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Abstract. One of the most important challenges in organic synthesis is the field of cross-coupling reactions
that provide carbon-carbon and carbon-heteroatom bonds. Copper-catalyzed cross-coupling reactions are
well known reactions in organic synthesis and play a key role in arylation and heteroarylation reactions via
C-C, C-N, C-0, and C-S cross-coupling reactions. These reactions are used to synthesize heterocycles,
biologically active compounds and natural products. This review covers recent developments in
copper-catalyzed arylations and heteroarylations by cross-coupling reactions achieved in the last two
decades with special emphasis on substrates, different catalysts and reaction conditions.
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1. Introduction

Copper (Cu) is the first metal used to catalyze the formation of carbon—carbon and carbon—heteroatom
bonds. Cross-coupling reaction between organic electron-deficient species (electrophiles) and various
organometallic reagents resulted in various important bonds, such as, C-P, C-S, C-O, C-H, C-N, and C-S.
These are formed in the presence of transition metals, particularly palladium and nickel.! Palladium is a
rather expensive metal that has been traditionally used in many cross-coupling reactions as catalyst. For
economical reasons, it would be interesting to replace palladium and other expensive metals with less costly
metals, such as copper.2 Copper is a readily available metal and represents an environmentally friendly
catalyst.? In comparison to palladium, copper-catalyzed reactions frequently suffer from a lower tolerance to
functional groups.* Moreover, the stability of starting materials and products might be a problem, due to the
required harsh reaction conditions.’

The cross-coupled products are often medicinally active and, thus, copper-based catalysts are a topic of
interest for the synthesis of such compounds in an industrial environment.® As a result of the C-O, C-S, and
C-N cross-coupling reactions, various heterocycles can be formed which are also present in naturally
occurring compounds. Heterocycles are present in many medicines and are important for drug discovery and
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synthetic products.’

Copper-based complexes, such as Cu(OTf);, CuOAc, [Cu(OH)TMEDALCL, Copper(l)
2-thiophenecarboxylate (CuTc) and Cu halides are efficiently employed as catalysts for cross-coupling
reactions. Various important cross-coupling reactions, such as the Chan-Lam cross-coupling, Sonogashira
and Biginelli reactions as well as Ullmann type reactions are efficiently catalyzed by copper metal.?>%%8 The
C-N, C-0 and C-S cross-coupled products obtained have been reported to be pharmaceutically active or to
be employed in agriculture.»7

This review covers the cross-coupling reactions of carbon with carbon, oxygen, nitrogen and sulphur
in the presence of the inexpensive and readily available transition metal copper. Various copper-based
complexes, such as copper acetate, copper triflates and a variety of copper halides are being used in this
context.

2. C-N cross-coupling

The C—N cross-coupling reactions are catalyzed by using a low-cost, easily available Cu catalyst that is
both economically and industrially beneficial. N-Heterocycles, bioactive compounds, and natural products
all include the C-N moiety. N-Arylated pyrroles were formed as a result of the C—N cross-coupling
reaction,'® of which are components of pharmaceutically active drugs. These chemicals have anti-cancer,
anti-inflammatory, anti-HIV, and immunosuppressive properties.!! The C-N cross-coupling in Ullmann-type
reaction in the presence of Cu catalysts which are employed as precursors of N-heterocyclic carbenes
(NHCs) in life science industries.!? The ligands which are used in C-N cross-coupling are listed in Table 1.

Table 1. List of ligands used in C-N cross-coupling.

L1 1,10-Phenanthroline NI L6  (1S,2S)-N,N'-Di-
Ny (- methyl-cyclohexane- /
| P 1,2-diamine HN  NH

N/

L2 Phenanthrene O L7  Hexamethylphospho- \1}1/
roustriamide(HMPT) e

(L "

L3 2-Isobutyrylcyclohexan-1-one o o L8  Hexamethylenete- N\I

é/u\ Pr tramine (HMTA) N(\,N

£-N/
L4 Dimethylethylenediamine NH; L9 N, N-Bis((2-furyl) o
(DMEDA) \)\ methyl)oxal-amide @/\NJ\

NH, (BFMO) \ 4 *H

L5 Tetramethylethylenediamine HoN ; < NH L10 (1R,2R)-1,2-Diami-
(TMEDA) 2 2 nocyclohexane N
HN  NH,

2.1. Copper halides

Amination reactions catalyzed by palladium are difficult to occur in the presence of certain functional
groups such as primary and secondary amides as well as an aromatic ring having free NH or OH moieties
that also contains sulfonate or halide groups.'> However, heterocycles were N-arylated and heterocyclic
halides were aminated to a limited extent.'* Imidazoles were N-arylated in the presence of an additive such
as 1,10-phenanthroline in the Ullmann reaction.!”> Herein, aryl halides 1 reacted with various
indoles/heterocycles 2 by employing Cul as catalyst, K3POs as base, dioxane solvent and ligand L2 to afford
maximum yields of arylated N-heterocycles 3 (Scheme 1). Various heterocycles such as 7-azaindole,
phthalazinone, indoles, and pyrazoles were aminated in excellent yields by the above-mentioned
methodology.'¢

A range of aryl/heteroaryl halides 4 was allowed to react in the presence of Cul as catalyst,
2-isobutyrylcyclohexanone as ligand L3, Cs2COs as base, and DMF as solvent with cyclic/acyclic amines §
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at room temperature to produce good yields of N-arylated amines 6 (Scheme 2). Moreover, indole was
generated quickly as a result of the intramolecular reaction of 2-bromophenethyl amine. At high
temperatures, aryl bromides show the highest yields while the aryl iodides showed a lesser amount of
product with electron-rich substituents and the reaction was unaffected by steric effects.!”

R
Cul (1 mol %)

Q ‘rs _L2(10mol %) _

U dioxane, 110 0C

K3POy4 (2 equiv)

72-99 %
1 2 3

X=Br, |
R*=3-Me, 3,5-Me 5, 4-NO,

H Sy
Ro o= | = N
N NH , NH | NH NH QI—: @H
— — — — 7 — —
Ph Me

Scheme 1. Copper(I) iodide based C—N cross-coupling of aryl halides and various heterocycles.

2N‘ 3

Cul (5 mol %)

x/\\__‘_/>fx1 © RZNH, —L3(20mol%) C>7
Cs,CO3; (2 equiv)
R4 DMF
4 5
X=C, N
X'=Br, |

R'=3,5-Me, 4-Br, 3,4-F5, 3-NHy, 4-OH, 3-CH,OH, 3-Me, 3-Ac, 4-MeO

R2=Bn, C3HgCOOH, Allyl, Cyclohexyl, n-Hexyl,O (>\/ (\>\/\ /E>\/

Scheme 2. C-N Cross-coupling reaction between aryl/heteroaryl halides and cyclic/acyclic amines.

In 2007, Schuh and colleagues synthesized substituted oxazoles 9 and 10 by the reaction of various
primary amides 8 were regioselectively reacted with 1,2-dibromo alkenes 7 using Cul as catalyst,
1,2-dimethylethylenediamine (DMEDA) L4 as ligand, K»COs as base, and toluene as solvent (Scheme 3).
This reaction has a limitation that there was no product formed with olefins having a hydroxyl group. A wide
range of functional groups, including amines, silyl, and methoxy were tolerated.'®

Cul (10 mol %) » o
R2__Br 0 L4 (20 mol %) R R R?
;[ . L, KeCOs (3 equiv) 5\ ,\’7/ * \ Y
R™ " toluene, 130 °C R’ RZ
7 8 9 10

R'=Ph, 4-NH,CgH4
R2=SiMes, Ph
R3=Ph, 4-MeOCgH,, CH=CHPh, t-Bu
Scheme 3. Synthesis of substituted oxazoles using copper(l) iodide as catalyst.
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Furthermore, the synthesis of aminoamidines 14 was reported via [3+2]-cycloaddition of
sulphonyl/phosphoryl azides 12, various amines 13 and ynamides 11 in the presence of Cul as catalyst and
chloroform as solvent (Scheme 4). This reaction showed diastereoselectivity with tertiary amines and
phosphoryl azides."

R4
R H Cul, CHCl, R! N-gs
ON= RNy " N ’}‘/\ﬁ
-~ R2 R* RS 25°C,6h R2 N‘R3
" 12

.--R! Boc,
CON= = N CON= ] N—= .| N—=
N R2 PH Et/ \\(

t

R3=4-MePhS0O,, MeSO,, (PhO),PO
R*=H, Ph
R3=H, i-Pr, Me
Scheme 4. Synthesis of aminoamidines by [3+2]-cycloaddition.

-
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Pharmaceutically active compounds contain N-arylimidazole and N-arylamides. Imatinib 19 is an
anti-cancer drug, while Sunitinib 20 is an RTK inhibitor. A variety of amides 15 was successfully N-arylated
employing Cul as catalyst, KOH as base, and tetrabutylammonium bromide (TBAB) 18 as an additive to
obtain higher yields of cross-coupled (Scheme 5). Regardless of the nature and position of substituents,
several aryl iodides 16 were allowed to react with substituted amides 15 to afford high yields of N-
phenylamides 17.2°

o I Cul (5 mol %) .
111\ + ©/ 4»18’ KOH ©/ R _\_\ NN
.
RENR T % 1o°c,48h X \/\/N\E'\_
15 16 17 18

R'=Me, Ph, 3-BrCgHa, 3-NO,CgHa, 3-MeCgHa, 3-MeOCgH,, 4-NO,CoHa
R2=H, 2-MeO, 4-Me, 4-MeO, 2,4-Me,, 4-Br

N/
N
HN)\\N N Q
NH

I N

HN N

" F / H

o (N o

9 5
H
19 20

Scheme 5. N-Arylation of amides employing copper(I) iodide as catalyst.

Copper(l) iodide is relatively cost-effective and readily available. In 2011, Reddy and colleagues
synthesized N-arylated pyrroles 23 by the C-N cross-coupling of frans-4-hydroxy-L-proline 22 and aryl
iodides 21 containing electron-rich or electron-deficient substituents at high temperature using Cul catalyst,
dimethyl sulfoxide (DMSO) as solvent, and Cs2CO; as base (Scheme 6). The yields of aryl iodides
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containing electron-withdrawing groups were significantly lower and the o-substituted aryl iodides gave the
lowest yields due to steric effects.?!

HO =
| %,
R @/ . wo Cul, DMSO, C85003 _ _, ¢\ Na
Z N o 24 h,110°C -
H
21 22 23

R'=4-Me, 4-Et, 4-t-Butyl, 4-MeO, 3-MeO, 2-MeO, 4-BnO, 4-C|, 4-F, 4-I, 4-NO, 3-NO; 2-NO, 4-Ph
Scheme 6. Cross-coupling of trans-4-hydroxy-L-proline with various aryl iodides.

N-Alkynyl heteroarenes were prepared 26 by cross-coupling of substituted imidazoles 24 with
1,1-dibromo-1-ene 25 in the presence of a Cul as catalyst, tetramethylethylenediamine (TMEDA) L5 as
ligand, Cs2COs as base, and dioxane as solvent (Scheme 7). The 1,1-dibromo-1-ene 25 with either
electron-rich or electron-poor substituents were aminated but alkenes bearing electron-poor substituents
produced the highest yields of product. Alkenes containing heteroaryl were found to be more reactive

substrates.?

Br > Cul (5% equiv)

Nﬁ\NH . >_/ L5 (10% equiv) Nﬁ\N S
5&/ BY Cs,CO3 (4 equiv) 5&/ _
R’ e

26

1,4-dioxane
24 25

R1=2-Me, 2-Et, 2-i-Propyl, 2-n-Propyl, 4-Me
R2=Ph, 4-MeC gH,, 4-CICgH,, 3-BrCgHj, 4-CNCgH,, 4-MeOCgH,, 4-FCgH,, 2-Thienyl, 2-Furyl, 4-CF3CgH,
Scheme 7. Synthesis of N-alkynyl heteroarenes via copper(l) iodide as catalyst.

Moreover, Cul was employed as catalyst for the chemoselective C-N coupling of 2-chloropyridine 27
containing either electron-donating groups or electron-withdrawing groups was reacted with various amides
28, KoCOs as base, 1,4-dioxane as solvent, and the ligand L6 to afford a series of N-(2-pyridin-2-yl)-amides
29 (Scheme 8). Amides with electron-deficient moieties such as the nitro group produced lesser yield while a
good yield of cross-coupled products was formed using nicotinamide and thiophene-2-carboxamide.

H
N

N R?

o Cul, L6 N
N g e T
R + H,N™ OR? K,CO3 (3 equiv) = (0]
= 1,4-dioxane, 24 h
29
27 28
R'=5-MeO, 3-MeO, 5-Cl, 4-1, 4-Br
R2=4-MGOC6H4, 4-MGC6H4, 4-N02C6H4, 3,4-C|2C6H3, 3—Pyr|dy|, 2—Th|0phenyl
Scheme 8. Synthesis of N-(2-pyridin-2-yl)-amides via C-N cross-coupling reaction.

Substituted quinazolinones have a wide range of medicinal applications such as compound 34 being
effective against matrix metalloproteinase and 35 being utilized as an anti-cancer agent. Azoquinazolinones
32 were obtained by reacting a variety of 2-iodobenzamides 30 and N-heterocycles 31 via C-H activation in
the presence of Cul as catalyst, 1,10-phenanthroline as ligand L1, dimethylformamide (DMF) 33 as solvent,
02, and EtONa as base (Scheme 9). The 2-iodobenzamides bearing electron-rich groups such as methyl and
methoxy gave the lowest yields whereas electron-deficient moieties (Cl, NO») gave the highest yields.®
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o
R! N,R2 R R2
N . @ Cul, L1, EtONa N I
| HN—N /g O%/N\
NN
32 .

DMF, 120°C, 24 h
33

R'=H, CI, Me
R2=Bn, 4-MeC6H4, 4-C|C6H4, 4-N02C6H4, 4-MeOC6H4

N/
QL o} 0 o}
= NJ\©\/U\N’Bn \N§>
N
H
N*\N O%N N/)\N
\:N'

35
Scheme 9. Azoquinazolinones synthesis from 2-iodobenzamides and N-heterocycles.

A novel catalyst, polystyrene-supported pyrrole-2-carbohydrazide (PSP) 39, in conjunction with Cul,
was employed for cross-coupling of aryl halides 36 with various amines 37 in the presence of KOH as base,
TBAB and H>O to form N-arylated product 38 (Scheme 10). When aryl halides 36 were replaced with
methyl and methoxy groups at the para position rather than the ortho position yields were higher in this
Ulmann cross-coupling.®

X1 H

Y , _ Cul,39 Vg2 n
J " NHpRZ ——————— |
X H,0, TBAB, KOH 7

P

36 37 38 N~ N
H 4 H
39

X=C, N

X'=Br, |

R'=H, 4-Me, 2-MeO, 3-MeO, 4-MeO, 4-Ac, 4-NO»
R2=Me, n-Butyl, Cyclopentyl, Cyclohexyl, Ph, Bn, 2-MeOCgH,4, 4-MeOCgH,
Scheme 10. Ullmann cross-coupling of aryl halides and arylamines via Cul.

Furthermore, substituted 2-bromobenzoates 40 and a variety of 1H-pyrazole-5-amines 41 were
cross-coupled without ligand in the presence of Cul as catalyst, Cs;CO;z as base, and H>O to obtain
pyrazolo[1,5-a]quinazolin-5(4H)-one derivatives 42 in quantitative yields (Scheme 11).%

0
COMe HoN
R1©{ ) >?_R2 _Cul,Cs;005
Br HN, 7 "H,0.100°C.N, Rz
40 Ly
R'=H, 5-MeO, 4-NO,, 5-Cl, 5-NO,
R?=3-Me, 3-Ph

Scheme 11. C-N Cross-coupling of substituted 2-bromobenzoates with 1H-pyrazole-5-amines.

Moreover, Cul was employed to synthesize arylated 1,2,3-triazoles 45 in the presence of sodium
ascorbate 46, sodium azide, and hexamethylphosphorous triamide (HMPT) L7 (Scheme 12). Herein, various
terminal alkynes 44 reacted with o- or p-nitrobenzaldehyde 43 by aromatic nucleophilic substitution reaction
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(SNAr) reaction. Product yields were unaffected by the positions and electronic effects of substituents.
However, due to steric effects, the o-substituted formyl group yielded comparatively lower yields.®

~~CHO R CHO
oNE . — R NaNj Cul, 46 \(\N O/
= N\N

L7
43 44 45

R=Aryl, n-Pentyl, COOH
Scheme 12. Synthesis of 1,2,3-triazoles from nitro benzaldehyde and terminal alkynes.

CuCl is another copper catalyst that was used for C-N cross-coupling between aryl chlorides/bromides
47 and imidazole 48 in the presence of DMF as solvent, KoCO; as base, and hexamethylenetetramine

(HMTA) L8 as ligand to afford high yields of arylimidazoles 49 (Scheme 13). The reaction was free from
the steric effects of aryl halides.?*

/=\ _Cucll8 /\\
X T HN__N
R \F K,CO3, DMF
47 48

R=4-MeO, 4-Ac, 4-CHO, 2-MeO, 4-CH3(CH)OH, 2-NO5, 4-NO5, 4-OH
Scheme 13. Arylimidazoles synthesis from aryl halides and imidazole via C—N cross-coupling reaction.

Moreover, 7-carboxyindoles 52  were synthesized by using CuCl as catalyst
N,N"-bis((2-furyl)methyl)oxalamide (BFMO) L9 as ligand, K»CO; as base, and DMSO as solvent (Scheme
14). Before the synthesis of 52, an intermediate 53 is formed. A variety of o-iodobenzoic acids 51 with
electron-rich and poor groups were reacted with a variety of N-alkenyl hydrazines 50 protected by the
t-butyloxycarbonyl (Boc) under reflux in 1,4-dioxane and HCl. The reaction yield was unaffected by the
electronic effects of the aryl groups in both substrates.®!

R1
Rl | 1) CuCl (1 mol %), L9 (1 mol %) , N
K,CO3, DMSO, 80 °C R
| + R? H
2) 4 M HCI, 1,4-dioxane, reflux
ENHQ COLH ) L ) COM
oC
51 52
50

CuCl (1 mol %),

B
L9 (1 mol %) K,COs, ,{IOC 4 M HC
DMSO, 80 °C R1 NH 1,4-dioxane,
CO,H reflux
R2
53

R'=4-MeCgHy, 4-FCgHa, 4-MeOCgHy, 3,4-(OMe),CgHs
R2=5-Me, 5-Br, 4-Br, 5-F

Scheme 14. Synthesis of 7-carboxyindoles using copper(I) chloride ascatalyst.
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Substituted 2-aminopyridines bearing trifluoromethyl group 56 are medicinally very important. For
example, compounds 57 and 58 have shown activity against cancer and nervous system disorders
respectively. Highly regioselective and chemoselective substituted 2-aminopyridines 56 was synthesized by
employing CuCl catalyst as a Cu(I) source to cross-couple various 2-(trifluoromethyl)acrylonitrile 55 with
substituted oxime esters 54 (Scheme 15). In this reaction, C—N bond construction was carried out via
[3+3]-cycloaddition. The product yields were slightly higher with electron-donating substituents.®!

CFs
e cucDMsq NN
+ AACN =
R FaC7X 309G 1 P
RN NH,

RZ
54 55 56
R'=Ph, 4-MeOCgHy, 3-MeOCqHy, 2-CF3CqHy [ N\>
R2=H, Me, MeO o
CF, CFH
D ®
CyHN
NN NJ\ ’ T N
\S¥e H K/NH
57 58

Scheme 15. Copper(I) chloride catalyzed [3+3]-cycloaddition for the synthesis of substituted
2-aminopyridines.

Firstly, substituted oxime esters 54 oxidized Cu(I) into Cu(Il) and formed an intermediate 60. The 59
intermediate has formed as a result of conjugate addition of 60 and B-(trifluoromethyl)acrylonitrile 55. In the
next step, dihydropyridine 57 has produced as a result of cyclization of 59. Base abstracts a proton from 57
as a result 61 is produced. Compounds 57 and 58 exist as isomeric forms during the reaction cycle. The
4-trifluoromethyl-2-aminopyridine 56 has been generated in the next step by using two Cu(Il) species.
Afterwards, fluoro elimination occurred and 62 has been formed which has been tautomerized into 63. At
the same time, Cu(II) has been reduced and Cu(I) regenerated (Scheme 16).”

F elimination Fs Base
CF3

N NH,

it
o CF, 2Cu | 58
aromatization Q RSN NH>
| B 57
R N TNH;,
CF,H 56
N reducing
| agent |
1 P T L LG NH CFj
RN NH, - CN
63 59
" CuX(OAc)//
NOAc R1JI\NH Fie XN
54 Sulx 55

60
Scheme 16. A possible mechanism for C-N bond construction between p-(trifluoromethyl)acrylonitrile
and oxime esters.
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2.2. Copper acetate

The synthesis of various 3-amino-quinoxaline-2(1H)-ones 66 was done by reacting primary/secondary
aliphatic and aromatic amines 65 with quinoxalin-2(1H)-ones 64 in the presence of Cu(OAc), catalyst
(Scheme 17). Excellent yields were observed without any additive or ligand. The electronic effects of
substituents of quinoxalin-2(1H)-ones 64 did not affect reaction yields. On the other hand, diethylamine and
2-methylpiperidine produced a lower yield due to steric effects.?’

3
N
N ~p4
R1_.©[ 1 . : Cu(OA); Gmol %) _ g1l I R
! N
SN0  R*R* DMSO, 100 °C, air Z SN0
g2 R?
64 65 66

R'=Me, Cl
R?=H, Bn, COEt, 4-MeOBn
R3=R*=H, 4-CF3CgHy, i-Propyl, 4-MeOBn, 4-TolylBn, Ph(CH)Me, 2-MeBn, n-Propyl, Cyclohexyl
Scheme 17. Synthesis of 3-amino quinoxaline-2(1H)-ones by reacting quinoxalin-2(1/)-ones and amines.

The Cu(Il) interacted with the imine moiety of 64 in the first step of the reaction mechanism, resulting

in the formation of 67, followed by the nucleophilic attack of amine 65 on activated imine to give c-adduct

68. The required product 66 was then generated along with Cu(l) species by B-H elimination. Cu(I) was
finally reoxidized to Cu(Il), which initiated the next cycle (Scheme 18).%

N\
R1©[ l cu'(©Ac),
N0 1
{Rz )
I S 1
Cu'(OAc), R’y

=

N o
67 R?
Hzo‘_\ H
N\
R® R*
HOAc + O, 65
HOAc
OAc
Lo
i N/ NR3R*
beta- hydride N X H
elimination R
HCu'OAc N" 0

LN NR3R* 68
N~ o
66 R?

Scheme 18. A possible mechanism for the formation of 3-amino quinoxaline-2(1H)-ones
by copper(Il) acetate C—N cross-coupling.
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The thiophene moiety is very important as the compounds containing this moiety have considerable
intrinsic electronic properties and therefore, can be used in field-effect transistors, photovoltaic devices and
light-emitting diodes.?® Thiophene compounds also have wide pharmaceutical applications.?’
Methyl-2-aminothiophene-3-carboxylate 69 was used as electrophilic partners and a variety of aryl boronic
acids/salts of potassium aryl trifluoroborate 70 as nucleophilic  partners to form
alkyl(phenylamino)thiophenecarboxylate derivatives 71 in the presence of Et;N as base, Cu(OAc), as
catalyst, dichloroethane/toluene/water as solvent and air at room temperature (Scheme 19). It was reported
that reaction yield was independent of the electronic effects of boronic acids. A variety of functional groups
was best tolerated under reaction protocol.?®

/
Q 0/
e} @ i Cu(OAc), (1.5 equiv), O
R EtzN (2 equiv)
/ \ + R1B 2 / \ R2
S NH, solvent, air, 12 h S H
69 70 71
R'=(OH),, KF3

R?=H, 2-CO,Me, 2-Me, 3-Me, 3-Cl, 3-F, 3-CO,Me, 4-t-Butyl, 3-Vinyl, 4-1, 4-CF3,4-i-Propyl, 4-F, 3-CN, 3-Formyl
Scheme 19. N-Arylation via Chan-Lam cross-coupling reaction for the synthesis of
alkyl(phenylamino)thiophene carboxylate.

2.3. Copper triflate

Lam and co-workers employed Cu(OTf), catalyst for C-N cross-coupling of vinyl/aryl siloxane 72 and
cyclic amines 73 in the presence of dichloromethane (DCM) solvent at room temperature to afford a variety
of substituted amines 74 (Scheme 20). The best yield came from aryl siloxane with a 4-methoxy group but
least with chloro group at the para position. The reaction was significant because N-arylation could be
accomplished without a base, as a result, the most sensitive functional groups could be best tolerated.?’

Cu(OTh (1.1 equiv) R?N,R3

R'-Si(OMe); + E
R2 'r? DCM, pyridine ||?1

air, rt
72 73 74

R'=Ph, 4-MeOCgH4, 4-CICgH4

{
H N NH N
R2N‘R3=E:EN/> ’><©/ ’ @NH

Scheme 20. Copper(II) triflate catalyzed reaction between siloxane and different cyclic amines.

2.4. Copper sulphate

CuSO45H;0 as catalyst, 1,10-phenanthroline L1, K3PO4 as base, and toluene solvent were employed
to prepare a range of substituted ynamides 77 by cross-coupling between various aromatic/heteroaromatic
amides 75 and alkynyl bromides 76 (Scheme 21). Sulphonyl ynamides were also synthesized in good yields
and with a good functional group tolerance.>

Compounds with 1,2,3-triazole functionality are biologically very significant such as cefatrizine 82,
tazobactam 81 are used as antibiotics and anastrozole 83 and 84 as an anticancer drug against breast cancer.
Regioselective C—N bond was formed between aryl/heteroaryl substituted terminal alkynes79 and pyrazole
having azide moiety 78 in the presence of CuSO4 catalyst by 1,3-dipolar cycloaddition to afford substituted
triazoles 80. The synthesized analogues triazoles show anti-bacterial activity (Scheme 22).3!
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N | | K3PO,, toluene, L1 | |
H R! R
75 76 77

R1—Ph, Bn, PhCHzCHz, 4-MeOCeH4, Hexyl
\/
g’ CH2-CH=CH2

JOL o JZ)
, \ ~
R2 .R® O” °NH . N-H , Ca NN e oSy
||\1 - \ N—H //J\/N H ' Tol E
Ph © Ph

0.0 00 0.0
s’ ,Bn ‘g’ CH,CH,OTBS ‘g’ ,CH,CH,Ph
Tol ~ Il\l " Tol 7 \I}l " Tol” \I
H H H
Scheme 21. Synthesis of substituted ynamides using CuSO45H0 as catalyst

X-R'"  cusO,5H,0/ NaASC

THF:H,O (1:1), 1, 10-12 h )\\/;

80

S D
o AL gjgj oo,

NH
’ 7N CN mNH
“. \S//? N—N HO o hs
J;I!l/\)_/ =N CN o7 N __
o L h
COOH N HoOC N
N
83 84 N
H

82
Scheme 22. Regioselective synthesis of biologically active substituted triazoles
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The Cu(Il) derived from CuSO4+5H>0 was reduced to Cu(l) in the presence of sodium ascorbate
(NaASCQ). Firstly, Cu(I) was coordinated by terminal alkyne 85 to form an intermediate 86. The Cu(IlI)
metallacycle 88 was generated in the next step as a result of azide 87 reactions with 86. Copper triazolyl 89
was formed in the next step as a result of ring contraction. Subsequently, intermediate 90 was formed.
Afterwards, protonlysis generated the product 91 (Scheme 23).3!

89 88
Step 3

Scheme 23. A general mechanism for copper-catalyzed synthesis of triazoles.

2.5. Copper oxide

Furthermore, Cu2O catalyst was used in addition to ligand L10, TBAB, NaOH and EtOH/H;0 to
cross-couple cyclic/acyclic amines 93 with various aryl halides 92 bearing electron-donating groups or
electron-withdrawing groups to afford N-arylamines 94 in this Ulmann-type reaction (Scheme 24). Aryl
iodides outperformed bromides in terms of yields. Aryl chlorides did not react with amines but yields were
encouraging regardless of whether aryl iodides were substituted with electron-poor or electron-rich groups.
When non-aromatic amino alcohol was one of the reacting partners in this chemoselective reaction only an
N-arylated product 94 was obtained.>?

R2

X Cu,0, L10, N‘H
@ . RZNH, __NeOH, TBAB ©/
1 EtOH/H,0 (11, V)
R 0 R

o o 120 °C, 12 h o

X=Br, |
R'=4-MeO, 4-Me, 3-MeO, 4-Ac, 4-Cl, 4-CF3, 4-Cl, 4-NOy, 2-NH,

H
R?=H, C4Hg, CH,CH,OH, CH,CH,CH,OH, C»
N

Scheme 24. Copper(I) oxide catalyzed N-arylation by reaction of amines and aryl halides.

A new catalyst system Cu;O nanoparticles on reduced graphene oxide (Cu2O-NPs@rGO) was
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employed to synthesize a-keto amides 97 by the reaction of cyclic/acyclic secondary amines 96 with
acetophenones 95 bearing either electron-donating or withdrawing. This oxidative cross-coupling was done
at room temperature in the presence of Oz, and N-iodosuccinimide 98 (Scheme 25). Cyclic amines
outperformed as compared to acyclic amines in terms of yields. One important feature of the reaction is the
reusability of the catalyst after it has been removed from the reaction mixture, washed with H>O, EtOH, and
dried in a vacuum.33

o) (0] R2
N . HNHF (CuO-NPs@rGO), 98 N N‘R3-~'
R R3 EtOH, rt, O, R _J ¢
95 96 97

R'=H, 4-Br, 4-NOy, 4-Me, 2-OH

R /T \
HN H =CNHp NH{  NH Me,NH Et,NH

R3
Scheme 25. C-N Bond formation by reaction of cyclic/acyclic secondary amines and acetophenones.

Furthermore, various indenopyrido[2,3-d]pyrimidines 102 were prepared by employing a reusable
magnetic nano-catalyst (Scheme 26). In this reaction, the cross-coupling reaction of a variety of substituted
aldehydes 101, 1,3-indanedione 100, and 6-amino-2-(methylthio)pyrimidin-4(3H)one 99 showed
cross-coupling in the presence of a biocatalyst Fe;Os@nano-cellulose/Cu(Il) (FesOs@NCs/Cu(II). This
catalyst could be reused and recovered by a magnet as a physical method. Both of the electron-donating or
withdrawing moieties afforded products in excellent yields.3*

1% o}
CHO
H)N\J]\ ' @E& . R ©/ Fe304@NCs/Cu(ll)
N\
SH,C” “N” "NH, Y EtOH, 60 °C
99 100 101

R=H, 4-Cl, 4-Br, 4-F, 2-Br, 2-Cl, 2-NO, 2,4-Cly, 2-OH, 4-Me, 4-MeO, 3-NO,, 3-OH
Scheme 26. C—N Cross-coupling between aldehydes, 1,3-indanedione and
6-amino-2-(methylthio)pyrimidin-4(3H)one.

Herein, the construction of the C—N bond was reported by reacting a variety of aryl halides 103 and
secondary amines 104 in the presence of magnetic polyvinyl alcohol nanocomposite (FesO4@PVA/CuCl) as
catalyst and Et3N as base to afford the N-heterocycles 105 (Scheme 27). The catalyst was prepared by the
coordination reaction of Fe;Os with CuCl. The importance of reaction lies in the reusability of the catalyst.
N-Arylation was done in excellent yields whether the aryl halides 103 bearing electron-poor or -rich groups
in Ullmann-type reaction. However, aryl bromides gave the best yields than chlorides and iodides.*

Various N-arylimidazoles 108 were synthesized in the presence of [Cu(OH). TMEDA],Cl: catalyst by
reacting various aryl boronic acids 106 with substituted imidazoles 107 (Scheme 28). However, the
replacement of nitrogen with oxygen gave no product. o/p-Tolylboronic acid gave quantitative yields while
o-methoxyphenylboronic acids gave minimum yields which may be due to their decomposition.3®

2.6. Copper MOF
Copper metal-organic frameworks (Cu(I)-MOF) were used as catalysts for the cross-coupling of
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phenylboronic acid 109 with aromatic/heteroaromatic/aliphatic amines 110 to afford N-arylated products 111

(Scheme 29). No side product was observed. The reusability of catalysts with the same activity demonstrated
the significance of the reaction.’’

R~ RL-.
R3 X +HN ) _Fes0,@PVACUCI @—N’ N
R2--"  DMF, Et3N, 120 °C 3 R2_.-

103 104 105

X=Br, Cl, |
R3=H, 4-CN, 4-CH,, 4-MeO

H
R N s
N = [/> p
R<-- NT? N ?
H

Scheme 27. Ullmann-type C-N cross-coupling between N-heterocycles and aryl halides.

R2 [Cu(OH).TMEDA]CI S
QB(OH)T HN Xy - N
R lw, DCM, rt, overnight R’ R2
_Q80,
106 107 63-98% 108

R'=2-Me, 4-Me, 4-F, 4-MeO
R2=2-Me, 3-Me, 3-Ph
Scheme 28. Copper-catalysed N-arylation of imidazoles.

R1

B(OH), H Cu(l)-MOF N‘R2
* rtN-g2 MeOH, 27°C,5h

109 110 111

H
= NH
T "
R!' "R? ) NQ/NIj , H[\(\) y n-C4Hg

Scheme 29. Cu(I)-MOF Catalysed C—N bond formation between phenylboronic acid and various amines.

In the first step, Cul was oxidized to bis-hydroxy Cu(ll) intermediate 112. Transmetalation of
phenylboronic acid with 112 resulted in the formation of a new intermediate 113. When amine coordinated
with 113, the species 114 formed. In the presence of O, transition state 114 transformed into 115, and Cu(Il)
oxidized to Cu(Ill). In the last step, C-N coupled product 111 formed as a result of reductive elimination
(Scheme 30).%7

3. C-O cross-coupling

Diaryl ethers are very important moieties that find their applications in life science industries as well as
polymers structures.® These diaryl ethers are also present in medicines like antibiotic vancomycin and
anti-HIV chloropeptins which exhibit good physiological activities.>> Diaryl ethers are synthesized by C-O
cross-coupling reactions in the presence of Cu catalyst.*’ Various important heterocycles such as xanthones,
benzoxazoles are prepared by C—O cross-coupling reactions using Cu as catalyst.’¢*! Compounds with diaryl
ether functionality show antifungal and antibacterial activities such as tetramethylmagnolamine and
piperazinomycin.*? CuBr and copper(I) acetate have been used as excellent catalysts for C-O cross-coupling
reactions (Table 2).
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q.;u catalys catalyst-Cu u'-catalyst
1N-p2 i
R R H 2 PhB(OH),
115 12 199

2 B(OH)3
2 Ph—Cu'-catalyst
H20 113
2 Ph—Cu'-catalyst
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14 2R1N‘R2
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Scheme 30. A general mechanism for the creation of a C—N bond using copper as catalyst.

Table 2. List of ligands used in C—O cross-coupling.

L1 1,10-Phenanthroline N L13 Dimethylglycine | 9
N I ¥ N\)J\
(s - OH
=
L4 Dimethylethylen- NH; L14  (2-Pyridyl)acetone X o
diamine (DMEDA) |
NH, N
L11 Triphenylphosphine L15 3,4,7,8-Tetra- Me
methyl-1,10- Me ~
phenanthroline ~ Me
P. N |
©/ \© N Me

L12  Oxazolidin-2-one

O
SV

3.1. Copper halides

The chemoselective reaction was done to form a six-membered ring via intramolecular C-O
cross-coupling of 1,3-dicarbonyls 116 bearing aryl bromide functionality by employing Cul catalyst in the
presence ligand L4 and CsyCOs base to afford alkyl chromene carboxylate derivatives 117 (Scheme 31).
Hence, O-arylation occurred in encouraging yields whether substrate was substituted with electron-rich or
deficient groups.®

A variety of primary/secondary cyclic/acyclic benzylic or allylic alcohols 119 was cross-coupled with
various aryl halides 118 in the presence of Cul catalyst, ligand L17, and Cs2CO; base to form diaryl ether
analogues 120 (Scheme 32). These reaction yields were independent of steric effects as well as electronic
effects of substituted aryl halides. Cross-coupling reaction preferably occurred at aryl iodides rather than
bromides and chlorides. The use of molecular sieves such as functional groups which were water-sensitive
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could be easily tolerated.** Due to less coordination ability, primary alcohols could be selectively cross-
coupled as compared to secondary alcohols. Secondary acyclic alkyl alcohols reacted more efficiently with
aryl halides than secondary cyclic alkyl alcohols.

Br (o]
Cul (10 mol %) O R?
all S R2 L4 (20 mol %) Rsm
7 COR' Cs,CO3, THF Z CO,R!
16 reflux "7
R'=Me, Et
R?=Me, Et, Ph

R3=3-MeO, 4-Ac
Scheme 31. Synthesis of alkyl chromene by the intramolecular C-O cross-coupling of 1,3-dicarbonyls.

X Cul (5 %), L15 (10 %) OR?
R + RZOH RIS
= Cs,CO;3, toluene, >
80-110 °C, 924 h
118 119 120

X=Br, |
R'=4-MeO, 2-Me, 2-MeO, 2-Cl, 4-F, 4-Br, 4-Cl, 4-NHy, 4-(2-Furyl), 3-CN, 4-CF3, 4-Me, 3-MeO
R%=Me, Et, Bn, Hexyl, Cyclohexyl, Cyclopentyl

Scheme 32. Copper(]) iodide catalyzed ether formation.

Furthermore, benzoxazoles 122 were synthesized as a result of intramolecular cyclization of various
2-halo amides 121 in the presence of Cul as catalyst, KoCO; as base and L12 as ligand (Scheme 33).4!

R
H Cul (10 mol %), N
N L12 (20 mol %) @E \ <:> .
X O KoCO3 (2 equiv) O
121 122
X=Cl, Br, |
R=H, 4-Me, 4-Cl

Scheme 33. Intramolecular C-O cross-coupling for benzoxazoles synthesis.

Compounds with diaryl ether functionality show antifungal and antibacterial activities such as
tetramethylmagnolamine 127 and piperazinomycin 126.4® Diaryl ethers 125 were synthesized by
cross-coupling of phenols 124 with aryl bromide 123 substituted with methoxy group in the presence of
K3POy as base, L13 as ligand and Cul as catalyst (Scheme 34).40

CuBr was used as catalyst in the presence of ligand L14, Cs,COs base and DMSO solvent to
cross-couple various phenols 129 with aryl/heteroaryl halides 128 bearing electron-donating groups or
electron-withdrawing groups to obtain quantitative yields of substituted diaryl ether derivatives 130 (Scheme
35).% However, reaction yields were affected by steric hindrance.*¢

Moreover, various cyclic/acyclic 1,3-dicarbonyls 132 were reacted with aryl propionaldehyde 131 in
the presence of air as an oxidant, acetic acid and CuBr catalyst at room temperature to form substituted furan
derivatives 133 (Scheme 36). Cyclization was completed by the formation of a 2-furyl carbene intermediate.
This reaction was regioselective as well as chemoselective to form C-O coupled product in two steps.
Various functional groups and steric hindrance were best tolerated.®"

In the first step, dehydration of alkynyl aldehyde 131 and dicarbonyls 132 led to the intermediate 133,
which then generated another intermediate 134 as a result of coordination to Cu(I) by the carbonyl oxygen
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and alkyne group. In the next step, 2-furyl carbene intermediate 135 was formed when oxygen atom attacked

as a nucleophile on C4. In the last step, due to the presence of air, oxidation occurred to give C—O coupled
product 136 (Scheme 37).5

Cul (10 mol %) o
_L13(10mol %) _ /©/ \©\
K3PO4 (2 equiv) MeO OMe
125
123 124

127
Scheme 34. Copper(]) iodide catalyzed synthesis of diaryl ether.

N x1 oH CuBr (5-10 mol %), o
R’ . ©/ L14 (1020 mol %) _ "
X ,  Cs,CO,DMsO,  RU_x

2
R 80-120 °C R
128 129 130
X=CH, N
X'=Br, CI, |

R'=H, 4-MeO, 4-CF3, 4-CN, 2-Ac, 4-NO,, 2-Ac, 3,5-Me,, 4-NH,, 4-CO,Me, 4-CH,0OH
Scheme 35. Cross-coupling of phenols with aryl/heteroaryl halides.

0o
1 U 1) CHsCOOH, CH3OH -R2
R-==CHO * '
R? R® " 2) CuBr, air, CHzOH, N R? [ NP
m, 8h N SRR
131 132 133

R'=Ph, (CH,)4sCH3
R2, R®=Me, MeO, EtO, t-BuO, CH,CI, t-Bu, C(CH2)3

o}

o O 0o o
(Oe] o O
\ ’ )
N ’ )
o0 Me Me ’
Ph H H o H

Scheme 36. Copper(I) bromide catalysed synthesis of furan derivatives by intramolecular
C-O0 cross-coupling.
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Scheme 37. Plausible mechanism for copper(I) bromide catalysed synthesis of furan derivatives
by intramolecular C—O cross-coupling.

The synthesis of various substituted xanthones was reported by using CuCl: catalyst in the presence of
ligand L11, air, and K3POy4 as base. A variety of phenols 138 was reacted with o-substituted aldehydes 137
to afford xanthen-9-one analogues 139 (Scheme 38). Phenols with electron-deficient groups like CN, NO;
gave no reaction while electron-rich moieties gave comparatively better yields. The o-substituted phenols
gave minimum Yyields due to steric effects. Pre-activation of aldehydes was not required for this reaction
depicted the importance of this reaction protocol. The O-acylation was maximum in the case of nitro
substituted aryl aldehydes.®

CHO OH CuCl, (5 mol %)
X L11 (7.5 mol %)
\© . @R KsPOy (2.2 equiv) R
toluene, 110 °C O
137 138 air, 24 h 139

X=NO,, Br, OCH,
R=H, 4-MeO, 4-i-Propyl, 4-1, 4-Cl, 4-Br, 4-F, 2-C|

Scheme 38. Synthesis of xanthen-9-one analogues by the reaction of o-substituted aldehydes with phenols.

3.2. Copper acetate

C—O bond formation was reported via C—H bond activation in the presence of Cu(OAc): catalyst. The
1-benzyl-1,2,3-triazoles 140 substituted with various electron-donating groups or electron-withdrawing
groups were cross-coupled with PhI(OAc), 141 in a regioselective reaction to afford the acetoxylated
product 142 (Scheme 39). A variety of functional groups was best tolerated during this acetoxylation
reaction. The electron-poor substituents gave comparatively less yields of C—O coupled products.'

In the first step, an intermediate 144 in cyclometalated form was produced as a result of an
electrophilic attack of Cu(Il) on the phenyl ring of the substrate 143. In the next step Cu(Ill) intermediate
145 was formed as a result of oxidation followed by reductive elimination of 145 to generate the required
C-0 coupled product 146 and Cu(I).In the last step Cu(Il) was produced as a result of oxidation of Cu(I) by
PhI(OAc), in the presence of AcoO (Scheme 40).'*

Intramolecular cyclization of various 3-arylcoumarins substituted with 2-hydroxy group 147 was taken
place by cross dehydrogenative coupling reaction in the presence of Cu(OAc): as catalyst and ligand L1,
afforded good yields of furanyl coumarins 148 (Scheme 41). Various functional groups like polyhydroxy



267

and methoxy were best tolerated.*’

2
R1 R2 R1 R
Cu(OAc),, 100 °C
+ PhI(QAc), ————=——»
~ HOAc-Ac,0,18 h N
N N ‘W=N OAc
N
140 141 142

R'=H, 4-Me, 3-Me, 2-Br, 3-Cl, 4-Cl, 4-NO,, 4-MeO
R2=2-Me, 3-F, 4-Me, 3-Me
Scheme 39. Synthesis of acetoxylated triazole derivatives in the presence of copper(Il) acetate catalyst.

LNEEN
Cu(OAc N=
Phl(OAC), (OA0)2 N=N 143
AcOH
Cu()OAc
R-p. -N---Cu(hOAc
N
144
cu(ll
R.
NS
N=N OAc Cu(l)
146 R\N‘N_N'"Cu(ll)(OAc)z

145
Scheme 40. A plausible mechanism for copper(Il) acetate catalyzed C—O cross-coupling.

o o 0._0
; Cu(OAc), (20 mol %) R1
R P L1 (20 mol %) =
Q DMSO/H,0 (3:1) o Q )
HO™ o 135°C, 18 h R
147 148

R'=H, 7-OH, 7-MeO, 6-CI
R?=H, 5-MeO, 4-MeO, 4-OH
Scheme 41. Synthesis of furanylcoumarins by intramolecular C—O cross-coupling.

4. C-S cross-coupling
The C-S cross-coupling reactions are catalyzed by inexpensive, readily available and air-stable Cul
catalyst to get better yields of cross-coupled products. This system was used to obtain a wide variety of
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electronically assorted, aryl, alkyl and heterocyclic sulphides in a short time in excellent yields.*® As C-S
moiety is present in many naturally occurring compounds, medicines and synthetically important
substances.*** The C-S cross-coupling reactions catalyzed by Cu are useful for the formation of the drug
dapsone used to treat leprosy. This was obtained in excellent yields by a chemoselective method.*
Synthetically useful unsymmetrical dibenzothiophenes (DBTs) were also prepared by a C-S oxidative
cross-coupling reaction in the presence of Cu catalyst.® The ligands which can be used in C-S cross-
coupling are listed in Table 3.

Table 3. List of ligands used in C—S cross-coupling.

L2 Phenanthrene O L17 2,2’-Bipyridine /7 \ -
\
CO o
L16 (1E,I'E)-N,N'-((18,25)- L18 4,4-Di-tert- tBu tBu
Cyclohexane-1,2- / butyl-2,2'- — —
diyl)bis(1-(pyridin-2- =N N= bipyridine N\ N/
A = 7 N N
yl)methanimine) d b

4.1. Copper halide

The C-S bond construction was established between diphenyl disulphides 150 and aryl/heteroaryl
halides 149 in the presence of Mg metal, Cul as catalyst and ligand L16 under microwave heating to get
encouraging yields in a short time to afford diaryl thioethers 151 (Scheme 42). By heating, in the microwave,
no side reaction was observed due to equal energy transfer to reacting molecules. Important antioxidants
having C—S bonds 152, 153 were also prepared in good yields.”!

cul, L16
. DUF Ar—S—Ph
X + 1/2 PhSSPh r—S—
ArX 200 °C, 6-7 h,
149 150 MW 151
X=Cl, Br, |
X
Ar=
Me NMe, OH
OH Me
SPh
| X PhS §
_N Me
N
Me H Me
152 153

Scheme 42. Synthesis of diarylthioethers using copper(I) iodide catalyst.

Noteworthy, a new catalyst system Cul and catechol violet (CV) 157 was employed to cross-coupled
various aryl/heteroaryl halides 154 bearing electron-rich or electron-poor moieties with aromatic/aliphatic
thiols 155 to form diaryl thioethers 156 in excellent yields (Scheme 43). Cheap and readily available
catalyst, the absence of any phosphine ligand depicted the economic importance of reaction. The reaction
yields were independent of the electronic effects of both substrates. The reaction took place selectively at
iodine position if the aryl halide was substituted with Br and Cl atoms in addition to 1.5

Cathepsin-D inhibitor 161, avarol-3'-thiobenzothiazole 162 are biologically important compounds that
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bear substituted 2-mercapto-1,3-benzothiazole functionality. A variety of 2-mercaptobenzothiazoles 160 was
synthesized by direct thiolation via C-H bond activation. The cross-coupling of various aromatic/aliphatic
thiols 159 with N-heterocycles 158 in the presence of NaxCOs base, Cul catalyst and bipyridyl ligand L17 to
afford arylated N-heterocycles 160 in maximum yields (Scheme 44). Cathepsin-D inhibitor analogue 163
was also prepared by using above mentioned reaction protocol. During the reaction mechanism, a reactive
intermediate [(L)Cu(SR)] was formed instead of the Cu-thiazole complex which was responsible for organic
transformation. Various functional moieties were best tolerated under reaction protocol depicted the
importance of reaction. Yields were good under an anaerobic environment as Oz was useful in the
abstraction of hydrogen atoms.>

X K,CO3, DMF, 70 °C SO
154 155 18N 156

(o]
Cul ((10 mol %),
X1 O SH S _
1(\( . Rel 157 (10 mol %) N \_ 5 c OH
R O~ RT _ | R

OH
X'=Cl, Br, | OH

X=C, N 187
R'=4-MeO, 2-MeO, 2-CF3, 2-NH5, 4-Cl, 4-Br, 4-Ac, 3-1, 2-1, 4-NO,, 3-CHO
R?=4-Me, 4-MeO, 4-Me, 4-Cl,

Scheme 43. S-Arylation of thiols by using aryl/heteroaryl halides.

P zZ SN L
2 L17 2
v :]:/>—H+R—SH¢> ; ]:/>—s
RSP e NajCOz DMF  “so-~x" R
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’,,:\I zZ S S N\\( AN HNN
L:”:]:X)_H - g\’\/?/ ,M61( N ,HN | | HNTN
Me Me
Me

R=Propyl, Butyl, Hexyl, Octyl, Dodecyl, PhCH,CH,, 4-MeCgHy, 4-CICgH,, 4-NH,CgHy4, 4-MeOCgH,

S
OH N\j/ O OH
Cl
e ) N
S o] H
]
OH CFs Cl
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S
N O OH
T I
S N
H
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Scheme 44. Synthesis of various 2-mercaptobenzothiazoles by using copper as catalyst.

Moreover, various 2,5-dialkyl benzo[d]isothiazol-3(2H)-ones 166 were synthesized in the presence of
Cul catalyst, ligand L2 and K»>COs base by cross-coupling dihaloarenes 164 bearing electron-donating
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groups or electron-withdrawing groups and 2-mercaptobenzimidazoles 165 to afford C-S cross-coupled
product (Scheme 45). The electron-rich substituents gave the best yields.”

Yo X! N T
AN N Cul (10 mol %), L2 (20 ml %)
R - )—SH
Pz X2 R2 N K>CO3 (2 equiv), DMF
165

166

X!, X?=Br, CI, I, NO,
Y=CH, N
R'=4-F, 4-CI, 4-CN, 4-i-Propyl, 4-Me, 4-Br
R?=Me, MeO, Cl, NO,
Scheme 45. C-S Cross-coupling by the reaction of 2-mercaptobenzimidazoles and dihaloarenes.

A new catalytic system Cul was developed in conjunction with 1,4-diazabicyclo[2.2.2]octane
(DABCO) as ligand L18 to cross-couple various aryl/heteroaryl halides 167 with aromatic/aliphatic thiols
168 in the presence of DME, K>CO; base to get thioethers 169 in excellent yields (Scheme 46). Thiophenols
substituted with electron-donating or electron-withdrawing groups gave good yields. Reaction yields were
also independent by steric effects of substituents. The precursor of dapson drug 170 was also synthesized by
this methodology.*®

X! Cul (5 mol %) s
N ) L18 (10 mol %) N TOR?
R'— + R%SH R4
KX/ K2CO3 (2 equiv), \X/
DME, 120 °C, 12 h
167 168 169
X=CH, N
X'=Br, |

R'=4-MeO, 3-CF3, 2-MeO, 4-CN, 4-Ac, 4-NO,, 4-Me
R2 =4- MGC6H4 4- NH2C6H4 PhCHzCHz Ph, n- Butyl

oL
O,N NH

170
Scheme 46. Formation of thioethers by the reaction of thiols with aryl/heteroaryl halides.

2

Furthermore, various N-substituted-2-halobenzamides 171 were intermolecularly cyclized by
employing CuCl catalyst, sulphur powder and K>COs base in the presence of nitrogen to form of
N-substituted benzo[d]isothiazol-3(2H)-ones 172 (Scheme 47). These compounds were considered
biologically very important as anti-fungal and anti-bacterial agents.>* The yields were encouraging with 2-
bromo- as well as 2-iodobenzamide rather than 2-chlorobenzamides. >

Compounds with dibenzothiazepines moiety are considered pharmacologically very important such as
clotiapine 177 a drug used to treat psychological problems whereas quetiapine fumarate 178 has been used
to cure diseases of CNS. The synthesis of dibenzothiazepines 175 was synthesized by the cross-coupling of
2-aminothiophenols 173 with 2-chlorobenzaldehydes 174 in the presence of CuCl/L-proline 176 catalyst
(Scheme 48).%°

Various 7-azaindoles 177 were employed as electrophilic partners and aryl boronic acids 179 having
electron-rich/poor groups as nucleophilic partners and 1,4-diazabicyclo[2.2.2]octane bis(sulfur dioxide
(DABSO) 178 as SO» donor in the presence of CuF: catalyst, DMF solvent, and ligand L.18 to afford product
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180 in quantitative yields (Scheme 49). The reaction yield was independent by the electronic effects of
substituents on aryl boronic acids. The importance of reaction lies in the high tolerance of moieties like
CHO, OH and NO,. p-Methoxybenzyl group was removed in the presence of mesitylene and trifluoroacetic
acid (TFA).>¢

R N'Rz CuCl (10 mol %) R o
N, _Spowder 3 equiv) \@(N—Rz
X Ko,CO4 (3 equiv) g
0
171 DMF, N5, 75 °C 172

X=Cl, Br, |
R'=H, OMe, OCgH,7, NO,, Br
R2=4-CICgH,, 4-MeCgHy, 2-MeOCgHy, 2-MeCgH,, 4-MeOCgH,4, n-Butyl
Scheme 47. Synthesis of N-substituted benzo[d]isothiazol-3(2H)-ones in the presence of copper(I) chloride.

R2
SH cl s OH
RL@[ . RZ@( Cucl176 RLE:[ Q_.%
NH2 CHO t—BuO‘Na+, DMF N’ H
175 176

173 174 MW (120 °C, 15 min.)

R'=H, 4-Cl, 4-CF,
R?=3-NO,, 5-CF3, 2-Cl, 3-CF

N
N N
NN Nt
177 K/N\ 178
OH

Scheme 48. Copper(I) chloride catalyzed synthesis of dibenzothiazepines.
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N N-atm, 100 °C, &N

BMB L18 (20 mol %) PMB
177 178 179 180

R'=6-MeO, 6-Cl, 5-Br
R2=4-Me, 4-Br, 4-SMe, 4-MeO, 4-F, 3-Me, 4-F, 3-NO,, 4-CHO
Scheme 49. Reaction of 7-azaindoles with aryl boronic acids by using CuF> catalyst.

Firstly, Cu(I) was generated due to the reduction of Cu(Il) by L18 and an intermediate 181 was
formed. Aryl boronic acid 179 has reacted with DABSO resulting in the formation of sulphonyl radical.
Species 182 was generated when aryl sulphonyl radical reacted with 181. In the next step 183 was formed as
a result of subsequent oxidative addition of 177. Afterwards, reductive elimination of 183 generated desired
product along with Cul. In the last step interhalogen, the exchange occurred (Scheme 50).5
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L-Cu(ll)F»
tBy FBu
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Scheme 50. A possible mechanism for C—S cross-coupling by using copper(Il) fluoride.

4.2. Copper acetate

Nelfinavir 187 which is an efficient HIV protease inhibitor has aryl alkyl sulphide functionality.
Cu(OAc); catalyst was used in the presence of pyridine, anhydrous condition and DMF solvent to
cross-coupled aryl boronic acids 184 bearings electron-rich/poor groups with alkanethiols 185 to get
maximum yields of alkyl aryl thioethers 186 (Scheme 51). Electronic effects of substituted aryl boronic
acids did not affect the yield and rate of reaction. However, steric hindrance resulted in less yield of product.
The reaction rate was also affected by steric effects. Primary and secondary thiols also reacted in good yields
but tertiary thiols gave no C—S coupled.

4.3. Copper oxide

Cuz0 catalyst was used in the presence of DMSO-H>O and KOH base to cross-coupled aryl/heteroaryl
iodides 188 with aliphatic/aromatic thiols 189 to form thioethers 190 in excellent yields (Scheme 52). The
electronic effects of both substrates did not affect the yield of the reaction. Reaction yields were also
independent of the steric effects of both reacting molecules. Reusability of catalyst, functional group
tolerance and absence of any ligand depicted the economic importance of reaction protocol .38

5. Conclusions

Copper catalysts are evolving as potential cross-coupling reaction alternatives to palladium-based
catalysts. The concept of transforming cross-coupling conversions into a sustainable process with a
particular emphasis on replacing toxic, expensive, and rare palladium with earth plentiful, inexpensive, and
non-toxic transition metals, is the driving force behind this new approach. Copper in particular can be
considered the transition metal of choice for meeting these requirements. The significant efficacy of copper
catalysts in performing aryl/heteroaryl cross-couplings has recently been revealed, according to this review.
Furthermore, copper catalysts have a reactivity pattern that is distinct from palladium catalysts, in that they
react efficiently with or without ligands.
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Scheme 51. Synthesis of aryl alkyl thioethers by reaction of aryl boronic acids with thiols.
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R2=4-NH2C6H4, 4-MeOC6H4, 4-MeC6H4, 4-FC6H4, 4-C|C6H4, 4-BrC6H4, CH3(CH2)11, Ph, 4-N02C6H4, 2-MeOC6H4,
2-NH,CgHy, 3-MeCgHy, n-Butyl, n-Octyl
Scheme 52. S-Arylation/heteroarylation catalyzed by copper oxide to synthesize thioethers.
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