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A novel approach to the synthesis of [13F]flumazenil, a radioligand
for PET imaging of central benzodiazepine receptors*
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An express method of solid-phase extraction was proposed for the first time for isolation and
purification of ['8F]flumazenil, a radioligand used to quantify the density of central benzodiaz-
epine receptors by positron emission tomography (PET). This novel approach afforded the
radioligand with >97% radiochemical purity and a high chemical purity (nitromazenil content
<1 pg mL~!) and considerably reduced the time of the synthesis (from 90 to 50 min). The
nonoptimized decay-corrected radiochemical yield was 8%, and the specific radioactivity was
>37 GBq umol~!. The novel synthetic procedure easily can be integrated into automatic mod-
ules for the synthesis of clinically used PET radiopharmaceuticals.

Key words: central benzodiazepine receptors, positron emission tomography, fluorine-18,
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Positron emission tomography (PET) studies of neu-
rochemical processes in the central nervous system (CNS)
employ labeled compounds capable of specifically binding
to some types of CNS receptors. These compounds (re-
ceptor radioligands) help to obtain valuable information
on the receptor mechanisms, density, and distribution in
various regions of the brain.1—4

Any receptor radioligand must meet the following basic
requirements:

— high selectivity and affinity to the receptor at the
nanomolecular level;

— high specific radioactivity (>37 GBq pumol™!
(1 Ci umol™!); i.e., the radioligand must be no carrier
added since the saturation of receptors can cause unwant-
ed pharmacological or even neurotoxic effects;

— slow (on the scale of the PET study) metabolism;

— penetration across the blood-brain barrier;

— low nonspecific binding and sufficiently high bio-
logical clearance rate.1:2

The GABAergic system promoting the biochemical
effect of y-aminobutyric acid (GABA), the major inhibi-
tory neurotransmitter in the CNS, is of great interest for
PET studies.2-3 Central benzodiazepine receptors (BZRs)
localized on the postsynaptic membranes of the GABAer-
gic system are part of a GABA,-benzodiazepine-iono-

* Dedicated to Academician of the Russian Academy of Sciences
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phore complex, which serves to regulate (modulate) the
resistance of neurons to stimulant signals. When bound to
BZRs, benzodiazepines enhance the inhibitory processes
in the CNS. Because of their sedative effect, benzodi-
azepines have found clinical use as anxiolytics, relaxants,
anticonvulsants, and hypnotics. Central BZRs play a key
role in such diseases as epilepsy, anxiety disorder, demen-
tia, alcoholism, etc.

To determine the density of central BZRs, labeled an-
alogs of flumazenil (ethyl 8-fluoro-5-methyl-6-oxo0-5,6-
dihydro-4 H-imidazo[1,5-a][1,4]benzodiazepine-3-carb-
oxylate, 1) are used as radiopharmaceuticals in PET. Flu-
mazenil (1) has high affinity (K;~1 nM) for central BZRs
containing the subunits o, oy, o3, and os. It is a full
antagonist of central BZRs and is used to eliminate the
narcotic effect of benzodiazepine-based drugs.3 Flumaze-
nil labeled with the ''C radionuclide (77, = 20.38 min),
N-([''C]methyl)flumazenil, or ['\C]FMZ (2), is recog-
nized as a "gold standard" for detection of epileptic foci in
the case of drug-resistant epilepsy, which is the main fac-
tor for a positive effect of surgical operation.5 In addition,
[''C]FMZ is used to determine the viability of brain tis-
sues after acute ischemic stroke for assessing the efficacy
of different therapeutic strategies.® However, the short
half-life of carbon-11 restricts the use of this radioligand
to cyclotron-equipped PET centers. Flumazenil analogs
labeled with more long-lived '8F isotope (77 , = 109.77 min)
(3—5) provide an alternative to [!!C]JFMZ. The poten-
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tial radioligand N-(2°-[!8F]fluoroethyl)flumazenil’
(['8F]JFEFMZ, 3) specifically binds with central BZRs
but is distributed and excreted from the organism more
rapidly than [!!C]FMZ.8 Preclinical studies of another
radioligand ([!8F]FFMZ® (4)) have revealed its quick
metabolism accompanied by loss of the radioactive label
(by 92% over 60 min). Its lipophilic metabolite penetrates
across the blood-brain barrier into the brain and is the
cause of the low quality of PET images,1? the affinity of
the ligand being comparable with that of flumazenil.1!
Note that radioligand 4 in the human body metabolizes
much more slowly!® and is currently employed in some
PET centers.12 [8F|Flumazenil labeled at the native fluo-
rine position (['8FJFMZ, 5) has been obtained by a '$F—!°F
isotope exchange reaction under standard conditions for
nucleophilic radiofluorination with cryptand (Krypto-
fix 2.2.2) as a phase-transfer catalyst.!3 However, this com-
pound contains [!°F]flumazenil (1) as a carrier and hence
cannot be used in receptor studies. As demonstrated earli-
er,!4 complete saturation of central BZRs is achieved with
as much as 15 ug of flumazenil per kilogram of body weight.
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['8F]fluoride (Scheme 1). The efficiency of radiofluorina-
tion of precursor 6 (Ro 15-2344, Roche Group) was 55—60%
under the following reaction conditions: 160 °C, 30 min,
DMF, and Kryptofix 2.2.2 as a phase-transfer catalyst.
Unfortunately, such a high yield has nevermore been
achieved later!o—19 probably because of the quality of
nitromazenil 6 supplied by other firms. ['8F]FMZ was
isolated from the reaction mixture by semipreparative
HPLC. Cynomolgus monkey brain has been examined by
PET?! to study the [ F|FMZ uptake in regions with an
increased density of central BZRs; its metabolites in blood
have been analyzed. Those preclinical studies and follow-
ing clinical trials demonstrated identical kinetic behavior
of [I8F]FMZ and ['!C]FMZ in the organism.2?

Currently, ['8F]FMZ is used for clinical and research
purposes at many PET centers, 16:17.20—=25 and the synthesis
of this radioligand has been adapted to automated syn-
thetic modules,18:17-19 microreactors,!® and microwave
ovens.! Here the major problem is the isolation and puri-
fication of the radioligand by semipreparative radio-HPLC
using a reversed-phase C18 column. This prolonged
(30—40 min) and laborious procedure may be accompa-
nied by considerable losses of the radioactive product; spe-
cial care should be taken to avoid the presence of a chem-
ical impurity of compound 6 in the final product. Purifi-
cation of ['8F]FMZ by HPLC has been described in detail
earlier.16 Ory et al. have studied?6 a possible cause of the
loss of radioactivity in a C18 column and the decrease in
the radiochemical purity (RCP) of the product: retention
of [8F]fluoride in the column when an HPLC eluent has
pH < 5 (an eluent with this pH is normally used in the
purification of ['$F]FMZ). Note only that, according to the
literature data, the decay-corrected radiochemical yield
(RCY) of ['8F]FMZ obtained as described earlier!> and iso-
lated using HPLC varied from 10—12%2%to 0.4—1.1%.17
Facing this problem in the development of an automated
method for the synthesis of [18F]FMZ, we proposed solid-
phase extraction (SPE) as an alternative method.

Results and Discussion

In the present work, we synthesized ['8F]FMZ as de-
scribed earlier!d (see Scheme 1). The HPLC data for the
reaction mixture are shown in Fig. 1. To obtain the radio-
ligand [!8F]FMZ with a high RCP, nonreacted [!3F]fluo-
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ride and other hydrophilic radioactive impurities ([!3F])
must be removed to a residual content of <5% (according
to Pharmacopoeia??).

Semipreparative HPLC is not always effective for the
removal of a radioactive impurity because of a stretching
"tail" of the solvent (DMF) used in the radiofluorination
step.28 To remove these impurities, semipreparative HPLC
is usually preceded by SPE purification on cartridges with
a reversed-phase sorbent (C18), which has been proposed
for the purification of [\8F]FMZ as well.16:17.19 [ partic-
ular, preliminary purification on C18 and optimization of
the HPLC procedure (the use of the eluent with another
composition) increased the RCY from 5 (as in the method
proposed earlier!5) to 15—20%,16 the reaction time being
80 min. It was also demonstrated that additional purifica-
tion of the reaction mixture prior to chromatography ex-
tends the lifetime of HPLC columns several times.16:17
The HPLC + SPE combination provides a high RCP of
the radioligand with some extension of the purification
time and, accordingly, with some decrease in the yield of
the radioligand because of the radionuclide decay. Korean
researchers have made considerable effort to develop
a preliminary purification procedure for the synthesis of
high-quality [!3F]JFMZ.17:24 They proposed a new syn-
thetic route to [I3F]FMZ starting from tosyldiaryliodo-
nium precursors. With the most efficient precursor (4-methyl-
phenylmazeniliodonium tosylate), the radiofluorination
yield was 67%. Preliminary SPE purification of the reac-
tion mixture on CI18 cartridges prevents the penetration
into the product of chemical impurities which have flo-
ating retention times in the HPLC column and a large
amount of radioactive impurities resulting from the de-
composition of diaryliodonium salts in a high-tempera-
ture reaction. The yield of [!83F]FMZ obtained according
to the above method is 53.4£9.0% (~60 min, n = 94).24
Nowadays, this radioligand is successfully employed in
Korean clinical practice.

After the HPLC procedure, the target product is present
in the HPLC eluate. The latter contains an organic sol-
vent (MeCN or THF), which makes it unsuitable for
intravenous administration. The organic solvent can be
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Fig.1. HPLC analysis of the reaction mixture in system 1:
(1) radiometric detection and (2) UV detection.

removed from the [!8F]FMZ-containing fraction either
by vacuum distillation!5:19:20.23 or by sorption of [I8F]FMZ
on the C18 cartridge followed by elution with ethanol and
by dilution with an injection buffer;!” the latter method
provides smaller losses of the product.

In our preliminary experiments, we combined the above
approaches to HPLC optimization into a three-step pro-
cedure for [18F]FMZ purification: (1) SPE on C18 car-
tridges for removal of radioactive impurities and DMF,
(2) reversed-phase HPLC for removal of nitromazenil and
other organic impurities, and (3) SPE on C18 cartridges
for removal of the organic solvent from the [\8F]FMZ-
containing fraction of the eluate. Using this procedure, we
obtained [8F]FMZ with the RCP >99% over 90 min (the
content of nitromazenil and other chemical impurities is
<1.0 pg mL~!; the decay-corrected yield of the product is
<5%). Failing to automate this multistep process com-
pletely, we used [!8F]fluoride with an initial activity of
<3.7 GBq (100 mCi), which is insufficient for achieving
the activity of the radioligand required even for a single
brain receptor study (0.2 GBg??). For this reason, we tried
to obtain [!8F]FMZ meeting the pharmacopeial require-
ments, using the SPE approach only.?’

The major problem was to separate the product and
the precursor having similar physicochemical properties
and affinity for central BZRs. Nitromazenil is more lipo-
philic than ['®F]FMZ and hence is better retained at
a reversed-phase sorbent (see Fig. 1). Our new approach
involved sorption on an Oasis HLB 6¢cc microcolumn
(Waters) filled with a copolymer of N-vinylpyrrolidone
and divinylbenzene followed by fractional elution with
aqueous ethanol of increasing concentration. The extrac-
tion capacity of the sorbent HLB is known?® to be far
higher than that of organosilicon materials (C18); this
sorbent is suitable for separation of lipophilic and hydro-
philic compounds at high elution rates used in automatic
synthetic modules.28-30 Many literature examples show its
efficiency in the extraction of benzodiazepines from bio-
logical fluids.3! Since flumazenil is insoluble in water, we
used ethanol as an eluent (it is the only solvent allowed in
injection solutions?7). In the SPE separation of [3F]JFMZ
and nitromazenil, it was important to minimize the
amount of the latter. As shown in Table 1, a decrease in its

Table 1. Parameters of the synthesis of [83F]JFMZ

Nitromazenil T/°C t/min Radiofluorination
/mg efficiency (%)*
8 150 30 184 (n=4)

4 150 30 26+4 (n=10)
1-2 150 15 307 (n=9)

* The radiofluorination efficiency (a proportion of the radiotracer
obtained in the reaction to the total activity of ['8F]fluoride) is deter-
mined in a sample of the reaction mixture using radio-TLC.
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starting amount from 8 to 1—2 mg scarcely affected the
efficiency of radiofluorination. Our experience demon-
strated that nitromazenil should be purified before use be-
cause the impurities formed in storage can compete with
nitromazenil for [!8F]fluoride.

Efficient sorption of ['8F]JFMZ is achieved when
a minimum amount of the organic solvent is present in
a sample for SPE; for this reason, the reaction mixture is
diluted with water (more than 10-fold dilution) prior to the
SPE procedure. Lipophilic compounds ([!3F]FMZ, nitro-
mazenil) are sorbed on an Oasis HLB microcolumn, while
the major part of hydrophilic radioactive impurities ([!3F])
and DMF are passed through the column. In a series of
preliminary experiments, we chose the composition of
solutions for fractional elution. Hydrophilic radioactive
(A) and chemical (B) impurities are eluted with 20%
EtOH, the eluate containing no traces of [8F]FMZ or
nitromazenil (Fig. 2). A more lipophilic impurity is eluted
with 30% EtOH; the eluate may contain ['8F]FMZ and
traces of nitromazenil. Finally, the activity of the fraction
eluted with 35% EtOH is due to [\ F]FMZ (>97%), while
chemical impurities (ca. 10 mg mL~! in general) are mainly
represented by nitromazenil. Elution with 40—45% EtOH
showed that nitromazenil is retained on the Oasis HLB;
the relatively low radioactivity of the eluate is due to
['8F]FMZ traces.

The best strategy in the SPE purification of [3F]FMZ
is a compromise between full removal of the precursor
impurity and the minimum losses of the radioligand, as
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Fig. 2. HPLC analysis of the eluates obtained by purification of
['8F]FMZ via fractional SPE and containing (/) 20%, (2) 30%,
(3) 35% EtOH. System 2 with radiometric (@) and UV detection (b).
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Fig. 3. Three-dimensional diagram of the elution curves show-
ing the contents of ['83F]FMZ (thin solid lines) and nitromazenil
(thin dotted lines) in each fraction of the eluate; the thick lines
refer to their average values (n = 7).

illustrated with elution curves in a 3D diagram (Fig. 3).
An increase in the concentration of EtOH results in the
higher precursor content of the eluate, while the decreas-
ing concentration of EtOH entails more considerable losses
of the target product. So we took 35% EtOH as an optimal
eluent extracting 27+5% (n = 12) of the ['8F]FMZ ob-
tained by radiofluorination and only 3.6+£0.4 pg mL~! of
nitromazenil (<0.2% from initial amount).

The fraction containing 40% EtOH extracts well
['8F]FMZ, but the precursor (~10 pg mL~!) is also eluted.
To prepare the radioligand, the eluate containing 35%
EtOH (2 mL) was diluted with a phosphate buffer to
15 mL. The nonoptimized decay-corrected RCY of the
radioligand was 8%. According to HPLC data, the specific
radioactivity of [\8F]FMZ in the resulting 4% ethanolic
solution exceeds 37 GBq pmol~! and RCP is more than
97%; the precursor and Kryptofix 2.2.2 contents are less
than 1 ug mL~! and 0.1 mg mL~!,32 respectively). These
quality parameters meet the pharmacopeial requirements
for PET radiopharmaceuticals.?’ The content of unidenti-
fied chemical impurities does not exceed 1 ug mL~!, in
compliance with the present-day requirements.33 The
overall time of the automated synthesis (reaction + purifi-
cation) is 50 min. The module for the radioligand synthe-
sis (Fig. 4) has been designed at the N. P. Bechtereva
Institute of Human Brain of the Russian Academy of Sci-
ences (IHB RAS). This procedure proposed for the prepa-
ration of [18F]FMZ can easily be integrated into currently
available modules for the synthesis of PET radiopharma-
ceuticals.

We assume that replacement of the nitro group in the
precursor molecule by trimethylammonium (they are both
good nucleofuges) will afford a quantitative yield of
['8F]FMZ via SPE because the properties of this precur-
sor (salt) and the radioligand will differ greatly.3* This
assumption calls for further investigations.
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Fig. 4. Schematic diagram showing a module designed at the IHB RAS for the synthesis of [\8F]FMZ. The legend: (I—19) two- and
three-way valves with electrical actuators; (20) flow controller; (21) reaction vessel; (22) heating unit; (23—29) vessels with (23) an
eluent for QMA, (24) nitromazenil, (25) water (3 mL), (26) water (5 mL), (27) 20% EtOH (4 mL), (28) 30% EtOH (2 mL), (29) 35%
EtOH (2 mL); (30) vessel for dilution (H,0, 8 mL); (37) and (32) waste products; QMA is the cartridge with anion-exchange resin;
HLB is the microcolumn with a reversed-phase sorbent; Millex is a sterilizing filter; [\8F]FMZ is a bottle for ['$F]FMZ.

Experimental

Materials and reactants. The following solvents were used:
DMF (water content < 0.005%, Sigma-Aldrich), MeCN (water
content < 0.03%, Kriokhrom, St. Petersburg, Russia), EtOH,
THF (HPLC grade, Merck), and water enriched with oxygen-
18, ['®O]H,0 (Global nye Nauchnye Tekhnologii, St. Peters-
burg, Russia). Other compounds included 4,7,13,16,21,24-
hexaoxa-1,10-diazabicyclo[8.8.8]hexacosane (Kryptofix 2.2.2, or
cryptand K2.2.2.), anhydrous K,CO; (Sigma-Aldrich), fluma-
zenil, and nitromazenil (ABX, Germany). Nitromazenil was ad-
ditionally purified by flash chromatography on silica gel (Acros
35-70, 60 A) with CH,Cl, : MeOH = 95 : 5 (v/v) as an eluent.
The fractions were analyzed using TLC; spots were visualized
with a solution of KMnOy, (1.0 g), K,COj5 (6.7 g), and NaOH
(0.08 g) in water (100 mL). Cartridges containing tetramethy-
lammonium anion-exchange resin (QMA light, Waters) were
activated with 0.5 M K,CO; (10 mL) and water (15 mL) imme-
diately before use; Oasis HLB 6cc microcolumns (Waters) filled
with a reversed-phase sorbent were also activated with EtOH
(4 mL) and water (10 mL). A phosphate buffer (pH 6.4) was
prepared by dissolving Na,HPO, (2.5 g), NaH,PO, (2.5 g), and
NacCl (8.2 g) (all Pharm grade, Panreac, Spain) in water (1 L),
with addition of 1 M NaOH to pH 6.4.

Radionuclide fluorine-18 was obtained by a nuclear reaction
130(p,n)'8F when a target filled with ['80]H,0 water was bom-
barded with protons (17 MeV, current 40 pA) in a PETtrace
cyclotron (GE Healthcare, USA). The initial radioactivity was
2—3 GBq. The synthesis of [!8F]FMZ was performed on a re-

mote controlled module designed at the IHB RAS. The sche-
matic diagram of the module is shown in Fig. 4.

Synthesis of [18F]FMZ. The ['$F|fluoride obtained in the
target was isolated from the target material by sorption on a QMA
cartridge followed by elution into a reaction vessel using a QMA
eluent (K,COj5 (2.0+0.1 mg, 12 umol), Kryptofix 2.2.2 (9.0+0.1 mg,
25 umol), acetonitrile—water (96 : 4, v/v; 2 mL)). The eluate
solution was evaporated to dryness under nitrogen at 120 °C for
5 min. To the dry residue containing the complex [K/K2.2.2]/
['8F], a solution of nitromazenil (1—2 mg) in DMF (0.7 mL)
was added. A radiofluorination reaction was carried out at 150 °C
for 15 min; then the reaction mixture was cooled to 50—60 °C
and diluted with water (3 mL).

SPE purification of ['3F]FMZ on an Oasis HLB microcolumn.
The reaction mixture was transferred to a dilution vessel con-
taining water (7—8 mL). The diluted mixture was passed through
an Oasis HLB microcolumn to sorb [!8F]FMZ. The microcol-
umn was successively washed with water and 20% and 30% aque-
ous EtOH. The target product ['® FIFMZ was eluted with 35%
EtOH (2 mL), which was passed through a QMA cartridge (for
finishing purification) and a Millex sterilizing filter (0.22 um,
Merck Millipore) to a sterilized bottle containing a phosphate
injection buffer (13 mL). The elution rate was 1—2 mL min~!.

In preliminary experiments, [!8F]JFMZ was isolated from
the reaction mixture using semipreparative HPLC under the
following conditions: uBondapakCg reversed-phase column
(7.8x300 mm, Waters), Gilson-305 pump, Rheodyne-7125 in-
jector, Gilson-116 UV detector (254 nm), Beckman-170 radio-
metric detector, 0.05 M H;PO,—MeCN (4 : 1, v/v) as an eluent,
flow rate 4 mL min~!. The HPLC loop volume was 2 mL.
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The retention times of ['F]FMZ and nitromazenil were 18+2
and 2612 min, respectively.

Analysis of the reaction mixtures and SPE eluates. The effi-
ciency of radiofluorination was determined (see Table 1) and
['8F]JFMZ was identified using radio-TLC and radio-HPLC.

Radio-TLC: Sorbfil plates with a UV indicator (LenKhrom,
St. Petersburg, Russia); AcCOEt—EtOH—H,0 (80 : 15 : 5, v/v)
as a mobile phase. The distribution of the radiofluorination prod-
ucts over the plate was measured with a MiniGITA radio-TLC
scanner (Raytest, Germany). The R; value of flumazenil was
determined using a UV lamp. For [!8F]fluoride and ['8F]JFMZ,
Rpare 0.06 and 0.50, respectively.

Radio-HPLC: Gilson chromatograph (Gilson-305 pump,
Rheodyne-7125 injector), a Gilson-116 UV detector (254 nm)
connected in series to a Beckman-170 flow gamma counter (ra-
diometric detector), ACE reversed-phase column (4.6x250 mm).
Two HPLC systems were used. System 1: 0.05 M NaOAc—
THF—MeOH (80 : 10 : 10, v/v) as an eluent, flow rate 1.0 mL
min~!. System 2: 0.01 M H;PO,—MeCN (3 : 1, v/v) as an elu-
ent, flow rate 1.5 mL min~!. The substances were identified by
comparing the retention times of [!8F]FMZ and flumazenil with
allowance for a delay between the serially connected detectors.
The retention times of ['8F]JFMZ, flumazenil, and nitromazenil
were 13.440.3, 13.0£0.3, and 19.2+0.3 min in system 1 and
7.5%0.5, 7.2%0.5, and 12+0.5 min in system 2, respectively.

Quality control for [\8F]FMZ. The RCP of ['8F]FMZ in the
final solution was determined by radio-TLC and radio-HPLC as
described above. "Cold" flumazenil in the radioligand product
for specific radioactivity calculations was quantified under the
conditions of HPLC system 2 (detection level 0.02 pg mL™1);
a calibration curve was plotted for solutions with concentrations
from 5 to 0.05 ug mL~!. The nitromazenil content was deter-
mined under the same conditions (detection level 0.025 ug mL~!)
using a calibration curve plotted for solutions with concentra-
tions from 20 to 0.5 pg mL~1. The content of cryptand K2.2.2
was determined by visualization of its spot with the iodine va-
por.32 The ethanol content was measured on a Varian-3400 gas
chromatograph (flame ionization detector, Porapak Q column
4x1500 mm (Serva), helium flow rate 20 mL min~!, column
temperature 180 °C, injector temperature 180 °C, detector tem-
perature 200 °C). The salt content of the radioligand product
was determined by cryoscopy on an Osmomat-030 instrument.

We are grateful to E. P. Studentsov (St. Petersburg
State Technological Institute) for his assistance in the or-
ganic synthetic part of this work.
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