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                                   Abstract 
 Cross coupling reactions constitute a useful and effi  cient approach utilized primarily in the synthesis of carbon–carbon bonds 
in modern organic synthesis. Among this class of reactions, Suzuki–Miyaura reaction, Sonogashira, and Mizoroki–Heck 
reactions are mostly utilized. Palladium-facilitated cross-coupling reactions have received a lot of interest from researchers 
recently. In order to fi ne-tune the catalytic activity of metals, diff erent ligands were used to complex with them. Among the 
great variety of ligands, Schiff  base (SB) ligands constitute a major part. The transition metal complexes of these ligands have 
interesting chemistry and are widely utilized for industrial purposes. They also exhibit a broad range of biological activities. 
Herein, this review is mainly aimed to discuss the synthesis of diff erent SB ligands, along with their palladium complexes 
and their application as both homogeneous as well as heterogeneous catalysts in various C–C cross coupling reactions. 

   Keywords     Organic synthesis    ·  Schiff  base ligands    ·  Transition metal complexes    ·  C–C cross coupling reaction    ·  Suzuki–
Miyaura reaction    ·  Mizoroki–Heck cross coupling reaction  

      Introduction 

 Numerous useful organic transformations have been accom-
plished via the homogeneous and heterogenous Pd cata-
lyzed cross-coupling reactions (Nicolaou et al.  2005 ; Das 
and Linert  2016 ; Juyal et al.  2023 ). Many transition metal-
catalyzed coupling processes have utilized a wide range of 
ligands including phosphines (Martin and Buchwald  2008 ), 
 N -heterocyclic carbenes (Erdemir et al.  2020 ), thiosemicar-
bazones (Suganthy et al.  2014 ), pincer (Gonzalez-Sebastian 
and Morales-Morales  2019 ), etc (Sisodia and Ray  2021 ). 
Several phosphine-based ligands have previously been used 
to carry out these transformations. The phosphine ligands 
have poor temperature, air, and moisture stability. Therefore, 
researchers have reverted to another class of ligand which 
is cost eff ective, easy to synthesize and are chemically- and 
thermally-stable. One of the most important class of ancil-
lary ligand known were Schiff  base (SB) ligands (Abu-Dief 
and Mohamed  2015 ; Xavier and Srividhya  2014 ). These 

ligands were named after “Hugo Schiff ” and have a general 
formula of  R 2 C = NR’. These can be considered as sub-class 
of imines which were easily produced by the condensation 
reaction between a carbonyl moiety and an amino group 
under specifi c conditions. These Schiff  base ligands are used 
in synthesizing complexes with a variety of metal ions, espe-
cially transition metals (Malav and Ray  2022 ). Several forms 
of cross coupling reactions, such as Sonogashira reaction, 
Mizoroki–Heck reaction, Suzuki–Miyaura reaction, etc., are 
amongst the notable organic reactions accelerated by vari-
ous Schiff  base complexes of transition metals (Malav and 
Ray  2023 ). Now a days, many research groups also focused 
on diff erent organic transformations which were achieved 
through heterogeneous metal catalyzed cross coupling reac-
tions, in order to overcome the diffi  culty of catalyst’s reusa-
bility (Garge et al.  2022 ). It is important to note that the C–C 
cross coupling reaction was fi rst described in 1979 by Akira 
Suzuki, thereby named Suzuki–Miyaura coupling (SMC) 
reaction, in which an organohalide and phenylboronic acid 
serve as the coupling associates and a Pd (0) complex serves 
as a catalyst  ( Fig.  1  )  (Suzuki  1991 ). Three steps, namely, 
oxidative addition, transmetalation, and reductive elimina-
tion form the basis of Suzuki cross coupling reaction (Matos 
and Soderquist  1998 ).        

      *     Sriparna     Ray      
    sriparna.ray@gmail.com           

  1     Department of Chemistry, Faculty of Science, School 
of Basic Sciences   ,  Manipal University Jaipur    ,  Dehmi Kalan   , 
 Jaipur   ,  Rajasthan     303007   ,  India     



564 Proceedings of the Indian National Science Academy (2024) 90:563…575

 Similar to SMC reaction, diverse Schiff  base complexes 
of transition metals also catalyzed the Mizoroki–Heck C–C 
coupling reaction (Matsheku et al.  2021 ; Kumar et al.  2008 ). 
When an unsaturated halide is coupled with an alkene, in 
presence of a base and metal catalyst, thereby producing a 
substituted alkene, this chemical transformation is known 
as Heck reaction  ( Fig.  2  ) . Hence, Heck reaction is an excel-
lent approach to produce substituted alkenes. The develop-
ment and evolution of the Mizoroki–Heck coupling reac-
tions have been extensively studied and reported in the past 
(Andrade et al.  2016 ; Meijere and Meyer  1994 ; Beletskaya 
and Cheprakov  2008 ; Cartney and Guiry  2011 ).        

 Likewise, in Sonogashira coupling reaction (SCR), many 
of the Pd Schiff  base complexes also demonstrated satisfac-
tory catalytic actions for the synthesis of any C–C bond. 
This reaction allows coupling between aryl or vinyl halide 
and a terminal alkyne (Fig.  3 ). A palladium catalyst and a 
copper co-catalyst is generally employed to facilitate this 
type of coupling (Sonogashira  2002 ; Chinchilla and Najera 
 2007 ).        

 Hence, the presence of transition metals in each of these 
catalytic cycles is just as signifi cant as the presence of these 
ancillary ligands in their complexes. Here, a short over-
view is represented in which the Pd complexes of varied SB 
ligands are formed and their catalytic functions are explored 
in important C–C cross coupling reactions. It consists of 
both types of catalysts, in the homogeneous as well as het-
erogeneous forms. 

    Schiff  base palladium complexes for C–C 
cross coupling reactions 

   In homogenous C…C cross-coupling reactions 

 In  2019 , Turan et al. synthesized terephthaldehyde contain-
ing Schiff  base ligand and palladium (II) complex. They 
investigated the activity of the synthesized ligand and the 
binuclear palladium complex in SMC reaction (Turan et al. 

 2019 ). SB ligand,  (L1)  was synthesized by adding triethyl-
amine, sulfur and methyl-2-cyanoacetate in ethanol in pres-
ence of 3,3,5,5-tetramethylcyclohexanone. Formed mixture 
was then refl uxed at 50 °C for 3 h. Finally, terephthaldehyde 
was added to above formed mixture, which was refl uxed 
further for 10 h. Pale brown color solid ligand was fi ltered 
off , which had 78% yield. From the synthesized ligand, pal-
ladium complex was obtained by mixing toluene solution 
of ligand with  PdCl 2 (CH 3 CN) 2 . A black color palladium 
complex was obtained in 80% yield, after refl uxing for 8 h 
(Fig.  4 ).        

 Synthesized Pd complex was examined for its activity 
in catalyzing SMC reaction performed between aryl bro-
mide,  RC 6 H 4 Br (R = H,  CH 3 , CHO,  OCH 3 ,  COCH 3 ) and 
phenylboronic acid with 0.005 mmol loading of catalyst. 
Various bases and solvents have observed for their eff ect in 
Suzuki coupling reaction. Out of the diff erent bases tested, 
 K 2 CO 3  was found to be the effi  cient one and ethanol was 
found to be best solvent which gave 76–92% yield of diverse 
coupling products after 3 h of refl uxing. After investigation, 
it was observed that the catalytic activity of palladium com-
plex depended on the electronic environment of substituent 
attached to aryl bromide ring. Increase in yield of coupling 
product was noticed when an electron withdrawing group 
was bonded to the aryl ring. 

 Yilmaza and Keles studied the catalytic action of Palla-
dium (II) SB complexes comprising PN ligands and utilized 
the synthesized complexes in both Suzuki–Miyaura as well 
as Heck cross coupling reactions (Yılmaza and Keles  2018 ). 
Formation of SB ligands,  (L2a…c)  were accomplished via 
the previously reported procedure of Keles et al. in  2014  
through the nucleophilic addition reaction between diff er-
ent substituted aldehydes and substituted amines (Keles 
et al.  2014 ). The resultant mixture in dry toluene solvent 
was heated for 4 h. After cooling the reaction mixture to 
ambient temperature, yellow products of  L2a…c  were formed 
and obtained in 81% yield. Palladium complexes were syn-
thesized with these respective ligands by adding solution of 
Pd(cod)Cl 2  in  CHCl 3  to a solution of ligands  L2a…c  (Fig.  5 ). 
Resulting mixture was stirred for 6 h, followed by the addi-
tion of diethyl ether and after fi ltration yellow solids of pal-
ladium complexes,  [PdCl   2   (L2a…c)]  were obtained in diff er-
ent yield ranging from 78 to 90%.        

 The synthesized metal complexes were assessed for their 
catalytic utility in Suzuki–Miyaura and Mizoroki–Heck 
coupling reaction performed under nitrogen atmosphere. In 

  Fig. 1       General scheme for Suzuki–Miyaura cross coupling reaction  

  Fig. 2       General scheme for Mizoroki–Heck cross coupling reaction  

  Fig. 3       General scheme for Sonogashira cross coupling reaction  
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order to carry out Heck reaction, substituted aryl halides [-Br 
and -Cl] were reacted with substituted styrene with 1 mol% 
of catalyst. After analysis, it was observed that N-methylpy-
rolidone was the most appropriate solvent and  K 2 CO 3  was 
found to be fi nest base at a temperature of 140 °C. Variety 
of cross coupled products were formed with yields ranging 
from 1 to 99%, after 6 h of refl uxing. Similar to Heck cross 
coupling, Suzuki–Miyaura reaction was also performed 
between substituted aryl bromides and aryl boronic acid. The 
optimum reaction conditions were examined for the reaction 
which showed that  Na 2 CO 3  was the suitable base and DMF 
was the best solvent to carry out the reaction with 1 mmol 
loading of catalyst at 140 °C. 

 Anuradha and co-workers in  2017 , designed a novel pal-
ladium complex of Schiff  base and tested its effi  ciency in 
Mizoroki–Heck and Suzuki–Miyaura cross coupling reac-
tions (Anuradha et al.  2017 ). Formation of SB ligand  (L3)  
was completed by undergoing a reaction between 4-amino-
antipyrene and 1,3-diphenylpropane-1,3-dione in ethanol. 
Resulting mixture was refl uxed for 4 h. After cooling to 
ambient temperature, yellow crystals of Schiff  base ligand 
were fi ltered and obtained in 83% yield. Synthesized ligand 
was used in the formation of Pd complex by adding a metha-
nolic solution of Pd(OAc) 2  to a solution of the Schiff  base 
in methanol, which was allowed to stir for 12 h at ambi-
ent conditions (Fig.   6 ). Finally, a light greenish-yellow 

precipitate of palladium complex was formed and obtained 
in 75% yield.        

 Synthesized Pd complex was tested for its activity in 
Heck and Suzuki cross coupling reaction. Suzuki–Miyaura 
reaction was performed between diff erent substituted aryl 
halides and aryl boronic acid with 0.2 mol% loading of cata-
lyst. When the catalytic reaction was executed in absence 
of Pd complex then it was observed that no coupling prod-
uct was formed. Also, the reaction was performed with the 
commercially available palladium acetate, which gave lower 
yield in comparison to the synthesized complex. After inves-
tigation, it was found that DMF-H 2 O as a solvent,  K 2 CO 3  as 
base and 80 °C temperature were the appropriate conditions 
after 3–5 h of reaction which gave 72–95% yield of diff erent 
cross coupled products. Similarly, Heck reaction was also 
performed between diff erent substituted aryl halides and ole-
fi ns with 0.2 mol% loading of catalyst. After optimization of 
reaction conditions, DMF-H 2 O as a solvent,  K 2 CO 3  as a base 
were found to be the best reagents after 3–4 h of reaction at 
80 °C. The distinct cross-coupled products of catalytic reac-
tion were obtained in 75–98% yield. 

 In  2017 , Beigi et al. exhibited the formation of SB Pd 
(II) complexes based on diaminomalenonitrile and studied 
their catalytic activity in SMC reaction (Beigi et al.  2017 ). 
A set of fi ve Pd(II)-Schiff  base complexes were synthe-
sized (Fig.  7 ). SB ligands,  (L4a…e)  were synthesized by the 

  Fig. 6       Synthesis of Schiff  base 
ligand (L3) and its Pd complex  
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2-thiophenemethylamine in dry ethanol at room tempera-
ture for 30 min. Then to this solution, ethanolic solution 
of substituted aldehydes [2-hydroxybenzophenone  (L7a) , 
2-hydroxy-4-methoxybenzophenone  (L7b) , 2-hydroxyaceto-
phenone  (L7c)  were added to the above solution and the stir-
ring was continued for another 5 h. SB ligands  (L7a…c)  were 
formed with 90–92% yield respectively. Synthesized ligands 
were used in the synthesis of diff erent palladium complexes 
and palladacycles. Ligand,  L7a  and  L7b  were reacted with 
[Pd(CH 3 CN) 2 Cl 2 ] in acetonitrile and heated at 70 °C for 5 h 
which results in the formation of palladacycles  C   1   and  C   3   
respectively. Correspondingly, ligands  (L7a…c)  were reacted 
with  Na 2 PdCl 4  in an acetone/water (1:1) mixture and were 
stirred for 2 h at room temperature (Fig.  10 ). This resulted in 
the formation of Pd (II) complexes  C   2  ,  C   4  , and  C   5  .        

 Synthesized palladacycles and palladium complexes were 
tested as a catalyst in Suzuki–Miyaura cross coupling reac-
tion performed between phenylboronic acid and diff erent 
aryl halides. During investigation, out of diff erent tested sol-
vents and bases it was found that the best result of coupling 
was observed when  K 2 CO 3  was used as a base and DMF-
H 2 O (3:2) as a reaction medium when heated for 10 h at 
90 °C. The diff erent palladacycles and palladium catalyzed 
coupling products were obtained with 71–96% yield. 

 In another report in 2014, Dewan synthesized novel pal-
ladium complexes and successfully utilized them in the 
Suzuki–Miyaura reaction. The Schiff  base ligands,  (L8a-b)  
were obtained by reacting 2-hydroxybenzaldehyde (salicy-
laldehyde) with ammonium acetate and benzaldehyde in 
presence of base like NaOH, KOH,  NaHCO 3  at room tem-
perature, which gave phenylmethandiimine. It was reduced 

by  NaBH 4  in methanol at room temperature gave reduced 
ligand also (Pasini et al.  1997 ; Naeimi et al.  2008 ; Velusamy 
and Punniyamurthy  2003 ; Velusamy et al.  2006 ). Using the 
synthesized SB ligand, the Pd(II) complex was obtained with 
palladium acetate, after refl uxing for 3 h. The obtained pre-
cipitate was fi ltered and washed with hexane. When reduced 
ligand was reacted with palladium acetate in methanolic 
solution for 3 h, the corresponding Palladium complexes 
were obtained (Fig.   11 ). These complexes catalyzed the 
Suzuki Miyaura cross coupling reactions very effi  ciently 
(Dewan  2014 ).        

 The Schiff  base ligand and its palladium (II) complex 
have been synthesized by Pasa and co-workers in 2013 and 
its catalytic property was studied in Suzuki–Miyaura cross 
coupling reaction (Pasa et al.  2013 ). SB ligand,  (L9)  was 
synthesized by adding 1,4- bis ( o -amino thiophenol)butane 
dissolved in ethanol and DMF in 3:1 molar ratio respec-
tively to a methanolic solution of 2-hydroxynaphthalene-
1-carbaldehyde (Fig.  12 ). The obtained solution was stirred 
for 8 h. Yellow precipitate of ligand was fi ltered off  and 
obtained in 40% yield. From the synthesized ligand, pal-
ladium complex was formed by adding solution of ligand 
dissolved in chloroform, to the methanolic solution of  PdCl 2 . 
The reacting mixture was stirred for 1 h, followed by 6 h 
of refl uxing upon which palladium complex  [(Pd)   2   (L9)Cl   2   ]  
was fi ltered off  and obtained with 12% yield.        

 Schiff  base ligand was verifi ed for its catalytic activity 
in Suzuki–Miyaura cross coupling reaction of aryl bro-
mide,  RC 6 H 4 Br [R =  OCH 3 , CHO, H,  CH 3 ,  COCH 3 ] with 
phenylboronic acid using  K 2 CO 3  as base and dimethyl for-
mamide (DMF) as solvent. Mixture was refl uxed for 15 h 

  Fig. 10       Synthesis of Schiff  base ligands (L7a–c) and their Pd complexes  
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