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The optical rotations for six organic molecules (verbenone, fenchone, camphor, nopinoge;'sT tiase,
dimethyl-cyclopropane) and the transition metal complex [Cg[&n)were calculated as a function of
wavelength using time-dependent density functional theory (TDDFT). In the calculations, a realistic behavior
of the optical rotation in the vicinity of an electronic transition was obtained by using a phenomenological
damping parameter of the order of 0.2 eV (0.007 au). In comparison with experiment, for the molecules
studied here the sign and order of magnitude of the optical rotation as well as the excitation energies were
reasonably well reproduced in most computations. These findings apply to the investigated wavelength ranges
typically between about 200 and 650 nm even when using comparatively small basis sets. Such calculations
might therefore routinely be applied to help assigning the absolute configurations of chiral molecules.
Supplementary calculations of the circular dichroism (CD) and comparison with experimental CD were used
for further assessment of the optical rotation calculations. In particular, a combined study of optical rotation
and CD turned out to be useful in cases where the optical rotatory dispersion in a specific energy range
exhibits a considerable blue or red shift or where it is difficult to reproduce because of an interplay of several
competing Cotton effects. The influence of basis set, density functional, and the damping parameter was also

investigated.

1. Introduction earlier Hartree-Fock and DFT calculations of optical rotation
see ref 10. A recent DFT study on a set of 65 molecules has

fshown that care must be taken to draw conclusions that are

eaningful given the error bars of the applied basis set/

If a direct structure determination, e.g., by X-ray diffraction,
is not feasible, the assignment of the absolute configuration o
a chiral substance can be a tedious task. Computational method

2 . . :
for chiroptical properties (optical rotation (OR), circular dichro- unctional* From this set of molecules, it was de.term'?ed that
ism (CD)) promise a convenient route to determining the an assignment of the absolute configuration with 95% confi-

absolute configuration from a comparison of easily measured dence would require tha_t a computa_tio_n of the specific rotation
chiroptical properties with calculated valuie. [a]o for one of the enantiomers be within 60 deg/[dm (g7é}h

A number of authors have recently pointed out that quantum of the experlmenta_ll value and the dlfferenci with experiment
chemical methods that include electron correlation can reliably ! the other enantiomer be60 deg/[dm (g/cm)] at the same
predict or confirm the absolute configuration in this manner,
e.g., in refs 3-6. These correlated methods are based on either Considering a chiroptical property over a range of frequencies
ab initio wave-function theory (WFT) or density functional ~Mmight improve the predictive power of even a relatively crude
theory (DFT). Compared to DFT with standard gradient or calculation as long as the basis set is capable of representing at
hybrid functionals, coupled-cluster WFT based methods can beleast a qualitatively correct frequency dependence of the optical
more accurafebut they are also significantly more expensive rotation. Obviously, the better the agreement with experiment
computationally. Efficient DFT calculations of optical rotation over a large frequency range the more trustworthy the compu-
at a single wavelength can be utilized routinely for configuration tational results will be. Thus, results obtained with a small basis
assignments within certain boundaries. For instance, the populammight be viewed with suspicion even if they yield a qualitatively
B3LYP hybrid functional has been shown to reproduags| correct optical rotation dispersion (ORD) unless there is further
values of rigid organic molecules within about 20 deg/[dm (g/ evidence (e.g., from CD calculations) to support the case.
cm~3)] on average for a set of 30 molecufe&For this test set, Presently, ORD is less often applied for combined theoretical/
nonhybrid DFT was shown to afford errors of similar magnitude experimental assignments of configuration than circular dichro-
but has a tendency to produce more outlfe8sich uncertainties  ism but might be a useful complementary tool. In particular, in
might not be acceptable in many applications. For a review of problematic cases it is beneficial to investigate both OR and
CD. The advantages of a combined study of OR/CD was also
*To whom correspondence should be addressed. E-mail: pointed out, e.g., in ref 12.
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predict the sign pattern of the optical rotation over a range of 1
wavelengths. Such DFT methods are routinely applicable to 2 3 l/\NHg Hi‘ S
large molecules. In a number of studies that focused on OR HNg 5 "

calculations at multiple wavelengtfs319-13it has been pointed w50,
HoNY ‘ N
2

out that a calculated OR might have the wrong sign at any § 4 N . K,N”z H
specific wavelength due to approximations in the calculation. \©©©\H3%A ;
However, the OR dispersion (ORD), i.e., the dependence of the ! CHs

OR on the wavelength or frequencyw of the polarized light,
appears to be a very reliable indicator of the molecule’s absolute

configurationt!~® complex [Co(eny®* shown in Figure 1. Because of the rigidity
Particularly advantageous for structural assignments by directof the organic molecules it is clear that there is not a mixture
comparison between theoretical and experimental OR can beof several conformations contributing to the observed ORD,
the occurrence of a “fingerprint” sign pattern of the OR near which would make an assessment of the theoretical approach
an electronic excitatiofiln this case, the OR displays anomalous more difficult. For the metal complex, previous work has shown
dispersion (Cotton effect) characterized by a maximum (peak) that the CD is not strongly dependent on the conformations of
and a nearby minimum (trough) close to the absorption the chelate ring8 and we expect this to be the case for the
maximum where the OR passes through Zérohe ORD has ~ ORD as well. One aim of the present paper is to verify our
the opposite sign for the optical antipode. Standard linear approach with a benchmark set of molecules that are well
response calculations of OR, however, do not consider astudied already. Moleculels-5 were recently showcased in ref
broadening of the excited-state energies and yield diverging ORs4 to demonstrate that the sign patterns of OR calculated with
in the vicinity of electronic transitions. Though the sign pattern DFT are a reliable tool for configuration assignments. However,
around the excitation is still indicative of the molecule’s absolute a damping was not applied, which makes an assessment of the
configuration, this divergence leads to an overestimation of the accuracy of the calculations somewhat difficult. Therefore, a
OR by orders of magnitudes or might potentially result in a second aim of our paper is to demonstrate that qualitative as
wrong prediction of the sign of the OR in case of competing well as quantitative aspects of such calculations are significantly
Cotton effects. This renders the computational data somewhatimproved through the use of the damping in the response
artificial. An assignment of the absolute configuration based calculations. Because the damping has to be used as an input
on such calculations might remain suspicious. for the calculations it is important to establish values that yield
It is desirable to be able to simulate realistic ORD curves feasonable agreement with experiment. A third aim is to
computationally. This might be accomplished similar to the way investigate if basis sets without diffuse functions can be applied
that CD spectra are simulated from calculated excitation energiesfor the purpose of ORD-based configuration assignments for
and transition moments. For CD and other spectra usually anmolecules of the type studied here, and if it is beneficial to
empirically determined line width to describe collectively, e.g., @pply an asymptotically correct KohtSham potential. Finally,
the broadening due to finite lifetime, solvent interactions, the cases of Tiger's base, dimethyl-cyclopropane, af¢gCo-
doppler effect or vibronic effects is applied to each calculated (en)k|*" are investigated in detail to highlight various interesting
transition to obtain a spectrum that can be compared directly and/or challenging aspects of ORD calculations. Our results are
with experiment. Such a broadening is applied after the Presented and discussed in section 3. Our conclusions and an
calculation by smoothing each CD transition with a line shape Outlook are presented in section 4. .
function of a certain width (typically Gaussian or Lorentzian ~ We will demonstrate that, by adopting a global damping
functions are used). In principle, the ORD could simply be Parameter of the order of 0.2 eV, one can obtain reasonable
obtained from the KramersKronig transformation of such a ~ ORD data from the TDDFT calculations, provided that the
CD spectruri?14.15(and vice vers& 19, but this might require functlonall is able t.o predict 'the. exutaﬂon ene:\rglles.accurately.
a comparatively large number of excitations to be calculated Systematic errors in the excitation energies will in simple cases
explicitly to obtain an accurate result. Instead, we have '€ad to a blue or red shift of the calculated ORD curve in
implemented an approach for calculating the ORD directly. The comparison with experiment. We also show that comparatively

computations can thus focus on a wavelength range of interestSMall basis sets can be sufficient as long as vale_nce excita’_[ions
without the need for calculating all excitation energies up to a @€ Of concern. Such an approach would qualify for routine
certain threshold. A “damping” parametEris applied within applications to support experimental work. In most cases, the
the calculation. This approach has been embedded within a time-29réement with experimental data is not quantitative. However,
dependent DFT (TDDFT) treatment of the molecule. By for the organic molecule$—6 shown in Figure 1 the calcula-
defining complex frequencies + iT, one obtains a complex tions reproduce the sign and order of magnitude of the optical

optical rotation parameter, for which the real part remains finite T0tation as well as the excitation energies satisfactorily. In

even in the vicinity of an excitation. Such use of an empirical addition, we present calculations for the transition metal complex
: . AN . . . 3+ i

damping parameter in calculations of optical rotation and other A-[CO(ENY°" (7). Apart from a blue shift related to an

response properties has been proposed by other authors as Wemverestimation of the lowest _excitatior_1 energies the ORD is also
Our approach is similar to one described by Norman &tH. n acceptable.agregmelnt with experiment. In cases where the
and will be outlined in section 2. Our implementation was absolute configuration is not known, an assignment based on

carried out in the density functional code ABFyhich employs such computational data could thus be made with high confi-
Slater-type basis functions and pure (nonhybrid) density func- dence.

tionals along with density fitting and “linear scaling” techniques
to achieve high computational efficienéy.22 We have applied
our method as well as the Gaussian-type basis set implementa- Computations of specific rotations at selected wavelengths
tion of ref 18 from the Dalton code to calculate the ORD of a typically between 250 and 650 nm were calculated with a locally
number of rigid organic molecules and the transition metal modified version of the Amsterdam Density Functional (ADF)

o

Figure 1. Molecules studied in this work.

2. Methodology, Computational Aspects



Absolute Configurations of Chiral Molecules J. Phys. Chem. A, Vol. 110, No. 7, 2008463

program!® We have developed a program modsteRESPONSE (1S,29-dimethylcyclopropaneg) for which one of us has, in
for the DFT calculation of various frequency-dependent electric 2002, reported a calculation of the ORD between 180 and 250
and magnetic molecular response properied The module nm without damping.We have chosef as an example where
is interfaced with ADF. The inclusion of a damping parameter it is known that an asymptotically correct Koh&ham potential
to calculate complex linear response properties has recently beetis needed to obtain the lowest excitation energy accurately.
implemented for electric polarizabilitiés For the present work,  Finally, we have chosen the compl&x[Co(en)]3t (7) for an
this method has been extended to include molecular propertiesapplication of TDDFT-based ORD calculations to a transition
involving magnetic fields. Based thereupon we can calculate metal complex.
the complex frequency-dependent optical rotation pararfieter In ref 4, Hartree-Fock and hybrid DFT calculations di-5
(w) for frequenciesy at or close to an electronic excitation.  \yare performed with the 6-31G* basis, which might appear
A damping parametdr can be introduced in TDDFT linear  inappropriate in particular because of the lack of diffuse
response calculations via the linear one-particle density responsgunctions. Nonetheless, for DFT the resulting ORD sign patterns
functior?>=2" y as follows: and excitation wavelengths as indicated by the poles of the OR
were in good agreement with experiment. In the present work,
@ (r) @a(r) @ar") @i(r") we have applied the valence tripfepolarized Slater-type basis
w(rr'w) = ZZ (n, —ny) 1 “TZP” of the ADF basis set librafy for direct comparison with
T a o+ 1T = (e, — €)/h ref 4 in calculations ofl—5. TZP is somewhat more flexible
than the 6-31G* basis but is comparable in the sense that it
Here, thep are the Kohr-Sham spir-orbitals, and the's are lacks diffuse functions and higher angular momentum polariza-
their energies. We assume that no fractional occupation numberdgion functions. (However, we should point out that a Slater-
occur. ForT" = 0, the usual undamped approach as available in type basis has a different long-range behavior that might be
various program packaged is obtained. On the basis of eq 1, beneficial for the purpose of calculating valence excitations.)
we have implemented the calculation of the complex frequency- Such basis sets represent a rather economic choice even for
dependent optical rotation paramefi¢wn) into theAORESPONSE larger molecules. To assess the influence of diffuse functions
module224 following the recipes given in refs 9, 28, and 22. in the OR calculations, we have carried out additional calcula-
Compare also refs 17 and 18. Though the implementation of tions with the “Vdiff” basis of the ADF database. Vdiff consists
gauge-including atomic orbitals (GIAOs) in our code has just of the TZP basis augmented with an additional set of polarization
been completed. this approach is not deemed essential for the functions for each atom (d for H, f for C, O, N) and additional
present work because the optical rotations obtained with a gooddiffuse functions (2 sets of p functions for H and one set of s,
quality standard basis in a common-gauge dipole-length formal-p, d, functions for C, N, O). We have shown previously that
ism are not too strongly origin dependéft?® Future ORD  Vdiff represents a high-quality basis or calculations of optical
studies will be based on GIAOs, however. The optical rotation rotation as well as CD of organic molecufe®.

parametef is calculated from the trace of the electric-magnetic |, the ADF calculations. we have applied the revised

polarizability tensoG' (according to Buckingham’s notatiéf Perdew-Burke—Ernzerhof  (revPBE)  gradient-corrected
by functionaf?-35>and, for the organic molecules, the asymptotically
correct “statistical average of orbital potentials” KehBham
B=-— i G @) potential (SAOP) developed by Baerends e_%GﬁAOP may
KT o oo not be available in every quantum chemistry code but is

considered here as a representative example of a class of

at a given frequencys. G' mediates the perturbation of the ~asSymptotically correct KohaSham potentiaf$-** that might

electric dipole moment by a magnetic field of frequergyand lead to substan_tially improved response properties compared
vice versa, and is calculated as a complex quantity with the t©© regular hybrid and nonhybrid potentials. In the revPBE
help of eq 1. It is also possible to calculate the optical rotation calculations, the 1s shells of all second-row atoms were kept
parameter from an expression that avoids the explicit division frozen in the calculations. For the SAOP calculations, an all-
of G' by w in eq 2. This yields a numerically stable result for €lectron basis had to be employed instead due to technical
all frequencies including the limib = 0.2 The specific rotation reasons related to the way the potential is implemented in the
at wavelengtii = 2zc/w is determined from the optical rotation ~ADF code. All optical rotations were calculated on the basis of

parameter via optimized geometries of the molecules. Aot5 optimizations
were carried out at the revPBE/TZP level. The structuré of
2 was taken from ref 9, the structure @ffrom ref 23. As in
i\ . . ! ,
[o], = 28800—— () previous worl® the exchange-correlation kernel of the adiabatic
A°M local density approximation (ALDA) has been applied. Te Velde

et al’s numerical integration meth#dwith an accuracy

wheref is in cgs units of crfy M is the molar weight of the  parameter of 4.5 has been employed in all computations along
molecule in g/mol, andNa is Avogadro’s number. A related  with analytical electric and magnetic dipole moment integrals
quantity is the molar rotationp]; = M[a];/100, which we will for the response calculations. For the determination of electronic
use for the transition metal complex. excitation energies and rotatory strengths the program code

For our study, we have selected a subset of the systemsdescribed in refs 20 and 31 was used, which is part of the ADF
recently investigated by Giorgio et &lThe subset comprises  package. Fo¥ solvent effects were considered by applying the
compoundda, 2a, 3a, 4a, and5 of ref 4 (labeledl—5 here) as COnductor-like Screening MOdel of solvation (COSMO¥!
shown in Figure 1. These molecules have been selected becauséD spectra were simulated from calculated excitation energies
their experimental ORD clearly includes one or more electronic and rotatory strengths using the method described in ref 31.
excitation. In addition to molecule$—5, we have studied We have used a uniform Lorentzian broadening characterized
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by a line width at half peak height df of the same order of  and other approximations used in the computations. In addition
magnitude as the damping parameter used in the ORD calcula-to the approximate treatment of electron correlation by DFT as
tions. well as DFT self-interaction errors, neglected solvent effects

For a comparison of SAOP and revPVE with hybrid DFT and vibrational corrections are likely to contribute to the
results, calculations were further carried out for selected casesdiscrepancy between theory and experiment. Furthermore, the
using the Dalton prograf?. We have used the Gaussian-type value ofI" is likely to vary, typically increasing as the energy
basis sets aug-cc-pVDZ and 6-32+G** as included in the of the excited state increases. We have not included this in our
Dalton basis set database and employed the B3LYP hybrid modeling as it would require additional information not gener-
functionaf® as implemented in the Dalton code. ally available.

The value for the damping parametEris obviously of An important conclusion can be drawn regarding the necessity
importance if quantitative agreement with the experimental of using a basis set with diffuse functions. For the set of
magnitudes of the OR around an excitation wavelength is of moleculesl—6, the OR at 589.3 nm is improved significantly
interest. After a few test calculations we have settled on a value by adding diffuse functions in all cases (see Supporting
of 0.007 atomic units (0.2 eV) for most calculations. This value [nformation). For the ORD shown in Figures-2, differences
is of the same order of magnitude as the line width parameter can be observed regarding the exact location of the Cotton effect
that we and others have previously employed in the simulation as well as the magnitudes. For instance, the lowest excitation
of CD spectr&44of a number of organic molecules. Fra energies fob are noticeably too high, the lowest by about 0.25
range of values fol" has been employed after the calculations eV, when the TZP basis is used owing to the Rydberg-like
indicated that 0.007 au might be too small for this system. For character of the excitations. A much better ORD is calculated
6, calculations withI' = 0.009 au yielded almost exact with the Vdiff results. Withl' = 0.009 au the ORD is in very
agreement of the ORD with experiment. If there is further good agreement with experiment. Qualitatively, the results do
spectroscopic information available, it should be possible to not change much by the diffuse basis. In particular for the
obtain reasonable values fbr for instance from UV-vis and/  systems with low-energy valence transitions, both the polarized

or CD spectra. valence triple¢ and the much larger diffuse basis yield similar
Experimental ORD curves were scanned from refs 4 and 45 results when compared visually with each other and experiment.
and digitized for subsequent use in our plotting software. This explains why the sign patterns of the ORD from ref 4
obtained with the B3LYP functional and the rather unflexible
3. Results and Discussion 6-31G* basis were in agreement with experiment.
Overall Performance of the DFT Calculations for the Despite the fact that the agreement of theory and experiment

Organic Molecules. Figures 2-4 display the ORD for the is not quantitative in most cases, the_calculated ORD curves
organic molecules shown in Figure 1 obtained with and without @PPear to be very reasonable. The sign, order of magnitude,
damping, based on calculations with the SAOP potential. The and the location of the Co_tton effects (where an excitation is
experimental ORDs are also shown. The ORD curved {5 clearly separated energetically fr_om o_thers)_ are reprod_uced
that we obtained with the revPBE functional and the TZP basis correctly. Thus, TDDFT calculations including a damping
are available in the Supporting Information. For compounds Parameter appear as a promising tool for the purpose of
1-4, the agreement with experiment is better when using the @ssigning an absolute configuration as well as to investigate
SAOP potential, resulting in a corresponding Cotton effect that the structural (geometry and electronic structure) origin of the
is shifted to shorter wavelengths as compared to the revPBEOPtical activity.
results. Such an influence of the SAOP potential was expected Comparison of Optical Rotation and Circular Dichroism
because it was designed to correct for the sometimes too smaliCalculations for Molecules 1-4. For moleculed—4 CD data
HOMO—-LUMO gaps found using regular local and gradient and/or spectra are available in the literature. Pulm &t lahve
corrected density functiona®8.In ref 4, a pole of the OR of in 1997 carried out a combined experimental/theoretical study
was obtained with the B3LYP hybrid functional near 350 nm, of the CD of2 and3 and assigned their spectra. A Cl-singles
which is only approximately 0.1 eV higher in energy than our calculation based on DFT orbitals (dubbed “DFT/SCI” by the
SAOP results. In comparison, Hartreleock results from ref 4 authors of ref 46) did yield good agreement with the experi-
predicted the pole at about 265 nmimore than 1 eV too high.  mental gas-phase spectra shown in Figure 5. Because the
The SAOP/TZP calculations performed here with= O for experimental spectra were reported on an electronvolt scale,
molecules2—4 are also in good agreement with the B3LYP simulated theoretical spectra are shown here also on an energy
calculations of ref 4. Fob there are differences that will be  scale instead of wavelengths. We have performed calculations
discussed below. at the SAOP/Vdiff and at the B3LYP/6-33H-G** level. An

The calculated ORs based on the damping agree very wellexpected common feature of the CD2&nd3 is the carbonyl
with the experimental data for compountis4, 6, and to a n— z* CD-band centered around 4.24.28 eV (295-290 nm),
lesser extenb (Troger's base). In all cases, the choice of the which, however, has the opposite sign in the two compounds.
damping parameter yields the correct order of magnitude for The calculated excitation energies at the SAOP/Vdiff level are
the OR. For very short wavelengths, discrepancies in the 4.22 eV/294 nm for fenchone2) and 4.26 eV/291 nm for
magnitudes by about a factor of 2 are obtained in some casescamphor 8), respectively, in excellent agreement with experi-
e.g., for3. It should be noted for comparison that, for instance, ment. Higher-energy CD bands that were assigned in ref 46 as
a factor of 2 deviation between theory and experiment for n— Rydberg as well as — z* (the latter between 7.0 and 7.5
absorption and CD intensities is not uncommon. For some of eV) appear in the experimental spectra above 6 eV (below 200
the molecules, the experimental OR curves do not exhibit the nm). Thus, the excitation that causes the anomalous dispersion
Cotton effects predicted by the computations. Again, this occurs of the ORD for2 and 3 at wavelengths larger than 200 nm is
at very short wavelengths and might be due to calculated well separated from other excitations. This leads to a compara-
excitations having a too low energy, a lack of experimental tively simple behavior of the ORD within the experimentally
sensitivity at short wavelengths, or a combination of these factors accessible wavelength range despite the fact that the optical
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Figure 2. Specific optical rotationsof], of compoundsl—4 as a function of the wavelength calculated at the SAOP level witl" & 0.007 au)
and without damping. Upper panel: TZP basis. Lower panel: Vdiff basis. Lines connecting the calculated values have been added to guide the eye.
Experimental data from ref 4, recorded in hexane.

rotation at all wavelengths is influenced by higher lying In the DFT calculations with the diffuse basis sets, many
excitations as well. Any influence of errors affecting the transitions contribute to the CD @fand3 in the energy range
computation of these excitations are apparently well enough above 6 eV/below 200 nm. For Figure 5 we have calculated
balanced not to obscure the ORD in the UV/vis range. the lowest 50 excitations to cover an energy range up to about
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function of the wavelengtih. Experimental data from ref 4.
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Figure 4. Specific optical rotationd], of compound6é (left, SAOP/TZP; right, SAOP/Vdiff) with T = 0.009 au) and without damping, as a
function of the wavelengtih. Experimental data from ref 45.

9 eV. Separate spectra including the calculated excitation ing the experimental spectrum very well. We are presently
energies and the rotatory strengths can be found in theinvestigating this problem, which, however, requires a significant
Supporting Information. For fenchon®) ¢he calculated spectra  computational effort.

are in rather good agreement with each other and with A CD spectrum for {)-verbenone 1) in the range 286
experiment. The SAOP/Vdiff spectrum for camph8y &ffords 380 nm was reported by Takeya et al. in 197 Within this

a strong negative CD band around 5.8 eV that is not present inrange of wavelengths the experimental spectrum affords a single
the well-resolved experimental spectrum. This CD band was negative CD band centered at about 322 nm (3.85 eV), which
not obtained in the DFT/SCI calculations in ref 46; however, is noticeably lower in energy than the pure carbonybnz*

the calculations differ from ours in the theoretical level as well transition of2—4. The nonhybrid DFT calculations underesti-
as the applied basis set. The presence of this negative CD bananate the excitation energy, as already mentioned. This under-
is likely to be responsible for the overestimation of the negative estimation appears in Figure 2 in form of a red shift of the ORD
OR in the range 306200 nm (4.1-6.2 eV) by the calculations  curves. The calculated SAOP/Vdiff energy for the lowest
(see Figure 2). The B3LYP/6-3%HG** calculation is also transition is 3.43 eV/361 nm. As fd and3, this transition is

not in particularly good agreement with the experiment. The well separated from others transitions. The next transition is
CD bands between 5 and 7 eV appear to be considerably red-calculated at 4.70 eV/264 nm. The corresponding (less intense)
shifted. It is interesting to note that the SAOP/Vdiff spectrum Cotton effect in the ORD is clearly visible in the calculations
for camphor rather resembles the experimental spectrum oflikely because of the red shift of the ORD but probably just
norcamphor (which is also shown in Figure 5). It is tempting below the accessible wavelength range in the experiment (see
to make deficiencies in the density functionals responsible for experimental ORD in Figure 2). A calculation performed at the
differences between theory and experiment in the higher energyB3LYP//6-311+G** level yields excitation energies of 3.56
range of the spectrum. Even though the calculated spectrumand 5.09 eV, which would improve the ORD somewhat. Both
does suggest that at least some of these excitations might bemethods yield a rotatory strength of abet@ x 1074° cgs units

too low in energy, it should be pointed out that without for the lowest-energy transition.

considering vibronic effects, it can be difficult to make direct CD data for nopinoned) was published in 1972 by Hirafd.
comparisons between calculated and experimental CD spectralUnfortunately, only the wavelengths and magnitudes of the CD
For instance, in a recent papéit was concluded that a  band maxima were reported numerically because of the limited
“spurious” CD band calculated for dimethyloxirane is not visible wavelength range of the spectrum (between about 230 and 340
in the experiment because the calculations showed that it isnm). A representative spectrum was shown in ref 49 for the
spread over a range of more than 1 eV. Therefore, it is closely related compound fépinan-4-one §), which affords
overshadowed by other transitions once vibronic effects are a negative CD band from the carbonyl-# z* transition
considered in the calculation. A similar mechanism could be at centered around 285 nm. For nopinod the CD of the n—
work here. This would simply mean that calculated “vertical- s* transition is positive instead. The signs of the CD both for
only” transitions might in principle not be capable of reproduc- 4 and8 are in agreement from what would be predicted from
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transition whereas experimentalyémax = 1.3 L/(mol cm) for
the methanol spectrum. The agreement of the calculated and
experimental data for the carbonyl transition rationalizes the
good agreement of the calculated and experimental ORD for
compound4. As in the case of campho8), though somewhat
less pronounced, the ORD dfindicates that the intensity of
higher lying transitions with negative CD might be overesti-
mated in the calculations and somewhat red-shifted. For
instance, a sign change of the calculated ORD in Figure 2
indicates electronic transitions around 225 nm (5.5 eV, in
agreement with the calculated CD) whereas the experimental
ORD suggests that these transitions are closer to 200 nm (6.2
evV).

Overall, we find that for molecules—4 the ORD within the
UV —vis range is clearly dominated by the sign and intensity
of the lowest CD transition. By comparison with experiment, it
is found that not only the ORD but also the CD is reasonably
well reproduced in the calculations. With the help of the CD
some of the differences between calculated and experimental
ORD can be rationalized. For instance, for verbendbeat
underestimation of the lowest excitation energy yields the
noticeable red shift of the ORD curve visible in Figure 2. For
camphor B) a strong negative CD band around 5.8 eV seems
to be the cause for the overestimation of the optical rotation
between 300 and 200 nm.

Next, we will discuss molecule§ and 6 and the metal
complex7 in more detail. The influence of approximations in
the basis set and the density functionals will be investigated.
For Trager's base ) and the metal complex [Co(effjt we
will again demonstrate how additional calculations of the CD
spectrum can help to assess the accuracy of the OR computations
and significantly increase the trustworthiness of the calculated
optical rotation data (and vice versa).

Tro'ger's Base.Upon visual comparison, for Tger's base
(5), the quality of the calculations appears to be less good than
for the other organic molecules. The positions of the peaks and
troughs of the OR are not as accurately reproduced (Figure 3).
The magnitude of the peak around 300 nm that is visible in the
experiment is shifted to shorter wavelengths. Its magnitude
appears to be strongly underestimated with the TZP basis. Using
the diffuse Vdiff basis offers a clear improvement here. The
trough at 350 nm is also shifted to shorter wavelengths in the
calculations and strongly overestimated in magnitude. On the
other hand, the calculated ORD above 350 nm agrees well with
experiment. As pointed out in refs 4 and 50, it is difficult to
calculate the long-wavelength limit of the OR for §ey’s base.

Figure 5. Circular dichroism of2 (1(R)-fenchone) and3 (1(R)- The lowest-energy CD band is positive, which therefore is
camphor). Panel a: experimental data from ref 46, reprinted with expected to yield a large positive contribution to the OR at long
permissio_n from Else\_/ier. F_’anel b and_ c: simulated CD spectra using wavelengths. Howeverga]p is negative. The magnitude and

a Lorentzian broadening with a line width bf= 0.007 au (0.2 eV). the sign of the OR at long wavelengths is therefore balanced

the Octant rulé® As expected, similar t@ and3 the calculated by competing Cotton effects, in particular in the 2850 nm

CD for 4 at the SAOP/Vdiff level shows that the carbonytn region. The HartreeFock method does not yield the correct
7* transition is well separated from higher-energy transitions Sign of [a]p, which indicates that electron correlation is
(which are predicted at 5.5 eV and higher). The calculated important to achieve this balance. The negativdopl is
energy of the n— x* transition is 4.36 eV or 285 nm. This  dominated by the strong negative CD bands in the-238D
value is in very good agreement with experiment where a single "M region instead of the lowest-energy transition itself. We have
CD peak was found at 283 nm with methanol as the solvent confirmed this by calculating a number of low-energy transitions
and a double peak at 292 and 284 nm, respectively, with and their rotatory strengths.

isooctane as the solvent. The magnitude of the simulated CD The calculated wavelengths for the five lowest-energy transi-
intensity for this transition is also in reasonable agreement with tions at the SAOP/TZP level are 330, 310, 301, 299, and 290
the experimental data reported by Hirata when using a Lorent- nm, with rotatory strengths 6f9.4,—4.9,+4.4,—19, and—33

zian broadening with a line width of 0.007 au (0.2 eV). From (in 1074° cgs units). These, and data for the 5 lowest-energy
the calculated rotatory strength 6.6 x 1074% cgs units, we transitions of the other molecules, are also collected in the
obtain Aemax = +1.6 L/(mol cm) for the carbonyl n—~ 7* Supporting Information. Adding diffuse functions to the basis
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Figure 6. Low-energy part of simulated and experimental CD spectra ofdn'e basef). Experimental data from ref 45. Simulated spectra using
a Lorentzian broadening with a line width 6f= 0.0048 au (0.13 eV). Left panel: comparison of SAOP/Vdiff and B3LYP/643tG&** with
experiment. Right panel: comparison of B3LYP/6-312G** with experiment for a larger range of wavelengths. Calculated excitations energies
and rotatory strengths are indicated by vertical bars.

set does not change the CD spectrum qualitatively, though using 15000 . . T . . ot
the Vdiff basis has some effect on the rotatory strengths and “ e fOPNdif o= |
slightly red-shifts the spectrum. The calculated transitions are i BALYP/6-811+4G™" ---e=—r
now at 337, 314, 305, 302, and 294 nm with rotatory strengths 5000 | |
of +8.6,—3.5,+6.8, —27, and—36. Both calculations predict i
a sign pattern of the rotatory strengths for the lowest-energy
excitations of Tfger’'s base that is in agreement with Hartree
Fock/6-31G* results from ref 50. A simulated CD spectrum also
reproduces the correct pattern of low-energy CD bands when

compared with experiment (Figure 6). An inspection of literature P |
dat&! for the CD spectrum db, however, reveals that the SAOP I 5
calculation underestimates the energy for the lowest-energy i/ .

-5000

[0y, / deg [dm (g/em®)”

[2 & N
excitation by about 0.4 (TZP) to 0.5 (Vdiff) eV. The experi- 8% . . . . . . .
mental value was reported at 33 600 ¢nor 298 nm. It is e a0 50 400 450 500 50 600 650
obvious that a quantitative agreement with experiment for the A/nm

ORD would require an accurate description of both the Figure 7. Specific optical rotationd], of compounds. Comparison
excitation energieandthe magnitude of each individual Cotton ~ 0f SAOP/Vdiff (same data as in Figure 3) with the BSLYP hybrid
effect in the energy range up to about 5 eV (250 nm) and Encthnal using the 6-31G* and 6-31—]+(§ basis setsI' = 0.007.

. xperimental data from ref 4 recorded in hexane.
perhaps higher.

In ref 4, the hybrid DFT calculations for compourtl correctly. On the other hand, in the B3LYP spectra the CD
appeared to predict a strongly blue-shifted undamped ORD. In intensity appears to be overestimated quite strongly for transi-
our SAOP calculations, on the other hand, the excitation energiestions other than the lowest-energy one, which is expected to
are red-shifted when compared with experiment. To investigate have an impact on the calculated ORD.
if deficiencies of the SAOP potential are responsible for the  To investigate this issue, we have carried out hybrid-DFT
red shift, we have calculated a number of lowest CD transitions calculations of the OR with a damping parameteFef 0.007
also with the B3LYP hybrid functional, using the 6-3t+G** au using the method of Norman et'8las implemented in the
basis. Here, the lowest-energy transition is calculated at 4.26 Dalton code. The results are displayed in Figure 7 together with
eV or 291 nm, which is only a 0.1 eV overestimation of the the experimental and the SAOP/Vdiff data. Though the CD of
experimental value (298 nm). Apart from an additional 0.1 eV Troger's base in the low-energy region calculated with B3LYP
blue shift due to missing diffuse functions, CD spectra obtained is superior to the SAOP/Vdiff results, one can see that the OR
with B3LYP and other Gaussian-type basis sets such as SVP.,is in reasonable agreement with experiment only for wavelengths
6-31G* and 3-21G* spectra are very similar and therefore not >350 nm but not in the region between 250 and 350 nm. The
shown. In Figure 6 it can be seen that SAOP and B3LYP yield positive Cotton effect of the lowest-energy transition is not at
the same shape for the low-energy range of the CD spectrum,all visible in the B3LYP calculation of the ORD when damping
which qualitatively agrees with the experimental one. The line is included. This must be due to a superposition of Cotton effects
width has been decreased compared to the CD specrarad that are close in energy. Thus, the hybrid functional is not better
4 (Figure 5) to be able to show the lowest-energy CD peak. performing here than SAOP for the ORD of §er’s base. For
With ' = 0.2 eV the peak would hardly be visible in the comparison with ref 4, results obtained with the 6-31G* basis
simulated spectra. When a Gaussian broadening of 0.2 eV isare also shown. They are qualitatively similar to the ones
used instead of the Lorentzian broadening, the lowest-energyobtained with the diffuse basis in the sense that they produce a
CD peak becomes significantly more intense and agrees bettewery similar dispersion of the OR. However, at wavelengths
with experiment in both the B3LYP and the SAOP calculations. >350 nm the small basis severely underestimates the magnitude
However, as already mentioned, the SAOP potential under- of the specific rotation. Theof]p value for B3LYP/6-31G* is
estimates the lowest excitation energies. It is known that —165 deg/[dm (g/cm3)] (from ref 4) compared to the experi-
different density functionals have shortcomings for different mental specific rotation of 267 deg/[dm (g/cm?)]. The SAOP/
molecules. Obviously, the SAOP potential has difficulties TZP [o]p result, on the other hand, is too large537 without
describing the lowest excitation energies of Jeds base §) damping). The dp results with the diffuse basis sets are very
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20000 T T T " " " " by the Vdiff basis. Further, in such a case it is advantageous to
SAOPT'=0007 —g— employ a Kohr-Sham potential with the correct asymptotic
1000 ¢ TZp SAOPT=0010 -4 behavior2:36 The SAOP belongs to this class of potentials and

SAOPT=0014 - ’ ) ote
expt. —_ is seen to give a very accurate value for the excitation energy.

A damping parameter oft = 0.009 yields almost perfect
agreement with experiment for the magnitude of the OR near
the excitation. One detail that is not reproduced accurately is
the location of the longest wavelength where the OR changes
sign, experimentally seen at about 220 nm. The calculation
shows that this sign change occurs at around 240 nm, i.e., with
an difference in energy of about 0.5 eV. Although this difference
is within the error bars of TDDFT for calculations of excitation
energies, the Cotton effect is obviously reproduced accurately
15000 . . . . . . . by the calculations (centered around 187 nm). We have
250 300 350 400 450 500 550 600 650 . . . .
previously speculated that the sign change in a calculation
A/nm without damping might have been red-shifted because of the
Figure 8. Specific optical rotationd], of compounds as a function too strong influence of the singularity nearbyowever, the
of the wavelengtid, calculated at the SAOP/TZP level using different  calculations with damping included suggest that this is not the
damping parameters. Experimental data from ref 4 recorded in hexane.(or not the only) reason because the crossover wavelength is
. ) only slightly closer to experiment. At present, the source of this
similar (SAOP/Vdiff, ~479.6; B3LYP/6-311G™*~468.9), both  iscrepancy is unclear. A calculation of the OR using a

much larger in magnitude than the'e_xperimental value. From reliminary version of a new code that considers a continuum
the ORD curves and the CD spectra it is clear Fhat the.agreemem&odel forn-pentane (which is presumably the solvent used for
of the OR at 589.3 nm for the two functionals is rather o eyneriment®) did not shift the crossover point significantly.

acz‘ider:tal.d ioned. th h ¢ ref 4 luded th The Cotton effect of at around 187 nm is negative. Because
$ already mentioned, the authors of ref 4 concluded that sign of the OR is positive in the long wavelength limit, it

their B.3LYP/§'31C’* ORD curve (calc.ulatelzd Wi.thOUt damping) must be dominated by higher energy transitions. However, the
f(_)r 5.'3 qualltatlvel_y correct regardlng_lts sign pattern b.Ut calculated ¢]p is larger than the experimental value (65.8 versus
S|gn|f|_cantly blue shlfted. However, the direct comparison with 42 deg/[dm (g/cm3)]). This indicates that the influence of

experiment was seriously hampered by the huge variations Ofpositive higher-energy Cotton effects on the long-wavelength

the calculated values in the vicinity of the excitation energies. : : . .
The rather accurate CD spectrum, the good agreement of theOR is overestimated. One might expect that this should blue

. - . : shift the crossover point. It is possible that the use of a global
ORD in the region>350 nm with experiment, and the lack of . X o ;
an ORD peak in the 256850 nm region in our B3LYP damping parameter is beyond its limits when attempting to

computations with damping indicates that the calculated ORD reproduce both the depth and the.W'dth of the trough S'”.‘“'ta'
. : g neously. Another source of error is the neglect of vibrational

curve is not simply blue shifted. : he ORB?

Another influence on the agreement between theory and corrgctlons to the o .
experiment foi5 could be the choice of the damping constant. It is known that f]o for 6 is overestimated by about a factor
In Figure 8 we compare the calculated OR of compoGridr of 3 when calculated with a basis without diffuse functions
different values off". For reasons of computational efficiency ~Pecause of the influence of Rydberg stétdsere, we have
we have chosen the TZP basis for this comparison. Because ofcalculated a value of 122.7 deg/[dm (g/cf)j with SAOP/TZP,
the overestimation of the troughs of the ORD in all DFT compared to 65.8 with SAOP/Vdiff (see Supporting Informa-
calculations orb, a larger damping parameter might seem to tion). The situation might be considered typical for small
be appropriate. As seen in Figure 8, increadirigdeed reduces ~ Molecules without a chromophore such as =@ or C=C
the OR magnitude between 300 and 320 nm but also leads todroup. It is interesting to investigate how the B3LYP hybrid
less structure of the OR at shorter wavelengths, which is not functional performs for such a system. Figure 9 shows a
the desired outcome. Thyualitative features of the calculated ~ comparison of SAOP/Vdiff with B3LYP/6-3tt+G** and
ORD are not changed by varying the damping parameter within €xperiment. It is seen that the lowest excitation energy is
reasonable limits. (This might be seen as an advantage becausgnderestimated in the B3LYP calculation. The long-wavelength
this maked’ less suitable as a “fudge factor”.) If the transitions Sign-change of the OR (exp. around 220 nm) is even further
that influence the OR in this energy range have very different red-shifted than for SAOP/Vdiff. Our B3LYP/6-33HG**
line widths, it might be necessary to employ a frequency- [a]b is 48.6 deg/[dm (g/cr¥)] (no damping). As an economic
dependent damping parameter to reproduce the ORD betweerglternative to large high-quality diffuse basis sets, the aug-cc-
250 and 350 nm more accurately. pVDZ basis is also frequently chosen for optical rotation

Dimethylcyclopropane. Dimethylcyclopropaneg) has previ- calculationst! With this basis, we obtain-58.2 deg/[dm (g/
ously been studied by one of us in ref 9. SAOP calculations cm 3)]. Both values agree well with results reported in ref 7
indicated that a calculation with damping should yield excellent that were obtained with the B3LYP functional as implemented
agreement with experiment. Figure 4 shows that this is indeed in the Gaussian code (aug-cc-pVDZ, 59.0; 6-3#1G(2p,2d),
the case. Moore et al. have reported the ORD in 1971 as part46.8). We calculated the ORD in the 18250 nm region with
of an experimental study to determine the absolute configuration both Gaussian-type basis sets but show only the 6-31G**
of (+)-1,2-cyclononadierfé (9). The ORD of bicyclic nonane  results because two curves were hardly distinguishable on the
precursors containing the structural motif of compoéngas scale of the plot despite the fact that thed values differ
employed as evidence th@thas anR-configuration. Because  noticeably. At 589.3 nm, the B3LYP results agree better with
the OR is dominated by Rydberg excitations, calculations of the experimentald]p of 42 deg/[dm (g/cm?)] than the SAOP/
the OR of6 require diffuse functions as provided, for instance, Vdiff result of 65.8. However, in the resonance region between
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Figure 9. Left: ORD of compound. Calculations at the SAOP/Vdiff and B3LYP/6-6&+G** levels, using a damping parameterlof= 0.009
(0.24 eV). Right: CD of compounél. Calculation at the SAOP/Vdiff level. CD simulated with a Lorentzian broadening with a line widthof
0.009 au (0.24 eV). Calculated excitations energies and rotatory strengths are indicated by vertical bars. Experimental data from ref 45.

180 and 250 nm the SAOP calculation is seen to be superior 40 ' : " : : ' ' :
because of the better reproduction of the excitation energy. 30| [Co(en)s**  Exp. CD _
Therefore, we find that the performance of a functional in one
wavelength range is not necessarily indicative of its performance 20 1
at a different wavelength. Nonetheless, for the purpose of w0l F—— Aex20 —— |
assigning the absolute configuration, the B3LYP calculation
would be sufficiently accurate also in the resonance region.
The experimental study & by Moore et al*® also reported
CD. There is not very much data to compare with our
calculations except for the sign and intensity of approximately 20 + 8
half of a CD band. The wavelength around 187 nm, where the
ORD changes sign, is not exactly located at the excitation
energy, which is calculated to be at 183 nm (6.77 eV) at the .40 . s s s s . s s

0

-10 | §

Ae/1/ (mol cm)

-30 p

SAOP/Vdiff level. We find a similar behavior when using the 150 200 250 300 350 400 450 500 S50 600

TZP basis. At the SAOP/TZP level the ORD changes sign at Anm

183 nm. The lowest excitation energy is calculated at 6.95 eV 80 T T

(178 nm) at this level. The lack of experimental CD at 60 | 1w

wavelengths below about 185 nm does not allow us to make a wl [Co(en)3*+  Calc. CD _OS”

direct comparison. Using the same line width of 0.009 au (0.24 Y

eV) for the Lorentzian broadening of the CD as we used for g 20 K ‘ ] 5

calculating the ORD the simulated CD intensity for the SAOP/ 35 o N S

Vdiff calculation is too high. To improve the agreement with £ 20 _[ “ 15

experiment for the CD, an even larger broadening would have § 8

to be applied. However, a larger broadening would yield less 40T 12

good agreement for the ORD. These results support our finding -60 18

that a single (global) value for the damping parameter might 80k Ae x 20 | &

not be able to accurately reproduce both the depth and the width Rx5

of the ORD trough simultaneously with the same high accuracy. '1°°150 200 250 300 350 450 450
A-[Co(En)3]3*. The circular dichroism of the complex [Co- AMnm

(en)]** has been studied intensely over the past decades bothrigure 10. Circular dichroism ofA-[Co(en}]3*. Calculation at the

experimentally and theoreticalfy.In many ways, [Co(enr)®" TZP/revPVE level. Experimental data from ref 55. Simulated CD

has served as an antetype for a chiral metal complex, which spectrum based on a Lorentzian broadening with a line width of
makes it interesting in the context of the present study. The 0.007 au (0.2 eV). Calculated excitations energies and rotatory strengths
ORD in the visible wavelength range has been published already?® indicated by vertical bars.
in 193754 However, to our knowledge first-principles calcula- simulated and the experimental CD spectrum are shown in
tions have not yet been attempted. Theonfiguration of the Figure 10. We have used a global Lorentzian broadening with
complex affords a negative Cotton effect in the visible range a line width of 0.007 au (0.2 eV) here to simulate the CD
with a trough around 520 nm and a peak around 450 nm. intensity, which leads to reasonable agreement with experiment
The CD spectrum of [Co(eglf* and other chiral Co and Rh  for the low energy/long wavelength CD bands. The small
complexes has been calculated previously using TDE¥§57 positive CD band seen in the experimental spectrum around
A discussion of the CD is beneficial to rationalize systematic 430 nm is not due to an additional excitation. Depending on
errors obtained for the ORD in the visible range. Because the the type and width of the broadening, it is possible to reproduce
calculations in ref 23 were based on a different functional (the this CD band in the simulations, but we have decided to keep
“BP” functional), we have repeated the calculations here with the damping/broadening as consistent as possible throughout
the revPBE functional based on the optimized structure of ref this work. A broadening of comparable line width as used here
23. We point out that the revPBE excitation energies and has previously also been applied in a study of the CD of group-8
rotatory strengths are very similar to the BP results. The tris-bidentate metal complexes, leading to overall reasonable
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agreement with experimepit.The spectral features of the CD 4000 T T T T
spectrum of [Co(en)3", basis set requirements, as well as

o
systematic errors obtained in the calculations for the CD Z 3000 | [Coten)s**  Exp. ORD
spectrum have been discussed extensively in ref 23 and shall &
not be repeated here. One of the findings of ref 23 was that the = 2000 F
functional overestimates the energies of the formally “forbid- =
den'® d-to-d transitions in this pseudo-octahedral complex. The  § 1'%
corresponding CD bands are seen experimentally within the §
range 556-400 nm. At the same time, the energies of the intense & °
charge-transfer CD transitions are underestimated in the calcula- 13
tions. The SAOP functional does not cure these deficiencies. £ %[

However, the inclusion of solvent effects by means of the
COSMO model improves the energies of the charge-transfer
excitations considerably for this highly charged complex. See
also ref 59 for an investigation of the [Co(g}¥) CD spectrum 5000 . . , . . . . .
based on the “discrete reaction field” solvent mé&eleh
conjunction with molecular dynamics simulations where similar
solvent effects as well as some solvent broadening of the CD
bands were obtained. Upon inclusion of solvent effects, the
overall shape of the CD spectrum is qualitatively reproduced.
For the charge-transfer region of the spectrum a significantly
larger broadening would be necessary for better comparison with
experiment because the simulated spectrum exhibits too much

-2000
450

4000
3000 [Co(en);** Calc. ORD
2000

1000

0

Molecular rotation [¢] = M [a], / 100

structure?®> Mason et al. who published a CD spectrum for [Co- -1000

(en)]3* %5 in 1976 estimated in an earlier study that the line 2000 |

width may increase roughly proportional to the square root of

the excitation energy within the UWis ranged! Further, it is 8000 0 380 400 450 500 550 600 650 700 750
possible that some of the & symmetric pairs of charge- Mom

transfer transitions are underestimated in energy and exhibit toogjgyre 11. Optical rotatory dispersion ok-[Co(en)]*+. Calculation
much of a splitting in the calculations. at the TZP/revPVE level. Experimental data from ref 54.

Regarding conformational effects, fortunately the conforma-
tions of the chelate rings do not have a strong influence on the response properties in general, and of optical activity in
CD spectrum for [Co(er)3*.23 Thus, we restrict the discussion  particular, has not been demonstrated conclusively for 3d
here to the opconformer of [Co(eny ", which has been found  transition metal complex€8:53One of the reasons is a delicate
to be the most stable one in DFT calculations (see also ref 62).interplay between structure and propédy?

With a qualitative agreement between computation and
experiment being achieved for the CD spectrum, we may now
proceed to a discussion of the ORD. The calculated and One goal of the present work has been to explore to which
experimental ORD are displayed in Figure 11. Obviously, the extent DFT calculations with relatively small basis sets are able
Cotton effect in the visible range is caused by the d-to-d to obtainreasonableORD curves for fast routine applications
excitations in the complex. With an overestimation of the to absolute configuration assignments. For this purpose, even
calculated energies of these transitions we thus expect a bluecomparatively large differences between theory and experiment
shift of the calculated ORD curve in comparison to experiment. are acceptable at any particular wavelength as long as the overall
This is indeed the case. The blue shift of the calculated ORD shape and order of magnitude of the ORD agrees with
in the visible range corresponds to a 6000 ¢r{0.74 eV) blue experiment and the excitation energies are reasonably well
shift obtained for the d-to-d transitions in the CDApart from reproduced. Except for some functional specific deficiencies
this systematic error, which is well understood, the ORD is mainly for Troger's bases and to some extent for [Co(efjt,
reproduced rather accurately. A tendency for an overestimationthe agreement of the DFT calculations with experiment is indeed
of the CD intensity in calculations of these types of metal very reasonable for the molecules studied here. We have shown
complexe® appears to counterbalance an expected under-that the application of a global damping parameter of the order
estimation of the optical rotation at long wavelengths caused of 0.2 eV (0.007 au) in the calculation leads to a realistic
by the too high energies of the first few excitations. With a behavior of the ORD in the vicinity of an excitation. For
global damping parameter of 0.007 au the magnitude of the molecules with excitations in the UV/vis range the anomalous
trough and the peak are reasonably well reproduced. Wedispersion of the optical rotation might therefore be a useful
conclude that also for this transition metal complex a calculation tool for an unambiguous assignment of the absolute configu-
of the ORD in the resonance region would qualify for an ration.
assignment of the absolute configuration if it were not known.  For Troger's base §), the calculations lead to reasonable
The blue shift of the ORD and other systematic errors in the agreement with experiment for wavelengths down to about 350
computation that might affect the quality of the calculated ORD nm. Between 250 and 350 nm, the OR is influenced by several
can be further studied by an additional comparison of the Cotton effects of varying sign and magnitude and therefore
calculated CD with experiment. A comparative study of the difficult to reproduce. One of the problematic factors is the
ORD with hybrid and nonhybrid functionals is beyond the scope energetic proximity of strong CD transitions in this energy range.
of the present paper and will be left for future studies. In contrast However, even fol5, the inclusion of damping is seen to be
to organic molecules the success of hybrid DFT for linear clearly advantageous in analyzing this complicated situation.

4. Conclusions
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