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Density functional theory (DFT) is increasingly the method
of choice in theab initio prediction of molecular propertiés.
Here, we document a new application of DFT: the prediction
of vibrational circular dichroism (VCD) spectra. VCD is
exhibited by chiral moleculésand can be used as a structural
tool for the investigation of this important class of molecules.
Until now reliable calculations of VCD spectra have only been
practicable for a limited range of molecular size. The develop-
ment we report here greatly expands this range and, hence, the
utility of the VCD technique.

The prediction of a VCD spectrum within the harmonic
approximation requires the harmonic force field (HFF), atomic
polar tensors (APTs), and atomic axial tensors (AATSs).
Efficient implementations of DFT algorithms for calculating ) )
HFFs and APT5-and, hence, vibrational frequencies and dipole F19ure 1. Unpolarized absorption spectra (a, b) and VCD spectra (c,
strengths and unpolarized vibrational absorption spegra @ ©f camphor {). Experimental spectra (a,'€gre for a 0.6 M CGJ
already in widespread u8eHere, we report the application of iOIUt'ct’n. anc:) atd4 ﬁrﬁtp]éresc;l#tlon._ iaICUIitedFSpZCtra (lt)’l d) use
DFT to the calculation of AATs and, thence, vibrational ng:ﬁgezrfg Va(r;D :p;tr;\gr'e foVrR:_AR)-(jr)?ll undamentais are
rotational strengths and VCD spectra. The details of the ' '
theoretical methodology are presented elsewhehldagnetic ) ) )
field-dependent basis functions, specifically gauge-invariant €xchange and correlation functionals. The methodology is
(including) atomic orbitals (GIAOSs), are used. These functions implemented within the GAUSSIAN program suite.
are well-known in the calculation of magnetic propertiaad The new methodology has been used to predict the VCD
have recently been incorporated in DFT calculations of nuclear spectra of two monoterpene natural products: 1,7,7-trimethyl-
magnetic shielding tensofsThey have previously been used  2-norbornanone, camphofl)( and 1,3,3-trimethyl-2-norbor-
in calculating AATs at the SCF and MCSCF levels of nanone, fenchon@). Experimental mid-infrared VCD spectra
approximatior?. As a result of the use of GIAOs, calculated o 112 gnd213 are reproduced in Figures 1 and 2. Corresponding
fervaive. techmaues. are tsed. optmizing eficiency. The Unboarzed absorpion specia are also shown, Ou caloulatons
implementation is general, permitting the use of any density \/cp gpectra predicted from calculated vibrational frequencies

fl:rlgt'lonarl].lnﬁludln? tlf_}e ;ecegtlyklntrod#ced “hybzd”.furzjcthtr;]- and rotational strengths using Lorentzian band shapes of constant
als®in which exact (HartreeFock) exchange is admixed wi width are shown in Figures 1 and 2; corresponding absorption
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* To whom correspondence should be addressed. spectra obtained from calculated frequencies and dipole strengths
T University of Southern California. are also shown.
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Figure 3. Comparison of calculated and experimental rotational
strengths ofl (®) and2 (O). Experimental rotational strengths were
obtained by Lorentzian fitting of the VCD spectra (Figures 1 and 2).
The line is of unit slope. Rotational strengt®, are in 1044 esi#
cnmb.
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£ 5715654153 indicated in Figures 1 and 2. The experimental rotational
a0 a1 strengths of those bands assigned as fundamentals, obtained by
I a Lorentzian fitting of the experimental VCD spectfaare
50 - 2 compared to the calculated values in Figure 3. The agreement
“ " » = is excellent. Residual errors can be attributed predominantly
to basis set incompleteness, anharmonicity, solvent effects, and
w0 % 2ans experimental error.
0 . : . ; ; : ; DFT combines the computational simplicity of the Hartree
1600 1500 1400 1300 1200 1100 1000 900 Fock method with the accuracy of correlated methods such as
wavenumbers MP2. DFT predictions of VCD spectra are now practicable.

Figure 2. Unpolarized absorption spectra (a, b) and VCD spectra (c, The _results presented here demonstrate that, Whe'? a hybrid
d) of fenchone 2). Experimental spectra (a,*8)are for a 1 M CCJ functional and an adequate basis set are used, predicted VCD

solution and at 5 crrt resolution. Reportedh and AA values were ~ SPectra are of excellent accuracy. The calculations and2

converted tee and Ae values using a path length of g4n. estimated ~ Were carried out on a desktop workstation. As a result of the

by comparison of the reported absorption spectrum to a spectrum Use of direct methods, calculations on much larger molecules

measured in our laboratory. Calculated spectra (b, d) use Lorentzianare now feasible, as will be documented in forthcoming

band shapé&with y = 4 cnt’. Fundamentals are numbered. VCD publications. This new capability should substantially enhance

spectra are for 349)-(+)-2. the utility of VCD spectroscopy in the elucidation of the
stereochemistry of chiral molecules.
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for the expected overall shift to higher frequendiggermitting
straightforward assignment of almost all fundamental bands, asJA961219+

(15) Calculated frequencies are greater than experimental frequencies (16) Kawiecki, R. W.; Devlin, F.; Stephens, P. J.; Amos, R. D.; Handy,
due to both calculational error and anharmonicity; see: Finley, J. W.; N. C. Chem Phys Lett 1988 145 411. Kawiecki, R. W.; Devlin, F;
Stephens, P. J. Mol. Struct: THEOCHEM1995 357, 225. Stephens, P. J.; Amos, R. D.Phys Chem 1991 95, 9817.



