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ABSTRACT: Two new macrocyclic cembranoids were isolated from the South China Sea soft coral Lobophytum sp. Quantum 
Mechanical – NMR methods were decisive in their structural elucidation. Better performance in arriving at definitive structures was 
obtained by QM-NMR methods incorporating 3JHH values. The validity of this approach also supported an alternative conformational 
proposal to that obtained by X-ray crystallography. 

Marine benthic invertebrates produce an unparalleled variety 
of complex secondary metabolites with wide spectra of bioac-
tivities.1 In particular, soft corals of the genus Lobophytum ex-
emplifies an intensive research subject and have been proved to 
be rich sources of structurally intriguing and biologically  inter-
esting secondary metabolites. Particularly cembranes are char-
acteristic and dominant metabolites of Lobophytum and some 
of them showed promising biological activities, such as anti-
tumoral, antiviral, anti-inflammatory, and neuroprotective.2 An 
essential stage in the discovery of any new compound involves 
the accurate determination of its full structure. This is of ex-
treme importance as it is strongly linked to its physical-chemi-
cal and biological properties. It may also have important conse-
quences on intellectual property issues such as the CON201 
case.3 This task is particularly challenging in natural products 
chemistry so several erroneous structures are continually being 
detected and revised.4-6 Despite NMR and X-ray crystallog-
raphy are the gold-standard techniques used for structure eluci-
dation, computational methods are gradually becoming a faster 
and sometimes even more reliable alternative.7,8 

In our continuous effort to discover bioactive marine natural 
products from Chinese soft corals,9-11 Lobophytum sp. was 

collected off the coast of Xisha Island, Hainan Province. Chem-
ical investigation yielded two new cembranoids, namely lobo-
phytolins A (1) and B (2), along with a known related one, iso-
decaryiol (3) (Figure 1). Their structures were elucidated by 
NMR spectroscopy, quantum chemical calculations, as well as 
X-ray diffraction analysis. The difficulties encountered for de-
termining their full structures led us to use and compare differ-
ent approaches. The results illustrate some caveats usually 
found in this task and tools that can be applied to unravel them. 

 
Figure 1. Structures of 1–3.  

 



 

The usual work-up9-11 of the Et2O-soluble portion of the ace-
tone extract of Lobophytum sp. yielded the pure compounds 1 
(6.0 mg), 2 (8.7 mg) and 3 (4.5 mg).  Compound 3 was identi-
fied as isodecaryiol, a cembranoid previously isolated from the 
Madagascar soft coral Sinularia gravis,12 by comparison of its 
spectral data with those previously reported. 

Lobophytolin A (1) was obtained as colorless crystals with a 
melting point of 116-117 ℃ and [a]

20,D + 44.1 (c 0.4, CHCl3). 
A HR-ESIMS ion peak at m/z 345.2407 [M+Na]+ (calcd. 
345.2400) revealed a molecular formula of C20H34O3. The 1H 
and 13C NMR spectroscopic data of 1 showed the presence of a 
trisubstituted olefin (δH 5.32, dd, J = 10.3, 5.1 Hz; δC 126.9, 
134.2) and an exocyclic double bond (δH 5.13, s; 5.09, s; δC 
108.1, 149.7). Thus, to complete the four degrees of unsatura-
tion of its molecular formula, compound 1 has a bicyclic struc-
ture. Moreover, the presence of two oxygenated methines (δH 
3.71, dd, J = 8.8, 2.8 Hz; δC 70.7; δH 4.24, dd, J = 6.0, 4.0 Hz; 
δC 74.0), two non-protonated oxygenated carbon atoms (δC 76.3 
and 75.8) and four singlets methyls suggested that 1 was closely 
related to isodecaryiol.12 Analysis of 2D NMR data enabled 
structure elucidation of 1. Thus, a COSY experiment led to the 
identification of three 1H-1H spin systems (Figure 2). These 
fragments were interconnected by analysis of long-range 1H-13C 
correlations obtained from the HMBC experiment. Particularly 
important were the large number of connectivities observed for 
methyl groups and their vicinal non-protonated carbons.  

 
Figure 2. Key COSY and HMBC correlations of 1 and 2. 
 

Lobophytolin B (2) was obtained as colorless crystals with 
melting point of 132-133 ℃ and [a]

20,D + 38.7 (c 0.2, CHCl3). 
Its molecular formula was deduced as C20H34O3 by HR-ESIMS 
from the ion peak at m/z 321.2435 [M-H]- (calcd. 321.2435), 
the same as that of 1. Analysis of 1H and 13C NMR data showed 
that 2 was very similar to 1 (Table 1, SI). The main difference 
was observed at C-7 (δC 74.0 for 1 versus 78.4 for 2), suggesting 
that 2 was simply the C-7 epimer of 1. Further analysis of 2D 
NMR spectra confirmed this hypothesis.  

Once the planar structures of 1 and 2 were elucidated, deter-
mination of their stereochemical features was undertaken. The 
configuration of the double bond D11,12 was assigned as E on the 
basis of the observed dipolar correlations between H11 and H13 
as well as between methyl 20 and H10. A tentative relative con-
figuration of the three asymmetric centers located within the ox-
ane ring was built from the similarity of their NMR chemical 
shifts with 3. Chemical shift overlapping (H1 and H2) pre-
vented measurements of 3JHH or an unambiguous analysis of the 
NOESY experiment. Another major difficulty was to connect 
the relative configuration of the oxane ring with the remote po-
sition C7. This kind of problem has been tackled using J-based 
conformational analysis (JBCA) and/or NOESY analysis.13-15 
However, in the present case both stereoclusters are separated 

by non-protonated atoms (C4), which precludes the use of 
JBCA. The assignment based exclusively on dipolar correla-
tions is usually uncertain in conformationally flexible mole-
cules such as macrocycles. 

Continuous advances in computation have made quantum 
mechanical methods one of the most popular strategies to face 
structural problems, by calculating spectroscopic properties. 
Currently, this approach is widely used to find the most likely 
structure from among a set of putative candidates.16,17 In partic-
ular, NMR chemical shifts calculations have been used to ad-
dress complex stereochemical problems by comparing experi-
mental and computed values.18 Dedicated metrics have been re-
cently developed for this task. Among these, the DP4 probabil-
ity stands out from all the others.19 It was articulated on the basis 
that Bayes' theorem can be used to estimate the probability that 
the selected structure is the correct one. Improved versions such 
as DP4.2, DP4+ and the J-DP4 methods have been developed.20-

22  
Therefore, to define the relative configurations of compounds 

1 and 2, theoretical calculations of NMR parameters were used. 
First of all, conformational searches on the eight possible can-
didate diasteroisomers were done. To keep the computational 
cost to a minimum, a 12 kJ mol-1 energy cut-off was used, fol-
lowing previous reports that have shown that larger values don’t 
give significant improvement but come with greater computa-
tional cost.19 Afterwards, geometrical optimization at the DFT 
level were undertaken using the B3LYP functional with the 6-
31G* basis set. Next, NMR calculations were carried out at the 
PCM/mPW1PW91/6-31+G** level, as recommended for 
DP4+. NMR shielding constants were calculated using the 
GIAO approach. Finally, shielding constants were averaged 
over the Boltzmann distribution obtained for each stereoisomer 
and correlated with the experimental data. The previous calcu-
lations gave conclusive guidance on the relative configuration 
at C1, C3 and C4, whereas the configuration at C-7 could not 
be irrefutably determined.  This was not unexpected given the 
separation of the two stereoclusters. In addition, we speculated 
that the modest reproduction of the experimental NMR trends 
could be due to the choice of using a low energy-cutoff during 
the conformational search, which could have caused losing po-
tentially relevant conformations. Similar situations have been 
previously described from a sequential one-by-one comparison 
between experimental data for each compound and all set of 
computed data.23 It has been suggested that comparing all sets 
of experimental and predicted data simultaneously may give 
better results in these situations. However, in practice it is very 
uncommon to have the full set of experimental values for all 
possible stereoisomers, to be compared with all candidate struc-
tures.24,25 

 In our opinion, one important source of error in those meth-
ods based upon comparison between experimental NMR chem-
ical shifts and their quantum mechanical prediction is related to 
the limited ability of theoretical calculations to appropriately 
represent the real conformational distribution of the studied 
molecule. For instance, a small relative error of ±1 kcal mol-1 in 
the free energy difference between two conformations changes 
their relative population from 7:3 to 3:7.  Therefore, it is a gen-
eral trend that potentially flexible molecules with complex en-
ergy landscapes give lower quality predictions. 



 

 
Figure 3. X-ray crystallographic structures of 1 (left), 2 (middle) and a fragment of the crystal packing of 2 (right) 
 
Alternatively, readily available 3JHH measurements provide 

extremely valuable information in this context as they can 
amend the effect on the calculations of including wrong con-
formations.22,26 In consequence, we used the recently devel-
oped iJ/dJ-DP4 protocol that includes JHH values to constrain 
the conformational sampling problem. It has been shown that 
this solves the previous drawback, at least in part. Thus, we 
performed NMR calculations at the B3LYP/6-31G**//MMFF 
level of theory validated for this method. 3JHH values were 
computed considering only the Fermi contact term as recom-
mended, then used to create a subset of candidates compatible 
with experimental measurements (iJ-DP4 step). Because the 
structural changes were located around C7, only H7 coupling 
constants were used in this step. A difference cut-off of 2.5 Hz 
from the experimental value was used for such task. Finally, 
using only the selected compatible conformations (table S5) 
we proceeded with the analysis, now making use of all 3JHH 
and chemical shift values (dJ-DP4 step). For methylene pro-
tons, the calculated 3JHH - chemical shift pairs were kept to-
gether and arranged against the experimental values using 
3JHH as the leading value. By means of this approach, it turned 
out that the experimentally observed NMR data for compound 
1 gave the best match of over 99% with isomer 1R,3S,4R,7R. 
On the other hand, the comparison using the NMR experi-
mental data for compound 2 gave its best match for iso-
mer1R,3S,4R,7S, with a 99 % probability. Despite most 3JHH 
experimental values were similar, the different coupling con-
stant values measured for H7 in 1 (dd, J = 6.0, 4.0 Hz) and 2 
(dd, J = 10.3, 4.0 Hz) turned out to be decisive to discriminate 
them. 

To confirm the previous proposal, the absolute configura-
tion of 1 was unequivocally confirmed as 1R,3S,4R,7R by X-
ray crystal diffraction analysis using Ga Ka radiation (l = 
1.34139 Å), showing a low Flack parameter of -0.01 (13) (Fig-
ure 3). Likewise, the absolute configuration of 2 was deter-
mined to be 1R,3S,4R,7S by X-ray crystal diffraction using Cu 
Ka radiation (l = 1.54178 Å), showing a Flack parameter of 
0.30 (15) (Figure 3). Our previous stereochemical proposal 
based on the iJ/dJ-DP4 calculations neatly matched the crys-
tallographic structures in both cases. However, the difference 
between the conformations of the two crystallographic struc-
tures was surprising. This was unexpected because the exper-
imental NMR chemical shifts and 3JHH values of both com-
pounds were very similar (excluding the C7 position and sur-
roundings). 

At this point, it is worth mentioning that the crystallo-
graphic structure of 1 (shown in gray in Figure 4) is different 
from the lowest energy conformation found in our calcula-
tions (shown in orange in Figure 4). This theoretical structure 

was removed from the analysis in the iJ-DP4 step of our cal-
culations, as it was not compatible with the available 3JHH 
measurements. From this, the second lowest energy confor-
mation (shown in green in Figure 4, and almost superimposa-
ble with the crystallographic structure) emerged as the struc-
ture most likely to be fully compatible with NMR data. This 
situation may explain how iJ/dJ-DP4 found the right answer 
for this structure. 

 
Figure 4. On the left, structures of 1: X-ray structure (Gray), 
lowest energy conformer (Orange), 2nd lowest energy con-
former (Green). On the right, structures of 2: X-ray structure 
(Gray), lowest energy conformer (Blue). 
 

The situation with compound 2 was different, since its crys-
tallographic structure was not fully compatible with experi-
mental 3JHH. Moreover, the lowest energy conformation found 
in our calculations (shown in blue in Figure 4) was different 
from the X-ray structure but compatible with 3JHH values. A 
closer look at the crystal packing of 2 suggests that this situa-
tion may be a consequence of an intermolecular H-bond 
formed between the hydroxyl group at C7 and the ether oxy-
gen atom, a situation that does not seem to occur in solution 
(Figure 3). Additionally, the computed structure (shown in 
blue in Figure 4) predicted by the iJ/dJ-DP4 protocol closely 
resembles that found for compound 1, in accordance with the 
experimental NMR data available. In consequence, we regard 
the later as the conformation in CDCl3 solution. 

As an additional test, a DP4+ analysis was done using only 
the X-ray structures. The NMR experimental data of both 
compounds pointed to the 7R isomer (1). From our perspec-
tive, the later result arises from the fact that the calculations 
chose the “appropriate” conformation in solution, that comes 
only from the 7R epimer (1). 

Compounds 1–3 were tested for cytotoxicity. All were 
found inactive at the concentration of 10 µM, on the tumor 
cell lines of HT-29, Capan-1, A549, and SNU-398. Interest-
ingly, despite their structural similarity, 2 showed IC50 values 
ranging from 30 to 40 µM while 1 showed no activity within 
the tested concentrations (>50 µM).  



 

The structure elucidation of lobophytolins A and B reveals 
some of the potential drawbacks faced in flexible molecules 
when following QM/NMR approaches. These methods rely 
heavily on the calculation of relative energies to predict the 
necessary Boltzmann weighting factors. However, the current 
limitations of DFT methods generate important errors when-
ever those energies are poorly predicted or when conforma-
tional sampling is not adequate. To correct this, alternative so-
lutions such as the creation of random ensembles or the incor-
poration of structural information obtained from easily avail-
able 3JHH have been proposed.22,27 Thus, using iJ/dJ-DP4 
method we have successfully elucidated two macrocyclic 
structures and simultaneously found a conformational pro-
posal in solution. The latter suggests that the solution and 
solid-state conformations of 2 are different.  
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