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Abstract — Both in situ prepared Pd-NHC and NHC-Pd-PEPPSI complexes were
tested as catalysts in the intermolecular hydroamination reactions between styrene
with various anilines in ionic liquid. All of the compounds tested here are
catalytically active for the intermolecular hydroamination of styrene with
aromatic amines. The anti-Markovnikov addition products were obtained

selectively by using 1 mol% of the palladium complex.

INTRODUCTION

Since the isolation and characterization of the first stable N-heterocyclic carbene (NHCs) by Arduengo in
the early 1990s,! N-Heterocyclic carbenes (NHC) have become an important class of the most widely
used and studied ligands in organometallic and coordination chemistry in the last few decades due to their
readily tunable steric and electronic properties, and their ease of synthesis.>* Steric and electronic
properties of NHCs can be tuned by alteration of the substituents on the nitrogen atoms or the carbene
ring and backbones.>” N-Heterocyclic carbenes are strong c-donating and weak m-accepting ligands.
Their strong o-donating properties make them attactive ligands in a variety of metal-catalyzed
processes.®!? To date, various metal complexes of N-heterocyclic carbenes have been been synthesized
and used as catalysts in different organic transformations.!!"'® Among the metal-NHC complexes, owing to
their wide applications as catalysts in organic synthesis, palladium-NHC complexes have been extensively

studied.!”?® A new family of NHC-Pd(II) complexes, NHC-PdX,-Py (Py = pyridine) complexes,
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commonly known as the PEPPSI (Pyridine-Enhanced Precatalyst, Preparation, Stabilization and
Initiation) complex were first reported by Organ in 2006.%! The preparative route of PEPPSI complexes
reported by Organ involves the heating of imidazolium salts with PdCl, and K»COs in neat
3-chloropyridine for 16 h at 80 °C in air. Since then, a number of study have been made by many groups
on the synthesis and catalytic activities of Imy-PdX>-Py (Imy = imidazol-2-ylidene, X = halogen) and
Bimy-PdX>-Py (Bimy = benzimidazol-2-ylidene) type complexes.’>*® The PEPPSI complexes are
well-defined, userfriendly, easily-prepared, air- and moisture-stable Pd(II) precatalysts that have proven
to exhibit excellent reactivity in large number of palladium-catalyzed C-C and C-N bond forming
reactions.””3*

Hydroamination, the addition of N-H bonds across C-C multiple bonds is a simple, useful and atom

economical route for making the C-N bonds,***

which have been catalyzed by a variety of different
metal-based catalysts, including complexes of main group metals, lanthanides, early and late transition
metals.>*>°> The hydroamination of styrenes constitutes the most efficient and atom-economical access to
highly valuable phenethylamines, which exhibit a diversity pharmacological activities and also serve as
key building blocks in the synthesis of numerous nitrogen containing heterocycles.’® This transformation
proceeds with Markovnikov or anti-Markovnikov selectivity. While the Rh- and Ru-complexes catalyzes

the intermolecular hydroamination of vinyarenes with anti-Markovnikov selectivity,’’>

palladium
catalyzed transformations exhibit high Markovnikov selectivity and high yields,’>** but suffers from
large palladium loading. In stark contrast, Ghosh and co-workers have reported the
palladium-N-heterocyclic carbene complexes that catalyzes the anti-Markovnikov addition of secondary
amines to activated olefins with good yields.%® So far, a few example of PEPPSI complexes as catalyst in
amination reactions have been reported.®*® However, palladium PEPPSI complexes have not yet been
employed as catalyst in the hydroamination reactions. We have previously reported the synthesis of
PdCI>(NHC), complexes and their catalytic activities in the intermolecular hydroamination reactions.®”¢%
Herein we report the use of in situ prepared Pd-NHC and NHC-palladium(II)-PEPPSI complexes as

effective catalysts for the anti-Markovnikov hydroamination of styrene with anilines.

RESULTS AND DISCUSSION

Synthesis of the benzimidazolium salts

The azolium salts are mostly prepared by the stepwise N-alkylation of the parent azoles, which are low
cost starting materials. In order to obtain 1,3-dialkylazolium salts by this procedure, firstly, N-H proton of
azole removed with a base to obtain an azolate as a stronger nucleophile, subsequent nucleophilic
substitution with alkyl halides furnishes the neutral 1-alkylazole, then the other nitrogen alkylated with
the same or a different alkyl halides to give the desired 1,3-dialkylazolium salts. In this study,
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1-(naphthalen-1-ylmethyl)benzimidazole was synthesized by the reaction of benzimidazole with
1-naphthylmethyl chloride in ethanol at reflux for 24 h in the presence of potassium hydroxide. Treatment
of  1-(naphthalen-1-ylmethyl)benzimidazole ~with benzyl chloride, 4-methylbenzyl chloride,
2-methylbenzyl chloride, 2,4,6-trimethylbenzyl chloride, 2,3,4,5,6-pentamethylbenzyl chloride,
3,4,5-trimethoxybenzyl chloride in DMF at 50 °C for 18 h afforded the expected benzimidazolium salts
2a-f (Scheme 1). After purification, unsymmetrical salts 2a-f were obtained in good yields of 72-84%.

The salts are soluble in the common polar solvents and are air- and moisture stable both in the solid state

K' '
/_'

N
;)} Cr

and in solution.

KOH EtOH DMF, 80 °C
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Scheme 1. Synthesis of benzimidazolium salts

PEPPSI complexes 3a-e were prepared by the treatment of benzimidazolium salts with PdCl in
3-chloropyridine at 80 °C in the presence of K-COs for 16 h in air via a one-pot process (Scheme 2).'¢ All
PEPPSI complexes were purified by passage through a short silica gel column using dichloromethane as
eluent and subsequent crystallisation. These complexes were obtained in high yields and appeared to be

stable both in solution and in solid states against air, light and moisture.
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Scheme 2. NHC-PdCl>-3-chloropyridine complexes

Catalytic studies

Using our previously reported reaction conditions, we examined the intermolecular hydroamination
reactions between styrene and aromatic amines. In this study, potassium tert-butoxide (~-BuOK) and
N-butylpyridinium hexafluorophosphate were selected as the base and ionic liquid. The catalytic reactions
were carried out using 1 mol% of palladium complex (Pd(OAc)2/2a-f or NHC-PdCl>-3-chloropyridine
complexes 3a-e), 1.10 mmol #BuOK, 1.10 mmol styrene and 1.00 mmol aniline in 1 mL
N-butylpyridinium hexafluorophosphate at 160-190 °C for 1-2 h. In the absence of palladium(II)
N-heterocyclic carbene complex, the reactions of styrene with aromatic amines resulted in very low yields.
Under these reaction conditions, the palladium catalyzed hydroamination of styrene with various aromatic
amines bearing electron-withdrawing or electron-donating groups at the para position to prepare diverse
phenethylamines were examined. The hydroamination reactions of styrene with aromatic amines are fast
and high-yielding reactions under these reaction conditions. All substrates gave complete
anti-Markovnikov regioselectivity, and in all cases, only the anti-Markovnikov products were formed.
The chemical characterizations of the products were made by NMR. The conversions were screened by

GC analysis and results were summarized in Tables 1 and 2.
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Table 1. Intermolecular hydroamination of styrene with anilines by Pd(OAc),/2a-f¢

o
- v
E:CHorN
4 5-8 9-12
Entry ArNH» Salt Product Yield (%)
1 2a 94
2 2b /@ 89
3 @Nﬂz 2¢ N 92
4 2d wH 85
5 > 2e 0 90
6 2f 93
7 2a 97
8 2b cl 86
9 CIONHz 2 . 93
10 2d @H 89
11 6 2e 0 87
12 2f 95
13 2a 81
14 2b QOM 79
15 MeOONHz 2¢ N 83
16 2d wH 86
17 7 2e o 82
18 2f 85
19 2a 90
20 — 2b N o 92
21 \_/ NH; 2¢ @(ﬁﬂ = 90
22 2d 88
23 8 2e 1 94
24 2f 95
25 5 none 9 74
26 6 none 10 54
27 7 none 11 traced
28 8 none 12 traced

*Reaction conditions: Pd(OAc)/2a-f (0.01 mmol), styrene (1.10 mmol), aromatic amine (1.00 mmol),
-BuOK (1.10 mmol), N-butylpyridinium hexafluorophosphate (1 mL). ®Yields were determined GC,
dodecane was used as internal standard, products were characterized by NMR. °160 °C, 1 h. %No catalyst.
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Initially, we examined the reactions of styrene with aniline, p-chloroaniline, 2-aminopyridine or
p-methoxyaniline in the presence of Pd(OAc)./2a-f catalyst system, which proceeds with
anti-Markovnikov addition. From reaction of styrene with aniline (5), only the anti-Markovnikov
hydroamination product, N-(2-phenylethyl)aniline (9) were obtained selectively in high yields for all six
Pd(OAc)2/2 catalyst systems (Table 1, entries 1-6). The best yield were achieved with catalyst
Pd(OAc)>/2a. No formation of Markovnikov product was detected. The reaction of styrene with
p-chloroaniline (6) and 2-aminopyridine (8) provided the desired products with anti-Markovnikov
selectivity in high yields in the presence of Pd(OAc)./2a-f catalyst system under the same reaction
conditions (Table 1, entries 7-24), but the reaction with p-methoxyaniline (7) gave slightly lower yields of

the desired product (11) when compared others.

Table 2. Intermolecular hydroamination of styrene with anilines by 3a-e**

Entry ArNH» Complex Product Yield (%)
1 3a 97
2 @NHZ 3b )@ 96
3 3c @(ﬁ 93
4 5 3d 92
5 3e 90
7 3a 87¢

d
s ey 3 Q 94
9 3¢ @ 974
10 6 3d 804
11 3e 824
13 3a Me 79¢
o § o~ E
15 3¢ w 81¢
16 . 3d 87
17 3e 83¢
19 3a \ 82"
20 \_/ NH, 3b / 89"
21 N 3¢ @(ﬁ 87"
22 8 3d 91
24 3e 88f

¥Reaction conditions: 3a-e (0.01 mmol), styrene (1.10 mmol), aromatic amine (1.00 mmol), -BuOK (1.10
mmol), N-butylpyridinium hexafluorophosphate (1 mL). ®Yields were determined GC, dodecane was
used as internal standard, products were characterized by NMR. €160 °C, 1 h. 4180 °C, 2 h. €190 °C, 2 h.
f185°C, 2 h.
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Next, NHC-PdCl,-3-chloropyridine complexes 3a-e were also investigated for the intermolecular
hydroamination of styrene with same amines under the similar reaction conditions. The aniline provide
excellent yields of N-(2-phenylethyl)aniline for all five catalysts (Table 2, entries 1-6). The treatment of
styrene with p-bromoaniline (6), p-methoxyaniline (7) and 2-aminopyridine (8) (Table 2, entries 1-15)
gave corresponding secondary amines in high yields under these conditions. These results clearly show
that the electron-withdrawing (4-chloro) and electron-donating substituent (4-methoxy) on aniline gave
slightly lower yield when compared that of aniline. We observed that the para-chloro or methoxy
substitution on the N-aryl fragment was decreased the activity for the intermolecular hydroamination of
styrene is similar with trends documented by Zhou and Hartwig.%’ These results indicates that both
Pd(OAc)>/2a-f catalyst systems and NHC-PdCl>-3-chloropyridine complexes 3a-e are active species for
the intermolecular hydroamination of styrene with aromatic amines, but as expected, in situ prepared
palladium complexes led to significantly better results than the use of the preformed palladium

complexes.

CONCLUSION

In summary, the benzimidazolium salts and NHC-PdCl,-3-chloropyridine complexes were prepared. The
catalytic activity of these compounds was investigated in the intermolecular hydroamination reaction of
styrene with anilines in ionic liquid. Both in situ prepared Pd-NHC complexes and NHC-Pd-PEPPSI
complexes catalyzed the hydroamination of styrene with aniline, p-chloroaniline, 2-aminopyridine and
p-methoxyaniline with very high anti-Markovnikov selectivity. The hydroamination reactions proceeded
in good to excellent yield with regioselectivity and in all cases, only the anti-Markovnikov addition

products were obtained.

EXPERIMENTAL

All reactions for the preparation of the benzimidazolium salts and NHC-palladium(II)-PEPPSI complexes
were carried out under air. All reagents were purchased from Sigma-Aldrich and used obtained.
Benzimidazolium salts 2a-f were used for the synthesis of silver complexes,’® but their characterizations
were not published. PEPPSI complexes 3a-e!® were synthesized according to published procedures. 'H
NMR and *C NMR were recorded in DMSO-ds using a Bruker AC300P FT spectrometer operating at
300.13 MHz ('H) or 75.47 MHz (**C). Chemical shifts () are given in ppm relative to TMS, coupling
constants (J) in hertz. FT-IR spectra were recorded as KBr pellets in the range 400-4000 cm™ on a
Mattson 1000 spectrophotometer (wavenumbers, cm™'). GC were measured by GC-FID on a Agilent
6890N gas chromatograph equipped with an HP-5 column of 30 m length, 0.32 mm diameter and 0.25

um film thickness. Melting points were measured in open capillary tubes with an Electrothermal-9200
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melting point apparatus and uncorrected. Elemental analyses were performed by LECO CHNS-932

elemental analyzer.

Synthesis of 1-(naphthalen-1-ylmethyl)benzimidazole 1

To a solution of benzimidazole (10.00 g, 84.74 mmol) in EtOH (60 mL), potassium hydroxide (4.80 g,
85.71 mmol) was added and stirred at room temperature for 1 h. After this time, 1-naphthylmethyl
chloride (14.98 g, 84.80 mmol) was added slowly and the resulting mixture was refluxed for 6 h. After
reaction completed, the reaction mixture was cooled to room temperature. The formed inorganic salt was
filtered through filter paper and the solvent was removed under reduced pressure to give the product 1.
The crude product was purified by distillation, and product was obtained as a white solid. Yield: 19.78 g,
90%, mp 92-93 °C.

Synthesis of benzimidazolium salts 2

To a solution of 1-(naphthalen-1-ylmethyl)benzimidazole (1.69 g, 6.55 mmol) in DMF (5 mL), alkyl
chloride (6.55 mmol) was added. The reaction mixture was stirred at room temperature for 2 h and heated
at 50 °C for 18 h. After reaction completed, the reaction mixture was cooled to room temperature. Et,O
(10 mL) was added to obtain a white crystalline solid, which was filtered off. The solid was washed with

Et>0 and dried under vacuum. The crude product was recrystallized from EtOH/Et,0.

1-Benzyl-3-(naphthalen-1-ylmethyl)benzimidazolium chloride 2a

Yield: 2.40 g, 95%; mp 142-143 °C, IR, v: 1561 cm™ (NCN). 'H NMR (DMSO-ds) &: 5.82 (s, 2H,
CH>CeHs), 6.35 (s, 2H, CH>CioH7), 7.36-8.19 (m, 16H, Ar-H), 10.20 (s, 1H, NCHN). *C NMR
(DMSO-ds) o: 48.8 (CH2C6Hs), 50.4 (CH2C10H7), 114.6, 123.4, 126.1, 126.9, 127.3, 127.8, 128.1, 128.6,
128.9, 129.2, 129.4, 129.5, 130.1, 130.9, 131.5, 131.9, 133.9 and 134.6 (Ar-C), 143.4 (NCHN). Anal.
Calcd for C2sH21N2Cl: C, 78.01; H, 5.50; N, 7.28. Found: C, 78.02; H, 5.51; N, 7.28.

1-(4-Methylbenzyl)-3-(naphthalen-1-ylmethyl)benzimidazolium chloride 2b

Yield: 1.55 g, 91%; mp 175-176 °C, IR, v: 1561 cm™ (NCN). 'H NMR (DMSO-ds) &: 2.28 (s, 3H,
CH2CsH4CH3-4), 5.78 (s, 2H, CH2C¢H4CH3-4), 6.35 (s, 2H, CH2C10H7), 7.17-8.19 (m, 15H, Ar-H), 10.17
(s, 1H, NCHN). 13C NMR (DMSO-ds) 6: 21.2 (CH2CsHaCH3-4), 48.7 (CH2C¢H4CH3-4), 50.2 (CH2C10H7),
114.6, 123.4, 126.1, 126.9, 127.3, 127.4, 127.6, 127.7, 128.7, 129.4, 129.6, 129.9, 130.1, 130.9, 131.4,
131.5, 131.9, 133.9 and 138.6 (Ar-C), 143.3 (NCHN). Anal. Calcd for C26H23N2Cl: C, 78.28; H, 5.81; N,
7.02. Found: C, 78.27; H, 5.80; N, 7.02.
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1-(2-Methylbenzyl)-3-(naphthalen-1-ylmethyl)benzimidazolium chloride 2¢

Yield: 2.15 g, 84%; mp 120-121 °C, IR, v: 1561 cm™ (NCN). 'H NMR (DMSO-ds) &: 2.33 (s, 3H,
CH2CsH4CH3-2), 5.93 (s, 2H, CH2C¢H4CH3-2), 6.42 (s, 2H, CH2C10H7), 7.18-8.49 (m, 15H, Ar-H), 10.96
(s, 1H, NCHN). 13C NMR (DMSO-ds) §: 19.6 (CH2C¢H4CH3-2), 49.9 (CH2CsH4CHs3.-,), 50.3 (CH2C1oHy),
113.8, 114.1, 122.6, 125.3, 126.6, 127.0, 127.1, 127.3, 127.4, 127.7 128.0, 128.2, 129.2, 129.3, 130.2,
130.5, 130.6, 131.3, 131.6, 131.7, 133.9 and 136.6 (Ar-C), 144.8 (NCHN). Anal. Calcd for C26H23N2Cl:
C, 78.28; H, 5.81; N, 7.02. Found: C, 78.29; H, 5.82; N, 7.03.

1-(2,4,6-Trimethylbenzyl)-3-(naphthalen-1-ylmethyl)benzimidazolium chloride 2d

Yield: 1.30 g, 88%; mp 205-206 °C, IR, v: 1569 cm™ (NCN). 'H NMR (DMSO-dy) 6: 2.21 and 2.22 (s,
9H, CH2CsH2(CH3)3-2,4,6), 5.88 (s, 2H, CH>C¢H2(CH3)3-2,4,6), 6.35 (s, 2H, CH2Ci0H7), 6.90 (s, 2H,
CH>C¢H>(CH3)3-2,4,6), 7.28-8.21 (m, 11H, Ar-H), 11.70 (s, 1H, NCHN). 1*C NMR (DMSO-ds) &: 20.3
and 21.1 (CH2CsH2(CH3)3-2,4,6), 47.5 (CH2CsH2(CH3)3-2,4,6), 49.8 (CH2C10H7), 113.7, 113.9, 122.6,
125.1, 125.2, 126.5, 126.9, 127.0, 127.1, 127.6, 128.1, 129.1, 130.1, 130.2, 130.6, 131.4, 131.7, 133.8,
137.9 and 139.6 (Ar-C), 144.4 (NCHN). Anal. Calcd for C2sH27N2Cl: C, 78.76; H, 6.37; N, 6.56. Found:
C, 78.75; H, 6.37; N, 6.57.

1-(2,3,4,5,6-Pentamethylbenzyl)-3-(naphthalen-1-ylmethyl)benzimidazolium chloride 2e

Yield: 1.24 g, 78%; mp 165-166 °C, IR, v: 1561 cm™ (NCN). '"H NMR (DMSO-ds) &: 2.18, 2.21 and 2.23
(s, 15H, CH2Co(CH3)5-2,3,4,5,6), 5.83 (s, 2H, CH2Cs(CH3)5-2,3,4,5,6), 6.41 (s, 2H, CH2Ci0H7), 7.28-8.14
(m, 11H, Ar-H), 10.93 (s, 1H, NCHN). C NMR (DMSO-ds) §&: 16.9, 17.1 and 18.4
(CH2C6(CH3)5-2,3,4,5,6), 48.3 (CH2C¢(CHs3)s-2,3,4,5,6), 49.8 (CH2C10H7), 113.6, 114.0, 122.6, 124.9,
125.2, 126.5, 126.9, 127.0, 127.5, 128.4, 129.1, 129.9, 130.6, 131.5, 131.9, 133.8, 133.7 and 137.3 (Ar-C),
143.8 (NCHN). Anal. Calcd for C30H31N2Cl: C, 79.19; H, 6.87; N, 6.16. Found: C, 79.18; H, 6.87; N,
6.17.

1-(2,3,4-Trimethoxybenzyl)-3-(naphthalen-1-ylmethyl)benzimidazolium chloride 2f

Yield: 1.72 g, 92%; mp 224-225 °C, IR, v: 1592 cm™ (NCN). 'H NMR (DMSO-dy) 6: 3.62 and 3.73 (s,
9H, CH2CsH2(OCHs5)3-3.,4,5), 5.69 (s, 2H, CH>CsH2(OCH3)3-3.,4,5), 6.36 (s, 2H, CH2C10H7), 6.96 (s, 2H,
CH2CsH>(OCH3)3-3,4,5), 7.52-8.23 (m, 11H, Ar-H), 11.29 (s, IH, NCHN). *C NMR (DMSO-ds) §: 56.5
and 60.4 (CH2CsH2(OCH3)3-3.4,5), 48.7 (CH2CsH2(OCH3)3-3,4,5), 50.6 (CH2C10H7), 106.7, 114.6, 114.7,
123.6, 126.0, 126.9, 127.3, 127.6, 127.7, 129.4, 129.7, 129.8, 130.1, 130.9, 131.4, 131.9, 132.0, 133.9,
138.0, 143.3 (Ar-C), 153.4 (NCHN). Anal. Caled for C23H>7N>03Cl: C, 70.80; H, 5.73; N, 5.90. Found: C,
70.81; H, 5.72; N, 5.90.
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Synthesis of the NHC-PdClz-3-chloropyridine complexes 3

A mixture of benzimidazolium chloride (1.1 mmol), PdCl, (1.0 mmol) and K>COs; (5 mmol) in
3-chloropyridine (4 mL) was heated with vigorous stirring at 80 °C for 16 h. The 3-chloropyridine was
removed in vacuo. CH>Cl; (20 mL) was added to the reaction mixture. The obtained mixture was filtered
into a silica gel columm and then the solvent was removed under reduced pressure. The product was
recrystallized from CH>CL/EtO (1:2) at room temperature. The resulting bright yellow crystals was

isolated by filtration and dried in vacuum.

General procedure for the hydroamination of styrene

The Pd(OAc)2/2 or NHC-PdCl>-PEPPSI complexes 3 (1.0 mol%), t-BuOK (1.10 mmol), styrene (1.10
mmol), aromatic amine (1.00 mmol) and N-butylpyridinium hexafluorophosphate (1 mL) were added to a
small Schlenk tube and the mixture was heated at 160-190 °C for 1-2 h. At the end of reaction, the
mixture was cooled to room temperature, and water (5 mL) was added. The mixture was extracted with
EtOAc. The organic phase was dried over anhydrous Na>SOj and filtered through a short silica column.
The filtrate was concentrated under reduced pressure, and purified by flash chromatography on silica gel

(EtOAc/hexane; 1/5). The yields were calculated by GC analysis based on aromatic amines.
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