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1. Introduction range of transition metdfs'” and begun to replace phosphine
. , , o . ligands® due to their unique properieti€sThe easy preparation
Biaril motifs are important building blocks for comercially 4 handling of their precursors, their high modtyaand their
important  compounds  such as various natural pré?ﬁduastrong s-donor properties, which allow them to form strong
pharmaceuticals, agro.chemlcals and funcnopa_l liads metal-NHC bonds that prevent ligand dissociatiowgh@&ndered
Therefore, the preparation of such compounds ig ieportant them extremely popular as supporting ligands insition metal
for mpdern °r93”'c synthesis. Transition ggetaHgatal c_ross- catalysis”® Theo-donor properties of NHC ligands are crucial in
coupling reactions have becomgs one/of, the mostz:mmnal controlling their interaction with transition metaland as a
methods among C'_C bond forming pfocesSep for _m ?f/l'l’hg consequence, to determine the selectivity and ivitgodf NHCs
development of this methodology has revolutionisgdthetic ;, ansition-metal catalysis. Recently, Szostaki @o-workers
chemistry and was acknowledged with the award of a NObeﬂave reported a simple NMR method for estimatingonor
Pr|ze_ In Qhem|stry in 201_0 for palladlum-catalyfse(pss- properties of NHC ligands based on a straightforv&a’rd\IMR
couplings in organic synthesisNowadays, the Suzuki-Miyaura measurement of NHC ligand precursBrBue to this and similar
reaction is probably the most commonly used crosping unique features, various NHC complexes have beeinasised

proce_gs for synth.eS|s of l?'ary's because of ﬁ'%Sd méaction with different transition-metals to date and havendestrated
conditions and high functional group toleranteMoreover, excellent activities as catalysts in different ariga

boronic acids are gnwronmentally safer and mush texic than transformation&22°
other metaloorganic compounds for example organostzes,

and the inorganic by-products are easily removeumfrthe Since the discovery of transition-metal-catalyzedctions,

reaction mixture, making the reaction suitable fodustrial there is a continuous effort to develop new catalsttems
3

processes’ which will be effective for a wide range of produdis.most of

these reactions are generally used organic solventst of
which are toxic, flammable, and explosive. Howeveg thithe
environmental concerns necessity for the use of bbrign
solvent water as the medium for chemical reactioss
continuously growing. The use of water as a solverBuzuki-
Miyaura cross-coupling reactions helps with the atibn of

Most of the early work on Suzuki-Miyaura cross-cangl
reactions focused on using tertiary phosphine gentis and so
phosphine ligands have become an indispensable afdgands
for the coupling of aryl chloride’$:™ Since the discovery df-
heterocyclic carbenes (NHCs) by Arduengo in 1991, NH@& h
become one of the most versatile class of ligamdsaf wide
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these organic-insoluble materials and inorganicebag\lso,
organoboron compounds are often quite stable tdolgta
decomposition by water. In addition to being cheap aafe
solvent’’
Miyaura cross-coupling reactions products are offmorly
soluble in water. Thus, they can be easily separfitad the

reaction mixture. This advantage, though, alsostwmat to be a
drawback, as the aryl halides are poorly solublevater® To
overcome this problem, addition of a minumum voluofea

protic co-solvent such as alcohol should led tondfester Suzuki
coupling reactions. Thus, in recent times, thera iparticular
emphasis on the development of catalyst systentswiliabe
effective for Suzuki-Miyaura cross-coupling rean8dn agueous
media’®

Palladium-NHC complexes such as bis(NHC)-typa), (
pincer-type ), allyl-type €) and PEPPSI-type, (PEPPSI
Pyridine Enhanced Precatalyst Preparation Stabilization and

water has the additional advantage that the Suzuki-

Tetrahedron

Miyaura cross-coupling reactions of phenylbororgand aryl
halides at mild conditions in aqueous media.
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Fig. 2. PEPPSI-type palladium-NHC complexzssf.

2. Results and discussion

2.1. Preparation of Benzimidazolium Chlorides

The four new benzimidazolium chloridés, 1c, 1e and 1f were

Initiation), d) are the well-known and the most active ones forsynthesized by reacting-(3-methoxybenzyl)benzimidazole with

cross-coupling catalysis (Figure *®)Among them, PEPPSI-type
palladium-NHC complexes can be easily obtained ae@asy to
handle in contrast to other type palladium-NHC comggd"*®
The high activity of PEPPSI complexes in catalys&s been
based on to the presence of a loosely bound throwawr@gine
ligand that makes way for the incoming substFate.
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Fig. 1. Well-known different type palladium-NHC complexes.

There are many examples of the application of PERPS
complexes in the Suzuki-Miyaura reaction in aquemeslium,
in which their excellent catalytic activity and vatitity are
clearly evidenced’ In this context, recently we have also
reported to synthesis of PEPPSI-type palladium-NH@plexes
and their catalytic activity in the Suzuki-Miyauraactions in
aqueous medii. Here in this contribution, we report the
synthesis and structural characterizations of i@sef new bulky

NHC precursorsia-f), and their air-stable, convenient to handle palladium-NHC complexes.

alkyl chlorides in dimethylformamide (DMF) at 8C for 36 h
(Scheme 1). These benzimidazolium chloridesand 1d were
obtained as we previously describ&d. Benzimidazolium
chlorides were characterized usiti) NMR, **C NMR and FT-
IR spectroscopy and gave satisfactory elementalysina As
shown in Table 1, The FT-IR data clearly indicatedt the ben
zimidazolium chloridesla—f exhibit a characteristigycyy band
typically between 1557-1567 ¢mThe resonances for C(B)-
were observed as sharp singlets3at1.48-12.00 ppm. TH&E
NMR values of NCHN resonances ida-f appear at the range
143.7-143.9 ppm as single signal. These NMR vatuesn line
with those found for other benzimidazolium chlorides the

literatu I,612i, 16c¢, 17d, 20c, 26

2.2. Preparation of PEPPSI-type palladium—NHC comgdex

The general procedure for the preparation of theRFH=-type
palladium—NHC complexes?a-f, according to the method
reported by Orgaf, is shown in Scheme 1. The six new
palladium complexe®a-f were synthesized by the reaction of the
corresponding benzimidazolium chloridekaff) obtained from
PdC} and pyridine in the presence of®0; as a base. The air
and moisture-stable PEPPSI-type palladium-NHC congslexe
yellow in colour and soluble in common organic sabgesuch as
acetone, dichloromethane, chloroform, DMF, ethanaold a
acetonitrile. They were fully characterised by elatakanalysis,
'H NMR and ®C NMR and FT-IR spectroscopy and gave
satisfactory elemental analysis. The absence éi"€@hNMR and
'H NMR spectra, of the characteristic signals of thaocarbon
(143.7-143.9 ppm) and the acidic imino proton (8112.00
ppm), which are present in the sdl&f, suggests the formation
of NHC-carbenes and their coordination to form PERp&

In addition, the charactieris

and easily accessible new PEPPSI-type palladium-NH@arbene carbons in compoungda-f appear in the°C NMR

complexes of the general formula [Pg@HC)(pyridine)], Raf)
(Figure 2). These complexes stabilized over 3-mathenzyl -

functionalized NHC ligands and containing a “throwaway”

pyridine ligand. These precatalysts are effectwethe Suzuki-

spectra as deshielded singlets at between 162.8-ppn. The
FT-IR data clearly indicated that the PEPPSI-typdlagium—
NHC complexea-f exhibit a characteristigycny band typically
between 1396-1410 ¢ These NMR values are in line with
those found for other PEPPSI-type palladium-NHC cexgs of



the literature?*> ®* **The analytical data are in good agreementprepared, and are summarized in Table 1.
with the compositions proposed for all the new conmolsuwe
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Scheme 1Synthesis of the benzimidazolium chloridés-f) and the PEPPSI-type palladium-NHC complessf].

Table 1
Physical and spectroscopic properties of new comg&un

Isolated yield M.p. Vien H(2) *H NMR C(2)“C NMR
Compound  Molecular formula (%) °C) (cm’f) (ppm) (ppm)
la C16H17CIN,O 85 137-138 1567 11.73 143.9
1c C1gH,1CIN,O, 78 93-94 1557 11.60 143.8
le Cy6H2oCIN,O 89 128-129 1558 12.00 143.8
1f C,7H3:,CIN,O 82 139-140 1558 11.48 143.7
2a C,1H,,Cl,N;0Pd 60 107-108 1407 - 163.3
2b Cy4H,5CI,N;OPd 63 143-144 1410 - 162.8
2c Cy3H,6ClLN30,Pd 53 173-174 1405 - 163.2
2d C,7H,6CI,N;OPd 55 238-239 1410 - 164.3
2e C31H3,Cl,N;OPd 51 184-185 1410 - 164.5
2f C3,H36Cl,N;OPd 45 224-225 1396 - 164.1

2.3. Optimization of the Reaction Conditions for &iiliyaura  EtOH or solvent mixtures such asPrOH/HO (1:1; v/v), i-
Coupling PrOH/H,O (1:3; viv), i-PrOH/H,O (3:1; v/v) were tested in the
present of KCO; as base at 5{C for 3 h (Table 2, entries 6-11).
To study the efficiency of the PEPPSI-type pallatdiNHC  When a mixed solvent afPrOH/H,0 (1:3;v/v) was used, a good
complexes2a-f in Suzuki-Miyaura coupling reactions, we first yield was observed (Table 2, entry 10). When thetiea time
selected the compledc as the model catalyst, the phenylboronicwas reduced from 3 h to 2 h at 50 °C, no noticeafftxt on the
acid as model substrate and the 4-chloroacetopleeasrmodel yield was observed (Table 2, entry 12), but when réeetion
coupling partner (Table 2, Eq. 1). To find the Hess¢e, different time was reduced from 2 h to 1 h, the conversiomedsed to
bases (N&£Os;, K,CO;, CsCO; NaOH, KOH) were tested in 63%. (Table 2, entry 13). As a result of the optatien
the present of-PrOH as solvent at 5T for 3 h in air (Table 2, experiments, a very good yield (95%) was obtaineti WHCO,
entries 1-5). When a base of®0; was used, a good yield of base and-PrOH/HO (1:3;Vv/v) solvent system, at 50 °C for 2 h
coupling product was obtained (Table 2, entry 2)erfho find  in air (Table 2, entry 12).
the best solvent medium, different solvents sucbM$&, water,
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Table 2

Optimization of the Suzuki-Miyaura coupling reacsasf phenylboronic acid with 4-chloroacetophenonedayplex2c.

Tetrahedron

a

9 2¢ (1 mol%) 9
@B(OH)z + Cl@*C-C% C-CH3 (Eq. 1)
solvent, base
Entry Solvent Base Yield (9§

1 i-PrOH NaCOs 50
2 i-PrOH K,COs 70
3 i-PrOH CsCO, 40
4 i-PrOH NaOH 64
5 i-PrOH KOH 52
6 DMF K,CO; 12
7 H,O K,COs 8
8 EtOH KCOs 10
9 i-PrOH / HO (1:1;v/v) K,CO, 70
10 i-PrOH / HO (1:3;v/v) K,CO, 98
11 i-PrOH / HO (3:1;v/V) K,CO; 65
124 i-PrOH / H,0 (1:3; VIv) K,COs 95
13 i-PrOH / HO (1:3;v/v) K,CO; 63

2 Reaction conditions: complec (0.01 mmol, 1 mol %), 4-chloroacetophenone (1.0otjnphenylboronic acid (1.5 mmol), base (2.0 mmsdivent (4 mL), 56C, 3 h.
® Yields (%) were calculated according to 4-chloetaphenone by GC analysis using decane as anahttemdard.

°Yields are average of two runs.
9Reaction time is 2 h.
¢ Reaction time is 1 h.

2.4. Suzuki-Miyaura coupling of Phenylboronic Acwith
Various Aryl Halides

The optimized conditions were applied to the SuMikiaura
coupling reactions of different aryl chlorides wighenylboronic
acid using the PEPPSI-type palladium-NHC complegesf) at

is known that oxidative additions of electron-withaitag
substrates to electron rich palladium-complexes esdlictive
elimination of the product from large, stericallyintiered
palladium-complexes proceed more readily. Therefoilee
presence of an NHC ligand, (etr), bearing a different second
donating group such as ether side chains on thal nneay

50 °C for 2 h (Table 3, Eg. 2). As shown in Table 3, bothradically increase the catalytic performance of tagalyst (eg.

electron-rich, electron-poor and sterically hindeagyl chlorides
effectively afford the corresponding products (55%) in 2-3 h

2¢). The chelating nature of these ligands promotedyztion of
highly stable complexes. The hemilabile part oftsligands is

at 50 °C (Table 3, entries 1-42). When the reaction of 4-capable of reversible dissociation to produce viacaardination

chlorobenzene was investigated, yields at betweerRO®b
(Table 3, entries 1-6). The palladium-PEPPSI-NHC dempa-f
were further assessed in the cross-coupling of phergnic acid
with two electrorarich aryl chlorides; namelyp-chlorotoluene
and p-chloroanisole. This aryl chlorides were both rapidl
converted into biaryls at 5T for 2 h (yields of 83-92% and 75-
85%, respectively) (Table 3, entries 7-12 and 1B-18s
anticipated, somewhat lower activities were found wlith two
ortho-substituted aryl chlorides; namelychlorotoluene ana-
chloroanisole (yields of 65-78% and 55-65%, redpelsf)
(Table 3, entries 19-24 and 25-30). When these chrldrides
were used, the reaction time was increased from®ah. The
coupling of phenylboronic acid with electron-pooylashlorides
such asp-chloroacetophenone anp-chloronitrobenzene also
proceeds nicelyp-Chloroacetophenone apechloronitrobenzene
gave the phenylboronic acid with 86%-95% and 85-98&ds,
respectively at 56C for 2 h (Table 3, entries 31-36 and 37-42).
in reactivites were

Although small differences

observed forRa-f catalyst due to the similar nature of the NHC

moieties, it can say that the most effective catdly this study is

sites, allowing complexation of substrates during tatalytic
cycle. At the same time the strong donor carbenetnoemains
connected to the metal centre. Based on thesewalissrs, the
following tests were carried out different (heterg)dralides (X
= Br, Cl, F) in presence @t catalyst (Table 4, Eq. 3).

The palladium complefc was further assessed in the
cross-coupling of phenylboronic acid with two elentdeficient
aryl chlorides; namely, 4-cyano chlorobenzene and 4
chlorobenzotrifluoride. These aryl chlorides werehboapidly
converted into biaryls (yields of 94% and 78% afterh,
respectively) (Table 4, entries 1 and 3). But, wkien reaction
time was reduced from 2 h to 1 h at 50 °C, the gielecreased to
70% and 54%, respectively (Table 4, entries 2 gndMhen 4-
bromobenzaldehyde was used as the substrate, 97&0waes
observed after 1 h (Table 4, entry 6), but whenrdaetion time
was reduced from 1 h to 0.5 h at 50 °C, no notieeaffiect on
the yield was observed (yield of %94) (Table 4,6t

When the reactions of sterically hindered aryl hidea
such as o-bromotoluene ando-cyano bromobenzene were

2c. We attributed these performance differences tol-wel investigated, the yield was 98% in both cases (Tdbkentries 7

accordance electronic and steric properties oNHE ligand. It

and 9). As anticipated, somewhat lower activities wierand



with the two ortho-substituted bromobenzene®-cyano
bromobenzene (77% vyield in 0.5 h) and 4-cyano btmenaene dimethoxy fluorobenzene.
(72% vyield in 0.5 h) (Table 4, entries 8 and 10).ithwW

phenylboronic

bromoquinoline led to the expected coupling produith 98%
yield in 1h. (Table 4, entry 11). But, when the teattime was

acid,

For

example,

5

was reacted with the an unreactive substrate sucB,4&s

3,4-dimethoxy

fluorobenzene gave yield of 43% after 2 h. (Tahledtry 13).

even the sterically hindered 3-But, when the reaction time was increased from 2 5 g the

reduced from 1 h to 0.5 h, the yield decreased38d {Table 4, the reaction.
entry 12). A similar trend was observed when phenglbigracid

Table 3

yield increased to 67% (Table 4, entry 14). Whem ibaction
time was increased from 5 h to 10 h, 98% yield wasenked in

Catalytic activities of complexe&4-f) in the Suzuki-Miyaura coupling reactions of phiyonic acid with aryl chlorides.

@B(OH)Z * c1@
R

2a-f (1 mol%)

i-PrOH:H,0 (3:1) R

K,CO;3 50 °C
Entry Aryl chloride [Pd] Biaryl product Time (h) ik (%)°
1 2a 2 87
2 2b 2 86
3 2c Q O 2 90
4 CI@ 2d 2 83
5 2e 2 81
6 2f 2 88
7 2a 2 86
8 2b 2 83
10 2d 2 88
11 2e 2 85
12 2f 2 90
13 2a 2 78
14 2b 2 75
16 2d 2 79
17 2e 2 77
18 2f 2 81
19 2a 3 69
20 2b 3 65
21 2c 3 78
22 Cl 2d Q O 3 71
23 2e 3 73
24 2f 3 75
25 2a 3 59
26 MeO, 2b MeQ 3 55
27 2c 3 65
28 £ 2d Q O 3 57
29 2e 3 58
30 2f 3 60
31 2a 2 89
32 o 2b o 2 86
33 Il 2c Il 2 95
35 2e 2 90
36 2f 2 94
37 2a 2 91
38 2b 2 89
39 2c 2 93
41 2e 2 85
42 2f 2 92

2Reaction conditions: palladiuga-f, (0.01 mmol, 1 mol%), aryl chloride (1.0 mmol),guiylboronic acid (1.5 mmol), &0O; (2.0 mmol),i-PrOH/HO (1:3;VA) (4 mL), 50°C.
® Yields (%) were calculated according to aryl clderby GC analysis using decane as an internadiaten
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Table 4

Suzuki-Miyaura cross-coupling of different aryl idais catalyzed by palladium compl2x®

2¢ (1 mol%)
<j>7|3(om2 + x«) > ®—<> (Eq.3)
i-PrOH:H,0O (3:1)
X =Br,CLF K,CO;3 50 °C
Entry Aryl halide Biaryl product Time (h) Yield (%)°
1 2 94
2 1 70
3 2 78
e O
4 1 54
5 1 98
; - O~ s m
2 NC NC 1 98
9 1 97
10 0.5 94
11 /END _ 0 1 98
12 B X Q \_/ 0.5 78
13 2 43
OMe OMe
e O~ 5 67
F OMe OMe
15 10 98

2Reaction conditions: palladiugt (0.01 mmol, 1 mol%), aryl halide (1.0 mmol), ph#royonic acid (1.5 mmol), ¥COs (2.0 mmol),i-PrOH/HO (1:3;v/V) (4 mL), 50°C.
® Yields (%) were calculated according to aryl haliy GC analysis using decane as an internal sinda

In previous works,
employed with higher reaction time (3 h), and highesction

similar substrates have beerMiyaura cross-coupling reaction between the phemglhic acid

and aryl halides. When the catalytic studies weraluated, it

temperature (86C) has been chosen for Suzuki-Miyaura cross-was found that all of the complexes were suitablatferSuzuki-

coupling reaction in presence of palladium-PEPP&hlgsts.
However, in the present work the reaction temperatveas

Miyaura cross-coupling reaction. Surprisingly, d$ami yields
were obtained for the coupling of each aryl halid&®. can say

reduced to 50C, and the reaction time was shortened to 2 h fothat there is no significant difference betweenéhmsmplexes on

aryl chlorides. When compared with our previous wbese, the
reaction time was shortened to 2 h and higher yisldse
obtained, whereas in previous work, the reaction vaased out
in presence of 1.0 mol% palladium-PEPPSI-NHC catadyst
K,CO; as the base in DMF/water mixture at°g0*

3. Conclusion

In conclusion, six new PEPPSI-type palladium-NHC claxgs
were successfully synthesized and characterizéti lyMR, °C
NMR and FT-IR spectroscopy. These palladium comglexere
used as the catalysts in the synthesis of biargisguSuzuki-

the catalytic activity. The only significant diffamce betweeBa-

f complexes indicates that electronic and steripgries are also
playing some role in these processes. As a restiti@tcatalytic
reactions provides many advantages such as lowsatahding,
very good yields, green solvent system, simple effitient
procedure, short reaction times under an air athergp

4. Experimental

4.1. General Methods

The synthesis of NHC salts and PEPPSI-type palladitia
complexes were carried out under argon using stdn8ahlenk



line techniques. Elemental analyses were performednbnii
University Scientific and Technological Research t€en
(Malatya, Turkey). Melting points were measures ipero
capillary tubes with an Electrothermal-9200 meltipgints
apparatus. IR spectra were recorded on ATR unitérrdinge of
400-4000 crt with Perkin  Elmer Spectrum 100
SpectrofotometerH NMR and™*C NMR spectra were recorded
using Bruker Avance AMX and Bruker Avance Il spectroene
operating at 300, 400 and 500 MH& (NMR) and at 75, 100 and
125 MHz ¢*C NMR) in CDCL. The NMR studies were carried
out in high-quality 5 mm NMR tubes. The chemicalfish) are
reported in ppm relative to CDLCICoupling constants] (values)
are given in hertz. NMR multiplicities are abbreeias follows:
s = singlet, d = doublet, t = triplet, pent = penkext = hextet, m
= multiplet.'H NMR spectra are solvent$ € 77.16 ppm for
CDCly). All catalytic reactions were monitored on an Agilen

7
4.2.3. 1-(3-Methoxybenzyl)-3-(2-methoxyethyl)benzndtium
Chloride (1c)

(1.08 g, yield 78%JH NMR (400 MHz, CDCJ, 25°C): § = 3.35
(s, 3H, CHCH,OCH,); 3.80 (s, 3H, ChsH,(OCH,)-3); 3.96 (t,
2H, J = 4.7 Hz, CHCH,OCHy); 4.87 (t, 2H,J= 4.7 Hz,
CH,CH,OCH,); 5.83 (s, 2H, E©,CsH,(OCH,)-3); 6.85-6.87,
7.03-7.11, 7.25-7.29, 7.51-7.59 and 7.82-7.84 (id, 8rom.
CHs, NGH,N and CHCgH4,(OCHy)-3); 11.60 (s, 1H, NEN)

ppm. ¥C NMR (100 MHz, CDGJ, 25 °C): § = 47.8
(CH,CH,OCH,); 51.4 (CHC4H4(OCH,)-3); 55.6
(CH,CgH4(OCHy)-3); 59.09 (CHCH,OCHy); 70.44

(CH,CH,OCH,); 113.4, 113.8, 114.1, 114.8, 120.3, 126.9, 130.3,
131.0, 132.3, 134.2, 160.2 (aronCs, NC¢H,N and
CH,C¢H4(OCH,)-3); 143.8 (NCHN) ppm. Elemental analysis
calcd (%) for GgH;,CIN,O, (Mr = 332.13 g. mal): C 64.96, H

6890N GC and Schimadzu 2010 Plus GC-MS system by GC-FI6-36, N 8.42; found (%): C 64.98, H 6.39, N 8.43.

with an HP-5 column of 30 m length, 0.32 mm diameter
0.25 um film thickness.referenced to residual protiatet/ents
(6 = 7.26 ppm for CDG), **C chemical shifts are reported
relative to deuteriated.

4.2. General procedure for the preparation of bendambdlium
chlorides (a-f)

N-(3-Methoxybenzyl)benzimidazole (1.0 g; 4.2 mmol) swa
dissolved in degassed DMF (3 mL) and alkyl chlo@ mmol)
was added at room temperature. The reaction mixtagestirred
at 80 °C for 36 h under argon. After completion loé teaction,
the solvent was removed by vacuum and diethyl eth&rmL)
was added to obtain a white crystalline solid, whicls f&ered
off. The solid was washed with diethyl ether (3x10 nald
dried under vacuum. The crude product was recrizdllfrom
ethanol/diethyl ether mixture (1:8/v) at room temperature and,
completely dried under vacuum. All benzimidazoliuhlocides
(1a-f) were isolated as air- and moisture-stable whitelsand
were isolated in 78-89 % vyields.

4.2.1. 1-(3-Methoxybenzyl)-3-(methyl)benzimidazoliunto@e
(1a)

(1.02 g, yield 85%JH NMR (300 MHz, CDC}, 25°C): 6 = 3.71
(s, 3H, CHCgH4(OCHa3)-3); 4.23 (s, 3H, 63); 5.77 (s, 2H,
CH,CeH4(OCHg)-3); 6.75-6.78, 6.96-7.03, 7.15-7.24 and 7.48-
7.68 (m, 8H, arom. Bs, NGH,N and CHC¢H,(OCH;y)-3); 11.73
(s, 1H, NGIN) ppm.**C NMR (75 MHz, CDCJ, 25°C): 6 =
33.8 CH3); 51.3 CH,CeH,4(OCH,)-3); 55.6 (CHCsH4(OCH)-3);
112.8, 113.7, 113.8, 114.7, 120.5, 127.1, 127.9,313131.01,
132.15, 134.2, 160.2. (aror@s, NCsH4N and CHCgH,(OCHy)-
3); 143.9 (NCHN) ppm. Elemental analysis calcd (%) for
CiHiCIN,O (Mr = 288.10 g. ma): C 66.58, H 5.93, N 9.70;
found (%): C 66.60, H 5.94, N 9.72.

4.2.2. 1-(3-Methoxybenzyl)-3-(n-butyl)benzimidazuliChloride
(1b)

This benzimidazolium chloride was synthesized adogrdo
published procedurg®

4.2.4. 1-(3-Methoxybenzyl)-3-(benzyl)benzimidazoli@moride
(1d)

This benzimidazolium chloride was synthesized adogrdo
published procedurg®

4.2.5.1-(3-Methoxybenzyl)-3-(4-tert-butylbenzylheridazolium
Chloride(1e)

(1.57 g, yield 89%jH NMR (300 MHz, CDC}, 25°C): 6 = 1.20
(s, 9H, CHCeHA(C(CH)3)-4); 3.74 (s, 3H, ChCeH4(OCH3)-3);
575 (s, 2H, G@,CHiC(CHy)a)-4); 5.78 (s, 2H,
CH,CH4(OCHy)-3); 6.78-6.82, 6.96-7.03 and 7.20-7.54 (m, 12H,
arom. Hs, NGH.N, CH,CgH4(OCHy)-3 and
CH,CeH4(C(CHy)3)-4); 12.00 (s, 1H, NBN) ppm.**C NMR (75
MHz, CDChk, 25 °C): 6 = 31.1 (CHCeH4(C(CHs)s)-4); 34.6
(CHCeH4(C(CHa)3)-4);  51.3  CHCeH4(C(CHy)s)-4);  51.5
(CH,CeH4(OCH5)-3); 55.6 (CHCsH4(OCH.)-3); 113.7, 114.9,
120.3, 126.3, 127.0, 128.0, 129.6, 130.4, 131.4.11,3152.4,
160.2 (arom. Cs, NCgHsN, CH,CsH4(OCHy)-3 and
CH,CH4(C(CHs)z)-4); 143.8 (NCHN) ppm. Elemental analysis
calcd (%) for GgHpgCIN,O (Mr = 420.20 g. mél): C 74.18, H
6.94, N 6.65; found (%): C 74.20, H 6.95, N 6.67.

4.2.6.1-(3-Methoxybenzyl)-3-(2,3,4,5,6-pentametmzipg-
benzimidazolium Chlorid€lf)

(1.49 g, yield 82%)H NMR (500 MHz, CDCJ, 25°C): ¢ =
2.25,2.28 and 2.31 (s, 15H, @&4(CH3)s-2,3,4,5,6); 3.79 (s, 3H,
CH,C¢H4(OCH5)-3); 5.88 (s, 2H, 6,C4(CHs)s-2,3,4,5,6); 5.94
(s, 2H, @H,CH4(OCH,)-3); 6.84-6.86, 6.96-6.98, 7.02-7.29 and
7.42-7.59 (m, 8H, arom. K5, NGHN, CH,CsH,(OCH;)-3);
11.48 (s, 1H, NEIN) ppm.**C NMR (125 MHz, CDCJ, 25°C):

1) 17.0, 171 and 17.3 (GB¢(CHs)s2,3,4,5,6);
48.3(CH,Cs(CH5)s-2,3,4,5,6); 51.4 QH,CeH4(OCH,)-3); 55.5
(CH,CgH4(OCH5)-3); 113.6, 113.7, 114.6, 120.1, 126.9, 127.0,
130.3, 131.5, 133.5, 133.9, 134.5, 137.3, 160.bnfarCs,
NCgH4N, CH,CsH4(OCHg)-3 and CHCy(CHz)s-2,3,4,5,6); 143.7
(NCHN) ppm. Elemental analysis calcd (%) fopg@,CIN,O
(Mr = 421.00 g. mal): C 74.18, H 6.94, N 6.65; found (%): C
74.20, H 6.95, N 6.67.Elemental analysis calcd (%) fo
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CoHaiCIN,O (Mr = 434.21): C 74.55, H 7.18, N 6.44; found (0.264 g, yield 53%JH NMR (400 MHz, CDCJ, 25°C): & =

(%): C 7457, H7.19, N 6.45.

4.3. General procedure for the preparation of PERB®k
palladium-NHC complexe24-f)

Benzimidazolium chlorides1é-f) (1.0 mmol)were converted,
with moderated yields, into the PEPPSI-type palladNHC
complexes Za-f) by reaction with PdGI(1.0 mmol) in refluxing
pyridine in the presence of,&0; (5.0 mmol) as a base at 8D
for 16 h. Volatiles were removed in vacuo, and thsde was

washed with n-pentane (2x5 mL).The crude product was
dissolved with CHCI, then filtered through a pad of celite and

silica gel (70-230 mesh) to remove the unreacte@€lPdnd
benzimidazolium chloride. Then,
crystallized from CHCI,/n-pentane mixture (1:4y/v) at room
temperature and, completely dried under vacuumpalladium
complexes were isolated as air- and moisture-stadlew solids
and were isolated in 45-63 % vyields.

4.3.1. Dichloro-[1-(3-methoxybenzyl)-3-(methyl)benzamimle-
2-ylidene](pyridine)palladium(ll), Za)

(0.317 g, yield 60%fH NMR (300 MHz, CDC}, 25°C): 6 =
3.66 (s, 3H, CHCgH,(OCH5)-3); 4.30 (s, 3H, 6); 6.04 (s, 2H,
CH,CeH,(OCH,)-3); 7.02-7.04, 7.16-7.31 (m, 10H, aromH<
NCgH4N, CH,C¢H,(OCH,)-3 and NGHsg); 7.67-7.71 and 8.97-
9.00 (m, 3H, NGHs). **C NMR (75 MHz, CDC}, 25°C): 6 =
35.3 (CH3); 53.5 CH,CeH4(OCHs)-3); 55.6 (CHCgH,(OCH3)-
3);109.9, 111.4, 112.9, 114.8, 120.3, 129.7, 1343B,5, 136.5,
138.0, 160.2. (aromCs, NCH,N and CHCgH,(OCH)-3);
123.2, 124.6, 152.5 ©Hs)163.3 (PdCcamend PPM. Elemental
analysis calcd (%) for GH,,Cl,N;OPd (Mr = 508.02 g. md): C
49.48, H 8.24, N 4.35; found (%): C 49.50, H 8.25, B64.

4.3.2. Dichloro-[1-(3-methoxybenzyl)-3-(n-butyl)benidazol-2-
ylidene](pyridine)palladium(ll), Zb)

(0.343 g, yield 63%)fH NMR (400 MHz, CDC}, 25°C): 6 =
1.03 (t,J = 7.3 Hz, 3H, CHCH,CH,CH,); 1.53 (hextJ = 7.4 Hz,
4H, CHCH,CH,CH); 2.19 (pent, J 7.4 Hz, 2H,
CH,CH,CH,CH); 3.67 (s, 3H, ChCsH4(OCH,)-3); 4.80 (t,J =
7.4 Hz, 2H, ®1,CH,CH,CHy); 6.06 (s, 2H, El,CsH,(OCH;)-3);
7.03-7.31 (m, 10H, arom.H, NGH,N, CH,CgH,(OCH)-3 and
NC:sHs) ppm, 7.70 and 8.99 (m, 3Hgld:). *C NMR (100 MHz,

CDCl;, 25 °C): ¢ = 139 (CHCH,CH,CH)); 20.4
(CH,CH,CH,CH); 31.8 (CHCH,CH,CHy); 48.7
(CH,CH,CH,CHy); 53.2 CH,CsH4(OCHs)-3); 55.7

(CH,CeH4(OCH5)-3); 110.3, 111.6, 113.05, 114.7, 120.3, 120.

129.7, 134.4, 135.0, 136.6, 137.9, 160.2 (arGs).NCsH,N and
CH,CsH4(OCH,)-3); 123.0, 124.6, 152.6 (DiHs); 162.8 (Pd-
Ceamend PPM. Elemental analysis calcd (%) fos,,sCI,N;OPd

(Mr = 550.06 g. mol): C 52.24, H 5.11, N 7.61; found (%): C

52.25, H5.13, N 7.62.

4.3.3. Dichloro-[1-(3-methoxybenzyl)-3-(2-methoxyétshz-
imidazol-2-ylidene](pyridine)palladium(ll) 2€)

3.40 (s, 3H, CHCH,OCH,); 3.77 (s, 3H, ChKCsH,(OCHS5)-3);
4.26 ¢, 2H, J= 5.4 Hz, CHCH,OCH;); 5.10 (t, 2H,J= 5.3 Hz,
CH,CH,OCH;); 6.16 (s, 2H, E,C¢H,(OCHs)-3); 6.88-6.90,
7.11-7.33 and 7.77-7.81(m, 8H, aromH$ NGH,N and
CH,CeH4(OCHg)-3); 7.36-7.39, 7.58-7.60 and 9.07-9.09 (m, 3H,
NCsHs) ppm. *C NMR (100 MHz, CDGJ, 25 °C): 6 = 47.8
(CH,CH,OCHy); 53.7 (CHCgH4(OCHa)-3); 55.6
(CH2CeH4(OCHg)-3); 59.1 (CHCH,OCHg); 71.3
(CH,CH,OCHy); 111.2, 111.5, 113.0, 114.7, 120.3, 129.7, 134.2,
136.5, 138.0, 160.2 (aror@s, NCgH;N and CHCH,(OCH,)-3);
123.1, 124.6, 152.6 @kHs); 163.2 (PdC.amend PPM. Elemental
analysis calcd (%) for GH,6Cl,N;0,Pd (Mr = 552.04 g. md):

C 49.88, H 4.73, N 7.59; found (%): C 49.89, H 4.75,.60.

the crude complexswa

4.3.4. Dichloro-[1-(3-methoxybenzyl)-3-(benzyl)bendambl-2-
ylidene](pyridine)palladium(l)2d)

(0.264 g, yield 55%}H NMR (400 MHz, CDCJ, 25°C): ¢ =
3.76 (s, 3H, CHCsH4(OCHJ)-4); 6.19 (s, 2H, E,CeH,(OCH;)-
3); 6.22 (s, 2H, 6,C¢Hs); 6.88-7.37 (m, 10H, arom. H3,
NCgsH4N, CH,CsH4(OCHz)-3 and CHC¢Hs); 7.60-7.62, 7.71-7.75
and 9.02-9.03 (m, 3H, NEs5) ppm.**C NMR (100 MHz, CDGJ,
25 °C): ¢ 53.7 CH,CgH4(OCHy)-3 and CH,CsHs); 55.6
(CH,CeH4(OCHy)-3); 111.4, 113.0, 114.7, 128.1, 128.2, 128.8,
129.7, 134.7, 134.9, 136.5, 137.9, 154.3, 160.2nfarCs,
NCsH4N, CH,CsH4(OCH;)-3 and CHC¢Hs); 123.1, 124.5, 152.6
(NC:Hs); 164.3 (PdCcamend PPM. Elemental analysis calcd (%)
for CysH,6ClLN;OPd (Mr = 584.05 g. md): C 55.36, H 4.47, N
7.17; found (%): C 55.37, H 4.48, N 7.19.

4.3.5.Dichloro-[1-(3-methoxybenzyl)-3-(4-tert-butyjtzimid-
azol-2-ylidene](pyridine)palladium(lij2e)

(0.233 g, yield 51%}H NMR (400 MHz, CDCJ, 25°C): ¢ =
1.29 (s, 9H, CHCsH4C(CH3)3)-4); 3.76 (s, 3H,
CH,CeH4(OCH5)-3); 6.26 (s, 4H, @,CeH,(C(CHs)s)-4 and
CH,CgH4(OCHy)-3); 7.06-7.39 (m, 12H, arom.H3, NGH.N,
CH,CeH4(OCH)-3 and CHCgH4(C(CHs)z)-4); 7.56-7.58, 7.73-
7.75 and 9.00-9.03 (m, 5H, N&s) ppm.**C NMR (100 MHz,
CDCl;, 25 °C): ¢ 31.3 (CHCgH4(C(CH3)3)-4); 34.5
(CHCHA(C(CHg)5)-4);  52.9  CHCeH4(C(CHy)s)-4);  53.1
(CH,CeHa(OCH,)-3); 55.6 (CHCgH,(OCH,)-3); 111.3, 111.5,
112.9, 114.6, 120.2, 125.8, 127.7, 129.7, 132.0,.5,3136.7,
138.1, 152.0, 160.2 (aror@s, NCgH4N, CH,CsH4(OCHs)-3 and
CH,CsH4(C(CHy)3)-4); 123.2, 124.4, 151.2 (¢Hs); 164.5 (Pd-
Ceamend PPM. Elemental analysis calcd (%) fos;:,CI,N;OPd

4(Mr = 640.11 g. mat): C 58.00, H 5.34, N 6.55; found (%): C
'58.01, H 5.35, N 6.56.

4.3.6. Dichloro-[1-(3-methoxybenzyl)-3-(2,3,4,5,6-@enethyl-
benzyl)benzimidazol-2-ylidene](pyridine)palladium((Bf)

(0.203 g, yield 45%jH NMR (00 MHz, CDC}, 25°C): 6 = 2.33,
2.34 and 2.36 (s, 15H, GB4(CH3)s-2,3,4,5,6); 3.79 (s, 3H,
CH,CeH4(OCH,)-3); 6.25 (s, 2H, 6,C4(CHs)s-2,3,4,5,6); 6.35
(s, 2H, @H,CH,(OCHy)-3); 6.88-7.38 (m, 8H, arom. HB,
NCgHN, CH,CgHy(OCHy)-3); 7.35-7.40, 7.76-7.82 and 8.98-
9.01 (m, 5H, N@Hs) ppm.*C NMR (75 MHz, CDC}, 25°C): §



= 169, 173 and 175 (GBsCHy)s2,3,4,5,6);
(CH,Ce(CHy)5-2,3,4,5,6); 53.2 QH,CeHi(OCHy)-3); 55.5
(CH,CeHA(OCHy)-3); 111.1, 111.6, 113.0, 114.5, 119.6, 120.2,

1227, 127.8, 129.7, 133.1, 134.3, 134.5, 135.5.9.3136.8, ¢

138.0, 160.1 (arom.Cs, NCgH;N, CH,CsH4(OCH;)-3 and
CH,C4(CH5)5-2,3,4,5,6); 123.1, 124.4, 151.2@H;:); 164.1 (Pd-
Ceamend PPM. Elemental analysis calcd (%) fogld:sCI,N;OPd

(Mr = 654.13 g. mol): C 58.59, H 5.53, N 6.41; found (%): C 17

58.60, H 5.54, N 6.43.

4.4. General procedure for Suzuki-Miyaura cross-diogp
reaction

Phenylboronic acid (1.5 mmol), aryl chloride (1.énol), K,CO;,

(2.0 mmol), PEPPSI-type palladium-NHC catalyst (Oirhol, 1 18

mol%) (2a-f) and mixture of isopropanol/water (1\3Yy) (4 mL)
were added to a small raund bottom flask in air. firdure was
stirred at 50 ° C for 2 h. At the end of the reactithe cooled
solution to room temperature was extracted with atuméx of

EtOAc/h-hexane (1:5y/v). The organic phase was separated and?.

dried over anhydrous MgSQthe solution passed through the
micro silica gel column was concentrated. Product
characterizations were performed by GC. The reactiefds

were determined by GC based on aryl chloride. 20.

Appendix A. Supplementary data

Supplementary data related to this article carobed at
https://
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* A series of new benzimidazolium chlorides (1la-f) as N-heterocyclic carbene (NHC) ligand
precursors and their corresponding new PEPPSI-type palladium-NHC complexes (2a-f) were
synthesized.

» The all new compounds were fully characterized by analytical and spectral methods.

» PEPPSI-type palladium-NHC complexes were tested as promising catalyst in the synthesis of biaryls

using Suzuki-Miyaura cross-coupling reaction between the phenylboronic acid and aryl halides.



