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Half-Sandwich Ruthenium(ll) Complexes with Bidentate NN Ligands:
Active Catalysts for the Synthesis of Quinolines and Pyrroles by
Acceptorless Dehydrogenative Cyclization

Hu, Bowen™ Zhang, Yuzhe Yin, Geping Chen, Dafa™
(School of Chemistry and Chemical Engineering, Harbin Institute of Technology, Harbin 150001)

Abstract  Four (77°-p-cymene)Ru(II) complexes with bidentate NN ligands, (7°-p-cymene)Ru(CsH N-CsH;N-OH) (1), (77°-p-
cymene)Ru(CsH4N-CH,-CsHyN) (2), (7°-p-cymene)Ru(CsH,;N-CH,-CsH;N-OH) (3) and (7°-p-cymene)Ru(CsH,N-CH,-
CsH;N-OCHj3) (4) were prepared. These complexes were all characterized by "H NMR, *C NMR and elemental analysis, and
complex 2 was further determined by single crystal crystallography. Complexes 1~4 were treated as catalysts for cyclizations
of amino alcohols with ketones, and complex 3 exhibited the highest activity. The cyclization reactions proceeded in toluene
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with 0.5 mol% catalyst loading, and a series of quinolines and pyrroles were synthesized.
Keywords half-sandwich; ruthenium; acceptorless dehydrogenative cyclization; bidentate ligand; 2-hydroxypyridine

1 Introduction

The synthesis of N-heterocycles has drawn much atten-
tion, because N-heterocycles exist widely in natural prod-
ucts and pharmaceuticals, and they can be used for the
preparation of functional materials with improved physical
properities.' ) However, traditional methods to N-hetero-
cycles always need multiple steps and harsh reaction con-
ditions, and sometimes the raw materials are necessa-
1y Thus, there is an increasing demand for developing
atom-economical, sustainable and environmental friendly
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methodologies for the preparation of N-heterocycles.
Acceptorless dehydrogenation condensation (ADC) of
amino alcohols with ketones or secondary alcohols has
become an alternative method for the sustainable synthesis
of N-heterocycles, and the only by-products are H, and
H,0.!'"* 2% Recently, many transition-metal catalysts, such
as Ir, 21241 Ry 25736 g 37381 0 139401 g 417431 0y 141 g g
Fe!*! complexes, have been applied for such transfor-
mation. Among these reported catalysts, the ruthenium
complexes, especially those with a proton-responsive site,
are highly effective.'”” ! For example, the groups of Mil-
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stein,**% Sun,*" Yu,*? Kundu®* and Lang[34] have in-
dependently reported Ru(Il) complexes for the synthesis of
pyridines, quinolines and pyrroles (Figure 1).
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Figure 1 Typical Ru(Il) catalysts with a proton-responsive site
for the synthesis of N-heterocycles

Recently, our group also developed an effective Ru(Il)
complex with a 2-hydroxypyridyl fragment (Scheme 1).1*%
As an update of our continuous interest in H,-relating reac-
tions,*® 3% herein we present four (7°-p-cymene)Ru(Il)
complexes 1~4 with bidentate NN ligands for the catalytic
reactions of amino alcohols with ketones for the preparation
of quinolines and pyrroles, and the most efficient catalyst is
complex 3 bearing a 2-hydroxypyridyl fragment.

2 Results and discussion

2.1 Synthesis and characterization of the Ru(ll)
complexes

Complex 1 was synthesized by the reaction of [RuCly(p-
cymene)], with L; in CH30H, followed by the addition of
NH,PF; (Scheme 1). The '"H NMR spectrum of 1 in CDCl;
shows several signals between ¢ 9.40 and 5.76 for its aro-
matic protons, one multiplet at  2.45 and two doublets at &
0.90 and 0.89 for its isopropyl group, and one singlet at ¢
2.19 for the methyl group. The isopropyl group exhibits as
two doublets and one multiplet, indicating the different
chemical environments of its two methyl groups, which is
caused by the asymmetry of the ligand L;.

Complexes 2~4 were synthesized following a similar
procedure as described for 1 (Scheme 1). When L,~1L4
were treated with RuCly(p-cymene)], in refluxing methanol
for 3 h, followed by the addition of NH,PFg, complexes 2~
4 were isolated in 75%, 80% and 82% yields, respectively.
Similar to complex 1, each of the isopropyl groups in
complexes 3 and 4 reveals three signals in the 'H NMR
spectrum. While differently, the isopropyl signals of com-
plex 2 are presented as one multiplet and one doublet, due to
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Scheme 1 Synthesis of complexes 1~4

the symmetrical L, ligand.

The molecular structure of 2 (Figure 1) was further con-
firmed by X-ray crystallography. In the solid state, it is a
cationic complex with the central Ru atom coordinating
with one p-cymene group, one Cl atom and two pyridyl
groups. Ru(1)—CI(1), Ru(1)—N(1) and Ru(1)—N(2) bond
distances are 0.2397(10), 0.2106(3) and 0.2110(3) nm,
respectively, comparable to those in Ru-PPh; complex-
es.>"* The two pyridine rings of the dipyridyl ligands are
not coplanar, and C(5)—C(6)—C(7) angle is 113.2(3)°.

’ / L \7«‘} 10(7)
RE (/) c10)

.C(8)
/¢

Figure 1 Molecular structure of complex 2 with all atoms la-
beled

All hydrogens and the hexafluorophosphate anion are omitted for the sake
of clarity. Selected bond lengths (nm) and angles (°): Ru(1)—N(1)
0.2106(3), Ru(1)—/N(2) 0.2110(3), Ru(1)—C(l) 0.2397(10), Ru(1)—
C(12) 0.2216(4), Ru(1)—C(13) 0.2180(4), Ru(1)—C(14) 0.2190(4),
Ru(1) — C(15) 0.2241(4), Ru(1)— C(16) 0.2213(4), Ru(1)— C(17)
0.2171(4), N(1) — Ru(l) — N(2) 84.86(13), N(1) — Ru(l) — CI(1)
85.19(10), N(2)—Ru(1)—CI(1) 85.65(10), C(5)—C(6)—C(7) 113.2(3)

2.2 Catalysis

To find the optimal conditions for the synthesis of 2-
phenylquinoline, the reaction of o-aminobenzyl alcohol
with acetophenone was selected as the model reaction (Ta-
ble 1). In the beginning, KOH was chosen as the base. When
complex 1 was selected as the catalyst, after 2 h at 120 'C
in toluene, 2-phenylquinoline was isolated in 68% yield
(Table 1, Entry 1). Similarly, in the same conditions, com-
plexes 2~4 afforded 2-phenylquinoline in 76%, 81% and
71% yields, respectively, suggesting that 3 is the most effi-
cient catalyst (Table 1, Entries 2~4). Weaker bases, such as
K,CO; and Cs,COs, gave much worse results (Table 1,
Entries 5 and 6). KO'Bu showed similar activity as KOH.
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Table 1 Optimization of reaction conditions for the synthesis of
2-phenylquinoline®

0 A
@COH Catalyst (0.5 mol%) N
+ —_—
NH, Base, reflux, 2 h O

Entry Cat. Base Yield®/%

1 1 KOH 68

2 2 KOH 76

3 3 KOH 81

4 4 KOH 71

5 3 K,CO; 13

6 3 Cs,CO3 9

7 3 KO'Bu 81

8 — KOH Trace
9° 3 KOH 41

“ Conditions: o-aminobenzyl alcohol (2 mmol), acetophenone (2.4 mmol),
base (2 mmol), toluene (2 mL), catalyst (0.5 mol%), 120 ‘C, 2 h. * Isolated
yield. © Catalyst 3 (0.3 mol%).

(Table 1, Entry 7). In the absence of catalyst, only trace of
the product was detected (Table 1, Entry 8). Thus, the con-

ditions of Entry 3 in Table 1 were selected as the optimal
conditions (2 mmol of o-aminobenzyl alcohol, 2.4 mmol of
acetophenone, 2 mmol of KOH, 2 mL of toluene, and 0.5
mol% complex 3 for 2 h under nitrogen). When the amount
catalyst 3 was decreased to 0.3 mol%, the isolated yield of
the product was only 41% (Table 1, Entry 9).

Having established the optimal conditions, the scope of
the reaction with respect to ketones was examined, and the
results are shown in Table 2. The electronic influence on the
phenyl ring of acetophenone is not remarkable. When
o-methyl, m-methyl and p-methoxy substituted acetophe-
nones reacted with o-aminobenzyl alcohol, the corre-
sponding 2-phenylquinoline derivatives were isolated in
83%, 73% and 83% yields, respectively (Table 2, Entries
2~4). Similarly, when m-fluoro, m-bromo, p-fluoro and
p-chloro  substituted acetophenones reacted  with
o-aminobenzyl alcohol, the corresponding products were in
70% ~82% isolated yields (Table 2, Entries 5~8). Fur-
thermore, 1-(2-chlorophenyl)ethan-1-one and propiophe-
none were also tested for the reaction, while the yield de-
creased dramatically owing to the steric hindrance (Table 2,

Table 2 Cyclization of o-aminobenzyl alcohol with a range of ketones”

0 R?
2 Catalyst 3 (0.5 mol% — —\ R
NH, R T KOH, toluene, reflux, 2 h N
Entry o-Aminobenzyl alcohol Ketone Product Yield®/%

OH

>

NH>

OH

>

NH>

GRG

Cr
v
O s

54 O
A/

OH
3 73
NH,
o®
OH
4 E:(\ /Ej)k N O 83
NH,
\O O/
0 O X
OH F
5 Ej\/\ F N 75
NH,
0 O X
OH B
6 E:C or N ' 82
NH,
o] O X
OH
7 E:(\ N7 70
NH,
F F
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Continued
Entry o-Aminobenzyl alcohol Ketone Product Yield®/%
o O A
OH
8 E;f N 73
NH,
Cl Cl
(0] X Cl
OH
9 N/ 47
NH,
Cl
(0] X
OH
10 N7 45
NH,
“ Conditions: o-aminobenzyl alcohol (2 mmol), ketone (2.4 mmol), KOH (2 mmol), toluene (2 mL), catalyst 3 (0.5 mol %), 120 ‘C, 2 h. ®Isolated yield.
Table 3 Cyclization of f-amino alcohol with a series of ketones”
3
3 Catalyst 3 (0.5 mol%) —
L * LS R B 7
] R2-— KOH, reflux, toluene, 2 h NH
R NH, = R
Entry f-Amino alcohol Ketone Product Yield”/%
OH 0 f N\
o &% ; .
NH, H
OH \ 0 f \
NH, H o
OH
O
: L O~ - o
NH, N
NH 0 / A\
H
5 /W/K/OH 04©—< N 41
H o
6 /W/ROH o N4 N 53
H cl
NH,
(0]
7 /W/K/OH M /Y 36
N
H

“ Conditions: f-amino alcohol (2 mmol), ketone (2.4 mmol), KOH (2 mmol), toluene (2 mL), catalyst 3 (0.5 mol %), 120 C 2 h. ®Isolated yield.

Entries 9, 10).

In addition, the reactions of f-amino alcohols with ace-
tophenone derivatives were also conducted, and a series of
substituted pyrroles were obtained (Table 3). Compared to
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the synthesis of 2-phenylquinoline, the yields of pyrrole
derivatives were much lower, and there were always some
unidentified by-products formed. The yields were not im-
proved even with longer reaction time. 2-Amino-1-butanol

Chin. J. Org. Chem. 2020, 40, 53~60
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reacted with acetophenone, p-methoxyacetophenone, and
propiophenone, giving corresponding pyrroles in 50%,
49%, and 40% isolated yields, respectively (Table 3, Entries
1~3). Similarly, the reactions of 2-amino-3-methyl-1-
pentanol with acetophenone, p-methoxyacetophenone,
p-chloroacetophenone and propiophenone, generated the
desired products in 36%~53% yields (Table 3, Entries 4~
7). Unexpectedly, when p-chloroacetophenone was treated
with 2-amino-1-butanol, although the expected product was
generated, it could not be purified because there was an
unidentified species with close polarity.

3 Conclusions

In summary, four (7°-p-cymene)Ru(Il) complexes 1~4
bearing NN bidentate ligands were synthesized and applied
to the synthesis of quinolines and pyrroles. These ruthenium
complexes are all active, especially for the preparation of
quinolines, and complex 3 with 2-hydroxypyridyl fragment
appeared the best activity. The research exhibits the poten-
tial for the construction of heterocycles via acceptorless
dehydrogenative reactions catalyzed by bidentate (7°-p-
cymene)Ru(Il) complexes.

4 Experimental

4.1 General considerations

All manipulations were carried out under an inert nitro-
gen atmosphere using a Schlenk line. Solvents were dis-
tilled from appropriate drying agents under N, before use.
All reagents were purchased from commercial sources.
Liquid compounds were degassed by standard freeze-pump-
thaw procedures prior to use. [RuCly(p-cymene)],,”*! 6-
hydroxy-2,2"-bipyridine (L;),”* 2-(2-pyridylmethyl)pyri-
dine (L,),””! 6-(pyridin-2-ylmethyl)pyridin-2-ol (Lj),""
and 2-methoxy-6-(pyridin-2-ylmethyl)pyridine  (Ly),""
were prepared as previously, respectively.

The 'H NMR and C NMR spectra were recorded on a
Bruker Avance 400 spectrometer. The 'H NMR chemical
shifts were referenced to residual solvent as determined
relative to Me,Si (0=0). The *'P NMR chemical shifts were
reported relative to external 85% H;PO,. The BC NMR
chemical shifts were reported relative to the carbon reso-
nance of CDCl; (6 77.0) or DMSO-ds (6 39.5). Elemental
analyses were performed on a PerkinElmer 240C analyzer.
X-ray diffraction studies were carried out in a SuperNova
X-ray single crystal diffractometer or a Bruker D8 Quest
X-ray diffractometer. Data collections were performed
using four-circle kappa diffractometers equipped with CCD
detectors. Solution, refinement, and geometrical calcula-
tions for all crystal structures were performed by
SHELXTL.

4.1.1 Synthesis of 1

A solution of L; (0.1 g, 0.58 mmol) and RuCl,(p-cy-
mene)], (0.17 g, 0.29 mmol) was heated in refluxing
methanol (10 mL) for 3 h. After cooling to room tempera-

ture, the solvent was evaporated under vaccum. Water (2.7
mL) and NH4PF4 aqueous solution (0.26 g in 10 mL H,0)

Chin. J. Org. Chem. 2020, 40, 53~60
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were then added to the residue with vigorous stirring, re-
spectively. The crude product was precipitated and washed
by water, giving complex 1 as a yellow powder (0.29 g,
86%). m.p. 162~164 ‘C (dec.); '"H NMR (400 MHz,
DMSO-dg) d: 9.40 (d, J=6.5 Hz, 1H), 8.33 (d, /=10.0 Hz,
1H), 8.11 (t, J/=9.0 Hz, 1H), 7.68~7.55 (m, 3H), 6.75 (d,
J=10.5 Hz, 1H), 6.28 (d, /=7.5 Hz, 1H), 6.04 (d, J=7.5
Hz, 1H), 5.83 (d, J=7.5 Hz, 1H), 5.76 (d, J/=7.5 Hz, 1H),
2.46~2.43 (m, 1H), 2.19 (s, 3H), 0.90 (d, J/=7.5 Hz, 3H),
0.89 (d, J=7.5 Hz, 3H); *C NMR (100 MHz, DMSO-d;) ¢:
167.7, 157.0, 155.7, 153.1, 140.1, 139.7, 126.7, 123.1,
115.3,111.2,105.2,102.1, 88.3, 86.5, 82.6, 82.1, 30.9, 22.3,
22.0,19.2; *'P NMR (162 MHz, DMSO-d) 0: 144.2. Anal.
caled for CyoHpCIFgN,OPRu: C 40.86, H 3.77, N 4.77;
found C 40.92, H 3.75, N 4.71.
4.1.2 Synthesis of 2

By using a similar procedure as described above, a solu-
tion of L, (0.1 g, 0.59 mmol) and RuCl,(p-cymene)], (0.18
g, 0.30 mmol) was heated in refluxing methanol (10 mL) for
3 h. After cooling to temperature, the solvent was evapo-
rated under vaccum. Water (2.8 mL) and NH4PF¢ aqueous
solution (0.28 g in 10 mL H,0O) were then added to the
residue with vigorous stirring, respectively. The crude
product was precipitated and washed by water, giving
complex 2 as a golden powder (0.26 g, 75%). Single crystals
suitable for X-ray crystallographic determination were
grown with CH;OH/ether at ambient temperature. m.p.
181~184 °C (dec.). 'H NMR (400 MHz, DMSO-dj) d:
8.93 (d, /=6.0 Hz, 2H), 8.04 (t, J=7.6 Hz, 2H), 7.76 (d,
J=7.6 Hz, 2H), 7.54 (t, J=6.0 Hz, 2H), 6.02 (d, J=6.4 Hz,
2H), 5.88 (d, /=6.4 Hz, 2H), 4.80 (d, J=15.6 Hz, 1H), 4.40
(d, J=15.6 Hz, 1H), 2.81~2.75 (m, 1H), 1.94 (s, 3H), 1.16
(d, J=6.4 Hz, 6H); *C NMR (100 MHz, DMSO-d;) J:
157.6,157.2,140.5, 125.8, 124.6, 105.9, 105.9, 100.4, 85.2,
84.7,46.3,30.6,22.4,17.8.*'P NMR (162 MHz, DMSO-d;)
0: 144.2. Anal. caled for C,HuCIF(N,PRu: C 43.05, H
4.13, N 4.78; found C 42.76, H 4.16, N 4.71.

4.1.3 Synthesis of 3

By using a similar procedure as described above, a solu-
tion of L3 (0.1 g, 0.53 mmol) and RuCl,(p-cymene)], (0.16
g, 0.27 mmol) was heated in refluxing methanol (10 mL) for
3 h. After cooling to room temperature, the solvent was
evaporated under vaccum. Water (2.8 mL) and NH4PF4
aqueous solution (0.28 g in 10 mL H,0) was then added to
the residue with vigorous stirring, respectively. The crude
product was precipitated and washed by water, giving
complex 3 as a pale yellow powder (0.25 g, 80%). m.p.
185~187 C (dec.). 'H NMR (400 MHz, CDCl;) J: 8.84
(d, J=5.6 Hz, 1H), 7.87 (t, J=7.6 Hz, 1H), 7.73 (t, J=8.0
Hz, 1H), 7.65 (d, J=7.6 Hz, 1H), 7.38 (t, J/=6.8 Hz, 1H),
7.26 (t, J=3.6 Hz, 1H), 6.90 (d, J=8.4 Hz, 1H), 5.89 (d,
J=6.0 Hz, 1H), 5.84 (d, J/=6.0 Hz, 1H), 5.75 (t,J=6.0 Hz,
2H),4.54 (d, /=16 Hz, 1H), 4.46 (d, /=16 Hz, 1H), 2.85~
2.75 (m, 1H), 2.02 (s, 3H), 1.24 (d, J=6.8 Hz, 3H), 1.19 (d,
J=6.8 Hz, 3H); '*C NMR (100 MHz, DMSO-d;) J: 166.7,
158.1, 157.7, 154.4, 142.0, 140.3, 125.2, 124.1, 116.9,
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110.8, 106.3, 99.3, 85.3, 84.5, 83.4, 82.9, 46.9, 31.2, 22.7,
22.3,18.2; *'P NMR (162 MHz, DMSO-d;) J: 144.2. Anal.
caled for C,HyyCIFN,OPRu: C 41.90, H 4.02, N 4.65;
found C 41.63, H 3.82, N 4.60.

4.1.4 Synthesis of 4

By using a similar procedure as described above, a solu-
tion of Ly (0.1 g, 0.5 mmol) and RuCly(p-cymene)], (0.15 g,
0.25 mmol) was heated in refluxing methanol (10 mL) for 3
h. After cooling to room temperature, the solvent was
evaporated under vaccum. Water (2.5 mL) and NH4PFq
aqueous solution (0.26 g in 10 mL H,0) were then added to
the residue with vigorous stirring, respectively. The crude
product was precipitated and washed by water, giving
complex 4 as a yellow powder (0.25 g, 82%). m.p. 175~
177 “C (dec.); "H NMR (400 MHz, CDCl;) d: 8.93 (d, J=
5.2 Hz, 1H), 7.82~7.76 (m, 2H), 7.60 (d, J=7.6 Hz, 1H),
7.30 (d, J=6.8 Hz, 1H), 7.23 (d, J/=7.2 Hz, 1H), 6.87 (d,
J=8.8 Hz, 1H), 5.76~5.65 (m, 4H), 4.52 (d, /=15.6 Hz,
1H), 4.43 (d, J=15.6 Hz, 1H), 4.06 (s, 3H), 2.89~2.82 (m,
1H), 2.14 (s, 3H), 1.25 (d, J=6.8 Hz, 3H), 1.18 (d, J=6.8
Hz, 3H); “C NMR (100 MHz, CDCl3) §: 166.9, 157.9,
156.3, 155.2, 142.5, 139.8, 125.4, 123.7, 119.1, 107.1,
106.8, 99.6, 85.3, 84.3, 83.6, 82.5, 57.9, 48.2, 31.2, 22.4,
18.5;*'P NMR (162 MHz, CDCl;) 0: 144.4. Anal. calcd for
CyHpCIFgN,OPRu: C 42.90, H 4.25, N 4.55; found C
43.13,H 4.28, N 4.48.

4.1.5 General procedure for the synthesis of quino-
lines and pyrroles

Under a nitrogen atmosphere, the amino alcohol (2.0
mmol), ketone (2.4 mmol), complex 3 (6.1 mg, 0.01 mmol),
KOH (0.11 g, 2.0 mmol), and 2 mL of toluene were mixed
and stirred at 110 ‘C. After 2 h, the reaction mixture was
cooled to room temperature. The mixture was then con-
densed under reduced pressure and subjected to purification
by flash silica gel column chromatography to afford the
target product, which was identified by NMR analyses. The
melting points of the known compounds are consistent
with those reported in literatures

2-Phenylquinoline: White solid. m.p. 84~86 C;*! 'H
NMR (400 MHz, CDCl;) o: 8.25 (d, J=8.4 Hz, 2H), 8.18
(d, J=7.2 Hz, 2H), 7.90~7.83 (m, 2H), 7.75 (t, J/=28.0 Hz,
1H), 7.56~7.46 (m, 4H); C NMR (100 MHz, CDCL) §:
157.3, 148.1, 139.5, 136.9, 129.7, 129.6, 129.3, 128.7,
127.6,127.4,127.2,126.3, 119.0.

2-(o-tolyl)quinolone: Yellow solid. m.p. 73~77 C;*
'H NMR (400 MHz, CDCl;) J: 8.17 (t, J=8.4 Hz, 2H), 7.84
(d, J=7.2 Hz, 1H), 7.73 (t, J=6.8 Hz, 1H), 7.56~7.48 (m,
3H), 7.32 (m, 3H), 2.41 (s, 3H); “C NMR (100 MHz,
CDCl;) 0: 160.3, 147.9, 140.8, 136.1, 136.0, 130.9, 129.8,
129.7,129.6, 128.5, 127.5, 126.7, 126.4, 126.1, 122.4, 20.5.

2-(m-tolyl)quinolone: Yellow solid. m.p. 38~40 C;P¢
'"H NMR (400 MHz, CDCl;) J: 8.20 (t, J=8.8 Hz, 2H), 8.02
(s,1H), 7.94~7.82 (m, 3H), 7.73 (t, J/=8.4 Hz, 1H), 7.52 (t,
J=17.6 Hz, 1H), 7.42 (t, J/=7.6 Hz, 1H), 7.28 (d, J/=7.6 Hz,
1H), 2.49 (s, 3H); >C NMR (100 MHz, CDCl;) : 157.6,
148.3, 139.6, 138.5, 136.7, 130.1, 129.7, 129.6, 128.7,
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MR
128.2,127.4,127.1,126.2,124.7,119.2, 21.6.

2-(4-Methoxyphenyl)quinoline: Yellow solid. m.p.
121~124 C;* '"H NMR (400 MHz, CDCl;) J: 8.19~
8.17 (m, 4H), 7.86~7.81 (m, 2H), 7.74 (t, J=8.4 Hz, 1H),
7.52 (t, J=8.0 Hz, 1H), 7.08 (d, J=8.8 Hz, 2H), 3.91 (s,
3H); *C NMR (100 MHz, CDCL3) 6: 160.8, 156.8, 148.2,
136.6, 132.2, 129.6, 129.5, 128.9, 127.4, 126.9, 125.9,
118.5,114.2, 55.3.

2-(3-Fluorophenyl)quinolone: Yellow solid. m.p. 47~
48 “C;P1 'H NMR (400 MHz, CDCl;) d: 8.14~8.07 (m,
2H), 7.84 (d, J=9.6 Hz, 2H), 7.76~7.73 (m, 2H), 7.65 (d,
J=8.4 Hz, 1H), 7.47~7.36 (m, 2H), 7.06 (t, J=5.6 Hz,
1H); *C NMR (100 MHz, CDCl) 0: 163.4, 160.9, 154.4,
147.0, 140.7, 135.7, 129.1, 128.7, 126.3, 126.2, 125.4,
121.9, 117.4, 115.0 (d, J=22.6 Hz), 113.3 (d, J=22.6 Hz).

2-(3-Bromophenyl)quinoline: Yellow solid. m.p. 73 ~
76 “C;"*1'H NMR (400 MHz, CDCl;) J: 8.24 (s, 1H), 8.06
(d,J=8.4 Hz, 2H), 7.94 (d, J=7.6 Hz, 1H), 7.69~7.59 (m,
3H), 7.47~7.39 (m, 2H), 7.25 (t, J=7.6 Hz, 1H); >C NMR
(100 MHz, CDCly) J: 154.3, 147.0, 140.5, 135.8, 131.0,
129.4, 129.1, 128.7, 128.6, 126.3, 126.1, 125.5, 124.8,
122.0,117.4.

2-(4-Fluorophenyl)quinoline: White solid. m.p. 91 ~
93 C;*J 'H NMR (400 MHz, CDCl;) 6: 8.14~8.07 (m,
4H), 7.75 (d, J=8.8 Hz, 2H), 7.65 (t, J=6.8 Hz, 1H), 7.45
(t, J=6.8 Hz, 1H), 7.13 (t, J=8.4 Hz, 2H); *C NMR (100
MHz, CDCl;) d: 163.9, 161.5, 155.1, 147.1, 135.8, 134.7,
128.7, 128.6, 128.3, 126.4, 126.1, 125.2, 117.5, 114.8,
114.6.

2-(4-Chlorophenyl)quinoline: White solid. m.p. 112~
114 C;"*' 'TH NMR (400 MHz, CDCl3) J: 8.25 (d, J=8.8
Hz, 1H), 8.20~8.14 (m, 3H), 7.87~7.84 (m, 2H), 7.76 (t,
J=6.8 Hz, 1H), 7.58~7.51 (m, 3H); *C NMR (100 MHz,
CDCly) J: 155.9, 148.1, 137.9, 137.1, 135.6, 129.9, 129.6,
129.0, 128.8, 127.4, 127.2, 126.5, 118.5.

2-(2-Chlorophenyl)quinoline: White solid. m.p. 73~
75 C;P¥ "H NMR (400 MHz, CDCl5) 0: 8.11 (t, J=8.8 Hz,
2H), 7.78 (d, J=8.0 Hz, 1H), 7.67~7.61 (m, 3H), 7.49 (t,
J=17.6 Hz, 1H), 7.42 (d, J=6.8 Hz, 1H), 7.34~7.27 (m,
2H); *C NMR (100 MHz, CDCly) 6: 157.4, 148.1, 139.6,
135.7, 132.3, 131.7, 130.1, 129.9, 129.7, 127.5, 127.2,
127.1,126.8, 122.8.

3-Methyl-2-phenylquinoline: Yellow oil.**! '"H NMR
(400 MHz, CDCl;) 6: 8.19 (d, J=8.0 Hz, 1H), 8.06 (s, 1H),
7.82 (d, J=8.0 Hz, 1H), 7.70 (t, J=8.0 Hz, 1H), 7.62 (d,
J=8.0 Hz, 2H), 7.57~7.45 (m, 4H), 2.50 (s, 3H); *C NMR
(100 MHz, CDCly) d: 160.3, 137.1, 129.3, 129.0, 128.9,
128.3, 127.6, 126.7, 126.5, 20.6.

2-Ethyl-5-phenyl-1H-pyrrole: White solid. m.p. 49 ~
50 C;% '"H NMR (400 MHz, CDCl;) d: 8.16 (s, 1H), 7.46
(d, J=7.2 Hz, 2H), 7.36 (t, J=7.6 Hz, 2H), 7.19 (t, J=7.2
Hz, 1H), 6.45 (t, J=2.8 Hz, 1H), 6.01 (t, J=2.8 Hz, 1H),
2.71 (q, J=17.6 Hz, 2H), 1.32 (t, J=7.6 Hz, 3H); °C NMR
(100 MHz, CDCl;) o: 135.6, 133.0, 130.6, 128.8, 125.6,
123.4,106.2, 106.0, 21.0, 13.6.

2-Ethyl-5-(4-methoxyphenyl)-1 H-pyrrole: White solid.
m.p. 69~71 ‘C; '"H NMR (400 MHz, CDCl;) J: 8.07 (s,
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1H), 7.40 (d, J/=8.8 Hz, 2H), 6.93 (d, /=12.8 Hz, 2H), 6.33
(t, J=3.0 Hz, 1H), 6.00 (t, J/=3.0 Hz, 1H), 3.85 (s, 3H),
2.71(q, J=7.6 Hz, 2H), 1.32 (t, J=7.6 Hz, 3H); *C NMR
(100 MHz, CDCl;) J: 157.9, 134.9, 130.6, 126.2, 124.8,
114.3,105.9, 104.8, 55.3, 21.0, 13.6.
5-Ethyl-3-methyl-2-phenyl-1H-pyrrole: Colorless oil. 'H
NMR (400 MHz, CDCl;) o: 7.87 (s, 1H), 7.45~7.42 (m,
4H), 7.28~7.25 (m, 1H), 5.93 (s, 1H), 2.71 (q, J=7.6 Hz,
2H), 2.32 (s, 3H), 1.34 (t, J=7.6 Hz, 3H); °C NMR (100
MHz, CDCl;) J: 134.0, 133.9, 128.6, 126.5, 125.9, 125.4,
116.2, 108.6, 20.8, 13.6, 12.5.
2-(sec-Butyl)-5-phenyl-1H-pyrrole: Colorless oil. 'H
NMR (400 MHz, CDCl;) J: 8.22 (s, 1H), 7.55 (d, J/=8.0
Hz, 2H), 7.44 (t, J=7.6 Hz, 2H), 7.27 (t, J=7.0 Hz, 1H),
6.56 (t,J=3.2 Hz, 1H), 6.11 (t,J=3.2 Hz, 1H), 2.87~2.80
(m, 1H), 1.85~1.65 (m, 2H), 1.40 (d, J/=7.2 Hz, 3H), 1.05
(t, J=7.2 Hz, 3H); C NMR (100 MHz, CDCl;) J: 139.3,
133.2, 130.3, 128.9, 125.7, 123.5, 106.0, 105.7, 34.3, 30.2,
20.0, 12.6, 11.9.
2-(sec-Butyl)-5-(4-methoxyphenyl)-1H-pyrrole: Yellow
oil. "H NMR (400 MHz, CDCl;): 8.05 (s, 1H), 7.41 (d, J=
8.8 Hz, 2H), 6.94 (d, /=8.8 Hz, 2H), 6.35 (t, J/=3.2 Hz,
1H), 6.00 (t, J=2.8 Hz, 1H), 3.86 (s, 3H), 2.78~2.73 (m,
1H), 1.76~1.59 (m, 2H), 1.33 (d, /=7.2 Hz, 3H), 0.97 (t,J
=7.6 Hz, 3H); °C NMR (100 MHz, CDCl;) 6: 157.9,
138.5, 130.3, 126.3, 124.8, 114.3, 105.3, 104.7, 55.3, 34.4,
30.3,20.1, 11.9.
2-(sec-Butyl)-5-(4-chlorophenyl)-1H-pyrrole: ~ Yellow
oil. "H NMR (400 MHz, CDCl;) ¢: 8.09 (s, 1H), 7.41~7.32
(m, 4H), 6.45 (t, J=3.2 Hz, 1H), 6.02 (t, J=3.2 Hz, 1H),
2.80~2.71 (m, 1H), 1.78~1.58 (m, 2H), 1.33 (d, J=7.2
Hz, 3H), 0.97 (t, J=7.6 Hz, 3H); °C NMR (100 MHz,
CDCly) 0: 139.7, 131.6, 131.0, 129.1, 128.9, 124.5, 106.4,
105.9, 34.4,30.2,20.1, 11.8.
5-(sec-Butyl)-3-methyl-2-phenyl-1H-pyrrole: ~ Yellow
oil. "H NMR (400 MHz, CDCl;): 7.83 (s, 1H), 7.44~7.38
(m, 4H), 7.24~7.20 (m, 1H), 5.88 (s, 1H), 2.74~2.66 (m,
1H), 2.28 (s, 3H), 1.75~1.54 (m, 2H), 1.30 (d, J/=7.2 Hz,
3H), 0.96 (t, J=7.6 Hz, 3H); °*C NMR (100 MHz, CDCl,)
o: 137.6, 134.0, 128.6, 125.8, 125.3, 116.0, 107.9, 34.2,
30.2,20.0, 12.6, 11.9.

Supporting Information Crystallographic details of
complex 2 and NMR spectra of new complexes and cata-
lytic products. The Supporting Information is available free
of charge via the Internet at http://sioc-journal.cn/.
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