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similar to that for normal liquids the minimum can be en­
hanced. Because AV and the choices of a are also open to 
variation there seems to be no difficulty in choosing mutually 
reasonable values which will fit all of the data considered here. 
In particular a choice of AV° = 4.0 cm3, VA° = 20.0 cm3, and 
VB0 = 16.0 cm3 with slightly larger values for aA and smaller 
values for as will give much improved fits in the supercooled 
region. 

Discussion 
The structure of water and models of multicomponent sys­

tems to represent the properties of water have been proposed 
by many authors.9'1' In most of these models relatively little 
attention has been given to the heat capacities and conse­
quently most of these models have not reproduced Cp very well, 
this despite the fact that they have generally used more com­
plex structures than that suggested here. All of the ones that 
have fitted either the thermodynamic properties or the molar 
volumes have arrived at AH] and AKi values similar to those 
used here.12 The present results are of interest in that they 
suggest that the heat capacity data alone are sufficient to re­
quire a minimum two-component system to represent this 
property of water. The detailed molecular structure that 
satisfies these requirements is of course outside the scope of 
the present approach.13 It is of interest to note, however, that 
the differences in energy between an ice-like, tetrahedral 
structure of specific hydrogen bonds and a structure of di-
pole-linked chains with coordination of about 6 is comparable 
to the A//i values we have considered here.14 

I. Introduction 

The structure and conformation of amino acids, oligopep­
tides, polypeptides, and proteins have been studied extensively 
by spectroscopic methods owing to their direct relevance to the 
understanding of biochemical processes on a molecular level. 
Of these methods, X-ray diffraction of single crystals has 
provided the most accurate and detailed information. However, 
X-ray crystallographic methods are not applicable to solution 
phase samples where biological molecules may adopt altered 
conformations or undergo critical conformational changes 
while executing biological activity. Currently the most sensitive 
spectroscopic probes of solution phase conformation in proteins 
and related molecules are electronic optical activity, nuclear 
magnetic resonance, infrared absorption, and Raman scat­
tering. Very often the results of several of these techniques 
must be combined to gain desired conformational inferences, 
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since no individual method is significantly superior to the 
others, or is so conclusive that supporting results are not 
helpful. 

In view of this situation, we have undertaken the application 
of the newly developed technique of vibrational circular di-
chroismla'b (VCD) to the study of protein-related molecules. 
The overall aim of this work is to provide a new spectroscopic 
method of investigation which will combine the conformational 
and configurational sensitivity of electronic optical activity 
with the rich structural content of vibrational spectroscopy. 
In the present study of alanine and some of its simple oligo­
peptides we are investigating the VCD of a small group of 
closely related molecules in order to amplify some of the basic 
features of this new technique and to demonstrate the feasi­
bility of further studies. 

In a recent communication,2 we reported the first observa­
tion of VCD of an amino acid, alanine, in the carbon-hydrogen 
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stretching region. In this publication, we present additional 
results of our continuing work on the vibrational optical activity 
of amino acids and small peptides. In particular, we will focus 
our attention on three principal areas. First, experimental 
conditions and methods will be described that were used to 
obtain VCD spectra with good signal to noise ratio from 
aqueous solutions of amino acids and small alanyl oligopep­
tides. Second, the observed VCD signals will be described and 
interpreted utilizing supporting vibrational data obtained in 
this work. Third, the unique sensitivity of VCD to probe subtle 
changes in molecular structure will be discussed. 

We report vibrational circular dichroism and detailed vi­
brational data in the C-H stretching region of aqueous solu­
tions of alanine (D-AIa and L-AIa), alanylalanine (D-AIa-D-
AIa and L-AIa-L-AIa), and alanylalanylalanine (D-AIa-D-
AIa-D-Ala and L-Ala-L-Ala-L-Ala) as well as the two noncy-
clic copeptides of alanine and glycine, glycylalanine (GIy-D-
AIa and Gly-L-Ala) and alanylglycine (D-AIa-GIy and L-
Ala-Gly). In a subsequent publication,3 VCD of cyclic alan­
ylalanine and alanylglycine (diketopiperazines) will be re­
ported. The molecules listed above were selected because they 
allow the study of the interactions of near-identical subunits 
in larger molecular systems, without the complicating problems 
of additional vibrational assignment. Furthermore, the slight 
structural differences encountered between the subunits give 
valuable information about the origin of the observed VCD 
effects. 

Interpretation of the observed vibrational circular dichroism 
requires detailed knowledge of the vibrational motions of the 
molecules. However, no reliable spectroscopic vibrational data 
in the carbon-hydrogen stretching region were available prior 
to this study. The reason for this lack of data is twofold. First, 
solution data are unavailable because water is the only prac­
tical solvent for most of the amino acids and small peptides; 
the water spectrum, however, masks the 2800-3100-cm -1 

spectral region completely. Second, solid-state vibrational 
spectra (mostly in KBr pellets) do not exhibit a great deal of 
detail in the carbon-hydrogen stretching region because the 
hydrogen bonding in the solid state produces one broad, poorly 
resolved peak between 2600 and 3300 cm - 1 . 

Therefore, we decided to obtain Raman frequencies and 
depolarization ratios in the C-H stretching region for the 
molecules listed above as solutions in D2O. Along with the 
infrared absorption spectra obtained simultaneously with the 
VCD spectra, the Raman data allow a reliable vibrational 
assignment. The infrared and Raman spectra of alanine, 
alanylalanine, and alanylalanylalanine proved to be nearly 
identical, whereas the VCD spectra show marked changes 
between the monomer and the dimer. This observation will be 
interpreted in terms of the sensitivity of VCD to probe small 
changes in the stereochemical environment which conventional 
vibrational techniques are too insensitive to probe. In partic­
ular, it is thought that the chemically different nitrogen atoms 
in the amine group and the peptide linkage may strongly in­
fluence the optical activity of the vicinal CH3 vibrations. Other 
possible factors contributing to the observed vibrational optical 
activity, such as couplets due to near-degenerate methyl 
stretches and long-range methyl-methylene interactions, will 
also be discussed. 

II. Experimental Section 

The VCD spectrometer used in this investigation was briefly dis­
cussed earlier.2 Here, we want to present a more detailed description 
of the unit. The basic design of our VCD spectrometer is similar to 
one reported earlier12 utilizing a double modulation technique. Light 
from a 1000-W tungsten halogen lamp (Sylvania 1000 Q/CL), op­
erated a ca. 3000 0C, is mechanically chopped at u>c (ca. 150 Hz) via 
a light chopper (Laser Precision Model CTX-534) and subsequently 
focused into a %-m monochromator (Spex Model 1702), incorporating 

a 300 lines/mm grating blazed at 3 ju. The light emerging from the 
monochromator is passed through a 2.2-AI long wavelength pass filter 
(Optical Coating Laboratory, Inc.) to remove radiation diffracted by 
the grating at higher than first order. Next, the infrared radiation is 
polarized by a LHO3 polarizer (Interactive Radiation, Inc.), oriented 
at 45° with respect to the axes of the modulator. A ZnSe photoelastic 
modulator, constructed in our laboratory,4 operates at OJM (ca. 50.1 
kHz) to produce alternately left and right circularly polarized light. 
The ZnSe modulator is followed by the sample contained in a variable 
path length cell (Beckman Instruments) equipped with CaF2 windows. 
The infrared radiation is detected by a 12 X 12 mm, liquid nitrogen 
cooled InSb detector (Spectronix, Inc.) having a D* (X peak) = 1.0 
X 1011 cm Hz1Z2ZW. In order to obtain AA, the difference in ab-
sorbance of left and right circularly polarized radiation, it is neces­
sary12 to ratio the signals observed at ui\\ and a>o This normalization 
is performed by a variable gain amplifier12 in conjunction with a 
lock-in amplifier (PAR Model 128A) tuned to a>c- The AC signal 
modulated at U>M is filtered (to remove the u>c component) and am­
plified by a second lock-in amplifier (PAR Model 124A) tuned to COM-
High stray signal rejection is obtained by operating a third amplifier 
(PAR Model 186A), tuned to a>c, in tandem with the O>M lock-in 
amplifier. A fourth lock-in (PAR Model 121) permits recording of 
the transmission spectrum simultaneously with the VCD spectrum. 
Both signals are displayed on a dual channel strip chart recorder 
(Soltec Model B-281). Since our first communication,2 we were able 
to increase the light level through the spectrometer significantly, re­
sulting in an improved signal to noise ratio. Furthermore, the VCD 
baseline now is a straight line (within experimental noise) exhibiting 
a slope of +1 X 10-5 AA unit in the range of 2800-3100 cm"', inde­
pendent of sample absorption. The magnitude of the VCD signal is 
calibrated following a previously reported procedure12 employing a 
retardation plate and a second polarizer. The sign of the VCD signal 
was calibrated against published spectra of camphor,12 and also 
against camphor spectra recorded by Moskowitz and Overend.5 Ab­
sorption baselines6 (obtained from an optically active sample but 
representing the signal of a racemic modification) were obtained for 
a number of samples. These spectra were straight lines (within the 
limits mentioned above) but are not reproduced in the figures for 
clarity of the displays. 

The absorption spectra reported with the VCD spectra are single 
beam transmission spectra of solvent and solute; they are not com­
pensated for instrument response. 

Raman spectra were obtained using the 514.5-mm line of an argon 
ion laser (50-400 mW) for excitation. Raman scattered light is ana­
lyzed by a double monochromator (Spex Model 1401) and direct 
current amplification. Spectral resolution was about 3 cm-1 at 2900 
cm-1. Depolarization measurements were carried out using an ana­
lyzer and a polarization scrambler placed between sample and mo­
nochromator. Samples were dissolved in D2O and placed in melting 
point capillaries for measurement. Some dipeptides, notably Gly-Ala 
and Ala-Gly, were slightly yellow when purchased and exhibited a 
strong background scattering. Purification over activated charcoal 
was necessary to obtain quality Raman spectra; however, the polar­
ization measurement was still somewhat unreliable for these two 
peptides. 

Samples of the various di- and tripeptides were purchased from 
either Aldrich Chemical Co. or Chemical Dynamics Corp. For the 
VCD measurements, the samples were used without further purifi­
cation. VCD samples were prepared by dissolving ca. 250 mg of the 
peptides in D2O and boiling to dryness in vacuo three times to deu-
terate the amine function. Samples then were redissolved in a mini­
mum amount of D2O (ca. 0.5 mL) to obtain sample concentration as 
high as possible. Generally, the solutions were near saturation. VCD 
spectra of both enantiomeric forms were obtained for all compounds 
reported, not only to check instrumental performance, but also to 
ensure chemical identity and optical purity of the materials under 
investigation. 

III. Results 

In Table I are listed the compounds utilized in this study 
along with the commonly used abbreviations. A typical single 
beam transmission spectrum of alanine (which represents well 
the observed infrared spectra of the molecules studied) in the 
2000-4000-cm -1 range is shown in Figure 1, the arrows in­
dicating the range over which VCD measurements were un-



5646 Journal of the American Chemical Society / 100:18 / August 30, 1978 

WAVELENGTH (jj j WAVENUMBER (cm"1) 
3000 

5.0 

4000 2000 

WAVENUMBER (cnT1) 

Figure 1. Single beam transmission spectrum of a saturated solution of 
D-alanine-̂ 3 in D2O at 150-M path length. VCD measurements are ob­
tained in the spectral region marked. 

Table I. List of Compounds Studied 

symbol compd" 

Ala ND3
+-C*H(CH3)-C02-

Ala-Ala ND3+-C*H(CH3)-CONH-C*H(CH3)-C02-
Ala-Ala-Ala ND3+-C*H(CH3)-CONH-C*H(CH3)-CONH-

C*H(CH3)-C02-
Gly-Ala ND3+-CH2-CONH-C*H(CH3)-C02-
Ala-Gly ND3

+-C*H(CH3)-CONH-CH2-CQ2-

" Asterisks denote asymmetrically substituted C atoms. 

dertaken. This figure also demonstrates the high solvent ab­
sorption in the spectral range of interest. Failure to deuterate 
the amine function prior to dissolving the samples leads to in­
creased absorption at 3400 cm -1 and thus to considerably less 
detailed solute spectra between 2800 and 3100 cm-1. 

The VCD spectra of alanine, alanylalanine, and alanyl-
alanylalanine are reproduced in Figure 2. Although the spec­
trum of alanine was reported previously, we include the spec­
trum which we obtained while recording the VCD spectra of 
the oligopeptide for completeness and direct comparison. VCD 
and single beam transmission spectra were obtained at a res­
olution of ca. 14 cm -1 at 2950 cm -1. The spectra are direct 
strip chart reproductions without data smoothing or back­
ground subtraction. Figure 3 displays Raman, infrared, and 
VCD spectra after normalization and background subtraction. 
Since the sample concentrations were not known exactly (vide 
supra) and since the sample path length in the VCD mea­
surement was varied to optimize the signal to noise ratio, the 
infrared transmission spectra were normalized (after proper 
conversion to wavenumber and solute absorbance units) such 
that the total C-H peak areas of all compounds were identical. 
The scale factor found for each compound was used to replot 
the corresponding VCD spectrum. Thus, in Figure 3 all VCD 
spectra are normalized for equal sample absorption. This 
method allows comparison of the observed VCD signals 
without reference to the exact experimental path lengths and 
concentrations. Similarly, the Raman spectra were normalized 
to allow comparison of relative intensities of the bands in the 
various Raman spectra. Table II lists observed Raman and IR 
frequencies, Raman depolarization ratio, and absorbance 
values for all five compounds studied. 

3.S5 1 3 5 3.4S 
WAVELENGTH (/J> 

Figure 2. VCD and transmission spectra of D-alanine-rf3 and L-alanine-̂ 3 
(top), D-alanyl-D-alanine-̂ 3 and L-alanyl-l_-alanine-rf3 (middle), and 
D-alanyl-D-alanyl-D-alanine-d3 and L-alanyl-L-alanyl-L-alanine-d3 
(bottom) in D2O. 

Figure 4 shows the VCD and transmission spectra of gly-
cylalanine and alanylglycine. The normalized Raman, in­
frared, and VCD spectra are displayed in Figure 5. 

IV. Discussion 

In the following discussion, we shall attempt to present a 
simple, straightforward interpretation of the basic features of 
all observed data. In light of the lack of previously available 
vibrational information as well as the lack of suitable models 
for the interpretation of VCD (the coupled oscillator model7 

does not seem to be applicable), our interpretation of the ob­
served data should by no means be considered unique. How­
ever, the obtained vibrational data along with some very dis­
tinct VCD signals suggest an acceptable interpretation. It 
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Table II. Observed Frequencies and Intensities* 

5647 

Ala 

Ala-Ala 

Ala-Ala-Ala 

Gly-Ala 

Ala-Gly 

Raman 
freq, 
cm -1 

2895* 

2951 

2994 

3010 sh 

2888 

2946 

2998 br 

2885 

2946 

2998 br 

2890 

2945 

2981 br 

2885 

2946 

2996 br 

depol 
ratio0 

0.04 

0.06 

0.38 

0.47 

0.02 

0.04 

0.48 

0.03 

0.04 

0.36 

d 

d 

infrared 
freq, 
cm -1 

2894* 

2949 

2987 

3008 sh 

2889 

2947 

2991 

2887 

2946 

2994 

2988 

2944 

2987 

3008 sh 
2882 

2946 

2988 

peak 
absorbance 

0.14 

0.29 

0.37 

0.24 

0.19 

0.52 

0.74 

0.18 

0.46 

0.58 

0.14 

0.43 

0.54 

0.37 
0.07 

0.33 

0.25 

freq, 
cm"' 

2970' 

2995 

3015 

2950 
2970 sh 

3000 

2950 
2970 sh 

3000 

2950 

2990 

2935 

2975 

3010 

VCD 
AA X 105 

L enantiomer 

+4.5 ± 0.07 

-1.5 ±0.5 

+0.8 ±0.5 

+9.0 ±0.7 
+6.0 ± 0.7 

-1.0 ±0.5 

+7.0 ± 0.7 
+4.7 ±0.7 

-2.2 ±0.6 

+6.0 ±0.7 

-1.5 ±0.5 

+0.5 ±0.3 

-1.2 ±0.5 

+0.7 ±0.4 

assignment 

overtones and 
combinations 

CH3 sym 

CH3 antisym 

C*-H 

overtones and 
combinations 

CH3 sym 

C*-H, CH3 antisym 

overtones and 
combinations 

CH3 sym 

C*-H, CH3 antisym 

overtones and 
combinations 

CH3 sym, CH2 sym 

CH3/CH2 antisym 

C*-H 
overtones and 

combinations 

CH3 sym, CH2 sym 

CH3/CH2 antisym 
C*-H 

" Reported depolarization ratios are for linearly polarized exciting light (p\). b Frequencies are rounded to the nearest wavenumber. They 
are considered accurate to +1 cm-'. c Frequencies of VCD peaks are given to the nearest 5 cm-'. d Reliable depolarization ratios could not 
be obtained because of sample fluorescence. e Abbreviations: sh, shoulder; br, broad. 

should also be kept in mind, however, that the arguments 
presented, which are applicable to all five molecules, represent 
the first interpretation of VCD of a set of related molecules. 
These arguments shall serve as a working hypothesis until more 
experimental and theoretical results are available. 

The most striking feature in the observed VCD spectra is 
the presence or absence of a very intense (AA/A > 1O-4), 
VCD peak centered under the symmetric methyl stretching 
vibrations which occurs between 2946 and 2951 cm -1 for the 
different compounds. In alanine and alanylglycine this feature 
is essentially absent with AA/A ~ 1O-5. The large VCD signal 
observed in alanine, however, is not directly associated with 
the symmetric methyl stretches and appears at about 20 cm -1 

higher frequency. On the other hand, in alanylalanine, alan-
ylalanylalanine, and glycylalanine intense symmetric methyl 
stretching signals with AA/A values of 1.7,1.5, and 1.5 X 1O-4, 
respectively, are observed. Inspection of Table I yields that in 
the two molecules exhibiting small signals a highly symmetric 
ND3

+ group is attached to the asymmetric carbon to which 
also is attached the methyl group whose symmetric stretches 
are observed around 2950 cm-1. However, whenever a methyl 
group is attached to the asymmetric carbon atom which bears 
a nitrogen involved in a peptide linkage, instead of an amine 
nitrogen, the symmetric stretches of the methyl group exhibit 
a large VCD signal. Based on this general interpretation of this 
dominant feature, a detailed discussion of each of the com­
pounds will now be presented. 

2800 3000 

WAVENUMBER (cm - 1 ) 

Figure 3. Normalized Raman, infrared, and VCD spectra of alanine, 
alanylalanine, and alanylalanylalanine. All spectra are presented in ar­
bitrary intensity or absorbance units (cf. text). 

Both Raman and infrared spectra of alanine show three 
major bands in the carbon-hydrogen stretching region, in 
addition to a weak, unresolved shoulder on the high-frequency 
side of the highest frequency band (cf. Figure 3). The low-
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Figure 4. VCD and transmission spectra of glycyl-D-alanine and glycyl-
L-alanine (top) and D-alanylglycine-rf3 and L-alanylglycine-^3 (bottom) 
in D2O. 

frequency band, observed at 2895 and 2894 cm -1 in the 
Raman and infrared spectra, respectively, was assigned to a 
Fermi resonance enhanced overtone of methyl deformation 
modes. The strong, highly polarized Raman band at 2951 cm -1 

and the corresponding infrared peak at 2949 cm -1 were as­
signed to the symmetric methyl stretching motion. The 
agreement between Raman and infrared frequencies for these 
two bands is excellent. However, there is a difference of ca. 7 
cm -1 between the Raman and infrared frequenices of the 
high-frequency band (Raman, 2994 cm-1; infrared, 2987 
cm-1)- We attribute this shift to the occurrence of two "an­
tisymmetric" methyl stretching modes due to the chiral per­
turbation which removes the local C%„ symmetry of the methyl 
group and therewith lifts the degeneracy between the two an­
tisymmetric stretching modes. Assuming that one of the two 
modes dominates the Raman intensity whereas the other 
dominates the infrared intensity, a resulting frequency shift 
of 7 cm -1 can easily be explained. The shoulder on the high-
frequency side of the antisymmetric methyl peak was assigned 
to the C*-H stretching mode. This peak is well resolved in the 
depolarized Raman spectrum. Our vibrational assignment is 
confirmed by previously reported assignments on 1,1-disub-
stituted ethanes,8 single crystal alanine Raman data,9 and 
frequencies calculated from a Urey-Bradley force field.10 

The observed VCD spectrum was previously2 assigned using 
arguments transferred from the discussion of antisymmetric 
methyl deformation at about 1450 cm -1 in Raman optical 
activity (ROA).11'12 The methyl deformations also lose their 
degeneracy upon introduction of a chiral perturbation. The two 
no longer degenerate antisymmetric deformations actually can 
be resolved into two components in the liquid-state Raman 
spectra.11 The ROA spectrum of these deformation modes 
exhibits a conservative, bisignate couplet centered between the 
two components.11 

Thus, we postulate that a similar couplet, centered at about 
2990 cm -1, interferes with VCD signals due to the methyl 
symmetric stretches and the C*-H stretch to produce the ob­
served spectrum in the following manner. The high-frequency 

WAVENUMBER (cm - 1) 

Figure 5. Normalized Raman, infrared, and VCD spectra of glycylalanine 
and alanylglycine. All spectra are represented in arbitrary intensity or 
absorbance units (cf. text). 

component of the couplet interferes with a VCD band of op­
posite sign due to the C*-H stretching mode, thus reducing 
greatly the observed signal. The low-frequency component of 
the couplet overlaps a relatively close by, broad signal due to 
the symmetric methyl stretch, which produces a relatively large 
signal, the peak of which falls between the absorption maxima 
due to the symmetric and antisymmetric methyl stretching 
modes. It is this signal due to the symmetric methyl stretch 
which we claim is strongly dependent on the other groups at­
tached to the asymmetrically substituted carbon atom. 

Before discussing the magnitudes of the observed VCD 
signals a few comments about the above interpretation are in 
order. Intuitively one might expect that the zero crossing of the 
couplet should be in between the Raman and the infrared 
maxima of the antisymmetric methyl stretches, i.e., about 2990 
cm-1. However, it is observed at the low-frequency side of the 
infrared absorption maximum. This observation might be 
explained by different coupling of the two antisymmetric 
stretching modes with other molecular vibrations leading to 
an asymmetric couplet. Similar behavior is thought to occur 
in the methyl deformation modes in a-methylbenzylamine and 
its para-brominated analogue in Raman optical activity,13 thus 
complicating the simple model. In addition, other mechanisms, 
including anharmonic effects, hydrogen bonding, and con­
formational splitting, may contribute to the observed VCD 
signals. However, the interpretation above is presently the only 
simple model which also seems to be able to explain the VCD 
spectra of the following compounds (vide infra). 

The maximum AA/A value for alanine is hard to estimate 
because the VCD and the absorption maxima do not coincide. 
However, we estimate that AA/A at the VCD peak is about 
1.5 X 10~4, which is of the same order of magnitude as the 
values reported by Sugeta et al.6 for the C-H stretches in 
tartaric acid-d4. For most of the other molecules presented, 
more meaningful AA/A values can be obtained. 

We now turn to the discussion of the spectra of the dimer 
and trimer of alanine. Figure 3 shows that the Raman and 
infrared spectra of alanine, alanylalanine, and alanylalan-
ylalanine are very similar. The most notable differences are 
first, the less intense, but slightly broader symmetric methyl 
stretching bands, and second, the disappearance of the high-
frequency shoulder on the antisymmetric methyl stretching 
band. The depolarized Raman spectrum, which exhibited two 
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distinct peaks in this region in alanine, only exhibits one broad 
peak for the dimer and the trimer. 

Thus, one can argue that the vibrational spectra of the dimer 
and trimer are merely superpositions of the monomer spec­
trum. The slight peak broadening and the apparent disap­
pearance of the C*-H shoulder can be explained in terms of 
the slightly different chemical surroundings that each of the 
methyl groups and the a hydrogens experience. Indeed, a shift 
of only a few wavenumbers toward lower energy will cause the 
C*-H modes to disappear under the peak due to the an­
tisymmetric methyl stretches. 

However, the drastic difference observed in the VCD spectra 
can only be explained in terms of different chemical environ­
ments that each of the subunits experiences. These differences 
in the surroundings are apparently too subtle for conventional 
vibrational spectroscopy to distinguish; however, vibrational 
optical activity is quite sensitive to them. We believe that the 
observed features can be derived from the alanine VCD spec­
trum as follows. The VCD of the C*-H stretching modes, 
shifted toward lower wavenumbers, merges with the previously 
discussed high-frequency portion of a couplet due to the an­
tisymmetric methyl, thus producing only one, relatively weak 
signal centered at about 3000 cm - ' . The low-frequency com­
ponent of the couplet is superimposed on a very intense peak 
due to the two symmetric methyl stretches. We believe that the 
methyl group located in the molecular region, ND3

+-
C*H(CH3)C-, exhibits a small signal similar to the one ob­
served in alanine; however, the methyl group in the region, 
-HNC*H(CH3)C02

_, contributes a much larger signal under 
the symmetric methyl stretching band to produce the very 
broad (half-width ca. 50 cm-1), very intense signals observed 
in alanylalanine and alanylalanylalanine. The AA/A values 
in the symmetric methyl stretching bands are in the order of 
1.7 X 1O-4 and 1.5 X 10 -4 for the dimer and trimer, respec­
tively, and 1.4 X 10 -5 and 3.8 X 10 -5 for the high-frequency 
VCD signals located under the antisymmetric methyl 
stretching modes. 

The arguments presented above can be applied virtually 
unchanged to the interpretation of the VCD spectra of alan-
ylglycine and glycylalanine. However, it is in order to first 
discuss in detail the vibrational spectra of these two dipeptides, 
since quite distinctly different Raman and infrared spectra 
were observed. 

One might expect the vibrational spectra of alanylglycine 
and glycylalanine to be very similar in the carbon-hydrogen 
stretching region, since both molecules incorporate a methyl 
and a methylene group and one a hydrogen. As a matter of 
fact, however, the two compounds have quite different infrared 
spectra. The absorption spectrum of glycylalanine closely re­
sembles the alanylalanine spectrum except for a weak shoulder 
on the high-frequency side (ca. 3008 cm -1) of the antisym­
metric methyl stretches. The absorption spectrum of alanyl­
glycine, on the other hand, is distinctly different, with the band 
at ca. 2880, cm-1 appearing very weak and with the intensities 
of the symmetric and antisymmetric, methyl and methylene 
modes reversed, The Raman spectra contribute little additional 
information; no resolved bands due to CH2 and CH3 group 
vibrations could be detected. The assignment of the vibrational 
modes14 is summarized in Table II. 

The most striking result in this study was the difference in 
the VCD spectra of glycylalanine and alanylglycine. The basic 
interpretation of this result utilizes and emphasizes the argu­
ments presented earlier. In glycylalanine, the methyl group is 
in close proximity to an amide nitrogen, similar to one of the 
methyl groups in alanylalanine. Thus, the symmetric stretching 
mode contributes a VCD signal similar in magnitude to the 
corresponding methyl group in alanylalanine. In alanylglycine, 
however, the methyl group is in close proximity to an ND3

+ 

group and thus experiences a chemical surrounding similar to 

the surrounding it would experience in alanine; thus both 
alanylglycine and alanine do not exhibit the large VCD feature 
due to the symmetric methyl stretching modes. 

In the following section a rationale for the very low VCD 
intensity of alanylalanine at 2975 cm -1 (AA = 1.2 X 10-5) as 
compared to alanine (AA = 4.5 X 10-5 at 2970 cm-1) will be 
presented. Again, it should be kept in mind that the arguments 
only present a tentative interpretation. The infrared band 
observed at about 2988 cm -1 in alanylglycine is due to both 
antisymmetric methylene as well as the two antisymmetric 
methyl stretching modes, calculated14 to occur at 2970, 2988, 
and 2989 cm-1, respectively, for alanylglycine. The small, 
negative peak observed in alanylglycine at about 2975 cm -1 

may thus be due to the contribution of the antisymmetric 
methylene stretching motion, which is thought to contribute 
with opposite sign to the spectrum of glycylalanine. These 
opposite contributions can be explained using arguments 
commonly employed in the interpretation of electronic optical 
activity. Assuming for simplicity trans peptide conformations 
and a fairly rigid peptide linkage (PL) between the two amino 
acid units, one may represent the molecules as follows: 

CH3 H H 

O H H 

Ala-GIy 

CH3 H 

H H 
O CH3 H 
Il \ /> 

4\ I 
H H H 

GIy-Ala 

CH3 H 
\ / 

— ND3+
 P ^ C . 
\ c ^ * co, 
/V 

H H 
It can now be seen that the two CH2 groups in alanylglycine 

and glycylalanine probe opposite chiral environments at the 
asymmetric carbon atom. Thus, in alanylglycine, the an­
tisymmetric CH2 contributions might subtract from, and in 
glycylalanine add to, the VCD signals of the other carbon-
hydrogen stretching motions. 

The arguments presented above are, as mentioned previ­
ously, the first attempt to interpret VCD signals of a number 
of closely related molecules. Efforts are underway to investi­
gate further the above interpretation by studying other binary 
combinations of amino acids to check for a similar behavior 
to that found in alanylglycine and glycylalanine. Furthermore, 
preliminary calculations15 of VCD intensities of asymmetri­
cally perturbed methyl vibrations have been completed. Un­
fortunately, the results are still inconclusive owing to dif­
ficulties in the force fields utilized. Finally, a great deal of in­
formation about the validity of the interpretation presented 
can be obtained by using amino acids and peptides where 
methyl, methylene, or methyne protons are substituted by 
deuterium atoms, shifting certain vibrational modes and thus 
reducing interference and facilitating interpretation. 
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Finally we note that the peptides studied in this paper are 
not sufficiently long to adopt a stable helical structure. This 
contention is supported by the similarity of the VCD spectra 
of the dimer and trimer of alanine. Consequently our inter­
pretation of the data has focused on the local environment of 
the individual chiral centers and not upon any long-range he­
lical effects as considered in the earlier theoretical models of 
vibrational optical activity.19 

V. Conclusions 
We have demonstrated that VCD can combine the struc­

tural sensitivity of vibrational spectroscopy with the stereo­
chemical and configurational sensitivity of chiroptical tech­
niques. The new spectra are more sensitive to structural details 
than ordinary vibrational spectra, but currently they are more 
subtle and difficult to interpret. In this study we have ap­
proached the problem of interpretation on a qualitative basis 
by investigating a group of closely related simple molecules. 
The major features of the VCD spectra appear to be compat­
ible with some simple interpretive arguments, but verification 
of these ideas must await further experimentation or theoret­
ical computation. 
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Introduction 

A major problem in studies of chemical reactions is to de­
termine the timing of the bond breaking and bond forming 
processes that occur during them. The course of a reaction 
cannot be followed directly by any available experimental 
technique, so conclusions concerning mechanistic details of this 
kind can be drawn only very indirectly from experiment. This 
is an area where theoretical calculations would be especially 
useful, if they could be carried out by procedures able to give 
reliable results of sufficient accuracy. 

One of the most striking examples is provided by the 
Diels-Alder reaction, whose detailed mechanism is still un­
known after more than 40 years work by numerous investi­
gations.3 Opinion has vacillated concerning the timing of the 
formation of the two new bonds in reactions of this kind, from 
one extreme where the reaction is regarded as completely 

theon Co. for the ZnSe used in the construction of the pho-
toelastic modulators, and Dr. Jack Vriesenga for the use of a 
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synchronous to the other extreme where it is supposed to occur 
in steps via an intermediate biradical or zwitterion.3 In recent 
years the former view seems to have been generally favored, 
partly as a result of the views expressed by Woodward and 
Hoffmann and partly on the basis of experimental studies of 
secondary deuterium isotope effects4 and rates of reaction of 
anthracene derivatives.5 However, none of these arguments 
are unequivocal. 

Various attempts have been made from time to time to study 
the Diels-Alder reaction theoretically, but until recently the 
methods available have been far too inaccurate to lead to useful 
conclusions. Thus early CNDO6 studies of the prototype re­
action, ethylene (1) + 1,3-butadiene (2) -»• cyclohexene (3), 
predicted it to occur without activation. The situation has now 
changed with the development of computers able to handle RH 
(Roothaan-Hall; "ab initio SCF")7 calculations for systems 
of this size and of semiempirical procedures (MINDO/2; 
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