
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
D

ec
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 6

/1
3/

20
26

 5
:4

3:
41

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Site-selective 18F
aDepartment of Chemistry, Princeton Unive

E-mail: jtgroves@princeton.edu
bAthinoula A. Martinos Center for Biom

Hospital, Harvard Medical School, Charlest

hooker@nmr.mgh.harvard.edu
cDivision of Nuclear Medicine and Molecu

Massachusetts General Hospital, Boston, M
dDepartment of Process Chemistry, Merck Re

07065, USA
eImaging Research, Merck Research Labora

USA

† Electronic supplementary information
procedures and spectroscopic data f
10.1039/c7sc04545j

Cite this: Chem. Sci., 2018, 9, 1168

Received 19th October 2017
Accepted 2nd December 2017

DOI: 10.1039/c7sc04545j

rsc.li/chemical-science

1168 | Chem. Sci., 2018, 9, 1168–1172
fluorination of unactivated C–H
bonds mediated by a manganese porphyrin†

Wei Liu,a Xiongyi Huang,a Michael S. Placzek,bc Shane W. Krska,d Paul McQuade,e

Jacob M. Hooker*bc and John T. Groves *a

The first direct C–H 18F fluorination reaction of unactivated aliphatic sites using no-carrier-added [18F]

fluoride is reported. Under the influence of a manganese porphyrin/iodosylbenzene system, a variety of

unactivated aliphatic C–H bonds can be selectively converted to C–18F bonds. The mild conditions,

broad substrate scope and generally inaccessible regiochemistry make this radio-fluorination a powerful

alternate to established nucleophilic substitution for the preparation of 18F labeled radio tracers.
Introduction

Positron emission tomography (PET) is a noninvasive nuclear
medicine imaging technique with clinical and research appli-
cations in diverse areas of medicine, notably in oncology,
cardiology, neuroscience and in drug development.1 Following
administration of a radiolabeled bioactive molecule into
a patient or research subject, PET can provide a quantitative
time course of three-dimensional images stemming from
molecular interactions in vivo. Among the commonly used PET
radioisotopes, 18F is the preferred radionuclide largely due to its
suitable half-life (110 min) for synthesis and imaging.2 Because
of the importance of 18F-containing radiotracers in clinical and
research domains, much effort has been devoted to developing
new strategies to introduce 18F substituents into complex
bioactive molecules.3

Despite the recent advances, current methods for incorpo-
rating an 18F atom at C sp3 positions are still dominated by
traditional nucleophilic substitution of no-carrier-added 18F
uoride with a precursor molecule, typically bearing a suitable
leaving group such as an alkyl halide or sulfonate at the labeling
site (Fig. 1a).1b One major drawback of this displacement
approach is that the preparation of the precursor molecules
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usually requires multistep synthesis and the highly activated
precursor are prone to degradation, for example through elim-
ination of the leaving group. Accessibility of precursors, in fact,
oen hinders the development of a radiotracer in PET imaging
for research applications.

A potential solution to issues related to pre-functionalization
of labeling precursors would be to develop methods to directly
and selectively convert C–H bonds to C–18F bonds, thus obvi-
ating the complex precursor synthesis. This is feasible given the
rapid growth of direct aliphatic C–H 19F uorination over the
past three years (Fig. 1b). In 2012, Lectka et al. and our group
independently developed methods that can directly convert
Fig. 1 (a) Traditional 18F labeling methods rely on nucleophilic
substitution of pre-functionalized precursors with 18F fluorides. (b)
Recent studies allow direct conversion of aliphatic C–H bonds to C–F
with nucleophilic fluoride sources. (c) Current work enables 18F
labeling of aliphatic sites by direct C–H activation.

This journal is © The Royal Society of Chemistry 2018
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Table 1 Reaction optimizations of direct aliphatic C–H 18F fluorination
of Boc-ACPC-OMea

Lb Solvents PhIO RCCc %

Salen Acetone 1.1 eq. Trace
TMP Acetone 1.1 eq. 6 � 2
TDClP Acetone 1.1 eq. 24 � 4
TDFPP Acetone 1.1 eq. 31 � 2
TPFPP Acetone 1.1 eq. 32 � 5
TPFPP CH3CN 1.1 eq. 36 � 4
TPFPP 2 : 1 CH3CN/acetone 1.1 eq. 38 � 2
TPFPP 2 : 1 CH3CN/acetone 1.7 eq. 48 � 3

a Reactions were run with �200 mCi 18F uoride. b Salen ¼ Jacobsen's
catalyst, TMP ¼ tetramesitylporphyrin, TDClP ¼ tetrakis(2,6-
dichlorophenyl)porphyrin, TDFPP ¼ tetrakis(2,6-diuorophenyl)
porphyrin, TPFPP ¼ tetrakis(pentauorophenyl)porphyrin. c The
radiochemical conversion (RCC%) is calculated by integration of
radio-peaks from TLC and HPLC analysis of reaction mixtures;
average of at least three experiments.
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unactivated aliphatic C–H bonds to C–F bonds.4 Whereas
Lectka's system relies on radical-based chemistry between
a copper(I) promoter and an electrophilic uorination reagent,
Selectuor,5 our method utilizes nucleophilic uorides from
AgF/TBAF as the sole uorine source, in conjunction with
a manganese porphyrin catalyst. Since then, a number of other
elegant protocols have been reported that can selectively
construct C sp3–F bonds by means of C–H activation.6 Whereas
most of these newly developed uorination methods utilize an
electrophilic uorine source, such as Selectuor or NFSI, our
Mn-based chemistry appears to be the only method that
currently employs the uoride ion, making it particularly suit-
able for 18F labeling methods.

The transition from 19F to 18F chemistry is always chal-
lenging, due largely to the short half-life of 18F, the requirement
for short reaction time, the sub-stoichiometric concentrations
of 18F uoride and the unique 18F labeling conditions. As
a result, the translation of promising uorination reactions to
radio-uorination is oen problematic. We have recently
explored the value of a manganese salen catalyst for direct C–H
18F labeling at benzylic positions,7 which represents the rst
direct C sp3–H bond 18F labeling with no-carrier-added [18F]
uoride. Despite this success, direct labeling of unactivated
aliphatic sites with stronger C–H bonds remained a challenge.
In addition, there were no general methods that can incorporate
18F at tertiary carbon positions, since the traditional displace-
ment approach usually leads to signicant desaturation side
reactions.8 Given these limitations, we sought to develop a more
general method that can directly label unactivated aliphatic
C–H bonds with [18F]uoride. Radiolabeled alkyl uorides are
ubiquitous as PET tracers and incorporation of 18F at these
positions hold promise to increase the metabolic stability of the
target molecules, as the labeling positions are likely the sites of
phase I metabolism by cytochrome P450 enzymes. In this
context, we report herein a manganese porphyrin mediated 18F
labeling strategy that can selectively replace an unactivated
aliphatic sp3 hydrogen with an 18F atom. The resulting products
can be used for the synthesis of labeled molecules suitable for
PET imaging.

Results and discussion

We chose Boc-protected 1-amino-cyclopentane-carboxylic acid
methyl ester (Boc-ACPC-OMe) as a lead substrate for direct C–H
18F labeling. Fluorinated derivatives of this unnatural amino
acid, 3- and 2-FACPC, target amino acid transporters and have
shown uptake into brain tumors, but their preparation requires
multi-step syntheses.9 Aer extensive screening, we found that
a manganese(III)pentauorophenyl porphyrin coordinated with
a tosyl ligand, Mn(TPFPP)OTs, was the optimal catalyst. With
Mn(TPFPP)OTs in conjunction with iodosylbenzene as the
terminal oxidant, Boc-ACPC-OMe could be labeled efficiently
with 18F to form 3-uoro-Boc-ACPC-OMe (1) exclusively. As is
illustrated in Table 1, various tosyl coordinated manganese(III)
porphyrins and salen complexes were evaluated. Employment
of the manganese salen complex, which effects selective
benzylic C–H 18F labeling,7 afforded only trace amounts of
This journal is © The Royal Society of Chemistry 2018
aliphatic labeling product 1. Apparently, the intermediate O]
MnV (salen) species is either not reactive enough or too eeting
to abstract strong aliphatic C–H bonds effectively. We then
turned our attention to different manganese porphyrin
complexes, as they are efficient catalysts for aliphatic C–H hal-
ogenations.4b,10 Although Mn(TMP)OTs afforded only moderate
radiochemical conversions, introducing electron-withdrawing
meso-substituents into the porphyrin ring signicantly
increased the labeling efficiency, with Mn(TPFPP)OTs affording
an RCC of 32%. Aer optimizing the solvent and oxidant
loading, we found that protected 3-[18F]-FACPC could be
prepared in an acetone/acetonitrile solution with radiochemical
conversions up to 48% within only 10 minutes.

Using the optimized conditions, we then investigated the
substrate scope of this direct aliphatic 18F labeling reaction. A
variety of small molecules bearingmultiple unactivated C sp3–H
bonds were efficiently labeled with radiochemical conversions
ranging from 12% to 67% (Scheme 1). Common functional
groups, such as esters, amides and alcohols were well tolerated
in this initial assessment. The labeling usually occurs at the
least sterically hindered and most electron rich methylene or
methine positions. For example, labeling of a series of
substituted butyl benzoates (2–6) occurred mainly at the
methylene positions remote from the electron-withdrawing
benzoate group. In addition, substituted ve-membered ring
compounds (7–10, 12–14) afforded C3 labeled uoride as the
major products, probably due to a stereoelectronic effect.
Notably, labeling of 1-phenylcyclohexanol (15) resulted in 18F
incorporation exclusively at the positions cis to the hydroxyl
group, suggesting the involvement of a directive effect in the
uorine transfer step, similar to that observed in the analogous
Mn–19F uorination reaction.4b Moreover, this labeling protocol
can be used to prepare radiolabeled drug precursors, which can
Chem. Sci., 2018, 9, 1168–1172 | 1169
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Scheme 1 Substrate scope of the Mn-mediated aliphatic C–H 18F
fluorination. Reactions were run with �400 mCi 18F fluoride.

Scheme 2 Selective radio-fluorination of bioactive molecules.
Reactions were run with �400 mCi 18F fluoride.

Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
D

ec
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 6

/1
3/

20
26

 5
:4

3:
41

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
then be converted to the 18F labeled drug analog. For example,
[18F]uorotandospirone (20), which targets the 5-HT neuro-
transmitter system,11 was prepared via a two-step protocol in an
overall 30% RCC. The specic activity of compound 2 was
calculated to be 1.24 Ci mmol�1 (end of bombardment), which
meets the imaging requirements for uorine-18 labeling
reactions.

In order to demonstrate the utility of this method for late-
stage radio-uorination, we applied the reaction conditions to
a variety of bioactive molecules (Scheme 2). 18F-labeled natural
and unnatural amino acids are an important class of imaging
agents for PET that target the increased rates of amino acid
transport by many tumor cells.12 We anticipated that a direct
uorination method could signicantly accelerate the devel-
opment of amino acid based PET tracers. Although direct
uorination of leucine and valine have recently been achieved
using electrophilic uorine sources, Selectuor or NFSI,13 we
were surprised to nd that 18F labeled leucine or valine analogs
have never been reported, apparently due to the synthetic
inaccessibility of their corresponding precursors. Gratifyingly,
subjection of the protected analogues of these two amino acids
to our standard labeling conditions afforded exclusively tertiary
carbon-labeled compounds 21 and 22 with RCCs of 29% and
31%, respectively. Tertiary selectively was also observed for the
1170 | Chem. Sci., 2018, 9, 1168–1172
labeling of a leucine containing dipeptide complex, Boc-Val-
Leu-OMe, 23. In addition, 18F labeled tyrosine analogs, such
as 2-[18F]-uoro-L-tyrosine (FTYR) and O-(20-[18F]uoroethyl)-L-
tyrosine (FET), are also promising tracers for brain imaging.14

Under our standard labeling reaction, a cyclopentane carboxylic
ester derivative of tyrosine afforded the aliphatic ring labeled
product 24 with an RCC of 40%. We anticipate that these
compounds could have potential as tracers for amino acid
transporter imaging.

Another important application of PET imaging is in the area
of pharmacokinetics as a noninvasive method for determining
drug distribution and action.15 Thus, an efficient method for
introducing 18F on a pre-existing drug motif may prove very
useful inmedicinal chemistry. In this context, several important
drug molecules have been subjected to our standard labeling
conditions. Radiolabeling of pregabalin, an anticonvulsant
drug that has been commercialized by Pzer under the trade
name Lyrica,16 afforded mainly tertiary-labeled product 25.
Analogs of utamide,17 a prostate cancer drug, and ezetimibe,
a cholesterol lowering drug, were both labeled efficiently at the
tertiary positions, producing 27 and 28. Radio-uorination of
amantadine, an antiviral and anti-Parkinson disease drug,
afforded mostly the tertiary product 26 with secondary labeled
compounds as minor side products, which were easily sepa-
rated by semi-preparative HPLC. The separation of these regio-
isomers offers the potential for rapid testing of imaging prop-
erties of labeled analogs from a single late-stage synthetic
product.

Finally, we have successfully translated this 18F-labeling
reaction into a reliable and reproducible protocol that can
afford radiolabeled molecules on a scale suitable for animal
studies. The scale up of the labeling reaction was achieved by
This journal is © The Royal Society of Chemistry 2018
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Scheme 3 Scale-up synthesis of 3-[18F]-FACPC.
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using a microwave-assisted “dry-down free” process. In this
protocol, [18F]uoride captured on an anion exchange cartridge
was eluted using an acetone/acetonitrile solution of
MnIII(TPFPP)OTs with over 90% elution efficiency of the 18F
uoride. Radiolabeling of protected FACPC to afford 3-[18F]-
FACPC was accomplished within 10 min using the eluted
Mn(TPFPP)18F solution in conjunction with the terminal
oxidant, PhIO, with microwave irradiation. Starting with 20 mCi
18F�, we were able to complete the synthesis within 45 min and
isolate 11.7 mCi 3-[18F]-FACPC as the nal labeling product,
with an overall 60% non-decay-corrected radio chemical yield
(Scheme 3 and ESI† for details).
Conclusions

We have developed a direct aliphatic C–H 18F labeling method
using non-carrier-added [18F]uoride that is suitable for inac-
cessible and unreactive sites. The value of this transformation
has been highlighted via the radio-uorination of biologically
active molecules without the need for pre-activation. Our future
investigation will focus on developing PET tracers using this
methodology and applying them for animal and human
studies.
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