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Introduction

Chiral molecules can exist in either of two so-called enantiomeric forms or configurations
which are nonsuperimposable mirror images of one another. Chirality means handedness,
because right and left hands are not superimposable but each can in principle be created by
reflection of the other in a mirror plane. In general, a molecule which in itself does not have
a symmetry element (axis, plane) will be chiral. Typically this will occur when a tetrahedral
site such as a carbon atom has four different substituents. Such sites are called asymmetric
or chiral centers and their configuration is denoted as R or S on the basis of the Cahn-Ingold-
Prelog rules. (The older D, L nomenclature for absolute configuration is based on the choice
of reference compounds and can be ambiguous). Thus, one of the simplest chiral molecules
would be methane with three different substituents (e.g. CHFCIBr), whereby the central
carbon represents the chiral center, as shown in Figure 1. More complex molecules such

as sugars and steroids may have n chiral centers, giving 2n sterecisomers and 2" different
pairs of mirror-image enantiomers. For example, for n = 2 the enantiomeric pairs are RR,

SS and RS, SR, while RR and RS, for example, are diastereomers and not mirror images.
Note that other subtle forms of chirality can occur in molecules without classical asymmetric
centers, e.g. octahedral complexes with an appropriate arrangement of ligands, molecules
with dissymmetric perpendicular planes or helix-like structures. In general, enantiomers have
identical physical properties, except as described below, and give identical UV, IR, and NMR
spectra, while diastereomers have similar but distinguishable spectroscopic and chemical
properties.
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Chemists have been aware of chirality or handedness for more than a century since the
enantiomers of a given molecule often form distinguishable crystal structures in the solid

state or, when in solution, rotate the plane of polarized light equally but in opposite directions.
The symbols (+) or (-) placed before a compound’s name are used to denote whether a given
enantiomer (regardless of its R, S nomenclature) causes at a specified wavelength a clockwise
or counterclockwise rotation, respectively. This so-called optical activity or dichroism arises
due to differential absorption of left- or right-circularly polarized light, and can be especially
useful for elucidating the structures of species which do not easily form crystals.

The interaction between light and a chiral molecule depends on the circular polarization of the
probing light. The absorbance A, of right-circularly-polarized light by a “right-handed” molecule
will be equal to the absorbance A of left-circularly polarized light by the corresponding “left-
handed” enantiomer. If the light is probing a symmetric molecule lacking a chiral center

or a racemic mixture (equal mixture of the enantiomers), then clearly A - A_ = 0. But so

long as there is an excess of one form or the other of a given chiral species, the differential
absorption of left- versus right-circularly polarized light A_- A, will not be zero, as shown in
Figure 2. The quantity AA = A - A_ depends on the wavelength and is termed the circular
dichroism; it represents a measure of the chirality of the probed species and determines the
direction and degree of rotation of the plane of linearly polarized light. Note that the sign and
magnitude of AA is determined by the specific orientation and polarizability of the atoms or
groups around a chiral center; AA can be either positive or negative for a given configuration
(e.g. (R)- enantiomer) but will always be equal in magnitude and opposite in sign for R vs. S
enantiomers.

Fig. 2

‘ J Interaction of chiral mol-
A ecule with left and right
L circularly polarized light.

left circularly
polarized light chiral molecule
right circularly
polarized light chiral molecule

The chirality of a molecule not only determines certain physical properties such as crystal
structure and dichroism but, more importantly, also its chemical reactivity. Two molecules
must have the appropriate handedness or stereochemistry in order to combine or react. This
stereospecificity of reaction mechanisms is of crucial importance in biochemistry where most
enzymic reactions require a specific configuration or conformation of the reacting species.
Most antibiotics are also involved in stereospecific reactions so that potency is strongly
determined by stereochemistry, and only a molecule with the appropriate stereochemistry will
exhibit the full range of antibiotic efficiency. Nature assembles most molecules in very specific
ways, and the building blocks of the key biopolymers are chiral.

The measurement of Circular Dichroism (CD) as a function of wavelength in the visible and UV
regions has been possible with commercial instrumentation for some time, but applications
have been somewhat limited. In CD the absorption bands are usually rather broad, and
measurements are often limited by the low sample concentrations required (particularly for
biomolecules) due to high extinction coefficients and light-scattering effects (the latter are
particularly troublesome in the UV/Vis range).



Fig. 3

PMA 50 attached to a
Bruker INVENIO R FT-IR
spectrometer.

If CD measurements are carried out in the infrared region, the method is termed vibrational
circular dichroism or VCD, which is defined as the difference in absorption of a sample for

left vs. right circularly polarized infrared radiation AA = A - A_. VCD has some very distinct
advantages: most molecules have significant IR absorption cross sections; sharp IR lines are
associated with specific vibrational modes and more structural information can be obtained
from a VCD measurement than from a CD spectrum. The Bruker PMA 50 module is especially
designed for VCD and for other polarization modulation experiments like PM-IRRAS, and it can
be attached to the Bruker INVENIO and VERTEX series FT-IR spectrometers, Figure 3.

VCD spectroscopy can be applied in various ways 2. The VCD signal intensity, that means the
difference in the absorption of left and right circularly polarized light, depends linearly on the
concentration and path length, just as known from classical IR spectroscopy. The advantage

of VCD spectroscopy is that two enantiomers exhibit VCD spectra with the same features but
with opposite sign. An equivalent mixture of two enantiomers, a racemic mixture, shows no
VCD signal intensities. This behaviour leads to the possibility of the determination of the optical
purity, the enantiomeric excess, after an appropriate calibration of the investigated system.

Another application arises from the fact that the two enantiomers have VCD spectra with
opposite sign, so they are clearly distinguishable. Often the chemical structure of a substance
is well known, but it is not possible to grow a single crystal for X-ray structural analysis, the
only absolute method to determine the absolute configuration. Comparing a measured VCD
spectrum with an ab initio calculated one can be used to determine the absolute structure of a
compound with known chemical structure.

Chirality is not limited to the configuration of the atoms in a molecule, as the secondary
structure - the 3 D arrangement of large molecules - can be chiral too. Thus it is not astonishing
that the VCD spectra of proteins depend on the secondary structure, and VCD spectroscopy
can be used to distinguish between the secondary structures of proteins and peptides. The
studies of such asymmetric biological molecules ®7' and their conformational changes 12
often associated with protein functionality or enzymatic activity, belong among the most
exciting applications of VCD spectroscopy. For these purposes, VCD devices should satisfy
the following demands: the measuring system must be very sensitive and stable over time
because biological molecules often provide VCD signals at least one order of magnitude
weaker than the VCD signals of e.g. terpenes. It is also desirable to measure the VCD
spectra of biological molecules in varying physical and chemical conditions. In addition, VCD
devices have to be sensitive to a large intensity scale since the intensity of VCD signals can
dramatically change because of conformational variations of the biomolecules.

In this application note, the high sensitivity and stability of the Bruker PMA 50 VCD accessory
are shown by the VCD measurements of terpenes in the mid-IR region which can be compared
to previous measurements 3¢ The VCD spectra are used for the enantiomeric excess
determination. This quantity determination is done by statistical analysis of the VCD spectra of
different mixtures of (1R)-(+)- and (1S)-(-)-a-pinene.

As an example for a second application, three different proteins with well known secondary
structure are used to demonstrate the dependence of VCD signal on the secondary structure.
Hemoglobin, predominantly with an a-helical structure, concanavalin A, as a protein with
predominantly R-sheet secondary structure, and lysozyme, which has nearly the same content
of a-helical and B-sheet structural elements, were chosen #71,



The comparison of the experimental and the calculated VCD spectra leads to a powerful
application of VCD spectroscopy, which is demonstrated in the case of (+)-camphor. A very
good fit between the theoretical and real data is obtained. This method can be used to
determine the absolute structures of compounds "7 18!,

Experimental

All substances were taken from suppliers and were used without any further purification. The
VCD spectra were measured using a Bruker FT-IR spectrometer equipped with the Bruker
polarization modulation accessory PMA 50. In the PMA 50 module, the light beam is focused
onto the sample passing through an optical lowpass filter (blocking wavenumbers >1800cm-),
a KRS-5 wire grid polarizer, and a ZnSe Photoelastic Modulator “PEM" with an oscillation
frequency of 42kHz. The light is focused by a ZnSe lens to a MCT detector. Figure 4 presents a
block diagram of the PMA 50 module in VCD mode.

Fig. 4
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The detector signal comprises two components: a low-frequency modulation which
corresponds to the IR absorption bands, i.e., the A signal, and a high-frequency modulated
signal (42kHz) corresponding to the dichroic absorptions, i.e., the AA signal. Additionally,

the reference signal direct from the PEM (42 kHz) is mixed to the high-frequency modulated
detector signal. These two high-frequency modulated signals are demodulated by an internal
synchronous demodulator integrated in the electronic units of the INVENIO and VERTEX series
FT-IR spectrometers. The absorption and VCD spectra were measured simultaneously both
with resolution of 4cm™ in the case of terpenes, and 8 cm™ in the case of proteins. The VCD
spectra were obtained from measured interferograms by applying the dedicated OPUS VCD
calculation routine. For each measurement, the intensity calibration factor was obtained using
a multiple-wave retardation plate combined with the second wire grid polarizer, whereby the
system tuning was exactly the same as for the sample measurement 18!,

Terpenes: The liquid samples were placed in a demountable Bruker liquid cell A145 equipped
with KBr windows separated by 50 um teflon spacers. In the case of a-pinene the neat liquid
was used, racemic mixtures were prepared volumetrically. The measurements of camphor
were carried out in a 3 M CCl, solution.

Proteins: The proteins were measured as 5% D,0 solution in a demountable Bruker liquid cell
A145 equipped with CaF, windows separated by 25um teflon spacers.

Computation

A major advance in the application of FT-VCD spectroscopy has been realized with the
introduction of efficient ab initio quantum mechanical computational programs and affordable
high-speed computers. With the addition of density functional theory (DFT) methods, a
significant improvement in the accuracy of predicted VCD spectra has been achieved at
relatively low computational cost compared to the Hartree-Fock/Self-Consistent Field (SCF)



Fig. 5
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methods previously employed. In a theoretical calculation, the VCD spectrum is obtained

by the ratio of two quantities called rotatory strength R, and dipole strength D, the latter
depending on the electric dipole moment of the molecule and the former on the joint electric
and magnetic dipole moments, all evaluated over the molecular basis set. A basis set is the
mathematical description of the orbitals within a system (which in turn combine to approximate
the total electronic wavefunction) used to perform the theoretical calculation. Larger basis sets
more accurately approximate the orbitals by imposing fewer restrictions on the locations of
the electrons in space. It is common in ab initio molecular calculations to replace Slater atomic
orbitals by functions based on Gaussian functions. Ab initio calculations use basis functions
comprising integral powers of x, y and z multiplied by exp(-ar?), x2y°z¢ exp(-ar?). This is called

a primitive Gaussian function. a determines the radial extent (or “spread”) of a Gaussian
function. The order of these Gaussian-type functions is determined by the powers of the
Cartesian variables: a+b+c. The computational methods are used to theoretically calculate the
VCD spectrum of a molecule whose experimental VCD spectrum has been measured """,

Results and Discussion
Figure 5 presents the absorption and VCD spectra of a-pinene with different enantiomeric

excess. All the samples were measured as a neat liquid. The spectra were obtained as the
average of two blocks consisting of 3390 scans. The collection time for each block was 30 min.
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The VCD spectra were corrected for baseline. The experimental baseline was obtained by the
VCD measurement of the racemic mixtures of a-pinene. The noise spectra were calculated as
the half difference between two VCD spectra, which were obtained from consecutive blocks
of scans. In the case of the a-pinene spectrum, the noise level expressed as the root of mean
square (RMS) is 2.8*10% AA unit in the spectral range shown in Figure 5. A powerful analytical
application of the VCD spectroscopy is the determination of the optical purity of chiral samples.
For this purpose, the optical purity is expressed as the enantiomeric excess " f___ If the
concentrations of (1R)-(+)-a-pinene and (15)-(-)-a-pinene are ¢, and ¢, respectively, then the
percent enantiomeric excess f__ is defined ' as:
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The quantity f__ is +100% for a sample of the pure (1R)-(+)-a-pinene and -100% for a sample
of the pure (1S)-(-)-a-pinene. Ten samples consisting of (1R)-(+)-a-pinene and (1S)-(-)-a-
pinene in different concentrations covering the enantiomeric excess f_, from +100% to -100%
were prepared volumetrically. Their absorption and VCD spectra are presented in Figure 5.
Absorption spectra of all samples are identical because the standard infrared absorption
spectroscopy does not distinguish between the enantiomers, while the optical purity is clearly
detected by VCD. The measured VCD spectra of the samples with the different enantiomeric
excesses were evaluated by a linear regression. For this purpose, the areas of four bands with
maxima at 1329, 1215, 1126 and 996 cm', which roughly cover the whole measured region,
were calculated by using the OPUS integration routine. The results show a very good linear
correlation between the enantiomeric excess f__ and the VCD band areas.



The correlation coefficients are close to 1 (R > 0.998) for all selected bands. The reliability

of the results was proved by statistical analysis of the optical purity determination. The
regression coefficients and their standard deviations were used for the determination of the
four independent values of the enantiomeric excess and their uncertainties for the selected
bands. Then their weighted average f*_ and standard deviations s* were calculated. The
standard deviations of f*__ (see Figure 6) obtained in this study are < 3 %. The small standard
deviations obtained prove the credibility of the PMA 50 module VCD set up '8! The uncertainty
of the volumetrically determined value of f_ was also taken into account for a total evaluation
of the deviation of f*__. The dependence of the calculated enantiomeric excess f*__ and the
volumetrically determined enantiomeric excess f__ is plotted in Figure 6 together with their
deviations.
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Biomolecules

In addition to small organic molecules, it is quite easy to obtain VCD spectra of biomolecules
such as proteins and nucleic acids. To demonstrate the suitability of this technique for
monitoring conformations and conformational changes in biomolecules, we have recorded

the VCD and absorption spectra of the proteins hemoglobin, lysozyme and concanavalin A in
D,0 solution (60mg/ml; 25 um liquid cell with CaF, windows). The spectra were recorded with
8cm resolution. The amide | region (primarily the amide C=0 stretching) and the amide |l
region (N-H bending and C-N stretching) are depicted in Figure 7.

These proteins were chosen because of their different secondary structures. Note that all
three absorption spectra are very similar, showing a broad featureless absorption in the amide
| region. However, these proteins are in fact quite different: hemoglobin is predominantly

in a-helix form, concanavalin A is primarily an anti-parallel B-sheet, while lysozyme contains
both of these secondary structure elements. We expect that the VCD signal for the amide
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Fig. 8

Left: absorbance spectra
of (+)-camphor, calculat-
ed (red) and measured
(blue).

Right: VCD spectra of
(+)-camphor, calculated
(red) and measured
(blue).

| band will be sensitive to the secondary structure of the peptide backbone, and Figure 7
demonstrates that the three proteins show distinct VCD spectra and that a-helix and B-sheet
motifs give different and specific VCD signals. Thus, FT-VCD spectroscopy is very suitable for
characterizing the secondary structure of proteins in solution and for monitoring changes in
protein conformation caused by ligand binding, for example. In contrast, structure elucidation
by X-ray diffraction techniques requires the often difficult production of single crystals with
questionable relevance to the solution properties of proteins in the native state.

Complementary Theoretical Methods

The experimentally measured VCD spectrum of a chiral molecule can for example be
compared with the spectra calculated for the two possible enantiomers. Since enantiomers
produce “mirror-image” VCD spectra of opposite sign, it is generally easy to assign the
experimental result to one of the two possible enantiomers. Figure 8 depicts the absorption
and VCD spectra of (+)-camphor in a 3 M CCl, solution. The spectra were measured in 30min
at a resolution of 4cm™ using a liquid cell with BaF, windows and a path length of 50um. It is
clear that computational procedures are now at a level of sophistication where they not only
produce reasonably accurate absorption spectra to confirm a basic molecular structure but can
also be used to determine the absolute configuration via the predicted VCD spectrum.
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Summary

Vibrational circular dichroism (VCD) is a relatively easy (and inexpensive) method for measuring
the chiral properties of molecules in solution, for determining absolute stereochemical
configuration, and for studying the conformational properties of complex biomolecules such

as proteins and nucleic acids. The beauty of the technique is that it allows one to determine
not only the constitution of a molecule (types of chemical bonds and functional groups),

but, particularly when combined with computer modeling techniques, the absolute three-
dimensional orientation of the structural elements of a molecule as well.
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