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Abstract: We describe a computer-based method for prediction of 13C NMR chemical shifts. The method involves computa-
tion of molecular descriptors from topological and three-dimensional representations of molecules, the latter afforded by a mo-
lecular mechanics program. Subsequently, the method of stepwise, multiple linear regression calculates coefficients relating
the descriptors to observed chemical shifts. We predict the !3C chemical shifts of 287 primary, secondary, and tertiary carbon
centers in our data set of methyl-substituted cycloalkanes with a standard error of about 1.1 ppm.

Computer-based methods for analysis of analytical data
are receiving widespread interest as the cost of computer
hardware decreases and sophisticated computer programs
become more widely available. One area of special interest is
computer-assisted structure elucidation.? The two major uses
for analytical data in structure elucidation are interpretation
and prediction. Interpretation of original data in terms of
structural features forms the basis for proposing structural
candidates. Subsequently, each of the candidates can be tested
in detail against the same or other data by prediction of the
physical or chemical behavior of each candidate. These pre-
dictions can be used to rank the candidates. Significant work
has been done in automated interpretation of mass spectral,
infrared, and '"H NMR data,? and, to a lesser extent, !3C
NMR data.3-7 More recently, reports have appeared discussing
the use of computers to predict spectroscopic and chemical
behavior of sets of molecules.23:¢

In this report we discuss an approach to prediction of '3C
NMR chemical shifts. Recent studies correlating chemical
shifts with structural features of molecules have resulted in
highly class specific rules!®-1® with limited capability for ap-
plication outside the structural context in which they were
formed. 1t would be useful to devise methods for prediction of
13C NMR chemical shifts which are less strongly coupled to
the concept of chemical class, thus allowing prediction of shifts
for a variety of types of compounds. We propose an approach
which is, in principle, capable of such generality. We provide
an example of an application where '*C NMR shifts are ac-
curately predicted for related, but different, structural
types.

Our approach relates a variety of structural features of a set
of molecules with observed chemical shifts. Structural features
are derived automatically by a computer program from both
topological and three-dimensional (*‘geometrical”) repre-
sentations of the molecules. The calculated topological and
geometrical features, or descriptors, are regressed (multiple
linear regression) against observed shifts. In this respect our
approach is closely related to the work of Grant and co-
workers,'3-'6 who used regression analysis based on numbers
of various features which could be derived by manual exami-
nation of molecular models. The key difference in our approach
is that we attempt to obtain more widely applicable rules re-
lating chemical shifts to structural features by extracting
certain features from computed, three-dimensional models of
each compound. From the set of atomic coordinates obtained
by molecular modeling the relationships and interactions
among atoms can be easily determined and a variety of
structural descriptors easily computed. We obtain, for a set of
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saturated cycloalkanes, a set of regression coefficients with
high correlation. These coefficients can be used to predict 12C
NMR spectra of candidate structures for an unknown.

The Data Set

Initial correlations of structure with '3C NMR shift related
topological features of structures to spectral peaks.'%'20 Such
correlations proved adequate for spectral predictions and in-
terpretations for alkanes and aliphatic amines.*7:'8.20 How-
ever, topological features alone proved inadequate for treat-
ment of cyclic systems. For example, the topologically equiv-
alent tertiary carbons of cis- and trans-decalin exhibit reso-
nances differing by 7.3 ppm. Consideration of descriptors based
on three-dimensional properties is required to “explain’ ob-
served spectra.!3-17.19.21 Selection of descriptors has been based
on manual examination of models and chemical intuition.
Counts of the numbers of each descriptor are used with mul-
tiplicative constants to modify predictions based on parent
compounds.!3-17:19.21

We decided to attempt to parametrize geometrical influ-
ences on '3C NMR chemical shifts more systematically. To
do so, we required a set of molecules (with assigned spectra)
with well-characterized conformations. Assigned spectra for
a number of cyclic, saturated hydrocarbons (described in more
detail below) have been presented.'?-16 Although related, the
molecules have been treated as separate “classes”, with pa-
rameter sets generated separately for each class.!3-'¢ Thus,
this set of compounds meets our criteria of being sufficiently
different to merit treatment, while allowing isolation of effects
of topology and geometry from other influences of heteroatoms
and multiple bonds.

The set of carbon centers used in this work is shown in Table
1. The first subset, 1-17, consists of cyclohexane plus 16
methyl-substituted cyclohexanes.!*-'4 Four other methyl-
substituted cyclohexanes reported in those papers were not
used because the molecules are too conformationally mobile.
The second subset, 18-29, consists of trans- and cis-decalin
plus ten methyl-substituted decalins.'3 cis-syn- i-Methylde-
calin (37) is placed at the bottom of Table 1 because it required
special attention. 1t was not used in the derivations of any of
the parameters from multiple linear regression. Shifts for 37
were predicted using the parameters derived from all the other
compounds listed in Table 1. Six perhydroanthracenes and
perhydrophenanthrenes, 30-35, were also used.'® A single
four-ring compound, 5-«-androstane (36), was available.!”
Thus, the entire data set consists of 36 compounds with a total
of 51 primary, 157 secondary, and 79 tertiary carbon centers.
There were an insufficient number of quaternary centers to
allow them to be included in this study. The reported shifts (vs.
Me,Si) for these compounds range from a low of 5.3 ppm to
a high of 34.0 ppm for the primary centers, from 20.5 to 49.7
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ppm for the secondary centers, and from 26.3 to 55.1 ppm for
the tertiary centers. Following earlier studies, primary, sec-
ondary, and tertiary centers are treated separately.'0

The Descriptor Set

The objective in the development of the descriptor set was
to obtain a set of descriptors for each carbon center that would
allow a multiple linear regression fit to predict shifts accu-
rately. These descriptors should be calculable from a knowl-
edge of the topology and geometry of the molecule. Since we
expected to use a method of molecular mechanics?2.23 to derive
a model for each compound, and since the development of such
models can only be done by computer, we decided from the
start to allow all the descriptors to be computer generated. The
topological descriptors are developed from the connection table
of the molecule. They can be calculated directly from a
knowledge of the atom and bond identities and connectivities
given in the connection table. The geometrical descriptors are
based on the proximity of atoms of various types to the carbon
center in question. These descriptors are calculated from the
atomic coordinates of each atom subsequent to model building.
The complete set of descriptors generated for each carbon
center is shown in Table 11, and described in detail below.

Topological Descriptors. The topological descriptors (Table
11) generated for each carbon center included a variety of
features which we assumed might be important based on pre-
vious relationships of topology to chemical shift.4!%}! Note
that there is no term for the number of nearest neighbors
(a-substituents) because the carbon centers are already par-
titioned by the degree of the carbon atom. The connectivity
index (C1) (originally developed by Randic?4) descriptors were
chosen because this descriptor has been shown to be correlated
with a large number of molecular properties.25 1t has usually
been calculated for entire molecular structures as a summation
of contributions over all the bonds in the structure. The term
in the summation associated with each bond is related to the
connectivity of the atoms bound together by it. Equation 1
shows how the connectivity index (Cl) is calculated for an
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entire structure:

Cl=reb=Yymigie O

where k is an index over all the bonds in the molecule, and L(7)
and L(j) are the connectivities of the two atoms which are
joined by the kth bond. Because we wish to characterize in-
dividual carbon centers rather than entire molecules, we de-
termined the CI descriptors for each center by summing over
all the second nearest-neighbor bonds (C12), all the third
nearest-neighbor bonds (C13), etc. The Cl descriptors are
measures of the degree of substitution of atoms on nth near-
est-neighbor bonds. Thus, the descriptors are highly correlated
to the number of 3, v and more distant substituents.

Geometrical Descriptors. From the beginning of this study,
it was recognized that there must be geometrical information
available to the prediction routine, since '*C NMR shifts are
sensitive to changes in orientation and conformation. As
mentioned previously, we minimized effects of conformational
changes by including in the data set only compounds whose
conformations were locked by substituent patterns. The
geometries obtained from molecular mechanics routines are
known to be quite close to those obtained from x-ray data and
have been used for a wide variety of research in organic
chemistry.2223.26.27 1 our study we used the molecular me-
chanics modeling program of Allinger et al.?? to obtain
three-dimensional models (see Experimental Section). The
resulting atomic coordinates for all carbon and hydrogen atoms
were provided to another routine that calculated the geomet-
rical descriptors.

There seems to be little agreement in the literature regarding
details of relationships among structural features and chemical
shifts. For example, several theories have been advanced to
rationalize 8 effects”’1516.28 and *“~ effects”16:29.30 jncluding
considerations of both steric and electronic effects. We did not
attempt to parametrize electronic features of molecules in our
data set. Indeed, recent work found no simple relationship
between computed charge densities and '*C NMR shielding
constants for butanes and butenes.?® Structural descriptors
which are measures of interatomic distances ought, however,
to capture steric effects.

We focussed on three types of geometrical descriptors. The
first two are different measures of the proximity of other atoms
in the molecule. The first is the count of the number of atoms
of each type within spherical shells whose radii are given in
Table 11. These radii were determined by noting that, in plots
of interatomic distances to other atoms for each of the carbon
centers in a given structure, natural clusters form near the
center of each spherical shell. This is due, of course, to the
regular geometries (the six-membered rings and their con-
formations) among members of our data set. The radial de-
scriptors are simply, for each carbon center, summations of one
over the radial distance (to the nth power) to all other carbons
or hydrogens in the molecule.

The third descriptor is 2 measure of the van der Waals strain
energy associated with pairwise interactions between hydrogen
atoms on a given carbon center with other hydrogens in the
vicinity. The reasons for selecting this parameter, which we
have used only for tertiary carbon atoms, are discussed below
(see Results and Discussion).

We are aware that many other geometrical descriptors
might have been selected. We are also aware that our partic-
ular choices are not necessarily extendable to other structural
classes and that reasonable, but accidental, correlations can
be obtained by our method. Nevertheless, our descriptors re-
flect, to a first approximation, the environment of a given
center in terms of various measures of distance to neighboring
atoms. The important point is that the availability of a three-
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Table 1. Compounds Comprising the Data Set
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Number of

Primary Secondary Tertiary
Compd centers centers centers
1 Cyclohexane 1
2 Methylcyclohexane 1 3 1
3 1trans-1,2-Dimethylcyclohexane 1 2 1
4 cis-1,3-Dimethylcyclohexane 1 3 1
5 1rans-1,4-Dimethylcyciohexane 1 1 1
6 1,1,2-Trimethylcyclohexane 3 4 1
7 1,1,3-Trimethylcyclohexane 3 4 1
8 1,1,4-Trimethylcyclohexane 3 2 1
9 1-trans-2-cis-3-Trimethylcyclohexane 2 2 2
10 1-trans-2-trans-3-Trimethylcyclohexane 3 3 3
11 1-cis-2-cis-3-Trimethylcyclohexane 2 2 2
12 1-trans-2-cis-4-Trimethylcyclohexane 3 3 3
13 1-trans-2-trans-4-Trimethylcyclohexane 3 3 3
14 1l-cis-2-1rans-4-Trimethylcyclohexane 3 3 3
15 1-cis-2-cis-4-Trimethylcyclohexane 3 3 3
16  1-cis-3-cis-5-Trimethylcyclohexane 1 1 1
17  1-cis-3-trans-5-Trimethylcyclohexane 3 2 2
18 itrans-Decalin 2 1
19 rans-anti-1-Methyldecalin 1 7 3
20 trans-syn-2-Methyldecalin 1 7 3
21 rans-9-Methyldecalin 1 4 1
22 rans-syn-2-syn-7-Dimethyldecalin 1 3 3
23 irans-syn-2-syn-3-Dimethyldecalin 1 3 2
24 rans-anti-1-syn-8-Dimethyldecalin 2 6 4
25 1rans-anti-1-syn-3-Dimethyldecalin 2 6 4
26 irans-anti-1-syn-2-Dimethyldecalin 2 6 4
27  cis-Decalin 4 1
28 cis-syn-2-Methyldecalin 7 3
29 cis-9-Methyldecalin 8 1
30 irans-syn-irans-Perhydroanthracene 3 |
31 cis-trans-Perhydroanthracene 10 4
32 rans-anti-trans-Perhydroanthracene 3 1
33 irans-anti-trans-Perhydrophenanthrene 5 2
34 irans-anti-cis-Perhydrophenanthrene 10 4
35 1rans-syn-cis-Perhydrophenanthrene 10 4
36 S5-a-Androstane 2 11 4
37  cis-syn-1-Methyldecalin 1 7 3

dimensional model which can be manipulated in a computer
provides an easy route to consideration of many different de-
scriptors. Our set is potentially general and, with the exception
of the van der Waals parameter, is not overly sensitive to the
details of the molecular model.

Experimental Section

Model building and calculation of geometrical descriptors were
performed on the SUMEX-AIM Digital Equipment Corp. PDP-10
at Stanford University. A DEC-10 version of the molecular mechanics
program of Allinger et al., “MMI"',22 was used to construct models
based on starting coordinates obtained in one of two ways. An x-ray
structure of androstane (36) provided coordinates used as a starting
point for (1) androstane itself; and, with appropriate structural
modifications, (2) the substituted cyclohexanes, based on ring A of
androstane; and (3) the substituted trans-decalins based on rings A
and B. Coordinates for the carbon atoms of the cis-decalins and the
perhydroanthracenes and phenanthrenes were approximated using
the program of Wipke et al.3! These coordinates were then passed to
MM for final minimization, now also including all attached hydrogen
atoms. Computation of the geometrical descriptors (Table II) was
straightforward based on these coordinates. Radial distances are
measured from atom center to atom center.

Determination of topological descriptors and the regression analyses
were performed on the Stanford Center for Information Processing
(SCIP) IBM 370/168. The topological descriptors were obtained
using an algorithm which, given the connection table of the structure,
determined the numbers of nth nearest neighbors. Connectivity in-
dexes were calculated using eq 1. The stepwise multiple linear re-

gression programs used were BMDO2R and the multiple linear re-
gression program included in the SPSS package.

Results and Discussion

Our initial experiments treated discrete subsets of the data,
for example, the cyclohexanes, the trans-decalins, and so forth,
to ensure that we could achieve results comparable to those of
Grant et al.!3-1¢ with our set of descriptors (Table 11). These
experiments were successful until we included tertiary centers
which were at cis ring junctures, at which point the fit of pre-
dicted and observed shifts was substantially degraded. The
reason for this quickly became obvious. The sets of topological
and geometrical descriptors (Table 11) are completely equiv-
alent for some tertiary centers, while the observed chemical
shifts are quite different. For example, ring juncture atoms,
C-9,10, of ¢is- (27) and trans-decalin (18) have identical de-
scriptor sets, while their chemical shifts differ by 7.3 ppm
(shifts are 44.2 and 36.9 ppm, relative to Me,Si, for 18 and 27,
respectively). Although the geometrical descriptors appear to
describe the different spatial arrangements of primary and
secondary centers in compounds with cis vs. trans ring junct-
ures, the descriptors are inadequate for the tertiary centers.

As a result, we made a careful comparison of the models
calculated for pairs of compounds differing by cis vs. trans ring
junctures. The final steric energy output from MMl is, as ex-
pected, higher for compounds possessing cis ring junctures. For
example, the final steric energy for cis-decalin (27) is 15.44
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Table IL. Descriptor Set Generated for Each Carbon Center

Topological Descriptors

CI2 Connectivity index for all second nearest-neighbor
(NN) bonds

Ci3 Connectivity index for all third NN bonds

CISUM CI1+CI2+CI3

L2 Number of second NN bonds

L3 Number of third NN bonds

(CI1) Average connectivity index for first NN bonds

(CI2) Average connectivity index for second NN bonds

(CI3) Average connectivity index for third NN bonds

M1 Number of primary carbons bonded to the carbon of
interest

M2 Number of secondary carbons bonded to the carbon of
interest

M3 Number of tertiary carbons bonded to the carbon of
interest

Geometrical Descriptors

NCS3 Number of carbon atoms found between 2.7 and 3.4

NCS4 Number of carbon atoms found between 3.4 and 4.0

NCS5 Number of carbon atoms found between 4.0 and 5.0

NHSI Number of hydrogen atoms found between 0.0 and 1.5

NHS2  Number of hydrogen atoms found between 1.5 and 2.4

NHS3  Number of hydrogen atoms found between 2.4 and 3.2

NHS4  Number of hydrogen atoms found between 3.2 and 3.6

NHS5  Number of hydrogen atoms found between 3.6 and 5.0

RCS!1 Sum of 1/d(C) over all carbon atoms in the molecule

RCS2 Sum of 1/d(C)2 over all carbon atoms in the molecule

RCS3 Sum of 1/d(C)3 over all carbon atoms in the molecule

RHS! Sum of 1/d(H) over all hydrogen atoms in the molecule

RHS2  Sumof 1/d(H)2? over all hydrogen atoms in the
molecule

RHS3 Sum of 1/d(H)3 over all hydrogen atoms in the
molecule

VDW van der Waals strain energy associated with the single

attached hydrogen of a tertiary center

keal, for trans-decalin (18), 12.94 kcal. This additional strain
is reflected largely in the terms for bending and 1,4 (or higher)
van der Waals interactions, both of which are higher for cis-

decalin (27). Examination of individual energy terms revealed
no obvious correlation of chemical shift differences with re-
ported bond length and angle deformations, nor with bending
and stretch-bending terms in these relatively strain-free sys-
tems. In addition, there were no obvious correlations with shifts
of primary or secondary carbon centers with 1,4 van der Waals
interactions of the centers themselves or their attached hy-
drogen atoms. However, the 1,4 (or higher) van der Waals
terms are consistently higher for hydrogen atoms bonded to
the tertiary centers which are cis ring junctures. For example,
considering interactions which are greater than 0.1 kcal, H-18
and H-28 of cis-decalin (27) each contribute about 2.5 kcal
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Table ITI. Results for Secondary Centers for Selected Subsets of
the Data Set

Trans ring
Cyclohexanes Decalins  junctures®
n 42 63 60
r? 0.997 0.992 0.992
Std error 0.47 0.61 0.61
No. of residuals 0 4 4
> | ppm

@ All trans-decalins, the secondary centers from the all rrans-
perhydroanthracenes and phenanthrenes, plus androstane.

Table IV. Results for Tertiary Centers for Selected Subsets of the
Data Set

Trans ring
Cyclohexanes junctures?
n 29 39
r2 0.995 0.975
Std error 0.41 1.16
No. of residuals 0 8
> | ppm

@ All trans compounds’ ring junctures and points of methyl sub-
stitution.

Table V. Summary of Results of Multiple Linear Regression for
All Carbon Centers in the Complete Data Set

Primary  Secondary  Tertiary
centers centers centers
n 51 157 79
r? 0.961 0.973 0.965
F 100 524 217
Std error 1.11 1.09 1.18
No. of residuals
>2.0 ppm 3 6 5
>1.5 ppm 3 19 12
>1.0 ppm 11 43 22
>0.5 ppm 23 89 42
Largest residual 3.69 —6.34 3.32

to the steric strain, while the contribution is only about 0.9 kcal
each for H-18 and H-28 of trans-decalin (18). The additional
interactions are, for example, between H-28 and H-11, -12,
-24 and -18, interactions which do not exist for trans-decalin
(18). Interestingly, these additional interactions are greater
in magnitude than the ¥ H-H interactions between H-27 and
H-13 and H-16, and H-22 and H-16 of 27, interactions usually
presumed responsible for greater strain in the cis system.

The above pattern is repeated for other compounds bearing
cis ring junctures and for tertiary centers formed by substitu-
tion of an axial vs. equatorial methyl group. The correlation
even by manual observation is obvious. In all cases the tertiary
carbon center whose attached hydrogen is involved in greater
steric interactions displays a shift upfield with respect to Me,Si.
We have no explanation for the actual cause of this shift, al-
though it is not clearly attributable to bond length or angle
deformations. We note that this correlation would also be
captured by extending the geometrical descriptors to include,
for each carbon center, the radial distances between its at-
tached hydrogen atoms and other hydrogen atoms in the
structure. We also note that H-H interactions were used to
parametrize shifts for the cyclohexanes and decalins,'45 al-
though the particular interactions discussed above were not
used in those studies.

Representative results using the complete descriptor set are
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Table VL Coefficients Obtained in Fits of All Centers?

Primary Secondary Tertiary
centers centers centers
Variable coefficients coefficients coefficients
Ci2 10.757 (1) 33.280 (1)
L2 25.018 (2)
M1 —5.778 (5)
M2 —4.881 (8)
(C12) —66.541 (9)
(Ci3) —13.991 (10)
NCS3 1.170 (1) —4.137(3) —1.294(3)
NCS4 0.752 (4) 1.857 (6)
NCS35 1.115(8)
NHS2 —8.140(7) —0.225(4)
NHS3 -0.262(7) —2.222(10) —5.205(9)
NHS4 —1.366 (5) -1316 (2) —1.750(10)
NHS35 —0.484 (8)
RCS1 5.059 (3)
RCS3 —261.74 (6) 15.346 (7)
RHSI1 —1.854(9)
RHS2 —10.003 (6)
RHS3 24,067 (4) 124.55 (5)
VDW —-3.562(2)
Constant 46.624 —154.94 16.564

@ Based on chemical shifts relative to MesSi. Numbers in paren-
theses indicate the order of choice during regression.

presented in Tables 111 and 1V for subsets of secondary and
tertiary centers, respectively. These results are certainly
comparable to those obtained by Grant and co-workers, but
the more important question is the ability of the descriptor set
to predict shifts across the entire data set.

Table V shows the results obtained for primary, secondary,
and tertiary centers for the entire data set. The standard errors
are each approximately 1.1 ppm. This standard error is very
reasonable considering the diversity of compound types and
carbon centers. 1t indicates that the descriptor set captures
important structure/chemical shift relationships even though
direct, causal relationships cannot be inferred from these data
alone. The standard errors are low enough to lend a high degree
of confidence in the predictive power of the parameter set. Also
shown in Table V are several measures of the quality of the fits
in addition to the standard error. The counts of numbers of
residuals larger than a certain threshold are reported cumu-
latively to show that there are relatively few predictions in large
error.

Table V1shows which descriptors were chosen by the step-
wise inclusion, multiple linear regression program used for each
of the fits. The values of the coefficients are given, and the
numbers in parentheses show the sequence in which the de-
scriptors were chosen. No attempt was made to scale the
magnitude and range of each descriptor to a common value,
nor to include aliphatic carbon centers of known conformation
(e.g., methane). Thus, the constant terms bear no relationship
to any “basis” shift. Although completely suitable for computer
analysis, manual application of the descriptors and the coef-
ficients to predict a spectrum is difficult without a three-
dimensional model.

It is dangerous to attribute a great deal of physical signifi-
cance to particular descriptors and whether or not they were
chosen. The descriptors are not completely independent. Se-
lection of one descriptor during the stepwise procedure may
account for the variance of another, related descriptor, which
would be chosen in the absence of the former. However, certain
descriptors in our set which were found to be important are
interesting in light of past correlations. The C12 and L2 to-
pological descriptors are indirect measures of the numbers of
3 and ~ carbon atoms, structural features used in almost all
previous correlations. The term NCS3 is a direct measure of
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Table VII. Observed and Predicted Chemical Shifts Relative to
Me,Si for Compounds, 22, 28, 33, and 36

Obsd Pred Std
Carbon shifte shift Residual error
22
1,8 43.05 43.24 -0.19
2,7 32.89 32.90 —-0.01
3,6 35.60 34,76 0.84
4,5 34.05 34.09 -0.04
9 42.84 43.03 -0.19
10 42.60 42.64 —-0.04
11,12 23.0 23,51 0.51
0.39
28
1 35.63 36.44 -0.81
2 34,22 3448 -0.26
3 30.33 30.79 —-0.46
4 33.22 33.13 0.09
5 26.37 25.28 1.09
6 27.63 27.61 0.02
7 21.43 22.34 -0.91
8 33.22 33.72 -0.50
9 36.98 37.05 -0.07
10 36.47 36.60 -0.13
11 23.16 22.75 0.41
0.56
33
1,8 34.59 34,51 0.08
2,7 26.84 26.66 0.18
3,6 27.14 26.26 0.88
4,5 30.13 30.47 —-0.34
9,10 35.02 34.79 0.23
11,14 43.61 42.82 0.79
12,13 48.21 48.36 -0.15
0.48
5-a-Androstane (36)
1 38.8 37.15 1.65
2 22.3 21.73 0.57
3 269 26.50 0.40
4 29.2 29.89 —0.69
5 47.1 46.90 0.20
6 29.2 27.19 2.01
7 32.6 32.02 0.58
8 36.0 35.75 0.25
9 55.1 51.78 3.32
10 36.4
11 20.9 22.43 —1.53
12 39.0 40.74 —-1.74
13 40.8
14 54.7 55.30 -0.60
15 25.5 26.08 -0.58
16 20.5 21.88 —1.38
17 40.5 40.60 -0.10
18 17.6 17.25 0.35
19 12.3 12.51 —0.21

2 Observed shifts taken from ref 9 and 10.

the number of “y gauche”}7 carbon atoms in this data set, due
to the regular geometries of the fused, six-membered rings
systems. Similarly, NCS4 represents the number of other,
more remote v carbon atoms. Although selected frequently,
the NHS terms are most important for the secondary carbon
centers, NHS4 in particular. This term includes a variety of
hydrogen atoms including hydrogens on 4 carbons in spatial
relationships which capture additional v H-H interactions in,
for example, cis- vs. trans-decalin. The RCS and RHS terms
can be regarded as inverse measures of the “nearness” of atoms
in the rest of the molecule. The reasons for the greater im-
portance of these descriptors for the primary centers are un-
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Table VIIL Prediction of Shifts for cis-syn-1-Methyldecalin (37)¢

Obsd Pred Pred

shifts shifts!© Carbon shifts?
85.82 87.03 9 85.80
90.12 90.12 10 91.68
91.64 91.61 1 94.58
95.27 95.14 5 95.00
99.28 98.11 2 97.84
101.40 102.04 3 100.93
101.40 102.04 7 100.90
103.05 102.06 4 103.33
106.93 106.60 6 106.32
108.78 106.62 8 107.96
109.04 109.54 11 108.72

@ With respect to benzene as the internal standard. # This work.

clear. These terms seem less useful than the Cl, NCS, and
NHS terms.

Table V11 shows the quality of fit obtained from the multiple
linear regression program for three compounds (22, 28, 33)
randomly chosen from the data set, and androstane (36). These

3 10 G
5
1 1 8 12
2 9 7
22
5
3 12 g
4 3,714
1 0 8
2 1 9
33

36

data are representative of the quality of the predictions. For
many compounds the predictions allow unambiguous assign-
. ment of the spectrum. Many remaining ambiguities can be
resolved by considering data from partially decoupled spectra
where the degree of each carbon atom can be ascertained.

The coefficients shown in Table V1 were used to predict the
shifts of cis-syn-1-methyldecalin (37). Initial experiments
including this compound showed dramatic degradation of fits,
indicating potential misassignment of chemical shifts. Sub-
sequently, it was found that the published structure of this
compound was drawn incorrectly (although named correctly)
and we had repeated the error.32 Our predicted spectrum is
shown in Table VIII together with observed and predicted
shifts'S for this compound.

Conclusions

13C NMR shifts can be accurately predicted based on to-
pological and geometrical descriptions of structural features
obtained from three-dimensional models of known compounds.
Both model building and derivation of a wide variety of de-
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scriptors can be done utilizing computer techniques, opening
the possibility for more systematic studies of correlations of
molecular structure with 13C NMR chemical shifts. Although
we have demonstrated the utility of this method for a variety
of saturated, carbocyclic systems, further studies are required
to test the generality of the descriptor set and to extend the set
to systems possessing unsaturation or heteroatoms.

A limitation of the technique is the difficulty of prediction
of spectra of new compounds. Although computations are
possible to do manually, they are far more efficiently done by
computer. Another limitation, one common to all current
methods of 13C NMR structure/spectrum correlations, is the
absence of strong theoretical models of sufficient predictive
power on which to base derivation of descriptors. We hope that
our empirical correlations and our observations on the influ-
ence of steric strain will assist further theoretical work.
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