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Abstract

Sections

The oxidation of unactivated C-H bonds has emerged as an effective
tacticin natural product synthesis and has altered how chemists
approach the synthesis of complex molecules. The use of C-H
oxidation methods has simplified the process of synthesis planning by
expanding the choice of starting materials, limiting functional group
interconversion and protecting group manipulations, and enabling
late-stage diversification. In this Review, we propose classifications for
C-H oxidations on the basis of their strategic purpose: type 1, which
installs functionality thatis used to establish the carbon skeleton of the
target; type 2, which is used to construct a heterocyclic ring; and type 3,
whichinstalls peripheral functional groups. The reactions are further
divided based on whether they are directed or undirected. For each
classification, examples fromrecent literature are analysed. Finally,

we provide two case studies of syntheses from our laboratory that were
streamlined by the judicious use of C-H oxidation reactions.

Skeletal reorganization Heterocycle formation  Peripheral functionalization
(type 1) (type 2) (type 3)

Introduction

Type 1C-H oxidation

Type 2 C-H oxidation

Type 3 C-H oxidation

Longiborneol
sesquiterpenoids

Cephalotane norditerpenoids

Conclusion and outlook

'Department of Chemistry, University of California, Berkeley, Berkeley, CA, USA. *These authors contributed
equally: lan Bakanas, Robert F. Lusi. [</e-mail: rsarpong@berkeley.edu

Nature Reviews Chemistry | Volume 7 | November 2023 | 783-799

783


http://www.nature.com/natrevchem
https://doi.org/10.1038/s41570-023-00534-6
http://crossmark.crossref.org/dialog/?doi=10.1038/s41570-023-00534-6&domain=pdf
http://orcid.org/0000-0002-4627-3229
http://orcid.org/0000-0002-4302-7639
http://orcid.org/0000-0002-9810-0610
http://orcid.org/0000-0002-0028-6323
mailto:rsarpong@berkeley.edu

Review article

Key points

o C-H oxidation reactions of unactivated bonds have found increased
application as key enabling steps in complex molecule synthesis.

o Strategically, C-H oxidation reactions can serve the purpose of
making, breaking or rearranging skeletal bonds (type 1), forming
heterocyclic rings (type 2), and introducing peripheral functional
groups (type 3).

e From the many C-H bonds in a molecule, site-selectivity for oxidations
can be guided by substrate sterics and electronics and/or supramolecular
control (undirected) or by inherent functional groups (directed).

o C-H oxidation reactions enable conversion of structurally complex,
but readily available, starting materials to useful intermediates through
introduction of remote functionalization.

o Remote functionalization can be further leveraged to generate
target-oriented complexity, that is, elimination, rearrangement,
C-C bond formation and so on.

o The logic of C-H oxidation reactions can be combined with traditional
synthetic planning strategies to devise highly efficient and divergent
syntheses.

Introduction

Available reaction methodologies dictate synthesis planning. The
development of new methods enables new strategies that might
have been previously considered unfeasible. Methodologies that
oxidize unactivated C-H bonds allow one to reimagine what is pos-
sible in synthesis because they enable the conversion of ubiquitous,
and typically inert, C-H bonds to versatile functional handles’™. The
central challenge of applying C-H oxidation in complex molecule syn-
thesisliesindistinguishing a targeted C-Hbond from the many other
C-H bonds in amolecule. To address this challenge, C-H oxidation
methodologies with distinct and complementary selectivity rules
have been developed rapidly’ . Total synthesis is the ultimate testing
ground for methodology and, as such, C-H oxidation-based strategies
for the synthesis of complex natural products have gained in popularity
inrecentyears' % Although the application of these reactionsinsyn-
thesis has been the topic of several reviews™'®**, our understanding
ofthem and the strategies they enable continues to evolve. Athorough
understanding of the rules that govern selectivity in C-H oxidationand
the way the outcome of such reactions might be affected ina complex
molecular contextisimportant for their broad adoption. This reality is
alsoreflected in the fact that far more methods have been discovered
thanhavebeenappliedin total synthesis* . Nevertheless, strategies
for total synthesisreliant on C-H oxidation have emerged, such as the
‘two-phase’ synthesis approach codified by Baran*~?°, in which
the cores of molecules are constructed rapidly in the ‘cyclase phase’
followed by peripheral functionalization in the ‘oxidase phase’ and
feedstock-based oxidative approaches®, in which oxidation is used
to remodel the carbon skeleton of an abundant starting material. In
our own laboratory, C-H oxidation reactions have been crucial to the
success of numerous total syntheses® *. Additional strategies tend
to emerge as synthetic chemists continue to demonstrate that these

methods have the potential to streamline synthesis routes or make a
single route applicable to awider variety of targets.

Our analysis indicates that C-H oxidation reactions in complex
molecule synthesis generally fall into one of three types on the basis
oftheir strategic purpose (Fig.1). Although these C-H oxidation types
are subjective, and there are exceptions that do not align with our
categorization, we contend that they provide a useful framework for
considering how these reactions might enable astrategy to construct
atarget molecule. All types of C-H oxidation reactions may introduce a
variety of functional groups in the immediate product, but for the
classifications presented in this Review, we only consider the ultimate
purpose of the reaction in the context of the target molecule. Our
definitions of the types of C-H oxidation are as follows:

» Typel:installs functionality thatisused, either transiently or over
the course of subsequent steps, to establish the carbon skeleton
of the target molecule

« Type 2: constructs a heterocyclic ring that appears in the target
molecule

« Type 3:installs one or more of the peripheral functional groups
ofthe target molecules

Overall, these classifications focus on how oxidation is used to
construct structural elements of the target molecule without con-
sidering intermediates en route to this goal. For example, the use of
C-H oxidation toinstall a hydroxy group thatis then used to initiate a
cationic rearrangement to the skeleton of the target molecule would
beclassified as atypeloxidation despiteinitially proceeding through
a hydroxy group. Likewise, a desaturation reaction could convert
C-Hbondstoadouble bond that could undergo further dihydroxyla-
tiontoinstall peripheral hydroxy groupsinaprocessthatisatype 3 use
of oxidation. These categories may be further subdivided by whether
the C-H oxidationreaction proceedsina‘directed***° or ‘undirected™’
manner, affording six possible strategic scenarios for a C-H oxidation
reaction. We will highlight examples of each classification in syntheses
published after 2020, in which the usage of C-H oxidation enabled
uniquely efficient synthesis planning. Finally, we will provide insight
into the thought processes and synthesis planning that guided synthe-
ses from our own laboratory that utilize several different C-H oxida-
tions. Brief primers on the fundamentals of undirected and directed
functionalizations are provided in Boxes 1 and 2. As this review will
mostly focus on the application of C-H oxidation in complex molecule
synthesis, the reader is encouraged to consult reviews on C-H oxidation
methodology for an in-depth analysis'®'21*151720,

Type 1C-H oxidation

Type 1C-H oxidations, as defined here, facilitate the construction,
cleavage or rearrangement of skeletal C-C bonds. As such, they have
been more frequently deployed early in syntheses and have found
particular application in bioinspired syntheses, in which the newly
introduced oxidation allows access to carbocationicintermediates that
undergo transformations analogous to those in the biosynthesis of a
molecule. A practical advantage of using C-H oxidation approachesis
thatanexpanded set of readily available natural products (for example,
the ‘chiral pool’)***° can be considered strategic starting materials,
despite being distantly related to or lacking the requisite oxidation of
the target. Inthe next two sections we discuss several examplesinwhich
advanced starting materials — steroids and diterpenes — are trans-
formed by introducing unnatural oxidation so that minimal synthetic
effortis expended on elaborating the carbon skeleton.
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Undirected Type1C-H oxidation

Intheir synthesis of complex diterpenes (Fig. 2), Renataand colleagues
leverage enzymatic and chemical methods to selectively oxidize 11
different positions in four distinct terpene scaffolds®, accessing eight
diterpenoids in rapid fashion from abundant, lower oxidation-state,
terpenoid feedstocks (Fig. 2a). Although we will only discuss their syn-
thesis of mitrephorone A, the site and type of each oxidation used in
their collective terpene syntheses are highlighted in Fig. 2a. Recognition
of the biosynthetic relationships between the targeted diterpenoid
families was key to their approach. For example, the [3.2.1] bicycle
of the ent-beyerane family and the [2.2.2] bicycle of the ent-atisane
family are related through a Wagner-Meerwein shift (Fig. 2b,1to0 2),
and the ent-trachylobane family, bearing a [3.2.1.0] tricycle, can arise
froma cationic cyclization of the ent-atisane scaffold (3 to4), and vice
versa’. Starting from the cheap, abundant ent-beyerane isosteviol
(5), aseries of bioinspired rearrangements enabled conversion to the
ent-atisane skeleton and, subsequently, the complex ent-trachylobane
mitrephorone A% (11). This strategy depended on the development of a
biocatalytic, site-selective C-12 oxidation of isosteviol (5), which could
be leveraged to form the required carbocation.

Biocatalysis is a promising modality for achieving undirected
C-H oxidations. The specific and tunable arrangement of the active
site of anenzyme allows the positioning of substrates for site-selective
oxidationby areactive cofactor (oftenaniron haem) under mild reac-
tion conditions. Thus, suchreactions could theoretically be applied to
target any position onany molecule®™*. Several enzymes were identi-
fied from the platensimycin biosynthesis, PtmOS5, PtmO3 and PtmO6,
which promiscuously accept ent-kaurane substrates®®’. Among these
enzymes, the P450 monooxygenase (PtmOS5) was found to be effective
for oxidation of the ent-beyerane isosteviol (5) that serendipitously
underwent selective C-12 oxidation. Renata et al. hypothesize that
the observed selectivity arises from the different binding positions
of the ent-kaurane and ent-beyerane skeletons within the active site.
Using PtmO6 and PtmOS5, site-selective and chemo-selective oxidiza-
tion of four different positions on different diterpene feedstocks was
achieved.

In their synthesis of mitrephorone A (Fig. 2c, 11), Renata and
colleagues began from isosteviol (5), which underwent a selective,
undirected type 1 C-H oxidation to alcohol 6 on preparative scale,
using a PtmOS5 chimera protein. The envisaged skeletal reorganiza-
tion was then initiated through the ionization of 6 with TfOH to form
ent-beyeryl cation 7, followed by a 1,2-acyl shift and elimination to
afford the ent-atisane skeleton. The reduction of the ketone group
with L-selectride® gave alcohol 8, which was primed to undergo the
second of the two skeletal rearrangements. BF;-OEt,-mediated ioniza-
tionand selective reduction of the resulting non-classical carbocation
(9) by triethylsilane gave ent-trachylobane acid 10 in 61% yield over
three cycles, which was elaborated to mitrephorone A (11) in just five
additional steps—a total nine steps.

It is important to highlight how the development of new C-H
oxidationmethodologies enabled a highly concise synthesis of mitre-
phorone A (11; previous syntheses: 18 and 23 steps)®*** by making
isosteviol (5), which has the same number of carbon atoms as the
target molecule, a viable starting material. The subsequent skeletal
reorganizations were only possible as a result of the selective remote
C-H oxidation of the C-12 position, achieved through an undirected
C-Hoxidation. Inturn, these key transformations relied on a detailed
knowledge of terpene biosynthesis, bothin terms of the carbocationic
rearrangements and identifying the specific oxidation enzymes.

a Type 1 (skeletal modification)

s = \/
/ /[ .
N N\  C-H oxidation |/ N \, Further step(s) |/ \l/ ™
_—
b Type 2 (ring formation)
AN N\— \
- [N /™
N\ CHoxidaton. 77 N\ Further step(s) T~ \l/ \
€ Type 3 (peripheral substitution)
T AN AN AN
| |/ \ _C—H oxidation | |/ \ C-H oxidation N\

Fig.1|Strategic use and cases of C-H oxidation. a, Type 1 C-H oxidation
reactions aim to modify the carbon skeleton of the target molecule. b, Type 2
C-H oxidation reactions allow for the construction of a heterocyclic ring in the
target molecule. ¢, Type 3 C-H oxidation reactions focus oninstallation of one
or more functional groups on the target molecule.

Directed type 1C-H oxidation
In2022, Heretsch et al.**and Deng et al.® published contemporaneously
on the synthesis of spirochensilide A*® (15) from lanosterol (16) using
similar bioinspired strategies (Fig.3). Onthe basis of analyses of known
congeners of lanosterol (16), both groups proposed an updated biosyn-
thetic pathway (Fig.3a). They hypothesized that lanosterol undergoes
several enzymatic oxidations to afford diepoxide 12, whichis followed
by selective ring opening of the northern epoxide to give carbocation
13. Two successive Wagner-Meerwein shifts would set the distinctive
methyl group pattern, and the remaining epoxide (14) would then
undergo aMeinwald rearrangement to install the eponymous spirocy-
cle found within the core of spirochensilide A (15). By targeting inter-
mediates analogous to carbocation 13, lanosterol could be used as an
advanced starting material bearing all the requisite carbons. However,
site-selective undirected C-H oxidation at C-17 appeared challenging
given the multiple tertiary electron-rich C-Hbonds and double bonds
oflanosterol. Both groups opted to use directed C-H oxidations.
The synthesis of Heretsch et al.** (Fig. 3b) commenced by cleaving
the alkene of the prenyl side-chain of lanosterol (16), leveraging this
latent functionality to install a hydroxy group subsequently used to
directtherequired C-H oxidation. Upontreating alcohol 17 with modi-
fied Suarez reaction conditions (Nal, phenyliodine diacetate (PIDA)
and visible-light irradiation)®, the formation of an alkoxy radical was
followed by selectivity-determining 1,5-HAT of the C-17 H-atom. The
resulting tertiary radical was then further oxidized to carbocation 18,
probably viathe corresponding alkyliodide, which triggered the first of
the two bioinspired Wagner-Meerwein shifts; trapping by the pendent
hydroxy group gave rearranged tetrahydropyran product 19 in 34%
yield. The second shift was initiated by the ionization of the ring with
TiCl,, and the subsequent elimination afforded diene 20 in excellent
yield. The final phase of their skeletal reorganization was achieved by
oxidative rearrangement of 20 by treatment with N-iodosuccinimide
and AgNO; in a hexafluoroisopropanol:water mixture. The authors
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Box 1

Undirected C—H oxidation
fundamentals

Site-selectivity rules for electrophilic C-H oxidation

¢ Oxidations that proceed through different mechanisms can have
different selectivity rules

o Site-selectivity is based on substrate electronics and steric
accessibility

e These factors can be tuned by oxidant choice and the
introduction of electron-withdrawing or electron-releasing
groups to perturb electronics

Examples using common TFDO or White-Chen (WC)
catalyst
¢ Not compatible with nucleophilic functional groups (alkenes,
amines, alcohols and so on)
e Most successfully applied in targeting electron-rich methynes or
methylenes when using sterically bulky catalysts

Supramolecular control
e Supramolecular encapsulation can override substrate control
through positioning of the substrate in active site
e Biocatalytic C-H oxidations have been particularly effective for
evolvable site-selectivity
e Figure reprinted with permission from ref. 59, ACS

0—0
FsC
TFDO
(S,S)-Fe(PDP)
White—Chen (WC) catalyst
Too
M H Me

e MVeIectron-poor
Me\WH OMe
H Me
H H
o]

Oxidized by TFDO Bulky variant of

Oxidized by TFDO
and WG \yc oxidizes methylenes

and WC

proposed that epoxidation of the tetra-substituted alkene group pro-
ceedsviathe corresponding halohydrin, and a subsequent bioinspired
Meinwald rearrangement affords spirocycle 21. The synthesis was
completed in an additional eight steps, a sequence that is notably

shorter than the previous 22-step synthesis®®, once again owing to the
advanced starting position.

The synthesis of Deng and co-workers® (Fig. 3¢) relied on a simi-
larly effective recognition of lanosterol as a starting material. However,
instead of triggering the rearrangements in a stepwise fashion, they
endeavoured to do so in a single operation. From lanosterol (16), the
two-step cleavage of the tri-substituted alkene unveiled aldehyde 22,
which was homologated to trifluoromethyl ketone 23 by addition of
TMSCEF; and the subsequent oxidation by Dess-Martin periodinane
(DMP). Treating trifluoromethyl ketone 23 with oxone formed the cor-
responding dioxirane, which subsequently underwentintramolecular
C-Hinsertion at the proximal and weak C-17 C-Hbond to give the trif-
luoromethyl hemiketal, which was saponified and methylated to give
alcohol24in50% yield over two steps. Yang et al. have previously lever-
aged trifluoromethyl ketones for intramolecular C-H oxidation®72,
although the report of Deng and colleagues, to our knowledge, may
be the first such application in total synthesis. Three additional steps
afforded bisepoxide 25, setting the stage for the rearrangement cas-
cade. The treatment of bisepoxide 25 with an excess of BF5-OEt, trig-
gered all three of the bioinspired rearrangements to give spirocycle
26in35%yield that was elaborated to spirochensilide Ain seven steps.

Together, these syntheses clearly highlight the power of C-H
oxidationas anentry pointinto carbocationic rearrangements, exem-
plifying how oxidation can be leveraged to reshape a carbon skeleton
and build target-oriented complexity in a type 1 manner. Whereas
type 1 C-H oxidation-based strategies have most commonly found
applicationinenabling rearrangements, one could also envision using
these reactions for C-C bond formation or cleavage. For example,
aterpene could be functionalized using C-H oxidation, and the result-
ing functional handle could be used to synthesize sesquiterpenes
or diterpenes through prenylation. Alternatively, one could envi-
sion taking a readily available, more structurally complex starting
material-higher-order terpenoids, steroids and so on—that contains
a target relevant sub-skeleton and using C-H oxidation to install a
functional handle to mediate C-C cleavage reactions to yield a less
structurally complex but more synthetically valuable intermediate.
Continued development of C-H oxidation methodologies will, there-
fore, allow for new simplifying strategies tobecome viable approaches
insynthesis planning, particularly by expanding the complexity of the
feedstocks that can be considered as strategic starting points.

Type 2 C-H oxidation

We define type 2 C-H oxidations as those that result in the formation of
heterocyclicrings of atarget molecule. Ether and lactone linkages are
prevalent structural elementsin many natural products, such as highly
oxidized terpenes’”. Type 2 C-H oxidation has, therefore, found great
use in total synthesis; however, this has primarily been in the form of
directed Suarez oxidations” or carboxylate-directed lactonizations
mediated by the White-Chen catalyst’. Undirected type 2 oxidation
strategies are somewhat underexplored but can be especially effective
in divergent syntheses to access multiple natural products that bear
different heterocyclic ring patterns.

Undirected type 2 C-H oxidation

In a recent synthesis of Zhang and colleagues (Fig. 4), an inci-
sive late-stage desaturation was used in order to access several
high-oxidation state /llicium sesquiterpenes’ ", The versatility of the
introduced unsaturationis evidentinits use as a handle for epoxidation,
hydration and allylic oxidation—all of which are used to make natural

Nature Reviews Chemistry | Volume 7 | November 2023 | 783-799

786


http://www.nature.com/natrevchem

Review article

Box 2

Directed C-H oxidation fundamentals

Innate oxidation
e Relies on inherently reactive functional groups
o Site-selectivity is governed by innate geometry
e For hydrogen atom transfer (HAT)-based mechanisms, 1,5-HAT is
preferred and most common

Tethered oxidation
o Utilizes a tethered group (TG) often appended to a heteroatom
e TG either acts as directing group or reacts directly with desired
C-H bond

H _H
X X
/Sk' /Szﬁ
—_—
H H H H

X=0,NR

TG

X=0,NH

products. This synthesis highlights an underused synthetic strategy
in which electron-rich C-H bonds can be targeted as latent alkenes
through halogenation then elimination, hydroxylation-elimination
or direct desaturation.

The Zhang synthesis commenced from R-pulegone (33) (Fig. 4b),
whichunderwentaFavorskiiring contraction and subsequent allylation
to give ester 34 in 85% yield as a single diastereomer over two steps.
Crucially, the unactivated tertiary stereocenter of R-pulegone imparts
diastereoselectivity in theallylation reaction but is ultimately ablated
in the linchpin type 2 desaturation reaction later in the synthesis.
This elegant strategy once again demonstrates how C-H oxidation
can enable the unconventional use of chiral-pool feedstocks, as the
stereocenter of R-pulegone serves to provide enantiospecificentry to
the lllicium sesquiterpenes, controls the installation of additional ele-
ments of stereochemistry and is leveraged as a latent alkene functional
handle for late-stage diversification to the natural product family.
With 34 inhand, epoxidation of the tetra-substituted alkene group with
meta-chloroperbenzoicacid and oxidative cleavage of the allyl group
with RuCl; and NalO, proceeded with spontaneous lactonization to
give bicycle35in77%yield. Following a sequence of four steps, propar-
gylic alcohol 36 was prepared and subjected to palladium-catalysed
borylative-cyclization®"* conditions that yielded alcohol 37 after an
oxidative work-up. In two additional steps, selenocarbonate 38 was
prepared and aradical cyclization initiated by azobisisobutyronitrile
was performed to close the last core ring to give 27 in 96% yield. The
key desaturation was theninvestigated. Calculated bond dissociation
energies (BDEs) predicted that the C-7 a-hydroxy bond was weaker
than the desired C-H bond by 3.2 kcal mol™. To overcome this unde-
sired selectivity, Zhang et al. hypothesized that tuning the electronic
and steric environment of the secondary alcohol through hydrogen
bonding could affect the BDE and rate of oxidation at C-7%2. Using
hexafluoroisopropanol as solvent, with 390 nm violet LED initiation
and benzophenone as a triplet sensitizer, undesired reactivity at C-7
was suppressed, giving alkene 28 in 82% yield on gram-scale.

X H
A
H™ H

o Site-selectivity is variable on the basis of the tether choice and
length

Directed metalation
o Utilizes a directing group (DG) to guide a metal to the desired
C-H bond
o Lowers kinetic barrier to activation
o Site-selectivity is governed by the size of metallocycle, often
five-membered

TG .M
X DG H DG---[M]-H
H H H™ H H™ H

DG = often =0, =NOR, CONHR

This oxidation was relayed in a type 2 fashion to synthesize mer-
rilactone A% (29) and anislactone B (30) (Fig. 4c). First, alkene 28 was
epoxidized and then treated with para-toluenesulfonic acid toinduce
ether bridge formation — installing the heterocycle characteristic of
atype 2 oxidation — completing the synthesis of merrilactone A in
13 steps®*° in a remarkable 23% overall yield. The synthesis of Zhang
and colleagues also exemplifies how the inclusion of C-H oxidation
reactions as a key part of synthesis planning can prompt the devel-
opment of new methodologies and provide insight into the factors
controlling site-selectivity.

Directed type 2 C-H oxidation

Type 2 C-H oxidations have been most commonly applied in directed
functionalizations owing to greater development of these methodolo-
giesandthefact thatthe directing group often contains the heteroatom
thatisincorporatedintheresulting heterocycle. These reactions have
been pivotal in many recent syntheses of neurotropic sesquiterpenes™,
suchas the synthesis by Shenvi and co-workers® of the sesquiterpene
picrotoxinin® (39), which uses adirected type 2 C-H oxidation to form
the C-2to C-15lactone (Fig. 5a). This oxidation-based transformation s
more simple thantraditional lactonizations asit reduces the number of
functional groups one must install or carry through a given synthesis
(Fig. 5b).

The Shenvi synthesis commenced with an unconventional strate-
gic decision (Fig. 5c), beginning from dimethyl carvone (46), despite
needing only one of the geminal methyl groups in the target natural
product. This starting point was necessary to impart high levels of
diastereoselectivity in analdol reaction of 46 with ketone 47 to give the
desired a-epimer of 48in 67% yield. However, it required the extraneous
methyl group to be removed later in the synthesis. A two-step annula-
tion sequence delivered bicycle 49, and the secondary hydroxy and
iso-propenyl groups were protected through a bromoetherification
reaction with NBS, affording 50 in near-quantitative yield. Conven-
tional oxidation methodologies were used to install the lactone moiety
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@ Featured oxidation sites and types
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Fig.2|Syntheses of complex diterpenes featuring multiple C-H oxidations of terpene feedstocks by Renata and co-workers. a, Site and type of oxidations featured
inthe synthesis. b, Carbocationic relationship between bridged diterpenes. ¢, Synthesis of mitrephorone A (11) by Renata and colleagues features a type 1 C-H oxidation.

in 51. ASuarez etherification mediated by the axially disposed second-
ary hydroxy group using AgOAc, |, and visible-light irradiation gave
ether 52throughaselective1,5-HAT, whichwas primed for asubsequent
three-step oxidation, radical ring opening-halogenation and dehalo-
genation sequence to delete the additional methyl group, constitut-
ing an unconventional use of type 1 directed C-H oxidation. With the
extramethyl removed, the synthesis was completed by directed type 2
C-H oxidation with Pb(OAc),, CaCO, and light to effect lactonization
followed by reductive cleavage of the bromoether to give picrotoxinin
(39) in 13 total steps — the shortest synthesis of this natural product
to date®*°,

The key to the efficacy of this synthesis was the use of dimethyl
carvone as a starting material. The two methyl groups were installed
inasingle step and enabled akey diastereoselective annulation, even
though neither appear at the methyl oxidation state in the natural
product. One was deleted through atype 1C-H oxidation, exemplifying
how unactivated carbon substituents can now be conceptualized as
removable auxiliary functionalities, and the other was converted into
aheterocyclicstructural element withatype 2 C-H oxidation, serving
asalatent functional handle.

Type 3 C-H oxidation

Type 3 oxidations are those thatintroduce peripheral oxidation en route
to atarget natural product. These represent the most widely adopted
use of C-H oxidation in synthesis and have proven to be a powerfully
enabling strategy for late-stage diversification’”®. Type 3 oxidation can
be conceptualized as abioinspired approach, mimicking the two-phase

biosyntheticlogic found in terpenoid biosynthesis®, in which promis-
cuous oxygenases are responsible for converting unfunctionalized
metabolites to their higher-oxidation level congeners. Thisapproach
naturally leads to syntheses that are step-economic and limits protect-
ing group manipulations or functional group interconversions by intro-
ducing sensitive functionality at a late stage. However, for two-phase
synthetic approachesto be tenable, chemical methods for C-H oxida-
tionmust be on par with those of nature’s, including an understanding
of the principles that govern the selectivity in these reactions.

Undirected type 3 C-H oxidation

Many methods have been used that target the weakest electron-rich
(hydridic) C-Hbondinagivenmolecule, with some preferential target-
ing of secondary C-H bonds by using sterically bulky catalysts" (see
Box1). Other methodologies that target strong C-Hbonds’’ and primary
selective functionalization'°>'*' have been developed but have notbeen
used in total synthesis to date. As such, undirected type 3 oxidation
methodologies have been predominantly used for targeting tertiary
C-H bonds distal from electron-withdrawing groups, or proximal to
electron-releasing groups. Several of the syntheses discussed inthe pre-
vious sections include examples of undirected type 3 C-H oxidation —
for more information, see the full papers from Renata et al.*° and
Zhangetal.”.

An interesting case of selectivity was explored in the context of
the total synthesis of ent-trachylobane'® natural products by Magauer
et al.”® (Fig. 6). This work stands in juxtaposition to the biocatalytic
C-H oxidations explored by Renata and colleagues (vide supra) and
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highlights how the use of different methodologies can alter selectiv-
ity. Toinvestigate chemical C-H oxidations, Magauer and co-workers
targeted[3.2.1.0] tricycle 56. Their synthesis commenced from decalin
53 that was accessed in eight steps from commercial material and

@ Proposed biosynthesis of spirochensilide A (15)

12 from enzymatic 13
oxidation of lanosterol

Wagner—
Meerwein
rearrangement

was crucial in their prior synthesis of mitrephorone A (11) (Fig. 6a)®.
Afive-step sequence advanced 53 to enone 54, which underwent Luche
reduction and elimination with the Burgess reagent to give diene 55
in30% yield over two steps. Diene 55 was primed for a key Diels-Alder

Meinwald

“"OH " rearrangement

14

b Synthesis of spirochensilide A (15) (directed type 1 C-H oxidation) by Heretsch and collaborators — —
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€ Synthesis of spirochensilide A (15) (directed type 1 C-H oxidation) by Deng and collaborators
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Directed type 1 NaHCOyg;
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(50%, two steps)

CO,Me

three steps

Fig.3|Syntheses of spirochensilide A starting from lanosterol by Heretsch et al. and Deng et al. a, The proposed biosynthesis of lanostane triterpenoid
spirochensilide A (15) by Heretsch et al. and Deng et al. b,c, Heretsch and co-workers’ (part b) and Deng and colleagues’ (part ¢) syntheses of spirochensilide A (15) using

directed type 1C-H oxidation.
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@ Remote desaturation strategy for Illicium sesquiterpenes
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o
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HFIP violet LED
“Me
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€ Synthesis of merrilactone A and anislactone B (undirected type 2 C-H oxidation)
97.3
H

(0]

85.4

(79%)

?@

Memlactone A (29)

Calculated BDEs (kcal mol')

of 27 B3LYP/6-31G in CCl,
Fig. 4| Synthesis of lllicium sesquiterpenes by Zhang et al. a, Remote
desaturation plan to access several /llicium sesquiterpenes. b, Synthesis
of the Zhang common intermediate through C-H oxidation. ¢, Completion

m-CPBA:;
thenpTson Me
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Undirected type 2

Me,, OH
O Me

1. Ph(i-PrO)SiH,

Co(acac),, O, Me,,, oH 0
2. K,CO3, MeOH; /
then HCI (@) “Me
OH \e

(84%, two steps)
Formal
Undirected type 2

Anislactone B (30)

of merrilactone A (29) and anislactone B (30) by leveraging desaturation for
undirected type 2 C-H oxidation. BDE, bond dissociation energy.

cycloaddition, building the [3.2.1.0] tricycle of the family (see 56) in
85% yield upon heating.

With the core of the trachylobanes assembled, Magauer et al. then
explored the oxidation of its various structural elements (Fig. 6b).
The use of the electrophilic oxidant methyl(trifluoromethyl)diox-
irane (TFDO)'**'* |ed to selective formation of 57 in 43% yield that
afforded the corresponding natural product after ester saponification.
The observed reactivity can be rationalized by the electron-releasing
nature of the cyclopropane through hyperconjugation. Electrochemi-
cal oxidation'°® showed similar selectivity, but also gave 10% of the
product corresponding to radical ring opening (not shown). The use
of Ru(TMP)(CO)'” also delivered the desired ketone in 27% yield and
the lower-oxidation level alcohol in 38% yield. Selectivity was altered
by using the bulky (R,R)-Mn(CF,-PDP) catalyst'* that resulted in the
formation of 61, containing the [2.2.2] bicycle that is characteristic
of the ent-atisane natural products. This is presumably formed by
oxidation at C-15 and subsequent radical ring opening.

The Magauer synthesis exemplifies how the analysis of substrate
electronics is crucial for the successful application of undirected

C-H oxidation methodology in synthesis planning, using theinherent —
and atypical — structural features of their target to their advantage.
A prior study by Chen and Baran has shown that >*C-NMR shifts can
be reliable predictors of site-selectivity®’, and Zhang and colleagues’
synthesis of the /llicium sesquiterpenoids (vide supra) used BDE
calculations to guide their planning.

Directed type 3 C-H oxidation

The utility of directed type 3 oxidation is demonstrated by Luan and
colleagues’® elegant synthesis of dalesconol A" (Fig. 7a, 68). This
polyketide natural product contains three benzylic ketones with ortho-
oxidation leading very naturally to the use of directed C-H oxidation
for late-stage manipulations using the innate ketone functionalities —
orderivatives thereof — as directing groups''. The researchers cleverly
planned to perform all three oxidations in a single operation'?, thus
rapidly installing the desired oxidation in a step-economic fashion.
Additionally, this approach enabled the use of more simple starting
materials, less prone to the interference of additional functionality with
downstream chemistry and requiring fewer steps to prepare.
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The Luan synthesis constructed the core of dalesconol A through
aremarkably efficient Pd(0)-norbornene mediated Catellani-type
cascade™ ™, Aryliodide 62 was coupled with alkyne 63 through acti-
vation of a C-H bond and migratory insertion across the alkyne, and
the key spiro-tricycle was then formed through a one-pot ketal cleav-
age-Michael addition to give 64 in 64% yield. Benzylic oxidation of
diketone 64 then gave triketone 65, primed for the triple-directed
type 3 oxidation. Although one-step trihydroxylation' directly from
the ketone was unsuccessful, many alternative methods for ketone (or
ketone-derivative)-directed C-H oxidations have been reported — an
important consideration made by Luan et al. intheir synthesis planning.
Triketone 65 was converted to the corresponding trioxime methyl ether
(66) in 88%yield by treatment with MeONH,HCI. The oxime ethers were
found tobe suitable directing groups for the aromatic trihydroxylation
reaction, installing all three hydroxy groups of the natural product
in a single step"®. The oximes were cleaved in situ upon addition of
HCI, giving triol 67 in 41% yield, whichis aremarkably high yield given
that the three oxidations and directing group cleavages occurredina
single operation. This rapid increase in oxidation level clearly shows
how judicious synthesis planning can enable highly efficient multiple
operations. Advanced intermediate 67 was converted to dalesconol A
(68) using a palladium-catalysed oxidation developed by Stahl and
Diao" to complete the synthesis in alongest linear sequence of eight
steps. Theresearchers also highlighted the power of their strategy for
late-stage diversification wherein triketone 65 was sulfaminated using
iridium catalysis"® to give trisulfonamide 70 in 84% yield (Fig. 7b).
The tosyl groups were cleaved with sulfuric acid to give the aminated
analogue of dalesconol A (71) in 98% yield. The ease with which they

@ Retrosynthesis of picrotoxinin (39)

Picrotoxinin (39) 40 41

€ Synthesis of picrotoxinin (39) (directed type 2 C-H oxidation)

Does not appear in picrotoxinin,
but is required for diastereoselectivity
NaHMDS, MgCl,

MeO,C._ Et

\ﬂ/ 47 MeO,C

Me

(67%, *20:1 d.r.)

were able to prepare these analogues is astrong argument for delaying
the oxidation step as late as possible into the synthesis campaign —in
thisway, diverselibraries can be produced in the fewest possible steps.

Longiborneol sesquiterpenoids

Ourown laboratory has had along-standing interestin the application
of C-H oxidation reactions to natural product synthesis. Below, we
discuss our work towards the longiborneol and cephanolide-ceforalide
natural products using a variety of C-H oxidation strategies (Fig. 8).
Thelongiborneol sesquiterpenoid family"’~'* features 11 natural pro-
ducts, differing only in their positions of oxygenation around a com-
mon carbon framework. We saw the syntheses of these molecules as an
ideal opportunity to showcase the power of Type 3 C-H oxidations for
enabling divergent syntheses by accessing the more oxygenated con-
geners of longiborneol from the parent natural product longiborneol
(72) or aderivative (see 73, Fig. 8a). This key strategic decision would
be coupled with aconcise synthesis of longiborneol, using functional-
ized camphor intermediate 74 that was accessed through a scaffold
remodelling approach of carvone (75) previously developed by our
group*'”, Notably, this two-phase strategy enables the individual
routes to diverge at the latest possible juncture, minimizing the total
step count. Although we were unable toimplementall the directed Type
3 C-H oxidations depicted in 73, our investigations revealed current
methodological gaps in the C-H oxidation literature, prompting us
to develop new approaches. Ultimately, we were able to oxidize every
targeted position with a mixture of directed and undirected meth-
ods, which we hope will serve as proof-of-concept studies for future
investigations on related scaffolds.

b c-H oxidation transformations enable numerous disconnections
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2 H
HO (0] H_= ,H HO (0]
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One step
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Directed type
2 C-H oxidation
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(13 total steps) 53
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52 Br for methyl deletion

Fig. 5| Synthesis of picrotoxinin by Shenvi et al. a, Retrosynthesis of picrotoxinin by Shenvi and colleagues. b, Oxidation-based lactonization disconnections compared
to classical disconnection. ¢, Synthesis of picrotoxinin featuring a type 2 directed C-H oxidation. b.r.s.m., based on recovered starting material; d.r., diastereometric ratio.
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@ Synthesis of ent-trachylobane skeleton

H 1. CeClay7H,0
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-
d l\'/Ie (30% two steps)
Meo™ Xg Me Me0” 0 H
53 54
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175 C
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b Late- stage oxidation towards ent-trachylobane natural products (undirected type 3 C-H oxidation)

TFDO

(R.R)Mn(CF5-PDP) (5-59),
H,0,, TfOH, TFE
(30%)

%%%
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T

Undirected type 3 C—H oxidation
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Fig. 6 | Synthesis of ent-trachylobane natural products by Magauer et al. a, Synthesis of the ent-trachylobane skeleton. b, Undirected type 3 C-H oxidation towards
ent-trachylobane natural products. The C=0 highlighted red in b indicates that it was installed via the TFDO-mediated C-H oxidation reaction.

We commenced with the synthesis of common intermediate 76
from (S)-carvone (75) in seven steps (Fig. 8b). Longiborneol (72) was
synthesized fromtricycle 76 by hydrogenation of the alkene group and
dissolving metalreduction of the carbonyl group. Following acetylation
oflongiborneoltogive 77, we targeted the C-11 oxidized congeners, cul-
morone (78) and culmorin (79), through an undirected type 3 strategy.
Weexpected acetylation would deactivate C-8-H towards certaintype 3
C-H oxidations'®. Although we hypothesized that oxidation of 77 with
TFDO or the White-Chen catalyst would result primarily in oxidation
at C-4 — the most sterically accessible methylene group™ — we also
anticipated oxidationat C-11to occurasaresult of strain acceleration'®
andthefactthat C-11is the only other non-neopentyl methylene. Infact,
oxidation of 77 with TFDO did lead to C-4 and C-11 oxidized products,
but yields were low and minor side-products (oxidation at C-5 and
C-3) were also observed (not pictured). Despite these shortcomings,
the high overall yield of 77 from carvone meant that we were still able
to obtain synthetically useful amounts of the C-11 oxidized products.
Cleavage of the acetate group yielded culmorone (78) and subsequent
dissolving metal reduction gave culmorin (79).

Next, weinvestigated whether the installation of additional func-
tionality could enable the use of the TFDO type 3 C-H oxidationin a
more selective synthesis of 5-hydroxyculmorin (80) from a 5-hydrox-
ylongiborneol derivative (Fig. 8c). Allylic oxidation of 76 was used
to install a hydroxy group at C-5. Subsequent alkene hydrogenation
and carbonyl reduction gave 5-hydroxylongiborneol (81). Acetyla-
tion of both hydroxy groups furnished 82, which underwent selective
TFDO-mediated oxidation at C-11 owing to deactivationat C-5, C-4 and
C-3bytheinductively electron-withdrawing C-5 acetate, affording C-11
ketone 83 as the only observed product. Treatment with dissolving
metal conditions cleaved both acetate esters and reduced the carbonyl
group to give 5-hydroxyculmorin (80).

Directed type 3 oxidations were then used to target the addi-
tional positions on the longiborneol skeleton. Hydrogenation of

76 followed by reduction of the carbonyl group with LiAlIH, gave
C-8-epi-longiborneol, and subsequent treatment with dimethylchlo-
rosilaneyielded 84. The (hydrido)silyl ether group of 84 was then used
to direct a Hartwig silylation of C-12 via iridacycle 85'***°, Tamao-
Fleming oxidation of the resulting silacycle gave C-8-epi-12-hydroxy-
longiborneol that was converted to the natural product (86) by DMP
oxidation of both hydroxy groups and reduction of the resulting car-
bonyls. Notably, attempts to implement a similar synthetic sequence
fromlongiborneol (72) were ineffective, probably because of an unfa-
vourable geometric relationship between the corresponding (hydrido)
silyl ether and the C-12 methyl group. This outcome highlights the
effects of conformation and geometry on the efficacy of directed C-H
oxidation™, a subtlety that is often not apparent or as pronounced in
simpler substrates.

Similarly, our attempts to oxidize C-15usinga type 3 C-H oxidation
directed by a functional group at C-8 were also ineffective. Attempts
to use 84 in a Rh-catalysed Hartwig silylation*?, known to favour 1,4
functionalization in some cases, led only to C-12 functionalization,
probably owing to a lack of steric differentiation between C-12 and
C-15. An attempted Suarez reaction from C-8-epi-longiborneol (not
pictured) led to a complex mixture, possibly owing to competitive
B-scission of the [2.2.1] bicycle'. Again, these challenges highlight
the need to consider many substrate characteristics —such as relative
steric encumbrance and strain energy — when using C-H oxidation
chemistry on complex molecules. As analternative, we devised arelay
oxidation strategy”*'* in which a functional group installed at C-5
was used to direct the oxidations of C-14 and C-15. To implement this
strategy, we synthesized acetyl oxime 87 in six steps from the common
intermediate 76. Treatment of 87 with modified Sanford acetoxylation
conditions — Pd(OAc), and sub-stoichiometric quantities of PIDA —
resultedinadirected type 3 C-H oxidation of both C-14 and C-15to give
88 asa2:linseparable mixture of diastereomers™®, favouring the C-14
oxidized product. Reductive cleavage of the oxime™, installation of a
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tosyl hydrazone group and a LiAIH,-mediated Caglioti reaction led to
aseparable mixture of the natural products 14-hydroxylongiborneol
(89) and 15-hydroxylongiborneol (90).

The studies described in the previous sections provided insight
into the application of the Sanford acetoxylation chemistry. First, the
steric environment of the ketone precursor requires careful considera-
tion for the identity of the oxime and the method of its installation.
Second, even if a given oxime is a competent directing group, chal-
lenges in cleaving the oxime can be prohibitive for practical applica-
tion. For example, we found hydrolysis of the analogous methoxime
derivative of 88 to be challenging. Successful examples in complex
molecule synthesis generally require harsh, acidic conditions™*%, and
few other conditions for methoxime cleavage have been reported™.
Conversely, the one-pot procedure used in our work allows for
installation of an acetyl oxime in a single step, which can be cleaved
under milder conditions'’. Finally, in targeting mono-oxidation of a
gem-dimethyl group, bis-acetoxylated products can be expected in
the absence of conformational rigidity. For example, 87 > 88 required
sub-stoichiometric PIDA to slow the formation of bis-acetoxylated
productsat C-14 and C-15.

In summary, we used a diverse array of type 3 C-H oxidations to
access seven oxidized longiborneol congeners, which collectively
feature oxidation at five distinct sites on the natural product skeleton.
Our use of C-H oxidation chemistry enabled each of these syntheses
to begin from the common intermediate 76, which features the com-
plete carbon skeleton and only two functional groups. This two-phase
strategy reflects the synthetic promise of type 3 oxidations inenabling

the synthesis of multiple targets through the step-efficient late-stage
diversification of synthetically advanced common intermediates.

Cephalotane norditerpenoids

Another example that underscores the power of late-stage C-H
oxidations is our divergent total syntheses of C-18-benzenoid and
C-19-benzenoid cephalotane-type norditerpenoids®*° (Fig. 9). These
molecules have also attracted significant synthetic interest from the
Zhao, Gao, Cai, Zhang, Zhai and Hu groups™'™*°. In our retrosynthe-
sis, we identified 91, bearing the benzenoid cephalotane core ring
system, as the optimal common intermediate for late-stage diversi-
fication. On the basis of the maximally bridged ring"*°*>, we found
the depicted two-bond inverse-electron-demand Diels-Alder-type
disconnectiontobe appealing for rapid simplification of the core struc-
ture (Fig. 9a,92). We envisioned 92 arising through an iterative Suzuki
cross-coupling of indanone-triflate 93 and pyrone-triflate 95 with
BF,K-ethylene-9BBN (94)™.

Our syntheses commenced with 7-hydroxy-4-methyl-indanone,
whichwas converted toindanone-pyrone 92in three steps. Subsequent
inverse-electron-demand Diels-Alder-type cycloaddition proceeded
smoothly upon enoxy-silylation to give 91 as a single diastereomer
(Fig. 9b). Borocupration of the alkene*™* and addition of Mel as an
electrophile gave access to boron pinacol ester 99, which underwent
either protodeboronation™® to afford 98 or a one-pot oxidation to
alcohol 96. We then sought to apply type 2 and type 3 C-H oxidations
to diversify these key intermediates to the targeted natural products.
Following InCl;-catalysed ionic deoxygenation™"* of 98, undirected

@ Synthesis of dalesconol A (68) and aminated analogue 71 (directed type 3 C-H oxidation)
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Fig.7|Synthesis of dalesconol A by Luan et al. a, Forward synthesis of dalesconol A, featuring multiple directed type 3 C-H oxidations in asingle operation. b, Use of
directed type 3 C-H oxidation to access dalesconol A analogues. LLS, longest linear sequence.
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type 3 C-H oxidations. d.r., diastereometric ratio. The coloursindicate the
positions targeted for C-H oxidation and functional groups installed using
C-H functionalization.

type 3 C-H oxidation of the aryl ring under mild conditions with phth-
aloyl peroxide™’ afforded cephanolide B (103) as a 1.3:1 mixture with
its C-15-oxidized constitutional isomer. Alternatively, thianthrenation
conditions™’ developed in the Ritter group, followed by subsequent
borylation and oxidation, gave the C-13-oxidized and C-15-oxidized
productsasal:lmixtureinaone-pot(67%) procedure, or ahigheryield-
ing two-step procedure (94%). We hypothesize that the low observed
selectivity arises fromboth positions being electronically and sterically
similar. Cephanolide C (105) was accessible through an undirected
benzylic oxidation of intermediate 98 with pyridinium chlorochro-
mate. Installation of a methoxime facilitated a directed type 1 C-H

methoxycarbonylation'® using stoichiometric amounts of Pd(OAc),

to afford methyl ester 109. As observed in our longiborneol work (vide
supra), cleavage of the methyloxime was challenging and ozonolysis'®*
proved uniquely effective to yield cephanolide D (110).

Next, we targeted ceforalide C, D and F from alcohol 96 (vide
supra). A four-step sequence afforded ceforalide D (100) through
inversion of the alcohol and deoxygenation of the protected tertiary
hydroxy group. Furthermore, selective undirected benzylic oxida-
tion using Ru(bpy),Cl, as a photocatalyst, a hydroxyl benziodoxole
hypervalent iodine reagent (BI-OH)'*> and 400 nm irradiation gave
ceforalide C (106) in the presence of the unprotected hydroxy group
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of ceforalide D (100). Type 2 C-H oxidation was then applied to access
ceforalide F (107) from ceforalide D (100), closing the THF ring with
modified Suarez oxidation conditions (Pb(OAc),, I, and CaCO; under
fume hood light), followed by pyridinium chlorochromate-mediated
benzylic oxidation of C-7.

To access cephanolide A (104), DMP oxidation of alcohol 96, fol-
lowed by treatment with NaBH,, inverted the hydroxy group. This set
the stage for a directed type 2 Suéarez oxidation (with PIDA and ,)”* to
forge the THF ring, and subsequent one-pot cleavage of the TMS ether
with tetrabutylammonium fluoride. Barton-McCombie deoxygenation
delivered hexacycle 101. In contrast to the analogous transformation

towards cephanolide B (103) (vide supra), C-H thianthrenation pro-
ceeded in quantitative yield and high selectivity (13:1). Calculations
revealed a higher electrostatic potential at C-13 than at C-15in precur-
sor101thaninprecursor 98, rationalizing the observed selectivity. An
altered steric environment owing to conformational changes induced
by the additional THF ring may also factor into the selectivity. Sub-
sequent conversion to the corresponding Bpin compound (108) under
photoirradiation conditions and direct one-pot oxidation efficiently
furnished cephanolide A (104), constituting an overallundirected type 3
oxidation. Finally, ceforalide G (111) was targeted through an overall
undirected type 3 oxidation. Undirected benzylic oxidation of Bpin
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Fig. 9| Synthesis of cephalotane norditerpenoids by Sarpong and co-workers. a, Retrosynthesis of cephalotane-type norditerpenoids. b, Unified total syntheses of
cephalotane-type norditerpenoids using several different types of C-H oxidations. CFL, compact fluorescent lamp; MS, molecular sieve.
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compound (108) under photoredox conditions using Ru(bpy),Cl,,
BI-OH and a compact fluorescent lamp, followed by oxidation of the
Bpin group to the corresponding hydroxy group, gave the natural
product111. Notably, all other alternatives to the specified sequence of
oxidation steps from101towards ceforalide G (111) were unsuccessful.

Overall, we were able to access nine cephanolide-ceforalide-type
natural products (ceforalide H is not shown) through the application
oftype2andtype 3 C-H oxidations of acommon synthetic precursor.
Notably, many of these transformations rely on contemporary meth-
ods. For example, to the best of our knowledge, this work constitutes
the first application of the Ritter thianthrenation chemistry in total
synthesis, highlighting how methodological development can be an
enabling and motivating factor in synthesis planning.

Conclusion and outlook

The strategic application of C-H oxidation in natural product total
synthesis is increasingly being incorporated at the outset of syn-
thesis planning. To guide future synthetic endeavours that utilize
C-H oxidation, we propose the classifications of these applications
of C-H oxidation on the basis of their overall strategic purpose with
respect to the target natural product.

Type 1 C-H oxidations establish the target molecule’s carbon
skeleton by leveraging the oxidation to construct, cleave or rearrange
the C-C bonds of an intermediate. This enables strategies in which
relatively large, structurally complex chiral pool feedstock chemi-
cals can be utilized as starting materials in syntheses of target mole-
cules they do not directly map into. Such approaches often reduce
step counts compared to strategies in which the carbon skeleton is
built additively. Such C-H oxidations are relatively uncommon and
tend tobe seeninthe early stages of syntheses. As such, the oxidation
reactions need to be robust and highly scalable. On the basis of the
approaches demonstrated by Renata, Deng, Heretsch and colleagues,
we expect that strategies centred on type 1C-H oxidations will continue
todevelop rapidly. Although bioinspired carbocation rearrangements
have proven particularly effective, in the future, we anticipate that
C-H oxidationwill also be leveraged to install handles for C-Cbond for-
mation or cleavage, enabling synthesis connections between disparate
natural product scaffolds and the recognition of new or underutilized
chiral pool feedstocks as valuable starting materials for total synthesis.

Type 2 C-H oxidations ultimately result in the formation of a
heterocyclic ring found in the target natural product. Introducing
remote functionalization to construct the ring minimizes functional
group interconversion and protects group manipulations. We antici-
pate that further applications will benefit from the development of
C-H oxidation methodologies capable of achieving more varied
site-selectivity. Specifically, directed approaches have mainly focused
on the formation of five-membered oxygen-containing heterocycles
thatincorporate the directing functionality and undirected approaches
are limited.

Type 3 C-H oxidations install requisite peripheral functionaliza-
tion presentinthetargetand represent the ultimate goal of late-stage
functionalization: to rapidly assemble a natural product core without
the complications associated with preinstalled functionality, then
diversify to synthesize many desired compounds through site-selective
C-H oxidation. Further methodological developments will increase
the success rate of late-stage functionalization. Strategies that uti-
lize supramolecular control to override site-selectivity have tremen-
dous promise especially in the area of biocatalysis, which may lead,
excitingly, to evolvable site-selectivity.

It is our expectation that undirected C-H oxidations and type 1
C-H oxidation-based strategies will be more commonly used in the
future than they are at present. Currently, directed C-H oxidations
are often superior to undirected variants in controlling site-selectivity.
However, the installation and removal of directing groups can be
challenging and also add steps to asynthesis. As undirected methods
become more robust and tunable, through paradigms such as bioca-
talysis, we expect their usage insynthesis toincrease. Of the three types
of C-H oxidation-based strategies, type 2 and 3 strategies are currently
more prevalent than type 1. Reactions involving C-H oxidation often
convert a C-H bond into an oxygenated functional group, and so it
is easy to recognize, in the retrosynthetic direction, the deletion of
a functional group to give a synthetically more tractable precursor.
However, the examples bothin this Review and others have shown that
type1C-H oxidations canbe used to remodel the carbon skeleton of a
starting material to match the framework of the target. These strate-
giesareless intuitive but are powerful because they effectively expand
the pool of starting materials that canbe applied toagiventarget. Asthe
available C-H oxidation methodologies continue to expand, increasing
the number of examples from which practitioners can draw inspiration,
we anticipate that type 1strategies will become more common.

Together, we hope that the framework for categorizing C-H oxida-
tionstrategiesin complex molecule synthesis presented in this Review
willguide future synthesis planning, aid discussion and help facilitate
entryinto this field. Itis our hope that this classification system will help
move C-H oxidation reactions from exotic highlights of asynthesis to
routine synthetic tools. This shift could accelerate the application of
contemporary methodologiesin total synthesis, which will be crucial
in gaining a comprehensive understanding of the factors that lead to
the success or failure of such transformations, particularly concerning
site-selectivity. In turn, applications in complex molecule synthesis
should motivate and accelerate new methodological investigations.
Therefore, we anticipate that many more innovative syntheses (like
those discussed in this Review) that strategically apply C-H oxida-
tion will continue to emerge. Finally, we hope that viewing the use of
C-Hoxidationin natural product synthesis through our classification
system will inspire less intuitive applications of C-H oxidation.
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