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Abstract: Due to the constant demand for non-racemic molecules in both industrial and academic laboratories, 
many efforts have been devoted in the last 25 years to the development of enantioselective phase transfer cata-
lyzed (PTC) processes. Much of this chemistry was recently reviewed – the latest reports were from 2003/2004 
and treated essentially the synthesis of non racemic α-amino acids. After a short historical introduction, this article 
will thus review enantioselective PTC reactions reported in the last three years (2003–2006) and demonstrate how 
broad and active the field is – and this considering ammonium-catalyzed reactions only. 
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even be carried out without any organic 
solvent if the substrate plays the role of the 
organic phase itself [7][8]. All in all, PTC 
can be considered a ‘green’ alternative to 
many classical homogeneous reaction con-
ditions [9]. 

Due to the constant demand for non-
racemic molecules in both industrial and 
academic laboratories, many efforts have 
been devoted in the last 25 years to the de-
velopment of enantioselective processes 
using enantiopure (organic) moieties as 
chiral phase transfer catalysts. Much of this 
chemistry was recently reviewed – the lat-
est reports were from 2003 and 2004 and 
treated essentially the synthesis of non- 
racemic α-amino acids [10–12]. After a 
short historical introduction, this article will 
thus describe enantioselective PTC reactions 
reported in the last three years (2003–2006) 
and demonstrate how broad and active the 
field is (~90 references) – and this consider-
ing ammonium catalyzed reactions only. 

1. Milestones of Enantioselective 
PTC Before 2003

In 1984, chemists at Merck were the first 
to report an efficient enantioselective PTC 
reaction using an N-benzylcinchoninium 
bromide salt as catalyst for the methylation 
of a phenyl-indanone substrate (Scheme 1); 
the base-induced reaction proceeded with 
95% yield and 92% enantiomeric excess 
(ee) [13].

In 1989, O’Donnell and co-workers 
showed that non-racemic natural and unnat-
ural α-amino acids could be readily synthe-
sized using the Schiff base of t-butyl glycinate 
1, stoichiometric amounts of inorganic aque-
ous bases and alkyl halides as electrophiles 
and, again, cinchona ammonium derivatives 
as phase-transfer catalysts; the enantiomeric 
excess of the alkylated products varying from 
42 to 66% (Scheme 2) [14].

Since then and for many years, alkyla-
tion reactions of ester 1 have been the most 
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Since the pioneering work of Makosza and 
coworkers almost forty years ago [1][2], 
and the extensive study of Starks et al. in 
the early 1970s [3][4], phase transfer ca-
talysis (PTC) has become a topic of great 
interest belonging, nowadays, to the bur-
geoning field of organocatalysis [5]. PTC 
involves setting up experimental conditions 
that allow reactions to proceed through the 
active transport of reactive polar reagents 
from one liquid phase to another by small 
sub-stoichiometric amounts of (charged) 
molecules. It has many advantages over 
other catalytic (and stoichiometric) pro-
cesses: simple reaction procedure, mild 
conditions, safe, inexpensive and environ-
mentally friendly reagents, absence of an-
hydrous or aprotic solvents, ease of scale-
up and (most often) metal-free conditions. 
Moreover, PTC is compatible with a wide 
range of solvents (if immiscible with water 
which usually contains the reactive polar 
reagents), with ionic liquids [6], and can 
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studied reactions and ‘simple’ derivatives of 
cinchona alkaloids were the most efficient 
phase-transfer catalysts; these compounds 
being inexpensive and readily available in 
two diastereomeric, yet pseudo-enantio-
meric, forms [15].

In 1997, a ‘breakthrough’ in enantiose-
lective PTC was reported independently by 
the groups of Corey and Lygo. Using N-(9-
anthracenylmethyl)ammonium halide salts 
of cinchonine 2a and cinchonidine 2c (Fig. 
1), Lygo achieved the alkylation at 20 °C of 
imino ester 1 with enantiomeric excesses up 
to 94% [16]. With the more soluble O-allyl 
derivative 2b, CsOH·H2O as a base and low-
er temperature (–78 °C), Corey performed 
the same reactions with a higher selectivity 
(ee up to 99.5%) (Fig. 1) [17].

The above results led to a surge of new 
interest in enantioselective PTC which 
has already been, as mentioned before, 
reviewed up to 2003–2004. In short, quite 
a few structural variations of the alkaloid 
framework were tested using the four clas-
sical cinchona natural products i.e. cincho-
nine/quinidine (CN), cinchonidine/quinine 
(CD) and their dihydro equivalents (HCN 
and HCD respectively). Various appendages 
were linked to the bridgehead nitrogen and 
to the benzylic oxygen atoms. Catalyst op-

timization studies led Lygo et al. to perform 
the reaction of 1 with improved enantiose-
lectivity up to 98% ee (0 °C) [18]. Dimeric 
dicationic catalysts with different chemical 
spacers in between two cinchona ammo-
nium moieties were prepared by the groups 
of Jew, Park and Najera, which gave very 
convincing results (ee up to 99%) [19][20]; 
a trimeric catalyst was reported as well (up 
to 97% ee) [21]. N-Linked polymer-sup-
ported cinchona-alkaloid derivatives were 
also synthesized using Merrifield resins 
[22][23]; O-linked Merrifield polymers 
performing equally well [24].

However, fine tuning of cinchona-al-
kaloid ammonium catalysts is somewhat 
limited to the above described structural 
modifications and, in this context, quite a 
few groups have entered the field of enan-
tioselective PTC by proposing novel struc-
tures and geometries for the ammonium 
moieties. For instance, in 1999, Maruoka 
and coworkers showed that purely synthetic 
C2-symmetrical bis(binaphthyl)ammonium 
salts of type 3 (Fig. 2), available from (S) 
or (R)-BINOL in several steps, are effective 
chiral phase transfer catalysts. The reac-
tions of ester 1 with alkyl halides occurred 
with decent selectivity using the ‘naked’ 
ammonium cation 3a (up to 79% ee); better 

results being obtained with salts of cation 
3b that contains β-naphthyl substituents at 
the 3,3’ positions of the binaphthyl core (ee 
= 96%) [25].

After this intentionally short and limited 
summary of the situation up to 2003, care 
will now be taken to detail novel catalytic 
ammonium salts – without excluding the 
‘old faithfuls’ that still find new and effec-
tive uses. To give a quick perception of the 
efficiency of the catalytic moieties, the best 
enantiomeric excesses obtained with them 
will be indicated close to the structures 
with a few words describing the chemical 
context of their use – the reactions being 
detailed later in the review according to the 
substrate nature, reagents and conditions.

2. Non-racemic Ammonium Cations 
for Enantioselective PTC 

Chiral ammonium phase transfer cata-
lysts can be divided in three main classes 
that are 
(i) 	 molecules derived from cinchona alka-

loids (Fig. 3 and Fig. 4), 
(ii) 	those made from other chiral pool moi-

eties (Fig. 5) [26], and 
(iii) 	purely synthetic ammonium cations 

(Fig. 6 and Fig. 7). 
A fourth class will be briefly presented 

which is the group of the readily recyclable 
(including polymer supported) catalysts. 

2.1. Cinchona-based Ammonium 
Cations

As mentioned, several modifications 
of the cinchona alkaloid core have been 
proposed that involve, in general, introduc-
tion of substituents (i) at the bridgehead ni-
trogen atom, (ii) at the benzylic hydroxyl 
group or (iii) at position 6 of the quinoline. 
The efficiency of the catalysts relies mostly 
on the substituent added on the bridgehead 
nitrogen atom. Various benzylic groups 
have been introduced to study the influence 
of steric effects (e.g. compounds 4 and 5) 
[27][28], of electronic effects (molecule 6) 
[29], and a combination of both (7 and 8) 
[30][31]. Taking into account these factors, 
it is possible to elaborate the right catalyst 
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for the desired reaction; compound 9 being 
for example designed for the aziridination 
of electron-deficient olefins [32].

As mentioned, effective dimeric and tri-
meric catalysts combining two or three cin-
chona ammonium cations were elaborated 
before 2003. Structural improvements were 
recently reported by extensive variations of 
the chemical nature of the linker (length, 
size, electronics) affording novel dimeric 
(10, 11) and trimeric (12) moieties; very 
high enantiomeric excesses being obtained 
in many of the studied reactions [33–36].

2.2. Other Ammonium Cations
Derived from Chiral Pool Moieties

As one might suspect, the structural di-
versity of the chiral pool was exploited to 
generate non-racemic ammonium catalysts 
of structures different from those of the cin-
chona alkaloids. For instance, quaternary 
ammonium cations 13 and 14 (Fig. 5) were 
synthesized respectively from l-menthol 
and isosorbide, which is a byproduct of the 
starch industry from the dehydration of d-
sorbitol [37][38].

Modest to decent levels of selectivity 
were obtained when these cations were re-
acted under PTC conditions. Ammonium 
cations derived from tartaric acid were also 
prepared (e.g. 15 and 16) and used success-
fully (vide infra). The nature of the substitu-
ents on the ammonium moieties is decisive 
in order to reach high level of enantioselec-
tivity – this is particularly noticeable when 
comparing the efficiency of salts 15 and 16 
[39–44].

2.3. Purely Synthetic Ammonium 
Cations

As mentioned, very high levels of enantio
selectivity were obtained before 2003 when 
using spiro C2-symmetrical bis(binaphthyl) 
ammonium salts of type 3a or 3b. Further 
modifications of the nature of the aryl sub-
stituents at 3,3’ positions (compounds 3c to 
3f, Fig. 6) were studied by the Kyoto group 
[45][46]. The major drawback of molecules 
of type 3 is that more than ten steps are clas-
sically required to synthesize the appropri-
ate binaphthyl subunits. In order to simplify 
the preparation of the compounds, Maruoka 
and coworkers developed a new synthetic 
procedure; one of the improvements being 
metallation of the binaphthyl core with mag-
nesium bis(2,2,6,6-tetramethylpiperamide) 
as a base, which facilitates the scale-up of 
the overall process [47].

Introduction of aryl substituents at the 
4,4’ and 6,6’ positions of the bis-binaph-
thlyl core was also carried out (e.g. 17 and 
18) [48][49]. Compound 18, which presents 
a D2-symmetry, is interesting as its prepara-
tion requires essentially half the number of 
synthetic preparative steps compared to C2-
symmetrical analogues. Catalyst 19, based 
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on a rigid 6,6’-dimethyl biphenyl skeleton, 
was also described [50]. For 18 and 19, 
bulkier aromatic moieties could be intro-
duced on the biaryl core due to the reduc-
tion in steric hindrance around the central 
nitrogen atom.

Quite a few other cyclic biaryl ammo-
nium cations were reported recently by the 
groups of Maruoka and Lygo which include 
(i) configurationally rigid (atropos) [51][52] 
monobinaphthyl ammonium structures (20 
and 21) [53][54], (ii) atropos monobiphenyl 
adducts (e.g. 22) [55], (iii) configurationally 
labile (tropos) biphenyl moieties with either 
stereogenic exocyclic appendages (e.g. 23) 
[56] or atropos biaryl moieties (24) [57]. A 
polycationic variant (25) of catalyst 21 was 
also described [58].

Finally, geometrically related yet struc-
turally different dicationic bisammonium 
catalysts based on a binaphthyl core were 
also reported recently (26 and 27, Fig. 7) 
[59][60]. Pyrolinium salt 28 and C3-sym-
metrical ammonium 29 made from enan-
tiopure epoxides precursors were also de-
scribed. All these moieties displaying mod-
erate to decent levels of selectivity (vide 
infra) [61][62].

2.4. Readily Recyclable Ammonium 
Catalysts

Further work on polymer-supported 
phase transfer ammonium catalysts has re-
cently appeared [63]; these catalysts pres-
ent several advantages over homogeneous 
catalysts such as simplified work-up for 
product purification, easy recovery of the 
catalyst for potential recycling, good sta-
bility and reduced toxicity. As before, the 
novel catalysts are cinchona-based. Several 
positions for anchoring the polymers were 
tested (Fig. 8) as well as different spacers 
(size, length) and polymer supports (Mer-
rifield, PEG or SynPhase lantern). 

Other recyclable catalysts have been 
reported in the literature such as fluorous-
phase compatible D2-symmetric ammo-
nium salt 30 (Fig. 9) and dendritic cincho-
na-based salt 31 (Fréchet-type wedges up 
to generation three); applications of these 
catalysts being described later in the article 
[64][65].
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After this summary of the variety of the 
ammonium cations prepared for use in en-
antioselective PTC, the reactions that were 
studied will now be described.

3. Reactions on Schiff Base  
Glycine 1

As described, phase transfer catalyzed 
alkylation of glycine ester derivatives is a 
powerful method for the preparation of nat-
ural and unnatural α-amino acids (Scheme 
2). As such, most reported studies have used 
this process as an ‘acid test’ to measure and 
compare the efficiency of their enantiose-
lective catalyst system. The most used sub-
strate in this reaction is the glycine Schiff 
base t-butyl ester 1 that usually affords the 
best reactivity/selectivity profile – although 
some other substrates have been used (vide 
infra) [14][66]. Typical conditions are those 
of reactions performed at 0 °C with 1 mol% 
of catalyst in a toluene/50% aqueous KOH 
mixture as biphasic solvent medium; com-
pletion being reached within a few hours 
of reaction. 

3.1. Alkylation Reactions with 
Ammonium Cations Coming from 
the Chiral Pool

As mentioned, good levels of enantiose-
lectivity were reached prior to 2003 with 
ammonium cations of type 2. In an attempt 
to provide the most complete view on sub-
stituent effects, a general screening of cin-
chona-based catalysts with various append-
ages linked to the nitrogen bridgehead atom 
and/or the hydroxyl group was performed 
using a parallel synthesizer and online 
HPLC monitoring of both rate and enantio-
meric excess [67]. Among the 88 catalysts 
tested, four of them displayed enantiomeric 
excesses above 90% with good reproduc-
ibility. With such a large data collection, a 
computational rationalization could then 
be attempted. Based on twelve structures, 
comparison of experimental and theoretical 
enantiomeric excesses was performed and 
showed a good level of agreement using 
3D-QSSR models. This provides a ratio-

nalization and a guide to synthetic efforts 
towards the elaboration of the most efficient 
catalysts of type 2 [68]. 

Tartrate derivatives of type 16 are new 
to the period 2003–2006. Concerning the 
alkylation reaction on 1, the best catalyst in 
this series is compound 16a, which provides 
a high level of enantioselectivity (up to 94%  
ee) [42]. As these compounds are advanta-
geous in terms of catalyst accessibility 
(only five steps amenable to large-scale 
production using inexpensive reagents and 
simple operations) and versatility (tunable 
ketal substituents and aryl groups), a bright 
future can be envisioned for them.

3.2. Alkylation Reactions with Pure-
ly Synthetic Ammonium Cations

With purely synthetic ammonium cata-
lysts that often require a synthesis with sev-
eral steps, care was taken recently to find 
conditions affording high reactivity and 
selectivity using truly minimal amounts of 
catalysts (<0.1 mol%). With compounds 
of type 3, a screening of various aryl moi-
eties at the 3,3’-positions revealed that the 
bis(3,4,5-F3-Ph) derivative 3c is one of the 
best catalysts for the alkylation of 1 since 
essentially enantiopure natural and unnatu-
ral α-amino acids can be synthesized. Us-
ing anaerobic conditions, it was shown that 
the overall efficiency of 3c remains when 
its loading is decreased to only 0.2 mol% 
[46]. Further improvements could be en-
acted when the rather lipophilic nature of 
compounds of type 3 was acknowledged. 
The lipophilicity disfavors the first step of 
the catalytic process i.e. the interfacial de-
protonation of the glycine Schiff base ester 
1 by the aqueous base – the cationic am-
monium counterion remains in the organic 
layer rather than moving to the more polar 
interface or even aqueous layer. Maruoka 
and coworkers showed that the process can 
be accelerated using an achiral co-catalyst, 
18-crown-6, which helps to extract the inor-
ganic base (usually KOH) to the interface or 
the organic layer. The catalyst and co-cata-
lyst loadings can then be both decreased to 
0.05 mol% without loss of yield and selec-

tivity (3 h reaction time) [69]. Rather than 
adding a co-reagent, it is also possible to 
decrease the catalyst loading by increasing 
the polarity (decreasing the lipophilicity) of 
the ammonium cation. Using compounds 
21 and 22, amounts as low as 0.01 mol% 
could be used and resulted in high yields 
and enantioselectivity [54][55]. 

Further studies were performed with 
compounds of type 3. One of them was an 
inquiry on the ‘multiplier effect of chiral 
auxiliaries’ using polycationic derivative 
25. The length of alkyl chains linking the 
various ammonium binaphthyl units has a 
distinct influence on the enantioselectivity 
(up to 83%) and – more surprisingly – also 
on the absolute configuration of the alkyl-
ated product [58]. 

It was also shown that the presence of 
an atropos biaryl moiety is not mandatory 
to achieve high enantioselectivity in the 
alkylation of 1; reactions in the presence 
of ammonium ions of type 23 proceeded 
in some instances with high enantiomeric 
excess. Compounds of type 23 combine a 
tropos biphenyl 7-membered ring and a 
stereogenic acyclic appendage; Lygo et al. 
showed that the most efficient catalyst is a 
combination of a stereogenic 1-(naphtha-
len-1-yl)ethanamine appendage and two 
bis(3,5-trifluoromethyl)phenyl moieties 
at the 3,3’ positions of the biphenyl [56]. 
A computational QSSR experiment was 
also performed on 40 different catalysts of 
type 23. Again, good agreement between 
experimental and theoretical enantiomeric 
excesses was observed [70]. 

3.3. Alkylation Reactions Using 
Recyclable Ammonium Catalysts or 
Practical Reaction Conditions

Studies on the enantioselective alkyla-
tion reactions of 1 with recyclable ammo-
nium catalysts were further developed in 
recent years and promising results were ob-
tained on various fronts. For instance, with 
non-racemic polymer-supported catalysts, 
enantiomeric excesses as high as 81% were 
reported using an organic-layer soluble non-
cross linked PEG N-bound cinchonidinium 
salt [71]. An O-bound Merrifield polymer 
with an N-(9-anthracenylmethyl)cinchon
idinium unit displayed very high selectiv-
ity (ee up to 96%) and recyclability (three 
times with almost no loss of activity) [63]. 
Further examples showing similar results in 
terms of selectivity and reactivity were also 
reported [72][73].

Fluorous-phase compatible D2-sym-
metric ammonium salt 30 was also used 
in the enantioselective alkylation reaction 
of 1. The reactions were performed using 
standard biphasic conditions (toluene/50% 
KOH aq.) and the catalyst was readily re-
covered by simple extraction in FC-72 as 
a fluorous solvent. Enantiomeric excesses 
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up to 90% were obtained and the catalyst 
could be recycled three times with no loss 
of activity [64].

Dentritic molecules of type 31 were also 
used due to their easy recovery by means of 
ultra filtration, nanofiltration or size exclu-
sion techniques. Under slightly modified 
conditions (toluene/CHCl3/50% KOH aq., 
–20 °C), good yields and decent selectivity 
levels (up to 76%) were obtained [65]. Re-
actions performed under ‘tea bag’ dialysis 
membrane conditions required longer reac-
tion times and a loss of selectivity was also 
noticed after each run (from 64 to 40% ee 
after the third run).

Recently, Jew, Park and coworkers 
showed that practical reaction conditions 
could be performed by changing the nature 
of the substrate rather than modifying the 
catalyst. Polymer-supported glycine Schiff 
base substrates were used [74]. Anchor-
ing the substrate on Merrifield resins was 
performed through the imine moiety. The 
phase transfer alkylation reaction proceed-
ed almost quantitatively with very good  
enantiomeric excess (up to 99%) using  
catalyst 2b [75]. 

Finally, Koshima showed that enanti-
oselective phase transfer catalyzed reac-
tions of 1 proceeded smoothly on clays 
and alumina at room temperature to afford 
alkylated products in high yields and good 
enantioselectivity [76][77].

3.4. Conjugate Addition Reactions
In the above-mentioned reactions, the 

electrophilic reagents used in combina-
tion with substrate 1 and the non-racemic 
ammonium catalysts have been traditional 
alkyl halides as well as allylic and ben-
zylic moieties. To extend the scope of this 
chemistry, other electrophiles were used 
and electron-deficient olefins in particular 
(Scheme 3, EWG: electron-withdrawing 
group) [78][79].

For instance, using catalyst 23, Lygo et 
al. were able to perform the conjugate ad-
dition of the enolate of 1 to various methyl 
vinyl ketones; the reaction proceeding with 
surprisingly modest selectivity (up to 60% 
ee). However, a simple modification of the 
nature of the substrate (a benzhydryl ester in-
stead of a t-butyl ester) afforded much higher 
selectivity (up to 94%) and, after a simple 
hydrogenation reaction (H2, Pd/C), the syn-
thesis of non-racemic 2,5-disubstituted pyr-
rolidines was readily achieved [80].

Michael addition reactions onto α,β-
unsaturated esters were also realized and 
ammonium salts 16b and 26 proved to be 
quite efficient catalysts for this process as 
enantiomeric excesses of 82 and 75% were 
obtained respectively [42][59]. Another in-
teresting example was reported which con-
cerns the tandem conjugate addition/elimi-
nation of activated allylic acetate aimed at 
synthesizing non-racemic derivatives of 
glutamic acid (Scheme 4). Enantiomeric 
excesses up to 97% were obtained using 
catalyst 2b [81].

3.5. Aldol and Mannich Reactions
Enantioselective PTC is not limited to 

the alkylation or conjugate addition reac-
tions of glycine esters of type 1 and any re-
action proceeding through the formation of 
a prochiral anionic intermediate upon reac-
tion with a base of the strength of hydrox-
ide OH– is amenable to it. In this context, 
asymmetric aldol reactions of glycine ester 
derivatives with aldehydes moieties were 
tested; these reactions affording a straight-
forward route to β-hydroxy-α-amino acids 
which are compounds of great importance 
in natural product and industrial chemistry 
(Scheme 5). Using the right combination of 
aldehydes and catalyst (3e), Maruoka and 
coworkers were able to obtain high diaste-
reomeric excesses in favor of anti-aldol ad-
ducts (up to 92%); the major diastereomers 

being almost enantiopure (ee ~98%) [82]. 
Similarly, Mannich reactions of glycine 

ester 1 were performed under enantioselec-
tive PTC conditions with imine derivatives 
as electrophiles. α,β-Diamino acids were 
readily afforded (Scheme 6). Two different 
reports described this chemistry.

In one instance, using imino esters as 
electrophiles (Scheme 6, R1 = CO2Et, R2 = 
PMP), it was possible to synthesize the ni-
trogen analogues of diethyl tartrates, which 
are useful building blocks in modern asym-
metric chemistry. Performing the reaction 
with 2.5 mol% of catalyst 3c under opti-
mized conditions (mesitylene/17% NaOH 
aq., –20 °C, 6 h), the syn diastereomer was 
obtained as the major product with decent 
diastereomeric (de 64%) and high enantio-
meric excesses (ee 91%) [83]. In the sec-
ond case, a solid–liquid PTC protocol was 
utilized with 10 mol% of catalyst 16c and 
various aromatic imines (Scheme 6, R1

 = 
Ar, R2

 = Boc). The syn diastereomer was 
also obtained predominantly with, again, 
high levels of selectivity (de 90–99%, ee 
58–82%) [44].

3.6. Structural Variations Around 1
We have already mentioned that the ben-

zhydryl analogue of ester 1 led, in one in-
stance, to a higher level of selectivity than the 
t-butyl ester [80]. Other analogous substrates 
of 1 were prepared by changing the carboxyl 
functional group or the nitrogen protecting 
group. For instance, secondary, tertiary and 
Weinreb amides were used successfully in 
combination with catalysts of type 3 (Fig. 
10) [84–87]. It was then even possible to 
perform an iterative process to generate a 
small peptidic side chain [88]. Modifica-
tions of the nitrogen environment were also 
studied. Very high levels of selectivity were 
observed using an oxazoline group instead 
of the diphenylmethanimine group of 1 (ee 
up to 99% with catalyst 3c) [89]. 
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To perform dialkylation reactions, 
the diphenylmethanimine moiety can 
be replaced by a more reactive (4-
chlorophenyl)methanimine group [90]. Cat-
alysts 3c, 16, 21 and 24 were then successful-
ly used for the preparation of α,α’-dialkyl 
amino acids [42][54][55][91]. By screening 
various other imine functions, it was shown 
that the (2-naphthyl)methanimine group is 
also a good nitrogen protection for dialkyl-
ation reactions [92]. Finally, it is also pos-
sible to perform alkylation [93][94] and al-
dol reactions [95] on glycolate adducts and 
simple ester functions [96]. 

4. Other Enantioselective PTC 
Using Non-racemic Ammonium 
Salts

4.1. Reactions of β-Keto Esters
β-Keto esters are also ready candi-

dates for phase-transfer catalyzed reactions 
due to the relatively high acidity of the α 
proton(s) (pKa ~14 in DMSO) [97]. Quite 
a few cyclic variants have been tested in 
enantioselective reactions; the moieties be-
ing aromatic or not, and often 5- or 6-mem-
bered rings (Scheme 7). 

For instance, using indanone ester deriv-
atives and 1 mol% of catalyst 3d, very good 
yields and enantioselectivity (up to 95%) 
were obtained in alkylation reactions. In the 
same report, it was shown that cyclopen-
tanone and cyclohexanone esters were also 
capable of performing alkylation reactions 
and Michael additions onto α,β-unsaturated 
aldehydes and ketones with good yields and 
enantiomeric excesses [98]. Similar results 
were obtained with various β-keto esters 
using catalyst 7a (ee up to 99%) [99]. In-
teresting examples of fluorination (catalyst 
7b, ee up to 69%), and SNarylation (cata-
lyst of type 2, ee up to 92%) of β-keto ester 
have also been reported [100][101]. Cyclic 
α-amino-β-keto esters were also tested in 
enantioselective PTC to produce azacyclo-
α-amino acids (Scheme 8); catalyst 3d be-
ing highly selective in that process [102].

4.2. Reactions on Chalcone (and 
Other Enone) Derivatives
4.2.1. Epoxidation Reactions

The epoxides of chalcone derivatives 
are frequently encountered structures in 
natural product chemistry [103–106]. Since 
the pioneering work of the Wynberg group 
who first performed enantioselective phase 
transfer epoxidation reactions of electron-
deficient olefins (Scheme 9) [107], a num-
ber of useful variants of this reaction has 
been elaborated [108][109]. For instance, 
Lygo et al. (using sodium hypochlorite as 
oxidant) and Corey et al. (using freshly pre-
pared potassium hypochlorite) were able to 
perform the reaction with increased level of 
selectivity using ammonium salts of type 2 
as catalysts [110][111]. 

Since then a variety of other oxidants 
has been used in biphasic or triphasic con-
ditions such as hydrogen peroxide, alkyl 
hydroperoxide, combinations of urea and 
H2O2, sodium perborate or percarbon-
ate, as well as trichloroisocyanuric acid 
[112][113]. 

Recently, bifunctional ammonium cata-
lysts 24a and 24b were used to improve 
further the enantioselectivity of the reac-
tions; these cations being designed to inter-
act simultaneously with both nucleophile 
and electrophile using electrostatic and H-
bonding interactions. A screening of sev-
eral enones gave systematically excellent 
yields and enantioselectivity with sodium 
hypochlorite as the oxidant [57].

In many of these examples, it is neces-
sary to perform the reactions at lower tem-
perature and slower kinetics often results. 
To recover some of the reactivity, it is pos-
sible to add surfactants that increase the 

surface area between the separated phases 
by micellar formation [114]. For instance, 
catalytic amounts of TRITON X-100 or 
SPAN 200 are sufficient to promote such 
an effect and, in the presence of a dimeric 
catalyst of type 10, rapid quantitative epoxi-
dation of trans-chalcone was observed with 
quantitative yields and almost complete 
stereocontrol [34].

4.2.2. Michael Additions
As only few reports have appeared on 

phase-transfer catalyzed enantioselec-
tive C–C bond forming reactions using 
chalcones as electrophiles [6][115][116], 
a recent study tackled the issue using bi-
functional catalysts of type 24; the pres-
ence of the alcohol moiety of the ammo-
nium ions being crucial to obtain high 
levels of selectivity. For instance, using 
24b and diethyl malonate as nucleophile, 
the products of addition onto a variety 
of chalcones could be isolated with high 
enantiomeric excesses (from 85 to 94% 
ee) [117]. In an independent study, it was 
shown that cyclopentenones can also be 
used as electrophiles; addition of malo-
nate esters in presence of catalysts of type 
2 occurring with decent selectivity (up to 
74%) [118][119].

With the aim of synthesizing non-race-
mic γ-keto acids, which are important in-
termediates for the preparation of peptide 
isosteres, the dimerization of α,β-enones 
under enantioselective PTC was recently 
reported using a Michael – double bond – 
transposition sequence (Scheme 10). With 
the right combination of enone structure 
(X = electron-donating group, R = bulky 
substituent) and catalyst (2c), good yields 
(>79%) and high levels of selectivity (83 
to 98% ee) were obtained [120].

4.3. Other Reactions 
Enantioselective variants of the aza-

Henry (or nitro-Mannich) reaction have 
also been developed under PTC conditions 
in the presence of non-racemic ammonium 
salts. Palomo, Bernardi and coworkers have 
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shown independently that the reaction pro-
ceeds nicely in the presence of catalysts 
of type 2; additions of nitromethane onto 
enolisable α-amido sulfones being slightly 
more efficient than those of non-enolis-
able derivatives (Scheme 11, ee up to 98%) 
[121][122].

Nitroalkanes were also used as nucleo-
philes in combination with alkylidenemal-
onates; catalyst 3f favoring the formation 
of the anti diastereomer with sometimes 
high selectivity (de up to 90%, ee up to 
99%, Scheme 12, pathway a) [123]. With 
cyclic α,β-unsaturated ketones as electro-

philes, catalyst 3e was more effective in 
favor of the syn diastereomers (de up to 
96%, ee up to 92%, Scheme 12, pathway 
b) [124].

Promising results were also obtained in 
the addition of t-butyl diazoacetate to aro-
matic aldehydes for the one-pot synthesis 
of α-diazo-β-hydroxyesters; catalysts of 
type 2 being studied in the context of this 
reaction (Scheme 13, reaction (a), ee up to 
79%) [125]. Darzens reaction of α-chloro 
amides in the presence of catalyst 27 gave 
glycidic acid derivatives (Scheme 13, re-
action (b), ee up to 70%) [60]. 

In another report, the fluorination of α-
cyano esters in the presence of N-fluoro-
benzenesulfonimide and substoichiometric 
amounts of 7b was studied (Scheme 13, re-
action (c), ee up to 76%) [30]. Two unprec-
edented reactions were also successfully 
performed under enantioselective PTC that 
are (i) an aziridination reaction in the pres-
ence of catalyst 9 [32], and (ii) a Strecker 
reaction in the presence of ammonium 20 
[53]; both reactions proceeding with high 
levels of stereoinduction (Scheme 13, reac-
tion (d), ee up to 95% and reaction (e), up 
to 98%).

Finally, interesting non-PTC ap-
plications of chiral ammonium cations 
have been developed as the fluoride (or 
bifluoride) salts of the organic cations 
catalyze aldol or Michael addition reac-
tions of silyl nitronates or silyl enol ethers 
[126][127]. It was recently applied to a 
one-pot stereoselective synthesis of γ-ni-
tro ketones with three consecutive stereo-
centers [128]. 
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