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Introduction

The structure elucidation of unknown natural products has
always been a fascinating challenge to chemists. The identi-
fication of novel compounds from a variety of data becomes
especially exciting if biological activity is involved. NMR
experiments such as COSY [1], HMQC [2] or HSQC [3],
and HMBC [4] have proven to be powerful in this respect
and the development of novel NMR experimental tools is a
continuing process. A recent example is the 1,1-ADEQUATE

experiment which allows the observation of two-bond corre-
lations [5]. This new 2D NMR tool is extremely useful for
distinguishing between 2JCH and 3JCH correlations obtained
from HMBC spectra [5b].

Method

The computer program COCON (“COnstitutions from CONnec-
tivities”) has been developed to serve natural product chem-
ists in discussing the constitutions of unknown compounds
for which crystal structures are not available [6]. It allows
chemists to comprehensively discuss the entirety of molecu-
lar constitutions compatible with the given NMR data and
the molecular formula.
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Abstract

The constitutional assignment of natural products by NMR spectroscopy is usually based on 2D NMR experi-
ments like COSY, HSQC, and HMBC. In this paper, the resulting connectivity information is used as input for
the new structure generating program COCON which both improves and dramatically accelerates the process of
constitutional assignment. COCON allows to quantify the value of connectivity information (2D NMR correlation
data) for structure elucidation problems. Applying COCON, it is systematically evaluated to which degree the
NMR experiments COSY, 1H,13C-HMBC and 1,1-ADEQUATE constrain the number of constitutions compat-
ible with the data sets of two secondary metabolites from marine sponges.
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A simple problem is the structure elucidation of 4,5-
dibromopyrrol-2-carboxylic acid (1, see Figure 1), an immu-
nosuppressive natural product from the marine sponge Agelas
sp. [7]. COCON proposes 318 different constitutions for 1 if
only the hybridization states of the involved nuclei and no
2D NMR correlations are taken into account. 157 solutions

remain, if three-membered rings with at least two sp2-hy-
bridized atoms as well as cyclobutadienoid substructures are
excluded. When applying very limited 13C NMR chemical
shift rules [a] and considering the experimentally observed
HMBC correlations (data set A, correlations from H-3 to C-
2 and C-5) only proposals #1 to #5 respectively their assign-
ment isomers [b] were obtained (see Figure 1 and Table 1).
On the basis of data set B (additional HMBC correlations
from H-3 to C-4 and C-6) proposals #1, #3 and #5 and their
assignment isomers were generated (see fig. 1 and table 1).
All COCON calculations were carried out assuming any direct
connection of two CH fragments to be forbidden if no COSY
correlation was observed (non_cosy = 1). This restriction can
optionally be extended to heteroatoms (non_cosy = 2).

The 1,1-ADEQUATE experiment [5a,b] allows the se-
lective observation of two-bond correlations (pseudo 2JCH
couplings, which consists of a 1JCH and a 1JCC step). For 1,
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COSY, HMBC 10 6 190

COSY, HMBC, 1,1-ADEQUATE (non_adeq = 0) [b] 3 2 40

COSY, HMBC, 1,1-ADEQUATE (non_adeq = 1) [b] 3 2 24

Table 1. Cocon results for 4,5-dibromopyrrol-2-carboxylic
acid (1) and manzacidin (2).

[a] The following correlations are given starting from H-3.
Data set A: HMBC C-2, C-5; data set B: HMBC C-2, C-
4, C-5 and C-6. The 1,1-ADEQUATE correlations to C-2
and C-4 are obtained in both cases. In carefully dried
solutions, it is possible to observe correlations from the
H-1 (NH) to C-2, C-3, C-4, and C-5 in the HMBC
spectrum. The number of the generated structures was
the same as for data set B.

[b] The explanation of the non_adeq flag is given in the text.

Figure 1. Ten different assignments representing five different
constitutions were obtained for the data set of 4,5-
dibromopyrrol-2-carboxylic acid (1, solution #3). In solutions
#6 to #10, the assignments of the carbon atoms C-2 and C-5
are interchanged.

[a] COCON obeys the following 13C NMR chemical shift rules:
- a carbon atom cannot be a C=S and C=O if δC < 150 ppm;
- an olefinic carbon atom bound to an oxygen is forbidden if δC
< 130 ppm;
- an olefinic carbon atom bound to a nitrogen is forbidden if δC
< 100 ppm;
- an aliphatic carbon atom bound to an oxygen is forbidden if
δC < 45 ppm;
- a methyl group cannot be bound to a carbon atom if δC > 35
ppm.

correlations from H-3 to C-2 and C-4 were observed in the
1,1-ADEQUATE spectrum, leading to a reduction from 10
to 3 proposed structures (#1, #3 and #5) for data set A and to
2 proposed structures (#1 and #3) for data set B.

The second example discussed here is manzacidin A (2),
an alkaloid from the Okinawan sponge Hymeniacidon sp.
[8]. In addition to its 4-bromopyrrol-2-carbonyl unit, it pos-
sesses a tetrahydropyrimidine moiety. Based on the COSY
and HMBC data and on the hybridization states reported in

[b] The carbon atoms C-2 and C-5 of the solutions #1 to #5 may be
interchanged without violation of any connectivity or other con-
straints. The resulting solutions #6 to #10 represent identical
constitutions, but different 13C NMR assignments which are of
importance for subsequent 13C NMR chemical shift calcula-
tions.
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the original publication [8], 190 different constitutional as-
signments are still possible (see Table 1). Of course, these
COCON proposals include a large share of constitutions which
do not agree with the rules of chemical stability or of 13C
NMR chemical shifts.

The number of compatible solutions is substantially di-
minished if 1,1-ADEQUATE correlations are taken into con-
sideration. If all correlations to be theoretically expected for
the correct structure #15 of manzacidin A (2, see Figure 2B)
are assumed, 40 proposals are generated (see Table 1). As
soon as bonds between two carbon atoms are prohibited, if at
least one of them is proton-bearing and no 1,1-ADEQUATE
correlation is observed between them (non_adeq = 1), only
24 different constitutions are proposed by COCON (see Fig-
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ures 2a and 2b) [c]. The calculation results include a real
alternative (solution #8) to manzacidin A (2, solution #15).
The average deviations of the experimental 13C NMR chemi-
cal shifts of the four pyrrole ring carbon atoms from calcu-
lated values [d] were 9.2 ppm for solution #8 and 4.2 ppm
for solution #15 (manzacidin A (2)), favoring the correct struc-
ture. Most other proposed structures represent carbonic acid
hemiesters or otherwise chemically unstable constitutions.

The calculation time for the manzacidin problem on a
personal computer (Pentium 133 MHz) was 6 min. 24 sec-
onds, if only the hybridization states, COSY, and HMBC
correlations were considered, and 2 seconds if theoretical
1,1-ADEQUATE correlations were also included. The high
calculation speed of the COCON program is mainly based on

Figure 2a. Constitutions #1 to #12 calculated by the COCON
computer program based on the reported data and on 1,1-
ADEQUATE correlations to be expected for manzacidin A (2).

[c] Cyclobutadienoid and cyclopropenoid constitutions were ex-
cluded by default.

[d] The increment calculation started from the pyrrol chemical shifts
and used the increments of the vinyl system. See also: Foley, L.
H.; Habgood, G. I.; Gallagher, K. S. Magn. Res. Chem. 1988,
26, 1037-1038.
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the integrated evaluation of HMBC information simultane-
ously with the construction of constitutions. The detection
of constitutionally equivalent isomers at the earliest possible
stage of their generation proved to be another very efficient
step, especially for natural products containing several groups
of equivalent heteroatoms.

Although it may seem overwhelming to obtain several
hundreds or thousands of solutions, each proposed structure
should be treated as a hypothesis [9] and e. g. be subject to a
subsequent, accurate calculation of NMR chemical shifts and
of molecular mechanics. The final decision on the constitu-

tion of a natural product of course relies on additional infor-
mation obtained from other spectroscopic methods or on
chemical or biosynthetic considerations. COCON may also be
applied after a structure of a compound was proposed. This
is especially important for proton-poor compounds to vali-
date a structural proposal, because these systems are not very
well defined by NMR correlation data. For many alkaloids
and other proton-poor compounds, spectroscopic
underdetermination is responsible for the combinatorial ex-
plosion of solutions and not the difficulties of evaluating
ambiguous or poorly resolved NMR data.

Conclusion

In summary, the computer program COCON is presented as a
powerful tool for the evaluation of NMR-derived connectiv-
ity data. For the marine alkaloid manzacidin A (2), it was
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Figure 2b. Constitutions #13 to #24 calculated by the
COCON computer program based on the reported data and
on 1,1-ADEQUATE correlations to be expected for
manzacidin A (2). The correct structure of manzacidin A (2,
solution #15) is highlighted.
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demonstrated how the information available from the 1,1-
ADEQUATE experiment can greatly reduce the number of
constitutions compatible with given data sets. COCON should
enable the chemical community to automate the process of
comprehensive constitutional assignment. To the interested
reader, the program will be made available on the PC plat-
form.
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Supplementary material: A demo version for SGI of the pro-
gram COCON (works with up to 15 heavy atoms) and the
manual are included.
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