Article
pubs.acs.org/accounts

Manganese Catalyzed C−H Halogenation
Published as part of the Accounts of Chemical Research special issue “Earth Abundant Metals in Homogeneous
Catalysis”.
Wei Liu and John T. Groves*
Department of Chemistry, Princeton University, Princeton, New Jersey 08544, United States
CONSPECTUS: The remarkable aliphatic C−H hydroxylations catalyzed by the heme-containing enzyme, cytochrome
P450, have attracted sustained attention for more than four
decades. The eﬀectiveness of P450 enzymes as highly selective
biocatalysts for a wide range of oxygenation reactions of
complex substrates has driven chemists to develop synthetic
metalloporphyrin model compounds that mimic P450
reactivity. Among various known metalloporphyrins, manganese derivatives have received considerable attention since
they have been shown to be versatile and powerful mediators
for alkane hydroxylation and oleﬁn epoxidation. Mechanistic studies have shown that the key intermediates of the manganese
porphyrin-catalyzed oxygenation reactions include oxo- and dioxomanganese(V) species that transfer an oxygen atom to the
substrate through a hydrogen abstraction/oxygen recombination pathway known as the oxygen rebound mechanism. Application
of manganese porphyrins has been largely restricted to catalysis of oxygenation reactions until recently, however, due to ultrafast
oxygen transfer rates.
In this Account, we discuss recently developed carbon−halogen bond formation, including fluorination reactions catalyzed by
manganese porphyrins and related salen species. We found that biphasic sodium hypochlorite/manganese porphyrin systems can
eﬃciently and selectively convert even unactivated aliphatic C−H bonds to C−Cl bonds. An understanding of this novel
reactivity derived from results obtained for the oxidation of the mechanistically diagnostic substrate and radical clock, norcarane.
Signiﬁcantly, the oxygen rebound rate in Mn-mediated hydroxylation is highly correlated with the nature of the trans-axial ligands
bound to the manganese center (L−MnVO). Based on the ability of ﬂuoride ion to decelerate the oxygen rebound step, we
envisaged that a relatively long-lived substrate radical could be trapped by a Mn−F ﬂuorine source, eﬀecting carbon−ﬂuorine
bond formation. Indeed, this idea led to the discovery of the ﬁrst Mn-catalyzed direct aliphatic C−H ﬂuorination reactions
utilizing simple, nucleophilic ﬂuoride salts. Mechanistic studies and DFT calculations have revealed a trans-diﬂuoromanganese(IV) species as the key ﬂuorine transfer intermediate. In addition to catalyzing normal 19F-ﬂuorination reactions, manganese
salen complexes were found to enable the incorporation of radioactive 18F ﬂuorine via C−H activation. This advance represented
the ﬁrst direct Csp3−H bond 18F labeling with no-carrier-added [18F]ﬂuoride and facilitated the late-stage labeling of drug
molecules for PET imaging. Given the high reactivity and enzymatic-like selectively of metalloporphyrins, we envision that this
new Heteroatom-Rebound Catalysis (HRC) strategy will ﬁnd widespread application in the C−H functionalization arena and
serve as an eﬀective tool for forming new carbon−heteroatom bonds at otherwise inaccessible sites in target molecules.

1. INTRODUCTION
The remarkable and varied oxygenation reactions catalyzed by
the heme-thiolate monooxygenase cytochrome P450, particularly C−H hydroxylation, have intrigued chemists for more
than four decades due to the centrality of these transformations
to steroid biosynthesis and drug metabolism.1,2 More recently,
chloroperoxidase, nitric oxide synthase and the fungal
hydroxylase APO have been shown to follow similar reaction
pathways.3−7 The active site of P450 contains an iron(III)
protoporphyrin IX with an unusual cysteine thiolate as the axial
ligand. The ferric protoporphyrin IX center is oxidized by
dioxygen during turnover through multiple electron/proton
transfer steps, forming a highly reactive oxoiron(IV) porphyrin
cation radical intermediate, also known as compound I.8 This
reactive compound I species then transfers its oxygen atom to
© 2015 American Chemical Society

an organic substrate through a C−H abstraction and OH
recombination scenario, aﬀording an alcohol product in what
has come to be called the oxygen rebound mechanism (Figure
1).9,10
Inspired by the reactivity of these P450 hydroxylases, the
high utility of these transformations and the mysteries
surrounding the nature of reactive intermediates and the
chemical mechanisms, our group and numerous others have
explored synthetic, model metalloporphyrins that have
successfully mimicked many aspects of this remarkable
reactivity.11−13 The keys to understanding the mechanisms
involved were early advances in chemical approaches to highReceived: February 3, 2015
Published: June 4, 2015
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report of the characterization of a synthetic compound I, oxoiron(IV)tetramesitylporphyrin cation radical.19,20 These compounds were the ﬁrst in the burgeoning bioinorganic model
compound ﬁeld to be characterized by proton NMR, EXAFS,
and Mössbauer spectroscopies.21−25 Since then, metalloporphyrin-catalyzed hydroxylations dominated the area of aliphatic
C−H functionalization with a number of other signiﬁcant
advances.11,13,19
Among the variety of known metalloporphyrin complexes,
manganese derivatives are of particular interest due to their
high reactivity toward functionalization of both unsaturated and
saturated hydrocarbons as well as more complex molecules. We
found that catalytic amounts of a manganese porphyrin,
Mn(TPP)Cl, in the presence of iodosylbenzene mediated the
eﬃcient oxygenation of cyclohexane to aﬀord cyclohexanol as
the major product.26 Mechanistic studies suggested an
oxomanganese(V) species as the key reactive intermediates,
which were later characterized by UV−vis,27 1H NMR,28 IR,
and Raman spectroscopy.29 Mechanistic studies showed that
the reactive oxomanganese(V) species could abstract a
hydrogen atom readily from a substrate C−H bond, forming
a substrate-derived radical and an hydroxomanganese(IV)
intermediate.14 The incipient carbon radical then recombines
with the HO-MnIV(por) intermediate, aﬀording the alcohol
product. Oxygenation of the mechanistically diagnostic
substrate, norcarane, signaled the formation of a carboncentered radical rather than a carbocation and indicated that the
radical recombination step was very fast, up to 1010 s−1.26
Due to the fast radical recombination rate for [R·HO−
MnIV(por)], it was reasonable to believe that any transformations that involved OMnV(por) intermediates would
necessarily lead to the formation of oxygenated products.

Figure 1. Oxygen rebound mechanism in P450-catalyzed C−H
hydroxylation.

valent metalloporphyrin species.14−16 Long ago, we reported
the ﬁrst example of iron porphyrin catalyzed hydroxylation of
saturated C−H bonds using [FeIII(TPP)Cl] as a catalyst in
conjunction with iodosylbenzene as the terminal oxidant.17 Our
thinking at the time regarding the choice of that reagent was to
ﬁnd an oxidant of suﬃciently high oxidation potential that
might not support rapid, free radical chain reactions typical of
peroxides. The insolubility of the iodosylbenzene polymer in
organic media was a serendipitous side beneﬁt that protected
the metalloporphyrin catalyst from overoxidation. Two key
advances at that time were the characterization of an oxoiron(IV)porphyrin complex derived from the aerobic oxidation
of an iron(II) precursor reported by Balch et al.18 and our

Figure 2. Manganese porphyrin catalyzed aliphatic C−H chlorination. (A) Regioselective chlorination and bromination of complex molecules. (B)
Proposed catalytic cycle for the Mn-chlorination system. (C) Inferred stereoelectronics for C−H abstraction step.
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Intrigued by this novel catalytic halogenation activity of
manganese porphyrins, we then examined the mechanism of
the C−H chlorination reaction. Substrate-derived alkyl radicals
were implicated as the reactive intermediates as evidenced by
the formation of a rearranged product in the chlorination of a
radical clock probe, norcarane, consistent with the initial
report.26 A large kinetic isotopic eﬀect (KIE = 8.7 ± 0.7) was
observed, indicating C−H abstraction as the rate-limiting step.
The magnitude of the KIE also rules out other possible C−H
abstraction agents, such as ClO· or Cl·, since these radicals are
known to display a much smaller KIE. Indeed, the observed
KIE in our Mn-hypochlorite system is similar to what we
observed for Mn(TPP)Cl/PhIO C−H hydroxylations in which
OMnV(por) complexes have been shown to be the reactive
species. In addition, monitoring the reaction mixture by UV−
vis spectroscopy indicated the involvement of OMnV(por)−
OH or [OMnV(por)O]− intermediates as the main
hydrogen abstracting species.29
Based upon this evidence, we proposed a catalytic cycle for
the manganese chlorination system. First, the resting
manganese(III) porphyrin is oxidized by the basic sodium
hypochlorite, aﬀording a reactive OMnV(por)−OH or [O
MnV(por)O]− intermediate. The highly reactive O
MnV(por) species is capable of abstracting a hydrogen atom
selectively from the substrate, generating a substrate derived
alkyl radical and a HO-MnIV(por) intermediate. The HO−
MnIV intermediate then exchanges the hydroxyl ligand with
hypochlorite anion, forming a ClO−MnIV(por) adduct which
then transfers the chlorine to the alkyl radical, aﬀording the
ﬁnal chlorinated product (Figure 2B). The bulk of the
manganese catalyst inventory is expected to be this manganese(IV) hypochlorite species under turnover conditions, similar to
the mechanism of C−H chlorinations mediated by alkyl
hypochlorites. Our rationale for the unique least-hinderedmethylene selectivity derives from expected nonbonded
catalyst−substrate interactions resulting from the approach of
the scissile C−H bond to the vacant (Mndπ-Opπ)* LUMO
frontier orbital of the OMnV intermediate. This arrangement
and a collinear hydrogen abstraction trajectory would enforce a
steric confrontation between the approaching substrate and the
meso substituents on the porphyrin ring (Figure 2C).

Indeed, there have been only rare reports of the incorporation
of other functional groups (Cl, Br, I, N3) into C−H bonds
using stoichiometric amounts of manganese porphyrins.26,30 In
particular, the ability of manganese porphyrins to halogenate
C−H bonds had been overlooked for many years. Very
recently, we found that in addition to catalyzing oxygenation
reactions, manganese porphyrins and related salen complexes
are also capable of catalyzing carbon−halogen bond formation
in preparatively signiﬁcant yields. In this Account, we review
our recent progress in transforming the manganese porphyrins
from catalysts of oxygenation reactions to synthetic halogenases
for carbon halogen bond formation. Most notably, C−H
f luorination protocols were discovered that employed manganese ﬂuoride catalysts, and with that, new strategies for latestage drug diversiﬁcation and for 18F labeling.

2. Mn PORPHYRIN CATALYZED C−H CHLORINATION
REACTIONS
The C−H halogenation story began in 2010, when we found
that manganese porphyrins are also eﬀective catalysts for the
selective chlorination of aliphatic C−H bonds.31 System
optimization led to a biphasic system with Mn(TPP)Cl as
the catalyst with tetrabutylammonium chloride as a phase
transfer catalyst and aqueous sodium hypochlorite as
chlorination reagent. Under these conditions a variety of
organic molecules, including simple hydrocarbons and complex
bioactive molecules, could be converted to their monochlorinated analogues with remarkable eﬃciency. Notably, only trace
amounts of oxygenated products were detected in the reaction
mixture. The C−H halogenation procedure diﬀers only in this
two-phase solvent system aspect from methods using bleach
and manganese porphyrins to mediate C−H hydroxylation.32
We now know that oxomanganese(V) porphyrins are capable
of oxygenating even chloride ions,33,34 and that there has been
an unrecognized, rapid, reversible oxygen atom transfer
equilibrium under typical reaction conditions (eq 1):
X−Mn V O + Cl− ⇆ X−Mn III−OCl

(1)

Substrates containing even very strong C−H bonds, such as
neopentane (BDE = ∼100 kcal/mol), could be chlorinated with
this manganese−hypochlorite catalytic system. Signiﬁcantly,
substrate selectivity was shown to derive from the nature of the
manganese catalyst, ruling out freely diﬀusing chlorine species
as the active oxidant. This aliphatic C−H chlorination was
readily expanded to C−H bromination by using sodium
hypobromite as the halogen source. The recent emergence of
very versatile cross-coupling procedures involving alkyl halides
makes this C−H bromination pathway an attractive course to
place substituents at otherwise inaccessible portions of target
compounds.
Regioselective chlorination was achieved with a sterically
bulky porphyrin, Mn(TMP)Cl, as the catalyst (Figure 2A).
Remarkably, chlorination of a model substrate, trans-decalin,
with Mn(TMP)Cl aﬀorded 95% secondary chlorides with a 4:1
C2/C1 selectivity, even in the presence of a weaker methine
C−H bond at the ring junction position. Such methylene
selectivity had never been observed before in traditional radical
chlorination reactions, in which common chlorination reagents
N-chlorosuccinimide (NCS) or hypochlorous acid are
employed. More complex molecules, such as the saturated
steroid, 5α-cholestane, and a terpenoid natural product,
sclareolide35,36 were chlorinated selectively at the least sterically
hindered and most electron-rich methylene sites.

3. EFFECT OF AXIAL LIGANDS ON THE OXYGEN
REBOUND STEP
Despite extensive evidence supporting the proposed catalytic
cycle, one major concern about this mechanism is why the
incipient substrate radicals do not recombine with the HO−
MnIV(por) intermediate after the hydrogen abstraction step. As
is typical for manganese porphyrin catalyzed C−H hydroxylation reactions, the short-lived alkyl radical formed upon O
MnV(por) mediated hydrogen abstraction, will recombine with
a rate constant up to 1010 s−1 (eq 2):
R· + HO−Mn IV (por) → R−OH + Mn III(por)

(2)

This oxygen rebound mechanism has proved to be ubiquitous
in many other metal-oxo mediated oxygen transfer reactions.
Clearly, the novel Mn-chlorination reactions discussed above
indicate that there is a previously unknown switch that can
redirect the substrate radicals from the fast hydroxyl transfer
recombination pathway to transfer chlorine or bromine instead.
We anticipated that elucidating the nature of this switch could
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Scheme 1. Eﬀect of Axial Ligands on the Oxygen Rebound Step

could be discovered, would be a novel and very powerful C−H
ﬂuorination protocol with many possible applications, such as
in the late-stage drug and agro-chemical diversiﬁcation. In
addition, since the ﬂuorine source utilized in an Mn−F reaction
is nucleophilic ﬂuoride ion, we anticipated that such a C−H
ﬂuorination reaction would have the potential for translation to
18
F chemistry and PET imaging.
The replacement of hydrogen by ﬂuorine has profound
eﬀects on the biological properties of organic molecules due to
the strong C−F dipole and the ability to act as a hydrogen bond
acceptor. Fluorinated analogues are often more potent due
both to stronger target binding and slower oxidative
metabolism. As a result, organoﬂuorine molecules are widely
used as pharmaceuticals, agrochemicals, material chemistry and
imaging agents. Currently, 20% of pharmaceuticals and 30%
agrochemicals contain at least one ﬂuorine atom.41 Due to the
importance of ﬂuorine substituents, organic chemists have
devised a variety of methods to construct carbon−ﬂuorine
bonds over the past decade.42 Because of the prevalence of
ﬂuorinated arenes and heterocycles in drug development,
numerous transition metal catalyzed aromatic C−F bond
formation reactions have been reported.43 On the other hand,
the direct conversion of unactivated Csp3−H bonds to Csp3−F
bond remained a highly attractive but elusive prospect, since
the ﬂuorine atom must be incorporated in a regioselective
manner despite of the ubiquity of Csp3−H bonds in organic
molecules.44
After extensive screening of ﬂuoride salts as well as oxidants,
we found that a variety of simple alkanes as well as more
complex molecules could be ﬂuorinated eﬃciently under mild
conditions in the presence of catalytic amounts of the bulky
manganese porphyrin, Mn(TMP)Cl (Scheme 2).45 Initially,
oxidative aliphatic C−H ﬂuorination used a combination of
silver ﬂuoride and tetrabutylammonium ﬂuoride trihydrate as
the ﬂuoride source in conjunction with iodosylbenzene as
terminal oxidant. Typical cycloalkanes aﬀorded mono-ﬂuorinated products in 60−80% yield at ∼70% conversion. A series
of cyclic compounds containing common functional groups,
such as esters, alcohols, ketones, and amides were all selectively
ﬂuorinated at otherwise inaccessible C−H positions. This novel
ﬂuorination reaction was also applied to more complex
molecules. For example, ﬂuorination of the terpenoid natural
product sclareolide aﬀorded C2 and C3 methylene-ﬂuorinated
products in an overall 58% yield with C2-ﬂuoride favored by
nearly 3:1, analogous to the C−H chlorination discussed above.
Detailed mechanistic studies including DFT computations in
collaboration with Goddard group suggested that the
mechanism of this Mn-ﬂuorination stands in contrast to typical
electrophilic or nucleophilic ﬂuorine chemistry. Rather, the
mechanistic investigation indicated a Mn-mediated radical

dramatically expand the reaction scope of manganese
porphyrins.
We noticed that one major diﬀerence between this Mnchlorination reaction and the more usual Mn-hydroxylation
reactions is the presence of a hydroxo axial ligand coordinated
on the manganese center in the chlorination system due to high
basicity of the aqueous sodium hypochlorite solution.
Hydroxide coordination to the intermediate manganese(IV)
center was signaled by UV−vis detection of a six-coordinate
[OMnIV(TMP)−OH]− species (λmax = 425 nm) during
turnover conditions. This complex had been well characterized
by us much earlier.37 We reasoned that the species responsible
for C−H scission derived from the [OMnV(por)−OH2]+ ⇆
OMnV(por)−OH ⇆ [OMnV(por)O]− equilibrium,
and decomposed to the long-lived manganese(IV) species
during typical UV−vis experiment time frames. In the course of
further optimization, we serendipitously observed that the
addition of strongly ligating imidazole or pyridine to the
chlorination system signiﬁcantly suppressed the chlorinated
products and led to the formation of oxygenated products
instead. Based on the observation of this signiﬁcant axial ligand
eﬀect, we speculated that the coordination of a hydroxide ligand
might increase the energetic barrier of the oxygen rebound step.
To test this hypothesis, we studied the eﬀect of diﬀerent axial
ligands on manganese porphyrin catalyzed oxidation and
rearrangement of norcarane. In the absence of other additives,
oxidation of norcarane under mCPBA/Mn(TPP)OAc conditions aﬀorded 1-norcaranol as major product with only trace
amounts of radical rearranged product, 1-cyclohexene-3methanol. Interestingly, the amount of rearranged product
signiﬁcantly increased when either tetrabutylammonium
hydroxide or tetrabutylammonium ﬂuoride was added to the
reaction mixture. This result clearly indicated that hydroxide
and ﬂuoride ligands dramatically decreased the radical
recombination rate depicted in Scheme 1. With these strong
donor ligands, oxygen rebound was apparently slower than cage
escape of the 2-norcaranyl radical and its known rearrangement
rate (108 s−1).38,39

4. Csp3−F BOND FORMATION VIA DIRECT C−H
ACTIVATION
Inspired by the regioselectivity of the Mn-chlorination system
as well as the eﬀect of ﬂuoride anion on the radical rebound
step, we considered the possibility that the radicals generated
via selective hydrogen abstraction might be eﬃciently trapped
by a Mn−F species forming ﬂuorinated products in the
presence of appropriate ﬂuoride sources. Indeed, ﬂuorine
transfer to alkyl radicals from an electrophilic ﬂuorination
reagent, NFSI, had recently been reported by Sammis and coworkers.40 A direct aliphatic C−H ﬂuorination reaction, if it
1730
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5. DIRECT BENZYLIC C−H FLUORINATION
We sought to expand the Mn−F reaction scope to benzylic C−
H ﬂuorination given that benzylic C−H bonds are ubiquitous
in bioactive molecules and that incorporation of a ﬂuorine atom
at benzylic position can block phase I metabolism of these
molecules. The recent upsurge in ﬂuorination chemistry has
revealed a number of direct benzylic C−H ﬂuorination
methods, such as an iron catalyzed benzylic C−H ﬂuorination
using an inexpensive iron(II) salt, Fe(acac)2, and Selectﬂuor as
an electrophilic ﬂuorination reagent.52 The Inoue group
reported a metal-free benzylic ﬂuorination using N,Ndihydroxypyromellitimide as the catalyst and Selectﬂuor as
the ﬂuorine source.47 Photoredox benzylic C−H ﬂuorination
methods have also been reported recently.53,54
When the Mn-catalyzed aliphatic ﬂuorination protocol was
applied to substrates containing benzylic C−H bonds,
signiﬁcant amounts of oxygenated side products were observed
in the reaction mixture at ﬁrst.55,56 Our rationale for the
byproducts formation was the relatively low oxidation potential
of the benzyl radicals, which leads to a rapid carbon radical
rebound to the MnIV−OH intermediate. Upon screening other
ligand systems, we found that benzylic ﬂuorides could be
formed eﬃciently with minimal amounts of oxygenation
byproducts when a manganese salen complex was employed
as the catalyst. High functional group tolerance was
demonstrated with this method (Scheme 3). Various bioactive
molecules including a nonsteroidal anti-inﬂammatory drug
(ibuprofen methyl ester), a vitamin E analogue (δ-tocopherol
acetate), a commercial perfume component (celestolide), and a
non-natural amino acid derivative (homophenylalanine) were
all selectively ﬂuorinated at benzylic positions in useful yields
under mild conditions. In addition, readily detectable
enantioselectivity was observed with celestolide as the substrate
and a chiral manganese salen catalyst, providing strong support
for a manganese-bound ﬂuorine source, Mn−F, in the ﬂuorine
transfer step. Another important aspect of this reaction is that
potassium ﬂuoride could be used as the sole ﬂuorine source in
conjunction with a phase transfer catalyst, 18-crown-6. This
viability of KF was an important practical advance for potential
application of this technique in the 18F labeling reactions.

Scheme 2. Manganese Porphyrin-Catalyzed Selective
Aliphatic C−H Fluorination

pathway involving a ﬂuorine atom transfer. We proposed the
catalytic cycle shown in Figure 3A. First, oxidation of the
starting MnIII(TMP)Cl catalyst in the presence of ﬂuoride ion
aﬀords a reactive oxomanganese(V) species, OMnV(TMP)F,
which then abstracts a hydrogen atom from the substrate to
produce a carbon-centered radical and a HO−MnIV−F
intermediate. The radical is then captured by the F−MnIV−F
species, generated from the reaction between HO−MnIV−F
and AgF. DFT calculation showed that ﬂuorine atom transfer
from a simple trans-diﬂuoro model, Mn(THP)F2, to a
cyclohexyl radical in the equatorial conﬁguration occurs with
a remarkably low activation barrier of only 3 kcal/mol (Figure
3B).
Concurrently, Lectka reported an aliphatic C−H ﬂuorination
reaction using a poly component catalytic system involving
commercially available Selectﬂuor, N-hydroxyphthalimide, an
anionic phase transfer catalyst (KB(C6F5)4), and a copper(I)
bis(imine).46 Since then, a variety of other systems have been
reported that can selectively construct Csp3−F bonds via direct
C−H activation, reﬂecting the high current interest in this
ﬁeld.47−51

6. DIRECT BENZYLIC C−H 18F FLUORINATION FOR
PET IMAGING
Positron emission tomography (PET) is a nuclear imaging
technique that is widely used in oncology, cardiology,

Figure 3. (A) Proposed catalytic cycle for the Mn-catalyzed C−H ﬂuorination reaction. (B) Energy landscape and calculated transition state
structure for ﬂuorine rebound to cyclohexyl radical in the equatorial conﬁguration using [Mn(THP)] as a simpliﬁed model structure.
1731
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Scheme 3. Manganese Salen Catalysed Benzylic C−H Fluorination

Scheme 4. Benzylic C−H 18F Labeling Mediated by a Manganese Salen Complex

neuroscience and pharmacokinetic studies.57 Among all of the
commonly used PET radioisotopes, 18F is the preferred
radionuclide due to its suitable half-life (110 min) for synthesis
and low positron energy that is needed for high-resolution
imaging (∼1 mm). Currently, 2-[18F]ﬂuoro-2-deoxy-D-glucose

([18F]FDG) is the most widely used PET radiotracer, primarily
for oncology imaging. Due to the importance of 18F containing
radio-tracers in clinical and research domains, many new
strategies have recently been developed that can introduce 18F
into complex molecules.58−61 However, despite these signiﬁ1732
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cant advances, current methods for incorporating 18F at a Csp3
position is still dominated by traditional nucleophilic
substitutions with 18F ﬂuoride reacting with a precursor
molecule bearing a suitable leaving group at the target site. A
major drawback of this conventional approach is that the
preparation of the precursor molecules usually requires
multistep synthesis, signiﬁcantly increasing the eﬀort required
and limiting the number of PET tracer molecules that can be
considered during development.
One possible approach to address this prefunctionalization
issue is to develop strategies for direct C−H radioﬂuorination
that could circumvent the complex precursor synthesis. A major
obstacle to catalytic 18F ﬂuorinations, however, is the miniscule
amounts of ﬂuoride that are actually present (typically
nanomoles). In this context, we have successfully translated
our benzylic C−H 19F ﬂuorination system to a facile, no-carrieradded, 18F labeling protocol that allows eﬃcient late-stage
labeling of a variety of bioactive molecules via direct activation
of benzylic C−H bonds (Scheme 4).62 This novel oxidative C−
H 18F ﬂuorination is mediated by manganese salen complexes
ligated with the tosyl anions and is driven by iodosylbenzene as
the terminal oxidant. Under typical reaction conditions, the 18F
ﬂuoride eﬃciently displaces the tosyl group at the manganese
center, forming an 18F−MnIII(salen) complex. This 18F bound
manganese salen species then smoothly transferred the 18F
ﬂuoride to the substrate derived radical, which is formed via C−
H abstraction by the OMnV(salen) intermediate in spite of
the very low concentration of total ﬂuoride in the reaction
mixtures. This labeling method displayed high functional group
tolerance. A variety of known drug molecules such as a
celecoxib analogue (COX inhibitor), rasagiline (MAOB
inhibitor), papaverine (PDE inhibitor), and dopamine (neurotransmitter) have all been selectively labeled with 18F with
radiochemical yields up to 70%, easily exceeding the required
activity levels for clinical development. Notably, the tedious and
time-consuming aqueous K18F dry-down step that is required
by 18F labeling chemistry, is not necessary with this new
procedure. We found that 18F ﬂuoride (up to 1 Ci) was
eﬃciently eluted directly from an anion exchange cartridge with
an acetone solution of Mn(salen)OTs. The Mn(salen)18F
catalyst solution obtained in this manner could be used without
further processing for 18F-labeling C−H ﬂuorination reactions.

expect further developments, the emergence of other carbon−
heteroatom processes and even carbon−carbon bond formation
reactions. New catalysts and methodologies based on this
strategy are currently being explored in our laboratory.
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7. SUMMARY AND OUTLOOK
We have outlined a new strategy for constructing C-halogen
bonds using manganese complexes as catalysts. These reactions
are based on the generation of long-lived substrate radicals via
selective C−H abstraction by reactive OMn(V) intermediates. These substrate radicals then undergo an uncommon
heteroatom (F, Cl, or Br) rebound step, forming halogenated
products in contrast to the conventional oxygen rebound
pathway. The key factor that switches the radical from
oxygenation to heteroatom rebound lies in the nature of the
axial ligands at manganese center. Stronger donor ligands such
as ﬂuoride and hydroxide create a signiﬁcant kinetic barrier for
the oxygen rebound step.
The Heteroatom-Rebound Catalysis (HRC) strategy described in this Account has already been applied to a wide range
of halogenation reactions, including direct Csp3−H chlorination,
bromination, ﬂuorination and 18F labeling. Based on this
strategy, our group has, very recently, successfully developed
methods for decarboxylative ﬂuorination and direct C−H
azidation using manganese complexes as catalysts.63,64 We
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