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Abstract: 1,4-Dihydropyridines (DHPs) belonging to the group of calcium antagonists or calcium channel blockers’
are among the most important drugs used in the treatment of cardiovascular diseases. During the development
processes all candidates on the market have to be labeled with isotopes. Since the discovery of 1,4-dihydropyridines
(DHP) as cardiovascular drugs, the published syntheses for the labeling with radioactive isotopes like tritium,
carbon-11, carbon-14, iodine-125 and stable isotopes like deuterium and carbon-13 are reviewed in the present
report. The different synthetic routes are depicted and the synthesis details will be discussed with respect to the
yields referred to labeled starting materials, specific activities and labeling degrees. Copyright © 2007 John Wiley &

Sons, Ltd.
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Introduction

1,4-Dihydropyridines of the general structure 1 (Figure 1)
have been important and highly effective drugs for the
treatment of cardiovascular diseases since nifedipine
(Adalat™), the first representative of this class appeared
on the market in 1975. In 2005, the total world market
volume of 1,4-dihydropyridines in the world comprised
9.7 billion Euro.

The synthesis of 1,4-dihydropyridines from acetoa-
cetic acid esters, aldehyde and ammonia was first
published by A. Hantzsch in 1882.' Since then this
procedure has proved to be highly versatile showing a
considerable structural variation in the aldehydic
compounds as well as in the 1,3-dicarbonyl com-
pounds.

About 60 years later, compounds of this class were
found to exhibit pharmacological activities. The
4-quinoline-substituted 1,4 dihydropyridines (Figure 2)
showed considerable analgesic, morphine agonistic and
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spasmolytic properties, as described in a Wellcome
patent in 1943.%

Twenty years later, extensive investigations on
cardioactive compounds resulted in the development
of more effective and more soluble substances by
F. Bossert and W. Vater at Bayer AG. They obtained
1,4-dihydropyridines of the Hantzsch type 1 bearing
substituted phenyl rings at position 4 of the dihydro-
pyridine system,® which exhibited outstanding coron-
ary vasodilator activities.* The 2-nitrophenyl derivative
was selected as the most promising candidate for the
development.® It was successfully introduced in Ger-
many as nifedipine (Adalat®) in early 1975.° Related
derivatives with antihypertensive properties were in-
dependently found by Loeve et al. at Smith, Kline and
French.®

Shortly after the discovery of the cardiovascular
properties of 1,4-dihydropyridines it was found that
this class of substances acts by inhibiting the entry of
Ca®" ions into the cells of cardiac and vascular muscles
through the voltage-dependent calcium channels.”
Based on this knowledge, many dihydropyridine deri-
vatives were synthesized worldwide in the following
years. In the last four decades, numerous well-known
commercial products of the second generation entered
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Figure 2 General DHP structure Wellcome Patent from 1943.

the market such as nimodipine,® nisoldipine,® nitren-
dipine,'° amlodipine, ! felodipine, '? isradipine, '® man-
idipine,'* nicardipine,'® and nilvadipine.'® Even
nowadays 1,4-dihydropyridines play a very important
role as calcium antagonists as the actual analysis of
the cardiovascular market shows.

During the development processes, dihydropyridines
labeled with tritium'”~2% and carbon-142773% proved to
be indispensable in order to elucidate the mode of
action and to study pharmacokinetics and drug
metabolism. Special questions regarding the affinity
and binding to receptor sites in various tissues were
solved by utilization of dihydropyridines labeled with
iodine-125.2°*7 The non-invasive imaging and quanti-
fication of dihydropyridines in living tissues by posi-
tron-emission tomography (PET) required the synthesis
of carbon-11-labeled compounds.33** Stable labeled
dihydropyridines*>~7 were used for metabolic studies
as well as internal standards for the determination in
biological samples by mass spectrometry.

The present report reviews all synthetic pathways for
isotopically labeled 1,4-dihydropyridines published in
the literature during the last four decades.

Syntheses of tritium-labeled 1,4-dihydropyridines

In the early eighties many research groups were
engaged in finding the binding sites of 1,4-dihydropyr-
idines in cardiac and smooth muscle cells and in the
brain of different animals such as rats, rabbits, guinea
pigs, and canines.'”2° For these experiments, tritium-
labeled compounds were indispensable. Nitrendipine

Copyright © 2007 John Wiley & Sons, Ltd.
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and nimodipine were the first to be labeled with tritium
in the ester functions at New England Nuclear in
Boston showing high specific activities.'”'9*® Unfor-
tunately, the exact labeling conditions were not pub-
lished (Figure 3).

Holck et al. introduced tritium into nifedipine by
dehalogenation of bromonifedipine'® (Figure 4). The
[*HInifedipine was used to determine the specific
binding to rabbit heart membranes. Again no experi-
mental details were given.

Several years later Soldatov®® reported on tritium-
labeling syntheses of the nicardipine-related 1,4-dihy-
dropyridines 3, 4 and 5 (Figure 5). For this purpose, N-
benzylidenemethylamine was reduced with sodium
boro[®H]hydride. The resulting N-[*H]benzyl-N-methy-
lamine was reacted with a dihydropyridine bromoethy-
lester 2 to give the final compound 3. The specific
activity was relatively low due to the addition of 8 Ci/
mmol of the sodium boro[*H]hydride. For photoaffinity
labeling experiments on membranes of rabbit skeletal
muscles, two tritium-labeled azido-dihydropyridines
(4, 5) were synthesized.?® The tritium was introduced
by catalytic dehalogenation of 5-iodoanthranilic acid
and 3,5-diiodo-4-aminobenzoic acid, respectively, pro-
viding specific activities of 27 and 58 Ci/mmol. Con-
version of the amino into azido functions was
accomplished by nitrosation followed by replacement
of the diazonium groups by Sandmeyer reaction. The
resulting azido[°H]benzoic acids were bound to the free
hydroxyl group of the dihydropyridine moiety by using
ethyl chloroformate and triethylamine as coupling
reagent.

A related route for the labeling of ester groups in
dihydropyridines with tritium was developed by Taki
et al.?* for [°H]diazepine. Diazepine is a dihydropyr-
idine containing a diazirine function which is suitable
for locating or identifying the DHP binding sites of the
ligands on the receptor molecules when it is labeled
with tritium.2* [1-®H]Ethan-1-0l-2-amine was reacted
with 4-(1-azi-2,2,2-trifluoromethyl)benzoic acid N-hy-
droxy-succinimide ester to give the respective [*H]etha-
nolamide derivative (6). Subsequent esterification of 6
with 2,6-dimethyl-4-(2-trifluoromethyl)phenyl-1,4-di-
hydropyridine-3,5-dicarboxylic acid monoethyl ester
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[®H]nimodipine (NEN)

* supposed labeling positions

Figure 3 First tritium-labeled dihydropyridines.
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H H
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Figure 4 Tritium labeling of nifedipine.

(7) led to [SH]diazepine with an overall yield of 40%
(Figure 6).

Wu and Wang®® reported the tritium labeling of
nitrendipine in one of its ester functions starting from
[®Hlmethanol. Reaction with diketene followed by
treatment of the resulting [SH]methyl acetoacetate (8)
with ammonia provided [3H]methy1 aminocrotonate (9).
Refluxing of compound 9 and methyl 2-[(3-nitrophe-
nyl)methylene]-3-oxobutanolate (10) afforded [5-
methyl-*H]nitrendipine (Figure 7). The specific activity,
which depended on the starting activity of the
[®Hlmethanol employed, was 23 Ci/mmol. This multi-
step synthesis was carried out in about one millimolar
scale, which means that a huge amount of over 20 Ci
[H]methanol was used as starting material.

A direct labeling of the ester side chain was published
by Shevchenko et al?! in 1989. Two analogues of
riodipine (11 and 12) (riodipine is the symmetric 3,5-
dimethylester bearing the same o-difluoromethoxyphe-
nyl substituent) could be directly labeled by catalytic
hydrogenation of unsaturated precursors with tritium
gas (Figure 8) to afford compounds 11 and 12 with
almost theoretical specific activities.

For the synthesis of [SH]nicardipine, labeled in the
nitrophenyl ring, Parnes and Huang?? (Figure 9) had to
carry out a multistep procedure. 2,4-Dibromo-5-hydro-
xymethylaniline, prepared by bromination of 3-hydro-
xymethylaniline, was reduced with 10Ci tritium gas
over 10% Pd/C in ethyl acetate in the presence of

Copyright © 2007 John Wiley & Sons, Ltd.
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triethylamine. The tritiated hydroxymethylaniline was
oxidized with m-chloroperbenzoic acid to give the
respective nitro compound which was further oxidized
using m-iodoxybenzoic acid and catalytic amounts of
diphenyldiselenide to afford 3-nitro[4,6->Hy]benzalde-
hyde, the key requisite intermediate. The following
reaction with methyl aminocrotonate and the appro-
priate acetoacetate gave [4,6—3H]nicardipine with an
overall yield of about 4%. The specific activity was
determined to be 51 Ci/mmol.

It is always desirable to introduce tritium into the
final compound by a one-step synthesis because it
saves time and radioactivity as well. Therefore, Pleiss
et al. investigated the selective catalytic dehalogenation
of bromonimodipine (Figure 10) in the presence of a
nitro function.?® Palladium hydroxide on charcoal
(20% Pd) proved to be the only catalyst to facilitate
the selective debromination without affecting the nitro
group. Other catalysts such as palladium on charcoal
(10% Pd), palladium on calcium carbonate (10% Pd),
palladium oxide and tris(triphenylphosphine)-palladiu-
m(Il) chloride attacked preferentially the nitro group.

Experiments to achieve higher specific activities by
dehalogenation of double halogenated dihydropyri-
dines are shown by the examples of BAY w 9798 and
BAY y 5959 (Figure 11).%¢ As the dehalogenation of a
dihalogenated precursor proceeds subsequently in two
distinct reaction steps the introduction of tritium
depends firstly on the extent of isotope exchange

J Label Compd Radiopharm 2007; 50: 818-830
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Figure 5 Tritium labeling of nicardipine-related DHPs.

between the tritium on the surface of the catalyst and
the exchangeable hydrogen of the solvent and secondly
on the kinetic isotope effect of the second reaction
step.?® In the case of BAY w 9798 and BAY y 5959, both
effects were high and no tritium (BAY w 9798) or less
trittum (BAY y 5959) was incorporated during the
second dehalogenation step. Consequently, mixtures
of mono-labeled and less non- and di-labeled com-
pounds were formed with a relatively low specific
activity (Figure 11).

Copyright © 2007 John Wiley & Sons, Ltd.
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Syntheses of carbon-14-labeled 1,4-dihydro-
pyridines

The synthesis of [**C]nifedipine, the first 1,4-dihydro-
pyridine derivative labeled with carbon-14, was pub-
lished in 1972 (Figure 12).27 Methyl [3-'“CJacetoacetate
was selected as an appropriate starting material,
which was prepared in a six-step synthesis sequence
from barium ['*C]carbonate. Reaction with 2-nitroben-
zaldehyde and ammonia following classical Hantzsch

J Label Compd Radiopharm 2007; 50: 818-830
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Figure 6 Synthesis of [SH]diazepine.
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Figure 7 Synthesis of [3H]nitrendipine.

conditions afforded the drug substance labeled at
positions 2 and 6 with an overall radiochemical yield
of 15% referred to barium [**C]carbonate.

Most of the carbon-14 labeling syntheses of 1,4-
dihydropyridines were started from labeled 3-ami-
no['*Clcrotonic acid esters (14) which were prepared
from the appropriate ['*Clacetoacetate (18) and ammonia

Copyright © 2007 John Wiley & Sons, Ltd.

in yields of about 80% following the scheme shown
in Figure 13.29731:34736 In many cases, the ['*Clacet-
oacetate (13) was synthesized by acetylation of Mel-
drum’s acid (2,2-dimethyl-4,6-dioxo-1,3-dioxane) and
subsequent alkoholysis in yields of about 50-75%.%*%6
Wilkinson>? slightly modified the two ways depicted in
Figure 13 by using [5-'*C]Meldrum’s acid as an

J Label Compd Radiopharm 2007; 50: 818-830
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Figure 8 Tritium labeling of riodipine analogues.

appropriate precursor, which was readily obtained by
acid catalyzed reaction of [2-'*C]malonic acid and
acetone. In principle, the known cyclizing Michael
addition using 3-aminocrotonates (14) and substituted
2-benzyliden-acetoacetates (16) (two-component reac-
tion) or 3-aminocrotonate 14, benzaldehydes (15) and
acetoacetates 13 (3-component reaction) was used for
all carbon-14 labeling syntheses of 1,4-dihydropyr-
idines (17) ever published in the literature (Figure 13).
Depending on the desired labeling positions in the
DHPs different labeled acetoacetates or aminocroto-
nates were used as starting materials. Applying these
synthetic pathways, dihydropyridines were labeled in
positions 2,2936 533 §,30-31:34 5_carhoxy and 6.%° The
yields for the cyclization reactions were in the range of
about 40-70%.

[Carbonyl-'“C]benzaldehydes were selected as alter-
native starting materials for the syntheses of
1,4-dihydropyridines labeled at position 4.2832:34
Walkenstein et al,?® for example, synthesized
2-trifluoromethyl[carbonyl-'*C]benzaldehyde in two
steps by cyano-halogen exchange of an iodo-precursor
with Cu'*CN and diisobutylaluminum hydride (DIBAH)
reduction yielding the desired ['*Claldehyde (Figure 14)
which was used for the synthesis of a symmetric 3,5-
diethylester. In a similar manner, Parnes et al’®?
carbonated bromobenzene with '*CO, to obtain
[**C]benzoic acid which was esterified with methanol,
nitrated by nitric acid and subsequently reduced with
DIBAH. The reduction could not be controlled to give
the desired aldehyde without over-reduction to the
benzyl alcohol. This mixture was, therefore, oxidized

Copyright © 2007 John Wiley & Sons, Ltd.
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using catalytic diphenyldiselenide and m-iodoxyben-
zoic acid in refluxing toluene (Figure 14). Further
reaction with nicardipine and RS-93552 was carried
out by a three-component reaction as shown in Figure
13. Scherling and Pleiss®* succeeded in preparing
2-nitro[carbonyl-'*C]benzaldehyde in a two-step one
pot sequence by Br/Li-replacement of 2-bromo-1-
nitrobenzene with phenyllithium at —100°C followed
by formylation of the aryllithium formed with dimethyl
[**C]formamide.

All carbon-14-labeled 1,4-dihydropyridines pub-
lished so far are depicted in a chronological sequence
in Figure 15. Although those bearing different ester
functions represent chiral compounds, only [**C]YM-
09730-5 (Figure 15) was made available in enantio-
merically pure form. Single enantiomers may differ in
their pharmacological effects and even exhibit opposite
activities by acting as agonists or antagonists.49
However, all chiral 1,4-dihydropyridines presently on
the market were developed as racemates.

Syntheses of carbon-11-labeled 1,4-dihydro-
pyridines

For investigations into the in vivo function of calcium
channels, 1,4-dihydropyridines were also labeled with
carbon-11.%8* Due to the short half-life and the very
short synthesis time (30-60min after bombardment) all
examples so far published for the carbon-11 labeling of 1,4-
dihydropyridines follow a common synthetic principle: *'C-
introduction in one of the ester groups. The syntheses differ

J Label Compd Radiopharm 2007; 50: 818-830
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[4,6-3H,]nicardipine

Figure 9 Tritium labeling of nicardipine.

Figure 10 Synthesis of [3H]nimodipine.

only in the preparation of the labeled alcoholic component
and the conditions for the ester formation (Figure 16).
The labeling of nifedipine and nicardipine was
accomplished by one-step esterification of the appro-
priate monocarboxylic acid precursors using [*'Cliodo-

Copyright © 2007 John Wiley & Sons, Ltd.

®H,, Pd(OH),/C

__0_THF EtN
(@) ~

H  spec. activity: 16.4 Ci/mmol
[H]nimodipine

methane in the presence of tetrabutylammonium
hydroxide in DMF.3® Holschbach et al.*! also selected
['!Cliodomethane as the most appropriate starting
material for the synthesis of ['!Clnifedipine, [*'C]ni-
soldipine, ['!C]nitrendipine and CFs-[''C]nifedipine

J Label Compd Radiopharm 2007; 50: 818-830
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Figure 12 Synthesis of ['*C]nifedipine.

(CF5 group instead of nitro), but in all cases coupling to
the potassium salts of the dihydropyridine monocar-
boxylic acids was carried out under phase transfer
conditions (cis-dicyclohexano-18-crown-6 as catalyst).
For the labeling of nimodipine [2-!'Clisopropyl iodide
was prepared by reaction of ''CO, and methyl lithium
(2 equivalents), LiAlH, reduction and reaction of the

Copyright © 2007 John Wiley & Sons, Ltd.

[2,6-1“C]nifedipine

resulting [2-''Clisopropanol with hydriodic acid.?%*2
Esterification of desisopropyl nimodipine was accom-
plished using potassium carbonate and 2,2,6,6-tetra-
methylpiperidine as bases. Coenen et al*?® and
Holschbach et al.** reported the C-11 labeling of
nimodipine in the opposite ester function. [''C]Meth-

oxyethanol, needed as the labeled key intermediate,

J Label Compd Radiopharm 2007; 50: 818-830
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Figure 13 General synthetic pathways for '“C-labeling of 4-aryl-1,4-dihydropyridines.
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Figure 14 Synthetic pathways to carbon-14-labeled benzaldehydes.

was prepared by reaction of mono-deprotonated glycol to the free carboxyl group following carbonyldiimida-
with [*!C]methyl iodide in acetonitrile in the presence of zol*? or acid chloride methodology**

in the presence of
18-crown-6 as phase transfer catalyst. It was coupled an appropriate base.

Copyright © 2007 John Wiley & Sons, Ltd. J Label Compd Radiopharm 2007; 50: 818-830
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Figure 15 Published carbon-14-labeled dihydropyridines.

Isradipine, an 3-isopropyl-5-methylester 1,4-dihy-
dropyridine derivative, was labeled by esterification of
the corresponding monocarboxylic acid with [!'C]dia-
zomethane. The latter was prepared from
['!Clmethane, followed by chlorination to [*'C]chloro-
form and reaction with hydrated hydrazine.*°

Labeling of 1,4-dihydropyridines with stable
isotopes

Nowadays pharmaceutical development candidates are
often labeled with stable isotopes in order to use them

Copyright © 2007 John Wiley & Sons, Ltd.
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as internal standards for LC-MS bioanalytical mon-
itoring of the drug in toxicological and clinical studies.
Thirty years ago, however, this method was not
generally established so that only a few syntheses of
1,4-dihydropyridines labeled with stable isotopes were
published.***” For investigations into primary and
secondary deuterium isotope effects in metabolism
reactions multiple deuterated nifedipine was synthe-
sized by Rampe et al*® Methyl acetoacetate
was refluxed with a large excess of dj-methanol
and a catalytic amount of sodium ds;-methoxide to
produce [2H3]methy1 [2Hslacetoacetate, which showed

J Label Compd Radiopharm 2007; 50: 818-830
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nifedipine3”:4°:
nicardipine®”:
nimodipine®2: X=NO,, Y=H, Z=CH,CH,0CH,, R=CH,

nisoldipine4o:
nitrendipine*’:
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X=NO,, Y=H, Z=CH,CH,N(CH,)CH,Phe, R=H

X=H, Y=NO,, Z=CH,CH(CH,),, R=H
X=NO,, Y=H,

Z=CH,CH,, R=H

CF-nifedipine*: X=H, Y=CF,, Z=CH,, R=H

Nimodipine was also labeled by monomethylation of glycol using
[""C]methyl iodide and following esterification*'-42,

Figure 16 General synthetic pathways to [''C]dihydropyridines.

2
H ONa
~

i N ’H
reflux, 3h
e sn S
2
H
o Ny o
’H
N2H,, C2H,0%H
NO,
NO 2
2 2y O H

Figure 17 Synthesis of multiple deuterated nifedipine.

an isotopic purity of 90%. The following Hantzsch
condensation with 2—nitro—[2H]benzaldehyde, perdeut-
erated ammonia and methanol led to [2H13]nifedipine
with 59% yield (Figure 17).

Ohtaka and Kajiwara®” used the reaction sequence
shown in Figure 7 for stable isotope labeling of
nifedipine. Starting from [**C]methanol esterification
with diketene in the presence of a catalytic amount of
dry triethylamine afforded [13C]methy1 acetoacetate.
Reaction of this product with 2-nitrobenzaldehyde and
ammonia yielded [13C2]nifedipine.

For the preparation of deuterated nilvadipine*® as the
internal standard for LC-MSMS analytics, the respec-
tive monocarboxylic acid dihydropyridine was ester-

Copyright © 2007 John Wiley & Sons, Ltd.

ified with [?H lmethanol (F igure 18) similar to the
procedures known from the carbon-11 synthesis. The
methyl ester of nilvadipine was selectively cleaved
using lithium iodide in refluxed pyridine. The resulting
lithium salt was reacted with [?Hylmethanol in the
presence of 1-methyl-2-bromopyridinium iodide and
N,N-dimethylaniline to afford [2H3]nilvadipine.

Syntheses for labeling of 1,4-dihydropyridines
with other isotopes

Two examples for labeling of 1,4-dihydropyridines
with iodine-125 were published in the literature®°-3”
(Figure 19). In one case, a mesylate derivative was

J Label Compd Radiopharm 2007; 50: 818-830
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Figure 19 Labeling of 1,4-dihydropyridines with I-125.
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