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Abstract

VIBRATIONAL CIRCULAR DICHROISM AND NORMAL COORDINATE
ANALYSIS OF ALANINE DIPEPTIDES AND SEVERAL DEUTERATED

ISOTOPOMERS.

by

Gull-Maj Lilian Roberts

Adviser: Professor Max Diem

Normal coordinate analysis was carried out for the dipep-
tides L-alanyl-L-alanine, L-alanyl-D-alanine, and several
deuterated isotopomers, in the spectral region above 1200
en™l, A Urey-Bradley force field was used in the calcula-
tions. The results were used for the interpretation of
vibrational circular dichroism (VCD) spectra of the same
species. The peptide model N-acetyl-L-alanine-N’-methyla-

mide was also investigated using the VCD technique.
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CHAPTER 1
INTRODUCTION

Historical Background.

In 1812 the French physicist Jean Baptiste Biot car-
ried out a series of experiments in which he shone white
plane polarized light through a quartz plate and observed
the emerging light through a second polarizer. He made
the following observations: the light observed through
such an arrangement is colored; the color depends on the
orientation of the polarizers and on the thickness of the
quartz plate; and when observing the same thickness of
the two types of quartz known, complementary colors are
observed for the same positions of the polarizers (right
handed and left handed quartz can be distinguished by the
shape of the crystal). Biot was thus the first scientist
*to observe and describe the phenomenon of optical activ-
ity, in the form of optical rotatory dispersion. Further
experiments with organic liquids and vapor of turpentine
convinced him that the new property observed is not
merely a property of an aggregation of molecules, but is,
at least in some cases, a property belonging to the
individual molecule. This was confirmed in 1850 when

Louis Pasteur presented him with mirror image crystals of
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tartrate, which when dissolved in water and analyzed,
showed the same complementary behavior that Biot had
observed for the two kinds of quartz crystel (1). These
observations immediately raise two questions: What
property of the material is responsible for the observed
phenormenon, and what is the role of the light in these
observations. The answers to these questions lead to a
discussion of chiral molecules or aggregates, and to a
description of circularly polarized light. To this might
be added a third question: How may useful information be
deduced from the observation of optical activity. The
answers to this question lead to the development of the
theory of optical activity, and to the different chirop-
tical techniques.
Chirality.

All optically active molecules have one property in
common: They exist in a form which is non-superimposable
on its mirror image. Thus the molecule and its mirror
image have a relationship to each other much as our two
hands, and the property has been named chirality (from
the Greek word for hand). Some molecules exist naturally
in both forms, which are said to be enantiomers of each
other, others do not. In terms of symmetry chiral mole-
cules are dissymmetric: They are either totally asymmet-
ric and thus possess no symmetry elements, or they have

one or more axes of proper rotation. Stated differently,
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chiral molecules have no axes of improper rotation (2).
A common example of an asymmetric molecule is a central
carbon bonded to four different substituents (Figure 1,
a). Any molecule containing such a group is chiral, its
chirality originating in the carbon, which is called the
chiral center. A common example of a chiral molecule
which does not possess a chiral center is disubstituted
allene which has axes of proper rotation (Figure 1, b).
An important group of large optically active molecules
are those which form helices. Seen "from afar" these
helical ;rrangenents resemble springs and therefore
possess axes of proper rotation. This means that identi-
cal units linked together and arranged as a helix will
show overall chirality, even if each individual unit is
not chiral. It is interesting in this context to consider
that quartz consists of sioz molecules, which are symmet-
ric; yet in the crystal the molecules align themselves in
a helical psttern, with the helix sense either clockwise
or anticlockwise in a particular crystal, and the crys-
tals are therefore optically active. Similarly, the
simplest of the amino acids, glycine, has no chiral
center. Polyglycine, however, may exist in the form of a
helix and is therefore chiral by virtue of its overall
spatial arrangement. It is interesting that in his early

observations of optical activity Biot should have ob-
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Figure 1. a) Bromochlorofluoromethane, an asymmetric

molecule. b) 1,3 difluoroallene, a dissymmetric molecule

with two axes of proper rotation. In each case both

enantiomers are shown.
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served molecules which are chiral because of their spa-
tial arrangement as well as those whose chirality is
inherent in the molecular structure.

Moving to molecules of some size and complexity - and
that certainly applies to biological molecules - it soon
becomes obvious that dissymmetry is the rule rather than
the exception. Furthermore, nature has overwhelmingly
favored one enantiomer over the other: naturally occur-
ring proteins are made up almost entirely of one of the
enantiomers of amino acids, the L-enantiomer. Any infor-
mation which may be derived from the study of optical
activity is therefore potentially of great interest and
use to the study of biochemistry, molecular biology, and
pharnacology. (L indicates levorotatory: The plane of the
polarized light is turned to the left, or anticlockwise,
in an optical rotation experiment. Clockwise rotation is
denoted D for dextrorotatory).

Knowing the molecular Property responsible for the
observed optical eactivity, however, only partly explains
why the observation is possible. The other part of the
explanation comes from the answer to the question: What
pProperty of light allows us to distinguish between the
two enantiomers of a chiral molecule?

Circularly Polarized Light.
The wave description of light describes plane polar-

ized light as light in which the plane of the electric
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vector is constant but its magnitude varies sinusoidally
(Figure 2). In a similar manner one may describe a light
wave in which the magnitude of the electric vector is
constant, but the direction varies in such a way that the
tip of the electric vector goes through a helical path,
as seen by an imaginary observer standing in the path of
the light end looking towcrds the source. (Figure 3) This
is circularly polarized light, named right or left circu-
larly polarized depending on whether the electric vector
sweeps out a circle in the clockwise or anticlockwise
direction (3). It is intuitively easy to accept that
"chiral light" of opposite sense should interact differ-~
entially with a chiral molecule, and it will be shown in
a later chapter that the phenomenon of optical activity
indeed results from the interaction of a molecule (or
molecular aggregation) with circularly polarized light.
To explain how optical activity may be observed using
plane polarized light, as was done by Biot, it must be
recognized that plane polarized light may be decomposed
into two circularly polarized waves turning in opposite
directions and going through one full revolution as the
plane wave goes through a full wave. If these circular
waves travel through a medium at different speeds (as
expressed by the differential refractive index for left

and right circularly polarized light) the resulting wave
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Figure 2. The wave description of light, showing the

electric vector only. The top shows the traditional view,
seen !r;n the y-direction. The bottom shows the electric
vector viewed from the direction of propagation, at
different points in the cycle. As indicated the electric

vector varies in magnitude, but not in direction.
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Figure 3. Right circularly polarized light. The top shows
the propagation of light as seen from the y-direction;
the bottom shows the instantaneous position of the elec-
tric vector as seen from the direction of propagation. As
shown the magnitude of the electric vector is constant,

but its direction varies with time.
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will still be plane polarized but the orientation of the
plane will have changed. This is the effect known as
optical rotation. The angle through which the plane has
turned will depend on the thickness of material tra-
versed, or in the case of solutions, on the concentration
and the pathlength. If the incoming light is a mixture of
all the visible frequencies of light, namely white light,
the orientation of the polarization plane will be differ-
ent for each frequency as a result of variation of the
refractive index over the frequency range. Thus a differ-
ent color will dominate at each angle of rotation of the
second polarizer, resulting in th= optical rotatory
dispersion observed by Biot.
Chiroptical Techniques.

The different chiroptical techniques all measure in
various ways the differential interaction of right and
left circularly polarized light with a medium. There are
three commonly made measurements of interest in the
context of this thesis (4).

1) Optical rotatory dispersion, ORD, measures the
difference in the refractive index as a function of
wavelength

Anqn = -

= np, np

where n is the refractive index, and the subscripts L and

R stand for left and right circularly polarized light.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2) Raman Optical Activity, ROA, measures the differential

scattering
AI=1I -1y

The experiment is a modification of conventional Raman
for measuring vibrationsl optical activity.
3) Circular dichroism measures the differential absorp-

tion
SE = E, - Eg

This effect can be observed in the UV-visible (CD), as
well as in the infrared region (VCD). In analogy with
regular UV-visible and IR spectroscopy the former probes
the electronic and the latter the vibrational transi-
tions.

ROA is mentioned here primarily because it, like VCD,
probes the vibrational transitions. In analogy with
conventional Raman and IR, it provides a technique com-
plementary to VCD, but there have been substantial prob-
lems in the application of the technique, and it will not
be discussed further here.

The Development of Vibrational Circular Dichroism.

In the development of chiroptical spectroscopy there
has been a constant interplay between technology, theory
and experimentation (4 - 6). Early discoveries such as

Biot's were possible because of the discovery of natural-
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1y occurring calcite crystals, which are uniaxial and
therefore birefringent. It was discovered that a polariz-
er can be made of calcite when it is cut a certain way
(3). As indicated earlier optical rotatory dispersion is
a fairly simple technique which does not put great de-
mands on instrumentation. The other techniques, however,
are more demanding. In CD, for example, the effect meas-
ured is very small, typically 1074 - 1075 of the absorp-
tion. The main obstacle has therefore always been the
detection of the signal and, as a consequence electronic
CD was developed first. This technique has been helpful
for elucidating the overall conformation of biomolecules
since the early sixties. Thus the various polypeptide
ccnformatia_n, a helices, B sheets, and so forth, are
associated‘withvtypical electronic CD signals.

Electronic CD, however, is limited by its dependence

on the pr of a chr re, a bond which will give
rise to one of the electronic transitions measurable in
the UV-visible region, and the number of such chromo-
phores are limited. By contrast there are 3N - 6 possible
vibrational sources of optical activity in the infrared
region, corresponding to the 3N - 6 vibrational transi-
tions. The information gained can also be expected to be
different, since the electronic transition is fairly

delocalized (because the electron iavolved is in the
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excited state), whereas the vibrational transition takes
place in the electronic ground state and arises from the
motion of the nuclei. Thus it is related more directly to
the structure and conformation of the molecule. It is
therefore not surprising that there has been considerable
interest in extending the scope of the CD technique to
include the vibrational region. Early attempts at demon-
strating the possibility of measuring the CD signals in
this region were theoretical papers, which extended the
knowledge gained in electronic CD to predicting signals
in thz vibrational region. Of these the calculations by
Deutsche and Moscowitz introduced the fixed partial
charge model, which predicted the VCD spectrum of a
helical polymer (7, 8). Schellman and coworkers wrote
several papers showing that the experience gained in
electronic CD could be used in the calculation of vibra-
tional CD spectra, and made suggestions of suitable
molecules (9 - 12). Thus, using a similar model to the
one developed by Deutsche and Moscowitz, Schellman calcu-
lated the expected VCD spectra of optically active cyclic
amides, and predicted that the signals would be of com-
parable magnitude to those observed in electronic CD (9).
At about the same time Holzwarth and Chabay developed the
coupled oscillator model (13) in analogy with work done
by Tinoco for electronic CD (14). They, too, suggested

specific molecules (diketopiperazines) as good candidates
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for measuring the weak effect.

Besides the general improvement of conventional infra-
: red spectrometers over the years there are three specific
developments which have been crucial to the development
of VCD instruments: semiconductor detectors, which have
higher sensitivity and faster response time than conven-
tional detectors, the double modulation technique for
extracting a signal smaller than the surrounding noise,
and modulators for producing rapidly alternating left and
right circularly polarized light (15). Semiconductor
detectors can be made from a range of materials with
different dopants, with the result that the range covered
by these detectors has continued to expand. Thus early
VCD experiments were made using InSb detectors with a
range from approximately 1000 to 2000 cm’l. Later HgCdTe
detectors have extended that range to around 500 cm™!, so
that the instrumental cutoff is determined by other
elements along the optical path, such as the lenses used.
The range in which the detector is working at its maximum
capacity can be varied in the manufacture by varying the
proportions of the dopants. This has added great flexi-
bility whereby the instrument now can be optimized for a
particular range. The area of the detection element has
also been increased, allowing for more efficient light

collection.
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The high frequency polarization modulation technique
developed by Grosjean and Legrand (16, 17) has made it
possible to increase the sensitivity of the detection of
left versus right circularly polarized light by at least
two orders of magnitude. The signal is modulated twice,
first by a conventional mechanical chopper and then by
sending the previously plane polarized light through a
crystal, in which the birefringence is modulated either
by mechanical stress (photoelastic modulator, or PEM), or
by an applied voltage (electra-optic medulator, or EOM)
(18). This technique also relies heavily on the avail-
ability of sophisticated lock-in amplifiers, which detect
the differential interaction of the two circularities, at
the modulation frequency.

The first eagerly anticipated measurements of VCD
signals were reported by several groups in 1972 - 73 for
liquid crystals (19 - 22), and were soon followed by
measurements of single crystals (23) and neat liquids
(24). This was followed in 1975 and '76 by three papers
by Stephens’s group, which not only demonstrated that the
new technique could be applied to many compounds but also
provided suggestions for instrumental improvements; they
did not, however, try to interpret the results (25 - 27).
Stephens and his coworkers have continued to work with
VCD: Keiderling and his group have primarily made meas-

urements on polypeptides and other protein-like systems,
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in solutions as well as in thin films; Nafie's group has
concentrated on smaller peptides and amino acids, while
also spending considerable efforts on the development of
new models. They have also built an instrument and de-
veloped the theory for FT-VCD. Meanwhile Stephens's group
has mainly concentrated on theory and has developed a
successful method for making ab initio calculations of
VCD transitions. The method, like most of its kind, is
computer intensive and can so far only be carried out on
small molecules (See reference 4 for review of early
work, and reference 5 for review of more resent work done
in the field).

Our group, led by Max Diem, originally worked on
instrumental design with special interest in the mid
infrared region where most of the peptide modes occur,
with the specific intention of studying small peptides in
aqueous solution. This work has recently been expanded to
include work on DNA.

Arrangement and Scope of this Thesis.

It has long been accepted that the three dimensional
structure of an enzyme is a key to understanding its
activity. Moreover, the enzyme substrates are often small
strands of peptides, which take up specific conformations
when interacting with the enzyme. Such relatively small

biomolecules are ideal candidates for VCD studies. The
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efforts of this group in that context has been to build
up a detailed understanding of the conformation of small
preptides in aqueous solution, using the technique of
vibrational circular dichroism in conjunction with con-
ventional Raman and IR spectroscopy, and starting with
such simple molecules as alanyl-alanine and the peptide
model N-acetyl-L-alanine-N’-methylamide (AAMA). The first
part of my thesis forms the background of this under-
standing as it deals with the vibrational analysis and
the normal coordinate calculations of alanyl-alanine,
which were considered necessary for the proper interpre-
tation of the VCD spectra.

Early efforts at collecting Raman spectra of peptides
revealed that certain regions of the spectrum show sensi-
tivity to the conformation of the peptide, in particular
the regions known as the amide I and amide III regions.
These regions, which lie around 1700 cn™! and 1300 cm~!
respectively, have therefore become our main focus of
interest. Of these the amide III vibrations were not
clearly understood, and the first task was therefore
considered to be the thorough examination of the amide
III region of the simplest possible chiral peptide,
alanyl-alanine. Earlier studies of alanine show that the
methine deformations fall in this region (28); it was
therefore a reasonable assumption that the amide III

vibrations should involve these deformations, as well as
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the deformations the N-H hydrogen of the peptide linkage.
To sort out the possible contributions of the various
modes involved it was decided to synthesize a series of
isotopically substituted alanyl dipeptides which had one
or both of the methine hydrogens exchanged with deuteri-
um. Chapter II explains how the necessary peptides were
synthesized, using the Merrifield method of synthesis.
The Raman study of the synthesized peptides was done by
other members of this group and will therefore not be
described in detail here (29). However, the results of
that study are so closely intertwined with the setting up
and interpretation of the normal coordinate analysis that
they will be carefully explained at the beginning of
chapter IV. Chapter III gives the theory of the normal
coordinate analysis and introduces the computer programs
used in the calculations. Chapter IV, as already indicat-
ed, explains the normal coordinate calculations, defines
what criteria were used for choosing the force field, and
interprets the results.

The topic of the second part of this thesis is the VCD
studies of the alanine dipeptides and of N-acetyl-L-
alanine-N’'-methylamide, AAMA. Thus chapter V starts with
an explanation of the theory of VCD, and of the many
models which have been developed. The coupled oscillator

model is described in detail. This is followed by a
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chapter which gives a detailed description of the VCD
instrument used at Hunter college. Chapter VII is an
account of the VCD studies of the same isotopically
substituted species which were examined via vibrational
analysis in chapters III and IV. Finally, Chapter VIII is
a shortvchapter about the VCD results obtained for AAMA,
stating developments so far and pointing to possible
further studies. The four chapters of the second half of
the thesis will hopefully give an impression of the
complexity of the VCD spectra, and of the difficulties
encountered in obtaining and interpreting them, as well
as of the potential usefulness of this still fairly new

technique.
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CHAPTER II

SYNTHESIS OF ALANYL-ALANINE ISOTOPOMERS.

The Merrifield Method of Peptide Synthesis.
Peptides are synthesized, in nature as well as in the
laboratory, by the addition of one amino acid to the

next, accompanied by the loss of one water molecule:

H O H O
[} ol
H,N--C--C~--0H + HoN-=C==C==0OH  =—===e—- >
2 ] 2 ]
! ]
R R

H O H O
'

| P
HZN--CIJ--C--PI(-—(.J--C--OH + Hy0
R HR
The method employed by us in synthesizing peptides is
based on the method developed in the 1960s by R. B.
Merrifield, known as the Merrifield Method of solid phase
peptide synthesis (30). Until then peptide synthesis had
been carried out in solution, which had one serious
drawback: the new peptide obtained after each addition of
an amino acid had to be isolated and purified (recrystal-
lized). The result was that the yield after each succes-
sive addition became smaller, so that the synthesis of
long peptide chains became just about impossible. Merri-

field solved the problem in the following manner: the C-
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terminal of the first amino acid is anchored to a solid
support, a resin bead, via a benzyl ester linkage. The
other end of the amino acid, the N-terminal, is protected
by some bulky ¢nd group. The synthesis proceeds by suc-
cessively removing the protection group and adding the
next amino acid with its protection group already in
place. These two steps are repeated until the chain has
the desired length, after which the whole chain is
cleaved off the resin. Notice that the synthesis proceeds
from the C-terminal towards the N-terminal of the pep-
tide: the opposite of the way it is usually written.
Using this method the various reagents and solvents are
simply washed away, once they have served their purpose,
leaving the growing peptide firmly anchored to the resin.
The purity of the product depends only on the complete
removal of the protection group and the success of the
addition of the next amino acid.
Outline of the Synthesis.

The vibrational analysis of alanyl-alanine required
that a number of isotopically substituted species were
available. The easiest way of obtaining an isotopomer is
to dissolve the parent molecule in D0, stir the solution
well and evaporate off the solvent. This exchanges all

the labile protons with deuterium:
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H O H o Lo} H o
| | ] [ |
HyN--C-=C--N--C--C--0H ~- ~C--N--C--C--0D
1 Vol i [
CHjy H CHg CHg D CH3
L-alanyl-L-alanine L-alanyl-L-alanine,

labile protons exchanged.
The rerzining protons are the methyl hydrogens and the
methine hydrogen, one set for each amino acid. Of these
only the methine hydrogens were thought to have any
contribution in the region of special interest, the amide
III region. We therefore synthesized two dipeptides with
the methine deuterated, which yielded two more isotopo-
mers when they were dissolved in Dy0:

D O H O H O

[
--N=--C--C-~0D
v

[ |
HyN--C--C--N--C--C--OH -

' [ ! [

CHy H CHy CHy D CHg
L-alanyl-d;-L-alanine L-alanyl-d,-L-alanine,

labile protons exchanged.

and
D o D o
Dy0 [ ] [}
------- > DyN==C--C==N=--C-=C~-0D
' !
CHgy D CHg
L-alanyl—dl-L-alanine-dl L-alanyl-dl-L-alanine-dl,

labile protons exchanged.
The synthesis consisted of six parts:

A) Deuteration of the methine position of the amino acid,
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which proceeds with racemization.

B) Optical resolution to obtain the L-isomer.

C) Protection of the N-terminal.

D) Attachment of the first amino acid to the resin.
E) Synthesis of the dipeptides.

F) Cleavage of the peptide from the resin.

A)  Deuteration of the Methine Proton in DL-alanine.

In a 4.5 g sample of DL-alanine all labile protons
were exchanged by repeatedly dissolving in Dy0 and subse-
quently evaporating to dryness. The sample was then
dissolved in about 50 mL acetic anhydride, and 12 mL of
D20 was added. This was stirred for about two minutes,
and another two mL D0 was added., It was again stirred
for two minutes and evaporated to dryness. The resulting

compound was N-acetyl-LD-alnnine-Z-dl.

H O o} o
L1 | | D;0
DpN-~C-~C--0D + CHg--C--0--C--CHg . =--=--- >
|
CHy
alanine acetic anhydride
o) D O

[} |
CHy==C--N--C--C--0--D
o
D CHy
N-acetyl-LD-alanine-2-d;

The completeness of this step was tested via NMR (60-MHz
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Varian EM-360A Spectrometer): the quadruplet due to the
methine and the doublet due to the methyl hydrogens on
the chiral carbon collapse to one singlet (the unsplit
methyl hydrogens) when the deuteration is complete. The
chemical shift, 8, is 1.35 (for the acetyl methyl group,
6 is approximately 2). Usually the procedure had to be
repeated several times before deuteration was complete.
B) Resolution of N-acetyl-DL-alanine-2-d; (31).

The resolution of the two enantiomers was achieved by
incubating an aqueous solution of pH 7.0 with Acylase I
(Sigma Chemical Co.), 20 mg/13.1 g of sample, for 24
hours at 38° C. At the end of this time another batch of
Acylase I was added, 5 mg /13.1 g, and the incubation was
continued for another 16 hours (the exact time is not
crucial). The acylase cleaves the L-enantiomer to L-
alanine-2-d; and acetic acid but leaves the N-acetyl-D-
alanine-2-d; uncleaved.

H O D O

[ I A |
C-N-=C=m=C-=0=-H
C o

H H CH
N-acetyl-L-alanine-2-d;
o

+ acylase--C--CHy

L-alanine-2-d,

PR
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o

]
acylase + H3C--C--0--H

C) Protection of the N-terminal (32).

The protection group in this synthesis was a tert-
butoxy group. It was attached to the N-terminal of the
amino acid by treating this with di-tert-butyl-dicarbon-
ate. 10 mmol of amino acid was dissolved in 50 mL of a
2:1 mixture of dioxane and water. While cooling in an ice
bath 10 mL 1M NaOH was added. Following this, 11 mmol of
di-tert-butyl-dicarbonate was added, and it was stirred
for thirty minutes.

I T i
CH3~—C——?--C--O--C--0--C--(;:H3 + H--N--(IJ--(I?--O--H
1 |
Ha
di-tert-butyl-dicarbonate L—slanine-z-dl

i |
CHg CHj H Cl

O D H O CHy
oo 1
----- > H--0--C--C--N--C--0--C--CHj

CHy céa
t-boc L-alanine-2-d;

The sample, after evaporation, contained a mixture of
t-boc-alanine-2-d,; and unprotected amino acid. These were
separated by dissolving the sample in ethyl acetate,
acidifying with KHSO, to a pH of 2, and washing with
water. The unprotected amino acid dissolved in the aque-

ous layer, but the protected did not.
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D) Attachment of the first amino acid to the resin (33).
The next step was to attach the first t-boc-alanine to
the resin, which is an insoluble copolymer of styrene and
divinyl benzene (Merrifield-resin), via a benzyl ester
linkage. The method for doing this is cited in the refer-
ence. In the present case some resin had already been
prepared by other members of the group.

E) Synthesis of the Dipeptides (30).

As already stated the Merrifield method of peptide
synthesis starts with a single amino acid bonded to a
resin bead at the C-terminal. The other end of the amino
acid is protected by a tert-butoxy group (t-boc group).
(In the following () indicatzs a hexane ring and (o) a
benzene ring. The resin bead surface is indicated by ! ).
The synthesizer used is depicted in Figure 1. The motor
provides a rocking motion which effectively mixes the
resin with any reagent. At the end of each step the
synthesizer is drained into a reservoir, and the next
reagent is added. Since the peptide is always bonded to
the resin any by-products or impurities are simply washed

away.
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Drying tubs fitted bero.

Teflon stopcock.

Fritted disc.
Screv cap
Disc roating through 90°,
providing & Focking eotion.
Three fingerod clasp.
Pritted disc. Disc rotating 360

Totlon stopcock.

Blectric sotor.

Toflon tube to reservoir
vacuun pusp.
P

— —

Fig.1. Peptide synthesizer. All parts of the synthesizer
are either glass or teflon because of the triflourcacetic
acid used in the synthesis. The flask is about 9 inches

long and 2 inches in diameter.
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Starting with
0 H H 0 CHg
| ] |
{==(0)-~CHy=-0--C~~C-~N=-0--C--C-~CHy
1 i
CHy CHy
Resin 1st Ala t-boc
the peptide chain is built by 1) cleaving off the t-boc
group (deprotection), and 2) adding the next amino acid,
which is already protected with a t-boc group at the N-

terminal.

1) The t-boc group is cleaved off using trifluoroacetic

acid (TFA)
o H [o] CHy
[ d ! CF3CO0H
!==(0)--CHp--0--C-~C--N=-0--C--C-=CHg ~  =m=Zmmmmu >
| i
CHg CHgy
Resin 1st Ala t-boc
o H CHp

'
:--(o)-—cﬂz--o—-g-—é--Nﬂz + COp + (':--cH3
' |
CHy CHy
Resin 1st Ala isobutylene
2) The next Ala-t-boc is added with dicyclohexylcarbodii-
mide, (DCC). These form a reactive intermediate, which

reacts with the amino acid on the resin.
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i
H O
o
t-boc-~N--C-~C--OH + ()==N==C==N--()
o
[
H CHy
t-boc-Ala Dcc
()
|
H O N
Pl
------ >  t-boc--NH--C--C==0--C--NH--()
v
|
CHgy
reactive intermediate
ii ()

H o N

| "
t-boc--NH--C--C~=-0--C--NH-~( )

N

!

CHgy

reactive intermediate

+ 1==(0)--CHpy~~

resin- 1st Ala
0O H 0O H
| [
----- > 1--(0)==CHy==0==C~~C~=-N==C-=C--N--t-boc
' I

P P
CHy H  CHy H
resin- 1st Ala- 2nd Ala- t-boc
o}
[}
+ ()=~NH=-=C-=NH~-=()

dicyclohexyl urea
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Steps i and ii are repeated until the preptide chain
has the desired length.

In order to end up with only one product, and avoid a
mixture of peptides of different length and composition
it is necessary to have a way of monitoring the success
of each step. For this the ninhydrin test was used
(34,35). This very sensitive test determines whether the
last unit on the peptide chain is an amino group,; that
is, whether or not the last amino acid has a Pprotection
group at its N-terminal.

For the test three solution were prepared:

1) 500 mg ninhydrin in 10 mL ethanol.

2) 80 g phenol in 20 mL ethanol.

3) 2 mL 0.001 M KCN solution diluted with pyridine to
make a 100 mL solution.

A very small sample of the resin is placed in a small
test tube. To the test tube is added 2-3 drops of each
of the prepared reagents, and the test tube is heated in
a beaker of water to 100° C for about five minutes.
Positive result: The solution and the beads turn deep
blue after two minutes heating, indicating the presence
of free amines.

Negative result: The solution turns yellow or pale pur-
Ple, but the beads have their original off-white color,

indicating that no free amines are present.
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It is very simple to see whether the test is positive
but less obvious if it is definitely negative. Therefore
a solution was usually made up of the reagents only, with
no free amines present. Upon heating, this solution would
turn yellow or pale purple, and served to show what a
completely negative result should look like. However, the
test is so sensitive to the presence of free amines that
even with a slightly positive test (pale blue beads,
trace blue solution) less than one percent of free termi-

nal amines are present (34).

F) Cleavage of the Peptide from the Resin (36).

The resin was suspended in TFA in & round bottom
flask, cooled in a mixture of water, ice and salt, and
HBr gas was bubbled through for about an hour. The set-up

is shown in Figure 2.

¢} H

[ I
{--(0)=--CHp~-0--C~-C--N~--C--C~

2 I} 1 ]

[ Vo
CHg H  CHz H
resin- 1st Ala- 2nd Ala- t-boc
o H 0o H
I |
{--(0)--CHp--Br + COp + H--0--C--C--N--C--C--N--H
.o T
[ [
CHy H  CHy H

Ala- Ala
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Toflon tubes and joints. Bottle of HBr gas.
A

e 7T

Therzomater.

Trap.

Figure 2. Apparatus.for cleaving the peptide off the
resin (in the hood). Since "back-pressure" is common the
trap must be arranged so that no solvent can get into the
HBr flask, which might otherwise explode. Everything must
be securely clamped and all joints carefully checked for

leaks.
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The final purification of the peptide depends on its
solubility. When making di- and tripeptides it has been
sufficient to recrystallize the peptide from a
water/acetone mixture, taking advantage of the fact that
the peptides are very soluble in water but not in ace=-
tone.

Step by Step Reaction Scheme.

For non-deuterated samples the Merrifield resin is
generally bought with the first amino acid already at-
tached. 1 g of resin will give approximately 1 mmol of
product. The synthesizer used works well with 2.5 g of
resin, and could probably be used with 3 8. The quanti-

ties given here assume 2.5 g of resin.

# Reagent Vol. # of times Duration Remarks

1 CHyCl, 65mL 1 2 3 1 min

2 50% TFA/CHZCIZ 65mL 1 2 min TFA

3 50% TFA/CHzclz 65mL 1 40 min Deprotection
4 CHyCly 65mL 12345 1 min

5 2-propancl 45mL 1 2 1 min

6 CHyCly 65nL 1 2 1 min

Ninhydrin test - should be positive

7 5% DIEA%*/ 65mL 1 2 min

CH,Cl,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



33

8 CHaCly 65mL 12345 1 min
9 t-boc-Ala/ 25mL 1 5 min DO NOT DRAIN
CHyCl,
10 DCC-CHZCIZ 25mL 1 50 min Coupling
11 CHyCly 65mL 1234 1 min
12 2-propanol 45mL 1 2 1 min
13 CHpCly 65mL 12345 1 min
14 2-propanol 45mL 1 2 1 min
15 CHyCly 650L 123 1 min

Ninhydrin test -~ should be negative

* DIEA, diisopropyl ethyl amine, is a sterically hindered
base:
H-=C(CHz )3--N--C(CH3 ) 5~
Loty

Its purpose is to neutralize any remaining TFA.

For the coupling step 5 mmol of t-boc-Ala was used,
that is twice as much as the expected yield. If this step
needed repeating about half as much as the expected yield

was used.
In conclusion it should be mentioned that Hunter

College now has its own peptide synthesizing facility.

However, the quantities made there are very small from a
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spectroscopists point of view and it is often faster for

us to make the small peptides ourselves.
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CHAPTER III

NORMAL COORDINATE ANALYSIS: THEORY AND COMPUTATIONAL
METHCDS .

The Harmonic Oscillator Model of Molecular Vibrations.

The harmonic oscillator is one of the few systems for
which the Schrédinger equation can be solved (37). This
is significant because the vibrations of the nucleus of
an atom in a molecule can be described in terms of such
an oscillator. If we imagine the oscillations of the
nucleus to be due to the stretching and contracting of a
bond it can be seen that for small displacements about
the equilibrium position the nucleus behaves very much
like a mass attached to a spring. However, as the oscil~
lations about the equilibrium position increase in ampli-
tude the nucleus will at one extreme (contracting) meet
with the repulsive force of the nucleus at the other end
of the bond, and at the other extreme (expanding) feel
less and less of the attractive force of the bond until
the bond breaks and the molecule falls apart, Figure 1.
Similar arguments hold for other motions of the nuclei.
But for small displacements the motion is very similar to
the harmonic oscillations of a mass attached to a spring,
a system which is well described by classical mechanics.
The calculations cf the mction of the nuclei therefore

begin with the classical picture.
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Energy

Ze Internuclear distance

Figure 1. Example of a potential energy curve for two
nuclei with equilibrium bond length re. The broken line
indicates the energy of a harmonic oscillator. Close to
the equilibrium, i. e., for small vibrations, the two

curves coincide.
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The Born-Oppenheimer Approximation.

When calculating the energies of the vibrations of the
molecule we are assuming that the potential due to the
electrons around ‘each nucleus is constant in time and
only varies as a function of the nuclear coordinates.
Figure 1 is a pictorial description of the resulting
"potential well" created by the electronic potential, in
which the nucleus moves. This assumption is the Born-
Oppenheimer approximation (38). Another way of stating it
is to say that the electronic wavefunction and the nucle-
ar wavefunction are separable. It means that for situa-
tions in which the approximation is valid it is possible
to consider the vibrations of the nuclei without having

to take into consideration the motion of the electrons.

Methods Used for Calculating the Vibrations of a
Molecule.

In their book "Molecular Vibrations", Wilson, Decius
and Cross developed a method for calculating the vibra-
tions of small molecules which has proved to be very
useful for spectroscopists (39). The method was original=-
1y developed to be used in connection with group theory -
and therefore limited to molecules which possess some
symmetry- but the use of computers, together with the

development of fast algorithms for diagonalizing ma-
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trices, has made it possible to carry out the calcula-
tions for any small molecule. The computer programs used
to carry out the calculations based on Wilson’s methods
were developed by Schachtschneider (40) and later modi-
fied by Diem for use on a PC (41). The following will
therefore be a brief account of the theory behind the
methed developed by Wilson, followed by an account of how
the method is incorporated into the programs.
Theoretical Background.

As described in "Molecular Vibrations", chapter 2 we

can express the kinetic energy, T, and potential energy,

V, in mass weighted Cartecian coordinates, 93, such that

9 = BjAx; ap = VRjA v, etc.,

where m is the mass of the atom and the A's indicate the
atomic displacements from the equilibrium position.
Furthermore, we can express the potential energy as a
power series expansion, of which only one term is signif-
icant. This yields for the kinetic energy:

3

4;2 1

1

2T =

WMz

i
and for. the potential energy:

2v= =¥ £55 2395 2
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&2v

R - 3

quéqj
N is the number of atoms and § is the derivative of the
displacement coordinate with respect to time. Using

Newton's equation of motion in the following form

d 3T v
- -—— ¢ === =0
dt qu 8ajy

and substituting the values T and V, one gets

N

q; +ifl fijqi,j =0 J=1,2, ... 3N 4

which is & set of simultaneous second-order differential
equations. The trial solutions to these are
q; = Ay cos A2 4 c) 5
When these solution are substituted in the differen-

tial equations a set of simultaneous homogeneous linear
algebraic equations is cbtained

3N .

LR 5550) A = 0§ =1,2,....,3N 6
where The 6ij is the kronecker delta and the Ai's are the
unknown amplitudes. To find the non-trivial solutions we
set the determinant equal to zero (the secular equation).

The solution to this gives a set of values for A for
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which the A;’s are non-zero, that is for each Ak there
are corresponding Ajgrg. The amplitudes are not uniquely
determined in that only the relative amplitudes are

known.

Interpretation of the Results of the Solutions to the
Harmonic Oscillator.

We have obtained a set of solutions to Newton's equa-

tion of motion (equation 3 and 4) via the trial solution
Q; = A cos (Al/zt +c) 5

for which we now have the frequencies, given by Neyzm,
the relative amplitudes and the relative displacements of
the vibrations of the atoms in a molecule. There are 3N
solutions corresponding to the 3N roots to the set of
algebraic equaticns. Six of these are zero as they corre-
spond to the three rotational and the three translational
motions of the molecule. The remaining 3N - 6 solutions
correspond to 3N - 6 frequencies at which the molecule
can vibrate (3N - 5 for linear molecules). For each
frequency, corresponding to each A, the relative dis-
placements of the coordinates are given by the ampli-
tudes, A;. This simultaneous motion of all the atoms at
the same frequency and in phase is known as a normal
mode. Although the absolute amplitudes are not known the
relative amplitudes show which motion or motions are the

main contributors to a particular normal mode. The normal
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modes are usually named after their main contributor,
such as "C-H stretch" or "N-H deformation" whenever that
is possible. The calculations give no information about
combination bands, overtones, selection rules or special
effects, such as Fermi resonance, which are encountered
in vibrational spectroscopy. Such information must be
found from quantum mechanical consideraticns and from

experimental data.

Normalization of the Amplitudes.
To give some numerical value to the amplitude of each
A calculated it is only necessary to arbitrarily fix the
value of one. However, there is a more satisfactory way
of dealing with this (39): The A;’s are first given arbi-
trary values, A’i, by giving one of them the value 1. We

can then define a term k; such that

This definition was chosen because

Lkl =1
1
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The Normal Coordinates.
It is implied in the solution to the secular equation

that there exists a set of coordinates, Qg» such that

3N, 3N
2T = ¢ Qf and 2V= B oA af 8
k=1 k=1

The Q)’s are the normal coordinates. The name refers to
the fact that there is one coordinate associated with

sach normal mode of vibration.

Spectroscopy and Normal Coordinate Calculations.
It has been assumed in the above calculations that the
potential energy is known, and in particular that for the

significant term

the force constants, fij' are known (equation 3). This is
almost never the case: when a normal coordinate analysis
is carried out it is usually after all the vibrations
have been assigned. The force constants are given values,
usually from the results of other calculations of similar
molecules or from ab initio calculations, and adjusted
until the observed spectrum can be reproduced. The good-
ness of the force constants can then be ascertained by
isotopic substitution; since the major difference between
two isotopes is the difference in mass the potential
field around them is assumed to be the same. Therefore

the frequency shift observed due to isotopic substitution

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



43

should be due to the change in mass only, and the same
potential energy should accurately predict the new fre-
quencies. This implies that spectra must be collected for
several isotopically substituted species of the molecule
of interest, and the calculations carried out for all
species, using the same force constants. In practice,
therefore, the value of the calculations lie in the
information they give about the displacement of the atoms
and the nature of the potential field: this information
is contained in the normal coordinates. Only under spe-
cial circumstances can the calculated frequencies be used
to settle uncertainties regarding an assignment.

As will be shown, the programs, which were developed
to carry out the normal coordinate calculations, were
written from the spectroscopist’s point of view: it is
easy to change the force constants and to check the

calculated against the cbserved frequencies.

The Computer Programs.

The programs used for the normal coordinate calcula-
tions are adaptations of the programs developed by
Schachtschneider (40). They have been modified for use on
a PC which has been equipped with a mathematics coproces-
sor (41). There are four programs: CART, BMAT, UBZM, and
NOCO, which will be discussed next. In the text boldface

type is used to indicate that the quantity is a matrix,
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since most of calculations are made via matrices. To
indicate the transpose of a matrix the superscript t is

used.

CART
In CART the geometry of a molecule is input using only
the positions of the atoms defined by bond lengths and
bond angles. The program calculates the atomic positions
in a Cartesian coordinate system which has its origin in
the first atom defined and its positive x-axis along the
first bond defined. The second bond defines the x-y plane
and the positive y direction. The positive z-axis is
defined by the first atom which is not lying in the x-y
plane.
BMAT
The program BMAT transforms internal coordinates to
Cartesian coordinates. The possible motions of a molecule
are most easily defined as displacements of the atoms
along a set of internal coordinates, R, which here are
a) bond stretches
b) deformations of bond angles

c) out of plane bends (wags)

d

torsional modes ( changes in the torsional angle)

e) linear bends ( for linear molecules)

The internal coordinates are input into the program,
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which transforms them to Cartesian coordinates, x. The
transformation takes place via

R = Bx 9
and the object of BMAT, apart from performing the trans-

formation itself, is to evaluate the B matrix.

UBZM

It is the task of UBZM to generate the potential
energy matrix, which describes the possible interactions
between the atoms in terms of the force constants. This
program uses Urey-Bradley force constants which will be
described later; but first it is necessary to consider
the most convenient way to express the force constants.

It is simple and logical to define the molecule and
its motion in internal coordinate space, but when defin-
ing the force constants it is the only logical way: if
the force constants were defined in space fixed (Carte-
sian) rather than in molecule fixed (internal) coordi-
nates it would not be possible to transfer the value of
the force constants of a particular motion of a particu-
lar atom from molecule to molecule, or even from bond to
bond within the same molecule. The potential energy

3N

= t
zv-:lt“q =9 Fga

i

is therefore redefined in internal coordinate space
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2v = Rt Fp R 10

As stated earlier the desirable method of doing the
calculations is to input a set of force constants which
have already been found for molecules similar to the one
under investigation, relying on their transferability,
and then make small changes until the frequencies calcu-
lated fit the observed frequencies. To achieve this Fg is
written as

Fij=zijk &y or Fp =238 11
where & is a column matrix which consists of the force
constants, and the Z matrix determines where in Fp a
particular force constant will appear. The Z matrix also
contains a weighting factor; it thus has four columns,
two for position (i and j), one for the force constant
(given by &), and the last one for a weighting factor,
which in the case of a general valence force field hes
the value 1.000 (for an explanation of the weighting
factor, see reference 40). For example

1 3 3 1.000
means that row 1 column 3 gets the value of force con-
stants #3, weighted by 1.000. The separation of Z and &
allows us to calculate the Z matrix once only. The force
constants are input later in the program NOCO and are
easily changed for each run of the program.

It is possible to circumvent the UBZM program and

write out the potential energy matrix by hand, using a
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general valence force fieid. However, including all the
interaction between the non-bonded atoms for anything but
the simplest molecules becomes a mammoth task. It is
easier to use a method based on the work of Urey and
Bradley (42). They proposed that the interaction between
adJacént non-bonded atoms must be similar in kind and
magnitude to the forces between inert gas atoms or ions
in crystals, that is, similar to Van der Waals forces.
Based on their work a method was developed by Simanouti
for including these interactions in the vibrational
secular equation (43). The Urey-Bradley force constants
commonly used in vibrational calculations refer to the
definition given by Simanouti. For these programs the
Urey-Bradley interactions are defined in the input of
UBZM. The interactions are defined for three situations:
i) Interactions between two non-bonded atoms in a tet-
rahedral arrangement.-

ii) Interactions between two atoms which are separated by
two bonds and which are not part of a tetrahedral ar-
rangement.

iii) Interactions between two atoms which are separated
by three bonds (a cis- or trans-type interaction.)

UBZM calculates the weighting factor (the fourth column

of the Z matrix) and outputs the Z matrix (40,41).
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NOCO
The input for the program NOCO consists of ithe force
constants, the atomic masses, and the observed frequen-
cies. If there are isotopically substituted species,
their atomic masses and observed frequencies are also
input. As stated earlier (equation 1) the kinetic energy
is given by
2T = £ (4% = Emy (%)% = xt M x

where ° indicates the time derivative, M is the diagonal
matrix of the masses of the atoms 1 to N, and x% and x
are row and column vectors of the ii' The advantage of
calculating the kinetic energy in mass weighted Cartesian
space is that it is already a diagonal matrix. As dis-
cussed previously, the potential energy is defined in
internal coordinate space:

2v = Rt Py R
so that F depends only on the nature of the motion it
describes and the atoms to which it refers.

In Schachtschneider’s programs Wilson’s GF method was
used: the kinetic energy was transformed into internal
coordinate space, and all the calculations were carried
out in internal coordinate space (40). This procedure
leads to a nonsymmetric matrix, which has to be diagonal-
ized via a time consuming algorithm. As the programs were

adapted for use with a PC it was found that time could be
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saved by using a fast algorithm for diagonalizing a
symmetric matrix, the Householder diagonalization routine
(41). Therefore the secular equation is defined in mass
weighted space. The B-matrix is used to transform Fp into
Cartesian coordinate space (equation 9):
F, =BE Ry B 12
and to mass weighted Cartesian space
Fg=WBF B W 13

where W = H-*, which is already in the diagonal form.
This is the quantity we need for the secular equation
(equation 6), which is now diagonalized via the House-
holder diagonalization routine. Solutions to the secular
equation gives the energies which are converted to wave
numbers. The eigenvector matrix, C, which is obtained in
the process, transforms from mass weighted Cartesian to
normal coordirate space. This transformation

ctrgc
can be written (equation 12 and 13)

ctwr WC
from which we define the transformation matrix

S=WC 14
which transforms from Cartesian coordinates x to normal
coordinates Q; and

ctustrpyBUC

from which we get the transformation matrix

L=BWC 15
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which transforms from internal coordinates to normal

coordinates.

Atomic Displacements.

As pointed out earlier we know only the relative
amplitudes of the displacements of the atoms during the
normal mode (equation 7). The S matrix allows us to find
the relative displacement in Cartesian coordinates since

x=85Q
The program is written in such a way that it displays the
relative displacements in the x, y, and z direction of

each atom during a normal mode.

The Potential Energy Distribution, PED.
The contribution to the potential energy of the force

constants to a particular normal mode, i, is given by

Lji Lgy Fi
where Fj, = L Zjkn Bp
The fractio;Ll contribution of a particular force con-
stant, &, is therefore

Lsi Liei Zjkm Bn / Ay
The values for all m’s makes up the potential energy
distribution, PED, for the i’'th normal mode. The program
is written in such a way that the PED is displayed for

each frequency, together with the force constant number
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and description. This is very important: not only do we
wish to reproduce the observed frequencies, but we want
correspondence between the assignment of the mode and the
force constants which contribute to it. For example, if
we have assigned a mode to a C-H defoma‘tion we want the
PED to show that the C-H deformation force constant

contributes strongly to that mode.

Summary

The program NOCO outputs the observed frequencies, the
calculated frequencies and the difference between the
two. It then lists each mode with the description of the
observed frequency and the PED’s calculated. If there are
isotopically substituted species these are calculated and
displayed in a similar manner, for a particular set of
force constants. There is an option in the program to
have this followed by a listing of the atomic displace-
ments in Cartesian coordinates for all normal modes (the
S-vector).

It should again be stressed that in carrying out the
calculations all factors have to be taken into considera-
tion: frequencies have to match for all isotopically
substituted species, and the PED’s and displacements have
to correspond to the features revealed during the vibra-
tional analysis which was the basis of the calculations. °

Exactly how this was done in the case of alanyl-alanine
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is the subject of the next chapter.
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CHAPTER IV

VIBRATIONAL ASSIGNMENT AND NORMAL COORDINATE ANALYSIS

OF ALANINE DIPEPTIDE.

Introduction
The overall aim of our research is to obtain conforma-
tional information about small peptides, using the tech-
nique of vibrational circular dichroism, VCD. Detailed
interpretation of VCD requires thorough understanding of
the vibrational spectrum of the molecule examined. This
study provides an in-depth look at the vibrations of the

simplest chiral peptide, L-alanyl-L-alanine.

Historical Sequence of Vibrational Spectroscopy
of Peptides.
When vibrational spectroscopists first started examin-
ing peptides and proteins they found several vibrations
in the infrared which are characteristic of those mole-

cules. Since they all have in common the peptide linkage

it was concluded that the vibrations involved these

atoms. The vibrations were named amide I-VII and amide A
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and B. It was also found that the frequencies of some
vibrations shift as the peptide undergoes conformational
changes, and that these frequency shifts can be correlat~
ed with secondary structure, such as 8 sheets and a
helices (44, 45).

Miyazawa et al. carried out an analysis of the model

compound N-methylacetamide

H
'
CH3-C—§-CH3
1
o
to find the normal modes associated with the amide vibra-
tions (46). Our work is mostly concerned with the amide I
- III vibrations. The amide I vibration, observed at 1653
cm'l, was assigned by Miyazawa to be mainly due to the
C=0 stretching vibration. Upon deuteration of the N-H
hydrogen the frequency shifts to 1642 cm™!. The amide II
vibration is observed at 1567 cm™!, and shifts to 1472
em™1 upon deuteration. They found this band to be largely
due to the N-H in plane deformation, with a much smaller
contribution from the C-N stretch. They also found that
the amide III mode consists of the N-H deformation and,
to a lesser extent, of the stretching of the C-N bond.
This assignment, however, does not adequately explain the
observed sensitivity of the amide III region to conforma-

tional changes.
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Figure 1. Raman spectra of LL-alanine (solid line) and

DL-alanine (broken line) in aqueous solution, concentra-
tion app. 0.5 M.
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Vibrational Assignment of the Amide III Region.

Our interest in the subject began with the observation
that there is a small but clearly reproducible difference
between the Raman spectra of aqueous solutions of L-
alanyl-L-alanine and D-alanyl-L-alanine (hereafter re-
ferred to as LL-alanine and DL-alanine) in the amide III
region (Figure 1). This region appears to consist of
three bands; the first task was therefore considered to
be the thorough understanding of what constitutes these
bands in the dipeptide. This was achieved by a careful
vibrational analysis based on the Raman studies of LL-
alanine and five isotopically substituted species, which
revealed that the bands observed in the amide III region
are the result of extensive coupling of the N-H deforma-
tion with the deformation of the methine groups at both
ends of the molecule (29). Since that study is the back
ground for the normal coordinate analysis it is here
explained in detail.

The original spectra are reproduced in Figure 2. The
nomenclature used in that study is adopted here as well.
The species

H H H
! P
Nna*--(::--?l--n—-(::-—coz‘
CH3 O CHjy

is referred to as CHNHCH,
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Fig.2 Raman spectra of aqueous solutions of LL-alanine

and its isotopically substituted species (29).
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D D H
1 [

Ny Do _
NDg*=-C-=C--N-~C--C0,
]

!
cHy O CHgy

as CDNDCH, and so forth. The six isotopomers studied are:
the native molecule, the molecule with one of the methine
hydrogens exchanged for deuterium (at the N-terminal} and
the molecule with both methine hydrogens exchanged for
deuterium. Solutions were made in Hy0 and Dy0 giving six
isotopomers in all, since all labile protons will ex-
change with deuterium when dissolved in Dy0 (all hydro-
gens at the Nl-l:,‘b and at the peptide linkage). Like ala-
nine the dipeptide exists as a zwitterion in aqueous
solution, as indicated in the structures. This is proven
by the symmetric and antisymmetric stretch of 002'. which
occur at about the same frequencies in the two molecules.
The syntheses of these molecules are described in chapter
II. The assignments for the vibrations in the amide III
region are summarized in Table I (All tables are present-
ed at the end of the chapter to avoid constant interrup-
tion of the text).

In alanine, where there is no peptide linkage, there
are two strong bands at 1351 and 1301 cm™! , due to the
two deformations of the C*-H (the methine deformation)
(28). We shall show thet in peptides the amide III vibra-

tions involve the simultaneous motion of the C*-H and of
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the N-H in plane deformation

All conformational sensitivity of the amide III region is
believed to be due to this coupled motion. In the follow-
ing analysis special attention should therefore be paid
to presence or absence of methine hydrogens. The methine
at the nitrogen end has been named Cy-H and the methine
at the carboxylate end has been named Co-H. As in the
case of the C*-H deformation of alanine mentioned above,
there are instances when we have more than one spectral
feature due to the same coordinates; in such instances
they have been numbered from lower to higher frequencies
for easier identification. In the analysis only the amide
III region is discussed.

The analysis revealed the following (please refer to
Figure 2):
CDNDCD, trace A: In the absence of both methine hydrogens
and the N-H hydrogen no vibrations are observed.
CDNHCD, trace B: With only the N-H hydrogen present the
only feature is a broad peak centered at 1336 cm~!. This
will be referred to as the "unperturbed" amide III mode.
CDNDCH, trace C: Only Cy-H remains undeuterated; the two

bands observed are therefore interpreted as being due to
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the two deformations of this methine hydrogen, COH.I and
Co-H,2.

CDNHCH, trace D: This might be expected to consist of the
"unperturbed” amide III band and the two methine deforma-
tions observed in the two previous cases, trace B and C.
Instead we see a shift in the positions of the "unper-
turbed” amide III and the Co-H,2 deformation. This was
interpreted as being due to a mixing of the two deforma-
tion coordinates, giving rise to two new modes. The Co~
H,1 does not shift, and is therefore considered not to
take part in this mixing.

CHNDCH, trace E: Four bands are observed: In the absence
of the N-H hydrogen the two CO—H deformation reappear at
their original, unperturbed positions as seen in trace C.
The two other bands are interpreted as being due to the
deformations of the Cy-H hydrogen. There is no evidence
of any coupling of the two methines.

CHNHCH, trace F: This spectrum was interpreted partly on
the basis of the above, and partly from a band decomposi-
tion. From the previous traces we know that the region
contains five distinct coordinates, namely the N-H defor-
mation (the "unperturbed" amide III, trace B) and four C-
H deformations (trace E). Thus, whether or not there is
any mixing of the coordinates we should observe five

bands. Trace F shows only three clearly observable bands;
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therefore, a band decomposition was carried out. The band
decomposition showed the possible frequencies of the
bands and this, together with the information gained from
the previous spectra, allowed the spectrum to be inter-
preted as follows: the two lower frequency deformations
of the methines at the C- and N-terminal respectively
(COH.I and CyH,1) remain unperturbed; the remsining three
bands are due to the mixing of the amide III and the
remaining two methine deformation modes to form three new
modes which are a combination of the original unperturbed
modes (amIII,1 ; amIII,2 ; and amIII,3). This interpreta-
tion was later supported by vibrational circular dichro-

ism studies which will be discussed in chapter VI (47).

Normal Coordinate Calculations.

The purpose of the normal coordinate calculations
presented in the following sections was to derive a force
field which agrees with all the vibrational features of
alanyl-alanine discussed above. This entailed reproducing
the observed spectra and the mixing of the coordinates,
which would hopefully lead to a better understanding of
the nature of the mixed modes.

For the calculations the molecule was defined as shown
in Figure 3. It was simplified by treating the methyl
groups and the NHa+ group as point masses. The bond

lengths, bond angles, and atomic weights used are
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Figure 3. LL-alanine as defined in the normal coordinate

calculation. CHy and NH:," are treated as point masses.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



63

summarized in Table II. As discussed in Chapter III the
calculations were carried out using programs adapted from
Schachtschneider, with a Urey-Bradley force field (40,
41). In the definition of the Urey-Bradley force field
only gem and tetra interactions were considered, mainly
in order to keep the number of force constants manage-
able. The normal coordinate calculations were carried
out for all six isotopically substituted species, with a

final number of forty seven force constants.

Requirements of the Urey-Bradley Force Field.

With so many variables it is not surprising that there
is more than one force field which could reproduce the
observed frequencies within a few percent error. In
selecting the one which is presented here, certain crite-
ria were established:

1) The force constants should be close to the ones al-
ready reported for alanine whenever appropriate (28).

2) There should be agreement between the observed and
calculated frequencies in the amide III region.

3) There should be agreement between the calculated
motions of the molecule and interpretation of the ob-
served spectra.

4) The calculations should reproduce the frequencies
observed in the amide III region, as well as the frequen-

cies above and immediately below that region.
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The following is a discussion of how the criteria were
met:
1) Whenever possible, comparison was made to the values
obtained by Diem (28) because his results were based on
similar calculations, involving five isotopically substi-
tuted species of alanine. The usefulness of that study
is shown by the close agreement between the two sets of
force constants. The results by Gupta et al. (48), al-
though also useful, were in some cases quite different.
As stressed in Chapter III (in the section "Spectroscopy
and Normal Coordinate Calculations") it is necessary to
have accurate vibrational assignments, based on IR and/or
Raman studies of several isotopically substituted spe-
cies, to get a reliable force field. Gupta's study was
based only on solid state infrared spectra of undeuterat-
ed alanyl-alanine, and many of the reported frequencies
were only calculated and not observed; it is therefore
not surprising that the agreement between his and our
force constants is poor in some cases.
2) The ideal was that the difference between observed and
calculated frequencies should be less than one percent.
However, since some force constants were omitted, namely
these for the cis interactions and for the torsional
modes, the force field had some limitations. Therefore

obtaining a perfect or near perfect fit was considered
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less important than fulfilling requirement 3, discussed
next.

3) The vibrational analysis had shown that in the spec-
trum of CDNDCH (Figure 2, trace C) there are two Co-H
deformation modes, similar to the unperturbed modes
observed in alanine. In the spectrum of CHNDCH (Figure 2,
trace E) there are two Co-H and two Cy-H deformation
modes, which appear to be uncoupled. It was required that
the displacement vectors resulting from the calculations
should show this unmixed behavior of the four modes in
CHNDCH.

4) This requirement turned out to be the most trouble-
some: it was straight forward, if time consuming, to fit
the frequencies above the amide III region, but impossi-
ble to fit the ones below that region. The higher fre-
quencies had been assigned in the vibrational analysis
and it remained only to identify the calculated frequen-
cies, and make adjustments to the force constants for a
good fit. In the region below the amide III, which is
commonly referred to as the skeletal stretching region,
no assignments had been made. Since this region had been
thoroughly analyzed for alanine (28) and since the origi-
nal LL-alanine Raman spectra were still available, an
analysis was attempted. The attempt failed completely:
The modes due to the deformations of the deuterated

species mix with or overlap the skeletal stretches in
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unpredictable ways. In alanine Diem et al. assigned the
frequencies of the skeletal stretches involving the C*-
C(methyl), C*-C(carboxylic) and C-N moieties (28). In the
dipeptide, however, with two amino acids, it was impossi-
ble to discern to which amino acid a C-C or C-N stretch
belonged; it would require a new set of isotopic substi-
tutions of the nitrogen or carbon atoms to sort out the
region. As it turned out it did not matter for our calcu-
lations of the amide III region, for it soon became
obvious that adjustments to the force constants belonging
to the skeletal stretches have little or no effect on the
frequencies calculated for the amide III region. There-
fore the attempted analysis was abandoned together with
the attempt to fit the frequencies below the amide III

region.

Results and Discussion.

The criteria for choosing the force constants have
already been discussed, and the final values are present-
ed in Table III. They are compared to the values which
formed the starting point in the calculation.

The calculated freguencies are tabulated in Table IV
together with the observed frequencies for all six spe-
cies from 3500 - 1200 cm™!. This is done to show the

extent of the error for the whole region. Since our main
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interest was the amide III region it did not matter so
much if one of the higher frequencies were off by a few
percent. This view is justified, just as in the case of
the frequencies below the amide III region, by the obser-
vation that minor changes to the force constants of those
modes have little or no influence on the frequencies in
the region of interest. The assignments were verified by
inspection of the potential energy distribution (PED) and
the Cartesian displacement vector belonging to each mode.
(The displacement vectors will hereafter be referred to
as the s-vectors.)

In the following only the results from the amide III
region will be discussed. In Table V the observed and
calculated frequencies have been repeated, together with
the PED’s. Only those force constants which contributed
more than 10% have been included in the PED’s. Also
included are references to the table containing the s-
vector for the frequency reported.

It is easiest to understand the different modes by
looking at the s-vectors. Therefore the spectra will be
analyzed with specific reference to the s-vectors, which
have been reproduced in Tables VI to XX. In these tables
the displacements have also been depicted graphically.
The numbers of the atoms are the same as those that were
defined in the normal coordinate analysis (cf. Figure 3).

CDNDCD (Figure 2, trace A): Since all the hydrogens which
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are involved in the deformations in the amide III region
have been exchanged for deuterium there are no vibrations
in this region, just as expected. This dipeptide will
therefore not be discussed further.
CDNHCD (Figure 2, trace B): The s-vector, Table VI, shows
that the "unperturbed" amide III consists mostly of the
N-H in plane deformations and, to a lesser extent, of
the C-N stretch. Interestingly enough this is in accord
with the findings of Miyazawa (46): with both methine
hydrogens exchanged for deuterium the surroundings of the
peptide linkage is almost identical to that of the N-
methylacetamide.
CDNHCD
D H D
' '
Nﬂs"--r::--cl--b'l--é--coz'

i i
CHz O CHg

N-methylacetamide
H
|
CH3-~C--N-—C}13
|
[}
It is therefore appropriate that this should be called
the "unperturbed" amide III vibration.
CDNDCH (Figure 2, trace C) The calculations are in com-

plete agreemént with the vibrational analysis: Table VII
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and VIII show that the two vibrations observed are the
CO-H,Z and Co-H,1 deformations, respectively. They are at
approximately ninety degrees to each other as one would
expect.

CDNHCH (Figure 2, trace D): There are three modes: Table
IX and X show that the two higher frequency modes consist
of a mixing of the coordinates of the "unperturbed" amide
II1 and the Co-H,2 deformation. In one of these,
(Am3/CH),1, ell the deformations are in the xy plane. The
remaining mode, Table XI, was called Co-H,;1 in the vibra-
tional analysis, but in the calculations there seems to
be quite a lot of contribution to this mode from the N-H
in plane deformation. The reason for retaining the name
is that it corresponds to the spectral analysis. It is
possible that it would be more correct to consider all
three modes to be mixed modes; however, it is clearly
evident from the spectra that the two higher frequency
modes are coupled (the intensities changes and they move
apart) whereas the low frequency mode does not appear to
shift. That does not necessarily mean that the mode is
completely unaffected by the presence of the N-H hydro-
gen: it could mean that the effect is too small to be
clearly seen in the spectrum. The main point is that we
do observe a mixing of the coordinates in the two higher
frequency modes, which is in agreement with the spectral

analysis.
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CHNDCH (Figure 2,trace E): The spectral analysis shows
four separate methine deformation modes, and this is
confirmed by the calculations. Table XII and XIV show
clearly the deformation modes of the Cy-H hydrogen. They
occur at approximately ninety degrees to each other.
Table XIII and XV show the deformation modes of the Co-H
hydrogen, and these modes, too, are at approximately
ninety degrees to each other. Comparison between Table
XIII (CHNDCH, Co-H,2) and Table VII (CDNDCH, Cp-H,2)
reveal that these are very similar, especially if we
disregard the tetrahedral arrangement at the N-terminal.
Comparison between Table XV (Cp-H,1) and Table VIII
(CDNDCH, Cp-H,1) are also very similar (although the
motions are not in phase). This is exactly what we would
expect of the two molecules, which both have unperturbed
Co-H deformations (in the absence of the N-H
deformation).

CHNHCH (Figure 2, trace F): There are five modes to
consider in this molecule. Inspection of the s-vectors
reveals that the mode calculated to occur at 1284.0 cm™!
is the Cy-H deformation mode, which is observed at 1302
cm™l: The s-vector of this mode, Table XIX, is virtually
identical to the s-vector of the Cy-H,1 deformation in
CHNDCH, Table XIV, (they are out of phase). Similarly,

the identity’of the lowest frequency mode, Table XX, can
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be established by comparison to table XI (CDNHCH, Co-H).
Although they are not identical (and out of phase), they
are sufficiently similar to leave no doubt that they
represent the same mode, namely Cqo-H,1.

This leaves the three "true" amide III vibrations. All
three have contributions from the two remaining methine
deformations (Cy-H,2 and Cy-H,2). AmIII,3, Table XVI,
also has a large contribution from the N-H in-plane
deformation, whereas amIII,2, Table XVII, has only a
small contribution from this deformation. AmIII,1, Table
XVIII, is the most delocalized mode: it has contributions
from the N-H in plane deformation and the C-N stretch
(atoms 1 and 3) in addition to the two methine deforma-
tions. It thus represents the most highly mixed of all
the modes described so far. That the s-vector is close to
the true description is supported by thé fact that this
mode always disappears completely upon deuteration: in
the absence of any one of the contributing coordinates it

vanishes.

Conclusion.

Using a force field which is very similar to the one
developed for alanine it has been shown that it is possi-
ble to reproduce the vibrational frequencies for LL-
alanine and .its isotopomers in the region from 3500 to

1200 cm™!, In particular we have succeeded in analyzing
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the amide III region in a manner which is consistent with
the observed spectra. The calculations have further
supported the view that this region consists of a complex
coupling of the N-H hydrogen deformation with the defor-
mations of the two adjacent methines and that the region
changes drastically if any of the three components is not
present. Since the force field was defined without any
terms for the cis interaction, i.e., without any term for
through-space interaction of atoms three bonds apart, it
appears that it is not necessary tc invoke a through
space interaction such as a coupled oscillator mechanism
to account for the observed mixing. This is particularly
important since the C-H bond has little polarity, making
it impossible to account for the observed coupling via a
coupled oscillator mechanism. The coupling observéd must

therefore be a potential or kinetic energy coupling.
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Table I

CoH,1 def  Am3,1 CyH,1 def Am3,2  (Am3/CgH),1

CDNHCD

CDNDCH 1279

CDNHCH 1274 1311
CHNDCH 1276 1305
CHNHCH 1266% 1281# 1302% 1325%
"unperturbed”
CoHl, 2 def  Am3 Am3,3  (Am3/CQH),2  CyH,2 def
CDNHCD 1336

CDNDCH 1330
CDNHCH 1346
CHNDCH 1329 1355

CHNHCH 1345%

Vibrational frequencies in the amide III region from
Raman data (29). CDNDCD has not been included as it has
no vibrations in this region. The frequencies marked with

an asterisk were found via a band decomposition.
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Table II
C-H 1.070
c-C 1.516

C-(CHz)  1.53
c-N 1.472

c-(NHz*)  1.479

C..N 1.322 (peptide linkage)

C..0 1.23 (peptide linkage)

C..0 1.26 (carboxylate)

N-H 1.038

Cc 12,01

H 1.008

D 2.016

N 14,007

o 15.998

The top shows the bond lengths in Angstréms. .. indi-

cates partial double bond.
The bottom shows the atomic masses. The point masses were

the sum of the masses of the constituent atoms.
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Table III

No. Final value Initial value Definition

1 8.40 8.40% C.=0 str (peptide linkage)
2 6.500  6.35% C.-N str ( " " )
3 5.100  4.778 N-H str

4 2.400 2.500 N-C* str

5  1.800  1.800 c*-n str

6  4.150  4.101 c*-H str

7 2.400  3.010 c*-c, str

8 7.450 7.355

9 2.700  2.500 c*-a str
10 0.450  0.75% 0-Co-N bend
(peptide linkage)

11 0.300  0.219 0-C.-C* bend
12 0.500  0.500 Co-C*-nm bend
13 0.430  0.398 Co-C*-H bend
14 0.720  0.720 c*-C.~N bend
15 0.360  0.368 m-C*-H bend
16  0.370  0.353 H-C*-a bend
17 0.720  0.720 n-C*-a bend
18 0.400  0.418 H-N-C* bend
19 0.720 0.720 N-C*-m bend
20 0.353  0.353 N-C*-H bend
21 0.500  0.500 N-c*-c, bend
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22 0.219  0.219 c*-Cy-0 bend
23 0.500 0.42% C.=0 wag

24 0.185  0.09% N-H wag

25 0.429  0.529 Co-0 wag

26 0.400  0.40% C,-N-C* bend
27 0.130  0.130 0-C,-0 bend
28 0.479  0.264 Ce..C*..n tet
29 0.778  0.580 Ce..C* . H tet
30  0.545  0.387 Ce..C™..a tet
31 0.387  0.490 n..C*. . H tet
32 0.300 0.778 m..c*..a tet
33 0.580  0.499 H..c*..a tet
34 0.053 0.053 rho

35  1.000  1.075 c*..C...0 gen
36  0.700  0.700 c*..C...N gem
37 1.400  2.50 N..Cg..0 gem

(peptide linkage)

38 0.550  0.619 H..N..C. gem
(peptide linkage)
39 0.550  0.50% c*..N..C. gen
40 0.878  0.778 N..c*..m tet
41 0.499  0.499 N..C*..H tet
42 0.387  0.387 n..c*..c, tet
43 0.500  0.264 m..c*..c, tet
44 0.480 . 0.580 H..C*..c, tet
45 1,000 1,075 0..C4..C* gem
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46 3,100  3.184 0..C,..0 gem
47 1,850  1.800 c*-c, str

Urey-Bradley force constants used in the normal coordi-
nate calculations of LL-alanine. The units are mdyn/A for
the stretching and non-bonded interaction constants; the
bending, wagging and the intermolecular tension (rho)
constants are in mdyn/radian. C, refers to the carbonyl

carbon, C, to the carboxylate carbon, and c* to a chiral

now won

carbon. n" refers to a methyl point group and "a
refers to the NH3+ point group. Initial values marked *
refer to Gupta et al. (48). All other initial values are

from reference 28.
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Table IV
CDNDCD CDNHCD CDNDCH
obs. cale. obs., calc. obs., calc.

Amide A 2265.0 2351.6 3215.0 3220.7 2265.0 2351.2
Cy-H str. 2210.0 2176.4 2210.0 2176.4 2210.0 2176.4
Co-H str. 2210.0 2169.0 2210.0 2169.5 2970.0 2970.4
Amide I 1663.0 1678.4 1680.0 1682.4 1664.0 1678.4
COZ“ as 1584.0 1585.8 1584.0 1591.1 1590.0 1588.3
Amide IT 1478.4 1450.3 1570.0 1576.0 1479.0 1451.0

CO,”~ ss 1406.0 1410.7 1406.0 1411.1 1408.0 1412.4

Amide IIT - - 1336.0 1314.9 - -
" " - - - _
" " _ - - - _ -
Cy-H def. - - - - - -
L - - _ - - _
Co-H def. - - - - 1330.0 1329.8
"on - - - - 1279.0 1278.4
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CDNHCH CHNDCH CHNHCH

obs. calc, obs. calc. obs. calc.

3215.0 3220.9 2265.0 2351.2 3215.0 3220.9
2210.0 2176.4 2970.0 2983.2 2970.0 2983.2
2970.0 2870.1 2970.0 2970.4 2970.0 2970.1
1680.0 1682.5 1665.0 1681.5 1680.0 1685.6
1584.0 1592.5 1592.0 1588.3 1584.0 1592.7
1570.0 1578.1 1483.0 1455.4 1570.0 1578.4
1407.0 1412.9 1407.0 1412.4 1407.0 1413.0
1346.0 1333.5 - - 1345.0% 1355.1
1311.0 1312.2 - - 1325.0% 1330.7
- - - - 1281.0% 1307.8
. - 1355.0 1343.2 - -
- - 1305.0 1284.0 1302.0% 1284.0
- - 1329.0 1329.7 - -
1274.0 1273.8 1276.0 1278.3 1266.0% 1273.3

Observed and calculated frequencies in cm'l, from 3500 to

1200 cm~} for all six species. The frequencies marked *

were found via a band decomposition,
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Table V
CDNDCD
There are no vibrations in this region.
obs. calc. PED’s (%) s-vector
CDNHCD

1336.0 1314.9 1(17),2(28),18(13),38(16)
"unperturbed” amIII Table VI

CDNDCH

1330.0 1329.8 13(37),15(14),30(10),44(19) Co-H def

Table VII
1279.0 1278.4 15(21),20(32),30(18),41(22) " "
Table VIII
CDNHCH
1346.0 1333.5 13(25),15(13),44(13) Am3/CH def
Table IX
1311.0 1312.2 1(12),2(16),13(13),38(12) " "
Table X

1274.0 1273.8 15(22),20(26),30(18),41(19) Cp-H,1 def

Table XI
CHNDCH
1355.0 1343.2 13(38),15(11),33(24) Cy-H,2 def
Table XII

1329.0 1329.7 13(36),15(14),30(10),44(19) Co-H,2 def
Table XIII
1305.0 1284.0 15(24),16(31),28(21),33(20) Cn-H,1 def
Table XIV
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1276.0 1278.3 15(21),20(31),30(18),41(22) Co-H,1 de?

Table XV
CHNHCH
1345.0 1355.1 13(31),33(25) AmIII,3
Table XVI

1325.0 1330.7 13(33),15(14),30(10),44(15) AmIII,2
Table XVII
1302.0 1284.0 15(24),16(31),28(21),30(20) Cy-H,1 def
Table XIX
1281.0 1307.8 1(14),2(14),13(13),38(11) AmIII,1
Table XVIII
1266.0 1273.3 15(22),20(25),30(18),41(18) Co-H,1 df
Table XX

Observed and calculated frequencies for the amide III

region with corresponding PED's and s-vectors.
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Table VI. L-Ala-d)-L-Ala-d; in Hy0, CDNHCD

DEL X DEL Y DEL Z

ATOM # 1,C.  .0562 .1745 .0034
ATOM # 2,0  -.0869 -.0085 -.0003
ATOM # 3,N .0367 =-.0789 -.0003
ATOM # 4,H .0366 -.5632 -.0003
ATOM ¢ 5,C*  .0425 .0040 -.0073
ATOM # 6,CH; =-.0028 -.0005 .0003
ATOM # 7,H  -.0077  .0025 .0346
ATOM # 8,C,  .004z -.0077 .0024 ¢
ATOM # 9,0 0069 .0138 -.0005
ATOM # 10,0  -.0152 -.0027 -.0005
ATOM # 11,¢*  -.0130 -.0276 -.0055
ATOM # 12,CH; =-.0015  ,0000 ,0009
ATOM # 13,H  -.0081 -.0238 .0132
ATOM # 14,NH3* -.0007 -.0022 -.0004

"Unperturbed" Amide III, obs. freq. 1336 cm™l.

calc. freq. 1314,9 cm 1.
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Table VII. L-Ala-d)-L-Ala in D0, CDNDCH

DEL X DEL Y DEL Z

ATOM # 1,C, -.0042 -,0396 -.0005
ATOM # 2,0 .0050 .0028 .0001
ATOM # 3,N .0049 .0113 .0037
ATOM # 4,H .0093 .0227 .0019
ATOM # S,C‘ -.0748 .0906 .0437
ATOM # 6,CHy .0095 -.,0011 .0127
ATOM # 17,H .5194 -.5857 -.3217
ATOM # 8,C, .0340 -.0080 -.0552
ATOM # 9,0 -.0003 -.0095 0067
ATOM # 10,0 -.0205 -,0068 .0067
AToM # 11,c* .0024 .0079 .0009
ATOM # 12,CHg .0002 -,0002 -.0002
ATOM ¢ 13,H .0008 .0016 -.0018
ATOM # 14,NH3+ .0004 .0004 .0001

Co-H,2 def. obs. freq. 1330 cm™!.

calc. freq. 1329.8 cm ~!,
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Table VIII. L-Ala-dy-L-Ala in Dy0, CDNDCH

DEL X DEL Y DEL 2

ATOM ¢ 1,C .0011 -,0126 =-.0051
ATOM # 2,0  -.0038 .0015 .0009
ATOM # 3,N .0073 -.0023 .0288
ATOM # 4,H 0217 -.0355 =-.0097
ATOM # 5,c% .0531  .0853 =-.0346
ATOM # 6,CHy -.0126 -.0027 -.0208
ATOM # 7,H  -.5171 -.6251 .4101
ATOM # 8,C, L0068  .0003 -.0007
ATOM # 9,0  -.0007 -.0119 -.0010
ATOM # 10,0  -.0069 .0013 -.0010
ATOM # 11,¢*  .0003 .0038 .0018 \ﬁj

ATOM # 12,CHjy .0001 -.0002 =-,0002
ATOM # 13,H .0020 .0010 -.0001

ATOM # 14,NHz* .0003  .0000 .0000

Co-H,1 def. obs. freq. 1279 cm™l.
calc. freg. 1278.4 cm™l,
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Table IX. L-Ala-dj-L-Ala in Hy0, CDNHCH

DEL X DEL Y DEL Z

ATOM # 1,C, ~.0289 -,1063 -.0016
ATOM # 2,0 .0411 .0058 .0002
ATOM # 3,N -.0113 +0494 .0014
ATOM # 4,H -.0101 $2271 .0046
ATOM # 5,c* -.0815 .0657 .0400
ATOM # 6,CHy .0095 -,0005 .0125
ATOM # T7,H +4824 -.4500 -.3146
ATOM # 8,C, .0265 -.0029 -.0465
ATOM # 9,0 -.0028 -.0123 .0057
ATOM # 10,0 -.0118 -,0049 .0057
ATOM # 11,C* .0079 .0165 .0030
ATOM # 12,CH3 .0008 -.0001 -.0005
ATOM # 13,H .0038 .0122 -.0070
ATOM # 14,NH3+ .0004 .0014 .0002

AnIII/CH,2 def. obs. freq. 1346 cm™l.

calc. freq. 1333.5 cm™l.
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Table X. L-Ala-d;-L-Ala in Hy0, CDNHCH

DEL X DEL Y DEL Z

ATOM # 1,0,  .0462 .1238  .0014
ATOM # 2,0  -.0736 -.0052  .0000
ATOM # 3,N .0383 -.0608 .0096
ATOM # 4,H .0424 -.4867 -.0029
ATOM # 5,c* .0093  .0786  .0120
ATOM # 6,CH -.0004 -.0020 .0012
ATOM # 7,H .1241 -.5079 -.0278
ATOM # 8,C,  .0223 -.0095 =-.0312
ATOM # 9,0 .0048  .0014  .0035
ATOM # 10,0  -.0239 -.0052 .0035
ATOM # 11,¢* -.0095 -.0184 -.0038
ATOM # 12,CH; -.0011 =-.0001 .0006
ATOM # 13,H  -.0061 -.0193 .0104
ATOM # 14,NHz* -.0003 -.0016 -.0003

AmIII/CH,1 def. obs. freq. 1311 cm~l.

calc. freq. 1312.2 cm™l,
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Table XI. L-Ala-d;-L-Ala in H,0, CDNHCH

DEL X DEL Y DEL Z

ATOM # 1,C,  .0150 .0684  .0064
ATOM # 2,0  -.0250 -.0044 -,0010
ATOM # 3,N .0046 -.0148 -.0278
ATOM # 4,H  -.0053 -.1967 .0218
ATOM # 5,* -.0408 -.0730 .0370
ATOM # 6,CHy .0120 .0024 .0219
ATOM # 7,H .5529  .5238 -.4159
ATOM # 8,C, =-.0029 -.0016 -.0067
ATOM # 9,0 .0029  .0145  .0019
ATOM # 10,0  -.0010 -.0030  .0019
ATOM # 11,c*  -.0039 -.0152 =-.0036

ATOM # 12,CH3 -.0006 .0004 .0005
ATOM # 13,H -.0050 -.0073 .0046

ATOM # 14.NH3’ -.0008 -,0004 -.0001

CoH,1 def. obs. freq. 1274 cm™l,

calc. freq. 1273.8 cm™l,
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Table XII. L-Ala-L-Ala in D0, CHNDCH

DEL X DEL Y DEL Z
ATOM 1,C, ~.0328 -,0190 .0441
ATOM 2,0 .0325 -.0014 -.0031
ATOM 3,N -.0007 .0225 -.0058
ATOM 4,H -.0032 -.0528 +0040
ATOM 5,c* .0092 -.0168 -.0047
ATOM 7,H +.0543 .0758 .0347
ATOM 8,Cy -.0045 .0022 .0062
ATOM 9,0 -.0003 .0007 -,0007

ATOM

#
#
#
#
#
ATOM # 6,CHy -.0016 -.0001 -.0006
#
#
#
# 10,0 .0025 .0008 -.0007
¢

ATOM 11,c* .0388 .0813 -.0374
ATOM # 12,CH; -.0083 -.0020 =-.0124
ATOM ¢# 13,H ~.3707 -.7463 .3058

ATOM # 14,NH3* -.0052 -.0045 -.0059

Cy-H,2 def. obs. freq. 1355 cn™l.

calc. freq. 1343.2 cm™!,
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Table XIII. L-Ala-L~Ala in D0, CHNDCH

DEL X DEL Y DEL Z
ATOM 1,Co -.0073 -.0415 .0042
ATOM 2,0 .0082 .0027 -.0002
ATOM 3,N .0049 .0132 .0031
ATOM 4,H .0091 .0180 .0023
ATOM 6,CHg .0094 -.0011 .0127
ATOM 7,H .5167 -.5807 -.3200

ATOM

#
#
#
#
ATOM # 5,c% -.0743 .0894 .0435
#
#
# 8,C, .0337 -.0078 -.0548
#

ATOM 9,0 -.0003 -.0094 . 0066

ATOM 10,0 -.0204 -.0067 .0066
ATOM 11,c* .0059 .0169 ~-.0029

ATOM

#
#

ATOM # 12,CH; -.0006 -,0004 -.0013
# 13,H -.0314 -.0781 .0258
#

ATOM

14,NH3* -.0002 -.0002 -.0007

Co-H,2 def. obs. freq. 1329 emt,

calc. freg. 1329,7 cm”l.
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Table XIV. L-Ala-L-Ala in Dy0, CHNDCH

DEL X DEL Y DEL Z
ATOM 1,C. .0082 .0094 -,0004
ATOM 2,0 -.0154 -.0031 -.0007
ATOM 3,N .0030 .0066 -.0033
ATOM 4,H .0027 .0006 .0010

#
#
#
#
ATOM # 5,c% -.0072 -.0103 .0040
#
#
#
#

ATOM # 6,CH; .0011 .0002 ,0024
ATOM ¢ 7,H .0588  .0449 -.0449
ATOM # 8,C, =-.0002 -.0001 -.0012
ATOM # 9,0 ,0002  .0016 .0003
ATOM # 10,0 .0000 -.0004 .0003
ATOM # 11,C* .0711 -.0594 -.0350

ATOM # 12,CH; -.0138 -.0001 -.0217
ATOM # 13,H -.6511 4771 <4347
ATOM # 14,NH:,+ .0071 .0080 .0197

Cy-H,1 def. obs. freq. 1305 e,

celc. freq. 1284.0 cm™l,
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Table XV. L-Ala-L-Ala in Dg0, CHNDCH

DEL X DEL Y DEL Z

ATOM # 1,C. -.0016 .0119 .0044
ATOM # 2,0 .0051 -.0011 ~,0008
ATOM # 3,N -.0077 .0015 -.0285
ATOM ¢ 4,H -.0221 .0362 .0096
ATOM # 5,0‘ -.0526 -.0847 .0343
ATOM # 6,CHg .0126 .0027 .0206
ATOM & 17,H .5137 .6238 -.4076
ATOM # 8,C, -.0068 -.0003 .0008
ATOM # 9,0 .0007 .0118 .0010
ATOM # 10,0 .0070 -.0013 .0010
ATOM 2 11,0* ~.0085 .0008 .0024
ATOM # 12,CHy .0015 .0003 .0026
ATOM # 13,H .0698 -.03380 -.0485
ATOM # 14.NH3+ -.0009 -.0007 -.0019

Co-H,1 def. obs. freq. 1276 cm™l.

calc. freq. 1278.3 cm~l,
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Table XVI. L-Ala-L-Ala in Hp0, CHNHCH

DEL X DEL Y DEL Z

ATOM # 1,C. -.0047 -.0802 -.0407
ATOM # 2,0 .0184 . 0055 .0028
ATOM # 3,N -.0198 .0385 .0042
ATOM & 4,H -.0189 .2806 -.0068
ATOM # 5,c% -.0299 +0055 .0084
ATOM # 6,CH3 .0031 +0005 .0030
ATOM # T,H .1111 -.0587 -.0851
ATOM # 8,C, .0013 .0050 -.0081
ATOM # 9,0 -.0034 -.0081 .0010
ATOM # 10,0 .0044 .0003 .0010

ATOM # 11,  -.0256 -.0601 .0351
ATOM # 12,CH; .0079  .0018 .0104
ATOM # 13,H .3307  .6998 -.2781

ATOM # 14,NH3+ .0049 .0054 .0058

AmIII,3 obs. freq. 1345 cm™!,

cale. freq. 1355.1 cm™l.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table XVII. L-Ala-L-Ala in H0, CHNHCH

DEL X DEL Y DEL Z

ATOM # 1,C, -.0226 -.0690 .0135
ATOM # 2,0 .0275 .0034 -.0009
ATOM # 3,N -.0006 .0309 .0008
ATOM # 4,H +0009 .0828 .0073
ATOM # 5C* -.0745 0760 .0409
ATOM # 6,CHg .0090 -.0009 .0124
ATOM ¢ 7,H .4882 =-.5090 -.3081

ATOM # 8,C, .0298 -,0056 -.0499

ATOM # 9,0  -.0013 -.0101 .0061
ATOM # 10,0  -.0165 -.0058 .0061
ATOM # 11,¢*  .0165 .0377 -.0106

AToM # 12,cH® -.0022 -.0008 -.0041

ATOM 13,H -.1119 -,2303 .0908

#
ATOM % 14,NH3+ -.0012 ~-.0008 -.0018
AmIII,2 obs. freq. 1325 cm™l.

calc. freq. 1330.7 cm™l,
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Table XVIII.

ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM

ATOM

AmIII,1

DEL X
$ 1,0, 0517
# 2,0 -.0778
# 3,N .0351
¢ 4,H .0397
# s5,c* .0191
# 6,CHy -.0019
# T,H .0387
t 8,Cy .0179
¢ 9,0 .0045
#10,0  -.0209
# 11,c*  -.0232
#12,cHy  .0022
# 13,H 1271
# 14,nH3% L0011
obs, freq. 1281
calc. freq. 1307

L-Ala-L-Ala in Hy0,

DEL Y

.1228
-.0045
-.0595
-.4519

.0698
-.0018
~.4568
-.0078

.0015
~-.0042
-.0483

.0008

.2281

.0005

em™1,

.8 co”l,

94

CHNHCH

DEL Z
=.0153
.0013
.0125
-.0081
.0048
-.0012
.0268
-.0240
.0026
.0028
.0113
.0050
~.0988
.0015
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Table XIX. L-Ala-L-Ala in Hy0, CHNHCH

DEL X DEL Y DEL Z

ATOM # 1,C, ~-.0083 =-.0095 .0004
ATOM # 2,0 .0156  .0031  .0007
ATOM # 3,N  -.0035 -.0066 .0031
ATOM ¢ 4,H  -.0027 .0008 -.0021
ATOM # 5,c*  ,0068 .0097 -.0037
ATOM # 6,CH; =-.0010 -,0002 -.0023
ATOM # 7,H  -.0548 -.0400 .0417
ATOM # 8,C,  .0002 .0001 .0012
ATOM # 9,0  -.0002 -.0015 =-.0002
ATOM # 10,0 .0001  .0004 -.0002
aToM # 11,¢*  -.0711  .0595 .0350

ATOM # 12,CHgj .0138 .0001 .0217
ATOM 2 13,H 6513 -.4776 -.4349

ATOM # 14,NH3+ -.0071 -.0080 -.0197

Cy-H,1 def., obs. frea. 1302 cn™! .
cale. freq. 1284.0 cm~!,
This displacement vector is almost identical to Cy-H,1 in

L-Ala-L-Ala in D0
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Table XX. L-Ale-L-Ala in Hp0, CHNHCH

DEL X DEL Y DEL Z

ATOM # 1,C, ~-.0169 -,0716 =-.0022
ATOM & 2,0 .0268 .0041 .0006
ATOM # 3,N -.0048 .0169 .0267
ATOM # 4,H .0048 +2072 -.0204
ATOM # 5,c* .0391 .0710 -.0365
ATOM # 6,CH; -.0118 =-.0024 -.0217
ATOM # 17,H -.5466 -.5120 .4101
ATOM # 8,C, .0027 .0016 .0069
ATOM # 9,0 -.0030 -.0144 -.0019
ATOM # 10,0 .0015 .0030 -.0019
ATOM # 11,C* .0158 .0173 -.0042
ATOM # 12,CH; -.0018 -,0006 -.0039
ATOM # 13,H -.0973 .0005 .0683
ATOM # 14,NH3’ .0013 .0007 .0018

Co-H,1 def., obs. freq. 1266 cm™l.
calc. freq. 1273.3 cn”l,
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CHAPTER V

THE THEORY OF VIBRATIONAL OPTICAL ACTIVITY.

The Dipole Strength and the Rotatory Strength of a
Transition.

The quantity measured in the vibrational circular
dichroism experiment is the differential absorption of
left and right circularly polarized light. This is usual-
ly expressed in terms of Kuhn'’s dissymmetry factor, g

(50):

3 (Ep + Ep)

where Ey, and Ep are the absorption coefficients for left
and right circularly polarized light respectively. The
aim of this chapter is to show how this experimentally
measured gquantity is related to the properties of the
molecule under investigation.

It is possible via gquantum mechanical considerations

to come to the following relationship:

% (Ej, + Ep) D

where D is the dipole strength and R is the rotational
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strength of the transition. For a particular vibrational

transition between the ground state and some excited

state
4R
g= =-- =
D

4Im < ¥5(q,Q) ip! ¥p(9,Q)>.< ¥p(q,Q) In} ¥5(q,Q)>

Re < ¥%5(q,Q)ip! ¥p(q,Q)>< ¥4(q,Q) jul ¥p(q,Q)>

where p and m are the electric and magnetic transition
dipole moment operators, respectively, ‘Yo and Yf are
the ground and excited state wavefunctions, and g and Q
refer to the electronic and nuclear coordinates. The
excited vibrational state belongs to the electronic
ground state manifold.

This result is found by assuming that the material
being investigated consists of non-interacting molecules,
and follows Beer-Lambert's law (51). Under these circum-
stances the total absorption depends on the intensity of
the radiation used and on the properties of the individu-
al molecules. The theoretical expression for the proba-
bility of an absorption taking place in unit time is the

product of the radiation density, I(V)/c, and the Ein-
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stein probability coefficient for absorption, B. Note
that the Einstein coefficient expresses the total absorp-
tion.

The following is a very brief account of the origin of
the terms D and R, using B as a starting point (for a

thorough discussion see reference 51):

Bo->g =
1 H togj i2
: : iK.r; (g% i
m—————— E<‘?f(q,0)i§ -- e T (Eg.pj Yo(q.9)>§
3
2nRe oy ]

where the light is described by the wave vector K =
(Zuv/c)EK. and Eg is the unit vector in the propagation
direction K; Ey is the unit vector in the polarization
direction of the light;,qj is the charge on the j'th
particle, r its position, and m its mass; p; is the
momentum of the j’th particle; ¢ is the speed of light,
and # is Planck’s constant over 2=m.

In this expression the phase factor, EiK.rJ‘ may be

expanded into an infinite converging series:
efKTd = 1 4 iKerj - #(Rurp2 ¢ ...

Retaining the first term of this expansion in the

expression for B leads to the integral
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)
L
Ej.< ¥p(2,Q) IE --
13
I m

¥5(q,Q)>

J
which may be rewritten as

2miv Ef.< vf(q,a):? a5 r;i Fp(a,Q)>
and leads to the electric transition dipole operator:

M= };qj Tj.
J
The second term in the expansion gives rise to the

following integral:

' . '
P E

<¥ glq,@)T - ux.rjusl*,.pj)g ¥ 0(2,Q)> .

J

. s

Writing K = (2nv/c)Eg the integral becomes:

)
P
2mive Ig(q,Q)1E --= (rj)g(p;)y*
13
iomje

Ip(a,Q)>,

where (rj)x is the coordinate of T;j in the direction of
light propagation, given by EK, and (pj)u* is the coordi=-
nate of p; in the direction of the electric vector of the
light, given by EU*. These two terms may be further

expanded:

(rj)glpyly* = 2ltrjglp;)g* - (pj)glr;)y*]
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+ H(ri)g(py)y* + (pj)g(ry)g*]
= #(rj x pjlgey*

+ H(rgpj)gy* + (r5p5)y*g)

The first term of this result, «}[(rj x l’j)x xU*’ leads
to the magnetic dipole transition operator, m, which now
must be evaluated in the direction of the magnetic vector
of the light, as indicated by the subscript KxU*, The
second term (in the square bracket) leads to the electric
quadrupole transition operator, O. These quantities are
purely imaginary.

The total absorption, a, may now be written in terms
of the square of the sum of the matrix elements of these
three transition moments between the initial and final

states.

4n3p
--=- nZgg(V)IEG.u(0f) + (Eg x Ef).m(0f)
he f
+ inVERO(0f)Ey*
where the g’'s are line shape functions, and n is the
complex index of refraction. In the case of isotropic

solutions and randomly polarized light the total absorp-

tion is adequately described by including only the first
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term, the electric dipole transition operator. It has
therefore become customary to describe the strength of a

transition in this approximation by the dipole strength:
D = Re <¥(q,Q)ip! ¥;(a,Q)>< ¥(q,Q) Ip! ¥p(q,Q)>

However, when using circularly polarized light, which
also has an imaginary component, all three terms in the
sum will contain nonvanishing real and imaginary parts.
This has the consequence that the cross terms between
RB(0f) and m(0f) become important (as well as those be-
tween p(0f) and O(2f}) Thus it can be shown that differ-
ential absorption in an isotropic sample depends solely
on the cross terms between p(0f) and m(0f). In analogy
with simple absorption the differential absorption is

therefore described by the rotatory power, R:

R = Im <¥)(q,Q)iul ¥p(a,Q)>e< ¥(a,Q) im! ¥F(q,Q)>

It follows from this that R is zero in any molecule
where the electric and magnetic transition moments are
perpendicular, In terms of symmetry such molecules all
possess improper axes of rotation, and are said to be
achiral. Chiral molecules have no improper rotation axes
(See Chapter I).

The dissymmetry factor, g, can now be expressed in

terms of R and D, as shown at the beginning of the chap-
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ter:

% (Ep, + Ep) D

(The cross product with the electric quadrupole tran-
sition moment operator makes nonvanishing contributions
in oriented samples, in magnetically induced circular
dichroism, as well as in the measurement of Raman optical

activity.)

Although we now know in principle how to find R and D
we meet with the familiar problem of not knowing the
complete wavefunctions. The usual approach under these
circumstances is to separate the wavefunction into the
electronic and the nuclear parts, i.e., te invoke the
Born-Oppenheimer approximation and put

% =Yg Xg

T = Vg X,

where Y is the electronic and X the nuclear wavefunction,
G and g refer to the ground state, end e to the excited

state. The excited nuclear state, Xe1 belongs to the
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electronic ground state manifold (52).

To get the matrix elements of the magnetic and elec-
tric transition dipole operators with respect to these
wavefunctions the operators are separated into their

electronic and nuclear parts:

B = Hel * Pp m = Mgy + oy

The next step is to find the matrix elements of these
operators with the electronic or nuclear wavefunctions,
as appropriate. A problem arises, however, when we try to
calculate the electronic contribution to the magnetic

moment :
< Yg :mel: Yg >

which vanishes because Y, within the Born-Oppenheimer
approximation, is nondegenerate and therefore can be
chosen to be real, and Mg} is an imaginary Hermitian
operator. This corresponds to saying that the motion of
the electrons have no impact on the magnetic moment of
the molecule.

To get around this problem there are several possible
approaches, as pointed out by Stephens (52):
1) Ignore the problem and work with the nuclear contribu-
tion to the magnetic moment only.

2) Meke some modification to the expression for m and R
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such that these quantities treat the electronic contribu-
tion implicitly, and then use the Born-Oppenheimer ap-
proximation.
3) Rewrite the expression for R in such a way that the
magnetic moment is described in some way not involving m,
and then invoke the Born-Oppenheimer approximation.
4) Make modifications to the wave functions, i.e., treat
the break down in the Born-Oppenheimer approximation
directly.

In the following the main principle of each of the
models in each group is described very briefly.
1) Cohan et al first identified the problem of the van-
ishing electronic contribution (53). They ignored it in
their calculations. If this had been a successful approx-
imation no other models would have been necessary.
2) In one of the most widely used models, the fixed
partial charge model (FPC), Befp and Mepp 8re calculated
from partial charges assigned to the atoms. The charges
are independent of the nuclear position, and the p.pp and
Mepp 8rise as the nuclear masses move. This model was
adapted by Schellman (9) and Deutsche and Moscowitz (7,8)
from work done in electronic CD.

The Charge Flow model is an extension of the FPC model
in that the assigned charges are allowed to be redistrib-
uted during a vibration (54).

The Bond Dipole model (BD) expresses the dipole mo-
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ments as the sum of the moments of each bond, or in some
cases of groups. The individual moments are functions of
the nuclear displacements from equilibrium (55).

3) The models belonging to this group have one thing in
common: each apply only in specially defined situations.
While they may be useful and successful in those situa-
tions, their development reflects the frustrations of
trying to find a model which can be used in all in-
stances.

The Coupled Oscillator model considers the interaction
between two identical or near identical polar bonds as
oscillating dipoles whose interaction gives rise to
negative-positive or positive-negative VCD signals of
geometry dependent magnitude and wavelength (22).

The Dynamic Polarization model used in electronic CD
has been used successfully by Barnett et al to describe
the VCD spectra of some transition metal complexes, but
its usefulness is limited to such complexes (56).

Barron and Buckingham developed the Inertial Motion
model for predicting the intensities of the torsional
modes of CHj groups (57).

The last model in this group, the Ring Current model,
attempts to account for the unusually large VCD signal
observed in the carbon-hydrogen stretching region of some

molecules, especially the Cﬂ*H stretching mode of amino
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acids. In this model the magnetic moment is shown to be
enhanced during the stretching motion by the redistribu-
tion of electrons in the ring formed as the carboxylate
end of the molecule forms an intramolecular hydrogen bond
with the amide end (58).

4) Nafie and coworkers have developed two models which
include correction terms to the Born-Oppenheimer approxi-
mation: The Localized Molecular Orbital theory adds
velocity dependent terms to the Born-Oppenheimer approxi-
mation which, while not very important in the IR absorp-
tion, strongly influence the VCD intensities of the
molecule (59, 60). In the second model a formalism is
developed which uses Atomic Polar Tensors to calculate
VCD intensities (61).

The most rigorous model to date is probably Stephens's
Nonadiabatic Theory. This includes corrections to the
Born-Oppenheimer wavefunctions with terms that take into
account the electronic motion during a nuclear vibration
(62). While this model promises to be universally ap-
plicable the calculations are very time consuming and
have only beeﬁ performed on small molecules.

It is worth noting here that any rigorous calculation
of a VCD spectrum automatically would include an accurate
prediction of the infrared spectrum, frequencies as well
as intensities. Considering that normal coordinate calcu-

lations for predicting vibrational frequencies still
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largely depend on empirically refined force fields, and
that the problem of calculating the dipole strength and
therefore IR intensities has not yet been solved satis-
factorily, it is not surprising that so many, very dif-
ferent models have been developed for the prediction of
VCD. Although the work of Stephens’s group is impressive
it is going take a lot of careful work, and probably a
new generation of computers, before their method can be
used routinely in the interpretation of spectra. There-
fore the less rigorous methods will continue to be useful
for a long time.
The Coupled Oscillator.

There are several reasons for choosing to explain the
Coupled Oscillator model in detail: The model was used
before any VCD had actually been observed to predict
which molecules would be good candidates (i.e., have
large VCD intensities) for early observation of the weak
VCD signal. Thus Holzwarth used the model to predict that
diketopiperazine would have a VCD signal at about 1106
en”l (22). Secondly, the derivation of the model is
simple and provides a clear picture of the potential
usefulness of VCD for determining molecular conforma-
tions. Finally, our group has successfully used the model
to correlate the solution conformation of alanyl-alanyl-

alanine and DNA to the observed C=0 stretching intensi-
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ties of these molecules (63, 64). It has also been shown
that it is possible to explain the amide III vibrations
of alanyl-alanine via this model (65).

In the coupled oscillator model the magnetic dipole
moment is expressed in terms of the electric dipole
moment and vectors describing the geometry of the system.
(The following closely follows the derivation of the
coupled oscillator model by Holzwarth and Chabay in
reference 22).

Consider two identical diatomic molecules, a and b.
The vector T connects their centers of mass, as shown in
Fig. 1. The total ;vavefunctians for the ground- and

.excited states of each molecule may be written as:
%0(2:Q) and ¥,9(q,qQ) for a,
and %0(9,Q) and %,¢(q,Q) for b,

where q and Q stand for electronic and nuclear coordi-
nates, respectively. The total wavefunction for the

ground state of the dimer may then be written
2° (aa, aps Qv Q) = %ola:Q) Hypla,Q)

Because the two molecules are identical the excited state
wavefunctions ¥,, ¥, and ¥,¢ %po are degenerate. The

excited state wavefunctions of the dimer therefore con-
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Figure 1. Two identical diatomic molecules, a and b.

Their centers of mass are connected by the vector T.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



111

sist of the symmetrically and antisymmetrically coupled
functions of the monomer (indicated by + and - respec-

tively).

ot = { He Ko £ Yo Hp) N2

Since the VCD signal as previously stated is given by

4R

4Im < ¥5(q,Q)ip! ¥p(a,Q)>.< ¥p(a,Q)im! ¥5(a,Q)>

Re < ¥5(q,Q)ip! ¥(q,Q)>< ¥3(q,Q) ipi ¥p(q,Q)>

we need in our case to find p and m for the transitions

2°—>0~ and a%—sq*.

The Electric Transition Dipole Moment.
This is given by

B = < Y Yo s B Hpllegys +T ejvii¥yy HooA2
i 3

where e is the charge on particle i, and y is the posi-
tion vector; i refers to monomer a and j to monomer b. If

the origin of y is chosen to be the center of mass of the
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dimer; and T is the distance vector from the center of
mass of a to the center mass of b, we can write the
position of particle i with reference to the center of
mass of the dimer and the center of mass of the monomer

as

where r is the position vector in monomer a. Similarly

for j in monomer b

¥; = + 37

The electric dipole moments, p+ and p-, may now be

written as
Pt (pg pb.)/Fz
where
Ba = < yﬁf:F ejTii Y0
i
The frequencies of the two states will be given by
vE = vg 2 Vg
where v, is the frequency of the monomer signal and Vab

is the dipolar splitting:

Vab = [Pa-Pp / T3] - [3(ng.T) (u,.T) / T51 (66)
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The Magnetic Transition Dipole Moment.
Using a similar procedure as for the electric transi-

tion dipole moment m+ and m- may be written

at =

< Yo Hyo iTeivixpy/ay ¢+ ‘;f*jyj“j/gj? Tar %ho £ Yoo Hp>

c(8)}

where p is the momentum operator and g the mass. Using
the same arguments as before the megnetic transition

dipole operator may be written
gej(ri - 4T)xp;/2c8y + ?ej(rj - #T)zp;/2cg;

The sums may be further separated into a term which
corresponds to the monomer magnetic dipole transition

moment, i.e., for a

m, = ;eirixpilzcgi
i

and a term involving the distance vector

I(-e; 3Txp;/2cg;)
i

For the stretching vibration of the monomer the mag-
netic transition moment is zero. The transition dipole

for the distance term is
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Tx < ¥up Ho t ¥ *‘bf!feipi/ﬂil%o #ho>

c(8)?

In the next step the elements in p are substituted by

elements in u (67, 68).

Tx (-Zmivi< ¥op 9o * Fg Hpl|Zeiry|¥ Ho>
1

cra)

where v is the frequency of the transition of the mono-
mer. This finally allows the magnetic transition dipole
moment of the dimer to be expressed in terms of the cross
product of the electric transition dipole moments of the

monomers
nd = (-piv/2{20)(Tx(n, * uy)

From this one may finally write the expression for the

VCD transition:

4Rt 3 2(nv/c)T * (ngxuy)

The Coupled Oscillator model has the immediate advan-

tage of demonstrating clearly that polar achiral groups
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in a dissymmetric environment can be expected to display
a VCD signal and that the signal itself will carry infor-
mation about the spatial arrangement of the groups. This
is the kind of information which makes VCD so attractive:
the conformation(s) of the molecule may in certain in-
stances be deduced from the VCD spectrum. An example of
such a situation would be the amide I vibration of a
peptide: we already know that the conformation is deter-
mined by the conformational angles phi and psi along the
backbone of the peptide; since the amide I vibration
consizts mainly of the C=0 stretch these angles may be
deduced from the VCD signal in the amide I region, via a
CO calculation.

As shown above the model also predicts a split in the
vibrational spectrum of such degenerate groups, and a
corresponding positive-negative couplet (or negative-
positive) in the VCD spectrum. VCD may therefore be
helpful in establishing whether a broad poorly resolved
signal in the IR spectrum is due to the presence of
several conformers of different geometry, or due to
splitting caused by identical groups on the same mole-
cule. In the first instance we would expect no VCD sig-
nal, in the second we might expect to see a bisignate VCD
signal. Thus it was found that a D20 solution of Ala-Ala-

Ala has a stable conformer (or several very similar
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conformers), since the VCD signal of the amide I' vibra-
tion gives rise to such a bisignate signal (63).

The model has obvious liritations: it is calculeted
for an idealized system and it is then inferred that
identical groups (bonds) in a molecule may be treated as
the two monomers in the model. Secondly the model allows
only evaluations of such identical achiral groups, and
does not treat the whole spectrum. Finally the model
supposes that we have information on the absorption and
frequency of the monomer transition.

In spite of these limitations, the model has been
useful in several situations (22, 63, 69, 70), and its
usefulness has been extended for cases involving near-
degenerate and non-degenerate oscillators (71). It has
been further extended to include molecules which have
more than two groups, namely groups along an infinite
polymer (11, 12), as well as a polymer of intermediate

length (64).
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CHAPTER VI

INSTRUMENTATION

The Dispersive Versus the FT Instrument for the
Recording of VCD Spectra.

The first measurements of vibrational circular dichro-
ism were made in the mid- 1970s with dispersive instru-
ments (24, 26). At about the same time commercially
available Fourier transform infrared instruments were
making their appearance, and it was soon obvious that
they are far superior to the dispersive instruments. It
is therefore not surprising that much energy has been put
into applying the Fourier transform technique to VCD (72
- 75). The oft quoted advantages of the FT-IR technique
are the increased light throughput, Jaquinot's advantage,
due to the absence of slits, and the spectral multiplex-—
ing, Fellgett's advantage, which allows an entire spec-
trum to be recorded in seconds. Of these, Jaquinot's
advantage would seem to be particularly appealing to VCD
spectroscopists, since the VCD signal is very small,
typically 1074 - 1075 the absorbance of the corresponding
IR signal. The FT technique holds great promise, particu-
larly for samples in aqueous solution, where the large

background absorption of the solvent has to be overcome.
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However, so far that promise has not been fulfilled:
although excellent spectra have been recorded with the
new technique, there are persistent problems which have
yet to be solved (15). The following is a brief account
of the problems encountered in adapting the FT-IR tech-
nique to the VCD experiment (for a more thorough account
see reference 15).

1) A crucial step in the recording of the FT-IR spectrum
is the analog-to-digital conversion of the signal. Digi-
tal data are necessary in order to transform the spectrum
from time to frequency domain via a mathematical algo-
rithm. An analog-to-digital converter with a large dynam-
ic range is required in order to accommodate the large
center burst of the signal (when the mirrors of the
Michelson interferometer are at equal distances from the
sample) with high numerical precision. The amplifier used
in conjunction with the converter must also be chosen so
as to make full use of the analog-to-digital converter’s
large range. Since the VCD signal is so much smaller than
the IR signal the capabilities of the amplifier-converter
unit is pushed to .its utmost limit in the acquisition of
the FT-VCD spectrum. To overcome the problem less bright
sources are chosen, and filters are used to eliminate the
center burst. Thus much of Jaquinot's advantage is lost.

2) In the recorded spectrum it is necessary to have a
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unique reference point, which is used in the Fourier
transform algorithm as well as for co-addition of.succes-
sive scans. Usually the mathematical algorithm used picks
the most intense feature, the center burst, for reference
point. For various reasons (see reference 5) the center
burst is not necessarily the most intense feature of a
spectrum recorded in a VCD experiment, and this therefore
has to be identified by the person carrying out the
experiment.

3) The retardation of the modulator, which produces the
circularly polarized light, remains constant throughout
each scan. It is therefore necessary to calibrate the
recorded signal to compensate for the difference in
circularity over the range probed. (This is not unique to
FT-VCD: in most dispersive VCD instruments the PEM has
fixed retardation, but in the FT instrument it is so by
necessity).

4) It appears that the FT-VCD is prone to absorption
dependent artifacts whose origin is not clearly under-
stood. To compensate for this a baseline is constructed
either by collecting spectra of a racemic mixture or by
adding the spectra of both enantiomers of a molecule. The
baseline spectrum obtained by either method is subtracted
from the VCD spectrum. At present this is probably the
most serious cbstacle to FT-VCD becoming a widely used

technique, since the enantiomer is not available for most
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biological compounds; and it is, in most cases, far too

difficult and costly to produce one.

The Optimized Dispersive Instrument.

With these considerations in mind it was decided by
this group to design a dispersive VCD instrument in which
every consideration would be given to improving the light
throughput, and in which special attention would be paid
to the problems of the dynamic range in the analog-to-
digital conversion step. It was recognized that for the
dispersive instrument to have a real advantage over the
FT instrument it would have to produce spectra with
better signal to noise in a shorter time and preferably
with less trouble. It was also recognized that a disper-
sive instrument cannot produce the high resolution possi-
ble with the FT instrument (nor would this instrument be
able to keep the resolution constant over the spectral
range). Furthermore, it was decided to build the instru-
ment to cover the spectral range which includes the amide
I, II and III vibrations, and optimize it for the amide
III region, since that region has shown great promise for
conformational studies. This would be the first instru-
ment capable of routinely recording spectra in that

region.
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Optical Layout.

The following is a brief description of our instru-
ment. As seen in Figure 1 the instrument resembles in
appearance and layout a modified single beam infrared
spectrometer. As already stated it is of utmost impor-
tance to have the maximum light throughput; therefore,
all optical elements have been carefully chosen with this
in mind. Furthermore, the number of optical elements have
been kept to a minimum throughout the optical path, in
order to minimize light icss dus to reflection.

The source is a Nernst glower, which has the advan-
tage of being a small compact source and of not qeeding a
special protective atmosphere. There are two source
positions: one allows the source to be imaged onto the 2
mm entrance slit 1:1, the f/4 setting; at the other
position, the f/2 setting, the image is enlarged to fit
the entrance slit, which has been opened to 4 mm. The f/4
setting is used in the range from 1200 to 1800 cm~! where
the 2 mm entrance slit gives a resolution of 5.5 to 14.2
en™l, From 800 to 1200 cm-! the f/2 collection optics are
used, and this gives a resolution of 3.1 to 11.0 cm~!.
These settings allow the maximum light throughput while
maintaining reasonable resolution.

Before reaching the entrance slit of the monochromator

the 1light is modulated by a mechanical chopper at a
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Figure 1. Optical layout of the dispersive VCD instru-
ment. S1 and S2 are the source positions for the f/4 and
f/2 configurationé. respectively. Ch is the mechanical
chopper, Mc the monochromator, F the filter, P the linear
polarizer, PEM the photoelastic modulater, S the sample,

L the barium-fluoride lens, and D the detector.
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frequency of 79.5 Hz. The monochromator is a 320 mm focal
length Czerney-Turner monochromator with a grating with
120 grooves/mm. All reflective surfaces, including the
monochromator grating, are gold coated, since gold has
very high reflectivity in the infrared region.

After leaving the monochromator the light passes
through a filter in order to remove higher order diffrac-
tions (5 - 10 pm or 8 - 15 pm bandpass for the upper- or
lower frequency region; respectively). Next, the light
passes through a polarizer and a photoelastic modulator
(PEM). The polarizer is a gold wiregrid on an AgCl sub-
strate, and it is oriented so that the emerging light is
polarized horizontally (this is chosen because the mono-
chromator already has polarized the light somewhat in
that direction). The PEM is a single octagonal zinc
selenide crystal with antireflective coating. The modula-
tion is produced by piezo-electric quartz drivers, which
are oriented at a 45 degree angle to the horizontal. (The
PEM is shown separately in Figure 2, and its action will
be described below in greater detail). The light is
focussed onto the back surface of the PEM. The sample
mount is directly‘behind the PEM, which positions the
sample cell so close to the focus that the light goes
through a very small volume of the cell. This has the
advantage of allowing the use of very small samples,

often as little as 7 pL of solution.
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Figure 2. The photoelastic modulator. Aj The octagonal
ZnSe crystal with two of the quartz drivers (those in the
y-direction are not shown). The modulator is oriented so
that the plane polarized light enters at an angle of 45°
to the drivers. B)’ shows how the index of refraction is
changed alternately in the x and y-direction by the

stress produced by the drivers.
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The only optical element between the sample and the
detector is a barium fluoride lens, thus minimizing
possible sources of instrumental birefringence. This
focusses the light onto a liquid nitrogen cooled HgCdTe
photoconductive detector with an area of 0.5 * 5 pm. The
instrument is enclosed in a plexiglass housing, and is
purged with dry air, which keeps the relative humidity
below 10%. This is done to avoid absorbance due to the
water vapor in the atmosphere, which can be large enough

at high humidity to obscure the signal sought.

The Photo Elastic Modulator.

The PEM is the heart of the VCD instrument, since it
produces the circularly polarized light. Figure 3 shows a
schematic of the action of the PEM. A linearly polarized
wave can be decomposed into two linearly polarized waves
at 45° angles to the original wave, and in phase. When
traversing a material which does not have the same re-
fractive index in the two directions of the incident
waves the two waves will emerge from the material out of
phase. If the thickness of the material is such that one
wave is exactly 90° out of phase with the other, the
combination of the two waves will be a circularly polar-
ized wave. Such a quarter wave plate will only be effec-

tive for one particular wavelength (3). The PEM acts by
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Figure 3. Quarter wave plate. The plane polarized light
enters the crystal at an angle of 45° to the x and y-
directions. The refractive index is not the same along
the two coordinates; therefore the two component waves
emerge from the crystal out of phase. If the phase dif-

ference is exactly 90° the light is circularly polarized.
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stress birefringence: the difference in refractive index
is produced by pressure applied by the quartz drivers.

This has two advantages; first it possible to change the
stress very rapidly from one direction to another at 90°
to the original direction, thus producing alternately
right- and left circularly polarized light; secondly, the
stress can be varied by varying the electric signal to
the quartz drivers so that it is possible to produce
light which is circularly polarized over a large range of
frequencies. In our instrument the signal to the drivers
is recalculated for each wavenumber so that the light is
always circularly polarized. The PEM changes between
right - and left circularly polarized light at a frequen=

cy of 31.2 kHz.

The HgCdTe Detector.

As mentioned earlier the VCD instrument was explicitly
designed for use in the frequency region of the amide I -
IIT vibrations. This is primarily determined by the
choice of detector, which in this case was chosen to work
at its optimum between 800 and 1500 cm'l. The response of
a detector to the incident light is expressed in terms of

* (76). The maximum D* of the detector

its detectivity, D
in the VCD unit is 3.5%1010 cm Hz¥/W (77). The response

over the spectral range is shown as a percentage of the
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maximum D* in Figure 4. It is highest around 900 cm™! and
stays at or above 50% for the region between 800 and 1500
en~l, Below 800 cn~! the response drops off rapidiy. but
in the region from 1500 to about 2100 cm~! the response
is still about 40% which allows some strong signals to be
detected. Detection of signals below 800 cm~! is also
limited by the barium fluoride lens used in the design,

which is not transparent below 800 cm™1.

The Nature of the Detected Signals.

The detected signal is doubly modulated: at 79.5 Hz,
the frequency of the mechanical chopper, and at 31.2 kHz,
the frequency of the PEM. By tuning a lock-in amplifier
to 79.5 Hz one obtains a dc signal, Ipg» which corre-
sponds to the total transmission; by tuning in to the PEM
frequency one obtains an ac signal, !AC' which contains

the VCD information. The differential absorption, & A, is

given by
Iact®)
A A(V) =k ----- --
Ipct¥)
where k is a constant. For small values of

Ipc(#)/Ipc(¥) k is approximately equal to 1.15 (See

reference 5‘. which also deals with larger values of
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Figure 4. Detector response over the spectral range as a
percentage of the maximum response. As indicated the

spectral response is over 50% between 800 and 1500 cm~l.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Ipc(¥M/Ipci¥)).

To avoid having to worry about the exact concentration
of samples it has become common practice to report the
value as @ A/A. This is particularly useful when very
small sample volumes are prepared, and also eliminates
the worry about solvent evaporation when the sample cell
is filled. This is justified for samples obeying Beer-
Lambert's law since, in that situation, the molar absorp-
tivity, E, is given by

A

where C is the concentration in moles per liter, and 1 is
the pathlength in centimeters. In that case the dissymme-
try factor, g, is given by

AE AA

Electronic Layout.
Figure 5 shows the layout of the electronic circuit of
the VCD instrument. Immediately after leaving the detec-
tor the signal is fed through a preamplifier, after which
it is split into two paths: one path leads through a
lock-in amplifier tuned to 79.5 Hz. The output of this

amplifier is Ips, which is read by the computer. The
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Figure 5. Electronic layout of the VCD instrument. The
same symbols are used as in figure 1. PAR 5207 and PAR
124A are lock-in amplifiers from Princeton Applied Re-

search.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



132

other path leads to a lock-in amplifier tuned to the
frequency of the PEM (31.2 kHz). The output of this
amplifier now carries the VCD information (I,g) modulated
at the frequency of the chopper. The next step is the
demodulation of the 79.5 Hz signal and the subsequent
conversion from analeg to digital signal: this is the
crucial step referred to in 1) above. Both lock-in ampli-
fiers used in the monitoring of the Ipc signal have been
carefully selected so as to accommodate the large dynamic
range. Since there is more time available than in an FT-
VCD experiment (the acquisition cycle is simply inter-
rupted) it is possible, via the computer, to recalculate
and change the setting for the second amplifier so that
the analog-to-digital conversion step always takes place
under optimum conditions. Thus the problem of dynamic
range is overcome.

The fact that the dispersive instrument collects the
data consecutively over the frequency range allows the
voltage to the PEM to be recalculated to give a retarda-
tion of #/2 for each data point. Thus the light is always
circularly polarized, and the @ A value may be calculat-
ed directly from the Ipc and Ipc values without any need
for calibration.

The instrument is completely computer driven, with the
exception of the changing of slitwidth and filter, and

the positioning of the optical elements and the detector.
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The computer also has the necessary programs for averag-
ing and smoothing, subtracting background spectra and
plotting. Furthermore, the instrument is simple to run
and most spectra are recorded in a few hours (usually 20
averaged spectra). Maintenance is also very simple,
consisting mainly in changing the source, which burns out

after six months to 2 year.
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CHAPTER VII

VIBRATIONAL CIRCULAR DICHROISM OF ALANYL-ALANINE

AND ITS ISOTOPOMERS.

Background.

Until the time of the study reported here VCD inteasi-
ties had been observed for the amide A, I, and II vibra-
tions in poly(amino acids) and small peptides (78 - 85).
Most of these studies were of non-aqueous solution (78,
80 - 83). This study presents the first ever observation
of VCD in the amide III region in aqueous solution (47).
A detailed analysis of the results will be carried out
with references to the work already discussed in chapters
II - IV,

Previous Raman studies of the amide III vibrations
have shown differences in intensity and frequency in this
region for different secondary structures of poly(amino
acids) or peptides (44). As already mentioned during the
discussion of the normal coordinate analysis a similar
effect, although small, is observed for the dipeptide L-
Ala-L-Ala and its diastereomer D-Ala-L-Ala (Chapter IV,
Figure 1). Since the difference between the two diastere-

omers consists merely of the interchange of a methyl
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Figure 1. A) L-alanyl-L-alaaine.

B) D-alanyl-L-alanine.
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group and a hydrogen on one of the chiral carbons (Figure
1) this observation suggests that there may also be a
conformational difference between the diastereomers. The
study of alanine has shown that the two methine deforma-
tions give rise to large VCD signals (86), and it was
therefore expected that this would also be the case for
those alanyl dipeptide modes which involved the methine
deformations. Since it was shown that the amide III modes
are due to extensive mixing of the C*-H and the N-H
deformation coordinates (see Chapter IV) it was thought
that the VCD signal of these modes would in some way
reflect the structural difference, as well as any possi-
ble conformational differences. The vibrational analysis
of L-Ala-L-Ala provides a solid background for the inter-
pretation of the VCD of the alanyl dipeptides in the
region containing the amide I, II, and III modes, i. e.,

from approximately 1200 - 1750 em™1,

Experimental.

As discussed in the previous chapter, the choice of
detector largely determines the optimum range of the
instrument. There are, however, two other factors which
determine the accessibility of a region: the material
used for the windows of the sample cell, and the choice
of solvent. Bince the signal is so small it is essential

that the windows are made of a material which has very
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low refractive index to minimize the loss of light due to
reflection at the interfaces. The best choice is CaFg,
which has a refractive index of 1.4 at 5um and is very
slightly soluble in water. CaF, cuts off at about 1050
cm'l: thus for spectra below 1050 cm1 BaF; windows,
which cut off at about 800 cm™!, may be used. BaFy has a
refractive index of 1.45 at 5um, slightly higher than
CaFp, but more importantly, it is about a hundred times
more soluble. Therefore CaFp is used whenever possible.
(The solubility of CaFy is app. 0.0017 gm / 100 mL at
26° C, and BaF, app. 0.12 gm / 100 mL at 26° C) (87).

As already indicated the solvents used were Hy0 and
D20, which are not generally considered to be good sol-
vents for IR studies: Hy0 absorbs strongly from ca. 1550
- 2750 cn”! and D,0 from ca. 1150 - 1250 cm™!, Figure 2.
In addition, there is strong backsground absorption out-
side the absorption peaks, which is particularly strong
at frequencies below the absorption peaks, and stronger
in HyO than in Dy0. Although the D;0 background is some-
what weaker at the frequencies above the absorption peak,
the lower response of the detector limits the light
detected., This makes it difficult to work at pathlengths
of more than 15 pm. Consequently, HyO was used as solvent
for spectra from 1250 - 1500 cm'1 and Dy0 from 1450 -

1750 en~! with pathlengths of 15 pm.
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Figure 2. IR transmission spectra of Hp0 (solid trace)
and D0 (broken trace), from 800 - 1800 cm™!, using a

cell with BaF, windows and a 15 um spacer.
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The alanyl dipeptides, L-Ala-L-Ala, D-Ala-D-Ala,
L-Ala-D-Ala and D-Ala-L-Ala, were all commercially avail-
able and were bought from either Chemical Dynamics Corp.
or Research Plus, Inc. They were used without further
purification. In addition, a sample of L-Ala—dl-L-Ala was
synthesized by the method described in Chapter II.

For solutions in Dy0 the peptide was first dissolved
in Dy0 and evaporated to dryness in a lyophylizer or
rotovap to exchange the labile protons with deuterium
before the final solution was made up. In accordance with
the notation introduced by Miyazawa et al (46) the amide
vibrations of the deuterated samples are referred to by a
prime (e.g. amide I’). The concentrations of the HZO
solutions were 1 M and the Dy0 solutions were 0.5 M.

The spectrs of L-Ala-L-Ala, D-Ala-D-Ala, L-Ala-D-Ala
and D-Ala-L-Ala were collected with a scan speed of 1
el / s and a time constant of 1 s. The slitwidth was
constant at 2 mm which meant a bandpass of 4-8 cm'l,
depending on the frequency. The pathlength, as already
mentioned, was 15 um. Usually 10 VCD spectra were col-
lected and averaged. The spectra of L-Ala-d;-L-Ala were
collected at a later date when the instrument was set up
with a different configuration of collection optics.
Therefore the slitwidth was 3 mm with a bandpass of

about 8-12 cm'l. This allowed sufficient light to make it
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possible to use a pathlength of 25 wm for the solution in
Dzo. For this sample 20 spectra were collected and aver-
aged.

It is virtually impossible to design an instrument
which is completely free of induced artifacts. Since the
measured signal is so small, any instrumental birefrin-
gence shows up as a "background" signal in the spectrum.
To compensate for this, a background spectrum was con-
structed. The VCD spectra of two enantiomers are exact
mirror images of each other, provided the experimental
conditions are the same; therefore the average of tws
such spectra should be zero, and any intensity left after
the averaging may be assumed to be due to instrumental
artifacts. Therefore the background spectrum was con-
structed by taking ten spectra of each of the enantiomer-
ic pair and averaging all twenty spectra. The background
thus constructed was subtracted from the averaged VCD
spectrum. This procedure was followed for the original
work on the alanyl dipeptide described in reference 47.
Later it was found that the average spectrum of the
solvent alone taken with the same instrument setting as
used in the collection of the sample VCD spectra provides
a very good background. Thus in the case of the L-Aln-dl-
L-Ala the solvent spectrum was used for background sub-

traction.
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Results and Discussion.
The Amide III Region.

The IR and VCD spectra of the diastereomers L-Ala-L-
Ala (solid trace) and L-Ala-D-Ala (broken trace) between
1250 and 3500 cm™! are shown in Figure 3. Inspection
immediately reveals that the difference between the
diastereomers observed in the Raman spectrum is also
clearly observable in the IR spectrum. Furthermore, the
VCD spectrum of L-Ala-L-Ala shows a large positive peak
corresponding to the most strongly coupled of the amide
III features, namely amIII,1 at 1280 cm™!, and a smaller
negative feature corresponding to amIII,2, at 1325 cm},
whereas the spectrum of L-Ala-D-Ala shows a large nega-
tive feature for the amIII,1 and a smaller positive
feature for amIII,3, at 1340 cm~l, These significant
differences between the VCD spectra of the two diastereo-
mers immediately suggest that it is the extensive cou-
pling observed in this region which gives rise to differ-
ent VCD signals for the two diastereomers.

To obtain the full benefit of the knowledge gained by
the vibrational analysis and the normal coordinate calcu-
lations described in chapter IV, the VCD spectra of the
amide IIT region of the species analyzed there will first
be examined. Later the spectra of the aveilable diastere-
omers will be examined and the analysis completed. In the

following, references will be made in brackets to Figure
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Figure 3. VCD (top) and IR spectra (bottom) of L-Ala-L-
Ala

and L-Ala-D-Ala ----- in H0 between 1250 and
1500 cam”!.
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2 Chapter IV. To facilitate the comparison all spectra
have been plotted to the same scale, and all frequencies
and intensities have been summarized in Table I.

One of the molecules, the fully deuterated species, L-
Ala-d;-L-Ala-d; (trace A and B), was not available. This
molecule in D20 (CDNDCD, trace A) has no vibrations in
the region and therefore can not have any VCD spectrum.
The same molecule in HpO (CDNHCD, trace B) shows the
"unperturbed"” amide III vibration. Although it would have
been nice to have the VCD spectrum of this it would
almost certainly have shown only a very weak VCD signal
solely due to the chiral perturbation of the "unper-
turbed"” amide III mode, as no chiral atom is directly
involved in the vibration, and there is no evidence of
any transition dipole coupling (which might give rise to
a "coupled oscillator" signal, described in chapter V).
L—Ala-dl-L-Aln in DZD (CDNDCH, trace C), shown in Figure
4, is similar to alanine in D0, shown in Figure §,
broken trace (86): both have only one methine hydrogen,
and there is no perturbing N-H vibration. The frequencies
and IR and VCD intensities of alanine have been included
in Table I. Although the two methine deformation modes
occur about 25 cm™! towards higher frequencies in alanine
they are in both molecules separated by approximately 50

cn~l, The low frequency deformation has a positive and
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Figure 4. VCD (top) and IR spectra (bottom) of
L-Ala-dj-L-Ala in Dy0 between 1250 and 1500 en~l,  Note
the similarity of the couplet to that observed in ala-

nine, Figure 5.
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Figure 5. VCD (top) and IR (bottom) spectra of L-alanine

in Hy0 = , and in Dy0 ---- between 1250 and 1500 em™l,
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the high frequency deformation a negative VCD signal in
both instances, but the intensity of the dipeptide signal
is abcut twice that of the amino acid. It is worth re-
minding oneself that although there is a positive and a
negative signal this is not a couplet such as might be
expected from coupled vibrations; these are two separate
signals due to the two near degenerate perpendicular
deformation modes of one bond.

Comparing this to L-Ala-dj-L-Ala in H,0 (CDNHCH, trace
D), shown in Figure 6, solid trace, the low frequency
positive signal of the Cy-H,1 deformation is still seen,
but the intensity of the signal is much lower. This
methine deformation was shown in the normal coordinate
calculations to take only a small part in the coupling
with the N-H deformation, but it was stressed that the
nature of this mode is different from the Cy-H,1 mode in
the molecules where no N-H group is present; it is there-
fore not inconsistent that the VCD signal is much small-
er. It would have been very convincing if there had been
a couplet at 1311 and 1346 cm'l, corresponding to the
coupled vibrations, (Am3/CH),1 and (Am3/CH),2, but unfor-
tunately there is only a small negative signal at 1319
cm'l and no signal large enough to interpret at a higher
frequency. However, judging from the two spectra just
described (alanine in D30 and L-Ala-dj-L-Ala in D30), one

would definitely expect to see a large negative signal at
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Figure 6. VCD (top) and IR (bottom) spectra of
between 1250 and 1500 cm™!,

has been in-

L-Ala-d;-L-Ala in Hp0
The spectrum of the molecule in Dy0
cluded to emphasize that there is no signal in the undeu-

terated molecule corresponding to the large negative

signal observed in the deuterated species.
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approximately 1330 cm'l, due to the second methine defor-
mation, if there was no interaction between tihis and the
N-H deformation. Thus the lack of signal at this frequen-
cy may be seen as a confirmation of the existence of
coupling between the two coordinates, especially when it
is remembered that the intensity of coupled signals is
highly dependent on the relative positions of the coordi-
nates taking part in the coupling (strictly speaking it
depends on the directions of the transition moments,
which are related to the direction of the coordinates).
The IR and VCD spectra of L-Ala-L-Ala in Da0 (CHNDCH,
trace E) are shown in Figure 7. The VCD spectrum is
interpreted as follows: the positive and negative fea-
tures of the two orthogonal Cy-H deformations are seen
at 1281 and 1333 cm'l, respectively. In addition to
these, and partly overlapring them, the two Cy-H deforma-
tions, a positive and a negative feature, are seen at
1307 and 1360 cm~!, respectively. The Cy-H,1 vibration
11

but was clearly identified

T

in the Raman spectrum.

Figure 3, solid trace, shows the IR and VCD spectra of
the last molecule in this series: L-Ala-L-Ala in Hy0
(CHNHCH, trace F). The difficulty in interpreting the VCD
spectrum in the amide III region of this molecule stems

from the fact that there are three overlapping spectral
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Figure 7. VCD (top) and IR (bottom) spectra of L-Ala-L-

Ala in D0 between 1250 and 1500 cm™1.
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IR features in the region covered by the large positive
VCD signal centered around 1280 cm'l. From the above
analysis it becomes apparent that both the Co-H,1 and the
Cy-H,1 must be contributing to the signal (these are the
two coordinates which did not take part in the coupling
in the amide III region, see Chapter III). This leaves
the question of a possible contribution from the very
large highly coupled feature observed in the IR, namely
amIII,1. There are several reasons for believing that
this coordinate does make a significant positive contri-
bution to the VCD signal at 1280 cm™l:

a) The above analysis has shown that Co-H,1 and Cy-H,1
only overlap partly, whereas the present signal appears
as one large feature.

b) It was found in the normal coordinate calculations
that Cy-H,1 in L-Ala-L-Ala in Hp0 was most similar to the
Co-H,1 in L-Ala-d;-L-Ala in Hp0, and it was shown above
that the latter gave rise to a VCD signal of an intensi-
ty considerably smaller than that which is observed in
the present signal.

c) The smaller negative feature at 1325 cm™! correspond-
ing to another of the highly coupled features, amlIII,2,
is believed to be coupled to the larger positive feature
via a coupling mechanism similar to that of coupled
oscillators (see below).

The last statement is partly based on a comparison
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between L-Ala-L-Ala and one of its diastereomers,
L-Ala-D-Ala. The spectra of these two molecules in D30
will first be compared, Figure 8 and Table II. The solid
trace refers to L-Ala-D-Ala. Since the chirality of the
carbon at the carboxylate end of the molecule is changed
the signs of the Co-H signals have changed, as expected.
Also es expected the Cy-H,1 signal has retained its sign
and magnitude, but the CN-H,Z signal in L-Ala-D-Ala has
disappeared.

In HpO the spectra cf L-Ala-L-Ala and L-Ala-D-Ala ere
very different (Figure 3). In L-Ala-D-Ala the low fre-
quency peak has changed sign and is smaller and slightly
differently shaped. There is no signal corresponding to
amIII,2 but a small positive signal corresponding to
amIII,3 at 1343 cm'l. The difference in shape of the low
frequency VCD signal is partly due to the fact that the
CN-H,I sigral does not change sign. The Co-ll,l signal is
expected to be negative, and the amIII,1 signal is also
negative, although not necessarily of the same magnitude
as in L-Ala-L-Ala. However, it is only by considering the
signals in this region to be due to a coupling mechanism
that the different appearances of the signals in the two
diastereomers can be adequately explained: the slightly
different environments of some of the atoms in the dia-

stereomers cause a difference in the coupling pattern in
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Figure 8. VCD (top) and IR (bottom) spectra of L-Ala-D-
Ala in D20 ———— between 1250 and 1450 cm™l. The spectra

of L-Ala-L-Rla in Dy0 have been included for comparison,
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the amide III region: in L-Ala-L-Ala the amIII,1 vibra-
tion is coupled with amIII,2, and in L-Ala-D-Ala with
amIII,3, It has been shown ﬁhat it is possible to repro-
duce the spectra observed by considering three coupled
oscillators (65). This explanation is in complete agree-
ment with all previous observations and leads to an
explanation of the different appearance of the Raman
spectra of the two diastereomers, which initially was the
reason for this study. It is also possible that the
diastereomers have slightly different conformations, a
possibility which gains some validity from the disappear-

ance of the Cy-H,2 VCD signal in L-Ala-D-Ala in Dy0.

Normal Coordinate Analysis of the Diastereomers.

Although it was assumed in the normal coordinate
analysis that the molecule is present in its extended
form it is likely that the coupling patterns are differ-
ent for the two diastereomers at least partly because of
the different geometry around the chiral carbon at the
carboxylate end of the molecule. It might therefore prove
useful to compare the normal coordinate calculations of
the diastereomers.

The difference between the frequencies calculated were
less than one wavenumber and the changes in the PED's
were 1% or less in the few cases where any changes were

seen. The s-vectors were therefore examined to see if the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



changes showed up more clearly there. When comparing the
s-vectors of an enantiomeric pair their absolute values
are identical. This is expected: a normal coordinate
analysis is essentially a calculation of the behavior of
connected springs of varying lengths, with different
force constants and different masses attached to them. If
we set up a calculation of a mirror image system, only
the sign of some of the displacement coordinates will
change; their magnitude will remain the same. This is not
the case if one calculates the values for the diastereom-
ers. Three situations arise:

A) a localized vibration, where the mode is completely
dominated by the motion of a single coordinate, exhibits
s-vector components for which the absolute value is
either completely or almost completely identical for the
diastereomers. Such is the case for the amide A vibra-
tion, which consists almost entirely of the N-H stretch.
B) For more complex vibrations which do not include any
significant contribution from atoms attached to the
chiral carbons (as for example amide I), the s-vectors
are still almost identical. Table III and IV show that
the differences do not exceed 0.001.

C) As the vibrations become more complex, with many atoms
participating in the motion, this is no longer true. In

the heavily coupled amide III region, the differences
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Table III

DEL X DEL 'Y DEL Z

ATOM # 1 .2291 -.0716 ~-.0034
ATOM ¢ 2 -.1094 .0009 .0001
ATOM & 3 -.0534 .0508 -.00G1
ATOM ¢ 4 -.0413 .1248 -.0002
ATOM & 5 .0038 -.0050 .0008
ATOM ¢ 6 .0003 .0007 -.0004
ATOM 3 7 .0046 .0137 .0020
ATOM ¢ 8 -.0061 -.0061 -.0003
ATOM # 9 .0011 .0032 .0000
ATOM & 10 .0023 .0006 .0000
ATOM # 11 -.0214 .0139 .0028
ATOM & 12 -.0010 -.0019 .0009

ATOM # 13 -.0327 -.1069 -.0250
#

ATOM 14 .0033 .0014 .0008

S-vector of L-Ala-L-Ala amide I vibration.
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Table IV

DEL X DEL Y DEL 2
ATOM # 1 .2291 -,0716 -.0034
ATOM ¢ 2 ~-.1094 .0009 .0002
ATOM # 3 -.0534 .0508 .0005
ATOM & 4 -.0413 .1248 ~-.0005
ATOM & 5 .0038 -.0050 -.0009
ATOM ¢ 6 .0003 .0007 .0004
ATOM # 7 ,0045 .0136 -.0020
ATOM # 8 -.0061 -.0061 .0003
ATOM # 9  .0011 .0032 .0000
ATOM 2 10 .0023 .0006 .0000
ATOM # 11 -.0214 .0139 .0028
ATOM # 12 -.0010 =-.0019 .0009

ATOM # 13 -.0327 -.1063 -.0250

ATOM # 14 .0033 .0014 .0008

S-vector of L-Ala-D-Ala amide I vibration.
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between diastereomeric forms become significant and
involve all atoms which take part in the coupling. The
differences are now much larger, at approximately 0,02
(Table V and VI).

The normal coordinate analysis gives no direct infor-
mation about the electric dipole or the magnetic dipole
moments. It can therefore only give the frequencies, but
not the intensities of the vibrational signels, and it
can say nothing directly about the VCD signals. But the
coupling patterns in the amide III region do show suffi-
ciently large changes to account for changes of the
electric and magnetic dipole moments, with resulting
changes in the vibrational and, particularly, the VCD
spectra. It may therefore be concluded that in heavily
coupled modes involving more than one chiral center large
changes in the VCD spectrum can be expected if the chi-
rality of one of the centers is changed, and that such
changes will be reflected in the normel coordinate analy-
sis.

The Amide I' and Amide II' Region.

As previously noted only Dzo is transparent in the
region between 1450 and 1750 cn". This region contains
the amide I’ and amide II' modes, and the carboxylate
anion asymmetric stretch, shown in Figure 9. The amide I’
consists mostly of the carbonyl stretch and the amide II’

of the N-H in plane deformation, with a small contribu-
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Table V

a DELY DIz ) DELX DELY DEILZ
aton ¢ 2 40802 =.0407 ATON ¢ 1 .0226 .0690 .0135
aron e 2 0085 .0028 ATON ¢ 2 -.0278 -.0034 -.0009
aton o 3 .0385 L0042 ATON ¢ 3 .0006 -.0300 .0008
aron e ¢ -.2807 -.0088 ATOW ¢ 4 -.0000 -.0828 .0073
ATOM ¢ 5 .0309 -.0055 0084 ATON ¢ 5 .0745 -.0760 .0409
ATON ¢ 8 -.0031 =-.60D5 .0030 ATOW 0 6 -.0000 .0000 .0124
ATOM 0 7 -.2111  .0S87 -.088 ATON 0 7 -.4082 .6090 -.3081
ATOM ¢ B -.0013 -.0080 -.0081 ATOM 0§ =-.0208 .0056 ~-.0499
ATON O 8 0034 .0081 .0030 ATON @ 5 .0013  .0101 .006)
ATON 0 10 -.0044 =-.0C03 0010 ATON 0 10 0165  .0086  .006)
ATOM 0 11 .0286  .0801 0351 ATON 6 11 -.0165 -.0377 -.0108
ATON ¢ 12 -.0079 -.0016 .0104 ATOM ¢ 12 .0022 .0008 ~-.0043
ATON ¢ 13 -.3307 -.6008 -.270) ATOM 013 1119 .2303  .0908
ATOM 0 16 -.0040 -.0084 .0058 ATOW 0 54 L0012 .0008 -.0028

c DELX DELY DELZ
ATOW 6 1 L0517 .1228 .0153
ATON 0 2 -.0778 ~.0045 ~-.0013
ATOW 0 3 0351 <-.0895 =-.0125
aTON 0 @ 0397 -.4519 .0081
ATOW @ &  .0191 .0808 =.0048
ATON 6 8 -.0019 -.0010 .0012
aTow 0 7 0307 -.4560 -.0208
ATON @ 8  .0199 -.0078 .02¢0
aton e ©  .0048  .0038 -.0026

ATON 0 10 -.0209 -.0042 =-.0026
ATON 0 11 =.0232 ~.0483 -.0113
ATON 9 12 .0022  ,0008 ° ~.0080
aTo® ¢ 13 1271 .2201 .0988
ATON 0 16 .0011  .0005 =.0015

II1I,3 (A), amIII,2 (B), and

S-vectors of L-Ala-L-Ala

emIII,1 (C) vibrations.
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Table VI
L) DL X DELY DILZ 1 ] DEL X DELY DEL2Z

ATON ¢ 1 ~.004p -.0803 .0411 amon ¢ 1 +0222  .0804
ATON 0 2 .0187 .0085 ~-,0020 ATON § 2 ~.0270 ~.003¢
ATON @ 3 -.0201 .0388 ~-.006) ATON ¢ 3 .0003 ~.0305
ATOM ¢ 4 «0194 2810  .0103 ATOMN ¢ 4 -.0013 -.0808
ATON 8 B +0038 .0111 ATON ¢ & .0738 -.0773
ATON ¢ 8 +0002  .0033 ATONW ¢ € -.0009 .0009
ATON ¢ 7 .3238 -.0381 -.0038 ATOM ¢ 7 - +6206
ATOM ¢ & .0008 ,0052 -.0083 ATON ¢ 8 -.0301 .0086
ATOM ¢ O ~.00356 -.008) .0011 ATOM ¢ ® .0012 .0102
ATOM ¢ 10 .004% .0003 .002) ATON ¢ 10 .0188 ,0089
ATO4 0 11 -.0264 ~.0808 =-.038) ATOW ¢ 11 ~.0163 ~.0373
ATON © 32 .0078 L0018 -.0103 ATON ¢ 12 .0022 .0OO8
ATON ¢ 13 .3203 72 .3770 ATON @ 13 L1111 3278
ATGH ¢ 34 0048  .00%4 -.0050 atow ¢ 34 L0012 .0308

€ DEL X DELY DEL2

ATOM ¢ 1 .0522 .1230 .0133

ATON ¢ 2 ~-.0785 ~.0045 ~.0008

ATON ¢ 3 .0350 ~-.0805 .0082

ATOH 0 4  .0393 =-.4B34 -.0012

4TOM ¢ 6 .0186 .0878 .0080

aToM ¢ 6 -.0018 ~-.0010 ~-.0010

ATOM ¢ T .0468 -.4401 .0207

ATON ¢ 8 .0175 -.0077 =.0235

4704 ¢ 9 L0045 .001T .0026

AaTOH ¢ 10 -.0206 -.0042 .0026

ATON 6 11 -.0237 -.0608 <-.0109

AaTOM ¢ 12 .0023 .0009 ~.0053

ATON ¢ 13 31310 3457 .1034

aTo% 0 14 +0012  .M0OE =-.0017

S-vecters of L-Ala-D-Ala amIII,3 (A), amIII,2 (B), and

amIII,1 (C) vibrations,
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1500 . 1700
Havanumbar (i/cm)

Figure 9. IR spectrum (bottom) of L-Ala-L-Ala from 1450
to 1750 ce”l. VCD spectra (top) of L-Ala-L-Ala, solid
trace, and L-Ala-D-Ala, broken trace. The sign of the VCD
signal for the carboxylate anion asyammetric stretch

reflects the chirality of the terminal residue.
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tion from the C-N stretch; thus neither of these modes
involve a chiral carbon. The amide vibrations do not give
rise to any detectable signal, but the CO,~ asymmetric
stretch gives rise to a very small VCD eignal. The signal
is positive for D-Ala-D-Ala and L-Ala-D-Ala, and negative
for L-Ala-L-Ala and D-Ala-L-Ala; thus the sign depends on
the chirality of the carbon at the carboxylate end of the
molecule. This means that the proximity of the chiral
carbon 18 enougii t¢ produce a chiral perturbation, which

can be detected for large signals.
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CHAPTER VIII

VIBRATIONAL CIRCULAR DICHROISM OF AAMA.

As a part of the early work using the VCD technique we
collected a series of spectra of N-acetyl-L-alanine-N’-
acetamide, AAMA. This wes done partly to demonstrate the
ability of the instrument, and partly with the view of
incorporating the results in the study of a series of
molecules starting with alanine itself and going on to
alanyl oligepeptides via alanyl-alanine, AAMA, and ala-
nyl-alanyl-alanine. As so often happens the project was
left unfinished as other problems caught the group's
interest. Unfortunately, to attempt a thorough analysis
now would be meaningless in light of the following devel-
opments:

1) The quality of spectra obtainable with the VCD instru-
ment has been improved considerably, making it possible
to get much better spectra, particularly in aqueous
solutions, than was previously possible.

2) Another instrument has been built which works at its
optimum in the amide I region, giving many times better
signal to noise than was obtained previously in this
region.

3) Petr Malon, a visiting professor from Czechoslovakia,
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brought with him & series of analogous compounds which
his group have studied extensively, using CD and proton
NMR techniques (88).

The last development in particular would make any
enalysis attempted now premature. However, there is

sufficient data available to make some comments.

Background.

As Figure 1 shows AAMA is in an interesting molecule
in the context of the analysis of the conformations of
peptides. It is the smallest molecule to possess two
complete peptide linkages with complete torsional & and
Y angles as defined for peptides (89), and yet it has
aliphatic end groups, as opposed to the zwitterionic di-
and tri-alanine. It may therefore be thought of as a
piece in the middle of a peptide chain, as well as a
molecule in its own right. Previous studies, including
vibrational analysis, as well as electronic CD, proton
NMR, and various calculations. have shown that AAMA
exists in more than one conformation, and that the sol-
vent used determines which conformer predominates. Thus,
in an earlier vibrational study Avignon and Lascombe (90)
found that the extended form of AAMA, also called the Cs»
and the C; conformers both exist in dilute carbon tetra-

chloride, and that the C7 conformer also occurs in aque-
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Figure 1. N-acetyl-L-alanine-N’-methylamide, AAMA, in two
of its conformations:
A) Cg conformer (extended form).

B) C7 conformer.
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ous solution. (Table I lists the torsional angles, & and
"Y, associated with the various conformers discussed
here). In 1980 Madison and Kopple carried out a very
thorough study of the acetyl-methylamides of alanine and
proline, using solvents of increasing polarity (91). They
drew the conclusion that as the polarity of the solvent
increases the predominance of the Cq conformer changes to
an increasing population of the conformers ap and PII'
both of which are dominant in aqueous solutions (the
torsional angles of these conformers are in Table I).
Recognizing the importance of the bulkiness of the side
chain of the amino acid Malon and coworkers extended that
study by examining the methyl amides of the following N-
acetyl-a-amino acids: L-alanine, L-leucine, L-valine, L~
tert-leucine, and L-proline (88). The increasing steric
hindrance of the side chain reduces the flexibility of
the molecule and therefore the number of possible con-
formers. Although largely in agreement with Madison they
drew the conclusion that, while for AAMA the C; is
present in all solvents used, the more polar solvents
have a predominance of @ and 310 conformers (For tor-
sional angles see Table I). Both Malon and Madison dis-
cussed the importance of solvent interaction (hydrogen
bond formation) with the N-H groups (acetonitrile) only,
and with both N-H group and C=0 groups (aqueous solu-

tions). The latter observation is a reminder that it is
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Table I
Conformer & 1 I ! References
Cg + 150°| Madison & Kopple (91)
'
-80° . " "
Cq 80 : +80
1
Pr1 -78° +149° | Arnott & Dover (93)
ap -57° -47° Arnott & Dover (94)
H
350 -45° -30° | Prasad & Sasisekheran (95)
'
'

® and I of the various conformers of AAMA mentioned in
the text. Avignon and Lascombe reported values of -60°

and 40° for the C; conformer (90).
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not possible to draw conclusions about aqueous solutions
based on a scale of solvents of increasing polarity:
water holds an unusual position because it can solvate
both of the two sites just mentioned and because the
interactions are facilitated by the small size of the
water molecule.

Early Results.

It is evident from the above that a simple easily
interpretable VCD spectrum of AAMA cannot be expected. Of
the solvents used for the above studies the one which is
most transparent in the IR and therefore suitable for VCD
experiments is deuterated acetonitrile, CDacN. Fortunate-
ly, this is also the solvent most similar to water, both
in terms of its polarity and in terms of the solution
conformers it supports. A series of spectra were there-
fore collected of both deuterated and undeuterated AAMA
in CD3CN in the regions covering the amide I and III
vibrations. Later data were also collected for AAMA in
Hy0 in the amide III region, and in Dy0 in the amide I
and III region. All spectra were collected with the
instrument set with a fixed 2 mm slitwidth and a 1 s time
constant. Ten scans of the solvent alone were collected
and averaged, and subtracted from ten averaged scans of
solvent and AAMA. Table II summarizes the results ob-

tained, and the spectra are shown in Figure 2 - 4,
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Table II

Solvent| Conc. | Path | FPreg. | IR intens. | VCD intens.
in ca”! A aa s 08

CDLCN | 0.1m | 1254 1687 0.70 -4.6
CDaCN | 9.1 | 125, 1685 0.77 -6.3
Dg0 1.2M [ 15p 1634 0.55 -6.4
AaIII | CDyoN | 0.1m | 6004 1269 0.47 -24.2
- - - 1296 0.36 +22.2
AmlII | By0 1.2d | 15w 1277 0.17 -5.6
- - - 1314 o0.21 +5.6
AsIII'| CDaoN | 0.1m | 600n 1265 0.16 4.4
- - - 1298 0.16 +16.1
AwIII'f D0 1.2M | 25 -0 -0 -0
- - . 1298 0.08 01,7

IR and VCD intensities in the amide I and III regions in
acetonitrile and aqueous solutions. #: The combination of
the weakness of the signal and the high absorbance of the

solvent in this region made these signals unreliable.
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Wavanumbar (1/cm)

Figure 2. VCD spectra, top, and IR spectra, bottom, of
the amide I region of AAMA, from 1550 - 1750 cm~l.

AAMA in CD3CN, ------- deuterated AAMA in CD4CN,
and ........ deuterated AAMA in Dy0. All VCD spectra

presented after nine point smoothing.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



172

-2
4 4
1
Ax10 N\
3
21 ,-/"“""'“‘.
pueee o o T,
- . -
1 qee””
1270 1330

Wavenumber (1/cm)

Figure 3. VCD spectra, top, and IR spectra, bottom, of
the amide III region of AAMA, from 1250 - 1350 cm~l.

AAMA in CD3CN, and ------- AAMA in Hp0, the

latter after five point smoothing.
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Figure 4. VCD spectra, top, and IR spectra, bottom, of

the amide III’' region of AAMA, from 1250 - 1350 cm~l.

AAMA-Nd; in CD3CN, and ==------ deuterated AAMA-
Nd; in D0, spectra of the latter after five point

smoothing. '
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Discussion.
Amide I.

The amide I normal mode consists primarily of the
carbonyl stretch (46) (see also chapter IV). According to
the predictions of Schellman, and Holzwarth (9, 13) the
degeneracy of this mode is lifted if the two carbonyl
groups are in a dissymmetrical arrangement. In that case
the resulting coupled oscillators give rise to a bisig-
nate VCD signal, the magnitude of which depends on the
geometrical arrangement of the two groups (See chapter
V). This, however, only holds true if the molecule in
question has a conformation which is stable on the time
scale of the experiment. In the present case, where there
are at least two different conformers, the signal ob-
served is due to the overlapping signals of all the
conformers. As in the case of electronic CD it may be
possible to disentangle the overlapping signals, or the
signal of one of the conformers may dominate the spectrum
(88, 91). Figure 2 shows the spectra of the amide I
region of AAMA, undeuterated in CD;CN, and deuterated in
CD3CN and D30, As already mentioned it is now possible
to get much better signal to noise in that region; never-
theless, it is obvious that the VCD signals are very
similar in all three instances: in each case there is a

small negative VCD signal, which shifts in the DZO solu-
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tion, due to deuterium bonding, as expected, but apart
from that the signals are remarkably similar. Since there
is no signal in the amide I region of alanyl-alanine the
observed signals are almost certainly due to the kind of
coupled oscillator mechanism referred to above. Thus the
amide I signals indicate that the same conformer domi-
nates in the CD3CN and D,0 solutions and that deutera-
tion of the labile protons has very little effect on the
observed signals. As mentioned previously the spectrum of
L-Ala-L-Ala-L-Ala, recorded by this group, shows a clear
negative-positive amide I couplet from which has been
deduced the most likely solution conformations of this
tripeptide (63). It is therefore more than likely that
the further analysis of this region of AAMA and similar
compounds will yield information about the number and
identity of the conformers, as well as the shape and size
of their VCD signals. Such information will be important
in the further understanding of VCD spectra of small

peptides.

Amide III.

In view of the thorough study of alanyl-alanine al-
ready carried out the amide III region is naturally of
special interest. It has been stated elsewhere (92) that
the amide III region is sensitive to the identity of the

amino acid, that is, to its side chain. It should there-
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fore be particularly interesting to examine simultaneous-
ly the amide I and III regions of the methyl-acetamides
mentioned in the beginning of this chapter, and perhaps
compare them to the di- and tri-peptides of the corre-
sponding amino acids.

Figure 3 shows the spectra of the amide III region of
AAMA in Ho0 and in CD4CN. The VCD spectrum of the CD3CN
solution shows a clear negative-positive signal, corre-
sponding in frequency to the IR signals. By contrast the
signal to noise ratio in the aqueous sample was very poor
and the VCD spectrum presented has been smoothed, but may
in fact not be very reliable. It is presented primarily
as a suggestion that CD3CN may be a good choice of sol-
vent when using water presents a problem. This is further
supported by Figure 4 which shows the spectra of deuter-
ated AAMA in DZO and in CD3CN. Although the signal to
noise is poorer in the D0 solution the spectra are
similar. The single positive signal occurs at approxi-
mately the same frequency, which indicates that the
effect of solvation of the N-D group is very similar in
the two solvents. However, to properly understand this
region of the AAMA spectrum it mey be necessary to obtain
the vibrational and VCD spectra of N—acetyl-L-Ala-dl—N'-
methylamide.

In spite of the incompleteness of data presented here,
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there is little doubt that the upcoming VCD experiments,
accompanied by appropriate calculations, will help to
throw new light on the question of AAMA solution conform-
er, or to consolidate some of the results already ob-

tained.
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