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ABSTRACT: The structure elucidation of the palau’amine con-
gener tetrabromostyloguanidine (1), which used interproton dis-
tances from ROESY spectra as restraints in a computational
approach, the so-called fc-rDG/DDD method, led to a revision of
the relative configuration of palau’amine (2) and its congeners in
2007. The recent total synthesis of (±)-palau’amine (2) sub-
sequently confirmed the computed structural revision of the
relative configuration. In order to test a broader application range
of the fc-rDG/DDD method, the present study investigated two additional dimeric pyrrole−imidazole alkaloids, axinellamine A (3)
and 3,7-epi-massadine chloride (4). These calculations allowed the simultaneous assignment of the relative configuration for all eight
stereogenic centers of compounds 3 and 4 without using any information from the reported configurations. In contrast to the
palau’amine congeners, the fc-rDG/DDD method confirmed the relative configuration originally described for axinellamine A (3) and
3,7-epi-massadine chloride (4).

The configurational assignment of natural products
(relative and absolute configuration) is essential to

understand their biological activity on a molecular level and
to allow their procurement through total synthesis. When crys-
talline products cannot be obtained, structural elucidations can be
very difficult, especially when the targets do not lend themselves to
standard 2D NMR techniques and may not readily be synthesized.
Herein, we discuss how NOESY/ROESY data in combination
with computational methods can be applied to the assignment of
relative configurations of natural products. Traditionally, the
NOE/ROE effects have been used qualitatively or as restraints in
energy minimization (EM) and molecular dynamics (MD) simu-
lations. The application of both approaches is problematic with a
large number of unknown stereogenic centers. EM/MD methods,
for example, require one calculation for each possible relative con-
figuration, resulting in extremely long calculation times. The struc-
tural elucidation of amorphous molecules with several unknown
stereogenic centers would benefit greatly from a method that
could simultaneously analyze all configurations. Distance geom-
etry (DG)1 in combination with distance-bounds-driven dynam-
ics (DDD)2 calculations using interproton distances and floating
chirality3 is discussed herein for the determination of the relative
configuration of natural products (the method is called “floating
chirality restrained DG/DDD” or “fc-rDG/DDD”). This method
has been applied to small organic molecules since the 1990s.4

One of the most investigated complex natural products over
the past decade was palau’amine (2). The fc-rDG/DDD method
was successfully applied in 2007 to the palau’amine congener
tetrabromostyloguanidine (1),5 leading to a revision of the relative
configuration of palau’amine (2) and its congeners.6 The re-
assignment of the relative configuration was confirmed by the total
synthesis of palau’amine (2) by Baran and co-workers in 2010.7

The originally reported structure of palau’amine (with the wrong
relative configuration) served as a synthetic target for several
groups worldwide for well over a decade.8

In order to learn more about the scope and the broader
application of the fc-rDG/DDD method, the studies were ex-
tended to two additional dimeric pyrrole−imidazole alkaloids,
axinellamine A (3)9 and 3,7-epi-massadine chloride (4).10

Axinellamine A (3) was first reported in 1999 with a relative
configuration established by NMR spectroscopy,9a and its total
synthesis was achieved in 2008.9b,c 3,7-epi-Massadine chloride
(4) is a side product in the synthesis of massadine10c and has
not yet been found in natural isolates, but it is expected to be a
natural product. Axinellamines A and B are two natural prod-
ucts that are epimeric at C-5 and C-9 (3, Scheme 1), the positions
that correspond to C-3 and C-7 in the massadines (4, Scheme 1).
However, 3,7-epi-massadine analogues, which were synthesized by
biomimetic cyclization in the Baran laboratory,10c have not been
identified in sponge extracts. We believe it is likely that the epi-
massadine series is actually present in Nature but has yet to be
extracted and characterized.
Unlike the palau’amine congeners, axinellamine A (3) and

3,7-epi-massadine chloride (4) possess tetracyclic cores, but still
contain eight contiguous stereogenic centers, resulting in 128
possible relative configurations (diastereomers) when one
center is fixed (which is relevant for the applied NMR studies).
In this article we report the application of the fc-rDG/DDD
method to assign the relative configuration of all eight stereo-
genic centers simultaneously. There are several arguments why
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the dimeric pyrrole−imidazole alkaloids 1 to 4 are ideal for a con-
formational and configurational analysis by NMR spectroscopy:
(a) they are conformationally restricted molecules, (b) many of
the protons are methine protons, which do not need any correc-
tion for pseudoatoms,11 such as methyl groups or diastereotopi-
cally nonassigned methylene groups, and (c) the stereogenic
centers are all in close promixity to each other.

■ RESULTS AND DISCUSSION
The fc-rDG/DDD method was applied to axinellamine A (3)
and 3,7-epi-massadine chloride (4). For both compounds more
than 30 ROE restraints were used. All interproton distances can
be used without correction factors since almost exclusively
methine protons are present in these structures. Diastereotopi-
cally nonassigned methylene groups, methyl groups, non-
assigned dimethyl groups, and aromatic ortho/meta protons
have no defined proton positions and therefore require pseudo-
atom correction, leading to larger ranges of the distance restraints.
Here we used ±10% for the conversion of the ROE-derived dis-
tances into distance restraints (upper/lower bounds) in order to
account for experimental errors.
For axinellamine A (3), 35 interproton distances were

obtained from ROESY spectra. These were used as experi-
mental distance restraints for the fc-rDG/DDD calculations. In
principle the DG/DDD approach can generate all 256 possible
stereoisomers for 3. Since NMR spectroscopy in achiral or racemic
media cannot distinguish between enantiomers, one stereo-
genic center was set as a reference. This entails the possibility
to generate 128 diastereomers. Results for the 99 generated
possible structures of axinellamine A (3) are shown in Figure 1
as a graphical representation of the total error (dimensionless)
for each structure, ordered according to ascending total errors.
Altogether, only 4 out of 128 possible diastereomers of 3

resulted from several runs with the fc-DG/DDD method using

the experimental ROE restraints. The remaining 124 dia-
stereomers fulfilled the restraints so poorly that they were not
generated in any of the calculations. The 89 structures with the
lowest total errors had the same relative configuration. As
demonstrated recently for tetrabromostyloguanidine (1), the
structures were clustered into different families that comprise
structures with similar errors, but potentially different conforma-
tion and configuration.5 Here, the families consisted of structures
with different relative configurations (compare Figures 1 and 4).
For axinellamine A (3), the 99 structures were divided into three
structural families (I, II, and III; see Figure 1) according to their
total errors. A binary code was used for the description of the
configuration in order to simplify the distinction between the dif-
ferent diastereomers. The order within the binary code is identical
to the sequence of the stereogenic centers (atom numbering).
Family I (structures 1 to 89) exhibited the lowest total errors, with
values between 15 and 20. An analysis of all 89 structures of family
I indicated the same relative configuration as published for 3.9a

Family II consists of six structures (two different relative con-
figurations) with total errors around 50. Family III consists of the
final four structures with total errors between 100 and 200. The 89
superimposed structures of family I (the structures with the lowest
total errors) are shown in Figure 2. These results supported the
originally proposed structure9a that was confirmed in 2008 by the
total synthesis9b,c of axinellamine A (3).
In order to understand the influence of different upper and

lower boundaries and different mixing times, several fc-rDG/
DDD calculations were carried out for 3. The use of three dif-
ferent upper/lower boundaries (±10%, ± 20%, and ±30%) for the
distance restraints of each mixing time of 3 resulted in a total of
nine calculations. The results are summarized in Figure 3. For
axinellamine A (3), at least 90% of the structures generated with
upper/lower boundaries of ±10% or ±20% (Figure 3, bars 1, 2, 4,
5, 7, and 8) and even 70−85% (Figure 3, bars 3, 6, and 9) of
the structures generated with 30% upper/lower boundary limits
yielded the correct relative configuration. Since 30% boundary limits
are very loose restrictions, these results indicate unambiguously the

Scheme 1. Structural Formulas of Tetrabromostyloguanidine
(1), Palau’amine (2), Axinellamine A (3), and 3,7-epi-
Massadine Chloride (4)a

aThe hexacyclic cores of 1 and 2 and the tetracyclic cores of 3 and 4
are indicated in blue. The configurations of C-12 and C-17 were
revised for the palau’amine congeners (here 1 and 2) in 2007. All
structures herein are shown in their neutral forms.

Figure 1. Results of the fc-rDG/DDD calculations of axinellamine A (3).
Only 4 out of 128 possible relative configurations (diastereomers) for 3
were generated (the frequency is given in parentheses); 89 out of 99
generated structures have the same relative configuration (in green),
which is identical to the one published in 1999. Underlined numbers
within the binary code indicate a sign inversion of the chiral volume of
the stereogenic center.
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strength of the fc-rDG/DDD method for these examples of
conformationally restricted molecules.
For 3,7-epi-massadine chloride (4), 36 interproton distances

were obtained from a ROESY spectrum.12 In this case only one
ROESY spectrum with a mixing time of 300 ms was measured.
The 36 interproton distances were used as experimental distance
restraints for the fc-rDG/DDD calculations. The results for the 98
generated structures are shown in Figure 4. Out of the 128 pos-
sible relative configurations (diastereomers) again only four were
generated; 74 out of 98 generated structures had the same relative
configuration. In contrast to axinellamine A (3) the correct con-
figuration of 3,7-epi-massadine chloride (4) can be found in families
I and II. Out of the 19 structures in family II of 3,7-epi-massadine
chloride (4), 15 had the same relative configuration (11111110) as
family I and four differed only in the configuration of one stereo-
genic center (11111111; see Figure 4). The fc-rDG/DDD calc-
ulations for 3,7-epi-massadine chloride (4) were run with upper/
lower bounds for the distance restraints of ±10% (see Figure 4),
± 20%, and ±30%.
The results obtained with the fc-rDG/DDD method for axi-

nellamine A (3) and 3,7-epi-massadine chloride (4) demonstrated
the power of this approach for the structural assignment of densely
functionalized small molecules. The fc-rDG/DDD method

allowed the simultaneous assignment of the relative configuration
of all eight stereogenic centers in axinellamine A (3) and 3,7-epi-
massadine chloride (4). It was shown that even with very loose
restraints (up to 30%), these molecules could be assigned a relative

configuration in a single calculation without necessitating prior
knowledge of the relative configuration at any of the eight
contiguous centers. This method represents a very useful tool to
be combined with qualitative NMR analysis for isolation and syn-
thesis chemists alike. It has already enabled the reassignment of
very noteworthy natural products such as palau’amine (2) [via
tetrabromostyloguanidine (1)]. Its application to the assignment
of natural products could prevent future misassignments of natural
products, including those with more flexible architectures.

■ EXPERIMENTAL SECTION
For the so-called NOE/ROE-restrained calculations the cross-peaks of
NOESY or ROESY spectra are translated into interproton distances,
which are used as restraints for conformational and configurational
analysis. The usage of a NOESY or a ROESY spectrum is mainly
dependent on the size of the molecule. NOESY spectra have the
disadvantage that for medium-sized molecules the NOE becomes 0 if
(ω0 τc) = 1.12. This is approximately the case for a correlation time τc
of 0.3 ns at 400 MHz. ROESY spectra do not have this disadvantage, but
because of the spinlock, other effects (e.g., offset dependence) have to be
considered. A quantitative ROESY analysis was performed for compounds
3 and 4. Interproton distances from ROESY spectra with different mixing
times (100, 150, and 200 ms) of axinellamine A (3) were used for the
configurational assignment. For 3,7-epi-massadine chloride (4) only one
ROESY spectrum with a mixing time of 300 ms was used. The ROESY
spectra were calibrated and baseline corrected with the Bruker Topspin
2.0 software and integrated with the Sparky 3.1 software. In Sparky, the
contour levels were adjusted to display peaks just below the baseline but
exclude the baseline. Integration was performed according to the scheme
(peak picking−peak assignment−peak locking−peak integration).
Multiplet peaks were grouped into one assigned peak. Where possible,
the Gaussian fit was used for integration and the line widths were adjusted
to fit the displayed peak contour. Peaks that overlaid the diagonal were
integrated by the sum-overbox or sum-overellipse fit and labeled to be
used carefully during distance calculations. Subsequently, the integrals of

Figure 3. Summary of the results of the nine fc-rDG/DDD
calculations of axinellamine A (3). The percentage of the correct
relative configuration for all nine data sets is indicated by the bars. The
abbreviation “100-1” stands for a mixing time of 100 ms and upper/
lower boundaries of ±10%, “100-2” for 100 ms and ±20%, and so on.
The blue bar indicates the calculation corresponding to the results
shown in Figures 1 and 2.

Figure 4. Results of the fc-rDG/DDD calculations of 3,7-epi-mass
adine chloride (4). Only 4 out of 128 possible relative configurations
(diastereomers) for 4 are generated; 74 out of 98 generated structures
have the same relative configuration (59 in green, 15 in orange), which
is identical to the one published in 2008. Underlined numbers within
the binary code indicate a sign inversion of the chiral volume of the
stereogenic center.

Figure 2. Superimposed structures of family I (left, see Figure 1) of
axinellamine A (3) and 89 substructures (14 atoms of the tetracyclic
ring system) of axinellamine A (3) (right). Carbons are represented in
gray, hydrogens in white, nitrogens in blue, oxygens in red, chlorine in
green, and bromines in purple.
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corresponding cross-peaks were checked manually for compliance and
rated accordingly for the distance calculation program.
After volume integration of all cross-peaks in the ROESY spectra, the

intensity data were calibrated setting the distance between the geminal
protons at C-1′ (for 3) and C-1″ (for 4) to 178 pm. These positions cor-
respond to the same methylene unit used to calibrate 1 (C-13). For
axinellamine A (3) each ROESY spectrum was analyzed separately under
the assumption of the linear approximation approach. This assumption is
valid because the distances for the different mixing times were identical.
Since all molecules studied here (including 1) have more or less the same
molecular weight, it is sufficient to use only one ROESY spectrum with
the previously mentioned mixing time of 100 to 200 ms (max. 300 ms).
The latter one was used for 3,7-epi-massadine chloride (4).
The distance geometry calculations were carried out using a

modified version of the DISGEO program kindly provided by Prof.
Ruud Scheek (University of Groningen, The Netherlands). The list of
distance bounds for the DG calculation was constructed from the
covalent primary structure using bond lengths, bond angles, chirality, and
planarity. The upper and lower bounds were taken as ±2%, respectively,
of these calculated distances. For atoms that have a rotatable torsion
between them, the lower and upper bound are calculated from the mini-
mum and maximum possible distance, respectively, with a complete rota-
tion of the dihedral. In addition to these geometric distance bounds, the
experimental interproton distances, derived from 35 ROEs for 3 (100 ms)
and 36 ROEs for 4, were utilized. The upper and lower distance restraints
were calculated with ±10%, respectively, of the actual distances obtained
from ROESY spectra.
Distances within these constraints that also satisfy the triangular

inequalities were chosen randomly and embedded with the metric matrix
method (random metrization). Around 100 structures were successfully
embedded (usually 98 to 100) and were partially minimized with a con-
jugate gradient minimizer (Optimize). This was followed by a distance-
bounds-driven dynamics (DDD) calculation beginning at 500 K for 5 ps
(2500 steps, step size 20 fs) and then with a gradual reduction in
temperature over the next 2 ps. Both Optimize and DDD utilized only the
holonomic constraints (i.e., geometric and experimental distance
constraints) as the potential and for generation of forces. The structures
are ranked by their total errors (pseudoenergies). The pseudoenergy is
not a real energy; it is a quality factor that describes the degree of
satisfaction of the given distances and the given chiral volumes with the
actual values. It is without any dimension. The distance term consists of
experimental and holonomic restraints. The latter ones are defined by
the constitution of the molecule. The calculation and optimization of
100 structures required less than 5 min of CPU time using a single
processor PC.
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