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a b s t r a c t

A series of copper(I) compounds manifesting with the pyrazole mediated precursor, ArN[CH2(C3H3N2)]2

(Ar = 2,6-diisopropylphenyl) (LN3), were synthesized conveniently and treatment of the derivatives with
small organic molecules like pyrazine and triphenylphosphine were analyzed. Reacting one and two
equivalents of LN3 with [Cu(CH3CN)4]PF6 in CH3CN at room temperature afforded
[Cu(LN3)(CH3CN)2]PF6 (1) and [Cu(LN3)2]PF6 (2), respectively in high yield. Similarly, while reacting
one equivalent of LN3 and CuI in acetonitrile for 12 h, produced a white solid, [Cu(LN3)]I (3).
Furthermore, by adding one or two equivalents of PPh3 into compound 1, using methylene chloride as
solvent rendered [Cu(LN3)(PPh3)]PF6 (4) and [Cu(LN3)(PPh3)2]PF6 (5), respectively, in satisfactory yield.
In addition, compound {[Cu(LN3)(C4H4N2)]2(PF6)2}n (6) was generated as one-dimensional polymer
by treating compound 1 and pyrazine in THF at room temperature. All the Cu(I)-derivatives
were characterized by 1H and 13C NMR spectroscopy and the molecular structures (1, 4, and 6) were
determined by single crystal X-ray diffraction. Additionally, the catalytic reactions of Sonogashira type
C–C coupling were discussed using compounds 2, 3, 5, and 6 as catalysts.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Aryl-nitrogen, aryl-oxygen, and aryl-acetylene bonds are preva-
lent in many compounds that are of pharmaceutical, and materials
interest [1,2]. Most noteworthy among them are the aryl coupling
reactions based on palladium(0) catalysts such as the Sonogashira
coupling [3–5]. Research community has extensively used palla-
dium-based catalysts in cross-coupling reactions in both academic
and industrial settings [6]. However, searching non-precious met-
als as catalysts is also an important issue in development of metal
catalyzed C–C coupling reactions. Novel ligand systems and non-
precious metal, such as Cu are the two general considered factors
for new catalysts. Copper is an important chemical element in
the material science [7,8] and organocopper reactions [9–11]. In
the past decade, Cu ions are able to shuttle between +1 and +2
oxidation states and making their chemistry useful in the applica-
tions of bioinorganic modeling [12–14], oxygen or small molecule
activation [15], medicinal chemistry [16], etc. Copper(I) is a highly
versatile metal from a coordination standpoint, readily accessing
coordination numbers two, three, and four. Its coordinative ability
allows copper(I) to play a significant role in many catalytic and sto-
ichiometric processes, including catalytic hydrocarbon functional-
ization reactions [17]. Copper-catalyzed Sonogashira-type
coupling reactions are valuable transformations in organic synthe-
sis [18–22]. Not only Sonogashira reaction, there are many organic
reactions were performed with copper [23]. Regarding the ligands
of copper catalysts, various chelated nitrogen donor atoms have
also been studied and reviewed in the past years [24,25] and some
neutral and mono-anionic ligands are shown in Scheme 1.
Pyrazoles are extensively used as N-donor ligands to different
metal ions [26–28]. The structures and properties of copper pyra-
zolates are of significant interest which can exhibit a variety of
molecular frames with exo-bidentate coordination of the pyrazo-
late moiety with the copper atoms [29]. Thus, the coordination
chemistry of copper incorporating pyrazole-based ligands has
drawn recognition because of their interesting unusual structural
features, remarkable physical and chemical properties [30–32]. In
this connection, we are interested in using bi- or tri-dentate
pyrazole ligands to bind Cu atom forming tetrahedral geometry
complexes [33–35].

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ica.2015.07.018&domain=pdf
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We expand a series of copper(I) compounds coupled with
ArN[CH2(C3H3N2)]2 (Ar = 2,6-diisopropylphenyl) (LN3) and use
these derivatives to react with PPh3 and pyrazine. Compounds 1–
6 were characterized by 1H and 13C NMR spectroscopy and most
of them were further signalized by single crystal X-ray diffractom-
etry. The catalytic ability of synthesized copper compounds was
investigated with Sonogashira type C–C coupling reaction as well.

2. Experimental section

2.1. Materials and physical measurements

All the reactions were performed using standard Schlenk tech-
niques under an atmosphere of high purity nitrogen or in glove
box. Cu(CH3CN)4PF6, CuI, bis(2-methoxyethyl)amine, formalde-
hyde and pyrazole (Aldrich) were obtained commercially and used
as received. The ArN[CH2(C3H3N2)]2 (Ar = 2,6-diisopropylphenyl)
(LN3) was synthesized according to published literature [23]. All
solvents were distilled and stored in solvent reservoir, which con-
tained 4 Å molecular sieves and were purged with nitrogen. 1H and
13C NMR spectra were recorded on a Bruker Avance 300 spectrom-
eter. Chemical shifts for 1H and 13C spectra were recorded in ppm
relative to the residual protons of CDCl3 (d 7.24, 77.0). Elemental
analyses were performed on a Heraeus CHN-OS Rapid Elemental
Analyzer at the Instrument Center of the NCHU.

2.2. Synthesis of the complexes

2.2.1. Synthesis of [Cu(LN3)(CH3CN)2]PF6 (1)
A 100 mL Schlenk flask charged with [Cu(CH3CN)4]PF6 (1.0 g,

2.63 mmol) and 30 mL acetonitrile was added dropwise an ace-
tonitrile solution (30 mL) of LN3 (0.89 g, 2.63 mmol) at 0 �C. The
resulting solution was stirred for 12 h and filtered through Celite.
The filtrate was vacuum dried and the solid was recrystallized from
a toluene/acetonitrile mix solvent to yield white crystals of 1
(1.49 g, 90% yield).1H NMR (CDCl3): 0.89 (d, 12H, CHMe2), 2.20 (s,
6H, CH3CN), 2.60 (m, 2H, CHMe2), 5.49 (s, 4H, NCH2N), 6.29 (t,
2H, pyrazole CH), 7.05–7.23 (m, 5H, phenyl CH and pyrazole CH),
7.74 (d, 2H, pyrazole CH). 13C{1H} NMR (CDCl3): 2.1 (CH3CN),
24.6 (CHMe2), 28.4 (CHMe2), 73.1 (NCH2N), 106.3 (CH, pyrazole),
117.0 (CH3CN), 125.0 (CH, phenyl), 128.8 (CH, pyrazole), 131.4
(CH, phenyl), 140.5 (Cipso, pyrazole), 142.4 (Cipso, phenyl), 148.3
(Cipso, phenyl). Anal. Calc. for C24H33CuN7PF6: C, 45.90; H, 5.30; N,
15.60. Found: C, 45.40; H, 5.28; N, 15.70.

2.2.2. Synthesis of [Cu(LN3)2]PF6 (2)
Similar procedure as described for synthesizing 1 was adopted.

Ligand LN3 (3.55 g, 10.52 mmol) and [Cu(CH3CN)4]PF6 (2.00 g,
5.26 mmol) were used and the resulting solid was recrystallized
from a heptane and acetonitrile mix-solvent to generate the color-
less solid (4.60 g, 94% yield). 1H NMR (CDCl3): 1.00 (d, 24H, CHMe2),
1.99 (s, CH3CN), 2.68 (m, 4H, CHMe2), 5.55 (s, 8H, NCH2N), 6.36 (t,
4H, pyrazole CH), 7.11–7.47 (14H, phenyl and pyrazole CH).
13C{1H} NMR (CDCl3): 1.7 (CH3CN), 24.8 (CHMe2), 28.4 (CHMe2),
70.9 (NCH2N), 106.8 (CH, pyrazole), 116.6 (CH3CN), 124.9, 128.7
(CH, pyrazole), 130.9, 140.8 (Cipso, pyrazole), 141.1, 148.2. Anal.
Calc. for C40H54CuN10PF6(CH3CN)0.3: C, 54.44; H, 6.18; N, 16.11.
Found: C, 54.77; H, 6.02; N, 15.11.

2.2.3. Synthesis of [Cu(LN3)]I (3)
Similar procedure as discussed for synthesizing 1 was adopted.

Ligand LN3 (0.17 g, 0.52 mmol) and CuI (0.10 g, 0.52 mmol) were
used and the resulting pale blue solid was recrystallized from an
acetonitrile solution to generate the white solid (0.44 g, 81% yield).
1H NMR (CDCl3): 0.90 (d, 12H, CHMe2), 2.60 (m, 2H, CHMe2), 5.79
(s, 4H, NCH2N), 6.09 (t, 2H, pyrazole CH), 7.06–7.27 (m, 5H, phenyl
and pyrazole CH), 7.97 (d, 2H, pyrazole CH). 13C{1H} NMR (CDCl3):
24.8 (CHMe2), 28.3 (CHMe2), 71.7 (NCH2N), 105.0 (CH, pyrazole),
124.8, 128.4 (CH, pyrazole), 130.1, 141.3 (Cipso, pyrazole), 142.8,
148.6. Anal. Calc. for C20H27N5CuI: C, 45.50; H, 5.16; N, 13.27.
Found: C, 45.64.; H, 5.23; N, 13.21.

2.2.4. Synthesis of [Cu(LN3)(PPh3)]PF6 (4)
A 100 mL Schlenk flask charged with 1 (1.20 g, 1.91 mmol) and

20 mL methylene chloride was added dropwise with a methylene
chloride (20 mL) solution of PPh3 (0.50 g, 1.91 mmol) at room tem-
perature. The resulting solution was stirred for 12 h and dried
under vacuum to yield white solid. The solid was recrystallized
from a toluene/methylene chloride solution at �20 �C to generate
colorless crystals of 4. (1.42 g, 92% yield). 1H NMR (CDCl3): 0.96
(d, 12H, CH3), 2.59 (m, 2H, CHMe2), 5.60 (s, 4H, NCH2N), 6.25 (t,
2H, pyrazole CH), 7.09–7.48 (m, 21H, phenyl and pyrazole CH).
13C{1H} NMR (CDCl3): 24.8 (CHMe2), 28.5 (CHMe2), 71.9 (NCH2N),
106.9 (CH, pyrazole), 125.0, 125.2, 128.2, 128.9, 129.0, 129.4,
130.9, 131.0, 132.2, 133.5, 137.8, 140.5 (Cipso, pyrazole), 143.3,
148.2. Anal. Calc. for C38H42CuN5P2F6(C6H5CH3)0.9: C, 59.70; H,
5.56; N, 7.86. Found: C, 59.62; H, 5.46; N, 7.72.

2.2.5. Synthesis of [Cu(LN3)(PPh3)2]PF6 (5)
Similar procedure as mentioned for synthesizing 4 were

adopted except that two equivalents of PPh3 (1.00 g, 3.82 mmol)
was used. Complex 5 was obtained from a toluene/methylene chlo-
ride solution at �20 �C (1.80 g, 88% yield). 1H NMR (CDCl3): 1.04 (d,
12H, CHMe2), 2.13 (m, 2H, CHMe2), 4.89 (s, 4H, NCH2N), 6.47 (t, 2H,
pyrazole CH), 7.04–7.45 (m, 36H, phenyl and pyrazole CH). 13C{1H}
NMR (CDCl3): 25.0 (CHMe2), 28.5 (CHMe2), 66.1 (NCH2N), 107.8
(CH, pyrazole), 124.8, 128.4, 129.0, 130.4, 131.6, 132.0, 133.3,
141.8, 142.4, 147.0. Anal. Calc. for C56H57CuN5P3F6: C, 62.83; H,
5.37; N, 6.54. Found: C, 62.86; H, 5.31; N, 6.37.

2.2.6. Synthesis of {[Cu(LN3)(pyrazine)]2(PF6)2}n (6)
A Schleck flask charged with 1 (0.40 g, 0.64 mmol) and pyrazine

(0.051 g, 0.64 mmol) and 30 mL of THF was stirred at room tem-
perature for 12 h. The resulting solution was filtered through
Celite and filtrate was concentrated to small volume and stored
at �20 �C to afford orange crystals of product (0.10 g, 22% yield).
1H NMR (d6-DMSO): 0.91 (d, 12H, CHMe2), 2.68 (m, 2H, CHMe2),
5.63 (s, 4H, NCH2N), 6.40 (t, 2H, pyrazole CH), 7.15–7.31 (m, 6H,
phenyl CH), 7.78 (d, 2H, pyrazole CH), 7.89 (d, 2H, pyrazole CH),
8.73 (d, 4H, pyrazine CH). 13C{1H} NMR (d6-DMSO): 24.4
(CHMe2), 27.9 (CHMe2), 72.1 (NCH2N), 105.8 (CH, pyrazole),
124.7, 128.3 (CH, pyrazole), 132.4, 141.3, 141.4, 145.5, 148.1.

2.3. General procedure for C–C bond formation reaction

A glass tube was charged with cesium carbonate (1.0 mmol)
and catalyst (5 mol% with respect to the phenylacetylene) and
was sealed tightly with rubber septum. The sealed tube was taken
out of the glove box and phenylacetylene (2.5 mmol), aryl halide
(2.0 mmol) and toluene (15.0 mL) were injected into the tube
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through the septum. The septum was changed to glass stopper and
the solution was then stirred at 110 �C for overnight. The mixture
was then cooled to room temperature and filtered to remove insol-
uble residues. The filtrate was reduced in vacuo and the residue
has taken to GC (Gas chromatography) analysis for separating
and analyzing the products that can be vaporized without
decomposition.

2.4. Single crystal X-ray structure determination

Single crystals of 1, 4 and 6 suitable for single crystal X-ray
diffractometry analysis were mounted on a Bruker SMART CCD
diffractometer equipped with graphite-monochromated Mo Ka
radiation (k = 0.71073 Å). Crystal data were collected at 150 K with
an Oxford Cryosystems Cryostream. No significant crystal decay
was found. Data were corrected for absorption empirically by
means of w scans. All non-hydrogen atoms were refined with ani-
sotropic displacement parameters. All the hydrogen atom positions
were calculated and they were constrained to idealized geometries
and treated as riding where the H atom displacement parameter
was calculated from the equivalent isotropic displacement param-
eter of the bound atom. An absorption correction was performed
with the program SADABS [36] and the structures of both complexes
were determined by direct methods procedures in SHELXS [37] and
refined by full-matrix least-squares methods, on F2’s, in SHELXL [38].
Fig. 1. Cyclic voltammogram of compound 1 in MeCN.
3. Results and discussion

3.1. Synthesis and characterization of complexes 1–6

The synthesis of compounds 1–3 is shown in Scheme 2. The
pyrazole-derived ligand, ArN[CH2(C3H3N2)]2 (Ar = 2,6-diisopropy-
lphenyl) (LN3) is synthesized according to literature [23].
Reacting one or two equivalents of LN3 with [Cu(CH3CN)4]PF6 in
CH3CN at room temperature generate [Cu(LN3)(CH3CN)2]PF6 (1)
and [Cu(LN3)2]PF6 (2), respectively in high yield. The 1H NMR spec-
tra of 1 and 2 both show characteristic resonance for the methy-
lene of NCH2N fragments at d 5.49 and 5.55, respectively.
Compounds 1 and 2 are inter-convertible by adding either LN3 or
[Cu(CH3CN)4]PF6 as shown in Scheme 2.

Bubbling oxygen to complex 1 in THF, CH3CN, or CH2Cl2 for 3–
5 min results color change, from colorless to pale blue, presumably
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Fig. 2. Cyclic voltammogram of compound 2 in MeCN.
the oxidation state of Cu(I) to Cu(II) in presence of oxygen.
However, the 1H NMR spectrum shows peak broadening due to
the formation of paramagnetic d9 Cu(II) atom. No trace amount



Fig. 3. Cyclic voltammogram of compound 3 in MeCN.

Table 2
The selected bond lengths (Å) and angles (�) for compounds 1, 4, and 6.

1
Cu(1)–N(7) 1.9971(15) Cu(1)–N(6) 2.0018(15)
Cu(1)–N(1) 2.0258(14) Cu(1)–N(5) 2.0364(15)
N(7)–Cu(1)–N(6) 110.73(6) N(7)–Cu(1)–N(1) 102.38(6)
N(6)–Cu(1)–N(1) 113.46(6) N(7)–Cu(1)–N(5) 110.09(6)
N(6)–Cu(1)–N(5) 105.04(6) N(1)–Cu(1)–N(5) 115.24(5)

4
Cu(1)–N(1) 2.005(1) Cu(1)–N(5) 2.005(2)
Cu(1)–P(1) 2.212(5)
N(1)–Cu(1)–N(5) 114.58(7) P(1)–Cu(1)–F(5) 107.21(5)
N(1)–Cu(1)–P(1) 123.97(5) N(5)–Cu(1)–P(1) 120.67(5)

6
Cu(1)–N(14) 1.990(3) Cu(1)–N(10) 1.999(3)
Cu(1)–N(9) 2.061(3) Cu(1)–N(8) 2.098(3)
Cu(2)–N(1) 2.004(3) Cu(2)–N(5) 2.032(3)
Cu(2)–N(6) 2.063(3) Cu(2)–N(7) 2.110(3)
N(14)–Cu(1)–N(10) 122.75(11) N(14)–Cu(1)–N(9) 107.93(11)
N(10)–Cu(1)–N(9) 107.67(10) N(14)–Cu(1)–N(8) 106.96(11)
N(10)–Cu(1)–N(8) 108.94(11) N(9)–Cu(1)–N(8) 100.30(11)
N(1)–Cu(2)–N(5) 118.55(10) N(1)–Cu(2)–N(6) 103.99(10)
N(5)–Cu(2)–N(6) 117.34(10) N(1)–Cu(2)–N(7) 118.43(11)
N(5)–Cu(2)–N(7) 101.25(11) N(6)–Cu(2)–N(7) 95.60(11)
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of pure product is isolated from THF or CH3CN solution. Upon addi-
tion of sulfur (S8) in 1, no characteristic change is observed.
Similarly, during addition of oxygen to 2, in THF, CH3CN, or
CH2Cl2, leads the color change from colorless to pale green; pre-
sumably due to Cu(I)/Cu(II) oxidation.

Reacting one equiv of LN3 and CuI in acetonitrile for 12 h gen-
erates a white solid, [Cu(LN3)]I (3). The 1H NMR spectrum of 3
shows only one methylene resonance at d 5.79 and one set of CH
resonances for the two pyrazole fragments at d 6.09, 7.12, and
7.97, indicating the symmetrical geometry of compound 3. On
the other hand, when two equivalents of LN3 react with CuI, com-
pound 3 is isolated. But no bis-LN3 Cu compound is observed; pre-
sumably due to the large iodine atom prevents the second equiv of
LN3 to bind the Cu atom.

The synthesis of compounds 4–6 from the reactions of 1 with
PPh3 and pyrazine is shown in Scheme 3. Reacting compound 1
with one or two equivalents of PPh3 in methylene chloride gener-
ates [Cu(LN3)(PPh3)]PF6 (4) and [Cu(LN3)(PPh3)2]PF6 (5),
Table 1
Crystal data and structure refinement for 1, 4, and 6.

1

Formula C38H49CuF6N7P
Formula weight 812.35
T (K) 150(2)
Crystal system monoclinic
Space group P2(1)/c
a (Å) 20.4922(6)
b (Å) 10.8711(3)
c (Å) 18.6364(6)
a (�) 90
b (�) 102.523(2)
c (�) 90
V (Å3) 4052.9(2)
Z 4
Dc (mg m�3) 1.331
l [mm�1] 0.642
F(000) 1696
Reflections collected 42830
Independent reflections (Rint) 10452 (0.0382)
Data/restraints/parameters 10452/0/486
Goodness-of-fit (GOF) on F2 1.060
R1

a, wR2
b (I > 2r(I)) R1 = 0.0391, wR2 = 0.0997

R1
a, wR2

b (all data) R1 = 0.0596, wR2 = 0.1068
Largest difference in peak and hole (e Å�3) 0.682 and �0.524

a R1 = R|F0| � |Fc|/R|F0|.
b wR2 = [R[x(F0

2 � Fc
2)2]/R[x(F0

2)2]1/2.
respectively. The 1H NMR spectra of 4 and 5 both show character-
istic resonance for the methylene group of LN3 ligand at d 5.60 and
4.89, respectively. Comparing the chemical shifts for the methy-
lene protons among all, compound 5 has a significant upfield shift
than those of the others; presumably due to the strong r donating
ability of the PPh3 groups to enhance the shielding of the methy-
lene protons. Compound 6 is obtained from the reaction of 1 with
pyrazine in THF at room temperature for 12 h. Insoluble orange
precipitation is filtered off and compound 6,
{[Cu(LN3)(pyrazine)]2(PF6)2}n, is isolated from the filtrate as only
22% yield. Presumably, high molecular weight of polymeric Cu-
pyrazine decreases the yield of 6. Compound 6 is insoluble in
CDCl3, therefore, d6-DMSO is used as the solvent for 1H and 13C
NMR spectra. Again, compound 6 shows a characteristic signal at
d 5.63 and d 72.1 for the methylene resonance in the 1H NMR
and 13C NMR spectra, respectively.
4 6

C97H108Cu2F12N10P4 C56H78Cu2F12N14O2P2

1892.89 1396.34
150(2) 150(2)
triclinic orthorhombic
P�1 Pca2(1)
10.9044(3) 19.4601(13)
15.3157(4) 10.1541(7)
16.2074(7) 32.758(2)
116.032(2) 90
100.629(2) 90
99.4600(10) 90
2296.37(13) 6472.9(8)
1 4
1.369 1.433
0.610 0.793
986 2896
43966 68749
9853 (0.0231) 16612 (0.0492)
9853/0/573 16612/1/801
0.995 1.040
R1 = 0.0375, wR2 = 0.1031 R1 = 0.0424 wR2 = 0.0997
R1 = 0.0455, wR2 = 0.1081 R1 = 0.0699 wR2 = 0.1150
0.692 and �0.565 0.633 and �0.460
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3.2. Cyclic Voltammetry measurements of compounds 1–3

Cyclic Voltammetry studies of compounds 1–3 were carried out
in 1.0 mM acetonitrile solution belonging the potential range
between 0 V and 1.6 V. While increasing and decreasing the volt-
age, simultaneously the oxidation and reduction process advances
showing an oxidation (Epa) and reduction peak (Epc), respectively.
Therefore, the cyclic voltammetry studies provide the information
of the oxidation/reduction potential of the new compounds. All
solutions were prepared in the glove box and the measurements
were carried out under nitrogen atmosphere. The Cyclic
Voltammetry spectra of compounds 1–3 are shown in Figs. 1–3.
The Cyclic Voltammetry of 1 shows an anodic peak (Epa) at
+1.09 V and a cathodic peak (Epc) at +0.65 V. The DEp and the cur-
rent peak ratio of these two peaks are as expected for a irreversible
Cu(II)/Cu(I) system. Similarly, complex 2 shows an anodic peak
(Epa) at +1.14 V and a cathodic peak (Epc) at +0.62 V. The DEp and
the current peak ratio of these two peaks are also as expected for
a irreversible Cu(II)/Cu(I) process. The oxidation process for both
1 and 2 correspond at high anodic peak (Epa) than those of similar
compounds in literature [24,25], presumably due to weak donating
ability of neutral LN3 ligand that causes the difficulty of
Cu(I)/Cu(II) oxidation.

Three reversible redox peaks of the cyclic voltammetry spec-
trum of 3 are observed and their E1/2 values are at +0.28 V
(Epa = +0.37 V, Epc = +0.19 V), +0.67 V (Epa = +0.72 V, Epc = +0.62 V),
and +0.91 V (Epa = +0.99 V, Epc = +0.82 V). Presumably, compound
3 in solution is not only in a three coordinated monomeric format;
Fig. 4. The molecular structure of compound 1, thermal ellipsoids were drawn at 30% pro
but the solvent and counter anion may also bind the Cu atom mak-
ing the redox spectrum more complicate (vide infra).

3.3. Molecular structures of compounds 1, 4, and 6

The crystal data of compounds 2 and 5 were collected; however,
the data is not good enough for publication and so, their structures
were not discussed in this paper. The summary of crystal data col-
lection for compounds 1, 4, and 6 and their selected bond lengths
and angles are listed in Table 1 and 2, respectively. LN3 ligand
binds to metals in two possible modes as shown in Scheme 4
involving type (a) N,N,-j2-LN3 mode and type (b) N,N,N,-j3-LN3
mode. However, all the molecular geometries of the compounds
in this paper act as type (a) N,N,-j2-LN3 model. The crystals of 1
were obtained from a saturated acetonitrile solution at �20 �C
and its molecular geometry is shown in Fig. 4. Complex 1 adopts
a four coordinate tetrahedral geometry with four nitrogen donor
atoms, one pair each from pyrazole-N fragments and acetonitrile-
N molecules. The LN3 ligand binds to the Cu atoms through two
pyrazole fragments forming an eight-member ring. The 2,6-diiso-
propylphenyl ring and the two acetonitrile molecules are located
in a plane which dissects the LN3–Cu eight-member ring, as shown
in Fig. 5. The biting angle of N(1)–Cu(1)–N(5) is 115.24(5)�, larger
than the angle of tetrahedral geometry, presumably due to the
large ring constraint of the eight-member ring. The bond lengths
of Cu atom to the N atoms of two pyrazole fragments are at
2.026(14) Å and 2.036(15) Å, consistent with the literature
[39,40]. The bond lengths of Cu(I) atom to acetonitriles associate
also in normal range (ca. 2.00 Å) as reported before [41–43]. The
anionic PF6 belongs outside the Cu coordination sphere where
the Cu–PPF6 bond length is longer than 5.0 Å indicating no interac-
tion between the two ionic molecules.

The colorless crystals of 4 were obtained from a saturated tolue-
ne/methylene chloride solution at �20 �C. There are eight mole-
cules in unit cell, but only one molecule is considered for
molecular discussion. The geometry of 4 is depicted in Fig. 6. The
central Cu(I) atom is surrounded by two pyrazole-N atoms and
one triphenylphosphine P atom. The Cu–Npyrazole and Cu–PPPh3
bability. The toluene molecules, PF6, and all hydrogen atoms are omitted for clarity.



Fig. 5. A perspective view of compound 1 through the phenyl ring, Cu atom and two acetonitrile molecules.

Fig. 6. The molecular geometry of compound 4, thermal ellipsoids were drawn at
30% probability. The hydrogen atoms are omitted for clarity.

+ X

Cu(I)
Catalyst- 5 mol%

Cs2CO3 (1 Equ)

Toluene 110°C
Overnight

X= I, Cl, Br

Scheme 5. C–C coupling of phenylacetylene and aryl halide using Cu(I) catalysts.

Table 3
Conversion rate of the formation of diphenylacetylene from phenylacetylene and
arylhalide*.

Complex 2 Complex 3 Complex 5 Complex 6

I
98 95 98 98

Br
97 99 99 99

Cl
no reaction trace trace trace

* Conversion rate of formation of diphenylacetylene from phenylacetylene and
arylhalide in % were calculated through GC analysis.
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bond lengths are similar as in complex 1; i.e. 2.00 Å and 2.21 Å,
respectively [44,45]. Several aspects are worthy to emphasize the
crystal structure of 4. The molecular geometry can be viewed as
a trigonal plane being considered as a cation. The Cu(I), P(1),
N(3), atoms and the phenyl ring may be arranged in a plane which
also bisects the eight-membered chelate ring (see Fig. 7).

The orange crystals of 6 were obtained from a saturated THF
solution at �20 �C and its molecular geometry is shown in Fig. 8.
The central Cu(I) atom is surrounded by two donor pyrazole-N
atoms of LN3 ligand and a pair of bridging N atoms from two dif-
ferent units of pyrazine molecules. The geometry around Cu(I) lies
on an inversion center can be conveniently described as a tetrahe-
dron. The metal ion thus exhibits in a CuN4 coordination mode
showing a distorted tetrahedral geometry. The distortion of the
structures from square planar to tetrahedral can be evaluated
through the parameter D introduced by Galy et. al. [46] and
applied by Ribas and Kahn [47]. Deviations of atoms from the
least-squares plane through N(5), N(6), N(7) and N(1) atom is
0.24 Å. Thus the angles, N(6)–Cu(2)–N(7) and N(1)–Cu(2)–N(5)
for Cu2 and N(10)–Cu(1)–N(14) and N(8)–Cu(1)–N(9) for Cu1 are
greater than the ideal value of 90�. The trans angles, N(1)–Cu(2)–
N(7) and N(5)–Cu(2)–N(6) for Cu2 and N(8)–Cu(1)–N(10) and
N(1)–Cu(1)–N(9) deviate from the ideal bond angle 180�. The
Cu–Npyrazole bond lengths, ranging from 1.990 to 2.032 Å, are well
comparable with previous molecular structures. The bridging pyr-
azine-N atoms connect each copper(I) ion to two neighbouring
ones (the Cu. . .Cu separation distance is 6.973 Å), generating an
infinite zig-zag one-dimensional chain.
3.4. Carbon–Carbon coupling catalytic reaction for compounds 2, 3, 5
and 6

Four compounds were chosen for the Sonogashira type C–C
coupling reaction. For test and optimization of the reaction



Fig. 7. The perspective view of 4 showing the Cu atom is located on the center of
the N(1), N(5), and P(1) trigonal plane (plane in red) and Cu(I), P(1), N(3), and the
phenyl ring are arranged in a plane and bisect the chelated eight-member ring
(plane in blue). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

Fig. 8. The molecular geometry of 6, thermal
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conditions, we used the standard reaction technique (toluene,
110 �C, K2CO3 as base) described in literature [48]. Herein, we
selected Cs2CO3 as base to obtain best result among K2CO3 and
Et3N. These reactions were performed with cesium carbonate
(1.0 mmol), catalyst (5 mol% with respect to the phenylacetylene
(2.50 mmol)), aryl halide (2.00 mmol) and toluene (15.0 mL). The
contents were then stirred at 110 �C for overnight under N2 atmo-
sphere (Scheme 5). Final products of these reactions, dipheny-
lacetylene and their corresponding derivatives were analyzed by
gas chromatography. The diphenylacetylene peak exactly matches
with authentic diphenylacetylene peak in GC. These results are
summarized in Table 3. In our reaction conditions aryl chloride is
not reactive compared to aryl iodide and aryl bromide may be
due to the differences in bond energy between aryl iodides (ca.
65 kcal/mol) and aryl bromides (ca. 81 kcal/mol) [49]. Aryl iodides
and bromides are generally much more reactive than chlorides;
depending upon dissociation energies of aryl halides (for Ph–I,
Ph–Br and Ph–Cl, 280, 346 and 407 kJ mol�1, respectively) and
can readily be employed in the chemical reactions, with iodides
being more reactive due to the weaker C–I bond [50]. The corre-
sponding bromides and especially chlorides are less prone to par-
ticipate, requiring more forcing conditions [51,52], the extent to
which depends upon levels of halide activation and specifics of
ligand choice. It employs a copper catalyst to form a carbon–car-
bon bond between a terminal alkyne and an aryl halide. During
the course of the reaction, the presence of base results in the for-
mation of a pi-alkyne complex, which makes the terminal proton
on the alkyne more acidic, leading to the formation of the copper
acetylide. Then it continues to react with the intermediate to
regenerate the copper halide. Further development of the reaction
with more metal derivatives and other C–N, C–O bond formation
reaction in under investigation.

4. Conclusion

In summary, a series of copper(I) compounds with a pyrazole
based N-donor precursor and corresponding derivatives with small
organic molecules were analyzed. Single crystal X-ray diffraction
ellipsoids were drawn at 30% probability.
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study confirms that the central Cu atom possesses on a distorted
tetrahedron in compounds 1, 4 and 6. Cyclic voltammetry study
is well consistent to determine the redox potential of Cu(II)/Cu(I)
system. The Sonogashira type coupling reactions show that the I
and Cl substituents have better conversion rate for the formation
of diphenylacetylene from phenylacetylene and aryl halide using
Cu(I) derivatives as catalyst. Future work will explore the design
of new substituted pyrazole ligands and study the reactivity with
copper(I)-derivatives inserting as well different organic molecules.
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