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We report the first computations of circularly polarized luminescence (CPL) rotatory strengths at
the equation-of-motion coupled cluster singles and doubles (EOM-CCSD) level of theory. Using
a test set of eight chiral ketones, we compare both dipole and rotatory strengths for absorption
(electronic circular dichroism) and emission to the results from time-dependent density-functional
theory (TD-DFT) and available experimental data for both valence and Rydberg transitions. For
two of the compounds, we obtained optimized geometries of the lowest several excited states using
both EOM-CCSD and TD-DFT and determined that structures and EOM-CCSD transition properties
obtained with each structure were sufficiently similar that TD-DFT optimizations were acceptable for
the remaining test cases. Agreement between EOM-CCSD and the Becke three-parameter exchange
function and Lee-Yang-Parr correlation functional (B3LYP) corrected using the Coulomb attenuating
method (CAM-B3LYP) is typically good for most of the transitions, though agreement with the
uncorrected B3LYP functional is significantly worse for all reported properties. The choice of length
vs. velocity representation of the electric dipole operator has little impact on the EOM-CCSD
transition strengths for nearly all of the states we examined. For a pair of closely related β,γ-enones,
(1R)-7-methylenebicyclo[2.2.1]heptan-2-one and (1S)-2-methylenebicyclo[2.2.1]heptan-7-one, we
find that EOM-CCSD and CAM-B3LYP agree with the energetic ordering of the two possible
excited-state conformations, resulting in good agreement with experimental rotatory strengths in
both absorption and emission, whereas B3LYP yields a qualitatively incorrect result for the CPL
signal of (1S)-2-methylenebicyclo[2.2.1]heptan-7-one. Finally, we predict that one of the compounds
considered here, trans-bicyclo[3.3.0]octane-3,7-dione, is unique in that it exhibits an achiral ground
state and a chiral first excited state, leading to a strong CPL signal but a weak circular dichroism
signal. C 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4917521]

I. INTRODUCTION

A variety of spectroscopic techniques are widely em-
ployed to assist in the determination of the absolute stereo-
chemical configurations of chiral compounds1–5—the impor-
tant class of molecules lacking an improper rotation axis—that
take advantage of the difference in the indices of refraction
(birefringence), absorption (dichroism), or scattering (Raman
optical activity) between left- and right-circularly polarized
light when interacting with a non-racemic sample. The
emission counterpart to electronic circular dichroism (ECD) is
circularly polarized luminescence (CPL); the former provides
structural information about the ground state, and the latter
accesses complementary characteristics of the excited state.
When only minor changes in the geometry occur between
the ground state and excited state, CPL and ECD spectra
will exhibit transitions similar in magnitude and sign, but
alterations in the geometry can lead to significant differences
between the two—sometimes even changes in sign of certain
rotational strengths.

Over the last several decades, measurements of CPL
spectra have found a home in studies of proteins,6,7 transition
metal complexes,8 and even polymers.9 CPL also opens the
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door for novel chiroptical experiments, such as those probing
achiral luminescent materials in chiral environments10,11 and
exciting chiral solutions with only right- or left-hand circularly
polarized light and monitoring the emission.12–14 Indeed, it
has also been shown that certain fireflies that have a right
and left lantern also exhibit CPL.15 Recent advances in
instrumentation such as the development of light-emitting
diode sources promise to increase the practicality and usage
of CPL measurements.16

The investigation of absolute configuration via CPL—like
its circular dichroism, birefringence, and Raman scattering
counterparts—requires external references for the assignment
of the signs of specific chiroptical responses. This need
has motivated the development of theoretical models of
CPL spectra, beginning with the semiempirical calculations
of Schlessinger and Warshel in 1974.17 The first density-
functional theory (DFT) computations were carried out by
Coughlin et al. in 20088 in their examination of iridium (III)
complexes. In 2010, Pritchard and Autschbach18 used DFT
to compute Franck-Condon vibrationally resolved absorp-
tion, emission, ECD, and CPL bands corresponding to the
lowest-energy n → π∗ transition of the small chiral ketones,
d-camphorquinone, (S,S)-trans-β-hydrindanone, and (1R,5S)-
cis-β-hydrindanone, for comparison with well-resolved exper-
imental spectra. They found that the camphorquinone exhibits
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little structural variation between the ground and excited
states, while the n → π∗ excitation results in a loss of C2
symmetry in the trans-β-hydrindanone as its carbonyl is bent
out of the plane of the cylopentane ring.

Pecul and Ruud19 also carried out a series of DFT
computations of CPL spectra of organic ketones. Their
selection of five β,γ-enones was directly inspired by the
experimental work of Schippers et al.,20 who reported
fascinating variations in the signs of rotational strengths
for the lowest-energy ECD n → π∗ and CPL π∗ → n tran-
sitions. Pecul and Ruud found that three of the five
compounds—(1S,3R)-4-methyleneadamantan-2-one, (1R)-7-
methylenebicyclo[2.2.1]heptan-2-one, and (1S)-2-methylene
bicyclo[2.2.1]heptan-7-one—manifest two conformers in the
excited state corresponding to different orientations of the
carbonyl group relative to the bridgehead carbon of the
cage, and each conformer yields an opposite-sign rotatory
strength. For these three compounds, the overall sign of
the CPL transition was found to depend on which structure
was lower in energy and disagreement was observed for
two of the compounds (the methyleneadamantan-2-one
and the methylenebicyclo[2.2.1]heptan-7-one) between the
Becke three-parameter exchange function and Lee-Yang-Parr
correlation functional (B3LYP) and its counterpart corrected
using the Coulomb attenuating method (CAM-B3LYP).23

Furthermore, while CAM-B3LYP predictions of dipole and
rotatory strengths were closer to experiment for four of the
five compounds, B3LYP dissymmetry factors—which are
proportional to the ratio of the two transition strengths—were
closer to the measured values, apparently due to cancellation
of errors. For the smallest of their β,γ-enones, (1R,4R)-
norbornenone, Pecul and Ruud also optimized the ground and
excited states using the second-order coupled cluster method
(CC2), implemented for greater computational efficiency
using the resolution-of-the-identity approach (RI-CC2). Al-
though they found that RI-CC2 produced a significantly longer
C==O bond length in the excited state as compared to DFT,
CAM-B3LYP and RI-CC2 CPL rotatory strengths (the latter
computed using the B3LYP optimized excited-state geometry)
agreed well with each other but were not as close as B3LYP
to the experimental data.

The most recent theoretical CPL simulations include
those of Longhi et al.,24 for a series of bicyclic ketones,
again focusing on the lowest-energy n → π∗ transition using
DFT (CAM-B3LYP). Similarly to Pecul and Ruud, they
found that, for compounds with more than one excited-state
conformer, the sign of the CPL rotatory strengths depended
primarily on which was lower in energy, as distinguished by
the direction of puckering of the C==O moiety. For camphor,
two such conformers were identified, while for 5-oxocamphor,
which has two carbonyls, four minimum-energy structures
compete. Finally, we note the use of the BHLYP functional
by Shen et al. in the analysis of photophysical emission of
organometallic helicenes in order to elucidate the influence of
platinum centers on the compounds’ CPL spectra and other
chiroptical properties.25

The purpose of the present study is twofold. First, we
consider the importance of higher-order electron correlation
effects on the sign and structure of simulated CPL spectra by

application of coupled cluster theory—particularly on the
geometries and energy ordering of key excited states—for the
first time at the coupled cluster singles and doubles (CCSD)
level of theory for the ground state and the equation-of-
motion CCSD (EOM-CCSD) level for excited states. Second,
for selected compounds, we go beyond the lowest-energy
transition and consider the requirements of a robust theoretical
simulation of CPL bands corresponding to non-valence excited
states.

II. COMPUTATIONAL DETAILS

From the EOM-CC perspective, transition strengths
are computed using the eigenfunctions of the similarity-
transformed Hamiltonian, via,26–30

e−T̂ ĤeT̂ R̂n |0⟩ = H̄ R̂n |0⟩ = EnR̂n |0⟩ (1)

and

⟨0|L̂nH̄ = En⟨0|L̂n, (2)

where |0⟩ is the single-determinant reference function, T̂ is
the ground-state cluster operator, and R̂n and L̂n represent
excitation and de-excitation cluster operators, respectively.
Unlike variational methods such as configuration interaction,
the left- and right-hand eigenfunctions are not simply adjoints
of each other due to the non-Hermitian nature of H̄ , though the
excitation energies, En, are identical. This leads to the distinct
left- and right-hand transition-moment expressions,

⟨Ψ0| A⃗|Ψn⟩ = ⟨0| (1 + Λ̂) e−T̂ A⃗eT̂ R̂n |0⟩ (3)

and

⟨Ψn |B⃗|Ψ0⟩ = ⟨0|L̂ne−T̂ B⃗eT̂ |0⟩, (4)

where |Ψ0⟩ and |Ψn⟩ are the ground- and nth-excited-
state, respectively, A⃗ and B⃗ are (vector) property operators,
and Λ̂ denotes the cluster de-excitation operator associated
with the left-hand ground-state wave function. Although the
corresponding transition strengths (the dot product of the
above moment expressions) are not size intensive in the
truncated EOM-CC approach,27,30 such errors are not likely
to be significant for the relatively small molecular systems
considered in this work. For the dipole transition strengths
required for absorption and fluorescence, both A⃗ and B⃗ are
chosen to be the electric dipole operator, and CD and CPL rota-
tory strengths require the mixed response function between the
electric dipole operator and the magnetic dipole operator, m⃗.
While the choice of length (r⃗) or velocity (p⃗) representation
for the electric dipole operator is inconsequential for exact
wave functions, the use of finite basis sets leads to differences
between the computed transition strengths (as well as arbitrary
origin dependence for the rotatory strengths calculated using
the length representation) for all quantum chemical methods.
However, coupled cluster transition strengths exhibit differ-
ences between the two representations even in a complete
basis due to the lack of variational optimization of the CC
energy with respect to the molecular orbitals used to represent
the correlated wave function. (Note that this problem also
plagues truncated configuration interaction methods.) Thus, in
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FIG. 1. Structures of (a) (1R,4R)-norbornenone, (b) (S)-3-methylcyclopentanone, (c) (1R,4R)-α-fenchocampherone, (d) trans-bicyclo[3.3.0]octane-3,7-
dione, (e) (1R,5S)-cis-β-hydrindanone, (f) (S,S)-trans-β-hydrindanone, (g) (1R)-7-methylenebicyclo[2.2.1]heptan-2-one, and (h) (1S)-2-methylenebicyclo
[2.2.1]heptan-7-one.

this work, when computing the dipole and rotational strengths,
both the length and velocity formalisms were obtained, with
the latter provided in the supplementary material.31

We have carried out ECD and CPL calculations for the
series of organic ketones shown in Figure 1. All ground-
state geometries were optimized using the B3LYP21,22,32

and CAM-B3LYP23 functionals in conjunction with the
aug-cc-pVDZ33,34 basis set. The relevant excited states
were optimized with the corresponding time-dependent
DFT (TDDFT)35 and employing the same basis set and
functional. For two systems—(1R,4R)-norbornenone and (S)-
3-methylcyclopentanone—we also performed coupled cluster
level optimizations of the geometries, using CCSD for
the ground states and EOM-CCSD for the excited states,
again with the aug-cc-pVDZ basis set.26,36–38 Structural
optimizations were considered converged when the maximum
and root-mean-squared values of the Cartesian gradient vector
fell below 10−4Eh/a0. Analytic gradient methods were used
for both DFT- and coupled-cluster-based optimizations.38 All
electrons were correlated in the coupled cluster structural
optimizations, while the 1s core orbitals on all carbon
and oxygen atoms were held frozen in the coupled cluster
transition-property computations. DFT computations were
performed using Gaussian-09,39 and all coupled-cluster level
results were obtained using the PSI4 quantum chemical
program.40

Dipole absorption strengths and ECD rotatory strengths
were obtained for the lowest several excited states in the
TDDFT and EOM-CCSD approximations at the optimized
ground state geometry of each structure using the aug-cc-pVDZ

basis set. Similarly, dipole emission and CPL rotatory strengths
were computed using the same quantum chemical methods
at the corresponding excited-state geometries. In addition to
calculating the dipole and rotational strengths, we also computed
the dissymmetry factor,18–20

gx ≡
4Rx

Dx
, (5)

where R is the rotational strength (RS) and D is the dipole
strength (DS), and the subscript x = a,e indicates either
absorption (ECD) or emission (CPL).

III. RESULTS AND DISCUSSION

A. Optimized excited-state structures:
(1R,4R)-norbornenone
and (S)-3-methylcyclopentanone

The optimization of electronically excited states is often
cumbersome and computationally expensive, particularly
for advanced many-body methods such as coupled cluster
theory. It would therefore be advantageous to identify less
expensive, yet acceptably accurate alternatives to complete
CC optimizations. With this goal in mind, we have carried
out EOM-CCSD/aug-cc-pVDZ optimizations of the ground
and first three excited states of (1R,4R)-norbornenone, as
well as the ground and first two excited states of (S)-
3-methylcyclopentanone, for comparison to corresponding
B3LYP/aug-cc-pVDZ optimizations. (Complete coordinates
for all structures are given in the supplementary material.31)
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In the work by Pecul and Ruud,19 they observed that
the RI-CC2 optimized structure of the first (n → π∗) excited
state of norbornenone differed from its B3LYP counterpart
primarily in the C==O bond distance, with CC2 yielding
a much longer value of 1.360 Å vs. 1.267 Å with B3LYP
(and 1.264 Å with CAM-B3LYP). Upon comparison with the
first excited state of formaldehyde, which also arises from an
n → π∗ transition, they concluded that the CC2 and B3LYP
results likely bracketed the “true” bond length, which they
estimated to be ca. 1.295 Å. It is thus noteworthy that the
EOM-CCSD/aug-cc-pVDZ optimized structure of this state
of (1R,4R)-norbornenone exhibits a C==O bond length of
1.296 Å, in nearly perfect agreement with the estimate by
Pecul and Ruud. All other geometrical parameters, including
the C==C distance and key dihedral angles, are essen-
tially identical between EOM-CCSD and both B3LYP and
CAM-B3LYP.

Similarly good agreement in the structures obtained
with DFT and CC methods is found for the second and
third excited states of (1R,4R)-norbornenone. According to
EOM-CCSD/aug-cc-pVDZ, these states exhibit a contraction
of the C==O bond to 1.181 Å (second excited state) and
1.189 Å (third) as compared to 1.215 Å in the ground
state. The C==C distance, however, increases in both states
to 1.429 Å (second) and 1.404 Å (third) vs. 1.358 Å in
the ground state, indicating that these states involve π → π∗

transition character. At the same time, the carbonyl distorts
only slightly from planarity with the C—C—C plane to
which it is connected in both states—slightly away from the
bridgehead carbon atom in the second excited state and slightly
toward the bridgehead in the third. The largest (but still minor)
difference in the EOM-CCSD vs. B3LYP and CAM-B3LYP
structures arises for the C==C distance, with the DFT methods
yielding 1.446 Å and 1.448 Å, respectively, for the second
excited state and 1.387 Å and 1.385 Å for the third.

For (S)-3-methylcyclopentanone, we again find that the
B3LYP and EOM-CCSD optimized structures of all three
states—ground and first two excited states—are very similar,

with the largest difference occurring in the C==O bond length
in the first (n → π∗) excited state: EOM-CCSD yields a
bond length of 1.313 Å, only 0.017 Å longer than that
given by B3LYP. In addition, EOM-CCSD yields slightly
greater pyramidalization around the carbonyl carbon in the
first excited state, with the C==O moiety bent away from the
C—C—C plane by 37◦ vs. 33◦ with B3LYP. For the second
excited state, the structures produced by EOM-CCSD and
B3LYP are essentially identical, with both methods in
agreement that the C==O bond distance is shorter than in
the ground state (1.194 Å vs. 1.217 Å at the EOM-CCSD/aug-
cc-pVDZ level of theory) and that no pyramidalization of the
carbonyl carbon occurs. Analysis of the EOM-CCSD excited-
state wave function and TDDFT orbital transition vectors
for this state reveal that it exhibits strong Rydberg character
involving the 3s orbital of the oxygen atom. Thus, the ground
and second excited state structures are similar, apart from the
contraction of the C==O bond.

Absorption and emission data computed using EOM-
CCSD for (1R,4R)-norbornenone and (S)-3-methylcyclo
pentanone using the above optimized structures are given
in Tables I and II, respectively. For the first excited state
of (1R,4R)-norbornenone, the choice of optimized ground-
and excited-state geometries makes little difference, with the
largest discrepancy occurring for the dipole strength: 1716
× 10−40 cgs using the CC geometries vs. 1752 × 10−40 cgs
using the DFT geometries. However, even this shift is minor
and ultimately has minimal impact on the resulting absorption
dissymmetry factor. The emission data for the first excited
state, on the other hand, show a larger dependence on
the choice of optimized excited-state geometry with the
B3LYP structures yielding significantly larger values than
with the EOM-CCSD structures for the excitation energy
(2.94 vs. 2.85 eV, respectively), rotatory strength (21.5
vs. 12.5 × 10−40 cgs), and dipole strength (2389 vs. 1338
× 10−40 cgs). The source of this difference lies, of course, in
the longer C==O bond distance (and somewhat less on the
larger pyramidalization of the carbonyl carbon) predicted by

TABLE I. EOM-CCSD/aug-cc-pVDZ electronic transition data for the ground and first three excited states
of (1R,4R)-norbornenone. Absorption data were computed using the CCSD or B3LYP optimized ground-state
optimized geometries, while emission data were obtained at the corresponding EOM-CCSD or B3LYP (TD-DFT)
structures. Reported rotational strengths were computed using the length representation of the electric dipole
operator.

Geometry Transition Energy (eV) RS (10−40 cgs) DS (10−40 cgs) gx (10−3 cgs)

CCSD G → 1 4.26 34.06 1 716 79.40
B3LYP G → 1 4.29 34.63 1 752 79.08

CCSD G ← 1 2.85 12.52 1 338 37.44
B3LYP G ← 1 2.94 21.46 2 389 35.93

CCSD G → 2 6.00 −8.380 1 042 −32.18
B3LYP G → 2 6.00 −10.06 774.6 −51.92

CCSD G ← 2 4.58 61.18 20 620 11.87
B3LYP G ← 2 4.93 37.31 16 750 8.910

CCSD G → 3 6.31 28.26 27 250 4.149
B3LYP G → 3 6.33 29.78 26 210 4.544

CCSD G ← 3 5.62 8.128 21 600 1.505
B3LYP G ← 3 5.76 19.00 25 250 3.011
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TABLE II. EOM-CCSD/aug-cc-pVDZ electronic transition data for the ground and first two excited states of
(S)-3-methylcyclopentanone. Absorption data were computed using the CCSD or B3LYP optimized ground-state
optimized geometries, while emission data were obtained at the corresponding EOM-CCSD or B3LYP (TD-DFT)
structures. Reported rotational strengths were computed using the length representation of the electric dipole
operator.

Geometry Transition Energy (eV) RS (10−40 cgs) DS (10−40 cgs) gx (10−3 cgs)

CCSD G → 1 4.25 −8.884 74.29 −478.3
B3LYP G → 1 4.28 −8.448 66.83 −505.7

CCSD G ← 1 3.04 −6.882 986.5 −27.91
B3LYP G ← 1 3.21 −6.973 849.5 −32.83

CCSD G → 2 6.32 8.826 10 020 3.524
B3LYP G → 2 6.32 8.285 9 930 3.337

CCSD G ← 2 6.05 8.380 10 310 3.250
B3LYP G ← 2 6.11 7.738 9 204 3.363

EOM-CCSD. However, the errors in the rotatory and dipole
strengths introduced by the use of the B3LYP geometry largely
cancel in the emission dissymmetry factor, which differs by
ca. 1.5 × 10−3 cgs between the two structures. In addition,
the dissymmetry factor decreases by a factor of two between
absorption and emission, which reflects the structural changes
noted above.

For the second excited state of (1R,4R)-norbornenone,
somewhat larger differences appear between the use of CC or
B3LYP geometries. For the second state, for example, while
the EOM-CCSD excitation energies are identical for the two
structures, the rotatory strengths and dipole strengths are more
sensitive to small perturbations in the structure, leading to a
sizeable quantitative discrepancy in the corresponding dissym-
metry factor of 19.74 × 10−3 cgs between the structures. For
the corresponding emission, the shifts in the excitation energy
(0.35 eV), rotatory strength (23.87 × 10−40 cgs), and dipole
strengths (3870 × 10−40 cgs) are even larger, though these
mostly cancel in the dissymmetry factor, which differs by
less than 3 × 10−3 cgs. The third excited state, on the other
hand, is better behaved, with the largest differences between
the CC and B3LYP geometries appearing in the rotatory
strength of the emission (8.128 × 10−40 vs. 19.00 × 10−40 cgs,
respectively). This leads to a factor of two difference between
the dissymmetry factor for the transition, but still only a small
shift in absolute terms (1.506 × 10−3 cgs).

Similar observations may be made for the (S)-3-
methylcyclopentanone absorption and emission data collected
in Table II. For example, the excitation energies for both
the first and second excited states shift by less than 0.04 eV
between the two choices of optimized geometries. The rotatory
strengths exhibit similarly minor changes, and it is noteworthy
that the two states give opposite-sign ECD signals. The dipole
strengths exhibit somewhat larger differences, though the
transition to the first excited state remains weak regardless of
the choice of structure, as expected for an n → π∗ transition.
The dipole strength for the second excited state is two orders
of magnitude larger than for the first state, again as expected
due to the similarity with the ground-state structure, but the
choice of optimized geometries leads to a shift of less than
1% in the computed values. The impact of the observed shifts
on the absorption dissymmetry factors, however, is, again

relatively minor, particularly for the second excited state.
Furthermore, the small structural changes between the ground
and second state described above are also reflected in the
small difference in the absorption and emission dissymmetry
factors (3.524 vs. 3.250 × 10−3 cgs, respectively, using the
EOM-CCSD geometries), whereas the difference is more
than an order of magnitude larger for the first excited state
(−478.3 vs.−27.91 × 10−3 cgs) due to the concomitantly larger
geometry distortions.

Although we do not have sufficient data to separate the
errors introduced by the use of the approximate DFT vs. EOM-
CC optimized excited-state structures as compared to errors
associated with the use of DFT vs. EOM-CC transition
strengths, we conclude from the above observations that the
DFT optimized structures are sufficient for obtaining reason-
ably accurate EOM-CC dipole strengths, rotatory strengths,
and especially dissymmetry factors for most cases. Thus, we
have made use of B3LYP/aug-cc-pVDZ ground- and excited-
state optimized geometries for subsequent EOM-CCSD and
CAM-B3LYP calculations for all of the remaining test cases,
though we necessarily keep in mind that some cases may
be problematic and errors associated with the excited-state
geometries may occur.

B. (1R,4R)-α-fenchocampherone

Table III reports electronic transition data for the ground
and first three excited states of (1R,4R)-α-fenchocampherone.
The B3LYP/aug-cc-pVDZ geometries (coordinates given in
the supplementary material31) follow the typical trends for
such ketones. Due to its n → π∗ character, the first excited
states exhibit an extension of the C==O bond from 1.212 Å to
1.286 Å, as well as bending of the carbonyl away from the
bridgehead carbon. The second and third states, on the other
hand, involve significant Rydberg character associated with
the oxygen atom, and thus, their structures are closer to that
of the ground state, with C==O bond lengths of 1.192 and
1.190 Å, respectively, and planarity around the carbonyl.

As expected, B3LYP typically underestimates transition
energies relative to EOM-CCSD, though CAM-B3LYP largely
corrects this discrepancy for the three excited states considered
here. More interesting, however, is the corresponding pattern
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TABLE III. Electronic transition data for the ground and first three excited states of (1R,4R)-
α-fenchocampherone obtained using EOM-CCSD, B3LYP, and CAM-B3LYP with the aug-cc-pVDZ basis set.
Reported rotational strengths were obtained using the length representation of the electric dipole operator.

Method Transition Energy (eV) RS (10−40 cgs) DS (10−40 cgs) gx (10−3 cgs)

EOM-CCSD G → 1 4.31 5.810 126.1 184.3
B3LYP G → 1 4.17 8.038 206.7 155.5
CAM-B3LYP G → 1 4.26 5.822 142.1 163.8

EOM-CCSD G ← 1 3.04 1.147 1279 3.586
B3LYP G ← 1 2.96 2.565 1118 9.180
CAM-B3LYP G ← 1 3.03 1.676 1092 6.141

EOM-CCSD G → 2 6.32 6.889 8311 3.316
B3LYP G → 2 5.57 −4.553 3838 −4.746
CAM-B3LYP G → 2 6.36 5.881 6971 3.375

EOM-CCSD G ← 2 6.01 6.642 8482 3.132
B3LYP G ← 2 5.30 −5.557 4703 −4.726
CAM-B3LYP G ← 2 6.06 5.463 7055 3.097

EOM-CCSD G → 3 6.82 −0.130 4 688.2 −0.757 6
B3LYP G → 3 6.00 1.701 762.3 8.926
CAM-B3LYP G → 3 6.84 0.523 7 839.9 2.494

EOM-CCSD G ← 3 6.48 0.013 13 1202 0.043 69
B3LYP G ← 3 5.72 2.183 962.6 9.072
CAM-B3LYP G ← 3 6.52 0.876 3 1124 3.118

in the dipole and rotatory strengths, with CAM-B3LYP values
typically shifted back toward their EOM-CCSD counterparts
as compared to B3LYP. For the absorption to the second
excited state, for example, EOM-CCSD yields a dipole
strength of 8311 × 10−40 cgs, while B3LYP predicts a value of
less than half that of 3838 × 10−40 cgs. CAM-B3LYP, however,
yields a value much closer to EOM-CCSD at 6971 × 10−40 cgs.
Similarly for rotatory strengths, CAM-B3LYP tends to fall
closer to EOM-CCSD than B3LYP, e.g., for the absorption to
the first excited state where CAM-B3LYP and EOM-CCSD
give values near 5.8 × 10−40 cgs, while B3LYP yields a value
roughly 40% larger at 8.0 × 10−40 cgs. Furthermore, for the
absorption and emission between the ground and second
excited state, B3LYP yields a qualitatively incorrect rotatory
strength—and thus, an incorrect dissymmetry factor—with a
prediction of a negative value vs. the positive values given by
both EOM-CCSD and CAM-B3LYP.

An additional point of disagreement appears between
coupled cluster and density functional methods for (1R,4R)-
α-fenchocampherone. In particular, for the absorption from
the ground state to the third excited state, the rotatory
strength is negative according to EOM-CCSD and positive
according to both B3LYP and CAM-B3LYP—though all
three methods predict the transition strength to be small—
leading, of course, to opposite sign dissymmetry factors
between CC and DFT. Finally, we note that, while the
choice of length vs. velocity representations of the electric
dipole operator makes little difference for most of the EOM-
CCSD predictions, the emission from the first excited state
exhibits a qualitative discrepancy between the two. The length
representation (Table III) gives a value of +1.147 × 10−40 cgs
(in agreement with both B3LYP and CAM-B3LYP), while the
velocity representation gives −3.493 × 10−40 cgs. (Velocity

representation data are provided for all compounds in the
supplementary material.31)

C. β-hydrindanone

Table IV reports CC and DFT electronic transition data for
(1R,5S)-cis-β-hydrindanone, which exhibits similar patterns
to those of (1R,4R)-α-fenchocampherone in that CAM-B3LYP
typically yields excitation energies, dipole strengths, and
rotatory strengths closer to EOM-CCSD than does B3LYP.
Like (1R,4R)-α-fenchocampherone, the first excited state is
largely of n → π∗ character, while the second and third states
are more diffuse. This is borne out by their structures: the first
excited state exhibits a C==O bond length of 1.297 Å, more
than 0.08 Å longer than that of the ground state, while the
second and third excited states have C==O bonds of 1.198 and
1.197 Å, respectively. The most significant discrepancy among
the three methods occurs for the second excited state, for which
B3LYP yields negative rotatory strengths in both absorption
and emission, whereas EOM-CCSD and CAM-B3LYP give
positive rotatory strengths for this state. Examination of the
velocity gauge data for emission from the second excited state
reveals a change in sign for the CAM-B3LYP rotatory strength,
bringing it in agreement with the B3LYP results. However, the
CAM-B3LYP and EOM-CCSD rotatory strengths are very
small—less than 1 × 10−40 cgs in magnitude—for both gauge
representations, and the CAM-B3LYP data are much closer to
EOM-CCSD than B3LYP despite differences in sign.

Similarly, Table V reports transition data for the first
excited state of (S,S)-trans-β-hydrindanone. (Unlike (1R,4R)-
α-fenchocampherone and (1R,5S)-cis-β-hydrindanone, we
were unable to optimize higher lying states for this molecule.)
Like its cis counterpart, the first excited state is characterized
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TABLE IV. Electronic transition data for the ground and first three excited states of (1R,5S)-cis-β-hydrindanone
obtained using EOM-CCSD, B3LYP, and CAM-B3LYP with the aug-cc-pVDZ basis set. Reported rotational
strengths were obtained using the length representation of the electric dipole operator.

Method Transition Energy (eV) RS (10−40 cgs) DS (10−40 cgs) gx (10−3 cgs)

EOM-CCSD G → 1 4.26 8.220 76.17 431.7
B3LYP G → 1 4.14 11.59 135.7 341.6
CAM-B3LYP G → 1 4.22 8.725 83.99 415.5

EOM-CCSD G ← 1 3.23 7.245 803.4 36.07
B3LYP G ← 1 3.17 9.734 743.0 52.41
CAM-B3LYP G ← 1 3.25 8.084 691.3 46.78

EOM-CCSD G → 2 6.32 0.6181 9016 0.274 3
B3LYP G → 2 5.61 −4.092 5104 −3.207
CAM-B3LYP G → 2 6.34 0.3677 8063 0.182 4

EOM-CCSD G ← 2 6.09 0.8460 8082 0.418 7
B3LYP G ← 2 5.41 −5.350 5026 −4.257
CAM-B3LYP G ← 2 6.11 0.1108 7145 0.062 03

EOM-CCSD G → 3 6.77 7.342 3311 8.870
B3LYP G → 3 5.98 6.096 3114 7.831
CAM-B3LYP G → 3 6.77 6.808 3579 7.608

EOM-CCSD G ← 3 6.48 6.099 3366 7.248
B3LYP G ← 3 5.72 8.896 4477 7.948
CAM-B3LYP G ← 3 6.49 6.440 3876 6.646

by an n → π∗ transition, resulting in extension of the C==O
bond from 1.212 Å to 1.295 Å. Furthermore, the rotatory
strengths, dipole strengths, and dissymmetry factors for
the first excited state of both cis and trans isomers of
β-hydrindanone compare closely, e.g., at the EOM-CCSD/aug-
cc-pVDZ level of theory, the absorption and emission
symmetry factors of cis (trans) isomers are (×10−40 cgs)
431.7 (390.7) and 36.07 (34.87), respectively, which suggest
that their absorption (CD) and emission (CPL) signatures
will be similar. This observation agrees with Pritchard and
Autschbach’s analysis18 of the vibronic structure of the first
excited state of (1R,5S)-cis-β-hydrindanone, viz., that the CPL
emission signature is primarily due to the chirality around the
carbonyl moiety.

D. Trans-bicyclo[3.3.0]octane-3,7-dione

The ground state of trans-bicyclo[3.3.0]octane-3,7-dione
has C2h point-group symmetry and is thus achiral. However,
n → π∗ excitation results in elongation of one of its C==O
bonds from 1.209 Å to 1.292 Å, as well as puckering of the

carbonyl away from planarity. This puckering can proceed
in either direction off the C2 symmetry axis and toward the
horizontal plane of the ground state, yielding a non-symmetric,
and thus chiral, structure. The two resulting enantiomers
may be labelled as either M or P in relation to the central,
twisted C—C bond joining the two cyclopentanone rings.
The dipole strength of the absorption is relatively large, as
shown in Table VI, though the corresponding rotatory strength
and dissymmetry factor are both zero in the Franck-Condon
(vertical transition) approximation. Emission from the chiral
excited state, however, involves significant dipole and rotatory
strengths, and the latter is predicted to be negative for the P
enantiomer and positive for the M enantiomer. As observed for
the other systems discussed above, CAM-B3LYP gives a value
between EOM-CCSD and B3LYP for the rotatory strengths,
though EOM-CCSD and B3LYP agree somewhat better for
the dipole strengths in this case.

The second excited-state of trans-bicyclo[3.3.0]octane-
3,7-dione, however, is primarily of oxygen 3s-type Rydberg
character and thus, retains the same C2h symmetry of
the ground state. In addition, the excited-state character

TABLE V. Electronic transition data for the ground and first excited state of (S,S)-trans-β-hydrindanone obtained
using EOM-CCSD, B3LYP, and CAM-B3LYP with the aug-cc-pVDZ basis set. Reported rotational strengths were
obtained using the length representation of the electric dipole operator.

Method Transition Energy (eV) RS (10−40 cgs) DS (10−40 cgs) gx (10−3 cgs)

EOM-CCSD G → 1 4.27 11.32 115.9 390.7
B3LYP G → 1 4.14 15.64 213.2 293.5
CAM-B3LYP G → 1 4.23 12.10 122.7 394.2

EOM-CCSD G ← 1 3.20 7.738 887.6 34.87
B3LYP G ← 1 3.13 11.24 833.4 53.93
CAM-B3LYP G ← 1 3.21 8.849 749.4 47.23
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TABLE VI. Electronic transition data for the ground and first two excited states of trans-bicyclo[3.3.0]octane-
3,7-dione obtained using EOM-CCSD, B3LYP, and CAM-B3LYP with the aug-cc-pVDZ basis set. Reported
rotational strengths were obtained using the length representation of the electric dipole operator.

Method Transition Energy (eV) RS (10−40 cgs) DS (10−40 cgs) gx (10−3 cgs)

EOM-CCSD G → 1 (P/M) 4.26 . . . 400.2 . . .
B3LYP G → 1 (P/M) 4.07 . . . 1040.0 . . .
CAM-B3LYP G → 1 (P/M) 4.20 . . . 426.4 . . .

EOM-CCSD G ← 1 (P) 3.23 −9.645 943.0 −40.91
B3LYP G ← 1 (P) 3.14 −17.01 1001 −67.94
CAM-B3LYP G ← 1 (P) 3.24 −11.04 807.6 −54.68

EOM-CCSD G ← 1 (M) 3.23 9.645 943.0 40.91
B3LYP G ← 1 (M) 3.14 17.01 1001 67.94
CAM-B3LYP G ← 1 (M) 3.24 11.04 807.6 54.68

EOM-CCSD G → 2 4.31 . . . . . . . . .
B3LYP G → 2 4.19 . . . . . . . . .
CAM-B3LYP G → 2 4.26 . . . . . . . . .

EOM-CCSD G ← 2 4.02 . . . . . . . . .
B3LYP G ← 2 3.92 . . . . . . . . .
CAM-B3LYP G ← 2 4.00 . . . . . . . . .

corresponds to a 1Bg state, which is a dipole-forbidden
transition from the 1Ag ground state (as well as an allowed, but
essentially zero magnetic dipole-transition), as can be seen in
Table VI. (We further note that all three states considered here
have been confirmed as minima on their respective potential
energy surfaces.)

E. β, γ-enones

In addition to (1R,4R)-norbornenone discussed earlier, we
considered two additional β,γ-enones, (1R)-7-methylenebi
cyclo[2.2.1]heptan-2-one and (1S)-2-methylenebicyclo[2.2.1]
heptan-7-one, both of which were also analyzed by Pecul and
Ruud19 for comparison with earlier experimental data.20 They
reported that these two molecules exhibit two minima on the

lowest n → π∗ potential energy surface, distinguished by the
direction of pyramidalization of the C==O moiety either away
from the C==C bond (to which they referred as E1) or toward
the C==C bond (E2). We have identified these same structures
for both (1R)-7-methylenebicyclo[2.2.1]heptan-2-one and
(1S)-2-methylenebicyclo[2.2.1]heptan-7-one, as well as a sec-
ond valence excited state of each molecule with mixed n → π∗

and π → π∗ character. In both molecules, this latter state
exhibits the same pyramidalization around the C==O as its
E1 counterpart, but much more pronounced elongation of the
C==C bond, e.g., in (1S)-2-methylenebicyclo[2.2.1]heptan-7-
one, the C==C bond is 1.335 Å in the ground state, 1.350 Å in
E1, and 1.384 Å in the second excited state. The EOM-CC and
DFT vertical electronic transition properties for these states
are given in Tables VII and VIII.

TABLE VII. Electronic transition data for the ground and first two excited states of (1R)-7-
methylenebicyclo[2.2.1]heptan-2-one obtained using EOM-CCSD, B3LYP, and CAM-B3LYP with the aug-cc-
pVDZ basis set. Reported rotational strengths were obtained using the length representation of the electric dipole
operator.

Method Transition Energy (eV) RS (10−40 cgs) DS (10−40 cgs) gx (10−3 cgs)

EOM-CCSD G → 1 4.31 18.74 1149 65.25
B3LYP G → 1 4.12 30.19 2907 41.54
CAM-B3LYP G → 1 4.24 21.84 1525 57.31

EOM-CCSD G ← 1 (E1) 2.99 9.357 1311 28.55
B3LYP G ← 1 (E1) 2.87 18.08 1202 60.19
CAM-B3LYP G ← 1 (E1) 2.96 12.67 1124 45.07

EOM-CCSD G ← 1 (E2) 3.01 −0.8767 2884 −1.216
B3LYP G ← 1 (E2) 2.88 −0.2693 4114 −0.2619
CAM-B3LYP G ← 1 (E2) 2.97 −1.447 3055 −1.895

EOM-CCSD G → 2 6.25 −41.23 4988 −33.06
B3LYP G → 2 5.59 −22.05 3825 −23.07
CAM-B3LYP G → 2 6.25 −48.78 7087 −27.53

EOM-CCSD G ← 2 5.14 6.892 899.9 30.64
B3LYP G ← 2 3.48 2.061 387.6 21.27
CAM-B3LYP G ← 2 4.41 5.529 811.9 27.24
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TABLE VIII. Electronic transition data for the ground and first two excited states of (1S)-2-
methylenebicyclo[2.2.1]heptan-7-one obtained using EOM-CCSD, B3LYP, and CAM-B3LYP with the aug-cc-
pVDZ basis set. Reported rotational strengths were obtained using the length representation of the electric dipole
operator.

Method Transition Energy (eV) RS (10−40 cgs) DS (10−40 cgs) gx (10−3 cgs)

EOM-CCSD G → 1 4.34 −15.26 947.1 −64.46
B3LYP G → 1 4.10 −25.97 3 004 −34.58
CAM-B3LYP G → 1 4.23 −18.56 1 408 −52.72

EOM-CCSD G ← 1 (E1) 2.42 −6.819 1 788 −15.25
B3LYP G ← 1 (E1) 2.15 −13.38 1 202 −44.55
CAM-B3LYP G ← 1 (E1) 2.30 −9.388 1 395 −26.91

EOM-CCSD G ← 1 (E2) 2.60 3.413 2 995 4.558
B3LYP G ← 1 (E2) 2.43 2.521 3 923 2.571
CAM-B3LYP G ← 1 (E2) 2.52 3.334 3 050.0 4.372

EOM-CCSD G → 2 6.10 30.78 8 588 14.34
B3LYP G → 2 5.45 25.00 7 262 13.77
CAM-B3LYP G → 2 6.07 57.13 36 510 6.258

EOM-CCSD G ← 2 4.55 1.023 579.4 7.063
B3LYP G ← 2 2.89 −11.90 975.5 −48.78
CAM-B3LYP G ← 2 3.82 −0.9672 781.7 −4.949

In agreement with Pecul and Ruud,19 we find that
the vertical absorption from the ground state of (1R)-7-
methylenebicyclo[2.2.1]heptan-2-one exhibits a positive rota-
tory strength, while that from the ground state of (1S)-
2-methylenebicyclo[2.2.1]heptan-7-one is negative. EOM-
CCSD yields significantly smaller absolute values of both
rotatory and dipole strengths for the absorption than either
B3LYP or CAM-B3LYP, but somewhat larger absorption
dissymmetry factors. Interestingly, and perhaps only coin-
cidentally, the EOM-CC absorption dissymmetry factors
for (1R)-7-methylenebicyclo[2.2.1]heptan-2-one and (1S)-2-
methylenebicyclo[2.2.1]heptan-7-one are almost identical in
magnitude (but opposite in sign).

On emission, the E1 and E2 structures of (1R)-7-
methylenebicyclo[2.2.1]heptan-2-one exhibit positive and
(small) negative rotatory strengths, respectively, while the
dipole strength of E2 is more than a factor of two
larger than that of E1 with EOM-CCSD. This leads to
a nearly two order of magnitude difference in the CPL
dissymmetry factors between the two structures. For (1S)-2-
methylenebicyclo[2.2.1]heptan-7-one, the signs of the rotatory
strengths are reversed: the E1 structure gives a negative
transition, while E2 gives a positive transition. The dipole
strengths are significantly larger for E2 than E1 for (1S)-2-
methylenebicyclo[2.2.1]heptan-7-one, though the difference
is not so great as for (1R)-7-methylenebicyclo[2.2.1]heptan-
2-one.

Schippers et al.20 measured both polarized and unpolar-
ized absorption and fluorescence spectra of these compounds
in n-heptane (and in 1:3 methylcyclohexane/isopentane for the
emission spectra of (1S)-2-methylenebicyclo[2.2.1]heptan-7-
one) at ambient temperature. For the n → π∗ absorption tran-
sition of (1R)-7-methylenebicyclo[2.2.1]heptan-2-one, they
reported a dipole strength of 1790 × 10−40 cgs and a rotatory
strength of 20.5 × 10−40 cgs, leading to a dissymmetry factor
of 45.8 × 10−3 cgs. Comparison of these data with those of

Table VII reveals very good agreement with CAM-B3LYP for
both the dipole and rotatory strengths (1525 × 10−40 cgs and
21.84 × 10−40 cgs, respectively), but rather poor agreement
with B3LYP for these same values (2907 × 10−40 cgs and
30.19 × 10−40 cgs, respectively). However, the errors in the
latter mostly cancel in the dissymmetry factor, resulting in
much better agreement with experiment by B3LYP (41.54
× 10−3 cgs) than by CAM-B3LYP (57.31 × 10−3 cgs). EOM-
CCSD, on the other hand, gives reasonable agreement with
experiment for the rotatory strength (18.74 × 10−40 cgs) but
underestimates the dipole strength resulting in much too large
of a dissymmetry factor (65.25 × 10−3 cgs).

For (1S)-2-methylenebicyclo[2.2.1]heptan-7-one, the
comparison with experiment is similar. For the n → π∗

absorption, Schippers et al.20 report a dipole strength of
1870 × 10−40 cgs, a rotatory strength of −15.2 × 10−40 cgs,
and a corresponding dissymmetry factor of −32.5 × 10−3 cgs.
Again, CAM-B3LYP yields better agreement with experiment
than B3LYP for the two transition strengths, but the errors
in B3LYP mostly cancel to give rather close agreement with
experiment for the dissymmetry factor: −34.58 × 10−3 cgs for
B3LYP vs. −52.72 × 10−3 cgs for CAM-B3LYP. Furthermore,
whereas EOM-CCSD gives (providentially) perfect agreement
with experiment for the rotatory strength (−15.26 × 10−40 cgs),
it underestimates the dipole strength by a factor of two, giving
a ga value that is correspondingly too large.

For the fluorescence spectra of (1R)-7-methylenebicyclo
[2.2.1]heptan-2-one, Schippers et al.20 reported a dissymmetry
value of 15.7 × 10−3 cgs, but they described their correspond-
ing value for (1S)-2-methylenebicyclo[2.2.1]heptan-7-one of
< 3 × 10−3 cgs as “an upper limit of the degree of circular
polarization.” From the (1R)-7-methylenebicyclo[2.2.1]hep
tan-2-one transition data in Table VII, emission from the
E1 structure gives a positive rotatory strength, and thus a
positive dissymmetry factor, with EOM-CCSD giving the
best agreement with experiment at 28.55 × 10−3 cgs. For
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TABLE IX. Adiabatic excitation energies (in eV) at the B3LYP/aug-cc-
pVDZ optimized geometries for (1R)-7-methylenebicyclo[2.2.1]heptan-2-
one and (1S)-2-methylenebicyclo[2.2.1]heptan-7-one.

Transition
EOM-
CCSD B3LYP

CAM-
B3LYP

(1R)-7-methylenebicyclo[2.2.1]heptan-2-one

1 (E1) 3.83 3.76 3.90
1 (E2) 3.88 3.79 3.94
2 6.51 4.91 5.92

(1S)-2-methylenebicyclo[2.2.1]heptan-7-one

1 (E1) 3.74 3.50 3.73
1 (E2) 3.68 3.56 3.71
2 6.01 4.44 5.43

(1S)-2-methylenebicyclo[2.2.1]heptan-7-one, emission from
E2 gives a positive rotatory strength and dissymmetry factor,
with all three theoretical methods giving good agreement with
the small experimental limit of ge.

However, as pointed out by Pecul and Ruud,19 the
dominance of E1 vs. E2 in the fluorescence and CPL spectra
depends upon which structure is lower in energy upon adia-
batic emission. The corresponding energy differences between
the ground state and each of E1 and E2 (as well as the second
excited state) of (1R)-7-methylenebicyclo[2.2.1]heptan-2-one
and (1S)-2-methylenebicyclo[2.2.1]heptan-7-one are given
in Table IX. All three methods agree that conformer E1
of (1R)-7-methylenebicyclo[2.2.1]heptan-2-one lies slightly
lower in energy than E2, with EOM-CCSD predicting
the largest difference of only 0.05 eV. For (1S)-2-
methylenebicyclo[2.2.1]heptan-7-one, however, both EOM-
CCSD and CAM-B3LYP predict E2 to be lower in energy than
E1 (by 0.06 eV, according to EOM-CCSD), whereas B3LYP
predicts E1 to be lower (also by 0.06 eV). Thus, B3LYP
would predict a negative dissymmetry factor for the polarized
emission in (1S)-2-methylenebicyclo[2.2.1]heptan-7-one, in
disagreement with both the experimentally determined limit
and the EOM-CCSD and CAM-B3LYP predictions.

IV. CONCLUSIONS

We have carried out the first EOM-CCSD calculations
of CPL rotatory strengths for comparison to results from
both DFT (B3LYP and CAM-B3LYP) and experiment using
a series of eight chiral ketones as a test set. For each
case, we obtained optimized structures for up to three
excited states, including both valence and Rydberg-type
states—the latter being CPL transitions which have not been
examined theoretically before. For two of the test molecules—
(1R,4R)-norbornenone and (S)-3-methylcyclopentanone—we
compared the efficacy of optimizing the excited-state
geometries using B3LYP (TD-DFT) vs. EOM-CCSD in order
to streamline the determination of the corresponding transition
strengths. We observed only minimal differences between the
structures obtained using each method, as well as acceptably
small differences in vertical transition properties calculated

with EOM-CCSD using the two sets of geometries. Thus,
we pursued only B3LYP ground- and excited-state geometry
optimizations for the remaining six molecules.

For most of the cases considered here, EOM-CCSD
and CAM-B3LYP exhibited relatively good agreement, while
B3LYP typically underestimated excitation energies and
overestimated rotatory strengths. For one case, (1R,4R)-
α-fenchocampherone, EOM-CCSD and the DFT methods
disagreed on the sign of the rotatory strength for the absorption
to the third excited state; all other cases exhibited (at
least) qualitative agreement between CC and CAM-B3LYP.
The choice of length vs. velocity representation of the
electric dipole operator made little qualitative or quantitative
difference for almost all cases, the only exceptions being
the CPL emission from the first excited state of (1R,4R)-
α-fenchocampherone and from the second excited state of
(1R,5S)-cis-β-hydrindanone.

One test case, trans-bicyclo[3.3.0]octane-3,7-dione, ex-
hibits the intriguing phenomenon of having a C2h-symmetric
(and thus achiral) ground state and second excited state, but a
C1 non-symmetric (chiral) first excited state. Thus, the vertical
transition from the ground state to the first excited state has
a zero rotatory strength, but we predict the corresponding
emission to exhibit a strong CPL signal. While the inclusion
of vibronic effects in the simulation would lead to non-zero
rotatory strengths for the absorption, they would likely remain
weak. To our knowledge, this has not yet been investigated
experimentally.

Finally, we compared theoretical and experimental
ECD and CPL spectral data for two β,γ-enones, (1R)-7-
methylenebicyclo[2.2.1]heptan-2-one and (1S)-2-methylene
bicyclo[2.2.1]heptan-7-one, which exhibit two conformers on
the first excited-state potential energy surface. While CAM-
B3LYP provides closer agreement with experiment for both
dipole and rotatory absorption strengths than B3LYP, the latter
yields better agreement for the corresponding dissymmetry
factor due to cancellation of errors. In addition, for these
two compounds, EOM-CCSD significantly underestimates
the dipole strength of the absorption, resulting in a
concomitant overestimation of the related dissymmetry factor.
On the other hand, EOM-CCSD yields near-perfect (and
fortuitous) agreement with the experimental rotatory strength
for (1S)-2-methylenebicyclo[2.2.1]heptan-7-one. Finally, both
CAM-B3LYP and EOM-CCSD predict the same energy
ordering of the two conformers of the first excited state of
(1S)-2-methylenebicyclo[2.2.1]heptan-7-one, yielding good
agreement with experiment for the sign of the CPL transition
strength, while B3LYP disagrees qualitatively.
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