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Abstract: Thelong-held “shielding cone’” model of the through-space NMR shielding effect
of a carbon-carbon double bond predicts only the effect of the magnetic anisotropy of the
double bond; it ignores other important contributors to the overall shielding. GIAO-SCF and
GIAO-MP2 caculations have been performed on a simple model system, methane moved
sequentially above ethene or 2-methylpropene. These calculations permit the net NMR
shielding surface to be mapped. Based on those results, a new and very different graphical
model for predicting the effect of a proton’s position relative to a carbon-carbon double
bond on its chemical shift is presented.
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Introduction

The long-held “shielding cone” model used for predicting the through-space magnetic influence of
the magnetic anisotropy of a carbon-carbon double bond on the chemical shift of a nearby proton,
found in most textbooks on NMR spectroscopy [1], is based on the McConnell equation [2]. It was
designed to predict the long-range shielding effect of the magnetic anisotropy of the carbon-carbon
double bond. This model has been used improperly in many textbooks to predict the effect on a
chemical shift of a proton due to its proximity and position relative to the double bond. Recently this
model has been called into question as the result of ab initio SCF calculations [3-8] and experimental
observation [9] of protons over carbon-carbon double bonds which report deshielding rather than
shielding for protons above and within 3 A of the plane of a carbon-carbon double bond. Substantial
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(as much as 2 ppm) deshielding is observed in some systems for protons within this region.

M ethods and Calculations

We have used the GIAO (gauge-including atomic orbital)-SCF method [10-12] within Gaussian 98
[13] to map the proton NMR shielding surface of a simple model system: methane moved sequentially
over ethene. From the methane proton shielding data we have derived an empirica mathematical
function to predict the NMR shielding increment (Ao) of a proton as a function of Cartesian
coordinates relative to the center of a carbon-carbon double bond [8]. The computed shielding
increment is defined as the difference in isotropic shielding value of a proton in methane oriented over
a double bond compared to that of a proton of methane by itself. This ab initio approach includes a
variety of effects influencing the chemical shift, including the magnetic anisotropy of nearby bonds,
electric field effects, orbital interactions, and dispersion, to the extent these are modeled at the HF/6-
31G(d,p) level. In this paper we report the results of a series of calculations on this simple system
performed at the MP2/6-31G(d,p) level. Because the MP2 method includes electron correlation effects
and models dispersion effects better than HF methods, MP2 calculations should provide a more
accurate description of the net NMR shielding [14]. The observed chemical shift difference (Ad) is the
difference in observed chemical shift between a proton oriented over a double bond (e.g., protons
labeled a, Figure 1) and a proton not over a double bond, but otherwise similarly situated (e.g., protons
labeled b, Figure 1) [15]. For convenience of comparison, the differences are defined such that a
proton deshielded (negative Ac) by a double bond also has a negative value of Ad. The most recent
shielding model [8] provides predictions of (de)shielding increments which agree quite well with
experimental chemical shift differences (Table 1) in several diverse structures.
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Figure 1. Structures having a proton over a carbon-carbon double bond.
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Figure 2. Reference structure for structure 4.
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Table 1. Shielding increments (Ac) in ppm of protons over a carbon-carbon double bond in the
structuresin Figure 1 as predicted by McConnell's equation, predicted by the equation derived from
ab initio GIAO-SCF calculations, and experimentally observed chemical shift differences (AJ).

Structure McConnell Predicted | Ab Initio GIAO-SCF Experimentally
Ao Predicted Observed
Ao AD
1 -0.10 -0.28 -0.24
2 -0.10 -0.46 -0.80
3 -0.06 0.30 0.27
4 0.12 -1.99 -2.12

Results and Discussion

We have prepared color graphs of the two-dimensiona isosurface of the shielding increments
predicted by the GIAO-SCF shielding-derived function (Figure 3) and the shielding increment derived
from the McConnell equation (Figure 4). These graphs present shielding values (in blue) or
deshielding values (in red) in a plane aong the carbon-carbon double bond axis norma to the
molecular plane of ethene from 2.0 A to 3.5 A above the molecular plane. The McConnell equation is
the basis of the “shielding cone” model in common (but improper) use for predicting NMR shielding
in the vicinity of a carbon-carbon double bond. The dramatic difference between the McConnell
shielding model and the GIAO-SCF model is quite evident from a comparison of the two plots. When
shielding increments calculated using the two methods are compared to experimental observations of
chemical shift differences (Table 1) it is clear that the (mostly deshielding) values derived from the ab
initio GIAO-SCF computations agree with experimental data much more closely.
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Figure 3. (De)shielding isosurface above the plane of ethene (Z direction) along the C=C bond (Y)
axis predicted by GIAO-SCF calculations (predicted shielding in ppm indicated on the graph; positive
(white) numbers represent shielding, negative (black) numbers represent deshielding).
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Figure 4. Shielding isosurface above the plane of ethene (Z direction) along the C=C bond (Y) axis
predicted by the McConnell equation (predicted shielding in ppm indicated on the graph).

The major reason for the dramatic difference between the two sets of predicted shielding increments
is the smplicity of the McConnell model. It computes the magnetic shielding at a point in space
relative to the center of a carbon-carbon double bond arising only from the magnetic anisotropy of the
double bond. Our ab initio GIAO-SCF approach, while utilizing a smple model system, also includes
the important contributions of electric field effects, orbital interactions, and dispersion between the C-
H bond and the alkene double bond to the extent that these are calculated by Hartree-Fock theory using
the 6-31G(d,p) basis set. The data are not corrected for basis set superposition error (BSSE). Previous
estimations of BSSE using the counterpoise method [16] have shown BSSE to be negligible (<0.01
ppm) in this series of computations [6, 7].

The ab initio model was developed using the ssmplest alkene (ethene) yet al applications of the
shielding function involve more highly substituted alkenes. To determine the effect of the degree of
substitution of the double bond on the calculated shielding increment over a double bond, a series of
calculations of methane with one proton oriented perpendicular to the plane of the double bond of
2-methylpropene (Figure 5) was performed. In this series of calculations methane was moved
incrementally along the C=C axis with the proximal hydrogen of methane at a fixed distance 2.0 A
above the plane of the double bond. These cal culations were performed at the MP2/6-31G(d,p) level.

Figure 5. Methane oriented over 2-methylpropene with one proton perpendicular to the plane of the
carbon-carbon double bond.
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The output gives both HF/6-31G(d,p) and MP2/6-31G(d,p) isotropic shielding values. The results
are shown in Figure 6, aong with the intermolecular deshielding curve for a similar series of
calculations 2.0 A above ethene. The results indicate that the degree of substitution does indeed perturb
the shielding surface dlightly, shifting the region of maximum deshielding toward the less substituted
end of the double bond by approximately 0.15 A and decreasing the magnitude of the deshielding
effect dightly (<12% decrease). This perturbation is consistent with the calculated natural population
analysis charges [17] on the carbon atoms of the carbon-carbon double bond. The more highly
substituted carbon has a natura population analysis charge of 0.00 whereas the less substituted
(terminal) carbon has a natural population analysis charge of -0.45. The more electron-rich end of the
double bond provides greater shielding of the proton, as expected. Given the uncertainty in predictions
of shielding based on this equation, the accuracy with which our function-predicted shielding
increments match the experimental chemical shift differences attests to the validity of applying the
model to alkenes having different degrees of substitution of the double bond.

Ao, ppm

Distance (A) from center along C=C

Figure 6. (De)shielding curve for methane oriented as in Figure 5 with one proton 2.0 A above
2-methylpropene (blue lines) and moved a ong the double bond axis and methane similarly moved
over ethene (red lines). Dotted lines are HF results; solid lines are MP2 resullts.

The shielding values calculated at the MP2 level are quite similar to those calculated at the SCF
(HF) level. Above the center of the carbon-carbon double bond, where deshielding is at a maximum,
the MP2 shielding values (solid lines) are approximately 9% less than the SCF (HF) values (dotted
lines) for both the ethene series (red lines) and the 2-methylpropene series (blue lines). Thisis within
the uncertainty of the predictions based on the SCF (HF) shielding function previously described [8].

Conclusions

In conclusion, the experimental and computational evidence strongly suggests that the traditional
shielding cone model should not be used for predicting effects on chemical shifts of protons over a
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carbon-carbon double bond. We propose a new graphica model (Figures 3 and 7) for predicting the
net through-space intermolecular (de)shielding effect of a carbon-carbon double bond on the NMR
chemical shift of a nearby proton. The shape of the deshielding region resembles a dome, with greater
deshielding closer to the region over the center of the carbon-carbon double bond. Predictions using
this model stand in sharp contrast to predictions based on the traditional shielding cone model, but are
in close agreement with reported chemical shifts of protonsin such an environment.

Figure 7. Shielding isosurface above ethene (shown as red and blue spheres) predicted by GIAO-SCF
calculations (animated in WWW version).
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