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Computer programs for interpretation and prediction of °C resonance spectra are described. These programs
utilize a data base containing representations of the substructural environments of resonating nucleii together
with their chemical shifts. These representations capture both molecular constitution and configuration, permitting
for the first time in a computer program a comprehensive treatment of configurational stereochemical influences
on 2C chemical shifts. Substructural features of an unknown structure are derived directly and automatically
by ¥C interpretive procedures. These features, together with additional structural information, are used to construct
structural candidates for the unknown. !*C predictive procedures permit rank ordering of the candidates on
the basis of agreement between predicted and observed '*C spectra. Applications of these programs to organic
structure determination are illustrated through analyses of the structures of some diterpenes.

Early in the decade it was suggested that *C spectros-
copy was likely to prove the most important physical
method of analysis in the 1970’s.2 3C resonance data are
indeed now routinely reported in papers on structure
elucidation of natural products. Generally, however, the
interpretation of a 1°C spectrum is limited to deriving the
number of CHy'’s, CH,'’s, and CH’s from the multiplicities
in the SFORD (single-frequency off-resonance decoupled)
spectrum and determining the number of sp? carbon atoms
from the gross chemical shifts. This is in spite of the fact
that the chemical shift for a carbon nucleus is a sensitive
probe of its stereochemical environment; observed shift
values should reveal much about the bonding of individual
atoms in an unknown structure. There is an obvious po-
tential for automated systems that can help analyze 13C
data in order to derive more of the implicit structural
information. Such automated systems would aid both
manual and computer-assisted explorations of structural
possibilities for an unknown.

Programs for computer-assisted structure determina-
tion*7 can make use of spectral data such as 13C resonances
in two distinct ways. The first is in interpretation of data
to obtain substructural information. These programs
typically work by finding all ways of assembling or gen-
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Carhart, and C. Djerassi, J. Am. Chem. Soc., 102, 6289 (1980).

(2) C. Djerassi, “*C NMR Spectroscopy”, E. Breitmaier and W.
t\foelt:er, Eds., Verlag Chemie, Weinheim /Bergstr., Germany, 1974, pre-

ace.

(3) R. E. Carhart, D. H. Smith, H. Brown, and C. Djerassi, J. Am.
Chem. Soc., 97, 5755 (1975).

(4) R. E. Carhart, D. H. Smith, N. A. B. Gray, J. G. Nourse, and C.
Dijerassi, J. Org. Chem., in press.

(5) M. E. Munk, C. S. Sodano, R. L. McLean, and T. H. Haskell, J.
Am. Chem. Soc., 89, 4158 (1967).

( (6))S. Sasaki, Y. Kudo, S. Ochiai, and H. Abe, Mikrochim. Acta, 726
1971).

(7) L. A. Gribov and M. E. Elyashberg, CRC Crit. Rev. Anal. Chem.,

8, 110 (1979).

erating candidate structures for an unknown from sub-
structural fragments (which may overlap in the case of
GENOA*) whose presence has been inferred by interpreta-
tion of IR, proton resonance, and chemical data. Programs
that could infer substructural fragments from *C data
would constitute a valuable adjunct to these standard
sources of structural information. The second use is in
prediction of spectra to evaluate the merit of each can-
didate. Once the structure-generating programs have
created a set of candidate structures compatible with all
given substructural constraints and, where appropriate,
incorporating configurational stereochemistry,! the
structural candidates can be ranked by determining some
measure of how well each serves to rationalize observed
spectral data. This approach has been applied previously
in the context of mass spectral data.®® 13C spectral data
can be used in similar fashion given suitable spectrum
prediction and comparison functions.

In this paper we describe computer programs for in-
ferring substructural information from 3C data and for
13C spectrum prediction together with ranking of candidate
structures. The system that we have devised for these
primary tasks has also proven of value in secondary ap-
plications such as aiding in the assignment of observed 3C
resonances to the respective atoms of a known structure.

In contrast to the very extensive work on computer
systems for processing mass spectral data,'® only a limited
amount has been published on computerized analysis of
13C data. Pattern-recognition methods, for classifying 1*C
spectra according to the presence or absence of specific
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substructural features, have been reported!! as have file-
search methods for structure recognition.!®*  Clerc’s
file-search scheme!? is now included as one component of
a more elaborate 13C data base system.!* In addition to
the overall spectrum matching option, this system provides
a means for identifying structures associated with partic-
ular selections of resonance lines and a method for locating
in the data base the chemical shifts of carbons in precisely
defined environments.!®* Spectrum-prediction programs
have been reported for some limited classes of com-
pounds,'®-18 ag has at least one class-specific scheme for
the structural interpretation of *C spectra.l®

A variety of programs have been reported that in some
way exploit a substructure-oriented approach that can
serve both as a basis for spectrum prediction and, to a more
limited extent, for spectrum interpretation. The
“production rules” developed in our laboratory by Mitchell
and Schwenzer?®?' were definitions of substructural en-
vironments and associated ranges for chemical shifts. This
work was involved primarily with concepts of machine
learning (“artificial intelligence”); the system was of limited
practical utility for structure elucidation. Jezl and Dal-
rymple have reported a program using files of '3C spectra
and fragment codes for chemical shift and environment
matches.?? This system provides a number of options for
spectrum analysis including overall spectrum matching,
identification of substructures associated with particular
resonance shifts, and prediction of resonances for atoms
in partially specified chemical environments. An approach
to complete structure elucidation, through analysis of re-
trieved substructural data, was described for the Jezl/
Dalrymple system but was not implemented in a computer
program. Bremser has developed a more comprehensive
approach to processing 13C data that relies on a combi-
nation of overall spectrum matching, matching of
“subspectra” and “substructures”, and on exploiting a
library of encoded atom environments.** % In Bremser’s
approach the library of atom-centered codes and shifts
is used as an aid to identifying substructural environments
of those resonances not matched to any reference sub-
spectrum/substructure combination. Possible applications
to structure elucidation have been considered for the
substructurally oriented DARC '*C data base.?

The methods we present in the following sections are
related to the work described above in that a data base
relating substructural environments of resonating atoms
to their chemical shifts is utilized in the computer pro-
cessing of 3C NMR data to yield structural information
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for unknown compounds. However, our methods incor-
porate major extensions designed to overcome limitations
of other systems, including the following: (1) unique and
unambiguous (“canonical”) characterization of substruc-
tural environments; (2) inclusion of configurational ster-
eochemistry, essential for accurate characterization of
structures and substructures; (3) an interpretive procedure
which exploits the complementary structural information
present in a 13C spectrum; (4) automation of all aspects
of C data and structure processing.

Methods

(1) Representation of the Environment of a Reso-
nating Nucleus. Our initial objective was to find a rep-
resentation of the substructural environment of a reso-
nating nucleus which is both amenable to computer pro-
cessing and which captures enough of the structural factors
responsible for an observed chemical shift to yield precise
relationships between substructures and shifts. The var-
ious 3C processing systems mentioned in the introduction
all employ some means for encoding substructural infor-
mation. For several reasons, primarily the lack of con-
sideration of stereochemistry, these other methods were
unsuitable to meet our requirements. These reasons are
discussed in another paper? which covers in detail our
encoding scheme. Because we wished to capture the im-
portant influences of stereochemistry on chemical shifts,
we began with the requirement that configurational ster-
eochemistry be an integral part of our structure and sub-
structure descriptions.

The problem of determining the number, nature, and
representations of the different possible stereoisomers of
a given structure has only recently been solved.?® His-
torically, this was probably the reason why existing sub-

(27) N. A. B, Gray, J. G. Nourse,C W. Crandell, D. H. Smith, and C.
Djerassi, Org. Magn. Reson., in press.
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structurally oriented methods for processing *C data have
either ignored stereochemical factors or have employed ad
hoc formalisms for representing certain types of stereo-
chemistry (e.g., cis/trans isomers on a double bond). This
earlier omission of stereochemical detail is unfortunate
because stereochemical factors, e.g., steric compression,
play a major role in determining the magnetic environ-
ments experienced by the nuclei of atoms in a molecule
and, consequently, their associated chemical shifts. In-
clusion of configurational stereochemistry allows a sub-
structure code to capture obvious important distinctions
such as the cis/trans nature of substituents on both ring
systems and double bonds and the differences between
diastereomers of structures with chiral centers. We also
need to represent more subtle features, such as the dif-
ference in the environments of diastereotopic substituents
(e.g., methyl groups) whose atoms often display dramat-
ically different chemical shifts. For example, the diaste-
reotopic methyl groups a and b in structure 1% (see Chart
I) resonate at 15.2 and 27.9 ppm, respectively.

The scheme we devised for encoding the substructural
environment of an atom is described in detail elsewhere.?
Briefly, a compact code, derived automatically, is used to
represent the substructural environment of a resonating
nucleus. A special algorithm adapted from earlier work
on stereochemistry® is used to derive a standard form for
a view of the stereochemical structure as seen from the
resonating atom. Thus, the code captures molecular con-
stitution and configuration. The standard form of the code
is unique and unambiguous so that the same substructure
in a variety of chemical structures will receive the same
code.

The encoding scheme represents the configurational
stereochemical environment of a resonating atom out to
a four-bond radius about the atom, thereby including ef-
fects of & substituents. Except for some special cases in-
volving 7 systems,?” the derived code can be viewed as a

_“shell structure”. This shell structure represents the
relative levels of importance of substituent groups on an
atom’s chemical shift.

Illustrations of the extent to which an atom’s environ-
ment is captured by the encoding scheme are given in
Figure 1. In structures 2 and 3 the resonating atoms are
designated with an asterisk. The substructure captured
in the code at each shell level is shown below the structure.
The chiral centers in the structures are represented by
stereochemical descriptors in the codes and indicated
schematically in Figure 1.

Stereochemical information is encoded only at that shell
level where a sufficient portion of the substructural en-
vironment has been included to allow stereochemical
distinction. Thus, the cis/trans nature of a disubstituted
alkene CH=CH is included at the “zero” shell level (as
illustrated for 2, Figure 1) whereas the substructure code
generated for a chiral center in a long chain will not include
a stereochemical subcode if that center is sufficiently
isolated from other stereocenters, i.e., no other stereocen-
ters within the four-bond environment of the chiral center.
The stereochemical code represents only relative and not
absolute configurations since the normal ®C resonance
experiment does not yield data that could make distinc-
tions about absolute stereochemistry. The stereochemical
designations can be kept separate from the constitutional
code. This allows the stereocode to be ignored if the data
base of substructure codes is used in applications involving
only structural topology (constitution).

(29) E. Wenkert, G. V. Baddeley, I. R. Burfitt, and L. N. Moreno, Org.
Magn. Reson., 11, 337 (1978).
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Figure 1. Illustrations of environments captured by the sub-
structural coding scheme. The resonating atom is marked with
an asterisk. In the shell representations of substructures in this
figure, the configurational stereochemistry used by the program
is described pictorially. Bonds with an unspecified terminus (“free
valences”) are bonds to nonhydrogen atoms in the next shell. If
these free valences are sufficient to identify the chiral nature of
the carbon atom, they are given specified orientations, for example,
the free valence at C-4 at the y shell for 2.

Conformational factors influence chemical shifts. Our
coding scheme does not capture information on molecular
conformations other than implicit specification of con-
formation resulting from designation of configurations, e.g.,
at ring junctures of rigid ring systems. In such instances,
most substructures common to a family of related mole-
cules will be found in the same conformational environ-
ment.

Our substructure codes with both molecular constitution
and configuration capture most of the important influences
on ®C chemical shifts as evidenced by the very narrow
ranges of shifts observed for the same substructure code
in a wide variety of molecules.?” Our representation has
proven adequate for the development of a data base to be
used in conjunction with 13C spectrum interpretation and
prediction. Data on selected substructures with their as-
sociated chemical shifts are presented in Table I to give
some indication of the contents of the data base and the
precision of chemical shifts.

(2) Data Base and Its Integrity. The successful ap-
plication of either the interpretation or prediction pro-
grams is critically dependent on the quality of the data
base of reference substructures and spectral assignments.
Erroneous assignments for substructures in the data base
can seriously impede both the interpretation and predic-
tion processes. We have built our data base from struc-
tures and assigned '2C spectra available in the literature.
We have taken special precautions to ensure the integrity
of the growing data base.

Systems for maintaining the integrity of the data base
are described in more detail elsewhere.?” Basically, the
initial entries in the data base used published data in which
chemical shift assignments were based on detailed evi-
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Table I. Selected Substructures from the Data Base,
Indicating the Precision of '*C Chemical Shifts
Obtained with the Four-Bond Radius
Representation of Constitution and Configuration

chemical shifts for

substructure starred atoms, ppm

£ min 149.1

> max 150.7

5 mean  150.1
H std dev 0.4

15 examples

min 33.0¢ 21.0%

max 34.5 225

mean 33.5 21.6

std dev 0.2 0.3
57 examples

min 25.2
max 26.5
mean 26.0
std dev 0.4

16 examples

@ Values in this column are for atom a. ® Values in this
column are for atom b.

dence. Published data on other compounds, where as-
signments are based simply on chemical shift trends, are
then verified against the more reliable data as the new
compounds are entered.

Two factors serve to broaden chemical shift ranges ob-
served for a given substructure. The first is solvent effects.
Most of the data in the data base were obtained from
spectra recorded by using CDCl; as a solvent. However,
many spectra available in the literature were recorded in
different solvents. The second factor is conformational
effects which are not captured implicitly by the coding
scheme. We accept the possibility of broadened shift
ranges from these factors and take this into account in the
programs for interpretation and prediction.

The data base consists of substructural codes with their
associated chemical shift ranges. In effect, the data base
is a compact computer representation of data such as those
described in Table I. The interpretation and prediction
programs access and utilize the compact representations
in their computations. However, an investigator using the
programs does not need to understand the details of the
substructural codes; teletype-oriented drawings of the
substructural environments represented by the codes are
available on command.?

The current data base includes data on mono-
terpenes,®*2 gesquiterpenes,’ diterpenes,® sesterpenes,®
triterpenes,?®% and steroids® along with a variety of
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1 (1978).
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Rodriguez, and G. Savona, J. Org. Chem., 44, 4992 (1979), and references
cited therein; (b) I. Wahlberg, K. Nordfors, M. Curvall, T. Nishida, and
C. R. Enzell, Acta Chem. Scand., Ser. B, 33, 437 (1979), and references
cited therein; (c) A. Arnone, R. Mondelli, and J. St Pyrek, Org. Magn.
Reson., 12, 429 (1979); (d) W. Herz, S. V. Govindan, and J. F. Blount,
J. Org. Chem., 44, 2999 (1979), and references cited therein; (e) E.
Wenkert, P. Ceccherelli, M. S. Raju, J. Polonsky, and M. Tingoli, ibid.,
44, 146 (1979); (f) B. Delmond, B. Papillaud, J. Valade, M. Petraud, and
B. Barbe, Org. Magn. Reson., 12, 209 (1979); (g) K. C. Joshi, R. K. Bansal,
T. Sharma, R. D. H. Murray, I. T. Forbes, A. F. Cameron, and A. Maltz,
Tetrahedron, 35, 1449 (1979).
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(35) G. S. Ricca, B. Danieli, G. Palmisano, H. Duddeck, and M. H. A.
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Gray et al.

standards.®” A file of spectra of diterpene alkaloids is also
being constructed to allow more general testing of the
utility of these programs.®® The data base currently
contains 10350 distinct substructure/shift pairs (7691
unique substructural codes) derived from a set of slightly
less than 700 structures.

(3) Method for Spectrum Prediction. As described
at the beginning of the paper, prediction of spectral
properties plays an important role in our techniques for
computer-assisted structure elucidation. Given the data
base, which defines substructural environments and as-
sociated chemical shifts, a method for spectrum prediction
is intuitively obvious. One merely treats the data base as
a very large correlation table. Each candidate structure
is processed by generating substructural environment codes
for each of the carbon atoms in the structure by utilizing
the same program used for generation of substructural
codes during compilation of the data base. The latter is
used by looking up the codes and retrieving the chemical
shift range associated with each code. The look-up pro-
cedure for finding codes has been made quite efficient by
using standard “hashing” schemes to provide the location
into the data base, which is organized as a random-access
file.

As illustrated in Table I, the data base includes infor-
mation on the minimum, mean, and maximum shifts ob-
served for a given substructure together with additional
data such as the standard deviation of the shifts and the
number of previously observed instances of the substruc-
tural environment. These data are used later to provide
a measure of how reliable a particular prediction is likely
to be.

Typically, the set of substructures included in the data
base proves to be partially inadequate in that complete
codes matching the environments of atoms in a candidate
structure will not be found. For example, the current data
base has few substructures involving sulfur or halogens.
In such cases, the spectrum-prediction functions try suc-
cessively to match codes for three-, two-, or even one-shell
environments. (The encoding scheme has been designed
so that substructures with the same environment out to
an n-bond radius will have precisely the same code out to
the nth shell.?”) If codes are found to match successfully
only at an inner shell the shift ranges associated with
substructures possessing the same code out to that shell
are retrieved. Such less specific substructural environ-
ments are associated with increasingly wide ranges of
chemical shift as exemplified below.

The result of these prediction procedures is a “fuzzy”
predicted spectrum consisting of the set of shift ranges
retrieved for each carbon atom in the candidate structure.
As an illustration of the appearance of such a fuzzy
spectrum, the chemical shift ranges retrieved for the
carbon atoms of “ compactone”® (4) are presented in Table
II. The ranges in predicted shift values vary widely for
different atoms. Some atoms, e.g.,, C-3, are in fairly
standard substructural environments corresponding to
three/four shell substructures in the library; for such atoms
relatively precise predictions can be obtained. Other atoms
such as C-7 have few or no prototypes in the data base,
and predictions must be made on the basis of one-bond
matching environments. Inevitably such predictions lead
to broad ranges. In still other cases, such as C-17, pre-

(36) J. W. Blunt and J. B. Stothers, Org. Magn. Reson., 99, 439 (1977).

(37) P. A. Couperus, A. D. H. Clague, and J. P. C. M. van Dongen, Org.
Magn. Reson., 11, 590 (1978), and references cited therein.

(38) J. Finer-Moore, private communication.

(39) A. C. Pinto, Phytochemistry, 18, 2036 (1979).
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dictions may be derived from prototype substructures in
two different configurational forms, and the resulting range
may again be large (the shell-four environment is needed
to define the configuration for C-17).

While spectrum prediction based on the above procedure
is conceptually straightforward, comparative evaluation
of the predicted spectra for several alternative candidate
structures is more complex. First, some measure of sim-
ilarity between a fuzzy, predicted spectrum and an ob-
served spectrum must be calculated. Second, the alter-
native structures must be ranked on the basis of these
similarity measures.

Complexities arise in the computation of a fair similarity
measure when matching the predicted and observed
spectra. It is inappropriate for the similarity measure to
give a poor score to a candidate structure for which the
resonance shift predictions were based on poor, e.g., one-
or two-shell, matching of the substructure codes. If a
structure has several poor matches during prediction, the
fault is due to limitations of the data base and not to the
structure itself. Therefore, the similarity measure must
be conservative so that there is no discrimination against
candidates with substructures poorly represented in the
data base. Only structures which result in dissimilar
predicted and observed spectra based on adequate sub-
structure representation in the data base should be given
significantly poorer scores.

The spectrum matching process involves two steps: (1)
Ascribe each predicted fuzzy resonance to an observed
resonance of the correct multiplicity. In the current pro-
gram the mean values for the predicted ranges are used
as a basis for sorting the predicted resonances in order of
chemical shift and placing them into correspondence with
observed resonances similarly sorted. (2) Compute a score
for each resonance based on the observed and predicted
chemical shifts. The results presented below are based on
a simple dissimilarity measure in which the mismatch
between predicted and observed resonances is scored as
being proportional to the square of the difference between
the predicted mean and observed shift, weighted by the
shell level from which the predicted range was derived, as
shown in eq 1, where S; is the shell-level of the substructure

resonance-score; = S*(M; - 0,)%/8 1)

N> N0
« =2}

RESONANCES
134

NONOMNH OO

..........

SOV RVO-NO WO
HCOCQQ‘Q‘:NCQNH
-

RESAVG

AX

O MO NG MWK~

..........

RO~ NNO X0
ANMMIIO O = DM N
i

RESM

QRO ANIO MM

HUONSORONO ™
HCOCQM:}:QNCONH
i

RESMIN

NN Nr-HMNMOMFHEM

SHELL

atom
11
12
13
14
15
16
17
18
19
20
RESONANCES indicates the number of examples of this substructure observed previously

73
72

93
923
371
371
92

RV=ON-HOO W N0

€500 i 09 09 13 03 = 03 S

BRIBESDRES code used to predict the resonance of atom i, M; is the

mean value of the shift range predicted for the resonance
of atom i, and O; is the observed shift associated with the
resonance predicted for atom i.

The overall score for matching of the complete spectrum
is simply the sum of the scores for the individual reso-
nances (eq 2). Because the dissimilarity between the
spectra is being computed, the higher the overall score, the
poorer the match.

Table II. Predicted Spectral Data® for *Compactone” (4)*
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The weighting of the resonance score according to the
shell level of the substructure code used for prediction (eq
1) is found in practice to bias slightly this scoring toward
structures whose substructure codes are poorly represented
in the data base (small S; values). The quadratic depen-
dence of the scores on the “error” in prediction (eq 1) has
generally provided a good degree of discrimination between
similar structures represented by similar detailed three-
to four-shell substructure codes. The quantity eight in the
denominator of eq 1 is an attenuation factor. More ela-
borate functions that provide better discrimination and
yet are still tolerant of limitations of the data base are

RESMIN

RESAVG is the average shift associated with such substructures.
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currently under development.*

(4) Method for Spectrum Interpretation. The same
data base can be used in interpretation of *C NMR
spectra. Here the procedure is again, in principle, intui-
tively obvious. Given the spectrum of an unknown com-
pound, for each observed resonance retrieve from the data
base all substructures which display similar resonances.
Then, attempt to piece together the complete structure of
the unknown on the basis of examination of the retrieved
substructures. In practice, however, for molecules for
moderate complexity the number of substructures re-
trieved and the vast number of ways in which they could
be pieced together defy analysis without some computa-
tional assistance. (Obviously, if one restricts the problem
to new structures which are known to be closely related
to a set of previously assigned spectrum/structure pairs,
there is a much greater chance of solving the problem
manually.) For example, given a Cy molecule with several
rings and heteroatoms and reasonable tolerances on
matching of shifts, an initial check against the data base
can result in (2-3) X 10® unique substructures consistent
with the molecular formula and matched to individual
resonances. Obviously, direct intercomparison of so many
substructures is impractical.

A further complication of the procedure is that we
cannot assume that the data base contains detailed,
four-bond environments for all atoms in an unknown. In
fact, the limited size of our data base (and all other data
bases for the next several years) makes it highly probably
that no atom will have its environment described exactly
to a four-bond radius unless closely related compounds
have been entered in the data base. The immense number
of possible substructure environments when several het-
eroatoms and stereochemical configurations are included
forces us to restrict the interpretation procedure to con-
sider substructural consistencies to a one- or two-bond
radius where there is a high probability that every atom
will have its environment represented to that shell level.

Consider an individual 3C resonance of given multipl-
icity and chemical shift. This single resonance generally
permits numerous substructural interpretations. As an
example, 12 different two-bond substructures were asso-
ciated with a doublet resonance in the range 35.3-36.3
ppm. These alternative structures are shown in Figure 2.
It would, in fact, be possible to use these 12 different
substructures as alternative features to be built into can-
didate structures by the GENOA program.? However, the
variety of structural forms is, even in this simple case,
sufficiently great to reveal that such a procedure would
not effectively constrain the structure-generation process.
Individual resonance lines allow too much ambiguity in
interpretation.

If, however, the complete3C spectrum is available, then
much of the ambiguity in the interpretation of each in-
dividual resonance can be eliminated. Our interpretation
procedure exploits the redundant structural information
present in a complete spectrum by (1) identifying con-
sistencies in the substructures associated with individual
resonances and (2) intercomparing these consistent fea-
tures among the complete set of resonances. Substructures
can only be meaningfully associated with individual res-
onance lines if they are also consistent with the sub-
structural interpretations found for other resonances in
the spectrum. By performing these consistency checks in
the computer, we can dramatically reduce the number of
alternative interpretations for each resonance.

(40) C. W. Crandell and N. A. B. Gray, to be submitted for publication
in J. Chem. Inf. Comput. Sci.

Gray et al.
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Figure 2. Twelve different substructures retrieved from a subset
of the data base for a doublet resonance with a 1*C chemical shift
of 35.8k:|: 0.5 ppm. The resonating atom is marked with an
asterisk.

As will be illustrated below, we accomplish partial in-
terpretation of a *C spectrum using an iterative procedure
to perform the consistency checks. First, the data base
is searched to find those substructures that may be asso-
ciated with each individual resonance considered in iso-
lation. Subsequently, the substructures associated with
the different resonance lines are intercompared and any
found to be inconsistent eliminated. The intercomparison
and elimination procedures are repeated until no further
increase in specificity can be attained. For many structural
problems this procedure results in detailed specification
of the local environments of enough carbon atoms that
generation of structural candidates is possible from the !*C
interpretations themselves. (Currently, the structure-
generating algorithms used®* work purely in terms of
constitutional structure with the generation of configura-
tional stereoisomers being accomplished subsequently by
means of a separate program.}?® Because stereochemistry
is not currently used in initial structure generation, the
interpretive procedures ignore all configurational infor-
mation in the reference substructure codes.) Often, ad-
ditional structural inferences from other spectroscopic
techniques are also utilized simply because 3C NMR data
alone are insufficient to yield the correct structure, and
no chemist would attempt to solve a large structure solely
on the basis of ®C data. However, as we illustrate in
subsequent examples, the interpretive procedure alone can
yield a surprising amount of structural information.

The interpretive procedures are in the form of an in-
teractive computer program which allows several types of
constraints to be supplied by the investigator, including
matching tolerances for chemical shift values used to re-
trieve substructures from the data base and the shell levels
used to specify to the program where substructural in-
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Table III. '*C Spectrum of
C, H,;0, Monoterpenediol*
atom shift, & multiplicity atom type

1 13.7 q CH,
2 27.6 q CH,
3 22.4 t CH,
4 41.8 t CH,
5 68.3 t CH,
6 111.8 t =CH,
i 125.7 d =CH
8 144.9 d =CH
9 73.3 s >C<
10 134.9 s =C<
11 OH
12 OH

terpretations must match. Matching windows of different
shift widths can be defined for each observed resonance.
Typically one might use a narrower shift range, e.g., + 0.75
ppm, for substructures such as alkyl methyl groups which
are well represented in the data base, while a wide range,
e.g., = 5 ppm, might be used for less common function-
alities. These widths can be adjusted individually at the
discretion of the investigator during the procedure in order
to make the matching more tolerant for “unusual” ob-
served resonance shifts, for example, to allow for confor-
mational or solvent effects mentioned previously. The
interpretation program can be used with a requirement for
one-, two-, three-, or even four-bond substructural matches,
and, again, different matching requirements can be im-
posed for each resonance line to allow for the fact that
certain substructures may be well represented in the data
base, while novel substructures such as those involving
unusual heteroatoms may have few or no representatives.

We illustrate the essential aspects of the 13C spectral
interpretation program though a description of a simple
structural problem. The !3C data are taken from a recent
investigation of the structure of a monoterpenediol isolated
from Greek tobacco.#* The interpretation functions were
given the molecular formula, C,;H;30;, and the complete
13C spectrum with line multiplicities from off-resonance
decoupling as summarized in Table III. - In this simple
case, the program’s preliminary analysis determines all
atom types unambiguously from the molecular formula,
line multiplicities, and chemical shift values (second col-
umn, Table III).

The resonance data were checked in more detail against
the data base. The program was requested to retrieve as
candidate interpretations for each resonance line those
substructures with resonances of the appropriate mul-
tiplicity within 2.5 ppm of each observed resonance. A
further restriction on retrieved substructures was that each
had to incorporate just those atom types inferred as
present (Table III) in the unknown molecule. Of the 1 X
104 substructures in our file, only 238 passed these tests.

At this point the program examined the substructures
associated with each resonance line to find common fea-
tures. Results of this examination are shown in Figure 3
together with a random selection of some of the sub-
structures from which the common features (out to the first
shell) were detected. Note that the program has already
begun to describe the substructural environment of the
carbons at lines 4, 5, and 8-10 (Figure 3).

Examination of the common features in Figure 3 reveals
several additional constraints implied by the substructures.
For example, although both CH;~C< and CH,=CH
substructures may be associated with the triplet resonance

(41) D. Behr, 1. Wahlberg, T. Nishida, and C. R. Enzell, Acta Chem.
Scand., Ser. B, 32, 228 (1978).
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Figure 3. Common substructural features identified from the
alternative substructures retrieved for each of the resonance lines
(£2.5 ppm) of the monoterpenediol spectrum (Table III).4

at 111.8 ppm (line 6), the substructures found for the
doublet at 144.9 ppm (line 8) imply that only CH,—~CH
substructures are appropriate. Other implications are less
obvious. For example, associating the triplet at 22.4 ppm
(line 3) with the substructure CH,C*H,CH= (Figure 4)
requires checking a long sequence of indirect implications.
Such checks are automatically carried out in the program
through a detailed investigation of possible bonds which
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Atom 1: Atom 6
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Figure 4. Characteristic substructural environments identified
by intercomparison of substructures initially identified as possible
for each of the individual resonance lines.

might be formed among individual atoms by using a con-
nection matrix representation of the structure.#? The
substructural constraints thus inferred for each atom are
summarized in Figure 4.

Note that for every atom the program has derived a
more detailed description of the environment than that
available from considering the atoms in isolation (compare
Figures 3 and 4). Thus, the program has made use of many
constraints implied through consideration of the 13C
spectrum in its entirety.

More information can be obtained, however. The im-
plied bonding constraints used to derive environments in
Figure 4 limit the allowed environments of each atom and
can be used to eliminate many of the substructural pro-
totypes retrieved during the initial pass through the data
base. For example, because atom 6 is established to be part
of a CHy=CH fragment (Figure 4), the program eliminates
all substructures involving CH;=~C< initially retrieved for
line 6 (Figure 3). Performing these checks for all reso-
nances reduces the number of possibly relevant sub-
structures from 238 to 127. The program then performs
a second complete iteration with the reduced set of possible
substructures for the individual resonances. Additional
consistent features are found in the sets of substructural
prototypes that remain, resulting, in this example, in a new
set of substructural environments which are summarized
in Figure 5. Only one structure can be assembled from
these substructures, 2,6-dimethyl-2,7-octadiene-1,6-diol (5),
the structure originally assigned on the basis of a variety
of spectral data.! We verified the authors’ assignment of
the configuration of the C-2,3 double bond (E) by pre-
dicting spectra for both the Z and E isomers and com-
paring the predicted spectra with that observed. Relevant
prototype substructures in the data base for this com-
parison were derived from the collections of ref 32 and 38.

In this example, no further iterative refinement of the
substructural environments could be achieved without

Gray et al.
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Figure 5. Final substructural environments derived for the atoms
of the monoterpenediol 5.

specifying narrower resonance ranges or requiring more
detailed checks on the forms of the substructures. For
example, a requirement of an exact two-bond match for
all atoms would, in fact, eliminate many of the prototype
substructures still retained as valid alternative interpre-
tations of individual resonance lines, allowing additional
inferences. Thus, the quartet at 13.7 ppm (line 1, Figure
3) is associated with, among others, the substructures 6
and 7. Both of these could be eliminated by checking the
complete two-bond environment of their methyl groups
because the bonding constraints already identified for the
>C==atom (line 10, Figure 3) in the unknown structure
prohibit single bonds to quaternary alkyl carbons and to
conjugated CH= atoms.

In general, however, for larger structural problems of
biological significance, several iterations yield successive
refinements on bonding constraints, and thus, relevant
substructures initially retrieved for each resonance. The
iterations are continued until no further refinement is
achieved.

Results

In this section we present two examples which illustrate
the performance of the spectral interpretation and pre-
diction programs. These examples, involving polyfunc-
tional diterpenoid structures previously identified by other
workers on the basis of examination of a variety of spectral
data, are representative of a large number of cases we have
examined and demonstrate that considerably more
structural information can be derived from a 3C spectrum
than is commonly realized by chemists.

(1) Interpretation of Spectra. This illustration of the
13C spectrum interpretation program uses published data
on the identification of a labdanoid diterpene isolated from
the autumnal leaves of Metasequoia glyptostroboides.*®

(42) N. A. B. Gray, Anal. Chem., 47, 2426 (1975).

(43) S. Braun and H. Breitenbach, Tetrahedron, 33, 145 (1877).
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Table IV. '*C Spectrum of “Unknown” C,,;H,,0, Used in
the Test of Spectrum-Interpretation Functions*

shift, shift, shift, shift,

5 multé & mult® & mult® & mult?
14.5 q 21.8 t 1070 t 38.1 s
16.5 q 24.0 t 54.8 d 39.3 ]
19.2 q 24.3 t 55,9 d 147.5 s
21.3 q 368 t 80.7 d 1634 s
28.3 q 38.1 t 11561 d 171.0 s

40.0 t 171.8 s

¢ Multiplicity.

The 13C spectrum of this CyoHj3,0, compound is summa-
rized in Table IV. This compound is similar to many of
the structures used to create the current data base but is
not itself included in the data base.

The molecular formula and spectral data were supplied
to the interpretive program, and the iterative cross-
checking sequence was initiated. The constraints imposed
required that the substructures retrieved for methyl groups
be those with resonances within +0.75 ppm of an observed
quartet resonance, and other substructures had only to
match within £1.5 ppm of an observed resonance of ap-
propriate multiplicity. At this point in the processing we
requested that substructures be consistent at shell two.

The iterative process converged, and no further con-
straints could be identified when 393 distinct substructures
remained. Some of the substructures that remained were
inappropriate on the basis of information available from
other spectroscopic techniques. Thus, the quartet reso-
nance at 14.5 ppm was associated with ethyl groups con-
tained in a variety of larger substructural environments
(as well as the “correct” CH4C substructures). Because
at least one of the methyl groups could potentially bond
to a CH,, the sets of substructures identified as plausible
for each of the five CH, triplet resonances in the range
21-38 ppm all include some CH,*CHj in addition to other
substructural environments. Although it was not done for
this example illustration, the fact that the proton spectrum
showed all the methyls resonating as singlets could be used
to eliminate the inappropriate ethyl substructures. Use
of this information would have allowed the iterative pro-
cedure to be continued further, yielding more precise de-
scriptions of the environments of the methyl and methy-
lene carbons. The interpretation program does provide
limited facilities for the investigator to utilize substructural
information derived from other sources; alternatively ad-
ditional information can be used during structure gener-
ation with GENOA, as discussed below.

To some extent, the spectrum-interpretation program
is handicapped by attempting to solve two distinct prob-
lems simultaneously. The program is not just deriving the
structure but it is also effectively making a spectral as-
signment on the basis of shift data. Some assignments may
be ambiguous, and this can inhibit the structure elucida-
tion process. This is illustrated by consideration of the
two methine resonances at 54.8 and 55.9 ppm (Table IV).
The substructural constraints derived for these two reso-
nances, in combination with other constraints for other
resonances, implied the presence of substructures 8 and
9. But the two different resonances are equally readily
assigned to either of these substructures. Because there
is no way for the program to select which resonance to
assign to which substructure, identification of the common
features associated with these resonances is limited to
specifying that they correspond to >CH’s bonded to CHy’s
and to one or more >C<’s.

The ¥C spectrum-interpretation functions are interfaced
with the GENOA structure-generating program.* GENOA was
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given the substructural data derived for the compound,
as summarized in Figure 6. The data in the “additional
constraints inferred” column of Figure 6 represent infor-
mation which cannot be expressed in precise substructural
terms but which could be inferred from manual exami-
nation of the output of the interpretation program. This
additional information was supplied to GENOA, by using
the interactive interface to the program, in the form of
substructural constraints which were then employed in the
structure-generation procedure.

The authors’ spectroscopic and chemical data, including
similarities to compounds isolated previously,*® pointed
to the presence of a labdane skeleton. As a test of that
hypothesis we assumed during generation of candidate
structures with GENOA that the unknown incorporated one
of several possible common diterpenoid skeletons, in-
cluding not only the labdane skeleton but also the clero-
dane, pimarane, cassane, abietane, totarane, taxane, kau-
rane, beyerane, atisane, aconane, and gibbane skeletons.*
These skeletal systems were used to define the initial range
of structural forms. The substructures inferred from the
18C data were then applied as constraints. Just two
structural isomers, irrespective of stereochemistry, were
obtained, 1-acetoxylabda-8(17),13-dien-15-oic acid (10) and
3-acetoxylabda-8(17),13-dien-15-oic acid (11). (The num-
bering system we used for the labdane skeleton differs from
that in ref 43, the difference being simply an interchange
of atoms 17 and 20.) If, during the interpretive procedure,
we had chosen to eliminate the possibility of ethyl groups
as discussed previously and continued the interpretive
procedure further, then the more complete environment
identified for the methyl associated with the 14.5-ppm
quartet would have served to eliminate the l-acetoxy
substructure, thereby leading to a unique constitution 11.

Because configurational stereochemistry had been ig-
nored during the interpretation and structure-generation
procedures, there still remained the problem of deter-
mining the appropriate stereochemistry. If a standard
labdane-type skeleton is assumed, then the configurations
at atoms 5, 9, and 10 may be fixed. Since only relative and
not absolute stereochemistry is considered, four stereo-
isomers are possible for each of 10 and 11. These differ
in the cis/trans nature of the C-13,14 double bond and the
axial/equatorial nature of the acetoxy substituent on ring
A

The eight stereoisomers were generated! and their 13C
spectra predicted. The resulting predictions were used as
a basis for ranking the candidates. These ranking results
established that the most likely structure was, as originally
determined by Braun and Breitenbach,*® the 3-acetoxy,
C-13,14 trans isomer with a 8 acetoxy group. The second
most likely candidate was the isomer with the 3-acetoxy
group in an « configuration. The ranking procedure also
served to determine the quality of the file, in terms of
relevant substructures, for this “unknown”. While most
atoms had three-bond or even four-bond substructural
environment matching codes in the file, a few such as C-5
and C-10 had at best two-bond substructural matches.

(2) Spectrum Prediction and Structure Ranking.
The prediction and ranking procedures of our program
were carried out with another labdanoid diterpene,*
CyoH 3,05, whose 13C spectrum is shown in Table V. At-
tempted interpretation of the spectrum by using the same
procedures as for the labdane from Metasequoia glyp-

(44) J. R. Hanson in “Chemistry of Terpenes and Terpenoids”, A. A.
Newman, Ed., Academic Press, New York, 1972.

(45) O. Prakash, D. S. Bhakuni, R. S. Kapil, G. S. R. Subbo Rao, and
B. Ravindranath, J. Chem. Soc., Perkin Trans. 1, 1305 (1979).
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Figure 6. Substructural information derived through analysis
of 18C data in Table IV and passed to the GENOA program.

Gray et al.

Table V. !)C Spectrum of a Diterpene Isolated from
Roylea calycina (Roxb) Brig*

shift, shift, shift shift,
§ mult® & mult?¢ & mult? 5 mult?
8.3 q 21.6 t 51.0 d 37.0 s
16.1 q 22.8 t 77.3 d 43.0 s
21.1 q 25.7 t 110.7 d 81.5 S
21.5 q 349 t 1386 d 1248 S
27.6 q 38.5 t 143.0 d 170.5 s
41.0 d 211.2 s

¢ Multiplicity.

tostroboides led to several inconsistencies due to the lack
of appropriate substructural prototypes in the data base.
Interpretation requiring only one-bond substructural
models served merely to confirm the presence of a number
of substructural features already identified by IR or 'H
NMR spectroscopies. This, then, is an example where the
prediction method must serve to reduce the number of
structural possibilities.

Candidate structures were generated for this unknown
by means by the GENOA program.* Although the authors
assumed the presence of a labdane skeleton,* we again
made the more general assumption that the unknown in-
corporated a standard diterpene skeleton from the set
mentioned previously. Proton resonance and IR data had
established the presence of a S-substituted furan ring and
an acetoxy group; application of these two constraints
eliminated all but the labdane and clerodane skeleton
systems, Other proton resonance and IR data established
the presence of CHCHj, three tertiary methyl groups, a
tertiary hydroxy group, a ketone (not conjugated with the
furan) and the substructure CH,CH(OAc). The methine
in CH(OAc) gave a triplet at 4.75 ppm in the 'H NMR
spectrum suggesting that the neighboring atoms were CH,
and a quaternary carbon; however, since it is possible that
conformational factors could be responsible for the absence
of another coupling to the proton, the substructural con-
straint used allowed for both a quaternary and a methine
as the second neighboring atom.

Application of these constraints leads to a final total of
112 structures including both the labdane and clerodane
skeletal types. The '3C spectra were predicted for these
constitutional isomers, most of which incorporated features
novel to the data base. Thus, the average shell level used
for prediction was only 1.7. The predicted spectra were
matched against the observed data to derive their dissim-
ilarity scores (eq 1, 2%) which were then used for structure
ranking. These dissimilarity scores ranged from about 25
to 225. Thirty-four structures were selected for further
analysis; the structures selected were those with dissimi-
larity scores below 60 (at which point there was in this
example a quite large break in the observed distribution
of scores). Twenty-seven of these structures were clero-
danes and seven were labdanes. The preponderance of
clerodanes among the survivors is partly a reflection of the
fact that the data base contained far fewer standard
clerodanes than labdanes, and, consequently, predictions
for clerodanes had to be based on poorer models which
were scored more generously by the ranking functions. At
this point the number of candidates was sufficiently smail
to make it practical to draw them and inspect them for
inappropriate substructural features.

Several of the surviving 34 candidates incorporated
features incompatible with the proton resonance data.
Thus, the structure ranked highest on the predicted '3C
data (12) was eliminated because it should show a two-
proton singlet or an AX system corresponding to the
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Table VI. Ranking Results with *C Spectrum

Dissimilarity Scores for the Final 18 Candidate Structures

for the Diterpene Isolated from
Roylea calycina (Roxb) Briq*

dissimilarity av shell
struct score level
24 28.3 1.9
16 36.7 1.9
17 40.5 1.8
22 41.1 1.8
25 44.6 1.9
13 46.7 2.3
19 47.6 1.8
21 49.7 1.8
14 50.1 2.6
23 50.2 1.8
15 50.5 1.8
18 53.1 1.8
20 54.5 1.8
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protons on C-12 at around 3.7 ppm in the 'H NMR
spectrum. Such checks against the 'H NMR data elimi-
nated all but 13 of the remaining candidates. The sur-
viving candidates are structures 13-25 (Chart II). The
13C spectrum dissimilarity scores are summarized in Table
VI. Of these structures, two (13 and 14) are labdanes, and
the rest are clerodanes. Examples of predicted *C spectra
are given in Table VII for some of these structures.
Stereoisomers were generated, with the assumption of
standard configurations for the diterpene skeletons, and
the spectrum prediction and ranking procedures were re-
peated. By use of the stereochemical representations, more
precise spectrum predictions can be achieved. A reso-
nance-range prediction for an atom in a given topological
(constitutional) environment generally combines data from
different configurational forms and thus is broadened.
Because for these compounds the prototype substructures
used for prediction averaged less than two bond environ-
ments, stereochemical factors were rarely represented.
Thus, each pair of epimeric clerodane-type structures ob-
tained identical scores; however, the use of stereochemistry
did improve the predictions for the two pairs of epimeric
labdanes. The improvement in prediction mainly resulted
from the fact that, by including stereochemistry, a dis-

Chart 11
R4 ‘\
o)
R
Ry Ry
13 Ofe H
o OAc
R Rs
R
Ry 4
Ry Ry Ry Ry Rg Rg
15  Ohe H H = H OH
% H OAe H =0 H OH
7 Ohe H OH 0 H K
B oae H H H 0 oH
I w OAc H H 0 oH
2 H Ohe OH H =0 H
21 oke H OH H 20 H
2 0 H H Oho H OH
23w =0 H H OAc OH
FLE =0 H OAe H OH
R =0 O H Ohc R

tinction could be made between the two diastereotopic
methyls. If just a constitutional model is used, these two
methyls appear the same and are both predicted to reso-
nate at about 22 ppm. They are, however, distinguished
in the stereochemical codes with one resonance expected
around 27 ppm and the other at about 17 ppm on the basis
of methyl groups in the data base in similar environments.
The difference in scores was not sufficient to identify the
correct stereoisomer with certainty.

In ref 45, only labdane-type structures were considered;
the clerodanes could possibly have been excluded on the
basis of knowledge about the biosynthetic processes in the
plant (Roylea calycina (Roxb) Briq) from which the com-
pounds were derived. If such an assumption is made, the
spectral data alone suffice to reduce the number of possible
structures to just 13 and 14. The clerodane-type structures

Table VII. Observed Spectrum and Predicted !*C Spectra (in 6 ) for Structures 13, 14, 16, 22, and 24
predicted®
obsd 13 14 16 22 24
211.2 (s) 211.3 (1) 211.3 (1) 213.0 (1) 211.3 (1) 211.3 (1)
170.5 (s) 170.6 (3) 170.4 (4) 170.2 (3) 170.6 (3) 170.6 (3)
124.8 (s) 125.5 (4) 125.5 (4) 125 5(3) 125.5 (3) 125 5(3)
81.3 (s) 77.0(1) 80.3 (2) 0.2 (1) 80.2(1) 0.2 (1)
43.0 (s) 46.5 (0) 41.2 (1) 1.2 (1) 41.2 (1) 1.2(1)
37.0 (s) 33.2(2) 37.6 (2) 1.2 (1) 40.7 (1) 0.7 (1)
143.0 (d) 143.1 (4) 143.1 (4) 143 1(4) 143.1 (4) 143 1(4)
138.5 (d) 138.7 (3) 138.7 (3) 138.7 (3) 138.7 (3) 138.7 (3)
110.7 (d) 110.9 (4) 110.9 (4) 110.9 (3) 110.9 (3) 110.9 (3)
77.3 (d) 79.5 (1) 80.5 (3) 74.7 (1) 79.5 (1) 79.5 (1)
51.0 (d) 53.1 (1) 53.1 (1) 53.1 (1) 61.3 (1) 48.7 (1)
41.0 (d) 48.7 (1) 48.7 (1) 38.3 (1) 36.3 (1) 44.5 (2)
38.5 (t) 39.2 (3) 32.8 (2) 48.0 (1) 39.7 (1) 39.7 (1)
34.9 (t) 30.8(2) 31.7(3) 36.8 (1) 36.8 (1) 36.8 (1)
25.7 (t) 30.7 (2) 30.8 (2) 26.7 (1) 33.9 (1) 33.9 (1)
22.8 (t) 25.6 (2) 26.6 (2) 20.7 (2) 26.7 (1) 22.6 (2)
21.6 (t) 20.7 (3) 20.1 (4) 20.1 (2) 20.7 (1) 20.7(2)
27.6 (q) 27.5 (3) 22.0 (3) 28.4 (2) 28.4 (2) 28.4 (2)
21.5 (q) 27.5(3) 22.0 (3) 21.4 (4) 21.2 (4) 21.2 (4)
21.1 (q) 21.2 (4) 21.2 (4) 16 5(2) 16.4 (2) 16.4 (2)
16.1 (q) 19.6 (1) 16.4 (2) 6.4 (2) 16.3 (2) 12.8 (2)
8.2 (q) 12.2(2) 12.2 (2) 123(2) 12.8(2) 12.2 (2)

% The numbers given in parentheses after each shift value define the shell level of the prototype substructure used to make

that prediction.
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are definitely eliminated by the results of the first chemical
step used in the original characterization of this structure.®
Dehydration of the compound led to an «,8-unsaturated
ketone with the original secondary methyl appearing as
the sole vinyl methyl group in the product. The remaining
candidate clerodane-type structures are incompatible with
the structural constraints implied by this experiment. On
the basis of the spectral and chemical transform data, the
unknown was eventually characterized® as being structure
14, with the configuration at C-3 being uncertain.

Our assignment of resonances based on the prototype
substructures in the current data base differs somewhat
from the tentative assignment reported in ref 45, The use
of the data base and special functions for assisting in as-
signing resonances are described elsewhere.?’#

Discussion

The two examples chosen to illustrate the use of these
programs were determined by the availability of extensive,
reliable 13C data for certain classes of diterpenes and the
fact that new compounds from these classes continue to
be identified in various terrestrial plants, These factors
helped to make it possible to undertake analyses with what
is still a quite restricted data base. More elaborate analyses
can be attempted as the data base is expanded.

With the current data base, it is common for new
structures to contain novel substructural features as yet
unrepresented in the files. The atoms in such structures
will be matched by at best one-bond prototype environ-
ments, and, of course, occasionally no relevant prototype
will exist. For very small molecules, Cy, etc., it is some-
times possible to “solve” the structure by using the in-
terpretive procedures and requiring only one-bond atom
environments. For most compounds of biological interest,
attempted interpretation by using a one-bond requirement
will not yield enough constraints, and structure generation
will be impractical. Attempts at spectral interpretation
requiring more precise matching levels than are in fact
represented by the prototype substructures in the data
base leads, in general, to inconsistencies. In such instances
the substructures retrieved for some resonance will imply
bonding constraints on the corresponding atom in the
structure that are incompatible with the bonding con-
straints derived for other atoms. Such inconsistent in-
terpretations result in insufficient bonds available to satisfy
some atom’s valence and, consequently, are readily de-
tected by the program and reported to the investigator.
It may be possible to find consistent interpretations if
extended shell matches are required. In this instance it
is possible to generate a set of structural candidates which
does not contain the correct structure. Although we have
not encountered this circumstance, it is always wisest to
be conservative in the requirements for shell matches and
to supplement the *C interpretations with structural in-
formation available from other sources when actually
generating structures.

The procedures for spectrum prediction and ranking are
less sensitive to limitations of the data base. The lack of
good prototype substructures in the data base merely limits
the extent to which inappropriate candidate structures can
be identified and eliminated from further consideration.
However, even our limited data base is sufficient to provide
prototype substructural codes out to shell levels sufficient
to eliminate many structural candidates which would re-
main if only data from other spectroscopic techniques (*H

(46) C. W. Crandell, A. Lavanchy and N. A. B. Gray, unpublished
results.

Gray et al.

NMR, IR) were used to provide constraints on the po-
tential structural variety.

The main limitation of the spectrum prediction and
structure ranking scheme is of course the prerequisite of
a finite set of candidate structures. The procedures for
spectrum prediction and ranking of hypothesized struc-
tures seem generally satisfactory, though more sophisti-
cated spectrum-matching functions are desirable. As the
reference files are expanded, more substructural environ-
ments will be represented, and predictions for different
hypothesized candidates will be based more often on
models of similar specificity. This will tend to enhance
the discriminatory power of the spectrum-matching and
ranking procedures, because it will become less common
to have to retain candidates simply because the data base
did not provide adequate codes for a precise spectrum
prediction.

It is not essential to have a complete 13C spectrum with
line multiplicities for application of the spectrum predic-
tion and ranking procedures. Modification of the current
program would allow the use of partial spectral data.
However, the disciminatory power of these procedures
would in general be significantly reduced.

The interpretive approach will invariably depend on
having many reference compounds in the file that are
closely related to an unknown. Though the success of the
interpretation approach is limited by the quality of the
data base, it does allow more extensive use of 1*C data than
either conventional classification of carbons by hybrid-
ization and hydrogen substitution or file-search spectrum
recognition. When demanding matching criteria are set
for shifts and substructures, it is possible to use the in-
terpretation functions as a form of spectrum-recognition
procedure; however, conventional file-search methods are
considerably more efficient at such recognition tasks.

In some respects, the current interpretive approach to
processing 13C data is overspecialized and overautomated.
Though it is of interest to find that *C data alone can
suffice to identify a moderately complex structure, it would
be an unusual analytical problem in which only 13C data
were available. Substructures inferred from 'H NMR, IR,
or chemical data would provide valuable additional con-
straints on the range of substructural codes that should
be retrieved. Certain limited use of such substructural
inferences is already possible. Though the actual mech-
anisms are somewhat clumsy, it is possible to incorporate
any substructural constraint involving carbons that can
be associated with specific resonances. Further develop-
ment will allow for some more general substructural con-
strainsts to be used. There are, however, some intrinsic
limits, and the full generality of the substructural con-
straints in GENOA cannot be attained. Other proposed
developments will eventually allow consistent treatment
of stereochemical information throughout the spectrum-
interpretation and structure-generation processes.

Problems consequent upon the interpretation functions
attempting to solve the structure and assign the spectrum
simultaneously have been noted earlier. Such problems
are really just one instance of where the current programs
are simple not sufficiently interactive. Some mechanisms
exist for the user to inspect intermediate results and apply
additional constraints, but these mechanisms currently
lack flexibility. Further development of these programs
is intended to lead to a more fully interactive approach
in which spectrum interpretation is achieved jointly by
cooperation of the investigator and the programs.

Successful application of the programs to a given
structural problem outside the scope of the current data
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base, which consists largely of oxygen-containing natural
products, will, in general, require the creation of new,
class-specific data bases. This has already been accom-
plished for a series of diterpenoid alkaloids.?® We are
willing to collaborate with other interested investigators
in such efforts (See Experimental Section).

Experimental Section

These programs are implemented in the ALGOL-like BCPL
program language*” on a Digital Equipment Corp. KI-10 computer
at the SUMEX-AIM computer facility at Stanford. The programs
are available to an outside community of investigators via a
nationwide computer network to the limit of available resources.
Export of the programs to other DEC PDP-10 or PDP-20 systems

(47) M. Richards and C. Whitby-Strevens, “BCPL—The Language
and Its Compiler”, Cambridge University Press, Cambridge, 1979.

or other computers supporting BCPL (e.g., IBM-370) is possible.
However, additional work remains before the programs become
polished enough for mass export. Meanwhile, within the limits
of our resources, we are prepared to collaborate in the *C-based
solution of nontrivial structure problems for outside investigators
who lack appropriate computer facilities.
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The 4-hydridopyridyl anion (3) was prepared and studied by NMR spectroscopy. By analogy with the
cyclohexadieny! anions, ion 3 was shown to be planar with no 1,5-homoaromatic overlap occurring. Tempera-
ture-dependence studies showed that there is no change in the structure of 3 down to -40 °C and consequently
no puckered form could be frozen out. At room temperature anion 3 was slowly converted into the 4,4’-bis-
(hydridopyridyl) dianion (7). The structure of 7 was also confirmed by its independent preparation.

Our preceding study of the cyclohexadienyl anion 1 by
NMR spectroscopy as well as by MINDO/3 calculations
concluded that ion 1 was a planar nonhomoaromatic
species with no significant contribution, if any, by the
homocyclopentadienyl anion 2.2 The methylene protons

o0&

were equivalent even at —60 °C (at 300 MHz) and thus no
indication for 2 was obtained. Recently Haddon?® calcu-
lated that structure 1 was the major energy minimum for
the CgH; potential-energy surface and was 36 kcal/mol
lower in energy than 2.

Bodor and Pearlman* in 1978 reported the results of
their MINDO/3 study of dihydropyridine anions and re-
lated dihydropyridyl species. They concluded that the

(12;914"01' Part 4 see; Olah, G. A.; Hunadi, R. J. J. Am. Chem. Soc. 1980,
102, 6989.

(2) Olah, G. A.; Asensio, G.; Mayo, H.; Schleyer, P. v. R. J. Am. Chem.
Soc. 1978, 100, 4347.

(3) Haddon, R. C. J. Org. Chem. 1979, 44, 3608.

(4) Bodor, N.; Pearlman, R. J. Am. Chem. Soc. 1978, 100, 4946,

4-hydridopyridyl anion (3) should be planar (within 0.5°)

H H
N
3 3a

with the charge delocalized over the five atoms. Although
these calculations on bond angles and geometry were sim-
ilar to those for the 1,4-cyclohexadienyl anion, no exper-
imental data were available. The possibility of 1,5-
homoaromatic overlap in the case of the 4-hydridopyridyl
anion (3) was difficult to completely rule out, at least as
possible contribution of the homoazocyclopentadienyl
anion (3a) to-the structure of 3.

Recently Fraenkel et al.® reported their work on the
generation of spirodihydroaromatic anions and in this
study reported the 3C NMR shifts of 4,4-dimethyl-1-
lithio-1,4-dihydropyridine (4).* They concluded, from the
equivalence of the methyl protons in the 'H NMR spec-
trum and the methyl carbons in the *C NMR spectrum

(5) Rizvi, S. Q. A,; Foos, J.; Steel, F.; Fraenkel, G. J. Am. Chem. Soc.
1979, 101, 4488.

(6) Birch, A. J.; Karakhanov, E. A. J. Chem. Soc., Chem. Commun.
1975, 480.

(7) Foos, J.; Steel, F.; Rizvi, S. Q. A.; Fraenkel, G. J. Org. Chem. 1979,
44, 2522,
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