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Chapter 1

Introduction

1.1 Chirality

1.1.1 Generalities

”I call any geometrical figure, or group of points, chiral, and say it has chirality,

if its image in a plane mirror, ideally realized, cannot be brought to coincide with

itself.”

This definition stated by Lord Kelvin in 1904, in his Baltimore Lectures on

Molecular Dynamics and the Wave Theory of Light is universally accepted as

the definition of chirality. The term chirality, meaning handness, is derived from

the greek word for hand, i.e. χειρ (cheir), as the human hands are the most

universally recognized example of chirality.

The objects that can be brought to coincide with their mirror image are called

achiral. Kelvin’s definition is basically the definition of achirality. Chirality is

a dichotomous property, i.e. the chiral objects are the objects that fail to be

achiral.

Chirality is a purely geometrical property, as Lord Kelvin clearly stated in

his definition, i.e. ”geometrical figure, or group of points”. A first consequence is

that the symmetry of a geometrical object determines whether it is chiral or not.

Chirality excludes improper symmetry elements, i.e. center of inversion, mirror-

planes, and rotation-reflexion axes. However, chiral figures are not necessary

asymmetric, that is lack of all symmetry elements, since they may possess one

or more proper rotation axes. Hence chirality is supported by the point groups

comprising only proper rotations, i.e. Cn, Dn, O, T . A second consequence is

that chirality is not related in any particular way to chemistry or biology. In fact,

chirality is a property that is very common throughout our universe. It can be

found in molecular, macromolecular and supramolecular system, cells and living
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2 Chapter 1. Introduction

organisms but also in cosmic objects, e.g. spiral galaxies.

1.1.2 Optical activity: a historical overview

The ability of certain materials to rotate the polarization plane of a plane-

polarized electromagnetic field as the field passes through the material is called

optical activity.

Optical activity was observed for the first time in 1811 by French physicist

Francois Jean Dominique Arago (1786–1853) in the form of colors in sunlight

that had passed along the optic axis of a quartz crystal placed between crossed

polarizers. Around this same time (1812), Jean Baptiste Biot (1774–1862) also

observed the effect in liquids and gases of organic substances such as turpentine.

Subsequent experiments by Biot established that the colours were due to two

distinct effects: optical rotation, that is the rotation of the plane of polarization

of a linearly polarized light beam; and optical rotatory dispersion, that is the

unequal rotation of the plane of polarization of light of different wavelengths. Biot

also discovered a second form of quartz which rotated the plane of polarization

in the opposite direction and also recognized (1818) that for a fixed path length

through the quartz the rotation angle was inversely proportional to the square of

the light wavelength.

In 1822, the English astronomer Sir J. F.W. Herschel (1792–1871) noted a

correlation between optical rotation and crystal hemihedrism. The hemihedrism

phenomenon, i.e. the arrangement of the facets of a crystal that produces non-

superimposable mirror images, was discovered by crystallographer Rene-Just

Haüy (1743–1822) in 1801 who noticed it in quartz crystals. (The term enan-

tiomorphous, i.e. in opposite shape, was created to describe the macroscopic

relationships between non-superimposable, mirror-image crystalline forms.)

All these discoveries culminated in 1848 with Louis Pasteur’s great achieve-

ment, i.e. the separation of a racemic mixture of tartrate crystals into its optical

antipodes (levorotatory tartaric acid was unknown up to that time). Observ-

ing that the tartrate crystals have facets inclining to the right or left, i.e. the

hemihedrism of the tartrate crystals (which is not usually observed for crystals

of optically active substances), Pasteur was able to mechanically (manually) sep-

arate the two crystal forms and achieve the first resolution. Then, by dissolving

the two kinds of crystals separately, he determined their optical activity to be

identical and of opposite sign. Finally, by extending the concept of hemihedric

faces observed in crystals to molecules, Pasteur provided a reasonably satisfactory

explanation for his (also previous) experiments.

In 1874, Jacobus Henricus van’t Hoff and Joseph Achille Le Bel independently
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Figure 1.1: Point Chirality. The enantiomers of a generic amino acid.

proposed that the phenomenon of optical activity could be explained by assuming

that the chemical bonds between carbon atoms and their neighbors were directed

towards the corners of a regular tetrahedron. This led to a better understanding

of the three-dimensional nature of molecules.

1.1.3 Chirality in chemistry

Nomenclature

In chemistry the study of chirality falls in the domain of stereochemistry which

unites the traditionally-defined sub-disciplines of inorganic chemistry, organic

chemistry and physical chemistry.

The two non-superimposable, mirror-image forms of chiral molecules are re-

ferred to as enantiomers. Since the enantiomers of a chiral molecule exhibit

optical activity of different signs and equal magnitude they are also called optical

isomers.

A mixture of equal amounts of two enantiomers of a chiral compound is called

a racemic mixture. The word “racemic” is derived from the Latin word for grape,

the origins of the word being related to the fact that Pasteur isolated racemic

tartaric acid from wine. Racemic mixtures do not exhibit optical activity.

Most chiral molecules exhibit point chirality. The chiral center is usually

an atom (though it does not necessarily have to be an atom), most often a

carbon atom having four different substituents. This is the case of chiral amino

acids where the α-carbon is the stereogenic centre, having point chirality (see

Fig. 1.1). It should be noted that even isotopic differences must be considered

when examining chirality.

It is also possible for a molecule to have multiple chiral centers without being

chiral overall, if there is a symmetry element (mirror plane or inversion center)

which relates those chiral centers. Such compounds are referred to as meso com-
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Figure 1.2: Schematic representation of a meso compound.

Figure 1.3: Axial Chirality. Schematic representations of the enantiomers of

chiral allenes (lower panel) and biphenyls (upper panel).

pounds (see Fig. 1.2).

There are also chiral molecules that do not have a chiral center. Thus, one

can distinguish between axial chirality (Fig. 1.3), helical chirality (Fig. 1.4), and

planar chirality (Fig. 1.5).

Many coordination compounds are also chiral. For example, Fig. 1.6 shows

the well-known tris(ethylenediaminato) cobalt(III) complex, [Co(en)3]3+. The

[Co(en)3]3+ complex has point chirality, with the Co atom being the stereogenic

centre. It is also important to note that [Co(en)3]3+ is highly symmetric, it has
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Figure 1.4: Helical Chirality. Schematic representation of the enantiomers of

hexa-helicene.

Figure 1.5: Planar chirality. Schematic representation of the enantiomers of

trans-cyclooctane.

!"

!"
Figure 1.6: Schematic representation of the enantiomers of [Co(en)3]3+. A coor-

dination compound with point chirality and high symmetry (D3).
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D3 symmetry, i.e. it has one C3 symmetry axis and three C2 symmetry axes

(perpendicular to the axis C3).

In the gas phase or when dissolved in solution, molecules are usually very

flexible and therefore may adopt a variety of different conformations. These var-

ious conformations are themselves almost always chiral. One must make a clear

distinction between conformation and configuration when discussing chirality in

a molecular context. Thus, two molecules which differ only by rotations around

single bonds are said to be two different conformations of the same molecule.

Whereas, two molecules which have the same chemical composition but can only

be made identical, i.e. superimposable, by breaking and reforming bonds are said

to be two configurations of the same set of atoms.

Naming conventions

The arrangement in space of the substituents of a stereogenic unit, i.e. a chirality

center, a chirality plane or a chirality axis, is called absolute configuration (AC).

Enantiomers have opposite absolute configurations.

In 1906 M. A. Rosanoff proposed the D/L nomenclature system for denot-

ing enantiomers. He arbitrarily assigned the dextrorotatory (dextro = right)

(+)-glyceraldehyde to the D configuration, and the levorotatory (levo = left)

(-)-glyceraldehyde to the L configuration. Since certain chemical manipulations

can be performed on glyceraldehyde without affecting its configuration, the enan-

tiomers of a molecule are named D or L depending from which isomer of glycer-

aldehyde they can be obtained from chemical reactions that did not change any

bond at a stereogenic unit.

Because the D/L system is not unequivocal in all cases and cannot easily

be applied to all families of compounds, in the early sixties, R. S. Cahn, C. K.

Ingold, and V. Prelog introduced a new system, the R/S system.

For chemists, the R/S system is the most important nomenclature system for

denoting enantiomers. The R/S system is more general than the D/L system

since it does not involve a reference molecule such as glyceraldehyde and can also

be extended to molecules without a chiral center. Moreover, it can also label, for

example, an (R,R) isomer versus an (R,S) diastereomer, i.e. isomers that have

opposite configurations at one or more of the chiral centers but are not mirror

images of each other.

In the R/S system, one labels first each chiral center (as R or S) based on its

atomic number according to the Cahn Ingold Prelog (CIP) priority rules (given

below). Then, by orientating the chiral center so that the lowest-priority of the

four is pointed away from a viewer, there are two possibilities: 1) if the priority
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of the remaining three substituents decreases in clockwise direction, it is labeled

R (for Rectus), and 2) if it decreases in counterclockwise direction, it is S (for

Sinister).

The Cahn Ingold Prelog (CIP) priority rules:

Rule 1: The four substituents of a tetrahedral chirality center are ranked in

order of decreasing atomic number of the atoms directly bonded to the chirality

center. Isotopes of the same chemical element are listed in order of decreasing

atomic mass.

Rule 2: Where two or more atoms bonded to the chirality center have the

same atomic number, the second atoms are used to rank the substituents. If the

second atoms are also the same, the third are used, and so on.

It should be noted that there is no fixed connection between the R/S and

D/L systems, i.e. an R isomer can be either D or L. We also note that the D/L

system remains in common use in certain areas of biochemistry, e.g. amino acid

and carbohydrate chemistry, because it is convenient to have the same chiral label

for all of the commonly occurring structures of a given type of structure in higher

organisms, e.g. in the D/L system all such structures are L, whereas in the R/S

system they are mostly S but there are some common exceptions.

Finally, we note that enantiomers can also be named according to the direction

in which they rotate the plane of polarized light. If it rotates the light clockwise

(as seen by a viewer towards whom the light is traveling), that enantiomer is

labeled (+), whereas its mirror-image is labeled (−). The (+) and (−) isomers

have also been termed d and l, respectively, (for dextrorotatory and levorotatory).

However, this labeling is easy to confuse with D and L. As before there are no

direct fixed relations between the (+) and (−) system and the R/S and D/L

systems.

Properties of enantiomers

Most physical properties do not depend on the absolute configuration. Thus,

enantiomeric pairs have identical melting point, boiling point, color, hardness,

density, solubility, etc. As a result, one can not distinguish the enantiomers of

a chiral molecule by looking at these “ordinary” physical properties. However,

enantiomers interact differently with other chiral objects, e.g. chiral molecules or

circularly polarized electromagnetic fields. This can be illustrated by looking at

how our hands and feet (both are chiral) interact with other achiral and chiral
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objects. Thus, there are no differences between our left and right limbs when

holding a drum stick or a pen in our hands, or when handling a ball with our

hands or feet (drum sticks, pens and balls are achiral objects). Whereas, the

differences between our left and right limbs are immediately apparent when trying

to shake someone’s left hand with our right hand or when trying to put our right

foot in a left shoe (hands and shoes are chiral objects).

Enantiomers behave the same way, they interact differently with other chiral

objects but not with achiral objects. For instance, enantiomers react at the same

rate with achiral compounds, but at different rates with chiral compounds; they

also exhibit different solution behaviour in pure chiral solvents. Optical activity,

the interaction of chiral molecules with circularly polarized electromagnetic fields

(which are chiral), is another example of non-equivalent enantiomeric interaction.

Due to their non-equivalent behavior in chiral media, enantiomers are highly

selective reagents that can be used to induce enantio-selectivity, i.e. produce

exclusively or predominantly one enantiomer at the expense of the other. In

general, laboratory chemical reactions produce racemic mixtures. However, as

mentioned, these racemic mixtures can be separated by using chiral reagents. As

it will be discussed in the next two sections enantio-selectivity plays a crucial role

in biology and drug industry.

1.1.4 Chirality in biology and drug industry

The amino acids (the building blocks of proteins) and sugars (which when com-

bined with nucleic acids form the building blocks of DNA) are chiral. Inter-

estingly, in living organisms, all amino acids are left-handed and all sugars are

right-handed. That is, in living organisms amino acids and sugars exhibit ho-

mochirality. This homochirality of the amino acids and sugars leads to homochi-

rality in higher-order structures such as the right-handed α-helix and the B-type

DNA double helix.

Although the origin of homochirality in the biological systems is currently

unknown, its consequences are immediately apparent. Thus, many biological

processes are triggered by only one of the two possible enantiomers of a chiral

molecule; enzymes (which are always chiral) often distinguish between the two

enantiomers of a chiral substrate. This characteristic of biological processes is

consistent with the non-equivalent interaction exhibited by enantiomers in chiral

media discussed in the previous section. Consequently, since many drugs consist

of chiral molecules, and since drugs interact with the organism at molecular level,

often only one of the enantiomers has the desired pharmacological activity, the

other enantiomer may be inactive, less active, or even toxic.
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One such example is Thalidomide, a racemic drug that was administrated to

pregnant women between 1956–1962. While one enantiomer is effective against

morning sickness, which was the intended scope of the drug, the other one is

teratogenic (roughly meaning causing malformations). The results of releasing

the drug to the general public were catastrophic, more than twelve thousand

(12000) infants were born with severe malformations, the most renowned being

Phocomelia (meaning seal arms).

It should be noted that Thalidomide is just one of many racemic drugs that are

potentially harmful. Similar example are Ethambutol (one enantiomer is used to

treat tuberculosis, the other causes blindness) and Naproxen (one enantiomer is

used to treat arthritis pain, but the other causes liver poisoning with no analgesic

effect) to name but a few.

A less dramatic example that shows how differently the enantiomers of a

compound are perceived by our organism is Limonene. Limonene is chiral, as are

the smell receptor in our nose. While the R enantiomer of Limonene is associated

to the smell of lemons, the S enantiomer is associated to the smell of oranges.

The above examples clearly show that in order to understand how chiral drugs

interact with our organism it is crucial to know their absolute configuration.

Consequently, there is an evident need for spectroscopic techniques that allow

for reliable determinations of AC of chiral molecules. A short overview of the

spectroscopic methods that can be used to determine the AC of chiral compounds

is given in section 1.2.

1.1.5 Chirality in literature and art

The mirror image and the possibility of having non-identical mirror images have

fascinated philosophers, writers and artists even before chirality or optical activ-

ity was discovered by scientists. Thus, the first discussion on handedness and

its dependence on space dimensionality begins with Immanuel Kant, the famous

Prussian philosopher, who was captivated by what he dubbed incongruent coun-

terparts to describe the existence of two nonsuperimposable mirror-image objects

[1]:

“What can more resemble my hand or my ear, and be more equal in all points,

than its image in the mirror? And yet I cannot put such a hand as is seen in the

mirror in the place of its original ...”

Although little was known about chemical chirality in the time of Lewis Car-

roll, his work “Through the Looking-glass and what Alice found there” (1871)

contains a reference to the differing biological activities of enantiomeric drugs:

”Perhaps Looking-glass milk isn’t good to drink,” Alice said to her cat.
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M.C. Escher’s ”Drawing Hands”
(c) 2009 The M.C. Escher Company - the Netherlands.
All rights reserved. Used by permission. www.mcescher.com

Figure 1.7: Drawing Hands painting by M.C. Escher

The English novelist Edwin A. Abbott (1838–1926) explained in the satire

entitled “Flatland” (1884) that in two dimensions (flatland) two equal scalene

triangles that are orientated differently can not be brought into coincidence by

translation or rotation but only by reflexions across a straight line (the mirror in

flatland). The fantastic story written by Abbott was preceded by a more rigorous

mathematical study of A. F. Möbius (1790–1868). August F. Möbius after whom

the Möbius strip is named, proved that two non-superimposable objects in three-

dimensional space become identical when one of them is rotated in a fourth

dimension [2].

Finally, we should also mention the dutch engraver Maurits C. Escher (1898–

1972) who took admirable advantage of symmetry in his the extraordinary draw-

ings. Figure 1.7 shows the famous etching Drawing Hands.

1.2 Spectroscopy and absolute configuration

Before 1951 no spectroscopic techniques capable of determining the absolute con-

figuration of chiral molecules were available. Although it was possible to distin-

guish between the (pure) enantiomers of a compound by using optical activity,

it was impossible to make a direct correlation between the optical activity of

a compound and its absolute configuration. As a result the standard method

was to use Rosanoff’s D/L nomenclature system, i.e. the absolute configuration
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Methode Advantage Disadvantage

XRD - reliable - not applicable to solutions since

single crystal samples are required

- measurements are not always readily

doable since many organic and bio-organic

compounds are difficult to crystalize

NMR - straightforward measurements - requires chiral shift reagents,

chiral additives or derivatization

ECD - straightforward measurements - spectra consist of few signals

- can predict solutions conformation - solvent dependent signal sign

- requires computation of excited states

- requires presence of chromophores

ORD - straightforward measurements - is a property of the bulk sample,

there is no direct relation between

spectra and the molecular structure

of the sample

- requires computation of excited states

VCD - straightforward calculations - although practical, measurements are

- can predict solutions conformation somewhat difficult because VCD signals

have weak intensities

VROA - measurements can be performed - the computation of VROA spectra

for a wide frequency range are still expensive

Table 1.1: Summary of the advantages and disadvantages of spectroscopic tech-

niques that are able to determine the absolute configuration of chiral molecules.

of a compound was related to the absolute configuration of glyceraldehyde (as

discussed in section 1.1.3).

In 1951, the Dutch chemist and crystallographer J. M. Bijvoet, invented a

new special x-ray crystallography technique, called anomalous x-ray dispersion

(XRD), which enabled him to determine for the first time the absolute config-

uration of a chemical compound, i.e. sodium rubidium tartrate [3]. Using his

technique, Bijvoet has shown that the dextrorotatory (+)-tartaric acid has L con-

figuration. Then, by comparing L-(+)-tartaric acid and (+)-glyceraldehyde he

determined that (+)-glyceraldehyde should be definitely assigned to the D config-

uration. Once the absolute configuration of (+)-glyceraldehyde was known, the

absolute configuration of all the compounds (thousands) that have been related

to (+)-glyceraldehyde by chemical reactions before 1951 was known.

Gradually, more spectroscopic techniques capable of determining the absolute

configuration of chiral molecules have been developed, e.g. electronic circular

dichroism (ECD), optical rotatory dispersion (ORD), and more recently, vibra-

tional circular dichroism (VCD) and vibrational Raman optical activity (VROA).

The main advantages and disadvantages of these spectroscopic techniques are

summarized in Table 1.1.

As can be seen in Table 1.1 each method has its own disadvantages. Conse-
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quently, depending on the situation at hand one method may be more suitable

than the other methods, i.e. may reveal additional information, or alternately,

may be less ambiguous. Furthermore, given how important it is in pharmaceu-

tical industry to assign correctly the absolute configuration of chiral drugs, it is

always prudent to use more than one method for a given compound. Thus, even

though each of these methods is suitable for determining the three-dimensional

molecular structure, cross verification of the conclusions obtained with individual

methods should be mandatory when the employed methods are stretched to their

limits.

1.3 Vibrational Circular Dichroism

Vibrational circular dichroism (VCD), i.e. the differential absorption of left and

right circularly polarized light for a vibrational transition, is the central topic of

this thesis.

The first VCD investigations began in the late 1960 and early 1970 with the

theoretical studies of Moscowitz et al. [4, 5], Holzwart et al. [6] and Schellman

[7, 8]. These studies have estimated that VCD signals are strong enough to

be observed experimentally. (Normally, VCD intensities are approximatively 4

orders of magnitude lower than the IR intensities.)

The first experimental observation of VCD was reported by Holzwarth et al.

in 1973 [9, 10]. Then, in 1975 Stephens et al. have reported the implementation

of a more flexible and sensitive VCD spectrometer [11] and VCD experimental

spectra as well. Critical for these new measurements was the use of a ZnSe photo-

elastic modulator and of a newly invented method called polarization scrambling

(invented by Stephens’ post doc Jack Cheng) that allowed for a significant re-

duction of the so called pseudo-CD signals, i.e. experimental artifacts that are

unrelated to the CD of the sample. Further developments of the VCD instru-

mentations were made by Nafie et al. in 1979 with the implementation of the

Fourier-transform VCD spectrometer [12]. However, in spite of all these develop-

ments the applicability of VCD spectroscopy was still limited since the absolute

configuration of a compound can not be assigned based on its experimental VCD

spectrum alone. As in the case of optical activity, no direct correlation can be

made between the absolute configuration of a compound and its experimental

VCD spectrum.

Since the VCD spectra of enantiomeric pairs have equal magnitudes but op-

posite signs, the most direct and elegant approach for determining the absolute

configuration of a chiral compound would be by comparing its experimental VCD
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spectrum to a calculated VCD spectrum. If the main features of the experimen-

tal and calculated VCD spectra have the same sign, the experimental sample

has the same AC as the enantiomer used in the simulation (which is known),

whereas if the signs are different so is the AC. It is therefore clear that accurate

determinations of AC using VCD require reliable computation of VCD spectra.

Historically, computation of VCD spectra was a challenge. The VCD inten-

sity of a vibrational transition is given by the rotational strength (R) of that

transition, that is, the inner product between the electric and magnetic dipole

transition moments associated to the respective transition. While the calculation

of the electric dipole transition moment (EDTM) is straightforward, the electronic

contribution to the magnetic dipole transition moment (MDTM) is exactly zero

within the Born-Oppenheimer (BO) approximation.

The most natural approach that can be employed to remedy this problem is to

use wave functions of higher accuracy, e.g. corrected BO wave functions obtained

by mixing BO wave functions of the excited states into the ground-state eigen-

function. However, as it turned out, the expression obtained for the electronic

component of the MDTMs is a sum over all excited states. Thus, although the

electronic component of the MDTM does not vanish anymore, calculations are

still impractical without resorting to truncations.

The solution to this problem was given by P. J. Stephens in 1984, who showed

that the sum over states can be reduced exactly, the obtained expression depend-

ing only on the adiabatic wave function of the ground electronic state [13]. As a

result of this breakthrough, accurate calculations of vibrational MDTM became

readily possible. The final step that made VCD spectroscopy routinely applicable

and established it as the method of choice for the determination of the absolute

configuration of gas phase molecules, molecules in solution, neat liquids, powder

solids and dispersions, was the DFT implementation of Stephens’ equations of

VCD (using London-atomic orbitals) in the Gaussian program package by Jim

Cheeseman [14].

1.4 This thesis

The main topic of this thesis is the interpretation of VCD spectra, the scope be-

ing a better understanding of the differences between experimental and calculated

VCD spectra. Knowledge and understanding of the mechanisms responsible for

these differences is crucial for: 1) successful determination of absolute configura-

tion of chiral compounds, 2) understanding the limitations of the technique, and

3) the further development of the technique.
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The thesis is organized as follows. Chapter 2 presents the general theory of

optical activity, and the derivation of Stephens’ equations for VCD. Chapter 3

describes the implementation of Stephens’ equations in the Amsterdam Density

Functional (ADF) program package, and the validation of our VCD implemen-

tation. In Chapter 4 we investigate the effects induced by complex formation

on VCD spectra. Chapter 4 is the core of this thesis, the fundamental concepts

introduced in this chapter being the subjects of the remaining chapters of the

thesis. Thus, in chapter 5 the concept of robust modes introduced in chapter 4 is

further investigated and validated by studying the distributions of the angles ξ,

i.e. the angle between the electric and magnetic dipole transition moments, using

a test set of 27 molecules. Then, in chapter 6 the analysis of the mechanisms re-

sponsible for the enhancements of the IR and VCD intensities due donor-acceptor

interaction (also introduced in chapter 4), are further extended and validated by

direct comparisons to experimental data using the complex [Co(en)3]3+ · · · 2Cl−

as an example. Finally, the thesis is summarized with some concluding remarks.




