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Abstract

An operationally friendly, two-step, one-pot process has been developed for the rapid synthesis of
carbon-11 labeled indole-3-acetic acid ([!!C]IAA or [!!C]auxin). By replacing an aprotic polar
solvent with tetraethylene glycol, nucleophilic [!!C]cyanation and alkaline hydrolysis reactions
were performed consecutively in a single pot without a time-consuming intermediate purification
step. The entire production time for this updated procedure is 55 min, which dramatically
simplifies the entire synthesis and reduces the starting radioactivity required for a whole plant

imaging study.

Keywords: Carbon-11 labeled indole-3-acetic acid, nucleophilic [1C]cyanation, tetraethylene glycol,

two-step one-pot
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1. Introduction

Auxins are important plant hormones that play an essential role in plant cell growth and are
involved in a wide variety of developmental processes, including initiation of leaf primordia, apical
dominance, phototropism, fruit development, and lateral root production.! Indole-3-acetic acid
(IAA) is the most common and potent among naturally occurring auxins.2 Although IAA was
structurally characterized in the 1930s, its translocation in the whole plant in response to growth
and environmental stimuli is still not completely understood.3

Positron emission tomography (PET) has been used as an efficient tool to monitor the
translocation of plant signaling molecules and carbon and nitrogen resource distribution in real
time via in vivo imaging of whole plants.+8 The use of PET to study plant metabolism has stimulated
the development of rapid synthetic procedures for the radiosynthesis of PET radioisotope (e.g.
carbon-11: ti;> = 20.4 min, nitrogen-13: ti,2 = 10 min.) labeled small organic radiotracers designed
to study plant metabolism and signaling pathways.%-11

Most radiotracers for plants, with the exception of the radioactive gases (e.g. 11CO, 13NHj3,
13N,), require formulation in appropriate vehicles and volumes for administration to roots and
leaves. We previously reported the radiosynthesis of Indole-3-[!1C]acetic acid ([11C]IAA) and its
biosynthetic precursor, [!!C]indole-3-acetonitrile ([!1C]IAN) as well as indole-3-[!1C]acetamide
([**C]IAM) as tools to examine signaling pathways for plant development.l! In the past year, we
further polished the original synthesis method and also developed a reliable and remotely
controllable formulation method to support our routine production of [11C]IAA which is
concentrated enough for in vivo plant imaging purposes (0.2 - 0.4 GBq/0.15 - 0.3 mL, Scheme 1).12
However, the total production time with this method ranges from 80 - 85 min, which is four half-
lives of carbon-11. In order to compensate for the radioactive decay due to the long radiosynthesis
and formulation times and assure enough radioactivity for a plant imaging study, previous
production generally required a 15 - 25 GBq of starting H11CN radioactivity. The large amount of

starting radioactivity and considerable handling during formulation resulted in unacceptably high
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radiation exposure to chemistry personnel.
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Scheme 1. Previously reported radiosynthesis process of [11C]IAA12

With the aim of developing an efficient radiosynthesis method, i.e. the total process time at
60 min or less (rule-of thumb of carbon-11 labeled radiotracer production: overall time < 3 half-lives),
as well as reducing radiation exposure to the production radiochemists, we, herein, report our
recent research improving the radiosynthesis of [11C]IAA: a simplified two-step, one-pot method

with a significant reduction of total process time and amount of starting radioactivity.

2. Results and discussion

When considering the whole synthetic process of [11C]IAA (Scheme 1), we first focused on
eliminating the step of solid phase extraction (SPE) purification of intermediate [11C]IAN. In our
previous report,1112 dimethyl sulfoxide was used in nucleophilic [11C]cyanation for synthesizing
[11C]IAN from gramine and H!!CN. Except for the residual amount of ammonia (NH3) from
production of H!1CN, there was no other base involved in the nucleophilic [11C]cyanation. Although
DMSO provided a very good yield for 11CN” substitution, it inhibited the alkaline hydrolysis of
[11C]IAN and required removal by an SPE step.!l! In order to switch to another solvent system,
which could be compatible with both efficient nucleophilic [1!C]cyanation and alkaline hydrolysis
reactions, we resorted to the conditions reported by Snyder and Pilgrim over six decades ago.13 In
their synthesis of IAA, gramine and NaCN were reacted in boiling aqueous ethanol solution for over
eight hours to give IAN and IAM with ~90% overall yield.

Inspired by this original process, we designed a two-step, one-pot method for the
radiosynthesis of [11C]IAA (Scheme 2). In the initial test of the one-pot IAA synthesis, gramine,

K>CO3 and KCN were added into aqueous ethanol solution and the reaction mixture was boiled for
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10 min; after which concentrated base NaOH was immediately added into this mixture and
maintained at boiling status for an additional 10 min. The results from the analysis of the reaction
mixture by analytical HPLC proved that a trace amount of IAA was formed. Encouraged by these
results, we immediately conducted the [11C]cyanation reaction under similar conditions. Analysis
by radio-HPLC showed an 8% yield of [11C]IAN from the [!1C]cyanation reaction. In addition, the
detection of a trace amount of [11C]IAA also proved the feasibility of the radiosynthesis of [11C]IAA
without the purification of the intermediate [11C]IAN (Table 1, Entry 1). We then carried out a

series of radiosynthesis experiments utilizing this two-step, one-pot strategy.
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Scheme 2. Scheme of designed two-step-one-pot method

Hoping to improve the yield of the [!1C]cyanation reaction, ethanol was replaced with
ethylene glycol (EG) and a higher reaction temperature (145 °C) was tested and the results showed
that these changes clearly benefited the reaction (Entry 2). At this moment, another alcoholic
solvent, tetraethylene glycol (TEG), was brought to our attention because it showed very good
compatibility with nucleophilic substitution reactions.'# Presumably, this bis-terminal hydroxyl
oligoether can act as a general Sy2 reaction promoter by chelating with metallic cations and
decreasing their interaction with the anion. Therefore, the nucleophilicity of an anion, such as
cyanide ion, will be greatly enhanced. The next radiolabeling experiment, in which TEG and water
were used as solvents, provided very promising results and the yield of [1C]cyanation reaction
dramatically improved to 68% (Entry 3). The overall yield of entire synthesis process, however,
was still not adequate. An additional experiment showed that a shorter reaction time was better
for the [11C]cyanation reaction (Entry 4). The more meaningful result was that the overall yield
sharply increased to 38% by increasing the base concentration (from 2 mmol to 3 mmol) and water

volume in the hydrolysis step. At this stage, we investigated the effect of temperature on the
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[11C]cyanation reaction. The lower reaction temperature was less favored since it decreased the
reaction yield (Entry 5). Increased temperature did not benefit the reaction, either (Entries 6 - 7).
When water was removed entirely from the [!!C]cyanation reaction, the yield clearly dropped
(Entry 8). When only a small portion of water (0.02 mL) added, the [!1C]cyanation reaction yield
increased to 81% (Entry 9). We speculate that the addition of water helped to dissolve the K,CO3
salt and that bringing potassium cation into the reaction system improved the solubility of
[11C]cyanide anion in organic solvent. Presumably, increasing the amount of gramine precursor
would improve the [11C]cyanation reaction yield. However, since we eliminated the purification of
the [11C]IAN intermediate by SPE, the total mass of crude reaction mixture loaded onto the semi-
prep HPLC column when purifying the final product [11C]IAA already exceeded that of our previous
reported method.!112 [n order to assure adequate resolution for purification of the final product
[11C]IAA and to extend the lifetime of the semi-prep HPLC column, we opted not to attempt to

improve the yield by simply increasing the amount of starting material.

Table 1. Screen of better reaction conditionsab

N_  Alcoholic solvent / H,0 'CN  aqueous NaOH "C/\/O
Cfg heating, 5~10 min - @:g heating, 5~10 min @j\g OH
ﬁ KCOsf KI'CN N ﬁ
Gramine  (Nucleophilic ['Clcyanation)  ["ICJIAN Alkaline hydrolysis ) [Mcpaa
Entry [11C]Cyanation reaction [11C]IANd Alkaline hydrolysis [11C]IAA Overall
conditions¢ RCY (%) conditionse RCYf (%)
1 EtOH/H20 (0.6 mL/0.2 mL) 8 0.6 mL, 4 mmol 0.06
120 °C, 10 min 120 °C, 10 min
2 EG/H,0 (0.3 mL/0.1 mL) 20 0.3 mL, 2 mmol 4
145 °C, 10 min 145 °C, 10 min
3 TEG/H20 (0.3 mL/0.1 mL) 68 0.3 mL, 2 mmol 3
145 °C, 10 min 145 °C, 10 min
4 TEG/H20 (0.3 mL/0.1 mL) 75 0.6 mL, 3 mmol 38
145 °C, 5 min 145 °C, 5 min
5 TEG/H20 (0.3 mL/0.1 mL) 56 0.6 mL, 3 mmol 29
140 °C, 5 min 140 °C, 5 min
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6 TEG/H20 (0.3 mL/0.1 mL) 73 0.6 mL, 3 mmol 37
150 °C, 5 min 145 °C, 8 min

7 TEG/H:0 (0.3 mL/0.1 mL) 75 N/A N/A
160 °C, 5 min

8 TEG (0.3 mL) 62 0.75 mL, 3 mmol 33
145 °C, 5 min 145 °C, 8 min

9 TEG/H20 (0.3 mL/0.02 mL) 81 0.75 mL, 3 mmol 25
145 °C, 5 min 145 °C, 8 min

a A series of radiolabeling experiments was performed with a 2 min proton beam produced by a cyclotron. The
14N(p,2)11C nuclear reaction was induced by the proton irradiation to generate the radioisotope !!C (refer to
Supplementary data, General).

bHydrogen [!1C]cyanide was produced by our in-house built H11CN production system and trapped with K2COs3 in reaction
vial efficiently as K11CN form.15

cSolvent, T (°C), t (min); EG (ethylene glycol); TEG (tetraethylene glycol)

dRCY (radiochemical yield, decay-corrected) of [11C]IAN was calculated based on HPLC analysis of a measured aliquot of
the crude reaction mixture.

eTotal H20 (mL), NaOH (mmol); temperature (°C), reaction time (min)

fOverall RCY of [11C]IAA was calculated based on HPLC analysis of measured aliquot of the crude product mixture for
entry 1, 2, 3 and 6; hydrolysis step was not applicable for entry 7; overall RCY of [11C]IAA was obtained after semi-prep
HPLC purification for entry 4, 5, 8 and 9.

At this stage, in addition to having optimized the [!!C]cyanation reaction conditions (Table 1,
Entry 9), we had also gained important information about improving the alkaline hydrolysis
reaction. There were two critical factors affecting hydrolysis of [11C]IAN. The first was that a
sufficient amount of water was needed for hydrolysis, which is clear when comparing results of two
experiments (Table 1, Entries 3 and 4). Secondly, in order to assure a rapid hydrolysis compatible
with the short half-life of carbon-11 isotope, a high reaction temperature (140 -160 °C) is needed.
During the experimental process (Table 1, Entry 3), we found that a small amount of water
condensed at the top of the reaction vessel. We attributed the removal of H,0 from the reaction
mixture as the main cause of the low overall reaction yield (3%). On one hand, it decreased the
amount of H,0 for the hydrolysis reaction; on the other hand, it clearly increased the concentration
of NaOH, which could possibly cause more side reactions. After increasing total water amount to
0.6 mL, better reflux was observed and overall reaction yield was dramatically improved (Table 1,

Entry 4).
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With the optimized [!!C]cyanation reaction conditions in hand, we further scrutinized the
alkaline hydrolysis conditions by fine-tuning several reaction parameters including the base
strength, reaction time and reaction temperature (Table 2, Entries 10 to 15). The results showed
that the combination of 0.75 mL of H,0, 4 M NaOH and 8 min reaction time increased the hydrolysis
reaction yield to 55% (Table 2, Entry 15). In addition to NaOH, LiOH, which could be a mild basic
hydrolysis agent,16 was also tested for the alkaline hydrolysis reaction and only gave 31% yield and
so is less favored for this reaction (Table 2, Entry 16).

Table 2. Further optimization of hydrolysis reaction of [11C]IAN to 11C]IAA?2

O

"ICN 4. Aqueous base, 3.3-5.0 M e
140 - 145 °C, 5 - 10 min OH
AN . AN
N 2. HCl acidification N
H H

3. Semi-prep HPLC

Yy

/

[MClAN ["cpaA
Entry Solventb NaOH Reaction time  RCY [*1C]IAAc®
(mmol) (min) (%)
10 TEG / H20 (0.3 2 10 19
mL/0.6 mL)
11 TEG / H20 (0.3 3 8 46
mL/0.6mL)
12 TEG / H20 (0.3 3 10 42
mL/0.6 mL)
13 TEG / H20 (0.3 3 5 35
mL/0.6 mL)
144 TEG / H20 (0.3 3 8 34
mL/0.6 mL)
15 TEG / H,0 (0.3 3 8 55
mL/0.75 mL)
16 TEG / H20 (0.3 3 (LiOH) 8 31
mL/0.75 mL)

aHydrolysis and [!!C]cyanation were carried out in the same reaction vessel without intermediate purification.

b The solvents for hydrolysis came from the [11C]cyanation reaction and extra water and NaOH were added.

¢[11C]IAA was purified by semi-prep HPLC and RCY (decay-corrected) in this table refers to conversion in the hydrolysis
step only (100 X [11C]IAA/ [11C]IAN).

d All the experiments above were performed at 145 °C except for entry 14 which was conducted at 140 °C.
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Once conditions for both the [!1C]cyanation and hydrolysis steps were optimized, a new
two-step, one-pot method was established for rapidly synthesizing the PET radiotracer [11C]IAA. By
replacing the polar aprotic solvent DMSO with tetraethylene glycol, the SPE purification of reaction
intermediate [11C]IAN was successfully eliminated from the whole synthesis process. Both the
nucleophilic [11C]cyanation and alkaline hydrolysis reactions can be consecutively performed in one
pot. This change obviously simplified the synthesis process and shortened the total synthesis time
from 80 -85 min to 55 - 60 min. In addition, the investigation of several reaction parameters for
both reactions, such as reaction temperature, reaction time, solvent amount and base strength, etc.,
helped to further polish the whole synthetic process. To confirm the robustness of our newly
developed synthetic method, we combined the optimum reaction conditions for both reactions
(Table 1, Entry 8 and Table 2, Entry 15) and repeated the synthesis of [11C]IAA five times under the
optimized reaction conditions (Scheme 3). The results show the high reliability of this newly
established synthetic process. With a two-min cyclotron beam time, which generates ~ 8.1 GBq
(220 mCi) of 11C0Oz, 0.22-0.46 GBq (6.1-12.4 mCi) of [11C]IAA product was obtained at the end of
synthesis (EOS). The overall yield (RCY) for both steps was 33 * 9.5% (calculated from H!!CN
radioactivity collected in reaction vessel) and was 18.9 + 6.4% (calculated from 11CO; radioactivity
generated from a two-min cyclotron beam). The radiochemical purity of final product was 98% and
the specific activity of final product was 47.4 + 12.5 GBq/pmol. The complete processing time,

calculated from end of bombardment (EOB) to the end of formulation, ranged from 55 to 60 min.

Overall RCY: 33 £9.5%; range from 24 ~ 51%
(n = 5, calculated from HYCN aclivity)

S
N 1TEGM0, 2 NaOH 3. HCI acidification 4. Seppak OrRCY-18.9 £ 6.4%; range from 14.9 ~ 30.9%
Y KyCOyKMen  {100M.aq) (12.0M,aq) 0” formuatnn {n = 5, calculated from MCO, activity)
Radiochemical purity > 98%
N 145°%C, 5min = 145°%C.8 mn PLCpl.rﬁcatlon Specific activity: 474 * 12.5 GBgfmmol
TEG: Tetraethyleneglycol 1 _ (n=5, range from 44 4 ~ 962 GBg/mmol)
Gramine [“cm [ICIIAA in water

Total production time: 55 ~ 60 min

Scheme 3. Reaction parameters of the optimized two-step, one-pot method

3. Conclusion
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In summary, we successfully developed a two-step, one-pot method for routine production
of [11C]IAA to support plant imaging research. By replacing the polar aprotic solvent DMSO with
protic tetraethylene glycol, both [!1C]cyanation and alkaline hydrolysis reactions were performed
in same pot without purification of the [11C]IAN intermediate and whole process successfully
yielded [!1C]IAA with high radiochemical purity and high specific activity with reasonable
radiochemical yield. The total synthesis time required is 40 min and the entire production cycle
including HPLC purification and formulation product into a small volume of aqueous solution
(0.15 — 0.3 mL) was complete in 55 min. Considering the short half-life of carbon-11 (20.4 min),
reducing the total production time to less than 60 min and simplifying the synthesis procedure is
exceedingly beneficial to the practical use of this tracer for in vivo PET imaging studies.
Furthermore, the efficient [11C]cyanation procedure specifically using tetraethylene glycol with
potassium salts as a nucleophilic substitution promoter is potentially useful for the development of
other [!1C]cyanation reactions when preparing PET radiotracers containing the [11C]cyano group.

Research utilizing the radiotracer [11C]IAA for in vivo plant studies via PET imaging is in progress.
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