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n’ preparation of hydrogen [11C]
cyanide from [11C]methyl iodide via [11C]
formaldehyde†

Tatsuya Kikuchi, *a Masanao Ogawa,ab Toshimitsu Okamura,a Antony D. Gee c

and Ming-Rong Zhang a

Hydrogen [11C]cyanide ([11C]HCN) is a versatile 11C-labelling agent for the production of 11C-labelled

compounds used for positron emission tomography (PET). However, the traditional method for [11C]HCN

production requires a dedicated infrastructure, limiting accessibility to [11C]HCN. Herein, we report

a simple and efficient [11C]HCN production method that can be easily implemented in 11C production

facilities. The immediate production of [11C]HCN was achieved by passing gaseous [11C]methyl iodide

([11C]CH3I) through a small two-layered reaction column. The first layer contained an N-oxide and

a sulfoxide for conversion of [11C]CH3I to [11C]formaldehyde ([11C]CH2O). The [11C]CH2O produced was

subsequently converted to [11C]HCN in a second layer containing hydroxylamine-O-sulfonic acid. The

yield of [11C]HCN produced by the current method was comparable to that of [11C]HCN produced by the

traditional method. The use of oxymatrine and diphenyl sulfoxide for [11C]CH2O production prevented

deterioration of the molar activity of [11C]HCN. Using this method, compounds labelled with [11C]HCN

are now made easily accessible for PET synthesis applications using readily available labware, without the

need for the ‘traditional’ dedicated cyanide synthesis infrastructure.
Introduction

Positron emission tomography using compounds labelled with
positron emitters is now a standard imaging modality used for
diagnosis and clinical investigations. This has also been applied
to investigation of the in vivo kinetics of drug candidates and
biomolecules in animals and even plants.1 The use of 11C-
labelled isotopologues of organic compounds of interest is
vital to trace their in vivo behaviour. Therefore, expansion of the
synthetic toolbox for 11C-labelling is greatly needed.2

11C must be incorporated into a compound with a short
synthesis time at the late stage of synthesis owing to its short
half-life (20.4 min). Hydrogen [11C]cyanide ([11C]HCN) is
a useful and versatile 11C-labelling agent prepared from the
cyclotron-produced primary starting material [11C]carbon
dioxide ([11C]CO2). [

11C]HCN is used to prepare labelled nitriles
by 11C-cyanation. The 11C-nitrile group can be readily converted
to other 11C-labelled functional groups, such as amines,
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amides, and carboxylic acids, by reduction or hydrolysis.3

Furthermore, [11C]HCN can be converted to further 11C-
labelling agents, such as [11C]cyanogen bromide and [11C]thio-
cyanate.4 As [11C]lactic acid was prepared with [11C]cyanide in
1941,5 11C-cyanation with [11C]HCN has been used to prepare
a diverse array of 11C-labelled compounds, such as neuro-
transmitters, fatty acids, amino acids, sugars, receptor ligands,
and a plant hormone.3 However, only a few facilities produce
[11C]HCN, and the compounds labelled using [11C]HCN remain
under-utilised, despite its usefulness. This is mainly attributed
to the method for [11C]HCN production. For half a century, [11C]
HCN has generally been prepared based on the BMA process,6 in
which [11C]methane is passed over platinum at 900–1000 �C
under ammonia gas ow (Scheme 1).7 The starting material,
[11C]methane, is generally obtained by heating [11C]CO2 over
nickel under hydrogen gas ow at 400 �C, or sometimes by
proton irradiation of the N2/H2 gas target. Therefore, [

11C]HCN
production using the traditional method requires a dedicated
infrastructure, including H2 and NH3 gas lines, and furnaces for
high-temperature heating in the limited space of a shielded
radiation containment chamber. Furthermore, optimising the
reaction conditions to obtain reliable production of [11C]HCN
for routine use is difficult.3b,7c,7d

To make [11C]HCN widely accessible, we sought a practical
and efficient method for the production of [11C]HCN without
any special equipment and reagents. Herein, we propose a route
for the preparation of [11C]HCN from [11C]methyl iodide ([11C]
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Traditional method for the production of H11CN and on-
column conversion of 11CH3I to

11C-labelling agents. HOSA, hydrox-
ylamine-O-sulfonic acid.
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CH3I), which is established as the most widely used 11C-
labelling agent. We employed a simple on-line system using
a reaction column, in which [11C]CH3I was rst converted to
[11C]formaldehyde ([11C]CH2O) and then transformed into [11C]
HCN in a short period (Scheme 1). The conversion of [11C]CH3I
to further 11C-labelling agents using a reaction column has been
commonly performed. Useful 11C-labelling agents [11C]methyl
triate and [11C]nitromethane have been frequently prepared by
passing [11C]CH3I through a heated reaction column lled with
silver triate and silver nitrite, respectively.8 Therefore, the
production of [11C]HCN from [11C]CH3I using a reaction
column can be easily implemented in 11C production facilities.
Table 1 Effects of solvents and N-oxides on the yield of [11C]CH2O
a

Entry Solvent N-Oxide (mg) T (�C) Yieldsc (%) nd

1b DMSO TMAO (4 mg, 53 mmol) 70 80 � 1.9 4
2 DMSO TMAO (4) 70 90 � 1.9 4
3 DMSO TMAO 2H2O (4) 70 87 � 3.5 3
4 DMSO NMO (6 mg, 51 mmol) 70 83 � 2.2 3
5 DMSO OMT (15 mg, 57 mmol) 90 71 � 6.3 3
6 TMSO TMAO (4) 70 66 � 1.0 3
7b DMF TMAO (4) 70 73 � 6.1 7
8 DMF TMAO (4) 70 48 � 1.7 5
9b MeCN TMAO (4) 70 76 � 1.7 4
10 MeCN TMAO (4) 70 50 � 1.4 4

a Reaction conditions: For reactions in N-oxide suspended solution
(entries 1, 7, and 9), a solution of [11C]CH3I (37–74 MBq, 300 mL) was
added to a reaction vial containing a given amount of N-oxide, then
allowed to stand for 2 min at the designated temperature. For
reactions with N-oxide completely dissolved in the solution, a solution
of 11CH3I (37–74 MBq, 100 mL) was added to N-oxide solution (200 mL)
and reacted for 2 min at the designated temperature. b Reactions were
performed in the N-oxide suspension. c Yields of [11C]CH2O were
measured by dimedone precipitation assay.9g Values are presented as
mean � sd. d Number of experiments.
Results and discussion
Production of [11C]CH2O in solution

First, an efficient on-column method to produce gaseous [11C]
CH2O was required. There are several methods to prepare [11C]
CH2O.9 They are classied into three groups on the basis of the
starting materials ([11C]methanol, [11C]CO2 and [11C]CH2O).
Among them, the methods using [11C]methanol would not be
suitable for the current purpose because the production of [11C]
methanol requires incorporation of an additional synthesis
system in the 11C production facilities that are used to produce
[11C]CH3I from [11C]methane. For [11C]CO2, the reduction of
[11C]CO2 to yield [11C]CH2O requires a low temperature to
prevent over-reduction and the reducing agent is quenched by
adding an acid before [11C]CH2O distillation at high tempera-
ture. These procedures are not easily applicable to the on-
column reaction. In contrast to these methods, the reaction of
[11C]CH3I with an N-oxide was considered suitable for the on-
column production of gaseous [11C]CH2O, because [11C]CH3I
is available in most 11C production facilities and the reaction is
simple and efficient.9j Passing [11C]CH3I through the reaction
column containing an N-oxide solution was expected to afford
gaseous [11C]CH2O. However, the solvent used in this reaction
caused some concern. Alkyl halides are known to react with
trimethylamine N-oxide (TMAO) to afford the corresponding
aldehydes,10 and dimethyl sulfoxide (DMSO) has been reported
as a good solvent for this reaction.11 However, using DMSO as
solvent in the reaction of [11C]CH3I with TMAO gave a low yield
© 2022 The Author(s). Published by the Royal Society of Chemistry
of [11C]CH2O, whilst using N,N-dimethylformamide (DMF) as
solvent afforded [11C]CH2O in high yield.9j In our strategy,
gaseous [11C]CH2O was extracted from the reaction mixture by
distillation. Therefore, DMSO was considered more favourable
than DMF because of its higher boiling point.

According to these considerations, the efficiency of [11C]
CH2O production by the reaction of [11C]CH3I with TMAO in
DMF and DMSO was re-evaluated. A DMF or DMSO solution of
[11C]CH3I (300 mL) was added to a reaction vial containing ne
crystals of TMAO (4 mg, 53 mmol) and the suspended solution
was allowed to stand for 2 min at 70 �C. These reaction condi-
tions were the same as those used in a previous study.9j The
radiochemical yields of [11C]CH2O were determined using the
dimedone precipitationmethod9g to directly compare the values
in the previous study, measured using this method, with those
in this study. In DMF, [11C]CH3I was converted to [11C]CH2O in
moderate yield (Table 1, entry 7), as reported previously.9j,12

Efficient conversion of [11C]CH3I to [11C]CH2O was observed in
the reaction with DMSO (80 � 1.9%, entry 1) despite the
previous study reporting a much lower value (23 � 7%).9j The
reason for this discrepancy remains unclear. As anhydrous
TMAO is sparingly soluble in DMSO, sonication and slight
warming were necessary to dissolve TMAO. The low yield of [11C]
CH2O reported in the previous study was initially anticipated to
be due to the poor solubility of TMAO in DMSO. However,
a high [11C]CH2O yield was observed even in the reaction with
TMAO suspended in DMSO.

We further investigated the efficiency of [11C]CH2O produc-
tion using TMAO in solution. A solution of [11C]CH3I (100 mL)
Chem. Sci., 2022, 13, 3556–3562 | 3557
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Chart 1 N-Oxides and sulfoxides used in this study. TMAO, trime-
thylammonium N-oxide; NMO, N-methylmorpholine N-oxide; OMT,
oxymatrine; DMSO, dimethyl sulfoxide; TMSO, tetramethylene sulf-
oxide; DPSO, diphenyl sulfoxide.
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was added to a solution (200 mL) in which TMAO was completely
dissolved, and the mixture was reacted for 2 min. [11C]CH3I was
completely consumed within 2 min, even at ambient tempera-
ture using TMAO (4 mg) dissolved in DMSO. In the reaction in
DMSO at 70 �C, using fully dissolved TMAO increased the [11C]
CH2O yield (Table 1, entry 2) compared with the TMAO
suspension (entry 1). The use of the dihydrate of TMAO did not
affect the excellent yield of [11C]CH2O (entry 3).

In contrast, using TMAO fully dissolved in DMF solution
signicantly decreased the yield of [11C]CH2O (entry 8)
compared with the TMAO suspension (entry 7). These results
indicated that DMSO was a favourable solvent for the prepara-
tion of [11C]CH2O by reacting [11C]CH3I with TMAO in terms of
reaction efficiency.

In terms of molar activity,13 which is the activity of a radio-
labelled compound divided by the total amount of the
compound in moles, DMSO might not be a suitable solvent for
the preparation of [11C]CH2O, because DMSO degradation
generates nonradioactive CH2O.14 The generation of nonradio-
active CH2O reduces the molar activity of [11C]CH2O, resulting
in deterioration of the molar activity of [11C]HCN and
compounds labelled with it. A radiolabelled compound with
high molar activity is oen required to avoid toxicological
effects, and visualise and quantify biological functions, espe-
cially in a study using radiolabelled xenobiotics.1c Tetra-
methylene sulfoxide (TMSO), which has no methyl group, was
not expected to generate CH2O by thermal degradation (Chart
1). When TMSO was applied as the solvent instead of DMSO,
TMAO converted [11C]CH3I to [11C]CH2O in moderate yield
(Table 1, entry 6). This result suggested that sulfoxides with no
S-methyl group were preferable solvents for these reactions.

In a previous report, the reaction of [11C]CH3I with TMAO in
acetonitrile (MeCN) was suggested to afford [11C]CH2O with
relatively high molar activity.12 Furthermore, in MeCN, we
observed that TMAO converted [11C]CH3I to [11C]CH2O in
moderate yield (Table 1, entries 9 and 10) despite a previous
study reporting a much lower value (27� 7%).9j AlthoughMeCN
was not a suitable solvent for the present study owing to its
volatile nature, it might be a good solvent for in situ generation
of [11C]CH2O in the one-pot 11C-labelling with reductive N-
methylation and a Pictet–Spengler reaction.

The use of N-methylmorpholine N-oxide (NMO) dissolved in
DMSO afforded [11C]CH2O in moderate yield (Table 1, entry 4).
However, TMAO and NMO, which possess an N-methyl group,
underwent thermal degradation to form CH2O.15 The genera-
tion of CH2O would signicantly deteriorate the molar activity
of [11C]CH2O, even if only 0.1% of TMAO (4 mg, 53 mmol) was
decomposed to form CH2O (53 nmol). Therefore, using an N-
oxide with no N-methyl group was preferable to prevent
reducing the molar activity of [11C]CH2O. Triethylamine N-oxide
and quinuclidine N-oxide have been reported as effective for
this reaction, whilst pyridine N-oxide was ineffective.9j,12,16

However, triethylamine N-oxide is a thermolabile compound
that decomposes via Cope elimination and Meisenheimer
rearrangement.17 Quinuclidine N-oxide is also not suitable for
routine use because it is highly hygroscopic and deliquescent
when synthesised, as previously reported, and not commercially
3558 | Chem. Sci., 2022, 13, 3556–3562
available.18 Furthermore, the use of quinuclidine N-oxide
instead of TMAO did not improve the molar activity of [11C]
CH2O.12 Next, oxymatrine (OMT), a natural N-oxide quinolizi-
dine derivative with no N-methyl group (Chart 1), was applied
instead of TMAO and NMO for the production of [11C]CH2O
from [11C]CH3I in DMSO. Using OMT as oxidant afforded
a moderate yield of [11C]CH2O, although a higher reaction
temperature was required (entry 5).
Production of gaseous [11C]CH2O

Gaseous [11C]CH2O was produced by passing [11C]CH3I through
quartz wool wetted with N-oxide solution. Quartz wool was
compressed to 25 mm in a small glass column (syringe barrel
type, approx. 8.5 mm ID � 70 mm). The quartz wool was soaked
with N-oxide solution and then excess solution was purged with
nitrogen gas ow (100 mL min�1) at 50 �C for 10 min. [11C]CH3I
in the carrier gas was introduced into the reaction column,
which was heated during the reaction with a silicone rubber
heater,8c at a ow rate of 50 mL min�1. The ow rate was the
same value as used in the routine 11C-methylation procedure
with [11C]CH3I to minimise changes in the sequential program
for automated synthesis.

As a preliminary study, [11C]CH3I was introduced into
a heated reaction column (120 �C), which was prepared with
a solution of TMAO (10 mg) dissolved in only MeCN (1 mL). The
eluted gas containing the radioactive product from the reaction
column was passed through an 80% aqueous DMSO solution
(cooled with an ice bath) to trap the [11C]CH2O and unreacted
[11C]CH3I. A considerable amount of unreacted [11C]CH3I was
recovered in the trapped solution (Fig. S1 in ESI†). This result
suggested that a less volatile solvent would be needed for an
efficient reaction in the reaction column, because almost all
MeCN was evaporated and removed from the reaction column
during preparation. However, when a reaction column prepared
with a solution of TMAO dissolved in only DMSO was used,
unreacted [11C]CH3I was not observed, but a considerable
amount of radioactivity was trapped in the column (48%). Next,
a mixture of MeCN (750 mL) and DMSO (250 mL) was used as
solvent for the TMAO solution in reaction column preparation
to reduce the amount of DMSO retained in the quartz wool. By
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1sc07033a


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
M

ar
ch

 2
02

2.
 D

ow
nl

oa
de

d 
on

 7
/2

8/
20

25
 1

1:
00

:1
8 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
passing [11C]CH3I through a reaction column prepared with this
solution at 120 �C for 3 min, [11C]CH3I was almost completely
captured in the column and the radioactivity in the column was
efficiently distilled.

Subsequently, eluted gas from the reaction column was
introduced into a 2,4-dinitrophenylhydrazine (DNPH) cartridge
to detect the production of [11C]CH2O and measure its molar
activity. The remaining radioactive substances, which were not
trapped in the DNPH cartridge, were collected in a sampling
bag. The activity trapped in the DNPH cartridge was found to be
more than 83% of the total activity introduced into the reaction
column. When [11C]CH3I was passed through a heated reaction
column (120 �C), which was prepared with a solution of TMAO
in a mixture of MeCN and DMSO, [11C]CH2O-2,4-dini-
trophenylhydrazone ([11C]CH2O-DNPH) was formed in the
DNPH cartridge in moderate yield (Table 2, entry 1). However,
the molar activity of [11C]CH2O-DNPH was much lower than
that of [11C]CH3I (345� 70 GBq mmol�1) at the start of [11C]CH3I
transfer, as expected (entry 1). The use of NMO instead of TMAO
ameliorated the molar activity of [11C]CH2O-DNPH (entry 2), but
the value was lower than that of [11C]CH3I. Unexpectedly, the
molar activity was not improved, even when using OMT, which
has no methyl group (entry 3). The mechanism of this
phenomenon was unclear, but it was also observed in experi-
ments in which NMO and OMT were heated with or without
DMSO. Although NMO generated CH2O by heating without
DMSO, whilst OMT did not, heating their DMSO solutions
released comparable amounts of CH2O (Fig. S2 in ESI†).
Diphenyl sulfoxide (DPSO), which has no methyl group, was
then used instead of DMSO to ameliorate the molar activity of
[11C]CH2O. With the reaction column prepared using a solution
of OMT (25 mg), DPSO (250 mg), and MeCN (750 mL), [11C]
CH2O-DNPH was obtained in moderate yield with high molar
activity comparable to that of [11C]CH3I (entry 4). When using
DPSO, the column temperature was increased to 150 �C because
Table 2 Yield and molar activity of [11C]CH2O-DNPHa

Entry Solventb N-Oxide Tc (�C)

1 DMSO TMAO 120
2 DMSO NMO 120
3 DMSO OMT 120
4 DPSO OMT 150
5 DMF TMAO 120

a Values are presented as mean � sd. [11C]CH2O eluted from the
dinitrophenylhydrazine (DNPH) to yield [11C]CH2O-2,4-dinitrophenylhydr
250 mL; DPSO, 250 mg) were mixed with MeCN (750 mL) and N-oxide (TM
column. c Temperature of reaction column. d Molar activity. e At the en
experiments.

© 2022 The Author(s). Published by the Royal Society of Chemistry
[11C]CH3I breakthrough increased by reacting at 120 �C. Using
DMF as solvent resulted in a low yield of [11C]CH2O-DNPH
(entry 5). In this case, 56% of the total activity introduced into
the reaction column was retained in the column aer the
reaction. This might be due to the relatively low efficiency of the
conversion of [11C]CH3I to [11C]CH2O in DMF, and the reaction
of [11C]CH2O with amines generated by the decomposition of
DMF under heating conditions.
Production of gaseous [11C]HCN

Although the radiochemical yield of [11C]CH2O was not directly
determined, the yield should be higher than that of [11C]CH2O-
DNPH (around 55% at the end of bombardment, Table 2). This
encouraged us to investigate the conversion of [11C]CH2O to
[11C]HCN using hydroxylamine-O-sulfonic acid (HOSA). HOSA
has been used to convert aldehydes to nitriles,19 but its appli-
cability to the conversion of CH2O to HCN was unclear. [11C]
CH2O was then reacted with HOSA in DMSO or water at 120 or
100 �C, respectively, for 3 min. In both solvents, [11C]HCN was
predominantly formed, whilst [11C]CH2O was almost
completely consumed (Fig. S3 in ESI†). This result suggested
that DMSO vapor and moisture would not interfere with the
conversion of [11C]CH2O to [11C]HCN by HOSA.

Subsequently, the reaction of [11C]CH2O with HOSA under
solvent-free conditions was studied. Gaseous [11C]CH2O, which
was generated by passing [11C]CH3I through a solution of NMO
(40 mg) in DMSO (1 mL) at 120 �C, was introduced into the
reaction column, which included a mixture of HOSA (40 mg)
and quartz sand (2.3 g), and the eluted radioactive substances
were collected in ice-cold DMF and a sampling bag sequentially.
When heating the reaction column at 120 �C, [11C]HCN (96%)
and [11C]CH3I (4%) were observed in DMF. This indicated that
HOSA efficiently captured [11C]CH2O and converted it to [11C]
HCN without solvent. However, 40% of the total activity intro-
duced was retained in the column aer the reaction. When the
Yield (%) Am
d (GBq mmol�1)

ngEOBe EOTf EOTf

55 � 7.0 37 � 4.3 90 � 36 3
57 � 9.3 38 � 6.2 190 � 29 5
55 � 9.5 37 � 6.2 158 � 41 6
57 � 1.5 39 � 0.8 335 � 52 4
36 23 123 1

reaction column was introduced into a cartridge containing 2,4-
azone ([11C]CH2O-DNPH). b The designated solvents (DMSO and DMF,
AO and NMO, 10 mg; OMT, 25 mg) and used to prepare the reaction
d of bombardment. f At the end of [11C]CH2O transfer. g Number of

Chem. Sci., 2022, 13, 3556–3562 | 3559
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reaction temperature of the column was increased to 150 �C, the
activity retained in the column was reduced to 19%, with 74% of
the total activity introduced being recovered in DMF. The
radiochemical purity of [11C]HCN collected in DMF was 97%
and the major impurity was found to be [11C]CH3I (2.5%).

Finally, [11C]HCN was produced by passing [11C]CH3I
through a reaction column in which a mixture of HOSA (40 mg)
and quartz sand (2.3 g) was placed on the quartz wool layer
containing OMT and DPSO (Fig. 1). The reaction temperature
was set at 150 �C based on the preliminary study described
above. The synthesis time from the end of bombardment to the
end of collection of [11C]HCN in ice-cold DMF was 10 � 0.3 min
(n¼ 3). The radioactivity in DMF reached a plateau within 2min
of starting the [11C]CH3I transfer. The [

11C]HCN yield at the end
of collection in DMF was comparable to that of the traditional
method (Table 3, entries 1 and 3). The radiochemical purity of
Fig. 1 External view of reaction column. The video showing the
method for the preparation of the reaction column is available in ESI.†

Table 3 Yield, purity, and molar activity of [11C]HCN

Entry Method Routea

[11C]HCN

Yield (%)

EOBh EOTi

1 Current Route 1b 60 � 2.5 42 � 1.
2 Current Route 2c 52 � 4.1 37 � 2.
3 Traditional Route 3d 51 � 5.6 41 � 4.
4 Traditional Route 4e — —

a Values are presented as mean � sd (n ¼ 3). Synthetic route for the prepa
with the OMT solution. c A mixture of powdered OMT, DPSO, and SiO2 gra
HCN preparation with NH3 included in the carrier gas of [11C]HCN (5%
f Reaction conditions: [11C]HCN was transferred to a reaction vessel conta
diazabicyclo[5.4.0]undec-7-ene (DBU, 1 mL) at �20 �C until the radioac
120 �C for 5 min. g Molar activity. h At the end of bombardment. i At the

3560 | Chem. Sci., 2022, 13, 3556–3562
[11C]HCN trapped in DMF was sufficiently high (94%, entry 1).
The [11C]CH3I content observed in DMF was 1.3 � 1.1% (Fig. S4
in ESI†). The molar activity of [11C]HCN was determined by
derivatisation to benzyl [11C]cyanide ([11C]BnCN), achieved by
reacting benzyl bromide with [11C]HCN in DMF. Although the
total synthesis time of [11C]BnCN aer the end of bombardment
in the current method and traditional method was comparable,
the molar activity of [11C]BnCN produced with the current
method was much higher than that produced with the tradi-
tional method (entries 1 and 3). The presence of ammonia (5%)
in the carrier gas of [11C]HCN was suspected to be the cause of
the relatively low molar activity of [11C]BnCN produced by the
traditional method, because ammonia in DMF potentially
generates cyanide.20 However, decreasing the ammonia content
(<0.2 ppm) in the carrier gas introduced into the reaction
solution did not affect the molar activity of [11C]BnCN (entry 4).
This indicated that the low molar activity of [11C]BnCN was
attributed to that of [11C]HCN produced by the traditional
method. The relatively low molar activity of [11C]HCN produced
by the traditional method has been occasionally mentioned in
literature.3b,21

With decay correction, the molar activity of [11C]HCN
produced with the current method was estimated to be 349� 29
GBq mmol�1 at the end of collection in the reaction solution
(entry 1). This value was comparable to that of [11C]CH3I (345 �
70 GBq mmol�1) at the start of [11C]CH3I transfer. This indicated
that nonradioactive cyanide was not generated or present in the
current method. As the molar activity of [11C]HCN produced by
the current method depended on that of [11C]CH3I, [

11C]HCN
[11C]BnCNf

Purity (%)

Yield (%) Am
g (GBq mmol�1)

EOSj EOTi EOSj

6 94 � 0.8 11 � 1.4 349 � 29 198 � 18
7 88 � 1.6 9.5 � 0.8 340 � 62 193 � 38
8 >99% 11 � 1.9 103 � 69 53 � 36

— 7.8 � 1.2 109 � 35 55 � 17

ration of [11C]HCN. b The N-oxide layer of reaction column was prepared
nules was used as the N-oxide layer. d Ordinary synthetic route for [11C]
in N2).

e NH3 in the carrier gas of [11C]HCN was removed (<0.2 ppm).
ining a DMF solution (300 mL) of benzyl bromide (BnBr, 1 mL) and 1,8-
tivity in the vessel reached a plateau. [11C]HCN was then reacted at
end of [11C]HCN transfer. j At the end of synthesis (purication).

© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1sc07033a


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
M

ar
ch

 2
02

2.
 D

ow
nl

oa
de

d 
on

 7
/2

8/
20

25
 1

1:
00

:1
8 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
with even higher molar activity would be obtained using [11C]
CH3I with higher molar activity.

The current method allowed [11C]HCN to be obtained easily
in sufficient yield and with high molar activity. Furthermore,
[11C]HCN was directly applied to a nucleophilic 11C-cyanation
reaction. However, preparation of the reaction column for
routine use was somewhat inconvenient, because it required
a syringe barrel-type glass tube, the removal of excess solution,
the use of HCN-free MeCN, and some operator experience to
achieve adequate compression of the quartz wool. These
disadvantages were attributed to the method for preparation of
the N-oxide layer in the reaction column. To eliminate these
problems, the reagents, namely, OMT (25 mg), DPSO (75 mg),
and SiO2 granules (1.6 g), were simply mixed and used as the N-
oxide layer instead of quartz wool wetted with the MeCN solu-
tion of these reagents. DPSO with a melting point of around
70 �C was expected to act as a solvent during heating of the
reaction column. Furthermore, OMT was expected to convert
[11C]CH3I to [11C]CH2O efficiently, even if not completely dis-
solved in DPSO, because efficient conversion was observed in
the suspension of TMAO in DMSO, as described above (Table 1,
entry 1). Along with using the reaction column prepared by this
simplied procedure, the reaction conditions were slightly
modied to decrease the breakthrough of [11C]CH3I. The reac-
tion temperature further increased to 170 �C from introducing
[11C]CH3I at 150–160 �C and the ow rate was reduced from 50
to 40 mLmin�1. Although the reaction conditions were not fully
optimised, the yield and the molar activity of [11C]HCN
produced with the dry reaction column were comparable to
those of [11C]HCN produced with the wetted reaction column
(Table 3, entries 1 and 2). The radiochemical purity of [11C]HCN
in the collected solution was slightly decreased (88%, entry 2)
compared with that obtained using the wetted quartz wool
(94%, entry 1), whilst [11C]CH3I breakthrough was increased
(6.1 � 3.1% in the collection solution, Fig. S4 in ESI†). These
results indicated that the reaction column prepared simply with
the reagent mixture was applicable to [11C]HCN production.
Furthermore, [11C]HCN produced with the dry reaction column
was directly applied to the preparation of [11C]BnCN. The
radioactive impurities including [11C]CH3I would not have
a signicant impact on the 11C-cyanation reaction. However,
any impurities or radioactive substances derived from them
would potentially make the purication of the desired 11C-
labelled compound difficult. In this case, further optimisation
or an additional purication process to reduce radioactive
impurities is required.

Conclusions

In this study, a simple and efficient [11C]HCN production
method was developed. The method is immediately imple-
mentable in every 11C production facility. The current method
does not require any specialised equipment. By passing [11C]
CH3I through the heated reaction column, [11C]HCN was ob-
tained within 2 min aer [11C]CH3I transfer into the column,
and the yield was comparable to that of the traditional method.
In addition to facilitating access to [11C]HCN, this method has
© 2022 The Author(s). Published by the Royal Society of Chemistry
further advantages over the traditional method. When OMT and
DPSO were used for [11C]CH2O production, this method affor-
ded [11C]HCN with high molar activity corresponding to that of
[11C]CH3I used. When [11C]HCN with high molar activity is not
required, NMO, which is cheaper and widely available, can be
applied instead of OMT. For example, [11C]HCN with a high
molar activity might not be necessary for 11C-labelling of
biomolecules, such as glucose, amino acids, and fatty acids,
which are present in the blood. The other advantage of this
method is that the carrier gas of [11C]HCN does not include
ammonia, which can potentially interfere with the 11C-
cyanation reaction. Furthermore, gaseous [11C]CH2O can be
produced within the reaction column including only an N-oxide
layer. However, as a disadvantage, whilst the traditional method
does not require special advance preparation, the current
method requires preparation of the reaction column prior to
each [11C]HCN production. Therefore, the reaction column
preparation method was simplied as much as possible to
reduce this burden. Although [11C]CH3I is produced by two
different routes (Scheme 1), [11C]CH3I produced by either route
would be applicable to this method. This method allows
compounds to be labelled with [11C]HCN for broad application
to studies with positron emission tomography.
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F. Rösch, J. Med. Chem., 2014, 57, 9232–9258; (d)
K. Neumann, R. Flavell and D. M. Wilson, Semin. Nucl.
Med., 2017, 47, 461–473; (e) M. P. Schmidt, S. D. Mamet,
R. A. Ferrieri, D. Peak and S. D. Siciliano, Mol. Imaging,
2020, 19, 1–31.

2 For selected reviews, see: (a) P. W. Miller, N. J. Long, R. Vilar
and A. D. Gee, Angew. Chem., Int. Ed., 2008, 47, 8998–9033; (b)
X. Deng, J. Rong, L. Wang, N. Vasdev, L. Zhang, L. Josephson
and S. H. Liang, Angew. Chem., Int. Ed., 2019, 58, 2580–2605.

3 For selected reviews, see: (a) Y. Xu and W. Qu, Eur. J. Org.
Chem., 2021, 2021, 4653–4682; (b) Y. P. Zhou,
K. J. Makaravage and P. Brugarolas, Nucl. Med. Biol., 2021,
102–103, 56–86.

4 (a) G. Westerberg and B. Långström, Appl. Radiat. Isot., 1997,
48, 459–461; (b) S. Stone-Elander, P. Roland, C. Halldin,
M. Hassan and R. Seitz, Int. J. Radiat. Appl. Instrum., Part B,
1989, 16, 741–746; (c) P. Johnström, L. Bergman, K. Varnäs,
J. Malmquist, C. Halldin and L. Farde, Nucl. Med. Biol.,
2015, 42, 555–560.

5 R. D. Cramer and G. B. Kistiakowsky, J. Biol. Chem., 1941,
137, 549–555.

6 F. Endter, Chem. Ing. Tech., 1958, 30, 305–310.
7 (a) D. R. Christman, R. D. Finn, K. I. Karlstrom and
A. P. Wolf, J. Nucl. Med., 1973, 14, 864–866; (b)
D. R. Christman, R. D. Finn, K. Karlstrom and A. P. Wolf,
Int. J. Appl. Radiat. Isot., 1975, 26, 435–442; (c) R. Iwata,
T. Ido, T. Takahashi, H. Nakanishi and S. Iida, Int. J. Rad.
Appl. Instrum. A, 1987, 38, 97–102; (d) P. A. Ellison,
A. M. Jedele, T. E. Barnhart, R. J. Nickles, D. Murali and
O. T. DeJesus, Proceedings of the 15th International
Workshop on Targetry and Target Chemistry, 2015, 159–163.

8 (a) D. M. Jewett, Int. J. Rad. Appl. Instrum. A, 1992, 43, 1383–
1385; (b) K. O. Schoeps, S. Stone-Elander and C. Halldin, Int.
J. Rad. Appl. Instrum. A, 1989, 40, 261–262; (c) K. Kato,
M. R. Zhang, K. Minegishi, N. Nengaki, M. Takei and
K. Suzuki, J. Labelled Compd. Radiopharm., 2011, 54, 140–144.

9 (a) D. R. Christman, E. J. Crawford, M. Friedkin and
A. P. Wolf, Proc. Natl. Acad. Sci. U. S. A., 1972, 69, 988–992;
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