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CONSPECTUS: The preparation of complex molecules (e.g., biologically active secondary
metabolites) remains an important pursuit in chemical synthesis. By virtue of their
sophisticated architectures, complex natural products inspire total synthesis campaigns that
can lead to completely new ways of building molecules. In the twentieth century, one such
paradigm which emerged was the use of naturally occurring “chiral pool terpenes” as starting
materials for total synthesis. These inexpensive and naturally abundant molecules provide an
easily accessed source of enantioenriched material for the enantiospecific preparation of
natural products. The most common applications of chiral pool terpenes are in syntheses
where their structure can, entirely or largely, be superimposed directly onto a portion of the
target structure. Less straightforward uses, where the structure of the starting chiral pool
terpene is not immediately evident in the structure of the target, can be more challenging to
implement. Nevertheless, these “nonintuitive” approaches illustrate the ultimate promise of
chiral pool-based strategies: that any single chiral pool terpene could be applied to syntheses
of an indefinite number of structurally diverse complex synthetic targets.
By definition, such strategies require carefully orchestrated sequences of C−C bond forming and C−C cleaving reactions which
result in remodeling of the terpene architecture. The combination of traditional rearrangement chemistry and transition-metal-
catalyzed C−C cleavage methods, the latter of which were primarily developed in the early twenty-first century, provide a rich and
powerful toolbox for implementing this remodeling approach. In this Account, we detail our efforts to use a variety of C−C cleavage
tactics in the skeletal remodeling of carvone, a chiral pool terpene. This skeletal remodeling strategy enabled the reorganization of
the carvone scaffold into synthetic intermediates with a variety of carboskeletons, which we, then, leveraged for the total syntheses of
structurally disparate terpene natural products.
We begin by describing our initial investigations into various, mechanistically distinct C−C cleavage processes involving
cyclobutanols synthesized from carvone. These initial studies showcased how electrophile-mediated semipinacol rearrangements of
these cyclobutanols can lead to [2.2.1]bicyclic intermediates, and how Rh- and Pd-catalyzed C−C cleavage can lead to a variety of
densely functionalized cyclohexenes pertinent to natural product synthesis. We, then, present several total syntheses using these
synthetic intermediates, beginning with the bridged, polycyclic sesquiterpenoid longiborneol, which was synthesized from a carvone-
derived [2.2.1]bicycle following a key semipinacol rearrangement. Next, we discuss how several members of the macrocyclic
phomactin family were synthesized from a cyclohexene derivative prepared through a Rh-catalyzed C−C cleavage reaction. Finally,
we describe our synthesis of the marine diterpene xishacorene B, which was prepared using a key Pd-catalyzed C−C cleavage/cross-
coupling that facilitated the assembly of the core [3.3.1]bicycle that is resident in the natural product structure.

■ KEY REFERENCES

• Masarwa, A.; Weber, M.; Sarpong, R. Selective C−C and
C−H Bond Activation/Cleavage of Pinene Derivatives:
Synthesis of Enantiopure Cyclohexenone Scaffolds and
Mechanistic Insights. J. Am. Chem. Soc. 2015, 137,
6327−6334.1 This work demonstrates that Rh-catalyzed
C−C bond cleavage and electrophile induced semipinacol
rearrangements of carvone derived cyclobutanols can be used
to access densely functionalized cyclohexyl and [2.2.1]-
bicyclic intermediates.

• Lusi, R. F.; Sennari, G.; Sarpong, R. Total Synthesis of
Nine Longiborneol Sesquiterpenoids Using a Function-

alized Camphor Strategy. Nat. Chem., 2022. 10.1038/
s41557-021-00870-4.2 This work demonstrates that the
[2.2.1]bicycle intermediates accessed by scaf fold remodeling
of carvone can be used to prepare bridged polycyclic

Received: December 17, 2021
Published: February 16, 2022

Articlepubs.acs.org/accounts

© 2022 American Chemical Society
746

https://doi.org/10.1021/acs.accounts.1c00783
Acc. Chem. Res. 2022, 55, 746−758

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
C

A
L

IF
O

R
N

IA
 B

E
R

K
E

L
E

Y
 o

n 
M

ar
ch

 1
6,

 2
02

2 
at

 2
1:

23
:3

5 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Robert+F.+Lusi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Melecio+A.+Perea"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Richmond+Sarpong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.accounts.1c00783&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.1c00783?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.1c00783?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.1c00783?goto=recommendations&?ref=pdf
https://doi.org/10.1038/s41557-021-00870-4?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41557-021-00870-4?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/doi/10.1021/acs.accounts.1c00783?fig=agr1&ref=pdf
https://pubs.acs.org/toc/achre4/55/5?ref=pdf
https://pubs.acs.org/toc/achre4/55/5?ref=pdf
https://pubs.acs.org/toc/achre4/55/5?ref=pdf
https://pubs.acs.org/toc/achre4/55/5?ref=pdf
pubs.acs.org/accounts?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.accounts.1c00783?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/accounts?ref=pdf
https://pubs.acs.org/accounts?ref=pdf


terpenes, enabling a synthetic strategy that is orthogonal to
traditional approaches.

• Kuroda, Y.; Nicacio, K. J.; da Silva, I. A., Jr.; Leger, P. R.;
Chang, S.; Gubiani, J. R.; Deflon, V. M.; Nagashima, N.;
Rode, A.; Blackford, K.; Ferreira, A. G.; Sette, L. D.;
Williams, D. E.; Andersen, R. J.; Jancar, S.; Berlinck, R.
G. S.; Sarpong, R. Isolation, Synthesis, and Bioactivity
Studies of Phomactin Terpenoids. Nat. Chem. 2018, 10,
938−945.3 This work demonstrates that our scaf fold
remodeling strategy can enable ef f icient preparation of the
cyclohexyl f ragment of the phomactin diterpenoids. This
addresses a long-standing challenge in the synthesis of these
molecules and enables a uniquely divergent synthesis.

• Kerschgens, I.; Rovira, A. R.; Sarpong, R. Total Synthesis
of (−)-Xishacorene B from (R)-Carvone Using a C−C
Activation Strategy. J. Am. Chem. Soc. 2018, 140, 9810−
9813.4 This work demonstrates the Pd-catalyzed C−C
bond cleavage/cross-coupling as a strategy to access the
diterpene xishacorene B.

1. INTRODUCTION
Chiral pool terpenes (e.g., 1 and 2, Scheme 1A) are a
collection of naturally occurring, stereochemically rich feed-
stock chemicals that have been employed for decades as
building blocks in the synthesis of topologically complex
natural products.5 One prominent example of this paradigm is
Wender’s 1997 total synthesis of Taxol (3), in which the
naturally occurring α-pinene (1 and 2) derivative verbenone
(4) was utilized in a creative photorearrangement (Scheme
1A).6 In a complementary example, Maimone and co-workers

illustrated how leveraging myrtenal (5), another naturally
occurring α-pinene derivative, in a novel “oxygen-stitching”
strategy could facilitate rapid access to the antimalarial natural
product cardamom peroxide (6; Scheme 1A).7 Notably, in
Wender’s synthesis, the carbonyl group in verbenone, which is
derived from an oxidation of the allylic methylene of α-pinene,
enabled the key photorearrangement. In Maimone’s synthesis,
the aldehyde of myrtenal, resulting from oxidation of the allylic
methyl group of α-pinene, set the stage for accessing the
cardamom peroxide skeleton using a McMurry coupling.
Therefore, it stands to reason that oxidation at other sites of α-
pinene, such as at the bridgehead position or either methyl of
the gem-dimethyl grouping, could pave the way to other natural
product scaffolds. However, accessing the requisite oxygenated
derivatives directly from pinene (i.e., the intuitive approach) is
challenging as it would require site-selective functionalizations
of unreactive C(sp3)−H bonds (Scheme 1B).8 To circumvent
this obstacle, Bermejo and co-workers developed a non-
intuitive strategy for accessing unnatural hydroxylated pinene
derivatives such as 10 and 11 (Scheme 1C). Epoxidation of the
isopropenyl moiety of (S)-carvone (7), followed by a Ti(III)-
mediated epoxide radical ring-opening/cyclization, likely
proceeding through chairlike transition states 8 and 9,
furnished pinene cyclobutanols 10 (as the major diastereomer)
and 11 (as the minor disatereomer).9 This carvone-remodeling
tactic subsumed the carvone isopropenyl unit into the
characteristic [3.1.1]bicycle of pinene and ultimately provided
an opportunity to achieve both oxygenation of the bridgehead
position and the gem-dimethyl groups. Following this initial
report, Bermejo and co-workers showcased the power of this
strategy in a concise synthesis of (+)-paeonisuffrone (15;

Scheme 1. Pinene Derivatives in Chemical Synthesis: (A) Synthesis of Taxol and Cardamom Peroxide from Verbenone and
Myrtenal, (B) “Intuitive” C−H Functionalization Approach to Pinene Derivatives, (C) “Nonintuitive” Carvone-Remodeling
Approach to Pinene Derivatives, and (D) Bermejo’s Synthesis of (+)-Paeonisuffrone
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Scheme 1D).10 Beginning from (S)-carvone, the authors
synthesized epoxy pivalate 12, which was then subjected to
the key Ti(III)-mediated cyclization to afford cyclobutanol 13
as the major diastereomer. Protection of the resulting diol
followed by allylic oxidation provided enone 14, which was
converted to (+)-paeonisuffrone by cleavage of the pivalate
group and 1,4-addition of the unveiled primary hydroxy group
into the enone. Overall, this work set the stage for our own
recognition that these cyclobutanols could provide a platform
for further development of novel synthetic strategies.
Motivated by our group’s longstanding interest in

developing new strategies for chemical synthesis, we sought
to employ the Bermejo dihydroxylated pinenes as versatile
intermediates in the preparation of diverse families of natural
products. The versatility of these pinene derivatives can be
attributed to two key characteristics: (1) both enantiomers of
10 and 11 are readily prepared from carvone, a feedstock
chemical available in both enantiomeric forms, and (2) the
bicycles feature an embedded cyclobutanol motif, which could
be manipulated in myriad ways to achieve structural
diversification. Cyclobutanols, by virtue of their ring strain,11

are privileged scaffolds for C−C bond cleavage method-
ologies.12 Specifically, they are known to undergo both ring-
expansion rearrangements13 (Scheme 2A) and ring-opening/

C−C bond functionalizations (Scheme 2B) via either two-
electron14 or one-electron15 pathways. At the outset of our
studies, C−C bond cleavage tactics involving chiral pool
derived cyclobutanols were relatively underexplored in
complex molecule synthesis,16 which, to us, prompted the
fundamental question of the research described herein: can C−
C bond cleavage serve as a strategy to effect deep-seated
skeletal changes in 10 and 11 to remodel them into a variety of
natural product precursors? Execution of this strategy would
not only set the stage for the synthesis of structurally disparate
natural products but would also showcase the nonintuitive
utility of carvone and C−C bond cleavage tactics in complex
molecule synthesis.
In designing our strategy, we envisioned that either of the

two C−C bonds proximal to the tertiary hydroxy group of the
cyclobutanol in 10 or 11 could be selectively cleaved by
leveraging their distinct steric environments (Scheme 3). We
hypothesized that selectivity for these orthogonal C−C bond
cleavage events could be achieved depending on the specific
reaction conditions employed. For instance, activation of the
olefin group in 10 or 11 with an appropriate electrophile would
render the C5 position electrophilic (see intermediate 16),
promoting selective cleavage/migration of the more sub-
stituted C1−C4 bond17 (highlighted red in Scheme 3) via

semipinacol rearrangement.18 Such a reaction would furnish
[2.2.1]bicyclic intermediates (such as 17), which we
envisioned could be used to access natural products such as
longiborneol2 (18). Conversely, generation of a transition
metal alkoxide (19) from 10 or 11 would lead to selective
cleavage of the less substituted C1−C2 bond19 (highlighted
blue in Scheme 3) through a β-carbon elimination, leading to
versatile organometallic-cyclohexenyl intermediates (e.g., 20)
that are poised to undergo further complexity-building
reactivity. Reaction products derived from these intermediates
would set the stage for syntheses of natural products such as
phomactin A3 (21) and xishacorene B4 (22). Traditionally,
accessing highly substituted, stereochemically rich cyclo-
hexenyl cores, such as 20, in an efficient manner has been
challenging.3 Notably, our strategy would serve as a solution to
this long-standing problem. Overall, in concert with the work
of Bermejo and co-workers, these strategies enable rapid access
to enantioenriched, highly functionalized pinene, camphor, and
cyclohexenone derivatives from carvone, thus providing a
general platform for diverse terpene natural product synthesis.

2. ELECTROPHILE-MEDIATED SKELETAL
REMODELING OF CARVONE-DERIVED
PINENE-DERIVATIVES

We, first, investigated rearrangements of 10 and 11 induced by
electrophilic activation of the alkene group and found that two
modes of reactivity could be achieved.1 In the first mode
(Scheme 4A), which is observed with both 10 and 11,
electrophilic activation of the more sterically accessible face of
the C−C double bond (opposite the C4 quaternary center)
creates an electrophilic site at C5, leading to a strain-
accelerated semipinacol rearrangement. This sequence results

Scheme 2. C−C Bond Cleavage Paradigm of Cyclobutanols:
(A) Ring-Expansion Rearrangements and (B) Ring-
Opening/C−C Bond Functionalization

Scheme 3. Our General C−C Bond Cleavage Strategies
Employed in the Total Synthesis of Complex Terpene
Natural Products
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in selective C1−C4 bond cleavage, furnishing bicyclo[2.2.1]
carboskeletons (e.g., 17). In cases where C5 remains
coordinatively saturated (e.g., when 10 or 11 is epoxidized),
this selectivity likely results from the stereoelectronically more
favored antiperiplanar relationship between the C1−C4σ and
the C5−Eσ* orbitals.17 Furthermore, upon protonation of 10
or 11 to generate a C5 carbocation, selectivity for C1−C4
bond cleavage is also observed due to the greater migratory
aptitude of C4, compared to C2. In the second mode,
additional products were observed, due to the stereochemical
configuration of C4 in 11. In this case, electrophilic activation
resulted in cyclization of the primary hydroxy group to C5 (see
intermediate 23), which furnished ether-bridged tricycles (e.g.,
24). This mode of reactivity was not unexpected, as it
resembles the final conjugate addition employed in Bermejo’s
synthesis of (+)-paeonisuffrone (see 14 → 15, Scheme 1).
Thus, the reactivity paradigms of 10 and 11 with electrophilic
reagents are as follows: 10 leads to bicyclo[2.2.1] products,
through semipinacol rearrangement, while 11 leads to similar
[2.2.1]bicycles as well as tricyclic ethers resulting from
nucleophilic etherification (Scheme 4A, B).
We examined the scope of the reactions outlined above with

respect to the electrophile (Scheme 4C). We found that 10
reacted with m-CPBA to give dihydroxycamphor 25 (Scheme
4C, top left). Notably, epoxide ring-opening, through the
desired semipinacol rearrangement, resulted in hydroxylation
of the C6 position. Similarly, treatment of 11 with m-CPBA
gave 26 and 27 in a 1:9 ratio (Scheme 4C, top right).
Reactions of 10 and 11 with pyridinium p-toluenesulfonate
(PPTS) led to similar products (28−30), where C6 was
converted to a methylene group (Scheme 4C, middle).
Presumably, these products are generated via a C5 carbocation

intermediate. Unexpectedly, we found that subjecting 11 to N-
bromosuccinimide (NBS) gave tricyclic ether 33 (Scheme 4C,
bottom right). This product likely resulted from conversion of
11 to the corresponding bromonium ion (31), which then
underwent a semipinacol rearrangement to brominated
camphor derivative 32. Nucleophilic attack of the hydroxy
group onto the alkyl bromide then gave tricyclic ether 33.
When 10 was treated with NBS, a similar semipinacol
rearrangement gave alkyl bromide 34 (Scheme 4C, bottom
left). In this case, nucleophilic addition of the hydroxy group
into the proximal ketone produced acetal 35, which underwent
a Grob fragmentation to yield bicyclic lactone 36.
In summary, reaction of 10 or 11 with m-CPBA, PPTS, and

NBS yields a variety of highly diverse natural product-like
scaffolds. These include: bridged-ether pinane (27 and 30),
hydroxylated camphor analogues (25, 26, 28, and 29), and 5/
6-fused bicyclic ring systems (36). In the past, substituted
camphor analogues have been valuable intermediates in total
synthesis; however, there are few strategies for the preparation
of C6 functionalized derivatives.20 Notably, our preparation of
these analogues from carvone serves as a nonintuitive solution
to this long-standing challenge. By leveraging 28 as a starting
material in our synthesis of longiborneol (vide infra), we have
showcased how camphor derivatives may serve as valuable
intermediates in the preparation of complex molecules.

3. TRANSITION METAL-CATALYZED SKELETAL
REMODELING OF CARVONE-DERIVED PINENE
DERIVATIVES

Concurrent with our investigations into the skeletal restructur-
ing of cyclobutanols 10 and 11 using electrophilic activation,
we envisioned an orthogonal strategy for skeletal remodeling

Scheme 4. Electrophile-Mediated Skeletal Remodeling of Carvone-Derived Cyclobutanols: (A) Synthesis of Bicyclo[2.2.1]
Scaffolds (25, 26, 28, 29, 33), (B) Synthesis of Ether-Bridged Tricyclic Scaffolds (27, 30, 33), and (C) Overview of Reaction
Conditions Leading to Natural-Product-like Scaffolds
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through transition metal catalysis.1 Specifically, we hypothe-
sized that transition metal-catalyzed β-carbon elimination
could effect cleavage of the sterically less-hindered C1−C2
bond of 10 or 11 and lead to the synthetically versatile
cyclohexenyl core (20). This metalated intermediate could be
leveraged to access a variety of products, all of which contain a
preinstalled quaternary center and several functional groups
poised for subsequent derivatization (Scheme 5A). In general,
while C−C bond cleavage processes face several thermody-
namic and kinetic obstacles,21 it is well-established that
strained systems, such as cyclobutanols, are primed for both
Rh(I)-catalyzed22 and Pd(II)-catalyzed23 C−C bond cleavage.
Additionally, the ability to tune transition metal complexes
both sterically and electronically, combined with their well-
documented propensity to promote β-carbon elimination at
the least sterically hindered C−C bond, added to our
confidence that we could achieve the desired selectivity.
Ultimately, we envisioned that this approach would have the
potential to establish a unified synthetic approach to several
enantioenriched natural products (e.g., 21, 37−39), each
containing a densely functionalized cyclohexenyl core with an
all-carbon quaternary center (Scheme 5B). These natural
products would, thus, be prepared in enantioenriched form
from the corresponding cyclohexenone derivatives (e.g., 40
and 41, or enantiomers thereof), starting from the appropriate
enantiomer of carvone (7 or ent-7). Because complete control
over the absolute and relative configurations of the C3−C4
stereodiad is achieved, this strategy, in principle, could extend
beyond the representative natural products shown in Scheme 5
and ultimately enable access to myriad natural products
containing this key cyclohexenyl motif.
Our studies commenced by first examining the Rh-catalyzed

C−C bond cleavage of cyclobutanol 10 using conditions
similar to those employed by Murakami24 and Cramer25

(Scheme 6). Using 10, we found that treatment with
[Rh(COD)OH]2 at 65 °C for 1.5 h (entry 1, Scheme 6A)
afforded a mixture of products, including desired cyclo-
hexenone 40 and side-products 42 and 43. The addition of
(S)-BINAP (entry 2) precluded the formation of cyclo-
hexenone 40 and phenol 43 and instead provided cyclohexene
42, exclusively. Notably, use of R-BINAP led to no observed
products from the ring-opening reaction, and only delivered a
complex reaction mixture. Gratifyingly, it was found with
further optimization that the desired cyclohexenone (40)

could be obtained as the major product over a prolonged
reaction time and at a lower temperature without need for a
ligand (entry 3).
The proposed mechanism for the formation of 40, 42, and

43 from cyclobutanol 10 is outlined in Scheme 6B. The
pathway to all three products begins with in situ generated Rh-
alkoxide 44 undergoing selective C1−C2 β-carbon elimination
to furnish C2 alkyl-Rh intermediate 45. At this divergence

Scheme 5. Transition Metal-Catalyzed Skeletal Remodeling of Carvone-Derived Cyclobutanols: (A) General Cyclohexenone
Synthesis and (B) Unified Synthesis of Natural-Product-like Scaffolds from Carvone

Scheme 6. Rh-Catalyzed C−C Bond Cleavage of Major
Cyclobutanol 10: (A) Optimization of C−C Bond Cleavage
of 10 and (B) Proposed Mechanism of C−C Bond Cleavage
of 10
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point, 45 can lead either to products 40 and 42, or product 43
via two possible pathways (path A and B). Beginning with
formation of 40 and 42, C2 alkyl-Rh 45 can either undergo a
1,3-Rh shift26 through C−H activation27,28 (Path A) or a series
of isomerization events (path B) to give C7 alkyl-Rh
intermediate 46. More specifically, the synthesis of 46 via
path B entails the C2 alkyl-Rh complex (45) first undergoing
β-hydride elimination to give cyclohexenone intermediate 47,
followed by isomerization of the newly formed C2−C3
exomethylene to the internal C3−C7 olefin to provide diene
48. Reinsertion of Rh−H29 (formed from the preceding β-
hydride elimination) to the C3−C7 olefin of 48 furnishes C7
alkyl-Rh intermediate 46, which can be represented by its π-
allyl form (49). Protonation of the presumed Rh-enolate30

delivers cyclohexene 42, and further isomerization of this
product to establish conjugation delivers desired cyclo-
hexenone 40. On the other hand, phenol 43 is formed
following formation of diene 48 through path A by
epimerization of the C7 alkyl-Rh intermediate 46, followed
by β-hydride elimination, or through path B (vide supra).
Upon formation of diene 48, a retro-aldol/aromatization
process extrudes formaldehyde, thus giving phenol 43. Of note,
the addition of t-butyl acrylate to the reaction mixture (entry 4,
Scheme 6A) provided phenol 43 as the major product in 92%
yield, presumably by trapping the Rh−H formed during 45 →
47, and thereby impeding the previously competitive formation
of 40. Additionally, when the derivative of 10 bearing an
acetylated primary hydroxy group was subjected to these
reaction conditions (not shown), acetylated 48 was obtained as
the major product (70% yield), thus providing further support
for our mechanistic rationale.
In addition to major cyclobutanol 10, minor cyclobutanol 11

also proved competent in the Rh-catalyzed C−C bond
cleavage reaction (Scheme 7A). Treatment of 11 with the

optimized conditions developed for 10 (see Scheme 6A, entry
3) provided desired cyclohexenone 41 as the major product
with minimal competing formation of phenol 43 (Scheme 7A).
Alternatively, cyclohexenone 41 could be obtained from ether-
bridged tricycle 30 upon treatment with [Rh(COD)OH]2 and
R-BINAP at 80 °C (Scheme 7B). This process is believed to

proceed through β-carbon elimination to form C2 alkyl-Rh
intermediate 50, followed by a 1,4-Rh migration31 to provide
C6 alkyl-Rh intermediate 51. This intermediate then under-
goes a β-alkoxy elimination to forge cyclohexenone 41 in
overall good yield (85% yield, 95% by 1H NMR).
Following our studies into the Rh-catalyzed C−C bond

cleavage of cyclobutanols 10 and 11, we expanded upon this
work by developing a complementary Pd-catalyzed tandem C−
C bond cleavage/cross-coupling approach.32 Previously,
Uemura and co-workers demonstrated a Pd-catalyzed C−C
bond cleavage/cross-coupling of simple tert-cyclobutanols
(e.g., 52) with aryl or vinyl halides (Scheme 8).33

Mechanistically, this sequence begins with a Pd(0) oxidative
addition into the C−X bond of the cross-coupling electrophile
to give 54, followed by ligand exchange with cyclobutanol 52
to form Pd-alkoxide 55. Next, β-carbon elimination leads to
alkyl-Pd intermediate 56, which undergoes reductive elimi-
nation to furnish cross-coupled product 53 with concomitant
regeneration of the Pd(0) catalyst. We recognized that this
chemistry could enable restructuring and further functionaliza-
tion of the carvone-derived cyclobutanols (10 and 11) via (1)
ring-opening/cross-coupling and (2) reaction between the
cross-coupled group and the newly unveiled ketone/enone,
thus setting the stage for rapid construction of diverse natural
product-like scaffolds (Scheme 9).
After some investigation, we discovered that acetate-

protected 57 (derived from the major diastereomer) and
ether-bridged tricycle 30 (derived from the minor cyclo-
butanol) were also amenable to this type of reactivity (Scheme
10A). Specifically, a Pd(OAc)2/(R)-BINAP precatalyst system
afforded a range of ring-opened/cross-coupled products
(generalized as 58 and 59) from the reaction of the two
bridged cyclobutanols with a variety of aryl (or vinyl)
bromides. Furthermore, we demonstrated that the strategy
outlined in Scheme 9 could be applied to access the core (62)
of a unique class of C17−C12 oxo-bridged taxoids (Scheme

Scheme 7. (A) Rh-Catalyzed C−C Bond Cleavage of Minor
Cyclobutanol 11 and (B) Rh-Catalyzed C−C Bond Cleavage
of Tricycle 30

Scheme 8. Pd-Catalyzed C−C Bond Cleavage/Cross-
Coupling by Uemura and Coworkers
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10B), such as taxinine M (63).34 The synthesis of 62 began
with coupling 30 and aryl bromide 60 to afford cross-coupled
adduct 61. Enolization of the northern ketone with LHMDS
followed by intramolecular aldol addition of the resulting
enolate to the southern ketone forged the central eight-
membered ring, furnishing the tetracyclic framework of these
taxoids (i.e., 62). Notably, this sequence constitutes the first
synthesis of the core of this class of taxoid natural products.
In summary, our lab was able to effectively develop two

transition-metal-catalyzed C−C bond cleavage paradigms
based on rhodium and palladium catalysis. With rhodium
catalysis, both the major and minor cyclobutanols could be
remodeled to synthetically versatile, stereochemically rich
cyclohexyl motifs. In a complementary fashion, palladium
catalysis enabled further functionalization of these cyclohexyl
motifs by leveraging the cross-coupling ability of the in situ
generated alkyl-Pd intermediate. In the following sections, we
describe how our aforementioned electrophile-mediated
rearrangement strategy (Section 2), along with these transition
metal-catalyzed cyclobutanol opening reactions have proven to
be effective strategies for the syntheses of various terpenoids,
including the longinorneol sesquiterpenoids,2 phomactin
diterpenoids,3 and the diterpene xishacorene B.4

4. TOTAL SYNTHESIS OF LONGIBORNEOL
SESQUITERPENOIDS

We identified the longiborneol family of natural products (18
and oxidized congeners)35 as ideal synthetic targets that could
be prepared using our carvone-derived bicyclo[2.2.1] inter-
mediates. Additionally, we envisioned that intermediates en
route to these natural products would serve as ideal platforms
for exploring late-stage diversification enabled by C−H
functionalization.
Traditional strategies for formulating a retrosynthesis for

longiborneol would prompt an immediate disconnection of the
[2.2.1]bicycle (Scheme 11A). For example, classical bond
network analysis36 favors disconnection of the western ring of
the bicycle, as it is the maximally bridged ring.37 The proposed
biosynthesis of the molecule similarly forms the bicycle at the
end,38 and so would be disconnected first in a bioinspired
retrosynthesis. While such strategies have proven effective in
previous syntheses,39−41 we hypothesized that a more efficient
synthesis could be achieved by first accessing a topologically
complex fragment and then constructing the remainder of the
natural product around this core fragment. Thus, we proposed
that longiborneol (18) could arise from late-stage intermediate
64, which features ketone and alkene functional handles that
could strategically enable late stage oxidation (Scheme 11B).
In turn, 64 could be accessed from two fragments, 28 and 65,
by a fragment coupling and cyclization sequence, in the
forward sense. Finally, functionalized camphor derivative 28
could be elaborated from carvone using our nonintuitive
remodeling sequence (7 → 10 → 28).1 We note that Kuo and
Money synthesized longiborneol using a similar strategy to the
one that we proposed.42 In their report, the seven-membered
ring was constructed with a key Mukaiyama aldol con-
densation, which formed the C6−C7 bond. While effective for
ring formation, this tactic necessitated several concession steps
to subsequently install the C6 all-carbon quaternary center. To
address this key challenge, we sought to implement a novel
cyclization tactic based on hydrogen atom transfer (HAT)
chemistry,43 which we believed could effectively accomplish
simultaneous cyclization and installation of the C6 quaternary
center. Overall, this approach would ultimately lead to a more
efficient and succinct total synthesis.
Our synthesis began with (S)-carvone, which was converted

to cyclobutanol 10 by epoxidation of the isopropenyl moiety
followed by reductive epoxide-opening and cyclization
(Scheme 11C). Hydroxy-pinene 10 was then converted to 8-
hydroxy camphor (28) by our aforementioned acid-catalyzed
semipinacol rearrangement.1 Oxidation of the primary hydroxy
group to the aldehyde with TEMPO/PIDA furnished 66.
Aldehyde 66 underwent a selective Wittig olefination, and the
remaining carbonyl group was converted to the corresponding
vinyl sulfonate by treatment with sodium bis(trimethylsilyl)-
amide (NHMDS) followed by trapping of the resulting enolate
with benzenesulfonic anhydride, to deliver 67. Vinyl phenyl-
sulfonate 67 proved to be a competent cyclization precursor, as
treating it with iron(III) acetylacetonate (acac) and phenyl
silane delivered our desired late-stage intermediate (64). For
this reaction, we propose that an iron hydride facilitates a HAT
to the terminal position of the 1,1-disubstituted alkene,
generating a tertiary alkyl radical which cyclizes onto the
vinyl phenyl sulfinate, a previously unprecedented radical
acceptor in HAT cyclizations.43 Subsequent fragmentation
reforms the ketone, and presumably extrudes a sulfinyl radical,

Scheme 9. Sequential Functionalizations of Pinene
Cyclobutanols Enabled by Pd-Catalyzed C−C Bond
Cleavage

Scheme 10. (A) Pd-Catalyzed Tandem C−C Bond
Cleavage/Cross-Coupling of Cyclobutanols 30 and 57 and
(B) Synthesis of Taxoid Core 62 from Cyclobutanol 30
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to provide 64.44,45 Notably, this reaction achieved both the
desired cyclization and forged the C6 quaternary center
simultaneously, thus addressing long-standing challenges in the
synthesis of longiborneol. Finally, tricycle 64 was converted to
longiborneol by hydrogenation of the alkene group followed by
diastereoselective, dissolving-metal reduction of the carbonyl
group. Additionally, we showed that 64 and longiborneol (18),
collectively, could be converted to a wide variety of oxygenated
congeners, thus demonstrating the first ever unified approach
to the longiborneol family of molecules, as well as longifolene.
Our synthesis of longiborneol required only nine stepsthe

shortest published route, to dateand supports our hypothesis
that a “bicycle-first” strategy can result in a highly efficient total
synthesis. The brevity of our synthesis ultimately hinged on
two key tactics: (1) the carvone remodeling sequence we had
previously developed, which enabled facile access to key
intermediate 28 in only three steps from the chiral pool
terpene, and (2) the HAT-mediated cyclization, which allowed

concomitant formation of the seven-membered ring and the
C6 quaternary center.

5. TOTAL SYNTHESIS OF PHOMACTIN
DITERPENOIDS

We initiated our synthetic studies of the phomactin congeners
due to outstanding challenges in previous syntheses of these
diterpenoid natural products, which we hypothesized could be
addressed using our carvone remodeling strategy. Phomactin A
(21) was isolated in 1991 from the fungus Phoma sp.46

Subsequently, numerous phomactins have been isolated,3 and
collectively, these secondary metabolites have been the subject
of intense synthetic investigation.47−50 In their pioneering
synthesis of phomactin G (Scheme 12A), Yamada and co-
workers constructed the natural product from a cyclohexyl
fragment (70) and a “strap” fragment (71), which were doubly
coupled to forge the macrocylic skeleton of the natural
product.48 This visionary “fragment-based approach” has since

Scheme 11. Total Synthesis of Longiborneol Natural Products: (A) Traditional Retrosynthetic Disconnections of
Longiborneol, (B) Our Retrosynthesis, and (C) Our Total Synthesis
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become a staple of phomactin syntheses. This previous study
served as an invaluable source of inspiration when we
formulated our retrosynthesis of the phomactins. Despite
Yamada’s conceptual advance, this synthesis does not address
two major challenges, which are also endemic to subsequent
phomactin synthesis,49,50 that would become the focal points
of our strategy: (1) application of a unified strategy to access a
variety of phomactin congeners and (2) concise preparation of
the cyclohexyl core in enantioenriched form. With respect to
the first challenge, we proposed that several phomactins could
be obtained from common intermediate 72, which features a
variety of activated positions and a hydroxy group that could
be utilized in subsequent directed oxidations (Scheme 12B).
This common intermediate could, in turn, be accessed from

Yamada’s strap fragment (71) and cyclohexyl fragment 73 by a
coupling/macrocyclization sequence. Finally, we envisioned
that cyclohexyl fragment 73 could arise from (S)-carvone via a
nonintuitive remodeling process similar to those described
above.1 In this case, our carvone remodeling strategy would
uniquely enable an efficient total synthesis, as it would allow
succinct, enantiospecific preparation of the cyclohexyl frag-
ment (73) from an enantioenriched feedstock chemical.
In accordance with our retrosynthesis, our synthesis

(Scheme 12C) began with epoxidation of the isopropenyl
moiety of (S)-carvone to give 74, followed by a reductive
epoxide opening/cyclization to afford 11. Hydroxypinene 11
then underwent a Mitsunobu reaction, to replace the primary
hydroxy group with a phenyl thioether, and the resulting

Scheme 12. Total Synthesis of Phomactin Natural Products: (A) Yamada’s Synthesis of Phomactin G, (B) Our Retrosynthesis,
and (C) Our Total Synthesis
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intermediate (75) was treated with a rhodium precatalyst in
methanol to effect C−C bond cleavage, furnishing 76.
Remodeled carvone intermediate 76, which is synthesized in
a concise four step sequence, features the key stereodiad of the
phomactin cyclohexyl motif, and contains several functional
groups, which can be leveraged for peripheral functionaliza-
tions. Oxidation of the thioether moiety to a sulfone, addition
of methyllithium to the carbonyl, and elimination of the
resulting tertiary alcohol yielded diene 77. Selenium dioxide-
mediated oxidation of the allylic methyl group completed
cyclohexyl core 73. Lithiated strap fragment 71 was coupled to
73 by addition to the aldehyde, and the resulting secondary
alcohol was protected as a 2-(trimethylsilyl)ethoxymethyl
(SEM) ether to give 78. Selective cleavage of the TBS group
followed by a Finkelstein reaction of the unveiled hydroxy
group furnished allylic bromide 79. Treatment of 79 with
NaHMDS next effected a sulfone alkylation, which yielded
macrocycle 80. Reductive cleavage of the sulfone followed by
cleavage of the SEM ether yielded a mixture of diastereomeric
secondary alcohols. This mixture was enriched for the desired
isomer by oxidation and Luche reduction of the resulting
enone, thus providing access to common intermediate 72. A
variety of oxidation tactics (not shown) were utilized to
complete total syntheses of phomactins R, P, K, A, and T from
intermediate 72.
Ultimately, compared to previous syntheses, our approach to

the phomactins addressed the major, outstanding challenges of
synthetic efficiency and versatility. By employing C−C

cleavage tactics on hydroxypinene 11, we prepared our key
cyclohexyl fragment 73 in only eight steps from carvone. We,
then, leveraged 73 to synthesize common intermediate 72,
which we successfully diversified to five different phomactin
congeners.

6. TOTAL SYNTHESIS OF (−)-XISHACORENE B
DITERPENE

When the isolation of xishacorene B (22, Scheme 13) was
reported in 2017,51 we saw an opportunity to demonstrate the
power of our Pd-catalyzed ring-opening/cross-coupling
remodeling sequence to quickly assemble the natural product
skeleton. The xishacorene diterpenes contain an architecturally
fascinating [3.3.1] bicyclic core and also possess medicinally
relevant immunopotentiating bioactivity. Developing an
efficient approach to this bicyclic core became the focal
point in our synthetic strategy.4 In a retrosynthetic sense
(Scheme 13A), it was envisioned that xishacorene B could arise
from hydroxylated [3.3.1]bicycle 81. This bicycle could be
taken back to cyclohexenone 82, which in the forward sense
would undergo a radical cyclization from the appended olefin
group to the enone. Cyclohexenone 82 was designed to arise
from the (R)-carvone-derived major cyclobutanol (ent-10),
which would be primed to undergo the key Pd-catalyzed C−C
bond cleavage/cross-coupling sequence with vinyl iodide 83 in
the forward sense. In this way, the palladium-catalyzed
remodeling tactics we had developed would enable introduc-

Scheme 13. Total Synthesis of (−)-Xishacorene B: (A) Our Retrosynthesis and (B) Our Total Synthesis
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tion of all the carbon atoms of the bicyclic structural core in a
short sequence from (R)-carvonealong with functional
handles that would quickly enable cyclization.
Our forward synthesis (Scheme 13B) began with treatment

of ent-10 and 83 with a Pd(0) catalyst, generating Pd(II)-
alkoxide 84 through oxidative addition into 83 followed by
ligand exchange with ent-10. C−C bond cleavage through β-
carbon elimination next afforded alkyl-Pd(II) intermediate 85,
which, upon reductive elimination, furnished enone 82.
Bromination52with concomitant acetylation of the hydroxy
groupsusing HBr and AcOH afforded alkyl bromide 86.
Treatment of this cyclization precursor (86) with AIBN and n-
Bu3SnH formed a tertiary radical that cyclized onto the enone,
completing the [3.3.1] bicyclic core (87). Reduction of the
ketone and global cleavage of the acetate groups with LAH
provided triol 81, which was subjected to iodination conditions
using DCC·MeI to give bis-iodinated alcohol 88. Upon
treatment with KOt-Bu, elimination of the eastern iodide
occurred and SN2 cyclization of the secondary hydroxy group
to the proximal western iodide gave oxetane 89. Subsequent E2
elimination by oxetane ring-opening then afforded 90.
Oxidation of the primary hydroxy group to the aldehyde
using PCC furnished 91, which underwent Horner−Wads-
worth−Emmons olefination with phosphonate ester 92 to give
(−)-xishacorene B in 10 steps from (R)-carvone. Notably, this
sequential C−C bond cleavage/radical cyclization strategy was
also extended to the synthesis of other [3.3.1] and [3.2.1]-
bicycles, thus demonstrating the generality of this approach.
Overall, this synthesis of xishacorene B serves as a prime

example of how implementing a C−C bond cleavage/cross-
coupling strategy can streamline the synthesis of complex
diterpene natural products. Similar to the intramolecular aldol
cyclization used in our synthesis of taxoid core 62 (Scheme
10B), the radical cyclization step in this synthesis further
showcases the effectiveness of C−C bond cleavage in setting
the stage for subsequent complexity-building reactions.

7. SUMMARY AND OUTLOOK
In this Account, we have described our efforts to build a
general platform for the synthesis of diverse, complex terpenes
from synthetically versatile dihydroxylated pinene derivatives
(e.g., 10 and 11). We developed three main strategies to
diversify these cyclobutanols into structurally distinct inter-
mediates: (1) electrophilic activation of the alkene function-
ality, which facilitated access to bicyclo[2.2.1] intermediates,
(2) Rh-catalyzed cyclobutanol ring-opening, which furnished
densely functionalized cyclohexenone scaffolds, and (3) Pd-
catalyzed cyclobutanol ring-opening/cross-coupling, which
enabled further complexity-building reactions. Thus, far, we
have demonstrated total syntheses implementing each of these
strategies. Utilizing an acid-catalyzed semipinacol rearrange-
ment, we accessed hydroxycamphor 28, from 10. We
employed intermediate 28 in a strategically unique synthesis
of longiborneol, in which the natural product was constructed
around the [2.2.1] bicyclic skeleton of the camphor derivative.
Our analysis of existing total syntheses of the phomactin
diterpenoids indicated that efficient syntheses of requisite
cyclohexyl fragments was a persistent challenge. Through a
rhodium-catalyzed ring-opening of a derivative of 11, we
synthesized a key cyclohexyl fragment in only eight steps,
which enabled access to several phomactin congeners. Finally,
we employed a Pd-catalyzed, tandem ring-opening/cross-
coupling followed by a radical cyclization event to construct

the [3.3.1]bicycle motif of xishacorene B from carvone in only
five steps. This intermediate was then elaborated to the natural
product in an additional five steps. Key to the success of these
syntheses was our recognition that the core of each natural
product could be obtained, nonintuitively, from carvone
through deep-seated skeletal reorganization, enabled by the
C−C bond cleavage tactics detailed above. Together, the
structurally disparate nature of these terpenoids definitively
demonstrates that we have developed a platform that can
enable syntheses of a variety of complex molecule targets.
Moving forward, our objective is to increase the diversity and
complexity of natural products that can be prepared from 10
and 11, which will further showcase the remarkable flexibility
of these unusually hydroxylated pinene derivatives as synthetic
intermediates.
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