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ABSTRACT: In 1997, Sandström and co-workers reported
the case of two chiral spiro compounds with very similar
skeletons but showing almost mirror-image electronic circular
dichroism (ECD) spectra for the corresponding absolute
configuration. The paper has been often cited as a proof and
good educational example of the pronounced sensitivity of
ECD toward molecular conformation, and a clear warning
against the use of ECD spectral correlations to assign absolute
configurations. Although both concepts remain valid, they are
not exemplified by the quoted paper. We demonstrate that the
original configurational assignment of one compound was
wrong and revise it by using TDDFT calculations. The main
reason for the observed failure is the use of the matrix method, a popular approach to predict ECD spectra of compounds which
can be treated with an independent system approximation (ISA), including proteins. Using a modern version of the matrix
method, we demonstrate that the ISA is not valid for the title compound. Even in the absence of apparent conjugation between
the component chromophores, the validity of the ISA should never be taken for granted and the effective extent of orbital overlap
should always be verified.

■ INTRODUCTION

Chiroptical spectra such as electronic and vibrational circular
dichroism (ECD and VCD, respectively) are observed upon the
interaction of chiral nonracemic substances with circularly
polarized radiation.1 A widely accepted notion in the context of
chiroptical spectra is their enhanced dependence and sensitivity
on the molecular conformation, especially in comparison with
their achiral counterparts such as UV−vis absorption and IR.
This is because the fundamental quantity responsible for ECD
and VCD signals, that is the rotational strength, depends on the
scalar product between electric and magnetic transition
dipoles.1 Therefore, the intensity and the sign of each ECD
or VCD band intrinsically contain geometrical information:
namely, the angle between the two transition dipoles. This is in
contrast with UV−vis and IR spectra, which depend on the
square of the electric transition dipole only and for this reason
are rather insensitive to stereochemical issues. More often than
one would expect, the electric and magnetic transition dipoles
happen to be almost perpendicular to each other; therefore, any
small variation in the molecular geometry or in the dipole
direction may affect not only the intensity but even the sign of a
CD band, while leaving the absorption spectrum unaffected.
This enhanced sensitivity of ECD, VCD, and other

chiroptical properties toward conformation is especially evident

in biochemistry and biophysics, where these techniques are
mostly employed to study the secondary structure of
biopolymers such as proteins, peptides, and nucleic acids.2 In
addition in the context of small molecules, chiroptical spectra
may lend themselves as tools to study the molecular
conformation.3,4 Conversely, when these techniques are
employed to assign absolute configurations, an accurate
knowledge of the conformational situation must be obtained
as a necessary prerequisite. Several examples are available of the
influence of conformation on experimental and calculated ECD
or VCD spectra.5−11 A spectacular example was reported in
1997 by Sandström and co-workers concerning the two spiro
compounds C5 and C6 (Chart 1, denoted 3 and 2 in the
original paper).12 They differ only in the length of the CH2
bridge and therefore in the size of the saturated ring (five- vs
six-membered). Otherwise, the remaining molecular portions
are the same: in particular, the two chromophoric moieties are
identical (1,2-disubstituted benzene ring and N-formylvinyl-
amine). It was therefore expected that the two compounds (S)-
C5 and (R)-C6, with the same configuration at the spiro center,
would show very similar ECD spectra (note in Chart 1 the
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formal inversion of chirality according to the Cahn−Ingold−
Prelog sequence rule). In contrast, (S)-C5 and (R)-C6 were
associated with almost mirror-image ECD spectra.12,13 This
very surprising result was achieved by means of ECD
calculations run with the so-called Schellman matrix meth-
od,14,15 a popular calculation approach at that time, based on
the independent system approximation (ISA).16 In the ISA
framework, a multichromophoric molecule is partitioned in
“independent systems”: that is, chromophoric moieties with
negligible orbital overlap. The diverse electronic excitations of
the various chromophores are considered to couple through
space: i.e., through the Coulombic interaction between their
transition densities. All possible interactions can be considered
simultaneously and to all-order by means of a matrix method
such as that of Schellman14−16 (details can be found in the
Results and Discussion).
Sandström and co-workers employed the matrix method to

calculate ECD spectra and assign the absolute configurations of
the two spiro compounds C5 and C6.12,13 These latter
compounds had been synthesized as racemate mixtures and
separated by enantioselective GLC;12 therefore, the only proof
of the absolute configuration came from the comparison of
experimental ECD spectra with those obtained with the
aforementioned matrix method. As noted above, the calculated
ECD spectra turned out to be nearly mirror images for (S)-C5
and (R)-C6, with the same configuration at the spiro center.
The most important conclusion from the paper was that “the
result is a caveat against deducing identity in absolute
stereochemistry from strong similarity between CD spectra”:12

i.e., against the use of the so-called ECD spectral correlations.
In fact, the paper has been frequently quoted in the following
years as an example of a clear warning against the use of ECD
spectral correlations.17−24 The authors attributed the different
ECD spectra of C5 and C6 to a slightly different conformation
adopted by the two compounds (see discussion below for more
details). Thus, the paper also offered a strong proof of the
pronounced sensitivity of ECD toward the molecular
conformation13,23,25 and lent itself as a good example for
educational purposes.26 The very instructive lesson from the
paper was that ECD spectra reflect the overall absolute
stereochemistry, not only the absolute configuration as often
believed.
During the preparation of the teaching material for a

graduate course in Stereochemistry at the University of Pisa, we
again came across the two spiro compounds as a good
educational example of the relation between conformation,
configuration, and ECD spectra. With the aim of showing
optimized geometries during the lectures, we ran a standard
conformational analysis procedure with molecular mechanics
(MM) and density functional theory (DFT). The structures we
obtained were similar to those reported in the original paper
(see discussion below); however, they also looked much more
consistent between the two compounds than we expected. This
prompted us to run ECD calculations with modern means: that

is, time-dependent DFT (TDDFT).27 To our surprise, the
TDDFT calculated ECD spectrum for (S)-C5 was very
different from that calculated with the Schellman method
reported in the original paper and actually looked as its mirror
image.12 As a consequence, the absolute configuration originally
assigned to N-formyl-3′,4′-dihydrospiro[indan-1,2′(1′H)-pyri-
dine] (C5) was wrong and needed to be revised. More
importantly, the textbook example of “a case of two compounds
with similar configuration but nearly mirror image CD
spectra”12 was refuted. Our analysis demonstrates that the
main source of the error in the original investigation lies in the
fact that the aromatic and N-formyl enamine chromophores are
not independent in the sense implied by the ISA; therefore, the
ECD spectra of both compounds C5 and C6 cannot be
correctly treated by the matrix method approach.

■ RESULTS AND DISCUSSION
Conformational Searches and Geometry Optimiza-

tions. Our consolidated conformational analysis/geometry
optimization procedure consists of two steps:27 (a) a thorough
conformational search run with the Monte Carlo algorithm and
the molecular Merck force field (MMFF) and (b) reoptimiza-
tion of all energy minima found in step (a) by DFT. In the
current case, DFT geometry optimizations were run at the
ωB97X-D/6-311+G(d,p) level. The results are summarized in
Figure 1. Only two conformers were found for both

compounds (S)-C5 and (R)-C6 with significant population at
300 K (>5%), while two other energy minima were obtained in
both cases with populations between 1% and 2.5%. The two
most stable conformers (labeled conf#1 and conf#2) differ
from each other in the conformation assumed by the five- or
the six-membered ring. DFT minima and relative energies are
compared in Figure 1 with the minima and energies shown in
the original paper (labeled 2a,b and 3a), which were calculated
with the MM2(91) force field.12 We noticed that for compound
C6 the first two DFT geometries (C6 conf#1 and conf#2)
correspond to the MM2 minima (2b and 2a), although with
reversed relative stability. For compound C5, the DFT absolute

Chart 1. Compounds C5 (Denoted 3 in the Original Paper)
and C6 (2)

Figure 1. Structure, relative energies, and Boltzmann population at
300 K calculated for the most stable conformers of compounds (S)-C5
and (R)-C6 with DFT (ωB97X-D/6-311+G(d,p), present work) and
MM2 (adapted with permission from ref 12, copyright 1997 American
Chemical Society). MM2 minima are labeled as in the original work.
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minimum (C5 conf#1) corresponds to the MM2 minimum
(3a), apart from a less pronounced puckering of the five-
membered ring which is overestimated by MM2.
In contrast, the second DFT minimum (C5 conf#2) was not

found by MM2, or at least it was not associated with the high
population found by DFT (the structure for the second most
stable conformer labeled 3b is not reported in the paper and
this conformer was neglected in ECD calculations due to its
small population).12 It is also apparent from our DFT
structures that the geometries of the most stable conformers
(C5 conf#1 and C6 conf#1) are consistent with each other for
what concerns the reciprocal arrangement of the aromatic and
N-formyl enamine chromophores. The same is true for the
second most stable conformers (C5 conf#2 and C6 conf#2). In
the original paper, the authors stressed the structural difference
between the most stable conformers for the two compounds:
namely, 2a and 3a in their case (Figure 1).12 In our structures,
such a difference is not so evident, especially taking into
account the presence of a second minimum for C5 and the
calculated energy order for the two conformers of each
compound. In conclusion, the conformational situation
emerging from DFT geometry optimizations is much more
homogeneous than that emerging from MM2 calculations in
the original paper.12 For this reason we did not expect any
strong difference between the ECD spectra calculated for the
two compounds.
ECD Calculations with TDDFT. TDDFT calculations were

run on all DFT energy minima with population >1% at 300 K:
i.e., four conformers for each compound. TDDFT calculations
were run with different functionals (B3LYP, CAM-B3LYP,
M06-2X) and the def2-TZVP basis set. The calculation results
obtained with various functionals were all consistent with each
other; CAM-B3LYP results are discussed in the following. The
ECD spectra calculated for (S)-C5 and (R)-C6 after Boltzmann
averaging at 300 K are shown in Figure 2 and compared with
the experimental spectra measured on (−)-C5 and (+)-C6 in
ethanol, reported in ref 12. The results of calculations with
other functionals (B3LYP and M06-2X), as well as of

calculations run at CAM-B3LYP/def2-TZVP using the polar-
izable continuum model (PCM) for ethanol,28,29 are shown in
Figures S1 and S2 in the Supporting Information.
It appears that the ECD spectra calculated for (S)-C5 and

(R)-C6 with the same configuration at the spiro center are very
similar to each other, and they are not at all “nearly mirror
images” of each other as suggested in the original paper.
TDDFT calculations are able to reproduce the experimental
ECD spectra of the two spiro compounds satisfactorily. In both
cases, the relative sequence of signs, band energies, and
intensities is correctly predicted by the calculations. The
experimental spectrum of (+)-C6 is in accord with the
calculated spectrum for (R)-C6; therefore, the configuration
of this compound is confirmed as (+)-(R)-C6. On the other
hand, the experimental ECD spectrum of (−)-C5 is almost the
mirror image of the spectrum calculated for (S)-C5. This means
that the absolute configuration assignment of compound C5
from the original paper, namely (−)-(S)-C5,12 must be
reversed, and the correct absolute configurations are (−)-(R)-
C5 and (+)-(S)-C5. The assignments were also confirmed by
optical rotation calculations run at the CAM-B3LYP/def2-
TZVP//ωB97X-D/6-311+G(d,p) level including PCM for
ethanol. The calculated [α]D values (Boltzmann averages over
four conformers in each case) were +77.0 for (+)-(R)-C6 and
+86.2 for (+)-(S)-C5. These values compare well with
experimental ones: namely, +55.2 for (R)-C6 (ethanol,
optically pure) and +16.4 for (+)-C5 (ethanol, 16% ee) or
−35.9 for (−)-C5 (ethanol, 37% ee).12 It is not infrequent that
“old” configuration assignments of organic compounds are
reversed in recent times thanks to the modern calculation
approaches of ECD, VCD, and optical rotation.30 Note that
since the enriched or pure enantiomers of (S)-C5 and (R)-C6
were obtained by enantioselective GLC, Sandström and co-
workers had no independent hint of the correct absolute
configuration.12 Because two different stationary phases were
used, moreover, even the questionable proof of the elution
orders was not available as a guide to the absolute configuration
assignment.
The use of different functionals (B3LYP and M06-2X) led to

calculated ECD spectra consistent with those obtained with
CAM-B3LYP (see Figure S1 in the Supporting Information). In
particular, Boltzmann-averaged ECD spectra calculated at the
M06-2X/def2-TZVP level are almost superimposable with
CAM-B3LYP/def2-TZVP results and are in very good
agreement with experimental spectra. Similarly, the inclusion
of a solvent model (PCM for ethanol) in CAM-B3LYP/def2-
TZVP calculations had practically no effect on the final
outcome, in particular for (S)-C5 (see Figure S2 in the
Supporting Information). These results demonstrate that
TDDFT ECD calculations with “good” functionals27 such as
CAM-B3LYP and M06-2X are accurate enough to predict the
ECD of the spiro compounds C5 and C6. A worse agreement
was instead observed by using the B3LYP functional, although
the same conclusion about the absolute configuration assign-
ments would be reached. In fact, average spectra calculated at
the B3LYP/def2-TZVP level showed a splitting of the first
positive ECD band, which is apparent neither in the
experimental spectra nor in those calculated with the other
functionals (see Figure S1 in the Supporting Information). The
less satisfying behavior of B3LYP is associated with the charge-
transfer (CT) character of some of the calculated transitions, as
is discussed below. It is known that B3LYP and other global
hybrids with small HF exchange fraction afford a poor

Figure 2. Solid traces giving experimental ECD spectra of compounds
(−)-C5 and (+)-C6 in ethanol (adapted with permission from ref 12,
copyright 1997 American Chemical Society) and dotted traces giving
ECD spectra calculated for compounds (S)-C5 and (R)-C6 at the
CAM-B3LYP/def2-TZVP level in vacuo as a Boltzmann average over
four conformers optimized at the ωB97X-D/6-311+G(d,p) level.
Spectra are convoluted as sums of Gaussians with 0.3 eV exponential
half-width, shifted to the red by 10 nm.
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description of CT-like states because of an incorrect asymptotic
behavior.31−34

ECD Calculations with Matrix Method (EXAT). The
matrix method for the calculation of absorption and ECD
spectra of multichromophoric systems is based on the
expression of the excited states of the system as a linear
combination of local excitations: i.e., excitations localized on
the component chromophores.14−16 In the matrix formulation,
this is achieved by resolving an eigenvalue problem: that is, by
expressing the Hamiltonian of the system as a square matrix in
which the diagonal elements are the excitation energies of the
local excitations and the off-diagonal elements represent the
Coulombic interactions between all possible pairs of transitions
on the various chromophores. The properties of the multi-
chromophoric system are retrieved by combining the properties
of the single chromophores through the eigenvector
matrix.14−16 The local excitation energies used as diagonal
elements can be extracted from experimental data or from
calculations on chromophoric models. The first option was
employed by Sandström and co-workers in the original paper,
while we employed TDDFT calculations (see below). Off-
diagonal elements are normally not accessible experimentally
and must be estimated computationally. In the traditional
approach, transition densities are either approximated as point
dipoles or expressed in terms of point transition charges
(charge monopoles) localized on atoms.16,35 This latter
approach was used by Sandström and co-workers,12 who
estimated atom-centered charge monopoles with the semi-
empirical AM1 method. The point charge approximation is
known to perform relatively well for large molecules with
extended chromophores, for which the number of points used
to evaluate the transition density is high.36 In the current case,
however, the small molecular size and nature of chromophores
suggested the use of a more refined approach based on full
transition densities to avoid the errors associated with their
discretization over a small number of points.37

In their matrix-method calculations on compounds C5 and
C6,12 Sandström and co-workers included the main transitions
for the 1,2-disubstituted benzene and N-formylvinylamine
chromophores: that is, four π → π* transitions of the 1,2-
disubstituted benzene (1Lb,

1La,
1Bb, and

1Ba) and the n → π*
and π → π* transitions of N-formylvinylamine. The set of
transition point charges was extracted from AM1 calculations
on 1,2-dimethylbenzene and N-formylvinylamine as model
chromophores. The full set of data are given in Table 1 of ref
12 and they are replicated in Table S1 in the Supporting
Information. We wish to comment that despite the
approximated method of calculation (semiempirical AM1
level of theory), the set of data looks very reasonable in
comparison with our TDDFT calculations. Using the same
model chromophores, we ran TDDFT calculations at the
CAM-B3LYP/def2-TZVP level of theory and obtained a set of
transition point charges by fitting the electrostatic potential
generated by the TDDFT transition density, according to the
Merz−Kollman scheme.38,39 The main discrepancy between
AM1 and TDDFT-based transition point charges is the zero
transition charge found by AM1 for both N and C(O) atoms
for the π → π* transition of the N-formylvinylamine
chromophore,12 which is contradicted by our results (see
Figure S3 in the Supporting Information).
In the original paper,12 matrix-method calculations were run

on a single conformer for compound C5 (labeled 3a) and two
conformers for C6 (labeled 2a,b). The comparison with

experimental spectra (Figure 3 of ref 12, replicated in the
present Figure S4 in the Supporting Information) led to the
following configurational assignments: (+)-(R)-C6 and
(−)-(S)-C5. As seen above, this latter must be corrected to
(−)-(R)-C5. The wrong assignment seems to be due to a
combination of a missing conformer for compound C5 and a
wrong result of matrix-method calculations on the single
conformer considered. In fact, our TDDFT calculations on
compound (S)-C5 (Figure 2) gave an ECD spectrum very
different from that shown in the original paper for the same
configuration (see comparison in the Figure S5 in the
Supporting Information). In particular, we predicted the first
major ECD band at 220−240 nm to be positive for (S)-C5 and
not negative as previously found. This is true for both low-
energy conformers (conf#1 and conf#2) of (S)-C5, as can be
seen from their respective calculated ECD spectra shown in
Figure 3. Our lowest-energy conformer conf#1 of C5

corresponds to structure 3a in the original paper; however, it
has a positive calculated ECD band at 225 nm (Figure 3)
opposite to that calculated at 240 nm for 3a in the original
paper.12 This latter discrepancy seems to be the main reason for
the observed failure. Additionally, our second most stable
conformer (conf#2 of C5) contributes strongly to the first
major ECD band despite its smaller population, because its
calculated spectrum is much more intense than the lowest-
energy conformer (conf#1) in the long-wavelength region
(Figure 3). This second conformer was instead neglected in the
previous investigation.12

Trying to reproduce the original results, we ran ECD
calculations with the tool EXAT (excitonic analysis tool)
developed by Mennucci and co-workers.37,40,41 EXAT
represents a modern, more refined, and less approximated
version of Schellman’s matrix method. The main differences
between our EXAT calculations and matrix-method calculations
run by Sandström and co-workers are (1) diagonal terms were
extracted from the aforementioned TDDFT calculations on
model chromophores, rather than from experimental data, and
(2) the off-diagonal terms (interchromophoric couplings) were

Figure 3. ECD spectra calculated for the two most stable conformers
of (S)-C5 with TDDFT (dotted lines) and EXAT matrix method
(solid lines). In both cases, the level of theory was CAM-B3LYP/def2-
TZVP. Spectra are convoluted as sums of Gaussians with 0.3 eV
exponential half-width.
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evaluated using full TDDFT transition densities, instead of
AM1-derived point charges. EXAT calculations were run using
DFT-optimized geometries of (S)-C5 and (R)-C6 and the
transition densities calculated with TDDFT at the CAM-
B3LYP/def2-TZVP level for the model chromophores 1,2-
dimethylbenzene and N-formylvinylamine (optimized at the
ωB97X-D/6-311+G(d,p) level). In Figure 3, EXAT calculations
for the two most stable conformers of (S)-C5 are compared
with full TDDFT calculations for the same structures. A similar
comparison for (R)-C6 is reported in Figure S6 in the
Supporting Information.
Inspection of Figure 3 reveals that there is a large difference

between the spectra calculated with the two methods for both
conformers of (S)-C5. Not only the signs and relative
intensities but also the positions and even the numbers of
apparent bands are different. The fact that a TDDFT-based
fragmentation approach led to very different results from full
TDDFT calculations was a first hint that the two chromophores
do not fulfill the requirements for the independent system
approximation (ISA). A comparison between our EXAT and
the original matrix-method results is shown in Figure S5 in the
Supporting Information for the lowest energy conformer of
(S)-C5 (DFT structure C5 conf#1 corresponding to structure
3a in the original paper). Apart from the expected differences
due to the different descriptions of transition densities, it is
interesting to note that the pattern of signs obtained by the two
methods is consistent. In particular, the first major ECD band is
predicted to be positive for (S)-C5 with both methods and is
followed by a second negative band. Both bands appear to be
reversed when full TDDFT calculations are employed (Figure
S5 in the Supporting Information). Therefore, the matrix
method, either in its traditional Schellman formulation or its
modern EXAT version, is unable to calculate the ECD
spectrum of C5 correctly. The failure has then to be attributed
to the nature of the system, which cannot be treated within the
ISA framework, rather than to the specific description of
transition densities or to the set of parameters used for point
charges. In that respect, the correct absolute configuration
assigned to (+)-(R)-C6 in the original paper by means of the
same calculations12 must be regarded as fortuitous. In fact, for
this compound a large difference was also observed between
TDDFT- and EXAT-calculated ECD spectra (see Figure S6 in
the Supporting Information).
Transitions and Orbital Analysis. To further demonstrate

that the independent system approximation cannot be applied
to the discussed compounds, we analyzed more in detail our
TDDFT calculation results on (S)-C5 and (R)-C6. The major
calculated transitions for the lowest-energy conformer (conf#1)
of (S)-C5, in terms of component single excitations, are
reported in Table 1. The relevant frontier Kohn−Sham orbitals
are shown in Figure 4. Most orbitals (in particular the bonding
ones) are apparently localized on both chromophores, and in
some cases a clear overlap between the benzene and amide
orbitals is appreciable (see e.g. 54 and 55). Thus, the two
chromophores cannot be considered “independent” at all: i.e.,
isolated from each other and nonconjugated. Moreover, the
most diagnostic ECD band, that is the first and most intense
ECD band observed around 240−250 nm, is not the result of
an exciton coupling between the phenyl and N-vinyl amide
chromophores, as assumed.12,13 The two transitions occurring
in this range with positive rotational strength (excited states 2
and 3 in Table 1) have in fact a large charge-transfer character
(56 → 60 and 57 → 58 excitations). The same is true for the

following transition with negative rotational strength (excited
state 4, 57 → 58 and 57 → 59 excitations). A consistent
situation was found for compound (R)-C6, for which the

Table 1. Analysis of the First Five Transitions Calculated for
the Lowest-Energy Conformer of Compound (S)-C5 at the
CAM-B3LYP/def2-TZVP//ωB97X-D/6-311+G(d,p) Level

exc
state λ/nm R/10−40 cgsa excb exc coeff Δr/Åc

1 235.46 −19.71 56 → 58 0.44633 1.79
54 → 60 0.32841
55 → 59 0.28633

2 231.51 +19.34 56 → 60 0.33022 2.00
56 → 58 0.29190
54 → 60 −0.25631
55 → 59 0.23320

3 220.72 +32.88 57 → 58 0.53606 2.85
57 → 60 −0.42038

4 212.04 −30.08 57 → 59 0.40967 2.83
57 → 60 −0.36077
57 → 58 −0.33980

5 206.90 −14.86 56 → 59 0.45853 1.72
55 → 58 −0.39437
57 → 59 −0.20914

aRotational strengths calculated with the dipole-length formalism.
bOnly the single excitations with coefficients larger than 0.2 (absolute
value) are given. The numbers refer to the Kohn−Sham orbitals
shown in Figure 4. cCharge-transfer metric index defined in ref 43.

Figure 4. Frontier Kohn−Sham orbitals calculated for the lowest-
energy conformer (conf#1) of compound (S)-C5 (shown in the
bottom) at the CAM-B3LYP/def2-TZVP//ωB97X-D/6-311+G(d,p)
level. Orbitals are plotted with 0.02 isovalue.
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transition analysis and relevant Kohn−Sham orbitals are
reported in Table S2 in the Supporting Information. The
charge-transfer (CT) character of the discussed transitions can
be quantified by using a CT-metric measurement such as the
Δr index introduced by Guido and co-workers.42,43 This index
corresponds to the average distance (expressed in Å) covered
by the electron during the excitation. Δr ≥ 2 Å indicates a
substantial CT character and calls for caution in the use of
TDDFT calculations, especially with some functionals.33,42,43

As shown in Table 1, the three excited states 2−4 responsible
for the two major ECD bands are allied with Δr between 2 and
2.8 Å, as estimated at the CAM-B3LYP/def2-TZVP level for
the lowest-energy conformer (conf#1) of (S)-C5. Similar values
were obtained for compound (R)-C6 (Table S2 in the
Supporting Information). Interestingly enough, Δr values
evaluated at the B3LYP/def2-TZVP level are very high
(between 3.5 and 4 Å) for the first two transitions of both
(S)-C5 and (R)-C6 (Tables S3 and S4 in the Supporting
Information). Thus, B3LYP overestimates the CT character of
these transitions, which also explains the appearance of the
calculated ECD spectra and their poorer agreement with the
experiment (see Figure S1 in the Supporting Information). We
confirm the known trend that range-separated functionals such
as CAM-B3LYP, or global hybrids with a large HF exchange
fraction such as M06-2X, are more suitable than B3LYP to
calculate ECD spectra involving transitions with moderate CT
character.27,44,45

It must be stressed that charge-transfer transitions require ad
hoc parametrization to be included in matrix-method
calculations,46,47 which was employed neither in the original
paper nor in the present EXAT calculations.

■ CONCLUSIONS
Molecules C5 and C6 do not represent “two compounds with
similar configuration but nearly mirror image CD spectra”.12

The ECD spectra are actually very similar for the same
configuration: namely, (S)-C5 and (R)-C6 (recall the formal
inversion of chirality according to the sequence rule). Of
course, the final warning in the original paper about “the risk of
deducing absolute configurations by a direct comparison of CD
spectra”12 is still entirely valid and has been demonstrated by
other examples.48,49 In contrast, it is not exemplified by the two
analogous spiro compounds C5 and C6, as originally stated and
implied by several literature citations.17−24

Quantum-mechanical calculations with the TDDFT method
revealed that the previous configurational assignment of
compound C5, based on matrix-method calculations, was
wrong. The revised absolute configuration is (−)-(R)-C5. A
few inconsistencies in the previous investigation have emerged
during our re-evaluation with more modern calculation
methods. They include an important conformer missed by
the MM2 conformational search, a slightly incorrect structure
obtained by MM2 geometry optimization for the lowest-energy
conformer, and incorrect transition charge monopoles found by
AM1 calculations. None of these flaws seem crucial, however.
The main reason for the incorrectness of the reported
assignment is that the two spiro compounds C5 and C6
cannot be reasonably treated within the ISA framework, and
their ECD spectra cannot be calculated by any kind of matrix
method (which necessarily relies on the ISA).
This conclusion has implications which go beyond the

specific case discussed here and are still valid in the present
time. In fact, the observed failure is related to a wrong

assumption on the validity of the ISA rather than to a limitation
in the computational tools available 20 years ago. Fragmenta-
tion approaches are still very popular for the calculation of
aggregate (chiro)optical properties through their modern
implementations such as EXAT.37,41,46,47,50−56 These calcu-
lation schemes take advantage of transition densities and other
parameters calculated at ab initio or TDDFT levels. Their
accuracy has therefore obviously much improved with respect
to the traditional matrix methods, which relied on point−dipole
or charge−monopole approximations. Still, any matrix method
or fragmentation scheme is based on the same essential
prerequisite, that is, the validity of the independent system
approximation, which should never be taken for granted even in
the case of apparently nonconjugated systems, and verified case
by case.

■ COMPUTATIONAL SECTION
MM and preliminary DFT calculations were run with Spartan’14
(Wavefunction, Inc., Irvine, CA, 2014), with standard parameters and
convergence criteria. DFT and TD-DFT calculations were run with
Gaussian’09,57 with default grids and convergence criteria. Conforma-
tional searches were run with the Monte Carlo algorithm implemented
in Spartan’14 using the Merck molecular force field (MMFF).58 All
MMFF minima were optimized in vacuo at the DFT level, employing
the ωB97X-D59 functional and the 6-311+G(d,p) basis set. Only
minima with Boltzmann population >1% at 300 K (estimated from
internal energies) were considered for TDDFT calculations. For both
compounds C5 and C6, four minima fitting the above criterion were
found (see Figure 1).

TDDFT calculations were run with the functionals B3LYP,60 CAM-
B3LYP,61 and M06-2X62 and with the def2-TZVP basis set,63 either in
vacuo or including the polarizable continuum solvent model in its
integral equation formalism (IEF-PCM) for ethanol.29 UV and ECD
spectra were generated using the program SpecDis64 by applying a
Gaussian band shape with 0.3 eV exponential half-width, from dipole
length rotational strengths. Optical rotations at the D line (589.3 nm)
were estimated by dipole electric field polarizability calculations at the
CAM-B3LYP/def2-TZVP level using IEF-PCM for ethanol.

Matrix-method calculations were run with the excitonic analysis tool
(EXAT) developed by Mennucci and co-workers.37,40,41 As input
geometries, the two most stable conformers of compounds C5 and C6
were used, obtained by DFT geometry optimizations (see above).
Transition parameters were extracted from TDDFT calculations on
1,2-dimethylbenzene and N-formylvinylamine. The geometries of the
model compounds (single conformation) were optimized by DFT at
the ωB97X-D/6-311+G(d,p) level. TDDFT calculations were then
run at the CAM-B3LYP/def2-TZVP level in vacuo, and the sets of
transition point charges were obtained by fitting the electrostatic
potential generated by the TDDFT transition density, according to the
Merz−Kollman scheme.38,39 The Coulombic component of the
electronic coupling has been calculated by integration of TDDFT
transition densities as reported in ref 37. For 1,2-dimethylbenzene the
first four transitions were considered (π → π* transitions of 1Lb,

1La,
1Bb, and

1Ba type). For N-formylvinylamine the first two transitions
were considered (n → π* and π → π* transitions). ECD spectra were
generated as EXAT outputs by applying a Gaussian band shape with
0.3 eV exponential half-width. EXAT calculations were run by
interfacing with a locally modified version of the Gaussian’09 package.

The Δr index calculations were run with the program Multiwfn,
version 3.3.8.65
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from ref 12, TDDFT-derived Merz−Kollman charges,
additional data for compound C6, calculation results with
B3LYP and M06-2X and including the PCM solvent
model, and a comparison between our calculations and
those reported in ref 12 (PDF)
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