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Abstract

Copper and iron salts are less toxic and inexpensive as compared to other transition metal salts. These salts have
been extensively used for various carbon-carbon and carbon-heteroatom cross-coupling reactions. In this review, we
described the Cu and Fe-mediated C-C, C-N, C-O, C-S and C-Se coupling reactions extensively. The synergistic effects
of copper and iron salts towards the various bond-forming reactions have been presented. Use of such methods in the

synthesis of bioactive molecules were also highlighted.
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Introduction

Recently, transition-metal (TM) catalyzed carbon-carbon and
carbon-hetero bond forming reactions have received paramount
attention because of their manifold industrial applications [1-6].
Historically, the metal-mediated C-C bond forming reaction was
developed by Glaser [7] about 150 years back, which includes the
oxidative dimerization of terminal acetylenes in the presence of
stoichiometric amount of copper. At the beginning of 20" century
(1901), Ullmann [8] discovered the copper-mediated synthesis of
biaryls from the coupling of activated aryl bromides. Later, the scope
of this method has been extended to carbon-hetero bond forming
reactions in the presence of stoichiometric amounts of copper salt
at high reaction temperature. The synthesis of acetaldehydes by
palladium-catalyzed Wacker oxidation of ethylene, discovered in 1956,
probably is the first Pd-catalyzed reaction [9] that revolutionized the
chemical synthesis. Then after, numerous carbon-carbon and carbon-
hetero coupling reactions were developed. Undoubtedly, these coupling
reactions boost a new direction for the synthesis of complex molecules
from simple molecules with the aid of transition metals. In spite of
having wide scope and excellent compatibility with many functional
groups, these protocols, often suffer from the limitations resulting from
(i) the high cost of the palladium precursors, (ii) the need for ancillary
ligands rendering the catalysts sufficiently reactive, (iii) concerns about
the toxicity of these metal salts, and (iv) the extended reaction time
necessary in many cases. Considering the cost and environmental
factors, the use of Cu- and Fe-based catalysts for various coupling
reactions is more attractive from industrial perspectives [10-13].
Indeed, copper-mediated synthesis of diarylacetylenes from the cross-
coupling aryl acetylene and aryl halides at relatively lower temperature
(under refluxing pyridine) was well reported earlier by Castro and
Stephens [14]. Later, Sonogashira observed that the coupling between
terminal alkynes with aryl halides in the presence of catalytic amount of
palladium and copper [15]. Buchwald and Taillefer also independently
made a significant breakthrough on Cu-catalyzed cross-coupling
reactions by introducing chelating ligands [16-18]. Use of ligands in
such processes not only accelerates the rate of coupling reaction, but
also softens the reaction conditions aiming to widen the substrate
scope. In this review a systematic progress of copper/iron-catalyzed
carbon-carbon and carbon-hetero (C-N, C-O, C-S and C-Se) cross-
coupling reactions, and synthesis of bioactive molecules using these
techniques have been presented.

C-C cross-coupling Reactions

During the last five decades, dramatic progress has been
made on transition-metal-catalyzed C-C bond forming reactions.
Numerous research groups stretch their research objective towards
the development of new catalytic systems with wide substrate scope
under mild reaction conditions. As a result of which vast number of
methodologies for several types of C-C bonds (viz, C(sp)-C(sp), C(sp?)-
C(sp?), C(sp)-C(sp?), C(sp*)-C(sp?), C(sp?)-C(sp?®)) forming reactions
have been explored [19-21].

C(sp)-C(sp) bond formations

The copper promoted acetylenic coupling is found its application
in the synthesis of natural products as well as functional materials [22-
23]. Glaser, in 1869 first reported the copper-mediated dimerization
of terminal alkynes to generate diacetylenes through the C(sp)-C(sp)
bond forming reaction. In this reaction, stoichiometric amount of
copper salt was expended to form copper acetylene intermediate, which
subsequently oxidized in the presence of air or O, to give symmetrical
diynes (Scheme 1la) [7]. The advantages of this C(sp)-C(sp) bond
forming reaction was adopted by the synthetic community during the
following decades by exploring a number of synthetic variations to
the Glaser coupling. These variants differ from the original coupling
reaction with respect to the oxidants, substrates and the amount of
copper catalyst. For instance, Hay dimerized the terminal alkynes at
room temperature by using catalytic amount of CuCl in pyridine [24].
Terminally silicon substituted alkynes, such as alkynyl silanes were
also employed for Glaser homocoupling reactions by Mori et al. using
catalytic amount of CuCl in DMF (Scheme 1b) [25]. Later, Nishihara
reported [26] the similar homocoupling reactions by choosing
alkynylboronates as coupling partner in the presence of stoichiometric
amount of copper acetate (Scheme 1c). Yadav et al. [27] made an
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Scheme 1: Cu-mediated C(sp)-C(sp) coupling reactions.

improvement by conducting the ligand-assisted copper-catalyzed
dimerization of terminal alkynes in the presence of ionic liquid (e.g.
[bmim]PF,) (Scheme 1d).

C(sp?)-C(sp*) bond formations

Following the conceptual development on C(sp)-C(sp)
homocoupling reaction by Glaser, similar Cu-mediated method
was adopted by Ullmann in 1901, for the construction of C(sp?)-
C(sp?) bond between aryl halides [8]. He reported the dimerization
of 2-bromo- and 2-chloronitrobenzene in the presence of super
stoichiometric amount of copper sources at high temperature (=220°C)
(Scheme 2a).In spite of the harsh reaction conditions and requirement
of excess copper salt, Ullmann reaction was followed by the organic
community for a long time to achieve biaryls. Since last six decades,
numerous efforts have been made to extend the substrate scope as
well as to soften the reaction conditions intending to the formation of
less amount of waste by converting the coupling process to a catalytic
one. A modified methodology [28] which includes the use of DMF as
solvent, permits the coupling reaction to occur at lower temperature.
Sessler et al. [29] utilized activated Cu(0) obtained from the reduction
of Cul with potassium, for the synthesis of substituted 2,2’-bipyrrole 1
at relatively lower temperature (110°C) (Scheme 2b). Further decrease
in temperature was observed by Liebeskind et al. [30] by applying
copper(I)-thiophene-2-carboxylate (CuTC) in NMP (Scheme 2c).
The modified Ullmann coupling reactions were found applications in
total synthesis of natural and non-natural products. For instance, 3,
an intermediate for (+)-isoschizandrin 4, was readily accessed by the
copper-mediated Ullmann coupling of the corresponding haloaldehyde
2 (Scheme 3) [31].

Copper-mediated intramolecular coupling of vinyl tin derivatives
with vinyl iodide leading to conjugated diens through C(sp?)-C(sp?)
bond formation was reported by Piers et al. (Scheme 4a). This reaction
might be a Cu-catalyzed analogue of Stille coupling reaction [32].
Intermolecular coupling of organostannanes with the aryl, heteroaryl
and vinyl iodides to furnish 1,3-dienes in the presence of stoichiometric
amount of copper(I)-thiophene carboxylate (CuTC) was also reported
(Scheme 4b) [33].

Furthermore, the copper-promoted catalytic version of the former
coupling reaction was developed by Kang et al. [34]. They described the

cross-coupling between organostannanes with aryl iodides employing
catalytic amount of Cul in NMP (Scheme 5a) albeit stoichiometric
amount of sodium chloride is needed to obtain the optimum yield of
conjugated alkene. Li et al. [35] developed the ligand-assisted Cu,0
nanoparticles-mediated coupling of aryl halides with organotins
derivatives in the presence of TBAB. This nanocatalyst was reported to
be recyclable up to five consecutive runs for aryl iodides and activated
aryl bromides. However, in case of deactivated aryl bromides the
efficiency of the catalyst was limited to single run only (Scheme 5b).
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(b) Et0,C™ N 1 bMF, 110°c  E1OCT N 1 :
|
Me Meue  “co,Et
Sessler et al.
A = CuTC Bequiv) 7/ N\__/ \
(c) R + N — 27 | |
! - e
Z N NMP, 23-70 °C Y R?
X=1,Br

Liebeskind et al.

Scheme 2: Cu-mediated C(sp?)-C(sp?) coupling reactions.
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Scheme 3: Cu-catalyzed cross-coupling en Route to Isoschiandrin.
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Scheme 4: Cu-mediated Stille coupling.
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Scheme 5: Cu-catalyzed Stille coupling.
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Copper-catalyzed cross-coupling between organotin derivatives
with vinyl iodide has been exploited for the total synthesis of complex
natural products. For example, Peterson et al. [36] performed the total
synthesis of Concanamycin 8 in which the intermediate 7 was prepared
by the copper-mediated coupling between vinyl iodide derivatives
5 and vinyl stannane derivatives 6 (Scheme 6). The cross-coupling
of arylboronic acid with aryl and vinyl halides has been emerged as
a potential method for the formation of C(sp?)-C(sp?) bond. This
method has several advantages including the use of commercially
available starting materials, generation of non-toxic by-products,
negligible steric consideration and wide functional group tolerance.
In 1996, Kang et al. [37] reported the Cul catalyzed coupling between
boronic acid derivatives and iodonium salts in aqueous DME to access
biaryls (Scheme 7).

Later, the ligand-assisted copper-catalyzed coupling between
arylboronic acids with vinyl halides and aryl halides to form C(sp?)-
C(sp?) bond was also developed (Scheme 8). Li et al. [38] found that
Cul-catalyzes the coupling of aryl boronic acid with vinyl halides or
aryl halides the presence of TBAB to afford diarylethenes and biaryls
respectively in moderate to good yield.

The copper-catalyzed coupling of aryl and vinyl halides with the

+

HO

olefins to form C(sp*)-C(sp?) bond was also precedent in literature.
In 1997, Iyer reported the synthesis of aryl-alkenes and conjugated
alkenes by coupling between olefins with aryl and vinyl iodides using
stoichiometric amount of copper iodide in N-methylpyrrolidone
(NMP) (Scheme 9) [39]. Use of DABCO as a ligand in such coupling
reaction was also reported [40].

Besides, the significant developments on copper-based
homogeneous catalytic systems for C(sp?)-C(sp*) coupling reactions,
the use of heterogeneous catalytic system also found to be interesting.
Mao et al. [41] applied the readily available copper powder for the
coupling between aryl iodides with boronic acids in PEG-400. Using
iodine as additive, the coupling between aryl bromides and chlorides
with boronic acids was found to be successful. Rothenberg et al. [42]
applied the copper nanocluster for the coupling between aryl halides
and arylboronic acids (Scheme 10). Di- and trimetallic clusters showed
enhanced reactivity in the coupling of arylboronic acids with activated
aryl bromides and aryl chlorides.

With emerge of nanotechnology; copper nanoparticles were also
employed for the coupling of aryl iodides and butyl acrylates [43]. In
such cases copper nanoparticles were produced in-situ by reduction of
copper bronze and promoted the Heck coupling reaction to produce
the internal alkene (Scheme 11).

OMe pEIPS
O OBz

CuTC, NMP

(+)-Concanamycin F

8

Scheme 6: Cu-catalyzed Stille coupling en Route to (+)-Concanamycin F.
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Scheme 7: Cu-catalyzed Suzuki coupling.
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Scheme 8: Ligand-assisted Cu-catalyzed Suzuki coupling.
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Scheme 9: Cu-catalyzed Heck type coupling.
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Scheme 10: Ligand-free Cu-catalyzed Suzuki coupling.

Owing to the wide abundance and low cost, iron catalysts were
successfully employed for C(sp?)-C(sp?) bond forming reactions. Iron
catalyzed homocoupling of aryl Grignard reagent was first reported by
Kharasch and Field in 1941 to produce symmetrical biaryls (Scheme
12a) [44]. Subsequently a series of C-C bond forming reactions were
also developed. Notably, the scope of Fe-catalyzed C(sp?)-C(sp?)
bond forming reactions was expanded by Cahiez et al. [45,46] in the
beginning of 21 century to produce wide varieties of substituted
biaryls (Scheme 12b).

Nakamura et al. [47] also exploited the catalytic efficiency of Fe-
catalyst in cross-coupling reaction to produce unsymmetrical biaryls
in good vyield (Scheme 13). Notably, homocoupling of the Grignard
reagent is effectively reduced when FeF, is employed in combination
with an N-heterocyclic carbene ligand. The specific effect of fluoride
was demonstrated by the addition of KF to FeCl, catalyst precursor,
which otherwise provides predominately homocoupling product.
Vogel et al. [48] reported the iron-catalyzed coupling of styrenes with
aromatic and heteroaromatic iodides using picolinic acid as chelating
agent and potassium tert-butoxide as base.

In an interesting report [49], synthetic potential of iron/copper
cooperative catalyst was illustrated by the preparation of 17-arylestrene
derivatives (Figure 1) related to abiraterone acetate (Zytiga, CYP17
inhibitor), a new drug currently used in the treatment of metastatic
prostate cancer [50].

C(sp)-C(sp?*) bond formations

The coupling between alkynes with aryl or vinyl halides resulted
the formation of C(sp)-C(sp?) bond. In 1993, Miura et al. reported
ligand-assisted copper-catalyzed synthesis of aryl-alkynes and vinyl-
alkynes by coupling terminal alkynes with aryl halides and vinyl halides
respectively (Scheme 14) [51]. Under similar catalytic conditions, Li et
al. prepared the aryl-alkynes in the presence of DABCO which act as a
chelating ligand [38].

Later, Venkataraman et al. [52] observed that if the solubility of the
copper salts would be increased, the reaction would occur under mild
reaction conditions. Thus, they prepared a soluble copper complex (C1)
and conducted the C(sp)-C(sp?) coupling between phenyl acetylenes
and aryl iodides in toluene at its boiling point (Scheme 15) .

Although copper-catalyzed sp-sp? coupling reactions were well
reported, the development of iron-catalyzed C-C coupling reactions
was also encouraging, owing to the cheap and environmental friendly
nature of iron. In this regard, coupling of terminal alkynes with alkenyl
iodides in the presence of FeCl, and 1,10-phenanthroline (Scheme

16a) was reported [53]. Use of other ligands such as DMEDA and
2,2’-bipyridine was also found to be effective for the coupling aryl and
heteroaryl iodides with terminal alkynes to form C(sp)-C(sp?) bond
[54,55]. An iron catalyzed sonogashira coupling followed by cyclization
produces the 2-arylbenzofuran (Scheme 16b).

Recently heterogeneous, recyclable Fe,O, nanoparticles-mediated
coupling between terminal alkynes with aryl and heteroaryl halides in
ethylene glycol were reported by Firouzabadi et al. (Scheme 17) [56].

Although these Fe-catalyzed C-C bond forming reactions are
interesting, but it is limited to long reaction time (e.g. 72 h) and
narrower substrate scope. For example, FeCl/DMEDA condition
reported by Bolm [54] was unsuccessful with aliphatic terminal alkynes.
In order to expand the substrate scope and efficiency, development of
more sustainable catalytic system is promising. The use of cheap and
environmental benign iron salts in combination with copper would
be noteworthy. In this line, Liu et al. [57] described a ligand-assisted
Cu-Fe co-catalytic method for the C(sp)-C(sp?) coupling reactions.
They found that Fe, O, in combination with Cu(acac), was suitable for

X -CO,Bu
/\COZBU + © @/\/ 2

Scheme 11: Cu-nanoparticle catalyzed Heck coupling.

Kharasch et al.

Copper bronze

TBAB, TBAA
130 °C

[FeCly]
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RBr
(b) R1é\\}*MgBr

Scheme 12: Fe-catalyzed C(sp2)-C(sp2) coupling.
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Scheme 13: Fe-catalyzed C(sp?)-C(sp?) coupling.
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Figure 1: Synthesis of 17-arylestrene derivatives.
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Scheme 14: Cu-catalyzed Sonagashira coupling.
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Scheme 15: Cu-catalyzed Sonagashira coupling.
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Scheme 16: Fe-catalyed Sonagashira coupling.
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Scheme 17: Heterogeneous Fe-catalyst for Sonagashira coupling.

the cross-coupling between terminal alkynes with aryl and heteroaryl
halides using TMEDA as the ligand (Scheme 18a). Later, Vogel et al.
[58] reported Cul/Fe(acac), catalyzed arylation of both terminal alkyl
and aryl alkynes at 140°C in NMP (Scheme 18b). In this context we
have also developed magnetic copper ferrite nanoparticle-mediated
cross-coupling reactions between terminal alkynes with aryl halides
(Scheme 18c) [59]. Magnetic nature of the catalyst helps to recover the
catalyst quantitatively and reused for three consecutive cycles without
any range in catalytic activity.

C(sp?)-C(sp®) bond formations

The first example on copper-mediated coupling of the
1,3-dicarbonyl compounds with 2-bromobenzoic acid in the presence
of strong base (ca KOH) at 160°C was reported by Hurtly in 1929 [60].
This reaction proceeds through the copper-carboxylate intermediate,
that polarized the C-X bond, which subsequently attacked by the
carbanion of 1,3-dicarbonyl compound to form the C(sp?)-C(sp?)
bond. Later, extensive efforts have been made to soften reaction
conditions. For instance, Miura et al. [61] reported a copper-mediated
sp*-sp’ coupling between active methylene compounds and aryl iodides

in the presence of K,CO, in DMSO at 120°C (Scheme 19a). Then,
ligand-assisted copper-promoted coupling reactions were developed
which requires lower temperature (Scheme 19b). Evidently, Buchwald
et al. [62] reported that 2-phenylphenol L1 which acts as an efficient
ligand for the coupling 1,3-dicarbonyl compounds with aryl iodide
at 70°C in THF. Subsequently, other ligands such as L-proline L2 [63]
and 2-picolinic acid L3 [64] were employed to promote such coupling
reaction between 1,3-diketones with aryl iodides and bromides.

Heterogeneous copper nanoparticles were also employed for
C(sp*)-C(sp?) coupling reactions aiming to the reusability of the catalyst.
For instance, Kidwai et al. reported the recyclable CuO nanoparticle-
mediated coupling between 1,3-diketones with aryl iodides in DMSO
(Scheme 20) [65].

Besides, iron-catalyzed such coupling reactions were also well
reported. For example, in 1971, Kochi [66] first exploited the iron
catalyst (e.g. FeCl,) for the cross-coupling between organomagnesium
reagents with alkynyl bromides (Scheme 21). Cahiez and Avedissian
found that an excess amount of NMP is beneficial for iron-catalyzed
cross-coupling of alkenyl halides with alkyl magnesium reagents [67].

Firstner et al. [68,69] observed that the iron-catalyzed cross-
Fe;03 (10 mol%)

Cu(acac), (10 mol%)
a ——H — - ——Ar
(@ <:> T A=l TMEDA, Cs,CO; C>
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Liu et al.
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140 °C Vogel et al.
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(c) R=—H + Ar—X — 2%~ % 4(_ ©)  Rl=— ar
Cs,CO3, Dioxane,

R'= Aliphatic, Aromatic X =1,Br,cl  110% Panda et al.

Scheme 18: Cu/Fe-co-catalyzed Sonagashira coupling.
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Scheme 19: Cu-catalyzed Hurtley reactions.
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Scheme 20: Ligand-free Cu-catalyzed Hurtley reaction.
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Cahiez et al.

Scheme 21: Fe-catalyzed C(sp?)-C(sp®) coupling.

coupling reactions proceed most efficiently with chloride substrates,
which is in contrast to the aryl iodides or bromides usually required
for palladium cross-coupling reactions (Scheme 22a,b). Interestingly,
Grignard reagents undergo cross-coupling faster than they react
with other electrophilic sites in the substrate. For example, ketones,
aldehydes, esters, ethers, nitriles, and even trimethylsilyl groups in the
electrophilic halide partner are unaffected under such iron-catalyzed
cross-coupling conditions. Nakamura et al. [70] have shown that iron
catalysts are capable of inserting into both primary and secondary
sp>-hybridized carbon-halide bonds to affect cross-coupling (Scheme
22b). A mild protocol for the stereoselective sp*-sp* couplings were
also demonstrated by Cahiez et al. [71]. They used similar catalyst in
the presence of chelating ligands, like TMEDA and HMTA for the
coupling of vinyl Grignard with alkyl halides (Scheme 22c¢). Fiirstner et
al. [72] also exploited the high reactivity of iron catalyst in the coupling
of alkenyl electrophiles with organomagnesium reagents without
affecting the ester group and alkynes. This reaction has been employed
as a key step in the synthesis of latrunculin B (Scheme 22d). Other
natural products such as muscopyridine [73], cubene, ambhidinolide
Y, etc. were also synthesized using Fe-catalyzed coupling reaction as a
key reaction (Figure 2).

Early studies on the coupling of alkyl and alkenyl bromides with
alkylmagnesium reagents by Kochi [66] comprise the involvement of
Fe(I) and Fe(III) species through a sequence of oxidative addition,
transmetalation, and final reductive elimination step. Although Fe(I)
was depicted as the active species in the original paper, the equivalent
process involving Fe(0) was considered equally feasible (Figure 3) [66].
The active component in this reaction is metastable and loses it catalytic
efficiency rapidly in the absence of substrate. Studies on similar coupling
reaction of Grignard reagents containing p-hydrogens with halides in
the presence of stoichiometric amount of FeCl, suggest that an overall
four-electron reduction of iron salt by Grignard reagent takes place,
leading to an bimetallic species with formal constitution [Fe(MgCl),]
,» which likely consists of small clusters incorporating magnesium and
iron centres that are connected via fairly covalent intermetallic bonds
[74]. The catalytic cycle expected to involve the typical sequence of
oxidative addition, transmetalation, and reductive elimination steps
(although the catalyst alternates between the 0 and -2 oxidation states).
Reactions employing radical probes and labeled substrates also suggest
the involvement of radicals in iron-catalyzed cross-coupling reactions
[75]. Radicals may be generated from Fe(II) complexes that “cross-
over” into the Fe(I)/Fe(III) catalytic cycle via homolytic cleavage of an
iron-carbon bond. Possible involvement of different oxidation states of
iron to catalyze the cross-coupling is presented below (see Figure 3).

C(sp?)-C(sp?®) bond formations

The C(sp®)-C(sp®) coupling reactions between alkyl derivatives
were less reported as compared to other types of C-C coupling reactions

discussed earlier. This is may be due to the alkyl metal intermediate
generated in situ in the catalytic cycle undergoes 3-hydride elimination
reaction. Moreover, this intermediate also participates in other
undesired reactions [76-79].In 1997, Burns et al. reported a copper-
catalyzed sp’-sp® coupling reaction between alkyl Grignard reagents
with alkyl pseudohalides (Scheme 23a) [80]. Later, Kambe et al. [81-
83] reported the Cu(Il)-catalyzed coupling between octyl fluorides
and alkyl Grignard reagents (Scheme 23b). The same group further
also used 1-phenylpropyne [82] and 1,3-butadiene [83] separately as
additives to broaden the substrate scope of the sp3-sp3 bond forming
reaction (Scheme 23¢,d).

Recently, copper-mediated C(sp*)-C(sp®) cross-coupling between
non-activated secondary alkyl halides and pseudo halides with
secondary Grignard reagents were reported by Liu et al. [84]. They
explored the C-C bond formation by using Cul as catalyst and TMEDA
as additive (Scheme 24).
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@ oM — . . CHy
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Scheme 22: Fe-catalyzed C(sp?)-C(sp?) coupling.
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Figure 2: Natural products synthesized from Fe-catalyzed coupling
reactions.
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Figure 3: Putative Mechanism for iron-catalyzed cross-coupling reactions.
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Scheme 23: Cu-catalyzed C(sp®)-C(sp®) coupling.

C-N Cross-Coupling Reactions

TM-mediated C-N cross-coupling reactions constitute a powerful
strategy for the synthesis of numerous fine chemicals as well as
compounds of biological importance [85]. Since 1903, copper catalyzed
Ullmann cross-coupling is used traditionally for the C-N bond forming
reactions [8]. The classic Ullmann reaction normally requires harsh
conditions, such as high temperature (200°C), stoichiometric amounts
of copper and selective halide substrates, which is problematic for large
scale use due to high cost and waste disposal. In order to circumvent
such limitations considerable efforts have been made focusing on
the development of cheap, eco-friendly catalytic systems under mild
reaction conditions. In this regard, we wish to present the significant
developments on Cu/Fe-catalyzed C-N cross-coupling reactions [10-
13]. Gratifyingly, after about 95 years of Ullmann C-N cross-coupling
reaction, Chan et al. [86] and Lam et al. [87] independently illustrated
the copper-catalyzed coupling of arylboronic acids with amines and
NH-heterocycles (Scheme 25). However, the high cost and relative
instability of boronic acids, and tedious purification procedure often
limit their extensive application in laboratory as well as industrial
scale.

Subsequently, Buchwald [88] and Hartwig [89] were independently
employed palladium-based catalysts for the N-arylation of amines
with aryl halides. However, toxicity and high cost of Pd catalysts
are the obvious limitations associated with this method for large
scale implementation. Thus, researchers have turned their attention
toward the use of less expensive, less toxic and more efficient metals
to replace Pd [10-13, 90,91]. Indeed, Buchwald [92] and Taillefer [93]
independently made a significant breakthrough in the copper-catalyzed
cross-coupling of NH-heterocycles with aryl halides in the presence of
chelating ligands (Scheme 26).

In due time, numerous N, O-containing ligands such as L-proline,
N-methylglycine, ~ N,N’-dimethylcyclohaxane-1,2-diamine, ~ DPP,
1,3-diketone, 4,7-dimethoxy-1,10-phen.,, 8-hydroxyquinoline,
2-aminopyrimidine-4,6-diol, rac-BINOL, 4,7-dimethoxy-1,10-
phenanthroline, ninhydrin, picolinic acid etc. were employed by
various researchers for the copper-mediated C-N coupling reactions
[10-13,90,91].

Venkataraman et al. [52] prepared a soluble copper catalyst (C2)
for the cross-coupling of diarylamines with aryl halides. They found
that 10 mol% of the catalyst is sufficient in coupling of the diaryl
amines with the aryl halides including the less reactive chlorobenzene
in toluene at 110°C (Scheme 27).

Bao et al. [94] reported Cul/L-Proline catalytic systems for coupling

the imidazoles with aryl and heteroaryl bromides in ionic liquids
[Bmim]BF,. They found that 30 mol% of Cul with 60 mol% of L-Proline
was effective for the coupling of imidazoles and benzimidazoles with
aryl and heteroaryl bromides in the presence of [Bmim]BF, (1 ml/mol).
Interestingly, the catalytic system, Cul/L-Proline/[Bmim]BF,, found to
be recyclable and reusable up to four consecutive runs. Zhou et al. [95]
described the N-arylation of imidazoles and indoles with aryl bromides
and iodides using the copper complex C3 in aqueous medium (Scheme
28).

On the other hand, the simple separation and regeneration of
the catalyst from the reaction mixture are in strong demand for the
cost-effective process of molecular synthesis. Thus, ligand-free cross-
coupling reactions attracted wide attention. The earliest contributions
were made by Taillefer et al. [96]. They performed the coupling
between iodo- and bromobenzene with nitrogen heterocycles using
catalytic quantity of Cul in CH,CN (Scheme 29a). Later, Bolm et al.

Cul (10 mol%)

R! o R!
NXx  +  Aky-Mger  _MEDA (20 mol%) N— Alkyl
R? LiOMe, 0 °C R?
X =Br, OTs Liu et al.

Scheme 24: Ligand-assisted Cu-catalyzed C(sp®)-C(sp®) coupling.
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Scheme 25: Cu-mediated C-N cross-coupling reaction.
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Scheme 26: Ligand-assisted Cu-catalyzed C-N cross-coupling.
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Scheme 27: Cu-complex (C2)-catalyzed C-N cross-coupling.
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Scheme 28: Cu-complex catalyzed C-N cross-coupling.

[97] proposed Cu,O-mediated C-N coupling between azoles with aryl
iodides and bromides in DMF under ligand-free conditions (Scheme
29b). Same group also reported that the amination of halopyridines
with nitrogen nucleophiles occurred under solvent and ligand-free
conditions in the presence of microwave irradiation (Scheme 29¢) [98].
Very recently, Fu et al. developed an efficient photo-induced protocol
for C-N cross-coupling reaction at room temperature (Scheme 29d).
The methodology was successful for coupling the NH-heterocycles
with a wide range of arylhalides, heteroaryl halides and alkynyl halides
in the presence of catalytic amount of Cul [99]. The reaction proceeds
through the initial photo-excitation of the copper-azole complex
followed by the electron transfer reactions with aryl halides, affording
the N-arylated product in good yield.

Numerous heterogeneous catalysts were also employed for the
C-N cross-coupling reactions aiming to the simple purification and
reusability of the catalyst. One of the interesting examples was reported
by Choudary et al, [100] in which the supported copper fluoroapatite
(CuFAP) was used for the N-arylation of N-containing heterocycles
even with less reactive aryl chlorides and aryl fluorides (Scheme 30).

Kantam et al. [101] demonstrated a ligand-free, reusable cellulose-
supported Cu(0)-catalyzed N-arylation of NH-heterocycles with aryl
bromides and iodides in DMSO (Scheme 31).

Copper (I) oxide in PEG support were also efficiently used as a
recyclable catalyst for the C-N cross-coupling reactions. Lamaty et al.
[102] reported microwave assisted Cu,O-PEG for the coupling between
benzimidazoles and indoles with aryl halides (Scheme 32).

Recently, Wan et al. [103] reported Cul/PSP (Polystyrene-
supported pyrrole-2-carbohydrazide) catalytic system for the C-N
coupling between amines with aryl halides in aqueous medium
(Scheme 33). They applied the methodology towards the synthesis of
imidazo[1,2-a]quinoxaline.

Reusable copper nanoparticles were also utilized for the C-N
cross-coupling reactions exploiting the high surface area and low
coordination sites of the catalyst. Evidently, Hyeon et al. [104] used
Cu,0O-coated Cu nanoparticles for the coupling between nitrogen
nucleophiles with activated aryl chlorides (Scheme 34a). Later, CuO
nanoparticles were successfully employed by Punniyamurthy et al.
[105] for the N-arylation of various N-containing precursors (Scheme
34b). Kantam et al. [106] were also exploited the high surface area
and reactive morphology of the CuO nanoparticles for the C-N cross-
coupling reactions between NH-heterocycles with aryl chlorides and
aryl fluorides (Scheme 34c).

In parallel to Cu-catalyzed C-N cross-coupling reactions, the
Fe-catalyzed reactions were also explored. The pioneering efforts on
Fe-catalyzed C-N coupling reactions were made by the Bolm [97].
They showed the potential of FeCl, in presence of DMEDA for the
N-arylation of NH-heterocycles with differently substituted aryl
iodides and bromides in refluxing toluene (Scheme 35).

Later, Rama Rao [107] prepared recyclable graphite supported iron

catalyst and applied for the coupling between nitrogen heterocycles
with aryl halides under ligand-free conditions (Scheme 36).

The Cu-Fe co-operative catalysts were also developed for the C-N
cross-coupling reactions to extend the scope as well as to improve the
yield. In 2006, Taillefer et al. [108] illustrated the first example on Cu/Fe
co-catalyzed protocol for the N-arylation reaction of various nitrogen
heterocycles with aryl halides including the less reactive activated aryl
chlorides in DMF (Scheme 37a). It may be noted that neither Fe(acac),
nor CuO alone are suitable for the N-arylation of pyrrole. However,
Cu/Fe-cooperated catalyst leads to the N-arylated heterocycles in good
to excellent yield without affording by-products resulting from biaryl
coupling or from the reduction of aryl halides [108]. In line this Fu et
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Bolm et al.
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“R tBuOLi, CH,CN “R
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Scheme 29: Ligand-free Cu-catalyzed C-N cross-coupling.
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Scheme 30: Reusable Cu-catalyzed C-N cross-coupling reaction.
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Scheme 31: Cellulose-supported Cu-catalyzed C-N cross-coupling.
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Scheme 32: PEG supported Cu-catalyzed C-N cross-coupling.
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Scheme 33: PSP-Cu-catalyzed C-N cross-coupling.
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Scheme 34: Cu-nanoparticle-catalyzed C-N cross-coupling.
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Scheme 35: Ligand-assisted Fe-catalyzed C-N cross-coupling.
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Scheme 36: Fe/C catalyzed C-N cross-coupling.
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Scheme 37: Ligand-free Cu-Fe co-catalyzed C-N cross-coupling.

al. [109] employed a mixture of FeCl, and CuO in the presence of rac-
BINOL to promote the N-arylation of amines (Scheme 37b). Later, Liu
et al. [110] reported microwave assisted ligand-free Cu(acac),-Fe,O,
mediated C-N coupling reactions in aqueous DMSO (Scheme 37¢).In
view to the Cu/Fe- cooperated catalysis reactions, it may be assumed
that bimetallic Cu-Fe catalyst would be a economically competitive
alternative to the usual copper-ligand combination. In line with this
Panda et al. [111] developed a magnetically separable catalytic protocol
for the N-arylation of nitrogen containing heterocycles. They prepared
copper ferrite (CuFe,O,) nanoparticles and used for the N-arylation of
varieties nitrogen containing heterocycles including pyrrole, imidazole,
pyrazole, indole, benzimidazole, carbazole etc. Aryl halides including
less reactive aryl chlorides coupled with NH-heterocycles, resulting the
N-arylated product in moderate to excellent yield [111]. This method
was also found to be tolerant to varieties of functional groups of aryl

halides. The magnetic nature of CuFe,O, nanoparticles is particularly
advantageous for easy, quick, and quantitative separation of the catalyst
for subsequent use. Negligible leaching of Cu and Fe to the reaction
medium made the catalyst environment benign (Scheme 38).

C-O Cross-Coupling Reactions

Diaryl ethers are found as an important structural motif that are
of paramount importance in polymer and life-science industries [112-
114]. Indeed, many of the natural products containing diaryl ether
bridge, such as antibiotic vancomycin [115] and anti-HIV chloropeptins
[116] show significant physiological activities. Consequently,
development of new and practical methods for the synthesis of diaryl
ethers is of great synthetic value. Owing to their numerous applications
in polymer and medicines, many efforts have been devoted for their
direct and practical synthesis. The traditional approach involves
the Ullmann C-O cross-coupling of alcohols with aryl halides.
However, the inherent drawbacks such as high reaction temperature,
stoichiometric amount of copper salts and low to moderate yield limit
their large scale applications. During the last decade, transition-metals
mainly palladium and copper have been utilized for the O-arylation
reactions. Moreover, the use of toxic and expensive palladium metal
reduce their attractiveness for industrial applications. Therefore, less
toxic and less expensive metals such as copper and iron have been used
for the C-O bond forming reactions [10-13]. In this regard, Buchwald
et al. [117] described the first case of Cu(OTf)-catalyzed biaryl ether
synthesis from the reaction of phenol with unactivated aryl halides
(Scheme 39a). The reaction occurs at 110°C using Cs,CO, as the key
reaction element. Later, Palomo et al. [118] employed CuBr for similar
cross-coupling of phenol with aryl iodides using phosphazene P4-But
as base to furnish biaryl ethers at 100°C (Scheme 39b). Subsequently,
it has been reported that addition of certain additives, that act as a
ligand to the copper catalysts enhance the reaction rate and proceed
the coupling under mild conditions [119-121]. In 2003, research group
of Ma employed N,N-dimethylglycine as ligand towards Cu-mediated
C-O cross-coupling reactions between substituted phenols with aryl
bromides and iodides in dioxane (Scheme 39¢) [122]. Later, the same
group carried out the O-arylation reactions at room temperature by
exploiting the ortho effect of NHCOR group to facilitate the Ullmann
type C-O coupling reactions under mild reaction conditions (Scheme
39d) [123].

=\ CuFe;04 (10 mol %) @
N-H + X — N
C \ R DMF, BuOK C \
reflux, 24 h Panda et al.

08 5 B0 50,80

8@zwﬂﬁ>d@

Scheme 38: CuFe,O, nanoparticle catalyzed C-N cross-coupling.
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Scheme 39: Ligand-assisted Cu-catalyzed C-O cross-coupling.
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Scheme 40: Ligand-assisted Cu-catalyzed C-O cross-coupling.

Taillefer described the C-O cross-coupling of phenols with aryl
iodides and bromides using catalytic amount of copper (I) oxide
and ligand L6. This methodology effectively coupled the sterically
hindered phenols with electron-rich aryl halides in acetonitrile
(Scheme 40a) [124]. Later, Buchwald employed other ligand such as
3,4,7,8-tetramethyl-1,10-phenanthroline (Me,-Phen) (L7) to improve
the substrate scope toward the O-arylation reactions. (Scheme 40b)
[125].

Subsequently, Taillefer et al. synthesized the hybrid silica L8 and
used it as a reusable chelating ligand for the Cu-mediated O-arylation
reactions (Scheme 41a) [126]. Later, the same group also developed
another heterogeneous ligand i.e. hybrid silica L9 which catalyses the
O-arylation reaction in the presence of Cul and eco-friendly solvent
MIBK (Scheme 41b) [127]. CuO on aluminium support was also

found to be efficient to couple the aromatic and aliphatic alcohols with
differently substituted aryl and heteroaryl halides. Catalyst recycling
was possible up to 4 consecutive catalytic cycles [128].

The reusable copper catalysts were also employed for the C-O
bond forming reactions. For instance, Wang et al. [129] applied
3-(2-aminoethylamino)propyl functionalized silica gel immobilized
copper catalyst for the C-O cross-coupling reactions between phenols
with aryl iodides and bromides in DMSO. The efficiency of the catalyst
was found to be high due to the counter anion of the precursor of the
catalyst. The silica-supported copper catalyst could recover by simple
filtration and reused for successive 10 consecutive trials without
significant loss in catalytic activity (Scheme 42).

Although ligand-assisted copper catalysed O-arylation reactions
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Scheme 41: Ligand-assisted Cu-catalyzed C-O cross-coupling.
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Scheme 42: Silica-supported Cu-catalyzed C-O cross-coupling.

were successful, the development of ligand-free reactions was also
interesting. In this context, recently Mulla et al. first reported a highly
efficient and inexpensive method for the synthesis of diaryl ethers
using reusable CuFAP as catalyst [130]. They showed that coupling
of potassium salt of phenol derivatives with aryl halides including
less reactive aryl chlorides and aryl fluorides could occur in NMP at
120°C. The catalyst could recover by filtration and is reusable up to five
consecutive cycles without changing the catalytic efficiency (Scheme
43) [130].

Recently, nanocatalysts were also successfully applied for the
C-O cross-coupling reactions due to their high surface area and low
reduction potential. An interesting example in this line was first
published by Kidwai et al. *® They demonstrated the coupling of phenols
with iodo- and bromo arenes using 10 mol% of Cu nanoparticle and
Cs,CO, in CH,CN (Scheme 44a) [131]. Punniyamurthy employed the
CuO nanoparticles for the synthesis of diaryl ethers in DMSO [132].
Furthermore, Cul [133] as well as Cu,O [134] nanocubes were utilized
for cross-coupling between phenols with less reactive aryl chlorides
(Scheme 44b).

Besides, Fe-based catalysts were also utilized for C-O cross-
coupling reactions. For example, Bolm et al. [135] reported an elegant
method for the diaryl ether synthesis employing catalytic amount of
FeCl, in the presence of chelating ligand such as 2,2,6,6-tetramethyl-
3,5-heptanedione (TMHD)(Scheme 45).

Cu/Fe-based catalytic systems were found to be effective towards

the coupling of aromatic alcohols with aryl halides but failed towards
the O-arylation of aliphatic alcohols. Furthermore, in many cases
ligands are essential components to improve the catalytic efficiency of
the method. Thus, there was a considerable scope for the development
of bimetallic Cu/Fe-cocatalytic systems for the C-O bond forming
reactions. In this line, Fu et al. reported CuO/FeCl, catalytic system for
the coupling of phenols with aryl iodides and bromides [109]. Similarly,
Zhang et al. developed an improved methodology for the coupling
alcohols with aryl bromides [136]. Recently, Xu et al. reported CuFe,O,
nanoparticle-mediated C-O cross-coupling between substituted
phenols with aryl halides, employing TMHD as the ligand and Cs,CO,
as the base in NMP at 135°C (Scheme 46a) [137]. Interestingly, such
Cu/Fe catalytic system (ca. CuFe,0, nanoparticles) found to be effective
for the coupling of aliphatic alcohols with aryl halides in the presence
of 1,10-Phenanthroline ligand at 110°C (Scheme 46b) [138].

Notably, modified Ullmann C-O cross-coupling reactions were
applied for the synthesis of natural and non-natural products. For
instance, Ma et al. applied Cul/N,N-dimethylglycine towards the
synthesis of antitumor agent K-13. The intramolecular C-O cross-
coupling of 9 resulted the intermediate 10 which subsequently affords
the K-13 (Scheme 47) [123].

Similarly, Cu-promoted C-O bond forming reactions was emerged
as key step for the total synthesis of Paliurine F. The coupling of 11 with
aryl iodides affords the intermediate 12 which on subsequent steps
produces the target molecule Paliurine F (Scheme 48) [139].
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Scheme 43: Ligand-free Cu-catalyzed C-O cross-coupling.
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Scheme 44: Cu nanoparticle-catalyzed C-O cross-coupling.
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Scheme 45: Ligand-assisted Fe-catalyed C-O cross-coupling.
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Scheme 46: Cu/Fe-co-catalyzed C-O cross-coupling.
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Scheme 47: Cu-catalyzed C-O cross-coupling en Route to K-13.

Moreau et al. [140] reported the total synthesis of aristocularine
alkaloid aristoyagonine 14 by the intramolecular C-O bond formations
from the acyclic precursor 13 using copper triflate as the catalyst in
pyridine (Scheme 49).

Recently, = Cu-mediated etherification/aldol ~ condensation
strategy has been applied towards the one-pot synthesis of various
aristoyagonine derivatives 15 (Scheme 50) [141].

Jones et al. [142] reported the asymmetric synthesis of Corsifuran
A 17, by the intramolecular etherifications of 16 employing 5 mol%
of CuCl in refluxing toluene. Interestingly, this copper-catalyzed
methodology is found to be better than the similar Pd-catalyzed
synthesis of Corsifuran A in terms of yield and enantiomeric excess
(Scheme 51).

C-S Cross-Coupling Reactions

Theformation of C(aryl)-Sbondis of greatimportancebecause of the
prevalence of these bond in many molecules that are of pharmaceutical
and material interest [143-145]. For example, biaryl sulfides have been
found as a common structural motifs in many drug candidates and have
been used for the treatment of various diseases such as Alzheimer’s
and Parkinson’s diseases, [146,147] human immunodeficiency virus
diseases, [148] and cancer [144] etc. Traditionally, the C(aryl)-S bonds
are synthesized under harsh reaction conditions such as elevated
temperature (200°C) in toxic, high boiling polar solvents like HMPA.
Alternatively, these sulfides can be prepared by the reduction of aryl
sulfones and sulfoxides using strong reducing agents like DIBAL-H or
LiAlH . [149,150]. To overcome aforementioned limitations, transition-
metal catalysts are employed for various C-S bond forming reactions
[151,152]. Evidently, among the TM-catalyzed coupling reactions,
C-S cross-coupling received less attention in comparison to C-N and
C-O cross-coupling reactions, because: (i) thiols are prone to undergo
oxidative S-S coupling reactions to undesired disulfides and (ii) strong
coordinating properties of organic sulfur compounds, often make the
catalyst ineffective (catalyst poison) [153]. Transition metals such as
Pd, Ni etc. were extensively used for the C-S bond forming reactions.
However, the cost and toxicity of the above metals limit their large scale
applications particularly in pharmaceutical industry. Thus, cheap and
less toxic Cu/Fe-based catalysts have been developed for the C-S cross-

OMe OMe
,[ I _0
O
OMe cu 0 3 \>
O\/OTB O\/ 0Q
BOC

_0 110-Phen. B
Cszcoa toluene H HN
125°C

Boc MO ]
" 12 HN._O

Paliurine F

Scheme 48: Cu-catalyzed C-O cross-coupling [139] en route to Paliurine F.
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052003, Py 0
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OMe Me
13 14
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Scheme 49: Cu-catalyed C-O cross-coupling en Route to Aristoyagonine [140].
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|

OH _— Cs,CO3, Py
150 °C

15
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Scheme 50: Cu-catalyed C-O cross-coupling en Route to Aristoyagonine
derivatives.
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Scheme 51: Cu-catalyed C-O cross-coupling en Route to Corsifuran A [142].

coupling reactions. Suzuki et al. first demonstrated the reaction between
aryl thiols with aryl iodides using Cul in hexamethylphosphoramide
(HMPA) to get moderate to good yield (60-77%) of corresponding aryl
sulfides (Scheme 52a) [154]. When Schwesinger’s phosphazene base
(P,Et) was used as a ligating agent, yield of aryl sulphide was increased
substantially (Scheme 52b) [155].

Numerous other ligands were used by several researchers along
with copper salt to expand the scope of C-S cross-coupling reactions.
Evidently, Venkataraman et al. utilized bidentate ligands such as
neocuprine [156] and 1,10-phenanthroline [157] along with copper
salt for the cross-coupling of thiols with aryl halides and vinyl halides,
respectively (Scheme 53). Vinyl sulfides were also synthesized using
cis-1,2-cyclohexanediol as the ligand and Cul as the catalyst [158,159].

Buchwald et al. [160] developed Cul/ethylene glycol for the
S-arylation of thiol derivatives at lower temperature (80°C) though
excess of ethylene glycol were used (Scheme 54a). Later, they applied
the above catalytic systems toward the cross-coupling of aryl thiols
with 6-halogenoimidazo-[1,2]pyridines (Scheme 54b) [161].

Similarly, a tridentate oxygen containing ligand like
1,1,1-tris(hydroxymethylethane) (L10) have been used for the C-S
cross-coupling between thiols with aryl iodides in a mixture of DMF
and dioxane (Scheme 55a) [162]. Scope of the coupling reactions was
further expanded by choosing oxime-phosphine oxide (L11) as a
ligand. A range of thiols including both aliphatic and aromatic thiols
coupled with activated and unactivated aryl iodides to form the alkyl-
aryl and diaryl sulfides in good to excellent yield (Scheme 55b) [163].
Later, Verma et al. reported Cul/benzotriazole catalytic systems for
coupling the thiols with less reactive aryl bromides (Scheme 55¢) [164].
Subsequently, various amines including trans-1,2-diaminocyclohexane
[165], BINAM [166,167] etc. have been utilized successfully as a ligand
to promote the S-arylation reactions.

Additionally, ligand-free S-arylation reactions were also developed
owing to the advantages over purification problem caused by theligands.
For instance, van Koten illustrated the C-S cross-coupling of thiols
with aryl halides in the presence of Cul in NMP at 100°C (Scheme 56a)
[168]. Vinyl sulfides were also prepared by Liu using decarboxylative
C-S cross-coupling reaction between arylpropiolic acids with thiols
(Scheme 56b) [169]. Punniyamurthy et al. [170] reported a ligand-free
copper-promoted S-arylation reactions for the synthesis of 2-(arylthio)
arylcyanamides from 2-(iodoaryl)thioureas and aryl iodides in DMSO
(Scheme 56¢). They also utilized CuO nanoparticles for the C-S cross-
coupling reaction between thiols with aryl iodides in DMSO at 90°C
(Scheme 56d) [171]. Later, Cul nanoparticles were expended for the
S-arylation reactions in water by Xu et al. (Scheme 56e) [172]. Recently,
Fu and Peters developed a ligand-free photoinduced C-S coupling
between thiols with aryl halides including less reactive aryl chlorides
using catalytic amount of Cul under mild reaction conditions [173].

Recently, CuO nanoparticles have been employed for the
synthesis of diaryl sulfides using thiourea [174] and ethyl potassium
xanthogenate [175] as the sulfur surrogates. Use of thiourea resulted

symmetrical sulfides whereas ethyl potassium xanthogenate produced
the unsymmetrical diaryl sulfides in DMSO (Scheme 57). A microwave-
assisted ligand-free copper nanoparticle-mediated S-arylation of thiols
with aryl iodides have been reported by Ranu et al. (Scheme 58) [176].

As an alternative to Pd-catalyst, iron-catalysts were also extensively
used for C-S cross-coupling reaction. The most significant advances
in this direction were made by Bolm et al. They found that the
combination of FeCl, and DMEDA served as an effective catalytic
system for the coupling of numerous thiols with aryl iodides (Scheme
59a) [177]. Moreover, in a competent report Buchwald and Bolm
observed that reactions with FeCl, in certain cases be significantly
affected by trace quantities of other metals, particularly copper [178].
Tsai et al. [179] were also utilized ligand L12 to carry out the coupling
reactions in aqueous medium (Scheme 59b).

The synergistic effects of Cu and Fe on C-S cross-coupling
reactions were investigated considering the fact that iron has the
ability to suppress the disulfide formations. Liu et al. [180] disclosed

SH | s
Cul, HMPA AS AS
@ I D RO \Q
Z /\/R1 R!
Suzuki et al.
SH |
S X
O o N ¢ | X CuBr R @/ \©
S >, P,Et, toluene Z ’\R1
R reflux Et
NMe;, N’ Palomo et al.
MeN-P=N-P—NMe,
NMe, NMe,

Schwesinger's phosphazene base

Scheme 52: Ligand-assisted Cu-catalyzed C-S cross-coupling.
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Scheme 53: Ligand-assisted Cu-catalyzed C-S cross-coupling.
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Scheme 54: Cu-catalyzed C-S cross-coupling.
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Scheme 56: Ligand-freee Cu-catalyzed C-S cross-coupling.

ligand-assisted Cu(OAc),-Fe,O, co-catalytic system for the coupling
the thiol derivatives with aryl and heteroaryl halides under microwave
irradiations (Scheme 60a). Recently, Kovacs and Novak developed
copper on iron as heterogeneous catalyst for the S-arylation of thiols
with aryl iodides (Scheme 60b) [181].

In this line, Panda et al. [182] and Nageswar et al. [183] exploited
the catalytic activity of magnetic copper ferrite nanoparticles in
S-arylation reactions. Both aliphatic and aromatic thiols coupled with
the aryl halides including less reactive aryl chlorides, leading to the

corresponding aryl-alkyl and diaryl sulfides in good to excellent yield
(Scheme 61) [184]. Advantages of using copper ferrite nanoparticle
are: (i) this method is simple and results high yield of the S-arylated
product; (ii) due to the magnetic nature of the catalyst, it can be
separable quantitatively; (iii) the catalyst can be reusable for consecutive
cycles (minimum three) without loss of efficiency; (iv) this catalytic
system does not require any additional ligand to promote the coupling
reaction and this method is tolerant to a wide varieties of functional
groups attached to both thiols as well as halides. Furthermore Panda
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Scheme 57: CuO nanoparticle catalyzed C-S cross-coupling.
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Scheme 59: Ligand-assisted Fe-catalyzed C-S cross-coupling.
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Scheme 60: Cu-Fe- co-catalyzed C-S cross-coupling.

et al. exploited the efficiency of developed catalytic system for the one-
pot synthesis of tricyclic dibenothiazepine derivatives by a tandem
C-S/C-N bond forming reactions between 2-aminothiophenols with
2-bromobenzaldehydes. (Scheme 61) [182]. It is worthy to mention
that dibenzo-fused thiazepines having medium-ring (6-7-6) structures
show pronounced therapeutic effect on the central nervous system
and are particularly active as antidepressants, antiemetic, analgesics
and sedatives. Successful examples include quetiapine and clothiapine,
which are clinically used for the treatment of bipolar and psychiatric
disorders (Figure 4) [184-187].

Cu/Fe-mediated C-S cross-coupling reactions were shown to
be applied for the synthesis of a number of complex molecules. For
example, Naus et al. [188] reported Cul/pyridine catalytic system
for the synthesis of triazine substituted arylthioglycosides in MeCN.
Ma et al. [189] developed a Cu-mediated synthesis of substituted
phenothiazines by a cascade C-S and C-N bond forming reactions
(Scheme 62a). This method has been employed successfully for the
synthesis of promazine drugs like chlorpromazine, triflupromazine

and acepromazine in good yield. Wennerberg et al. [190] prepared the
anticancer agent thymatiq in large scale by copper-mediated coupling
between halide and 4-mercaptopyridine (Scheme 62b). Bagley et al.
reported a copper mediated methodology for the synthesis of P38a
MAPK Clinical Candidate VX-745 by C-S coupling reaction (Scheme
62c) [191].

C-Se Cross-Coupling Reactions

Organoselenium compounds act as a versatile reagent in organic
synthesis and catalysis [192-195]. The biological properties of these
compounds received increased attention due to their antioxidant,
antitumor, antimicrobial, anticancer, and antiviral properties [196-
199]. As compared to other type of C-hetero bond forming reactions,
C-Se cross-coupling reactions have been less reported. Venkataraman
and Gujadhur [200] first disclosed a ligand-assisted copper-promoted
methodology towards the coupling between phenyl selenols with
electron rich aryl iodides in refluxing toluene (Scheme 63a). Later,
Taniguchi [201] demonstrated the efficiency of Cu,0/bpy/Mg catalytic
system for the C-Se bond forming reactions. A range of electron-
donating and -withdrawing aryl and heteroaryl iodides coupled with
the diphenyldiselenides, affording the unsymmetrical diaryl selenides
in good yield. However, the major drawback associated with the
Taniguchi’s protocol was the extended reaction time (18-72 h) (Scheme

CuFe,04 nano N S.
RsH + ¢ N T Buok R ®
|- 1,4-dioxane, '‘BuOK P>
R reflux, 24 h
Panda et al.

CO,Me
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Scheme 61: Cu-Fe co-catalyzed C-S cross-coupling.
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Scheme 62: Cu-catalyzed C-S coupling en Route to bioactive molecules.
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63b). When the reaction was carried out in the presence of microwave
rate of the reaction was accelerated [202].

Recently, nanoparticles were employed for the C-Se bond
forming reactions. For example, Ranu et al. [203] reported the copper
nanoparticle-mediated synthesis of aryl and vinyl selenides in aqueous
medium. Coupling of diphenyldiselenides and E-vinyl bromides
resulted (E)-vinyl selenides, whereas with Z-vinyl bromides, a mixture of
(E-) and (Z)-isomers were obtained (Scheme 64a) [204]. Subsequently,
Rama Rao et al. reported the CuO nanoparticle mediated C-Se coupling
reactions [204]. Both electron-donating and -withdrawing aryl halides
effectively coupled with the diphenyldiselenides, resulting aryl selenides
in good to excellent yield. Later, they utilized the selenourea as a
coupling partner for the synthesis of symmetrical selenides (Scheme
64b) [205].

Subsequently, Li et al. [206] reported that the CuS catalyzed
coupling reactions of aryl halides and diaryl diselenides were
accelerated by the addition of Fe powder leading to diarylselenides

OEt
O

S e]
)

—N

CBl inverse agonist

0%
HOHNOC~ A 5

R =0Me, CI
Anti-tumor agent

d@d

Quetiapine Clothiapine

Figure 4: Biologically potent dibenzo-fused thiazepines.
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Scheme 63: Ligand-assisted Cu-catalyed C-Se cross-coupling.

Arl ArSePh
Cu nano (20 mol%)
(a) PhSeSePh + o or or

Ar/\“"rBr Zn, Hy0, reflux Ar/\rﬂSePh
Ranu et al.
X
jf X CuO nano (3 mol%) O/SE‘O
®F NTNH, T | 2% DMSO, KOH

80-100 °C Rama Rao et al.

Scheme 64: Ligand-free Cu-catalyzed C-Se cross-coupling.
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Scheme 65: Cu-Fe-co-catalyzed C-Se cross-coupling.

in good to excellent yields. Notably, incorporation of iron not only
prevents the agglomeration of catalyst but also reduce the CuS to more
active Cu,S (Scheme 65). Very recently, Nageswar et al. [207] exploited
the magnetic copper ferrite nanoparticles for the C-Se cross-coupling
reactions by coupling the phenyl selenyl bromides and chlorides with
aryl boronic acids in recyclable PEG-400 medium at 80°C (Scheme
65b).

Conclusion and Future Prospects

In this review, we have summarized copper/iron-mediated C-C,
C-hetero cross-coupling reactions. A number of ligand-assisted as well
as ligand-free catalytic systems have been described. The synergistic
effects of copper and iron in cross-coupling reactions have also been
exemplified. The catalytic systems showed good functional group
tolerance with wide substrate scope and applied towards the synthesis
of various natural and non-natural products of biological significance.
Despite the significant development on Cu/Fe catalyzed cross-coupling
reactions, the mechanism of the reaction is still little explored. More
concern is needed to explore the exact pathway of the coupling reaction.
Furthermore, development of catalyst which can promote the bond
formation between the coupling partners in green solvent or in the
absence of solvent to reduce the environmental hazard is promising.
Besides, development of more efficient catalytic system is needed which
can use less reactive aryl chlorides or sulfonates for coupling reactions
to produce high yield of the product.

Acknowledgements

SERB (Ref No. SR-S1/0C-60/2011), DST New Delhi and BRNS (Ref No.
2012/37C/3/BRNS), DAE, Govt. of India are thankfully acknowledged for financial
support.

References

1. Tsuji J (2000) Transition Metal Reagents and Catalysts: Innovations in Organic
Synthesis. Wiley: Chichester.

2. Tsuji J (2005) Topics in Organometallic Chemistry: Palladium in Organic
Synthesis. Springer: New York.

3. de Meijere A, Diederich, F (2004) Metal-catalyzed Cross-coupling Reactions.
Wiley-VCH: Weinheim.

4. Beller M, Bolm C (2004) Transition Metals for Organic Synthesis. (2nd edn)
Wiley-VCH: Weinheim.

5. Magano J, Dunetz JR (2011) Large-scale applications of transition metal-
catalyzed couplings for the synthesis of pharmaceuticals. Chem Rev 111:
2177-2250.

6. Patureau FW, GooRen LJ (2013) Copper-Mediated Cross-Coupling Reactions.
John Wiley & Sons, Hoboken.

7. Glaser C (1869) Beitrage zur Kenntniss des Acetenylbenzols. Ber Dtsch Chem
Ges 2: 422-424.

8. Ullmann F, Jean Bielecki (1901) Ueber Synthesen in der Biphenylreihe Bielecki.
Ber Dtsch Chem Ges 34: 2174-2185.

9. Smidt J, Hafner W, Jira R, Sedimeier J, Sieber R, et al. (1959) Katalytische
Umsetzungen von Olefinen an Platinmetall-Verbindungen Das Consortium-
Verfahren zur Herstellung von Acetaldehyd. Angew Chem 71: 176-182.

10. Bolm C, Legros J, Le Paih J, Zani L (2004) Iron-catalyzed reactions in organic
synthesis. Chem Rev 104: 6217-6254.

11. Krause N (ed) (2002) Modern Organocopper Chemistry. Wiley-VCH: Weinheim.

12. Monnier F, Taillefer M (2009) Catalytic C-C, C-N, and C-O Ullmann-Type
Coupling Reactions. Angew Chem Int Ed 48: 6954-6971.

13.Su Y, Jia W, Jiao N (2011) Inexpensive Copper/Iron-Cocatalyzed Reactions.
Synthesis 1678-1690.

14. Stephens RD, Castro CE (1963) The Substitution of Aryl lodides with Cuprous

Organic Chem Curr Res
ISSN:2161-0401 OCCR an open access journal

Volume 4 -« Issue 1+ 1000130


http://as.wiley.com/WileyCDA/WileyTitle/productCd-0471560278.html
http://as.wiley.com/WileyCDA/WileyTitle/productCd-0471560278.html
http://www.springer.com/chemistry/organic+chemistry/book/978-3-540-23982-6
http://www.springer.com/chemistry/organic+chemistry/book/978-3-540-23982-6
http://www.springer.com/chemistry/organic+chemistry/book/978-3-540-23982-6
http://as.wiley.com/WileyCDA/WileyTitle/productCd-3527305181.html
http://as.wiley.com/WileyCDA/WileyTitle/productCd-3527305181.html
http://onlinelibrary.wiley.com/book/10.1002/9783527619405
http://onlinelibrary.wiley.com/book/10.1002/9783527619405
http://www.ncbi.nlm.nih.gov/pubmed/21391570
http://www.ncbi.nlm.nih.gov/pubmed/21391570
http://www.ncbi.nlm.nih.gov/pubmed/21391570
http://as.wiley.com/WileyCDA/WileyTitle/productCd-1118060458.html
http://as.wiley.com/WileyCDA/WileyTitle/productCd-1118060458.html
http://onlinelibrary.wiley.com/doi/10.1002/cber.186900201183/abstract
http://onlinelibrary.wiley.com/doi/10.1002/cber.186900201183/abstract
http://onlinelibrary.wiley.com/doi/10.1002/cber.190103402141/abstract
http://onlinelibrary.wiley.com/doi/10.1002/cber.190103402141/abstract
http://onlinelibrary.wiley.com/doi/10.1002/ange.19590710503/abstract
http://onlinelibrary.wiley.com/doi/10.1002/ange.19590710503/abstract
http://onlinelibrary.wiley.com/doi/10.1002/ange.19590710503/abstract
http://www.ncbi.nlm.nih.gov/pubmed/15584700
http://www.ncbi.nlm.nih.gov/pubmed/15584700
http://onlinelibrary.wiley.com/book/10.1002/3527600086
http://www.ncbi.nlm.nih.gov/pubmed/19681081
http://www.ncbi.nlm.nih.gov/pubmed/19681081
https://www.thieme-connect.com/products/ejournals/abstract/10.1055/s-0030-1260028
https://www.thieme-connect.com/products/ejournals/abstract/10.1055/s-0030-1260028
http://pubs.acs.org/doi/abs/10.1021/jo01047a008?journalCode=joceah

Citation: Panda N, Jena AK (2015) Cu/Fe-Catalyzed Carbon-Carbon and Carbon-Heteroatom Cross-Coupling Reactions. Organic Chem Curr Res

4:130. doi:10.4172/2161-0401.1000130

Page 17 of 21

16.
17.

2

o

2

=

22.

23.

24,

2

[$2]

26.

27.

2

oo

2

©

30.

3

=

32.

33.

34.

35.

36.

.Molander GA, George KM, Monovich LG (2003) Total

Acetylides. A Synthesis of Tolanes and Heterocyclics. J Org Chem 28: 3313-
3315.

. Sonogashira K, Tohda Y, Hagihara NA (1975) Convenient synthesis of

acetylenes: catalytic substitutions of acetylenic hydrogen with bromoalkenes,
iodoarenes and bromopyridines. Tetrahedron Lett 16: 4467-4470.

Taillefer M, Cristau HJ, Cellier PP, Spindler JF, Ouali A (2003)

Klapars A, Antilla JC, Huang X, Buchwald SL (2001) A general and efficient
copper catalyst for the amidation of aryl halides and the N-arylation of nitrogen
heterocycles. J Am Chem Soc 123: 7727-7729.

.Antilla JC, Baskin JM, Barder TE, Buchwald SL (2004) Copper-diamine-

catalyzed N-arylation of pyrroles, pyrazoles, indazoles, imidazoles, and
triazoles. J Org Chem 69: 5578-5587.

.Ritleng V, Sirlin C, Pfeffer M (2002) Ru-, Rh-, and Pd-catalyzed C-C bond

formation involving C-H activation and addition on unsaturated substrates:
reactions and mechanistic aspects. Chem Rev 102: 1731-1770.

. Alberico D, Scott ME, Lautens M (2007) Aryl-aryl bond formation by transition-

metal-catalyzed direct arylation. Chem Rev 107: 174-238.

. Sarhan AA, Bolm C (2009) Iron(lll) chloride in oxidative C-C coupling reactions.

Chem Soc Rev 38: 2730-2744.

Shi Shun AL, Tykwinski RR (2006) Synthesis of naturally occurring polyynes.
Angew Chem Int Ed Engl 45: 1034-1057.

Siemsen P, Livingston RC, Diederich F (2000) Acetylenic Coupling: A Powerful
Tool in Molecular Construction. Angew Chem Int Ed Engl 39: 2632-2657.

Hay A (1960) Communications- Oxidative Coupling of Acetylenes. J Org Chem
25:1275-1276.

. Nishihara Y, lkegashira K, Hirabayashi K, Ando Ji, Mori A, Hiyama T (2000)

Coupling Reactions of Alkynylsilanes Mediated by a Cu(l) Salt: Novel Syntheses
of Conjugate Diynes and Disubstituted Ethynes. J Org Chem 65: 1780-1787.

Nishihara Y, Okamoto M, Inoue Y, Miyazaki M, Miyasaka M, Takagi K (2005)
Synthesis of symmetrical 1,3-butadiynes by homocoupling reactions of
alkynylboronates mediated by a copper salt. Tetrahedron Letters 46: 8661-
8664.

Yadav JS, Reddy BVS, Bhaskar Reddy K, Uma Gayathri K, Prasad AR (2003)
Glaser oxidative coupling in ionic liquids: an improved synthesis of conjugated
,3-diynes. Tetrahedron Letters 44: 6493-6496.

. Fanta PE, (1964) The Ullmann synthesis of biaryls. Chem Rev 64: 613-632.
. Sessler JL, Hoehner MC (1994) An Efficient, High-Yield Preparation of

Substituted 2,2’-Bipyrroles. Synlett 211-212.

Zhang S, Zhang D, Liebeskind LS (1997) Ambient Temperature, Ullmann-like
Reductive Coupling of Aryl, Heteroaryl, and Alkenyl Halides. J Org Chem 62:
2312-2313.

synthesis of
(+)-isoschizandrin utilizing a samarium(ll) iodide-promoted 8-endo ketyl-olefin
cyclization. J Org Chem 68: 9533-9540.

Piers E, Wong T (1993) Copper (I) Chloride-Mediated Intramolecular Coupling
of Vinyl trimethylstannane and Vinyl Halide Functions. J Org Chem 58: 3609-
3610.

Allred GD, Liebeskind LS (1996) Copper-Mediated Cross-Coupling of
Organostannanes with Organic lodides at or below Room Temperature. J Am
Chem Soc 118: 2748-2749.

Kang SK, Kim JS, Choi SC (1997) Copper- and Manganese-Catalyzed Cross-
Coupling of Organostannanes with Organic lodides in the Presence of Sodium
Chloride. J Org Chem 62: 4208-4209.

Li JH, Tang BX, Tao LM, Xie YX, Liang Y, Zhang MB (2006) Reusable
copper-catalyzed cross-coupling reactions of aryl halides with organotins in
inexpensive ionic liquids. J Org Chem 71: 7488-7490.

Paterson | |, Doughty VA, McLeod MD, Trieselmann T (2000) Total Synthesis of
(+)-Concanamycin F We thank the EPSRC (GR/K54052), Knoll Pharmaceuticals
(CASE Studentship to V.A.D.), the Cambridge Commonwealth Trust (M.D.M.),
and Merck for support, and Dr R. Norrie (Knoll Pharmaceuticals) for helpful
discussions. We also thank Prof. A. Zeeck (Géttingen) for kindly providing
copies of (1)H NMR spectra of concanamycin F (concanolide A). Angew Chem
Int Ed Engl 39: 1308-1312.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

5

y

52.

53.

54.

55.

56.

57.

58.

59.

Kang SK, Yamaguchi T, Kim TH, Ho PS (1996) Copper-Catalyzed Cross-
Coupling and Carbonylative Cross-Coupling of Organostannanes and
Organoboranes with Hypervalent lodine Compounds. J Org Chem 61: 9082-
9083.

Li JH, Li JL, Wang DP, Pi SF, Xie YX, Zhang MB, Hu XC (2007) Cul-catalyzed
suzuki-miyaura and sonogashira cross-coupling reactions using DABCO as
ligand. J Org Chem 72: 2053-2057.

lyer S, Ramesh C, Sarkar A, Wadgaonkar PP (1997) The Vinylation of Aryl
and Vinyl Halides Catalyzed by Copper salts. Tetrahedron Lett 38: 8113-8116.

Li JH, Wang DP, Xie YX (2005) Cul/Dabco as a highly active catalytic system
for the Heck-type reaction. Tetrahedron Lett 46: 4941-4944.

Mao J, Guo J, Fang F, Ji SJ (2008) Highly efficient copper(0)-catalyzed Suzuki-
Miyaura cross-coupling reactions in reusable PEG-400. Tetrahedron 64: 3905-
3911.

Thathagar MB, Beckers J, Rothenberg G (2002) Copper-catalyzed Suzuki
cross-coupling using mixed nanocluster catalysts. J Am Chem Soc 124: 11858-
11859.

Cald V, Nacci A, Monopoli A, leva E, Cioffi N (2005) Copper bronze catalyzed
Heck reaction in ionic liquids. Org Lett 7: 617-620.

Kharasch MS, Fields EK (1941) Factors Determining the Course and
Mechanisms of Grignard Reactions. IV. The Effect of Metallic Halides on the
Reaction of Aryl Grignard Reagents and Organic Halides. J Am Chem Soc 63:
2316-2320.

Cahiez G, Chaboche C, Mahuteau-Betzer F, Ahr M (2005) Iron-catalyzed
homo-coupling of simple and functionalized arylmagnesium reagents. Org Lett
7: 1943-1946.

Cahiez G, Moyeux A, Buendia J, Duplais C (2007) Manganese- or iron-
catalyzed homocoupling of grignard reagents using atmospheric oxygen as an
oxidant. J Am Chem Soc 129: 13788-13789.

Hatakeyama T, Nakamura M (2007) Iron-catalyzed selective biaryl coupling:
remarkable suppression of homocoupling by the fluoride anion. J Am Chem
Soc 129: 9844-9845.

Loska R, Volla CMR, Vogel P (2008) Iron-catalyzed Mizoroki-Heck cross-
coupling reaction with styrenes. Adv Synth Catal 350: 2859-2864.

Hamze A, Brion JD, Alami M (2012) Synthesis of ,1-diarylethylenes via efficient
iron/copper co-catalyzed coupling of 1-arylvinyl halides with Grignard reagents.
Org Lett 14: 2782-2785.

Ang JE, Olmos D, de Bono JS (2009) CYP17 blockade by abiraterone: further
evidence for frequent continued hormone-dependence in castration-resistant
prostate cancer. Br J Cancer 100: 671-675.

. Okuro K, Furuune M, Enna M, Miura M, Nomura M (1993) Synthesis of Aryl

and Vinylacetylene Derivatives by Copper-Catalyzed Reaction of Aryl and Vinyl
lodides with Terminal Alkynes. J Org Chem 58: 4716-4721.

Gujadhur RK, Bates CG, Venkataraman D (2001) Formation of aryl-nitrogen,
aryl-oxygen, and aryl-carbon bonds using well-defined copper(l)-based
catalysts. Org Lett 3: 4315-4317.

Xie X, Xu X, Li H, Xu X, Yang J, Li Y (2009) Iron-Catalyzed Cross-Coupling
Reactions of Terminal Alkynes with Vinyl lodides. Adv Synth Catal 351: 1263-
1267.

Carril M, Correa A, Bolm C (2008) Iron-catalyzed Sonogashira reactions.
Angew Chem Int Ed Engl 47: 4862-4865.

Pan C, Luo F, Wang W, Ye Z, Liu M (2009) Iron-catalysed Sonogashira
reactions. J Chem Res: 478-481.

Firouzabadi H, Iranpoor N, Gholinejad M, Hoseini J, (2011) Magnetic (Fe,O,)
nanoparticle- catalyzed Sonagashira-Hagihara reactions in Ethylene Glycol
Under Ligand-Free conditions. Adv Synth Catal 353: 125-132.

Liu H, Huang H, Jiang H, Chen K (2008) Efficient iron/copper cocatalyzed
alkynylation of aryl iodides with terminal alkynes. J Org Chem 73: 9061-9064.

Volla CMR, Vogel P (2008) Iron/copper-catalyzed C—C cross-coupling of aryl
iodides with terminal alkynes. Tetrahedron Lett 49: 5961-5964.

Panda N, Jena AK, Mohapatra S (2012) Ligand-free FeCu Cocatalyzed Cross-
coupling of Terminal Alkynes with Aryl Halides. Chem Lett 40: 956-958.

Organic Chem Curr Res
ISSN:2161-0401 OCCR an open access journal

Volume 4 -« Issue 1+ 1000130


http://pubs.acs.org/doi/abs/10.1021/jo01047a008?journalCode=joceah
http://pubs.acs.org/doi/abs/10.1021/jo01047a008?journalCode=joceah
http://www.sciencedirect.com/science/article/pii/S0040403900910943
http://www.sciencedirect.com/science/article/pii/S0040403900910943
http://www.sciencedirect.com/science/article/pii/S0040403900910943
http://www.ncbi.nlm.nih.gov/pubmed/11481007
http://www.ncbi.nlm.nih.gov/pubmed/11481007
http://www.ncbi.nlm.nih.gov/pubmed/11481007
http://www.ncbi.nlm.nih.gov/pubmed/15307726
http://www.ncbi.nlm.nih.gov/pubmed/15307726
http://www.ncbi.nlm.nih.gov/pubmed/15307726
http://www.ncbi.nlm.nih.gov/pubmed/11996548
http://www.ncbi.nlm.nih.gov/pubmed/11996548
http://www.ncbi.nlm.nih.gov/pubmed/11996548
http://www.ncbi.nlm.nih.gov/pubmed/17212475
http://www.ncbi.nlm.nih.gov/pubmed/17212475
http://www.ncbi.nlm.nih.gov/pubmed/19690750
http://www.ncbi.nlm.nih.gov/pubmed/19690750
http://www.ncbi.nlm.nih.gov/pubmed/16447152
http://www.ncbi.nlm.nih.gov/pubmed/16447152
http://www.ncbi.nlm.nih.gov/pubmed/10934391
http://www.ncbi.nlm.nih.gov/pubmed/10934391
http://pubs.acs.org/doi/abs/10.1021/jo01077a633
http://pubs.acs.org/doi/abs/10.1021/jo01077a633
http://www.ncbi.nlm.nih.gov/pubmed/10814151
http://www.ncbi.nlm.nih.gov/pubmed/10814151
http://www.ncbi.nlm.nih.gov/pubmed/10814151
http://www.sciencedirect.com/science/article/pii/S0040403905022744
http://www.sciencedirect.com/science/article/pii/S0040403905022744
http://www.sciencedirect.com/science/article/pii/S0040403905022744
http://www.sciencedirect.com/science/article/pii/S0040403905022744
http://www.sciencedirect.com/science/article/pii/S004040390301565X
http://www.sciencedirect.com/science/article/pii/S004040390301565X
http://www.sciencedirect.com/science/article/pii/S004040390301565X
http://www.sciencedirect.com/science/article/pii/S004040390301565X
http://pubs.acs.org/doi/abs/10.1021/cr60232a002
https://www.thieme-connect.com/products/ejournals/abstract/10.1055/s-1994-22798
https://www.thieme-connect.com/products/ejournals/abstract/10.1055/s-1994-22798
http://www.ncbi.nlm.nih.gov/pubmed/11671553
http://www.ncbi.nlm.nih.gov/pubmed/11671553
http://www.ncbi.nlm.nih.gov/pubmed/11671553
http://www.ncbi.nlm.nih.gov/pubmed/14656077
http://www.ncbi.nlm.nih.gov/pubmed/14656077
http://www.ncbi.nlm.nih.gov/pubmed/14656077
http://pubs.acs.org/doi/abs/10.1021/jo00066a006?journalCode=joceah
http://pubs.acs.org/doi/abs/10.1021/jo00066a006?journalCode=joceah
http://pubs.acs.org/doi/abs/10.1021/jo00066a006?journalCode=joceah
http://pubs.acs.org/doi/abs/10.1021/ja9541239?journalCode=jacsat
http://pubs.acs.org/doi/abs/10.1021/ja9541239?journalCode=jacsat
http://pubs.acs.org/doi/abs/10.1021/ja9541239?journalCode=jacsat
http://www.ncbi.nlm.nih.gov/pubmed/11671737
http://www.ncbi.nlm.nih.gov/pubmed/11671737
http://www.ncbi.nlm.nih.gov/pubmed/11671737
http://www.ncbi.nlm.nih.gov/pubmed/16958550
http://www.ncbi.nlm.nih.gov/pubmed/16958550
http://www.ncbi.nlm.nih.gov/pubmed/16958550
http://www.ncbi.nlm.nih.gov/pubmed/10767041
http://www.ncbi.nlm.nih.gov/pubmed/10767041
http://www.ncbi.nlm.nih.gov/pubmed/10767041
http://www.ncbi.nlm.nih.gov/pubmed/10767041
http://www.ncbi.nlm.nih.gov/pubmed/10767041
http://www.ncbi.nlm.nih.gov/pubmed/10767041
http://www.ncbi.nlm.nih.gov/pubmed/10767041
http://pubs.acs.org/doi/abs/10.1021/jo962033w?journalCode=joceah
http://pubs.acs.org/doi/abs/10.1021/jo962033w?journalCode=joceah
http://pubs.acs.org/doi/abs/10.1021/jo962033w?journalCode=joceah
http://pubs.acs.org/doi/abs/10.1021/jo962033w?journalCode=joceah
http://www.ncbi.nlm.nih.gov/pubmed/17286440
http://www.ncbi.nlm.nih.gov/pubmed/17286440
http://www.ncbi.nlm.nih.gov/pubmed/17286440
http://www.sciencedirect.com/science/article/pii/S0040403997101228
http://www.sciencedirect.com/science/article/pii/S0040403997101228
http://www.sciencedirect.com/science/article/pii/S0040403905011639
http://www.sciencedirect.com/science/article/pii/S0040403905011639
http://www.sciencedirect.com/science/article/pii/S0040402008003438
http://www.sciencedirect.com/science/article/pii/S0040402008003438
http://www.sciencedirect.com/science/article/pii/S0040402008003438
http://www.ncbi.nlm.nih.gov/pubmed/12358523
http://www.ncbi.nlm.nih.gov/pubmed/12358523
http://www.ncbi.nlm.nih.gov/pubmed/12358523
http://www.ncbi.nlm.nih.gov/pubmed/15704908
http://www.ncbi.nlm.nih.gov/pubmed/15704908
http://pubs.acs.org/doi/abs/10.1021/ja01854a006
http://pubs.acs.org/doi/abs/10.1021/ja01854a006
http://pubs.acs.org/doi/abs/10.1021/ja01854a006
http://pubs.acs.org/doi/abs/10.1021/ja01854a006
http://www.ncbi.nlm.nih.gov/pubmed/15876025
http://www.ncbi.nlm.nih.gov/pubmed/15876025
http://www.ncbi.nlm.nih.gov/pubmed/15876025
http://www.ncbi.nlm.nih.gov/pubmed/17944469
http://www.ncbi.nlm.nih.gov/pubmed/17944469
http://www.ncbi.nlm.nih.gov/pubmed/17944469
http://www.ncbi.nlm.nih.gov/pubmed/17658810
http://www.ncbi.nlm.nih.gov/pubmed/17658810
http://www.ncbi.nlm.nih.gov/pubmed/17658810
http://onlinelibrary.wiley.com/doi/10.1002/adsc.200800662/abstract
http://onlinelibrary.wiley.com/doi/10.1002/adsc.200800662/abstract
http://www.ncbi.nlm.nih.gov/pubmed/22616778
http://www.ncbi.nlm.nih.gov/pubmed/22616778
http://www.ncbi.nlm.nih.gov/pubmed/22616778
http://www.ncbi.nlm.nih.gov/pubmed/19223900
http://www.ncbi.nlm.nih.gov/pubmed/19223900
http://www.ncbi.nlm.nih.gov/pubmed/19223900
http://pubs.acs.org/doi/abs/10.1021/jo00069a040
http://pubs.acs.org/doi/abs/10.1021/jo00069a040
http://pubs.acs.org/doi/abs/10.1021/jo00069a040
http://www.ncbi.nlm.nih.gov/pubmed/11784206
http://www.ncbi.nlm.nih.gov/pubmed/11784206
http://www.ncbi.nlm.nih.gov/pubmed/11784206
http://onlinelibrary.wiley.com/doi/10.1002/adsc.200900123/abstract
http://onlinelibrary.wiley.com/doi/10.1002/adsc.200900123/abstract
http://onlinelibrary.wiley.com/doi/10.1002/adsc.200900123/abstract
http://www.ncbi.nlm.nih.gov/pubmed/18506862
http://www.ncbi.nlm.nih.gov/pubmed/18506862
http://www.ingentaconnect.com/content/stl/jcr/2009/00002009/00000008/art00004?token=005f1e7d8c82f792fa2d4d39412f415d7678253e2c232b5f245a6a382530482972715a614f6d4e227afdbb06c4df74d
http://www.ingentaconnect.com/content/stl/jcr/2009/00002009/00000008/art00004?token=005f1e7d8c82f792fa2d4d39412f415d7678253e2c232b5f245a6a382530482972715a614f6d4e227afdbb06c4df74d
http://onlinelibrary.wiley.com/doi/10.1002/adsc.201000390/abstract?deniedAccessCustomisedMessage=&userIsAuthenticated=false
http://onlinelibrary.wiley.com/doi/10.1002/adsc.201000390/abstract?deniedAccessCustomisedMessage=&userIsAuthenticated=false
http://onlinelibrary.wiley.com/doi/10.1002/adsc.201000390/abstract?deniedAccessCustomisedMessage=&userIsAuthenticated=false
http://www.ncbi.nlm.nih.gov/pubmed/18937417
http://www.ncbi.nlm.nih.gov/pubmed/18937417
http://www.sciencedirect.com/science/article/pii/S004040390801441X
http://www.sciencedirect.com/science/article/pii/S004040390801441X
https://www.jstage.jst.go.jp/article/cl/40/9/40_9_956/_article
https://www.jstage.jst.go.jp/article/cl/40/9/40_9_956/_article

Citation: Panda N, Jena AK (2015) Cu/Fe-Catalyzed Carbon-Carbon and Carbon-Heteroatom Cross-Coupling Reactions. Organic Chem Curr Res

4:130. doi:10.4172/2161-0401.1000130

Page 18 of 21

60.

6

=

62.

63.

64.

65.

66.

67.

68.

69.

70.

7

N

72.

73.

74.

75.

76.

77

78.

79.

80.

8

=

82.

83.

84.

Hurtley WR (1929) Replacement of halogen a-bromobenzoic acid. J Chem Soc
1870.

. Okuro K, Furuune M, Miura M, Nomura M (1993) Copper-Catalyzed Reaction

of Aryl lodides with Active Methylene Compounds. J Org Chem 58: 7606-7607.

Hennessy EJ, Buchwald SL (2002) A general and mild copper-catalyzed
arylation of diethyl malonate. Org Lett 4: 269-272.

Xie X, Cai G, Ma D (2005) Cul/L-proline-catalyzed coupling reactions of aryl
halides with activated methylene compounds. Org Lett 7: 4693-4695.

Yip SF, Cheung HY, Zhou Z, Kwong FY (2007) Room-temperature copper-
catalyzed alpha-arylation of malonates. Org Lett 9: 3469-3472.

Kidwai M, Bhardwaj S, Poddar R (2010) C-Arylation reactions catalyzed by
CuO-nanoparticles under ligand free conditions. Beilstein J Org Chem 6: 35.

Masuhiko T, Kochi JK (1971) Vinylation of Grignard Reagents. Catalysis by
Iron. J Am Chem Soc 93: 1487-1489.

Cahiez G, Avedissian H (1998) Highly stereo- and chemoselective iron-
catalyzed alkenylation of organomagnesium compounds. Synthesis: 1199-
1205.

Flrstner A, Leitner A, Méndez M, Krause H (2002) Iron-catalyzed cross-
coupling reactions. J Am Chem Soc 124: 13856-13863.

Firstner A, Leitner A (2002) Iron-Catalyzed Grignard Cross-Coupling Reactions
of Alkyl-Grignard Reagents with Aryl Chlorides, Tosylates and Triflates. Angew
Chem Int Ed 41: 609-612.

Nakamura M, Matsuo K, lto S, Nakamura E (2004) Iron-catalyzed cross-
coupling of primary and secondary alkyl halides with aryl grignard reagents. J
Am Chem Soc 126: 3686-3687.

. Cahiez G, Duplais C, Moyeux A (2007) Iron-catalyzed alkylation of alkenyl

Grignard reagents. Org Lett 9: 3253-3254.

Firstner A, De Souza D, Parra-Rapado L, Jensen JT (2003) Catalysis-based
total synthesis of latrunculin B. Angew Chem Int Ed Engl 42: 5358-5360.

Furstner A, Leitner A (2003) A Catalytic Approach to (R)-(+)-Muscopyridine
with Integrated “Self-Clearance”. Angew Chem Int Ed 42: 308-311.

Nagano T, Hayashi T (2004) Iron-catalyzed Grignard cross-coupling with alkyl
halides possessing beta-hydrogens. Org Lett 6: 1297-1299.

Holzer B, Hoffmann RW (2003) Kumada-Corriu coupling of Grignard reagents,
probed with a chiral Grignard reagent. Chem Commun (Camb): 732-733.

Cérdenas DJ (2003) Advances in functional-group-tolerant metal-catalyzed
alkyl-alkyl cross-coupling reactions. Angew Chem Int Ed Engl 42: 384-387.

. Netherton MR, Fu GC (2004) Nickel-Catalyzed Cross-Couplings of Unativated

Alkyl Halides and Pseudohalides with Organometallic Compounds. Adv Synth
Catal 346: 1525-1532.

Frisch AC, Beller M (2005) Catalysts for cross-coupling reactions with non-
activated alkyl halides. Angew Chem Int Ed Engl 44: 674-688.

Kambe N, Iwasaki T, Terao J (2011) Pd-catalyzed cross-coupling reactions of
alkyl halides. Chem Soc Rev 40: 4937-4947.

Burns DH, Miller JD, Chan HK, Delaney MO (1997) Scope and Utility of a
Soluble Copper Catalyst [CuBr-LiSPh-LiBr-THF]: A comparision with Other
Copper Catalysts in Their Ability to Couple One Equivalent of a Grignard
Reagent with an Alkyl Sulfonate. J Am Chem Soc 119: 2125-2133.

. Terao J, Ikumi A, Kuniyasu H, Kambe N (2003) Ni- or Cu-catalyzed cross-

coupling reaction of alkyl fluorides with Grignard reagents. J Am Chem Soc
125: 5646-5647.

Terao J, Todo H, Begum SA, Kuniyasu H, Kambe N (2007) Copper-catalyzed
cross-coupling reaction of grignard reagents with primary-alkyl halides:
remarkable effect of 1-phenylpropyne. Angew Chem Int Ed Engl 46: 2086-
2089.

Shen R, lwasaki T, Terao J, Kambe N (2012) Copper-catalyzed coupling
reaction of unactivated secondary alkyl iodides with alkyl Grignard reagents in
the presence of ,3-butadiene as an effective additive. Chem Commun (Camb)
48: 9313-9315.

Yang CT, Zhang ZQ, Liang J, Liu JH, Lu XY, Chen HH, Liu L (2012) Copper-
catalyzed cross-coupling of nonactivated secondary alkyl halides and tosylates
with secondary alkyl Grignard reagents. J Am Chem Soc 134: 11124-11127.

85. Fischer C, Koenig B (2011) Palladium- and copper-mediated N-aryl bond
formation reactions for the synthesis of biological active compounds. Beilstein
J Org Chem 7: 59-74.

86. Chan DMT, Monaco KL, Wang RP, Winters MP (1998) New N- and O-Arylations
with Phenylboronic Acids and Cupric Acetate. Tetrahedron Lett 39: 2933-2936.

87.Lam PYS, Clark CG, Saubern S, Adams J, Winters MP, Chan DMT, Combs A
(1998) New Aryl/Heteroaryl C-N Bond Cross-coupling Reactions via Arylboronic
Acid/Cupric Acetate Arylation. Tetrahedron Lett 39: 2941-2944.

88. Wolfe JP, Wagaw S, Marcoux JF, Buchwald SL (1998) Rational Development
of Practical Catalysts for Aromatic Carbon-Nitrogen Bond Formation. Acc
Chem Res 31: 805-818.

8

©

. Hartwig JF (1998) Transition Metal Catalyzed Synthesis of Arylamines and Aryl
Ethers from Aryl Halides and Triflates: Scope and Mechanism. Angew Chem
Int Ed 37: 2046-2067.

90. Ma D, Cai Q (2008) Copper/amino acid catalyzed cross-couplings of aryl and
vinyl halides with nucleophiles. Acc Chem Res 41: 1450-1460.

9

=

.Evano G, Blanchard N, Toumi M (2008) Copper-mediated coupling reactions
and their applications in natural products and designed biomolecules synthesis.
Chem Rev 108: 3054-3131.

92. Antilla JC, Klapars A, Buchwald SL (2002) The copper-catalyzed N-arylation of
indoles. J Am Chem Soc 124: 11684-11688.

9

w

. Cristau HJ, Cellier PP, Spindler JF, Taillefer M (2004) Highly efficient and
mild copper-catalyzed N- and C-arylations with aryl bromides and iodides.
Chemistry 10: 5607-5622.

94.Lv X, Wang Z, Bao W (2006) Cul catalyzed C-N bond forming reactions
between aryl/heteroaryl bromides and imidazoles in [Bmim]BF4. Tetrahedron
62: 4756-4761.

95.Wang Y, Wu Z, Wang L, Li Z, Zhou X (2009) A simple and efficient catalytic
system for N-arylation of imidazoles in water. Chemistry: A Euro J 15: 8971-
8974.

96. Cristau HJ, Cellier PP, Spindler JF, Taillefer M (2004) Highly efficient and mild
copper-catalyzed N- and C-arylations with aryl bromides and iodides. 10: 5607-
5622

97. Correa A, Bolm C (2007) Iron-catalyzed N-arylation of nitrogen nucleophiles.
Angew Chem Int Ed Engl 46: 8862-8865.

98. Liu ZJ, Vors JP, Gesing ERF, Bolm C (2011) Microwave-assisted solvent-
and ligand-free copper-catalysed cross-coupling between halopyridines and
nitrogen nucleophiles. Green Chem 13: 42-45.

9

©

. Ziegler DT, Choi J, Mufioz-Molina JM, Bissember AC, Peters JC, Fu GC (2013)
A versatile approach to Ullmann C-N couplings at room temperature: new
families of nucleophiles and electrophiles for photoinduced, copper-catalyzed
processes. J Am Chem Soc 135: 13107-13112.

100.Choudary BM, Sridhar C, Kantam ML, Venkanna GT, Sreedhar B (2005)
Design and evolution of copper apatite catalysts for N-arylation of heterocycles
with chloro- and fluoroarenes. J Am Chem Soc 127: 9948-9949.

101.Reddy KR, Kumar NS, Sreedhar B, Kantam ML (2006) N-Arylation of nitrogen
heterocycles with aryl halides and arylboronic acids catalyzed by cellulose
supported copper(0). J Mol Catal A Chem 252: 136-141.

102.Colacino E, Villebrun L, Martinez J, Lamaty F (2010) PEG,, ,~Cu,0-Cs,CO,:
an efficient and recyclable microwave-enhanced catalytic system for ligand-
free Ullmann arylation of indole and benzimidazole. Tetrahedron 66: 3730-
3735.

103.Huang L, Yu R, Zhu X, Wan Y (2013) A recyclable Cu-catalyzed C-N coupling
reaction in water and its application to synthesis of imidazo[1,2-a]quinoxaline.
Tetrahedron Lett 69: 8974-8977.

104.Uk Son S, Kyu Park |, Park J, Hyeon T (2004) Synthesis of Cu20 coated
Cu nanoparticles and their successful applications to Ullmann-type amination
coupling reactions of aryl chlorides. Chem Commun (Camb) : 778-779.

105.Rout L, Jammi S, Punniyamurthy T (2007) Novel CuO nanoparticle catalyzed
C-N cross coupling of amines with iodobenzene. Org Lett 9: 3397-3399.

106.Kantam ML, Yadav J, Laha S, Sreedhar B, Jha S (2007) N-Arylation of
Heterocycles with Activated Chloro- and Fluoroarenes using Nanocrystalline
Copper(ll) Oxide. Adv Synth Catal 349: 1938-1942.

107.Swapna K, Vijay Kumar A, Prakash Reddy V, Rama Rao K (2009) Recyclable

Organic Chem Curr Res
ISSN:2161-0401 OCCR an open access journal

Volume 4 -« Issue 1+ 1000130


http://pubs.rsc.org/en/content/articlelanding/1929/jr/jr9290001870#!divAbstract
http://pubs.rsc.org/en/content/articlelanding/1929/jr/jr9290001870#!divAbstract
http://pubs.acs.org/doi/abs/10.1021/jo00078a053
http://pubs.acs.org/doi/abs/10.1021/jo00078a053
http://www.ncbi.nlm.nih.gov/pubmed/11796067
http://www.ncbi.nlm.nih.gov/pubmed/11796067
http://www.ncbi.nlm.nih.gov/pubmed/16209512
http://www.ncbi.nlm.nih.gov/pubmed/16209512
http://www.ncbi.nlm.nih.gov/pubmed/17637034
http://www.ncbi.nlm.nih.gov/pubmed/17637034
http://www.ncbi.nlm.nih.gov/pubmed/20502607
http://www.ncbi.nlm.nih.gov/pubmed/20502607
http://pubs.acs.org/doi/abs/10.1021/ja00735a030
http://pubs.acs.org/doi/abs/10.1021/ja00735a030
http://elibrary.sgst.cn/subscription/viewArticle.jspx;jsessionid=F85F90BB61CB067FA860056F45122B68?id=ff8080812a9e3390012aa20c04c64052
http://elibrary.sgst.cn/subscription/viewArticle.jspx;jsessionid=F85F90BB61CB067FA860056F45122B68?id=ff8080812a9e3390012aa20c04c64052
http://elibrary.sgst.cn/subscription/viewArticle.jspx;jsessionid=F85F90BB61CB067FA860056F45122B68?id=ff8080812a9e3390012aa20c04c64052
http://www.ncbi.nlm.nih.gov/pubmed/12431116
http://www.ncbi.nlm.nih.gov/pubmed/12431116
http://onlinelibrary.wiley.com/doi/10.1002/1521-3773%2820020215%2941:4%3C609::AID-ANIE609%3E3.0.CO;2-M/abstract?deniedAccessCustomisedMessage=&userIsAuthenticated=false
http://onlinelibrary.wiley.com/doi/10.1002/1521-3773%2820020215%2941:4%3C609::AID-ANIE609%3E3.0.CO;2-M/abstract?deniedAccessCustomisedMessage=&userIsAuthenticated=false
http://onlinelibrary.wiley.com/doi/10.1002/1521-3773%2820020215%2941:4%3C609::AID-ANIE609%3E3.0.CO;2-M/abstract?deniedAccessCustomisedMessage=&userIsAuthenticated=false
http://www.ncbi.nlm.nih.gov/pubmed/15038701
http://www.ncbi.nlm.nih.gov/pubmed/15038701
http://www.ncbi.nlm.nih.gov/pubmed/15038701
http://www.ncbi.nlm.nih.gov/pubmed/17655319
http://www.ncbi.nlm.nih.gov/pubmed/17655319
http://www.ncbi.nlm.nih.gov/pubmed/14613176
http://www.ncbi.nlm.nih.gov/pubmed/14613176
http://onlinelibrary.wiley.com/doi/10.1002/anie.200390103/abstract
http://onlinelibrary.wiley.com/doi/10.1002/anie.200390103/abstract
http://www.ncbi.nlm.nih.gov/pubmed/15070321
http://www.ncbi.nlm.nih.gov/pubmed/15070321
http://www.ncbi.nlm.nih.gov/pubmed/12703796
http://www.ncbi.nlm.nih.gov/pubmed/12703796
http://www.ncbi.nlm.nih.gov/pubmed/12569501
http://www.ncbi.nlm.nih.gov/pubmed/12569501
http://onlinelibrary.wiley.com/doi/10.1002/adsc.200404223/abstract
http://onlinelibrary.wiley.com/doi/10.1002/adsc.200404223/abstract
http://onlinelibrary.wiley.com/doi/10.1002/adsc.200404223/abstract
http://www.ncbi.nlm.nih.gov/pubmed/15657966
http://www.ncbi.nlm.nih.gov/pubmed/15657966
http://www.ncbi.nlm.nih.gov/pubmed/21785791
http://www.ncbi.nlm.nih.gov/pubmed/21785791
http://pubs.acs.org/doi/abs/10.1021/ja963944q?journalCode=jacsat
http://pubs.acs.org/doi/abs/10.1021/ja963944q?journalCode=jacsat
http://pubs.acs.org/doi/abs/10.1021/ja963944q?journalCode=jacsat
http://pubs.acs.org/doi/abs/10.1021/ja963944q?journalCode=jacsat
http://www.ncbi.nlm.nih.gov/pubmed/12733899
http://www.ncbi.nlm.nih.gov/pubmed/12733899
http://www.ncbi.nlm.nih.gov/pubmed/12733899
http://www.ncbi.nlm.nih.gov/pubmed/17278171
http://www.ncbi.nlm.nih.gov/pubmed/17278171
http://www.ncbi.nlm.nih.gov/pubmed/17278171
http://www.ncbi.nlm.nih.gov/pubmed/17278171
http://www.ncbi.nlm.nih.gov/pubmed/22885657
http://www.ncbi.nlm.nih.gov/pubmed/22885657
http://www.ncbi.nlm.nih.gov/pubmed/22885657
http://www.ncbi.nlm.nih.gov/pubmed/22885657
http://www.ncbi.nlm.nih.gov/pubmed/22734716
http://www.ncbi.nlm.nih.gov/pubmed/22734716
http://www.ncbi.nlm.nih.gov/pubmed/22734716
http://www.ncbi.nlm.nih.gov/pubmed/21286396
http://www.ncbi.nlm.nih.gov/pubmed/21286396
http://www.ncbi.nlm.nih.gov/pubmed/21286396
http://www.sciencedirect.com/science/article/pii/S0040403998005036
http://www.sciencedirect.com/science/article/pii/S0040403998005036
http://www.sciencedirect.com/science/article/pii/S0040403998005048
http://www.sciencedirect.com/science/article/pii/S0040403998005048
http://www.sciencedirect.com/science/article/pii/S0040403998005048
http://pubs.acs.org/doi/abs/10.1021/ar9600650?journalCode=achre4
http://pubs.acs.org/doi/abs/10.1021/ar9600650?journalCode=achre4
http://pubs.acs.org/doi/abs/10.1021/ar9600650?journalCode=achre4
http://onlinelibrary.wiley.com/doi/10.1002/%28SICI%291521-3773%2819980817%2937:15%3C2046::AID-ANIE2046%3E3.0.CO;2-L/abstract
http://onlinelibrary.wiley.com/doi/10.1002/%28SICI%291521-3773%2819980817%2937:15%3C2046::AID-ANIE2046%3E3.0.CO;2-L/abstract
http://onlinelibrary.wiley.com/doi/10.1002/%28SICI%291521-3773%2819980817%2937:15%3C2046::AID-ANIE2046%3E3.0.CO;2-L/abstract
http://www.ncbi.nlm.nih.gov/pubmed/18698852
http://www.ncbi.nlm.nih.gov/pubmed/18698852
http://www.ncbi.nlm.nih.gov/pubmed/18698737
http://www.ncbi.nlm.nih.gov/pubmed/18698737
http://www.ncbi.nlm.nih.gov/pubmed/18698737
http://www.ncbi.nlm.nih.gov/pubmed/12296734
http://www.ncbi.nlm.nih.gov/pubmed/12296734
http://www.ncbi.nlm.nih.gov/pubmed/15457520
http://www.ncbi.nlm.nih.gov/pubmed/15457520
http://www.ncbi.nlm.nih.gov/pubmed/15457520
http://www.sciencedirect.com/science/article/pii/S0040402006004078
http://www.sciencedirect.com/science/article/pii/S0040402006004078
http://www.sciencedirect.com/science/article/pii/S0040402006004078
http://www.ncbi.nlm.nih.gov/pubmed/19585646
http://www.ncbi.nlm.nih.gov/pubmed/19585646
http://www.ncbi.nlm.nih.gov/pubmed/19585646
http://www.ncbi.nlm.nih.gov/pubmed/15457520
http://www.ncbi.nlm.nih.gov/pubmed/15457520
http://www.ncbi.nlm.nih.gov/pubmed/15457520
http://www.ncbi.nlm.nih.gov/pubmed/17943927
http://www.ncbi.nlm.nih.gov/pubmed/17943927
http://pubs.rsc.org/en/Content/ArticleLanding/2011/GC/C0GC00296H#!divAbstract
http://pubs.rsc.org/en/Content/ArticleLanding/2011/GC/C0GC00296H#!divAbstract
http://pubs.rsc.org/en/Content/ArticleLanding/2011/GC/C0GC00296H#!divAbstract
http://www.ncbi.nlm.nih.gov/pubmed/23968565
http://www.ncbi.nlm.nih.gov/pubmed/23968565
http://www.ncbi.nlm.nih.gov/pubmed/23968565
http://www.ncbi.nlm.nih.gov/pubmed/23968565
http://www.ncbi.nlm.nih.gov/pubmed/16011328
http://www.ncbi.nlm.nih.gov/pubmed/16011328
http://www.ncbi.nlm.nih.gov/pubmed/16011328
http://www.sciencedirect.com/science/article/pii/S1381116906005826
http://www.sciencedirect.com/science/article/pii/S1381116906005826
http://www.sciencedirect.com/science/article/pii/S1381116906005826
http://www.sciencedirect.com/science/article/pii/S0040402010004473
http://www.sciencedirect.com/science/article/pii/S0040402010004473
http://www.sciencedirect.com/science/article/pii/S0040402010004473
http://www.sciencedirect.com/science/article/pii/S0040402010004473
http://www.sciencedirect.com/science/article/pii/S0040402013011290
http://www.sciencedirect.com/science/article/pii/S0040402013011290
http://www.sciencedirect.com/science/article/pii/S0040402013011290
http://www.ncbi.nlm.nih.gov/pubmed/15045059
http://www.ncbi.nlm.nih.gov/pubmed/15045059
http://www.ncbi.nlm.nih.gov/pubmed/15045059
http://www.ncbi.nlm.nih.gov/pubmed/17637032
http://www.ncbi.nlm.nih.gov/pubmed/17637032
http://onlinelibrary.wiley.com/doi/10.1002/adsc.200600483/abstract
http://onlinelibrary.wiley.com/doi/10.1002/adsc.200600483/abstract
http://onlinelibrary.wiley.com/doi/10.1002/adsc.200600483/abstract
http://www.ncbi.nlm.nih.gov/pubmed/19722503

Citation: Panda N, Jena AK (2015) Cu/Fe-Catalyzed Carbon-Carbon and Carbon-Heteroatom Cross-Coupling Reactions. Organic Chem Curr Res

4:130. doi:10.4172/2161-0401.1000130

Page 19 of 21

heterogeneous iron catalyst for C-N cross-coupling under ligand-free
conditions. J Org Chem 74: 7514-7517.

108.Taillefer M, Xia N, Ouali A (2007) Efficient iron/copper co-catalyzed arylation
of nitrogen nucleophiles. Angew Chem Int Ed Engl 46: 934-936.

109.Wang Z, Fu H, Jiang Y, Zhao Y (2008) Iron/Copper-Cocatalyzed Ullmann
N,O-Arylation Using FeCl,, CuO, and rac-,1-Binaphthyl-2,2’-diol. Synlett:
2540-2546.

110. Guo D, Huang H, Zhou Y, Xu J, Jiang H, Chen K| Liu H (2010) Ligand-free iron/
copper cocatalyzed N-arylation of aryl halides with amines under microwave
irradiation. Green Chem 12: 276-281.

111. Panda N, Jena AK, Mohapatra S, Rout SR (2011) Copper ferrite nanoparticle-
mediated N-arylation of heterocycles: a ligand-free reaction. Tetrahedron Lett
52: 1924-1927.

112. Theil F (1999) Synthesis of Diaryl Ethers: A Long-Standing Problem Has Been
Solved. Angew Chem Int Ed Engl 38: 2345-2347.

113. Sawyer JS (2000) Recent advances in diaryl ether synthesis. Tetrahedron
56: 5045-5065.

114. Frlan R, Kikelj D (2006) Recent Progress in Diaryl Ether Synthesis. Synthesis
2271-2285.

115. Nicolaou KC, Boddy CN, Brase S, Winssinger N (1999) Chemistry, Biology,
and Medicine of the Glycopeptide Antibiotics. Angew Chem Int Ed Engl 38:
2096-2152.

116.Deng H, Jung JK, Liu T, Kuntz KW, Snapper ML, Hoveyda AH (2003) Total
synthesis of anti-HIV agent chloropeptin I. J Am Chem Soc 125: 9032-9034.

117.Marcoux JF, Doye S, Buchwald SL (1997) A General Copper-Catalyzed
Synthesis of Diaryl Ethers. J Am Chem Soc 119: 10539-10540.

118. Palomo C, Oiarbide M, Lépez R, Gémez-Bengoa E (1998) Phosphazene P4-
But base for the Ullmann biaryl ether synthesis. Chem Commun 2091-2092.

119.Buck E, Song ZJ, Tschaen D, Dormer PG, Volante RP, Reider PJ (2002)
Ullmann diaryl ether synthesis: rate acceleration by 2,2,6,6-tetramethylheptane-
3,5-dione. Org Lett 4: 1623-1626.

120.Goodbrand HB, Hu NX (1999) Ligand-Accelerated Catalysis of the Ullmann
Condensation: Application to Hole Conducting Triarylamines. J Org Chem 64:
670-674.

121.Lu Z, Twieg RJ, Huang SD (2003) Copper-catalyzed amination of aromatic
halides with 2-N,N-dimethylaminoethanol as solvent. Tetrahedron Lett 44:
6289-6292.

122.Ma D, Cai Q (2003) N,N-dimethyl glycine-promoted Ulimann coupling reaction
of phenols and aryl halides. Org Lett 5: 3799-3802.

123.Cai Q, Zou B, Ma D (2006) Mild Ulimann-type biaryl ether formation reaction
by combination of ortho-substituent and ligand effects. Angew Chem Int Ed
Engl 45: 1276-1279.

124.Cristau HJ, Cellier PP, Hamada S, Spindler JF, Taillefer M (2004) A general
and mild Ulimann-type synthesis of diaryl ethers. Org Lett 6: 913-916.

125.Altman RA, Shafir A, Choi A, Lichtor PA, Buchwald SL (2008) An improved
Cu-based catalyst system for the reactions of alcohols with aryl halides. J Org
Chem 73: 284-286.

126.Benyahya S, Monnier F, Taillefer M, Man MWC, Bied C, Ouazzani F (2008)
Efficient and Versatile Sol-Gel Immobilized Copper Catalyst for Ullmann
Arylation of Phenols. Adv Synth Catal 350: 2205-2208.

127.Benyahya S, Monnier F, Man MWC, Bied C, Ouazzani F, Taillefer M (2009)
Sol-gel immobilized and reusable copper-catalyst for arylation of phenols from
aryl bromides. Green Chem 11: 1121-1123.

128.Swapna K, Murthy SN, Jyothi MT, Nageswar YV (2011) Recyclable
heterogeneous copper oxide on alumina catalyzed coupling of phenols and
alcohols with aryl halides under ligand-free conditions. Org Biomol Chem 9:
5978-5988.

129.Miao T, Wang L (2007) Immobilization of copper in organic—inorganic hybrid
materials: a highly efficient and reusable catalyst for the Ullmann diaryl
etherification. Tetrahedron Lett 48: 95-99.

130.Mulla SAR, Inamdar SM, Pathan MY, Chavan SS (2012) Ligand free, highly
efficient synthesis of diaryl ether over copper fluorapatite as heterogeneous
reusable catalyst. Tetrahedron Lett 53: 1826-1829.

131.Kidwai M, Mishra NK, Bansal V, Kumar A, Mozumdar S (2007) Cu-nanoparticle
catalyzed O-arylation of phenols with aryl halides via Ullimann coupling.
Tetrahedron Lett 48: 8883-8887.

132.Punniyamurthy T, Jammi S, Sakthivel S, Rout L, Mukherjee T, et al. (2009)
CuO nanoparticles catalyzed C-N, C-O, and C-S cross-coupling reactions:
scope and mechanism. J Org Chem 74: 1971-1976.

133.Sreedhar B, Arundhathi R, Reddy PL, Kantam ML (2009) Cul nanoparticles
for C-N and C-O cross coupling of heterocyclic amines and phenols with
chlorobenzenes. J Org Chem 74: 7951-7954.

134.Kim JY, Park JC, Kim A, Kim AY, Lee HJ, et al. (2009) Cu20 Nanocube-
Catalyzed Cross-Coupling of Aryl Halides with Phenols via Ullmann Coupling.
Eur J Inorg Chem 4219-4223.

135.Bistri O, Correa A, Bolm C (2008) Iron-catalyzed C-O cross-couplings of
phenols with aryl iodides. Angew Chem Int Ed Engl 47: 586-588.

136.Liu X, Zhang S (2011) Efficient Iron/Copper-Cocatalyzed O-Arylation of
Phenols with Bromoarenes. Synlett: 268-272.

137.Yang S, Wu C, Zhou H, Yang Y, Zhao Y, Wang C, Yang W, Xu J (2013)
An Ullmann C-O Coupling Reaction Catalyzed by Magnetic Copper Ferrite
Nanoparticles. Adv Synth Catal 355: 53-58.

138.Yang S, Xie W, Zhou H, Wu C, Yang Y, Niu J, Yang W, Xu J (2013)
Alkoxylation reactions of aryl halides catalyzed by magnetic copper ferrite.
Tetrahedron 69: 3415-3418.

139.Toumi M, Couty F, Evano G (2007) Total synthesis of paliurine F. Angew
Chem Int Ed Engl 46: 572-575.

140.Moreau A, Couture A, Deniau E, Grandclaudon P (2004) A new route to
aristocularine alkaloids: total synthesis of aristoyagonine. J Org Chem 69:
4527-4530.

141.Lim HS, Choi YL, Heo JN (2013) Synthesis of dibenzoxepine lactams via a
Cu-catalyzed one-pot etherification/aldol condensation cascade reaction:
application toward the total synthesis of aristoyagonine. Org Lett 15: 4718-
4721.

142.Adams H, Gilmore NJ, Jones S, Muldowney MP, von Reuss SH, Vemula
R (2008) Asymmetric synthesis of corsifuran A by an enantioselective
oxazaborolidine reduction. Org Lett 10: 1457-1460.

143.Liu G, Huth JR, Olejniczak ET, Mendoza R, De Vries P, et al. (2001) Novel
p-Arylthio Cinnamides as Antagonists of Leukocyte Function-Associated
Antigen-1/Intracellular Adhesion Molecule-1 Interaction. 2. Mechanism of
Inhibition and Structure-Based Improvement of Pharmaceutical Properties. J
Med Chem 44: 1202-1210.

144.De Martino G, Edler MC, La Regina G, Coluccia A, Barbera MC, et al.(2006)
New arylthioindoles: potent inhibitors of tubulin polymerization. 2. Structure-
activity relationships and molecular modeling studies. J Med Chem 49: 947-
954.

145.Gangjee A, Zeng Y, Talreja T, McGuire JJ, Kisliuk RL, Queener SF (2007)
Design and synthesis of classical and nonclassical 6-arylthio-2,4-diamino-5-
ethylpyrrolo[2,3-d]pyrimidines as antifolates. J Med Chem 50: 3046-3053.

146.Wang Y, Chackalamannil S, Hu Z, Clader JW, Greenlee W, et al. (2000) Design
and synthesis of piperidinyl piperidine analogues as potent and selective M2
muscarinic receptor antagonists. Bioorg Med Chem Lett 10: 2247-2250.

147 .Nielsen SF, Nielsen EO, Olsen GM, Liljefors T, Peters D (2000) Novel Potent
Ligands for the Central Nicotinic Acetylcholine Receptor: Synthesis, Receptor
Binding, and 3D-QSAR Analysis. J Med Chem 43: 2217-2226.

148.Kaldor SW, Kalish VJ, Davies JF 2nd, Shetty BV, Fritz JE, et al.(1997) Viracept
(nelfinavir mesylate, AG1343): a potent, orally bioavailable inhibitor of HIV-1
protease. J Med Chem 40: 3979-3985.

149.Lindley J (1984) Copper assisted nucleophilic substitution of aryl halogen.
Tetrahedron 40: 1433-1456.

150.Van Bierbeek A, Gingras M (1998) Polysulfurated Branched Molecules
Containing Functionalized m-Phenylene Sulfides. Tetrahedron Lett 39: 6283-
6286.

151.Beletskaya IP, Ananikov VP (2011) Transition-metal-catalyzed C-S, C-Se,
and C-Te bond formation via cross-coupling and atom-economic addition
reactions. Chem Rev 111: 1596-1636.

Organic Chem Curr Res
ISSN:2161-0401 OCCR an open access journal

Volume 4 -« Issue 1+ 1000130


http://www.ncbi.nlm.nih.gov/pubmed/19722503
http://www.ncbi.nlm.nih.gov/pubmed/19722503
http://www.ncbi.nlm.nih.gov/pubmed/17186562
http://www.ncbi.nlm.nih.gov/pubmed/17186562
http://elibrary.sgst.cn/subscription/viewArticle.jspx;jsessionid=88D91C4294E02D4F80F8522CEAC6B1EB?id=ff808081212d5ac801215ca0f7c451ca
http://elibrary.sgst.cn/subscription/viewArticle.jspx;jsessionid=88D91C4294E02D4F80F8522CEAC6B1EB?id=ff808081212d5ac801215ca0f7c451ca
http://elibrary.sgst.cn/subscription/viewArticle.jspx;jsessionid=88D91C4294E02D4F80F8522CEAC6B1EB?id=ff808081212d5ac801215ca0f7c451ca
http://pubs.rsc.org/en/content/articlelanding/2010/gc/b917010c#!divAbstract
http://pubs.rsc.org/en/content/articlelanding/2010/gc/b917010c#!divAbstract
http://pubs.rsc.org/en/content/articlelanding/2010/gc/b917010c#!divAbstract
http://www.sciencedirect.com/science/article/pii/S0040403911002735
http://www.sciencedirect.com/science/article/pii/S0040403911002735
http://www.sciencedirect.com/science/article/pii/S0040403911002735
http://www.ncbi.nlm.nih.gov/pubmed/10458782
http://www.ncbi.nlm.nih.gov/pubmed/10458782
http://www.sciencedirect.com/science/article/pii/S004040200000257X
http://www.sciencedirect.com/science/article/pii/S004040200000257X
https://www.thieme-connect.com/products/ejournals/abstract/10.1055/s-2006-942440
https://www.thieme-connect.com/products/ejournals/abstract/10.1055/s-2006-942440
http://www.ncbi.nlm.nih.gov/pubmed/10425471
http://www.ncbi.nlm.nih.gov/pubmed/10425471
http://www.ncbi.nlm.nih.gov/pubmed/10425471
http://www.ncbi.nlm.nih.gov/pubmed/15369357
http://www.ncbi.nlm.nih.gov/pubmed/15369357
http://pubs.acs.org/doi/abs/10.1021/ja971901j?journalCode=jacsat
http://pubs.acs.org/doi/abs/10.1021/ja971901j?journalCode=jacsat
http://pubs.rsc.org/en/Content/ArticleLanding/1998/CC/a805783d#!divAbstract
http://pubs.rsc.org/en/Content/ArticleLanding/1998/CC/a805783d#!divAbstract
http://www.ncbi.nlm.nih.gov/pubmed/11975644
http://www.ncbi.nlm.nih.gov/pubmed/11975644
http://www.ncbi.nlm.nih.gov/pubmed/11975644
http://www2.chemia.uj.edu.pl/~grolik/1/JOC_1999_670.pdf
http://www2.chemia.uj.edu.pl/~grolik/1/JOC_1999_670.pdf
http://www2.chemia.uj.edu.pl/~grolik/1/JOC_1999_670.pdf
http://www.sciencedirect.com/science/article/pii/S0040403903015363
http://www.sciencedirect.com/science/article/pii/S0040403903015363
http://www.sciencedirect.com/science/article/pii/S0040403903015363
http://www.ncbi.nlm.nih.gov/pubmed/14535713
http://www.ncbi.nlm.nih.gov/pubmed/14535713
http://www.ncbi.nlm.nih.gov/pubmed/16425327
http://www.ncbi.nlm.nih.gov/pubmed/16425327
http://www.ncbi.nlm.nih.gov/pubmed/16425327
http://www.ncbi.nlm.nih.gov/pubmed/15012063
http://www.ncbi.nlm.nih.gov/pubmed/15012063
http://www.ncbi.nlm.nih.gov/pubmed/18044928
http://www.ncbi.nlm.nih.gov/pubmed/18044928
http://www.ncbi.nlm.nih.gov/pubmed/18044928
http://onlinelibrary.wiley.com/doi/10.1002/adsc.200800360/abstract
http://onlinelibrary.wiley.com/doi/10.1002/adsc.200800360/abstract
http://onlinelibrary.wiley.com/doi/10.1002/adsc.200800360/abstract
http://pubs.rsc.org/en/content/articlelanding/2009/gc/b905205d#!divAbstract
http://pubs.rsc.org/en/content/articlelanding/2009/gc/b905205d#!divAbstract
http://pubs.rsc.org/en/content/articlelanding/2009/gc/b905205d#!divAbstract
http://www.ncbi.nlm.nih.gov/pubmed/21695321
http://www.ncbi.nlm.nih.gov/pubmed/21695321
http://www.ncbi.nlm.nih.gov/pubmed/21695321
http://www.ncbi.nlm.nih.gov/pubmed/21695321
http://www.sciencedirect.com/science/article/pii/S0040403906022039
http://www.sciencedirect.com/science/article/pii/S0040403906022039
http://www.sciencedirect.com/science/article/pii/S0040403906022039
http://www.sciencedirect.com/science/article/pii/S0040403912001815
http://www.sciencedirect.com/science/article/pii/S0040403912001815
http://www.sciencedirect.com/science/article/pii/S0040403912001815
http://www.sciencedirect.com/science/article/pii/S0040403907020400
http://www.sciencedirect.com/science/article/pii/S0040403907020400
http://www.sciencedirect.com/science/article/pii/S0040403907020400
http://www.ncbi.nlm.nih.gov/pubmed/19173559
http://www.ncbi.nlm.nih.gov/pubmed/19173559
http://www.ncbi.nlm.nih.gov/pubmed/19173559
http://www.ncbi.nlm.nih.gov/pubmed/19772325
http://www.ncbi.nlm.nih.gov/pubmed/19772325
http://www.ncbi.nlm.nih.gov/pubmed/19772325
http://onlinelibrary.wiley.com/doi/10.1002/ejic.200900730/abstract
http://onlinelibrary.wiley.com/doi/10.1002/ejic.200900730/abstract
http://onlinelibrary.wiley.com/doi/10.1002/ejic.200900730/abstract
http://www.ncbi.nlm.nih.gov/pubmed/18058877
http://www.ncbi.nlm.nih.gov/pubmed/18058877
https://www.thieme-connect.com/products/ejournals/abstract/10.1055/s-0030-1259291
https://www.thieme-connect.com/products/ejournals/abstract/10.1055/s-0030-1259291
http://onlinelibrary.wiley.com/doi/10.1002/adsc.201200600/abstract
http://onlinelibrary.wiley.com/doi/10.1002/adsc.201200600/abstract
http://onlinelibrary.wiley.com/doi/10.1002/adsc.201200600/abstract
http://www.sciencedirect.com/science/article/pii/S0040402013003037
http://www.sciencedirect.com/science/article/pii/S0040402013003037
http://www.sciencedirect.com/science/article/pii/S0040402013003037
http://www.ncbi.nlm.nih.gov/pubmed/17036293
http://www.ncbi.nlm.nih.gov/pubmed/17036293
http://www.ncbi.nlm.nih.gov/pubmed/15202913
http://www.ncbi.nlm.nih.gov/pubmed/15202913
http://www.ncbi.nlm.nih.gov/pubmed/15202913
http://www.ncbi.nlm.nih.gov/pubmed/24000941
http://www.ncbi.nlm.nih.gov/pubmed/24000941
http://www.ncbi.nlm.nih.gov/pubmed/24000941
http://www.ncbi.nlm.nih.gov/pubmed/24000941
http://www.ncbi.nlm.nih.gov/pubmed/18336034
http://www.ncbi.nlm.nih.gov/pubmed/18336034
http://www.ncbi.nlm.nih.gov/pubmed/18336034
http://www.ncbi.nlm.nih.gov/pubmed/11312920
http://www.ncbi.nlm.nih.gov/pubmed/11312920
http://www.ncbi.nlm.nih.gov/pubmed/11312920
http://www.ncbi.nlm.nih.gov/pubmed/11312920
http://www.ncbi.nlm.nih.gov/pubmed/11312920
http://www.ncbi.nlm.nih.gov/pubmed/16451061
http://www.ncbi.nlm.nih.gov/pubmed/16451061
http://www.ncbi.nlm.nih.gov/pubmed/16451061
http://www.ncbi.nlm.nih.gov/pubmed/16451061
http://www.ncbi.nlm.nih.gov/pubmed/17552508
http://www.ncbi.nlm.nih.gov/pubmed/17552508
http://www.ncbi.nlm.nih.gov/pubmed/17552508
http://www.ncbi.nlm.nih.gov/pubmed/9397180
http://www.ncbi.nlm.nih.gov/pubmed/9397180
http://www.ncbi.nlm.nih.gov/pubmed/9397180
http://pubs.acs.org/doi/abs/10.1021/jm990973d
http://pubs.acs.org/doi/abs/10.1021/jm990973d
http://pubs.acs.org/doi/abs/10.1021/jm990973d
http://www.ncbi.nlm.nih.gov/pubmed/9397180
http://www.ncbi.nlm.nih.gov/pubmed/9397180
http://www.ncbi.nlm.nih.gov/pubmed/9397180
http://www.sciencedirect.com/science/article/pii/S0040402001917910
http://www.sciencedirect.com/science/article/pii/S0040402001917910
http://www.sciencedirect.com/science/article/pii/S0040403998013276
http://www.sciencedirect.com/science/article/pii/S0040403998013276
http://www.sciencedirect.com/science/article/pii/S0040403998013276
http://www.ncbi.nlm.nih.gov/pubmed/21391564
http://www.ncbi.nlm.nih.gov/pubmed/21391564
http://www.ncbi.nlm.nih.gov/pubmed/21391564

Citation: Panda N, Jena AK (2015) Cu/Fe-Catalyzed Carbon-Carbon and Carbon-Heteroatom Cross-Coupling Reactions. Organic Chem Curr Res

4:130. doi:10.4172/2161-0401.1000130

Page 20 of 21

152.Eichman CC, Stambuli JP (2011) Transition metal catalyzed synthesis of aryl
sulfides. Molecules 16: 590-608.

153.Kondo T, Mitsudo Ta TA (2000) Metal-catalyzed carbon-sulfur bond formation.
Chem Rev 100: 3205-3220.

154.Suzuki H, Abe H, Osuka A (1980) Facile Substitution reaction between
nonactivated aryl iodides and arenethiolates in the presence of copper(l)
jodide. Chem Lett 1363-1364.

155.Palomo C, Oiarbide M, Lépez R, Gémez-Bengoa E (2000) Phosphazene
bases for the preparation of biaryl thioethers from aryl iodides and arenethiols.
Tetrahedron Lett 41: 1283-1286.

156.Bates CG, Gujadhur RK, Venkataraman D (2002) A general method for the
formation of aryl-sulfur bonds using copper(l) catalysts. Org Lett 4: 2803-2806.

157.Bates CG, Saejueng P, Doherty MQ, Venkataraman D (2004) Copper-
catalyzed synthesis of vinyl sulfides. Org Lett 6: 5005-5008.

158.Kabir MS, Van Linn ML, Monte A, Cook JM (2008) Stereo- and regiospecific
cu-catalyzed cross-coupling reaction of vinyl iodides and thiols: a very mild
and general route for the synthesis of vinyl sulfides. Org Lett 10: 3363-3366.

159.Kabir MS, Lorenz M, Van Linn ML, Namjoshi OA, Ara S, et al. (2010) A very
active cu-catalytic system for the synthesis of aryl, heteroaryl, and vinyl
sulfides. J Org Chem 75: 3626-3643.

160.Kwong FY, Buchwald SL (2002) A general, efficient, and inexpensive catalyst
system for the coupling of aryl iodides and thiols. Org Lett 4: 3517-3520.

161.Enguehard-Gueiffier C, Thery |, Gueiffier A, Buchwald SL (2006) A general
and efficient method for the copper-catalyzed cross-coupling of amides and
thiophenols with 6-halogenoimidazo[1,2-a]pyridines. Tetrahedron 62: 6042-
6049.

162.Chen YJ, Chen HH (2006) 1-tris(hydroxymethyl)ethane as a new, efficient,
and versatile tripod ligand for copper-catalyzed cross-coupling reactions of
aryl iodides with amides, thiols, and phenols. Org Lett 8: 5609-5612.

163.Zhu D, Xu L, Wu F, Wan B (2006) A mild and efficient copper-catalyzed
coupling of aryl iodides and thiols using an oxime-phosphine oxide ligand.
Tetrahedron Lett 47: 5781-5784.

164.Verma AK, Singh J, Kasi Sankar V, Chaudhary R, Chandra R (2007)
Benzotriazole: an excellent ligand for Cu-catalyzed N-arylation of imidazoles
with aryl and heteroaryl halides. Tetrahedron Lett 48: 4207-4210.

165.Carril M, SanMartin R, DomAnguez E, Tellitu | (2007) Simple and efficient
recyclable catalytic system for performing copper-catalysed S-arylation
reactions in the presence of water. Chemistry 13: 5100-5105.

166.Prasad DJC, Naidu AB, Sekar G (2009) An efficient intermolecular C(aryl}-S
bond forming reaction catalyzed by BINAM—copper(ll) complex. Tetrahedron
Lett 50: 1411-1415.

167.Jaseer EA, Prasad DJC, Dandapat A, Sekar G (2010) An efficient copper(ll)-
catalyzed synthesis of benzothiazoles through intramolecular coupling-
cyclization of N-(2-chlorophenyl)benzothioamides. Tetrahedron Lett 51: 5009-
5012.

168.Sperotto E, van Klink GP, de Vries JG, van Koten G (2008) Ligand-free copper-
catalyzed C-S coupling of aryl iodides and thiols. J Org Chem 73: 5625-5628.

169.Ranjit S, Duan Z, Zhang P, Liu X (2010) Synthesis of vinyl sulfides by copper-
catalyzed decarboxylative C-S cross-coupling. Org Lett 12: 4134-4136.

170.Ramana T, Saha P, Das M, Punniyamurthy T (2010) Copper-catalyzed
domino intra- and intermolecular C-S cross-coupling reactions: synthesis of
2-(arylthio)arylcyanamides. Org Lett 12: 84-87.

171.Rout L, Sen TK, Punniyamurthy T (2007) Efficient CuO-nanoparticle-catalyzed
C-S cross-coupling of thiols with iodobenzene. Angew Chem Int Ed Engl 46:
5583-5586.

172.Xu HJ, Liang YF, Zhou XF, Feng YS (2012) Efficient recyclable Cul-
nanoparticle-catalyzed S-arylation of thiols with aryl halides on water under
mild conditions. Org Biomol Chem 10: 2562-2568.

173.Uyeda C, Tan Y, Fu GC, Peters JC (2013) A new family of nucleophiles for
photoinduced, copper-catalyzed cross-couplings via single-electron transfer:
reactions of thiols with aryl halides under mild conditions (O°C). J Am Chem
Soc 135: 9548-9552.

174.Reddy KHV, Reddy VP, Shankar J, Madhav B, Anil Kumar BSP, Nageswar

YVD (2011) Copper oxide nanoparticles catalyzed synthesis of aryl sulfides
via cascade reaction of aryl halides with thiourea. Tetrahedron Lett 52: 2679-
2682.

175.Akkilagunta VK, Kakulapati RR (2011) Synthesis of unsymmetrical sulfides
using ethyl potassium xanthogenate and recyclable copper catalyst under
ligand-free conditions. J Org Chem 76: 6819-6824.

176.Ranu BC, Saha A, Jana R (2007) Microwave-Assisted Simple and Efficient
Ligand Free Copper Nanoparticle Catalyed Aryl-Sulfur Bond Formation. Adv
Synth Catal 349: 2690-2696.

177.Correa A, Carril M, Bolm C (2008) Iron-catalyzed S-arylation of thiols with aryl
iodides. Angew Chem Int Ed Engl 47: 2880-2883.

178.Buchwald SL, Bolm C (2009) On the role of metal contaminants in catalyses
with FeCl,. Angew Chem Int Ed Engl 48: 5586-5587.

179.Wu WY, Wang JC, Tsai FY (2009) A reusable FeClI3.6H20/ cationic
2,2’-bipyridyl catalytic system for the coupling of aryl iodides with thiols in
water under aerobic conditions. Green Chem 11: 326-329.

180.Ku X, Huang H, Jiang H, Liu H (2009) Efficient iron/copper cocatalyzed
S-arylations of thiols with aryl halides. J Comb Chem 11: 338-340.

181. Kovacs S, Novak Z (2011) Oxidoreductive coupling of thiols with aryl halides
catalyzed by copper on iron. Org Biomol Chem 9: 711-716.

182.Panda N, Jena AK, Mohapatra S (2012) Heterogeneous magnetic catalyst for
S-arylation reactions. Appl Catal A Gen 433-434: 258-264.

183.Swapna K, Murthy SN, Jyothi MT, Nageswar YVD (2011) Nano-CuFe204
as a magnetically separable and reusable catalyst for the synthesis of diaryl/
aryl alkyl sulfides via cross-coupling process under ligand-free conditions. Org
Biomol Chem 9: 5989-5996.

184.Klunder JM, Hargrave KD, West M, Cullen E, Pal K, et al. (1992) Novel
non-nucleoside inhibitors of HIV-1 reverse transcriptase. 2. Tricyclic
pyridobenzoxazepinones and dibenzoxazepinones. J Med Chem 35: 1887-
1897.

185.Cairns J, Gibson SG, Rae DR (1992) Preparation of (tetrahydropyridinyl)
benzothiazepines and analogs as antipsychotics.

186.Binaschi M, Boldetti A2, Gianni M2, Maggi CA, Gensini M, et al. (2010)
Antiproliferative and differentiating activities of a novel series of histone
deacetylase inhibitors. ACS Med Chem Lett 1: 411-415.

187.Pettersson H, Bulow A, Ek F, Jensen J, Ottesen LK, et al. (2009) Synthesis
and evaluation of dibenzothiazepines: a novel class of selective cannabinoid-1
receptor inverse agonists. J Med Chem 52: 1975-1982.

188.Naus P, Leseticky L, Smrcek S, Tislerova |, Sticha M (2003) Copper-
Assisted Arylation of 1-Thiosugars: Efficient Route to Triazene Substituted
Arylthioglycosides. Synlett 2117-2122.

189.Ma D, Geng Q, Zhang H, Jiang Y (2010) Assembly of substituted
phenothiazines by a sequentially controlled Cul/ L-proline-catalyzed cascade
C-S and C-N bond formation. Angew Chem Int Ed Engl 49: 1291-1294.

190.Malmgren H, Backstrom B, Sglver E, Wennerberg J (2008) A Large Scale
Process for the Preparation of Thymitaq. Org Process Res Dev 12: 1195-
1200.

191.Bagley MC, Davis T, Dix MC, Fusillo V, Pigeaux M, et al. (2009) Microwave-
assisted Ullmann C-S bond formation: synthesis of the P38alpha MAPK
clinical candidate VX-745. J Org Chem 74: 8336-8342.

192.Perin G, LenardAfo EJ, Jacob RG, Panatieri RB (2009) Synthesis of vinyl
selenides. Chem Rev 109: 1277-1301.

193.Mukherjee AJ, Zade SS, Singh HB, Sunoj RB (2010) Organoselenium
chemistry: role of intramolecular interactions. Chem Rev 110: 4357-4416.

194.Mugesh G, du Mont WW, Sies H (2001) Chemistry of biologically important
synthetic organoselenium compounds. Chem Rev 101: 2125-2179.

195.Szczepina MG, Johnston BD, Yuan Y, Svensson B, Pinto BM (2004) Synthesis
of alkylated deoxynojirimycin and 5-dideoxy-,5-iminoxylitol analogues: polar
side-chain maoadification, sulfonium and selenonium heteroatom variants,
conformational analysis, and evaluation as glycosidase inhibitors. J Am Chem
Soc 126: 12458-12469.

196.Wirth T (2000) Organoselenium Chemistry: Modern Developments in Organic
Synthesis 208: Springer-Verlag, Heidelberg.

Organic Chem Curr Res
ISSN:2161-0401 OCCR an open access journal

Volume 4 -« Issue 1+ 1000130


http://www.ncbi.nlm.nih.gov/pubmed/21242940
http://www.ncbi.nlm.nih.gov/pubmed/21242940
http://www.ncbi.nlm.nih.gov/pubmed/11749318
http://www.ncbi.nlm.nih.gov/pubmed/11749318
https://www.jstage.jst.go.jp/article/cl1972/9/11/9_11_1363/_pdf
https://www.jstage.jst.go.jp/article/cl1972/9/11/9_11_1363/_pdf
https://www.jstage.jst.go.jp/article/cl1972/9/11/9_11_1363/_pdf
http://www.sciencedirect.com/science/article/pii/S0040403999022698
http://www.sciencedirect.com/science/article/pii/S0040403999022698
http://www.sciencedirect.com/science/article/pii/S0040403999022698
http://www.ncbi.nlm.nih.gov/pubmed/12153239
http://www.ncbi.nlm.nih.gov/pubmed/12153239
http://www.ncbi.nlm.nih.gov/pubmed/15606121
http://www.ncbi.nlm.nih.gov/pubmed/15606121
http://www.ncbi.nlm.nih.gov/pubmed/18611035
http://www.ncbi.nlm.nih.gov/pubmed/18611035
http://www.ncbi.nlm.nih.gov/pubmed/18611035
http://www.ncbi.nlm.nih.gov/pubmed/20429581
http://www.ncbi.nlm.nih.gov/pubmed/20429581
http://www.ncbi.nlm.nih.gov/pubmed/20429581
http://www.ncbi.nlm.nih.gov/pubmed/12323058
http://www.ncbi.nlm.nih.gov/pubmed/12323058
http://www.sciencedirect.com/science/article/pii/S0040402006005618
http://www.sciencedirect.com/science/article/pii/S0040402006005618
http://www.sciencedirect.com/science/article/pii/S0040402006005618
http://www.sciencedirect.com/science/article/pii/S0040402006005618
http://www.ncbi.nlm.nih.gov/pubmed/17107084
http://www.ncbi.nlm.nih.gov/pubmed/17107084
http://www.ncbi.nlm.nih.gov/pubmed/17107084
http://www.sciencedirect.com/science/article/pii/S0040403906011361
http://www.sciencedirect.com/science/article/pii/S0040403906011361
http://www.sciencedirect.com/science/article/pii/S0040403906011361
http://www.sciencedirect.com/science/article/pii/S0040403907007277
http://www.sciencedirect.com/science/article/pii/S0040403907007277
http://www.sciencedirect.com/science/article/pii/S0040403907007277
http://www.ncbi.nlm.nih.gov/pubmed/17385763
http://www.ncbi.nlm.nih.gov/pubmed/17385763
http://www.ncbi.nlm.nih.gov/pubmed/17385763
http://www.sciencedirect.com/science/article/pii/S0040403909000665
http://www.sciencedirect.com/science/article/pii/S0040403909000665
http://www.sciencedirect.com/science/article/pii/S0040403909000665
http://www.sciencedirect.com/science/article/pii/S0040403910012724
http://www.sciencedirect.com/science/article/pii/S0040403910012724
http://www.sciencedirect.com/science/article/pii/S0040403910012724
http://www.sciencedirect.com/science/article/pii/S0040403910012724
http://www.ncbi.nlm.nih.gov/pubmed/18570479
http://www.ncbi.nlm.nih.gov/pubmed/18570479
http://www.ncbi.nlm.nih.gov/pubmed/20726572
http://www.ncbi.nlm.nih.gov/pubmed/20726572
http://www.ncbi.nlm.nih.gov/pubmed/19938846
http://www.ncbi.nlm.nih.gov/pubmed/19938846
http://www.ncbi.nlm.nih.gov/pubmed/19938846
http://www.ncbi.nlm.nih.gov/pubmed/17554747
http://www.ncbi.nlm.nih.gov/pubmed/17554747
http://www.ncbi.nlm.nih.gov/pubmed/17554747
http://www.ncbi.nlm.nih.gov/pubmed/22354412
http://www.ncbi.nlm.nih.gov/pubmed/22354412
http://www.ncbi.nlm.nih.gov/pubmed/22354412
http://www.ncbi.nlm.nih.gov/pubmed/23697882
http://www.ncbi.nlm.nih.gov/pubmed/23697882
http://www.ncbi.nlm.nih.gov/pubmed/23697882
http://www.ncbi.nlm.nih.gov/pubmed/23697882
http://www.sciencedirect.com/science/article/pii/S004040391100459X
http://www.sciencedirect.com/science/article/pii/S004040391100459X
http://www.sciencedirect.com/science/article/pii/S004040391100459X
http://www.sciencedirect.com/science/article/pii/S004040391100459X
http://www.ncbi.nlm.nih.gov/pubmed/21732640
http://www.ncbi.nlm.nih.gov/pubmed/21732640
http://www.ncbi.nlm.nih.gov/pubmed/21732640
http://onlinelibrary.wiley.com/doi/10.1002/adsc.200700289/abstract
http://onlinelibrary.wiley.com/doi/10.1002/adsc.200700289/abstract
http://onlinelibrary.wiley.com/doi/10.1002/adsc.200700289/abstract
http://www.ncbi.nlm.nih.gov/pubmed/18318033
http://www.ncbi.nlm.nih.gov/pubmed/18318033
http://www.ncbi.nlm.nih.gov/pubmed/19554587
http://www.ncbi.nlm.nih.gov/pubmed/19554587
http://pubs.rsc.org/en/Content/ArticleLanding/2009/GC/b820790a#!divAbstract
http://pubs.rsc.org/en/Content/ArticleLanding/2009/GC/b820790a#!divAbstract
http://pubs.rsc.org/en/Content/ArticleLanding/2009/GC/b820790a#!divAbstract
http://www.ncbi.nlm.nih.gov/pubmed/19260652
http://www.ncbi.nlm.nih.gov/pubmed/19260652
http://www.ncbi.nlm.nih.gov/pubmed/21079878
http://www.ncbi.nlm.nih.gov/pubmed/21079878
http://www.sciencedirect.com/science/article/pii/S0926860X12003079
http://www.sciencedirect.com/science/article/pii/S0926860X12003079
http://www.ncbi.nlm.nih.gov/pubmed/21769376
http://www.ncbi.nlm.nih.gov/pubmed/21769376
http://www.ncbi.nlm.nih.gov/pubmed/21769376
http://www.ncbi.nlm.nih.gov/pubmed/21769376
http://www.ncbi.nlm.nih.gov/pubmed/1375293
http://www.ncbi.nlm.nih.gov/pubmed/1375293
http://www.ncbi.nlm.nih.gov/pubmed/1375293
http://www.ncbi.nlm.nih.gov/pubmed/1375293
http://www.ncbi.nlm.nih.gov/pubmed/24900225
http://www.ncbi.nlm.nih.gov/pubmed/24900225
http://www.ncbi.nlm.nih.gov/pubmed/24900225
http://www.ncbi.nlm.nih.gov/pubmed/19338356
http://www.ncbi.nlm.nih.gov/pubmed/19338356
http://www.ncbi.nlm.nih.gov/pubmed/19338356
https://www.thieme-connect.com/products/ejournals/abstract/10.1055/s-2003-42073
https://www.thieme-connect.com/products/ejournals/abstract/10.1055/s-2003-42073
https://www.thieme-connect.com/products/ejournals/abstract/10.1055/s-2003-42073
http://www.ncbi.nlm.nih.gov/pubmed/20058286
http://www.ncbi.nlm.nih.gov/pubmed/20058286
http://www.ncbi.nlm.nih.gov/pubmed/20058286
http://pubs.acs.org/doi/abs/10.1021/op800181e
http://pubs.acs.org/doi/abs/10.1021/op800181e
http://pubs.acs.org/doi/abs/10.1021/op800181e
http://www.ncbi.nlm.nih.gov/pubmed/19778055
http://www.ncbi.nlm.nih.gov/pubmed/19778055
http://www.ncbi.nlm.nih.gov/pubmed/19778055
http://www.ncbi.nlm.nih.gov/pubmed/19222199
http://www.ncbi.nlm.nih.gov/pubmed/19222199
http://www.ncbi.nlm.nih.gov/pubmed/20384363
http://www.ncbi.nlm.nih.gov/pubmed/20384363
http://www.ncbi.nlm.nih.gov/pubmed/11710243
http://www.ncbi.nlm.nih.gov/pubmed/11710243
http://www.ncbi.nlm.nih.gov/pubmed/15453780
http://www.ncbi.nlm.nih.gov/pubmed/15453780
http://www.ncbi.nlm.nih.gov/pubmed/15453780
http://www.ncbi.nlm.nih.gov/pubmed/15453780
http://www.ncbi.nlm.nih.gov/pubmed/15453780
http://www.springer.com/chemistry/organic+chemistry/book/978-3-540-66516-8
http://www.springer.com/chemistry/organic+chemistry/book/978-3-540-66516-8

Citation: Panda N, Jena AK (2015) Cu/Fe-Catalyzed Carbon-Carbon and Carbon-Heteroatom Cross-Coupling Reactions. Organic Chem Curr Res

4:130. doi:10.4172/2161-0401.1000130

Page 21 of 21

197.Nogueira CW, Zeni G, Rocha JB (2004) Organoselenium and organotellurium
compounds: toxicology and pharmacology. Chem Rev 104: 6255-6285.

198.Freudendahl DM, Santoro S, Shahzad SA, Santi C, Wirth T (2009) Green
chemistry with selenium reagents: development of efficient catalytic reactions.
Angew Chem Int Ed Engl 48: 8409-8411.

199.Hisashi F, Hisatomo M, Naomiehi F, (1996) Preparation and structure of
new diazaselenuranes. Transannular hypervalent bond between seleno and
diamino groups. Tetrahedron 52: 13951-13960.

200.Gujadhur RK, Venkataraman D (2003) A general method for the formation of
diaryl selenides using copper(l) catalysts. Tetrahedron Lett 44: 81-84.

201.Taniguchi N, Onami T (2004) Magnesium-induced copper-catalyzed synthesis
of unsymmetrical diaryl chalcogenide compounds from aryl iodide via cleavage
of the Se-Se or S-S bond. J Org Chem 69: 915-920.

202.Kumar S, Engman L (2006) Microwave-assisted copper-catalyzed preparation
of diaryl chalcogenides. J Org Chem 71: 5400-5403.

203.Saha A, Saha D, Ranu BC (2009) Copper nano-catalyst: sustainable phenyl-
selenylation of aryl iodides and vinyl bromides in water under ligand free
conditions. Org Biomol Chem 7: 1652-1657.

204.Reddy VP, Kumar AV, Swapna K, Rao KR (2009) Copper oxide nanoparticle-
catalyzed coupling of diaryl diselenide with aryl halides under ligand-free
conditions. Org Lett 11: 951-953.

205.Reddy VP, Kumar AV, Rao KR (2010) Unexpected C-Se cross-coupling
reaction: copper oxide catalyzed synthesis of symmetrical diaryl selenides via
cascade reaction of selenourea with aryl halides/boronic acids. J Org Chem
75: 8720-8723.

206.Li Y, Wang H, Li X, Chen T, Zhao D (2010) CuS/Fe: a novel and highly efficient
catalyst system for coupling reaction of aryl halides with diaryl diselenides.
Tetrahedron 66: 8583-8586.

207.Reddy KH, Satish G, Ramesh K, Nageswar YVD (2012) Magnetically
Separable CuFe,O, Nanoparticle Catalyzed C-Se Cross-Coupling in Reusable
PEG Medium. Chem Lett 41: 585-587.

Organic Chem Curr Res
ISSN:2161-0401 OCCR an open access journal

Volume 4 -« Issue 1+ 1000130


http://www.ncbi.nlm.nih.gov/pubmed/15584701
http://www.ncbi.nlm.nih.gov/pubmed/15584701
http://www.ncbi.nlm.nih.gov/pubmed/19802863
http://www.ncbi.nlm.nih.gov/pubmed/19802863
http://www.ncbi.nlm.nih.gov/pubmed/19802863
http://www.sciencedirect.com/science/article/pii/0040402096008575
http://www.sciencedirect.com/science/article/pii/0040402096008575
http://www.sciencedirect.com/science/article/pii/0040402096008575
http://people.umass.edu/dv/pdf/sepap.pdf
http://people.umass.edu/dv/pdf/sepap.pdf
http://www.ncbi.nlm.nih.gov/pubmed/14750822
http://www.ncbi.nlm.nih.gov/pubmed/14750822
http://www.ncbi.nlm.nih.gov/pubmed/14750822
http://www.ncbi.nlm.nih.gov/pubmed/16808537
http://www.ncbi.nlm.nih.gov/pubmed/16808537
http://www.ncbi.nlm.nih.gov/pubmed/19343253
http://www.ncbi.nlm.nih.gov/pubmed/19343253
http://www.ncbi.nlm.nih.gov/pubmed/19343253
http://www.ncbi.nlm.nih.gov/pubmed/19182886
http://www.ncbi.nlm.nih.gov/pubmed/19182886
http://www.ncbi.nlm.nih.gov/pubmed/19182886
http://www.ncbi.nlm.nih.gov/pubmed/21090802
http://www.ncbi.nlm.nih.gov/pubmed/21090802
http://www.ncbi.nlm.nih.gov/pubmed/21090802
http://www.ncbi.nlm.nih.gov/pubmed/21090802
http://www.sciencedirect.com/science/article/pii/S0040402010013980
http://www.sciencedirect.com/science/article/pii/S0040402010013980
http://www.sciencedirect.com/science/article/pii/S0040402010013980
http://www.medsci.cn/sci/show_paper.asp?id=0fc73753445
http://www.medsci.cn/sci/show_paper.asp?id=0fc73753445
http://www.medsci.cn/sci/show_paper.asp?id=0fc73753445

	Corresponding author
	Abstract
	Keywords
	Introduction  
	C-C cross-coupling Reactions 
	C(sp)-C(sp) bond formations 
	C(sp2)-C(sp2) bond formations 
	C(sp)-C(sp2) bond formations 
	C(sp2)-C(sp3) bond formations 
	C(sp3)-C(sp3) bond formations 

	C-N Cross-Coupling Reactions 
	C-O Cross-Coupling Reactions 
	C-S Cross-Coupling Reactions 
	C-Se Cross-Coupling Reactions 
	Conclusion and Future Prospects 
	Acknowledgements 
	Scheme 1
	Scheme 2
	Scheme 3
	Scheme 4
	Scheme 5
	Scheme 6
	Scheme 7
	Scheme 8
	Scheme 9
	Scheme 10
	Scheme 11
	Scheme 12
	Scheme 13
	Figure 1
	Scheme 14
	Scheme 15
	Scheme 16
	Scheme 17
	Scheme 18
	Scheme 19
	Scheme 20
	Scheme 21
	Scheme 22
	Figure 2
	Figure 3
	Scheme 23
	Scheme 24
	Scheme 25
	Scheme 26
	Scheme 27
	Scheme 28
	Scheme 29
	Scheme 30
	Scheme 31
	Scheme 32
	Scheme 33
	Scheme 34
	Scheme 35
	Scheme 36
	Scheme 37
	Scheme 38
	Scheme 39
	Scheme 40
	Scheme 41
	Scheme 42
	Scheme 43
	Scheme 44
	Scheme 45
	Scheme 46
	Scheme 47
	Scheme 48
	Scheme 49
	Scheme 50
	Scheme 51
	Scheme 52
	Scheme 53
	Scheme 54
	Scheme 55
	Scheme 56
	Scheme 57
	Scheme 58
	Scheme 59
	Scheme 60
	Scheme 61
	Scheme 62
	Figure 4
	Scheme 63
	Scheme 64
	Scheme 65
	References



