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A Rh phosphine complex was encapsulated within the sur-
face alkylated poly(propylene imine) dendrimers through ionic
interactions. The resulting dendrimer complexes functioned as
nanoreactors for hydroformylation of olefins. The congested
surface of dendrimers with long alkyl chains favored hydrofor-
mylation of higher olefins. One-pot three reactions composed
of hydroformylation, the Knoevenagel reaction, and hydrogena-
tion proceeded within the dendritic nanoreactor.

Immobilization of catalycally active species within dendri-
mers has been a recent research focus because the dendrimers af-
ford a specific nanoenvironment in which active species can re-
side to confer unique catalysis.1,2 Characteristic of dendrimers is
the host–guest chemistry within the internal cavities of the den-
drimers.3 When active species are introduced to the interior
spaces, it is possible to construct nanoreactors.4 Recently, we
have reported on a dendrimer-encapsulated Pd complex catalyst
which is bound within the dendrimer cavity through ionic bonds,
and have shown that the encapsulated complex acts as a unique
nanoreactor for the Heck reactions and allylic aminations.4b

Here, we report the encapsulation of a Rh(I) complex within
the poly(propylene imine) (PPI) dendrimer and describe applica-
tion of the dendritic nanoreactor to hydroformylation and one-
pot three reactions.

Peripheral amino groups on the third generation of the PPI
dendrimer were modified with decanoyl chloride or palmitoyl
chloride to give the alkylated dendrimers 1a and 1b, respectively
(Figure 1).5 4-Diphenylphosphinobenzoic acid (2) was used as
the phosphine ligand to fix the Rh complex inside the dendrimer
through ionic bonds between the carboxyl group and internal
amino groups of the PPI dendrimers.4b,6

1HNMR spectra (CDCl3, 30
�C) of 1a with 2 showed a

downfield shift of the �-methylene protons of the tertiary amino
groups from 2.29 to 2.40 ppm, which can be explained as proton-
ation of the amino groups of the dendrimer 1a by 2.4b Encapsu-
lation of the Rh(I) complex was achieved by treatment of
[RhCl(cod)]2 with 1a and 2 (Figure 1). The �-methylene proton
signal of the tertiary amino group of 1a remained at about
2.40 ppm even after complexation. In the case of P/Rh ¼ 1, a
characteristic doublet signal at 31.6 ppm (JRh-P ¼ 150Hz) ap-

peared in the 31P{1H}NMR spectrum (CDCl3, 30
�C). With

increasing the P/Rh ratio, the doublet signal broadened and a
broad resonance at �4 ppm due to metal-free ligand 2 was also
observed, which implies the fast exchange of phosphine ligands
within the dendrimer.7 It is considered that the Rh complex is
encapsulated through ionic bonds between the carboxyl group
of 2 and amino groups within the dendrimer.

The catalytic performance of the Rh complex encapsulated
within the dendrimer 1a was examined in the hydroformylation
of styrene.8,9 The reaction proceeded smoothly to give the corre-
sponding aldehydes in high yield (B/L ¼ 88=12) without hydro-
genation of styrene (Table 1). Reaction rate was strongly influ-
enced by the molar ratio of ligand 2 to Rh; high catalytic activity
was observed for P/Rh ¼ 3 and 4 (Entries 3 and 4). Regioselec-
tivity was not affected for the molar ratio of P/Rh from 1 to 6
(Entries 1–6), giving ca 88:12 for branched to linear aldehyde.
The reaction hardly occurred in the absence of the dendrimer un-
der the same conditions (Entry 7); however, addition of triethyl-
amine dramatically increased the catalytic activity (Entry 8). Use
of PPh3 instead of 2 did not give any products (Entry 9). Encap-
sulation of the Rh complex is essential for high catalytic activity
and the internal amino groups accelerate the formation of active
Rh hydride species.10 In this way, the alkylated dendrimers pro-
vide a concentrated nanoenvironment around the active Rh spe-
cies as compared to the homogeneous reaction using triethyl-
amine.

As shown in Table 2, the dendritic nanoreactor could be ap-
plied to linear olefins. For 1-octene using 1a and 1b, the corre-
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Figure 1. Synthesis of dendrimer-encapsulated Rh(I) complex.

Table 1. Hydroformylation of styrene using dendrimer-encap-
sulated Rh catalystsa

Ph
dendrimer Rh complex

H2+ CO (10 atm), 60 oC
Ph

CHO

Branched (B) Linear (L)

Ph
CHO+

Entry Ligand P/Rhb Conv./%c Select./%c

(B:L)

1 1a+2 1 20 87:13
2 1a+2 2 68 88:12
3 1a+2 3 90 86:14
4 1a+2 4 91 88:12
5 1a+2 5 80 88:12
6 1a+2 6 77 89:11
7 2 3 trace —
8d NEt3+2 3 65 91:9
9 PPh3 3 trace —

10d NEt3+PPh3 3 19 94:6
aReaction conditions: styrene 1mmol, [RhCl(cod)]2 0.0025
mmol, 1a 0.005mmol, THF 2mL, CO 5 atm, H2 5 atm, 1 h.
bAccording to the P/Rh ratio, amount of phosphine ligand
was varied. cDetermined by GC. dNEt3 0.070mmol.
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sponding aldehydes were formed as main products (B/L ¼
25=75) in high yield with traces of isomerization products
(Entries 1 and 2). On the other hand, for the higher olefins of
1-decene and 1-octadecene, the dendritic nanoreactor using 1b
showed higher catalytic activity than 1a (Entries 5, 6, 9, and
10). The above phenomenon was not observed when using tri-
ethylamine instead of the dendrimers (Entries 4, 8, and 12). Re-
gioselectivity of the products was almost constant among dendri-
mers 1a, 1b and NEt3. Intermolecular competitive hydroformy-
lations between 1-octene and 1-octadecene were carried out with
the dendrimers 1a and 1b at 40 �C. Notably, the relative reaction
rate of 1-octene over 1-octadecene increased by a factor of 1.9
using dendrimer 1b. The congested surface alkyl groups on the
dendrimer 1b might have stronger affinity for 1-octadecene than
1-octene giving preferential penetration of 1-octadecene into the
dendrimer.

The internal amino groups within the dendrimer acted as a
base catalyst for the Knovenagel condensation. For example,
the reaction between benzaldehyde and ethyl cyanoacetate using
dendrimer 1 afforded (E)-ethyl 2-cyanocinnamate in 99% yield.
The combined action of the active Rh species and the base sites
of the dendritic catalyst could be applied to a one-pot synthesis
(Scheme 1). Treatment of styrene and methyl cyanoacetate
under the hydroformylation conditions afforded directly ethyl
2-cyano-4-phenylpentanoate, a valuable intermediate of glutari-
mide, in 90% yield.11 The Rh complex and tertiary amino groups
within the dendrimer participate in three sequential reactions:
hydroformylation, the Knoevenagel condensation, and hydroge-
nation.12

In summary, we report the encapsulation of Rh complexes
within surface alkylated PPI dendrimers through ionic interac-
tions. The congested surface of dendrimers with long alkyl

chains favors hydroformylation of higher olefins. The specific
nanoenvironment created by the dense amino groups inside the
dendrimers can act not only as a promoter and anchor of the ac-
tive Rh species but also as a base catalyst, promoting one-pot
three reactions within the dendrimers.
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Table 2. Hydroformylation of linear olefins catalyzed by den-
drimer-Rh complexesa

NEt3

NEt3

NEt3

1b

NEt3

1

1

1

5

12

73

63

14

49

60

98

96

45

Conv. /%b

9

14/26e

27/28e

44/43e

Select. /%b

(B : L)

26 : 74

26 : 74

26 : 74

31 : 69

28 : 72

26 : 74

25 : 75

26 : 74

25 : 75

26 : 74

27 : 73

28 : 72

1.0f

1.9f

1.0f

1
2

4c

5

6

8c

9

10

Ligand

1a

1a

1a

19

12c

1b 79

1b

1b

13d

14d
1a

15c,d

Entry Olefins

(3)

(4)

(5)

3 + 5

15

5

7

Time /h

1

1

1

1

1

1

6

1b 9643

7 1b 4

11 1b 4

aReaction conditions: substrate 1mmol, [RhCl(cod)]2 0.0025
mmol, 2 0.015mmol, THF 2mL, CO 5 atm, H2 5 atm, 60 �C.
bDetermined by GC. cNEt3 0.07mmol. d1-Octene 0.5mmol,
1-octadecene 0.5mmol, 40 �C. eConversions of olefins (3/5).
fRatio of conversions of 3 to 5.
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Scheme 1. One-pot reaction using the dendritic nanoreactor.
Reaction conditions:styrene 0.5mmol, ethyl cyanoacetate 0.75
mmol, [RhCl(cod)]2 0.0025mmol, 1a 0.005mmol, 3 0.015
mmol, THF 2mL, CO 5 atm, H2 5 atm. (i) 40 �C, 9 h. (ii)
60 �C, 24 h.
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