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A fast and simple route to the synthesis of [''C }- and ('3*C)-cyanogen bromide has
been developed. Hydrogen [ ''C Jcyanide was produced on-line from [''C]carbon
dioxide and reacted with bromide in triethyleneglycol dimethyl ether to give a
70-80% decay-corrected radiochemical yield of [''CJcyanogen bromide in
9-11 min, counted from the end of the bombardment. In a typical run, starting from
20.5 GBq (550 mCi) [''C]carbon dioxide, 10.1 GBq (274 mCi) [''CJcyanogen
bromide were obtained. The [''C Jcyanogen bromide was transferred to a reaction
vessel in a stream of nitrogen gas and used in the synthesis of phenyl [''C Jcyanate
(1a), 4-nitrophenyl [''CJcyanate (1b), 2.4-dinitrophenyl [''CJcyanate (lc),
diethyl[''C Jcyanamide (2a), phenyl[''C Jcyanamide (2b), diphenyl[''C]-
cyanamide (2¢), 1-([''C Jcyano)-4-(dimethylamino)pyridinium bromide (2d), and
benzyl [''C]Jthiocyanate (3a). Compounds 1-3 were obtained with radiochemical
yields of 54-98% in 13-27 min counted from [''CJcyanogen bromide. Phenyl
['!C]thiocyanate (3b), was obtained in a 12% radiochemical yield. Using the
procedure for benzyl [ ''C Jthiocyanate (3a), benzyl (*C)thiocyanate was obtained

in 71 % yield.

The interest in the incorporation of short-lived, positron-
emitting radionuclides into compounds of biological
interest for use in positron emission tomography (PET)
has prompted a search for new labelled synthetic precur-
sors. Such labelled precursors might simplify the selec-
tion of synthetic strategies and increase the number of
accessible target molecules.

In this paper, a method suitable for the routine produc-
tion of [''C Jeyanogen bromide is described, as well as the
application of the labelled precursor for the synthesis of
some simple model compounds. In a synthetic context,
cyanogen bromide is an electrophilic one-carbon synthon
which can be regarded as an umpoled cyanide species.

Hydrogen [''CJcyanide has long been used as a
precursor for the synthesis of nitriles, carboxylic acids,
amino acids, amines, and other labelling precursors.'
Cyanogen bromide as a source of positive cyanide,
however, offers a range of new synthetic possibilities.
Addition of an ''C-cyano-group to nucleophilic carbon,
nitrogen, oxygen or sulfur presents new routes to labelled
products and synthetic intermediates, e.g., nitriles,
cyamides, cyanates and thiocyanates. Cyanogen bromide
(CNBr) has previously been used primarily as a reagent in
protein chemistry for the selective cleavage of peptide
bonds,? and as a chromatography resin activating agent?
and in the von Braun degradation of amines.* The
synthesis of carrier-added ['*C]cyanogen bromide has
been reported.’
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[''C]Cyanogen bromide was prepared by the reaction
between hydrogen [''C Jcyanide and bromine in triethyl-
eneglycol dimethyl ether (triglyme) at room temperature
and then distilled into the reaction flask, as shown
in Fig. 1. The [''CJcyanogen bromide was used in the
synthesis of the labelled aromatic cyanates phenyl
["'CJcyanate (1a), 4-nitrophenyl [!'CJcyanate (1b)
and 24-dinitrophenyl [''CJcyanate (1¢) according to
Scheme 1. Labelled cyanamides were obtained by the
reaction of [''C Jcyanogen bromide with various amines

Fig. 1. System used for the on-line production of hydrogen
[""Clcyanide and synthesis of [''C]lcyanogen bromide.
A, MgClO,; B, Ni-furnace (Ni/Kiseiguhr), 400°C; C,
Ascarite—-MgClO,; D, KOH; E, Pt-furnace, 1050°C; F, P,0;
G, heating block with glass reaction vessel; H, Sb-powder;
I, receiving vessel.
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and gave the following products: diethyl[''CJcyana-
mide (2a), phenyl[!'C Jcyanamide (2b), diphenyl[*'C]-
cyanamide (2¢) and 1-([''C Jcyano)-4-(dimethylamino)-
pyridinium bromide (2d), as illustrated in Scheme 2.
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Benzyl sulfide ion and thiophenol were used to synthesise
benzyl [''C]Jthiocyanate (3a) and phenyl [''C]thio-
cyanate (3b), respectively, according to Scheme 3.
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§ 2) 'CNBr s''cN
2
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SH —_ s'leN
THF
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Scheme 3.

The synthesis of biologically active compounds labelled
with stable nuclides is receiving increased attention as
a result of the development in the fields of mass spec-
troscopy and nuclear magnetic resonance spectroscopy.
Using a procedure analogous to [''C Jcyanogen bromide,
(**C)cyanogen bromide was prepared and used in the
synthesis of benzyl ('*C)thiocyanate in a high chemical
yield.

Materials and methods

General. [''C]Carbon dioxide was prepared by the
“N(p,)"'C nuclear reaction using a nitrogen gas target

['"C]/('3C)CYANOGEN BROMIDE

and the tandem Van der Graaf accelerator at the
The Svedberg Laboratory, University of Uppsala, and
recently the Scanditronix MC-17 cyclotron at the
Uppsala University PET Centre. The [''CJcarbon
dioxide was converted into hydrogen [''CJcyanide
using the Scanditronix RNP-17 gas processing system
according to a general procedure described previously.5’
Analytical HPLC was performed on a Hewlett Packard
model 1090 equipped with a UV-diode array detector in
series with a B*-flow detector® and the following
columns: (A) C,s Spherisorb ODS 1 10 um, 250 x 4.6 mm
(id.); (B) C,g Nucleosil 10 pm, 250 x 4.6 mm (i.d.). Mobile
phases used were: (C) 0.05 M ammonium formate pH 3.5;
(D) 001 M potassium dihydrogenphosphate, pH 4.6;
(E) methanol and (F) acetonitrile-water (50:7, v/v).
Preparative HPLC was performed with a Waters M-45
pump and a C,; Nucleosil 10 pm 250 x 10 mm (id.)
column with a Pharmacia Dual Path Monitor UV-2 in
series with a Philips ZP-114 GM-tube. Gas chromato-
graphy was performed on a Hewlett Packard 5880A
equipped with a flame ionization detector in series with a
B*-flow detector® and a 1 m 1/8” glass column packed
with 20% SE-52 on 110/120 Chromosorb W, with a flow
rate of 30ml min~' (N,). '*C NMR spectra were
recorded on a Varian XL-300 at 754 MHz (CDCl,).
Tetrahydrofuran (THF) and triethyleneglycol dimethyl
ether (triglyme) were dried by distillation from sodium-
benzophenone and sodium hydride, respectively.

Synthesis of [''C]cyanogen bromide. Hydrogen [''C]-
cyanide was trapped in 800 pl triethyleneglycol dimethyl
ether (triglyme) at room temperature. Bromine (Merck,
zur synthese) was dissolved in 300 pl triglyme immediately
prior to use and then added to the reaction vessel through
a septum. The reaction mixture was heated to 180°C in a
heating block and the [''CJcyanogen bromide trans-
ferred in a stream of nitrogen via a tube containing ca.
400 mg antimony powder dispersed on glass beads, to a
receiving vessel for further synthesis. The [''C Jcyanogen
bromide was analysed by HPLC using column A, solvent
CJE, isocratic elution at 80:20v/v, flow 2 ml min~',
column temperature 40°C. The retention times for
[''CJcyanogen bromide and [''C Jcyanide ion were 2.4
and 1.8 min, respectively. GC analysis with a column tem-
perature of 60°C gave a retention time for [''C Jcyanogen
bromide of 1.9 min.

Synthesis of phenyl [''C]cyanate, 4-nitrophenyl [''C]-
cyanate and 2,4-dinitrophenyl [''C]cyanate, compounds
(1a—). The phenol (50 pmol) was dissolved in 600 pl
of dry acetone in a 1.5 ml vial equipped with a septum.
Triethylamine (5pul, 14 equiv.) was added and the
[''CJcyanogen bromide was transferred in a stream of
nitrogen to the cooled (—72°C) reaction mixture. After
transfer of the radioactivity, the solution was heated at
70°C for 2min and then evaporated to dryness. The
residue was taken up in 2 ml acetonitrile and, in the case
of phenyl ['!CJcyanate (1a), injected into the preparative

975



WESTERBERG AND LANGSTROM

HPLC using a column temperature of 25°C, solvent C/E,
isocratic elution at 70 : 30 v/v, flow 5ml! min !, wave-
length 254 nm. The fraction with a retention time of
7.7 min was collected and analysed (column B, solvents
C/E, isocratic elution at 70:30v/v, flow 2ml min—!,
column temperature 40°C, wavelength 254 nm). The
retention times of the compounds 1a, 1b and 1c were
6.3, 5.8 and 5.5 min, respectively.

Synthesis of diethyl [''C]cyanamide (2a). Diethylamine
(10 ul, 100 pmol) was dissolved in 600 pl THF in a
1.5 ml vial equipped with a septum. The [''C Jcyanogen
bromide was transferred to the cooled (—72°C) reaction
vessel in a stream of nitrogen. After transfer of the
radioactivity, the solution was heated at 70°C for 1 min,
and then purified by preparative HPLC, using the
following conditions: column temperature 25°C, solvent
C/E, isocratic elution at 60:40 v/v, flow Sml min~!,
wavelength 254 nm. The fraction with a retention time of
38 min was collected. The radiochemical purity was
>98% as analysed by HPLC (column B and solvents
D/F, isocratic elution at 80 :20 v/v, flow 2ml min~!,
column temperature 40°C, wavelength 230 nm). The
retention time for 2a was 6.7 min.

Synthesis of phenyl [''C]cyanamide (2b). Aniline
(100 umol) was dissolved in 600 ul DMSO in a 1.5 ml vial
equipped with a septum. The [''C]cyanogen bromide
was transferred to this vial at room temperature. The
reaction mixture was heated at 120°C for 4 min, when a
sample was taken for HPLC analysis (column B and
solvents D/F, isocratic elution at 80 :20 v/v, flow 2 ml
min~!, column temperature 40°C, wavelength 254 nm).
The retention time of aniline [''C]cyanamide was
6.8 min.

Synthesis of diphenyl[''C]cyanamide (2¢). To a solution
of diphenylamine (8.5 mg, 50 pmol) in THF (100 pl) held
at —72°C were added 40 pul n-butyllithium (1.6 M in
hexane, 1.3 equiv.). [ "'C]Cyanogen bromide was trapped
in 400 pl THF at —72°C in a 1.5ml septum-sealed
reaction vessel. After trapping, the radioactivity was
transferred to the amine solution, and allowed to react
at —72°C for 2 min, when 25 pl water were added. The
reaction mixture was analysed using the same conditions
as for phenyl[ ''CJcyanamide. The retention time of the
product 2¢ was 9.1 min.

Synthesis of I1-([''C]cyano)-4-(dimethylamino)pyridi-
nium bromide (2d). [''C]Cyanogen bromide was trapped
in a solution containing 6.0 mg (50 pmol) 4-(dimethyl-
amino)pyridine in 600 pl acetonitrile. This solution was
heated at 70°C for 2 min and then diluted with 1.0 ml
mobile phase and injected into the preparative HPLC
column, temperature 25°C, solvent C/E, isocratic elution
at 40 : 60 v/v, flow 5 ml min "', wavelength 254 nm. The
fraction with a retention time of 4.1 min was collected.
HPLC analysis using column (B), solvents C/E, isocratic
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elution 80 : 20 v/v, column temperature 40°C and a wave-
length 254 nm gave a retention time of 5.6 minutes for
(2d).

Synthesis of benzyl [''C]thiocyanate (3a). Dibenzyl di-
sulphide (12.3mg, 50 umol) was dissolved in THF
(600 pl) and treated with sodium (3.3 mg, 140 pmol) at
—72°C. The [''C]Jcyanogen bromide was transferred to
this solution in a stream of nitrogen after which the reac-
tion mixture was heated at 80°C for 5 min. The resulting
solution was diluted to 1.0 ml with HPLC mobile phase
and injected into the preparative HPLC, solvent C/E,
flow 5Sml min~!, retention time 7.0 min. The fraction
containing 3a was collected and analysed (column B,
mobile phase C/E, 80 : 20 v/v, linear gradient 20-80 % E,
0-5min, flow 2ml min~! wavelength 254 nm). The
retention time of benzyl [ ''C]thiocyanate was 8.3 min.

Synthesis of benzyl (°C)thiocyanate. Potassium ('*C)-
cyanide (8.1 mg, 123 umol) was dissolved in 20 ul water
and added to the triglyme. Hydrogen [''C]Jcyanide was
trapped in this solution, bromine (125 mg, 780 pmol) in
300 ul triglyme was added and the reaction mixture
allowed to stand for 2 min. A drying tower containing
phosphorus pentaoxide (Sicapent®) was incorporated in
series with the antimony bed and the reaction mixture
treated as described above. The mixture of [''C]-
cyanogen bromide and (!*C)cyanogen bromide was
transferred to a 3 ml vessel containing 29.3 mg (120 pmol)
dibenzyl disulphide and 10.3 mg (450 pmol) sodium.
After transfer, the reaction mixture was heated at 80°C for
10 min. The reaction was quenched by the addition of
250 pl of 2 M HC], and then injected into the preparative
HPLC, solvent C/E, flow 5ml min~!, retention time
6.6 min. The fraction containing labelled benzyl
thiocyanate was collected and analysed (column B,
mobile phase C/E, 80 : 20 v/v, linear gradient 20-80% E,
0-5min, flow 2ml min~!, wavelength 254 nm). The
product fraction was evaporated and the residue dis-
solved in CDCl,;. *C NMR spectroscopy gave a chemical
shift of 112.0 ppm for the single peak detected, using the
CDCl, signal (77 ppm) as the reference. The *C NMR
spectrum of a reference sample'? of benzyl thiocyanate
showed peaks at 38.2, 112.0, 128.8, 128.9, 129.0 and
134.3 ppm.

Synthesis of phenyl [''C Jthiocyanate (3b). The synthesis
of phenyl [*'C]thiocyanate was carried out in THF by a
procedure analogous to that of phenyl [''CJcyanate.
After heating, the reaction mixture was analysed using
the same conditions as for benzyl [ ''C]thiocyanate. The
retention time of (3b) was 5.9 min.

Results and discussion

Production of hydrogen [''C]cyanide from [''C]Jcarbon
dioxide was performed using an on-line procedure
as described previously.*’ A drying tower containing
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Fig. 2. Radiochemical yield for the conversion of hydrogen
['"Clcyanide into [''C]cyanogen bromide vs. amount of
bromine used. Yields were measured after trapping of
['"Clcyanogen bromide.

phosphorus pentaoxide (Sicapent®) was incorporated
after the platinum furnace to trap and reduce the amount
of ammonia in the reaction vessel, Fig. 1.

The synthesis of [''C]cyanogen bromide was carried
out in a glass reaction vessel equipped with a septum. The
total volume of this vessel was 6.0 ml.

When transferring the [''C]cyanogen bromide from
the reaction vessel, it was found that the excess of bromine
could be efficiently removed from the gas-stream using a
tube filled with antimony powder dispersed on glass
beads, provided that fresh antimony was used in each
run.'® The efficiency of the removal of bromine was
checked using a modified literature procedure.'' It
was found that more than 98 % of the bromine used was
retained on the antimony bed.

Synthesis of [''CJcyanogen bromide. In search of suitable
conditions for the preparation of [''C]cyanogen

Table 1. Radiochemical yields and synthesis times.

Radiochemical  Synthesis
Product yield (%)° time®/min
["C]Cyanogen bromide 98 +1,3° 7
Phenyl [*'C]cyanate (1a) 81 (73) 16 (26)
4-Nitrophenyl [''C]cyanate (1b) 84 (—) 15 (—)
2,4-Dinitrophenyl [''C]cyanate (1c) 78 (—) 16 (—)
Diethyl[''C]cyanamide (2a) 97 (93) 13 (22)
Phenyl['*C]cyanamide (2b) 86 (—) 17 (—)
Diphenyl[''C]cyanamide (2c) 54 (—) 18 (—)
1-(["*Clcyano)-4-(dimethyl-
amino)pyridinium bromide (2d) 98 (96) 14 (23)
Benzyl [ ''C]thiocyanate (3a) 93 (87) 17 (27)

Phenyl [ ''C]thiocyanate (3b) 12 (—) 16 (—)

“Based on [''C]cyanogen bromide, decay corrected (values
within parentheses after preparative HPLC). ?Counted from
['"C]cyanogen bromide. °Based on hydrogen [''C]cyanide,
mean yield + S.D. (n=64).

[''C]/("*C)CYANOGEN BROMIDE

bromide, the reaction was performed in a range of polar
and non-polar solvents: glacial acetic acid, ethanol,
DMSO, DMF, THF, triglyme and diethyl ether. The
highest yields were obtained in triglyme and THF, while
use of the polar solvents resulted in complex product
mixtures or low yields. Triglyme was found to be an ideal
solvent owing to its inertness and high boiling point
(225°C), allowing the transfer of the [''C]Jcyanogen
bromide while minimizing codistillation of solvent. The
trapping efficiency of hydrogen [*'C]cyanide in triglyme
was monitored by placing an Ascarite® trap in series with
the reactor, and was found to be higher than 98 % at the
carrier gas flow used (60-80 ml min ~!).

Freshly prepared solutions of bromine in triglyme
were required to achieve high yields of [!'C]cyanogen
bromide. Once prepared, the bromine solutions were used
within 1 h, otherwise resinous products were formed in
the reaction vessel causing significantly lower yields.

The yield of the conversion into [''C]Jcyanogen
bromide was determined prior to distillation using
HPLC. The yield as a function of the amount of bromine
used was determined by varying the amount over a
range of 5-35pul (15-110 mg, 10-70 pmol). The results
are presented in Fig. 2. In a typical run, 20 ul (60 mg) of
bromine were used.

As seen in Table 1, the yield of the conversion of
hydrogen [''C]cyanide into [!'C]cyanogen bromide
was high and reproducible. Traces of unchanged
hydrogen [ ''C]Jcyanide could be detected in the reaction
mixture before distillation, but no other labelled products
were observed as analyzed by HPLC. After transfer from
the reaction vessel, the only detectable labelled product
was [!'C]Jcyanogen bromide. It is conceivable that the
small amount of unchanged hydrogen [''C]Jcyanide was
retained on the antimony tube used for the removal of
bromine.

The specific radioactivity of benzyl [''C]thiocyanate
was determined using HPLC to be 229 GBq pmol !
(6.2 Cipmol ') at the end of synthesis (synthesis time
17 min). This is in accordance with the value obtained
for the hydrogen [''C]Jcyanide as analysed by other
methods.

Synthesis of ''C-labelled cyanates, cyanamides and
thiocyanates. The labelled cyanates phenyl [ *'C]cyanate,
4-nitrophenyl [''C]Jcyanate and 2,4-dinitrophenyl
['!C]cyanate (la—c) were prepared analogously to
literature procedures,’?® according to Scheme 1. No sign
of trimerisation was detected, most likely because of the
low concentration of labelled product in the reaction
mixture.

Interestingly, no difference in reactivity between the
phenols was seen. All three, including the strongly deac-
tivated 2,4-dinitrophenol, gave high yields of the respec-
tive cyanate, without any contaminating by-products.

Aromatic cyanates have been mentioned as useful
electrophiles in reaction with a range of nucleophiles.'*
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[''C]Cyanamide has been prepared by proton irra-
diation of calcium nitride and has been used in the
synthesis of ''C-labelled benzylguanidine.'® The prepara-
tion of the labelled cyanamides using [''C]cyanogen
bromide, however, constitutes a new and versatile route
to these compounds, as shown in the synthesis of diethyl
[''C]cyanamide, phenyl[''C]cyanamide, diphenyl-
[''C]cyanamide and 1-([''C]cyano)-4-(dimethyl-
amino)pyridinium bromide (2a-d), Scheme 2. Near-
quantitative yields were obtained in very short synthesis
times, regardless of the wide range in reactivity of the
amines. The aliphatic amine gave a high yield of product
at room temperature in only 1-2 min reaction time, while
the aromatic amines required more vigorous conditions.
In the case of N,N-diphenylamine, deprotonation using
butyllithium was required to form the cyanamide 2c.

N-Cyanoammonium compounds are used as highly
reactive cyanation agents'®'” but have, to our knowledge,
not previously been labelled with radionuclides. The syn-
thesis of 1-([''C]Jcyano)-4-(dimethylamino)pyridinium
bromide proceeded in a very high yield to give a product
which, after evaporation of the solvent, is available for
further synthesis, without the need for prior purification.

The synthesis of benzyl [ ''C]thiocyanate proceeded in
93 % yield without the formation of labelled by-products.
However, thiophenol gave only a very low yield (12 %)
of phenyl [''C]Jthiocyanate. This can be explained by
displacement of [ ''C]Jcyanide by attack of thiophenol on
the thiocyanate formed, yielding phenyl disulfide.’

Position of the label and compound identity. To confirm
the labelling position, (**C)cyanogen bromide was syn-
thesized in combination with [''C]cyanogen bromide
and used in the simultaneous synthesis of benzyl (**C)-
thiocyanate and benzyl [ ''C]thiocyanate. The *C NMR
spectrum of this compound was then compared with a
sample prepared by a literature procedure.'?> One large
peak was obtained, corresponding to the cyanate
carbon atom assigned from a spectrum of the reference
compound.

The yield of this reaction was 71 % as determined by
HPLC, suggesting the general usefulness of this procedure
for the synthesis of labelled compounds of this type.

HPLC-analysis was performed by adding unlabelled
reference compound to the radioactive samples and
comparing the UV spectra and radiochromatograms.
The reference compounds were prepared according to
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literature procedures or with procedures corresponding
to the labelling syntheses. All reference compounds were
characterised using 'H and *C NMR spectroscopy.

Work is now in progress to develop [''C]Jcyanogen
bromide as a labelling precursor in the synthesis of
labelled molecules of more relevant biological interest.
Also, the possibility of converting [ !'CJcyanogen bromide
into other reactive intermediates, such as guanidine and
urea is being investigated.
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