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Abstract: Bicyclo[3.3.1]nonane-2,6-dione (1) and bicyclo[3.3.1]nona-3,7-diene-2,6-dione (2) have 
been examined by vibrational circular dichroism (VCD), which, as for most C2-symmetric systems, 
exhibits strong VCD signals. In the case of 2, VCD signals are stronger and sharper with several 
bisignate doublets; for 1, signals are less intense and broader. The VCD and IR spectra are 
excellently predicted by DFT calculations: only one conformer is present for 2, while for 1, three 
main conformers, related through concerted skeleton torsional motions are present (two of them 
being interchanged by C2-rotation). The VCD spectrum shows specific features for the different 
conformers, such that correct population factors are crucial for reproducing experimental data. 
Also, the TD-DFT prediction of ECD (electronic circular dichroism) spectra is good. By comparing 
the spectroscopic signature of the two molecules (both VCD and ECD) and by careful analysis of 
the theoretical results, the role of the C=C double bond in compound (2) is evidenced. The double 
bond contributes toward enhancing the CD response both electronically and vibrationally. 

Keywords: vibrational circular dichroism (VCD); electronic circular dichroism (ECD); density 
functional theory calculations (DFT); bicyclic diones; C2-symmetry 

 

1. Introduction 

Bicyclo[3.3.1]nonane-2,6-dione (1) and bicyclo[3.3.1]nona-3,7-diene-2,6-dione (2) in Scheme 1 
was synthesized earlier and studied [1–6] to learn whether and to what extent electron delocalization 
through homo-conjugation and transannular interactions, defined by Hoffman et al. [7], manifest in 
the characteristics of a “coupled” chromophore [8–10]. Evidence was provided by 13C-NMR chemical 
shift δ(C=O), photoelectron spectroscopic data [1], as well as electronic circular dichroism (ECD) 
data [2]. The interchromophoric interaction present in unsaturated ketones shows clear 
spectroscopic signatures and is amply studied in the literature [2]. The characteristic of compound 2 
is the presence of two olefinic moieties in the α, β and β, γ position with respect to one carbonyl, and 
in the reverse orientation with respect to the other carbonyl. In this work, we examined whether 
vibrational circular dichroism (VCD) [11,12] can provide further independent information on (1) the 
interaction of symmetrically disposed ketone carbonyl moieties within the same molecule and (2) 
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the influence of C=C double bonds on spectroscopic response. The presence of the two moieties 
promises exquisite spectroscopic sensitivity to symmetry breaking in the case of 1, which is possible 
due to conformational mobility. In contrast, 2 is structurally rigid and a good example for 
elucidating the influence of the C=C double bonds by comparison with its saturated counterpart. 
Our study relies on the fact that most vibrational bands in the mid-IR are determined by normal 
modes [11,12], which are largely delocalized over the entire molecule. Such investigations allow us 
to learn more about the interaction of the two components by exploiting information obtained in 
different spectroscopic regions. A particular advantage provided by 1 and 2 is expected from their 
C2-symmetry, which, in many cases, has been shown to be responsible for quite intense VCD spectra 
(see for example References [13–21]). Two important aspects of this study are: (1) the 
characterization of conformers of the saturated diketone 1 for which the conformational mobility 
plays an important role in explaining the VCD data; and (2) analysis of the influence of the diene 
moiety in 2 which collectively provides a basis for understanding the intense VCD and ECD. 

 
Scheme 1. The chemical structure and numbering of bicyclo[3.3.1]nonane-2,6-dione (1) and of 
bicyclo[ 3.3.1]nona-3,7-diene-2,6-dione (2). 

2. Materials and Methods 

The syntheses and characterization of compounds 1 and 2 are described in References [1–6]. 
VCD measurements were run on a Jasco FVS6000 instrument, utilizing an MCT detector for the 

region 850–2000 cm−1 and an InSb detector for 2700–3200 cm−1; spectra were taken for concentration 
values in the range 0.02–0.05 M in CCl4 solvent, and 5000 scans were collected and averaged. The IR 
and VCD spectra for the solvent obtained in the same conditions were subtracted from the 
corresponding spectra of the samples. The cell employed for the first two regions was a BaF2-0.2 mm 
cell, while an infrasil® 1 mm quartz cell was employed for the CH-stretching region. We made sure 
to keep the concentration lower than usual in order to make it possible to interpret VCD spectra on 
the basis of DFT calculations for a single isolated molecule. We further took IR spectra at very low 
concentrations and noticed no significant change. 

ECD measurements were performed using a Jasco 815 SE apparatus in CH3CN solutions with 
concentration values in the range 0.4–0.8 mM in 2 mm quartz cuvette, with 5 accumulations and 
solvent spectra subtracted out. 

Calculations were performed with the Gaussian16 package [22], using the DFT methodology in 
the harmonic approximation for reproducing the IR and VCD spectra [11,12]. Preliminary 
conformational analysis was conducted initially by MM calculations and then reiterated with DFT. 
The spectra calculations were run at the B3LYP/TZVP level of theory, considering the molecule in 
vacuo. Calculated frequencies were opportunely scaled to compare with experimental data. 
Simulated spectra were obtained by assigning Lorentzian band-shapes with 8 cm−1 bandwidth. 
TD-DFT calculations were conducted at CAM-B3LYP/aug-cc-pVDZ level of theory, with Gaussian 
bandshapes assigned to the 0.2 eV band-width. Previously, calculations of the ECD spectra of the 
title compounds were presented by Stephens et al. [23]. 
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3. Results and Discussion 

3.1. IR and VCD Spectra of 1 

In Figure 1, we provide a comparison of experimental and calculated IR and VCD spectra for 
bicyclo[3.3.1]nonane-2,6-dione (1). The molecule may adopt different conformations, a chair-chair 
(cc) conformation and two chair-boat (cb) [2,23] conformations. The latter are transformed into each 
other by C2-symmetry rotations, as will be discussed below. The spectra corresponding to the two 
structures presented in Figure 1 are weighted with the corresponding population factors. 
Considering their average, the comparison is quite good in the mid-IR and in the C=O stretching 
regions and is acceptable in the CH-stretching region (left part of Figure 1). Different wavenumber 
scaling factors have been applied in the different spectroscopic regions due to the notorious 
influence of anharmonicity [24], which has been neglected in the present work and is particularly 
difficult to deal with in the presence of large amplitude motions (vide infra). Differences between 
calculated and experimental spectra in the CH stretching region are expected due to the Fermi 
Resonance phenomenon, which is known to anharmonically couple HCH-bending and symmetric 
CH-stretching modes in methylene groups [25,26]. The carbonyl-stretching region (center of Figure 
1) does not exhibit an evident exciton-type behavior, and this is accounted for by the calculations of 
the spectra for both conformers and for the Boltzmann average thereof. The absence of an excitonic 
couplet is due to the fact that the C=O bonds are almost parallel to the vector O=C---C=O connecting 
the two moieties (in the notation of Reference [14] eq. 1–3: α1 = α2 = α ≈ 166° for the first conformer 
and α1 ≈ 173° and α2 ≈ 135°, the α-angles being defined as α = O=C---C for the second). For this 
reason, the coupled dipole contribution to the rotational strength is negligible in both conformers 
[14]. Of the two antisymmetric and symmetric modes (in order of increasing energy), only the first 
one bears infrared intensity (i.e., it exhibits a non-vanishing electric dipole transition moment). For 
the same reason, the corresponding VCD signal also prevails over the symmetric mode; thus, 
symmetry and C=O alignment explain the presence of just one normal mode contributing in this 
region. Ketone C=O stretching modes are often considered as isolated, i.e., “local” modes involving 
just the two carbonyl atoms; in this case, minor contaminations come from the two H atoms lying in 
the same plane of the H-C*-CO-CH moiety (Figure S1). The second non-symmetric conformer 
presents some IR contribution from the symmetric stretching but still to a negligible extent with 
respect to the antisymmetric mode. The broad and asymmetric shape of the IR and VCD band is well 
accounted for by the DFT calculations and is due to the presence of the three main conformers, two 
of which are equivalent by symmetry. The relative weight of the conformer populations predicted 
by DFT calculations and based on ∆G appears ideal for the prediction. Similar comments can be 
made for the mid-IR region (right part of Figure 1): in particular, the features at ca. 1085–1073 and 
1330–1320 cm−1 appearing as split bands are due to the absolute minimum conformer and to the 
other two equivalent conformers (see Figure 2, left side). The normal modes underlying each one of 
the two features are illustrated in Figure S2 and one may see that they are mostly due to delocalized 
motions comprised of C-H bendings and CH2-wagging modes for the 1325 cm−1 split band, C-H 
bendings and CH2-twisting modes for the three positive weak bands at ca. 1250 cm−1, and C-H 
bendings and CH2-wagging-twisting and CC stretching for 1075 cm−1 split band. 
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Figure 1. Comparison of experimental IR and VCD spectra of bicyclo[3.3.1]nonane-2,6-dione (1) in 
the CH-stretching region (left), in the C=O-stretching region (center), and in the mid-IR region (right) 
with calculated spectra for the two main conformers and for their Boltzmann average (based on ∆G, 
see text), with due account for the equivalence of the two minor components. Wavenumber scaling 
factors were 0.95 for the CH-stretching region, 0.96 for the C=O-stretching region, and 0.98 for the 
mid-IR. 

 
Figure 2. Bicyclo[3.3.1]nonane-2,6-dione (1). (Left) stick-representation of the two main conformers, 
as obtained from Gaussian16 [22]. Center: two-dimensional energy maps about the absolute and 
relative conformational minima as a function of dihedral angles τ1 = 1 – 2 – 3 − 4 and τ2 = 1 − 2′ − 3′ −4′ 
derived using the routine of Gaussian16. (Right) the one-dimensional energy-profile obtained from 
the 2D-energy map along a minimum (steepest-descent) path connecting the absolute minimum and 
the two equivalent minima closest in energy. 

3.2. Symmetry Breaking from Chair-Chair→ to Chair-Boat in Compound 1 

As pointed out above, the conformational aspect is essential for understanding the VCD 
spectra. A theoretical analysis had been already reported in References [2,4–6,23]; the last study had 
been conducted by comparing different levels of calculations in order to account for the observed 
ECD spectrum (see below). In particular, two main conformers, cc and cb, have been indicated. To 
illustrate the conformational pattern and symmetry breaking effect, we built two-dimensional 
energy maps about the absolute (cc) and relative (cb) conformational minima as a function of 
dihedral angles τ1 = 1 − 2 − 3 − 4 and τ2 = 1 − 2′ − 3′ − 4′ (Figure 2) at the B3LYP/TZVP level. The global 
minimum (cc) was found at τ1 = +44° and τ2 = +44°, while two equivalent local minima (cb and bc) 
were found at τ1 = +52° and τ2 = +5° and at τ1 = +5° and τ2 = +52°. One further local minimum (bb) has 



Symmetry 2020, 12, 1752 5 of 13 

 

too high an energy to significantly contribute to the spectra. The two saddle points (∆E ∼ 1.9 
kcal/mol) defining the transition states between the most populated conformer and the next two 
populated ones are found at τ1 = +50° and τ2 = +15° and at τ1 = +15° and τ2 = +50°. Conformer 
interconversion follows the curve defined by a reactive coordinate (a non-linear function of τ1 and τ2, 
indicated f(τ1,τ2) in Figure 2, right) which we have graphically constructed along the minimum 
energy path reported as a dashed line on the two-dimensional energy map of Figure 2 (center). This 
allowed us to draw the one-dimensional energy-profile from the 2D-energy map (Figure 2, right). 
Population values of the two minima (referenced to the corresponding Gibbs free energies) are 
crucial for the best reproduction of the relative heights of the 1075 and 1325 cm−1 doublets. Note that 
had we calculated population factors based on the electronic energy values of Figure 2, the 
prediction of the spectra would not have been so satisfactory. This fact was encountered previously 
in other molecules containing large amplitude motions [27]. 

3.3. IR and VCD Spectra of 2 

The large amplitude motion commented on above is not present in 
bicyclo[3.3.1]nona-3,7-diene-2,6-dione (2) because the 8-membered ring bearing the two C=O groups 
is rendered rigid by the presence of the C=C bonds. Analogously to 1, the dihedral angles found in 2 
have the following values: τ1 = +35.7° and τ2 = +35.7°, which are not too far from the global minimum 
of 1. The IR and VCD spectra of 2 (Figure 3) have a different aspect from those corresponding to 1, 
with generally larger dissymmetry factor values g = ∆ε/ε = 4R/D (R and D are the rotational and 
dipole strengths respectively) for all observed bands relative to 1, indicative of a “conformational 
robustness” [28]. First, we notice that the CH-stretching region (Figure 3, left) contains fewer 
congested features than for 1, especially for VCD. DFT calculations allow excellent prediction of the 
experimental data. The molecule possesses four olefinic CH bonds and four aliphatic bonds. As 
expected, only the second CHs are quite IR active, giving simple and fairly narrow bands assigned to 
vibrations delocalized on the H-C-CH2-C-H moiety. The negative feature at ca. 2870 cm−1 is the 
symmetric stretching; the positive one at ca. 2960 cm−1 is due to nearly degenerate contributions of 
opposite sign, from antisymmetric modes involving the four bonds. Both the C=O stretching feature 
at ca. 1680 cm−1 (Figure 3, center) and the weaker C=C stretching at ca. 1620 cm−1 are also well 
predicted by DFT calculations. From Figure S1, as observed previously for molecule 1, just the 
antisymmetric combination is observed, and the normal mode pattern is very similar, involving only 
slightly the two adjacent CH bonds lying in the same plane. Thus, for the same reasons discussed 
above, the typical bisignate aspect of coupled C=O vibrations is absent and only the antisymmetric, 
lower energy mode shows an intense electric dipole allowed feature. For compound 2, however, the 
carbonyl stretching rotational strength is quite large [18], despite the similar geometry and the 
strong similarity in the normal mode pattern in the two molecules: in 2, the presence of nearby 
double bonds increases the rotational strength of the antisymmetric stretching. In Table 1, we report 
the observed IR and VCD intensities for the carbonyl stretching region; from the recorded spectra 
the g factor is about 2 × 10−5 for compound 1, while it reaches 10−4 for compound 2. Finally, let us 
consider in the right part of Figure 3 the mid-IR region: we recognize that the doublet of negative 
VCD bands at ca. 1350 cm−1 bears some analogy with the 1325 cm−1 strong feature in 1 (in 2 though it 
is even stronger). From Figure S3A, we indeed see that the normal modes here bear some analogy to 
those of Figure S2 for compound 1. Other than this feature, the rest of the VCD and IR spectra of 1 
and 2 are quite different, and from Figure S3B,C one may check that strong involvement of the 
bending and stretching coordinates of the diene moieties is taking place. Once again, as for the 
previous two spectroscopic regions, the g factor is much larger in 2 than in 1. 
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Figure 3. Comparison of experimental and calculated IR and VCD spectra of bicyclo[3.3.1] 
nona-3,7-diene-2,6-dione (2) in the CH-stretching region (left), in the C=O-stretching region (center), 
and in the mid-IR region (right). Scaling factors were: 0.955 for the CH-stretching region, 0.96 for the 
C=O-stretching region, and 0.98 for the mid-IR. 

Table 1. Experimental frequencies, IR, and VCD intensities, the latter given as integrated band areas 
for compounds 1 and 2 in the carbonyl stretching region. The g-values evaluated from the latter two 
data are given in the last column. 

cpd Wavenumber (cm−1) IR Band Area (103 cm2/mol) CD Band Area (103 cm2/mol) g (×105) 
1 1704 14150 0.40 2.83 
2 1679 18630 1.80 9.66 

3.4. UV and ECD Spectra of 1 and 2 

To describe the interplay of carbonyl and diene moieties in modulating chiroptical response, we 
re-examine here the UV and ECD spectra of 1 and 2, previously reported in References [1–6] (Figure 
4). Both are diketones, and their differences and characteristics are indeed largely determined by the 
absence or presence of the C=C moieties. Both the UV and ECD are more intense for 2 than for 1, 
enhancements due typically to conjugation (Table 2) and understood via the strong involvement of 
the π→π* transition of the C=C chromophore in the n→π* and the π→π* transitions of the C=O 
moiety (features at 300–350 and 200 nm respectively). Of course, the π→π* transition for the enone is 
observed at 260–230 nm (in Figure S4 see the natural transition orbitals). Intensification by one order 
of magnitude in the ECD spectra from 1 to 2 corresponds to a similar intensification of the 
experimental specific optical rotation from 1 ([α]D = +217) to 2 ([α]D = +2397) (vide infra for recent 
literature in optical rotation studies). These behaviors were described at the outset of the 
employment of QM methods to interpret chiroptical data of coupled C=O and C=C chromophores, 
for which the formal definition of chromophores was first proposed on the basis of ab-initio methods 
and prototypical calculations for achiral acrolein and for bicyclo[2.2.2]oct-5-ene-2-one [2,8–10]. The 
appearance of clear vibronic features, which we observed at room temperature for the band at ca. 
340 nm in compound 2, is on the other hand attributable to the rigidification of the 8-membered ring. 
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Figure 4. Comparison of the experimental and calculated UV and ECD spectra of 
bicyclo[3.3.1]nonane-2,6-dione (1) (left) and of bicyclo[3.3.1]nona-3,7-diene-2,6-dione (2) (right). In 
the case of 1, only the average Boltzmann calculated spectrum is reported. Gaussian bandshapes are 
assigned to the transitions (bandwidth = 0.2 eV). The calculated bands were shifted by 10 nm for 1 
and 15 nm for 2 for the best comparison with experimental spectra. 

Table 2. The experimental molar extinction coefficients at the band wavelength maxima (in 
parenthesis) in UV absorption and ECD spectra of compounds 1 and 2. The notation E.T. (electron 
transfer transition) was taken from reference 35 

Compound 1 
ε

max
 (nm) ∆ε

max
 (nm) Transition 

50.1 (287.0) +1.9 (301.6) n-π* 
1329.3 (196.9) −1.2 (196.9) π-π* 

Compound 2 
ε

max
 (nm) ∆ε

max
 (nm) Transition 

741.8 (350.3) +24.5 (350.3) n-π* 
1544.3 (259.5) −17.5 (259.5) π-π* (E.T.) 
8543.9 (233.1) −20.8 (222.8) π-π* (E.T.) 

15,423.3 (196.6) +67.5 (199.7) π-π* 

3.5. Interaction of the Ketone Carbonyls in Diketone 1 

Computed UV and ECD of 1 are summarized in Table 3A,B and compared to monoketone C 
(where one C=O group is substituted by a CH2 group). As noted above, the two cc and cb 
conformers (Table 3A,B) of 1 orient the C=O groups differently with respect to each other, resulting 
in differing levels of either electric dipole-electric dipole interaction or transannular orbital 
interaction, as reflected by a different pattern of the CD contributions for the n→π* transitions near 
290 nm. In fact, in conformer cc, the more intense component of the n→π* transition lies at lower 
energy. The opposite is obtained for cb, and both conformers exhibit net positive n→π* transitions 
with approximately twice the magnitude calculated in monoketone (Table 3C). 
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Table 3. Compound 1 in cc (part A) and cb (part B) conformation, and monoketone model. 
Calculated properties for the lowest energy transitions at the 
B3LYP/TZVP//cam-B3LYP/aug-cc-PVDZ level of calculations are given. The transition number, 
wavelength (nm), energy (eV), electric (μ) and magnetic (m) dipole transition moments (a.u. = atomic 
units), angle between electric and magnetic dipole transition moment E-M (deg), rotational (R), and 
dipole strengths (D) (10−40 esu2cm2 and 10−36 esu2cm2 respectively) are also given. Part C: monoketone 
analog of 1. 

A 1-cc nm eV |μ| |m| E-M R D 
 1 293 4.23 0.058 1.636 63 10.08 249 
 2 292 4.25 0.008 0.144 180 −0.31 4 
 3 193 6.41 0.245 0.502 180 −29.81 3868 
 4 193 6.43 0.226 0.389 0 21.32 3281 
 5 186 6.65 0.236 0.345 78 3.86 3609 

B 1-cb nm eV |μ| |m| E-M R D 
 1 293 4.24 0.016 1.240 113 −1.84 16 
 2 289 4.29 0.042 1.094 50 7.04 123 
 3 199 6.24 0.181 0.352 106 −4.11 2112 
 4 193 6.41 0.306 0.656 85 4.20 6049 

 5 186 6.67 0.296 0.620 94 −2.88 5695 
C 1-mono-conf1 nm eV |μ| |m| E-M R D 
 1 292 4.25 0.041 1.164 66 4.57 124 
 2 196 6.31 0.205 0.537 90 −0.09 2714 
 3 183 6.78 0.348 0.225 115 −7.73 7815 

An explanation for the coupling of the two n→π* transitions, such as those seen in compound 1, 
conformers cc and cb, may be found by the coupling of the two moieties, as discussed for the 
structurally rigid diketone, bicyclo[2.2.1]heptan-2,7-dione, and for 
(+)-(1R)-bicyclo[2.2.2]oct-5-ene-2-one by Hansen and Moscowitz [8–10]. Further analysis via NMR 
has been supported by Gaussian 92 HF/3-21G calculations of Paddon-Row [29] favoring the 
electrostatic dipole-dipole coupling interpretation. More recently, the now classical homoconjugated 
norbornenone was reinvestigated by the DFT calculations in References [30–32]. Taking into account 
the computed results, it appears that the presence of a second C=O leads to splitting of the n→π* and 
π→π * C=O transitions, splitting also observed by photoelectron spectroscopy for gamma-diketones 
and by the C-13 chemical shifts of diketones vs. the corresponding mono-ketones [1]. However, from 
our results, it appears that the presence of two carbonyls instead of one does not have a clear-cut 
effect on CD, differing from what was observed considering photoelectron and NMR data [1], as can 
be seen (also considering compound 2) from the comparison of monoketones (Tables 3C and 4B,C 
and Table S2) with diketones (Tables 3A,B and 4A). 
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Table 4. Compound 2 and the mono enone models. Calculated properties are shown for the lowest 
energy transitions at the B3LYP/TZVP//cam-B3LYP/aug-cc-PVDZ level of calculations. The transition 
number, wavelength (nm), energy (eV), electric (μ) and magnetic dipole transition moments (m) 
(a.u.), the angle between electric and magnetic dipole transition moment, E-M (deg), rotational (R), 
and dipole strengths (D) are given (10−40 esu2cm2 and 10−36 esu2cm2 respectively). 

 

A 2 nm eV |μ| |m| E-M R D 

 

1 348 3.56 0.106 0.533 180 −12.88 741 
2 336 3.69 0.308 1.228 20 82.35 6143 
3 242 5.12 0.163 1.623 180 −62.39 1699 
4 224 5.55 1.174 0.328 51 55.5 88,731 
5 215 5.77 0.023 0.07 180 −0.08 46 
6 210 5.89 0.735 0.703 139 −90.63 34,914 
7 192 6.46 0.084 0.698 180 −11.52 449 

B ��� nm eV |μ| |m| E-M R D 

 

1 332 3.73 0.067 0.845 60 6.58 282 
2 215 5.77 1.238 1.694 91 −8.05 99,039 
3 193 6.43 0.084 0.578 30 9.9 451 
4 191 6.5 0.137 0.379 115 −5.49 1216 

C ��� nm eV |�| |m| E-M R D 

 

1 294 4.22 0.191 1.239 28 48.59 2377 
2 206 6.02 0.126 0.431 88 0.44 1008 
3 195 6.36 0.796 0.969 90 −0.87 40,956 
4 190 6.52 0.421 0.78 97 −9.84 11,480 

 

3.6. The Role of the C=C Double Bonds in the ECD and VCD (Carbonyl Stretching Region) 

The above considerations led us to check whether both the electronic CD [2] and VCD, 
particularly in the carbonyl stretching region, can provide some information about conjugative 
effects due to C=C and C=O bond interactions. Concerning ECD, calculations of the spectroscopic 
response of 2 (Table 4A) and monoketone analogs (Table 4B,C) confirm the red-shift of the n→π* UV 
transition of 2 relative to 1, and of 2 relative to its monoketone analogs. They also account well for 
the fact that the electric dipole forbidden n→π* transitions acquire expected [33] dipole strength via 
direct conjugation with the adjacent C=C, with intensity increasing by more than one order of 
magnitude with respect to 1 (compare Tables 3A,B and 4A.). The rotational strength also increases, 
albeit to a lesser extent. Of the two computed n→π* transitions, the active one is the antisymmetric 
one, which is the lowest in energy for 1, while it is the second-lowest in energy for 2. A comparison 
with monoketone calculations permits one to analyze the intramolecular electronic interactions. In 
particular, it is interesting to note the effect of the C=C double bond location by comparing 
computed calculations for α,β-enone (B) and homoconjugated β,γ-enone (C) in Table 4. The effect in 
the first case is on the energy of the first transition; the increase in dipole strength is present but is 
weak. In contrast, in homoconjugated C (Table 4), the transition energy is not influenced, but both 
the dipole and rotational strengths (particularly the first) increase. Of course, the higher energy 
π→π* C=O electronic transitions are also quite sensitive to the presence of C=C groups, giving 
characteristic features at 200–240 nm classified as electron-transfer or K bands [34,35], herein 
manifesting in compound 2 with the two negative ECD features at about 260 and 233 nm. 

(2) 

(α,β) 

(β,γ) 
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Returning to the analysis of carbonyl stretching VCD data, calculations appear to predict the 
observations well, with some increase in absorption in compound 2 with respect to 1 and a very high 
increase in the corresponding VCD signal. As previously noted, the major contributions to the 
carbonyl stretching normal mode intensities come from the C and O carbonyls atoms; this permits 
analysis of the origin of VCD increase in the presence of the diene moiety by looking at their APT 
and AAT values, due to the local mode nature of these vibrations, analogously to what was done in 
Reference [36]. The (xz, yz, zz) components along the bond stretching direction z are the important 
ones. In Tables S1 and S2, the APT (∂μx,y,z/∂z) and AAT (∂mx,y,z/∂z, μ and m being the electric and 
magnetic dipole moments, respectively) of the carbonyl atoms are reported (the iz components of 
which are bold-face, and we repeat them here in Table 5 for 1 in the cc conformation and for 2), 
considering in all cases that the z-axis is directed along the C=O bond and the y-axis points toward 
the nearby asymmetric carbon C*. It can be observed that the APT do not change much from 
compound 1 to compound 2 (Tables S1A,B and S2 and Table 5), while variations in AAT components 
are more important, particularly the AAT zz component of both the carbon and oxygen atoms. This 
confirms the interpretation that the purely magnetic part is important, and these compounds are 
particularly useful to show the effect because the almost parallel orientation of the two carbonyls 
does not permit large coupled dipole contributions. The analysis is particularly simple for the two 
C2-symmetric molecules, namely 1-cc conformer and 2, exhibiting similar structures and a similar 
normal mode pattern for the carbonyls. Analogously to what was observed in the ECD case, 
comparison of model molecules with just one C=O (Table S1) and with one carbonyl and one C=C 
group in the α,β position (Table S2B) or β,γ position (Table S2C) suggests that the C=C moiety in the 
β,γ position makes a large contribution to the AAT and enhances the rotational strength of the 
carbonyl stretching mode. With the C=C moiety in the α,β position, however, a non-negligible 
rotational strength is calculated due to contributions from in-plane bending of the nearby olefinic 
hydrogens. Similar enhancement of VCD spectra, besides being observed, analyzed and explained in 
ref. [36], have been recently obtained in the case of α-amino acids due to N-acetyl and N-acryloyl 
substitutions in Reference [37]. 

Table 5. Compound 1 in cc conformation and compound 2: APT and AAT relevant components (xz, 
yz, zz) (a.u.) of C and O atoms are reported in the reference Cartesian system of each carbonyl group, 
with the z-axis pointing towards the O atom, and the y-axis pointing towards the nearby asymmetric 
carbon C*. 

Compound 1 (cc Conformer) 
Atom APT(xz) APT(yz) APT(zz) AAT(xz) AAT(yz) AAT(zz) 

C −0.105 −0.006 1.313 −0.154 0.118 0.041 
O 0.040 0.021 −1.224 0.173 −0.150 −0.061 

Compound 2 
Atom APT(xz) APT(yz) APT(zz) AAT(xz) AAT(yz) AAT(zz) 

C −0.195 −0.053 1.542 −0.309 0.260 0.318 
O 0.128 0.056 −1.358 0.305 −0.311 −0.225 

4. Conclusions 

From the compounds of this work and the sensitivity of the VCD technique, we were able to 
pinpoint signatures from different conformers: in the case of compound 1, a C2-symmetry 
cc-conformer and two non-symmetric cb-conformers which are equivalent under C2-rotation. The 
underlying conformational pattern had already been suggested through semiempirical and DFT 
calculations, available also for evaluating the corresponding ECD spectra. The latter, however, do 
not show high sensitivity in this case: only VCD confirms in a detailed fashion the theoretical 
findings. With the aid of calculations performed to obtain ECD and VCD spectra, the role of the C=C 
double bond on ketone C=O optical activity has been elucidated. Electronic absorption and ECD for 
the electrical dipole forbidden n→π* C=O transition provide evidence for enhancement from the 
C=C moiety: the β,γ position is oriented more effectively than the α,β position concerning the 
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intensity, while the opposite happens considering frequency. Considering magnetic dipole 
forbidden C=O stretching, in cases for which the coupled dipole mechanism can be disregarded, 
VCD receives contributions from the C=C moiety in both the α,β position and β,γ. A similar 
situation had been observed and analyzed also in other diketones [36]. So, once again, the synthesis 
and availability of appropriate compounds have been demonstrated to be quite valuable for 
elucidating the electronic effect through chiroptical spectroscopies. We think that this adds a small 
independent contribution to research on the homoconjugation phenomenon, which is still receiving 
attention via both new experiments and theories [38,39]. 

Supplementary Materials: The following are available online at www.mdpi.com/2073-8994/12/11/1752/s1, 
Figures S1–S3: normal mode description of selected vibrational transitions of compounds 1 and 2. Figures S4 
and S5: molecular orbital description of selected electronic transitions of compounds 1 and 2. Tables S1 and S2: 
APT and AAT of atoms C and O of C=O. 
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