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Organic synthesis is still the main way to produce
pharmaceuticals. Among the reactions used for trans-
formations of substrates into final products, especially
important are those in which the abstraction of a proton
from C, O, N, S, etc. acids, under the action of bases,
results in the formation of the corresponding anions.
These anions, being nucleophilic agents, enter a variety
of reactions with electrophilic partners. It is obvious
that proper selection of the base-solvent system used
for reactions induced by bases is of crucial importance.
Phase Transfer Catalysis (PTC) seems to be most gen-
eral, efficient and environment-friendly methodology
of performing reactions in which organic and inorgan-
ic anions react with organic substrates. According to
this methodology reactions are performed in immisci-
ble two-phase systems. 

One phase (inorganic) is a source of inorganic
anions (if they are available as salts) or base for gener-
ation of organic anions. The salts or base are most often
used as aqueous solutions, or less frequently in the
form of powdered solids. The second (organic) phase
contains organic reactants, usually neat or sometimes
in appropriate solvents. Upon the introduction of a cat-
alyst ñ tetraalkylammonium (TAA) salt ñ continuous
transfer of reacting anions, present or produced in the
interfacial region, into the organic phase in the form of
lipophilic ion pairs with the catalyst cation takes place.
All the further reactions occur in the organic phase.

In this paper we describe the basic concept, spe-
cial features, numerous and important advantages of
PTC, its applications in pharmaceutical industry (taken
mostly from recent literature) and perspectives for the
future.

Basic concept of phase transfer catalysis

Further discussion will be limited to the reactions
in which reacting anions are generated in situ from the
corresponding precursors under the action of base
located in the inorganic phase. Most often it is an aque-
ous solution of sodium or potassium hydroxide ñ so
called liquid-liquid system, or powdered alkali metal
carbonates, hydroxides etc. ñ so called liquid-solid sys-
tem. This methodology was discovered and introduced
into laboratory practice in 1965 by Mπkosza.

Organic anions in PTC systems are generated via
deprotonation of the appropriate precursors in the inter-
facial region between two immiscible phases ñ organic
(containing CH, OH, NH, SH, etc. acid, electrophilic
reagent and a catalyst) and inorganic. Anions thus
formed cannot migrate to the organic phase as the sodi-
um or potassium salts, since inorganic counterions are
strongly solvated in the aqueous phase. They can exist
in the interfacial region ñ less precisely at the phase
boundary ñ in an adsorbed like state. In this state organ-
ic anions are very unreactive, being able to react only
with very strong electrophiles.

In the presence of a catalyst ñ TAA salt or anoth-
er source of organic cations, for instance alkali metal
cations complexed with crown ether or ethers of poly-
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ethylene glycols ñ these anions enter in the interfacial
region fast and diffusion controlled ion exchange
results in the formation of lipophilic ion pairs TAA
cation/organic anion, which are then transferred from
the phase boundary into organic phase.

Further reactions, for instance alkylations occur
in the organic phase.

The catalyst cation probably plays an important
role also in the deprotonation step decreasing the ener-
gy of transition state by influence of the positive charge
from the opposite site of the reaction centre. The degree
of deprotonation of anion precursor at the phase bound-
ary ñ the acid-base equilibrium

is a function of its acidity. Since the lipophilic ion pairs
formed via ion exchange

depart from the phase boundary, a component of the
equilibrium leaves the equilibrium site, thus the equi-
librium is shifted to the right. Due to this effect
organic compounds of low acidity (of pKa value up to
~ 24) can be efficiently converted into the correspon-
ding anions which subsequently enter desired reac-
tions. Taking into account the value of pKa of water
~ 15.7, a significant hiperbasic effect is observed in
these systems expanding applicability of sodium
hydroxide as the base in PTC catalyzed, base pro-
moted reactions. Thanks to this hyperbasic effect
aqueous sodium hydroxide can be used for genera-
tion and reactions of a large range of carbanions and
other organic anions instead of commonly used
strong bases such as sodium amide, sodium hydride,
potassium t-butoxide etc.

The major advantages of PTC in both laboratory
and especially industrial applications are: elimination
of organic solvents; elimination of dangerous, incon-
venient and expensive bases such as alkali metal
amides, hydrides, alcoholates etc., and use of alkali
metal hydroxides or carbonates; high reactivity of the
active species; high yields and purity of products, low
investment cost, minimization of industrial wastes etc.

Examples of PTC reactions carried out in the
presence of bases can be found in numerous reviews
and monographs (1). It is worth mentioning that the
first industrial application of this methodology was in a
Polish pharmaceutical factory in the early 1960s for
ethylation of phenylacetonitrile:

and later it was used in many other companies.

Special features of phase transfer catalysis and its

applications in pharmaceutical industry

Presently PTC is a common methodology for
alkylation of a large variety of organic anions derived
from OH, NH, SH etc. acids, and particularly of car-
banions of nitriles, esters, ketones, sulfones, acidic
hydrocarbons and many others. For hydrolyzable com-
pounds of higher CH acidity such as alkyl cyanoac-
etates, malonates, acetoacetates etc. liquid-solid PTC
system, in which anhydrous potassium carbonate is
used as a base, is particularly advantageous. Carbanions
reactions other than alkylation are also efficiently car-
ried out in PTC system: nucleophilic substitution of
halogen or other leaving groups located in para or ortho
position in nitroarenes by methinic carbanions; addition
of carbanions to carbonyl groups ñ especially important
are syntheses of oxiranes in the Darzens reaction of
aldehydes and ketones with carbanions of chloronitriles,
sulfones etc.; addition of carbanions to polar carbon-
carbon double bonds, particularly useful when followed
by further reactions, such as formation of cyclopropane
derivatives, and many others.

Below we present selected examples of the appli-
cations of PTC for syntheses of biologically active
compounds, taken mostly from recent literature.
Synthesis of Sibenadet hydrochloride ñ a potent drug
used for treatment of chronic obstructive pulmonary
disease, includes O-alkylation process carried out on
about one hundred kilogram scale in PTC system (2).

3-Cyclopentyloxy-4-methoxybenzaldehyde ñ an
intermediate in the synthesis of phosphodiesterase IV
isoenzyme inhibitor PDA-641, used for the treatment
of asthma, inflammatory disorders and depression ñ
was prepared on a multikilogram scale by O-alkylation
of isovanillin with cyclopentyl bromide in liquid-solid
PTC system (3).
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Aryl S-β-glycosides of 1-thio-N-acetylglucosamine
were obtained by glycosylation of appropriate arylthiols
with α-glucosaminyl chloride under PTC conditions. They
are the starting materials for the synthesis of some
muramyl dipeptide glycosides, which stimulate an antibac-
terial resistance toward Staphylococcus aureus in mice (4).

Regioselective N-alkylation of some urea deriva-
tives with benzyl chloride has been performed using liq-
uid-solid PTC conditions. Many compounds with depict-
ed skeleton fragments are biologically active, possessing
antiarrhythmic and anticarcinogenic properties (5).

Many acridone derivatives are antitumoral, antipara-
sitic, and antiviral agents. N-Alkylation of acridones
proceeds efficiently under PTC conditions (6).

Significantly improved and efficient process for
the production of Donepezil hydrochloride ñ acetyl-
cholinesterase inhibitor used for the threatment of
Alzheimerís type diseases ñ was reported recently on
kilogram scale (7). The crucial step ñ condensation of
1-benzylpiperidine-4-carboxaldehyde with 5,6-
dimethoxyindan-1-one was optimized using different
bases. The best result ñ 88% yield, 99% purity without
column purification ñ was obtained in PTC system with
10% NaOH aq solution in the presence of tetrabutyl-
ammonium bromide (TBAB) (7).

The most important event for the development of
PTC applications during the last 15ñ20 years was
undoubtedly the demonstration by the chemists from
Merck Co. the possibility to conduct an asymmetric
synthesis with the use of this methodology. They
showed that TAA salt produced via benzylation of cin-
chona alkaloid is an efficient PT catalyst for enantiose-
lective methylation of substituted indanone derivative
(8).

The possibility of asymmetric synthesis in PTC
system, induced by chiral TAA salts was not obvious.
The chiral catalyst, according to commonly accepted
mechanistic picture of its action, exerts only ionic and
hydrophobic interaction with reacting substrate. Thus
its effect, differentiating energies of the two diastere-
omeric transition states leading to two new chiral chi-
ral centers should be rather minor.

In the last years this problem was successfully
solved by chemists from OíDonnell, Lygo, Corey and
Maruoka groups, who developed proper, structurally
well-defined, chiral TAA salts, which display not only
ionic interactions with reacting species. Presently asym-
metric PTC is an extremely important and general tool
in organic synthesis, routinely used for alkylation of
Schiff bases derived from glycine ñ which constitutes a
general method of asymmetric synthesis of α-amino-
acids and their derivatives, Michael addition, aldol reac-
tion, epoxidation, aziridination etc. Hundreds of papers
on this subject appeared in the last fifteen years, they are
exhaustively discussed in a monograph edited by K.
Maruoka, published in 2008 (9). A review concerning
practical aspects of asymmetric PTC will be also pub-
lished this year (10). Some illustrative examples are
given below, [references (11ñ16), respectively].
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ammonium salt catalyst, results in high yields.
However, under these conditions the yields of reactions
with sec-alkyl bromides seldom exceed 60%, introduc-
tion of the second alkyl group to the 2-arylalkaneni-
triles proceeds with difficulty, yields of 1-aryl-1-
cyanocyclobutanes in reactions with 1,3-dibromo-
propane are low, and finally, cyclopropanation of
phenylacetonitrile with 1,2-dichloro- or 1,2-dibro-
moethanes does not proceed ñ dehydrohalogenation of
the dihaloalkane is the only observed process.

In all the cases mentioned a simple replacement
of 50% sodium hydroxide solution for 60 ñ 75% potas-
sium hydroxide results in a significant increase of the
yields and purity of products or allows the reaction to
proceed (18).

It is worthy to note that the above reaction, car-
ried out in the presence of 50% NaOH, resulted in
dehydrobromination of cyclohexyl bromide.

Isopropylation of 3,4-dimethoxyphenylacetoni-
trile is an important step in the synthesis of Verapamil,
used in the treatment of hypertension, angina pectoris,
cardiac arrhytmia and cluster headaches.

A product of cycloalkylation of 4-chlorophenyl-
acetonitrile with 1,3-dibromopropane ñ a precursor of
Sibutramine, antiobesity and antidepressant drug ñ is
obtained in good yield and without inseparable allylat-
ed side products, from the competitive β-elimination
process with 1,3-dibromopropane (18).

A possible explanation of the facts presented
above involves a kinetic effect, since for more concen-
trated solutions of hydroxides alkylation proceeds
much faster and dominates over side reactions.

A crucial step of the synthesis of Anastrozole ñ
selective aromatase inhibitor, effective for the treat-
ment of advanced breast cancer in postmenopausal
women ñ consists on exhaustive methylation of 3,5-

The last example represents multikilogram scale
practical asymmetric synthesis of estrogen receptor β
selective antagonist, the key step of which is asymmet-
ric Michael addition of indanone derivative to methyl
vinyl ketone. Although the ee value obtained is not
impressive, simple crystallization of the product from
isopropyl acetate upgraded optical purity to 97% ee.

A lot of data, reported in recent literature, leads to
the conclusion that the originally proposed by Mπkosza
(17) mechanistic picture of PTC processes, carried out
in the presence of a base, adequately illustrates the gen-
eral mechanism of the catalytic process. However,
some phenomena, which have been discovered over the
past years show that we are still far from a full under-
standing of the processes which take place in the PTC
reactions. Fortunately, these observations generally
increase and not decrease the applicability of PTC.

For instance, it is well established that the
monoalkylation of arylacetonitrile carbanions with pri-
mary alkyl bromides carried out in the presence of 50%
aqueous sodium hydroxide and a lipophilic quaternary
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bis(cyanomethyl)-toluene. This process was performed
using methyl iodide and NaH/DMF (yield 88%) (19),
or methyl chloride and 50% NaOH aq/benzyltriethyl-
ammonium chloride (TEBA) (yield 70%) (20).

However, in the last case the quality of the prod-
uct obtained prohibited its application to the synthesis
of drug ñ probably it was contaminated by mono-, di-
and trimethylated compounds. Undoubtedly the appli-
cation of 60% or more concentrated KOH solutions
should overcome all these problems.

Probably the most spectacular example of appli-
cation of PTC for reactions of organic anions is gener-
ation and reactions of dihalocarbenes (and many other
carbenes) in α-elimination reaction. We will limit our-
selves to the reactions of dichlorocarbene (DCC).

Generation of this active electrophilic specie from
chloroform in PTC system (concentrated aqueous sodi-
um hydroxide as a base in the presence of a catalytic
amount of TEBA), carried out in the presence of
alkenes leads to the addition products of DCC ñ 1,1-
dichlorocyclopropane derivatives, which are formed in
high yields (Mπkosza reaction) (21).

The utility of gem-dihalogenocyclopropanes as
starting materials in organic synthesis is well docu-
mented (22).

Of special interest are Banwell and coworkers
works on the synthesis of natural products (or their
analogs) and other compounds possessing biological
activity, in which readily available gem-dihalogenocyclo-
propanes were used as building blocks (23). Synthesis of
an alkaloid (ñ)-erythramine, isolated from a variety of
plant sources, which displays cardiovascular activity and
molluscicidal properties is an illustration (24).

It is worthy to note that apart from dihalocyclo-
propanation of alkenes PTC was successfully applied

to a variety of other carbenic reactions, such as inser-
tion into CH bonds, reactions with primary and sec-
ondary amines (giving isonitriles and N-formylated
amines, respectively), Schiff bases (to form
dihalogenoaziridine derivatives), some aromatic hete-
rocycles (which usually lead to products of rearrange-
ment of initial adducts) and with many other elec-
trophiles. Some recent examples are given below [ref-
erences (25ñ28), respectively].

In many cases these reactions have gained practi-
cal value thanks to the PTC methodology. For instance,
the reaction of chloroform with primary amines leading
to isonitriles was previously used only as an analytical
method.

The now commonly accepted mechanistic picture
for the generation and reactions of trihalomethyl anions
and dihalocarbenes is as follows: on the phase bound-
ary between the organic phase containing haloform, an
alkene (or other compound reacting with dihalocar-
bene), and inorganic phase (concentrated aqueous sodi-
um hydroxide), deprotonation of haloform produces
trihalomethyl anions which are adsorbed at the inter-
face. The ion exchange between TAA catalyst, present
in the system, and trihalomethyl anions at the interface
produces lipophilic ion pairs TAA cation/trihalomethyl
anion, which migrate into the organic phase where the
trihalomethyl anions undergo reversible dissociation to
dihalocarbene and TAA salt. The former reacts with
alkene to produce dihalocyclopropane derivative,
whereas TAA salt migrates to the interfacial region
where it enters again the ion exchange, so another TAA
cation/trihalomethyl anion ion pair is formed and the
process proceeds continuously. Under these conditions
there is a real equilibrium between carbenes and tri-
halomethyl anions in the organic phase, because all the
components are soluble in this phase.

It is worthy to note that there is no base or its
conjugated acid in the organic phase. Because of that
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the desired reactions proceed in high yield and selec-
tivity.

From this picture, it is obvious that the main func-
tion of the catalyst in PTC reactions is to provide solu-
ble in the organic phase lipophilic ion pair TAA
cation/trihalomethyl anion. Thus the structure of the
catalyst should not exert any strong specific effect on
the reaction course, providing it is lipophilic enough.
However, there are many observations that the rates of
PTC carbene reactions and the structure of the products
depend on the structure of TAA cations and also on the
kind of the solvent used. Probably the most spectacular
example is the reaction of chloroform with t-butyl acry-
late. When TEBA chloride is used as a catalyst, a mix-
ture of t-butyl 4,4,4-trichlorobutyrate, 1-t-butoxycar-
bonyl-2,2-dichlorocyclopropane and a product of fur-
ther transformation of the latter (1-t-butoxycarbonyl-
4,4,5,5-tetrachlorospiropentane) are formed (29).

The same reaction carried out in the presence of
tetramethylammonium halide (TMAX) (instead of
TEBA) as a catalyst produces almost exclusively a
cyclopropane derivative. Reaction with TEBA, carried
out in heptane as a solvent leads to Michael addition
product in good yield (30).

A possible explanation of the results presented
above can be as follows: It is obvious that the
TMA/trichloromethyl anion ion pairs, formed at the
interphase cannot penetrate the whole bulk of the
organic phase (in the 50% NaOH/benzene/cat. TMABr
system, after vigorous stirring and phase separation, the
ammonium salt was found in the aqueous phase!). Due
to the small size of TMA cations, these ion pairs are
rather tight and inactive, thus as a result the
trichloromethyl anion does not react with Michael
acceptor. However, the TMA/trichloromethyl anion
ion pair may find itself much further from the bound-
aries of the interfacial region compared to the case of
the sodium cation/trichloromethyl anion ion pair and
can therefore dissociate there to DCC, which slowly
adds to elactrophilic alkene.

The presence of nonpolar heptane solvent proba-
bly shifts the equilibrium

to the left. One can expect that in such a system, the
nonpolar solvent decreases the solubility of TEBA
cation/trichloromethyl anion in the organic phase, but
the solubility of this ion pair is still better compared
with TEBA. On the other hand, the presence of a non-

polar solvent should not exert a strong effect on the
tightness of this ion pair. As ion pairs with TEBA
cation are less tight than these with TMA cation, there-
fore the trichloromethyl anion is reactive enough to add
to Michael acceptor. An alternative explanation is that
the TMA cation/trichloromethyl anion ion pairs are less
stable than other TAA/trichloromethyl anion species
and decompose to the hard-hard ion combination
TMACl and dichlorocarbene before a Michael reaction
can occur.

Another example of catalyst influence on reaction
course are reactions of chloroform with aldehyde enol
esters. These substrates form products of formal addi-
tion of trichloromethyl anion to the vinyl group in the
α position to the acyloxy substituent, when the reaction
is carried out in the presence of TEBA (31).

The mechanism involves the hydrolytic genera-
tion of an acetaldehyde, addition of the trichloromethyl
anion to its carbonyl group and finally fast O-acylation
of the adduct by vinyl acetate (32).

In the presence of TMABr and a large excess of
chloroform, a mixture of both chain and cyclopropane
product is formed, in which carbene addition product
prevails (33).

These results can be explained similarly, as in the
case of dichlorocyclopropanation of electrophilic
alkenes, carried out in the presence of TMA salts.
Furthermore, formation of cyclopropane derivatives
may result from the use of a large quantity of chloro-
form, conditions which disfavor the cleavage of enol
esters by means of hydroxide anion.

It was shown recently that reactive aldehydes
(especially formaldehyde) can be generated in situ in
PTC systems from acylals ñ esters of geminal diols ñ and
introduced into reactions with various nucleophiles (34).
Formaldehyde was generated from easy available meth-
ylene diacetate in the presence of 60% aqueous potassi-
um hydroxide or solid potassium carbonate as a base and
TBAB as a catalyst. With 2-phenylalkanenitriles, chlo-
roform, bromoform, alkyl malonic esters, 2-nitro-
propane, some NH acids etc. products of hydroxymethy-
lation or acetoxymethylation of appropriate organic
anions were formed, depending on the kind of substrate
and reaction conditions, usually in good yields.
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Of special interest is the reaction of methylene
diacetate with 5-chloro-2-phenylpentane nitrile, carried
out in the presence of 60% KOH aq and TBAB, in
which 3-phenyltetrahydro-2H-pyran-3-carbonitrile was
obtained in high yield.

This process consists of the addition of nitrile
anion to a carbonyl group of formaldehyde formed in
situ, with subsequent intramolecular cyclization of
aldol oxoanion thus formed.

All these reactions offer an interesting alternative
to known hydroxymethylation reactions, described in
the literature (N-hydroxymethylphthalimide or benzo-
triazolylmethanol as a formaldehyde source, organo-
lithium bases; paraformaldehyde in acetonitrile, sodi-
um hydride). 2-Aryl-2-hydroxymethylalkane nitriles
(especially in enantiopure form) are useful substrates in
syntheses of many biologically active compounds.

CONCLUSION

It should be emphasised that the possible applica-
tions of PTC are much wider than discussed in this arti-
cle ñ including applications in the metaloorganic chem-
istry, the polymer industry, oxidation processes, β-
elimination reactions, co-catalyzed processes etc.
There are hundreds of industrial applications of PTC
presently known. Of course, PTC is not limited to phar-
maceutical industry and using this methodology one
can also produce plant protection agents, dyes,
monomers, photographic chemicals etc. It wouldnít be
an exaggeration to say that when designing a new
process or a method of synthesis, which include reac-
tions involving anions, one should consider PTC as the
first choice.
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