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Thermal Properties, Crystal Structures, and Phase Diagrams of Ionic 
Plastic Crystals and Ionic Liquids Containing a Chiral Cationic 
Sandwich Complex† 

Tomoyuki Mochida,*a,b Ryo Sumitani a and Tomoaki Yamazoe a 

To investigate the effects of chirality on the phase behavior of ionic plastic crystals and ionic liquids, salts of a chiral sandwich 

complex with various anions were synthesized. The synthesized salts have the general chemical formula, 

[Ru(C5H5)(C6H5CHCH3OCH3)]X (X = CB11H12, CF3BF3, PF6, CPFSA (= CF2(SO2CF2)2N)), where the ruthenium complex possesses a 

chiral substituent. The racemates of the salts with the CB11H12, CF3BF3, and PF6 anions crystallized as a solid solution, racemic 

compound, and conglomerate, respectively. The (S)-enantiomer and the racemate of the CB11H12 salt exhibited phase 

transitions to the ionic plastic phase and melted at high temperatures. Further, this salt exhibited polymorphism, as 

crystallographically investigated. Most of the other salts were ionic liquids exhibiting no plastic phase. The CPFSA salt was 

liquid and exhibited glass transition at low temperatures.

Introduction 
In recent years, extensive studies have been conducted on ionic 

plastic crystals (IPCs) and ionic liquids (ILs). IPCs are solids that 

consist of globular molecules, where the constituent molecules 

exhibit orientational disorder owing to rapid rotation.1-6 Plastic 

crystals generally display a small entropy of fusion as a 

consequence of the disorder (S < 20 JK−1mol−1), and they 

exhibit highly symmetric crystal lattices such as cubic or 

hexagonal. Various onium salts exhibit a plastic phase with high 

ionic conductivity, and their phase transition behavior and 

electronic properties have attracted significant interest.5-10 In 

contrast, ILs are salts with melting points below 100 °C. ILs have 

attracted considerable interest for their application as solvents 

and in electrochemistry owing to their characteristic properties 

such as nonvolatility, nonflammability, and high ionic 

conductivity.11 Recently, we developed a variety of IPCs12-16 and 

ILs17-21 containing cationic sandwich complexes. The plastic 

phase is ascribed to the globular shape of the sandwich 

complexes.22,23 The use of organometallic complexes for IPCs or 

ILs leads to various functions such as magnetic properties,15-18 

electrical properties,19 and photochemical reactivities,20,21 

which are not exhibited by onium salts. To elucidate the 

boundary between IPCs and ILs, we previously investigated the 

phase behavior of sandwich complex salts, which is shown in Fig. 

1 (R = H, Me, Et, nBu; X = PF6, B(CN)4, (FSO2)2N).24 The salts with 

R = H and Me exhibited IPC phases at high temperatures, 

whereas those with R = Et and nBu were mostly ILs. These 

studies also revealed the anion dependence of the phase-

transition temperatures, as in the case of onium salts.25 
Understanding the effect of chirality on the structures and 

physical properties of molecular solids is essential in crystal 

engineering and pharmaceutical science.26 A racemate 

crystallizes either as a racemic compound, conglomerate, or 

solid solution.26-30 A racemic compound contains equal amounts 

of (S)- and (R)-enantiomers arranged uniformly in a crystal, 

whereas a conglomerate is a physical mixture of enantiopure 

crystals. Approximately 90% of organic racemate crystals form 

racemic compounds, while most of the rest form 

conglomerates; in contrast, solid solutions are rarely formed.26 

Thus far, many chiral ILs have been synthesized owing to their 

applications in asymmetric syntheses, and so forth.31-34 We 

investigated the effect of chirality on the thermal properties of 

ILs, using organometallic ILs with chiral long-chain substituents, 

and revealed that the racemate tends to exhibit low crystallinity 

and a lower melting point than that of the enantiomer.35,36 In 

contrast, the effect of chirality on the thermal properties of IPCs 

has not been elucidated, though IPCs containing a chiral 

quaternary ammonium cation have been reported.37,38 

Comparative thermal studies involving racemates have been 

conducted on neutral chiral plastic crystals such as 

camphor.26,39 

The purpose of this study is to investigate the effect of 

chirality on the phase behavior of IPCs and ILs. For this purpose, 

salts of a cationic ruthenium sandwich complex with a chiral 

substituent were synthesized, and the phase behaviors of their 
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(S)-enantiomers and racemates were examined ((S)-[1]X and 

rac-[1]X, Fig. 2a). The CB11H12 (monocarba-closo-

dodecarborate), CF3BF3, PF6, and CPFSA (= CF2(SO2CF2)2N) 

anions were employed as the counter anions (Fig. 2b). These 

globular anions were chosen to investigate the phase behavior 

of IPCs. The CB11H12 anion is a stable, weakly coordinating 

carborane anion with an icosahedral geometry suitable for 

IPCs.40 Other anions also yield organometallic IPCs.12,14 However, 

in this study, only the CB11H12 salt exhibited a plastic phase, and 

most of the other salts were ILs. The examination of their phase 

behaviors revealed that the racemate crystal forms in these 

salts varied between a solid solution, racemic compound, and 

conglomerate, depending on the anion. 

 

 
Fig. 1  Molecular structures and phase behaviors of some salts 

of cationic ruthenium sandwich complexes.  

 

 
Fig. 2  Structures of the (a) cation and (b) anions used in this 

study. The asterisk in (a) indicates the chiral center. 

 

Results and discussion 
Phase behavior 

(S)-[1]PF6 was synthesized by the reaction of 

[Ru(C5H5)(NCCH3)3]PF6 and (S)-PhCHCH3OCH3, whereas the 

other salts were obtained via anion exchange with the PF6 salt. 

The corresponding racemates were synthesized using a racemic 

ligand. The thermal properties of the synthesized salts were 

investigated by differential scanning calorimetry (DSC). The 

melting points and classification of the salts are summarized in 

Table 1. The CB11H12 salts exhibited a plastic phase at high 

temperatures, whereas the other salts were mostly ILs with no 

plastic phase. It is to be noted that these salts possessed 

different racemate crystal forms depending on the anions, as 

listed in Table 1. The CPFSA salt was liquid and exhibited glass 

transition at low temperatures. 

The phase sequences of the (S)-enantiomer and the 

racemate of the salts, except the CPFSA salt, are shown in Fig. 3. 

The CB11H12 salt possessed polymorphic forms, among which 

the dominant form (-form) was thermally characterized. This 

salt underwent successive phase transitions from phase III to II, 

and subsequently to I* (plastic phase). Such two-step phase 

transitions are often observed in IPCs containing sandwich 

complexes, owing to the disorder of anions and cations 

exhibited at different temperatures.18 The phase transition 

temperatures to the plastic phase for the (S)-enantiomer and 

racemate were 66.4 and 80.3 °C, respectively, and they melted 

at almost the same temperature: 259.5 and 251.3 °C, 

respectively. Their melting entropies were less than 20 J mol–1 

K–1, which is characteristic to the plastic phase.41,42 The 

disappearance of birefringence in the plastic phase was also 

confirmed by polarizing microscopic observation. It is to be 

noted that the transition temperatures to the plastic phase 

were much lower than those of unsubstituted sandwich 

complexes with the same anion, such as 

[Ru(C5H5)(C6H6)]CB11H12 (TC = 228 °C) and [Co(C5H5)2]CB11H12 (TC 

= 129 °C).12 The relatively low transition temperatures for less-

symmetrical cations have been observed in other 

organometallic salts.12,13 

The salts with the other anions had much lower melting 

points, most of which were below 100 °C. The melting points of 

the (S)-enantiomer and the racemate of the CF3BF3 salt were 

37.1 and 12 °C, respectively. The melting points of the 

corresponding PF6 salts were 105.0 and 70.0 °C, respectively. 

The higher melting points of the PF6 salts than those of the 

CF3BF3 salts are ascribed to the smaller anion size of the former. 

The melting point of the racemate was lower than that of the 

enantiomer in each salt. The melting entropies of these salts 

ranged from 50 to 82 J mol–1 K–1. In contrast, the CPFSA salts

 

 

 

 
 
 
 

 

 

 

 

 

 

 

Table 1  Melting points (°C) and classification of the salts prepared in this studya 

 melting point (°C) 

 [1]CB11H12 (-form) [1]CF3BF3 [1]PF6 [1]CPFSA 

(S)-enantiomer 259.5 (IPC) 37.1 (IL) 105.0 −55c 

Racemate 251.3 (IPC) 12b (IL) 70.0 (IL) −55c 

 solid solutiond racemic compoundd conglomerated  
aIPC: ionic plastic crystal, IL: ionic liquid. bNot precise due to successive phase transitions. cGlass transition 

temperature. dType of racemate crystal. 



PCCP  Paper 

 Phys. Chem. Chem. Phys. , 2020, 00, 1-3 | 3 

 

 

were liquid at ambient temperature, with a glass transition 

temperature of –55 °C. The (S)-enantiomer, racemate, and the 

50% ee sample of the salt exhibited glass transition at the same 

temperature (Fig. S1, ESI†), which is rational because the 

enantiomers are structurally similar. 

The salts of unsubstituted sandwich complexes, such as 

[Ru(C5H5)(C6H6)]X and [Co(C5H5)2]X (X = CF3BF3 and PF6), exhibit 

plastic phases.12,23 However, here, only the CB11H12 salt 

containing a bulky spherical anion exhibited a plastic phase. This 

is probably because the other salts possessed low melting 

points and melted before exhibiting the plastic phase. The 

following sections explain the thermal properties and crystal 

structures of the solid salts. 

 

 
Fig. 3  Phase diagrams of (S)-[1]X and rac-[1]X [X = CB11H12 (-

form), CF3BF3, PF6]. The phase-transition temperatures (°C) and 

phase-transition entropies (J mol–1 K–1) are shown above and 

below each bar chart, respectively, where liq. indicates the 

liquid phase. The decomposition temperatures are not 

considered in the diagram. 

 

Phase behavior of the CB11H12 salt 

The thermal properties of the -form of the CB11H12 salt were 

investigated, and revealed successive phase transitions to yield 

the plastic phase. The enantiomers form solid solutions in the 

solid state. 

The DSC traces of (S)- and rac-[1]CB11H12 are shown in Fig. 4. 

Upon heating, the (S)-enantiomer exhibited phase transitions 

from phase III to II at 59.0 °C (S = 42.9 J mol–1 K–1) and phase II 

to I* (plastic phase) at 66.4 °C (S = 15.0 J mol–1 K–1). The 

racemate exhibited a similar phase sequence at a slightly higher 

transition temperature: from phase III to II at 68.9 °C (S = 44.6 

J mol–1 K–1) and thereafter to phase I* at 80.3 °C (S = 13.4 J 

mol–1 K–1). A solid with an intermediate enantiomeric excess 

exhibited phase-transition peaks between those of the (S)-

enantiomer and the racemate (Fig. 4, inset). In addition, powder 

X-ray diffraction (PXRD) patterns of the solids at ambient 

temperature were identical regardless of the enantiomeric 

excess (see below). These results indicate the formation of a 

solid solution. The higher transition temperature of the 

racemate to the plastic phase, compared to that of the (S)-

enantiomer, is possibly ascribed to the denser packing of the 

molecules in the racemic crystals.43,44 Upon heating the plastic 

phase, the (S)-enantiomer and racemate melted at 259.5 °C 

(Sm = 6.2 J mol–1 K–1) and 251.3 °C (Sm = 6.6 J mol–1 K–1), 

respectively. Their comparable melting points and melting 

entropies are consistent with their identical plastic phase 

structures (see below). It is known that globular chiral 

molecules that exhibit plastic phases, such as camphor, form 

solid solutions of enantiomers.26 Furthermore, IPCs containing 

globular cations form solid solutions, and their phase-transition 

temperatures are modulated according to the composition.2 

Therefore, the formation of a solid solution in the current case 

is reasonable. It is to be noted that the phase transition peaks 

to the plastic phase in the second and subsequent DSC traces 

were different from those in the first cycle (Fig. S2, ESI†). This is 

ascribed to the formation a different crystal structure upon 

cooling from the plastic phase, as shown below.  

The baseline of the DSC trace begins to deviate slightly near 

the melting point in both cases, indicating the onset of gradual 

decomposition. Therefore, the thermal stability of the racemate 

was investigated by thermogravimetric-differential thermal 

analysis (TG-DTA, at 10 °C min−1 under a nitrogen atmosphere). 

The TG curve shows gradual weight loss above the melting point, 

exhibiting a one-step weight loss of approximately −10 wt% at 

approximately 330 °C (Fig. 5). The weight loss corresponded to 

the elimination of the chiral substituent in the cation (calc. −12 

wt %). In the DTA curve, several endothermic peaks consistent 

with decomposition were observed above the melting point.  
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Fig. 4.  DSC traces of (S)- and rac-[1]CB11H12 recorded on heating 

runs (10 °C min–1), where liq. represents the liquid state. The 

trace for the racemic sample above 100 °C was recorded on a 

subsequent run. The inset shows the magnified view, including 

the DSC trace of the 51% ee sample. 

 

 
Fig. 5.  TG–DTA traces of rac-[1]CB11H12 recorded at 10 °C min–1 

under a nitrogen atmosphere. The TG and DTA curves are 

represented by solid and dashed lines, respectively. 

 

 

Structures of the CB11H12 salt 

Single-crystal X-ray structure analysis was performed on two 

polymorphs of rac-[1]CB11H12 at −183°C. The -form was 

obtained by bulk recrystallization, whereas the -form was 

obtained as a minor component when crystallized by the 

diffusion method. They crystallized in centrosymmetric space 

groups P21/c and P−1, respectively, exhibiting different packing 

arrangements. The packing diagrams are shown in Fig. 6. In both 

crystals, the asymmetric unit contains a cation and anion pair. 

The orientation of the anion was ordered in both polymorphs, 

and the B–C and B–B bond lengths were approximately 1.72 Å 

and 1.78 Å, respectively, which are typical values.40 

In the -form (Z = 4), the substituent in the cation exhibited 

a two-fold disorder with a 0.5:0.5 occupancy. This is a statistical, 

enantiomeric disorder owing to the coexistence of (S)- and (R)-

enantiomers. Though we could not perform the structure 

analysis of the (S)-enantiomer crystal, the result suggests that 

the enantiomer, exhibiting an identical PXRD pattern with that 

of the racemate, crystallizes in a space group P21 or Pc, which 

are the subgroups of P21/c.29 The formation of a solid solution 

is reasonable considering the enantiomerically disordered 

crystal structure of the racemate. In contrast, the unit cell of the 

-form is half that of the -form (Z = 2), and there is no disorder 

in the cation substituent. The crystal contains both enantiomers 

related by inversion symmetry. Therefore, it can be regarded as 

a racemic compound, though a solid solution could be also 

formed in this case.29 

In both crystals, the cations and anions were arranged 

alternately, and there were no – contacts between the 

cations. One anion was surrounded by eight cations and vice 

versa. The van der Waals radii of the cation and anion estimated 

from the density functional theory (DFT) calculation are 3.90 

and 3.49 Å, respectively, and the radius ratio,  (= rsmall/rlarge), is 

0.90. This is consistent with the radius ratio rule of ionic crystals, 

which predicts the eight-coordinate structure for salts with  > 

0.73.45,46 

The plastic phase structure of the salt was further 

investigated by PXRD measurements at 80 °C. It was revealed 

that the (S)-enantiomer and racemate both possessed a CsCl 

structure with a lattice constant of a = 8.31 Å (Fig. S3, ESI†). The 

eight-coordinate structure is consistent with the radius ratio 

rule. The interionic distance of 7.21 Å calculated from the lattice 

constant agrees with the sum of the van der Waals radii of 

cations and anions (7.39 Å). It is to be noted that the PXRD 

patterns of the solids formed upon cooling the plastic phases 

were different from either of those of the - and -form (Fig. 

S3, ESI†), suggesting the formation of another polymorph. 

 

 
Fig. 6.  Packing diagrams of the (a) - and (b) - forms of rac-

[1]CB11H12 determined at −183 °C. The hydrogen atoms have 

been omitted for clarity. A part of the disorder of the cation 

substituent in (a) is displayed in gray. 

 

Phase behavior of the CF3BF3 salt 

The CF3BF3 salt exhibited a typical binary phase diagram of a racemic-

compound-forming substance. Consistently, the crystals of the (S)-

enantiomer and the racemate exhibited different PXRD patterns, 

demonstrating that the racemate is a racemic compound (Fig. S4a, 

ESI†).  

The DSC traces of the salts with different enantiomeric excesses 

are shown in Fig. 7a. The (S)-enantiomer underwent solid-phase 

transition from phase II to I at −66.4 °C (S = 7.5 J mol–1 K–1) and 

melted at 37.1 °C (Sm = 61.7 J mol–1 K–1) upon heating. In contrast, 
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the racemate crystals exhibited successive phase transitions at 6.1 

and 12 °C (Stotal = 65 J mol–1 K–1). The diffraction patterns were 

almost unchanged in both phases, which suggests that the phase 

transition is probably associated with a change in the molecular 

motion. Upon cooling from the liquid state, the (S)-enantiomer 

exhibited only crystallization, but the racemate exhibited partial 

crystallization and the remaining liquid exhibited glass transition at –

78 °C. The ratio of the glass transition temperature to the melting 

point in the racemate was 0.68, which agrees with the empirical rule, 

Tg/Tm = 2/3, that holds for molecular materials.47,48  

The solid-liquid phase diagram of the salts as a function of the 

enantiomeric excess is shown in Fig. 7b. The peak top temperatures 

in the DSC traces were used to plot the data. The phase diagram is 

typical for a racemic compound, where the sample with 50% ee 

possesses a eutectic composition. The liquidus lines of racemic 

compounds are theoretically expressed using the Schröder–van Laar 

equation at % ee > 50% and the Prigogine–Defay equation at % ee < 

50%, using the enthalpy of fusion and melting points of the 

enantiomer and the racemate.26 The observed phase behavior 

agrees with the theoretical liquidus lines shown in the phase diagram. 

The deviation from the theoretical line may be due to the broadness 

of the melting peaks. The melting point of a racemic compound can 

be higher or lower than that of the enantiomer;26 here, the racemic 

compound showed a lower melting point than that of the (S)-

enantiomer. 

Phase behavior of the PF6 salt 

The PF6 salt exhibited a typical binary phase diagram of a 

conglomerate-forming substance. Consistently, the crystals of the 

(S)-enantiomer and the racemate exhibited the same PXRD patterns, 

confirming that the racemate crystallized as a conglomerate (Fig. S4b, 

ESI†); this is further verified by the crystal structure analysis. 

The DSC traces of the salts with different enantiomeric excesses 

are shown in Fig. 8a. The melting points of the (S)-enantiomer and 

the racemate of the PF6 salt were 105.0 °C (Sm = 82.1 J mol–1 K–1) 

and 70.0 °C (Sm = 50.3 J mol–1 K–1), respectively. The samples with 

intermediate enantiomeric excess exhibited melting peaks at 

temperatures between the melting points of the (S)-enantiomers 

and those of the racemates. The eutectic melting peaks were also 

observed. The solid–liquid phase diagram, as a function of the 

enantiomeric excess, is shown in Fig. 8b. The racemate, possessing a 

eutectic composition, has a lower melting point than that of the (S)-

enantiomer, which is typical for a conglomerate-forming 

substance.26 The liquidus line, drawn using the Schröder–van Laar 

equation, is consistent with the observed melting points.26 The 

mixing enthalpy calculated from the melting points and melting 

enthalpies of the enantiomer and racemate was S = 6.4 mol−1 K−1, 

which is a reasonable value comparable to R ln 2 (5.76 mol−1 K−1).49 

The single crystals were subjected to the X-ray structure analysis, 

and the packing diagram of (S)-[1]PF6 is shown in Fig. 9. The 

enantiomer crystallized in the chiral space group, P212121 (Z = 4). The 

asymmetric unit contains a cation and anion pair. The cations and 

anions were arranged alternately in the crystal, and there were no 

– contacts between the cations. In contrast, the racemic crystals 

were found to be inverted twins consisting of (S)- and (R)-crystals, 

demonstrating that the racemate crystallized as a conglomerate. 

These results are consistent with those of the PXRD experiments 

mentioned above. 

 

 

 
Fig. 7.  (a) DSC traces and (b) solid–liquid phase diagram of [1]CF3BF3 

with different enantiomeric excesses. The symbols correspond to the 

melting of the (S)-enantiomer (●), racemate and eutectic mixtures 

(▲), and solid-phase transition (■). Liq. and sol. represent the liquid 

and solid states, respectively. The solid line is the liquidus line drawn 

using the Schröder–van Laar (%ee > 50%) and Prigogine–Defay (%ee 

< 50%) equations, and the dotted line represents the eutectic point. 
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Fig. 8.  (a) DSC traces and (b) solid–liquid phase diagram of [1] PF6 

with different enantiomeric excesses, where liq. and sol. are the 

liquid and solid states, respectively. The symbols correspond to the 

melting of the (S)-enantiomer (●), as well as the racemate and 

eutectic mixture (▲). The solid line is the liquidus line drawn using 

the Schröder-van Laar equation, and the dotted line indicates the 

eutectic point.  

 

 

 
Fig. 9. Packing diagram of (S)-[1]PF6 determined at −183 °C. The 

hydrogen atoms have been omitted for clarity. 

 

Conclusions 

The salts of a cationic chiral ruthenium sandwich complex with 

various anions were synthesized. Although the salts of cationic 

unsubstituted sandwich complexes often exhibit a plastic phase, 

only the CB11H12 salt in the current study exhibited a plastic 

phase, and most of the other salts were ILs. Furthermore, the 

racemate crystal forms were dependent on the anion, and the 

racemates of the CB11H12, BF3CF3, and PF6 salts crystallized as a 

solid solution, racemic compound, and conglomerate, 

respectively. The CB11H12 salt had polymorphic forms, of which 

the dominant form exhibited an enantiomeric disorder in the 

racemate crystal. The characteristic features of the CB11H12 salt 

are ascribed to the globular molecular shapes of the cation and 

anion. It is known that globular chiral molecules (such as 

camphor) that exhibit the plastic phase form solid solutions, 

though there have been no such investigations on chiral IPCs. 

The structures and thermal properties of IPCs and the glass 

transition temperature of ILs in the current salts hardly depend 

on chirality, which is reasonable from the viewpoint of 

symmetry. The results are useful for material design and the 

applications of IPCs and ILs. In particular, organometallic IPSc 

and ILs exhibit various functions, hence the control of their 

thermal properties through chirality control may be useful for 

their future applications. 

Experimental 

General 

Cesium carborane (CsCB11H12), potassium 

(trifluoromethyl)trifluoroborate (KCF3BF3, > 95%), and lithium 

1,1,2,2,3,3,-hexafluoropropane-1,3-disulfonamide (LiCPFSA, > 98%) 

were purchased from Strem Chemicals, Indofine chemical, and Tokyo 

Chemical Industry, respectively. [Ru(C5H5)(NCCH3)3]PF6 and (S)-

C6H5CHCH3OCH3 were prepared following previously reported 

procedures.50,51 1H and 19F NMR spectra were recorded on a Bruker 

Avance 400 MHz spectrometer. TG–DTA analyses were performed 

under a nitrogen atmosphere at a heating rate of 10 °C min–1 on a 

Rigaku TG8120 thermogravimetric analyzer. An aluminum pan was 

used as the sample container. DSC measurements were performed 

on a TA instrument Q100 differential scanning calorimeter at a scan 

rate of 10 °C min−1 using aluminum hermetic pans as the sample 

containers. The sample with intermediate enantiomeric excess was 

prepared by dissolving the mixture of the (S)-enantiomer and the 

racemate in dichloromethane, after which the solvent was 

evaporated. The residue was dried under vacuum at 60 °C for 2 h, 

and then subjected to freeze, pump, and thaw cycles for the 

complete removal of the solvents. The samples were heated above 

the melting point for 5 min prior to the measurements to ensure 

uniform mixing. The temperature dependence of the PXRD 

measurements was investigated using a Bruker APEX II Ultra (MoK). 

The radii of the cations and anions were calculated by assuming 

spheres of the same molecular volume, as determined by DFT 

calculations.12 Calculations were performed at the ωB97-D/LanL2DZ 

level using Spartan '18 software (Wavefunction Inc.). 
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Preparation of [Ru(C5H5)((S)-C6H5CHCH3OCH3)]PF6 ((S)-[1]PF6) 

(S)-C6H5CHCH3OCH3 (0.023 mL, 0.15 mmol) was added to a 1,2-

dichloroethane solution (0.6 mL) of [Ru(C5H5)(NCCH3)3]PF6 (50 mg, 

0.12 mmol), and the resulting solution was stirred at 90 °C for 18 h 

under a nitrogen atmosphere. Thereafter, the solvent was 

evaporated under reduced pressure and dried under vacuum at 60 °C 

for 2 h. The residue was dissolved in dichloromethane and charged 

into a short column of alumina. Impurities were first eluted with 

dichloromethane, following which the desired product was eluted 

with acetonitrile. The product was recrystallized from diethyl 

ether/dichloromethane at −40 °C. Pale yellow crystals (39 mg, yield 

72%) were obtained. 1H NMR (400 MHz, CDCl3):  = 1.41 (d, 3H, J = 

6.44 Hz, –CHCH3), 3.40 (s, 3H, –OCH3), 4.30 (q, 1H, J = 6.4 Hz, –CHCH3), 

5.32 (s, 5H, Cp–H5), 6.02–6.19 (m, 5H, Ar–H5). Anal. Calcd. for 

C14H17F6OPRu: C, 37.59; H, 3.83; N, 0.00. Found: C, 37.73; H, 3.71; N, 

0.17. FT-IR (ATR, cm–1): 3125 (C–H), 3002 (C–H), 1530 (Ar, C–C) 1457, 

1380, 1156 (C–O–C), 1009, 819, 773 (P–F), 555. The corresponding 

racemate (rac-[1]PF6) was synthesized using the same procedure 

using a racemic ligand (pale yellow crystals, yield 75%). 

Preparation of [Ru(C5H5)((S)-C6H5CHCH3OCH3)]CB11H12 ((S)-

[1]CB11H12) 

(S)-[1]PF6 (220.1 mg, 0.492 mmol) was dissolved in a mixture of 

acetonitrile (2 mL) and MeOH (20 mL) and charged into a column of 

anion exchange resin (Dowex 1X8, chloride form). MeOH (100 mL) 

was used as the eluent to obtain (S)-[1]Cl. The solution was 

concentrated and passed through the anion-exchange column again 

to obtain (S)-[1]Cl in a solid form almost quantitatively. The 

disappearance of the PF6 anion was confirmed in the 19F NMR spectra 

(CDCl3). An aqueous solution (0.8 mL) of CsCB11H12 (49 mg, 0.16 

mmol) was added to an aqueous solution (0.1 mL) of (S)-[1]Cl (35 mg, 

0.10 mmol), and the mixture was stirred for 30 min. The solution was 

filtered, and the filtrate was evaporated under vacuum. The residue 

was dissolved in a small amount of dichloromethane and filtered. The 

slow diffusion of diethyl ether into the filtrate at −6 °C precipitated 

the desired product, which was collected by filtration and dried 

under vacuum. Colorless block crystals (20 mg, yield 42%) were 

obtained. 1H NMR (400 MHz, CDCl3):  = 1.48 (d, 3H, J = 6.4 Hz, –

CHCH3), 1.73–2.54 (br, 12H, carborane–H) 3.47 (s, 3H, –OCH3), 4.18 

(q, 1H, J = 6.49 Hz, –CHCH3), 5.38 (s, 5H, Cp–H5), 6.10–6.27 (m, 5H, 

Ar–H5). Anal. Calcd. for C15H29B11ORu: C, 40.45; H, 6.56; N, 0.00. 

Found: C, 39.90; H, 6.36; N, 0.00. FT-IR (ATR, cm–1): 3110 (C–H), 2980 

(C–H), 2520 (B–H), 1528 (Ar, C–C), 1415, 1150 (C–O–C), 1089, 1064, 

1046, 1021, 1001, 866, 846, 716. The corresponding racemate (rac-

[1]CB11H12) was synthesized using the same procedure using rac-[1]Cl 

instead of (S)-[1]Cl (colorless block crystals, yield 62%). 

Preparation of [Ru(C5H5)((S)-C6H5CHCH3OCH3)]CF3BF3 ((S)-

[1]CF3BF3) 

An aqueous solution (0.5 mL) of KCF3BF3 (197 mg, 1.12 mmol) was 

added to an aqueous solution (0.5 mL) of (S)-[1]Cl (177 mg, 0.524 

mmol) and stirred for 1 h. The resulting suspension was extracted 

several times with dichloromethane. The organic layer was dried 

over anhydrous MgSO4, and the solvent was evaporated under 

reduced pressure. The residue was washed with toluene, and its 

solution in acetonitrile was passed through a short column of 

alumina using acetonitrile as the eluent. After the evaporation of the 

solvent from the eluted fraction, the product was dried under 

vacuum at ambient temperature for 2 h and subsequently at 60 °C 

for 3 h. Pale brown solids (117 mg, yield 50 %) were obtained. 1H 

NMR (400 MHz, CDCl3):  = 1.42 (d, 3H, J = 6.4 Hz, –CHCH3), 3.40 (s, 

3H, –OCH3), 4.16 (q, 1H, J = 6.44 Hz, –CHCH3), 5.38 (s, 5H, Cp–H5), 

6.02–6.19 (m, 5H, Ar–H5). Anal. Calcd. for C15H17BF6OPRu: C, 41.02; 

H, 3.90; N, 0.00. Found: C, 40.76; H, 3.86; N, 0.00. FT-IR (ATR, cm–1): 

3122 (C–H), 1526 (Ar, C–C) 1456, 1417, 1379 (C–F), 1151 (C–O–C), 

1044, 1006, 975, 950, 848, 826, 725, 633. The corresponding 

racemate (rac-[1]CF3BF3) was synthesized using the same procedure 

using rac-[1]Cl instead of (S)-[1]Cl (yellow liquid, yield 76%). 

Preparation of [Ru(C5H5)((S)-C6H5CHCH3OCH3)]CPFSA ((S)-

[1]CPFSA) 

An aqueous solution (4 mL) of LiCPFSA (36 mg, 0.12 mmol) was added 

to a dichloromethane solution (4 mL) of (S)-[1]Cl (23 mg, 0.068 mmol), 

and the mixture was stirred for 2 h. The resulting suspension was 

extracted several times with dichloromethane. The solvent was 

evaporated under reduced pressure and dried under vacuum. The 

anion-exchange procedure was performed again using the same 

procedure. The evaporation of the solvent from the eluted fraction 

gave an oil, which was subsequently dissolved in dichloromethane (4 

mL). The solution was washed three times with water, and the 

organic layer was dried over anhydrous MgSO4. The solution was 

passed through a short column of alumina using dichloromethane as 

the eluent to remove impurities, after which the desired product was 

eluted with acetonitrile. The solvent was evaporated from the eluted 

fraction under reduced pressure, and the residue was dried under 

vacuum at 60 °C for 2 h, after which it was subjected to freeze, pump, 

and, thaw cycles for the complete removal of the solvents. Yellow 

liquid (40 mg, yield 95%) was obtained. Anal. Calcd. for 

C17H17F6NO5RuS2: C, 34.34; H, 2.88; N, 2.36. Found: C, 34.74; H, 3.00; 

N, 2.5. FT-IR (ATR, cm–1): 3110 (C–H), 2926 (C–H), 1530 (Ar, C–C), 

1417, 1456, 1352 (C–F), 1156 (C–O–C), 1088 (S=O), 1036 (S=O), 994, 

848, 796, 603. 1H NMR (400 MHz, CDCl3):  = 1.47 (d, 3H, J = 6.4 Hz, 

–CHCH3), 3.45 (s, 3H, –OCH3), 4.75 (q, 1H, J = 6.44 Hz, –CHCH3), 5.39 

(s, 5H, Cp–H5), 6.12–6.32 (m, 5H, Ar–H5). 19F NMR (400 MHz, CDCl3): 

 = –119.3, –126.0. The corresponding racemate (rac-[1]CPFSA) was 

synthesized using the same procedure using rac-[1]Cl instead of (S)-

[1]Cl (yellow liquid, yield 80%). 

X-ray crystallography 

Single-crystal XRD data were collected using a Bruker APEX II Ultra 

CCD diffractometer with MoK radiation (λ = 0.71073 Å). The 

structures were determined by the direct method using SHELXL.52 

Single crystals of rac-[1]CB11H12 and (S)-[1]PF6 were produced by the 

slow diffusion of diethyl ether into a dichloromethane solution at 

−6 °C and the slow cooling of the solution in dichloromethane–

diethyl ether at −40 °C, respectively. The - and -polymorphs of rac-

[1]CB11H12 were platelet and block crystals, respectively. Their 

crystallographic parameters are listed in Table S1 (ESI†). 
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Fig. S5. 1H NMR spectrum of (S)-[1]PF6 (400 MHz, Solvent: CDCl3). 
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Table S1. Crystallographic parameters of S-[1]PF6 and rac-[1]CB11H12. 

 S-[1]PF6 rac--[1]CB11H12 rac--[1]CB11H12 

Empirical formula C14H17F6OPRu C15H29B11ORu C15H29B11ORu 

Formula weight 447.31 445.36 445.36 

Crystal system Orthorhombic  monoclinic triclinic 

Space group P212121 P21/c P–1 

a [Å] 9.5873(6) 9.590(2) 8.7042(10) 

b [Å] 12.2766(8) 22.809(5) 10.1448(12) 

c [Å] 12.9471(8) 9.636(2) 12.0722(14) 

α [°] 90 90 99.0460(10) 

β [°] 90 94.756(3) 95.8930(10) 

γ [°] 90 90 96.4770(10) 

V [Å3] 1523.87(17) 2100.5(9) 1038.1(2) 

Z 4 4 2 

calcd [g cm–3] 1.950 1.408 1.425 

F(000) 888 904 452 

Temperature [K] 90 90 90 

Reflns collected 8801 11884 5300 

Independent reflns 3494 4862 3865 

Parameters 210 285 259 

Rint 0.0197 0.0514 0.0157 

R1
a, Rw

b (I > 2σ) 0.0144, 0.0364 0.0527, 0.0963 0.0201, 0.0532 

R1
a, Rw

b (all data) 0.0145, 0.0364 0.0852, 0.1059 0.0203, 0.0533 

Goodness of fit 1.147 1.102 1.089 

max,min [e Å–3] 0.301, –0.785 1.090, –1.354 0.330, –0.557 

Flack parameter 0.037 – – 
aR1 = Σ||Fo| – |Fc|| / Σ|Fo|. 

bRw = [Σw (Fo
2 –Fc

2)2/Σw (Fo
2)2]1/2 


