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Ligand-free palladium-catalyzed intramolecular Heck reaction of secondary
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A facile ligand-free palladium-catalyzed intramolecular Heck reaction of b-hydrogen-containing
secondary benzylic bromides was developed, which affords pyrroline derivatives with good
regioselectivities.

Introduction

The palladium-catalyzed Heck reaction is one of the most power-
ful tools for carbon–carbon bond formation processes in organic
synthetic chemistry,1 and many examples have been reported for
this coupling of nucleophiles with aryl or alkenyl electrophiles.2

However, the similar coupling of alkyl electrophiles still remains
a great challenge,3–7 especially, the coupling reaction of secondary
alkyl halides containing b-hydrogens. In the past five years,
significant progress has been achieved in other transition-metal-
catalyzed Heck-type couplings of secondary alkyl halides, which
generally proceed through radical intermediates.8,9 In contrast, the
palladium-catalyzed reactions of secondary alkyl halides are still
in their preliminary stages.10

To develop the palladium-catalyzed Heck-type reaction of b-
hydrogen-containing secondary alkyl halides, several challenges
need to be taken into account, which include the high acti-
vation energy barrier to the oxidative addition of secondary
alkyl electrophiles to palladium11 and the tendency of alkyl-
palladium species to undergo b-hydride elimination.5a During
our ongoing studies on the aminohalogenation reaction12 and
palladium-catalyzed reaction,4c we found that simple palla-
dium acetate could efficiently catalyze the Heck reaction of
secondary benzylic bromides bearing b-hydrogens, resulting in
the desired coupling products. Herein, we report a ligand-
free palladium-catalyzed intramolecular Heck reaction of b-
hydrogen-containing secondary benzylic bromides, affording
pyrroline derivatives in good yields and good regioselectivities
(Scheme 1).
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Scheme 1 Palladium-catalyzed intramolecular Heck reaction.

Results and discussion

The starting materials for the intramolecular Heck reaction could
be easily obtained from our recently reported aminohalogenation
reaction.12 Based on the previous studies on the palladium-
catalyzed cross-coupling of primary benzylic halides,4c the pre-
liminary scan of the reaction conditions was focused on using
Pd(OAc)2 as catalyst, Bu3N as base and DMF as solvent. The
reaction afforded a product of 2-pyrroline derivative 2a with 48%
yield (Table 1, entry 1). The structure of 2a has been confirmed by
X-ray diffraction analysis (Fig. 1).

Fig. 1 ORTEP diagram drawing of 2a.

The variation of base from Bu3N to K2CO3 achieved a
significant increase in the yield (entry 2). Further screening of
reaction conditions revealed that 2a could be obtained in 86%
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Table 1 Optimization of reaction conditionsa

entry catalyst base solvent T/◦C yield (%)c

1 Pd(OAc)2 n-Bu3N DMF 100 48
2 Pd(OAc)2 K2CO3 DMF 100 62
3 Pd(OAc)2 K2CO3 DMF 60 86
4 Pd(OAc)2/PPh3

b K2CO3 DMF 60 <5
5 PdCl2 K2CO3 DMF 60 38
6 PdCl2/PPh3

b K2CO3 DMF 60 <5
7 Pd(OAc)2/SIMes·HBF4

d K2CO3 DMF 60 22
8 Pd(OAc)2/Xantphosb K2CO3 DMF 60 <10
9 Pd(OAc)2 K2CO3 DMAc 60 78
10 Pd(OAc)2 K2CO3 THF 60 N.R.
11 Pd(OAc)2 K2CO3 DMSO 60 N.R.

a Reaction conditions: 0.5 mmol substrate with 2.0 equiv base and 1 mol%
catalyst in 1.0 mL solvent for 24 h under N2. b 2 mol% ligand was added.
c Isolated yields. d 2 mol% t-BuOK was added.

yield when the reaction temperature was decreased to 60 ◦C (entry
3). The combination of a palladium salt catalyst with PPh3 did
not give any improvement on the yields (entries 4 and 6). Other
ligands, including SIMes·HBF4

5a and Xantphos13 were also less
effective (entries 7 and 8). Various solvents were tested and DMF
was found to be the most efficient media for the reaction (entries
9–11).

We then examined the scope of the ligand-free palladium-
catalyzed intramolecular Heck reaction by using a variety of b-
hydrogen-containing secondary benzylic bromides (Table 2).

The intramolecular cyclization can proceed smoothly for a wide
range of substrates, resulting in moderate to excellent chemical
yields. The substrates with a chloro substituent on the aromatic
ring were well tolerated, and gave good yields (2b–2d). The
aromatic rings with electron-donating groups were also good
substrates for the reaction (2e and 2g). In the case of 1h, two
different cyclic products were obtained in a total 91% yield (2h : 3h
= 1.6 : 1). We then examined variation on the nitrogen atom, and
found that the phenylsulfonyl group could also work well, resulting
in 76% yield (2i). For the substrate 1j, the desired product was
obtained in 70% yield, along with 25% yield of product containing
exocyclic double bond. Furthermore, excellent regioselectivities
were detected for almost all the cases without the aid of any
ligands. The cyclic products obtained belong to an important
type of biologically active compounds, and can also be easily
transformed into pyrrole analogues.14

As in previous reports, the palladium complex catalyzed Heck
reactions of alkyl halides bearing b-hydrogens proceed through an
alkylmetal intermediate,5a,15 which are different from the processes
catalyzed by other metals.6,7 To find whether the current ligand-
free palladium-catalyzed system follows the alkylmetal or radical
pathway, an anti-bromoamine containing a five-member ring (1k)
was prepared, which was subjected to the reaction under the
optimized conditions (Scheme 2). Only the isomers (2k and 4k)
are obtained from the reaction, and this stereochemistry reveals
that our ligand-free palladium-catalyzed reaction proceeds via

Table 2 Intramolecular Heck reactionsa ,b

a Reaction conditions: 0.5 mmol substrate with 2.0 equiv K2CO3 and 1
mol% Pd(OAc)2 in 1.0 mL DMF at 60 ◦C for 24 h under N2. b Isolated
yields.

Scheme 2 Mechanism study of the intramolecular Heck reaction.

benzylpalladium intermediate (A) with an SN2 mechanism for
oxidative addition. This pathway is different from the other metal-
catalyzed related radical transformations.

Experimental section

General information

Solvents were dried and distilled prior to use. Melting points
are uncorrected. IR spectra were collected on Bruker Vector
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22 in KBr pellets. 1H and 13C NMR (TMS used as internal
standard) spectra were collected in CDCl3 with a Bruker ARX
300 spectrometer. High resolution mass spectra for all the new
compounds were done by a Micromass Q-Tof instrument (ESI).
Thin layer chromatography was carried out on Silica Gel 60 F-254
TLC plates. 20 cm ¥ 20 cm Gel 60 F-254 TLC plates were used for
Isolation. Flash chromatography was performed on silica gel 60
(200–300 mesh).

Typical procedure for the intramolecular Heck reaction

Into a dry vial was added substrate 1 (0.5 mmol), freshly dried
K2CO3 (138 mg, 1 mmol), Pd(OAc)2 (1.1 mg, 1 mol%) and freshly
distilled DMF (1.0 mL) under a nitrogen atmosphere. The mixture
was stirred at 60 ◦C for 24 h. After cooling, the reaction was
quenched with water (10 mL). The aqueous phase was extracted
with EtOAc (3 ¥ 20 mL). The combined organic layers were
washed with brine, dried with anhydrous Na2SO4, concentrated
and purified by column (EtOAc/petroleum ether, 1 : 20 v/v) to
give the product.

4-Methyl-3-phenyl-1-tosyl-2,3-dihydro-1H-pyrrole (2a)

White solid, m.p. 64–66 ◦C; 1H NMR (300 MHz, CDCl3): d =
7.67–7.71 (m, 2H), 7.34–7.38 (m, 2H), 7.14–7.17 (m, 3H), 6.74–
6.77 (m, 2H), 6.26–6.27 (m, 1H), 3.94 (t, J = 10.7 Hz, 1H), 3.71–
3.77 (m, 1H), 3.38 (dd, J = 6.1, 10.8 Hz, 1H), 2.48 (s, 3H),
1.43 (t, J = 1.3 Hz, 3H) ppm; 13C NMR (75 MHz, CDCl3): d
= 143.52, 141.44, 131.99, 129.42, 128.24, 127.58, 126.98, 126.61,
125.26, 124.72, 55.68, 51.71, 21.17, 11.50 ppm; IR (KBr): u = 3094,
2947, 1662, 1597, 1493 cm-1; MS (HRMS/[M + Na]+) Calcd for
C18H19NO2SNa: 336.1029, Found: 336.1019.

3-(4-Chlorophenyl)-4-methyl-1-tosyl-2,3-dihydro-1H-pyrrole (2b)

Colorless oil; 1H NMR (300 MHz, CDCl3): d = 7.67–7.69 (m,
2H), 7.35 (d, J = 8.0 Hz, 2H), 7.10–7.15 (m, 2H), 6.67–6.72 (m,
2H), 6.25–6.26 (m, 1H), 3.92 (t, J = 11.0 Hz, 1H), 3.74–3.68 (m,
1H), 3.34 (dd, J = 6.0, 10.9 Hz, 1H), 2.49 (s, 3H), 1.42 (t, J = 1.2
Hz, 3H) ppm; 13C NMR (75 MHz, CDCl3): d = 143.93, 140.36,
132.82, 132.46, 129.77, 128.80, 128.72, 127.98, 126.04, 124.45,
55.88, 51.57, 21.62, 11.85 ppm; IR (KBr): u = 2921, 1489 cm-1;
MS (HRMS/[M + Na]+) Calcd for C18H18ClNO2SNa: 370.0639,
Found: 370.0629.

3-(3-Chlorophenyl)-4-methyl-1-tosyl-2,3-dihydro-1H-pyrrole (2c)

White solid, m.p. 86–88 ◦C; 1H NMR (300 MHz, CDCl3): d = 7.68
(d, J = 8.3 Hz, 2H), 7.37 (d, J = 8.0 Hz, 2H), 7.07–7.17 (m, 2H),
6.70–6.72 (m, 1H), 6.61–6.62 (m, 1 H), 6.26–6.27 (m, 1H), 3.95
(t, J = 11.0 Hz, 1H), 3.73–3.69 (m, 1H), 3.33 (dd, J = 6.0, 11.0
Hz, 1H), 2.48 (s, 3H), 1.43 (t, J = 1.2 Hz, 3H) ppm; 13C NMR (75
MHz, CDCl3): d = 144.18, 144.00, 134.62, 132.14, 129.89, 129.85,
127.94, 127.35, 127.28, 126.25, 125.83, 124.17, 55.75, 51.88, 21.75,
11.92 ppm; IR (KBr): u = 2979, 1650, 1476 cm-1; MS (HRMS/[M
+ Na]+) Calcd for C18H18ClNO2SNa: 370.0639, Found: 370.0646.

3-(2-Chlorophenyl)-4-methyl-1-tosyl-2,3-dihydro-1H-pyrrole (2d)

White solid, m.p. 122–124 ◦C; 1H NMR (300 MHz, CDCl3): d =
7.66 (d, J = 8.3 Hz, 2H), 7.26–7.32 (m, 3H), 7.11–713 (m, 1H),

7.01–7.08 (m, 1H), 6.63–6.64 (m, 1H), 6.31–6.32 (m, 1H), 4.26–
4.31 (m, 1H), 3.92 (t, J = 10.8 Hz, 1H), 3.38 (dd, J = 5.2, 11.0
Hz, 1H), 2.46 (s, 3H), 1.52 (t, J = 1.2 Hz, 3H) ppm; 13C NMR (75
MHz, CDCl3): d = 143.83, 139.11, 133.56, 132.57, 129.71, 129.41,
128.20, 128.08, 127.90, 127.24, 126.86, 123.84, 55.25, 47.77, 21.61,
12.09 ppm; IR (KBr): u = 2975, 1469 cm-1; MS (HRMS/[M +
Na]+) Calcd for C18H18ClNO2SNa: 370.0639, Found: 370.0650.

4-Methyl-3-p-tolyl-1-tosyl-2,3-dihydro-1H-pyrrole (2e)

White solid, m.p. 46–48 ◦C; 1H NMR (300 MHz, CDCl3): d = 7.69
(d, J = 8.3 Hz, 2H), 7.36 (d, J = 8.0 Hz, 2H), 6.97 (d, J = 8.0 Hz,
2H), 6.64 (d, J = 7.9 Hz, 2H), 6.23–6.24 (m, 1H), 3.92 (t, J = 10.7
Hz, 1H), 3.68–3.74 (m, 1H), 3.34 (dd, J = 6.2, 10.8 Hz, 1H), 2.49
(s, 3H), 2.28 (s, 3H), 1.43–1.41 (m, 3H) ppm; 13C NMR (75 MHz,
CDCl3): d = 143.76, 138.79, 136.64, 132.44, 129.71, 129.31, 128.02,
127.31, 125.48, 125.16, 56.10, 51.83, 21.66, 21.06, 11.92 ppm; IR
(KBr): u = 2925, 2855, 1463 cm-1; MS (HRMS/[M + Na]+) Calcd
for C19H21NO2SNa: 350.1185, Found: 350.1194.

4-(4-Methyl-1-tosyl-2,3-dihydro-1H-pyrrol-3-yl)phenyl acetate
(2f)

Colorless oil. 1H NMR (300 MHz, CDCl3): d = 7.69–7.65 (m, 2H),
7.34 (d, J = 7.7 Hz, 2H), 6.90–6.85 (m, 2H), 6.77–6.73 (m, 2H),
6.25–6.24 (t, J = 1.6 Hz, 1H), 3.91 (t, J = 10.8 Hz, 1H), 3.77–3.71
(m, 1H), 3.34 (dd, J = 6.0, 10.8 Hz, 1H), 2.46 (s, 3H), 2.27 (s,
3H), 1.42 (t, J = 1.4 Hz, 3H) ppm; 13C NMR (75 MHz, CDCl3):
d = 169.42, 149.60, 143.90, 139.29, 132.38, 129.79, 128.36, 127.98,
125.85, 124.75, 121.71, 55.96, 51.60, 21.61, 21.14, 11.94 ppm; IR
(KBr): u = 2923, 1758, 1597, 1503 cm-1; MS (HRMS/[M + Na]+)
Calcd for C20H21NO4SNa: 394.1084, Found: 394.1080.

3-(4-tert-Butylphenyl)-4-methyl-1-tosyl-2,3-dihydro-1H-pyrrole
(2g)

White solid, m.p. 104–106 ◦C. 1H NMR (300 MHz, CDCl3): d =
7.73–7.68 (m, 2H), 7.36 (d, J = 7.9 Hz, 2H), 7.20–7.16 (m, 2H),
6.71–6.66 (m, 2H), 6.26–6.25 (m, 1H), 3.93 (t, J = 10.6 Hz, 1H),
3.76–3.70 (m, 1H), 3.38 (dd, J = 6.2, 10.7 Hz, 1H), 2.50 (s, 3H), 1.44
(t, J = 1.4 Hz, 3H), 1.29 (s, 9H) ppm; 13C NMR (75 MHz, CDCl3):
d = 149.85, 143.75, 138.66, 132.56, 129.77, 128.04, 127.05, 125.49,
125.46, 125.26, 56.05, 51.74, 34.41, 31.36, 21.66, 12.03 ppm; IR
(KBr): u = 2960, 2868, 1596, 1509 cm-1; MS (HRMS/[M + Na]+)
Calcd for C22H27NO2SNa: 392.1655, Found: 392.1666.

4-(4-Methyl-1-tosyl-2,3-dihydro-1H-pyrrol-3-yl)benzonitrile (2h)

White solid, m.p. 144–146 ◦C; 1H NMR (300 MHz, CDCl3): d =
7.65–7.69 (m, 2H), 7.43–7.47 (m, 2H), 7.35 (d, J = 7.8 Hz, 2H),
6.90–6.87 (m, 2H), 6.29–6.30 (m, 1H), 3.91 (t, J = 10.8 Hz, 1H),
3.75–3.80 (m, 1H), 3.35–3.40 (dd, J = 5.2, 10.9 Hz, 1H), 2.49 (s,
3H), 1.42 (t, J = 1.1 Hz, 3H) ppm; 13C NMR (75 MHz, CDCl3):
d = 147.32, 144.16, 132.54, 132.23, 129.87, 128.19, 127.98, 126.71,
123.75, 118.66, 111.04, 55.55, 52.09, 21.68, 11.93 ppm; IR (KBr):
u = 2924, 2882, 2223, 1601 cm-1; MS (HRMS/[M + Na]+) Calcd
for C19H18N2O2SNa: 361.0981, Found: 361.0973.

4-(4-Methyl-1-tosyl-2,5-dihydro-1H-pyrrol-3-yl)benzonitrile (3h)

White solid, m.p. 168–170 ◦C; 1H NMR (300 MHz, CDCl3): d
= 7.78–7.73 (m, 2H), 7.64–7.60 (m, 2H), 7.33 (d, J = 7.8 Hz,
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2H), 7.30–7.27 (m, 2H), 4.39–4.44 (m, 2H), 4.20–4.22 (m, 2H),
2.43 (s, 3H), 1.81 (s, 3H) ppm; 13C NMR (75 MHz, CDCl3): d
= 143.82, 138.41, 133.82, 132.81, 132.33, 129.95, 128.67, 128.07,
127.57, 118.62, 111.13, 60.07, 57.18, 21.61, 13.05 ppm; IR (KBr):
u = 2921, 2853, 2226, 1602 cm-1; MS (HRMS/[M + Na]+) Calcd
for C19H18N2O2SNa: 361.0981, Found: 361.0987.

4-Methyl-3-phenyl-1-(phenylsulfonyl)-2,3-dihydro-1H-pyrrole (2i)

White solid, m.p. 143–145 ◦C. 1H-NMR (300 MHz, CDCl3): d =
7.85–7.80 (m, 2H), 7.67–7.64 (m, 1H), 7.60–7.55 (m, 2H), 7.18–
7.15 (m, 3H), 6.76–6.72 (m, 2H), 6.28–6.27 (m, 1H), 3.97 (t, J =
10.8 Hz, 1H), 3.78–3.72 (m, 1H), 3.38 (dd, J = 6.3, 10.8 Hz, 1H),
1.43 (s, 3H) ppm; 13C NMR (75 MHz, CDCl3): d = 141.70, 135.43,
132.99, 129.16, 128.71, 128.24, 127.96, 127.37, 127.08, 125.51,
56.07, 52.20, 11.93 ppm; IR (KBr): u = 3064, 2878, 1581 cm-1; MS
(HRMS/[M + Na]+) Calcd for C17H17NO2SNa: 322.0872, Found:
322.0870.

3-(4-tert-Butylphenyl)-4-methyl-1-(phenylsulfonyl)-2,3-dihydro-
1H-pyrrole (2j)

White solid, m.p. 92–94 ◦C. 1H NMR (300 MHz, CDCl3): d =
7.85–7.81 (m, 2H), 7.68–7.64 (m, 1H), 7.60–7.57 (m, 2H), 7.20–
7.16 (m, 2H), 6.70–6.67 (m, 2H), 6.28–6.27 (m, 1H), 3.95 (t, J =
10.8 Hz, 1H), 3.77–3.71 (m, 1H), 3.38 (dd, J = 6.4, 10.8 Hz, 1H),
1.44 (t, J = 1.1 Hz, 3H), 1.28 (s, 9H) ppm; 13C NMR (75 MHz,
CDCl3): d = 149.90, 138.52, 132.98, 129.16, 127.97, 127.80, 127.03,
125.58, 125.38, 125.31, 56.10, 51.69, 34.45, 31.36, 12.04 ppm; IR
(KBr): u = 3061, 2961, 2870, 1510, 1468 cm-1; MS (HRMS/[M +
Na]+) Calcd for C21H25NO2SNa: 378.1498, Found: 378.1486.

3-(4-tert-Butylphenyl)-4-methylene-1-(phenylsulfonyl)pyrrolidine
(4j)

White solid, m.p. 115–117 ◦C. 1H NMR (300 MHz, CDCl3): d =
7.87–7.84 (m, 2H), 7.65–7.62 (m, 1H), 7.60–7.56 (m, 2H), 7.32–
7.28 (m, 2H), 7.06–7.02 (m, 2H), 5.03 (d, J = 2.0 Hz, 1H), 4.69 (d,
J = 2.2 Hz, 1H), 4.16–4.09 (m, 1H), 3.96–3.90 (m, 1H), 3.83–3.75
(m, 2H), 3.24–3.15 (m, 1H), 1.30 (s, 9H) ppm; 13C NMR (75 MHz,
CDCl3): d = 148.04, 136.39, 132.99, 129.18, 127.97, 127.87, 127.79,
127.02, 125.61, 109.23, 55.52, 52.49, 48.92, 34.44, 31.35 ppm; IR
(KBr): u = 3061, 2960, 2868, 1510, 1470 cm-1; MS (HRMS/[M +
Na]+) Calcd for C21H25NO2SNa: 378.1498, Found: 378.1503.

3-Methyl-1-tosyl-1,3a,8,8a-tetrahydroindeno[2,1-b]pyrrole (2k)

White solid, m.p. 148–150 ◦C; 1H NMR (300 MHz, CDCl3): d =
7.71–7.75 (m, 2H), 7.35 (d, J = 7.9 Hz, 2H), 7.16–7.24 (m, 4H),
6.03 (s, 1H), 4.54–4.61 (m, 1H), 4.00–4.04 (m, 1H), 3.41–3.55 (m,
2H), 2.46 (s, 3H), 1.76–1.75 (m, 3H) ppm; 13C NMR (75 MHz,
CDCl3): d = 143.76, 141.20, 140.89, 133.75, 129.84, 129.73, 127.70,
127.50, 126.73, 125.12, 124.14, 124.05, 64.28, 57.71, 41.22, 21.68,
12.28 ppm; IR (KBr): u = 2975, 2922, 1452 cm-1; MS (HRMS/[M
+ Na]+) Calcd for C19H19NO2SNa: 348.1029, Found: 348.1016.

3-Methylene-1-tosyl-1,2,3,3a,8,8a-hexahydroindeno[2,1-b]pyrrole
(4k)

White solid, m.p. 157–159 ◦C; 1H NMR (300 MHz, CDCl3): d =
7.75 (d, J = 8.2 Hz, 2H), 7.34 (d, J = 8.3 Hz, 2H), 7.20–7.24 (m,

4H), 5.12–5.14 (m, 1H), 4.95–4.97 (m, 1H), 4.41–4.44 (m, 1H),
4.04–4.07 (m, 1H), 3.92 (s, 2H), 3.52 (dd, J = 2.1, 17.4 Hz, 1H),
3.29 (dd, J = 6.3, 17.4 Hz, 1H), 2.45 (s, 3H) ppm; 13C NMR (75
MHz, CDCl3): d = 145.92, 143.66, 141.31, 134.37, 129.83, 129.78,
127.80, 127.70, 126.93, 125.15, 123.97, 107.79, 65.09, 55.25, 53.29,
40.15, 21.62 ppm; IR (KBr): u = 2914, 2857, 1666, 1595 cm-1; MS
(HRMS/[M + Na]+) Calcd for C19H19NO2SNa: 348.1029, Found:
348.1022.

Conclusions

In summary, we have reported a facile palladium-catalyzed in-
tramolecular Heck reaction of b-hydrogen-containing secondary
benzylic bromides. This system tolerated a wide scope of sub-
strates, affording excellent regioselectivities without the use of any
ligands. The reaction was proved to proceed via a benzylpalladium
intermediate with an SN2 mechanism for the oxidative addition
step, and additional mechanistic studies on this system are
currently underway.
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