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ABSTRACT
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Terpenoids represent one of the most structurally diverse and biologically relevant families of natural products, yet the
development of controllable biomimetic synthetic strategies using bulk feedstocks remains a critical challenge. Isoprene,
an abundant and atom-economical building block, holds great promise for terpenoid synthesis, but its four electronically
and sterically similar olefinic carbons generally lead to poor regioselectivity and uncontrollable chemoselectivity in catalytic
transformations. In this study, we reported a nickel-catalyzed chemodivergent telomerization and hydrofunctionalization reaction
for constructing terpenoids, wherein precise ligand control enables selective reactivity tuning. Leveraging the in situ formation
of benzyl group from hydrazone-mediated carbonyl umpolung reaction, telomerization is promoted by triarylphosphine ligand
featuring both large steric hindrance and electron-donating characteristics, while hydrofunctionalization benefits from the
combination of less bulky, electron-withdrawing triarylphosphine ligand and BEt;. Mechanistic studies and density functional
theory calculations validate the chemoselectivity governed by ligand sterics and electronics, as well as the role of BEt; in enhancing
regioselectivity. Moreover, this protocol created a series of value-added terpenoids, all of which are amenable to further structural
derivatizations. This mild, operationally simple catalytic manifold enables facile access to unnatural terpenoids and broadens the

accessible chemical space of terpene frameworks.

1 | Introduction DMAPP and IPP can either be transformed to generate a series

of (reverse-)prenyl derivatives or condensed by geranyl pyrop
Terpenoids, the most structurally diverse family of natural  phate synthase (GPPase) to form geranyl diphosphate (GPP)

hos-
, the

products, are ubiquitous across life forms and perform a vast pivotal precursor to geranyl derivatives. Given the significance of

array of biological functions [1-3]. In general, the chemically  these scaffolds, the development of convenient biomimetic

syn-

and structurally diverse terpenoids originate from dimethylallyl thetic protocols using bulk chemicals has attracted considerable

diphosphate (DMAPP) and isopentenyl diphosphate (IPP) [4-6]. attention (Figure 1A) [7, 8].
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A) Biosynthetic and biomimetic pathways for (reverse)prenylation and geranylation
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B) Representative carbon nucleophiles in the biomimetic couplings with isoprene
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C) Catalytic hydrofunctionalization of 1,3-dienes with hydrazones
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D) This work: Ligand-controlled chemodivergent telomerization and hydrofunctionalization of isoprene with hydrazones
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FIGURE 1 | Biosynthetic and biomimetic (reverse-)prenylations and geranylations.

While 1,1-dimethylallene is a structurally well-defined C5 syn-
thon that delivers exclusive regioselectivity in prenylation trans-
formations [9-12], its industrial availability and synthetic acces-
sibility remain limited. In contrast, owing to its abundant source,
isoprene stands as an ideal candidate for the catalytic con-
struction of (reverse-)prenyl products (Figure 1A). Over the past
few decades, catalytic hydrofunctionalization have established
a versatile platform for alkene transformations [13-26], while
telomerization of 1,3-dienes offers a new paradigm for construct-
ing structurally complex molecules [27-39]. Despite this progress,

the selective synthesis of terpenoids via the hydrofunctional-
ization and telomerization of isoprene remains a long-standing
challenge [40]. Due to the similar electronic properties and steric
environments of the four olefinic carbons in isoprene, catalytic
systems struggle to differentiate them, resulting in the formation
of multiple regioisomers. What is even more challenging is how
to divergently control the chemoselectivity of the reaction using
highly similar catalytic systems. Our group has long been engaged
in the catalytic transformation of isoprene [41-49], developing
various strategies to achieve its coupling with a range of active
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carbon nucleophiles featuring low pK, values [50]. However,
the corresponding assembly of isoprene with the relatively inert
C(sp®)—H bonds of benzyl derivatives, which possess higher
pK, values, has not been realized despite being highly desirable
(Figure 1B) [51, 52].

Alternatively, hydrazones-derived from abundant carbonyl com-
pounds, which enabled carbonyl umpolung as benzylic reagent
equivalents for carbon-carbon bond formation reactions, have
emerged as a versatile tool for organic synthesis [53, 54]. This
strategy has been employed in the reactions of various elec-
trophiles [55-64] and has recently been found suitable for the
regioselective hydrobenzylation of 1,3-dienes (Figure 1C) [65-67].
However, in these elegant catalytic systems, their performances
on isoprene have never been reported. This is likely because
its regioselectivity for isoprene is inherently difficult to control,
let alone its chemoselectivity. Inspired by these precedents, we
envisioned introducing hydrazone chemistry into the transition
metal-catalyzed isoprene divergent transformations to achieve
selective benzylative telomerization and hydrofunctionalization.
As we anticipated, using the optimized conditions reported by
Li and Zhou [65-67] our initial studies showed that hydrazones
exhibited low reactivities and poor selectivities toward isoprene
under Ni or Ru catalysis (Figure 1C). To address these challenging
issues on reactivity and selectivity, we herein developed a ligand-
controlled telomerization and hydrofunctionalization of isoprene
with hydrazones under Ni catalysis. In this protocol, bulky and
electron-donating triarylphosphine ligand promoted the telom-
erization, whereas the hydrofunctionalization was favored by less
bulky and electron-withdrawing triarylphosphine ligand with the
assistance of BEt; (Figure 1D).

2 | Results And Discussion

4-Biphenylcarboxaldehyde-derived hydrazone 1la with isoprene
2 were chosen as model substrates to examine our hypothe-
sis in the presence of Ni(cod), as pre-catalyst and ‘BuOK as
base in 'PrOH at room temperature (Table 1). When PCy; was
employed, only a small amount of telomerization product 3a and
hydrofunctionalization product 6a were observed (entry 1). To
our delight, the use of PPh; led to the formation of the desired
hydrofunctionalization product 5a and 6a, along with the trace
amount of telomerization products (3a and 4a, entry 2). The
further evaluation of triarylphosphine ligands showed that the
electrical properties and steric hindrance of ligands significantly
influenced chemoselectivity. With electron-withdrawing groups
installed on the triarylphosphine, hydrofunctionalization product
5a was preferred over 6a (entries 3—7). Despite bearing strongly
electron-withdrawing substituents, ligand L6 features a large
cone angle of 181.6°, which lowered the yields of hydrofunc-
tionalization product 5a and 6a and gave some telomerization
adducts 3a and 4a (entry 8). Interestingly, the triarylphosphine
ligand L7, which has an electron-donating group and a small cone
angle (157.6°), yielded results like those of L6 (entry 9). Inspired
by the Pd-catalyzed isoprene telomerization reported by Finn
and coworkers [28], bulky and electron-rich phosphine ligands
can efficiently promote head-to-head telomerization of isoprene.
We subsequently screened ligands of this class (entries 10—12).
Pleasingly, L9, bearing a large cone angle and electron-donating
substituents, facilitated the formation of telomerization product

3a in 68% yield with high chemo- and regioselectivity (entry 11).
This result arises from the substantial steric bulk of the ligand,
which governs the coordination orientation of two isoprene
molecules at the Ni(0) center. The sterically demanding methyl
terminus of isoprene is oriented away from the bulky phosphine
ligand, while its electron-rich character enables oxidative cou-
pling between the two coordinated isoprene molecules. Despite
the clear influence of ligand properties on chemoselectivity,
the outcomes for the hydrofunctionalization with L4 were not
entirely satisfactory (entry 6, 5a/6a 60:11). Further condition
screening reveals that 'PrOH plays a crucial role in our Ni-
catalyzed system, in contrast to MeOH utilized in previously
reported Pd-catalyzed protocols [28, 44]. Gratifyingly, raising the
temperature to 50°C afforded an 89% yield (5a + 6a) even with less
loading of isoprene in a shorter reaction time (entry 13), and the
regioselectivity could be significantly improved by adding BEt,
(entry 14). On the other hand, the yield of telomerization product
3a was further enhanced to 81% by the addition of 3A molecular
sieves (entry 15). Full details of the reaction condition screening
are provided in Sections S3.1-S3.8.

With the optimized conditions in hand, we turned to explore the
generality of this nickel-catalyzed ligand-controlled chemodiver-
gence strategy. Using bulky and electron-donating triarylphos-
phine L9 as ligand, a wide range of hydrazones underwent
telomerization, achieving high yields and excellent regioselec-
tivities (Figure 2). Specifically, substrates bearing an electron-
neutral or an electron-donating groups at para position of phenyl
produced the desired telomerization products in good yields (3a-
g). Substrates equipped with electron-withdrawing substituents
could also be transformed smoothly (3h-m). The remaining
chloro- and bromo groups would be useful handles for further
manipulations. Furthermore, substrates with different electronic
effect at the ortho- or meta-positions also showed good perfor-
mance in this protocol (3n-u). Naphthyl and multi-substituted
telomerization products 3v-y were also obtained in moderate
to good yields. Heteroaryl hydrazones could be employed as
the reaction partners with isoprene to deliver the corresponding
products 3z and 3aa (66% and 57% yield). Intriguingly, double
telomerization product 3ab could be successfully generated
with the terephthalaldehyde-derived hydrazone as substrate.
Moreover, bioactive molecules and pharmaceutical fragments,
including D-menthol, canagliflozin, and probenecid remained
intact, withstanding the telomerization system smoothly to afford
the corresponding products (3ac-ae).

By switching the L9 to less bulky and electron-withdrawing
triarylphosphine L4, it successfully altered the chemoselectivity
from telomerization to  hydrofunctionalization, while
maintaining excellent regioselectivity (Figure 3). Benzaldehyde
hydrazone and other possessing a variety of substituents at the
para-position of the benzene moiety were effectively coupled
with isoprene, affording the target hydrofunctionalization
products in moderate to high yields (5a-1). The structures of
the hydrofunctionalization products 5a and 5h were confirmed
unambiguously by x-ray crystallographic analysis (CCDC 2506129
and 2506130). Substrates with methyl-, methoxy-, fluoro-, and
chloro groups at the ortho- or meta-positions did not impede the
reactions, the corresponding products (5m-s) were furnished
without a hitch. Multi-substituted and polycyclic aromatic
compounds could also be well adapted to the reaction process,
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TABLE 1 | Optimization

of reaction conditions.?

Ph

W
Ph

1a Ni(cod),/Ligand

+

P§

'BUOK, 'PrOH, 25 °C

IO
Ph

3a 5a

2
Entries Ligands % Vbur (min) Cone angle (°) [68] 3a (%) 4a (%) 5a (%) 6a (%)
1 PCy, 30.2 163.3 7 trace n.d. 6
2 PPh, 28.2 149.0 1 trace 45 5
3 L1 31.2 155.1 n.d. n.d. 15 2
4 L2 28.3 150.8 n.d. n.d. 55 5
5 L3 28.2 155.3 n.d. n.d. 53 7
6 L4 28.2 151.0 n.d. n.d. 60 1
7 L5 37.0 173.1 n.d. n.d. 34 4
8 L6 28.1 181.6 8 3 26 1
9 L7 28.2 157.6 6 1 18 18
10 L8 331 185.6 42 2 n.d. trace
1 L9 41.1 199.3 68 2 n.d. n.d.
12 L10 40.8 198.9 54 2 n.d. n.d.
13° L4 28.2 151.0 n.d. n.d. 74 15
14b¢ L4 28.2 151.0 n.d. n.d. 85 2
154 L9 41.1 199.3 81 3 n.d. n.d.
— R R F CFs, OMe MeO MeO

P@ ) 3 =|=

L1:R=2-F FH%:%F)3 P%Q:%)3 P@ ), P@ ), P@OMe)s

ti 2 z 2:& F F CF, o MeO MeO

L4: R = 4-CF L5 L6 L8: 2-OMe L9 L10

2Reaction conditions: 1a (0.20 mmol), 2 (1.0 mmol), Ni(cod), (10 mol%), ligand (12 mol%), ‘BuOXK (1.0 eq.), {PrOH (1.0 mL), 25°C, 24 h. The yields were determined
by GC-FID analysis of the crude mixture with 1,3,5-trimethoxybenzene as the internal standard.

52 (0.40 mmol) was used, reaction at 50°C for 8 h.
°BEt; (1.0 eq.) was added.
434 MS (20 mg) was added.

delivering the hydrofunctionalization products with high yields
(5t-w). The generality of the reaction was further showcased
by the tolerance of the heterocycle, including furan, thiophene,
pyridine, and quinoline, as products 5x-aa were afforded
smoothly. When terephthalaldehyde hydrazone was used, the
simultaneous installation of two reverse-prenyl groups was
achieved in one step (5ab). Moreover, this protocol has also been
successfully applied to the late-stage modification of bioactive
and pharmaceutical molecules (5ac-ae), further highlighting its
application potential. For acetophenone-derived hydrazones, no
telomerization product was detected under standard conditions,
and only trace amounts of the hydrofunctionalization product
were observed. This poor reactivity probably arises from
increased steric hindrance around the C=N bond.

To demonstrate the potential synthetic utility of this protocol,
gram-scale reactions and further transformations of product 3a
and 5a were conducted (Figure 4). The gram-scale experiments

of the model reaction afforded 0.83 g telomerization product
3a and 0.86 g hydrofunctionalization product 5a both in 91%
yields, maintaining high chemo- and regioselectivities. Further
treatment of 3a and 5a with m-CPBA resulted in the formation
of epoxides 7 and 13 in 84% and 80% yields, respectively.
Subsequently, introduction of a-chloro-p-tolualdehyde oxime, 3a
and 5a could easily produce isoxazolines 8 and 14 in moderate
yields [69]. Notably, compound 3a and 5a can easily change
their oxidation states through Wacker oxidation, generating the
corresponding ketones 9 and 15 with high efficiency. Olefin
isomerization is recognized as an efficient synthetic strategy for
constructing internal olefin skeletons [70, 71]. Under palladium
catalysis, migration of terminal olefin occurred to furnish the
corresponding internal olefin product 10 from 3a [72]. Addition-
ally, using 3-methyl-2-butanone and prenyl borates as C5 block,
two types of Pd-catalyzed coupling reaction with 3m underwent
smoothly to deliver sesquiterpenoids 11 and 12 in 54% and 70%
yield, respectively [73, 74]. Furthermore, treatment of the alkene
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FIGURE 2 | Substrate scope of hydrazones for telomerization. Condition A: 1a (0.20 mmol), 2 (1.0 mmol), Ni(cod), (10 mol%), L9 (12 mol%), 'BuOK
(1.0 eq.), 3A MS (20 mg), 'PrOH (1.0 mL), 25°C, 24 h. 22 (2.0 mmol), ‘BuOK (2.0 eq.), Ni(cod), (20 mol%), L9 (22 mol%). P1ae (0.15 mmol).

moiety via Lemieux-Johnson oxidation leading to the formation
of aldehyde 16 [75]. Meanwhile, the reaction of 5a with NBS
smoothly produced dibromination compound 17 [76] which is
versatile building block in synthetic chemistry. Additionally, the
Heck coupling reaction product 18 was obtained in 56% yield [77].
The structures of the ketone 15a and olefin 18 were confirmed
unambiguously by x-ray crystallographic analysis (CCDC 2506135
and 2506132).

To gain a deeper understanding of the reaction mechanism,
a series of mechanistic studies were performed. Deuterium-
labeling experiments were carried out to further explore the

reaction mechanism (Figure 5A). When deuterated hydrazone 1v-
d was employed in standard conditions, the products 3v-d1 and
5v-d1 were obtained with the completely preserve of deuterium
atom at the benzyl position, which means that the reaction did not
involve cleavage of the C—H bond at the benzyl position of hydra-
zone. Using 'PrOD-d; instead of 'PrOH, the results show that 60%
of deuterium on tertiary carbon of telomerization product 3v-
d2, 80% of deuterium on gem-dimethyl of hydrofunctionalization
product 5v-d2, and 88% deuterium on benzyl positions of both
products. This result suggests that protonation from 'PrOH is
probably involved in the telomerization and hydrofunctionaliza-
tion, and a hydrogen-deuterium exchange occurs between the
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FIGURE 3 | Substrate scope of hydrazones for hydrofunctionalization. Condition B: 1a (0.20 mmol), 2 (0.40 mmol), Ni(cod), (10 mol%), L4 (12
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'BuOK (2.0 eq.), Ni(cod), (20 mol%), L4 (22 mol%). 41ae (0.15 mmol).

'PrOD-d, and active N—H of hydrazone. Relying on such proton-
involving reaction mechanism, our protocol can be extended to
prepare various deuterated derivatives with proper deuterium
source.

On the other hand, BEt; plays a crucial role in regulating
the regioselectivity of the hydrofunctionalization reaction. The
control experiment on the loading of BEt; showed that when the
dosage gradually increased to 1.0 equivalent, both the selectivity
and reactivity of the reaction improved (Figure 5B). However,
adding excessive amounts of BEt; would result in a significant
decrease in yield. Although Ni/BEt; catalytic systems have
been reported to promote nickel-catalyzed reductive coupling

of alkynes with carbonyl compounds via ethyl transfer and -
hydride elimination to release ethylene and a nickel hydride
[78, 79], BEt; had no effect on reactivity and merely enhanced
regioselectivity in this work. We therefore propose that the BEt,
might interact with the hydrazone as a Lewis acid, rather than
serving as a source of hydride. The addition of BEt; induced a
slight downfield chemical shift from the comparison of the 'H
and F NMR spectra of hydrazone 1o with those of the mixture of
1o and BEt;. In contrast, a significant upfield shift was observed
in the "B NMR spectrum (Figure 5C). These resulted from
the decreasing electron density of substrate and the increasing
electron density at the boron of BEt; through the interaction of
hydrazone 10 and BEt;.
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A) Synthetic transformations of telomerization products
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FIGURE 4 | Gram-scale reaction and synthetic transformations.

To establish a systematic mechanistic framework, we first pro-
posed plausible mechanisms for this reaction based on the above
findings and previous reports (Figure 5D) [44, 48, 80]. For
the hydrofunctionalization enabled by sterically less hindered,
electron-withdrawing triarylphosphine ligands, the catalytic
cycle proceeds via the following pathway. Initially, coordination
of isoprene and ‘PrOH to the Ni(0) precursor generates interme-
diate INT1. A subsequent reversible ligand-to-ligand hydrogen
transfer (LLHT) process affords the 7-allyl-Ni(II) complex INT2.
INT2 further undergoes ligand exchange with diazene anion
1’, which is in situ generated by deprotonation of hydrazone 1,
to furnish intermediate INT3. Thereafter, isopropoxide-assisted
deprotonation of the nickel-coordinated nitrogen atom within
the azo moiety yields INT4, followed by selective reprotonation
at the a-carbon of the azo group to form INTS5. Subsequent
denitrogenation of INTS5 delivers intermediate INT6. Ultimately,
reductive elimination from INT6 releases the target product 5
and regenerates the active Ni(0) catalyst to close the catalytic
cycle.

In the telomerization pathway favored by bulky and electron-
donating triarylphosphine, the available coordination site allows
Ni(0) to coordinate two molecules of isoprene. The resulting
Ni(0) intermediate INT7 promotes isoprene dimerization via
oxidative cyclometallation. This process is facilitated by the

electron-rich phosphine ligand and coordinatively unsaturated
nickel center, a structural characteristic originating from the
large steric hindrance of the bulky phosphine ligand, thereby
yielding the bis-7r-allyl-Ni(II) complex INTS8. Subsequent pro-
tonation mediated by ‘PrOH generates INT9. Thereafter, INT9
undergoes the identical cascade of ligand exchange, proton
transfer, and denitrogenation steps as aforementioned to afford
INT13. In the final step, bulky phosphine-promoted reductive
elimination delivers product 3 with high regioselectivity. Notably,
although comparable head-to-head selectivity for telomerization
adducts is achieved in prior isoprene telomerization protocols
using arylboronic acid derivatives [36, 48], these transformations
proceed through distinct key mechanistic steps: arylboronic acids
undergo transmetalation, whereas hydrazones proceed via ligand
exchange.

To further validate the proposed mechanism, density functional
theory (DFT) calculations were carried out using Gaussian [81],
with workflow management and data analysis (thermochemistry,
FMO plots, visualization, etc) automated by the CHEMSMART
[82] toolkit. Detailed energy profiles for both hydrofunctionaliza-
tion and telomerization pathways and the corresponding analyses
are provided in Section S9.3. Here, we present a detailed investiga-
tion of the key intermediates and transition states to elucidate the
role of the BEt; additive in enhancing the regioselectivity of the
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A) Deuterium-labeling experiments

B) Effect of BEt; in hydrofunctionalization
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FIGURE 5 | Mechanistic studies and proposed mechanism.

hydrofunctionalization reaction (Figure 6A). DFT calculations
further demonstrate that BEt; exerts its regulatory effect upon
generation of INT3/INT3’, predominantly modulating the fol-
lowing turnover-determining transition states (TDTSs), TS3, and
TS3'. BEt; coordination does not affect the turnover-determining
intermediates (TDIs) in either competing pathway; instead, it
lowers the energetic spans of both pathways by stabilizing the
corresponding TDTSs: TS3_BEt; is 8.9 kcal/mol lower in energy
than TS3, whereas TS3’_BEt; is lowered only by 6.0 kcal/mol
relative to TS3’. Because the two TDTSs are not stabilized to
the same extent, AAG* increases from 0.4 to 3.3 kcal/mol. This
difference may be associated with the distinct steric environments
of the competing TDTSs and could contribute to the enhanced
regioselectivity (the NCI plots in Figure S8 show that TS3_BEt;
exhibits less steric congestion than TS3’_BEt;).

Subsequently, to elucidate the origin of ligand-controlled
chemodivergence, the competing pathways associated with
ligands L4 and L9 were compared based on the computed energy
profiles (Figure 6B). Ni(cod), was taken as the same starting point
for all four reaction pathways. The left-hand side corresponds
to the reaction pathways involving ligand L4. According to
the computed energy profiles, the oxidative cyclometallation
transition state TS1a associated with the telomerization pathway
(gray line) is 2.7 kcal/mol lower in energy than the LLHT
transition state TS1 of the competing hydrofunctionalization
pathway (black line). However, the subsequent protonation step
via TS2a involves a prohibitively high barrier of 36.0 kcal/mol,
rendering this pathway kinetically inaccessible. These results
indicate that, when ligand L4 is employed, the reaction is
ultimately biased toward the hydrofunctionalization pathway.

8of12
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A) Gibbs free energy profile for the key transition states and intermediates associated with the BEt; effect of hydrofunctionalization reaction
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FIGURE 6 | DFT calculations on the key transition states and intermediates associated with the BEt; effect and four competing reaction pathways.

Gibbs free energies are given in SMD(2-Propanol)-MN15/def2-TZVP//MN15/def2-SVP level of theory. Relative Gibbs free energies for four pathways are
given in kcal/mol with respect to the same starting materials Ni(cod),. The thermochemical corrections for the L4-related pathways (left) were evaluated
at 323.15 K (50°C), whereas those for the L9-related pathways (right) were evaluated at 298.15 K (25°C).

The right-hand side corresponds to the reaction pathways with
ligand L9. In this case, the key transition state of the telom-
erization pathway, TS7 (black line), is 0.9 kcal/mol lower in
energy than TS6a in the competing LLHT pathway (gray line,
detailed conformational sampling has been done, see Section
S9.5), and is followed by the formation of the thermodynam-
ically stable intermediate INT10 (—10.7 kcal/mol). Although
the subsequent reductive elimination step TS11 is identified as
the TDTS of the telomerization pathway, the proton-transfer
step after INT10, followed by denitrogenation, is effectively
irreversible owing to both N, release and the prohibitively high
reverse barrier from INT13 to TS7 (53.5 kcal/mol; see Figure
S5 for the complete telomerization energy profile). Therefore,
TS7 can still be regarded as the pathway-determining step
governing the observed chemodivergence. The results suggest
that ligands L4 and L9 preferentially stabilize the LLHT transi-
tion state and the protonation transition state following oxida-
tive cyclometallation, respectively. Consequently, the reaction
proceeds through the hydrofunctionalization pathway in the

presence of L4, whereas the telomerization pathway is favored
when L9 is employed. Analysis of key transition states in the
chemodivergence-determining step is provided in Section S9.5.

3 | Conclusions

In conclusion, we have developed a Ni-catalyzed chemodiver-
gent telomerization and hydrofunctionalization of isoprene with
hydrazones. This chemodivergence of our strategy is highly
correlated with the ligand structure. Specifically, the choice of
less bulky and electron-withdrawing triarylphosphine promotes
the LLHT leading to the reverse-prenylated products. In contrast,
bulky and electron-donating triarylphosphine facilitates the pref-
erential occurrence of the oxidative cyclometallation of isoprene
giving rise to the telomerization products. Furthermore, this
protocol exhibited broad functional group tolerance and allows
streamlining access to unnatural terpenoids with high selectiv-
ity from simple and readily available substrates. The resulting
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terpenoids are valuable synthetic intermediates for bioactive
natural products, flavors, fragrances, and fine chemicals, and
this method is also applicable to the late-stage modification
of natural products and pharmaceuticals. Mechanistic studies
and DFT calculations further elucidated the origins of both
the BEt;-promoted regioselectivity and the ligand-controlled
chemodivergence. It is anticipated that the developed protocol
will greatly enrich the toolbox of terpenoid synthesis and pro-
vide an additional dimension for the further development of
controllable catalytic transformations of isoprene.
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