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Abstract Computational modeling of optical activity,
circular dichroism (CD) and optical rotatory dispersion, is
rapidly becoming a useful supplement to experimental
studies of absolute configuration. Here, we investigate the
predictions of two alternative formulations of the rotational
strength based on time-dependent density functional theory
(TD-DFT), for a series of high symmetry chiral systems.
We employ the TD-DFT method as realized in Gaussian 03
suite with the hybrid functional B3LYP and as incorpo-
rated in the Amsterdam density functional (ADF) suite
with PBE and SAOP functionals. The high-symmetry
systems described here are somewhat larger than those
used to evaluate the influence of basis sets and density
functional choice, and for such large systems the very
extensive basis sets recommended by most investigators
may not be suitable for routine use. We observe that useful
results for these systems can be obtained in modest bases,
and in particular that diffuse functions may not be required
for informative use of the ADF implementation. The sta-
tistical average of orbital potentials (SAOP) model
developed by Baerends is essential to the success of the
ADF implementation. In some cases chirality is defined by
features of the molecular structure remote from the chro-
mophore. This is a severe test of the TD-DFT theory, since
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high-lying excitations define the most prominent features
of the CD spectra, and complicates the use of computations
to guide the assignment of absolute configuration. Exper-
imental investigation of the high symmetry systems
described here is desirable.

1 Introduction

The computation of circular dichroism (CD) and optical
rotatory dispersion (ORD) has been a continuing challenge
to chemical theory since the pioneering work of Eyring [1],
Moscowitz [2], and Tinoco [3]. Polavarapu [4] reviewed
the general terrain of ORD experiment and theory,
addressing both empirical models and computational
advances to 2002. Crawford [5] has also surveyed the
substantial progress which has taken place since the land-
mark work and review of Hansen and Bouman [6]. The
emphasis in recent work has rested on ORD, as shown in
reviews by Autschbach [7] and Polavarapu [8]. The
advances have been both formal—the formulation of
optical properties within linear response theory—and
practical, as versions of time-dependent density functional
theory models have been incorporated into widely avail-
able electronic structure codes. The methods have become
so powerful to be useful in the determination of absolute
configuration [9].

Optical excitation energies and the rotational strength R
define both ORD and CD.

Roi = Im(0[p|k) - (k[m|0)

Here m is the magnetic dipole moment operator and p is
the electric dipole moment operator, both of which mix the
ground state 0 and an excited state k.
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ORD is the result of contributions from many excita-
tions. The magnetic—electric dipole polarizability is defined
as

o) =m0 im0
k#0 kO
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Here @y is the frequency corresponding to the transition
energy. In computational work atomic units are employed

=1, me=1, 4ng=1, c~137

The experimentally reported quantity is the specific
angle of rotation at the frequency of the incident light.

28, 8007 Ny -
[d]p= Wﬁ(w)

Here N4 is Avogadro’s number, M the molar mass of the
chiral species, o the frequency of the incident radiation,
and c the speed of light. Many measurements use the Na
“D” line at 589 nm as the incident light.

Successful modeling of ORD—especially the specific
rotation angle which is most usually available from
experimental measurement—requires a reasonably accu-
rate representation of the global response of the chiral
system to polarized light. Stephens et al. [10] defined a set
of test cases for which sodium D-line rotations are known,
and observed that density functional (DFT) methods—
specifically, BBALYP—perform better than SCF methods.
Within B3LYP, a very large basis improved the mean
absolute deviation (MAD) between computed and mea-
sured values to less than 20° (Supplementary material,
Table S1).

Similar performance is found for ADF description of the
same test set of molecules [11] (Supplementary material,
Table S2). These calculations employed pure density
functionals rather than the hybrid B3LYP. The gradient-
corrected BP86 functional seems only a bit better than a
gradient-free local density approximation (LDA) functional
defined by Vosko et al. [12]. SAOP [13], a model for which
the long-range behavior of the exchange-correlation energy
density functional is defined by a “statistical average of
orbital potentials,” seems to improve results modestly. The
two large basis sets V, (extensively polarized) and V4
(thoroughly augmented with diffuse functions) [11] seem
quite similar in performance. Since the quality of V,, results
is at least comparable to V, results, we infer (gingerly) that
a high level of polarization is as effective as adding diffuse
functions.

Since the ORD is computationally so demanding, we
may be better advised first to study the circular dichroism
spectra for some well-understood systems. This allows us
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to focus on the lowest few excitation energies and associ-
ated rotational strengths. Using the CD modules in
Gaussian 03 [14] and the Amsterdam density functional
[15] software suites we have re-investigated some very
well studied systems, including the thoroughly studied
dimethyloxirane (shown below). The dimethyloxirane has
no chromophore, but has a more symmetric C, chiral
environment. Both B3LYP and SAOP models predict CD
spectra (Supplementary materials, Tables S3, S4] in gen-
eral agreement with other investigators’ reports, and fail in
similar ways for f§ pinene and dimethyloxirane.

O
CH3

HsC

A simulation of the dimethyl oxirane spectrum will give
an impression of the quality of the computations (see
Fig. 1). The simulation is based on the computed rotational
strengths Ry, (cgs units x 10*°) and excitation energies E;
(eV), as follows:

Scp = ZROJ- (%) ]/zexp [—w (Ej — E)z}

The normalized Gaussian form is chosen for
computational ease and flexibility. The width parameter
w is rather arbitrarily chosen as 50 eV 2 and is identical for
every transition modeled. The rotational strength is
expressed in Debye—Bohr magneton units, or numerically
0.9274 x 10 cgs units (erg cm®). Computed values of
the rotational strength are often reported in multiples of
10740 cgs, and we have chosen this as our common vertical
axis. The experimental values of rotational strengths are
obtained from measurements of the difference in
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Fig. 1 Simulated circular dichroism spectrum of dimethyloxirane
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absorption coefficients for left and right circularly
polarized light, Ae. According to Fasman [16], one may
use the approximation

A
Rexplogs] = 2.295 x 107 {dz
A
~ 4.068 x 10—39%h

assuming the experimental spectral feature is modeled by a
Gaussian centered at 4.y, of height Ag,« and of width A.
Our simulated spectra resemble smoothed experimental
spectra (no vibrational structure is incorporated), and rep-
resent the theoretical and experimental estimates of
rotational strengths faithfully and equivalently.

The solid line, intended to represent experimental data,
is constructed with the rotational strengths and excitation
energies deduced by Breest et al. [17] This analytical
representation washes out much of the structure of the
experimentally recorded CD spectrum. However, it permits
a visual comparison between equivalently derived repre-
sentations of the spectrum. For the simulated spectra
derived from computations, we use the first nine excitations
and associated rotational strengths; usually only a few such
parameters are available from experimental work. All
calculations of the dimethyloxirane reveal the strong neg-
ative leading feature, show a weak second feature with
positive sign, and capture the sign alternation associated
with the next two transitions. By comparison with the
SAOP model, the B3LYP functional displays a red shift
and an exaggerated positive feature in the lower energy
reaches of the spectrum. However, it is evident that the
high energy reaches of the CD spectrum are not realisti-
cally represented even by the SAOP/ATZP model. We
should note that these calculations, which describe only
electronic contributions to the rotational strengths and
circular dichroism spectra, overlook vibronic effects criti-
cal to the accurate depiction of optical activity of this
molecule [18]. Crawford et al. [19] point out a number of
cases for which electronic structure calculations of CD are
still problematic.

We have now established a level of expectation for the
semi-quantitative performance of the Gaussian and ADF
TD-DFT description of optical excitation energies and
rotational strengths. It seems that at the very least, we can
rely on the computed sign of the lowest energy signal and in
most cases also trust the sign of the next feature. Although
high-energy reaches of the spectrum are not generally rep-
resented well, this limited success is sufficient to make
calculations a useful adjunct to (or even corrective to)
empirical generalization such as the octant rule. For exam-
ple, Zilinskas et al. [20] have established the absolute
configuration of the C,-symmetric (+4)-2-oxaadamatane-
4,8-dione with the help of the octant rule [21] for the n — ©*

transition of the C=0 groups, which they employed to
interpret the CD spectrum. In that spectrum they observe a
positive feature at about 310 nm (ca 4.0 eV), and the
beginning of a negative feature at wavelengths shorter than
about 240 nm (ca 5.2 eV). Our B3LYP calculations (Sup-
plementary material, Table S5) put the positive feature
slightly to the red at 3.95 eV and the more intense negative
feature 1.0 eV higher, at 4.95 eV. The calculation supports
the assignment based on the octant rule.

0]

0]

The SAOP/ATZP calculation shifts the leading edge
further to the red (to 3.7 eV), and seems to compress the
sequence of excited states. The stronger negative feature
lies only about 0.5 eV above the lowest energy band.
Despite this significant compression, the general form of
the SAOP/ATZP spectrum resembles the B3LYP/6-311
++G(2d,2p) form, as shown in Fig. 2. The SAOP energies
have been shifted by 0.4 eV so to emphasize the similarity
in general form.

Since the implementation of the TD-DFT algorithm for
CD modeling in B3LYP has proved its practical value by
assisting the assignment of absolute configurations [22], it
will be important to see if alternative methods provide
consistent descriptions of the major features of the CD
spectrum for representative systems. We choose to study a
variety of systems with D, symmetry.
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Fig. 2 Simulated spectra of 2-oxaadamantane-4,8-dione
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2 Circular dichroism of high symmetry molecules

High symmetry molecules have enduring appeal to syn-
thesists and theoretical analysts owing to their beauty and
simplicity: examples of highly sought synthetic targets
include cubane, propellanes, icosahedranes and even the
highly strained tetrahedrane [23]. An especially interesting
set of high symmetry molecules also display chirality,
owing to the absence of a plane of symmetry. C,- and C3-
symmetric chiral molecules are of special interest in
catalysis [24, 25] for practical reasons beyond their aes-
thetic appeal. Farina and Morandi [26] reviewed the
collection of such molecules known in the 1970s, which
achieved C,, C3, D,, and D3 symmetry. Nakazaki [27]
extended the set, constructing systems with symmetry as
high as Ty4. New symmetric chiral systems are regularly
reported [28, 29].

Following up the hint that modest basis sets may be
effective in modeling CD and ORD in medium to large
systems, we present a series of computations which
embrace relatively large molecules, with high symmetry so
that calculations with flexible basis sets are within reach.
We first choose D, systems with familiar chromophores
including monoalkenes, carbonyls, and twisted and stacked
phenyls.

2.1 Species A: a chiral saturated diether

The diether A shown below, structure number 25b in
Farina-Morandi [26], is a distant echo of the oxirane sys-
tem, and tests our hope that a modest basis can perform
well for medium-sized molecules in which—there being no
chromophore—transitions are likely to have considerable
Rydberg character. The chirality stems from the skewed
dimethylene bridges, so we do not expect large values of
rotational strengths.

Figure 3 displays excitation energies computed for each
state in eight models. Within each cluster labeled by an
electronic excitation we find the B3LYP models at left; in
order from left: B3LYP/S//B3LYP/S, B3LYP/L//B3LYP/S,
and B3LYP/P//B3LYP/S. Here S = “Small” or 6-31G(d);
L = “Large” or 6-311+ G(d,p); and P = “Preferred” or
the recommended basis set 6-311 ++4G(2d,2p). There is a
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Excitation Energies for Species A in Various Model Chemistries

D B3LYP/S
@ B3LYPLL
7 O B3LYPP
OATZP-SA
6 W TZ2P-SA
@ TzP-SA

B TZP-PBE

Energy (eV)

1B2] 183} 1B1 1A
Low-Lying Excitation

Fig. 3 Excitational energies for the chiral diether A

substantial lowering of excitation energy as we pass from S
to L, but a lesser change as we continue from L to P. At far
right is the energy predicted by PBE/TZP//PBE/DZP.
Continuing right to left, we find results for SAOP/TZP//
PBE/DZP; SAOP/TZ2P//PBE/DZP; and SAOP/ATZP//
PBE/DZP. Only the ATZP basis includes diffuse functions.
Numerical values are to be found in Supplemental material,
Table S6. SA refers to the SAOP functional. ATZP = tri-
ple zeta with polarization, augmented with diffuse
functions.

Within any cluster of estimates of the energy of a spe-
cific excitation, we see that the value at far left, referring to
B3LYP/6-31G(d), is persistently high, but the value of the
B3LYP excitation energy stabilizes as the basis is
improved. Even the lowest energy excitations are sensitive
to the presence of diffuse functions. PBE/TZP excitation
energy values at far right in any cluster are small (very
red). The pronounced blue shift from TZP-PBE to TZP-
SAOP suggests that even the lowest energy transition to the
red of 6 eV has substantial Rydberg character. Use of the
SAOP functional produces stable estimates already for the
TZP basis, little changed for bigger basis sets.

The sequence of excitations in Fig. 3 is taken from
SAOP/ATZP excitation values. There is disagreement in
the sequence of excitations between SAOP/ATZP and
B3LYP/P. In the former case, the first B; excitation is
estimated to lie at higher energy than the first By and A
excitations; in either model these levels all lie within a
narrow (0.2 eV) band.

Figure 4 shows rotational strengths for each of the low-
lying excitations, for the same collection of model
chemistries.

Figure 4 shows the dependence of computed rotational
strengths on model chemistry for species B. Models
include basis S = 6-31G(d), L = 6-3114+G(d,p) and
L = 6-311+4+G(2d,2p). SA refers to the SAOP functional.
ATZP = triple zeta with polarization, augmented with
diffuse functions.
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Rotational Strengths for Species B
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Fig. 4 Rotational strengths for low-energy excitations for diether B

The magnitude of species B’s rotational strengths is
modest, as expected. Calculations in B3ALYP and SAOP
agree that the first features of the CD spectrum should be
negative, followed by a positive signal. Diffuse functions
in SAOP/ATZP have a noticeable effect on rotational
strength even for these low-energy transitions. SAOP
provides a sign-consistent treatment of the higher-energy
2B; excitation’s rotational strength, while B3LYP results
for the 2B; excitation vary considerably with basis.
B3LYP/Small predictions seem to get signs right, as do
those from PBE/TZP.

Figure 5 shows that the simulated spectra are very
consistent. One would be confident that these calculations
of the CD spectrum would be useful for experimental
assignment of configuration.

100 - = = SAOP/ATZP
— =—B3LYPP
80
s
.\
60 .
1]
o~ '
"o ¥
- 40 —
x 1
2] '/\i
o
) 20 I (1
e A
5 1 v
@ 0 — . W 22
5 4|5 5 5% Z \6.5’ 7 7|5
N —

-40 \ l

-60

Excitation Energy (eV)

Fig. 5 Simulated spectrum for chiral ether A

2.2 Species B: skewed CC double bonds

The motif of twisted double bonds is a venerable model
in optical activity calculations, serving as the smallest
chiral system of high symmetry and (in the form of C,-
symmetric trans-cyclooctene) a test for the most advanced
calculations [30]. Species B (structure number 27 in
Farina and Morandi’s scheme [26] and shown below) is a
twisted diene. However, the double bonds of species B,
oriented at about 60° to one another, are not seriously
deformed; the structure coupling the relatively skewed pi
bonds is itself chiral, defining a global D, symmetry. This
suggests the rotational strength of this system will be
small.

The low-energy features of the CD spectrum estimated
with TD-DFT, by the B3LYP functional implemented in
GAUSSIAN and the SAOP model in ADF are summa-
rized in Fig. 6. (Numerical values may be found in
supplemental material, Table S7). These transitions are all
dominated by single excitations: for example the 1B,
transition arises primarily from orbital excitation
9b, — 11a (HO-LU), while the 1B; transition is almost
entirely represented by the orbital excitation 9b, — 9b;
and 2B, by 9b, — 12a. TDDFT seems to be reliable for
such transitions.

Figure 6 shows the dependence of computed excitation
energies on model chemistry for species B. Abbreviations
are as defined for Fig. 3.

Excitation Energies for Species B
in Several Model Chemistries
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Fig. 6 Excitation energies for the chiral diene B
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The figure displays symmetry-labeled excitation ener-
gies computed for each state in eight models, ordered
within each excitation’s cluster as in the discussion of the
diether B. Here we have also included PBE/DZP//PBE/
DZP at far right. We observe only a minor change as we
pass from DZ to TZP bases with the PBE functional, but
note a response to the SAOP device for the 2B, transition.
From this we may infer that this state may have some
Rydberg character. Within the group SAOP/TZP//PBE/
DZP; SAOP/TZ2P//PBE/DZP; and SAOP/ATZP//PBE/
DZP excitation energies are remarkably consistent. In
B3LYP the excitation energies are sensitive to the basis
chosen; there is a substantial lowering of B3LYP excita-
tion energy as we pass from basis set S to basis set L, but
a lesser change as we continue from L to P (preferred).
Even the sequence of the lowest-lying states is not well
established, changing as we pass from L to the recom-
mended basis P. Excepting the lowest-energy excitations,
the SAOP estimates of transition energies are generally
higher (bluer) than the hybrid-functional values of exci-
tation energies. The lowest two states are nearly
degenerate as described by SAOP, but do not cross as the
basis changes.

We have exchanged the order of energy of excitations
1B, and 2B, as computed in B3LYP. Our motive was to
match the sequence of signs of rotational strengths for the
low-lying excitations, as shown in Fig. 7.

Figure 7 shows the rotational strengths for the four
lowest energy excitations. Abbreviations are defined as in
Fig. 4.

The figure shows that rotational strengths computed in
B3LYP are sensitive to choice of basis. In contrast to
B3LYP values, estimates of rotational strengths obtained
by the SAOP device are also almost independent of basis.
Thus we place more trust in the SAOP/ATZP results than
the hybrid TD-DFT predictions.

The simulated CD spectra for Species B (Fig. 8) show
the impact of the inconsistent treatment of the B, exci-
tation energies. For the first two transitions in SAOP/

Rotational Strengths for Species B
in Several Model Chemistries
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Fig. 7 Rotational strengths for species B in several model

chemistries

@ Springer

ATZP the rotational strengths are large but have opposite
signs; the absorption energies are so close that these
features tend to cancel. However B3LYP attributes neg-
ative rotational strength to both its low-lying levels 1B,
and 1B,. The 2B, excitation is attributed a positive rota-
tional strength in B3LYP, so we suspect once again there
is a discrepancy in energy ordering. The 2B, excitation
computed in SAOP/ATZP shares the negative sign
attributed to 1B, in B3LYP.

In the discussion of species C-F we will make reference
only to the B3LYP/6-311++4G(2d,2p) and SAOP/ATZP
calculations. Results of model chemistry surveys analogous
to those presented for Species A and B are available in the
supplementary material, Tables S8, S9, S11 and S12.

2.3 Species C: twisted biphenyl linked by propanone
bridges

Species C [structure number 23 in Farina-Morandi [26] and
shown below, is a member of a family of biphenyls
investigated by Mislow [31, 32]. This system combines the
chiral biphenyl system with the carbonyl chromophore.
Mislow’s ORD measurements reveal marked optical
activity. The experimental UV spectrum obtained in iso-
octane solvent displays a low-intensity feature (from the
n — n* excitation) from 300 to 320 nm or 4.1-3.8 eV;
both the B3LYP and SAOP models recapture these Bj
transitions, though the pure DFT errs to the red (3.51 eV,
as opposed to B3LYP/P value of 4.04 eV) (see Table S16).
The higher energy and more intense (n — ©*) B absorp-
tions are observed at 260 (4.8 eV) and 230 nm (5.4 eV).
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Fig. 8 Simulated spectrum for chiral diene B
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Both TD-DFT methods underestimate these excitation
energies: B3BLYP in the preferred basis places them at 4.54
and 5.10 eV, while the SAOP model with the ATZP basis
places them at 3.91 and 4.29 eV. It seems clear that the
quantitative values of pure DFT estimates are not to be
trusted in this kind of system.

Predictions of the order of higher energy states by the
two methods disagree, with SAOP placing 2A lower than
2B3 (3.96 vs. 4.21 eV) and B3LYP disagreeing (4.86 vs.
4.56 eV). Furthermore, the two models’ computed rota-
tional strength for 2B; disagree drastically: B3LYP predicts
-62 with SAOP/ATZP gives +42. We do have confidence
in the energy sequence and sign of the rotational strength of
first two active transitions (1B; and 1B;) since that seems
invariant across models and basis sets. Perhaps this is
sufficiently informative that the calculations can actually
assist with the task of interpreting the experimental CD
spectrum?
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Fig. 9 Simulated spectrum for biphenyl dione C

The simulated spectrum presents a more encouraging
picture of the results; the pronounced reddening of the
SAOP model is evident, but the overall forms of the
spectra predicted in the two models are remarkably
similar for the low-energy region of the spectrum
(Fig. 9).

2.4 Species D: twisted xylenes

Species D (structure number 30 in Farina-Morandi [26] and
shown below) consists of two xylenes, connected by para
C,H,4 links and twisted by 60° to achieve chirality and D,
symmetry. The chirality derives from methyl substitution
of the stacked-phenyl chromophore, so the rotational
strengths are likely to be small except for the transitions
with serious Rydberg or methyl CH sigma antibonding
character. These transitions involve excited states which
are so far extended in space that they will embrace the
chiral region.

CHs

H3C

HsC CHjg

As shown in Table S17, hybrid-density B3LYP based
estimates of the excitation energies are not sensitive to
basis set in this case. Results from the preferred basis
recommended by Stephens et al. [10, 22] seem very closely
comparable to those of the large basis, which suggest the
basis effects have been captured already in the more
modest basis. Similarly further augmentation seems to have
only modest effects on the ADF TZP-SAOP outcome.

Once again the excitation energies predicted by the PBE
and SAOP density functionals are red-shifted, by almost
0.5 eV(!) relative to the values obtained by B3LYP in
Gaussian. The SAOP and B3LYP predictions of the
sequence of states are not consistent, but this may be
ascribed to the fact that the excitations are very densely
spaced beyond the first two transitions. Rotational strengths
for the low-energy transitions are quite inconsistent but
mostly small. The methods all agree that the leading edge
of the CD spectrum will be negative as shown in Fig. 10
and that the next higher-energy feature will be positive.
The low energy edge of the computed spectrum derives
from the 3B, and 3B; excitations according to both SAOP
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Fig. 10 Simulated spectra for stacked phenyl D

and B3LYP. These have rotational strengths of opposite
sign, so the simulated spectrum shows a partial cancellation
of the two. The strong positive signal comes from the six
B, excitation according to the SAOP model, 4B, in
B3LYP.

2.5 Vespirene

The vespirenes, a special case of the 9,9’-spirobifluorenes,
were studied by Prelog’s group [33]. The structure of the
D,-symmetric species [n, n]-system with n-carbon chains is
shown. These species are remarkable in that there is a
central carbon with four identical substituents, but the
overall chirality produces exceptionally large optical
activity. The CD spectrum for [6,6] vespirene was analyzed
in an exciton model by Haas et al. [33] and separately by
Wagniere [34]; Sagir et al. [35] interpreted its CD spectrum
by determining Cotton effects for each feature of the
optical spectrum.

Extending the linking chains from six to seven or eight
carbons weakens the CD and ORD signals only moder-
ately. The experimental UV spectrum has a leading edge
absorption at about 320 nm (3.9 eV), another at about
300 nm (4.1 eV), and a broad absorption band peaking at
about 270 nm (4.6 eV). In the experimental CD spectrum
there is a leading negative feature at about 320 nm, an
intervening positive feature at 300-310 nm, a strong neg-
ative excursion from 280 to 300 nm (4.3 eV), and a
positive signal peaking at 270 nm. The figures depicting
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the original experimental spectra from Haas et al. [33] are
reproduced in the supplementary material.

The size of this system tested the capability of our
equipment, and prohibited use of the preferred basis set for
B3LYP. However, the TD-DFT B3LYP model with a 6-
3114-G(d,p) basis places the strong low-energy negative
signal at 4.0 eV, a positive signal at 4.1 eV, and a collec-
tion of excitations with net negative CD over the range
4.25-435 eV. All this is entirely—even remarkably—
consistent with the experimental spectrum. Even the neg-
ative feature at about 230 nm (5.0 eV) has a computed
counterpart at 4.6 eV, though we must discount the DFT
results at such high energy. The SAOP model in the TZP
basis orders states in the same sequence as does B3LYP,
and computes B; excitations to have negative rotational
strength while B; excitations have positive rotational
strength, but places excitation energies far to the red of the
B3LYP estimates.

Simulated CD spectra for 6,6-vespirene are shown in
Fig. 11. The red edge of the SAOP/TZP spectrum is
located at 3.36 eV. Shifting the SAOP spectrum by
0.45 eV shows the qualitative match between the B3LYP
and SAOP traces, which may not be evident from the
tabulated excitation energies and rotational strengths.

3 Difficult cases

We suspect that systems with chirality deriving from sub-
stituents distant from the chromophore will present a
considerable challenge to computational modeling. Here
we describe our efforts to characterize the CD spectra of
two such systems, a dione and an allene.

3.1 Species E: a chiral cyclobuta-1,3-dione

Species E (structure number 20 in Farina-Morandi [26]
and shown below) is a cyclobuta-1,3-dione system with
spiro  trans-dimethylcyclopentanes defining the D,
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Fig. 11 Simulated spectra for 6,6-vespirene

symmetry and chirality. (A very similar system with two
methyls at the remote carbons has S, symmetry and thus
is achiral). The optical spectrum will be defined primarily
by the carbonyl groups in the central cyclobuta-1,3-dione
fragment. The chirality on the other hand is defined by the
methyl substitution, which is rather far from the chro-
mophoric carbonyl groups. Consequently, the rotational
strengths of low-lying (valence shell) transitions are
expected to be small, and the optical activity will be
defined by extended and diffuse excited states. We
observed that the transitions with significant rotational
strength are composed of excitations from the carbonyl
chromophore into diffuse orbitals in the neighborhood of
the methyl substituents, (3B3) or excitations from the
chiral sigma framework into the chromophore’s 7* man-
ifold (4B;) This combination of high excitation and
charge transfer will be a challenge to the TD-DFT
method.

H3C CH3

Hsc O CHS

The simulated CD spectra in B3LYP and the SAOP
models are shown in Fig. 12. We see that the SAOP
excitation energies are far to the red of B3LYP values. The
relatively intense feature predicted by SAOP/ATZP as the
first B; excitation near 5.5 eV is not located by B3LYP
until 4B; at 6.5 eV. According to B3LYP none of the low-
lying states from 3.3 to 6.5 eV have significant rotational
strengths (>10 units).
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Fig. 12 Simulated spectra of species E

3.2 Species F: a D,-symmetric allene

Species F (structure number 15 in Farina-Morandi [26] and
shown below) is a D,-symmetric allene. The electronic
structure of the D,q4 allene core is itself a considerable
challenge to model. The lowest two transitions are agreed
to derive from e — e ©w* transitions of symmetry A, and
B, followed by a Rydberg transition of symmetry E and
the intense B, transition (Table 1). The latter excitation is
located at 7.1 eV by model chemistry M1 = CASS-
CF(8,10)/ANO(++) and near 7.6 by both MRCI+D/
ANO(++) and M2 = EOM-CCSD/6-311++G(d,p) [36].
B3LYP/P places this key transition at 7.17 eV, SAOP/TZP
at 7.76 eV, and SAOP/ATZP at 7.53 eV. This pattern is
maintained for higher transitions as well. As is to be
expected, higher excitations have considerable Rydberg
character and require diffuse functions even with the SAOP
functional.

As was the case for Species E, higher energy transitions
are of considerable importance in the CD of Species F,
since the peripheral features of the structure which make
the molecule chiral are far from the central chromophore.
Estimates of the lowest energy excitation in both models
cluster in the range 4.8-5.1 eV regardless of basis. In the
TD-DFT calculations with the hybrid B3LYP functional,
the low-lying states are stable with respect to enhanced
basis, while excitations above about 6 eV respond to added
polarization and diffuse functions.

The SAOP device shifts the higher energy TZP excita-
tion energies to the blue relative to PBE/TZP, while adding
diffuse functions has a modest impact on low-energy
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Table 1 B3LYP and SAOP

description of allene optical Excitation Energy (Osc) computed in various models

spectrum B3LYP/P M1 M2 SAOP/TZP SAOP/ATZP
1-'A, 5.775 (0) 6.10 6.23 (0) 5.7329 (0) 5.7264 (0)
1-'B, 5.978 (0) 6.55 6.65 5.9913 (0) 5.9601 (0)
1'E 6.484 (0.0192) 6.94 7.02 (0.030) 7.0791 (0.0184) 6.9606 (0.012)
2-'4, 6.993 (0) 7.69 (0) 8.9879 (0) 8.4282 (0)
1-'B, 7.166 (0.538) 7.56 7.62 (0.411) 7.7610 (0.935) 7.5398 (0.768)
2-'E 7.142 (0.0174) 7.82 (0.0172) 7.7798 (0.0359) 7.7024 (0.030)
2-'B, 8.124 (0.234) 8.61 (0.083) 9.3580 (0.170) 8.8017 (0.174)
3. 8.254 (0.0258) 8.46 (0.019) 9.8434 (0.0230) 8.7502 (0.020)
4'E 9.085 (0.0047) 9.25 (0.0013) 9.0838 (0.021)

excitations but red-shifts the higher energy excitations. - -BaLYPP

This stability of the lowest three excitations to introduction 500 — SAOPIATZP

of diffuse basis functions reinforces our idea that these— ®

but not the higher energy excitations—are primarily 400

valence—shell in character.

The SAOP/ATZP and B3LYP/preferred estimates of the
leading feature of the computed CD spectrum (the 1B,
excitation) disagree in sign. This inconsistency is puzzling;
none of the features higher in energy disagree in sign, so
long as the basis is TZP or better for SAOP or 6-
3114+G(d,p) or better for B3LYP. The PBE/TZP model
produces a spectrum (not shown) very similar to the
B3LYP model in the medium and preferred basis sets
which are augmented by diffuse functions. The sign
reversal seems to be associated with the SAOP model.

The lowest energy transitions—confined as must be to
the valence region of the chromophore—cannot dominate
the CD spectrum. In this case we had to study about 30
excitations to locate the intense features shown in the
simulated spectrum of Fig. 13.

The simulated spectra show some similarity at higher
energies; the B, and Bj features are dominated by single
excitations. The transition with the greatest rotational
strength (6B; in both cases) is composed of several one
electron excitations, strongly mixed.

4 Conclusions

Choosing highly symmetry chiral species allows computa-
tional investigation of CD spectra for large systems with
good basis sets. Such study permits conclusions to be drawn
on the value of calculations on chiral systems of medium
size with basis sets more modest than those recommended
in investigations of smaller chiral systems. The lower CD
transition energies and associated rotational strengths for
systems with familiar chromophores—carbonyl, phenyl,
coupled pi bonds—are well described by TD-DFT with a
TZP basis without augmentation by diffuse functions so
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long as the statistical average of orbital potentials SAOP
functional is used. Even a polycyclic dioxa system (that is, a
diether) that would seem to require Rydberg orbitals for
reasonable description is consistently represented in this
way. TD-DFT with a hybrid density functional theory
describes these high-symmetry systems reasonably well
within 6-3114-G(d,p), a smaller basis than is recommended.
TD-DFT with pure and hybrid functionals produces quali-
tatively similar spectra but excitation energies are often
significantly energy shifted. In cases for which the structural
feature defining chirality is remote from the chromophore,
very highly excited states dominate the CD spectra. TD-
DFT, which ordinarily can be trusted only for relatively low
excitation energies (say half of the ionization energy) per-
forms better than might be predicted. The question remains
whether the computationally more difficult but experi-
mentally more easily accessible ORD can be usefully
approximated in modest basis sets. In any attempt to assign
absolute configuration with computational aid, we recom-
mend study of analog systems, use of several model
chemistries, and appropriate caution.
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We have reported predictions of CD spectra for a variety
of systems which have been made long ago but for which
spectra are not yet available. The broad consistency of the
results of SAOP and B3LYP predictions encourage us that
computational methods will help to guide assignment of
spectra and absolute configuration. But the discrepancies
among the quantitative details of the methods’ predictions
point out the need for experimental study. Complementary
data from experiment will allow more subtle understanding
of the reliability of TD-DFT methods, and a deeper
appreciation of the role of solvent media.
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