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NHC stabilized Pd nanoclusters in the Mizoroki–Heck
reaction within microemulsion: exploring the role
of imidazolium salt in rate enhancement†

Koena Ghosh, *a Shubhajit Dhara,a Sourav Jana,a Subhomoy Das b and
Sudeshna Roya

We report the significant rate enhancement of the Mizoroki–Heck reaction by in situ generated palladium

nanoclusters within the confined space of water-in-oil (w/o) mixed microemulsion (mE) formulated by

sodium dodecylsulfate (SDS), polyoxyethylene (23) lauryl ether (Brij-35) and isopropyl myristate (IPM), in

the presence of novel imidazo[1,5-a]pyridinium chlorides as N-heterocyclic carbene (NHC) precursors.

This is the first endeavor to study an organic reaction in microemulsions containing IPM as a

biocompatible green oil. A series of novel imidazo[1,5-a]pyridinium chlorides were synthesized in a cost

effective manner and were screened for a typical Heck reaction between 4-iodotoluene and
nbutylacrylate. The optimum rate was achieved with 2-hydroxyphenylimidazo[1,5-a]pyridinium chloride at

low catalyst loading under mild conditions. Conductivity and FTIR measurements suggested an effective

change in the hydrogen bonding network of interfacial water in the presence of the NHC-precursor.

Strong evidence for in situ formation of the Pd–NHC complex was obtained which significantly accounts

for the rate enhancement. The reaction progresses rapidly with non-activated and sterically hindered aryl

halides under optimal conditions. We further report a unique isolation technique to separate IPM (oil)

from the reaction medium. The effect of NHC-precursors within the confined space of a microemulsion,

wherein the reaction takes place, is correlated with the observed rate enhancement.

Introduction

Metal-catalyzed organic transformations have been recognized
as useful synthetic techniques to construct C–C bonds leading
to the formation of various complex molecular scaffolds having
significant pharmaceutical and material properties. These
transformations rely on two crucial factors: a specific ligand
for activating the metal center and the nature of the reaction
medium. Over the past few decades, remarkable progress in the
design of N-heterocyclic carbene (NHC) based ligands has been
accomplished by taking advantage of their strong s-donor
capacity, thermal stability and low dissociation rates with
tunable electronic and steric properties.1 The higher stability
of metal–NHC (M–NHC) species enabling them to participate in
reactions under diverse conditions adds to their potentiality for
widespread application in homogeneous catalysis,2 e.g. cross-
coupling reactions, C–H activation, metathesis, etc., for the

preparation of pharmaceuticals3 and advanced materials.4 A
recent report shows an alternate cocktail-type catalysis in the
Pd–NHC catalyzed Mizoroki–Heck reaction where cleavage of a
metal–NHC bond plays a crucial role in catalysis.5 Driven by the
recent challenges in sustainable chemistry,6a,b development of novel
reaction media containing water to achieve a higher rate, ambient
reaction temperature, low catalyst consumption, easy product
separation and catalyst recovery is particularly advantageous.6

However, the insolubility of organic compounds in water tends
to limit its applicability in a broad sense. A number of existing
unconventional solvents employing imidazole based ionic
liquids,7 ionic organic bases,8 inexpensive amphiphiles forming
micelle or reverse micelle,7c,9–11 etc., are known to address
insolubility issues associated with water.11 These entities are able
to co-solubilize inorganic salts, as well as otherwise insoluble
organic compounds in water.

Notably, water-in-oil (w/o) microemulsion systems are homo-
geneous mixtures of oil, water, surfactant and/or co-surfactant,
which contain individual domains of oil and water separated by
a monolayer of surfactant and/or co-surfactant at the micro-
scopic level. The highly dynamic charged interfacial region of
these microstructures allows easy accumulation of reacting
species at the monolayer where water soluble components get
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encapsulated into the water domain.12 Such droplet based nano-
sized micro-fluids serve as nano-reactors which break down
and recombine within nanosecond time scale and allow very
fast material exchange. This facilitates a reaction resulting in
optimum reagent consumption and rapid mixing of substrates
in terms of improved reaction rates.11,13 Water in nanodroplets
exhibits properties different from bulk due to imposed geometric
constraints from the restrictive H-bonding network. This unique
physicochemical behaviour of microemulsions gives rise to
exceptional chemical reactivity when used as a solvent.11 More-
over, such systems have already been recognized as economically
viable templates for the preparation of nanoparticles in a simple
manner.7,14 A crucial balance between stability and flexibility of the
microemulsion is essential to achieve optimum rate enhancement
which relies on the system composition, temperature, and nature
of the additive used.15

The present study usefully combines the advantages of a w/o
microemulsion system as reaction medium with heightened
reactivity of in situ generated NHC–Pd catalyst in the Mizoroki–
Heck coupling reaction at ambient condition as a benchmark
for evaluation. We have prepared novel NHC-precursors for this
purpose. This extremely useful catalytic reaction often requires
temperature higher than or in the vicinity of 100 1C, even in
water or in a microemulsion.7c,16,17 We are able to conduct
successful coupling reactions in isopropyl myristate (IPM) blended
biocompatible microemulsion, typically around 45 1C via an
operationally simple protocol. We report herein the experimental
results of the remarkable rate enhancement of the Mizoroki–Heck
reaction under optimized conditions. Our systematic investigation
illustrates how perturbation induced by the NHC-precursor
encapsulated confined space of an organized assembly affects
the rate of the reaction within ‘nano-reactor’, by conductivity
and vibrational spectroscopic measurement via D2O probing.
Recently, imidazolium-based surface-active ionic liquids were
reported to promote the Suzuki reaction in microemulsion at
room temperature using conventional organic solvent.7b In
contrast, we have carefully chosen IPM based biocompatible
mE as a green reaction medium. We have developed a unique
isolation technique to separate IPM (oil) from the reaction
medium. The recyclability of the catalytic system is also discussed.
To the best of our knowledge, such a comprehensive study on
IPM-derived w/o mixed surfactant microemulsion as a biocom-
patible template for catalytic organic transformation has not
been reported in the literature so far.

Results and discussion

We prepared three types of water-in-oil (w/o) microemulsion
systems with single anionic (sodium dodecylsulfate, SDS), non-
ionic (polyoxyethylene (23) lauryl ether, Brij-35) and equimolar
mixture of anionic–nonionic (SDS/Brij-35) surfactants using
isopropyl myristate (IPM) as the bulk oil phase. Surfactants
(SDS and Brij-35) having same hydrocarbon chain length (con-
stituting 12 carbon atoms in the linear chain of the tail) were
typically chosen to minimize possible interactions between the

hydrocarbon tails of the two surfactants.18a The choice of IPM
was made considering its biocompatible nature and extensive
use in drug delivery systems.18b,c In addition, 1-pentanol was
used as the co-surfactant (Pn) for stabilization of the system
due to its biological and technological implications.19 Notably,
mixed surfactants play a prominent role in surface chemical
applications because they are cost effective and often exhibit
pronounced interfacial properties. The interactions between
the constituent surfactants can lead to either synergism (attractive)
or antagonism (repulsive) based on their physicochemical
properties. At the equimolar composition of ionic–nonionic
mixed surfactant, superior activity is commonly achieved com-
pared to the individual components.20

Synthesis of imidazo[1,5-a] pyridinium ions from
pyridine-2-carboxaldehyde

A few novel imidazo[1,5-a]pyridinium chlorides with varying
degrees of steric and electronic properties were prepared from
commercially available pyridine-2-aldehyde, aryl amines and
formaldehyde in the presence of a catalytic amount of HCl
following a single step protocol (Scheme 1).21 The pure salts
were obtained in 76–87% yields after crystallization from
acetonitrile/THF or ethanol/diethyl ether. Characterization of
all the new compounds was done by spectroscopic studies.22

Encapsulation of the NHC-precursor in the chosen
microemulsion droplet

The imidazolium salts (L1–L5) were encapsulated in chosen
anionic, non-ionic and mixed w/o microemulsion templates
(0.02 mmol in B2 mL) at o 20, in which NHC-precursors
containing aqueous nanodroplets were suspended in the bulk
oil phase stabilized via the surfactant monolayer.22,23 The NHC-
precursors in such a system are likely to orient at the oil–water
interface in such a way that the polar part of the molecule
enters the water domain and the non-polar part extends into
the hydrocarbon tail of the surfactant molecules (or surfactant
palisade layer). The formation of optically isotropic, transparent
and stable homogeneous dispersions of NHC encapsulated w/o
microemulsion was also evident from visual observation (Fig. 1).

Scheme 1 Preparation of imidazo[1,5-a]pyridinium chloride, L1–L5.
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Enhanced activity of the NHC-precursor in the confined
environment of w/o microemulsion

We chose 4-iodotoluene (1.0 equiv.) and n-butyl acrylate
(1.2 equiv.) as coupling partners of our model system in the
presence of triethylamine (2.0 equiv.) to investigate the catalytic
performance of imidazo[1,5-a]pyridinium salt L1 as a ligand in the
palladium catalysed Mizoroki–Heck reaction in w/o microemulsion

(2.0 mL). All three types of microemulsion (anionic, nonionic and
mixed) systems were screened to obtain the most suitable reaction
medium. The Heck reaction was performed with in situ generated
2 mol% Pd–NHC (1 : 2) complex. The reaction progressed
smoothly to completion within 45 min. at 50 1C, resulting in
the desired cross-coupled product ((E)-nbutyl-3-(p-tolyl)acrylate)
5a along with the homo-coupled product (Table 1, entries 1–3).
In anionic (SDS), mixed (SDS and Brij-35) and non-ionic (Brij-35)
microemulsion systems, 46%, 55% and 40% of the desired Heck
coupled product (entries 1–3) were obtained, respectively. The
reaction was also performed in the absence of an additive or in
water or IPM as solvent to validate the superior activity of the
NHC-precursor in the confined environment (entries 4–8). All
these results are summarized in Fig. 2 (bar diagram) and Table 1.
The formation of cross-coupled product was confirmed by
spectral analysis.22 Further optimization with water soluble
bases, e.g. potassium carbonate and tetramethyl ethylenediamine
(TMEDA), produced almost comparable yields of the desired
product, 43% and 46%, respectively (entries 9 and 10), whereas
for triethylamine (TEA), 55% of the Heck product was obtained
(entry 2). It is noteworthy that stoichiometric amount of base was
essential for the reaction, to neutralize the acid produced (herein,
HI) in the reaction medium. Moreover, the higher yield of the
Heck reaction in mixed microemulsion systems suggests pre-
dominant ion–dipole interactions between mixed surfactant
polar head group and TEA within a confined environment.

Fig. 1 Representative photographs of water-in-oil (w/o) single and mixed
microemulsion (SDS/Brij-35/Pn/IPM, o = 20) in the absence and presence
of an active NHC-precursor. (A) Mixed mE, (B) mixed mE containing L1,
(C) mixed mE containing L5, (D) single mE containing L2, (E) mixed mE
containing L2, (F) single mE containing L3, (G) mixed mE containing L3.

Table 1 Screening of reaction conditions for the C–C cross-coupling Heck reactiona

Entry Solvent NHC-precursor (L) Base 5b (%)

1 Anionic surfactant (SDS) blended (w/o) mE L1 Et3N 46
2 Mixed surfactant (SDS/Brij-35) blended (w/o) mE L1 Et3N 55
3 Non-ionic surfactant (Brij-35) blended (w/o) mE L1 Et3N 40
4 Waterc — Et3N Trace (7)d

5 Isopropyl myristate (IPM)c — Et3N 8 (11)d

6 Anionic surfactant (SDS) blended (w/o) mE — Et3N 30 (35)d

7 Mixed surfactant (SDS/Brij-35) blended (w/o) mE — Et3N 38 (41)d

8 Non-ionic surfactant (Brij-35) blended (w/o) mE — Et3N 31 (35)d

9 Mixed surfactant (SDS/Brij-35) blended (w/o) mE L1 K2CO3 43
10 Mixed surfactant (SDS/Brij-35) blended (w/o) mE L1 TMEDA 46
11 Anionic surfactant (SDS) blended (w/o) mE L2 Et3N 65
12 Mixed surfactant (SDS/Brij-35) blended (w/o) mE L2 Et3N 82 (88)d

13 Non-ionic surfactant (Brij-35) blended (w/o) mE L2 Et3N 49
14 Anionic surfactant (SDS) blended (w/o) mE L3 Et3N 50
15 Mixed surfactant (SDS/Brij-35) blended (w/o) mE L3 Et3N 62
16 Non-ionic surfactant (Brij-35) blended (w/o) mE L3 Et3N 44
17 Anionic surfactant (SDS) blended (w/o) mE L4 Et3N 52
18 Mixed surfactant (SDS/Brij-35) blended (w/o) mE L4 Et3N 66
19 Non-ionic surfactant (Brij-35) blended (w/o) mE L4 Et3N 45
20 Anionic surfactant (SDS) blended (w/o) mE L5 Et3N 56
21 Mixed surfactant (SDS/Brij-35) blended (w/o) mE L5 Et3N 73
22 Non-ionic surfactant (Brij-35) blended (w/o) mE L5 Et3N 47

a Unless otherwise mentioned, reactions were performed at 50 1C for 45 min using aryl halides (0.5 mmol), nbutyl acrylate (0.6 mmol), base
(1 mmol), Pd(OAc)2 (2 mol%), L (4 mol%), in 2 mL of microemulsion containing 0.5 mmol of surfactant with o = 20. b Isolated yields. c Reaction
was performed in 2 mL of corresponding pure solvent. d HPLC yield.
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This increases the availability of TEA in the vicinity of the
interfacial region and in confined water. Consequently, the
formation of OH� base surrounding the interface is expected to
proceed in the following way:24

(C2H5)3N + H2OR(C2H5)3N�H2OR(C2H5)3NH+ + OH�.
(1)

Here, penetration of OH� in the palisade layer of w/o microemulsion
cannot be ruled out, and subsequently, a basic environment in the
vicinity of the interface appears to be advantageous for the catalytic
efficiency. The inherent problem of using IPM based biocompatible
microemulsion as organic reaction media is associated with the high
boiling nature of IPM which makes the isolation procedure a little
cumbersome and tends to limit its application. We have developed a
novel separation method where IPM is converted to myristic
acid with the application of dilute acid under mild conditions
and precipitated out from the reaction medium. Thereafter, a
regular workup followed by a purification allows easy recovery of
the desired product.22

Evaluation of reactivity of NHC-carbene precursors (L2–L5) in
w/o microemulsion for the Mizoroki–Heck reaction

Encouraged by the findings, catalytic efficiency of a series of
NHC-precursors (L2–L5) was screened in our model system for
the Pd-catalyzed Heck reaction at o 20 following the procedure
discussed in the previous section. In all these cases, the reaction
proceeded smoothly to completion and all the data are pre-
sented in Table 1 (entries 11–22). Interestingly, the highest yield
of the Heck product was obtained in the mixed microemulsion
system using L2 (yield 88%, Table 1, entry 12). With other
precursors L3, L4 and L5, 62%, 66% and 73% yields were
obtained, respectively (entries 15, 18 and 21). Further, dependence
of the catalytic activity on the micro-heterogeneity of the micro-
emulsion was studied by varying various components like
water content (o), additive and palladium concentration. Upon
increasing water content of the microemulsion (o from 20 to 50),
the yield of the desired product dropped from 88% to 48%
(Table 2, entries 1–4) probably due to a decrease in ion–dipole

interactions between the surfactant head group and TEA which
resulted from a decrease in surfactant concentration on the
droplet surface. These results suggest that the reaction took
place neither in the water nor in the oil domain exclusively;
rather, it occurred in the palisade layer of the oil–water inter-
face of the microemulsion. The inference is well corroborated
by previous reports where the most plausible reaction location
was identified to be either interfacial region or within the
surfactant palisade layer of the w/o microemulsion.12,14a,25

The methodology was further optimized by altering the
metal salt (Pd(II) acetate, Pd(II) chloride, etc.), mol% ligand,
etc. The experimental findings are summarized in Table 2. A
nearly equal yield of the Heck product was obtained by loading
2 or 4 mol% Pd(II) acetate (Table 2, entries 1 and 5). However,
considering the development of greener protocol, further studies
are conducted with 2 mol% in situ generated Pd–NHC complex
(1 : 2) using L2 in mixed mE system. Any deviation from these
optimized condition produced a lower yield of the Heck product
(Table 2, entries 8 and 9) which demonstrated a crucial role of
the ligand and system composition in the Heck reaction.
Nevertheless, the reaction proceeded in common organic solvents
viz. DMF and DMF–water mixture yielding 85% and 62% desired
product, respectively, only after overnight heating at 90 1C (entries
10 and 11). These results signify the improved performance of
the Mizoroki–Heck reaction in the microemulsion in contrast
to commonly used organic solvents.

In order to investigate the substrate scope of the methodology,
a number of aryl halides, e.g. activated and non-activated aryl
iodides, bromides and chlorides, were treated with nbutyl acrylate
under optimized condition. The reaction proceeded efficiently with
a range of electron deficient and electron rich aryl iodides, and non-
activated aryl bromides (Table 3, entries 1–7). With activated and

Fig. 2 The Mizoroki–Heck reaction between 4-iodotoluene and nbutyl
acrylate in the presence of imidazolium salts (L1–L5) as additive.

Table 2 Optimization of the Heck reactiona

Entry Solventb Catalyst (x mol%)
L2
(y mol%)

Yieldc

(%)

1. w/o mixed mE, o = 20 Pd(OAc)2 (2 mol%) 4 88d

2. w/o mixed mE, o = 30 Pd(OAc)2 (2 mol%) 4 71
3. w/o mixed mE, o = 40 Pd(OAc)2 (2 mol%) 4 61
4. w/o mixed mE, o = 50 Pd(OAc)2 (2 mol%) 4 48
5. w/o mixed mE, o = 20 Pd(OAc)2 (4 mol%) 4 89
6. w/o mixed mE, o = 20 Pd(OAc)2 (1 mol%) 4 69
7. w/o mixed mE, o = 20 PdCl2 (2 mol%) 4 76
8. w/o mixed mE, o = 20 Pd(OAc)2 (2 mol%) 2 71
9. w/o mixed mE, o = 20 Pd(OAc)2 (2 mol%) 6 60
10.e DMF, 90 1C Pd(OAc)2 (2 mol%) 4 85
11.e DMF : H2O (9 : 1), 90 1C Pd(OAc)2 (2 mol%) 4 62

a Reactions were performed at 50 1C for 45 minutes using 4-iodotoluene
(0.5 mmol), nbutyl acrylate (0.6 mmol), triethylamine (1 mmol), in 2 mL
of solvent. b Reactions were performed in mixed surfactant (SDS/Brij-35)
blended (w/o) microemulsion as solvent unless otherwise mentioned.
c Isolated yields. d HPLC yield. e Reaction was continued overnight.
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non-activated aryl chlorides, the Heck product yield was only 17%
and 33%, respectively (Table 3, entries 7 and 8).

To broaden the substrate scope further, the coupling
partner was changed from acrylate to styrene (Scheme 2). To
our delight, the cross-coupling reaction proceeded smoothly to
afford asymmetrical stilbene derivative (6) with both electron
rich aryl iodide and bromide in high yields (79% and 75%,
respectively).

Enhanced flexibility of the NHC-precursor encapsulated
droplet nanoreactor

To further examine any correlation between the observed rate
enhancement in the Heck reaction and the active NHC-precursor
L2 (as ligand), conductivity measurements were carried out in
mixed mE system (water/SDS/Brij-35/Pn/IPM). The change in
conductivity of the system was measured by varying the water
content (o) of the medium in the presence of the active NHC-
precursor (L2) at 50 1C. The conductance data are plotted as a
function of o (Fig. 3). Initially, conductivity increased gradually
up to oB30; thereafter, a steeper increase in the overall
conductivity of the system was observed (L2, Fig. 3). Control
experiments without NHC-precursors were also performed for
comparison. The critical value for a sharp linear increase in
conductivity is known as percolation threshold point.26 As per
the general idea, if droplets are non-interacting hard sphere
type, no significant increase in conductance occurs, whereas,
with an increase in fluidity of the droplet interface, a sharp rise
in conductance is expected as a result of faster coalescence
of water droplets. This fission and fusion process permits
fast material exchange which essentially promotes the rates of
organic reactions.13b,27

The influence of the ligand structure (L2) was monitored by
control experiments where conductivity of the system was
measured (i) without ligand and (ii) with ligand L3 in which
free OH functionality of imidazopyridine salt L2 is substituted
with (–OMe) group (Scheme 1). The conductivity vs. o plot

Table 3 Mizoroki–Heck reaction with aryl halides and nbutylacrylate in
ligand (L2) encapsulated w/o mixed microemulsiona

Entry Aryl halide (4) 5, yieldb

1

2

3

4

5

6 5a, 74%

7 5a, 17%

8

a Reactions were performed at 50 1C for 45 minutes using aryl halide
(1.0 equiv.), nbutyl acrylate (1.2 equiv.), triethylamine (2 equiv.), Pd(OAc)2

(2 mol%), L2 (4 mol%) in mixed surfactant (SDS/Brij-35) blended (w/o)
microemulsion as solvent at o 20. b Isolated yields of the products.
c HPLC yield.

Scheme 2 The Mizoroki–Heck reaction of aryl halides with styrene within
Pd–NHC encapsulated w/o mixed microemulsion.

Fig. 3 Electrical conductivity of SDS/Brij-35 blended w/o mixed surfactant
microemulsion in the absence and presence of an active NHC-precursor.
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(curves a–c, Fig. 3) displayed similar patterns in all the three
cases. The maximum increase in the conductivity was noted
for mE system containing L2 with a simultaneous increase in
percolation threshold point in comparison to ligand free or L3
encapsulated mE system. A significant increase in percolation in
L2 containing mE indicates a better attractive interaction among
the droplets which possibly allows material exchange at a faster
rate.28 This phenomenon advocates for a higher efficiency
of the Mizoroki–Heck reaction within the nano-reactor. The
relatively low yields of the Heck product in precursor free or L3
containing mE systems also corroborates the above fact (Table 1,
entry 15). It can be noted that free OH functionality of L2 can
make hydrogen bond with surfactant charged head group
present at the interface, changing the interfacial architecture
of nano-reactor within the confinement. Similar studies correlating
the effect of additives on changing interfacial flexibility vis-à-vis
percolation threshold of microemulsion systems by conductivity
experiments have previously been reported.25a

Extended H-bonding network in the presence of the NHC-
precursor in the confinement

Possible alteration of water microstructure within the confine-
ment was monitored employing FTIR measurement via D2O
probing. The study was conducted with the imidazolium salt
(L2) encapsulated mixed microemulsion system at a fixed water
content (o = 20) at 30 1C. The sample was prepared using 10%
D2O containing water which forms HOD through rapid
exchange between H and D atoms.18b Use of HOD as a probe
is particularly advantageous as the O–D band can be decoupled
from the O–H band appearing in a region of 2200 cm�1 to
2700 cm�1. This region corresponds to the fingerprint region of
the vibrational stretch of O–D bonds in water29 which remain
comparatively separated from other strong absorption bands of
the constituents of the microemulsion and/or the additive.19b

Earlier reports showed water molecules exist in three ‘states’ or
‘layers’ in w/o microemulsion which are detectable through
FTIR measurements.30 The corresponding O–D bands are fitted
as the sum of Gaussian bands using Gaussian curve fitting
program following a three-state model which confirms the
existence of water molecules in three different modes inside
the nano-pool, namely (i) free water, (ii) bound water and
(iii) trapped water. The deconvoluted FTIR spectra (experimental)
are depicted in Fig. 4A and B. According to this model, free water

molecules occupy the cores of the water pool of w/o microemulsion
and possess a strong hydrogen bonding network among them-
selves, i.e. their properties are similar to bulk water. Such a
H-bond shifts the O–D stretching band towards lower frequency
region around 2450 cm�1. The bound water, viz. the surfactant
head group-bound water molecules, appear around 2550 cm�1.
The water molecules dispersing within long hydrocarbon chains
of the surfactant are termed ‘trapped water’ which is matrix-
isolated dimeric or monomeric in nature and absorbs around
2650 cm�1.

A comparison between the individual curves 1–3 of Fig. 4A
vs. B demonstrates that the presence of the NHC-precursor L2
in water pool of microemulsion causes substantial perturbation
of water microstructures in which the abundance of free water
was decreased (curve 1), the population of bound water was
increased (curve 2) and the population of trapped water exhibited a
marginal variation (curve 3). The bound water molecules generally
reside at the interfacial region. The increase in bound water
content in the presence of L2 suggested that L2 essentially resided
at the interface. This allowed a change in the hydrogen bonding
network dynamics of water within the nano-confinement which
was correlated with the rate enhancement of the Heck reaction.

Role of palladium

In situ formation of Pd–NHC complex is strongly suggested
from the 13C NMR spectrum of freshly prepared Pd–NHC in
encapsulated microemulsion system, accorded in D2O. The
characteristic C2 signal of free NHC species L2 was found to
shift from 149.6 ppm to 175 ppm (Fig. 5). A downfield shift of
the same carbon (B20 ppm) for Pd–NHC complex is consistent
with the data reported earlier.7a,b,31 In the 13C NMR spectrum
recorded after the product recovery, from the aqueous layer
containing Pd–NP, the Pd–NHC peak at 175 ppm still persisted,
albeit in a low intensity. We believe that the probable accumu-
lation of the NHC-precursor L2 containing OH functionality
at the interface influences the availability of in situ generated
Pd–NHC in the vicinity of the reaction site, which facilitated the
Mizoroki–Heck reaction.

In the HRTEM measurement after the nanoparticle formation,
we observed Pd–NP of average size 5.53 + 0.63 nm forming an
assembly of nanoparticles with an average size of B25 nm
(Fig. 6).7c,32 It is likely that the Pd–NPs owe their stability during
repetitive catalytic cycles to such a cluster formation. The catalyst
was recycled up to four times. After the second cycle 77% of the
product was isolated. Similarly, the third and fourth cycles
afforded the desired product in 69% and 58% yields, respectively.
A significant decrease in the yield of the Mizoroki–Heck reaction

Fig. 4 FTIR study of SDS/Brij-35 blended w/o mixed surfactant microemulsion
(A) in the absence and (B) in the presence of an active NHC-precursor
(10% D2O). Fig. 5 13C NMR spectrum showing the formation of a Pd–NHC species.
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was observed after the fourth cycle, possibly because of the
agglomeration of Pd(0) particles.

Experimental procedure
General procedure of the Heck reaction

Into a 10 mL glass reaction vial fitted with screw cap, 2 mL
microemulsion (water/SDS/Brij-35/Pn/IPM) of fixed o (= [water]/
[surfactant]), 4 mol% active NHC-precursor (L) (0.02 mmol) and
2 mol% Pd(OAc)2 (0.01 mmol) were added. The mixture was
placed in a preheated oil bath at 30 1C with constant sonication
till all the solid material dissolved. Into this mixture were
added 4-iodotoluene (0.5 mmol), n-butyl acrylate (0.6 mmol)
and triethylamine (1.0 mmol), and the mixture was heated at
50 1C for 45 min. The progress of the reaction was monitored by
thin layer chromatography (TLC) on silica gel.

Workup procedure to break IPM based biocompatible
microemulsion

After the appropriate time, the reaction vessel was charged with
15 mg solid NaCl followed by 3 mL of 0.6 N HCl. The mixture
was stirred for 30 min till an off-white precipitate of myristic
acid appeared. An additional 10 min stirring was continued for
the complete precipitation of insoluble materials. The mixture
was filtered and the filtrate was extracted with ethyl acetate
(3 � 10 mL). The collected organic layer was washed with brine,
dried over anhydrous sodium sulphate and the solvent was
removed under reduced pressure. The residue was purified by
column chromatography on silica gel using a mixture of ethyl
acetate and petroleum ether (1 : 99).

The formation of the desired products was confirmed
through 1H NMR and 13C NMR.22 Similar concentration ratio of
reagents was maintained, in the case of experiments conducted in
other solvents.

Procedure for recycling

The reaction was performed in 2.5 mmol scale following the
above procedure. After the first run, excess IPM (B15 mL) was
added and the mixture was sonicated. A biphasic system was
formed from which the supernatant organic layer was taken out
with the help of a micropipette. Into the aqueous layer containing
Pd–NHC nanocluster were added necessary amounts of Brij-35,

IPM which was sonicated to result in fresh microemulsion
formulation. Fresh starting materials, IPM (oil), Pn (co-surfactant)
and nonionic surfactant (Brij-35) were added (as these components
could be removed at the time of product extraction) to the remnant
aqueous part which contained the catalytic system and anionic
surfactant (SDS) from the first run.

Conclusion

We have successfully developed an operationally simple protocol
for the Mizoroki–Heck reaction with high yields under relatively
mild conditions. Novel (1,5-a)-imidazo-pyridinium chlorides were
synthesized as NHC-precursors in w/o microemulsion (water/
SDS/Brij-35/Pn/IPM) as an unconventional solvent system. NMR
evidence for the formation of Pd–NHC molecular complex sug-
gests catalysis by a Pd–NHC complex in the confinement of an
organized nanoreactor accompanied by an enhanced rate of
reaction. It is possible that the phenolic –OH group of the ligand
L2 allows its accumulation at the aqueous interface localizing the
catalyst concentration. The formation of microassembly of
nanoparticles (Pd nanocluster) is indicative of the reservoir of
Pd during catalysis. The applications of the present w/o micro-
emulsion system in similar organic transformations, and their
further mechanistic elucidation are currently under study in our
laboratory.
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