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ABSTRACT: Organic compounds bearing radioisotopes of iodine are widely used
for biological research, diagnostic imaging, and radiotherapy. Early reported synthetic
methods for the incorporation of radioiodine have generally involved high
temperature reactions or strongly oxidizing conditions. To overcome these limitations
and to cope with the demand for novel radioiodinated probes, there has been a surge
in the development of new synthetic methodology for radioiodination. This synopsis

describes the key transformations developed recently.

O rganic compounds bearing radioisotopes of iodine play a
major role in nuclear medicine and molecular imag-
ing." * As there are a number of radioactive iodine isotopes
(Table 1), a single biologically or medicinally active iodinated

Table 1. Radioiodine Isotopes Most Commonly Used in
Imaging and Therapy

type of
isotope half life emission® application
123) 132 h SPECT imaging
124 4.18 days * PET imaging
125) 59.4 days Auger e preclinical research and therapy
B 8.04 days therapy

& : gamma ray emission, *: positron emission, : electron emission.

compound can be labeled with di erent radioisotopes for a
particular application. For example, compounds bearing
iodine-123 or iodine-124 can be used for the diagnostic
imaging of disease via single photon emission computed
tomography (SPECT) or positron emission tomography
(PET) techniques, respectively.” ® Radiopharmaceuticals
bearing iodine-131 are used for radiotherapy, while iodine-
125 labeled compounds are commonly used in preclinical,
biological, and medicinal chemistry applications.

The importance of radioiodinated probes and agents in
nuclear medicine and imaging has required the development of
e cient synthetic methods for the preparation of these
compounds.* ° In a similar manner to conventional synthetic
chemistry, the aim of these methods is to produce radio-
iodinated compounds as e ciently as possible. In radio-
chemistry, this is measured using RadioChemical Yield (RCY,
the amount of activity in the isolated product expressed as a
percentage of starting activity) or RadioChemical Conversion
(RCC, the amount of activity in the nonisolated product,
usually obtained from a radio-HPLC and expressed as a
percentage of starting activity) and RadioChemical Purity
(RCP, the percentage of activity of the radionuclide with
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respect to the total activity of all radionuclides in the sample).”
The other important property of radioiodinated compounds is
Molar Activity (A, the measured radioactivity per mole of
compound, typically expressed as becquerels per micromole).
For imaging applications, radiolabeled compounds with high
molar activity are important to generate actual tracer
conditions, where the biological target is mainly bound with
radioactive compounds and not nonradioactive species. The
level of molar activity required for imaging is highly dependent
on the context and biological target. However, in developing
radioiodination methods, nal compounds with molar
activities in the GBg. mol ! range of magnitude are
considered suitable. Unlike the radioisotopes commonly used
in PET imaging (e.g., 'C, *¥F), the radioisotopes of iodine
have relatively long half-lives and for this reason, sg/nthetic
methods for radioiodination are more varied.* ®¢ '* As
radioiodine isotopes are produced in iodide form,** early
reported methods have involved nucleophilic substitution
reactions, such as the use of high temperature and solid state
halogen exchange reactions (e.g., Scheme 1).** Alternatively,
radioactive iodide can be oxidized to iodine or iodine
monochloride and used in electrophilic substitution reactions,
such as the iododestannylation of aryltin compounds.**
Although these methods allow the iodination of various
compounds with high RCY and RCP, the harsh reaction
conditions, challenging puri cations (such as the removal of
organotin residues) and the need for more varied and
sometimes complex targets have required the development of
new radioiodination reactions. To meet this demand, a variety
of new transformations for the incorporation of radioiodine
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Scheme 1. Early Methods of Radioiodination****
)NLH ['%%1]Nal, (NH4),SO )T"
) 4)2 4 125
: N ONH, ———— N” NH,
H 120-160 °C, 1-4 h H

solid state synthesis
['25MIBG

RCY = 90-98%
Ap = 8.1-20.3 MBg.mmol'

['#1Nal

\
CO,CHs _ CHyCOH _ COCH;
M@/S”(” Bus “,po, EtOH
RT, 0.5h
['238-c1t
RCY = 54%

into organic compounds have been developed in recent years.
This synopsis describes these key synthetic advances and in
particular, the main transformations used for the preparation of
radioiodine bonds with Cy,, Cqy,, and Cyys centers.

1. RADIOIODINATION OF Cg? CENTERS

1.1. Nucleophilic Aromatic Substitution Reactions.
Isotopic and Halogen Exchanges. Direct replacement of
stable iodine isotopes on organic molecules by a radioiodine
isotope, also called isotopic exchange, is a well-known
procedure. The reaction is usually performed neat, with the
radioiodide ion, at very high temperature and most often in the
presence of sulfate salts and oxidants such as dioxygen from the
air (Scheme 1).*° Isotopic exchange can also be realized in
water at high temperature, but in this case, addition of copper
sulfate as a reagent has been evidenced to both promote the
radioiodination and shorten reaction times (Scheme 2).*3*>*°

Scheme 2. General Isotopic Exchange Procedure™®*®
Me, CO,H
Me, COoH 2
’, 124 124 NH,
| Np,  [%INal CusO; N
b Gentisic Acid, Citric acid N
H AcOH, SnSO, 1240e
H,0, 140 °C, 30 min [***1)5-iodo-AMT
RCY = 95%

Am =27.4 MBg.mmol™’'

However, due to the impossible separation of nonradioactive
and radioactive iodinated products, this method is not suitable
to access radioiodinated molecules in the GBg- mol * range of
magnitude.

In order to restore optimal molar activities, bromine iodine
exchanges can be performed using the same conditions as
isotopic exchanges. Thus, in 2014, Brownell et al. described the
radioiodination of ['?*I]IPEB, a metabotropic glutamate
receptor subtype 5 radioligand, through bromine iodine
exchange at high temperature in the presence of copper and
tin sulfate (Scheme 3).!” Solid-state synthesis can also be used.
For example, the radiosynthesis of a Matrix MetalloProteinase-
12 (MMP-12) iodinated probe was described by Mukai in
2018.*® Overall, bromine iodine exchange appears to give
comparable RCYs as isotopic exchange along with higher
molar activities but in all cases at the cost of very harsh
reaction conditions.

Diazo and Triazene Leaving Groups. In 2017, Sutherland
et al. described an e cient methodology to radioiodinate aryl
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Scheme 3. Typical Bromine Radioiodine Exchange

Procedure’
X
»
N % CN
Br
[123I]IPEB

RCY =45 + 6%
An, =182.8 GBg.umol’
amines via stable diazonium salts (Scheme 4).*° This
methodology is based on the use of widely available starting

['231]Nal, CuSO,

Gentisic Acid, Citric acrd
SnSO,4 EtOH/H,0
135°C,1h

Scheme 4. Radioiodination of Aryl Amines through
Diazotization by Sutherland®®

O/\erre3 NO,
©/NH2

125,

R
PTSA.H,0
['%5I]Nal, MeCN 8 examples
20-60 °C, 2-4 h RCY = 61-97%
_N 125
F )—COEt
o e83e
N N” N
125| o \ ‘ H O

['?%1]lomazenil, RCY = 75 + 10% [1251]CNS1261, RCY = 64%

An = 16.2 £ 1.22 GBq.pmol”

N
IO
125 o] \

['25IBOX, RCY = 47%

materials and a polymer supported nitrite reagent, which
allowed both the formation of diazonium salts and the
subsequent Sandmeyer reaction to take place under mild
conditions. The incorporation of the radioiodine atom was
done thereafter using sodium iodide. This one-pot method-
ology was used on eight example substrates, demonstrating its
functional tolerance, as well as generating several SPECT
tracers, including [*?°I]iomazenil, [*?°IJCNS1261, and
[*#®111BOX with RCYs between 47 and 75%. Triazene
derivatives can also be used in SyAr reactions; however, even
if these precursors are stable and can be isolated, they are
usuallgl less reactive than the corresponding diazonium
salts.2%2

lodonium Leaving Groups. In 2016, Gestin et al. published
a systematic study aimed at comparing the reactivity of
arylrodonrum salts in radiolabeling using either sodium iodide
or astatide.®” Their investigations showed that the use of
acetonitrile as solvent, at 90 °C, with iodonium sulfonate were
the optimal conditions to perform e cient radioiodination
from iodonium salts. The regioselectivity of the nucleophilic
substitution of unsymmetrical iodoniums salts was found to be
controlled by electronic and steric e ects. The same authors
have used this methodology to radiolabel activated esters
acting as prosthetic groups able to bind biomolecules. Thus, N-
[*%1]succinimidyl-3-iodobenzoate ([*%°I]SIB) was obtained in
36 87% RCY, depending on the nature of the electron-rich

https://dx.doi.org/10.1021/acs.joc.0c00644
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arene moiety (Scheme 5).2% In 2019, this methodology was
applied to the radiolabeling of two other prosthetic groups, for

Scheme 5. Radioiodination Using lodonium Salts as
Precursors by Gestin**#%23

o

T
@
I ['?51]Nal o X
le\ > R-L
L ou MeCN, 30 min s
e o
90°C 9 examples
RCY = 46-98%
0
;> ['25)]Nal Ox©O~N
MeCN, 30 min 0
100 °C
125|
Tfo ['?51]s1B
3 examples

Ar = 4-MeOPhenyl, 4-iPrOPhenyl, 2-Thienyl

MeCN 30 min 2
ﬁ T, o T
_N
N
N

RCY = 96%

RCY = 36-87%

125|

RCY =63%

[125I]Nal Ng

attachment to biomolecules by either click chemistry or
inverse-electron-demand Diels Alder reactions.™*

1.2. Electrophilic Aromatic Substitution Reactions.
Electrophilic aromatic substitution is a very popular strategy to
perform radioiodination, which can be applied either directly
with the compound of interest or using a prefunctionalized
precursor. Nevertheless, this procedure requires the generation
of an electrophilic iodine species, which is typically prepared
from sodium iodide and a strong oxidant such as hydrogen
peroxide, peracids, N-halosuccinimides, or N-chloroamides.

Direct SgAr. Direct electrophilic aromatic substitution is a
typical process to perform radioiodination of aromatic
molecules.”* Generally, this strategy exhibits low regioselectiv-
ity unless there has been careful choice of starting compound.
In these cases, the reaction can lead to the radioiodinated
compound with good RCY and high molar activity. For
example, this approach has been used for the direct and
regioselective radioiodination of the 4-aminobenzoic core
found in numerous 5-HT, receptor ligands (Scheme 6).

O

Scheme 6. Typical Radioiodination through Direct
['?51Nal, H,0,
AcOH/H,0O

Electrophilic Aromatic Substitution®*
o 1@% e
N

4> H
['2%1]5-HT,R Ilgand

RCY =61%
Am > 200 GBg.umol™!

HzN
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In 2016, a silver-catalyzed radioiodination was reported,
which used the mild Lewis acid nature of a silver tri imide salt,
avoiding the poly iodination of activated aromatic rings
(Scheme 7).% The completely regioselective radioiodination

Scheme 7. SiIvergI) Tri imide Mediated Electrophilic
Radioiodination®

1) ['®I]Nal, NCS OH

MeCN, 20 °C, 0.75h QOHC 125)
_—
2) AgNTf,, CH,Cl,
36°C,0.3h MeO

RCY =64%

OH

MeO

of electron-rich substrates (as observed by nonradioactive
reactions) facilitated by this method has enlarged the panel of
substrates accessible to direct SgAr reactions. Nevertheless, to
overcome the regioselectivity issues of other SgAr strategies,
the preparation of stannylated, silylated, or boronated
precursors is generally required to perform ipso SgAr.

lododestannylation. lododestannylation is the most used
methodology to perform radioiodination in research facili-
ties." ° Starting from a stannane precursor, using an in situ
generated iodinated reagent from Nal and an oxidant, the
transformation proceeds smoothly and selectively to a ord, via
an ipso SgAr reaction, the radiolabeled derivatives. Despite
issues concerning their stability and toxicity, aryltrialkylstan-
nanes are generally prepared from the corresponding
halogenated precursor through metalation or palladium-
mediated reactions. The major drawback of this reliable
method, often hampering its use in clinics, is the contam-
ination of the obtained radiotracer with organotin residues.
Nevertheless, radioiododestannylation is currently the main
method of choice to perform radioiodination and many small
molecules used as radiotracers, such a, 12511AGI-5198, have
been prepared accordingly (Scheme 8).2

Scheme 8. Rad|0|od|nat|0n of [**1]AGI-5198 Using
Radioiododestannylation?®

25|

1
SnBus 1) ['%51]Nal, H,0,
AcOH o
/L 20 °C, 30 min O\
N

S
N~ A
H Y\N N 2) Sonication, 30 sec H TOW/\NlQ\/N
['?°1]AGI-5198

RCY =79 £ 6% (n=9)
RCP > 98%

Several approaches have been described recently to
speci cally address the puri cation issues inherent to
iododestannylation. In 2006, the Valliant group employed
uorine-rich organostannane to perform radioiododestannyla-
tion in order to discard organotin residues through uorous
solid-phase extraction (Scheme 9). Thus, labeling with
[*®®I]Nal in the presence of the oxidant, iodogen allowed the
quick formation of the radiolabeled derivatives with RCYs up
to 85% and RCPs up to 98%.%” This method was used by the
same group to produce [*®I]iodoxuridine and [*ZI]FIAU,
with RCYs of 94 and 88%, respectively, while allowing the
e cient removal of organotin precursors through a S|mple
Itration technique as evidenced by a UV-HPLC technique.?®
A similar approach was proposed by the Gestin group in
2016, using an ionic liquid supported stannylated precursor for

https://dx.doi.org/10.1021/acs.joc.0c00644
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Scheme 9. Radioiododestannylation Using Fluorine-Rich Organostannanes by Valliant®"®

1) ['?51]Nal, iodogen o i
0 ACcOH, MeOH, H,0 Cl~N"N-C
AN R RT, 3 min > 125,10 X R Ph Ph
‘// 2) Fluorous Solid N NN~
(CF3(CF2)5(CHz)2)3Sn Phase Extraction T}/
12 examples fo)
R = OH, NHnPr, NHnBu, RCY < 85% lodogen
NHiPr, NHtBu, NHCH,CH,NEt, RCP < 98%
o o)
125| 125|
| NH | NH
HO N/&O HO N/&O
:o: o-F
OH OH
['2%I]iodoxuridine ['2%FIAU
RCY = 94% RCY = 88%

radiolabeling (Scheme 10).?° This strategy signi cantly
facilitated the formation and puri cation of the product,

Scheme 10. Radioiododestannylation Using lonic Liquid
Supported Organostannane by Gestin®

o 1) ['?%1]Nal, NCS
BuBu O ? ACOH, MeOH 0 ©
Ly Sn o N 20 °C, 30 min 125
N/J O 2)SiO, cartridge iy
Et/ ® PFse purification [125I]SIB
RCY =67%
RCP = 100%

using a simple SiO, lItration to separate radio-iodinated
product and organotin precursor, allowing the isolation of
[*°17SIB with 67% RCY and 100% RCP.

In the challenging eld of biomolecules radiolabeling, taking
into account synthetic e cacy, half-lives and/or safety issues,
the introduction of the radionuclide is preferred at the last step
of the radio-synthesis. This late stage diversi cation is generally
achieved using a prosthetic group strategy in order to reach
selectivity toward the radio-labeling site. Several prosthetic
groups have been radioiodinated using an iododestannylation
approach (Scheme 11). For example, [*?°1]1,2,4,5-tetra-
zines®** and a [***I]benzamide moiety®* have been e ciently
prepared using iododestannylation and then attached to the
target biomolecules using inverse electron demand Diels
Alder and copper-catalyzed condensation reactions, respec-
tively.

lododesilylation. Silanes can be used as precursors for the
labeling of molecules of interest. However, compared to
iododestannylation, the obtained RCYs are generally lower due
to the higher stability of the carbon silicon bond. This
methodology has nevertheless been used to label speci ¢
substrates with success, generally in acidic media, starting from
an activated precursor and an electrophilic source of iodine.
For example, in 1993, [®*N]MIBG was labeled in 85 90%
RCY by Zalutsky,®® starting from the corresponding
aryltrimethylsilane in TFA, using tri uoroperacetic acid to
generate []1, in situ (Scheme 12).

In 2016, Tanaka et al. described a polymer-supported
version of the radioiododesilylation applied to the radio-
iodination of iodometomidate (IMTO), a high a nity ligand

8303

of adrenal steroidogenic enzymes, from a polymethacrylamide-
supported precursor (Scheme 13).** Solid-phase organic
chemistry enabled reaction products to be puri ed rapidly
and simply by lItration. In this work, the radioiododesilylation
was performed in TFA and used N-chlorosuccinimide (NCS)
to promote the formation of [**I]NIS in situ. After 1 h at 40
°C, TFA was neutralized with a polymer supported amine, and
the puri cation step of [*2°I]IMTO was performed through
elution on a Sep-Pak cartridge, while the unreacted
polymethacrylamide-supported precursor was unable to be
eluted. The radiotracer was obtained in 85% RCY and 94%
RCP.

lododeboronation. The use of boron derivatives to

promote electrophilic radioiodination is well-known and was

rst described using boronic acids (Scheme 14). Initially, the
reaction was used to radiolabel a barbituric acid analogue using
chloramine-T to oxidize [**I]Nal, with a 15% RCY.?
Thereafter, the reaction was performed in aqueous HCI and
substantial improvements of the RCYs were observed for the
formation of an [**'1Jamphetamine analogue®® and 7-[*%I]-
iodocognex obtained, respectively, with 86 and 66% RCYs.>’

In 2019, iododeboronation from boronic acids was
reinvestigated by the Sutherland and Watson groups (Scheme
15).% In this work, the role and positive contribution of a
Lewis base was clearly evidenced. Thus, using NCS as an
oxidant and a catalytic amount of KOAc to promote in situ
formation of a boronate, the radioiodination of a variety of
arenes bearing electron-donating or -withdrawing groups was
achieved with RCYs between 49 and 99%. This was further
employed for the radioiodination of biologically active targets,
such as [**°I]5-iodouracil, which was generated with a molar
activity of 0.53 GBg- mol .

Ipso-iododeboronation is also possible starting from
boronate derivatives (Scheme 16). The reaction has been
extensively investigated by Kabalka. Using chloramine-T as an
oxidant and under very mild conditions, iododeboronation of
electron rich-neopentylglycolboronic esters or aryltriolborates
has led to the expected radioiodinated arenes.***° A similar
approach has been developed by the same authors using
polymer supported organotri uoroborates, which allowed
easier puri cation of the radioiodinated compounds.** Never-
theless, poor RCYs are obtained when electron-poor arenes are
used in these reactions.

https://dx.doi.org/10.1021/acs.joc.0c00644
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Scheme 11. Radioiodination of Biomolecules Using Prosthetic Groups and lododestannylation® 32
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Scheme 12. Radioiododesilylation by Zalutsky**
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Scheme 13. Rad|0|od0de5|lylat|on and Polymer-Supported
Radioiododesilylation by Tanaka>*

!
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3) Sep-Pak Elution

OMe

o
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RCY =85%
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1.3. Transition-Metal-Mediated Approaches. The
puri cation issues associated with the common method of
the radio-iododestannylation method have necessitated the
development of other metal mediated processes for the
radioiodination of aryl compounds. The main advantage of
many of these methods is the more facile removement of
“inorganic” metal complexes, compared to organotin residues.

Transition-Metal-Mediated Halogen Exchange. Bromine/
iodine exchanges have been reinvestigated by Sutherland et aI
in 2013 using a nickel(0) mediated approach (Scheme 17).*
The reaction proceeded by oxidative addition of Ni(0) into the
aryl C Br bond, followed by radioiodide exchange of the

Scheme 14. Electrophilic lododeboronation from Boronic
Acids® *'

1) ['%1]Nal
Chloramine-T, THF/H,0 o R o

RT, 30 min Y s
HN x|
0

2) Urea, NaH
['25]Barbituric acid analogue

EtOH, reflux, 36 h
JWess

RCY =15%
[131I]Amphetam|ne analogue

123

[123I]Iodocognex

CO,Et

Et0,C
2 MB(OH)Q

["*"]Nal
Chloramine-T, aq. HCI
RT 40 min

JRws
H RCY = 86%
RCP > 98%
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resulting Ni(ll) Br species. Reductive elimination generated
the new C I* bond and allowed the preparation of various
aryl and heteroaryl iodides with RCYs between 88 and 96%.
The radiolabeling of SPECT tracers [**®I]iniparib and 5-
[1%1]1A85380 were also achieved with RCYs of 46 and 93%,
respectively. In addition, the molar activity of 5-[*2°1]A85380
was found to be 37 GBg- mol . The products of this method
were analyzed by atomic absorption spectroscopy, demonstrat-
ing the absence of any nickel impurities and highlighting the
advantage of using such an approach over more typical
iododestannylation procedures.
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Scheme 15. KOAc-Catalyzed lododeboronation by
Sutherland and Watson*®
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Scheme 16. Electrophilic lododeboronation from Boronic

Esters and Boronates by Kabalka® **
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Scheme 17. Nickel-Mediated Halogen Exchange®?
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Copper-Mediated lododeboronation. In 2016, Gouverneur
and co-workers described the rst copper(ll) -mediated
nucleophilic radioiodination of aryl boronlc species following
a Chan Lam mechanism (Scheme 18).%* Using conditions of
80 °C for 20 min in the presence of 1,10-phenanthroline as
ligand, the reaction was tolerant of a broad scope of arenes
bearing both electron-donating and -withdrawing groups,
a ording RCCs between 13 and 94%. The reaction was
applicable to both boronic acids and esters, although the use of
boronic acids led to a slightly lower RCC than with pinacol
boronic esters. This methodology was also applied to the
successful radiolabeling of various SPECT radiotracers with
RCYs between 37 and 88%.

8305

Scheme 18. Copper(11)-Mediated lododeboronation by
Gouverneur®
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A similar approach was developed by Mach et al. in 2018
using a copper(ll) catalyst (Scheme 19).** This procedure

Scheme 19. Copper(11)-Mediated lododeboronation by

Mach**
['?51Nal
Bpin  Cu(OTf)y(Pyr)s (5 mol%) 125
R R
©/ MeOH/MeCN (4:1) ©/
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15 examples
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)1
125 Y |

I
NTY N
E K/N 251K X1
o RCY = 99%*

“3,4,7,8-Tetramethyl-1,10-phenanthroline (5 mol %) was added to
the reaction.

allowed the e cient radioiodination of a variety of pinacol
boronic esters under milder conditions (MeOH/MeCN 4:1,
23 °C for 10 min). The same mild reaction conditions were
also successfully applied to boronic acids, neopentylglycolbor-
onic esters, potassium tri uoroborate salts, as well as MIDA
derivatives. Using pinacol boronates, this methodology was
applied to the radiolabeling of iodinated olaparib analogues
and for the preparation of [*?°IJKX1 with RCYs between 61
and 99%.

Concomitantly to the Gouverneur work, Zhang et al.
published an iododeboronation procedure starting from
boronic acids using a copper(l) catalyst, Cu,0O (Scheme
20).*° Using iodine-131 as the radioisotope, the reaction
occurred smoothly at room temperature in one hour, achieving
RCCs between 87 and 99%. This procedure was applied to the
radiolabeling of MIBG as well as succinimidyl p-iodobenzoate
(SIB).

Gold-Mediated lododeboronation. In 2018, Sutherland et
al. described the rst homogeneous gold catalysis procedure
for the radio-iododeboronation of aryl boronic acids (Scheme
21).“® The air tolerant method was performed using a gold(l)
complex, an electrophilic source of iodine, generated from
NCS and [*®I]Nal, in the eco-friendly solvent dimethyl
carbonate. The transformation allowed the radiolabeling of
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