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ABSTRACT

Alzheimer’s disease (AD) is one of the challenging conditions that have no cure, yet early diagnosis can

help to control the disease. PET imaging of tau has several advantages, such as being a noninvasive, safe
diagnostic technique that correlates directly with the disease progression. Many tau tracers have been
reported to date; however, the chemical scaffolds of them fall in a narrow chemical window, and none was
approved yet as none is entirely selective and sensitive to tau. These problems are being solved as new
tracers emerge constantly. In this report, the first-generation tau tracers such as [''C]JPBB3, 2-arylquinoline
(THK) series, ['°F]T808, and ['®F]AV-1451 (['®F]T807) are reviewed from an organic and radiochemistry
perspective; thus the most effective chemical approach to synthesize these tracers is discussed. This would
help to design novel tracers which can meet the challenges faced by the current tracers.
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Introduction

Alzheimer’s disease (AD) is a multifactorial chronic
disease characterized by loss of memory and, ultimately,
death, particularly in the elderly (1). According to
Alzheimer’s Association 2020 report, AD is the most
common form of dementia in old patients, as it comprises
up to 80% of the total dementia cases in the US. Recent
statistics indicated that AD is the sixth cause of death
in the US, and the number of AD patients is expected
to increase significantly in the next 30 years. In the US
only, total expenses for health care of dementia patients
in 2020 is estimated to be $305 billion, which is a burden
to any health system (2). For that, billions of dollars are
being spent to treat AD; however, all the current marketed

therapeutics are merely symptoms-based treatments (3, 4).

Nevertheless, it is believed that early detection of the
disease contributes to better management of the symptoms,
which benefits the patient ultimately (5). Typically, the
level of several biomarkers, such as beta-amyloid (A-
B) and tau protein is detected in the cerebrospinal fluid
(CSF) (6); however, several pieces of evidence disproved
the accuracy of this technique, particularly with the
development of several noninvasive, accurate techniques
including PET imaging (7, 8). In fact, PET imaging has
been extensively applied for the characterization of the
severity of AD cases, the progress of the diseases, and the
efficacy of the therapeutic approach used.

AD is characterized by two main hallmarks: deposition
of extracellular amyloid plaques formed by aggregation
of soluble A-B protein to form insoluble plaques, and

deposition of intraneuronal neurofibrillary tangles
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composed of hyperphosphorylated tau tangles that have
been dissociated from the microtubules (9). Typically,
the concentration of A-} deposits is up to 20-times higher
than tau tangles in AD brain, as A-f} deposition happens
first as AD develops. However, tau tangles were found
to correlate better with the clinical symptoms of AD than
the deposition of A-B plaques (10, 11). This explains the
continuous failure in the clinical trials employing A-
ligands (12). Interestingly, many A-f3 PET imaging agents
were FDA-approved, while no tau radioligands have been

approved so far.

Tau PET tracers have been classified into first-
and second-generation based on their potency,
pharmacokinetics (PK), and selectivity, with the second-
generation being superior in those terms. As a rule of
thumb, tau tracers should have specific requirements to be
suitable for further evaluation in human subjects, which
were extensively reviewed in several review articles
(13, 14). Those requirements include: (i) being small
molecule with molecular weight < 700; (ii) highly potent
(nanomolar affinity) and high selectivity to tau filaments
over other targets in the brain; (iii) high brain uptake due
to high BBB penetration; (iv) not a substrate for efflux
transport proteins; (v) fast clearance from the brain with
no BBB-penetrant radioactive metabolites. Several
radiotracers developed recently have been chosen based

on their ability to abide by these regulations.

Even though there are hundreds of reviews about tau
tracers for PET imaging, to the best of our knowledge,
there are very few discussing the chemical structures or
the synthetic approaches to these tracers. In this report,
we intend to review the first-generation tau tracers from
an organic pharmaceutical chemistry perspective. In
other words, chemical structures, chemical synthesis, and
radiolabeling of first-generation tau PET ligand will be the
focus of this report.
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First-generation tau tracers

The main characters that separates first-generation from
second-generation tau tracers are their low tau selectivity
and high uptake in the subcortical white matter (15). The
affinity to monoamine oxidase (MAO)-A and MAO-B as
an off-target was found to be a common character in all
the first-generation ligands, which is responsible, at least
in part, for distorting the PET image obtained using those.
A recent molecular modeling study revealed that there
is, indeed, a common binding site for all those tracers on
MAO-B, which is similar to that of safinamide, a known
MAO-B inhibitor (16). Furthermore, while tau is known to
accumulate in posterior cingulate, inferior lateral temporal,
and lateral parietal regions according to histopathological
studies and postmortem data, many members of the first-
generation tau tracers showed discrepancy with their
PET images in human subjects (14, 17). The radiotracers
discussed in this review are described in Fig. 1, which
include [''C]-PBB3, 2-arylquinoline series (['*F]THK-
5117, [*F]THK-5317, [*F]THK-5151, ['*F]THK-5451,
and [*F]THK-5351), ["*F]AV-1451 (["*F]T807), and ["*F]
T808
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Figure 1. Chemical structure of first-generation tau PET radioligands
discussed herein.



["C]PBB3

The Pyridinyl Butadienyl Benzothiazole [''C]PBB3
tracer is one of the firstly introduced tau ligands that
was developed by the National Institute of Radiological
Sciences in Japan, based on the structure of the A-f
tracer ["'C]PiB. Separating the benzothiazole and the
aminopyridine moieties in the A-B tracer [''C]AZD2184
with all-trans butadienyl bridge lead to the development
of [''C]PBB3 with 2.55 nM affinity to tau protein. Due
to similarities in the structure of [''C]PBB3 with other
A-P tracers, it is easy to predict that it binds both tau
and A-B (only 50-fold selective to tau over A-f). Thus
PET imaging with this tracer correlates better to A-f3
tracers than other tau ligands with higher tau selectivity
(18, 19). In addition, the butadienyl linker caused the
compound to lose almost 50% of its radiochemical
purity within 10 minutes of exposure to fluorescent light
by photoisomerization (20). Besides, the preclinical
evaluation of ['CJPBB3 revealed significant issues, such
as low brain uptake, brain-penetrant metabolites, which
limit its applications in humans (21). Furthermore, being

a "'C-tracer means that the tracer should only be prepared

Scheme 1. Chemical synthesis of PBB3.
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and used in-house due to the short half-life (20 minutes).
Despite those shortcomings, the compound was recently
found to be effective in discriminating other forms of
tauopathies than AD, such as Progressive Supranuclear
Palsy (PSP), corticobasal degeneration (CBD) in addition
to a-synucleinopathies (21-23).

Synthesis of cold PBB3 was reported in 2015, starting
from S-bromo-2-nitropyridine (1) and 6-methoxy-2-
methylbenzothiazole (4) as illustrated in Scheme 1. (24).
Compound 1 was reacted with acrolein diethyl acetal (2)
adapting Cacchi reaction conditions to yield compound 3
in a moderate 30% yield (25). The commercially available
compound 4 was reacted with diethylchlorophosphate
using in situ prepared lithium diisopropylamide (LDA) to
obtain compound 5 in 67% yield, which was reacted with
3 using Wittig-Horner conditions to afford a 42% yield
of compound 6 (26). Metal-catalyzed selective reduction
of the nitro group of 6 was achieved, in low yield, using
iron, acetic and hydrochloric acids to obtain compound
7, which was N-monomethylated via condensation with
paraformaldehyde followed by sodium borohydride
reduction to obtain 8 in moderate 42% yield. Compound

8 was O-demethylated using standard boron tribromide
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procedure in dichloromethane (DCM) to get the cold
PBB3 (9) in 69% yield.

Radiolabeling of ["'C]PBBS3.

Radiosynthesis of [''C]PBB3 is based on mono-
methylation of the primary amine on the pyridine ring,
as depicted in scheme 2. In general, the amino group in
the a-position of a pyridine ring is weekly nucleophilic
due to the mesomeric and inductive effects of the
pyridine nitrogen. Therefore, harsh reaction conditions
might be required to methylate this primary amine.
However, extremely harsh conditions might result in
demethylation, which means that the reaction conditions
must be optimized. The decay corrected radiochemical
yield (DCRY) of the synthesized [''C]JPBB3 was affected
by the type of precursor (O-t-butyldimethylsilyl (TBS)
protected or unprotected precursor) and reagents ([''C]
MeOTYf or [''C]Mel) used. In the case of TBS protected
precursor, the use of either reagent gave rise to 15-20%
DCRY, while the use of unprotected reagent with [''C]
MeOTT increased the DCRY to 20-25%. Although
there were some variations between the two protocols
that used the O-TBS-protected precursor in terms of
reaction temperature and reaction time (scheme 2), both
procedures gave comparable DCRY (20, 24).

Scheme 2. Efficient radiolabeling approach to [''C]PBB3.

Demethylation of the methoxy group in compound 7
using standard boron tribromide procedure afforded com-
pound 10 in 71 % yield. Free phenolic hydroxyl group in
compound 10 was protected by TBS group to afford com-
pound 11 in 33% yield, which was used as the precursor for
the radiolabeling of ['"C]PBB3. Alternatively, unprotected
compound 7 was applied directly to prepare [''C]PBB3
(24). To acetone solution of 7 was added KOH, and ["'C]
MeOTf was passed for 2 minutes at room temperature.
The reaction mixture was heated to 80 °C for 5 minutes,
quenched with water, and finally purified using high per-
formance liquid chromatography (HPLC) to obtain [''C]
PBB3.

The 2-arylquinoline (THK) series

[*FJTHK-5117, [*FJTHK-5151, ["*FJTHK-5317, ["*F]
THK-5351 and [*FJTHK-5451

In 2005, Okamura et al. reported the first development
of a series of tau tracers based on quinoline scaffold (27).
Followed that, many trials to improve the potency, the
selectivity to tau, and the PK parameters were attempted,
ultimately leading to the discovery of what is considered
now among the most extensively studied tau tracers in

human. The THK series members used in human studies
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or currently undergoing clinical trials include ["*F]THK-
5117 and ["*F]THK-5151, both contain a chiral center
at the secondary alcohol carbon. This chirality gives
rise to two enantiomers for each of the compounds
with differences in their biological behavior. For ["F]
THK-5151, studies have shown that the S-enantiomer
(["*F]THK-5317) has superior PK to its R-isomer and
consequently was further subjected to intensive studies
(28, 29). The strategic introduction of N atom to the
phenyl on the 2-position of the quinoline ring resulted
in ["*F]THK-5351. This minor structural modification
resulted in significant improvement of the overall PK of
the ['*F]THK-5351 over [ *F]THK-5117 (30-32).

The chemical synthesis of the racemates THK-
5151 and THK-5117 starts with chlorination of the
commercial quinoline-2,6-diol using thionyl chloride

in dimethylformamide (DMF), which converts the

Scheme 3. Chemical synthesis of the racemic mixture THK-5151.

Journal of Radiopharmaceuticals and Molecular Probes

2-hydroxy into chloro substituent in 86% yield (Scheme
3). The weekly phenolic hydroxy group on position 6 is
not affected by these conditions. This led to compound 13,
which was etherified at the 6-hyroxy group with a racemic
mixture of 2-((t-butyldimethylsilyl)oxy)-3-fluoropropan-
1-ol (compound 14) to obtain compound 15 in 86% yield.
Compound 15, as a key intermediate, was used to prepare
THK-5151 and THK-5117 by applying Suzuki coupling
conditions according to the boronate/boronic acid used.
Reacting compound 15 with (6-fluoropyridin-3-yl)boronic
acid (16) yielded compound 17 in an excellent 94% yield,
which was further deprotected using straightforward
use to fluoride-bearing tetrabutylammonium fluoride
to remove the silicon-based TBS group (95% yield).
Aromatic nucleophilic substitution of the fluoro atom on
the 2-position of the pyridine ring with methylamine in
methanol gave rise to THK5151 in 85% yield as a racemic
mixture.
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Scheme 5. Radiochemical synthesis of ["®F]THK-5117 and ["®F]THK-5351.
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Alternatively, refluxing compound 15 with the
pinacolato boronate ester 18 under Suzuki coupling
conditions afforded a quantitative yield of the di-protected
THK-5117 that was deprotected under acidic conditions
of TFA to obtain THK-5117 in 84% yield as a racemic
mixture as shown in Scheme 4. Chiral separation of the
racemic mixture ["*F]THK-5117 gave rise to [*F]THK-
5317.

Radiolabeling of [18F]THK series

Aliphatic and aromatic radiolabeling reactions with °F, in
the form of [*F]KF, are generally based on nucleophilic
substitution mechanism using a suitable leaving group in
the site required to be labeled in the precursor. Because
of the poor nucleophilicity of the fluoride anion (F’), a
catalyst is generally required. Kryptofix 2.2.2 (K2.2.2).
is a cyclic ether-amine-based potassium ion chelator.
The use of K2.2.2 with KF significantly improves
the nucleophilicity of the F~allowing the nucleophilic
substitution reaction to proceed at reasonable reaction
conditions. Therefore, the general procedure to activate
the ["*F]F involves the addition of acetonitrile solution
K2.2.2 to the K,CO, solution of the ["*F]F" followed by
azeotropic evaporation at 110 °C in order to obtain the
anhydrous form of [*F]JKF/K2.2.2 complex which is the
activated form of ["*F]F that is suitable for fluorination

32 J Radiopharm Mol Probes Vol. 6, No. 1, 2020

reaction. THK-5117 precursor is then dissolved in
dimethyl sulfoxide (DMSO) and heated with the activated
["*F]F" at 110 °C for 10 minutes to prepare ['*F]THK-
5117 (Scheme 5). Deprotection of the O-protecting THP
group is then achieved by adding 2 M HCl to the reaction
mixture and allow it to react for 3 more minutes (33).

Betthauser et al. reported the synthesis of ["*F]THK-
5351 using a similar reaction condition, but they also
found that the increase in radiolabeling was minimal
after 7 minutes following scheme 5. The DCRY obtained
by this method was 23-55% depending on the mass
of the precursor used; large amount of precursor gave
higher yield (34). Neelamegam et al. reported automated
radiolabeling of ["*F]THK-5351 following a 2-steps one-
pot reaction as depicted in Scheme 5. with 21.0 £+ 3.5%
non-decay-corrected radiochemical yield (35). Fully
automated radiolabeling of [*F]THK-5351 with high
yield was reported by Lee et al. In this report, [ *F]F" was
activated with potassium methanesulfonate (pH 7.8)/
K2.2.2 and dried azeotropically with acetonitrile. The
solution of the THK-5352 precursor in DMSO was added
and the reaction was progressed under the same standard
conditions illustrated in Scheme 5. The total process time
was 75.0 + 5.0 min, including HPLC purification and
formulation to obtain ["*F]THK-5351 in a non-decay-
corrected radiochemical yield of 31.9 + 11.1% (36).
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mention that ['*F]T807 does not contain an aliphatic fluoro

Siemens series (['®F]T807 and ['8F]

T808) to oxidative defluorination metabolism compared to ["*F]

[PEJAV-1451 (/" F]T807, [ F] Flortaucipir) T808. This led to the selection of [*F]T807 for further
clinical evaluation over ['*F]T808 (39).

atom, but rather an aromatic fluoro, which is more stable

Between 2011 and 2013, the molecular imaging The synthesis of the pyrido[4,3-b]indole scaffold-

biomarker research team in Siemens Medical Solutions containing T807 was achieved via refluxing the

reported two radiotracers, ["*F]T807 and ["*F]T808. ["°F]

commercially available 3-bromo-4-nitropyridine (19) with
T807 was developed by Avid Radiopharmaceuticals and

4-bromophenylboronic acid (20) using Suzuki coupling
currently belongs to Eli Lilly pharmaceuticals. Today, standard procedure to obtain compound 21 in good yield
(72%) as illustrated in Scheme 6 (40). Reductive cyclization
of 21 using triethyl phosphite resulted in a comparatively
higher yield (70%) of the key intermediate 22. This higher-

than-expected yield was achieved by controlling the time

these two tracers are the most extensively studied tau
tracers due to their high nanomolar affinity to tau paired
helical filaments (PHFs), reasonable selectivity to tau PHF,
good PK properties and low binding to the white matter
(37, 38). The chemical nucleus is different between both
tracers. Whereas ['*F]T807 has a pyrido[4,3-b]indole
scaffold, ['*F]T808 core is a benzo[4,5]imidazo[1,2-a]
pyrimidine. Furthermore, ['*F]T807 bears an aromatic
["*F]fluoro atom, while ['*F]T808 has an aliphatic one.
This means that the chemical synthesis and radiolabeling

and the temperature of the cyclization reaction. Next,
22 was subjected to a second round of Suzuki coupling
reaction with compound 16, which afforded T807 in 53%
yield. Alternatively, the Stille cross-coupling reaction was
employed via refluxing 2-nitro-5-(trimethylstannyl)pyridine
(23) with compound 22 to obtain the unprotected 24, which

pathways are different. Besides, the two tracers shall have was t-butyloxycarbonyl (Boc)-protected to achieve a high

different kinetics and metabolism. It is also noteworthy to yield of compound 24 (85%), which was used as a precursor

Scheme 6. Chemical synthesis and radiolabeling of T807 and ["F]T807.

OH
Br—< >*B
NO, OH | A NO:
‘ N 20 N P(OEt)s, 110 °C, 3 h.
s e
N A g, Pd(PPhs)s, Na,COs, 70%
dioxane, H,0, 110 °C, 18 h. Br
19 72% 21
OH
B
X OH
=N F | N” -
N/ 16 \ 7
N Pd(OAc),, Cyclohexyl ‘ X ”
Br H JohnPhos, K,CO3, DME, _
F
22 H,0, reflux, 48 h. T807
53%
- SNMes | 1. 23, Pd(PPhg),, Cs,CO3, dioxane,
@/ 100 °C, 20 h; 26%
O,N N 2. DMAP, (Boc),0, DCM, rt, 8 h; 85%
23
['8F]KF/K2.2.2, DMSO, 140 °C, —N
15 min; HPLC-SPE; 20-30%. N\ /
A N
| H
O2N 1o N
24 ['8F1T807 (['®F]Flortaucipir)

www.ksramp.or.kr 33



Choong Mo Kang, et al
to prepare ["“F]T807 (Scheme 6).

Radiolabeling of ['®F]T807

The radiolabeling of ['*F]T807 is a straightforward,
fully automated process using compound 24 as the
precursor. The process starts with the typical activation of
the ["*F]F using K2.2.2. The activated ["*F]F (anhydrous
[*F]KF/K2.2.2 complex) replaces the nitro group on
position 2 of the pyridine of compound 24. This is
achieved by heating a DMSO solution of the precursor
24 with ["*F]KF/K2.2.2 complex at 140 °C for 15
minutes, which deprotected the Boc group simultaneously
(Scheme 6). Shoup et al. and Mossine et al. reported a
one-step automated synthesis of ["*F]T807 using ['*F]KF/

K2.2.2 complex in DMSO at 130 °C for 10 minutes. The
non-decay-corrected radiochemical yield was comparable
in both reports, yet relatively low (14 + 3%) (41, 42).
Gao et al. reported the use of the same precursor 24 in a
fully automated radiolabeling and ["*F]T807 was obtained
after standard quenching at 90 °C with NaHCO,, HPLC
purification, and formulation into a sterile product with an
improved DCRY of 20-30% (Scheme 6) (40).

Holt et al. reported a microwave-assisted synthesis of
['*F]T807 using a different precursor, as illustrated in
Scheme 7. In a microwave vial containing anhydrous ['°F]
KF/K2.2.2 complex, acetonitrile solution of T807P was
added, followed by microwave irradiation for 30 seconds
at 50 watts. Deprotection of the Boc group occurred

after the addition of 1 N HCI to the microwave vial and

Scheme 7. Radiolabeling of ["F]T807 using assisted microwave-assisted 2-step synthesis.
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Scheme 8. Chemical and radiolabeling approaches to T808 and [*®F]T808 (['*F]AV-680).
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irradiating for 30 seconds at 25 watts. Work up, HPLC
purification and formulation gave rise to an average non-
decay-corrected yield of 31.9 + 12.3% after the average

48-minutes synthesis time (43).

['®F]AV-680 (['®F]T808)

AV-680 is based on a benzo[4,5]imidazo[1,2-a]pyrim-
idine scaffold, which was constructed starting with the
commercial 2-aminobenzimidazole (25) by some modifi-
cations of the original synthetic procedure in order to im-
prove the product yield (Scheme 8) (44-46). The highly
reactive Michael’s acceptor (E)-1,1,1-trichloro-4-ethoxy-
but-3-en-2-one (27) was synthesized in excellent yield
from vinyl ethyl ether and trichloroacetyl chloride by stir-
ring overnight. The resulting 27 was reacted with 25 via
a base-catalyzed nucleophilic addition-cyclization mech-
anism to construct the core benzo-imidazo-pyrimidine
scaffold in compound 28 in an almost quantitative yield.
Alkaline hydrolysis followed by oxidative decarboxylation
of 28 led to the conversion of the trichloromethyl group
into hydroxyl group in compound 29 in a nearly quantita-
tive yield. Next, the internal nucleophilic substitution (Si)
mechanism was used to substitute the hydroxyl group
of 29 to bromo atom in the key intermediate 30 in 97%
yield after alkaline neutralization. The 2-bromo substitu-
ent of compound 30 was substituted with an N nucleophile
in the piperidine reagent 31. To proceed with this crucial
step, several conditions were used, including the micro-
wave use, different solvents, such as dimethyl acetamide
(DMA), DMF, and DMSO, a variety of bases, such as po-
tassium carbonate, sodium hydroxide, or even neat uncat-
alyzed reaction. The highest practical yield was obtained
using K,CO, as a base catalyst in DMA, which was 80%
of compound 32 in a gram-scale reaction. Following that,
the hydroxyl group in compound 32 was substituted using
diethylaminosulfur trifluoride (DAST) in DCM to obtain

Journal of Radiopharmaceuticals and Molecular Probes

the cold T808 in 51% yield. Alternatively, this hydroxy
group was protected using methanesulfonyl chloride to get
the mesyl protected compound 33, which is the precursor
for the synthesis of ['*F]T808 (Scheme 8).

Radiolabeling of ['®F]T808

The radiofluorination reaction of compound 33 to obtain
['*F]T808 was reported in 2014 by Siemens Molecular
Imaging team. Following the standard procedure of
activating the F" in the form of anhydrous ["*F]KF/K2.2.2
complex, compound 33 in DMSO was added, and the
mixture was heated to 90 °C for 5 minutes. Hydrolysis of
the unreacted precursor 33 by refluxing the crude mixture
with 3 N NaOH at 100 °C for 10 minutes ensured an
effective separation between the precursor 33 and ["°F]
T808 during HPLC purification. The average DCRY of
this synthetic procedure was 37% (39). Gao et al. modified
the conditions of the reaction by heating in DMSO at 140
°C for 8 minutes and after that refluxing with 3 N NaOH
at 100 °C for 8 minutes. This led to a higher DCRY which
was 35-45% (44).

Final remarks and future prospects

Tau PET imaging is an indispensable diagnostic tool for
AD patients because it was proven effective in diagnosing
the clinical stage of AD-dementia. However, to date,
there is no selective tau tracer that is devoid of off-target
binding discovered yet, which urges fast-pace research to
develop PET tau tracers suitable for commercial human
use. In 2017, Fitzpatrick et al. used cryogenic electron
microscopy (cryo-EM) to reveal the core structure of tau
straight filaments (SF) and PHF at 3.4-3.5 A resolution
(PDB id: 503T and 503L, respectively) from a sample
obtained from an AD patient’s postmortem brain tissues
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(47). We believe that this discovery will advance the
research on this hot topic. In this mini-review, we have
mined the literature to present the recent and most
effective chemical and radiochemical methods to prepare
the first-generation tau PET tracers. Even though there
are plenty of molecules developed both in academia and
industry, we have focused on the extensively studied
tracers as those can set the basis for further development

into better tracers.
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