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Abstract: Chiral Schiff bases are privileged chiral ligands, capable of transmitting chiral information in many
stereoselective processes. Their modular nature, the possibility to modify their electronic character, and their
ability to coordinate many metals, gives these chiral ligands broad utility and these have been investigated by
many research groups around the world. For more than 20 years our research group has devoted attention to the
application of chiral Schiff bases in the development of new stereoselective processes and in this brief survey
we present our principal results and achievements in this field.
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1. Introduction

The development of stereoselective
reactions presents a formidable task for
which multifaceted expertise is necessary.
The design of effective chiral ligands
to control the regio-, diastereo-, and
enantioselectivity is key to this task. In
the past, serendipity and intuition aided
pioneers in this field. More recently, the
design of new chiral ligands is helped by a
deeper understanding of the transmission
of stereochemical information at the
molecular level.[1] The challenges posed
by the desire to control chirality at the
molecular level have resulted in major
breakthroughs in chemical catalysis[2]
and have conversely influenced the
comprehension of the chiral information
transfer in molecular systems.[3]The major
efforts in asymmetric catalytic synthesis
have had an enormous economic and
scientific return, which are difficult to
fully quantify.[4] In the past few decades,
a wide variety of asymmetric catalytic
transformations have been invented, most
of them relying on particularlywell defined
classes of chiral ligands. Chiral ligands
capable of performing well in several
catalytic asymmetric transformations were
defined ‘privileged ligands’ by Jacobsen

(Fig. 1).[5]This class of privileged ligands
includes phosphoroamidites,[6] BINOL,[7]
TADDOL,[8] PHOX,[9]BOX,[10] and many
others. From the versatile and readily
accessible class of chiral Schiff bases,
Salen ligands have emerged as one of
the most successful in transmitting chiral
information.[11] The modular structure
allows for specific variation of the ligand
framework.

The acid–base properties of the met-
al–ligand arrangement can be specifically
tuned to catalyse important asymmetric
transformations. In addition, in many cat-
alytic reactions promoted by Schiff base
metal complexes, supramolecular forma-
tion of ‘special pair’ catalysts are involved
in electrophile–nucleophile bi-functional
activation (Fig. 2).[12] Due to these proper-
ties, Salenbasemetal complexes frequently
show extraordinary levels of stereocontrol.

Salen ligands were established as versatile
and effective ligands in 1869,[13] with the
first systematic studies conducted in the
1930s by Pfeiffer and co-workers.[14]These
workers introduced the first non-racemic
Salen ligand. Salen metal complexes are
indeed considered privileged catalysts as
demonstrated by their successful applica-
tion in many challenging asymmetric re-
actions. Their straightforward preparation
and their modular structure allows a wide
structural modification (Scheme 1) ena-
bling their adaption for many asymmetric
transformations. The peculiar arrangement
of Salen metal complexes and the combi-
nation of multiple catalytic sites (which
act to enforce an intramolecular coopera-
tive reaction pathway) results in enhanced
reaction rates and higher selectivity. Salen
ligands are readily obtained by condensa-
tion reaction between an aldehyde and an
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amine, performed in the presence of dehy-
drating agents (Scheme 1A).[15]

1.1 Transmission of Chiral
Information by Salen Complexes

In the straightforward synthesis of
Salen ligands the diamine plays a del-
icate role in transmitting the chiral in-
formation to the metal complexes.
1,2-Diaminocyclohexane, 1,2-diami-
no-1,2-diphenylethane, and 1,1'-binaph-
thyl-2,2'-diamine (Fig. 3A) are commer-
cially available and the corresponding
Schiff base can be prepared without dif-
ficulty. It is possible to introduce more
stereogenic elements in a Salen moiety.
Matsumotu demonstrated this in work
on the stereoselective epoxidation of

non-functionalized olefins,[16] in which
the chiral Salen ligand had stereocenters
in the ethylendiamine and in the aromat-
ic moieties. In doing so, a second gener-
ation of Salens were designed (Fig. 3B).
The corresponding manganese complexes
gave excellent results in the epoxidation of
cis-olefins. Inmost studies the Salen ligand
is made by reaction of 1,2-diamines with a
variety of substituted salicylaldehydes.The
axial substituents in the diamine backbone
are hydrogens. However, by coordinating
one of the substituents in the diamine back-
bone to the metal, the other substituent can
be forced to occupy the axial position. As
the axial substituent is in proximity to the
metal coordinating site, it is ideally posi-
tioned to affect the stereoselective binding

of the substrate. For Salen complexes an
octahedral M(Salen) can exist in three po-
tential configurations, trans (planar), cis-a
and cis-b. Due to the rigidity of the Salen
ligand, the trans-geometry is more accessi-
ble for M(Salen). Coordination of a biden-
tate ligand forces the M(Salen) complex to
adopt a cis-configuration. If the cis-coor-
dination is adopted, the metal become ste-
reogenic and the corresponding M(Salen)
complexes can exist in diastereoisomeric
forms. Particularly with imine and amine
ligands (by reduction of one of two imine
moieties present inSalen), cis-coordination
of many metal complexes was obtained, as
seen in Salalen and Salan ligands.[17]Salen
metal complexes bearing chiral diamines
can exist in two distinct forms. The substit-
uent on the diamine can be axial or equa-
torial. Steric hindrance among the diamine
substituents can influence the equilibria
between the two conformations. However,
the two conformations appear quite ac-
cessible to the Salen metal complexes in
solution. If the diamine has coordinating
groups, this ligation of the group can force
the equilibrium towards one conformer.

1.1.1 Preparation of Salen Metal
Complexes

Guidelines for the complexation steps
in the preparation of the different Salen li-
gands were suggested in 2004 and are still
valid today (Scheme 2).[11d] Salen metal
complexes are often used as catalysts in the
presence of other metal salts or organome-
tallic reagents and in such conditions the
stability of the metal complex needs to be
considered.However, there are examples in
the literature of trans-metalation reactions
using Salen complexes in the presence
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2. Different Concepts for the
Application of Salen Complexes
in Stereoselective Reactions

Over the last 20 years our group has
applied several concepts to Salen metal
catalysis in the discovery of new stereo-
selective transformations, following the
principles discussed above. Although a
detailed and complete mechanistic picture
of the effective role played by Salen com-
plexes in these and other reactions is far
from completely established, nevertheless
these principles can help in the develop-
ment, understanding and establishing of
new reactions.

2.1 Addition of Organometallic
Reagents, the ‘Organizational’ Role
of Salen Complexes.

Salen metal complexes were reported
to be able to coordinatemetal ions andmet-
al complexes.[20] This ability can also be
extended to organometallic reagents. The
oxygen atoms present in the Salen moie-
ty can coordinate Lewis acidic reagents,
changing their reactivity. This is crucial in
the case of organozinc reagents, as these
reagent are of moderate reactivity. Metal
complexes that can coordinate the zinc
reagents and enhance the electrophilicity
of carbonyls present synergistic cooper-
ation necessary to control the reactivity
of organozinc.[21] Goedken reported crys-
tal structures of bimetallic alkyl systems
where Et

2
Zn is able to coordinate the ox-

ygen group in Salen metal complexes.[22]
We used this concept to develop methods
for the addition of Et

2
Zn to aldehydes, with

moderate results (Scheme 3A).[23] Better
yields and stereoselectivity were realized
by Kozlowski using a modified Salen li-
gands structure in which modular bifunc-
tional Salen catalysts containing Lewis ac-
id and Lewis base activating groups were

that different Salen units can act together,
forming a sort of ‘special pair’ in which
nucleophiles and electrophile are again ac-
tivated by the M(Salen) complexes.

of other metals.[18] Kleji and co-workers
have studied the subject in detail, showing
that under certain conditions Salen metal
complexes can exchange metal ions. This
problem limits the stability of the metal
complexes in catalytic mixtures of metals.
[19] In many reactions coordination of the
nucleophile/electrophile or dimerization
are involved. Clearly, the double activation
mechanism or establishment of the supra-
molecular role of the Salen ligands are
still processes requiring investigation. In
many reactions involving M(Salen) metal
complexes, three distinct mechanistic pic-
tures can be considered: i) Coordination
and activation of substrates by Lewis acid
properties of the metallo Salen complexes
can induce several transformations. ii) The
bifunctional coordinative properties of the
M(Salen) metal complexes can assemble
a nucleophile and an electrophile together
when they are in close proximity. On such
activation, supramolecular aspects of the
Salen coordination chemistry are impor-
tant. In addition, multimetallic Salen com-
plexes are often used to enhance the double
activation. iii) An important mechanistic
consideration that needs to be considered
in many Salen mediated transformations is
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2.2 Activation of Nucleophiles and
Kinetic Resolution

Enantioenriched epoxides can be ob-
tained by kinetic resolution.[30] The fun-
damental work of Jacobsen in developing
ClCr(Salen)[31] and Co(Salen)[32] kinetic
resolution of epoxides enhanced the un-
derstanding of the particular properties
and the development of reactions medi-
ated by Salen.[33] Jacobsen investigated
the Lewis acidic properties of Salen com-
plexes for the creation of a chiral envi-
ronment to dictate nucleophilic attacks
on epoxides. However, 1,2-disubstituted
epoxides were rather difficult substrates
for such transformations. The kinetic
resolution of cis and trans substituted ar-
omatic epoxides was reported by our re-
search group using a Friedel-Crafts-type
addition of indoles to epoxides,[34] giving
a general method for the preparation of
both cis and trans aromatic epoxides with
high ee values starting from racemic sub-
strates (Scheme 4C).

2.3 Salen Ligands in Catalytic
Redox Reactions

Salen metal complexes are redox
active complexes, capable of undergo-
ing redox chemistry at the metal.[35] In
2006 Fürstner reported the concept of
catalytic redox systems, applying a sac-
rificial reductant (Mn) and a scavenger
(Me

3
SiCl) to a Nozaki-Hiyama-Kishi

reaction. Previously conducted with an
over-stoichiometric amount of highly
sensitive Cr(ii)Cl

2
, this variant allowed

for the utilization of the chromium source
in catalytic qualities. In principle, chro-
mium complexes with appropriate chi-
ral ligands could be used to introduce
enantiocontrol in the Nozaki-Hiyama-
Kishi reaction. With the ability to stabi-
lize metals in different oxidation states
and the ability to store electrons, Salen
ligands were investigated in the enanti-
oselective variant of Nozaki-Hiyama-
Kishi reactions (Scheme 5). In 1999 we
successfully reported the first catalytic
enantioselective Nozaki-Hiyama-Kishi
reaction.[36]The reaction of crotylchromi-
um reagent showed a peculiar simple syn
stereoselection,[37] and in nonlinear effect
studies an uncommon negative effect was
recorded. The reaction is thought to pro-
ceed via a molecular aggregate in which
more than one Cr(Salen) unit is involved.
Due to the syn stereoselection obtained
with crotyl reagents, an acyclic transition
state is hypothesized, with two Cr(Salen)
molecules; one behaving as a Lewis ac-
id, coordinating the aldehyde and anoth-
er bearing the organometallic chromium
reagent. From these pioneering studies,
many efficient catalysts and processes
were developed for the Nozaki-Hyiama-
Kishi reaction.[38]

present.[24] The functional groups are able
to coordinate Et

2
Zn, with tertiary amines

inserted at appropriate distances from the
Lewis acidic zinc center. (Scheme 3B).

The cooperative coordination proper-
ties of Salen metal were found to be suit-
able to promote the addition of alkynes to
ketones.[25] In general, the formation of
tertiary alcohols by addition of organome-
tallic reagents to ketones poses formidable
challenges, particularly due to the differ-
ences in reactivity of ketones in compar-
ison with aldehydes and imines.[26] The
lack of hydrogen substituents on ketones
poses problems for the control of coordina-
tion geometry, avoiding ordered transition
states. Nevertheless, assuming a model in
which alkynylzinc (formed in the reaction
mixture) is activated and coordinated by
the oxygen of the Zn(Salen), moderate to
good stereoselection is observed in the re-
action (Scheme 4A). As a linear correla-
tion was found between the enantiomeric
excess of the Salen ligand and that of the
product, this suggested that just one mole-
cule of the Salen catalyst is involved in the
enantio-differentiating step. Using theoret-
ical investigations and careful mechanistic

analysis, Jacobsen found that in many re-
actions promoted by Salen metal complex-
es,[27] two molecules of Salen are involved.
One molecule of Salen activates the nu-
cleophile and the other molecule of Salen
activates the electrophile, acting in coop-
erative manner with a particular arrange-
ment of the two Salen molecules, referred
to as head-to-tail (Fig. 2).[27] In the alky-
nylation of ketones, the cooperative role
played by Salen is absent, with the Salen
acting as a bifunctional catalyst. While
the addition of phenylacetylene and Et

2
Zn

does not pose problems with Zn(Salen),
other organometallic reagents were found
to be less activated. In particular, Me

2
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is rather unreactive, and few cases of the
addition of Me

2
Zn have been reported.[28]

We found that ClCr(Salen) promoted the
addition ofMe

2
Zn at room temperature, af-

fording excellent results (Scheme 4B).[29]
The process was particularly useful in the
case of aromatic aldehydes, as the enantio-
meric excesses obtained were in the range
of 92–99%, with good yields. Interestingly
it was possible to use challenging hindered
aldehydes, with good yields and enantio-
meric excesses obtained.
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conditions. It is probable that Salen metal
complexes are able to initiate the reaction
via a single electron transfer (SET) mech-
anism.[45]

2.5 Salen Metal Complexes and
Photoredox Catalysis

The area of photoredox catalysis has
attracted considerable interest[46] since the
pioneering work published by MacMillan
in 2008.[47] Ruthenium and iridium bi-
pyridyl complexes are used as photocat-
alysts, due to their specific properties.[48]
Such catalysts absorb visible light and be-
come strong reductants or oxidants. Their
ability to transfer electrons can be exploit-
ed in radical reactions.[49] The major prob-
lems associated with these two metals are
high cost and low abundance. Attempts to
use more abundant metals in photocataly-
sis, such copper,[50]chromium,[51] or iron[52]
have been reported. Some years ago, in
collaboration with the photo-physicists of
our department,[53] we studied the photo-
physical properties of Salen metal com-
plexes. From this seminal contribution,
many other photophysical studies were

devoted to Salen and their behavior as sen-
sors or in other interesting applications.[54]
Recently, we have taken advantage of our
studies to develop new photoredox reac-
tions using cheap and abundant Salen met-
al complexes (Fig. 4).[55]

3. Conclusions

Over the past 20 years, we have inves-
tigated the use of Salen metal complexes
to explore new reactivity and concepts.
The application of Salen complexes in
new transformations is still possible, as
we have recently discovered and discussed
briefly in this survey. As the focus turns to
the use of more abundant and cheaper met-
als, these types of complexes are expected
to gain more attention. As it is possible to
have synergistic and cooperative catalysis
mediated by Salen complexes, increased
attention to the synthesis of new chiral
Salen ligands is predicted. Finally, the pos-
sibility to explore achiral Salen complexes
in combination with ACDC (asymmetric
counter ion catalysis) or bioconjugation
increases the possibility to discover and
develop even more useful asymmetric
transformations.
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