
H + NH3-H20 aors, @\/\H
g 7
R N“ O R NHz N7 O

(a) Cu(OAC)2 (2 equiv.), DMSO, 60 °C, 12 h (28 —89%);
(b) Cu(OAc), (25 mol.%), NaOAc (2 equiv.), NMO (3 equiv.),
DMSO, 100°C; R = H, 2-CF3, 3-CFs, 4-CF3, 4-Cl, 4-F, 3-Ac,
3-CO,Me, 3-Ph, 3-OCF3, 4-But, 4-OMe, 4-SMe, 4-CO,Me

The introduction of a 2-pyrimidyl substituent to the
nitrogen atom contributes to the activation of the C—H
bond in position 2 of indole towards Cu-catalyzed amida-
tion.320 The yields of the reaction products considerably
depended on the nature of substituent in position 5 of the
heterocycle: the lowest yields (0 and 31%) were obtained for
R = CN and NO; (Scheme 112).

Scheme 112

hAB® N\ @QNHJ@f* C@
) N@

(52— 86%)

(a) CuOAc (20 mol.%), PhMe —1,2-dichlorobenzene (1: 1), O2, 150 °C;
R = H, Me, F, Cl, Br, OMe

Study of amination of quinoline N-oxides and their
derivatives in the presence of catalytic amounts of Cul
demonstrated that these reactions take place for secondary
cyclic and linear aliphatic amines (Scheme 113).32! The
amination is directed to position 2 of the heterocycle, and
the yields of products considerably depend on the structure
of amines.

The same issue was addressed by Sun and co-workers,322
who carried out both the amination and amidation of

Scheme 113
Q" o
AN ., _Cul(10mol.%) Ny ~NR'R?
P + HNR'R PhMe, air, _
50°C,7-12h
(25—91%)

HNR'R2 = EtoNH, Pr3NH, CNH,Q [ ] [ ]

\/\/\/
H

quinoline N-oxides with cyclic secondary amines and cap-
rolactam. Catalysis was performed by 10 mol.% copper
acetate in the presence of 2 equiv. of silver carbonate; the
reaction proceeded in benzene at 120 °C.

Mori and co-workers 323 reported the direct amination
of azoles into position 2 using copper acetate with the
triphenylphosphine ligand as a catalyst and air oxygen as
an oxidant (Scheme 114). The reaction was carried out for
N-methylaniline, diethylamine, sulfonamides and other
amine components.

Scheme 114
Cu(OAc)2/PPhs
_ (20/40mol.%)
1R2 1R2
@i >7H + HNR'R NaOAc xylene, @: %NR R
2, 140 °C, 12-24 h
(47 -81%)
X =0, S, NMeg;
HNR'R?2 = PhNHMe, PhoNH, PriNHTS, EtoNH,
N
H
Scheme 115
Cu(OAc)2
N O (20 mol.%),
PyH (20
S—H + L PyH @oequiv) %N
N \\/O K2COs3, PhMe,
\ 02,120°C
39 Me (72%) Me

Similar conditions were used by Wang and Schriber 324
to carry out amidation of benzimidazole 39 (Scheme 115).

The catalytic cycle proposed for this reaction
(Scheme 116) includes deprotonation of azole 39 to give
organocopper compound, ligand exchange and reductive
elimination to give the target product. The resulting Cu! is
oxidized with oxygen to Cul. However, the nature of
copper formed after the reductive elimination and the
possibility of oxygen-induced formation of Cu'l are not
discussed in the paper.

Scheme 116
N N
Y—NRR' _ L,Cu(OAc): >—H
X X
+
0, K2CO3
L L
N n N n
/ /
OO Ol
X NR/RH X OAc

R'R"NH

An interesting method of amination of benzoxazole in
position 2 is the reaction with a number of tertiary amines
of type R!R?NCH;R3, such as trialkylamines, tribenzyl-
amine, triallylamine, N-methylmorpholine, N-benzylmor-
pholine and N-benzylpiperidine.3?> The reaction is carried
out in the presence of 10 mol.% CuBr, and 20 mol.% acetic
acid in dioxane in an oxygen atmosphere at 120 °C. As a
result, the R'R2N moiety is involved in amination, while
CH,R? is converted to the corresponding aldehyde
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(R3CHO). It was shown that the amination of benzoxazole
and its derivatives with secondary amines can be catalyzed
by 20 mol.% copper(Il) acetate in the presence of 2 equiv.
of acetic acid in acetonitrile in an oxygen atmosphere at
70 °C.326 In addition, a method was developed for introduc-
ing an amino group into these substrates on treatment with
dimethyl- and diethylformamide in the presence of
20 mol.% copper(11) acetate and benzoic acid.

In some cases, amino-substituted heterocycles were
formed as a result of unexpected cascade processes. For
example a series of polysubstituted imidazolones 40 was
obtained by the reaction of several diarylamines with
diethylamine and dipropylamine (Scheme 117).327 The
authors assumed a complex multistep mechanism, the key
step of which is a tandem double C—H amination.

H Scheme 117

A0
A0

CuCl3 (20 mol.%),
PyH (2 equiv.)
_ »

BUiOH, 02,
100°C,12h

+ R3NH

R2 R' = Me, But, Ph,
N N CFs, Cl, Br, CN,
/©/ \©i Y=0  CO:EL
i N R2 = Et, P

40 (31—82%) R

Arenes containing an ‘acidic’ C—H bond, e.g., per-
fluorinated compounds, can also be aminated in the pres-
ence of the Cu(OAc), catalyst to give products in good
yields.3?8 In this case, the O, — TEMPO system is used as the
oxidant (Scheme 118).

Scheme 118
F (40-83%)

(a) Cu(OAG)2 (20 mol.%), ButOK, TEMPO, DMF, Oz, 40 °C, 24 h;
R = H, Me, Cl, OMe

The known arylation of saccharin with unsubstituted
benzene 3?° was accomplished under mild conditions in the
presence of CuCl, catalyst under the action of a
special oxidant Selectfluor — 1-chloromethyl-4-fluoro-1,4-

Scheme 119
O\\ //o CuCly, Selectfluor O\\ /O
S\ (2 equiv.) S\
" NH K2CO3, MeNO: N
2C03, MeNO2,
\\ 0°C \\
o) O (94%)

diazoniabicyclo[2.2.2]octane bis(tetrafluoroborate)
(Scheme 119).33% Note an attempt to carry out the amida-
tion of arenes using photocatalysis, for example, with
ruthenium complexes.33!

5.2. Miscellaneous methods for conduction of

C — H-amination

Especially popular is the imidation of benzene with phtha-
limide, which was studied in the presence of various metals
and oxidants.’32 An example of the metal-free oxidative
version of this reaction is shown in Scheme 120.

©©3
»@@”@ o™

(80%) o

Scheme 120
PhI(OAc),
(3 equiv.)
140 °C,4h

In 2013, Hartwig and co-workers333 carried out this
reaction for methyl- and methoxy-substituted arenes with a
palladium catalyst using hypervalent iodine as the oxidant
(Scheme 121).

Scheme 121
R1
RZ
R! o
R2 /] Pd(OAc)2/Bu;P (0]
@i; (1010 mol.%) g3 Vi
+ NH —— > N
PhI(OAC)2
R3 \ (2 equiv.), o~
o 100 °C
(46—-78%)

R' = Me, Cl; R2 = Me, OMe, F, Cl, Br, I; R® = H, Me

DeBoef and co-workers 334 carried out the same reaction
using catalysis by Au! complex, which was oxidized to Au!
(Scheme 122). o0-Xylene, acting as both a reactant and a
solvent, is imidated into position 4 with high regioselectiv-
ity. The reaction is carried out in the presence of trialkyl-
phosphines as ligands, the most effective of which is
tricyclohexylphosphine.

Scheme 122
Me
Me Au(PCys)Cl (10mol.%)
PhI(OAc)2 (8 equiv.), 100 °C, 24 h
: // : : // :

(90%, 30:1)

An imidation method for five-membered heterocycles
such as pyrrole, thiophene, benzothiophene, oxazole and
benzoxazole on treatment with ditosylamines in the pres-
ence of N-bromosuccinimide has been developed.?3® Chen
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and co-workers 33¢ synthesized 9,14-diaryl-9 H-dihydrodi-
benzo[a,c]phenazine (41) by using both methods for
C(sp?)—N formation: the palladium-catalyzed Buchwald —
Hartwig reaction and the copper-catalyzed intramolecular
amination (Scheme 123). In this interestingly designed syn-
thesis, the second step is carried out using an excess of
copper acetate.

‘ P Br
NH
S
D
Ph

Scheme 123

Pd(dba)s/Bu}P - HBF 4
(1/4 mol.%)

Bu'ONa, PhMe, 110 °C

Ph oh
N N
SHONESS SN
—
NH OMe I\‘l OMe
Ph Ph

(99%) 41 (58%)

OMe

—

(a) Cu(OAC)2 (2 equiv.), DMSO, Oy, 120 °C

One more reaction in which a palladium catalyst was
used in the first step and two C— N bonds were successively
formed was described by Song and co-workers.337 The
reaction involved 2-iodobiphenyl and a number of (hetero)-
aromatic amines. This gave an extensive series of
N-(hetero)arylcarbazoles, and it was shown that the sub-
stituents in aniline have a greater influence on the course of
the reaction than the substituent in 2-iodobiphenyl
(Scheme 124).

Scheme 124

O NHz
1) Pd(OAG)2/PPhs
I _(5[10mol%) O
+ 2) Cu(OAc)2 (1 equiv.),
O CSzCOs DMF 02
R2 120°C

= H, Me, But, OMe, Ph, F, NO2, CHO (63—92%);
= H, Me, Pri, SMe, CN, Ac, CO2Me, F, Cl, Br (36 —92%)

The vast majority of the described oxidative amination
reactions are carried out in the presence of Cu!l. However,
the applicability of catalytic systems based on other metals
is being actively studied. For example, the Rh!'! complex
with 2-methylquinoline was used for C—H-amination of
N-pentafluorophenylbenzamide in the ortho-position with
several cyclic secondary amines,>*® for sulfonamidation of
1,2-bis(1-phenylethylidene)hydrazine and analogous substi-
tuted azines,33° and also for amination and sulfonamidation
of indoles.?#0 Catalysis by Ir!! compounds allows for the
amination of substrates containing amide directing groups
using both aliphatic 3*! and aromatic amines;3*? iridium-
catalyzed amidation of tetrazines was also recently
described.343 Quite a number of recent studies were devoted
to amidation, especially under the action of sulfoximines,
catalyzed by complexes of various metals, for example
iridium.?** In these reactions, additives are necessarily
used, most often, of silver or copper salts. Expansion of

the range of catalytic systems makes it possible to vary the
reactant structure, control the regioselectivity of reactions
and carry out reactions under milder conditions.

5.3. Immobilized catalysts in C — H-amination

Unlike C— N bond formation reactions that use aryl halides
or arylboronic acids, the oxidative C— H-amination reac-
tions are rarely conducted with immobilized catalysts. Until
recently, almost no such studies were known, as follows
from a review of Vaccaro and co-workers 34> published in
2016. The use of copper MOF based on biphenyl-4,4'-
dicarboxylic acid with 1,4-diazabicyclo[2.2.2]octane
(DABCO) made it possible to perform the amidation of
heteroaromatic compounds,3#® while the amination of ben-
zoxazole was catalyzed by another cobalt-containing
MOF.?*7 Depending on the nature of the amine, the yields
of products in the former case varied from medium to high
and decreased in the series shown in Scheme 125.

Scheme 125
Coz(BDC)2(DABCO)
5 mol.%)
@i )+ HNRRE ——omoR) @i )—NRIR?
Bu‘OOH (2 equiv.),
AcOH (2 equiv.),
MeCN, 1 h (30-89%)

HNR'R?:

O (TMe h [ ] [ ] BnNHMe, BuiNH, [>

decreasing yield

In an earlier publication, the same authors 3% demon-
strated the applicability of copper-containing MOF
Cu(BTC) (BTC is benzene-1,3,5-tricarboxylic acid) for the
amination of aromatic compounds with a 8-aminoquinoline
directing group. The product yields of this reaction are also
highly scattered; the catalyst should be added in an amount
of 25 mol.%, and N-methylmorpholine N-oxide is used as
an oxidant (Scheme 126).

Scheme 126
= =
X Cu(BTC) X
N HNRZR3 (25 mol.%) N
HN O+ —_— HN )
= NMO (2 equiv.), =
NMP, 90 °C, 6 h NRZR3
R? R  (40-88%)

R' = H, 4-OMe, 3-Me, 2-CF3, 3-CF3, 4-CF3;

o
HNR2R3 = [ ] O , CNH , Bu"NH,, PhNHMe, BnNHMe
N N
H H

The efficiency of y-MnO; catalysis for the C —H-amina-
tion of benzoxazole and its derivatives in the presence of
oxygen was reported;34® the addition of a slight amount of
copper to this oxide expanded the scope of applicability of
the catalyst: the oxidative amination was conducted not
only for benzoxazole, but also for other heterocycles such as
benzimidazole, benzothiazole, oxazole and thiazole
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\ Cu—MnO, Scheme 127
(5 mol. /
% + HNRR? ‘) %NR1R2
X 02 (1 atm),
PhCI, 125°C, 24 h (68 99%)

X =0, NMe, S;

HNRTR2 — O [ ] [ . [ ] [ NH, PhNHMe, BaNHMe

(Scheme 127).34° The reactions were carried out in chlor-
obenzene at 125 °C in an oxygen atmosphere.

6. Conclusion

This review was meant to demonstrate the substantial
progress made in the studies of cross-coupling reactions in
relation to the C(sp?) — N bond formation, which is the most
intricate reaction among the given class. Whereas at the end
of the 20th century, palladium catalysis enabled conduction
of reactions of aryl halides with various amines
(Buchwald —Hartwig amination), in the beginning of the
21st century, extensive studies of the catalytic Ullmann
reaction (Goldberg reaction in the case of amides) already
started, in which expensive palladium catalysis was success-
fully replaced by copper catalysis with less expensive
ligands. There appeared a new approach to the formation
of carbon-—heteroatom bond — Chan-Lam reaction, in
which the Cul'-catalyzed cross-coupling occurs between
arylboronic acids and nucleophiles such as amines and
amides. The new method opened up unique prospects for
the synthesis of nitrogen-containing compounds under mild
conditions in the presence of weak bases and without
ligands. Finally, apart from involvement of C(sp?)— Hal
and C(sp?)— B bonds in coupling reactions, there appeared
the possibility of direct functionalization of the C(sp?)—H
bond in arenes and heteroarenes based on the metallation of
these substrates followed by oxidative functionalization.
This field is being developed very extensively. Note that
synthetic advances in the new fields are often ahead of
mechanistic studies, and we did not pay much attention to
the mechanisms either. However, since the pathways to
reaction products in reactions catalyzed by palladium and
(especially) copper complexes have been interpreted by
mechanisms involving high-valence Pd'V and Cu'"!' transi-
tion states or intermediates and since differences in these
mechanisms influence the reaction selectivity, which is very
important, we refer readers to a relevant review3°° pub-
lished in Nature to get acquainted with this problem.
Undoubtedly, in the very near future, one should expect
new discoveries and achievements related to the most
important type of cross-coupling reaction, that is, carbon —
nitrogen bond formation.

This review was prepared with the financial support of
the Russian Foundation for Basic Research (Project No. 19-
13-50173).

7. List of abbreviations

The following abbreviations and designations are used in
the review:

acac — acetylacetonate,

Ad — adamantyl,

AzH — azole,

Asc — ascorbate,

BDC — terephthalic acid,

BINOL — 1,1’-bi-2-naphthol,

BINAP — 2,2"-bis(diphenylphosphino)-1,1’-binaphthyl,

Bpy — 2,2'-bipyridine,

BTC — benzene-1,3,5-tricarboxylic acid,

ChCl-Gly — choline chloride and glycerol,

CPME — cyclopentyl methyl ether,

Cy — cyclohexyl,

DABCO — 1,4-diazabicyclo[2.2.2]octane,

DavePhos — 2-(dimethylamino)-2'-(dicyclohexylphos-
phino)biphenyl,

DBU — 1,8-diazabicyclo[5.4.0Jlundec-7-ene,

dba — dibenzylideneacetone,

DHAQ — 1,4-dihydroxy-9,10-anthraquinone,

DMAP — 4-(dimethylamino)pyridine,

DME — dimethoxyethane,

dppe — 1,2-bis(diphenylphosphino)ethane,

dppf — 1,1’-bis(diphenylphosphino)ferrocene,

Fu — furyl,
GO — graphene oxide,
Hex — hexyl,

HMDS — bis(trimethylsilyl)amide,
Me,>Bpy — 4,4'-dimethyl-2,2"-bipyridine,
MNPs — magnetic nanoparticles,

MOF — metal-organic framework,

MS — molecular sieves,

Ms — methanesulfonyl (mesyl),

MW — microwave (irradiation),

Naph — naphthyl,

NHC — N-heterocyclic carbenes,

NMO — 4-morpholine N-oxide,

NMP — N-methyl-2-pyrrolidone,

NPs — nanoparticles,

Oct — octyl,

PANI — polyaniline,

PEG — polyethylene glycol,

Phen — 1,10-phenanthroline,

PS — polystyrene,

PVA — polyvinyl alcohol,

L-Pro — L-proline,

Py — pyridyl,

rt — room temperature,

Tf — trifluoromethanesulfonyl (triflyl),
TEMPO — (2,2,6,6-tetramethylpiperidin-1-yl)oxyl
TMEDA — tetramethylethylenediamine,
TMS — trimethylsilyl,

TCT — (3-chloropropyl)trimethoxysilane,
Tol — methylphenyl (tolyl),

Ts — p-toluenesulfonyl (tosyl).
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