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1. Introduction 

The polycyclic furanobutenolide-derived norcembranoid 
diterpeniod family of natural products presents a significant 
synthetic challenge owing to their stereochemical complexity and 
highly oxidized frameworks.1,2 Of the members in this class of 
natural products, ineleganolide (1) bears a particularly formidable 
[6–7–5–5]-tetracyclic core with a bridging dihydrofuranone 
(Figure 1).3 Other isomeric species include horiolide (2)4 and 
kavaranolide (3).1d Our group’s efforts toward the synthesis of 
ent-ineleganolide (ent-1) span over a decade, culminating in the 
successful synthesis of the tetracyclic core, as well as installation 
of eight of the nine stereogenic centers of the target molecule.5 
Unfortunately, our efforts to complete the synthesis by late-stage 
installation of the bridging dihydrofuranone were ultimately 
unsuccessful. In this study, we employ quantum mechanics (QM) 
calculations to examine the unforeseen shortcomings in our prior 
synthetic strategy. In doing so, we highlight how theoretical 
calculations aid in uncovering issues in a synthetic approach that 
may otherwise appear logical and robust. Namely, we investigate 
how theory may be applied in two strategic settings: (1) aiding in 
the resolution of unforeseen challenges, and (2) testing key 

hypotheses made in the retrosynthetic planning phase.6 

Figure 1. Representative members of the norcembranoid diterpene family 
of natural products. 

 

2. Results and discussion 

2.1. Installing oxidation at C(6) – An unanticipated challenge. 

 Our retrosynthetic analysis of ent-ineleganolide (ent-1) began 
with identifying the C(5)–O bond as a key initial disconnection.5 
We envisioned the C–O bond could be forged through an 
intramolecular oxa-Michael addition of enedione 4, which may 
be accessed from oxidation of diketone 5. Concomitant oxidation 
of the C(6) position with setting of stereochemistry at C(7) would 
be achieved by reductive epoxide opening of 7, followed by 
oxidation of the resultant secondary alcohol (6). Epoxide 7 was 
accessed in seven steps from diol 8 and (S)-desmethylcarvone 

(9), the details of which are reported elsewhere.5 
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Figure 2. Retrosynthetic analysis of ent-ineleganolide (ent-1). 

  
 Figure 3. (A) Envisioned sequential regioselective Ti(III)-mediated reductive 
epoxide opening/alcohol oxidation sequence to ketone 5. (B) Undesired 
translactonization of diol 6 derivatives. (C) Alternative four-step approach to 
enone epi-16. 

Unfortunately, from epoxide 7, installation of the C(6) ketone 
proved to be a challenge. Initial efforts focused on the direct 
conversion of epoxide 7 to the desired ketone (5) via a 1,2-
hydride shift were unsuccessful. As such, the two-step strategy 
consisting of a regioselective Ti(III)-mediated reductive epoxide 
opening followed by oxidation of the resulting alcohol (6) to 
ketone 5 was pursued (Figure 3A). In this process, the 
intermediate 1,3-diol (6) undergoes translactonization with the 
C(6) hydroxyl group, affording the undesired translactonized 
product (10) in a 1:1 ratio with the desired ketone (5) (Figure 
3B).5d Attempts to convert lactone 10 to ketone 5 were 
unsuccessful. This obstruction to material throughput at this late 
stage of the synthesis prompted efforts to improve the selectivity 
by modifying the scaffold. The C(3) ketone of 7 was reduced to 
the corresponding alcohol, which was then converted to the 
corresponding tert-butyldimethylsilyl (TBS) ether 11. However, 
subjecting TBS ether 11 to the reductive epoxide opening 
conditions exclusively furnished undesired lactone 12 in 66% 
yield. In an effort to distance the C(6) alcohol from the γ-
butyrolactone, we sought to planarize the [6,7] ring junction by 
preparing allylic TBS ether 13. This strategy proved unsuccessful 
as translactonized product 14 was exclusively observed upon 
epoxide opening and subsequent oxidation. After a significant 
investment of time and effort, the epoxide opening/alcohol 
oxidation approach to the installation of the C(6) ketone was 
ultimately abandoned. Instead, the desired oxygenation pattern 
was established via a four step sequence from enone 15, 

consisting of a nucleophilic epoxide opening with stoichiometric 
magnesium(II) bromide, concomitant Kornblum oxidation of the 
resultant alkyl bromide, reductive opening of the cyclic ether by 
in situ generated SmCl2, and β-elimination by treatment with 
Amberlyst 15 resin to ultimately yield enone epi-16 (Figure 
3C).5a We note that the C(7) stereocenter of enone 16 is epimeric 

to that of the natural product (ent-1).5b 

 Figure 4. Comparing relative free energies (given in kcal/mol) of 1,3-diol 
intermediates derived from 7, 11, and 13. 

Given the substantial investment of time and resources 
required for these empirical explorations, we question whether 
this process may have been streamlined with the aid of 
computational analysis. Insights into the feasibility of a desired 
transformation would aid in focusing experimental efforts toward 
the most productive path forward. Ideally, the theoretical model 
employed would take the simplest form possible, while still 
maintaining sufficient details as to accurately capture the 
reactivity paradigm at hand. In generating such a model, we form 
a base of assumptions that will simplify and expedite the in-silico 
experimentation process. In the system discussed herein, we 
assume that (1) translactonization is relatively facile under the 
reaction conditions, and (2) the subsequent oxidation step is 
unable to sufficiently kinetically or dynamically resolve the diol 
product distribution. As a result, the final product distribution is 
approximated by the ratio of diol products from the epoxide 
opening step. Given these intermediates are assumed to be under 
thermal equilibration, the Gibbs free energies of the 
constitutional isomers are compared.  

Geometries and thermodynamic corrections are obtained by 
density functional theory (DFT) calculations at the ωB97X-
D3/def2-SV(P) level of theory.7,8 Final Gibbs free energies are 
obtained by applying thermodynamical corrections to coupled 
cluster electronic energies (DLPNO-CCSD(T)/def2-
TZVPP/SMD(THF)).9,10,11 Conformational entropy is included in 
the reported free energies by the mixture of components model as 
formulated by DeTar.12 Full computational details are provided in 
the experimental section. For a substrate to warrant adding steps 
in deviating from the current synthetic route, it must be predicted 
to significantly out-perform the 1:1 selectivity of 5:10 (the 
desired being isolated in 33% yield). Taking error into account, 
we suggest a derivative with a calculated preference for the 
desired diol of ≥ 1.0 kcal/mol to be selected as a target for 
synthesis.  

 Reexamining the aforementioned substrates, we find that 
none of the originally proposed deviations are predicted to favor 
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3 
the desired diol (6, 18, and 20) over the undesired lactone 
product (17, 12, and 19). From epoxide 7, undesired diol 17 is 
predicted to be favored over diol 6 in a 9:1 ratio (∆G = 1.3 
kcal/mol) (Figure 4). Experimentally, direct oxidation of the 
crude mixture delivers ketones 5 and 10 in a 1:1 isolated ratio. 
Without knowing the precise ratio of 17:6 prior to oxidation, it is 
challenging to quantitatively assess the resolving power of the 
oxidation step; however, the qualitative trends should remain 
useful. Similarly, from epoxides 11 and 13, the undesired 
translactonized diol is predicted to be the major product (Figure 
4). Considering our predetermined threshold for what is 
considered a target of significant interest, in retrospect, none of 
the proposed modifications would have been recommended for 
experimental investigation. Interpreting these initial results in the 
context of synthetic planning, two strategies moving forward 
would have been (1) to continue in-silico screening of alternative 
scaffold modifications to favor the desired ketone and suppress 
formation of the undesired lactone, followed by experimental 
verification, or (2) to recognize the difficulty in biasing the 
reactivity and explore alternative routes to minimize efforts in 
endeavors with lower probability of success. After extensive 
experimental efforts along the lines of the first strategy, the latter 
was indeed ultimately adopted.  

2.2. Olefin isomerization – Key assumptions. 

Above, we propose the use of theoretical calculations to 
facilitate decision making upon encountering unexpected 
challenges. However, during the course of a total synthesis, such 
an approach may also be adopted in the synthetic planning phase. 
Computational investigation allows for a quantitative assessment 
of the qualitative predictions derived from chemical intuition. 
Theoretical calculations serve to uncover instances in which 
these rational assumptions may, in practice, lead to 
counterintuitive results. An example of such discrepancy between 
chemical intuition and observation arose in the final C–O bond 
formation in the endgame of our route to ineleganolide, which 
ultimately impeded our efforts to complete the total synthesis.  

When initially planning our synthesis, we envisioned access to 
enedione 4 through desaturation or epimerization and olefin 
isomerization of ketone 5 or enones 16/epi-16, respectively. A 
subsequent oxa-Michael addition to forge the C(5)–O bond 
would then complete the synthesis of ent-ineleganolide (Figure 
5A). Key to both of these approaches, we hypothesized that facile 
isomerization of the endocyclic olefin will favor the more highly 
conjugated enedione 4 over its enone isomers 16/epi-16. 
Additionally, we assumed the natural product to be a global free 
energy minimum with respect to the unsaturated intermediates 
and that the reversible nature of the conjugate addition would 
thus favor the formation of ent-ineleganolide (ent-1). However, 
despite our best efforts, neither enedione 4 nor ent-ineleganolide 
(ent-1) were observed in attempts to directly desaturate dione 5. 
As such, we turned our attention to olefin isomerization and 
epimerization of enone epi-16. Surprisingly, despite extensive 
efforts, no isomerization to the supposed thermodynamic 
product, nor oxa-Michael addition products were observed.  

The lack of desired reactivity may arise from inaccuracy in 
our initial conjectures that olefin migration to enedione 4 to be 
thermodynamically favorable, and the natural product to be an 
energetic global minimum with respect to its isomeric 
intermediates. In order to evaluate whether theoretical 
calculations would have highlighted this discrepancy early in the 
synthetic planning phase, we sought to computationally 
investigate the matter. As aforementioned, we consider a set of 
assumptions geared to facilitating this investigation. Proton 
transfer and conformational isomerism are assumed to be rapid in 

comparison with other processes, thus, the distribution of the 
olefin isomers may be derived from their relative free energies. 
As the Curtin–Hammett postulate is invoked, the effective barrier 
height for C–O bond formation must be calculated from the 
global minimum of the starting olefin isomers, regardless of the 
conformer of the reactive isomer (4). As previously mentioned, 
geometries are obtained by DFT (ωB97X-D3/def2-SV(P)).7,8 
Thermodynamical corrections obtained at the optimization level 
of theory, along with solvation free energies10, are applied to 
coupled cluster electronic energies (DLPNO-CCSD(T)/def2-
TZVPP). Due to the computational cost of the latter, coupled 
with the large number of conformers for each intermediate, pre-
screening with DFT (ωB97M-V/def2-

TZVPP/SMD(THF)//ωB97X-D3/def2-SV(P))13 was carried out 
to identify which isomers are of energetic relevance to be treated 
with the DLPNO-CCSD(T) description. Full details on the 
computational methodologies employed are provided in the 
experimental section.  

Figure 5. (A) End game strategy for the completion of the synthesis of 
ent-ineleganolide (ent-1) from either 5 or epi-16. (B) Relative free energies 
(in kcal/mol) between key intermediates in the isomerization from epi-16 to 
ent-1. For high energy intermediates not treated by DLPNO-CCSD(T), 
relative free energies from DFT are given in parentheses. 

In considering epimerization/isomerization from enone epi-16 
to enedione 4 and to ent-ineleganolide (ent-1), the requisite enol 
tautomers (21, 22, and 23) for their interconversions are also 
modeled (Figure 5B). The C(7) enol tautomer of 4 (24) was also 
considered. We note the trans-fused [5,7] enedione isomer of 4 is 
unable to undergo productive C–O bond formation due to 
geometric constraints. Based on current results, the intermediate 
would likely be high in energy, and hence is excluded.  
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 Initial investigation by DFT reveals the enol tautomers (21–

24) to be significantly higher in energy than their ketone 
precursors. As such, coupled cluster energies are obtained for 
intermediates 16, epi-16, 4, and ent-ineleganolide (ent-1). 
Surprisingly, ent-ineleganolide (ent-1) is not found to be the 
global free energy minimum along the isomerization free energy 
surface. In fact, the Boltzmann-weighted populations derived 
from the relative free energies of the low energy conformers for 
compounds ent-1, 16, epi-16, and 4, reveals an equilibrated 
product distribution of < 5% ent-ineleganolide (ent-1), 87% 
enone 16, 8% enone epi-16, and < 0.1% enedione 4. In accord 
with the coupled cluster calculations, DFT (ωB97M-V) 
calculations predict an energetic preference of 1.1 kcal/mol for 
16 over ent-1. The computational analysis reveals two fallacies 
within our initial chemical intuition-derived assumptions. First, 
we find olefin migration of enone epi-16 to enedione 4 is not 
thermodynamically favorable. Enedione 4 is 7.5 and 6.1 kcal/mol 
higher in energy than enones epi-16 and 16, respectively. Second, 
ent-ineleganolide (ent-1) is not the global thermodynamic well as 
anticipated. Upon equilibration of the system, the natural product 
comprises less than 5 mol % of the partitioned intermediates. 
While the precise numerical values for the maximum yield are 
anticipated to be solvent/temperature dependent, this simple 
analysis highlights a deeper underlying challenge to the synthetic 
strategy as a whole. 

Although only considering minima on the free energy surface, 
the significant thermodynamical preference for enone 16 over the 
reactive enedione isomer (4) does bear consequences on the 
kinetic accessibility of ent-ineleganolide (ent-1). Under 
equilibrating conditions, the apparent barrier height to C–O bond 
formation is an additional 7.5 kcal/mol higher than the barrier to 
C–O bond formation directly from enedione 4. Hence, in order to 
achieve equilibrium between 16 (or epi-16) and ent-1, the 
isolated C–O bond forming event would have to be relatively 
facile, ideally with a barrier of less than 15 kcal/mol relative to 4, 
to maintain a reasonable rate at ambient temperature. Moreover, 
given that ent-ineleganolide (ent-1) is not a global minimum, yet 
is still able to be isolated, the barrier to C–O bond 
formation/breaking in the absence of exogenous strong acid/base 
catalyst is anticipated to be intractably high at ambient 
temperatures. This conjecture may be tested experimentally by 
subjecting an authentic sample of ineleganolide to increasingly 
forcing conditions and monitoring for transformation to enones 
16 and epi-16. Biosynthetically, the C(5)–O bond is thought to be 
formed at an early stage and introduced as a 3(2H)-furanone 
moiety.2b Lastly, we note that if keto/enol tautomerization is 
rapid relative to other bond forming processes, then the preceding 
strategy of direct desaturation of diketone 5 to enone 4 would 
have also succumbed to these issues. 

In summary, these findings suggest the original olefin 
migration/oxa-Michael addition strategy to forge the C(5)–O 
bond of ineleganolide to be precarious. Checking known 
assumptions in the early stages of synthetic planning would have 
revealed the shortcomings behind what otherwise would appear 
to be a robust strategy. Alternative disconnections could then be 
considered, perhaps with special attention focused on the 
problematic C(5)–O bond.  

3. Conclusions  

We present a case study in which the utility of theoretical 
calculations is demonstrated in the context of our efforts in the 
synthesis of the norcembranoid diterpenoid natural product 
ineleganolide. Computational investigations are applied to two 
distinct challenges. First, theory is applied in a situation in which 

unexpected and undesired reactivity is encountered, namely the 
installation of oxidation at the C(6) position of late-stage 
intermediate 7. Several structural modifications were proposed to 
alleviate the deleterious trans-lactonization occurring after 
reductive epoxide opening. Without a method to evaluate the 
efficacy of the proposals, each compound had to be synthesized 
in order to be verified experimentally. Unfortunately, all 
approaches were unfruitful in mitigating the undesired reactivity. 
A simplified computational model for predicting the success of 
each proposal is developed. With this approach, we find that 
none of the proposed modifications are predicted to be within the 
tolerances to be considered as warranting experimental 
investigation. Hence, we imagine that theoretical calculations 
may have proven useful in minimizing time and experimental 
effort sacrificed to these efforts. Second, we utilize 
computational investigation to evaluate assumptions that are 
made in the retrosynthetic planning phase of the synthesis. 
Despite extensive experimental efforts, the olefin migration/oxa-
Michael addition cascade in the last step of the synthesis was 
never realized. Our calculations suggest the equilibrating 
approach to be ill-fated by virtue of the thermodynamical 
relationship between the natural product and its isomeric forms. 
These initially counterintuitive observations, and the resulting 
fallacy in the strategy, may have been highlighted sooner with 
the aid of theory. In summary, experimentation provides the 
ultimate determination of success or failure; however, we 
highlight how calculations can contribute to refining plans for 
total synthesis.  

4. Experimental section 

4.1. Computational Details 

All quantum mechanical calculations were carried out with the 
ORCA program.14 Geometry optimizations and harmonic 
frequency calculations were carried out with density functional 
theory (DFT) in the gas phase. The dispersion-corrected, range-
separated hybrid functional ωB97X-D3 was employed with the 
def2-SV(P) basis set on all atoms.7,8 Final solvated DFT 
electronic energies were obtained with the ωB97M-V 
functional13 paired with the def2-TZVPP basis set8 on all atoms 
and SMD model10 for implicit solvation for THF. Domain based 
local pair natural orbital (DLPNO) CCSD(T) single point 
calculations are used throughout this investigation.9 These 
calculations are carried out in the gas phase, employing the def2-
TZVPP basis and NormalPNO parameter cutoffs as implemented 
in the ORCA program. To obtain the final “solvated” coupled-
cluster electronic energies, free energy of solvation (∆Gsolv) 
calculated with DFT at the ωB97M-V/def2-TZVPP/SMD(THF) 
level of theory were added to the gas phase DLPNO-CCSD(T) 
electronic energies. To these solvation-corrected coupled cluster 
electronic energies are added thermal and entropic corrections 
obtained from harmonic frequency calculations at the 
optimization level of theory. The quasi-rigid rotor harmonic 
oscillator approach is applied to correct for the breakdown of the 
harmonic oscillator approximation at low vibrational 
frequencies.15 Translational and rotational entropies obtained by 
the ideal gas treatment are scaled by a factor of 0.5.16 
Conformational entropy arising from multiple low energy 
thermally populated conformers is taken into account by the 
mixture of components model of DeTar.12 A correction to the 
entropy (Sconf) is computed as the average relative entropies of the 
conformers (Savg) plus a mixing entropy (Smix). Si is the relative 
entropy of the i th conformer, χi is its mole fraction based on free 
energies.  

����� = ���	 + ��� 
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���	 = ∑����  

��� = −�∑��ln	����  
Finally, correcting for a 1 M standard state affords the final 
Gibbs free energies: 

������∗ = ����� + ��� + �� �!� − " #���$ + ����� + 0.5���!��( + �!���)
+ ∆�(���+,- + ∆�.→∗ 

The RI and chain-of-spheres (COS)17 approximations were 
used for Coulomb and exchange integrals, respectively, where 
applicable (keyword “RIJCOSX”), paired with the def2/J 
Coulomb fitting basis.18 Tight grid settings were employed 
(keywords “Grid6 NoFinalGrid GridX7” for coupled cluster 
calculations; “Grid7 NoFinalGrid GridX9 vdwGrid5” for 
calculations with ωB97M-V; “Grid5 NoFinalGrid GridX7” for 
calculations with ωB97X-D3). Conformer searching with MMFF 
is carried out in Spartan Student Ver. 7. 
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