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Abstract:

The'increasing application of positron emission tomography (PET) and single photon emission
computer tomography (SPECT) in radiopharmacy and nuclear medicine has stimulated the
development of a multitude of novel and versatile bioorthogonal conjugation techniques. Currently,
there is particular interest in radiolabeling biologically active, high molecular weight compounds like
peptides, proteins or antibodies, but also for the labeling of small organic compounds. An enormous
challenge in radiolabeling these biologically active molecules is that the introduction of
radiohalogens like fluorine-18 as well as various radiometals proceeds under harsh conditions, which
could destroy the biomolecule.

The Staudinger Ligation is one of the most powerful bioorthogonal conjugation techniques. The
reaction proceeds over wide temperature and pH ranges; an amide (peptide) bond is formed as the
ligation-unit, which minimizes distortion of the structure; no isomers are obtained; and the reaction
proceeds without any metal catalyst. Due to this adaptability, this robust ligation type is a perfect
candidate with a high potential for various applications in the field of radiopharmacy for the labeling
of biomolecules under mild conditions.

This review summarizes recent research concerning the implementation of the Staudinger Ligation
for radiolabeling applications.

This article has been accepted for publication and undergone full peer review but has not
been through the copyediting, typesetting, pagination and proofreading process which may
lead to differences between this version and the Version of Record. Please cite this article as
doi: 10.1002/jlcr.3562
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Introduction

Mild and site-selective labeling reactions are often required for the radiolabeling of
biomacromolecules as they have a high number of functional groups.” In principle, radiolabeling of
such compounds with fluorine-18, especially biologically active high molecular weight compounds
like peptides, proteins and antibodies, still represents a considerable challenge and has generated
immense interest.”* Well established methods are known for the mild and selective introduction of
radiometals using either protecting groups or the pre-labeling concept.” However, fluorine-18 is
mostly introduced as [*®F]fluoride under harsh reaction conditions like organic solvents and high
temperatures. Thus, fast labeling strategies are needed to introduce fluorine-18 under mild
conditions using radiolabeling building blocks also referred as fluorine-18-containing prosthetic
groups with high specific activities. Due to these facts, a labeling strategy has to be developed for
almost every one of these high molecular weight compounds.® To overcome the above mentioned
obstacles, bioorthogonal click-labeling reactions were developed in the past and successfully applied
to allow the selective introduction of fluorine-18 under mild conditions, with high radiochemical
yields (RCY) and high specific activity (As).>”*

The bioorthogonal concept refers to all reactions which can proceed inside living systems without
interfering with native biochemical processes. Several specifications have to be fulfilled for a
reaction to be considered as biorthogonal.? First and most importantly, selective reactions should be
applied to avoid side-reactions with other functional groups found in the biological starting
compounds. The functional groups of both reactants should only react with each other and must be
inert to the remaining chemical and biological functionalities of the molecules. Secondly, the
resulting covalent bond should be chemically inert to biological reactions and should not affect the
(native) biological behavior of the desired molecule. Thirdly, the reaction should have fast reaction
kinetics. This fact is especially important for working with short-lived positron emitters like fluorine-
18 (t;1/ =110 min) or carbon-11 (t;;, = 20 min) and for in vivo pre-targeting strategies. Finally, the
non-toxicity of the reactants as well as the catalysts are of high importance for in vivo applications,
and the reaction should proceed under biological conditions taking into account pH, aqueous
environments, and temperature.'’

The terms “click chemistry” and “bioorthogonal reactions” have entered into the field of
radiochemistry and radiopharmacy. Both terms describe a set of labeling reactions which make use
of several site-selective and modular building blocks as well as facilitate chemoselective ligations to
radiolabel biologically relevant compounds. In this context, the Cu(l)-mediated triazole formation
from azides and terminal alkynes according to the 1,3-dipolar Huisgen cycloaddition as well as the
strain-promited Cu-free variant are particularly powerful ligation reactions, due to their high degree
of specificity and the biocompatibility of both starting materials. In the same way, both variants of
the Staudinger Ligation were applied. The absence of catalysts makes these reactions tremendously
attractive for radiolabeling purposes. Neither azides, phosphanes, alkenes nor tetrazines react with
other functional groups commonly present in biopolymers like peptides or proteins. Hence, there is
no-need for protective group chemistry. Thus, bioorthogonal click chemistry is a very attractive
approach for the evaluation of novel potent radiotracers for molecular imaging purposes.
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Origin of the Staudinger Ligation

In 1919, Hermann Staudinger and his colleague Jules Meyer were the first to describe the reaction of
organic azides with phosphanes.™ They obtained phosphane imines (phosphazenes or aza-ylides) as
products and elemental nitrogen as by-product under absence of water. A hydrolytic cleavage of the
phosphane imines occurs immediately by the addition of water to the reaction mixture yielding the
respective primary amine and phosphane oxide.'? The formation of a highly stable oxygen
phosphorus double bond is the driving force for this reaction, which is classically known as
Staudinger reduction.™

Phosphane imines, in general, are able to react with other compounds having an electrophilic center
instead of water. The utilization of carboxylic esters leads to compounds containing an acid amide
bond between the organic moiety of the former azide and the organic residue of the former ester

after hydrolysis of the intermediate. Thus, this intermolecular variant of the Staudinger Ligation

(three component reaction) was applied in the past for conjugation purposes.'***'*!” Both reaction
mechanisms are illustrated in Scheme 1."**
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Scheme 1. Overview of the mechanism of the Staudinger reduction and the intermolecular Staudinger
Ligation.

2021 and the non-traceless® versions of the bioorthogonal Staudinger Ligation

The traceless
(intramolecular, two component reactions) were discovered in the year 2000 (Scheme 2). Being two
of the first truly biorthogonal ligation reactions, both variants of the Staudinger Ligation have found
various applications such as: connecting carbohydrates and peptides, labeling of bioactive molecules
with fluorescence dyes and radionuclides, chemoselectively modifying of peptides and proteins,
modifying polymers, preparing special lactams and other (macrocyclic) ring systems, and
synthesizing glycosyl amides. Additionally, the absence of cytotoxic copper salts makes both variants
of the Staudinger Ligation highly interesting for potential in vitro and in vivo applications in contrast
to other catalyzed ligation reactions like the 1,3-dipolar Huisgen cycloaddition. Overviews about the
general utilization of both Staudinger Ligation variants are given by four excellent reviews*****>?°
and several more general reviews containing bioconjugate techniques based on biorthogonal

. 27,28,2 1,32
reactions,?//282930313
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Scheme 2. Variants of the (intramolecular) Staudinger Ligation.

Role of the ligation unit

The size of the building block plays an essential role in the case of radiolabeling, especially with
radiometal complexes. The final labeled compound can lose its pharmacological impact due to the
influence of the building block. To minimize this influence, the building block should be reduced to
its minimum size without losing the ability to stably connect the radionuclide.
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Scheme 3. Influence of the ligation unit for radiolabeling purposes.

In this case, the ligation unit also plays a highly important role. In general, a ligation unit is formed
when a functional group A from the building block reacts with a functional group B from the
biologically active molecule (Scheme 3). Depending on the applied functional groups, the resulting
ligation unit has a different size and/or a distorted structure which can also influence the biological
or pharmaceutical behavior of the ligation product beside the size of the actual building block. For
instance, a triazole unit (M = 67 g/mol) is formed using the Huisgen-click-reaction whereas a
benzotriazole residue (M = 246 g/mol) is yielded when using the strain-promoted click reaction. The
lowest size for the ligation unit was found using the traceless Staudinger Ligation (M = 43 g/mol)
which only consist of an amide bond. An overview of the influence of the ligation unit regarding their
distortion is presented in Scheme 4 and Table 1.
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Table 1. Overview of the ligation reactions used for radiolabeling in relation to the (molar) mass (AM) of the

ligation unit.
ligation reaction ligation unit (connection) AM [g/mol]
traceless STAUDINGER Ligation acid amide 43
HUISGEN-click-reaction triazole 67
nitrileoxide-based cycloaddition phenylisoxazole 145
tetrazine-click-reaction octahydrocycloocta[d]pyridazine 164
strain-promoted click-reaction 8,9-dihydro-1H-dibenzo[b,f] 246

[1,2,3]triazolo[4,5-d]azocine

non-traceless STAUDINGER Ligation triphenylphospane oxide 350

N”N‘N/O

N/O+o/% C)):/
3

PPh,O o”PPhZO

Scheme 4. Overwiew of the ligation reactions used for radiolabeling in relation to the (molar) mass
(AM) of the ligation unit.
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Traceless variant of the Staudinger Ligation

The traceless Staudinger Ligation was independently developed by the groups of Bertozzi** and
Raines® in 2000. Advantageously, the ligation product does not contain the phosphane oxide
residue, no metal catalyst is required, and only a carboxylic amide bond (native peptide bond) is

formed as the ligation unit, which leads to less distortion. For these reasons, the traceless variant

was used for the connection and chemoselective modification of peptides and proteins.”®**3%3>%

373839 the modification

43,44

Other applications consist of the fluorescence labeling of bioactive molecules,

41,42

of polymers,” the preparation of special lactams,*"** or the synthesis of glycosyl amides.

In the case of labeling reactions with dyes or with radionuclides, two approaches of the traceless
Staudinger ligation are described.” First, in the direct ligation approach, the label is connected to the
phosphane and the azide function is bound to the biologically active molecule. The opposite
connection of the starting materials is found in the indirect approach, with the phosphane bound to
the biologically active molecule and the respective label containing the azide function. Both
approaches are shown in Scheme 5.

direct approach:

o N biologically o
35— .
active molecule | )k biologically
(] o) @ N~ | active molecule
Il |
PPh, QPPhZ H

OH

indirect approach:
biologically AO o) biologically N
active molecule 1l active molecule H
PPh, QF’th
OH

Scheme 5. Approaches of the traceless Staudinger Ligation.

Various functionalized phosphanes based on aliphatic, aromatic and heteroaromatic skeletons
containing an electrophilic residue immediately next to the P(lll) center were developed in the past.
An overview is given in Scheme 6. The electrophilic species is either an ester, thioester or an amide.
The nature of this bond has strong influence on the reaction rate of the ligation reaction, the
stability against oxidation processes, and the formation of unwanted by-products (due to hydrolysis
during the ligation reaction). For radiolabeling purposes, the highlighted structures are mainly in use.
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Scheme 6. General composition of phosphane building blocks for the traceless Staudinger Ligation,
phosphanes highlighted in the box are in use for radiolabeling purposes (the electrophilic center is highlighted

in grey).
Direct approach

The direct approach of the traceless Staudinger Ligation applied for radiolabeling purposes with
fluorine-18 was first published in 2009.%® Phosphanes containing a benzoate or nicotinate residue
functionalized in ortho- or in para-position were reported. A novel synthesis procedure was
developed using 2-iodophenyl esters and diphenylphosphane as starting material to obtain these
functionalized phosphanes. Additionally, conventional esterification procedures were used with the
respective benzoyl chlorides 2a-d and phosphanol 5 or the Steglich esterification of 4d-m with 5.%
First, 2-iodophenyl esters 3a-j were synthesized from 2-iodophenol (1) and acid chlorides 2a-d or the
acids 4d-j. In the second step, phosphanes 6a-h were obtained in 58-89% yield using the palladium-
catalyzed P-C- cross-coupling reaction of 3a-j and diphenylphosphane with Pd(OAc), as catalyst. The
syntheses of these phosphanes are summarized in Scheme 7.

OH
| DCC, DMAP, [
KOtBu, THF, 16 h, o
. o THF RT . 60C . R RZ X
p 1 OH a H CH
) : F H CH
R . R’ 4d-j ¢ NO, H CH
a-d HPPh,, KOAC, d: [ H CH
Pd(OAc),, DMA, €. NMe, H CH
95°G f: O(CHZ)ZOH H CH
g: O(CH,),F H CH
h:  OH H CH
o OH it Me H CH
DCC, DMAP, PPh, IE Br H N
PPh, KOtBu, o] THF, 16 h, o k: F H N
o THFRT 60°C I: H F N
(js * — (Y © - 5 N oH | m: H Br N
PPh
cl R1 X/ R2 2 R1 X/ R2
R! 2a-d 6a-m 4d-m

Scheme 7. Preparation of functionalized phosphanes as reference compounds and precursors for
fluorine-18 labeling.

This approach was primarily designed for the introduction of the 4-[**F]fluorobenzoate moiety as
alternative for the use of succinimidyl 4-["*F]fluorobenzoate ([**F]SFB).*** Thus, 4-nitro- and 4-
aminobenzoate 6¢ and 6e were prepared as precursors and 4-fluorobenzoate 6b as the non-
radioactive reference compound. For the introduction of the 4-trimethylammonium precursor,
compound 6e was reacted with methyl iodide. To avoid unwanted formation of phosphonium salts,
6e was first protected with borane. Then, borane-protected derivative 7 was treated with methyl
iodide to give ammonium compound 8. Finally, the BHs group of 8 was removed with methanol to
give the final precursor 9. The reaction pathway is illustrated in Scheme 8.
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Scheme 8. Synthesis pathway to prepare ammonium precursor 9.

Radiofluorination of precursor 6¢ was tested under different conditions by varying the solvent,
temperature, base, and the time, but the desired **F-phosphane [**F]6b was only obtained in a
maximum RCY of 1-2% (DMSO, 120°C, 40 min). Additionally, a by-product was found in 5-6% RCY,
which was determined to be the oxidized phosphane ox.['®F]6b. This formation could be an
indication for a faster kinetics of the Staudinger reduction in comparison to the Staudinger ligation
under radiolabeling conditions. Radiofluorinations using precursors 6d, 6j, 6m, and 9 were not

successful.
by-product
0 dlffe_r_ent o o
conditions
R X/ PPh2 18F X/ PPh2 18F O,/Pphz
6c, 6d, 6j, 6m, 9 ['8F16b, ['éFl6k, ['°FI6I ox.['8F16b
X =CH, R = 4-l, 4-NO,, 4-Me3N*I" X=CHorX=N
or X=N, R = 2-Br, 4-Br

Scheme 9. Radiolabeling using precursors 6c, 6d, 6j, 6m, and 9.

To avoid using harsh reaction conditions for a nucleophilic introduction of [**F]fluoride into aromatic
compounds, the 4-fluoromethylbenzoate moiety was chosen instead™ allowing an introduction of
[*®F]fluoride under milder conditions.”* Furthermore, the cross-coupling strategy was chosen to
overcome problems with the oxidation of the phosphorous during the introduction of fluorine-18.
For this purpose, the respective '*F-labeled 2-iodophenylester was prepared and coupled with
diphenylphosphane in a Pd-catalyzed cross coupling reaction to yield the resulting phosphane

building block. Such cross-coupling reactions are known in fluorine-18 chemistry.*

For this approach, three different precursors 10, 11, and 12 were prepared and the ®F-labeled 2-
iodophenylester [*®F]13 was synthesized. As shown in Table 2, the RCY is dependent on the leaving

This article is protected by copyright. All rights reserved.



group and amount of the precursor. The highest RCY of 66% was obtained when using a relatively
high amount of precursor 12 in acetonitrile at 90°C for 15 min.

Table 2. Radiolabeling conditions for the preparation of 2-iodophenylester [ISF]13.

precursor  leaving group amount solvent reaction time RCY
1 10 Br 3.34mg acetonitrile 30 min 1%
2 10 Br 4.31mg acetonitrile 15 min 7%
3 10 Br 3.34mg acetonitrile MW © 1%
4 11 I 2.33mg acetonitrile 15 min 1%
5 11 1® 5.21 mg acetonitrile 20 min 46%
6 12 OTs 3.21mg acetonitrile 30 min 25%
7 12 OTs 5.20 mg acetonitrile 30 min 33%
8 12 OTs 5.20 mg acetonitrile MW © 36%
9 12 OTs 9.52 mg ACN/t-BuOH 15 min 2%
10 12 OTs 10.30 mg acetonitrile 15 min 66%

a) AgNO; was added, b) AgOMs was added, c) MW conditions: 5 min/50 watt.

The final-cross coupling step to prepare the non-radioactive reference compound 14 and the labeling
building block ['®F]14 was performed using diphenylphosphane, KOAc and Pd(OAc), in N,N-
dimethylacetamide under an argon atmosphere. The cross coupling reaction to the appropriate non-
radioactive reference compound 14 was successful. Phosphane 14 was synthesized in 41% yield, but
the preparation of radiolabeling building block ['®F]14 failed (Scheme 10).

NBS, CCl,,

Nal acetone, RT, 16 h \/©)1\ /Q 75°C, 16 h /@)]\ /@
AgF,
acetonitrile,
darkness, rt, 16 h
O
‘ AgF, acetonitrile, O
darkness, rt, 16 h
18/19|: |

AGOTs, 13/['8F113
Acetonitril,
darkness, rt, 16 h

acetonitrile, Pd(OAc)s,,
DMA, 70°C

90°C, 15 min
(0)
sO\/©)J\ | Q
12 o)
F PPh,

14

[8F]F-, ’ ‘ HPPh,, KOAC,

Scheme 10. Preparation of precursors 10, 11, and 12, and the fluoromethyl-containing phosphanes
13, [**F]13, and 14.

This article is protected by copyright. All rights reserved.



Based on previously described results, a two-step-radiolabeling procedure for the traceless
Staudinger Ligation was developed starting with 4-hydroxy derivative 6h. First, 6h was reacted with
[*®F]fluoroethyl tosylate ([**F]15) and the appropriate labeling building block ['®F]6g was obtained.
Next, the labeling step was accomplished with four sample azides 16-19 without isolating [‘*F]6g
beforehand. The respective radiolabeled Staudinger products [*®F]20-[*®F]23 were obtained in a one-
pot reaction in 17-21% RCY after three steps. The overview is shown in Scheme 11.

o
/©)LO Ng~ Tj 0
16 N
PPh
HO 6h 2 Fel~ /©)‘\H/\©
o ['8F120
+ >(O N3
18F
~"0Ts AL O
['8F]15 >£o o
ac?tonitrile,. 17 o _NH
90°C, 15 min >( o ['°Fl21
0 o L(
@)
O acetonitrile, o Ool( (0] OO (0] o
/©)‘\o 90°C, 15 min %&EO \< o}
18F PPh 18 =N N
~"0 [8F16g 2 3 . N
~"o [18F]22
s a
(0] o
0) O
O>< F/\/O o
N3 O 19 NH O

['8F123 o)

Scheme 11. Preparation of radiolabeling building block [*F]6g and radiofluorination of 16-19 using
the traceless Staudinger Ligation.

To avoid the obstacles of the previously mentioned three-step procedure using [*®*F]fluoroethyl
tosylate ([**F]15), a more simple one-step approach for the preparation of the fluorine-18 containing
phosphane building block [**F]25 (RCY = 65%, d.c.) based on aliphatic esters was developed.”>* A
five carbon atom chain length was chosen for precursor 24, and different bases, radiofluorination
agents and solvents were evaluated for the optimization of the radiolabeling procedure. The highest
RCY’s for [*®F]25 were obtained using [**F]fluoride in the presence of tetrabutylammonium
hydroxide in a mixture of acetonitrile/t-BuOH (v/v = 1:4)>> for 10 min at 100°C using a relatively high
amount of precursor 24. Based on these conditions, several azide functionalized model compounds
26-29 including a carbohydrate moiety and (+)-biotin were subsequently labeled with ['*F]25 using
the traceless Staudinger Ligation with decay corrected RCY’s of [*®F]30-[*¥F]33 ranging from 12 to
31% (Scheme 12).
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Scheme 12. Preparation of radiolabeling building block [**F]25 and radiofluorination of [**F]30-
[*®F]33 using the traceless Staudinger Ligation.
Two publications were found describing the traceless Staudinger ligation and in this case the
preparation of a radioiodine-labeled phosphane building block. In 2011, Vaidyanathan and
colleagues published a procedure for the synthesis of [**'1]6d either from stannyl precursor 35 or
from succinimidyl 4-[*'I]iodobenzoate ([**'1]SIB) [**'1]34 (RCY = 68.2+11.6%),”® however the pathway
using the stannyl precursor 35 failed (Scheme 13). A reason could be that iodine was mostly
introduced as |"-species in an electrophilic aromatic substitution reaction. This species or the
oxidizing agent, which is required for the formation of the I"-species, can also lead to unwanted

reactions with the phosphorous of compound 35.

(0]
/@)\ ? PPh, /@)k Sy /@)’LO
[ j PPh
131, 131 PPh, BusSn 2

['3"116d / 6d 35

reference compound: HATU, EtzN, CH;CN
radiolabeling:KOtBu, DIPEA, THF

Scheme 13. Synthesis of the *!I-containing building block [**!1]6d.

Later in 2015, Mamat et al. presented a synthesis procedure starting from trimethylstannyl
precursor 38, which was borane-protected prior to the reaction with elemental iodine.”” Next,
elemental iodine was introduced leading to borane-protected 39 without any side reactions like
oxidation or other degradation. Finally, the BH;-group of 39 was removed to obtain phosphane 6d
using methanol at 60°C.
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Scheme 14. Alternative introduction of iodine via electrophilic aromatic substitution into borane-
protected, stannylated phosphane 37.

Indirect approach

Two labeling strategies have been published for the introduction of fluorine-18 using the indirect
approachof the traceless Staudinger Ligation. In 2010, Gaeta et al. reported the preparation and
radiolabeling of GABA, receptor binding 4-quinolones with an inhibitory constant K; ranging from 0.7
to 3.7 nM.® For labeling purposes, the bioactive site of molecule 41 was modified and reacted with
(diphenylphosphino)methanethiol (40) to give precursor 42. Furthermore, 2-[**F]fluoroethyl azide
([*®F]115) was applied as the azide labeling building block. The following Staudinger Ligation was
accomplished in a mixture of acetonitrile and DMF for 15 min at 130 °C and [*®F]43 was obtained
after purification using preparative HPLC with a 75% RCY, not d.c. (30-50 MBq) and a molar activity
A, =0:9 GBg/umol (radiochemical purity > 95%); see Scheme 15. Biological data showed that only a
modest fraction of the compound crossed the blood—brain barrier, with peak uptake of 0.12% of the
injected dose (0.11% ID/g). Ex vivo autoradiographic analysis of prefrontal cortex, striatum and
thalamus slices indicated significant differential binding of [**F]43 consistent with the distribution of
GABA, receptors.

S @it ©\ Qi
A~
oo O = Y 0O
N N
H H
40 41 42

18F/\/N3
['®F]15
o o CH4CN, DMF,
18, 15 min, 130°C
F. s
\/\N
Ho |l
N
H ['®F143

Scheme 15. Preparation of radiotracer [*¥F]43 for imaging of GABA, receptor.

The second work was published by Gouverneur et al. in 2011 using a similar strategy.” Phosphane
functionalized sample molecules 44 and 45 as well as amino acid derivatives 46 and 47 were reacted
with the labeling building block, 2-[**F]fluoroethyl azide (['®F]15). All of these chosen molecules
contain a carboxylic acid function which was mandatory for the connection with the phosphane unit.
Thioesters 44-47 were obtained as precursors when using (diphenylphosphino)methanethiol (40) as
phosphane unit. For radiolabeling, two labeling conditions were applied: (A) THF/H,0 (4/1), 120 °C,
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15 min and (B) DMF/H,0 (6/1), 120 °C, 15 min, but no difference in RCY was observed (Table 3). All
radiolabeled compounds [*®F]48-[*¥F]51 were obtained with RCY’s >95%.

Table 3. Scope of the labeling reaction under Staudinger conditions.

Starting material Conditions RCY? Product

o (@]
18
(lfiJL ~ A > 95% (j\( ,)LN/\/F
4 S PPh, 44 4 N

[**F]48

O
18
/\PPh2 N/\/F
A >95% H H

45 o [**F]49
Ph
A >95% H
S PPh; N\
ACHN%‘( B S 95% AcHN I 18F s
[*°F]50
NH NH
= A >95% =
AcHN S PPh, AcHN N 18
o 47 0 [**F]51

¥ = conversion from 2-[**F]fluoroethyl azide ([**F]15).

The goal of this paper was the development of a simplified purification procedure based on fluorous
solid phase extraction (FSPE) using highly fluorinated starting materials. In a previous publication, 2-
["®Ffluoroethyl azide ([*®F]15) was successfully synthesized from the perfluorinated sulfonate
precursor 52.%° ['®F]15 was obtained in a RCY of 76% and a molar activity of 10 GBg/umol after
purification via FSPE. For the radiolabeling within the Staudinger Ligation, phosphane 53 was
prepared containing two perfluorobutyl groups. FSPE was used again for the purification of the
radiofluorinated Staudinger ligation product. In a sample reaction phenyl alanine [**F]50 was

prepared in a high RCY of >95% using this strategy.

K['8F]F, K222,
oNe) CH4CN, 120°C, 15 min

,,,,,, s’ N 18~ N3
Rias 07 F
52 ['8F]15
NHAc N
s T Ph
w DMF/H,0 6/1, "
Q 120°C, 15 min
P AcHN N\/\18F
o)
,,,,,, ['8F]50
FiCd 53 G4

Scheme 16. Sample reaction for the preparation of the azide building block [**F]15 and sample
Staudinger Ligation to label phenylalanine 53.
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Non-traceless Staudinger Ligation

In 2000, Bertozzi and co-workers discovered the non-traceless variant of the Staudinger Ligation for
the modification of cell surfaces with biotin.?? Since then, this variant has also gained access for
radiolabeling purposes, but only a few applications are known.

Two patents were published by Robillard and Gruell in 2006 demonstrating the application of the

6162 |n one patent, they claimed a procedure

non-traceless ligation for radiolabeling with fluorine-18.
to prepare a ‘®F-labeled glucose derivative from 2-azido-2-deoxy-D-glucose (54) and
[*®F]fluorophosphane [*®F]56 as alternative for [*®*F]FDG (2-deoxy-2-["®F]fluoroglucose), but
unfortunately no experimental procedure was found even for the preparation of ®F-phosphane

[18F]57 shown in Scheme 17.%

OH

o}
o N3 HO OH N
HO NH H o
HO N OH 18 Ph,P o 18F ~
3
54 ['°F155 ['®F157  PPh,O

_0

O ['®F]56

Scheme 17. Azide- and phosphane-building blocks [**F]55-[*®F]57 for radiolabeling purposes using
the non-traceless Staudinger Ligation.

In a later publication, several functionalized phosphanes 58-61 were prepared either with DOTA
(1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid) for Y7Ly and DFO (deferoxamine) for 8zr
and °*%Ga (Scheme 18) or a moiety for the connection of **I/**! (Scheme 19).** For the pretargeting
approach, the anti-CD44v6 chimeric mAb U36 was modified with azido functions. The purification of
the modified antibody 62 was done via dialysis. The average number of the azide residue was
determined via UV measurements to be 4, 6, 8, or 15. Thus, the efficiency of the modification was
37-42%.
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Scheme 18. Chelators 58-61 for ®’Ga/*®Ga, *zr, *’’Lu and structure of the azide-functionalized mAb
62.

To avoid oxidation of the phosphorous, an antioxidant (Na,SO;) was added during the radiolabeling

of the phosphanes with the radiometals. The labeling efficiency of the phosphanes is generally high

(>95%), but also the respective oxidation products were found in yields of 9-20%.

A cubanecarboxylic acid derivative was used as basis for the preparation of radiolabeling building

blocks bearing iodine-123 (Scheme 19). Thus, 4-bromo-1-cubanecarboxylic acid (63) was used as

starting material and reacted with CuOTf to give the precursor. [**|]lodide was then added to the
reaction mixture and heated at 140°C for 30 min. Methyl 4-['*’I]iodo-1-cubanecarboxylat (['*’1]64)

was obtained after HPLC purification and was then saponified to yield [

123|165 and converted into its

activated ester ['?’1]66. Finally, the 4-['*|]iodo-1-cubanecarboxylat residue was connected to the

phosphane to give the radiolabeling building block [***]67 containing approx. 5% of the oxidized

product.
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Scheme 19. '2I/**!I-labeling of a phosphane for the non-traceless Staudinger Ligation.

The first in vitro Staudinger Ligation was performed with #*Zr- and ®’Ga-DFO-containing phosphane
58 as well-as with '”’Lu-containging DOTA-phosphane 60 and to study the efficiency and stability in
Human serum albumin (HSA) of this ligation by SDS-PAGE. For this preparation, 24 equivalents of the
respective labeled phosphine were added to 1 equiv. of the N;-mAB containing approx. 24 azide
functionalities in PBS buffer (6 v/v% EtOH) at 37°C for 2 h. As a result, all three phosphines are only
slowly oxidized with a chemical half life of about 10 h and a ligation efficiency between 20 and 25%
at 37°C. Furthermore, 93% of the formed Staudinger products remained intact after 48 h incubation
at 37% in 0.9% NaCl or 80% HSA. In a pretargeting approach, in vivo experiments with tumor-free
mice were accomplished with sequential administration of the azide-functionalized mAb and *Ga-
containing DFO-phosphane 59. No difference in biodistribution was found between these mice and
mice which did not receive the antibody. Additional HPLC analyses revealed no evidence for a
Staudinger Ligation in vivo in mice.

Conclusion

This review has summarized the applications and the scope of both variants of the Staudinger
Ligation as bioorthogonal reactions for the introduction of radionuclides into small organic
compounds as well as biomacromolecules. These reactions have become a metal-catalyst-free tool
for radiolabeling high molecular weight pharmacologically relevant molecules, like peptides or
proteins, but also for radiolabeling small compounds of interest. For labeling purposes, fast and high
yielding reactions are required and strategies for a convenient purification in an acceptable time
span. In this case, the kinetics of the Staudinger Ligations is sufficient for labeling applications even
with-short-lived radionuclides. Oxidation processes, which can occur at the phosphorus of the
phosphane unit were prevented using the borane-protected compounds or by adding antioxidants.
Nevertheless, an in vivo application seems to be difficult, since the Staudinger reduction appears to
be faster than the Staudinger Ligation in vivo under these conditions.
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Various examples of the traceless variant demonstrate the introduction of fluorine-18. Furthermore,
a labeling strategy for radioiodine was presented using this approach. The non-traceless variant was
used for the introduction of radiometals such as Lu-177, Ga-67, and Zr-87 for pretargeting purposes.

123

Additionally, the synthesis route to a ““’I-containing radiolabeling building block was presented.

The use of special resins like FSPE for fast and convenient purification makes this labeling reaction
interesting especially but not only for the introduction of short-lived radionuclides under mild
labeling conditions. Overall it has been shown that the Staudinger Ligation can function as a valuable
tool for radiolabeling purposes.
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