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Introduction

Carbocations are positively charged carbon-centered reactive
intermediates.[1] In the pioneering works by Meerwein,
Ingold, Whitmore, and other chemists, carbocations were
found to play key roles in various organic reactions, although
they were considered to be relatively unstable and transient
species.

Olah×s extensive work in 1960s, however, revealed that
carbocations can be long-lived species in superacid media.[2]

Various carbocations were generated and accumulated in
superacid, and they were characterized by spectroscopic

methods. The proof of the existence of carbocations was an
epoch-making discovery in organic chemistry. However, the
nature of carbocations in conventional reaction media, which
are used for organic synthesis, has not been fully clarified as
yet.

Carbocations are important reactive intermediates in
organic synthesis. Quite a few reactions involving carbocat-
ions, especially those stabilized by neighboring heteroatoms
such as oxygen (alkoxycarbenium ion) and nitrogen (iminium
ion), have been developed so far (Scheme 1). It is noteworthy
that other names, such as oxocarbenium ion[3] and carboxon-
ium ion,[4] have been used for oxygen-stabilized carbocations.
Reactions of such heteroatom-stabilized carbocations have
witnessed a steady increase in modern organic synthesis.
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Scheme 1. Carbocations stabilized by neighboring heteroatoms.

From a viewpoint of synthesizing compounds by using
carbocations, it is noteworthy that the manner in which we
carry out the reactions of carbocations is different from that
for carbanions (Scheme 2). Usually, carbanions are generated
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Scheme 2. The reaction mode of carbocations and that of carbanions.
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and accumulated in a solution in the absence of electrophiles.
After the generation process, such as deprotonation or a
halogen ±metal exchange reaction, is completed, an electro-
phile is added to the solution of the thus generated carbanion
to achieve the desired transformation. In contrast, carbocat-
ions are usually generated in the presence of nucleophiles.
This is probably because carbocations are considered to be
relatively unstable and transient in conventional reaction
media and should be trapped by nucleophiles immediately
after the generation in situ. Therefore, reactions of carbocat-
ions suffer from the limitation of the variation of nucleophiles.
This comparison is, however, probably not fair, because we
usually regard organometallic compounds as carbanions.
Organometallic compounds have carbon ±metal covalent
bonds, although the magnitude of the ionic character depends
on the nature of the metal and substituents on the carbon. In
contrast, we do not regard an organic molecule having a
leaving group bound to the carbon by a covalent bond as a
carbocation. We only regard ™real∫ ionic species as carbo-
cations. Apart from such arguments, development of a
new method that enables the generation of carbocations in
the absence of nucleophiles is strongly needed for expanding
the scope of the chemistry of carbocations in organic syn-
thesis.

Recently it has been demonstrated that heteroatom-stabi-
lized carbocations can be generated in the absence of
nucleophiles in normal reaction media by using the ™cation
pool∫[5] and the ™cation flow∫[6] methods, although their
applications to alkyl cations have not been explored as yet.
These methods enable easy manipulation of carbocations just
like stable compounds. The objective of this paper is to
provide a brief outline of these methods with an emphasis on
their principles.

Conventional Methods for the Generation of
Carbocations

Before discussing the concepts of ™cation pool∫ and ™cation
flow∫ methods, let us touch briefly on the generation methods
of carbocations. In principle there are two methods, that is,
acid promoted reaction and oxidative reaction, to generate
carbocations for preparative purposes (Scheme 3). Acid
promoted reactions are the most commonly used for the
generation of carbocations. In this method, a proton or a

Lewis acid is used to activate a leaving group, and then the
heterolysis of the bond between the carbon and the leaving
group occurs to generate the carbocation. Because these steps
are reversible, several species often exist in the solution as an
equilibrium mixture. Then, a nucleophile, which is usually
present in the solution, attacks the carbocation to give the
final product. However, there is still the question of the
existence of carbocations as intermediates in the conventional
reaction media such as dichloromethane, which is commonly
used for preparative reactions. Sometimes only a covalent
species (a complex with an acid) is involved in the reaction,
and such an intermediate undergoes a SN2 type displacement
to give the final product.

Another method is oxidative generation (Scheme 4). The
first electron transfer generates the radical cation species. The
elimination of a proton gives the carbon radical that is further
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Scheme 4. Oxidative generation of carbocations.

oxidized to give the carbocation. These steps are essentially
irreversible. Then a nucleophile attacks the carbocation to
give the product. By virtue of irreversibility, the oxidative
generation could serve as a good method for studying the
chemistry of carbocations. However, the oxidative generation
of carbocations is also usually carried out in the presence of
nucleophiles because of the instability of carbocations. In this
case the concentration of carbocations should be low, and
therefore, it is difficult to detect carbocations intermediates
spectroscopically.

™Cation Pool∫ Method

In the ™cation pool∫ method, carbocations are generated and
accumulated in relatively high concentration by electrochem-
ical oxidation. The electrolysis is carried out at low temper-
ature such as �70 �C in order to avoid decomposition of
carbocations. It was considered to be difficult to carry out
preparative electrolyses at such low temperature probably
because of the high viscosity of the solution, which in turn

disfavors the movement of ions
to carry the electricity. By
choosing an appropriate sol-
vent and a supporting electro-
lyte, however, the electrolysis at
such low temperature can be
accomplished to generate and
accumulate carbocations. A
divided cell having a sintered
glass separator is used in order
to avoid the electrochemical
reduction of anodically gener-
ated carbocations (vide infra;
Figure 1). Tetrabutylammoni-
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Scheme 3. Methods for the generation and reactions of carbocations.
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Figure 1. The electrochemical cell for the ™cation pool∫ method.

um tetrafluoroborate is usually used as supporting electrolyte,
and dichloromethane is suitable as solvent because of low
viscosity at low temperature. TfOH (trifluoromethanesulfonic
acid) is added in the cathodic chamber to facilitate the
reduction of protons in the cathodic process.

In the next step, carbocations are allowed to react with
nucleophiles. In principle, any kind of nucleophiles can be
used, because the nucleopile is absent during the course of the
generation. This is true for carbon nucleophiles, which are
easily oxidized and often cannot be used for in situ oxidation.
In the next section, the ™cation pool∫ method is illustrated for
the generation of alkoxycarbenium ions and their reactions
with nucleophiles.

Alkoxycarbenium Ion Pool

Alkoxycarbenium ions are carbenium ions stabilized by an
alkoxy substituent. Alkoxycarbenium ions are important
reactive intermediates in modern organic synthesis.[7] For
example, they are often generated from the corresponding
acetals by treatment with Lewis acids and allowed to react
with carbon nucleophiles (Scheme 5). Thus, these reactions
serve as efficient methods for carbon ± carbon bond forma-
tion.
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Scheme 5. Lewis acid promoted reactions of acetals.

The mechanism of the Lewis acid promoted reaction of
acetals has been investigated extensively. Denmark revealed
the presence of Lewis acid ± acetal complexes in NMR studies
but never detected alkoxycarbenium ions. The absence of

alkoxycarbenium ions in spectra, however, does not necessar-
ily rule out their intermediacy in the reactions with nucleo-
philes.[8] Therefore, it has been imperative to accomplish the
reactions of spectroscopically characterized, nonstabilized
alkoxycarbenium ions with carbon nucleophiles.[9] The ™cation
pool∫ method makes it possible and opens a new aspect of the
chemistry of alkoxycarbenium ions. As precursors of alkoxy-
carbenium ions in the ™cation pool∫ method, ethers should be
of the first choice. The oxidation potentials of ethers, however,
are very positive, and therefore, it is rather difficult to oxidize
ethers selectively under usual conditions.[10] The regioselec-
tivity is another problem. Usually a mixture of two regioisom-
ers is obtained because two regioisomeric alkoxycarbenium
ions are generated. The concept of electroauxiliary[11] is quite
powerful to solve these problems. The pre-introduction of a
silyl group[12] as an electroauxiliary decreases the oxidation
potential of dialkyl ethers by virtue of orbital interaction. The
interaction of the nonbonding p orbital (lone pair) of the
oxygen with the C�Si � orbital raises the HOMO level, which
in turn favors the electron transfer. As a matter of fact, it has
been already demonstrated that the anodic oxidation of an
�-silyl ether takes place smoothly in methanol (Scheme 6).[13]

Selective cleavage of the C�Si bond occurs, and the methoxy
group is introduced on the carbon to which the silyl group has
been attached.
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Scheme 6. Electrochemical oxidation of �-silyl ethers in methanol.

Thus, �-silyl ethers serve as suitable precursors of alkoxy-
carbenium ions in the ™cation pool∫ method (Scheme 7). The
low-temperature electrochemical oxidation of the �-silyl
ether gives a solution of alkoxycarbenium ion, which exhibits
a 1H NMR signal at �� 9.55 ppm for a methine proton, and a
13C NMR signal at �� 231.0 ppm due to a methine carbon.[5b]

These chemical shifts are consistent with those of an
alkoxycarbenium ion generated in superacid reported by
Olah and Forsyth, respectively,[14] and suggest the presence of
a strong positive charge at the carbon.

The alkoxycarbenium ion pool reacts with allyltrimethylsi-
lane as a carbon nucleophile to give the corresponding
allylated product (80%, Scheme 8). The success of this
nucleophilic reaction also indicates the presence of the
alkoxycarbenium ion in relatively high concentration in the
solution.
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Scheme 7. ™Cation pool∫ method using low-temperature electrolysis.
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Scheme 8. The reaction of an alkoxycarbenium ion pool with
allyltrimethylsilane.

The thermal stability of the alkoxycarbenium ion is
interesting. When the electrolysis is complete, the cation pool
is allowed to warm to a second temperature. After being kept
there for 30 min, the cation is then allowed to react with
allyltrimethylsilane. The yield of the allylated product is
plotted against the temperature. It can be seen from Figure 2
that the alkoxycarbenium ion is stable at temperatures lower
than approximately�50 �C. Above this temperature, the yield
of the allylated product decreases significantly, and this
indicates that the alkoxycarbenium ion decomposed above
�50 �C.

The alkoxycarbenium ions generated by the ™cation pool∫
method react smoothly with various carbon nucleophiles such
as substituted allylsilanes and enol silyl ethers to give the
corresponding coupling products in good yields. It should be
noted that the reactions of alkoxycarbenium ion pools with
such nucleophiles are much faster than the Lewis acid
promoted reactions of acetals with similar nucleophiles. A
higher concentration of the cationic species in the ™cation
pool∫ method seems to be responsible.

The diastereoselectivity of the reactions with enol silyl
ethers is worth noting. For example, the reaction with the enol
silyl ether derived from cyclohexanone gives a mixture of two
diastereomers, and the selectivity is somewhat lower than that
reported for the Lewis acid promoted reaction of the acetal,[15]

although the reason is not clear at present.
Ketene silyl acetals and enol acetates also serve as effective

carbon nucleophiles. More interesting is the observation that
1,3-dicarbonyl compounds, which are much weaker as nucle-
ophiles, are also effective, although five equivalents of the 1,3-
dicarbonyl compound are usually employed. Scheme 9 sum-
marizes the carbon nucleophiles, which have been applied to
the ™cation pool∫ method.

Figure 2. Thermal stability of the alkoxycarbenium ion.
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Scheme 9. Nucleophiles used for the reactions of alkoxycarbenium
ion pools.

N-Acyliminium Ion Pool

N-Acyliminium ions are also important intermediates in
organic synthesis, especially the synthesis of various nitro-
gen-containing natural and unnatural products of biological
interest.[16] N-Acyliminium ions also act as carbocations
toward various nucleophiles including carbon nucleophiles.

The ™cation pool∫ method can also be applied to the
generation of N-acylimium ions (Scheme 10), and carbamates
are suitable precursors because extensive work has been done
on the electrochemical oxidation of carbamates to generate
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Scheme 10. Generation and reaction of the N-acyliminium ion by using
the ™cation pool∫ method.

N-acyliminium ions, which are trapped in situ usually by
methanol used as solvent.[17] The low-temperature electrolysis
of a carbamate derived from pyrrolidine gives the corre-
sponding N-acyliminium ion as a single species, which is
indicated by NMR analysis (1H NMR: �� 9.38 ppm due the
methine proton; 13C NMR: �� 193.36 ppm due to the
methine carbon).[5a] These chemical shifts indicate that there
is a strong positive charge at the carbon and that there is
formation of the N-acyliminium ion as an ionic species.[18] The
addition of allyltrimethylsilane to the solution of this cation
affords the allylated product in good yield.

The N-acyliminium ion can also be characterized by FTIR
spectroscopy. The starting carbamate exhibits an absorption
at 1694 cm�1 due to the carbonyl stretching, while the N-
acyliminium ion generated by the ™cation pool∫ method
exhibits an absorption at 1814 cm�1. The higher wavenumber
of the cation is consistent with the existence of a positive
charge at the nitrogen adjacent to the carbonyl carbon. The
shift to higher wavenumber is also supported by DFT (density
functional theory) calculations.

The ™cation pool∫ method is generally applicable to various
carbon nucleophiles. Allylsilanes, enol silyl ethers, enol
acetates, 1,3-dicarbonyl compounds, and aromatic compounds
are effective as carbon nucleophiles, and the corresponding
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Scheme 11. Nucleophiles used for the reactions of N-acyliminium
ion pools.

C�C bond formation products are obtained directly
(Scheme 11).

The use of organometallics of higher basicity such as
organolithium compounds gives rise to the formation of a
complex mixture, probably because of a �-elimination reac-
tion. Therefore, organolithium compounds are not suitable as
nucleophiles for the N-acyliminium ion. In contrast, the
reactions with Grignard reagents having alkyl, allyl, and aryl
groups take place smoothly.[5c]

Other organometallic compounds such as organozinc and
organoaluminum reagents are also effective as carbon nucle-
ophiles. The low basicity of such reagents, which might
suppress the competing elimination process, seems to be
responsible for the success of the reactions.

It is noteworthy that the ™cation pool∫ method can be
applied to parallel combinatorial synthesis.[19] Combinatorial
chemistry has emerged as a concept for creating a multiplicity
of molecules to discover compounds having desired activity or
function, and parallel synthesis serves as an effective ap-
proach to realizing this concept. Required for successful
combinatorial synthesis are reactions of high generality to
couple any desired combination of molecules we want. The
™cation pool∫ method seems to be suitable for this purpose,
because carbocations generated by this method are usually so
highly reactive as to couple with a wide range of nucleophiles.
The general principle of the parallel synthesis based on the
™cation pool∫ method is shown in Figure 3. A solution of a

cation generated by low-temperature electrolysis is divided
into several portions. To each portion, different nucleophiles
are added to obtain different combinations of C�C bond
formation products. This approach has been successfully
applied for the parallel synthesis by using aN-acyliminium ion
pool.[5a]

The procedure can be easily automated by a robotic
synthesizer equipped with automated syringes and low-
temperature reaction vessels. The yields of the products are
essentially the same as those obtained by one-pot reactions
with manual operation. The parallel synthesis based on the
™cation pool∫ method opens up a new aspect of automated
solution-phase combinatorial synthesis.[20]

Reduction of a ™Cation Pool∫

Armed with an understanding of the basic principles of the
™cation pool∫ method, we are now in a position to apply it to
achieve new transformations otherwise difficult to perform.
Let us briefly touch on the reduction of a ™cation pool∫.[5d] It is
well recognized that one electron reduction of a carbocation
generates a carbon radical.[21] Although such a relationship
has been well established, this chemistry has been rather
limited to analytical studies with highly stabilized carbocat-
ions.[22] The ™cation pool∫ method serves as a method for
realizing this chemistry in a preparative fashion.

N-Acyliminium ions generated by low-temperature elec-
trolysis are easily reduced electrochemically to produce the
corresponding homocoupling product (Scheme 12).[23] A
mechanism involving one electron reduction to carbon
radicals has been proposed.
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Scheme 12. Reductive homocoupling of a ™cation pool∫.

Figure 3. Parallel combinatorial synthesis based upon the ™cation pool∫ method.
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The reduction in the presence of radical accepting alkenes,
such as methyl acrylate, is more interesting (Scheme 13). The
radical adds to the alkene,[24] and the resulting radical is
further reduced to give the carbanion, which is trapped by a
proton to give the final product.
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Scheme 13. Reductive coupling of a ™cation pool∫ with an
activated alkene.

Reduction of a ™cation pool∫ provides a new strategy for
the radical-mediated carbon ± carbon bond formation, and
this strategy opens new opportunities to manipulate reactive
carbon species by using redox processes in organic synthesis.

™Cation Flow∫ Method

As described in the previous sections, the ™cation pool∫
method enables easy manipulation of carbocation intermedi-
ates to achieve reactions with various nucleophiles, but its
applicability strongly depends on the stability of the carbo-
cation that is generated and accumulated. In order to solve
this problem, a ™cation flow∫ method using a microflow
electrochemical system has been developed.[6]

Microflow reactors have received significant interest in
terms of the downsizing of chemistry.[25] Although microflow
reactors have been mainly utilized in chemical analysis
(�TAS: micro total analysis system, Lab-on-a-Chip),[26] they
are now expected to make an innovative and revolutionary
change in chemical synthesis.[27, 28] Several advantages of
microflow reactors that stem from the high surface-to-volume
ratio should be noted. Highly
effective heat transfer enables
precise temperature control,
and high efficiency of mass
transfer facilitates heterogene-
ous reactions on the surface.
Short residence times in micro-
flow reactors may also be ad-
vantageous from a viewpoint
of the manipulation of highly
reactive intermediates such as
carbocations.

In the ™cation flow∫ system,
a carbocation is generated con-
tinuously by low-temperature

electrolysis by using an electrochemical microflow reactor
(Figure 4). A schematic diagram of the ™cation flow∫ system is
shown in Figure 5. The reaction of a N-acyliminium ion with
allyltrimethylsilane is performed as a representative reaction.
A solution of a precursor (carbamate) is introduced into the

Figure 4. An electrochemical microflow reactor for the ™cation flow∫
method.

anodic chamber equipped with a carbon felt anode made of
carbon fibers (�� 10 �m). A solution of the supporting
electrolyte and TfOH as a proton source is introduced
into the cathodic chamber equipped with a platinum wire
cathode.

The generation of the cation can be monitored by the FTIR
spectrometer (ATR method) equipped with a low-temper-
ature flow cell attached to the outlet of the electrochemical
microflow reactor. The formation of the N-acyliminium ion is
monitored with the absorption at 1814 cm�1, which increased
with the increase in the electric current.

Thus, the cationic intermediate generated by low-temper-
ature electrolysis is immediately transferred to a vessel, in
which a nucleophilic reaction with allyltrimethylsilane takes
place to give a final coupling product. The reactions with
other carbon nucleophiles also take place smoothly to give the
oxidative C�C bond formation products, and they provide a
useful method for the synthesis of nitrogen-containing organic
molecules.

More outstanding is that the ™cation flow∫ method enables
the continuous sequential combinatorial synthesis[29] by sim-
ple flow switching as shown in Figure 6. In the first step, the
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Figure 5. Schematic diagram of the ™cation flow∫ system.
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Figure 6. Continuous sequential combinatorial synthesis using the
™cation flow∫ system.

™cation flow∫ generated from A1 is allowed to react with
nucleophile B1. Then, the ™cation flow∫ is allowed to react
with nucleophile B2. In the third step, the ™cation flow∫ is
allowed to react with nucleophile B3. Then, the precursor of
the cation is switched to A2, and the ™cation flow∫ generated
fromA2 is allowed to react with nucleophiles B1, B2, and B3
sequentially. Then, the precursor of the cation is switched to
A3, and the ™cation flow∫ generated from A3 is allowed to
react with nucleophiles B1, B2, and B3 sequentially. Al-
though parallel syntheses enjoy versatile applications in
combinatorial chemistry, the present continuous sequential
method opens up a new intriguing aspect of combinatorial
synthesis.

Future Outlook

The ™cation pool∫ and ™cation flow∫ methods demonstrated
here open up a new aspect of the chemistry based upon
carbocations, which have been considered to be difficult to
manipulate in normal reaction media. These methods enable
the generation of carbocations in the absence of nucleophiles,
spectroscopic characterization, and reactions with a variety of
carbon nucleophiles to achieve direct carbon ± carbon bond
formation. The successful applications to alkoxycarbenium
ions and N-acyliminium ions speak well for their potentiality
in conventional and combinatorial organic synthesis. Future
work aimed at improving the efficiency of these methods and
expanding the scope of the substrates and reaction patterns
will hopefully enable manipulation of ™carbocations∫ just like
conventional reagents in organic synthesis.
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