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For many years, there has been considerable interest in the
synthetic method, utility, and biological activity of various
dihydropyridines.* In recent years, based on the redox system,
which is analogous to the endogenous NADH-NAD* system,
we developed a chemical delivery system (CDS), using a
dihydropyridine-pyridinium ion redox system for the
specific delivery and sustained release of drug in the brain.?
In this CDS system, the biologically active compound linked
to a lipoida dihydropyridine carrier can crosses the BBB
and is then oxidized to the pyridinium ion form in the brain,
which is locked and retained in the brain because the
increased hydrophilicity hinders BBB permesbility (Figure
1.2

For the synthesis of CDS, the dihydropyridine carrier is
generally introduced to drugs by reduction of the corre-
sponding N-methylpyridinium ion (trigonellyl group) with
sodium dithionite.*> However, when we attempted to deliver
the peptide drugs containing the disulfide bond, such as
Somatostatin, to the brain, we faced unexpected difficulty in
introducing the dihydropyridine carrier to the peptide drugs,
since the disulfide bond in the peptide structure that fixesits
tertiary structure is prone to reduce into the corresponding
thiol under genera reduction conditions. Although the
reduction of the N-methyl-pyridinium salt into N-methyl-
1,4-dihydropyridine has been well described, interestingly,
there are no reports on the selective reduction of the N-
methylpyridinium ion into the corresponding dihydropyri-
dine without cleavage of the disulfide bond. In order to
achieve the brain-targeted delivery of peptides that contain
the disulfide bond in their structure, we proposed to find the
selective reducing agent and the reaction condition that only
reduces the trigonellyl group in the presence of the disulfide
group by investigating various reducing agents. We chose 1-
benzyl-1,2-dihydroisonicot-amide 5 as the sdlective reduc-
ing agent for this purpose.

For selective reduction of the trigonellyl group in the
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Figure 1. Brain targeting CDS approach by the dihydropyridine-
pyridinium ion redox system.

presence of the disulfide group, trigondlyl-cystine ethyl
ester (Trg-Cys-OFEt), 2 was chosen as a model compound
because this compound has two trigonellyl groups and a
symmetrical alkyl disulfide bond in its structure. In order to
synthesize (Trg-Cys-OEt), 2, L-cystine diethyl ester di-
hydrochloride purchased from Aldrich Company was used
asthe starting material. After the coupling reaction of the L-
cystine diethyl ester dihydrochloride with nicotinic acid,
which was accelerated with diisopropylcarbodiimide and 1-
hydroxybenzo-triazole,® N-methylation of the resulting
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Scheme 1. (&) DMA, DIC, HOBt, 2 hours, r.t.; (b) dimethylsulfate,
CHCl3, 12 hours, r.t.; (€) methanol, =24 °C, 20 min.
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Scheme 2. (@) CH3CN, reflux, 3 hours; (b) NaBH4, NaOH, —24 °C, 1 hour.

nicotinyl cystine ethyl ester 1 was performed with dimethyl-
sulfate to afford the desired N-methylpyridinium compound
2" (Scheme 1).

Selective reduction of trigonellyl group in compound 2
was first attempted with sodium dithionite since it has been
reported that the dithionite reduction of pyridinium sats
results in the preferential formation of the 1,4-dihydropyri-
dine over the other (1,2 or 1,3) possible structural isomers.”®
However, our attempts with various sodium dithionite
conditions aways reduced not only the desired pyridinium
moiety, but also the disulfide bridge. This result was easily
confirmed by the appearance of the unique thiol peak from
the reduction of the disulfide bridge at 2523 cm™ in the IR-
spectrum as well as the characteristic C-4 dihydropyridine
pesk a & 3.4 and N-CH3 pesk a o 2.9 in the 'H-NMR
spectra from the reduction of the trigonellyl group.

Other reducing agents, such as triphenyl-phosphine/
H,0,%° lithium tri-tert-butoxy auminohydride (LTBA)%
lithium aluminum hydride,”? lithium trimethoxy alumino-
hydride (LTMA),® lithium aluminum hydride* lithium
triethylborohydride, > sodium borohydride,® and potassium
triisopropoxy-borohydride,*” were also attempted. However,
these reagents reduced the disulfide linkage into the corre-
sponding thiol, as previoudy reported.

We then chose 1-benzyl-1,2-dihydroisonicotinamide 5 asa
sdlective reducing agent for the above reaction since 1-
benzyl-1,2-dihydroiso-nicotinamide 5 was known as a mild
reducing agent, which could transfer its hydrides only to
trigonellyl group without breaking the disulfide bond. The
synthesis of 1-benzyl-1,2-dihydroisonicotinamide 5 was
accomplished by the coupling reaction of isonicotinamide
with benzylbromide in acetonitrile in ambient temperature
followed by the reduction of the resulting 1-benzyl-1,2-
dihydroisonicotinamide 4 with sodium borohydride at —24
°C, as shown in Scheme 2.

When (Trg-Cys-OEt), 2 was reduced with 1-benzyl-1,2-
dihydroisonicotinamide 5 in methanol under a nitrogen
amosphere, the corresponding dihydro-trigonellyl-cystine
ethyl ester (Dhtrg-Cys-OEt), 3 was successfully obtained.
This reaction was carefully performed in darkness under a
nitrogen atmosphere because compound 3 was very sensi-
tiveto light, humidity, and oxygen.

The formation of compound 3 was confirmed with elec-
trospray ionization mass spectrometry (ESI-MS). As shown
in Figure 2, before the reaction, we observed the molecular
ion peaks of compound 2 a m/z = 535 aong with that of
other fragment ions such as [M+2H]?/2 ion and [M+H]*
methyl sulfate ion at m/z = 268 and 647, respectively (spec-

Inten(x1,000,000)

Spectrum A

3.5] 535 Q 0 =

3.0

2.5]

9 [M+2H]2+12 547+ [VHH]" methyl sulfate ion

o
methyl sulfate ion = <5-§-ocH,
1.5] 268 o

102

235 boy
0.0 w 371 413442 501 | 387 669 705 781 862
iy T T T = 3 T T T T

100 200 300 400 500 600 700 800 900 miz

Inten(x1,000,000)

Spectrum B

Sodium adduct of compound 4

451

164
105 l
/ :

..\ .311 33 :“|3J. il l 1 627 685 749 @1 95 948991

100 200 300 400 500 600 700 800 900 miz
Figure 2. ESI-MS spectra of (Trg-Cys-OEt), 2 (Spectrum A) and
(Dhtrg-Cys-OEt), 3 (Spectrum B).

trum A). After the reaction, we obtained two distinctive
molecular ion peaks at m/z = 213 and 537, which are con-
sistent with the molecular weights of 1-benzyl-1,2-dihydro-
isonicotinamide 4 and dihydrotrigonellyl-cystine ethyl ester
(Dhtrg-Cys-OEt), 3, respectively (spectrum B).

These ESI-MS spectra clearly indicate that there was no
reduction of the disulfide bond with 1-benzyl-1,2-dihydro-
isonicotinamide 5. This is because the molecular ion peak of
the thiol compound in which both the trigonellyl group and
the disulfide bond were reduced was not observed at m/z =
269 in spectrum B. In addition, the peak of the typica
dihydropyridine protons and the N-CHs peak from the
product appeared at 3.4 ppm and 2.9 ppm in 'H-NMR
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spectroscopy without the appearance of the thiol peak at
2523 cmt in IR spectrum.

In conclusion, we found that 1-benzyl-1,2-dihydroiso-
nicotamide 5 is a useful reducing agent for the selective
reduction of the trigonellyl group without cleavage of a
disulfide bond.

Experimental Section

Instruments. Melting points were determined on a Fisher-
Johns melting point apparatus. 'H-NMR and *C-NMR
spectra were recorded on a Verian-Germini spectrameter at
400 MHz and 100MHz. Chemical Shifts were given in
relative tetramethylsilane. Infrared spectra were recorded on
a Nicolet FT-IR 550 spectrameter. Mass spectra were per-
formed by Shimadzu LCMS-2010EV spectrameter, Japan.
Column chromatography was done by using Merck silicagel
60 (230-400 mesh).

Diethyl 3,3'-disulfanediyl-bis-2-nicotinamido-propano-
ate (1). Toasolution of nicotinic acid (3.72 g, 32.0 mmol) in
DMA (40.0 mL) was added 1-hydroxybenzotriazole (4.09 g,
30.2 mmol) and 1,3-diisopropylcarbodiimide (3.31 g, 30.2
mmol) dropwise under a nitrogen atmosphere. The resulting
suspension was allowed to react for two hours until it turned
in the clear solution. To this clear solution was added the
solution of L-Cystine diethyl ester dihydrochloric acid dis-
solved in DMA (10.0 mL) and later neutralized with
triethylamine (3.05 g, 30.2 mmol). After the reaction
mixture was stirred for two hours, the white precipitate was
filtered. The filtrate was partitioned with methylene chloride
and water. The organic layer was washed with water (4 x
50.0 mL) and saturated aqueous NaHCO; solution. It was
transferred to aqueous layer by using 5% citric acid solution.
After the agueous layer was neutralized by saturated
agueous NaHCO; solution, it was extracted by ethyl acetate
(3 x 50.0 mL). The combined organic layer was dried over
MgSO., filtered, and concentrated. The crude product was
purified by slica g column chromatography to give a
white solid (5.01 g, 81.6%): mp 188-190 °C; IR (KBr)
3157.2, 2299.3, 1741.0, 1669.2 cm™; *H NMR (CDCl3) &
9.04-9.05 (1H, d, J=2.0 Hz), 8.72-8.74 (1H, d, J = 4.5 Hz),
7.33-7.37(1H, g, J=1.5Hzand 6.3 Hz), 7.19-7.21 (1H, d, J
= 7.3 Hz), 5.05 (1H, m), 4.24-4.27 (2H, q, J = 44 Hz and
11.7Hz), 3.35-3.37 (2H,d, J=7.0Hz), 1.29-1.31 (3H, 1, I =
7.1 Hz); C NMR (CDCly) & 170.10, 165.45, 152.65,
148.34, 135.10, 129.27, 123.42, 77.61, 77.08, 76.42, 62.33,
52.55, 40.55, 14.16; ESI-MSmyz 507.01 [M+H]".

3,3'-(3,3'-Disulfanediyl-bis-1-ethoxy-1-oxopr o-pane-3,2-
diyl)-bis-azanediyl-bis-oxomethylene-bis-1-methylpyri-
dinium (2). To asolution of N-a,a-nicotinic cystine diethyl
ester (4.95 g, 9.79 mmol) in CHCI3 (100 mL) was added
dimethylsulfate (3.08 g, 24.5 mmol) dropwise under a
nitrogen atmosphere. After the reaction mixture was stirred
for 12 hours, it was concentrated until the final volume of
the mixture was about 10.0 mL. Later, ether (50.0 mL) was
added to the concentrate and stirred for 10 min. The
resulting precipitate was decanted with ether severa times
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and dried to give a hydroscopic white solid (7.06 g. 95.0%):
mp 70.2 °C; IR (neat) 3368.4, 2988.6, 2254.8, 1746.8,
1642.7 cm™; *H NMR (CDCl3+DMSO-ds) &8.93-8.95 (1H,
d, J=7.6 Hz), 8.76-8.77 (1H, d, J = 6.0 Hz), 8.54-8.56 (1H,
d, J=80Hz), 7.76-7.79 (1H, t, = 140 Hz), 4.49-4.54 (1H,
m), 4.19 (3H, s), 3.80-3.86 (2H, g, J = 6.8 Hz and 21.2 Hz),
3.29 (3H, ), 0.90-0.94 (3H, t, J = 16.0 Hz); *C NMR
(CDCI3+DMSO-ds) 6 168.80, 160.75, 146.75, 144.34,
143.10, 132.77, 127.22, 61.14, 53.62,52.13, 48.21, 13.56;
ESI-MS m/z 535.66 [M+H]*.
Diethyl-3,3'-disulfanediyl-bis-2(1-methyl-1,4-di-hydro-
pyridine-3-carboxamido)-propanoate (3). To a irred
solution of 1-benzyl-1,2-dihydroisonicotinamide (0.26 g,
1.20 mmol) was added (Trg-Cys-OEt), (0.50 g, 0.65 mmol)
in methanol (10.0 mL) at —24 °C in the dark under a nitrogen
atmosphere. After the resulting mixture was stirred for 20
minutes in the dark, the solvent was removed. The residue
was diluted with methylene chloride (30.0 mL). The organic
layer was washed with water (10.0 mL), dried over MgSOsa,
and concentrated to give the crude product as orange-
colored oil. Because of instability of the product, the crude
product was used for IR, NMR and mass spectrometric
investigations without further purification. IR (neat) 3346.7,
2254.8, 2132.2, 1714.1 cm™; 'H NMR (CDCls+DM SO-dg)
09.61-9.59 (1H, d, J= 8.0 Hz), 9.33-9.35 (1H, m), 9.09-9.11
(1H, d, J= 8.0 Hz), 8.85-8.87 (1H, d, J = 8.0 Hz), 8.40-8.41
(1H, m), 8.22-8.25 (1H, m), 7.41-7.52 (1H, m), 4.80-4.84
(1H, m), 4.39 (3H, 9), 4.11-4.17 (2H, t, J = 24.0 Hz), 3.33
(3H, ), 3.30-3.45 (2H, m) 3.12-3.16 (2H, m), 1.18-1.22 (3H,
t, J = 16.0 Hz); *C NMR (CDCl3+DMSO-ds) & 171.08,
163.49, 148.67, 146.70, 144.40, 134.87, 130.97, 130.61,
130.24, 129.02, 127.59, 63.17, 55.25, 54.10,40.80, 14.65;
ESI-MS m/z537.95 [M+H]*.
1-Benzyl-4-carbamoylpyridinium bromide (4). To a
suspension of isonicotinamide (3.02 g, 24.5 mmol) in aceto-
nitrile (100 mL) was added benzyl bromide (3.42 mL, 39.3
mmol) under a nitrogen atmosphere. After the mixture was
refluxed for three hours at 70 °C, the white precipitate was
filtered. In order to remove the unreacted starting material,
the precipitate was re-dissolved in acetonitrile (50.0 mL),
gtirred for 30 minutes, and then filtered again to give a
product as a white powder. (5.10 g, 97.6%): mp > 280 °C
(dec.); IR (KBr) 3356.2, 1669.7 cm™; *H NMR (DM SO-ds)
0 9.40-9.42 (2H, d, J = 8.0 Hz), 8.44-8.46 (2H, d, J = 8.0
Hz), 7.64 (2H, m), 7.56-7.57 (2H, m), 7.42-7.43 (3H, m)
594 (2H, s); C NMR (DMSO-ds) § 163.27, 148.54,
145.73, 134.11, 129.45, 129.24, 128.95, 126.30, 113.78,
63.36; ESI-MSnm/z 214.01 [M+H]".
1-Benzyl-1,2-dihydropyridine-4-carboxamide (5). To a
suspension of 1-benzyl-4-carbamoyl-pyridinium bromide
(5.02 g, 16.3 mmol) in methanol (30.0 mL) was added the
solution of sodium hydroxide (1.02 g, 25.0 mmol) in water
(20.0 mL) followed by NaBH4 (309 mg, 8.17 mmol) in one
portion a —24 °C under a nitrogen atmosphere. After the
reaction mixture was stirred for 1 hour at —24 °C, the
precipitate was filtered, washed with the cold mixture of
water (100 mL) and methanol (10.0 mL) followed by ether
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(50.0 mL). After the solid was dried, it was stored in
refrigerator before use under a nitrogen atmosphere. The
product was white solid. (4.51 g, 90.0%): mp > 290 °C
(dec); IR (KBr) 3396.4, 31914, 1638.7 cm%; 'H NMR
(DMSO-ds) 6 7.24-7.35 (5H, m), 6.32-6.34 (1H, d, J = 8.0
Hz), 5.66-5.67 (1H, bs), 4.90-4.92 (1H, d, J = 9.2 Hz), 4.02
(2H, 5), 3.78-3.79 (2H, d, J = 4.4 Hz); *C NMR (DM SO-ds)
0 166.76, 139.05, 136.78, 131.78, 128.26, 127.87, 127.11,
114.04, 91.92, 57.52, 46.93; ESI-MS m/z 215.01 [M+H]".
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