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The 13C NMR chemical shifts of several pyramidalized alkenes were calculated using the ab initio GIAO method at
the B3LYP/6-31G(d) and MPW1PW91/6-31G(d) levels using the geometry optimized at the B3LYP/6-31G(d) level.
Where comparison data were available, the experimental values were in good agreement with the calculated ones.
From the data obtained, the olefinic 13C chemical shifts are downfield shifted on increasing pyramidalization.

Introduction
Pyramidalized alkenes are molecules containing carbon–
carbon double bonds in which one or both of the sp2 carbon
atoms do not lie in the same plane as the attached atoms.1 These
kind of alkenes are very interesting targets for both synthetic-
ally and theoretically oriented organic chemists due to their
intriguing physical properties and their fascinating reactivity. In
recent years considerable attention has been focused on the syn-
thesis, chemical trapping and dimerization of highly pyramidal-
ized alkenes. Some of the most recent examples of highly
pyramidalized alkenes include cubene,2 several unsaturated
dodecahedranes,3 tricyclo[3.3.0.03,7]oct-1(5)-ene and related
compounds,4 tricyclo[3.1.0.02,6]hex-1(6)-ene,5 and others.6 Due
to the instability of these compounds, their physical and chem-
ical properties have been studied only on the less pyramidalized
ones.7 Ab initio methods are a powerful tool for predicting
properties of unstable compounds and many computational
predictions carried out on pyramidalized alkenes have experi-
mentally been confirmed.8

The calculation of NMR chemical shifts constitutes an
important challenge for computational chemistry and during
the last decade significant progress has been made in this field.9

This work reports a DFT study of 13C NMR chemical shifts of
several pyramidalized alkenes using the GIAO method.10

Computational methods
Recent studies show that electron correlation contributions
should be included to obtain the most accurate shielding
tensor.11 Density functional theory (DFT) 12 provides a lower
cost alternative to the more traditional electron correlation
techniques such as the Møller–Plesset (MPn) methods.13 It has
been found that, for the calculation of NMR chemical shifts,
relatively simple and computationally inexpensive DFT
approaches often give accurate and stable results, of a quality
comparable or even better than MP2.14 On the other hand,
recent studies have shown that DFT calculations are probably
the most reliable methods (excluding very expensive MCSCF
calculations) for studying properties of highly pyramidalized
alkenes.15

Therefore, geometry optimizations were carried out at
Becke’s three-parameter hybrid functional with the Lee, Yang
and Parr correlation functional (B3LYP) level 16 using the
6-31G(d) basis set.17 The minimum energy nature of the

optimized structures was verified from vibrational frequency
analysis. The 13C NMR shielding (σc) calculations were carried
out using the GIAO approach at different levels of the theory.
The chemical shifts predictions (δc) with respect to tetramethyl-
silane were determined using the calculated shielding of
tetramethylsilane (σTMS) at the same level (δc = σTMS � σc). †

All quantum chemical calculations were carried out with the
Gaussian 94 18 and Gaussian 98 19 programs on an IBM SP/2
computer.

Results and discussion
In order to examine the dependence of the 13C NMR chemical
shift of non-isolable, highly pyramidalized alkenes on the level
of theory, calculations were performed for (i) two highly
pyramidalized but isolable compounds: 1,16-dodecahedradiene
(pyramidalization angle,1a Φ = 39.9�), 1,3a and hexacyclo-
[6.5.1.02,7.04,12.05,10.09,13]tetradec-9(13)-ene-3,6-dione (Φ = 46.5�),
2;20 (ii) the less pyramidalized alkenes tricyclo[3.3.3.03,7]undec-
3(7)-ene (Φ = 28.1�), 3,8 and bicyclo[3.3.0]oct-1(5)-ene (Φ =
5.9�), 4,21 and (iii) the non-pyramidalized but highly strained
bicyclo[2.2.0]hex-1(4)-ene, 5,22 (Fig. 1).

The experimental 13C NMR chemical shifts of these
compounds have been previously described.3a,8,20–22 The 13C
NMR shielding calculations were carried out using the GIAO

Fig. 1 Pyramidalized and strained alkenes.

† The absolute shielding values for the carbon atom of tetramethyl-
silane at HF/6-31G(d)//B3LYP/6-31G(d) is 200.0, at B3LYP/6-31G-
(d)//B3LYP/6-31G(d) is 189.7 and at MPW1PW91/6-31G(d)//B3LYP/
6-31G(d) is 193.8.
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Table 1 Calculated and experimental 13C NMR chemical shifts (δ, ppm) and ∆EHOMO–LUMO (eV) for 1–5

  HF/6-31G(d) B3LYP/6-31G(d) MPW1PW91/6-31G(d) Exp. ∆EHOMO–LUMO
a

 C1 170.0 165.9 167.0 170.5  
 C3 54.5 62.4 62.6 61.4  
1 C4 65.7 74.6 74.6 73.3 5.48
 C7 51.4 59.4 58.9 57.4  
       
 C1 44.7 54.1 53.7 52.3  
 C2 47.1 58.1 57.1 56.6  
2 C3 206.1 200.4 202.1 211.7 5.68
 C9 157.9 152.0 152.6 154.9  
 C11 37.4 42.7 42.6 42.3  
       
3 b C3 161.2 155.0 156.1 157.3 6.00
       
 C1 146.6 142.7 143.9 146.0  
4 C2 27.5 30.8 31.0 29.2 6.90
 C3 27.4 31.2 31.0 28.4  
       
5 C1 168.7 158.0 159.7 163.5  
 C2 40.3 43.8 44.6 43.7 7.40
rms  5.4 4.0 c 3.3 c   

a HOMO–LUMO gap calculated by B3LYP/6-31G(d). b Although compound 3 is known, only the chemical shift of the olefinic carbon atom was
published by the author.8 c If the carbonyl carbon C3 of compound 2 is not considered, the rms for B3LYP/6-31G(d) is 2.8 and for MPW1PW91/
6-31G(d) is 2.1. 

approach at different levels of the theory [HF/6-31G(d),
B3LYP/6-31G(d) and MPW1PW91/6-31G(d) 23] (see Table 1).
Although the calculated values using GIAO-HF/6-31G(d) are
in acceptable agreement with the experimental data, some of
the differences are large (see for example C4 in 1, C2 in 2 or C1
in 5). GIAO-B3LYP/6-31G(d) 13C NMR chemical shifts are in
very good agreement with the experimental data and GIAO-
MPW1PW91/6-31G(d) performs even better, in line with recent
findings of Wiberg.14c

Worthy of note, using DFT, all the chemical shifts calcu-
lated for the olefinic carbon atoms are slightly underestimated
(2–5 ppm) and for the non-olefinic carbons are slightly over-
estimated (1–3 ppm). It is remarkable the excellent agreement
found in the highly pyramidalized dodecahedradiene, 1. The
better results found with DFT calculations are not unexpected
taking into account that correlation energy plays an unusually
important role in strained systems 24 and that for molecules con-
taining significant electron correlation effects HF methods are
generally unreliable and fail to accurately predict the nuclear
shielding parameters.11 Nevertheless, for compound 5, all the
methods used in this work give results that are in better agree-
ment with the experimental values than the results previously
calculated by Prakash et al. using the IGLO method at the DZ
level.25

Recently, Forsyth et al. demonstrated that accurate predic-
tions of 13C chemical shifts for a variety of organic molecules
containing C, H, N and O could be achieved through empirical
scaling of shieldings calculated from GIAO theory with a small
basis set and with geometries obtained from a computation-
ally inexpensive molecular mechanics methods.26 However, for
compounds 1–5, Forsyth’s relationship gave worse results than
those obtained in Table 1 by just taking the difference between
the calculated shieldings and that for TMS. Presumably,
Forsyth’s parameterization is not effective for highly strained
compounds. In fact, it is known that molecular mechanics
methods are not reliable for highly pyramidalized alkenes.27

Taking into account the good agreement between B3LYP/
6-31G(d) and MPW1PW91/6-31G(d) calculations and the
experimental data for compounds 1–5, we next carried out
GIAO-B3LYP/6-31G(d) and GIAO-MPW1PW91/6-31G(d)
calculations on the highly pyramidalized alkenes shown in
Fig. 2. Compounds 6,28 7,29 8,4c 9,4a 10,15a 11 30 and 12 2b had
been previously synthesized but they were found too unstable
and were isolated as Diels–Alder adducts or dimers.

Table 2 shows the GIAO-B3LYP/6-31G(d) and GIAO-
MPW1PW91/6-31G(d) calculated 13C NMR chemical shifts
for the highly pyramidalized alkenes 6–12. The change in the
13C NMR chemical shifts with increasing pyramidalization
indicates that pyramidalization shifts the resonances for
olefinic carbon atoms to lower fields. A similar effect had
been previously observed in the acetylenic carbons of bent
alkynes 31 and on fullerenes and fullerene-related hydro-
carbons.32

In order to further check the relationship between pyramid-
alization and deshielding, MPW1PW91/6-31G(d) calculations
were carried out on ethylene ‡ at geometries in which both
carbon atoms were pyramidalized in a syn fashion by freezing
the HCH angle (α) and the carbon–carbon and the carbon–
hydrogen bonds at the experimental values of α = 117.6�, rC–C =
1.338 Å and rH–C = 1.086 Å, as previously described by Hrovat
and Borden.27 GIAO-MPW1PW91/6-31G(d) calculations were
carried out at Φ = 0, 18, 36, 54, 72 and 90�. An angle of Φ = 0�
corresponds to planar ethylene, while Φ = 90� can be under-
stood as a ethylene geometry created by joining two methylenes
so that the σ bond is formed between the p orbitals rather than
the sp2 orbitals of the bent CH2 fragments. Indeed, as shown in
Table 3, as the pyramidalization increases, the HOMO–LUMO
gap become smaller and the olefinic carbon atoms become
increasingly deshielded. §

Fig. 2 Highly pyramidalized alkenes.

‡ The author thanks one of the referees for suggesting these
calculations.
§ GIAO-B3LYP/6-31G(d) gave very similar results.
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Table 2 Pyramidalization angle (Φ), HOMO–LUMO gap (in eV) and 13C NMR chemical shifts (δc, ppm) calculated for the highly pyramidalized
alkenes 6–12 a

 6 7 8 9 10 11 12

Φ b 42.0 53.7 61.9 61.7 62.3 62.4 85.4
∆EHOMO–LUMO

c 5.42 4.79 4.17 4.21 4.18 4.19 4.76
Ca 167.3/168.6 176.7/178.2 199.7/201.2 190.9/192.5 204.3/205.7 208.3/209.6 189.1/189.6
Cb 43.5/43.2 54.7/54.1 57.3/57.1 62.1/61.9 67.9/67.3 65.7/65.1 79.8/80.1
Cc 61.1/60.5 74.1/73.6 70.8/71.1 85.9/85.0 26.3/26.0 26.1/25.9 42.8/41.7
Cd 33.5/32.5 38.0/36.8 — 20.5/20.9 84.2/84.5 82.6/82.8 —
Ce 46.0/45.6 — — — 69.8/69.9 — —
Cf — — — — 55.1/54.9 — —

a For each carbon atom, the value on the left refers to B3LYP/6-31G(d) while the value on the right refers to MPW1PW91/6-31G(d). b Calculated on
the B3LYP/6-31G(d) optimized geometry. c Calculated by B3LYP/6-31G(d). 

The magnetic shielding constant (σ) is described in terms of
three contributions: the diamagnetic contribution, that depends
only on the ground state electron density distribution, the
paramagnetic contributions, that depend on both the ground
state orbitals and the virtual orbitals, and the effect of neigh-
bouring groups. It is well-known that 13C chemical shifts are
determined mainly by variation of the paramagnetic shielding
term. This term, that is typically negative, increases with a
decreasing of the value of the transition of lowest energy,33 so
the shielding is expected to decrease and the chemical shifts to
increase ¶ as the HOMO–LUMO gap is smaller. It is also known
that pyramidalized alkenes, as a consequence of the rehybridiz-
ation, show an important decrease of the LUMO and a small
increase of the HOMO energies on increasing pyramidaliz-
ation.15a,27 This behaviour may explain the observed trend in 13C
chemical shifts for the studied pyramidalized alkenes. The
aforementioned trend is more evident from the data of Table 3
and in the series of the tricyclo[3.3.n.0]alkenes, 3 (n = 3,
Φ = 28.1�), 6 (n = 2, Φ = 42.0�), 7 (n = 1, Φ = 53.7�) and 8 (n = 0,
Φ = 61.9�), the most pyramidalized olefin carbon atom being
the most deshielded (δ = 199.7/201.2 ppm for the olefinic carbon
atom of 8).34 The differences between 8, 9, 10 and 11, that
contain the bis-nor-adamantane skeleton and have very similar
Φ, but different predicted 13C NMR chemical shifts for the
olefinic carbon atoms, can be easily explained taking into
account the β and γ effects due to the different substituents.35

Conclusions
In summary, geometry optimization has been performed on
several pyramidalized alkenes using DFT. Employing the
GIAO method, the 13C NMR chemical shifts were evaluated at
several levels of theory. For the pyramidalized alkenes that have
been characterized experimentally, the calculated values at the
B3LYP/6-31G(d) or MPW1PW91/6-31G(d) levels of theory are
in very good agreement with the experimental ones. From the
calculated data obtained for pyramidalized ethylene and for

Table 3 Pyramidalization energies (kcal mol�1) relatives to planar
ethylene (energy = �78.5612 Eh), HOMO–LUMO gap (in eV) and 13C
NMR chemical shifts (δc, ppm) calculated with MPW1PW91/6-31G(d)

Φ a Energy ∆EHOMO–LUMO δc

0 0 8.19 120.5 b

18 9.1 7.50 124.6
36 32.9 6.18 139.6
54 67.1 4.98 174.3
72 109.5 4.13 242.6
90 163.0 3.63 360.8

a Pyramidalization angle in degrees. b Experimental value is 123.3. 

¶ It should be noted that the shielding and chemical shift scales go in
opposite directions.

the highly pyramidalized alkenes 6–12, olefinic 13C chemical
shifts increase when the pyramidalization increases.
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