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Abstract
C–H oxidation has a long history and an ongoing presence in research at the forefront of chemistry
and interrelated fields. As such, numerous highly useful texts and reviews have been written on
this subject. Logically, these are generally written from the perspective of the scope and
limitations of the reagents employed. This minireview instead attempts to emphasize
chemoselectivity imposed by the nature of the substrate. Consequently many landmark discoveries
in the field of C–H oxidation are not discussed, but hopefully the perspective taken herein will
allow for the more ready incorporation of C–H oxidation reactions into synthetic planning.
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It has been a widely recognized fact that Nature’s use of C–H activation reactions and
strategies have contributed to the “ideality” of biosynthesis.[1] Not surprisingly, there are
fundamental advantages to incorporating such logic in chemical synthesis, specifically from
the vantage point of synthesis economy.[2] In order to plan a retrosynthetic analysis of a
complex natural product that strategically employs a C–H oxidation step,[3] the innate
reactivity of such bonds must be intimately understood. Over the past century, an enormous
body of literature has provided a foundation for peering into the “eyes” of C–H bonds.[4–8]

If C–H bonds could talk, what stories would they tell? The purpose of this review is to
compile some of those stories, inferred from the literature. From these stories, the factors
that dictate the inherent preferences of sp2 and sp3 C–H bonds in diverse settings are
illuminated: inductive effects, conjugation, hyperconjugation, steric hindrance, and strain
release

1. Inductive Effects
Through-bond effects are a major factor in determining the electronic character of C–H
bonds, which largely dominates their propensity to be oxidized. Since the vast majority of
non-metal C–H activation reagents are electrophilic, the more electron rich a C–H bond is,
the more easily it is oxidized. One of the most dominant factors that affects the rate of C–H
bond oxidation is the presence of electron-withdrawing groups (EWGs) on a substrate. Both
the extent of electron withdrawal and distance from the EWG can modulate its influence on
the selectivity of an oxidation reaction.

Figure 1 illustrates the effects of electron donating and withdrawing groups through a
number of examples. In compound 1 it is shown that the most electron rich position is
oxidized (i.e. the tertiary position). For non-metal insertion pathways, the reactivity trend is
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typically: tertiary > secondary > primary and has been understood as such for some time.[9]

The effect of electron-withdrawing groups is also a well-studied phenomenon and in the
radical chlorination of 2, the effect of the ester functionality is shown.[10] More selective
radical halogenation reactions have subsequently been developed, as is the case for the
oxidation of compound 3.[11]

Similarly, compound 4 has three methylene units and the least electron deficient position is
the one that is oxidized.[12] While the methyl group is more distal to the EWG, it has one
fewer electron donating alkyl groups and is therefore left unscathed. As with compounds 5
and 6, oxidation occurs selectively at the most distal site, but a decreasing sensitivity to the
EWG is observed when the reactive site is four instead of three bonds away (i.e. oxidation of
a δ position rather than a γ position as in 4). Likewise compounds 7 and 8 each have two
tertiary sites and the one that is more distal is preferentially oxidized.[13–15] Discrimination
between two electronically dissimilar tertiary sites can also be seen in 9,[16–17] but it should
be stated that the difference in steric environment may also synergistically contribute to the
observed selectivity in this case.

The oxidation of alkane substrates is well studied and here we present the specific case of
cis-1,2-dimethylcyclohexane, 10. Depending on the oxidation system employed, selectivity
for one of the methines or one of the methylenes can be obtained. While tertiary positions
are the most electron rich, the secondary positions are less sterically hindered and selectivity
can be influenced by reagent selection. For example, oxidation by small reagents occurs
selectively at tertiary positions (e.g. TFDO),[18] while large reagents exhibit reduced rates of
oxidation at tertiary sites (e.g. a polyoxo metallate)[19] and selectivity for methylenes can be
obtained. Similar trends have been observed on other substrates with other reagent systems.

Certain metal-mediated C–H activation reactions (wherein the metal is bound to the
substrate) show distinct reactivity from other methods such as metal carbenoid and nitrenoid
insertions. For these mechanistic pathways, the reactivity order of oxidation is, with
considerable exception, the inverse of what is seen in non-metal mediated oxidation
reactions: primary > secondary >> tertiary.[5d] This trend is largely reflective of the
dominance of steric interactions in determining C–H bond selectivity. Additionally, in some
instances this trend may be the result of an increased lability of a C–H bond that has a
geminal C–H bond participating in an agostic interaction – an impossible situation in
methine oxidation.[20] This is highlighted with the ruthenium-mediated oxidation of
compound 11, wherin the primary positions are the ones that are oxidized. Furthermore, it is
shown that the more electron deficient site (the one closer to the heteroatom) is the one that
is oxidized first.[21]

This reactivity contrasts with metal nitrenoid and carbenoid insertion reactions, which
proceed with the following order of reactivity: tertiary > secondary >> primary. Since these
reactive intermediates proceed as electrophilic reagents, stabilization of partial positive
charge in the transition state at the reacting site (by electron-donating groups) results in an
increased rate of insertion. Although it should be stated that the judicious choice of ligands
is of paramount importance in determining chemoselectivity, as it is sometimes possible to
invert selectivity trends.[22a–d] A discrete vinyl carbene intermediate, 12, responds to
electronic stimuli similarly; the inductive effect of oxygen functionality has been uniquely
demonstrated in this instance.[22e] While geometric considerations limit the positions that
can be oxidized, the electronegative oxygen functionality drives the oxidation event to the
less deactivated C–H bond. Remarkably, since the axial C–H bond vicinal to the oxygen
atom is inaccessible, this highly activated position is not oxidized. The selectivity factor that
activates such positions is discussed in the next section.
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2. Conjugation and Hyperconjugation
Hyperconjugative effects are another form of electronic activation or deactivation of alkane
oxidation. While this force has a less pronounced effect than inductive effects,
hyperconjugation can impart significant biases in certain systems. For example, it has been
found that cyclopropanes bias the site of oxidation to their vicinal position in a marked way.

Although most non-metal electrophilic reagents, such as TFDO, typically prefer oxidation of
tertiary sites, compound 13 (similar to other cyclopropanes) is oxidized at the position
vicinal to the cyclopropane rather than on the cyclopropane itself (Figure 2).[23a–b]

Oxidation of 14 also occurs at the position vicinal to the activating cyclopropane ring.[23]

This activating effect requires orbital overlap between the cyclopropane C–C σ bonding
orbital of the cyclopropane and the neighboring C–H σ antibonding orbital.[24] In instances
wherein this geometric configuration occurs, delocalization of electron density from the bent
bonds of the cyclopropane to the neighboring C–H antibonding orbital renders an oxidation
event with an electrophilic reagent more facile. Cyclopropanes are well-suited to this mode
of activation due to their high-lying highest occupied molecular orbital (the C–C σ bonding
orbital of the cyclopropane has considerable π character and is approximately sp5 in nature),
rendering cyclopropanes good electron donors.[24] These same geometric requirements also
hold true for other activating groups, such as the nonbonding electrons on an ethereal
oxygen atom (21 in Figure 3).

The strict orbital requirements of hyperconjugation are clarified by the oxidation of 15,
wherein the proper orbital overlap is lacking at the positions vicinal to the cyclopropane.[23b]

This position is now deactivated likely as a result of the steric hinderance imposed.[25] An
interesting exception to this general trend is the oxidation of Binor S (16), by one of the Gif
systems which occurs exclusively at one of the methylene positions in 8% yield at 10%
conversion.[26–28] A subtle example of the orbital requirements of this activating effect can
be seen in 17; wherein the oxidation of the cyclohexane ring is preferred relative to that of
the cyclopentane. This selectivity may be the result of multiple factors; however, it is
possible that the C–C σ bond of the cyclopropane is better situated to donate into the C–H σ
antibonding orbital of the cyclohexane, resulting in a high degree of selectivity.[29] The
stereoselective oxidation of 18 further illustrates this stereoelectronic effect that exists for
cyclopropanes to selectively activate vicinal C–H bonds. Stereoselective activation of C–H
bonds vicinal to cyclopropanes can be observed in a substrate such as 18
(diastereoselectivities of 2:1 to 3:1, depending on the carbene employed[30] and a more
complicated substrate 19 shows a similar preference for the C–H bond activated by the
cyclopropane.[31]

The degree to which hyperconjugation can influence the course of C–H oxidation depends
on how electron-withdrawing or electron-donating a substituent is. This trend has been
quantified by comparing the relative ratios of oxidation products for 1-substituted
adamantanes, 20.[32] Due to orbital considerations, the long-range hyperconjugative effects
from the carbon-X bond are more pronounced for the carbon-hydrogen-E bond than for the
carbon-hydrogen-Z bond. Thus, the electronic influence at HE varies with the substituent,
whereas HZ remains relatively unchanged. This effect follows a linear relationship with the
substituent parameters of the substituents X (ρ = −2.3).[32]

Although oxygen is an electronegative atom that can exert a withdrawing inductive effect,
the nonbonding electrons on oxygen may also donate electron density into neighboring C–H
bonds through hyperconjugation. The nonbonding electrons on oxygen are highly activating
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to positions with the proper orbital alignment and the overall result is the selective oxidation
of these positions.

Numerous oxidation systems can affect oxidation of tetrahydrofuran or tetrahydropyran (21)
and a few examples are shown in Figure 3.[23c,33–34] Selectivity for the position adjacent to
oxygen is easily obtained. Interestingly, carbenoid insertion by 23 onto 22 readily occurs
with Rh2(S-DOSP)4 for the position α to the oxygen atom, rather than the benzylic position
of 22.[35] In the case of 24, nitrenoid insertion occurs at the benzylic position, in part due to
delocalization of the oxygen atom’s nonbonding electrons into the aromatic ring decreasing
the ability of this lone pair to activate the vicinal C–H bond.[36] While the oxidation of
carbinols is a notoriously low-energy process, enantioselective processes remain
challenging: a notable example is the oxidation of racemic 25 by palladium-sparteine or
manganese salen catalysis and can occur with high enantioselectivity.[37] It is noteworthy
that the selective oxidation of this position is also the result of prior coordination of the
alcohol functional group to the transition metal center. In a similar vein, nitrogen atom lone
pairs may also influence the course of site-selectivity in C–H oxidation. The oxidation of
nicotine (26) to cotinine can be affected by a number of reagents as a result of
hyperconjugation from the pyrrolidine nitrogen atom’s lone pair to the neighboring C–H
bond.[38–39]

Much as cyclopropanes and heteroatoms can serve as activating groups through
hyperconjugation, the oxidation of unsaturated systems typically exhibits increased rates of
oxidation relative to their saturated counterparts (Figure 4).[40] An illustration of this point is
that singlet oxygen readily oxidizes olefinic substrates via an ene process, but sp3 C–H
bonds are relatively unreactive towards singlet oxygen.[40b] The oxidation of geranyl
acetate, 27, is selective for the more electron rich olefin in the selenium dioxide mediated
oxidation.[41] The copper-catalyzed peroxide oxidation of olefins to yield peresters is known
as the Kharasch reaction and one such example is shown with compound 28.[42] In this case
the positional selectivity is governed by the steric bulk of the tert-butyldiphenyl silyl
protecting group, evidenced by the lack of selectivity for the less sterically demanding case
of the corresponding tert-butyldimethyl silyl β-lactam. Further examples of sterics
influencing the course of C–H oxidation will be shown in the next section. It has also been
shown that palladium and rhodium catalysts may activate enones, as in 29.[43] A creative use
of the Kharasch reaction can be seen by the cyclopropane opening of 30. It can be imagined
that after an allylic radical is formed at C11; this species isomerizes to open the vicinal
cyclopropane and the primary radical is then trapped to give an oxidized product.[44]

The formation of π-allyl palladium complexes from olefins has allowed for allylic amination
of these substrates, such as 31 (with olefin transposition).[45] The interception of meso π-
allyl palladium complexes (derived from substrates such as 32) with nitronates has allowed
for the enantioselective synthesis of enones.[46] The oxidative cyclization of 34,[47] is
another example of allylic oxidation, here forming a C–C bond. For transition metal-
mediated formation of π-allyl complexes, the metal center first coordinates to the olefin,
rendering C–H insertion more facile.

The ready oxidation of benzylic systems is a well-studied phenomenon and as a
representative case, the oxidation of 8-methylquinoline, 35, is shown. This may be affected
by treatment of 35 with selenium dioxide[48a] or by metal-mediated pathways in either a
stoichiometric[48b–c] or catalytic[49] manifold. It is notable that the transition metal-mediated
oxidations are enabled by initial coordination to the quinoline nitrogen and should be
considered directed oxidations (See Section 5 for additional examples).[50] Despite the many
advances in C–H activation, new systems that can oxidize substrates while avoiding
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hyperconjugatively activated functionalities is a remaining challenge in the field and would
greatly benefit the synthesis of complex molecules.

3. Sterics
A reduction of rate of C–H oxidation is commonly observed for hindered C–H bonds. An
excellent example of how hindered sites are not oxidized comes from the oxidation of
cedrane, (36), with a ruthenium system (Figure 5).[51] While there are three tertiary sites
present in this molecule, a high yield for only one of the sites is observed. This is attributed
to the fact that the other two positions are neopentyl and bis-neopentyl. A number of other
examples where steric effects play a significant role in determining selectivity can be found
in the case studies (Section 7).

While steric hindrance to reagent approach does exert a significant bias, other factors can
overcome this influence. For example, in the intramolecular C–H oxidation of substrate 37,
C–H insertion occurs selectively at the tertiary site, rather than the benzylic position.[52–53]

Although the benzylic position is secondary and less hindered, the methine is oxidized,
possibly as a result of the more electron rich nature of this position. The authors speculate
that delocalization of the C–H σ bond into the aromatic system results in a reduced
availability of electron density. Furthermore, it could be said that the tertiary position is
more electron rich as a result of the greater ability of the two methyl groups to donate
electron density relative to a hydrogen and an aromatic ring.[52] Another important factor in
this cyclization reaction is that a favorable Thorpe-Ingold effect may bias the C–H insertion
to the tertiary position. In an intermolecular case of rhodium catalyzed C–H insertion, the
activated methyl group in 38 is oxidized in preference to the benzylic position. In this case
the authors believe that the selectivity observed is primarily the result of the less hindered
environment at the methyl group.[54]

The iron-catalyzed oxidation of the menthol derivative, 39, has demonstrated the importance
of sterics in dictating positional selectivity,[14,55] which is feasible due to a discrete number
of mechanistic scenarios.[7m] It was shown that the tertiary position on the cyclohexyl ring is
oxidized in preference to the isopropyl group. The rationalization for this selectivity is that
the cyclohexyl tertiary site is the less hindered one, since both tertiary positions are in nearly
identical electronic environments. It should be stated that the rigidity of the cyclohexane
ring relative to the isopropyl group may also contribute in this instance. As will be seen in
Section 5, such inherent selectivity can be completely reversed using directing groups.

One of the most dramatic examples of the effect of the steric environment on the rate of
oxidation comes from the Rh2(R-DOSP)4 oxidation of 40.[35] A number of different silyl
ethers are oxidized and it is clearly observed that the more hindered the C–H bond is the
slowest. In fact, the TMS-protected alcohol is oxidized 102 times faster than the TBDPS
derivative. Clearly, sterically hindered positions are oxidized more slowly than their less
hindered counterparts. Future challenges in this area are the development of reagents and
catalysts that can more generally take advantage, or perhaps override, subtle nuances in
steric effects.

4. Strain Release
In the middle of the twentieth century, a theory to explain the relative rates of oxidation of
axial and equatorial alcohols was put forward to understand why axial alcohols were
oxidized with greater rates. Eschenmoser hypothesized that the elimination of A1,3 strain in
the transition state for the case of axial alcohols results in an increased rate of oxidation.[56]

This theory of strain release has also been recently advanced to the realm of C–H
activation.[57]
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This theory was supported by the relative rates of oxidation of the substrates 41 and 42
(Figure 6). While substrate 41 has a 1,3-syndiaxial interaction between two methyl groups,
substrate 42 has a hydrogen atom in the place of a methyl group. Thus, the A1,3 strain in 42
is considerably lower than that of 41, resulting in a slower rate of oxidation of 42 (by a
factor of 3 to 4). More commonly recognized factors do not account for this difference in
selectivity, including inductive effects, hyperconjugation, or sterics. This example clearly
shows the effect of strain release on the rate of oxidation and selectivities observed in other
instances may also be attributed to this phenomenon.

5. Directed Oxidations
In a complex system there will likely be functionality that is prone to oxidation even though
a specific C–H activation event is desired. For example, substrate 43 contains a ketal group
that is prone to oxidation[33b] as a result of hyperconjugative activation by the oxygen atoms
(see section 2 for further explanation), yet this substrate may be oxidized elsewhere, likely
as a result of the intramolecular nature of this oxidation reaction.[58]

Directed oxidations represent an excellent opportunity to functionalize a particular C–H
bond in the presence of opposing steric and electronic factors. In essense, directing groups
are an easy way to override inherent substrate preferences. However, these strategies often
require functional group manipulations to both install and remove the directing group. In the
case of 43, a tethered electron deficient ketone is used to direct the oxidation event away
from the ketal with remarkable selectivity (Figure 7).[58] An in situ dioxirane formation and
subsequent intramolecular oxidation results in the observed selectivity.

Another example of inverting the selectivity of a C–H activation is the use of a trifluoroethyl
carbamate directing group on menthol, (44). By employing the Hofmann–LöffleRFreytag
reaction with this carbamate, the selective functionalization of the isopropyl group, rather
than oxidation of the tertiary position ipso to the methyl group (compare to 39, Figure 5),[59]

can be achieved.

The concept of “designer” directing groups for C–H activation was pioneered by Breslow
and an early example is shown with substrate 45.[60] In this case, a silyl ether is used as a
tether, a functional group that is convenient for removal at a later point. The positional
selectivity toward the B/C ring junction is the result of geometric considerations of the
tether, rather than the inherent reactivities of the C–H bonds present in the oxidized
substrate. This point is corroborated by a reversal of selectivity in the oxidation of 46,
wherein a longer tether results in selective oxidation of the C/D ring junction.[61] Breslow
has reported a number of other strategies to impart chemoselectivity with a wide array of
directing groups.

As was shown with compound 43 (see Figure 7), trifluoromethylketones may act as
directing groups for intramolecular dioxirane oxidations. In the case of 47 (Figure 8),
geometric considerations result in oxidation of a methylene, rather than a methine, thereby
oxidizing the electronically disfavored position.[62]

Dioxirane mediated C–H activations may also be directed by the force of hydrogen-bonding,
as illustrated by the selectivities observed for the oxidations of 49 and 51 in Figure 7.[63]

The tetrafluoroborate salt of a protonated amine is an EWG and thus oxidation is directed
away from this functionality. However, in the TFDO mediated oxidation of substrate 49,
selectivity is not observed for the most distal methylene position. Rather oxidation is
directed five positions away and after the intermediate ketone condenses with the pendant
amine the didehydropiperidine 50 is formed. It is believed that hydrogen bonding of the
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dioxirane to the protonated amine results in the high degree of selectivity for a position that
is otherwise not electronically or sterically favored. To support this hypothesis, oxidation of
analog 51, which lacks the ability to donate a hydrogen bond, was performed. It was found
that a mixture of oxidation products disfavoring the methylene five positions away was
obtained (selectivity for the ζ versus ε position is 1.5 to 1).

Carbamates may also direct oxidation by homolytic fragmentation of an intermediate N-
halogen bond, as was seen in compound 44 (see Figure 7). In this case, the selectivity for a
seven-, rather than eight-membered transition state is observed, as demonstrated by the
selective oxidation of 52.[59] Thus, site selectivity for the more electron deficient site is
obtained as a result of the trifluoroethylcarbamate directing group. This was demonstrated to
be a beneficial strategy in the total synthesis of the eudesmane sesquiterpenes.[64]

The oxidation of the methyl group in substrate 53 is the result of a number of different
factors. It is postulated that the most dominant factor in this oxidative cyclization concerns
initial bidentate chelation of platinum to the amino acid functionality. This results in a
geometrically imposed constraint on which position may be oxidized, reflected by the
preferential formation of products containing five-membered rings.[65a] The
diastereoselectivity of the lactone formation (by desymmetrization of the isopropyl group)
may be the result of preorganization to a lower energy transition state, corresponding to the
observed anti diastereoselectivity that occurs in the carboxylic acid directed C–H activation.
Similar trends in five-membered ring formation during metal-mediated carbenoid insertion
events have been observed.[65b]

While many directing groups for C–H activation suffer from less than ideal synthetic utility
(because these must be installed and later removed), the employment of carboxylic acids is a
rapidly developing and synthetically useful area.[66] An excellent example of the ability to
use carboxylic acids as directing groups for aliphatic C–H bonds is demonstrated in the acid
substrate 54.[66a] A protocol was developed to access the Heck and Suzuki coupling
pathways to execute olefination and arylation reactions. The chemoselectivity of the C–H
cleavage step in this case may be the result of a kinetic preference for the formation of an
intermediate five-membered palladacycle. Additionally, the selectivity for a methyl group,
rather than a methylene, may arise as a result of the greater steric accessibility of primary
over secondary positions.

Sulfamate esters, including 55 in Figure 8, can also direct oxidation events, likely via
intermediate iminoiodinanes in the presence of a rhodium catalyst. Interestingly, sulfamate
esters generally prefer the formation of six-membered ring products, while analogous
reactions to form cyclic carbamates prefer the formation of five-membered rings. The utility
of these types of directing groups has been demonstrated in a number of complex settings
for the purpose of total synthesis.[67]

Another example of a directed oxidation can be found in the palladium-catalyzed iodination
of 56.[68] In this case the directing group allows for C–H insertion under mild conditions and
situations where this strategy could be used to influence site-selectivity can easily be
imagined. Considerable research has further advanced the utility of 2-oxazolines for directed
C–H activation.[69]

In an olefination of 57 catalyzed by palladium, selectivity is observed for the cyclopropane
rather than the methyl group.[70] This contrasts with the selectivity between a methyl group
and a cyclohexyl ring, as in 56. Many other directed oxidations are known and these shown
here are only a sampling of what is possible.[71] The many challenges in this area leave
much to be discovered.

Newhouse and Baran Page 7

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2014 April 09.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



6. Activation of sp2 Centers
Although distinctly different in nature, the chemoselectivity observed in C–H activation
reactions of sp2 centers nevertheless follows similar trends as their sp3 counterparts. The
absence of three-dimensionality reduces the factors that may affect positional selectivity to
steric hindrance, inductive effects or resonance stabilization. In the case of transition metal-
mediated directed oxidations, the conformational effects resulting from the intermediate
metallacycles have a critical impact on chemoselectivity.[5] While the oxidation of benzene
derivatives has a rich history dating back to early studies on electrophilic aromatic
substitution and the Heck reaction,[72] research centered on metal-mediated catalytic
methods is a vibrant area of investigation.

The decomposition of 58 in the presence of Rh2(pfb)4 is one example of obtaining
selectivity for aromatic C–H insertion (over cyclopropanation) and catalyst selection was
critical in this case (Figure 9).[73] Positional selectivity about the aromatic ring is dictated by
the tethered diazoketone. In some intermolecular cases, selectivity for the least sterically-
hindered position on an aromatic ring has been obtained by the use of iridium (I) catalysts.
In the case of 59, this results in meta borylation,[74] while in the case of 60 borylation occurs
extremely selectively ortho to the nitrile, rather than ortho to the bulkier trifluoromethyl
group.[75–77]

Olefination in a meta-selective fashion with palladium (II) has been demonstrated through
the use of 2,6-bis-(2-ethylhexyl)pyridine as a ligand.[78] The oxidation of 61 occurs with 5:1
selectivity, relative to the para position. There are numerous instances of the use of directing
groups to oxidize the ortho position of substituted aromatics and only a few of these cases
are highlighted below. Remarkably, palladation can be directed by secondary hydroxyls (62)
even though this functionality is prone to oxidation.[79] In the oxidative annulation reaction
between acetanilide 63 and 1-phenyl-1-propyne to form an indole, excellent regioselectivity
is observed for C–H activation of the less hindered C–H bond with [Cp*Rh(MeCN)3]
[SbF6]2.[80]

The ability to select between electronically similar sites with only subtle differences in steric
environment has been achieved through palladium-catalyzed C–H activation with protected
amino acids as ligands (64).[81] In this instance, almost no selectivity was observed in the
absence of ligands and a preliminary mechanistic investigation and improvement to these
original conditions has recently been disclosed.[82]

Furthermore, there are also many beautiful examples of activation of the sp2 and sp3 C–H
bonds in heterocyclic substrates and this subject has recently been reviewed.[83]

7. Case Studies
The oxidation of bicyclic systems represents an interesting case of site-selectivity in C–H
activation. The well-known propensity of adamantane, 65, to undergo oxidation is an
interesting peculiarity that has made it a yard-stick for C–H activation and numerous
examples of its oxidation have been documented.[84] The ease of oxidation of the tertiary
bridgehead position of this substrate has resulted in a common misperception that the
oxidation of bridgehead positions (C1) in general is a relatively simple task. The reduced
selectivity observed for bicyclo[2.2.2]octanes (66)[18] and the reversal of selectivity
observed for bicyclo[3.1.1]heptanes[85] (67) and bicyclo[2.2.1]heptanes (not shown)[84a]

illustrates the challenges associated with oxidizing bridgehead positions. The reactivity of a
number of other unique polycyclic systems has been studied and it is worth noting that these
selectivities are also reagent dependent.[86] The oxidation of ring junctions that are not
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bridgehead positions does not pose the same degree of difficulty. For example, the oxidation
of cis- or trans-decalin (68) generally proceeds at the most electron rich tertiary position.[18]

The selectivity observed in extremely complicated systems cannot always be rationalized
since detailed structural information about solution-state conformation is frequently
unavailable. Even though some solution structural information is known for bryostatin
analogue 69,[87–88] rationalizing the observed selectivity is difficult (Figure 11). While it
could be said that the most electron rich pyran is oxidized at the hyperconjugatively
activated axial C–H bond, other factors certainly play a role. The unusual tolerance of
olefins and a primary alcohol in this transformation and the pronounced selectivity for the
C–H bond that is oxidized likely results from steric effects imparted by the structural
complexity and its global conformation.

In the case of the B-ring seco steroidal substrate 70, the superb selectivity observed is the
result of a number of different factors. While there are twelve methines present in this
substrate, one position is selectively oxidized.[89] The most dominant effect in this case is
the result of the inductive effect of the acetylated alcohols and the lactone. The electron-
withdrawing nature of these functionalities prevents oxidation of the nearby positions,
leaving only a few positions that could potentially be oxidized. Steric effects then eliminate
the possibility of oxidation at C17. The difficulty associated with oxidation of this position
is well-documented and is seen in subsequent examples in Figure 11. Since methylenes and
methyl groups are not preferred sites in dioxirane-mediated oxidations, the methine at C25 is
oxidized selectively.

The oxidation of 71 illustrates the propensity of equatorial C–H bonds to be activated, since
the two equatorial positions are the ones oxidized, even though there are a number of axial
C–H bonds that are more distal to the EWGs.[90–91] Even though C17 is extremely hindered,
some oxidation of the initial product is observed at this position rather than one of the axial
C–H bonds. In the case of 72, a combination of the electron-withdrawing influence of the
epoxides and the sterically hindered C17 and C20 positions, results in selective oxidation at
C25.[92] In this example, there is a tertiary position which is both distal from EWGs and
relatively unhindered and consequently this position is selectively oxidized with TFDO.

The tethered oxidation of substrate 73 represents a complicated case wherein a directing
group allows for the desired oxidation event.[93] It might be predicted that the A ring would
otherwise be oxidized on this substrate due to the electron-withdrawing nature of the acyl
group on the C ring. Yet, a highly selective transformation occurs due to the geometric
requirements of the intramolecular oxidation reaction.

Sclareolide, 74, has recently become a popular substrate to probe C–H activation
methodologies. It was observed that amination in the presence of Rh2(esp)2 occurs with
exceptional selectivity for the C2 position.[57] This is primarily the result of the electron-
withdrawing lactone functionality directing oxidation away from the B ring. Likewise the
C1 position is disfavored due to its proximity to the lactone, leaving only two more
positions. A combination of the fact that C2 is less hindered than C3 and that oxidation of
C2 results in the relief of two 1,3-syndiaxial interactions (albeit between a hydrogen and
methyl groups), results in its selective oxidation. Although a 7:1 (C2:C3) selectivity has
been observed in the chlorination of 74,[94] a 1.4:1 selectivity was found for the
hydroxylation of 74 by Fe(PDP) and hydrogen peroxide,[23c] and TFDO oxidation afforded
a ratio of 1:1.7,[95] highlighting the present difficulties of selective C–H hydroxylation.

En route to the total synthesis of tetrodotoxin, a selective oxidation of 75 was
demonstrated.[96] In this case, a directing group allowed for the selective amination of the
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bridgehead position, despite the presence of a number of other tertiary and
hyperconjugatively activated ethereal positions. Even though this position is deactivated by
the nearby lactone functionality, an oxidation event is affected with a high degree of
selectivity.

Another example of oxidation of a steroidal substrate by CrO3/Bu4NIO4, 76, illustrates that
a number of factors are at play in the oxidation of complex systems.[97] In this case, EWGs
on the A and C rings direct oxidation away from these sites, while oxidation is promoted at
the α positions of the tetrahydrofuran ring. Oxidation selectively occurs at the C16 position
even though the other α position (C22) is more electron rich when considering inductive
effects. The steric influence of the two TBDPS ethers effectively shields the C22 α positions
and this hypothesis was confirmed by the unselective oxidation of the corresponding TMS
ethers (consistent with the steric effect noted in Figure 5).

In a rare example of a dehydrogenation reaction applied to total synthesis, the stoichiometric
oxidation of substrate 77 was achieved in 44% yield over a six-step process, including the
installation and removal of a directing group to allow for complexation of a platinum
reagent.[98] An excellent example of allylic oxidation comes from the oxidative kinetic
resolution of racemic 78 by the rhodium carbenoid formed from 79. After allylic oxidation
occurs a Cope rearrangement ensues providing the rearranged product in 41% yield and 92%
ee.[99] An example of a rhodium-mediated diazoketone decompostion and C–H insertion is
shown with substrate 80. Selective insertion occurs in this case, despite the presence of a
number of other reactive sites.[100]

A silver-mediated method of hydroxylation was recently demonstrated to be an effective
means to oxidize 81 at the four α positions of the diketopiperazines.[101] Similarly, the
oxidation of diketopiperzine 82 has been accomplished using benzoyl peroxide. Notably this
oxidation occurs selectively in the presence of an olefin.[102] Yet another example of
diketopiperazine oxidation is shown with the hydroxylation of 83,[103] which proceeds with
NBS and the radical initiator V-70.[104] Arylation of 84 is possible by a directed palladation
and it was noted that the remainder of the mass balance was starting material.[105] Another
silver-mediated method was also used to hydroxylate 85 in the context of the total synthesis
of the axinellamines.[106] This oxidation reaction is highly selective for hemiaminal
formation, rather than spiro-2-aminoimidazolinone formation. This method has also been
applied to the total syntheses of the massadines and palau’amine.[107]

8. Conclusion
While numerous other excellent examples of selective C–H activations have been reported,
it is hoped that the few examples discussed here will serve as a useful guide and a
springboard for interpreting the chemical expression of C–H bonds. C–H activation is a
century old field that has seen an incredible resurgence in the past two decades as a result of
the enormous benefit that such reactions can provide in synthesis. The well-known trends
summarized in this review serve to highlight some of the exciting challenges that remain.
For example, what yet undiscovered processes will exploit the inherent reactivity of C–H
bonds to reach exquisite levels of selectivity? How can this reactivity be overridden through
the use of reagents and directing groups? How can organic chemists harness the selectivity
factors discussed herein to complex problems in total synthesis? Through countless studies
over the past century, the “thoughts” and “stories” of C–H bonds have been illuminated –
giving chemists the ability to understand factors that affect positional selectivity and
inherent preferences in C–H activation.
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Figure 1.
Electron-Withdrawing groups influence the site of C–H activation.
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Figure 2.
Hyperconjugation by cyclopropanes activates neighboring C–H bonds
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Figure 3.
Hyperconjugation by heteroatoms activates neighboring C–H bonds.
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Figure 4.
Oxidation of allylic and benzylic systems.
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Figure 5.
Steric hindrance effects the rate of C–H oxidation.
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Figure 6.
Strain release may be an important factor in controling site-selectivity in C–H activation
reactions.
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Figure 7.
Directed oxidations offer an opportunity to effect positional selectivity.
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Figure 8.
A number of directing groups may be employed in C–H activation.
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Figure 9.
C–H activation of sp2 centers presents unique challenges.
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Figure 10.
Unique geometries of bicyclic systems results in varied selectivity.
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Figure 11.
Additional examples of C–H oxidation.
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