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In addition to optical, mainly infrared spectra, proton spectra have
been used to study the structure and electronic properties of alkenes
fll - i2] and alkanes [l3 ]. Several useful relationships have been found, the
spectral patterns of the methyl groups are characteristic of the chain
branching and both methyl and methylene patterns are indicative of
methylene chain length (13], while the Chemical shifts of the unsaturatecl
and «-protons are susceptible to geometric isomerism [41 > 12]. But the shift
differences are erratic and small, 0.04 to 0.10 ppm only and the most
specific difference in spin-spin coupling constants for cis and trans iso-
mers cannot usually be measured from the very complicated spectra. Even
double resonance can in this case accomplish only partial simplification
of these spectra [и ] and it is just impossible to measure the Chemical
shifts of all different protons in pentenes and more complicated alkenes.

Carbon-13 spectra of unsaturated compounds have been actively
investigated. The early results of Hõlm {0 showed that olefinic carbon
nuclei absorb in the same region as aromatic carbons. In the absence of
polar substituents the absorption falls into the very crowded region of 44
to 79 ppm from CS2. Substituents cause additional shifts and the full
range reaches from 38 to 114 ppm {2 j. A systematic study of olefins has
been reported by Friedel and Retcofsky [ 3] and using largely these results,
it has been shown that for simple hydrocarbons the Chemical shift of the
unsaturated sp 2-carbon atoms is a constitutive property that depends on
the nearest neighbours only [ 4], The Chemical shifts of unsaturated carbon
atoms in aliphatic compounds can be calculated using the additive
parameters of Savitsky [4] with good results but large deviations from
additivity occur in alicyclic and especially in rigid unsaturated molecules
[ 6]. Little is known. about the Chemical shifts of saturated carbon atoms
in alkenes. The spectra of these methyl and methylene groups consist of
many overlapping Unes, placed close together, so that monoresonancespectra of the saturated part of even simple alkenes are usually quite
structureless and no determination of Chemical shifts is possible
П Fig. 2; [*]).

Spin decoupling results in greatly simplified spectra with only one
sharp Une with many times enhanced peak value for each carbon atom
[õ~7 ]. Even if these Unes overlap, the doubled Une intensity in this case
allows exact assignments tobe made.
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All alkenes were investigated as neat liquids and the experimental
conditions were exactly the same asin [ s], Asin the case of alkynes, the
perturbing frequency was changed in each experiment and was adjusted
for maximum decoupling of elther the olefinic or saturated hydrogen
atoms.

Complete Chemical shift data for the alkenes as well as the calculated
values [4] and the deviations are given in the table. The assignment of
carbon Chemical shifts to particular carbon atoms was made on the
basis of regular deviations from the corresponding values in similar
unsaturated or saturated compounds (n-octane), additive parameterst4 ’ 7], peak intensities and through the use of selective decoupling with
various Лео2 values. The assignment of Chemical shifts is not unambiguous
for the unsaturated carbon atoms in 3-octenes, where the selective y-effect
[ 7’ 10] may change the relative shift order with respect to 2-octenes. Since
this specific effect is clearly absent in 4-octenes where the sp2-carbon
shifts have quite usual values, the sp2-carbon shifts in 3-octenes are
assigned to conform with the general trend in this series.

The Chemical shift data indicate that both the sp2
- and sp3-carbon

shifts fail into the corresponding usual ranges [2]. In the case of
asymmetrically placed double bonds in linear molecules, the difference
of Chemical shifts of the unsaturated carbon atoms has analytical signi-
ficance. It is 24 ppm in octene-1, 7 ppm in octene-2 and 1.6 ppm in
octene-3. There is every reason to expect similar differences in higher
alkenes. These differences are practically identical in both cis and
trans isomers.

The Chemical shifts of saturated carbon atoms show that the double
bond influences the shielding of the immediate neighbours only and
there is no selective effect on /3- or y-carbon atoms. The shifts of these
and other carbon atoms are very close to the corresponding shifts in
paraffins. While other carbon Chemical shifts can be calculated with
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acceptable accuracy, the a-carbon atoms show large and significant
deviations of very constant value. The Chemical shifts of a-carbon atoms
in all cis-trans pairs differ by 5.7 +1 ppm and this difference depends
neither on the type of the atom (methyl or methylene) nor on
the position of the double bond in the molecule. The measured shift is
larger than the calculated value in all cis-alkenes and smaller than that
in all trans-alkenes. These deviations are with one exceptidn much
larger than the possible experimental error. In addition to the a-carbons
all carbon atoms, both saturated and unsaturated, show in cis-alkenes
a small Ito 2 ppm diamagnetic shift relativeto the corresponding atoms
in trans-alkenes. This effect has also been noted for sp2-carbon atoms in
2-butene [B] and 3-hexene [ 3]. The reason for this dependence of carbon
Chemical shifts on geometric isomerism is not clear. In the case of
proton spectra of 1,2-substituted ethylenes the magnetic anisotropy of
substituents has been suggested as a possible explanation [9], but this is
not possible for the symmetrically placed sp2-carbon atoms. The

Carbon-13 Chemical shift data for unbranched alkenes

1 ppm from CS2 , without corrections for bulk susceptibility, ÖQjHo
6CS 2 =65 PPm-

-2 calculated with the use of the constitutive parameters of G. B. Savitsky
14-

3 A stands for the difference 6exptl - 6calcd .
4 D. M. Grant and E. G. Paul [ 7],

Carbon
atoms

.

Octene-1 cis-Octene-2 trans-Octene-2 cis-Octene-3 trans-Octene-3 cis-Octene-4 trans-Octene-4 Оcca
оО
с

Exptl. 1 78.7 180.7 174.7 179.0 179.2 179.4 178.8 179.7
с, Calcd.2 78.7 177.3 177.3 176.6 176.6 176.6 176.6 176.6

А 3 0.0 +3.4 —2.6 +2.4 +2.6 +2.8 +2.2 + 3.1

Exptl. 54.5 70.0 68.5 173.0 168.3 170,5 169.6 170.7
с 2 Calcd. 55.9 71.6 71.6 170.2 170.2 169.5 169.5 169.5

А —1.4 —1.6 —3.1 +2.8 —1.9 + 1.0 +0.1 + 1.2

Exptl. 158.7 62.8 61.2 64.4 63.5 164.3 158.0 161.3
С3 Calcd. 161.7 63.1 63.1 63.1 63.1 161.7 161.7 161.0

Л —3.0 —0.3 —1.9 + 1.3 +0.4 +2.6 —3.7 +0.3

Exptl. 162.6 167.0 160.2 63.2 61.5 64.4 62.3 164.0
с4 Calcd. 161.0 161.7 161.7 63.1 63.1 63.1 63.1 161.0

Л + 1.6 +5.3 —1.5 —0.1 —1.6 + 1.3 —0.8 +3.0

Exptl. 162.6 163.9 162.4 , 166.9 161.5 64.4 62.3 164.0с5 Calcd. 161.0 161.0 161.0 161.7 161.7 63.1 63.1 161.0
Л + 1.6 +2.9 + 1.4 +5.2 —0.2 + 1.3 —0.8 +3.0

Exptl. 159.9 161.8 160.2 161.5 161.5 164.3 158.0 161.3
Се Calcd. 161.0 161.0 161.0 161.0 161.0 161.7 161.7 161.0

Л —1.1 +0.8 -0.8 +0.5 +0.5 +2.6 —3.7 +0.3

Exptl. 169.4 170.4 169.5 171.0 170.9 170.5 169.6 170.7с 7 Calcd. 169.5 169.5 169.5 169.5 169.5 169.5 169.5 169.5
Л —0.1 +0.9 0.0 + 1.5 + 1.4 + 1.0 +0.1 + 1.2

Exptl. 178.3 179.1 178.2 179.0 179.2 179.4 178.8 179.7с8 Calcd. 176.6 176.6 176.6 176.6 176.6 176.6 176.6 176.6
А + 1.7 +2.5 + 1.6 +2.4 +2.6 +2.8 +2.2 +3.1
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magnetic effects must be very small in unsubstituted normal alkenes.
since the < 0.05 ppm differences of olefinic, a-methyl and a-methylene
proton shifts in cis and trans isomers are nearly two orders of magnitude
smaller than in carbon spectra, with opposite signs for a-methyl and
a-methylene protons. Steric inhibition of conjugation, as suggested for
bulky substituents [ l4] is quite improbable for the flexible alkyl groups
where only hyperconjugation is possible, but some other forms of action
through space [7i 10] cannot be entirely discounted. However, since all
atoms of the molecule are affected a systematic difference in AE suggests
itself. The only strong ultraviolet absorption bänd of normal alkenes is
for cis-2-alkenes /lmax cis '= 176.5+ 1.5 m[i and for trans-2-alkenes
Amaxtrans ='l79 + 1 mfi [15> 16]. If the paramagnetic contribution to the
Chemical shift op AA has in alkenes about the same valueas in ethylene
[l9], then а 1.8 ppm/m/г change in Chemical shift valuesis tobe expected
and gives the right order of magnitude for the shift differences, ai-
though most of these are actually smaller. An analogous analysis of
Chemical shifts in cyclic ketones gave very similar results where the
actual effect was likewise onlv about a half of the predicted value [ l7].

With the exception of a-carbon atoms, all calculated shifts [ 4] agree
well with the measured values. The Savitsky parameters can be used to
predict the spectra of normal alkenes and the Chemical shifts of a-carbon
atoms allow the geometric isomers tobe recognized.

All alkenes were prepared by selective hydrogenation of alkynes,
either with metallic sodiumin liquid ammonia to trans-alkenes [ lB] or
in the presence of Lindlar catalyst at room temperature to predominantly
cis alkenes. All alkenes were purified by preparative gas-liquid chromato-
graphy on AgNOs-triethylene glycol columns. The purity was 99.8 per
eeni (in the case of the unstable cis-4-octene onlv 75 per cent), as
determined by gas-liquid chromatography with the use of a canillary
column of 40 m length and 0.2 mm diameter, coated with triethylene
glycol dibutyrate.
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