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The Interpretation of Carbon Nuclear Magnetic Resonance Shifts. Part 
2.l The Alkane (Empirical) Shielding Parameters, and an Absolute Scale 
for Carbon Shielding 

By Joan Mason, The Open University, Milton Keynes MK7 6AA, Buckinghamshire 

Grant has shown that the nuclear magnetic shielding of 13C in the alkanes can be predicted as a sum of o(13CH,) 
and substituent parameters sk for the kth position. Using Flygare‘s equation, we can obtain the molecular dia- 
magnetic shielding term cr,, as a sum of crd(1aCH4) and substituent contributions Dk. The paramagnetic term can 
therefore be parameterised similarly, and the substituent contributions Pk have been obtained by subtracting D,(calc) 
from Sk(obs). The unusual fall-off with distance of Grant‘s substituent parameters is interpreted as the difference 
between the smooth fall-off of the diamagnetic parameters with distance (asr-l), and the less regular fall-off of the 
paramagnetic parameters, because of the dependence on the conformation of the y, 6, etc.. substituents. The 
variation with chain length of the n-alkyl substituent parameters can be interpreted similarly. Absolute shielding 
terms for13C are derived from Ozier, Crapo. and Ramsey’s molecular beam resonance measurements of the spin- 
rotation constant for 13CO. 

GRANT and PAUL have shown that 13C chemical shifts 
in alkanes can be predicted from a set of empirical para- 
meters (a-E). These are given (as Sk) in Table 1 so as 
to represent increments in the shielding of an alkane 
carbon for substitution of a, p, y,  etc., hydrogen by 
alkyl carbon. (Note that the shielding parameters are 
opposite in sign to chemical shift parameters that are 
positive downfield.) The fall-off of these parameters 
with distance from the nucleus of interest is unexpected. 
The a and p parameters are nearly equal, the y parameter 
is opposite in sign to the others, and the contribution of 
6 and E carbons is still significant; as Grant and Paul 

showed,2 the observed contributions from ‘ distant ’ 
substituents are much larger than those calculated by the 
dipole approximation with reasonable values of the 
magnetic anisotropy of the C-C bond. 

Grant and Paul2 gave further additive parameters 
for chain branching, and these were found to be un- 
necessary if an atom-plus-ligand local term, which we 
now call odU, was used as diamagnetic correction of the 
observed shifts.1 The resonant nucleus (A) was taken as 

1 J. Mason, J .  Chem. SOC. ( A ) ,  1971, 1038, is taken as Part 1. 
* D. M. Grant and E. G. Paul, J .  Amer. Chem. Soc., 1964, 88, 

2984. 
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gauge origin and adAL summed over the nucleus A and 
its a-substituents (L for ligand) according to Flygare’s 
equation3 (which is equivalent to an observation by 
Rarnsey 4). Subtraction of adfi from the chemical shift 
6 gives a measure of q,AL, an atom-plus-ligand para- 
magnetic term, which shows better ‘ chemical ’ cor- 
relations,l such as additivity of substituent effects, or 

TABLE 1 
Diamagnetic, paramagnetic, and resultant (observed) sub- 
stituent parameters for 13C shielding in the acyclic alkanes 

Shielding 
parameter 

Substituent sk/P*P.m* 
(weighting) r/pm (obs.) 

a 153 -9.1 
254 - 9.4 
31 1 6.4 

Y m  2.5 

P 

ya (60%) 390 0.0 
6,+ (12%) 390 
sag* (28%) } 450 

- 0.4 
&A (28%) 

6, 46 1 
h a  (32%) 507 

Em 564 - 0.2 

Diamagnetic 
parameter 

(calc.) 
41.5 
27.3 
23.1 
19.9 
18.2 
18.4 
16.3 
15.8 
14.3 
12.4 

a/p.p.m.  

Paramagnetic 
parameter 

difference) 
Pk./p*p.m (by 

-50.6 
- 36.7 
- 16.7 
- 17.4 
- 18.2 

- 16.2 

- 12.6 

periodic variation with atomic number of the ligand, 
than do the observed shifts, or the commonly used 
(atomic) local term cpA. 

We now extend this argument to cover all (a ,  p, 
y ,  . . .) substitution by alkyl carbon. The molecular 
term ad is given by the Flygare equation ( l ) , 3  where e and 

iiz are the electron charge and mass, c is the speed of 
light, zk is the atomic number and r k  the distance from 
the nucleus A of the kth nucleus, and k runs over all 
nuclei in the molecule except A. Accurate values of the 
free atom term (260.74 p.p.m. for carbon) have been 
published.5 Flygare’s equation shows that substituent 
contributions (ad, Pa, Yd, . . .) to the molecular (Ramsey) 
diamagnetic term are linearly additive, and so then 
must be the corresponding paramagnetic contributions 
(ap, pp, yp, . . .) by difference from the observed shielding 
parameters. Thus the Ramsey (molecular) terms for 
the 13C nucleus A are given by equations (2)-(4), Dk 

(4) 

W. H. Flygare and J. Goodisman, J .  Ckem. Phys., 1968, 49, 
3122; T. D. Gierke and W. H. Flygare, J ,  Amer. Chem. SOL, 
1972, 94, 7277. 

N. F. Ramsey, Amer. Scientist, 1961, 49, 509. 
G. Mdli and C. Froese, Internat. J .  Quantum. Chem., 1967, 

Is, 95. 
N. F. Ramsey, Phys. Rev., 1950, [2], 78, 699. 

7 A. Abe, R. L. Jernigan, andP. J. Flory, J .  Amer. Chem. Soc., 
1966, 88, 631. 

* A. J. Sadlej, Org. Magnetic Resonance, 1970, 2, 63; V. N. 
Solkan, M. Mamayev, N. M. Sergeyev, and Yu. A. Ustynyuk, ibid., 
1971, 3, 567. 

being the diamagnetic shielding parameters (ad, pa, ya, 
. . ., given in Table 1) for the kth position relative to the 
nucleus A, and k runs over all carbons in the molecule 
other than A; and similarly for the paramagnetic para- 
meters Pk (i.e. ap,  pp, yp, . . ., given in Table 1). We 
thus extend Grant’s parameterisation [equation (5)]  by 
setting Sk(obs.) = Dk(calc.) + Pk (i.e. cc = Ed + ap, and 

similarly), calculating the diamagnetic parameters by 
Flygare’s equation, and obtaining the paramagnetic 
parameters by difference from the observed increment 
in shielding. 

The molecular dimensions for the alkanes used in the 
calculation of the diamagnetic terms were C-C 153 pm, 
C-H 110 pm, C ~ C  1120, H ~ H  and H ~ C  1090, and 
rotation angle + = 0 or &112.5”, as reported for liquid 
alkanes at 27 “C.’ Diamagnetic shielding terms calcu- 
lated by Flygare’s equation agree well, within 1 p.p.m. 
or so, with those obtained by ab initio methods or by 
Sadlej’s CNDO method.8 The absolute shielding Q(CH,) 
for 13C in methane as parent of the alkanes is obtained by 
referring the chemical shift to an absolute scale based on 
Ozier, Crapo, and Ramsey’s measurement of the spin- 
rotation constant for carbon in carbon monoxide by 
molecular beam magnetic resonance. This gives ap (13CO) 
as -323.4(1.6) p.p.m., which has been recalculated 10 as 
-323.2(0.3) p.p.m., and combined with ad(13CO) = 
326.4 p.p.m. (calculated ab initio to give the 
absolute shielding of carbon in CO as 3.2(0.3) p.p.m. 
The known 12 chemical shift of 13C0 gives the absolute 
shielding of 1% in tetramethylsilane 13 as 185.4 p.p.m., 
so that the shielding of carbon with chemical shift 6 is 
Q = (185.4 - 6) p.p.m., and a(13CH4) is 190.6 p.p.m.14 
The value of ad(13CH4) = 295.1 p.p.m. was obtained by 
Flygare’s equation, and aP(13CH4) = -104.5 p.p.m. by 
difference. 

The contribution of the replaced hydrogen is im- 
portant in the derivation of the substituent parameters : 
thus ad  is the difference between the diamagnetic 
contribution of a-CH, .(50.0 p.p.m.) and that of a-H 
(8.5 p.p.m.), Pd is the &fference between 31.6 p.p.m. for 
p-CH, and 4.4 p.p.m. for P-H, and so on. Different 
parameters are obtained for ring compounds because of 
the two hydrogens lost with each ring closure, as well as 
the effects of conformation, so the parameters in Table 1 
are those for the acyclic alkanes. The y, 6, and E 

parameters depend on conformation and ym, S,, and E, 

given in Table 1 are mean values for liquid alkanes at 

1. Ozier, L. M. Crapo, and N. 17. Ramsey, J .  Chem. PJiys., 

lo D. B. Neumann and J. W. Moskowitz, J .  Chem. Phys., 1969, 

l1 W. M. Huo, J .  Chem. Phys., 1965.43, 624. 
la R. Ettinger, P. Blume, A. Patterson, and P. C. Lauterbur, J .  

l3 J. B. Stothers, ‘ Carbon-13 N.M.R. Spectroscopy,’ Academic 

l4 A. B. Strong, D. Ikenberry, and D. M. Grant, J .  Magnetic 

1968, 49, 2314. 

50, 2216. 

Chem. PJzys., 1960, 33, 1597. 

Press, New York, 1972, p. 308. 

Resonance, 1973, 9, 145. 
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27 "C.  The approximate statistical weighting of the 
anti (a)  and gauche (g*) states given in Table 1, and used 
to calculate the diamagnetic terms, was derived by 
Fawcett from Abe, Jernigan, and Flory's statistical 
mechanical studies of n-alkanes at  27 "C.* 

-20 

-LO O I  
h 

Diamagnetic 

F'aramag ne t ,c 

- -80 
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FIGURE 1 Diamagnetic, paramagnetic, and rcsultant 13C 
shielding parameters in the alkanes 

Figure 1 is a plot of the observed shielding parameters 
compared with their diamagnetic and paramagnetic 
parts, against the distance r of the substituent carbon 
from the observed nucleus (this differs little from the 
distance of the centre of mass or of electronic charge of 
the alkyl substituent) . The diamagnetic parameter 
Dk falls off smoothly as (r-l), and so too does the para- 
magnetic parameter P k  beyond the r-substituent a t  
which the two shielding contributions become equal and 
opposite. Figure 1 thus illustrates the cancellation of 
long-range shielding contributions in large molecules 
which forms the basis of local-term approximations, and 
shows the observed variation of the neighbouring shield- 
ing contributions (a-&) as arising from the difference in 
fall-off of the diamagnetic and paramagnetic parts. 
The fall-off of the paramagnetic parameters is not 
smooth, because of the differences in orientation of the 
successive substituent groups. Although the estimation 
of neighbouring contributions is a complex problem, and 
for other-nucleus shielding gives smaller values than 
those ob~erved,~. 15-18 the angular dependence 179 l8 of 
these contributions seems to be relevant to the irregu- 
larities in the plot of the paramagnetic parameters2 
Thus for the dipole approximation (admittedly over- 
simple) the geometric factor (1 - 3 cos 28) becomes 
positive, giving a net shielding (diamagnetic) contri- 
bution when 8 (the angle between the neighbouring 
bond and the distance vector to the nucleus A) exceeds 
54.7". This is so for yg, 8g&gf, or aag& (though not 
Gprta), the statistical weighting of such gauche states 

* I am grateful to Dr. Fawcett for this information. 
l5 D. W. Davies, ' The Theory of the Electric and Magnetic 

Properties of Molecules,' Wiley, New York, 1967, pp. 185-186. 
l6 J. W. ApSimon, W. G. Craig, P. V. Demarco, D. W. Mathie- 

son, L. Saunders, and W .  B. Whalley, Tetrahedron, 1967, 23, 
2339,2357,2375. 

being ca. 40% both for the y- and the 8-substituent a t  
27 "C, as shown in Table 1 (the 8g&gF conformation is 
sterically excluded). Table 1 shows that yd increases by 
4.9 p.p.m. as the substituent moves closer from anti to 
gauche, but the y-parameter observed for rigid mole- 
cules l9 increases by 6.4 p.p.m,, which means that the 
paramagnetic parameter has become slightly less 
negative, from ya to yg. When, therefore, sector rules 
can be developed for long-range shielding, we may find 
that regions of higher shielding for certain (e.g. gauche) 
conformations of the substituents account for the 
deviation of yp, SP, and perhaps cP from the smoother 
curve that can be drawn through the other Pk in Figure 1. 

TABLE 2 
Diamagnetic, paramagnetic, and resultant (observed) sub- 

stituent parameters for n-alkyl substituents 

Shielding 
parameter 
observed 

Substituent (P*P*In-) 
Me -9.1 
Et - 18.5 
Pr  - 16.0 
Bu - 16.3 
C5Hll - 16.5 
C,H1, - 16.5 

'*O 100 t 

Diamagnetic 
parameter 

(calc.) 

41.5 
68.7 
89.0 

105.1 
117.6 
128.6 

(P.P-m.) 

Paramagnetic 
parameter 

difference) 
(by 

(p.p.m.) 
- 50.6 
-87.3 

-104.7 
- 120.8 
- 133.4 
- 143.4 

r-4 
-20 Resultant d 
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I 
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FIGURE 2 Diamagnetic, paramagnetic, and resultant 13C 
shielding parameters for n-alkyl substituents 

Taking the molecule as a whole, we should perhaps 
expect a numerically smaller oP (though a larger Q) 
for the more compact conformers. 

l7 J.-R. Didry and J. Guy, Conapt. rend., 1963, 256, 3042; 
J.-R. Didry, J. Guy, and F. Cabaret, ibid. ,  1963, 257, 1466; 
J .  de Physique et le Radium,  1962, 23, 65. 

1s A. D. Buckingham and P. J .  Stiles, MoZ. Phys., 1972, 24, 99. 
l9 D. K. Dalling and D. M. Grant, J .  Amer. Chem. Soc., 1972, 

94, 6318. 
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Table 2 gives the observed shielding parameters for 
$2-alkyl substituents as a sum of diamagnetic and para- 
magnetic parts, and these are plotted in Figure 2. The 
parameters are derived from those in Table 1, and the 
fall-off of the resultant shielding parameter with the 
length of the alkyl chain can be interpreted in the same 
way. 

Such analyses of observed shielding into diamagnetic 
and paramagnetic parts do not show, as has been 
suggested, that the diamagnetic term may be ' more 
important ' than the paramagnetic term in determining 
chemical shifts. The failure of neighbouring dia- 
magnetic and paramagnetic contributions to cancel 
means that both may need to be taken into account: 
but the diamagnetic term is conceptually simple and 
fairly readily estimated, and can be used as a ' physical ' 
correction of the observed shift 3 to furnish an accurate 
estimate of the paramagnetic term, with which to 

J.C.S. Perkin I1 

interpret the observed variations in shielding in chemical 
terms of structure and bonding. 

There has been argument also as to the gauge origin 
to be used when diamagnetic and paramagnetic contri- 
butions are separated. In theoretical calculations a 
choice of gauge origin closer to the electronic centre of 
the molecule reduces the error in the calculation of cp 
from incomplete basis sets, but there are no comparable 
problems in the calculation of bd. Our recent analyseS1jm 
are based on the Flygare-Ramsey approximation, which 
avoids the need for wavefunctions in the calculation of 
bd, and on chemical shifts and spin-rotation constants, 
which naturally refer to the resonant nucleus as origin. 

I thank Dr. J. G. Vinter and Mr. J. Cobb for help with 
the Flygare computations. 

[6/098 Received, 15th January, 19761 

2o J. Mason, J.C.S.  Dalton, 1975, 1422, 1426. 


