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ARTICLE INFO ABSTRACT

Keywords: Chiral organometallic compounds and metal complexes, and more recently metal clusters, have attracted great
Chiral stationary phases interest for applications in chemical, biological, medical, and material sciences. In these fields, liquid chroma-
Enantioseparation

tography has been widely used for fast chiral analysis to determine the enantiomeric purity of metal-containing
chiral compounds prepared by asymmetric synthesis, for quality control of commercial chiral metal catalysts, for
accessing enantioenriched or pure enantiomers of metal complexes for various applications, and often as test
probe analytes for screening the enantioseparation capability of newly developed chiral columns and chro-
matographic systems. With the aim to show what was done in this field as a useful guide for new applications, in
this review the evolution of methods and approaches used to separate the enantiomers of chiral metal-containing
compounds is described, showing how this field have been changed over time, from the 1970s until most recent
studies. For this purpose, representative applications of enantioselective liquid chromatography for the enan-
tioseparation of chiral organometallic compounds and metal complexes will be presented and discussed, indi-
cating chiral columns, mobile phases, and chromatographic conditions which have been used to obtain successful
enantioseparations in this field.

High-performance liquid-chromatography
Polysaccharide-based chiral selectors
Transition metal complexes

1. Introduction

Over time, organometallic compounds, metal complexes, and metal
clusters attracted great interest due to their versatile and modular
structure. Many such compounds are now essential as catalysts, and
metal-organic compounds also proved to be essential to life (methyl-
cobalamin, hemoglobin, hemocyanin, dimethylmercury, many en-
zymes, cofactors, etc.). More than others, transition metal complexes
were shown to play a pivotal role in medicinal biochemistry, contrib-
uting to the treatment of various human diseases [1]. Metal complexes
are designed and prepared through the coordination of metallic ele-
ments with ligands via coordinate covalent bonds. Geometry and
properties of the metal complex can be finely modulated through the
proper selection of metal and ligand based on their stereoelectronic
properties [2,3]. In most cases, the metallic element is a transition metal,
belonging to the d-block (3d, 4d, and 5d series) and f-block (lanthanides
and actinides) elements within the periodic table. Furthermore, different
species like simple ions, molecules, or chelating groups can be used to
obtain metal complexes, which function as Lewis bases forming coor-
dinative covalent bonds with the metallic centre, acting as a Lewis acid.
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In chiral metal-containing compounds, chirality may be introduced
into the metal coordination sphere by using chiral ligands containing
chiral centre, axis, or plane as stereogenic elements [4]. Moreover,
chirality-at-metal can be observed in some transition metal complexes,
even in the presence of achiral ligands, showing a suitable arrangement
of the coordination sphere around the metal centre [5]. In this case, A
and A enantiomers of chiral-at-metal complexes can be identified [4,5].

The origins of the liquid chromatography (LC) enantioseparation of
metal-containing chiral compounds date to the decades 1950s-1970s,
when diastereomeric crystallizations and the first chromatographic
enantioseparations were developed for the purpose. At that time,
racemic metal complex ions were usually combined with suitable opti-
cally active counter ions to form diastereomeric salts, through which the
separation of the enantiomers were achieved. In 1959, Thomson re-
ported the resolution of the first (planar) chiral ferrocene derivative, i.e.
ferrocenocyclohexenone (1) (Fig. 1), by diastereomeric crystallization
[6]. In parallel, enantioselective adsorption was obtained for chiral
metal complexes by using optically active adsorbents like starch [7] and
D-lactose [8].

In the 1960s, the first use of LC for the separation of organometallic
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Fig. 1. Structure of planar chiral ferrocene 1.

species was reported by Veening et al., who separated four arene tri-
carbonylchromium complexes with isooctane as mobile phase [9]. In
these years, the first enantioseparations of chiral metal complexes
through electromigration techniques were also performed [4]. It is
worth mentioning that, over time, electromigration techniques were
also used for the enantioseparation of organometallic compounds and
metal complexes. The topic was reviewed very recently [4], thus ap-
plications of electromigration techniques in this field were not included
in the present review.

In 1970, the first chromatographic resolution of a ferrocene deriva-
tive was reported by Schlogl, who enantioseparated chiral ferrocene 1
on acetylated cellulose under medium pressure conditions [10]. Later,
Yoneda and Yoshizawa resolved the enantiomers of the [Co(p-alanine)s]
chiral-at-metal complex with a home-made Sephadex column using so-
dium d-tartrate as chiral selector and the mobile phase 30 % aqueous
ethanol (EtOH) [11]. The fractions corresponding to the two peak
maxima showed circular dichroism spectra of opposite sign, this evi-
dence proving the complete resolution of the racemic mixture (Fig. 2). It
is worth mentioning that with an eluent not containing the chiral
selector as mobile phase additive, the complex was eluted as a single
band. This confirmed that the chiral selector, not the Sephadex surface,
promoted the enantiodifferentiation.

In 1985, Armstrong et al. reported a study on the LC enantiosepa-
ration of 15 enantiomeric derivatives of ferrocene (2-14), ruthenocene
(15), and osmocene (16) on a B-cyclodextrin (CD)-based chiral column
by using methanol (MeOH)/water mixtures as mobile phases (Table 1)
[12]. Among all compounds, ten enantiomeric pairs (2-4, 6-10, 15, and
16) were baseline or nearly baseline resolved, whereas the enantiomeric
separation of amine-containing ferrocene derivatives (12-14) showed
the poorest resolution. The authors observed that the poor resolution
was not the result of poor selectivity (a) but, rather, of the extensive
band broadening of these compounds under the given conditions. As
justification of this phenomenon, it was thought that the extensive band
broadening was caused by a kinetically limiting step involving hydrogen
bonding of the amine group. Only the enantiomers of 5 and 11 were not
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Table 1
Structures and retention data for several metallocene enantiomers separated on
a 25-cm B-cyclodextrin column [12].

R

=

M 1

&

Metallocene M Ry Ry o Rg® Mobile phase®
2 Fe CH3 OH 1.13 1.56 65/35
3 Fe CH3 OCHj3 1.12 1.58 70/30
4 Fe CH(CH3)2 OH 1.08 1.00 70/30
5 Fe CeHs OH 1.00 0 60/40
6 Fe CH3 SCeHs 1.39 2.27 90/10
7 Fe CHs SCH,COOH 1.33 1.40 50/50
8 Fe CHj SCH,CH,0OH 1.23 2.13 90/10
9 Fe CH(CH3)» SCH,CH,OH 1.13 1.52 70/30
10 Fe CgHs SCH,CH,OH 1.06 1.15 50/50
11 Fe D OH 1.00 0 70/30
12 Fe CH3 NH, 1.17 0.44 60/40
13 Fe CHjs NHCH,CgHs 1.11 0.56 65/35
14 Fe CHs N(CHs), 1.30 0.74 80/20
15 Ru CH3 OH 1.11 1.56 65/35
16 Os CH3 OH 1.08 1.50 60/40

? o = selectivity factor.

b Rg = resolution factor.

¢ Numbers represent the volume ratio (v/v) of methanol to water in an iso-
cratic separation. Flow rate = 1 ml/min.

separated, and the lack of enantioseparation of rac-deuter-
ioferrocenylmethanol (11) was ascribed to the difficulty to distinguish
between nonionizable hydrogen and deuterium.

Starting from the 1980s, the Co(acac); complex (acac = acetylacet-
onate) (17) was frequently used as a test probe for testing the enantio-
separation ability of polysaccharide- [13,14] and CD-based [15] chiral
stationary phases (CSPs). Given this background, in this review, repre-
sentative applications of LC techniques for the enantioseparation of
organometallic compounds and metal complexes will be presented and
discussed, describing the evolution of the field over time, starting from
the high-performance liquid chromatography (HPLC) analyses devel-
oped in the 1990s, until the most recent applications for the enantio-
separation of chiral metal clusters. Applications performed under
supercritical fluid chromatography (SFC) conditions will be also pre-
sented. Given that the applications for the enantioseparation of planar
chiral ferrocenes were recently reviewed [16], in this review only the
most recent applications in this field will be described.

For clarity, in the text as well as in figures and tables included in this
review, chiral compounds and classes of structurally related compounds

band1 band 2

| | 1
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Fig. 2. (A) A and A enantiomers of chiral-at-metal complexes, adapted with permission from Ref. [5]; (B) Elution curve of [Co(B-alanine)s] (elution rate: 4 ml/20
min), adapted with permission from Ref. [11]. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)
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Table 2
Polysaccharide-based chiral columns and corresponding chiral selector
mentioned in this review.

Chiral column Type Chiral selector

Chiralpak AD Coated Amylose tris(3,5-dimethylphenylcarbamate)

Chiralpak AS Coated Amylose-tris((S)-a-methylphenylcarbamate)

Chiralpak IB Immobilized  Cellulose tris(3,5-dimethylphenylcarbamate)

Chiralpak IC Immobilized  Cellulose tris(3,5-dichlorophenylcarbamate)

Chiralpak IE Immobilized  Amylose tris(3,5-dichlorophenylcarbamate)

Chiralpak IF Immobilized  Amylose tris(3-chloro-4-
methylphenylcarbamate)

Chiralpak IG Immobilized  Amylose tris(3-chloro-5-

methylphenylcarbamate)

Chiralcel OA Coated Cellulose triacetate

Chiralcel OB Coated Cellulose tribenzoate

Chiralcel OC Coated Cellulose triphenylcarbamate

Chiralcel OD Coated Cellulose tris(3,5-dimethylphenylcarbamate)

Chiralcel OF Coated Cellulose tris(4-chlorophenylcarbamate)

Chiralcel OG Coated Cellulose tris(4-methylphenylcarbamate)

Chiralcel OJ Coated Cellulose tris(4-methylbenzoate)

Chiralcel OK Coated Cellulose tricinnamate

Lux Amylose-1 Coated Amylose tris(3,5-dimethylphenylcarbamate)

Lux Amylose-2 Coated Amylose tris(5-chloro-2-
methylphenylcarbamate)

Lux i-Amylose-3 ~ Immobilized  Amylose tris(3-chloro-5-
methylphenylcarbamate)

Lux Cellulose-1 Coated Cellulose tris(3,5-dimethylphenylcarbamate)

Lux Cellulose-2 Coated Cellulose tris(3-chloro-4-
methylphenylcarbamate)

Lux i-Cellulose- Immobilized Cellulose tris(3,5-dichlorophenylcarbamate)

5

mentioned as chiral analytes will be identified by sequential numbering.

2. Decade 1990s

Most enantioseparations developed in this decade were performed
by using polysaccharide-based CSPs, whereas CSPs based on CDs and
glycopeptides as well as brush-type CSPs were used to a lesser degree.
For this reason, polysaccharide-based chiral columns and related chiral
selectors mentioned in this review are summarized in Table 2. For
clarity, the enantioseparations discussed in this section are summarized
in Table 3, whereas representative chiral organometallic compounds
and metal complexes enantioseparated in the 1990s are depicted in
Fig. 3, which includes metallocenes (18-23), metal arene complexes (24-
31), metal oxides (32), tetracarbonyldiphosphine complex (33), copper
(I) catenates (34), ten-vertex carboranes (35 and 36), chiral metal-
loporfirines (37 and 38), cyclooctapyrrole metal complexes (39 and 40),
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and a salen-type Mn complex (Jacobsen’s catalyst) (41).

In 1991, Ramsden et al. reported the enantioseparation of 22 chiral
compounds with the chemical formula (I]S-CsRs)M(L)(PAI'g)(X) (metal
(M)/L = Re/NO, Fe/CO) (series 18 and 19) performed by using the
Chiralcel OD column and n-hexane/2-propanol (2-PrOH) mixtures as
mobile phases [17]. For these chiral-at-metal cyclopentadienyl com-
plexes, the impact of R (H, Me), X (H, Me, F, Cl, Br, I, COoMe, OCOMe,
OCOCF3, OCOPh, CHoPh, COPh, Ph, C=CH, C=CPh, C=N, etc.), and M
(Re, Fe) on the enantioseparation was examined based on obtained
chromatographic parameters. The following trends were observed:

1. A steric effect induced by distinctive parts of the molecules could be
observed: a) enantiomers of halide adducts (n5-C5R5)Re(NO)(PPh3)
(X) X = F, Cl, Br, I) were separated with o and resolution (Rg)
increasing following the order I < Br < Cl ~ F; b) pentam-
ethylcyclopentadienyl ~ complexes (ns-C5Me5)Re(NO)(PPh3)(X)
eluted more rapidly compared to the pentadienyl analogues, with
lower a and Rg; ¢) the tri-p-tolylphosphine complexes (n°-CsHs)Re
(NO)(P(p-tol)3)(X) eluted more rapidly as well, whereas « increased
by replacing PPhs to the corresponding p-tolyl phosphine.

2. The impact of the electronic properties was also observed, particu-
larly on retention factors (k). For instance, although its resolution
was not exceptional, the (n5-C5H5)Re(NO)(PPh3)(CN) complex gave
the longest retention time of all the compounds examined. Interest-
ingly, while the enantiomers of this complex were highly differen-
tiated by the chiral NMR shift reagent Eu(hfc)s (Europium tris[3-
(heptafluoropropylhydroxymethylene)-(+)-camphorate]), the two
analytical methods provided enantiomer ratios that were in excellent
agreement.

3. Enantiomers of the iron iodide complex (n5-C5H5)Fe(CO)(PPh3)(I)
were separated with lower a (1.13) compared to the enantiomers of
the (n5-C5H5)Re(NO)(PPh3)(I) complex (¢ = 1.16). The same trend
was observed for the methylated derivatives. Whereas the (ns-C5H5)
Re(NO)(PPh3)(Me) enantiomers were separated (o = 1.17), (ns—
CsHs)Fe(CO)(PPh3)(Me) could not be resolved.

In the same year, Yamazaki et al. explored the enantioseparation of
planar chiral metallocenes belonging to the series 20, 21, and metal
arene complexes 24-27 [18], developing successful HPLC enantiosepa-
rations for the 1-hydroxymethyl-2-methyl, 1-acetoxymethyl-2-methyl
and 1-methoxycarbonyl-2-methyl derivatives of (n%-benzene)tricarbo-
nylchromium, tricarbonyl(n®-cyclopentadienyl)manganese and ferro-
cene, and for their 3-methyl analogues, by using the Chiralcel OD
column and a n-hexane/2-PrOH mixture (1.3 M 2-PrOH in n-hexane) as

Table 3

Representative enantioseparations of chiral metal complexes reported in the 1990s (for numbering of compounds refer to Fig. 3).
Analyte Metal Compound type Chiral column or selector” Mobile phase” Ref.
18,19 Re, Fe Metal arene complexes Chiralcel OD n-hexane/2-PrOH mixtures [17]1
20, 21 Fe Ferrocenes Chiralcel OD n-hexane/2-PrOH (1.3 M) [18]
24-27 Mn, Cr Metal arene complexes Chiralcel OD n-hexane/2-PrOH (1.3 M) [18]
28-31 Cr Metal arene complexes (S,5)-Whelk-O1 n-hexane/2-PrOH 80:20 or /CH,Cl, 70:30 [19]
23 Zr Metallocenes Chiralcel OD n-hexane/EtOH 20:1 [21]
32 Te Metal oxides Chiralpak AS n-hexane/2-PrOH 98:2 or 95:5 [23]
33 w Metal tetracarbonyl complex Chiralcel OD n-hexane/2-PrOH 90:10 [24]
20 Fe Ferrocenes Chiralcel OD-H n-hexane/2-PrOH mixtures [25]
22 Fe Ferrocenes B- and y-CD MeOH/H,0 50:50 [26]
22 Fe Ferrocenes Vancomycin n-hexane/2-PrOH 97:3 [26]
34 Cu Catenates ADMPC n-hexane/2-PrOH 50:50 [27]
37 Zn Metalloporfirines Chiralcel OD n-hexane/2-PrOH 4:1 [28]
38 Zr, Ce Metalloporfirines CDMPC n-hexane/EtOH mixtures [29]
39,40 Pd, Cu Cyclooctapyrroles Chiralcel OD n-hexane/2-PrOH/DEA [30]
35,36 B Ten-vertex carboranes p- and acetyl-p-CD MeOH/H>0 mixtures [31]
41 Mn Jacobsen’s catalyst hydroxypropyl p-CD nonaqueous polar-organic mixture [33]

& ADMPC, amylose tris(3,5-dimethylphenylcarbamate); CD, cyclodextrin; CDMPC, cellulose tris(3,5-dimethylphenylcarbamate).
b Numbers represent the volume ratio (v/v or v/v/v) of solvents (additives) in the mobile phase; DEA, diethylamine; EtOH, ethanol; MeOH, methanol; 2-PrOH, 2-

propanol.
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Fig. 3. Representative chiral metal complexes enantioseparated by liquid chromatography in the 1990s. Structures of compounds 33-41 adapted with permission

from Refs. [24,27,28,30,31].

mobile phase. The polysaccharide-based Chiralcel OA, OB, OK, OC
chiral columns, and the polymethacrylate-based Chiralpak OT(+) and
OP(+) chiral columns exhibited limited performances for the separation
of these series of complexes.

Later, Pirkle and Villani examined the HPLC enantioseparation of
thirty-four disubstituted tricarbonyl (n6—arene)—chr0mium complexes,
belonging to the series 28-31 and having planar chirality, by using the
(S,5)-Whelk-O1 chiral column and n-hexane/2-PrOH 80:20 v/v as mo-
bile phase while, in some cases, n-hexane/CH3Cly 70:30 v/v [19]. The
(S,5)-Whelk-O1 is based on a brush-type CSP featuring active sites
comprised of clefts formed by the perpendicular disposition of the
n-acidic 3,5-dinitrobenzamide group relative to the r-basic naphthyl
group. Thirty of the thirty-four compounds were enantioseparated with
a values ranging from 1.04 to 2.74. A mechanistic hypothesis accounting

for the enantiodifferentiation was proposed. The authors hypothesized
that the arene moiety, using the face anti to the tricarbonylchromium,
enters the cleft and undergoes simultaneous face-to-face and
face-to-edge n-m interactions with the aromatic moieties of the cleft (the
n-acidic 3,5-dinitrobenzamide group and the n-basic naphthyl group).
Hydrogen bonding formation could provide a third attractive interac-
tion, contributing to the enantiodifferentiation mechanism. This mech-
anism was shown to be consistent with results based on NMR
spectroscopy.

Following the previous successful analytical resolution of racemic
ethylenebis(4,5,6,7-tetrahydro-1-indenyl)zirconium derivatives 23 by
HPLC on Chiralcel OD [20], in 1997 Okamoto’s group reported the
HPLC preparative separation of 13 mg of rac-ethylenebis(4,5,6,7-tetra-
hydro-1-indenyl)zirconium-2,2’-biphenolate complex (23, X, X =
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OCgH4-CgH40-) to obtain the complex in enantiopure form for further
applications in asymmetric catalysis [21]. The preparative separation
was performed with the Chiralcel OD column (50 x 2 cm) by using
n-hexane/EtOH 20:1 v/v as mobile phase (flow rate = 10 ml/min).

In 1997, following the results obtained by Shimizu and Kobayashi for
the medium pressure enantioseparation of chiral selenoxides using a
column packed with (R)-N-(3,5-dinitrobenzoyl)phenylglycine/amino-
propylsilica and n-hexane/2-PrOH mixtures as mobile phases [22],
Shimizu et al. studied the separation of the enantiomers of chiral tel-
luroxides belonging to the series 32 by using Chiralpak AS (10 x
250 mm) as chiral column and n-hexane/2-PrOH mixtures as mobile
phases [23]. The authors examined four different telluroxides with
different combinations of Arj/Ary substituents. The analytical HPLC
enantioseparation of the telluroxide with Ar; = mesityl and Ary = 2,4,
6-triisopropylphenyl was examined with Chiralpak AS and AD, and
Chiralcel OB, OJ, OC, OD, OF, and OG as chiral columns, obtaining the
best enantioseparation with Chiralpak AS. However, on-column race-
mization was observed for this compound (Fig. 4A). Using the AS col-
umn, telluroxides with Ar; = mesityl and Ary = 2,4,6-tri-t-butylphenyl
(Fig. 4B) and with Ar; = phenyl and Ary, = 2,4,6-tri-t-butylphenyl
(Fig. 4C) were also enantioseparated, while telluroxide with Ar; =
phenyl and Arp = 2,4,6-triisopropylphenyl, featuring less bulky sub-
stituents, remained unresolved. These results showed that a substituent
bulkier than the 2,4,6-triisopropylphenyl group was needed to inhibit
racemization. On the other hand, with the bulkier 2,4,6-tri-t-butyl-
phenyl, changing phenyl, as Ar; group, to mesityl was detrimental to
enantioselectivity.

Ar; = mesityl
Ar, = 2,4 ,6-triisopropylphenyl

B Ar; = mesityl
Ar, = 2,4,6-tri-t-butylphenyl

Ar, = phenyl
Ar, = 2,4,6-tri-t-butylphenyl

Fig. 4. Enantioseparation of chiral telluroxides Ar;(Ary)Te—~O (32) with
Chiralpak AS and n-hexane/2-PrOH mixtures as mobile phases: (A) Ar; =
mesityl, Ary = 2,4,6-triisopropylphenyl, (B) Ar; = mesityl, Ary = 2,4,6-tri-t-
butylphenyl, (C) Ar; = phenyl, Ary = 2,4,6-tri-t-butylphenyl. Adapted with
permission from Ref. [23].
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In the same year, Yoshifuji et al. developed the enantioseparation of
the W tetracarbonyl complex of 3,4-diphosphinidenecyclobutene pro-
tected with the 2,4-di-t-butyl-6-methylphenyl group (33) obtained as
anti-rotational isomer along with the syn-isomer [24]. The enantiomers
of the anti-isomer were separated by using Chiralcel OD as chiral column
and n-hexane/2-PrOH 90:10 v/v as mobile phase.

In the late 1990s, pure enantiomers of planar chiral ferrocenes of
general structure 20 were prepared by asymmetric synthesis and ana-
lysed by enantioselective HPLC for the determination of the enantio-
meric excess. For this purpose, Riant et al. used Chiralcel OD-H as chiral
column and n-hexane/2-PrOH mixtures as mobile phases [25]. In other
cases, chiral ferrocenes were prepared in racemic form, and enantiomers
of high purity were obtained by chromatographic separation. Snegur
et al. separated the enantiomers of chiral ferrocenes belonging to the
series 22 by using different chiral columns based on - and y-CDs (mo-
bile phase = MeOH/H;0 50:50 v/v), and vancomycin (mobile phase =
n-hexane/2-PrOH 97:3 v/v) [26].

In this same decade, the enantioseparations of some large-sized
chiral compounds were also developed. The enantiomers of the chiral
copper (I) catenates [1Cu]™ and [2Cu]™ (34) were separated by using a
column based on amylose tris(3,5-dimethylphenylcarbamate) (ADMPC)
as chiral selector and n-hexane/2-PrOH 50:50 v/v as mobile phase [27],
although baseline resolution was not obtained in these cases. Poly-
saccharide based columns were also used with n-hexane-based mobile
phases for the enantioseparation of chiral metalloporphyrines 37 (M =
Zn) [28] and 38 (M = Zr) [29]. It is worth mentioning that the metal-
loporphyrin containing Ce as metal centre was also enantioseparated
under similar conditions [29].

In 1999, Werner et al studied the enantioseparation of cyclo-
octapyrrole metal complexes 39 and 40 [30] by using cellulose-based
chiral columns with n-hexane/2-PrOH (0.25 %)/diethylamine
(0.1-0.2 %) mixtures as mobile phases (Table 4). Chiralcel OD was used
as analytical column, while the enantioseparation at preparative scale
required the preparation of an appropriate column. For this purpose,
spherical silica gel with a pore size of 120 A and a particle size of 3 pm
(Hyperprep) was used. After successive treatment with dimethyloctyl-
chlorosilane and trimethylchlorosilane, the obtained octyl-silica gel was
coated with 10 wt% of cellulose tris(3,5-dimethylphenylcarbamate)
(CDMPC). The CSP (CDMPC-Cg) was packed in a thermostated glass
column (25 x 300 mm) and used by cyclic medium pressure chroma-
tography (closed loop technique). Whereas these metal complexes could
be well separated on the preparative phase CDMPC-Cg, baseline enan-
tioseparation by using Chiralcel OD as chiral column under analytical
conditions could be obtained only for Pd-Pd complex 40.

Native and acetyl p-CDs were used with MeOH/H20 mixtures as
mobile phases for the enantioseparation of two ten-vertex carborane
series, i.e. the exo-6-L-arachno-5,10-CyBgH;» (L = secondary or tertiary
amino group) 35 and the exo-9-L-arachno-5,6-CoBgHj2 (L = NHg, pri-
mary or secondary amino group) 36 [31]. Deep differences in enantio-
selectivities were observed for native and acetyl p-CD-based CSPs. The
acetyl B-CD-based chiral column proved to be more suitable for the
enantioseparation of chiral cage carbaborane and metalloborane spe-
cies, especially those bearing groups with hydrogen bond donor
properties.

The studies discussed in this section so far are based on the
comparative analysis of closely related chiral analytes on one or more
chiral columns to explore the enantioseparability of certain classes of
compounds and/or to evaluate the performances of selected chiral col-
umns towards specific types of chiral compounds. On the other hand,
several applications reported in 1990s highlighted the importance of
using enantioselective LC for determination of the enantiomeric purity
of chiral catalysts. This is a very critical issue in asymmetric synthesis, in
particular when a chiral catalyst or auxiliary is used to generate an
additional stereogenic centre in a chiral substrate. In this case, the level
of stereoisomeric impurity in the final product can be greater or less than
that present in the chiral reagent because of kinetic effects [32]. Thus,
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Chromatographic data of the analytical and preparative enantiomeric separation of the cyclooctapyrrole metal complexes 39 and 40 [30]: n-hexane + 2-PrOH (0.25 %)

and DEA (0.1-0.2 %); room temperature; Rg, resolution.”

Analytical: HPLC, Chiralcel OD

Preparative: Medium pressure LC (CDMPC-Cg)

Analyte Metal ky ko o Rg ki1 ko o Rg
39 Pd-Pd 0.25 0.32 1.28 0.96 0.19 1.2 6.3 4.9
40 Pd-Pd 0.55 1.05 1.91 3.43 1.15 8.51 56.7 27
40 Cu-Cu 0.36 9.36 1 0 0.15 1.53 10 8.1
# 2-PrOH, 2-propanol; DEA, diethylamine.
determination of the enantiomeric purity is highly important, also using Table 5
able

methods that enable determination of values as little as 0.01 % of one
enantiomer in the presence of 99.99 % of the other. In 1998, Zukowski
reported a HPLC method for the chiral analysis of the commercially
available Jacobsen’s catalyst (41) by using a hydroxypropyl -CD CSP
with a nonaqueous polar-organic mobile phase [33]. The method was
applied to the Jacobsen’s catalyst quality control process, providing
synthetic chemists with a tool for enantiomeric purity determination
when larger amounts of the catalyst are purchased as produced. Seminal
studies for quality control of chiral (metal) catalysts and auxiliaries were
performed by the group of Armstrong in the 1990s [32] and in the 2010s
[34,35]. For this purpose, chiral columns based on native and derivat-
ized CDs, macrocyclic glycopeptides, and cyclofructans were used with
different types of mobile phases.

The applications described in this section, show that, in the 1990s,
the combination Chiralcel OD/n-hexane-based mobile phases was used
in most cases for the enantioseparation of metal-containing chiral
compounds, and several chiral catalysts prepared in this decade as ra-
cemates were successfully enantioseparated for applications in asym-
metric synthesis using the combination polysaccharide-based chiral
columns and n-hexane-based mobile phases. For instance, in the second
half of the 1990s, the first semipreparative HPLC enantioseparations of
planar chiral ferrocenes were successfully performed by Fu’s group by
using, in most cases, Chiralcel OD as a chiral column under normal phase
elution mode [36,37]. On the other hand, it is worth mentioning that in
1990s other polysaccharide-based chiral columns which will be widely
used in the subsequent decades were either not commercialized yet or
not as popular as Chiralcel OD at that time.

3. Decade 2000s

If the 1990s were dominated by using the normal phase elution mode
for the HPLC separation of the enantiomers of chiral organometallic
compounds and metal complexes, in the 2000s polar organic solvents
and aqueous organic conditions were also frequently used for this pur-
pose. The enantioseparations discussed in this section are summarized in
Table 5.

In 2000, Gasparrini et al. reported the enantioseparation of a series of
chiral tris-diimine ruthenium(II) complexes by HPLC on a CSP prepared
by covalent attachment of the glycopeptide antibiotic teicoplanin to
isocyanate activated silica gel [38]. The enantiomers of [RU(L)3]2+
(42-44) [L = 2,2’-bypyridine (bpy), 1,10-phenanthroline (phen) and 4,
7-diphenyl-1,10-phenanthroline (dpphen)] were enantioseparated with
a preference for the A isomer (Fig. 5) by using acetonitrile (ACN)/-
MeOH/ammonium acetate (AcONH4) 0.1 M 60:20:20 v/v/v mobile
phase. For the mixed-ligand complexes [Ru(bpy)2pztr]* 45 and 46, and
[Ru(bpy)opytr]™ 47 and 48 (Hpztr = 3-(pyrazin-2-yl)-1,2,4-triazole,
Hpytr = 3-(pyridin-2-yl)-1,2,4-triazole) (Fig. 6), where the triazole unit
is bound to the metal centre either through the N? or the N* nitrogen of
the ring, the teicoplanin-based CSP resolved both enantiomers and
regioisomers. Diastereo- and enantioselective association was also
observed between the used CSP and the stereoisomers of the dinuclear
complex [Ru(bpy)z)szt]3+ (Hbpt = 3,5-bis(pyridin-2-yl)-1,2,4-tria-
zole) 49 (Fig. 7A). For these species, one of the two metals was
N2-bound to the centrale triazole unit, whereas the other was N*-bound.

Representative enantioseparations of chiral metal complexes reported in the
2000s (M = metal).

M Compound type* Chiral column or ~ Mobile phase Ref.
selector”
Ru Tri-diimine complexes Teicoplanin ACN/MeOH/ [38]
AcONH4 0.1M
60:20:20
Ru  Dinuclear polypyridyl CD-based CSPs Reversed-phase [39]
complexes mobile phases
Ru  Polypyridyl complexes Glycopeptides Reversed-phase [40]

mobile phases
n-hexane/2-PrOH [41]
90:10

n-hexane/2-PrOH [42]

Fe Ferrocenes Chiracel OD-H

Fe Ferrocenes Chiralcel OD,

OD-H, y-CD mixtures
Fe Ferrocene Chiralcel OD and n-hexane/2-PrOH [43]
oJ mixtures

ACN/MeOH/AA/ [44]
TEA 99:1:0.1:0.1

Fe Ferrocene Home-made p-CD

Fe Ferrocene Home-made p-CD ACN/H,0 [46]
mixtures
Fe Ferrocene Home-made p-CD  ACN/H,0 [471
mixtures
M Tetrahendane-type ADMPC n-hexane/2-PrOH [48]
clusters mixtures
Zn Dinuclear bis Chiralcel OD MeOH 100 % [49]
(dipyrromethene)
complexes
M’  Extended metal atom Vancomycin- ACN/MeOH-based [50]
chain complexes based CSP mixtures
Ir heteroleptic (C"N),Ir(III) Chiralpak AD-H 30% or 40 % [52]
(acac) MeOH or EtOH in
CO,

# acac, acetylacetonate.

Y ADMPC, amylose tris(3,5-dimethylphenylcarbamate); CD, cyclodextrin.

¢ Numbers represent the volume ratio (v/v or v/v/v) of solvents (additives) in
the mobile phase; AA, acetic acid; ACN, acetonitrile; AcONH4, ammonium ac-
etate; EtOH, ethanol; MeOH, methanol; 2-PrOH, 2-propanol; TEA,
triethylamine.

4 M = Co, Cr, Fe, Mo, Ru, Se.

¢ M = Co, Cu, Ni.

Consequently, compound 49 exists as a couple of diastereomers, i.e.
homochiral AA and AA and heterochiral AA and AA. As a result, four
peaks were observed in the HPLC chromatogram (Fig. 7B) which were
assigned to the homo- (first and fourth eluted) and heterochiral (second
and third) diastereomers.

Later, dinuclear chiral Ru(II) complexes were enantioseparated by
Armstrong’s group by using CD-based [39] and macrocyclic glycopep-
tide CSPs [40] under reversed-phase mode.

As in the previous decade, several enantioseparations of chiral fer-
rocenes were reported under normal phase conditions by using
polysaccharide-based (CSPs) [41-43] and, in some cases, CD-based CSPs
[42]. On the other hand, enantioseparations of chiral ferrocenes by
using polar organic solvents and aqueous organic mixtures as mobile
phases were also reported. In 2002, Mayr et al. [44] reported the first
analytical study on the enantioseparation of ferrocenes containing the
carbonyl moiety as distinctive group, showing that the carbonyl moiety
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Fig. 5. (A) Structure of homoleptic polypyridyl complexes 42-44 (N-N = bpy, phen or dpphen, respectively); (B) enantioselective chromatography of [Ru(phen)s]**
43 on a teicoplanin-based CSP and relative circular dichroism (CD) trace. Adapted with permission from Ref. [38].

N\N

Ru(bpy)z

N? isomer

X=N
45 [Ru(bpy)zpztr]*

X=C
46 [Ru(bpy)opytr]*

OaWil

Ru(bpy),

N* isomer

X=N
47 [Ru(bpy)opztr]*

X=C
48 [Ru(bpy)opytr]*

Fig. 6. Structure of coordination isomers of pyrazine triazole-containing Ru(bpy), complexes (X = N, 45 and 47; X = C, 46 and 48). Adapted with permission

from Ref. [38].

proved to be essential for achieving successful enantioseparation.
Indeed, the enantioseparation of planar chiral ferroceno[2,3-a]
inden-1-ones (50) and derivatives (Fig. 8) was explored by using five
homemade B-CD-based chiral columns under polar organic conditions
(ACN/MeOH/acetic acid (AA)/triethylamine (TEA) 99:1:0.1:0.1
v/v/v/v, T = 0 °C). Whereas ferroceno[2,3-alinden-1-one (50) and de-
rivatives could be enantioseparated with 1.62 < o < 2.15, ferroceno[2,
3-alindene (51) and the alkoxyferroceno[2,3-alindene (52) were not
resolved under the explored conditions. These observations revealed
that the enantioseparation of nonpolar chiral planar ferrocenes may be
rather challenging, this fact representing a still open issue tackled only
recently [16,45]. Chen et al. used ACN/H,0 mixtures to enantioseparate
chiral ferrocenes with a series of home-made CSPs based on p-CD

derivatives [46,47].

In this decade, advancement in molecular design favoured the
development of new motifs in organometallic chemistry and, conse-
quently, the development of enantioseparation methods for fast deter-
mination of the enantiomeric purity of products of asymmetric
synthesis, or for semipreparative recovery of pure or enriched enantio-
mers, was required. This tendency will be more evident in the next de-
cades 2010s and 2020s with the development of multinuclear metal
clusters. Wang et al. reported the enantioseparation of the series of chiral
heterometal tetrahedral clusters 53-57 (Fig. 9A) under normal phase by
using an ADMPC-based CSP prepared by coating the selector on small-
particle aminopropylated silica gel [48]. The results showed that the
structure and the concentration of the alcohol modifier in the mobile
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minutes

Fig. 7. (A) Structure of dinuclear complex 49; (B) Enantio- and diaster-
eoselective chromatography of [Ru(bpy),).bpt]>* (Hbpt = 3,5-bis(pyridin-2-
yD-1,2,4-triazole) 49 on a teicoplanin-based CSP and related circular dichro-
ism trace. Adapted with permission from Ref. [38].

phase had a large effect on the enantioseparation. Furthermore, both the
metal, in the tetrahedral core, and the ligand coordinated to the atom in
the tetrahedral core had significant effects on the enantioseparation of
the chiral clusters (Fig. 9B). Later, by using polar organic elution mode,
Wood et al. reported the enantioseparation of stereochemically stable
double-helicate dinuclear (Zn-Zn) complexes of bis(dipyrromethene)s
with Chiralcel OD in pure MeOH as mobile phase [49]. Armstrong’s
group studied the enantioseparation of the complexes 58-62 (Table 6)
consisting of extended metal atom chains containing a linear metal
chain surrounded by various ligands. Most complexes were of the form
Mj3(dpa)4X2 (58-60), where M = metal, dpa = 2,2’-dipyridylamide, and
X = various anions [50]. The ligands formed helical coils about the
metal chain, which resulted in the chiral complexes. The complexes
containing the metals Co (59) and Cu (58) were partially separated in
polar organic mode (ACN/MeOH-based mixtures) using a
vancomycin-based CSP. Under similar conditions, complexes 60 and 61
with Ni as metal and varying anions could be baseline separated. In this
case, the polar organic mode was used because of the instability of these
compounds in aqueous mobile phases. Furthermore, polar organic

Journal of Chromatography Open 6 (2024) 100147

X -
Fe Fe

52

Fig. 8. Structures of chiral ferrocenes 50-52.

solvents were suitable for preparative separations. Only complex 62 (M
= Ni) was separated under normal phase conditions. For Ni-containing
complexes, the chirality was determined using vibrational circular di-
chroism, electronic circular dichroism, optical rotatory dispersion, and
density functional theory calculations [51]. Polarimetric measurements
on the resolved enantiomers of Nig(dpa)4Cly (61) indicated that they
had extraordinarily high specific rotations (on the order of 5000 deg
cc/g dm) [50].

Enantiomers of heteroleptic (C'N),Ir(Ill)(acac) (where C'N = a
substituted 2-phenylpyridine and acac = acetylacetonate) luminophores
(63) were separated in preparative scale by Coughlin et al. with Chir-
alpak AD-H in SFC (40 % MeOH or EtOH in CO, at a back pressure of 100
bar with a flow rate of 50 mL/min and temperature of 35 °C) recovering
multimilligram amounts of enantiomers with high enantiomeric purity
(ee > 99 %) [52].

4. Decade 2010s

In this decade, several metal clusters based on Au as metal core were
enantioseparated by using Lux Cellulose-1 and n-hexane-based mixtures
as mobile phases. In these clusters, although the bulk phase of metals is
symmetric, their surfaces can become chiral by adsorption of specific
molecules. Even achiral molecules can induce topologically chiral sur-
faces [53]. The interest in the enantioseparation of these nanomaterials
is related to the evidence that chiral nanocrystals may interact enan-
tioselectively with biomolecules and biological tissue [54]. These
enantioseparations along with others developed in this decade are
summarized in Table 7.

In 2012, Dolamic et al. reported the first separation of the enantio-
mers of a gold cluster protected by achiral thiolate groups,
Ausg(SCH2CH2Ph)24 (64), achieved by enantioselective HPLC with Lux
Cellulose-1 (n-hexane/2-PrOH 80:20 v/v, 2 ml/min, t; = 8.45 min, t; =
17.45 min) [53]. The chirality of the nanocluster arises from the chiral
arrangement of the thiolate groups on its surface, forming ‘staple mo-
tifs’. In the same year, Knoppe et al. reported the enantioseparation of
the Auyo(SCH2CH2Ph)o4 (65) (Fig. 10A) (Lux Cellulose-1, n-hex-
ane/2-PrOH 90:10 v/v, 1 ml/min) [55], but baseline enantioseparation
was not obtained in this case. In 2013, Zeng et al. reported the crystal
structure of a nanocluster formulated as Auyg(TBBT)yo (TBBT = 4-tert--
butylbenzenethiolate) (66) (Fig. 10B). This nanocluster exhibits a
rod-like Auyg kernel consisting of two interpenetrating cuboctahedra
[56]. The kernel is protected by four dimeric “staples” (-SR-Au-S-
R-Au-SR-) and eight bridging thiolates (-SR-). The unit cell of 66 single
crystals was shown to contain a pair of enantiomers. In this system, the
origin of chirality was found in the rotating arrangement of the four
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Fig. 9. (A) Structures of chiral tetrahedrane-type clusters 53-57; (B) Chromatograms of enantioseparation of the clusters 53-57 with an ADMPC-based CSP: mobile
phase, n-hexane/1-PrOH 90:10 v/v for 53, n-hexane/EtOH 90:10 v/v for 54, n-hexane/1-butanol 90:10 v/v for 55, n-hexane/2-PrOH 90:10 v/v for 56 and 57.

Adapted with permission from Ref. [48].

dimeric staples as well as the arrangement of the bridging thiolate
groups (quasi-Do symmetry). The enantiomers were separated by chiral
HPLC (Lux Cellulose-1, n-hexane/2-PrOH 80:20 v/v, 0.3 ml/min, 10 °C)
and characterized by circular dichroism spectroscopy. Also in this case,
baseline enantioseparation was not obtained under the adopted
conditions.

In 2013, Lin et al. developed the first enantioseparation of a chiral-at-
metal osmabenzene complex, the {Os(II)[CHC(PPh3)CHC(PPh3)CH]
(C9HgNO)2}Cl (67) (Fig. 11), by using a CSP synthesized by immobi-
lizing heptakis(6-azido-6-deoxy-2,3-di-O-p-chlorophenylcarbamoy-
lated)-B-CD onto silica gel [57]. The enantioseparation was studied by
using various elution modes, and the best result was obtained by using
EtOH as mobile phase with NH4NO3 (0.05 mol L™H (pH 4.27).

In 2015, the enantiomeric separation of 21 ruthenium (II) poly-
pyridyl complexes (68-88) was investigated by Armstrong’s group by
using cyclofructan-based CSPs in the polar organic mode (Table 8) [58].
Aromatic derivatives on the chiral selectors proved to be essential for

enantioselectivity. The R-napthylethyl carbamate functionalized cyclo-
fructan 6 (LARIHC CF6-RN), as chiral column, proved to be the most
effective overall, while the dimethylphenyl carbamate cyclofructan 7
(LARIHC CF7-DMP) showed complementary selectivity. The combina-
tion of acid and base additives was necessary for optimal separations. In
terms of mechanism, the retention factor vs. acetonitrile/methanol ratio
plot showed a U-shaped retention curve, indicating that different in-
teractions took place at different polar organic solvent compositions.
The separation results indicated that n—x interactions, steric effects, and
hydrogen bonding contributed to the enantiomeric separation of
ruthenium (II) polypyridyl complexes with cyclofructan CSPs in the
polar organic mode.

In this decade, the use of immobilized polysaccharide-based chiral
columns allowed the enantioseparation of new metal complexes
designed and prepared as new catalysts, also using mobile phases con-
taining nonstandard solvents. In this frame, a series of helicene metal-
locenes (89) (Chiralpak IF, n-hexane/dichloromehane 3:1) [59],
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Table 6

Retention factor (k), selectivity («), and resolution (Rs) for the enantioseparation
of metal complexes 58-62 with a vancomycin-based CSP along with optimized
separation conditions.

N. Formula“ k [ Rs Separation condition”

58 Cugz(dpa)4Cly 2.02 1.35 1.35 ACN/MeOH 80:20 v/
v + 0.3 % NH4TFA at
1 ml/min

59 Cos(dpa)4Cly 2.44 1.08 1.10 ACN/MeOH 90:10 v/
v + 0.3 % NH4NO3 at
0.4 ml/min

60 Niz(dpa)4Cl, 2.06 1.20 1.55 ACN/MeOH 90:10 v/

v + 0.4 % NH4NO3
and 0.2 % NH,4TFA,
0.4 ml/min
ACN/MeOH 97:3 v/v
+ 0.15 % NH4TFA at
0.4 ml/min
Heptane/1-PrOH
97:3 at 1.0 ml/min

61  Nis(dpa)4(NCCH3)2(PFs)s  3.50  1.20  1.50

62  Nis(epapda)s(PhsB), 10.10 1.06 1.35

# dpa = 2,2’-dipyridylamide; epapda = N,N’-bis(4-ethylpyridyl amido pyr-
idyl)-2,6-diaminopyridine.

> ACN, acetontrile; MeOH, methanol; NH,TFA, ammonium trifluoroacetate;
1-PrOH, 1-propanol.

octahedral Rh (90) and Ir (91) complexes with tripodal tridentate li-
gands (Chirapak IB, ACN/H;O 65:35, 0.1% AA) [60], and a
chiral-at-metal Ir complex (92) (Chiralpak IB, ACN/H,0 50:50, 0.1 %
TFA) [61] were successfully resolved.

In 2019, the first fac-Ir(ppy)s (ppy = 2-phenylpyridine) cage com-
plex (93) was synthesized and resolved [62]. Complex 93 formed two
stable (M) and (P) helical isomers which could be enantioseparated by
the (R)-naphthylethyl derivatized cyclofructan-6 (CF6-RN) and 3,
5-dimethylphenyl derivatized cyclofructan-7 (CF7-DMP) CSPs with
100 % methanol as the mobile phase. By changing CF6-RN to CF7-DMP a
reversal of enantiomer elution order could be observed (Fig. 12).

5. Decade 2020s

In this decade, advancements in experimental and computational
analysis allowed to develop more efficient strategies for molecular
design favouring the development of new chiral metal complexes for
application in several fields. Enantioseparations discussed in this section
are summarized in Table 9.

In 2021, Gaire et al. developed an organometallic complex that
mimics an amino acid, also known as an amino acid isostere, composed
of a functionalized bipyridine ligand and a fac-[Re(CO)3]* centre
(Fig. 13) [63]. The reaction of an achiral ligand and metal resulted in a
racemic mixture of the chiral-at-metal complex 94. This metal complex
had amine and carboxy termini, a side chain type unit that can be varied,
as well as the chiral metal that is analogous to the C, of an amino acid.
The racemic mixtures could be separated into enantiomers by HPLC with
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the Chiralcel IE as chiral column in n-hexane/EtOH/TFA/DEA
60:40:0.1:0.1 v/v/v/v, and the metal complex could be incorporated
into peptides by using solid-phase peptide synthesis.

In the same year, Horacek et al. studied the first chiral HPLC sepa-
rations of anionic and zwitterionic metal bis(dicarbollide) 95 and
dicarba-nido-undecarborane 96 (Fig. 14) by using native and bromi-
nated p-CD-based CSPs and MeOH/EDTA (ethylenediaminotetraacetic
acid) and MeOH/ACN/EDTA mixtures as mobile phases [64]. Boron
cluster compounds are of interest due to their possible use in medicinal
chemistry, mainly in the boron neutron capture anticancer therapy and
as new innovative pharmacophores [65]. Later, following previous
studies performed by Mangelings et al. for the enantioseparations of
zwitterionic and anionic bis(dicarbollide) and 7,8-dicarba-nido-unde-
carborane derivatives in polar organic and normal phase LC [66],
Kucera’s group studied these classes of compounds on
polysaccharide-based CSPs, i.e. the Lux Cellulose 1, Lux i-Cellulose 5,
and Lux Amylose 1 [67]. The authors found that RPLC is a universal
elution mode for the enantioseparations of zwitterionic and anionic
cobalt bis(dicarbollides) on the examined polysaccharide-based col-
umns. Different chromatographic behaviour was observed for anionic
analytes on cellulose- and amylose-based CSPs in water-organic solvent
mobile phases, and the concentration of additives and temperature were
identified as the key parameters for the fine tuning of the separation. In
2023, the same authors explored the ability of commercially available
superficially porous particle columns to enantioseparate nido-7,
8-CyBgH12(1-) derivatives (96) and one neutral mixed sandwich
4-CH3S-3-CsHs-Co-(1,2-CoBgH10) (97) [68]. The most versatile column
was found to be the hydroxypropylated p-CD (CDShell-RSP) that readily
separated neutral 97, zwitterionic and anionic derivatives 96 by using
the polar organic elution mode.

In the same year, Pecorari et al. synthesized bis-aryl carbazole borane
derivatives having emissive properties and axial chirality. The resolu-
tion of the thermally stable atropisomeric compound 98, due to a B—C
chiral axis, was achieved by enantioselective HPLC by using Chiralpak
AD-H as chiral column with n-hexane/2-PrOH 97:3 v/v as mobile phase
(Fig. 15) [69].

In the past two years, interesting results were reported in terms of
chemistry and LC methods for the enantioseparation of chiral ferrocenes
(Fig. 16). In 2022, the first analytical study on the enantioseparation of
planar chiral ferrocenes under SFC conditions was reported by Lipka’s
group [70]. The authors analysed 1,2- and 1,3-disubstituted chiral
metallocenes (M = Fe, Ru) featuring the motifs 99-102 by using eleven
polysaccharide-based CSPs (Lux Cellulose-2, Amylose-2 and
i-Amylose-3, Chiralcel OD-H and OJ-H, Chiralpak IB, IC, AD-H, AS-H, IA
and IG) with carbon dioxide containing 30 % of MeOH or 2-PrOH as
co-solvent. In 2023, the groups of Peluso and Mamane reported the
enantioseparation of 3,3’-dibromo-5,5’-bis-ferrocenylethynyl-4,
4'-bipyridine (103) bearing two ferrocenylethynyl units linked to an
axially chiral core on polysaccharide-based chiral columns, comparing
these results to those of the analyte featuring the same structural motif

Table 7

Representative enantioseparations of chiral metal complexes reported in the 2010s.
Analyte Metal Compound type Chiral column or selector” Mobile phase* Ref.
64 Au Au3g(SCH,CH,Ph)oy Lux Cellulose-1 n-hexane/2-PrOH 80:20 v/v [53]
65 Au Auyo(SCH,CH,Ph)o4 Lux Cellulose-1 n-hexane/2-PrOH 90:10 v/v [55]
66 Au Auag(TBBT)20 Lux Cellulose-1 n-hexane/2-PrOH 80:20 v/v [56]
67 Os Osmabenzene complex Home-made p-CD-based CSP EtOH (NH4NO5 (0.05 mol L™1) [571
68-88 Ru Polypyridyl complexes Cyclofructan-based CSPs ACN/MeOH-based mixtures [58]
89 Fe, Ru Helicene metallocenes Chiralpak IF n-hexane/dichloromethane 3:1 [59]
90, 91 Rh, Ir Octahedral complexes Chiralpak IB ACN/H,0 65:35 (0.1 % AA) [60]
92 Ir Chiral-at metal complex Chiralpak IB ACN/H,0 50:50 (0.1 % TFA) [61]
93 Ir Cage compound Cyclofructan-based CSPs methanol [62]

2 TBBT = 4-tert-butylbenzenethiolate.
b D, cyclodextrin.

¢ AA, acetic acid; ACN, acetonitrile; EtOH, ethanol; MeOH, methanol; TFA, trifluoroacetic acid.



B. Sechi et al.

Fig. 10. (A) Crystal structure of the left-handed enantiomer of
Au3zg(SCH>CH,Ph),4 (65). For clarity, the -CH>CH,Ph units is not shown. Colour
legend: yellow, gold adatoms; green, core atoms (Au); orange, sulphur. (a) Top
view of the cluster; (b) side-view; (c) schematic representation highlighting the
handedness of the cluster. The inner triangle represents the top three core
atoms binding to the long staples. The arrows represent long staples and the
outer triangle represent the core Au atoms binding to the ‘end’ of the staple.
This representation is a top view along the C3 axis, and the two triangles are not
in one plane. (d) Top-view in space-filling representation mode; (e) side-view in
space-filling representation mode. Reproduced with permission from Ref. [53].
(B) Total structure of the Ausg(TBBT)2o nanocluster (66). The unit cell contains
a pair of left- and right-handed isomers. Colour legend: magenta = Au atoms;
yellow = sulfur; grey = carbon. Reproduced with permission from Ref. [56].
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 11. Structure of the enantiomers of the osmabenzene 67. Reproduced with
permission from Ref. [57].

with two phenyl groups in place of the ferrocenyl moieties. The results of
this study showed the superiority of the ferrocenyl compared to the
phenyl group, as a structural element favouring enantiodifferentiation
[71]. The collected data were reasonably consistent with a picture of the
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enantioselective recognition based on the interplay between HBs, n-n
stacking and dispersion interactions dependent on analyte structure and
features of the polysaccharide surfaces. In 2024, Grecchi et al. used N,
N-dimethyl-1-ferrocenylethylamine (104) as test probes to examine the
enantioseparation capability of wirelessly activated hollow tubular
systems for the effective, simple, and tunable separation of racemic and
enantioenriched mixtures [72,73]. These double-layered tubular objects
consisted of an external polypyrrole chassis, a polymer with good elec-
tromechanical properties, functionalized in its inner part with an
inherently chiral oligomer. The functioning of this system based on the
synergy between the electromechanical pumping process of the outer
layer and the enantioselective affinity of the inner part induces the
system to behave as a miniaturized chiral column.

Although methods to enantioseparate ruthenium and osmium com-
plexes were developed already in the past decades, in 2020s Armstrong’s
group developed interesting methods for the enantioseparation of chiral
metal complexes of pharmaceutical interest. In 2021, five chiral Ru(II)
and Os(II) polypyridyl complexes (105-109) (Fig. 17) were synthesized
and their enantiomers separated for the first time [74]. Complex 105
had provided promising results as a photodynamic therapy agent for
some types of cancer and is currently in Phase 2 clinical trials [75]. Both
analytical and preparative chromatographic separations of all five ra-
cemates were developed wusing a derivatized cyclofructan
(CF6-RN)-based chiral column under polar organic elution mode. The
absolute configuration of the eluted compounds was determined using
vibrational circular dichroism. In all cases, the first eluted peak was the
A enantiomer and the second eluted peak was the A enantiomer. In
2022, cyclofructan-6 (CF6) derivatized with (R)-naphthyl ethyl groups
was used by Armstrong’s group for the first separation of the A- and
A-enantiomers of 23 ionic octahedral polypyridyl Ru(Il)-and Os
(I1)-complexes like 110 and 111 (Fig. 18) under SFC conditions. In this
study, enantioselectivity on the CF6-based chiral column was shown to
be dependent on the conjugation level and rigidity of the metal com-
plexes [76].

6. Conclusions

In this review, we examined the evolution over time of methods and
strategies used to separate the enantiomers of chiral organometallics
and metal complexes at analytical and semipreparative level by enan-
tioselective liquid chromatography. The use of HPLC has dominated the
scenario in this field, whereas SFC methods were developed to a lesser
degree. On the other hand, for metallocenes [70] and an heteroleptic Ir
(II) complex [52] successful enantioseparations could be obtained with
polysaccharide-based chiral columns in SFC, as well as with
cyclofructans-based chiral columns for polypyridyl Ru(II) complexes
[76]. Whereas in the 1990s, most enantioseparations were performed by
using cellulose-based chiral columns with n-hexane-based mixtures as
mobile phases, in the next decades the availability of multiple chiral
columns on the market allowed to tackle method development by using
and comparing chiral columns with different selectivity under different
elution modes. Furthermore, the availability of immobilized
polysaccharide-based chiral columns made using nonstandard solvents
as components of the mobile phases possible and helpful. While, in some
cases, n-hexane-based mobile phases were preferred for
preparative-scale separations because removing organic solvents from
the purified fractions is less energy-demanding compared to aqueous
solutions [36,37], the use of polar organic and aqueous organic mobile
phases resulted suitable for enantioselective LC-MS analysis in case of
analysis of metal complexes of pharmaceutical and biomedical interest.

In the last decade, advancements in molecular design strategies,
often supported by molecular modelling and computational analysis,
have paved the way for new chiral metal complexes and metal clusters.
On one hand, when the solubility of the chiral compounds enables the
use of normal phase for their enantioseparation, methods based on the
use of cellulose tris(3,5-dimethylphenylcarbamate)-based chiral
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Table 8
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Optimized enantiomeric separations of 21 ruthenium (II) polypyridyl complexes on LARIHC CF6-RN and LARIHC CF7-DMP.

| - ) i \ I N O
N Z# Nz N _AA_O N A N : 7 B Y
N7 ‘ N AN N NN N AN AN
N I N 0 N NS Z N U N | P>
L~ X [ [~ \z N NN N N
g S G RE -
=
bpy phen phendione tetra-methylphen di-phenylphen dppz pbtpa pbtp B
LARIHC CF6-RN LARIHC CF7-DMP

N. Name Mobile phase” K af Rg! K of R’
68 [Ru(phen),(phendione)](Cl3) MeOH/AA/TEA 100:1.6:2.4 2.50 1.30 2.3 1.44 1.14 1.6
69 [Ru(bpy).(phendione)](Cl,) MeOH/AA/TEA 100:1.6:2.4 1.31 1.08 0.6 0.82 1.30 2.2
70 [Ru(di-phenylphen),(phendione)](Cl,) MeOH/AA/TEA 100:1.6:2.4 1.00 1.21 2.5 0.51 1.24 3.0
71 [Ru(phen)(pbtp p)1(PFe)2 MeOH/ACN/N(CH3)4NO3 95:5:0.05 1.27 1.54 2.2 3.35 1.25 3.9
72 [Ru(phen),(pbtp a)]1(PFg)a MeOH/ACN/N(CH3)4NO3 95:5:0.05 1.31 1.50 3.0 3.10 1.26 4.2
73 [Ru(phen),(dppz)1(PFe)2 ACN/MeOH/AA/TEA 30:70:1.6:4 4.52 1.53 3.7 2.37 1.25 4.4
74 [Ru(phen),(p-CN-dppz)](PFe)2 ACN/MeOH/AA/TEA 30:70:1.6:4 4.28 1.87 5.5 3.38 1.19 3.0
75 [Ru(phen)(0-CN-dppz)]1(PFe)2 ACN/MeOH/AA/TEA 30:70:1.6:4 5.38 1.44 3.1 3.08 1.21 3.3
76 [Ru(phen).(p-Br-dppz)](PFe)2 ACN/MeOH/AA/TEA 30:70:1.6:4 5.17 2.00 6.2 4.23 1.24 3.5
77 [Ru(phen),(o-Br-dppz)](PFg)2 ACN/MeOH/AA/TEA 30:70:1.6:4 5.55 1.59 4.0 3.60 1.27 3.6
78 [Ru(phen).(o-F-dppz)]1(PF¢)2 ACN/MeOH/AA/TEA 30:70:1.6:4 4.24 1.53 3.3 2.42 1.25 3.3
79 [Ru(phen),(o-Cl-dppz)](PFs)2 ACN/MeOH/AA/TEA 30:70:1.6:4 4.38 1.54 3.9 3.43 1.26 4.0
80 [Ru(Phen),(0-OCH;3-dppz)1(PFe), ACN/MeOH/AA/TEA 30:70:1.6:4 4.59 1.51 3.7 2.30 1.20 3.2
81 [Ru(bpy)2(0-OCH3-dppz)](PFe)2 ACN/MeOH/AA/TEA 30:70:1.6:4 4.58 1.23 1.8 1.59 1.11 1.9
82 [Ru(bpy)2(o-F-dppz)](PFe)2 ACN/MeOH/AA/TEA 30:70:1.6:4 3.97 1.23 1.5 2.11 1.17 2.5
83 [Ru(bpy)»(0-Cl-dppz)] (PF6)2 ACN/MeOH/AA/TEA 30:70:1.6:4 4.10 1.24 17 3.72 1.18 3.1
84 [Ru(bpy)3](PFe)2 MeOH/AA/TEA 100:1.6:4 6.79 1.06 0.6 1.44 1.04 0.5
85 [Ru(phen)(bpy)2](PFe)2 MeOH/AA/TEA 100:1.6:4 7.86 1.12 1.0 2.52 1.07 0.8
86 [Ru(phen),(bpy)1(PFe)2 MeOH/AA/TEA 100:1.6:4 8.44 1.22 1.9 2.88 1.13 1.5
87 [Ru(di-phenylphen);](PF¢)2 MeOH/AA/TEA 100:1.6:4 0.86 1.56 1.9 1.57 1.06 1.0
88 [Ru(tetra-methlyphen)s](PF¢)2 MeOH/AA/TEA 100:1.6:4 1.24 2.28 4.3 2.27 1.20 0.9

@ Numbers represent the volume ratio (v/v/v or v/v/v/v) of solvents (additives) in the mobile phase; AA, acetic acid; ACN, acetonitrile; MeOH, methanol; TEA,
triethylamine.
b k = retention factor.

c

o = selectivity factor.

d Rg = resolution factor.
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Fig. 12. (A) Structure of Ir-cage complex 93. (B,C) Enantioselective HPLC chromatograms for 93 using the derivatized cyclofructan CSPs: CF6-RN (R-naphthylethyl
derivatized cyclofructan-6) and CF7-DMP (3,5-dimethylphenyl derivatized cyclofructan-7). Adapted with permission from Ref. [62]. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

columns with n-hexane-containing mobile phases remain the most
popular choice. For instance, the enantioseparation of Au-metal clusters
is currently performed by using Lux Cellulose-1 under normal phase
[77] exclusively, based on the same method developed in the 2010s by
Dolamic et al. [53]. Differently, the enantioseparation of the first
Ir-containing cage compound could not be achieved in normal phase due
to the insolubility of the chiral cage in organic nonpolar solvents. In this

case, the use of MeOH as polar organic solvent enabled the enantiose-
paration with a cyclofructan-based chiral column [62].

Although polysaccharide-based chiral columns remain the most
applied for the enantioseparation of metal complexes by liquid chro-
matography, it is worth mentioning that -CD-based chiral columns
were also successfully applied with aqueous methanol for the enantio-
separation of chiral ferrocenes, whereas cyclofructan- and glycopeptide-
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Table 9

Representative enantioseparations of chiral metal complexes reported in the 2020s.
Analyte Metal Compound type Chiral column or selector” Mobile phase” Ref.
94 Re Tricarbonyl bipyridyl complex Chiralpak IE n-hexane/EtOH/TFA/DEA 60:40:0.1:0.1 [63]
95, 96 B Bis(carbollide)s and carboranes B-CD-based CSPs MeOH/EDTA, MeOH/ACN/EDTA [64]
95, 96 B Bis(carbollide)s and carboranes Polysaccharide CSPs Aqueous-organic mixtures [67]
96, 97 B,Co Bis(carbollide)s hydroxypropylated $-CD Polar organic elution mode [68]
98 B Bis-aryl carbazole borane Chiralpak AD-H n-hexane/2-PrOH 97:3 [69]
99-102 Fe,Ru Metallocenes Polysaccharide CSPs SFC [70]
103 Fe Ferrocene Polysaccharide CSPs Multimodal elution [71]
104 Fe Ferrocene Inherently chiral oligomer No solvent [72]
105-109 Ru,Os Polypyridyl complexes Cyclofructan-based CSP Polar organic elution mode [74]
110, 111 Ru,Os Polypyridyl complexes Cyclofructan-based CSP SFC [76]

2 CD, cyclodextrin.

b AA, acetic acid; ACN, acetonitrile; DEA, diethylamine; EDTA, ethylendiaminoacetic acid; EtOH, ethanol; MeOH, methanol; 2-PrOH, 2-propanol; SFC, supercritical

fluid chromatography; TFA, trifluoroacetic acid.

Ho>_®>‘< QNHZ HZNQ)‘( @_@1
T i

%

Elipticity

310

Wavelength

Fig. 13. Enantioselective HPLC chromatographic separation of compound 94
(X = CD) (inset); circular dichroism spectroscopy of the two enantiomers of 94
carried out in DMF. Adapted with permission from Ref. [63]. (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)

SYMMETRICAL - ACHIRAL

ASYMMETRICAL - CHIRAL
rac-96

Fig. 14. The chirality of the [7-Me-nido-7,8-C2BoH;1]~ anion 96 asymetrically
substituted at one of the skeletal carbon atoms (Cs symmetry) in contrast with
the highly symmetrical structure of dodecaborate anion [B1oH12]%~ (Point
Group Ip,). Reproduced with permission from Ref. [64]. (For interpretation of
the references to color in this figure legend, the reader is referred to the web
version of this article.)

based chiral columns proved to be suitable for the enantioseparation of
polypyridyl Ru(Il) complexes with acetonitrile/MeOH and reversed-
phase mobile phases, respectively.
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Fig. 15. Chromatographic trace of the HPLC enantioseparation of compound
98 on Chiralpak AD-H with n-hexane/2-PrOH 97:3 v/v, flow rate = 0.7 mL/
min. Reproduced with permission from Ref. [69]. (For interpretation of the
references to color in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 16. Structures of chiral ferrocenes 99-104.
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Fig. 17. Optimized enantiomeric separations of Ru and Os transition metal compounds 105-109 on the LARIHC CF6-RN column. Adapted with permission

from Ref. [74].
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Fig. 18. Structures of ionic octahedral polypyridyl Ru(II)-and Os(II)-complexes
110 and 111. Adapted with permission from Ref. [76].
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