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Abstract. The article describes approaches for the synthesis and analysis of isotopically (*H, *H,
3¢, *C, **S) labelled drugs necessary for the development of a pharmacologically active compound

into a registered drug.

Special features such as isotope effects, radiolysis and *H NMR spectra are discussed.

Introduction

The development of a pharmacologically active compound
into a marketable drug is a long process. Toxicological in-
vestigations and the assessment of clinical efficacy are the
main topics but the determination of the faie of the
compound in the biological system and its mechanism of
action are also important issues. For the so-called
A(bsorption), D(istribution), M(etabolism), and E(xcretion)
studies, the drug labelled with an isotope is an essential
tool. In this article we describe, using examples from cur-
rent research programmes within our pharmaceutical com-
pany (Organon Int. BV), the synthesis and analytical
characterization of such materials and discuss their ap-
plication in the development programme of a pharmaceu-
tical drug.

Application of labelled drugs

To be abie to draw valid conclusions from studies with the
labetled drugs, the labelled material should mimic the drug
as closely as possible. Unless we are dealing with high
molecular weight biologicals (such as monocional anti-
bodies) this implies that only isotopic substitution can be
applied, e.g. “H or *H for hydrogen, '*C and 'C for natural
carbon and **S for natural sulphur®. For deuterated and
tritiated drugs especially, the labelled positions should be
selected in such a way that isotope effects are minimal. Two
isotope effects are possible: the so-called kinetic isotope
effect where as a result of labelling, the metabolic break-
down of the drug is changed or inhibited’ [illustrated for the
antidepressant drug mirtazapine (1) in Figure 1| and the
thermodynamic isotope effect where, as a result of labelling,
pK’s and/or hydrophobicity change®. Large isotope effects
are observed for aliphatic amines labelled with deuterium or

* 'H, pure B emitter, maximum energy 0.0186 MeV; t1 12 years
"'C, pure B cmitter, maximum energy 0.156 MeV: ¢, 3700 years
YS, pure B cmitter, maximum cnergy 0.167 MeV: 1] 88 days
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Figure 1. Ratio of deuterated mirtazapinejunlabelled mirtaze-
pine (1) in the plasma of Wistar rats after intravenous adminis-
tration of 2.5 mg [N-C>H Imirtazepine and 2.5 mg [N-C'H , /-
mirtazepine='. This drug is cleared from circulation in rats by
metaholic breakdown through N-demethylation. »

tritium at the x and 3 positions™*. Using straight-phasc
p g gnt-p

HPLC, such labelled and unlabelled materials can be sepa-
rated. As illustrated in Figure 2 we applied this isotope
effect to prepare highly labelled [N-C'H,] mianserin 2 (an
antidepressant drug) by removal of the non-labelled
fraction.

Deuterium-labelled drugs are mainly used as internal stan-
dards in GC/MS bio-assays; '*C-labelled materials are used
for the assessment of the bioavailability of drugs® and to
study the enantiomeric aspects of pharmacokinetics of
racemic drugs. As shown in Figure 3 for mirtazapine (1), a
racemic drug where both enantiomers contribute to the
pharmacological effect, a pseudoracemate consisting of
507, of one enantiomer labelled with '*C and 50°, of its
uniabelled antipode was administered and the *C/'*C ratio
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Figure 2. HPLC chromatogram of [N-C>H,]mianserin (2)
contaminated with [N-C'H,]mianserin. Starting material
x 1.0 witium atom/molecule; purified material: 2.9 tritium
atoms|molecule. HPLC conditions: Lichrosorb Si60 with n-
-hexane/propanol-2/aq- NH,OH as eluent.
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Figure 3. '*C/'2C ratio in the plasma of a male volunteer

after oral administration of 30 mg of a pseudoracemate of
mirtazepine (1) consisting of 50%, of one enantiomer labelled
with **C and 50%, of its unlabelled antipode®?.

of the drug was measured as a function of time with a
GC/MS assay.

Drugs labelled with tritium and carbon-14 are used for the
assessment of metabolic pathways and excretion of drugs in
laboratory animals and man. The isotope and the site of
labelling should be selected in such a way that maximum
information about metabolic degradation can be obtained
but for some drugs, e.g. the anti-angina drug bepridil (3), we
had to apply three different labelled compounds to unravel
the complex and extensive metabolic pathways’ (Figure 4).
For mechanism of action studies {e.g. receptor-binding
studies), tritiated materials or drugs labelled with *°S are
often used. For studies with radioactive materials, only
small quantities are necessary: less than 1 g for *°S, less
than 100 ug for *H and up to 10 mg of the '*C-labelled
compounds: on the other hand for '*C- and 2H-labelled
materials, up to gram amounts are usually synthesized.

™o Cleavage

<— hydroxylation

U «— oxidation/fragmentation
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Figure 4. A:radioactive bepridils  ([pyrrolidine-*HJ-, [B-
-propyl-'*C|- and [N-phenyl-U-'*C|-bepridil) used in metabolic
studies; @ = *H* - = '"*C. B: metabolic pathways of bepridil.

Synthesis of isotopically labelled drugs®

The most common and inexpensive reagents used in the
synthesis of tritiated molecules are tritium gas and tritiated
water. With tritium gas, the *H is introduced, either by
reduction of double bonds, triple bonds, reductive dehalo-
genations or by benzylic/allylic exchange, whereas for tri-
tiated water, acid- or base-catalysed exchange reactions are
applied®. Reduction with tritides is also possible; NaB*H, is
commercially available, whereas more reactive reductive
agents like LiEt,B*H, selectride and also the tin tritides
can be prepared in situ with Li'H®. Some examples are given
in Figure 5.

For heterocyclic compounds active in the central nervous
system, such as mianserin (2) (entry 1) and the potential
antidepressant Org 4428 (5) (entry 2), tritium is usually
incorporated through reductive dehalogenation in the pres-
ence of Pd/C as catalyst. As starting material we use either
chloroaromatic derivatives that are quite often available
from series prepared for structure/activity relationship
studies or iodo derivatives that are prepared through elec-
trophilic iodination using N-iodosuccinimide and trifluoro
methanesulphonic acid'®; because of the strong acidic
reaction conditions no interference is observed with the
amine part of the molecules while the iodination species
formed are very reactive. While tritiation of iodo derivatives
proceeds smoothly (reaction time 30 minutes) the chloro
derivatives have to be activated by the addition of a base;
when a 1% solution of KOH in ethanol is used, reaction
times of 1-2 hours are sufficient for complete conversion. In
the absence of base, selective deiodination or debromination
can be performed in the presence of chlorine substituents.
Tritiated estrogens can be prepared by benzylic exchange
while (nor)testosterone analogues and their derivatives are
often synthesized by reduction of the 6—7 double bond. In
the example shown, the aromatase inhibitor Org 30958 (8)
in Figure 5 (entry 3) the reduction of the double bond has to

* Since *H, '"C and *°S are weak B emitters, shielding of the
radioactivity, e.g. by lead, is not necessary. Personal contami-
nation by inhalation or ingestion is considered as a greater
health risk. For this reason all chemical handlings are performed
in well-ventilated fume cabinets located in restricted laboratories
and volatile radioactive materials released are trapped im-
mediately. Regular monitoring of personnel and equipment for
radioactive contamination is essential.
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Figure 5. Examples of syntheses of tritiated compounds; 1: mianserin (2); 2: Org 4428 (8); 3: Org 30958 (8); 4: Org 3236 (14);

5:0rg 6370 (17).

be done in an early stage of the synthesis since the other
substituents at position 19 would be affected by the catalytic
reduction. Labelling by exchange reaction with *H,O are
illustrated for the anti-conceptive steroid Org 3236 (14)
(entry 4). This compound was tritiated either by reaction
with *H,O * at positions 2, 4, 6 and 10 to give 14a or at
position 16 by exchange under alkaline conditions of the
[7-ox0 precursor followed by ethynylation to give 14b.
Since in the latter compound the tritium is incorporated

@ CHyO

20% yield

21

NH,OH
—»

into a stable position, this material could be applied for
metabolism studies. Tritiated NaBH, can be used in the
synthesis of tritiated alcohols'', whereas imines can be re-
duced to obtained tritiated amines, as illustrated for the
potential anti-epileptic drug Org 6370 (17) (entry 6).

The syntheses of '*C-labelled compounds resemble normal
laboratory organic syntheses with respect to scale and
yields. For '*C-labelled compounds, some examples of syn-
theses are given in Figure 6. For these materials (and this
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Examples of syntheses of '*C-labelled drugs; I: Org 30029 (20); 2: Org 7791 (24); 3 bepridil (3).
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holds also for '*C) the limiting factors are the costs of the
labelled reagents.

The cheapest starting material available is '*CO,. Other
simple low-molecular-weight compounds available from
commercial suppliers (and prepared by them frcm '*CO,)
can also be used, as illustrated for the synthesis of [N-phe-
nyl-'*C]bepridil (Figure 6, entry 3) where '*C-aniline is used
as starting material. The synthetic pathways and reaction
conditions are selected in such a way that maximum radio-
chemical (instead of chemical) yields are obtained. For ex-
ample, in the synthesis of the '“C-Org 30029 (20; a
compound active in the cardiovascular system, entry 1) we
used excess benzothiophene for the carboxylation instead of
excess CO,. In the synthesis of '*C-Org 7791 (24, an anti-
inflammatory drug, entry 2) excess potassium salt 25 is used
in the reaction with "*CH,I. Because of the small scale on
which the reactions are performed and the radioactivity
involved the reaction conditions are less controllable and as
a consequence radiochemical yields are in general lower
than those obtainable in a non-radioactive synthesis.
Reaction products, even when formed in small yields, are
easily detected because of their radioactivity: for instance,

35§-methionine

l (Boc),O 75% yield

N-Boc-"Met
DCC H-Glu(OtBu)-His-Phe-D-Lys (Boc)-Phe-OtBu
HOBT 25% yield

v

Boc—'Mct—Glu(OlBu)—I{is»Phe~D—Lys (Boc¢)-Phe-OtBu

1) H;PO,
2) H,0,/(NH ) Mo0,O )y 25% yield

3) HPLC

\ ]

H-*MetO,-Glu-His-Phe-D-Lys-Phe-OH

29

Figure 7. Synthesis of [*°S]Org 2766; BOC = tert-butoxy-
carbonyl, HOBT = hydroxvbenzotriazole.

O O | decay
N

the carboxylation of the thiophene derivative 21 gives, in
addition to desired 2-carboxylate, about 3%, of the 3-car-
boxylate. In general, reaction of lithiated materials prepared
by treatment of precursors with BuLi with '*CO, gives rise
to the formation of addition products of butyl lithium with
the Li carboxylate formed'?.

For **S-labelled materials, we have only experience with
*S-labelled neuropeptides'’. For the synthesis of these
materials we start from the commercially available
[**S]methionine or [**S]cysteine obtained from bacteria
grown on [**Slsulphate. Even with these low amounts
{= 1 pg) normal peptide synthesis can be done provided
that large excess of unlabelled peptide precursors are used
as shown for the neuropeptide [*S]Org 2766 (29) in
Figure 7'%,

Radioactively labelled drugs are not stable as the isotopes
decay, e.g. "*Cinto '*N and **S into **Cl. *H is special since
it decays to *He resulting in the formation of a carbenium
ion'?, A typical example is shown in Figure 8: on storage of
[13-*H]mianserin as a solution in benzene for about 5 years,
13-phenylmianserin (30) was formed as a result of the decay
process. More serious is the problem of radiolysis. As a
consequence of the radioactive decay, reactive radicals,
ions and molecules are formed, resulting in the chemical
degradation or modification of the labelled drugs. For
example, we have observed reduction of carbon--carbon
triple bonds, N-oxide formation of aliphatic amines and
degradation of peptides. The seriousness of this effect is,
amongst other things, dependent on the specific activity of
the material; while '*C-labelled materials can be stored as
such, tritiated and **S-labelled materials must be stored as
dilute solutions, preferably in the presence of radical sca-
vengers. Even under these conditions the compounds de-
compose slowly and, as shown in Figure 9, especially the
half-life of the oxidation-sensitive mercapto compounds is
limited to about a day.

Analytical characterisation

[t is obvious that compounds that are labelled with non-
radioactive isotopes and that are prepared in “large”
amounts (> 100 mg) can be subjected to normal analytical
procedures to assess identity and purity. Special features
are the measurement of isotopic content and the localisation

Figure 8. Formation of 13-phenylmianserin (30) jrom [13-*H]mianserin (2).
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Figure 9. HPLC chromatograms of the reaction products
Sformed on the hydrolysis of the S-acetyl steroid 12.

A: 2.5 hours reaction; about 95%, of S-acetyl derivative 12 is
converted into 13.

B: 48 hours reaction: about 90%, of the SH derivative 13 is
converted into an unidentified oxidation product. Compound 13
could be converted into the stable (for at least 3 months) disul-
phide 8 by direct reaction with ethylsulphony! thioethane

(Figure 5, entry (3)).

of the label. Measurement of isotopic content is done by
mass spectrometry, preferably using a soft-ionisation tech-
nique such as FD or CI. Determination of the position of
the label in the molecules is established with NMR by

Table I Methods for characterization of radioactive drugs.

observation of the isotope signals ('*C and “H NMR) or by
changes in coupling patterns in the 'H or '*C spectra’®.
Since conclusions from biological and biochemical studies
conducted with labelled materials are usually only based on
the radioactivity measurements, quality control for this kind
of material is even more important. The compounds are
defined by their chemical identity, radiochemical purity (%, of
radioactivity present in the (correct) molecule) and specific
activity (number of isotopes, expressed in Bq or Ci, present
per molecule), while the position of the label should also be
assessed. Depending on the isotope and thus the amount of
material available, different techniques are applied. These
are summarized in Table I.

Radiochemical purities are determined by chromatography
combined with radioactivity detection. The specific activity
is determined by mass spectrometry using soft-ionisation
techniques; in case of tritiated material chromatographic
separation is preferably included (GC/MS of LC-con-
tinuous-flow FAB) to circumvent interference by scavengers
and impurities in the solvents used for storage of the material.
A typical example is given in Figure 10. For **S material
more sensitive techniques such as HPLC assays have to be
applied.

Especially for tritiated and *°S-labelled drugs, the specific
activities of the products are not necessarily the same as
those of the starting material of reagents used for the syn-
thesis of these compounds. For reductive dehalogenations
and reductions with *H, catalysed by metals, exchange of
the *H, with 'H from solvents is a common phenomenon.
For tritiated and *°S-labelled drugs, which are both purified
by HPLC, dilution can occur by using the unlabelled drug to
calibrate and inactivate the HPLC (memory effect). For
*H-labelled compounds, this effect on the special activity is
only 10-30¢, but for the [**S]methionine peptides described
earlier this dilution is more substantial and can result in a
specific activity of 10-15% of the theoretical maximum'4,
The position of the labels is determined by NMR. *H-label-
led drugs can be measured directly because *H is a NMR-
active isotope (nuclear spin }; resonance frequency 1.06664
and sensitivity 1.21, the latter two in comparison with 'H).
*H NMR of organic material was first published in 1964 by
Tiers et al.'” and it has developed into a powerful technique
for the analysis of tritiated material.

The quality of a *H NMR spectrum is determined by the
amount of material that can be analysed. This quantity is
limited by the availability of material, safety limits and,
more important, by the possible interference of radiolysis.
The *H NMR coil dimension and the double NMR tube
used because of safety, limit the actual volume to 0.1 ml and
for a typical 5 mCi (185 MBq) sample this means a radiation
dose of 7- 10" keV/ml/min. To reduce the possible decom-
position reactions, NMR samples are always diluted with
unlabelled “carriers” and after recording of the *H spectrum
a 'H spectrum is recorded to monitor any possible decom-
position.

Isotope T
*H 14C 3sg
|
identification chromatography/MS chromatography chromatography
MS/'H NMR
radiochemical purity chromatography/*H NMR chromatography chromatography
specific activity chromatography/MS MS chromatography
position of label *H NMR "“C NMR/MS (EI)
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Figure 10.
‘H; 0.4% *H,.

In Figure 11, an example of a good-quality *H NMR spec-
trum is given for tritiated Org 4428 (5) synthesized as de-
scribed earlier. In this spectrum even the '*C satellites are
visible, i.e. the detection limit for this particular amount
(8 mCi = 300 MBq; 100 pg) is about 0.5%,. With more com-
plicated spectra, such as the 'H-coupled spectrum, or with
less material this detection limit increases to 3-5",.

In addition to its applications for identification and
measurement of the radiochemical purity of tritiated ma-
terial, *H NMR is mainly used, as shown in Figure 12 and
13, for determination of the localisation and distribution of
the label and measurement of the different mono- di- or
multi-tritiated species. The main problem with tritiation
reactions are unexpected exchange reactions. In the 'H-
decoupled spectrum of Org 4428 (§) we see the expected
signal for position 12 and also some tritium at position 6.
Since the starting iodinated material did not contain any

|
f _

T —
0 4:30

GC/MS pattern of tritiated Org 4428 (8); column: DB-1 with the detection EI labelling pattern: 18.8%, *H,; 80.8%,

isomeric iodo—derivative or diiodo-material, labelling at
position 6 is probably caused by acidic exchange with *HI
formed during reductive deiodination.

In Figure 12 the spectrum of the sulphur-containing steroid
Org 30958 (8) is given. From the tritium spectrum it can be
concluded that 75%, is present as {78-*H]Org 30958, 12.59%,
as [6B, 7B-*H,]Org 30958 (incomplete detritiation of position
6B)and 12.5%, as [6a,7B-*H,]Org 30958 (position 6 labelled
through isomerisation of 6B). For the ditritiated material,
*H-"H couplings, which are 14°% larger than the corre-
sponding '"H-"H couplings, are present.

As expected, exchange-labelling procedures with “H, or
*H,0 (and catalysed by acid/base or metals) result in even
more complex distributions of labels. This is illustrated in
Figure 13 for the steroid Org 3236 (14). All “enolisabie”
positions 2, 28, 4, 6x, 6B and 10 are more or less equally
labelled. This spectrum clearly demonstrates the isotopic
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Figure 11.  Aromatic part of NMR spectra (in C*HCL,) of [*H]Org 4428 (5); A: 'H-decoupled *H NMR spectrum B: 'H-coupled

‘H NMR spectrum; C: '"H NMR spectrum.
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Figure 12.  *H NMR spectrum [in (C*H,),SO] of Org 30958
(8); 'H-decoupled.

shift of about 0.02 ppm for geminally ditritiated material,
for vicinally ditritiated material this isotope shift is about
0.01 ppm.

For '*C-labelled drugs one can use the small isotope shift in
'"H NMR caused by '“C substitution ( — 3.5 ppb)'®. One can

OH
C=CH
¢ 28(mong}
2 6a{mono)
(o)

10
4 6 14 10 6a(658) 2B(2a)

2a (mono)

2a(28) 68(mono)

68(6a)

| N1

T T 1
230 2.20 2.10

T )
600 590 260 250 240
PPM PPM

Figure 13.  *H NMR spectrum (in C*HCL,) of [*H]Org 3236
(14); 'H-decoupled.

also use the absence or reduction of the '*C NMR signal of
the labelled position as shown in Figure 14.

Concluding remarks

Isotopically labelled drugs play a major role in drug develop-
ment. Their applications, synthesis and characterization
varies widely with the various isotopes involved.

Even with the development of more sensitive bio-analytical
methods, isotopically labelled drugs will remain essential
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Figure 14.  '"C NMR spectrum in C*HCl,{C*H,0’H of Org
7791 (24); broad band decoupled. A: unlabelled material;
B: [2-"*CH,[-labelled material; * NMR solvents.

for the assessment of drugs in biological systems, especially
for metabolism and excretion studies. A new approach is
the use of ''C-labelled materials; because this a p * -emitter
with a short half life (z1 20 min), it is possible to measure
non-invasively the concentration of the /abel in living systems
and it can be used for special mechanism of action studies
e.g. uptake of the drug in brain®.
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