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ABSTRACT: Retigerane-type sesterterpenoids, which feature a
unique 5/6/5/5/5 fused pentacyclic structure with an angular-type
triquinane moiety, are biosynthesized via successive carbocation-
mediated reactions triggered by terpene cyclases. However, the
precise biosynthetic pathways/mechanisms, wherein steric inver-
sion of the carbon skeleton occurs at least once, remain elusive.
Two plausible reaction pathways have been proposed, which differ
in the order of ring cyclization: A → B/C → D/E-ring(s) (Route
1) and A → E → B → C/D-ring(s) (Route 2). Since the reaction
intermediates of these complicated domino-type reaction sequen-
ces are experimentally inaccessible, we employed comprehensive
density functional theory (DFT) calculations to evaluate these
routes. The results indicate that retigeranin biosynthesis proceeds
via Route 2 involving a multistep carbocation cascade, in which the
order of ring cyclization (A → E → B → C/D) is the key to constructing the angular 5/5/5 triquinane structure with the correct
stereochemistry at C3. The result also suggests that slight differences in the initial conformation have a significant effect on the order
of cyclization and steric inversion. The computed pathway/mechanism also provides a rational basis for the formation of various
related terpenes/terpenoids.
KEYWORDS: terpene, density functional theory, biosynthesis, rearrangement, carbocation, ring strain

Retigeranic acid, a retigerane-type sesterterpenoid, has a
unique fused pentacyclic skeleton with eight stereo-

centers, including three all-carbon quaternary (4°) centers, of
which one is a bridgehead spirocenter. It was first isolated in
1965 from the Himalayan lichen Lobaria retigera,1 and its
structure was fully determined in 1972 by Shibata and co-
workers,2,3 who determined the X-ray crystal structure of the p-
bromoanilide derivative.4,5 In 1991, two stereoisomers
((−)-retigeranic acid A (S configuration at C18) and
(−)-retigeranic acid B (R configuration at C18)) were
identified using X-ray crystallography, again by Shibata.6 The
unique structure of retigeranic acid has attracted widespread
attention,7,8 and a number of synthetic studies on retigeranic
acid have been reported.9−13 In contrast, there have been few
reports on its biosynthesis, though two plausible biosynthetic
pathways have been proposed (Scheme 1).2,14,15 Shibata and
co-workers proposed Route 1.2 In this route, dissociation of
the pyrophosphate of geranylfarnesyl diphosphate (GFPP) and
sequential annulations (A-ring formation) yield a 5/15 bicyclic
intermediate (i), which undergoes 1,5-hydrogen (H) shift to
afford an allylic carbocation (ii). From intermediate ii, B/C-
ring formation proceeds to give a tetracyclic tertiary (3°)

cation (iii). Subsequently, deprotonative olefination of iii
occurs to afford a neutral diene iv, which undergoes
protonation of the C6−C7 π bond, leading to annulation to
construct the D/E-rings via the formation of a 2° carbocation.
However, protonation of the neutral olefin would require high
energy, and such a deprotonation/protonation process appears
to be unnecessary. Instead, Oikawa and co-workers suggested
Route 2 based on their labeling experiments with 13C/2H,15

and they indicated that multiple H shifts at C6, C10, and C12
were involved in the biosynthetic cyclization process. Route 1
proposed by Shibata does not involve loss of the hydrogen at
C6, which is inconsistent with the labeling experiment.
Notably, the order of cyclization in the two pathways is
quite different. In Route 2, the E-ring is formed first from
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intermediate ii, and then the B-, C-, and D-rings are
constructed successively. However, the real biosynthetic
pathway has not been determined. In which order does the
ring formation take place? Another important point is the
stereochemistry in the cyclization cascade: the hydrogen at the
C2 position and the C3 methyl group are originally located on
opposite sides (trans) of the double bond of GFPP, whereas
they adopt the syn stereochemistry in the final product,
indicating that a syn/anti-steric isomerization occurs some-
where during the cyclization cascade. However, the details of
the isomerization mechanism/timing/reason remain unknown
and have not been discussed in the literature.
Sesterterpene/terpenoids are fascinating compounds due to

their complicated and diverse structures with a wide range of
bioactivities, and some of their unique biosynthetic mecha-
nisms have recently been elucidated.16−21 In general,
mechanistic issues in terpene biosynthesis are extremely
difficult to resolve fully by means of experimental studies
alone, since terpene cyclization is a domino-type reaction
occurring inside a single enzyme (“black box”). However,
pioneering work by various researchers, including Hess and
Tantillo, has established the possible involvement of various
types of carbocations, such as allyl cations, tertiary cations,
secondary cations, and nonclassical cations, in the biosynthetic
pathways of terpenes like lanosterol and pupukeanane.22−34

Building on that, we have recently established a powerful
combination of quantum-chemical calculations with the global
reaction route mapping (GRRM) method35,36 to unveil
complicated biosynthetic pathways/mechanisms, such as
those leading to sesterfisherol,37 trichobrasilenol,38 verruco-
san,39 and mangicol.39 In particular, by combining computa-
tional and experimental techniques, we have successfully
settled several long-standing controversies concerning the
roles of different types of carbocations in several biosynthetic
pathways.37−39 In the present paper, we employ quantum

chemical calculations to uncover the details of retigeranin/
retigeranic acid biosynthesis. The aims of the study are as
follows: (i) to unveil the whole reaction pathway of the
exquisitely controlled multistep biosynthetic carbocation-
cascade reactions; and (ii) to elucidate the mechanism of the
skeletal rearrangements/H shifts/conformational changes that
afford the complicated, chiral, congested, polycyclic structure.

We first conducted kinetic/thermodynamic analysis of B/C-
ring formation vs E-ring formation from the 5/15 bicyclic
intermediate (ii), but obtained no definitive result (vide inf ra).
Therefore, we conducted a systematic search of reaction
pathways IM1 → IM8 by applying the retro-biosynthetic
theoretical analysis strategy40 (Scheme 2). The dissociation of
pyrophosphate from GFPP initiates the multistep carbocation
cascade and yields an allylic carbocation (IM1). Then, two
successive cyclizations at C1−C15 and C14−C18 give the
bicyclic 3° carbocation IM2 with a 5/15 fused ring system (the
A-ring is formed). Subsequently, a 1,5-H shift from C12 to
C19 proceeds to yield IM3, followed by a conformational
change in preparation for the next annulations. The reaction
pathway from IM1 to IM3 appears to be similar for Route 1
and Route 2. In Route 1, the formation of the B-ring takes
place prior to that of the E-ring. The allylic carbocation in
IM3b is partially stabilized by a distal C2−C3 double bond
and is thus conformationally more favorable than IM3a by 4.1
kcal mol−1. Such cation-π interaction enables smooth
formation of the B-ring with a small activation energy of 3.2
kcal mol−1, giving a tricyclic 5/6/11 fused-ring intermediate
IM4. This transformation changes the C2−C3 double bond
(up to IM3) to a single bond with the 3° cation at C3. Thus, at
IM4, the C3 stereogenic center can be geometrically inverted.
This isomerization requires a relatively high energy of 23.2 kcal
mol−1 to afford IM5a. After a conformational change to IM5b,
C3−C10 annulation (C-ring formation) proceeds with an
activation energy of 14.2 kcal mol−1 to give the 5/6/5/8

Scheme 1. Two Proposed Biosynthetic Pathways of (−)-Retigeranic Acid A
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Scheme 2. Results of DFT Evaluation of Two Proposed Biosynthetic Pathways of Retigeranina

aIf there are IMs with different conformations, they are grouped together (structural information is given only for the underlined IMs). Numbers
indicate electronic charges on key carbon atoms (indicated by curved arrows where necessary for clarity). Potential energies (kcal mol−1, Gibbs free
energies calculated at the M06-2X/6-311+G(d,p) based on M06-2X/6-31+G(d,p) geometries) relative to the neighboring intermediates are shown
on above the arrows. IM, intermediate; TS, transition state.
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tetracyclic 3° carbocation intermediate IM6a. As the
conformation of IM6a changes to afford IM6b with small
exothermicity, the double 1,2-H shifts and C6−C10 annulation
(D/E-ring formation) occur concertedly with a small activation
energy of only 1.2 kcal mol−1, affording the bridgehead 3°
carbocation IM7 with large exothermicity (33.5 kcal mol−1). A
close examination of the IRC (intrinsic reaction coordinate)
calculation suggests that this step includes three chemical
processes; (i) the hydride shifts from C10 to C11 first to afford
a bridgehead 3° cation at C10, followed by (ii) C6−C10 σ
bond formation (D/E-ring formation), and finally (iii) another
hydride shifts from C6 to C7 to afford another bridgehead 3°
cation at C6 (IM7). Subsequently, 1,3-H shift from C11 to C6
proceeds with an activation barrier of 8.2 kcal mol−1 to give a
more stable 3° carbocation IM8. Finally, deprotonation affords
the product, retigeranin (possibly via the bridgehead 3°
carbocation IM14). We also investigated other possible
reaction pathways, including successive deprotonative olefina-
tion and proton-catalyzed annulation (Scheme 1, iv) as
originally considered by Shibata, but we could not locate any
other route with reasonable activation energies. Consequently,
we propose the pathway from IM1a to IM8 as a modification
of Route 1 that can also rationalize all H-shifts including that at
C6 suggested by the results of labeling experiments by
Oikawac and co-workers (Scheme 2A).
Next, we will discuss Route 2, in which the E-ring is formed

first. In Route 2, from IM3b, E-ring formation proceeds
through a cation-π interaction with the distal C6−C7 double
bond to give a tricyclic 5/12/5 fused-ring intermediate IM9
with an activation barrier of 9.2 kcal mol−1. A close
examination of the transition structure analysis revealed that

the conformations of TS_3b-4 (Route 1) and TS_3b-9 (Route
2) are different, suggesting a difference in the shape of the
substrate-binding pocket or in the binding mode to the pocket
(Figure 1). Next, two successive 1,2-H shifts via TS_9-10 and
TS_10-11a proceed with very small activation barriers to give
IM11a. After a conformational change from IM11a to IM11b
that is exothermic (12.3 kcal mol−1) partly due to effective
interaction of the allyl cation with the distal C2−C3 π
electrons, B-ring formation (C2−C12 annulation) takes place
smoothly to yield the 3° cation IM12a. Then, a conformational
change to IM12b followed by syn/anti-interconversion at C3
proceeds with barriers of only 4.4 and 1.0 kcal mol−1,
respectively, affording IM13. This conformational change
proceeds smoothly to eliminate distortion of the 8-membered
ring. Thus, cation-mediated C3−C10 bond formation affords
the pentacyclic intermediate IM8 with the characteristic
angular triquinane structure, which undergoes deprotonation
(olefination) to give the product, retigeranin. This computed
Route 2 is in good agreement with the results of labeling
experiments by Oikawa and co-workers, and the energy
diagram (Figure 1) suggests a thermodynamically and
kinetically favorable biosynthetic reaction cascade: (1) the
activation barriers are all low enough for the reactions to
proceed smoothly at ambient temperature, (2) the entire
energy profile descends as the reactions proceed, and (3) the
overall exothermicity is very large. On the other hand, Route 1
appears to be relatively energetically unfavorable around the
steric inversion from IM4.

Thus, we next focused on the reason why trans-cis
isomerization occurs in the biosynthesis of retigeranin. In
Route 2, we successfully located an artificial annulation route

Figure 1. Computed potential energy profiles for Route 1 (in light blue) and Route 2 (in red). Potential energies (kcal mol−1, Gibbs free energies
calculated at the M06-2X/6-311+G(d,p) based on M06-2X/6-31+G(d,p) geometries) relative to IM1a are shown in parentheses. IM, intermediate;
TS, transition state.
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from IM12 without the steric interconversion at C3 (Scheme
3B) on the potential energy surface (PES), but (i) it would be
necessary to overcome a very high activation energy (>37 kcal
mol−1), and (ii) the resulting 5/5/5 triquinane 3° cation at
C11 would undergo a smooth ring expansion without an
energy barrier to afford another 5/5/6 tricyclo structure
(IM15) along the intrinsic reaction coordinate (IRC). This is
consistent with the fact that trans-5/5-ring junctions are
generally difficult.40 Thus, we confirmed that the conforma-
tional change (IM12 → IM13) in Route 2, required to
construct the retigeranin structure, is the most kinetically
favored pathway. On the contrary, in Route 1, the C-ring
formation with retention of the stereochemistry of C3
(Scheme 3A, IM4 → IM6') turned out to be kinetically
more favorable than the bond rotation (syn/anti isomerization
route) (Scheme 2A, IM4 → IM5 → IM6). Note that this
retention route gives another 5/6/5/5/5 retigeranin skeleton
(IM8') with a very different stereochemistry and carbocation.
On the basis of the above discussion, we can conclude that the
biosynthesis of retigerane-type sesterterpenoids proceeds
through Route 2 and that the initial conformation of GFPP

is critical not only for the order of ring construction, but also
for the stereochemistry.41,42 Notably, the computed pathway/
mechanism of Route 2 also provides a rational basis for the
formation of related terpenes/terpenoids (Scheme 4). On the
basis of the IMs on the computed Route 2, it appears that
fusaproliferin43 and variculatriene/variculanol44 can be bio-
synthesized from IM3 and IM9, respectively, and IM13 serves
as an intermediate for the biosynthesis of aleurodiscal.45 Thus,
the results obtained in this study not only provide an overall
picture of the biosynthesis of retigeranin/retigeranic acid, but
also suggest that the reaction pathway would be applicable to
various other retigerane-type sesterterpenoids. In light of the
present computational results, the active site of the cyclase may
show some flexibility. However, it remains unclear how the
initial conformation is fixed in the terpene cyclase’s active site.
Recently, Osbourne and co-workers identified a terpene
cyclase that is responsible for retigeranic acid production
from A. thaliana by applying a genome mining strategy.46

Moreover, Wang and Zhang and co-workers identified
important residues for (−)-retigeranin production by compar-
ing TPS19 and TPS18 mutants.47 However, the roles of the

Scheme 3. Results of DFT Evaluation of Two Pathways without Steric Inversiona

aPotential energies (kcal mol−1, Gibbs free energies calculated at the M06-2X/6-311+G(d,p) based on M06-2X/6-31+G(d,p) geometries) relative
to the neighboring intermediates are shown above the arrows. IM, intermediate; TS, transition state.

Scheme 4. Sesterterpenoid Analogues Branching from Our Proposed Biosynthetic Pathway
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mutated residues remain unclear. By combining our computa-
tional results with these experimental results, it may be possible
to elucidate the mechanism generating the initial conformation
for terpene biosynthesis.
In summary, we have uncovered the mechanistic details of

retigerane-type sesterterpenoid biosynthesis, as well as
providing new insight into the key role of the ring-construction
order in determining the stereochemistries during the synthesis
of the 5/6/5/5/5 angular triquinane skeleton. In particular, we
clarified the exquisite skeletal reconstruction processes and
conformational changes (the Cartesian coordinates of the 3D
structures of all species are given in the Supporting
Information). Future comparative study of the terpene cyclases
responsible for fusaproliferin, variculanol, and aleurodiscal
formation could help to establish the molecular basis of
regulation of the branching biosynthetic pathways.48,49 We
believe that our findings should be helpful for future
mechanistic studies and also for engineering of terpene/
terpenoid biosynthesis.

■ METHODS
All calculations were carried out using the Gaussian 16 program
package,50 and GRRM17, GRRM2335,36 program. Structure opti-
mizations were performed at the M06-2X level51 in the gas phase
using the 6-31+G(d,p) basis set. The vibrational frequencies were
computed at the same level to check whether each optimized
structure is an energy minimum (no imaginary frequency) or a
transition state (one imaginary frequency) and to evaluate its zero-
point vibrational energy (ZPVE) and thermal corrections at 298 K.
Intrinsic reaction coordinates (IRC)52−55 were calculated to confirm
the connection between the transition states and the reactants/
products. Single-point energies were calculated at the M06-2X/6-
311+G(d,p) based on the structures optimized by the M06-2X/6-
31+G(d,p) method. The Gibbs free energy used for discussion in this
study was calculated by adding the gas-phase Gibbs free energy
correction.
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