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Abstract: The 13C nmr spectra of some inositols and their partially O-methylated derivatives are tabulated and 
discussed. Methods of assignment are detailed. A system of empirical constants which can be used to estimate 
the spectra of the carbons of these ring systems is derived. The substituent effects are noted to conform generally to 
the notion that steric or proximity effects are very important sources of chemical-shift differences in these systems. 

The substituent effects of hydroxyl groups on 13C 
chemical shifts have been studied in a series of alkyl-

substituted cyclohexanols67 and have been attributed 
to a combination of steric and electronic effects.6 There 
are substantial differences in the substituent effects of 
axial and equatorial hydroxyl groups at the a, /3, and y 
carbons.8 This effect is especially pronounced at the a 
and 7 carbons, the resonances of which are about 5 
ppm higher field over what might otherwise be expected6 

when the hydroxyl is axial. This upfleld shift may be 
attributed to a 1,3-diaxial interaction tending to com
press the bonds of the a and y carbons, as has been ob
served in the case of methylcyclohexanes.9,10 At the /3 
carbon there is also an upfield shift associated with the 
change of an equatorial hydroxyl group to the axial 
disposition. Again, this shift parallels the results of 
studies of methylcyclohexanes.9,10 Indeed, the similar 
behavior of methyl and hydroxyl groups would appear 
to eliminate any important influence of hyperconjugation 
of the type considered by Cheney and Grant.11 The 
differences in 5 shifts produced by axial and equatorial 
groups are generally small. 

In hope of determining the general applicability of the 
previously determined effects of hydroxyl groups on 13C 
spectra, we have turned to studies of inositols and some 
of their O-methyl derivatives. The inositols are of 
special interest as a unique group of hexasubstituted 
cyclohexanes in which all of the possible isomers are 
known.12 Also, because of the extent of substitution 
at each carbon remains constant, it should be possible 
to isolate and define steric or proximity effects apart 
from inductive effects due to hydroxyl groups. Finally, 
the 13C spectra of inositols can serve as convenient 
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models for the interpretation of the 13C spectra of the 
carbohydrates with pyranose ring systems.13 

Experimental Section 
The 13C spectra of the inositols studied in this work were obtained 

at 15.1 Mcps with the aid of the digital frequency sweep spectrom
eter previously described.14 The samples were examined as 2-5 
M aqueous solutions containing approximately 10% (v/v) of 1,4-
dioxane to serve as an internal reference. The chemical shifts so 
measured were referenced to external carbon disulfide by the rela
tion ScSl = 5 c™ + 126.1 ppm. Proton decoupling was achieved 
with the single-frequency procedure as previously described.614 

The proton-decoupling frequencies (pdf) of the inositols and their 
derivatives were measured relative to the proton-decoupling fre
quency of the dioxane used as internal reference. 

Proton spectra of the inositols were taken with a Varian 220-
Mcps spectrometer, again using aqueous solutions (D2O) with 
dioxane as internal reference. 

Results and Discussion 

Assignment of Resonances to Specific Carbons. The 
chemical shifts of carbons, the specific decoupling fre
quencies of the directly attached protons, and the spec
tral assignments for the inositols and their derivatives 
are given in Table I. It will be seen that all the carbon 
resonances have been resolved, except those which arise 
from nuclei which are equivalent by symmetry. This 
is in marked contrast to the pmr spectra of these com
pounds, where in general the proton resonances are 
rather poorly resolved. 

The six carbons of 5c^//o-inositol (1) are equivalent, 
and the substance accordingly gives only a single 13C 
resonance. Because the hydroxyl groups are all equa
torial, this resonance provides a convenient reference 
for discussion of the carbon chemical shifts of the other 
inositols. 

In assignment of the resonances, use was made of the 
rather general result that equatorial protons of cyclo-
hexane rings come into resonance at lower fields than 
axial protons.15 This is also true of chemically similar 
protons in pyranose rings of the carbohydrates, pro
vided that the chair conformation obtains.16 As a re
sult, the decoupling frequencies for equatorial protons 
should come at lower fields than those of axial protons, 
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Table I. 13C Chemical Shifts of Inositols and O-Methylinositols" 

OH 

OR1 

OR2 

2,R1 = R2 = R3 = R4=H 
28,R1 = CH3IR2 = R3 = R4 = H 
b, R1 = R3 = CH3; R2 = R4 = H 
c, R1 = R4 = CH3, R2 = R3 = H 
d, R1 = R2 = CH3, R3 = R4 = H 

OH 
3, Ri — R2 = H 

3a, Rj — CH3; R2
 = H 

b, Ri — H; R?= CH; 

OH 

Figure 1. Inositol isomers. 

and this was useful in the identification of the reso
nances of carbons bearing hydroxyl groups. 

For myo- (2), epi- (4), and l,3-di-0-methyl-/wjo-
inositols (2b), the plane of symmetry gives pairs of equiv
alent carbons and hence some of the resonances of these 
spectra can be distinguished by their intensities. Thus, 
one of the single carbon resonances of 2 can be assigned 
to C-2 by its pdf, while the other must arise from C-5. 
Similar arguments lead to the identification of the res
onances of carbons 2 and 5 of 2b, and carbons 1 and 
5 of 4. 

The assignments may be further extended by use of 
the results of the cyclohexanol study,6 which suggested 
that the resonance of a carbon which is 7 to an axial hy
droxyl group should be shifted to higher field than the 
resonance of a chemically similar /3 carbon. On this 
basis, the 121.4 ppm resonance of 2 is assigned to car
bons 4 and 6, leaving the lower field, doubly intense res
onance at 120.1 ppm to be assigned to carbons 1 and 3. 
For 4, the line at 125.7 ppm, which is the highest field 
resonance observed for any of the unsubstituted ino
sitols, is assigned to carbon 6, which is 7 to two axial 
hydroxyl groups. This leaves the singly intense reso
nance at 122.4 ppm to carbon 3, which is /3 to both 
axial hydroxyls. 

In 2, carbon 5 which is 8 to the axial hydroxyl group 
has, as expected from the cyclohexanol study, its reso
nance at 118.2 ppm, only slightly different from the chem
ical shift of the resonance of the carbons of 1. These 
data can be used to assign the remaining resonances of 
cAz>o-inositol (3). Carbons 2 and 5 of 3 are each /3 to 
one axial hydroxyl group and 7 to another. Carbons 
3 and 4, on the other hand, are each 7 to one and 5 to 
the other of the two axial hydroxyl groups. Because 
the 6 effect is expected to be smaller than the /3 effect, 
C-2 and C-5 should come into resonance at higher fields 
than carbons 3 and 4. We therefore have taken C-2 

Compound Carbon 5 c PdP Ss 

scyllo- (X) 
myo- (2) 

L-chiro- (3) 

epi- (4) 

D-1-O-Methyl-wyo- (2a) 

1,3-Di-O-methyl-m^o- (2b) 

1,4-Di-O-methyl-myo- (2c) 

1,2-Di-O-methyl-m.yo- (2d) 

L-2-0-Methyl-cAi>o- (3a) 

D-3-0-Methyl-c/i;>o- (3b) 

1-6 
5 

1,3 
2 

4,6 
3,4 
1,6 
2,5 
2,4 
1,5 
3 
6 
1 
5 
3 
6 
4 
2 

CHa 
1,3 
5 

4,6 
2 

CH3 

4 
1 
5 
3 
6 
2 

CH3 (4) 
CH3 (1) 

1 
2 
5 
3 
6 
4 

CH3 (2) 
CHa (1) 

2 
4 
3 
6 
5 
1 

CH3 

3 
4 

(1 
5 
2 

CHa 

118.8 
118.2 
120.1° 
120.3 
121.4" 
119.7 
120.9 
122.0 
118.0C 

120.8° 
122.4 
125.7 
112.0 
118.1 
120.2 
120.9 
121.4 
124.5 
135.6 
112.I ' 
118.1 
121.1 
129.2 
135.1 
110.3 
112.2 
118.8 
120.8 
122.0 
124.7 
132.8 
135.8 
111.5 
114.4 
118.1 
119.9 
120.7 
121.1 
131.0 
135.1 
112.4 
119.7 
120.6 
121.2 
122.1 
125.3 
135.7 
110.0 
120.4 
120.8 
121.1 
121.9 
122.7 
133.1 

0.43 
0.17 

- 0 . 2 7 
0.27 
0.13 

- 0 . 2 7 
0.0 

- 0 . 2 7 
0.23 
0.03 
0.0 
0.50 
0.27 
0.10 
0.10 
0.17 

- 0 . 4 3 
0.33 
0.33 
0.40 
0.07 

- 0 . 7 7 
0.30 
0.33 
0.50 
0.23 
0.07 
0.30 

- 0 . 6 3 
0.13 
0.30 
e 

0.23 
0.20 

- 0 . 1 0 
- 0 . 3 3 
- 0 . 0 7 
- 0 . 4 7 

0.27 
0.47 
0.10 

—0.23\d 

- 0 . 2 3 / 
0.17 
0.07 
0.17 

0.49 
0.14 

- 0 . 2 9 
0.24 
0.19 

- 0 . 2 6 
0.02 

- 0 . 3 0 
0.28 
0.02 

- 0 . 0 8 

a The 13C chemical shifts are upfield in parts per million relative 
to CS2.

 b In parts per million relative to the proton decoupling 
frequency of dioxane. c Peak intensity twice that of the resonances 
from carbons expected to be unique from the molecular symmetry. 
d Assignments uncertain within this pair. e Noise modulation of 
proton-decoupling frequency used in this case. 

and C-5 to come at 122.0 ppm and C-3 and C-4 at 119.7 
ppm. 

The completed assignments of the spectra of the un
substituted inositols are supported by the comparison 
of the proton-decoupling frequencies with the pmr 
spectra (cf. Table I). In all cases, the pdf values cor
relate with the proton chemical shifts to within 0.1 ppm, 
a margin which is probably within the experimental 
error involved in obtaining the former values. 

With regard to the O-methylated inositol derivatives, 
the undecoupled spectra clearly distinguish the ring 
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Figure 2. Correlation of the spectra of c/z/ro-inositol (3), 2-0-
methyl-c/!(Vo-inositol (3a), and 3-O-methyl-cWrc-inositol (3b). 

carbons from the methyl carbons, the resonances of the 
latter being split into quartets by the three attached pro
tons. The available evidence17-19 indicated that meth
ylation of a hydroxyl group results in a 7-10-ppm down-
field shift in the resonance of the a carbon. This per
mits the assignment of the unusually low-field reso
nances in the spectra of the O-methylinositols to carbons 
carrying methoxyl groups. For 2b, the other doubly 
intense resonance must arise from carbons 4 and 6. 

In the spectra of 2a, 3a, and 3b it is possible to iden
tify the resonances of carbons bearing axial hydroxyl 
groups through the comparison of pdf values. In the 
cases of carbons which are 7 or 5 to the methoxyl 
groups, the methylation shifts are generally smaller than 
±0.3 ppm. It seems safe to presume that 7 and 5 
carbons which carry equatorial hydroxyl groups will be 
similarly shifted by methylation of an equatorial hy
droxyl group at the a carbon, and this conclusion is 
useful in the assignment of the resonances of these rela
tively remote carbons. For /3 carbons which bear axial 
hydroxyl groups, there is a methylation shift of approx
imately 4.5 ppm per methoxyl group. The remaining 
/3 carbons, many of which can be assigned by the pro
cess of elimination, show smaller and more variable 
methylation shifts (cf. Figures 2 and 3). 

The case of 2d, with its axial methoxyl group, is 
unique in this study. It might be expected that steric 
perturbation of the axial protons at the 7 carbons 4 and 
6 would lead to significant shifts in the resonances of 
these carbons.9'10 Consequently, the generalities which 
emerge from the spectra of the other O-methylinositols 
cannot be uncritically applied to the problem of as
signing the resonances of the spectrum of 2d. Because 
of the paucity of this substance, it was not practical to 
obtain specific pdf values, and the spectrum was taken 
using noise decoupling.20 

A tentative assignment of the resonances in this spec
trum results from comparison of the spectra of 2a and 
2d (Figure 3). The two lowest field peaks must be 
associated with the methoxyl-bearing carbons. The 
lower of these resonances is unlikely to be due to carbon 
2, because that would require an a methylation shift of 
unprecedented magnitude (13 ppm). This peak is ac
cordingly assigned to C-I, and it is notable that the posi
tion of the C-I resonance does not change much 
throughout the series 2a-2d. This leaves the peak at 
114.4 ppm to be assigned to carbon 2. Carbon 5 of 2d 

(17) F. J. Weigert, Ph.D. Thesis, California Institute of Technology, 
Pasadena, Calif., 1968, p 211. 

(18) H. J. Reich, M. Jautelat, F. J. Weigert, and J. D. Roberts, / . Am. 
Chem. Soc, 91, 7445 (1969). 

(19) L. D. Hall and L. F. Johnson, Chem. Commun., 1968, 509. 
(20) F. J. Weigert, M. Jautelat, and J. D. Roberts, Proc. Nat. Acad. 

Sci. U.S., 60, 1162(1968). 
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Figure 3. Correlation of the spectra of /Myoinositol (2), l-O-
methyl-myo-inositol (2a), 1,4-di-O-methyl-myo-inositol (2c), and 
1,2-di-O-methyl-myo-inositol (2d). 

is S to the axial methoxyl group and 7 to the other, and 
hence might be expected to be unchanged from its posi
tion in 2a. The resonance at 118.1 ppm is accordingly 
assigned to C-5. 

Comparison of the three remaining ring carbon res
onances of 2d with the spectrum of 2a shows that meth
ylation of the C-2 hydroxyl group cannot have had a 
shielding effect on the C-4 resonance. It seems, there
fore, that 1,3-diaxial interaction due to an axial meth
oxyl group does not lead to upfield shifts at the 7 
carbon. This result is in accord with conclusions 
derived from the study of carbohydrates,13'19 which in
dicated that methoxylation of axial hydroxyl groups led 
to significant shifts only in the chemical shifts of the a 
and /3 carbons. On this basis, the remaining resonances 
at 119.9, 120.7, and 121.1 ppm are assigned to carbons 
3, 6, and 4, respectively. 

Quantitative Correlations. It has become common 
in 13C nmr spectroscopy to discuss chemical shifts in 
terms of substituent shifts.6,9' 17~19 Such substituent 
effects can be used to estimate spectral parameters for 
other related substances, and have been helpful in theo
retical rationalization of 13C chemical shifts.11 We 
have been able to derive a series of substituent shift con
stants which have utility in the interpretation of the 
spectra of both the inositols and the pyranose carbo
hydrates.13 

The treatment assumes that ' 3C chemical shift differ
ences in the inositols are associated with the variation 
in steric perturbation which must accompany epimer-
ization of any center in the molecule. A reference 
point for the chemical shift of the a carbon is adopted, 
and the changes in its chemical shift are correlated with 
epimerization of the hydroxyl groups on the remaining 
carbons from the equatorial to the axial configuration. 
It is assumed that such steric changes at the /3, 7, and 5 
carbons will be associated with an independent and 
additive constant representing the change in chemical 
shift in each case. The symbols /3, 7, and 5 are used to 
represent the shifts associated with such epimerization 
of the /3, 7, and 5 carbons, respectively. The sub
scripts a or e are added to these symbols to specify 
whether the hydroxyl group at the a position is axial or 
equatorial. It is necessary to adopt reference points 
for both of these latter situations. For the case in 
which an a carbon bears an equatorial hydroxyl group, 
the chemical shift of the single carbon resonance of 
scyllo-inositol (1) is used, while the C-2 resonance of 
^o-inositol (2) is a convenient reference for cases in 
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which the hydroxyl group at the a carbon is axial. On 
this basis, the difference in chemical shift between the 
C-I resonance of e/>r'-inositol (4) and the resonance of 1 
will be /3e + 8e, while the chemical-shift difference be
tween the C-2 resonances of 2 and 4 can be represented 
by 7«. 

Proceeding in this way, one can write a series of ex
pressions to represent the chemical shifts, measured in 
parts per million from the two defined reference points, 
of the resonances of the carbons of unsubstituted in
ositols. The expressions are shown in Table II under 

Table II. Calculated and Empirical 18C Chemical Shifts in 
Unsubstituted Inositols 

Com- Ref 
'arbor 

5 
1,3 
2 
4,6 
3,4 
1,6 
2,5 
2,4 
1,5 
3 
6 

i point 

118.8 
118.8 

118.8 
118.8 
120.3 
118.8 
120.3 
118.8 
118.8 
118.8 

A5« 

Se 

P. 

7 . 
7 . + Se 
/3a 
/3. + 7 . 
7a 
/ 3 . + 5, 
2/3. 
27. 

Oealcd 

118.1 
120.5 

121.6 
120.9 
120.9 
123.3 
118.0 
120.9 
122.2 
124.4 

"exp 

118.8 
118.2 
120.1 
120.3 
121.4 
119.7 
120.9 
122.0 
118.0 
120.8 
122.4 
125.7 

Error 

- 0 . 1 
+ 0 . 4 

+ 0 . 2 
+ 1.2 

0 
+ 1.3 

0 
+ 0 . 1 
- 0 . 2 
- 1 . 3 

" Chemical shift measured in parts per million from the relevant 
reference point. b Chemical shift measured in parts per million 
from external carbon disulfide. 

the heading A5. By treating these expressions as twelve 
equations in six unknowns, a least-squares solution can 
be fit to the experimental data. Such a solution leads 
to the following best values of the constants: /3„ = 
1.7 ± 0.3 ppm; ye = 2.8 ± 0.3 ppm; 5e = -0.7 ± 0.5 
ppm; /3a = 0.6;21a and ya = -2.3.2 1 The chemical 
shifts calculated using these constants are tabulated in 
Table II, and the standard deviation of these calculated 
values is about 0.8 ppm. 

While the correlation of calculated and empirical 
chemical shifts is not ideal, it is interesting to note that 

(21) (a) Too few examples were available to obtain estimates of error 
in these cases, (b) The low solubility of neo-inositol (S) has thus far 
precluded its study, and hence no value for Sa is available. 

the chemical-shift differences predicted by these con
stants within the spectrum of a single inositol are some
what better. The expressions of Table II, for example, 
predict that the C-3,4 and C-2,5 resonances of 3 will 
differ by (/3e + ye) — (ye + 5e) = 2.4 ppm; the empirical 
chemical-shift difference is 2.3 ppm. Similarly, the 
C-1,5 resonance of 4 is predicted to differ from that of 
C-6 by 4.6 ppm, while the empirical difference is 4.9 
ppm. The explanation of this phenomenon may be re
lated to the failure to adopt a standard concentration 
throughout this study, and experiments designed to test 
this hypothesis are under way in these laboratories. 

The shifts due to O-methylation seem too variable to 
yield to an analysis of the type above. Thus, while 
there is a quite constant upfield /3 methylation shift of 
about 4.5 ppm when the hydroxyl at the /3 carbon is 
axial, the analogous shifts when the hydroxyl group is 
equatorial fall into no presently recognizable pattern. 
The a methylation shifts are also variable. A reliable 
system of substituent shifts for these derivatives must 
accordingly await further study. 

Conclusions 
The substituent shifts derived above for the unsub

stituted inositols are in accord with the general recog
nition that steric hindrance or a proximity effect is a 
very important factor in determining 13C chemical-shift 
differences in reasonably related compounds. The fact 
that the magnitudes of ye and ya are the largest of the 
series of substituent constants probably reflects the im
portance of 1,3-diaxial interactions, while the small and 
variable 5e shifts show the expected attenuation of steric 
effects that would accompany increasing distance be
tween interacting groups. 

The small methylation shifts observed at the y and 5 
carbons are also in accord with the hypothesis that 
steric effects are an important source of chemical-shift 
differences in these systems. In the case of 1,2-di-O-
methyl-wjo-inositol (2d), the absence of a significant y 
shift suggests very different populations of the three 
staggered rotamers of the O-methyl group. It is possible 
that the variable /3 methylation shifts are also asso
ciated with rotation around the C-O ether bond. Con
tinuing research in these laboratories will attempt to 
clarify these questions. 

Journal of the American Chemical Society / 92:5 / March 11, 1970 


