
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
 2

01
9.

 D
ow

nl
oa

de
d 

on
 0

7.
11

.2
02

5 
06

:2
3:

25
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Pd nanoparticles
Center of Research Excellence in Nanotech

Petroleum and Minerals (KFUPM), Dhahr

kfupm.edu.sa

† Electronic supplementary informa
10.1039/c9ra06285h

Cite this: RSC Adv., 2019, 9, 28199

Received 13th August 2019
Accepted 26th August 2019

DOI: 10.1039/c9ra06285h

rsc.li/rsc-advances

This journal is © The Royal Society of C
on green support as dip-catalyst:
a facile transfer hydrogenation of olefins and N-
heteroarenes in water†

M. Nasiruzzaman Shaikh

Chemo- and regioselective hydrogenation methods using highly green sources, particularly from metal

nanoparticles on plant stem as support and water, is an intensive research area, which is highly relevant

to the development of green chemistry and technology in the 21st century. Here, the synthesis and

activity of a heterogeneous catalytic system (called “dip-catalyst”) for the transfer hydrogenation of

a series of styrenyl, unfunctionalized olefins, quinoline and other N-heteroarenes, are presented. It

consists of Pd nanoparticles (15–20 nm) anchored on bio-processed jute plant (Corchorus genus) stem

as the support. Pd nanoparticles were decorated on the green support (GS) jute stem by the in situ

reduction of K2PdCl4 in aqueous medium at 70 �C, using formic acid as the reductant. The Pd@GS was

characterized using SEM, EDS, XRD, FTIR, XPS and TEM. Elemental mapping revealed uniform distribution

of Pd on the cellulose matrix of the jute stem. The catalyst was successfully applied to the

chemoselective transfer hydrogenation of numerous styrenyl, unfunctionalized olefins. Its high functional

group tolerance was investigated during the olefins hydrogenation in water. Furthermore, Pd@GS was

capable of quantitative hydrogenation to selectively produce 1,2,3,4-tetrahydroquinoline (THQ) in water

using stoichiometric amounts of tetrahydroxydiboron (THDB) at 60 �C with turn over frequency (TOF)

4938 h�1. This system is stable in water and displays excellent recyclability; it could be used for 32

consecutive cycles, without losing its original crystallinity or requiring replenishment.
Introduction

Transition metal-mediated hydrogenation1,2 using Fe,3 Co,4 Ni,5

Pd,6,7 Pt,8 Rh,9,10 Ir,11 Ru12 or Mo13 is a well-established procedure
in research and industrial applications. However, this approach
usually requires high hydrogen pressure, resulting in over
reduction or functional group intolerance of the substrate. To
overcome this shortcoming, transfer hydrogenation14,15 is an
alternative. In this context, considerable efforts have been
devoted to design Pd-supported transfer hydrogenation homo-
geneous catalysts.16–18 Since these catalysts are well dispersed at
the molecular level, every individual catalytic entity can act as
an active and accessible mechanistic site to which the reactant
is exposed. This leads to an overall high catalytic efficiency.
Unfortunately, they suffer from some serious drawbacks such as
cumbersome separation, usage of high volume of toxic solvents
and continuous loss of precious metal.19 Furthermore, their
restricted reusability impede them from wide commercializa-
tion. Nevertheless, the current environmental related
nology (CENT), King Fahd University of

an, Saudi Arabia. E-mail: mnshaikh@

tion (ESI) available. See DOI:

hemistry 2019
governmental legislation imposes severe restriction to elimi-
nate toxic chemical processing and move towards the safer and
greener technological endeavours.

To overcome these challenges, immobilization of the catalyst
is one of the obvious choices. It is well known that the activity of
heterogeneous catalytic systems rely heavily on the nature of
support.20 Hence, a prudent choice of support is vital. Silica,21,22

polymers,23,24 zeolites,25,26 alumina,27,28 magnetic nano-
particles,29,30 and carbon31 have emerged as excellent support
systems. They reportedly achieve almost quantitative conver-
sion and selectivity. Furthermore, their selection is an artifact of
particle size, shape and porosity.32 However, due to small size
and high surface energy, the active metal nanoparticles tend to
aggregate on the support, thereby lowering the number of
accessible sites for the reactant; this results in low catalytic
activity and selectivity. Moreover, facile leaching of nano-
particles from the surface of the support, due to weak binding,
restricts the prospect of reusability.33

Recently, a great deal of attention has been devoted to
develop solid supports from biomass, such as activated carbon,
carbon nanobers and hydrophilic carbons, as they are treated
as sustainable support materials in heterogeneous catalysis.34

Among these, activated carbon supports were widely used as
metal nanoparticle anchors for catalytic applications; however,
they yielded relatively discouraging performance.35 The major
RSC Adv., 2019, 9, 28199–28206 | 28199
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reasons of failure could be (1) poor pore connectivity, resulting
in limited mass-transfer and longer diffusion times, (2) lack of
proper functional group on the support, hence hindering the
metal nanoparticles' interaction and, (3) hydrophobic surface.

In this context, a new concept of “dip-catalyst” has emerged
in order to achieve better efficiency, high turnover frequency
(TOF), ease of fabrication, higher reusability and greener
synthesis routes.36,37 The term “dip-catalyst” refers to the
convenient deployment, high recyclability, easy insertion/
removal which can turn the reaction on/off almost instanta-
neously. The area of “dip-catalysis” has remained largely
unexplored. Recently, a few reports related to the fabrication of
“dip-catalyst” have appeared in the literature.38 Hariprasad et al.
reported Pd-PVA based thin lms with high catalytic activity and
reusability.39 Zheng et al. reported a paper-based composite
material consisting of metal ions on lter paper, and achieved
excellent activity and recyclability.40 Rosa et al. dispersed Pd
nanoparticles on cellulose acetate and successfully applied it for
the C–C bond formation reaction.41

Encouraged by such distinctive features of having highly
improved activity and excellent recyclability over the conven-
tional support-based catalysts, we continue to contribute to the
development of highly recyclable heterogeneous catalysts.29,42–44

Here, we report a “dip-catalyst” comprising Pd nanoparticles
supported on bio-processed jute stem (Pd@GS), for the transfer
hydrogenation of olens, quinoline and other N-heteroarenes
in water (Fig. 1). The excellent conversion and selectivity over
sensitive organic functional group and its reusability for tens of
consecutive cycles was studied systematically.
Experimental
Materials and methods

All chemicals were purchased from Sigma-Aldrich and were
used as-received unless otherwise stated. Standard procedures
were followed for the dry and deoxygenated solvents. Schlenk
line techniques were used to carry out reactions under inert
Fig. 1 Graphical presentation of versatility of Pd@GS as “dip catalyst”.

28200 | RSC Adv., 2019, 9, 28199–28206
atmosphere wherever needed. Deionized (DI) water (specic
conductivity: 18.2 MU) was used in all the experiments. Fourier-
Transform Infrared (FTIR) spectroscopic data were recorded on
a Nicolet 720 in the wave number range of 500 to 4000 cm�1,
using ATR. The TEM samples were prepared by dropping an
ethanolic suspension on a copper grid and drying at room
temperature. The amount of Pd in the catalyst was determined
by inductively coupled plasma optical emission spectrometry
(ICP-OES; PlasmaQuant PO 9000 – Analytik Jena). The samples
were rst digested in a dilute mixture of HNO3 and HCl. Cali-
bration curves were prepared for Pd using standard solutions
(ICP Element Standard Solutions, Merck). Samples for SEM
(Lyra 3, Tescan) imaging were prepared from a chunk of deco-
rated jute stem on alumina stubs and coated with gold in an
automatic gold coater (Quorum, Q150T E). For elemental
analysis and mapping, the energy dispersive X-ray spectra (EDS)
were collected on a Lyra 3 attachment, using an Oxford
Instruments. Catalytic products were identied by a Shimadzu
2010 Plus gas chromatograph attached with a mass spectrom-
eter (GC-MS, Japan). The disappearance of the reactant and
sequential appearance of the product was recorded in real time,
identifying the species in terms of their molecular ion (M+) by
comparing and matching them with the available Wiley library
of the mass spectrum database, in addition to the identication
of mass fragments.
Synthesis of Pd@GS

Usually, the jute plants are harvested aer they bloom. The fully
grown stalks are cut, trimmed, bundled and kept immersed in
ponds or stream to rot (known as retting). This frees the bers
from the stem, which are removed manually. The stems are
dried for 7 days in sunlight, cut into thin slices (�2 cm� 0.5 cm
� 0.1 cm) and dried in an oven at 100 �C for 5 h. Pd nano-
particles in the range of 15–20 nm on jute stem were prepared as
described below and its schematic illustration is shown in
Fig. 2. The oven dried jute-stem thin slices of the above
dimensions were immersed in K2PdCl4 solution in DI water (32
mg/20 mL) and soaked for 2 h. The vial containing the
suspension was heated at 70 �C for 1 h. 100 mL formic acid was
added to reduce the Pd precursors while the mixture was stirred
for 15 min and the color changed to black. Heating was
continued for another hour to complete the reduction and
lodging of the nanoparticles onto the substrate. The contents
were allowed to settle down. The thin jute slices completely
Fig. 2 Schematic illustration for the synthesis of Pd@GS.

This journal is © The Royal Society of Chemistry 2019
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covered with black Pd nanoparticles were pulled out (Fig. 3a).
They were dried in open air for 24 h and samples were prepared
for characterization.
Olen hydrogenation

The catalytic hydrogenation was performed in a 20 mL screw-
capped vial under the conditions stated below. To the suspen-
sion of tetrahydroxydiboron (THDB, 3.1 mmol) in 5 mL water,
the substrate (1 mmol) was added and stirred. The vial was
capped and introduced into a pre-heated (70 �C) oil bath. Aer
thermal equilibrium, the Pd@GS strip was added to the vial,
which was stirred magnetically. The progress of the reaction
was monitored by TLC (thin layer chromatography) and GC by
periodically withdrawing small aliquots from the vial. The
product was extracted in dichloromethane (DCM), dried with
magnesium sulfate and passed through short silica gel column.
The conversion and selectivity were determined by GC and
identied and quantied by GC-MS.
Quinoline hydrogenations

The transfer hydrogenation of quinoline was conducted in
a 10 mL glass reaction tube reactor tted with magnetic stirrer
and a Teon screw cap. THDB (4.1 mmol), quinoline (1 mmol)
and DI water (5 mL) were added and stirred @ 550 rpm. A strip
of Pd@GS catalyst was inserted and stirred at 60 �C at the same
speed. The progress of the reaction was monitored by TLC and
GC as in olen hydrogenation. Aer cooling, the reaction
mixture was extracted with DCM, dried with magnesium sulfate
and the solvent removed under vacuum. The residue was re-
dissolved in minimum amount of DCM and passed through
a short silica gel column using a mixture of hexane and ethyl
acetate (8 : 2) as the eluent. GC was used to measure the
conversion and selectivity and the products were identied by
GC-MS.
Results and discussion
Synthesis and characterization

The fully grown jute was cut, trimmed. Stems were extracted
through the retting process. Since, the jute stick is endowed
with highly brous, porous, lightweight, voluminous and woody
structure, it has extremely high surface area. About 3 million
tons of jute sticks are produced annually in India; it is
economically cheap, affordable and a biodegradable green
Fig. 3 Images of (a) the pure GS and prepared Pd@GS catalyst and
SEM images of (b) pure green support (c) Pd@GS; inset (d) is
a magnified view showing uniform distribution of Pd nanoparticles.

This journal is © The Royal Society of Chemistry 2019
precursor. The jute stem is a lignocellulosic raw material,
composed of a-cellulose (40.8%), hemicellullose (22.10%),
lignin (23.5%), and others.45 Anchoring of Pd nanoparticles was
achieved by immersing the jute strips, which contain large
number of primary and secondary hydroxyl groups, into
potassium tetrachloropalladate (K2PdCl4) solution in DI water
and allowing it to be sufficiently soaked in the metal precursor
solution for 2 h. The yellow palladium precursor was reduced in
situ to black Pd nanoparticles by using formic acid as reductant
at 70 �C.

The morphological and nanostructural features of pure jute
stem and Pd@GS are revealed in SEM images shown in Fig. 3.
Pure jute strips are highly brous – a characteristic that
remained intact aer the decoration with Pd nanoparticles via
in situ reduction in the acidic media. Formation of spherical Pd
nanoparticles with uniform distribution all over the strips is
also evident. This was further corroborated by conned area
elemental mapping and EDS quantication, as shown in Fig. 4.

TEM images show uniform distribution of Pd with average
diameter of 15–20 nm (Fig. 5a and b), which was further
conrmed by measuring the particles size using dynamic light
scattering technique. The selected area electron diffraction
(SAED) image is shown in Fig. 5c. The calculated d-value could
be assigned to the h111i reection of the fcc structured Pd
nanoparticles.46

FTIR spectroscopic technique was used to evaluate the
decoration. The abundant number of hydroxyl group on the
pure jute stem were detected by a characteristic peak at around
3345 cm�1; there was no signicant change in the signature
aer Pd decoration (see ESI†).

The XPS analysis was performed on the as-synthesized
Pd@GS to identify the electronic states of Pd. The overall
composition is depicted in the global XPS survey (Fig. 6a) which
conrmed the presence of C, O and Pd. Formation of Pd0 on the
surface of jute stem is conrmed by the deconvolution in the Pd
doublet peaks (Fig. 6b) with binding energies of 335.3 eV (3d5/2)
Fig. 4 Elemental mapping of (a) carbon and (b) Pd. The EDS signature
of the Pd@GS catalyst is shown in (c).

RSC Adv., 2019, 9, 28199–28206 | 28201
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Fig. 5 (a) TEM image of Pd nanoparticles anchored on the surface (b)
HRTEM image and (c) SAED of Pd@GS.

Fig. 6 XPS signatures of Pd@GS: (a) the survey data and (b) oxidation
states of Pd decorating the support surface.
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and 340.5 eV (3d3/2) associated with Pd0;47 peaks at 337.2 eV and
342.4 eV are associated with Pd2+ due to the formation of PdO,
probably resulting from partial oxidation of the Pd nano-
particles at the ambient.48

The Pd content of each strip was quantied by the ICP-OES
technique. The optimum amount of palladium nanoparticles
was measured by varying the concentration of the K2PdCl4
solutions. The Pd content was found to increase with higher
concentration of pre-reduced Pd and then remained constant
with an average Pd content determined to be 0.0288� 0.008 mg
per strip. Hence, the reproducibility of the Pd nanoparticles
loading imply the natural limit to its highly hydroxylated
surface. This higher loading could be attributed to the combi-
nation of strong van der Waals forces and hydrophobic inter-
action between metal nanoparticles and the jute-stick surface,
leading to the nanoparticles immobilization.49,50
Catalysis

Styrenyl alkenes hydrogenation. Results on the hydrogena-
tion of a number of differently substituted olens are summa-
rized in Table 1. The optimization reactions were performed
with styrene as the benchmark substrate, by varying the
temperature, solvents, stoichiometry of reductant, and the
duration. Styrene was 77% converted into its corresponding
hydrogenated product in 1 h at 70 �C in water (as solvent) with
the 3.1 equivalent of THDB (entry# 1) with maximum selectivity.
Lowering the temperature to 50 �C decreased the conversion to
48% (entry# 2) with lower TOF 889 h�1 compared to 2851 h�1 at
70 �C. Changing the solvent to methanol promoted the same
reaction with limited conversion (33%). In the case of a blank
reaction in presence of Pd@GS in water but without THDB, no
olen hydrogenation was detected; in the presence of THDB (3.1
28202 | RSC Adv., 2019, 9, 28199–28206
equiv.) without catalyst, about <8% of styrene was converted to
ethylbenzene (entry# 4). The role of support in the hydrogena-
tion process was investigated. In absence of Pd and THDB, no
conversion was noted (entry# 5).

Wide applicability of the catalyst was examined by employ-
ing styrene with various functional groups – both electron
donating and electron withdrawing groups. No signicant effect
of the electron donating or electron withdrawing groups was
seen in the case of styrenyl olens. For example, p-methyl
styrene and p-vinyl anisole were quantitatively hydrogenated
with maximum selectivity (entries# 6 and 7). A similar trend was
observed with choloro-substituted styrene (entry# 8); no deha-
logenation was observed. The reactivity of Pd@GS towards the
reduction of m-nitrostyrene (where under similar reaction
conditions, both olen and nitro functional groups are prone to
simultaneous reduction) was also evaluated. At 45 �C, the
conversion was complete but non-selective, where both func-
tional groups were completely and simultaneously reduced in
20 h, in water.

Selectivity against two or more competitive functional
groups toward hydrogenation process is highly challenging.
Reaction conditions, including choice of solvent, need critical
optimization. In DCM, 82% of them-nitrostyrene was converted
and the selectivity towards m-nitroethylbenzene reached up to
60% while for the remaining 40% both nitro and olen func-
tional groups were completely reduced to form m-amino-
ethylbenzene, at 45 �C with the use of 2.1 equivalent of THDB as
reductant.

Under similar reaction conditions with THF the overall
conversion was 88% with signicant enhancement in selectivity
(72%) towards m-nitroethylbenzene (entry# 11). The effect of
temperature and variation of mole equivalent of THDB in
selectivity were also evaluated in THF. The results are shown in
Fig. 7a. On increasing the mole equivalent of THDB from 1.1 to
4.1, the conversion increased from 48% to >99%. However, the
selectivity drastically reduced from �81% to �47% for the 4.1
mole equivalent of THDB. These results are instructive in that
reaction parameters can be subtly tweaked to reduce the alkenyl
group in styrene in the presence of an easily reducible nitro
functional group with very high selectivity.

Another interesting example is the reduction of o-bromos-
tyrene to form the corresponding olen hydrogenated product
(cf. Fig. 7b), o-bormoethylbenzene at 40 �C. In most cases,
hydrogenation of bromostyrene occurs via either hydro-
genolysis, where dehalogenation is obviated, or through poly-
merization, or both take place simultaneously. Yet, it is to our
delight that our Pd@GS catalyst demonstrated excellent reac-
tivity and selectivity without hydrogenolysis nor polymerization.
In water as solvent, at 40 �C, o-bromostyrene yielded only eth-
ylbenzene with complete debromination in 24 h (entry# 13). But
when the reaction was performed at 40 �C in DCM with 1.1
equivalent of THDB the conversion achieved was about 40% in
48 h with very high (75%) selectivity towards the formation of o-
bromoethylbenzene and signicant amount of (22%) ethyl-
benzene with 3% of styrene was also formed (entry# 14) as side
product. By changing the solvent to THF, the conversion was
signicantly improved to 89% and the highest selectivity (82%)
This journal is © The Royal Society of Chemistry 2019
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Table 1 Hydrogenation of Pd@GS catalyzed styrene and its derivatives with THDB in different solvents

Entry Subst.a (R) Solv. THDB (equiv.) Temp. (�C) Time (h) Conv.b (%) Sel.c (%) TOF (h�1)

1 H H2O 3.1 70 1 77 >99 2851
2 H2O 3.1 50 2 48 99 889
3 MeOH 3.1 70 1 30 >99 1111
4d H2O 3.1 70 1 <8 nd nd
5e H2O 3.1 70 10 nd nd nd
6 p-CH3 H2O 3.1 70 1 >99 >99 3704
7 p-OCH3 H2O 3.1 70 1 98 >99 3630
8 p-Cl H2O 3.1 70 1 >99 >99 3704
9 m-NO2 H2O 3.1 45 20 >99 <2 185
10 THF 1.1 45 24 48 81 74
11 THF 2.1 45 24 88 72 136
12 DCM 2.1 45 24 82 60 126
13 o-Br H2O 2.1 40 24 >99 <5 154
14 DCM 1.1 40 48 40 75 31
15 THF 1.1 40 48 89 82 69
16 THF 1.1 50 48 93 67 77

a 1 mmol of substrate with 3.1 mmol THDB with Pd@GS as catalyst. b Measured by GC. c Identied by GC-MS. d Without Pd@GS but with 3
equivalent of THDB; nd-not determined. e Conducted reaction using only GS.

Fig. 7 (a) Variation in the conversion and selectivity of m-nitrostyrene
at 45 �C with THDB mole equivalent in THF (b) conversion and
selectivity of o-bromostyrene with 1.1 equivalent of THDB in different
solvents. EB: ethylbenzene.
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towards o-bromoethylbenzene was achieved (entry# 15). To the
best of our understanding, it is highest selectivity available in
literature under such very mild reaction conditions. On
increasing the temperature at 50 �C, the conversion was slightly
improved to 93% with the sacrice of selectivity, which reached
up to 67% o-bromoethylbenzene and 33% de-brominated
product (entry# 16).

Nonetheless, this reaction could be tuned to synthesize
bromoalkyl benzene from bromostyrene and at the same time it
is also worthy to mention that debrominated alkylbenzene,
which bears signicant value in literature,51 can also be
prepared from the bromostyrene by simply changing the reac-
tion condition using this catalytic system. This dual nature of
the catalyst may mark it as a practical catalyst.

Cyclic and acylic polysubstituted alkenes hydrogenation.
There are large number of olen substrates that resist hydro-
genation by conventional catalysts;52 unfunctionalized olens
fall within this class. However, breakthrough has been made by
Stokes and co-workers who demonstrated excellent reactivity of
Pd-based catalyst which could catalyze a variety of unfunction-
alized olens.53

Following that report, we employed various olens to test the
wide applicability of Pd@GS. The results are shown in Table 2
which summarizes the comparison of reactivity of Pd@GS
towards differently substituted linear and cyclic alkenes. For
instance, cyclic alkene (entry# 1) was hydrogenated in THF at
60 �C in 20 h with 49% conversion. Hydrogenation was also
conducted with the tri-substituted alkenes such as trans-a-
methylstilbene (entry# 2) and ethyl trans-b-methylcinnamate
(entry# 3) in THF at 70 �C. 33% conversion was achieved with
trans-a-methylstilbene with maximum selectivity. Clear contrast
was observed when the functionalized olens, for instance
This journal is © The Royal Society of Chemistry 2019
methyl-2-acetamido propionate (entry# 4), were employed for
hydrogenation.

Quinoline hydrogenation. To assist the optimization
process, quinoline was employed a model benchmark substrate
for the catalytic hydrogen transfer reaction using Pd@GS as
a catalyst and the progress of the reaction was monitored by
TLC and GC, and the products were identied by GC-MS. First,
blank reaction was carried out in water inserting the Pd@GS
catalyst in the absence of THDB; reaction did not yield any
hydrogenated product. When THDB was used without catalyst
under identical reaction conditions, 25% conversion was ach-
ieved. When both catalyst (Pd@GS) and THDB were used, the
yield of 1,2,3,4-tetrahydroquinoline (py-THQ) reached >99%
with exclusive selectivity. Hence, a combination of catalyst and
diboron is required to facilitate the transfer hydrogenation
process. To explore the catalytic activity, the degree of sensitivity
of the catalyst towards various parameter, such as solvent,
temperature, amount of THDB and catalyst, was thoroughly
evaluated and the results are shown in Table 3.
RSC Adv., 2019, 9, 28199–28206 | 28203
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Table 2 Pd@GS catalyzed cyclic and acylic polysubstituted alkene hydrogenation in THF

Entry Substratea Product Temp (�C) Time (h) Conv.b (%) Sel.c (%) TOF (h�1)

1 60 20 >49 >99 91

2 70 24 33 >99 51

3 70 24 7 >99 11

4 60 20 >99 >99 185

a 1 mmol with 4 mmol THDB in THF as solvent and 2 cm long strip of catalyst, Pd@GS. b Measured by GC. c Identied by GC-MS.
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When temperature was increased to 60 �C, the reaction
proceeded smoothly with >99% conversion and >99% selectivity
in 40 min. It can be observed that turn over frequency (TOF) was
signicantly higher (TOF 4938 h�1) compared to the TOF (1574
h�1) at lower temperature (entries# 1 and 2). Changing solvent
to DCM and THF affected the yield adversely; no hydrogenation
occurred (entries# 3 and 4). With methanol, 89% conversion
was achieved (entry# 5). This could be ascribed to the partici-
pation of lone e-pair of the oxygen atom in MeOH solvent in the
formation of boron adduct in the transition state. Conversion
was improved with increasing amount of THDB and best results
were obtained with 4.1 equivalent of THDB. It would seem that
large amount of gaseous hydrogen escapes reaction medium
without interacting with the metal to form metal-hydride
intermediate, which is responsible for the hydrogenation of
heterocyclic compounds. Under the above optimized reaction
conditions, other N-heterocycles were subjected to transfer
hydrogenation reaction in water and smoothly converted to
Table 3 Pd@GS catalyzed quinoline hydrogenation in water using THDB

Entry Catalyst Substratea Product Solv.

1

Pd@GS

H2O
2 H2O
3 DCM
4 THF
5 MeOH
6 Pd@GS H2O

7 Pd@GS H2O

8 Pd@GS H2O

9 Pd@GS H2O

10 GS H2O
11 PdNPs H2O
12 Pd/C H2O
13 Pd@PVP H2O

a Substrate used 1 mmol and THDB 3.1 mmol at 60 �C. b Conversions were
performed at 40 �C.

28204 | RSC Adv., 2019, 9, 28199–28206
hydrogenated product contain nitrogen ring with maximum
selectivity. But surprisingly, though isoquinoline was quantita-
tively hydrogenated with >99% selectivity (entry# 6), it took
much longer time (5 h) than the quinoline. In case of polycyclic
aromatic heterocycles, such as acridine, the reactions pro-
ceeded smoothly with excellent yield and selectivity (entry# 7).
Five and six membered ring compounds, pyrrole and pyrazine,
were also employed as substrate and the catalyst Pd@GS, was
found be highly reactive to convert the substrate into the
hydrogenated product in water with TOF 1652 h�1 and 1815 h�1

respectively (entries# 8 and 9). There was no conversion was
observed only in presence of GS but in absence of PdNPs and
THDB (entry# 10). To compare the catalytic activity of Pd@GS
with standard catalyst (entries# 11–13), it was observed that our
“dip-catalyst”, Pd@GS, performance was having an edge in
terms of reactivity and gain superiority in terms of re-usability
over the standard catalyst used.
as reductant

Time (min) Conv.b (%) Sel.c (%) TOF (h�1)

120 85d >99 1574
40 >99 >99 4938
60 nd nd nd
60 nd nd nd
60 89 nd nd
300 >99 >99 741

90 99 >99 2640

120 >99 >99 1652

120 98 >99 1815

60 nd nd nd
60 >99 >99 3667
60 98 >99 3593
60 95 >99 3518

measured by GC. c Identied by GC-MS; nd-not determined. d Reaction

This journal is © The Royal Society of Chemistry 2019
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These examples demonstrates the superior effect Pd nano-
particles immobilized onto the green support. The high reac-
tivity aspect makes one believe that Pd nanoparticles on the
cellulosic support effectively suppress the agglomeration of the
bear surface nanoparticle, assisting in achieving rather high
catalytic activity in comparison to the similar Pd-supported
systems.54,55 The exclusive selectivity towards py-THQ depends
on the interaction of the oraganonitrogen with the metal center
in the strip.56 Availability of the large number of aliphatic 1� and
2� hydroxyl group on the cellulosic jute stick also affect the
instantaneous microenvironment around the metal centers
benignly.57 The possibility of hydrogen bonding interaction
mediating the heterocyclic ring hydrogenation faster than that
of the carbocyclic ring of the substrate, resulting exclusive
selectivity towards py-THQ, cannot be ruled out.

Recyclability studies

One of the extraordinary feature of “dip-catalyst” is the ease of
deployment in the system and its effortless post-reaction
removal. Hence, reusability of spent catalyst in subsequent
cycles for transfer hydrogenation of quinoline under optimized
reaction condition is possible. To investigate its robustness and
sustainability, the catalyst were extracted from the reaction
mixture, thoroughly washed with water and dichloromethane
and, dried for use in next cycle with fresh batch of quinoline as
the substrate and THDB as reductant in aqueous medium. This
procedure was repeated multiple times and catalyst was used in
32 consecutive cycles with excellent catalytic propensity without
appreciable degradation of catalytic activity (Fig. 8a). This was
corroborated by ICP-OES examination; samples were extracted
at certain intervals and analyzed to determine if any Pd was
leached out. As can be seen from Fig. 8b, no trace of Pd was
detected in the solution. The surface morphology and stability
of the recycled catalyst showed no severe damage to the jute-
stick surface or no agglomeration of the Pd nanoparticles (see
ESI†). The XPS analysis revealed that the peak at 335.4 eV and
340.6 eV reect the preservation of Pd0 oxidation state. A small
shoulder at 336.4 eV corresponding to PdO could be ascribed to
be due to long exposure to aerobic condition.

From the foregoing discussion, it appears that the excellent
survivability of the catalyst comes from strong and appropriate
bonding with huge number of hydroxyls groups on the support.
Fig. 8 (a) Reusability potential of the catalyst for quinoline hydroge-
nation in water using THDB reductant. (b) ICP-OES data showing the
evidence of no leaching of Pd from the dip-catalyst after a large
number of cycles.

This journal is © The Royal Society of Chemistry 2019
Conclusions

Dip catalyst based on Pd nanoparticles supported on the
naturally-occurring surface architecture of jute-stick was fabri-
cated for its excellent transfer hydrogenation activity under
mild conditions in water. The natural cellulosic surface
provided favorable interaction for Pd nanoparticles. This dip
catalyst was gainfully employed for chemoselective transfer
hydrogenation of olen with excellent conversion and excep-
tional organic functional group tolerance using THDB, and
provided very high TOF. Quinoline and other N-heteroarenes
were selectively and quantitatively hydrogenated at 60 �C within
a very short span of time (cf. 40 min) under atmospheric
condition. The catalyst was found to possess impressive
stability and could be used over 32 consecutive cycles without
adversely affecting its original reactivity or surface morphology
and/or chemical composition. The unique advantage of effort-
less catalyst monitoring, insertion or removal between the
cycles were demonstrated. The use of this naturally-occurring
support, ease of handling, low cost fabrication, convenient
deployment, favorable organic functional groups on support to
provide enhanced stability, impressive conversion and
remarkable chemoselectivity, use of water as reaction medium
and exceptional reusability may lead to commercialization of
this catalyst for industrial applications. The environmentally
benign catalyst fabrication strategy and remarkable catalytic
transfer hydrogenations activity for a series of olens and N-
heteroarenes offers a new route to develop catalysts with other
metal nanoparticles for various catalytic transformations.
Currently some such catalytic reactions are under study in our
laboratory.
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