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lar Mechanisms Involved†
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Bisorbibutenolide and bisorbicillinolide are polyketide compounds
with complex skeletons that are formed by the dimerization of sor-
bicillin. These compounds have long been of interest, with several
reports of their biosynthesis, biological activity, and total synthesis.
In this study, we theoretically investigated the detailed biosynthetic
mechanism of the rearrangement reaction to form bisorbicillinolide.
We showed that the presence of water molecules facilitates the
intramolecular aldol reaction, determined the rate-limiting steps,
and revealed that a cyclopropane intermediate is formed during
the rearrangement process. Although computational chemistry
has been widely applied to the carbocation chemistry present in
terpene biosynthesis, it has seldom been used to investigate the
carbonyl chemistry responsible for polyketide biosynthesis. This
study shows that computational chemistry is a useful tool for
studying anionic skeletal rearrangement reactions.

Introduction
Natural products are an invaluable source of bioactive com-
pounds with unique structural features and diverse biological ac-
tivities for drug discovery and development.1 One of the main
characteristics of complex natural product biosynthesis is its use
of key dimerization steps to form structurally diverse and biolog-
ically potent molecules.2 These strategies can also be harnessed
for total synthesis.3–5 Dimerization processes can occur sponta-
neously or be facilitated by enzymes such as cytochrome P450s,
flavin-containing monooxygenase(FMO), and laccases.2 Regard-
less of its mechanism, dimerization often generates stereochem-
ically complex molecules that are difficult to synthesize by con-
ventional methods.
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Fig. 1 Proposed biosynthetic pathway of bisorbicillinolide. R stands for
side alkyl chain.

Bisorbicillinoids are complex polyketides derived from fungi
such as Trichoderma6,7 and Penicillium8. These natural prod-
ucts are known for their diverse biological activities, including
antioxidant9 and antiallergic10 properties. Previous reports have
proposed that the biosynthesis of bisorbicillinoids involves the
Diels-Alder-type dimerization of two sorbicillinol derivatives (fig-
ure 1).8,11–16 According to in vitro experiments, these dimeriza-
tion reactions occur spontaneously.17–20

Despite growing interest in bisorbicillinoids and their biosyn-
thetic pathways, the detailed reaction mechanism that occurs af-
ter dimerization remains elusive because of the high difficulty of
determining detailed biosynthetic mechanisms solely by exper-
imental methods. Computational chemistry has recently been
established as a powerful tool for investigating complex biosyn-
thetic reaction mechanisms, providing valuable insights into the
structures and energies of transition states and intermediate
species.21 In particular, terpene-forming reactions are well-suited
for investigation using computational chemistry, as evidenced by
the numerous studies reported by Tantillo and coworkers.22–26

We have also previously utilized computational chemistry in
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Fig. 2 DFT evaluation of the complete bisorbicillinolide biosynthetic pathway. Potential energy changes (kcal mol−1, calculated at the ωB97XD/6-
31G(d,p) level) are displayed on the arrows. A continuum solvation model (SMD) was employed to consider the effects of water.

the study of terpene-forming reactions, and have revealed de-
tailed reaction mechanisms.27,28 Although there are many com-
putational chemistry studies in the field of terpene biosynthesis,
such as ab initio properties (AIMD)29, QM27,28,30, QM/MM31–37,
and QM/MM MD38 approaches, research on the biosynthesis of
other natural products, such as polyketides4,39, alkaloids40,41,
and those involving intramolecular cyclization reactions4,42–44

remains scarce. In this study, we performed a detailed analysis of
the bisorbicillinoid biosynthetic pathway using density functional
theory (DFT), focusing specifically on the key rearrangement re-
action step, to better understand the factors that govern this crit-
ical reaction step. This understanding could potentially inform
the design of novel bisorbicillinoid analogs with enhanced biolog-
ical properties, and may provide insight into tailored biosynthetic
strategies for their production. Our study exemplifies how com-
putational chemistry can contribute to the description of complex
biosynthetic processes, and we hope it serves as a useful starting
point for future investigations in natural product biosynthesis.

Experimental

All calculations were performed using the Gaussian 16 pack-
age.45 Structure optimizations were done using the ωB97XD46

functional with an ultrafine grid and the 6-31G(d,p) basis set
without symmetry restrictions. All the biosynthetic calculations
were performed in water solvent using the solvation model based
on density (SMD)47. This level of theory has been reported to
be suitable for studying polyketide biosynthesis, particularly in
cases involving proton shuttling mediated by water molecules.4

Vibrational frequency calculations at the same level of theory with
optimization were performed to verify that each local minimum
had no imaginary frequencies and that each TS had only one
imaginary frequency. Intrinsic reaction coordinate (IRC) calcula-
tions48–51 were performed for all TSs using GRRM1752 based on
Gaussian 16. Relative Gibbs free energies (∆Grel) are given for all
discussions. To reduce computation cost, we truncated the alkyl
side chains. Such model simplification has been performed in the
previous literature.53 After the formation of IM4, we performed
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Fig. 3 Three dimensional structures of TS_2-3 obtained from the DFT
calculations.

calculations for its anionic form, assuming that keto-enol tau-
tomerism, especially at a position between two carbonyl groups,
could easily occur in water. The conformational search and wa-
ter sampling was conducted using Gromacs.54 We selected those
conformations that smoothly facilitate proton shuttling.

Results and Discussion
Figure 2 shows the results of our calculations. All activa-
tion energies were lower than 25 kcal mol−1, suggesting that
these reactions can occur under biomimetic conditions. First,
Diels-Alder-type dimerization occurs between two sorbicillinol
molecules(IM1), yielding a large stabilization energy of c.a. 14
kcal mol−1. The corresponding activation energy of only 18.1
kcal mol−1 suggests that this is a spontaneous reaction, which
is consistent with previous experimental results.17–20 Subsequent
keto-enol tautomerization of the C13 carbonyl group forms the in-
termediate IM2. Then, we introduced three water molecules into
the system to facilitate the intramolecular Aldol reaction of IM2
to IM3 by enabling the attack of the C12 hydroxy group to the C9
carbonyl group. A series of proton transfers involving coordinated
water molecules occurs during this step. The keto-enol tautomer-
ization of the C10-C11 bond in IM3, with C8-C9 bond cleavage
and formation of the C11 carbonyl group, leads to the formation
of IM4. This step also involves protonation and deprotonation
events mediated by water molecules. A complex ring rearrange-
ment reaction then transforms IM4 into IM6 (vide infra). A final
intramolecular 1,4-addition yields IM7, which is deprotonated to
form bisorbicillinolide. The following discussion provides an in-

depth analysis of the key steps in the bisorbicillinoid biosynthetic
pathway.

The formation of bisorbicillinolide (IM7) involves a series of
bond formations and cleavages, with the nucleophilic attack of
anionic species generated during the process of carbonyl carbons.
We examined the influence of the number of coordinated water
molecules on the activation energy for each reaction step (Figure
3). The activation energy of the overall reaction with one wa-
ter molecule was 31.8 kcal mol−1, which was too high for the
reaction to proceed under ambient conditions. The introduction
of two and three water molecules lowered the activation energy
to 25.4 and 24.5 kcal mol−1, respectively, indicating a maximum
stabilization of approximately 7.3 kcal mol−1. This substantial
difference in activation energy is attributed to the reduced distor-
tion of the hydrogen bonding system, which includes the oxygen
atoms connected to C12 and C9, with an increasing number of
coordinated water molecules. An analysis of the transition state
structures (TS) revealed that ring distortion is minimized when
using three coordinated water molecules. Note that the addition
of four water molecules led to a hydrogen-bonding network simi-
lar to that encountered with three water molecules, as the fourth
water molecule did not participate in the hydrogen bonding net-
work and bonded to other parts of the structure. However, we ob-
served that the activation energy increased with the three water
molecules in the conversion of IM3 to IM4; the optimal number of
water molecules for this step was two. The ring size and the angle
between the carbonyl oxygen and the water molecules to be pro-
tonated play a crucial role in determining the activation energy
of the reaction. Our results indicate that a smaller ring distortion
favors the reaction, resulting in lower activation energy.
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Next, we analyzed the rearrangement of IM4 to IM6. Figure 5
shows the relevant change in bond distances (such as C4-C5, C4-
C8, and C5-C8) and energy within this reaction step. Contrary
to our expectations, the tetrahedral intermediate structure IM5
was thermodynamically more stable than IM4 or IM6. Further-
more, C4-C8 maintained a single-bond bond length throughout
the reaction, without a significant double-bond character. The
main factors that influenced the change in energy observed in
this rearrangement reaction were the changes in the bond dis-
tances of C4-C5 and C5-C8. In our previous studies on terpene-
forming reactions, non-classical cation species called cyclopropyl-
carbinyl cations28,53,55,56 often appear via the formation of three-
membered ring structures. However, those three-membered rings
had bond lengths of approximately 1.7 Å because of hypercon-
jugation. In this rearrangement reaction, the three-membered
ring has relatively short bond lengths and assumes a standard
three-membered ring configuration, likely because of the posi-
tional relationship between the anion formed on the adjacent
oxygen and the cyclopropane. We visualized the atomic orbitals
using NBO calculations (Figure 4), revealing that the oxygen an-
ion overlapped with the C4-C5 σ∗ orbital and the C5-C8 σ∗ or-
bital. Therefore, the cyclopropane ring likely acted as an electron-
withdrawing group.

Conclusions

In this study, we performed a detailed analysis of the bisor-
bicillinoid biosynthetic pathway using computational methods.
We determined that the optimal number of coordinated water
molecules varies according to the reaction step. For the Aldol
reaction of IM2 to IM3, the presence of three water molecules
minimizes ring distortion and lowers the activation energy, driv-
ing the reaction under biomimetic conditions. In contrast, the
conversion of IM3 to IM4 is favored by the use of two coordi-
nated water molecule. In addition, we characterized the detailed
mechanism of the rearrangement reaction. Although this reaction
was thought to be concerted, an intermediate cyclopropane ring
structure, IM5, was observed. The presence of this intermediate
can be attributed to the electron-withdrawing nature of the cyclo-
propane ring. Our study provides insights into the bisorbicillinoid
biosynthetic pathway, in particular detailing the stepwise nature
of the IM4 - IM6 rearrangement. Nevertheless, these findings are
one piece of the complicated puzzle that is this field of study. We
are fully aware that further studies considering aspects such as
enzyme interactions on bisorbicillinoid biosynthesis is essential
to gain a full understanding. The use of advanced computational
techniques in conjunction with experimental validation remains
crucial in this regard. We hope that our study contributes to the
broader scientific endeavor of elucidating the biosynthetic path-
ways of natural products. While we believe that our work stands
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on its own merits, we recognize that it is only one step in the on-
going journey to improve human health through the development
of novel therapeutics derived from natural products.
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