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In nature, terpenoids are typically biosynthesized through the catalysis of specific enzymes, while the artificial
synthesis of unnatural terpenoids has garnered increasing attention. Herein, we have developed a molecular-
bridging strategy that enables the preparation of unnatural terpenoids from natural terpenyl aldehydes and ter-
penes, expanding the potential applications of natural terpenoids. This reactivity hinges on the strategic use of
Ts-hydrazine as a crucial mediator, which enables molecular bridging through pyrazole formation. More impor-
tantly, the modular molecular synthesis strategy could significantly expand the structural diversity space of the
terpenoid family through precisely tunable building-block assembly. Furthermore, the resulting pyrazole moiety
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Introduction

Terpenoids, widely distributed in nature, exhibit diverse bio-
logical activities and serve as important industrial chemicals.
They have long been the focus of pharmaceutical and synthetic
chemists.” In general, the chemically and structurally diverse
terpenoids originate from simple isoprene precursors, di-
methylallyl diphosphate (DMAPP) and isopentenyl dipho-
sphate (IPP). Under the catalysis of enzymes, they can be con-
verted into hemiterpenoids or condensed into geranyl dipho-
sphate (GPP), farnesyl diphosphate (FPP), and geranylgeranyl
diphosphate (GGPP), and thereby could be further derived into
monoterpenoids, sesquiterpenoids, diterpenoids, and other
terpenoids® (Fig. 1A). In nature, terpenyl aldehydes and ter-
penes are the two main forms of terpenoids, such as prenal,
isoprene (hemiterpenoids), citronellal, myrcene (monoterpe-
noids), farnesal, farnesene (sesquiterpenoids), retinal, neophy-
tadiene (diterpenoids), etc. However, the synthesis of un-
natural terpenoids® from these readily available natural
sources remains a challenging yet highly rewarding task for
the enrichment of the terpenoid molecular library.”

Given the structural diversity and natural abundance of ter-
penoid aldehydes and terpenes, catalytic post-functionali-
zation strategies have been extensively explored.® However, tra-
ditional methods typically rely on additional functionalizing
reagents, expensive catalysts, and harsh conditions, which are
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can be subjected to further modification, enhancing the synthetic utility of this strategy.

not conducive to the advancement of green chemistry.” In con-
trast, strategies that leverage both natural terpenyl aldehydes
and terpenes to directly accomplish molecular bridging of
natural terpenoids using readily accessible reagents remain
scarce (Fig. 1B). Although this strategy is highly attractive for
upgrading naturally abundant terpenoids, how to conveniently
and effectively integrate two terpenoid compounds under cata-
lyst-free conditions poses a great challenge.

The [3 + 2] cycloaddition of diazo compounds represents a
versatile strategy for constructing five-membered N-heterocycles.®
Over the past decades, its extensive utility has been well
demonstrated in the synthesis of pyrazoles and pyrazolines
using alkynes or electron-deficient alkenes.” However, the
application of this powerful reaction to terpenoid compounds
remains largely unexplored. Here, in line with our long-stand-
ing interest in terpenoid chemistry,'® we propose the develop-
ment of a streamlined molecular-assembly approach utilizing
terpenyl aldehydes and terpenes. Given the inherent derivati-
zation potential of carbonyl groups, terpenyl aldehydes can
directly condense with amines to form imine analogues, which
subsequently undergo cycloaddition with terpenes to achieve
molecular assembly (Fig. 1C). Such a cycloaddition approach is
highly appealing if pharmaceutically interesting nitrogen-con-
taining heterocyclic scaffolds'" could be rapidly accessed while
preserving the characteristic isoprenoid units of terpenoid
skeletons. This protocol not only opens new avenues for con-
structing bioactive nitrogen heterocycles, but also provides a
novel perspective for the synthesis of unnatural terpenoids.
Importantly, this dual-functional strategy could significantly
expand the structural diversity space of terpenoid architectures
through programmed molecular fusion.
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Fig. 1 Synthesis and transformation of terpenoids.

Results and discussion

We commenced the exploration of the molecular-bridging
strategy by using citronellal (1a) and isoprene (2a) as the
model substrates. The key challenge lies in identifying suitable
linkers that can promote the reaction efficiently and with high
chemo- and regioselectivity. This inherent difficulty stems
from the presence of multiple potentially reactive alkenyl units
in terpenoid structures. Additionally, a possible aromatization
of the resulting five-membered nitrogen heterocycle via alkene
migration introduces further complexity into the reaction
system (Fig. 24, top).

Considering the activation ability of the carbonyl group,
various nitrogen-containing reagents were evaluated under
the initial reaction conditions (Fig. 2A, bottom). First, in-
expensive hydroxylamine (L1) was employed as the linker,
but the oxime derived from it exhibited low reactivity and
failed to effectively react with isoprene. Subsequently, the
nitrone derived from N-Me hydroxylamine (L2), as a highly
reactive 1,3-dipole, reacted with isoprene to yield a mixture
of isooxazoline isomers with less than 10% yield. These

Org. Chem. Front.

results prompted us to explore alternative 1,3-dipole precur-
sors. Notably, diazo compounds generated from hydra-
attracted our attention, as hydrazones can be con-
veniently prepared from carbonyl compounds and hydra-
zines. Therefore, various substitution patterns of hydrazine
were evaluated to implement the molecular-bridging strategy,
including hydrazine hydrate (L3), phenylhydrazine (L4), and
methyl sulfonylhydrazine (L5). Pleasingly, methyl sulfonylhy-
drazine (L5) as the linker afforded pyrazole 3a with exclusive
selectivity, albeit with 23% yield. In view of the pyrazole
fragment being a versatile lead molecule in pharmaceutical
development,”® and pyrazole-based terpenoids have been
reported to possess both antifungal activity and low tox-
icity,"* we further explored other sulfonylhydrazines (L6-
L10)."> Notably, p-toluenesulfonylhydrazine (L9) demon-
strated optimal reaction efficiency through the formation of
N-tosylhydrazone, which is an emerging building block in
current organic chemistry (Fig. 2B, a).'®

After determining the appropriate linker, it was essential to
optimize other reaction parameters to further improve the
reaction efficiency and selectivity. Alkoxide bases significantly

zones'?

This journal is © the Partner Organisations 2025
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Fig. 2 Reaction development. (A) Inherent challenges and linker effects. (B) Optimization of reaction parameters. Reaction conditions: la
(0.21 mmol), linker (0.20 mmol), 2a (0.80 mmol), base (0.5 mmol), solvent (0.5 mL), 70 °C, 16 h. (a) ‘BuOK as base, THF as solvent. (b) L9 as linker,
THF as solvent. (c) L9 as linker, MeONa as base. The yields were determined by GC-FID analysis of the crude mixture with 1,3,5-trimethoxybenzene
as the internal standard.

enhanced the reaction. Specifically, MeONa exhibited superior
performance, affording a higher yield of 84%. In contrast,
other inorganic and organic bases, including NaHMDS,

Na,CO;, and DBU, failed to effectively produce the desired
product (Fig. 2b). When THF was replaced with other ether sol-
vents, decreased yields were observed. Toluene provided only

This journal is © the Partner Organisations 2025 Org. Chem. Front.
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moderate yields, and the use of alcoholic or hydrocarbon
solvents led to a substantial yield reduction. Moreover, no
target product was detected when a halogenated alkane was
employed as solvent (Fig. 2c).
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With the optimized reaction conditions in hand, we sub-
sequently explored the substrate scope of this operationally
simple molecular-bridging protocol for terpenyl aldehydes and
terpenes (Fig. 3). Initially, a series of terpenyl aldehydes were

Fig. 3 Substrate scope. Reaction conditions: 1 (0.21 mmol), L9 (0.20 mmol), 2 (0.80 mmol), MeONa (0.50 mmol), THF (0.5 mL). Isolated yields are

given in all cases. ?

Org. Chem. Front.

From the mixtures of regioisomeric aldehydes.
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explored using isoprene as the linking partner. Naturally
occurring linear monoterpene aldehydes, such as citronellal,
hydroxycitronellal, and citral, all reacted efficiently to afford
the corresponding products in good yields (3a-3c). Steric hin-
drance exhibited minimal impact on the reaction (3d and 3e).
Both smaller hemiterpene (C5) aldehydes and longer-chain
sesquiterpene (C15) aldehydes worked well under this protocol
(3f-3Kk). A variety of cyclic terpenyl aldehydes were also suitable
for this reaction, successfully achieving molecular assembly
with isoprene (31-3t). Notably, aldehydes bearing sensitive
functional groups, such as hydroxyl groups, were also suitable
for this protocol, affording the expected products 3b and 3p in
65% and 85% yields, respectively. Additionally, aldehyde
derivatives of geraniol and menthol were also compatible with
this reaction system, further broadening the scope of this
method (3u and 3v). Aromatic aldehydes, heteroaromatic alde-
hydes, and alkyl aldehydes containing strained rings also
reacted efficiently (3w-3ab), which underscored the versatility
and broad applicability of this reaction. The structure of com-
pound 3y was unambiguously confirmed by single-crystal X-ray
crystallography analysis (CCDC: 2433436).

Next, we systematically investigated terpenes containing
different numbers of isoprene units. Myrcene (C10), farnesene
(C15), and neophytadiene (C20) all efficiently underwent this
reaction with citronellal in good yields (3ac-3ae). It provided
an effective approach for the structural modification and
functionalization of terpenoids. Notably, monoterpene dienes
bearing reactive hydroxyl groups were well tolerated in the reac-
tion system regardless of their substitution positions (3af and

O
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Fig. 4 Synthetic transformations.
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3ag). Furthermore, when valylene was employed, the reaction
proceeded smoothly, affording the molecular combination
product 3ah, which was structurally analogous to compound
3a but with a different oxidation state. Remarkably, butadiene,
the simplest diene as a widely used molecular building block,
also exhibited excellent reactivity in this reaction (3ai), further
highlighting the practical value and generality of this method
in synthetic chemistry. Aryl 1,3-dienes and 1,3-enynes were
capable of reacting with aromatic aldehydes but failed to
undergo reaction with alkyl aldehydes (see Fig. S1, page S3 in
the SI for details).

To illustrate the practical utility of this molecular-bridging
strategy, a scale-up experiment (20 mmol) was performed
using citronellal and isoprene (Fig. 4), and no significant
decrease in yield (77%) was observed. Given the significant
biological activity of terpenoid compounds, further prenylation
of compound 3a was attempted. Treatment of 3a with NaH
and prenyl bromide successfully introduced a prenyl group
onto the nitrogen atom, yielding 4 with high efficiency.®*
Under palladium catalysis, precise ligand modulation enabled
the formation of two different reverse-prenylated pyrazoles, 5
and 6, in moderate yields.**'” Additionally, CAN-mediated
cycloaddition of 1,3-dicarbonyl compounds with alkenes suc-
cessfully generated the fused-ring product 7.'® Intriguingly,
oxidation of the alkene to an aldehyde via Lemieux-Johnson
oxidation'® triggered a rapid intramolecular nucleophilic
addition, leading to the formation of the aza-hemiacetal 8
(CCDC: 2433435). Furthermore, hydrogenation of the alkene
smoothly produced 9 in 83% yield. Treatment of 3a with
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Fig. 5 Mechanistic investigations.

m-CPBA rapidly yielded epoxide 10 in 88% yield. Subsequent
ring-opening of the epoxide 10 resulted in the hydroxyfluori-
nated product 11 and the dihydroxylated product 12.

To elucidate the reaction mechanism of this bridging proto-
col, several control experiments were designed and performed
(Fig. 5A). First, the N-methyl-protected tosylhydrazone (13),
which is inert to the formation of the diazo 1,3-dipole, was
subjected to the standard reaction with isoprene (2a), and no
pyrazole product was observed. Furthermore, replacing iso-
prene (2a) with styrene failed to initiate the reaction, demon-
strating that conjugated diene structural units are essential for
this protocol. Temperature-controlled experiments of the
model reaction revealed that efficient reaction progression
requires a temperature above 50 °C (Fig. 5B), which is consist-
ent with the reported decomposition temperature of
N-tosylhydrazones into diazo intermediates.”® Based on these
findings, a plausible reaction mechanism 1is proposed
(Fig. 5C). The hydrazone, prepared by condensation of alde-
hyde 1 and N-tosylhydrazine L9, can form diazo intermediate
A upon treatment with a base. Subsequently, the reactive diazo
A undergoes 3 + 2 cycloaddition with the terminal double
bond of the terpene 2 to generate intermediate B. A 1,3-hydro-
gen transfer produces the nonaromatic pyrazoline intermedi-

Org. Chem. Front.

ate C, which rapidly aromatizes via olefin isomerization®" to
yield the pyrazole 3.

In addition, verification experiments of potential intermedi-
ates have essentially confirmed the above-mentioned mecha-
nism (Fig. 5D). First, the diazo intermediate A was synthesized
in situ and directly subjected to reaction with isoprene under
standard conditions, which smoothly generated the pyrazole
product, albeit in low yield. This reduced yield might be attrib-
uted to the inherent instability of the diazo intermediate and
the tendency of excess diazo compounds to undergo dimeriza-
tion.>”> Consequently, the slow release of the diazo intermedi-
ate emerges as a key factor for the success of our protocol.
From the reaction of 16 with N,H,-H,O, the labile intermedi-
ate C was obtained and it effectively underwent double-bond
isomerization under standard reaction conditions, ultimately
yielding the stable pyrazole compound 3aj.

Conclusions

In summary, we have developed a catalyst-free molecular-brid-
ging strategy that enables the combination of naturally abun-
dant terpenyl aldehydes and terpenes for the upgrading of

This journal is © the Partner Organisations 2025
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natural terpenoids. Ts-hydrazide acted as a molecular linker
through the formation of pyrazole. This protocol features
readily available starting materials, mild reaction conditions,
and simple experimental procedures. The scalability and prac-
ticality of this protocol were demonstrated through gram-scale
synthesis and a series of diverse derivatizations. Owing to the
structural importance and versatility of the resulting products,
it is hoped that this highly efficient and operationally simple
protocol will become a powerful tool for the synthetic
community.
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