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CARBON-13 CHEMICAL SHIFTS AND ELECTRO!

STRUCTURE OF METHYLENE GROUPS IN

HYDROCARBONS *

Introduction

Ditect methods that allow to study the geometric
and electronic structure of the carbon sceleton of
hydrocarbons are not numerous. There are no
chemical methods of general applicability for the
determination and investigation of even such
simple functional groups as methyl, methylene or
methine carbons in saturated chains and indirect
methods have to be used to study these. In addition
to optical, mainly refractometric, methods molec-
ular spectroscopy has been applied to the study of
hydrocarbon structure. Infrared and ultraviolet
spectra have been widely used, but the utility of
the latter is confined mainly to m-electron systems
in aromatic or unsaturated compounds while the
former depend first of all on carbon-hydrogen, not
carbon-catbon bonds. It is practically impossible
to make sound conclusions about the electronic
structure of saturated chains or cycles from optical
spectta.

Proton magnetic resonance spectra have also
been used to study the structure of hydrocatbons.
Several useful relationships have been found, the
spectral patterns of the methyl groups are charac-
teristic of the chain branching and both methyl

* The lecture was delivered at the Meeting on
Chemistry 1967 in Helsinki.

and methylene patterns are indicative of metk
chain length!, while the chemical shifts o
unsaturated and a-protons atre susceptible to
metric isomerism?%3, But the shift difference
erratic and small, 0.04 to 0.10 ppm only an
most  specific difference in spin-spin cou
constants for cis and trans isomers cannot us
be measured from the very complicated sp
Proton spectra have proved to be especially u
in the analysis of strained polycyclic hydrocarl
particularly together with double resonance r
ods?®. In this particular case the spin-spin cou
constants are sometimes motre useful than che:
shifts that are often influenced by magneti
teractions in an unpredictable manner’, The hy
carbons always contain large strongly coupled
systems and the proton spectra of these mole:
are very complicated. It is just impossible at pr«
to measure the chemical shifts of all protor
more complicated molecules than pentenes. I
double resonance can in this case accomplish
partial simplification.

The carbon-13 spectra offer in this res
several important advantages. While the total ¢
of chemical shifts of methylene protons in un
stituted hydrocarbons does not exceed 4 ppm
well over 99 9 of all shifts crowded into a s
2 ppm range, the total span of carbon-13 chen
shifts is 80 ppm for saturated methylene group
hydrocarbons. This amounts to 1/3 of the t




smical shifts, ‘The low
on-13 nuclei (1.08 per
ikes the registration of
. but on the other hand it brings
rtant simplification of carbon-13
n no line splittings as a result of
ings between carbon atoms. If one
lecoupling with a strong coherent
ficld acting on the hydrogen spins,
n-13 spectrum consists of single

for each carbon atom®7,8,9,10,11,
y large molecules, at present with
n atoms can be analysed and all
ical shifts measured. It would be a
(o accomplish this with proton

3 chemical shifts in unsubstituted
bcarbons can be viewed as a con-
ty and in most cases depend on
its only. These shifts can be calcu-
use of the empirical constitutive
witsky?2,

the carbon-13 spectra of the satu-
rious hydrocarbons and carboxylic
cd with the object of getting some
it the electronic structure of these
ing useful analytical relationships
13 chemical shifts and. molecular

k of hydrocarbon molecules has
s attention than molecular rt-elec-
: Hiickel theory of m-electrons has
ssful in predicting chemical pro-
ic and unsaturated molecules and
L sort of neglect of o-electrons and
: often been considered to be
ed'®, In particular, the effects of
he 6—n separation in non-planar
| the past been generally ignored
is known about total electronic
n atoms of saturated molecules,
play a significant role.
calculations on aliphatics!4,15,%6,
teady increase of such work and
te molecular orbital (MO) theo-
ydrocarbons have appeared?’—20,
analogous to the Hiickel theory
:ctrons of aromatic systems but
I 7 clectrons. The extended
fiman®7% js an LCAO-MO
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theory with a s set consisting of a
orbital on each hydrogen
and 2s and 2p Slater orbiltas on each carbon atom.
All neighbout and non-neighbour interactions ate
included (non-zero differential ovetlap) and the
complete secular determinant is treated. A some-
what different approach has been used by White-
head. His self-consistent group orbital and bond
clectronegativity (SGOBE) method?®2 and the
extended Hiickel theory (EHT) have both been
used for charge calculations and gross atomic
charge Oy has been found to correlate successfully
with the carbon chemical shifts?3, thereby providing
an important link between theoretical calculations
and experiment.

The total scteening of a nucleus can be divided
into a diamagnetic and a paramagnetic contribution
from local currents associated with the given atom
A, contributions from local currents on other
atoms B and effects of molecular ring currents
that cannot be localized®*, The magnetic field at
nucleus A is

Hp = H, (1—c%), 6))

where ¢# is the total shielding constant of a parti-
cular nucleus.

oA — QW> + O.M(w + o.>w + Q>v ring ANV
B#A

The local paramagnetic term is given by
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where AE is the mean o <> 7 excitation energy,

usually 5 to 10 eV, & lu// is the mean inverse
‘N

cube radius for carbon 2p orbitals, and Qg con-
sists of elements of the charge density and bond
order matrix Py, in the MO theory of the unpet-
turbed molecule®. The paramagnetic terms in-
volving Qap arise because the external magnetic
field acting on atom B mixes certain excited elec-
tronic states of the molecule and thereby induces a
current flow on atom A. In the approximation of
localized MO wave functions used by Pople, the
effect of neighbouting atoms is different from zero
only if there is both c-and n-bonding between
atoms A and B, and so it is a multiple bond effect.
Oap depends on orbital hybridization and accot-

dingly lqw.» is equal to 207 ppm in ethane and
317 ppm in ethylene2®,

1 ' AA '
diamagnetic term oy " s given by the

ula (4) and corresponds to a uniform
circulation of all atomic clectrons as if they were
free.
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where \J.H N is the mean inverse distance of
N av

electron from the nucleus A and summation is over

electrons on the atom considered. Total vatiation

of this term is much too small to account for the

observed range of chemical shifts. With Slater

atomic orbitals the variation of o.%> for one added
2p or 2s clectron is only 14 ppm?®” o less than 3 per
cent of the total range of observed C3 chemical
shifts.

The magnetic contributions from bond anisot-

AB S
ropy 6 are likewise small and do not exceed
B#A
a few tenth of ppm in most hydrocarbons?, except

in cyclopropane®. The local paramagnetic term

AA : . .. .
o, is dominant in determining the chemical

shifts of carbon atoms and the variation of this term

\ yu// term

comes about mostly through the /w J,
2p

that has a strong charge dependence®?7, although
other factors, like variation of AE or free-valence
index®” may also contribute to a lesser extent. The
atomic orbitals of an atom expand with increased
negative charge due to intetrelectronic repulsion

and ¢ ,m/ decreases. Assuming linear depend-
/ \ 2p

ence of this term on the atomic charge?’17) a
linear charge dependence of carbon chemical shift
is expected. It has been assumed and found to be
consistent with experimental results for a limited
class of compounds that gross atomic charges
Qg are analogous to the chemical concept of charge
on an atom and should therefore correlate with
chemical shifts23,

If the electronic structure of a saturated hydro-
carbon could be adequately described with comple-
tely localized molecular orbitals, then the variation
of Oaa and that of the paramagnetic term should
be small?%2 and the total variation of chemical
shifts of saturated carbon atoms should be less
than 14 ppm. Yet the reverse is true. It has been
shown®2® that in strained unsaturated molecules a
saturated methylene group can have a chemical

shift as low as 117.6 ppm from carbon d

A total range of 60 ppm is possible fc
groups with sp*hybridised carbon atc
in propane the carbon chemical s
is 175.9 ppm?. This is a clear in
delocalization of s-electrons and in ordc
some insight into this phenomenon th
resonance spectra  of hydrocarbons,
without strain, were investigated.

Experimental

Low nartural abundance makes the regist
carbon-13 spcetra quite difficult. The al
signal is about four orders of magnitude
the corresponding signal from hydrogen
the same molecule. Use of adiabatic rapic
with a strong measuring 7f field

1 dH, 1 1

e = T, T,’

and measuring the dispersion signal ha
successful in the study of relatively simp
cules®, but rapid sweep rates and the ne
strong measuting rf field v limit spectra
tion so that the saturated parts of more con
molecules give no useful spectra® Fig- 1
No chemical shifts can be measured fro
featureless humps and one has cither to
ceedingly strong fields and superconducti
noids to generate them or double resonanc
ods for spectrum simplification. Irradia
hydrogen atoms near their resonance frec
with a strong perturbing rf field H, decou
hydrogen and carbon-13 nuclear spins anc
to get simple spectra with just one single
each carbon atom without any visible s
splittings.

I |v| Hy > [Aw,; 27 |J@oHn,

then the residual splitting is?2,33:

J A
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where _.« w H, is the amplitude of the pertur
field and A w, deviation of the perturbir
quency from exact resonance. In our exper
a very strong rf field with an amplitude o
cps was used, and since

Awy, < = (AS)- 108,

where A3 is the full range of hydrogen ch
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nly once in expe
i optimum decoupling of cither all the

cn atoms. This

cd hydr
nd in add

ion some possi-

yanied by a corre-
wo- or threefold increase in peak value
onal increase in line intensity (and
1¢) is possible as a result of the nuclear

¢ cffect. Using the symbols of Abra-

we have

L+ (9/p) Soflo)s )

P is the steady state and I the equi-

\etization of the carbon-13 nuclei.
1 /2 for dipole-dipole relaxation and
[~ 4 an up to threefold increase in
ity is possible. In benzene an increase of

up to 5.5 times has been achieved®?,
not always the case since other relaxation
" interfere, diminishing the o/p ratio.

does not depend on scalar spin-spin
nd strong enhancement is achieved for
ted sp-carbons in alkynes and carboxyl
y acids if the methyl and methylene
saturated. For high precision it is
‘o use absorption spectra with a not too
rturbing ficld®?, but the sensitivity is
| the -£0.07 ppm or even better
s of little practical use, since unsaturated
are susceptible to solvent effects and
.. Because of this adiabatic rapid pas-
s used in most cases and the mean shift

hoth sweep directions caleulated. This
is simple and allows to work much
\ high sensitivity. The precision is less,
5 ppm and relative line intensities ate
the mean valuc for both sweep
he spectrometer®? was
1ed to allow all nuclei
(e between 1,5 and 26 Mc to be inves-

atlected

rf power was available only

:...::_,__
wency of hydrogen nuclei
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(60 M), In oall cases (MONOTERGRANG el spn
T _.______

dec

pas wis used

with

ly, but base-linc stability is oreatly im-
proved®7, The stability of 7f bridges or crossed
coils is not high if very strong decoupling ficld
vH, is used and it would be quite difficult to reg-
ister C13 double resonance absorption spectra
without the use of pulse methods. The necessary
stability of line positions was provided by spin
stabilization and a sideband spin generator was
used for this purpose. All spectra were registered
at 15.1 Mc [sec with a 10 cps [sec frequency sweep
and the line positions were measured with an
clectronic counter. In the case of rapid passage
spectra the mean value of measured frequencies
for both sweep directions was used. Standard 15
mm test tubes and 1.5 ml of sample (in some cases
only 0.25 ml), mostly as neat liquid, were used.
All chemical shifts were measured at room tempet-
ature from external carbon disulphide, so that

3cg, = 6 — OCS, (10)

Results

1. Alkanes.

Normal alkanes up to n-decane and several
branched alkanes have been studied by Grant
and Paul’. Selective spin decoupling was used
and all carbon-13 chemical shifts assigned to
particular carbon atoms. These assignments are
consistent with the constitutive parameters of
Savitsky'2. The chemical shifts of saturated meth-
ylene groups in n-alkanes cover a range of 16.7
ppm. This, together with quite large vicinal spin-
spin coupling constants between hydrogen atoms?$,
is a clear indication that deviations from perfect
pairing, or second order hypetconjugation, does
occur in saturated hydrocarbon chains®. As a
result of this there appear m-bond orders between
adjacent saturated carbon atoms®’>*%?, QOag is no
longer zero and gives rise to a paramagnetic shift.
In addition to that there appeats to be a consider-
able direct interaction between temote groups,
particularly between the end and fourth member
of a hydrocarbon chain’. Such interactions may
play a part in Newman’s »rule of six» in chemical

reactivity®.

), Cyclie hydrocarbons,

s have been carried

Only very few inv

notes,

out on these compounds. Savitsk,
even simple saturated cyclic  structures, such
as cyclohexane, show considerable  deviations
from additivity. In the case of unsaturated
cyclic compounds the chemical shifts of only
unsaturated gp%-carbon atoms have in a few cases
been studied'2. We measured the chemical shifts
for a small representative series of cyclic com-
pounds that allowed us to investigate the effect of
strain and unsaturation on carbon chemical
shifts®28, The results are listed in table 1.

It is apparent that chemical shifts of saturated
carbon atoms in saturated cyclic compounds ate
not very susceptible to strain. The carbon-13
chemical shifts of adamantane, that is completely
free of strain and rigid are very similar to the
chemical shifts of strained norbornane (strain
energy, 18.5 kcal mole*), and if one uses the +6
ppm correction for every saturated 5- or 6-mem-
bered ring, then these shifts are quite compatable
with chemical shifts of carbon atoms in normal and
branched alkanes. However, quite unusual che-
mical shifts occur in unsaturated strained poly-
cyclic compounds. The bridge methylene carbon

in bhoth norbornend wmd norbornn

a8 compa

ope the me

shifts in cyclic compounds. If one

usual imption  of perfect pr

w-bonds, then one has two kinds of
for the o-clectrons. Both act in the
and lead to a paramagnetic shift. Onc
hydrocarbons and is not particulas
to strain while the other needs 7
nearby atoms and is met only in uns:
cules with strain. In such molecules ai
ions22* a strong hyperconjugatiy
between w-electrons and the bridge ¢
possible and the resulting bondings
classical. The electron structure «
carbon atom may no longer be adequ
by sp®hybrids, this makes o4 lar
to a paramagnetic shift. ’
Since both these mechanisms cai

significant paramagnetic terms that cc

a strong general charge depender
chemical shifts is expected. Any dect
charge must lead to paramagnetic

Table 1: Chemical shifts 8¢s, of some cyclic hydrocarbons.

Molecule Carbon Exptl.a Caled.b A Calcd.c
atom @ W«m i Q. x\mv c
cs, cs, cs, Ocs, cs,
Adamantane CH, 155.5 147.2 + 8.3 159.2
CH 165.0 145.5 +19.5 163.5
Norbornane CH, (7) 155.0 147.2 + 7.8 159.2
CH(,4) 157.5 145.4 + 12.1 157.4
CH, (2, 3,5, 6) 163.0 154.1 4+ 8.9 166.1
Norbornened CH, (7) 140 147.2 — 7.2
CH(1,4) 148 146.1 + 1.9
CH, (5, 6) 160 154.1 + 59
= CH (2, 3) 56 56.2 — 0.2
Norbornadiene CH, (7) 117.6 147.2 —29.6
CH(1,4) 142.5 146.8 — 43
= CH(2,3,5,6) 49.5 56.2 — 6.7
Quadricyclenee CH(,4) 171.0 131.6 + 394
CH (2, 3, 5, 6) 179.0 124.7 -+ 54.3
a) + 1 ppm.

b) Calculated on the basis of constitutive bond parameter

$%5,

<) Calculated on the basis of constitutive bond parameters with a diamagnetic constitutive
+6 ppm for every independent 5- or 6-membered saturated ring structure connected w

atom under consideration. Adamantane is consi

for every CH, group.
d) From eatlier work?”.

dered to contain 3 rings for cvery Cl

¢) Sample was partially decomposed and impure, chemical shift of carbon-7 could not be |

acceptable accuracy.

Kemian Teoll



thylene | W canthi

northorn ne can be compared

omie charge densities 2 of

urprisingly  pood linear fit is

(11)
other

many

show such

and do not

pes
o fact in adamantane the less

carbon carrics more shiclded

inc groups the

for me

‘._:_—.

shifts are

o ring currents
it can be thought

itals in the plane of the ring®.

n this hybridization can
itics for a ring current, the

study show that classical

a-bonds are quite inadequate
| shifts can be used to
lectronic structure of saturated

ted hydrocarbons.

methylene groups between

¢ rings.

tve interaction between the
d double bonds in norbornadi-
Jiar phenomenon and it is of

interactions can

L wl

urs, Some mole-

154
158

Vall canen the methylene chemieal

shifts in these h

appeats tha

__< unsatura ,__ -._-__—:v._:__x ure
comparable with chemical shifts 10 other alkenes
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alkanes (see

and

cven

s with hi
gement between the interacting groups are

ary for the spec norbornadiene kind of

hyperconjugation to take place.

4. Alkynes.

Carbon-13 spectra of a few simple acetylenes have
been studied by Lauterbur®, Friedel and Ret-
cofsky®, and others'”>*®. Only the chemical shifts
of the sp-hybridized carbon atoms were measured
and found to fall into the rather natrow range 104
to 126 ppm from CS§,%%° that is usually free from
other carbon-13 signals and can be used for the
identification of triple bonds. Very little is known
about the chemical shifts of saturated carbon atoms
in alkynes. Methyl and methylene groups of these
molecules give very complicated spectra of weak
overlapping multiplets whete no determination of
chemical shifts is possible. We investigated some
representative alkynes!® and complete chemical
shift data for these normal alkynes together with
the calculated values are given in the Table 3. The
values for n-octane’ are added for comparison.
The assignment of the chemical shift to a given
carbon atom was made on the basis of peak intensi-
ties, additive parameters and in some cases through
the use of monoresonance spectra and selective
decoupling with various Acw, values.

The data for the alkynes indicate that quite
regular trends exist for the chemical shift values.
The chemical shifts of carbon atoms in the higher
members conform very well with trends established
by carlier members of the setries whete there is no
ambiguity in spectral assignment. It is immediately
apparent that the triple bond influences only the
shifts of immediate neinghbours, the a-catbon
atoms, that show a fairly constant diamagnetic
shift about 11 to 13 ppm for both methyl and
methylene groups. The possible effect on B-carbon
atoms is certainly less than 1 ppm if it exists at all
and the shifts of 3,y and farther atoms correspond
closely to the shifts in similar alkanes. The dia-
magnetic 11 ppm shift of «-methylene carbon
atoms relative to atoms in the same position in
paraffins is large. As a result of this shift, in some
cases the a-methylene groups absorb in a higher
ficld than the methyl groups of the same molecule.
If this shift is caused by magnetic anisotropy of the
triple bond, then this anisotropy must be even

=

Table 3: Carbon 13 chemieal shift data for unbranched alkynes.

el ok SO SR T S N P e
Carbon atom m m. m. m M, m m m m g
§ | 6| 8| 8| &g 8|88 ¢%&
o) ay o o I ay O O O @)
Exptl.? 125.11190.8 | 178.1 | 125.1 | 190.2 | 178.8 | 123.5 | 189.6 | 177.4 | 179.8 | -
C, Calcd.? 125.8 1 189.4 | 176.6 | 125.8 | 189.4 | 176.6 | 125.8 | 189.4 | 176.6 | 176.6 | -
A3 —0.7| +1.4| +1.5| —0.7| 4+0.8 | +2.2 | —2.3 | 0.2 | +0.8 | +-3.2
Exptl. 109.7 | 118.8 | 180.5 | 109.6 | 118.3 | 180.5 | 108.5 | 117.7 | 179.5 | 171.1 | -
C, Calcd. 110.2 | 118.7 | 182.3 | 110.2| 118.7 | 182.3 | 110.2 | 118.7 | 182.3 | 169.5 | 1
A —0.5|+01|—1.8| —0.6|—0.4|—1.8|—1.7| —1.0| —2.8| +1.6| -
Exptl. 175.1 | 115.6 | 112.6 | 174.8 | 114.9 | 114.2 | 174.1 | 114.0 | 112.8 | 173.3 | -
C, Calcd. 173.8 1 110.2 | 110.2 | 173.8| 110.2 | 110.2 | 173.8 | 110.2 | 110.2 | 173.8 | 1
A +13| +54| +2.4| +1.0| +4.7 | +4.0| +03 | +3.8| +2.6 | —0.5 | -
Exptl. 162.6 | 172.9 | 112.6 | 164.4 | 174.8 | 112.3 | 163.3 | 174.1 | 111.5 | 113.5 IH
C, Calcd. 161.0| 173.8 | 110.2 | 161.0 | 173.8 | 110.2 | 161.0 | 173.8 | 110.2 | 110.2 | 1
A +1.6| —0.9| +2.4| +3.4| +1.0| +2.1| +2.3| 403 | +1.3 | +3.3 | -
Exptl. 171.31170.9 | 180.5| 161.8 | 161.3 | 172.3 | 163.3 | 163.0 | 173.8 | 113.5 1
C; Calcd. 169.5]169.5 | 182.3 | 161.0 | 161.0 | 173.8 | 161.0 | 161.0 | 173.8 | 110.2 | 1
A +1.8| +1.4| —1.7| +0.8| +0.3 | —1.5 | +2.3 | +-2.0 0.0 | 4331 -
Exptl. 179.6 | 180.4 | 178.1 | 170.1 | 170.7 | 170.0 | 160.5 | 161.1 | 160.6 173.3 | 1
Cs Calcd. 176.6 | 176.6 | 176.6 | 169.5| 169.5 | 169.5 | 161.0 | 161.0 | 161.0 | 173.8 | 1
A +3.0| +3.8| +1.5| +0.6| +1.2| +0.5| —0.5 +0.1| —0.4 | —0.5] -
Exptl. 178.51179.0 | 179.4 | 169.1 | 169.8 | 169.7 | 171.1 IH
C, Calcd. 176.6 | 176.6 | 176.6 | 169.5 | 169.5 | 169.5 | 169.5 | 1
A +1.9| +2.4| 4+2.8|—0.4]| +0.3| +0.2 “+1.6 | -
Exptl. 177.6 | 178.0 | 177.9 [ 179.8 | 1
Cs  Calcd. 176.6 | 176.6 | 176.6 | 176.6 | 1
A +1.0| +1.4| +1.3| +3.2| -
! ppm from external CS,, without corrections for bulk susceptibility, ScsHg—3cs, = 65 ppm.

? Calculated with the use of the constitutive parameters of G. B. Sav

3 A stands for the difference Sexp(i.-Scaicd.
4D. M. Grant and E. G. Paul’.

larger than the highest suggested value’’. The
difference of chemical shifts of the two sp-carbon
atoms has analytical value. It is 15.2 + 0.3 ppm
in l-alkynes, 3.4 4 0.3 ppm in 2-alkynes and
1.6 + 0.3 ppm in 3-alkynes. These values have
significance for higher members of the series only,
in the case of butynes and phenylacetylene there
are large deviations from these values?’.

The differences between calculated!? and mea-
sured chemical shifts are small and show that the
Savitsky parameters can well be used in the struc-
tural analysis of aliphaties. One new constant for
the -C = group, +29 ppm has been added. The
equality to the = C- constant must be purely
accidental.

The Overhauser effects provide some insight into
the relaxation processes in alkynes. A large increase
of line intensity of unsubstituted sp-carbon atoms
was noted, cven though only more distant hydro-
gen atoms were saturated. This is consistent with

| Over-

isms for

itsky!2.

since no very effective additional relaxation
anisms for sp*-carbon atoms are known.

5. Alkenes

Carbon-13 spectra of unsaturated compounds

been actively investigated. The results of H

showed that olefinic carbon nuclei absorb i
same region as aromatic carbons. In the ab

of polar substituents the absorption falls int:

very crowded region of 44 to 79 ppm from
Substituents cause additional shifts and the

range reaches from 38 to 1145°. A systematic

of unsaturated carbon atoms of olefins has

reported by Friedel and Retcofsky®! and

largely these results, it has been shown tha
simple hydrocarbons the chemical shift of
unsaturated sp®-catbon atoms is a constit
property that depends on the nearest neight
alkenes

received little attention. We investigated all
metric isomers of normal octenes' where in

only!2,

cases it was possible to separ:

The saturated

chains of

ate cight distinct
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