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ABSTRACT: Peniroquesine, a sesterterpenoid featuring a unique
5/6/5/6/5 fused pentacyclic ring system, has been known for a
long time, but its biosynthetic pathway/mechanism remains
elusive. Based on isotopic labeling experiments, a plausible
biosynthetic pathway to peniroquesines A−C and their derivatives
was recently proposed, in which the characteristic peniroquesine-
type 5/6/5/6/5 pentacyclic skeleton is synthesized from geranyl−
farnesyl pyrophosphate (GFPP) via a complex concerted A/B/C-
ring formation, repeated reverse-Wagner−Meerwein alkyl shifts,
three successive secondary (2°) carbocation intermediates, and a
highly distorted trans-fused bicyclo[4.2.1]nonane intermediate.
However, our density functional theory calculations do not support
this mechanism. By applying a retro-biosynthetic theoretical
analysis strategy, we were able to find a preferred pathway for peniroquesine biosynthesis, involving a multistep carbocation
cascade including triple skeletal rearrangements, trans-cis isomerization, and 1,3-H shift. This pathway/mechanism is in good
agreement with all of the reported isotope-labeling results.
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Terpenes/terpenoids have diverse chemical structures and
a wide range of bioactivities. Their structural diversity

arises from a series of carbocation-stitching reactions of simple
unsaturated hydrocarbons, orchestrated by terpene cyclases
(TCs).1−3 Since this carbocation cascade proceeds rapidly and
sequentially inside TCs, it is difficult to analyze the reaction
mechanisms by means of experimental methods alone, such as
the isolation of intermediates and isotope-labeling experiments.
To overcome this limitation, combinations of experimental and
computational chemistry have been actively pursued to
elucidate complex biosynthetic mechanisms.4−15 In this
study, we describe a “retro-biosynthetic theoretical analysis”
strategy15−21 employing density functional theory (DFT). This
strategy of retro-biosynthetic analysis and calculation from the
product side allows us to eliminate a vast number of
possibilities because the conformation of the final product is
relatively fixed in contrast to the high conformational flexibility
of the starting materials. In combination with previous
experimental findings, this approach enabled us to delineate
in detail the whole biosynthetic pathway leading to
peniroquesine.
Sesterterpenes represent the least common group of

terpenes but have various bioactivities, such as anticancer,
antimicrobial, and anti-inflammatory activities.22,23 Recently,
Cai et al. isolated and characterized peniroquesines A−C and

their derivatives, possessing a unique 5/6/5/6/5 fused
pentacyclic ring system, from the fungus Penicillium roqueforti
YJ-14.24 They also examined the biological activities and
proposed a biosynthetic pathway to peniroquesine on the basis
of isotope-labeling experiments (Figure 1). However, their
putative reaction mechanism includes several problematic
steps. For example, the A/B/C rings are constructed by a
unique skeletal rearrangement (ii → iii, Path I; Figure 1B)
involving four bond recombinations in one step, but such
highly concerted skeletal rearrangement would require strict
conformation fixation to provide orbital overlap. On the other
hand, a stepwise A/B/C-ring formation mechanism (Path II)
would involve a series of three successive secondary (2°)
carbocation intermediates, which are expected to be much
more unstable than the tertiary (3°) carbocations.25−27 Also,
the trans-fused bicyclo[4.2.1]nonane intermediate (viii) in
their proposed mechanism seems implausible because of its
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extremely high ring strain. In addition, they proposed a 1,3-H
shift across two rings (ix → x), even though 1,3-H shifts are
generally rare compared to 1,2-, 1,4-, and 1,5-H shifts and
require high activation energy.6,28 Thus, further evaluation of
the enigmatic biosynthetic pathway and reaction mechanisms
of peniroquesine seems worthwhile. The aims of the present
study are as follows: (i) to uncover the entire reaction pathway
of the continuous carbocation cascade leading to the unique 5/
6/5/6/5 pentacyclic skeleton of peniroquesine; (ii) to
investigate the reaction mechanisms through which the
complex framework and stereochemistry are produced; and
in particular, (iii) to examine whether the highly concerted
transannular reaction to construct the A/B/C rings (ii → iii)
and the 1,3-H shift occurs in a stepwise or concerted manner.
We began our study by applying density functional theory

(DFT) calculations to the proposed pathway of peniroquesine
biosynthesis. We found that the results did not support the
proposed pathway/mechanism. Despite methodological ad-
vances in quantum-chemical calculations, theoretical studies of
complicated biosynthetic processes that involve extensive bond
rearrangements remain challenging, partly because of the
existence of many possible associated pathways/conforma-
tions/mechanisms. Most previous theoretical studies of
complex biosynthetic reactions have examined only a few
selected pathways, chosen rather arbitrarily on the basis of

experimentally proposed pathway(s)/mechanism(s).29−31 We
have recently established a powerful combination of quantum-
chemical calculations with the global reaction route mapping
(GRRM) method32 to unveil the complicated reaction
pathways/mechanisms of biosynthetic reactions.33−35 How-
ever, even with this method, it was extremely difficult to
elucidate the biosynthesis of peniroquesine, with its character-
istic pentacyclic C25 skeleton and eight stereogenic centers, the
formation of which requires complex rearrangements or
fragmentation reactions. After extensive investigations, we
performed a retro-biosynthetic theoretical analysis that proved
effective for this highly complicated molecule, and on the basis
of these results, we propose a different route/mechanism,
which is in good agreement with previous isotope-labeling
experimental findings. DFT calculations combined with
GRRM based on the Gaussian 16 program36 were first
employed to evaluate the peniroquesine biosynthetic pathway
proposed by Cai et al. The full reaction pathway for the
conversion of GFPP into IM12 and the energy diagram
(relative energies with respect to IM1) are shown in Scheme 1
and Figure 2 (gray dashed line), respectively. Note that
transient structures leading from transition states to
intermediates are included in the scheme for the sake of
clarity. The dissociation of pyrophosphate from GFPP, yielding
allylic carbocation IM1, initiates the multistep carbocation

Figure 1. Previous work on peniroquesine biosynthesis. (A) Reported isotope-labeling results. (B) Proposed biosynthetic pathways.
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Scheme 1. Results of the First DFT Evaluation of the Whole Peniroquesine Biosynthetic Pathway and Potential Energy
Charges in Each Structurea

aPositive charge; red, negative charge; blue. Potential energies (kcal mol−1, Gibbs free energies calculated at the M06-2X/6-31+G(d,p) level)
relative to IM1 are shown in parentheses.
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cascade leading to peniroquesine. First, the through-space
cation-π interaction between the allyl cation on IM1 and the π-
electrons on the C10−C11 double bond enables smooth
annulation with a very low activation free energy of 1.9 kcal
mol−1 to generate IM2, a 3° carbocation stabilized by the

hyperconjugation of the C1−C10 σ-bond. Subsequently, a
reverse (3° → 2°)-Wagner−Meerwein rearrangement proceeds
to give the 2° carbocation, which is immediately captured by
the π-electrons of the nearby C14−C15 double bond to
construct the A-ring, producing a 5/11 bicyclic 3° carbocation
(IM3a) with a large stabilization energy (−24.7 kcal mol−1).
After the conformational change of IM3a to IM3b with an
activation barrier of 8.6 kcal mol−1, the rearrangement reaction
is followed by C−C σ-bond formation in a similar manner to
the previous reaction (IM2 → IM3a), producing a 5/6/11
tricyclic 3° carbocation (IM4a). Despite extensive computa-
tions, we could not find any plausible route/conformation to
construct the A/B/C ring from IM4 in a single step. Instead,
we successfully located a stepwise pathway. Following the
conformational change of the iPr moiety (IM4a → IM4b), the
third reverse-Wagner−Meerwein rearrangement with ring
expansion takes place, producing IM5 with a very low
activation energy of 4.7 kcal mol−1. The next two steps
proceed in a similar manner to the 1,2-alkyl shift (IM4b →
IM5), affording the intermediates IM6 and IM7. These
carbocation intermediates (IM5, IM6, and IM7) are not just
2° carbocations but appear to be non-classical carbocations in
equilibrium between 3° (with a C−C double bond) and 2°
(with a C−C single bond) carbocations and are therefore more
stable than 2° carbocations (the relative energies of IM5, IM6,
and IM7 with respect to IM1 are −16.5, −17.1, and −24.6 kcal
mol−1, respectively). IM7 undergoes another cyclization with
relatively large exothermicity (−15.0 kcal mol−1) to form a 5/
6/5/7/4 pentacyclic carbocation intermediate (IM8a) stabi-
lized by a through-space cation-π interaction with the C6−C7
double bond. IM8a is then further stabilized by conformational
interconversion of the B-ring (boat-form → chair-form with
−12.8 kcal mol−1) to yield IM8b. Then, annulation with a
Wagner−Meerwein methyl shift proceeds to give an extremely
stable and low-strain 3° carbocation IM9 with a large
stabilization energy (−28.2 kcal mol−1). IM9 undergoes
reverse Wagner−Meerwein rearrangement followed by skeletal
rearrangement via TS_8b−9 to afford IM10 possessing a cis-

Figure 2. Energy diagram of the peniroquesine biosynthetic pathway. Potential energies (kcal mol−1, Gibbs free energies calculated at the M06-2X/
6-31+G(d,p) level) relative to IM1 are shown in parentheses (gray dashed line; first calculated pathway, black solid line; recalculated pathway).

Figure 3. (A−C) Results of close analysis of the reaction from IM8 to
IM10.
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fused bicyclo[4.2.1]nonane skeleton. Note that the trans-fused
bicyclo[4.2.1]nonane skeleton (E) proposed by Cai et al. could
not be optimized by DFT calculation because of its high ring
strain. From IM10, a smooth ring-contraction reaction occurs,
probably because of the distorted bicyclo structure and the
good orbital overlap between the carbocation p-orbital and
C2−C3 σ-bond, affording the more stable 3° carbocation,
IM11. Interestingly, IM11 undergoes ring-spanning 1,3-H
transfer with a very small activation energy (5.2 kcal mol−1) to
produce IM12. We also investigated other possible reaction
pathways from IM11 to IM12, but we could not locate any
other route with lower activation energies than the concerted
1,3-H shift. Finally, IM12 is subjected to deprotonation (−H+)
to complete the peniroquesine skeleton.

The multistep carbocation cascade pathway described above
is well aligned with the results of the isotope-feeding
experiments. However, the energy diagram (Figure 2, gray
dashed line) suggests that the carbocation cascade is unlikely
to proceed spontaneously at ambient temperature because of
the high barrier (>25 kcal mol−1) to formation of the
bicyclo[4.2.1]nonane skeleton (IM9 → TS_9−10). Despite
the high stability of IM9 and the resulting high barrier to
TS_9−10 formation, no by-products derived from IM9 have
been identified to date. In addition, the highly energy-requiring
forward and backward 1,2-methyl (C21) shift process via IM9
seems unfavorable. However, attempts to find a reasonable
pathway/mechanism to fix all of these problems were
unsuccessful. Therefore, we next decided to trace the

Scheme 2. Results of Recalculated DFT Evaluation of the Whole Peniroquesine Biosynthetic Pathway and Potential Energy
Charges in Each Structurea

aPositive charge; red, negative charge; blue. Potential energies (kcal mol−1, Gibbs free energies calculated at the M06-2X/6-31+G(d,p) level)
relative to IM1 are shown in parentheses.
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peniroquesine ring-construction processes in the reverse
direction, starting from IM12, which has less flexibility of
conformation. From IM12 to IM10, a pathway essentially the
same as that of Scheme 1 was obtained. However, careful
examination of the potential energy surface (PES) around
IM10 suggested that IM8′(chair,cis) is the kinetically and
thermodynamically more favorable precursor. The intermedi-
ate IM8′(chair,cis) is a geometric isomer of IM8 with respect
to the C6−C7 double bond (Figure 3A). Rotation of double
bonds (cis-trans isomerization) requires high activation
energy,37,38 but in IM8, the carbocation in close proximity
forms a fused 7/4 bicyclic framework in which the π-bond
“partially” disappears. However, cis-trans isomerization of IM8
would not occur due to the high strain caused by the trans-
fused 7/4-bicyclic skeleton (Figure 3B). In general, TCs tightly
pre-regulate the conformation of the starting materials,
controlling the conformations of all reactive intermediates
and the reactivity of the cationic intermediates in the active site
pocket.39−42 Hence, it seems implausible for such a large
conformational change to occur in the late stage of
biosynthesis. Thus, we continued the retro-biosynthetic
analysis using IM8′(chair,cis) and finally located a new
energetically favorable and step-economical pathway (Scheme
2 and Figure 2). After the chair-boat conformational change of
the B-ring of IM8′(chair,cis) to afford IM8′(boat,cis), bond
rotation proceeds smoothly to give the trans isomer,
IM8′(boat,trans) with the cis-fused 7/4-bicyclic structure
(Figure 3B). Surprisingly, IM8′(boat,trans) can be generated
directly from IM5′ with a low activation energy (12.9 kcal
mol−1), and the two intermediates IM6 and IM7 are bypassed
by a double-transannulation reaction. A close retro-biosyn-
thetic computational analysis successfully located the carboca-
tion-mediated A/B-ring formation (IM5′ → IM2′), which
proceeds in essentially the same manner, as shown in Scheme
1. Interestingly, IM2′ thus obtained is generated barrierlessly
from IM1. Key features of this new reaction pathway are as
follows: (i) all of the activation barriers are sufficiently low to
allow the reaction to proceed smoothly at ambient temper-
ature; (ii) the entire energy profile descends as the reactions
proceed, and the overall exothermicity is very large (ca. 70 kcal
mol−1); (iii) the cis/trans isomerization plays an important role
in the ring construction of peniroquesine; and (iv)
peniroquesine synthase fixes the initial conformation of
GFPP for smooth and efficient ring construction, including
complex skeletal rearrangements, 1,3-H shifts, and the cis/trans
geometrical isomerization.
In conclusion, our application of the combination of

computational chemistry and retro-biosynthetic analysis
revealed a revised biosynthetic pathway of peniroquesine that
is both more favorable than the previously proposed pathway
and fully compatible with all isotope-labeling experimental
findings. Because the biosynthesis of natural products is very
tightly regulated in enzymes, it is extremely difficult to examine
the stability and reactivity of individual putative intermediates
or to determine whether a reaction is stepwise or concerted,
simply on the basis of experimental studies. Thus, when
calculating whole biosynthetic pathways from starting materi-
als, it is necessary to consider a vast number of possibilities due
to their high flexibility. In contrast, however, the conformation
of the final product is relatively fixed, and therefore, our
strategy of “retro”-biosynthetic calculations from the product
side allows us to eliminate various possibilities. There are still
many natural products whose biosynthetic pathways are

unresolved because they involve complex skeletal rearrange-
ment reactions and conformational transformations, and in this
context, we believe that retro-biosynthetic analysis is a
powerful tool to uncover these pathways. We are continuing
to investigate the biosynthetic reaction pathways/mechanisms
of other natural products using this approach.

■ METHODS
All calculations were carried out using the Gaussian 16 package.36

Structure optimizations were done at the M06-2X level43 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 (single imaginary frequency). Intrinsic reaction
coordinate (IRC) calculations44−47 for all TSs were performed with
GRRM1732 to confirm the connection between the transition states
and the reactants/products. 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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