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Chemists have practiced the measurement of optical rotation
as a function of wavelength (optical rotatory dispersion) for more
than a century.1,2 The observed optical rotations were explained1

initially using the Law of Inverse Squares (Biot’s law), i.e.,R )
k/λ2, whereR is the observed rotation,λ is the wavelength, and
k is a constant. When the measured optical rotations follow this
criterion, or more precisely the Lowry’s condition1 that R, ∂R/
∂λ, and∂2R/∂λ,2 must remain constant in sign, then it is referred
to as normal rotatory dispersion. Anomalous rotatory dispersion,
deviating from the normal dispersion, can show optical rotation
sign reversals with inflection points in the dispersion data. In such
cases, the rotatory dispersion data are represented1 by the Drude
equation,R ) ∑mAm/(λ2 - λm

2), whereAm andλm are constants
specific to the molecule under investigation. These empirical
representations can be seen to have quantum mechanical coun-
terparts as described below.

The theoretical quantity pertinent to calculating the optical
rotation is the electric dipole-magnetic dipole polarizability
tensor, given by the expression3-5

whereµ̂R andm̂â are respectively the electric dipole moment and
magnetic dipole moment operators;ψs

0 and ψn
0 represent the

ground and excited electronic state wave functions, respectively;
ωns ) 2π(En

0 - Es
0)/h, where En

0 and Es
0 are the unperturbed

energies of statesn and s, respectively; andω is the angular
frequency of exciting radiation. The quantity

is related to the optical rotationφ (in rad/cm) as6 φ ) 4πNâω2-
(n2 + 2)/3c2, whereN represents the number of molecules per
unit volume,n represents the refractive index of the medium,
andω-1G′RR are in CGS units. The experimental optical rotations
are most commonly reported as specific rotation [R] in units of
deg/[dm(g/cm3)]. The corresponding theoretical quantity is [R]
) 3600φVm/2πM, whereM andVm are respectively the molar
mass and molar volume. Using these definitions, a convenient
expression for the specific rotation is given7 as

with â in units of (bohr)4, M in gm/mol, andνj (wavenumber at
which the optical rotation is measured) in cm-1.

There are two approaches to evaluating eq 3: the static method
and the dynamic method. In the static method, an explicit
evaluation of the sum over excited states in eq 1 is avoided by
noting that, whenωns . ω, eq 1 can be simplified as8

Amos developed8 and implemented9 an approach for evaluating
eq 4 in the static limit (ω f 0) by calculating the derivatives
(∂ψs/∂FR) and (∂ψs/∂Bâ) using the coupled perturbed Hartree-
Fock method.10 Equations 2 and 4 are obtained in the static limit,
so they are independent of wavelength, and the optical rotations
obtained via eqs 2-4 can be seen to follow Biot’s law. The optical
rotations obtained with the static method11-13 are suitable for
comparison with the measurements at wavelengths far greater than
that of the first electronic transition.

In the dynamic method, eq 1 is evaluated14 as a function ofω
or λ. By substituting eqs 1 and 2 in eq 3, the resulting equation
can be seen to have a functional form similar to that of Drude’s
equation. A method to evaluate eq 1 has been developed14 and
implemented15 by Jorgensen and co-workers. This method was
used earlier16,17 for calculating the optical rotations at 589.3 nm
via eqs 1-3, but no attempts have been made for verifying
anomalous optical rotatory dispersion. It is important to have
dispersion data to avoid wrong conclusions that might be reached
from optical rotation data at a single wavelength. In this paper
we apply the dynamic method for predicting anomalous rotatory
dispersion, for the first time, using (3R)-methylcyclohexanone as
a test case.

All calculations were done using the DALTON program15 on
a Pentium II (300 MHz) based PC with LINUX operating system.
Both London and non-London orbitals were used for the evalu-
ation of eq 1, but only the results obtained with London orbitals
are presented here. Using the geometries of 3-methylcyclohex-
anone for the chair and boat conformations optimized with the
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G′Râ )
-4π

h
∑
n*s

ω

ωns
2 - ω2

Im{〈ψs
0|µ̂R|ψn

0〉〈ψn
0|m̂â|ψs

0〉} (1)

â ) -ω-1(G′xx + G′yy + G′zz)/3 (2)

[R] ) (0.1343× 10-3)âνj2(n2 + 2)/3M (3)

ω-1G′Râ ) -(h/π)Im{〈(∂ψs/∂FR)|(∂ψs/∂Bâ)〉} (4)
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6-31G basis set,18 optical rotations were calculated with DZP19

basis set. For the chair conformation, optical rotations were also
calculated with a larger aug-cc-pVDZ20 basis set. The calculated
optical rotatory dispersion data (without including any spectral
broadening or dampening effects) for the (R)-configuration are
compared with the corresponding experimental data21a for (+)-
enantiomer (in cyclohexane, at 0.827 M to 1.694 mM) in Figure
1. No differences were reported21b for the optical rotatory
dispersion data in methanol at 0.212 M.

For the chair conformation, starting at longer wavelengths, the
magnitude of DZP-predicted optical rotation increases with
decreasing wavelength, goes to a maximum, and reverses sign at
250.8 nm, which is the wavelength of the first electronic transition
predicted with DZP basis set. With the aug-cc-pVDZ basis set,
the first electronic transition of the chair conformation is predicted
to occur at 252.1 nm, so with this basis, the inflection point occurs
at 252.1 nm. Upon sign reversal, the magnitude of predicted

negative optical rotation decreases with decreasing wavelength.
The experimental optical rotatory dispersion data for the (+)-
enantiomer show a similar pattern, except for two differences:
(a) the sign reversal in the experimental data21 occurs at 297 nm,
so the predicted optical rotatory dispersion curve appears shifted
toward shorter wavelengths in relation to the experimental curve,
and (b) the peak rotations predicted at the inflection point (off-
scale in Figure 1) are much greater than those observed.

Similar conclusions were also obtained from the comparison
of calculated and experimental anomalous optical rotatory disper-
sion data for (+)-(3R)-methylcyclopentanone, indicating the
generality of these predictions in this series of molecules.

The predicted optical rotatory dispersion data for the boat
conformation of 3-methylcyclohexanone, with the same (R)-
configuration, is opposite to that of the chair conformation (see
Figure 1) and to that of experimental data for the (+)-enantiomer.
This observation is in agreement with the well-established
conclusion that the chair conformation is predominant for
3-methylcyclohexanone.

There are two limitations which can be improved in the future
calculations: (1) The wavelength shift of the inflection point in
the predicted optical rotatory dispersion data arises from a poor
description of the excited states at the Hartree-Fock (HF) level
of theory, as has been evident in the electronic circular dichroism
calculations22 on methylcyclohexanone. That is, the energy gap
between the ground and excited states is predicted to be much
higher at the HF level of theory than that deduced from the
experimental electronic spectra. The experimental data in
cyclohexane21a and methanol21b solutions are similar, so the
absence of solvent influence in the calculations might not be
significant here. Then it is first necessary to have a balanced and
high level of correlation in both ground and excited states in order
for the wavelength of electronic transitions to be predicted
correctly.23 (2) Under resonance conditions (atω ) ωks) optical
rotation is determined14 by the term〈ψs

0|µ̂R|ψk
0〉〈ψk

0,|m̂â|ψs
0〉, so

the prediction of peak magnitudes of optical rotation near
resonance may also be improved by using the correlated wave
functions. It may be necessary to use a dampening function to
reduce the large predicted magnitudes near resonance. To
determine the applicability and reliability of such dampening
functions, the predictions obtained for optical rotatory dispersion
involving multiple resonances must be compared with the
corresponding experimental data.
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Figure 1. Comparison of experimental optical rotatory dispersion data21a

of (3R)-methylcyclohexanone in the 250-400 nm range (b) to those
calculated with DZP basis set in the 200-350 nm range for the chair
conformation (O) and boat conformation (9); the data were also obtained
with a larger aug-cc-pVDZ basis set in the 260-350 nm range (0) for
the chair conformation.
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