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A new methodology for predicting the Vibrational Circular
Dichroism (VCD) spectra of chiral molecules using Density
Functional Theory (DFT) and Gauge-Invariant Atomic
Orbitals (GIAOs) permits the direct determination of the
absolute configuration of organic molecules in solution;
application to Tröger’s Base leads to the opposite absolute
configuration from that deduced from electronic CD,
confirming the conclusion arrived at from X-ray analysis of
a diastereoisomeric salt.

Chiral molecules exhibit circular dichroism (CD).1 The CD of
enantiomers is of identical magnitude and opposite sign at all
frequencies. The CD of a molecule can therefore be used to
obtain its absolute configuration (AC). Application of CD to the
determination of AC requires a methodology predicting the sign
(or signs) of the CD for one (or more) transition of the
molecule.

In practice there are two main choices to be made in utilizing
CD for AC determination. First, the specific spectral region to
be used must be selected. Currently, CD can be routinely
measured from the mid-infrared2 to the vacuum ultraviolet3
encompassing both vibrational and electronic transitions.
Second, the methodology to be used in predicting the CD of the
transitions to be studied must be chosen. This can range from
empirical correlation to a priori ab initio quantum mechanical
calculation.

Historically, Electronic CD, measured in the near-infrared–
visible–ultraviolet spectral region, has been the predominant
choice of chemists.4 Vibrational CD (VCD),5 measured in the
infrared spectral region, has been little utilized since the first
measurements in the early 1970s.6 This can be attributed
primarily to the absence of a practical methodology for reliably
predicting VCD intensities. 

The purpose of this report is to demonstrate that recent
developments in ab initio Density Functional Theory7 now
make practicable the prediction of VCD intensities in large
organic molecules with an accuracy sufficient to permit ACs to
be reliably deduced using VCD spectroscopy. The key to this
advance has been the development and implementation8 of
analytical derivative techniques for calculating Atomic Axial
Tensors (AATs)9 using Gauge-Invariant Atomic Orbitals
(GIAOs).10 We report a study of the VCD spectrum of Tröger’s
Base 1.

Tröger’s Base was first resolved in 1944.11 Its AC was first
assigned in 196712 by means of the CD of electronic transitions
associated with the aromatic rings. The Coupled Oscillator
method13 (also often referred to as the Exciton Coupling
method14) was used to elucidate the AC from the CD spectrum.

In 1991, on the basis of the X-ray structure of a salt of 1 with a
chiral anion of known AC, it was reported that the original AC
assignment was incorrect.15

The unpolarized absorption and CD spectra of 1 over the
range 800–1700 cm21 are shown in Fig. 1 and 2, together with
the corresponding predicted DFT spectra. DFT calculations
were carried out via the GAUSSIAN program16 using the
hybrid functional17 B3PW9118 and the 6-31G* basis set19 (321
basis functions) as described previously.20 All calculations use
direct, analytical derivative methods. The calculations are
carried out within the harmonic approximation 9 and therefore
predict only fundamental transitions. The fundamentals are
numbered (1 being lowest) in Fig.1(b) and 2(b). Comparison of
the predicted and experimental absorption spectra (Fig. 1) leads
to the assignment detailed in Fig. 1(a). In assigning the
spectrum we allow for the overall shift of the predicted
spectrum to higher frequency, due predominantly to the neglect
of anharmonicity in the calculation,21 and make use not only of
frequencies but also of intensities (without the latter, assign-
ment would be much more difficult). We note that almost all
observed bands are assignable to fundamentals: only two bands
are clearly observed which cannot be so assigned. This confirms
the excellence of the harmonic approximation for the mid-IR
spectral region. The fundamentals most easily and unambigu-
ously assigned are those corresponding to bands which are
resolved from neighboring bands and of significant intensity.
The 25 fundamentals 34, 35, 38, 42–44, 50–64, 69, 70, 82 and
83 are in this category. The remaining 29 fundamentals are
either unresolved and/or weak; their assignment is less
definitive.

Fig. 1 Mid-IR absorption spectra of 1: (a) Experimental spectrum in CCl4
solution; 0.20 m (2)-1, 156 m pathlength (800–1480 and 1525–1700 cm21);
0.10 m (2)-1,104 µ pathlength (1480–1525 cm21); resolution 1 cm21; (b)
DFT/B3PW91/6-31G* spectrum; band shapes are Lorentzian (g =  4.0
cm21). Fundamentals are numbered. Asterisks indicate bands assigned as
non-fundamentals.
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In Fig. 2 the experimental VCD spectrum is for the
(2)-isomer of 1 and the calculated VCD spectrum is for the
(5R,11R)-enantiomer. The assignment of the experimental
VCD spectrum follows from the assignment of the absorption
spectrum and is shown in Fig. 2(a). Comparison of the
calculated and experimental spectra shows that predicted VCD
signs and intensities are in excellent overall agreement with
experimental signs and intensities. The comparison of calcu-
lated and experimental VCD signs and intensities is most
straightforward for the 25 fundamentals resolved in the
absorption spectrum. Of these, VCD is clearly observed for 19:
fundamentals 35, 38, 42–44, 50, 53–60, 62, 64, 69, 82 and 83.
In every case except for one (56) the predicted sign agrees with
the experimental sign. We conclude directly that (2)-1 has the
(5R,11R) AC. This result is opposite to that arrived at from the
electronic CD of 1 and consistent with the conclusion deduced
by X-ray crystallography.15

Complete quantitative analysis of the spectra, based on the
assignments shown in Fig. 1 and 2, is accomplished using
Lorentzian fitting.20 The absorption spectrum yields the
frequencies and dipole strengths; the VCD spectrum yields the
rotational strengths. In Fig. 3 we plot the experimental
rotational strengths obtained for the 19 fundamentals resolved
in the VCD spectrum against the corresponding calculated
rotational strengths. In Fig. 3(a) and 3(b) the calculated
rotational strengths are for the (5R,11R) and (5S,11S) enantio-
mers respectively. Perfect agreement of calculated and experi-
mental rotational strengths for the correct enantiomer leads to a

straight line of slope +1; comparison to the opposite enantiomer
leads to a slope of 21. The plots in Fig. 3 simultaneously
confirm the correctness of the identification of the (2)-isomer
with the (5R,11R) AC and define the quantitative reliability of
the DFT methodology.

The advantages of Vibrational CD over Electronic CD are
clearly exposed by this study. VCD can be measured for many
transitions, in contrast to the small number of transitions
generally accessible to Electronic CD measurement. The widths
of vibrational transitions are much narrower than of electronic
transitions, leading to more highly resolved spectra. VCD
intensities depend only on ground electronic state properties and
are more easily and reliably predicted than Electronic CD
intensities which depend on excited electronic states in addition.
The DFT/GIAO methodology for predicting VCD intensities is
general and of high accuracy; it is not necessary to resort to
simplified models to interpret VCD spectra. Recent develop-
ments incorporated in GAUSSIAN 9816 have greatly enhanced
the efficiency of DFT/GIAO calculations; 6-31G* calculations
are now practicable for molecules possessing more than 100
atoms.
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Fig. 2 Mid-IR VCD spectra of 1: (a) Experimental spectrum of (2)-1 in
CCl4 solution; concentrations and pathlengths are as in Fig. 1. Resolution 4
cm21. The spectrum is one-half of the difference in spectra of (2)-1 and
(+)-1. Scan time of each spectrum was 1 h. VCD was measured using a
Bomem/BioTools ChiralIR spectrometer; (b) DFT/B3PW91/6-31G* spec-
trum of (5R,11R)-1; band shapes are Lorentzian  (g = 4.0 cm21).
Fundamentals are numbered. Asterisks indicate bands assigned as non-
fundamentals.

Fig. 3 Comparison of calculated and experimental rotational strengths for
(a) (5R,11R)-1 and (2)-1; (b) (5S,11S)-1 and (2)-1. Experimental
rotational strengths were obtained by Lorentzian fitting (ref. 20). The
dashed line is of slope +1.
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