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Abstract
In this study, new six Pd-based complexes containing mixture N-heterocyclic carbene (NHC) and triphenylphosphine  (PPh3) 
ligands were synthesized from the reaction of the (NHC)PdI2(pyridine) with  PPh3. The new (NHC)PdI2(PPh3) complexes 
were characterized using FTIR, 1H-NMR, 13C-NMR, and 31P-NMR spectroscopy and elemental analyses techniques. These 
spectra are consistent with the proposed formula. Molecular and crystal structure of two complexes was obtained using 
single-crystal X-ray diffraction method. Based on the crystal results, a cis geometry was assigned to all the complexes. These 
new complexes have been examined as the catalyst in the Sonogashira cross-coupling reaction. The catalytic conversions of 
the complexes were obtained between 71 and 99% from the reaction of phenylacetylene and aryl bromides. Also, these new 
complexes have been examined as the catalyst in the Mizoroki–Heck cross-coupling reaction. The catalytic conversions of 
the complexes were obtained between 80 and 100% from the reaction of styrene and aryl bromides.

Keywords Crystal structure · Mizoroki–Heck reactions · N-Heterocyclic carbenes · Palladium complex · Sonogashira 
reactions · Triphenylphosphine

Introduction

The activity of homogeneous catalysts is dependent on ancil-
lary ligands, which are largely coordinated with the metal 
center (Cornils and Herrmann 1996; Beller and Bolm 1998). 
In recent years, the synthesis studies for the synthesis of 
palladium-based complexes containing both NHC and phos-
phine ligands have been increasing. In the beginning, the 
NHC ligands were selected as alternative ligands to the phos-
phine ligands (Glorius 2006; Diez-Gonzalez et al. 2009). 
Both that the metal-carbene bond is more resistant than the 
metal-phosphorus bond and that the property of the carbene 
ligand can be adjusted electronically and sterically are the 
most important reasons for this alternative. However, the 
catalysts containing both these ligands attracted the interest 

of organometallic chemists owing to their highly active and 
selective properties. Thus, various Pd(II)-based mixed NHC/
phosphine complexes have been successfully designed for 
various cross-coupling reactions. Different methods are used 
for the synthesis of these complexes. One of these meth-
ods is the synthesis of Pd(II)-based mixed NHC/phosphine 
complexes by exchanging ligand from the pyridine-enhanced 
precatalyst preparation stabilization and initiation (PEPPSI) 
complexes containing the pyridine derivative ligands. These 
synthesized complexes have been widely used as the cata-
lyst in cross-coupling reactions (Aktaş et al. 2018a, b, 2019; 
Boubakri et al. 2017; Dehimat et al. 2018; Touj et al. 2018; 
Herrmann et al. 2001, 2003; Liao et al. 2009; Chan et al. 
2010; Diebolt et al. 2010; Schmid et al. 2013).

Pd(II)-based vinylic substitution of organometallic rea-
gents was first reported by Heck (1982) who used stoichio-
metric amounts of Pd(II) salts. Palladium-catalyzed cross-
coupling reactions gained the reputation they deserved 
by winning the Chemistry Nobel Prize in 2010. Heck and 
Nolley (1972) then independently reported the arylation of 
alkenes using aryl halides as electrophiles with a palladium 
complex as the catalyst in the presence of a base. In recent 
years, Mizoroki–Heck reactions have become an important 

 * Aydın Aktaş 
 aydinaktash@hotmail.com

1 Department of Chemistry, İnönü University, Faculty 
of Science, 44280 Malatya, Turkey

2 Department of Physics, Dokuz Eylül University, Faculty 
of Science, Buca, 35160 İzmir, Turkey

http://orcid.org/0000-0001-8496-6782
http://crossmark.crossref.org/dialog/?doi=10.1007/s11696-019-00859-x&domain=pdf


 Chemical Papers

1 3

tool for the formation of C–C bonds in organic syntheses 
(Mizoroki et al. 1971; Whitcombe et al. 2001; Dounay and 
Overman 2003; Beletskaya and Cheprakov 2000; Kondolff 
et al. 2003; Oestreich 2009; Watson 2016). Pd-based cata-
lysts are used in the Mizoroki–Heck reactions because of 
their selectivity in the bonding of various electrophiles 
which are not toxic, and especially exhibiting high reactiv-
ity (Menezes da Silva et al. 2016).

The Pd catalyzed C(sp2)–C(sp) cross-coupling reaction of 
terminal acetylenes with aryl halides are known as Sonoga-
shira coupling (Sonogashira 2002). The triple bond (C≡C) 
in the alkynes that is found in material sciences and some 
important biochemicals is known as the ideal functional 
group for the synthesis of versatile and important organic 
molecules (Cosford et al. 2003; Bagley et al. 2005). This 
reaction is generally carried out using the copper (I) salts as 
the co-catalysts and amines as solvents (Alonso et al. 2003). 
Recently, in the Sonogashira cross-coupling reactions, we 
evaluated the potential reactivity and catalytic applications 
of Pd(II) complexes containing the mixed NHC/phosphine 
ligand (Aktaş et al. 2018a, b, 2019; Boubakri et al. 2017; 
Dehimat et al. 2018; Touj et al. 2018; Herrmann et al. 2001, 
2003; Liao et al. 2009; Chan et al. 2010; Diebolt et al. 2010; 
Schmid et al. 2013).

As a continuation of our studies (Aktaş et al. 2018a, b, 
2019) on the development of palladium-based mixed NHC/
phosphine ligand catalysts, we describe here the synthesis 
of a series of Pd (II) based mixed NHC/phosphine com-
plexes. In particular, these Pd (II) complexes containing 
mixed NHC/phosphine ligand can be used as effective cata-
lysts in the Sonogashira and Mizoroki–Heck cross-coupling 
reactions with various aryl halides (aryl chlorides and aryl 
bromides). The structure of two of these complexes was con-
firmed by the single-crystal X-ray diffraction method. Also, 
we have researched the catalytic activity of all complexes in 
the Sonogashira and Mizoroki–Heck cross-coupling reac-
tions and they demonstrated excellent activity in these cross-
coupling reactions.

Experimental

All syntheses involving Pd(II) based mixed NHC/phosphine 
complexes 1a–f were prepared under an inert atmosphere in 
flame-dried glassware using standard Schlenk techniques. 
The solvents used were commercially available and used 
without purification.

All other reagents were commercially available from 
Sigma-Aldrich, abcr and Merck Chemical Co. and used 
without further purification. Melting points were identified 
in glass capillaries under air with an Electrothermal-9200 
melting point apparatus. FT-IR spectra were saved in the 
range 400–4000 cm−1 on Perkin Elmer Spectrum 100 FT-IR 

spectrometer. Proton (1H), Phosphorous (31P), and Carbon 
(13C) NMR spectra were recorded using either a Bruker 
AS 400 Merkur spectrometer operating at 400 MHz (1H), 
100 MHz (13C) in  CDCl3 with tetramethylsilane as an inter-
nal reference. All reactions were observed on an Agilent 
6890 N GC system by GC-FID with an HP-5 column of 
30 m length, 0.32 mm diameter and 0.25 μm film thickness. 
Elemental analyses were performed by İnönü University 
Scientific and Technological Research Center (Malatya, 
TURKEY).

Single-crystal X-ray diffraction data of the complexes 1b 
and 1f were recorded at room temperature by ω-scan tech-
nique, on a Rigaku-Oxford Xcalibur diffractometer with an 
EOS-CCD area detector operated at 50 kV and 40 mA using 
graphite-monochromated MoKα radiation (λ = 0.71073 Å) 
from an enhance X-ray source with  CrysAlisPro software 
 (CrysAlisPro 2015). Data collections, reductions, and 
analytical absorption corrections were performed using 
 CrysAlisPro software package (Clark and Reid 1995). Struc-
ture solutions were performed using SHELXT (Sheldrick 
2015a) embedded in the Olex2 (Dolomanov 2009). Refine-
ment of coordinates and anisotropic thermal parameters of 
non-hydrogen atoms were carried out by the full-matrix 
least-squares method in SHELXL (Sheldrick 2015b). For 
both complexes, hydrogen atoms were placed using stand-
ard geometric models and with their thermal parameters 
riding on those of their parent atoms. During the structure 
analysis, two disordered dichloromethane solvent molecules 
in the complex 1b and two disordered chloroform solvent 
molecules in 1f were observed. Total volumes of these sol-
vent molecules are 293 Å3 and 334 Å3, respectively. Density 
identified in these solvent-accessible areas was calculated 
and corrected for using the solvent mask in Olex2. In 1b, 
two carbon atoms are disordered with a 44:56 (C25:C25A; 
C26:C26A) population distribution in one of the benzene 
rings of  PPh3. The details of the crystal data, data collec-
tion and structure refinement of the complexes are given 
in Table 1.

Synthesis

Synthesis of diiodo[1‑benzyl‑3‑(2‑hydroxyethyl)
benzimidazol‑2‑ylidene]triphenyl 
phosphinepalladium (II), 1a

For this synthesis of the (NHC)PdI2(PPh3) complex, 
first, diiodo[1-benzyl-3-(2-hydroxyethyl)benzimidazol-
2-ylidene]pyridinepalladium(II) (138 mg, 0.2 mmol) and 
triphenylphosphine  PPh3 (52 mg, 0,2 mmol) were added 
in chloroform (10 mL) at room temperature (Aktaş et al. 
2018a, b, 2019). The reaction mixture was stirred for 24 h 
at room temperature. Then, solvents were evaporated under 
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vacuum to get the product as a yellow solid. The crude 
product was washed with n-pentane and recrystallized from 
chloroform/n-pentane (1:2) at room temperature. Yield: 
73% (0.128 g); m.p: 88–90 °C; ν(CN): 1434 cm−1; ν(O–H): 
3453 cm−1. Anal. Calc. for  C34H31I2N2OPPd: C: 46.68; H: 
3.57; N: 3.20. Found: C: 46.73; H: 3.50; N: 3.23. 1H NMR 
(400 MHz,  CDCI3) δ (ppm) = 2.17 (s, 1H, –NCH2CH2OH); 
3.96 (s, 2H, NCH2CH2OH); 4.10 (s, 2H, –NCH2CH2OH); 
5.81 (s, 2H, –NCH2(C6H5); 6.27–7.63 (m, 23H, Ar–H). 13C 
{1H} NMR (100 MHz,  CDCI3) δ (ppm) = 51.3 (–NCH-
2CH2OH); 54.5 (–NCH2(C6H5)); 59.9 (–NCH2CH2OH); 110
.9–111.8–127.9–128.0–128.1–128.2–128.4–128.6–128.9–
130.3–131.1–131.9–132.3–134.5 and 135.3 (Ar–C); 171.7 
(2-C). 31P {1H} NMR  (CDCI3, 162 MHz, δ, ppm) = 27.0.

Synthesis 
of diiodo[1‑(2‑hydroxyethyl)‑3‑(2‑methylbenzyl)
benzimidazol‑2‑ylidene] triphenylphosphinepallad
ium(II), 1b

The synthesis of 1b was prepared in the same way as that 
described for 1a, but diiodo[1-(2-hydroxyethyl)-3-(2-meth-
ylbenzyl)benzimidazol-2-ylidene]palladium(II) (141 mg, 
0.2 mmol) was used instead of diiodo[1-(2-hydroxyethyl)-
3-benzylbenzimidazol-2-ylidene]pyridine palladium(II). 
Yield: 77% (0.137 g); m.p: 149–151 °C; ν(CN): 1433 cm−1; 
ν(O–H): 3446 cm−1. Anal. Calc. for  C35H33I2N2OPPd: C: 
47.29; H: 3.74; N: 3.15. Found: C: 47.32; H: 3.72; N: 3.12. 
1H NMR (400 MHz,  CDCI3) δ (ppm) = 1.62 (s, 1H, –NCH-
2CH2OH); 2.33 and 2.49 (s, 3H, –NCH2C6H4(CH3)); 2.94 

and 3.01 (s, 2H, –NCH2CH2OH); 4.42 and 4.75 (s, m, 2H, 
–NCH2CH2OH); 5.29 and 5.85 (s, 2H, –NCH2C6H4(CH3)); 
6.99–7.89 (m, 23H, Ar–H). 13C {1H}NMR (100  MHz, 
 CDCI3) δ (ppm) = 19.7 (–NCH2C6H4(CH3)); 50.3 and 50.4 
(–NCH2CH2OH); 51.4 and 53.4 (–NCH2C6H4(CH3)); 59.8 
and 60.3 (–NCH2CH2OH); 111.0–111.3–111.5–123.1–12
7.7–127.8–127.9–128.3–128.4–130.3–135.1–135.2–135
.3 and 149.8 (Ar–C); 178.3 (2-C) 31P {1H}NMR  (CDCI3, 
162 MHz, δ, ppm) = 16.1 and 24.3.

Synthesis 
of diiodo[1‑(2‑hydroxyethyl)‑3‑(3‑methylbenzyl)
benzimidazol‑2‑ylidene] triphenylphosphinepallad
ium(II), 1c

The synthesis of 1c was prepared in the same way as that 
described for 1a, but diiodo[1-(2-hydroxyethyl)-3-(3-meth-
ylbenzyl)benzimidazol-2-ylidene]pyridinepalladium(II) 
(141  mg, 0.2  mmol) was used instead of dichloro[1-
(2-hydroxyethyl)-3-benzylbenzimidazol-2-ylidene] 
pyridinepalladium(II). Yield: 72% (0.128  g); m.p: 
138–140 °C; ν(CN): 1433 cm−1; ν(O–H): 3738 cm−1. Anal. 
Calc. for  C35H33I2N2OPPd: C: 47.29; H: 3.74; N: 3.15. 
Found: C: 47.33; H: 3.78; N: 3.09. 1HNMR (400 MHz, 
 CDCI3) δ (ppm) = 5.35 (s, 1H, –NCH2CH2OH); 2.53 (s, 
3H, –NCH2C6H4(CH3)); 4.48 (s, 2H, –NCH2CH2OH); 4.99 
(t, 2H, J = 6 Hz –NCH2CH2OH); 6.01 (s, 2H, –NCH2C6H4–); 
6.55-7.49 (m, 23H, Ar–H). 13C {1H}NMR (100  MHz, 
 CDCI3) δ (ppm) = 20.0 (–NCH2C6H4(CH3)); 51.8 (–NCH-
2CH2OH); 52.4 (–NCH2C6H4(CH3)); 61.1 (–NCH2CH2OH); 

Table 1  Crystallographic 
data and structure refinement 
parameters for 1b and 1f 

1b 1f

Formula C35H33I2N2OPPd C38H39I2N2OPPd
Formula weight (g/mol−1) 888.80 930.88
Crystal system Monoclinic Triclinic
Crystal size  (mm3) 0.454 × 0.251 × 0.244 0.475 × 0.363 × 0.275
Space group, Z P21/c, 4 P-1, 2
a (Å) 15.8083(8) 10.8564(5)
b (Å) 11.8071(5) 12.0155(6)
c (Å) 19.1353(8) 16.0984(8)
α, β, γ (°) 90, 96.738(4), 90 84.738(4), 82.502(4), 85.119(4)
Volume (Å3) 3546.9(3) 2067.53(18)
ρcalc (mg m−3) 1.664 1.495
μ  (mm−1) 2.337 2.008
F (000) 1728 912
Reflections collected 11,151 10,081
Independent reflections 6208 [Rint = 0.0231, Rsigma = 0.0411] 7250 [Rint = 0.0211, Rsigma = 0.0494]
Parameters 399 411
GOF on F2 1.036 1.032
Final R indices [I >2σ(I)] R1 = 0.0379 wR2 = 0.0927 R1 = 0.0398 wR2 = 0.0790
R indices (all data) R1 = 0.0539 wR2 = 0.1002 R1 = 0.0563 wR2 = 0.0870
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110.6–111.2–111.4–114.1–123.4–123.4–126.5–128.2–
128.7–130.6–132.2–135.0–138.4–148.3–149.3–157.4 
and 158.0. (Ar–C); 167.0 (2-C). 31P {1H}NMR  (CDCI3, 
162 MHz, δ, ppm) = 29.5.

Synthesis 
of diiodo[1‑(2‑hydroxyethyl)‑3‑(4‑methylbenzyl)
benzimidazol‑2‑ylidene] triphenylphosphinepallad
ium(II), 1d

The synthesis of 1d was prepared in the same way as that 
described for 1a, but diiodo[1-(2-hydroxyethyl)-3-(4-meth-
ylbenzyl)benzimidazol-2-ylidene]pyridinepalladium(II) 
(141  mg, 0.2  mmol) was used instead of diiodo[1-
(2-hydroxyethyl)-3-benzylbenzimidazol-2-ylidene] 
pyridinepalladium(II). Yield: 73% (0.130  g); m.p: 
88–90 °C; ν(CN): 1433 cm−1; ν(O–H): 3442 cm−1. Anal. Calc. 
for  C35H33I2N2OPPd: C: 47.29; H: 3.74; N: 3.15. Found: 
C: 47.33; H: 3.76; N: 3.12. 1HNMR (400 MHz,  CDCI3) 
δ (ppm) = 1.60 (s, 1H, –NCH2CH2OH); 2.29 and 2.34 (s, 
3H, –NCH2C6H4(CH3)); 4.41 (s, 2H, –NCH2CH2OH); 5.29 
(s, 2H, –NCH2CH2OH); 5.84 (s, 2H, –NCH2C6H4–); 6.94-
7.72 (m, 23H, Ar–H). 13C {1H}NMR (100 MHz,  CDCI3) δ 
(ppm) = 21.2 (–NCH2C6H4(CH3)); 50.3 and 51.2 (–NCH-
2CH2OH); 53.2 and 54.2 (–N C H2 H 4( CH 3) );110.8–111.8–12
2.9–123.0–127.9–128.0–128.1–128.2–128.4–129.4–130.3–
131.1–131.7–132.0–132.4–134.4–134.5–134.6–135.1–135
.3 and 137.8. (Ar–C); 171.5 (2-C). 31P {1H}NMR  (CDCI3, 
162 MHz, δ, ppm) = 16.0 and 23.9.

Synthesis of d iio do[ 1‑( 2‑h ydr oxy eth yl) ‑3‑ (2, 4,6 
‑tr ime thy lbe nzy l)b enz imi daz ol‑ 2‑y lid ene ]tr iph 
enylphosphinepalladium(II), 1e

The synthesis of 1e was prepared in the same way as 
that described for 1a, but diiodo[1-(2-hydroxyethyl)-
3-(2,4,6-tr imethylbenzyl)benzimidazol-2-ylidene]
pyridinepalladium(II) (146  mg, 0.2  mmol) was used 
instead of diiodo[1-(2-hydroxyethyl)-3-benzyl benzi-
midazol-2-ylidene] pyridinepalladium(II). Yield: 70% 
(0.128  g); m.p: 283–285  °C; ν(CN): 1434  cm−1; ν(O–H): 
3359 cm−1. Anal. Calc. for  C37H37I2N2OPPd: C: 48.47; 
H: 4.07; N: 3.06. Found: C: 48.51; H: 4.10; N: 3.09. 
1HNMR (400 MHz,  CDCI3) δ (ppm) = 1.57 (s, 1H, –NCH-
2CH2OH); 1.91 and 2.25 (s, 9H, –NCH2C6H2(CH3)3); 4.33 
(m, 2H, –NCH2CH2OH); 4.69 (m, 2H, –NCH2CH2OH); 
5.77 (s, 2H, –NCH2C6H2–); 6.81–7.66 (m, 21H, Ar–H). 
13C {1H}NMR (100  MHz,  CDCI3) δ (ppm) = 14.7 and 
18.6 (–NCH2C6H2(CH3)3); 42.5 (–NCH2CH2OH); 56.2 
(–NCH2C6H2(CH3)3); 62.6 (–NCH2CH2OH); 111.3–125.0–
128.2–128.3–129.0–129.5–131.4–132.7–134.9–135.1–138
.2 and 149.6. (Ar–C); 174.2 (2-C). 31P {1H}NMR  (CDCI3, 
162 MHz, δ, ppm) = 27.0 and 29.7.

Synthesis of d iio do[ 1‑( 2‑h ydr oxy eth yl) ‑3‑ (2, 3,5 
,6‑ tet ram eth ylb enz yl) ben zim ida zol ‑2‑ yli den e]t rip 
henylphosphinepalladium(II), 1f

The synthesis of 1e was prepared in the same way as 
that described for 1a, but diiodo[1-(2-hydroxyethyl)-
3-(2,3,5,6-tetramethylbenzyl)benzimidazol-2-ylidene]
pyridinepalladium(II) (149  mg, 0.2  mmol) was used 
instead of diiodo[1-(2-hydroxyethyl)-3-benzyl benzi-
midazol-2-ylidene] pyridinepalladium(II). Yield: 65% 
(0.121  g); m.p: 168–169  °C; ν(CN): 1434  cm−1; ν(O–H): 
3556 cm−1. Anal. Calc. for:  C38H39I2N2OPPd: C: 49.03; H: 
4.22; N: 3.01. Found: C: 49.01; H: 4.26; N: 3.05. 1HNMR 
(400 MHz,  CDCI3) δ (ppm) = 1.57 (s, 1H, –NCH2CH2OH); 
1.93, 2.13 and 2.23 (s, 15H, –NCH2C6(CH3)5); 4.42 (m, 
2H, –NCH2CH2OH); 4.77 (t, 2H, J: 4 Hz –NCH2CH2OH); 
5.93 (s, 2H, –NCH2C6(CH3)5); 7.00–7.76 (m, 19H, Ar–H). 
13C {1H} NMR (100 MHz,  CDCI3) δ (ppm) = 15.4 and 
19.8 (–NCH2C6H4(CH3)); 44.3 (–NCH2CH2OH); 54.6 
(–NCH2C6H4(CH3)); 65.8 (–NCH2CH2OH); 110.5–111.1–
111.6–122.4–122.9–123.2–127.7–127.9–128.0–128.3–128
.4–129.4–130.3–130.4–132.0–132.5–132.7–133.1–134.3–1
35.2–135.3–135.6 and 136.3. (Ar–C); 173.4 (2-C). 31P {1H} 
NMR  (CDCI3, 162 MHz, δ, ppm) = 12.8–15.9 and 23.7.

General procedure for the catalytic activity of (NHC)
PdI2PPh3 complexes in Sonogashira cross‑coupling 
reaction

For the catalytic activity of (NHC)PdI2PPh3 complexes in 
Sonogashira cross-coupling reaction, first, phenylacetylene 
(1.5 mmol), aryl halides (1 mmol),  Cs2CO3 (2 mmol) and 
(NHC)PdI2PPh3 complexes 1a–f (0.01 mmol) were dissolved 
in DMF (2 ml) in a small Schlenk tube as described in the 
literature (Aktaş et al. 2018a, b, 2019). The reaction mixture 
was stirred in an oil bath at 80 °C for 4 h. Then, the reaction 
mixture was cooled to room temperature. The solvent was 
evaporated under vacuum. The mixture was passed through 
(1 cm thick) silica gel column using an ethyl acetate/n-hex-
ane (1/5) solvent mixture. After the excess of the solvent was 
evaporated, the products were checked by gas chromatogra-
phy (GC). The conversions were calculated as the conversion 
of aryl halides to diphenylacetylene products.

General procedure for the catalytic activity 
of (NHC)PdI2PPh3 complexes in Mizoroki–Heck 
cross‑coupling reaction

For the catalytic activity of (NHC)PdI2PPh3 complexes 
in Mizoroki–Heck cross-coupling reaction, first, styrene 
(1.5 mmol), aryl halides (1 mmol), KOAc (2 mmol) and 
(NHC)PdI2PPh3 complexes 1a–f (0.01 mmol) were dis-
solved in DMF/(CH3)2CHOH (1:1) (2 ml) in a small Schlenk 
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tube. The reaction mixture was stirred in an oil bath at 80 °C 
for 4 h. Then, the reaction mixture was cooled to room tem-
perature. The solvent was evaporated under vacuum. The 
mixture was passed through (1 cm thick) silica gel column 
using an ethyl acetate/n-hexane (1/5) solvent mixture. After 
the excess of the solvent was evaporated, the products were 
checked by gas chromatography (GC). The conversions were 
calculated as the conversion of aryl halides to diphenyle-
thene products.

Results and discussion

Synthesis of (NHC)PdI2PPh3 complexes (1a–f)

In here we have defined the new 2-hydroxyethyl-substi-
tuted (NHC)PdI2PPh3 complexes illustrated in Scheme 1. 
These complexes 1a–f have been prepared from the (NHC)
PdI2(pyridine) complexes (PEPPSI) with the  PPh3. The air 
and moisture-stable complexes 1a–f are soluble in halogen-
ated solvents such as dichloromethane and chloroform. The 
new (NHC)PdI2PPh3 complexes were obtained as a yellow 
solid in between 65 and 77% yields. The isolated products 
were identified and characterized on the basis of elemental 
and spectroscopic analysis (FTIR, 1H, 13C, 31P NMR and 
elemental analyses data) techniques. The 1H-NMR spectra of 
(NHC)PdI2PPh3 complexes, when compared with the start-
ing PEPPSI complexes (Erdemir et al. 2019), the pyridine 
peaks between 7.50 and 9.00 were not observed. Instead, an 
increase in aromatic peaks between 7.00 and 8.00, attributed 
to the  PPh3, was observed. Similarly, no signs of the pyridine 
peaks on 13C-NMR spectra were observed between 153.0 
and 155.0 for the corresponding PEPPSI complexes. Instead, 
an increase in aromatic peaks between 120.0 and 130.0 from 
the  PPh3 was observed. Also, the Pd–Carbene resonances 

that are observed between 160.0 and 162.0 in the 13C NMR 
spectra of the starting PEEPSI complexes were highly 
downfield shifted at δ 171.7, 178.3, 167.0, 171.5, 174.2 
and 173.4 ppm for complexes 1a–f, respectively. The Pd–P 
resonances of the (NHC)PdI2PPh3 complexes in the 31P 
NMR spectra appeared highly downfield shifted at δ 27.0, 
16.1–24.3, 25.9, 16.0–23.9, 25.3 and 12.8–15.9–23.7 ppm 
for 1a–f, respectively. The FT-IR data clearly indicated 
the presence of ν(CN) at 1434, 1433, 1433, 1433, 1434, 
1434 cm−1 for the (NHC)PdI2PPh3 complexes 1a–f, respec-
tively. The FT-IR data clearly indicated the presence of 
ν(OH) at 3453, 3446, 3738, 3442, 3359 and 3556 cm−1 
for the (NHC)PdI2PPh3 complexes 1a–f, respectively. The 
results of all data are consistent with similar studies (Aktaş 
et al. 2018a, b, 2019; Boubakri et al. 2017; Dehimat et al. 
2018; Touj et al. 2018). When we evaluated which is one 
of the analytical techniques used to prove the synthesis of 
compounds, it was observed that the calculated values were 
very close to the found values. Also, we have obtained an 
appropriate single-crystal for complexes 1b and 1f by using 
X-ray diffraction method.

The catalytic activity of (NHC)PdI2PPh3 complexes 
in Sonogashira cross‑coupling reaction

In this work, we performed the Sonogashira coupling reac-
tion in DMF using (NHC)PdI2PPh3 complexes 1a–f as cata-
lyst. Thanks to the unique electronic properties of NHC and 
 PPh3 ligands, all complexes exhibited high catalytic activ-
ity in the Sonogashira cross-coupling reaction. In the litera-
ture, when the DMF was used as the solvent, the catalytic 
activities of (NHC)Pd(II)PPh3 complexes in Sonogashira 
cross-coupling reaction obtained higher conversions (Aktaş 
et al. 2018a, b). Thus, we used DMF as the solvent. The 
catalytic activities of (NHC)PdI2PPh3 complexes 1a–f were 

a b c d e f

Scheme 1  Synthesis (NHC)PdI2PPh3 complexes 1a–f 
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examined in Sonogashira cross-coupling reactions under 
optimum conditions (Aktaş et al. 2018a, b). Phenylacety-
lene (1.5 mmol), 4-arylhalides (1 mmol), (NHC)PdI2PPh3 
complexes 1a–f (0.01 mmol) and  Cs2CO3 (2 mmol) were 
added in DMF (2 ml) to the Schlenk tube in open air. It 
was stirred at 80 °C for 4 h. Then, the solvent (DMF) was 
evaporated under vacuum. The residue was passed through 
a silica gel column (1 cm thick) by using ethyl acetate/n-
hexane (1/5) solvent mixture. After the redundancy of the 
solvent was evaporated, the products were checked using 
GC. The results were calculated as the conversion of the 
aryl halides to diphenylacetylene products. Conversions 
were illustrated in Tables 2, 3 and 4. Also, the dimeriza-
tion product of phenylacetylene was observed at the end of 
the catalysis experiments (Nishihara et al. 2000; Aktaş et al. 
2018a, b). But this dimerization product was not taken into 
account in the conversion calculations.

Here, we examined the catalytic effects of (NHC)
PdI2PPh3 complexes 1a–f in the coupling reactions of aryl 
halides and phenyl acetylene. The (NHC)PdI2PPh3 com-
plexes 1a–f exhibited high catalytic activity as the catalyst 

in the Sonogashira cross-coupling reactions. As mentioned 
in our recently published study, the electronic properties 
of aryl halides are effective in catalytic conversions (Aktaş 
et al. 2018a, b). In the catalytic experiments performed with 
the aryl halides (containing chloride, bromide, and iodide) 
different results were obtained (Tables 2, 3, 4).

In the result of the experiments with iodinated aryl hal-
ides, very high conversions were obtained in a shorter time 
(Table 3), while in the result of experiments with chlorin-
ated aryl halides, very low conversions were obtained over 
a longer time (Table 4). This is related to the durability or 
weakness of the bond between carbon  (Cbenzene) and halogen 
atoms (C–X). First, when the orbitals forming the  Cbenzene–X 
bond in the aryl halide are examined  [Cbenzene  (2sp2), Cl 
(3p), Br (4p) and I (5p) orbital], the overlap rates of the 
orbitals are  2sp2–3p > 2sp2–4p > 2sp2–5p, respectively. The 
durability of the  Cbenzene–X bond happens due to the fact 
that the orbital overlap decreases in the following order: 
 Cbenzene–Cl > Cbenzene–Br > Cbenzene–I. Second, the anion sta-
bility of the leaving group (halides) decreases in the follow-
ing order:  I− > Br− > Cl−. The more stable the anion (halides) 

Table 2  The catalytic activity of phenylacetylene with aryl bromides in Sonogashira cross-coupling reactions catalyzed by (NHC)PdI2PPh3 com-
plexes 1a–f

Reaction conditions Phenylacetylene (1.5 mmol), 4-bromoaryl (1 mmol), (NHC)PdI2PPh3 complexes 1a–f (0.01 mmol) and  Cs2CO3 (2 mmol) 
were added in DMF (3 ml) to the Schlenk tube in open air. It was stirred at 80 °C for 4 h

Entry R Product Cat. Conversion (%)

1 –COCH3 2 1a 92
2 1b 89
3 1c > 99
4 1d > 99
5 1e 99
6 1f 94
7 –CH3 3 1a 82
8 1b 78
9 1c 79
10 1d 96
11 1e 97
12 1f 94
13 –OCH3 4 1a 79
14 1b 75
15 1c 71
16 1d 83
17 1e 90
18 1f 89
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is, the weaker the C–X bond is. Thus, the conversions of 
substrates in catalytic reactions decrease, respectively, as 
follows: aryl iodide > aryl bromide > aryl chloride (Tables 2, 
3, 4).

The groups of –OCH3, –CH3 and –COCH3 in the para 
position of the aryl halides used as substrates affect the 
aromatic ring electronically (Aktaş et al. 2013, 2018a, b, 
2019; Aktas and Gök 2014, 2015; Sarı et al. 2017; Erdoğan 
et al. 2018; Gök et al. 2018; Gök et al. 2019). The elec-
tron withdrawing group (–COCH3) weakens the  Cbenzene–X 
bond in the para position while the electron donating groups 
(–CH3 and –OCH3) strengthen the  Cbenzene–X bond. Thus, 
when electron withdrawing groups (–COCH3) are used in 
substrates, the conversions of catalytic reactions are higher 
(Table  2). But, when electron donating groups (–CH3, 

–OCH3) are used, the conversions of catalytic reactions are 
less (Tables 3, 4).

Finally, in our study, the substitution groups that were dif-
ferent in the (NHC)PdI2PPh3 complexes 1a–f had little effect 
on catalytic conversions. The conversions were obtained 
slightly higher in the catalytic reactions containing bulky 
substituents. Also, the (NHC)PdI2PPh3 complexes 1a–f were 
observed to be active catalysts compared to the similar stud-
ies previously published (Aktaş et al. 2018a, b, 2019; Bou-
bakri et al. 2017; Dehimat et al. 2018; Touj et al. 2018).

In a similar study that we have published recently, (NHC)
Pd(II)PPh3 complexes containing chloride and bromide 
ligand were used for the same catalytic reaction (Aktaş et al. 
2018a, b, 2019). We observed that the halide ligands in the 
complexes had little effect on catalytic activity.

Table 3  The catalytic activity of phenylacetylene with iodotoluene in Sonogashira cross-coupling reactions catalyzed by (NHC)PdI2PPh3 com-
plexes 1a–f

Reaction conditions Phenylacetylene (1.5 mmol), 4-iodotoluene (1 mmol), (NHC)PdI2PPh3 complexes 1a–f (0.01 mmol) and  Cs2CO3 (2 mmol) 
were added in DMF (3 ml) to the Schlenk tube in open air. It was stirred at 50 °C for 30 min

Entry Product Cat. Conversion (%)

1 5 1a 97
2 1b 94
3 1c 98
4 1d 99
5 1e 99
6 1f >99

Table 4  The catalytic activity of phenyl acetylene with 4-chloroacetophenone in Sonogashira cross-coupling reactions catalyzed by (NHC)
PdI2PPh3 complexes 1a, 1d and 1e

Reaction conditions Phenylacetylene (1.5 mmol), 4-chloroacetophenone (1 mmol), (NHC)PdI2PPh3 complex 1a, 1d and 1e (0.01 mmol) and 
 Cs2CO3 (2 mmol) were added in DMF (3 ml) to the Schlenk tube in open air. It was stirred at 80 °C for 16 h

Entry R Product Cat. Con-
version 
(%)

1 –COCH3 6 1a 18
2 1d 21
3 1e 32
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The catalytic activity of (NHC)PdI2PPh3 complexes 
in Mizoroki–Heck Cross‑coupling reaction

We performed the Mizoroki–Heck cross-coupling reac-
tion using (NHC)PdI2PPh3 complexes 1a–f as the catalyst. 
To determine the optimum conditions, suitable base was 
selected first. The (NHC)PdI2PPh3 complex 1f was mixed 
with styrene and 4-bromoacetophenone in DMF (3 ml), at 
100 °C for 4 h using  KOBut,  K2CO3, NaOH, KOH,  Na2CO3, 
 K2CO3,  Cs2CO3, and KOAc bases. Then, DMF was removed 
under vacuum and the reaction mixture was purified by pass-
ing it through a silica gel column (1 cm thick) in a mixture of 
ethyl acetate/n-hexane (1/5). After the redundant solvent was 
evaporated, the remaining reaction mixture was injected into 
the GC. The conversion was calculated as the conversion of 
4-bromoacetophenone to the products. The conversions are 
illustrated in Table 5. When KOAc was used as the base, the 
highest conversion was obtained. Thus KOAc was used as a 
base in the next experiments.

The selection of the solvent is important for catalytic 
reactions. The solvent must dissolve the base, substrates and 
especially the Pd complex in the solvent. Another important 
issue is the coordination of the solvent (such as water and 
pyridine) to the metal center. This condition can affect the 
catalytic activity of Pd complexes because of its altering the 
structure of the Pd complex (Li et al. 2019).

The solvents were determined after selecting the base 
for optimum conditions. The styrene (1.5 mmol), 4-bro-
moacetophenone (1  mmol), (NHC)PdI2PPh3 complex 
1f (0.01 mmol) and KOAc (2 mmol) were added in the 
solvent (3 ml) to the Schlenk tube in open air. It was 
stirred at 80 °C for 4 h. Three different solvents (DMF, 
 (CH3)2CHOH, and EtOH) and three solvent mixtures 

[DMF/(CH3)2CHOHv(1/2), DMF/H2O (2/1), and EtOH/
H2O (1/2)] were used. The results of the experiment were 
checked using GC. The conversion of the products was 
calculated by taking 4-bromoacetophenone into con-
sideration. The conversions were illustrated in Table 6. 
The high conversion was obtained when DMF and DMF/
(CH3)2CHOH (1/2) solvent mixture was used as the 
solvent. The DMF/(CH3)2CHOH (1/2) solvent system 
was used since it is cheaper. Thus DMF/(CH3)2CHOH 
(1/2) mixture was used as the solvent in the following 
experiments.

The palladium-catalyzed Mizoroki–Heck cross-cou-
pling reaction is the most effective way to bind aryl/
vinyl halides. After Heck’s pioneering work, Mizoroki 
et al. published preliminary results for the purification of 
the alkenes catalyzed by iodobenzene in the presence of 
potassium acetate. Then, Mizoroki et al. (Mori et al. 1973) 
extended their preliminary study to aryl bromides. How-
ever, they were discovered to be much less reactive than 
aryl iodides. The reactivity of the aryl halides decreases in 
the following order: PhI > PhBr ≫ PhCl. Then, Mizoroki 
et al. reported that the use of the phosphine ligand  (PPh3) 
was somewhat advantageous (Mori et al. 1973). Dieck and 
Heck (1974) developed the use of  PPh3 with palladium 
acetate. After this study, a mechanism for reactions cata-
lyzed by palladium acetate was proposed by Dieck and 
Heck (1974) against monophosphine ligands. The mecha-
nism (Heck 1978, 1979) was presented as a catalytic cycle 
for successive reactions by Heck.

In our study, we used the (NHC)PdI2PPh3 complexes 
1a–f for the Palladium-catalyzed Mizoroki–Heck cross-
coupling reaction. In this reaction, we examined the cou-
pling of styrene and aryl halides. In general, we observed 

Table 5  The catalytic activities of (NHC)PdI2PPh3 complex 1f using different bases in the Mizoroki–Heck cross-coupling reactions

Reaction conditions Styrene (1.5 mmol), 4-bromoacetophenone (1 mmol), (NHC)PdI2PPh3 complex 1f (0.01 mmol) and base (2 mmol) were 
added in DMF (3 ml) to the Schlenk tube in open air. Was stirred at 100 °C for 4 h

Entry Solvent Base Temperature (°C) Time (h) Conversion (%)

1 DMF KOBut 100 4 99
2 DMF K2CO3 100 4 58
3 DMF NaOH 100 4 70
4 DMF KOH 100 4 99
5 DMF Na2CO3 100 4 54
6 DMF Cs2CO3 100 4 94
7 DMF KACO3 100 4 99
8 DMF KOAc 100 4 100
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that all the (NHC)PdI2PPh3 complexes 1a–f were active. 
The reactivity of the aryl halides was obtained in accord-
ance with the literature as PhI > PhBr ≫ PhCl, respectively 
(Oestreich 2009).

Here, the coupling reactions of the aryl bromides with 
styrene were examined as catalysts for all (NHC)PdI2PPh3 
complexes 1a–f. The results we obtained from the Mizo-
roki–Heck cross-coupling were in parallel with the results 

Table 6  The catalytic activities of (NHC)PdI2PPh3 complex 1f using different solvents in the Mizoroki–Heck cross-coupling reactions

Reaction conditions Styrene (1.5 mmol), 4-bromoacetophenone (1 mmol), (NHC)PdI2PPh3 complex 1f (0.01 mmol) and KOAc (2 mmol) were 
added in the solvent (1/2) (3 ml) to the Schlenk tube in open air. Was stirred at 80 °C for 4 h

Entry Solvent Base Temperature (°C) Time (h) Conversion (%)

1 DMF/H2O KOAc 80 4 35
2 EtOH/H2O KOAc 80 4 24
3 EtOH KOAc 80 4 12
4 (CH3)2CHOH KOAc 80 4 73
5 DMF KOAc 80 4 100
6 DMF/(CH3)2CHOH KOAc 80 4 100

Table 7  The catalytic activity of styrene with arylbromide in the Mizoroki–Heck cross-coupling reactions catalyzed by (NHC)PdI2PPh3 com-
plexes 1a–f

Reaction conditions Styrene (1.5 mmol), arylbromide (1 mmol), (NHC)PdI2PPh3 complexes 1a–f (0.01 mmol) and KOAc (2 mmol) were added 
in DMF/(CH3)2CHOH (1/2) (3 ml) to the Schlenk tube in open air. Was stirred at 80 °C for 4 h

Entry R Product Cat. Conversion (%)

1 –COCH3 7 1a 100
2 1b 100
3 1c 100
4 1d 88
5 1e 100
6 1f 100
7 –OCH3 8 1a 85
8 1b 98
9 1c 97
10 1d 95
11 1e 82
12 1f 80
13 –CH3 9 1a 88
14 1b 85
15 1c 95
16 1d 83
17 1e 85
18 1f 80
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we obtained from Sonogashira coupling reactions (above). 
The experimental results show that the electronic effects of 
the aryl bromides are effective on the conversions of cata-
lytic reactions (Tables 7, 8, 9). When electron withdraw-
ing groups (–COCH3) were used in substrates, the con-
versions of catalytic reactions are higher (Table 7). But, 
when electron donating groups (–CH3, –OCH3) were used, 
the conversions of catalytic reactions are less (Tables 8, 
9). When the (NHC)PdI2PPh3 complexes 1a–f were com-
pared among themselves, there are very few differences 
between the conversions of catalytic reactions (Tables 7, 
8, 9). We observed that the conversion in catalytic experi-
ments increased slightly while using generally bulky 
(NHC)PdI2PPh3 complexes. The reason for this difference 
in catalytic conversion may be the ease of the reductive 
elimination in the catalytic cycle.

Second, we performed coupling reactions using sty-
rene with aryl chloride and aryl iodide substrates for the 
Mizoroki–Heck cross-coupling reaction. In these experi-
ments, we used the (NHC)PdI2PPh3 complexes 1a and 1b 
for chloride substrate (Table 8) and the (NHC)PdI2PPh3 
complexes 1b, 1c and 1e for iodide substrate (Table 9). 
As a result of these experiments, in the conversions of 
the catalytic reactions that were used aryl iodides, very 
high conversions were obtained in 30 min as we expected 
(Table 8). In contrast, when aryl chlorides were used in the 
catalytic reactions, very low conversions were obtained 
at 18 h (Table 9). These results are consistent with the 
literature (Siemeling et al. 2012).

Table 8  The catalytic activity of styrene with 4-iodotoluene in the Mizoroki–Heck cross-coupling reactions catalyzed by (NHC)PdI2PPh3 com-
plexes (1b, 1c and 1e)

Reaction conditions Styrene (1.5 mmol), 4-iodotoluene (1 mmol), (NHC)PdI2PPh3 complex 1b, 1c and 1e (0.01 mmol) and KOAc (2 mmol) 
were added in DMF/(CH3)2CHOH (1/2) (3 ml) to the Schlenk tube in open air. Was stirred at 80 °C for 30 min

Entry Product Cat. Con-
version 
(%)

1 10 1b 98
2 1c 96
3 1e 89

Table 9  The catalytic activity of styrene with arylchloride in the Mizoroki–Heck cross-coupling reactions catalyzed by (NHC)PdI2PPh3 com-
plexes (1b and 1c)

Reaction conditions Styrene (1.5 mmol), arylchloride (1 mmol), (NHC)PdI2PPh3 complexes (1b and 1c) (0.01 mmol) and KOAc (2 mmol) were 
added in DMF/(CH3)2CHOH (1/2) (3 ml) to the Schlenk tube in open air. Was stirred at 80 °C for 18 h

Entry R Product Cat. Con-
version 
(%)

1 –COCH3 11 1a 17
2 1b 11
7 –OCH3 12 1a 3
8 1b 4
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Structural description of the complex 1b and 1f

Molecular structures of two cis-(NHC)PdI2PPh3 complexes 
1b and 1f are shown in Figs. 1 and 2. The Pd-metal ions are 
coordinated by NHC and  PPh3 ligands, and two iodide atoms 
in cis disposition. In the complex 1b, NHC ligand connects 
to a methylbenzyl on the ortho-position, and a hydroxyethyl 
via methylene bridges, while in 1f, NHC ligand connects to a 
tetramethylbenzyl and a hydroxyethyl, similarly through the 
methylene bridges. Coordination spheres around the Pd(II) 
atoms adopt slightly distorted square-planar geometry. 
 PPdI2C planes are almost planar with the r.m.s deviations 
of 0.054 and 0.093 Å for 1b and 1f, respectively. Pd–Ccarbene 
bond lengths are 1.990(5) Å in 1b, 1.992(6) Å in 1f, are 
comparable with similar cis-(NHC)PdI2PPh3 complexes in 
our previous study and the study of Hahn et al. (Aktaş et al. 
2019; Hahn et al. 2004). Considering bond angles around 
the phosphorus atoms, both complexes have distorted tet-
rahedral environments. The NHC ligands are oriented 
almost perpendicular to Pd/C/P/I/I planes with the values of 
89.21(10)° for 1b, 87.06(10)° for 1f. The palladium–iodide 
bond lengths trans to the carbenes are very slightly shorter 
than that trans to the phosphines. In the literature, it is sug-
gested that the reason for the longer Pd–I bond distance, 
which trans to the phosphine ligand is due to the fact that 
the strong trans effect of phosphine (Zamora et al. 2012; 
Modak et al. 2015). Thus, palladium(II) complexes bearing 
both NHC and phosphine ligands usually adopt a square 
planar cis-configuration due to this transphobia. Hydroxethyl 
groups are almost perpendicular to the NHC ring systems 
of 1b and 1f, with the C1–N1–C8–C9 torsion angles to be 
103.33(2)° and 99.30(4)°, respectively. On the other hand, in 
1b, the torsion angle [C1–N2–C10–C11] between the NHC 
and methylbenzyl is − 121.25(2)°, while this value, in 1f, 
is − 166.18(9)° between the NHC and tetramethylbenzyl 
fragment.

The crystal structure of complex 1b is stabilized by 
C–H···N type intra-molecular interactions and Van der 
Waals forces. Stacking of the molecules, viewing along 
the c-axis, are shown in Fig. 3. In 1f, molecules connect 
to each other via the O1–H1···I2i inter-molecular hydrogen 
bonds, to form a dimeric R2

2
(16) graph-set motif (Fig. 4) 

(Etter and MacDonald 1990). In addition, intra-molecular 
C–H···N type interactions and C–H···π stacking interactions 
are responsible for the stabilization of the crystal structure 
[C3–H3···Cg1, C3···Cg1 = 3.467(5) Å, C3–H3···Cg1 = 145°, 
Cg1: C11/16; C31–H31···Cg2, C31···Cg2 = 3.525(7) Å, 
C31–H31···Cg2 = 137°, Cg2: C2/7].

Fig. 1  Molecular structure of 1b showing the atom-labeling 
scheme. Displacement ellipsoids are drawn at the 25% probability 
level. Selected bond parameters (Å, °): Pd1–I1 2.6465(5), Pd1–I2 
2.6681(5), Pd1–P1 2.2963(13), Pd1–C1 1.990(5), C1–N1 1.345(6), 
C1–N2 1.358(6), N1–C8 1.472(7), N2–C10 1.464(6), C9–O1 
1.422(9); I1–Pd1–I2 92.474(17), I1–Pd1–P1 92.03(3), I1–Pd1–C1 
176.63(14), I2–Pd1–P1 174.42(4), I2–Pd1–C1 85.25(13), P1–Pd1–
C1 90.40(14), C1–N1–C8 124.9(5), N1–C8–C9 114.0(5), C8–C9–O1 
108.5(6), C1–N2–C10 125.8(4), N2–C10–C11 114.4(5), Pd1–P1–
C18 115.69(17), Pd1–P1–C24 113.02(18), Pd1–P1–C30 113.60(16)

Fig. 2  Molecular structure of 1f showing the atom-labeling 
scheme. Displacement ellipsoids are drawn at the 25% probability 
level. Selected bond parameters (Å, °): Pd1–I1 2.6283(5), Pd1–I2 
2.6433(5), Pd1–P1 2.2804(12), Pd1–C1 1.987(4), C1–N1 1.357(5), 
C1–N2 1.353(5), N1–C8 1.457(6), N2–C10 1.477(5), C9–O1 
1.398(6); I1–Pd1–I2 90.765(16), I1–Pd1–P1 91.57(3), I1–Pd1–C1 
172.91(13), I2–Pd1–P1 176.22(4), I2–Pd1–C1 87.21(11), P1–Pd1–
C1 91.87(12), C1–N1–C8 123.6(4), N1–C8–C9 113.0(4), C8–C9–O1 
111.0(5), C1–N2–C10 121.1(4), N2–C10–C11 115.3(4), Pd1–P1–
C21 114.10(17), Pd1–P1–C27 112.18(17), Pd1–P1–C33 114.81(15)
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Conclusion

In conclusion, we reported the synthesis of new 2-hydrox-
yethyl substituted (NHC)PdI2PPh3 1a–f using  PPh3 and 
starting PEPPSI complexes. The catalytic activities of 
these complexes were examined in the Sonogashira cross-
coupling and Mizoroki–Heck cross-coupling reaction. All 
complexes showed excellent activity when the aryl iodide 
and aryl bromide were used in these reactions. But, all 
complexes showed less activity when the aryl chloride 
was used in these reactions. The crystal structures of the 
complexes 1b and 1f were performed using single-crys-
tal X-ray diffraction technique. The results of the analy-
sis indicate that both (NHC)PdI2PPh3 complexes adopt 
distorted square-planar environments around the Pd(II) 
centers.

Acknowledgements The authors acknowledge Dokuz Eylul University 
for the use of the Rigaku Oxford Xcalibur Eos Diffractometer (pur-
chased under University Research Grant no.: 2010.KB.FEN.13). The 
authors thank the Inonu University Faculty of Science Department of 
Chemistry for the spectroscopy and elemental analysis characterization 
of compounds.

Compliance with ethical standards 

Conflicts of interests The authors declare that there are no conflicts 
of interests.

Appendix A: Supplementary data

CCDC 1897240 for 1b and 1897153 for 1f contain the sup-
plementary crystallographic data. Copies of the data can be 
obtained free of charge at http://www.ccdc.cam.ac.uk/conts 
/retri eving .html or from the Cambridge Crystallographic 
Data Center, 12, Union Road, Cambridge CB2 1EZ, UK. 
fax: (+44) 1223-336-033, e-mail: deposit@ccdc.cam.ac.uk.

References

Aktaş A, Gök Y (2014) 4-Vinylbenzyl-substituted silver(I) N-hetero-
cyclic carbene complexes and ruthenium(II) N-heterocyclic car-
bene complexes: synthesis and transfer hydrogenation of ketones. 
Transit Met Chem 39:925–931. https ://doi.org/10.1007/s1124 
3-014-9877-y

Aktaş A, Gök Y (2015) N-Propylphthalimide-substituted silver(I) 
N-heterocyclic carbene complexes and ruthenium(II) N-hetero-
cyclic carbene complexes: synthesis and transfer hydrogenation 
of ketones. Catal Lett 145:631–639. https ://doi.org/10.1007/s1056 
2-015-1626-0

Aktaş A, Gök Y, Akkoç S (2013) Palladium catalyzed Mizoroki–Heck 
and Suzuki–Miyaura reactions using naphthalenomethyl-substi-
tuted imidazolidin-2-ylidene ligands in aqueous media. J Coord 
Chem 66:2901–2909. https ://doi.org/10.1007/s1116 4-017-2995-3

Fig. 3  Stacking of the molecules of complex 1b, viewed along the 
c-axis. The Pd metals and iodide anions are shown as balls, while the 
other atoms are shown as stick drawing style. For the sake of clarity, 
hydrogen atoms are omitted

Fig. 4  Graphical representation of molecular packing within the unit 
cell for the complex 1f, viewed along the b-axis. Molecules connect 
to each other via the O1–H1∙∙∙I2i hydrogen bonds [H1∙∙∙I2i = 2.74 Å, 
O1–I2i = 3.511(5)  Å, O1–H1∙∙∙I2i = 158°, symmetry code i1–x, 1–y, 
–z]. Oxygen atoms, iodide anions and palladium atoms, are shown 
as ball and stick drawing style, the other atoms shown as only stick 
drawing style. For the clarity, hydrogen atoms not to play role in 
bonding are omitted

http://www.ccdc.cam.ac.uk/conts/retrieving.html
http://www.ccdc.cam.ac.uk/conts/retrieving.html
https://doi.org/10.1007/s11243-014-9877-y
https://doi.org/10.1007/s11243-014-9877-y
https://doi.org/10.1007/s10562-015-1626-0
https://doi.org/10.1007/s10562-015-1626-0
https://doi.org/10.1007/s11164-017-2995-3


Chemical Papers 

1 3

Aktaş A, Barut Celepci D, Gök Y, Aygün M (2018a) 2-Hydroxye-
thyl-substituted (NHC)Pd(II)PPh3 complexes: synthesis, charac-
terization, crystal structure and its application on Sonogashira 
Cross-coupling reactions in aqueous media. ChemistrySelect 
3:10932–10937. https ://doi.org/10.1002/slct.20180 2519

Aktaş A, Barut Celepci D, Gök Y, Aygün M (2018b) 2-Hydroxyethyl-
substituted Pd-PEPPSI complexes: synthesis, characterization 
and the catalytic activity in the Suzuki–Miyaura reaction for aryl 
chlorides in aqueous media. ChemistrySelect 3:9974–9980. https 
://doi.org/10.1002/slct.20180 2046

Aktaş A, Erdemir F, Barut Celepci D, Gök Y, Aygün M (2019) Mixed 
phosphine/N-heterocyclic carbene–palladium complexes: syn-
thesis, characterization, crystal structure and application in 
the Sonogashira reaction in aqueous media. Transit Met Chem 
44:229–236. https ://doi.org/10.1007/s1124 3-018-0286-5

Alonso DA, Najera C, Pacheco MC (2003) C(sp2)–C(sp) and C(sp)–
C(sp) coupling reactions catalyzed by oxime-derived palladacy-
cles. Adv Synth Catal 345:1146–1158. https ://doi.org/10.1002/
adsc.20030 3067

Bagley MC, Dale JW, Merritt EA, Xiong X (2005) Thiopeptide antibi-
otics. Chem Rev 105:685–714. https ://doi.org/10.1021/cr030 0441

Beletskaya IP, Cheprakov AV (2000) The Heck reaction as a sharpen-
ing stone of palladium catalysis. Chem Rev 100:3009–3066. https 
://doi.org/10.1021/cr990 3048

Beller M, Bolm C (1998) Transition metals for organic synthesis. 2nd 
ed. vol 1. Wiley-VCH, Weinheim

Boubakri L, Yasar S, Dorcet V, Roisnel T, Bruneau C, Hamdi N, 
Ozdemir İ (2017) Synthesis and catalytic applications of palla-
dium N-heterocyclic carbene complexes as efficient pre-catalysts 
for Suzuki–Miyaura and Sonogashira coupling reactions. New J 
Chem 41:5105–5113. https ://doi.org/10.1039/C7NJ0 0488E 

Chan K-T, Tsai Y-H, Lin W-S, Wu J-R, Chen S-J, Liao F-X, Hu C-H, 
Lee HM (2010) Palladium complexes with carbene and phosphine 
ligands: synthesis, structural characterization, and direct aryla-
tion reactions between aryl halides and alkynes. Organometallics 
29:463–472. https ://doi.org/10.1021/om900 9203

Clark RC, Reid JS (1995) The analytical calculation of absorption in 
multifaceted crystals. Acta Crystallogr A 51:887–897. https ://doi.
org/10.1107/S0108 76739 50073 67

Cornils B, Herrmann WA (1996) Applied homogeneous catalysis with 
organometallic compounds. Wiley-VCH, Weinheim

Cosford ND, Tehrani L, Roppe J, Schweiger E, Smith ND, Anderson 
J, Bristow L, Brodkin J, Jiang X, McDonald I, Rao S, Washburn 
M, Varney MA (2003) 3-[(2-Methyl-1, 3-thiazol-4-yl) ethynyl]-
pyridine: a potent and highly selective metabotropic glutamate 
subtype 5 receptor antagonist with anxiolytic activity. J Med 
Chem 46:204–206. https ://doi.org/10.1021/jm025 570j

CrysAlisPro Software System (2015) Version 1.171.38.43 Rigaku Cor-
poration. Oxford UK

Dehimat ZI, Yaşar S, Tebbani D, Özdemir İ (2018) Sonogashira 
cross-coupling reaction catalyzed by N-heterocyclic carbene–
Pd(II)–PPh3 complexes under copper free and aerobic condi-
tions. Inorg Chim Acta 469:325–334. https ://doi.org/10.1016/j.
ica.2017.09.048

Diebolt O, Jurčík V, Correa da Costa R, Braunstein P, Cavallo L, Nolan 
SP, Slawin AMZ, Cazin CSJ (2010) Mixed phosphite/N-heterocy-
clic carbene complexes: synthesis, characterization and catalytic 
studies. Organometallics 29:1443–1450. https ://doi.org/10.1021/
om901 1196

Dieck HA, Heck RF (1974) Organophosphinepalladium complexes as 
catalysts for vinylic hydrogen substitution reactions. J Am Chem 
Soc 96:1133–1136. https ://pubs.acs.org/doi.org/10.1021/ja008 
11a02 9

Diez-Gonzalez S, Marion N, Nolan SP (2009) N-Heterocyclic carbenes 
in late transition metal catalysis. Chem Rev 109:3612–3676. https 
://doi.org/10.1021/cr900 074m

Dolomanov OV, Bourhis LJ, Gildea RJ, Howard JAK, Puschmann 
H (2009) OLEX2: a complete structure solution, refinement 
and analysis program. J Appl Cryst 42:339–341. https ://doi.
org/10.1107/S0021 88980 80427 26

Dounay AB, Overman LE (2003) The asymmetric intramolecular Heck 
reaction in natural product total synthesis. Chem Rev 103:2945–
2964. https ://doi.org/10.1021/cr020 039h

Erdemir F, Barut Celepci D, Aktaş A, Gök Y (2019) 2-hydroxyethyl-
substituted (NHC)PdI2(pyridine) (Pd-PEPPSI) complexes: synthe-
sis, characterization and the catalytic activity in the Sonogashira 
cross-coupling reaction. ChemistrySelect 4:5585–5590. https ://
doi.org/10.1002/slct.20190 1033

Erdoğan H, Aktaş A, Gök Y, Sarı Y (2018) N-Propylphthalimide-sub-
stituted bis-(NHC)  PdX2 complexes: synthesis, characterization 
and catalytic activity in direct arylation reactions. Transit Met 
Chem 43:31–37. https ://doi.org/10.1007/s1124 3-017-0190-4

Etter MC, MacDonald JC (1990) Graph-set analysis of hydrogen-
bond patterns in organic crystals. J. Bernstein Acta Crystallogr B 
46:256–262. https ://doi.org/10.1107/S0108 76818 90129 29

Glorius F (2006) N-Heterocyclic carbenes in catalysis—an 
introduction. Top Organomet Chem 21:1–20. https ://doi.
org/10.1007/3418_2006_059

Gök Y, Aktaş A, Erdoğan H, Sarı Y (2018) New 4-vinylbenzyl-substi-
tuted bis (NHC)-Pd (II) complexes: synthesis, characterization and 
the catalytic activity in the direct arylation reaction. Inorg Chim 
Acta 471:735–740. https ://doi.org/10.1016/j.ica.2017.12.019

Gök Y, Aktaş A, Sarı Y, Erdoğan H (2019) 2-Methyl-1,4-benzodi-
oxan-substituted bis(NHC)PdX2 complexes: synthesis, charac-
terization and the catalytic activity in the direct arylation reac-
tion of some 2-alkyl-heterocyclic compounds. J Iran Chem Soc 
16:423–433. https ://doi.org/10.1007/s1373 8-018-1512-y

Hahn FE, Lügger T, Beinhoff M (2004) Palladium(II) complexes 
with benzoxazol-2-ylidene ligands: crystal structures of 
trans-chloro(benzoxazol-2-ylidene)-bis(triphenyl phosphine)
palladium(II) chloride and cis-diiodo(benzoxazol-2-ylidene)(tri-
phenylphosphine) palladium(II). Z Naturforsch 59b:196–201. 
https ://doi.org/10.1515/znb-2004-0212

Heck RF (1978) New applications of palladium in organic synthe-
ses. Pure Appl Chem 50:691–701. https ://doi.org/10.1351/pac19 
78500 80691 

Heck RF (1982) Palladium-catalyzed vinylation of organic halides. Org 
React 27:345–390. https ://doi.org/10.1002/04712 64180 .or027 .02

Heck RF (1979) Palladium-catalyzed reactions of organic halides 
with olefins. Acc Chem Res 12:146–151. https ://pubs.acs.org/
doi/10.1021/ar501 36a00 6

Heck RF, Nolley JP (1972) Palladium-catalyzed vinylic hydrogen 
substitution reactions with aryl, benzyl, and styryl halides. J 
Org Chem 37:2320–2322. https ://pubs.acs.org/doi/10.1021/
jo009 79a02 4

Herrmann WA, Böhm VPW, Gstöttmayr GWK, Grosche M, Reis-
inger C-P, Weskamp T (2001) Synthesis, structure and catalytic 
application of palladium (II) complexes bearing N-heterocyclic 
carbenes and phosphines. J Organomet Chem 617–618:616–
628. https ://doi.org/10.1016/S0022 -328X(00)00722 -1

Herrmann WA, Öfele K, von Preysing D, Schneider SK (2003) 
Phospha-palladacycles and N-heterocyclic carbene palladium 
complexes: efficient catalysts for C–C-coupling reactions. J 
Organomet Chem 687:229–248. https ://doi.org/10.1016/j.jorga 
nchem .2003.07.028

Kondolff I, Doucet H, Santelli M (2003) Tetraphosphine/palladium-
catalyzed Heck reactions of aryl halides with disubstituted alk-
enes. Tetrahedron Lett 44:8487–8491. https ://doi.org/10.1016/j.
tetle t.2003.09.092

Li W, Ivanov S, Mozaffari S, Shanaiah N, Karim AM (2019) Pal-
ladium acetate trimer: understanding its ligand-induced disso-
ciation thermochemistry using isothermal titration calorimetry, 

https://doi.org/10.1002/slct.201802519
https://doi.org/10.1002/slct.201802046
https://doi.org/10.1002/slct.201802046
https://doi.org/10.1007/s11243-018-0286-5
https://doi.org/10.1002/adsc.200303067
https://doi.org/10.1002/adsc.200303067
https://doi.org/10.1021/cr0300441
https://doi.org/10.1021/cr9903048
https://doi.org/10.1021/cr9903048
https://doi.org/10.1039/C7NJ00488E
https://doi.org/10.1021/om9009203
https://doi.org/10.1107/S0108767395007367
https://doi.org/10.1107/S0108767395007367
https://doi.org/10.1021/jm025570j
https://doi.org/10.1016/j.ica.2017.09.048
https://doi.org/10.1016/j.ica.2017.09.048
https://doi.org/10.1021/om9011196
https://doi.org/10.1021/om9011196
https://pubs.acs.org/doi.org/10.1021/ja00811a029
https://pubs.acs.org/doi.org/10.1021/ja00811a029
https://doi.org/10.1021/cr900074m
https://doi.org/10.1021/cr900074m
https://doi.org/10.1107/S0021889808042726
https://doi.org/10.1107/S0021889808042726
https://doi.org/10.1021/cr020039h
https://doi.org/10.1002/slct.201901033
https://doi.org/10.1002/slct.201901033
https://doi.org/10.1007/s11243-017-0190-4
https://doi.org/10.1107/S0108768189012929
https://doi.org/10.1007/3418_2006_059
https://doi.org/10.1007/3418_2006_059
https://doi.org/10.1016/j.ica.2017.12.019
https://doi.org/10.1007/s13738-018-1512-y
https://doi.org/10.1515/znb-2004-0212
https://doi.org/10.1351/pac197850080691
https://doi.org/10.1351/pac197850080691
https://doi.org/10.1002/0471264180.or027.02
https://pubs.acs.org/doi/10.1021/ar50136a006
https://pubs.acs.org/doi/10.1021/ar50136a006
https://pubs.acs.org/doi/10.1021/jo00979a024
https://pubs.acs.org/doi/10.1021/jo00979a024
https://doi.org/10.1016/S0022-328X(00)00722-1
https://doi.org/10.1016/j.jorganchem.2003.07.028
https://doi.org/10.1016/j.jorganchem.2003.07.028
https://doi.org/10.1016/j.tetlet.2003.09.092
https://doi.org/10.1016/j.tetlet.2003.09.092


 Chemical Papers

1 3

X-ray absorption fine structure, and 31P nuclear magnetic res-
onance. Organometallics 38:451–460. https ://doi.org/10.1021/
acs.organ omet.8b007 87

Liao C-Y, Chan K-T, Tu C-Y, Chang Y-W, Hu C-H, Lee HM (2009) 
Robust and electron-rich cis-palladium (II) complexes with 
phosphine and carbene ligands as catalytic precursors in 
Suzuki coupling reactions. Chem Eur J 15:405–417. https ://
doi.org/10.1002/chem.20080 1296

Menezes da Silva VH, Braga AAC, Cundari TR (2016) N-Heterocy-
clic carbene based nickel and palladium complexes: a DFT com-
parison of the Mizoroki–Heck catalytic cycles. Organometallics 
35:3170–3181. https ://doi.org/10.1021/acs.organ omet.6b005 32

Mizoroki T, Mori K, Ozaki A (1971) Arylation of olefin with aryl 
iodide catalyzed by palladium. Bull Chem Soc Jpn 44:581–581. 
https ://doi.org/10.1246/bcsj.44.581

Modak S, Gangwar MK, Rao MN, Madasu M, Kalita AC, Dorcet V, 
Shejale MA, Butcher RJ, Ghosh P (2015) Fluoride-free Hiyama 
coupling by palladium abnormal N-heterocyclic carbene com-
plexes. Dalton Trans 44:17617–17628. https ://doi.org/10.1039/
C5DT0 2317C 

Mori K, Mizoroki T, Ozaki A (1973) Arylation of olefin with iodo-
benzene catalyzed by palladium. Bull Soc Chem Jpn 46:1505–
1508. https ://doi.org/10.1246/bcsj.46.1505

Nishihara Y, Ikegashira K, Hirabayashi K, Ando J-I, Mori A, Hiyama 
T (2000) Coupling reactions of alkynylsilanes mediated by a 
Cu(I) salt: novel syntheses of conjugate diynes and disubsti-
tuted ethynes. J Organomet Chem 65:1780–1787. https ://doi.
org/10.1021/jo991 686k

Oestreich M (2009) The Mizoroki–Heck reaction, vol 1. Wiley, 
Chichester

Sarı Y, Aktaş A, Barut Celepci D, Gök Y, Aygün M (2017) Synthesis, 
characterization and crystal structure of new 2-morpholinoethyl-
substituted bis-(NHC)Pd(II) complexes and the catalytic activity 
in the direct arylation reaction. Catal Lett 147:2340–2351. https 
://doi.org/10.1007/s1056 2-017-2132-3

Schmid TE, Jones DC, Songis O, Diebolt O, Furst MRL, Slawin 
AMZ, Cazin CSJ (2013) Mixed phosphine/N-heterocyclic 

carbene palladium complexes: synthesis, characterization and 
catalytic use in aqueous Suzuki–Miyaura reactions. Dalton Trans 
42:7345–7353

Sheldrick GM (2015a) SHELXT-integrated space-group and crystal-
structure determination. Acta Crystallog Sect A 71:3–8. https ://
doi.org/10.1039/C2DT3 2858E 

Sheldrick GM (2015b) Crystal structure refinement with SHELXL. 
Acta Crystallog Sect C 71:3–8. https ://doi.org/10.1107/S2053 
22961 40242 18

Siemeling C, Färber U, Bruhn C, Fürmeier S, Schulz T, Kurlemann 
M, Tripp S (2012) Group 10 metal complexes of a ferrocene-
based N-heterocyclic carbene: syntheses, structures and catalytic 
applications. Eur J Inorg Chem 2012:1413–1422. https ://doi.
org/10.1002/ejic.20110 0856

Sonogashira K (2002) Development of Pd–Cu catalyzed cross-coupling 
of terminal acetylenes with  sp2-carbon halides. J Organomet Chem 
653:46–49. https ://doi.org/10.1016/S0022 -328X(02)01158 -0

Touj N, Yaşar S, Özdemir N, Hamdi N, Özdemir İ (2018) Sonogashira 
cross-coupling reaction catalysed by mixed NHC-Pd-PPh3 com-
plexes under copper free conditions. J Organomet Chem 860:59–
71. https ://doi.org/10.1016/j.jorga nchem .2018.01.017

Watson DA (2016) Legacy of Richard Heck. Organometallics 35:1177–
1178. https ://pubs.acs.org/doi/10.1021/acs.organ omet.6b002 61

Whitcombe NJ, Hii KK, Gibson SE (2001) Advances in the Heck 
chemistry of aryl bromides and chlorides. Tetrahedron 57:7449–
7476. https ://doi.org/10.1016/S0040 -4020(01)00665 -2

Zamora MT, Ferguson MJ, McDonald R, Cowie M (2012) Unsym-
metrical dicarbenes based on N-heterocyclic/mesoionic carbene 
frameworks: a stepwise metalation strategy for the generation of a 
dicarbene-bridged mixed-metal Pd/Rh complex. Organometallics 
31:5463–5477. https ://doi.org/10.1021/om300 4543

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1021/acs.organomet.8b00787
https://doi.org/10.1021/acs.organomet.8b00787
https://doi.org/10.1002/chem.200801296
https://doi.org/10.1002/chem.200801296
https://doi.org/10.1021/acs.organomet.6b00532
https://doi.org/10.1246/bcsj.44.581
https://doi.org/10.1039/C5DT02317C
https://doi.org/10.1039/C5DT02317C
https://doi.org/10.1246/bcsj.46.1505
https://doi.org/10.1021/jo991686k
https://doi.org/10.1021/jo991686k
https://doi.org/10.1007/s10562-017-2132-3
https://doi.org/10.1007/s10562-017-2132-3
https://doi.org/10.1039/C2DT32858E
https://doi.org/10.1039/C2DT32858E
https://doi.org/10.1107/S2053229614024218
https://doi.org/10.1107/S2053229614024218
https://doi.org/10.1002/ejic.201100856
https://doi.org/10.1002/ejic.201100856
https://doi.org/10.1016/S0022-328X(02)01158-0
https://doi.org/10.1016/j.jorganchem.2018.01.017
https://pubs.acs.org/doi/10.1021/acs.organomet.6b00261
https://doi.org/10.1016/S0040-4020(01)00665-2
https://doi.org/10.1021/om3004543

	New (NHC)Pd(II)(PPh3) complexes: synthesis, characterization, crystal structure and its application on Sonogashira and Mizoroki–Heck cross-coupling reactions
	Abstract
	Introduction
	Experimental
	Synthesis
	Synthesis of diiodo[1-benzyl-3-(2-hydroxyethyl)benzimidazol-2-ylidene]triphenyl phosphinepalladium (II), 1a
	Synthesis of diiodo[1-(2-hydroxyethyl)-3-(2-methylbenzyl)benzimidazol-2-ylidene] triphenylphosphinepalladium(II), 1b
	Synthesis of diiodo[1-(2-hydroxyethyl)-3-(3-methylbenzyl)benzimidazol-2-ylidene] triphenylphosphinepalladium(II), 1c
	Synthesis of diiodo[1-(2-hydroxyethyl)-3-(4-methylbenzyl)benzimidazol-2-ylidene] triphenylphosphinepalladium(II), 1d
	Synthesis of diiodo[1-(2-hydroxyethyl)-3-(2,4,6-trimethylbenzyl)benzimidazol-2-ylidene]triphenylphosphinepalladium(II), 1e
	Synthesis of diiodo[1-(2-hydroxyethyl)-3-(2,3,5,6-tetramethylbenzyl)benzimidazol-2-ylidene]triphenylphosphinepalladium(II), 1f
	General procedure for the catalytic activity of (NHC)PdI2PPh3 complexes in Sonogashira cross-coupling reaction
	General procedure for the catalytic activity of (NHC)PdI2PPh3 complexes in Mizoroki–Heck cross-coupling reaction

	Results and discussion
	Synthesis of (NHC)PdI2PPh3 complexes (1a–f)
	The catalytic activity of (NHC)PdI2PPh3 complexes in Sonogashira cross-coupling reaction
	The catalytic activity of (NHC)PdI2PPh3 complexes in Mizoroki–Heck Cross-coupling reaction
	Structural description of the complex 1b and 1f

	Conclusion
	Acknowledgements 
	References




