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Chemical reactions and processes often involve cationic
prostereogenic or racemic reagents, intermediates or prod-
ucts. To afford instead non-racemic or enantiopure com-
pounds, an asymmetricion pairing of the cationswith chiral
anionic counterionscan be considered. Thisreview presents
recent examples of the synthesisand use of chiral anionsfor
ster eoselective purposes.
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1 Introduction

Many chemical reactions and processes involve cationic
reagents, intermediates or products. Cations are frequent
intermediates along reaction pathways that react with nucleo-
philes to produce interesting fragments and functional groups.
Cations are often Lewis acidic and numerous applications have
been devel oped using these reagents. A large range of important
synthetic and biological processes are mediated by ammonium
and imidazolium ions. Cations are also efficient templates for
the construction of complex supramolecular arrays, such asthe
catenanes, knots, helicates and rotaxanes. Cations have aso
interesting physical properties being, for instance, among the
first synthetic dyes to be devel oped.

For the purpose of this review, cations can also be
prostereogenic or chiral and many of the above-mentioned
applications, reactions or processes lead to racemic molecular
or supramol ecular assemblies. To afford instead non-racemic or
enantiopure products, and benefit from possible new applica-
tions, an asymmetric ion pairing with chiral anions can be
considered — the counterions behaving as asymmetric auxilia-
ries, ligands or reagents.®

In fact, the association of prostereogenic or chira ionic
species with enantiopure counterions results in the formation of
diastereomeric salts. A wealth of evidence suggests that an ion
electrostatically removed from its counterion is never formedin
low-polarity solvents but, instead, an ion pair is produced. lon
pairing is an essential phenomenon, which has been extensively
studied and reviewed.2 The terms contact, tight, or intimate ion
pair and solvent-separated or loose ion pair have become well
known in the chemical world.3 The notion of penetrated ion
pair has also been introduced to explain the spectroscopic and
photochemical properties of certain intricate associations.# The
formation of tightly associated contact ion pairs between
prostereogenic or chiral cations and chiral anions can therefore
occur and lead, as a result, to large chemical and physica
differences among the diastereomeric salts. A high level of
asymmetric recognition between the chiral cations and anions
can be achieved leading to efficient processes of resolution or
asymmetry-induction. Stereoselectivity in reactions can be
obtained by the preferred occurrence of one diastereomeric
reactiveion pair containing aprostereogenic or chiral cation and
its matched enantiopure counterion.

In early approaches, chiral anionsissued or derived from the
chiral pool have been essentially considered. Numerous appli-
cations, especially in the field of enantiomeric resolutions, have
been developed.S Today, these anions are still used with much
success and selected examples of applicationswill be presented.
Recent developments in chiral anion mediated asymmetric
chemistry have also made use of new synthetic anions. This
review will thus survey the design, the properties and the
synthesis of these novel chiral anionic auxiliaries and reagents.
Applications of the anions as NMR chiral shift reagents, as
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resolving agents for organic and inorganic cations and as chiral
auxiliaries or ligands in stereoselective reactions will be
presented.

2 “Guidelines’ for the design of chiral anionic
auxiliaries or reagents

To be efficient chiral auxiliaries or reagents, the chiral anions
need, in our view, to fulfil some precise conditions and meet
certain properties. They are outlined as a preamble in the
following paragraphs.

2.1 Close gpatial relationship between charge and chirality

The spatial relationship between the localisation of the charge
and the chira environment is obviously crucia for high
stereoselectivity. The stereogenic element(s) should be in a
position close to the charged atom/moiety as the separation of
the charged centres from the asymmetric moieties will ob-
viously disfavour selective interactions. The anions should also
adopt a limited number of conformations to be better pre-
organised for selective recognition phenomena. Rigid ions with
chirality ordered around a central charged atom should thus be
advantageous, since the negatively charged atom isthe centre of
the structure and the chiral environment extends from there
toward the ionic partner.

2.2 Stability and properties

The anions should also possess a good overall chemical and
configurational stability. The ions need to be large to favour
interpenetration and rather lipophilic asahigh solubility in low-
polarity solvents is often crucial to maximise ion-pairing.3

2.3 Ease of synthesis and structural optimisation

The chiral ions should be easily accessible or prepared using
simple synthetic proceduresand —if possible—in an asymmetric
manner. In this respect, main-group and coordination chemistry
often presents the advantage of leading to rather complex
molecular or supramolecular structuresin avery few number of
steps; the formation of the products being controlled by the self-
assembly of the ligands around one or many template atoms.
The structure of the self-assembled molecules can then be easily
modified, according to need, by changing the nature of the
ligands. This alows facile structural modifications.

2.4 Symmetry and geometry

Although successful examples of asymmetric reactions using
ligands/auxiliaries devoid of any particular symmetry are
known, symmetrical structures (Ds, D,, Cz, C,) are often
preferred as the presence of symmetry axes can simplify the
design of the chiral reagents/catalysts and the understanding of
the stereochemical outcome of the asymmetric processes.®

Q
3 —_—
octahedral

A enantiomer
only represented

In this respect, the octahedral geometry is interesting as it
suffices to coordinate to a central atom three identical
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symmetric bidentate ligands to form chiral Ds-symmetric
helica molecules (e.g. M(AA)3); such compounds existing
either as A or A enantiomers of left- and right-handed propel ler
shape respectively. Coordination to the central octahedral atom
of two different types of symmetrical bidentate ligand lead to
structures of type M(AA)(BB) which are this time C,-
symmetric.”

The pseudo-tetrahedral geometry of certain main-group or
coordination metal atoms alows also the formation of chira
edifices of type M(AB), by the complexation of a central M
atom with two identical unsymmetrical bidentate AB ligands.
“Spirane’-like chiral entities are formed of which configuration
can assigned the S and R descriptors.8

- [ =% | zﬁa{j
tetrahedral !
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These four “guidelines’ outlined in this preamble constitute
parameters that can be taken into account for the design of the
chiral ions. However, asit is essentially impossible to predict, a
priori, the efficiency of a chira auxiliary, these “rules’ only
constitute a canvas, which allows alot of degrees of freedom —
just to prove them wrong if necessary.

3 Origin, structure and properties of useful chiral
anions

3.1 Anions from the chiral pool

As mentioned, the chiral pool has been for many decades the
major source of enantiomerically pure materials.® Among the
natural compounds available, chiral carboxylic and sulfonic
acids, like tartaric, mandelic, or 10-camphorsulfonic acids have
provided over the years their conjugated bases as chira anions
(carboxylates and sulfonates, 1-3 respectively, Figure 1). These
rather hydrophilic anions are usually available in large quan-
titiesin one enantiomeric form; the optical antipode being often
accessible from commercia sources.> Simple derivatisation of
some of these compounds provides further anionic structures:
for instance, L-tartaric acid can be readily transformed into its
disodium (—)-O,0’-dibenzoyl-L-tartrate (4) salt.52

These anions however possess a rather large number of
potential conformations. To reduce them, it is possible to
coordinate the moieties to metal ions and the derived, more
rigid, anionic complexes have proven their efficiency over the
yearsin alarge numbers of applications. The most characteristic
of these compounds is the antimony! (L or p)-tartrate anion 5,
whichiscommercially available asits sodium or potassium salt,
Nagsbz(L' or D'C406H2)2'5H20 and Kszz(L- or b-
C4OGH2)2'nH20 respectively.lo

Higher-order anionic lanthanide complexes made of chiral -
diketonate ligands have also been introduced as chiral anions;
the ligands being most often derived from naturally occurring
camphor. These charged derivatives, e.g. Eu(tfc),— 6 (Fig. 1)
and Eu(tfc)sfod—, are formed by the reaction of chiral neutral,
commercialy available, lanthanide complex Ln(tfc)s; and the
potassium salt of the chira tfc or fod ligands (tfc: 3-(tri-
fluoromethylhydroxymethylene)camphorate; fod:
6,6,7,7,8,8,8-heptafluroro-2,2-dimethyl-3,5-octanedione). 11

3.2 Intrinsically chiral metallo-or ganic complexes

The chirality of the described metal complexes 5 and 6 seems
however to be moreinfluenced by the asymmetric nature of the
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backbone of the ligands than by their spatial arrangement
around the metal ions. This is not the case for the anionic
chromium(in) and cobalt(i) tris(oxalato) octahedral com-
plexes, 7 and 8, which can be prepared as their potassium or
ammonium salts in racemic form. These derivatives are
configurationally stable and their resolution has been reported
(Fig. 1).12

3.3 Tetrahedral borate anions

Aspreviously mentioned (section 2.4), the tetrahedral geometry
of the tetracoordinated atoms allows also the formation of
intrinsically chiral structures by the complexation of the central
atom with two identical unsymmetrical bidentate ligands. This
was recognised for boron by Bdeseken and Mijs who, as early
as 1925, demonstrated that 4-chloro- and 3-nitro-catecholsform
chiral borateions 9 and 10 (Fig. 2). These anionswere partialy
resolved using the conjugated acids of brucine or strychnine.13
Unfortunately, these bis(catecholato) anions 9 and 10 are
configurationally labile. Their absolute configuration and
enantiomeric purity in the alkaloid salts remains unknown.
Recently, Hosseini et al. have synthesised a tetradentate
bis(catecholato) ligand, which binds a boron atom in a
tetrahedral coordination geometry to form chiral boracryptand
11.14 Nelson has investigated the configurationa stability of
borate anions 12 and 13 derived from 3-isopropyl-catechol and
a tetraphenol ligand respectively.15 At room temperature,
Hosseini and Nelson have shown that the racemisation process
of borates 11-13 isslow on the NMR time scale. For 12 and 13,
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stereodynamics were detected by variable temperature (VT)
NMR spectroscopy as coalescence of diastereotopic signals
could be evidenced at higher temperatures. The free energies of
racemisation were determined (85 and 79 kJ mol—1 for 12 and
13 respectively) and mechanistic rationales were proposed to
explain their racemisation pathways.

In 1962, Torssell reported the synthesis and resolution of
chiral tetraarylborate anions 14 and 15 (Figure 2). These
configurationally stable compounds were initially developed to
prove unambiguously the tetrahedral nature of borate ions. The
separation of the optical antipodes was achieved by a selective
crystallisation in the presence of enantiopure synthetic quater-
nary methyl-n-propylbenzylphenylammonium cation.16 Such
tetraarylborate anions can be characterised by their low
nucleophilicity, high solubility in low-polarity solvents, large
ionic radius, and ease of preparation from aryl-lithium or
-Grignard reagents. All these properties make such tetra-
arylborate anions strong candidates for anion mediated asym-
metric processes. This was recognised by Schuster et al. who
reported in 1998 a general access to 15 and to structurally
related derivative 16;17 these compounds being formed in 6
steps in racemic form and resolved following the procedure of
Torssell.

Another approach to the formation of chiral borate anionsis
the coordination of the central boron atom by chiral ligands.
Y amamoto and co-workers have synthesised the Bransted acids
of chiral borate anions 17 and 18 made or derived from
enantiopure BINOL ([1,1']binaphthalenyl-2,2’-diol).18 Peria-
samy and co-workers have reported the resolution of 17 in the
presence of (R)- or (§-1-phenyl-ethylammonium cation.1®
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Fig. 2 Chiral anions 9-23.
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Arndtsen and co-workers have prepared silver(i) and copper(i)
derivatives of enantiopure 17 in high yield and chemical
purity.20

3.4 Phosphate anions

3.4.1 Tetracoordinated phosphorus anions. In section 3.1,
we mentioned that carboxylic and sulfonic acids often provide
their conjugated bases as chiral anions. Thisis aso the case for
phosphoric acid derivatives, and the (9-(+)- or (R)-(—)-bina-
phthyl-2,2’-diyl hydrogen phosphate in particular;2! its derived
anion 19 being often used in asymmetric processes.

3.4.2 Hexacoordinated phosphorus anions. As previously
described, the octahedral geometry alows the formation of
chiral structures by complexation of a central atom with three
identical bidentate ligands. Hexacoordinated phosphate 20,
prepared by Hellwinkel in 1965, is indeed chiral and both
optical antipodes were obtained through resolution.22

Tris(benzenediolato)phosphate anion 21, of particular inter-
est for its simple preparation from catechol, PCls and an amine,
is unfortunately configurationally labile in solution as an
ammonium salt. Mechanistic studies by Koenig et al. have
shown that the racemisation of 21 is acid-catalysed and
proposed an intramolecular one-ended dissociation mechanism
to explain it.23 Lacour et al. could then demonstrate that the
introduction of electron-withdrawing chlorine atoms on the
aromatic nuclei of the catecholate ligands increases the
configurational stability of the resulting tris(tetrachlorobenzene
diolato)phosphate(v) derivative.24 This Dz-symmetric anion 22,
known as TRISPHAT, can be resolved by an association with a
chiral ammonium cation (Fig. 2). The A enantiomer isisolated
as the tri-n-butylammonium salt, [BusNH][A-TRISPHAT],
which is soluble in pure CDCI; and CD,Cl,. The A-enantiomer
is prepared as the cinchonidinium derivative, which is only
soluble in polar solvent mixtures (>7.5% DMSO in CDCl53).
Interestingly, pseudo-enantiomeric cinchoninium cation is
totally inefficient for the resolution of the hexacoordinated
phosphate.

The synthesis of C,-symmetric hexacoordinated phosphate
anions was also reported by the same group. A general one-pot
process was developed for the preparation of new classes of
enantiopure Cp-symmetric anions — BINPHAT 23 (Fig. 2),25
HYPHAT,26 and TARPHAT2? — containing BINOL, hydro-
benzoin and tartrate ligands respectively; al these anions being
isolated as their dimethylammonium salts in good yields and
chemical purity.

With these naturally-occurring or synthetic anions, numerous
asymmetric applications were developed. A selection of recent
reports are detailed in the following paragraphs.

4 NMR determination of enantiomeric purity

Asalready mentioned, chiral cationsareinvolved in many areas
of chemistry and, unfortunately, only few simple methods are
available to determine with precision their optical purity. In the
|ast decades, NMR has evolved as one of the methods of choice
for the measurement of the enantiomeric purity of chira
species.28 Neutral chiral lanthanide shift reagents, which have
been particularly efficient for most applications, are however
rarely used with chiral cations due to an overall lack of
interactions with these analytes that usually miss accessible
electron donor sites. Furthermore, line broadening and distorted
baselines are often observed upon addition of the paramagnetic
reagents, limiting thustheir efficiency.29 A noticeable exception
comes from the work of Green who showed that chiral tetrakis
europate 6 and Eu(tfc)sfod— derivative provoke a clean
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enantiodifferentiation (*H-NMR) of akylmethylphenylsulfon-
ium cations, such as ethylmethyl-p-tolylsulfonium 24 (Fig. 3).15

9 9

Sf‘: o, W
'"Me 60°C Me"
/©/ \Et —_— Et/

(R)-24 (S)-24
Fig. 3 Racemisation of ethylmethyl-p-tolylsulfonium 24.

This has allowed the assignment of the R and S configurations
of ethylmethylphenylsulfonium ions by comparison with an
enantiomerically enriched sample of (R)-24 as well as the
visualisation of the racemisation of the cation at 60 °C.

Anionic substances have therefore an advantage over neutral
reagentsto behave asNMR chiral shift agentsfor chiral cations.
They can form diastereomeric contact pairs directly and the
short-range interactions that result can lead to clear differences
in the NMR spectra of the two diasterecisomeric salts. For
instance, anions 5 and 19 induce a differentiation in 1H NMR
for the enantiomers of chira dinuclear Co(in) triple helicate
2530 and of dinuclear Cu(i) trefoil knot precursor 263!
respectively.

25: [Co,(L)s [ 26

An overal efficiency of TRISPHAT 22 and BINPHAT 23
anions to behave as NMR chira shift agents for chira cations
has been demonstrated over the last few years. Additions of
[BusNH][A-22],32 [BusN][A-22],33 [BugN][A- or A-23]34 and
[Me:NHo][A- or A-23]35 to solutions of racemic or en-
antioenriched chira cationic substrates have generally led to
efficient NMR enantiodifferentiations. Well separated signals
are usually observed on the spectra of the diastereomeric salts
generated in situ. Sometimes, a direct ion-pairing of the chiral
cations and anions 22 or 23 is necessary to maximise the NMR
separation of the signals.36 Cationic species as different as
diquat 27, quaternary ammonium 28, phosphonium 29, thiir-
anium ions 30, ruthenium tris(diimine) 31 and (nf-arene)-
manganese 32 complexes have been analysed with success
(Figs. 4 and 5).37

TRISPHAT anion 22 seems to be more particularly efficient
with cationic metallo-organic and organometallic substrates.
BINPHAT 23 often has superior chiral shift properties to 22
when associated with organic cations (Fig. 5). In al these
examples, solvent polarity influences the quality of the
separation since ion association is crucial. Solvent or solvent
mixtures of low polarity are preferred for these experiments.
Recently, Lacour, Sauvage and co-workers were able to show
that the association of chiral [CuL,]* complexes (L = 2-R-
phen, 6-R-bpy and 2-iminopyridine) with TRISPHAT 22 |leads
to an NMR enantiodifferentiation, which can be used to
determine the kinetics of racemisation of the complexes (bpy =
2,2'-bipyridine; phen = 1,10-phenanthroline).38
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Fig. 5 1H NMR spectra (400 MHz, CDCl3, parts) of a) [rac-28][l], b) [rac-
28][A-22], ¢) [rac-28][(A,9-23], d) [R-28][(A,9)-23].

Several reports independent from the Lacour’s group have
confirmed the efficiency of these chiral shift agents.12b.39
Maury and Le Bozec have used the clear NMR separation of the
enantiomers of ruthenium tris(diimine) complex 33 in the
presence of A-22 to demonstrate the preferred homochiral ion-
pairing of the anion with the chiral cation (Figure 6). In this
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Fig. 6 Examples of chira cations analysed with anion 22.

example, as well as in other instances,24° NMR spectroscopy
was shown to be a particularly efficient technique for the

determination of the nature of the interactions involved within
the ion pairs.

Amouri, Gruselle, Thouvenot and co-workers have shown
the capacity of 22 to differentiate the enantiomers of a unique
propeller-like cobalt complex 34 [(Cox(CO)g4))u,nZnz-
(-H2CC=CCH2-)(—dppm),], of planar chiral [(Cp*)M(2-akyl-
phenoxo)] rhodium and iridium complexes 35 and of cationic
[Ru(bpy)2(LL")] derivatives, ligand LL’ being ppy (phenyl-
pyridine, 36), quo (8-quinolate, 37), cmbpy (4-methyl-2,2’-
bipyridine-4-carboxylic acid, 38) and dcbpy (2,2’-bipyridine-
4,4'-dicarboxylic acid, 39) (Fig. 6). In the latter cases, the
homochiral or heterochiral ion pairing of the Ds-symmetric
TRISPHAT 22 and the C;- or C,-symmetric coordination
complexes 38 and 39 was studied in details.3%d Rose-Munch et
al. also studied the interaction of 22 with novel cationic chiral
heterobimetallic chromium—ruthenium complex 40.3%

Finally, Lacour, Kiindig and co-workers were able to show
that TRISPHAT can be used to determine the enantiomeric
purity of (né-arene)chromium complexes of general structure
4133 This was used recently by Djukic and Pfeffer to
demonstrate the enantiomeric purity of planar chiral cyclopalla-
dated (nS-arene)Cr(CO)sz complexes.4t These results broaden
the field of application of 22 to chiral neutral, and not just
cationic, species.
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Interesting chird NMR effects were also observed by
Hosseini and co-workers using borocryptand 11. This receptor
binds cationic metal and ammonium ions in a 1:1 ratio. An
enantiomeric differentiation of resulting chiral borocryptates
using NMR spectroscopy in a chiral liquid crystalline medium
was then achieved using different NMR probes localised both
on the receptor 11 and on the substrate (Cs*, NH4*); the
observed chirality at the substrate was described as being
induced by the spiroborate junction and mediated by the
peristatic chirality of the cavity.14

5 Resolution of chiral cations

Many chemical reactions and processes yield cationic racemic
products and either a resolution or a stereoselective synthesis
must be envisaged to obtain the chiral cations in an en-
antioenriched or enantiopure form. Resolution — that is the
physical separation of the enantiomers of a chiral racemic
substance — has been intensively studied and selected repre-
sentative examples of such processes mediated by chiral anions
are presented.

The largest number of resolutions are effected by the
conversion of aracemate into amixture of diastereomers. Inthis
type of reaction, the substrates to be resolved are treated with
one enantiomer of a chiral substance (the resolving agent). The
diastereomeric pairs can be ionic and the vast mgjority of the
resolutions are based on solubility differences of solids. Other
methods (chromatography, extraction) are possible and will be
presented.

5.1 By solubility differences of solids
Dicationic ruthenium(n) complexes [Ru(bpy).(py)2]2+ 42,

[Ru(bpy)2(CO)2]2* 43, [Ru(phen)a(py)2]** 44 and [Ru-
(phen),(CO),]2* 45, which are important chiral building blocks
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inthe growing field of stereoselective or stereospecific complex
synthesis, can be for instance resolved with chiral anions as
resolving agents. O,0’-Dibenzoyl-L-tartrate 4 is selective for
complex 42, while antimonyltartrate 5 allows the resolution of
43 and 45; compound 44 is resolved by enantiopure arsenyltar-
trate.39d.42 (§)-(+)-Binaphthyl-2,2’-diyl phosphate 19 anion was
used by Sauvage et al. to separate the enantiomers of chiral
dicopper(1) trefoil knot precursor 26 by crystallisation.3t
Gruselle and co-workers have used tris(oxalato) cobalt(in)
octahedral complex 8 to partialy resolve, in the presence of
Mn2+ cations, monocationic derivatives 36 and 37;120 thisgroup
later used TRISPHAT A-22 to perform the same task with
cation 36.43

Although efficient, resolution procedures based on the
selective crystallisation of one diastereomeric sat can be
sometimes hard to elaborate. It is for instance difficult to
rationalise why anions 4 and 5 are most efficient for the
resolution of 42, and 43 or 45, respectively — and not
reciprocally. Furthermore, devel opment of these procedures can
be often — not aways — time-consuming and beset with
irreproducibility.

12+ 1 2+
/l /l
N M eet LY 42 SMest =P a
A N L L=cO 43 AN L L=CcO 45
\l \I

2

5.2 By chromatography

Preparative chromatographic resolution procedures have over-
al freed chemists from the constraint of dependency on
crystallisation. They are most often performed with covalent
diastereomer mixtures but ionic salts can aso be separated.
Although, in principle, preformed ionic diastereomer mixtures
are separable by chromatography (see below), in practice most
ion-pair chromatographic resolutions have involved the addi-
tion of non-racemic counterions to the mobile phase.10
Williams et al. have, for instance, reported the resolution of
a dinuclear cobalt(in) helicate 25 by ion-pair chromatography
with a concentrated solution of enantiopure sodium (+)-anti-
monyltartrate 5 as the eluent.3° Similarly Sauvage and Keene
resolved iron(i) dinuclear double helicate 46 by chromatog-
raphy (Fig. 7).44 To realise the resolution, a racemic mixture of

4+

46

meso {AA}-48 AA-48 AA-48

Fig. 7 Double helicate 46 and schematic representation of the isomers of
48.

the sulfate salt of 46 was absorbed onto a column of SP
Sephadex C-25 cation exchanger and eluted with the aqueous
sodium salt of O,0’-di-4-toluyl-L-tartrate 47, parent derivative
of anion 4. After an ‘effective column length’ of ca. 6 m
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(achieved by recycling using a peristaltic pump), two separate
bands were collected affording, after methathesis, the enantio-
mers of the helicate in pure M and P forms.

One study that shows the extreme efficiency of chromatog-
raphy to separate optical (and other) isomers of chiral cationic
complexes was recently reported by Keene and co-workers.45
The dinuclear ligand-bridged complex systems [{ Ru(bpy)2} (u-
bpm){ Ru(Mezbpy)z} ]+ 48 and  [{ Ru(bpy)(Mezbpy)} 2(1i-
bpm)]4* 49 (bpm = 2,2-bipyrimidine; Mebpy = 4,4'-
dimethyl-2,2’-bipyridine) exhibit a range of sterecisomers —
diastereoisomers, enantiomers and geometric isomers (Fig. 7).
From synthetic procedures producing mixtures of all possible
forms of the respective complexes, the four stereocisomeric
forms of 48 (viz AA, AA, AA and AA) and the six
stereoisomeric forms of 49 (viz. AA-trans, AA-cis, AA-trans,
AA-cis, AA-trans, and AA-cis) have been isolated using
chromatographic techniques on SP Sephadex C-25 cation
exchanger and anions 4 and 47 in the mobile phasein particular.
This is the first reported separation of the sterecisomers for a
system of the type [{ Ru(pp)} (u-bpm){ Ru(pp’)2} 4+ (pp and pp’
= bidentate polypyridyl ligands; pp# pp’).

As mentioned at the beginning of section 5.2, chromato-
graphic resolution of chiral cations can nevertheless be realised
with preformed ionic diastereomer mixtures. Recently, it was
found that the lipophilicity of TRISPHAT anion 22 modifies
profoundly the chromatographic properties of the cations
associated with it and the resulting ion pairs are usually poorly
retained on polar chromatographic phases (SiO,, Al,Os). Thisis
exemplified on Fig. 8 by the comparison of the chromatographic

X=H 50 52 X=H 53

X =NMe, 51 X=Br 54
’ o .

. . L] L]

a b c d e. f g h i j

Fig. 8 Chromatographic behaviour on analytical TLC (SiO,, CH,Cl,) of a)
[50]Cl, b) [50][22], c) [51][oxalate], d) [51][22], €) [52][BF4], f) [52][22],
9) [53][BF4], h) [53][22], i) [S4][BF4], j) [54][22].

behaviour of classical achiral (chloride, oxalate, tetrafluorobor-
ate) and TRISPHAT salts of dyes 50-54; the migrating aptitude
of salts [50-54][22] depending upon the concentration of the
analyte.46

Using enantiopure TRISPHAT anion, accessible from [cin-
chonidinium][A-22] or [BusNH][A-22] sdts, the chromato-
graphic resolution of chiral cations is feasible as the diaster-
eomeric ion pairs often possess rather different retardation
factors. For instance, [Ru(bpy)s]2+ 31 (Fig. 4) and [Ru-
(Mexbpy)s]2+ 55 complexes were separated into diastereomeric
homochiral [A-RuLz][A-22], and heterochiral [A-RuLs][A-



22], sdts by column chromatography over silica gel (eluent
CH,Cl,).47 Rather large differences in retardation factors were
observed (AR; 0.10-0.23). The resolution can be aso per-
formed on preparative thin-layer chromatographic (TLC)
plates. The protocol was extended to monocationic cyclometal-
lated ruthenium complexes of type 36 and to aconfigurationally
stable mononuclear iron(ir) complex 56 (Scheme 1).48

—‘ 2+

OCH;

N//,l
12+ =SSN~
“3
N
Fe
Z>N CH,Cl,, reflux
. ! 3
[59] [A-22], [A-56] [A-22],

OCH,

Scheme 1 Diastereoselective synthesis of configurationally stable iron(ir)
tris(bisimine) complex 56.

5.3 By asymmetric extraction

The lipophilicity of the TRISPHAT anion 22 aso conferson its
saltsan affinity for organic solvents and, once dissolved, theion
pairs do not partition in agueous layers. This rather uncommon
property was used by Lacour’s group to develop a simple and
practical resolution procedure of chiral cationic coordination
complexes by asymmetric extraction. The resolution of racemic
substrates by preferential extraction of one enantiomer from
water into immiscible organic solvents has been well studied.5
The extraction and the resulting selectivity arise from the
preferential binding in the organic phase of one enantiomer of
the substrate with achiral lipophilic selector. Anion 22 wasthus
considered for the asymmetric extraction in organic layers of
chiral cations, and coordination complexes in particular.

[Ru(Mezbpy)s]2+ 55 and [Ru(Meyphen)s]2* 57 were sel ected
for their ease of synthesis and high water solubility as chloride
sdts (Meyphen = 4,7-dimethyl-1,10-phenanthroline). Solu-
tions of salts[BusNH][A-22] in CHCI3 or [cinchonidinium][A-
22] in 7.5-10% DMSO/CHCI 3 were prepared (1 equiv.) and
added to orange-coloured solutions of racemic [55]Cl, or
[57]Cl, in water (1 equiv.). Upon vigorous stirring of the
biphasic mixtures, apartial transfer of coloration occurred from
the agueouslayersto the organic ones (Fig. 9). Selectivity ratios
ashigh as 35:1 were measured for the enantiomers of the cations
in the organic and aqueous layers, demonstrating without
ambiguity the efficiency of the resolution procedure. An
extension of this protocol was further developed for adiiron(i)
triple helicate and afforded in separate phases the P or M
enantiomers of the [Fe,L 3]4*+ helix.4°

6 Stereoselective chemistry induced by chiral
anions

6.1 Asymmetry-induction onto configurationally labile
derivatives

Chiral compounds are sometimes configurationally stable as
solids and configurationally labile in solution. When optically

Z 7
~-N N
Ru 55 Ru 57
~"N "N
| I
3 3

[A- 57][CI],
(e.r. up to 35:1)

stirring

>
»

[R,;NH][A-22] [A- 57][A-22],

(d.r. up to 49:1)

Fig. 9 Schematic representation of the asymmetric resolution of salt
[57]Cly; er. and d.r. indicate enantiomeric and diastereomeric ratios.

active samples of these derivatives are solubilised, a racemisa-
tion occurs due to the free interconversion of the enantiomersin
solution. To obtain these compounds in one predominant
configuration over time, apossible strategy isto add stereogenic
elements to their backbone; intramolecular diastereoselective
interactions occur and favour one of the equilibrating diaster-
eomers. If the chiral compounds are charged, an aternative
strategy to control their configuration is to consider their
asymmetricion pairing with chiral counter-ions; intermolecular
— rather than intramolecular — diastereoselective interactions
then control the stereoselectivity (Pfeiffer Effect, Fig. 10).

2+ T2+
X
AN N = |
N N,/ \\N d.r. upto201 ,N//
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Fig. 10 IH NMR spectra (parts) of equilibrating salts [A-59][A-22], and
[A-59][A-22], in [Dg] DMSO/CDCI3 and resulting diastereoselectivity.

The induction of optical activity by chiral anions onto
cationic racemic substrates has been previously considered. The
interactions of chiral anions with transition metal complexes
have been studied in particular.5° Of most relevance to the
review is the observation by Schusterl” and co-workers that
chiral borate anions 15 and 16 forms penetrated ion pairs with
configurationally labile chiral cationic dye 58 leading to an
asymmetry-induction that was monitored by CD.

Unfortunately, in most of these and other previous examples,
the extent of the asymmetry-induction was determined by
chiroptical measurements (ORD, CD) that gave qualitative and
not quantitativeinformation. The NMR chiral shift efficiency of
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TRISPHAT 22 and other hexacoordinated phosphate anions
was therefore considered as an excellent analytical tool to
provide accurate measurement of the induced selectivity by
NMR spectroscopy.

Configurationally labile cations, as varied as [Fe
(Mezbpy)s]2+ 59 and [Co(Mesbpy)s]2+ 60 complexes, dico-
balt(i1) triple helicate 61, monomethine dyes 53 and 54, diquat
62 and quaternary ammonium 63, were paired with enantiopure
anions 22 and/or 23 (Figs. 8, 10 and 11). In all cases, an

— — a4+

T2t

7 N

|
N

Co
60
7 L O
61 N+
S e
63
62
L 13 t-Bu
Fig. 11 Examples of configurationally labile chiral cations 60-63.

7N\
=z

enantiodifferentiation of the interconverting enantiomers of the
chiral cations was observed in tH NMR spectroscopy.2551 In
most cases, the analyses could be performed at room tem-
perature as the interconversion was slow on the NMR time
scale, e.g. 54 and 59-62.

For cations 53 and 63, low temperature NMR experiments
were necessary to reveal stereodynamical behaviours and allow
the observation of split signals for the enantiomers. Ster-
eoselective recognition between the chiral cations and anions
was observed in essentially all cases as integration of the split
signals revedled the preferentia occurrence of one diaster-
eomeric salt over the other. Diastereomeric ratios as high as
20:1 can be observed for some of the substrates, e.g. salt [59][A-
22] and [60][A-22] (Fig. 10). The selectivity strongly depends
upon the polarity of the solvent medium. An increase in the
diastereoselectivity is usually observed upon the decrease of
solvent polarity. This is interpreted as the result of closer
interactions between the ions.3 In most cases, induced CD
spectra could aso be measured allowing the determination of
the preferred configuration of the chiral cations.

Finally, asymmetry-inductions by chiral anions onto chira
cations are not limited to molecular associations. Recently, Huc
and Oda have reported one of the first examples of the Pfeiffer
effect expressed at the nanometer or micrometer supramo-
lecular scale. Non chiral dicationic amphiphileswere associated
with tartrate anions 2 and the resulting membraneswere chirally
twisted upon interacting with the counterions. They could aso
demonstrate that the mechanism of the asymmetry-induction
involves specific anion—cation recognition and the induction of
conformationally labile chirdity in the cations.52

6.2 Stereoselective synthesis of configurationally stable
edifices

As described in the previous paragraph, chiral mononuclear
divalent tris(diimine) complexes of first row transition metals
are notoriously known for their high chemical but low
configurational stability. Recently, the synthesis of a bis
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1,10-phenanthroline ligand (64) leading to octahedral com-
plexes containing a well-defined axis was reported: simple
treatment of [Fe(Mexbpy)s][PFe]> with 64 at reflux in 1,2-di-
chloroethane affording the [Fe(64)(Mesbpy)][PFel2 or
[56][PFe]2 sat in high chemica yield and purity. Using the
chromatographic properties of anion 22, the Lacour and
Sauvage groups were able to resolve complex 56 by simple
preparative thin-layer chromatography and report on the
unusual configurational stability of 56.480 More interestingly,
they could show that the treatment of configurationally labile,
yet diastereomerically enriched, [Fe(Mexbpy)s][A-22], pre-
cursor with 64 led to the asymmetric synthesis of 56 as
essentially a single diastereomer (d.r. > 20:1). The selectivity
of the reaction resultsfrom the preferred homochiral association
of anion 22 and iron(i1) complex 56. Studies have indicated that
the selectivity arises from a thermodynamic control as an
asymmetric equilibration of the diastereomers happens at an
elevated temperature.

Bimetallic networks coordinated with oxalate bridges of
general formula {[M!'"M"(0x)3]~C*]}n (0x = Cy042—, C* =
monocation) form an important family of molecular magnets.12
In these compounds, the anionic sub-network [M!'M!"(0x)z] —
which results from a linking of Dsz-Symmetric monomeric
species M(0x)z2]" presents two different structures following
the relative configurations of these hexacoordinated subunits
(A,A): @) two-dimensional and organised in honeycomb stitch
if this linking is heterochira (A/A); b) three-dimensional and
helicoidal if it is homochira (AA or AA). Recently, using
optically active anion 7, Andres and co-workers showed that the
formation of these polymers is highly stereospecific.53

6.3 Enantioselective catalysis

The influence of chiral anionic counterions on the ster-
eochemical outcome of reactions which involve cationic
intermediates or reagents have been investigated recently.
Arndtsen and co-workers have used chiral borate anion 17 to
achieve an enantioselective formation of aziridines by the
reaction of prostereogenic olefins and PhINTSs in presence of
[Cu(MeCN)4][(R)-17] or [Cu(MeCN)4][(R)-17] sdts and
achiral diimine ligands (Scheme 2).20 Decent to good chemical

[Cu(MeCN),][17]
(1-3 mol%) NTs
PR X 41-90% th"<‘
e.e. 1-10%
achiral diimine
ligands

Scheme 2 Enantioselective synthesis of aziridines.

yields (41-90%) were obtai ned demonstrating that anion 17 had
no negative effect on the reaction. However, low enantiomeric
excesses (1-10%) were measured. It indicates neverthel ess that
a chiral counterion can influence the reactivity of an achira
cationic catalyst. Examples of aziridination and cyclopropana-
tion reactions using both chiral ligands and chiral counterions
have shown asignificant i nfluence of the anionic moiety and the
existence of “matched” and “mis-matched” diastereomeric
pairs.

Anion 17 was also considered by Nelson and co-workers to
induce asymmetry in the reactions of prostereogenic cations.54
Acidic (EtoNH*, EtaNH*, (R)-PhCHMeNHz*) ammonium and
metallic (Na*, Ag*) sdts of (R)-17 and (S)-17 were prepared.
The reaction of iminium ion 65 and indole was studied in the
presence of catalytic amounts of these compounds (Scheme 3).
A modulation of the reactivity of the Mannich reaction could be
observed. But the enantiomeric excesses were low (0-11%).
Better results were observed in the reaction of chloroamine 66
with benzylamine that involves the asymmetric ring-opening of
the meso-aziridinium cation (e.e. < ca. 15%).
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~ / Ne
) . M][17] b
65 e <i2% Me

NHBn
BnNH,

Ph
Ph cl Ph e.e. <15%
M*[17] )N@ ’
PR N
PR™ N (50 mol%) | PN 17 Q
66

Scheme 3 Enantioselective Mannich and ring-opening of aziridinium ion
reactions.

Finaly, the influence of chiral TRISPHAT anion 22 on the
enantioselective oxaziridinium-catalysed epoxidation reaction
was studied recently by Lacour and co-workers. They could
show that theion pairing of iminium cation 67 with TRISPHAT
anion alows the use of strict biphasic conditions CH,Cl,:H,O
which, in combination with 18-crown-6, can improve the
enantiosel ectivity of the oxone-mediated epoxidation (e.e. up to
76%) (Scheme 4). However, the chirality of anion 22 (A, A or
rac) was shown to have no influence over the stereochemical
outcome of the epoxidation.ss

>§: Y salt with 22
Ph
o

(5 mol%)

18-C-6 (2.5 mol%)

Oxone® .
NaHCO, . 257/50/
CH,Cl,:H,0 DR

Scheme 4 Enantioselective oxaziridinium catalysed epoxidation reaction.

7 Conclusion

In this review, we hope that we have been able to show that, by
the imaginative use of “old” chiral anions or by the design and
synthesis of new ones, novel asymmetric applications, reactions
and processes were made possible. We believe that there is
much to gain from this supramolecular approach to ster-
eoselective synthesis as, for instance, both configurations of a
chiral cationic complex or of a chiral product from a reaction
can be generated with no need to prepare two sets of
enantiomeric ligands or reagents. Itisa priori sufficient to form
the cationic complex or reagent with achiral ligands and
exchange the traditional achiral anions (PFs—, BF4—, etc.) for
chiral anionic counterions. However, as has been described in
this review, there is still much ground to be covered and, no
doubt, new and more selective anions or techniques need to be
prepared to achieve some of the desired goals.

Finaly, most of the selected examples have used chira
anionsin enantiomerically enriched or pure forms. Applications
of chiral counterionsin their racemic form are also feasible. For
instance, Marks and co-workers have shown that racemic
tris(2,2’,2”-nonafluorobipheny!)fluoroal uminate, of which chir-
aity arisesfrom partially restricted internal C¢F,—CgFs rotation,
can influence the ion pairing of cationic polymerisation
catalysts. Maury, Le Bozec, Ledoux and co-workers have used
the lipophilicity of racemic TRISPHAT to enhance the
solubility of polymer or dendrimer containing cationic, octupo-

lar nonlinear optically active, ruthenium trisbipyridyl sub-
units.s6

8 Addendum

Several papers regarding chiral anion mediated chemistry have
appeared since the submission of this manuscript. Kubik and co-
workers have shown that Cs-symmetric cyclic hexapeptides
containing alternating L-proline and 3-aminobenzoic acid
derivatives as subunits possess different affinities towards the
two enantiomers of the N,N,N-trimethyl-1-phenylethyl ammo-
nium cation. lon pairing of this cation with racemic 22 improves
the binding affinity in CHCI3 by afactor of ~3 over picrate.5”
Fontecave and co-workers have been able to resolve the cis-
[Ru(dmp)>(CH3CN),] complex (dmp  =2,9-dimethyl-
1,10-phenanthroline) using A-22 as counterions. This “chiral-
at-metal” ruthenium derivative was then used as a catalyst for
the oxidation of sulfides to sulfoxides by hydrogen peroxide.
Thereactionsdisplayed alow but significant level of enantiose-
lectivity (18% ee in the case of 4-bromophenyl methyl
sulfide).58 Laursen, Lacour et al. have used BINPHAT anion 23
as aresolving and NMR chiral shift agent for the isolation of
enantiopure highly configurationally stable [4]heterohelicen-
ium cations.>® Finally, Lacour and co-workers have shown that
anovel chiral hexacoordinated phosphate anion can be prepared
in two steps from methyl-«-p-mannopyranoside. The ease of its
stereosel ective synthesis (d.e. > 96%), its chemical robustness
and its broad efficiency with both organic and metallo-organic
substrates should ensure its general use in asymmetric anion
mediated processes.s0
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