
mental evidence that 1, 3, and 4 are very easily reduced 
at both Ex and E2. By this experimental criterion it is 
certainly reasonable to consider that these annulene-
diones are indeed quinones of an aromatic system. 
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Infrared Circular Dichroism of Carbon-Hydrogen and 
Carbon-Deuterium Stretching Modes. Observations 

Sir: 

We report here the first measurements of optical 
activity arising from vibrations of molecules in the 
liquid state. Circular dichroism (CD) associated with 
the C*-H stretch (2920 cm"1) is detected in the opti
cally active liquids (S)-(+)- and (i?)-(-)-2,2,2-trifiuoro-
1-phenylethanol, CF3CHOHC6H5 (I). CD is also 
found at the C*-D stretch (2204 cm-1) of {R)-{ - )-neo-
pentyl-7-J chloride, (CH3)3CCHDC1 (II). In our ac
companying communication1 the vibrational rotational 
strengths of these normal modes are calculated. 

In contrast to optical activity arising from electronic 
transitions, which is readily measured in the visible and 
uv, Cotton effects of molecular vibrations had long 
eluded detection.2 However, recent calculations3-5 

indicated the anticipated size of the vibrational effect 
and the kinds of structural information, such as abso
lute configuration or molecular conformation, which 
are latent in its measurement. Improved instruments 
have recently permitted the measurement of vibra
tional optical activity first in liquid crystals,6 then in 
single crystals,7 and now in fluids; our instrument has 
been previously described8 except that a multiscan signal 
averager has been added. Observations of Raman 
circular intensity differentials9 complement the present 
study. 

In Figure 1 are shown the absorption and CD spectra 
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(3) C. W. Deutsche and A. Moscowitz, J. Chem. Phys., 49, 3257 
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Figure 1. Infrared absorption (upper frame) and CD spectra 
(lower frame) of 2,2,2-trifluoro-l-phenylethanol, neat, with mono-
chromator spectral bandpass 20 cm""1 (full width at half-height). 
The CD spectra show the raw data exactly as recorded. A fivefold 
reduction in bandpass causes only 8% change in the absorption 
band half-width. The CD zero has been displaced between ( + ) , 
( ± ) , and (—) measurements; the actual curves are indistinguisha
ble at 3030 cm"1. 

of (+)-, ( - ) - , and (±)-I between 3130 and 2800 cm"1. 
The samples used compare favorably10 to material pre
pared previously by us.11 Moreover, it has been 
established that the (H-)-enantiomer has the S configura
tion.12 The absorption spectrum of I shows a peak at 
2920 cm -1 , which must involve primarily a C*-H stretch 
at the a-carbon atom.13 The increasing absorbance 
near 3030 cm - 1 arises from phenyl C-H stretching 
modes. Figure 1 shows that the C*-H band exhibits 
circular dichroism with Ae/e = 6.5 X 10-5. The rota
tional strength for this band is + 2 X 10-44 esu2 cm2 

for the (S)-(+) enantiomer; the dipole strength is 1.4 X 
10-39esu2cm2. 

The CD maxima in Figure 1 occur about 20 cm - 1 

higher in energy than the absorption maximum. Our 
calculations1 show that this probably reflects a statis
tical weighting of the vibrational rotational strengths 
of various molecular conformations. 

As shown in Figure 1, no CD is found, to present 
instrumental sensitivity, at the phenyl C-H stretching 
frequencies of I. This is not surprising, since these 
groups are well removed from the asymmetric center. 

The second molecule in which we have detected 
vibrational optical activity, (/?)-(—)-II, also possesses 
stretching modes involving a light atom attached to an 
asymmetric carbon (C*-H and C*-D). The CD and 
absorption spectra of (—)-II, synthesized as previously 
described,14 reveal negative CD with Ae/e = — 2 X 10-6 

in the region of the C*-D stretch, 2204 cm-1. The 
effect is small, so we are less certain of these data than 

(10) Product of Burdick and Jackson Laboratories, Inc. Observed 
[a]Dn +24.9 and -21.6° (c 2, CCh). A sample prepared by us and 
verified to be 99+% enantiometrically pure ( H D " —41.39° (neat); 
l j tna D25 -41.18° (neat)) gave [<*]DM -25.1 °(c 3, CCU). The infrared 
absorption spectrum of the commercial sample between 4000 and 600 
cm - 1 is identical with that of material prepared by Feigl and Mosher.11 

(11) D. M. Feigl and H. S. Mosher, / . Org. Chem., 33, 4242 (1968). 
(12) H. M. Peters, D. M. Feigl, and H. S. Mosher, / . Org. Chem., 33, 

4245(1968). 
(13) L. J. Bellamy, "The Infrared Spectra of Complex Molecules," 

Methuen, London, 1958. 
(14) B. Stephenson, G. Soladie, and H. S. Mosher, J. Amer. Chem. 

Soc, 94,4814 (1972). 
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of those in Figure 1. The observed rotational strength 
is - 2 X 10-45 esu2 cm2; the dipole strength is 1.0 X 
10-39 esu2 cm2. The C*-H stretch, which is shown by 
the calculations1 to enjoy a larger rotational strength, 
is difficult to study experimentally because of over
lapping neopentyl C-H stretching modes. 

The observed CD peaks shown in Figure 1 correspond 
to measured absorbance differences (base 10) of 2 X 
10-5. We checked for false peaks of this magnitude 
by three methods: (a) absorption base lines;8 (b) 
racemic sample; (c) optically inactive molecules in an 
optically active solvent. No spurious CD was ob
served. 

The present study has concentrated on C*-H and 
C*-D stretching modes of I and II because these are 
instrumentally favorable. We are now extending our 
experiments with these molecules to lower energies. 
A theoretical analysis of the structural sources of the 
observed vibrational CD is presented in our accom
panying communication.l 
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Infrared Circular Dichroism of Carbon-Hydrogen and 
Carbon-Deuterium Stretching Modes. Calculations 

Sir: 

In our accompanying communication1 we reported 
measurements of the circular dichroism (CD) associ
ated with the C*-H stretch in (£)-(+)- and (RH-)-
2,2,2-trifiuoro-l-phenylethanol (I), and the C*-D stretch 
in (£)-( —)-neopentyl-/-(/-chloride (II). Since these 
data represent the first observations of Cotton effects 
arising from molecular vibrations in the liquid state, 
it is of some current interest to inquire more fully into 
the molecular motions responsible for the optical ac
tivity. Accordingly, we have performed normal co
ordinate analyses for the molecules in question and 
calculated the vibrational rotational strengths for the 
pertinent Cotton effects. 

The general equations employed for calculating the 
vibrational rotational strength R and the vibrational 
dipole strength D are essentially those given by Schell-
man2 for the fixed atomic charge model but multiplied 

(1) G. Holzwarth, E. C. Hsu, H. S. Mosher, T. R. Faulkner, and A. 
Moscowitz, J. Amer. Chem. Soc, 96,251 (1974). 

(2) J. A. Schellman, J. Chem. Phys., 58,2882 (1973). 

by a factor3 of (l/2ir). The charges were initially 
chosen by a method described previously4 so as to 
reproduce the bond dipole moments listed by Smith.6 

These charges were then scaled upward (factor of 1.6 
for the C*-H moment in I, factor of 1.5 for the C*-D 
moment in II) so as to approximate the experimental D 
values obtained from the absorption spectra. These 
final charges were then used for computing the R values. 
Figure 1 shows the final charges (units of e = 4.8 X 
10~10 esu) and the geometrical data employed. 

The normal coordinate calculations were carried 
out in the manner described by Gwinn6 and utilized a 
valence force field. In the case of I, the field con
sisted only of diagonal force constants chosen from 
standard references.7-9 To keep the calculation of 
manageable size, the phenyl and CF3 groups were treated 
as pseudoatoms of mass 28.0 and 24.0 amu, respec
tively. These values were chosen so as to put the C-C 
stretching modes near 900 cm -1 , the approximate 
frequency of a C-C stretch.10 The final results for I 
are given in Table I for the staggered conformation 

Table I. Rotational and Dipole Strengths for 
(S)-(+)-2,2,2-Trifluoro-l-phenylethanol 

Obsd 
Calcd 

v (cm-1) 

2910 
2936 

R (esu cm)2 

2 X 10-*4 

2.5 X 10-« 

D (esu cm)2 

1.4 X ICT"39 

1.5 X 10"39 

shown in Figure 1, along with the experimental values. 
To test, in part, the effects of the pseudoatom approxi
mation, a more elaborate calculation was performed 
in which the pseudoatom approximation for CF3 was 
relaxed. This produced no qualitative changes in 
the optical activity associated with the C*-H stretching 
mode. 

The calculations show that the R value for the 2900-
cm_1 C*-H transition arises principally from the mixing 
of a small amount of the C-O-H angle bend (large mag
netic dipole transition moment) with the C*-H stretch
ing mode (large electric dipole transition moment). 
The mixing and the sign and magnitude of the resultant 
R value depend strongly on the position of the O-H 
bond relative to the C*-H bond. This interpretation 
is unaffected by modest changes in the diagonal force 
constants or by the introduction of off-diagonal force 
constants that connect motions in the C-O-H moiety to 
motions in the rest of the molecule. For example, 

(3) Using a matrix formalism, we have also derived the equations per
tinent to the fixed atomic charge model. Our final expressions for R 
and D are entirely equivalent to those published by Schellman except for 
a constant multiplicative factor of (l/2ir). Schellman (private commun
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ally include the (1/2TT). 
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