
lable at ScienceDirect

Journal of Organometallic Chemistry 903 (2019) 120985
Contents lists avai
Journal of Organometallic Chemistry

journal homepage: www.elsevier .com/locate/ jorganchem
Sustainable dipolar homo-dicopper (II) dihydrazone complex as a
catalyst for Sonogashira cross couplings

Mohamed Shaker S. Adam a, b

a Department of Chemistry, College of Science, King Faisal University, P.O. Box 380 Al Hofuf, 31982, Al Ahasa, Saudi Arabia
b Chemistry Department, Faculty of Science, Sohag University, Sohag, 82534, Egypt
a r t i c l e i n f o

Article history:
Received 7 June 2019
Received in revised form
23 August 2019
Accepted 15 October 2019
Available online 21 October 2019

Keywords:
Salicylidene succinyldihydrazone
Copper (II)
Sonogashira cross-couplings
Homogeneous catalysis
Ionic liquids
E-mail addresses: madam@kfu.edu.sa, shakeradam

https://doi.org/10.1016/j.jorganchem.2019.120985
0022-328X/© 2019 Elsevier B.V. All rights reserved.
a b s t r a c t

A novel dicopper (II) complex, Cu2L, was prepared form the complexation of the new polydentate ligand
(H4L), bis(sodium 3-formyl-4-hydroxybenzenesulfonate)succinylhydrazone, with copper acetate. The
novel homobinuclear complex was quite characterized by various physico-chemical tools and employed
as a homogeneous and efficient-green catalyst for Sonogashira cross-couplings of phenylacetylene with
halobenzenes under sustainable conditions. Cu2L exhibited very good catalytic performance with
excellent chemoselectivity. The catalytic efficiency of Cu2L was improved by using ionic liquidseaqueous
media (1: 1, binary mixture). A mechanistic pathway was also proposed for Cu(II)-catalyzed Sonogashira
cross-coupling reactions for the reported finding. DFT for H4L and Cu2L were studied. Electronic con-
figurations, energy of HOMO and LUMO orbitals, energy gap between orbitals (DE), electronegativity,
hardness and softness were also calculated and compared with the applicable catalytic findings of Cu2L,
which are in good conformity.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Sonogashira cross-coupling is considering an imperative mod-
ern and powerful synthetic route for building up organic molecules
mainly from alkynes, i.e. terminal acetylenes, with aryl, heteroaryl
or vinyl halides. Such catalytic systems could take place within
stoichiometric amounts of transition metal complexes, as catalysts,
homogeneously or heterogeneously [1]. The wide applicability and
diversity of Sonogashira CeC cross-couplings could be challenged
in the synthesis of various organic materials, e.g. natural products,
molecular materials, agrochemicals, non-linear optical materials,
biologically active molecules, molecular electronics, acetylene
macrocycles, dendrimer and polymeric materials [1,2]. The most
catalytic methodologies were developed mainly for Pd(II)-
complexes catalysts [3e8]. Likewise, copper-mediated develop-
ment of Sonogashira coupling protocols instead of Pd-catalyzed
homogeneously or heterogeneously [6], as Pd-free systems, due
to its less toxicity and economically cost-effective [9,10]. Hence,
those findings highlighted the role of copper (I)/(II) ion and its
tolerated pincer chelated ligands, e.g. N-heterocyclic carbenes [11],
phosphoryl-phenanthrolines [12], phosphine-ferrocenes [13] and
61@yahoo.com.
oxaloyldihydrazone [14], to improve the Sonogashira coupling
catalytic processes.

The strong coordination capability of the symmetrical dihy-
drazones towards nd metal ion of the various oxidation states to
form highly stable monometallic [15], heterobimetallic [16] and
homo-bimetallic [17] complexes with alternative mode of bonding
and stereochemistry [14,18], is considerable of interest. In partic-
ular, the elevated catalytic potential of the homobimetallic com-
plexes, e.g. MoO2

2þ-complexes in various organic syntheses was
reported lately and gave high catalytic sufficiency [19]. The catalytic
reactivity of the homobinuclear Schiff base complexes of transition
metal ions is observable higher than that of the mononuclear Schiff
base complexes. This could be related to the synergic effect of two
central metal ions in the complex catalyst framework [10,20].

In Sonogashira cross-coupling chemistry there is always
detecting a side product, which mainly caused by the Glaser-type
oxidative dimerization of the substrate, i.e. alkyenes. This undesir-
able side product is always a serious concern on large scale syn-
thesis [21]. Moreover, the higher cost, toxicity, difficult handling of
air and moisture sensitive coordinated P,N-ligands, longer reaction
times, low yields and the environmentally unfriendly reaction
conditions (e.g. applying of toxic amines as organic solvents or as
bases [22]) are the motivation here to design a novel and
economically cost-effective sustainable polar homobinuclear
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copper (II)-dihydrazone complex as an effective homogeneous
catalyst for Sonogashira cross-couplings under various sustainable
conditions.

2. Experimental

2.1. Reagents and apparatus

Chemicals and reagents were purchased fromMerck and Sigma-
Aldrich. All were used in chemical reactions without any treatment.
With a GMBH VarioEl model V2.3 apparatus, the percentages of
carbon, hydrogen and nitrogen atoms in their compounds were
analyzed and determined. NMR spectral scans were predicted with
a machine Bruker ARX400 multinuclear NMR spectrometer at
400.1MHz for 1H-nuclei and at 100.6MHz for 13C-nuclei at 25 �C.
Chemical shift magnitudes (d in ppm) of 1H and 13C nuclei and their
corresponded coupling constants for H nuclei (JHH) were evaluated
for the ligand (H4L). The electronic transition spectrawere achieved
for the studied ligand ant its corresponding Cu-complex in the
given solvent (water) using the JASCO machine as UVeVis. spec-
trophotometer (model V-570) with a 10mm silica cells in a ther-
mostatted cell holder. Fourier Transform Infrared
spectrophotometer Shimadzu FTIR-8101 was applied to measure
the stretching vibrational bands in the region from 4000 to
400 cm�1. Thermogravimetric analysis was studied for H4L and
Cu2L using Shimadzu TGA-50H thermal analyzer with flow rate of
nitrogen gas, as an inert carrier gas, 20 cm3min�1 and with heating
rate, from 30 to 400 �C, 10 �C min�1. Mass spectroscopy of H4L and
Cu2L was appreciated by waters Qtof Micro YA263 mass spec-
trometer inm/z. Conductivity of H4L and Cu2L in various media was
determined by a Jenway conductometer of 4320 model supplied by
an epoxy bodied conductivity cell (consisting of two electrodes,
shiny) at 25 �C in water bath using a HAAKE model F3-k ultra-
thermostat with cell constant calibration at 0.01e19.99. Magnetic
measurements for Cu2L were achieved by Gouy's balance with
Pascal's contents using Hg[Co(SCN)4] for diamagnetic correction
calibration. Metrohm 695 pH/ion meter to ±0.005 units were used
to determine the pH at 25 �C. Estimation of the melting point was
taken place by a Thermo Scientific 9100 machine.

2.2. H4L preparation

With modification of benzene-1,4-dicarbohydrazide condensa-
tion with aldehydes or ketones [19,23], in 50mLH2O, 4.48 g
(20.0mmol) of sodium 3-formyl-4-hydroxybenzenesulfonate was
mixed leisurely with 50mL of an aqueous solution of 1.46 g
(10.0mmol) of succinyldihydrazide and refluxed for 3 h with
continuous stirring at 100 �C. The completion of the reaction was
monitored by TLC within the formation of pale yellow color in the
solution. Water was removed after completion of reaction by slow
evaporation in vacuum. The solid material was collected and
washed with cooled ethanol, and then dried in oven. It was enough
pure by NMR to be used in the next step without any additional
purification. The product was isolated as pale yellow color solid
with 89% yield.

1H NMR of diketone form (H4L) (DMSO‑d6, 400MHz): d 3.36 (s,
CH2, 4H), 7.39 (s, 2H), 7.81e7.94 (m, 4H), 8.59 (s, 2H), 11.51 (s, 2H,
eCH]Nd) and 11.68 ppm (s, 2H, NH). The characteristic 1H NMRof
the tautomeric forms (dienole and keto-enole): 2.58 (t, 3J¼ 6.8 Hz),
8.05 (s) and 8.19 ppm (s).

13C NMR (100MHz, DMSO‑d6, dept-135): d 27.00 (CH2), 119.90
(CH), 124.25 (CH), 137.25 (Cq), 143.52 (CH), 146.33 (Cq), 149.92 (CH),
153.60 (Cq),168.54 (CH, CH]N) and 174.24 ppm (Cq, C]O). (1H-, 13C
NMR and dept-135 spectra are presented in Figs. S1eS3, the sup-
plementarymaterials). The characteristic 1H NMRof the tautomeric
forms (dienole and keto-enole form): 27.66, 28.95, 29.49 (CH2).
13CNMR: 119.97, 120.18 (CH), 124.69 (CH), 137.29 (Cq), 143.70 (CH),
146.51 (Cq), 153.64, 153.74, 153.80 (Cq), 168.79 (CH, eCH]Nd) and
174.05 ppm (Cq, C]O).

IR spectra (wave number, n, cm�1): 3399 (OdHphenolic), 3213
(NeH), 2983 (CdHalphatic,eC2H4), 1679 (C¼Oketo), 1284 (CeO),1647
and 1616 (C¼Nazomethine), 1550 (NHeCO), 1158 (CdNazomethine),
1480 (S]O) and 1145 cm�1 (SeO-).
2.3. Copper complexes preparation [m2-N2,N2’-bis(sodium 3-formyl-
4-oxidobenzylidenesulfonate)benzene-1,3-dicarbohydrazidato]-bis
[aquacopper (II)] monohydrate (Cu2L)

In an aqueous media (50mL) of H4L (2.79 g, 5.0mmol) was
gently poured to an aqueous solution of copper acetate mono-
hydrate, Cu(OAc)2.H2O (1.99 g, 10.0mmol, 50mL) at room temper-
ature. The resultedmixturewas heated up to 80 �C with continuous
stirring for 3 h with gradual turning of the solution color from pale
yellow to green. The reaction mixture was cold down to room
temperature, the solvent was evacuated and the residual was
collected and washed by cooled ethanol and dried in oven for 4 h.
Recrystallization of the complex was carried out in a 1:1 mixture of
H2O (30mL) and ethanol (30mL). The pure product was isolated as
green color solid with 69% yield.

IR spectra (wave number, n, cm�1): 3392 and 1653 (OdHwater),
3065 (CdHaromatic), 2997 (CdHalphatic, eC2H4), 1288 (CeO), 1603
and 1568 (C¼Nazomethine), 1525 (NHeCO), 1158 (CdNazomethine),
1456 (N]CeO-), 1375 (S]O), 1135 cm�1 (SeO-), 883 (CueO) and
592 cm�1 (CueN).
2.4. Catalytic potential of Cu2L

Sonogashira CeC cross-coupling reactions were carried out in
two necked round flask connected with water circulation
condenser charged with halobenzene derivatives (1.0mmol) in
10mL ethanol or given solvent (as shown below) in the presence of
Cu2L as a homogeneous catalyst (0.02mmol) and potassium car-
bonate or other bases (3.0mmol). The reaction was initiated by
addition of phenylacetylene (1.2mmol) under reflux conditions at
80 �C for 24 h in a thermostated oil bath under N2 atmosphere. The
reaction mixture was cooled down to room temperature. The crude
products were extracted by filtration because the products are
quite insoluble in the reaction mixture (in aqueous and in aqueous-
ionic liquid mixtures), especially after cooling down to room tem-
perature. The yield amounts of the target products were evaluated
by dissolving the crude product diethyl ether (10mL) and by
drawing a sample potion (0.1mL) and submitted to the GC-MS.
Purification of the final carried out by column chromatography
using silica gel (by n-hexane 80%: ethyl acetate 20%).

The biarylethyne products were confirmed by 1H- and 13C NMR
spectra (Figs. S4eS10, supplementary materials) and their yield
percentages were determined with Shimadzu Gas Chromatography
mass spectrometer (GC-MS) model QP2010 SE, with Rxi-5 Sil MS
capillary column (30m length � 0.25mm ID � 025 mm film
thickness). Injecting processes were taken place within auto-
injection to the GC-MS at room temperature. The oven tempera-
ture of GC was started at 40 �C and fixed for 60 s, and then followed
by a rate increase of temperature with 10 �C per min up to 200 �C.
The inlet mode carried out with splitless at 200 �C. The carrier gas
was high pure Helium gas with purity at 99.999% with flow rate
1mL per min. Lab solution software of the connected PC was used
in order to determine the yield percentages of the target products
depending upon MS results.
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2.5. Reusability of Cu2L

The recycling of Cu2L was tested by repeating of Sonogashira
cross-coupling reaction of phenylacetylene (1.0mmol) with bro-
mobenzene (1.0mmol) in 10mL of [bmim][PF6]: H2O (1: 1) mixture
at 80 �C for 20 h. The final product was easily extracted from the
reaction media in the aqueous-ionic liquid by filtration due to its
insolubility. Again, the reusability of Cu2L was probed by adding
new amounts of the reactants in the same reaction media for
several runs. The final product was determined by GC-MS analyses.

2.6. Computational treatments

Gaussian 09 revision c.01 [24] was applied for the computa-
tional data of DFT for H4L and Cu2L. The geometrical molecular
structures of H4L and Cu2L were optimized and given in the gas and
inwater phases within B3LYP and 6e31g(d,p) for carbon, hydrogen,
oxygen, nitrogen, sodium and sulfur atoms. For Cu2þ ions, the
stochastic dislocation dynamics (SDD) basis set with effective core
potential was motivated. Concerning the model of conductor-like
polarizable continuum (CPCM) and the optimal geometrical
structures in thewater phasewere accomplished at the B3LYP level.
The values of frontier molecular orbitals according to Koopman
theorem were associated with ionization potential (I) and electron
affinity (A) and evaluated from Eqs. (1) and (2)) [25].

I¼ -EHOMO (1)

A¼ -ELUMO (2)

Consequently, the electronegativity, c, global harness, h, soft-
ness, s, and electrophilicity index (u) could be derived calculatingly
for H4L and Cu2L from Eqs. (3)e(6) [25].

c¼1
2
ðIþAÞ (3)

h¼1
2
ðI�AÞ (4)

s¼ 1
h

(5)

u¼c2
.
2h (6)

3. Results and discussion

3.1. Synthesis and characterization

Succinyldihydrazide was synthesized previously [19,23], which
involved preparing the novel dipolar polydentate ligand (H4L). H4L
was synthesized by direct condensation of 1 equivalent of succi-
nyldihydrazide with 2 equivalents of sodium 3-formyl-4-
hydroxybenzenesulfonate [26] in water, without any external
motivation, e.g. a catalyst. 1H- and 13C NMR, IR, UVeVisible and
mass spectra, EA (elemental analyses), and conductivity measure-
ments were carried for the molecular structural conformation of
H4L (Table 1).

Significantly, 1H-, 13C NMR and dept-135 spectral scans of H4L
are presented in Figs. S1eS3 in the supplementary materials. At
3.36 ppm, a singlet resonating signal of the succinyl dC2H4d

protons was assigned. Two high shift singlet signals were displayed
at 11.51 and 11.68 ppm are corresponded to azo-methine (dCH]
Nd) and amino (>NH) groups, respectively, due to the intra-
molecular hydrogen bonding [15e17].

13C NMR spectra show distinguished signals for dC2H4d group
and the azo-methine group (dCH]Nd) at 27.00 and 174.05 ppm,
respectively. Particularly, the tautomerism of such aroyl salicyli-
dene dihydrazones has been elucidated previously [18,23], as
diketone, keto-enol, and dienol tautomers. The tautomerism of H4L
could be detected by 1H- and 13C NMR spectra. Singlet signals at
2.56, 2.58 and 2.60 ppm of hydrogen protons demonstrated the
tautomerism for the succinyl-C2H4 group. Also, 13C NMRmanifested
some additional signals referring to tautomeric structures at
168.79 ppm for the azo-methine and 174.05 ppm amido group
(>C]O). Moreover, the succinyl-C2H4 group assigned some addi-
tional signals in the aliphatic region at 27.66, 28.95 and 29.49 ppm
[23].

Copper acetate monohydrate reacted with H4L to form a novel
homo-dicopper pincer chelate complex (Cu2L) in an aqueous media
within 2: 1 equivalents of Cu2þ: H4L, respectively, with good yield
(Table 1), similar to the previously reported syntheses [30e33].
Alternative technical tools were applied to elucidate the tentative
molecular geometry of the novel Cu-complex (Table 1).

In the solid phase, both H4L and Cu2L exhibited high air stability
with decomposed temperature at 264 and> 300 �C, respectively
(Table 1). The wide range of pH stability from 1.9 to 9.4 was
determined for H4L and Cu2L aqueous solutions in the standard
universal buffers [19]. The stoichiometric molar ratios of Cu2þ and
H4L solutions were estimated spectrophotometrically by contin-
uous variation method (Fig. S11). The carbon, hydrogen and nitro-
gen percentages of the elemental analyses for H4L and Cu2L seem to
be in accordance with the theoretical percentages for the proposed
structure with small difference ±0.4%, referring to the high purity
(Table 1).

H4L and Cu2L exhibited strong solubility inwater and in solvents
with high coordination power, dimethylsulfoxide (DMSO) N,N0-
dimethylformamide (DMF). Both ligand and Cu-complex are spar-
ingly soluble in acetonitrile and ethanol. Due to the very low sol-
ubility of benzene-1,4-dicarbohydrazides, e.g. succinyldihydrazone
[19,27e29], the substituted sodium sulfonate group (Naþ SO3

�d)
enhanced their solubility. Hence, the molar conductivities (Lm) of
H4L and Cu2Lwere evaluated in DMSO, DMF, andwater, as shown in
Table 1. The conductivity results present three counter ions in so-
lution per molecule, two of them are sodium ions and one is the
complex anion as disulfonate anion eSO3

- . The magnetic suscepti-
bility of Cu2L was measured to afford para-magnetic character with
magnetic values 6.21 BM. Magnetic properties of Cu2L could assign
that no metal-metal ions interaction [34], as remarked elsewhere
[31,33].

The electronic spectra of aqueous solutions of H4L and Cu2L
showed the possible considerable electronic transitions, which
displayed in Fig. 1 and listed in Table 1. At the UV-region, H4L
exhibited three high-energy electronic transitions bands of p/p*
at 240 nm and of n/p* at 288 and 294 nm. An additional band in
the low energy visible region was assigned for the ligand charge
transfer at 325 nm [35]. All electronic transitions bands were
influenced by the ligand's coordination to Cu2þ ions. Both bands for
p/p* and of n/p* were little shifted to lower energy at 248, 277
and 315 nm, respectively. Particularly, the ligand CT band was
disappeared and a new lower energy band was assigned at 372 nm,
resulted from the ML-CT transition (Table 1) [17]. A very broad
absorption band was found at 436 nm for the d/d transition of the
metal ion (2Eg / 2T2g).

The significant IR spectral absorption signals of H4L and Cu2L are
shown in Figs. S12 and S13 in the supplementary materials. The
assigned diagnostic signals of OHdphenolic and NHdamido



Table 1
CHN analyses, melting point, electronic spectral transitions of H4L and Cu2L at concentration 1.0� 10�5mol dm�3 in water at 25 �C and molar conductivities, Lm, of H4L and
Cu2L with concentration at 1.0� 10�3mol dm�3 in H2O, DMF and DMSO at 25 �C.

Comp. MW (g mol�1) Color CHN analysis found %, (calc. %) m.p. (�C) UVeVis. spectra Lm (U�1 cm2mol�1)

C H N lmax (nm) ε (mol�1cm�1) Assign. H2O DMF DMSO

H4L 558.44 Pale yellow 39.03 (38.71) 2.71 (2.89) 9.84 (10.03) 264 decom. 325
294
288
240

6451
8112
8236
10451

LCT n/p*
n/p*
p/p*

363 232 209

Cu2L 735.55 Green 29.10 (29.39) 2.26 (2.47) 7.75 (7.62) >300 436 vbr
372 br
315
291
277
248

5132
7691
8879
8911
12753
12805

d-d
ML-CT n/p*
n/p*
p/p*
p/p*

401 218 188

Fig. 1. UV/Vis. spectral scans of dihydrazone ligand (H4L) and Cu-complex (Cu2L) with
concentration of the compounds [Compound]¼ 1.0� 10�5 mol dm�3 at 25 �C in water.
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moieties in H4L at 3399 and 3213 cm�1 were disappeared due to the
coordination of the dienolized H4L to Cu2þ ions. This behavior could
be elucidated also by the striking disappearance of the character-
istic C]O vibrational signal at 1679 cm�1 of H4L after complexation
with Cu2þ ions. Furthermore, the obvious absorption band shift of
the azo-methine group in H4L from 1647 to 1616 cm�1 to 1603 and
1568 cm�1, respectively, is caused by the bounding of nitrogenwith
its lone pair of dC]Nd group to the central metal ion [28,29].
Solvent molecules, i.e. water, as liable coordinated molecules or a
crystalline molecule could be also detected by the presence of new
stretching vibrational bands at 3392 and 1653 cm�1 in Cu2L [25,26].
The notable vibrational spectral bands at 1145 and 1480 cm�1 of the
recognized sulfonate SeO- and S]O stretching bonds, respectively,
were influenced by the complex formation with Cu2þ ions to be at
1135 and 1375 cm�1, respectively [25,26]. Moreover, there are two
supplemental weak absorption bands of the formed MdO, and
MdN bonds in Cu2L were displayed at 883 and 592 cm�1, respec-
tively [19,26].

Mass spectroscopic results for H4L and Cu2L are shown in
Figs. S14 and S15 in the supplementary materials, respectively. H4L
has mass peak at 582.4 m/z for [M þ Naþ] and at 559.2 m/z for
[M þ 1]. Mass spectra of Cu2L show base peaks for the molecular
structure as [M þ Naþ] at 740.57 m/z and as [M þ 1] at 718.33 m/z
(Scheme 2). Other characteristic mass peaks for Cu2L were detected
at 831, 662, and 543m/z.

Water molecules in the crystal lattice or in the coordination
sphere, as labile coordinated solvent, in Cu2L were estimated by
thermogravimetric analyses (TGA) (Fig. S16, supplementary mate-
rials). From TGA, there were found two decomposed successive
steps. In the first step, the mass loss percentage was discovered in
the range between 100 and 140 �C with mass lose percentage
Dmrel¼ 2.2%, which almost agreed with the predictable value
(Dmcal.¼ 2.5%). This decomposition step refers to the number of
solvated crystalline water molecules (one molecule). In the second
step, the mass lose percentage was remarked in the range of
185e230 �C, in which the derived mass lose was Dmrel¼ 4.6%,
whereas, the expected mass loss percentage was calculated to be
Dmcal.¼ 4.4%. The second mass loss is attributable to the loss of two
labile water molecules in the coordinated sphere in Cu2L (Scheme
1) [26]. H4L did not show any observable decomposition steps for
the temperature range up to 400 �C showing high thermal stability.

3.2. Catalytic processes

The catalytic feature of Cu2L was evaluated in Pd-free Sonoga-
shira CeC reaction of phenylacetylene (1.2mmol) with hal-
obenzene (bromobenzene or iodobenzene, 1.0mmol) in various
reaction conditions, homogeneously, as a standard model for
Sonogashira cross-coupling reactions. Fig. 2 shows the optimal
required time for the highest yield of the chemoselective, which
reported after 20 h affording 89% of 1,2-diphenyethyne at 80 �C in
ethanol, as an environmentally friendly and reasonable cheap sol-
vent, in the presence of K2CO3, (Table 2). Under various reaction
conditions of solvents and bases in the optimal time, Cu2Lmediated
the catalytic reactions and the obtained yield percentages were
listed in Table 2. The products were characterized in pure form by
NMR spectra and their yield in percentages were determined by
GC-MS.

To define the impact of the solvent, the reducing character of the
coordinated bis-ONO ligand in Cu2L or the base, the reaction pro-
ceeded in ethanol provided good yield of the desired product (entry
1, 89%) by using K2CO3 as a base, whereas, with NaOAc, the yield
was less than half (entry 2, 42%). By using more stronger base
(NatBuO), there was very little improvement in the yield of 1,2-
diphenyethyne than that with NaOAc (entry 3, 57%) (TON and
TOF values). Hence, the best base combination with ethanol was
found to be K2CO3, offered suitable results for such catalytic pro-
cesses, and this could be resulted from the low reactivity of K2CO3

to avoid the undesired side products [9]. The yield was significantly
reduced by using ethanol-water system (1: 1) in the presence of
K2CO3 or NatBuO (entries 4 and 5, 78% and 52%, respectively) [36].
This phenomenon was highly remarked, when the catalytic pro-
cesses took place in pure water (entries 6e8, with K2CO3, NaOAc or
NatBuO, respectively, as observed from TON and TOF values).
Initiating the catalytic processes inwater could probably reduce the



Scheme 1. Synthetic pathway of Cu2L form copper acetate monohydrate with H4L reaction.

Scheme 2. Sonogashira cross-coupling reaction mechanism catalyzed by Cu2L.
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solubility and miscibility of the catalytic components [37,38]. Nat-
BuO was little effective base than Na2CO3 in water, due to the im-
mediate hydrolysis of NatBuO to afford NaOH, as a strong base.
Under free solvent system, the yield percentages of 1,2-
diphenyethyne were moderate to good with K2CO3 or NatBuO
(entries 9 and 10, 77 and 54%, respectively). Indeed, the variation in
polarity between the involved catalyst, as a high polar component,
the substrates, phenylacetylene, and bromobenzene, as less polar
components, could be the reason of less miscibility, as well as, it
could reduce the reactivity of Cu2L towards the cross-coupling [9].
The catalytic processes under solvent-free conditions were found to
be better than in water, Table 2. In high coordinated polar organic
solvents, i.e. THF, DMF and DMSO, entries 11,12 and 13, respectively,
the reaction afforded low yield percentages of the chemoselective
product. The strong coordination power of such solvents might be
coordinated to Cu2þ ion of the catalyst, and then capsulated the
catalyst and considerably reduced its catalytic potential towards
the cross-coupling [34]. Using acetonitrile, as a polar solvent,
enhanced the progressing of the catalytic yield of 1,2-
diphenyethyne, which could provide better solubility and



Fig. 2. The kinetic profile of the Sonogashira CeC coupling reaction of phenylacetylene
and bromobenzene catalyzed by Cu2L in 10mL of ethanol at 80 �C for 24 h.

Table 3
Effect of Cu2L loaded amount on Sonogashira CeC coupling reaction of phenyl-
acetylene and bromobenzene.

Entrya Catalyst load (mmol) Yield (%)b TONc TOFd

1 0.00 10 0.0 0.00
2 0.01 81 81.0 4.05
3 0.02 89 44.5 2.22
4 0.05 90 18.0 0.90
5 0.10 88 8.8 0.44

a Phenylacetylene (1.2mmol), bromobenzene (1.0mmol) and base (K2CO3,
3.0mmol) in 10mL ethanol, at 80 �C for 20 h under N2 atmosphere.

b The yield percentages of the CeC product analyzed by GC-MS.
c TON (turnover number) is the ratio of mmoles of product to mmoles of catalyst.
d The TOF (turnover frequency) (TON/h) is mmol (mmol catalyst)�1 h�1.
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miscibility to the catalyst and substrates similar to that in ethanol
(entry 14, 85%). Glaser coupling product (homo-coupling) was
formed as a major product (entry 15, 32%) when the reaction pro-
cess was carried out under aerobic atmosphere, as observed else-
where [39]. It could be deduced that the solvent in such catalytic
processes plays a major role to enhance or to reduce the catalytic
efficiency of the homogeneous Cu2L catalyst (this will be discussed
in the mechanistic aspects).

The percentage load of the catalyst (Cu2L) to the reaction
showed a significant influence on the yield of the produced che-
moselective product (Table 3). Without the catalyst, no significant
amount of 1,2-diphenyethyne was detected (only ~10%, Table 3).
The increased loaded catalyst to the reaction processes improved
Table 2
Cu2L catalyzed Sonogashira CeC coupling reaction of phenylacetylene and bromobenzen

Entrya Solvent Base

1 Ethanol K2CO3

2 Ethanol NaOAc
3 Ethanol NatBuO
4 Ethanol:Water (1:1) K2CO3

5 Ethanol:Water (1:1) NatBuO
6 Water K2CO3

7 Water NaOAc
8 Water NatBuO
9 Free solvent K2CO3

10 Free solvent NatBuO
11 THF K2CO3

12 DMF K2CO3

13 DMSO K2CO3

14 AN K2CO3

15c Ethanol K2CO3

16d Ethanol K2CO3

a Phenylacetylene (1.2mmol), bromobenzene (1.0mmol), base (K2CO3, 3.0mmol), a
atmosphere.

b The yield percentages of the CeC product analyzed by GC-MS.
c The reaction carried out under aerobic conditions.
d Copper acetate (0.02mmol) was used as a homogeneous catalyst instead of Cu2L un
e TON (turnover number) is the ratio of mmoles of product to mmoles of catalyst.
f The TOF (turnover frequency) (TON/h) is mmol (mmol catalyst)�1 h�1.
the yield percentages of the product, which was observed form
0.01, 0.02e0.05mmol (81%, 89%, and 90%, respectively). However,
when the catalyst loading was further increased to (0.10mmol), it
did not help to improve the yield percentages of the product but
minor reduction was observed (88%) (as reported from TON and
TOF values, Table 3).

Comparatively, Beletskaya et al. [12] reported that the catalytic
reactivity of Cu(I) diethoxyphosphoryl-phenanthroline complexes
catalysts was recorded between 24 and 48 h for the CeC and
Cdheteroatom cross-couplings. Also, Tahsini et al. reported
24e48 h for the Sonogashira cross-coupling application to the
optimized yield using Cu(II)eN-carbenes catalysts, homogeneously
[11]. Moreover, dipalladium (II) ONO-pincer complex catalyzed
copper-free Sonogashira coupling processes with optimal time 48 h
in H2OeDMSO mixture under homogeneous phase [36]. Chavan et
al. reported the catalytic potential of heteroleptic Cu(I) complex of
pyridyl-pyrazolone and triphenylphosphine in the cross-coupling
of phenylacetylene with iodobenzene derivatives with consumed
time about 16 h in presence of K2CO3 in toluene [9]. The internal
formed complex between Cu(I) iodide and cyclohexane-1,2-
e in various solvents..

Yield (%)b TONe TOFf

89 44.5 2.22
42 21.0 1.05
57 28.5 1.42
78 39.0 1.95
52 26.0 1.30
72 36.0 1.80
68 34.0 1.70
50 25.0 1.25
77 38.5 1.92
54 27.0 1.35
53 26.5 1.32
45 22.5 1.12
37 18.5 0.92
85 42.5 2.12
32 16.0 0.80
94 47.0 1.96

nd Cu2L as a catalyst (0.02mmol) in 10mL solvent, at 80 �C for 20 h under N2

der the same conditions.



Table 4
Cu2L catalyzed Sonogashira CeC coupling reaction of phenylacetylene and bromo-
benzene in aqueous-ionic liquid binary mixtures.

Entrya Ionic liquid Yield (%)b TONg TOFh

1 [bmim][Tf2N]c 58 29.0 1.45
2 [bmim][Tf2N]:H2O (3 : 1) 67 33.5 1.67
3 [bmim][Tf2N]:H2O (1 : 1) 70 35.0 1.75
4 [emim][Tf2N]d 52 26.0 1.30
5 [emim][Tf2N]:H2O (3 : 1) 57 28.5 1.42
6 [emim][Tf2N]:H2O (1 : 1) 66 33.0 1.65
7 [omim][Tf2N]e 48 24.0 1.20
8 [omim][Tf2N]:H2O (3 : 1) 62 31.0 1.55
9 [omim][Tf2N]:H2O (1 : 1) 72 36.0 1.80
10 [bmim][PF6]f 70 35.0 1.75
11 [bmim][PF6]:H2O (3 : 1) 85 42.5 2.12
12 [bmim][PF6]:H2O (1 : 1) 87 43.5 2.17

a Phenylacetylene (1.2mmol), bromobenzene (1.0mmol), base (K2CO3,
3.0mmol), and Cu2L as a catalyst (0.02mmol) in 10mL desired solvent, at 80 �C for
20 h under N2 atmosphere.

b The yield percentages of the CeC product analyzed by GC-MS.
c 1-Butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide.
d 1-Ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide.
e 1-Octyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide.
f 1-Butyl-3-methylimidazolium hexafluorophosphate.
g TON (turnover number) is the ratio of mmoles of product to mmoles of catalyst.
h The TOF (turnover frequency) (TON/h) is mmol (mmol catalyst)�1 h�1.
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diamine, as high effective homogeneous catalyst for Sonogashira
CeC protocol of substituted terminal alkynes and halobenzenes,
took 60 h at 130 �C with various reaction conditions [39]. Conclu-
sively, Cu2L could be distinguished as a sufficient homogeneous
catalyst for Sonogashira cross-couplings of phenylacetylene and
halobenzenes in ethanol. The high catalytic efficiency of Cu2L, like
an eco-friendly catalyst, could resulted from the incorporated two
central metal ion bonded to the ligand, i.e. the two central metal
ions with synergic effect, as observed previously [12,14]. Addi-
tionally, the high reducing feature of the bonded ligand to Cu2þ ion
could progress such catalytic system by formation of the active
catalyst intermediate (see the mechanism) [29], as well as, K2CO3 is
considerable reactive base, as carboxylate salt [40].

To the best of our back knowledge, the influence of ionic liquids
on Sonogashira cross-coupling protocols catalyzed by Cu(I)/(II)
species was not enough reported, compared to Pd(II)-systems [41].
The influence of some ionic liquids with various ratios on the yield
of the chemoselective product of phenylacetylene and bromo-
benzene cross-coupling was studied under the optimized reaction
conditions and summarized in Table 4. 1-butyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide ([bmim]
[Tf2N]), 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)
imide ([emim][Tf2N]), 1-octyl-3-methylimidazolium bis(tri-
fluoromethylsulfonyl)imide ([omim][Tf2N]) or 1-butyl-3-
methylimidazolium hexafluorophosphate ([bmim][PF6]) with wa-
ter in different ratios mediated the catalytic systems. In pure water,
the yield of 1,2-diphenylacetylene was detected to be 72% (Table 2),
whereas, in only ionic liquids, there was a dramatic decrease in the
percentage of,2-diphenylacetylene, to be 58, 52, 48 and 70% in
[bmim][Tf2N], [emim][Tf2N], [omim][Tf2N] and [bmim][PF6],
respectively. With increase in the amount of water in the reaction
media (as 1 : 3 and 1: 1) to the ionic liquid, there was an obvious
rising in the yield of the favoured product (Table 4). These results
are agreedwith the previously reported impact of the ionic liquid in
presence of water [42,43]. The mixed [bmim][PF6]-water (1: 1)
mediated the catalytic process with the highest yield of 1,2-
diphenyethyne (entry 12, 87%, Table 4, TON and TOF values). The
catalytic system was more progressed in the phosphorylated ionic
liquid, as noted elsewhere [40,44].

Intriguingly, the mixed ionic liquid-water could strongly
improve the solubility of the catalyst and the substrates, and so
their miscibility, compared to the classical organic solvents [45].
The enhancement of both solubility and miscibility of the catalytic
components could easily generate active catalytic species and/or
form highly stable intermediates or transition-states [46].

Moreover, the easily extraction of the final product from the
reactionmedia in the ionic liquids forced tomeasure the reusability
of the desired Cu(II)-catalyst for several runs [47,48]. The reusing of
Cu2L catalyst for Sonogashira protocol of phenylacetylene and
bromobenzene in 10mL of [bmim][PF6]: H2O (1: 1) mixture at 80 �C
for 20 h, was studied. The maximum recyclability of Cu2L was 5
runs awarding 87-85% of biaryl products. After 5 times of Cu2L
reusing, the catalytic performance was slightly reduced and affor-
ded 80% of the desired product.

It is worth to report here that the catalytic reaction could be
achieved with better yield using iodobenzene more than with
bromobenzene in the same applicable conditions (entries 1 and 2,
Table 5) [39]. The oxidative addition step with iodobenzene is faster
than that with bromobenzene in the catalytic cycles [49], due to the
simultaneous CeI bond breaking than that CeBr than CeCl in the
aryl halide (see the mechanistic pathway in the oxidative addition
step). The coupling yield of phenylacetylene with bromobenzene
was influenced by the substituent on the bromobenzene affording
various yields (entries 3e6, Table 5). The yield was reduced for the
bromobenzene containing electron-donating group (methyl group)
at ortho- and para-position (entries 3 and 4, 84% and 87%, respec-
tively). On the other hand, bromobenzene containing more
electron-withdrawing substituents (nitro groups) at para-position
with only one exception of the more electron-donating group
(methoxy group) exhibited excellent yield values (entries 5 and 6
with yielding 95 and 91%, respectively). The noteworthy electronic
effect of the tolerated various functional groups on bromobenzene
could be the main reason to control the reactivity of bromobenzene
towards such coupling reactions with phenylacetylene [6,9,11]. The
electron-withdrawing substituents on bromobenzene could
encourage the CeBr braking in the oxidative addition step and so
enhanced the catalytic reactivity of bromobenzene towards cross-
coupling, whereas, electron-donating group of bromobenzene
could push the electron density towards the CeBr bonding and so
strengthens that bond and reduces the bromobenzene potential for
CeC couplings.

In pursuit of new cross-coupling reactions, the reaction of
phenylacetylene with some heterocyclic halides, i.e. 2-bromofuran
and 2-bromothiophene, to give 2-(phenylethynyl)furan and 2-
(phenylethynyl)thiophene, respectively, was probed under the best
reaction conditions (Table 5, entries 7 and 8, respectively). The
products, which characterized by NMR and mass spectra, afforded
good yields (82 and 71%, respectively, as shown in Figs. S8 and S9,
supplementary materials). 2-(Phenylethynyl)thiophene was
already synthesized elsewhere by Domyati et al. [11] with yield 65%
under harsh conditions of 135e140 �C in presence K2CO3 under
aerobic conditions in DMF after 48 h catalyzed by Cu(I)eN-het-
erocyclic carbenes. The current Cu(II)-complex catalyst (Cu2L)
seems to be reactive with less consumed time and reaction
temperature.

The novel Sonogashira cross-coupling reactions could be re-
ported here, is the comparative yield percentages of the chemo-
selective product of the reaction of phenylacetylene with
bromocyclopropane, as a representative example of alicyclic sub-
strate, andwith 1-bromopropane, as an example of aliphatic halide.
Liu et al. reported an attempt to prepare CeC coupling product for
an aliphatic precursor using alkylacetylenes with p-nitro-
bromobenzene in water affording excellent yields [49]. The syn-
thesis of the novel CeC products, (cyclopropylethynyl)benzene and
pent-1-yn-1-ylbenzene, respectively, was carried out in the



Table 5
Cu2L catalyzed Sonogashira CeC coupling reaction of phenylacetylene and different aryl, alicyclic or aliphatic halide derivatives..

Entry dX dR Product Yield (%)b

1 dI H 91 (88)c

2 dBr H 89 (86)c

3 dBr odMe 84 (79)c

4 dBr pdMe 87 (84)c

5 dBr odNO2 95 (88)c

6 dBr pdOMe 91 (87)c

7 2-bromofuran 82 (75)c

8 2-bromothiophene 71 (67)c

9 bromocyclopropane 62 (58)c

10 1-bromopropane 48 (46)c

a Phenylacetylene (1.2mmol), halobenzene (1.0mmol), base (K2CO3, 3.0mmol), and Cu2L as a catalyst (0.02mmol) for 20 h.
b The yield percentages of the CeC product analyzed by GC-MS.
c Total isolated product which characterized by NMR spectra.

Fig. 3. UV/Vis. spectral scans of Cu-complex catalyst (Cu2L) in ethanol at various
conditions. (a) Cu2L in ethanol at room temperature; (b) Cu2L in ethanol after heating
for 20 h at 80 �C in N2 atmosphere; (c) Cu2L in the end of the catalytic process of CeC

�
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optimized reaction conditions of the catalyst (Cu2L). The yield
amounts were recorded in Table 5 (entries 9 and 10), for bromo-
cyclopropane and 1-bromopropane, respectively, as assigned by
GC-MS analyses (in the supplementarymaterials, Figs. 8 and 9). The
yield values of the cross-coupling products are 62 and 48%,
respectively. It is obvious that the CeC cross-coupling of the cyclic
substrates afforded good chemical reactivity more than of the
aliphatic ones [11,37]. Cu2L shows effective catalytic character to-
wards aliphatic halides, although, Lima & Antunes [11] presented
no formed CeC products of aliphatic halides with their Cu-free
palladium salts with various phosphine ligands, as internal
catalysts.

From Table 2 (entries 1 and 15), the comparison between the
catalytic processes in absence (dry conditions) and presence of air
oxygen could help to understand the role of air oxygen on the
reactivity of the Cu-catalyst. The difference in the yield percentages
(89% under N2 atmosphere and 32% in air oxygen) could refer to the
deactivation of the Cu-catalyst in air oxygen by Cu-oxygenation,
which resulted probably from the formation of bridged oxy-, hy-
droxyl-, peroxy-dicopper [50] or superoxy-copper [51] complex, as
cross coupling in ethanol after 20 h at 80 C in N2 atmosphere.
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less active catalyst.
The degree of the coordinated ligand stability as ligand effect, i.e.

H4L, could be estimated in the catalytic processes by repeating the
CeC cross-coupling reaction in the typical conditions catalyzed by
copper acetate instead of the current Cu-catalyst (Cu2L). Cu2L
afforded 89% of the chemoselective product, whereas, copper ace-
tate gave 94% (entries 1 and 16, respectively). It is clear that Cu2L is
highly stable due to the fairly stability of its coordinated ligand
compared to copper acetate and this could be noted on its reactivity
as a homogeneous catalyst for Sonogashira coupling protocol
through the formation of active catalyst intermediate (see the
mechanism, Scheme 2). Indeed, the ligand could have a notable
effect of the catalytic reactivity and so the coupling reaction could
probably depending on the type of coordinated donor atoms (N
and/or O-donor), as recorded before by Bolm et al. [52]. That
consideration was also observed by other Cu(II)-species using
various structural ligands because the coupling reaction conditions
were differentiated by Cu(II)-catalyst to another depending on the
ligand nature [11,14,29]. The increases in the yield percentages
could be related to the excess amount of copper acetate in the re-
action media, which probably acted as a homogeneous catalyst.

3.3. Proposed mechanism

Ethanol is the best solvent for the Sonogashira coupling proto-
col, this could be predestined by a simple test through monitoring
of the UVeVis. spectrophotometric changes of Cu2L (Fig. 3a) in
ethanol at room temperature under dry conditions (Fig. 3b) and in
ethanol after 20 h at 80 �C under dry conditions (Fig. 3c) (0.02mmol
of Cu2L in 10mL ethanol). From both spectral scans (Figs. 3b,c),
there were strong observable shifts of the characteristic ML-CT
band (372 nm) to be at 408 nm after heating, and also the ddd
band was shifted and became broader band (from 436 nm to
481 nm). Moreover, with GC analysis of the products in that test,
acetaldehyde was detected in very trace amounts. It could be
concluded that ethanol could act as reducing agent for the forma-
tion of the active Cu(0)-complex catalyst and could enhance the
catalytic reactivity of Cu2L compared to other applicable solvents.

Despite, the mechanism of the Sonogashira cross-coupling re-
action is still not enough studied and not so clear [45], a plausible
mechanistic pathway was suggested in Scheme 2. The mechanism
started with formation of the active species of Cu(0)-catalyst (1), as
reported for the Cu-free Pd-catalysts [52e55]. The transient Cu-
acetylide was formed in the catalytic reaction, as detected previ-
ously [52], which due to the reaction if the Cu(II)-precursor with
phenylacetylene. The transformation of the initial Cu(II) complex,
as a pre-catalyst, to the active Cu(0)-species could be taken place by
the influence of the solvent (i.e. ethanol within the alcoholic group,
as detected previously by Hajipour et al. for the reduction of silica
gel supported Fe(III) complex to Fe(I)-species as a heterogeneous
catalyst in various Sonogashira reactions [56]). The alcoholic group
of ethanol, with reducing character, could increase the reactivity of
Cu2L catalyst to be reduced to Cu(0)-one, as investigated here.
Moreover, phenylacetylene and the base could assist in the
reduction of Cu2L to 1 [56]. Oxidative addition of Cu(0)-species
could be carried out by halobenzene [53] (as electrophilic organic
species with electron-withdrawing group) [57] to form active
Cu(II)-species (2) by adding halobenzene to the coordination
sphere of Cu(II) ion. Halobenzene, as electron-rich aryl halides,
demands harsh conditions in the cross-coupling reactions, i.e. long
time at high temperature, which could diminish the catalytic po-
tential of Cu2L towards oxidative additionwith bond break of ArdX
and bonding to Cu(II) ion [37]. Oxidation of Cu(0)-complex (1)
could be progressed due to its ability to donate electrons through
the formation of new CueC bond with aryl halides but could need
drastic reaction conditions [37]. This explains why most of the
Sonogashira cross-coupling reactions requires long time and high
reaction temperature. Furthermore, K2CO3, as a base, speeds also
the oxidative addition step [58]. ArdX with electron-withdrawing/
donating group features could be touched here by the alternative
amount of the yield percentages of the target product depending on
the attached electron-withdrawing or donating group of
Ardmoiety. The more electron-donating group of ArdX, e.g. bro-
mocyclopropane and 1-bromopropane afforded moderate to low
yields (62 and 48%, respectively, Table 5), whereas, the more
electron-withdrawing group, e.g. 2-nitro-1-bromobenzene, gave
excellent yield (95%, Table 5). Consequently, ArdX with electron-
withdrawing group could speed the formation of intermediate 3
and could also improve the yields of the CeC products. Those ob-
tains were due to that the more electron-withdrawing group fa-
cilitates the ArdX bond-breaking more than that of the more
electron-donating group.

The role of the base could be observed in the extraction of the
halide ion with replacement of carbonate anion affording Cu(II)-
acyl species (3). Intermediate 3 was attacked by phenylacetylene
to form Cu(II)-biphenyl intermediate complex (4) within trans-
metalation [54]. To understand the transmetallation step with
attack of phenylacetylene to the central metal ion, Cu(II) ion, pre-
viously, it was recognized that the presence of primary or sec-
ondary amines could activate phenylacetylene within its
deprotonation [59]. Therefore, in the absence of amines here, the
phenylacetylene deprotonation could take place on Cu(II) ion
through its coordination to Cu(II) ion in the intermediate 3 to give 4
and could be accelerated by K2CO3, pushing the electron density
away from phenylacetylene [60]. Reductive elimination produced
the final product with generating the active Cu(0)-catalyst (1),
which could be achieved in the presence of nucleophilic organic
species [55] for another catalytic cycle (Scheme 2).

The transformation of Cu2L through the catalytic process to
Cu(II)/Cu(0)-species could be revealed by spectrophotometric scans
of Cu2L before and after completion of the catalytic process, as
presented in Fig. 3aec. The notable shift of the ML-CT band in Cu2L
before inserting into the catalytic reaction was located at 372 nm
and at the end of the catalytic process was found at 389 nm. Also,
the remarked shift of the ddd transition band from 436 to 449 nm
could prove the transformation of Cu2L to the generated of Cu(II)/
C(0)-intermediates in the catalytic cycles [11].

3.4. DFT calculations

The optimal molecular structures, HOMOs, and LUMOs maps of
H4L and Cu2L molecules are shown in Fig. S14 and Fig. 4, respec-
tively. The calculated data of DFT are reported in Table 6. The po-
tential interaction of H4L and Cu2L could be estimated by HOMO
and LUMO. HOMO refers to the electron density donating capability
[61] and LUMO is associated with electron density accepting
experience [25,26]. Both, high energy values of HOMO (EHOMO) and
low energy values (ELUMO) are interrelated with the strong metal-
coordinating binding of H4L towards Cu2þ ions [62]. The differ-
ence between the EHOMO and ELUMO values epitomizes the values of
energy gap (DE). Hence, Cu2L as homogeneous cross-coupling
catalyst awarded a higher value of energy gap (DE) in both gas
andwater phases. This could be related to high catalytic potential of
Cu2L towards CeC cross-coupling reactions, specifically towards
(oxidative addition and reductive elimination steps) [63].

From the distribution of the frontier molecule orbital density,
the electron density of the HOMO in H4L is predominantly located
in the benzoyl hydrazone and sulfonate moieties. The electron
density of the LUMO is mostly positioned on the entire molecule
except the polar sodium sulfonate group. A similar partial change of



Fig. 4. Frontier molecular orbital (HOMOs and LUMOs) of Cu-complex (Cu2L).

Table 6
Quantum data for H4L and Cu2L molecules in gas and water phases.

Compound H4L Cu2L

gas water gas water

EHOMO (eV) �5.73 �5.81 �5.98 �6.08
ELUMO (eV) �2.10 �2.03 �2.11 �1.99
DE (eV) 3.63 3.78 3.87 4.09
c (eV) 3.91 3.92 4.05 4.04
h (eV) 1.01 1.89 1.93 2.04
s (eV�1) 0.99 0.52 0.51 0.49
u (eV) 7.56 4.06 4.25 4.04
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the electron density distribution was exposed of the HOMOs and
LUMOs for Cu2L molecule with expectation for an electron transfer
from HOMO to the LUMO forming a bond between the reagents in
the CeC cross-coupling mechanism (oxidative addition and
reductive elimination), as an effective catalyst [64].

The computed value of global electronegativities of H4L and
Cu2L was determined. The molecule that the low value of c asso-
ciated with the strong donating ability of electron density. This is
why H4L has lower value of c in gas and water phases, which could
react as reducing ligand and, hence, could be contributed for co-
ordination to Cu2þ ion with forcing for formation of the reduced
active catalyst complex in the catalytic cross-coupling. Therefore,
Cu2L has less electron density, which enhances its reactivity as a
catalyst towards Sonogashira cross-couplings. This could probably
force Cu2L to form an active reduced catalyst intermediate in the
catalytic cycle (Cu(I)/Cu(0)-species, Scheme 2) [65].

The hardness (h), as an indicator values for the stability of the
formed compounds, and softness (s) values [66] were also deter-
mined. Softness values (s) are measurements for the molecules'
polarizabilities. The more soft molecules could have high reactivity
towards catalytic protocols [54]. From Table 6, Cu2L has high values
of h with the low values of s, compared to H4L. The better appli-
cable complex species as homogeneous catalysts are those with
high dipole moment [63]. Here, Cu2L has dipole moment with
appreciable polarity, which progresses its catalytic efficiency to-
wards Sonogashira cross-coupling protocols.

4. Conclusions

The high coordination ability of the new polydentate ligand
(H4L), bis(5-sodium sulfonate-2-hydroxybenzylidene)succinylhy-
drazone towards copper (II) ions, provided a novel Cu(II)-complex,
Cu2L, which was characterized by alternative physico-chemical
tools. Cu2L showed excellent catalytic affectivity as a homoge-
neous catalyst in Sonogashira cross-coupling protocol of phenyl-
acetylene with bromobenzene in ethanol at 80 �C for 20 h. Lower
catalytic reactivity was observed by using other polar solvents, i.e.
water, water-ethanol mixtures, THF, DMF, DMSO and under free
solvent conditions. The catalytic efficiency of Cu2L was improved in
ionic liquidseaqueous media (1 : 1, binary mixture) provided
excellent yield percentages of the desired product (1,2-diphenye-
thyne). Hence, the recycling of the Cu-catalyst was successfully
attempted five times. A mechanistic pathway has been proposed
for Sonogashira cross coupling reactions based on the oxidative
addition and reductive eliminations steps. DFT studies calculated
the electronic configurations energy of HOMO and LUMO orbitals,
energy gap between orbitals (DE), electronegativity, hardness and
softness for H4L and Cu2L. All data of the theoretical calculations
refer to an agreement with the experimental obtains of the catalytic
potential of Cu2L.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.jorganchem.2019.120985.
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