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PAMAM dendrimer-palladium complex catalyzed synthesis
of five-, six- or seven membered ring lactones and lactams by

cyclocarbonylation methodology
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Abstract

Palladium complexes immobilized onto generations 0–3 PAMAM dendrimers supported on silica, in the presence of 1,4-
bis(diphenylphosphino)butane, were used as catalysts for the cyclocarbonylation of 2-allylphenols, 2-allylaniline, 2-vinylphenol and 2-
v tic system,
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inylaniline affording five-, six- or seven membered ring lactones and lactams. Good conversions were realized using the cataly
nd the catalyst was recycled 3–5 times. The influence of the spacer chain was investigated, as well as the solvent and the CO/H2 ratio, on the
electivity and the recyclability of the cyclocarbonylation reactions.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Cyclocarbonylation chemistry is widely used in organic
ynthesis and represents a useful method for the preparation
f a variety of cyclic compounds[1–4]. Transition metals and

heir complexes functioning as catalysts for carbonylation re-
ctions usually promote the introduction of a carbonyl moi-
ty into an organic molecule. Among the most interesting and
ynthetically useful carbonylation reactions is the cyclocar-
onylation of unsaturated alcohols and amines[5–7]. These

ransformations provide convenient and effective strategies
or the synthesis of lactams and lactones, which have poten-
ial applications in the area of pharmaceuticals[8,9].

In 1996, Alper and co-workers described the regioselec-
ive cyclocarbonylation of 2-allylphenol derivatives, using
alladium acetate [Pd(OAc)2] and 1,4-bis(diphenylphos-
hino)butane (dppb) as a homogenous catalytic system, for

he synthesis of five-, six- or seven-membered ring lactones.

∗ Corresponding author. Tel.: +1 613 5625189; fax: +1 613 5622871.
E-mail address:halper@uottawa.ca (H. Alper).

They found that the selectivity of the process was depen
on the solvent, and the ratio of CO/H2 [10]. This catalytic
system has been validated for the synthesis of a large
ety of molecules, such as bis-lactones and estrone deriv
[11,12].

To our knowledge, very few examples of heterogene
catalysts have been reported in the literature for this
of reaction. For example, palladium-montmorillonite is
effective catalyst for the cyclocarbonylation reactions o
lylphenols, affording seven membered ring lactones a
principal products[13]. Palladium on activated carbon (Pd
has also been used as a heterogeneous system for th
reaction, and it has been observed that the regioselec
differs in some cases from the homogeneous system an
pends on the reaction conditions, CO/H2, and the solven
[14].

The use of metallo-dendrimers having a metal inco
rated at the core or on the surface of the dendrimer, has
potential in catalytic processes[15–23]. Such dendritic ca
alysts are considered as the interface between homoge
and heterogeneous catalysis[24]. In addition, they can als
381-1169/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2004.10.024
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be separated easily from the resulting reaction product mix-
tures by simple filtration[25] thus allowing the catalyst to be
re-used. Using PAMAM-(polyaminoamido) dendrimers sup-
ported on silica, with their globular shape, make them more
suitable for recycling than other soluble polymer-supported
catalysts. They can be easily removed from the reaction mix-
ture by membrane or nanofiltration techniques because of
their large size compared to the products.

Several groups have prepared systems that are func-
tionalized with phosphine ligands at the periphery of the
dendrimers. Reetz et al.[26] used commercially available
DAB-dendr(NH2)2 dendrimer as a source of dendrimer-
N(CH2PPh2)2 groups. The latter function acts as bidentate
ligands when complexed with Pd(tmeda)Me2. The dendrimer
catalyst has been used for the coupling of bromobenzene
and styrene to form stilbene[26]. The same reaction has
also been investigated using several palladium dendrimer
catalysts with a PAMAM backbone supported on silica
gel [27,28].

The hydroformylation of styrene was realized using a
bis-diphenylphosphine terminated PAMAM-dendrimer sup-
ported on SiO2, complexed to Rh[(CO)2Cl]2 [29,30]. A solid
phase and biomimetic approach to obtain dendrimer ligands
attached onto polystyrene beads was also described[31]. The
rhodium complexes of these dendrimers were excellent cat-
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3. Results and discussion

3.1. Preparation of PAMAM-SiO2 dendrimers

Commercial aminopropylsilica gel with aminopropyl
groups (0.9 mmol/g± 0.1) was used to prepare generations
0–3 of polyaminoamido (PAMAM) dendrimers (Fig. 1), fol-
lowing a literature procedure[29].

3.2. Preparation of phosphonated PAMAM-SiO2
dendrimers

Phosphonation of PAMAM-SiO2 dendrimers was
achieved with diphenylphosphinomethanol, prepared in situ
from paraformaldehyde and diphenylphosphine, and resulted
in the double phosphinomethylation of each terminal amine
group. The detailed preparation was described before[29]
and based on the procedure by Reetz et al.[26]. The resulting
phosphonylated dendrimers were characterized by31P solid
state NMR spectra. For example, in the31P NMR spectrum
of generation G0 there is a sharp signal atδ =−27.4 ppm
due to the metal free dendrimers. The31P solid state NMR
spectra for the various generations compared well with the
published value of (δ =−28.0 ppm) for the homogeneous
polyaminophosphonated dendrimer[26,29].
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lysts for the hydroformylation of several olefins. These
antages prompted us to investigate the possibility of u
palladium dendrimer catalyst for the cyclocarbonyla

eactions.
Herein, we report cyclocarbonylation reactions using

lytic quantities of palladium complexes immobilized o
ilica in the presence of dppb.

. Experimental

.1. General experimental procedure for the
yclocarbonylation of allylphenols

To a 50 ml stainless steel autoclave, equipped wi
lass liner and a magnetic stirring bar, were charge

ylphenol (1 mmol), toluene (5 ml), dppb (0.04 mmol) a
5 mg of the Pd-dendritic catalyst. The autoclave was flu
everal times with CO, then pressurized with 500 ps
O and 100 of H2 (Ptotal = 600 psi). The reaction mixtu
as heated in an oil bath to 120◦C for 48 h. After cool

ng, the reaction mixture was filtered and washed
oluene. The solvent was evaporated under vacuum. Th
ones and lactams were separated, purified by using pr
tive TLC, with hexane and ethyl acetate as eluants,
haracterized by1H NMR spectroscopy. Conversions a
egioselectivities were determined by GC and1H NMR
pectroscopy.

The following lactones and lactams are known compo
nd have spectral data in according to the literature data[10]:
a, 2b, 2c, 2d, 2e, 3a, 3b, 3c, 3d, 3e, 4a, 4b, 4c, and4d.
.3. Complexation of the phosphino-PAMAM dendrime
upported on SiO2 with Pd

The phosphonated dendrimers were complexed to P
ng Pd(PhCN)2Cl2 according to literature procedures[32,33].
he palladium complex is coordinated to the dendrime
ilica by simply stirring the phosphonylated dendrimers w
ne equivalent of dichlorobis(benzonitrile)palladium(II)
egassed toluene. The resulting complexed dendrimer
ig. 1) were characterized by31P solid state NMR—e.g. th
0 dendrimer complex gave a sharp signal atδ = +11.2 ppm

compared quite well with the published value of +8.3 p
26] (Table 1).

The palladium content of the various generations was
ured by ICP. The results are summarized inTable 2. We ob-
erved that the degree of complexation increases signific
ith dendrimer for G0, and G1-C2, and decreases for G
nd G3-C2. These findings are believed to be due to in
lete phosphonation reactions arising from steric crow
nd ultimately resulting in the threshold of dendrimer gro
eing reached[29,34].

.4. Catalytic cyclocarbonylation reaction of
nsaturated alcohols and amines with
AMAM-dendrimer-Pd complexes

The catalytic activity of the palladium-complexed PP2-
AMAM-SiO2 dendrimers (generations 0–3) was inve
ated for the cyclocarbonylation reaction of 2-allylphen
a–1c, 2-allylaniline1d, 2-vinylaniline1eand 2-vinylpheno
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Fig. 1. G0 to G3-C2 Pd dendrimers.
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Table 1
31P solid state NMR and the phosphorus content of the various generations

Generation 31P solid state NMRδ (ppm) mmol PPh2/g SiO2
a

G0-C2 −27.4 0.332
G1-C2 −27.1 0.338
G2-C2 −26.6 0.343
G3-C2 −26.1 0.292

a Determined by31P solid state NMR of the mixture of dendrimer and
internal standard (PhCH3P+Br−).

1′a (Scheme 1andScheme 2) and the results are summarized
in Tables 3–10. Treatment of 1 mmol of a substrate with a 5:1
mixture of carbon monoxide and hydrogen (600 psi total pres-
sure), at 120◦C for 48 h, with Pd-complexed-PPh2-PAMAM-
SiO2 dendrimers (25 mg), in the presence of 0.04 mmol of
dppb, affords the corresponding lactones and lactams2–4
(Scheme 1, 2). The product ratio was determined by1H NMR
and by GC analysis.

Different generations of Pd-dendrimer complexes were
inactive catalysts for the cyclocarbonylation reaction in the
absence of dppb, and starting material was recovered. The
key to success of this reaction is the presence of dppb, and
this is likely due to the ability of dppb to coordinate to palla-
dium through one or two phosphorus atoms. In the dppb com-
plexes the phenyl groups can bend away from the remaining
two coordination sites[10,35,36]. Flexible backbones also
impose low-energy barriers for the variation of the P–Pd–P
angle and Pd–P distances. Moreover, theoretical calculations
[37–43]indicate that such flexibility may enhance migration
reactions.

For the homogenous catalytic system, other bidentate
phosphine ligands such as 1,2-bis(diphenylphosphino)ethane
(dppe) and 1,3-bis(diphenylphosphino)propane (dppp), or
monodentate phosphine ligands such as triphenylphosphine
and tricyclohexylphosphine, have been used for this reaction,
b -
c ium
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a
9
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mixture of CO/H2 afforded the five-membered ring lactone as
the major product (e.g., 74%1b) (entry 13,Table 3). In con-
trast, using either dichloromethane or toluene and a 5/1 mix-
ture of CO/H2 in reaction with1d gave the seven-membered
ring lactam in only 56% selectivity (entry 21,Table 3). But
when a 1/2 mixture of CO/H2 was used for the reaction with
1d, there was 45% conversion with 50% selectivity for the
six-membered ring lactam (entry 24,Table 3).

When generation G1-C2 was used as the catalyst for the
cyclocarbonylation of 2-allylphenols and 2-allylaniline, we
achieved 86% selectivity for the seven-membered ring lac-
tone4b, in toluene and with a 5/1 mixture of CO/H2 (entry
7, Table 4). Using dichloromethane, with a 1/5 mixture of
CO/H2, afforded 76% selectivity for the five-membered ring
lactone2c (entry 16,Table 4). In the case of 2-allylaniline,
there was 60% selectivity for the seven-membered ring lac-
tam 4d (entry 19,Table 4). The six-membered ring lactam
was observed as the major product using a 1/2 mixture of
CO/H2 in dichloromethane and G1-C2/dppb as the catalyst
system (entry 22,Table 4).

We then evaluated the G2-C2 Pd-dendrimer complex as
the catalyst, using a 5/1 mixture of CO/H2 and toluene in
the presence of G2-C2 and dppb, the seven-membered ring
lactone,4c, was obtained in 91% regioselectivity (Table 5,
entries 1–3), accompanied by 7–10% of an isomerization
p res-
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G 5.47
G 8.75
G 5.46
G 2.11
ut dppb was found to be the most effective[10], perhaps be
ause CO insertion into a Pd–C bond is faster for pallad
ppb complexes[44,45].

Using generation G0 for the cyclocarbonylation of
llylphenols1a–1c, and 2-allylaniline1d afforded2–4 in
0–100% conversions (70–85% yields) (Table 3). We ob-
erved that the cyclocarbonylation could be recycled
imes. These reactions were highly solvent dependent. W
oluene was used as the solvent the seven-membere
actone was the major product with, for example, 95%
ioselectivity for compound1busing a 5/1 mixture of CO/H2
entry 5,Table 3). However, using dichloromethane and a

able 2
1P solid state NMR and Pd content of the complexed dendrimers

eneration 31P solid state NMRδ (ppm)

0-C2 11.2
1-C2 14.5
2-C2 18.8
3-C2 20.7
a Determined by inductively coupled plasma (ICP).
roduct. Using dichloromethane as the solvent in the p
nce of G2-C2 and dppb, gave the five-membered ring

one as the major product (Table 5, entries 4-6). As shown
able 5, in the case of the cyclocarbonylation of allylanil

n dichloromethane with a 5/1 mixture of CO/H2, using the
2-C2/dppb as catalyst system, gave the seven-mem

ing lactams in reasonably good selectivity (entries 11
able 5).

The next higher generation complex G3-C2, afforded
even-membered ring products4a–4c by reaction of1a–1c
entries 1, 5 and 8,Table 6) in toluene with a 5/1 mixtur
f CO/H2 accompanied by 7-30% of an isomerization pr
ct (entries 3–4, 8–10 and 13–14,Table 6). Modest selec

ivity was observed for the seven membered ring lactam1d,
hen dichloromethane was employed as the solvent, an
2/dppb as the catalytic system, with different ratios of
on monoxide and hydrogen (entries 15–17,Table 6). The
esults contrast with G2-C2, but are in accord with G0
1-C2 dendrimers.
The cyclocarbonylation reactions of other substrates,

s 2-vinylaniline1eand 2-vinyphenol1′a, were also invest
ated (Scheme 2). When equal amounts of carbon monox

entage Pda g Pd/g SiO2 �mol Pd/25 mg

0.0547 12.85
0.0875 20.55
0.0546 12.82
0.0211 4.95
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Scheme 1.

Scheme 2.

Table 3
Cyclocarbonylation of 2-allylphenols and 2-allylaniline by G0/dppb/CO/H2

a

Entry Cycle Sub. Solvent PCO (psi) PH2 (psi) Conversion (%) Product distribution (%)

2 3 4

1 1 1a Toluene 500 100 100 (85)b 10 12 78
2 2 1a Toluene 500 100 98 (74)b 9 15 76
3 3 1a Toluene 500 100 94 6 18 76
4 4 1a Toluene 500 100 94 3 10 87
5 1 1b Toluene 500 100 100 2 3 95
6 2 1b Toluene 500 100 98 4 6 90
7 3 1b Toluene 500 100 94 6 7 87
8 1 1c Toluene 500 100 98 (78)b 18 20 62
9 2 1c Toluene 500 100 95 8 11 81

10 3 1c Toluene 500 100 Traces – – –
11 1 1a CH2Cl2 500 100 100 (83)b 62 30 8
12 1 1b CH2Cl2 500 100 100 51 24 25
13 1 1b CH2Cl2 100 500 100 74 26 0
14 2 1b CH2Cl2 200 400 75 (20)c 52 34 14
15 3 1b CH2Cl2 300 300 50 (10)c 35 60 5
16 1 1c CH2Cl2 500 100 94 52 36 12
17 1 1a Toluene 100 500 100 33 26 41
18 2 1a Toluene 200 400 100 28 41 31
19 3 1a Toluene 300 300 97 16 36 48
20 4 1a Toluene 400 200 60 0 12 88
21 1 1d CH2Cl2 500 100 97 (70)b 11 33 56
22 2 1d CH2Cl2 400 200 96 16 30 54
23 3 1d CH2Cl2 300 300 61 10 44 46
24 4 1d CH2Cl2 200 400 45 15 50 35
25 1 1d Toluene 500 100 93 4 24 72

a Reaction conditions: catalyst (25 mg); dppb (0.04 mmol); substrate (1.0 mmol); solvent (5 mL), reaction time (48 h), temperature (120◦C).
b Isolated yield.
c Isomerization product. The ratio of 2:3:4 was determined by GC and1H NMR spectroscopy.
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Table 4
Cyclocarbonylation of 2-allylphenols and 2-allylaniline by G1-C2/dppb/CO/H2

a

Entry Cycle Sub. Solvent PCO (psi) PH2 (psi) Conversion (%) Product distribution (%)

2 3 4

1 1 1a Toluene 500 100 100 14 12 74
2 2 1a Toluene 500 100 98 (75)c 17 16 67
3 3 1a Toluene 500 100 96 20 16 64
4 4 1a Toluene 500 100 Traces –
5 1 1b Toluene 500 100 100 (80)c 3 18 79
6 2 1b Toluene 500 100 97 1 14 85
7 3 1b Toluene 500 100 75 0 14 86
8 4 1b Toluene 500 100 Traces –
9 1 1a CH2Cl2 500 100 100 44 34 22

10 2 1a CH2Cl2 100 500 100 62 35 3
11 3 1a CH2Cl2 200 400 46 (5)b 20 58 22
12 1 1b CH2Cl2 500 100 100 40 51 9
13 2 1b CH2Cl2 100 500 91 (7)b (63)c 73 27 0
14 3 1b CH2Cl2 200 400 Traces –
15 1 1c CH2Cl2 500 100 94 (6)b 44 40 16
16 2 1c CH2Cl2 100 500 90 (10)b 76 24 0
17 3 1c CH2Cl2 200 400 40 (10)b 9 90 1
18 1 1b Toluene 500 100 Traces –
19 1 1d CH2Cl2 500 100 95 10 30 60
20 2 1d CH2Cl2 400 200 99 13 31 56
21 3 1d CH2Cl2 300 300 99 15 31 56
22 4 1d CH2Cl2 200 400 55 18 47 35
23 1 1d Toluene 500 100 98 2 31 67

a Reaction conditions: catalyst (25 mg); dppb (0.04 mmol); substrate (1.0 mmol); solvent (5 mL), reaction time (48 h), temperature (120◦C). The ratio of
2:3:4 was determined by GC and1H NMR spectroscopy.

b Isomerization product.
c Isolated yield.

and hydrogen were used, together with dichloromethane as
the solvent and various generations of dendrimer Pd com-
plexes (G0, G1-C2 and G2-C2) as the catalysts, in the pres-
ence of dppb, the six-membered ring lactam was obtained as
the principal product (entry 3,Table 7; entry 8Tables 8 and 9).
In contrast, using G3-C2/dppb as the catalyst, under the same

reaction conditions, gave the five-membered ring lactam as
the major compound (entry 8,Table 10).

Reaction of vinylphenol1′a with the G0/dppb catalyst
in dichloromethane, and with different ratios of CO/H2, af-
forded the five-membered ring lactone2a in 70–98% conver-
sion (entries 6–9,Table 7). Using a 5/1 mixture of CO/H2 and

Table 5
Cyclocarbonylation of 2-allylphenols and 2-allylaniline by G2-C2/dppb/CO/H2

a

Entry Cycle Sub. Solvent PCO (psi) PH2 (psi) Conversion (%) Product distribution (%)

2 3 4

1 1 1c Toluene 500 100 90 (8)b 0 9 91
2 2 1c Toluene 500 100 40 (7)b 0 10 90
3 3 1c Toluene 500 100 20 (10)b 0 8 92
4 1 1c CH2Cl2 500 100 95 (5)b (80)c 16 24 60
5 1 1b CH2Cl2 500 100 90 3 18 79
6 1 1a CH2Cl2 500 100 91 3 18 79
7 1 1a Toluene 500 100 96 1 9 90
8 2 1a Toluene 500 100 50 0 8 92
9 3 1a Toluene 500 100 Traces –

10 1 1b Toluene 500 100 100 0 7 93
11 1 1d CH2Cl2 500 100 97 0 7 93
12 2 1d CH2Cl2 400 200 98 0 7 93
13 3 1d CH2Cl2 300 300 80 0 7 93
14 1 1d Toluene 500 100 70 7 26 67

a Reaction conditions: catalyst (25 mg); dppb (0.04 mmol); substrate (1.0 mmol); solvent (5 mL), reaction time (48 h), temperature (120◦C). The ratio of
2:3:4 was determined by GC and1H NMR spectroscopy.
b Isomerization product.
c Isolated yield.
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Table 6
Cyclocarbonylation of 2-allylphenols and 2-allylaniline by G3-C2/dppb/CO/H2

a

Entry Cycle Sub. Solvent PCO (psi) PH2 (psi) Conversion (%) Product distribution (%)

2 3 4

1 1 1a Toluene 500 100 90 2 10 88
2 2 1a CH2Cl2 500 100 95 48 31 21
3 3 1a CH2Cl2 400 200 60 (21)b 9 29 62
4 4 1a CH2Cl2 300 300 30 (30)b 0 39 61
5 1 1b Toluene 500 100 97 2 10 85
6 2 1b Toluene 500 100 65 0 8 92
7 3 1b Toluene 500 100 Traces –
8 1 1c Toluene 500 100 90 (9)b 5 10 85
9 2 1c Toluene 500 100 87 (10)b 3 9 88

10 3 1c Toluene 500 100 53 (20)b 2 12 86
11 4 1c Toluene 500 100 Traces –
12 1 1b CH2Cl2 500 100 100 37 36 27
13 1 1a CH2Cl2 500 100 90 (10)b 25 42 33
14 1 1c CH2Cl2 500 100 90 (7)b 37 36 27
15 1 1d CH2Cl2 500 100 96 13 28 59
16 2 1d CH2Cl2 400 200 98 15 34 51
17 3 1d CH2Cl2 300 300 95 10 32 58
18 1 1d Toluene 500 100 55 5 30 65

a Reaction conditions: catalyst (50 mg); dppb (0.04 mmol); substrate (1.0 mmol); reaction time (48 h); solvent (5 mL). The ratio of 2:3:4 was determinedby
GC and1H NMR spectroscopy.

b Isomerization product.

Table 7
Cyclocarbonylation of 2-vinylaniline and 2-vinylphenol by G0/dppb/CO/H2

a

Entry Cycle Sub. Solvent PCO (psi) PH2 (psi) Conversion (%) Product distribution (%)

2 3

1 1 1e CH2Cl2 500 100 40 3 97
2 2 1e CH2Cl2 400 200 85 2 98
3 3 1e CH2Cl2 300 300 97 2 98
4 4 1e CH2Cl2 200 400 96 4 96
5 5 1e CH2Cl2 100 500 95 20 80
6 1 1′a CH2Cl2 500 100 97 84 16
7 2 1′a CH2Cl2 400 200 98 86 14
8 3 1′a CH2Cl2 300 300 90 90 10
9 4 1′a CH2Cl2 200 400 70 97 3

10 1 1′a Toluene 500 100 45 0 100
11 1 1e Toluene 500 100 99 84 16

a Reaction conditions: catalyst (25 mg); dppb (0.04 mmol); substrate (1.0 mmol); solvent (5 mL), reaction time (48 h), temperature (120◦C). The ratio of 2:3
was determined by GC and1H NMR spectroscopy.

Table 8
Cyclocarbonylation of 2-vinylaniline and 2-vinylphenol by G1-C2/dppb/CO/H2

a

Entry Cycle Sub. Solvent PCO (psi) PH2 (psi) Conversion (%) Product distribution (%)

2 3

1 1 1′a CH2Cl2 500 100 96 87 13
2 2 1′a CH2Cl2 500 100 90 78 22
3 3 1′a CH2Cl2 500 100 86 74 26
4 4 1′a CH2Cl2 500 100 52 69 31
5 5 1′a CH2Cl2 500 100 20 61 39
6 1 1e CH2Cl2 500 100 85 15 85
7 2 1e CH2Cl2 400 200 90 2 98
8 3 1e CH2Cl2 300 300 70 2 98
9 4 1e CH2Cl2 200 400 Traces – –

10 1 1e Toluene 500 100 35 10 90
a Reaction conditions: catalyst (25 mg); dppb (0.04 mmol); substrate (1.0 mmol); solvent (5 mL), reaction time (48 h), temperature (120◦C). The ratio of 2:3

was determined by GC and1H NMR spectroscopy.
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Table 9
Cyclocarbonylation of 2-vinylaniline and 2-vinylphenol by G2-C2/dppb/CO/H2

a

Entry Cycle Sub. Solvent PCO (psi) PH2 (psi) Conversion (%) Product distribution (%)

2 3

1 1 1′a CH2Cl2 500 100 100 88 12
2 2 1′a CH2Cl2 500 100 100 90 10
3 3 1′a CH2Cl2 500 100 90 80 20
4 4 1′a CH2Cl2 500 100 85 75 25
5 5 1′a CH2Cl2 500 100 40 71 29
6 1 1e CH2Cl2 500 100 66 6 94
7 2 1e CH2Cl2 400 200 73 2 98
8 3 1e CH2Cl2 300 300 91 2 98
9 1 1e Toluene 500 100 30 5 95

a Reaction conditions: catalyst (25 mg); dppb (0.04 mmol); substrate (1.0 mmol); solvent (5 mL),reaction time (48 h), temperature (120◦C). The ratio of 2:3
was determined by GC and1H NMR spectroscopy.

G0/dppb in toluene, afforded the five-membered ring lactam
2e in 84% yield (entry 11,Table 7).

When the reaction was conducted with a 1/1 mixture
of CO/H2, in dichloromethane, and G0-C2/dppb, the six-
membered ring lactam was formed in 97% yield (entry 3;
Table 7). However, use of1′a, as the reactant under the same
conditions gave the five-membered ring lactone (1′a) as the
principal product.

The six-membered ring lactone was obtained as the sole
product (3a) in 45% yield, when 5/1: CO/H2 was used in
toluene (entry 10,Table 7). In contrast, treatment of1e in
toluene with a 5/1 mixture of carbon monoxide and hydrogen
in the presence of G0/dppb as the catalytic system, resulted
in 99% conversion to the five-membered ring lactam2e in
84% selectivity (entry 11;Table 7).

Use of G1-C2/dppb as the catalytic system for the cyclo-
carbonylation of 2-vinylaniline (1e) and 2-vinylphenol (1′a),
resulted in better conversions and good selectivities (Table 8).
For example, use of a 2/1 or 1/1 mixture of carbon monoxide
and hydrogen in dichloromethane, gave the six-membered
ring lactam3e in 98% selectivity (entries 7 and 8,Table 8).
The conversion decreases when using a 5/1 mixture of CO/H2
in toluene, with G1-C2 in the presence of dppb (entry 10,

Table 8). Use of1′a as the reactant in dichloromethane, with
G1-C2 in the presence of dppb, and a 5/1 mixture of carbon
monoxide and hydrogen, afforded2a in 87% selectivity (en-
try 1, Table 8). Treatment of1e in dichloromethane with a
5/1 mixture of carbon monoxide and hydrogen, and using the
G2-C2 dendrimer complex and dppb resulted in 66% conver-
sion, with 94% selectivity for the six-membered ring lactam
3e(Table 9, entry 6).

Good conversion, with 98% selectivity, resulted for the
cyclocarbonylation of1e with a 1/1 mixture of CO/H2
in dichloromethane, and G1-C2/dppb as catalytic system
(Table 9, entry 8). The regioselectivity for the five-membered
ring lactone was 95–90% when1′a was used as the reactant
in dichloromethane (Table 9, entries 1–4).

The selectivity observed for the six membered ring lac-
tone and lactam was comparable to that using the generation
G3-C2 in the presence of dppb, for the cyclocarbonylation of
2-vinylaniline1eand 2-vinylphenol1′awith the use of previ-
ous generations G0 to G2-C2 (Table 10). For example,1ecan
be carbonylated in dichloromethane using a 5/1 mixture of
carbon monoxide and hydrogen to form the five-membered
ring lactam as the dominant product (Table 10, entry 6).
Use of a 2/1 mixture of CO/H2 in dichloromethane with

T
C b/CO/H2

a

E PH

1 10
2 10
3 10
4 10
5 10
6 10
7 20
8 30
9 40

e (1.0 m
w

able 10
yclocarbonylation of 2-vinylaniline and 2-vinylphenol by G3-C2/dpp

ntry Cycle Sub. Solvent PCO (psi)

1 1′a CH2Cl2 500
2 1′a CH2Cl2 500
3 1′a CH2Cl2 500
4 1′a CH2Cl2 500
5 1′a CH2Cl2 500
1 1e CH2Cl2 500
2 1e CH2Cl2 400
3 1e CH2Cl2 300
4 1e CH2Cl2 200

a Reaction conditions: catalyst (50 mg); dppb (0.04 mmol); substrat
as determined by GC and1H NMR spectroscopy.
2 (psi) Conversion (%) Product distribution (%)
2 3

0 100 93 7
0 98 86 14
0 60 75 25
0 47 77 23
0 20 80 20
0 60 2 98
0 85 56 44
0 65 95 5
0 35 95 5

mol); solvent (5 mL), reaction time (48 h), temperature (120◦C). The ratio of 2:3
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G3-C2/dppb as the catalytic system gave 85% conversion,
with reduced regioselectivity (56%) for the five-membered
ring lactam (Table 10, entry 7). When1′a was used as the
reactant in dichloromethane, with 5/1 mixture of carbon
monoxide and hydrogen, good regioselectivity resulted for
the five-membered ring lactone2a, (Table 10, entries 1, 2).

3.5. Influence of the space length

In order to determine the effect of the length of the spacer
group on the activity and recyclablity of the dendrimer
palladium complex for the cyclocarbonylation reaction, third
generation G3-C6 palladium-complexed PPh2-PAMAM-
Fig. 2. The proposed structure of the 3r
d generation C6-PPh2-PAMAM-SiO2.
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Table 11
Cyclocarbonylation of 2-allylphenols by G3-C6/dppb/CO/H2

a

Entry Cycle Sub. Solvent PCO (psi) PH2 (psi) Conversion (%) Product distribution (%)

2 3 4

1 1 1c Toluene 500 100 94 (5)b 10 9 81
2 2 1c Toluene 500 100 95 (5)b 7 10 83
3 3 1c Toluene 500 100 95 (5)b 7 14 79
4 4 1c Toluene 500 100 97 (3)b 8 21 71
5 5 1c Toluene 500 100 96 (3)b 3 13 84
6 6 1c Toluene 500 100 90 (10)b 5 20 75
7 7 1c Toluene 500 100 90 (8)b 1 15 84
8 1 1c CH2Cl2 500 100 94 (6)b 42 44 14
9 1 1a Toluene 500 100 100 8 12 80

10 2 1a Toluene 500 100 99 22 25 53
11 3 1a Toluene 500 100 99 10 15 75
12 4 1a Toluene 500 100 98 2 10 88
13 5 1a Toluene 500 100 71 2 7 91
14 6 1a Toluene 500 100 57 2 6 92
15 7 1a Toluene 500 100 35 2 5 93

a Reaction conditions: catalyst (25 mg); dppb (0.04 mmol); substrate (1.0 mmol); solvent (5 mL), reaction time (48 h), temperature (120◦C).
b Isomerization product. The ratio of 2:3:4 was determined by GC and1H NMR spectroscopy.

Table 12
Cyclocarbonylation of 2-vinylaniline and 2-vinylphenol by G3-C6/dppb/CO/H2

a

Entry Cycle Sub. Solvent PCO (psi) PH2 (psi) Conversion (%) Product distribution (%)

2 3

1 1 1e CH2Cl2 500 100 40 3 97
2 2 1e CH2Cl2 400 200 85 2 98
3 3 1e CH2Cl2 300 300 97 2 98
4 4 1e CH2Cl2 200 400 96 4 96
5 5 1e CH2Cl2 100 500 95 20 80
6 1 1′a CH2Cl2 500 100 97 84 16
7 2 1′a CH2Cl2 400 200 98 86 14
8 3 1′a CH2Cl2 300 300 90 90 10
9 4 1′a CH2Cl2 200 400 70 97 3

10 1 1′a Toluene 500 100 45 0 100
11 1 1e Toluene 500 100 99 84 16

a Reaction conditions: catalyst (25 mg); dppb (0.04 mmol); substrate (1.0 mmol); solvent (5 mL), reaction time (48 h), temperature (120◦C). The ratio of 2:3
was determined by GC and1H NMR spectroscopy.

SiO2 dendrimers were prepared according to the literature
(seeFig. 2) [46]. The ethylenediamine linker was substituted
by 1,6-diaminohexane. The resulting complexed dendrimer
was characterized by31P solid state NMR (complexed
δ = + 26.9 ppm, uncomplexedδ =−28.7 ppm), and the ICP
analysis shows 5.49% palladium.

High conversions (90–97%) occurred when generation
G3-C6/dppb was employed for the cyclocarbonylation of 2-
allylphenol at 600 psi pressure (CO/H2 = 5/1) and 120◦C for
48 h. Furthermore,1aand1c, could be recycled up two times
(Table 11). Using toluene as the solvent and a 5/1 mixture
of CO/H2 gave the seven-membered ring lactone,4c, in 84%
selectivity (entries 5 and 7,Table 11). Dichloromethane gave
94% conversion but poor selectivity (entry 8,Table 11).

We found that the use of generation G3-C6 as the
catalyst for the cyclocarbonylation of 2-vinylaniline1eand
2-vinylphenol 1′a, in toluene or dichloromethane, gave
selectivities comparable to those of the previous generations
with the C2 spacer group (Scheme 2; Table 12). No cyclocar-

bonylation reaction has been observed without any additional
dppb.

4. Conclusion

We can conclude that generations 0–3 of complexes with
either a C2 or C6 linker, in the presence of dppb, catalyze
the cyclocarbonylation of 2-allylphenols, 2-allylaniline,
2-vinylaniline and 2-vinylphenol, affording lactones and
lactams often in good yields and selectivities. The regiose-
lectivity obtained for the cyclocarbonylation reactions using
different generations of Pd-PPh2-PAMAM-SiO2 dendrimer
as a heterogeneous catalytic system is, in some cases differ-
ent and superior to the homogeneous system and depends
on the reaction conditions (CO/H2 ratio and solvent). The
heterogeneous system also has the advantages of easy
separation and re-use of the catalyst (recycling three to seven
times).
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