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The active ingredients in drugs are frequently chiral. The traditional 

method of absolute stereochemistry determination in the pharmaceutical industry 

is using single crystal XRD; however, there are some common problems that 

mean that the determination is not always successful. VCD spectroscopy is an 

alternative technique that overcomes many of the problems experienced with 

single crystal XRD, although it is not currently widely practised. The aims of 

this research are to make the use of VCD for absolute stereochemistry 

determination desirable within the pharmaceutical industry and to investigate the 

limits of single crystal XRD. 

A reliable VCD sampling methodology was developed using the nujol 

mull technique and provided good quality VCD spectra. Development of a 

straightforward method for prediction of accurate VCD spectra, proved to be a 

much harder target to achieve. Using published prior information was shown to 

provide a quicker route to an accurate predicted VCD spectrum. However, 

rotation of the non-chiral groups of the molecule was shown to invert bands in 

the VCD spectra, which had generally only been thought to occur when the 

absolute stereochemistry inverted. This degree of added complexity may mean 

that using VCD for absolute stereochemistry determination within the 

pharmaceutical industry would only prove useful for a specific subset of chiral 

compounds. 

Increasing the number of heavy atoms in the chiral compound improved 

the reliability of the absolute stereochemistry determination. Increasing the 

redundancy of the data collection improved the Flack parameter and lowered its 

associated esd, thus making the absolute stereochemistry determination more 

reliable. The data collection itself took several days, so may not prove practical 

for routine use. However, it does provide an alternative route for accurate 

absolute stereochemistry determination when no other techniques are available. 
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Chapter 1 - Introduction 

1.1 Chirality & Absolute Stereochemistry 

A chiral molecule is one that is not superimposable on its mirror image : it has the 

property of rotating the plane of polarisation of plane-polarised monochromatic 

light that is passed through it. This phenomenon is called optical activity. The 

term "absolute stereochemistry" [1] applies to chiral molecules where the 

substituents are defined as having an absolute position within space, making the 

molecule a specific chiral enantiomer of the compound. The enantiomers of a 

chiral compound are thus non-superimposable mirror images, illustrated in figure 

1.1 below. 

Mirror Plane 

Figure 1.1. The two enantiomers of Atenolol, (R) & (S), are non-superimposable mirror 

images. The dashed line indicates a mirror plane 

Cahn - Ingold - Prelog [2, 3] notation is used to define the arrangement of atoms 

within space around the chiral centre e.g. a carbon atom with four different groups 

around it. This gives the absolute configuration of the compound. There are two 

possible absolute configurations around any chiral centre, denoted either (R) or (S) 

in the Cahn - Ingold - Prelog notation. 



Chapter One Introduction 

To apply the correct (R) or (S) notation to the chiral centre under observation, the 

groups around it must first be prioritised. Priorities are decided initially on the 

higher mass having the higher priority, with the groups attached to these atoms 

being taken into consideration if two atoms are the same. The molecule is then 

rotated so as to have the group of lowest priority at the rear. A circle is then 

traced from the group of highest priority to the lowest. If the circle is moving 

clockwise its designation is (R), or if the circle is moving counter-clockwise its 

designation is (S). These define the absolute stereochemistry of the enantiomer. 

See figure 1.2 for an example. 

Figure 1.2. Illustration of the determination of stereogenic centre designation. Adjoining 

groups have been prioritised (labelled 1-4) and the circle moves clockwise, giving designation 

(R) 

Enantiomers can also be labelled according to the direction in which they rotate 

the plane of polarisation of plane polarised light. Dextrorotatory or (+) if they 

give a positive optical rotation, levorotatory or (-) if they give a negative optical 

rotation. This nomenclature is known as the Fischer projections, or DL 

nomenclature, but as it does not give any information about the absolute structure 

of the chiral compound, the label is generally not important. An (R) or (S) 

enantiomer can be either (+) or (-). 

When two or more chiral centres are present in a molecule, further complications 

can arise . Diastereoisomers are possible, which are non-enantiomeric isomers: i.e. 

(R, R) and (S, S) are enantiomers, but (R, R) and (S, R) are diastereoisomers. 

Diastereoisomers have different physical and chemical properties to each other 

and in relation to the enantiomers of the same compound. 

2 



Chapter One Introduction 

A sample containing only one enantiomeric form of a chiral molecule is called 

enantiopure. A sample with equal amounts of each enantiomer is called a racemic 

mixture or racemate. 

1.2 The Importance of Chirality in Pharmaceutical 
Applications 

Chirality is a fundamental property of all living things; plants and animals 

naturally produce single enantiomers because living systems are inherently able to 

recognise and chose between mirror image forms . [4, 5] Many drugs are derived 

from natural substances, two examples are: morphine (figure 1.3) which is derived 

from the opium poppy and quinine (figure 1.4) which is obtained from the bark of 

the Cinchona tree. Natural products usually only occur as one enantiomer, and 

this natural chirality is often carried through to the active pharmaceutical 

ingredient (API) in drugs. 

Figure 1.3. The structure of Morphine and its origins in nature, the opium poppy 

Figure 1.4. The structure of Quinine and its origins in nature, the bark of the Cinchona tree 

3 



Chapter One Introduction 

Accurate detennination of the absolute stereochemistry of chiral compounds is 

essential within the pharmaceutical industry; it enables comparison of the 

functionality, activity and safety of the different enantiomers of the API. 

Regulatory submission of an API to the Food & Drug Authority (FDA) requires 

the absolute stereochemistry to have been proven and also confinns the stereo 

control of the production process. 

Approximately half of all drugs are chiral, with the importance of chirality first 

being realised within the phannaceutical industry in the early 1960s in relation to 

the case of thalidomide. [6] Thalidomide was developed as a racemate: it was 

awaiting approval in the United States whilst prescribed to pregnant mothers as an 

anti-nausea drug for relief ofmoming sickness in Europe. During the US 

approval process it was discovered that the drug caused birth defects, when 

prescribed to pregnant women. The (R) enantiomer, figure 1.5, produced the 

desired therapeutic effect; however the (S) enantiomer caused birth defects 

because of its powerful angiogenesis-blocking effects. Studies now conclude that 

both enantiomers of thalidomide are unstable and spontaneously change form, but 

because of its powerful anti-angiogenesis activity its use was approved as a 

treatment for leprosy complications. [7] 

o 

O:NB 
R 0 

Figure 1.5. Thalidomide, the (R) and (S) enantiomers 

Due to this tragic mistake, the guidelines for regulatory submissions were 

drastically altered and the single crystal X-ray diffraction (XRD) structure is 

currently required in order to prove the absolute stereochemistry of the submitted 

drug. Full phannacological and toxicity profiles are also now required for New 

Drug Applications (NDA). 

4 



Chapter One Introduction 

It is important to understand that a racemate or non-racemate is not a simple and 

predictable combination of the individual enantiomers with respect to 

pharmacodynamics and pharmacokinetics. [5] The simplistic idea that one 

enantiomer may be "good" and the other enantiomer may be "bad" or "inactive" 

does not exist. In reality the two enantiomers can influence, interact, and interfere 

with each other's activity and metabolism in subtle, unexpected ways. Rigorous 

preclinical and clinical study is essential to sort out the material therapeutic effects 

and so decide which compound to submit for approval. 

Three distinct categories of the enantiomers of chiral compounds have now been 

classified for the purposes of drug regulation:[4] 

• Both enantiomers have similar desirable properties, that are either identical 

or differ in the magnitude of the effect. 

• One enantiomer is pharmacologically active, the other enantiomer is 

inactive. 

• Each enantiomer has completely different pharmacological activity. 

Enantiomers can differ considerably in potency, pharmacological activity and 

pharmacokinetic profile, since the molecules with which they interact in 

biological systems are also chiral. In fact the stereoisomeric discrimination within 

biological systems is remarkable: it is responsible for the differences in 

physiological responses to the individual enantiomers of a given substrate, and to 

the racemate as compared with the corresponding pure enantiomers. The degree 

of stereoselectivity of the drug increases with the number of interaction points of 

the drug with the active site. Consideration of the stereoselective properties of the 

enantiomers of chiral drugs may therefore suggest therapeutic advantages over the 

use of racemates. 

A racemic drug can be considered as two separate drugs being given at the same 

time: each has potentially different pharmacodynamics and pharmacokinetics, and 

each influences the interactions and behaviour of the other. A racemate can be 

considered as containing up to 50% impurity, a situation that would usually be 

considered undesirable. [8] The reality of stereoisomers and their effects is not 

predictable by current technology: racemates are more than the sum of their 

5 



Chapter One Introduction 

halves, and enantiomers are more than one half of a racemate. Other 

considerations include the interaction with chiral pharmaceutical excipients. An 

excipient is a "filling" agent in a medication, which stabilises the active 

pharmaceutical ingredient, ensuring that it remains in its active form. Excipients 

may interact preferentially with one of the enantiomers. The dissolution rate of 

the individual enantiomers, from a formulation containing a racemate and a chiral 

excipient, may also differ considerably. 

Development of a single enantiomer should be considered when both enantiomers 

are pharmacologically active but differ significantly in potency, specificity or 

maximum effect. So the decision to develop a stereochemically pure compound 

must be based on pharmacodynamic, safety, pharmacokinetic and pharmaceutical 

considerations, whilst preclinical development of racemic drugs should explore 

the pharmacological characteristics of each isomer separately, as well as together. 

In developing a single enantiomer from a racemic drug, development of a 

combination (non-racemate or fixed proportion) of the two enantiomers might be 

reasonable. [5] 

Single enantiomers present challenging research and development problems and 

can offer significant scientific innovation with respect to the treatment of diseases. 

Applications for enantiomeric and racemic drug substances should include a 

stereo chemically specific identity test and/or a stereochemically selective assay 

method. Chemical information is also required to assure the identity, quality, 

purity and strength of the drug substance. 

Recent regulations from the FDA [4,5,9] have stressed that chiral pharmaceuticals 

must be tested in an optically pure form, or, if the racemate is to be marketed, both 

enantiomers and the racemate must be tested separately. In order to ensure that 

small amounts of the undesired enantiomer are not present in the final product, 

new methods for the routine measurement of enantiomeric purity and absolute 

configuration are necessary. Enantiopurity is typically determined by separation 

of enantiomers with column chromatography and absolute configuration from 

single crystal XRD. A chiral column can require a great deal of time and 

development, and if single crystals cannot be obtained an impasse is reached. 

6 



Chapter One Introduction 

Medical treatment with drugs has always involved a risk-benefit analysis of the 

curative properties of a drug compared to its short- and long-term side effects. 

One drive for the pharmaceutical industry towards stereochemically pure drugs is 

the additional exclusivity gained (from three to five years) when a currently 

marketed racemic drug is switched to an enantiopure compound. 

1.3 Determination of Absolute Stereochemistry 

Conventional analytical techniques, such as infrared (lR) spectroscopy (figure 

1.6), nuclear magnetic resonance (NMR) spectroscopy (except in the use of chiral 

Shift reagents), mass spectroscopy, and differential scanning calorimetry (DSC) 

are unable to detect the differences between the enantiomers of a chiral compound 

and so cannot be used to determine the absolute stereochemistry. This same is 

true for powder X-ray diffraction (PXRD), as the enantiomers of a chiral 

compound have identical unit cell parameters and space groups and differ only in 

the fractional co-ordinates of the atoms within space. Hence the 2() values for 

each enantiomer are the same and the powder diffraction patterns measured are 

identical. 
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Figure 1.6. The infrared spectra of (R)-Atenolol (red line) and (S)-Atenolol (blue line), 

appear identical 
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The current preferred methodology for absolute stereochemistry determination is 

single crystal X-ray diffraction, [10, II] using anomalous dispersion techniques and 

the Flack parameter.l12
-

14
] The Flack parameter is a measure of the likelihood of 

the enantiomer modelled in the XRD collection being the correct enantiomer and 

gives an indication of the confidence of the absolute stereochemistry 

determination (it is described in more detail in chapter 2, section 2.1 .3). Use of 

the Flack parameter has drawbacks when the compound under investigation 

contains only light atoms, such as oxygen, nitrogen and carbon or when the 

crystals produced are of poor quality, i.e. they may be too small, contain disorder, 

or may be twinned. The loss of information when studying compounds 

containing solely light atoms can be partially compensated for by the use of longer 

wavelength radiation, i.e. Copper instead of Molybdenum, in conjunction with a 

very large data collection (i .e. many reflections over a large 28 range). 

Pharmaceuticals often contain only light atoms and can also prove very difficult to 

re-crystallise to a high enough quality, for example in the case of Atenolol (figure 

1.7). 

Figure 1.7. (a) Crystals of Atenolol under a polarising microscope, colours indicate stress and 

strain in the crystals; (b) & (c) front and side views of a crystal of Atenolol. Thin and plate­

like crystals, such as those shown, cause problems when using single crystal XRD for 

absolute stereochemistry determination 

Due to these difficulties a new technique is necessary to support XRD data when 

the results are not completely reliable, and also to determine the absolute 

stereochemistry when XRD fails to do so, either due to the problem of light atoms 

or the lack of crystallinity in the sample. One possible technique is vibrational 

circular dichroism (VCD) spectroscopy. 

8 



Chapter One Introduction 

1.4 Vibrational Circular Dichroism 

Vibrational circular dichroism spectroscopy [15,16] is a relatively new techrIique in 

its application to absolute stereochemistry determination. For small chiral 

pharmaceutical compounds it is ideal,[17] as measurements can be carried out on 

both solution and liquid phases, and the atomic weight of the compound has no 

impact on signal strength. Hence typical pharmaceuticals that contain only light 

atoms such as carbon, nitrogen and oxygen can be measured as easily as 

compounds containing heavier atoms. The techrIique derives from the optical 

activity of the chiral compounds, and indeed can only be applied to chiral 

compounds. The different enantiomers of a chiral compound will interact in 

different ways when they encounter either left- or right-handed circularly 

polarised radiation. By measuring the differential interaction of each enantiomer 

with left- and right-handed circularly polarised light we can observe differences in 

the spectrum obtained, and through use of this techrIique in the infrared region of 

the spectrum we also gain valuable structural information. A detailed description 

of the VCD techrIique is given in chapter 2, section 2.2. 

The advantages of using VCD spectroscopy over single crystal X-ray diffraction 

includes measurement in the solution or liquid state, thus eliminating the 

problematic process of single crystal growth. Also for a sample that is only 90 % 

enantiopure, with XRD there is a 10 % chance that the crystal selected for 

diffraction will be the minority enantiomer. With VCD spectroscopy the signal 

observed is from the majority enantiomer and the minority enantiomer simply 

causes a reduction in the VCD signal strength observed. In fact VCD signal 

scales linearly and directly with the enantiomeric excess of a sample, making it a 

very convenient measure of enantiomeric excess. 

One disadvantage ofVCD spectroscopy is that in order to interpret the measured 

results, ab initio calculations must be performed to predict the VCD spectrum of 

one of the possible enantiomers of the chiral compound under study. These 

calculations are carried out using density functional theory (DFT) methods [18,19] 

9 



Chapter One Introduction 

and can be time consuming if the molecule is large and has many possible 

conformers. However, methods have been devised to overcome these size 

constraints, such as use of the chiral fragments of the molecule to determine key 

marker bands.[20] In addition, the availability of calculation software along with 

computing power is increasing all the time. 

1.5 Project Aims 

The aim of this research project is to develop a usable, reliable methodology for 

absolute stereochemistry determination of small chiral pharmaceutical-type 

compounds via VCD spectroscopy. This requires both development of the 

practical measurements involved, and the prediction ofVCD spectra through 

computational molecular modelling, necessary to determine which enantiomer is 

which. Although many results have been published within the research sector, the 

pharmaceutical industry has yet to take on the powerful possibilities of this 

technique, due to its perceived complexity. Collection of reliable experimental 

data and prediction ofVCD spectra for easy use within the pharmaceutical 

industry are the main targets of this project. Details of the VCD results are found 

in chapters 3 and 4. 

Within XRD the aims of this project were to examine the effect of data 

redundancy on the Flack parameter, i.e. does collecting more data than strictly 

necessary to solve the structure, lead to an improved Flack parameter and hence 

accurate determination of the absolute stereochemistry. This target is aimed at 

improving XRD absolute stereochemistry determinations of pharmaceutical-type 

compounds, i.e. those containing only light atoms, and has not been previously 

studied. Details of the XRD results are found in chapter 5. 

10 
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Chapter 2 - Technical Background 

In chapter 1 the property of chirality was shown to be ever-present in nature, and 

thus an important factor in the activity and functionality of drugs often derived 

from natural products. As such determination of accurate absolute 

stereochemistry plays a fundamental role in the pharmaceutical industry. Three 

topics are discussed in this chapter: (l) single crystal x-ray diffraction, the 

predominant technique used for absolute stereochemistry determination within the 

pharmaceutical industry; (2) vibrational circular dichroism (VCD) spectroscopy, a 

complementary technique for absolute stereochemistry determination with great 

potential for development within the pharmaceutical industry; (3) ab initio 

quantum mechanical methods, a technique required for determination of absolute 

stereochemistries of chiral compounds using VCD. 

2.1 Single Crystal X-ray Diffraction 

X-ray crystallography can be used to determine the structure of a compound 

within a single crystal. X-ray crystallography is an extremely useful and well 

practiced technique within chemical and biological areas, both in research and 

industry. There are two principal methods within X-ray diffraction (XRD) 

powder and single crystal, and both have their relative advantages and 

disadvantages. Powder X-ray diffraction (PXRD) is simple to use and does not 

require single crystals, however it can not give any information on the 3D spatial 

arrangement of the atoms within the compound. In contrast, single crystal XRD 

can give the 3D arrangement of the atoms within space when used in conjunction 

with anomalous dispersion techniques [I] and the Flack parameterY-5] 

X-rays are beams of electromagnetic radiation with a wavelength (A) of ~ 1 A 

(10-8 cm) and are emitted when electrons of high energy are incident upon a metal 

surface. Any metal will give a continuous band of varying wavelengths, known 

as white radiation, but within this band will be some very intense lines of specific 

wavelengths, known as the characteristic radiation for that metal. In X-ray 
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crystallography the wavelengths most commonly used are Mo Ka = 0.70930 A 

and eu Ka = 1.54056 A. 

When a beam of X-rays irradiates an atom, the component electrons are caused to 

vibrate, and they become excited. As the electrons vibrate they become secondary 

emitters, with most of the X-radiation emitted having a wavelength equal to that 

of the incident radiation and occurring in all directions. If the spacing between the 

atoms is of the same order as the wavelength of the X-rays, as is true in crystals, 

diffraction effects will occur. 

2.1.1 The Origins of X-ray Diffraction 

The diffraction pattern (figure 2.1) that results when an X-ray beam is incident 

upon a single crystal corresponds to the pattern of the scattered waves. 

Experimentally the diffraction pattern is partially measurable, with the amplitudes 

obtainable from directly measured intensities, but with the relative phases of the 

scattered waves getting lost. For a known structure the diffraction pattern can be 

calculated giving both amplitudes and phases, as the diffraction pattern is the 

Fourier transform of the crystal structure. In tum the crystal structure is the 

Fourier transform of the diffraction pattern and can be expressed in terms of 

electron density distribution concentrated on atoms. The electron density 

distribution can not be measured by direct experiment, because the scattered X­

rays can not be refracted by lenses to form an image, as is done with light in an 

optical microscope, and can not be obtained directly by calculation, because the 

required relative phases are unknown. A diffraction pattern (figure 2.1 (a)) 

consists of discrete spots with a range of intensities: the pattern has a definite 

geometry, and contains symmetry in the positions and intensities of the spots. 
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(a) (b) 

Figure 2.1 (a) An example of an x-ray diffraction pattern produced by a randomly oriented 
single crystal (b) Thermal ellipsoid plot of the final structure of an organic compound 

(ClsHlS09) determined using single crystal XRD. 

All perfect crystals display translation symmetry in three dimensions: they display 

a regular pattern of an individual structural unit, in an identical form and 

orientation. This smallest repeating unit is called the unit cell; this can be further 

broken down to the unique asymmetric unit, if symmetry is present within the unit 

cell. It is the translation symmetry of crystalline materials that gives rise to X-ray 

diffraction. Any regularly spaced arrangement of objects can act as a diffraction 

grating for waves having a wavelength comparable to the repeat distance between 

the identical objects. Unit cell dimensions in crystals are comparable to the 

wavelength of X-rays, so the crystal structure acts as a three-dimensional 

diffraction grating. 

Every crystal structure can be assigned to a specific space group, depending on 

the symmetry elements present in the solid state. The symmetry of the diffraction 

pattern is closely related to the symmetry of the structure producing it, which 

allows deduction of something about the space group from the observed pattern. 

Every diffraction pattern has inversion symmetry, whether or not the crystal 

structure is centrosymmetric; this is known as Friedels Law and is true in the 

absence of anomalous scattering. Friedels Law produces the condition that the 

reflections F(hkl) and its opposite F( -h-k-l) should have the same magnitude and 

opposite phases. These pairs of reflections are known as Friedel pairs. 

Enantiomers which are related by inversion of their fractional co-ordinates, x, y, z, 

to -x, -y, -Z, will then give identical diffraction patterns with conventional XRD. 

15 



Chapter Two Technical Background 

An X-ray diffraction pattern has a particular geometry that is related to the lattice 

and unit cell geometry of the crystal structure and so can tell us the repeat 

distances between molecules. The pattern also has a symmetry, which is closely 

related to the symmetry of the unit cell. Apart from the symmetry, there is no 

apparent relationship among the intensities of the individual diffracted beams, 

which vary widely. The intensities hold all the available information about the 

positions of atoms in the unit cell of the crystal structure. Determination of the 

full molecular structure involves the measurement of all the many individual 

intensities and these can only be measured when the directions of the diffracted 

beams (the diffraction pattern geometry) have first been established. 

For diffraction by a single row of regularly spaced points (one dimensional, the 

dots in figure 2.2), in any particular direction, the radiation scattered by the row of 

points will have zero intensity by destructive interference of the individual 

scattered rays unless they are all in phase. The individual rays have different path 

lengths (except in the straight through direction) which must be whole numbers of 

wavelengths to keep the rays in phase. 

diffracted x-rays 

________ lattice plane 

Figure 2.2 Diffraction in one-dimension, the first Laue condition 

For rays scattered by two adjacent points in a row, where lfJi and IfJd are the angles 

of the incident and diffracted beams (as shown in figure 2.2) and, a is the one­

dimensional lattice spacing. The path difference is then given by equation 2.1, 

with h being an integer, obtained from the Miller indices. 
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path difference = a sin 'IIi + a sin 'lid = hA [2.1 ] 

For a given value of If/i (a fixed incident beam), each value of h corresponds to an 

observed diffraction maximum and the equation can be used to calculate the 

permitted values of If/d (i.e., the directions in which intensity is observed). For a 

significant diffraction effect, the spacing must be comparable to the wavelength. 

This is why X-rays are used for diffraction by crystals. 

For diffraction by a three-dimensional lattice there are three such equations (such 

as equation 2.1), which all have to be satisfied simultaneously in order to observe 

a diffraction maximum. The first equation contains the lattice a spacing, angles 

relative to this a axis of the unit cell and the integer h. The other two equations, 

correspondingly, contain the unit cell axes band c and the integers k and I 

respectively. Thus each allowed diffracted beam (spot seen in the diffraction 

pattern) can be labelled by three integers, h, k, I, which specifies its position if the 

unit cell geometry is known. These three equations are known as the Laue 

conditions. 

An alternative, equivalent, description was described by Bragg. [6] He showed that 

every diffracted beam that can be produced by an appropriate orientation of a 

crystal in an X-ray beam can be regarded geometrically as if it were a reflection 

from sets of parallel planes passing through lattice points (figure 2.3). Analogous 

to the reflection of light by a mirror, the angle of incidence and reflection must be 

equal and the incoming and outgoing beams and the normal to the reflecting 

planes must themselves all lie in one plane. The reflection by adjacent planes in 

the set gives interference effects, equivalent to those of the Laue equations; to 

define a plane we need three integers to specify its orientation with respect to the 

three unit cell edges, the indices h, k, 1 and the spacing between successive planes 

is determined by the lattice geometry, and so is a function of the unit cell 

parameters. 
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diffracted x-rays 

Technical Background 

Figure 2.3 The Bragg conditions for diffraction by a three-dimensional crystal structure; one 
set of parallel lattice planes is seen edge-on 

For rays reflected by two adjacent parallel planes, 

path difference = 2d hkl sin B = nA [2.2] 

The value of n can always be set equal to one by considering planes with a smaller 

spacing: i.e., n = 2 for planes hkl is equivalent to n = 1 for planes 2h,2k,21, which 

have exactly half the spacing. It is in this form that the Bragg equation (equation 

2.3) is always used. 

A = 2dhkl sinB Braggs Law [2.3] 

The Bragg equation allows each observed diffracted beam (known as a 

'reflection') to be uniquely labelled with its three indices and for its net scattering 

angle (28 from the beam direction) to be calculated from the unit cell geometry, of 

which each dhkl is a function. 
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2.1.2 Determination of Single Crystal X-ray Structure 

The crystal structure and its XRD pattern are related to each other by Fourier 

transform. X-rays are scattered by the electrons in the crystal structure, and so it 

is possible to determine the electron density distribution as an average over time, 

and hence over the vibrations of the atoms. The electron density, p(xyz), is a 

smoothly varying continuous function, with units of e A-3
. However, it is easier to 

work by describing the structure in terms of the positions and displacements 

(vibrations) of discrete atoms, each with its own electron density distribution 

about its centre. Atoms are generally taken to be spherical in shape when 

stationary, and their individual contributions to X-ray scattering, known as atomic 

scattering factors, are calculated from electron densities derived from quantum 

mechanics. The X-ray scattering effects of atoms are modified by atomic 

displacements, which cause the at rest electron density to be spread over a larger 

volume, described by a set of anisotropic displacement parameters (adp) for each 

atom. Each symmetry independent atom in the asymmetric unit is described by 

the following parameters: a known atomic scattering factor (j), a set of 

displacement parameters (U values) and three co-ordinates (x, y, z) specifying its 

position. 

The diffraction pattern is a set of discrete reflections, each a wave with its own 

amplitude and relative phase. The structure factor, F, shows how each reflection 

is related to the crystal structure (equation 2.4). 

N 

F(hkl) = I I; exp[2JZi(hXJ + ky) + IZJ)] [2.4] 
j=1 

Here fJ is the atomic scattering factor for the jth atom in the unit cell, with co­

ordinates x), y), z). The integer's hkl are the indices for the particular reflection, 

occurring at a certain direction. Every part of the structure contributes to every 

reflection. F(hkl) is a complex number, with an amplitude and a phase. The 

relative phases of the scattered waves depend upon the positions of the atoms 

relative to one other. 
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The structure factor equation (equation 2.4) can be used to calculate the expected 

diffraction pattern for any known structure. It is used at various stages during 

crystal structure detennination, even when the known structure is incomplete, and 

is referred to as the set of calculated structure factors, Fe(hkl) or Fe. From 

experiment, only the amplitudes of the reflections are obtained and not their 

relative phases: we have a set of observed structure factors, lPol, but with no 

observed phases the observed diffraction pattern is incomplete. 

One important reflection that can not be measured is the F(OOO), as it is not 

physically separable from the un-diffracted x-ray beam. By setting all indices to 

zero in the structure factor equation (equation 2.4), and noting that atomic 

displacement parameters have no effect at zero Bragg angle, the reflection F(OOO) 

has an amplitude equal to the total number of electrons in one unit cell and has a 

phase of zero. 

The Fourier transfonn of the diffraction pattern (equation 2.5), provides an 

expression which describes the crystal structure in tenns of electron density 

p(xyz). Where V is the unit cell volume. 

p(xyz) = l I F(hkz)exp[- 2m(hx + ky + lz)] 
V hkl 

[2.5] 

This is the basis of all Fourier synthesis calculations in crystallography. It shows 

how, in principle, the electron density can be obtained from the diffraction pattern. 

The equation says that, in order to find the electron density at a particular point in 

the structure, we have to take all the individual scattered X-ray waves (reflections 

F) and add them together, allowing for their different relative phases. The phase 

differences vary with the position at which we are finding the electron density, 

because the waves will have different path lengths converging on that point, but 

the waves will also have different phases from their initial production in the 

diffraction process and these have to be included as well. As this physical process 

can not actually be carried out we emulate it via calculation with equation 2.5. 

However, this is not possible directly as we do not have the relative phase 
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information for the reflections, although we have the structure factor amplitudes. 

Solving the crystal structure mostly involves recovering this lost phase 

information. 

Equation 2.5 can be separated into its amplitude and phase (equation 2.6). 

p(xyz) = l IIF(hkl~exp[i¢(hkt)]exp[- 2m(hx + ky + lz)] 
V hkl 

[2.6] 

The measured amplitudes are !F(hkl)l, the unknown phases are exp[ilp(hkl)] and 

the values of exp[ -27fi(hx+ky+lz)] are easily calculated. As the amplitudes are 

known but the phases unknown, it is not possible to carry out the Fourier 

synthesis directly: this is known as the phase problem. 

There are two main ways for solving the phase problem. One is by direct 

methods, [7] which attempts to estimate approximate phases from relationships 

among the structure factors with no prior knowledge of the crystal structure itself. 

The second is the use of Patterson synthesis, [8] which can provide information on 

the approximate positions of some of the atoms in the structure. Patterson 

synthesis is most useful when there are a few heavy atoms amongst many light 

atoms. The amplitudes !Fa I are replaced by their squares, !Fi, and the unknown 

phases are set to zero. We then get equation 2.7, the result of which is no longer 

the desired electron density, but is closely related to it in a useful way. 

p(uvw) = l I IF(hklt cos[2;r(hu + kv + IW)] 
V hkl 

[2.7] 

The peaks in a Patterson map do not correspond to the positions of the individual 

atoms, but instead to the vectors between pairs of atoms in the structure, P(uvw). 

A peak in the Patterson map at (u, v, w) means that there must be two atoms whose 

x co-ordinates differ by u, y co-ordinates differ by v, and z co-ordinates differ by 

w. The objective is to work out some atom co-ordinates by knowing only the 

differences between them. 
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Direct methods attempt to derive the structure factor phases by mathematical 

means from a single set of X-ray intensities. Structure factor amplitudes and 

phases are linked through knowledge of the electron density. If nothing was 

known about the electron density, then neither phases nor amplitudes could be 

calculated from the other. However, something is always known about the 

electron density, otherwise the correct answer would not be recognised when it 

was achieved. Constraints on the electron density impose corresponding 

constraints on the structure factors. The structure amplitudes are known, so most 

constraints restrict the values of structure factor phases and in favourable cases are 

sufficient to determine the phase values directly. Constraints on the electron 

density include that the correct electron density must always possess certain 

features like discrete atomic peaks, and can never possess features such as 

negative electron density. 

Refinement of the resulting model is next undertaken, for a number of reasons: 

Firstly, to improve the calculated phases so that the computed electron density 

maps more closely represent the actual electron density. Secondly, to try to verify 

that the structure is 'correct': as there is no way of directly and unambiguously 

computing the structure from the data, there is the possibility that the proposed 

structure is 'wrong'. In order to assess the validation of the structure, comparisons 

are either made with the X-ray data alone or with known properties of structures. 

Thirdly, to obtain the 'best' values for the parameters in the model. 

Following refinement, interpretation of the results begins, in order to try and 

detect patterns, common features, significant differences and variations. This 

involves checking of bond lengths, bond angles and torsion angles, placement of 

hydrogen atoms and H-bonding and modelling of thermal motion and geometrical 

corrections. 

Once the final structure has been obtained we can check the reliability of the 

overall crystal structure through calculation of the residual factor or R -factor [9] 

(equation 2.8). If the atoms in the model structure are in approximately the right 

positions, there should be at least some degree of resemblance between the 

calculated diffraction pattern and the observed one: i.e., between the sets of !Fe I 
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and lFal values. The value of the R-factor can give an idea ofthe goodness of fit 

between these values. An R value of < 10 generally indicates a correct model, < 8 

indicates a good fit of the data and < 5 indicates a very good fit of the data. 

[2.8] 

There are two main XRD techniques, PXRD and single crystal XRD. PXRD 

takes the diffraction pattern of a polycrystalline / powder sample, with randomly 

distributed crystallites. This ideally gives a random distribution of all possible hkl 

planes. Only the crystallites that have reflecting planes parallel to the surface of 

the sample will contribute to the reflected intensities. Hence, if the crystallites are 

completely randomly oriented, each possible reflection from the set of hkl planes 

will have an equal number of crystallites contributing to it. Thus changing the 

angle 8 will produce all possible reflections. PXRD has the advantages of not 

needing a single crystal and having a quick collection time, with the disadvantage 

being that it cannot be used to distinguish between the enantiomers of a chiral 

compound. This is because for both sets of co-ordinates, x, y, z and -x, -y, -Z, the 

same 28 values are observed and hence the same diffraction pattern is observed 

for each enantiomer. 

Single crystal XRD can be used to determine the absolute stereochemistry of a 

chiral compound using anomalous dispersion techniques. Bijvoet et al [I] first 

applied the anomalous scattering technique to establish the absolute configuration 

of (+ )-tartaric acid in its sodium rubidium double salt (its absolute configuration 

was completely urJknown at the time). When anomalous scattering occurs 

deviations from Friedels law are seen. Friedels law states that pairs of reflections 

F(hkl) and F( -h-k-l) should be equal. 

Considering the mechanics of X-ray diffraction,[IO, II] an atom is driven to vibrate 

by an X-ray wave and then re-emits the radiation, which leads to a phase change 

between the driving wave and the scattered wave. If this phase change is the same 

for all atoms, then it has no influence on how the scattered waves reinforce one 
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another to generate the net scattered wave and so can effectively be ignored. In 

reality however, this phase shift can differ for different atoms, owing to the effect 

known as anomalous scattering. Within the sample different amounts of phase 

change are generated between the driving X-ray and scattered waves and will 

depend upon the relative geometric positions. So the overall phase difference, 

influencing the amplitude ofthe scattered wave, will be slightly greater when one 

atom is in front compared to when the other atom is in front. Rotation of the 

sample through 1800 to scatter from the opposite side of the same set of planes 

changes the atom which is in front and by comparing the scattered intensity, you 

can tell the sign of the difference between the atoms and thus the handedness of 

the crystal system. 

2.1.3 Anomalous Scattering 

Anomalous scattering [1] relies on the anomalous part of the X-ray scattering 

factor,/, which is atom sensitive and takes place in a crystal when an atom 

absorbs X-rays more strongly than is usual. This strong absorption is a result of 

the frequency of the incident radiation being similar to the natural absorption 

frequency ofthe atom. Hence a slight phase change occurs for the X-rays 

scattered by that atom relative to the rest of the atoms in the structure. Slight 

differences are then observed between the pairs of reflections F(hkl) and F( -h-k-l) 

(figure 2.4) and these differences are used to compute the absolute configuration. 

In figure 2.4 the reflections Fnhkl and Fnh-k-l are shown in the absence of 

anomalous scattering, with these reflections being opposite in sign but equal in 

magnitude (dark blue lines on the left) (they are represented as vectors with both a 

magnitude and direction to aid the illustration). However, in the presence of 

anomalous scattering changes to the magnitude of these reflections occur, due to 

the real and imaginary parts of the X-ray scattering factor,j' andj", respectively. 

Hence the actual reflections observed in the presence of anomalous scattering are 

Fhkl and Fh-k-l (orange and green lines on the left). Ifwe now compare these 

reflections (right hand side of figure 2.4) the magnitudes are no longer equal in 

size (the Fh-k-l reflection has been inverted for ease of comparison) and the 
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differences can be measured and recorded during a single crystal X-ray diffraction 

collection. 

26 ,M' 26 

ta=------+ magnitude 

,M' 

Figure 2.4 The reflections Fn"kl and Fn_h_k_1 are shown in the absence of anomalous scattering. 
In the presence of anomalous scattering phase changes occur due to the real and imaginary 

parts of the X-ray scattering factor, where Af' = real part of the anomalous scattering and Af 
" = imaginary part of the anomalous scattering. These phase changes give rise to slight 

differences between the observed reflections Fhkl and F."_k_l. 

The X-ray scattering factor,/, is defined as the ratio between the amplitude 

scattered by an atom and that scattered by a free classical electron when all other 

conditions remain unchanged. It is made up of three component parts (equation 

2.9): fO is the Thomson scattering factor, which is the sole component in the 

absence of anomalous scattering, andf' andf" are respectively the real and 

imaginary anomalous scattering correction terms, which are zero unless 

anomalous scattering occurs. 

f = f O + f'+if" [2.9] 

The magnitudes of the anomalous scattering deviations that occur depend both on 

the wavelength of the incident radiation and on the type of atom that is 

anomalously scattering. Use of longer wavelength radiation or the presence of 

heavier atoms in the molecule makes the deviations between F(hkl) and F( -h-k-l) 

larger and thus easier to detect. The dependence on atom size is related to the 

componentf", the imaginary part of the scattering factor. Table 2.1 shows the 

dependence off" on both the atom size and the wavelength of the incident 

radiation. 
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Table 2.1 Effect of the change in atom size and wavelength on the real and imaginary parts 

of the anomalous scattering factor. Red indicates that the differences are almost impossible 

to detect, yellow indicates that the differences are difficult to detect and green indicates that 

the differences can be detected. The characteristic wavelengths for the different metals used 

in X-ray generation are also shown. 

AgKa 

iJj' iJr 

B a.DQG:.;, , ,~h ;'Atln 
. \ ~;; ~ :;~:. ". 

C '(\(\{.\'(.\'" ':"il';.\;.i;\'(i;i .... ' •. 

'.'.~ 1>';1 ,:."~ ,< 

N (\ .iiiiii:'S:'iii. 
I~~ 

~', 

<,??' . ." f.:::. 
0 l ·lton1t,~~ 

. 
~'. '.'" 'J;.-; ~'-' 

F I ~ Al\i\l::' j-': ,1;\ i:'f.'tii;C'"r 
r. H.,'- I :':~':.'i. :-- .·· ~~ 

p ,.n ".';'," . '; 
.', .'. _ ) .~ . .f'! 

S 0.068 0.076 

CI 0.084 0.099 

Br 0.090 1.643 

I -1.144 1.187 

Ag Ka = 0.55941 A 
Mo Ka = 0.70930 A 
Cu Ka = 1.54056 A 
Cr Ka = 2.28970 A 

MoKa Cu Ka Cr Ka 

iJj' iJr iJj' iJr iJj' iJr 

·:q~Q9o. ·, I ·· ~ .;: 
0.001 0.008 0.004 0.018 0.009 

. l'i'i\~~, ~ii. nA~ :.1 1.<0,.0.17 Q;·QP9.. , : '. 0.035 0.021 
'.'1j'.~,: I ~"""" "'.'.1' .". 

~~·;t·;:h~ 1«91~p~(· 1,:O·Q29;,/I. " ,Q~Ql;8 ,., 0.059 0.042 
"'\',:.'~:'-:'.:: 

~' Q,OQ.8,~. ~' bO.OQQ 0.047 0.032 0.090 0.073 

\Q~iJ.rAi 'j;h IdJ~Q:1JQ ;,;<, 0.069 0.053 0.129 0.119 

0.090 0.095 0.283 0.434 0.377 0.900 

0.110 0.124 0.319 0.557 0.364 1.142 

0.132 0.159 0.348 0.702 0.335 1.423 

-0.374 2.456 -0.767 1.283 -0.198 2.563 

-0.726 1.182 -0.579 6.835 -5.852 12.850 

In order to determine if the crystal we have modelled is the correct or incorrect 

enantiomer we use the Flack parameter,[2.5] x(u), where u is the uncertainty in x . 

With the Flack parameter in the structure factor equation the value for x can show 

if the correct or incorrect enantiomer has been modelled (equation 2.10). 

[2.10] 

F or a correct model, x has a value of zero and for the inverted model x has a value 

of + 1. The uncertainty (u) must have a value of < 0.04 for strong enantiopure 

distinguishing power; with (u) < 0.10, the structure is enantiopure and has 
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sufficient distinguishing power. For values of (u) > 0.1 0 the absolute 

configuration can not be confidently assigned and further investigation is required, 

possibly with the use oflonger wavelength X-rays or conducted at a lower 

temperature to minimise thermal vibration. Collection of high-angle data (i.e. 

large fJ value) is of much more use in absolute stereochemistry determination 

studies: in general the scattering factor,/, falls off with sin fJ/"A, but the 

components!' andf" do not. Therefore high angle data contains proportionally 

more absolute structure data than that collected at lower angles. 

The technique of single crystal XRD with anomalous scattering methods for the 

determination of absolute configuration of chiral compounds is a well established 

procedure and is required by the FDA (Food & Drug Administration) as part of 

the process of submitting a new drug for testing. [12-14] However, there are certain 

limitations which can be very difficult if not impossible to overcome. Firstly, a 

single crystal of sufficient size and quality is necessary to perform the experiment. 

Single crystals can prove difficult to grow, especially with pharmaceutical 

compounds, and often thin plate like crystals or long needle crystals are produced 

which are not of good enough quality to gain the data needed on the compound. 

Disorder and twinning may also be present in crystals that superficially appear 

ideal: collecting at low temperature can significantly reduce thermal disorder, and 

simple twins may be solvable. Secondly, not all chiral pharmaceutical 

compounds contain enough heavy atoms to enable detection of the anomalous 

scattering differences present from just the lower weight component atoms. It 

may be necessary to go to a longer wavelength, but when longer wavelength X­

rays are used the absorption of the beam between the collimator and the sample 

increases, so that lower intensity radiation is present at the sample: for example, 

with Cr radiation it is necessary to position an evacuated glass tube between the 

collimator and the sample so that sufficient X-ray radiation reaches the sample. 

Thirdly if the sample is only 90 % enantiopure there is a 10 % chance that the 

crystal selected for the diffraction experiment may not be the predominant 

enantiomer. 

Even if a reliable crystal structure (low R-factor) can be collected, the Flack 

parameter and its uncertainty may not necessarily give conclusive results. Thus, 
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there is a real need for the development of additional techniques to support and 

confirm the XRD data. One such technique is vibrational circular dichroism, 

which gives complementary data on the absolute configuration of chiral 

compounds in solution and solid state. 

2.2 Vibrational Circular Dichroism, VCD 

Vibrational circular dichroism (VCD) is one of the primary forms of natural 

vibrational optical activity (VOA) [15] present in all chiral molecules. VCD has 

been a developing spectroscopic field since the early 1970s. [16,17] VCD 

spectroscopy combines the stereochemical sensitivity of natural optical activity 

with the large amount of structural information obtainable from vibrational 

spectroscopy. It operates in the infrared region of the spectrum where vibrational 

transitions occur. All chiral molecules are optically active, and the enantiomers of 

a chiral compound give an opposite interaction when exposed to either left-handed 

or right-handed circularly polarised light. The differential interaction of an 

enantiomer with left- versus right-circularly polarised light is called circular 

dichroism, and when the infrared region of the spectrum is used the method is 

called VCD. 

VCD is defined as the difference in the IR absorbance, M, for left circularly 

polarised (LCP) radiation, AL, versus that for right circularly polarised (RCP) 

radiation, AR, given by equation 2.11, as a function of the wavenumber, V, of the 

incident radiation. 

[2.11 ] 

The effects of path length, I, and concentration, c, may be removed by use of the 

absorptivity, c (equation 2.12). 

[2.12] 
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The physical process associated with VCD is a simple one-photon quantum 

transition which is induced by both LCP and RCP radiation. VCD is the 

difference in absorption ofLCP and RCP, if just one is present then only an IR 

spectrum is obtained. The transitions are between vibrational energy levels go and 

g\, for a fundamental transition of a normal mode of vibration in the ground 

electronic state (figure 2.5). 

gl----~----------~----

Energy 

go----~----------~----

Figure 2.5 Energy-level polarization-state diagram for the measurement of veo defined as 

the difference in absorbance (,1,4) for left (Ad minus right (AR) circularly polarised radiation 

for a vibrational transition from vibrational energy level gO to g\. 

The VCD spectrum of a chiral molecule is dependent upon the three-dimensional 

structure of the molecule. [18] Hence it is a sensitive function of a chiral molecule's 

absolute configuration and, in the case of flexible molecules, its conformation. 

This three-dimensional property ofVCD spectra is due to the fact that VCD is 

sensitive to both the linear (electric-dipole) oscillation of charge and the circular 

(magnetic-dipole) oscillation of charge during vibrational motion. TraditionalIR 

is only sensitive to the linear oscillation of charge during vibrational motion and 

hence is only a two-dimensional technique. Standard IR spectra consist of 

characteristic bands for each type of bond vibration. The position of such 

characteristic bands in the spectrum does not depend upon the orientation or 

position of the relevant bonds. However, the position of the band is affected by 

the interactions that the bond is involved in, such as hydrogen-bonding. VCD 
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produces a characteristic band that may be positive or negative in sign, which 

depends on the type of bond vibration and its chiral conformation (i.e. its x, y, z 

position in space), as the chiral conformation of the bond can alter its interaction 

with the circularly polarised radiation. 

The VCD signal is very small compared to standard IR intensities, approximately 

10-4 of the absorbance. This can be rationalised if we compared electronic 

circular dichroism (ECD) and VCD; ECD is circular dichroism operating in the 

ultraviolet (UV) region of the spectrum and VCD is circular dichroism operating 

in the IR region. By comparing the ratio of the size of a typical molecule, loA, to 

UV wavelength (for ECD) 1000 A we get 10-2
, a good signal strength. Whereas 

in the IR 1000 cm-1 == 100000 A, giving a ratio of 10-4
, which is the VCD signal 

strength at its best. The degree of chirality of a site, i.e. how different the groups 

attached to the chiral centre are, can also lead to varying amounts of VCD 

intensity. If the groups appear to be very similar electronically, the VCD signal in 

this region may be weak, and so requires a longer collection time. 

2.2.1 The Origins of VCD 

VCD arises from simultaneous linear and angular oscillation of charge produced 

by vibrational motion. The angular oscillation of charge of the electrons results 

from the motion of the nuclei, which results in the need to consider the movement 

of both nuclei and electrons. Thus, the Born-Oppenheimer approximation can not 

be used to describe VCD spectra. For VCD to be observed, the electric and 

magnetic dipole transition moments for a given vibrational mode need to be non­

zero and non-orthogonal to one another. Depending on the orientation of these 

two components, parallel or anti-parallel, positive or negative rotational strengths, 

respectively, are observed. For achiral molecules, the derivatives of the 

components for a given vibrational mode are either zero for magnetic or electric 

dipole moments, both zero, or orthogonal if both are non-zero. The non-zero 

dipole moment changes and the orientations of the two changing moments 

represent the selection rules for VCD active vibrational modes and the factors 

determining the sign of the VCD active vibrational mode respectively. 
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We have seen that the intensity for the absorption of IR radiation during 

vibrational excitation is expressed as absorbance, A, or absorptivity, G, and that 

VCD intensity is expressed as differential absorbance, &4, or differential 

absorptivity, i'1G. A molecule with N atoms is known to have 3N-6 normal modes 

of vibration. Quantum mechanics tells us that a fundamental vibrational transition 

for a normal mode, a, corresponds to quantum excitation for a molecule in the 

ground electronic state and ground vibrational state, If/; == loa) , to the first excited 

vibrational state of a mode in the ground electronic state, If/; == 11 a). So the 

absorption intensity of normal mode a is proportional to the dipole strength, D;I' 

the absolute square of the electric dipole transition moment, equation 2.13; 

[2.13] 

Where the electric-dipole moment operator is it = Iq)~ for all charged particles 

in the molecule with charge qi (Ze for a nucleus with atomic number Z and -e for 

an electron) and position r. Experimentally we obtain the dipole strength from 

the integrated area of the absorption band for mode a, 

Da = 9.184 x 10-39 hafnd &(V) ~ 9.2 x 10-
39 

01 ~ hand 

V Vo f&(v)dv 
[2.14] 

In practice the wavenumber frequency v can be considered constant over the 

absorption band, replaced by the frequency Vo at the band maximum and removed 

from the integration as shown in equation 2.15. Ifwe assume a Lorentzian band 

shape with half-width, y, at one-half the band maximum, GO, the dipole strength is 

further approximated as, 

D ~ 9.2xl0-39 :oY 
Voll" 

[2.15] 
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In these equations D is given in the Gaussian units of esu2 cm2
, where esu 

represents electrostatic units. To convert these to SI units for absorption intensity, 

km mor l multiplication by 3.987xlO-37
/ v is necessary. 

Absorption intensities require a linear oscillation of charge to be present during a 

vibrational transition, an electric dipole contribution, as seen above. However, 

VCD intensities require, in addition to a linear oscillation of charge, an angular 

oscillation of charge, which is a contribution from the magnetic-dipole transition 

moment. VCD intensity is, thus, proportional to the rotational or rotatory 

strength, the scalar product ofthe electric and magnetic dipole transition 

moments, 

[2.16] 

Here m = I (qi /2miC)~ x PI is the magnetic dipole moment operator, a pure 

imaginary operator proportional to the angular momentum operator 

~ x Pi == -tn~ x d/ cr;: for the ith particle with mass, mi, and linear momentum, Pi. 

The imaginary part of the scalar product is taken to obtain the rotational strength 

as a real quantity. Experimentally the rotational strength is obtained from the 

integrated intensity of the VCD differential absorption band (equation 2.17), 

Ra = 2.296 x 10-39 hafnd ~c:(v) ~ 2.296 xI 0-
39 

01 ~ hand 
V Va f~c:(v)dv 

[2.17] 

and this can also be approximated for a Lorentzian band from the half-width at 

half-height and the frequency and intensity at the band maximum, 

R ~ 2.3 X ~-39 ~c:r 
von 

[2.18] 
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Expressing both D and R in esu2cm2 allows definition of the dimensionless 

parameter g, the anisotropy ratio, as, 

1'1& 4R 
g ----- -

& D 
[2.19] 

which connects experiment to theory. g can be seen as a measure of the intrinsic 

strength of a VCD band and for measurable VCD bands g values are typical 

within the range 10-4 - 10-6. 

The first measured VCD spectra were published in the early to mid-1970s [16,17,19, 

20] after some key technological developments were made. The spectrometers use 

solid-state electronics and lock-in amplifiers, liquid nitrogen cooled 

semiconductor detectors and IR polarisation modulators. Some key instrumental 

developments for the modem-day measurement ofVCD include the advent of 

Fourier transform - infrared (FT-IR) VCD in 1979,[21,22] followed 18 years later 

by the first dedicated commercial VCD spectrometer. [23] In the 1980s the 

theoretical formalism and methodology were developed for calculating VCD [24-27] 

from first principles without reliance on approximate models. With more 

powerful computers and the availability of commercial software for carrying out 

ab initio quantum calculations, VCD spectra can now be simulated at a high level 

of accuracy for medium sized molecules. A typical VCD measurement yields the 

spectra seen in figure 2.6. The small amplitude of the VCD is shown by looking 

at the units for the VCD spectra which are multiplied by 105
• The noise spectrum 

shown gives an indication of how accurate the VCD signal is likely to be, if the 

noise signal is large at a certain point in the spectrum, then the VCD signal at that 

same point is likely to be unreliable. 

33 



Chapter Two 

'" o 

>< 
..: 
<l 

., 
u 
C 

'" -e 
o 
'" .c ..: 

Technical Background 

2S Captopril 4Hr Collection 25/04/05 

8,--------------------, 

2 

v::~ .. 'IT 

0 

-2 

-4 

0.8 Observed IR 

1800 1600 1400 1200 1000 
Wavenumber (cm-1) 

Figure 2.6 Typical IR (lower frame), VCD and noise (upper frame) for (2S)-Captopril from a 
standard VCD data collection on the dual PEM FT-VCD spectrometer 

For calculation of a VCD spectrum for an enantiomer, simplifications are possible 

by breaking the molecule down into key fragments, which retain both the chiral 

centres and the hydrogen-bonding capabilities of the original molecule. This can 

reduce calculation time and enables the identification of key marker bands, 

specific for the chiral centre with that specific configuration. The same 

calculations can then be used for different chiral compounds that contain the same 

chiral centre. [28] 

One of the first VCD measurements was made on crystalline samples a­

NiS04.6H20 and a-ZnSe04.6H20.[19] However, it was found that the 

measurement of optical activity in crystals was limited to cases in which light 

propagates down the unique axis of a uniaxial crystal. Biaxial and uniaxial 

crystals viewed in directions other than the optical axis exhibit linear 

birefringence and linear dichroism, which are several orders of magnitude larger 

than vibrational optical activity, thereby obscuring the measurement of the VCD 

spectrum. Subsequent measurements were made in the liquid phase, [16, 20] which 

gave higher instrumental sensitivity and improved on earlier work, with 

observation ofVCD over a greater spectral region and better signal-to-noise ratio. 
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2.2.2 Data Acquisition 

In order to measure a VCD spectrum it is first necessary to ensure that an IR 

spectrum of good quality can be measured, as the magnitude of the signal strength 

ofthe VCD is approximately 10-4 of the parent IR signal. It is recommended that 

an IR spectrum with decadic absorbance in the range 0.1 - 1.0 be obtained, where 

the absorbance, A, for a band at wavenumber, v , can be expressed as per equation 

2.20. 

(~) [ I(V)] 
A v = -log10 Io(v) [2.20] 

Where I(v) is the intensity of the light after it has passed through the sample and 

10 (v) is the intensity of the radiation incident upon the sample, at wavenumber 

v. An absorbance of 1.0 corresponds to approximately 10% percentage 

transmission, whereas an absorbance of 0.1 corresponds to about 80% percentage 

transmission. If the absorbance is greater than 1.0 too little light reaches the 

detector, but if the absorbance is less than 0.1 the sample absorbs too little of the 

incident IR beam and so insufficient signal is detected. Additional factors that 

influence the quality of the VCD spectrum include the quality of the VCD 

baseline, the selection of the spectral region and the setting of the polarization 

modulator. 

2.2.2.1 Fourier Transform VCD 

The introduction ofFT-VCD measurements [22] produced great advances in the 

improvement of the signal-to-noise ratio and led to the separate collection of the 

polarisation modulated (ac) and unmodulated (dc) interferograms. Also seen were 

higher attainable spectral resolution and increased sharpening of peaks with 

subsequent lessening of spectral overlap. 

A Fourier transform spectrometer is simply a Michelson interferometer with a 

moveable mirror (figure 2.7). By scanning the moveable mirror over some 
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distance, an interference pattern is produced that encodes the spectrum of the 

source (as its Fourier transform). In most commercial Fourier transform 

spectrometers the interferometer consists of two mirrors located at right angles to 

one another; with a beam splitter placed at the vertex of the right angle and 

oriented 45 0 relative to the two mirrors. Radiation incident upon the beam 

splitter is divided into two parts, each of which propagates do\\'l1 one of the two 

arms and is reflected off one of the mirrors. The two beams then recombine and 

are transmitted out onto the detector. When the position of one mirror is 

continuously varied along the axis of the corresponding arm, the interference 

pattern is swept out as the two phase-shifted beams interfere with one another. 

source 

beamsplitter 

fixed mirror 

It 
I ) 
I. 
I , 

I I 
I + 
I I 

1~--li2---tl.~1 

detector 

translating mirror 

Figure 2.7 Schematic of the basics of a Fourier transform spectrometer 

Fourier transform spectrometers have a multiplex advantage over dispersive 

spectral detection techniques for signal, but a multiplex disadvantage for noise. 

An instrument simultaneously measuring a signal over a range of frequencies 

obtains a t1l2 advantage in time, t, required to obtain a given signal-to-noise ratio, 

compared to that which would be necessary using dispersive methods if the noise 

is detector limited. 

The basic schematic for a standard FT-VCD for measurement in the mid-IR 

region is sho\\'l1 in figure 2.8. IR radiation from an interferometer initially passes 

through an optical filter to isolate the spectral region of interest e.g. 2000 - 800 

cm- I
. The beam then goes through a linear polariser, which defines a single state 

of polarisation, and into a photoelastic modulator (PEM) (ZnSe in the case of the 
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spectrometers used in this thesis) that modulates the polarisation between LCP 

and RCP states at a frequency of 50 kHz. The chiral sample is placed directly 

after the PEM and the beam is focused with a lens onto the MCT liquid nitrogen 

cooled detector. The detector signal is amplified and divided into two paths: one 

is the ordinary IR path that represents the FT-IR interferogram of the sample, the 

other path is to the lock-in amplifier, referenced to the PEM modulation 

frequency. The output of the lock-in amplifier is the VCD interferogram. 

IR Optical 
Filter Polariser PEM 

FTIR 

VCD.......---t 

' lock-in ' 

Sample Detector 

I 
I 
I _______________ T 

Figure 2.8 Optical-electronic diagram for a typical single PEM FT-VCD spectrometer 

To carry out VCD measurements with an FT-IR spectrometer [21] the double 

modulation technique was developed. [22, 29] In this technique two interferograms 

are present simultaneously at the detector: one for the parent IR, the other for the 

VCD (encoded at the PEM frequency) . Here the IR beam is first polarised at 45 0 

to the stress axis of a PEM that converts the polarisation state of the light to left 

and right circular states at the PEM frequency, generally in the tens of kHz range. 

The beam passes through a chiral sample and onto a semi-conductor detector that 

can follow the high frequency polarisation modulation signal (figure 2.8). 

The signal at the detector has two types of modulation, one at the Fourier 

frequencies associated with the unpolarised IR spectrum and one at the PEM 

modulation frequency associated with the VCD spectrum. To obtain the VCD 

spectrum, the signal is first demodulated at the PEM frequency and the resulting 

VCD interferogram is Fourier transformed to yield the VCD spectrum. If the 

linear polariser prior to the PEM is rotated by 90 0, right circularly polarised 
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(RCP) and left circularly polarised (LCP) states of radiation are interchanged and 

the resulting VCD spectrum has the opposite sign for all of its bands. For single­

source FT-VCD measurements using the double modulation method, a PEM is 

placed in the beam after a linear polariser and before the sample. If the sample is 

chiral, there will be differences in the transmitted light at the PEM modulation 

frequency due to differences in the absorbance of the sample for left- versus right­

circularly polarised radiation. Therefore, at the detector, there will be DC terms 

and Fourier modulated terms, as well as terms that are double-modulated at the 

Fourier frequencies and the PEM frequency. The interferogram associated with 

the VCD is obtained by demodulating the double-modulated term with respect to 

the PEM frequency using a lock-in amplifier tuned to this frequency. The output 

of the lock-in amplifier, with a sufficiently fast time constant; typically in the 

microsecond range, yields a VCD interferogram. 

2.2.2.2 Dual Source Fourier Transform Polarisation Modulation 

Spectroscopy 

In single source (SS) FT-VCD, VCD intensities are commonly in the range 10-4 to 

10-6 absorbance units, and are often limited in quality by the low signal-to-noise 

ratios. One obvious way to improve the signal quality is to increase the 

instrumental throughput for the spectral region of interest. At high levels of IR 

intensity however, detector non-linearity occurs, limiting any further improvement 

of the signal-to-noise ratio for the FT-VCD measurement. 

In the dual source (DS) method a four-port dual-source interferometer is 

combined with double-modulation FT-VCD measurements to obtain a 

spectrometer with enhanced signal quality and lower susceptibility to detector 

saturation (figure 2.9). [30] The interferogram is equipped with two sources, A and 

B. Source A is in the normal source position and has a BaF2 wire grid polariser 

placed in front of it to pass vertically polarised radiation with respect to the plane 

of the interferometer. Source B is located beneath the beam port that normally 

goes to the sample. 
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CCM 

CCM 

SB 

Figure 2.9 Diagram illustrating the optical layout of a dual-source interferometer. The two 
sources are labelled SA and SR, and the ZnSe beam splitter is labelled BS. The reflections 

occur at the cube-corner mirrors (CCM) that displace the outgoing parallel beam relative to 
the incoming beam but do not change the final linear polarisation state.1301 

The method involves placing a linear polariser in front of each of the two sources 

in the interferometer and setting the polarisation state of one to be vertical and the 

other to be horizontal. In this way, the ordinary IR interferograms from the two 

sources combine negatively since they are simply out of Fourier phase with 

respect to one another. However, the polarisation-modulation interferograms 

combine positively since they are both out of Fourier phase and out of 

polarisation-modulation phase with respect to each other. The polarisation phase 

inversion created by orthogonal linear polarisers in front of the two sources 

undoes the Fourier phase reversal so the VCD interferograms become larger at the 

same time as the ordinary IR-transmission interferograms become smaller, thus 

avoiding saturation limits normally encountered in single source operation. 

For dual source FT-VCD, the VCD contributions from the two sources have 

opposite signs due to the orthogonal orientations of their polarisers, whereas the 

relative orientation of the polarisers has no such effect for the ordinary IR 

intensity or absorbance spectrum. The signals from the two sources carry 

intrinsically opposite Fourier phase for their contributions to a given output beam, 

the VCD contributions add rather than subtract. The VCD interferograms 

associated with the two output beams are identical in magnitude but opposite in 

sIgn. 
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The gain in VCD intensity for dual source operation significantly outweighs the 

small increase in the VCD noise. The increase in the signal-to-noise ratio of the 

DS-VCD relative to the SS-VCD is due to the additivity of the VCD intensities 

coming from the two sources without an increase in the noise contribution from 

the detector. There is a significant reduction in collection time to achieve the 

same signal-to-noise ratio; these are very significant reductions, and represent a 

significant advantage ofDS as compared to SS-VCD measurement. A second 

advantage of the DS is the reduction of the large interferogram associated with the 

ordinary IR spectrum. This reduction in magnitude allows the normal saturation 

level of the detector to be avoided. It is therefore possible to increase the 

absorbance of the sample well beyond the saturation limit, as long as the 

contributions of both sources are sufficiently well balanced to prevent their 

difference contribution from exceeding the normal SS saturation limit. 

When the contributions of the two sources are the same level, the DS-IR 

interferogram cancels and the DS-VCD doubles compared to the SS-VCD 

interferogram. The doubling of the VCD interferogram signal against a constant 

noise background leads to a doubling of the signal-to-noise ratio and a four fold 

improvement in signal averaging time. The suppression of the DS-IR 

interferogram is maximised when the contributions from each source are equal. 

At the same time this limit is inconvenient, since the single-beam IR 

interferogram is needed to obtain the proper VCD spectrum. 

Adjusting the baseline is simpler with one source compared to two. Quality of 

baseline obtained is the same for two sources as it is for one. While the overall 

alignment is more difficult, there is an additional degree of freedom that can be 

utilized before arriving at the final alignment, namely the baseline of the second 

source can be used to balance that of the first source. Finally, the quality of any 

baseline achieved with DS operation can be improved by approximately one order 

of magnitude by using a dual PEM set up. [29] 
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2.2.2.3 Dual PEM Set-Up 

The dual PEM FT-VCD method [29] uses a second PEM, positioned after the 

sample, to reduce the artefacts observed to those solely derived from the 

components in between the two PEMs. Figure 2.10 shows the optical set-up of a 

dual PEM spectrometer. Positioning the second PEM after the sample eliminates 

any artefacts that arise from the optics before the first PEM, so that any artefacts 

now observed are purely due to the sampling conditions between the two PEMs, 

i.e. the sample and its cell. 

IR Optica l 
Fi lter Polariser PEM Sample 

PEM Detector 
FTIR 

: Ref 

VCD "'-.r---j 

'Iock-in' 'lock-in' 
-----------------------y 

IR~--.---1 

Figure 2.10 Optical-electronic diagram for the ChiraUR dual PEM VCD spectrometer 

The baseline of the instrument with no sample or cell present can be adjusted to 

zero by altering the retardation of the second PEM, changing it from 0.25 

(quarter-wave) to a slightly higher or lower value. This improves the spectra 

collected as prior to collection of data the baseline is now zero, so any baseline 

effects now observed are reduced as compared to VCD spectra collected from the 

single PEM spectrometer. [29] 

2.2.2.4 VCD Calibration Procedure 

The PEM is an essential piece of hardware for a VCD spectrometer, as it produces 

the alternating left- and right-circularly polarised light. A calibration curve is 

necessary as the effect of the PEM is not linear across the spectrum and the 
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calibration curve corrects for this non-linearity. A PEM works by applying a 

periodic stress to an isotropic crystal, which cause synchronous variation of the 

difference in the refractive indexes along two mutually perpendicular axes of the 

crystal. One of these axes coincides with the axis along which the stress is 

applied. When the polarisation direction of the linearly polarised incident light is 

at 45 0 to the optical axes of the crystal, the periodic variation in the birefringence 

of the crystal introduces a time-dependent phase lag into the electric vector 

components. The phase variation in time, t, follows the relation 

[2.21] 

where Wm is the frequency of the stress modulation, and 5~ is the maximum 

phase shift introduced for wavelength Ai or wavenumber Vi. When the maximum 

stress applied corresponds to a phase shift 5~ = Jr /2, then the radiation of v, is 

said to be circularly polarised. Alternatively, one of the two electric vectors 

incident on and parallel to the optical axes of the PEM is said to have undergone a 

90 0 phase shift or quarter-wave retardation relative to the other. For a given 

maximum stress on the PEM, one quarter-wave retardation is achievable at only 

one wavenumber, vq • For other wavenumbers at the same PEM frequency, the 

maximum phase shift becomes 

[2.22] 

As sin 2Jrwm t goes through + 1,0 and -1,6/ for wavenumber Vq goes through 

+nI2, 0 and -nI2, which means that the Vq component goes through right 

circularly polarised, linearly polarised and left circularly polarised states, 

respectively. For the intermediate values of sin2Jrwmt, corresponding 

intermediate polarisation states are achieved. Thus, only for a very small amount 

of the cycle is the wavenumber component v'I circularly polarised. The 
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remaining portion of the cycle contains polarisation states of an unwanted 

intermediate nature. 

There are two types of experimental set-up to be discussed; sample and calibration 

set-up. Sample set-up consists of monochromatic light of wavenumber v: passing 

through a linear polariser, a PEM and an optically active sample, and then onto 

the detector. In the calibration step the optically active sample is replaced by a 

quarter-wave plate and a second polariser. The z axis is the direction of light 

propagation, and the optical axes of the PEM are set to coincide with the x and y 

axes. The polarisation direction of the first linear polariser is at 45 0 to the x and y 

axes. 

The first set-up to be discussed is the sample set-up. The electric vector of the 

monochromatic light of wavenumber Vi' after passing through the first polariser is 

given as [ EO (vi)/..fi ] (u + v), where u and v are the unit vectors parallel to the x 

and y axes respectively, and EO (Vi) is the amplitude of the initial electronic 

vector. As the PEM induces a time-dependent relative phase lag bl into one of the 

electric vector components, the resulting electric vector after passing through the 

PEM becomes, 

[2.23] 

If the right and left circularly polarised vectors are denoted by 

[ EO (vi)/..fi ] (u + iV) and [EO (vl)/..fi] (u - iv), respectively, it can be seen that 

equation 2.23 is equivalent to (equation 2.24), 

[2.24 ] 

When this electric vector passes through an optically active sample, the right and 

left circularly polarised components are absorbed to different extents, and these 
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absorbances are denoted by AR (Vi) and AL (Vi)' respectively. The resulting 

electric vector, then, is 

E(vJ = [ EO (vJ/J"S ] [(1- ie")' Xu + iv )e-2J03AR (V, )/2 + (1 + ie iO
, Xu + iv )e-2J03A[(V, )/2] 

[2.25] 

The intensity at the detector is calculated as the product ofthis electric vector with 

the complex conjugate. The voltage output of a linearly responding detector can 

be represented by the intensity falling on it, which in the present case is, 

[2.26] 

where 1° (Vi) is the initial intensity of the wavenumber component Vi' 

a L = 2.303AL (Vi) and a R = 2.303AR (VI)' Because 6, is time variant, sin 6, can be 

expressed in a Fourier series as 

sin 5/ = sin(5~ sin 27rwmt) = 2 f J 2n- 1 (5~ )sin[(2n -1)27rwmt] [2.27] 
n=l 

where n is an integer and I n (5~ ) are Bessel functions. From equations 2.26 and 

2.27 it can be seen that the detector would notice a time-independent signal, dc 

signal and, time-varying signals at frequency OJm, 30Jm etc. The signal at the 

fundamental frequency, OJm , the ac signal, can be isolated by passing the detector 

signal through a 'lock-in' amplifier tuned to OJ m . Similarly the dc signal can be 

isolated by eliminating the signal frequencies at OJm, 3OJm, etc, using the 

appropriate electronic filters. The ratio of the ac signal demodulated at OJm to the 

dc signal becomes 

1 (v) ({ e -aR - e -aL J G 
(Om I = 2J 5~ _, 

1 (~) 1 v, -aR -ai, G 
de Vi e + e f 

[2.28] 
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where G, and Gjare the gains introduced by the lock-in amplifier and filters, 

respectively. Multiplying the numerator and denominator of equation 2.28 by 

e(aR +a/)/2 and noting that (e~ - e-~)/( e~ + e-~) = tanhp and that for small values of 

p, tanh p ~ p, equation 2.29 is obtained, 

[2.29] 

If Vi is equal to vq , then 5~ = 1[/2 and J1(1I:/2) ~ 0.57. It is not possible to know 

a priori the wavenumber Vq precisely, however, and therefore J 1 (5~ ) is not 

known. So the value of J 1 (5~ )G, /G J should be determined from a calibration 

spectrum to obtain the circular dichroism of a sample from equation 2.29. 

In the calibration arrangement, the optically active sample is replaced by a 

birefringent plate and analyser together. There are four different ways that these 

two components can be oriented with respect to the preceding PEM and first 

polariser. Firstly, with the fast axes of the birefringent plate oriented parallel to 

that of the PEM and the direction of the second polariser oriented parallel to that 

of the first. The electric vector of light after passing through the PEM is 

[EO (vJ/.J2] (u + ve iS
, ). The birefringent plate induces further phase lag 5:' , 

which is static in nature. The final electric vector after passing through the 

analyser becomes, 

and intensity, 

Using equation 2.27 and a similar expression for cos Jt , 

[2.30] 

[2.31] 
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COS S, = cos(S~ sin 2TrOJmt) = J o (S~ )+ 2 f J 2n (S~ )cos 4nTrOJmt [2.32] 
n=! 

The expression analogous to equation 2.29 becomes, 

[2.33] 

Secondly, ifthe polarisation direction of the second polariser is perpendicular to 

that of the first polariser, whereas the fast axis of the birefringent plate is parallel 

to that of the PEM, then (ll + v) in equation 2.30 becomes (ll - v) and the 

expressions analogous to equations 2.31 and 2.33 become, 

J(vJ= ~o (vJ/2] (l-cosS, cosS:' + sinS, sinS:') 

JOJ",(v,) (2J!(s~)sins:, JG1 
Jd)v;) = I-Jo(S~)cosS:' Gf 

[2.34] 

[2.35] 

Thirdly, if in addition to the second polariser being perpendicular to the first 

polariser, the fast axis of the birefringent plate is also perpendicular to that of the 

PEM, then the e;(o,+o#,) and (ll + v) terms become e'(o,-o#,) and (ll - v), respectively, 

and the expressions analogous to equations 2.31 and 2.33 become, 

[2.36] 

[2.37] 

In the fourth arrangement, the polarisation direction of the second polariser is 

parallel to the first but the fast axis of the birefringent plate is perpendicular to that 

of the PEM. Then the expressions analogous to equations 2.31 and 2.33 become, 
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[2.38] 

[2.39] 

Equations 2.33 and 2.39 are equal but opposite in sign, as are equations 2.35 and 

2.37. Also equations 2.33 and 2.37, like 2.35 and 2.39, are equal to each other 

with a non-zero magnitude of ± 2J] (5 ~ )G, / G f at cos 5:' = 0 and sin 5:' = ± 1 . 

This is applicable when, 

51! =~Jr = (2n+1)Jr 
v; v 2 2 

[2.40] 
B 

where VB is the wavenumber for which the birefringent plate introduces one 

quarter-wave retardation and n is an integer. Further more, equations 2.33, 2.35, 

2.37 and 2.39 are equal to each other with zero magnitude, when sin5:' = O. This 

condition is met when 5# = ~ Jr = nJr. , v 2 
B 

In practical terms, if the maximum stress setting on the PEM corresponds to one 

quarter-wave retardation for the wavenumber v" and the light components of 

various wavenumbers are investigated using the calibration arrangement, then 

four curves are obtained. The non-zero crossings of the curves provide the values 

of ± 2J] (5~ )G, /G f . These can be interpolated to the desired wavenumber and 

used in equation 2.29 to determine the circular dichroism of a given sample. Two 

of the four possible calibration curves are shown in figure 2.11 (the green and 

purple lines), together with the interpolated curve of their non-zero crossings (the 

red line), which is the final calibration curve used to obtain the final VCD 

spectrum of a sample. 
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Figure 2.11 The two calibration curves (red and purple lines) are shown obtained from two 
different arrangements of the calibration set-up, with the interpolated non-zero crossings 
giving the calibration curve (red line) used to obtain the final VeD spectrum of a sample. 

2.2.2.5 Comparison of FT -VCD Instruments 

The two types ofFT-VCD spectrometer available are the single PEM and dual 

PEM as discussed above. There are relative advantages and disadvantages of each 

instrument, and the choice of spectrometer can influence the quality of VCD 

spectrum obtained, and the ease ofVCD measurement. The data reprocessing 

aspect is discussed below, but sampling issues and optimum measurement 

conditions are discussed in chapter 3. 

The dual PEM holds the advantage with regards to data reprocessing as the end 

output of a data collection is the parent IR spectrum, VCD spectrum and 

associated noise spectrum. For the dual PEM instrument the data is collected in 

one hour increments and then averaged at the end of the total collection time, so 

that if a spectrum begins to look poor towards the end of the data collection the 

later data collection can be excluded from the average. 
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The single PEM spectrometer collects the data as a single unit, and so if the 

detector heats up or the compound comes out of solution the whole data collection 

is wasted. However, this is not normally a problem as the data collections tend to 

take approximately an hour. 

The problem with reprocessing the data from the single PEM spectrometer is that 

it is a very convoluted process. There are several steps to the reprocessing; firstly 

a calibration curve has to be obtained, as described in section 2.2.2.4 of this 

chapter. Secondly, after the data collection itself, which produces two 

interferograms, these interferograms have to be Fourier transformed to give the 

parent IR spectrum and the uncorrected VCD spectrum. The VCD Fourier 

transform requires phase correction using the phase information from the parent 

IR interferogram. Thirdly, the uncorrected VCD has to be adjusted to correct for 

the instrument gain (this puts the parent IR and VCD spectra on the same scale). 

The VCD spectrum is then divided by the parent IR, to give the corrected VCD 

spectrum. The division of the raw VCD spectrum by the parent IR is necessary to 

convert the transmission experiment to a measurement of differential absorption 

i.e. corrected VCD spectrum. However, one further step is necessary; this is 

correction of the VCD spectrum by division by the calibration curve, which 

corrects for the varying effect of the PEM across the spectrum. There is no 

intrinsic measurement of the noise from the collected VCD data (as occurs with 

the dual PEM spectrometer), but an estimate can be made by collecting a VCD 

measurement of an empty cell. There is no need for the calibration step with the 

dual PEM spectrometer as baseline correction is achieved by setting the 

retardation of the second PEM prior to data collection, to give a zero baseline. 

The VCD data from both spectrometers can also be corrected by subtraction of the 

solvent spectra, collected under the same conditions as the sample measurement. 
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2.2.3 Applications of VCD 

2.2.3.1 Enantiomeric Excess 

One of the most straight forward applications ofVCD is the determination of the 

enantiomeric excess (ee) of a sample which consists of some mixture of 

enantiomers of a chiral molecule. [31-34] The % ee (percentage enantiomeric 

excess) of a sample is defined as the excess amount of one enantiomer over the 

other, relative to the total amount of both enantiomers, illustrated in equation 2.41, 

where NA and NB are a measure of the number of moles of A and B, respectively. 

[2.41 ] 

For an optically pure sample ofenantiomer A, % ee(A) = 100%; for the racemic 

mixture, % ee(A) = 0%; for an optically pure sample of enantiomer B, % ee(A) = 

-100%. The magnitude of a VCD spectrum of enantiomer A scales directly and 

linearly with the % ee of enantiomer A. [35] Hence the VCD signal of a band is at a 

maximum for 100% ee, is zero across the whole spectrum at 0% ee, and is at the 

negative of the maximum at -100% ee. 

VCD can measure % ee without separation or further derivitisation, if a sample of 

known optical purity is available. Alternatively in the absence of a standard of 

known % ee, relative % ee can be determined. Use ofVCD for determination of 

% ee is advantageous over traditional methods, such as optical rotation (OR), due 

to the multiplicity of spectral bands that can be measured simultaneously in the 

spectrum. These bands carry not only the VCD intensity, allowing determination 

of % ee, but also information about the structural specificity of the chiral molecule 

being measured, and permit simultaneous determinations of the % ee of more than 

one chiral species in a given sample. 

From the concentrations of the A and B enantiomers of a chiral molecule in 

solution (CA and CB respectively), the ee of the sample is given by (CA - CB)/(CA 
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+ CB) or (CB - CA)/(CA + CB), depending on the enantiomer selected for reference. 

The data collected in the spectral measurements give us this information, with the 

sum (CA + CB) obtained from the IR measurement and the difference (CA - CB) 

from the VCD measurement. Hence ee is obtained by the combination of the IR 

and VCD measurements. 

2.2.3.2 Absolute structure determination 

Determination of absolute configuration from VCD spectroscopy for a chiral 

compound consists of four basic steps: first, a configuration is chosen e.g. R; 

secondly, the IR and VCD spectra are calculated via ab initio quantum mechanical 

calculations for the chosen configuration; next, the experimental IR and VCD of 

the available enantiomer are measured in solution, as a liquid or in a KBr disc or 

Nujol mull; lastly, the observed and calculated VCD spectra are compared, which 

unambiguously determines the absolute configuration of the enantiomer under 

study. 

2.2.4 Practical Solution State Measurements 

Solution/liquid state measurements in the mid-IR region (2000 - 800 cm· l
) are the 

most commonly performed VCD measurements. A solution or neat liquid can be 

placed in a solution cell of variable path length and the VCD spectrum obtained. 

The choice of solvent is important, as it must not be chiral and should be free from 

absorbances in the IR in the region of interest. The concentration of the analyte in 

solution must be carefully controlled. If it is too high intermolecular interactions 

such as hydrogen bonding can complicate comparison with predicted VCD 

spectra. If the concentration is too low, the VCD signal will simply not be 

observed. To get a solution of the correct concentration it is easiest to ensure that 

an IR spectrum of the correct absorption can be measured before measuring the 

VCD spectrum. Variation of the path length of the cell performs essentially the 

same task as adjustment of the concentration; however, at longer path lengths 

internal reflection can occur within the cell which can obscure the small VCD 
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signal. Neat liquids are the simplest measurements to perform, with choice of 

path length, resolution of the instrument, and data collection time / number of 

scans being the only variables. 

In the solution state it is possible that the chiral molecule can adopt several low 

energy conformations, depending upon the possibility of hydrogen bonding, 

which may occur, both inter- and intra-molecularly and with the solvent. When 

trying to compare predicted VCD spectra with those obtained experimentally, it 

may be necessary to combine the predicted VCD spectra for several different 

conformers in order to obtain a better fit. This should enable determination of the 

dominant solution conformations; however, for a simple determination of absolute 

stereochemistry it is unnecessary. 

VCD can be used to determine the preferred conformation of flexible chiral 

molecules in solution. This is done through calculation of the lowest energy 

conformers of the enantiomer, followed by a geometry optimisation and a 

vibrational frequency calculation for each possible conformer. The energy of 

each conformer produced by the calculation can then be used in conjunction with 

the Boltzmann population distribution to determine the relative amounts of each 

conformer in solution. The VCD spectra of the conformers are then combined in 

the same relative proportions and compared to the experimentally obtained VCD 

spectrum of the compound in solution. It may be necessary to increase the 

proportions of some of the higher energy conformers if specific bands, due only to 

that specific conformer, are present in the experimental VCD spectrum. 

Overestimation of the differences in energy between the conformers can occur as 

calculations assume that the molecules are in the gas phase, rather than solution 

phase and in solution certain conformers may be stabilised by solvent effects, 

leading to the adjustment of the relative proportions. 

Other considerations regarding the calculations include the possibility of dimer 

formation, which is especially favourable for molecules with the COOH group 

present. Key marker bands can be seen for this functional group when compared 

to some of the compounds studied (e.g. ibuprofen) and these bands can be used to 

determine the absolute stereochemistry. Intra-molecular hydrogen bonding can 
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also be seen in some cases and conformers which promote this may well be 

stabilised in non-polar solvents. The presence of dimer formation in solution for 

the COOH group can be confirmed by study of the OH stretching region of the 

observed IR spectrum. A broad band ~3000 cm- 1 indicates hydrogen bonding 

(intra- or inter-molecular), while a sharper peak at ~3200 cm- 1 indicates the 

presence of free -OH. Whilst in the fingerprint region a band at ~900 cm- 1 can be 

indicative of the presence of the COOH group. 

The measurement of the VCD of solid state samples, such as a nujol mull or KBr 

disc, is possible as long as the particle size of the solid is smaller than the 

wavelength of the incident radiation. The conformation of the molecules in the 

solid state will be different to that in the solution state, and calculations starting 

with the crystal structure, obtained from XRD, are more likely to yield good 

matches. These aspects of data collection and prediction are discussed further in 

chapters 3 and 4, respectively. 

2.3 Ab Initio Quantum Mechanical Calculations 

In order to perform an absolute stereochemistry determination or to determine the 

solution conformation of a chiral compound using VCD, it is necessary to predict 

the VCD spectrum for one possible enantiomer of that chiral compound. This is 

done through ab initio quantum mechanical calculations, performed using density 

functional theory (DFT) with varying levels of complexity in both the method and 

basis set. [36-40] The experimentally obtained VCD spectrum can then be compared 

to the predicted VCD spectrum in order to determine the correct absolute 

stereochemistry or solution conformation of the chiral compound under 

investigation. 

The VCD calculations are carried out completely independently from the 

experimental VCD measurements and involve no adjustable parameters, other 

than the choice of quantum mechanical method and basis set, and the spectral 

bandwidths for converting numerical VCD intensities into simulated spectra, that 

can be compared directly to experimental spectra. 
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A basic VCD calculation begins with a geometry optimisation; geometry 

optimisations locate the lowest energy molecular structure in closest proximity to 

the specified starting structure. Geometry optimisations depend primarily on the 

gradient of the energy - the first derivative of the energy with respect to the atomic 

positions. This is followed by a frequency calculation; molecular frequencies 

depend on the second derivative of the energy with respect to the nuclear 

positions. A frequency calculation must use the same theoretical model and basis 

set as produced the optimised geometry. Frequencies computed with a different 

basis set or procedure have no validity. 

Ab initio molecular orbital theory predicts the properties of both atomic and 

molecular systems. The fundamental laws of quantum mechanics form its basis, 

using a variety of mathematical approximation and transformation techniques. 

Quantum mechanics [41,42] are used to explain how electrons have both particle­

like and wave-like properties. Molecular mechanics simulations use the laws of 

classical physics to predict the structures and properties of molecules; they don't 

explicitly treat the electrons in a molecular system. Instead they perform 

computations based upon the interactions among the nuclei. Electronic effects are 

implicitly included in the force fields through parameterisation. Electronic 

structure methods use the laws of quantum mechanics rather than classical physics 

as the basis for their computations. Quantum mechanics states that the energy and 

other related properties of a molecule may be obtained by solving the Schrodinger 

equation (equation 2.42): 

[2.42] 

where H is the Hamiltonian operator, E is the energy for the system and If' is the 

wavefunction. For any but the smallest systems, however, exact solutions to the 

Schrodinger equation are not computationally practical. Electronic structure 

methods are characterised by their various mathematical approximations to its 

solution. One of the major classes of electronic structure methods is ab initio 

methods. Ab initio methods use no experimental parameters in their 

computations. Instead, their computations are based solely upon the laws of 
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quantum mechanics - the first principles referred to in the name ab initio - and on 

the values of a small number of physical constants: the speed of light, the masses 

and charges of electrons and nuclei and Planck's constant. 

Another, relatively new, class of electronic structure methods is DFT methods; 

these are similar to ab initio methods in many ways. DFT methods include the 

effects of electron correlation in the model; the fact that electrons in a molecular 

system react to one another's motion and attempt to keep out of one another's way. 

Methods including electron correlation account for the instantaneous interactions 

of pairs of electrons with opposite spin. 

Traditional methods in electronic structure, like Hartree-Fock (HF) theory are 

based on the complicated many-electron wavefunction. The main objective of 

DFT is to replace the many-body electronic wavefunction with the electron 

density as a basic quantity. Whereas the many-body wavefunction is dependent 

on 3N variables, three spatial variables for each of the N electrons, the density is 

only a function of three variables and is a simpler quantity to deal with both 

conceptually and practically. 

DFT methods compute electron correlation via general functionals (in DFT 

functionals are functions of the electron density, itself a function of coordinates in 

real space) of the electron density. DFT functionals partition the electronic energy 

into several components which are computed separately: the kinetic energy, the 

electron-nuclear interaction, the Coulomb repulsion and an electron-correlation 

term which accounts for the remainder of the electron-electron interaction. 

Traditional functionals are generally distinguished by the way that they treat 

exchange and correlation components. Local exchange and correlation 

functionals involve only the values of the electron spin densities, e.g., Slater and 

Xu. Gradient corrected functionals involve both the values of the electron spin 

densities and their gradients, e.g., B-L YP. 

There are also several hybrid functionals, which define the exchange functional as 

a linear combination of Hartree-Fock, local and gradient-corrected exchange 
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tenns; this exchange functional is then combined with a local and/or gradient­

corrected correlation functional, e.g., B3L YP and B3PW91. 

The DFT approach is based upon a strategy of modelling electron correlation via 

general functionals of the electron density. DFT methods partition the electronic 

energy into several tenns: 

[2.43] 

where E T is the kinetic energy tenn (arising from the motion of the electrons), E v 

includes tenns describing the potential energy of the nuclear-electron attraction 

and of the repulsion between pairs of nuclei, EJ is the electron-electron repulsion 

tenn, and EXC is the exchange-correlation tenn and includes the remaining part of 

the electron-electron interactions. 

All tenns except the nuclear repulsion are functions of p, the electron density, 

with the electron positions given by ~ and f2 , and their displacements by d~ and 

df2 • EJ is given by the following expression: 

[2.44] 

E T + E v + EJ corresponds to the classical energy of the charge distribution p. The 

EXC tenn accounts for the remaining energy, including the exchange energy 

arising from anti symmetry of the quantum mechanical wave function and the 

dynamic correlation in the motion of the individual electrons. 

EXC is usually approximated as an integral involving only the spin densities, Pa 

and pp, and possibly their gradients, V p a and V P fJ ' as a function of position, f: 

E xc (p) = f f(p a (f ), P fJ (f ), V P a (f ), V P fJ (f))d 3 f [2.45] 
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We use Pa to refer to the a. spin density, pp to refer to the fJ spin density and P 

refers to the total electron density Cpa + pp). 

EXC is usually divided into separate parts, referred to as the exchange and 

correlation parts, but actually corresponding to same-spin and mixed-spin 

interactions, respectively: 

[2.46] 

All three terms are again functionals of the electron density, EXCp) and ECCp) are 

the exchange functionals and correlation functionals, respectively. 

Pure DFT methods are defined by pairing an exchange functional with a 

correlation functional, e.g. BL YP. Hybrid functionals, such as B3L YP, include a 

mixture ofHartree-Fock and DFT exchange along with DFT correlation. 

The first report on using density functional theory (DFT) in ab initio calculations 

of VCD spectra was in 1994J4
3] These calculations yielded results of similar 

accuracy to those calculated with MP2 force fields in regards to calculation of 

accurate harmonic force fields, but for substantially less computational effort. 

This advance in prediction of VCD spectra was proceeded by two important 

developments: Firstly hybrid functionals, such as B3L YP: Secondly, 

implementation of efficient analytical derivative techniques. Frequencies, dipole 

strengths and rotational strengths derived from harmonic force fields, atomic polar 

tensors (APT) and atomic axial tensors (AAT) can thus be used to synthesise 

absorption and VCD spectra, using Lorentzian band shapes. 

2.3.1 Methodology of VCD Calculations 

The infrared absorption intensity is proportional to the dipole strength, the square 

of the electric dipole transition moment. In the harmonic approximation, the 

dipole strength, D;I' is proportional to the square of the derivative of the electric 

dipole moment, j1, of the molecule with respect to the nuclear displacement in the 
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normal mode, Qa, equation 2.47. Where tz is the reduced Planck constant, and OJa 

is the angular frequency. 

[2.47] 

The VCD intensity is proportional to the rotational/rotatory strength, the scalar 

product of the electric dipole and magnetic dipole transition moments. In the 

harmonic approximation, the rotational strength, R;], is proportional to the scalar 

product between the derivative of the electric dipole moment with respect to the 

normal mode displacement and the derivative of the magnetic dipole moment, m, 
of the molecule with respect to the nuclear velocities of the normal mode, 

expressed in terms of the conjugate momentum, Pa: 

[2.48] 

From equations [2.47] and [2.48] it can be seen that non-zero IR intensity requires 

linear oscillation of charge and non-zero VCD intensity requires simultaneous 

linear (electric) and angular (magnetic) oscillation of charge, produced by nuclear 

motion. Quantum chemistry programs calculate these intensities by taking 

derivatives of the energy of the molecule with respect to the electric field, E, or 

magnetic field, H, and vibrational normal mode displacement or momentum: 

[2.49] 

[2.50] 
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The calculations then proceed, first via optimisation of the geometry, then 

calculation of the normal vibrational modes, and then calculation of the VCD 

intensities. 

2.3.2 Basis Sets 

Mathematical descriptions of the orbitals within a molecular system are know as 

basis sets, they combine to give an approximation of the total wavefunction, and 

are used in the calculations described above. Larger basis sets more accurately 

approximate the orbitals by imposing fewer restrictions on the locations of the 

electrons in space. In the true quantum mechanical picture, electrons have a finite 

probability of existing anywhere in space; this limit corresponds to the infinite 

basis set expansion. 

Standard basis sets for electronic structure calculations use linear combinations of 

gaussian functions to form the orbitals. A basis set can be classified by the 

number and types of basis functions that it contains. Basis sets assign a group of 

basis functions to each atom within a molecule to approximate its orbitals. These 

basis functions themselves are composed of a linear combination of gaussian 

functions. 

Minimal basis sets contain the minimum number of basis functions needed for 

each atom. They use fixed size atomic type orbitals, e.g. STO-3G, which 

approximates Slater orbitals with gaussian functions. Split valence basis sets 

increase in size by using a higher number of basis functions per atom, e.g. 3-21G 

and 6-31 G have two (or more) sizes of basis function for each valence orbital. 

Similarly triple split valence basis sets, like 6-311 G, use three sizes of functions 

for each orbital type. 

Split valence basis sets allow orbitals to change in size but not in shape. Polarised 

basis sets remove this limitation by adding orbitals with angular momentum 

beyond what is required for the ground state description of each atom. For 

example, polarised basis sets add d functions to carbon atoms and f functions to 
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transition metals, and some of them add p functions to hydrogen atoms. For 

example, 6-31 G( d), otherwise known as 6-31 G*, is the 6-31 G basis set with d 

functions added to heavy atoms. 6-31G(d, p) or 6-31G** adds p functions to 

hydrogen atoms in addition to the d functions on heavy atoms. 

Another basis set expansion is the addition of diffuse functions, which are large­

size versions of s- and p-type functions. They allow orbitals to occupy a larger 

region of space. These basis sets are important for systems where the electrons 

are relatively far from the nucleus: molecules with lone pairs, anions and other 

systems with low ionisation potentials. The 6-31 +G* basis set is the 6-31 G* basis 

set with diffuse functions added to heavy atoms. The double plus version, 6-

31 ++G* adds diffuse functions to the hydrogen atoms as well. Diffuse functions 

on hydrogen atoms seldom make a significant difference in accuracy. It is often 

found that hydrogen-bonded systems require basis sets with additional diffuse or 

polarisation functions. 

2.3.3 Calculation Output 

Once the predicted VCD spectrum has been obtained it can be directly compared 

to the experimental VCD spectrum. However, vibrational frequencies are 

consistently over-estimated by calculation from DFT, through neglect of 

anharmonicity. The effect is found to be relatively uniform and as such generic 

frequency scaling factors may be applied to the values of the vibrational 

frequencies. Application of a generic scale factor causes a shift of the spectrum 

along the x-axis to lower wavenumber, without altering the overall appearance of 

the spectrum (figures 2.12 and 2.13 show a comparison of the experimental IR 

spectrum for (S)-ibuprofen with the raw predicted IR spectrum and the scaled 

predicted IR spectrum respectively). For different basis sets and levels of 

calculation there are published scale factors. [44-47] Within chapter 3, calculation of 

individual scale factors is made to improve the fit of the predicted spectra to the 

experimental spectra, for subsequent use with a goodness of fit parameter 

developed in this thesis. 
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Figure 2.12 Comparison of the experimentallR spectrum (purple line) and predicted 
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Figure 2.13 Comparison of the experimental IR spectrum (purple line) and the scaled 
(xO.9664) predicted combined IR spectrum (black line) of (S)-ibuprofen in the range 2000 -

1000 cm- I 

The completeness of a calculation can be assessed by comparing the structures for 

two enantiomers of the chiral compound under study_ The calculation can be seen 

to be optimised if the calculations for the two enantiomers give mirror image 

structures, and the two calculated VCD spectra are also mirror images_ A 

calculation will sometimes not complete properly if the geometry optimisation 

61 



Chapter Two Technical Background 

gets stuck in a local minimum, rather than finding the global minimum. 

Additionally, comparison of the IR spectra is a useful guide to the quality of 

agreement between experimental and calculated VCD spectra. 

2.3.4 Analysis Using Fragments 

A limitation to the widespread application ofVCD to pharmaceuticals has been 

the interpretation of the VCD spectra, and the reliance on ab initio molecular 

orbital calculations ofVCD intensities to identify absolute configuration and 

solution conformations from the broad VCD features. [36,48] Such calculations are 

computationally demanding both in terms of time and hardware resources. 

Techniques that focus on fragments of the drugs and, where appropriate, 

simplified models, [49,50] reduce those computational demands and allow 

application ofVCD to larger molecules with numerous low-energy solution 

conformations. An interpretational approach that avoids calculations is the 

identification ofVCD marker bands for both configuration and conformation, 

based on studies of similar molecules with similar chiral centres. [28] 

In the mid-IR region, vibrational modes consist of highly coupled nuclear 

displacements distributed throughout the molecule. This complication can limit 

the ab initio molecular orbital calculations ofVCD intensities to low energy 

conformers of the molecules and to fairly small molecular size (the largest 

compound studied in this project was 5a-cholestane, CnH48, a frequency only 

calculation for this compound took 62 hours at the B3L YP 6-31 G* level). 

However, the hydrogen-stretching-modes are largely decoupled from the lower 

frequency deformation, heavy atom stretching and torsional motions. In addition, 

hydrogen stretches can be highly localised. For hydrogen stretching VCD, intense 

VCD marker bands have been used to identify absolute configuration and solution 

conformation, without the need for high level calculations. [51] Additionally, in the 

hydrogen stretching region, simplification of a large molecule into fragments of 

the molecule encompassing the chiral centres can be used with high reliability for 

hydrogen stretches, reducing computational demands and allowing application to 

larger molecules. This is facilitated by the fact that although the hydrogen 
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stretching vibrations from C-H bands in locally achiral portions of the molecule 

contribute to the absorption spectrum, such modes generate little or no VCD 

intensities. 

The use of such a fragment analysis is described in chapter 4, where the VCD 

spectra of atenolol have been predicted. 
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Chapter 3 - Development of the VCD Method 

The use ofVCD as a standard method of absolute stereochemistry determination 

within the pharmaceutical industry has been hindered by both the experimental 

difficulties encountered in obtaining the VCD spectra and the complexity 

encountered in modelling VCD data. A more straightforward and reliable method 

of data collection is required for the technique to become standard practice. In 

this chapter the development of such a method is described. The challenges to 

overcome in developing this VCD data collection protocol include instrumental 

aspects, sample preparation and handling, and prediction or modelling of the data. 

The design of the VCD spectrometer plays a major role in determining the quality 

ofVCD spectra that the user is able to collect. A good VCD spectrometer 

requires a clean optical path that avoids signal artefacts originating from the 

optics, and a detector of sufficient sensitivity to detect the relatively weak VCD 

signal. As will be seen in this chapter and was seen in chapter 2, having a zero 

baseline provides an excellent foundation for collection of good quality VCD 

spectra; however, not all commercially available spectrometers include this 

capacity. Optimisation of the sample collection parameters for the particular 

instrument is an important part of being able to collect reliable VCD spectra. 

Simply using the experimental conditions from published works may not be 

possible when a different instrument to that used in the publication is being 

employed. 

Sample preparation and handling can vary for the type of sample being 

investigated. One of the most important aspects ofVCD spectroscopy for 

absolute stereochemistry determination within the pharmaceutical industry is that 

it provides an alternate / complementary technique to single crystal XRD. Most 

importantly, the sample does not have to be a single crystal, which can often be 

difficult to grow. Favoured sampling methods include using neat liquids, which 

generally give clear strong VCD spectra, or solutions. The use of solution 

sampling methods requires an achiral solvent, which will not interfere with the 

collection of the VCD spectrum in the region of interest. As such, the solvent 
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cannot have strong absorption bands in the infrared in the area of study. Problems 

are also encountered when aggregation of the chiral sample in solution occurs, 

altering the conformation of the molecule that is dominant in solution and leading 

to changes in the observed VCD spectrum. These changes have to be accounted 

for in the modelling and prediction of the VCD spectrum for that molecule. This 

requires the modelling of dimer pairs and inter- and intra-molecular hydrogen 

bonding within the calculation. Traditionally, quantum mechanical calculations 

have been seen as a specialised field, too complex for the standard chemist to 

undertake. However, the development of programs such as Gaussian with a user 

friendly interface and clearly displayed results has lead to quantum mechanical 

calculations being available to a much wider audience. Knowing how to adjust 

the calculation for each molecule, however, still requires time and experience, as 

certain classes of compounds need to be handled with certain types of methods, as 

will be illustrated in this chapter and the next. 

3.1 Sample Preparation and Sampling Techniques 

3.1.1 Measurement of Pure Liquids 

Collection of the VCD spectra of pure liquids is the simplest measurement to 

perform, as there are no solvent effects or concentration issues to contend with. A 

schematic of the standard type of solution cell used for this technique (and for the 

solution state measurements, discussed in the next section) is shown in figure 3.1. 

These cells can either be demountable, like the one shown, or be sealed with a 

fixed path length. The demountable cells allow the path length to be altered by 

changing the spacer. The spacer is generally made of Teflon and can be 

purchased in many different thicknesses, from about 5 to 100 flm. Using a larger 

path length cell increases the amount of sample present in the alternating IR beam, 

and so increases the amplitude of the VCD signal seen. However, as previously 

discussed, if the total IR absorbance is too high the VCD signal is hidden. 
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for windows less than 4mm thick 

Figure 3.1 Schematic of the Specac Omni Cell™ demountable solution cell 

a-Pinene (figure 3.2) gives an ideal VCD spectrum from a neat liquid, as 

demonstrated in the comparison of the VCD spectra for the two enantiomers, 

which gives a perfect mirror image as shown in figure 3.3. 

(R) 

(R) 

Figure 3.2 (R)-(+)-a-Pinene 
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Figure 3.3 Comparison of experimental VCO spectra for (R)-(+)-a-pinene (red line) and (S)­
(-)-a-pinene (blue line), collected on a single PEM spectrometer, in a 25 ~m path length 

solution cell, 1024 scans and 16 cm- l resolution. Spectra offset for clarity. 

Due to the ease of this data collection, a-pinene is commonly used as a reference 

standard within VCD spectroscopy and can be measured to determine if the 

spectrometer is performing correctly. 

3.1.2 Solution Method 

Solution state measurements are the ideal technique for VCD spectroscopy as the 

sample is completely randomly oriented within the solvent. The majority of 

published VCD spectra have been collected in this way, [1-5) the exception being 

the VCD spectra of protein films .[6-8) 

The solution cell (figure 3.1) is used for this technique; however, problems can be 

experienced with these cells, as leaking can occur during data collection. If this 

happens, the concentration of the sample in solution alters, and the presence of air 

in the cell, with its associated water vapour, can disrupt the spectra collected_ 

Solution state measurements are highly dependent upon the concentration of 

sample in solution. This sensitivity of the VCD spectra to the concentration was 

highlighted by comparing the VCD spectra of (R)-( + )-a-pinene as varying 
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concentration solutions in methanol and acetone. Experiments were performed at 

16 cm- I resolution, 4096 scans, 25 J..lffi path length cell and with a collection time 

of ~20 minutes on the single PEM spectrometer. The results of this study are 

shown in figure 3.4 and are compared to the VCD spectrum of neat (R)-(+)-a­

pinene collected under identical conditions. The parent IR from these 

measurements did not contribute any additional information to that shown below, 

as a simple decrease in the intensity of the bands was observed. However, where 

bands in the IR are no longer observed, VCD signal is also no longer observed at 

this band. The methanol spectra are shown over a reduced range, due to a large 

solvent absorption band at ~ 1000 cm -I. 
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Figure 3.4 Effect of decreasing concentration of (R)-(+)-a-pinene as solutions in methanol 
(top) and acetone (bottom) on its yeD spectrum. Spectra offset for clarity. 
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In comparing the VCD spectra of the neat liquid and the solutions differences are 

observed. As expected the amplitudes of the VCD spectra are dependent upon the 

concentration of the solute. In addition the apparent noise levels increase as the 

concentration decreases. In fact the reliability of the VCD spectrum of 0.6 M a­

pinene in acetone is fairly poor and the peak at 1220 cm· 1 is thought to be due to a 

large solvent absorption band distorting the spectra. A shift in the band positions 

is also observed, which is dependent on the nature of the solvent, as illustrated in 

figure 3.5 where the spectra in methanol and acetone are compared. The positions 

of bands in the IR spectra of molecules are known to be sensitive to the 

environment in which the molecules are located owing to the sensitive changes in 

the bonding brought about by intermolecular interactions. These shifts are 

reflected in the VCD spectra. 

10 -- 1.6M Pinene in methanol 
--1.6M Pinene in acetone 

5 

'" o 

o 

-5+-~--~--~~--~-,--~--~~--~~--~ 

1350 1300 1250 1200 1150 1100 1050 

Wavenumbers fcm" 

Figure 3.5 Comparison of the I.6M solutions of a-pinene in methanol (red line) and acetone 
(black line) 

Two of the stronger bands that show a shift in the VCD spectra are at 1210 and 

1100 cm- 1 in the spectrum of the neat liquid. These shift to 1180 and 1110 cm- 1 in 

the spectrum of the solution in acetone, and to 1240 and 1095 cm-1 in the 

spectrum of the solution in methanol. Figures 3.6 and 3.7 show the vibrations 

responsible for these bands; the band at 1210 cm- 1 derives from a combined 
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vibration, whereas the 1100 cm-I band is from a simple anti symmetric ring 

breathing. As the band at 1210 cm-I is more complicated it is more easily 

perturbed when solvated, leading to the larger differences between the positions of 

the band in the solutions as compared to the neat liquid. There is a much smaller 

difference between the positions of the 1100 cm -I band between the neat liquid 

and the solutions. 

2 

3 

Figure 3.6 Illustration of the vibrations responsible for the band in the (R)-(+)-a-pinene VCD 
spectrum at 1210cm-1 for the neat liquid, 1180 cm-1 for the acetone solution and 1240 cm- 1 in 

the methanol solution. The picture on the left shows the displacement vectors in blue that 
happen during the vibration. The vibrations are responsible for the band are a symmetric 

ring breathing for the ring comprising atoms 1-2-3-4, and an antisymmetric stretch of atoms 
5-4-6. 

2 

3 

Figure 3.7 Illustration of the vibrations responsible for the band in the (R)-(+)-a-pinene VCD 
spectrum at IIOOcm-1 for the neat liquid, 1110 cm-1 for the acetone solution and 1095 cm-1 for 

the methanol solution. The picture on the left shows the displacement vectors in blue that 
happen during the vibration. The vibration responsible for this band is an antisymmetric 

ring breathing for the ring comprising atoms 1-2-3-4. 
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A further study ofthe effect of concentration on the VCD spectrum was carried 

out using (R) and (S)-methyl mandelate (figure 3.8). Here the VCD spectra for 

the enantiomer pairs were compared at three different concentrations (figure 3.9). 

OH 

O~ 

Figure 3.8 Methyl-(R)-mandelate 

The 2 M spectra show clear mirror image spectra for the band at 1275 em-I, this 

peak is also seen as a mirror image for the two lower concentrations. However, 

the peak at 1180 cm- l is not a mirror image for the 2 M concentration spectra, but 

is a mirror image for both the lower concentrations, and increases in relative 

intensity on going to the lower concentrations. This information suggests that the 

vibration causing this band is being perturbed as the concentration increases, 

possibly due to dimer formation and hydrogen bonding. It is interesting to 

observe the increase in relative intensity of the 1275 and 1180 cm- I bands in the 

0.5 M solution spectra. 

The noise levels for each of the (R) enantiomer VCD spectra have been shown by 

the black lines to the left of the picture. Comparison of the size of the noise to the 

size of the largest VCD peak gives an idea of the reliability of the VCD spectrum 

observed (signal to noise ratio). The signal to noise ratio for the 0.5 M solutions 

is very poor and only the two largest peaks (at 1275 and 1180 em-I) can be 

thought of as reliable. However, this reliability is confirmed by the presence of 

these bands in the higher concentration spectra and by the fact that the two 

enantiomers show mirror image bands at these positions. 
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Figure 3.9 VCO spectra of (R)- and (S)-methyl mandelate at 2 M (top), 1 M (middle) and 0.5 
M (bottom) concentrations in COCh. Spectra collection on single PEM spectrometer at 16 

cm- 1 resolution, 4096 scans, 25 Jim path length cell. Solvent spectrum subtracted. 

78 



Chapter Three Development of VCD Method 

Comparison of the parent IR spectra for the (R) and (S) enantiomers at 2M 

concentration shows nearly identical spectra, figure 3.10. 

<l.l 
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Figure 3.10 Parent IR spectra seen from (R)- and (S)-methyl mandelate, corresponding to the 
VeD spectra in the top frame of figure 3.7. 

As well as the sensitivity of solution state measurements to concentration, which 

can make the measurements tricky and time-consuming, there are other problems 

associated with this technique. These include times when no suitable achiral 

solvent is available for the compound under study; compounds may be highly 

insoluble, so that a high enough concentration can not be put in solution for the 

VCD signal to be observed; and aggregation in solution may occur. There is also 

the possibility that samples in solution will aggregate if the concentration is too 

high. As we have seen however, concentrations need to be high if a signal is to be 

observed with the single PEM spectrometer. 

Using the dual PEM spectrometer a VCD measurement was carried out on (-)­

ephedrine (figure 3.11) in C2C14. 
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NH 

I 

Figure 3.11 (-)-Ephedrine 

Aggregation of the compound in solution can lead to changes in the IR and VCO 

spectra over time, as can be seen during a collection in the hydrogen stretching 

region (figure 3.12). Clear changes in the IR and VCD spectra are taking place as 

the collection time increases, both in peak intensity and in relative intensity. 

However, in this case, it is interesting to see in the VCD spectra that while the 

amplitudes of the peaks changes, the positions remain the same. Further details of 

these changes will be discussed in chapter 4. 
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Figure 3.12 Aggregation of (-)-ephedrine in C2Ci4 during a data collection causes changes in 
both the parent IR (lower frame) and VCD (upper frame) spectra. Data collected on a dual 
PEM spectrometer, in a 1 cm path length cell, at 4 cm· 1 resolution, six hour collection time 

and a concentration of 0.0024 M. 
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One of the key components in detennining whether a good solution VCD 

spectrum can be obtained is the choice of instrument. The differences and relative 

advantages and disadvantages of the spectrometers were discussed in chapter 2. 

These differences are amplified when handling tricky solution state 

measurements. The dual PEM spectrometer is shown to be much more sensitive, 

as illustrated in figure 3.13 below, where the spectra for (2S)-captopril are 

compared for the single PEM and dual PEM spectrometers. 
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Figure 3.13 Comparison of the IR (lower frame) and VCD (upper frame) spectra of (251-
Captopril, from a 2 M solution in CDCI3 measured on the single PEM spectrometer and a 

0.22 M solution in CDCh measured on the dual PEM spectrometer. 

These spectra also illustrate the improved baseline of the dual PEM spectrometer, 

as the VCD spectrum from the dual PEM spectrometer has a flat baseline, 

whereas the VCD spectrum from the single PEM spectrometer appears to have a 

curve to it, making assignment of the directions of the peaks difficult. 

As we have seen, the effect of concentration of sample in solution on the VCD 

spectrum is a very important one. The more sensitive the instrument is, the lower 

the concentration of sample in solution necessary to observe a reliable VCD 

spectrum. The length of data collection (i .e. number of scans / time) , and the path 

length of the cell (which is effectively another way of increasing the concentration 
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of solution, by putting more sample in the path of the beam) also affect the quality 

of the VCD spectrum. Increasing path length may be preferable to increasing 

concentration in solution for some molecules that are prone to aggregation or 

hydrogen-bonding in solution. Aggregation or hydrogen-bonding can alter the 

band position within the spectrum, hence more complicated calculations are 

required to take into account these effects and accurately predict the VCD 

spectrum. 

Due to the problems experienced with solution state techniques, alternative 

techniques are required. The obvious choice is to use techniques which are 

routinely used within the field ofIR spectroscopy, such as KBr disc and nujol 

mull techniques. No reference to the use of such standard IR techniques within 

the area of VCD measurements could be found in the literature, and hence an 

investigation into using both of these methods was carried out. With the 

advantage of being able to use different sampling techniques, a suitable method 

should work for even the most troublesome compounds. 

3.1.3 KBr Disc Technique 

The KBr disc technique has long been used in the field of IR spectroscopy and is 

one ofthe basic methods taught in undergraduate chemistry labs. As such this 

technique is standard practice for characterisation within the pharmaceutical 

industry. In KBr discs the concentrations are generally kept low, ~O.25 % w/w 

(weight per weight), again to avoid saturation of the IR absorbance. 

Although the technique of using KBr disc for VCD has not been published to our 

knowledge, there are instances where it has been used for measurement of circular 

dichroism (CD) spectra, which are taken in the electronic region of the 

spectrum.[9, 10] Kuroda and Honma [9] have discussed possible problems that 

might be encountered in solid state CD, including depolarisation: this can occur if 

the particle size is not small enough and homogeneous, and may adversely affect 

the CD signal. Also during the preparation of KBr discs, the pressure exerted 

upon the disc occasionally influences the CD spectra, through interaction of the 
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compound with the K+ or B{ ions (although the occurrence of this phenomenon is 

rare). In the paper by Minguet et al.,[IO] extensive experimental detail is given: 

enabling accurate reproduction of the experimental conditions that need to be 

employed to obtain reproducible CD spectra. Preparation of the KBr disc was 

given much consideration, and the effects of grinding time of the KBr-compound 

mixture, thickness and concentration of discs, pressure in disc preparation, band­

width of the incident light and rotation of the disc in the machine and averaging of 

spectra were noted. The success of the technique is stated as requiring a random 

orientation of the crystallites in order to avoid the linear dichroic effects, which 

may swamp the circular dichroism. It was concluded that simple grinding of the 

KBr-compound mixture in an agate pestle and mortar for 10 minutes gave 

reproducible results. Thickness of the sample was found to be optimum at 0.8 

mm, with a range of 0.4 - 1.0 mm providing good results. Discs prepared under 

the highest pressure employed, 10 ton for 10 minutes, were found to be more 

transparent and gave better spectra than those prepared at lower pressure. It was 

noted that application of such high pressures may cause conversion of one 

polymorph to the other. This should not be a problem for application to VCD 

spectra collection as our main target is to establish the absolute stereochemistry of 

the compound rather than its conformation. 

For the KBr disc technique, very little sample preparation is required; grinding of 

the sample in a pestle and mortar is the only step required before addition to the 

microcognised KBr powder. A disc is then pressed, and the VCD measurement 

can then be made. For background subtraction, a blank KBr disc of the same 

thickness has to be pressed, the VCD and IR spectra of which can then be directly 

subtracted from the sample spectra. Providing that the sample is well dispersed 

within the KBr, there should be no orientation effects and the spectra obtained 

from any part of the sample KBr disc should be identical. 

A good example ofa successful KBr disc data collection is shown in figure 3.14. 

The solution and KBr data show good similarities in both the IR and VCD 

spectra, showing that the KBr disc technique is a valid method for VCD 

measurements. However, some of the peaks in the solution VCD are not found in 

the KBr disc VCD spectrum. It is important to note that the peak at 1260 cm- 1 
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seen clearly in the KBr disc IR spectra is possibly due to the presence of a silicon 

grease contaminant, which is not present in the solution spectra or the blank KBr 

disc spectra. 
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Figure 3.14 Comparison of (2S)-CaptoprilIR (lower frame) and vcn (upper frame) spectra, 
from 2 M solution in CnCI3 and a 0.25 % w/w KBr disc. Collected on single PEM 

spectrometer, 4096 scans, 16 cm- I resolution, with solution spectrum in 25 11m path length 
cell. Spectra offset for clarity. 

Unfortunately, reproducibility is an issue when using the KBr disc technique. For 

example, the VCD spectra from one KBr disc was not found to be identical when 

measured from two different points on the disc. The two data collections of (2S)­

captopril from the same KBr disc, rotated by 180 0 are shown in figure 3.15. 
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Figure 3.15 IR (lower frame) and VCD (upper frame) of (2S)-Captopril as a 0.25 % w/w KBr 
disc, two collections shown differ by a 180 0 rotation of the disc. Data collected upon a single 

PEM spectrometer, 4096 scans, 16 cm- I resolution, with blank KBr spectra subtracted. 
Spectra offset for clarity. 

Following these instances where KBr disc measurements do not give good VCD 

spectra, either due to extremely small VCD signal leading to irreproducible results 

or possibly due to poor dispersion of the sample within the KBr, which can occur 

if the sample does not grind up well, the KBr disc technique was abandoned. 

3.1.4 Nujol Mull Technique 

The nujol mull sampling method is again a well practised technique within the 

field of IR spectroscopy and taught in undergraduate chemistry labs. The method 

again involves grinding the sample, followed by mixing it with a couple of drops 

of nujol oil : this paste is then spread onto a BaF2 window, and sandwiched 

between that and another window. The sample is then ready for measurement of 

the VCD spectra. This method involves the quickest sample preparation of the 

three techniques mentioned. For background subtraction a blank nujol oil 

spectrum is required, with the amount of nujol oil being of the same thickness 

layer as the sample mull. To ensure reproducibility a thin Teflon spacer may be 
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used. NujolTM oil is a high purity mineral oil with a relatively straightforward IR 

spectrum having absorptions only at 1380 - 1380 cm- I and at 720 em-I. 

Atenolol (figure 3.16) proved an extremely difficult compound to obtain a good 

solution VCD spectrum from, mostly due to solubility issues and the extremely 

small VCD signal present when the compound is solvated. Atenolol is insoluble 

in CDCh, which is the ideal solvent for VCD measurements as it is not chiral and 

has no IR absorbances in the region of interest (2000 - 800 em-I). D4 methanol 

proved the only suitable solvent, although it has strong absorbances in the region 

of interest, which hides the VCD signal at this point, limiting the spectral range to 

1800 - 1200 em-I. The small signal in solution is partly due to the solvent IR 

absorbances hiding the signal, and may also be due to the presence of a large 

number of conformers in solution with overlapping VCD bands; if this were the 

case then a longer data collection would be necessary as the overlapping bands, if 

opposite in sign, will cause the VCD signal to shrink even more. However, even a 

12-hour collection, such as the one shown in figure 3.17, is insufficient in the case 

of atenolol. 

~~ o . N 
- H 

OH 

o 

Figure 3.16 (S)-Atenolol 

Collection of a VCD spectrum from a nujol mull in this case provided data of 

sufficient quality for comparison with the predicted spectra, whereas the solution 
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data had such a poor signal-to-noise ratio that no conclusions could be drawn from 

the VCD spectrum. Figure 3.17 shows the solution in D4 methanol and nujol mull 

spectra for (S)-atenolol. 
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Figure 3.17 IR and YCO spectra with signal-to-noise ratio, for (a) (S)-atenolol as a solution 
in 04-methanol and (b) (S)-atenolol as a nujol mull. 

Figure 3.18 shows the nujol mull data for both enantiomers of atenolol. Despite 

being of different intensities (attributed to the different concentrations of the 

compound in the nujol mull) the VCD spectra still show excellent mirror image 

peaks (see close up ofVCD on the right). 
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Figure 3.18 Comparison of IR (lower frame) and YCO (upper frame) spectra of (R) and (S) 
atenolol, from a nujol mull. Oata collected on a dual PEM spectrometer, 1 hour collection, 4 

cm-! resolution, nujol background subtracted. Spectra are offset for clarity. Close up of 
YCO spectra shown to the right. 

87 

1000 



Chapter Three Development ofVCD Method 

The VCD spectra using the nujol mull are generally of higher signal to noise ratio 

than from a sample in solution, despite the shorter collection time for the nujol 

mull data. This is because there is a high concentration of sample in the nujol 

mull technique and no solvent bands are present that interfere with the 

measurement of the VCD signal. This is well illustrated in figure 3.18. 

3.1.5 Comparison of Sampling Techniques 

The advantage of being able to use three different sampling techniques is that for 

problem compounds, one of the three methods is likely to work. If, for example, 

the sample is not soluble in a suitable solvent, i.e. CDCb or CCl4, a solid state 

technique can be used. Likewise if the sample is a liquid at room temperature we 

can use a solution cell; such a compound would have been very problematic for 

determination of absolute stereochemistry via single crystal XRD. Also it is 

advantageous to be able to determine the dominant conformation whilst the 

sample is in different states, either solid or solution, as this can help to investigate 

how an active pharmaceutical ingredient (API), for example, interacts within the 

body and what may be the best method of delivery. 

The nujol mull technique would be especially good for the pharmaceutical 

industry, due to the simplicity of the sample preparation and the ease of data 

collection. This technique has also given the best results for a large number of 

compounds studied, and is a great method for otherwise problematic compounds. 

3.2 Modelling of VCD Spectra 

In order to determine the absolute stereochemistry of a compound using VCD 

spectroscopy, it is necessary to predict the VCD spectrum of one of the possible 

enantiomers of the compound under study. The predicted spectrum is then 

compared to the experimental VCD spectrum, and if the spectra match or are 

opposite, then the absolute stereochemistry can be determined. One simple way 
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of assessing the prediction accuracy is by comparing the predicted and 

experimental IR spectra. If the predicted IR spectrum has not been correctly 

modelled then the predicted VCD spectrum will also not be accurate. 

3.2.1 Commercial Software 

The marketing of chiral pharmaceuticals requires study of the individual 

enantiomers for full safety testing, and represents examples where VCD 

spectroscopy can be usefully and conveniently applied. [2, II, 12] In order to identify 

the absolute stereochemistry of a compound from its VCD spectrum, it is 

necessary to compare it to the predicted VCD for each possible enantiomer. DFT 

now provides reliable prediction of the VCD spectra of chiral compounds, hence 

the process of absolute stereochemistry determination is increasingly available to 

non-theoretical chemists. [13] 

Commercial quantum mechanical calculation programs such as Gaussian 03 [14] 

have made the prediction ofVCD spectra available to non-experts. The procedure 

for the prediction of vibrational frequencies first requires a suitable conformer of 

the compound being investigated. This conformer can simply be drawn, and put 

in a suitable conformation using chemical knowledge, or the conformers of a 

compound can be determined from a search of conformation space performed in a 

program such as Spartan. [15] Once a suitable conformer has been found, a 

geometry optimisation is performed with Gaussian 03, followed by calculation of 

the vibrational frequencies. It is important that the vibrational frequencies are 

predicted at the same level of calculation as the geometry optimisation was 

performed; otherwise the results are not valid. 

Before proper comparison between the predicted and experimental vibrational 

spectra is possible, the predicted frequencies need to be scaled to correct for the 

neglect of anharmonicity within the calculations. To do this a uniform scale 

factor is applied; published scale factors are available for most basis sets and 

models of calculation. [16-19] They multiply the whole spectrum by a value of less 
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than one, which shifts the entire spectrum to a lower wavenumber and corrects for 

the over estimation. 

Consideration of possible dimer formation and intra-molecular hydrogen bonding 

is very important if accurate predictions are to be made. This information can be 

determined either through knowledge of hydrogen bonding formation or through 

use ofXRD data. Alternatively, if the compound exists as a dimer within its 

crystal structure, this dimer can be extracted from the XRD data (powder or single 

crystal) and used as a starting point for calculation of the predicted VCD 

spectrum. 

Within solution state VCD measurements there is the possibility for more than 

one prominent conformer in solution, and proportions of predicted VCD spectra 

ofthese various conformers may need to be combined to give a reasonable 

representation of the experimental spectra obtained. The relative amounts of each 

conformer can be extracted from a Boltzmann distribution using the single point 

energies determined in the calculations. 

3.2.2 Goodness of Fit Parameter 

The technique ofVCD spectroscopy for absolute stereochemistry determination is 

not standard practice within the pharmaceutical industry, but has great potential to 

become so. A goodness of fit parameter to correlate the predicted VCD spectrum 

with the experimental VCD spectrum would make the use ofVCD spectroscopy 

for absolute stereochemistry determination a much more desirable technique. 

This would be equivalent to the R-factor [20-22] or Flack parameter [23-26] in single 

crystal XRD, which gives a measure of how accurate the calculated model fits the 

experimental data. 

In this section, a method of providing a goodness of fit parameter will be 

described. a-Pinene was used as a model/test system for the goodness of fit 
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parameter due to its excellent experimental VCD spectra and its rigid structure 

which makes calculations easier to perform to an accurate level. 

Vibrational circular dichroism measurements for a-pinene (figure 3.2) as a neat 

liquid were carried out on a single PEM spectrometer. Solution spectra were 

collected in a variable path length Omni transmission solution cell (figure 3.1), 

equipped with BaF2 windows and Teflon spacer. The path length used was 25 )lm 

and spectra were collected at 16 cm- I resolution, with 4096 scans. a-Pinene in the 

(R)-( +) and (5)-(-) forms was purchased from Sigma Aldrich and used without 

further purification. The experimental VCD spectra for (5)-(-)-a-pinene and (R)­

(+)-a-pinene have been shown in figure 3.3, the spectra show the ideal situation 

with the two enantiomers producing mirror image VCD spectra about the x-axis. 

The collection ofthe VCD spectrum of a-pinene is relatively straight forward, as 

the compound is liquid at room temperature, and so there are no solvent effects to 

contend with. 

Calculations were performed using the Gaussian 03 [14] package and included 

geometry optimisation followed by frequency calculation. The theoretical IR and 

VCD spectra were visualised using GaussView 3.0, where the Gaussian band 

width at half-height was set to 10 cm- I
. Prediction of the IR and VCD spectra of 

the two enantiomers of a-pinene (the predicted VCD spectrum of a-pinene has 

previously been publishedi27
] was carried out using Gaussian 03. The 

completeness of the calculations was judged by whether the geometry 

optimisation step for each enantiomer had produced mirror image structures: if 

mirror image structures have been obtained, the frequency calculations give 

mirror image predicted VCD spectra (figure 3.19). Prediction of the VCD for a­

pinene is relatively straightforward due to the rigid structure and limited 

conformational flexibility of the molecule. 
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Figure 3.19 Predicted veo spectra of (IR)-(+)-a -pinene (navy blue line) and (lS)-(-)-a­
pinene (orange line), calculated at OFT B3PW91 6-31+G** level. 

As previously discussed, before a predicted spectrum (either IR or VCD) can be 

directly compared to the experimental spectrum, the frequencies need to be 

corrected for the neglect of anharmonicity; this is done through application of a 

uniform scale factor. Published scale factors are available for predicted 

frequencies calculated from various basis setsJ l6-l9j However, these scale factors 

do not always lead to having the best fit between the predicted and experimental 

spectrum. Simultaneous measurement and calculation of the parent IR spectrwn 

gives a secondary reference to changes in the VCD spectrum, and comparison of 

these spectra can provide a convenient way to calculate a scale factor that 

compensates for the neglect of anharmonicity in the calculation of the vibrational 

frequencies . Hence, a scale factor is calculated for each VCD spectrum / 

compound studied. 

In the example of (R)-( +)- and (S)-( -)-a-pinene described here the scale factor has 

been determined from the average of the ratios of corresponding bands from the 

experimental IR vs. the predicted IR for (R)-(+)-a-pinene. For several 

corresponding bands in the IR the ratio vexp / Veale was determined and the average 

of these ratios gave the scale factor. This scale factor was initially applied to the 

predicted IR vibrational spectra and subsequently applied to the predicted VCD 

vibrational spectra. 
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Figure 3.20 shows the experimental and predicted (R)-(+)-a-pinene IR spectra 

from which the corresponding bands were taken, the black arrows indicating the 

corresponding bands. The effect of the number of corresponding bands used on 

the average scale factor has been discovered to have little effect. However, the 

more bands used, the more accurate the scale factor is likely to be. 
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Figure 3.20 Comparison of the experimental IR spectrum of (R)-(+)-a-pinene (blue line) and 
the unsealed predicted IR spectrum of (R)-(+)-a-pinene from the DFT B3PW91 6-31+G** 

level calculation (pink line). Spectra offset for clarity. 

Table 3.1 shows the tabulated corresponding bands for the predicted and 

experimental IR for (R)-a-pinene, the ratios vexp / Veale and the average of these 

ratios. 
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Table 3.1 Tabulated corresponding bands for the predicted and experimental IR spectra of 
(R)-( +)-u-pinene 

(R)-Pinene Predicted IR, (R)-Pinene Experimental 

DFT B3PW91 6-31+G** IR Spectrum 

Band Position Band Position Ratio 

1399 1372 0.9807 

1360 1331 0.9786 

1301 1264 0.9716 

1251 1214 0.9696 

1208 1167 0.9660 

1151 1124 0.9765 

1128 1087 0.9636 

1108 1062 0.9585 

1033 1014 0.9816 

978 954 0.9755 

949 926 0.9757 

905 884 0.9768 

Average 0.9730 

Figure 3.21 shows the experimental and the scaled predicted (R)-(+)-a-pinene IR 

spectra, which shows a much improved match, this spectrum was produced using 

the scale factor calculated above. Figure 3.21 also includes a comparison of the 

experimental spectrum with the predicted spectrum, scaled using the published 

scale factor for the DFT B3PW91 6-31+0** calculation level. [19] The published 

scale factor (0.9601) for the calculation used in the prediction of the above 

spectrum gives a worse fit than the calculated scale factor. It goes too far in 

correction of the overestimation of the neglect of anharmonicity 
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Figure 3.21 Comparison of the experimentallR spectrum of (R)-(+)-a-pinene (blue line) and 
the scaled predicted IR spectrum of (R)-(+)-a-pinene calculated at the OFT B3PW91 6-

31+G** level with applied calculated scale factor of 0.9730 (pink line), and applied published 
scale factor of 0.9601 (green line). Spectra offset for clarity. 

The calculated scale factor was then applied to the predicted VCD frequencies and 

the scaled predicted VCD spectrum compared to the experimental VCD spectrum. 

This is shown for (R)-(+)-a-pinene in figure 3.22. A comparison of the 

experimental data with the scaled predicted spectrum using the published scale 

factor is also included, again the scale factor has over-corrected for the neglect of 

anharmonicity. 
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Figure 3.22 Comparison of the experimental VCO spectrum of (R)-(+)-a-pinene (blue line) 
and the scaled predicted VCO spectrum of (R)-(+)-a -pinene calculated at the OFT B3PW91 

6-31 +G** level with applied calculated scale factor of 0.9730 (pink line), and applied 
published scale factor of 0.9601 (green line). Spectra offset for clarity. 

Although visually this appears to give a good fit between the experimental and 

calculated VCD spectra for (R)-(+)-a -pinene, a quantitative measurement of the fit 

would be preferable. A goodness of fit parameter can be defined as in equation 

3. 1 below; using the positions of the peaks in the VCD spectra. 

[3 .1 ] 

n 

Where Yi is the ideal peak position, equivalent to the experimental peak position, 

YP is the scaled predicted peak position, and n is the number of peaks used in the 

comparison. Table 3.2 shows the peak positions for (R)-(+)-a-pinene, and the 

associated R-factor when comparing the experimental spectrum with the scaled 

predicted VCD spectrum, using both the calculated scale factor and the published 

scale factor. 

96 



Chapter Three Development of VCD Method 

Table 3.2 Calculation of the goodness of fit parameter, R, for (R)-(+)-a-pinene 

Predicted (R)-Pinene OFT Predicted (R)-Pinene OFT 

(R)-Pinene, Experimental B3PW91 6-31+G**, Scale B3PW91 6-31+G**, Scale 

VCO Spectrum factor 0.9730 factor 0.9601 

1330 1323 1306 

1265 1265 1249 

1213 1210 1194 

1124 1120 1105 

1099 1098 1083 

1063 1052 1038 

1041 1037 1023 

1016 1005 992 

995 990 976 

960 952 939 

R-Factor 0.05302 0.18443 

For the experimental and predicted VCD (scaled with the calculated scaling factor 

0.9730) spectra in figure 3.22 the R-factor is 5.3%. Zero is a perfect fit, and so a 

low R-factor corresponds to a very good fit; in the case of single crystal XRD, an 

R-value of <15% is the correct model, <10% is a good fit and <5% is a very good 

fit. The ranges of good and bad fit however, need to be calculated for the VCD 

technique, as are unlikely to not be the same as those used for the single crystal 

XRD technique. However, where we see a much poorer fit of the scaled predicted 

spectrum using the published scale factor to the experimental spectrum (figure 

3.22), the goodness of fit parameter has a value of 18.4%. This gives us some 

idea of the ranges of goodness of fit that give a good estimation of the accuracy of 

the predicted spectra. 

As validation of the technique a goodness of fit parameter was calculated for (S)­

ibuprofen. This is shown in chapter 4. 
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3.3 Conclusions 

A clear path for obtaining good quality, reliable VCD spectra has now been 

determined. Choice of sampling technique depends not only on the compound 

under investigation, but also on the spectrometer being used. A dual PEM 

spectrometer, with its increased sensitivity and improved baseline, allows for 

excellent data collection with all three sampling techniques, especially the nujol 

mull, where larger VCD signals are seen due to the high concentrations of sample 

in the mull. An additional advantage of the solid state techniques, especially 

when using the dual PEM spectrometer, is the quick data collection time. Choice 

of sampling technique also has an influence on the method necessary to predict 

accurate VCD spectra, as does the structure and conformational flexibility of the 

sample under investigation. 

The goodness of fit parameter means that a reliability index, comparable to that 

for single crystal XRD absolute stereochemistry determinations, is available to the 

pharmaceutical industry and may provide additional confidence in the use ofVCD 

as proof of absolute stereochemistry, to the regulatory boards. A combination of 

the nujol mull technique, accurate predicted VCD and the goodness of fit 

parameter should now prove a tempting method for the pharmaceutical industry, 

where single crystal XRD of certain compounds is either unreliable or impossible. 
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rfVCD is to be employed in the pharmaceutical industry, the technique requires a 

reliable and straightforward method of sample collection accompanied by a 

routine procedure to predict accurate VCD spectra. The results presented in this 

chapter illustrate the progressive development of the VCD methodology for use in 

the pharmaceutical industry enabled by this PhD project. The examples included 

were chosen to provide a gradual progression in the complexity of the 

experimental measurements; and problems experienced in sampling methodology 

are presented in detail. The effect of various parameters within the measurements 

on the VCD spectra will be explored. Examples have been selected to illustrate 

problems and limitations of the instrumentation. The development of modelling 

methods has been explored by examining the influence of functional, basis set, 

rigidity of the molecule, number of possible conformers and effect of hydrogen 

bonding on the predicted spectra. With increased complexity of the molecule 

different approaches to enable quicker prediction of more accurate spectra are 

required. 

4.1 a-Pinene 

a-Pinene is used as the standard reference compound in VCD spectroscopy, as the 

measurement of the spectrum is straightforward (being from a neat liquid) [1-3] and 

it is, therefore, used to determine if the VCD spectrometer is performing correctly. 

The experimental results have been presented in chapter 3. 

A key component for using VCD spectroscopy as a tool for absolute 

stereochemistry determination is the prediction of the spectra using density 

functional theory (DFT) calculations. [1,4-6] a-Pinene has a very rigid structure 

(figure 4.1) which means that prediction of the vibrational spectra is relatively 

simple: there are only a limited number of possible conformers, making the lowest 

energy conformer much easier to find. The predicted spectra have been compared 

to the experimental spectra in chapter 3; section 3.3, where the goodness of fit 

parameter was also calculated to give a measure of the accuracy of the match of 
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the predicted and experimental spectra. This goodness of fit parameter then 

allows a measure of the confidence in the absolute stereochemistry determination. 

(S) 

(S) 

Figure 4.1 (S)-( -)-a-Pinene 

In developing the VCD technique for the pharmaceutical industry, a comparison 

of the predicted VCD spectra for a-pinene calculated at different levels of 

complexity was performed. This was carried out to observe the full effect of 

changing the basis set on the vibrational frequencies and to give a better idea of 

what level of calculation may be necessary to obtain the best possible predicted 

spectrum. The results of these comparisons are shown in figures 4.2 & 4.3 below, 

for two different functionals, B3L YP and B3PW91 respectively, and four 

different basis sets. A table comparing the properties of the different basis sets is 

shown in table 4.1, with increasing complexity down the table. The two 

functionals B3L YP and B3PW91 are hybrid functionals, which define the 

exchange functional as a linear combination of Hartree-Fock (HF), local and 

gradient-corrected exchange terms; this exchange functional is then combined 

with a local and/or gradient-corrected correlation functional. 
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Table 4.1 Comparison of the properties of four different basis sets.I?1 

Basis Set Properties 

6-31G Split-valence basis set, where the core orbitals are represented in 

terms of six Gaussians and the valence orbitals split into three and 

one Gaussian components. 

6-31G* Addition of polarisability provides d-type functions on main-group 

elements, where the valence orbitals are of sand p type. This allows 

displacement of electron distributions away from the nuclear 

positions, can be thought of in terms of hybrid orbitals. 

6-31G** Addition of polarisability to the hydrogen atoms occurs in terms of p-

type functions . This is necessary for an accurate description of the 

hydrogen bonding in many systems. 

6-31 +G** Diffuse functions add large s- or p-type functions to heavy atoms in 

the system. They are necessary for systems containing extra 

electrons that are loosely associated with specific atoms. 

--OFT B3LYP 6-31 +G** 
-- OFT B3L YP 6-31 G** 

40 --OFT B3L YP 6-31 G* 
-- OFT B3LYP 6-31G 
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Figure 4.2 Comparison of the predicted IR (lower frame) and VCO (upper frame) spectra of 
(S)-(-)-a -pinene, calculated at using the B3LYP functional, with varying basis sets. Spectra 

offset for clarity. 
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Figure 4.3 Comparison of the predicted parent IR (lower frame) and YCD (upper frame) 
spectra of (S)-(-)-a-pinene, calculated using the B3PW91 functional, with varying basis sets. 

Spectra offset for clarity. 

There are some clear changes in the vibrational spectra that occur as the 

complexity of the basis sets increases. The most significant is the addition of 

polarised orbitals (see section 3.3.2, chapter 2 for further details) indicated by the 

addition of * to the basis set. The differences between the spectra for the 6-31 G 

and 6-31 G* basis set calculations include changes in both the position and relative 

intensity of the predicted bands in both the IR and VCD spectra. The spectra from 

the basis set calculations for 6-31 G* , 6-31 G* * and 6-31 +G* * show fewer 

differences. The overall shape of these spectra is the same, but the whole 

spectrum shifts to lower wavenumber as the basis set used increases in complexity 

and therefore in accuracy: i.e., the more complex basis sets more accurately 

predict the vibrational frequencies as they more closely model the conditions 

within the molecule. This results in a scale factor (which corrects for neglect of 

anharmonicity) for calculations from a larger basis set, which is closer to a value 

of one. 

Comparison of the predicted and experimental spectra for (R)-( + )-a-pinene 

(section 3.3.2, chapter 3) showed that a very good match was obtained using the 
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DFT B3PW9 1 6-31 +G** calculation, i.e . the highest level calculation of those 

compared. However, as we have seen above, the spectra from the 6-31 G* and 6-

31 G** only differ from the 6-31 +G** in their shift of the spectrum along the x­

axis. The choice of functional for this prediction has also made very little 

difference to the overall spectra. The predicted spectra from the 6-31 +G** basis 

set, for both the B3L YP and B3PW91 functionals , are shown in figure 4.4. They 

are slightly offset along the x-axis, as the B3PW91 prediction has better 

approximated the vibrational frequencies and the relative intensities show slight 

differences. However, the lower level calculation gives a good enough result to 

obtain a good fit to the experimental spectra, which is advantageous as the 

calculation time required for an accurate prediction is significantly reduced. 

--OFT B3L YP 6-31 +G** 
-- OFT B3PW91 6-31+G** 
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Figure 4.4 Comparison of the predicted IR (lower frame) and VCD (upper frame) spectra of 
(S)-(-)-a-pinene, at the B3LYP and B3PW91 levels, with the 6-3l+G** basis set. Spectra 

offset for clarity. 

This preliminary study of the reference compound a-pinene has shown that the 

highest level of basis set may not always be necessary, but the addition of 

polarisability to the basis set is essential. It is expected that when more flexible 

molecules are being studied, the influence of basis set and calculation model used 

will be greater. 
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4.2 (S)-Naproxen 

(S)-Naproxen (figure 4.5) is also a fairly rigid structure, with one chiral centre, 

which has limited conformational flexibility. Experimental VCD spectra have 

been collected from both solution and as a nujol mull. (S)-Naproxen has very 

limited solubility in the solvent of choice, CDCb, but is soluble in D6 DMSO. 

DMSO is not an ideal choice of solvent for VCD as it has a large absorption band 

in the IR at ~1100 cm- I obscuring the VCD signal and limiting the usable range of 

the spectrum to 2000 - 1200 cm- I
. 

~o 

Figure 4.5 (S)-Naproxen 

The IR and VCD spectra as a function of concentration of (S)-naproxen in both 

CDCh and D6 DMSO are shown in figures 4.6 and 4.7, respectively. The VCD 

spectra from the CDCb solutions have two clearly defined bands at 1710 and 

1605 cm- I
. However, the VCD spectra from the D6 DMSO solutions show 

progressively improving spectra as the concentration increases. The bands at 

1240 and 1210 cm- I particularly show this improvement, and the 2 M 

concentration in D6 DMSO has a VCD spectrum that is of good enough quality to 

compare to a prediction. These spectra highlight the importance of both solvent 

choice and concentration on the clarity of the VCD spectra. The spectra shown 

have been offset for easier comparison but have not been scaled. With the 

solutions in D6 DMSO we would expect the infrared spectrum to double in size 

when the concentration is doubled (Beer's Law, A = eel, where A is the 

absorbance, e is the absorptivity, c is the concentration and I is the path length of 

the cell). However, this is not the case, which may be due to problems within the 

reprocessing when the infrared spectrum is converted from percentage 

transmittance to absorbance. 

107 



Chapter Four VCD Results 
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Figure 4.6 Comparison of the parent IR (lower frame) and YCO (upper frame) spectra of 
(S)-naproxen as 0.22 M and 0.28 M solutions in COCI3• Collected on single PEM 

spectrometer, 4096 scans, 25 11m path length cell, 16 cm-1 resolution. Solvent subtracted. 
Spectra offset for clarity. 

-- (S)-Naproxen O.SM in DMSO, solvent subtracted 
-- {S}-Naproxen 1M in DMSO, solvent subtracted 

30 
-- (S)-Naproxen 2M in DMSO, solvent subtracted 

'" 20 a 
x 10 

'<"{ 
<l 

0 

-10 
1.6 

'<"{ 
1.4 

ai 1.2 
u 1.0 c:: 
co .c 0.8 
L-

0 0.6 (/) 
.c « 0.4 

0.2 

0.0 
2000 1800 1600 1400 1200 

Wavenumbers fern" 

Figure 4.7 Comparison of the parent IR (lower frame) and YCO (upper frame) spectra of 
(S)-naproxen as 0.5 M, 1 M and 2 M solutions in 0 6 OMSO. Collected on single PEM 

spectrometer, 4096 scans, 25 11m path length cell, 16 cm-1 resolution. Solvent subtracted. 
Spectra offset for clarity. 

108 



Chapter Four VCD Results 

VCD spectra of (S)-naproxen were also collected experimentally from a nujol 

mull. If the spectra are proven to be as good as the spectra attainable from a 

solution collection, then it is very likely that this sampling technique will become 

the preferred method for the pharmaceutical industry. The nujol mull spectrum 

for (S)-naproxen is compared to the 2 M solution in D6 DMSO spectra in figure 

4.8. 
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Figure 4.8 Comparison of parent IR (lower frame) and VCO (upper frame) of (S)-naproxen 
as a 2 M solution in 0 6 OMSO (pink line) and from a nujol mull (black line). Collected on 

single PEM spectrometer, 4096 scans, 16 cm- I resolution, solution in a 25 ~m path length cell. 
Solvent and blank nujol subtracted. Spectra offset for clarity. 

Comparison of the spectra collected via the two sampling techniques (figure 4.8) 

shows good peak position correlation in the parent IR and VCD spectra. 

However, the peak in the VCD at 1715 cm- I changes significantly between the 

solution and nujol mull spectra. As seen in the parent IR for this peak, due to the 

C=O stretch, in solution there is just one broad band at 1715 cm-I
, whilst in the 

nujol mull there is an additional band at 1690 cm- I
. It is possible that in the nujol 

mull there are now two environments one hydrogen-bonded, and one not. These 

two environments lead to two bands in the parent IR which in turn gives two 

bands in the VCD spectrum, one negative and one positive. 

The predicted spectra were calculated at two different levels DFT B3PW91 6-

31G** and DFT B3PW91 6-31+G** (output geometry figure 4.9). Comparison 
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of these spectra with the experimental spectra is shown in figure 4.1 o. The two 

predicted spectra are almost identical, with only a very small shift in the band 

position seen. The IR spectra show a good correlation between the predicted and 

experimental spectra, with a slightly better match seen with the experimental 

parent IR spectrum from the solution state data. The corresponding bands are 

highlighted in figure 4.10 by the red lines. The starting geometry for these 

calculations was simply drawn using no prior additional information such as XRD 

structure. 

Figure 4.9 Output geometry from (S)-naproxen calculation OFT B3PW91 6-31 G** level 

-- (S)-Naproxen Predicted OFT B3PW91 6-31+G**, scaled xO .97 
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Figure 4.10 Comparison of parent IR (lower frame) and YCO (upper frame) spectra of(S)­
naproxen. Predicted spectra calculated at OFT B3PW91 6-31G** (blue line) and OFT 

B3LYP 6-31+G** (green line) scaled xO.97. Experimental spectra from 2 M solution in 0 6 

OMSO (pink line) and nujol mull (black line). Spectra offset for clarity. 
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The negative band present in the VCD spectrum collected from a nujol mull is 

present in the predicted VCD spectra at 1775 cm- 1
, indicating that the conditions 

in the prediction are more similar to the nujol mull than in solution. As the 

calculation is on an isolated gas phase molecule it seems logical that the negative 

peak in the experimental nujol mull VCD spectrum at 1715 cm- 1 is due to the 

C=Q stretch of the isolated molecule. The positive peak at 1690 cm- 1 in the nujol 

mull VCD and at 1715 cm- 1 in the solution VCD is from a C=Q stretch which is 

involved in hydrogen-bonding. 

An alternative option to simply drawing the starting geometry for the calculation 

is first to perform a search of conformational space and use the resultant minimum 

energy conformer from this as the starting geometry for the Gaussian calculation. 

The search of conformational space was performed using Spartan [8] at the semi­

empirical AMI level. The output geometry from the calculation using this 

starting structure is shown in figure 4.11 and the predicted spectra are compared 

to the experimental spectra in figure 4.12. 

Figure 4.11 (S)-Naproxen end geometry of calculation performed using starting geometry 
from Spartan search of conformational space. 
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Figure 4.12 Comparison of parent IR (lower frame) and VCD (upper frame) spectra of (S)­
naproxen. Predicted spectra calculated at DFT B3PW91 6-31G** (blue line), scaled xO.97, 
starting geometry from Spartan. Experimental spectra from 2 M solution in DMSO (pink 

line) and nujol mull (black line). Spectra offset for clarity. The red lines indicate the 
corresponding bands seen between the predicted and solution state experimental spectra. 

An obvious change in the predicted VCD spectrum is the negative band at 1775 

cm- I seen in the previous prediction (DFT B3L YP 6-31G**), has been replaced by 

a positive band at 1785 cm- I
, which is due to the C=O stretch. The differences 

between the two optimised geometries can be observed by comparing figures 4.9 

and 4.l1, where the methyl group situated on the oxygen atom has undergone a 

rotation of 180°, as has the carboxylic acid group. 

The predicted spectra from both of these calculations are compared in figure 4.l3 , 

where considerable differences can be seen between both the parent IR and VCD 

spectra. This is slightly surprising as the spectra were calculated at the same 

calculation level, and illustrates the importance of choosing the correct starting 

structure. The predicted spectra from the starting geometry from Spartan also 

show a better match to the experimental spectra from solution (shown in figure 

4.12, highlighted by the red lines). Additionally the band at 1785 cm- I in the 

predicted spectra corresponds to the band at 1710 cm -I in the experimental spectra 

and is due to the C=O stretch. 
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Figure 4.13 Comparison of the predicted parent IR (lower frame) and VCO (upper frame) 
spectra of (S)-naproxen, calculated at the OFT B3PW91 6-31G** level, scaled by 0.97. 

Predictions differ in starting structure; no prior information (green line), minimum energy 
conformer from Spartan (blue line). Spectra offset for clarity. 

The effect of rotation of groups within a molecule has thus been shown to lead to 

important changes in the VCD spectrum, to the extent that the sign of a band has 

been inverted. Generally inversion is assumed only to be seen when the absolute 

stereochemistry of a molecule has been changed. 

4.3 (-)-Ephedrine 

(-)-Ephedrine (figure 4.14) is a more complex molecule, as it has two chiral 

centres, and the possibility for more conformational flexibility as compared to (S)-

naproxen. 
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NH 

I 

Figure 4.14 (-)-Ephedrine 

The solution VCD spectra of (-)-ephedrine illustrate the sensitivity limitations of 

the single PEM spectrometer. The two single PEM data collections for two 

solutions of (-)-ephedrine in CDCb at 1 M and 2 M concentration have very 

high noise levels and do not provide a useful VCD spectrum (figure 4.15). The 

four hour data collection from the dual PEM spectrometer for a 0.86 M solution in 

CDCb shows a much improved VCD spectrum (figure 4.15). The dual PEM 

spectrum has clear bands and a good zero baseline, and comparison to the single 

PEM spectra shows that these spectra, despite being more noisy, do show the 

same structural features. It is possible that a higher concentration in solution with 

the single PEM spectrometer may provide a reliable spectrum, but it is also 

possible that by using a higher concentration the compound may aggregate and 

disrupt the VCD features expected. This has been observed in the hydrogen 

stretching region for (-)-ephedrine as shown in chapter 3, section 3.1.2 in figures 

3.9 and 3.10. 
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Figure 4.15 Comparison of (-)-ephedrine IR (lower frame) and VCD (upper frame) spectra, 
from solutions in CDCh. Single PEM data collected in 25 ~m path length cell, 16 cm- I 

resolution and 4096 scans, 1 M (red line) and 2 M (black line) solutions in CDCI3• Dual PEM 
data collected in a 96 ~m path length cell, 4 cm- I resolution and 4 hour collection time, with a 

0.86 M solution in CDCh (blue line). Solvent subtracted. Spectra offset for clarity. 

Looking at the dual PEM spectrometer data alone, presented in figure 4.16 with its 

associated noise spectrum, it is possible to estimate the confidence in the VCD 

spectrum. The noise spectrum shows no peaks and indicates that the VCO 

spectrum is accurate, with negligible noise levels. This noise spectrum is 

presented at the end of the data collection with the parent IR and VCD spectrum 

when using the dual PEM spectrometer. It is an extremely useful component as it 

provides an accurate reliability index for the VCD spectrum. It is calculated by 

separating the VCO data collection into two halves, and subtracting one from the 

other leaves the residual noise spectrum. 
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Figure 4.16 Observed parent IR (lower frame), VCO and associated noise (upper frame) 
spectra of (-)-ephedrine as a 0.86 M solution in COCI3• Collected on a dual PEM 

spectrometer, in a 96 11m path length cell, 4 cm-! resolution and a four hour collection time. 
Solvent subtracted. 

The data collection for the hydrogen stretching region (4000 - 2500 cm-') was 

problematic (as discussed in chapter 3) the compound aggregated in solution over 

time. The data from the first hour of the collection only is shown in figure 4.17. 

Peaks are observed in the noise spectrum at the same points the VCD signal is 

strong, but they are not large enough to compromise the reliability of the VCD 

spectrum. 
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Figure 4.17 Observed parent IR (lower frame), VCD and associated noise (upper frame) 
spectra of (-)-ephedrine as a 0.0024 M solution in C2C14• Collected on a d ual PEM 

spectrometer, in a 1 cm path length cell, 4 cm-! resolution and a one hou r collection t ime. 
Solvent subtracted. 

Looking at the structure of (-)-ephedrine (figure 4.14) there are two possible 

places for hydrogen-bonding to occur, at either the NH or OH group. It is 

important to take these hydrogen-bonding possibi lities into consideration when 

performing the prediction of the VCD spectra, as hydrogen-bonding alters the 

position of the bands involved. 

The first three calculations for (-)-ephedrine were performed from an arbitrary 

starting geometry. The predicted spectra are compared with the experimental 

spectra below (figure 4. 18). Predicted spectra calculated at three different levels , 

and all the predicted spectra have been scaled by 0.97 for better comparison to the 

experimental spectra. 
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Figure 4.18 Comparison of experimental (blue line) and predicted spectra for (-)-ephedrine 
with parent IR (lower frame) and VCD (upper frame). Predicted spectra calculated using 
DFT B3LYP 6-31G** (black line), using DFT B3PW91 6-31G** (red line) and using DFT 

B3PW91 6-3l+G** (green line) scaled xO.97. Starting geometry from no prior information. 
Spectra offset for clarity. 

The predicted parent IR show quite a good agreement with the experimental 

parent IR spectrum around the bands at 1450, 1480 and 1490 em-I. However, 

beyond this there are no other particularly good matches. Also the VCD bands at 

these positions do not show matching peaks. 

Comparison of the predicted spectra from the higher level calculation with the 

experimental spectra from the first hour of the hydrogen-stretching region data 

collection is shown in figure 4.19. The IR spectra compare well and show 

corresponding structural features including the very tiny band in the predicted IR 

at 3450 cm- I due to the N-H stretch. Although there are no predicted structural 

features below 2800 cm-I as seen in the experimental data. These experimental 

bands below 2800 cm-I are most probably due to overtone and combination bands, 

which would not be calculated for in the prediction. However, the VCD spectra 

do not show any corresponding bands, although broadening of the bands in the 

predicted spectra may help. 
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Figure 4.19 Comparison of experimental (-)-ephedrine data with predicted parent IR (lower 
frame) and VCD (upper frame) calculated using DFT B3PW91 6-31+G** scaled xO.97, in the 
hydrogen stretching range. Starting geometry from no prior information. Spectra offset for 

clarity 

There are definite similarities between the predicted and experimental spectra 

shown above, but the match between the two is not good enough to decisively 

prove the absolute stereochemistry. 

The geometry as optimised from a Spartan search of conformational space gave 

the conformer in figure 4.20, and using this as the starting structure for the 

calculation gave the predicted spectra in figure 4.21, where they are compared to 

the experimental spectra. The predicted spectra have been scaled by 0.98 for 

easier comparison to the experimental spectra. 
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Figure 4.20 (-)-Ephedrine output geometry of calculation performed using starting geometry 
from Spartan search of conformational space. 

-- (-)-Ephedrine predicted from Spartan DFT B3L YP 6-31 G*", scaled xO .98 
-- (-)-Ephedrine O.86M in CDCI
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Figure 4.21 Comparison of experimental (blue line) (-)-ephedrine data with predicted pa rent 
IR (lower frame) and VCD (upper frame) spectra calculated from the optimised geometry 

from Spartan using DFT B3LYP 6-31G** (black line) scaled xO.98. Spectra offset for 
clarity. 

The predicted spectra from this calculation show a much improved fit to the 

experimental spectra over the previous calculations and would allow a far more 

confident assignment of the absolute stereochemistry. Comparison of the 

predicted spectra from this calculation with the experimental spectra for the 

hydrogen-stretching region is shown in figure 4.22, where the predicted spectra 

have been scaled by 0.98 . The band at 3350 cm- 1 in the experimental spectra is 

still not present in the predicted spectrum, but is possibly the predicted band at 
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3720 cm- I
. The prominent broad band in the experimental VCD spectrum at 2890 

cm-I is a very sharp band in the predicted VCD spectrum and broadening of the 

predicted bands may improve this. Overall comparison of the spectra from the 

fingerprint region shows a better match and contains more useful information. 
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Figure 4.22 Comparison of experimental (black line) (-)-ephedrine spectra with predicted 
parent IR (lower frame) and VCO (upper frame) calculated from the optimised geometry 

from Spartan using OFT B3LYP 6-31G** (red line) scaled xO.98, in the hydrogen-stretching 
region. Spectra offset for clarity. 

In the area of prediction of spectra, the first comparison with data from the 

hydrogen-stretching region has been shown. This region typically contains less 

information than the fingerprint region and the peaks are generally broader as they 

are frequently involved in hydrogen-bonding. Use of a geometry minimised 

structure from a search of conformational space has again proven a better choice 

for the starting geometry of the calculation. Once scaled, the predicted spectra 

show a good match to the experimental spectra from the dual PEM measurement. 

It seems that the use of a program such as Spartan to locate the minimum energy 

conformer is essential for the accurate prediction of spectra. 
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4.4 (2S)-Captopril 

Captopril (figure 4.23) is the most complex molecule studied so far, it has two 

chiral centres and a large amount of conformational flexibility. Experimentally a 

wide range of sampling techniques have been used to try to obtain reliable VCD 

spectra. The solution state spectra were compared in chapter 3, section 3.1.2, 

figure 3.13, for data collections from the single and dual PEM spectrometers. 

They illustrated the improved baseline attainable with the dual PEM spectrometer. 

The KBr disc technique gave a VCD spectrum that contained slightly less 

structural information than the solution state spectrum (chapter 3, section 3.1.3, 

figure 3.15) and it was shown that when the disc was rotated the V CD spectra 

obtained, that should have been identical, were not (figure 3.13). 

HS 

o 

Figure 4.23 (2S)-Captopril 

The solution state measurements of a 0.22 M solution in CDCb from the dual 

PEM spectrometer are shown in figure 4.24. They show a very clear VCD 

spectrum, with low noise indicating its reliability. 
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Figure 4.24 Experimental parent IR (lower frame), VCD and associated noise (upper frame) 
spectra of (2S)-captopril as a 0.22 M solution in CDCI3, 4 hour collection, 94 flm path length 

cell, 4 cm- I resolution. Solvent spectra subtracted. 

The experimental spectra have also been measured from a nujol mull spectra on 

the single PEM spectrometer, and are compared to the solution spectra from the 

dual PEM spectrometer in figure 4.25. The nujol mull spectra in this case seem to 

contain less information than the solution spectra. This can be highlighted by 

comparing the IR spectra from both the data collections; the parent IR from the 

nujol mull contains fewer bands, which are at slightly different positions to the 

solution spectra IR. This is due to the solution state molecules being solvated and 

to the higher concentration of the nujol mull as compared to the solution state. An 

interesting point is that the KBr disc spectra (chapter 3, section 3.1.3, figure 3.14) 

are much more similar to the solution state spectra than the nujol mull spectra. 

This may again be attributed to the higher concentration of the nujol mull 

samples. 
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Figure 4.25 Comparison of parent IR (lower frame) and VCD (upper frame) spectra for 
(2S)-Captopril as a nujol mull (black line) and as a 0.22 M solution in CDCI3 (red line). 

Nujol mull spectra collected on single PEM spectrometer, 4096 scans and 16 cm-1 resolution. 
Solution spectra collected on dual PEM spectrometer, 4 hour collection, 94 11m path length 

cell, 4 cm-1 resolution. Nujol and solvent subtracted. Spectra offset for clarity. 

Some of the different methods of calculating the best predicted VCD spectra have 

been discussed; these include starting from an arbitrary structure with no prior 

knowledge and using the lowest energy conformer from a search of conformation 

space, using a program such as Spartan. There are three other approaches for 

choice of starting structure; the structure obtained from a single crystal XRD 

collection can be used by assigning the absolute stereochemistry at random, or the 

structure may be dimerised or lastly, the possible hydrogen bonding regions of the 

molecule can be hydrogen bonded using water or acetic acid. 

The first technique to be applied to the prediction of the spectra of (2S)-captopril 

was the use of the XRD structure (see chapter 5 for XRD details) as the starting 

geometry for the calculations. Five different methods of using the XRD data were 

attempted; first using the XRD structure and a frequency only calculation; 

secondly using the XRD structure and an optimisation and frequency calculation; 

next, as the second calculation but using a higher level of calculation; fourth, a 

molecule of H20 was added to the starting structure from the XRD to fulfil the 

hydrogen-bonding possibilities of the carbonyl group first with a frequency only 
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calculation (figure 4.26 (a)) and then with an optimisation and frequency 

calculation (figure 4.26 (b)). 

VCD Results 

Figure 4.26 Final structures from the calculations with XRD structure plus H20 for (2S)­
captopril, (a) frequency only calculation and (b) optimisation plus frequency calculation. 

A comparison of the predicted parent IR spectra from these calculations and the 

experimental parent IR from the 0.22 M solution in CDCI3, measured on the dual 

PEM spectrometer, is shown in figure 4.27. The predicted spectra have been 

scaled by 0.97 for easier comparison to the experimental spectra. 
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Figure 4.27 Comparison of predicted IR spectra of (2S)-Captopril from basic XRD structure, 
with experimentallR from 0.22 M solution in CDCI3• Predicted spectra scaled by 0.97. 

Spectra offset for clarity. 
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The two frequency only calculations (there was no geometry optimisation prior to 

calculation of the frequencies) above (figure 4.27, black and dark blue lines) show 

identical IR spectra, apart from the additional band at 1585 cm-! due to bending 

vibration of the water molecule, they do not show a good match to the 

experimental IR spectra and are proof that a geometry optimisation is always 

required to accurately predict vibrational spectra. The optimisation and frequency 

calculations (figure 4.27, red, green and light blue lines) show a better fit to the 

experimental IR spectra, particularly for the bands at 1620 and ~ 1410 cm-! from 

the predicted spectra. However, the bands at 1800 cm-! in the predicted IR spectra 

should be modelling the experimental peak at 1720 cm-!. This band in the 

predicted IR spectrum is from the C=Q stretch of the carboxylic acid group. The 

reason for the poor predicted position of this band is that in the solution it is 

probably hydrogen-bonded, which leads to a lower peak position in the IR due to 

the reduced strength of the C=Q bond. 

Following use of the XRD data for the starting structure, a calculation was 

performed using no prior information, in order to compare the two techniques. 

These calculations were performed at the DFT B3L YP 6-31 G* and DFT B3PW91 

6-31 G** level and the predicted spectra were scaled by 0.98 and 0.97, 

respectively, for comparison to the experimental spectra in figure 4.28. 
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Figure 4.28 Comparison of experimental (black line) and predicted parent IR (lower frame) 
and YCO (upper frame) spectra of (2S)-captopril. Predicted spectra calculated at OFT 

B3LYP 6-31G* level (green line) and OFT B3PW91 6-31G** (red line) scaled by 0.98 and 
0.97, respectively. Spectra offset for clarity. Blue lines indicate corresponding bands in the 

YCO. 

Looking at the DFT B3PW91 6-31G** predicted spectra (figure 4.28, red line) it 

is possible to see that the two carbonyl C=O stretches with bands at 1810 cm- I 

(from the COOH group) and 1700 cm- I (from the lone carbonyl) in the predicted 

spectra need a larger scaling factor than the rest of the spectra. There are several 

corresponding bands in the rest of the spectrum, indicated by the blue lines on the 

figure above. So if the carbonyl bands are scaled further, to align with the 

corresponding experimental bands at 1710 and 1630 cm- I
, the predicted VCD 

peaks are seen to show a perfect match to the experimental VCD peaks for the 

carbonyl bands. These spectra are good enough to allow a confident 

determination of the absolute stereochemistry. The additional scaling is required 

as the prediction has not taken into account the hydrogen-bonding state of the 

bonds; a hydrogen bonded group produces a band shifted to a lower wavenumber 

in the spectrum, as compared to a group that is not hydrogen-bonded. In this case 

it has been found that calculations made from a starting structure drawn from no 

prior information gives a better match to the experimental spectra, than when 

XRD information is used. 
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A calculation was also performed using the minimum energy conformer from a 

search of conformational space using Spartan. The output geometry for this 

calculation is shown in figure 4.29 below, and the predicted spectra from this 

calculation are shown in figure 4.30. 

Figure 4.29 Output geometry from (2S)-captopril calculation at OFT B3LYP 6-31G** level, 
starting geometry from minimum energy conformer produced by a Spartan search of 

conformational space. 
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Figure 4.30 Comparison of experimental (black line) and predicted (red line) parent IR 
(lower frame) and YCO (upper frame) spectra of (2S)-captopril. Predicted spectra 

calculated at the OFT B3LYP 6-31G** level, scaled by 0.97, starting geometry from Spartan. 
Spectra offset for clarity. Blue lines indicate corresponding bands. 

128 



Chapter Four VCD Results 

Starting the calculation using the minimum energy conformer from a search of 

conformational space has given an improved match to the experimental spectra 

(figure 4.30). Again the predicted C=Q stretch bands at 1690 and 1800 em-I, are 

much overestimated as was seen in the previous calculation, but the VCD bands 

match well to the experimental VCD bands for these vibrations at 1640 and 1740 

em-I. This calculation would again allow a confident assignment of the absolute 

stereochemistry as (S). 

The components ofa VCD spectrum come from certain parts of the molecule, and 

with a two chiral centre compound each chiral centre is responsible for certain 

bands in the VCD spectrum. By looking at the VCD spectra from the enantiomers 

and diastereoisomers of captopril, which chiral centres are responsible for which 

VCD bands can be assessed. The enantiomers and diastereoisomers are shown in 

figure 4.31. 
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Figure 4.31 The four possible stereoisomers of captopril 

o 

o 

The predicted spectra from the two enantiomers (2S and 2R) and two 

diastereoisomers (S,R and R,S) of captopril are shown in figure 4.32, calculated at 
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the DFT B3L YP 6-31 G** level. The predicted parent IR spectra for the four 

compounds are virtually identical, as IR spectroscopy is a two dimensional 

technique. These identical IR give a good indication that the predicted VCD 

spectra are reliable, and that the calculations have optimised to mirror image 

structures. Comparison of the VCD spectra for the four compounds now enables 

observation of which chiral centre is responsible for which bands in the VCD 

spectra. This is a very useful tool for understanding which components are 

responsible for the different responses in the VCD spectrum. The (2S) and (2R) 

enantiomers are perfect mirror image spectra, and the (S,R) and (R,S) 

diastereoisomers spectra share aspects of each of the enantiomers spectra. 
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Figure 4.32 Comparison of predicted spectra of the enantiomers and diastereoisomers of 
captopril, calculated at the DFT B3LYP 6-31G* * level. Spectra offset for clarity. 

The band at 1870 cm -\ is from the carboxylic acid group chiral centre, we can tell 

this as the band is in the same negative direction for (2S) and (R,S) , and is in the 

same positive direction for the (S,R) and (2R) molecules. It is easier to see these 

correlations by over-laying the spectra for pairs of the molecules, figures 4.33 and 

4.34. The (S,R) and (2S) compounds share the same methyl chiral centre, the 

(R,S) and (2R) compounds also share this . Figures 4.35 and 4.36 the (R,S) and 
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(2S) share the same carboxylic acid chiral centre, as do the (S,R) and (2R) 

molecules. 
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Figure 4.33 Comparison of (S,R) and (2S)-captopril predicted parent IR (lower frame) and 
VCD (upper frame) spectra, calculated using DFT B3LYP 6-31G**. IR spectra offset for 

clarity. 
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Figure 4.34 Comparison of (R,S) and (2R)-captopril predicted parent IR (lower frame) and 
VCD (upper frame) spectra, calculated using DFT B3LYP 6-31G**. IR spectra offset for 

clarity. 
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Figure 4.35 Comparison of (R,S) and (2S)-captopril predicted parent IR (lower frame) and 
VCO (upper frame) spectra, calculated using OFT B3LYP 6-31 G**. IR spectra offset for 

clarity. 
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Figure 4.36 Comparison of (S,R) and (2R)-captopril predicted parent IR (lower frame) and 
VCO (upper frame) spectra, calculated using DFT B3LYP 6-31G**. IR spectra offset for 

clarity. 

Assessment of which chiral centres are responsible for which bands in the VCD 

spectrum of a two chiral centre compound has proven very informative and it is 

interesting to see how the VCD bands interact. Choice of starting structure has 
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again been shown to be important, but in this case using no prior information gave 

the best results. Fulfilling the hydrogen-bonding possibilities of a molecule can 

improve the match of the predicted spectra to the experimental spectra and is 

important to consider when hydrogen-bonding is possible. 

4.5 Atenolol and related molecules 

Atenolol (figure 4.37) is a fairly complex molecule; it contains just one chiral 

centre but has a lot of conformational flexibility about that chiral centre due to the 

chain that it is positioned on. Experimentally atenolol has proven a problematic 

system since the start of this research. It was chosen due to the availability of 

both enantiomers and the fact that when using single crystal XRD the absolute 

stereochemistry is undeterminable, due to both poor crystal quality and the lack of 

heavy atoms (chapter 1, figure 1.7). However, the VCD measurements have also 

proven extremely difficult; this is due to issues with solubility and concentration, 

using the solution state sampling method. Atenolol is completely insoluble in 

CDCb, and it is only soluble in deuterated methanol, which is not as good a 

solvent as it has a large absorption band in the infrared at ~ 1100 cm- I
, which 

limits the range of study to 1800 - 1200 cm- I
. 

~~ o ; N 
H 

o 

Figure 4.37 (S)-Atenolol 
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The quality of data obtainable from a solution of (S)-atenolol in D4 methanol is 

shown in figure 4.38 (left hand side), along with a comparison of the solution data 

of the (S) and (R) enantiomers (figure 4.38, right hand side). These spectra were 

collected from 0.11 M solutions in CD3-OD, on the dual PEM spectrometer, in a 

94 Ilm BaF 2 cell, with a 10 hour collection time, at a resolution of 4 cm -I , solvent 

spectra subtracted. 
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Figure 4.38 Solution state data from (S)-atenolol (left hand side) and comparison of (S) (blue 
line) and (R)-atenolol (red line) (right hand side). Parent IR (lower frame), VCD and 

associated noise (upper frame) spectra of atenolol as solutions in D4 methanol. Solvent 
spectra subtracted. 

The collection of a nujol mull spectrum of atenolol gave an excellent VCD 

spectrum (figure 4.39). Data collections were taken on both single and dual PEM 

spectrometers; a comparison of the (S)-atenolol spectra from the two 

spectrometers is shown in figure 4.39. The single PEM spectrometer spectra for 

both enantiomers are shown in figure 4.40, they show mirror image spectra, which 

is very encouraging for the single PEM spectrometer. 
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Figure 4.39 Comparison of (S)-atenolol parent IR (lower frame) and VCD (upper frame) 
spectra from the single (purple line) and dual (red line) PEM data collections. Spectra offset 

for clarity. 
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Figure 4.40 Comparison of the parent IR (lower frame) and VCD (upper frame) spectra of 
(S) and (R)-atenolol (red and blue lines respectively). Data collected on the single PEM 

spectrometer, 4096 scans, 16 cm-! resolution, nujol subtracted. Spectra offset for clarity. 

The best method so far for determining the starting geometry for a calculation is 

by performing a search of conformational space using a program such as Spartan. 
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The optimised geometry for (S)-atenolol from this search of conformational space 

is shown in figure 4.41 below. The calculation using Gaussian was then 

performed using this starting geometry and a comparison of the results with the 

experimental spectra is shown in figure 4.42. 

Figure 4.41 Optimised geometry of (S)-atenolol from search of conformational space using 
Spartan. 
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--(S)-Atenolol OFT 83LYP 6-31 G** scaled xO .97 
-- (S)-Atenolol nujol mull, nujol subtracted 
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Figure 4.42 Comparison of parent IR (lower frame) and VCD (upper frame) spectra of (S)­
atenolol predicted and experimental spectra. Predicted spectra from optimised Spartan 

geometry with DFT B3LYP 6-31G** level calculation, scaled by 0.97. Experimental spectra 
from nujol mull on single PEM spectrometer, nujol subtracted. Spectra offset for clarity. 

Corresponding bands highlighted by blue lines. 

This comparison shows some good correlations between the experimental and 

predicted IR spectra, which are highlighted by the blue lines in figure 4.42. 

However, the IR correlations do not really carry through to the VCD spectra. One 

very prominent problem is the lack of a VCD band in the predicted spectrum to 

correspond to the large VCD peak seen in the experimental spectrum at ~ 1650 

cm- I
. A confident assignment of absolute stereochemistry is not possible from 

this calculation. 

Many further calculations have been performed on atenolol, but like the 

measurement of the experimental spectra, these predictions have not been 

straightforward. Dimer pairs and systems fulfilling the hydrogen-bonding 

potential of atenolol have been modelled, and information from the incomplete 

XRD investigations has been used. However, none of these predictions has given 

a better match than that seen in figure 4.42. The complexity of these calculations 

is due to the flexibility of the structure, which give the potential for many possible 

minimum energy conformers. It is quite possible that in the nujol mull (the solid 
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state) there is a combination of a number of different conformers that leads to the 

VCD spectrum observed. 

Atenolol shares the same structural backbone as many other compounds. For 

example the structures of pin dolo I (figure 4.43) and propranolol (figure 4.44) are 

shown below. Analysis of the VCD spectra of compounds using fragments has 

been used where a smaller fragment of a molecule which contains the same chiral 

centre and any prominent features, can reduce the computational time required to 

obtain an accurate predicted VCD spectrum. 

N 
H 

~~ o : N 
H 

OH 

Figure 4.43 (S)-Pindolol 

~~ o : N 
H 

OH 

Figure 4.44 (S)-Propranolol 

A calculation using the shared structural backbone of these compounds (figure 

4.45) was performed at the DFT B3L YP 6-31 G level and the scaled predicted 

spectra were compared to the experimental spectra of the compounds sharing this 

backbone. Comparisons of this calculation with the experimental spectra are 

shown in figure 4.46 for (S)-atenolol, in figure 4.47 for (S)-pindolol and in figure 

4.48 for (S)-propranolol. 
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Figure 4.45 Structural backbone shared by atenolol, pindolol and propranolol, shown in the 
(S)-configuration. 

-- (S)-backbone OFT B3LYP 6-31 G scaled xO.97 
-- (S)-Atenolol nujol mull, nujol subtracted 
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Figure 4.46 Comparison of the (S)-backbone calculation parent IR (lower frame) and VCO 
(upper frame) spectra with the experimental spectra of (S)-atenolol from nujol mull. 

Predicted spectra calculated at the OFT B3LYP 6-31G level. Spectra offset for clarity. 

The comparison of the predicted spectra from the backbone calculation (figure 

4.46) with the (S)-atenolol experimental spectra from the nujol mull does not 

show a good correlation especially for the VCD spectra. The IR spectra appear to 

show several corresponding bands, but the VCD at these bands do not correlate. 
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It may be that a higher level of calculation is necessary to achieve the correlation 

in the CD pectrum. 

Comparison of the predicted spectra from the backbone calculation with the (S)­

pindolol and G -propranolol experimental spectra from the nujol mull (figures 

4.47 and 4.48 respectively) show' a better correlation than seen with the atenolol 

pectra. 
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-- (S)-backbone OFT 83LYP 6-31 G scaled xO.97 
-- (S)-Propranolol nujol mull, nujol subtracted 
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Figure 4.48 Comparison of the (S)-backbone calculation parent IR (lower frame) and VCD 
(upper frame) spectra with the experimental spectra of (S)-propranolol from nujol mull. 
Predicted spectra calculated at the DFT B3LYP 6-31G level. Spectra offset for clarity. 

This fragment calculation technique appears to be more effective for two of the 

compounds, than the other. Calculation at a higher level, using the 6-31 G* * basis 

set was performed and the resultant predicted spectra are compared to the 

experimental spectra from the three compounds in figures 4.49, 4.50 and 4.51 

below. The predicted spectra are scaled by 0.97 for easier comparison to the 

experimental spectra. Use of a higher level calculation has not significantly 

improved the match to the experimental spectra, although the match with (S)­

pindolol, looks better than before. 
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-- (S)-backbone OFT B3L YP 6-31 G** scaled xO.97 
-- (S)-Atenolol nujol mull , nujol subtracted 
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Figure 4.49 Comparison of the (S)-backbone calculation parent IR (lower frame) and VCO 
(upper frame) spectra with the experimental spectra of (S)-atenolol from nujol mull. 

Predicted spectra calculated at the OFT B3LYP 6-31G** level. Spectra offset for clarity. 
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Figure 4.50 Comparison of the (S)-backbone calculation parent IR (lower frame) and veo 
(upper frame) spectra with the experimental spectra of (S)-pindolol from nujol mull. 

Predicted spectra calculated at the OFT B3LYP 6-31G** level. Spectra offset for clarity. 
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Figure 4.51 Comparison of the (S)-backbone calculation parent IR (lower frame) and VCD 
(upper frame) spectra with the experimental spectra of (S)-propranolol from nujol mull. 
Predicted spectra calculated at the DFT B3LYP 6-31G** level. Spectra offset for clarity. 

4.6 (S)-Ibuprofen and related molecules 

(S)-Ibuprofen (figure 4.52) is slightly less conformationally flexible than atenolo l 

as the chiral centre is on a shorter chain. However, there is the possibility of 

hydrogen bonding with the carboxylic acid group. This hydrogen bonding can be 

seen from the XRD data, where a dimer pair forms the asymmetric unit in the 

crystal structure (chapter 5). This dimer formation will increase the complexity of 

the calculations needed to predict an accurate VCD spectrum. 
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OH 

Figure 4.52 (S)-Ibuprofen 

Published spectra have made use of marker bands and key reduced structural 

features of larger molecules for absolute stereochemistry determinations that 

otherwise would have been extremely computationally expensive. [9,10] The use of 

marker bands for identification of the absolute stereochemistry of specific chiral 

centres would be a useful time saving technique within the pharmaceutical 

industry, where families of compounds are often made within the drug 

development process. Each of the compounds within the families needs to be 

identified for the strict stereochemical regulations that govern pharmaceutical 

marketing. Figure 4.53 shows the presence of an (S)-configuration marker band 

in the VCD spectra of both (S)-ibuprofen and (S)-2-phenylpropionic acid.[I I] The 

marker band arises from the common structural fragments of the two compounds 

and the identical chiral centre environments. For compounds that share these 

structural features a prediction can be carried out for the smaller fragment and the 

parameters optimised to obtain the best fit for this structure. The knowledge that 

comes from this prediction can then be applied to the prediction of the spectra of 

the other compounds in the family, giving a considerable reduction in the amount 

of computational time necessary to obtain an accurate prediction. 
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Figure 4.53 (a) VeD marker band found in (S)-ibuprofen and (b) marker band from (S)-2-
phenylpropionic aCid,[lI] red box indicates the common marker band. 

For prediction of the (S)-ibuprofen IR and VCD spectra, a method that has been 

previously published for the prediction of (S)-2-phenylpropionic acid spectra was 

used. [II] (S)-2-phenylpropionic acid has the same structural backbone and chiral 

centre as (S)-ibuprofen, hence the same VCD marker bands are seen in their 

respective VCD spectra (figure 4_53)_ The method used for prediction of the VCD 

spectrum for (S)-ibuprofen involved calculation with DFT B3LYP 6-310**, for 

three separate dimer pairs, made up from two different possible configurations of 

the carboxylic acid group with respect to the adjacent methyl group A and E. 

Molecule A has the methyl group on the same side as the C=O of the carboxylic 

acid group, molecule B has the methyl group on the opposite side to the C=O of 

the carboxylic acid group. The dimer pairs are shown in figure 4_54 below, with 

the three possible combinations of the two available conformations of the 

molecule, AA, AB and BE. 
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AA Dimer 

AB Dimer 

BB Dimer 

Figure 4.54 Three possible dimer pairs from the two configurations A and B of (S)­
ibuprofen. 

Combination of the predicted IR and VCD spectra of the three dimers in the paper 

for (S)-2-phenylpropionic acid gave a good fit to the experimental IR and VCD 

spectra. The Boltzmann population distribution was calculated from the results of 
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the (S)-ibuprofen dimer calculations, using a statistical weighting factor of two for 

the AB dimer. A population distribution of 56% AA, 37% AB and 7% BB is thus 

obtained from the energy differences between the dimers pairs. This distribution 

is very similar to the population distribution for the (S)-2-phenylpropionic acid. 

Figure 4.55 shows the individual parent IR and VCD spectra of the three different 

dimers, as well as the combination spectra for (S)-ibuprofen. Comparison of the 

spectra enables determination of which bands are due to which dimers in the 

combined spectra. 
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Figure 4.55 Predicted IR (lower frame) and yeO (upper frame) spectra of (S)-ibuprofen 
calculated at OFT B3LYP 6-31G** level, black line = combined dimer, red line = AA dimer, 

blue line = AB dimer and green line = BB dimer. Spectra offset for clarity. 

To compare the experimental and combined predicted IR and VCD spectra, it is 

necessary to apply a scale factor to the predicted spectra. This scale factor is 

calculated as described previously (chapter 3, section 3.3.2), through comparison 

of the corresponding bands of the predicted and experimental IR spectra, followed 

by calculation of the ratio vexp / Veale for each band, the average of these values 

gives the scale factor to be applied. The experimental and combined predicted 

(raw) IR spectra are shown in figure 4.56. VCD measurements for (S)-ibuprofen 
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were carried out on a dual PEM spectrometer. Sample solution of a 0.29 M 

concentration of (51-ibuprofen in CDCi), measured over 10 hours, in a 94 flm 

BaF2 solution cell at 4 cm- 1 resolution. 
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Figure 4.56 Comparison of the experimental IR spectrum (purple line) and predicted 
combined IR spectrum (black line) of (S)-ibuprofen. Spectra offset for clarity. 

From this IR spectrum (figure 4.56) the corresponding bands were determined and 

tabulated (table 4.2). The average scale factor was then determined and applied to 

the predicted combined IR spectrum (figure 4.57). 

Table 4.2 Calculation of scale factor for the predicted spectra of (S)-ibuprofen 

Predicted Band /cm- 1 Experimental Band /cm- 1 Scale factor 

1280 1230.50 0.9613 

1510 1463.87 0.9694 

1560 1512.08 0.9693 

1770 1708.81 0.9654 

Average Scale Factor 0.9664 
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Figure 4.57 Comparison of the experimental IR spectrum (purple line) and the sca led 
(xO.9664) predicted combined IR spectrum (black line) of (S)-ibuprofen. Spectra offset for 

clarity. 

The scaled predicted IR spectrum for (S)-ibuprofen shows a good fit to the 

experimental IR spectrum of (S)-ibuprofen, and the scale factor of 0.9664 can be 

applied to the combined predicted VCD spectrum and compared to the 

experimental VCD spectrum (figure 4.58). 
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Figure 4.58 Comparison of the experimental VCD spectrum (purple line) and the scaled 
(xO.9664) predicted combined VCD spectrum (black line) of (S)-Ibuprofen. Spectra offset 

for clarity. 
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With the scaled combined predicted VCD spectrum for (S)-ibuprofen now 

showing a good fit to the experimental VCD spectrum of (S)-ibuprofen, the 

goodness of fit parameter can be determined as before. Table 4.3 shows the 

tabulated bands for the comparison and the final R-factor determination. 

Table 4.3 Calculation of the goodness of fit parameter, R-Factor, for (S)-ibuprofen 

(S)-Ibuprofen, Dual PEM VCD Predicted (S)-Ibuprofen DFT 83LYP 6-31G**, 

Spectrum Scale factor 0.9664 

1714 1710 

1656 1652 

1461 1459 

1423 1430 

1263 1265 

1182 1179 

1124 1111 

1062 1063 

R-Factor 0.02842 

VCD Results 

The final determined R-factor for the goodness of fit of the combined dimer 

predicted VCD spectrum to the experimental VCD spectrum of (S)-ibuprofen is 

R = 2.84%. 

The method of combining dimers to create a good predicted VCD spectrum 

appears to work very well, with an excellent R-factor. Application of this 

technique to further possible dimer pairs will improve calculations and it will be 

especially helpful if the XRD shows a dimer in the asymmetric unit, which may 

then be put into the calculation with a selected absolute stereochemistry. 

Use of published spectra of compounds with similar structural features and chiral 

centres, has been shown to provide an excellent starting point for new predictions. 

This can radically reduce the time spent on new calculations. Consideration of the 

likely formation of dimer pairs and dominant conformers leads to more accurate 

predictions ofVCD spectra, which in tum leads to increased confidence in 

absolute stereochemistry determinations. 
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(S)-Ketoprofen (figure 4.59) shares the same structural backbone as (S)-ibuprofen, 

and 2-phenylproprionic acid. Therefore it is logical to assume that the (S)­

ketoprofen spectra should show the same key marker band for the (S) 

configuration as shown for the case of (S)-ibuprofen and (S)-2-phenylpropionic 

acid. 

o (8) 

OH 

Figure 4.59 (S)-Ketoprofen 

The experimental nujol mull spectrum for (S)-ketoprofen is shown in figure 4.60, 

and shows good IR and VCD spectra when collected upon the single PEM 

spectrometer. 
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Figure 4.60 (S)-Ketoprofen parent IR (lower frame) and veo (upper frame) spectra, 
measured from nujol mull data on the single PEM spectrometer, 4096 scans, 16 em-I, nujol 

subtracted. 
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However, comparison of the (S)-ketoprofen and (S)-ibuprofen nujol mull spectra 

does not show the same key marker band indicative of the (S) configuration 

(figure 4.61) as seen when the (S)-ibuprofen is compared to the (S)­

phenylpropionic acid. 

-- (S)-Ketoprofen Spectra from nujol mull, 14-11-05 

20 
-- (S)-Ibuprofen Spectra from nujol mu ll , 21-11-05 
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Figure 4.61 Comparison of nujol mull data from (S)-ketoprofen (red line) and (S)-ibuprofen 
(black line), parent IR (lower frame) and YCD (upper frame). Spectra offset for clarity. 

When the predicted spectra are calculated for the three dimer pairs of (S)­

ketoprofen, and combined using the Boltzman distribution with the energies from 

the calculations (figure 4.62), the comparison of the combined predicted spectra 

with the experimental spectra does not show a good match (figure 4.63). The blue 

lines highlight the corresponding bands. 
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Figure 4.62 Comparison of parent IR (lower frame) and VCO (upper frame) of (S)­
ketoprofen from the three possible dimer pairs and the combined spectra. Spectra offset fo r 

clarity. 
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Figure 4.63 Comparison of parent IR (lower frame) and VCO (upper frame) of (S)­
ketoprofen, combined predicted spectra and experimental spectra from nujol mull. Spectra 

offset for clarity. Blue lines indicate corresponding bands in the VCO. 

There are corresponding bands (indicated by the blue lines in figure 4.63) at 1720 

cm- I and the combination of bands at - 1250 em-I. Rather than the bands being of 

the same relative intensity, the bands occur in the right directions i.e. positive and 
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negative predicted bands correspond to the positive and negative bands in the 

experimental spectra. 

VCD Results 

It was thought that the monomers of (S)-ketoprofen may show a better fit to the 

experimental spectra, and so the calculations were performed for monomers A and 

B. These results are compared to the dimer spectra in figure 4.64. They show 

very different bands, with the positions shifted to different wavenumbers as now 

the carboxylic acid group is not involved in hydrogen-bonding (monomers). 
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Figure 4.64 Comparison of parent IR (lower frame) and VCO (upper frame) spectra of the 
predicted spectra of (S)-ketoprofen. Monomers and dimer pairs and combined spectra from 

dimers shown. Spectra offset for clarity. 

It is very interesting to look at the effect of the rotation of the carboxylic acid 

group. Monomer A has the methyl group on the same side as the carbonyl double 

bond, whereas monomer B has the methyl group on the same side as the hydroxyl 

group. Differences can be seen as the bands at 1795 cm-' change sign between the 

A and B monomer, as do the bands at 1150 cm-'. So it is not just change in 

chirality that can invert the sign ofa band, it is also due to the conformation of the 
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bond. This illustrates how important it is to calculate the predicted spectra from 

the correct conformation of the enantiomer. This was also observed in the case of 

(S)-naproxen highlighted earlier. 

Looking at the BB dimer, the predicted spectra seem to show a good match to the 

experimental spectra. It may be that increasing the proportion of BB dimer in the 

combined spectra, would produce a better match to the experimental spectra. This 

was done through an arbitrary linear combination of the dimers predicted spectra 

with the proportions 40% AA dimer, 20% AB dimer and 40% BB dimer. A 

comparison of this newly combined predicted spectrum (scaled by 0.97) with the 

experimental spectra is shown in figure 4.65. 

--Combined (S)-Ketoprofen 40% AA + 20% AB + 40% BB, scaled xO.97 
60 --(S)-Ketoprofen Experimental VCD, nujol mull 
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Figure 4.65 Comparison of parent IR (lower frame) and VCD (upper frame) of (S)­
ketoprofen, scaled combined predicted spectra and experimental spectra from nujol mull. 

Spectra offset for clarity. 

Increasing the proportion of the BB dimer in the combined spectra above has 

improved the fit to the experimental spectra. This is especially noticeable about 

the peak at 1720 cm-1 where there is now a negative band before the large positive 

band, as seen in the experimental spectrum. From this match the absolute 

stereochemistry can be confidently assigned as (S) . The Boltzmann energy 

distribution did not give the correct proportions for an accurate combined VCD 

spectrum, this is probably due to the fact that the calculations are performed on 
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gas phase molecules and so do not accurately represent conditions in the solution 

state, where certain conformations, or in this case dimers, may be favoured. It is 

interesting that this is the case for one compound but not for the others. Further 

investigation into this family of compounds would indicate which scenario is 

more common. 

4.7 Conclusions 

The progression of the development of the VCD technique has been shown in this 

chapter and some important information has been discovered. Experimentally the 

impact of the concentration and choice of solvent on the quality of the solution 

state VCD spectra obtained has been shown to be very important. It can 

determine if the spectra measured are of good enough quality to compare to the 

predicted spectra. The nujol mull technique has been shown to provide good 

quality spectra that are simple to measure experimentally. They tend to show 

clearer, stronger VCD peaks that are easily compared to the predicted spectra. 

Also for challenging compounds that have solubility issues, the nujol mull 

technique will always be available, as was seen in the case of atenolol. Influence 

of the choice of type of spectrometer used on the V CD spectra attainable has been 

shown and greatly alters the quality of baseline and noise on the VCD spectrum 

measured. The dual PEM provides better quality spectra particularly in the 

solution state but measurement times are typically four to fives times longer than 

with the single PEM spectrometer. Using the nujol mull technique the choice of 

spectrometer becomes less important, as this sampling technique tends to give a 

stronger signal. 

With regards to the prediction of accurate VCD spectra the influence of changing 

basis sets and prediction level has been shown very simply with the case of a­

pinene. The larger the basis set and the more complicated the prediction level the 

more accurate the predicted VCD spectra are. The addition of polarisability to the 

basis set is essential for accurate prediction ofVCD vibrational frequencies. 

Component analysis to determine which chiral centre in which configuration is 

responsible for which VCD bands in the spectrum was extremely informative for 

156 



Chapter Four 

the case of captopril, and analysis gave a better understanding of the VCD 

interactions. 

VCD Results 

Choice of starting geometry was shown to be influential on the success of the 

calculation, as the geometry optimisation within Gaussian [12] does not tend to 

alter the starting geometry significantly. A search of conformational space alters 

the configuration much more and is far more likely to find a minimum energy 

structure. Hence if the calculation starts from a minimum energy conformation 

(from the search of conformational space) then the predicted spectra are more 

likely to show a better match to the experimental spectra. However, the 

calculations are performed on molecules in the gas phase and so the minimum 

energy conformation may not be the minimum energy structure present in either 

the solution state or solid state (nujol mull). In this case using XRD data can 

provide a better starting geometry. As mentioned it is unlikely that the molecule 

will be completely isolated (as it is in the gas phase) so addition of a group to 

fulfil the hydrogen bonding capabilities of the molecule can lead to more accurate 

predicted spectra. However, by far the best method is to start by using data from 

previous successful predictions of structurally related molecules, as was the case 

for (S)-ibuprofen. This method used published data as a starting point for the 

calculations, using the same dimer pairs and the same method for combination of 

the predicted spectra, which resulted in extremely accurate predicted spectra and 

gave a very good match to the experimental VCD spectrum. 

With the issue of predicting spectra it is important to note that rotation of a bond 

can lead to inversion of the VCD band due to the vibration of the bond. This was 

seen in the cases of (S)-naproxen and (S)-ibuprofen. Calculations, therefore, need 

to be performed very carefully and comparison of predicted spectra for different 

conformers may provide very interesting information. 

For scaling predicted spectra, the groups involved in hydrogen-bonding, 

especially the carbonyl bands (as we have seen) need their predicted positions to 

be scaled by a larger amount than the rest of the compound in general. As the 

presence of hydrogen-bonding in the experimental spectra has resulted in a shift 

of these bands to a lower wavenumber. 
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Chapter 5 - Development of the Single Crystal XRD 
Method 

The technique of single crystal X-ray diffraction (XRD) [1,2] in conjunction with 

anomalous scattering methods and the Flack parameter [3,4] is the preferred 

method of absolute configuration determination for chiral molecules in the 

pharmaceutical industry. In chapter two the effect of increasing the wavelength of 

the X-ray radiation on the size of the anomalous scattering differences was shown, 

with the outcome that the longer the wavelength of the radiation the larger the 

anomalous scattering difference and so the more likely it is that the absolute 

configuration will be confirmed. The anomalous scattering differences also 

depend on the atomic weight of the atom, the lower the atomic weight of the atom 

the smaller the anomalous scattering differences observed, hence compounds 

containing only light atoms can be problematic. In this chapter the effect of 

changing various parameters, on the success of the single crystal XRD collection 

and the subsequent absolute stereochemistry determination were observed. 

Firstly, the effect of changing the percentage of heavy atoms (in this case oxygen 

and nitrogen) in the molecule, on the ease of absolute stereochemistry 

determination and the reliability of the Flack parameter was observed. This is 

presented through single crystal XRD collections ofbenzyl-(S)-mandelate, (S)­

ibuprofen and (-)-ephedrine. Secondly, the results of single crystal XRD 

collections for (2S)-captopril and atenolol are discussed, with a polymorph screen 

performed on (2S)-captopril. Finally the effect of redundancy on the Flack 

parameter was investigated with a very large data collection for (S)-ibuprofen. 

Additional single crystal XRD collections have been performed and the results of 

these are presented in the appendix. 

5.1 Effect of Heavy Atoms on the Absolute Stereochemistry 
Determ i nation 

The aim of this first investigation is to observe the effect of the percentage of 

heavy atoms in the molecule on the results of absolute stereochemistry 

determinations carried out via single crystal XRD. The percentage of heavy 
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atoms (oxygen and nitrogen) as compared to the total number of atoms (excluding 

hydrogen) in the compound is first calculated for the three compounds under 

investigation. These are benzyl-(S)-mandelate, (S)-ibuprofen and (-)-ephedrine 

(figure 5.1) and the respective proportions of heavy atoms to the total number of 

atoms are 3118, 2/15 and 2112, which equate to the percentages 17 %, l3 % and 17 

%. However, it has to be considered that for the (-)-ephedrine one of the heavy 

atoms is nitrogen, which is a poorer anomalous scatterer than oxygen. From these 

percentages benzyl-(S)-mandelate is likely to give the best results, whilst (S)­

ibuprofen and (-)-ephedrine should give slightly poorer results. 

QH 

o 

(a) 

OH (b) 

HO 

NH (c) 

I 

# 

Figure 5.1 (a) Benzyl-(S)-mandelate, (b) (S)-ibuprofen and (c) (-)-ephedrine 

The data collections for these three compounds were performed at Bruker AXS, 

Delft on the Bruker AXS Proteum, with Microstar generator and eu Ka radiation. 

After reprocessing the RJ values and the Flack parameter with its associated error 

were compared. It is expected that as the number of anomalous scatterers 

decreases it becomes more difficult to view the differences between the Friedel 

pairs and so the likelihood of being able to determine the absolute stereochemistry 

to any level of accuracy will decrease. 
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5.1.1 8enzyl-( S)-Mandelate 

Benzyl-(S)-mandelate contains 17% oxygen and neither the crystal structlITe nor 

absolute stereochemistry has been reported previously to OlIT knowledge. A single 

crystal was obtained through re-crystallisation from methanol/acetone employing 

the evaporation technique. Single crystal X-ray crystallography, at low 

temperatlITe 100 K, showed that benzyl-(S)-mandelate (C!5H!40 3) crystallises in 

the monoclinic system, space group P2!. With a = 8.0310(3) A, b = 5.6303(2) A, 

c = 13.4909(4) A, a = y = 90°, f3 = 94.901(1) 0, V = 607.79 A3 and Z = 2. After 

processing the data using SHELXTL [5] a value ofR! = 0.0249 was obtained, 

which is a very good margin of error, and S = 1.116, with Flack parameter x = 

0.0186 (0.1522). 

The crystal structlITe obtained is shown in figlITe 5.2 below. We can see from the 

X-ray data above, that the absolute stereochemistry has not been proven 

unequivocally. Ideally for proven absolute stereochemistry we require a Flack 

parameter ofless than 0.10 with esd (estimated standard deviation) ofless than 

0.15 is required. Increasing the redundancy of the data may help to improve the 

Flack parameter to within acceptable values for absolute stereochemistry 

determination. The effect of redundancy on the Flack parameter will be 

considered in section 5.4. Since the estimated standard deviation is within the 

acceptable limits there is some confidence that the absolute stereochemistry can 

be assigned as that of the S-enantiomer. 

Figure 5.2 Benzyl-(S)-mandelate, crystal structure from Cu Ka single crystal XRD collection. 
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5.1.2 (S)-Ibuprofen 

The crystal structure of (S)-(+)-ibuprofen has been previously published, but 

without comment on the absolute stereochemistry. [6] Single crystal X-ray 

crystallography, at low temperature 100 K, showed that (S)-ibuprofen (C I3H tS0 2) 

crystallises in the monoclinic system, space group P2 t • With a = 12.1240(2) A, b 

= 7.9558(2) A, c = 13.3756(3) A, a = y = 90 0, f3 = 111.990(1) 0, V = 1196.30 A3 

and Z = 4. After processing the data using SHELXTL a value ofRt = 0.0370 was 

obtained, and S = 1.000, with Flack parameter x = 0.0029 (0.2405). The crystal 

used was obtained from evaporation from methanol. 

The crystal data collected is in agreement with the data previously published [6] 

and the hydrogen bonded dimer is shown in figures 5.3 and 5.4. The Flack 

parameter for this data collection is within accepted limits; however, its associated 

error is too high to be confident in the absolute stereochemistry determination. 

This is not entirely unexpected as the compound contains only 13 % oxygen 

atoms, and so very little anomalous scattering is present. 

Figure 5.3 (S)-ibuprofen from Cu Ka single crystal XRD collection. 
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Figure 5.4 (S)-ibuprofen from Cu Ka single crystal XRD collection. 

It is interesting to note that such a small change in the percentage of heavy atoms 

(17 - 13 %) means that the Flack parameter is now not a confident assignment of 

the absolute stereochemistry. 

5.1.3 (-)-Ephedrine 

The crystal structure of many derivatives of (-)-ephedrine have been previously 

published [7] but contain no direct reference to the absolute stereochemistry. 

(-)-Ephedrine contains 17 % heavy atoms, composed of one oxygen and one 

nitrogen atom. Single crystal X-ray crystallography, at low temperature 100 K, 

showed that (-)-ephedrine (C IOH 150 IN I) crystallises in the orthorhombic system, 

space group P2 12121. With a = 7.3481(9) A, b = 11.2203(14) A, c = 24.093(3) A, 

a = ~ = 'Y = 90°, V = 1986.38 A3 and Z = 8. After processing the data using 

SHELXTL a value ofR I = 0.0696 was obtained, and S = 1.000, with Flack 

parameter x = 0.6980 (0.4876). The crystal used was obtained from re­

crystallisation with methanol/water, employing the evaporation technique. 

The crystal structure obtained is shown in figure 5.5 , where two ephedrine 

molecules are complexed to one water molecule. The Flack parameter is very 

poor for this structure and inverting it (to see if it was the other enantiomer) gave 

even worse results. So despite (-)-ephedrine having a higher percentage of heavy 

atoms than (S)-ibuprofen, the effect of having only one oxygen atom and one 

nitrogen atom was significant and meant that the absolute stereochemistry 

determination could not be proven. 
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Figure 5.5 (-)-Ephedrine, complexed to water molecule, from Cu Ko. single crystal XRD 
collection. 

5.1.4 Conclusions 

The effect of the percentage of anomalous scatterers to the total number of atoms, 

excluding hydrogen, in the compound is mostly as expected. The higher the 

percentage, i.e. the more anomalous scatterers there are, the better the Flack 

parameter observed. However, this was only the case when the anomalous 

scatterers were the same, i.e. benzyl-(S)-mandelate and (S)-ibuprofen both 

contained only oxygen atoms and when the percentage of these decreased the 

Flack parameter worsened. When (-)-ephedrine and (S)-ibuprofen are compared 

from percentage heavy atoms alone (-)-ephedrine would be expected to give better 

results than (S)-ibuprofen, but this was not the case. The Flack parameter for (S)­

ibuprofen was significantly better than for (-)-ephedrine, because the (S)­

ibuprofen contains two oxygen atoms, whilst (-)-ephedrine contains one oxygen 

and one nitrogen atom. So when considering the percentage of heavy atoms in a 

molecule it is also important to consider what these atoms are when trying to 

assess if the absolute stereochemistry will be determinable. 
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It would be very interesting to expand this investigation further to see what 

percentage of nitrogen atoms is equivalent to what percentage of oxygen atoms. 

This would give a further guide to whether an absolute stereochemistry 

determination is likely to work (barring poor crystal quality, etc.) before it was 

performed and so could save valuable XRD resources. 

5.2 (2S)-Captopril 

Captopril is an angiotensin converting enzyme (ACE) inhibitor used in the 

treatment of high blood pressure and heart failure [8,9] (figure 5.6). It was the first 

potent and orally active ACE inhibitor. ACE inhibitors inhibit the converting 

enzyme peptidyl dipeptidase that hydrolyses angiotensin I to angiotensin II. 

Where angiotensin I has no biological effect, angiotensin II causes vaso 

constriction, which regulates blood pressure and also regulates the thickness of the 

blood, through kidney function. [10] 

HS~:2 
o OH 

Figure 5.6 (2S)-Captopril 

Two single crystal XRD collections were carried out using Mo and Cu radiation, 

and these results are compared. Also presented are the results of a polymorph 

screen carried out at AstraZeneca, using standard pharmaceutical techniques. 

5.2.1 Single Crystal XRD Structure 

The crystal structure of (2S)-captopril has only one entry in the Cambridge 

crystallographic database,[ll] this paper contained no mention of the absolute 

stereochemistry of the compound and was run at room temperature. Captopril, 

(2S)-I-(3-Mercapto-2-methylpropionyl)-L-proline (C9H 1SN03S), was purchased 
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from Sigma Aldrich. Several re-crystallisation processes were employed, having 

saturated solutions in varying solvents, and then allowing evaporation at room 

temperature. The crystal employed for the single crystal x-ray diffraction work 

was produced using methanol as the solvent. 

Single crystal X-ray crystallography, using the SMART diffractometer, Mo Ka 

(0.71 A) radiation, at low temperature 123 K, showed that (2S)-captopril 

crystallises in the orthorhombic system, space group P2 1212 1• With a = 

6.8056(13) A, b = 8.8106(18) A, c = 17.535(4) A, a = 90 0, fJ = 90 0, Y = 90 °, V = 

1051.4(4) A3 and Z = 4 molecules. After processing the data using SHELXTL a 

value of Rl = 0.0266 was obtained, with a Flack parameter of -0.021 0 (0.0585). 

Figures 5.7 and 5.8 show a single molecule and the crystal packing in the unit cell, 

respectively, for (2S)-captopril. 

Figure 5.7 (2S)-Captopril in the orthorhombic crystal system P2 12121, from Mo Ka single 
crystal XRD collection. 
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Figure 5.8 Four molecules of (2S)-captopril within the unit cell, from Mo Ka single crystal 
XRD collection. 

The designation of the absolute stereochemistry of (2S)-captopril did not require 

eu Ka radiation for use with the anomalous scattering technique. The Flack 

parameter obtained allowed the absolute stereochemistry to be confidently 

assigned. The sulphur atom present in the compound dominates the anomalous 

scattering when using Mo radiation, and provides large enough anomalous 

scattering differences to allow confident determination of the absolute 

stereochemistry . 

A single crystal XRD collection was also performed using eu Ka radiation, in 

order to compare the differences seen between the two types of data collection. 

Single crystal X-ray crystallography, using the Rigaku diffractometer eu Ka (l.54 

A) radiation, at low temperature 123 K, showed that (2S)-captopril crystallises in 

the orthorhombic system, space group P2 j 2 j 2 j • With a = 6.7995(16) A, b = 

8.7944(14) A, c = 17.4622(16) A, a = 90 0, fJ = 90 °, Y = 90 0, 

volume=1044.20(25) A3 and Z = 4 molecules. After processing the data using 
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SHELTXL a value ofR I = 0.0496 was obtained, and the Flack parameter was 

shown to be -0.1597 (0.0589. The crystal structure obtained is shown in figure 

5.9. 

Figure 5.9 X-ray crystal structure of (2S)-captopril from Cu Ka radiation single crystal data 
collection 

The Flack parameter obtained from this collection is significantly larger than that 

seen in the Mo radiation collection, but still provides fairly reliable enantiomeric 

discrimination. The differences in these collections are mainly owing to the 

change to softer X-rays i.e. using Cu Ka instead ofMo Ka which are longer 

wavelength X-rays and also the quality of the diffractometer that the data 

collection was taken on. The actual differences between the lattice parameters 

from the two data collections are very slight. In order to obtain better information 

from an absolute stereochemistry determination using Cu Ka radiation, a larger 

data collection is necessary. 

The crystal structure of (2S)-captopril has also been reported by Kadin [1 2] which 

showed the existence of two polymorphs, Form I and Form 11:- A polymorph 

screen was performed (see Appendix I) in order to obtain Form II and thus 

examine whether changes in the structure affect the Flack parameter for the same 

molecule. However the polymorph screen failed to find the crystallisation 

conditions that gave Form II and therefore this aspect was abandoned. 
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5.3 Atenolol 

Atenolol contains just one chiral centre and three oxygen and two nitrogen atoms; 

it is a difficult compound to deal with for single crystal X-ray diffraction using the 

anomalous dispersion method, figure 5.10. The proportion of heavy atoms to total 

number of atoms is 26 %, three of which are oxygen and two of which are 

nitrogen. Perhaps more importantly the percentage of oxygen atoms present is 16 

%. Thus from the investigation in section 5.1, it is expected that the absolute 

stereochemistry would be determinable when using eu Ka., but not Mo Ka.. 

o~~~ 
OH 

o 

Figure 5.10 (R)-atenolol 

Re-crystallisation of atenolol tends to produce thin plate-like crystals, shown in 

figure 5.11 below. These crystals are also often highly mosaic and contain a large 

amount of disorder, providing difficult specimens for single crystal X-ray 

diffraction measurements, even when low temperature techniques are employed to 

try and minimise thermal motion. The disorder is highlighted in figure 5.11 (a), 

where the crystals are observed through a polarising microscope. If the crystals 

were uniform they would exhibit a uniform colour, the highly coloured variations 

in the crystals here show a large amount of disorder. 
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(a) (b) (c) 

Figure 5.11 (a) Different colours show stress and strain in atenolol crystals, (b) front and (c) 
side view of a single crystal of atenolol, shows thin, plate like nature 

The crystal structure for (R)-atenolol has been obtained by Sohrab Karami using 

Mo Ka radiation. The results gave unit cell dimensions of a = 53.421(14) A, b = 

5.673(1) A, c = 9.612(3) A, fJ = 99.064°, monoclinic C2, Z = 8, and Rl = 9%. 

There are two molecules in the asymmetric unit, one of which is ordered, the other 

of which is disordered. The disorder is seen about the isopropyl amine group, 

shown in figure 5.12. For regulatory submission further data would have to be 

collected using Cu radiation, in order to determine the absolute stereochemistry. 

However, this data collection can only be performed if good quality single crystals 

can be obtained, and this has not been possible. Owing to the disorder and 

problems with thermal motion it is likely that the Flack parameter would not give 

a confident measure even when using Cu Ka. 
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Figure 5.12 One of the molecules in the asymmetric unit cell, which exhibits disorder about 
the isopropyl amine group 

The result of this XRD collection meant that achieving the absolute 

stereochemistry determination via VCD spectroscopy would be an extremely 

important result. However, as we saw in chapter 4, atenolol is also a problematic 

compound for VCD spectroscopy and although a reliable experimental VCO 

spectrum was eventually collected using the nujol mull technique, the predicted 

spectra have not yet given a good match to the experimental spectra. 

5.4 The Effect of Redundancy on the Flack Parameter 

In chapter two the Flack parameter was defined and its use in single crystal XRD 

for determining the confidence in the absolute stereochemistry determination was 

described. It was shown that with longer wavelength radiation, greater anomalous 

scattering differences can be detected, leading to more accurate and reliable 

absolute stereochemistry determinations. The presence of atoms of a higher 

atomic weight (i.e. that give rise to larger anomalous scattering differences) in the 

molecule will lead to an increased accuracy in the absolute stereochemistry 

determination. There are other parameters that can influence the data collection 
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and cause the result to be more or less reliable; these include crystal quality and 

collection conditions such as temperature. If we assume we have a good quality 

crystal, containing one or more oxygen atoms in the molecule, with copper 

radiation, there is another factor that will playa part in determining whether or not 

the data collection will produce a reliable Flack parameter for accurate absolute 

stereochemistry determination. This factor is part of the data collection process 

itself and is called redundancy. 

Within X-ray crystallography, the integrated intensities of the diffraction peaks 

are used to reconstruct the electron density map within the unit cell in the crystal. 

To achieve high accuracy in this reconstruction, which is carried out through 

Fourier transformation of the diffraction intensities using an appropriate phase 

assignment, a high degree of completeness as well as redundancy in the 

diffraction data is necessary. Redundancy meaning that all possible reflections 

are measured multiple times which then reduces the systematic and statistical 

error. 

The effect of collecting highly redundant data with regards to the Flack parameter 

has not been published to our knowledge. Data becomes redundant when more 

than one sphere of reflections has been collected; this one sphere of data is all that 

is necessary to solve the crystal structure of a compound in the most basic space 

group. As the complexity of the space group increases, so more spheres of data 

are required in order to solve the crystal structure. Once the data necessary to 

solve the crystal structure for that compound has been collected, any further 

spheres of data collected are redundant. It is thought that having highly redundant 

data will lead to a lowering of the uncertainty u on the Flack parameter x. As the 

determination of the absolute stereochemistry will be using more Friedel pairs to 

calculate the differences in reflections, it should have a lower error and give a 

better overall figure. An investigation was undertaken to determine the effect of 

redundancy on the Flack parameter for a data collection with (S)-ibuprofen, which 

contains only two oxygen atoms in a framework of 13 carbon atoms. The 

absolute stereochemistry of (S)-ibuprofen was not proven (see Section 5.1.2) since 

the estimated standard deviation associated with the Flack parameter was large 
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and therefore this material was thought to be a good candidate to test the effects of 

collecting different levels of redundancy. 

As the redundancy of the data-set increases, the symmetry related reflections are 

measured several times and so the precision of the calculation of the Bijvoet 

differences improves. In other words the anomalous signal obtained from each 

data-set can be measured with greater accuracy when highly redundant data is 

collected. X-ray diffraction data is thus to some extent influenced by counting 

statistics, the averaged measurement should become more accurate as more 

individual measurements are made. A highly redundant data set will therefore be 

intrinsically of higher quality than a data set in which every reflection has only 

been measured once. 

Previous studies [13] have shown that the anomalous R factor based on intensities 

from the XRD data collection (Ranom) decreases with increasing redundancy of 

data and reaches a minimum, past which further redundancy of the data has no 

effect. A possible reason for this trend is that the statistical errors influencing the 

small anomalous differences are averaged out the more often these differences are 

observed. So that in the higher redundancy data sets the anomalous differences 

are as close to the true values as they can get. It will be interesting to see if this is 

also the case for the effect of redundancy on the Flack parameter. 

5.4.1 (S)-Ibuprofen Data Collection 

The crystal structure of (S)-ibuprofen (figure 5.13) was collected via single crystal 

X-ray crystallography, using the Bruker-AXS Prospector, with Microstar 

generator, Cu Ka radiation, at low temperature 100 K. (S)-Ibuprofen (C 13H 1S0 2) 

crystallises in the monoclinic system, space group P2 1 and the data was collected 

from a crystal obtained from an evaporation from methanol. 
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Figure 5.13 (S)-Ibuprofen asymmetric unit of the unit cell, after 15 runs, from eu Ka single 
crystal XRD collection. 

In total 15 runs were performed which used differing scans to collect increasingly 

redundant data. After collection the reflection files from the runs were combined 

using SADABS, with increasing number of runs i.e. run 1, run 1 & 2, runs 1,2 & 

3, runs 1,2,3 &4 etc. This enabled the data collection to be solved for an 

increasing number of reflections, and allows the effect of increasing redundancy 

observed. 

The lattice parameters and the R! values are compared for run 2 and run 15 below. 

For run 2, a = 12.1240(2) A, b = 7.9558(2) A, c = 13.3756(3) A, a = y = 90°, fJ = 

111.990(1) 0, V = 1196.30 A3 and Z = 4. After processing the data using 

SHELXTL a value ofR! = 0.0370 was obtained, and S = 1.000, with Flack 

parameter x = 0.0029 (0.2405). For run 15, the lattice parameters were exactly the 

same and after processing the data using SHELXTL a value ofR! = 0.0294 was 

obtained, and S = 1.000, with Flack parameter x = 0.0238 (0.1250). So the 

increasing the redundancy of the data collection has improved the R! factor from 

3.7 - 2.94 %, and has halved the error on the Flack parameter from 0.2405 -

0.1250. Hence using the data from all 15 runs has meant that the absolute 

stereochemistry can now be confidently assigned as the S-enantiomer. 

A comparison of the Flack parameter and its estimated standard deviation (esd) 

are tabulated below (table 5.1) for an increasing number of total runs, i.e. 

increasing redundancy. Also shown in table 5.1 are the total number of reflections 

and the number of unique reflections for each run. The redundancy for each run is 

calculated from these values, by dividing the total number of reflections by the 

number of unique reflections . 
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Table 5.1 Tabulated Flack parameter, with its estimated standard deviation (esd) for data 
from an increasing number or runs, 2 - 15. Shown with total number of reflections, the 
number of unique reflections and the redundancy of the data collection for each run 

Run Flack Esd Total Number Number Unique Redundancy 

Number Parameter Reflections Reflections 

2 0.0029 0.2405 2560 2100 1.22 

3 0.0761 0.1770 3980 2982 1.33 

4 0.0240 0.1672 5413 3503 1.55 

5 0.0880 0.1670 6417 3728 1.72 

6 0.0532 0.1488 7863 4104 1.92 

7 0.0772 0.1416 9334 4222 2.21 

8 0.0791 0.1364 10727 4288 2.50 

9 0.0472 0.1351 11694 4311 2.71 

10 0.0731 0.1323 13108 4362 3.01 

11 0.0605 0.1297 14545 4385 3.32 

12 0.0402 0.1291 15952 4396 3.63 

13 0.0414 0.1284 17075 4409 3.87 

14 0.0429 0.1259 18508 4433 4.18 

15 0.0238 0.1250 19529 4441 4.40 

As expected the estimated standard deviation reaches a minimum at the largest 

number of total runs where the redundancy is highest, figure 5.14. This is a 

smooth progression, with a large drop in the esd seen initially, followed by a more 

steady decrease as the redundancy increases from 2.5 - 4.5. 
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Figure 5.14 Variation of the Flack parameter (red line) and its associated esd (blue line) with 
increasing redundancy of the data collection for (S)-ibuprofen. 

Figure 5.15 shows the Flack parameter graph but with error bars on the Flack 

parameter values that are equivalent to the esd of that Flack parameter. This 

shows that although the Flack parameter from run 2 appears to have a very good 

value close to zero, the error on that Flack parameter is large. 
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Figure 5.15 Variation of the Flack parameter (red line) with increasing redundancy of the 
data collection for (S)-ibuprofen. Errors bars on Flack parameter are equivalent to the esd 

value for that Flack parameter. 

The results from the study of the effect of increasing redundancy on the Flack 

parameter and its associated esd are very promising. They show that as the 

redundancy of the data collection is increased the reliability of the Flack 

parameter (i.e. the esd) improves and the Flack parameter itself decreases i.e. 
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becomes closer to zero for the correct enantiomer. This enables more confident 

assignment of absolute stereochemistry for compounds with only a few light 

atoms. However, the data collection is very time consuming, but if the results 

give a reliable Flack parameter which can be used for FDA regulatory submission 

of new pharmaceuticals, it would be a worthwhile procedure. 

It would be interesting to increase the data collection further, in order to increase 

the redundancy of the data collection, to see if the Flack parameter and its 

associated e:sd keep decreasing. There may well be a point at which further data 

collection does not make a significant improvement to the Flack parameter. Data 

collections also need to be performed for several different compounds to see how 

the number of light atoms present affects the decrease in Flack parameter seen 

with the increasing redundancy. 
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Chapter 6 - Conclusions and Future Work 

6.1 Conclusions 

Many important issues relating to the determination of absolute stereochemistry of 

chiral pharmaceuticals have been discussed in this thesis. These include VCD 

sampling methodology development, optimisation of sampling conditions for 

available VCD spectrometers and calculation optimisation for VCD spectral 

prediction and development of the method. For single crystal XRD the limitations 

of the method with respect to heavy atoms were investigated for a standard data 

collection, and through increasing the redundancy of the data collection, the effect 

on the Flack parameter and its associated estimated standard deviation (esd) was 

observed. 

VCD has already proven itself a reliable technique as a tool for absolute 

stereochemistry determination for specific small to medium sized chiral molecules 

and for determination of secondary structures of proteins. However, it is currently 

still regarded as a pursuit for experienced vibrational spectroscopists and 

molecular modellers. Within the pharmaceutical industry there is a great call for 

quick, reliable, accurate absolute stereochemistry determinations, which are 

currently undertaken via single crystal XRD. 

In the work presented in this thesis advances have been made in the sampling 

methodology from the established method of using solutions, to KBr discs and the 

nujol mull technique. All of these methods are all commonly used within the field 

of conventional IR spectroscopy. The KBr disc technique proved unreliable when 

used in conjunction with the single PEM spectrometer, and the spectra contained 

less information than the equivalent solution state spectra. The dual PEM 

spectrometer was found to allow collection of excellent solution state VCD 

spectra, whilst the single PEM spectrometer operates most effectively with the 

nujol mull sampling method. There are relative advantages and disadvantages 

with both of the sampling techniques; the nujol mull method is generally quicker 

for both collection of spectra and preparation of the samples. However, the 
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solution state sampling with the dual PEM spectrometer has the advantage of 

needing no data reprocessing and presenting a noise reading associated with the 

VCD spectrum measured. For problematic compounds, those with solubility 

issues or re-crystallisation problems, the nujol mull technique is ideal and very 

simple to perform, and would work well in the pharmaceutical industry. 

Especially when considered with the single PEM spectrometer, which is a module 

unit that attaches to an existing FT -IR spectrometer and so is the cheaper option. 

One feature that could greatly improve the potential of the single PEM 

spectrometer would be an improvement of the data reprocessing step. If this 

could be automated, as with the dual PEM spectrometer, it would make data 

collection a routine procedure, and significantly reduce the amount of training 

necessary to produce an effective VCD spectroscopist. 

The other essential component for absolute stereochemistry determinations using 

VCD spectroscopy is the prediction of accurate VCD spectra. Several different 

techniques to improve the calculation results were experimented with in this 

research; these involved choice of starting structure and combination of several 

predicted spectra to more accurately match the experimental spectra. The greatest 

improvement of predicted spectra was seen when the hydrogen-bonding 

possibilities of the compound were fulfilled, either by addition of a water or acetic 

acid molecule, or through dimerisation. The best fit to the experimental spectra 

was seen when the predicted spectra for several dimer pairs or conformers were 

combined. This technique was borrowed from a published paper [1] of a 

structurally related compound, and shows that published calculations can provide 

an extremely useful starting point, saving valuable computer resources. For ease 

of application, the feature of greatest potential is the presence of key V CD marker 

bands in families of compounds that share the same chiral backbone. This 

reduces the need for separate VCD calculations for each member of the family, as 

the marker band is indicative of the absolute stereochemistry. In the area of 

accurate prediction ofVCD spectra, experience has proven to be vital and drawing 

on other peoples experience is extremely useful. 

Pharmacologically important compounds are often members of families that share 

the same backbone and chiral centre. If these are shown to share marker bands in 
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the VCD spectrum indicative of the stereochemistry then predicting the spectra 

would be worthwhile and could prove the absolute stereochemistry of the entire 

family. Thus it could be shown that the determination of their absolute 

stereochemistry may be quicker through VCD rather than single crystal XRD. 

However, a couple of important discoveries have been found which may affect the 

ease of use ofVCD for routine analysis. Rotation of non-chiral centre groups has 

been shown to cause inversion of bands (as seen in the case of (S)-naproxen), 

which is traditionally only thought to occur when switching from one enantiomer 

to the other. This added complexity is bound to cause problems for absolute 

stereochemistry determination, particularly for compounds with greater 

conformational flexibility. Problems due to this complexity are most likely to 

occur within the calculation stage of the absolute stereochemistry determination. 

So it may well be the case that using VCD to determine the absolute 

stereochemistry is only practical for certain classes of compounds, especially 

those that have a more rigid structure. 

Single crystal XRD is a well practiced technique and its limitations in 

determination of absolute stereochemistry were explored with regards to the 

presence of heavy atoms for a standard data collection. These limitations are 

expected from knowledge of the anomalous scattering differences achievable with 

varying radiation. An effect that has not previously been investigated to our 

knowledge is the effect of redundancy with regards to the Flack parameter. 

Increasing the redundancy has now been shown to lower the Flack parameter and 

its associated esd, thus increasing the reliability of the absolute stereochemistry 

determination. This could prove an extremely useful technique within the 

pharmaceutical industry as the single crystal XRD technique is an accepted proof 

of absolute stereochemistry for regulatory submission. Although, the data 

collection took several days even on a state-of-the-art diffractometer, it is still 

very useful to have a method that improves the Flack parameter and its accuracy. 

Especially as VCD spectroscopy is currently only widely predicted for small­

medium sized molecules. 
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Overall it has been shown that by using VCD spectroscopy, in combination with 

the correct sampling method and instrument, a good quality VCD spectrum can be 

measured for virtually any sample. Calculations, to prove the absolute 

stereochemistry, are best started from prior knowledge and using previous 

experience. Dimerisation can playa major role, as can combination of dimers or 

conformers, in obtaining a better match to the experimental spectra. It is essential 

to consider the structure of the compound and what its conformational preference 

in the solution or solid state might be. However, the complexity of the predictions 

may prove off-putting for the method to become used routinely. 

The goodness of fit parameter developed in this research enables the confidence in 

the comparison ofthe experimental and predicted VCD spectrum to be 

determined. This measure of confidence is equivalent to the Flack parameter in 

single crystal XRD and with more research and further proof of the method it is 

possible that this would aid the case of using VCD spectroscopy for proof of 

absolute stereochemistry for regulatory submission. If this were to occur then the 

technique would drastically increase in popularity in the pharmaceutical industry. 

The research in this thesis has made a definite start towards this target. 

6.2 Future Work 

For the future there are many opportunities for VCD spectroscopy; application of 

the technique to new classes of compounds should continue and with further 

research VCD should become increasing popular. The accessibility of the nujol 

mull sampling technique should prove appealing due to the shear simplicity of the 

method and the reliability of the results, especially as it is a well recognised 

method within the field of infrared spectroscopy. 

A library of both experimental and predicted VCD spectra, such as those available 

for other vibrational spectroscopy techniques, would prove extremely useful, and 

could make significant cuts in computer time and resources necessary to 

determine the absolute stereochemistry of a chiral compound. Comparison of 
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spectra from compounds sharing similar structural backbones could become 

routine. 

If the FDA were to accept VCD spectroscopy as a proof of absolute 

stereochemistry determination in the process of regulatory submission, then 

research in this area is bound to increase. VCD would also become a back-up for 

single crystal XRD absolute stereochemistry determinations, when the Flack 

parameter calculated gives inconclusive results. So when used in combination, 

the absolute stereochemistry for a compound containing solely light atoms could 

be easily proven. 

For the future, investigation into more complex molecules with a larger number of 

chiral centres needs to take place. This was briefly touched upon with the study 

of (2S)-captopril, where the predicted spectra for the two possible enantiomers 

and two diastereoisomers were compared in order to see which chiral centres 

contributed to which bands in the VCD. As the number of chiral centres 

increases, the complexity of the interactions is bound to increase, and these effects 

are likely to cause some interesting anomalies. Use of the fragment calculation 

technique in these types of investigations will most likely prove extremely useful. 

However, because of the possible inversion ofVCD bands without changing the 

absolute stereochemistry, addition of more chiral centres may make prediction of 

accurate VCD spectra virtually impossible or at least too computationally 

expensive to be worthwhile. 

VCD may prove most useful as a quality control tool within the pharmaceutical 

industry. If the absolute stereochemistry of the compound is known and the VCD 

spectrum of a known proportion of one of the enantiomers has been obtained, then 

the proportion of (R) or (S) in an unknown sample can be determined. This 

procedure is very quick, as only an experimental VCD spectrum is required, and 

either a solution or nujol mull sample can be used. 

Expansion of the field ofVCD will continue, but probably with the focus on 

protein conformation rather than small molecule absolute stereochemistry 

determination. Drug development is also moving to larger more complex 
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biotechnology molecules in the fight to combat an increasing number of diseases. 

With the complex nature of the VCD calculations routine analysis of small -

medium sized chiral molecules is unlikely for all but a very specific subset. If in 

the future these predictions can be controlled to a higher degree the technique will 

become more desirable, as the experimental sampling methodology and 

spectrometers are there to support it. 
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Appendix I - Polymorph Screen 

Polymorphism is an interesting phenomenon which occurs when a compound is 

able to adopt more than one crystal packing arrangement. This different crystal 

packing system can then have different space group and lattice parameters (unit 

cell) which lead to the compound in that polymorphic form having different 

physical properties to the compound in the other polymorphic form. The concept 

of polymorphism is an important one for the pharmaceutical industry, as if an 

active pharmaceutical ingredient can be in a variety of different polymorphs the 

solubility, density and melting point of the drug can change. This can then lead to 

possible differences in the activity and potency of the drug and it may be 

preferable for the pharmaceutical company to produce one polymorphic form in 

preference to the other. The two polymorphs of (2S)-captopril are distinguished 

by having different lattice parameters and melting points. The single crystal XRD 

data above proves that the polymorph studied is the high melting polymorph 

(Form I) and the lattice parameters obtained correspond to those given in the 

book. The second polymorph is low melting, and unfortunately the method for 

obtaining it was not described. Hence a polymorph screen was performed to try 

and obtain the second form of (2S)-captopril. 

To try and obtain the Form II polymorph (low melting point) several techniques 

were employed. Slurries were prepared of ~200 mg (2S)-captopril in ~ 1 ml 

solvent; these were then left to stir at 50°C for two days (section 1). It was hoped 

that the compound may convert from Form I to Form II under these conditions. A 

hot re-crystallisation from methanol was attempted in which the saturated solution 

was heated then stirred, then allowed to cool and crystals formed (section 2). An 

anti-solvent solvent method was then practiced initially with an addition of anti­

solvent to (2S)-captopril in methanol, moving on to an addition of anti-solvent to 

(2S)-captopril in ethyl acetate (section 3). Here the (2S)-captopril is at a highly 

concentrated solution in the solvent (methanol, ethyl acetate) and addition of an 

anti-solvent (i.e. a solvent which (2S)-captopril is not very soluble in) is hoped to 

crash the (2S)-captopril out of solution. Crash cooling with anti-solvent addition 

was attempted with saturated solutions of (2S)-captopril in ethyl acetate (section 
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4), in which ethyl acetate was heated in order to dissolve as much (2S)-captopril in 

solution as possible. This hot solution was then added to anti-solvent on ice, with 

the hope that Form II may crystallise out. Another method attempted was crash 

cooling of a hot saturated solution of (2S)-captopril in ethyl acetate, through 

addition of liquid nitrogen. From these methods the crystals obtained were used 

to collect powder X-ray diffraction patterns PXRD, which were then compared 

with the two PXRD patterns given for Form I and Form II polymorphs. At the 

beginning ofthe polymorph screen the PXRD, DSC and thermo gravimetric 

analysis (TGA) were also collected for the two separate batches of (2S)-captopril 

obtained from Sigma Aldrich, in order to ensure the consistency of the results. 

1 Slurry Results 

Table 1 Slurries, stirred at 50°C for two days 

(2S)-Captopril, / mg Solvent Amount of solvent / ml Result 

200 Water 0.2 Form I 

400 Methanol 1 Form I 

330 Isopropyl alcohol 0.2 Form I 

310 Ethyl acetate 0.4 Form I 

220 Tetrahydrofuran 0.2 Form I 

200 Toluene 0.3 Form I 

200 Cyclohexane 0.2 Form I 

No conversion of Form I to Form II was observed here, and also no hydrates were 

formed, as would be possible with the slurry in water. 

2 Hot Re-crystallisations 

Table 2 Hot re-crystallisation, heated solution whilst stirring, allowed to cool. 

Solvent Results 

(2S)- Methanol Amorphous, sticky 

Captopril 

(2S)- Ethyl acetate Bottom of beaker, Form I, side of beaker, Form I 

Captopril 
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3 Anti-solvent Re-crystallisations 

Table 3 Anti-solvent re-crystallisations, results from on the day and overnight 

Solvent Anti-solvent Results 

(2S)-Captopril Methanol Crystals grown, Form I 

(2S)-Captopril Methanol DCM No crystals 

(2S)-Captopril Methanol Isopropyl acetate No crystals 

(2S)-Captopril Methanol n - Heptane Cloudy overnight, Form I 

(2S)-Captopril Methanol Ethyl methyl ketone No crystals 

(2S)-Captopril Ethyl acetate DCM No crystals 

(2S)-Captopril Ethyl acetate Isopropyl acetate No crystals 

(2S)-Captopril Ethyl acetate n - Heptane Crashed out, Form I 

(2S)-Captopril Ethyl acetate Ethyl methyl ketone No crystals 

(2S)-Captopril Ethyl acetate Cyclohexane Crashed out, Form I 

(2S)-Captopril Ethyl acetate Toluene No crystals 

(2S)-Captopril Ethyl acetate THF No crystals 

(2S)-Captopril Ethyl acetate Acetonitrile No crystals 

4 Crash Cool Re-crystallisations 

Here the (2S)-captopril was dissolved in the solvent, whilst being heated, then 

added to cold anti-solvent. 

Table 4 Results of crash cooling with anti-solvents 

(2S)-Captopril / mg Solvent Anti-solvent Result 

108 Ethyl acetate n-Heptane Form I 

105 Ethyl acetate Cyclohexane Form I 

Here a saturated solution of (2S)-captopril in ethyl acetate was prepared by 

filtering a slurry of (2S)-captopril in ethyl acetate and adding to cold antisolvent. 
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Table 5 Results of maximum concentrations of (2S)-captopril and crash cool 

Solvent Anti-solvent Result 

(2S)-Captopril Ethyl acetate Cyclohexane Form I 

(2S)-Captopril Ethyl acetate n-Heptane Amorphous 

Here a solution was made up, heated and stirred, followed by addition of liquid 

nitrogen once the (2S)-captopril was fully dissolved. 

Table 6 Crash cooling with N2(lq) 

(2S)-Captopril / mg Solvent Result 

330 Ethyl acetate Form I 

300 Isopropyl acetate Form I 

200 DCM Form I 

These crash cools with liquid nitrogen resulted in a sticky amorphous substance 

being initially formed, which transformed, upon being scraped out of the 

container, into crystalline Form 1. 

5 Slow Evaporations 

These solutions were made up to be left at AstraZeneca for slow evaporation at 

room temperature. The powder XRD were collected after six weeks. 

Table 7 Slow evaporations left at AZ 

(2S)-Captopril / mg Solvent Result 

200 Methanol Form I 

200 n-Heptane / Methanol Form I 

200 THF Form I 

200 Isopropyl acetate Form I 
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6 Conclusions of Polymorph Screen 

The second polymorph, Form II, of (2S)-captopril has not been discovered in this 

polymorph screening, indicating that it is probably highly metastable and 

therefore difficult to prepare. This work is not aided by the fact that the initial 

report,[l] carrying the additional polymorph data, has no mention of how the Form 

II polymorph was formed. If anything this result illustrates the importance of 

presenting full experimental details, so that the work is reproducible. 
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