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ABSTRACT

An amphiphilic macrocyclic compound consisting of 10 tetra-alkyl phosphonium bromide groups and a pillar[5]arene core was prepared. This
compound was soluble in both aqueous and organic media and acted as a highly efficient and substrate-selective phase-transfer catalyst. In
particular, oxidation of the linear alkene1-hexene to 1-pentanal by KMnO4 was >99%, whereas that of the branched alkene 4-methyl-1-hexene was
only 31%, under ideal conditions.

Phase transfer catalysts (PTCs) embody the ideals of
organic synthesis byproviding a simple, cheap, and general
protocol for various reactions.1�4 PTCs allow reactions
to proceed through active transport of polar reagents
from one phase to another. Amphiphilic small organic
molecules such as quaternary ammonium compounds,
crown ethers, phosphonium compounds, and pyridinium
compounds are generally used as PTCs. Design of new

smart PTCs with additional advantages and functions is
a new research target.4 In this letter, we report a new PTC
containing a macrocyclic structure (pillar[5]arene) in the
core. Pillar[5]arenes5�9 are newmacrocyclic hosts thatwere
first reported by our group5 and are good hosts for linear
guests in organic7 and aqueous media.8 Pillar[5]arene has
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10 reactive sites at its rims, and introduction of functional
groups on these rims affects the physical properties of the
pillar[5]arene because these groups cover the core.9 In this
study, we prepared a pillar[5]arene derivative containing 10
phosphonium cations 1 (Figure 1). Thanks to the phos-
phoniumcations, 1was soluble in awide varietyof solvents.
Here, we report the very efficient PTC properties and
substrate selectivity of 1 based on the host�guest chemistry
of pillar[5]arene.
The new amphiphilic pillar[5]arene 1 was obtained as

a white solid in 95% yield by reacting 2
10 with excess tri-

butylphosphine. 1was soluble in a wide variety of solvents
including water, alcohols, acetone, tetrahydrofuran,
chloroform, acetonitrile, DMF, and DMSO and insoluble
in hexane and diethyl ether. Based on this amphiphilicity,
we investigated the oxidation of alkenes by KMnO4 in a
two-phase chloroform�water solvent system using 1 as a
PTC. First, we investigated host�guest complexation of 1
with alkene substrates such as the linear alkene 1-hexene
and branched alkene 4-methyl-1-hexene, in CDCl3 by
1H NMR. As the concentration of 1 increased, upfield

shifts of the peaks for themethylene for 1-hexene (Figure 1,
proton Ha) were observed (Figure 2a),11 which suggests
complexation occurs between 1 and 1-hexene. The driving
force of the complexation is the CH�π interaction, which
is also observed in the host�guest complexes between
hydrocarbons and pillar[5]arenes.7 The stoichiometry of
the complex determined from a Job plot (Figure S3) was
1:1, and the association constant K for the binding of
1-hexene into the cavity of 1was calculated as 65( 16M�1

using nonlinear curve fitting analysis (Figure S4). By
contrast, no peak shifts of 4-methyl-1-hexene were ob-
served even with excess 1 (Figure 2b), which indicates that
the branched alkene 4-methyl-1-hexane did not interact
with 1. The compact linear shape of 1-hexene is favorable
for complexation, but the branched shape of 4-methyl-1-
hexene is not. This is because the cavity of pillar[5]arene
is very narrow (∼5 Å) and has a well-defined cylindrical
architecture.5 The same size-selective host�guest system
has been reported in hydrocarbon recognition using
pillar[5]arenes.7

We investigated the oxidation of alkenes in a two-phase
D2O�CDCl3 solvent system using PTCs and the oxidant
KMnO4. In the presence of 1, the chloroform phase (lower
phase) quickly became colored (Figure 3a-i), and took on
the original deep purple color of the aqueous solution
(upper phase). However, phase transfer did not take place
in the absence of 1 (Figure 3a-ii). These observations
suggest phase transfer of MnO4

� from the aqueous to
chloroform phase. The oxidation reaction of the guest
1-hexene by KMnO4 in the two-phase D2O�CDCl3 sol-
vent system in the presence of 1 (Figure 3b) wasmonitored
by 1H NMR. We found the new proton peak from the
aldehydemoiety of 1-pentanal alongwith the proton peaks
from remaining substance 1-hexene in the CDCl3 phase,
but not in the D2O phase (Figure S5), which indicates that
the oxidation reaction proceeded in the CDCl3 phase, but
not in the D2O phase. The conversions from 1-hexene to
1-pentanal were calculated using the integration ratio of

Figure 1. Phase-transfer catalysts: pillar[5]arene modified with
10 tetra-alkylphosphonium bromide groups (1), unit model (3),
dicyclohexano-18-crown-6 (4), and tetrabutyl phosphonium
bromide (5). Substrates: 1-hexene and 4-methyl-1-hexene.

Figure 2. 1H NMR titrations of (a) 1-hexene (3 mM) and (b)
4-methyl-1-hexene (3 mM) on addition of 1 (0�5 equiv) in
CDCl3 at 25 �C. Resonances are labeled in Figure 1. A peak
with an asterisk derives from host 1.
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theprotonpeaksbetween thealdehydemoietyof 1-pentanal
(Figure 3, Hb0) and the vinyl moiety of 1-hexene (Figure 3,
Hb) in CDCl3. In the absence of PTC, the reaction did not
proceed. The percentage converted by the oxidation sharply
increased as the amount of 1 increased, and the conversion
to 1-pentanal was>99%with 1.2 μmol of 1 (Figure 3b, red
circles, turnover number (TON) = 108.3). By contrast, the
conversions were low with a similar amount of the unit
model 3 and only reached moderate yields (42%, TON =
3.0) evenwith a large excess of 3 (Figure 3b, blue triangles).12

Kinetic studies for the PTC system were also carried out
(Figure 3c). Complete oxidation of 1-hexene with 1 required
∼7 h (t1/2 = 4.51( 0.12 h). The turnover frequency (TOF)
was calculated tobe15.5h�1. By contrast, the oxidationwith
3 required∼12 h to reach equilibrium (t1/2= 5.84( 0.12 h).
The TOF was calculated to be 0.25 h�1. These data indicate
that 1 has better PTC properties compared to unit model 3.

To determine why 1 has excellent PTC properties, we
examined the oxidation of 1-hexene using 1 in the presence
of the competitive guest (Table 1).

1,4-Dicyanobutane forms very highly stable 1:1 host�
guest complexes with pillar[5]arenes. The association con-
stants K of the complexes between 1,4-dicyanobutane
and pillar[5]arenes are generally greater than 104 M�1,13

while the K of the host�guest complexes between linear
hydrocarbons and pillar[5]arenes are very weak (K =
10�100 M�1).7 The conversion dramatically decreased
with the competitive guest 1,4-dicyanobutane (run 3,
1 equiv of 1,4-dicyanobutane to 1-hexene), while the
reaction went to completion without 1,4-dicyanobutane
(run 2). The association constant K of the 1:1 1 3 1,4-
dicyanobutane complex was higher (K = (1.62 ( 0.026)
� 103 M�1, Job plot (Figure S6) and determination of
K from 1H NMR) than that of the 1 3 1-hexene complex
(K = 65 ( 16 M�1). Therefore, 1,4-dicyanobutane acted
as a competitive guest and induced dissociation of the
1 3 1-hexene complex. The conversion was also extremely
low (7%) in a two-phase D2O/CD2Cl2 solvent system
using 1 (run 4), which was lower than that in a two-phase
D2O/CDCl3 solvent systemusing 1 (>99%, run 2) and in a
two-phase D2O/CD2Cl2 solvent system using unit model 3

Table 1. Oxidation Reaction of Alkenes Using PTCsa

run PTC

alkene

(0.13 mmol)

conversion

(%)b

1 � 1-hexene 0

2 1 (1.2 μmol) 1-hexene >99

3c 1 (1.2 μmol) 1-hexene 32

4d 1 (1.2 μmol) 1-hexene 7

5 1 (1.2 μmol) 4-methyl-1-hexene 31

6 1 (1.2 μmol) 1-hexene þ
4-methyl-1-hexene

85e þ 7f

7 1 (1.2 μmol) 1-heptene >99

8 1 (1.2 μmol) 1-octene 14

9 1 (1.2 μmol) 1-decene 9

10 3 (6.0 μmol)g 1-hexene 35

11d 3 (6.0 μmol)g 1-hexene 18

12 3 (6.0 μmol)g 1-heptene 40

13 3 (6.0 μmol)g 1-octene 38

14 3 (6.0 μmol)g 1-decene 30

15 4 (1.2 μmol) 1-hexene 0

16 5 (12 μmol)h 1-hexene 20

aThe reactions were carried out with KMnO4 (0.40 mmol) and PTC
in amixture of D2O (4mL) andCDCl3 (4 mL) under vigorous stirring at
25 �C for 12 h. bConversion to alkanal. c 1.4-Dicyanobutane (0.13 mmol)
was added as a competitive guest. dAmixture of D2O (4mL) andCD2Cl2
(4 mL) was used for the reaction. eConversion from 1-hexene to 1-penta-
nal. fConversion from 4-methyl-1-hexene to 3-methyl-1-pentanal.
g 1 contains 10 tetrabutylphosponium groups, while unit model 3 contains
only 2 of them. Therefore, in order to have an identical concentration
of phosponium groups, a 5 times molar amount of 3 over 1 was used.
h
1 contains 10 tetrabutylphosponium groups, while 5 contains only 1 of

them. Therefore, in order to have an identical concentration of phospo-
nium groups, a 10 times molar amount of 5 over 1 was used.

Figure 3. (a) Photographs ofKMnO4 in a two-phaseD2O (upper
phase)/CDCl3 (bottom phase) solvent system (i) with and (ii)
without 1. (b) Percentage conversion to 1-pentanal versus molar
amounts of pillar[5]arene 1 (red circles) and unit model 3 (blue
triangles); the reaction time is 12 h. (c) Kinetic studies: percen-
tage conversion to 1-pentanal versus reaction time with pillar-
[5]arene 1 (1.2 μmol, red circles) and unit model 3 (6 μmol, blue
triangles).

(12) 1 contains 10 tetrabutylphosponium groups, while unit model 3
contains only 2 of them. Therefore, in order to have an identical
concentration of phosponium groups, a 5 times molar amount of 3 over
1 was used.
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(18%, run 11). CH2Cl2 was included in the cavity of
pillar[5]arenes, which was completely characterized by
single X-ray crystalline analysis.14 Thus, the host�guest
complexation between 1 and 1-hexene extremelyweakened
in CD2Cl2 because CH2Cl2 acts as a competitive guest.
The percentage conversion in the oxidation reaction of
4-methyl-1-hexene (run 5) was 31%,which was lower than
that of 1-hexene (run 2). This is because branched
4-methyl-1-hexene cannot be included in the pillar[5]arene
cavity of 1, which is confirmed by 1HNMRmeasurements
(Figure 2b). We also carried out the oxidation of the
mixture of 1-hexene and 4-metyhl-1-hexene using 1 (run 6).
The conversion of 1-hexene to 1-pentanal was 85%, while
that of 4-methyl-1-hexene to 3-methyl-1-pentanal was 7%.
Thus, the substrate selectivity of 1 based on the conversion
was high (∼12:1). These results indicate that inclusion of the
substrate in the cavity of 1 is important for the oxidation of
alkenes.
Figure 4 shows the proposedmechanismof the oxidation

reaction using 1 as the PTC. Equilibrium counteranion
exchange from bromide to MnO4

� occurs first. These ion
pairs are then transferred across the aqueous�organic
interface. In the organic phase, the MnO4

� anion reacts
with 1-hexene. At this stage, 1-hexene within the cavity of 1
is fixed in a close position for efficient oxidation. When
1-heptene was used as a substrate, the oxidation reac-
tion proceeded completely (conversion >99%, run 7). By
contrast, the conversion of the oxidation of the long
chain alkenes were low (runs 8 (14%) and 9 (9%)). The
distance between the CdC bond and the alkylphospho-
nium bromide groups is very important for the oxidation.

The oxidations of the alkenes using 1 are highly substrate
selective. On the other hand, the conversions of the alkenes
using unit model 3 were 30�40% (runs 10, 12�14), in-
dicating that the substrate selectivity was observed in the
pillar[5]arene 1but not in theunitmodel3. Thedifference in
substrate selectivity betweenpillar[5]arene 1 andunitmodel
3 also supports the proposed mechanism of the oxidation
reaction.
Crown ether and tetra-alkyl phosphonium bromide are

useful PTCs for the oxidation of alkenes. Thus, we com-
pared the conversions with these PTCs in the oxidation
reactions under the same conditions. The oxidation reac-
tion using dicyclohexano-18-crown-6 4 (Figure 1) did not
proceed (run 15). With a ten times molar amount of the
simple tetrabutyl phosphonium bromide 5 (Figure 1) the
conversion was only 20% (run 16), while the oxidation
reaction with 1 went to completion (run 2). Therefore,
compared to previously reported PTCs, 1 is an excellent
PTC for the oxidation of alkenes. Complexation of the
substrate with 1 and increasing the local concentration of
MnO4

� around rims increased the efficiency of the oxida-
tion reaction.
In conclusion, the new PTC pillar[5]arene 1 was synthe-

sized and applied with high efficiency and substrate selec-
tivity. Oxidation reactions reached completion even with
very small amounts of PTC 1 (amount of substance
fraction 0.90%). This is a significant advantage compared
with typical PTCs, which generally require an amount of
substance fraction 5�100% for oxidation of alkenes.3

Oxidation of the linear alkenes 1-hexene and 1-heptene
completely proceeded, but that of the branched alkene
4-methyl-1-hexene and long chain alkenes did not. Sub-
strate selective PTC properties have not been observed in
other PTCs. The host�guest properties of pillar[5]arene
contributed to the efficient and substrate-selective PTC
properties demonstrated in this study.

Acknowledgment. This work was partly supported by
The Japan Securities Scholarship Foundation and Tech-
nology (MEXT), Japan and JSPS KAKENHI 23655210
(a Grant-in-Aid for Challenging Exploratory Research).

Supporting Information Available. Experimental sec-
tion, characterization data, Job plots, and 1H NMR
titrations. This material is available free of charge via
the Internet at http://pubs.acs.org.

Figure 4. Proposed mechanism of the PTC oxidation reaction
based on host�guest complexation.
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