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Abstract—The vasodilators glyceryl trinitrate (GTN) and pentaerythrityl tetranitrate (PETN) are supposed to be degraded in vivo
to the lower nitrates PETriN, PEDN, PEMN, 1,2-GDN, 1,3-GDN, 1-GMN, and 2-GMN. We synthesized these bioactive metab-
olites as reference compounds for pharmacokinetic studies. The use of HPLC-methods for monitoring the stepwise reduction of
PETN to lower nitrates and the syntheses of the glyceryl dinitrates proved advantageous. Furthermore, we measured the vasorelax-
ant properties of all metabolites by performing organ bath experiments with porcine pulmonary arteries. In general, the vasodilator
potency increases with the number of nitrate moieties in the compound.

© 2009 Published by Elsevier Ltd.

Glyceryl trinitrate (GTN), pentaerythrityl tetranitrate
(PETN), isosorbide dinitrate (ISDN), and isosorbide-
5-mononitrate (5-ISMN) are used in the therapy of car-
diovascular diseases. These compounds are supposed to
be enzymatically bioactivated in order to liberate nitric
oxide as the vasorelaxant factor. Not only this bioacti-
vation process but also chemical or enzymatic degrada-
tion in vivo may generate lower bioactive nitrates from
GTN, PETN, and ISDN.23

Accordingly, the clinical profiles may result not only
from the initially administered oligonitrates; but also
and even predominantly* from the action of the metab-
olites. Many studies were carried out with PETN and
GTN without looking at the bioactive metabolites.
The very limited availability of the metabolites for phar-
macological and analytical purposes may be one of the
reasons for this restriction. We therefore synthesized
and characterized pharmacologically the potential bio-
active metabolites of GTN and PETN in order to esti-
mate their possible contributions to the overall effect
of the substances (Fig. 1).
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Figure 1. Potential bioactive metabolites of PETN and GTN.

Several strategies were applied to synthesize organic ni-
trates.>® We performed the synthesis of the PETN-
metabolites pentaerythrityl trinitrate (PETriN) and pen-
taerythrityl dinitrate (PEDN) similarly to Hess'?> by
reductively degrading PETN with different molar
amounts of hydrazine hydrate (2:1 for PETriN, 8:1 for
PEDN) in boiling mixtures of ethanol and dioxane
(Scheme 1).

Treating an organic nitrate with hydrazine hydrate re-
sults among other compounds in the formation of inor-
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Scheme 1. Synthesis of PETN, PETriN, and PEDN. Reagents and
conditions: (i) nitric acid (100%), 4-5h, —5 to —10 °C; (ii) hydrazine
hydrate, dioxane, ethanol, 3 h, reflux; (iii) hydrazine hydrate, dioxane,
ethanol, 6.5 h, reflux.

ganic nitrite, nitrogen, nitric oxide, ammonia, and the
corresponding alcohol.” Monitoring the reaction is
advantageous and was accomplished by HPLC-
method A.

To prepare PEDN, we used HPLC-method A. We mea-
sured the degradation of PETN to PETriN, PEDN, and
PEMN (Fig. 2; data from PEMN not shown) and iden-
tified a suitable end point after 6.5 h (Fig. 2).

PETriN was obtained after 3 h with a 2-fold excess of
hydrazine hydrate. Purification was accomplished by
column chromatography.

Reductive degradation was shown to be less advanta-
geous for the preparation of pentaerythrityl mononi-
trate (PEMN), 1,2-glyceryl dinitrate (1,2-GDN), 1,3-
glyceryl dinitrate (1,3-GDN), and I-glyceryl mononi-
trate (1-GMN). We preferred reacting the correspond-
ing bromides with silver nitrate in acetonitrile
(Schemes 2 and 3) and, if necessary, using a ‘fraction-
ated extraction’ to remove byproducts. This procedure
resulted in purer compounds and higher yields than
did purification by column chromatography. Progress
of the reaction was monitored using the HPLC-method
B for GDN.

A 4-step synthesis of 2-GMN was performed by acetyla-
tion of dihydroxy acetone, reduction of 1, and nitration
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Figure 2. Synthesis of PEDN by reductive degradation with an 8-fold
excess of hydrazine hydrate, monitored by HPLC.
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Scheme 2. Synthesis of PEMN.
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Scheme 3. Synthesis of 1,3-GDN, 1,2-GDN, and 1-GMN.
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Scheme 4. Synthesis of 2-GMN. Reagents and conditions: (i) pyridine,
acetic anhydride, 1.5 h, rt, lit.!; (ii) BHs * THF, THF, 7 h, 3 °C; (iii)
urea, nitric acid (100%), acetic anhydride, 12 h, 3 °C; (iv) sodium
hydroxide, dichloromethane, 7 min, rt.

of 2 with fuming nitric acid in the presence of acetic
anhydride. After hydrolysis of 3 with sodium hydroxide,
2-GMN was obtained initially together with ~30% 1-
GMN. The isomerization of 2-GMN to 1-GMN under
basic conditions has been already described by Capellos
et al.® and was explained by a higher stability of the
ONO,-group in position 1. Less basic conditions and
shorter reaction times resulted in higher yields of
2-GMN (Scheme 4). Chemical protocols are given in
reference.!324

As described previously,? organ bath experiments were
performed using PGF,,-precontracted porcine pulmon-
ary arteries. The vasorelaxant responses of PETN,
GTN, the synthesized bioactive of metabolites, and of
compound 3 are given in Table 1.

Table 1. Concentration-response curves and vasodilatory effects
(ECsp-values) of PETN and GTN, their active metabolites, and
compound (3)

Compound ECsy" (nM)
PETN 7"
PETriN 30"
PEDN 2100"
PEMN 72,000"
GTN 27"
1,3-GDN 523
1,2-GDN 1930
1-GMN 56,300
2-GMN 115,000
3 1230

#Values are means of three to nine experiments.
Taken from a previous publication.’



K. Lange et al. | Bioorg. Med. Chem. Lett. 19 (2009) 3141-3144 3143

Table 1 demonstrates that the vasodilator potencies of
PETN, GTN, and their metabolites correlate with the
number of nitrate groups. But the decrease of potency
is more than a stoichiometric one and previous investi-
gations have shown that not only the number of nitrate
groups; but also the ‘nitrate carriers’ structure signifi-
cantly influences the vasorelaxant activity.? Here too,
acetylation of the mononitrate 2-GMN to the mononi-
trate 3 enhances the vasodilator potency dramatically.
Furthermore, quite significant differences in vasodilator
potency were found between the isomeric 1,3-GDN and
1,2-GDN and between 1-GMN and 2-GMN, respec-
tively. In general, a terminal location of the nitrate
group (1,3-GDN, 1-GMN vs 1,2-GDN, 2-GMN) in-
creases the vasoactivity. We conclude that these differ-
ences in vasorelaxant potency are due to different
affinities and reactivities toward the nitrate bioactivating
enzymes. After all it should be mentioned that the
in vitro results given in Table 1 are not simply transmit-
table to the in vivo situation due to very different bioav-
ailabilities of the compounds. For example, the clinical
dosages of PETN have to be ~80-fold higher than those
of GTN, although PETN is superior to GTN in vitro
(Table 1).3

Supplementary data

Szpectral data of the synthesized compounds (‘"H NMR,
1*C NMR, and IR). Supplementary data associated with
this article can be found, in the online version, at
doi:10.1016/j.bmcl.2008.04.057.
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. Pentaerythrityl tetranitrate (PETN): Pentaerythritol

(0.50 g, 3.67 mmol) was dissolved dropwise under stirring
in 2mL of concentrated nitric acid (100%) at —5 to
—10°C. After 2-3h 1 mL of water was added and the
mixture maintained for 2 more hours. The voluminous
white precipitate was filtered off, washed carefully with
water, dissolved in 20 mL of acetone, and filtered again.
The filtrate was diluted with 20 mL of water and the
acetone cautiously evaporated. The white precipitate was
separated and dried in a desiccator under reduced
pressure. Yield 0.51 g (44%), white solid, mp 142.2 °C
(lit.? 142 °C). Anal. (CsHgN,4O,,) C, H, N.
Pentaerythrityl trinitrate (PETriN): Similarly to Hess'?
pentaerythrityl tetranitrate (2.25 g, 7.12 mmol) was dis-
solved under stirring in a boiling mixture of 50 mL of
dioxane and 50 mL of ethanol. Hydrazine hydrate (0.72 g,
14.4 mmol) in 30 mL of water was added dropwise to the
stirred solution over 1 h. The mixture was refluxed for 2 h
and cooled to room temperature. The progress of the
reaction was monitored with HPLC-method A. The
solution was diluted with 100 mL of water and extracted
with 6x 50 mL of dichloromethane. The combined organic
phases were dried (MgSO,) and evaporated. The crude oil
was purified by column chromatography on silica gel using
hexane/ethylacetate (40:60) as eluent and obtained as a
light yellow oil. Yield 0.98 g (51%), light yellow oil. Anal.
(CsHy9N304p) C, H, N.

Pentaerythrityl dinitrate (PEDN): Similarly to Hess'?
pentaerythrityl tetranitrate (2.43 g, 7.69 mmol) was dis-
solved under stirring in a boiling mixture of 50 mL of
dioxane and 50 mL of ethanol. Hydrazine hydrate (3.09 g,
61.7 mmol) in 30 mL of water was added dropwise under
stirring for over 1.5h. The mixture was refluxed for
further 5h and then cooled to room temperature. The
progress of the reaction was monitored with HPLC-
method A. The solution was diluted with 100 mL of water
and extracted with 6x 50 mL of ethylacetate. The
combined organic phases were dried (MgSO,) and evap-
orated, and the resulting oil was purified by column
chromatography on silica gel using hexane/ethylacetate
(40:60) as eluent. Yield 0.75 g (43%), light yellow oil, later
crystallizing to a light yellow solid. Anal. (CsH(N,Og X%
ethylacetate) C, H, N.

Pentaerythrityl mononitrate (PEMN): A solution of 2-
bromomethyl-2-hydroxymethyl-1,3-propandiol ~ (6.61 g,
33.2mmol) and silver nitrate (12.41 g, 73.0 mmol) in
50 mL of dry acetonitrile was heated at 50 °C under
stirring and protection from light. The precipitated
silver bromide was filtered off repeatedly. After 8 days
the mixture was cooled to room temperature and
saturated sodium chloride solution was added. The
filtrate of this mixture was extracted with 10 x 100 mL
of ethylacetate. The combined organic phases were
dried (MgSQO4) and evaporated. One hundred microli-
ters of water was added and the mixture extracted with
3x 100 mL of n-hexane, 4x 100 mL of diethylether, 4x
100 mL of dichloromethane, and 6x 100 mL of
ethylacetate. The n-hexane, diethylether and dichloro-
methane phases were discarded and the ethylacetate
phases were analyzed for byproducts by HPLC. The
pure ethylacetate phases were combined, dried
(MgS0O,), and evaporated. The remaining precipitated
white solid was recrystallized from diethylether. Yield
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135g (22%), white solid, mp 78°C (lit.'® 78-79 °C).
Anal. (C5H11N06) C, H, N.

. Glyceryl trinitrate (GTN) was purchased from Merck,

Darmstadt, Germany.

1,3-Glyceryl dinitrate (1,3-GDN): A solution of 1,3-
dibromo-2-propanol (0.51 g, 2.3 mmol) and silver nitrate
(1.42 g, 8.4 mmol) in 8 mL of dry acetonitrile was heated
at 50 °C for 7 days under stirring and protection from
light. The precipitated silver bromide was separated
repeatedly. Progress of the reaction was monitored with
HPLC-method B. The solution was then cooled to room
temperature and saturated sodium chloride solution was
added repeatedly. The precipitated silver chloride and
silver bromide were removed and the filtrate was extracted
with 3x 100 mL of chloroform. The combined organic
phases were dried (MgSQO,4) and evaporated to give 1,3-
dinitrooxy-2-propanol as a light yellow oil. Yield: 0.40 g
(94%). Anal. (C3H¢N,O,) C, H, N.

1,2-Glyceryl dinitrate (1,2-GDN): Prepared as described
above for 1,3-GDN from 2,3-dibromo-1-propanol (1.00 g,
4.6 mmol) and silver nitrate (7.80 g, 45.9 mmol) for 2 days.
Extraction with 6x 100 mL of ethylacetate. The crude oily
product was diluted with 60 mL of water and extracted
with 3x 60 mL of n-hexane and 4x 60 mL of diethylether.
The n-hexane phases were discarded and the diethylether
phases were analyzed for byproducts with HPLC-method
B. The pure diethylether phases were combined, dried
(MgS0Oy), and evaporated. Yield: 0.51 g (61%), colorless
oil. Anal. (C3H6N207) C, H, N.

1-Glyceryl mononitrate (1-GMN): Prepared as described
above from 3-bromo-1,2-propandiol (1.00g, 6.5 mmol)
and silver nitrate (1.96 g, 11.6 mmol) in 12mL of dry
acetonitrile, 70 °C for 10 days. Extraction with 4x 60 mL
of ethylacetate, the combined organic phases were dried
(MgS0Oy), evaporated, the crude oily product was diluted
with 80 mL of water and extracted with 3x 80 mL of »-
hexane, 3x 80 mL of diethylether, 3 x 80 mL of dichloro-
methane and 5x80mL of ethylacetate. The hexane,
diethylether, and dichloromethane phases were discarded.

22.

23.

24.

The pure ethylacetate phases were combined, dried
(MgSOy,), and evaporated. Yield: 0.33 g (37%), light
yellow oil. Anal. (C3H,NOsx 3 water x5; ethylacetate)
C, H, N.

Glyceryl 1,3 diacetate (2): 1 M-BH3 * THF (3.40 mL,
3.40 mmol) was added dropwise under nitrogen and
stirring to 1,3-dihydroxypropane-2-one 1,3 diacetate (1)
(0.25 g, 1.44 mmol), synthesized as described previously,!!
in 4 mL of dry THF for over 7 h at 3 °C (monitoring by
GC/MS). The mixture was diluted with 30 mL of water,
extracted with 3x 20 mL of chloroform, and the combined
organic phases were dried (MgSO4) and evaporated.
Yield: 0.085g (34%), colorless oil. Anal. (C;H,0s) C,

N

2-Glyceryl mononitrate 1,3 diacetate (3): A solution of (2)
(0.50 g, 2.84 mmol) and urea (0.004 g, 0.067 mmol) in
I5SmL of dichloromethane was cooled to 3°C and
concentrated nitric acid (100%) (0.36 g, 5.70 mmol) was
added dropwise at <10 °C under stirring. After cooling to
3°C, acetic anhydride (0.58 g, 5.70 mmol) was added
dropwise at <10 °C, the mixture stirred overnight at room
temperature and then diluted with 20 mL of water. The
organic phase was separated and washed once with 30 mL
of water and 30 mL of saturated sodium bicarbonate
solution and twice with 30 mL of water. The organic phase
was dried (MgSO,) and evaporated. Yield: 0.60 g (96%),
colorless oil. Anal. (C;H;1NO») C, H, N.

(2-GMN): A solution of sodium hydroxide (0.13 g,
3.25mmol) in 0.19 mL of water was added dropwise
under stirring to 1,3-dihydroxy-2-nitrooxypropane 1,3
diacetate (0.37 g, 1.67 mmol) dissolved in 2.4 mL of
dichloromethane. The mixture was maintained for 7 more
minutes, then neutralized with concentrated hydrochloric
acid; and the solvent evaporated under reduced pressure.
The residue was extracted with 3x 10 mL of diethylether
and the combined organic phases were dried (MgSO,) and
evaporated. Yield: 0.12 g (53%), light yellow oil. Anal.
(C3H;NOs) C, H, N.
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