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ABSTRACT 

The effect of conformational flexibility on the chiroptical properties of a series of synthetic (3R)-3-

hydroxy-4-aryl-β-lactams of known stereochemistry (1-6) was investigated by means of electronic 

circular dichroism (ECD) measurements and time-dependent density functional theory (TD-DFT) 

calculations. The application of the β-lactam sector rules allowed a correct stereochemical 

characterisation of these compounds, with the exception of a thienyl-substituted derivative (cis-6). 

TD-DFT calculations yielded accurate predictions of experimental ECD spectra and   D   values, 

allowing to assign the correct absolute configuration to all the investigated compounds. A detailed 

analysis of the β-lactam ring equilibrium geometry on optimised conformers identified regular 

patterns for the arrangement of atoms around the amide chromophore, confirming the validity of the 

β-lactam sector rules. However, relevant variations in theoretical chiroptical properties were found 

for compounds bearing a heterocyclic substituent at C4 or a phenyl substituent at C3, whose 

conformers deviate from these regular geometric patterns; this behaviour explains the failure of the 

β-lactam sector rules for cis-6. This study showed the importance of conformational flexibility for 

the determination of chiroptical properties, and highlighted strengths and weaknesses of the 

different methods for the stereochemical characterisation of chiral molecules in solution. 
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INTRODUCTION 

β-Lactam rings play a fundamental role in medicinal chemistry: β-lactam derivatives have been 

widely used in therapy as antibiotics, [1-6] cholesterol absorption inhibitors, [7-9] and prostate-

specific antigen inhibitors; [10] moreover, their employment as precursors for the asymmetric 

synthesis of a variety of compounds of medicinal interest, such as proteinogenic and non-

proteinogenic amino acids for peptides and peptidomimetics, taxanes, statines and norstatines, is 

well documented in literature under the name of β-lactam synthon method. [11-15] A series of (3R)-

3-hydroxy-4-aryl-β-lactam derivatives (Figures 1-2) was previously synthesised for this purpose 

[16-19] through the synthetic method of self-regeneration of stereocenters (SRS), [20] consisting in 

addition reactions of arylimines to lithium enolates of (2S,5S)-dioxolan-4-ones, which allowed full 

control of stereochemistry at C3. 

 

Figure 1. General structure of (3R)-3-hydroxy-4-aryl-β-lactams. 

 

Figure 2. Selected (3R)-3-hydroxy-4-aryl-β-lactam derivatives. 
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Stereochemical characterisation is therefore crucial for the employment of these β-lactam 

derivatives as chiral intermediates: for these derivatives, it is mainly concerned with the 

confirmation of the absolute configuration at C3 and the determination of the relative configuration 

at C3 and C4, which allows the overall absolute stereochemistry to be consequently deduced. 

Several methods have been developed and applied to relate the chiroptical properties of β-lactams to 

their stereochemistry. β-Lactam sector rules are semi-empirical methods for predicting the Cotton 

effect (CE) arising from the amide chromophore of the lactam ring, based on the spatial disposition 

of atoms around the carbonyl group; [21-24] these methods are closely related to the octant rule for 

the carbonyl chromophore of ketones, [25-27] and proved to be very effective in correlating the 

absolute configuration of stereogenic atoms around the chromophore to the experimental chiroptical 

properties, i.e. optical rotation (OR) and electronic circular dichroism (ECD). A semi-empirical 

helicity rule was proposed, suggesting a strong contribution of the intrinsic chirality of non-planar 

β-lactam rings to the CE of the amide moiety: [28] this method was successfully used to 

characterise the stereochemistry of small chiral β-lactam derivatives. [29] Another helicity rule was 

proposed for bicyclic β-lactam derivatives, relating the CE for the amide chromophore to the 

absolute stereochemistry at the ring junction carbon atom: [30] the effect of conformational 

flexibility on the chiroptical properties of these derivatives was also investigated by means of 

molecular dynamics (MD) and quantum mechanical (QM) calculations. [31] Moreover, the absolute 

configuration of a different series of 4-substituted (3R)-3-hydroxy-β-lactam derivatives was reliably 

determined by application of the exciton-coupled-based zinc-porphyrin tweezer methodology 

[32,33] combined with molecular mechanical (MM) and QM calculations. [34,35] 

Applying the β-lactam sector rules to the series of (3R)-3-hydroxy-4-aryl-β-lactam derivatives 

under investigation, the signs of the specific rotatory power at the sodium D line (   D  ) and the 

lowest-energy band of ECD spectra reflect the relative configuration of substituents at C3 and C4: 

since the substituents at C3 lie on sectors having opposite contributions to the chiroptical properties, 

the most important contribution is ultimately due to the configuration of the aryl-substituted C4. In 
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the specific case of (3R)-diastereomers, the hydroxyl group at C3 lies on a negative sector and the 

hydrocarbon substituent at C3 lies on a positive sector; compounds having the aryl substituent at C4 

on the same side of the hydroxyl group at C3 (cis configuration), therefore lying on a positive 

sector, are expected to show positive signs of chiroptical properties, while compounds having 

opposite (trans) configuration should show negative signs, since the aryl substituent at C4 lies on a 

negative sector. A full stereochemical characterisation by means of X-ray crystallography, ECD and 

nuclear magnetic resonance (NMR) spectroscopies showed that the β-lactam sector rules 

successfully predicted the correct relative and absolute stereochemistry for the series. [36] 

Nevertheless, these semi-empirical methods failed to predict the correct signs of chiroptical 

properties for a 4-(thien-2-yl)-substituted derivative (compound cis-6 in Figure 2), whose relative 

stereochemistry was determined by nuclear Overhauser effect (NOE) and heteronuclear single 

quantum coherence (HSQC) spectroscopies. [19]  

In the present study, the effects of geometric perturbations induced by conformational flexibility on 

the chiroptical properties of the β-lactam ring will be investigated, in order to clarify the reasons 

behind the failure of β-lactam sector rules for the stereochemical characterisation of cis-6 and to 

have a better insight on the close relationship between molecular geometry and optical activity for 

this class of molecules. The theoretical chiroptical properties of some selected (3R)-3-hydroxy-4-

aryl-β-lactam derivatives were determined by full QM calculations using time-dependent density 

functional theory (TD-DFT) [37] and compared to experimental data; the effect of conformational 

flexibility was subsequently investigated by analysing the variation of theoretical properties as a 

function of the geometric parameters of the β-lactam ring on the QM optimised conformers, as 

obtained by density functional theory (DFT) [38,39] conformational analysis. 
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EXPERIMENTAL 

Materials 

Experimental measurements and QM calculations were performed on the following (3R)-3-

hydroxy-4-aryl-β-lactam derivatives (Figure 2): (3R,4R)-3-hydroxy-3-methyl-1,4-diphenylazetidin-

2-one (trans-1; C16H15NO2, MW: 253.30), (3R,4S)-3-hydroxy-1,3,4-triphenylazetidin-2-one (cis-2; 

C21H17NO2, MW: 315.17), (3R,4R)-3-hydroxy-1,4-diphenyl-3-(propan-2-yl)azetidin-2-one (trans-3; 

C18H19NO2, MW: 281.35) and its (3R,4S)-diastereomer (cis-3), (3R,4R)-3-hydroxy-3-methyl-4-

(thiophen-2-yl)azetidin-2-one (cis-4; C8H9NO2S, MW: 183.23), (3R,4S)-4-(furan-2-yl)-3-hydroxy-

3-methylazetidin-2-one (cis-5; C8H9NO3, MW: 167.16), and (3R,4R)-3-hydroxy-3-phenyl-4-

(thiophen-2-yl)azetidin-2-one (cis-6; C13H11NO2S, MW: 245.30). These derivatives were 

synthesised according to reported procedures; experimental   D  values were also already reported 

and are summarised in Table 1. [16-19,36] 

Table 1. Experimental and calculated values of specific rotatory power at the sodium D line (589.3 nm) for 

the series of selected (3R)-3-hydroxy-4-aryl-β-lactam derivatives 1-6. 

 trans-1 cis-2 trans-3 cis-3 cis-4 cis-5 cis-6 

experimental   D   (deg) −134.0 b +52.6 b −64 c +180 c +70 c +70 c −71 d 

solvent chloroform chloroform chloroform chloroform acetone acetone chloroform 

calculated   D   (deg) a        

QME -based average −104.9 +111.2 −27 +147 +14 −29 −70 

(difference with exp.) (+29.1) (+58.6) (+37) (−33) (−56) (−99) (+1) 

G -based average −105.9 +106.9 −25 +150 +14 −1 −102 

(difference with exp.) (+28.1) (+54.3) (+39) (−30) (−56) (−71) (−31) 

conformers 2 5 4 9 6 5 7 

SSM, QME -based average     +69 +106  

(difference with exp.)     (−1) (+36)  

SSM, G -based average     +88 +180  

(difference with exp.)     (+18) (+110)  

conformers     7 6  

a Calculated using Boltzmann statistics at 298.15 K. b Measured at 19 °C (292.15 K). [16] c Measured at 22 °C (295.15 

K). [17] d Measured at 20 °C (293.15 K). [19] 

UV and ECD spectra of trans-1 (concentration: 0.4 mM; pathlength: 0.1 cm; range: 350–200 nm), 

trans-3 (3.5 mM; 0.01 cm; 350–200 nm), cis-3 (3.5 mM; 0.01 cm; 350–220 nm) and cis-4 (5.5 mM; 



7 

0.01 cm; 300–190 nm) were recorded in 2-propanol (Sigma-Aldrich, Milan, Italy) on a Jasco 

(Tōkyō, Japan) J-720 spectropolarimeter at room temperature. UV and ECD spectra of cis-6 (1.0 

mM; 0.1 cm; 350–220 nm) were recorded in 2-propanol (Sigma-Aldrich, Milan, Italy) on a Jasco 

(Tōkyō, Japan) J-810 spectropolarimeter at room temperature. 

MM conformational search 

A preliminary conformational analysis on all the β-lactam derivatives under examination was 

carried out through MM calculations using the Spartan'02 software package. [40] Conformational 

search was performed using the systematic algorithm and conformer distribution was determined at 

the MMFF94s [41] level. Conformers having relative energies ( MME ) within a threshold value of 5 

kcal mol−1 were considered for geometry optimisation at the QM level. 

DFT geometry optimisation 

DFT geometry optimisation calculations were carried out using B97D, a generalised gradient 

approximation (GGA) functional with semi-empirical corrections for dispersion, [42,43] as 

implemented in the Gaussian 09 software package. [44] A triple-  double polarisation (TZ2P) 

basis set of Gaussian-type orbitals (GTOs) was employed in the calculations. For hydrogen and 

first-row atoms, the basis set consisted in Dunning’s [5s3p/3s] contraction [45] of Huzinaga’s 

primitive [10s6p/5s] set [46] with 2 sets of polarisation functions ( p  = 1.5, 0.375 for H; d  = 1.5, 

0.375 for C; d  = 1.6, 0.4 for N; d  = 1.7, 0.425 for O); for sulphur, McLean and Chandler’s 

[6s5p] contraction [47] of Huzinaga’s primitive [12s9p] set [48] with 2 sets of polarisation functions 

( d  = 1.4, 0.35) was used. Long-range solvent effects were taken into account by using the 

polarisable continuum model in its integral equation formalism (IEFPCM), [49] as implemented in 

the Gaussian 09 software package. The suitable solvation model was chosen depending on the 

environment of experimental data: chloroform for OR calculations on trans-1, cis-2, trans-3, cis-3 

and cis-6, acetone for OR calculations on cis-4 and cis-5, 2-propanol for ECD calculations on trans-
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1, trans-3, cis-3, cis-4 and cis-6. Conformational clustering was performed for optimised geometries 

having root mean square distances (RMSD) below 0.01 Å for heavy atoms, as obtained after 

alignment of the azetidinone skeleton; geometry alignment and RMSD determination were carried 

out using the VMD molecular graphics software. [50] The Boltzmann distribution of conformers in 

a given solvent, at 298.15 K and 1 atm, was subsequently calculated for each compound on the 

basis of the relative electronic energies (
QME ) and relative free energies ( G ). 

Solvated supermolecule (SSM) approach 

A method of explicit treatment of solvent molecules around a solute in QM calculations, referred to 

in literature as the solvated supermolecule (SSM) approach, [49] was employed for the 

determination of solvent-induced conformational flexibility and its effect on the chiroptical 

properties of β-lactam derivatives. SSM calculations were carried out on cis-4 and cis-5 following 

the same protocol used for standard calculations: MM conformational search was performed on 

solute-solvent clusters (labelled cis-4* and cis-5*, respectively) obtained by placing a molecule of 

acetone close to each of the 2 H-bond donor groups (the lactam NH group and the hydroxyl group 

at C3) and with the carbonyl group oriented to interact through hydrogen bonding (Figure 3). 

 

Figure 3. Input geometry for the MM conformational search on cis-5*. 

Conformations having MME  ≤ 5 kcal mol−1 were considered for DFT geometry optimisation. An 

early optimisation step using the B97D functional and the 6-31G* basis set [51-55] was introduced 

for cis-5* in order to reduce the time of analysis, since the 6-31G* basis set is less expensive than 
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TZ2P in terms of computational time: B97D/6-31G* conformers having 
QME  ≤ 2.5 kcal mol−1 

were subsequently optimised at the B97D/TZ2P level. On the other hand, MM conformers of cis-4* 

were directly optimised at the B97D/TZ2P level. The IEFPCM solvation model for acetone was 

employed in DFT calculations in order to account for bulk effects.  

TD-DFT calculations of chiroptical properties 

The determination of theoretical chiroptical properties [56] was carried out by means of TD-DFT 

calculations using the Gaussian 09 software package. [44] Calculations were performed on the 

B97D/TZ2P optimised geometries of compounds 1-6 and on the solute-solvent clusters cis-4* and 

cis-5*, employing the PBE0 exchange-correlation functional [57-59] and the TZ2P basis set.  

Theoretical   D   values, as well as excitation wave numbers ( mn ) and rotational strengths ( mnR ) 

for the lowest 50 excited states, were calculated on each optimised conformer using the same 

IEFPCM solvation model employed in the optimisation process. Theoretical ECD spectra as a 

function of wave number, ( ) calc , were derived for each conformer by approximation of mnR  

values to Gaussian functions and summation over all excited states; [60] in this study, the half-

bandwidth of Gaussian functions (  ) was set to 0.4 eV. Conformational averaging, based on the 

Boltzmann distribution of conformers, was subsequently performed to obtain the theoretical 

properties of the β-lactam derivatives at equilibrium; [56] calculated ECD spectra were then 

converted in wavelength scale for a convenient comparison with experimental data. 
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RESULTS AND DISCUSSION 

Structure and geometric features of β-lactam derivatives 

The (3R)-3-hydroxy-4-aryl-β-lactams under investigation show the following structural patterns 

(Figure 1): a) the aromatic substituent at C4 is either a phenyl ring (X = −CH=CH− for trans-1, cis-

2, trans-3 and cis-3) or a five-membered heterocycle (X = −S− for cis-4 and cis-6; X = −O− for cis-

5); b) non-heteroaromatic derivatives are all phenyl-substituted at N1 (R′ = −Ph), while 

heteroaromatic derivatives are unsubstituted (R′ = −H); c) the hydrocarbon substituent at C3 may be 

either aliphatic (R″ = −Me, −CHMe2) or aromatic (R″ = −Ph).  

The four-membered β-lactam ring is a non-planar structure subject to a significant angle strain, 

which causes the geometry of the amide chromophore to deviate from planarity. [29] The 

conformational strain of the β-lactam ring may be conveniently characterised by a set of 4 dihedral 

angles: 1  (O5−C2−N1−R′1) describes the torsion and intrinsic chirality of the amide C−N bond, 

2  (O5−C3−N1−C2) and 3  (R′1−C2−C4−N1) describe the pyramidalisation of C2 and N1, 

respectively, and 4  (O5−C2−N1−C4) describes the deviation of C4 from the hypothetical plane of 

the carbonyl group (O5−C2−N1 plane). Additional conformational flexibility arises from the 

orientation of substituents at C3 and C4: 
1   (C3−C4−C7−X) describes the orientation of the 

aromatic substituent at C4 (X = C for phenyl, O for furyl, S for thienyl), 2   (C4−C3−R″1−R″2) 

describes the orientation of hydrocarbon substituents other than methyl groups at C3 (R″2 = H for 

isopropyl, C for phenyl), and   (C4−C3−O6−H6) describes the orientation of the O−H bond for 

the hydroxyl group at C3. 

MM conformational search 

Relative energies and fractional populations for the MM conformers of cis-6 are reported in Table 2; 

full details on the geometric parameters, energies and fractional populations for the MM conformers 

of all the β-lactam derivatives are given in the Supplementary Information (Tables S1-S9). 
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Table 2. Relative energies and fractional equilibrium populations for the conformers of cis-6, as obtained 

after MM conformational search. 

Conformer MM
E  

(kcal mol−1) 
MM

 a 

cis-6a 0.000 0.6596 

cis-6b 0.878 0.1497 

cis-6c 1.438 0.0582 

cis-6d 1.493 0.0530 

cis-6e 1.584 0.0455 

cis-6f 1.801 0.0315 

cis-6g 3.528 0.0017 

cis-6h 4.038 0.0007 

a Calculated using Boltzmann statistics at 298.15 K. 

As a result, two conformers for trans-1 (labelled trans-1a−b), eight for cis-2 (cis-2a−h), four for 

trans-3 (trans-3a−d), nine for cis-3 (cis-3a−i), six for cis-4 (cis-4a−f), eight for cis-4* (cis-4*a−h), 

six for cis-5 (cis-5a−f), twenty-three for cis-5* (cis-5*a−w) and eight for cis-6 (cis-6a−h) were 

found below the energy threshold value of 5 kcal mol−1 and were optimised at the DFT level. 

DFT geometry optimisation 

Relative electronic and free energies, and corresponding fractional populations for the DFT 

conformers of cis-6 are reported in Table 3. Full details on geometric parameters, energies and 

fractional populations for the DFT conformers of all the β-lactam derivatives, as well as graphical 

representations of the most populated conformers, are given in the Supplementary Information 

(Tables S10-S19; Figures S1-S9). 

The preliminary B97D/6-31G* optimisation step for cis-5* identified sixteen SSM conformations 

having QME  ≤ 2.5 kcal mol−1. After RMSD analysis, some optimised geometries were clustered: 

cis-2b/f, cis-2c/d/e, cis-5e/f, cis-5*l/p, cis-5*r/u, cis-5*b/v, cis-5*c/q, cis-5*m/o and cis-6e/f. The 

B97D/TZ2P optimisation step reduced the number of SSM conformations to seven for cis-4* and 

six for cis-5*, since the interaction between acetone and hydrogen-bond donor groups was lost 

during the optimisation process for some conformers. 
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Table 3. Relative energies and fractional equilibrium populations for the conformers of cis-6, as obtained 

after DFT geometry optimisation (B97D/TZ2P) in chloroform and 2-propanol (IEFPCM solvation models). 

Solvent Conformer 
Q M

E  

(kcal mol−1) 
Q M

 a 
G  

(kcal mol−1) G
 a 

Chloroform cis-6c 0.000 0.5616 0.000 0.4583 

 cis-6f 0.492 0.2448 0.390 0.2374 

 cis-6e 0.492 ― b 0.351 ― b 

 cis-6g 1.487 0.0456 1.099 0.0716 

 cis-6h 1.527 0.0427 1.092 0.0725 

 cis-6b 1.534 0.0421 1.209 0.0595 

 cis-6d 1.698 0.0319 1.279 0.0529 

 cis-6a 1.713 0.0311 1.340 0.0478 

2-Propanol cis-6c 0.000 0.6271 0.000 0.3427 

 cis-6e 0.679 0.1994 0.136 0.2726 

 cis-6f 0.679 ― b 0.137 ― b 

 cis-6g 1.429 0.0562 0.919 0.0727 

 cis-6h 1.649 0.0388 0.299 0.2068 

 cis-6b 1.797 0.0302 1.260 0.0409 

 cis-6d 1.909 0.0250 1.293 0.0387 

 cis-6a 1.950 0.0233 1.536 0.0257 

a Calculated using Boltzmann statistics at 298.15 K. b RMSD values for cis-6e/f: 0.0050 Å (chloroform), 0.0004 Å (2-

propanol). 

Experimental and TD-DFT theoretical chiroptical properties 

The comparison between conformationally averaged OR calculations and experimental data is 

shown in Table 1, while the comparison between experimental and theoretical ECD data for trans-1, 

trans-3, cis-3, cis-4 and cis-6 are reported in Table 4 and Figure 4. 

Table 4. Experimental and calculated data for the ECD bands of trans-1, trans-3, cis-3, cis-4 and cis-6 in the 

350−200 nm range. 

 trans-1 trans-3 cis-3 cis-4 cis-6 

experimental max  , M−1 cm−1 ( max  , nm) −8.4 (246) 

+2.7 (212) 

−13.7 (248) +10.6 (248) −1.4 (245) 

+11.9 (223) 

−4.5 (246) 

+2.0 (219) 

−4.2 (205) 

calculated max  ,a M−1 cm−1 ( max  , nm)      

QME -based average −9.6 (251) 

― 

−7.2 (255) +13.8 (257) ― 

+12.2 (227) 

−5.1 (244) 

+3.5 (220) 

−3.2 (206) 

G -based average −9.6 (251) 

― 

−7.2 (255) +14.2 (256) ― 

+12.5 (228) 

−13.2 (246) 

+5.9 (219) 

−0.6 (205) 

conformers 2 4 9 6 7 

a Calculated using Boltzmann statistics at 298.15 K. 
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Figure 4. Comparison between experimental and theoretical ECD spectra for selected (3R)-3-hydroxy-4-

aryl-β-lactam derivatives. Solid, experimental in 2-propanol. Dashed, theoretical (PBE0/TZ2P//B97D/TZ2P, 

IEFPCM solvation model for 2-propanol), QME -based averaging,   = 0.4 eV. Dotted, theoretical 

(PBE0/TZ2P//B97D/TZ2P, IEFPCM solvation model for 2-propanol), G -based averaging,   = 0.4 eV. 

a) trans-1; b) cis-3 (thin) and trans-3 (bold); c) cis-4; d) cis-6. 

Calculated   D   values for each optimised conformer are reported in the Supplementary 

Information (Tables S10-S19), as well as experimental UV and ECD spectra (Figures S10-S13), 
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calculated mnR  values for the first 25 low-energy electronic transitions of each conformer (Tables 

S20-S23) and Pearson correlation coefficients ( r ) [61] for the comparison between experimental 

and theoretical ECD spectra (Table S24). 

As a general trend, good agreement between experimental and theoretical properties was found for 

all the examined compounds, irrespective of the type of relative energies used in the conformational 

averaging process. While G -based Boltzmann populations are usually preferred in the description 

of conformationally-averaged chiroptical properties, [56,62] the accuracy of calculated G  values 

is strongly dependent upon the size of the molecular system and other factors limiting the ability to 

calculate the appropriate entropy terms and enthalpy corrections; QME -based populations may 

perform better when errors in the calculation of G  values become relevant. [56] In the specific 

case of TD-DFT calculations on cis-6, QME -based conformational averaging yielded better 

correlation with experimental data, which were reproduced in avery accurate fashion (difference 

between calculated and experimental   D  : +1°; r  = 0.9264 for ECD comparison; Figure 4d).  

TD-DFT calculations using IEFPCM solvation models, without treatment of solvent molecules at a 

QM level, were sufficient to yield good agreement with experimental data in chloroform and 2-

propanol. Poorer correlation with experimental data in acetone was found for cis-4 and cis-5 

(differences between QME -averaged calculations and experimental   D   values were −56° and 

−99°, respectively); for the latter compound, calculated and experimental   D   values had opposite 

sign. 

The application of the SSM approach was then limited to OR calculations in acetone for three 

reasons: a) single-wavelength OR calculations are much more sensitive than full-spectrum ECD 

calculations to systematic errors due to the approximations made in TD-DFT calculations; [56] b) 

the poorer correlation between theoretical and experimental data for OR calculations in acetone 

with respect to chloroform could suggest a stronger effect of hydrogen bonding on the 

conformational flexibility; c) OR calculations are less expensive than ECD calculations in terms of 
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computational time. A better description of short-range interactions between solute and solvent, 

obtained through the SSM approach, improved the accuracy of the calculations (differences 

between 
QME -averaged SSM calculations and experimental   D   values were −1° and +34° for 

cis-4 and cis-5, respectively). 

TD-DFT calculations are therefore able to confirm the stereochemistry of all the β-lactam 

derivatives under investigation, including compound cis-6, for which the β-lactam sector rules were 

unable to predict the correct absolute configuration at C4.  

Conformational flexibility and effect on chiroptical properties 

Once the predictive capability of TD-DFT calculations was tested and validated, DFT geometries 

were thoroughly analysed to explore a possible correlation between the variation of geometric 

features among different optimised conformations and the variation of theoretical chiroptical 

properties, i.e. calculated   D   values. Tables 5 and 6 list the geometric parameters of all the 

relevant DFT conformers, sorted by decreasing order of theoretical   D   values. 

Geometry of the β-lactam ring 

Excluding cis-6 and the SSM conformations (cis-4* and cis-5*), regular patterns in the non-

planarity features of the β-lactam ring can be identified among optimised conformers with the same 

relative configuration: all trans conformers show positive values for the torsion angle of the amide 

( 1 ) and negative values for the pyramidalisation of C2 ( 2 ) and N1 ( 3 ). Conversely, most of the 

cis conformers show the opposite pattern, i.e. negative for 1  and positive for 2  and 3 ; a 

notable exception is represented by cis-2, whose geometric properties will be discussed later. The 

helicity rule, [29] which predicts a negative contribution to OR for positive torsion angles of the 

amide ( 1 ) and a positive contribution to OR for negative 1  angles, is also consistent with the 

regular geometric patterns observed for DFT conformers: positive 1  angles for trans conformers 

and negative 1  angles for cis conformers. Moreover, almost all conformers show positive values 
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for the deviation of C4 from the plane of the carbonyl group (
4 ), irrespective of the relative 

configuration. 

Table 5. Theoretical values of specific rotatory power (sorted in decreasing order) and geometrical 

parameters for the conformers of trans-1, cis-2, trans-3, cis-3 and cis-6, as obtained after DFT geometry 

optimisation (B97D/TZ2P) and TD-DFT calculation of optical rotation (PBE0/TZ2P) in chloroform 

(IEFPCM solvation model). 

Conformer Q M
 a 

  D 
 

(deg)
 

1


 
(deg) 

2


 
(deg) 

3


 
(deg) 

4


 
(deg) 

1 


 
(deg) 

2 


 
(deg) 


 

(deg) 

trans-1a 0.7377 −90.2 +2.23 −0.47 −2.39 +176.55 +79.05 ― +173.52 

trans-1b 0.2623 −148.5 +2.12 −0.02 −2.22 +175.99 +78.84 ― −99.56 

cis-2a 0.0623 +167.6 −4.48 −0.28 +1.13 +178.22 +107.48 +87.28 +176.97 

cis-2c 0.3825 +165.3 −4.16 −0.24 +0.16 +175.61 +103.54 +71.06 +38.99 

cis-2b 0.4214 +134.3 −4.42 −0.19 +0.50 +176.18 +102.14 +83.90 +37.55 

cis-2g 0.0537 +42.9 −4.07 +0.09 +1.36 +178.64 +109.40 +46.65 −90.09 

cis-2h 0.0801 −266.6 −2.64 +0.38 +1.05 +178.88 +105.54 +137.43 −68.04 

trans-3a 0.6954 −8.9 +2.04 −0.83 −2.66 +176.32 +71.16 −46.79 +168.79 

trans-3b 0.0229 −31.4 +6.15 −1.06 −4.70 +176.02 +87.96 −176.17 +169.28 

trans-3d 0.2644 −63.8 +1.41 −0.25 −2.42 +175.04 +71.91 −43.81 −95.13 

trans-3c 0.0173 −194.5 +9.11 −1.09 −6.79 +173.68 +105.15 +54.82 +163.31 

cis-3c 0.0188 +226.5 −5.76 +0.17 +1.60 +176.98 +104.53 −175.15 +171.98 

cis-3b 0.0137 +205.3 −5.08 +0.13 +1.28 +176.99 +108.48 −49.33 +168.57 

cis-3h 0.0389 +180.7 −5.10 +0.53 +2.28 +179.12 +106.49 −173.82 −65.61 

cis-3d 0.5548 +161.3 −6.01 +0.23 +1.12 +175.18 +101.66 −175.34 +39.49 

cis-3e 0.0271 +144.1 −3.99 +0.44 +1.92 +179.67 +109.34 −46.43 −72.90 

cis-3a 0.2497 +142.1 −5.11 +0.22 +0.73 +175.05 +102.78 −47.55 +41.69 

cis-3g 0.0047 +107.8 −4.53 +0.16 +0.74 +175.94 +106.89 +66.16 +160.68 

cis-3i 0.0042 +67.2 −3.59 +0.56 +1.45 +178.49 +105.88 +67.45 −77.92 

cis-3f 0.0883 +36.7 −4.72 +0.45 +0.34 +173.82 +103.22 +68.86 +41.22 

cis-6c 0.5616 +60.9 −0.68 −0.13 −1.14 +175.65 +100.45 +83.06 +36.00 

cis-6d 0.0319 −6.6 −4.83 +0.13 +2.14 −179.48 +107.85 +47.32 −90.69 

cis-6a 0.0311 −181.9 +2.78 −0.22 −1.95 +177.58 +102.95 +119.54 +165.46 

cis-6f 0.2448 −224.6 −5.30 −0.10 +1.08 +176.92 −72.60 +72.44 +42.70 

cis-6h 0.0427 −284.9 −7.39 +0.10 +3.84 −177.16 −62.14 +43.26 −87.70 

cis-6g 0.0456 −309.4 +0.05 +0.03 +0.18 −179.85 +106.38 +135.98 −66.32 

cis-6b 0.0421 −417.5 −1.07 −0.24 +0.18 +179.75 −68.59 +108.86 +167.84 

a Calculated using Boltzmann statistics at 298.15 K, based on relative electronic energies. 

Orientation of aromatic substituents at C4 

Theoretical OR values for the conformers of non-heteroaromatic derivatives are in agreement to the 

β-lactam sector rules, i.e. trans conformers show negative   D   values and cis conformers show 

positive   D   values. On the other hand,   D   values for the conformers of heteroaromatic 
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derivatives show a strong dependence upon the orientation of the heterocycle (
1  ; Figure 5).  

Table 6. Theoretical values of specific rotatory power (sorted in decreasing order) and geometrical 

parameters for the conformers of cis-4, cis-5, cis-4* and cis-5*, as obtained after DFT geometry optimisation 

(B97D/TZ2P) and TD-DFT calculation of optical rotation (PBE0/TZ2P) in acetone (IEFPCM solvation 

model). 

Conformer Q M
 a 

  D 
 

(deg)
 

1


 
(deg) 

2


 
(deg) 

3


 
(deg) 

4


 
(deg) 

1


 
(deg) 


 

(deg) 

cis-4a 0.0054 +203.4 −3.38 +0.44 +0.95 +177.78 +98.40 −179.07 

cis-4e 0.0180 +185.8 −5.74 +0.66 +2.53 +179.49 +98.20 −83.36 

cis-4c 0.5891 +120.1 −3.09 +0.53 +0.42 +176.21 +100.92 +39.55 

cis-4d 0.0083 −67.9 −6.39 +0.45 +2.44 +178.88 −70.06 +179.31 

cis-4f 0.0288 −136.5 −8.04 +0.64 +3.69 −179.62 −68.89 −84.03 

cis-4b 0.3503 −162.5 −6.77 +0.60 +2.19 +177.18 −71.77 +44.60 

cis-5c 0.0065 +218.8 −3.36 +0.46 +0.85 +177.43 +95.74 −178.26 

cis-5f 0.0170 +179.1 −5.56 +0.71 +2.16 +178.40 +95.34 −90.02 

cis-5d 0.5176 +127.1 −3.80 +0.50 +0.81 +176.66 +100.70 +39.55 

cis-5b 0.0067 −130.4 −2.48 +0.49 +0.29 +176.63 −62.90 −176.00 

cis-5a 0.4523 −217.6 −4.00 +0.46 +0.79 +176.40 −54.31 +48.29 

cis-4*c 0.0043 +251.2 +0.72 +0.62 −0.32 +178.49 +96.01 +143.37 

cis-4*b 0.0098 +139.4 −14.47 +1.06 +7.31 −177.40 −72.92 +77.88 

cis-4*h 0.2122 +119.5 −0.88 +0.58 −0.20 +176.90 −69.30 −79.92 

cis-4*d 0.1423 +117.5 +5.05 +0.26 −3.02 +175.98 +108.15 −81.68 

cis-4*f 0.5035 +56.6 −5.36 +0.60 +2.14 +179.03 +112.28 −81.76 

cis-4*a 0.0127 +34.7 −0.06 +0.04 −0.81 +177.15 −123.72 +52.40 

cis-4*e 0.1152 −39.1 +1.36 +0.45 −1.53 +175.75 −97.95 +68.61 

cis-5*a 0.0932 +313.6 −1.64 +0.54 +0.36 +177.88 +101.11 −80.12 

cis-5*e 0.0896 +222.0 +0.48 +0.21 −0.15 +179.67 +111.42 −66.71 

cis-5*b 0.0040 +211.5 −0.32 +0.31 −0.04 +178.74 +96.80 +163.33 

cis-5*u 0.3616 +156.8 +3.79 +0.66 −2.59 +174.70 −62.15 −78.96 

cis-5*i 0.0134 +4.2 +9.30 +0.46 −5.23 +173.70 −64.01 +146.43 

cis-5*p 0.4382 −2.2 −8.87 +0.42 +4.40 −177.43 +111.30 −67.08 

a Calculated using Boltzmann statistics at 298.15 K, based on relative electronic energies. 

 

Figure 5. B97D/TZ2P optimised conformers of cis-5. Solvation model: acetone (IEFPCM). Left, conformers 

with positive values of 1   (cis-5c, cis-5d and cis-5f). Right, conformers with negative values of 1   (cis-5a 

and cis-5b). Dihedral angles are reported in Table 6. 
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Conformers having the heteroatom oriented on the opposite side with respect to the β-lactam ring 

(positive 
1   values) follow the general trend and their OR is correctly predicted by the β-lactam 

sector rules. Conformers having the heteroatom oriented towards the β-lactam ring (negative 
1   

values) show an opposite trend and the calculated   D   values are in discordance with the β-lactam 

sector rules. 

Conformational flexibility of cis-2 

The geometric features of cis-2 deserve a deeper analysis: this derivative bears a phenyl substituent 

at C3, similarly to cis-6, and shows a different trend in the non-planarity of the β-lactam ring, 

denoting a higher conformational flexibility of the system. Conformers cis-2a, cis-2b and cis-2c 

show negative 
2  values, unlike other cis conformers, but show positive OR, which is consistent 

with the β-lactam sector rules. Conformer cis-2g shows a different orientation of the hydroxyl group 

(negative   value) and a positive OR of lower magnitude. Finally, conformer cis-2h shows a 

negative   value and a different orientation of the phenyl ring at C3 ( 2   ~ 135°); this conformer 

shows a negative OR, in contrast to the β-lactam sector rules (Figure 6). 

 

Figure 6. B97D/TZ2P optimised geometries of cis-2h and cis-2b. Solvation model: chloroform (IEFPCM).  

Dihedral angles are reported in Table 5. 

Solvent-induced flexibility (SSM calculations) 

Regular patterns are not observed for the SSM conformations (cis-4* and cis-5*); the introduction 

of solvent molecules, interacting with the solute through hydrogen bonding, describes the molecular 
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geometry in solution in a more accurate fashion and induces a more complex pattern for the 

geometric features of the β-lactam ring, which is not possible to rationalise with semi-empirical 

rules. Another limiting factor is the presence of solvent molecules in TD-DFT calculations: the 

analysis of their direct and indirect contributions to the final values of theoretical   D   is beyond 

the aims of the present study and makes the correlation of chiroptical properties to the geometry of 

the solute very difficult. 

Conformational flexibility of cis-6 

Interestingly, the same behaviour is observed for the geometry of the β-lactam ring of cis-6, even in 

the absence of explicit solvent molecules in the calculations: the conformational flexibility of the 

system is therefore much higher than for other derivatives. A deeper analysis, however, allows to 

identify the reasons behind the failure of the β-lactam sector rules in predicting the stereochemistry 

for this compound. Conformers having the thienyl substituent at C4 oriented with the sulphur atom 

towards the β-lactam ring (negative 
1   values) all show negative OR values, which is consistent 

with the observations made on cis-4 and cis-5. Among the conformers with opposite orientation of 

the heterocycle (positive 
1   values, Figure 7), only cis-6c shows a negative torsion angle of the 

amide (
1 ) and a positive   D   value, as expected by the helicity rule. Conformers cis-6a and cis-

6g show a positive 1  value and, similarly to what was observed for cis-2h, a different orientation 

of the phenyl ring at C3, thus showing negative OR. Finally, conformer cis-6d shows a different 

orientation of the hydroxyl group (negative   value) and a negative   D   value of low magnitude, 

which is in accordance with the negative contribution to OR observed for cis-2g. 
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Figure 7. B97D/TZ2P optimised conformers of cis-6 with positive values of 
1  . Left, cis-6a and cis-6c. 

Right, cis-6d and cis-6g. Solvation model: chloroform (IEFPCM).  Dihedral angles are reported in Table 6. 

Therefore, the presence of a phenyl substituent at C3 has a double effect: a) the regular trend in the 

geometric features of the β-lactam ring is perturbed and the conformational flexibility is increased, 

as observed for the optimised conformers of cis-2 and cis-6; b) similarly to the orientation of 

heteroaromatic substituents, the orientation of the phenyl ring affects the chiroptical properties of 

these β-lactam derivatives to a great extent, resulting in a strong negative contribution to the 

calculated   D   values for some specific orientations (e.g., conformers cis-2h, cis-6a and cis-6g). 

Since these additional contributions are not considered in the definition of general chiroptical 

properties given by the semi-empirical β-lactam sector rules, the latter are unable to describe this 

behaviour appropriately and fail in the prediction of the correct relative configuration of cis-6. 
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CONCLUSIONS 

TD-DFT calculations on a series of selected (3R)-3-hydroxy-4-aryl-β-lactam derivatives were 

successfully employed to confirm their absolute configuration and allowed to verify the validity of 

the semi-empirical β-lactam sector rules for the stereochemical characterisation of these 

compounds. The close relationship between the presence of regular patterns in the geometric 

parameters of β-lactam rings and the applicability of sector rules was identified, and the reasons 

behind their failure for the characterisation of a specific derivative, cis-6, were unveiled: the 

presence of a heterocyclic substituent at C4 and a phenyl substituent at C3 introduces additional 

complexity to the geometric and electronic features of this derivative, increasing its conformational 

flexibility and affecting its chiroptical properties. 

Semi-empirical rules for the determination of the absolute configuration of chiral molecules are 

very useful tools, since the correlation between chiroptical properties and stereochemistry may be 

easily found by a fast and simple analysis of the position of substituents around a particular 

chromophore. However, these rules may fail when the nature of substituents affects the molecular 

geometry and electronic properties of the chromophore: this was the case for cis-6, where both the 

aromatic substituents at C3 and C4 induced large modifications to the general chiroptical properties 

predicted by the β-lactam sector rules. 

First-principles methods, such as TD-DFT calculations, are very powerful tools for the 

determination of theoretical chiroptical properties, and their predictive power is becoming 

increasingly accurate and efficient as more complex theoretical models are being developed and the 

needed computational power is becoming available. Nevertheless, particular attention must be paid 

for the description of molecular geometry at equilibrium: a standard conformational analysis using 

implicit solvation may not reproduce faithfully the system when perturbations due to short-range 

interactions with the solvent become relevant. Higher levels of complexity, such as the SSM 

approach, should be considered in the calculations of chiroptical properties, especially in OR 
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calculations, whenever hydrogen bonding between solute and solvent may affect the chemical 

environment of the chromophore. 

The present study highlighted the great importance of conformational flexibility for stereochemical 

characterisation: a detailed description of even small modifications in molecular geometry is 

fundamental for a reliable correlation between experimental chiroptical properties and chemical 

structure of chiral molecules in solution.  
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