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Abstract: This minireview is addressed to readers with a background in basic organic chemistry and spectroscopy, but without a specific 

knowledge of NMR, ECD, VCD and ORD. Herein we summarize the role of quantum mechanical ab initio prediction of spectral proper-

ties in NMR and chiroptical spectroscopies. Illustrative examples of the application of prediction of chemical shifts and scalar couplings 

to the determination of chemical constitution and relative configurations of natural products are presented. Once the relative configura-

tion is determined, the absolute configuration can be established with the help of ECD, VCD and ORD spectroscopies assisted by quan-

tum mechanical prediction of the corresponding spectra. The scope, limitations and advantages of these chiroptical spectroscopies are 

presented, in order to help the reader in choosing a suitable combination of ab initio and spectroscopic tools when facing a particular 

problem.  
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INTRODUCTION 

Nature still surprises chemists with an astonishing variety of 

chemical structures. Isolation and identification of such substances 

takes advantage of a wide array of spectroscopic techniques, among 

which nuclear magnetic resonance (NMR) spectroscopy plays a 

distinctive role [1]. Even the large information content thereby pro-

vided, may not lead to an unambiguous establishment of the con-

nectivity [2]. As most natural products incorporate several chiral 

motifs, an additional challenge is the determination of the relative 

configuration (RC) of constituting stereogenic centers which in turn 

govern the conformational properties. Furthermore, in addition to 

RC and conformational stereochemical features, the absolute con-

figuration (AC) of the stereogenic centers has a profound impact on 

a variety of molecular properties, such as chemical reactivity and 

catalytic, biological, and pharmacological activities. In light of the 

above considerations, full stereochemical assignment of a given 

system is of fundamental importance in many different fields, span-

ning from chemical physics to biochemistry. Due to the challenge 

typically posed by such stereochemical analysis, the search for new 

and more effective methods, often based in ab initio quantum me-

chanical (QM) modeling of molecular properties, has stimulated 

great attention within the chemical community. The recent progress 

in ab initio methods and computer hardware makes computations in 

even medium size molecules (ca. 10
2
 non-hydrogen nuclei) feasi-

ble. This has particularly helped to the fast development of chirop-

tical spectroscopic methods in AC determination [3], which are 

currently in wide use for studying the structures of chiral molecules. 

The most frequently used of these methods are electronic circular 

dichroism (ECD) [4, 5], optical rotatory dispersion (ORD), [6] and 

vibrational circular dichroism (VCD) [7, 8].  

Optical rotation (OR) measurement at a single wavelength, old-

est chiroptical method, has been widely reported by organic chem-

ists as a physical property characteristic of any chiral compound. 

Although OR at a single wavelength has been used in the past for the 

AC assignment, nowadays optical rotation at multiple wavelengths  
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(ORD) is considered more reliable. Additionally elucidation of AC 

simply based on correlations of empirical OR values for molecules 

with a homologous stereogenic core is strongly discouraged. The 

use of experimental ECD is another technique that is very useful for 

secondary structure elucidation of organic- and bio-molecules of 

wide structural diversity. While the empirical or semiclassical theo-

retical models used for interpretation of the experimental ECD 

spectra are successful in many cases, there are examples where 

these interpretations yielded either ambiguous or incorrect conclu-

sions about the molecular structure. In this respect, the recent ad-

vance in ab initio simulations of the ECD and ORD spectra has 

opened much broader application opportunities for both spectro-

scopies. VCD as a relatively newer sibling of chiroptical methods 

offers additional options for molecular structure determination and 

its application for determining the AC also benefits for the advance 

in theoretical predictions. VCD is the extension of electronic CD 

(ECD) into the infrared (IR) region of the electromagnetic spectrum 

that represents an analogous form of differential absorption spec-

troscopy between left and right circularly polarized IR radiation by 

mirror-image stereoisomers. 

The aim of this mini-review is to discuss the scope and inter-

play between NMR, ECD, VCD, and ORD, in combination with 

their corresponding ab initio QM predictions on small natural prod-

ucts, in order to help the reader in choosing an appropriate combi-

nation of tools when facing a particular problem by selection of 

recent illustrative examples (from 2006 to date). 

SCOPE AND LIMITATIONS OF NMR, VCD, ECD, AND ORD 

NMR is the most important and widely used method for struc-

ture determination of natural products in solution, and more re-

cently also in solid state. Determination of connectivity through 

classical NMR structural analysis relies mainly on a combination of 

1D and 2D experiments. Routinely, the RC of stereogenic centers is 

established by a combination of NOE based experiments and de-

termination of torsion angles trough vicinal scalar couplings. Ad-

vances in probe technology and the use of inverse detected experi-

ments allow the recording of 
1
H and 

13
C spectra with very small 

amounts of samples (< 1 mg). However, in some cases unequivocal 

determination of RC cannot be achieved due to structural complex-
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ity. In these cases, the application of more sophisticated methods 

such as the use of residual dipolar couplings [9-11] or the prediction 

of chemical shifts and scalar couplings in a more quantitative way 

with the help of QM methods is desirable [12, 13]. 

NMR experimental data are in most cases acquired in non-

chiral media and therefore the AC cannot be determined unless 

either the configuration of some of the centers is previously known, 

or the molecule is chemically derivatized with chiral auxiliaries 

[14]. In such approach, the assignment of AC is easily and straight-

forward performed by semiquantitative analysis of anisotropic ef-

fects on the 
1
H chemical shifts, relying in previously determined 

conformational model. The establishment of these models, how-

ever, requires a very big effort, and confidence in the methodology 

can be limited by the structural similarity between the studied sys-

tems and the model. For a long time, interpretation of chiroptical 

properties through empirical rules has been employed for AC de-

termination [15, 16]. However, it is very often the case where the 

conformational flexibility, or the large number of centers of chiral-

ity present, make these empirical rules not reliable. Fortunately, and 

thanks to many software and hardware developments, the chiropti-

cal methods arise as a very powerful tool for the determination of 

AC as the interaction between the electromagnetic radiation and the 

molecules can be modeled accurately from QM first-principles. 

How to choose the most appropriate chiroptical method for AC 

determination of a given substrate? The answer to this question lies 

in considering the chemical structure of the substrate along with the 

scope and limitations of the three methods of choice [17]: 

-ORD: Depending on the intrinsic optical rotation, from 1 mg 

to 10 mg of sample are needed. The use of OR at several wave-

lengths in nonresonant region (far from electronic absorptions) is 

practically much simpler than the use of ECD or VCD and no pres-

ence of UV/Vis active chromophores is needed. Calculations of 

electronic excited states are required. Flexible molecules may not 

be suitable for analysis only by ORD when simulated response for 

different conformers give opposite sign. 

-ECD: Due to high sensitivity ( A/A 10
-1

 to 10
-3

), experimental 

measurements require only sub- g amounts of sample. The pres-

ence of UV/Vis active chromophores is needed. For molecules with 

suitable chromophores, exciton coupled theory may provide a sim-

ple and straightforward approach for AC determination. It has high 

sensitivity, but low signal resolution. Although it is easy to measure 

only few bands are resolved (sometimes only one). Calculations 

require predictions of electronic excited states. Very flexible mole-

cules may also cause difficulties for analysis due to presence of 

multiple conformers with different populations and optical contri-

butions. 

-VCD: Due to the low sensitivity ( A/A 10
-3

 to 10
-5

), experi-

mental measurements typically require at least 10 mg of sample. 

Nevertheless, VCD displays high signal resolution and therefore 

good conformational sensitivity. Numerous vibrations could serve 

as IR-active probes of chirality. Typically measurements are done 

in IR inactive solvents (CCl4, CS2 and CHCl3), and precaution 

should be taken regarding solubility. The solubility challenge can 

be bypassed by using solvents like DMSO-d6 or D2O, yet the use of 

these polar solvents, which can also participate in hydrogen bond-

ing, could make necessary the inclusion of solvent effects in ab 

initio calculations. Molecules with propensity for intermolecular H 

bonding may require additional geometry optimization of the di-

mers. VCD requires only calculations within the electronic ground 

state and it is therefore potentially easier to model in DFT computa-

tions. 

Thus, based on their scopes and limitations, one of the chiropti-

cal methods should appear as the most suitable for a given mole-

cule. However, a cross verification with more than one method 

might be necessary. 

CONFORMATIONAL MODELING 

In molecules with conformational flexibility the observed prop-

erties are an average over all the conformers present in solution. 

Therefore establishing the potential energy surface (PES), that is, 

identifying all the conformations with zero energy gradient (sta-

tionary points) and their relative energies is a necessary step. De-

pending on the number of rotatable bonds, this can be achieved by 

performing either systematic or random conformational search. 

Systematic search involves a manual setup of torsions associated 

with rotatable bonds, wile random search is typically based on 

Monte Carlo [18, 19] or simulated annealing [20, 21] based algo-

rithms. Due to the associated computational cost, this step is typi-

cally performed with a suited molecular mechanics force-field for 

the molecule of interest. For general use MM3 force field [22, 23], 

and derivatives as MMFF94 [24-28] are especially popular since 

they are well parameterized for a large collection of systems. Other 

force fields families as OPLS [29-31] have also been employed. 

Once an initial ensemble of stationary points is obtained, further 

filtering is achieved by considering only the distinct conformations 

within a chosen energy window. Further geometry optimization of 

the selected pool of conformations is performed via ab initio meth-

ods where the choice on the level of the theory is made based on the 

nature of the system. In most cases this step is routinely performed 

using HF or DFT methods as they provide the best compromise 

between accuracy and computational time. Hybrid functionals, such 

as the well known B3LYP, in combination with common basis set 

(6-31G(d), 6-311G(d,p), etc) are the most popular choice. The QM 

geometries can then be further filtered according to their computed 

HF or DFT energies. Subsequently, harmonic frequencies along 

with vibrational normal modes are computed for the selected pool 

of conformers. The Gibbs free energies of the conformers are also 

obtained directly from the frequency calculation and the nature of 

the stationary points as true minima is verified by the absence of 

imaginary frequencies. However, molecules exhibiting very low 

frequencies (< 10 cm
1
) may incorporate free- and/or hindered-

rotors, and therefore present a challenge for the determination of the 

PES [32]. There is no standard protocol for treating such systems as 

approaches are very much system dependent. Upon the characteri-

zation of the PES, relative population of the different minima (con-

formers) can be obtained by using Boltzmann relation according to 

their relative Gibbs free energies. 

NMR (chemical shifts and scalar couplings) and chiroptical 

(transitions intensities and frequencies) observables may then be 

computed for each stable conformer in the PES. In a conformation-

ally stable system a single minimum on the potential energy surface 

(PES) contributes significantly to its properties. Complications 

might arise when the systems under investigation are ‘‘flexible’’, 

that is, they exist in more than one stable conformation. In this case, 

the computed total theoretical prediction results from a sum of the 

responses, computed chemical shieldings and scalar couplings in 

the NMR case and computed spectra for chiroptical spectroscopies, 

of all relevant conformers, each of them weighted by its population 

fraction determined according to Boltzmann statistics. Note that this 

corresponds to fast conformational exchange regime in NMR spec-

troscopy, since in the slow exchange regime separated chemical 

shifts and couplings can be observed for each conformer. A flow-



1614    Current Organic Chemistry, 2010, Vol. 14, No. 15 Petrovic et al. 

chart representing the path from determination of RC via NMR to 

AC via chiroptical methods is provided in Scheme 1. Although 

some standard cutoff values for frequencies and energies are dis-

played, please note that these may change on case-to-case basis. 

In the following we will present illustrative examples of RC and 

AC determination assisted by QM ab initio computations for each 

of the mentioned techniques, as well some fundaments and recom-

mendations on the QM methodologies, from the recent literature.  

1. NMR 

Chemists have collected a vast knowledge about the correlation 

of main NMR observables in liquid state high-resolution NMR, 

chemical shifts and scalar couplings, and chemical structure. The 

influence of different functional groups on the observed chemical 

shift is in a very approximate way additive and is possible to esti-

mate chemical shifts by using approximate addition rules which 

have been often cast in a software form [33-35]. More computa-

tionally efficient approaches, currently implemented in many com-

mercial software packages, are the so-called hierarchical organiza-

tion of spherical environments (HOSE) [34, 36] or the use of neural 

networks [37, 38]. However, the distinction between very similar 

species as diastereoisomers or computations on exotic species, 

where there is no previous knowledge or is at least scarce, could 

make heuristic approaches unreliable. A similar situation is faced 

for the prediction of scalar couplings where a plethora of empirical 

Karplus-like equations [39, 40] exist not only for proton-proton 
3
JHCCH couplings but also for couplings involving heteronuclei. 

Some of these equations, as for instance the well-known Haasnoot-

Altona equation,[41] incorporate structural corrections for the elec-

tronegativity of substituents [42], yet problems related to the simi-

larity between the studied system and the set of data used to param-

eterize the equations may limit their accuracy. In these situations 

the ab initio quantum mechanical computation of shielding tensors 

[43] and scalar couplings [43-45] can be attractive as they are not a 

priory biased towards a specific set of molecules. There already 

exists abundant evidence about the applicability of NMR QM com-

putations to the structural determination of natural products [46, 47, 

13]. Most of the applications resort to computation of 
13

C spectra 

not only due to the larger spectral window as compared to 
1
H spec-

tra, but also to smaller sensitivity of 
13

C chemical shifts towards 

solvent effects and the simpler extraction of chemical shifts from 
13

C decoupled spectra. 

 

Scheme 1. Flow-chart representing for determination of RC via NMR to AC via chiroptical methods. a) Applies only to unknown RC. b) Quick geometry 

optimization via molecular mechanics (MM). c) Redundant geometries should not be considered. Only conformers within E ~ 20 kcal mol 1 energy window 

from the previous MM geometry optimization are considered. d) Only conformers within E ~ 3 kcal mol 1 energy window are considered. 
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Chemical shielding, is a tensorial magnitude, but in solution 

NMR only the isotropic part of the corresponding bidimensional 

tensor (Eq. 1) is manifested, as the anisotropic part vanishes due to 

the overall molecular tumbling. The isotropic shielding iso, is ob-

tained from the trace of the tensor (Eq. 2) and subsequently is re-

lated to the chemical shift  by taking an appropriate reference (Eq. 

3). Although there are several methodologies to perform this kind 

of computations, by far the most used approach is the gauge inde-

pendent atomic orbital (GIAO) [48-50], method. Other approaches, 

such as CSGT [48, 51], give basically identical results in the basis 

set limit, yet the former presents faster convergence with basis set 

size and it is therefore in most cases the method of choice [48]. 
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Meaningful computation of chemical shielding tensors requires 

the use of high-level computational methodologies [52] and a 

proper treatment of electron correlation, either with post-HF meth-

ods from MP2 to very expensive coupled-cluster methodologies or 

DFT based methodologies. Application of chemical shielding ten-

sor computation to common organic chemistry structural problems, 

mainly resorts to DFT based methodologies [12, 13, 47] as post-HF 

methodologies become computationally prohibitive for medium 

size organic molecules as most natural products. Although the 

“true” functional should have an explicit dependence on the mag-

netic current j, [53] the error introduced by not taking into account 

this factor is considered a minor issue [54]. It is a known fact that 

non hybrid generalized gradient functionals (GGA) provide better 

results than their hybrid counterparts, i.e, functionals which incor-

porate a fraction of the exact Hartree-Fock exchange, when their 

performance is considered for several different nuclei. This differ-

ence is nonetheless smaller if only 
1
H and 

13
C shifts are taken into 

account and specialized hybrid functionals for 
1
H and 

13
C shield-

ings have been proposed [55]. Note however, that non-hybrid 

GGA’s are computationally cheaper than the hybrid ones, as ex-

plicit computation of exact exchange is avoided. Tozer’s GGA KT1 

and KT2 functionals [56, 57] provided good absolute shielding 

constants over different nuclei, performing better than B3LYP or 

PBE0 functionals [57]. Very good performance was obtained also 

for the GGAs OPBE [58] and OPW91 [52] functionals, even sur-

passing MP2 in many cases. Truhlar has shown that the new gen-

eration of meta-GGA functionals, which depends on the kinetic 

energy density as their M06-L functional [59] or the VS98 (VSXC) 

[60] also provide excellent results.  

The use of ab initio scalar couplings have been more scarcely 

used than chemical shieldings, as in many cases their comparison 

with experimental values may require the analysis of second order 

coupled spectra. The scalar coupling involves interaction between 

the nuclear magnetic momenta as well with those from the elec-

trons. The non-relativistic Ramsey’s formulation [61] splits these 

interactions into four terms, the Fermi-Contact term (FC), the spin-

dipolar term (SD) and the paramagnetic (PSO) and diamagnetic 

(DSO) spin-orbit terms. As the FC term is the most important con-

tribution in 
1
H

1
H and 

1
H

13
C couplings they can be reasonably 

computed using only this term, at a moderate computational cost. 

However, several popular computer packages can straightforwardly 

compute all contributions, and most software packages report val-

ues computed with the four contributions. 

PSODSOSDFC JJJJJ +++=
 

Besides an adequate functional, a proper basis set should be 

chosen. Basis sets for NMR computations requires a good descrip-

tion of both valence and core electronic density [62]. However, 

most popular basis sets, as Pople’s split-valence sets, are valence 

oriented and therefore not well suited for computation of NMR 

properties. Recently, Jensen has published several basis sets of 

different size specially suited for DFT chemical shielding [63] and 

scalar coupling [64] computations. The dependence of computation 

performance for scalar couplings on the basis set has been thor-

oughly studied by Frisch and coworkers [65]. They proposed the 

use of uncontracted basis sets with added tight s functions for com-

putation of the FC term. Using this methodology, it is possible to 

perform computations of acceptable accuracy, even with double–  
quality basis sets. Jensen has also noted that if the other terms are 

not negligible adding tight p, d and f functions can be also neces-

sary [64]. It is worth to note however that application of ab initio 

methodologies to structural determination problems was performed 

in most cases using very standard approaches as common hybrid-

GGAs functionals (B3LYP, etc) and split-valence basis sets of me-

dium size as 6-311+G(d,p) or 6-311+G(2df,2p). As meta-GGA’s 

are providing significant improvement on many problems associ-

ated with current functionals [66], further evaluation of their per-

formance in the computation of magnetic properties is highly desir-

able. 

Since chemical shifts are measured in solution, typically CDCl3, 

D2O, DMSO-d6 or other solvents, solvation effects certainly have 

an effect on the observed shifts. The simplest way to take into ac-

count solvation in the computation of chemical shifts is to use im-

plicit solvation models as the polarized continuum (PCM) family 

[67], and GIAO computations in combination with PCM solvation 

have been implemented in popular QM packages. The importance 

of solvation inclusion may become important in molecules of sig-

nificant polar character. Thus, in the prediction of chemical shifts of 

push-pull enaminone GIAO-PCM performed better than the corre-

sponding gas phase computations [68]. Also, much better agree-

ment between experimental and computed 
13

C and 
15

N chemical 

shifts was obtained for several charged heteroaromatic systems 

when PCM solvation was included in GIAO/B3LYP/6-31G(d,p)// 

RHF/6-31G(d) computations (property calculation//geometry opti-

mization) [69]. In an elegant manner, Bagno has quantified the role 

of explicit solvation solvent in the prediction of chemical shifts by 

running Car-Parrinello computations in the -D-glucose-water 

system. PCM-GIAO 
13

C shifts were computed on molecular dy-

namics snapshots with and without explicit water molecules. No 

significant effect was observed when water molecules were in-

cluded in the computation and authors concluded that continuum 

models should be of enough accuracy in the computation of 
13

C 

shifts [70]. 

As the chemical shift observable is related to the computed 

chemical shielding tensor by choosing a suitable reference, the iso-

tropic shielding of the reference can be obtained by computation of 

the chemical shielding tensor for the reference compound, in most 

of the cases tetramethylsilane (TMS). In this way the chemical shift 

is obtained by the approximate equation: 

calc

ref

calc  
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However, this introduces a problem because the studied molecule 

and the reference could not be described equivalently and hence a 

bias might be introduced for prediction regarding carbons of differ-

ent hybridization. A way to circumvent this problem is to use of a 

double reference. Sarotti et al. recently proposed [71], the use of a 

double reference, methanol for sp
3
 carbons and benzene for sp and 

sp
2
 carbons respectively. This procedure has also been employed in 

halogen-substitued obtusallenes [72] as spin-orbit corrections [73] 

to the chemical shielding tensor may be important for heavy atom 

substituted carbons. Alternatively, the computation of a chemical 

shielding tensor for reference compound can be avoided if a linear 

relationship [74, 75] is established between the chemical shielding 

tensor and the chemical shift. For instance, Alkorta and coworkers 

established the following relationship at the GIAO//B3LYP/6-

311+G(p,d) level for the 
13

C chemical shifts [76] using a linear 

regression procedure. 

( ) ( ) CC 1313 0003.0963.02.0175 ±±=  

A fundamental question is how to evaluate the fit between the 

computed and experimental shifts. For this purpose, the more direct 

parameter is after performing regression analysis report the correla-

tion coefficient r
2
, as deviations can be negative or positive the 

mean absolute error MAE is commonly also reported. 

N
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tcalc
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Using the correlation coefficients a and b it is possible to cor-

rect the MAE for systematic bias through the CMAE parameter [77, 

78]: 

N
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N
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In many cases the structural problem is the differentiation be-

tween two proposed structures, as for instance, a pair of diastereoi-

somers. As in this scenario many deficiencies of the model compu-

tation can be removed by not comparing the computed and experi-

mental shifts but the difference between chosen pairs of signals a 

and b, a new index ws proposed [77], called CP3 and defined as: 
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NMR in the Chemical Constitution Determination 

A paradigmatic example of the value of ab initio chemical 

shifts computations is the revision of the structure of hexacyclinol, 

a highly oxygenated complex molecule, isolated in 2002 from Pa-

nus rudis [79]. The originally proposed endoperoxide structure 1a 

was claimed to be synthesized later [80]. However 
13

C GIAO com-

putations led Rychnovsky [81] to propose 1b as a more viable 

structure. The total synthesis and X-ray structure from Porco and 

coworkers [82] sentenced the dispute towards 1b. Bagno et al. ex-

tended the analysis with computation of 
1
H chemical shifts and 

scalar couplings, with again a much better fit for 1b model [83]. 
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Fig. (1). Proposed (left) and revised (right) structures of hexacyclinol (1), 

samoquasine A (2) and Brosimum isolate (mururin C) (3). 

QM computation of chemical shifts may be extremely valuable 

in highly aromatic molecules, as shown in the revision of structure 

of Samoquasine A 2b, where standard NMR correlations may give 

ambiguous results [84]. They may also be a very good test for the 

presence of unusual functional groups. Thus, the observed deviation 

(> 90 ppm) between computed GIAO//B3LYP and experimental 

chemical shift of sp allenic carbon in 3a, an isolate from Brosimum 

acutifolium, lead the authors to conclude that this product was in 

fact the already known mururin C 3b [85]. A good example of 

combination of GIAO//B3LYP QM computations with standard 

NMR techniques was provided by Sun and coworkers in the struc-

tural determination of nortriterpenoids in combination with standard 

NMR methodologies [86]. 

NMR in RC Determination of Conformationally Stable Com-

pounds 

As a demanding test Bifulco and coworkers [87] used GIAO 

mPW1PW91/6-31G(d,p)//mPW1PW91/6-31G(d) computations to 

determine the configuration of palau’amine. The computed chemi-

cal shifts, agreed much better with a trans-fused structure and a beta 

orientation of the chlorine atom. Köck and coworkers arrived to the 

same conclusion based in NOE experiments [88]. This RC hast just 

been proved by total synthesis of racemic palau’amine [89]. 

In the same paper the authors computed the 
3
JHH scalar coupling 

between the H-C10-C11-H protons of the kedarmicin (5) five 

membered ring. The computed mPW91PW91 values clearly sup-

ported a cis disposition of the substituents. 
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Chemical shifts computation have also been employed for the 

assignment of diasterotopic groups. Thus, both DFT and MP2 

GIAO computations are able to predict the right assignment of the 

camphene (6), diastereotopic exo and endo methyl groups inde-

pendently determined using NOE experiments. The difference be-

tween the chemical shifts of both methyl groups was well repro-

duced by the GIAO computations and compared very well to heu-

ristic HOSE computations [90]. OPBE/6-311+G(d,p)//B3LYP/6-

311+G(d,p) computations were employed to quantify the shielding 

effect over the different conformations of phenylmenthol (7) as an 

independent control in residual dipolar couplings conformational-

configurational analysis [91]. The proximity of unsaturated moie-

ties may affect diastereotopic groups in very different way. Anisot-

ropy effects arising from alkene and carbonyl groups, quantified at 

the RHF/6-311+G(d,p), were employed for assignment of di-

astereotopic methylene groups of longifolene and related molecules 

[92]. 

Meexo

Meendo

MeS Ph

MeR

OH

6 7

Ph MeS

MeR

OH

 

Fig. (3). Assignment of diastereotopic groups in camphene 6 and phen-

ylmenthol 7. 

NMR in RC Determination of Conformationally Flexible Com-

pounds 

In the fast exchange regime, the NMR observables, obtained as 

averaged magnitudes, can be used for the determination of absolute 

configuration in case the AC of a pendant moiety is already known. 

For example, 
1
H NMR shifts were used to determine the configura-

tion of a highly flexible tropane derivatives 8a and 8b due to the 

large anisotropic effects of the phenyl moiety [93]. However, the 

interpretation of the 
13

C shifts was ambiguous and could not differ-

entiate between the two diastereoisomers. A similar situation was 

observed by Hoye and coworkers [94] in the analysis of diastero-

meric lactams as 9. However, 
13

C shift computations, in combina-

tion with empirical J coupling analysis and Boltzmann averaging, 

furnished complete RC for all stereogenic centers in Artaborol A 

(10) showing the applicability of chemical shift computation to the 

stereochemical analysis of medium sized rings [95]. 

2. ORD 

Optical rotation (OR) is a sensitive response of chiral molecules 

to polarized light, and is the earliest discovered chiroptical method, 

being therefore widely available. Optical rotation or circular bire-

fringence refers to the rotation of the plane of linearly polarized 

light as it passes through the sample. The magnitude of this rotation 

is characteristic of each chiral compound and varies with the wave-

length of the incident light (optical rotatory dispersion, ORD) and 

environmental conditions (temperature, solvent, pH, etc). This phe-

nomenon was first observed by Arago in 1811 and by Biot in 1812 

in quartz crystals, and Biot’s later experiments established that the 

same rotation could be observed in solutions of camphor and tur-

pentine [16]. Biot also introduced the modern definition of “specific 

rotatory power” or “specific rotation” of a solution, [ ]=100 /lc, 

where  is the measured optical rotation in degrees, l is the optical 

path length in decimeters and c is grams of optically active sub-

stance in 100 ml of solution. In some instances, molar rotation 

[ ]=[ ] M/100 is reported, where M is the molecular weight of the 

optically active substance. In synthetic laboratories, specific rota-

tion is being used for determining the enantiomeric purity of opti-

cally active samples. For a long time [ ]D (D stands for sodium D 

line at 589 nm) has also been used to determine the AC by empiri-

cal correlation or rules in a very straightforward and simple way, 

nonetheless as mentioned above, when many centers of chirality are 
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Fig. (2). Proposed (4a) and revised structure (4b) of palau’amine. Proposed (5a) and revised (5b) structure of kedarmicin. 
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Fig. (4). Determination of relative configuration in tropanes 8, lactame derivatives 9 and artaborol 10. 
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present in the molecule, and/or the system displays high conforma-

tional flexibility, the empirical rules may not be reliable any more 

[96]. This status has changed dramatically in the last years, thanks 

to advances in quantum mechanical methods and in ever-changing 

computer technology, therefore producing a kind of renascence of 

the OR. The influence of solute-solute interactions can be avoided 

at infinite dilution. To achieve this, one measures the specific rota-

tion as a function of finite concentration and extrapolates the data to 

zero concentration. The limiting value of specific rotation at zero 

concentration is referred to as the “intrinsic rotation.” For a quanti-

tative evaluation, these intrinsic rotations are the ones that are to be 

compared with theoretical predictions of isolated molecules [97]. 

One of the biggest advantages of ORD is the simplicity of measur-

ing; one can just dissolve 1 to 10 mg of the sample in 1 mL of sol-

vent and easily insert it into the cell to measure the optical rotation 

in less than a minute. 

Different levels of quantum mechanical theories, including Har-

tree–Fock (HF) [98-101], DFT [102-106] and coupled cluster (CC) 

[107-109], have been developed and implemented for optical rota-

tion predictions that are now becoming available to calculate the 

specific rotation for a given structure at different levels of complex-

ity. As a consequence of these development OR has became a con-

venient and reliable diagnostic tool for determining the AC. If the 

wavelength at which the OR calculated happens to be at the reso-

nant region (near to the wavelength of an electronic transition), 

theoretical prediction of OR cannot be considered reliable without 

additional considerations [110]. Therefore, most of the reported 

quantum mechanical ORD studies in the literature have relied on a 

nonresonant region. 

The theoretical specific rotation (in units of deg.cc.g
1
.dm

1
) is 

obtained as: 

( )[ ]=
k

sn

ns

ns R
M 22

24410915.0

 

This equation represents the sum-over-states (SOS) expression for 

the nonresonant region, where Rsn is the rotational strength of tran-

sition n and M is the molar mass [111-115]. An alternate approach 

to predict ORD is to convert the ECD spectra to ORD spectra using 

the Kramers–Kronig (KK) transformation: 

( )[ ] ( )[ ]
( )

=
0
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To use the KK transform method, a theoretical ECD spectrum is 

required, which can be simulated from the predicted rotational 

strengths by assuming some band profile for each ECD band. The 

sum in above equations extends over an infinite number of elec-

tronic transitions. This is a serious limitation with these methods 

because it is not known a priori where the summation can be trun-

cated, or when the convergence can be achieved. However, the 

infinite summation can be avoided using linear response theory 

[116]. Therefore the prediction of ORD can be performed in three 

different ways: 

 From rotational strengths using the SOS expressions. 

 From the simulated ECD spectra using the KK transform. 

 ECD and ORD are simultaneously obtained using the linear 

response method.  

Generally, for quantitatively accurate results, the linear re-

sponse method should be preferred over converting ECD into ORD 

using the SOS or KK transform expressions. On the other hand, 

calculations of optical rotation at a single wavelength should be 

discouraged since the lack in accuracy for the calculated electronic 

transitions could drive to errors. Very often, calculated electronic 

transitions appear [117-119] at lower (for Hartree–Fock methods) 

or higher (for B3LYP functional) wavelengths, relative to the ex-

perimentally observed electronic-transition wavelengths. For sys-

tems with multiple electronic transitions, the optical rotation sign 

may be of different sign at different , so that the calculated OR 

could be of different sign if the wavelength is not properly cor-

rected (Fig. 5) [120].  

 

Fig. (5). Representation of optical rotation at different wavelengths. 

The wavelength correction discussed for single OR calculation 

is not a serious issue for ORD since the general trend of the ORD 

experimental and calculated curves are predicted, rather than just 

relying on the comparison of the OR value at a single wavelength. 

The most frequently used level of theory for ORD predictions is 

B3LYP/6-31G(d), although it has been recently discussed that this 

is not adequate for some highly flexible molecules, as shown in the 

example below [121]. 

ORD in AC Determination of Conformationally Stable Com-

pounds 

In the case of a conformationally stable compound only one 

minimum on the potential energy surface (PES) considerably con-

tributes to the total specific rotation. As an example, calculation of 

the ORD for the spiroiminodihydantoin nucleobases were per-

formed on the amino and imino forms of the nucleobase Sp (R)-11 

and (S)-11 enantiomers (Fig. 6) geometry-optimized at the 

B3LYP/6-31G(d) level [122, 123]. 
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Fig. (6). Structure of (R) and (S) enantiomers of the Spiroiminodihydantoin 
nucleobase 11. 

The specific optical rotations were calculated using ab initio 

time dependent DFT [105, 124-127] and Gauge-Invariant Atomic 

Orbital (GIAO) [124, 127, 128] methods utilizing the B3LYP/6-

311++G(2d,2p) basis set. The B3LYP hybrid functional is widely 

used in ORD computations [122, 123]. The 6-311++G(2d,2p) basis 

set [129-133] contains diffuse functions, which have been shown to 

significantly reduce basis set errors in the calculated ORD values 

[105]. However, calculations of the sodium D-line specific rotations 

of conformationally rigid molecules via B3LYP and other more 

advanced functionals, do not substantially differ in the abilities to 

reproduce liquid-phase experimental results [134]. Therefore, sol-

vent and vibrational effects were not taken into account on the 

computed ORD values shown in Fig. (7). 

While there are some differences in the absolute values of com-

puted and measured specific rotation data for both enantiomers, a 

similar trend in the ORD experimental and simulated curves was 

found. It is suggested that in general differences between experi-
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mental and calculated ORD are inherent to the computational meth-

ods used [117], and/or to the neglect of the solvent effects. The 

signs of the experimentally measured and computed ORD values 

indicate that Sp1 has ( )-(S) absolute configuration, while Sp2 has 

(+)-(R) absolute configuration for the amino tautomer. The com-

puted ORD values shown in Fig. (7) were obtained for the amino 

tautomeric forms. However, 11 might partially exist also in the 

imino form, the tautomer with the exocyclic amino group being 

usually favored over the imino tautomer in a variety of heterocyclic 

ring systems [135]. On the basis of the QM geometry optimization 

calculations, the amino form is lower in energy by only 1 kcal/mol 

than the imino form [136]. Consequently, the contributions of the 

imino form to the specific rotation cannot be neglected a priori. The 

authors therefore calculated the specific rotation of the Sp imino 

form as well. The results show that the ORD values of the imino 

forms do not differ significantly from those of the amino forms, and 

thus, ORD cannot distinguish between the two tautomers [137]. The 

AC of these compounds was later reconfirmed by ECD calculations 

[138]. 

ORD in Conformationally Flexible Compounds 

For conformationally flexible compounds, two examples are 

presented in order to show the scope and limitation of ORD for this 

category of systems. Namely, whenever a compound with more 

than one conformer contributing relevantly to the ORD, two ex-

treme cases are possible. When the plots of the calculated ORDs for 

all the conformers have similar trends, for instance all positive, or 

when some of the conformers exhibit ORD calculated plots with 

opposite signs. 
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Fig. (8). Structures of (+)-(4S,5S)-cis-cytoxazone ((+)-(4S,5S)-12) and ( )-

(4S,5S)-trans-isocytoxazone ((4S,5S)-13). 

Ab initio calculations of the optical rotatory power of the natu-

ral cytokine [139] modulator (+)-(4S,5S)-cis-cytoxazone ((+)-

(4S,5S)-12) and ( )-(4S,5S)-trans-isocytoxazone (( )-(4S,5S)-13) 

(Fig. 8), have been performed at four different wavelengths (589, 

546, 435, and 405 nm) by DFT [139]. Conformational search of the 

cis derivative (+)-(4S,5S)-12 uncovered the presence of ten con-

formers within 1.5 kcal mol
1
 after geometry optimization at the 

B3LYP/6-31G(d) level of theory (Fig. 9). 

 
Fig. (9). Theoretical conformational distribution of (+)-(4S,5S)-cis-
cytoxazone. 

Typically errors up to 1 kcal mol
1
 can be obtained in the de-

termination of relative energies by many ab initio calculations. 

Nonetheless, the ORD plot for all the ten conformers was calculated 

(Fig. 10). As it is shown, all the conformers have positive values for 

the ORD. This fact leaves no room for a possible wrong assignment 

of the AC due to errors in the characterization of the PES. 

 

Fig. (10). Theoretical ORD plots for the different conformers of (+)-(4S,5S)-

12. 

On the other hand, the trans isomer ( )-(4S,5S)-13 was sub-

jected to conformational search affording also conformers within 2 

kcal mol
1
 (Fig. 11) but on this case affording ORD signatures with 

opposite sign for some of the conformers (Fig. 12). 

Recently, the AC assignment of the trans derivative 13 has 

been corrected after its enantioselective synthesis. The earlier incor-

rect assigned was a consequence of an error in the determination on 

the conformational distribution. The use of a larger basis set and the 

consideration of solvation effects in the PES determination and 

 

Fig. (7). Theoretical and experimental ORD of ( )-(S)-11 and (+)-(R)-11. 

SR stands for specific rotation [ ]. 
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ORD simulations led in this case to the right assignment. The lesson 

that should be taken from this example is that if the ORD responses 

for the different conformers of a flexible molecule, have opposite 

sign, the use of other chiroptical techniques like VCD and/or ECD 

are highly recommended in the quest for a reliable AC assignment. 

3. ELECTRONIC CIRCULAR DICHROISM (ECD) 

Among the three chiroptical techniques addressed in this mini-

review, ECD has been the most widely applied [4, 15, 140] over the 

years for structure elucidation of a diverse pool of chiral molecules. 

The initial application of this method has relied on semiempirical 

correlation rules (octant rule, exciton chirality method, etc.), yet 

such approaches are somewhat limited in scope due to a need for 

structural prerequisites. For example, to apply the exciton chirality 

method, the chiral molecule must contain at least two UV/Vis 

chromophores in order to exhibit an interpretable bisignate ECD 

couplet [4, 140]. Although when applicable, semiempirical rules 

provide a simple and very useful approach for assigning the AC, 

their precondition requirements can be hampering especially when 

elucidating the structure of novel natural products. Even the wide 

application of the exiton chirality method can be problematic for 

molecules where the electronic transitions of the two chromophores 

which elicit the diagnostic couplet are not well separated from the 

transitions of other moieties in the molecule. Since ab initio predic-

tions of ECD are only conditioned by the size of the system, relying 

on these simulations has further extended the applicability of this 

popular and widely available method. A consideration of experi-

mental and theoretical ECD allows for reliable stereochemical elu-

cidation, regardless of the nature of the chromophores within the 
molecule or the presence of conformational degrees of freedom. 

From an experimental standpoint, ECD measures the differen-

tial response of a chiral molecule to the modulation of UV/Vis ra-

diation between right and left circularly polarized states. The differ-

ential absorption is commonly expressed as a differential molar 

absorptivity  (in L·mol-1·cm
-1

), assuming the Beer’s law (  = 

A/l·c, where l stands for pathlength and c for molar concentration). 

The minuscule amount of sample, on the magnitude-order of a g, 

represents a significant advantage of ECD over the other two chi-

roptical methods presented herein. From a theoretical standpoint, 

ECD response stems from both linear and circular oscillation of 

charge during electronic transitions from the ground to excited 

states, elicited by the absorption of the UV/Vis radiation. The linear 

charge oscillation is accounted for via electric and circular charge 

oscillation via magnetic dipole moments, as mathematically fea-

tured in the following expression:  

•= 0

^^

0Im mR kkk μ

 

Here, the so called velocity rotational strength (R in esu
2
cm

2
) repre-

sents the QM equivalent to the ECD intensity, μ̂  and m̂  are elec-

tric and magnetic transition moment operators, respectively, while 

0 and k stand for ground and excited electronic state wavefunc-

tions. In order to make theoretical spectra comparable to the ex-

perimental, the predicted value of R can be converted to a change in 

molar absorptivity, , via the following relation: 
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2
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where  is a bandwith (mid-height width) in eV, while are frequen-

cies  in cm
-1

 (  = 1/ , where  is the wavelength in cm) [141]. The 

sign of the theoretical ECD response (R) depends on the relative 

orientation of the two transition moment vectors (  and m). Consid-
ering that R is a signed quantity, it should be calculated as accu-
rately as possible to avoid cancellation of near transitions. Methods 
that have been used to provide a trustworthy ECD are time depend-

ent HF (TDHF), TDDFT, and coupled cluster (CC). The TDDFT, 

nevertheless, has been considered to provide the best balance be-

tween accuracy and computational cost, hence being the most fre-

quently used method of choice. On the other hand, in the case of 

extensively  conjugated systems, TDHF is preferred over DT-DFT 

since the later method overestimates the extent of conjugation. Re-

liable TDDFT-based ECD predictions can be obtained using 

B3LYP functional and moderate to large basis sets (6-31G(d), 6-

311+G(2d,2p), aug-cc-pVTZ, etc.) depending on the system. To 

obtain a more optimal correlation with the experimental trace, some 

case-studies demand variation in the choice of hybrid functionals 

(BPW91, BHLYP) [142]. Occasionally, a hybrid method 

TDDFT/MRCI (where MR stands for multi-reference and CI for 

configuration-interaction) [143], which takes account of the static 

electron correlation, yet at a high computational expense, has been 

applied to provide even more reliable ECD predictions. 

In practice, predictions of at least 10 excited states are necessary 

to simulate a ECD spectrum over the typically measured range (200 - 

800 nm). Both lorentzian and gaussian bandshapes have been utilized 

for simulating the theoretical ECD trace, yet the gaussian bandshape 

 
Fig. (11). Theoretical conformational distribution of ( )-(4S,5S)-trans-

isocytoxazone 13. 

 
Fig. (12). Theoretical ORD plots for the different conformers of ( )-

(4S,5S)-trans-isocytoxazone 13. 
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with   0.2-0.4
 
eV is a more common choice. Additionally, it 

should not be neglected that the theoretical ECD prediction is ac-

companied by the calculation of the UV/Vis absorption. The value 

of molar absorptivity  can be obtained from the ab initio output file 

by extracting the UV/Vis intensities given as dipole strengths (D) at 

different wavelengths and applying the below provided expression. 

( )=
2

39
exp

10296.2*4

iiiD

 

It is a good practice to compare experimental and theoretical 

UV/Vis absorption bands in order to accesses the match between 

relative intensities and energies of electronic transitions. The dis-

crete values of R or  can be converted into a smooth curve that 

resembles the experimental ECD spectrum via Lorenzian or, more 

commonly, Gaussian bandshape expressions. Nevertheless, we 

would like to emphasize that it is advisable to always display the 

bars representing the discrete R or  values, as the larger values of 

 can sometimes conceal an existent low intensity transitions, hence 

potentially leading to ambiguous AC assignment. The practice of 

displaying intensity bars associated with each R value is especially 

crucial when ECD transitions are densely spaced and of alternating 

signs. The last example of the application section, demonstrates the 

utility of displaying the bars. 

ECD for AC Determination in Conformationally Stable Com-

pounds 

Enantiomeric pairs of the cytotoxic pyrroloiminoquinone ma-

rine alkaloids discorhabdins have been isolated from Latrunculia 

species sponges collected at different locations around the coast of 

New Zealand [144]. The use of ECD for the AC determination is 

particularly attractive in the case of the discorhabdins due to their 

rigid, conformationally restrained structures and strong circular 

dichroism properties. To explore the feasibility and reliability of the 

method on this class of compounds, the authors undertook ECD 

calculations for (S,S)-14 (Fig. 12), the absolute configuration of 

which was previously defined by X-ray crystal analysis. The ge-

ometry of (S,S)-14 was obtained from its crystal structure and opti-

mized at the B3LYP/6-31G(d,p) level of theory, affording a single 

conformer. The ECD calculations in the gas phase at B3LYP/6-

31G(d,p) and further in MeOH at B3LYP-SCRF/6-31G(d,p) level 

of theory showed no considerable differences. The calculated ECD 

spectra of (S,S)-14 are in good agreement with the experimental one 

(Fig. 13), thus securing the reliable AC assignment. 

H
N

N

S

O

HN

Br

O
(S,S)-14

 

Fig. (12). Structure of (S,S)-14. 

Within the category of conformational stable compounds are 

also those with several conformers found in the PES but where the 

relative energy between the global minimum and the rest of con-

formers is large (a few kcal mol
1
). In such cases, one can typically 

trust that the only conformation considerably contributing to the 

properties or the solution is the global minimum. These particular 

scenarios demonstrate that ECD can be not only used for the AC 

determination but also for conformational assignment. As an exam-

ple, recently it has been reported in the investigation of chiral in-

duction from allenes into twisted butadienes, that ECD displays 

high sensitivity to conformational changes [145]. 

ECD for the AC Determination in Conformationally Flexible 

Compounds 

The alkaloid isoschizogaline 15, was isolated by Renner and 

coworkers from the east African plant Schizozygia caffaeoides, 

belonging to the Apocynaceae family, a plant used in traditional 

medicine in Kenya for the treatment of skin diseases. Until very 

recently, the AC of this natural product had not been determined. 

Calculations have been carried out on (2R,7R,20S,21S)-15. Ini-

tial conformational analysis was carried out using Monte-Carlo 

searching together with the MMFF94 molecular mechanics force 

field. Geometry optimizations of the MMFF94 conformations ob-

tained were then carried out using DFT, followed by calculations of 

their harmonic vibrational frequencies to verify their stability and to 

calculate Gibbs free energies. Electronic excitation energies, dipole 

strengths and rotational strengths of the DFT conformations have 

been calculated using B3LYP/aug-cc-pVDZ VDZ and ECD spectra 

were subsequently obtained using Gaussian band shapes. 
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Fig. (14). Structure of (2R,7R,20S,21S)-15. 

The outcome of the ab initio geometry optimization is the iden-

tification of six conformers with relative energies of 0.0, 0.9, 1.7, 

2.7, 5.3 and 6.4 kcal mol
1
. The stability of the six conformations of 

(2R,7R,20S,21S)-15 was confirmed by B3LYP/6-31G(d) harmonic 

vibrational frequency calculations. Thus, only three conformations 

are predicted to be significantly populated, with the most stable one 

being clearly dominant (78 %, 17% and 5 %). Further optimization 

of the six conformations of (2R,7R,20S,21S)-15 at the B3LYP/ 

TZ2P and B3PW91/TZ2P levels led to relative energies similar to 

the 6-31G(d) values. 

The experimental ECD spectra of (2R,7R,20S,21S)-15 as well 

as the calculated conformationally-averaged ECD spectra with three 

different bandwidths are shown in Fig. (15). As mentioned earlier, 

for cases where different transitions very close in energy display 

opposite rotatory strength, little changes in the bandwidth when 

 

Fig. (13). Theoretical (black line calculated in gas and gray line calculated 
in MeOH) and experimental ECD spectrum of (S,S)-14. 
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simulating the ECD spectra can considerable change the its signa-

ture, therefore it is recommended to plot the theoretical data with 

several bandwidth in order to help in the comparison with the ex-

perimental one. Additionally, as discussed previously, displaying 

the intensity bars for the R values is particularly important in such 

cases, for example for conformer Ia the intensity bars emphasize 

the importance of correlating the ECD bands ca 270 nm in order to 

reliably assign the AC. The electronic excitation energies, dipolar 

strengths, and rotational strengths of the 20 lowest excitations of the 

three more stable conformers of (2R,7R,20S,21S)-15 have been 

calculated at the B3LYP/aug-cc-pVDZ level of theory. The con-

formationally-averaged ECD spectra were obtained using Gaussian 

bandshapes of various . The comparison of calculated and experi-

mental ECD spectra leads to the conclusion that the AC is 

(2R,7R,20S,21S)-( )-15. 

VIBRATIONAL CIRCULAR DICHROISM (VCD) 

Ever since late 1990s, when instrumental advances culminated 

in manufacturing of the first VCD instrument [146-148] and when, 

coincidently, theoretical understanding of VCD matured in the im-

plementation of the ab initio formulations [149-151], VCD has 

become an increasingly popular method of choice for elucidating 

the AC. Its exponential rise in usage is not only based on the fact 

that it represents one of the newer chiroptical approaches, but also 

is justified on the grounds of its advantages, including the potential 

for broad applicability. As a result, numerous AC elucidations [152-

156] of conformationally stable and flexible natural products with 

multiple centers of chirality have benefited from the use of this 

method.  

The advantageous utility of VCD is rooted in the abundance of 

spectral information manifested through numerous, well-resolved 

peaks in the mid-IR region (typically, 900-2000 cm 1
). Also, its 

high information-content stems from the fact that transitions taking 

place during vibrational excitations are commonly 10
2
-10

3
 times 

faster than bond rotations, hence allowing the intrinsic conforma-

tional structure of a molecule to be determined. Nevertheless, the 

disadvantages associated with VCD are mainly associated with its 

empirical implementation. Specifically, a requirement for relatively 

high sample quantity (~10 mg) or longer signal-collection periods 

(  1h), could preclude recording of VCD for rare or labile natural 

products. When obtaining the VCD spectrum, one should be mind-

ful of solubility of a chiral molecule in typically used IR-silent sol-

vents (CCl4, CHCl3, CH2Cl2, CS2, CH3OH), so that the combination 

of the concentration and pathlength can provide IR absorption (0.2 

< A < 1) suitable for gaining a reliable VCD signal. More than one 

combination of concentration and pathlength might be necessary to 

optimize the absorption intensity in the entire detectable frequency-

window. Deuterated solvents such as D2O and DMSO-d6 can be 

used when solubility in such environments is desired. The deutera-

tion typically serves advantageously as it shifts the solvent interfer-

ence bands away from those arising from the sample. For example, 

the biologically important aqueous media exhibits dominant O-

H(D) bending modes at 1350cm
-1

 when D2O is used, instead of 

1550cm
-1

 when H2O is used. Furthermore, one should be mindful 

that protic solvents such as H2O and CH3OH might affect VCD 

shapes by altering relative populations of various conformers 

through solute-solvent hydrogen bonding interactions. Such cases 

require incorporation of explicit or implicit (polarizable continuum 

model, PCM) solvent models.  

Caveat should be taken, from the experimental and computa-

tional sides, when using VCD in molecules presenting hydrogen 

bonding. In such instances [157, 158], IR spectrum should be taken 

as a function of concentration within a range that encompasses the 

concentration employed for recording VCD. A non-linear depend-

ence of IR bands as a function of concentration is interpreted as a 

diagnostic feature of intermolecular solute-solute association. If 

dimer formation is speculated, ab initio calculations should involve 

geometry optimization and VCD simulations of stable dimer con-

formations. 

Ab initio VCD calculations are typically carried out at the DFT 

level of theory, with the hybrid B3LYP or B3PW91 functionals and 

6-31G(d) or 6-311++G(2d,2p) basis sets. More sophisticated and 

computationally expensive augmented basis sets (aug-cc-pVTZ, 

aug-cc-pVQZ) have been shown to provide excellent VCD predic-

tions, yet their use is not necessity for reliable predictions. It should 

be noted, nonetheless, that since VCD is a ground state chiroptical 

property, dependence on the exact conformation-geometries of a 

PES stationary points requires that ab initio predictions are made at 

exactly the same level of theory as the geometry optimization of 

conformers.  

Similarly to ECD, the ab initio QM analogue for IR absorption 

intensity is the dipole strength (D), while for VCD intensity is the 

rotational strength (R). In the case of VCD, the expressions relating 

D and R to the corresponding experimental observables,  and , 

are given as: 

D
303.2

100
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where  stands for bandwidth, typically 4-6 cm
-1

. Plotting of  vs.  

as well as  vs.  with Lorentzian band-shape leads to generation 

of a theoretical IR and VCD traces in the form that is comparable to 

experimental analogues.  

As it is the case for the other methods addressed herein, the AC 

is determined from the correlation between the experimental and 

simulated VCD responses. Although band-to-band correlation 

across the entire spectrum might not be possible, VCD bands that 

are prominent and persist in sign among the most stable conformers 

can be used as diagnostic markers of the AC. When assigning the 

AC via VCD, one practical pointer is to start from the comparison 

of the parent IR bands. Namely, one should first identify the peak-

to-peak correspondence between experimental and theoretical IR 

absorptions and then use these correlations to help assign the VCD 

correspondence. Such practice avoids that VCD correlations are 

 
Fig. (15). Theoretical (black lines, the arrows indicate the increase in sigma 

0.2, 0.3 and 0.4 when ploting the simulated data) and experimental ECD 

(gray line) of (2R,7R,20S,21S)-15. Bars depict the rotatory strength of three 

most stable conformers (Ia, Ib, and IIa). 
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based on the match in the sign between experimental and theoreti-

cal peaks that are close in frequency positions. One should regard 

the match of frequency positions and relative intensities as the key 

criteria for scoring the degree of correspondence between experi-

mental and theoretical traces. The sign comparison of already corre-

lated VCD bands discloses the AC assignment. Additionally, IR 

absorption often serves as a secondary reference to the parent VCD 

in assessing the presence of predominant solution conformers. Al-

though the case-studies chosen in the subsequent application sec-

tion do not rely on the IR absorbance spectra as an aid to VCD 

based elucidations, we would like to encourage the present and 

future users of VCD to more frequently display the use of the IR 

absorption as an aid to the VCD analysis. 

VCD for the AC Determination in Conformationally Stable 

Compounds 

In contrast with other chiroptical techniques, for many systems 

the VCD signature of a particular region in the spectra can be con-

sider as isolated from the rest. This is because vibrations associated 

with a particular structural fragment of the molecule do not couple 

with other vibrations. This feature of VCD is advantageous, and in 

the example provided here it demonstrates not only the potential of 

VCD to simultaneously unveil the AC for 2 elements of chirality 

(center and axial chirality), but the potential to simplify the theo-

retical analysis by using a truncated model systems.  

The molecule under consideration herein is a dimeric natural 

product of (S)-(+)-curcuphenol 16 (Fig. 16) and its atropisomeric 

dimers belong to a class of bioactive metabolites derived from a 

marine sponge and are characterized by the same side-chain chiral-

ity but opposite axial chirality [159]. 

From empirical point-of-view, the two atropisomeric dimers of 

curcuphenol 16 display VCD spectra with the opposite inflections 

in the region 1600-1425 cm 1
 (left panel of Fig. 16) thus pointing to 

important diagnostic bands solely arising from the axial chirality. 

On the other hand, region below ~ 1400 cm
-1

 does not distinguish 

the two sources of chirality, yet seems to provide an overall di-

astereomeric response. In order to assign the axial chirality of the 

dimers with already known (S)-(+) side-chain chirality, authors 

have made advantage of structural localization of certain vibrational 

modes by devising an idea of constructed a truncated model with a 

(P)-axial chirality. 

Resorting to the truncated model has greatly simplified the 

theoretical analysis, since the model is conformationally stable. 

Specifically, the complexity due to the existence of nearly iso-

energetic solution phase conformations arising from the flexible 

nature of the biaryl alkyl side chains has been bypassed by resorting 

to a methyl substitution. The truncation not only eliminates con-

formational flexibility, hence leading to only one stable conformer, 

but also permits theoretically-based visualization of VCD signals 

solely arising from the axial chirality.  

Since atropisomeric dimers (P) and (M) contain the same side-

chain chirality, taking a half of the difference in their VCD spectral 

signatures ((VCD1 – VCD2)/2) isolates the VCD features resulting 

solely from axial chirality. Right panel of Fig. (17) displays the 

comparison between the experimental VCD difference-spectrum 

and the trace of the truncated theoretical model of (P)-atropisomer. 

The striking similarities among the VCD features in the region 

above ~1400 cm
-1

 clearly confirm that the prominent features are 

solely due to the axial chirality thus allowing the AC assignment of 

right and left to (P) and (M) axial chirality, respectively. 

Subsequent to the above example, a more recent study fully 

demonstrating the diagnostic power of the VCD in elucidating the 

AC associated of the conformationally rigid molecule with dual 

(center and axial) units of chirality, is provided by Polavarapu et al. 

in his investigation on a homodimeric naphthpyranone-based natu-

ral product. Nevertheless, using VCD to uncover ACs for both ele-

ments of chirality is not limited to the conformationally rigid chiral 

species.  

HO

OH

(P)
HO

OH

(M)

OH

16  

Fig. (16). Structure of biphenyl 16. 

 
Fig. (17). Left; VCD experimental spectra of (P)-16 and (M)-16 and the corresponding noise. Right; theoretical spectrum of the truncated model (black line) 
and experimental (gray line). 
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VCD FOR THE AC DETERMINATION IN CONFORMA-

TIONALLY FLEXIBLE COMPOUNDS 

The overall 3D-structure of a chiral molecule, both the confor-

mation and the configuration, is encoded in frequency position, 

relative intensity and sign of VCD bands. The presence of typically-

observed numerous VCD bands, hence, implies a possibility of 

extracting structural information on multiple levels. An investiga-

tion of a natural product lippifoliane (17) provides compelling evi-

dence that VCD serves as a reliable stereochemical tool for not only 

reliably establishing the AC, but also for verifying the relative 

populations of the prevailing solution-state conformers [160]. This 

fairly conformationally flexible chiral molecule is a secondary me-

tabolite of a woody aromatic shrub native of Argentina, which is a 

traditional medicine used as a diuretic and stomachic agent.
 

Conformational search of 17 (Fig. 18) was initiated with Monte 

Carlo (MC), based on MMFFs force-field, and subsequently sub-

jected to DFT-based geometry re-optimization via B3LYP/ 

DGDZVP level of theory. The search resulted in a pull of four sta-

ble conformers (Fig. 19) with conformational equilibrium predomi-

nance of 92% given to conformer labeled as a, followed by b, c, d 

with 5%, 2%, and 0.3%, respectively. 

O
17

 

Fig. (18). Structure of 17. 

The theoretical VCD spectra were generated for the four con-

formers at the same level of theory as used for geometry optimiza-

tions. Their individual spectra along with the population-weighted 

theoretical spectra were compared to the experimental spectra, as 

displayed in Fig. (19). It is apparent that each conformation features 

a distinctive VCD signature, with especially dramatic change in 

intensity and phase observed for the stretching band of the C=C 

group at ~ 1610 cm
-1

 among the four conformers. The highly satis-

factory correspondence between the population-weighted VCD 

spectrum and experimentally one, justifies the accurate identifica-

tion of the conformer-geometries and estimation of their respective 

populations. As implied earlier, the overall accurate VCD response 

of a flexible molecule can be predicted only when the conforma-

tional minimum-energy structures and Boltzmann populations are 

accurately predicted. If the experimental conformations were sub-

stantially different in number, structures and relative Gibbs free 

energies from the predicted ones, the predicted VCD spectra would 

be in a poor agreement with the experiment. The quality of the 

agreement therefore supports the reliability of the conformation 

analysis, which further provides a high confidence to the AC as-

signment of the isolated lippifoliane 17 to the (4R,9S,10R)-

enantiomer. A recent investigation on an even more conformation-

ally flexible natural product, verticillane 18 (Fig. 20) [161], which 

carries an important role in the biosynthesis of taxanes, provides 

another striking example of how revealing VCD data can be with 

respect to the AC and conformational distribution the most stable 

conformers. This chiral molecule displays a presence of six stable 

conformers, three with the principal population-contributions of 

42%, 39%, 15% and the rest ~ 3 %. The identity and relative Gibbs 

free energies of these conformations have been determined by the 

 
Fig. (19). Calculated spectra of conformers a to d of 17 (left). Experimental (e) and calculated (f) Boltzmann waited spectra. 
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same MC and DFT combined conformational search approach as in 

the above example. The three most stable conformers differ in the 

orientation of the OH-group about the commonly conformed mac-

rocyclic carbon-framework. 

HO

88
 

Fig. (20). Structure of 18. 

It can be easily noted from Fig. (21) that the individual VCD 

signatures of the three dominant conformers of 18 are considerably 

distinct and neither one independently results in an optimum match 

with the overall experimental spectra. Yet, the population-weighted 

VCD provides a highly satisfactory peak-to-peak correspondence 

between the experimental and weighted-theoretical traces. This 

degree of compliance exhibited in the case-study of a fairly flexible 

system, provides additional proof-of-concept illustrations regarding 

the elucidative power of VCD in validating the ab initio proposed 

relative populations of prevailing solution-state conformers.  

Nevertheless, since VCD is considerably sensitive to conforma-

tions, one may encounter a case of a conformationally flexible 

chiral molecule with a number of low-energy conformers whose 

mutual presence diminishes the magnitude of many VCD bands. 

One such example is provided in the literature by the study of natu-

rally occurring (+)-nyasol [162], for which correlation of only one 

VCD band can be used for arriving to the AC assignment. In such 

cases, VCD assignment must be cross-validated by resorting to 

ECD and/or ORD methodologies. 

CONCLUSIONS AND FUTURE PROSPECTS 

In this mini review, we discuss and illustrate scope, advantages 

and limitations of four spectroscopic methods which can be used 

for structure elucidation of small to moderate size chiral molecules 

(NMR for elucidating the RC, while ORD, ECD, and VCD for the 

AC). The provided examples focus on natural products, which typi-

cally present more challenging species for structure elucidation as 

they are often endowed with more then one center of chirality. For 

such, complex chiral species we recommend a two step approach, 

both relying on the comparison between experimental and ab initio 

data. The first step, involves the use of NMR methodologies, as-

sisted by QM computation of chemical shifts and/or scalar cou-

plings, in order to unambiguously establish the RC, followed by the 

second step, which involves the use of chiroptical method(s) in 

order to conclusively establish the AC. The presented applications 

also illustrate how tremendous progress in using ab initio methods 

along with the innovation in computer technologies has been per-

mitting increasingly efficient predictions of spectroscopic data, 

which facilitate a reliable structure determination. 

Given the unique advantages and empirical requirements of 

each chiroptical method along with simultaneous consideration of 

the nature of a chiral molecule, one of the three methods (VCD, 

ECD, & ORD) should be selected as the most suitable choice. Cor-

respondingly, the applications provided illustrate the utility of each 

of the methods. Nevertheless, we would like to caution that one 

may encounter unforeseen challenges with the method that theoreti-

cally seems as the best choice. In such instances, one should resort 

to one or more chiroptical methods to insure an unambiguous AC 

assignment. The following complementarities among the three chi-

roptical methods presented strengthen the argument for their simul-

taneous use: 

a) Vibrational transitions are numerous and better resolved than 

electronic transitions and so additional conformations may be iden-

tified via VCD that may not be apparent from ECD or ORD; on the 

other hand, despite the presence of a large number of vibrational 

transitions, many of them may not exhibit significant measurable 

VCD signal. 

b) When different conformers of conformationally flexible 

molecules exhibit opposite response for a chiroptical property, the 

 
Fig. (21). Calculated spectra of the different conformers of 18 (a-c), experimental (d) and population-weighted spectra (e). 
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ambiguity of the AC assignment can be avoided by the use of more 

than one approach. 

c) In the case of high density of predicted electronic transitions 

with alternating signs of the corresponding ECD intensities (rota-

tional strengths), the challenge arises because spectral signature 

considerably changes with the choice of bandwidth; in such cases 

ORD can be easily applicable alternative. 
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