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This Article describes the development of a mild, general, and highly reproducible method for the radiofluorination of

(hetero)aryl iodide, bromide, and chloride substrates. This transformation proceeds via sequential Pd-catalysed Miyaura

borylation with B,Pin; followed by in situ Cu-mediated radiofluorination of the (hetero)aryl-BPin intermediate with K*8F.

Successful implementation of this method required identifying and replacing/removing components of the borylation

reaction that impede the radiofluorination step. This method is applied to electronically and sterically diverse (hetero)aryl

halides and enables the synthesis of '8F-labelled analogues of bioactive molecules such as indomethacin, dimethomorph,

and metaxalone. In addition, this sequence is effective for the radiofluorination of a variety of amino acids and peptides.

Introduction

Fluorine-18 is the most common radionuclide used in
positron emission tomography (PET) imaging, based on
its attractive half-life (t;, ~ 110 min) and favorable
imaging properties.! More than 60% of FDA-approved
radiotracers for PET imaging contain a C—'8F bond, and
among these 25% are (hetero)aryl fluorides (Ar'8F).2 As
the applications of nuclear medicine in drug discovery,
diagnostic imaging, and disease therapy>*> expand, the
demand for new and increasingly complex !'8F-labelled
(hetero)aromatic molecules continues to accelerate.®

Over the past decade, the copper-mediated
radiofluorination (CMRF) of (hetero)aryl boron
compounds [ArB(OR),] has emerged as a versatile
method for late-stage construction of Ar—'8F bonds.”
These transformations are particularly powerful in the
context of electron-neutral and electron-rich
(hetero)arene scaffolds, where traditional nucleophilic
aromatic substitution (SyAr)? reactions fail. CMRF was
developed independently by our team®!'© and by
Gouverneur and coworkers.!!' It has since been expanded
by other groups!'>!3 and applied to the synthesis of
numerous radiotracers, including [!|F]F-DOPA,*
['8F]flumazenil,’> and [!®F]JTRACK.'® Despite this
progress, there are challenges that limit even wider
application and clinical translation of CMRF. First,

@ Department of Chemistry, University of Michigan, 930 North University Avenue,
Ann Arbor, Michigan 48109, USA. E-mail: mssanfor@umich.edu

b Department of Radiology, University of Michigan, 1301 Catherine, Ann Arbor,
Michigan 48109, USA. E-mail: pjhscott@umich.edu

T Electronic supplementary information (ESI) available: Experimental procedures,

characterization data, and radioTLC and HPLC tracers. See

DOI: 10.1039/x0xx00000x

preparing the requisite ArB(OR), precursors in high yield
and purity remains a bottleneck. While a variety of
synthetic methods are available for C(sp?)-B bond
formation,'” many of these afford poor yields with
densely functionalized pharmaceutical candidates and/or
peptides. Second, even when borylation is successful, the
isolation and purification of structurally complex
ArB(OR), is often challenging. Finally, once isolated,
many of the ArB(OR), products have limited shelf-
stability due to degradation via hydrolysis and/or
protodeboronation.'#!81° This can detrimentally impact
the radiolabeling yield, tracer purification, and
reproducibility, all of which are critical for clinical
applications.'*18

We sought to address these challenges by developing
sequences that generate ArB(OR), in situ from stable,
readily available, and inexpensive starting materials.
These ArB(OR), intermediates could then be telescoped
directly to CMRF without the need to isolate, purify, or
store sensitive organoboron species. We recently
demonstrated proof-of-concept for this approach in a
tandem Ir-catalysed C—H borylation/CMRF reaction.?’
This method leverages abundant and stable arene
precursors and enables the late-stage C-H
radiofluorination of a range of substrates. However, the
sequence is limited by the often-poor site selectivity of
C-H borylation with complex bioactive scaffolds. It also
exhibits moderate functional group compatibility and
suffers from reproducibility issues, with standard
deviations in radiochemical yields of up to 20%. Overall,
a selective, general, mild, and reproducible alternative
would be highly enabling for the radiofluorination of
bioactive scaffolds, including amino acids and peptides.
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This Article describes a borylation/radiofluorination
sequence that starts from abundant, readily available, and
stable (hetero)aryl halides (Scheme 1). Currently, the
direct radiofluorination of aryl halides (particularly
electron neutral or -rich derivatives that are not reactive
in traditional SyAr pathways) remains challenging. The
few known examples exhibit modest scope and
functional group compatibility and/or afford low molar
activity products. For instance, a recent report by
Nicewicz and Li demonstrated photochemical cation
radical-accelerated (CRA) substitution?' as a novel
mechanistic manifold for the radiofluorination of
electron rich (hetero)aryl halides. However, the
transformation is limited to arenes with a relatively
narrow range of redox potentials; furthermore, it works
best with aryl fluoride precursors, which then afford low
molar activity products. Our team recently reported
several complementary Cu-mediated methods for the
direct radiofluorination of aryl halides; however, these
are limited by the requirement for high energy UV
irradiation?? and/or the installation of directing groups
proximal to the C(sp?)—X bond.??

o' BI 'Bp.n- o od

X=Cl,Br,I

+ Radiofluorination of widely available, stable (hetero)aryl halide precursors =
+ High yielding radioflucrination even when borylation is inefficient +
* Broad scope/functional group tolerance, including peptides *

Scheme 1. This work: '$F-fluorination of (hetero)aryl halides via sequential Miyaura
borylation/copper-mediated radiofluorination

We demonstrate herein the development of a versatile
radiofluorination of (hetero)aryl halides (halide = Cl, Br,
I) involving sequential Pd-catalysed Miyaura
borylation/Cu-mediated radiofluorination (Scheme 1).
This method is highly reproducible and exhibits broad
substrate scope and functional group compatibility.
Furthermore, it proceeds in high radiochemical yield
even when the initial borylation yield is modest. This
sequence is showcased in the radiofluorination of
bioactive molecules including a series of amino acids and
peptides. Note: since radioactivity is hazardous, work
was conducted by trained personnel in a dedicated
radiochemistry facility, according to all institutional,
state and federal rules, and the As Low As Reasonably
Achievable (ALARA) principles.

Results and Discussion

The first step of the proposed sequence involves the
selective borylation of a C(sp?)-halogen bond. We
targeted Pd-catalysed Miyaura borylation, since it is
well-documented to proceed with high functional group
tolerance under mild conditions and low catalyst
loading.>* Using 4-iodobiphenyl as a test substrate,
Miyaura borylation was performed under literature
conditions (1 mol % of Pd(OAc),, 3 mol % of XPhos, 1.2

2| J. Name., 2012, 00, 1-3

equiv of B,Pin,, 2.2 equiv of potassiym s2-ethyl
hexanoate (KEH) in isopropyl acetaf®) 2 5 e eitrde
mixture was then telescoped directly to Cu-mediated
radiofluorination (using Cu(OTf),, pyridine, and 51.4
MBq (1.39 mCi) K'¥F in DMA/n-BuOH). However, this
sequence failed to afford any of the radiofluorinated
product 2a (Scheme 2A).

Analysis following the first step revealed that the
borylated intermediate 1la was formed in 96% yield
(Scheme 2A). Furthermore, an isolated sample of 1a
underwent radiofluorination in 97% radiochemical yield
(RCY, calculated using a combination of radio-TLC (for
yield of organic and inorganic '8F) and radio-HPLC (for
purity of organic '8F products) as detailed on p. S32 of
the ESI). These results indicate that some component(s)
carried over from the borylation reaction impedes the
radiofluorination step. To diagnose the problem, the
CMREF of 1a was conducted in the presence of each of
the borylation reagents (added in the maximum
concentration that could be carried forward from the first
step). As shown in Scheme 2B, Pd(OAc),, XPhos, and
B,Pin, led to modest decreases in the yield of 2a. In
contrast, KEH completely inhibited CMRF, suggesting
that this salt is the problematic component. We
hypothesize that KEH reacts with Cu(OTf), to form the
carboxylate complex Cu(KEH),. Control studies reveal
that analogous Cu(Il) carboxylates (e.g., Cu(OAc),) do
not mediate CMRF (see Supporting Information, p. S28).

A. Initial attempt at borylation/CMRF with potassium 2-ethyl hexanoate (KEH)

cat. [Pd], XPhos i Cu(OTf 2, PY
/@ﬁ BaPin, g N s
: (1a) :
Ph KEH {Ph 96% |
Sereesesssesseasioiins * (2a)
not detected
B. Additive effects on CMRF additive
Pd(OAc); XPhos
BPin  Cu(OTf),, py 18 73% 75%
/@’ [°FIF- /@ BPin,  KsPO,
78% 65%
Ph R Ph
CLIHE no additive KEH Kl
97% L <1% <1%
C.Attempt at borylation/CMRF with K:PO,
cat. [Pd], XPhos oo Cu(OTf)z py 18
1 BPin, BPin: " erE g
: (1a) i——>
Ph KsPO4  Ph 57% | Ph
THRRAmn R R A RR A ’ (2a)
not detected

Scheme 2. (A) Attempt at tandem Miyaura borylation/CMRF with potassium 2-
ethylhexanoate (KEH). (B) Additive effects show that KEH and KI inhibit CMRF. (C)
Attempt at tandem Miyaura borylation/CMRF with K;PO,.

While carboxylates are the most common bases used
in Miyaura borylation, several reports have shown that
phosphate salts are also effective.?> Encouragingly,
additive studies revealed that K;PO, is compatible with
the CMRF step (Scheme 2B). Furthermore,
Pd(OAc),/XPhos-catalysed borylation with K;PO, gives
57% vyield of the borylated product 1a. However, the

This journal is © The Royal Society of Chemistry 20xx
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sequential borylation/CMRF with K;PO, still failed to
afford any of the '¥F-labelled product 2a (Scheme 2C).

We next reasoned that KI, a by-product of the
borylation step, was likely impeding radiofluorination.
The negative impact of KI was confirmed by additive
studies, with <1% RCY of 2a obtained for CMREF in the
presence of 1 equiv of KI (Scheme 2B). To remove this
byproduct, we first explored filtration of the crude
borylation mixture using sorbents that are expected to
retain the salt. Using either a quaternary methyl
ammonium (QMA) ion exchange resin (Table 1, entry 2)
or a silica gel filter (entry 3) led to complete recovery of
radiofluorination reactivity (>90% RCY) and high
reproducibility (standard deviations of £1-2%). Further
experiments revealed that sorbent is not required in this
filtration: simple mechanical filtration with a nylon
syringe filter led to 86 £ 6% RCY of 2a (entry 4) due to
the low solubility of KI in the isopropyl acetate solvent.
Allowing the insoluble salts to settle for ~30 min and then
carefully transferring the solution phase also led to good
radiochemical yield, albeit with higher variability (85 £
9 RCY; entry 5). We ultimately moved forward with the
nylon syringe filter procedure, since this proved
inexpensive, simple, fast, and reproducible.

Table 1. Optimization of Pd-Catalysed Borylation-CMRF of 4-lodobiphenyl

Chemical Science

stored and dispensed under N, atmosphere, and,(iii)the
temperature was increased to 110 °€: 'TheS8& Chatges
enhanced both reproducibility and yield with these less
activated substrates.®

Scheme 3. Comparison of (Hetero)Aryl Halides

removal of Ki
cat. [Pd], XPhos o0 % Cu(OTf),, py i
! BPin, | [j’ap'" P [RIF [ j J
' + _—
Ph KaPOs \Ph K Ph
"""""""""""" (2a)
entry removal of Kl *yield 2a
(%)
1 none; directly sample crude mixture <1
2 QMA filter 92+2
3 silica gel filter 911
4 nylon syringe filter 86+6
5 allow precipitates to settle; transfer solution 85+9

A test set of six electronically diverse (hetero)aryl
1odide, -bromide, and -chloride substrates was next
evaluated using the optimised procedure: (i) Pd-catalysed
Miyaura borylation with K;PQO,, (ii) filtration of the crude
mixture through a nylon syringe filter, and (iii) Cu-
mediated radiofluorination. All of the (hetero)aryl
iodides and bromides afforded good to excellent
radiochemical yields using commercial reagents stored
and dispensed on the benchtop (Scheme 3). Minimal
difference in yield was observed upon changing from -I
to -Br, and the reactions were all highly reproducible
(standard deviations of < +7). The (hetero)aryl chlorides
gave comparable yields after three modifications to the
borylation conditions: (i) the Pd pre-catalyst was changed
from Pd(OAc), to Pdy(dba),, (ii) the XPhos ligand was

This journal is © The Royal Society of Chemistry 20xx

syringe filter

cat. [Pd], XPhos ooV Cu(OTf),, py 18

@ X " B.Ping i BPin: R @ ’
K4PO4 s:?u :

18| 18| 18
: 8F 5 : 3F : 3F
Ph )LN MeO,C

(2¢)

(2a) H (2b)
X=k 86+ 7% (n=4) 85+6% (n=4) 83 1 2% (n=4)
X=Br: 85+4%(n=4) 87:2% (n=4) 94 + 6% (n = 4)
X=Cl 90+ 3% (n=4) 86 £5% (n=4) 79 £ 4% (n = 4)

I&F 18': 18F

|9 ay Y
NC S N
(2d) (2e) H o @n

X=1I 65+ 6% (n=4) 79+2% (n=4) 70+ 3% (n = 4)
X=Br. 55+2%(n=4) 90+ 2% (n=4) 82+5%(n=4)
X=Cl: 47 £5% (n=4) 751 6% (n=4) 72+6% (n=4)

Borylation conditions: @ Arl/ArBr: 1 mol % of Pd(OAc)z2, 3 mol % of XPhos, 2
equiv of B2Pin2, 3 equiv of KsPOy4 in isopropyl acetate at 85 °C. ® ArCl: 4 mol % of
Pdz(dba)s, 8 mol % of XPhos, 3 equiv of B2Pinz, 3 equiv of KsPO4 in isopropyl
acetate at 110 °C.

A broader set of (hetero)aryl halide derivatives was
next evaluated to establish the scope and limitations of

the  method. As shown in  Scheme 4,
borylation/radiofluorination  proved effective for
accessing electronically diverse 18F-labelled

(hetero)arenes. Products bearing electron-donating alkyl,
phenol, ether, and aniline substituents (2g-20) are
particularly noteworthy, since these are not accessible via
traditional SyAr radiofluorination of the aryl halide
starting materials. Notably, even the 4-dimethylamino
substrate, which was reported as unreactive starting from
the isolated aryl boronate ester,'” afforded 2jj in 29%
RCY. Various heterocycles proved compatible, including
quinoline (2t), benzothiazole (2u), oxazole (2v), pyridine
(2w), and benzofuran (2x). Across all these substrates,
the borylation /radiofluorination sequence afforded
moderate to high RCC and standard deviations of <
+9%.%7

Bioactive molecules containing aryl halides,
including indomethacin, dimethomorph, and clofibrate
were converted to the corresponding '8F derivatives (2ff,
2gg, and 2jj) in good to excellent radiochemical yields.
Products 2ff and 2gg are the first 1®F-analogues of these
scaffolds. For 2jj, the radiochemical yield (72 + 7%) was
significantly higher than the 40 + 3% RCY obtained
using Nicewicz and Li’s photochemical CRA approach.?!
Notably, with dimethomorph, the borylation step
proceeded in just 35% yield. Despite this, the
radiofluorinated product 2gg was obtained in excellent

J. Name., 2013, 00, 1-3 | 3
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syringe filter

cat. [Pd], XPhos
B,Pin,

KsPO,

g . Cu(OTf),
Dy
H situ

Science

View Article Online
DOI: 10.1039/D6SC01625A

el

FoNSoulcdiic W ol ol o N o4

(2g) (2h) (2i) () (2K) (zn O\) (2m) BocN\) (2n) Me (2o)
X=1 X=Br X=Br X=1 X=1 X=Br X=1
33+7(n=4) 94£2(n=4) 85:3(n=4) 59:5(n=4) 76:2(n=3) BS:tQ(n 4) 64:t1(n 4) 62£1(n=4) 296 (n=8)

B
N N N
o O O fﬁ QO OO O
Q O:N Me0,S <:l s o =
= (2p) (2‘1) (2r) (2s) (2t) (2u) (2v) (2w)
X=1 =1 X=1 X=1 X=1 X=Br X=I X =Br
75+2(n=4) 6412(n=4) 7245(n=4) 72%5(n=4) 8544 (n=4) 87+2(n=4) 60 +3(n=4) 791:1(11 3)
18F O || .
74 18
a0 O W Qo QO KO o O Ly
x(zx)B (zv) H (zz) (2aa) (2bb) (2cc) (zua) o e
=pr
7414 (n=3) 78:3(n 4) 7512(n 4) 7411(n 4) aszun 4) TBtS(n 4) 95:!:2(n 4 12:3(? 4

(2gg)

from dimethomorph OMe _ ) (Zhh) ‘
from |ndomethacm (X=CI) (X=cCl) OMe lidocaine derivative (X = 1)
5312 (n=4) 9412 (n=4) 43£5(n

Scheme 4 Scope of the tandem Pd-catalysed borylation/CMRF (data represents RCY's)

radiochemical yield (94 £ 2%). This result highlights a
key advantage of this method — high borylation yield is
not required to obtain high radiochemical yield due to the
change of limiting reagent between the two steps (from
(hetero)aryl halide in step 1 to K'®F in step 2). An '3F-
labelled analogue of metaxalone (2ii) was also prepared
in 86 £ 2% RCY using this method, demonstrating
compatibility with a sterically hindered aryl bromide
substrate.

Many of these '$F-labelled bioactive molecules are
challenging to access from aryl halides using literature
methods. For instance, nucleophilic aromatic
substitution?® is not viable for the radiofluorination of
electron-rich/neutral aryl halides to form 2gg, 2hh, 2ii,
and 2jj (or the '®F-amino acids and peptides in Scheme
5; wvide infra). Nicewicz and Li’s CRA-S\Ar
radiofluorination would likely struggle to generate 2ff,
2gg, or many of the amino acids/peptides in Scheme 5
due to the redox potentials of the halide-containing
rings.?! Our (NHC)Cu (NHC = N-heterocyclic carbene)-
mediated radiofluorination?? only works with pyridine or
imine directing groups proximal to the C(sp?)-halogen
bond, a feature that is not present in any of these
substrates. Finally, our UV light-promoted Cu-mediated
radiofluorination affords modest yield and functional
group compatibility even with simple substrates.?

4| J. Name., 2012, 00, 1-3

1|:
M 18
N O o"® ¥
EtzN\)LN
R L

=4) 862 (n=4)

HN 18F
O=<oj\/o Me Me Me/@'
Mevo\n)(O
‘IHF

o]
(2ii) Me

(2ii)
metaxalone derivative (X = Br) from clofibrate (X = CI)

7247 (n=4)

The bioactive substrates in Schemes 4 and 5 also
illustrate the advantages of this new approach compared
to our prior tandem C—H borylation/CMRF method.?° For
instance, '8F-lidocaine derivative 2hh was accessed in 43
+ 5% RCY yield using the current method versus just 15
+ 8% RCY via C-H borylation/CMRF. 8F-
Phenylalanine derivative 3a (Scheme 5) was obtained in
88 + 4% RCY vyield as a single isomer from the
corresponding aryl iodide. In contrast, C-H
borylation/CMREF afforded a 1 : 1.7 mixture regioisomers
in 51 £ 17% RCY yield. Finally, products like 2ii are not
accessible via the sterically-controlled C—H borylation
approach due the high degree of congestion at the
labelling site.

A final set of studies focused in applying this
sequence to the '8F-labelling of amino acid and peptide
substrates. As peptide-based therapeutics emerge at an
accelerating pace,” there is high demand for
radiolabelled analogues to study biodistribution, quantify
target engagement, and conduct in vivo disease diagnosis
and treatment.’ Most current approaches to peptide
radiofluorination utilize large '®F-containing prosthetic
groups.’! While these enable late-stage radiolabelling and
generate readily separable products, prosthetics can alter
target affinity and physiochemical properties. As such,
strategies for the direct '®F-radiolabelling of peptides
with minimal structural perturbation (e.g. converting

This journal is © The Royal Society of Chemistry 20xx
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phenylalanine to ['8F]fluorophenylalanine) are in high
demand.®
We first sought to identify protecting group schemes

compatible with the borylation/CMRF of 4-
iodophenylalanine derivatives. Unprotected, N-Boc
protected, and C-methyl protected 4-iodo-;-

phenylalanine afforded none of the corresponding
radiofluorinated products 3a-c. Control studies revealed
that both the borylation and CMRF steps proceed in
<10% yield with these substrates. However, protection of
the C- and N-termini with Me and Boc, respectively, led
to excellent (88 + 4%) radiochemical yield of 3d. N-Acyl
and C-tert-butyl protecting groups also proved
compatible (3e and 3f). In contrast, N-Fmoc led to large
drop in both yield and reproducibility of the
borylation/radiofluorination sequence (14 = 10% RCY of
3g). Here, the borylation step leads to competing

?4@%@

Ja) (3b) 3d)

Chemical Science

deprotection of the Fmoc group, likely due {o.the basic
conditions. Boc-5-Br-; -Trp-OMe wa5 ‘Ql8¢/ 2 igbie
substrate, yielding 83 = 3% RCY of 3h. This is another
example where a high RCY is obtained despite a low
(25%) yield in the borylation step.

We next explored a series of dipeptides containing an
N-terminal ~ Boc-4-iodo- -phenylalanine to  assess
compatibility with common side chain functional groups.
Various C-terminal amino acids with unprotected side
chains, including tryptophan, tyrosine, and methionine,
were well tolerated (see products 4a, 4b, and 4d).
However, modest radiochemical conversion (<5%) was
obtained for the C-terminal histidine and serine products
4h and 4i, indicating that protection of some side chain
functional groups will be required in application of this
method to more complex peptides.

Me Boc. /( 'Bu /( Me Fmoc Me

Se)

not detected not detected not defec!ed 88 +4% (n=4) 91+2% (n=4) 87+ 3% (n 4) 14 + 10% (n 4)
OH 18F 18': 18F
18 H H H H
OMe 18F BOG‘N OMe 4 N\_/COZMe BDC\N NVCOZMe Boc.N N\/COZMe Boc‘N N SMe
H H H H H H i H
o o} A o] o] Me i
(3h) (3i) (4a) (4b) (4c)  Me (4d)
92 0% (n = 4) 19 +13% (n = 4) 8313% (n=4) 69+7% (n=4)  OH  85:4% (n=4) 75%1% (n=4)
18|:
18F
Boc. N (0]
H COzMe Boc. N._COMe
N, ..COMe Y - H
7 E o X
O OMe 0 OMe = OH
NH i
(de) (4h) \I“\I/::/ (4i)
79+ 2% (n=4) TEiS%(n 4) T?iG%(n 4) 312% (n=4) 51 6% (n=>5)

Scheme 5 Amino acid and peptide substrates

Finally, we pursued the automation of this method on
a TracerLab FXy_,r, synthesis module. Translation of new
radiochemistry methods to automated synthesis is crucial
for accessing clinical doses of radiotracers, which
typically require at least 20 mCi of activity at end-of-
synthesis to allow for a 10 mCi injection after completion
of QC testing and transport to the PET imaging suite. The
manual reactions in Schemes 4 and 5 were performed
using ~51.4 MBq (1.39 mCi) of starting '8F per vial,
while a typical automated run uses 66.6 GBq (~1.8 Ci) of
activity. Protected bromophenylalanine was used as a test
case for automation. The borylation step and filtration
were conducted manually, and then the crude mixture
was loaded into the TracerLab FXy.,, synthesis module
for Cu-mediated radiofluorination. Following semi-
preparative HPLC purification, product 3d was obtained
in a 9.2% decay-corrected radiochemical yield (RCY),
99% radiochemical purity (RCP), and a molar activity of

This journal is © The Royal Society of Chemistry 20xx

578 TBg/mmol (15,605 Ci/mmol n = 2). Importantly the
bromo precursor, borylated intermediate, and
radiofluorinated product exhibit baseline separation by
HPLC (p. S100-S102), enabling facile purification of the
target product 3d.

The automated radiochemical yield (9.2%) is
significantly lower than the manual yield (88%) for this
substrate. However, automated synthesis starting from
the isolated BPin precursor afforded 3d in comparable
(13%) radiochemical yield, demonstrating that this drop
in yield between manual and automated radiosynthesis is
a general feature of CMRF rather than the telescoped
sequence.’ In general, automated yields are well-
precedented to be significantly lower than those for
manual reactions for several reasons. First automation
involves multiple steps and transfers of material, while
the manual reactions are performed in a single step in a

J. Name., 2013, 00, 1-3 | 5
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single vessel. Second, manual reactions start from
soluble fluoride, with yields calculated relative to the
fluoride added to the reaction mixture. In contrast,
automated yields are calculated based on the total
isolated product (non-decay-corrected) and starting
amount of fluoride delivered from the cyclotron. Despite
a lower automated yield compared to the manual test
reactions, this automated sequence nevertheless delivers
>5.5 GBq (>150 mCi) total activity of 3d. This is
sufficient for both preclinical evaluation and several
human doses of this material from a single production
batch, demonstrating the feasibility of applying the
sequential borylation/radiofluorination sequence to PET
radiotracer synthesis in a (pre)clinical setting.

Br 18

1. Borylation/filter
OMe Boc.
H 2. Automated CMRF in N
0 Tracerlab FXy.pro

Boc.

RCY = 9.2% (decay corrected)
RCP = 99%
mp = 15,605 Ci/mmol
Synthesis time: 30 min

Scheme 6. Automated synthesis of 3d.

Conclusions

In conclusion, this report showcases a tandem
borylation-radiofluorination reaction of (hetero)aryl
halides that provides access to a wide variety of '*F-
labelled molecules. The (hetero)aryl halide (halide = Cl,
Br orI) are readily available, inexpensive, and stable, and
numerous functionalized derivatives (including bioactive
molecules, amino acids, and dipeptides) are viable
substrates. Key advantages of this approach include: (1)
a wide substrate scope that is insensitive to the electronic
and steric properties of the (hetero)aryl halide, (2) the
ability to obtain high radiochemical yield even if the
borylation step is inefficient, (3) the effectiveness of this
transformation for (hetero)aryl halide substrates that are
challenging to radiofluorinate using existing methods,
and (4) the feasibility of high yielding radiofluorination
of peptides, substrates of high interest for emerging
diagnostic and therapeutic radiopharmaceuticals. These
benefits widen the chemical space compatible with
CMREF, enabling straightforward access to more diverse
radiopharmaceuticals for PET imaging.
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