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ABSTRACT

The enantiomeric separation of 21 ruthenium (II) polypyridyl complexes was

achieved with a novel class of cyclofructan-based chiral stationary phases (CSPs) in the polar
organic mode. Aromatic derivatives on the chiral selectors proved to be essential for
enantioselectivity. The R-napthylethyl carbamate functionalized cyclofructan 6 (LARIHC CF6-RN)
column proved to be the most effective overall, while the dimethylphenyl carbamate cyclofructan
7 (LARIHC CF7-DMP) showed complementary selectivity. A combination of acid and base addi-
tives was necessary for optimal separations. The retention factor vs. acetonitrile/methanol ratio plot
showed a U-shaped retention curve, indicating that different interactions take place at different
polar organic solvent compositions. The separation results indicated that n—r interactions, steric
effects, and hydrogen bonding contribute to the enantiomeric separation of ruthenium (II)
polypyridyl complexes with cyclofructan chiral stationary phases in the polar organic mode.
Chirality 27:64-70, 2015.  © 2014 Wiley Periodicals, Inc.
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INTRODUCTION

A plethora of ruthenium(I) polypyridyl complexes have
been synthesized due to their robust nature and distinctive
electrochemical and photophysical characteristics. Recently,
these complexes have been widely used for cellular imaging
and therapeutics, as they are known to have specific interac-
tions with DNA.'™ In addition, ruthenium(I) complexes are
effective catalysts for organic synthesis and dye sensitizers
for solar cells.”™® They are also used to construct various su-
pramolecular assemblies.> ! Ruthenium(I) polypyridyl com-
plexes exhibit axial chirality and the right- and left-handed
configurations of the octahedral complexes are referred to as
A- and A-enantiomers. Enantiomers of ruthenium(I) complexes
exhibit very different biological activities when used as DNA
intercalating agents, stabilizers of G-Quadruplex DNA, and
inhibitors of enzyme activity.'>'* As a catalyst, enantiomers of
ruthenium (II) complexes dramatically influence the stereochem-
istry of chiral products.’® Therefore, there is a great need for
analytical methods by which ruthenium(II) polypyridyl complex
enantiomers can be separated and evaluated.

The separation of geometric isomers, diastereomers, and
enantiomers of ruthenium complexes have been achieved
by chromatographic methods and capillary electrophoresis
using chiral selectors.'®?? Capillary electrophoresis is not
suitable for preparative-scale separations and, as such, high-
performance liquid chromatography (HPLC) with chiral
stationary phases (CSPs) has proven to be the best way to
separate enantiomers of organometallic compounds due to
the technique’s broad selectivity, high efficiency, and ability
to transition to preparative-scales. For example, the enantio-
meric separation of ruthenium polypyridyl complexes has
been obtained with macrocyclic glycopeptide CSPs and cyclo-
dextrin (CD) CSPs.2%22
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Cyclofructans (CFs) are structural isomers of CDs. They
are naturally occurring chiral crown ethers which consist of
B-(2-1) linked D-fructofuranose units. Recently, isopropyl
carbamate CF6 (LARIHC CF6-P), R-naphthylethyl-carbamate
CF6 (LARIHC CF6-RN), and dimethylphenyl carbamate CF7
(LARIHC CF7-DMP) have been developed as bonded chiral
stationary phases for HPLC. These CF CSPs provide excel-
lent selectivities for many racemic compounds (spiroindoline
phytoalexins, binaphthyl catalysts, tetrahydrobenzimidazoles,
chiral acids, amines, amino compounds, metal complexes,
neutral compounds, etc).?? The LARIHC CF6P shows
unique selectivity and broad applicability for amine-containing
racemates. LARIHC CF6-RN, and LARIHC CF7-DMP exhibit
complementary selectivities. Previous studies showed that
CFs behave very differently compared to CDs when used
as chiral selectors. Sulfated cyclofructan 6 was superior to
sulfated cyclodextrins in the enantiomeric separation of
four basic pharmaceuticals by capillary electrophoresis.*’
The R-naphthylethyl functionalized CF6 CSP proved more
suitable for the enantiomeric separation of binaphthyl cata-
lysts when compared to the R-naphthylethyl functionalized
CD CSP.% 1t is necessary to develop new CSPs and apply
them comprehensively to strive for better or complemen-
tary enantiomeric separations.
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In the present work, LARIHC CF6-P, LARIHC CF6-RN, and
LARIHC CF7-DMP columns were utilized for the enantiomeric
separation of 21 ruthenium(I) polypyridyl complexes, 19 of
which have not been separated previously by any means. The
dependence of separation performance on the chiral selector
structure, mobile phase composition, type, and concentration
of additives and the structure of analytes were investigated to
explore the chiral separation mechanism.

EXPERIMENTAL
Materials and Chemicals

Triethylamine (TEA), trimethylamine, ethanolamine, butylamine,
acetic acid (AA), trifluoroacetic acid, formic acid, ammonium nitrate,
tetramethylammonium  nitrate, ammonium trifluroacetate, and
tetramethylammonium acetate were purchased from Aldrich Chemical
(St. Louis, MO) and used without further purification. Water was ob-
tained from Millipore (Billerica, MA). Acetonitrile (ACN) and methanol
(MeOH) of HPLC grade were purchased from VWR (Boston, MA).

The 21 racemic ruthenium (II) polypyridyl complexes used in this
study were produced according to the literature.*'*” The structures of
the ligands and ruthenium(I) polypyridyl complexes are depicted in
Figure 1A,B, respectively. Figure 1C gives the structures and the names
of each individual ruthenium(II) polypyridyl complex.

Isopropyl carbamate CF6 (LARIHC CF6-P), R-naphthylethyl-carbamate
CF6 (LARIHC CF6-RN), and dimethylphenyl carbamate CF7 (LARIHC
CF7-DMP) columns, 25x0.46cm (i.d.), were obtained from AZYP
(Arlington, TX).

Chromatographic Conditions

An Agilent 1200 HPLC (Agilent Technologies, Palo Alto, CA) was used
in this study. It consisted of a 1200 diode array detector, autosampler, and
quaternary pump. All separations were carried out at room temperature
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unless stated otherwise. For all HPLC experiments, the injection volume
was 5uL and the flow rate was 1.0 mL/min in isocratic mode. The UV
wavelength of 254 nm was employed for detection. The chloride (CI) salts
and hexafluorophosphate (PFg) salts of ruthenium(II) polypyridyl com-
plexes were dissolved in methanol and acetonitrile, respectively. Samples
were dissolved at 1.0mg/mL concentration and subsequently diluted
with methanol or acetonitrile for LC injection. Each sample was analyzed
in duplicate. The “dead time” t, was determined by the peak of the refrac-
tive index change due to the unretained sample solvent.

RESULTS AND DISCUSSION
Enantiomeric Separations of Ruthenium(II) Polypyridyl
Complexes With LARIHC CSPs

The enantiomeric separation of 21 ruthenium(II) polypyridyl
complexes was evaluated in the polar organic mode using
LARIHC CF6-P, LARIHC CF6-RN, and LARIHC CF7-DMP
CSPs. The results showed that the racemates of ruthenium
(I) polypyridyl complexes are only separated by aromatic
derivatized cyclofructans (i.e., LARTHC CF6-RN and LARIHC
CF7-DMP) but not by nonaromatic derivatized cyclofrutans
(i.e., LARIHC CF6-P). This indicates that n—r interaction be-
tween the aromatic groups of the CSPs and polypyridyl groups
of the analytes is one major factor for chiral recognition. This is
consistent with previous studies on the enantiomeric separa-
tion of ruthenium(I) polypyridyl complexes with three native
and six derivatized B-cyclodextrin CSPs, where only the three
aromatic derivatized CSPs showed enantiomeric selectivity.??
In the case of the R- and S-naphthylethyl derivatized CD CSPs,
it has been shown that the stereogenic configuration of the de-
rivative group on the oligosaccharide is more important than
the cyclodextrin molecule, even though the attached chiral
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Fig. 1. Structures of (A) stereochemistry of [Ru (phen)3]2+, (B) the polypyridyl ligands, and (C) the cation of ruthenium (IT) polypyridyl complexes.
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moiety and cyclodextrin molecule contribute to the chiral rec-
ognition in a synergistic or antagonistic fashion.>® Similarly,
the need for aromatic derivatized cyclofructan (CF) chiral
selectors indicated that the external interaction (i.e., outer
portion of the macrocycle) between the analytes and derivative
group play a significant role in chiral recognition as well.

Table 1 shows the optimized enantiomeric separation con-
ditions for the 21 ruthenium(II) polypyridyl complexes on
the LARTHC CF6-RN and CF7-DMP columns. The aromatic
derivatized columns provided excellent enantiomeric separa-
tions. Both LARTHC columns yielded a 100% success rate in
separating these analytes, meaning every compound was at
least partially separated on each column. Further, Rg values
as high as 6.2 (LARIHC CF6-RN, compound 9) were
obtained. All but one of these racemates (compound 17)
was greater than baseline separated on one or both CSPs.

The LARIHC CF6-RN generally gave higher selectivity
values (1.08-2.28) than the CF7-DMP CSP (1.04-1.26). How-
ever, enantiomers of compound 2 [Ru(bpy):(phendione)]
(Cly) were baseline separated on the CF7-DMP CSP with
good selectivity (o=1.30), while only partially separated by
the CF6-RN CSP (a.=1.08). This indicates that LARIHC CF6-
RN and CF7-DMP show complementary enantioselectivities
in the chiral separation of ruthenium(I) polypyridyl com-
plexes. This complementary nature has been noted before,
as the CF6-RN CSP provided a higher enantioselectivity for
chiral amines and the CF7-DMP CSP had greater success
separating chiral acids.?* The complementary characteristic
between the CF6-RN and CF7-DMP columns facilitates sepa-
rating a large number of different compounds.

Effect of Additives on the Enantiomeric Separation
Enantiomeric separations of ruthenium(I) polypyridyl
complexes were observed mainly in polar organic mode and
were not successful in the normal phase due to the lack of
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Fig. 2. The separation of [Ru(bpy)2(0-OCHs-dppz] (PFe)» enantiomers on
LARIHC CF6-RN at various AA/TEA (v/v) ratio. Molar excess of acid or base
listed in parenthesis. Flow rate: 1 mL/min, UV detection: 254 nm.

solubility of the analytes in the mobile phase. The mobile
phase for the polar organic mode usually is composed of ace-
tonitrile, methanol, and small amounts of triethylamine (TEA)
and acetic acid (AA). In order to evaluate the effects of addi-
tives, the separation of compound 14 [Ru(bpy),(0-OCHs-
dppz] (PF¢)s was investigated using both the LARIHC
CF6-RN and LARIHC CF7-DMP columns and a mobile phase
of ACN/MeOH =30/70, in which baseline separation can be
achieved. Figure 2 shows the chromatograms of compound
14 on the LARIHC CF6-RN column with different amounts
of TEA and AA in the mobile phase. When no additive was
used (Fig. 2G), the analyte did not elute within 1h. The same
was true when just an acid or a base was used (Fig. 2E,F).
Therefore, it was found to be necessary to use a combination
of acid (AA) and base (TEA) in the mobile phase. As shown in
Figure 2A-C, having a molar excess of base (Fig. 2A) or acid
(Fig. 2B,C) did not eliminate the peak tailing and selectivity
did not change. However, when equimolar amounts of acid
and base were used (Fig. 2D), efficiency increased greatly,
resulting in the great resolution. Next, keeping the acid/base

TABLE 1. Summary of the optimized enantiomeric separations of 21 ruthenium (II) polypyridyl complexes on LARIHC CF6-RN and

LARIHC CF7-DMP
LARIHC CF6-RN LARIHC CF7-DMP
Code Name Mobile phase ky o Rg ky a Rg
1 [Ru(phen),(phendione) | (Cly) 100MeOH/1.6AA/2.4TEA 2.50 1.30 2.3 1.44 1.14 1.6
2 [Ru (bpy)» (phendione) | (Cl,) 100MeOH/1.6AA/24TEA 131 1.08 0.6 0.82 1.30 2.2
3 [Ru (di-phenylphen), (phendione) ] (Cl,) 100MeOH/1.6AA/2.4TEA 1.00 1.21 2.5 0.51 1.24 3.0
4 [Ru(phen), (pbtp B)] (PFg)2 95MeOH / 5ACN/0.05 M N (CH3),NO3 1.27 1.54 2.2 3.35 1.25 3.9
5 [Ru(phen), (pbtp o) ] (PFg)2 95MeOH / 5ACN/0.05 M N(CH3),NO3 1.31 1.50 3.0 3.10 1.26 42
6 [Ru(phen),(dppz) | (PFg)2 30ACN / 70MeOH/ 1.6AA / 4TEA 4.52 1.53 3.7 2.37 1.25 4.4
7 [Ru(phen),(p-CN-dppz) | (PFg)» 30ACN / 70MeOH/ 1.6AA / 4TEA 4.28 1.87 5.5 3.38 1.19 3.0
8 [Ru(phen),(o-CN-dppz) | (PFg)» 30ACN / 70MeOH/ 1.6AA / 4TEA 5.38 1.44 3.1 3.08 1.21 3.3
9 [Ru(phen), (p-Br-dppz) ] (PF)» 30ACN / 70MeOH/ 1.6AA / ATEA 5.17 2.00 6.2 4.23 1.24 3.5
10 [Ru(phen),(o-Br-dppz) ] (PFg) 30ACN / 70MeOH/ 1.6AA / 4TEA 5.55 1.59 4.0 3.60 1.27 3.6
11 [Ru(phen), (o-F-dppz) ] (PFe)- 30ACN / 70MeOH/ 1.6AA / 4TEA 4.24 1.53 3.3 2.42 1.25 3.3
12 [Ru(phen),(o-Cl-dppz) | (PFs)- 30ACN / 70MeOH/ 1.6AA / 4TEA 4.38 1.54 3.9 3.43 1.26 4.0
13 [Ru(Phen),(0-OCHs-dppz) | (PFe)» 30ACN / 70MeOH/ 1.6AA / 4TEA 4.59 1.51 3.7 2.30 1.20 3.2
14 [Ru (bpy)» (0-OCH3-dppz) ] (PF¢)» 30ACN / 70MeOH/ 1.6AA / 4TEA 4.58 1.23 1.8 1.59 1.11 1.9
15 [Ru (bpy)» (0-F-dppz) | (PFs)» 30ACN / 70MeOH/ 1.6AA / 4TEA 3.97 1.23 15 2.11 1.17 2.5
16 [Ru (bpy) (0-Cl-dppz) ] (PFg)- 30ACN / 70MeOH/ 1.6AA / 4TEA 4.10 1.24 1.7 3.72 1.18 3.1
17 [Ru (bpy)s] (PFe)- 100MeOH/1.6AA/4TEA 6.79 1.06 0.6 1.44 1.04 0.5
18 [Ru(phen) (bpy) ] (PF¢)2 100MeOH/1.6AA/4TEA 7.86 1.12 1.0 2.52 1.07 0.8
19 [Ru(phen), (bpy) ] (PFg)2 100MeOH/1.6AA/4TEA 8.44 1.22 1.9 2.88 1.13 1.5
20 [Ru (di-phenylphen) 3] (PFg) 100MeOH/1.6AA/4TEA 0.86 1.56 1.9 1.57 1.06 1.0
21 [Ru (tetra-methlyphen) 3] (PFg)- 100MeOH/1.6AA/4TEA 1.24 2.28 43 2.27 1.20 0.9

Chirality DOI 10.1002/chir
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TABLE 2. Effect of types of bases and acids in the mobile
phase (ACN/MeOH/acid/base) on enantiomeric separation of
[Ru(bpy)2(0-OCHz-dppz](PFg). with LARTHC CF6-RN and

TABLE 3. Effect of salt type in the mobile phase on enantio-
meric separation of [Ru(bpy)2(0-OCH3-dppz]l(PFg)- with
LARIHC CF6-RN and LARIHC CF7-DMP chiral stationary

LARIHC CF7-DMP chiral stationary phases” phases
LARIHC CF6-RN LARIHC CF7-DMP LARIHC CF6-RN LARIHC CF7-DMP
kl o RS kl o RS Salts kl o RS kl o RS
BASE ADDITIVES NH,NO5 1.17 1.40 1.5 3.34 1.11 1.1
Trimethylamine 1.59 133 16 345 1.13 1.8 N(CH3)4/NO3 0.52 1.35 1.3 3.09 1.12 14
Ethanolamine 144 130 15 496 1.15 1.9 NH,COOCF; 0.62 1.22 0.8 2.75 1.10 1.0
Butylamine 1.76 129 15 448 1.14 1.7 N(CH3),COOCH; 7.52 1.15 0.9 6.50 1.14 1.6
Triethylamine 131 133 16 234 1.12 1.9
ACID ADDITIVES MeOH/ACN: 70/30, concentration of salt: 0.025mol/L, flow rate: 1 mL/min,
Acetic acid 131 133 16 234 112 19 UV detection: 254 nm.
Trifluoroacetic acid  1.63 126 15 1.31 1.11 1.6
Formic acid 456 124 18 220 113 22 complexes on cyclodextrin and macrocyclic glycopeptides

*MeOH/ACN: 70/30, concentration of acid: 1.0%, molar ratio of acid/base: 1,
acetic acid used when testing bases and TEA used when testing acids, flow
rate: 1 mL/min, UV detection: 254 nm.

molar ratio at one, an evaluation of several different bases and
acids (Table 2) was performed to understand the influence on
the separation of compound 14. Overall, comparing the data
in Table 2, it was determined that a mix of acetic acid and
triethylamine resulted in the greatest selectivities and efficien-
cies in the shortest amount of time. Also, it appears that the
acidic additives used in the polar organic mode have a greater
influence on the selectivity, efficiency, and retention of the
analytes than basic additives.

To further improve peak efficiency, mobile phases with in-
creasing ionic strength (equal molar concentrations of AA
and TEA) were prepared. Figure 3A-D shows that an
increase in ionic strength decreased the retention time and
led to improved peak efficiencies. The combination of
280mM AA and 280 mM TEA was found to be the optimized
additive ratio for 80% of the analytes in this study.

Considering that equimolar amount of acids and bases gave
the optimum separation, the effect of simple ammonium salts
added to the mobile phase on the enantiomeric separation
was also investigated on both the LARIHC CF6-RN and
LARIHC CF7-DMP columns. Note that these ammonium
and tetraalkylammonium additives can only be tested in their
equimolar salt form due to the nonaqueous mobile phases be-
ing used. Further, such ammonium salts have proven to be
the best additives for separating similar chiral ruthenium (II)

e
B M

70 MeOH/30ACN/1.6 AA/4.0TEA

70MeOH/30 ACN/0.8 AA/2.0TEA

C
’ \ [ \ 70MeOH/30 ACN/ 0.4 AA/1.0TEA
D
NN MeOH/30 ACN/0.2 AA/0.5TEA
0 5 10 15 20 25 min

Fig. 3. The separation of [Ru(bpy)s(0-OCHs-dppz] (PFs), enantiomers on
LARIHC CF6-RN column at various AATEA (v:iv) amount. Molar ratio of
AA/TEA: 1, flow rate: 1 mL/min, UV detection: 254 nm.
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CSPs.222 Ammonium nitrate, tetramethylammonium nitrate,
ammonium trifluroacetate, and tetramethylammonium ace-
tate were tested as additives in a 70/30 methanol/acetonitrile
mobile phase. Compound 14 was enantiomerically separated
with all the above-mentioned additives and the separation
results are listed in Table 3. Tetramethylammonium nitrate
resulted in the best compromise of short analysis time and
good resolution and was determined to be the most useful
salt. This is in agreement with past reports using macrocyclic
glycopeptide CSPs and cyclodextrin CSPs.?%?? However, for
the CF-based CSPs used here, AA/TEA additives are most
useful, so the tetramethylammonium nitrate was only used
as a secondary option.

Effects of Mobile Phase Composition on the Enantiomeric
Separation

It has been reported that the use of acetonitrile as a modi-
fier produced the best resolution in the polar organic mode.??
Hence, the effect of the percentage of acetonitrile in the
mobile phase containing AA/TEA additives was examined.
Figure 4A shows that the retention factor of compound 14
slightly decreased with increased the concentrations of
ACN until it reached 50/50 ACN/MeOH. Then retention
gradually increased in the range of 50-80% ACN. Subse-
quently, the retention time steeply increased when the con-
centration of ACN exceeded 80%. The increase of the
retention factor with the concentration of ACN is probably at-
tributed to the competition of the methanol with the analyte
for hydrogen bonding sites on the stationary phase. Similar
competition between methanol and analytes occurred on
cyclodextrin CSPs in the polar organic mode.

The dependence of retention factor on the concentration of
acetonitrile was also carried out by using another additive,
ammonium nitrate (see Fig. 4B). Here, a U shape retention
curve was observed and the retention factor decreased with
increasing acetonitrile concentration from 0-40%. It reached
a minimum in the range of 40-60% and then increased again
with acetonitrile concentration increasing from 60% to 85%
(ammonium nitrate does not dissolve at higher acetonitrile
concentrations). The retention factor increased with acetoni-
trile percentage due to the competition of the methanol with
the analyte for hydrogen bonding sites at high concentrations
of acetonitrile. However, the opposite trend is observed when
the ACN is below 40%. This suggests that other interactions
dominated in the chromatographic separation. The reason
for increased retention in high methanol concentrations when
using an ammonium salt is unclear, but this trend was
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Fig. 4. The retention factor of compound [Ru(bpy)»(0-OCHs-dppz] (PFg), vs. acetonitrile concentration on LARIHC CF6-RN. The mobile phase composition: (A)

ACN/MeOH/AA/TEA (v/v), B) ACN/MeOH/NH,NO3 (w/w).

observed on CD CSPs as well.?? It should be noted that this
“dual” retention behavior provides a second means of method
development, separation, and optimization.

Influence of the Enantiomer Structure on the Enantiomeric
Separation

The dependence of retention and separation on the struc-
ture of the racemic ruthenium(I) polypyridyl complexes
was investigated to explore the enantiomeric separation
mechanism. The PFg anion of the ruthenium(II) polypyridyl
complexes was exchanged to CI' and the analysis was carried
out on an LARIHC CF6-RN column under the same mobile
phase conditions. When the separation of [Ru(phen),(o-Cl-
dppz) ] (PFe), is compared with that of ([Ru(phen)s(o-Cl-dppz)]
(Cl),, the chromatographic data, such as retention time, selec-
tivity, and efficiency did not change. This is likely attributed
to the exchange of anions from the mobile phase additives with
initial counter anions of the complex.

Table 1 summarizes the chromatographic data for all ruthe-
nium (II) polypyridyl complexes. Compounds 1 and 3 are
structurally related compounds, which contain one phendione
ligand but different aromatic moieties for the remaining
ligands. Compound 1 was retained much longer than com-
pound 3, while compound 3 had much greater resolution
values. Apparently, the steric bulk of the “diphenylphen”
ligands on compound 3 decreased nonenantioselective
retention interactions, while enhancing enantioselectivity.

The effect of the positions of substituent groups (o7tho and
para) on a given ligand (dppz) was also investigated. Analytes
7 and 8 have cyano (CN) substituents at the ortho (o) and
para (p) positions in the dppz ligand, respectively. Analytes
9 and 10 have bromo (Br) substituents in those positions.
Interestingly, higher resolutions were obtained for the para
substituted analytes on the LARIHC CF6-RN CSP, whereas
the analytes with ortho substitutions were better separated
on the LARIHC CF7-DMP CSP. This highlights the comple-
mentary nature of these two CSPs.

Analytes which have ortho substituted electron-withdrawing
groups (compounds 10, 11, 12, 15, 16) generally showed
higher selectivity and resolution than the analytes which have
electron-donating groups (compounds 13, 14) on the
CF7-DMP CSP. It appears that the electron-withdrawing
groups (-CN, -Br, -Cl, -F) on the dppz ligands makes these
analytes more m-acidic and the n—r interaction between n-acidic
analytes and the n-basic dimethylphenyl groups is enhanced.
This leads to improved separation of those analytes.

A series of ruthenium(II) polypyridyl complexes (17-19)
which possess different numbers of “phen” and “bpy” ligands

were separated on both columns. The retention factors and
selectivities of these analytes increased in the order of
17 <18 < 19. Thus, as the size of the conjugated system
increases, so does enantioselectivity.

CONCLUSION

We found greater than baseline separations for 20 of 21 chi-
ral ruthenium (II) polypyridyl complexes (of which 19 have
never been separated) using cyclofructan-based CSPs. Addi-
tives played an essential role in the enantioselectivity and
retention. It appears that n—n interactions are of great impor-
tance for these separations, as aliphatic derivatives of
cyclofructan were unable to discriminate between the enan-
tiomers. It is anticipated that these separations will be very
important with the growing interest in chiral metallo-organic
complexes and future studies will focus on determining elu-
tion patterns of A- and A-enantiomers which will be helpful
in preparative separations.

ACKNOWLEDGMENTS

DWA acknowledges that research in this publication was
supported by the National Institute of General Medical Sci-
ence of the National Institute of Health under Award Number
R44GM103359. The content is solely the responsibility of the
authors and does not necessarily represent the official views
of the National Institutes of Health. DWA also thanks the
Robert A. Welch Foundation (Y-0026) for support. Further,
the authors appreciate financial support from the China
Scholarship Council, the Natural Science Foundation of China
(No. 21105008) and the Chinese Fundamental Research
Funds for the Central Universities (N110805001). FMM
acknowledges support from the Robert A. Welch Foundation
(Y-1301) and NIH 2R15CA113747-02.

LITERATURE CITED

1. Chao H, Gao F, Ji LN. DNA interactions with ruthenium(II) polypyridyl
complexes. Prog Chem 2007;19:1844-1851.

2. Gill MR, Thomas JA. Ruthenium(II) polypyridyl complexes and DNA-
from structural probes to cellular imaging and therapeutics. Chem Soc
Rev 2012;41:3179-3192.

3. Jiang GB, Xie YY, Lin GJ, Huang HL, Liang ZH, Liu Y]J. Synthesis, charac-
terization, DNA interaction, antioxidant and anticancer activity studies of
ruthenium(I) polypyridyl complexes. ] Photochem Photobiol B 2013;
129:48-56.

4. Yadav A, Janaratne T, Krishnan A, Singhal SS, Yadav S, Dayoub AS,
Hawkins DL, Awasthi S, MacDonnell FM. Regression of lung cancer by
hypoxia-sensitizing ruthenium polypyridyl complexes. Mol Cancer Ther
2013;12:643-653.

Chirality DOI 10.1002/chir



70

5.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

SHU ET AL.

Inagaki A, Edure S, Yatsuda S, Akita M. Highly selective photo-catalytic
dimerization of alpha-methylstyrene by a novel palladium complex with
photosensitizing ruthenium(Il) polypyridyl moiety. Chem Commun
2005;43:5468-5470.

. Wang C, Ma XX, Li J, Xu L, Zhang FX. Reduction of CO2 aqueous solution

by using photosensitized-TiO2 nanotube catalysts modified by supramo-
lecular metalloporphyrins-ruthenium(Il) polypyridyl complexes. J Mol
Catal A-Chem 2012;363:108-114.

. Giribabu L, Bessho T, Srinivasu M, Vijaykumar C, Soujanya Y, Reddy VG,

Reddy PY, Yum JH, Gratzel M, Nazeeruddin MK. A new familiy of
heteroleptic ruthenium(II) polypyridyl complexes for sensitization of
nanocrystalline TiO2 films. Dalton Trans 2011;40:4497-4504.

. Banerjee T, Kaniyankandy S, Das A, Ghosh HN. Synthesis, steady-state,

and femtosecond transient absorption studies of resorcinol bound ruthe-
nium(II)- and osmium(II)-polypyridyl complexes on nano-TiO2 surface
in water. Inorg Chem 2013;52:5366-5377.

. Hanson K, Torelli DA, Vannucci AK, Brennaman MK, Luo HL, Alibabaei

L, Song WJ, Ashford DL, Norris MR, Glasson CRK, Concepcion JJ, Meyer
TJ. Self-assembled bilayer films of ruthenium(II) /polypyridyl complexes
through layer-by-layer deposition on nanostructured metal oxides. Angew
Chem Int Ed 2012;51:12782-12785.

Shiotsuka M, Kondo H, Inomata T, Sako K, Masuda H. Electrochemical
and photophysical study in solution and on ruthenium(Il) polypyridyl
complexes containing thiophenylethynylphenanthrolines self-assembled
on gold surfaces. Chem Lett 2012;41:1417-1419.

Kim M]J, MacDonnell FM, Gimon-Kinsel ME, Du Bois T, Asgharian N,
Griener JC. Global chirality in rigid decametallic ruthenium dendrimers.
Angew Chem Int Ed 2000;39:615-619.

Shi S, Liu J, Li J, Zheng KC, Tan CP, Chen LM, Ji LN. Electronic effect of
different positions of the -NO2 group on the DNA-intercalator of chiral
complexes [Ru(bpy)(2)L](2+) (L=o-npip, m-npip and p-npip). Dalton
Trans 2005;11:2038-2046.

Yu QQ, Liu YA, Wang C, Sun DD, Yang XC, Liu YY, Liu ]J. Chiral ruthe-
nium(II) polypyridyl complexes: stabilization of G-quadruplex DNA, inhi-
bition of telomerase activity and cellular uptake. PLoS One 2012;7:€50902.
Svensson FR, Andersson J, Amand HL, Lincoln P. Effects of chirality on
the intracellular localization of binuclear ruthenium(II) polypyridyl com-
plexes. J Biol Inorg Chem 2012;17:565-571.

Facchetti G, Cesarotti E, Pellizzoni M, Zerla D, Rimoldi L. “In situ” activa-
tion of racemic Rull complexes: separation of trans and cis species and
their application in asymmetric reduction. Eur J Inorg Chem 2012;
27:4365-4370.

Armstrong DW, Demond W, Czech BP. Separation of metallocene enan-
tiomers by liquid-chromatography-chiral recognition via cyclodextrin
bonded phases. Anal Chem 1985;57:481-484.

Lacour J, Torche-Haldimann S, Jodry JJ, Ginglinger C, Favarger F. Ion
pair chromatographic resolution of tris(diimine) ruthenium(II) complexes
using TRISPHAT anions as resolving agents. Chem Commun 1998;
16:1733-1734.

Herbert BJ, Carpenter HE, Kane-Maguire NAP, Wheeler JF. Use of chiral
capillary electrophoresis and circular dichroism for the determination of
absolute values of Delta epsilon for diimine transition metal complexes.
Anal Chim Acta 2004;514:27-35.

Jiang CX, Tong MY, Armstrong DW, Perera S, Bao Y, MacDonnell FM.
Enantiomeric separation of chiral ruthenium(I) complexes using capil-
lary electrophoresis. Chirality 2009;21:208-217.

Gasparrini F, D’Acquarica I, Vos JG, O’Connor CM, Villani C. Efficient
enantiorecognition of ruthenium(I) complexes by silica-bound
teicoplanin. Tetrahedron: Asymmetry 2000;11:3535-3541.

Sun P, Krishnan A, Yadav A, MacDonnell FM, Armstrong DW.
Enantioseparations of chiral ruthenium(Il) polypyridyl complexes using
HPLC with macrocyclic glycopeptide chiral stationary phases (CSPs). J
Mol Struct 2008;890:75-80.

Chirality DOI 10.1002/chir

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

Sun P, Krishnan A, Yadav A, Singh S, MacDonnell FM, Armstrong DW.
Enantiomeric separations of ruthenium(II) high-performance liquid chro-
matography chiral stationary phases (CSPs) polypyridyl complexes using
(HPLC) with cyclodextrin. Inorg Chem 2007;46:10312-10320.

Sun P, Armstrong DW. Effective enantiomeric separations of racemic pri-
mary amines by the isopropyl carbamate-cyclofructan6 chiral stationary
phase. J Chromatogr A 2010;1217:4904-4918.

Sun P, Wang CL, Padivitage NLT, Nanayakkara YS, Perera S, Qiu HX,
Zhang Y, Armstrong DW. Evaluation of aromatic-derivatized cyclofructans
6 and 7 as HPLC chiral selectors. Analyst 2011;136:787-800.

Kalikova K, Janeckova L, Armstrong DW, Tesarova E. Characterization of
new R-naphthylethyl cyclofructan 6 chiral stationary phase and its compar-
ison with R-naphthylethyl beta-cyclodextrin-based column. J Chromatogr
A 2011;1218:1393-1398.

Aranyi A, Bagi A, Ilisz I, Pataj Z, Fulop F, Armstrong DW, Antal P. High-
performance liquid chromatographic enantioseparation of amino com-
pounds on newly developed cyclofructan-based chiral stationary phases.
J Sep Sci 2012;35:617-624.

Vozka ], Kalikova K, Janeckova L, Armstrong DW, Tesarova E. Chiral
HPLC separation on derivatized cyclofructan versus cyclodextrin
stationary phases. Anal Lett 2012;45:2344-2358.

Gondova T, Petrovaj J, Kutschy P, Armstrong DW. Stereoselective separa-
tion of spiroindoline phytoalexins on R-naphthylethyl cyclofructan 6-based
chiral stationary phase. ] Chromatogr A 2013;1272:100-105.

Perera S, Na YC, Doundoulakis T, Ngo VJ, Feng Q, Breitbach ZS,
Lovely CJ, Armstrong DW. The enantiomeric separation of
tetrahydrobenzimidazoles by cyclodextrins and cyclofructans. Chirality
2013;25:133-140.

Zhang YJ, Huang MX, Zhang YP, Armstrong DW, Breitbach ZS, Ryoo JJ.
Use of sulfated cyclofructan 6 and sulfated cyclodextrins for the chiral
separation of four basic pharmaceuticals by capillary electrophoresis.
Chirality 2013;25:735-742.

Hartshorn RM, Barton JK. Novel dipyridophenazine complexes of ruthe-
nium(II) — exploring luminescent reporters of DNA. ] Am Chem Soc
1992;114:5919-5925.

Goss CA, Abruna HD. Spectral, electrochemical, and electrocatalytic prop-
erties of 1,10-phenanthroline-5,6-dione complexes of transition-metals.
Inorg Chem 1985;24:4263-4267.

Alatrash N. Increasing lipophilicity of redox active ruthenium complexes
as a means to enhance cytotoxicity and reduce animal toxicity. MS Thesis,
University of Texas at Arlington, Arlington, TX; 2012.

Tan LF, Xiao Y, Liu XH, Zhang S. Synthesis, DNA-binding and
photocleavage studies of [Ru(phen)(2)(pbtp)]1(2+) and [Ru(bpy)(2)
(pbtp)](2+)  (phen =1,10-phenanthroline; bpy =2,2"-bipyridine; pbtp=
4,5,9,11,14-pentaaza-benzo[b]triphenylene). ~ Spectrochim  Acta A
2009;73:858-864.

Aslan JM. Photo-driven one and two-electron processes of
tetraazatetrapyrido-pentacene and substituted dipyridophenzine ligands
in the presence or absence of zinc and ruthenium complexes. Ph.D.
Thesis, University of Texas at Arlington, Arlington, TX; 2012.

Mabrouk PA, Wrighton MS. Resonance Raman-spectroscopy of the
lowest excited-state of derivatives of tris(2,2"-Bipyridine) ruthenium (I) —
substituent effects on electron localization in mixed-ligand complexes.
Inorg Chem 1986;25:526-531.

Pyle AM, Rehmann JP, Meshoyrer R, Kumar CV, Turro NJ, Barton JK.
Mixed-ligand complexes of rRuthenium(I) — factors governing binding
to DNA. J] Am Chem Soc 1989;111:3051-3058.

Berthod A, Chang SC, Armstrong DW. Empirical procedure that uses
molecular-structure to predict enantioselectivity of chiral stationary
phases. Anal Chem 1992;64:395-404.

Stalcup AM, Chang SC, Armstrong DW. Effect of the configuration of the
substituents of derivatized beta-cyclodextrin bonded on enantioselectivity in
normal-phase liquid-chromatography. ] Chromatogr 1991;540:113—128.



