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Abstract: Three unsymmetrical benzimidazolium-
pyrazole N-N ligands 2-(1-propylbenzimidazolyl-
methyl)-3,5-di-R-pyrazole (R=H, Me, #-Bu) have
been conveniently prepared and structurally ana-
lyzed. The solid lattice packing of the R=Me com-
pound at 223 K reveals one-dimensional “zig-zag”
water chains stabilized by organic molecular chan-
nels through N---H—O and O—H:-O bonding. These
hybrid ligands add to palladium(II) to give high
yields of air-stable complexes that are fully charac-
terized by NMR, ESI, and X-ray single-crystal crys-
tallography. They are active Suzuki catalysts at room
temperature towards cross-coupling of unactivated
aryl bromides and 5- or 6-membered heteroaryl bro-

mides with arylboronic acids with turnover frequen-
cies (TOF) reaching as high as 60,000 h™'. Their cata-
lytic efficiency is significantly better than that of the
C—N carbene-imidazole analogue. These -catalysts
are also active in Heck and Sonogashira cross-cou-
pling reactions of aryl bromides giving the desired
products in good yields. These results suggested that
these Pd(II) complexes with N-based hybrid ligands
are versatile and efficient catalysts for different types
of cross-coupling reactions under aerobic conditions.

Keywords: cross-coupling; hybrid ligands; N-hetero-
cyclic carbenes; palladium; water channel; X-ray
structure determination

Introduction

Palladium-catalyzed C—C bond forming reactions
such as the Suzuki-Miyaura,! Mizoroki-Heck!” and
Sonogashiral® reactions have been recognized as pow-
erful methodologies in the synthesis of natural prod-
ucts and a variety of complex organic molecules used
in pharmaceutical and materials processes. It also pro-
vides a focus of our recent work in C—C cross-cou-
pling reactions.! Phosphine is generally the ligand of
choice due to its superior donor capability and stabili-
zation effects.”) However, many phosphines are air-
and moisture-sensitive, obnoxious, toxic and therefore
difficult to handle. They are also prone to dissocia-
tion, oxidation and hydrolysis. These have prompted
the vigorous research on phosphine-mimics such as
N-heterocyclic carbenes (NHCs).)’ NHC complexes
are largely stable, but many of them are also handi-
capped by the lack of coordinative flexibility. This
subsequently led to the emergence of carbene-hy-
brids, a recent example of such is found in the benz-
imidazole-functionalized imidazolium-based NHC in
Pd(IT) (Scheme 1)." We herein advance a new class
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of “carbene-mimic” hybrid ligands (2-4) prepared
from 2-chloromethyl-1-propylbenzimidazole (1) and
pyrazole, through the use of unsymmetrical bidentate
benzimidazole-pyrazole N,N chelates (5-7) as a con-
trast to the benzimidazole-carbene C,N chelate (8)
(Scheme 1).1"" These two difunctional motifs share a
common skeletal framework with similar steric en-
cumberance. However, the replacement of a carbene
with a presumably weaker o-donor, stronger m-accept-
or and more labile pyrazole N-donor is expected to
have a catalytic benefit.®!! The use of N,N- as alterna-
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Scheme 1. Structures of benzimidazole supporting N-N (5-7)
and C-N (8) bidentate Pd(IT) complexes.
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tives to PP-type ligands could also favor oxidative ad-
dition and promote an array of C—C cross-coupling
reactions.!

Results and Discussion

Synthesis and Characterization of Benzimidazolium-
Pyrazole Unsymmetrical N-N Ligands (2-4)

The ligands 2-(1-propylbenzimidazolylmethyl)-3,5-di-
R-pyrazole (R=H, 2; Me, 3; t-Bu, 4) have been con-
veniently prepared in good yields by N-alkylation of
the pyrazolyl compounds with 2-chloromethyl-1-pro-
pylbenzimidazole (1) (Scheme 2). The latter is ob-
tained as a pink solid in a one-step procedure from
commercially available sources.”! All the ligands have
been characterized by 'H NMR, *C NMR and high-
resolution mass spectroscopy. The solid-state struc-
tures of the ligands 3 and 4 have been established by
X-ray single-crystal crystallography [Figure 1; deposi-
tory numbers: CCDC 690474 (3) and CCDC 690475
(4)]. They show the expected imidazole and pyrazole
moieties with a methylene bridgehead. A remarkable
feature of 3 is revealed in its hydrate structure at
223 K with a unidirectional “zig-zag” water cluster en-
capsulated in the extended lattice channels (see Sup-
porting Information).

Synthesis and Characterization of Benzimidazolium-
Pyrazole-Based Difunctional Pd(II) Complexes (5-7)

The new Pd(II) complexes 5-7 were obtained in 76—
82% yields as yellow to orange crystals from an aque-
ous methanolic solution of K,[PdCl,] with the ligands
2-4 at room temperature (Scheme 2). These mononu-
clear complexes with an N,N-chelate have been fully
characterized by NMR, ESI-MS and elemental analy-

©:NH2 n-PrBr @[NHPr
NH, NH,

K,CO,4
R
HNTN\
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[ S— />—\
NaH, THF N
R
2, R=H;
3, R=Me;
4, R=tBu

Figure 1. ORTEP view of ligand 3 and 4 (ignoring the
proton and water solvate in 3) (thermal ellipsoids at the
30% level).

sis. The ESI data suggest that for 5 and 6, peaks cor-
responding to the cationic dinuclear chloride-bridged
species are present. This is not unexpected and can be
explained by chloride dissociation followed by dimeri-
zation under the charged conditions in ESI. For 7
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Scheme 2. Synthesis of benzimidazolium-pyrazole ligands (2-4) from 1 and their corresponding Pd(IT) complexes (5-7).
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there is an additional singlet resonance (6 =6.16 ppm)
in its '"HNMR spectrum, apart from the expected
double doublets (0=6.40 and 5.92 ppm), of the CH,
bridgehead between the benzimidazole and the pyra-
zole. This points to the presence of a secondary spe-
cies, which is tentatively identified as PdCl,(n'-N-N),,
with a free-rotating bridgehead arising possibly from
the opening up of the N-N chelate ring. ESI-MS anal-
ysis gives the expected [Pd(N-N)(CH;CN)CI]*
(m/z=536), but also [Pd(N-N),CI]* (m/z=847).
The latter arises from migration of the N-N ligand
(4). The ease of chelate dissociation, and subsequent
ligand scrambling, of 7 possibly provides a means to
remove unfavorable interaction between the butyl
substituent and coordinated chloride. Crystals suitable
for X-ray diffraction analysis were obtained by slow
diffusion of Et,O into CH;CN or DMSO solutions of
the samples. Similar to 8, whose structure has been re-
ported,””) the structures of 5-7 are square planar with
difunctional N,N chelation giving a 6-membered met-
allo-heterocylic ring [Figure 2; depository numbers:
CCDC 690476 (5), CCDC 690477 (6) and CCDC
690478 (7)].

Suzuki-Miyaura Coupling of Aryl Halides with
Arylboronic Acids at Room Temperature

Visentin etal. recently reported that the chelating
phosphinocarbene ligand (P-C) of a Pd(II) complex
shows a significantly slower rate in amination com-
pared to its phosphinopyrazole (P-N) analogue.!'”!
This prompted our investigation to compare the Pd
complexes of benzimidazolium-pyrazole (N-N) (6)
and benzimidazolium-carbene (C-N) (8). The cou-
pling reaction of unactivated 2-bromoanisole with
phenylboronic acid is significantly enhanced by 6
compared to 8 (Table 1, entries 1 and 2). Replacement
of the carbene by pyrazole possibly lowers the elec-
tron density of the metal, thereby promoting nucleo-
philic attack by the boronic acid and easing the trans-
metallation.

Both Fu etal. and Buchwald et al. reported the
steric and electronic influences of the P ligands on the
formation of the catalytic intermediates.'!! We have
accordingly studied the effect of the R substituent of
the pyrazolyl ring on the activity. The use of §, with
the least strerically demanding 2 as the ligand, gives a
modest 56% vyield (Table 1, entry 3). It is remarkable
that the use of a bulky and electron-rich CMe; group
(compared to Me or H) results in a quantitative yield
with the reaction being completed within 10 min at
room temperature (entry 4). A near quantitative yield
is achieved within 20 min even when the catalyst load
is reduced to 0.05 mol%, and when unactivated aryl
bromide is used (entry 5). This points to a marked in-
fluence of the substituent on the heteocyclic ring on
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Figure 2. Molecular structures of 5-7 showing 30% probabil-
ity ellipsoids (hydrogen atoms omitted for clarity).
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Table 1. Screening of the catalysts and solvents on the
Suzuki coupling of 2-bromoanisole with phenylboronic
acid.”!

MeO Br
Pd(ll), r.t.
. PAIL o V()
MeOH/H,O
@B(OH)2

Entry Catalyst Solvent Time [min]  Yield [%]®
1 8 MeOH/H,O 20 35

2 6 MeOH/H,O 20 73

3 5 MeOH/H,O 20 56

4 7 MeOH/H,O 10 >99
5l 7 MeOH/H,O 20 97

6 7 DMF/H,0O 10 >99
7 7 DMA/H,O 20 >99
8 7 THF/H,O 20 81

9 7 NMP/H,O 20 82
10 7 EtOH/H,O 10 >99
11 7 MeCN/H,O 20 73

=

Reaction conditions: 0.5 mol% catalyst, 0.5 mmol of 4-
bromoanisole, 0.6 mmol of phenylboronic acid, 1.2 mmol
of K,CO;, 2 mL of MeOH, 1 mL of H,O, room tempera-
ture.

I GC-MS yield.

[l 0.05 mol% catalyst.

catalytic reactivity. The higher activity of 7 could be
related to the NMR observation of the open-up of
the N,N chelate, which would create a vacant site for
easier substrate attack. The solvent effect is similar to
that observed for 8 — aqueous MeOH or EtOH gives
the highest output, perhaps attributed to better solu-
bility of the reagents and easier reduction of Pd** to
Pd(0) and hence facile entry to the catalytic cycle.'!

Under the above optimized conditions, complex 7
was applied to a representative range of aryl halides
(Table 2). In the presence of K,CO;, it is effective to-
wards the coupling of various aryl bromides with phe-
nylboronic acid in MeOH/H,O at room temperature
within a short reaction duration. Use of deactivated
or electron-rich aryl bromides (entries 1-10) proceeds
smoothly with high turnover frequencies (TOF) (en-
tries 1 and 3), even when the catalyst loads are re-
duced to 0.05 mol%. The sterically hindered ortho-
substituted substrates could also couple efficiently at
low catalyst loads giving >90% yields within 40 min
at room temperature (entries 11-15). The coupling re-
action of 4-acetylphenyl bromide with phenylboronic
acid can be promoted even with minimum catalyst
(0.01 mol% of 7) to give quantitative conversion
within 10 min, achieving a TOF of 60,000 h™
(entry 17). It is also effective towards activated aryl
chlorides. In the presence of 0.2 mol% of 7, a 32%
yield of the cross-coupled product is obtained from 4-
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Table 2. Palladium-catalyzed Suzuki cross-coupling of aryl
halides and phenylboronic acid in aqueous methanolic solu-
tion at room temperature.”!

_cat7,rt 7\
Q Brr @B“’”Z MeOH/H,G X

R
Entry ArBr(Cl) Pd Time  Yield TOF
[mol%] [min] [%]®  [h7]
Br
>99
1 @ 005 10 ) 12000
>99
2 @Br 0.05 20 ©9) 6000
>99
3 MeOOBr 005 10 (%) 12000
4 Br 005 20 56 3360
5 0.5 30 >99 400
2@ ®
6 5 005 30 68 2720
7 > <:> " 05 60 98 (89) 196
>99
B
8 HO/—Q r05 15 G0y 800
9 DBr 0.5 30 91 (86) 364
B
10 Qr 005 15 >99 g000
97)
MeO
11 5 005 40 63 1890
12 ' 0.5 30 >99 400
CHO (90)
13 QB“ 0.05 30 90 (79) 3600
14 5 005 30 76 3040
15 r 005 40 90 (82) 2700
OMe
B
16 Qr 005 10 >99 12000
(95)
NC
17 MeCO@Br 001 10 >99 (0000
' (98)
18 0.2 20 32 960
19 MeCOOC' 2.0 180 52 17

4] Reaction conditions: 0.5 mmol of aryl halide, 0.6 mmol of
phenylbronic acid, 1.2mmol of K,CO; 3.0mL of
MeOH/H,O (2:1).

] GC-MS yield (Isolated yields are indicated in parenthe-
sis).

acetylphenyl chloride (Entry 18). The yield improves
to 52% with higher catalyst load without the use of a
cocatalyst such as TBAB at room temperature
(entry 19).
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Suzuki-Miyaura Coupling of Heteroaryl Bromides or
Heteroarylboronic Acids at Room Temperature in
the Presence of Complex 7

Compared to advances in the coupling of aryl halides,
the use of heterocyclic substrates has been plagued
with problems especially when palladium catalysts are
used. Some representative successful systems have
been reported by Guram,*® Buchwald,*! Plenio,*!
Fanl®! etc. and their co-workers who commonly used
phosphorus-containing ligands in reactions carried out
under an inert atmosphere or at a high temperature.
The present N(sp?)-N(sp®) chelating complexes can be
applied to Suzuki coupling of selective N- or S- con-
taining heterocycles and free-OH containing arylbor-

onic acid, resulting in the desired cross-coupling prod-
ucts in generally good yields with considerably lower
catalyst loads at room temperature (Table 3). The re-
actions of pyridyl bromides with phenylboronic acid
proceed readily at room temperature to give high
yields of the desired products (entries 1 and 2). The
coupling between 3-bromopyridine and 5-membered
heteroarylboronic acid also gives the desired product
in 78% yield within 15 h (entry 3). The catalyst is also
effective towards the coupling of a heteroaryl species
with an unprotected -NH group, giving the corre-
sponding product in 94% yield within 2 h (entry 4). In
addition, the coupling of aryl bromides and OH-con-
taining arylboronic acid could also be carried out
smoothly with high reactivity (entries 7 and 9). The

Table 3. Room temperature Suzuki cross-coupling of heteroatom-containing substrates by using catalyst 7.1

R,\ s
G e

X=N,C

cat. 7 /K,COy

ArB(OH),
MeOH/H,0, rt.

R N s

Ar*: Ar, thiophene

>
=

Entry

Cat. Loading [mol%] (time, [h]) Yield [%]™

N/
|\
Z%

N Br
N” N=
S
N Br \\
3 - S
N N/
Br Ph
; \ Cr
N N
H H
7\
5 BN s
S Br

10

0.25 (3) 91 (84)
0.25 (2) 81 (77)
0.5 (15) 78 (69)
0.25 (2) 94 (90)
0.5 (15) 67 (60)
0.5 (5) 67 (61)
0.25 (6) 95 (87)
0.5 (5) 72 (65)
0.25 (6) 98 (90)
0.5 (11) 62 (60)

[l Reaction conditions: 0.5 mmol of aryl halide, 0.6 mmol of phenylbronic acid, 1.2 mmol of K,CO,, 3.0 mL of MeOH/H,O

(2:1).
] GC-MS yield (Isolated yields are indicated in parenthesis).
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reactions of thiazolyl derivatives and aryl halides or
boronic acids give moderate yields (entries 5, 6, 8 and
10).

Mizoroki-Heck Coupling of Aryl Bromides with
Styrene or n-Butyl Acrylate

The catalytic differences of complexes 5-7 were ex-
amined in the Heck reaction of 4-bromobenzaldehyde
with styrene or n-butyl acrylate. They generally give
good yields in dimethylacetamide (DMA) at 130°C
within 1-2h under a low catalyst loading of 0.5
mol%. Complex 6 shows the best activities toward
these two reactions (Table 4).

Table 4. Screening catalyst on Mizoroki-Heck reaction of 4-
bromobenzaldehyde with styrene and n-butyl acrylate.™

Br cat. 5-7 xR

/©/ ¥ R Na0nc, DMA, 130°C m
OHC ' ' OHC
Entry Catalyst R Time [h] Yield [%]* E/Z
1 5 Ph 2 90 9
2 5 CO,n-Bu 1 78 98/2
3 6 Ph 2 92 10
4 6 CO,n-Bu 1 99 99/1
5 7 Ph 2 89 10
6 7 CO,n-Bu 1 92 99/1

[l Reaction conditions: Aryl bromide 1.0 mmol, olefin
1.5 mmol, 0.5 mol% complex, DMA 3 mL, NaOAc
2.0 mmol, temperature 130°C.

P} GC-MS yield.

The Heck reaction of selected aryl bromides pro-
ceeds smoothly with only 0.25-0.004 mol% of 6 under
aerobic conditions. As given in Table 5, electron-with-
drawing (entries 1-4), electron-donating (entries 6-9)
and ortho-substituted aryl bromides (entries 10 and
11) could smoothly couple with styrene or n-butyl ac-
rylate in excellent yields. It is noteworthy that the
Heck reaction of 4-acetylphenyl bromide with styrene
can be facilitated even with very low catalyst loading
(0.004 mol% of 6) to give quantitative conversion
with a TON of 25,000 (turnover number, mol prod-
uct/mol catalyst) (entry 12).

Sonogashira Coupling of Aryl Bromides with
Phenylacetylene

All three complexes are active in the Sonogashira re-
action of 4-acetylphenyl bromide with phenylacety-
lene without a copper additive (entries 1-3, Table 6).
Complex 6 gives the best performance with quantita-
tive conversion under very low catalytic loading (0.2

2396 asc.wiley-vch.de
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mol%) within a few hours (entry 4). All representa-
tive electron-poor, electron-neutral and electron-rich
aryl bromides react with phenylacetylene smoothly to
generate the corresponding cross-coupling products in
excellent yields under standard aerobic conditions
(entries 5-7). The catalyst is also tolerant of ortho-
substituted 2-bromobenzaldehyde giving a near quan-
titative yield of the desired coupling product in 20 h
(entry 8). Use of 1-bromonaphthalene gives a moder-
ate yield (entry 9).

Conclusions

In summary, we have prepared a series of unsymmet-
rical benzimidazolium-pyrazole N-N ligands (2-4)
with one of them (3) showing one dimensional H-
bonded water chains in the solid lattice at 223 K.
These (N-N)PA(IT) complexes with hybrid ligands are
among the most efficient phosphine-free catalytic sys-
tems towards Suzuki cross-couplings of aryl and heter-
oaryl bromides in terms of conversions, yields and the
ambient conditions used. Their utility can be extend-
ed to Heck and Sonogashira couplings of aryl bro-
mides in high yields. These air-stable complexes can
be easily prepared and used under aerobic conditions.
The higher activities shown by the use of the benzimi-
dazolium-pyrazole ligand compared to the related
NHC analogue demonstrates the potential of NN di-
functional heterocyclic chelates in promoting cross-
coupling catalysis. It also points a way forward to
design NHC-carbene mimics in a similar manner that
carbene could mimic phosphines. Current experi-
ments in our laboratory are directed at these hetero-
cyclic ligand designs.

Experimental Section

General Remarks

All the chemicals and solvents were used as received with-
out purification except THF. N-Propylbenzene-1,2-diamine
was prepared according to the literature procedures.!"
NMR spectra were measured on Bruker ACF300 300 MHz
or AMXS500 500 MHz FT NMR spectrometers. ESI-mas
spectra were obtained on a Finnigan Mat 95XL-T spectrom-
eter. Elemental analyses were performed by our microana-
lytical laboratory. High-resolution mass spectra were ob-
tained in the ESI mode on a Waters Micromass Q-Tof Pre-
mier Mass Spectrometer. Melting point (mp) measurements
were recorded on a Biichi B-540. The crystals were mounted
on quartz fibers and X-ray data collected on a Bruker AXS
APEX diffractometer, equipped with a CCD detector at
—50°C, using Mo KR radiation (y=0.710 73 A). The data
were corrected for Lorentz and polarization effects with the
SMART suite of programs and for absorption effects with
SADABS. Structure solution and refinement were carried
out using the SHELXTL 97 programs.'¥ The structures
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Entry Aryl bromide Olefin Time [h] Product Yield [%]®
1 PR X 3 O x g 97
Ac@Br Ac
o]
Y x
2 4 O-n-Bu 99
wo-n—su
Ac
3 PR 4 O ~ O 98
H (0]
o e
4 4 O-n-Bu 99
vko-n-Bu
HOC
> ©_Br PR 20 O N O 99
w § 9
6 PR 24 99
W
7 @Br PR 24 O ~x O 94
8 MeO‘@*Br PR X 24 O X g 99
MeO
L
9 %@Br Ph 24 O 90
10 Ph/\ X ! 96
CHO
5 s
Br o
11 O-n-Bu 85
\)ko-n-Bu
CHO
121 Ac@Br PR 15 g 99

2>
W
/

C

&) Reaction conditions: Aryl bromide 0.5 mmol, olefin 0.75 mmol, 0.25 mol% complex 6, DMA 3 mL, NaOAc 1.0 mmol,

temperature 130°C, E/Z ratios are similar to those recorded in Table 4 when the same olefin was used.

] GC-MS yield.
[l Catalyst loading is 0.004%.
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Table 6. Benzimidazolium-pyrazole Pd complexes-catalyzed
Sonogashira coupling reaction.”

/\Br

R/_

cat. 5-7 7 N\ —
+ { >—<_ >
K,CO;, DMA, 100°C R~ =

Entry Catalyst R Time [h] Yield [%]™
1 5 4-Ac 3 78
2 6 4-Ac 3 85
3 7 4-Ac 3 72
4 6 4-Ac 4 99
5 6 4-CHO 4 99
6 6 H 20 99
7 6 4-Me 19 97
8 6 2-CHO 20 98
kel 6 C,,H; 20 78

(41 Reaction conditions: Aryl bromide 0.5 mmol, phenylace-
tylene 0.75 mmol, 0.20 mol% complex, DMA 3 mL,
K,COj; 1.0 mmol, temperature 100 °C.

] GC-MS yield.

[l Aryl bromide is 1-bromonaphthalene.

were solved by direct methods to locate the heavy atoms,
followed by difference maps for the light non-hydrogen
atoms.

Preparation of 2-Chloromethyl-1-propylbenzimid-
azole (1)

Monochloroacetic acid (8.0 g, 85 mmol) and N-propylphen-
yl-1,2-diamine (7.50 g, 50 mmol) were refluxed in 4M HC1
(50 mL) for 7.5 h. The reaction mixture was kept overnight
and then neutralized with aqueous K,COj; slowly. The pre-
cipitated product was collected by vacuum filtration, washed
several times with water and dried to give a pink solid 1;
yield: 8.35g (80%). '"H NMR (300 MHz, CDCl;): 6 ="7.82—
7.41 (m, 1H), 7.40-7.27 (m, 3H), 4.86 (s, 2H), 422 (t, J=
7.5Hz), 2.01-191 (m, 2H), 1.03 (t, J=74Hz, 3H);
BCNMR (75.47 MHz, CDCLy): §=149.39, 142.86, 136.03,
124.12, 123.17, 120.90, 110.62, 46.51, 37.42, 23.75, 12.05.

Preparation of Benzimidazolium-Pyrazole Ligands
2-4)

Pyrazole (10 mmol) was added to a stirred suspension of
NaH (480 mg, 12 mmol) in anhydrous THF (30 mL) under
nitrogen. When H, evolution was complete, a solution of 1
(2.08 g, 10 mmol) in THF (50 mL) was added slowly. The
mixture was then refluxed for 6 h, cooled and filtered. The
filtrate was evaporated and resultant solid was purified by
column chromatography using hexane/ethyl acetate (4:1) to
give a colorless solid.
2-(1-Propyl-benzimidazolylmethyl)-pyrazole (2): yield:
2.3 g (96%); mp 79.0-79.5°C; '"H NMR (500 MHz, CDCl,):
0=17.80-7.79 (m, 1H), 7.54 (d, /=19 Hz, 2H), 7.36-7.27 (m,
3H), 6.29 (t, J=2.2 Hz, 1H), 5.66 (s, 2H), 4.18 (t, J=7.6 Hz,
2H), 1.62-1.54 (m, 2H), 0.91 (t, J=7.6 Hz, 3H); C NMR
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(125.77 MHz, CDCly): 0=149.06, 142.96, 140.10, 136.11,
130.00, 123.91, 123.02, 120.79, 110.72, 107.61, 49.64, 46.35,
23.60, 11.83; HR-MS: m/z=241.1444, calcd. for C,H;;N,:
241.1453.
2-(1-Propylbenzimidazolylmethyl)-3,5-dimethylpyrazole

3): yield: 25g (93%); mp 102.0-102.5°C; 'HNMR
(500 MHz, CDCly): 6=17.75 (d, J=7.6 Hz, 1H), 7.32 (d, /=
7.6 Hz, 1H), 7.29-7.24 (m, 2H), 5.80 (s, 1H), 5.54 (s, 2H),
423 (t,/J=7.6 Hz, 2H), 2.25 (s, 3H), 2.22 (s, 3H), 1.52-1.45-
(m, 2H), 091 (t, J=7.6 Hz, 3H); "CNMR (125.77 MHz,
CDCly): 0=149.38, 148.46, 142.89, 141.12, 136.25, 123.65,
122.85, 120.70, 110.64, 106.84, 48.19, 46.44, 23.66, 14.05,
11.95, 11.76; HR-MS: m/z=269.1767, calcd. for C;;H,N,:
269.1766.

Crystal data for 3: formula C,H,,N,O, colorless crystal,
monoclinic space group Cc; a=10.784(3), b=29.897(9), c=
4.885(1) A; p=101.458(6)°; V=1543.7(8) A®; Z=4; crystal
size 0.52x0.08x0.04 mm?; GOF =1.151; reflections collect-
ed: 4322; independent reflections: 2299 [R;,,=0.0352]; R,=
0.0616; wR,=0.2260. Depository number: CCDC 690474.

2-(1-Propylbenzimidazolylmethyl)-3,5-di-zert-butylpyra-
zole (4): yield: 32¢ (91%); mp 93.0-94.0°C ; 'HNMR
(500 MHz, CDCly): 6=7.80-7.78 (m, 1H), 7.79-7.35 (m,
1H), 7.31-7.26 (m, 2H), 5.94 (s, 1H), 5.71 (s, 2H), 4.29 (t,
J=17.6Hz), 1.65-1.57 (m, 2H), 1.33 (s, 9H), 1.30 (s, 9H),
0.92 (t, J=7.3 Hz, 3H); "C NMR (125.77 MHz, CDCL,): 6 =
159.98, 152.69, 149.56, 142.21, 135.88, 122.74, 122.02, 120.00,
109.92, 101.02, 49.75, 45.67, 31.96, 31.62, 30.53, 30.25, 22.81,
11.42; HR-MS: m/z=353.2690, calcd. for C,,H;;N,:
353.2705.

Crystal data for 4: formula C,H3;N,, colorless crystal,
monoclinic space group P2,/c; a=23.951(3), b=15.735(2),
c=11217(1) A; =94.487(3)°; V=4214.5(8) A*; Z=8; crys-
tal size 0.50x%0.34x0.26 mm’; GOF =1.067; reflections col-
lected: 23710; independent reflections: 7423 [R;, =0.0507];
R;=0.0682; wR,=0.1468. Depository number: CCDC
690475.

General Procedure for the Preparation of
Benzimidazolium-Pyrazole-Based Palladium
Complexes 5-7

To an MeOH solution (5 mL) of the corresponding benzimi-
dazolium-pyrazole ligand 2-4 (1 mmol) was added slowly a
water solution (SmL) of a molar equivalent of K,[PdCl,]
and the mixture stirred for 12 h at room temperature. The
yellow to orange precipitate was collected by filtration and
washed several times with water, then dried in vacuum to
give the respective yellow to orange solid product.

5: yield: 318 mg (76%); mp 314.0-315.0°C ; 'HNMR
(300 MHz, CD;SOCD;): 6=8.30-8.24 (m, 2H), 7.86-7.78
(m, 2H), 7.45-7.35 (m, 2H), 6.51 (t, J=2.5 Hz, 1H), 6.27 (s,
2H), 448 (t, J=7.2 Hz, 2H), 1.85-1.73 (m, 2H), 0.89 (t, /=
7.3 Hz, 3H); “C NMR (75.47 MHz, CD;SOCD;): § =146.33,
142.78, 138.27, 134.69, 133.08, 124.48, 123.56, 119.64, 112.03,
107.11, 45.82, 23.04, 10.73; anal. calcd. for C,,H,(N,PdCl,: C
44.0, H 422, N 14.66; found: C 44.01, H 4.12, N 14.44; MS
(ESI): m/z=422 {[Pd(N-N)CI]*+CH;CN}, 798 [Pd,(N-
N),CL,].

Crystal data for 5-DMSO: formula C;cH,,CLLN,OPdS,
yellow crystal, monoclinic space group P2,/c; a=11.896(4),
b=17.953(3), c=21.606(8) A, £=102.075(1)°; V=
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1998.9(1) A% Z=4; crystal size 0.44x0.18x0.16 mm?;
GOF =1.052; reflections collected: 13783; independent re-
flections: 4587 [R;, =0.0215]; R,=0.0304; wR,=0.0779. De-
pository number: CCDC 690476.

6: yield: 366 mg (82%); mp 331.0-332.0°C; 'HNMR
(300 MHz, CDCly): 0=8.11 (d, /=72 Hz, 1H), 7.86-7.79
(m, 1H), 7.46-7.37 (m, 2H), 6.30 (d, J=16.4 Hz, 1H,), 6.18-
5.99 (m, 2H), 4.72-4.42 (m, 2H), 2.62-2.46 (m, 6H), 1.83-
170 (m, 2H), 094 (t, J=72Hz, 3H); “CNMR
(75.47 MHz, CD;SOCD;): 6 =152.46, 147.24, 143.96, 138.20,
133.40, 124.79, 124.00, 119.60, 112.61, 108.15, 46.27, 44.04,
23.73, 15.11, 11.81, 11.11; anal. calcd. for C,¢H,N,PdCl,: C
43.12, H 4.52, N 12.57; found: C 43.00, H 4.53, N 12.61; MS
(ESI): m/z=452 {[PA(N-N)CI]*+CH,CN}, 854 [Pd,(N-
N),CL]*.

Crystal data for 6: formula C,;H,,Cl,N,Pd, yellow crystal,
monoclinic space group P2,/c; a=9.341(5), b=19.782(1), c=
9.950(5) A; f=112.542(1)°; V=1698.3(2) A>; Z=4; crystal
size 0.40x0.30x0.06 mm®; GOF=1.060; reflections collect-
ed: 11897; independent reflections: 3895 [R;,,=0.0253]; R, =
0.0267; wR,=0.0633. Depository number: CCDC 690477.

7: yield: 419 mg (79%); mp 246.0-247.0°C; 'HNMR
(300 MHz, CD;SOCD;): 6=829-821 (m, 1H), 7.85-7.74
(m, 1H), 7.49-7.44 (m, 2H), 6.40 (d, /=14.8 Hz, 0.4H), 6.16
(s, 1.2H) 6.13 (s, 0.4H), 6.06 (s, 0.6H), 5.92 (d, J=14.5 Hz,
0.4H) 4.31-4.10 (m, 2H), 1.63-1.44 (m, 9H), 1.15-1.06 (m,
9H), 0.87-0.75 (m, 3H); B“CNMR (125.77 MHz,
CD;SOCD;): 6=159.72, 152.56, 149.75, 142.00, 125.68,
124.68, 124.01, 119.93, 112.34, 101.14, 49.13, 46.76; anal.
calcd. for C,,H;,N,PdCl,: C 49.87, H 6.09, N 10.57; found: C
4836, H 6.15, N 10.15; MS (ESI): m/z=536 {[Pd(N-
N)CI]* 4+ CH;CN}, 847 {Pd(N-N),Cl}.

Crystal data for 7-CH;CN: formula C,,H;sCl,NsPd, yellow
crystal, triclinic space group P-1; a=9.543(2), b=11.805(2),
c=12.659(2) A; a=76.419(4), f=102.075(1), y=71.520(3)°;
V=1310.5(4) A*; Z=2; crystal size 0.36x0.20x0.10 mm?;
GOF=1.071; reflections collected: 11838; independent re-
flections: 3777 [Ri,,=0.0421]; R;=0.0349; wR,=0.0802. De-
pository number: CCDC 690478.

General Procedure for Suzuki-Miyaura Cross
Coupling Reaction

Water (1.0 mL), aryl or heteroaryl halide (0.5 mmol), boron-
ic acid (0.6 mmol), and K,COj; (1.2 mmol) were introduced
into a 15-mL tube. An MeOH solution of the Pd-NN com-
plex of interest with a specified catalyst loading (see
Table 1, Table 2, and Table 3) was injected. The reaction
mixture was stirred at room temperature for 10 min-15h
(see tables). The resultant mixture was diluted with CH,Cl,
(10 mL) and washed with water (10 mL). The water phase
was extracted by CH,Cl, (5 mL) two times. The organic ex-
tracts were combined and dried over MgSQO,, filtered, and
concentrated in vacuum. The product was analyzed by GC-
MS and also isolated by column chromatography (silica gel,
hexane/ethyl acetate 20:1).

General Procedure for Mizoroki-Heck and
Sonogashira Coupling Reactions

Aryl bromide (0.5 mmol), olefin or phenylacetylene
(0.75 mmol), and NaOAc or K,CO; (1.0 mmol) were placed
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in a 15-mL tube. A DMA solution of Pd-NN complex
(3 mL) was then added in the given quantity (see Table 4,
Table 5, and Table 6). The reaction mixture was stirred at
130°C or 100°C for the specified duration. After cooling to
room temperature, the reaction mixture was diluted with
CH,Cl, (10 mL) and washed with water (10 mL). The organ-
ic extract was dried over MgSO,, filtered, and the resultant
mixture analyzed by GC-MS.
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