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Abstract: Carbon—hydrogen (C—H) bonds are ubiquitous in complex natural products. Over the past three decades, many methods to
convert C—H bonds distal from functional groups, which were generally considered inert, have been developed. These advances now
enable selective peripheral functionalizations at a late-stage. The direct engagement of traditionally unreactive C—H bonds in reactions
expands chemical space by reducing functional group interconversions. As such, C-H functionalization serves as a powerful tool in
medicinal and agrochemical chemistry as well as in the total synthesis of natural products where diversification to a broad array of
compounds from a common intermediate is often desired. In this Account, we detail the thought processes and design principles that
relied on emerging methods for C—H functionalization to prepare a wide range of bridged, polycyclic, natural products in the
cephalotane and longibornane families from a common intermediate in each case.

1. Introduction
Over the last century, architecturally complex natural
products have inspired synthetic chemists to develop strategies

and new methodologies to accomplish their practical preparation.

Total synthesis of natural products, which are often secondary
metabolites isolated from microorganisms, has historically
served as a means to elucidate unambiguously the structure of
the natural product. In addition, total synthesis has provided
larger amounts of a target natural product and derivatives to aid
investigations of function including biological activity. Finally,
total synthesis endeavors have provided an opportunity to
showcase the power of new chemical transformations and
expose their limitations.! Central to the exercise of a total
synthesis is identifying an efficient plan to access the structural
complexity of a target molecule from readily available building
blocks.? In this regard, exploring the use of existing chemical
reactions along with the invention of new reactions to implement
a planned approach (strategy) is critical.

One attractive approach toward crafting complex natural
products is to employ transformations that are used in the
biosynthesis of the target molecule.® Collectively, studies in the
field of isolation and characterization of secondary metabolites
indicate that ring-forging events, followed by functionalizations
of the carbon framework in a selective and functional group
tolerant manner, often feature in the biosynthesis of secondary
metabolites.* As such, strategies for total synthesis inspired by
biosynthesis pathways have proved invaluable in chemical
synthesis. Two terms are usually associated with such strategies.
The first is “biomimetic” synthesis, whereby the laboratory
synthetic plan imitates the biosynthesis process.’ In this case,
reagents and conditions that mimic those employed in the
biosynthesis are used. The second term that is often used is
“bioinspired” synthesis. In this case, the insights from a
biosynthesis pathway guide the development of a synthetic
plan.® We have been interested in this latter synthetic approach
with the goal of highlighting designs for natural product
synthesis broadly inspired by their biosynthesis.” This Account
details our recent realization of bioinspired two-phase strategies
for synthesis of two families of natural products.®

Terpenoids, which are the largest class of natural products,
feature a wide variety of core-scaffolds with numerous
functionalities and therefore cover a broad range of chemical
space.” Despite their varied architectures and functional
groupings, the biosynthesis machinery employs a two-phase
strategy for their syntheses as recently highlighted by Baran and
coworkers (Figure 1). First, linear hydrocarbons consisting of
isoprene subunits and a phosphate group undergo various
enzyme-controlled cyclization and rearrangement events." This
highly orchestrated cyclase phase constructs various core
structures in sub-families of terpenoids that are categorized by
the number of carbon atoms in the starting pyrophosphate (Cio-
mono-, Cis-sesqui-, Cao-di-, Cas-sester-, and Cso-tri-terpenes etc.).
Following the cyclase phase, additional enzymatic
derivatizations of the generated C(sp*)-H rich cyclic framework
typically through stereo- and
oxygenations (referred to as the oxidase phase), to give various
terpenoid end products.'?
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Figure 1. A general depiction of terpenoid two-phase
biosynthesis (OPP: diphosphate).
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Similar to the diversification of a common carbocycle in the
“oxidase phase” that occurs in nature, related tactics to tailor the
periphery of a common synthetic intermediate to access various
natural products has found much success in chemical synthesis.!?
Specifically, recent advancements in C-H functionalization
technology has created myriad opportunities for efficient
peripheral diversification.' Selective derivatization of C-H
bonds by their direct functionalization reduces functional group
selective ~ C-H
functionalizations, which have been termed a “holy grail” in

interconversion  steps.  Consequently,

chemical synthesis,”” pave a more direct way to a target
compound. We envisioned that the rapid construction of the core
framework of a target molecule along with the implementation
of C-H functionalization methodology would set the stage for
efficient total syntheses that would also shed light on the
advantages, scope and limitations of the currently available
methods for C—H functionalization. Here, we provide details of

cephalotane
8b8c__

two total synthesis

8a,8d

campaigns—of  the
norditerpenoids and longibornane sesquiterpenoids
which highlight our use of bioinspired two-phase synthetic

strategies.

2. Chemical Network Analysis

Key to implementing our two-phase synthesis of natural
products in the cephalotane and longibornane families was the
identification of a concise, practical and scalable route to a
common synthetic intermediate in each case.!' In the 1960s,
Corey and coworkers proposed a logic for chemical synthesis by
iteratively simplifying a target or product-relevant structure in
the reverse-synthetic (retrosynthetic) sense, back to readily
available chemical feedstocks.!® Since these key contributions
by Corey, retrosynthetic (antithetic) analysis has become a
generally adopted approach in the synthesis community to aid in
the identification of strategies for natural product synthesis.
Particularly, for bridged polycyclic compounds, because the
basis of the retrosynthetic analysis is to reduce structural
complexity, a bond disconnection in the maximally bridged ring
(MBR) effectively simplifies the molecule’s topology, achieving
maximal structural simplification in the retrosynthetic direction.?
As a case study, Corey and coworkers applied “strategic bond
disconnection” logic to the total synthesis of longifolene (1),
which was emblematic of topologically complex natural
products in that era (Figure 2A). Following six guidelines,?
disconnections “a”, “b” and “c” across five C—C bonds in the
MBR were deemed to be strategic by chemical network analysis.
Subsequently, in the forward sense, Corey et al. demonstrated
that an intramolecular Michael addition of keto-enone 2
(possessing a structurally simpler 7-6 fused ring system) guided
by disconnection “a” was effective in forging the bridged
framework, resulting in a visionary 15-step total synthesis of 1.!¢

On the basis of Corey’s chemical network analysis, our
group has identified objective bond disconnections of various
structurally complex natural products and used these
retrosyntheses as a guide for total synthesis. Historically,
bicyclization reactions have proven to be very powerful in
natural product total synthesis."”
of longifolene, Johnson and coworkers demonstrated a 13-step

For example in their synthesis

total synthesis from a commercially available cyclopentanone

(Figure 2B).!"® In their approach, a formal (3 + 2) cycloaddition-
type reaction of monocyclic five-membered alcohol 3 along the
lines of disconnections “b” and “d” was employed in a key step.
On this basis, it is evident that forging the MBR in natural
products by means of a bicyclization would rapidly increase the
inherent structural complexity.!” The cephalotane benzenoids
presented an attractive target to demonstrate this type of
approach. Alternatively, in stark contrast to Corey’s strategic
bond disconnection approach where the MBR is disconnected in
the retrosynthetic sense, we sought to develop an orthogonal
approach in our syntheses of the longifolene-related
longibornane sesquiterpenoids. In this case, we envisioned that
instead of reducing the structural complexity by removing
bridging in our retrosynthesis, retaining the topological
complexity of the MBR would provide opportunities to use
camphor derivatives as a starting point of the synthesis (Figure
2C). Detailed herein are our syntheses of the cephalotane
products and the longibornane
sesquiterpenoids that have at their foundation of the thought

benzenoid  natural

processes described in the preceding paragraphs.
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Figure 2. Established examples of retrosynthetic analysis in
longifolene syntheses and our approach toward syntheses of
bridged polycyclic natural products in the cephalotane and
longibornane families.

3. Syntheses of the Cephalotane Norditerpenoids

The cephalotane norditerpenoids are a large family of natural
products of which more than 80 congeners have been isolated to
date.”® The benzenoid congeners, namely cephanolides A-D and
ceforalides A-G, were isolated from Cephalotaxus sinensis in
2017*' and Cephalotaxus fortune var. alpina in 20222
respectively, by Yue and coworkers. The intriguing structures of
these molecules, along with their varied oxidation patterns, has
drawn the attention of many groups who have undertaken their
total synthesis.?
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3-1. Retrosynthesis of the Cephalotane Benzenoids

We envisaged that the disparate oxygenation patterns of the
cephanolides and ceforalides could be installed selectively by
exploiting C-H functionalizations of the arene moiety and the
activated benzylic positions at a late-stage. In principle, this
approach equates to the oxidase phase in biosynthetic logic. In
this regard, the hypothetically least-oxidized intermediate (4)
was selected as a common precursor for late-stage
diversification and became the target of an initial cyclase-
inspired phase (Figure 3). Chemical network analysis reveals the
[2.2.2] bicycle of 4 as the structurally most complex region of
the molecule. Keeping in mind bicyclizations as an effective
means to achieve rapid increases in structural complexity, we
envisioned constructing the [2.2.2] bicycle of 4 using an
intramolecular inverse-electron-demand Diels—Alder (IEDDA)
reaction of indene-pyrone 5. It was our expectation that this
cycloaddition would be endo-selective.* We rationalized that
compound 5 could be prepared through a coupling sequence
using readily available indanone 6 and pyrone derivatives 7,
which would be tethered by a two-carbon building block.

Me
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20 H o
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Figure 3. Our retrosynthesis of the cephalotane benzenoids.

upon heating, competing aromatization of the product (13) via
decarboxylation occurred, therefore giving cycloadduct 13 in
only moderate yield (up to 58% yield).

3-2. Investigation of the Synthetic Cyclase Phase

Our synthesis of the cephalotanes began with triflation of
commercially available hydroxy indanone 6, providing triflate 8
(Scheme 1). For ease of preparation, the ensuing coupling
sequence was initially attempted using pyrone triflate 7b as a
coupling partner.”® We found that the iterative cross-coupling
conditions reported by Molander and coworkers?® were effective
for this purpose. Treatment of 8 with borane reagent 9 under Pd-
catalyzed conditions afforded homologated indanone 10, which
was then subjected to a second Pd-catalyzed cross-coupling with
pyrone 7b to give rise to the desired product (11) in good yield
over two steps (or moderate yield in one-pot). Reduction of the
ketone carbonyl group and subsequent elimination of the
resulting hydroxy group under the acidic conditions afforded
indene 12 in good yield. With the desired precursor for the key
cycloaddition in our planned cyclase phase in hand, we
attempted a variety of conditions to promote the IEDDA
27 Ultimately, although we obtained desired
cycloadduct 13 stereoselectively, we experienced several issues.

cycloaddition.

For example, despite screening various activating agents, the
indene moiety in 12 was not sufficiently reactive and the
cycloaddition only proceeded with thermal heating. However,

Scheme 1. Construction of the pentacyclic core structure.
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On the basis of the observations described above, we sought
to enhance the reactivity of the indene portion of the IEDDA
substrate through HOMO raising. In this regard, indanone 11
was subjected to soft-enolization conditions using TMSOTY in
the presence of DIPEA to access TMS-enol ether 14. Fortunately,
under the soft enolization conditions, spontaneous cycloaddition
was observed, giving rise to desired cycloadduct 15 in 80% yield
as a single diastereomer. This success led us to explore
cycloaddition of the substrate bearing a methyl group at the
pyrone C4-position, which would result in direct construction of
the core structure in the cephalotane benzenoid family.

For this purpose, indanone 16 was prepared in a similar
manner from 8 by iterative cross-coupling using pyrone triflate
7a. With 16 in hand, we investigated the intramolecular
cycloaddition. However, in this case, we did not observe the
formation of cycloadduct 19 under any of the conditions that
were explored. Instead, for instance, treatment of 16 with the
conditions that led to cycloadduct 15 forged an eight-membered
ring presumably through an intramolecular vinylogous
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Mukaiyama-type aldol reaction, likely via silyl ketene acetal 17,
affording 18 in 24% yield along with accompanying nonspecific
decomposition. Because this more direct construction of the
fully elaborated core was unsuccessful, it necessitated an
installation of a methyl group on the double bond of cycloadduct
15. We elected to explore downstream peripheral tailoring using
15 as the common synthetic intermediate.

3-3. Strategy for Late-Stage Diversification

To gain access to a broad range of congeners in the
cephalotane benzenoid family, we recognized two major
challenges for peripheral C—H functionalization. First, we would
need to select for oxidation at one of the two similarly reactive
benzylic methylene C(sp®)-H bonds at C7 and C20. Second, site
selective functionalization of the arene C(sp?)-H groups at C13
and C15 would need to be achieved (Figure 4). To achieve
selective benzylic oxidation, we postulated that because the C7
position would be more sterically accessible than C20,
undirected oxidation might differentiate these two positions (see
A). On the other hand, the hydroxy group at C3 could direct
oxidation at C20 through a 1,5-hydrogen-atom-transfer (HAT)
process induced by the generation of an alkoxy radical (see B).2
Toward a selective arene C—H functionalization, we anticipated
that undirected oxygenation would functionalize C13 due to the
inductive effect of the proximal oxygen functional groups (see
C). Instead, installation of a directing group at C7 could facilitate
ortho-C—H metalation, enabling functionalization at C15 (see
D).» With these thoughts in mind, we undertook an investigation
of the “oxidase phase” of our syntheses of the cephalotanes.
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Figure 4. Strategy for the late-stage diversification of the
cephalotane benzenoid core (DG: directing group).

installation of the methyl group at the C4 position. We turned
our attention to alkene difunctionalization methods that enable
methylative introduction of a functional group across double
bonds. As a result of our extensive screening and optimization,
we found that borocupration of the double bond powerfully
served this purpose (Scheme 2). Subjection of 15 to the
borocupration conditions reported by Fu and coworkers® and
subsequent electrophilic trapping of the resulting sp’-
organocopper species with Mel gave rise to methyl Bpin ester
20 in 83% yield as a single isomer. Next, following the protocol
reported by Studer and coworkers,! photoinduced proto-
deboronation effected a formal hydromethylation of common
intermediate 15. Treatment of 20 with PhLi to form borate 21,
followed by Ir-catalyzed photoredox conditions in the presence
of PhSH effected deborylation, which along with cleavage of the
TMS group afforded alcohol 22 in good yield. Deoxygenation of
the tertiary hydroxy group in 22 using In-catalyzed ionic
reduction conditions® gave pentacycle 23, which was subjected
to phthaloyl peroxide-mediated oxygenation conditions reported
by Siegel and coworkers®® to complete the total synthesis of
cephanolide B. The synthesis proceeded in seven steps from the
Although the
selectivity in the final arene oxygenation step was modest, we
note that the constitutional isomer of cephanolide B, which has
not been found in nature, was also synthesized through this
approach, highlighting the power of the two-phase strategy to
explore adjacent chemical space.

commercially available starting material.

3-4. En Route to Cephanolides B-D through Formal
Hydromethylation of the Common Intermediate

A remaining task to construct the complete core-scaffold of
the cephalotane benzenoids from cycloadduct 15 was an

Scheme 2. Synthesis of cephanolide B using methyl boration as
the key transformation.
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The formal hydromethylation of common intermediate 15
that we established for the synthesis of cephanolide B provided
opportunities to gain access to other congeners (Scheme 3). An

ﬁ@

cephanolide B (total 7 steps)

undirected oxidation of the benzylic methylene group in 22 using
PCC gave rise to cephanolide C in acceptable yield (overall six
steps). To ortho-C-H
functionalization chemistry, the ketone carbonyl group of

explore our planned directed

cephanolide C was converted to a directing methyl oxime group
(see 24). We found that Rh-catalyzed methyl oxime-directed
C(sp?)-H cyanation®* of 24 successfully afforded the desired
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nitrile (25) in good yield. Unfortunately, conversion of the cyano
group in 25 to a methyl ester in the presence of the [2.2.2]
bicyclic 0-lactone moiety was extremely challenging. To
circumvent this issue, we explored a more direct way to install a
group. Directed ortho-C-H palladation
followed by methoxycarbonylation® was found to be effective,

methoxycarbonyl

providing the desired methyl ester (26) in moderate yield. Finally,
removal of the methyl oxime in 26 using ozonolysis®®
cephanolide D (nine steps overall).

gave

Scheme 3. Synthesis of cephanolides C and D through relay C—
H functionalization.
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3-5. Syntheses of Cephanolide A and Ceforalides

As described above, the methyl boration/protodeboronation
sequence (formal hydromethylation) allowed access to
cephanolides B-D. We were optimistic that the alkene
difunctionalization approach of common intermediate 15 could
also facilitate synthesis of C3 oxidized congeners (Scheme 4).

To this end, common intermediate 15 was subjected to the
methyl boration conditions, followed by one-pot oxidation of the
resulting Bpin ester, affording methyl alcohol 27 in 77% yield as
a single isomer. The hydroxy group in 27 was oxidized using the
Jones reagent which was accompanied by acid-promoted
cleavage of the TMS group to provide keto-alcohol 28.
Deoxygenation of the tertiary hydroxy group in 28 was
conducted by a two-step protocol—bromination’” and
subsequent reductive radical dehalogenation. This was followed
by diastereoselective reduction of the ketone carbonyl group to
give ceforalide D in eight total steps from commercially
available indanone 6.

Our approach set the stage to showcase modern C-H
oxidation technologies to achieve selective benzylic oxidation of
the chemically similar methylene C(sp*)-H bonds at C7 and C20
in ceforalide D. Although PCC-mediated oxidation conditions
were effective in oxidizing the benzylic methylene C—H bonds
en route to cephanolide C (see Scheme 3), we aspired to a
selective C7 oxidation in the presence of the unprotected
secondary hydroxy group. Ultimately, following extensive
optimization, we found that photoinduced conditions using
iodosobenzoic acid (IBA) as an oxidant® gave rise to the desired
product directly without the need for any protecting groups. In
this way, ceforalide C was synthesized in a total of nine steps.
On the other hand, selective C20 methylene oxidation was
achieved by the alcohol-directed 1,5-HAT* to give hexacycle 30
in excellent yield. Subsequent C7 oxidation of 30 using PCC
gave rise to ceforalide F in a total of 10 steps.

With our success in discriminating between the reactivity of
the benzylic positions of the cephalotane family, the final
remaining task was to C(sp?>-H
functionalization at C13. Toward this goal, we attempted a
variety of conditions for arene C-H functionalization.** In
comparison to the cephanolide B precursor (23), direct
oxygenation of 30 turned out to be more challenging,
presumably due to the activated methine C—H bond at C20. Our

achieve selective
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Scheme 4. Divergent synthesis of cephanolide A and ceforalides by selective benzylic oxidation and arene C—H functionalization.

Me

(o]
[Cu] cat szlnz Mel; Jones reagent DMTU
sto4 NBS ~{O 1. AIBN, BugSnH
_—
o (77%, single isomer) M€ (50% (617) Me . Yo) 2. NaBH,
TMSO Br (68%, 2 steps)
H
29
Me Me
A F4 15 [Ir] cat., Boping
blue LEDs; HO o)
O Pb(OAC)m I O TFTO, TFAA, HBF,-OEt, NaBOs o)
_—
N o7 M 0 (>99%, C13:C15 = 13:1) o (92%) Me I o
H (50%, one-pot from 30) H
H
ceforalide D (total 8 steps) 30 cephanolide A (total 10 steps)

[Ru] cat., IBA, blue LEDs (49%)

S s

ceforalide C (total 9 steps) ceforalide F (total 10 steps)

PCC NaOAc (27%)

l[lr] cat., B,piny, blue LEDs (84%)

Me

1. [Ru] cat.
IBA, hv
—_—
2. NaBOy
(43%, 2 steps)

H
32 ceforalide G (total 13 steps)

https://orcid.org/0000-0003-4347-7522 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-tphcd
https://orcid.org/0000-0003-4347-7522
https://creativecommons.org/licenses/by-nc-nd/4.0/

efforts to install a functional group that can be converted to the
hydroxy group led to the identification of the Ritter C-H
thianthrenation*' reaction. Treatment of 30 with tetrafluoro-
thianthrene S-oxide (TFTO) gave rise to the desired TFT salt
(31) in quantitative yield and good C13 selectivity. Photoinduced
conversion of 31 to the corresponding Bpin ester and subsequent
oxidation afforded the desired phenol in excellent yield. This
sequence was effective in a one-pot manner, completing the total
synthesis of cephanolide A in 10 total steps. Furthermore, we
found that selective C7 benzylic hydroxylation of Bpin ester 32
was possible by employing photo-mediated conditions,®
followed by oxidation to provide ceforalide G in a total of 13
steps.

So far in this Account, we have showcased divergent
syntheses of cephalotane natural products using a two-phase
strategy. Our work enabled access to eight cephalotane
benzenoid congeners. This strategy also laid the foundation for
the synthesis of additional cephalotane congeners, which has
been pursued in the Sarpong group. Overall, our syntheses of the
cephalotanes highlight selective manipulations of relatively
activated benzylic and arene C—H bonds in the bioinspired C-H
functionalization oxidase phase. In contrast, en route to the
synthesis of the longibornane natural products, we relied on
functionalization of unactivated alkyl C(sp®)-H bonds as
described hereafter.

4. Synthetic Study of Longibornane Sesquiterpenoids

The longibornane and the biosynthetically related
longifolane sesquiterpenoids, which were first reported in the
mid 1900s, comprise some of the most iconic natural products

discovered to date.*?

Despite their architectural similarity,
synthetic studies of the longibornanes* has been less explored
than that of longifolene (1).!6!843¢43d44 Qince the isolation of
longiborneol, various oxidized congeners have been reported,*
prompting us to develop a two-phase synthetic strategy to access
a wide range of natural products in this family.
4-1. Retrosynthesis of the Longibornane Sesquiterpenoids

We envisioned that the various oxidized congeners in this
family —namely hydroxylongiborneols, (hydroxy)culmorins,
and culmorone —could be ultimately derived from longicamphor
(33) by site-selective C(sp®)-H oxidation (Figure 5). As opposed
to classic bond disconnection logic, we sought to construct the
tricyclic core of 33 using a polarity-reversal cyclization of the
tertiary radical (34) generated by metal-hydride hydrogen-atom-
transfer (MHAT) from alkene 35, which could forge the seven-
membered ring through the addition into an enol-derived double
bond. In this case, the generated nucleophilic tertiary radical
from the exomethylene group in 35 is polarity mismatched with
the electron-rich enol double bond, making the planned radical
addition kinetically unfavorable. We hypothesized that this
potential challenge could be resolved by using electron-poor
enol derivatives along with the choice of leaving groups (X
group in 34) to tune the stability of the radical that results after
scission of the C—X bond.

Compound 35 was envisioned to arise from a functionalized
43043446 quch as 36 by homologation. Overall,
this plan retains the topology of the maximally bridged ring in

camphor derivative

the retrosynthetic simplification process. In this analysis, the

structural complexity would not be drastically reduced as
compared to the classic strategic bond disconnection approach.
However, because both enantiomers of camphor and related
derivatives are readily available chemical feedstocks, we
believed that we could gain ready access to the required core
structure of the longibornanes and in this way accomplish an
efficient synthesis that rests on a logic that is orthogonal to
Corey’s chemical network analysis.

radical
14 cyclization
¢ —
. ] 12
HO longicamphor (33)

longiborneols
culmorone and culmorins

Me
homologation
Me Me R Me
Me . : :
Me “
A C
X Me g Ve o Me
5 36

©)

34

Figure 5. Our retrosynthesis of longibornane sesquiterpenoids.

4-2. Investigation of the Synthetic Cyclase Phase

Our synthesis of the longibornanes began with a scaffold-
remodeling of (S)-carvone (37) to access a functionalized
camphor (Scheme 5).# Epoxidation of 37 using m-CPBA and
subsequent Ti(IlI)-mediated reductive cyclization via tertiary
radical 38* afforded diol 39, which was treated with TsOH to
promote a semi-pinacol rearrangement, providing hydroxy-
camphor 40 in good yield. The hydroxy group in 40 was
oxidized using TEMPO-PIDA conditions in the presence of
AcOH to afford aldehyde 41, followed by homologation using a
Wittig olefination to give skipped diene 42 in good yield as a
single double bond diastereoisomer. We prepared several enol
derivatives (43) by treating 42 with a strong base to generate the
corresponding enolates followed by trapping with an
electrophile in preparation for the radical cyclization step.

Scheme 5. Preparation of the radical cyclization precursors.

Me Me
1. m-CPBA [TiO c HO X

Me (>99%)
Me cato
p211C1; o
0 (87%) Me
(S)-carvone (37) 38

HO Me HO! TEMPO o7
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—_— @D —>
(83%) / H (>99%
Me

HO

)\/\ PPh3Br base;
n BuLi electrophlle
(90%, single isomer) (55—98%

43: X = TES PO OPh
Piv, Boc, Nf Ts

/

HO Me
39 (*d.r. = 1.5:1)

https://doi.org/10.26434/chemrxiv-2023-tphcd ORCID: https://orcid.org/0000-0003-4347-7522 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-tphcd
https://orcid.org/0000-0003-4347-7522
https://creativecommons.org/licenses/by-nc-nd/4.0/

Me
== Fe(acac); (30 mol%) —
Me PhSiHj (2 equiv.) Me
M
DCE/(CH,0H),
60 °C, air Me
XO Me o Me
43: X = TES, P(O)(OPh), 44
Piv, Boc, Nf, Ts
entry result gy & mech igh
43a: X =TES - .
1 (complex mixture) TES- (stabilized radical)
43b: X = P(0)(OPh), Ph p. i ical
2 (decomp.) (PhO),(O)P- (stabilized radical)
Me
Me
Mev* Mere, 44
+
Me
Y Me %> CO
tBu O © +
\n/ tBu rw\ Me
\n/ +Bu-
045 (51%) O-C scission
0, strat not occurring
(from 43c: X = Piv) Ostrategy
Me
- Me 44
Me Mese, +
Me Mé x> CO,
4 o o Me +
Me LBUy-
\ﬂ/ +Bu %\) tBu
o O-C scission
46 (52%) not occurring
(from 43d: X = Boc) M
Me
Me Mew 44 (trace)
M +
e, R
5 R —> SO,
+
FeCs IO Me
0 Me s 4L/\2\\\) FoCq+
47: R = (CF,)3CF; (51%) o A +43e
(from 43e: X = Nf)
_ radical chain propagation _]

Me strategy

Are
unstable
radical

o Me Ar\sf\/\o) Me  gesulfonation
desired 44 (60%) A\ not occurring?
O O

(from 43f: X = Ts)

Me, Me,

Figure 6. Development of the MHAT radical cyclization.

tert-butyl radical. Subjection of vinyl carbonate 43d to the
reaction conditions (entry 4), with the aim of generating a radical
after the initial cyclization that would undergo decarboxylation
to release the stabilized tert-butyl radical, also afforded
tetracycle 46 in 52% yield.

Given that a competing, undesired, C—C bond formation
outcompeted O—C bond scission in many of our attempted
seven-membered ring forming reactions (Figure 6, entries 3 and
4), we turned our attention to enol derivatives with weaker
heteroatom—oxygen bond. In this regard, treatment of vinyl
nonaflate 43e with the MHAT conditions (entry 5) gave rise to
fluoroalkyl adduct 47 in 51% as a single diastereomer along with
a trace amount of the desired product (44). This result suggested
that following the desired cyclization and O—S bond scission, the
resulting sulfonyl radical underwent desulfonation and the
generated electrophilic perfluoroalkyl radical then engaged the
electron-rich double bond*? of the starting material (43e) to
propagate the radical chain process. On the basis of this
undesired but informative result, we postulated that an aryl
sulfonate group could suppress desulfonation after the O-S
scission due to the enthalpic barrier associated with generating a
high energy aryl radical species. To this end, vinyl tosylate 43f
was subjected to the radical cyclization conditions, affording
desired tricycle 44 as the sole observed product in 60% yield.
Using this novel MHAT cyclization, we were able to construct
the carboskeleton of the longibornane family.

4-3. Total Synthesis of Longiborneol and Longifolene

Over the course of optimizing our preparation of vinyl
sulfonates and the subsequent MHAT radical cyclization, we
found that instead of vinyl tosylate 43f, the corresponding
phenyl sulfonyl group was superior for both reactions (Scheme
6). Treatment of 42 with NaHMDS and (PhS0.).0 gave vinyl
sulfonate 43g, which was subjected to the MHAT conditions in
the presence of buffering reagents, affording tricycle 44 in
excellent yield. Hydrogenation of the double bond in 44 to
provide longicamphor (33), followed by dissolving-metal-medi-

With the enol derivatives (see 43) in hand, we attempted
radical cyclization under Fe-mediated MHAT conditions (Figure
6).8 In entry 1, although silyl enol ethers are often employed as
electron-rich acceptors in coupling with electrophilic radicals,*
we rationalized that generation of the stabilized silyl radical
would be a driving force for the cyclization of 43a.
Unfortunately, in this case, the reaction gave a complex mixture,
presumably due to competitive HAT to the silyl enol ether
moiety.*® We then employed enol phosphate 43b (entry 2), which
would generate a stabilized phosphite radical®® after cyclization
and O-P bond scission. However, in this case, only nonspecific
decomposition was observed. Next, when vinyl pivalate 43¢ was
subjected to the MHAT conditions (entry 3), we obtained
tetracycle 45 in 51% yield. In this case, although the seven-
membered ring-forming event proceeded, the resulting o-oxy
radical underwent 5-exo-trig cyclization with the neighboring
double bond instead of the desired decarbonylation to generate a

Scheme 6. Endgame of the longiborneol synthesis and
rearrangement to longifolene.

Me
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ated diastereoselective reduction of the carbonyl group in 33
gave rise to longiborneol in good yield. Overall, the synthesis of
longiborneol proceeded in a total of nine steps on multigram
scale. In addition, we found that treatment of longiborneol with
a chlorosulfonamide promoted a Wagner—Meerwein rearrange-
ment (via a presumed non-classical carbocation) to give
longifolene (1) in good yield. Using this approach, we
synthesized (-)-longifolene (1) in a total of 10 steps—the
shortest to date from commercially available starting materials.

4-4. Exploration of the Oxidase Phase

With a route established for the synthesis of the longibornane
core, we proceeded to investigate late-stage diversification en
route to congeners in this sesquiterpenoid family (Figure 7).
Because the longibornane core is a C(sp®)-H-rich carboskeleton
with only one functional group, we anticipated that selective
manipulation of the C—H bonds might be very challenging. To
gain access to oxidized congeners of this family, we required a
way to distinguish three methyl and methylene sites in C-H
functionalizations. We hypothesized that undirected oxidation
would proceed at the more accessible non-neopentyl methylene
groups at C4 and Cl11 (see A). Generally, this type of reaction
proceeds through hydrogen atom abstraction of the more
electron-rich hydridic C—H bond and capture of the resulting C-
centered radical.® Therefore, methine C-H bonds are usually
more susceptible to oxidation over primary and secondary C—-H
bonds.!?** In our case, we thought that the C7 methine could be
deactivated toward C—H abstraction by the inductive effect of
the vicinal oxygen functional group. In addition, the C-H
abstraction at C1 might be disfavored as the C—H bond resides
at a bridgehead position that would lead to a relatively unstable,
pyramidalized radical.

Using the resident functional group in 33 to direct selective
C-H functionalization, we rationalized that installation of a
directing group at C8 would allow functionalization of the
methyl group at C12 and/or C15 (see B). Complementary to the

late-stage C-H
[O] tactics;
all C(sp®-H bonds

« three 1° C-H bonds
(C12& C14 & C15)
« three 2° C-H bonds
(C3&C5&C11)

longiborneol
(least [O] congener)

hydroxylongiborneols
culmorone and culmorins

« Strategy for selective oxidation using saturated derivatives

4 undirected [0]?
Me % non-neopenty! Me,
! methylenes
Mer, ! Me
Me 15 ‘
RO Me directed metalation? - A2
A B

- Diversification of unsaturated synthetic intermediate 44
allylic [0]? - 3y" " hydration? relay [0]?

Figure 7. Strategy for the late-stage diversification of the
longibornane natural products (DG: directing group).

radical-based transformations, C-H metalation provides
opportunities to selectively functionalize primary C-H bonds
because steric encumbrance often limits C—H activation at more
hindered positions.* In a related strategy, we envisioned that the
hydroxy group of longiborneol or its epimer could direct
functionalization that would ultimately yield C3, C5 and/or C15
oxidized congeners (vide infra).>

In addition to the C-H functionalization of saturated
longibornane derivatives, we sought to utilize 44, possessing an
additional functional handle, to effect diversification on the
seven-membered ring. The double bond of 44 would facilitate
oxygenation at C3 by hydration-type reactions and at C5 by
allylic oxidation for the preparation of oxidized congeners.
Furthermore, we anticipated that newly installed functional
groups at C5 using the alkene group of 44 would direct C-H
oxidation at Cl14 and/or CI15 through a relay C-H
functionalization strategy (see C).

4-5. Total Synthesis of Culmorone and Culmorin Using
Undirected C-H Oxidation

To achieve site selectivity in the planned undirected C-H
oxidations, we sought to install an electron-withdrawing group
on the hydroxy group of longiborneol (Scheme 7). In this regard,
longiborneol was treated with Ac2O, affording acetate 48, which
was subjected to various undirected C—H oxidation tactics. As a

result of our extensive screening and optimization,>>+>

we
found that the Ru-catalyzed conditions reported by Du Bois,
Sigman and coworkers®® gave the best result with a good mass
balance, providing ketone 49 as a major product in 54% NMR
yield. Additionally, we obtained C3- and C5-oxidized ketones
50 (9% NMR yield) and 51 (10% NMR yield), along with the
desired C11 ketone (52) in 10% NMR yield. Through our
investigation of undirected oxidation, we observed that in the
longibornane core structure, the C4 position is the most
accessible and thus prone to facile oxidation, while other

positions such as C3,C5 and C11 react similarly under oxidation

Scheme 7. Undirected C-H oxidation-enabled syntheses of
culmorone and culmorin.
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conditions. Although the overall reaction profile indicated a less
selective process than had been anticipated, our scalable
synthetic route gave us the opportunity to complete total
syntheses of the natural product targets.

Following the Ru-catalyzed oxidation, due to the difficulty
in separating C11 ketone 52 from 51, the mixture was subjected
to acetyl cleavage conditions to give the corresponding alcohols,
which were separated at this stage. Consequently, culmorone
was synthesized in overall 11 steps from the commercially
available (S)-carvone. Furthermore, dissolving-metal-mediated
diastereoselective reduction of the carbonyl group in culmorone
gave rise to culmorin in good yield. In this way, albeit modestly
selective, we achieved a total synthesis of culmorin in a total of
12 steps.

4-6. Directed C-H Functionalization Approach En Route to
12-Hydroxylongiborneol

We first sought to use the hydroxy group of longiborneol or
its epimer for remote C—H functionalization through 1,5-HAT
(Figure 8).% Conformationally, it was envisioned that the pseudo
axially disposed hydroxy group could direct C15 C-H
functionalization (see D), whereas hydrogens at C3 or C5
positions might be abstracted by the pseudo equatorial alkoxy
radical (see E). This strategy, however, turned out to be
challenging presumably due to the strain inherent in the [2.2.1]
bicycle which accelerates a competitive B-scission instead of
1,5-HAT, resulting in nonspecific decomposition (see F).

group in 33. Treatment of 53 with Me>SiHCl in the presence of
Et:N afforded silane 54, which was subjected to C—H silylation
conditions using an Ir catalyst to provide silacycle 55. Tamao—
Fleming oxidation®' of 55 successfully afforded the desired diol
(56) in 70% yield over three steps. The required stereo inversion
at C8 to yield the natural product was implemented by a two-
step sequence. Global oxidation of diol 56 using DMP afforded
keto aldehyde 57, which was then subjected to the dissolving-
metal mediated reduction conditions to provide the desired diol.
Overall, the total synthesis of 12-hydroxylongiborneol was
achieved in 14 total steps.

Scheme 8. Synthesis of 12-hydroxylongiborneol using directed
C-H silylation.

Me Me,SiHCI
LAH e, EtsN
(>99%)  mé

53

[Ir(cod)OMe],
Me,Phen

norbornene H0z, KHCO,

Strategy: directed [O] via 1,5-HAT?

——>»  [-scission (decomp.)

Figure 8. Strategy and challenge for remote C-H oxidation
using the hydroxy group.

We then turned our attention to oxime-directed C-H
palladation chemistry (Scheme 8).> We thought that C8 oximes
derived from either ketone 33 or 44 would be an ideal directing
group to effect C-H acetoxylation at C12 via the corresponding
five-membered palladacycle. Unfortunately, despite our
extensive efforts to condense a methoxy amine or hydroxy amine
onto 33 or 44, the desired oxime was not observed under any
conditions. We rationalized that the extreme steric encumbrance
around the carbonyl group in these substrates, likely attributed
to the neopentyl position and proximity to the quaternary center,
thwarted our efforts to achieve condensation.

On the basis of the challenges described above, we sought to
explore other C—H metalation reactions that could be promoted
by alcohol-derived directing groups. In this regard, we were
drawn to Hartwig C-H silylation chemistry®® using oxysilanes
prepared from the corresponding alcohols. Because of our
preliminary result that longiborneol-derived silanes were not
effective substrates for C-H silylation, we prepared alcohol 53
quantitatively by diastereoselective reduction of the carbonyl

—_—
(70%, 3 steps)

Me 55

DMP Li, lig. NHg
(72%) (41%)

HO
12-hydroxylongiborneol

(total 14 steps)

4-7. Diversification of a Key Synthetic Intermediate

Our limited capability to use the saturated longibornane
derivatives for selective C—H oxidations led us to take advantage
of the unsaturated intermediate (i.e., bearing an alkene group) to
complete total syntheses in this family. As described earlier, we
envisioned that selective transformation using alkene 44 should
provide access to oxidized congeners (Scheme 9). We found that
Mukaiyama hydration®? of the double bond in 44 provided the
corresponding keto alcohol with high stereo and regioselectivity,
likely dictated by functionalization on the less sterically
encumbered face. Subsequently, diastereoselective reduction of
the ketone group yielded the diol in 81% yield over two steps.
Overall, this route afforded 3-hydroxylongiborneol in a total of
nine steps, highlighting the versatility of alkene 44 as a synthetic
intermediate to access adjacent chemical space.

On the other hand, treatment of 44 with SeO: gave allylic
alcohol 58 as a single diastereomer, whereby oxidation likely
occurred from the sterically less hindered face. Hydrogenation
of 58 and subsequent dissolving-metal reduction afforded 5-
hydroxylongiborneol in 10 total steps from (S)-carvone. We en-
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Scheme 9. En route to 3- and 5-hydroxylongiborneol as well as
5-hydroxyculmorin by diversification of intermediate 44.
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5-hydroxylculmorin
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59

visioned 5-hydroxylongiborneol serving as an intermediate to
synthesize a higher oxidation state congener building on the
insights gained during our undirected C—H oxidation studies. In
Scheme 7, we describe the outcomes of undirected oxidation,
which occurs predominantly at C4 along with minor oxidation at
C3 and C5. We reasoned that installation of an electron-
withdrawing group on the hydroxy group at C5 would deactivate
the methylene groups on the seven-membered ring toward
undirected C-H oxidation. Therefore, global acetylation of the
hydroxy groups of 5-hydroxylongiborneol was carried out to
give diacetate 59 in good yield. To our delight, we found that
TFDO-mediated oxidation® of 59 was the most effective

conditions 78

resulting primarily in C11 oxidation. Finally,
diastereoselective reduction using dissolving-metal-mediated
conditions provided 5-hydroxyculmorin in 13 total steps. The
tunable selectivity of the C—H oxidation showcases the power of

the rational design of substrates along with the choice of

emerging methods to overcome challenges associated with
intrinsic reactivities in C—H oxidation reactions.

4-8. Relay C-H Oxidation Tactics En Route to 14- and 15-
Hydroxylongiborneols.

At this stage, the remaining site-selective C-H bond
functionalizations to access other natural products was on the
geminal dimethyl moiety in the seven-membered ring of the
longibornane skeleton. Our failures to functionalize the C15
methyl group using the C8 hydroxy group through 1,5-HAT or
Hartwig silylation necessitated an alternative approach. We
reasoned that relay C-H functionalization using a newly
installed directing group at C5, which would be introduced by
allylic oxidation, could direct metalation at C14 and/or C15
(Scheme 10). Toward this end, ketone 44 was subjected to
diastereoselective reduction, followed by acetylation to afford
unsaturated acetate 60 in good yield. SeO»-mediated allylic
oxidation of 60 gave alcohol 61 in 92% yield. The double bond
in 61 was reduced by hydrogenation, and subsequent oxidation
of the hydroxy group using DMP afforded ketone 62 in excellent
yield. Condensation of 62 with a hydroxy amine and one-pot
acetylation of the corresponding oxime gave rise to acetyl oxime
63, in which the oxime moiety served as a directing group for
C-H palladation.”

With precursor 63 for C—H functionalization at C14 and/or
C15 in hand, we attempted a wide variety of conditions to effect
acetoxylation at these sites. Under the conditions that were
explored, both C14 and C15 were prone to react under the
palladation conditions, resulting in a competitive second C-H
acetoxylation of the desired mono acetate (64). Eventually, we
found conditions to suppress overreaction, leading to 64 in
acceptable yield as a 2:1 mixture of the diastereomers.
Subjection of the mixture of 64 to reductive oxime cleavage
conditions®® using Fe in the presence of AcOH and TMSCI
afforded ketone 65 as a mixture of diastereomers. Condensation
of 65 with tosylhydrazine and subsequent Caglioti reduction®
using LAH afforded the natural products, which were separable
at this 14- and 15-
hydroxylongiborneols were each synthesized in a total of 17

stage. Using this relay strategy,

steps from (S)-carvone, respectively.

Scheme 10. Relay C-H oxidation for the synthesis of 14- and 15-hydroxylongiborneols.
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5. Conclusion and Outlook

In this Account, we described our recent studies aimed at
divergent natural product syntheses using a bioinspired two-
phase strategy. Key to the success of our plans was the rapid and
scalable construction of the core skeleton for each of the natural
product families. For the cephalotane norterpenoids, we used
chemical network analysis
complexity in the retrosynthetic direction. Alternatively, for the

to rapidly reduce structural

synthesis of the longibornanes, we adopted an orthogonal
approach that retained the complex topology of the core
framework, which was prepared from readily available camphor
derivatives.

To achieve late-stage diversification, we demonstrated the
power of modern C-H functionalizations, which enabled site
selective oxidation of key late-stage intermediates. In the
synthesis of the benzenoid cephalotane natural products,
discrimination of two similarly reactive benzylic methylene
groups and two arene C—H bonds allowed access to a variety of
the congeners. In the synthesis of the longibornanes, we
employed various emerging methods to functionalize typically
inert C(sp®)-H bonds. C-H functionalization methods including
directed 1,5-HAT mediated oxidation, undirected oxidation
including photoinduced methods, arene oxygenation,
thianthrenation, directed silylation and palladation were critical
to the success of the syntheses described here.

Although challenges such as the requirement for directing
groups and inherent substrate reactivity bias still plague the
application of C-H functionalization in complex molecule
synthesis, the bioinspired two-phase strategy described here

enabled divergent total syntheses of two natural product families.

Of note, even the undesired products generated by poor
selectivity in the C—H functionalizations as well as all synthetic
intermediates provide natural product-like derivatives that may
provide opportunities to realize new bioactivity. Late-stage
functionalization reactions such as those highlighted here
effectively expand chemical space beyond what nature might
provide. We hope that this work will inspire further
developments the of late-stage C-H
functionalization to natural product synthesis as well as other

in application

new innovative methodologies.
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