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Understanding, predicting, and manipulating the properties of
chiral molecules is a primary objective of organic chemistry.1 Much
of today’s organic synthetic methodology aims “simply” to control
the absolute and relative configurations of stereogenic centers. This
control is a matter of grave importance to the pharmaceutical
industry, where the stereochemical purity of chiral drugs is ideally
achieved by synthetic design rather than by stereoisomer separation
of the final product. The drug thalidomide, prescribed to pregnant
women in the 1960s for morning sickness, is a sad example where
this factor was underestimated: although one enantiomer works
as a sedative, the other is a potent teratogen and damages fetal
tissue, and both are formed in vivo through rapid interconversion.2

Although the assessment of the enantiomeric purity of chiral
species is routinely achieved by measuring optical rotation angles
and integrating chiral GC/HPLC traces, determining the absolute
configuration is more difficult. For noncrystalline compounds,
asymmetric synthesis or less secure chiroptical and NMR methods
are used. All of these approaches are time-consuming, and none
are guaranteed to be successful.

An alternative approach is to compute directly the chiroptical
properties of selected molecular structures and subsequently
compare the results with the associated experimental data, typically
optical rotation angles, of the original compound.3 Unfortunately,
this task is even more difficult because of limited experimental
results. Although vibrational circular dichroism and Raman optical
activity methods provide much more information than simple
polarimetry,4 the corresponding spectrometers are not available to
most synthetic chemists. Thus, theory is faced with a tremendous
task: to provide optical rotation data where both the sign and
magnitude of the rotation are important, and the acceptable “error
bars” are virtually zero because a sign change implies a configu-
rational inversion. Only the most accurate and reliable theoretical
models are up to such a task.

Coupled cluster theory is the most successful ab initio quantum
chemical approach developed to date.5 For many small molecules,
coupled cluster theory, in conjunction with large one-electron basis
sets, has been found to give exceptionally accurate results for
commonly studied molecular properties such as equilibrium
geometries, vibrational and UV/vis spectra, and thermochemical
properties.6 Its level of reliability is presently unmatched by any
other quantum chemical model, including the density-functional
theory (DFT) approaches,7 and thus coupled cluster theory is often
referred to as the “gold standard” of quantum chemistry.

We have recently developed a new implementation of a coupled
cluster linear response approach8 that is applicable to optical
rotation. This approach is based on the quantum mechanical
foundations established by Rosenfeld in 1928,9 who showed that

the angle of rotation, [R]ω, of plane-polarized light of frequencyω
in a chiral medium is related to the trace of the electric-dipole
magnetic-dipole polarizability tensor

Here µ andm denote the electric and magnetic dipole operators,
respectively, and the summation runs over excited electronic
(unperturbed) wave functions,n.

Using the coupled cluster singles and doubles linear response
model (CCSD-LR), we have computed the specific rotation of
the chiral molecule trispro[2.0.0.2.1.1]nonane (also known as
[4]triangulane; see Figure 1) at several wavelengths. This molecule
is the first of a new series ofσ-[n]helicenes with remarkably large
specific rotations, ranging from 197.2 deg/[dm (g/mL)] at 589 nm
to more than 600 deg/[dm (g/mL)] at 365 nm, despite its lack of
either an asymmetrically substituted carbon atom or a long-
wavelength chromophore.

We have compared our results to the experimental ORD curve
recently obtained by de Meijere et al., who, in a veritable tour de
force of organic synthetic methodology, synthesized (P)-[4]trian-
gulane.10 This unique molecule provides an opportunity for
comparison between experiment and state-of-the-art theoretical
models of optical rotation because of its rigid structure. For further
comparison, we have also used the more approximate second-order
coupled cluster response method (CC2) developed by Christiansen,
Koch, and Jørgensen11 and the time-dependent density-functional
theory (TD-DFT) approach of Cheeseman, Stephens, Devlin, and
Frisch with the B3LYP functional.12 All three models were used
in conjunction with the diffuse-augmented correlation-consistent
polarized-valence double-ú (aug-cc-pVDZ) basis set of Dunning
and co-workers.13 The CCSD-LR calculations were carried out with
the PSI3 program package,14 the CC2 calculations with the
DALTON package,15 and the TD-DFT calculations with the
Gaussian03 package.16 To obtain origin-independent results, the
CCSD and CC2 calculations make use of the velocity-gauge
approach described by Pedersen and co-workers,17 while the TD-
DFT results were obtained using gauge-including atomic orbitals.12

Figure 2 summarizes the theoretical and experimental optical
rotation data available at five different wavelengths: 589, 578, 546,
436, and 365 nm, using the B3LYP/6-31G*-optimized geometry.
While the TD-DFT and coupled cluster approaches are qualitatively
correct (i.e., all three models give the correct sign of [R]ω), the
TD-DFT method consistently overestimates the value of the rotation
by up to 104 deg/[dm (g/mL)] (15-16%). CC2 improves upon the
TD-DFT results and reduces the error to about 8% (at most 52
deg/[dm (g/mL)]). Finally, the CCSD results are in superb agree-
ment with experiment, with errors of only 1.5-12.8 deg/[dm (g/
mL)]. This level of agreement is necessary for a robust quantum
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chemical model to be useful in determining the absolute configura-
tions of unknown compounds, and these benchmark results are
promising for future applications. However, we also note the
differing computational expense of these methods: although each
TD-DFT calculation required less than 1 day of computational time,
each CCSD data point required approximately 1 week.

The substantial increase in the absolute value of the specific
rotation with decreasing wavelength evident in Figure 2 indicates
the onset of a positive Cotton effect. As can be seen from eq 1, as
the energy of the incident light,ω, approaches that of one of the
molecule’s absorption bands,ωn0, the Rosenfeldâ tensor must
exhibit a first-order pole and diverge to either positive or negative
infinity. According to CCSD excitation energy calculations18 with
the PSI3 package, the lowest-lying absorption band of (P)-[4]-
triangulane is of Rydberg type and lies at ca. 7.21 eV (172 nm).
This point also explains TD-DFT’s overestimation of the optical
rotation: according to B3LYP calculations with the Gaussian03
package, the lowest excitation energy lies at 6.24 eV (199 nm),
much lower than that computed by the CCSD method. (This type
of error is common for modern TD-DFT in the prediction of diffuse,
Rydberg states.) Thus, TD-DFT exhibits a much earlier onset of
the Cotton pole, and its associated computed rotation is therefore
larger across the entire ORD curve.19

There is room for improvement in the coupled cluster models to
be certain that they provide “the right answer for the right reason”,
including recovery of residual electron correlation effects beyond
the singles and doubles approximation and expansion of the basis
set, as well as solvent effects, which can be an important factor for
some systems.20 Nevertheless, the coupled cluster calculations
presented here are encouraging. In order for quantum chemical
models to play a role in the determination of the absolute
configurations of chiral molecules they must be able to provide an
unprecedented level of accuracy and reliability in their predictions
of optical rotation. The most robust ab initio models appear to be
capable of achieving these high standards.
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Figure 1. Structure of (P)-[4]triangulane: (a) side view of the four, fused
cyclopropane rings; (b) view down the molecular helical axis, illustrating
the P configuration used in this study.

Figure 2. Experimental and theoretical ORD curves of (P)-[4]triangulane.
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