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1. Introduction

Life activities are maintained by consuming energy supplied through a series of processes: food intake
from the environment, its breakdown, and metabolism inside the body.  Throughout these processes the biologi-
cal membrane becomes a key locale.  The biological membrane is formed by self-assembly of lipids driven by
hydrophobic interaction, and defines boundaries between the inside and the outside of a cell.  It protects the cell
from foreign bodies and at the same time mediates energy exchange, substance transport and signal transmis-
sion as necessary.  The plasma membrane also establishes specialized enzymatic reaction and energy conver-
sion in response to the specific environment.  Meanwhile, such a system can be experimentally constructed in an
artificial system.  One way is to create a micelle or a biomolecular membrane, which is used to solubilize insoluble
substances or provide a space for various reactions.  Nano particles developed recently are one of its wide-
ranging applications.  This brings us to a question as to if it is possible to create such a specific environment on a
smaller scale to create an isolated cavity for inclusion of a single molecule or a few.  Then, the interesting
compounds, carcerands, created by host-guest and supramolecular chemistry draw attention.1  Carcerands, or
molecular capsules, are the synthetic host molecules with enclosed interiors, which are designed three dimen-
sionally to ensure strong and precise molecular recognition.  Due to their complex structures, enclosed guest
molecules reside in the environment isolated from the outside.  As a consequence, physical properties and chemical
reactions specific to the environment can be identified.  Such characteristics are similar to those of the biological
membrane mentioned above, and it is not too much emphasis to say that the molecular capsule is the smallest
experimental model that alternates the biological membrane.  Ingenious use of non-covalent bond recently en-
abled facile synthesis of molecular capsules, and a variety of reports on molecular designing and functionality
have started to emerge.

Figure 1.
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Based on these facts, the research in our laboratory has been centered on facile synthesis of the molecu-
lar capsule by using non-covalent bond and hemispherical compounds as well as the application of synthesized
host-guest complex to functional materials.  In this paper, we will focus on the molecular capsules based on
porphyrins and calixarenes including recent advancements in our research.

2. Molecular capsule using calixarene skeleton

Calixarene has rapidly become the focus of attention as a host molecule since Gutsche et al. established
its single-step synthesis.2  Its structure made of phenol units permits function as an excellent ionophore like
crown ethers as well as accommodation of various functional groups, and a number of versatile derivatives have
been reported.3  Among many conformational isomers which calixarenes (mainly tetramers and
homooxacalix[3]arenes are discussed in this section) are known to adopt, the cone conformation is preferentially
exploited as a structural unit, because it carries a hemispherical cavity (Figure 2).4

Figure 2.

In this section, self-assembling calixarene capsules are described.

2.1 Calixarene capsules formed by hydrogen bonding
Hydrogen bonding is known as the important interaction for the formation of DNA double helices and  the

maintenance of higher order protein structure.  It is also essential in terms of molecular recognition and functional
design of synthetic receptors and gel matrices.  We previously reported that the capsule molecules self-assemble
by hydrogen bonding built between carboxylic groups and pyridines (Figure 3).5  This was the first report of
calixarene capsules formed by the driving force of hydrogen bonding.

Figure 3.
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Figure 4.

Since then, many researchers have documented self-assembling capsules formed by hydrogen bonding.6

Among them, the calixarene capsule reported by Rebek et al. has been of great interest.  They introduced urea
groups at the upper rim of calix[4]arene and found that their complementary interaction also made a capsule
(Figure 4). 7  Moreover, the synergic effect between substituents (X and Y) placed in the urea group and the guest
molecule built a capsule with a heteromeric structure.  For example, 6a preferentially formed a capsule with 6b.
Based on these results, they reported that a pair of pigments capable for energy and electron transfer (one as a
donor and the other as an acceptor) could be developed into a molecular sensor using a technology such as
FRET (Fluorescence Resonance Energy Transfer) 8.

2.2 Calixarene capsules using coordinate bonding
Coordinate bonding, along with hydrogen bonding, is one of the important interactions for the formation of

molecular assemblies.  Coordinate bonding to Pd(II) or Pt(II) complexes has mostly been employed to construct
the desired capsule in recent years.  The methods extensively studied by Fujita et al. and Stang et al. have been
thoroughly discussed (see details in reference 9).

As shown in Figure 5, the fixed cis configuration in Pd(II) and Pt(II) complexes is very useful in the capsule
formation, and the desired capsule can be readily obtained by adding the appropriate molecular equivalents.10
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We have reported that when homooxacalix[3]arene 10 and cis-Pd(II) complex 11 are mixed at the molar
ratio of 2 : 3, highly symmetric capsule molecule 12 can be obtained (Figure 6).11

Figure 5.   Capsule molecules based on coordinate bonding

Figure 6.
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Figure 7.

Resorcinarene made up with resorcinol skeletons is a calixarene-like cyclic oligomer and one of the com-
pounds which can be exploited as a constituting unit of molecular capsules.14  Introduction of two cyano groups
into a resorcinarene tetramer followed by coordinate bonding to Pd(II) or Pt(II) complexes also forms a capsule
molecule 14 as reported by Dalcanale et al. (Figure 8).15

Figure 8.
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This carcerand 12 is capable of inclusion of C60, and the interconversion rate between complex and non-
complex state is slower than the NMR time scale at room temperature.12  Interestingly, it does not encapsulate a
larger guest molecule, C70.  Since unmodified homooxacalix[3]arene monomers having two-dimensional cavities,
shows little selectivity for C60 and C70 (C60/C70 = 0.99), it is suggested that the three-dimensionality of the carcerand
12 cavity contributes to the strict C60/C70 recognition.  Also, addition of Li+ ion preliminarily arranges 12 into the
conformation suitable for the inclusion of C60.  When the associatin constant of 12(Li+) and C60 is actually mea-
sured in the presence of Li+ ions, it is 50 times greater than that without Li+ ions.  When the Na+ ions are added to
this system, however, the capsule forms a complex with Na+ ions due to its higher affinity than Li+ ions.  The
resulting carceplex 12 (Na+) is structurally unfavorable, and, therefore, C60 is released from the cavity.13  This
steric distortion is attributable to the larger radius of Na+ than Li+, which makes the capsule cavity more elongated
than the size of C60 at the formation of the complex.  This indicates that an external stimulus such as alkali metal
ions is able to control the rate of inclusion and release of C60 by changing the capsule structure (Figure 7).
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Figure 10.

We have obtained interesting results using this complex.

This carcerand shows unique characteristics.  It takes in a counteranion, a trifluorate molecule, at the
capsule formation, as well as it forms only homomeric capsules by distinguishing a slight conformational differ-
ence.16  Their study also includes the process of the capsule formation using AFM (Atomic Force Microscope) by
arranging the capsule molecules on a grid (Figure 9).17  If we can construct capsule molecules on a grid as their
system, the application to membrane sensors will be feasible based on such unique inclusion ability.

Figure 9.   Construction of capsule molecules on a grid

2.3 Capsule molecule enclosing [C 60] fullerenes
C60 is one of the few excellent sensitizers, that satisfy criteria such as a broad absorption range within the

visible light spectrum, almost 100% yield for inter-system crossing, high reducing potential energy, and character-
istic absorption at excited triplet state and radicals.  These characteristics are very interesting from a viewpoint of
organic chemistry as well as inorganic chemistry and biochemistry.  However, its low solubility has been hindering
its use and especially the study of its physical properties in solution.

As described above, homooxacalix[3]arene molecules have high affinity and selectivity for C60.  We have
successfully solubilized C60 in water by using the capsule structure of homooxacalix[3]arenes (Figure 10).18  This
host-guest complex is built by skillful use of hydrophobic and π-π interactions, and C60 is included both as a guest
molecule and as a part of capsule constituents.  As a result, a C60 molecule is able to act independently in solution
without interacting with each other, and thereby allows a novel function to take place.
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Figure 12.

Figure 11.   Light-induced cleavage of DNA

On the other hand, C60 solubilized by polyvinyl pyrrolidone (PVP) is known to show very low efficiency for
DNA cleavage by irradiation.  The difference in the cleavage rate is considered due to the facts that 1) PVP does
not interact with DNA, and 2) C60 interacts with each other inside the PVP cavity. Compared to this, the 13-C60
carceplex is an excellent chemical that induces DNA damage.

2) Application to organic photoelectric conversion elements
The C60 inclusion capsule described above can be easily developed to organic photoelectric conversion

devices using the alternative layer-by-layer adsorption method, and to date, organic photoelectric conversion
elements with dyad and triad are successfully constructed (Figure 12).20  Especially in the triad system, its photo-
electric conversion rate has reached 21%, proving the efficiency of the device derived from the C60 carceplexes.21

1) Light-induced cleavage of DNA
This carceplex binds to DNA molecules by electrostatic force derived from cationic hydrophilic groups

within the complex.  At the binding, adjacent DNA strands are cleaved by light irradiation to C60 (Figure 11).19
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3. Self-assembling carcerands based on porphyrins

Due to its electrochemical and optical activity, porphyrin has also been used as materials for electron and
energy transfer.22  Recently, it has been applied to fullerene recognition based on its ability as a donor23 and a
constituting unit of gel matrices,24 and the range of application seems unbounded.

Previously Lehn et al. and Stang et al. have shown that, when various porphyrins with pyridyl units are
mixed with Pd(II) or Pt(II) complexes with a fixed cis configuration at an appropriate ratio, porphyrins self-as-
semble into dimer and tetramer complexes.25  Based on this result, we designed a self-assembling porphyrin
capsule using interaction between Pd(II) and pyridines.  Figure 13 shows a porphyrin capsule which self-as-
sembles by coordinate bonding built between the Pd(II) complexes and pyridines placed in the porphyrin mol-
ecules.26  The cavity of porphyrin 16b is capable for inclusion of a bipyridine guest molecule which has a suitable
dimension.  The most interesting feature of this inclusion is that the pyridine of the guest molecule is encapsu-
lated without forming a complex with Pd(II).  In other words, the guest molecule stably resides in the cavity without
disrupting the capsule structure.  This is considered due to the stability of the carcerand and its high selectivity
and inclusion ability for the guest molecule.

Figure 13.

Figure 14.

We also reported the primary alignment (polymerization) of porphyrin capsules.  Like the formation of a
porphyrin capsule mentioned above, the porphyrin capsules self-assemble into a polymer as illustrated in Figure
15.27  The main chain of the polymer takes a structure as though porphyrin capsules are linearly aligned.  Thus,
the porphyrin polymer retains the inclusion ability.  In fact, it is possible to capture a guest molecule 1, 3-
dipyridylpropane, in the polymer cavities.
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Figure 16.
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Figure 15.

3.1 Linked porphyrin-calixarene molecular capsules
There are a variety of constitutive units in carcerands, and a combination of them sometimes produces

interesting results.  Especially a heteromeric capsule comprising calixarenes and porphyrins often shows greater
functionality than each species functioning by itself.

Osa and his colleagues synthesized calix[4]arenes capped with Fe(II)-porphyrins, and reported that this
capsule functions as a model for oxygen carriers (Figure 16).28  Although Fe(II)-porphyrin itself is able to bind
oxygen, the complex is not very stable.  However, when linked to calix[4]arenes having specialized cavities, the
complex increases its stability at the inclusion of oxygen.  Thus, the cavity of calixarenes may improve the func-
tion of porphyrins.
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Figure 17.

We have synthesized calixarene-porphyrin capsules with a spacer substituent having high affinity with
alkali metal cations, and found that they show specific inclusion activities of the linked capsules (Figure 17).29

The container molecule 20 can capture alkali metal cations by four sets of carbonyl groups, and moreover, when
NaI or KI is added, the counteranion I- is also encapsulated.  Detailed analysis has shown that I- ions are taken up
by coordination to Zn at the center of porphyrins and by the electrostatic interaction with alkali metal cations.  In
addition, this unique inclusion is observed most significantly when KI is added (KI has the most preferred size for
the cavity of capsule 20).  This indicates that the carcerand 20 has high selectivity and recognition ability not only
for the alkali metal ions, but also for their counteranions, and, therefore, it can be used as an excellent sensing
material with an entirely new system not found in other ion sensors.
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As suggested by the two systems described above, a combination of porphyrins and calix[4]arenes with
C4 symmetry is very favorable in terms of the number and orientation of bonds.  This makes possible to construct
a heteromeric capsule that self-assembles by non-covalent bonding.  In fact, Reinhoudt et al. have introduced a
cationic substituent in porphyrins, and showed a self-assembly of a heteromeric capsule 23 driven by the electro-
static force (Figure 18).30

Separately, we have found that homooxacalix[3]arenes with a pyridyl units placed at the upper rim and
Zn(II)-porphyrin trimers form a heteromeric capsule 26 by coordination between Zn ions and pyridines (Figure
19).31  It is also found that its cavity specifically includes acceptor molecules such as C60.

Figure 19.

Figure 18.
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4. Conclusion

In this article, we discussed mainly the specific inclusion activities of capsule molecules and
applications of the host-guest complexes obtained.  In the age when researchers around the world are
engaged in fierce competition with nanotechnology and nanochemistry, the carcerands with nanoscale
cavities may create a stir in forthcoming research.  We look forward to the further development in this
research in the future.
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IONIC LIQUIDS  – USEFUL REACTION SOLVENTS  –

In recent years, environmentally-friendly reaction processes have vigorously been studied from the
standpoint of green chemistry.  For example, oxidation reactions with the air, or reactions in water, supercritical
fluids, and fluorous solvents are cited.  Most recently, ionic liquids have gained much attention as green
reaction solvents for organic synthesis.

As seen above, ionic liquids are salts, consisting of cations such as imidazolium, pyridinium, quater-
nary ammonium and quaternary phosphonium, and anions such as halogen, triflate, tetrafluoroborate and
hexafluorophosphate, which exist in the liquid state at relatively low temperatures.  Their characteristic fea-
tures include almost no vapor pressure, non-flammability, non-combustibility, high thermal stability, rela-
tively low viscosity, wide temperature ranges for being liquids, and high ionic conductivity.  When an ionic
liquid is used as a reaction solvent, the solute is solvated by ions only, where the reaction proceeds under
quite different conditions as compared to using water or ordinary organic solvents.  Hence, they are expected
to exhibit unconventional reactivity, and their applications in a variety of organic reactions are being ex-
plored.

Ionic liquids containing chloroaluminate as the anion have been investigated for many years.  These
ionic liquids are not only used as reaction solvents, but also exhibit Lewis acid or Lewis base properties,
when the ratio of cations and anions is changed.  However, they can only be used under an inert atmosphere
or vacuum, due to their high moisture sensitivity.  On the other hand, it has been found that ionic liquids
containing anions such as hexafluorophosphate form stable salts in air, which lead to the synthesis of numer-
ous stable ionic liquids today.  Furthermore, some ionic liquids have very low solubility in water and polar
organic solvents.  Utilization of this property enables recovery and reuse of ionic liquids, after extracting the
product with an organic solvent.  That can help to reduce the waste of traditional solvents which are rarely
reused.  Moreover, ionic liquids have attracted much attention as safe solvents, due to their low volatility.

The followings are some reaction examples using ionic liquids.

1.  Diels-Alder reaction
The Diels-Alder reaction between cyclopentadiene and methyl acrylate ester has been reported.  In

the Diels-Alder reaction using 1-ethyl-3-methylimidazolium chloride / chloroaluminate [emimCl/(AlCl3)x],
the endo/exo ratio of the products varies largely, depending on the ratio of emimCl/(AlCl3)x.  The amount of
endo-form increases four-fold with the acidic emimCl/(AlCl3)x, compared to that of the basic emimCl/
(AlCl 3)x.1a)  When the same reaction is carried out with 1-butyl-3-methylimidazolium tetrafluoroborate
(bmimBF4), it showed similar reactivity to Lewis basic emimCl/(AlCl3)x.1b)
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2.  Heck reaction
In the Heck reaction using palladium catalysts, polar solvents such as DMF and acetonitrile are em-

ployed, and aryl iodides are normally used as substrates.  In cases where the less expensive but less reactive
aryl bromides or chlorides are employed, it is necessary to use more active catalysts or add phosphine ligands
in order to retain the catalytic activity.  By utilizing 1-butyl-3-methylimidazolium bromide (bmimBr) as
solvent, aryl bromides react with styrene to afford stilbenes in high yields without adding a phosphine ligand.2a)

The reaction of enol ethers bearing an electron donating group with aryl halides generates a mixture
of α-substituents and β-substituents under the normal Heck reaction conditions.  However, the reaction of
vinyl ethers with aryl halides using bmimBF4 as solvent gives only α-substituents specifically.2b)  In addition,
the Heck reaction employing tetrabutylammonium bromide (Bu4NBr), which is a quaternary ammonium salt,
has been reported.2c)

X

R

+
Pd(OAc)2 (1 %mol)

bmimBr
NaOAc, 100~110 °C, 24 h

R

entry X R conv. (%) Y. (%)

1 I H 100 99
2 Br CHO 100 90
3 Br MeCO 79 88

2a)

OBu+
Pd(OAc)2 (2.5 mol%),

DPPP (2.75 mol%)

solvent, Et3N, 100 °C, 18 h

entry solvent conv. (%)

1 toluene 23
2 DMSO 100

Br
OBu

+

BuO

α/β E/Z Y. (%)

46/54 68/32
75/25 79/21

3 bmimBF4 50 >99/1

α-form β-form

4* bmimBF4 100 >99/1 95

*DPPP (2 eq.), time : 24 h

2b)

DPPP=1,3-bis(diphenylphosphino)propane

Aldol I

H

O
2

NaOH aq.

solvent, reflux, 3 h

H

O
Aldol II

+
H

O
NaOH aq.

solvent, reflux, 3 h
H

O

solvent reaction type conv. (%) 1 2* 3 4**

1

3

1 bmimBF4 Aldol I 99 64 2 – 33
2 H2O Aldol I 100 82 0 – 18
3 emimBF4 Aldol II 100 4 6 69 21
4 bmimBF4 Aldol II 100 3 3 80 14
5 H2O Aldol II 100 36 0 59 5

*2: 3-hydroxy-2-methylpentanal. **4: higher boiling aldehydes and oligomers.

3)

H

O
hydrogenation

selectivity (%)
entry

3.  Aldol condensation
The Aldol condensation reaction using ionic liquids has been reported.  In the reaction for obtaining

2,4-dimethylhept-2-enal (3) from propanal via two Aldol condensations, the conversion values of the ionic
liquid phase is comparable to water medium in the Aldol I reaction.  However, the product selectivity is
reduced, as can be seen in the figure below.  This is due to a side reaction proceeding from the high solubility
of product 1 toward the ionic liquid.  In contrast, in the Aldol II reaction, as compared with the reaction in
water, the product selectivity in ionic liquids are increased.  This is because the hydrogenated product of 1 is
difficult to dissolve in water but easy in ionic liquids.3)
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7.  Friedel-Crafts reaction
Here is an example of the Friedel-Crafts reaction.  In the benzoylation of anisoles catalyzed by copper

triflate in bmimBF4, methoxybenzophenone is quantitatively obtained within 1h, with a p-/o-product ratio of
96/4.7a)  The same reaction performed using acetonitrile gave a lower conversion of 64% at 1h, with the
reduced p-/o-product ratio of 93/7.  In addition, the regioselective acylations of indoles using emimCl/(AlCl3)x
has been reported as well.7b)

4.  Suzuki-Miyaura coupling reaction
In the Suzuki-Miyaura coupling reaction where biaryls are produced from aryl halides and aryl bo-

ronic acids in the presence of a palladium catalyst and a base, the removal of the catalyst is often a problem.
In the system where an ionic liquid is used as solvent, the product can be extracted with ether after the
reaction is complete, with the catalyst being retained in the ionic liquid. The ionic liquid and the catalyst can
then be reused as they are.4)

Br B(OH)2+
Pd(PPh3)4 (cat.)

bmimBF4
Na2CO3 aq., 110 °C, 10 min

MeO

entry catalytic solution Y. (%)

1 1st use 81
2 2nd use 89
3 3rd use 77
4 4th use 82

4)

MeO

5.  Wittig reaction
The Wittig reaction is a useful method for C-C double bond formation.  However, the separation of

the product and the by-product, triphenylphosphine oxide, is a classic problem.  The separation and purifica-
tion are usually carried out by crystallization or chromatography.  When an ionic liquid is used as solvent, the
product and phosphine oxide can be easily separated by combining an ether extraction and a toluene extrac-
tion after the reaction is complete.  In addition, it is possible to efficiently reuse the ionic liquid.5)

+ PhCHO Ph3PO
bmimBF4

60 °C, 2.5 h

+

5)

Y. (%) E/Z (%)

82 97/31st use
832nd use
916th use

Ph3P CH C

O

Me Ph CH CH C

O

Me

6.  Stille reaction
The Stille reaction is a useful reaction, where an organotin compound and an electrophilic reagent are

reacted to form a C-C bond under mild conditions in the presence of palladium catalyst.  In the reaction of
vinyltributyltin and iodocyclohexenone in an ionic liquid, the product can be extracted with ether, and the
catalyst is retained in the ionic liquid.  The ionic liquid and the catalyst can be reused as they are.  This ionic
liquid/catalyst phase is air and moisture stable, and thus can be used after a long storage without loss in
activity.6)

I
O

SnBu3

O

PdCl2(PhCN)2 (cat.)

bmimBF4
Ph3As, CuI, 80 °C, 2 h

+ Y. (%)

821st use
782nd use
72*3rd use

* 3rd run using recycled catalyst/media after 24 days.

6)

OMe O

Cl

O

OMe+
Cu(OTf)2

bmimBF4 Y. quant. (p-/o-ratio = 96/4)

7a)
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8.  Hydrogenation
In the asymmetric hydrogenation of C-C double bond using homogeneous chiral transition metal

complexes, the recovery of the catalyst and the seperation of the products are often troublesome.8)  Dupont et
al. have reported an example in which the reagents are allowed to react in a two phase system of an ionic
liquid and an alcohol.  After the reaction is complete, the product exists in the alcoholic phase, while the
catalyst in the ionic liquid phase.  Thus, the product and the catalyst can be easily separated by decantation.
In addition, the catalyst which exists in the ionic liquid phase can be reused without loss in activity.

9.  Reduction
The reduction of aldehydes using trialkylboranes is an important organic transformation reaction.

However, reductions using simple trialkylboranes generally require reaction temperatures in excess of 150
°C.  Kabalka et al. have reported this reduction using trialkylborane in which bmimBF4, emimBF4, and 1-
ethyl-3-methylimidazolium hexafluorophosphate (emimPF6) are used as solvents.9a)  For example, when
benzaldehyde was reduced by tributylborane in emimPF6, the reaction proceeded rapidly at 100 °C to give
the product in high yield.  Although long reaction time is needed comparatively, the product can be obtained
even at room temperature.  In addition, a photoreduction has also been reported using ionic liquids.9b)

10.   Fluorination
The introduction of fluorines in to heterocyclic compounds is important in the synthesis of bioactive

compounds.  In the electrophilic fluorination of indoles using N-fluoro-N'-(chloromethyl)triethylene-diamine
bis(tetrafluoroborate) as fluorinating agent and bmimBF4 as a solvent, 3-fluorinated 2-oxoindoles can be
obtained in high yield in a short period of time compared to the conventional method (entry 1).10)

CHO

Bu3B (1 eq.)

ionic liquid

CH2OH
ionic liquid temp. (°C) time (h) Y. (%)

bmimBF4 100 16 93
emimBF4 100 16 90
emimPF6 100 16 96
emimPF6 r.t. 48 94

9a)

N

N
F

CH2Cl

2 BF4

bmimBF4 / MeOH (1 / 1), 20 °C, 3 hN
H

Me

N
H

O

F Me

entry solvent cosolvent (1/1) temp. (°C) time (h) 1 (%)

N
H

O

H Me

+

1 2

2 (%)

1 MeCN H2O r.t. overnight 71 small amount
2 bmimBF4 MeOH 20 3 99

10a)
10b)

.

Ref.

_

OH

O

OH

O

H2, [RuCl2-(S)-BINAP]2 · NEt3 (cat.)

iPrOH-bmimBF4

r.t., 20 h

P (atm) conv. (%) % e.e

50 100 78 (S)1st use
75 100 84 (S)2nd use
25 90 79 (S)3rd use

100 95 67 (S)4th use

8)

*
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11.  Ring opening reaction
β-Aminoalcohols are utilized as useful building blocks for the synthesis of bioactive compounds.

One of the synthetic methods to obtain β-aminoalcohols involves the ring opening of epoxides using amines.
However, these reactions require a large excess of the amines at elevated temperatures.  The high temperature
reaction conditions are not only detrimental to certain functional groups but also to the control of
regioselectivity.  Subsequently, a variety of activators or promoters such as metal amides, metal triflates and
transition metal halides have been developed.  However, many of these are often expensive or are needed in
stoichiometric amounts, thus limiting their practicality.  In the system using ionic liquids, the reaction pro-
ceeds at room temperature to give β-aminoalcohols in high yield.11)

In the cases of glycidyl ether or alkyloxiranes in entries 3 and 4, amines attack on the less sterically
hindered site on the epoxides.  After the reaction, the product was extracted with ether, followed by drying at
80 °C  under reduced pressure.  The ionic liquid was reused in five runs without any loss of activity.

12.  Enzymatic reaction
Enzymatic reactions using ionic liquids have also been reported.12)  It is known that lipase tolerates

non-natural reaction conditions, and reactions in organic solvents have intensively been carried out.  For
example, transesterifications in organic solvents are well known as a useful synthetic methods for the prepa-
ration of optically-active compounds.  In the asymmetric transesterification of allylic alcohols using ionic
liquids, the desired products are afforded in similar yields to those of organic solvent systems.12a)

lipase

bmimBF4, r.t., 3.5 hPh

OH
+

O

O

Ph

OAc

Y. 44 % (>99 % e.e.)

12a)

O
bmimBF4, r.t.+

NHR3

R1 OH
OH

R1 NHR2+

entry R1 R2 time (h)product Y. (%)

1 Ph H
NHPh

Ph
OH 5.0 85

2

R1 R2 R2 R2

R3

Ph

Ph
NHPh

OH
6.0 83

3 PhOCH2 H Ph
OH

PhO NHPh 6.0 89

4 Bu H p-tol
Bu

OH
NH-p-tol 6.0 85

11)

R3 NH2

(CH2)4

As described above, a variety of reactions utilizing ionic liquids have been conducted, and the im-
provement of yields and the recovery and reuse of solvents have been reported.  Furthermore, they are also
applied to alkylations,13) allylations,14) epoxidations,15) cycloadditions,16) hydroesterifications,17) and reac-
tions using supercritical CO2,18) in which they are reported to be effective.  Ionic liquids are used not only as
reaction solvents but also reported in electrochemical applications as the electrolyte of a secondary battery,
due to their high ionic conductivity.

Ionic liquids are attracting attention as environmentally-friendly excellent solvents, because they are
safe, easy to separate and purify from the products, recyclable as solvents, and often can be reused with the
catalyst.
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Imidazoliums E0490 1-Ethyl-3-methylimidazolium Chloride  (emimCl) 25g 5g
E0543 1-Ethyl-3-methylimidazolium Bromide  (emimBr) 5g
E0556 1-Ethyl-3-methylimidazolium Iodide  (emiml) 5g
E0494 1-Ethyl-3-methylimidazolium Trifluoromethanesulfonate  (emimOTf) 5g
E0496 1-Ethyl-3-methylimidazolium Tetrafluoroborate  (emimBF4) 25g 5g
E0493 1-Ethyl-3-methylimidazolium Hexafluorophosphate  (emimPF6) 25g 5g
B2194 1-n-Butyl-3-methylimidazolium Chloride  (bmimCl) 5g
B2193 1-n-Butyl-3-methylimidazolium Bromide  (bmimBr) 5g
B2195 1-n-Butyl-3-methylimidazolium Tetrafluoroborate  (bmimBF4) 5g

Pyridiniums E0544 1-Ethylpyridinium Chloride 5g
E0171 1-Ethylpyridinium Bromide 25g

Ammoniums T0055 Tetra-n-butylammonium Chloride 25g 5g
T0054 Tetra-n-butylammonium Bromide 500g 25g

Phosphoniums T1124 Tetra-n-butylphosphonium Bromide 500g 25g
M0779 Methyltriphenylphosphonium Bromide 500g 25g
T1506 n-Tetradecyltriphenylphosphonium Bromide 25g
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SYNTHESIS of THIACYCLIC COMPOUNDS

M1434 3-Mercaptopropionic Acid Methyl Ester  (1a) 500g 25g

M1435 3-Mercaptopropionic Acid Isopropyl Ester  (1b) 25g

+

1a
S

O

OMe

O

1,2-dimethoxyethane, 0 ˚C, 4 h

NaH

O

OMe

Y. 75 %

O

OMeHS

1a)

The esters of 3-mercaptopropionic acid 1 are used as building blocks for thiacyclic compounds.1)

For example, condensation of 1a with methyl acrylate gives tetrahydrothiopyranone.1a)  This is then
used for the formation of thienothiazepinone skelton1b) and thiopyranopyrrole skelton.1c)  1 is also
utilized as a chain transfer agent in radical polymerizations.2)
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SYNTHESIS of METALLOCENE COMPLEXES

B2281 1,2-Bis(3-indenyl)ethane  (1) 5g 1g

Metallocene complexes, which have group IV elements like Ti, Zr, and Hf as center metals, are
used in a variety of reactions both as catalysts for olefin polymerization  and as reaction agents for
stereoselective reactions.1)   Metallocene complexes 2 and 3, having 1,2-bis(3-indenyl)ethane (1) as a
ligand, are employed as catalysts for isotactic polymerization of propyrene in the presence of co-cata-
lyst methylaluminoxane (MAO).2)
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Zr

2

ZrCl4 , LiNMe2

1

Me3SiCl

toluene, 100 ˚C, 17 h toluene, 23 ˚C, 1 h

Y. 68% 3

2)

NMe2

NMe2

Zr
Cl

Cl

Y. quant.
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METHANESULFONIC ACID ESTERS

M1446 Methanesulfonic Acid 2-Methoxyethyl Ester  (1) 25g

M1193 Methanesulfonic Acid 2,2,2-Trifluoroethyl Ester  (2) 5g

The electron density of α-carbon atom in methanesulfonic acid esters is lowered by the influence
of the sulfonyloxy group.  Consequently, methanesulfonic acid esters are attacked by nucleophilic re-
agents to proceed a substitution reaction at the α-carbon smoothly.

Methanesulfonic acid esters 1 and 2 are used as functional ethylation agents.  For example, the
indene derivative prepared by reaction of 1 with indenyllithium can serve as a ligand of catalyst 3,
which can be useful in polymerization of styrenes, etc.1, 2)  In addition, 2 can be utilized for the synthesis
of fluorine-containing ether compounds.3)
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Related Products
M0369 Methanesulfonic Acid Methyl Ester 25g
M0607 Methanesulfonic Acid Ethyl Ester 25g 10g
M1297 Methanesulfonic Acid 2-Isopropoxyethyl Ester 25g

O

S

O

Me O

1

1,2)

Y. 89%

 i)  nBuLi

O2N

ONa

O

S

O

Me O

2

Y. 86%

O2N

O CF3

3)

3

ii)  ClSiMe3

Y. 53%

ii)

i)   BuLi TiCl4

HMPT, 140 ˚C

CF3

OMe

OMe Ti

ClCl Cl

O
Me
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MULTI-FUNCTIONAL CHIRAL BUILDING BLOCKS

C1733 (R)-4-Chloro-3-hydroxy- n-butyric Acid Ethyl Ester  (1a) 5g

C1717 (S)-4-Chloro-3-hydroxy- n-butyric Acid Ethyl Ester  (1b) 5g

The multi-functionalized esters of n-butyric acid 1 are useful building blocks having three func-
tional groups, each with different reactivity in the neighborhood of a chiral carbon atom.  A variety of
optically active substances can be synthesized by employing each functionality.  For example, 1 can be
converted to tetrahydrofuranone 2 by treatment with hydrochloric acid, pyrrolidinone 3 by treatment
with ammonium hydroxide, and tetrahydrofuran 4 by treatment with hydrochloric acid after reducing to
alcohol.  Oxazolidinone 5 can also be obtained via hydrazide.  Furthermore, the esters 1 are employed
for the synthesis of the important bioactive substance 4-amino-3-hydroxybutyric acid (GABOB) 6 and
carnitine 7.
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Cl

OH

OEt

O

O

HO

O

O

HO
NH

O O
Cl

N
H

O

HO

i)

1N HCl, 1 h
25 % aq. NH4OH, 80 ˚C, 3 h
1N LiOH, r.t., 24 h
NaBH4, THF, reflux, 1 h
0.5N HCl, reflux, 2 h
1) Me3N, EtOH, reflux, 6 h,   2) 3N HCl, reflux, 3 h
80 % aq. NH2NH2, EtOH, reflux, 1 h
5 % aq. H2SO4, 20 ˚C, 2 h

iv)

ii)

Cl

OH

OH
v)

1

vii)

Cl

OH

NHNH2

O
viii)

H2N

OH

OH

O
iii)

vi)
(H3C)3N

OH

OH

O
Cl

a)

b)

c)

2

4

3

5

6

7

a)

b)

i)
ii)
iii)
iv)
v)
vi)
vii)
viii)

*
*

*
*

*
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