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1 | INTRODUCTION

C-C bond-forming reactions are currently attracting the
attention of scientists owing to their significant applica-
tions in pharmaceutical, agrochemical!® and chemical
industries.** The Mizoroki-Heck (MH) reaction is con-
sidered the most strategic process for the arylation of ole-
fins through a palladium-catalysed C-C bond-forming
reaction."~°! Nowadays, vigorous attempts at designing a
green, simple, cost-effective and efficient approach for
carrying out the MH reaction are being undertaken, but
there is still ample room for improvement.!"°*2! In par-
ticular, a fully green solvent and the replacement of pal-
ladium with a more accessible and cheaper metal might
amount to a true breakthrough.31¢!

Alkene epoxidations (AE) are ubiquitous in industry;
for instance, epoxides are versatile intermediates in the
production of food additives, fine chemicals, drug inter-
mediates and even agrochemicals.'”"'*®! Current methods
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The new Co(II) - carboxamide complex (1) and Co;0, nanoparticles (2), by
way of thermal decomposition of (1) have been efficiently synthesised in the
environment-friendly. X-ray diffraction reveals a slightly distorted octahedral
coordination of cobalt (four nitrogens and two oxygens) in (1) and regular
octahedral or tetrahedral ones (oxygens only) in (2). The investigation of (1)
and (2) in the Mizoroki-Heck and epoxidation of alkens reactions showed
them both to be powerful, green and inexpensive catalysts.

co (IT)-carboxamide complex, Co;0, nanoparticles, epoxidation, Mizoroki-Heck, X-ray

present problems, however, such as high cost, difficulty
in recovering catalysts and generation of large quantities
of acidic and chlorinated waste. In recent years,
nanocatalysts have emerged as robust, heterogeneous
alternatives to homogeneous catalysts.'*!

Thiazole-based compounds are heterocycles found in
natural products; they are considered bioactive!?**!! and
useful for catalytic reactions./*?! Furthermore, it has been
proven that designing a thiazole coupled with an amide
group could enhance some of the biological activities.
Amide bonds are present in numerous industrially
important compounds and bioactive natural products
containing the primary structure of proteins.

Pyridine-based carboxamide ligands have also been
broadly scanned with respect to several biological and
catalytic applications, including asymmetric allylic alkyl-
ation'?*! and epoxidation.!** Finally, the synthesis of car-
boxamides is being intensely optimised because of its
critical role in industrial and pharmaceutical fields.[**!
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Recently, the behaviour of pyridine carboxamides
towards transition metals such as cobalt has been widely
investigated because of their capacity to form coordina-
tion polymers?®2” and their electric or catalytic proper-
ties.[?*?! Nanoparticles (np) of cobalt oxide, a p-type
semiconductor, have also attracted extensive interest
owing to their potential applications in heterogeneous
catalysis,** Li-ion rechargeable batteries,!*"*?! magnetic
materials™*>>#! and gas sensors!**! to name a few only.

In this context, we have synthesised and fully
characterised the novel carboxamide-based ligand N-(thi-
azole-2-yl) picolinamide (Htp) and its cobalt (II) complex
(1). Our synthesis of Htp has relied on the environment-
friendly TBAB in order to replace pyridine and increase
the yield of the product.[**3*3”! From the simple precur-
sor (1) we have also produced Co;0, nps (2). We then
studied the catalytic properties of (1) and (2)°% in
the MH cross-coupling!’®**! and AE!*® reactions. For
investigating the catalytic application, the fully green
solvent polyethylene glycol (PEG) was used and the
palladium was replaced with the more accessible and
inexpensive cobalt. Indeed, the cobalt complex is able,
as an efficient, green, cost-effective and optimised
heterogeneous catalyst, to process both AE and MN reac-
tions simultaneously.

2 | EXPERIMENTAL
2.1 | Materials and general methods

All solvents and chemicals were of commercial reagent
grade and used as received from Aldrich and Merck.
Elemental analyses were performed on a Perkin-Elmer
240011 CHNS-O elemental analyser. Fourier transform
infrared (FTIR) spectra of the synthesised samples
were recorded on a Bruker Tensor 27 spectrometer using
KBr pellets for sample preparation at room temperature.
UV-vis analyses were performed on a CARY 100 Bio
VARIAN spectrophotometer using quartz cells having a
path length of 1.0 cm. The "H-NMR spectrum of Htp was
obtained on a Bruker FT-NMR 500 MHZ spectrometer;
proton chemical shifts are reported in parts per million
(ppm) relative to an internal standard of Me,Si. Cyclic
voltammograms (CV) were recorded on a SAMA
500 Research Analyzer using a three-electrode system: a
glassy carbon working-electrode (Metrohm 6.1204.110
with 2.0 + 0.1 mm diameter), a platinum disk auxiliary
electrode and Ag wire as reference-electrode. The glassy
carbon-working electrode was manually cleaned
with 1 pm alumina polish prior to each scan. CV
measurements were performed in DMF with
tetrabutylammonium hexafluorophosphate (TBAH) as

supporting electrolyte. The solutions were deoxygenated
by purging them with Ar for 5 min. All electrochemical
potentials were calibrated versus the internal Fc*/°
(E° = 045 V vs. SCE) couple under the same con-
ditions. Thermogravimetric-differential thermal analysis
(TG-DTA) was conducted on a NETZSCH STA 449F3
thermal analyser at a constant heating rate of 10 °C min™"
in air. Powder patterns were recorded in the 20 range of
10-100° on an MPD-PRO powder diffractometer from
PANalytical using Ni-filtered CuKo radiation. The
morphology and composition of the Coz;O, n.p.s were
observed by a field emission scanning electron
microscopy (FE-SEM, MIRA3 TESCAN). Gas chromato-
graphic (GC) analyses were performed on an Agilent
Technologies 6,890 N, equipped with a 19,019 J-413
HP-5, 5% phenyl methyl siloxane, and a capillary column
(60.0 m X 250 pm X 1.00 pm).

2.2 | Synthesis

2.2.1 | Synthesis of N-(thiazole-2-yl)
picolinamide (Htp)

A mixture of 3.22 g (10 mmol) of triphenylphosphite,
1.61 g (5 mmol) of TBAB, 1.23 g (10 mmol) of picolinic
acid and 1 g (10 mmol) of 2-aminothiazole in a 25 ml
round-bottomed flask was placed in an oil bath. The reac-
tion mixture was heated until a homogeneous solution
was formed which was kept stirring for 1 hr at 120 °C;
then the viscous solution was cooled to room tempera-
ture and treated with 5 ml of cold methanol. The
resulting light yellow solid was filtered-off and washed
with cold methanol. Yield 79%. Anal. Calc. for CoH,N;0S
(20532 g mol™): C, 52.67; H, 3.44; N, 20.47; S, 15.61.
Found: C, 52.31; H, 3.46; N, 20.34; S, 15.21%. FT-IR (KBr,
em™) Vax: 3175 (NH), 1,675 (C=Oumiqe)s 1,525 (C-N);
UV-visible (acetonitrile): Apax (nm) (e, L mol™ cm™):
287 (32,800), 221 (32,440). 'H NMR (CDCI3, 500 MHz):
7.36 (d, Hy), 7.58 (d, Hy), 7.73 (m, H), 8.12 (m, Hy), 8.19
(d, Hy), 8.77 (d, Hy), 11.94 (s, NH).

2.2.2 | Synthesis of [co (tp).(H,0)-].
C,H;0H) (1)

Co (CH3C00),.4H,0 (25 mg, 0.1 mmol)) was added to a
solution of Htp (41 mg, 0.1 mmol) in dichloromethane
(35 ml); this mixture was stirred for 4 hr. Then it was fil-
tered and 20 ml of ethanol were added to the leach solu-
tion. Bright orange crystals of bis (N-(thiazole-2-yl)
picolinamide) di aqua cobalt (II) ethanol solvate, suitable
for X-ray diffraction, were obtained by slow evaporation
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of a solution in ethanol-dichloromethane at refrigerator
temperature. The crystals were isolated by filtration,
washed with cold ethanol and dried in vacuo. Yield 82%.
Anal. Calc. for C,,H,,CoNgOsS, (549.488 g mol™'): C,
43.72; H, 4.04; N, 15.29; S, 11.67. Found: C, 43.74; H,
3.94; N, 15.21; S, 11.84%. FT-IR (KBr, cm™) vyax: 1582
(C=0,mige), 1,552 (C-N) cm™'. UV-visible (acetonitrile):
Mmax (m) (e, L mol™ cm™): 522(500), 331 (19,200),
269 (26,400).

2.2.3 | Preparation of Co3;0,
nanoparticles (2)

In order to prepare n.p.s of Coz0,, the complex 1 was
loaded into a crucible which was then heated at a rate of
10 °C/min in an oven in air. After n.p.s of Co;0, had
grown at 600 °C after 2 hr, the sample was cooled to
room temperature and the black Co;0, nanocrystals
collected and characterised by FT-IR, FE-SEM and
XRD analysis.

2.2.4 | General procedure for the
Mizoroki-Heck reaction

All MH reactions were carried out in air. In a round-
bottom flask, equipped with a mechanical stirrer and a
condenser for refluxing, 0.4 mol% of the catalysts 1 or
2 were added to a mixture of K;PO, (4 mmol), olefin
(1.2 mmol) and aryl halide (1 mmol) in 3 ml of solvent.
This mixture was heated to 130 °C in an oil bath. The
progress of the reaction was monitored by GC at the end
of the catalysis; then the reaction mixtures were allowed
to cool to room temperature and extracted thrice with
water and diethyl ether (3 x 15 ml). The organic layer
was separated from the aqueous one, dried over
anhydrous MgSO, and evaporated to dryness under
reduced pressure to afford the desired product. The
residue was purified by column chromatography. The
products were characterised by comparing their '"H NMR
spectra with those found in the literature.

2.2.5 | General procedure for the
epoxidation reaction

The AE reaction over the 1 or 2 nanocatalysts was carried
out at atmospheric pressure by dispersing 0.4 mol % of
catalyst into a solution of 0.2 mmol of substrate and
0.4 mmol of t-butyl hydroperoxide [TBHP] in water in
C,H,CL, (1 ml) in a magnetically stirred glass reactor
under reflux (at 85 °C) for a period of 5 hr for 1 and 1 hr

Chemistry

for 2. The progress of the reaction was monitored by GC
at appropriate time intervals and the products were com-
pared with standard samples; the conversion percentage
was calculated using the areas of substrate.

2.2.6 | X-ray crystallography

Lath-shaped, orange single crystals of [Co (tp),(H,0),]
were obtained by slow evaporation of an ethanol-
dichloromethane solution in a refrigerator. A suitable
crystal of 0.56 x 0.23 x 0.06 mm?> was selected, glued to a
glass fibre and mounted on a STOE IPDS 2 diffractometer.
The crystal was kept at a steady T = 292(1) K during the
data collection. Data reduction, scaling and absorption
corrections were performed using X-Area, 1.36.14) The
final completeness is 100.00% out to 29.329 in @. An
absorption correction by Gaussian integration was per-
formed using Stoe XRed32 1.31.1?! The absorption coeffi-
cient y of this material is 0.919 mm™" at a wavelength of
(4 = 0.711 A) and the minimum and maximum transmis-
sion factors are 0.779 and 0.963.

The structure was solved and the space group
Pbcn (#60) determined by the ShelXT-2014/ 7% structure
solution program using the dual solution method and
refined by full matrix least squares onlF|*> using version
2018/3 of ShelXL.**! All non-hydrogen atoms were
refined anisotropically. Hydrogen atoms were placed at
calculated positions by means of the “riding” model in
which each H-atom was assigned a fixed isotropic dis-
placement parameter with a value equal to 1.2Uq of its
parent C-atom (1.5U., for the methyl groups), but the
hydrogen atoms of the coordinated water molecule were
found in a difference map and refined freely.

A residual electron density corresponding to 104.0
electrons was found in a volume of 472.0 A® in one void.
This is consistent with the presence of one molecule of
ethanol solvent per formula unit, which accounts for
104.0 electrons. This additional electron density, too

o

()Ih
PhO_ _OPh
P TBAB
| X H 4+ (1 ()ll\
_N OPh -PhOH

HO-P(OPh), / \—/
\ i >/ om 40,0 T
0=

()

o<

(Htp)

R

,4"“\/
I

SCHEME 1 Mechanism of the synthesis of Htp and 1 by
using the ionic liquid TBAB
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disordered to be modelled, was taken into account
by using the SQUEEZE/PLATON procedure!*?! (also
remember the drying in vacuo which might have
removed some of the ethanol!). The value of Z' is 0.5. This
means that only half of the formula unit is present in the
asymmetric unit, with the other half consisting of sym-
metry equivalent atoms. The crystallographic and refine-
ment data are summarised in Table S1.

3 | RESULTS AND DISCUSSION

3.1 | Synthesis of the ligand Htp and the
complex 1

Carboxamide derivatives are usually prepared by reacting
amines with the appropriate carboxylic acid in pyridine,
in the presence of an activator such as triphenyl
phosphate.!*®! Pyridine is, however, being abandoned
more and more because of its low efficiency and well-
known toxicity; thus, because of their desirable proper-
ties, ionic liquids are gradually imposing themselves as
an alternative to classic solvents.*745]

The novel bidentate carboxamide ligand Htp has
therefore been synthesised in the ionic liquid TBAB, with
the goal of decreasing the reaction-time, increasing the
efficiency and reducing the risks of toxic solvents such as
pyridine. Indeed, compared to the classical reaction, the
reaction-time was reduced from 4 to 1 hr and the yield
increased. The mechanism is assumed to be that shown
in Scheme 1.4

The complex (1) was prepared by reacting equimolar
quantities of Htp and cobalt acetate in an ethanol-
dichloromethane solution and stirring the latter for 4 hr
(Scheme 1). Orange crystals of (1), suitable for X-ray
diffraction, grew during the slow evaporation of the sol-
vent at refrigerator temperature. Diffraction showed that
(1) was actually an ethanolate.

3.2 | The crystal structure of 1

The complex 1 is shown in Figure 1 and geometrical
details may be found in Table 1. The cobalt (II) centre is
6-coordinated by two pyridine nitrogens [2.131(2) A], two
amide nitrogens [2.167(2) A] and two water oxygens
[2.083(2) A]. The trans-angles around cobalt (II) lie in the
range of 170.12(8)-171.50(10) and the cis ones in
76.88(8) -97.06(8). The metal centre therefore lies in a
distorted octahedron. The Co-N (amide) bond is longer
than the Co-N (pyridine) one, owing to the equatorial
position of the amidic N atoms and the Jahn-Teller effect
which leads to the bonds being stretched along this
axis.*°! Hydrogen bonds in 1 are shown in Table S2.

FIGURE 1

TABLE 1

[Co(L)(H,0),]
Atom
Col
Col
Col
Col
Col
Col
Atom
o2l
02
02
o211
o2l
02
02
o2l
o2l
N1
N1
N1
N1
N1
N2t

11X, +y, 3/2-z.

Structure of (1) with its atomic labelling scheme
shown with 50% probability ellipsoids drawn with the help of
Olex2. The disordered molecule has been omitted for clarity

Selected bond Lengths (A) and angles (°) in

Atom
021!
02
N1
N1
N2l
N2
Atom
Col
Col
Col
Col
Col
Col
Col
Col
Col
Col
Col
Col
Col
Col
Col

Length/i\
2.0828(18)
2.0828(18)
2.131(2)
2.131(2)
2.1667(18)
2.1667(18)
Atom

02

N1

N1

N1

N1

N2

N2

N2

N2t

N1

N2l

N2t

N2

N2

N2

Angle/’
85.99(12)
170.13(8)
92.35(8)
92.35(8)
170.12(8)
93.46(7)
92.76(7)
93.46(7)
92.76(7)
90.91(11)
97.06(8)
76.88(8)
97.06(8)
76.88(8)
171.50(10)
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3.3 | Spectroscopic properties

The FTIR spectrum of Htp is shown in Figure S1 of
the Supporting Information (SI). The amidic vy
appears at 3175 cm™, but is absent in the IR spectra of
1, corroborating the ligand to be coordinated in its
deprotonated form.!*" The sharp vc_o at 1676 cm™ in
Htp is red-shifted to 1,582 cm™' in 1, again indicating
a deprotonated ligand in 1. The significant blue-shift of
Vc—o of medium intensity for the coordinated
(1,552 cm™") relative to the free ligand (1,529 cm™')
gives additional support to the coordination of its amide
in their deprotonated form. This is presumably due to
the resonance enhancement in the deprotonated amide
which in turn leads to the strengthening of the C-N
bond,'*! shown in Figure 2.

The 'H NMR spectra of Htp were measured
in CDCl;, and reported in Figure S3 of the SI. The
structure of Htp is shown in Scheme 2. A well-separated
peak for the amidic proton N—H is observed around
11.94 ppm.[*"%2 The two doublet peaks appearing at
7.36 ppm and 7.58 ppm, respectively, can be attributed to
the H, and H,, hydrogens of the thiazole ring."**! The aro-
matic protons of the pyridine rings have been observed in
the range of 8.77-7.73 ppm.!?!)

The UV-vis data of Htp and 1 in acetonitrile are
reported in Figures S4 and S5 of the SI. The electronic
absorption spectrum of Htp includes two bands centred
at 221 and 287 nm, assigned to intra-ligand transitions
(r — 7 of aromatic rings and n — =" of electron pairs of
the N atom of carboxamide). 1 shows bands at 269 and
331 nm which are assigned to intra-ligand and charge
transfer transitions (t — = andn — ).l

The thermal behaviour of the precursor 1 has been
studied by thermal analysis at a constant heating rate of
10 °C min~" in the temperature range of 0 °C to 800 °C.
The TG, DTG and DSC curves in Figure 3 show that the
decomposition of the complex takes place in two stages.

== (b)

i i i L
4000 3000 2000 1000 400
Wavenumber [cm-1]

FIGURE 2 FTIR spectrum of (a) (1) (b) (2) nanoparticles
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SCHEME 2 Structure of ligand Htp

In the first stage, an endothermic peak at about 110 °C
indicates a weight-loss of roughly 13.75%, which is
consistent with the theoretical value of 14.93% for the
loss of two water molecules and one molecule of
C,HsOH. In the second stage, the residue gives a sharp
exothermic peak at about 320 °C with an extensive
weight loss (86.25%) related to the decomposition of the
complex.[>*5%!

Figure 4 presents the XRD pattern of the decomposi-
tion product of 1 at 600 °C for 2 hr. The diffraction pat-
tern contains narrow, but very weak lines corresponding
to cubic Co;0, (JCPDS Card No0.073-1701) and a huge
broad peak probably due to amorphous components and
even one or two extraneous lines. The powder pattern is
compatible with the Co;0,4 phase at 600 °C, in fair agree-
ment with the thermal analysis and FT-IR results.

The size and morphology of the cobalt oxide n.p.s
have been examined by scanning electron microscopy
(FE-SEM) (Figure 5); it can be seen that the n.p.s
are spheroids and that their average particle size is 32 nm.
The narrow size distribution of the particles shows a uni-
form size and a homogeneous sphere-like morphology.

3.4 | Electrochemical studies

The electrochemical behaviour of Htp and 1 has been
studied by cyclic voltammetry in DMF and acetonitrile
solutions at a scan rate of 100 mVs™, with 0.1 M TBAH
as the supporting electrolyte and a glassy carbon
working-electrode. As expected and previously reported,

DTG /(%/min)
TG % DSC fimWimg)
T ex

400
Temperature I*C

FIGURE 3 TG, DSG and DSC curves of the precursor (1)



Applied
O‘r)ganometallic

o4 | WILEY.

KIANI ET AL.

FIGURE 4 XRD paterrn of Co;0,4 showing
peak indices and 20 positions
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FIGURE 5 FESEM images of the n.p.s (2) (a, 1 pm and b, 200 nm)
(a) -2.3 (b)
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Det: InBeam SE

Ll

200 nm

-2.21 FIGURE 6 Cyclic
voltammogram of Htp in DMF
(a) and acetonitrile (b) at 298 K,
¢~ 6 X 10-3, scan

rate = 100 mV s-1

1.6 1.8 20 22 14

Potential / V

14

the carboxamide ligands are electro-active in common
organic solvents!®®!. As shown in the voltammogram of
Htp in DMF and acetonitrile (Figure 6a and 6b), the two
irreversible reduction waves of the thiazole and pyridine
rings have been observed at —2.3 and —1.54 V in DMF,
and at —2.21 and —1.52 in acetonitrile; they are both
shifted to more positive values for 1.

1,8

Potential / V

18 20 22 24

The electrochemistry of 1 in DMF and acetonitrile
(Figure 7a and 7b) shows an irreversible reduction pro-
cess at E,, = —1.51 and —1.42 V, respectively, which is
attributed to the reduction of the Co™" centre. This value
is in agreement with those reported in related Co
(I1) complexes.*”! These results suggest a one-step redox-
reaction with an irreversible mechanism. The last two
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(b) -2.08

10 1.2 14 1.6 1,8 2,0 2.2 24 10 -1,2 -14 1.6 1.8 -20 2.2 24

Potential / V

Potential / V

FIGURE 7 Cyclic voltammogram of (1) in DMF (a) and acetonitrile (b) at 298 K, ¢ =~ 6 X 10-3, scan rate = 100 mV s-1

irreversible reduction processes observed at —2.15 and
—1.84 V in DMF, and at —2.08 and —1.8 V in acetonitrile
are suggested to be mainly ligand-centred, owing to the
reduction of the thiazole and pyridine rings, and are
shifted to more positive potentials in the Co (IT) complex
relative to Htp.>®!

3.5 | Catalytic effects

The catalytic activity of our catalysts (1) and (2) was first
investigated in the model MH coupling reaction between
iodobenzene and methyl acrylate in order to determine
the optimal reaction conditions, such as the amount of

TABLE 2 Optimisation of the reaction conditions for the MH reaction of iodobenzene with methyl acrylate in the presence of catalysts

@ or (2)*

Entry catalyst Base Solvent
1 K,COs DMSO

2 1 K,CO; DMA

3 1 K,CO; DMSO+H,0

4 1 K,CO; DMA + H,0

5 1 K,COs PEG

6 1 K,CO3 DMF

7 1 TEA DMSO

8 1 TEA PEG

9 1 KOH PEG

10 1 K3PO, PEG

11 1 Na;PO, PEG

12 1 K;5PO, DMSO

13 1 K,PO, PEG

14 1 K;5PO, PEG

15 1 KsPO, PEG

16 1,2 K;5PO, PEG

17 1 K,PO, PEG

18 1 K3PO, PEG

19 2 K,PO, PEG

20 2 K3PO, DMSO

21 2 KsPO, PEG

Temp(°C) Time(hr) Yield (%)b
130 24 75
130 24 25
130 24 64
130 24 15
130 24 77
130 24 15
130 24 97
130 24 98
130 24 50
130 24 10
130 24 >99
130 24 65
130 12 77
130 6 >99
130 2 >99
r.t 24 _
80 6 >99
80 2 64
130 24 >99
130 24 88
130 2 95

“The reaction was carried out with iodobenzene (1.0 mmol), methyl acrylate (1.2 mmol), base (4 mmol), Catalyst (0.4 mol %), solvent

(3.0 ml).
*GC yield.



lied

Appli
8 of 14 WI LEY OFr)gpalr?ometallic

KIANI ET AL.

~ Chemistry

catalysts, solvents, bases, temperature and time of reac-
tion in the presence of a catalyst (Table 2). Firstly, differ-
ent solvent such as DMSO, DMA, a mixture of DMSO
+H,0 (2:1), a mixture of DMA + H,O (2:1), PEG and
DMF were examined, of which PEG and DMSO afforded
the maximal yield of methyl cinnamate. Secondly, the
same reaction was carried out in different bases, such as,
K,COs, TEA, KOH, K5PO,, and Na;PO, of which K5PO,

TABLE 3  Scope of the MH cross coupling reaction for (1) or (2)*

X
[Co(tp),(H;0)1.C;HsOH(1) N
\ W Co304(2)
+ —
N K3PO,, PEG, 130(°C )
R

was found to be most effective in PEG. Thirdly, the effect
of the amount of catalysts was also examined and the
best result was obtained by using 0.4 mol % of the cata-
lyst. Finally, the reaction was examined without any cata-
lyst and was found to be very inefficient (Table 2, entry
22). Therefore, the optimal reaction conditions in this
catalytic reaction are: iodobenzene (1 mmol), methyl
acrylate (1.2 mmol), K3PO,; (4 mmol) and -catalysts

W

R

Yield(%)"
Entry X R Olefin [Co (tp),(H,0)].C,Hs0H (1) Co30,4 (2)
1 I H Methyl acrylate 99 95
2 I H Butyl acrylate 98 77
3 I H Ethyl acrylate >99 75
4 I H Styrene >99 61
5 I H a-methyl styrene 95 69
6 I H 4-methyl styrene 94 65
7 I H 4-methoxy styrene 95 59
8 Cl H Methyl acrylate 10 Trace
9 Cl H Butyl acrylate 20 15
10 Cl H Ethyl acrylate 15 10
11 Cl H Styrene 69 45
12 Cl H a-methyl styrene 71 52
13 Cl H 4-methyl styrene 64 48
14 Cl H 4-methoxy styrene 68 51
15 Br H Methyl acrylate 22 11
16 Br H Butyl acrylate 25 29
17 Br H Ethyl acrylate 29 23
18 Br H Styrene 75 55
19 Br H a-methyl styrene 78 62
20 Br H 4-methyl styrene 67 58
21 Br H 4-methoxy styrene 58 56
22 I 4-NO, Methyl acrylate 98 96
23 I 4-NO, Butyl acrylate >99 85
24 I 4-NO, Ethyl acrylate >99 79
25 I 4-NO, Styrene 96 68
26 I 4-NO, a-methyl styrene 96 60
27 I 4-NO, 4-methyl styrene 98 58
28 I 4-NO, 4-methoxy styrene 97 61

*The reaction was carried out with aryl halide (1.0 mmol), alkene (1.2 mmol), K3PO4(4.0 mmol) in 3.0 ml PEG. Catalyst (0.4 mol %) at

130 °C for 2 hr.

"Isolated yield of the pure product after flash chromatography.
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(0.4 mol %) in PEG (3 mL) at 130 °C (Table 2, entry
15 for (1) and entry 21 for (2)).

Applying these optimal reaction conditions, the scope
of MH coupling reactions of iodobenzene, 4-nitro
iodobenzene, chlorobenzene and bromobenzene with
various olefins was then examined (Table 3). The cou-
pling of iodobenzene afforded the desired product in
quantitative yield (Table 3, entries 1-7). Initially, the elec-
tronic nature of the substituent on the olefin was investi-
gated: various olefins containing electron-donating
groups such as methoxy or methyl groups provided the
respective products in excellent yields and under mild
conditions. Aryl halides substituted with a nitro group at
the para position were more reactive in the coupling
reaction than those without substitution (Table 3, entries
22-28). Aryl chlorides are suitable substrates for the MH
coupling reaction, because they are extensively available
compared to their bromides and iodide analogs. Note
that, despite the strong C—Cl bond, we observed a signifi-
cant conversion in this coupling reaction. While most
reported methods require high loadings of a palladium
catalyst and difficult conditions,'*>*! our cobalt complex
(1) and nanocrystals (2) activate even aryl chlorides and
aryl bromides in the coupling reactions. It is further

Chemistry

noteworthy that aryl chlorides proceeded smoothly with
the same amount of cobalt catalyst as used for aryl
iodides and aryl bromides, while most of the cobalt
reported in MH reactions was totally inactive for aryl
chlorides.!®"%2! We report good result in the MH coupling
reactions, even for aryl chlorides in the presence of cobalt
catalysts. It is important that, shown by NMR spectra, the
trans-product has been obtained with 100% selectivity in
all MH olefination reactions. It is also important that this
activity of cobalt is reported for the first time for the
MH reaction.

Encouraged by the promising results in the MH cross-
coupling reaction, we turned our attention to the
potential of our (1) and (2) in the AE reaction. In order to
determine the optimal experimental conditions, the epox-
idation of cis-cyclooctene in the presence of (1) was cho-
sen as a model reaction. The effect of the amount of
catalyst, the type and amount of oxidants, the solvent and
the temperature are summarised in Table 4, which shows
that the best result was obtained with cis-cyclooctene
(0.2 mmol), TBHP (0.4 mmol) and 0.4 mol % catalyst in
DCE (1 ml) at 85 °C for 5 hr (Table 4, entry 9).

In order to assess the applicability of our catalysts,
nine different alkenes were used to examine the

TABLE 4 Optimisation of the reaction conditions of the AE reaction of cis-cyclooctene with TBHP in water in the presence of (1)

Entry Catalyst (mol%) Oxidant (mmol) Solvent
0.2 H,0,(0.2) DCE

2 0.2 UHP(0.2) DCE

3 0.2 TBHP(0.2) DCE

4 0.2 TBHP(0.6) DCE

5 0.4 TBHP(0.6) DCE

6 0.6 TBHP(0.6) DCE

7 0.7 TBHP(0.6) DCE

8 0.8 TBHP(0.6) DCE

9 0.4 TBHP(0.4) DCE

10 0.4 TBHP(0.6) DCE

11 0.4 TBHP(0.8) DCE

12 0.4 TBHP(0.4) Ethanol

13 0.4 TBHP(0.4) Methanol

14 0.4 TBHP(0.4) Acetonitrile

15 0.4 TBHP(0.4) Chloroform

16 0.4 TBHP(0.4) n-Hexane

17 0.4 TBHP(0.4) DCE

18 0.4 TBHP(0.4) DCE

19 0.4 TBHP(0.4) DCE

Temperature Conversion (%)° Selectivity (%)°
85 — 100
85 Trace 100
85 60 100
85 88 100
85 93 100
85 94 100
85 94 100
85 92 100
85 91 100
85 84 100
85 86 100
85 29 100
85 40 100
85 19 100
85 82 100
85 53 100
70 48 100
60 32 100
r.t. 24 100

*Reaction conditions for [Co (tp)2(H20)2].C2H50H (1): cis-cyclooctene (0.2 mmol), solvent (1 ml) and 5 hr.

®GC conversions based on starting alkenes.

“Selectivity to epoxide = ((epoxide)/ (epoxide + other products)) x 100.
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TABLE 5 Catalytic oxidation of various alkenes with TBHP in water by (1) or (2)*
=) ()=
Entry Catalyst Substrate Time (hr) Conversion (%) Selectivity (%)°
1 1 Cis cyclooctene 5 91 100
2 1 Styrene 5 94 54
3 1 4-methyl styrene 5 95 53
4 1 4-methoxy styrene 5 76 80
5 1 a-methyl styrene 5 91 >99
6 1 Cis stilbene 5 56 47
7 1 Trans stilbene 5 61 55
8 1 1-octene 5 39 38
9 1 Trans —2-octene 5 68 61
10 2 Cis cyclooctene 1 94 100
11 2 Styrene 1 98 60
12 2 4-methyl styrene 1 96 58
13 2 4-methoxy styrene 1 79 80
14 2 a-methyl styrene 1 91 >99
15 2 Cis stilbene 1 62 59
16 2 Trans stilbene 1 69 64
17 2 1-octene 1 49 42
18 2 Trans —2-octene 1 71 68
*Reaction conditions: substrate (0.2 mmol), TBHP in water (0.4 mmol), catalyst (0.4 mol%), C2H4CI2 (1 ml) and 85 °C.
*GC conversions based on starting alkenes.
“Selectivity to epoxide = ((epoxide)/ (epoxide + other products)) x 100.
catalysts according to the oxidation protocol mentioned 1:: =2 ?_3_24 Ny B N w
above; the catalytic results are shown in Table 5. Good | = =] =] =1 ,
catalytic activity and good selectivity were found for dif- g ™ — : = & -
ferent substrates. Excellent yield and high selectivity § “ = —g = : o
were observed for cis-cyclooctene for both catalysts g "M = = Aizoroki-Heck
(Table 5, entry 1 and 10). The lowest conversions were =" e = =Epcaidadon
observed for terminal alkenes such as 1-octene E :2 _: —= -
(Table 5, entry 8 and 17), because the percentage of n| =] =] = = =E
conversion anq selectivity for epoxidatign of thef termi- e R; n;n:s e
nal alkenes is reduced by the fraction of internal SRR mea N

alkenes. The results of the epoxidation reaction in
presence of (2) are also compiled in (Table 5, entry
10-18). Again, we observe that the reaction-time is
reduced and the percentage of the conversion to
epoxide is increased. While most reported methods
require high loadings of a molybdenum -catalyst and
difficult conditions, we happily report that both our
cobalt complex (1) and our Co;0, n.p.s activate the
epoxidation reaction.[®3-¢°!

FIGURE 8 Recyclability and reusability study of the Co304
n,p,s (catalyst 2) in the MH and AE reactions

3.6 | Recoverability

The reusability of the catalyst (2) is, of course, a primor-
dial concern. In order to assess this reusability for the
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nanocrystals (2), we chose the following procedure: after
each cycle the nanocrystals were separated from the reac-
tion mixture by filtration, twice washed with distilled
water and PEG (since 2 is insoluble in PEG), dried at
55 °C for 1 hr and then reused for another MH reaction
of iodobenzene, methyl acrylate, and K;PO, at 130 °C for
2 hr (Figure 8). After six cycles the reaction yield was
reduced to 48% and this decrease in the catalytic activity
is mainly attributed to structural changes of the catalyst
2. The reusability of catalyst 2 in the AE reaction in DCE
is shown in Figure 8. After six uses the reaction yield was
reduced to 60%, which suggests that this is also an

FIGURE 9 Recyclability and reusability 100 -
study of the [Co (tp)2(H20)2].C2H50H (catalyst 50
1) in the MH and AE reactions

5

1

$0 4
70 4
60 4
50 4

40 4

YIELD PRODUCT (%)
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appropriate catalyst for the AE reaction. This decrease in
the catalytic activity is mainly attributed to structural
changes of the n.p.s 2; this change in the structure is con-
firmed by comparing the IR spectra of a fresh and a cata-
lyst recycled (Figure S6) in the AE reaction. As it is clear
from Figures 8 and S6, the results suggest that the cata-
lyst 2 has a mild recyclability owing to structural changes
and the decomposition of the n.p.s.

We note that 2, compared with earlier methods, is
catalytically efficient in mild media (low amount of sol-
vent, moderate temperature and safe metal), in both the
MH cross coupling and the AE reactions, presenting

98

90
=

= Mizoroki-Heck
® Epoxidation

Run2 Run3 Rund Runs

NUMBER OF RECYCLE

TABLE 6 Comparison of catalytic activates of our catalysts with literature examples for the MH reaction between iodobenzene and

methyl acrylate and the AE reaction of cyclooctene

Entry Reaction Catalyst *f

1 Mizoroki-Heck Co@MicroCSM#!

2 Co-MS@MNPs/cS™?!

3 Nano Co!®”!

4 Co/ALO,

5 Co-Bl*%

6 Present catalyst [Co (tp),(H,0)s].
C,H-0H(1)

7 Present catalyst Co;0, (2)

8 Epoxidation of MOF [Cos(BDC);(DMF),(H,0),],*"!

alkenes

9 Co50,4 [38]

10 MOF [NiCo(p,-tp)(pa-tp)(4,40
-bpy)aln'!

10 NiO/Co30, nanocatalyst!”®’

11 Present catalyst [Co (tp),(H,0),].
C,HsOH(®1)

12 Present catalyst Co;04 (2)

Time Yield

Reaction conditions (hr) (%)

Co (3 mol% (21 pmol)) in DMACc at 8 82
140 °C

Co (1.1 mol %) in PEG at 80 °C 1 88

Co (2 mol%) in NMP at 130 °C 14 78

Co (10 mol%) in NMP at 150 °C 24 56

Co (5 mol %) in water/DMF (5/5) at 12 98
130°C

Co complex (0.4 mol %) in PEG at 2 99
130 °C

Catalyst (0.4 mol %) in PEG at 2 95
130°C

Catalyst (0.01 mmol) in CH3;CN at 7 67
75°C

Co (0.01 mmol) in CH,Cl,:CH;0H at 1 85
70 °C

Catalyst (100 mg) in CHCl; 2 38

Catalyst (100 mg) in CHCl; 4 76

Co complex (0.4 mol %) in DCE at 5 91
85°C

Catalyst (0.4 mol %) in DCE at 85 °C 1 94
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significantly lower reaction-times, excellent percentage of
conversion and selectivity.

In the following, the reusability of the catalyst (1) is,
of course, a primordial concern. In order to assess this for
the complex (1) we chose the following procedure: After
each cycle these complex were separated from the reac-
tion mixture by filtration and then twice washed with dis-
tilled water (since (1) is insoluble in water), dried at 65 °C
for 1 hr, and then reused for another MH reaction of
iodobenzene, methyl acrylate, and K;PO,4 at 130 °C for
2 hr (Figure 9). After six cycles the reaction yield was
reduced to 81% and this decrease in the catalytic activity
is mainly attributed to structural changes of the catalyst
1. The reusability of catalyst (1) in the AE reaction in
DCE is shown in Figure 9. After six uses the reaction
yield was reduced to 53%, which suggests that this is also
an appropriate catalyst for the MH reaction. This
decrease in the catalytic activity is mainly attributed to
structural changes of the complex 1, this change in the
structure is confirmed by comparison of IR data from the
fresh and the recycled catalyst (Figure S7) in the MH
reaction. As it is clear from Figures 9 and S7, the results
suggest that the catalyst 1 has mild recyclability owing to
structural changes and the decomposition of the complex.

A comparison of the catalytic reactivity of our cata-
lysts 1 and 2 with recently reported catalytic systems in
the MH and AE reactions is summarised in Table 6. Both
our catalysts activate, under mild conditions, in both
reactions and yield short reaction-times, but their most
salient benefits are the low cost of the metal in compari-
son with palladium, their functioning in low amounts of
solvent and the low amount of catalyst.

4 | CONCLUSIONS

The carboxamide N-(thiazole-2-yl) picolinamide (Htp)
has been prepared in the green TBAB and incorporated
into [Co™ (tp),(H,0),] C,HsOH. This ethanolate was
then stripped of tp and its water by thermal decomposi-
tion at 600 °C for 2 hr to yield spinel Co30,
nanoparticles of an average diameter of 32 nm and
appropriate dispersion. The coordination geometry
around Co" is distorted octahedral in the complex and
cubic in the nps. We have characterised the catalyst
from various aspects by: FTIR, CHNS, UV-Vis, NMR,
TGA, DSG, DSC, XRD, FE-SEM and CV. Mild and sus-
tainable reaction conditions (PEG as solvent, 130 °C,
2 hr), applied to a good two dozens of olefins, showed
the ethanolate as well as the Co;0,4 nps to be powerful
catalysts in the MH cross coupling reaction, affording
good yields with low metal contamination in a simple
way. Co (II) complexes and Co;0,4 nps are also activated

in the AE reaction. This straightforward and sustainable
chemistry without expensive metals provides useful and
eco-efficient catalysts bearing many useful properties:
their green and easy way of synthesis (without using
toxic agents and solvents) and good efficiency in the
MH coupling and AE reactions.
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APPENDIX A: Supplementary Data
The supplementary information consists of full charac

terisations of the ligand and the complex and the 'H and
13C NMR spectra of the products. Crystallographic data for

the structural analyses have been deposited with the Cam-
bridge Crystallographic Data Centre, CCDC No 1885351.
These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.
cam.ac.uk/data_request/cif.
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