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Abstract

The advent of cisplatin as a cancer drug in the late 1960s generated considerable interest in 

the use of transition metal complexes as cancer therapy agents. Despite enhanced research in 

this area, there has yet to be any non-platinum-based transition metal complex cancer drugs 

approved by the Food and Drug Administration (FDA). Recently a Ru(II) metal-organic dyad 

(TLD1433) has provided promising results as a photodynamic therapy (PDT) agent for some 

types of cancer. This particularly effective PDT compound has an oligothiophene chain appended 

to an imidazophenanthroline ligand which chelates Ru(II). The entire complex is chiral and is 

synthesized as a racemate. Five such chiral Ru(II) and Os(II) PDT agents were synthesized and 

their enantiomers separated for the first time. The enantiomers of these compounds are not easily 

crystalized. However, preparative LC provided sufficient amounts of these novel PDT agents to 

determine their absolute configurations by vibrational circular dichroism (VCD). The synthesis, 

separation and absolute configuration determinations are described and discussed in detail.
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I. Introduction

Metals are essential components of all cells and are frequently found in enzymes which 

catalyze reactions that are necessary for all living systems [2]. Rosenberg’s 1969 report on 

the effect of cisplatin as a potent antitumor agent started a new era of metal-based cancer 

drugs [2]. Over time, resistance to cisplatin developed and other related platinum-based 

drugs (e.g. oxaliplatin and carboplatin) were designed, some of which had better safety 
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profiles in patients [3]. Given this potential, research on metal-based cancer drugs has 

increased substantially [1–4]. However, there has not been a concurrent increase in FDA 

approved metal-based compounds for cancer therapies, for a variety of reasons, including: 

toxicity, efficacy or lack of significant advantage over current approved drugs. Many think 

this scenario is about to change due to a combination of factors. First, different types of 

transition metal compounds are being developed that previously had not been considered as 

candidates for cancer therapeutic agents. For example, certain ruthenium (Ru) and osmium 

(Os) compounds appear to have attractive cytotoxic and anticancer attributes. Second, the 

type of cancers treated and the manner in which the therapy is administered has broadened. 

One such highly important area is photodynamic therapy (PDT). PDT is a light-dependent 

form of cancer therapy that uses photosensitizers, photons and oxygen to destroy tumors 

and also has shown to induce an immune response that can protect against recurrence [5,6]. 

Activation of the photosensitizers by specific wavelengths of light produces triplet excited 

states that interact with oxygen to generate reactive oxygen species (ROS) such as singlet 

oxygen, which is thought to be the most important species. ROS are implicated in a wide 

variety of physiological processes, both deleterious and if properly utilized, beneficial (vide 
infra) [7]. Currently, the only FDA approved photosensitizer for the treatment of cancer is 

Photofrin, which functions exclusively through ROS generation [8,9]. Photofrin (or Porfimer 

sodium) is a mixture of oligomers or heamatoporphyria (up to eight porphyrin units). 

Unfortunately, some of the most aggressive and drug resistant cancer tumors are hypoxic 

[10]. Consequently, there is considerable interest in the design of photosensitizers that act 

through oxygen independent mechanisms or that are effective in trace-oxygen environments, 

thereby maintaining activity in hypoxia [11–13].

Photocytoxicity in hypoxia has proven to be very difficult to achieve [14,15]. We have 

shown that it is possible to obtain potent photocytotoxic effects in such environments 

by using Ru(II) or Os(II) metal-organic dyads, where the metal center is chelated to an 

imidazo[4,5-f][1,10] phenanthroline ligand that is appended to an oligothiophene chain 

(Fig. 1) [4,15,16]. The role of the metal is to facilitate the formation of triplet states 

through intersystem crossing. The role of the ligand is to establish an “organic” triplet 

state that is lower in energy than the metal-to-ligand charge transfer states that usually 

dominate Ru(II) and Os(II) polypyridyl photophysics. The oligothiophene moiety (Fig. 1) is 

particularly important because it introduces charge transfer character to otherwise nonpolar 

intraligand excited states. The resulting intraligand charge transfer excited states are capable 

of sensitizing singlet oxygen even in hypoxia [13,14]. Further, they may also facilitate 

oxygen-independent photoredox reactions that contribute to the overall phototoxicity. This 

scaffold is the basis for the first Ru(II)-based photosensitizer to advance to human clinical 

trials [17]. Indeed, racemic compound A, known as TLD1433, (Fig. 1) is currently in phase 

2 clinical trials for treating nonmuscle invasive bladder cancer (NMIBC) [4,17].

It must be noted that all octahedral complexes of Ru(II) and Os(II) with bidentate ligands, as 

in Fig. 1, are chiral and can exist as delta (Δ) and lambda (Ʌ) enantiomers. The procedures 

used to synthesize them (see Materials and methods) produce racemates. The FDA requires 

that both enantiomers of new active pharmaceutical ingredients (APIs) must be thoroughly 

tested because they could have different potencies, toxicities, side effects, etc. [18–22]. To 

our knowledge there has never been a chiral octahedral transitional metal complex approved 
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as a drug by the FDA. Further, racemates of compound A (Fig. 1) and related compounds 

have not been enantiomerically resolved, stereochemically synthesized or had their absolute 

configuration determined by any means. A necessary first step toward understanding the 

mechanism of action of compound A (TLD1433) as a racemate and related Ru(II) and 

Os(II) metal-organic dyads is to understand any differences in the biological properties and 

phototoxic activities of the enantiopure metal complexes. While the photophysical properties 

of enantiomers should be identical, their association with biological targets may, in fact, 

lead to differences not only in their physicochemical properties, but also their photophysical 

properties in the chiral environment of cells and tumors. These factors would, in turn, 

have implications for the development of next-generation transition metal complexes as 

photosensitizers for PDT.

Herein, we report the first enantiomeric separation and absolute configuration 

determinations of five chiral oligothiophene-containing transition metal complex 

photosensitizers for use in cancer PDT. Compound A was included because it is the 

transition metal complex racemate currently in Phase 2 clinical trials. Compound B (Fig. 

2) is of interest to probe the influence of the oligothienyl chain length on any differences in 

the phototoxic properties of the enantiomers compared to those of compound A. Compounds 

C and D (Fig. 2) will determine if fluorination of the coligands has any effect on these 

properties, given that these derivatives are of interest as radioisotope relatives of TLD1433. 

While compounds B-D were selected for their relationship to A, compound E (Fig. 2) 

represents the parent transition metal complex for a parallel pipeline of hypoxia-active 

phototoxic compounds and was included in this study for that reason.

2. Materials and methods

2.1 Chemicals

Solvents and additives including HPLC grade acetonitrile (ACN), methanol (MeOH), 

methylene chloride (CH2Cl2), acetic acid (AA), formic acid (FA), trifluoroacetic acid (TFA), 

triethylamine (TEA), potassium hexafluorophosphate (KPF6), potassium nitrate (KNO3.), 

hydrochloric acid (HCl), Amberlite IRA-410 resin and Sephadex LH-20 were obtained 

from Sigma Aldrich (St. Louis, MO, USA). 5-Bromo-5’’-formyl-2,2’:5’,2’’-terthiophene 

and 2-(tributylstannyl) thiophene, were obtained from Alfa Aesar (Ward Hill, MA, USA) 

and Fisher Scientific (Waltham, MA, USA) respectively.

2.2 Synthesis and characterization

The structures of racemic transition metal compounds A, B, C, D and E are shown in Fig. 

2. Compounds A, B and E were synthesized as per previously reported methods [14,16]. 

The syntheses of compounds C and D are as follows. The general procedure for preparing 

metal complexes of the type [Ru(LL)2(IP-nT)]Cl2 (LL=4,4′-dmb, 4,4′-dtfmb, or phen; 

n=3,4) involves the independent synthesis of the Ru(LL)2Cl2 precursor [23] and the IP-nT 

ligands [14,24] and their subsequent complexation as we have described previously. Briefly, 

Ru(LL)2Cl2 and IP-nT were combined in ethylene glycol and stirred under microwave 

irradiation at 180 °C for 15 minutes. The metal complexes were precipitated as their PF6
− 

salts using KPF6 and purified via silica gel flash column chromatography using a gradient 
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of ACN to 10% water in ACN, followed by 7.5% water in ACN with 0.5% KNO3. The 

PF6
− salts of the complexes were then converted to their corresponding Cl− salts via anion 

metathesis on HCl-treated Amberlite IRA-410 resin with methanol as the eluent and purified 

further via size exclusion chromatography on Sephadex LH-20 with methanol as the eluent. 

The structures and purities of C and D were confirmed by 1H NMR and 1H–1H COSY 

NMR see Appendix A-Supplementary material (Figures S1–S4), HPLC (Figures S5–S6) and 

high-resolution ESI+–MS (Figures S7–S8). NMR assignments were made from these data 

and in consultation with the literature [14,25]. The Cl− salts of the metal complexes were 

used for enantiomeric separations, and the PF6
− salts were used for determining the absolute 

configurations as outlined in the following Sections 2.3–2.6.

[Ru(4,4′-dtfmb)2(IP-3T)]Cl2 (compound C) Ru(4,4′-dtfmb)2Cl2 (151 mg, 0.2 mmol) and 

IP-3T (76 mg, 0.167 mmol) were added to a microwave vessel containing argon-purged 

ethylene glycol (4 mL) and subjected to microwave irradiation at 180°C for 15 minutes. 

The resulting dark red solution was then transferred to a separatory funnel with deionized 

water (25 mL) and CH2Cl2 (25 mL). After gentle agitation, the CH2Cl2 was drained and 

the remaining aqueous layer was washed with CH2Cl2 (25 mL) until the CH2Cl2 layer 

was colorless. Then, CH2Cl2 (25 mL) and saturated aqueous KPF6 (5 mL) were added, 

and the mixture was shaken gently. The CH2Cl2 layer was drained and the product was 

further extracted from the aqueous layer with CH2Cl2 (25 mL) until the aqueous layer 

was colorless. The CH2Cl2 extracts were then combined and concentrated under reduced 

pressure via rotary evaporation. The crude product was then purified using silica gel flash 

column chromatography with a gradient of ACN to 10% water in ACN, followed by 7.5% 

water in ACN with 0.5% KNO3. The product-containing fractions were then combined and 

concentrated under vacuum, then transferred to a separatory funnel with CH2Cl2 (25 mL), 

deionized water (25 mL), and saturated aqueous KPF6 (1 mL). The resulting mixture was 

gently agitated and the CH2Cl2 layer was drained. Additional CH2Cl2 (25 mL) was used 

to extract the remaining product until the aqueous layer was colorless. The CH2Cl2 layers 

were then combined and concentrated via rotary evaporation. The resulting product was then 

further dried under vacuum to yield [Ru(4,4′-dtfmb)2(IP-3T)](PF6)2. The PF6
− salt was then 

converted to the corresponding Cl− salt in quantitative yield using Amberlite IRA-410 with 

MeOH as the eluent, followed by further purification using Sephadex LH-20 with MeOH as 

the eluent, yielding the desired product C as a dark red solid (55 mg, 27%). 1H NMR (700 

MHz, MeOD-d3, ppm): δ 9.40 (d, J = 2.0 Hz, 2H), 9.37 (d, J = 1.9 Hz, 2H), 9.26 (s, 1H), 

9.11 (s, 1H), 8.29 (d, J = 5.8 Hz, 2H), 8.14 (dd, J = 5.2, 1.3 Hz, 2H), 7.99 (s, 2H), 7.95 

– 7.90 (m, 3H), 7.88 (dd, J = 6.0, 1.9 Hz, 2H), 7.69 (dd, J = 6.1, 1.9 Hz, 2H), 7.40 (d, J 
= 3.8 Hz, 1H), 7.35 (d, J = 3.8 Hz, 1H), 7.31 (dd, J = 3.5, 1.1 Hz, 1H), 7.23 (d, J = 3.8 

Hz, 1H), 7.09 (dd, J = 5.1, 3.6 Hz, 1H). 13C NMR (175 MHz, MeOD-d3, ppm): δ 163.28, 

163.08, 162.89, 159.60, 159.43, 155.07, 154.53, 150.34, 141.88, 140.97, 140.81, 140.77, 

140.60, 139.10, 137.67, 135.97, 131.57, 129.82, 129.20, 126.94, 126.39, 125.84, 125.75, 

125.40, 125.33, 125.23, 124.45, 124.34, 123.11, 123.02, 122.89, 122.79, 119.88. HRMS 

(ESI+) m/z: [M2Cl−]2+ calcd for C49H26F12N8RuS3 576.0142; Found: 576.0141. [M2ClH]+ 

calcd for C49H25F12N8RuS3 1151.0211; Found: 1151.0232. HPLC retention time 23.80 min 

(99% purity by peak area).
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[Ru(4,4′-dtfmb)2(IP-4T)]Cl2 (compound D) Ru(4,4′-dtfmb)2Cl2 (151 mg, 0.20 mmol) and 

IP-4T (90 mg, 0.167 mmol) were added to a microwave vessel containing argon-purged 

ethylene glycol (4 mL) and subjected to microwave irradiation at 180°C for 15 minutes. The 

resulting dark red mixture was then isolated and purified in the same manner as described 

for compound C, yielding the desired product D as a dark red solid (77 mg, 35%). 1H NMR 

(700 MHz, MeOD-d3, ppm): δ 9.40 (d, J = 2.0 Hz, 1H), 9.37 (d, J = 1.9 Hz, 1H), 9.18 (s, 

1H), 8.29 (d, J = 5.9 Hz, 1H), 8.14 (dd, J = 5.2, 1.2 Hz, 1H), 7.99 (d, J = 6.1 Hz, 1H), 7.96 

– 7.91 (m, 2H), 7.88 (dd, J = 5.9, 1.9 Hz, 1H), 7.69 (dd, J = 6.1, 1.9 Hz, 1H), 7.44 (d, J = 

3.9 Hz, 1H), 7.39 – 7.35 (m, 1H), 7.29 – 7.22 (m, 2H), 7.18 (d, J = 3.7 Hz, 1H), 7.06 (dd, 

J = 5.1, 3.6 Hz, 1H). HRMS (ESI+) m/z: [M-2Cl]2+ calcd for C53H28F12N8RuS4 617.0080; 

Found: 617.0110. [M2ClH]+ calcd for 1233.0088. Found: 1233.0035. HPLC retention time 

24.99 min (99% purity by peak area).

2.3 General chromatographic conditions

All experiments were performed on an Agilent HPLC series 1260 system (Agilent 

Technologies, Palo Alto, CA) consisting of a diode array detector, an autosampler and a 

quaternary pump. The mobile phases consisting of mixtures of ACN, MeOH and additives 

were prepared as volume ratios. All the mobile phases were stirred for 10 minutes and 

degassed by ultrasonication under vacuum before use. All separations were carried out 

at ambient temperature. The R-napthylethylcarbamate cyclofructan 6 (LARIHC CF6-RN) 

columns in this study were obtained, in three different lengths (250 mm x 4.6 mm, 150 mm 

x 4.6 mm and 50 mm x 4.6 mm), from AZYP, LLC (Arlington, TX, USA).

2.4 Analytical methods

All samples were prepared at 1 mg/mL in MeOH and 1 μL was injected for each run. The 

mobile phase conditions for five samples were optimized with different length of columns 

in addition to changing the ratio of the ACN/MeOH/additives. The Fig. 2 compounds A, B 
and E were separated on a 150 mm x 4.6 mm LARIHC CF6-RN column and compounds 

C and D were separated on a 250 mm x 4.6 mm LARIHC CF6-RN column. The separation 

condition for compounds A and B was 60/40/0.1/0.15, ACN/MeOH/TFA/TEA, 1.0 ml/

min. λ = 420 nm. Separations of compounds C and D were obtained from 100/0.2/0.3, 

MeOH/FA/TEA, 0.7 ml/min. λ = 400 nm. The condition for sample E was 60/40/0.1/0.05, 

ACN/MeOH/TFA/TEA, 1.0 ml/min. λ = 280 nm.

The effect of mobile phase composition was investigated on a 50 mm x 4.6 mm LARIHC 

CF6-RN column with sample E which had the longest retention time of the five racemic 

analytes. To show the change in the chromatographic parameters related to the ratio of ACN/

MeOH in the mobile phase, as well as the acid additives, were varied as will be discussed 

in Section 3. The effect of the ratio of TFA/TEA in the mobile phase was compared using 

compounds A and E, see: Results and discussion.

2.5 Preparative methods

All samples were prepared at 2 mg/mL in MeOH and 300-500 μL was injected for each run. 

Preparative purifications were done with a 250 mm x 10.0 mm LARIHC CF6-RN column 

for compounds A, B, C and D. For compound E, a 250 mm x 4.6 mm LARIHC CF6-RN 
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column was used for the purification. The conditions for compounds A, B and E were 

40/60/0.2/0.3, ACN/MeOH/FA/TEA, 2 mL/min. Compounds C and D were prepared using 

100/0.2/0.3, MeOH/FA/TEA, 1.0 mL/min. In all cases, injections were stacked in order 

to increase throughput. Examples are shown in the Supplementary material, Fig. S9. The 

purified enantiomers for all compounds were > 99.8 % ee (enantiomeric excess) except for 

the first peak of compound C which had an ee of 99.1 %.

2.6 Absolute configuration determination by vibrational circular dichroism (VCD)

VCD Measurements: 1-2 mg of the PF6 salts were dissolved in 100 μL CD3CN 

and transferred to a BaF2 IR cell with path length of 100 μm. Instrumentation was a 

BioTools (Jupiter, FL) ChiralIR 2X DualPEM FT-VCD spectrometer, resolution 4 cm−1. 

The photoelastic modulator (PEM) maximum frequency is the setting for which the PEM 

yields maximum intensity, which was 1400 cm−1. IR and VCD spectra were collected 

simultaneously for 24 hours, then the IR spectra were solvent subtracted and the VCD 

spectra corrected using the half-difference method.

VCD Calculations: The Ʌ isomer of each complex was constructed using the 

ComputeVOA software from BioTools. A conformational search was conducted using MM 

and only one conformer was found for each complex within a 5 kcal / mol range. We 

concluded therefore that only one conformer was dominating the solution and calculated 

this accordingly. Both the ion and the PF6 salt structures were minimized in Gaussian ‘09 

using a split basis set of 6-31Gd (H, C, N, F, P, S) and ECP lanl2tz(f) for Ru or Os. The 

solvent shell CPCM method (acetonitrile) was used in each case. IR and VCD frequencies 

were calculated at the same level, then scaled and plotted with a line width of 6 cm−1 for 

comparison to the experimental data. High neighborhood similarity (Sfg) was calculated, 

using CompareVOA software from BioTools, for both IR and VCD of peak 2 in each case, 

leading to the conclusion that chromatographic peak 2 was the Ʌ isomer. The values were 

as follows: compound A: NS(IR) = 72.8, NS(VCD) = 57.5, compound B: NS(IR) = 76.7, 

NS(VCD) = 72.1, compound C: NS(IR) = 72.5, NS(VCD) = 56.4, compound D: NS(IR) = 

71.2, NS(VCD) = 55.9 and compound E: NS(IR) = 70.0, NS(VCD) = 56.1. Both the ion and 

salt calculations yielded reasonable results with the ion slightly better for complexes A, B 
and E and the salt for complexes C and D.

3. Results and discussion

The separation of transition metal complex enantiomers by HPLC was reported early-on 

using a native B-cyclodextrin bonded chiral stationary phase (CSP) [26]. Over two decades 

later, racemic Ru(II) polypyridyl complexes were resolved on a derivatized cyclodextrin 

CSP [27], a macrocyclic glycopeptide CSP [28] and by capillary electrophoresis [29]. These 

few specific compounds had no medicinal value and also were easily crystallized so that 

determination of their absolute configuration was straight forward by using single crystal 

X-ray diffraction. Enantiomers of oligothiophene appended Ru(II) and Os(II) dyads that 

can be used in PDT (Fig. 2) have never been isolated, had their absolute configuration 

determined or been pharmacologically tested. Further, they are not easily crystallized.
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3.1 Analytical separation of enantiomers

The LARIHC CF6-RN CSP has good enantioselectivity for most Ru(II) and Os(II) 

octahedral complexes with mobile phase mixtures of ACN and MeOH (see Fig. 3). They 

also separate under reversed phase conditions (data not shown) but since the ultimate goal 

was to obtain preparative separations, organic solvents were preferable and easier to remove. 

As seen in Fig. 3, the largest retention times occur either with a mobile phase of 100% 

MeOH or at high ACN concentrations. In all cases the peaks are relatively broad and show 

tailing.

Fig. 4 shows the effect of MeOH-ACN ratios on retention, selectivity and efficiency. Clearly, 

intermediate ratios of ACN and MeOH produce the best compromise by providing short 

retention times with reasonable selectivity and efficiency values. Different mobile phase 

acid-base additives were examined to see if peak shapes and retention times could be further 

improved (Fig. 5). Trifluoroacetic acid (TFA) paired with triethylamine (TEA) greatly 

enhanced peak symmetry while decreasing retention. However, in the case of compounds 

C and D, which contain ligands with trifluoroacetyl moieties, the TFA mobile phase additive 

reduced retention to such an extent that baseline resolution was compromised. In these two 

cases, a longer column was used (see Materials and methods, section 2.4) and formic acid 

(FA) was the preferred acidic additive. This increased retention and produced a greater than 

baseline separation (see Figs. 5 & 6). The effect of different ratios of acid and base additives 

on the separation of compounds A and E are shown in the Supplementary material, Fig. S10. 

The optimized analytical separations for all five racemic transition metal PDT agents are 

shown in Fig. 6.

3.2 Absolute configurations by vibrational circular dichroism (VCD)

VCD has become an established and reliable technique for the determination of absolute 

configuration and for studies on molecular conformation [29–32]. It is a particularly 

powerful approach for enantiomers in the solution phase that are difficult to crystalize. 

Determining the absolute configurations of transition metal compounds A-E (Fig. 2) by 

VCD were attractive from a calculation standpoint as they were found to exist predominately 

in one conformation, simplifying the process. In general, a split basis approach was 

employed utilizing effective core potential basis sets for the metals and the more traditional 

6-31G(d) for the rest of the atoms [32–35]. Two separate calculations were performed 

for each complex, one as a free (+2) ion and one as the PF6 salt which reflected the 

measurements. Both of these approaches yielded similar results indicating a definitive 

stereochemistry with the free ion a slightly better match for complexes A, B and E and 

the salt for complexes C and D.

The experimental and calculated VCD spectra for compound A and compound B were 

nearly identical. This was not a surprise, as the structures differed only by one thiophene 

group remote from the chiral core of the molecule. The most notable feature in the 

experimental was the positive VCD band at 1241 cm−1 which results from aromatic ring 

stretching/deformation of the bipyridyl ligands. The rest of the calculation tracks reasonably 

well with the experimental with some small offsets in frequency. Likewise, spectra for 

compound C and compound D were nearly identical to each other, as was expected. The 
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notable VCD features were bands at 1412, 1343, 1325 and 1183 cm−1. These vibrations 

are mostly from aromatic ligand stretching and deformation, with the 1343 and 1325 

cm−1 bands including contribution from C-F stretching. All of these bands correlate to the 

calculated quite well making the assignment unambiguous. The VCD spectra for compound 

E was not dominated by any particular features, but appeared more balanced with respect 

to intensities. There were several groups of bands which could be easily correlated to the 

calculation by pattern. The regions 1615 – 1475, 1460 – 1315 and 1310 – 1150 cm−1 all 

had corresponding bands appearing in the DFT spectra. The vibrations responsible for these 

peaks were mostly coming from aromatic ring deformation, C-C and C-H stretching of the 

ligands and some contributions from the thiophene tail.

The VCD spectrum of compound E peak 2 (Fig. 6) matches the calculated spectrum 

for the lambda (Ʌ) enantiomer (see Fig. 7). Fig. 8 shows two views of the optimized 

structure and absolute configuration of the Ʌ-enantiomer of the PF6
− salt of compound 

E. The Os (II), in pink, is easily seen in the “tilted” bottom view. Likewise, The VCD 

spectra of peak 2 and the calculated spectra for the Ʌ enantiomers for compounds A-D are 

provided in the Supplementary material (Fig. S11–S14). Overlays of the VCD spectra and 

IR spectra of compounds A-D are provided in the Supplementary material, Figs. S15–S19. 

The same elution order was found for all five photosensitizers investigated in this study 

(i.e., compounds A, B, C, D and E in Fig. 6). Hence it appears that the chromatographic 

retention order of analogous transition metal compounds on the LARIHC CF6-RN CSP 

and under similar separation conditions could provide circumstantial evidence as to absolute 

configuration.

Conclusions

A racemic Ru(II) metal organic dyad, that incorporates a function-determining 

oligothiophene chain, currently under investigation as a PDT antitumor agent, and four 

additional racemic Ru (II) and Os (II) compounds were enantiomerically resolved. Both 

analytical and preparative chromatographic separations of all five racemates were developed 

using a derivatized cyclofructan chiral stationary phase. The absolute configuration of the 

eluted compounds was determined using vibrational circular dichroism. In all cases, the 

first eluted peak was the Δ enantiomer and the second eluted peak was the Ʌ enantiomer. 

Pharmacological studies on the pure enantiomers can now be done for the first time.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Structure of Compound A enantiomers
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Fig. 2. 
Structures of five Ru and Os transition metal compounds used in this study.
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Fig. 3. 
Plot indicating the effect of different mobile phase ACN/MeOH mixtures on retention factor 

and efficiency for the enantiomeric separation of Compound E on a 50 mm x 4.6 mm 

LARIHC CF6-RN column.
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Fig. 4. 
Effect of different mobile phase ACN/MeOH compositions on the separation and 

chromatographic figures of merit for osmium Compound E on a 50 mm x 4.6 mm LARIHC 

CF6-RN column. Conditions; A; 100, MeOH, B: 80/20, MeOH/ACN, C: 60/40, MeOH/

ACN, D: 40/60, MeOH/ACN, E: 30/70, MeOH/ACN. The mobile phases contained 0.2/0/3 

ratio of FA/TEA additive, flow rate = 2.0 ml/min., detection λ = 280 nm.
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Fig. 5. 
Effect of three different mobile phase acid additives on the separation of Compound E and 

the chromatographic figures of merit on a 50 mm x 4.6 mm LARIHC CF6-RN column. 

Conditions: 60/40/0.2/0.3, MeOH/ACN/acid additive/TEA, acid additive in the mobile phase 

condition A; trifluoroacetic acid, B; formic acid, C; acetic acid, flow rate = 2.0 ml/min., 

detection λ = 280 nm.
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Fig. 6. 
Optimized enantiomeric separations of five Ru and Os transition metal compounds on the 

LARIHC CF6-RN column. Conditions; A & B: 60/40/0.1/0.15, ACN/MeOH/TFA/TEA, 

flow rate = 1.0 ml/min, detection λ = 420 nm on a 150 mm x 4.6 mm LARIHC CF6-RN 

column. C & D: 100/0.2/0.3, MeOH/FA/TEA, flow rate = 0.7 ml/min, detection λ = 400 nm 

on a 250 mm x 4.6 mm LARIHC CF6-RN column. E: 60/40/0.1/0.05, ACN/MeOH/TFA/

TEA, flow rate = 1.0 ml/min, detection λ = 280 nm on a 150 mm x 4.6 mm LARIHC 

CF6-RN column.
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Fig. 7. 
Comparison of experimental (blue lines) and theoretical DFT (green lines) IR (lower frame) 

VCD (upper frame) spectra for compound E. Peak 2 (left axis) compared with the spectrum 

of the (Ʌ) configuration (right axis).

Armstrong et al. Page 18

J Pharm Biomed Anal. Author manuscript; available in PMC 2022 September 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 8. 
Two views of the optimized structure of the PF6 salt of Compound E, showing the Ʌ 
configuration of the second eluting peak. The same retention order was found for all five 

compounds (A, B, C, D and E) in this study. Color coding of atoms: C = dark grey, N = 

blue, S = yellow, P = orange, F = light blue, Os = pink.
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