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Communications to the Editor

Computational Evidence of NMR Deshielding of
Protons over a Carbon—Carbon Double Bond
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Figure 1. Traditional NMR shielding cone for a carberarbon double
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1 2
Diamagnetic shielding of protons due to the anisotropy of the
; o A8 (Ha) A3 (CHza)
magnetic susceptibility of nearby groups has been known for some calo. -0.33 calc. -0.06
time. Shielding is most pronounced in aromatic compounds obs. -0.24 obs. -0.09

because of the high electron density associated with aromatic
rings. Pauling explained the phenomenon in benzene in terms
of abnormally large magnetic moments caused by the Larmor
precession of the six electrons in orbits containing multiple
nuclei. Popléestimated this shielding effect using a point dipole
calculation. McConnell proposed an equation to predict the
directional dependence of the NMR shielding tensor experienced - g ;
by a nucleus because of its proximity to an anisotropic group. SPartafimolecular modeling software running on an SGI Indigo2
Evaluation of the sign of the shielding effect calculated by this R4000 computer and were optimized at an ab initio SI)eveI using
equation gives rise to the familiar “shielding cone” (Figure 1) Hartree-Fock theory, with a basis set of 6-31G(d;p)The
found in most textbooks on NMR spectroscdpydn empirical geometry-opt|m|zgd structures were saved as Brookhaven protein
function was developed by Johnson and Béviy predict the databank (.pdb) files which were transferred to a Cray T-916
shielding increment of a proton held over the face of a benzene SUP€rcomputer. Using the same theory and basis set employed

ring. Schneidérapplied the program SHIFT, employing a ring N the geometry optimization calculations of the individual

Figure 2. GIAO-predicted and observed NMR shielding increments in
structures having protons over a carbaarbon double bond.

call into question the validity of chemical shift predictions based
solely on that model.
Input geometries of structurgdsand 2 were generated using

current model to the calculation of diamagnetic shielding in Structures, each of these input files was submitted for a single

cyclophanes. More recently, Martin, Allen, Moore, and’Vo
developed an empirical equation for predicting the NMR shielding

of a proton over benzene based on ab initio calculations of a '

simple model system, methane over a benzene ring.

point computation using Gaussian ¥4.The NMR isotropic
shielding tensors were calculated using the utility GIAO (gauge
invariant atomic orbital), developed by Ditchfiéldand later
modified by Chesnu¥? GIAO calculates an isotropic shielding

The magnitude of the shielding effect in alkenes is smaller than Value for each atom. Differences in these values may be used to

that observed in aromatic systems, but the effect is significant Predict chemical shift differences (in ppm). _
enough to be of consequence in structural assignments based on We define the shielding increment¢) as the difference

NMR spectra. In the traditional textbook representation (Figure
1) based on the McConng&kquation, protons positioned over a

in the isotropic shielding value calculated by GIAO for the
proton(s) over the double bond {Hversus that for comparable

carbon-carbon double bond are considered to be in the “shielding Protons not over a double bond (labeleg) HStructures such as
cone” of the carborcarbon double bond. However, analysis of 2 in which a methyl group is held over an alkene double bond
the NMR spectra of compounds which appear to possess thePose a special problem. Rapid rotation of the methyl group results
necessary structural features to exhibit such shielding reveals thain the NMR chemical shift representing the average environment

in many instances protons so oriented experietieshielding
instead (Figure 2). In this paper we report preliminary results of
ab initio calculations which predicteshieldingof protons above
the face of a carboncarbon double bond, as is observed
experimentally in structure§ and 2. These results are dia-
metrically opposed to the long-held notion of a “shielding cone”
above and below the face of a carbazarbon double bond and

of the three protons, yet GIAO utilizes a specific geometry (single
conformation) for computation of the isotropic shielding values.
Therefore, in an attempt to estimate an average shielding
increment two conformers were used, the lowest energy conformer
(which had one methyl proton directed toward the alkene double
bond) and one differing from it by a 60 degree rotation. The
shielding increments of the six proton environments were averaged
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Figure 3. Initial geometry of the metharesthene pair. 0 2 4 6

Distance above Ethene, A

to provide an “gﬁegtlve shielding |ncrem.ent.." The GlAO', Figure 4. Graph of the GIAO-calculated shielding incremeAu] of a
calculated shielding increments are found in Figure 2. AlSO in o500 of methane (a) oriented as in Figure 3 vs distance above the center
Figure 2 are the experimentally observed shielding increments, of ethene (solid circles) and (b) oriented as in Figure 3 but positioned
defined here as the chemical shift difference between two proton approximately ové? one hydrogen of ethene (open circles) vs. distance
types in similar environments except for their relationship to apove ethene.
a carbon-carbon double bondAc = oH, — OH, or Ao =
0CHz, — 0CHs, where the protons labeled a are located over {ransformed into the calculated shielding incremeAt) by
the carbor-carbon double bond. Thus a negative value\of subtracting from each data point the isotropic shielding value
suggests that Hor Chs, is deshielded relative to gor CHs,. — cajculated similarly for methane alone. The shielding increment
Both the GIAO calculations and the experimental observations A, \yas graphed against the distance from the center of the
concur that structures and2 display deshielding (a downfield,  carhon-carbon double bond (solid circles, Figure 4). Positive
or paramagnetic shift) for the protonsdtéver the carborcarbon  y3jyes of Ao represent shielding; negative values represent
double bond. This is in sharp contrast to the predicted shielding deshielding. A similar series of calculations was performed with
(upfield, or diamagnetic shift) according to the traditional shielding ethane located approximately o¥eone hydrogen atom of
cone model based on the McConnell equafion. _ethene; a similar, but less dramatic deshielding curve was obtained
A simple model system was constructed to test the generality (open circles, Figure 4). In contrast to the traditionally employed
of deshielding over a carbertarbon double bond. Input  ghielding cone model, our results demonstragshieldingfor
geometries of methane ar_ld ethene were ggnerated separate_ly US"}S}otons above the center of a carbararbon double bond within
Spartarf molecular modeling software running on an SGI Indigo2 3 & of the plane of the alkene, as is observed experimentally in
R4000 computer, and each was optimized at an ab initio level seyeral systems. A detailed computational analysis of the (de)-

using Hartree-Fock theory using a 6-31G(d,p) basis SefThe ghielding surface above a carbecarbon double bond is in
optimized structures were exported to a Brookhaven protein progress.

databank file format (.pdb) file at which point two files were

textually merged to create the geometry indicated in Figure 3, in acknowledgment. The authors gratefully acknowledge support of
which one proton of the methane molecule is 2.0 A above the this work by the donors of the Petroleum Research Fund, administered
plane of ethene directly over the center of the carbcarbon by the American Chemical Society, Cray Research, Incorporated for a
double bond with the proximal €H bond oriented normal to  Cray Fellowship (to NWA), the North Carolina Supercomputing Center,
the plane of ethene. The other three protons project away fromand the College of Arts and Sciences of UNCW.

ethene. Similar data files were created in which the methane j5gg5309¢c

molecule was located up 5 A away from the plane of ethene.
Using the same theory and basis set as employed previously, each (13) The Cartesian coordinates of ethene placed all atoms X Ylpane

i i i i i with the carbon-carbon double bond along theaxis, centered at the origin.
of these input files was submitted to a single point GIAO The two series of calculations had the proximal proton of methaXgYat

computation using Gaussian 94. The isotropic shielding values g o'and 1.1, respectively. For reference, one hydrogen of ethene was located
for each proton on the methane molecule over ethene wereatX,Y = 0.915, 1.225.




