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CONS P EC TU S

T he combustion of organic matter is perhaps the oldest and most common chemical transformation utilized by mankind. The
generation of a C�O bond at the expense of a C�H bond during this process may be considered the most basic form of C�H

functionalization. This illustrates the extreme generality of the term “C�H functionalization”, because it can describe the conversion
of literally any C�H bond into a C�X bond (X being anything except H). Therefore, it may be of use to distinguish between what, in
our view, are two distinct categories of C�H functionalization logic: “guided” and “innate”. Guided C�H functionalizations, as the
name implies, are guided by external reagents or directing groups (covalently or fleetingly bound) to install new functional groups
at the expense of specifically targeted C�H bonds. Conversely, innate C�H functionalizations may be broadly defined as reactions
that exchange C�H bonds for new functional groups based solely on natural reactivity patterns in the absence of other directing
forces.

Two substrates that illustrate this distinction are dihydrojunenol and isonicotinic acid. The C�H functionalization processes of
hydroxylation or arylation, respectively, can take place at multiple locations on each molecule. Innate functionalizations lead to
substitution patterns that are dictated by the inherent bias (steric or electronic) of the substrate undergoing C�H cleavage, whereas
guided functionalizations lead to substitution patterns that are controlled by external directing forces such as metal complexation
or steric bias of the reagent. Although the distinction between guided and innate C�H functionalizations may not always be clear in
cases that do not fit neatly into a single category, it is a useful convention to consider when analyzing reactivity patterns and
strategies for synthesis. We must emphasize that although a completely rigorous distinction between guided and innate C�H
functionalization may not be practical, we have nonetheless found it to be a useful tool at the planning stage of synthesis.

In this Account, we trace our own studies in the area of C�H functionalization in synthesis through the lens of “guided” and
“innate” descriptors. We show how harnessing innate reactivity can be beneficial for achieving unique bond constructions between
heterocycles and carbonyl compounds, enabling rapid and scalable total syntheses. Guided and innate functionalizations were
used synergistically to create an entire family of terpenes in a controlled fashion. We continue with a discussion of the synthesis of
complex alkaloids with high nitrogen content, which required the invention of a uniquely chemoselective innate C�H
functionalization protocol. These findings led us to develop a series of innate C�H functionalization reactions for forging C�C
bonds of interest to the largest body of practicing organic chemists: medicinal chemists. Strategic use of C�H functionalization logic
can have a dramatically positive effect on the efficiency of synthesis, whether guided or innate.

Introduction
As ubiquitous structural motifs in organic chemistry, C�H

bonds have been the focus of intense study throughout the

history of chemical research. Free-radical halogenation,

electrophilic aromatic substitution, and deprotonation of

acidic C�H bonds are all early examples of C�H functiona-

lization. The most alluring aspect of C�H functionalization

logic in organic synthesis, indeed contributing to the dra-

matic resurgence of interest in this area, is the potential

to simplify and shorten synthetic routes and expand
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retrosynthetic trees.1 Our laboratory has been intrigued and

inspired by the great potential of C�H functionalization,

particularly in the area of total synthesis. Over the years, it

has become apparent that two different forms of C�H

functionalization logic exist: “innate” and “guided” (vide

supra). For example, as shown in Scheme 1, simple arenes

can undergo a wealth of direct functionalizations.2,3 In the

case of benzoic acid 4, electrophilic substitutions can take

place to deliver 6 or 7 or directedmetalations can afford 1 or

2. The former process can be considered innate and the

latter considered guided, while both accomplish C�H func-

tionalization with useful regiocontrol. The same can be said

ofm-xylene (5) and its innate (8) and guided (3) products. It is

our contention that from the vantage point of a molecule maker

engaged in retrosynthetic analysis, neither should be viewed as

superior but rather as complementary strategies. Because our

contributions to the field of C�H functionalization have

been modest, a comprehensive review is beyond the scope

of this Account and has been reported elsewhere in detail.4

What follows in this Account are some vignettes of how

innate and guided C�H functionalization strategies have

positively impacted our research.

Enolate Coupling
Enolate and Indole/Pyrrole. Indoles are ubiquitous

structural motifs found in a variety of pharmaceuticals,

synthetic materials, and natural products.5 The marine-de-

rived fischerindoles (9�11), welwitindolinones (12), ambi-

guines (13), and hapalindoles (14, 15) are especially intrigu-

ing indole-containing natural products given their biological

activity and unique structural features (Scheme 2A).6,7 A

commonality in this natural product family is the C�C bond

linking the C3 position of the indole subunit and the six-

membered ring containing an adjacent nitrogen atom. Be-

cause of this structural characteristic, many members of this

family may be traced back to a common scaffold (16).

Although a more “programmed” approach to forming the

key indole�carvone bond is feasible via cross-coupling

SCHEME 1. Guided2 and Innate3 C�H Functionalizationa

aBonds formed by guided transformations are indicated in red, and those
formed by innate transformations are indicated in blue throughout this Account.

SCHEME 2. (A) A Family of Marine Natural Products (9�15) That Could
All Be Retrosynthetically Traced Back to a Common Indole�Carvone
Intermediate (16) and (B) Innate Indole�Enolate Coupling Yielding the
Common Indole�Carvone Intermediate 166,7
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reactions,8 this typically requires several steps to establish

the necessary functional groups on each coupling partner.

A C�H functionalization approach would instead allow for a

more concise formation of this pivotal C�C bond.

The strategy subsequently invented was based on

the innate reactivity of the two components, namely,

indole (17) and carvone (18), which needed to be merged

(Scheme 2B).6,9 This was accomplished by deprotonating

both reacting partners and reacting them in an oxidative

fashion using a copper(II) source. This coupling reaction is

applicable to a broad range of carbonyl compounds, gen-

erating coupling products from ketones (20a�20q, 20s�
20w, 20ab, 20ac), esters (20r), and amides (20x�20aa)

(Scheme 3). Methylketones were the only substrates that

have been shown to undergo extensive homodimerization,

making this reaction especially suitable for more complex

carbonyl compounds and formation of quaternary carbon

centers. Numerous reactive functional groups were toler-

ated under the reaction conditions such as chlorides (20ab),

epoxides (20w), alkenes (20a�20m, 20t, 20w, 20ab, 20ac),

R,β-unsaturated carbonyls (20a�20l, 20n, 20t, 20ac), alco-

hols (20s), esters (20r), and sulfonamides (20x�20aa). With

respect to the indole coupling partner, various substitu-

tion patterns and functional groups including halogens

SCHEME 3. Innate C�H Coupling between Indoles and Enolatesa 9

aYields (%) are shown in parentheses.

SCHEME 4. Innate C�H Coupling between Pyrroles and Enolatesa 9,11

aYields (%) are shown in parentheses.

SCHEME 5. Innate C�H Coupling of 2-Carboxymethyl-3-oxindoles and
Indolesa12

aYields (%) are shown in parentheses.



Vol. 45, No. 6 ’ 2012 ’ 826–839 ’ ACCOUNTS OF CHEMICAL RESEARCH ’ 829

Innate and Guided C�H Functionalization Logic Br€uckl et al.

(20d�20f, 20i�20k), methyl groups (20c, 20h), and alkoxyl

groups (20b, 20g) were tolerated. Although this reaction

contains interesting mechanistic features, an extensive dis-

cussion is beyond the scope of this Account and has been

reported elsewhere.9 This indole�enolate coupling reaction

showcases an example of an innate, double, selective C�H

functionalization method: it is “innate” in that indoles

react with electrophiles at its nitrogen atom or at C3, and

enolates react at its oxygen atom or at its R carbon; it is a

double functionalization, since it is replacing two C�H

bonds; and finally, it is selective, because the C�C bond

formation selectively takes place over C�N or C�O bond

formation.

This simplifying transformation enabled short, scalable,

and protecting-group-free syntheses of several members of

the hapalindole family (9�15), including complex structures

such as fischerindole I (10), welwitindolinone A (12), and

ambiguine H (13).6,7,9,10 Furthermore, enantioselective

syntheses of natural products acremoauxin A (21) and

oxazinin 3 (22) were realized.9

As an extension of the reaction between indoles and

enolates, the analogous coupling between a pyrrole and an

enolate was also developed (Scheme 4).9,11 As with the

indole�enolate coupling, numerous functional groups

(24a�24i) and pyrrole systems (24a�24d) were tolerated

SCHEME 6. Guided13 and Innate3c,6,9 C�H Indole Functionalization

SCHEME 7. Innate C�H Coupling between Oxazolidinones and
Ketonesa 14,15

aYields (%) are shown in parentheses.

SCHEME 8. Innate C�H Coupling between Oxindoles and
Ketonesa 14,15

aYields (%) are shown in parentheses.

SCHEME9. InnateC�HCouplingbetweenOxazolidinones andEsters14
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under the reaction conditions. This reaction was then ap-

plied to the enantioselective synthesis of the chemothera-

peutic (S)-ketorolac (25).

Both indoles and pyrroles were also successfully coupled

with 2-carboxymethyl-3-oxindoles (26; Scheme 5).12 This

reactionwas shown to be compatible withmethyl (28f, 28h,

28i), methyl ether (28a, 28c), bromo (28d), and cyano (28b)

substitutions for the heterocyclic coupling partner.

In retrospect, the C�H functionalization of indoles, guided

or innate, could easily be the subject of an entire book due to

this heterocycle's rich reactivity. A small representative sam-

pling is depicted in Scheme 6. Guided C�H functionalizations

have been used for themodification of the indole C4 (30) and

C7 (32) positions,13 whereas for the desired bond formation

at C3, the innate reactivity of indole can be exploited. The

well-known Friedel�Crafts acylation (33),3c as well as the

enolate�indole coupling (31),6,9 is highly C3-selective.

Enolate�Enolate Coupling
Unsymmetrical 2,3-disubstituted-1,4-dicarbonyl compounds

are present in numerous pharmaceuticals and natural

SCHEME 10. (A) Synthesis of Bursehernin (42) via Innate C�H Enolate Coupling,14,15 (B) Structures of Avrainvillamide (44) and Stephacidin A (43) and
B (45), and C) Innate C�H Enolate Coupling in the Synthesis of 44, 43, and 45.17

SCHEME 11. Guided18 and Innate14 C�H Enolate Coupling

SCHEME 12. (A) Hofmann�Loeffler�Freytag reaction3c and (B) Guided
C�H Oxidation To Form 1,3-Diols19

SCHEME13. Guided C�H1,3-Diol Formation fromVarious Alcoholsa 19

aYields (%) are shown in parentheses; yields marked with a are based on
recovered starting material.
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products. Since the 1,4-connectivity of two carbonyl groups

would lead to a dissonant disconnection, these structural

motifs are especially challenging to make via the direct

coupling of two carbonyl compounds.14 Several methods for

this transformation have been established, but limitations,

including multistep sequences, preinstallation of functional

groups, and poor selectivities, diminish the utility of these

strategies. The direct heterocoupling of enolate pairs to form

dicarbonyl compounds poses many challenges including

homodimerization, Claisen or aldol condensation, overoxida-

tion, dehydration, or R-oxidation.
Nonetheless, reaction conditions for the oxidative cou-

pling of oxazolidinones with ketones were developed using

either Cu(II) or Fe(III) (Scheme 7).14,15 Intriguingly, the two

metals found to be suitable for the coupling strategy ex-

hibited complementary reactivities. This oxidative coupling

strategy is also applicable to the reaction of oxindoles with

ketones as outlined in Scheme 8.14,15

Oxazolidinone amides (34) utilized in the coupling with

ketones were also amenable to cross-coupling with esters

(38), although the reaction conditionswere slightlymodified

with the addition of LiCl (Scheme 9).14 In the case of

esters, only Cu(II) was a suitable oxidant for the desired

transformation, and a slight excess of the ester was required

due to homodimerization problems. Numerous functional

groups were compatible with the reaction conditions includ-

ing alkenes (39e), ethers (39f, 39k, 39q, 39r), CF3 groups

(39g, 39n), electron-rich (39f, 39i�39k, 39q, 39r) and elec-

tron-deficient arenes (39l, 39m), and an indole moiety (39j).

The mechanism of this transformation has been studied in

detail by our laboratory14 and others,16 and the explana-

tion of the observed diastereoselectivities is published

elsewhere.14

The direct coupling of two carbonyl compounds has been

applied to the synthesis of (�)-bursehernin (42), yielding the

desired lignan lactone in enantio- and stereoselective fash-

ion after just three steps (Scheme 10A).14,15 However, the

true synthetic power of this coupling strategy was demon-

strated in the short, enantioselective synthesis of highly

complex natural products, stephacidin A (43) and B (45)

and avrainvillamide (44; Scheme 10B).17 Double deprotona-

tion of diketopiperazine 46 gave the corresponding dianion,

which was coupled intramolecularly to furnish the penulti-

mate ring with diastereoselective formation of the central

quaternary carbon (Scheme 10C).

The direct coupling of enolate pairs to form dicarbonyl

compounds poses many synthetic challenges. These chal-

lenges may be overcome through the use of a silyl linker

between the reacting carbonyl units to guide the desired

reactivity (48; Scheme 11).18 Alternatively, the disparate

oxidation potentials of different carbonyl compounds may

be exploited for the synthesis of unsymmetrical 2,3-disub-

stituted-1,4-dicarbonyl compounds via an innate C�H func-

tionalization approach (49).14

SCHEME 14. (A) Cyclase Phase Synthesis Resulting in the Formation of
SesquiterpeneDihydrojunenol (64)21,22 and (B) Synthesis of Eudesmane
Natural Products (65�68) Synthesized from Dihydrojunenol (64) by
Innate and Guided C�H Oxidation21

SCHEME 15. Guided and Innate C�H Oxidation19,21
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1,3-Diol Synthesis. The selective oxidation of a single

C�H bond to an alcohol moiety is a common reaction in

Nature. Development of such a procedure in the laboratory

is hampered by the typical issues of site-selectivity and che-

moselectivity. When attempting to establish a protocol for

the oxidation of the β-C�H bond of an alcohol, inspiration

was taken from the Hofmann�Loeffler�Freytag reaction

(Scheme 12A).3c In our approach, the desired regioselectivity

was achieved using a directing group to place a highly reactive

intermediate in close proximity (Scheme 12B).19

In this guided C�H functionalization approach, a carba-

mate was used as a directing group (53) and was converted

to a reactive N-bromide by halogenation with CH3COOBr.

Bromocarbamate 55 then facilitated a 1,6-hydrogen trans-

fer to form alkyl bromide 56. The directing group held the

reactive species in close proximity to the desired reaction site

and thus ensured formation of a single regioisomer. Further-

more, the directing group also acted as an internal nucle-

ophile, displacing the bromine and forming carbonate 57.

After hydrolysis, the conversion of an alcohol into a 1,3-diol

(54) by guided C�H functionalization was accomplished.19

This strategy was shown to be applicable to numerous alco-

hols (Scheme 13). It should be noted however that this

transformation is currently limited to benzylic (54a�54d) and

tertiary (54e�54k) C�H bonds. Nonetheless, its implementa-

tion in the efficient synthesis of several natural products

(58�60) shows its applicability in target-oriented synthesis.19

This guided C�H functionalization reaction was com-

bined with Curci's TFDO oxidation,20 an innate C�H functio-

nalization method, to provide the foundation for the

divergent synthesis of five eudesmane terpenes (64�68)

at different oxidation levels.21 The ability to selectively

SCHEME 16. Synthesis of Palau'amine (77), Massadine (78), and Axinellamine A (82) and B (83)a 26

aYields (%) are shown in parentheses.

SCHEME 17. Proposed Mechanism of the Innate C�H Arylation28 SCHEME 18. Innate C�H Arylation of 4-t-Butylpyridinea 28

aYields (%) are shown in parentheses.
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oxidize C�H bonds within a complex setting allowed for a

unique retrosynthetic approach to these natural products.

Inspired byNature's terpene synthesis, which can be divided

intocyclaseandoxidasephases, theeudesmanecarbonskeleton

containing a single functional group was constructed in gram

quantities usinganine-step synthetic sequence, resulting in the

natural product dihydrojunenol (64; Scheme 14A).21,22 In the

second phase, this lowly oxidized terpene was subjected to

several C�H oxidation events. A combination of innate TFDO

oxidation (blue) andguided1,3-diol formation (red) gave rise to

four different eudesmane terpenes (65�68, Scheme 14B).21

High site-selectivity of the TFDO oxidation was observed; this

andothermechanistic featureshavebeen studied indetail and

reported elsewhere.23

Comparison with iron-catalyzed24 and dioxirane-

mediated methods for C�H oxidation20 revealed the ortho-

gonality of those innate approaches to the guided carba-

mate strategy. The logic of combining innate and guided

C�H functionalizations illustrates the power of their

complementary use in divergent target-oriented synthesis.

Scheme 15 shows how the use of guided (70)21 and innate

(71)20 C�H functionalization allows the installment of the

required oxidation pattern of two different natural products

in only one step each from a common precursor. Similarly,

application of the innate iron oxidation method24 and our

guided 1,3-diol protocol leads to two different products from

72 (74 and 73, respectively).19

Pyrrole�Imidazole Alkaloids. The pyrrole�imidazole

alkaloid family comprises some of the most complex and

vigorously pursued marine natural products known to

date.25 This is certainly evident when considering the struc-

tural complexities of palau'amine (77), massadine (78), and

axinellamines A (82) and B (83). The total synthesis of these

targets, as well as several biosynthetic precursors, has re-

cently been reported.26 Retrosynthetic analysis of77,78,82,

and 83 revealed that oxidation of the C20 hemiaminal

position would simplify the synthetic route tremendously

while simultaneously allowing for the preparation of a late-

stage common precursor. Several oxidation conditions

were screened before silver(II) picolinate was identified

as a suitable oxidant for the desired transformation

(Scheme 16). Notably, this innate C�H functionalization

demonstrated both great position selectivity and redox

control (halting at the hemiaminal oxidation state).With this

key oxidation strategy validated, the synthesis of palau'a-

mine (77), massadine (78), and axinellamines A (82) and B

(83) was completed.26

Two aspects of this enabling silver-promoted innate C�H

oxidation reaction were its remarkable chemoselectivity

(oxidation in H2O/TFA in the presence of ca. 10 nitrogen

atoms) and ligand-controlled redox selectivity (Ag2O alone

led to extensive overoxidation). This inspired us to explore

other silver-catalyzed reactions, potentially of more broad

applicability and utility.

Arylation of Nitrogen-Containing Heterocycles. A

classical, yet underappreciated, example of innate C�H

functionalization is theMinisci reaction, coupling alkyl radicals

generated from carboxylic acids to heterocyclic substrates.27

However, this reaction suffers from limitations includingharsh

conditions necessary to generate the alkyl radical, the use of

the heterocyclic coupling partner in excess or as a solvent, and

poor levels of regioselectivity.

Inspired by the Minisci reaction, we reported the first

example of a mild, room-temperature, catalytic generation

of aryl radical species from boronic acids and their subse-

quent addition to heteroarenes, wherein arylboronic acids

were converted into their corresponding aryl radicals via

SCHEME 19. Innate C�H Arylation of Various N-Containing
Heterocyclesa 28

aYields (%) are shown in parentheses.

SCHEME 20. Guided30 and Innate28 C�H Arylation
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treatment with catalytic silver in the presence of a persulfate

oxidant (Scheme 17).28 The radicals thus generated can be

subsequently trapped by heteroarenes (84), forming a new

C�Cbondyieldingproduct after anoxidation/rearomatization

sequence. This scalable reaction features exceptionally prac-

tical conditions including inexpensive commercial reagents, as

well as ambient temperature and atmospheric conditions.

Various boronic acid substitution patterns were tolerated

in the arylation protocol, including both electron-donating

(89b, 89f, 89j, 89n, 89o) and -withdrawing substituents

(89c�89e, 89g�89i, 89m; Scheme 18). Whereas meta- and

para-substitution (89a�89m) did not adversely impact the

coupling reaction, ortho-substitution (89n, 89o) was only

effective in the context of electron-rich boronic acids. Nu-

merous functional groups including halogens (89g�89i,

89k), esters (89c), nitriles (89m), nitrates (89e), ethers (89b,

89o), and trifluoromethyl groups (89d) were tolerated in the

reaction due to the mild conditions involved.28

Pyridines and quinolines (90) react with aryl radicals

predominantly at their C2 position (Scheme 19). As ex-

pected, electron-withdrawing substituents were not able to

override the natural reactivity pattern of pyridines (92e,92f).

In addition to pyridine, other electron-poor six-membered

heteroarenes such as pyrimidine (92b), pyridazine (92c), and

pyrazine (92d) readily underwent arylation. Quinolines (92j,

92k), isoquinolines (92l, 92m), quinoxalines (92n), and

phthalazines (92o) are also competent substrates, with func-

tionalizationoccurring at themore electron-deficient hetero-

arene rings.28

The formation of an aryl�aryl bond is one of the

most important transformations in chemistry, especially in

medicinal chemistry. Tremendous advances have been

made in C�H arylation of arenes and heterocycles in re-

cent years,29 including the challenging guided approach

to the C�H functionalization of pyridine (94; Scheme 20).30

An innate C�H arylation of heterocycles has been reported

to provide an orthogonal method for the C�H arylation

of pyridine (95).28

Arylation of Quinones. The protocol for innate C�H

arylation of heterocycles was expanded to include the direct

arylation of quinones, which are an important class of

compounds in chemistry, material science, nanotechnology,

and medicine.31 Quinones are especially susceptible to

arylation by the procedure described above, because they

are inherently reactive with radicals, and the intermediate

dihydroquinones can be reoxidized under the oxidative

reaction conditions. Treatment of tolylboronic acid (91)

and quinones (96) with potassium persulfate and a silver

catalyst under ambient conditions yielded the desired ar-

ylquinones (97, Scheme 21).32a

Substituents of quinones tolerated in this reaction in-

cluded methyl (97a, 97c), methoxyl (97d, 97f), chloride

SCHEME 21. Innate C�H Arylation of Quinonesa 32a

aYields (%) are shown in parentheses.

SCHEME 22. Innate C�H Arylation of Benzoquinone with Various
Arylboronic Acidsa 32a

aYields (%) are shown in parentheses.
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(97b, 97e), and hydroxyl groups (97h), as well as com-

binations thereof (97j). Furthermore, trisubstituted quinones

(97j) and benzannulated quinones (97g�97i) were also

shown to be suitable substrates for C�H arylations. Both

electron-deficient and electron-rich arylboronic acids (99)

can be coupled to quinone (Scheme22).Ortho- (100r�100t),

meta- (100n�100q, 100u�100y), and para-substitutions

(100a�100q) of the boronic acids were tolerated, as well

as numerous functional groups such as ethers (100f, 100g,

100o�100q,100t,100w), halides (100d,100e,100o,100p,

100s), ketones (100l) and nitriles (100x), as well as nitro

(100k) and trifluoromethyl (100h) groups. Furthermore,

alkylboronic acids (100z�100ad) were also successfully

employed in this reaction.32a

In addition to the simple arylated quinones described

above, large and structurally complex molecules of medic-

inal and biological interest can be quinonylated via the

described strategy. Estroneboronic acid and farnesyl-BF3K

were both successfully converted into the corresponding

quinonylated compounds (100ae, 100af). This clearly

shows the applicability of this approach in complex systems,

justifying its potential for late-stage use in a synthetic se-

quence. The farnesol example (100af) also illustrates the use

of allylic radicals in the coupling strategy, although isomer-

ization of the double bond was observed.32a Molander

and co-workers have also shown that alkyl trifluoroborate

potassium salts can be used as precursors in radical alkyla-

tion of heterocycles.32b

Trifluoromethylation of Nitrogen-Containing Hetero-

arenes. The field of trifluoromethylation has received much

attention in recent years due to the unique chemical and

physical properties of the CF3 functional group. Its wide-

spread use in pharmaceuticals, agrochemicals, liquid crys-

tals, dyes, and polymers has led to the demand for

development of robust reagents and procedurally simple

chemical strategies for trifluoromethylation reactions.33

Specifically, the trifluoromethylation of heterocycles

is of particular interest tomedicinal andmaterial chemists.

This demand has led us to investigate the applicabi-

lity of the Langlois reagent (NaSO2CF3),
34 a bench-stable

solid, as a surrogate for gaseous CF3I in the innate trifluoro-

methylation of nitrogen-containing heterocycles. We

have shown that heteroarene compounds can be directly

trifluoromethylated using NaSO2CF3 under oxidative

conditions at ambient temperature without the require-

ment of an inert atmosphere or added metals

(Scheme 23).35 The reaction thus proceeds under excep-

tionally practical conditions and is operationally simple

to perform.

Many functional groups are tolerated in the trifluoro-

methylation method, including unprotected alcohols (102k),

amines (102c, 102m), ketones (102a, 102d), esters (102o),

and halides (102a). In addition, this reaction has proven

to be scalable and may even be carried out under purely

aqueous conditions without the requirement of an organic

workup. The reaction provides a prototypical example of an

SCHEME 23. Innate Trifluoromethylation of N-Containing Hetero-
cyclesa 35

aYields (%) are shown in parentheses.

SCHEME 24. Guided37 and Innate34b,35,38 C�H Trifluoromethylation
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innate C�H functionalization in which the regioselectivity of

CF3 incorporation is determined solely by the innate reactivity

of the substrate.35

Several substituted pyridines (102a�102c) were compe-

tent participants in the radical promoted C�H trifluoro-

methylation reaction. 2-Acetylpyrrole was shown to be

selectively functionalized at the C5-position (102d). For

melatonin, functionalization occurs within the five-mem-

bered ring at the C2 position (102f). Phthalazine and qui-

noxalines are most reactive within their carbocyclic rings

toward the CF3 radical (102g�102i). These and addi-

tional substrates, including uridine, caffeine, and pyrazoles,

smoothly underwent trifluoromethylation (102j�102n).35

Because of the high demand for trifluoromethylation

methods from the medicinal chemistry community, much

research effort in recent years has been devoted to the

development of powerful trifluoromethylation strategies

for arenes or heterocycles. An example of groundbreaking

work in the area is the palladium-catalyzed cross-coupling

of aryl chlorides and Et3SiCF3, developed by Buchwald and

co-workers.36 In the area of C�H functionalization, the Yu

group has pioneered a guided approach that provides easy

access to trifluoromethylated arenes (104),37whereas CF3I
38

or Langlois' reagent35 allow for C�H trifluoromethylations

that are controlled by the innate reactivity of the participat-

ing arenes and heterocycles (105 and 102, respectively;

Scheme 24).

Complementary Reactivities. Innate C�H trifluoro-

methylation and arylation were also shown to be effective

in the context of complex molecular scaffolds containing

multiple potentially reactive sites. As described above, re-

activity patterns may be rationalized based on the electro-

nics and sterics inherent to the reacting substrate. However,

the observed reactivity also necessarily depends on the

characteristics of the reacting partner. As such, complemen-

tary reactivitymay be observed depending on the electronic

nature of the incoming reagent. In the context of the C�H

arylations (vide supra), the incoming aryl species is consid-

ered nucleophilic in nature.28 Conversely, the CF3 radical

generated from NaSO2CF3 is considered electrophilic. The

opposing reactivity of these two reacting species is fully

illustrated in Scheme 25, in which several substrates (106,

SCHEME 25. Complementary Reactivity of Electron-Deficient CF3 and Electron-Rich Arene Radicalsa 28,35

aYields (%) are shown in parentheses.
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108�110, 113) are subjected to both arylation28 and tri-

fluoromethylation conditions.35 These results may be

broadly valuable to the medicinal chemistry community as

a tool to rapidly diversify libraries of existing analogs.

Conclusion
The last century, and particularly the last several decades,

has witnessed the emergence of powerful strategies and

methods for the functionalization of C�H bonds even in

the most complex settings.4 As a research group geared

toward the total synthesis of natural products, we embrace

this development, because when aiming for efficiency and

ideality39 in total synthesis, one cannot ignore the economic

value40 that C�H functionalization logic has to offer. To

demonstrate the increased efficiency of a synthetic route

when applying C�H functionalization logic, three past and

recent routes toward targets discussed in this Account are

compared in terms of step count (Scheme 26). An inter-

mediate in the synthesis of hapalindoles (118) was pre-

viously generated in six steps when using a programmed

approachwithprefunctionalizedcouplingpartners,41whereas

exploiting the innate reactivity of the two coupling partners

by making use of a direct C�H/C�H coupling allowed the

same intermediate to be constructed in only three steps

SCHEME 26. Increased Efficiency of Synthetic Routes When Applying Innate and Guided C�H Functionalization Logic, in the Context of (A)
Intermediate 118 in the Synthesis of Hapalindoles,6,41 (B) Natural Products Isorengyol (59r) and Rengyol (59β),19,42 and (C) Trifluoromethylated
Derivative of Varenicline (112)35
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(Scheme 26A).6 The total synthesis of natural products

isorengyol (59r) and rengyol (59β) previously required nine

steps;42 however, this was shortened to three steps by

means of a guided C�H functionalization approach

(Scheme 26B).19 Finally, while the synthesis of a trifluoro-

methylated derivative of varenicline (112) would likely

require a multistep transformation involving protecting

and functional group manipulations, the recent trifluoro-

methylation method allows for a one-step transformation

from 110 to 112 by taking advantage of the innate reactivity

of the targeted C�H bond (Scheme 26C).35

This Account has traced some of our contributions to the

vibrant area of C�H activation from the vantage point of

the two categories of C�H functionalization logic: innate

and guided. The target itself will often dictate which one is

enlisted and in some cases a synergistic use of the two can

be beneficial. Both types of logic hold potential to enhance

efficiency40 (as Breslow refers to it as “liberating chemistry

from the tyranny of functional groups”)43 in organic chem-

istry, and it is clear that they will continue to permeate the

fabric of modern retrosynthetic analysis.
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