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EBC-232 and 323: A Structural Conundrum Necessitating 
Unification of Five In Silico Prediction and Elucidation Methods  
Lidia A. Maslovskaya,[a,b] Andrei I. Savchenko,[a] Elizabeth H. Krenske,[a] Sharon Chow,[a] Tina Holt,[c] 
Victoria A. Gordon,[d] Paul W. Reddell,[d] Carly J. Pierce,[b] Peter G. Parsons,[b] Glen M. Boyle,[b] Andrei 
G. Kutateladze,[c] and Craig M. Williams*[a]   
 

Abstract: Structurally unique halimanes EBC-232 and EBC-323, 
isolated from the Australian rainforest plant Croton insularis, proved 
considerably difficult to elucidate. The two diastereomers, which 
consist an unusual oxo-6,7-spiro ring system fused to a dihydrofuran, 
were solved by unification and consultation of five in silico NMR 
elucidation and prediction methods [i.e. ACDLabs, olefin strain 
energy (OSE), DP4, DU8+ and TD DFT CD]. Structure elucidation 
challenges of this nature are prime test case examples for 
empowering future AI learning in structure elucidation.  
 

Structure determination is a foundational pillar of the 
discipline of chemistry, but even in modern times this endeavor 
remains challenging as evidenced by continued reporting of 
structural mis-assignments;[1] especially natural products.[2] In 
view of the spectroscopic resource commitments (e.g. NMR, IR, 
UV-vis, MS, ECD), available material, and extensive time 
required to elucidate novel natural products, errors arising from 
mis-interpretation are mostly understandable.[3] Given that 
interpretation of classical elucidation methods[4] are by in large 
subjective, it is no surprise that development of in silico methods 
to provide elucidation assistance and insight continues. For 
example, NMR[5] and ECD[6] spectra can be predicted from the 
input of chemical structure, or alternatively software is readily 
accessible to digest raw spectroscopic data to predict chemical 
structure (e.g. ACDLabs[7]). That said, if many stereoisomers are 
possible in silico NMR methods can struggle as standalone 
entities,[8] which often resorts to the combination of traditional 
and in silico elucidation methods being adopted. Although, the 
latter is not flawless, as chemical synthesis continues to identify 
errors in elucidation,[2] new methods to assist and advance 
reliable elucidation are constantly being developed (e.g. 
bridgehead olefin strain energy[9-12]).  

However, in an age of artificial intelligence (AI), it is no 
surprise that applications of AI to structure elucidation and 
synthesis are rapidly growing.[13] Computer-assisted structural 
elucidation (CASE)[14] is especially well positioned to play a 
major role in this regard, but determining the boundaries of in 
silico elucidation method[15] performance has become critically 
important. Therefore, suitably difficult test case examples are 
increasingly required.  

      In the course of undertaking an anti-cancer discovery 
program investigating the Australian rainforest plant Croton 
insularis,[8,16] two unique and closely related spirocyclic halimane 
diterpenes were identified (i.e. EBC-232 and 323) (Scheme 1). 
The halimane (1) system[17,18] is biogenetically derived from 
geranylgeranyl diphosphate (2), albeit via a rare Me-20 
rearranged labdane (3) skeleton (Scheme 1).[18] The resulting 
carbocation (i.e. 1) gives rise to three general types of 
unsaturated halimanes of which EBC-232 and 323 belong to the 
5,10-halimane (4) group.[17] Although C. insularis had previously 
yielded the 5,10-halimane class (e.g. 5 and 6),[19] both EBC-232 
and 323 were very similar by NMR, identical by mass 
spectrometry, and prediction methods gave grossly conflicting 
results (e.g. 7 and 8, Scheme 1). 

Described herein is the full elucidation of EBC-232 and 323, 
specifically outlined in stepwise fashion, to purposefully 
emphasize the vulnerability of reliance on individual methods, 
and in turn highlights the power of combining not only tangential 
but aligned in silico NMR methods. 

 
Scheme 1. The biogenetic pathway leading to the 5,10-halimane skeleton (4), 
including specific known halimane examples EBC-204 (5) and EBC-205 (6), 
along with proposed flat structures of EBC-232 and 323. 
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EBC-232 was isolated as a white solid with a molecular ion 
at m/z 385.1990 [M+Na]+ (+0.5 ∆mmu) in positive mode 
HRESIMS, corresponding to a molecular formula of C21H30NaO5 
and 7 indices of hydrogen deficiency (IHD). The 1H NMR 
spectrum (Table 1) showed one quaternary methyl singlet at 
1.25 ppm, one secondary methyl doublet at 0.99 ppm, and one 
methoxyl at 3.47 ppm. A quaternary oxygenated methylene AB 
system at 3.38 and 3.85 ppm was clearly present, along with 
three signals in the range of 5.4–5.7 ppm, which according to 
their multiplicity indicated different spin systems. The 13C NMR 
spectrum (Table 1) revealed one carboxylic carbonyl (181.3 
ppm), two double bonds and two acetal carbons.  

At this point in the elucidation process ACDLabs NMR 
Structure Elucidator (version 10.01)[7] platform was consulted.[20] 
Raw NMR data,[21] along with the molecular formula, were 
inputted. Two competing top answers were returned, of which 
both contained the halimane skeleton (i.e. 7 and 9) (Figure 1). 
This halimane skeleton (i.e. specifically the A and B rings) was 
confirmed by 2D NMR methods. In brief, the connection C7-C8-
C17 was made on the basis of well resolved COSY cross peaks 
for 8-H (2.13 ppm) with Me-17 (0.99 ppm) and 7-H (1.38 and 
1.81 ppm), as was the connection C11-C12 on the basis of 12-H 
(2.37 ppm) correlation with 11-H (1.51 and 1.91 ppm). HMBC 
cross peaks for 17-Me with C9 (44.5 ppm), as well as 20-H (3.38 
and 3.85 ppm) with C11 (37.5 ppm), C8 (27.8 ppm) and C9 
(44.5 ppm), connected C20 (65.0 ppm) to C9 and to fragment 
C7-C8-C17. HMBC correlations of Me-18 (1.25 ppm) connected 
C3 (36.5 ppm), C4 (46.7 ppm), C5 (129.2 ppm) and C19 (181.3 
ppm), and led to the installment of a double bond between C5-
C10. The cross peaks of 1-H (1.69 ppm) and 8-H (2.13 ppm) 
with double bond carbons C10 (133.4 ppm) and C5 connected 
C10 with C1 (22.5 ppm) and C9. The reciprocal interaction of the 
methylenes at C2 (19.9 ppm), C3 (36.5 ppm), and incorporation 
of C6 (24.5 ppm), united the carbon skeleton. 

Both candidates 7 and 9 also comprised a bicyclic 
bridgehead alkene,[11] which would conceivably originate from 
furan ring oxidation and trans-acetalization with a pendant 
hydroxyl group. Furan oxidation being a commonly observed 
biosynthetic transformation has been reported in the labdane 
series (i.e. 10)[22] (Figure 1).  

 

  
Figure 1. Left: Key COSY (bold bonds) and HMBC (curved arrows) 
correlations for the halimane skeleton (rings A and B) within EBC-232 (7 and 9, 
the top two proposed candidates from ACDLabs). Right: An example of a 
labdane with an oxidized furan ring (10). 

 

 

Table 1. 1H and 13C NMR data for EBC-232 and EBC-323 in CDCl3 (ppm). 

Posi-
tion 

EBC-232 EBC-323 

δC,[a] type δH mult (J in Hz, 
integration)[b] δC,[a] type δH mult (J in Hz, 

integration)[b] 

1a 22.5, CH2 1.69 m (1H) 22.5, CH2 1.71 m (1H) 

1b  2.15 m (1H)  2.15 m (1H) 

2a,b 19.9, CH2 1.56 m (2H) 19.9, CH2 1.59 m (2H) 

3a 36.5, CH2 1.44 ddd (1H, 36.4, CH2 1.44 m (1H) 

  13.2, 12.5, 3.2)   

3b  2.01 m (1H)  2.01 m (1H) 

4 46.7, C  46.6, C   

5 129.2, =C  129.6, =C  

6a 24.5, CH2 1.61 m (1H) 24.5, CH2 1.63 m (1H) 

6b  1.97 m (1H)  1.82 m (1H) 

7a 24.5, CH2 1.38 ddd (1H,  24.4, CH2 1.96 m (2H) 

  13.4, 6.5, 3.3)   

7b  1.81 m (1H)   

8 27.8, CH 2.13 m (1H) 27.8, CH 2.16 m (1H) 

9 44.5, C  44.6, C  

10 133.4, =C  133.5, =C  

11a 37.5, CH2 1.51 ddd (1H, 37.7, CH2 1.48 m (1H) 

  14.1, 13.4, 3.7)   

11b  1.91 dddd (1H,  1.93 m (1H) 

  14.0, 4.1, 3.3, 
2.3)   

12a 22.2, CH2 2.18 m (1H) 22.1, CH2 2.22 m (1H) 

12b  2.37 ddd (1H,  2.41 dt (1H, 

  13.1, 4.1, 3.7)  13.2, 3.7) 

13 145.8, =C  147.8, =C  

14 125.4, =CH 5.73 m (1H) 124.8, =CH 5.74 s (1H) 

15 106.8, CH 5.44 q (1H, 0.9) 108.1, CH 5.72 dd (1H,  

    3.9, 1.4) 

16 107.9, CH  5.74 s (1H) 108.5, CH 6.02 dd (1H, 

    3.9, 1.5) 

17 14.2, CH3 0.99 d (3H, 6.8) 14.2 CH3 0.99 d (3H, 6.8) 

18 24.1, CH3 1.25 s (3H) 24.1, CH3 1.26 s (3H) 

19 181.3, CO2H  179.4, CO2H  

20a 65.0, O-CH2 3.38 dd (1H,  65.4, O-CH2 3.38 dd (1H, 

  12.7. 2.3)  12.7. 2.5) 

20b  3.85 d (1H, 12.7)  3.67 d (1H,  

    12.7) 

21 55.8, O-CH3 3.47 s (3H) 55.1, O-CH3 3.42 s (3H) 

[a] 125.77 MHz; [b] 500.13 MHz. 

 Based on biosynthetic grounds and 1H and 13C NMR shift 
values of the side chain, candidate 9 could be immediately 
eliminated. In light of the fact that EBC-204 (5), contains a furan 
ring connected to C12 and with hydroxylation at C20, indicated a 
spirocycle would be more in-line with that represented by 7 
(Figure 1). Furthermore, HMBC correlations revealed supportive 
connectivity for the bicycle presented in 7. For example, 
correlations between 20-H and C16 (107.9 ppm) in HMBC 
reinforced acetal functionality at C16. The cross peaks from 15-
H to C16 and C21 highlighted mutual interaction with the 
methoxy group (55.8 ppm) to determine C15 as the second 
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acetal carbon. In addition, 14-H (5.73 ppm) correlated with C12, 
C13, C15 (106.8 ppm) and C16 (107.9 ppm) seemingly 
suggesting this bicyclic fragment.  
 EBC-323, isolated as an unstable white solid, displayed 
very similar 1H and 13C NMR spectra to that of EBC-232 (Table 
1), together with an identical molecular formula (C21H30O5). 
Therefore, it was logical to presume that EBC-323 was a 
diastereomer of EBC-232. Indeed, the HMBC cross peaks of 
Me-17, Me-18 and CH2-20, revealed respective correlations with 
C3, C4, C5, C7, C8, C9 and C11, which all had similar 13C 
chemical shifts (Table 1). However, in this case, although the 
ACDLabs software again returned two closely ranked 
candidates, on this occasion the spirocyclic system did not 
contain a cage bicyclic system seen in 7, but instead provided 8 
as the top ranked answer (Scheme 1).  
 Given the possibility of two closely related diastereomers, 
supported by the fact that EBC-323 after 9 months of storage 
showed isomerization to EBC-232, but not being able to 
differentiate between the two spirocyclic alternatives, further in 
silico insight was pursued.  
 Olefin strain (OS) energies were thus calculated according 
to the method described previously[10,12] with the OPLS_2005[23] 
forcefield. Four likely diastereomers were computed based on 
stereocenters associated with the halimane/ent-halimane[16,24] 
system, NOE data and the acid labile methoxy group (Figure 2). 
Surprisingly, all structures were calculated to have OS energies 
in the isolable range.[10,12] 

  

Figure 2. Calculated olefin strain energies [kcal mol–1] for bridgehead alkenes 
11–14. Key corroborating NOE correlations shown on 11. 

Considering that the bridgehead alkenes 11-14 could not 
be discounted, and that ACDLabs had predicted an alternate 
structure for EBC-323 (i.e. 8), theoretical NMR chemical shifts 
were computed. Accordingly, the DP4 method of Goodman[25] 
was deployed for 12 select isomers (i.e. 11-14 Figure 2, and 15-
22 Figure 3) that were considered as possible structures for 
EBC-232 and EBC-323.  

The computed 1H and 13C NMR chemical shifts for 11–22, 
were then compared to the experimental shifts of EBC-232 and 
EBC-323 (Tables S1 and S2, see Supporting Information), using 
various statistical measures of fit for all 12 isomers. However, 
neither the DP4 calculations, nor the statistical measures of 
agreement [i.e., mean absolute deviation (MAD), maximum 
absolute deviation (MaxAD), R2], permitted the structures of 
EBC-232 and EBC-323 to be unequivocally assigned. That said, 
the data strongly suggested that two of the bridgehead alkene 
structures (i.e. 11 and 12) could be immediately eliminated from 

 

Figure 3. Additional isomers considered as possible structures for EBC-232 
and EBC-323.  

further consideration. For example, the 13C NMR MAD data for 
11 and 12 against EBC-232 was about 8 ppm, much higher than 
the other isomers, which have MAD values in the range of 3–5 
ppm. Other measures of fit revealed a similar trend, and similar 
observations for EBC-323. The calculated chemical shifts for 13 
and 14, albeit in better agreement than 11 and 12, were a poorer 
match to experiment than the shifts for the dihydrofurans 15–22, 
thus enabling all four bridgehead alkenes to be eliminated from 
further consideration.  

A broad analysis of the statistical measures revealed two 
isomers that matched experiment slightly better than the others 
for both EBC-232 and EBC-323, i.e. 17 and 21. The overall DP4 
probabilities associated with 17 and 21, for EBC-232 were 
respectively 7 and 86%, whereas for EBC-323 values of 2 and 
40% were obtained, respectively. When the analysis was 
performed using only 1H chemical shifts the corresponding 
probabilities for 17 and 21 were 10 and 76% for EBC-232 and 7 
and 65% for EBC-323. 
 Therefore, when all of the above was digested, structure 
21 represented a likely candidate for one of the two halimanes. 
However, given that an assignment could not be unequivocally 
made based on chemical shifts alone, an alternative approach, 
DU8+ calculations of NMR coupling constants and chemical 
shifts,[5b-g] were undertaken (Tables S5-18, see Supporting 
Information).   

In the second round of eliminations, 16 and 20 were also 
discarded based on 13C chemical shifts alone: rmsd (13C) >2.26 
ppm for 16 and rmsd (13C) >2.15 ppm for 20. The current 
accuracy of the DU8+ training set of >7100 13C chemical shifts, 
calculated with empirical parametric corrections and a PCM in 
chloroform is 1.1 ppm, making a rmsd (13C) value of >1.6 ppm 
suspicious.    

Differentiating between 15, 17, and 21 with rmsd values 
(13C) respectively 1.17 ppm, 1.23 ppm, and 1.06 ppm, was more 
challenging and required careful analysis of all DU8+ calculated 
values, i.e. 1H spin-spin coupling constants and 1H and 13C 
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chemical shifts. As follows from Table 1, eight experimental J 
values, twenty two 1H and twenty two 13C chemical shift values 
were available for analysis of EBC-323, while the experimental 
data for EBC-232 had twenty one JHH values, twenty three 1H 
and twenty two 13C values.  The 13C chemical shift belonging to 
C19 (carboxylate carbon) was excluded from DU8+ analysis: 
due to partial dimerization of carboxylic acids in chloroform, the 
value of this chemical shift is heavily concentration-dependent 
and therefore unreliable.  
 Returning to the notion that interconversion of EBC-232 
and 323 implies epimerization at an acetal carbon (C15 or C16) 
leads to two specific dihydrofuran groupings i.e. 19/21, 20/22, 
15/17, 16/18 for epimerization at C15; or 15/18, 16/17, 19/22, 
20/21 for epimerization at C16 (Figure 3). Elimination of 
candidates with poor rmsd (13C) values left two potential pairs, 
i.e., 15/17 and 19/21, and strongly suggested that epimerization 
at C16 could be ruled out.   

Adding to the challenge, all four structures were a rather 
good match with the experimental data, Table 2. However, it 
was clear from the experimental data that EBC-323 contained a 
trans-substituted dihydrofuran moiety (i.e. JH15-H16 experimental 
was 3.9 Hz, compared to calculated 4.2 Hz.) Whereas for EBC-
232 the stereochemistry was assigned as cis when considering 
that the experimental JH15-H16 was small (calculated 0.8Hz), and 
there was a NOE cross-peak between H15-H16. Therefore, the 
candidate structures for EBC-323 (15 and 19 – trans-
dihydrofurans) having fewer experimental constants all 
displayed excellent matches to the experimental spin coupling 
constants (Table 2).   
 In the case of the cis-dihydrofuran grouping (i.e. 17 and 
21) the calculated proton chemical shifts matched slightly better 
for 21.  A more detailed analysis revealed that this is mostly due 
to two protons, H3a and H3b. The high field proton H3a (1.44 
ppm) in EBC-232 has three nicely defined experimental spin-
spin coupling constants (SSCCs) and therefore could not be 
confused with H3b. The calculated 1H chemical shifts 
demonstrated that the H3 proton which possessed two large 
(13.3 Hz, 12.5 Hz) and one small (3.3 Hz) SSCCs had a higher 
shift, 1.54 ppm for structure 21, but a lower, 2.05 ppm, 
(compared with H3b) for 17, reinforcing the choice of 21 as the 
correct diastereomer. Similarly, the experimental chemical shift 
for its germinal proton (H3b, 2.01 ppm) matches better with the 
calculated shift in 21, see Table 3. 
 Taken in aggregate, all three rmsd values pointed to the 
pair 19/21 as a better match for EBC-323/EBC-232, see Table 2. 
Therefore, EBC-232 was assigned as 21 and EBC-323 as 19 
(Figure 4). DFT calculations predict that 21 is 1 kcal mol–1 lower 
in energy than 19, consistent with the observed conversion of 
EBC-323 to EBC-232 on storage. 
 
 
 
 
 
 
 
 
 

Table 2. DU8+ values for EBC-232 and 323 candidates compared to 
experimental.[f] 
 

EBC-323  15 19   
rmsd (JHH)[a] (N=8)[c] 0.22[d] 0.20   
rmsd (1H)[b] (N = 22) 0.19 (0.13)[e] 0.20 (0.15)   
rmsd (13C)[b] (N = 21) 1.18 (1.15) 0.96 (0.82)   

       
EBC-232  17 21   

rmsd (JHH)[a] (N=19) 0.21 0.18   
rmsd (1H)[b] (N = 23) 0.23 (0.19) 0.18 (0.10)   
rmsd (13C)[b] (N = 21) 1.22 (1.19) 1.08 (0.95)   

       
 Aggregate values for pair 15/17 pair 19/21   

rmsd (JHH)[a] (N=27) 0.22 0.19   
rmsd (1H)[b] (N = 45) 0.21 (0.16) 0.19 (0.12)   
rmsd (13C)[b] (N = 42) 1.20 (1.17) 1.03 (0.89)   

 
[a] Hz; [b] ppm; [c] All conformers were weighted according to their DFT 
energies; [d] RMSDs for 1H and 13C chemical shifts are shown for DU8+ 
uncorrected data; [e] the values in parenthesis are rmsds with additional linear 
correction to match the experimental data; [f] Each of the twelve candidate 
structures 15 through 22 had 10-12 conformers (total of 135) generated and 
averaged for use in the populations as based on their DFT energies. 
 

Table 3. Proton chemical shifts for H3a and H3b in EBC-232. 

 
 

 

Figure 4. Elucidated diastereoisomers of EBC-232 (21) and EBC-323 (19), 
including absolute stereochemical assignment of EBC-232.  

The circular dichroism (CD) spectra were predicted for 
EBC-232 (21), using time-dependent (TD) DFT at the TD-RI-
B2PLYP/TZVP level (Figure 4 and 5).[26] The computations 
predicted that, out of the two enantiomers, the 4R, 8S, 9S, 15R, 
16S enantiomer gave a better match to the experimental ECD 
spectrum of the isolated material. The isolated sample of EBC-
232 had []D27 -83.0 (c 0.08, CDCl3);[27] hence the 4R, 8S, 9S, 
15R, 16S enantiomer is labelled (–)-EBC-232 in Figures 4 and 
5.[27] Note: the absolute stereochemistry of 19 was not 
determined. 

 
EBC-232 was tested against cervical (HeLa), colon (HT-

29), breast (MCF7), melanoma (MM96L) and leukemia (K562) 
cancer cell lines, along with primary neonatal foreskin fibroblast 
cells (NFF). Whereas EBC-323 was evaluated against MCF-7, 
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K562 and NFF. EBC-232 (21) displayed moderate cytotoxic 
activity towards K562 with an IC50 value of 16 ± 7 μg/mL, 
whereas EBC-323 (19) showed stronger activity against the 
same cell line (IC50 value of 3 ± 3 μg/mL). 

 

 

Figure 5. Comparison between experimental CD spectrum of EBC-232 and 
calculated CD spectra of (+)-21 and (–)-21. 

In conclusion, submilligram quantities[28] of the unique 
spirocyclic halimanes EBC-232 (21) and 323 (19) were isolated 
from the Australian Rainforest plant Croton insularis. The 
structural assignment of these natural products proved 
significantly challenging to elucidate, in that no less than five in 
silico methods were required (i.e. ACDLabs, OSE, DP4, DU8+, 
ECD), in tandem, to unravel the northern hemisphere of these 
diterpenes.  

In addition, as structure elucidation continues to head 
more towards a black box scenario (e.g., applying AI learning to 
CASE), identification of complex chemical structures, that test 
the performance of modern in silico methods will become more 
important for CASE evolution.[29] 

Experimental Section 
Experimental and computational details, along with copies of 1D 
and 2D NMR spectra are provided in the supporting information. 
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COMMUNICATION 
Solve me if you can. 
Structurally unique 
halimanes EBC-232 and 
323 invoked deployment of 
no less than 4 in silico NMR 
elucidation and prediction 
methods to arrive at two 
structures that also met 
chemical observations of 
interconversion. 

  

 

 L. A. Maslovskaya, A. I. 
Savchenko, E. H. Krenske, 
S. Chow, T. Holt, V. A. 
Gordon, P. W. Reddell, C. J. 
Pierce, P. G. Parsons, G. M. 
Boyle, A. G. Kutateladze, C. 
M. Williams* 

Page No. – Page No. 

EBC-232 and 323: A 
Structural Conundrum 
Necessitating Unification 
of Five In Silico Prediction 
and Elucidation Methods 
 

  

 
 
 


