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proceeded rapidly, and the dendritic osmium catalyst was efficiently recycled by reprecipitation.
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Osmium-catalyzed dihydroxylation of olefins is one of the most
useful transformations for the preparation of vicinal diols.1 Although
these reactions have had widespread application in organic synthe-
sis, few fruitful industrial applications have been identified due to
the high cost performance, toxicity, and possible contamination of
toxic osmium in the final product.2 One of the most promising
solutions to these problems is the immobilization of the catalytic
metals to an insoluble matrix. Previously, heterogenization of cata-
lytic osmium by immobilization on various organic and inorganic
supports has been successful, but the lower activity and stability
of the complex remain as severe problems.3–5 There are few exam-
ples of recyclable homogeneous osmium catalysts with higher
activity than those of heterogeneous catalysts.6

Dendrimers are fascinating macromolecules due to their unique
physical and chemical properties, caused by their well-defined
hyperbranched framework.7 Metallodendrimers, with catalytic
sites immobilized on the dendrimer, are particularly useful as
synthetic catalysts not only because of their fair solubility but also
because of their recyclability by reprecipitation.8 Presently, metal-
lodendrimers with a catalytic site at the core have received consid-
erable attention due to their unique selectivity and reactivity
caused by specific reaction fields constructed by the dendron.9

Recently, several examples of a positive dendritic effect on chemi-
cal yields, which means that the reactivity is enhanced by increas-
ing the generation number of the dendrimer, have been reported
by us10 and by other groups.11 A few examples of these unique
phenomena are thought to be caused by the suppression of the
decomposition of catalytic metal within the dendrimer.10b,11d,12 It
was expected that the decomposition of osmium catalyst would
be suppressed by the introduction of catalytic osmium at the core
site of high-generation dendrimer. We wish to report herein the
synthesis of a series of novel dendritic supports with a bis(ammo-
nium bromide) core, homogeneous dihydroxylation of olefins cat-
ll rights reserved.
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alyzed by the corresponding osmate (OsO4
2�) core dendrimer,13

and efficient recycling of the dendritic catalyst by reprecipitation.
Novel bis(ammonium bromide) core dendrimers 1(Gn) were

readily synthesized as follows (Scheme 1). After the addition of
N,N,N0,N0-tetramethylethylenediamine to a N,N-dimethylformam-
ide (DMF) solution of poly(benzyl ether) dendritic bromide
Gn–Br14 (structural formulas of Gn are shown in Figure 1), the reac-
tion mixture was stirred at 70 �C for 15–17 h under an argon atmo-
sphere. In the case of G1, because 1(G1) was precipitated during the
reaction, 1(G1) was collected by filtration of the reaction mixture
followed by washing with acetone. On the other hand, in the case
of G2 and G3, the reaction mixture was evaporated in vacuo, and
the residue was purified by column chromatography on silica gel.
In all generations, the corresponding bis(ammonium bromide) core
dendrimers 1(Gn) were obtained in excellent chemical yields.15

Next, novel OsO4
2� core dendrimers were prepared by an ion-

exchange procedure, as follows (Table 1). In the case of G1,
1(G1), which has low solubility in water and in most organic sol-
vents, and K2OsO4 were vigorously stirred in water to afford
2(G1), which was obtained by filtration of the reaction mixture.
In the case of G2 and G3, 1 and K2OsO4 were vigorously stirred
in water and dendrimer-soluble organic solvent as a two-phase
condition, followed by extraction.15 The Os content of 2(Gn) was
determined by ICP-AES. The Os content of 2(G1) was much lower
than the calculated value, likely due to the low solubility of
G3:   98%

Scheme 1. Synthesis of dendrimer 1(Gn).
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Table 3
Cis-dihydroxylations of various olefins catalyzed by 2(G3)a
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Figure 1. Structural formulas of Gn dendrons (n = 1�3).

Table 1
Preparation of OsO4

2� core dendrimer 2(Gn)a

Solvent
rt, 5 h

K2OsO4
N+ N+

GnGn OsO4
2-

2(Gn)

1(Gn)

1) extraction
2) evaporation

G1: filtration
G2, G3:

Gn Solvent Os contentb of 2(Gn) (mmol/g)

Found Calcd

G1 H2O 0.36 1.49
G2 H2O–CH2Cl2 0.76 0.82
G3 H2O–toluene 0.22 0.43

a Reaction conditions: 1(Gn), an equimolar amount of K2OsO4, carried out at
room temperature for 5 h.

b Determined by ICP-AES.
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1(G1) in water in the preparation of 2(G1). In all generations, it was
found that the ion-exchange for OsO4

2� was incomplete.
We then examined the utility of the dendrimer 2(Gn) as an

osmium catalyst by performing cis-dihydroxylation of olefins
(Table 2). By employing 1 mol % of dendritic osmium catalysts
2(Gn) of various generations, cis-dihydroxylation reactions of
trans-b-methylstyrene were carried out by the use of N-methylmor-
Table 2
Cis-dihydroxylation of trans-b-methylstyrene catalyzed by 2(Gn)a

Ph
NMO

rt
CH3CN-H2O

2(Gn) (1 mol%)

3
Ph

OHHO

Gn Yieldb (%) (Time (h))

1st 2nd 3rd

G1 90 (0.5) 97 (2) 43 (14)
G2 97 (0.5) 97 (1) 93 (2)
G3 93 (0.5) 97 (0.5) 96 (0.7)

a Reaction conditions: 2(Gn) (1 mol %), olefin (1 equiv), NMO (1.2 equiv), CH3CN–
H2O (4:1, v/v, 0.25 M based on olefin), carried out at room temperature for indicated
time.

b Determined by integration of 1H NMR absorptions referred to an internal
standard.
pholine N-oxide (NMO) as a re-oxidant in aqueous acetonitrile
(CH3CN:H2O = 4:1 (v/v)) at room temperature. After the disappear-
ance of trans-b-methylstyrene, which was monitored by thin-layer
chromatography (TLC), a small amount of acetone solution of the
evaporated reaction mixture was poured into water. The precipi-
tated dendritic osmium catalysts were recovered and subsequently
reused.16

In these catalytic conversions, 2(Gn) was completely dissolved
in the reaction mixture, allowing the dihydroxylation reactions to
proceed homogeneously to completion in 0.5 h in all generations
(‘‘1st” column in Table 2). Next, by carrying out reprecipitation
for the catalyst recycling, the recovery of 2 was low in the case
of G1 and G2 (ca. 50% and 80% for G1 and G2, respectively). This
is likely due to the dendritic catalyst 2(Gn) with its lower molecu-
lar weight, being somewhat dissolved in the water solvent. In con-
trast, in the case of G3, the catalyst 2(G3) was recovered nearly
quantitatively. The leaching of osmium off the third-generation
dendritic backbone, which was determined by ICP-AES, was 1% in
each round.

Furthermore, in the case of G3, even the third round of dihy-
droxylation was completed within 0.7 h with an excellent chemical
yield. In contrast, in the case of G1, the third round of dihydroxy-
lation proceeded very slowly to afford 3 in only 43% yield, even
when allowed to proceed for 14 h. By the comparison of increases
in the reaction time by increasing the recycling number, the in-
crease in the reaction time for G3 (0.5 h?0.7 h) is much smallest
in all generations. The relationship between the generation num-
ber of 2(Gn) and increases in the reaction time by increasing the
recycling number is one of the positive dendritic effects.10,11,17,18

To our knowledge, these results are the first to be reported of the
dendritic effect on recyclability of a catalyst.

Encouraged by these results, we subsequently performed
cis-dihydroxylation of various olefins by employing 1 mol % of
the third-generation dendritic osmium catalyst 2(G3), which was
recycled most efficiently in the catalytic system (Table 3). In all
cases, the dihydroxylation reactions proceeded smoothly. Espe-
cially, in the case of using substituted styrene derivatives, dihy-
droxylations were completed within 0.5 h (entries 1–4).
Dihydroxylations catalyzed by the dendritic osmium catalyst
rt, 0.5- 3 h

Entry Olefin Time (h) Yieldb (%)

1 Ph 0.5 86

2 Ph 0.5 92

3 Ph 0.5 86

4 Ph 0.5 90

5 Ph 0.5 81

6 nC8H17 2 90

7 nC4H9
nC4H9 3 89

8 1.5 94

9 Ph 1 91

a The reaction conditions were the same as in Table 2.
b Isolated yield.



Table 4
Catalyst recycling in cis-dihydroxylations by use of 2(G3)a

Entry Olefin Yieldb (%)

1st 2nd 3rd 4th 5th

1 Ph 86 90 87 88 91

2 Ph 92 93 86 88 93

3 Ph 86 92 89 87 95

4 Ph 90 91 92 88 83

5 Ph 81 90 86 80 89

a The reaction conditions were the same as in Table 2. Carried out for 0.5–2 h.
b Isolated yield.
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2(G3) were more rapid than those previously reported for osmium
catalysts due to the homogeneity of 2(G3).

Finally, the reusability of the catalyst 2(G3) was examined again
using various olefins (Table 4). In these experiments, it was found
that the catalyst 2(G3) could be efficiently recycled up to five times
by reprecipitation, and the corresponding diols were consistently
obtained in good chemical yields in 0.5–2 h in all cases. Also con-
sidering the dendritic effect on recyclability of a catalyst (Table
2), the efficient recycling of 2(G3) was probably due to the decom-
position of the catalytic osmium being suppressed by its inclusion
with the dendrimer due to the introduction of OsO4

2� at the core
site of the dendrimer.

In summary, by performing a homogeneous dihydroxylation
reaction in the use of a novel dendritic osmium catalyst, a positive
dendritic effect on recyclability of a catalyst was observed. By
employing the third-generation dendritic osmium catalyst, the os-
mium catalyst was efficiently recycled up to five times in the
dihydroxylation reactions.

Supplementary data

Characterization data and copies of 1H NMR and 13C NMR spec-
tra of 1(Gn) and typical procedure for the preparation of 2(Gn) are
available. Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.tetlet.2009.11.126.
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