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Abstract 

The enantiomers of four chiral 3-aryl-substituted--butyrolactones, key intermediates for the 

preparation of compounds of pharmaceutical interest, were successfully isolated by 

enantioselective chromatography, employing the Chiralpack AD-H chiral stationary phase. 

For all compounds the same elution order was observed, as monitored by a full set of 

chiroptical methods that we employed, namely ORD (optical rotatory dispersion), ECD 

(electronic circular dichroism, or CD in the UV range), and VCD (vibrational circular 

dichroism, or CD in the IR range). By density functional theory (DFT) calculations we were 

able to determine that the first eluted enantiomer has (S) absolute configuration in all four 

cases. We were able to justify the elution order by molecular docking calculations for all four 

enantiomeric couples and suitable modeling of the stationary and mobile phases of the 

employed columns. The optimal performance of the chiroptical spectroscopies and of the DFT 

calculations allows us to formulate a lactone chirality rule out of the C=O stretching region of 

the VCD spectra.   

Keywords: -butyrolactones; chiral HPLC; ORD (optical rotatory dispersion); ECD 

(electronic circular dichroism); VCD (vibrational circular dichroism); DFT (density functional 

theory); molecular docking calculations; lactone chirality rule 

  



1. Introduction  

 

The -butyrolactone ring is a five-membered cyclic scaffold widely distributed in bioactive 

natural products (i.e. Helenalin, Parthenolide, Fig. 1) [1], as well as in synthetic molecules of 

pharmaceutical interest, such as antifungal [2], anticancer [3] and antifeedant compounds [4] 

(Fig. 1). From a synthetic standpoint, the -butyrolactone can be considered a versatile key 

intermediate for the preparation of various compound classes, including analogues of -

hydroxybutyric acid [5] and ω-hydroxy analogues of aminoacids [6].  Interestingly, -

butyrolactones also represent key intermediates for the preparation of novel biologically 

active molecules identified in our recent researches [7,8]. Specifically, they are important 

intermediates for the synthesis of novel PKC ligands (Fig. 1) [7], which we recently identified 

within the frame of researches aimed at discovering new valuable candidates for 

neurodegenerative diseases treatment. Additionally, the -butyrolactones also represent 

versatile intermediates for the preparation of novel sigma 1 receptor ligands (Fig. 1) [8], 

which we recently identified as highly promising compounds for neuropathic pain treatment 

basing on our long-lasting experience in the field of sigma receptor modulators [9-18]. As 

clearly shown in Fig. 2, the PKC and sigma 1 receptor ligands which we had studied are both 

characterized by the presence of one stereogenic center and therefore are chiral. Taking into 

account that the enantiomers of a biologically active compound may show different 

interactions to the target protein and, more generally, different behavior in the biological 

environment, the preparation and the biological investigation of its enantiopure forms 

represent key steps in the drug discovery process [19,20]. Accordingly, in our ongoing 

research projects we are approaching the preparation of our PKC and sigma1 receptor ligands 

as homochiral compounds in amount and purity suitable to perform an exhaustive  biological 

investigation. As previously discussed, the 3-aryl-substituted--butyrolactones 1-3 (Fig. 2) are 

the key intermediates for the synthesis of both the compound classes considered. Moreover, 

being the first chiral intermediates of the synthetic route in both cases, they emerged as the 

optimal candidates for the preparation of enantiopure forms to be next used as homochiral 

building blocks for the asymmetric synthesis of the target compounds.  

 

Figure 1 about here 

 

Figure 2 about here 

 



Herein we report on the isolation of the enantiomers of 1-3 and the assignment of their  

absolute configuration (AC) by a full set of chiroptical techniques (ECD = Electronic Circular 

Dichroism or CD in the UV range; VCD = Vibrational Circular Dichroism or CD in the IR 

range; ORD = Optical Rotatory Dispersion). To isolate enantiomeric 1-3, we select 

enantioselective High Performance Liquid Chromatograpy (HPLC) resolution on Chiral 

Stationary Phases (CSPs), as a viable route for straightforward and rapid access to both the 

enantiomers with high optical purity and yields [13, 21-24]. Enantiomeric -butyrolactone 4  

(Fig. 2) was also prepared and characterized as reference compound, for configurational 

assignment (AC) purposes [25]. 

In this work the employed chiroptical techniques will allow us to easily determine the AC and 

no contradictory indication will emerge from their use, as sometimes happens and as pointed 

out in the literature [26-30]. We therefore do not need to rely on the combination of the three 

techniques, since the answer is univocal, as recently found on Y-shaped putative drugs [31]. 

However we will insist somewhat more deeply on the VCD results [32], since this will allow 

us on the one hand to study in detail the conformational aspects of the molecules and has 

earned success in the assignment of the absolute configuration of natural products and drug 

molecules [33-38]. The latter are investigated by Density Fuctional Theory (DFT) 

calculations, which allow one to check also the prediction of the spectroscopic data. Finally, 

the AC assignment will allow us to test and to rationalize the HPLC results, about the elution 

order of the enantiomers. This will be studied on the basis of the DFT results and Molecular 

Docking “experiments”.  

 

 

  



2. Materials and methods 

2.1 Chemicals  

Solvents used as eluents (HPLC grade) were obtained from Aldrich (Italy). (R/S)-1-3 were 

prepared by us as already described [7]. The same reaction procedure was applied to the 

preparation of the reference compound (R/S)-4 (for experimental details see supplementary 

information). 

2.2 HPLC Separation  

HPLC measurements were carried out on a Jasco system (JASCO Europe, Cremella, LC, 

Italy) consisting of PU-2089 plus pump, AS-2055 plus autosampler and MD-2010 plus 

detector. Data acquisition and control were performed using the Jasco Borwin Software.  

Retention factors of first and second eluted enantiomer ka and kb, respectively, were calculated 

following IUPAC recommendations [39]; the dead time t0 was considered to be equal to the 

peak of the solvent front for each particular run. Resolution was calculated according to Ph. 

Eur. 2.2.29 [40], enantioselectivity () was calculated according to: = kb / ka. 

For a first rough characterization, optical rotation measurements were determined on a Jasco 

photoelectric polarimeter DIP 1000 (JASCO Europe, Cremella, LC, Italy) using a 0.5 dm cell 

and a sodium and mercury lamp (λ = 589 nm, 435 nm, 405 nm); sample concentration values 

(c) are given in g 10
-2

mL
-1

.  

 

2.3 Chiral chromatography  

In order to identify the best conditions for the resolution of (R/S)-1-3 to be properly scaled up, 

an analytical screening was first performed using the commercially available Chiralcel OJ-H 

(150 mm x 4.6 mm, 5 µm), Chiralpak
 
IC (250 mm x 4.6 mm, 5 µm), Chiralpak AD-H (150 

mm x 4.6 mm, 5 µm) columns (Daicel Industries Ltd., Tokyo, Japan). The mobile phase 

compositions as well as the chromatographic parameters are summarized in Table SI-1 of the 

Supplementary Material. Sample solutions of the analyte [1 mg mL
-1

 in selected mobile 

phase] were filtered through 0.45 µm PTFE membranes (VWR International, Milan, Italy) 

before analysis. The injection volume was 10 µL, the flow rate was 1.0 mL min
-1 

and 

detection wavelength was 274 nm (compounds 1 and 2) and 254 nm (compound 3). All 

experiments were performed at room temperature (r.t.). 

The enantiomers of (R/S)-1-3 were then completely resolved by a semi-preparative process 

using a RegisPack column (250 mm × 10 mm, 5 µm) (Regis Technologies Inc., Morton 

Grove, IL, USA) according to conditions summarized in Table 1. As regards reference 

compound 4 , its enantiomers were resolved using the same RegisPack column (250 mm × 10 



mm, 5 µm) applying the elution conditions previously described [25] with suitable 

modification (Table 1). The eluate was properly partitioned according to the UV profile. The 

collected fractions were evaporated at reduced pressure. In process control was performed 

using an analytical Chiralpak AD-H column. 

 

Table 1 about here 

 

2.4 Chiroptical Measurements 

Three types of chiroptical data were considered, namely ORD, ECD and VCD. Details on 

instrumentation and measurement conditions are briefly described below. 

a)Optical Rotatory Dispersion (ORD) 

The ORD measurements were carried out with a Jasco P-2000 Polarimeter. A 10 cm micro 

SiO2 cuvette was employed in all cases with CHCl3 solutions at ca. 0.01 M. Solutions were 

studied at 25 °C and five wavelengths were considered for Optical Rotations (OR), 589 nm 

(Na lamp), 546, 435, 405, and 365 nm (Hg lamp). OR data were obtained with ten 

measurements at each wavelength and proper subtraction of the OR data from the solvent at 

the same wavelength was carried out. Specific rotation values were obtained from a program 

of the instrument. The experimental data at two adjacent wavelengths were connected through 

a straight line.    

b)Electronic Circular Dichroism (ECD) 

ECD spectra were taken from 350 to 185 nm on a Jasco 815SE spectropolarimeter. Solutions 

were measured in a range of ca. 0.002-0.003M/CH3CN and were contained in 0.1 mm quartz 

cylindrical cuvettes. For each measurement, 10 scans were taken and averaged, considering 

both enantiomers of each compound 1-4. ECD spectra of the solvent in the same experimental 

conditions were subtracted. Data are reported in  vs.  (nm), from knowledge of the cell 

pathlength and solution concentration.   

c)Vibrational Circular Dichroism (VCD) 

VCD spectra were taken from 950 to 1800 nm on a Jasco FVS6000 FTIR spectropolarimeter. 

Solutions were ca. 0.1M/CDCl3 and were contained in 200 m BaF2 IR cells. 5000 scans were 

taken for each measurement on both enantiomers of each compound 1-4. A resolution of 4 

and 8 cm
-1

 was used in recording 950-1500 cm
-1

 and 1600-2000 cm
-1

 region respectively. 

VCD spectra of the solvent in the same experimental conditions were obtained between the 



measurements of the two enantiomers and were then subtracted and data are reported in  vs. 

 (cm
-1

), from knowledge of the cell pathlength and solution concentration.   

 

2.5 DFT Calculations and Docking Simulations. 

Conformational analysis of each molecule in a given configuration (S for 3 and 4 and R for 1 

and 2) was carried out at the Molecular Mechanics (MM) level, with allowance of all 

conformer in the range 0-5 kcal/mol from the most stable one. All these conformers were fed 

to Gaussian09 [41] and DFT calculated conformers and IR and VCD spectra were obtained at 

B3LYP/TZVP level within the PCM approximation [42]. VCD and IR spectra simulation was 

obtained by assigning a Lorentzian band to each calculated transition, with assigned 

bandwidth of 10 cm
-1

, for the rotational and dipole strengths calculated through Gaussian09. 

Scaling factors of 0.96 and 0.98 were applied to the calculated VCD bands in the C=O 

stretching region and fingerprint region respectively. ECD and ORD calculated spectra were 

obtained by Gaussian09 using respectively CAM-B3LYP/TZVP and CAM-B3LYP/6-

311++G(d,p) levels of theory. ECD Spectra were simulated for 0.2 wide Gaussian bands. All 

calculated ECD and UV absorption transitions were shifted by 10 nm and were divided by 3, 

to facilitate comparison with experimental data.  

 

3. Results and discussion 

Racemic 1-3 were recently synthesized within our research projects focused on the 

identification of new molecules potentially useful in the treatment of neurodegenerative 

diseases and neuropathic pain. Indeed, they are key intermediates of the synthetic pathway of 

both PKC [7] and sigma 1 receptor [8] ligands recently studied by us, as already stated in the 

introduction section (Fig. 1 and 2). More specifically, the -butyrolactones 1-3, in their 

enantiomeric forms, represent valuable homochiral building blocks for the asymmetric 

synthesis of the target compounds.  

Accordingly, we developed an enantioselective HPLC methodology using CSPs suitable to 

quickly dispose of both the enantiomers of 1-3 in g-scale with an enantiomeric purity 

adequate for the configurational study. To this aim, we followed the so called “fit-for 

purpose” strategy recently outlined at Pfizer and Vertex and applied in our recent researches 

for the isolation of the enantiomers of an interesting sigma 1 receptor agonist [24]. The 

enantiomers of reference compound 4, whose absolute configuration had been already 

assigned [25], were also isolated for comparative purposes.  

 



3.1 Preparation of 1-4 enantiomers via enantioselective chromatography 

In the first step of our study, a primary standard screening protocol for cellulose and amylose 

derived CSPs [23] was applied to Chiralcel OJ-H and Chiralpak
 
IC (cellulose derivatives) as 

well as to Chiralpak AD-H (amylose derivative), which are some of the most versatile CSPs 

available in our laboratories. Mobile phases included alcohols, such as methanol (MeOH), 

ethanol (EtOH) and 2-propanol (IPA), as pure solvents or in mixtures, as well as mixtures of 

n-heptane (n-Hep) and IPA as polar modifier. Results of the screening protocol are reported in 

Table SI-1 expressed in terms of retention factor (kA or kB), separation factor (α), and 

resolution factor (RS). 

Generally, poor or no separation was observed on Chiralpak IC, with the only exception of 

(R/S)-2, for which acceptable results were obtained only eluting with mixtures of alkane and 

polar modifier. As regards Chiralcel OJ-H, no separation was observed for (R/S)-1 with all 

tested mobile phases, almost baseline separation was obtained for (R/S)-2 eluting with 

mixtures of alkane and polar modifier, while good enantioseparation was achieved for (R/S)-

3, eluting with mixtures of alkane and IPA, pure IPA and IPA/EtOH. Unfortunately, analysis 

of (R/S)-3 resulted quite time-consuming and thus do not provide enough confidence for a 

productive scale-up.  

Interestingly, results on Chiralpack AD-H turned out to be much more promising. In details, 

Chiralpack AD-H was the only effective CSP in the separation 1-enantiomers, for which 

almost baseline separation was achieved eluting with both n-Hep/IPA (90/10 v/v, α = 1.06, Rs  

= 1.15) and pure MeOH (α = 1.10, Rs = 1.56). Good enantioselectivity and excellent 

resolution were obtained for both (R/S)-2 and (R/S)-3 eluting with n-Hep/IPA [90/10 v/v, α = 

1.20, Rs = 3.05 for (R/S)-2 and α = 1.34, Rs = 5.34 for (R/S)-3], within relatively short 

retention times. Moreover, retention behavior, enantioselectivity and resolution of 3-

enantiomers remained almost unvaried, when eluting with pure MeOH (α = 1.38, Rs = 5.12). 

To sum up, from results of our primary screening Chiralpack AD-H clearly emerged as the 

optimal CSP for separating the enantiomers of (R/S)-1-3 in (semi)preparative scale. 

Concerning the elution conditions, the best results in terms of both enantioresolution and 

shortest retention times were obtaining using pure MeOH for (R/S)-1 and (R/S)-3 and n-

Hep/IPA (90/10 v/v) for (R/S)-2 (Table SI-1). As previously discussed, none of the elution 

conditions experimented provided baseline separation of 1-enantiomers. Therefore, we 

decided to change the polar modifier in the alkane/alcohol mobile phase, using EtOH instead 

of IPA. Indeed, it is well known that a change of the alcohol modifier often gives rise to a 

changed chiral selectivity. Accordingly, the mixture n-Hep/EtOH [90/10 and 85/15 (v/v)] 



were experimented (Table SI-1). Unfortunately, worst results was obtained for (R/S)-1. On the 

contrary, the resolution of the enantiomers of both (R/S)-2 and (R/S)-3 was greatly improved. 

Particularly: i) good enantioselectivity and high resolution (α = 1.23, Rs = 3.24) combined 

with a slight decrease of the retention times was observed for (R/S)-2 by eluting with n-

Hep/EtOH 85/15 (v/v); and ii) excellent resolution of the enantiomers of (R/S)-3 was observed 

eluting with both the mobile phase compositions (Rs almost 10 or higher than 10), but 

analysis became time-consuming, and thus not suitable for the semi preparative scale up.  

To sum up, considering that shortest retention times combined with elution using a solvent as 

cheap as possible are important prerequisites for an economic and productive (semi)-

preparative enantiomeric separation, and based on the analytical screening results (Table SI-

1), we selected for the next (semi)-preparative scale-up the Chiralpack AD-H CSP, combined 

with pure MeOH for (R/S)-1 and (R/S)-3 and with n-Hep/EtOH 85/15 (v/v) for (R/S)-2 as 

eluent (Fig. SI-1)  

The separation of 1-3-enantiomers in (semi)preparative scale was accomplished using a 

RegisPack column (250 mm × 10 mm, 5 µm) according to conditions summarized in Table 1. 

Actually, 22 mg of (R/S)-1 were processed in 6 cycles, yielding 7.2 mg of first enantiomer (ee  

= 99.4%) and 9.2  mg of the second eluted one, along with 3.4 mg of an intermediate fraction 

as a mixture of the two enantiomers. Unfortunately, the analytical control of the obtained 

fractions revealed that the second eluted enantiomer of 1 do not meet the requisites of optical 

purity needed for the configurational study (ee = 78.3%). Therefore it was reprocessed under 

the same elution conditions, providing 7.8 mg of the target compound with the desired 

enantiomerical purity (ee = 97.7%). As regard (R/S)-2, 12 mg were processed in 3 cycles, 

giving 3.7 mg of the first enantiomer and 3.8 mg of the second enantiomer, both with high 

enantiomeric excess (ee ≥ 99%). Finally, 30 mg of (R/S)-3 were processed in 4 cycles, 

yielding 10.3 mg of the first enantiomer (ee = 98.8%) and 12 mg of the second eluted one, 

along with 2.5 mg of an intermediate fraction as a mixture of the two enantiomers. Again, 

from the analytical control of the collected fractions it emerged that the second eluted 

enantiomer possesses low optical purity (ee = 76.8%) and thus it was processed under the 

same experimental conditions ultimately giving 9.5 mg of the target compound with high 

optical purity (ee=  98.3%). For the configurational study, the enantiomers of 4 were also 

isolated as reference compounds of known absolute configuration via enantioselective HPLC 

using a RegisPack column (250 mm × 10 mm, 5 µm) and applying the elution conditions 

previously described by Luo et al [25], with suitable modifications (Table 1). Briefly, 20 mg 



of (R/S)-4 were processed in two cycles yielding 8.8 mg of first enantiomer and 7.1 mg of 

second enantiomer with an ee higher than 95.0 %. 

To sum up, by applying the recently developed “fit-for purpose” strategy, we successfully 

isolated the enantiomers of 1-4 via enantioselective HPLC in amount and enantiomeric excess 

suitable for configurational study, as evidenced by the chiroptical properties and process 

yields reported in Table 2 as well as by the final analytical control of the enantiomers 

collected (Fig. SI-2). It is worth noting that, as clearly stated in Table 2, using the Chiralpak 

AD-H (an amylose derived CSP column) the dextro isomers are the first eluted enantiomers 

for all the studied -butyrolactones. 

 

Table 2 about here 

 

3.2 Chiroptical Spectroscopies and Assignment of the Absolute Configuration 

 

Figure 3 about here 

 

In Fig. 3 we report the superimposed experimental VCD spectra in the C=O stretching region 

(1850-1700 cm
-1

), in the so called fingerprint region (1600-950 cm
-1

), the superimposed 

experimental ECD spectra and the experimental ORD traces for the two enantiomers of 4 and 

3 (top part of Fig. 3) and of 1 and 2 (lower part of Fig. 3). We have decided to report the data 

in order of increasing molecular complexity, to better proceed in the following discussion. 

First of all we notice that there is an excellent mirror image aspect in the data of each couple 

of enantiomers. Also please notice that the color coding of the curves has always been: blue 

for the first eluted enantiomer and red for the second eluted enantiomer. One may also notice 

that the chiroptical data bear an evident correspondence with the order of elution. In particular 

one may observe that VCD band in the C=O stretching region and the OR data are positive 

for the first eluted enantiomers of all four compounds and are negative for the second eluted 

enantiomers (ORD data are also similar in absolute values, ranging from ca. 50 at 600 nm to 

100 at 400 nm). VCD spectra of 3 and 4 are quite similar in sign and intensity for most of the 

VCD bands, they share with the VCD spectra of 1 and 2 just three features between 1150 and 

1250  cm
-1

, which for the first eluted enantiomer are (-,-,+) in order of increasing 

wavenumbers. Also ECD spectra show strong similarities in sign and shape: one may notice 

that the first intense band in the range of 220-230 nm is negative for the first eluted 

enantiomer of all molecules; for all compounds a positive band is observed between 185 and 



220 nm, which though is structured differently in the four cases. While the UV spectra bear 

similar intensities for all four molecules (the band at ca. 200 nm has an  of ca. 40,000), the 

ECD spectra of 4 and 2 are stronger than those of 1 and 3: in the former cases the band at ca. 

200 nm has  of ca. 10, while 3 has (max)~2 and 1 has (max)~4. For the proper 

interpretation of phenomena underlying these variations, one needs DFT calculations which 

will be presented below. However, even without performing calculations, one sees that the 

sign of most chiroptical data is in accord with the elution order, in particular the VCD band 

for the C=O stretchings and the ORD curves are positive for the first eluted enantiomers and 

negative for the second ones. Calculation will help to establish that the order of elution is 

related to a consistent AC, which is (S) for the first eluted enantiomers and (R) for the second 

ones.  

In Fig. 4-left we report the comparison of DFT calculated VCD and IR spectra for the (S) 

enantiomers of 4 and 3 with the experimental VCD and IR spectra of the first eluted 

enantiomers of the same compounds, while in Fig. 4-right we compare DFT calculated VCD 

and IR spectra for the (R) enantiomers of 1 and 2 with the experimental VCD and IR spectra 

of the second eluted enantiomers of these compounds. Calculations match experiments in 

almost all bands, even weak ones; this allows us to conclude that the first eluted enantiomers 

are always (S), while the second eluted ones are (R). The best results are obtained for 

molecules 3 and 4, while some minor problems are met with 1 and 2; since also the IR spectra 

are predicted with a very good degree of confidence, we conclude that the conformational 

population is computed in an excellent way, especially for the molecules where the number of 

conformers is small (3 and 4).  

 

Figure 4 about here 

 

The calculated spectra are the averages through weights proportional to e
-(G/RT)

; the latter 

weights, which are de facto population factors, are presented in Table 3, together with the 

values of three significant geometrical parameters and the values of the calculated rotational 

strength for the C=O stretching mode. 

 

Table 3 about here 

Table 4 about here 

 

 



To establish how well computed VCD and ECD spectra compare with experimental ones, 

beyond qualitative observation, we calculated the similarity index defined in eq. 1 [43]: 

 

     
∫ ( ) ( )  

√∫|  ( )|  ∫|  ( )|  
    (1) 

 

where f(x) is the computed spectrum (VCD or ECD), g(x) is the experimental one and x is the 

wavenumber and wavelength in the case of VCD and ECD respectively. The integral is 

extended to the region of interest. In the case of VCD we considered the region between 950 

and 1550 cm
-1

. The ECD data will be discussed later on. The number S.I. provides a 

performance criterion for establishing whether AC has been correctly assigned: if the number 

is close to +1, the assumed AC is correct; if it is close to -1 the assumed AC must be reversed. 

In Table 4 we report the S.I. values for different choices of the scaling factors and we observe 

that the best scaling factor is 0.98: in this case S.I. numbers are between 0.52-0.58 for 4, 3 and 

1. For molecule 2 we have S.I. = 0.31: we noticed that this is due to the mismatch in the 

prediction of the negative experimental band at ca. 1000 cm
-1

 which is calculated positive. 

Indeed we learn from this example that the S.I. parameter is especially sensitive to the sign of 

the VCD bands and is less sensitive to their absolute values. Since qualitatively VCD spectra 

for 4 and 3 are excellently predicted, we conclude that a S.I. value of ca. +0.6 denotes 

unambiguous AC determination; in any case also for molecule 2 the AC is correctly 

determined. 

The analysis of geometrical data of Table 3 allows to appreciate the relevant features of the 

most populated conformers of molecules 1-4 (in Figure SI-3 we provided the structure of the 

first two conformers). The relevant geometrical parameters are 1 = C(=O)CC*H, 2 = 

CC*CC,  = C(=O)CC*C. 1 is positive for (S) and negative for (R) and has higher absolute 

values (ca. 140°) for axial than for equatorial conformations (from ca. 60 to 70°); 2 describes 

the orientation of the external group; finally  describes the puckering of the lactone ring and 

has two values, ca. +27° for equatorial and -24° for axial conformers. One may see that, 

overall, the equatorial conformers dominate in population over axial conformers, being 

populated from 70% to 80% in the various cases. Additionally one sees that the sign of the 

calculated rotational strengths for the C=O stretching mode correlates with the absolute 

configuration, irrespective on the conformation being axial or equatorial; only its absolute 

value depends on conformation and is larger for axial conformers than for equatorial 

conformers. All these facts make the C=O stretching band a good marker of AC and finds a 



nice explanation in the calculated APT (atomic polar tensor) and AAT (atomic axial tensor) 

for the C and O atoms in a reference axis system centered in the middle of the C=O bond, 

with the z-axis along C=O, y perpendicular to the lactone plane O=CCO and x lying on the 

latter plane (see Table SI-2): since their scalar product defines the rotational strengths [32], 

one may see that, due to cancellation in the other two directions, the rotational strength is 

generated by the y-components of the APT and AAT of the C and O atoms defining the C=O 

bond. The y-component of the AAT is related to a ring current in the lactone ring initiated by 

the C=O stretching. In SI we also provide the three-dimensional structures for the two most 

populated conformers of the four molecules according to Table 3. Another good marker of the 

lactone configuration is the (-,-,+) triplet of bands in order of increasing wavenumbers for the 

(S) enantiomer (and (+,+,-) for the (R) enantiomer) between 1150 and 1250 cm
-1

; as of Figure 

SI-4, one sees that such bands originate from normal modes involving the C-O stretching 

mode of the lactone moiety.  

 

Figure 5 about here 

 

Also the ECD spectra and ORD curves are excellently predicted by TD-DFT calculations, as 

one may see from Fig. 5, where results are for the (S) enantiomers of 4 and 3 and for the (R) 

enantiomers of 1 and 2 respectively. In all cases signs are perfectly predicted for each ECD 

band as well as for the all four ORD curves; just one may observe that calculated ECD and 

UV absorption spectra of the four molecules are overall a bit too intense and we had to scale 

them down. Referring to Table 4 we may look at the S.I. parameter for judging the 

performance of calculated ECD spectra. The S.I. parameters are all above +0.75 and for 4 and 

2 are above +0.90: this means that the assumed AC for 1-4 is correct. The high values for S.I. 

are due to the fact that ECD bands are less in number than in the VCD case; smaller S.I. 

values are found for 3 where the positive ECD band at high energy is incorrectly predicted in 

sign; similar reasons hold for the small S.I. value for 2. The calculated ORD values instead do 

not show a unique trend; they are either exact or small in absolute value.  

A last comment on the ECD spectra is that the single ECD bands are not assignable to C=O 

n→* or to →* transitions in the aromatic moieties, which mutually influence each other; 

besides the n→* transition in lactones is quite different from ketones, as pointed out by 

Klyne [44-46] in the early days of CD spectroscopy, making it of limited use for 

configurational assignment. This provides the C=O stretching VCD data a great value for AC 

assignment. Indeed the latter data may acquire the significance of a configurational marker. 

Additionally we may state that also the (-,-,+)/(+,+,-) triplet between 1150 and 1250 cm
-1

 are 



marker of the absolute configuration of the lactone ring, being associated to C-O single bond 

stretching and we notice that Klyne had pointed out the special character of the C-O lactone 

bond in association with corresponding C=O bond [45-46]. 

In any case from all the chiroptical data we conclude with no possible doubt that the AC is 

unambiguously defined: for all molecules 1-4 the first eluted enantiomer has (S) configuration 

and the second eluted enantiomer has (R) configuration. Such an Occam-razor conclusion is 

not universal for all chiral molecules [32] and especially for pharmaceutically relevant 

molecules [29,38] or for natural products [37,47]. It is noteworthy also that the same type of 

column determines the same order of elution in enantiomeric separation; this will be 

investigated in the next paragraph. 

  

3.3 Docking Numerical Experiments 

In the present paragraph we comment the results for the docking numerical experiments for 

the two enantiomers of each molecule 1-4 onto the stationary phase of the AD-H columns, 

namely amylose tris-(3,5-dimethylphenylcarbamate) polymer. The 3D-structure of the four 

molecules was obtained from the previous DFT analysis: we considered just the most 

populated conformer of Table 3. The 3D-polymer structure of amylose tris-(3,5-

dimethylphenylcarbamate) in AD-H was obtained from PDB at ref. 48. AutoDock Tools 

(ADT) was downloaded free of charge from the web [49] and was used to prepare input file 

for docking simulations. The docking studies were carried out with AutoDock 4.2 (Scripps 

Research Institute, USA). The grid box was set to 70x70x70 (Å) with 0.375 Å spacing. 

Lamarckian genetic algorithm was used with 100 runs, population size of 300, maximum 

number of 500,000 energy evaluations, a mutation rate of 0.02 and a crossover rate of 0.50. 

The mobile phase was accounted for by the use of the dielectric constant corresponding to it, 

namely: i) methanol for (R/S)-1 and (R/S)-3; ii) weighted average of n-heptane/ethanol (85/15, 

v/v) for (R/S)-2; and iii) weighted average of n-heptane/ethanol (95/5, v/v) for (R/S)-4. 

The mean docking energy of (R) and (S) enantiomers are compared in Table 5. The energies 

are consistent with the chromatography results: longer elution times are indeed systematically 

associated with larger absolute values of the calculated binding energy in each one of the four 

enantiomeric couple. 

 

Table 5 about here 

 



The results are quite explicative about the systematic preference of the (S) configuration in 

being first eluted; this may be further appreciated by looking at Fig. 6 where the structure of 

amylose tris-(3,5-dimethylphenylcarbamate) polymer with either one of the two enantiomers 

of 1 is reported. One may see that the (S) enantiomer fits into amylose better than the (R) 

enantiomer; binding is ensured by a shorter hydrogen bonding. 

 

Figure 6 about here 

 

4. Conclusions 

In this work we have carried out the HPLC enantiomeric separation in semi-preparative scale 

of four closely related chiral 3-aryl-substituted--butyrolactones, which are intermediates for 

reactions to several pharmaceutically relevant molecules, including novel sigma 1 receptor 

ligands as well as novel PKC ligands. We demonstrated that the first eluted enantiomer has 

always (S) configuration. The determination of the absolute configuration has been made 

possible by three chiroptical spectroscopies, ECD, VCD and ORD and by DFT calculations. 

The three methods have given a unanimous answer to the problem of the absolute 

configuration assignment, which is rather an exception than a rule [30,32,38]. Finally we have 

been able to justify the observed constancy in elution order, through Molecular Docking 

numerical experiments, by evaluating free energy values of interaction of each enantiomeric 

couple to amylose derived chiral stationary phase of the employed columns.   
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CAPTION TO FIGURES 

Figure 1. Involvement of the -butyrolactone ring in biologically active molecules. 

Figure 2. Synthetic pathway of PKC and sigma 1 receptor ligands. 

Figure 3. Superimposed VCD spectra in the C=O stretching region (first column from left), in 

the fingerprint region (second column), ECD spectra (third column) and ORD curves fort he 

two enantiomers of  molecules 4 (top row), 3 (second row from top), 1 (third row) and 2 

(bottom row). The first eluted enantiomer is color-coded blue in all graphs, and the second 

eluted one is color-coded red in all graphs. 

Figure 4.  Comparison of experimental (color, solid lines) with calculated (black, dashed 

lines) VCD spectra of molecules 4 and 3 (left columns, top and lower respectively) and of 

molecules 1 and 2 (right columns, top and lower respectively). Calculated spectra are 

Boltzmann averages from calculated spectra of each single conformer (see Table 3). Color 

coding as in Figure 3. 

Figure 5. Comparison of experimental (color, solid lines) with calculated (black, solid lines) 

ECD spectra and ORD curves of molecules 4 and 3 (first left two columns) and of molecules 

1 and 2 (right columns, top and lower respectively). Calculated spectra are Boltzmann 

averages from calculated spectra of each single conformer (see Table 3). Color coding as in 

Figure 4. (For molecule 3, the Gaussian width of bands is assumed to be 0.3 eV, for the other 

molecules it is 0.2 eV-see Experimental Section). 

Figure 6. Molecular docking analysis for compound 1 in the two enantiomeric forms R (left) 

and S (right) onto polymeric forms of Amylose tris-(3,5-dimethylphenylcarbamate) – 

Chiralpack® AD-H. For the structure of the molecule 1, we used the one of the most 

populated conformed derived by DFT calculations (see Table 3). For the structure of the 

stationary phase we referred to the PDB file presented in Ref. 48. 

 

 



CAPTIONS TO TABLES 

 

Table 1. (Semi)-preparative resolution of (R/S)-1-4 on a RegisPack column (250 mm × 10 

mm, 5 µm). 

Table 2. Chiroptical properties and isolated amounts of 1-4 enantiomers. 

Table 3. Main characteristics of the most significant populated calculated conformers of 

molecules 1-4: 3 and 4 in the (S) configuration, and 1 and 2 in the (R) configuration. Dihedral 

angles’ values 1(°), 2(°) (see text for definition), calculated rotational strength for the C=O 

stretching mode (10
-44

 esu
2
cm

2
) and Boltzmann statistical weight. 

Table 4. Dissymmetry factor (calculated as reported in eq. 1) of similarity between 

experimental and calculated VCD and ECD spectra. In brackets is reported the used scaling 

factors for VCD and the applied red shift in nanometer for ECD which maximize 

dissymmetry factor. 

Table 5. Measured elution times and calculated binding energies for the two enantiomers of 

the four compounds studied in the presents work. 
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Figure 5. Comparison of experimental (color, solid lines) with calculated (black, solid lines) 

ECD spectra and ORD curves of molecules 4 and 3 (first left two columns) and of molecules 

1 and 2 (right columns, top and lower respectively). Calculated spectra are Boltzmann 

averages from calculated spectra of each single conformer (see Table 3). Color coding as in 

Figure 4. (For molecule 3, the Gaussian width of bands is assumed to be 0.3 eV, for the other 

molecules it is 0.2 eV-see Experimental Section) 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure 6. Molecular docking analysis for compound 1 in the two enantiomeric forms R (left) 

and S (right) onto polymeric forms of amylose tris-(3,5-dimethylphenylcarbamate) – 

Chiralpack® AD-H. For the structure of the molecule 1, we used the one of the most 

populated conformed derived by DFT calculations (see Table 3). For the structure of the 

stationary phase we referred to the PDB file presented in Ref. 48. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 1 

(Semi)-preparative resolution of (R/S)-1-4 on a RegisPack column (250 mm × 10 mm, 5 µm).  

Cmpd 
Mobile Phase 

(v/v) 

Flow rate 

(mL min
-1

) 

TrA 

(min) 

TrB 

(min) 

Injection 

volume 

(mL) 

Concentration 

(mg mL
-1

) 

1 MeOH 4 11.63 12.44 1 4 

2 n-Hep/EtOH 85/15 4 20.75 24.02 1 4 

3 MeOH 4 16.48 21.29 2.5 3 

4 n-Hep/EtOH 95/5 4 25.28 30.13 5 2 

 

 

 

Table 2 

Chiroptical properties and isolated amounts of 1-4 enantiomers.  

Cmpd 
tR 

(min) 
    

   a  Ee 

[%] 

Isolated amount 

(mg) 

Yield 

[%] 

 

(+)-1 7.84 29.2 99.4 7.2 32.7 

(-)-1 8.39 -27.42 97.7 7.8 35.4 

(+)-2 13.12 29.2 99.1 3.7 31.5 

(-)-2 15.51 -28.6 99.3 3.8 32.2 

(+)-3 11.84 33.8 98.8 10.3 34.5 

(-)-3 15.27 -33.3 98.3 9.5 31.6 

(+)-4 14.04 47.4 99.9 8.8 43.7 

(-)-4 16.56 -45.6 95.1 7.1 35.3 
a 
c :  0.2% in CHCl3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 3 

Main characteristics of the most significant populated calculated conformers of molecules 1-

4: 3 and 4 in the (S) configuration, and 1 and 2 in the (R) configuration. Dihedral angles’ 

values 1(°), 2(°) (see text for definition), calculated rotational strength for the C=O 

stretching mode (10
-44

 esu
2
cm

2
) and Boltzmann statistical weight. 

Compound-4   R %pop 

4a 139.6 -111.2 60.9 25.6 23.9 

4b 84.8 -124.3 17.5 74.4 -27.8 

Compound-3   R %pop 

3a 85.4 -124.4 26.4 37.3 -27.4 

3b 85.2 -123.8 29.8 32.9 -27.6 

3c 138.5 -111.9 77.5 17.6 23 

3d 139.5 -107.8 75.1 12.3 24 

Compound-1   R %pop 

1a -85.1 -55.5 -20.2 33.0 27.6 

1b -85.2 -56 -19.6 29.4 27.6 

1c -85.2 -57.7 -20.2 19.5 27.5 

1d -139.2 -69.4 -60 5.7 -23.9 

1e -140.2 -72.5 -59.7 3.9 -24.9 

Compound-2   R %pop 

2a -85.3 -56.4 -20.8 17.7 27.5 

2b -85.1 122.2 -1.2 17.4 27.7 

2c -84.8 -56.6 -30.4 15.6 28 

2d -58.5 123.8 6.2 11.9 27.5 

2e -139.5 -69.3 -33 7.1 -24 

2f -84.9 120.8 3.3 3.8 27.9 

2g -139.4 106.3 -27.3 3.1 -23.8 

2h -85.1 -57.2 -24.7 3.0 27.7 

2i -139.1 -74.6 -50 2.6 -23.6 

2j -139.4 105.4 -36.2 2.4 -24 

2k 

-83.2 17.1 5 2.1 29.2 

2l -85.2 122.7 11.7 2.1 27.6 

2m -85.5 124.2 -16.9 1.9 27.5 

 

Table 4 

Dissymmetry factor (calculated as reported in eq. x) of similarity between experimental and 

calculated VCD and ECD spectra. In brackets is reported the used scaling factors for VCD 

and the applied red shift in nanometer for ECD which maximize dissymmetry factor. 

COMPOUND ENANTIOMER VCD (0.985) VCD (0.98) VCD (0.975) VCD (0.97) ECD (Shift nm) 

4 S 0.56 0.58 0.46 0.25 0.92 (10) 

3 S 0.5 0.55 0.52 0.38 0.79 (5) 

1 R 0.49 0.52 0.37 0.23 0.77 (15) 

2 R 0.13 0.11 0.07 0.04 0.94 (10) 
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Table 5 

Measured elution times and calculated binding energies for the two enantiomers of the four 

compounds studied in the presents work. 

Compound Elution Times (min) Mean Binding Energy (kcal/mol) 

(R)-1 8.39 -7.58 

(S)-1 7.84 -7.42 

(R)-2 15.51 -7.70 

(S)-2 13.12 -7.56 

(R)-3 15.27 -8.19 

(S)-3 11.84 -7.91 

(R)-4 16.56 -5.93 

(S)-4 14.04 -5.80 

 


