
Vol.:(0123456789)1 3

Transition Metal Chemistry (2020) 45:403–411 
https://doi.org/10.1007/s11243-020-00392-x

RESEARCH ARTICLE

Bio‑surfactant: a green and environmentally benign reaction medium 
for ligand‑free Pd‑catalyzed Mizoroki–Heck cross‑coupling reaction 
in water

Seema P. Patil1,2 · Sanjay N. Jadhav3 · Chandrashekhar V. Rode2 · Rajendra V. Shejwal4 · Arjun S. Kumbhar1

Received: 23 March 2020 / Accepted: 29 April 2020 / Published online: 16 June 2020 
© Springer Nature Switzerland AG 2020

Abstract 
A simple and efficient protocol for the ligand-free Mizoroki–Heck coupling reaction of various aryl bromides with different 
olefins has been reported by using in situ generated PdNPs of size 5–10 nm in aqueous solution of bio-surfactant. The bio-
surfactant used in this study is a saponin extract of the seeds of pericarps (pods) of the Acacia concinna plant. The in situ 
generated PdNPs have been characterized by various techniques such as HRTEM, EDS and XPS. The influence of various 
parameters such as the nature and amount of bases, the nature of Pd precatalysts as well as the effect of temperature has been 
investigated on Mizoroki–Heck coupling reaction. The generated PdNPs significantly coupled the various aryl bromides with 
different olefins in aqueous extract of the seeds of pericarps (pods) of the Acacia concinna plant at 100 °C.
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Introduction

Palladium-catalyzed cross-coupling reactions, especially, 
Mizoroki–Heck coupling reaction [1], have emerged as one 
of the most efficient catalytic tools in organic chemistry for 
the synthesis of a variety of important pharmaceutical inter-
mediates [2–6]. This coupling reaction is also extensively 
used for the synthesis of organic polymers and compounds 
of theoretical interests [7–11].

Recently, a large number of efforts have been made to 
carry out the Mizoroki–Heck coupling reaction in aqueous 
media [12], because water offers many advantages such as 
the conservation of the environment and also development 
of an economically viable process. But the use of water as 
a reaction medium turns out to be the most challenging, 
due to the low solubility of substrates into the water that 
also affects the reaction kinetics. In view of the importance 
of Mizoroki–Heck coupling reaction in aqueous medium, 
much attention has been paid to develop milder and simpler 
procedures like the development of ligand-free Pd catalysis 
without additives, including TBAB, PEG, surfactants, etc. 
[13]. Efficient ligand-free Pd catalysis in the water offers 
an ecological and economical advantage. One of the main 

limitations of the ligand-free approach in Pd catalysis is the 
leaching of Pd into the solution in the form of Pd black. 
This limitation can be partially avoided by the use of vari-
ous surfactants and some additives [14, 15]. Some naturally 
occurring biodegradable surfactants have also been used 
as efficient additives for stabilizing the substrates and are 
innocuous to the ecosystem or to the environment [16]. 
Thus, development of an eco-friendly and biodegradable 
materials for catalysis is, therefore, essential in the present 
context.

Nanomaterials can play a dynamic role in nanotech-
nology, due to their extraordinarily different properties as 
compared to their bulk counterparts. The PdNPs have been 
widely reported as active catalysts for the Mizoroki–Heck 
coupling reaction [17, 18]. From the environmental point 
of view, bio-inspired synthesis of metal nanoparticles using 
microorganisms, viruses, plant extracts, proteins and DNA 
molecules has been well applied in various fields of chem-
istry [19–21]. Recently, various biomaterials have been 
reported for different Pd-catalyzed cross-coupling reactions 
[22–24].

Recently, we have used different biomaterials as a solid 
support for Pd catalysts in various cross coupling reactions 

Fig. 1  Preparation of aqueous 
extract of Acacia concinna pods

Scheme 1  Mizoroki–Heck coupling reaction in aqueous extract of bio-surfactant
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[25, 26]. In continuation of our special efforts, the use of 
natural materials in different coupling reactions [27–31]. In 
the present study, we have used the bio-extract of an Acacia 
concinna pods commonly named as ‘Shikakai’ in India as 
a green and environmentally benign reaction medium for 

ligand-free Pd-catalyzed Mizoroki–Heck coupling reaction 
in water at 100 °C.

Fig. 2  Appearance of the reac-
tion mixture; a before addition 
of Pd(OAc)2, b reaction mixture 
after 5 min and c reaction 
mixture after completion of the 
reaction

Fig. 3  HR-TEM images of the 
reaction mixture; a reaction 
mixture after 5 min and b after 
completion of reaction
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Results and discussion

Preparation of aqueous extract of Acacia concinna 
pods

Pods of Acacia concinna fruit commonly known as ‘Shi-
kakai’ have been used as detergents, expectorant, emetic 
and purgative in India [32]. The surface-active component 
saponins extracted from the pericarps and seeds of this plant 
are a complicated mixture of saccharin derivatives called 

triglycosides of acacia acid and act as nonionic surfactants. 
The pods of Acacia concinna have been found to contain 
the saponin of acacic acid (trihydroxymonocarboxylic 
acid) belonging to the tetracyclic triterpene group [33, 34]. 
Initially, we have prepared an aqueous extract of Acacia 
concinna pods, in which dry pods of Acacia concinna were 
soaked in distilled water for 12 h. Then, the resulting mate-
rial was crushed and filtered through Whatman filter paper to 
obtain the aqueous extract of Acacia concinna pods (Fig. 1) 
called aqueous extract of bio-surfactant.

Fig. 4  EDS scan of the reaction mixture

Fig. 5  XPS scans; a of the reaction mixture after 5 min and b after completion of the reaction
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Optimizations of reaction conditions for Mizoroki–
Heck coupling reaction in aqueous extract 
of bio‑surfactant

Herein, we have adopted a simple procedure in which the 
PdNPs were prepared in situ using Pd(OAc)2 as a Pd source. 
In order to determine the best protocol for aqueous ligand-
free Mizoroki–Heck coupling reaction, preliminary experi-
ments were performed by coupling 4-methylbromobenzene 
with t-butyl acrylate and  Et3N as a base in aqueous extract 
of bio-surfactant at 100 °C (Scheme 1).

After stirring the reaction mixture at 100 °C, it turned 
into a black-colored solution due to the formation of PdNPs 
as shown in Fig. 2.

To gain further insight into the consequence on the in situ 
formed PdNPs, HRTEM, EDS and XPS analyses of PdNPs 
were carried out. Figure 3 shows the HRTEM images of the 
PdNPs formed in the reaction mixture after 5 min and after 
completion of the reaction. The HRTEM analysis of reac-
tion mixture confirmed the formation of PdNPs of a size 
~ 5–10 nm with spherical morphology.

In order to confirm the presence of other elements present 
along with PdNPs, EDS analysis was carried out which as 
shown in Fig. 4. EDS analysis of reaction mixture indicated 
the presence of palladium along with carbon and oxygen.

XPS analysis of the reaction mixture after 5  min 
(Fig. 5a) and after completion of the reaction (Fig. 5b) pro-
vided useful information about the oxidation state of Pd. 

Table 1  Influence of various bases on the Mizoroki–Heck coupling of 4-methylbromobenzene with t-butyl  acrylatea
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The characteristic binding energy peak observed at lower 
energy doublet was assigned to metallic Pd, whereas the 
higher binding energy could be related to Pd oxide. It also 
observed that initially, most of the Pd is in Pd(II) oxida-
tion state, and as the reaction proceeds, almost all Pd(II) is 
reduced to Pd(0). After completion of the reaction, intensity 
of the peak due to Pd(0) is stronger than that of Pd(II), sug-
gesting that the majority of Pd(OAc)2 was reduced to PdNPs 
during the course of a reaction.

Next, by using the above model reaction (Scheme 1), 
the effect of various reaction parameters such as nature 
and amount of the bases, nature and amount of the Pd cata-
lysts employed, the reaction scale and reaction time was 
investigated.

The influence of nature of the bases (Table 1) has been 
investigated by performing the model reaction by varying 
organic and inorganic bases in an aqueous bio-surfactant 
solution at 100 °C. It was observed that  NEt3 was found to 
be more effective (Table 1, entry 7) as that of other bases 

Table 2  Influence of various catalyst precursors on the Mizoroki–Heck coupling of 4-methylbromobenzene with t-butyl  acrylatea
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(Table 1, entries 1–6). The effect of varying the amount 
of  NEt3 is also summarized in Table 1. When the amount 
of  NEt3 was increased from 1.0 mmol to 2.0 mmol, the 
yield of the desired product was improved from 56 to 85% 
(Table 1, entries 7 and 8). It was also found that further 
increasing the amount of base from 2 mmol to 4 mmol 
does not improve the yield of the product (Table 1, entries 
9 and 10).

Next, the influence of nature of catalyst precursors was 
studied for model reaction (Table 2). It was observed that 
except  PdCl2, all the catalyst precursors were found to be 
less effective than Pd(OAc)2 in terms of reaction time as well 
as yield. In contrast, a heterogeneous catalyst Pd/C, did not 
show any catalytic activity (Table 2, entry 2).

The influence of catalyst concentration is very impor-
tant, as it affects the cost of the process. It has been found 
that increasing the Pd(OAc)2 concentration of 2.0 mol. % to 
3.0 mol. % and even increasing the reaction time to 24 h did 
not improve the yield of the product (Table 2, entries 8 and 
12–13); it may be due to the formation Pd black by agglom-
eration of PdNPs [13]. In addition, the lower catalyst loading 
provided lower conversion for 24 h (Table 2, entries 9–11). 
Thus, 2 mol.% Pd(OAc)2 was found to be the most effective 
with a maximum yield of 85% in 12 h (Table 2, entry 6).

Furthermore, the effect of the amount (mmol) of aryl 
bromide on the yield of the product was investigated under 
optimized reaction conditions and the results are illustrated 
in Fig. 6. For this study, in each set of experiments, a ratio 
of 4-methylbromobenzene to t-butyl acrylate,  NEt3 and 
Pd(OAc)2 was kept constant. The results showed that the 
good activity was reported for 1.5 mmol of 4-methylbro-
mobenzene. It was also observed that initially, the 1 mmol of 
4-methylbromobenzene worked less efficiently, but showed 
similar reactivity as 1.5 mmol of 4-methylbromobenzene. In 
addition, the half of the reaction was completed within 4 h.

Finally, we examined the effect of temperature on the 
yield of the coupling reaction and the results are graphi-
cally illustrated in Fig. 7. For this study, the model reaction 
was carried out in a temperature range of 25–120 °C for 
12 h reaction time. As temperature increases, the yield of 
the desired coupling product increases continuously up to 
80 °C. Though a drastic rise in rate was observed at 90 °C, 
further increase in temperature has no significant effect on 
the yield of the product.

We explored the scope and generality of the optimized 
protocol (aryl bromide 1.0 mmol), olefin (1.0 mmol),  NEt3 
(2.0 mmol), Pd(OAc)2 (2.0 mol  %), aqueous extract of bio-
surfactant (5.0 mL) at 100 °C under air) for various aryl 
bromides containing different functional groups. As shown 
in Table 3, in general, all reactions provided the desired cou-
pling products in good to excellent yields (77–89%).

Gram‑scale synthesis

From an industrial point of view, we studied the applicability 
of Mizoroki–Heck cross-coupling reaction on the gram scale 
in aqueous extract of bio-surfactant (Scheme 2). For this study, 
the reaction of 4-methylbromobenzene with t-butyl acrylate 
was carried out in 10 mmol scale. Thus, the desired coupling 
product was obtained with 85% yield at 100 °C in 12 h. Thus, 
this gram-scale synthesis can work as a practical method for 
industrial applications in aqueous extract of bio-surfactant.

Fig. 6  Effect of concentration of 4-methylbromobenzene on the rate 
of the reaction

Fig. 7  Effect of temperature on coupling of 4-methylbromobenzene 
with t-butyl acrylate
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Table 3  Mizoroki–Heck cross-coupling reaction of aryl bromides and olefins
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Conclusion

In conclusion, an aqueous extract of the Acacia concinna 
pods was utilized for the Mizoroki–Heck coupling reac-
tion. The in  situ generated PdNPs was employed as a 
highly efficient catalyst for the Mizoroki–Heck coupling 
of various aryl bromides with different olefins with good 
to excellent yields at 100 °C in 12 h. Furthermore, this 
method could be performed on the gram-scale synthesis 
with excellent yield of the desired product. This reported 
protocol is superior with the added benefits of green chem-
istry, ligand-free conditions, use of aqueous medium as 
well as natural resources and a green and economical 
method for the synthesis of PdNPs.
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Scheme 2  Gram-scale synthesis of Mizoroki–Heck cross-coupling reaction
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