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Journal Name

Model-Averaging of Ab Initio Spectra for the Abso-
lute Configuration Assignment via Vibrational Circular
Dichroism†

Guglielmo Monaco,∗a Francesco Aquino,a Riccardo Zanasi,a Wouter Herrebout,b Patrick
Bultinck,c and Antonio Massaa

Vibrational absorption and vibrational circular dichroism spectra (VA and VCD) have been
recorded for two hybrid isoindolinone-phtalide stereoisomers dissolved in CDCl3. Density-
functional calculations have been performed to determine their absolute configuration. The com-
parison of calculated and measured values has been performed using several goodness-of-fit
indicators, and also introducing a model-averaging technique, taking into account the variation of
calculated spectra with the details of the computational method. The model-averaging technique,
preliminarily tested on two VCD spectra already assigned to two diastereomers of tadalafil, gives
higher credibility to the ab initio calculations, and should be useful for other molecules with high
flexibility and/or more than one stereogenic center.

1 Introduction
The determination of the absolute configuration (AC) is a cru-
cial step in the assessment of pharmacological and toxicological
properties of novel drugs.1 Among the many techniques available
for that task, Vibrational Circular Dichroism (VCD) in the mid in-
frared (IR) region is ever more recognized as a convenient tech-
nique; it leads to many signed signals, which, coupled with ab
initio computations, allow discriminating ACs in an efficient and
competitive way.2–4 Despite the richness of data, in the presence
of many low-energy conformers and/or more than one stereocen-
ter, selection of the best-matching computed spectrum can still re-
quire considerable expertise. In fact, not all VCD bands have the
same reliability: some of them are non-robust, which means that
they can undergo large changes (even of sign) upon modest varia-
tions in the computational or experimental method used to obtain
them.5 Moreover, some patterns, even if well reproduced and eas-
ily distinguishable visually, appear shifted on the frequency axis,
and thus their acceptable reproduction is hardly taken into ac-
count by standard goodness-of-fit indicators (GOFIs).6 The iden-
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Scheme 1

tification of quantitative and reliable GOFIs has been subject of
considerable attention.5–10 Most of the methods proposed pre-
scribe some modification of calculated and/or experimental data
before the computation of some GOFI. The modifications are in-
tended to circumvent problems with the quality of the calculation
and/or with the non-robustness of the bands.
Here, we will propose a new strategy to modify the computed
spectra, in order to take into account that no ab initio calcu-
lation can be expected to treat all effects perfectly, e.g., solva-
tion, thermal effects, basis set truncation errors etc. Therefore,
it is appropriate to endow the calculated values with uncertain-
ties which do not depend on the experimental measures. The
strategy will be tested on the spectra of two diastereomers of
tadalafil 1:11 (6R,12aR)-1 and (6S,12aR)-1, labeled hereafter
(R,R)-1 and (S,R)-1, for brevity. Moreover, the new strategy will
be applied for the AC assignment via VCD spectroscopy of the het-
erocyclic hybrids isoindolinone-phthalide 2 and 3, bearing two
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contiguous tertiary and quaternary stereocenters. The results ob-
tained will be compared to those based on statistical methods
previously published. Compounds 2 and 3, recently synthesized
under organocatalytic conditions in high yields and with high
diastereo- and enantioselectivity,12 are of high interest because
new compounds formed by covalent linking of two known phar-
macophores, like the isoindolinonic and the isosteric phthalidic
heterocylic ring, can show enhanced therapeutic activity over the
isolated parents or even new biological activities.13–15 The rela-
tive configuration of the synthesized stereoisomer of 2 has been
previously determined by NMR spectroscopy,12 and is (1S∗,3′R∗),
i.e. we have either (1S,3′R)-2 or (1R,3′S)-2, to be shortened as
(S∗,R∗)-2 in the following, while no stereochemical information
is available for synthesized stereoisomer of 3, which will be then
referred to as (ξ ,ξ ′)-3.‡ The set of four molecules studied covers
then 2 cases of known AC, one case of known relative configura-
tion, and a case of totally unknown configuration.

2 Selection of Models for VA and VCD spec-
tra

2.1 Models of the Spectra
Quantum chemical calculations are a valuable tool for the inter-
pretation of vibrational absorption (VA) spectra, and even more
for the VCD spectra, where they are necessary to establish the
correct AC.§ With use of fast Fourier transform spectrometers, a
spectrum consists in a set of n values yi(ν̃i) which are functions
of absorption at wavenumbers ν̃i, where i = 1, . . .n. For VA spec-
tra, of the possible choices for the yi (transmittance, absorption,
molar extinction coefficient), we will take as yi(ν̃i) the molar ex-
tinction coefficients εi. Analogously, for VCD spectra we will take
as yi(ν̃i) the differential molar extinction coefficients ∆εi. These
choices imply that the measured (differential) absorbances have
been corrected for nominal molar concentration and path-length.
No further scaling of the yi values will be applied in this paper.
Pioneering applications of quantum chemical calculations have
been performed by i) fitting the n experimental values yi by the
sum of L Lorentzians, with 3L adjustable parameters Ak, ν̃0,k and
γk, which are the area, the central wavenumber and the half-
width at half-maximum of the isolated k-th Lorentzian; for the
typically sharp peaks of the mid-IR region (γk << ν0,k), the model
can be written as4

yi,SumLor(ν̃i) =
L

∑
k=1

Ak

π

γk

γ2
k +(ν̃i− ν̃0,k)2 ,

ii) computing by quantum mechanical methods the areas and
harmonic central wavenumbers expected for the conformers of

‡ In the recommended IUPAC notation 16 an unknown configuration of a stereogenic
center is indicated by the Greek letter ξ . Here we will indicate the configuration
of the second stereogenic center by ξ ′ to stress that it is unknown and bears no
relationship with the configuration of the first stereogenic center.

§ VA spectra are most frequently named by their wavelength, i.e. IR spectra. This prac-
tice originates from the fact that VCD spectra have become known after VA spectra.
It could be appropriate to distinguish the common name of the wavelength region
from the physical phenomenon (absortion or dichroism) causing the spectrum. A
recent reference textbook has just opted for this choice. 4

the stereoisomer M , and weighing these values by the ther-
mal population of the conformers; iii) comparing numerical ta-
bles of fitted central wavenumbers and Lorentzian areas with
those computed quantum mechanically, iv) computing the spec-
tra yi,M (ν̃i;{Ak, ν̃

harm
0,k ,T,γ}) by assuming a single γ value for all

Lorentzian peaks, whose areas have been weighted by the con-
former populations at temperature T ; and eventually v) compar-
ing visually the experimental spectra yi(ν̃i) with those computed,
yi,M (ν̃i;{Ak, ν̃

harm
0,k ,γ,T}).3 The visual comparison of the spectra

can be significantly improved introducing a frequency scaling fac-
tor λ to correct overall the computed harmonic frequencies for
anharmonicity: ν̃corrected

0,k = λ ν̃harm
0,k . Reasonable simulations of VA

or VCD spectra can be obtained adding to the quantum chem-
ical values of areas and central wavenumbers just the two pa-
rameters γ and λ . If γ and λ parameters are assumed to be the
same in VA and VCD spectra, and they are estimated from the VA
spectra, VCD spectra can then be simulated with no adjustable
parameter, in any case with a number of parameters which is
negligible with respect to the number of measurements. In the
following, we will refer to the model spectra obtained by ther-
mal averages of quantum chemical spectra (with the addition
of 2 fitted or fixed parameters γ and λ) as plain ab initio spec-
tra yi,M (ν̃i;P)≡ yi,M (ν̃i;{Ak, ν̃

harm
0,k ,γ,T,λ}), where we have intro-

duced a vector P to collect all model parameters. It will be useful
to consider vector P as the union of two vectors p and k of p and
k elements, containing parameters which are either changed dur-
ing the data analysis or held fixed, respectively.
As previously said, in case of more than two competing ACs, i.e.
a molecule with more than one chiral center, selection of the best
model among the plain ab initio spectra can be a delicate step,
requiring visual scrutiny and band-by-band assignment. Indeed,
most plain ab initio spectra are statistically bad models, in the
sense that residuals are significantly larger than experimental er-
rors and they have non-normal distributions. In this situation
GOFIs should be purposely chosen, as the standard ones will gen-
erally perform poorly.¶

2.2 The GOFIs

The simplest possible GOFI is likely the sum of squares for error
(SSE)17

SSE :=
n

∑
i=1

(yi(ν̃i)− yi,M (ν̃i;P))2, (1)

which has indeed been used in the selection of best-fitting mod-
els in vibrational Raman opical activity spectra.18 Use of eqn (1)
must take into account that its value depends on the scale of the
individual values yi, and also on the number n of elements in the
summation. A widely used GOFI, which has not the above limita-

¶All GOFIs in this paper are functions of the stereoisomeric model M . To simplify no-
tation, we will add a subscript to the GOFI, e.g. MSEM , only when the identification
of the stereoisomeric model can be non-obvious.
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tion, is the reduced chi-squared19

χ
2
q :=

1
q

n

∑
i=1

(yi(ν̃i)− yi,M (ν̃i;P))2

σ2
i

=
1
q

n

∑
i=1
|zi(ν̃i)−zi,M (ν̃i;P))|2 =: MSE,

(2)
which coincides with the mean squared error MSE17 in terms
of error-normalized dimensionless values zi = yi/σi and zi,M =

yi,M /σi, where σi is the standard deviation of the i−th difference
yi(ν̃i)− yi,M (ν̃i;P). Typically, σi is considered as an indication of
errors due to the experimental setup only. However, in the fol-
lowing we will also consider the role of errors caused by the com-
putational model, that is to say, what is the impact of the basis
set choice, functional and more generally all parameters p that
influence the generation of the model spectrum. In eqn (2), q is
the number of degrees of freedom. For models which are linear in
p independent variables, with the p slopes determined from the
experimental data by least squares, q = n− p (in the limit case of
a parameter-free model, q = n), and the expected value for MSE
is 1. Values of MSE either significantly larger or smaller than 1
are considered unacceptable, indicating a bad model and/or the
adoption of incorrect variances.19

Although selection of good models can be performed considering
their MSEs (typically via F-tests), this is not the case for bad mod-
els, which are strongly affected by outliers; non-normal residuals
prevent the use of standard statistical tests and the numerical val-
ues of MSEs can be uninformative. We will now consider as pos-
sible workarounds the use of more robust GOFIs, or the consid-
eration of a different statistic for residuals, which, in its simplest
form, corresponds to different variances σ2

i .
A more robust GOFI is the mean absolute error (MAE), which can
be written, in terms of error-normalized values, as

MAE =
1
n

n

∑
i=1
|zi− zi,M |. (3)

Comparison MAE and MSE should, of course, consider the dif-
ferent powers in the sums: MAE should best be compared with
RMSE=

√
MSE. In presence of important contributions from out-

liers, one expects MAE� RMSE, while for residuals extracted
from a normal distribution one expects similar values of MAE and

RMSE, indeed in that case MAE =
√

2MSE
π

= 0.7979 RMSE.20

Another possibility to cope with outliers is the cosine-similarity,
which is known in the field of information retrieval as a criterion
to rank a document for a query.21 Considering the values zi and
zi,M as elements of n-dimensional vectors z and zM , eqn (2) is
basically an Euclidean distance squared, and can be rewritten as

MSE =
1
ν

(
||z||2 + ||zM ||2−2||z|| ||zM ||cosθ

)
, (4)

which shows that a low value of MSE is associated with similar
norms of vectors z and zM , and with a large cosine-similarity cosθ

(a small angle θ between the two vectors). As a trivial example of
the usefulness of cosθ , as compared to the MSE, one can consider
a simple uniform scaling of experimental data: in this case, the
MSE changes significantly, while the cosine-similarity

cosθ =
z · zM

||z|| ||zM ||
(5)

is unchanged.
In the case of VCD spectra, which are signed, besides the indi-
vidual MSE values, it is interesting to consider the relationship
between the MSE values of pairs of enantiomers. The computed
spectrum for the enantiomer ent−M of a stereoisomer M is just
its negative: zi,ent−M = −zi,M . Choosing then among any two
enantiomers, the stereoisomer M which gives the better agree-
ment (MSEM ≤MSEent−M ), and using eqn (4), we have

MSEent−M −MSEM =
4||z|| ||zM ||cosθM

q
, (6)

which shows that a large distance between the MSEs of two enan-
tiomers parallels a small θ angle between the vectors z and zM ,
whose elements are the measured and the calculated values. Dif-
ferently stated, this means that for a pair of diastereomers M and
M ′, with cosine similarities cosθM and cosθM ′ , the preferred
stereoisomer - the one with larger cosine-similarity - will undergo
the larger variation of the VCD spectrum upon consideration of
its enantiomer (we are actually assuming substantial equality of
the norms of the computed spectra ||zM || and ||zM ′ ||). To an-
alyze the GOF of VCD spectra, two modifications of the cosine-
similarity have been proposed in literature: the similarity index
(SI) and the enantiomeric similarity index (ESI).6 Even when ap-
plied to signed spectra, the latter indices turn out bounded in the
[0,1] interval rather than in the [−1,1] interval, as happens to the
simpler cosine-similarity. The mathematical definitions of SI and
ESI can be found in literature,6,9 and are not repeated here (for
ESI, the original definition of ref. 6 has one more absolute value
with respect to the definition of ref. 9; the original definition will
be used in this paper).

2.3 The MA Technique

Coming now to the possibility of considering a different statistic
for the residuals, it can be imagined to build a population of resid-
uals (yi− yi,M ), where the model itself has an uncertainty which
does not depend on the experimental setup. A possible approach
to give an uncertainty to a model M of a spectrum recognizes
the model as a function of a vector p of p parameters (frequen-
cies, magnetic and electric transition dipole moments, angles be-
tween the magnetic and electric transition dipole moments), as-
sumes a distribution f j(p j) for each parameter, and then, upon
assumption of independent variation of the parameters, computes
a model-averaged (MA) spectrum as

yi,MA−M (ν̃i;k) =
∫

p1,p2...pp

yi,M (ν̃i,p;k)
p

∏
j=1

f j(p j)d p j, (7)

with variance

σ
2
i,MA−M (ν̃i;k)=

∫
p1,p2...pp

[yi,M (ν̃i,p;k)−yi,MA−M (ν̃i;k)]2
p

∏
j=1

f j(p j)d p j.

(8)
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A simple Gaussian form will be assumed in the following for each
distribution, i.e.

f j(p j) =
1√

2πσp j

exp

[
−
(p j− p0, j)

2

2σ2
p j

]
, (9)

requiring to estimate one variance σ2
p j

for each parameter p0, j in
order to compute the MA spectrum, eqn (7), and its error bound
obtained from eqn (8).
We are not aware of any previous computation of model-averaged
VA or VCD spectra through eqns 7 and 8.
It should be considered that the introduction of a distribution
for the the central wavenumber ν0,k corresponds to considering
a family of peaks close to the peak of the plain calculation, and
thus leads to broadened spectra, just as happens in the neighbor-
hood similarity approach.22,23

Collections of ab initio calculations can be used to estimate the
variances of the relevant spectral parameters (see below). Once
averages 7 and 8 have been estimated, the above GOFIs can be
computed using yi,MA−M in place of yi,M , and

σ
2
i = σ

2
i,exp +σ

2
i,MA−M , (10)

in place of the usual experiment-only variance σ2
i = σ2

i,exp.

3 Methods
3.1 Synthesis

The synthesis of 2 and 3 has been performed as described in Ref.
12.
The two diastereoisomers of tadalafil were received from RK Tech,
Hungary, with purity ≥ 99.8% and were used without further pu-
rification. (6R, 12aR)-tadalafil is the active ingredient of Cialis
and Adcirca.

3.2 Measurement of Spectra

Vibrational Absorption (VA) and VCD were recorded on a
BioTools dual-PEM ChiralIR-2X spectrometer at room tempera-
ture. The PEMs were optimized for 1400 cm−1, and a resolution
of 4 cm−1 was used throughout. For all experiments on 2 and 3,
solutions were prepared by dissolving 4.2 mg in 135 µL of CDCl3.
All spectra were recorded using BaF2 windows and a spacer of
100 µm. For both samples, the solution spectra were averaged
over 20 000 scans. Baseline corrections were introduced by sub-
tracting the spectra of the solvent. Acquisition of the spectra of
tadalafil 1 has been described elsewhere.11

3.3 Empirical fits of the spectra

According to common practice, we have fitted VA and VCD spec-
tra by sums of Lorentzians, using the non-linear least squares
method.3 Plots reported in the Supporting Information (Figs. S2-
S5, ESI†) show a good visual agreement of the Lorentzian models
yi,SumLor with the experimental data yi, as can also be inferred
from the cosine-similarities which are hardly different from 1
(Tabs. S4-S5, ESI†). Rounded mean values of γ parameters, also
reported in the Tables, are always equal to 4 cm−1 for VCD spec-
tra and only somewhat larger for the VA spectrs of (S∗,R∗)-2 and

(ξ ,ξ ′)-3. The residuals of the fits, also shown in Figs. S2-S5 in the
ESI†, suggest some frequency-dependent trend of the variances
of the experimental data σ2

i,exp. However, the residuals turn out
roughly an order of magnitude smaller than those typically ob-
tained by ab initio methods, and they can be anticipated to play
a minor role in model-averaging. Then, we will simply neglect
their change with frequency in the spectral range examined, and,
assuming small errors on the parameters of the Lorentzian model,
we will estimate the single variance of experimental data19

σ
2
exp =

∑
n
i=1(yi− yi,SumLor)

2

q
, (11)

with q = n− 3L. Introduction of the above estimation of vari-
ance instead of σ2

i in eqn (2) renders useless the RMSE value,
which turns out identically equal to 1. However, that estimation
has been used instead of σ2

i to compute eqn (10), and then the
RMSE values for the plain and model-averaged quantum mechan-
ical models.

3.4 Quantum chemical calculations

All quantum chemical calculations have been performed with
Gaussian ’09.24

The conformational analysis for 1 has been performed, build-
ing starting geometries with different values for the two dihe-
dral angles φ1 ≡H-C6-C6′-C1′ and φ2 ≡C3′-C4′-O-C7′ (Scheme
1). Standard optimization at the level used in ref. 11 (SCRF-
ωB97XD/6-31G*) gave 6 low-energy conformers for (R,R)-1 and
4 low-energy conformers for (R,S)-1, with good but incomplete
overlap with previous results.11 Using tight criteria of optimiza-
tion and ultrafine grids, 2 more low-energy minima could be
found (Tab. S1, ESI†). In the conformers found the dihedral
angles φ1 and φ2 are close to 180◦ or 0◦ but have a small posi-
tive or negative deviation from those values. Thus the possible
rotational states for each of the dihedral angles are T+, T−, C+,
C−.25 Angle φ2 occurs only as C− and C+, angle φ1 has all four
possibilities in (R,R)-1, but only the two possibilities T− and C+

in (R,S)-1. Consistently, 2×2 = 4 conformers have been found for
(R,S)-1, but only 7 conformers have been found for (R,R)-1; sev-
eral attempts to find the missing conformation C−C+ for (R,R)-1
failed. In any case, the potential is very flat, and the conformers
are almost degenerate. The 7+4 conformers found in this work
with the tight criteria of convergence have been used in the rest
of the analysis. VA and VCD spectra have been computed at the
lowest level considered in ref. 11: SCRF-ωB97XD/6-31G*, with a
dielectric constant for chloroform of ε = 4.71.26

Aiming at showing that MA can effectively help in circumvent-
ing inadequacies of the computational protocol, the computations
of the VCD spectra 2 and 3 have been performed with the ba-
sic approach of a standard conformational search, followed by a
B3LYP/6-31G* optimization of the conformers, and then by VA
and VCD calculations at the same B3LYP/6-31G* level. 18 con-
formers have been previously found by a Spartan ’0427 MMFF
conformational search for (S,R)-2 and (S,S)-2, and they have
been used to determine the relative configuration (S∗,R∗)-2 by
NMR spectroscopy.12 The conformers differ in the values of three
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dihedral angles φ1, φ3 and φ4: one on the ethoxyl chain, and two
flanking the quaternary carbon (Fig. S1, ESI†). As the bromine
atom in (S,R)-3, and (S,S)-3 is far from the atoms forming the
just cited dihedral angles, the same conformers are expected for
(S,R)-3, and (S,S)-3. We have therefore optimized at B3LYP/6-
31G* level the conformations for all four species, using the 18
dihedral angles found in previous study on (S,R)-2 and (S,S)-2.
Relevant dihedral angles obtained by DFT optimization are col-
lected in Tables S2 and S3 in the ESI†. All relevant dihedrals of
2 remained almost unchanged upon bromination and successive
optimization. Also, the energy distribution of the conformers re-
mains pretty much the same upon bromination, which is what we
expected on the ground that the bromine atom is far from the
flexible portion of the molecule.
The spectra of the conformers must be weighted by their popula-
tions, which are determined by their relative energies according
to the Boltzmann distribution. Seminal studies have either evalu-
ated the relative energies neglecting nuclear motion (i.e. consid-
ering only the relative energies on the potential energy hypersur-
face), or considering it within the rigid-rotor harmonic-oscillator
approximation.3 Although the latter approach (to be called GP)
is conceptually superior to the former (to be called EP),28 the
errors introduced by the approximate thermal corrections can be
important, and EP calculations are sometimes preferred in litera-
ture. As an intermediate choice, populations can be derived from
standard enthalpies (HP populations), thus neglecting only the
entropic corrections.29–31 We have checked the relevance of the
choice of the thermal averaging scheme, adopting all 3 weight-
ings EP, HP and GP.
Frequency scaling factors λ have been determined optimizing the
agreement between the experimental VA spectra and those com-
puted by EP weightings and the single γ value of 4 cm−1 (irrel-
evant variations have been found for the HP and GP weighting
schemes). Optimal values are reported in Tab. S6 in the ESI†.

3.5 Computation of model-averaged spectra and variances

In order to obtain the MSE with model-averaged computed
spectra (Eqs. 2, 7 and 10), an estimate of the uncertain-
ties of the ab initio calculations is needed. To this end we
have considered the 7+4 conformers of the two diastereomers
of 1, and we have optimized them at 8 different level of
theory, which have been used in recent works on VCD spec-
troscopy of small organic molecules: B3LYP/TZ2P,28 B3LYP/cc-
PVTZ,6,28,32 B3LYP/6-31G*,11 B3PW91/TZ2P,28 B3PW91/cc-
PVTZ,28,32 B97D/TZ2P,33 ω-B97XD/6-31G*,11

ω-B97XD/6-311++G**,34 using in all cases the PCM model,35

to model the effect of chloroform.
In many cases (R,R)-1 conformers found at the SCRF-ωB97XD/6-
31G* level did not correspond to minima on the potential energy
surfaces at different levels, as already reported.11 For each con-
former we focused on the 800-1800 cm−1 spectral window and
we estimated mean and standard deviation of spectral parame-
ters, such as central wavenumbers ν0,k, electric dipole transition
moments µk, magnetic dipole transition moments mk computed
setting as origin the center of mass, and angles ξk between the

µµµk and mk vectors. Standard deviations are of the following or-
ders of magnitude: σ(ν̃0) ∼ 20 cm−1, σ(µ) ∼ 4 · 10−20 esu cm,
σ(m) ∼ 3 · 10−24 esu cm, σ(ξ ) ∼ 20◦. These values can be ex-
pected to be overestimates, because the sequence of the signals
in the infrared is not necessarily preserved changing the level
of computation. Indeed, it has been reported that, restricting
the analysis to normal modes that are roughly preserved upon
change of the level of calculation, σ(ξ ) ∼ 10◦.5 We have there-
fore used halved errors for generating the MA spectra, Eqs. 7 and
8: σ(ν̃0) = 10 cm−1, σ(µ) = 2 · 10−20 esu cm, σ(m) = 1.5 · 10−24

esu cm, σ(ξ ) = 10◦. This choice turns out capable of obtaining
values of MA-MSE close to one (Tables 1, S7, S8, S9, ESI†). A
further source of error lies in the population of conformers. Us-
ing the set of 8 different calculation methods performed on the
7+4 conformers of 3, we have estimated standard deviations of
energies, enthalpies and free enthalpies as 0.05, 0.10 and 0.5 kcal
mol−1, showing that the estimates of free enthalpies are affected
by a larger error. These errors have been used in calculating MA-
EP, MA-HP and MA-GP spectra.

4 Results

Comparison of experimental and computed VCD spectra in terms
of the 5 GOFIs presented above (RMSE, MAE, cosine-similarity,
SI, ESI) should allow selection of the correct stereoisomer. To
avoid as much as possible a selection based on calculated val-
ues which are not reliable, the procedure of model-averaging has
been introduced. Thus in addition to the 3 plain ab initio spec-
tra EP, HP and GP, obtained with the thermal averages discussed
above, we have also considered the 3 model-averaged spectra
MA-EP, MA-HP and MA-GP, obtained with the same thermal aver-
ages, for a total of 2×3×5 = 30 combinations of method/GOFI to
select the best AC. We have first tested this strategy on the spectra
of (R,R)-1 and (S,R)-1.11

4.1 Benchmark on (R,R)-1 and (S,R)-1

The 311 spectral data contained in the 1000-1600 cm−1 window,
previously used in ref. 11 for both VA and VCD spectra of these
two stereoisomers of 1, have been compared with those computed
for all 4 possible stereoisomers. Inspection of graphical compar-
isons between experimental and calculated values (Figs S6 and
S7) numerical results for the GOFIs (Table S7 and S8, ESI†) shows
that each of the 30 combinations method/GOFI leads to the as-
signment of the correct AC. Therefore, in this case, the selection
performed with the plain ab initio spectra remains unaltered upon
model averaging: the assignment is not dependent on uncertain
features of the calculation. If we consider the VA spectrum, in-
stead, (Figures S10-S11 and Tables S7-S8, ESI†) RMSE and MAE
are useless for model selection using plain ab initio spectra, while
upon model averaging, both these GOFIs point to the correct rela-
tive configuration. Interestingly, the cosine-similarity always sug-
gests the correct relative configurations, even in absence of model
averaging.
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4.2 Hybrid (S∗,R∗)-2
The 311 spectral data contained in the 950-1550 cm−1 window,
for both VA and VCD spectra of this stereoisomer of 2, have been
compared with those computed for all 4 possible stereoisomers.
Graphical comparisons between experimental and calculated val-
ues are given in Fig. 1. Numerical results for the GOFIs are given
in Tab. 1.

Table 1 GOFIs for the VCD spectrum of (S∗,R∗)-2 in chloroform,
calculated using the four possible ACs, conformer populations obtained
by energy, enthalpy or free-enthalpy, and either plain B3LYP/6-31G*
calculations or their model-averaged version. To facilitate the reading of
the table, for each method and for each GOFI, the extremal GOFI value
which hints at the best-fitting AC, has been underlined.

Method AC RMSE MAE cosθ SI ESI
EP (R,R) 16.40 9.33 0.34 0.49 0.43

(S,S) 20.42 11.74 -0.34 0.17 0.14
(S,R) 15.90 8.58 0.53 0.64 0.61
(R,S) 22.76 12.44 -0.53 0.11 0.05

HP (R,R) 15.91 9.16 0.33 0.48 0.42
(S,S) 19.88 11.54 -0.33 0.17 0.13
(S,R) 15.70 8.55 0.54 0.65 0.62
(R,S) 22.68 12.44 -0.54 0.11 0.06

GP (R,R) 15.49 9.05 0.31 0.45 0.39
(S,S) 19.15 11.23 -0.31 0.16 0.12
(S,R) 17.92 9.25 0.55 0.65 0.62
(R,S) 25.16 13.40 -0.55 0.10 0.07

MA-EP (R,R) 1.34 0.98 0.07 0.33 0.12
(S,S) 1.19 1.17 -0.07 0.38 0.33
(S,R) 0.96 0.81 0.46 0.57 0.56
(R,S) 1.62 1.28 -0.46 0.08 0.02

MA-HP (R,R) 1.35 0.99 0.07 0.33 0.12
(S,S) 1.22 1.19 -0.07 0.38 0.33
(S,R) 0.96 0.82 0.47 0.58 0.57
(R,S) 1.65 1.30 -0.47 0.08 0.02

MA-GP (R,R) 1.12 0.83 0.09 0.33 0.13
(S,S) 1.03 1.00 -0.09 0.36 0.32
(S,R) 0.83 0.71 0.51 0.60 0.59
(R,S) 1.47 1.17 -0.51 0.08 0.01

As can be seen from Tab. 1, 28 combinations of method/GOFI
lead to select the AC (S,R)≡ (1S,3′R), from the VCD spectrum;
the exceptions are the GP calculation of RMSE and MAE, which
points to an (R,R) AC. This finding could be an indication of the
lower accuracy of free-enthalpy calculations, as advocated in lit-
erature.29 It is particularly interesting to note that the two dis-
cordant conclusions disappear upon model averaging. The per-
formance of the cosine-similarity is pretty much similar to that of
its modifications SI and ESI.
GOFIs calculated for the VA spectrum, reported in Tab. S12 of the
ESI†, are all close each other and no reliable determination of the
relative configuration can be performed from the VA spectrum, at
least at this simple level of calculation.

4.3 Hybrid (ξ ,ξ ′)-3
The 311 spectral data contained in the 950-1550 cm−1 window,
for both VA and VCD spectra of this stereoisomer of 3, have been
compared with those computed for all 4 possible stereoisomers.

Graphical comparisons between experimental and calculated val-
ues (Fig. S9) and numerical results for the GOFIs (Tab. S9) can
be found in the ESI†.

From the analysis of the VCD spectrum, in absence of model-
averaging, the preferred AC is (S,R) for all GOFIs, but the RMSE,
which points to the (R,R) configuration. Upon MA, all GOFIs,
RMSE included, point to the (S,R)≡ (1S,3′R) configuration, which
can be then safely trusted. As just reported for (S∗,R∗)-2, GOFIs
calculated for the VA spectrum, reported in Tab. S13†are all close
each other and no reliable determination of the relative config-
uration can be performed from the VA spectrum, at least at this
simple level of calculation.

Table 2 Overall results of application of the GOFIs to the VCD spectra
studied (computed either with plain or model-averaged ab initio
calculations as described in the text). Assignments which are not unique
using the three population averages EP, HP and GP are marked with a ‡
sign.

VCD
RMSE MAE cosθ

(R,R)-1 plain (R,R) (R,R) (R,R)
MA (R,R) (R,R) (R,R)

(S,R)-1 plain (S,R) (S,R) (S,R)
MA (S,R) (S,R) (S,R)

(S∗,R∗)-2 plain (S,R)‡ (S,R)‡ (S,R)
MA (S,R) (S,R) (S,R)

(ξ ,ξ ′)-3 plain (R,R) (S,R) (S,R)
MA (S,R) (S,R) (S,R)

4.4 Discussion
The results reported above, resumed in Table 2, show that the
AC has been determined in a confident manner via VCD, using 5
GOFIs. The use of MA methods gives more credibility to the as-
signment, which does not depend on uncertainties of parameters
of the computation.
The assignment of relative configuration via VA spectra has been
more problematic. It could be performed using model-averaging
for (R,R)-1 and (S,R)-1, but not for the other two VA spectra.
Inspection of Fig. 1 leads to conclude that some of the vibra-
tions should be localized on single stereogenic centers. The spec-
tral pattern in the 1250-1400 cm−1 window (attention can be
given to the strong negative and positive bands at around 1250
and 1400 cm−1) change sign when the chirality of the quater-
nary stereogenic center 1 changes from (S) to (R); on the other
hand, the bands at 1025 cm−1 (negative), 1100 cm−1 (positive)
change sign when the chirality of the tertiary stereogenic center
3′ changes from (R) to (S). A similar situation occurs for 3 (Fig.
S9, ESI†). Analysis of the normal modes of the lowest energy
conformer of 2, consistently reveals that at 1414, 1418, 1297,
1285 cm−1 there are vibrations localized on the quaternary stere-
ogenic center 1, while at 1042, 1046 and 1142 cm−1 there are
C-H bending vibrations.

5 Conclusions
Despite their amazing improvement, quantum chemical calcula-
tions still do not lead to quantitative agreement with VCD spectra,
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Fig. 1 VCD spectrum of (S∗,R∗)-2 and its fit with plain and model-averaged B3LYP/6-31G* calculations for the 4 possible ACs. The experimental
spectrum is displayed as a blue dotted line. The plain calculation using energies for the conformational average as a continuous black line (EP), the
model-averaged calculation as a dashed black line (MA-EP), and the prediction error of the MA-EP calculation as a shaded area.

i.e. one that could be checked by a standard goodness-of-fit indi-
cator (GOFI) as the MSE. In many cases, expert corrections of the
calculations and expert procedures of data rejection are used in
combination with visual inspection to achieve a confident assign-
ment of the absolute configurations (AC) via VCD spectroscopy,
especially in case of flexible molecules with more than a single
chiral center. In this paper we have explored the use of alterna-
tive GOFIs and the possibility to cope with the variability of the
ab initio results as statistical errors. The statistical perspective
allows to obtain model-averaged (MA) ab initio spectra, which
come together with their uncertainties, and should thus allow a
more confident assignment, as compared with the plain ab initio
spectra normally used.
MA spectra have been computed and compared with the VA and
VCD experimental spectra of 4 stereoisomers with 2 chiral cen-
ters: (R,R)-1, (S,R)-1, (S∗,R∗)-2 and (ξ ,ξ ′)-3. Of these species,

2 had known AC, 1 had known relative configuration only, and 1
had no stereochemical information.
Regarding the GOFIs of the VCD spectra, the performance of the
modified cosine-similarity indices SI and ESI6 agree with the ba-
sic cosine-similarity cosθ .21 All cosine-similarities are in agree-
ment with the MAE, but they occasionally disagree with the RMSE
(Table S-S9, ESI†). The latter GOFI, as expected, should be used
with caution, while selecting statistically poor models, as the ab
initio spectra typically are.
As for the different thermal averages EP, HP and GP, there is some
indication of a poorer performance of the GP average, which leads
to inconsistent results for the VCD spectrum of (S,R)-2. Interest-
ingly all thermal averages lead to the same conclusion when cou-
pled with model-averaging.
MA spectra confirm the assignment made with plain ab initio
spectra for the benchmark cases (R,R)-1 and (S,R)-1. In the case

Journal Name, [year], [vol.], 1–9 | 7



of (S∗,R∗)-2 and (ξ ,ξ ′)-3, almost all GOFIs point to the (S,R) con-
figuration, and the few discordant ones reveal the behavior of all
other GOFIs, upon use of MA. We arrive then to the firm conclu-
sion that the AC is (S,R)≡ (1S,3′R) (Scheme 1), for (S∗,R∗)-2 and
also for (ξ ,ξ ′)-3.
In summary, the model-averaging technique promises to be a use-
ful tool to check the credibility of the AC assignments based on
ab initio calculations. The method is anticipated to be generally
useful in the AC assignment of molecules with many populated
conformations and/or with more than 1 stereogenic center, a task
that can still be challenging with standard ab initio calculations
of VCD spectra.
The present implementation of the method uses independent
Gaussian distributions for model parameters, and includes among
the parameters both the magnetic dipole transition moments mk

and the angles ξk they form with the electric dipole transition
moments µk. Future implementations should explore the possi-
bility of more flexible probability distributions for the parameters
and/or the adoption of different sets of model parameters, such
as the use of dissymmetry factors gk, which are gauge-invariant
in addition of being just half in number as compared to the mag-
netic dipole transition moments mk and the angles ξk considered
here.9,36 A joint analysis of VCD and VA spectra in the present
scheme could also be performed. Eventually, a set of probability
distributions and parameter spaces could be identified and used
in conjunction with low level calculations (such as the present
B3LYP/6-31G* one), whose usefulness could thus be significantly
improved by the adoption of model-averaging. Further work in
this direction has been planned, and we hope to disclose it in
near future.
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