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| Two cobalt(Il) complexes viz. CoCl,{ PPhy(p-CsH:NMe;)}. (Cy) and CoCl(PPh.Py); (C,) were synthesized by reacting CoCl,-6H,0 and
4-(dimethylamino)phenyldiphenylphosphine and diphenyl-2-pyridylphosphine ligands. respectively. The complexes were characterized

| by elemental analysis, FT-IR, UV-visible and electronic spin resonance (ESR) spectroscopic technique. Both the complexes were found

| stable at room temperature. EPR measurements and UV-visible spectra analysis of C, and C; are consistent with a tetrahedral Co(Il) and |

|

|

INTRODUCTION

Transition metal complexes containing hemilabile ligand
have received considerable attention because of their unusual
structural features, versatile binding modes and biological
implications [1-7]. Different types of hemilabile ligands such
as P-O, P-S, P-N efc. and their transition metal complexes have
been reported. Hemilabile ligands have several distinct advan-
tages over the homo functional ligands [8,9]. Aminophos-
phines can make the metal centre more electron rich by direct
M-P or M-N interaction. Due to this reason they have greater
ability to undergo oxidative addition and reductive elimination
reactions and found tremendous catalytic applications in homo
and heterogeneous systems for different reactions such as
hydrogenation, hydroformylation, carbonylation, transfer
hydrogenation. cross-coupling reaction efc. [10-17]. It can bind
to the metal atom in a number of fashions depending upon the
structure of the ligand and the oxidation state of the metal.
The P-donor can stabilize the metal in their low oxidation state,
while N-donor can create a vacant coordination site for
substrate binding. These ligands have important applications
in supramolecular chemistry also.

Aydemir and co-workers [1] have reported Rh(I), Ru(II),
Ir(III) complexes of aminophosphines and found promising
catalytic activity in transfer hydrogenation reaction. The phos-
phinoamine chemistry of 4d- and 5d-transition metals are more

Published online: 31 January 2019; AJC-19246

developed than the 3d-transition metal ions, probably because
of the large size of these atoms. Few monodentate and bidentate
cobalt complexes of PAN ligands have been reported which
exhibited diverse steric and electronic properties [18,19]. Some
of them have rigid back bond and some other have flexible alkyl
chain that join the two/three donor atoms. Moreover, few comp-
lexes of Fe, Au. Ag and W with diphenyl-2-pyridylphosphine
and 4-(dimethylamino)phenyldiphenylphosphine ligands have
also been reported [20-23]. Our interest in the present work is
to extend the boundary-line of the phosphinoamine chemistry
towards 1™ row transition metals and herein we report the syn-
thesis of Co(Il) complexes with 4-(dimethylamino)phenyl-
diphenylphosphine and diphenyl-2-pyridylphosphine ligands
and characterization of these complexes.

EXPERIMENTAL

All the reagents used in the synthesis of the complexes
were of AR grade. The metal precursor (CoCl-6H,0) was used
without further purification. All organic solvents such as ethanol,
DCM. DMSO efc. used in the present work were purchased from
Merck and were distilled according to standard procedure. The
ligands. diphenyl-2-pyridylphosphine and 4-(dimethylamino)-
phenyldiphenylphosphine were purchased from Sigma Aldrich
and used as received.

FT-1R spectra were recorded in KBr pellets on Shimadzu
IR prestige-21 FT-IR spectrophotometer (4000-200 cm™"). The
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Scheme-1: Synthesis of the complex [CoCl,{ PPh(p-CsH:NMe;) 2] (Cy)

ESR spectra of the complexes were recorded at liquid nitrogen
temperature in X-band region at II'T, Madras, India. The elec-
tronic spectra of the complexes were recorded in DCM solution
in the range 200-800 nm with a Graphicord UV-240 (Shimadzu),
UV-1700 spectrophotometer. 'H and *'P NMR were recorded
in DMSO-d, using TMS as an internal standard on a Brucker
Avance 400 MHz spectrometer. The C. H and N analysis were
done with a Perkin-Elmer 2400 Series II C,H,N analyzer. Melting
point of the complexes were recorded with a Buchi B 450
melting point apparatus.

Synthesis of [ CoCL{PPh;(p-CsHNMe;)},] (C;): | mmol
(0.51 g) CoCl,-6H,0 dissolved in 10 mL ethanol was added to
a solution of 4-(dimethylamino)phenyldiphenylphosphine
prepared by dissolving 2 mmol (0.84 g) of the ligand in 10
mL DCM. The reaction mixture was then refluxed under N,
atm for 3 h with constant stirring. The resulting mixture was
evaporated under reduced pressure whereupon a solid mass
was obtained (Scheme-I). It was washed with ether and dried.
Finally a dark green solid was obtained. Found (calcd.): C,
66.52(67.17); H.5.40 (5.74): N, 4.07 (3.71) for CoCL{ PPhy(p-
CsH:NMe;) }>. m.p. 161 °C. IR (KBTI, Vi, cmi™'): 1436 (C-N),
432 (Co-P), 343 (Co-Cl).

Synthesis of [CoCL(PPh,Py).] (C;): 2 mmol (0.53 g)
Diphenyl-2-pyridylphosphine and | mmol (0.51 g) CoCl,-6H,O
was dissolved separately in 10 mL DCM and 10 mL ethanol,
respectively and was mixed slowly with stirring. The reaction
mixture was refluxed for 3 h with constant stirring under N,
atmosphere. The solvent was then evaporated under vacuum
and the resulting solid mass was washed with ether and dried
in vacuum (Scheme-II). Finally a dark green solid was obtained.
Found (caled.) C. 63.05 (62.99); H. 4.1 (4.99): N, 3.91 (4.08)
for CoCly(PPh;Pyy.. m.p. 154 °C. IR (KBT, Vi, cm™'): 1431
(py(C=N)). 520 (Co-N). 440 (Co-P). 332 (Co-Cl).

Ph,P: N
H\ N; atm Cl ‘\LQ
2 p 4+ CoCly6H,0 ———————3= N

Ph/ @ :::&r;.ncm 7 N/l Na

PPhy
Scheme-II: Synthesis of the complex [CoClz (PPh:Pya] (Ca2)

RESULTS AND DISCUSSION

The melting point of the complexes C,and C; are found
to be 161 °C and 154 °C, respectively. which are different from
the melting point of the starting materials CoCl,-6H,O (m.p.:
110 °C) and the respective ligands PPh.(p-CsHiNMe,) (d.p.
151-154 °C) and PPh,Py (m.p.: 85 °C), indicating the formation
of the new complexes C, and C, The complexes are dark green

in colour and soluble in common organic solvents viz. dichloro-
methane, tetrahydrofuran, DMSO efc. and were found stable
under ambient conditions.

FT-IR study: The v(C-N) stretching frequency for the
complex, C; was observed at 1436 cm' which was almost equal
to the v(C-N) stretching frequency value of the free ligand,
indicating that the -NMe. did not take part in the complexation.
A weak band at 432 cm and a moderate intensity band at 343
cm* could be assigned to Co-P and Co-Cl stretching vibrations,
respectively [5]. In the IR spectrum of C, a sharp band at 1431
cm’ was attributed to the vy,,(C=N) vibration. This band showed
a significant downfield shift compared to the free ligand
PPh.Py. indicated coordination through N-atom. The complex
C; exhibited moderate intensity peaks at 520, 440 and 332
cm' attributable to Co-N, Co-P and Co-Cl vibrations, respec-
tively [3.4].

UV-visible spectral analysis: In the UV-visible spectrum
of complex C,; (Fig. 1a) an absorption at 405 nm could be
assigned to intra ligand n—m* transition. The bands at 720
and 632 nm could be tentatively attributed to *As(F) — *T(F)
and *A5(F) — “T\(P) transitions, respectively. The splitting of
peak at 632 nm may be due to distortion from regular sym-
metry. The complex C; demonstrated two peaks at 650 and
587 nm assignable to the transitions *Tu(F) — *As(F) and
*T\o(F) — *To(P), respectively (Fig. 1b). Appearance of a hump
peak at 700 nm clearly indicates Jahn-Teller distortion in the
complex [24]. UV-visible spectral analysis indicates distorted
tetrahedral geometry and octahedral geometry (Jahn-Teller
distortion) for the complexes C, and C;. respectively.

ESR analysis: The ESR spectra of both complexes C,
and C, were recorded at liquid N, temperature in magnetically
dilute form. The complex C, exhibited three g values at 4.91,
3.62 and 2.45, which is attributed to tetrahedral symmetry
around the metal ion. A tetrahedral Co(Il) would result in a
ground S = 3/2 state, so is a Kramers ion and due to zero field
splitting should show three EPR signals (Fine splitting) [25].
On the other hand. two g values at 2.77 (g,) and 1.83 (g.,) for
the complex C, is indicative of tetragonally distorted octahedral
environment around the cobalt ion [26].

("H and *'P) NMR analysis: Since the complexes are para-
magnetic, so their NMR spectra could not be resolved.

Conclusion

We have successfully synthesized monometallic two
Co(II) complexes of the rigid backbone 4-(dimethylamino)-
phenyldiphenylphosphine and flexible diphenyl-2-pyridyl-
phosphine ligands. The complexes C, and C; were tentatively
assigned a tetrahedral and tetragonally distorted octahedral
geomelry, respectively.
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Fig. 1. Electronic absorption spectrum of (a) CoCly{ PPha(p-C¢HsNMe) }, (Cy) and (b) CoCl,(PPh;Py); (C;) complexes
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A palladium (II) complex immobilized onto nanosilica(Pd-imine@nanoSiO,) has been developed and
evaluated as a highly efficient, retrievable catalyst for carbon-carbon triple bond activation reactions
between aryl halides and terminal alkynes. Nanosilica has been derived from rice husk by simple and
eco-compatible methodology. The catalyst has been extensively characterized by techniques such as FT-
IR, UV—vis, powder XRD, XPS, SEM-EDX, thermogravimetric analysis, BET surface area measurement. The
catalyst can be reused for five consecutive runs without compromising much with the activity. Easy
preparation, its long shelf life, air-stability, wide substrate scope, ‘in water’ reactions, easy separability
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Aliphatic alkyne and good recyclability make it an ideal system for Sonogashira cross-coupling reaction. Moreover, various
Aryl halide alkyne substrates were efficiently cross-coupled with a broad range of aryl iodides and aryl bromides to
Diaryl alkyne afford diaryl alkynes, providing improved yields with low catalyst loading in water. This protocol is also

Sonogashira cross-coupling suitable for aliphatic alkynes.

Terminal alkyne
Thermogravimetric

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Sonogashira reaction belongs to the most powerful tool for the
construction of C(sp)-C(sp?) bond allowing the synthesis of
different acetylene derivatives such as, pharmaceuticals, polymers,
dyes, sensors, etc. [1—4]. The acetylene derivatives find tremendous
applications in material chemistry due to their unique electrical
and optical properties. Therefore, remarkable efforts have been
devoted to improve the synthetic methodologies of the reaction
and also to increase its efficiency. Traditionally, this reaction was
catalyzed by palladium salt in the presence of different ligands viz.
phosphine based, N-based, Schiff-base, etc. along with a copper co-
catalyst in an amine as a solvent. In the recent decades, however,
several copper-free Sonogashira reaction methodologies have been
proposed, since from environmental perspectives copper-mediated
protocol is no longer viable as it produces a significant amount of
unwanted homo coupling product of the terminal alkynes along
with the desired product and needs an extra non environment
friendly chemical CuX [5—10]. As a result several alternative
methodologies were proposed time to time including designing of
different ligand systems, use of additives, viz. tetra-n-

* Corresponding author.
E-mail address: geetikachem@yahoo.co.in (G. Borah).
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butylammonium salt, sodium sulphide, Ag, Zn etc. However, most
of these protocols were homogeneous in nature with advantages of
higher yields but with distinct drawbacks like non-reusability,
contamination of the products, catalyst loss and tedious workup
procedures. These prompted researchers to develop ecofriendly,
cheap and reusable heterogeneous systems [11].Till now
various heterogeneous catalysts such as silica, clay, zeolites
and SBA-15 immobilized Pd complex/Pd(0)nanoparticles; bime-
tallic  Pd-nanoparticles; polymer-supported N-heterocyclic
carbene—palladium catalyst; poly(vinyl chloride)-supported Pd(II)
complex; Pd(I) Schiff-base complex supported on multiwalled
carbon nanotubes; Pd(II) supported on MCM-41 were reported for
Sonogashira reactions [12—16].Although significant advancements
have been made, as per our literature review bio-derived silica
supported Pd(Il) complex has not been reported as catalyst for
Sonogashira reaction till date. However, because of some specific
characteristics like low cost, wide availability, high thermal stability
and surface reactivity, high surface area, silica is one of the best
candidates as solid support material [17—22]. Silica is found in
various natural sources with different proportions. Agro waste such
as rice husk ash is one of the cheapest and most eco-friendly
sources of silica with 90—97% silica content [23].So extraction of
silica particle from rice husk ash benefits not only of producing
valuable silica powder but also of reducing disposal and pollution
problems.
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Recently we have reported the efficiency of rice husk derived
nanosilica supported Pd(II) and Ru(Ill) complexes and montmoril-
lonite K-10 supported Pd(0) nanoparticles in Suzuki—Miyaura, hy-
dration of nitriles and selective oxidation of benzyl alcohols
reactions, respectively [23,24]. So in order to extend the scope of
bio-derived nanosilica anchored Pd(Il) complex, here we have re-
ported a simple and efficient protocol for the Sonogashira reaction
of aryl iodides in water under mild conditions.

2. Experimental
2.1. Materials and methods

All the chemicals were commercially obtained and used as
received. The substrates for Sonogashira reactions, bases and sol-
vents were purchased from Merck, Sigma Aldrich, LobaChemie and
Rankem and 3-aminopropyltriethoxysilane (APTES) and palladium
acetate were from Sigma-Aldrich. Silica gel (particle size 60—120
mesh) used for column chromatography was purchased from
Rankem, India.

FT-IR spectra were recorded using KBr pellets on a Shimadzu IR
Prestige-21 FI-IR spectrophotometer (400-4000cm™'). UV—vis
(200—800 nm) spectra were recorded on a Jasco V-750 spectrom-
eter in solid state. The powder XRD patterns were recorded on
RikaguUltima IV diffractometer with Cu-Ke. (A = 1.541 A) radiation.
The SEM images were obtained with a JEOL, JSM IT-300 operating at
an accelerating voltage of 20 kV. The EDX spectra were also recor-
ded in the same instrument attached to the scanning electron mi-
croscope. The surface area measurement at liquid nitrogen
temperature was obtained from the linear plot following Brunauer-
Emmett-Teller (BET) method using Quantachrome instrument
(Boynton Beach, FL 33426, USA). The X-ray photoelectron spectrum
(XPS) of (Pd-imine@nanoSiO;) was recorded on a XPS-AES Module,
Model: PHI 5000 Versa Prob II. The C (1s) electron binding energy
corresponding to graphitic carbon was used for calibration of the Pd
(3d) core-level binding energy. Thermogravimetric analyses (TGA)
were done with a Perkin Elmer STA 8000 thermal analyzer in the
temperature range 35 °C-850 °C at a heating rate 20 °C min~! in air.
The palladium content of the catalyst was determined by Induc-
tively Coupled Plasma Atomic Emission Spectrometric (ICP-AES)
analysis with a ARCOS, Simultaneous ICP Spectrometer at SAIF, IIT
Bombay. The reaction products were characterized by recording 'H
NMR spectra and comparing with authentic sample.

_OH OEt\ toluene

]‘OH + OEt—Si(CH,)sNH,

OH  OEt reflux, N, atm, 6h |~
nanosilica APTES

i—o

Losi” N

Lo :

! Pd

AcO™ '\

OAc

Pd-imine@nanoSiO,

APTES@nanosilica

2.2. Synthesis of materials

Synthesis of nanosilica: From green chemistry and eco-
compatibility point of view, the use of waste material is one of
the major concerns in recent time. Keeping this in mind, we have
used rice husk derived nanosilica [17] for immobilization of the Pd
(II) complex. This process mainly involves the following steps and
can be schematically represented as shown in Scheme 1. [25].

2.3. Synthesis of Pd-imine@nanoSiO, catalyst

Step I: Immobilization of APTES onto nanosilica (APTES@-
nanoSi0): 4 g of nanosilica (dried at 250 °C for 20 h) was added
to 100 mL of dry toluene followed by addition of APTES (0.04 g,
2.0 mmol). The resulting mixture was refluxed under N for 6 h,
followed by cooling, whereupon a solid product was formed. It
was separated by filtration, washed repeatedly through Soxhlet
extraction with toluene and finally dried at 120°C for 24 h to
obtain APTES immobilized nanosilica.

Step II: Synthesis of imine funtionalized nanosilica [imi-
ne@nanoSi0;]: In a suspension of 2.3 g of APTES@nanoSiO, in
60mL ethanol, 0.033g (0.21 mmol) of quinoline-2-
carboxyaldehyde was added and was refluxed for 6 h. A solid
precipitate was formed, which was filtered off, and washed
several times through Soxhlet extraction with ethanol and
acetone. The resulting compound was dried at 120°C for 24h
and designated as imine@nanoSiO,. The amount of the imine
ligand attached to the imine@nanoSiO; was measured from the
TGA analysis and was found to be 2.14 mmol/g.

Step III: Immobilization of Pd metal onto imine funtional-
ized nanosilica [Pd-imine@nanoSi0;]: 0.2 g of imine@nano-
SiO, and 0.060 g (0.026 mmol) of Pd(OAc), were added in 40 mL
acetone and stirred at room temperature for 24 h. The product
was filtered off and washed through Soxhlet extraction with
acetone. The product was dried in an oven at 70°C for 24 h,
whereupon a light brown color material was obtained and was
designated as Pd-imine@nanoSiO,. The palladium content of
Pd-imine@nanoSiO, based on ICP analysis was estimated to be
0.9 mol % per 10 mg.

2.4. Procedure for Sonogashira cross-coupling reaction

In a typical reaction, a mixture of alkyne (1.1 mmol), aryl

‘ \
+
N/ CHO

quinoline-2-carboxyaldehyde

0
O Si(CH,)sNH,
o/

ethanol,reflux, 6h

o)

Pd(CH;COO N z
( 3 )2 !—-O-/SI/\/\N | A
acetone,r.t,24h © N A~

imine@nanoSiO,

Scheme 1. Synthesis of Pd-imine@nanoSiO,
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Fig. 1a. XRD pattern of silica.

halide(1.3 mmol), amine (2 mmol), catalyst (10 mg, 0.9 mol% of Pd)
were added in water (4 mL) and stirred at 70 °C for required time.
After completion of the reaction (monitored by GC-MS at different
time intervals) it was cooled to room temperature and the catalyst
was separated by simple centrifugal precipitation. The filtrated was
diluted with water and extracted with 15 mL acetic acid. To obtain
the desired product the organic phase was washed with
brine(2 x 10 mL) and dried over anhydrous Na;SOy, then filtered
and evaporated under reduced pressure. The products were iso-
lated by silica gel column chromatography using hexane as eluent.
The FT-IR and 'H NMR data of isolated products were compared
with previously reported literature [26,27]. To check the reusability
of the catalyst, the recovered catalyst was dried overnight at 100 °C
and reused in a new coupling reaction under identical conditions.

3. Results and discussion

The X-ray diffraction pattern of the complex (Fig. 1) is in good
agreement with the reported literature [28—30]. The PXRD of silica
exhibits peaks at 26 value of 19.26°, 29.82°, 39.62°, 49.04° and
60.68° corresponds to (100), (101), (012), (112) and (211) planes of
hexagonal unit cell [29,31]. The XRD patterns of the silica, nano-
silica and the Pd-imine@nanoSiO, revealed that crystalline nature
of silica changes to amorphous in both nanosilica and the complex.
A broad peak corresponding to the silica phase was observed at 22°
for both the materials, nanosilica and complex [25]. The XRD pat-
terns of nanosilica and the complex are similar, however a promi-
nent decrease in peak intensity for the complex is consistent with
the immobilization of Pd and ligand onto the nanosilica as reported
by Komura et al. [29].
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Fig. 1b. XRD patterns of nanosilica and Pd-imine@nanoSiO,
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Fig. 2. FT-IR spectra of (a) silica, (b) nanosilica, (c) APTES@nanoSiO,, (d) imine@na-
noSio,, (e) Pd-imine@nanoSiO,

FT-IR study: The FTIR spectra of nanosilica and silica are almost
similar, however the bands for vsio-si, Ysi-o-si» You and yoy are
shifted slightly either higher or lower frequency compared to that
of silica(Fig. 2a and b) [23,24]. The spectrum of APTES@nanoSiO;
demonstrated a peak at 1621 cm~! due to ynyp indicating immo-
bilization of APTES on nanosilica(Fig. 2c). The FTIR spectrum of
imine@nanoSiO; showed a new band at 1600 cm ! which could be
assigned to ve=y, suggesting the formation of Schiff base anchored
nanosilica (Fig. 2d). Interestingly, it was observed that this band
was shifted from 1600 cm~! to 1528 cm™'on complexation with
Pd(II)(Fig. 2e). In the far-IR region a band at 455 cm™'(vpg-0) and
585 cm ™! (vpa.n) clearly suggest that Pd is coordinated through N-
and O-atom [23,24].

BET analysis: With the exception of nanosilica, the surface area
of silica, APTES@nanoSiO,and Pd-imine@nanoSiO, decreases suc-
cessively, indicating successful immobilization of APTES, imine and
Pd onto the silica (Table 1). As compared to the catalysts reported
by Nikoorazm et al. and Komura et al., we have observed higher

Table 1
BET surface area measurements of the silica based materials.

Entry Materials Surface Area(m?/g)
1 Silica 186
2 Nanosilica 280
3 APTES@nanoSiO, 135
4 Pd-imine@nanoSiO, 111
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Fig. 3c. EDX of nanosilica.

decrease of surface area of nanosilica with the successive immo-
bilization of the ligand and Pd metal [28,29].

SEM-EDX and ICP analysis: Surface morphology of nanosilica
was changed after immobilization of APTES, imine and Pd onto
nanosilica (Fig. 3a & Fig. 3b). EDX patterns of nanosilica and Pd-
imine@nanoSiO(Fig. 3¢ & Fig. 3d) invariably showed the presence
of Pd, N elements and suggested the successful grafting of Pd
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Fig. 3d. EDX of Pd-imine@nanoSiO,
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Fig. 4. Pd 3d core level XPS spectrum Pd-imine@nanoSiO,

complex with the anchored ligand. ICP-AES analysis revealed
0.9 mol% of Pd content per 10 mg of Pd-imine@nanoSiO,.

3.1. X-ray photoelectron spectroscopy study

The XPS study for Pd 3d core of Pd-imine@nanoSiO, is
demonstrated in Fig. 4. The catalyst exhibited two peaks at binding
energy 337.4 eV and 342.6 eV, could be assigned to the Pd?* 3d
core-level peaks corresponding to the palladium 5/2 and 3/2 spin-
orbit components, respectively. This enumerates the presence of
Pd(Il)in the complex [11,28,29,32].

TGA: The TGA analysis of nanosilica, APTES@nanoSiO, and
imine@nanoSiO; revealed an initial weight loss of approximately
4.5, 53 and 4.6%, respectively in the temperature range
100—250°C, could be attributed to adsorbed water(Figs. S1—S3)
[28,33]. With further increase in temperature the APTES@nanoSiO;
and imine@nanoSiO;, showed 3.80 and 5.94% wt loss corresponding
to the decomposition of APTES and APTES- imine, respectively. The
quantity of imine ligand attached to the Pd was measured from the
TGA analysis and was found to be 2.14 wt% or 0.013 mmol in the
catalyst (ESI).

UV—vis spectra: The electronic spectrum of the complex was
recorded in the range 200—800nm in solid state. The bands
observed in the region 220—250 nm and 355 nm could be assigned
to the intraligand transitions (Fig. 5).

3.2. Pd-imine@nanoSiO, catalyzed Sonogashira cross-coupling
reaction

After characterization of the complex extensively we want to
check the potentiality of the complex as a catalyst for Sonogashira
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Fig. 5. Solid UV—vis spectrum for Pd-imine@nanoSiO,

cross-coupling reaction with various alkynes and aryl halides. For
this purpose a model reaction was carried out between phenyl-
acetylene and iodobenzene at different temperatures using trie-
thylamine as an additive in copper free condition (see Table 2). As
we know solvent plays an important role in product formation we
have screened various solvents for the reaction. From the table it is
clear that water is the most suitable solvent for the reaction as
other solvents gave comparatively low percentage yield (Table 2,
entry1). Water may readily solvate other substrates present in the
reaction medium due to high polarity index. We have also per-
formed the reaction at different temperatures, viz. room tempera-
ture (25°C), 50°C, 70°C, 80°C, 100 °C and observed that 80 °C was
the optimum temperature for better product yield (Table 2, entry1).
Likewise, a number of runs were performed with a various amounts

Table 2

Table 3
Optimization of bases for the Sonogashira cross-coupling reaction.’.

Pd-imine@nanoSiO
(e Ogmmeme 0y ()
H,0, 80°C, base =

Entry Base Isolated yield(%)
1 K2COs 60

2 NaHCO3 55

3 NaOH 50

4 EtsN 95

5 — —

6 WEB® 30

¢ Reaction conditions: iodobenzene(1.0 mmol), phenyl acetylene(1.1 mmol)],
H,0(2 ml), Pd-imine@nanoSiO, (10 mg; 0.9 mol% of Pd) at 80 °C for 2 h.
b Water extract of banana (WEB).

of Pd loadings such as 0.45, 0.9, 1.08, 1.35, 1.8 and 2.25 mol% and
found that 0.9 mol% of Pd was the sufficient amount to produce the
highest yield in water (Table 2, entry1). It was clear that increase of
Pd loading did not improve the product yield, while decrease of Pd
loading to 0.45 mol% led to decrease the yield significantly (Table 2,
entries 13—17). In the absence of catalyst and solvent only trace
amount of product was formed (Table 2, entries 9, 10 & 11).

Previous studies suggested that bases play a significant role in
absorption of hydrogen halide in this reaction as well as inhibits the
formation of homo-coupling product [34]. The reaction did not
occur in absence of any base (Table 3, entry 5). We have examined
both organic and inorganic bases like K;CO3, NaHCO3, NaOH, EtsN
and water extract of banana (WEB) to find out the most efficient
base for the reaction and found Et3N as the most efficient base for
the reaction (Table 3, entry 4). This might be due to the fact that
amines trap hydrogen halide readily compared to inorganic bases
[35,36]. The results are summarized in the Table-3.

To widen the scope of the reaction we have carried out
Sonogashira cross-coupling reaction between a wide range of

Optimization of the reaction conditions for the Sonogashira reaction of phenyl acetylene and iodobenzene using Pd-imine@nanoSiO; as a catalyst *

! Pd-imine@nanoSio,
rere () OO

solvent, 25-100°C, base

Entry Solvent Catalyst (mg; Pd loading) Temperature(°C) Time (h)" Isolated yield(%)
1 H,0 10 (0.9 mol% Pd) 80 2 95

2 Isopropanol 10 (") 80 2 65

3 DMF 10(") 80 2 55

4 EtOH 10(") 80 4 50

5 CH5CN 10(") 80 2 70

6 EtOH/H,0 10(") 100 3 85

7 H,0 10(") 25 (r.t) 24 trace
8 H,0 10(") 50 4 60

9 H,0 — 100 2 trace
10 H,0 — 100 4 trace
11 - 10(") 100 24 trace
12 H,0 10(") 70 4 80
13 H,0 5(0.45 mol% Pd) 80 5 65
14 H,0 12(1.08 mol% Pd) 80 2 95
15 H,0 15(1.35 mol% Pd) 80 2 95
16 H,0 20(1.80 mol% Pd) 80 2 95
17 H,0 25(2.25 mol% Pd) 80 2 95

@ Reaction conditions: Aryl halide (1.3 mmol), phenyl acetylene (1.0 mmol), triethylamine (2.0 mmol), catalyst (Pd-imine@nanoSiO,) and solvent (3 ml).
b All reactions were carried out for 24 h however, the time required to get maximum conversion is reported here.
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Sonogashira cross-coupling reactions of different aryl halides and alkynes in water.".

X

S Pd-imine@nanoSiO, o
o l// + HC=C-R, R1—/<;\>TR2
1

H,O, 80°C, (Et)sN

85

Entry Aryl halide Alkyne Product Isolated yield (%)
1 85
OI HCEC@ O=w
2 80
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Table 4 (continued )

Entry Aryl halide

Product Isolated yield (%)

20 /O/Br
ON

21 C

I
22
23

O

24 ©/Br
25 : Br

Z

81
R
H, 78
Or=t
9
H,
02N~©—:€C ]\/
9
H, 78
=2y
9
o,N

=i
O=t

¢ Reaction conditions: aryl halide(1.0 mmol), alkyne(1.1 mmol), Pd-imine@nanoSiO,(10 mg; 0.9 mol% of Pd),Et3N(2.0 mmol), H,O (2 ml).

substrates with Pd-imine@nanoSiO, as the catalyst. Water as a
solvent tolerates very hardly both aryl iodides and aryl bromides
as substrate to give good yield, however our catalytic system
showed high tolerance for both aryl iodides and aryl bromides.
Aryl bromides gave comparatively lower isolated yield than the
aryl iodides (Table 4, entries 6—10 & 16—20) and aryl iodides with
electron donating groups gave higher yield compared to electron
withdrawing groups (Table 4, entries 4,5&15). Aliphatic alkynes
coupled less effectively with aryl halides and afforded low yields,
might be attributed to the presence of less acidic terminal
hydrogen which results slow coordination of alkyne to aryl
palladium intermediate to form aryl alkynyl palladium species
(Table 4, entries 20—25).

100 -
84% 83% 83% 82% 82%
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3
2
>
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Cycle

Fig. 6. Reusability of Pd-imine@nanoSiO, in the Sonogashira cross-coupling reaction.

Reaction conditions: Catalyst (10 mg; 0.9 mol %); iodobenzene (6.3 mmol); phenyl

acetylene (6.0 mmol); (Et)sN (12 mmol); H,0 (9 ml); temperature: 80 °C.

3.3. Catalyst leaching and reusability of the catalyst

3.3.1. Hot filtration test

We have carried out a hot filtration test to know whether these
catalytic reactions are truly heterogeneous or not by using phenyl
acetylene and iodobenzene in the presence of Pd-imine@nanoSiO;
catalyst (10 mg; 0.9 mol% of Pd) and stirred at 80 °C. After 30 min
the reaction was stopped and the catalyst was filtered off (55% yield
found from GC-MS). The reaction was allowed to progress without
the catalyst for another 1 and 1/2 h, which eventually showed no
increase in product yield. This clearly suggested non-leaching of Pd
during reaction which was further confirmed by ICP-AES analysis
with the filtrate.

3.3.2. Reusability test
Retrievability of a catalyst is of utmost concern to evaluate

Fig. 7a. SEM of catalyst after 5th cycle.
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Table 5

the efficiency of the catalyst as well as from the economic point
of view. We therefore conducted the recyclability experiment by
taking iodobenzene and phenyl acetylene as coupling partners
with 10 mg (0.9 mol% of Pd) of the catalyst. After completion of
the reaction (monitored by GC-MS) the catalyst was separated
with centrifugal precipitation and dried at temperature 120 °C in
an oven for 24 h. Then the catalyst was reused in a new coupling
reaction. To our delight the catalyst showed good recyclability
for five consecutive runs without significant loss in activity
(Fig. 6).

To check the chemical change of the catalyst during subsequent
runs we have performed a SEM-EDX analysis of the catalyst
recovered after the fifth catalytic cycle (Fig. 7a & b). It revealed that
the catalyst retains its initial chemical composition even after 5th
catalytic cycle.

A plausible mechanism for the catalytic performance of Pd-
imine@nanoSiO; in copper free condition for Sonogashira reaction
is demonstrated in Scheme 2. In analogy with the earlier reports,
the mechanism initially may be started with the activation of Pd-
imine@nanoSiO; and generating acetate free Pd(0) real catalytic
species I in basic medium [4]. This was followed by the oxidative
addition of aryl halide to the species I through the oxidation of
Pd(0) to Pd(II). The coordination of terminal alkyne to intermediate
II producing palladium acetylide complex III . At the final step
Sonogashira reaction product was released through the reductive
elimination of complex III with the simultaneous release of the
active catalyst for the next catalytic cycle. To confirm the nature of
the real catalytic species we have recorded TEM image of the
catalyst after completion of the reaction, which clearly showed the
formation of Pd(0) nanoparticles (Fig. S4).

To know the actual catalytic performance of our catalyst with
respect to the reported ones we have performed a literature survey
(Table 5) and our catalyst was found to be effective with wide
substrate scope at mild reaction conditions.

4. Conclusion

We have developed an eco-friendly, novel protocol for Sono-
gashira cross-coupling reaction using Pd-imine@nanoSiO,. The
catalyst exhibited excellent catalytic efficiency for carbon-carbon
triple bond activation reactions between arylhalides(both iodides
and aryl bromides) and terminal alkynes in water. Our catalyst
could be easily recovered from the reaction mixture by simple
centrifugal precipitation and reused for five consecutive catalytic
cycles without profound loss in activity. This protocol is also
moderately suitable for aliphatic alkynes.

Comparative study on Sonogashira cross-coupling reactions with different catalytic systems.

Catalyst Reaction Conditions Yield/Conversion (%) Literature reference
Pd(II)Cl,-BTP@TMSP-nSiO, DIPEA, DMF/H,0,RT, 2—3 h,0.15 mol% 80-95 [4]
Nano-Pd(0)/SDPP K,COs, PEG 200, 100°C, 1.5—4 h,0.5 mol% 50-91 [3]
Pd-LHMS-3 Hexamine, H0, reflux, 10—15 h,0.52 mol% 70-90 2]
nSiO,-Dendrimer-Pd(0)0 (Et)sN,H,0,reflux,4—12 h, 0.085 mol% 82-96 [5]
Pd-2QC-MCM Piperidinen,NMP,80 °C, 3 h,1.8 mol% 49—-100 [29]
Pd-ABA-MCM-41 K,COs, PEG 200, 60 °C,1-7 h,1.6 mol% 92-97 [28]
CuNPs@MP-3 Et3N, H»0, 40 °C, 8 h,1 mol% 70-96 [35]
Co-MS@MNPs/CS KOH,DMSO0,140°C,10—12 h, 1.1 mol % 45-80 [37]
Pd/ICCP K»CO3,EtOH,100°C,4 h, 1 mol % 64—92 [38]
Pd-BIP-y-Fe,05@Si0, Et3N,DMF,100 °C,1.5—6 h,0.5 mol % 71-96 [39]
Pd(II)-PMO-SBA-16 DBU,Cul,H,0,90 °C,4—10 h, 0.9 mol % 85-93 [40]
Pd-imine@nanoSiO, (Et)3N, H,0, 80°C,2 h, 0.9 mol% 50-97 Our work
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