
Analysis of I3C NMR for Monohydroxy Steroids J .  Org. Chem., Vol. 43, No. 6, 1978 1079 

Experimental Section 
All condensation reactions were carried out by the reaction of 

phenylhydrazine hydrochloride with the appropriate a-dicarbonyl 
compound in aqueous et,hanol (except for compound I which was 
prepared from hot water, thoroughly washed with cold 95% ethanol, 
and then recrystallized from absolute methanol). Recrystallization 
solvents for the other compounds are given in Table I. For the prep- 
aration of the "," isotopomers by the condensation method the 
phenylhydrazine-15N hydrochloride was preparedg from 98% isoto- 
pically pure aniIine-l5N (Prochem, Inc.). The Japp-Klingemann 
procedures described by Reynolds and Van Allanlo were used for the 
preparation of I and 11, while the method of Bamberger and Schmidt2 
was followed for 111. 

Solvents for spectroscopic studies were dried over molecular sieves, 
except for chloroform which was shaken with alumina. Compounds 
were vacuum-dried. Solution concentrations for both NMR and IR 
studies were 10-20% by weight. 

NMR spectra were obtained on a Varian A-60D spectrometer. In- 
frared spectra were taken on a Perkin-Elmer 621 spectrophotometer. 
Melting points "ere obtained under nitrogen on a Perkin-Elmer 
DSC-1 differenl ial scanning calorimeter and on a Fisher-Johns 
melting point blfxk. 
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F3r a given molecule, deviations between its observed 13C NMR spectrum and its spectrum predicted from a set 
of empirical NMR rules is often explained in terms of geometric distortions. A l l i n g e r ' ~ ~ ~ ~  molecular force field 
is used to study geometric distortions in monohydroxy-5a,l4cu-androstanes. The net effect of many types of slight 
geometric distortions on the 13C shift are examined in terms of the nonbonded interactions. The A, and -Ig effects 
could be characterized in a few terms suggested by the nonbonded interactions. Caution should be used in explain- 
ing -3C chemical shifts with geometric distortion arguments without obtaining some evidence of existing geometric 
changes and exploring other substructural arrangements which might be important. 

Introduction 

Within the past decade considerable effort has focused 
upon deriving empirical 13C NMR rules. One of the standard 
methods for rationalizing a 13C nuclear magnetic resonance 
spectrum has been to equate the C-13 shift of a particular 
carbon atom to contributions from structural features in the 
m o l e ~ u l e . ~ - ~  The structural features chosen are presumed to 
give linearly independent contributions to  the shift. The 
subject of some recent workg has focused on systems which 
are skeletally rigid and thus provide ideal systems to study the 
influence of geometrical and stereochemical features. 

The method of structural parameterization has been ap- 
plied to  monohydroxy steroids by Eggert e t  al.9 The  steroids 
considered in this work consisted of all trans ring junctions 
and thus could be classified as rigid systems. Deviations be- 
tween the observed shifts and shifts calculated by the  struc- 
tural parameterization method have been observed. For in- 
stance, C-1 in Sa,l4a-androstan-l~-ol has an observed sub- 
stituent effect, &, of 40.1 ppm compared to  the calculated 
value of 45.0 ppm. The structural parameters considered in 
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the work of Eggertg for the explanation of 1, were the number, 
n,  of y gauche carbons possessing hydrogen atoms able t o  in- 
teract with the hydroxyl group and the  number of skew pen- 
tane interactions, p, of the hydroxyl group with carbon atoms. 
The A, substituent effect is given as A, (ppm) = 45.0 + 3.5p 
- 3.5n. The explanation of AB was given in terms of q ,  the 
number of y-gauche interactions of the hydroxyl group with 
the y carbon atom connected to the f i  carbon atom in question. 
The  equation for A, is A, )ppm) = 9.3 - 2.4q. 

Geometric distortions in a structural framework leading to  
changes in local electronic environments of the nuclei have 
been advanced as one possible explanation of the deviations 
between observed and calculated shifts. Kollman e t  a1.I0 have 
looked a t  long-range effects in cortisol by molecular-orbital 
calculations and have shown that conformational changes 
were accompanied by changes in charge densities which often 
outweigh direct inductive electronic effects. Charge densities 
have been related to  (2-13 shifts by various authors.11J2 
Geometric distortions can result in other effects which might 
influence the (2-13 shift. Changes in distances between atoms 
in thr? molecule can result in varying steric and electric-field 
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Table 111. Correlation between A@ and Nonbonded 
Interactions 

Category - 
Type and Androstanol 

Degof no. of OH p AB, 6RH - 6ROH, 
@ carbon interactions position C no. PPm 

2 1 H-H 

2 2H-H 

2 

2 

3 

3 

3 
3 

4 
4 

1 H-H 
1 y-gauche 
1 H-H 
1 skew 

pentane 
1 H-H 
1 y-gauche 
1 H-H 

1 y-gauche 
1 skew 

pentane 

2 y-gauche 

la  
28 
3a 
41.3 
68 
2a 
2a 
31.3 
3d 
4ff 
6a 
713 
13 

l l a  
3a 
'ia 
2P 

118 

401 
6a 
7d 

l l a  
7Cr 
413 

66 
11B 
l a  
Id 

2 6.6 
3 7.0 
2 6.8 
3 7.0 
7 7.4 
1 9.4 
3 9.1 
2 9.3 
4 9.1 
3 9.4 
7 9.5 
6 9.5 
2 11.0 

12 11.5 
4 6.7 
6 7.6 
1 6.4 

1 2  8.8 

5 7.1 
5 6.7 
8 8.0 
9 14.7 
8 4.1 
5 3.0 

5 2.7 
9 3.9 

10 3.7 
10 6.2 

be impossible to attribute the differences at  C-11 in 
5a,l4a-androstan-lla-ol to any given effect due to the com- 
plexity of the geometry changes involved. 

The @-Substituent Effect. The explanation power of the 
nonbonded interactions for the hydroxyl substituent effect 
on the chemical shift of /3 carbon atoms was examined. The 
/3 carbon situations present in the androstanols studied were 
divided into catagories according to the degree of the /3 carbon 
atom and the number of occurrences of the types of steric in- 
teractions described earlier. The categories which result are 
summarized in Table 111. For those categories which showed 
a range of 1 ppm, there were no additional steric effects which 
could narrow the range and there did not seem to be any 
simple correlation between bond distance in particular C U 3  
or torsional angle which could explain the deviations. 

Three categories showed a deviation of a t  least 2 ppm be- 
tween the examples given for each category. The first such 
category was a secondary /3 carbon with two H-H interactions. 
For most of the examples in this category a shift in the range 
9.1-9.5 ppm was observed. The shifts of C-2 in 5a,14a-an- 
drostan-1/3-01 and C-12 in 5a,l4a-androstan-lla-ol had Ap 
values of 11.0 and 11.5 ppm, respectively. The work of Eggert 
e t  al.9 also pointed out these exceptions and an explanation 
was given in terms of compression of the C@-Cr bond distance 
giving rise to a greater downfield shift. The modeled calcula- 
tions showed a compressed C U 3  bond distance but they were 
not substantially different from the other bond distances in 
the group. However, there were present nonbonded interac- 
tions between the hydroxyl group and either C-2 or C-12. This 
nonbonded interaction was not present in the other examples 
in this category. 

The other two categories which showed deviations greater 
than 2 ppm were a secondary carbon with 1 H-H and 1 skew 

pentane and a tertiary carbon with 1 H-H interaction. The 
5a,l4a-androstan-lla-ol and 5a,l4a-androstan-ll/3-01 in 
these categories showed a nonbonded interaction between the 
hydroxyl group and the /3 carbon which did not occur in the 
other example of each category. 

One suggested explanation for the difference in /3-substit- 
uent effects between axial and equatorial hydroxyl groups is 
that y-gauche interactions of the axial hydroxyl group produce 
an elongation of the C U 3  bond.3 The proposed elongation 
should give rise to an upfield shift a t  the (3 carbon atom. The 
examination of C W ,  bond distances for the molecules 
studied showed a compression of the CP-C, bond distance 
with substitution of the hydroxyl group. Axial substitution 
gave longer C U 3  bond distances for 40-androstanol with 
carbon 3 and for 66-androstanol with carbon 7 than the cor- 
responding equatorial 4a and 6a substitutions. However, there 
were also examples in which there was no difference in CO-CY 
resulting from orientation such as 2a and 28 with carbon 3 and 
3n and 3/3 with carbon 2 or 4. 

T h e  y-Substituent Effect. Eggert et aL9 analyzed the 
y -substituent effect of the hydroxyl group in six-membered 
rings in terms of y-gauche and y-trans shifts. A y-gauche shift 
occurs when the y-carbon atom is gauche to the hydroxyl 
group and y-trans is defined analogously. The magnitude of 
each of these effects further depends upon whether the y- 
carbon atom is secondary or tertiary. Valence and torsional 
angle deformations from 1,3-syn-diaxial interactions are given 
as one possible explanations for deviations in the trends ex- 
pected. 

Methylene carbons that have a y-gauche interaction and 
a skew pentane have A, substituent effects of -5.3 ppm for 
5a,l4a-androstan-2/3-01 with carbon 4 and 5a,l4a-andros- 
tan-4/3-01 with carbon 2. A substituent effect of -3.1 ppm is 
observed under the same constraints for 5a,l4a-androstan- 
46-01 with carbon 6 and 5a,l4a-androstan-6/3-01 with carbon 
4. The values -5.3 and -3.1 are averaged to give -4.5 ppm, 
reported in the work of Eggert et al.9 The A? of a methylene 
carbon with a y-gauche and no skew pentane was -6.4 ppm. 
The difference in the first group is greater than the difference 
attributed to the addition of a skew pentane. Eggert et al.9 
used valence angle distortions to describe the differences 
between those molecules having a skew pentane and those 
without that  interaction. The y shift of carbon 4 in 10- 
methyl-trans-decal-2/3-01 and carbon 2 in 10-methyl-trans- 
decal-4/3-01 were -5.2 and -5.3 ppm, respectively. The shift 
of carbon 6 in 10-methyl-trans-decal-4/3-ol was -3.3 ppm. 
These results are in remarkable agreement with the steroids, 
considering the force field showed considerable differences 
in their skeleton geometry. 

The results indicate the necessity of examining fully a wide 
scope of substructure parameters before using geometry dis- 
tortions to explain errors in the parameter set. One method 
for exploring the full range of structural arrangements is given 
in the work of Mitchell and Schwenzer.23 

The 6-Substituent Effect. Grover and Stothers13 exam- 
ined various 6-substituent effects and showed that the 6 car- 
bon is significantly deshielded in compounds with syn-diaxial 
~ O H - C H ~  interactions with the generalization that more rigid 
systems give larger shifts. In the work of Eggertg it was con- 
cluded that the steroid data did not support this generaliza- 
tion. 

The 61 orientation (notation of Grover and Stothers13) of 
a hydroxyl group to its 6 carbon atom is shown in Table IV in 
addition to the shifts which have a 61 orientation. The bl effect 
was examined in detail, since it was the only one which showed 
substantial effects. The force field showed 10-methyl-trans- 
decal-4/3-01 to be only slightly more torsionally hindered with 
respect to lO-rnethyl-trans-decal-2~-01 and similarly for the 
steroids. Examination of the energy contributions from 
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H 

H-H interaction 

Skew Pentane 

- gauche 

Figure 1. Three types of non-bonded interactions found for mon- 
ohydroxy steroids. To the left of the arrow is the interaction present 
in androstane and to the right is the interaction introduced with 
substitution of the hydroxyl group. 

the parent androstane and those of the monohydroxy an- 
drostane were then considered. This incorporates steric effects 
which are introduced when a substituent is added as well as 
when the steric effects are removed. 

Results 
The a-Substi tuent Effect. There were three majcr types 

of nonbonded interactions that were either present in an- 
drostane and not in the monohydroxy androstane or present 
in the monohydroxy androstane and not in androstane. Each 
of the interactions is illustrated in Figure 1. The first type of 
interaction is a 1,4 nonbonded interaction between hydrogens 
present in androstane which is removed with substitution of 
the hydroxyl group. An axial hydrogen will have a nonnegli- 
gible 1,4 nonbonded interaction with the equatorial hydrogen 
on the adjacent carbon removed. An equatorial hydrogen with 
a secondary neighboring carbon atom will have two 1,4 non- 
bonded interactions removed. A hydrogen in the equatorial 
position is more sterically hindered than in the axial position. 
Therefore, both the orientation of the hydrogen removed and 
the degree of the neighboring carbon atom contribute to the 
number of 1,4 nonbonded H-H interactions. A correlation 
between the orientation of the hydroxyl group has been drawn 
in earlier A recent study by Grover and Stothers13 
of the 13C NMR spectra of 10-methyl-trans-decalols showed 
the axial vs. equatorial arrangement to be inapplicable when 
there is a syn-diaxial OH-CH3 interaction. Eggert et al.9 also 
concluded that the carbinyl carbon shift was not primarily 
dependent on the axial or equatorial orientation of the hy- 
droxyl group. 

The second type of nonbonded interaction which was of 
importance involved the methyl groups C-19 or (2-18. In an- 
drostane there was a nonbonded interaction between a methyl 
group and an axial hydrogen on the same face of the ring as 
the methyl group. When the hydrogen is substituted with a 
hydroxyl group, the hydrogen-methyl group interaction is 
replaced with an interaction between the methyl group and 
the lone pairs on the oxygen. This is the type of interaction 
referred to by Eggert e t  aL9 as a skew pentane interaction. 

Table 11. Number of Occurrences of Various Nonbonded 
Interactions in Monohydroxy Androstanes 

A g R H - , p O H ,  Skew a, 
Registry OH pen- y -  ppm 

no. wsition H-H tane gauche ExDtl Calcd 

2287-84-5 
2287-91-4 

20707-85-1 
1225-47-4 
7657-50-3 
1224-92-6 

20707-77-1 
20707-78-2 
20311-10-8 
32215-75-1 
19037-31-1 
19037-33-3 
2872-91-5 

25814-80-6 

la 
10 
2a 
20 
3a 
3P 
4a 
4P 
6a 
6P 
7a 
76 
l la 
11P 

1 0 2 32.7 36.6 
2 0 1 40.1 39.6 
4 0 0 45.7 44.5 
2 1 0 45.7 45.2 
2 0 1 39.6 39.6 
4 0 0 44.4 44.6 
3 0 1 41.2 41.5 
1 1 0 43.2 43.3 
3 0 I 40.8 41.5 
1 1 0 43.3 43.3 
1 0 2 36.0 36.6 
3 0 0 43.0 42.6 
3 0 0 48.3 42.6 
1 2 0 47.7 47.9 

The third type of interaction involves y-gauche carbons 
having hydrogens that can interact. When one of the hydro- 
gens is replaced with a hydroxyl group, the hydrogen-hy- 
drogen interaction of androstane is replaced with an inter- 
action between the lone pairs on oxygen and the other hy- 
drogen. The number of occurrences of the three types of in- 
teractions for the compounds in this study are given in Table 
11. I t  should be noted that the number of occurrences of each 
effect does not correspond to  what one would expect from a 
fixed skeletal frame model but represents the distorted mol- 
ecule. 

The nonbonded interactions for 2p, 3a, 3@, 4@, 60, and 1 lP  
were almost entirely represented by the three types of inter- 
actions which have been given. These molecules were fitted 
to a linear form giving A, = 36.9 + 1.9nl + 4.5n2 - l . ln3,  
where ni represents the number of occurrences of the i th  ef- 
fect, as given in Table 11. The resulting expression was then 
applied to the remaining monohydroxy androstanes and the 
results are given in Table 11. Except for l a  and l l a  the cal- 
culated a-carbon effect was within 1.2 ppm of the experi- 
mental value. 

To examine the la-monohydroxyandrostane which showed 
considerable disagreement between the calculated and ob- 
served A, effect, the force fields of 10-methyl-trans-decalin, 
trans- decalin, and their corresponding la  OH derivatiyes were 
calculated. The nonbonded interactions were tabulated for 
the 10-methyl-trans-decalin compounds and for the trans- 
decalin compounds. The nonbonded interactions for l a , l 0 -  
methyl-trans-decalol, la-trans-decalol, 5a,l4a-androstan- 
la-01, and 5a,14a-androstan-l2a-ol were essentially the same. 
The substituent effect a t  the a carbon for the la-trans-decalol 
obtained by Grover and Stothers13 was 36.1 ppm which is in 
good agreement with the calculated value of 5a,l4a-andros- 
tan-101-01 given in Table 11. The a-carbon substituent effect 
for la,lO-methyl-trans-decalol given by Grover and Stothers13 
is 33.1 ppm. Eggert et al.9 obtained an cy-carbon substituent 
effect for 5a,l4a-androstan-la-ol and 5a,l4a-androstan- 
12a-01 of 32.7 and 33.7 ppm, respectively. These results seem 
to indicate a direct inductive effect on the a carbon from the 
1,2 trans diaxial methyl group. 

The difference between the experimental and calculated 
A, effect for 5a,l4a-androstan-lla-o1 have not been captured 
in the simple interactions discussed. A measure of flattening 
of the C ring at  the C-11 position is obtained by the difference 
between 5a,l4a-androstan-l1au-ol and 5a,l4a-androstane of 
the sum of the dihedral angles C(8)-C(9)-C(ll)-C(12) and 
C(9)-C(ll)-C(12)-C(13). The C ring in 5a,l4a-androstan- 
11a-01 is flattened by 14.1' relative to androstane. I t  would 
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effects. The later is associated with through space influences 
that  polarized regions exert on the local electronic distribu- 
tion. The steric effect relates to closely spaced structural 
groups which cause perturbations. 

One likely cause of deviations between predicted and ob- 
served shifts could be due to geometric distortions; however, 
it  is also feasible that  the wrong structural features were 
chosen or that  they are not linearly independent or even that 
the model which characterizes a shift in terms of structural 
parameters is not adequate. For example, Dalling and Grant5 
rationalized shifts of niethylcyclohexane using substituent 
parameters. The parameters were used5 on 1,1,2-trimethyl- 
cyclohexane with poor agreement regardless of the equilib- 
rium constant used. Two possible explanations are that  the 
molecule is distorted or that  the parameter set was not ap- 
propriate. 

Confirmation of structural changes is usually difficult due 
to the labor imolved in obtaining x-ray data. In many in- 
stances molecular force-field calculations can be used to obtain 
the information within reasonable time limits. The purpose 
of this work is to explore the use of molecular force-field cal- 
culations to determine the relevance of suggesting specific 
geometric distortions in monohydroxy 5a,l4a-androstanes 
as explanations for the C-13 shift observed. The influences 
of geometric distortions on the 13C NMR spectra will have to 
be restricted to changes due to steric effects. Steroids were 
chosen because of the ,mailability of earlier workg from our 
laboratory; furthermore, 10-methyl-trans- decalols13 can also 
be used for comparison of the appropriate bicyclic environ- 
ment. 

Method 
In order to establish the ability of Allinger's force field2,3 

to distinguish differences between the monohydroxy steroids, 
a study of the following compounds was made: (1) 5a-an- 
drostane-3a,176-dio1; (2) 5a-androstane-3/3,17/3-diol; (3) 
~3n-hydroxy-5u-androstan-17-one; (4) 3@-hydroxy-5u-an. 
drostan-17-one 

OH n 

Ill ( 4 )  

Allinger14 recently reported a calculation on 3a-hydroxy- 
5a-androstan-17-one and concluded that the calculated ge- 
ometry and the x-ray structure were in good agreement. For 
the purpose of this work it is necessary to ascertain if geometry 
changes between closely related structures are also in good 
agreement with geometry changes that would be predicted 
from x-ray data. 

A force-field calculation was made on each of the four 
compounds. The torsional angles for the A ring of compounds 
1-4 from the force-field and x-ray determinations are shown 
in Table I. By comparing 3a-hydroxy-5a-androstan-17-one 
to 3P-hydroxy-5a-androstan-17-one it  is seen that the A ring 
is more puckered (the average torsional angle is larger) in both 
the force field and x-ray for the 3@ structure. Comparing the 
force-field determinations for 5a-androstane-3a,l7@-diol 
given in column 1 and 5a-androstane-3@,17@-diol it  is seen 
that  the A-ring angles are nearly identical for both com- 
pounds. The crystal structure for 5a-androstane-3a,l7@-diol 
is nearly identical to  3a-hydroxy-5a-androstan-17-one. The 
crystal structure for 5a-androstane-3P,17@-diol is more 

Table I. ComDarison of the Torsional Angles in Ring A 

3a-Hydroxy-5a- 3P-Hydroxy-5a- 
C androstan-17-onec androstan-17-oned 

atoms Force field X ray's Force field X ray'6 

10-1-2-3 54.3 55.6 55.7 57.7 
1-2-3-4 49.6 51.9 53.8 55.1 
2-3-4-5 49.6 52.3 53.6 54.5 
3-4-5-10 54.3 56.3 55.4 56.7 
4-5-10-1 53.9 55.3 52.7 55.7 
2-1-10-5 53.8 55.3 52.9 56.2 

Average 52.6 54.5 54.0 56.0 

5a-Androstane- 
3a,17P-diole 5n-androstane- 

Force-Field 3P,17$,diolf 
C atoms C-1 C-2n X ray17 Force field X rayla 

10-1-2-3 56.7 54.5 55.9 55.5 54.4 
1-2-3-4 53.5 49.7 51.8 53.1 51.9 
2-3-4-5 52.7 49.7 51.1 53.0 54.1 
3-4-5-10 54.6 54.3 54.7 55.3 58.6 
4-5-10-1 52.7 53.7 54.8 53.3 57.9 
2-1-10-5 54.0 53.8 54.8 53.2 S5.6 

Average 54.0 52.6 53.9 53.9 55.4 

Local minimum slightly higher in energy. Monohydrate 
crystal. Registry no.: 53-41-8. Registry no.: 481-29-8. e Registry 
no.: 1852-53-5. f Registry no.: 42366-37-0. 

puckered than the 5a-androstane-3a,l78-diol but it's ring is 
no longer as symmetrical (greater difference between torsional 
angles within ring) as it was in the keto structure. The crystal 
structure for 5a-androstane-3P,17P-diol is that  of a mono- 
hydrate crystal while the other crystal structures were 
nonhydrated. This could account for some of the differences 
between the force-field and x-ray structure for 5u-andros- 
tane-30,17fl-diol. 

Further calculations were made on &-androstane- 
3a,17P-diol and a local minimum was found lying slightly 
above the minimum given in Table I. The torsional angles for 
the local minimum are given in Table I, column 2. The con- 
formation corresponding to the local minimum of 5a-an- 
drostane-3a,l7fl-diol is more flattened and thus in better 
agreement with its x-ray result. 

The difference between the results for 5u-androstane- 
3a,l7P-diol and 3a-hydroxy-5a-androstan-17-one could imply 
that the long-range effects of the keto group are different from 
those of the hydroxyl group. It should also be noted that the 
x-ray structures showed differences in the B, C. and D rings 
between the diols and between the keto structures, while the 
force field did not show any substantial differences. The 13C 
NMR spectra of 5u-androstane-3a,l7P-diol and 50-andros- 
tane-3P,17P-diol15 gave nearly identical results for the B, C, 
and D rings. The differences in the B, C. and D rings given in 
the x-ray structure could be attributed to artifacts of the 
crystal packing forces and are thus not a property of the iso- 
lated molecule. The inability of the force field to reproduce 
the changes in the B, C, and D rings is not felt to be a restric- 
tion upon their use for analysis of the I3C NMR spectra. 

Force-field calculations were made on the monohydroxy 
5a-androstanes with the hydroxyl group positioned a t  one of 
the following locations: l a ,  I@, 2a, 2@,  3a, 30,4cr, 4@, 6a, 6@, 
7a,7P, l la,  and 110. In order to determine the nature of the 
steric effects which are present, the nonbonded interactions 
with an energy contribution greater than 0.1 kcal were tabu- 
lated. Allinger's program calculates the van der Waals (non- 
bonded) interaction energy between all pairs of atoms not 
bonded to each other or to a common atom. The differences 
between the nonbonded interactions which were present in 
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Table IV. Is Hydroxyl Substituent Effects (in ppm) 

h 

Hydroxyl Group ( A  or B)  6 carbon ( A  or B) 

6 ,  shift, Total 
S R H  - Nonbonded 

Registry OH &'OH, interaction, 
no. position ppm 6, c kcal 

Sa-Steroids 
2 p  2.5 c-19 0.17 
4p 2.4 c-19 0.23 
6 {I 3.5 c-19 0.07 

11p 3.2 (3-19 0.12 

25578-06-7 2p 2 .1  C-Me 0.22 
42280-82-0 4p 3.4 C-Me 0.12 

10-Me thyl-trans-decalols 

bending indicated that both the 26- and 4P-10-methyl- 
trans-decalols showed increased bending strain compared to 
the steroids, but there was an opposite effect on the shift. The 
only comparison which seemed to give insight into the changes 
was the total nonbonded interactions. The total nonbonded 
interactions computed a t  C-19 for the steroids and a t  C-11 for 
10-methyl-trans- decalols are given in Table IV. The results 
in Table IV indicated that increased nonbonded interactions 
caused smaller shifts. The interactions between the lone pairs 
on oxygen and the methyl group contribute to the steric in- 
teractions. This work showed the unlikelihood of drawing a 
direct correlation between specific types of distortions and 
the observed shifts. Eggert et aL9 advanced a similar argument 
that the 61 effect was a function of steric hinderance and 
proposed types of distortions which could be related to  re- 
lieving the steric hinderance. 

Cenclusion 
The selection of a set of structural parameters which cor- 

relate with a C-13 shift is a difficult decision. While the chosen 
parameter set may duplicate observed shifts within experi- 
mental error, there is no guarantee that they represent the 
correct terms in the model which correlates structural frag- 
ments to contributions of a C-13 shift. Various terms can be 
selected which are not necessarily independent of one another. 
This is one possible reason for the discrepancy over the im- 
portance of equatorial vs. axial orientation in the explanation 
of A,. The determination of a set of coefficients for the pa- 
rameters chosen depends on the completeness of the set of 
parameters as well as the functional form chosen and their 
values are not necessarily unique. 

The use of the force field to determine the important non- 
bonded interactions and the number of occurrences of each 
type of interaction in the molecules studied allows the model 
to drive the correlations between structure and C-13 shift. 
This procedure is contrasted to an approach in which the C-13 
data drives the selection of a set of parameters within a fixed 
skeletal frame model. 

The examination of the differences in the nonbonded in- 
teractions between the androstane and monohydroxy an- 
drostanes calculated by the force field could be characterized 
by a few terms. The terms included interactions which had 
been removed as well as interattions introduced by the ad- 
dition of the hydroxyl group. The terms were fitted to a linear 
functional form to obtain coefficients for each of the types of 
interactions. 

Refinements of the shift prediction was not always possible 
even within the force-field model. However, the force field was 
valuable in ascertaining if there was sufficient reason for 
suggesting geometric distortions as explanations for deviations 
between parameter set predicted shifts and observed shifts. 
Refinement of the model of representing contributions to the 
total C-13 shift in terms of structural relationships may rest 
in looking for larger substructure units to act as parameters 
rather than suggesting geometric distortions in terms of spe- 
cific torsional and valence angles and bond distances as the 
cause of observed deficiencies. 
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