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ABSTRACT: Natural abundance carbon-13 nmr spectra have been obtained for a series of twelve unique 
branched alkanes. They represent a series of regular, repeating methylene carbon sequences, between tertiary 
carbon atoms, with increasing sequence length up to  a branched C25. They provide a model set for describing mo- 
nomer sequences in ethylene-propylene copolymers. In addition, they provide a model set for revising the empiri- 
cal Grant and Paul additive coefficients and corrective terms for predicting 13C chemical shifts of alkanes. The 
resulting revised parameters produce more accurate predictions of cmr spectra of branched alkanes. Two of the 
compounds demonstrate tha t  conformational structure can produce magnetic nonequivalence between isopropyl 
methyl carbons even if no asymmetric carbon atom is present in the molecule. 

Determination of s t e r e o ~ h e m i s t r y ~ ~ ~  and monomer se- 
quence d i~ t r ibu t ion~~9b in ethylene-propylene copolymers 
and terpolymers by carbon-13 nuclear magnetic resonance 
(cmr) spectroscopy has been successful because of the rel- 
atively large separation of 13C chemical shifts. Assign- 
ments of 13C chemical shifts in these branched, alkane 
polymers and in branched polyethylene5 have relied 
strongly on the pioneering cmr work by Grant and Paul6 
on alkanes. Grant and Paul demonstrated that 13C chemi- 
cal shifts for a sample group of predominantly linear al- 
kanes could be described by a linear equation incorporat- 
ing empirically determined additivity coefficients. The 
equation, expressed as 

(1) 

predicts that the 13C chemical shift of the hth carbon 
atom is equal to a constant, plus the sum of additive 
chemical shift coefficients multiplied by the number of 
carbons in the Ith position relative to k .  On this basis, ad- 
ditive coefficients were determined for carbons up to five 
atoms removed from the kth carbon. Furthermore, it  was 
found that  correction terms were required to take account 
of branching effects. 

In general, predictions of 13C chemical shifts with the 
additivity coefficients of Grant and Paul are quite good 
for a saturated hydrocarbon polymer such as an ethylene- 
propylene copolymer. However, deviations between pre- 
dicted and observed 13C chemical shifts of greater than 1 
ppm are noted for some carbons at  or near branched sites 
and result in ambiguities in making structural ass- 
ignments.4a.b This, of course, is not surprising since the 
coefficients of the correction terms were determined by 
Grant and Paul on the basis of a very small number of ob- 
servations involving alkane branching. In addition, the 
branched alkanes which were used in the Grant and Paul 
treatment were relatively short-chain molecules and, 
therefore, probably do not completely represent the y ef- 
fects and branching effects that  might occur in long-chain 
branched molecules. 

As an obvious extension of the previous work of Grant 
and Paul, we have obtained the natural abundance cmr 
spectra of a series of 12 highly branched alkanes, the larg- 
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est of which is a C25 hydrocarbon, The unique feature of 
this set of alkanes i s  that  it is the largest series yet stud- 
ied which contain regularly repeating methylene se- 
quences between tertiary carbons. Besides enlarging the 
experimental basis for evaluating additivity effects on I3C 
shifts in branched alkanes, the extended set of molecules 
provides good models for predicting 13C chemical shifts in 
ethylene-propylene copolymer sequences. 

In addition, examples from this series of branched al- 
kanes demonstrate that  an asymmetric carbon atom need 
not be present in a molecule for isopropyl methyl carbons 
to be magnetically nonequivalent. I t  will be shown that 
both rotational conformation and molecular configuration 
can produce magnetic nonequivalence between what intu- 
itively appear to be identical carbon atoms. 

Experimental Section 
All cmr spectra were obtained in the frequency sweep mode a t  

22.62 MHz with a Bruker Scientific HFX-90 spectrometer. Broad- 
band proton decoupling was employed in all cases with the aid of 
a Bruker BSV-2 power amplifier. All 13C spectra of the hydrocar- 
bons were obtained on neat samples in 13-mm sample tubes with 
a 5-mm capillary inserted to allow for external stabilization on 
the 19F resonance of hexafluorobenzene. The probe temperature 
during broad-band proton decoupling was 48". 

The chemical shifts were measured in all cases using a 120-Hz 
sweep width and a sweep rate of 3 Hz/sec. Although single scans 
would have been quite adequate for measurement purposes, eight 
scans were time averaged for each spectrum using a Fabri-Tek 
1074 computer in order to obtain low-noise spectra. All I3C chem- 
ical shifts were measured relative to external benzene for compar- 
ison with the previous data of Grant and Paul. They were then 
expressed relative to internal MerSi by subtracting each chemical 
shift from 128.76 ppm. This difference in chemical shift between 
internal MerSi and external benzene was obtained by measuring 
the chemical shifts of 2,4-dimethylpentane and 2,8,14,20- 
tetramethylhenicosane relative to internal MerSi, and determin- 
ing the average difference between the internal and external ref- 
erences for the 15 resonances. The average difference in chemical 
shifts for the C7 and c25 hydrocarbon, which should reflect differ- 
ences in magnetic susceptibilities, was 0.15 ppm. Under the above 
experimental conditions it is estimated that the absolute chemi- 
cal shifts are accurate to 0.1-0.2 ppm, but the uniform conditions 
employed make the relative chemical shifts internally consistent 
to a t  least 0.5 Hz or 0.02 ppm. 

2,4-Dimethylpentane was obtained from Aldrich Chemical Co., 
and 2,s-dimethylhexane from Columbia Organic Chemicals Co. 
The remaining model compounds were synthesized and purified 
by Dr. E. C.  Gregg, Jr . ,  of The B. F. Goodrich Co., Research & 
Development. These compounds were: 2.6-dimethylheptane, 
2,4,6-trimethylheptane, 2,7-dimethyloctane, 2,8-dimethylnonane, 
2,5,%trimethylnonane, 2,9-dimethyldecane, 2,5,8,ll-tetramethyl- 
dodecane, 2,6,10,14-tetramethylpentadecane, 2,8,14,2O-tetrameth- 
ylheneicosane, and hydrogenated cis- 1,4-poly(isoprene), 

Results 
The branched alkanes used in the present study are 
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Table I 
Observed and Calculated Carbon-13 Chemical Shifts in Branched Alkanesa 

1, 2a 2 3 4 5 6 7 8 9 10 11 12 

2,4-Dimethylpentane 
2a 
c c 1 61 = 0.39* 
I I  

CCCCC uz = 0.15' 
123 
22.71 25.71 49.10 
(22.48) (25.61) (48.36) 
[22.78] [25.99] [49.17] 
2,4,6-Trimethylheptane 
2a 5 
c c c ui = 1.13 

CCCCCCC uz = 0.58 
1234 
24.06d 
22.99 26.06 48.28 
(22.59) (26.15) (46.49) 
[22.81] [26.33] [47.39] 
2,5-Dimethylhexane 

I l l  

2a 
c c ~1 = 0.60 

CCCCCC uz = 0.36 
I I  

123 
23.09 28.96 37.57 
(23.51) (28.73) (36.48) 
[22.56] [28.89] [37.09] 
2,5,8-Trimethylnonane 
2a 6 
c c c 01=0.45 

CCCCCCCCC uz = 0.28 
I l l  

12345 
23.01d 
22.79 28.69 36.86 
(22.39) (28.84) (36.80) 
[22.56] [28.92] [37.40] 
2,5,8,1l-Tetramethyldodecane 
2a 7 
c c c c ' 61 = 0.72 

CCCCCCCCCCCC uz = 0.41 
1 1 . 1  I 

123456 
23.62d 
23.41 29.23 37.40 
(22.39) (28.84) (36.90) 
[22.56] [28.92] L37.401 
2,6-Dimethylheptane 
2a 
c c ~1 ~0.39 

CCCCCCC ut = 0.27 
1234 
22.65 28.21 39.68 
(22.28) (28.64) (39.59) 
[22.53] [28.67] [39.99] 

I 1  

2,6,10,14-Tetramethylpentadecane 
2a 9 

28.87 
(26.39) 
[27.86] 

35.18 
(34.52) 
[35.09] 

35.29 
(34.52) 
[35.09] 

25.35 
(24.60) 
[25.01] 

c~ccccccccccccc' UZ = 0.22 
12345678 
23.05 28.39 39.95 24.95 
(22.28) (28.64) (39.70) (25.02) 

20.74 
(20.61) 
[21.00] 

33.70 
(32.61) 
[33.58] 

34.29 
(34.72) 
[34.61] 

37.85 
(37.52) 

[22.53] [28.67] [40.02] [25.32] [36.96] 

20.01 
(20.43) 
[20.56] 

35.8jd 20.64d 
35.59 20.59 
(34.94) (20.43) 
[35.40] [20.56] 

33.30 37.99 25.28 20.16 
(32.43) (37.63) (25.44) (20.21) 
[33.14] [37.99] [25.63] [20.50] 
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Table 1 (Continued) 

1. 28 2 3 4 5 6 8 9 10 11 12 n 

2,7-Dimethyloctane 
2a 
C c 61 = 0.24 
I I 

cccccccc 6 2  = 0.20 
1 2 3 4  
22.72 28.28 39.51 28.03 

(22.28) (28.53) (39.50) (27.71) 
[22.53] [28.64] [39.87] [27.91] 
2,8-Dimethylnonane 

2a 

C c 6 1  = 0.22 
I I ccccccccc 6 2  = 0.19 

1 2 3 4 5  
22.76 28.30 39.51 27.84 30.61 

(22.28) (28.53) (39.39) (27.62) (30.82) 
[22.53] [28.64] [39.74] [27.69] [30.81] 
2,8,14,20-Tetramet hylheneicosane 

2a 12 
C C C c 61 = 0.32 

CCCCCCCCCCCCCCCCCCCCC 62 = 0.15 
1 2 3  4 5  67891011 
23.05 28.42 39.66 27.63 30.87 27.95 37.68 33.31 37.68 27.95 30.87 20.18 

(22.28) (28.53) (39.39) (27.62) (30.93) (28.04) (37.32) (32.21) (37.32) (28.04) (31.04) (20.21) 
[22.53] [28.64] [39.74] [27.69] [30.84] [28.00] [37.71] [33.08] [37.71] [28.00] [30.87] [20.50] 
2,9-Dimethyldecane 

I I I 

2a 
C c 6 1  = 0.26 

cccccccccc 6 2  = 0.21 
1 2 3 4 5  
22.80 28.31 39.53 27.80 30.38 

(22.28) (28.53) (39.39) (27.51) (30.73) 
[22.53] [28.64] [39.74] [27.63] [30.59] 
Hydrogenated cis-1,4-poly( isoprene) 

I I 

1 
C 61 = 0.75 

C(CCCC),CC 6 2  = 0.41 
2 3 4  

20.85 33.87 38.58 25.53 
(20.21) (32.43) (37.63) (25.44) 
[20.50] [33.14] [37.99] [25.63] 

aA11,13C.chemical shifts are given in ppm downfield from internal Me4Si. The number a t  the top of each column coincides with the carbon 
identification shown for each compound. Reading down a column, the first entry is the observed value, the entry in parentheses is that  cal- 
culated from the Grant and Paul coefficients,G and the entry in brackets is that  calculated with the modified Grant and Paul coefficients 
from this work (Table 11, second column). b u1 is the standard deviation8 between the observed I3C chemical shifts and those predicted 
using the original Grant and Paul parameters. uz is the standard deviations between the observed l3C chemical shifts and those predicted 
using the parameters in the second column in Table 11. d Chemical shift differences reflect nonequivalent carbon atoms. 

listed i n  Table I in an order of increasing, repeating meth- 
ylene sequences between tertiary ‘carbon atoms. Thus, the 
compounds represent the following runs of methylene se- 
quences: 1 run of 1, 2 runs of 1, 1 run of 2, 2 runs of 2, 3 
runs of 2, 1 run of 3, 3 runs of 3, 1 run of 4, 1 run of 5, 3 
runs of 5 ,  1 run of 6, and n runs of 3. They provide an 
ideal model set for extending 13C chemical shift predic- 
tions of methyl-substituted alkanes to a C ~ J  aliphatic al- 
kane. The experimental I3C chemical shifts found for the 
branched alkane series. are given in Table I as the first 
entry in each column under the carbon identifications. 
The corresponding chemical shifts predicted from the 
Grant and Paul parameters are given in parentheses for 
comparison. Linear regression analysis7 was used to calcu- 

late new additive chemical shift parameters and correc- 
tion terms in the Grant and Paul basis. The data included 
all 1% chemical shifts for the alkanes used in the original 
Grant and Paul analysis6 in addition to the 13C chemical 
shifts from the present series of branched alkanes. The 
statistical summary from this regression analysis is pre- 
sented in Table 11. The 13C chemical shifts predicted 
using the new parameters, from the second column in 
Table 11, are given in Table I in brackets below the carbon 
identifications. Table I also contains, for each compound, 
a comparison of the standard deviation between the ob- 

( 7 )  Regression analysis was performed using the IBM program “Regre” 
patterned after: B. O d e ,  “Statistics in Research,” The Iowa State 
College Press, Ames, Iowa, 1954, Chapter 8. 



722 Carman e t  al. Macromolecules 

Table I1 
Regression Analysis of Chemical Shift Parameters 

Grant 
C Position, 1 This Work and Paul6 

-8.85 f 0.10 
-9.51 f 0.10 

-9.09 f 0.11 
-9.40 f 0.11 

2.34 f 0.05 2.49 f 0.07 
-0.28 f 0.04 
-0.03 f 0.04 

-0.31 f 0.10 
-0.11 f 0.12 

Cor Term Coef (ppm) 

1" (3") 
2" (3") 
3" (2O) 
1" (4") 

4" (1") 
4" (2") 
2" (4") 
3" (3") 

0.96 f 0.15 
2.11 f 0.17 
3.04 f 0.11 
3.61 f 0.36 
1.27 f 0.12 
8.240 
7.14" 
9.050 

1.12 f 0.21 
2.50 f 0.24 
3.65 f 0.17 
3.37 f 0.35 
1.50 f 0.12 
8.36u 
7.23" 
9.47a 

Number of observations 113 53 
Number of independent variables 13 13 
Multiple correlation coefficient 0.9991 0.9992 
Standard deviation (ppm) 0.39 0.30 
Constant term (pprn) 131. l l b  131.18 

a Only a single observation was available6 and thus a itatistical 
analysis of experimental deviations is not applicable. b To calculate 
relative internal Me&i, the constant term = 2.35 ppm. 

served 13C chemical shifts and those predicted using ei- 
ther the original Grant and Paul parameters or the new 
parameters; where, the following equations was used for 
standard deviation 

SD = v'\/Zd2/2(n - 1) 

Discussion 
As shown in Table I, predicted values of 13C chemical 

shifts, which are based on the original Grant and Paul pa- 
rameter values, in some cases differ from observed values 
by as much as 1 ppm. These deviations are particularly 
noticeable for tertiary carbon atoms a t  interior branching 
locations. The deviations are next most noticeable for sec- 
ondary carbon atoms bonded to carbons a t  interior 
branching locations. Since the alkanes used by Grant and 
Paul included very few cases of branching, it seems rea- 
sonable that some of the Grant and Paul correction terms 
for branching may not be well determined. In fact, only 
five observations from the Grant and Paul alkane cmr 
data involve the 1" (3") term while only three observations 
involve the 2" (3") and 3" ( 2 " )  terms. The symbols repre- 
sent: a methyl carbon bonded to a tertiary carbon, 1" (3'7, 
a secondary carbon bonded to a tertiary carbon, 2" (3"), 
and a tertiary carbon bonded to a secondary carbon, 3" 
(2").6 On the other hand, the present series is character- 
ized by extensive multiple branching. Consequently, the 
60 chemical shift values of the present alkane series were 
combined with the 53 values given by Grant and Paul. 
The statistical analysis of the resulting combined set of 
data is shown in Table II. There are now 15, 17, and 16 
observations involving the 1" (3"), 2" (3"), and 3" (2") cor- 
rective terms, respectively. A desirable feature of the 

( 8 )  h'. J. Youden, "Statistical Methods for Chemists," Wiley, New York, 
N.Y., 1951, Chapter2. 

present results is that  they were obtained without increas- 
ing the number of parameters used by Grant and Paul. In 
this way the entire procedure becomes consistent with the 
convenient empirical approach derived by Grant and Paul 
as far as both the types and number of branching correc- 
tion terms are concerned. For example, in 2,4,6-trimethyl- 
heptane, the methylene carbon between the two tertiary 
carbons ((2-3 in 2,4,6-trimethylheptane, Table I) is a sec- 
ondary carbon bonded to two tertiary carbons. Conse- 
quently, included in the calculation of the 13C chemical 
shift is two times the 2" (3") term, the term for a secon- 
dary carbon bonded to a tertiary carbon. Similarly, in the 
same compound, the C-4 tertiary carbon, is bonded to two 
secondary barbons. Consequently, the predictions of the 
13C chemical shift for C-4 has incorporated a correction of 
two times the 3" (2") term. 

Examination of the regression analysis results in Table 
I1 shows that the two sets of coefficients and corrective 
terms are quite similar. The most notable differences are, 
as might be expected, for the 3" (2") and 2" (3") corrective 
terms. These terms are now statistically more reliable be- 
cause they are determined from a much larger body of rel- 
evant data. From Table I, it  should also be noted that the 
experimental 13C chemical shifts for the present series are 
now predicted with an average standard deviation 0.34 
ppm, as compared to an average standard deviation of 
0.61 ppm when the original Grant and Paul parameters 
are used. For the entire set of 113 chemical shifts, the 
maximum difference between the observed value and the 
predicted value, using the new parameters, is only about 1 
ppm. For example, the difference between the observed 
and calculated chemical shift for C-5 in 2,6,10,14-tetra- 
methyldecane (Table I) is 0.9 ppm. In fact, most of the de- 
viations are considerably less than l ppm. 

Studies by Mason9 as well as Lindeman and AdamslO 
outline other approaches to the prediction of 13C chemical 
shifts in linear and branched alkanes. Mason proposes 
diamagnetic corrections for branching as an explanation 
for the corrective parameters used in the Grant and Paul 
model. Although the Mason work is of potential theoreti- 
cal interest, some predictions based on the reported dia- 
magnetic corrections deviate from the observed I3C chem- 
ical shifts in branched alkane series in Table I by well 
over 2 ppm. The error is particularly large for internal ter- 
tiary carbons. The Lindeman and Adams work which was 
based on a relatively large series of linear and branched 
alkanes outlines a general approach which includes 22 pa- 
rameters. In addition, these authors point out that  anoth- 
er 12 parameters would be required to more adequately 
describe a molecule in detail. 

We have found that the 13 parameters calculated in the 
present work and given in Table I1 are adequate to extend 
the predictions to cmr spectra of more complex hydrocar- 
bon series, such as polymeric branched alkanes, which 
have structural similarities to the model compounds in 
Table I. The cmr spectrum prediction of hydrogenated 
cis-1,4-poly(isoprene), using the new Grant and Paul type 
coefficients, is adequate to provide line assignments (see 
Table I) .  In the spectrum shown in Figure 1, there are 
only four resonances, and there are no ambiguities in as- 
signment. The pair of Greek letters under resonances 3 
and 4 is that previously suggested4 for identification of 
methylene carbons in ethylene-propylene sequences. The 
letters signify the number of bonds, in both directions 
down the molecular chain, separating a given methylene 
carbon atom from its nearest tertiary carbon atoms. In 

(9) J. Mason,J. Chem SOC. A,  1038 (1971). 
(10) L. P. Lindeman and J. Q. Adams, A d  Chem , 43,1245 (1971). 
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Figure 1. Proton noise-decoupled natural abundance 22.62-MHz 
l3C nmr spectrum of hydrogenated cis-1,4-poly(isoprene). The 
spectrum was accumulated a t  48" for 64 scans using a sweep 
width of 40 Hz/cm and a sweep rate of 60 Hz/sec from a 10% 
(w/v) solution in o-dichlorobenzene. 

contrast to the spectrum in Figure 1, it has been shown by 
Carman and Wilkes**,b that  more precise predictions of 
carbon resonances in spectra of ethylene-propylene co- 
polymers and terpolymers are necessary if accurate struc- 
tural features are to be deduced. The relative 13C chemi- 
cal shifts of the model compounds in Table I, combined 
with the Grant and Paul predictions, led to the assign- 
ments of methyl carbon atoms and tertiary carbon atoms 
in propylene-centered pentad sequences in ethylene-pro- 
pylene copolymers.4a In addition, these compounds pro- 
vided a basis for assigning 13C chemical shifts of methy- 
lene carbon atoms in these same copolymers to methylene 
carbon atoms in positions a ,  p, 7 ,  or greater than y bonds 
relative to their nearest tertiary carbon atom neighbors. 

As shown in Table I, three of the molecules showed 
nonequivalent isopropyl methyl carbons which were not 
predicted by the substituent parameters. Differences in 
13C chemical shifts have been previously reported for 
methyl carbons in terminal isopropyl groups and were at-  
tributed to the presence of an asymmetric carbon atom.10.11 
It was also shown,ll that the differences in 13C chemi- 
cal shifts decreased as the number of methylene groups 
between the isopropyl group and the asymmetric carbon 
increased, In the present study, we observed magnetic non- 
equivalence between the methyl carbons of isopropyl 
groups in two molecules which do not contain an asym- 
metric carbon atom. These compounds are 2,4,6-trimeth- 
ylheptane and 2,5,8-trimethylnonane. 

We suggest that  a reasonable interpretation of the ob- 
served nonequivalence can be attributed to differences in 
rdtational conformations in the molecules. Demonstration 
of magnetic nonequivalence of isopropyl methyl carbons 
can be shown by considering the planar zigzag conforma- 
tion of 2,4,6-trimethylheptane and 2,5,8-trimethylnonane 
shown in Figure 2a,b. The methyls designated as CH3(a), 
CH3(b), and CH3(c) represent the three possible relation- 
ships the isopropyl methyl can have, relative to the inter- 
nal methyl carbon. Although the isopropyl methyl carbons 
would be rapidly interchanging position, due to rotation, 
the distances between an isopropyl methyl group and an  
internal methyl group are not equal. This spatial relation- 
ship can be verified with Dreiding molecular models. Fur- 
thermore, the molecular models show that  differences in 
the distances from the internal methyl carbon to the three 
positions the isopropyl methyl carbons can experience are 
less when a second methylene carbon is added between 
the tertiary carbon atoms. 

The difference in 13C chemical shift between the non- 
equivalent methyl carbons is 1.07 ppm if one carbon atom 

(11) J. I .  Kroschwitz, M .  Winokur, H. J. Reich, and J. D. Roberts, J. 
Amer. Chem. Soe., 91,5927 (1969). 

H CH3 

In 

H CH3 

Figure 2. Planar zigzag representation of 2,4,6-trimethylheptane 
(I), 2,5,8-trimethylnonane (11), and 2,5,8,11-tetramethyldodecane 
(III). Asymmetric carbon atoms are designated with an asterisk. 

b d d  
27 28 29 30 

24 23 22 21 
(ppm dawnfield from TMS) 

Figure 3. Proton noise-decoupled natural abundance 22.62-MHz 
13C nmr spectrum of neat 2,5,8,ll-tetramethyldodecane. The 
spectrum was accumulated at  48" for 8 scans using a sweep width 
of 2 Hz/cm and a sweep rate of 3 Hz/sec. 

separates the tertiary carbon atom and the isopropyl 
group, or 0.22 ppm if two carbon atoms separate the iso- 
propyl group and a tertiary carbon atom. These results are 
in exact agreement with the relative I3C chemical shift 
differences reported11 for isopropyl methyl carbons in 
branched alkanes containing an asymmetric carbon atom. 
As can be seen in Table I, no differences were observed in 
13C chemical shifts of the isopropyl carbons if the number 
of methylene carbon atoms between the tertiary carbon 
atoms exceeds two. I t  is also noteworthy that  the 1.07 
ppm difference in isopropyl methyl chemical shift for 
compound I in Figure 2 is the same order of magnitude as 
the 1.00 ppm difference in 13C chemical shifts for the 
methyl carbons in racemic and meso-2,4-dichloropen- 
tane.12 In those compounds there is also one methylene 
carbon atom separating the tertiary carbon atoms. Inter- 
actions between carbons with trans and gauche conforma- 
tions seemed to provide a plausible explanation of the cmr 

(12)  C.  J. Carman, A. R. Tarpley, Jr . ,  and J. H. Goldstein, J.  Amer. 
Chem. SOC., 93,2864 (1971). 
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Table 111 
Relative l3C Chemical Shifts of Nonequivalent Carbons Which 
Result from Conformational and Configurational Interactions 

Termi- Internalb IntemalC 
Compound nalaCH3 CH3 CH2 

2,4,6-Trimethylheptane(I)d 1.07 
2,5,8-Trimethylnonane(II)d 0.22 
2,5,8,ll-Tetramethyl- 

dodecane(III)d 0.21 0.15 0.26 

a Isopropyl methyl carbons. b Methyl carbons internal along the 
molecular chain, away from the chain ends. c Methylene carbons 
internal in the molecular chain, between asymmetric carbons. 
d I, 11, and 111 refer to the structures in Figure 2. 

spectra of the diastereoisomers of the dichloroalkanes.12 
Consequently, it  is reasonable that  conformational inter- 
actions may be reflected in the cmr spectra of methyl 
substituted alkanes that  are structurally analogous. These 
data also substantiatell that even though 1,5 CH3-CH3 
interactions (I, Figure 2 )  and 1,6 CHs-CH3 interactions 
(n, Figure 2) are weaker than the usual steric effects13-15 
reported for 1,4 CHs-CHs interactions, the longer range in- 
teractions are sufficiently strong to be detected using cmr. 

Compound III (2,5,8,11-tetramethyldodecane) in Figure 
2 is interesting because this compound contains nonequiv- 
alent carbon atoms due to both conformational and config- 
urational effects. The difference in chemical shifts for 
the terminal methyl carbons is 0.21 ppm. The fact that 
this value is essentially the same as that  observed for 11, 
suggests that a common origin for magnetic nonequiv- 
alence exists, and this obviously cannot be the presence of 
an asymmetric carbon atom. However, 111 has diast- 

(13) D. M. Grant and B. V. Cheney, J.  Amer. Chem. SOC., 89,5315 (1967). 
(14) D. K. Dalling and D. M .  Grant, J. Amer. Chem. Soc., 89,6612 (1967). 
(15) J. D. Roberts, F. J. Weigert, J. I. Kroschwitz, and H. J. Reich, J. 

Amer. Chem. SOC., 92,1338 (1970). 

ereoisomers. Consequently, the internal methyl carbons 
and the two methylene carbons, between the internal ter- 
tiary carbons, can reside in magnetically nonequivalent 
configurations. Such nonequivalence would be because the 
chemical environment of the meso isomer would be differ- 
ent than that of the racemic isomer. The natural abun- 
dance cmr spectrum of 2,5,8,11-tetramethyldodecane is 
shown in Figure 3. The relative areas of the internal 
methyl and methylene carbons are equal as one would ex- 
pect, e.g. ,  because of equal populations of methyl group 
configurations. 

The relative differences in 13C chemical shifts resulting 
from different molecular configurations are summarized in 
Table III. These are compared to the relative differences 
in 13C chemical shifts resulting from molecular conforma- 
tion. These data add to the growing evidence that cmr 
spectroscopy can be used to distinguish differences be- 
tween extremely subtle molecular structures. These data 
also show that the interpretation of methyl carbon reso- 
nances in cmr spectra may be complicated because con- 
formational interactions can exist even in the absence of 
an asymmetric carbon atom, and thus cause magnetic no- 
nequivalence to be present. This finding may prove useful 
in the interpretation of very complex cmr spectra of bio- 
lbgical systems where multiple resonances are common.16.17 
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