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H Functionalization-Based Synthesis of the Longiborneol
Sesquiterpenoids
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Department of Chemistry, University of California—Berkeley, Berkeley, California 94720, United
States

Goh Sennari8,
Department of Chemistry, University of California—Berkeley, Berkeley, California 94720, United
States; Omura Satoshi Memorial Institute, Kitasato University, Minato-ku, Tokyo 108-8641, Japan

Richmond Sarpongau
Department of Chemistry, University of California—Berkeley, Berkeley, California 94720, United
States

Abstract

Detailed herein are our synthesis studies of longiborneol and related natural products. Our
overarching goals of utilizing a “camphor first” strategy enabled by skeletal remodeling of
carvone, and late-stage diversification using C-H functionalizations, led to divergent syntheses of
the target natural products. Our initial approach proposed a lithiate addition to unite two fragments
followed by a Conia-ene or Pd-mediated cycloalkylation reaction sequence to install the seven-
membered ring emblematic of the longibornane core. This approach was unsuccessful and evolved
into a revised plan that employed a Wittig coupling and a radical cyclization to establish the core.
A reductive radical cyclization, which was explored first, led to a synthesis of copaborneol, a
structural isomer of longiborneol. Alternatively, a metal-hydride hydrogen atom transfer-initiated
cyclization was effective for a synthesis of longiborneol. Late-stage C—H functionalization of

the longibornane core led to a number of hydroxylated longiborneol congeners. The need for
significant optimization of the strategies that were employed as well as the methods for C-H
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functionalization to implement these strategies highlights the ongoing challenges in applying these
powerful reactions. Nevertheless, the reported approach enables functionalization of every natural
product-relevant C—H bond in the longibornane skeleton.

Graphical Abstract
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INTRODUCTION

Natural product total synthesis provides an opportunity to test strategies for chemical
synthesis and also serves as a proving ground for chemical methods. Recently, two-phase
strategies have emerged as a powerful paradigm in divergent syntheses of polycyclic
natural products such as terpenoids.12 In such approaches, the carbon framework of

a target molecule is constructed in a maximally efficient first phase, after which
peripheral functional groups are added in a second phase. By virtue of their topologically
complex, polycyclic core, and many oxygenated members,3~ the longiborneol family of
sesquiterpenoids (e.g., 8, Figure 1A)89 presented an enticing prospect to highlight such
two-phase strategies. In particular, we saw an opportunity to combine two long-standing
pursuits of our research group: skeletal remodeling of chiral pool terpenes!®1! to construct
the requisite carbon framework (Phase 1) and late-stage diversification through C-H
hydroxylation (Phase 11).12:13

Skeletal remodeling strategies'! expand the breadth of targets that can be synthesized from
the naturally-occurring, chiral terpenes often collectively referred to as the “chiral pool”.10
Chiral pool terpenes are excellent starting materials in complex molecule synthesis because
they are abundant and enable enantiospecific syntheses. Our group has pursued the skeletal
remodeling of chiral pool terpenes in order to expand the frameworks that can be accessed
from these compounds. Furthermore, we have applied the products of these remodeling
efforts as starting materials in several natural product total syntheses (Figure 1A).11:12.14-16
For example, we have shown that carvone (1 or ent1), which has been used as a starting
material in many total syntheses, 10 can be remodeled to camphor derivatives such as
8-hydroxycamphor (5).14 These derivatives represent an intriguing application of skeletal
remodeling: the conversion of one chiral terpene framework into another. In this case, a
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skeletal remodeling approach allows the preparation of hydroxylated camphor derivatives

that would be difficult to prepare by direct derivatization of camphor (Figure 1B).17 Here,

we show that these hydroxylated derivatives of camphor are valuable starting materials for
complex molecule synthesis.

Our goal of preparing longiborneol (8) from a camphor derivative prompted an aspirational
“camphor first” synthesis strategy. Analysis of previous syntheses of natural products that
feature bornane subskeletons reveals that the majority construct the [2.2.1]bicycle at a

late stage of the synthesis (Figure 2A).18-23 In our approach, we sought to determine
whether an alternative strategy, in which the remainder of the natural product’s skeleton is
constructed around the [2.2.1]bicycle of a camphor derivative, could yield more efficient
syntheses. A late-stage construction of the [2.2.1]bicycle in longiborneol (8) is consistent
with a retrosynthesis that relies on network analysis?42° or a bioinspired retrosynthesis.2
Of the three syntheses of longiborneol published prior to our work, two use similar
strategies. Welch and Waters published a synthesis where the [2.2.1]bicycle is closed using
enolate alkylation in step 20 of 21 (Figure 2B).23 In the shortest previous synthesis of
(x)-longiborneol (rac-8, Figure 2C), Takasu et al. utilized a formal [4 + 2] cydoaddition to
construct the [2.2.1]bicycle in step 12 of 16.22

Conversely, Kuo and Money synthesized longiborneol using a strategy similar to our
proposal (Figure 2D).27 Beginning from (R)-camphor, they synthesized 8-bromocamphor
(18) in 3 steps and 35% overall yield—although they noted that the sequence was capricious.
They installed the remaining carbons of the natural product through an alkylation reaction,
and used a key Mukaiyama aldol reaction to close the seven-membered ring and complete
the longibomeol framework (see 21 to 22). While this visionary route demonstrated the
feasibility of a camphor-based strategy, it required many functional group interconversions
(FGIs), leading to a lengthy synthesis. We posited that skeletal remodeling of carvone could
provide access to a complementary camphor derivative that, along with modern chemical
methods, would allow us to synthesize longiborneol in fewer steps.

In addition to showcasing the merits of a camphor-based strategy to access longiborneol

(8), we also saw an opportunity to implement divergent syntheses of its many oxidized
congeners (23-32, Figure 3%-7) in a C-H functionalization-based second phase. Because

of their relative inertness and ubiquity in organic molecules, the selective derivatization of
C—H bonds was once termed a “holy grail” of synthetic organic chemistry.28 However,
many methods to effect such transformations have been developed over the past two
decades. Our group has had a long-standing interest in applying C—H functionalization
methods in complex molecule synthesis!2-15 in order to circumvent long functional-group-
interconversion sequences and to functionalize unactivated positions.2% These applications
test the scope and limitations of C—H functionalization reactions and highlight opportunities
for new advancements.3% Here, using C-H functionalizations in divergent syntheses of the
oxidized longiborneol congeners provided the opportunity to use varied methods to diversify
a minimally functionalized, C—H rich skeleton.

In this Article, we provide a full account of our synthetic efforts which culminated in a
nine-step total synthesis of longiborneol (8) from (S)-carvone (1), as well as syntheses of
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eight oxidized longiborneol congeners from a common intermediate.3! In particular, we
detail the evolution of our plan to install the remaining carbon atoms onto a starting camphor
framework and to use a subsequent cyclization to form the longibornane scaffold. A
reductive radical cyclization intended for this latter purpose led, instead, to a six-membered
ring that facilitated a synthesis of copabomeol (70, vide infra).3? This observation informed
the development of a metal-mediated hydrogen atom transfer (MHAT)-based cyclization

to forge the longiborneol framework Additionally, we describe the development of C-H
functionalization-based tactics that accomplished late-stage diversification to longiborneol
congeners. While several of these functionalization tactics proved ineffective, they provided
valuable insight that guided the final routes.

RESULTS AND DISCUSSION

1.

Initial Synthesis Strategy.

Our retrosynthesis, outlined in Figure 3, hinged on the assertion that congeners of
longiborneol could arise from the parent natural product, or closely related longicamphor
(14, see Figure 2B), using directed C—H functionalizations (see 33). While this goal

was aspirational, it drove our thinking at that stage of the project. Next, we proposed
disconnection of the C6—C7 bond through a cyclization transform, leading back to
intermediate 37. We saw this cyclization as a key challenge of the synthesis. In order to
maximize the brevity of our route, we required this cyclization to form the seven-membered
ring as well as the C6 all-carbon quaternary center. Initially, we planned to use a Conia-ene
(see 35)33 or Pd-mediated cycloalkylation34 reaction (see 36) to accomplish this goal. From
37, retrosynthetically disconnecting the C3—-C4 bond separated the structure into our key
functionalized camphor derivative, 8-hydroxycamphor (5), and the simple, linear fragment
38. As our group had previously shown that 5 could be readily accessed from (S)-carvone
(1),14 the fact that the remainder of the natural product skeleton could be derived from 38
highlighted the appeal of the “camphor first” strategy. In the forward sense, we envisioned
converting 38 into a nucleophile that would add to a C8 electrophile formed by oxidation
of the alcohol group in 5. We also anticipated that this coupling would create a functional
handle at C3 (see 37 and 34) that would aid functionalizations of C3 and C5—should they
prove difficult using directed C—H functionalization methods. On the basis of this analysis
(Figure 3), we commenced our studies on the total synthesis of longiborneol (8).

2. Synthesis of Longiborneol.

2.1. |Initial Efforts toward Fragment Coupling and Cyclization.—Our synthesis
of longiborneol (8) began with preparation of the requisite C8-functionalized camphor
derivative. Our group has previously reported an enantiospecific synthesis of 8-
hydroxycamphor (5) from (S)-carvone (1) using a three-step skeletal remodeling sequence
(Figure 4).14 In this sequence, the isopropenyl moiety of (S)-carvone (1) was first epoxidized
to give 39, which was then subjected to a Ti(l11)-mediated reductive cyclization to give
cydobutanols 2 and 3 (see Figure 1A).35 A modification of the originally reported procedure
led to an improved 87% combined yield of a 1.5:1 mixture of diastereomers (52% yield of
major diastereomer 2).3! Treatment of 2 with a Bransted acid then effected a semipinacol
rearrangement (see 41) which delivered 8-hydroxycamphor (5). Upon reoptimization of this
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reaction, we found that the use of p-toluenesulfonic acid led to an improved yield of 83%
(43% overall yield of 5 from 1) on multigram scale.3! The potential to quickly convert the
hydroxy group of 5 into several electrophilic functionalities, as well as avoiding the use of
toxic reagents in its preparation,2’-36 made it an ideal starting point for our synthesis of
longiborneol (8).

We expected that converting the primary alcohol of 5 to an aldehyde would provide an ideal
electrophile for the fragment coupling. Surprisingly, when 5 was subjected to Dess—Martin
periodinane®’ or Ley-Griffith oxidation conditions,3® carboxylic acid 43 was obtained as
the sole product in 81% and 24% yields, respectively (entries 1 and 2, Figure 5A). We
hypothesized that aldehyde 42 readily forms hydrated acetals (45) with the ketone group in
the presence of trace amounts of water (Figure 5B). These acetals then undergo oxidation to
the corresponding carboxylic acid (43). Attempts to utilize 43 as an alternative electrophile
were unsuccessful (see the Supporting Information, p S2). We found that standard TEMPO-
PIDA oxidation3? conditions gave only a trace amount of 42 (entry 3, Figure 5A), but that
the addition of more TEMPO and PIDA afforded the product in quantitative yield (entry

4). On the basis of these results and those shown in entries 1 and 2, we postulated that
8-hydroxycamphor (5) might exist as a five-membered cyclic acetal under the conditions
shown in entry 3, preventing the desired oxidation. However, under the conditions shown in
entry 4, we hypothesized that the /n situ generation of AcOH caused equilibration between
the acetal isomers and the keto-alcohol, with the latter undergoing the desired oxidation.
Accordingly, we found that the addition of AcOH to the reaction mixture afforded aldehyde
42 in quantitative yield (entry 5). These conditions reproducibly provide 42 on multigram
scale, and their discovery set the stage for the exploration of several fragment-coupling
reactions.

Treatment of aldehyde 42 with the alkyl lithium reagent prepared from bromide 42 afforded
chemoselectively coupled products 47 and 48 (Figure 6A). As the C8 ketone was required
for our proposed cyclizations, we attempted to open acetal 48 and protect the resulting
alcohol under basic conditions (see 48 — 49). However, under all the conditions that
were investigated for O-functionalization (e.g., silylation, alkylation, and acylation), we
only observed acetal derived products. For example, when we treated the mixture of 47
and 48 with TBSOTTf and 2,6-lutidine, we obtained TBS-acetal 50 as a 1:1 mixture of
diastereomers. These results may reflect relatively greater thermodynamic stability of the
acetals compared to the open forms of these molecules, which is supported by gas phase
calculations for 47 and 48 (B3LYP/6-31G* level of theory, Figure 6B). To circumvent
this undesired side reactivity, we next planned to subject the coupled product mixture to
oxidation to force the opening of the acetal group in 48.

Following chemoselective nucleophilic addition into aldehyde 42, the corresponding crude
mixture of 47 and 48 was subjected to DMP-oxidation conditions3’ to provide diketone

51 (Figure 6C). To forge the seven-membered ring from 51, we attempted a Conia-ene
reaction3® mediated by r-acids, Bransted/Lewis acids, or thermal conditions. Unfortunately,
we observed only complex mixtures without any evidence of desired product 52. We
reasoned that protection of the C3 ketone (see 53) might enable a Conia-ene reaction,33
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or that conversion of the C8 ketone to an enol-ether (see 54) could be followed by a
Pd-mediated cycloalkylation.34 Unfortunately, attempts to synthesize such intermediates led
only to enol acetal derivatives. For instance, treatment with TBSOTT and Et3N gave acetal
55. These results suggested that the oxygen atom at the C-3 position easily engages the C8
ketone group on the [2.2.1]bicyde, leading to unproductive side reactions.

2.2. Camphor Cyclobutanol Syntheses.—We next sought to protect the ketone
group of ketoaldehyde 42 prior to nucleophilic addition to the aldehyde group (see 56,
Figure 7A). However, treating 42 with soft-enolization conditions led to an intramolecular
aldol reaction which gave cyclobutanol 57 as a single diastereomer. We envisioned using
57 for fragment coupling reactions as outlined in Figure 7B. However, this approach was
unsuccessful, probably due to competing S-scission of the more substituted C-C bond.
Alternatively, we found that treating 42 with Sml, (Figure 7A)*0 afforded cyclobutanediol
58, but we were also unable to effect C-C cleavage/fragment coupling cascades with this
substrate.

2.3. Olefination Fragment Coupling and Subsequent Attempted Cyclizations.
—The results described above suggested that C-3 oxygen-bearing compounds would lead
to undesired reactivity. Therefore, we sought to accomplish the fragment coupling using
olefrnation chemistry in order to circumvent this problem (Figure 8A). To our delight,
treating ketoaldehyde 42 with the ylide prepared from phosphonium bromide 61 afforded
diene 62 as a 7:1 Z/E mixture.*! Anticipating that the isomeric skipped diene might be a
more apt substrate for cyclization to form the desired seven-membered ring, we also sought
to prepare 64. Our attempts to synthesize requisite phosphonium bromide 63 were initially
complicated by competing isomerization of the terminal alkene group, leading instead to
phosphonium bromide 61. However, by lowering the reaction temperature, we were able

to effectively access 63, and the reaction of the corresponding ylide with ketoaldehyde 42
yielded skipped diene 64 as a single isomer.

With the desired olefination products in hand, we investigated the seven-membered ring
formation. Exposing both silyl enol ether 6542 and vinyl allyl carbonate 6643 to Pd-enolate
generation conditions failed to provide any observable cyclization products (Figure 8B).
Similarly, attempts to effect a gold-catalyzed Conia-ene reaction returned only starting
material.#4 Faced with mounting evidence that closing the tricyclic skeleton of longiborneol
(8) using these reaction conditions would be extremely challenging, we pivoted to
investigating radical cyclizations.

2.4. Radical Cyclization Approach and Synthesis of Copaborneol.—Our initial
plan to implement a radical cyclization was to generate a radical at the a-carbon of the
ketone group in 62 or 64. Depending on the diene isomer that was employed, we anticipated
a variety of possible cyclization outcomes (Figure 9A). From diene 62, a seven-endo ring
closure would form the desired longibornane core, whereas a six-exo ring closure would
give the copabornane core. While the copabornane core would not have been productive

for synthesizing longiborneol, it would set the stage for the preparation of the closely
related natural product copaborneol (70). Similarly, from skipped diene 64, a seven-exo ring
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closure would result in the longibornane core, while an eight-endo cyclization would give a
dead-end tricycle (Figure 9A, bottom left). Products corresponding to all of these cyclization
possibilities have been observed in related systems,*® which made it difficult to predict the
likely outcome.

To test this plan, we treated diene 62 with KHMDS followed by 1,3-dibromo-5,5-
dimethylhydantoin (DBDMH) to access bromide 67 as a 7:1 Z/E mixture (Figure 9B).
Subjecting 67 to BuzSnH and azobis(isobutyronitrile) (AIBN) delivered tricycle 68 and its
diastereomer as the sole products through a six-exo-trig radical cyclization. Hydrogenation
of the alkene group in 68 and a subsequent dissolving metal reduction of resulting ketone

69 completed a total synthesis of copaborneol (70)32 in 9 steps and 5% overall yield from
(S)-carvone. We were also able to synthesize the known sesquiterpenoid ylangobomeol from
epi-68 (see the Supporting Information, pp S27-S28).

This result signaled that a similar sequence from skipped diene 64 might deliver
the longibornane core (Figure 10A). To this end, we prepared bromide 71 from 64.
Unfortunately, we found that treatment of 71 with AIBN and BusSnH led only to
nonspecific decomposition.

2.5. Development of an MHAT-Initiated Radical Cyclization.—At this stage, we
turned our attention to the use of a metal-hydride hydrogen atom transfer (MHAT) reaction
of an enol derivative of 64 (see 72) as an alternative way to implement a radical cyclization
(Figure 10B).46:47 Under MHAT reaction conditions, we anticipated that tertiary radical 73
would be selectively generated by HAT to the exomethylene group of 72. This radical would
then engage the enol double bond on the [2.2.1]bicycle. The resulting radical at C8 (see
74) would then either undergo B-scission to afford ketone 75 or proceed through a second
HAT to give a reduced ether product.*® We hypothesized that such a reaction would govern
the site selectivity of the cyclization with respect to the side-chain of the molecule, and
that the MHAT approach would mitigate concerns related to the steric effects of forming a
quaternary center Sto the carbonyl given the early transition states associated with radical
processes. We also found this MHAT reaction conceptually appealing because it would, in
theory, construct the C6—-C7 bond while also setting the geminal dimethyl groups of the C6
quaternary center. Using an enol derivative (see 72) as a radical acceptor would constitute
a polarity reversal compared to standard enolate alkylations. We recognized the exciting
opportunity this afforded to expand the scope of MHAT methods to polarity-reversed enol
alkylation.

The addition of the nucleophilic tertiary radical into an enol acceptor represents a polarity
mismatch because enols are electron-rich olefins. This donor—acceptor pair would, therefore,
not effectively stabilize a polarized transition state, potentially making radical addition
kinetically unfavorable. For example, electrophilic C-centered radicals are often used in
reductive or redox-neutral radical couplings to enol derivatives because they lead to a
stabilized, polarity-matched transition state (Figure 10C).4%-52 Although there are a few
examples employing a wide range of nucleophilic radicals for such couplings, their scope

is limited to benzylic or a-ketoester derived enol acceptors (Figure 10D and E).53:54 We
rationalized that the intramolecular nature of our proposed cyclization and use of electron-
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poor enol derivatives could mitigate these challenges. We therefore prepared a variety of
enol derivatives from 64 to test our hypothesis.

With several enol derivatives in hand (see the Supporting Information, p S3), we began

to survey their reactivity under Fe-mediated MHAT conditions (Figure 11).%5:°6 When we
used silyl enol ether 72a, a complex mixture was obtained likely because of unproductive
competing HAT reactions involving the silyl enol ether.56 Using vinyl phosphate ester
72b, which we hoped would readily undergo S-scission to release a stabilized phosphite
radical after the initial cyclization,>” only nonspecific decomposition was observed. Vinyl
esters and carbonates were tested next. We hypothesized that, in the case of a vinyl Piv

or Boc group, #scission of the O—C bond would occur from the a-oxy radical, followed
by decarbonylation or decarboxylation to generate the stabilized fer#-butyl radical. When
72c and 72d were used, we observed formation of the desired C6-C7 bond. However, the
resulting a-oxy radical also underwent a subsequent 5-exo-trig addition to the residual C3-
C4 double bond to yield 76 or 77.

The fact that an additional, undesired, C—C bond was formed when either 72c or 72d was
used in the MHAT reaction led us to explore other enol derivatives with weaker heteroatom—
oxygen bonds. In view of the precedent illustrated in Figure 10E,>* we turned our attention
to vinyl sulfonates. We prepared nonaflate 72e and subjected it to the screening conditions.
Instead of the desired products, we observed fluoroalkyl adduct 78 in 51% yield as a

single diastereomer. This product presumably arises through a radical chain process that

is initiated when the desired cyclization liberates a sulfonyl radical, which then undergoes
desulfonation to give a perfluoroalkyl radical. Addition of this radical to the exomethylene
group yields a tertiary radical, which then adds into the vinyl sulfonate—ultimately releasing
another sulfonyl radical and propagating the chain. Related trifluoromethylations of vinyl
triflates have been reported.>8 We predicted that undesired reactivity of this type would be
suppressed if we used a sulfonyl group that was less likely to undergo desulfonylation. To
our delight, treatment of vinyl tosylate 72f with the screening conditions gave rise to the
desired cyclized product (75) in 60% yield. This reaction constructed the carboskeleton of
longiborneol (8) and set the stage for the completion of the natural product synthesis.

Tosylate 72f was difficult to prepare (see the Supporting Information, p S4), but vinyl phenyl
sulfonate 72g proved equally effective in the cyclization (Figure 12). Exposing 72g to the
optimized conditions, which included critical buffering reagents to prevent acid-mediated
decomposition (see the Supporting Information, p $6),°¢ provided tricycle 75 in 85% yield
on multigram scale. Hydrogenation of the residual alkene group afforded longicamphor
(14), and diastereoselective dissolving-metal-mediated reduction of the carbonyl group of 14
finally furnished longiborneol (8). Our synthesis of 8 proceeded in 9 steps from (S)-carvone
and afforded a remarkable 30% overall yield. Each step of the route is robust and scalable,
enabling us to prepare over a gram of 8 in a single pass.

3. Selective Oxygenation of the Longiborneol Scaffold.

Upon completing the total synthesis of longiborneol (8), we turned our attention to the
selective functionalizations of the longibornane skeleton that would provide access to
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oxygenated congeners 23-32 (Figure 3).3-7 Cyclization product 75 was selected as the
common intermediate for these divergent syntheses. It featured a C8 hydroxy group, which
we envisioned could direct C—H functionalizations at C12 and C15, as well as an alkene
group which activated the distal C3 and C5 positions within the seven-membered ring
toward oxidation.

3.1. Classic Oxidation Chemistry: Syntheses of 3-Hydroxylongiborneol

and 5-Hydroxylongiborneol.—We began our oxygenation studies by targeting 3-
hydroxylongiborneol (27) and 5-hydroxylongiborneol (28). For the synthesis of 28, we
expected that the C3—C4 alkene group of 75 would activate C5 toward a classic selenium
dioxide mediated allylic oxidation (Figure 13A, left). Indeed, treatment with stochiometric
selenium dioxide at 80 °C converted olefin 75 to 79 (Figure 13B). Allyhc alcohol 79

was advanced to the natural product by hydrogenation of the alkene group followed by
dissolving metal reduction of the ketone group. This route yielded 5-hydroxylongiborneol in
10 total steps and 15% overall yield from (S)-carvone.

We hypothesized that Mukaiyama hydration®® of the alkene group in 75 would lead to an
equally straightforward synthesis of 3-hydroxylongiborneol (27, Figure 13A, right). Classic
Mukaiyama hydration conditions, using THF as a solvent, resulted in sluggish reactivity
and incomplete conversion to alcohol 80—despite multiple additions of Co(acac), and
phenylsilane. However, using trifluoroethanol as a solvent led to full conversion in 4 h

and a dean reaction profile (Figure 13B, see the Supporting Information, p S7 for full
details). Fluorinated alcoholic solvents have previously been shown to increase the yields
and decrease reaction times of MHAT reactions,®0:61 although their role remains somewhat
mysterious. These positive effects may arise because these solvents facilitate the formation
of dimeric metal complexes®1.62 or, in the specific case of the Mukaiyama hydration,
because they increase the solubility of oxygen in the reaction mixture.63.64 Alcohol 80

was unstable on silica gel, making it difficult to purify. However, the crude mixture could
be directly treated with dissolving metal conditions to afford 3-hydroxylongiborneol in
high yield. In total, this route afforded 27 in nine total steps and 26% overall yield from
(S)-carvone.

3.2. Undirected C-H Oxidation: Syntheses of Culmorone, Culmorin, and 5-
Hydroxyculmorin.—We next investigated the application of undirected C—H oxidation to
the functionalization of the longiborneol scaffold. Undirected oxidations of C—H bonds with
dioxirane reagents or transition metal catalysts (e.g., the White—Chen catalyst®®) proceed by
hydrogen atom abstraction and capture of the resulting radical, and they tend to selectively
oxidize electron-rich and sterically accessible C—H bonds. One tertiary C—-H bond in the
longiborneol scaffold is a to an inductively withdrawing functional group, and the other

is located at the bridgehead position, which would yield a relatively unstable radical.
Therefore, we hypothesized that undirected C—H oxidation of a longiborneol derivative
would selectively oxidize the methylene positions of the scaffold (Figure 14A). Specifically,
we expected the major product to result from oxidation at C4, the most sterically accessible
methylene. While C4 oxidation does not correspond to any of the targeted natural products,
we also predicted that significant oxygenation at C11 would be observed, as this position
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is the only other non-neopentyl methylene and abstraction of a H atom attached to C11
might relieve strain between the pseudoaxial C11 hydrogen atom and the other pseudoaxial
groups on the [2.2.1]bicycle. Strain release has been shown to enhance the rate of H atom
abstraction in undirected C-H oxidations.®® Furthermore, oxidation at one position tends
to disfavor additional oxygenation at other sites due to the introduction of an additional
electron-withdrawing group. As such, we expected each product to be oxidized only at a
single site, and we predicted that undirected C—H oxidations could be used to furnish C11
oxidized products which would serve as precursors to culmorone (26) and culmorin (32).

We selected acetyl longiborneol (81, Figure 14B) as the starting material for our undirected
C-H oxidation studies. Acetylating the hydroxy group effectively installed an inductively
electron-withdrawing group, which we expected to deactivate C8 and C7 toward oxidation
(vide supra).5° We began bv treating 81 with the White—Chen catalyst (Fe-(PDP))8 under
a variety of conditions (Figure 14B). Portionwise addition of (S,S)-Fe(PDP) to 81 yielded
the expected C4 ketone as the major product in 16% yield and the C11 ketone as a minor
product in 3% yield. However, the reaction outcome was less selective than hypothesized,
as the C3 and C5 ketones were also formed (entry 1). Using (R,R)-Fe(PDP) led to similar
results, with a slight observed increase in the yield of the C5 oxidized product and a slight
decrease in the yield of the C4 oxidized product (entry 2). Slow addition of the catalyst
and hydrogen peroxide (entry 3),67 including at elevated or reduced temperatures (entries
4 and 5), did not lead to observed improvement in the yield of the C11 ketone. Switching
the oxidizing reagent to 10 equiv of 3-methyl-(trifluoromethyl)dioxirane (TFDO)®8 led to
increased yields of all products (entry 6). Reducing the loading of TFDO further increased
product yields (entries 7, 8), but portionwise addition (entry 9)! and altering temperature
(entry 10) were found to be deleterious. Despite the persistently low yields of the C11
ketone (83), the brevity and high overall yield of our longiborneol (8) synthesis enabled us
to use this reaction to access synthetically useful amounts of 83.

At scale, treatment of acetyl longiborneol (81) with 3 equiv of TFDO yielded an inseparable
mixture of C11 ketone 83 and C5 ketone 82 (Figure 14C). Deprotection of the hydroxy
groups enabled separation of the components, giving culmorone (26) in 2% overall yield
over the two steps. Diastereoselective, dissolving metal reduction of the C11 carbonyl in
culmorone provided culmorin (32) in 12 total steps from (S)-carvone and 1% overall yield.

Elucidation of the product mixture resulting from undirected oxidation of acetyl
longiborneol (81) suggested that we could utilize TFDO-mediated C—H oxidation in

a higher yielding synthesis of more oxidized longiborneol congeners. Specifically, we
hypothesized that installing an electron-withdrawing group at C5 would deactivate the C3
and C4 positions toward oxidation by TFDO (Figure 15A).%8 Of the sites of oxidation
observed on 81, this would leave only C11 available for functionalization. The resulting

C5, C11 bis-functionalized product would map onto 5-hydroxyculmorin (23). Therefore, we
developed a synthetic route where 5-hydroxylongiborneol (28), a natural product which we
had previously synthesized (vide supra, Figure 13), was bis-acetylated to give 84 (Figure
15B). In accordance with our hypothesis, treatment of 84 with TFDO yielded C11 ketone 85
as the only identifiable product, validating our initial hypothesis. Exposing the crude mixture
to dissolving metal conditions effected concomitant reduction of the C11 ketone and global
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cleavage of the acetyl groups to give 5-hydroxyculmorin in 13 total steps and 5% overall
yield from (S)-carvone.

Since our initial disclosure of portions of this work,3! we have tested other undirected C—H
oxidation methods on the longiborneol scaffold. This enabled us to compare the reactivity
profiles of these methods to the White—Chen catalyst and TFDO. First, we examined a
ruthenium catalyzed C—H oxidation protocol recently published by Griffin et al. (Figure
16A).59 The authors disclosed two catalysts (Figure 16A, center) which, in conjunction with
either an acetic acid or dichloroacetic acid additive (DCAA), are competent for undirected
C-H oxidation. After screening each combination of catalyst and additive (Figure 16A, left)
we found that the combination of precatalyst 86 and DCAA led to increased yields of the
C4 ketone and culmorin precursor 83, compared to the TFDO mediated reaction (entry 1

vs entry 5). The oxidation to 83 could be carried out on relatively large scale and led to

an improved isolated yield of culmorone (Figure 16B). The ruthenium-catalyzed oxidation
was also tested for the conversion of 84 to 85 (Figure 16A, right)—the key functionalization
in our route to 5-hydroxyculmorin (23). Reactions under standard conditions were found

to consistently lead to low conversion of 84, resulting in low yields of 85 (entries 1-4).
However, significantly increasing the reaction time also increased conversion and provided
85 in yields comparable to those obtained with TFDO (entry 5).

We next investigated the White—Gormisky—Zhao Catalyst (Mn(CF3z—PDP)) catalysts
developed by White and co-workers (Figure 16C).79-72 Compared to the original White—
Chen catalyst, analogues bearing the CF3-PDP ligand have been found to favor oxidation

at less sterically hindered C—H bonds.”? Additionally, changing the iron-based catalyst to a
manganese complex lowers the redox potential and increases the basicity of the metal-oxo
intermediate, improving chemoselectivity and, potentially, promoting C—H abstraction.”0:/1
To our surprise, we found that using these catalysts under standard conditions led to a
mixture of bis-oxidized products: 89, 90, and 91 (Figure 16C, left, entries 1-2). Products of
this type are unusual under these conditions, as the installation of a ketone group or tertiary
alcohol usually deactivates the substrate toward further oxidations. Attempts to suppress
the formation of these bis-oxygenated products by lowering the reaction temperature and
loadings of catalyst and hydrogen peroxide led to complex product mixtures of bis- and
mono-oxygenated products (entries 3—6). Nonetheless, we observed that these conditions,
combined with a modified procedure in which both catalyst and hydrogen peroxide were
added slowly, led to an increased yield of C11 ketone 83 compared with the reaction using
TFDO (see Figure 16A, left, entry 5). The manganese-based catalysts were also tested in the
oxidation of 84 (Figure 16C, right). In that case, the (R,R) catalyst was found to provide 85
in higher yield than in the reactions using TFDO (entry 1).

In general, these varied reaction conditions led to similar results, with the exception of

the White—Gormisky—-Zhao catalyst which led to bis-oxygenated products. However, each
method leads to different degrees of starting material conversion and yield in the two
reactions relevant to our syntheses, highlighting the need for a wide survey of methods when
undirected C—H oxidations are employed in complex molecule synthesis.
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3.3. Directed C-H Oxidation: Syntheses of 12-Hydroxylongiborneol, 14-
Hydroxylongiborneol, and 15-Hydroxylongiborneol.—We identified directed C-H
functionalization methods as being particularly well-suited for the functionalization of the
primary C12 C-H bond that would be required for a synthesis of 12-hydroxylongiborneol
(31). Initially, we predicted that the Sanford acetoxylation,’3 where an oxime is installed

to direct C—H acetoxylation of a 1,3-methyl group, would be an ideal tactic for the

targeted functionalization (Figure 17A). Unfortunately, after testing a variety of conditions
to condense a methoxy-amine or hydroxy-amine’* onto the ketone group of longicamphor
(14), or its unsaturated analogue 75, we found that the desired oximes could not be formed
on either substrate (Figure 17B). We hypothesize that these oximes are difficult to synthesize
because of the extreme steric hindrance around the neopentyl ketone groups, which are

also proximal to another quaternary center. This hypothesis is supported by the fact that
methoxime 92 is easily synthesized from skipped diene 64. However, when 92 was subjected
to acetoxylation conditions, only nonspecific decomposition was observed. We chose not to
pursue the acetoxylation of similar substrates further in order to investigate other approaches
more consistent with our goal of late-stage diversification.

Specifically, we next explored the use of a Hartwig silylation to functionalize C12.7° To set
the stage for this functionalization, in general, a (hydrido)silyl ether is installed on a hydroxy
group. Then, an iridium-catalyzed, intramolecular C—H functionalization of a methyl group
forges a Si—C bond to give a silacycle. This intermediate is finally converted to a diol
product using a Tamao—Fleming oxidation.” Initially, we sought to utilize longiborneol (8)
as a starting material for this reaction sequence. While functionalization of the 1,3-methyl
group should have been kinetically favored, it has been shown that conformational effects
can lead to different site selectivity.”” Therefore, we expected that either the C12 or C15
position, which we observed to be proximal to the hydroxy group in the crystal structure

of 5-hydroxylongiborneol (28), would be functionalized in the directed silylation (Figure
17A). Unfortunately, despite screening several (hydrido)silyl ethers (Figure 17C),”7 we
were unable to obtain these products. Instead, we either recovered longiborneol (8) as the
only identifiable product or observed no reaction in the C—H functionalization-oxidation
sequence.

We used a borneol model system to gain insight into this reaction sequence (Figure 17D).
Hartwig and co-workers have shown that using isoborneol (93) as a starting material leads
to diol 94, in which the bridgehead methyl group is functionalized.”® Conversely, we found
that using bomeol (95), which features a pseudoaxial hydroxy group analogous to that found
in longiborneol (8), led to diol 96 through 1, 3 functionalization of the methylene position.
This outcome suggests that the geometric relationship between the pseudoaxial hydroxy
group and the bridgehead methyl group does not favor a directed silylation—as methylene
silylations can result from starting materials without methyl groups y to their hydroxy
group.”® Products corresponding to 96 may not be observed when longiborneol (8) is used
as a starting material because of conformational changes in the [2.2.1]bicycle induced by the
tricyclic scaffold.

The silylation selectivity observed in the borneol model system indicated that we might be
able to use the Hartwig silylation to effectively functionalize C12 of longiborneol if we
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inverted the orientation of the C8 hydroxy group. Accordingly, we treated longicamphor (14)
with lithium aluminum hydride to obtain C8-gp/longiborneol (97, Figure 17E). Alcohol

97 was then treated with chlorodimethylsilane to yield (hydrido)silyl ether 98, which
smoothly underwent C—H functionalization to give silacycle 99. Tamao—Fleming oxidation’8
of 99 gave C8-epi 12-hydroxylongiborneol (100) in a remarkable 70% yield over the three-
step sequence. A net epimerization of the C8 hydroxy-bearing stereocenter of 100 was
accomplished by oxidation to ketoaldehyde 101 followed by dissolving metal reduction of
both carbonyl groups. This synthetic route produced 12-hydroxylongiborneol (31) in 14 total
steps and 6% overall yield from (S)-carvone.

With 12-hydroxylongiborneol (31) in hand, we returned to the C15 functionalization
required to synthesize 15-hydroxylongiborneol (30). Attempts to use alternative C-H
functionalization reactions directed by C8 functional groups proved unproductive (see the
Supporting Information, p S8). Instead, we planned an oxidative relay strategy’® in which
a transient functional group would be installed at C5 and used to direct functionalization
at C14 (which would correspond to the natural product 14-hydroxylongiborneol) and/or
C15 (Figure 18A, top left). We first attempted this plan by synthesizing a C5 oxime from
common intermediate 75, in a six-step sequence. Unfortunately, we found that exposing
methoxime 105 to Sanford acetoxylation conditions yielded mostly bis-functionalized
product 106 (Figure 18A). We also synthesized free oxime 107 (through a similar sequence)
but again found that bis-acetoxylation occurred under the Sanford conditions (108, Figure
18A, bottom right).

Presumably these reactions led to bis-acetoxylated products because the desired
monoacetoxylated compounds are competent substrates for a subsequent acetoxylation.
Conceptually, we reasoned that if the palladation step could be separated from the oxidation
of the resulting palladacycle, the monofunctionalized products would be formed selectively.
In principle, this separation of the two steps could be implemented with the stoichiometric
palladation chemistry first described by Baldwin (Figure 18B).80 Indeed, treating oxime 107
with a stoichiometric quantity of Na,PdCly led to bis-palladium complex 109. Acetylation
of the oximes in 109, followed by treatment with lead(IV) acetate, effected oxidation of the
palladacycles to yield monoacetoxylated 110 as a 2:1 mixture of the diastereomeric C14
and C15 acetoxylated products. Treatment of the mixture with iron and acetic acid effected
reductive cleavage of the acetyl oxime to the corresponding imine, which hydrolyzed to

the ketone upon workup.8! Condensation with tosylhydrazine followed by a LAH-mediated
Caglioti reaction8? yielded the natural products, which were separable. This route delivered
14-hydroxylongiborneol (29) and 15-hydroxylongiborneol (30) in 19 total steps and 7% and
4% overall yield from (S)-carvone, respectively.

In an effort to avoid the use of stochiometric quantities of palladium and reduce step count,
we returned to the optimization of the Sanford acetoxylation (Table 1). As described above,
standard conditions’# using oxime 107 led to a 20% yield of bis-acetoxylated product

108 (entry 1). We were unable to find examples of similar bis-acetoxylated products in

the literature, but reasoned that we could limit their formation by limiting the loading of
oxidant in the reaction mixture. We found that using a substoichiometric amount of the
PIDA oxidant significantly changed the product distribution to favor the monoacetoxylated
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products (entry 2), and that using acetyl-oxime 111 increased the yields of all products
(entry 3). Remarkably, changing the cosolvent from acetic anhydride to HFIP and lowering
the temperature completely suppressed formation of the bis-acetoxylated product (108).
Unfortunately, these conditions only delivered the monoacetoxylated products in 25%
combined yield (entry 4), and we were unable to optimize further (see the Supporting
Information, p S9). However, using acetic anhydride as a cosolvent and running the reaction
at a lower temperature provided the monoacetoxylated products in 33% combined yield in
a 6.6:1 ratio to the bis-acetoxylated product (entry 5). Upon scale-up, 110 was obtained

in 41% yield. These reaction conditions both reduced the loading of palladium required

for the acetoxylation and shortened the synthesis route to 14-hydroxylongiborneol (29) and
15-hydroxylongiborneol (30) to 17 total steps from (S)-carvone.

3.4. Synthesis of Longifolene.—Our investigations into the late-stage
functionalization of the longiborneol core also led to a total synthesis of longifolene

(112). While attempting the installation of an A-methyl-sulfamate ester onto the hydroxy
group of longiborneol (8)—for a proposed directed C—H bromination at C1283—we
obtained (-)-longifolene (112) as the sole product in high yield (Figure 19A). This
constitutes a total synthesis of 112 in 10 steps and 26% overall yield from (S)-carvone.

A similar rearrangement of the longiborneol core was previously reported by Kuo and
Money.2’ However, their strategy relied on converting 8-epi-longiborneol (ent-97) to the
corresponding mesylate, resulting in an E2 elimination and concomitant rearrangement to
(+)-112 (Figure 19B). In our case, the rearrangement presumably occurs through an E1
elimination of the A-methyl-sulfamate. Interestingly, longifolene (112) was used by Corey
and co-workers to showcase their concept of strategic bond analysis,8* with which we
juxtapose our “camphor first” strategy (vide supra). Notably, our synthesis of longifolene is
the shortest reported to date.

4. Expansion of Carvone Remodeling Tactics to Additional Camphor Derivatives.

Having completed syntheses of many longiborneol sesquiterpenoids, we sought to
broaden the scope of the carvone to camphor skeletal remodeling approach in order to
facilitate future natural product syntheses. We have focused on increasing the diversity
of functionalized camphor derivatives that can be accessed from carvone and employed
as starting materials. In previous work (Figure 20A), we had shown that C8-, C9-, and
C6-functionalized camphor derivatives are readily accessed by skeletal remodeling. That
work demonstrated the synthesis of 8-hydroxycamphor (5) described above. It also showed
that treatment of major diastereomer 2 with m-CPBA gave rise to 6,8-dihydroxycamphor
(115) through a semipinacol rearrangement. Subjecting minor cyclobutanol diastereomer
3 to analogous conditions was also shown to yield 9-hydroxycamphor (116) or 6,9-
dihydroxycamphor (117).

We envisioned that selective allylic oxidation of cyclobutanols 2 and/or 3 would provide an
opportunity to access camphor derivatives with functionalization at different sites (Figure
20B). We found that SeO, mediated oxidation of the allylic methyl group of protected
alcohol 118 afforded diol 119. Epoxidation of 119 followed by treatment with PPTS (to
effect a semipinacol rearrangement) gave camphor triol 120. Alternatively, we anticipated
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that allylic oxidation conditions known to occur through radical intermediates would favor
oxidation at the C5 methylene.8 Due to instability of the cyclobutanol under the required
reaction conditions, protected diol 121 was employed in the planned C-H methylene
oxidation. We found that treatment of 121 with Collins’ reagent in the presence of 4 A
molecular sieves gave enone 122.85 Treating 122 with TsOH led to simultaneous cleavage
of the acetal protecting group and semipinacol rearrangement. Protection of the resulting
primary alcohol group as a TBDPS ether afforded 8-hydroxybornanedione 123. In this
way, camphor derivatives which bear functionality at every unactivated, nonquaternary
position of the camphor framework were prepared by scaffold-remodeling of carvone. These
compounds should be serviceable intermediates en route to other complex natural products.
For example, 120 and 123 map onto the natural products guanacastepene K (10)86 and
culmorone (26), respectively.

CONCLUSIONS

In this work, we demonstrate a “camphor first” strategy toward the longiborneol
sesquiterpenoids, which consisted of distinct skeletal remodeling and C—-H functionalization
phases. Efficient syntheses of several natural products (in all cases the shortest to date) were
realized using this nonconventional synthesis strategy. Fragment coupling by olefination and
a subsequent radical-mediated cyclization, to forge the characteristic seven-membered ring,
proved to be effective for building the longiborneol scaffold around 8-hydroxycamphor (5).
Initial investigations of reductive radical cyclizations led to six-membered ring formation
and a total synthesis of copaborneol (70). Subsequently, we found that an MHAT-derived
tertiary radical could engage a vinyl phenyl sulfonate enol radical acceptor (72g) to give
desired cyclization product 75. This tricycle was advanced to longibomeol (8), completing a
nine-step synthesis which demonstrated the merits of our “camphor first” strategy.

The goal of the second phase of this project was to investigate whether C-H
functionalization chemistry could be used to access congeners 23-32 through late-stage
diversification of tricycle 75. Derivatization of the alkene group in 75 led to syntheses

of 3-hydroxylongiborneol (27) and 5-hydroxylongiborneol (28). Undirected C—H oxidation
chemistry was successfully employed to access culmorone (26) and culmorin (32). Efforts
to use a directed Hartwig silylation to functionalize C12 of longiborneol initially proved
challenging because of an unfavorable geometric relationship between the C8 hydroxy group
and the C12 methyl group. This difficulty was circumvented by inverting the stereochemical
configuration of the hydroxy group, enabling access to 12-hydroxylongiborneol (31). Use
of similar tactics to functionalize C15 proved unsuccessful. Instead, we developed a relay
oxidation strategy which provided access to both 14-hydroxylongiborneol (29) and 15-
hydroxylongiborneol (30).

Overall, our work demonstrates the utility of skeletal remodeling tactics in “camphor first”
synthesis strategies. Furthermore, it highlights the power of modern C-H functionalization
methods to selectively diversify C-H-rich architectures. While challenges associated with
installation of directing groups, substrate control, and a lack of selectivity point to
improvements that are still necessary for wide adoption of the C-H functionalization
methods applied here, they nonetheless enabled functionalization of every natural product-
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relevant position of the longiborneol scaffold. Finally, we showed that the carvone-to-
camphor skeletal remodeling paradigm can be expanded to novel derivatives. These
derivatives are promising starting points for future natural product syntheses.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(A) Skeletal remodeling of carvone and its applications in total synthesis. (B) Skeletal

remodeling for the preparation of camphor analogues.
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(A) 8-Hydroxycamphor oxidation. (B) Proposed mechanism for carboxylic acid formation.
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47  NaHCO, Me  m-acid or Me
&g — S eee-- K- Ma,
48 DCM, r.t. Bonsted/Lewis M
(84%, 2 steps) acids e
from 42 % Me d Me
51 desired (52)
hard and soff
enolization conditions ’F [SijOTE
¥ Et:N
Me OR Me (o] Me
—
Me Me
or A\ Me
o]
o Me RO Me
5.3 desired products 5_4 RG Me
Y \ sole obtained
Conia-ene type [Pd] cycloalkylation e.g. R = TBS (55)

Figure 6.
(A) Addition into aldehyde 42 and subsequent functionalization. (B) Calculated ground-state

energies of 47, 48a, and 48b. (C) Oxidation and attempts at seven-membered ring formation.
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A. Camphor Cyclobutanol Syntheses

0% Me 0% Me TBSC, Me
TBSOTT, Et;N
:
DCM, r.t.
o) Me (93%) TBSO Me o Me
42 desired (56) obtained (57)
single diastereomer
SmI2 Me :
tBUOH . ;
R — ;
THF, r.t. :
(80%) hg  Me E
58 ;
single diastereomer (X-ray of 58) ' (X-ray of 57)

B. Unsuccessful Fragment Coupling Attempts

de™ TBSO BsQ
reduction \/ S complex
mixture
[MIO [M]O
59

Figure 7.
(A) Synthesis of camphor cyclobutanols 57 and 58. (B) Proposed one-electron reduction

approach to the fragment coupling.
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A. Olefi Fr tC
Me
MEM\PPhﬁr
Me
a7 n-BuLi
THF, r.t.
d s (93%)
42
Me
Me NPPI’I B
oF & 3Br
n-BulLi
THF, rt.
(o] P Me (30%)
Figure 8.

Me
—— —_—
Me Me
(o] Me
62
(7:1 Z.E)
Me
Me
o] Me
64

single isomer

Page 29

B. Attempted Cyclizations by Heck or Conia-ene Reactions

Me
T —
Me' Me Me Me
[Pd]2 43 o Mere
SRRt SEEE | ud Mé _
RO Me (o} Me O Me

R= TIPS{ iﬁ:‘:);;‘lloc (686) expected; not observed

Me

Me [(IPr)AUCI) (20 mol%) Me Me Me
AgCIO, (20 mol%) Merie
_________ e or
PhMe Me Me
110 *
¢ o] Me (o] Me

in 62 case
expected; not observed

(A) Olefination fragment couplings. (B) Attempted Pd-mediated cyclizations and Conia-
ene33 reactions to form cyclized products.
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A. Proposed Cyclization and Possible Product Scaffolds  B. Synthesis of Copaborneol

Me Me
Me  (skipped) == ~ = e
djene Me KHMDS Me' Me Me” AJ Me
THF, -78 °C B AIBN, BusSnH C
? -exo-trig - e .
Me o 7-endo-trig then DBDMH, ~78 °C PhMe, 80 °C
(o] Me (o]

Me,

[0}
from 62 or 64 longibornane core

(>99%) o e (65%, d.r. = 1:1.3) oy
r.'f‘d':ca! cyclization (?-1&;-E) o ‘IS?IZ'E) 6-exo-trig
skipped G-exo-trig o e
diene
8-endo-trig diene

copaborneol (70)
(9 steps, 5%)

Me H, (100 psi) Li,NHy ()  Me Me
.‘ PdIC _PdiC10%) _ MeOH 7~
Me
Me TMeOH, 1t THF, 78°C
(82%) (45%) Ho  Me

copabornane core

Figure 9.
(A) Potential radical cyclization pathways. (B) Synthesis of copaborneol (70)32 enabled by

reductive radical cyclization of bromide 67 to tricycle 68.
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A. Attempted Reductive Radical Cyclization with the Skipped-Diene C. Polarity-Matched Reductive Radical Addition (Many Examples)

Me EWG 07
KHMDS Me Me o” EWG EWG O M
THF, -78 °C AIBN, Buaan Maisi: + o+
64 —————————=  Br semea¥ee /L. g e o
then DBDMH, ~78 °C PhMe, 80 °c Ma ) EWG o
(47%) 7 e (degradation) 7 e radical electrophilic  stabilized, polarized M
t i it
=i desired (75) acceptor radical transition state
single isomer
B. Proposed MHAT Strategy 2Eu015)
Me
™S ®_Tms
Me o X %I\ + \
){ Ar Ar Ar
5475 alkyl radical nucleophilic  stabilized benzylic radical;
8 acceptor radical [O] to oxocarbenium cation
X0 Me non-stabilized polarized
72 transition state 75
E. Kim (2010)
7-exo- rng cyclization
ol
)\cozEt .Ja*« ,)\E.NG EWG
or Ph
"F‘:' x* radical leophilic
e X-0 scission acceptor radncal transmon state

Figure 10.
(A) Attempted reductive radical cyclization with 71. (B) Proposed MHAT-initiated

cyclization. (C) Summary of precedents using polarity matched donor—acceptor pairs.>° (D
and E) Summary of Fu et al. and Kim et al. nucleophilic radical additions into benzylic or
a-ketoester-derived acceptors.>3:54
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Me

Page 32

4 3
““‘ Fe(acac)s (30 mol%)
M e(acac); (30 mol% M
2 PhSiH, (2 equiv) - -
DCE/(CH,0H), (5:1 v/v, 0.05 M) Me 7
60 °C, air
X0 Me O Me
72 desired (75)
Substrate Result Substrate Result
X = TES | X = P(O)(OPh), y
(72a) complex mixture (72b) decomposition
Me Me
X=Piv ey X = Boc ety
(72c) Me (72d) Me
PivO Me BocO Me
76: 51% 77: 52%
Me Me
Met:.
M Ties
X=Nf R X =Ts #
(72e) (72f) Me
O Me 0] Me
78: 51% 75: 60%
(R = (CF;,);CF3)
Figure 11.

Substrate screening for the MHAT-initiated cyclization.
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Me Me
e NaHMDS e Fe(acac)s;, PhSiH;
Me THF, -78 °C to r.t. Me NaH,PO,, Na,HPO,
- =
then (PhS0,),0 EtOH/(CHOH),, 60 °C
-78 °C (85%)
o) Me (98%) PhO,SO Me
64 729
Li, NH; (1) Me
Men e H, Pd/C Me e MeOH Mei:.
e ' e e
Me MeOH, rt. Me THF, -78 °C Me
(95%) (>99%)
O Me O Me HO Me
75 14 longiborneol (8)
(9 steps, 30%)
Figure 12.

Completed total synthesis of longiborneol (8).
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A. Strategy: 3 and 5-Hydroxylongiborneols

allylic hydration 5 ~\OH

HO,,,5 QS] 3 ) ‘
Me Me
Meii:. C5 5 Me C3 Meiti-
Me G| Meny —) Me
Me
HO Me S s HO Me
5-hydroxylongiborneol (28) 75 3-hydroxylongiborneol (27)
Strategy

B. Synthesis: 3 and 5-Hydroxylongiborneols

HO;, HO"’;.S

Me (1)Hp, PdIC Me

Se0, MeOH, r.t. Mei:.

75 — " 5 Meii:. - e
DCE, 80 °C Me (2) Li, NH3 (1)
(63%) MeOH Me
O  Me  14F,_78°C HO
79 (76%, 2 steps) 28
(10 steps, 15%)
Co(acac), :OH 3 .*‘OH
(50 mol%) \ Li, NH3 (1)
PhSiH,, O, Me MeOH Me
»  Men.. » Met:.
CF3CH20H, r.t. Me THF, -78 °C Me
(81%, 2 steps)
O Me HO Me
80 27
(9 steps, 26%)
Figure 13.

(A) Oxygenation strategy for preparation of 3- and 5-hydroxylongiborneols. (B) Completed
syntheses of 3-hydroxylongiborneol (27) and 5-hydroxylongiborneol (28).
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A. Strategy: Culmorin

4.7 major

undirected
C-H[0] RO

Strategy

(o]
Me Me Me
Mer, Met, 0
'::> Me o Me 11
RO Me RO Me

minor

culmorin precursor

C. Synthesis: Culmorin

Meri..,

AcO

81
one step from 8

KaCOs

MeOH
rt.
(6%, 2 steps)

(o]
Me
TFDO Mer:
» Me
DCM
Me —20°Ctor.t.

e Me
Mer.

(o]
*omé

M
a0 Me aog e
82 83

inseparable mixture

Me Li, NHg (1) Me
Mers:. o MeOH Meui. 11
M : M
2 THF, =78 *C 9 >
71%, OH
o Me (71%) HO Me

culmorone (26)
(11 steps, 2%)

culmorin (32)
{12 sleps, 1%)

Figure 14.

(A) Oxygenation strategy for the synthesis of culmorin (32). (B) Optimization of the

B. Undirected C-H Oxidation: Condition 5

Page 35

[White-Chen] 4 :§
Fe(PDP) 5
Me AcOH, H,0, Me
Mere. MeCN Meis. 11
Me Me
[Dioxirane]
Me TFDO Me
AcO DCM AcO
81
Entry Conditions Cc3* C4* C5* C1n®
(S,S)-[Fe] (15 mol%), AcOH (3 drops),
1 H,0, (3.6 equiv.), 1t 3% 16% 9% 3%
(R,R)-[Fe] (15 mol%), AcOH (3 drops),
2 H,0; (3.6 equiv.), rt. 3% 5% 12% %
(S.8)-{Fe] (15 mol%), AcOH (1 drop),
3 HyOn (5 6QUIV), 1. 3% 4%  10% 4%
(8,8)-[Fe] (15 mol%), AcOH (1 drop),
4 H,0, (5 equiv.), 0 °C 3% 15% 8% 2%
(S,S)-[Fe] (15 mol%), AcOH (1 drop),
5 H,0; (5 equiv.), 50 °C 4% A5 @e 4%
] TFDO (10 equiv), DCM, =20 °C % 33% &% 5%
v TFDO (1.2 equiv), DCM, —20 °C 6% 34% 8% 8%
8 TFDO (3 equiv), DCM, =20 °C 10% 39% 10% 8%
9 TFDO (3 x 1 equiv), DCM, =20 °C 8% 41% 9% %
10 TFDO (3 equiv), DCM, =78 *C (3h) tort. 6% 27%  nd. 2%

undirected C—H oxidation of acetylated longiborneol (81). (C) Complete synthetic routes
to culmorone (26) and culmorin (32). 4 Yields by gNMR.
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A. Strategy: 5-Hydroxyculmorin

deactivated ’
3
EWG v EWG
© Me
MsiLg 11 : Me!::.
Mo ‘> Me Me ul
undirected :
Me [C]
C-H[O] rRO major RO Me
Strategy unselective [O] selective [O]
B. Synthesis: 5-Hydroxyculmorin
HO.,, AcO,,,,
Me Ac,0, DMAP Me
Meti. pyridine Meitr. TFDO
- M =
Me DCM, r.t. 2 DCM, —20 °C to r.t.
(93%)
Ho Me o
28 84

ACO:,,-
Me _
Meii:. Li, NH5 (1), MeOH ’ [O] level 3
Me o congener
THOF’ ~78°C (13 steps, 5%)
Me (36%, 2 steps)
AcO
85 5-hydroxyculmorin (23)
Figure 15.

(A) Oxygenation strategy for our synthesis of 5-hydroxyculmorin (23). (B) Synthetic route
to 5-hydroxyculmorin (23).
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A. Ru Catalyzed Undirected Oxidation

Page 37

. [Ru] catalysts AcOy, AcOy,
3 =0 Me  [Ru] (5 mol%) Me
Me  [Ru] (5 mol%) g Me Mo ERRE ) Mot o
et T et Me Me
:1 CAN (5 equiv) :1 11 4:1 acid:H,0
& - 2 & 2
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1 86 DCAA 9% 54% 10%  10%
2 87  DCAA 6 23% 44%
2 87 DCAA 6% 42% T% 4%
3 86  AcOH 2 23% 42%
3 86 ACOH 8% 51% 8% 8%
4 87  AcOH 2 20% 48%
4 87 AcOH 8% 53% 9% 9%
5 86  AcOH 20 39% 10%
5 - - 10% 39% 10% 8%
& 2 = - 43% -
B. Ru Catalyzed Oxidation of 81 at Scale
o o
Me 86 (5 mol%) Me Me Me Me
Mer. CAN (5 equiv) Mer, Merr, o KoCO3 Men.. Merr, [o)
Me Me % Me - Me Me
4:1 DCAAH,0 MeOH
M 0°C,7h M M 60°C M M
Ao " A0 ¢ a0 M wo M Ho Me
81 82 83 88 culmorone (26)

C. Mn White-Gormisky-Zhao Catalyst (Mn(CF;-PDP))

inseparable mixture

(11%, 2 steps)

(10%, 2 steps)

HO o]
Mn(CF,-PDP)
Mn(CF;-PDP) 0.5 AcOy,, (51-.-.30%] AcQy,,
CICH,CO,H TR ol M
Me (15 equiv) Me Me Me 2C0;
ek Mer (15 equiv) Mer,
Merias Hzoz Me. Merr. Mer. Q
—_— O 0, 0 e - mé
Me ki Me 11 Me 1~ Me 1 Hz0; (10 equiv)
Me ¢ Me Me Me wo R eCH a0 Me
AcO AcO AcO AcO ai 0°c a5
81 89 20 91
Entry Mn(CF;-PDP) 9% yield®
Entry  Mn(CF;-PDP) mob% ':"Sv T{C) 8g® 90® 91®  mono-ketones®
£t 1d (RR) 48%
14 (S.8) 10% 10 0 1M% 7% 13% - - 68 _—
d -
2 (RR) 10% 10 0 16% 16% 7% 5 ~ _—
d C11-8%
3 (RR) 5% 5 0 13% 5% 3% Ca —8% (R,R)-Mn(CF+PDP)
s Ar
C11-9% ”
49 (RR) 5% 5 -3  10% - - Ar=
C4 -16% N CFs
W] ;
59 (8.8) 5% 5 -36 9% 3% 12% C5-17% "'-‘.__M . NCHMe ss"
. |”"-NCHMe
C11-12% N FsC
o RR 5% 5 -3 12% - 3% N 3
6 R Ca4 —17% L 2%
2 Ar
Figure 16.

(A) Screening of Ru-mediated undirected C—H oxidation conditions.5® (B) Application of
optimal conditions to the synthesis of culmorone (26) upon scale-up. (C) Screening of Mn
White—Chen catalyst-mediated C—H oxidation conditions.”® TFDO (3 equiv), DCM, -20
°C. bYields by gNMR. §(1) TFDO (3 equiv), DCM (0.032 M), —20 °C; (2) TFDO (9 equiv),
DCM (0.032 M) —20 °C-rt. 9H,0, added over 3 h by syringe pump. &R, R)-Mn(CF3-PDP)
and H,0, added over 3 h by syringe pump.
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A, Strategy: 12-Hydroxylongiborneol D. Hartwig Silylation: Borneol and Isoborneol Models
(1) [IfCOD)OMe],
Et,SiH,, THF, rt.
e (2) [I{COD)OMe],
Mern, Me Me,Phen, norbornene
THF, 120 °C
& OH (3) KHCOj, Hy0,
directed PG\ _'7Me __/4 Mé MeOH/THF, 50 °C
C-H[0] [SI] proximity of 28 03 (57%, Simmons et al.)
Strategy Sanford Acethyfatron Hartwig Silylation (1) [ICOD)OMe],
= L EtySiHy, THF, rt.
B. Sanford Acetoxylation Me i (2) (I(COD)OMel,
MeyPhen, norbornene E

; THF, 120 °C
- w veowes [T
ol or Mer i T 4 (3) KHCO3, H,0,
Mé Mé Me Me MeOH/THF, 50 °C Me
o HO {12%, 3 steps) e
& Ve & S HONH,*HCI RON”  Me 95
14 75

NaOAc, A not ohserved E. Synthesis: 12-Hydroxylongiborneol

*ketone sterically hindered

. Me MesSiHCI
LiAlH, Et;N m
14 Meiti. 3 Me:
Me Me Me THF, r.t. Me DCM rt.
(>99%) HO Me HSlO

= MeONH5*HCI = Pd(OAc), =

Me pyridine Me PIDA Me g7 Me
pEyI— N [I(COD)OMe],
EtOH, 60 °C (5 mal%) Me
(74%) ) MesPhen  Mew, H,0,
Me MeON Me degradation MeON OAc norbornene KHCO;
64 92 desired —_— ke
THF, 120 °C Me~g; THF!MeOH
[ 50°C OH
C. Hartwig Silylation: Initial Screening ";‘; (70%, 3 steps)
. (1) [I(COD)OMe]
Me R,HSICI, TEA Me \e,Phen, norbomene Li, NH3 (1)
Merr, DCM,rt. Mern, THF, 80/1120/180 °C  only recovered 8 Meo”
mé' " M e o o T F.78°C
“r(COS’pMe] (2) KHCO3, H;0, no reaction H t4;%1? N
2 ® =
Ho VOB THRFL R0 Mo MeOWTHRSOC (YRR HO 12
8 R =Me, Et, iPr 12-hydroxylongiborneol (31)
(14 steps, 6%)
Figure 17.

(A) Oxygenation strategy for preparation of 12-hydroxylongiborneol (31). (B) Summary
of methods attempted for oxime installation. (C) Attempted Hartwig silylations on
longiborneol (8). (D) Hartwig silylations on isoborneol (93) and borneol (95) model
systems. (E) Completed synthesis of 12-hydroxylongiborneol (31) based on insight from
the model systems.
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A. 14 and 15-Hydroxylongiborneol: Strategy and Sanford Acetoxylation

relay allylic

o] 0] HO.,,
Me  (1)Li.NHj (1), MeOH Me
g _— THE. 78 °C (97%)  Mene PAIC.H,  pon,
Mei:. —_— Mé TSl Me
4 Me (2) Ac,0, DMAP, pyridine MeOH, r.t.
1.(93
15 o Me DCM, r.t. (93%) i i Me
Ao 75 102 104
MeON ) HON AcON
(1) DMP, DCM, r.t. Me Pd(OAc); (1 equiv) Me Pd{OAc), (20 moi%) Me
(>99%, 2 steps) Meri: PIDA (4 equiv) Meis, PIDA (4 equiv) e
———————— —_—
AcO
(2) MeONHHCI, pyridine ~ © MOHJ’Q?% 90 °C Me AcOHrAq,g, 70°C -
EtOH, 60 °C (92% (20%) ¢
(92%) Ao Me Ac  Me aco  Me
105 106 107 108
B. Stoichi tric Palladation and Completed Synthesis
HO
HON ®
Me Na,PdCl, = Me | (1)Ac,0, DMAP Ac() Me (1) Fe, TMSCI, AcOH HO Me Me
Mei. NaOAc JPd BN OCM. et _THR.OL (60%) \iiis Merr,
M —_— (CI 14 +H°
e ACOH, rt. Me (2) Pb(OAC), (z) TSNH,NH, - 15
Me pyridine HCI {4 M dloxane)
AcO a0 M/ THFIACOH, rt. wo Me Ho Me
107 109 2 (52%, 3 steps) 110 .:*z 1 d r.) (3) LAH THF 60 °C 29 (53%, 2 steps) 30 (31%, 2 steps)
(84%, 2 steps) (17 steps, 7%) (17 steps, 4%)

Figure 18.
(A) Revised oxygenation strategy for preparation of 14- and 15-hydroxylongiborneol

(29 and 30). (B) Stoichiometric palladation then oxidation to prepare 14- and 15-
hydroxylongiborneol (29 and 30).
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A. Synthesis of longifolene

Me MeNHSO,CI

Me1: EtsN
Me DCM, rit.
s Me (85%)
8 via E1 elimination
B. Money (1986)
MeSO,Cl | Me
Me 2
iMe DMAP .uMe
- Me
OH Me ;%rgjirée uo“s’Me
Me (66%) we X
ent-97 via E2 elimination _|
Figure 19.

Page 40

Me

(-)-112
(10 steps, 26%)

-G

+)-longifolene (112)

(A) Rearrangement of longiborneol (8) to longifolene (112). (B) Related rearrangement
observed by Kuo and Money?’ for the synthesis of 112.
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A. Previous Work

Page 41

& § 8 8
Me Me R? Rl _R? HO Me  ho Me
or @ or
7 4 cocl 7 H Me 6
3
® 1
HO  Me HO  Me rtor75°C Hoj @ Hoj S H@ o Me g MEOH o
3 113 114 5 15
B. This Work 5
Me
Me TBDPSCI Me m-CPBA TBDPSO
_imidazole TBRESD Se0y. TBHP TBOPSO DCM, rt,
—_—
DCM rt DCE 60 °C then PPTS, r.t. 8
Me  (>99%) Me (75%) HO 9 (80%) o 10 5 r?H
118 119 120
8
PPTS e Cr03, pyridine Mg (1) TsOH+H,0 TEDPSO Me
PhaC(OMe), d 4A MS o 5 DCE, 80 °C 5_0
/ ——i 7/
DCM, 40 °C ph..-}\o BGH, vt phn.}\o (2) TBDPSCI, imidazole
(98%) P Me (63%) e Me DCE, r.t. o Me
121 122 {69%, 2 steps) 123
Figure 20.

(A) Our group’s previous work on skeletal remodeling of carvone to camphor derivatives.

(B) Synthesis of novel derivatives of camphor. With these, camphor derivatives
functionalized at every nonactivated position of camphor can be produced from carvone.
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Table 1.

Optimization of C-H Mono-acetoxylation

RON Pd(OAc),  AcON
Me (20 mol%) Me AcO
Mei. PIDA{equiv) e
Mo AcOH/cosolv. -
temp. c
Ao M€ Ao e
107: R =H 108

111:R=Ac

Entry R equivPIDA cosolvent T (°C) %byield 108:110 *d.r. (110)

1 H 4 Ac,0 100 20% : 7%% 57:1
2 H 0.9 Ac,0 100 9%2 - 25047 15:1
3 Ac 0.9 Ac,0 100 1192 - 30067 111
4 Ac 0.9 HFIP 30 trace : 25%% 112
5 Ac 0.9 Ac,0 40 5067 - 33067 2:1
2  Ac 0.9 Ac,0 40 29%2: 419% 21

“Yield by qNMR.

b26 mg scale.
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