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Abstract Chiral phosphoric acid diesters arguably constitute the most
exploited class of catalysts in asymmetric Brønsted acid catalysis. De-
spite being highly investigated for their acidic properties, these com-
pounds display an amphoteric nature, which has instead been consider-
ably overlooked. The potential of this dichotomous polarity has recently
been disclosed and applied to the development of novel reaction
modes in organocatalysis. In this account, we present our recent ad-
vances in this area, focusing on the establishment of heterodimeric in-
teractions toward the nucleophilic activation of carboxylic acids, thio-
carboxylic acids and ketones (via their enols) in asymmetric
transformations.
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1 Introduction

The year 2004 marked the beginning of an exciting era
within asymmetric catalysis. Enantiopure BINOL-derived
phosphoric acids were introduced for the first time as pow-
erful organocatalysts and have since helped realize an ever
increasing number of catalytic asymmetric transformations
of great elegance and practical utility.1,2 The new field of
asymmetric Brønsted acid organocatalysis was born.3 The

enormous potential of this area is not only apparent from
the many publications that currently appear,4 but also from
imagining the vast number of transformations which can be
catalyzed by Brønsted acids, e.g. aldol-, Mannich-, Michael-,
Diels–Alder-, Friedel–Crafts-, or Strecker reactions, and a
plethora of other transformations proceeding via iminium
ions, oxonium ions, or carbenium ions in general.5 All of
these important and useful reactions, at least in principle,
can now be catalyzed enantioselectively with chiral Brønst-
ed acid catalysts. Arguably, asymmetric Brønsted acid or-
ganocatalysis has the potential to even become the most
general approach to asymmetric synthesis. But how do chi-
ral phosphoric acids work? Are they really just ‘simple’
Brønsted acids that protonate substrates,6 thus promoting
chiral counteranion-directed asymmetric transformations,
as it is commonly believed? Probably not. It is currently be-
coming more and more recognized that phosphoric acid di-
esters are in fact bifunctional catalysts, with the hydroxyl
group acting as an acid and the oxo moiety acting as a base.
Interestingly, and perhaps less appreciated, the basicity of
the oxo functional group is relatively high and thus highly
prone to hydrogen bonding and deprotonation.7 Important-
ly however, in sterically demanding catalysts (e.g. 3,3′-
disubstituted BINOL-derived catalysts), a classical donor–
acceptor stabilization is prevented due to their intrinsic
structural features, making these molecules effectively
‘frustrated’ Brønsted pairs.8 In fact, an intramolecular hy-
drogen bond within the phosphate moiety (between the
P=O and P–OH functionalities) is geometrically precluded.
At the same time an intermolecular homodimerization is
sterically disfavored (Scheme 1). However, these features
generate a characteristic chiral pocket in which heterodi-
meric associations with small amphoteric molecules are
thermodynamically highly favored, thus being particularly
effective.
© Georg Thieme Verlag  Stuttgart · New York — Synlett 2016, 27, 1027–1040
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The aim of this account is to illustrate that these non-
covalent self-assemblies can actually be beneficial for reac-
tivity and define key elements for the design of new and ge-
neric reaction modes in organocatalysis. We herein show
how the investigation of these concepts has led to the dis-
covery of a novel activation of carboxylic acids in Brønsted
acid catalysis, and how this has allowed the development of
a number of useful epoxide and aziridine openings.4k,9 Fur-
thermore, we describe how this concept has been expanded
to other functional groups, ultimately leading to the pro-
posal of ‘enol catalysis’, which is based upon the ability of
phosphoric acid catalysts to promote the enolization of
simple, unactivated ketones, enabling their direct and gen-
eral use as nucleophiles in asymmetric catalysis.10

2 Discovery of Heterodimeric Self-Assem-
blies

In the middle of the last century, investigations by Pep-
pard and co-workers revealed that phosphoric acid diesters
exhibit a remarkable tendency to homodimerize in non-po-
lar media.11 Nowadays this type of self-assembly is well es-
tablished and it is appreciated to be even more favored than
the analogous dimerization tendency of carboxylic ac-
ids.12,13 Surprisingly however, at the onset of our investiga-
tion in 2012, the homo-association of BINOL-derived phos-
phoric acid catalysts had never been observed. This is par-
ticularly puzzling considering that apolar solvents, which
are usually used in asymmetric Brønsted acid catalyzed re-
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actions not only favor the formation of tight ion-pairs, but
should also support this type of dimeric self-assembly. Pre-
sumably, the homo-association is hindered with encum-
bered phosphoric acids, which, in contrast to their less ster-
ically demanding congeners, are monomers in solution.
However, in the solid state, the dimerization tendency of
the 3,3′-bis(2,4,6-triisopropyl-phenyl)-BINOL-derived
phosphoric acid (TRIP), a frequently employed acid cata-
lyst, can be observed. A molecule of water is incorporated in
a hydrogen-bonding network bridging within the homodi-
mer (Figure 1).14 On this basis, we hypothesized that a
small-sized amphoteric molecule (i.e., a carboxylic acid)
may, in solution, enter the pocket of the catalyst, thus pro-
viding stabilization in the absence of large repulsive forces.

We commenced our studies focusing on the detection of
an interaction between TRIP (1a) and acetic acid (2a) or
benzoic acid (2b) (Scheme 2).9a Indeed, initial NMR mea-
surements showed that the resonance signals of the phos-
phoric acid molecule are strongly influenced by the pres-
ence of the carboxylic acid in solution (Scheme 2a).

In fact, a remarkable shift downfield of the phosphorus
signal in the 31P NMR spectrum was observed, and a careful
examination of the 1H NMR spectrum suggested the pres-
ence of the guest molecule within the catalyst pocket. As
shown in Scheme 2a, the overlap of non-equivalent proton
signals of the 3-3′ substituents is cleared in the presence of
acetic acid, thus suggesting a lower rotational freedom of
the C–C bond between the naphthalene backbone and the
aryl moiety (2.5–3.0 ppm; 6.9–7.1 ppm).15 Intrigued by this
qualitative analysis, a DOSY (diffusion-ordered spectrosco-
py) experiment was performed to evaluate the change of
the hydrodynamic volume of the solvated species in solu-
tion.16 The translational diffusion coefficients of the two in-

teracting acids were found to be significantly lowered with
respect to the values measured on two previous indepen-
dent analyses, giving an additional confirmation to our hy-
pothesis (Scheme 2b). As expected, the change is larger for
the smaller carboxylic acid molecule than for TRIP, wit-
nessing the higher variation of its hydrodynamic volume.
Next the stoichiometry of the host–guest complexation was
assigned to be 1:1 using the method of continuous varia-
tions (Job plot) (Scheme 2c) and the determination of the
association strength was obtained by titration of the shift of
the phosphorus signal in the 31P NMR spectrum upon addi-
tion of the carboxylic acid (Scheme 2d).17,18 The binding iso-
therms for the formation of dimers TRIP–AcOH and TRIP–
BzOH were plotted and the corresponding association con-

Scheme 1  Chiral sterically demanding phosphoric acids: inhibited homodimerization and novel heterodimeric activation
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Figure 1  Crystal structure of (R)-TRIP phosphoric acid
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stants were derived via a non-linear regression approach.
Remarkably, the values obtained for our heterodimers sig-
nificantly matched with expectations [Ka (TRIP–
AcOH) = 1948 M–1; Ka (TRIP–BzOH) = 3981 M–1), lying be-
tween those of carboxylic acid and phosphoric acid homod-
imers.19

Finally, a single crystal X-ray diffraction analysis gave
unambiguous confirmation of the nature of the dimeric in-
teraction and suggested that such association is also favored
in the solid state (Figure 2).

To the best of our knowledge, this crystal structure rep-
resents the first reported example of a defined hetero-
dimeric association between these acidic moieties.20

3 Activation of Carboxylic Acids

Encouraged by the qualitative and quantitative charac-
terization of this novel class of heterodimers, we set out an
investigation of their reactivity. The field of phosphoric acid
catalysis is generally based on the association of the chiral
catalyst with basic compounds; however, in sharp contrast,
our studies had delivered a novel association in which a sec-
ond Brønsted acidic molecule was bound. We were in-
trigued by this combination since no obvious prediction on
the reactivity was possible at first sight. Nevertheless, we
speculated that an increase of the overall acidity of the spe-
cies could occur due to a heteroconjugation effect. Upon
deprotonation, the additional hydrogen-bonding interac-
tion accounts for a higher stabilization of the phosphate an-
ion.21 Qualitative findings on the increased overall acidity of

Scheme 2  (a) NMR measurement of TRIP (blue) and of a mixture of TRIP–AcOH (1:6) (red). (b) 2D-DOSY measurement of a mixture of TRIP–BzOH 
(1:1) which shows the change of the diffusion coefficients of the species with respect to the normal values. (c) Job plot of the association TRIP–BzOH. 
(d) Binding isotherms for the dimerization of TRIP with BzOH (magenta) and AcOH (red), and the relative binding constants obtained via the linear 
regression approach
© Georg Thieme Verlag  Stuttgart · New York — Synlett 2016, 27, 1027–1040
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carboxylic acids with phosphoric acids can be traced back
to previous reports by Akiyama, Rueping, and Antilla.22 De-
spite the general interest of the scientific community to-
ward enhancement of catalyst activity,23 our focus was in-
stead mainly aimed at exploring a new activation mode for
enantioselective transformations of carboxylic acids. In-
deed, our spectroscopic analysis had suggested the signifi-
cant role of the Lewis basic site of the catalyst in a partial
deprotonation, thus revealing a possible activation of the
carboxylic acid as a nucleophile. On this basis we investigat-
ed a novel approach based on self-assembly organocataly-
sis, which involves the heterodimeric species as the crucial
intermediate. We designed an unprecedented catalytic cy-
cle in which the twofold effect of the heterodimerization is
exploited: the increased acidity of the catalyst and the en-
hanced nucleophilicity of the carboxylic acid (Scheme 3).9a

Scheme 3  Design of a catalytic cycle which exploits the heterodimeric 
activation

The heterodimer is proposed to engage in a nucleophilic
attack on the electrophile, which may additionally benefit
from hydrogen-bond activation in the transition state. With
these ideas in mind, we focused on the investigation of the
carboxylysis of aziridines and epoxides, which had previ-
ously been elusive electrophiles in asymmetric Brønsted
acid catalysis.

3.1 The Enantioselective Carboxylysis of Aziridines

Chiral 1,2-aminoalcohol scaffolds are incorporated in a
large variety of biologically active molecules, and therefore
the development of novel routes for their enantioselective
synthesis is of perpetual interest in medicinal chemis-
try.24,25 On the other hand, aziridines are considered key in-
termediates in stereoselective synthesis and their ring-
opening reactions have been widely explored in asymmet-
ric catalysis.26,27 Interestingly however, no success with ox-
ygen nucleophiles had been reported before our studies.
Since aziridines can be readily obtained from the corre-
sponding olefins,28 an enantioselective conversion into 1,2-
aminoalcohols is of significant synthetic value and thus we
selected this transformation as testing ground for the novel
activation strategy.

The major challenge that our investigation had to over-
come was the instability of the catalyst toward these very
reactive electrophiles: phosphoric acids are known to react
readily with aziridines, leading to an alkylated species and
thus preventing the possible turnover in a classical Brønst-
ed acid catalytic cycle.29 Importantly however, according to
our design, the high tendency toward the heterodimeriza-
tion with carboxylic acids could effectively prevent this un-
desired catalyst deactivation pathway. Therefore, we initial-
ly focused our attention on the ring-opening desymmetri-
zation of meso-aziridines 3 possessing an electron-poor 2,4-
dinitrobenzamide protecting group due to the possible
one-step deprotection of the products into 1,2-aminoalco-
hols. Indeed, using TRIP as the catalyst and benzoic acid as
the nucleophile, we observed a very fast formation of the
desired products 4 in excellent enantiomeric ratio (Scheme
4). Moreover, a careful analysis of the reaction mixture con-
firmed that upon saturation of the heterodimeric associa-
tion with an excess of the carboxylic acid, the above-men-
tioned catalyst alkylation was completely avoided, high-
lighting the potential of this novel concept in
organocatalysis. Notably, the methodology was found to be
general and robust, and to be only slightly affected by the
electronic and steric properties of the aziridine substrate. A
large variety of meso-aziridines, bearing cyclic or acyclic
scaffolds, was converted into the corresponding protected
aminoalcohols, always in very high yields and enantioselec-
tivity. Aliphatic carboxylic acids, such as acetic acid, were
also successfully employed in the transformation giving the
product in very high optical purity, albeit with slightly re-
duced reactivity.

Figure 2  Crystal structure of TRIP–AcOH
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Scheme 4  Selected examples of the asymmetric carboxylysis of aziri-
dines

The interest toward enantiopure aziridines as chiral
building blocks for the stereoselective synthesis of 1,2-di-
amines, 1,2-aminoalcohols, and 1,2-aminothiols prompted
us to test the catalytic system for a related kinetic resolu-
tion strategy.30 Remarkably, under cryogenic conditions,
our system was indeed able to effectively discriminate be-
tween enantiomeric aziridine starting materials (Scheme
4). When a racemic mixture of terminal aziridine was sub-
jected to the reaction conditions, the transformation was
promoted with high selectivity factors (S from 37 to 51) de-
livering the ring-opened products and the unreacted start-
ing materials in good enantiopurity. Interestingly, the ring-
opening reaction was found to occur selectively at the high-
er substituted carbon center, suggesting the presence of a
partial cationic charge in the transition state. An asynchro-
nous SN2 reaction pathway, which proceeds with a Walden
inversion of configuration, is in accordance with our obser-
vations.31

3.2 An Asymmetric Hydrolysis of Epoxides

Having identified the potential of the heterodimeric
system for the ring opening of aziridines, we turned our at-
tention to epoxides.9b Chiral vicinal diols are ubiquitous as
secondary metabolites and very commonly incorporated
into the scaffolds of pharmaceuticals.32 Therefore, develop-
ing asymmetric epoxide hydrolyses has long been recog-
nized as a valuable synthetic target.33,34

At the onset of this study we were particularly inspired
by the enzymatic mechanism of epoxide hydrolases. In the
biopathway, an aspartate residue performs the nucleophilic
attack on the activated epoxide generating an enzyme-
bound intermediate, which is subsequently hydrolyzed to
give the 1,2-diol product.35 Interestingly, coupling an asym-
metric carboxylysis reaction via chiral heterodimers with
an in situ saponification of the ester product would entirely
mimic the natural process (Scheme 5).36

Scheme 5  Design of a biomimetic hydrolysis of epoxides using chiral 
heterodimers

Intrigued by this biomimetic hydrolysis, we focused on
the ring-opening desymmetrization of meso-epoxides 5
with benzoic acid 2a. In the presence of TRIP, the transfor-
mation proceeded smoothly delivering the desired mono-
benzoylated glycols in good yield, albeit with only moderate
selectivity. This result suggested to us that the nitrogen pro-
tecting group of the aziridine had a significant influence on
the enantioselectivity of its ring-opening reaction. In order
to overcome the lack of this important stereocontrolling el-
ement, we explored a novel class of confined BINOL-derived
phosphoric acid catalysts, bearing both ortho and meta ali-
phatic fragments on the 3-3′-aryl substituents. Importantly,
catalyst 1b, with a rigid polycyclic substituent and a partial-
ly saturated backbone, significantly outperformed the pre-
vious catalysts giving outstanding results. In fact, using tol-
uene as the solvent, the scope of this asymmetric method-
ology turned out to be wide and several different meso-
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epoxides successfully underwent the transformation al-
though a judicious selection of the reaction temperature
was required (Scheme 6).

Notably, not only chiral cyclic protected glycols were
obtained in very high enantioenrichment, but also epoxides
derived from acyclic olefins performed well under the reac-
tion conditions, generally delivering the desired products in
high yields and enantiopurities. It is noteworthy that even
the small epoxide 5b was converted into the corresponding
product 6b in 95:5 enantiomeric ratio, highlighting the po-
tential of the new sterically confined catalyst.37 Further-
more, substrates containing heteroatoms were also found to
be suitable for the transformation, which proceeded with
good yields and high levels of stereoselectivities.

Scheme 6  Selected examples of the asymmetric carboxylysis of epox-
ides

This asymmetric carboxylysis of epoxides could also be
successfully applied to the development of an organocata-
lytic anti-dihydroxylation of simple olefins. Although asym-
metric syn-dihydroxylation strategies have been widely in-
vestigated over many years,38,39 a similar transformation
proceeding with anti-selectivity had been entirely elusive
(Scheme 7).

We realized that the Prilezhaev oxidation of an alkene
yields the corresponding epoxide with a stoichiometric
amount of carboxylic acid byproduct. By simply adding the
phosphoric acid catalyst 1b to the reaction mixture, the
asymmetric ring opening is performed and a subsequent
hydrolysis under mild basic conditions delivers the desired
chiral 1,2-diol. As shown in Scheme 7, our designed process
converted cyclohexene (7a) into trans-cyclohexan-1,2-diol
(8a) in 70% yield and 95.5:4.5 enantiomeric ratio in a sim-
ple, one-pot process.

Scheme 7  Non-enzymatic anti-dihydroxylation of olefins

4 Activation of Thiocarboxylic Acids

Having discovered the potential of the heterodimeric
self-assembly for the activation of carboxylic acids, we
started wondering whether chiral phosphoric acid catalysts
could promote similar activation modes for other bifunc-
tional molecules. In particular, we immediately realized the
possibility to broaden these concepts to thiocarboxylic ac-
ids.9c

Sulfur is a frequent constituent of pharmaceuticals and,
in particular, the chiral β-hydroxythiol framework is pres-
ent in several bioactive molecules.40 Despite the interest to-
ward a straightforward enantioselective access to this moi-
ety, the asymmetric sulfhydrolysis of epoxides is still an un-
solved challenge.41 Intrigued by the possibility to deliver an
effective alternative route, we investigated the first highly
enantioselective thiocarboxylytic ring-opening reaction. In-
deed, catalyzed by confined acid 1b, the desymmetrization
of meso-epoxides leading to S-protected β-hydroxythiols
proceeded in excellent yields and with remarkable selectiv-
ity (Scheme 8a).

Gratifyingly, this novel, enantioselective ring-opening
reaction was found to be only slightly influenced by the
electronic and steric features of the substrates: both cyclic
and acyclic products were obtained and the presence of he-
teroatoms was tolerated effectively (products 10a–d,
Scheme 8a).

Intriguingly, the careful analysis of the reaction mixture
revealed that a subsequent acid-catalyzed transesterifica-
tion reaction may occur thus providing the O-protected β-
hydroxythiol isomers. We then focused our attention on
this organocascade process and reinvestigated our protocol
by simply elevating the reaction temperature after full con-
sumption of the epoxide starting material (Scheme 8b).42

This methodology was found to be robust giving products
11 in excellent yield and enantiomeric purity. It is notewor-
thy that a simple modification of the reaction conditions of-
fers the opportunity to address the same scaffold, protected

O

Ph
OH

O

R R

HO O
O

R R

1b (4 mol%)

toluene
temperature

5 2b 6

HO O
O

O

HO O
O

HO O
O

6d, 10 °C 
84%, e.r. = 95:5

6b, –20 °C
76%, e.r. = 95:5

6c, –5 °C
55%, e.r. = 95:5

HO O
O

6a, –40 °C
85%, e.r. = 96.5:3.5

Ph

O

O
P

O

HO

1b

HO O
O

N

Cbz

Ph Ph

HO O
O

6e, 25 °C
83%, e.r. = 94:6

6f, 25 °C
85%, e.r. = 91:9

HO OHi)   PhCO3H, toluene
ii)  1b, PhCO2H
     toluene, –40 °C
iii)  KOH, MeOH, THF

70%, e.r. = 95.5:4.5
7a 8a

R1 R2

R1 R2

HO OH

R1 R2

HO OH

syn anti

several 
methodologies

unknown

Olefin dihydroxylation reaction: topicity study

Organocatalytic approach:
© Georg Thieme Verlag  Stuttgart · New York — Synlett 2016, 27, 1027–1040



1034

M. R. Monaco et al. AccountSyn  lett

T
hi

s 
do

cu
m

en
t w

as
 d

ow
nl

oa
de

d 
fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 U
na

ut
ho

riz
ed

 d
is

tr
ib

ut
io

n 
is

 s
tr

ic
tly

 p
ro

hi
bi

te
d.
either on sulfur or on oxygen. We envision that such an or-
thogonal approach will be particularly suitable for synthet-
ic applications. The only significant limitation to this cas-
cade reaction was observed for five-membered ring sub-
strates: due to the high energy trans-fused bicyclooctane
intermediates, the acyl transfer step was not observed.

Remarkably, by developing this novel activation of thio-
carboxylic acids, we could ultimately provide an effective
alternative for the long sought after asymmetric sulfhydro-
lysis of epoxides. In fact, the deprotection of the products
can be performed in situ under mild reaction conditions,
thus affording the ‘naked’ β-hydroxythiol moiety (Scheme
9).

Scheme 9  A one-pot alternative to the asymmetric sulfhydrolysis of 
epoxides

5 Enol Catalysis

Having designed a new activation mode for carboxylic
acids and established a new supramolecular heterodi-
merization as its key feature, we became interested in acti-
vating less acidic substrates. In particular, ketones drew our
attention due to their structural similarities with carboxylic
acids (the acidic OH moiety is replaced with an acidic C–H
bond). We speculated that the chiral phosphoric acid could
potentially interact both with the lone pair of the carbonyl
and the α-proton, via its acidic P–OH and basic P=O sub-
structure, respectively (Scheme 10a). This heterodimeric
interaction may be weaker than that of carboxylic acids, but
was speculated to lead to the enolization of the ketone sub-
strate.

Numerous studies on the mechanism of acid-catalyzed
enolizations of ketones have been reported,43 and interest-
ingly, a similar phenomenon can be found in certain enzy-
matic enolizations in which basic and acidic amino acid
residues work synergistically via a concerted or stepwise
mechanism to promote enol formation,44 e.g., ketosteroid
isomerase (Scheme 10b).45 We hypothesized that once
formed, the ‘chiral enol–phosphate complex would further
interact with an electrophile via hydrogen bonding, eventu-
ally leading to an asymmetric α-functionalization reaction
(Scheme 10a). This design, ‘enol catalysis’, represents an ex-
pansion of Brønsted acid catalysis, in which ketones are ac-
tivated as nucleophiles rather than as electrophiles.

Scheme 10  (a) Organocatalytic enolization with branched ketones 
(enol catalysis). (b) Enzymatic enolization of steroids by ketosteroid 
isomerase45

Enol catalysis is reminiscent of enamine catalysis, a time
proven and broadly applicable concept for the direct α-
functionalization of diverse carbonyl compounds.46 As a
logical consequence, we named this novel activation mode
‘enol catalysis’.10,47 Despite its versatility, enamine catalysis
suffers from steric hindrance and in particular, when
branched ketones are employed, only limited reactivity is

Scheme 8  (a) Asymmetric thiocarboxylysis of epoxides. (b) Organo-
cascade process to O-protected β-hydroxythiols
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generally observed. Furthermore, except in rare cases,48

quaternary stereocenters cannot be accessed as enamine
catalysis preferentially functionalizes the least substituted
α-carbon (Scheme 11).

Scheme 11  Shifting from aminocatalysis to enol catalysis

We envisioned that shifting from enamine to enol catal-
ysis would allow us to functionalize challenging branched
ketones. Indeed, this concept proved to be successful as, (i)
the most substituted enol was preferentially formed (or
preferentially reacts), enabling access to synthetically chal-
lenging quaternary stereocenters, and (ii) the highly tun-
able chiral environment of the phosphoric acid would give a
direct access to α-functionalized ketones in high enantio-
purity.

5.1 Asymmetric Michael Addition

We reported the concept and first application of enol
catalysis in 2015, and by employing enones as electrophiles,
we disclosed the first chiral Brønsted acid catalyzed Mi-
chael addition of branched ketones to α,β-unsaturated ke-
tones (Scheme 12a).10a This transformation perfectly illus-
trates the potential of enol catalysis as both the electrophile
and nucleophile are unactivated and sterically hindered.
The scope of this methodology with regard to the ketone
nucleophile proved to be broad and both α-alkyl and α-aryl
groups were tolerated. This feature suggests that reactivity
does not seem to be directly related to the acidity of α-pro-
tons, thus underlining the intrinsic preference of the phos-
phoric acid for the functionalization of the most substitut-
ed position. As shown in Scheme 12a, different substitu-
tions are tolerated and both five- and six-membered rings
react smoothly to afford the desired products in good yields
and very high enantioselectivities (up to 98:2), even at rath-
er high temperatures (80–100 °C). Interestingly, highly un-
polar aliphatic solvents, such as methylcyclohexane (Me-
Cy), proved to be superior both for reactivity and enanti-

oselectivity. Our method was also successfully employed as
the key step in the total synthesis of novel designed odor-
ants (Scheme 12b).

Scheme 12  (a) Selected examples for the asymmetric Michael reaction 
of α-branched ketones with enones. (b) Application to the total synthe-
sis of odorants. BHT = butylated hydroxytoluene

5.2 Asymmetric α-Amination

Following our initial report, we proposed a general cata-
lytic cycle for enol catalysis (Scheme 13).10b Accordingly, the
chiral phosphoric acid initially interacts with the branched
ketone to promote enolization. Then, the thermodynamic,
most substituted enol further reacts with a generic electro-
phile E (which may or may not be activated via additional
protonation from the catalyst). Its successive electrophilic
attack on the enol affords the desired product and regener-
ates the catalyst.

To explore enol catalysis as a generic activation mode,
we turned our attention to the α-amination of branched cy-
clohexanones, which, subsequent to our initial discovery of
the Michael reaction, was reported both by the Toste
group49 and our group.10b This methodology represents an
elegant access to numerous drugs bearing α-amino ketones,
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for example, ketamine. Additionally, 1,2-aminoalcohols,
which can be readily accessed from the corresponding ke-
tones, are widely used as pharmaceuticals, chiral ligands,
catalysts, and auxiliaries in asymmetric synthesis.24,25 Nu-
merous methodologies for the α-amination of carbonyl
compounds have been disclosed, yet until 2015, no exam-
ples involved challenging unactivated branched ketones.

To our delight, when the ketone was treated with an ex-
cess of azodicarboxylates in the presence of a chiral phos-
phoric acid, the desired products were obtained in excellent
yields and enantioselectivities (Scheme 14). Different ester
protecting groups on the electrophiles and both α-aryl and
α-alkyl five-, six- and seven-membered ring-substituted
ketones reacted smoothly under the optimized reaction
conditions. The only limitations proved to be both inda-
none/tetralone systems and seven-membered rings. The
good yields and enantioselectivity of product 19g, obtained
from unsubstituted cyclohexanone, shows that enol cataly-
sis can even be employed for the formation of tertiary ste-
reocenters. Finally, by employing the α-amination reaction,
the Toste group has also reported an efficient kinetic reso-
lution of branched ketones.49

5.3 Asymmetric α-Allylation

Based on our proposed general catalytic cycle, the num-
ber of transformations which can be envisioned is exceed-
ingly broad. Among these, we turned our attention to the
long-standing challenge of a direct catalytic asymmetric
α-allylation of ketones. This reaction represents an elegant
approach towards all-carbon quaternary stereocenters,
which are common motifs in natural products and pharma-
ceutical drugs.50

Numerous reports have circumvented this problem by
employing indirect approaches involving preformed eno-
lates51 or decarboxylative allylic alkylation conditions.52

These protocols are intrinsically less atom-economic and
often require additional synthetic steps for the preparation
of the starting materials. Recently, we reported a solution to
this problem and disclosed a highly atom-economic Tsuji–
Trost type α-allylation of ketones by exploiting enol cataly-
sis.53

We initially employed allylic carbonates (Scheme 15a)
and later proved that simple allylic alcohols, upon in situ ac-
tivation by CO2, were also suitable electrophiles (Scheme
15b). The desired compounds 22a–h were obtained in good
to excellent yields and regio-/enantioselectivities. Addition-
ally, this approach generates water as sole by-product. The
methodology relies on a triple catalytic cycle in which the

Scheme 13  Proposed general catalytic cycle for enol catalysis
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chiral phosphoric acid (H8-TRIP) promotes enolization, a
palladium catalyst bearing an achiral phosphine ligand
(tBuXPhos) generates the active π-allyl system from the cor-
responding precursor, and formally catalytic amounts of
CO2 activate the electrophile. Under air or argon atmo-
sphere, allylic alcohol only afforded limited conversions
(>15%), yet when the reaction was run under a CO2 atmo-
sphere, a putative allyl carbonic acid ester54 was formed,
thus acting as a highly reactive π-allyl precursor. To under-

line the potential of enol catalysis in natural product syn-
thesis, the methodology was later applied to the shortest
formal total synthesis of the Amaryllidaceae alkaloid (+)-
crinane (Scheme 15b).

Scheme 14  Selected examples of the Brønsted acid catalyzed α-ami-
nation reaction with azodicarboxylates as reported by Toste et al.49 and 
our group10b 
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Scheme 15  Selected examples for the asymmetric α-allylation of 
branched ketones with (a) allylic carbonate and (b) allylic alcohol acti-
vated by CO2
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This methodology shows for the first time that enol ca-
talysis can be successfully combined with metal catalysis,
thus further expanding the library of novel reactions which
can be envisioned for the near future.

6 Concluding Remarks

The establishment of novel activation modes in organo-
catalysis ideally provides access to a variety of transforma-
tions which were previously elusive.55 In this regard, by ful-
ly exploiting the bifunctionality of phosphoric acids, we
discovered heterodimeric interactions with small organic
molecules and disclosed unprecedented methodologies for
the activation of carboxylic acids and thiocarboxylic acids.
This dual interaction then led us to expand this concept to
the activation of ketones and the development of enol catal-
ysis, which enables unprecedented direct, regioselective,
and enantioselective α-functionalizations of branched ke-
tones (Scheme 16).

Scheme 16  Summary of the methodologies exploiting heterodimeric 
interactions

Our findings immediately imply diverse and multifold
applications in asymmetric catalysis. In fact, after the dis-
closure of the concepts described above, the scientific com-
munity has already begun picking up on these principles.
For example, an elegant asymmetric variant of the Passerini
reaction has recently been disclosed by Liu, Tan and co-
workers, thus providing an easy access to a valuable class of
chiral α-hydroxylated amides (Scheme 17a).56 Furthermore,

the Sun group has recently disclosed a related catalytic
mode for mercaptobenzothiazoles, which exploits a related
and interesting heterodimeric activation (Scheme 17b).57

Finally, it appears as if we have just scratched the sur-
face of enol catalysis. Nonetheless, there have already been
some interesting expansions and applications of this con-
cept from other groups. In particular, in 2016, the Toste
group reported the phosphoric acid catalyzed addition of
branched ketones to allenamides as acetaldehyde surro-
gates (Scheme 17c).58 Furthermore, a Brønsted acid cata-
lyzed intramolecular Michael reaction of ketones to enones
was recently employed to elegantly build the cyclohexa-
none core of the Lycopodium alkaloid, lycoposerramine-Z
(Scheme 17d).59

Numerous other classes of compounds, which have tra-
ditionally been activated by bases, may in the future be ac-
tivated as nucleophiles by Brønsted acids (e.g., linear ke-
tones, amides, esters). Exciting discoveries can be expected
in this new area.

Scheme 17  Recently published examples exploiting chiral phosphate-
based heterodimeric interactions. (a) Asymmetric Passerini reaction. 
(b) Oxetane ring opening with 2-mercaptobenzothiazoles. (c) Phos-
phoric acid catalyzed addition of α-branched ketones to allenamides. 
(d) Intramolecular Michael reaction via enol catalysis
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