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Abstract — A series of new rhodium(l) complexes with benzimidazole based
N-heterocyclic carbene (NHC) ligand were synthesized by reactions of
benzimidazolium salts with [Rh(OMe)COD].. The characterization of rhodium(l)
complexes with the general formula [RhCI(NHC)(n*-1,5-cyclooctadiene)] was
done by physicochemical and spectroscopic methods. All the synthesized
complexes were tested as catalysts in the intermolecular hydroamination reactions
between styrene with aromatic amines in ionic liquid. All of these complexes
tested here are catalytically active for the intermolecular hydroamination of
styrene with aromatic amines in ionic liquid. The anti-Markovnikov addition

products were obtained selectively by using 1 mol% of the rhodium complex.

INTRODUCTION

The addition of the N-H bonds to alkenes or alkynes termed as hydroamination is one of the most efficient
ways of accessing nitrogen-containing compounds, which are important organic chemical materials and
precursors widely used in pharmaceuticals, agrochemicals, and various bulk and fine chemicals.:>
Therefore, a great effort has been devoted toward the synthesis and derivatization of amine-functionalized
molecules.t Hydroamination of carbon-carbon multiple bonds is an efficient atom-economic reaction

which meets most of the principles of green chemistry for the synthesis of amine derivatives.
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Hydroamination reactions may be inter- or intramolecularly, which following Markovnikov or
anti-Markovnikov regioselectivity.”2 Particularly, intramolecular hydroamination of aminoalkenes or
aminoalkynes provide a useful method for the construction of nitrogen-containing heterocycles that are
prevalent in natural products and biologically active compounds.l®® The hydroamination reaction is
thermodynamically feasible under normal conditions, but there is a high activation energy barrier due to
electrostatic repulsions between the lone pair of the nitrogen atom and the =-bond of electron-rich
alkene.?2-22 To overcome this thermodynamic limitation, a wide variety of metal-based catalysts, including
complexes of main group metals, lanthanides, and both early and late transition metals have been developed
for the hydroamination reactions.22® Also, Lewis and Brgnsted acids have been used for this
transformation.2~4? In addition, several asymmetric versions of this reaction have performed using
chiral catalysts for the preparation of enantiopure amines, which are key intermediates for the organic
compounds in fine chemicals and pharmaceutial industry.#44 Catalytic hydroamination of alkenes and
alkynes have been intensively studied, where the addition of amine to double bond of alkene via either
inter- or intramolecularly produces secondary amine, the addition of amine is regioselective, and it usually
follows the Markovnikov rule.?>° On the other hand, only several catalytic systems with transition metal
complex catalysts have been developed for the hydroamination providing anti-Markovnikov products.2:>?
Especially, anti-Markovnikov products have been obtained generally, when rhodium and ruthenium
complexes are used as catalyst.>®® For example, in 2003, Hartwig reported the anti-Markovnikov
hydroamination of vinyl(hetero)arenes with dialkylamines using Rh/DPEphos -catalysis, yielding
phenethylamine products in good vyields.®® The following year, Hartwig further detailed the
anti-Markovnikov hydroamination of vinylarenes with cyclic amines utilizing combinations of ruthenium
complexes and phosphine ligands in presence of Bragnsted acid.®! Recently, ionic liquids (ILs) have
attracted much attention due to their unique properties and applications in the diverse areas. They are an
important class of organic salts that are usually liquid at room temperature. ILs posses many valuable
properties such as chemical and thermal stability, structure and property tunabilities, negligible vapor
pressure, non-flammability, good dissolving ability and recyclability. Their unique properties make them
good solvents for a broad spectrum of inorganic, organic and polymeric materials. Reactions performed in
ionic liquids as solvent often show rate enhancement, selectivity and higher yields with respect to
traditional solvents.®4> However, there are a few reports related to the use of ionic liquids as solvent in
hydroamination reactions.®% We have previously reported the synthesis of PdCI2(NHC), and
NHC-palladium(I1)-PEPPSI complexes and their catalytic activities in the intermolecular hydroamination
reactions.®&L A variety of NHC complexes have been widely used as catalysts in hydroamination
reactions.”22 However, the use of rhodium(l)-NHC complexes is rare.228L Therefore, we now report the

synthesis of rhodium(l)-NHC complexes and their use as effective catalysts in hydroamination of styrene.
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RESULTS AND DISCUSSION

Synthesis of rhodium complexes

A number of methodologies have been developed to synthesize the N-heterocyclic carbene rhodium
(COD) complexes include (i) reaction of a free carbene with dimeric precursor [Rh(COD)ClI:]2, (ii) in situ
deprotonation of azolium salts with a rhodium dimer [Rh(OMe)CODY]y, (iii) reaction of a electron-rich
enetetramines with [Rh(COD)CI.]> under C=C bond cleavage, (iv) transfer of the carbene unit from
silver(I)-NHC complex to rhodium metal 228> Among them, we used the second preparation pathway for
the synthesis of Rh(I)-NHC complexes. The advantage of this route is that no pregeneration of the free
carbene is necessary and the methoxy ligands are protonated to give methanol upon reaction with the
benzimidazolium salt. The reaction of rhodium dimer [Rh(OMe)COD]. with two equivalents of
1,3-dialkylbenzimidazolium chloride salts in tetrahydrofuran under reflux gave the corresponding
(COD)-rhodium(l)-NHC complexes 2a-f (Scheme 1).

2e

Scheme 1. The synthesis of rhodium(l)-NHC complexes

After purification, rhodium complexes were isolated as yellow-orange crystalline solids in good yields of
75-89%. These complexes are very stable against air and moisture in the solid-state. The structures of
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rhodium complexes were determined by NMR spectroscopy and elemental analysis, which support the
proposed structures. NMR analyses of the complexes 2a-f show that the N-heterocyclic carbene ligand
have coordinated to rhodium. The formation of Rh(I)-NHC complexes 2a-f were confirmed by the
disappearance of the resonance signals of benzimidazolium C2-proton and C2-carbon in NMR spectra.
Rhodium(1)-NHC complexes exhibit characteristic 3C NMR chemical shifts, which provide a useful
diagnostic tool for this type of metal carbene complexes. The chemical shifts of the carbene carbon of
rhodium complexes were observed as a doublet between 196.9 and 198.4 ppm for 2a-f and coupling
constants J(*®*Rh-1C) were 50.6 and 51.3 Hz, and these values were similar to those found for other
rhodium(l) carbene complexes.£ The elemental analysis data of the complexes 3a-f are in agreement with
the proposed formulas.

Catalytic studies

The hydroamination of alkenes using anilines is a convenient method for the synthesis of alkylanilines,
which play a key role in crop protection and pharmaceutical industries, and a number of transition metal
complexes have been used for this reaction. The catalytic activities of new rhodium complexes 2a-f for
the intermolecular hydroamination of styrene using aromatic amines were evaluated. Initially, the reaction
of styrene with aniline was selected as a model reaction to determine the optimal catalytic conditions with
2a as a catalyst. The effect of the base and solvent were examined. The results are summarized in Table 1.
Triethylamine, KOH, and t-BuOK were tested as the base. Among them, t-BuOK displayed the highest
reactivity (Table 1, entry 8). KOH was less effective (Table 1, entry 7). It is noteworthy that, in the
absence of rhodium complex, only 7% yield was observed (Table 1, entry 9). The choice of solvent is
usually important in achieving an efficient hydroamination reaction. As a solvent, dimethoxyethane,
toluene, dioxane and N-butylpyridinium hexafluorophosphate (IL) were used for the intermolecular
hydroamination of styrene with aniline. High vyield was obtained with N-butylpyridinium
hexafluorophosphate (Table 1, entry 8). The imidazolium based ionic liquids which contain acidic
hydrogen are readily converted to N-heterocyclic carbenes by use of the strong bases. Therefore, the
N-butylpyridinium hexafluorophosphate was used as ionic liquid in this study. The catalytic reactions
were carried out using 1 mol% of 2a-f, 1.10 mmol t-BuOK, 1.10 mmol styrene and 1.00 mmol aniline in
1 mL N-butylpyridinium hexafluorophosphate at 160 or 185 °C for 1 or 2 h. Under these reaction
conditions, the rhodium-catalyzed hydroamination of styrene with aromatic amines (aniline,
4-chloroaniline, 4-methoxyaniline and 2-aminopyridine) to prepare diverse phenethylamines were
examined. 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 presented in Table 2.
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Table 1. Screening of intermolecular hydroamination reaction conditions?

Oy — O

Entry Cat. Solvent Base Yield (%)
1 2a DME NEts 15
2 2a DME KOH 43
3 2a DME t-BuOK 47
4 2a toluene t-BuOK 26
5 2a dioxane t-BuOK 29
6 2a IL NEts 41
7 2a IL KOH 61
8 2a IL t-BuOK 79
9 - IL t-BuOK 7

4Reaction conditions: 2a (0.01 mmol), styrene (1.10 mmol), aniline (1.00 mmol), 160 °C, 1 h.

With the determined optimal conditions in hand, initially, the reaction of styrene (3) with aniline (4) was
investigated in the presence of complexes 2a-f as catalysts. In all reactions, only the anti-Markovnikov
hydroamination product, N-(2-phenylethyl)aniline (8) was obtained selectively in high yields for all six
catalysts (Table 2, entries 1-6). The best yields were achieved with catalysts 2b and 2f. The formation of
Markovnikov, N-dialkylation or C-alkylation products were not detected in these reactions. Then,
p-chloroaniline (5), p-methoxyaniline (6) and 2-aminopyridine (7) were reacted with styrene in the
presence of complexes 2a-f under the same reaction conditions (Table 2, entries 7-24). The treatment of
styrene with p-chloroaniline (5) (Table 2, entries 7-12) gave N-(2-phenylethyl)-4-chloroaniline with
anti-Markovnikov selectivity in high yields under same conditions. However, the reaction of styrene with
p-methoxyaniline (6) and 2-aminopyridine (7) gave slightly lower yield of the corresponding secondary
amines (10 and 11) (Table 2, entries 13-24). We finally examined the reactions of p-chloroaniline with
p-substituted styrenes in the presence of complexes 2f as catalyst under the same reaction conditions. The
reaction of p-chloroaniline with p-methylstyrene, p-methoxystyrene and p-fluorostyrene also afforded
corresponding anti-Markovnikov addition products in 89%, 85% and 94% vyields, respectively. These
results clearly show that the electron-donating substituent (p-methoxy) on aniline gave slightly lower
yield when compared that of aniline. Among the tested complexes, rhodium complex (2f) with methoxy
substituted benzyl and morpholinoethyl groups exhibited higher catalytic activities compared to the other

five complexes for anti-Markovnikov hydroamination reactions of styrene with aromatic amines.
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Table 2. Hydroamination of styrene using aromatic amines by 2a-f*¢

— NH R
2a-f (1 mmol% \
£ t-BUOK, IL

3 4-7 8-11
E:CHorN
Entry Ar-NH: Catalyst Product Yield (%)

1 2a 79
2 2b 95
s O E oD
4 2d @I 83
5 4 26 8 90
6 of 96
7 2a 81
8 2b 96
9 CIONH2 2¢ NH@—Q 88
0 —acs B
1 5 26 9 92
12 of 93
13 2a 74
14 2b 82
15 MeOONHZ 2¢ NH@OMe 8
16 2d <::>*_/r_ 71
17 6 2e 10 79
18 of 87
19 2a 64
20 2b 65

— — d
21 \ / NH» 2c NH—\ / 58
22 N 2d <z::>__/r— N 65¢
23 7 %% 11 564
24 of 66"

Reaction conditions: 2a-f (0.01 mmol), styrene (1.10 mmol), aromatic amine (1.00 mmol), t-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. 9185 °C, 2 h.
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CONCLUSION

In summary, rhodium(l)-NHC complexes 2a-f have been readily prepared by reaction of
benzimidazolium salts with [Rh(OMe)COD]: in tetrahydrofuran and characterized by elemental analysis
and spectroscopic methods. The catalytic activity of these complexes was investigated in the
intermolecular hydroamination reaction of styrene with aromatic amines in ionic liquid. These 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. No formation of the Markovnikov or hydroarylation products were observed.

EXPERIMENTAL

All preparative reactions for the rhodium(l)-NHC complexes (2a-f) were carried out under argon in
flame-dried glassware using standard Schlenk techniques. The solvents were purified by distillation over
the drying agents indicated, and transferred under Ar; THF, Et.O (Na/K alloy), CH2Cl2 (P4O10), hexane,
toluene (Na). All reagents were purchased from Sigma-Aldrich, Merck or Fluka. Benzimidazolium salts
(1) were prepared according to procedures described in the literature.”® All *H and **C NMR spectra were
recorded in CDCI3 using a Bruker AC300P FT spectrometer operating at 300.13 (*H) or 75.47 MHz (**C).
Chemical shifts (6) are given in ppm relative to TMS, coupling constants (J) in Hertz. Gas
chromatography was carried out by GC-FID on an 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 melting point apparatus and are

uncorrected. Elemental analyses were obtained with a LECO CHNS-932 elemental analyzer.

Synthesis of benzimidazolium salts 1

To a solution of 1-alkylbenzimidazole (1.69 g, 6.55 mmol) in DMF (5 mL), alkyl halides (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,O and dried

under vacuum. The crude product was recrystallized from EtOH/Et20.

Synthesis of rhodium(1)-NHC complexes 2
To a solution of 1,3-dialkylbenzimidazolium chloride (0.40 mmol) in THF (10 mL) was added rhodium
dimer [Rh(OMe)COD]> (0.20 mmol) and the resulting mixture was stirred at reflux for 12 h. After



948 HETEROCYCLES, Vol. 102, No. 5, 2021

removal of the solvent, the residue was washed with EtO (10 mL) and dried under vacuum. The crude
product was recrystallized from CH2Cl./Et;0O, and yellow-orange crystals were obtained.

Chloro(n*-1,5-cyclooctadiene)[1-benzyl-3-(naphthalen-1-ylmethyl)benzimidazol-2-ylidene]-
rhodium(l) 2a

Yield: 79%, mp 189-190 °C. 'H NMR (CDCls) &: 1.29-2.51 (m, 8H, CHacop), 3.49 and 6.31 (m, 4H,
CHcop), 5.15 (s, 2H, CH2CsHs), 6.27 (s, 2H, CH2C10H7), 6.34-8.44 (m, 16H, Ar-H). **C NMR (CDCls) &:
28.5, 28.7, 32.4 and 32.9 (CHzcop), 50.1 (CH2CsHs), 53.1 (CH2C10H7), 69.2, 100.3 and 100.7 (d, Jrn-c =
6.1 Hz and Jrn-c = 14.3 Hz, CHcop), 110.8, 111.1, 122.6, 122.7, 122.8, 123.5, 125.4, 126.3, 126.9, 127.1,
127.9, 128.2, 128.9, 129.0, 130.6, 131.8, 134.9, 135.5 and 136.2 (Ar-C), 198.4 (d, Jrh-carbene = 51.3 Hz,
Rh-Cecarbene). Anal. Calcd for Ca3Hz2N2CIRh: C, 66.62; H, 5.42; N, 4.71. Found: C, 66.61; H, 5.40; N,
4.71.

Chloro(n*-1,5-cyclooctadiene)[1-(4-methylbenzyl)-3-(naphthalen-1-ylmethyl)benzimidazol-2-
ylidene]rhodium(l) 2b

Yield: 89%, mp 236-237 °C. 'H NMR (CDCls) &: 1.60-2.34 (m, 4H, CHacop), 2.37 (s, 3H,
CH2CsH4CHz-4), 3.32 and 3.41 (m, 4H, CHzcop), 5.13 (s, 2H, CH2CsH4CHz-4), 6.28 (s 2H, CH2C10H?),
6.15-6.38 (M, 4H, CHcop), 6.92-8.46 (m, 15H, Ar-H). *C NMR (CDCls) &: 21.21 (CH,CsH4CHs-4), 28.5
and 32.7 (CHzcop), 50.1 (CH2CgH4CH3-2), 52.9 (CH2C10Hy7), 69.2, 100.2 and 100.6 (d, Jrn-c = 6.8 Hz and
Jrnc = 14.3 Hz, CHcop), 110.7, 110.9, 122.2, 122.5, 122.8, 123.3, 123.5, 125.4, 126.2, 126.3, 126.8,
126.9, 128.1, 128.2, 128.4,128.9, 129.0, 129.7, 130.5, 130.6 131.8, 131.9, 133.7, 135.2, 135.3, 135.4,
138.4 and 138.5 (Ar-C), 198.1 (d, Jrn-carbene = 51.5 Hz, Rh-Ccarene). Anal. Calcd for CzsHzsN2CIRh: C,
67.05; H, 5.63; N, 4.60. Found: C, 67.03; H, 5.66; N, 4.58.

Chloro(n*-1,5-cyclooctadiene)[1-(2,4,6-trimethylbenzyl)-3-(naphthalen-1-ylmethyl)benzimidazol-2-
ylidene]rhodium(l) 2c

Yield: 85%, mp 254-256 °C. *H NMR (CDCls) &: 1.69 and 2.26 (m, 6H, CHzcop), 2.37 and 2.40 (s, 9H,
CH2C¢H2(CHs)3-2,4,6), 3.34-3.41 (m, 2H, CHacop), 5.11 (m, 4H, CHcop), 6.07 and 6.28 (d, J = 15 Hz,
2H, CHCeH>(CH3)3-2,4,6), 6.31 and 6.36 (s, 2H, CHxCioH7), 6.45 and 6.48 (s, 2H,
CH2CeH2(CHs)3-2,4,6), 6.98-8.46 (m, 11H, NCsH4N and CHCi1oH7). 3C NMR (CDClIs) &: 20.9 and 21.1
(CH2CsH2(CHa)s-2,4,6), 28.1, 28.3, 32.5 and 32.8 (CH2cop), 49.7 and 50.4 (CH2CsH2(CHs3)3-2,4,6), 53.4
(CH2C10H7), 68.3, 69.3, 69.8, 99.7, 100.2 and 100.4 (d, Jrnc = 6.8 Hz and Jrnc = 14.3 Hz, CHcop),
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,
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131.4, 131.7, 133.8, 137.9 and 139.6 (Ar-C), 197.5 (d, Jrn-carbene = 51.5 Hz, Rh-Ccamene). Anal. Calcd for
CssH3sN2CIRh: C, 67.87; H, 6.01; N: 4.40. Found: C, 67.85; H, 6.00; N, 4.41.

Chloro(n*-1,5-cyclooctadiene)[1-(3,4,5-trimethoxybenzyl)-3-(naphthalen-1-ylmethyl)benzimidazol-
2-ylidene]rhodium(l) 2d

Yield: 80%, mp 220-221 °C. *H NMR (CDCls) &: 2.38 (m, 2H, CHacop), 1.63-2.12(m, 6H, CH2cop), 3.86
and 3.88 (s, 9H, CH2CeH2(OCHs)s-3,4,5), 5.14 (m, 4H, CHcop), 567 and 572 (s, 2H,
CH2CsH2(OCHB3)3-3,4,5), 6.34 and 6.39 (s, 2H, CH2C10H7), 6.72 and 6.77 (s, 2H, CH2CeH2(OCHj3)3-3,4,5),
6.94-8.45 (m, 11H, NCsHsN and CH2CioH7). 3C NMR (CDCls) &: 28.5, 28.6, 32.3 and 33.1 (CHacop),
56.6 and 60.9 (CH2CsH2(OCHz)3-3,4,5), 50.1 (CH2CeH2(OCHs3)3-3,4,5), 53.5 (CH2C1oH7), 69.2, 100.2
and 101.0 (d, Jrn-c = 6.8 Hz and Jrnc = 14.3 Hz, CHcop), 105.0, 110.6, 111.1, 122.6, 122.7, 122.8, 123.6,
125.3, 126.3, 126.9, 128.2, 129.0, 130.6, 131.5, 131.8, 133.7, 134.6, 135.5, 137.6 and 153.6 (Ar-C), 198.1
(d, Jrn-carbene = 50.6 Hz, Rh-Ccamene). Anal. Calcd for CasHzsN2CIOzRh: C, 63.12; H, 5.59; N, 4.09. Found:
C, 63.13; H, 5.60; N, 4.09.

Chloro(n*-1,5-cyclooctadiene)[1-(2-methylbenzyl)-3-(2-morpholinoethyl)benzimidazol-2-ylidene]-
rhodium(l) 2e

Yield: 75%, mp 158-159 °C. 'H NMR (CDCls) &: 1.88 (m, 4H, CHzcop), 2.29 (m, 2H, CHzcop), 2.52 (s,
3H CH2CeH4CH3-2), 2.68 ( m, 4H, NCH2CH0), 3.71 (t, J = 4.8 Hz, 4H, NCH>CH0), 2.92, 3.14, 3.31
and 4.79 (m, 4H, NCH2CH2N), 5.03 (m, 4H, CHcop), 5.65 and 6.55 (d, J = 1.4 Hz, 2H, CH2C¢H4CHz-2),
6.47-7.35 (m, 8H, Ar-H). 3C NMR (CDCls) &: 19.8 (CH2CgH4CHs-2), 29.1, 29.7, 32.6 and 32.9
(CHacop), 46.1, 53.5, 54.1 and 57.5 (NCH2CH2NCH2CH0), 67.1 (CH2CsHsCH3-2), 68.5, 69.4, 100.1
and 100.2 (d, Jrn-c = 3.2 Hz and Jrn-c = 14.3 Hz, CHcop), 110.0, 110.8, 122.5, 122.6, 125.6, 126.3, 127.4,
130.5, 134.3, 134.9 and 135.0 (Ar-C), 197.5 (d, Jrn-carmene = 51.5 Hz, Rh-Ccarbene). Anal. Calcd for
C2sH3sN3CIORN: C, 59.21; H, 6.21; N, 7.40. Found: C, 59.24; H, 6.22; N, 7.39.

Chloro(n*-1,5-cyclooctadiene)[1-(3,4,5-trimethoxybenzyl)-3-(2-morpholinoethyl)benzimidazol-2-
ylidene]rhodium(l) 2f

Yield: 77%, mp 123-124 °C. *H NMR (CDCls) &: 2.01(m, 4H, CHzcop), 3.00 (m, 4H, CHzcop), 3.82, 3.83
and 3.84 (s, 9H CH2CeH2(OCHz3)3-3,4,5), 2.70 (m, 4H, NCH.CH20), 3.77 (t, J = 4.5 Hz, 4H,
NCH2CH:0), 2.40, 3.21, 3.38 and 4.92 (m, 4H, NCH2CH:N), 5.20 (m, 4H, CHcop), 5.64 and 6.55 (d, J =
1.5 Hz, 2H, CH2C¢H2(OCH3)3-3,4,5), 6.67 (s, 2H, CH2CeH2(OCHs3)3-3,4,5), 6.90-7.67 (m, 4H, NCgH4N).
13C NMR (CDCls) &: 28.4, 29.3, 32.6 and 33.3 (CHzcop), 65.9 and 66.4 (CH2CeH2(OCHs)s-3,4,5), 46.1,
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53.4, 54.0, 56.6, 57.5 and 60.8 (NCH>CH2NCH;CH-0), 67.0 (CH2CsH2(OCHs)3-3,4,5), 68.5, 69.4, 100.2
and 100.7 (d, Jrn-c = 6.8 Hz and Jrn.c = 14.3 Hz, CHcop), 104.9, 106.3, 110.0, 111.1, 122.5, 131.5, 134.5,
135.2, 137.6 and 153.6 (Ar-C), 196.9 (d, Jrn-carene = 50.6 Hz, C-Rh). Anal. Calcd for C3pHagN3CIO4Rh: C,
55.95; H, 6.10; N, 6.52. Found: C, 55.92; H, 6.09; N, 6.55.

General procedure for the hydroamination of styrene

The Rh-NHC complexes 2 (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 160-185 °C for 1 or 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>SOs4 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.

ACKNOWLEDGEMENTS
We thank to Turkish Research Council (TUBITAK) (Project Number: 107T419) for financial support of
this work.

REFERENCES

1. M. Beller, J. Seayad, A. Tillack, and H. Jiao, Angew. Chem. Int. Ed., 2004, 43, 3368.
2. J.C.-H.YimandL. L. Schafer, Eur. J. Org. Chem., 2014, 6825.

3. T.E. Miller and M. Beller, Chem. Rev., 1998, 98, 675.

4. R.D.Patil and S. Admurthy, Asian J. Org. Chem., 2013, 2, 726.

5

6

D. O’Hagan, Nat. Prod. Rep., 2000, 17, 435.

S. A. Lawrence, “Amines: Synthesis Properties and Applications”, Cambridge University Press,

Cambridge, UK, 2004,

7. T.E.Muller, K. C. Hultzsch, M. Yus, F. Foubelo, and M. Tada, Chem. Rev., 2008, 108, 3795.

8. J. Hannedouche and E. Schulz, Chem. Eur. J., 2013, 19, 4972.

9. L.Huang, M. Arndt, K. Gool3en, H. Heydt, and L. J. GoolRen, Chem. Rev., 2015, 115, 2596.

10. E. Bernoud, C. Lepori, M. Mellah, E. Schulz, and J. Hannedouche, Catal. Sci. Technol., 2015, 5,
2017.

11. M. Khandelwal and R. J. Wehmschulte, J. Organomet. Chem., 2012, 696, 4179.

12. H. Kitahara and H. Sakurai, Chem. Lett., 2010, 39, 46.

13. W. D. Clark, J. Cho, H. U. Valle, T. K. Hollis, and E. J. Valente, J. Organomet. Chem., 2014, 751,



http://dx.doi.org/10.1002/anie.200300616
http://dx.doi.org/10.1002/ejoc.201402300
http://dx.doi.org/10.1021/cr960433d
http://dx.doi.org/10.1002/ajoc.201300012
http://dx.doi.org/10.1039/a707613d
http://dx.doi.org/10.1021/cr0306788
http://dx.doi.org/10.1002/chem.201203956
http://dx.doi.org/10.1021/cr300389u
http://dx.doi.org/10.1039/C4CY01716A
http://dx.doi.org/10.1039/C4CY01716A
http://dx.doi.org/10.1016/j.jorganchem.2011.09.010
http://dx.doi.org/10.1246/cl.2010.46
http://dx.doi.org/10.1016/j.jorganchem.2013.11.001

14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
217.

28.
29.
30.
31.
32.

33.
34.
35.
36.

37.

38.
39.

40.
41.

HETEROCYCLES, Vol. 102, No. 5, 2021 951

534.

Z.Li,S. Yang, G. Thiery, V. Gandon, and C. Bour, J. Org. Chem., 2020, 85, 12947.

R. Severin and S. Doye, Chem. Soc. Rev., 2007, 36, 1407.

N. T. Patil and V. Singh, J. Organomet. Chem., 2011, 696, 419.

K. Gray, M. J. Page, J. Wagler, and B. A. Messerle, Organometallics, 2012, 31, 6270.

M. Michalska and K. Grela, Synlett, 2016, 27, 599.

H.-J. Kang, J.-H. Lee, D.-H. Kim, and C.-G. Cho, Org. Lett., 2020, 22, 7588.

A. M. Johns, N. Sakai, A. Ridder, and J. F. Hartwig, J. Am. Chem. Soc., 2006, 128, 9306.

J.-S.Ryu, Y. Li,and T. J. Marks, J. Am. Chem. Soc., 2003, 125, 12584.

A. Couce-Rios, A. Lledos, and G. Ujaque, Chem. Eur. J., 2016, 22, 9311.

F. Hild and S. Dagorne, Organometallics, 2012, 31, 1189.

D. Jarspers, R. Kubiak, and S. Doye, Synlett, 2010, 1268.

J.-M. Huang, C.-M. Wong, F.-X. Xu, and T.-P. Loh, Tetrahedron Lett., 2007, 48, 3375.

M. Arrowsmith, M. S. Hill, and G. Kociok-Khdn, Organometallics, 2009, 28, 1730.

N. Romero, S.-C. Rosga, Y. Sarazin, J.-F. Carpentier, L. Vendier, S. Mallet-Ladeira, C. Dinoi, and
M. Etienne, Chem. Eur. J., 2015, 21, 4115.

S. Hong and T. J. Marks, Acc. Chem. Res., 2004, 37, 673.

S. Datta, M. T. Gamer, and P. W. Roesky, Organometallics, 2008, 27, 1207.

A. Heutling, F. Pohlki, and S. Doye, Chem. Eur, J., 2004, 10, 3059.

K. Born and S. Doye, Eur. J. Org. Chem., 2012, 764.

D. M. Lyubov, L. Luconi, A. Rossin, G. Tuci, A. V. Cherkasov, G. K. Fukin, G. Giambastiani, and
A. A. Trifonov, Chem. Eur, J., 2014, 20, 3487.

K. D. Hesp, Angew. Chem. Int. Ed., 2014, 53, 2034.

S.D. Lee, J. C. Timmerman, and R. A. Widenhoefer, Adv. Synth. Catal., 2014, 356, 3187.

V. H. Nguyen, H. H. Nguyen, and H. H. Do, Inorg. Chem. Commun., 2020, 121, 108173.

M. A. Chilleck, L. Hartenstein, T. Braun, P. W. Roesky, and B. Braun, Chem. Eur, J., 2015, 21,
2594,

X. Cheng, Y. Xia, H. Wei, B. Xu, C. Zhang, Y. Li, G. Qian, X. Zhang, K. Li, and W. Li, Eur. J. Org.
Chem., 2008, 1929.

G. Liuand Y. Li, Tetrahedron Lett., 2011, 52, 7168.

C. Michon, F. Medina, F. Capet, P. Roussel, and F. Agbossou-Niedercorn, Adv. Synth. Catal., 2010,
352, 3293.

L. L. Anderson, J. Arnold, and R. G. Bergman, J. Am. Chem. Soc., 2005, 127, 14542.

J. Hannedouche, J. Collin, A. Trifonov, and E. Schulz, J. Organomet. Chem., 2011, 696, 255.



http://dx.doi.org/10.1016/j.jorganchem.2013.11.001
http://dx.doi.org/10.1021/acs.joc.0c01585
http://dx.doi.org/10.1039/b600981f
http://dx.doi.org/10.1016/j.jorganchem.2010.10.027
http://dx.doi.org/10.1021/om300550k
http://dx.doi.org/10.1055/s-0035-1560976
http://dx.doi.org/10.1021/acs.orglett.0c02785
http://dx.doi.org/10.1021/ja062773e
http://dx.doi.org/10.1021/ja035867m
http://dx.doi.org/10.1002/chem.201504645
http://dx.doi.org/10.1021/om2012584
http://dx.doi.org/10.1055/s-0029-1219789
http://dx.doi.org/10.1016/j.tetlet.2007.03.068
http://dx.doi.org/10.1021/om8010933
http://dx.doi.org/10.1002/chem.201405454
http://dx.doi.org/10.1002/chem.201405454
http://dx.doi.org/10.1021/ar040051r
http://dx.doi.org/10.1021/om701014d
http://dx.doi.org/10.1002/chem.200305771
http://dx.doi.org/10.1002/ejoc.201101298
http://dx.doi.org/10.1002/chem.201303853
http://dx.doi.org/10.1002/chem.201303853
http://dx.doi.org/10.1002/anie.201309262
http://dx.doi.org/10.1002/adsc.201400268
http://dx.doi.org/10.1016/j.inoche.2020.108173
http://dx.doi.org/10.1002/chem.201405662
http://dx.doi.org/10.1002/chem.201405662
http://dx.doi.org/10.1002/ejoc.200701080
http://dx.doi.org/10.1002/ejoc.200701080
http://dx.doi.org/10.1016/j.tetlet.2011.10.124
http://dx.doi.org/10.1002/adsc.201000536
http://dx.doi.org/10.1002/adsc.201000536
http://dx.doi.org/10.1021/ja053700i
http://dx.doi.org/10.1016/j.jorganchem.2010.09.013

952

42.

43.
44,
45.

46.

47.
48.

49.
50.

51.
52.

53.
54.
55.
56.
57.
58.

59.

60.
61.
62.
63.
64.
65.
66.
67.

HETEROCYCLES, Vol. 102, No. 5, 2021

C. Michon, M.-A. Abadie, F. Medina, and F. Agbossou-Niedercorn, J. Organomet. Chem., 2017,
847,13.

S. Zhu and S. L. Buchwald, J. Am. Chem. Soc., 2014, 136, 15913.

Y. Yang, S.-L. Shi, D. Niu, P. Liu, and S. L. Buchwald, Science, 2015, 349, 62.

D. S. Suslov, M. V. Bykov, M. V. Pakhomova, P. A. Abramov, I. A. Ushakov, and V. S. Tkach,
Catal. Commun., 2017, 94, 69.

A. M. Johns, M. Utsunomiya, C. D. Incarvito, and J. F. Hartwig, J. Am. Chem. Soc., 2006, 128,
1828.

K. D. Hesp, S. Tobisch, and M. Stradiotto, J. Am. Chem. Soc., 2010, 132, 413.

D. Bawari, B. Goswami, S. V. R., S. K. Thakur, R. V. V. Tej, A. R. Choudhury, and S. Singh,
Dalton Trans., 2018, 47, 6274.

N. Sakai, N. Takahashi, and Y. Ogiwara, Eur. J. Org. Chem., 2014, 5078.

S. Yazdani, G. P. Junor, J. L. Peltier, M. Gembicky, R. Jazzar, D. B. Grotjahn, and G. Bertrand, ACS
Catal., 2020, 10, 5190.

C. Brahms, P. Tholen, W. Saak, and S. Doye, Eur. J. Org. Chem., 2013, 7583.

C. Brinkmann, A. G. M. Barrett, M. S. Hill, and P. A. Procopiou, J. Am. Chem. Soc., 2012, 134,
2193.

S. M. Bronner and R. H. Grubbs, Chem. Sci., 2014, 5, 101.

S. Burling, L. D. Field, H. L. Li, B. A. Messerle, and P. Turner, Eur. J. Org. Chem., 2003, 3179.

X. Ma, Z. An, H. Song, X. Shu, X. Xiang, and J. He, J. Am. Chem. Soc., 2020, 142, 9017.

T. M. Nguyen and D. A. Nicewicz, J. Am. Chem. Soc., 2013, 135, 9588.

R. Sakae, K. Hirano, T. Satoh, and M. Miura, Chem. Lett., 2013, 42, 1128.

M. Beller, H. Trauthwein, M. Eichberger, C. Breindl, and T. E. Mdller, Eur. J. Inorg. Chem., 1999,
1121.

S. C. Ensign, E. P. Vanable, G. D. Kortman, L. J. Weir, and K. L. Hull, J. Am. Chem. Soc., 2015,
137, 13748.

M. Utsunomiya, R. Kuwano, M. Kawatsura, and J. F. Hartwig, J. Am. Chem. Soc., 2003, 125, 5608.
M. Utsunomiya and J. F. Hartwig, J. Am. Chem. Soc., 2004, 126, 2702.

C. Hua, K. Q. Vuong, M. Bhadbhade, and B. A. Messerle, Organometallics, 2012, 31, 1790.

E. Kumaran and W. K. Leong, Organometallics, 2012, 31, 1068.

T. Welton, Coord. Chem. Rev., 2004, 248, 2459.

H. Olivier-Bourbigou, L. Magna, and D. Morvan, Appl. Catal. A, 2010, 373, 1.

F. Schroeter, S. Lerch, M. Klanier, and T. Strassner, Org. Lett., 2018, 20, 6215.

A. A. M. Lapis, B. A. D. Neto, J. D. Scholten, F. M. Nachtigall, M. N. Eberlin, and J. Dupont,



http://dx.doi.org/10.1016/j.jorganchem.2017.03.032
http://dx.doi.org/10.1016/j.jorganchem.2017.03.032
http://dx.doi.org/10.1021/ja509786v
http://dx.doi.org/10.1126/science.aab3753
http://dx.doi.org/10.1016/j.catcom.2017.02.004
http://dx.doi.org/10.1016/j.catcom.2017.02.004
http://dx.doi.org/10.1021/ja056003z
http://dx.doi.org/10.1021/ja056003z
http://dx.doi.org/10.1021/ja908316n
http://dx.doi.org/10.1039/C7DT04589A
http://dx.doi.org/10.1039/C7DT04589A
http://dx.doi.org/10.1002/ejoc.201402544
http://dx.doi.org/10.1021/acscatal.0c01352
http://dx.doi.org/10.1021/acscatal.0c01352
http://dx.doi.org/10.1002/ejoc.201301004
http://dx.doi.org/10.1021/ja209135t
http://dx.doi.org/10.1021/ja209135t
http://dx.doi.org/10.1039/C3SC51897C
http://dx.doi.org/10.1002/ejic.200300172
http://dx.doi.org/10.1021/jacs.0c02997
http://dx.doi.org/10.1021/ja4031616
http://dx.doi.org/10.1246/cl.130485
http://dx.doi.org/10.1021/jacs.5b08500
http://dx.doi.org/10.1021/jacs.5b08500
http://dx.doi.org/10.1021/ja0293608
http://dx.doi.org/10.1021/ja031542u
http://dx.doi.org/10.1021/om201171b
http://dx.doi.org/10.1021/om201134j
http://dx.doi.org/10.1016/j.ccr.2004.04.015
http://dx.doi.org/10.1016/j.apcata.2009.10.008
http://dx.doi.org/10.1021/acs.orglett.8b02688
http://dx.doi.org/10.1016/j.tetlet.2006.07.073

68.
69.
70.
71.
72.
73.
74.
75.
76.

77.

78.

79.
80.
81.
82.
83.
84.
85.
86.

HETEROCYCLES, Vol. 102, No. 5, 2021 953

Tetrahedron Lett., 2006, 47, 6775.

J.-J. Brunet, N. C. Chu, O. Diallo, and E. Mothes, J. Mol. Catal. A: Chem., 2003, 198, 107.

B. Yigit, M. Yigit, Y. Gék, and O. Ozeroglu Celikal, Heterocycles, 2016, 92, 1994.

Y. Gék, B. Yigit, O. Ozeroglu Celikal, and M. Yigit, Transit. Met. Chem., 2018, 43, 591.

Y. Gok, B. Yigit, O. Ozeroglu Celikal, and M. Yigit, Heterocycles, 2019, 98, 403.

C. Dash, M. M. Shaikh, R. J. Butcher, and P. Ghosh, Dalton Trans., 2010, 39, 2515.

C. F. Bender and R. A. Widenhoefer, Org. Lett., 2006, 8, 5303.

J. Cho, T. K. Hollis, E. J. Valente, and J. M. Trate, J. Organomet. Chem., 2011, 696, 373.

R. Zhang, Q. Xu, L. Mei, S. Li, and M. Shi, Tetrahedron, 2012, 68, 3172.

S. Barroso, S. R. M. M. de Aguiar, R. F. Munh4, and A. M. Martins, J. Organomet. Chem., 2014,
160, 60.

G. Sipos, A. Ou, B. W. Skelton, L. Falivene, L. Cavallo, and R. Dorta, Chem. Eur, J., 2016, 22,
6939.

C. Munro-Leighton, S. A. Delp, N. M. Alsop, E. D. Blue, and T. B. Gunnoe, Chem. Commun., 2008,
111.

R. Giles, J. O’Neill, J. H. Lee, M. K. Chiu, and K. W. Jung, Tetrahedron Lett., 2013, 54, 4083.

L. D. Field, B. A. Messerle, K. Q. Vuong, and P. Turner, Organometallics, 2005, 24, 4241.

K. Ogata, T. Nagaya, and S.-I. Fukuzawa, J. Organomet. Chem., 2010, 695, 1675.

W. A. Herrmann, M. Elison, J. Fischer, C. Kdcher, and G. R. J. Artus, Chem. Eur. J., 1996, 2, 722.
W. A. Herrmann, J. Fischer, K. Ofele, and G. R. J. Artus, J. Organomet. Chem., 1997, 530, 259.

M. J. Doyle, M. F. Lappert, P. L. Pye, and P. Terreras, J. Chem. Soc., Dalton Trans., 1984, 2355.

R. H. Crabtree, J. Organomet. Chem., 2006, 691, 3146.

S. Demir, M. Yigit, and I. Ozdemir, J. Organomet. Chem., 2013, 732, 21.



http://dx.doi.org/10.1016/j.tetlet.2006.07.073
http://dx.doi.org/10.1016/S1381-1169(02)00734-3
http://dx.doi.org/10.3987/COM-16-13546
http://dx.doi.org/10.1007/s11243-018-0245-1
http://dx.doi.org/10.3987/COM-19-14042
http://dx.doi.org/10.1039/b917892a
http://dx.doi.org/10.1021/ol062107i
http://dx.doi.org/10.1016/j.jorganchem.2010.10.004
http://dx.doi.org/10.1016/j.tet.2012.02.060
http://dx.doi.org/10.1016/j.jorganchem.2013.11.041
http://dx.doi.org/10.1016/j.jorganchem.2013.11.041
http://dx.doi.org/10.1002/chem.201600378
http://dx.doi.org/10.1002/chem.201600378
http://dx.doi.org/10.1039/B715507G
http://dx.doi.org/10.1039/B715507G
http://dx.doi.org/10.1016/j.tetlet.2013.05.101
http://dx.doi.org/10.1021/om050235p
http://dx.doi.org/10.1016/j.jorganchem.2010.04.006
http://dx.doi.org/10.1002/chem.19960020708
http://dx.doi.org/10.1016/S0022-328X(96)06892-1
http://dx.doi.org/10.1039/dt9840002355
http://dx.doi.org/10.1016/j.jorganchem.2006.01.032
http://dx.doi.org/10.1016/j.jorganchem.2013.01.025



