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Improved Delivery through Biological Membranes. 11.! A Redox Chemical
Drug-Delivery System and Its Use for Brain-Specific Delivery of

Phenylethylamine?
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A dihydropyridine = pyridinium salt type redox system is described as a general and flexible method for site-specific
and sustained delivery of drugs to the brain. According to this, a biologically active compound linked to a lipoidal
dihydropyridine carrier easily penetrates the blood-brain barrier. Oxidation of the carrier part in vivo to the ionic
pyridinium salt prevents its elimination from the brain, while elimination from the general circulation is accelerated.
Subsequent cleavage of the quaternary carrier-drug species results in sustained delivery of the drug in the brain
and facile elimination of the carrier part. The concept is illustrated with phenethylamine as the drug and trigonelline
as the quaternary carrier. One injection to rats of 1-methyl-3-(N-phenethylcarbamoyl)-1,4-dihydropyridine resulted
in continuous build up in the brain of the corresponding 1-methyl-3-(N-phenethylcarbamoyl)pyridinium salt, reaching
a maximum at about 80 min. At this time, the general circulation was practically void of either compound, while
the accumulated carrier—drug species provided a source for sustained drug delivery only in the brain.

The concept of developing methods for site-specific
delivery of biologically active agents is highly desirable to
improve efficacy and decrease toxicity. Although a lot of
work has been done in this area, whether by the use of drug
delivery systems,* carriers,® and /or transient derivatization
and prodrug approach,®® the concept is still in its pri-
mordial phase. Very few examples have promised simple
and successful solutions to the many problems encoun-
tered. The site-specific and/or sustained release of drugs
to the brain is even more difficult. The delivery of drugs
to the brain is often seriously limited by transport and
metabolism factors and more specifically by the functional
barrier of the endothelial brain capillary wall called the
blood-brain barrier (BBB).1° It is generally accepted that
the ability of the molecule to pass the blood—brain barrier
is a function of its partition coefficient between lipid and
water. Lipid insoluble or highly ionized compounds fail
to achieve a cerebrospinal fluid (CSF)/plasma distribution
ratio of 1'%12 unless they are actively transported.!®* This
is due to the fact that their rate of entry is relatively slower
than their rate of exit from the CSF. The approach of
derivatizing the compound and forming a prodrug that
exhibits improved physicochemical properties for the

(1) Part 10 of this series: T. Loftsson and N. Bodor, J. Pharm.
Sei., 70, 765 (1981).

(2) A preliminary account of this work has been published in
Science, 214, 1370 (1981).

(3) On leave of absence from the Faculty of Pharmacy, University
of Assiut, Egypt.

(4) J. E. Shaw, Annu. Rep. Med. Chem., 15, 302 (1980).

(6) G. Gregoriadis, Ed., “Drug Carriers in Biology and Medicine”,
Academic Press, New York, 1979.

(6) T. Higuchi and V. Stella, Ed., “Prodrugs as Novel Drug De-
livery Systems” (ACS Symp. Ser., no. 14), American Chemical
Society, Washington, DC, 1975.

(7) R. L. Juliano, Ed., “Drug Delivery Systems—Characteristics
and Biomedical Applications”, Oxford University Press, New
York, 1980.

(8) N. Bodor in “Optimization of Drug Delivery”, H. Bungaard, A.
B. Hansen, and H. Kofod, Eds., Alfred Benson Symposium,
Munksgaard, Copenhagen, 1982, p 156.

(9) E. B. Roche, Ed., “Design of Biopharmaceutical Properties
through Prodrugs and Analogs”, American Pharmaceutical
Association, Washington, DC, 1977.

(10) S. 1. Rapoport, “Blood Brain Barrier in Physiology and
Medicine”, Raven Press, New York, 1976.

(11) A.R.Rothman, E. J. Freireich, J. R. Gaskins, C. S. Patlak, and
D. P. Rall, Am. J. Physiol., 201, 1145 (1961).

(12) L. S. Schanker, Antimicrob. Agents Chemother., 1044 (1965).

(13) R. A. Fishman, Am. J. Physiol., 206, 836 (1964).

0022-2623/83/1826-0313301.50/0

Scheme 1

D] + [0 Semel [pe)

lquctermzcnon

chemical

+ - —
tb—<qcd reduction [0—D0HC1 coupling (ol
+
+ _chemical
[0l + fQC3 m—? [DHC]
direct ko
. [D—DHCT - Tmmaron [D—DHCI
in circ system in the brain
and organs
i |
/(Izjm ydw’q oxwlgc“;g #
oxiaation
BBB
enzymatic enzymatic
) (D—Qc1* cleavage 42 4y cleavage ‘[D_QC]*“
in circ system in the brain
42
= 1 + facy* (1 + eyt
ko 3
|
[ . #g' kg
&
elimination & BBB

transport through the blood-brain barrier'® should be
treated with caution, since while one can improve delivery
of the drug to the brain in the same time, the drug may
exhibit improved transport to other tissues and deep de-
pots, thus increasing the incidence of systemic side effects.
Hence, delivering drugs exclusively or preferentially to the
brain is very difficult, and until this time, no simple and
general method to achieve this goal has been known.
Based on our earlier observations!*!s that N-methyl-
pyridinium 2-carbaldoxime (2-PAM), a quaternary salt
type drug (1), can be delivered to the brain as its 5,6-di-
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hydropyridine derivative (Pro-2-PAM; 2 and 3), where the
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active species (2-PAM) is then formed, as well as, in view
of our studies, on the bidirectional time-dependent
movement of this 2-PAM = Pro-2-PAM system through
the BBB, 6 a general delivery concept based on dihydro-
pyridine = pyridinium salt carrier was developed, which
can function as a specific and sustained release method,
as shown by Scheme 1.

According to this, a drug [D] is either coupled to a
tertiary carrier [C] and then quaternized or coupled to a
quaternary carrier [QC]* directly, and the obtained [D-
QC]* is reduced chemically to the lipoidal dihydro form
[D-DHC]. Alternately, the drug [D] can directly be cou-
pled with the dihydro carrier [DHC]. After in vivo ad-
ministration of this [D-DHC] compound, it is quickly
distributed (kg) throughout the body, including the brain.
The dihydro form [D-DHC] is then oxidized in the brain
(k;!) and in the body (k,?) (i.e., the NAD = NADH system)
to the original [D-QC]* (ideally inactive) quaternary salt.
[Superscript 1 refers to processes in the brain, while su-
perscript 2 indicates similar processes in the body. These
latter processes are given an overall rate (i.e., k,? for oxi-
dation), although the actual process takes place with dif-
ferent rates in the various organs.] [D-QC]*, due to its
ionic hydrophilic character, should be eliminated fast from
the body, while the BBB should prevent its elimination
from the brain (k, > kg; ks >> k;). Enzymatic cleavage of
the [D~QC]* that is “locked in” the brain will result in a
sustained delivery of the drug species [D], following its
normal elimination (k;!), metabolism. A properly selected
carrier, [QC]™, will also be eliminated fast from the brain
(kg! > k3). Due to the facile elimination of [D-QC]" from
the general circulation, only small amounts of drug are
released in the body (k, > &,?), [D] will be released pri-
marily in the brain (k,! > kg). The overall result, ideally,
will be a brain-specific sustained release of the target
drug.

A quick analysis of the concept indicates that this is not
a simple prodrug type design, but rather a “chemical de-
livery system” (CDS). That is, the [D-QC]™* species can
be considered a prodrug of [D], but the reduced [D-DHC]
form, which is actually delivered, is not a prodrug; rather,
it is a special pro-prodrug with additional properties re-
sulting in a site-specific and sustained release. It is evident,
that simple prodrug approaches cannot solve the variety
of transport-delivery problems!” they are expected to ov-
ercome. Multistep optimization of the drug delivery is
required in many cases, particularly when site-specific or
site-enhanced delivery is the objective. In general terms,
in these cases, the drug [D] is transformed via several
chemical steps into the chemical delivery system form
[CDS], which will then, after administration, undergo
several enzymatic and/or chemical transformations, for
example, via a prodrug, in order to achieve the desired
optimal delivery.
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A variant of this concept was successfully applied to the
delivery of hydrocortisone and other steroids'®'® and most

(16) N. Bodor, R. G. Roller, and S. H. Selk, J. Pharm. Sci., 68, 685
(1978).

(17) N. Bodor, Drugs Future 6, 165 (1981).

(18) N. Bodor and K. B. Sloan, J. Pharm. Sci., 71, 514 (1982).

(19) N. Bodor, K. B. Sloan, R. J. Little, S. H. Selk, and L. Caldwell,
Int. J. Pharm., 10, 307 (1982).

Bodor, Farag

Scheme I1
o} o}
1. S0CI CeH
O OH 2. HoNGHalaCets @/U\T/\/ s
N N H
4
CHgX ‘
0
0
OH CeHs
O gggi(CHz)aNHg-HC\ O N/\/
= e [OF
- e
X !
5a, R = CH,
b, R = CH,C,H, 5
X=I,Cr

Scheme III¢

0
NS Cels
N H
|
R
‘ 5 7
s
HoNCH,l,CeHy N, /50 °C/reduced
/ pressure
e

¢ R =CH, (a); R = CH,C,H. (b)

recently by a very interesting alternate way for delivery
of some drugs to the eye.?

One additional, very significant aspect of the present
redox delivery system relates to toxicity: It is expected
to significantly reduce systemic toxicity by accelerating the
elimination of the drug-quaternary carrier system from
the general circulation. On the other hand, even the
central toxicity should be reduced by providing a low level,
sustained release of the active species in the brain. One
main factor in this whole picture is the choice of the
quaternary carrier, which must be of low toxicity alone and
in combination with the drug.

It is important to note that this method will provide the
desired level of a drug in the CNS, without requiring high
circulatory concentrations. The drug blood level has vir-
tually no effect on the brain levels, after the last oxidation
step and the “lock in” process takes place.

The present paper describes an application of the con-
cept by using phenethylamine, which, besides its own ac-
tivity is an adequate model drug for a variety of CNS
amines. N-Alkylnicotinic and 3,5-pyridinedicarboxylic
acids were investigated as precursors for the carrier sys-
tems.

Chemistry. Alternate routes for the synthesis of the
designed quaternary derivatives, [D-QC]* (5) (Schemes

(20) N. Bodor and G. Visor, unpublished results.
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Table I. Rates of Oxidative Conversion in Biological Fluids® of 1-Methyl-3-(N-phenethylcarbamoy!)-1,4-dihydropyridine
(6a) and 1-Benzyl-3-(N-phenethylcarbamoyl)-1,4-dihydropyridine (6b) to the Corresponding Quaternary
Pyridinium Salts 5a and 5b

6a - Sa (methyl) 6b — 5b (benzyl)

medium N EXx 1074, st r t,,., min N Bx 1074, st r t,,,, min
human plasma 13 1.80 + 0.34 0.998 64.2x 12.1 12 0.74 £ 0.11 0.999 156 = 2.3
whole blood 5 8.40 + 0.94 0.952 13.7+ 1.9 5 4,74 + 0.93 0.974 24,4+ 5.1
brain homogenate 8 4,12+ 0.28 0.996 28.2+ 2.0 13 210+ 0.14 0.999 55t 4.3
liver homogenate 7 8.13x 0.96 0.999 144+ 2.1 5 7.50 = 0.60 0.998 15.83+1.2

¢ At 37 °C, undiluted heparinized human whole blood, 20% fresh human plasma, and 2% rat brain and liver homogenates
were used. The conversions of 6a to 5a and 6b to 5b were followed by the changes in their characteristic UV spectra (A

~ 350 nm for 6a and 6b; 262 nm for 5a and 5b), against appropriate reference samples.

Table II. Rates of Oxidative Conversion in Blood and Brain Homogenate® of Selected 3,5-Disubstituted Dihydropyridine

Derivatives, 9a and 9b

9a — 8a 9b - 8b
medium N kx107%, s r t 2 h N Bx 107% g r t,,0h
brain homogenate 6 0.84 £ 0.03 0.997 22.9+ 0.0 6 1.74 £ 0.03 0.983 11.1 £ 0.02
blood 5 4,94+ 0.6 0.949 3.9:0.5 5 11.30 = 0.47 0.972 1.17+ 0.4

¢ At 37 °C, undiluted heparinized human blood and 2% fresh brain homogenate were used.

IT and III), have been tested in order to select the one with
the highest yield and purity of the final compounds.
Phenethylamine was either coupled with nicotinic acid,
followed by quaternization to the salt [D-QC]* (4 and 5),
or coupled directly with trigonelline. The corresponding
1,4-dihydropyridine derivative [D-DHC] (6) was prepared
either by reduction of the corresponding quaternary (5)
with sodium dithionite or by coupling of the reduced
trigonelline ester (7) with phenethylamine (Schemes II and
III).

In order to select the best carrier system, we also syn-
thesized a number of 3,5-disubstituted quaternary model
compounds (8), where the stability of the corresponding

R,0C COR, R,OCA_ 2 COR,
= U
N

I’ |
CHy CHs
8 9

8a, 9a, R, = R, = NHCH,CH,C,H.
gb, 9b, R, = C,H.O
R, = NHCH,CH,C,H,

dihydropyridine derivatives (9) is enhanced by extending
the conjugation using an electron-attracting substituent
capable of resonance interaction at C5.2

Physiocochemical and in Vitro Studies. First, the
kinetics and reaction products of the oxidation reaction
of the 1,4-dihydropyridine derivatives (6a,b, and 9a,b) were
studied with alcoholic silver nitrate and hydrogen peroxide
solutions. The in vitro rates of oxidation of the 1,4-di-
hydropyridine derivatives (6a,b and 9a,b) in 20% plasma,
2% brain homogenate, 2% liver homogenate, and in whole
blood were also determined. To have an idea about the
site-specific conversion of the quaternary 5a in the brain,
we determined the kinetics of its disappearance in the
brain homogenate. .

In Vivo Brain-Delivery Studies. The dihydro-
pyridine derivative 6a was selected for the in vivo study
in order to demonstrate the concept. A solution of 6a in
Me,SO was injected through the jugular vein to a group
of male Sprague-Dawley rats, which were then sacrificed
at various time intervals following administration, and the

(21) U. Eisner and J. Kuthan, Chem. Rev., 72, 1 (1972).

blood and the brain were analyzed for the quaternary
compound (5a).

Results and Discussion

It was found that the synthesis of the quaternary salt
(5a) via coupling first nicotinic acid with phenethylamine,
followed by quaternization (Scheme II), is the best choice.
An overall yield of about 66% calculated on the phen-
ethylamine was thus obtained. Coupling trigonelline hy-
drochloride with phenylethylamine hydrochloride by using
DCCI in pyridine gave a comparable yield of a crude
product, which, however, needed to be crystallized several
times. For the preparation of the 1,4-dihydropyridine
derivative (6a), reduction of the corresponding quaternary
salt gave purer products than coupling 1,4-dihydro-
trigonelline ester (7) with phenethylamine. The reduction
of the quaternary salts (8) have been done by using the
selective and ambivalent?? reducing agent sodium di-
thionite, in slightly alkaline medium. It is known that
reduction of 3-substituted or 3,5-disubstituted pyridinium
salts with sodium dithionite in mildly basic solutions af-
fords exclusively the corresponding 1,4-dihydropyridines,®
whose structures were also established for the present
compounds (5a,b and 9a,b) based on their spectral (UV
and NMR) and chemical properties.2’?2 The dihydro
derivatives obtained were either oily or semisolid com-
pounds. Attempts to prepare the S-protonated enamine
salts were unsuccessful, since some nucleophilic addition
and dimerization reactions occur. The dihydro derivatives
6a and 6b were found to be relatively stable and can be
quantitatively oxidized back to the corresponding qua-
ternary derivatives by H,0, or AgNO; (based on spectral
data and characterization of the isolated products), while
9a and 9b were found to be very stable toward air-oxida-
tion and, as expected, require a longer reaction time, with
H,0, or AgNO,, to get oxidized quantitatively to the
corresponding quaternary salts 8a and 8b.

In Vitro Studies. The in vitro kinetics in biological
fluids indicated facile oxidative conversion of the dihydro
forms 6a and 6b to the corresponding quaternary deriva-
tives, as indicated in Table I, while the rate of intercon-
version of compounds 9a and 9b, Table II, indicates that
such dihydro forms are significantly more stable under
these conditions, as well.

(22) G. Blankenhorn and E. G. Moore, J. Am. Chem. Soc., 102,
1092 (1980).



316 Journal of Medicinal Chemistry, 1983, Vol. 26, No. 8

\
12|

e
~
g
E i °
oe‘ L
z ! °
=
<L - ® °
% 06 o * .
o [ ]
z °
o [ ] [
S .
© 04
z o0
Q
®»
02, o
o
° o
L L i i L — L
20 60 100 140 180 220

TIME (Minutes)

Figure 1. The concentration of 1-methyl-3-(N-phenethyl-
carbamoyl)pyridinium (ion) (5a) in the brain (@) and the blood
(O) of rats following administration of 1-methyl-3-(N-phen-
ethylcarbamoyl)-1,4-dihydropyridine (6a).

In Vivo Studies. The N-methyl dihydro derivative 6a
was selected for in vivo study due to its relative ease of
interconversion to 5a. The results summarized in Figure
1 very strongly support the concept shown in Scheme I
Thus, the quaternary salt 5a (ion) disappears quickly from
the blood. On the contrary, the concentration of 5a (ion)
is increasing in the brain steadily, reaching a maximum
at about 80 min following administration. The next, de-
scending portion corresponds to a half-life of 2.35 (k = 4.92
X 108 min!; r = 0.962). The rate of site-specific conversion
of 5a to phenethylamine and trigonelline was found to have
a half-life of 3 h. Thus, the descending portion in Figure
1 corresponds mainly to the sustained delivery of phen-
ethylamine in the brain. Thus, all criteria set forth in
Scheme I were met: One, iv injection of a drug coupled
to a dihydropyridine carrier system resulted in an accu-
mulation of the corresponding drug—quaternary carrier
species in the brain, followed by a sustained release of the
drug in the brain, while the drug—quaternary carrier system
was rapidly eliminated from the blood. When the qua-
ternary derivative 5a was administered at equivalent dose
levels, no amount could be detected in the brain of rats.

These successful brain-delivery and “locking-in” ex-
periments made it possible to study the unique bidirec-
tional movement of the complex [D-DHC] = [D-QC]* —
[D] + [QC]*; system. The kinetics of appearance and
disappearance of the [D-QC]* species in the brain and
blood showed dramatic differences and suggest the use-
fulness of this kind of system for studies of some important
basic transport mechanisms in the brain. It appears that
the uptake of [D-DHC] in the brain is a passive transport,
while elimination of small [QC]* species is suggested to
be by an active transport, as shown before!® in the case of
another small quaternary compound.

The overall significance of the proposed carrier system
is multiple, since it should lead to highly improved
treatment of numerous disease states, reduce toxicity of
a number of drugs currently used, make available to the
brain a variety of important drugs, and should lead to
important information and understanding of the transport
and enzyme systems in the BBB, as well as in the brain.

Experimental Section

Chemistry. All melting points were taken on a Mel-Temp
apparatus and are not corrected. Elemental analyses were per-
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formed at Atlantic Microlab, Inc., Atlanta, GA. Infrared spectra
were determined with a Beckman Acculab 1 double-beam re-
cording spectrophotometer. NMR spectra were determined by
means of a Varian T60A spectrometer. All chemical shifts re-
ported are in ¢ units (parts per million) relative to tetra-
methylsilane. Ultraviolet absorbance spectra were determined
with a Cary Model 219 spectrophotometer.
N-Phenethylnicotinamide (4). To a solution of 14.7 g (0.083
mol) of nicotinoyl chloride hydrochloride in 150 mL of dry and
freshly distilled pyridine was dropped 10.45 mL (0.083 mol} of
phenethylamine while stirring over 15 min. The mixture was then
heated on a water bath for 2 h. Pyridine was removed by rotary
evaporation. The brown oily residue was poured onto crushed
ice. The cream-white solid separated and was filtered by suction,
washed with cold water, and crystallized from 50% aqueous
methanol to vield 4 (13.3 g 70%): mp 79-80 °C; IR (KBr) 3320
(NH), 1630 (C=0) em™!; NMR (CDCl;) ¢ 8.66 (br s, 1 H, C,
pyridine proton), 8.46 (br s, 1 H, C; pyridine proton), 8.0-7.6 (m,
1 H, C, pyridine proton), 7.33-6.90 (br s, 6 H, C¢H; + C; pyridine
proton), 7.0-6.57 (broad, 1 H, CONH), 3.73 (q, 2 H, NCH,), 2.97
(t, 2 H, CH,Ph). Anal. (C;,H;,;N;0) C, H, N.
1-Methyl-3-(N-phenethylcarbamoyl)pyridinium Iodide
(5a). To a solution of 2.26 g (0.01 mol) of N-phenethylnicotin-
amide in 5 mL of methanol was added 1.3 mL (0.02 mol) of methyl
iodide. The mixture was refluxed for 3 h. The methanol was
removed, and the yellow oily residue was cooled and, upon
scratching the flask, transformed to a yellow gritty solid. The
solid was crystallized from acetone to yield 5a (3.5 g, 95%): mp
134-136 °C; UV max (buffer pH 7.4) 210, 225, 226 nm; IR (KBr)
3240 (NH), 1665 (C==0) cm™!; NMR (CDCl;/Me,SO-dg) § 9.63
(s, 1 H, C, pyridine proton), 9.4-8.9 (m, 2 H, C, and C¢ pyridine
protons), 8.32-8.06 (m, 1 H, C; pyridine proton), 4.6 (s, 3 H,
N*CH,), 3.9-3.46 (m, 2 H, NCH,), 3.2-2.8 (m, 2 H, CH,Ph). Anal.
(CisH 7 INO) C, H, N.
1-Benzyl-3-(N-phenethylcarbamoyl)pyridinium Bromide
(5b). To a solution of 2.26 g (0.01 mol) of N-phenethylnicotin-
amide (4) in 5 mL of methanol was added 1.4 mL (0.0114 mol)
of benzyl bromide. The mixture was refluxed for 3 h. The solvent
was removed, and the yellow oily residue was transformed into
a buff gritty material upon scratching. The solid was crystallized
from acetone/ether to yield 5b (3.7 g, 95%): mp 142-144 °C; UV
max (buffer pH 7.4) 210 and 260 nm; IR (KBr) 3180 (NH), 1670
(C=0) em™; NMR (CDCl;/Me,SO-dg) 5 10.26 (br s, 1 H, C,
pyridine proton), 9.53-8.90 (m, 2 H, C4 and C pyridine protons),
8.16-7.13 (m, 12 H, 2C¢H; + CONH + C; pyridine proton), 6.13
(s, 2 H, N*CH,), 3.96-3.50 (m, 2 H, NCHj,), 3.26-2.83 (m, 2 H,
CH,Ph). Anal. (CyH,yBrN,O) H, N; C: caled, 63.48; found, 63.99.
1-Methyl-3-(N-phenethylcarbamoyl)-1,4-dihydropyridine
(6a). To a solution of 3.68 g (0.01 mol) of compound 5a in 200
mL of deaerated water were added 5.0 g (0.06 mol) of sodium
bicarbonate and 200 mL of ether. The mixture was stirred in an
ice bath, and 7.1 g (0.04 mol) of sodium dithionite was added
gradually over a period of 5 min. The mixture was stirred for
3 h under nitrogen. The ether layer was then separated, washed
with water, dried with Na,SQ,, and distilled under vacuo. A yield
of 1.8 g (76%) of 6a as a bright yellow viscous oil was obtained,
which gives a positive test for dihydropyridine with alcoholic silver
nitrate solution: UV max (buffer pH 7.4) 210, 290, and 360 nm;
NMR (CDCly) 6 7.2 (s, 5 H, CgHy), 6.9 (br s, 1 H, C, pyridine
proton), 5.6 (d of d, 1 H, J = 8 and 2 Hz, C, pyridine proton),
5.8~5.1 (broad, 1 H, CONH), 4.5-4.7 (m, 1 H, C4 pyridine proton
+ NCH; + CH,Ph). Anal. (C{sHisN,0) C, H, N.
1-Benzyl-3-(N-phenethylcarbamoyl)-1,4-dihydropyridine
(6b). Using the same method described above, we reduced
compound 5b (3.97 g, 0.01 mol) with sodium dithionite (7.1 g, 0.04
mol) and sodium bicarbonate (5.0 g, 0.06 mol) to yield 2.3 g (72%)
of a bright yellow viscous oil, which reduces alcoholic silver nitrate
solution: UV max (buffer pH 7.4) 210 and 355 nm; NMR (CDCly)
two overlapping singlets at 7.2 (10 H, 2C¢H;), 7.1 (br s, 1 H, C,
pyridine proton), 5.68 (d of d, 1 H, J = 8 and 2 Hz, C¢ pyridine
proton), 6.4-5.0 (broad, 1 H, CONH), 4.84-4.60 (m, 1 H, C;
pyridine proton), 4.35 (s, 2 H, NCH,), 8.5 (q, 2 H, J = 7.0 Hg,
NCH,), 3.0 (br s, 2 H, C, pyridine proton), 2.8 (t,2 HJ = 7.0 Hz,
CH,Ph).
3,5-Bis(IN-phenethylcarbamoyl)pyridine (10a). To a so-
lution of 2.53 g (0.01 mol) of diethyl 8,5-pyridinedicarboxylate
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in 10 mL of methanol was added 3.0 g (0.025 mol) of phen-
ethylamine. The mixture was refluxed overnight, and then the
solvent was removed. The residue was washed with very dilute
HCl solution and water, dried, and crystallized from ethanol to
yield 2.9 g (80%) of 10a: mp 189-190 °C; NMR (CDCly) 4 9.00
(d, J = 2 Hz, 2 H, 2,6-dipyridyl), 8.33 (t, J = 2 Hz, 1 H, 4-pyridyl),
7.30 (s, 10 H, 2 C¢Hj;), 6.93-6.40 (broad, 2 H, 2 CONH), 3.83 (q,
J =T7Hz, 4H,2NCH,), 3.00 (t,J = 7 Hz, 4 H, 2 CH,Ph). Anal.
(Cg3Hp3N30,) C, H, N.
5-Carbethoxy-3-(N-phenethylcarbamoyl)pyridine (10b).
To 10 g (0.05 mol) of 5-carbethoxy-3-pyridinecarboxylic acid?
was added 30 mL of thionyl chloride, and the mixture was warmed
on a water bath while stirring until clear (~3 h). The excess
thionyl chloride was distilled under reduced pressure. The residue
was cooled to room temperature, and 50 mL of sodium-dry
benzene was added. The solution was cooled in an ice bath, a
solution of 6.2 g (0.051 mol) of phenethylamine and 4 mL of
pyridine in 50 mL of dry benzene was dropped in while stirring
over 1 h, and the mixture was left overnight at room temperature.
The mixture was then washed with water until free from Cl™ ion.
The organic layer was dried with Na,SO,, and the solvent was
removed. The residue was crystallized from ether/petroleum ether
mixture to yield 10b (9.0 g, 67%): mp 159-161 °C; IR (KBr) 3300
(NH), 1725 (ester CO), 1650 cm™ (amide CO); NMR (CDCly) 6
9.13-8.96 (two doublets, 2 H, J = 2 Hz, C, and Cg pyridine pro-
tons), 8.53 (t, 1 H, J = 2 Hz, C, pyridine proton), 7.16 (s, 6 H,
C¢H; + CONH), 4.36 (q, 2 H,J = 7 Hz, OCH,), 34 (q,2 H,J =
7 Hz, NCH,), 2.9 (t, 2 H, J = 7 Hz, CH,Ph), 1.33 (t,3H,J =7
HZ, CH3) Anal. (CI7H18N203) C, H, N.
1-Methyl-3,5-bis(N-phenethylcarbamoyl)pyridinium
Iodide (8a). To a solution of 2.0 g (5.3 mmol) of the diamide
10a in 10 mL of acetone was added 2 mL of methyl iodide, and
the mixture was refluxed for 24 h. The yellow crystalline solid
that separated was filtered, washed with acetone, and dried.
Obtained were 1.4 g (51%) of 8a: mp 186-188 °C; UV spectrum
of a solution in phosphate buffer, pH 7.4, showed a plateau at
275 nm, a shoulder at 225 nm, and a sharp peak at 203 nm (e
67356); IR (KBr) 3240 (NH), 1665, 1650 cm™ (twin band, C=0);
NMR (CDCly/D,0) 6 9.35 (d, 2 H, J = 2 Hz, C, and Cg pyridine
protons), 8.56 (d, 1 H, J = 2 Hz, C, pyridine proton), 7.20 (s, 10
H, 2 C¢H;), 4.56 (s, 3 H, N*CH,), 3.66 (t, 4 H, J = 7 Hz, 2 NCH,),
2.96 (t, 4 H, J=17 HZ, 2 CHQPh). Anal. (024H281N302) C, H, N.
5-Carbethoxy-1-methyl-3-(N-phenethylcarbamoyl)-
pyridinium Iodide (8b). To a solution of 2.9 g (0.01 mol) of
compound 10b in 5 mL of acetone was added 3 mL of methyl
iodide. The mixture was refluxed while stirring for 8 h and then
left overnight. The yellow crystalline solid that precipitated was
filtered, washed with acetone, dried, and crystallized from acetone
to yield 8b (3.5 g, 82%): mp 168-170 °C; IR (KBr) 3250 (NH),
1725 (ester CO) 1670 (amide CO) em™; UV max (buffer pH 7.4)
268 (weak plateau) and 206 nm (e 53667); NMR (Me,SO-dg) &
9.53 (br s, 2 H, C; and Cg pyridine protons), 9.33-9.10 (m, 1 H,
C, pyridine proton), 7.16 (s, 5 H, C¢Hj), 4.63-4.26 (complex m,
5H, N*CH; + OCH,), 3.56 (q, 2 H, J = 6 Hz, NCHj,), 2.90 (t, 2
H, J = 6 Hz, CH,Ph), 14 (t, 3 H,J = 7 Hz, CHy). Anal. (Cyg-
H;IN,O;) C, H, N.
1-Methyl-3,5-bis(N-phenethylcarbamoyl)-1,4-dihydro-
pyridine (9a). The title compound was prepared by the same
procedure as compound 6a, with 1 g (0.002 mol) of 8a, 1.0 g (0.012
mol) of sodium bicarbonate, and 1.4 g (0.008 mol) of sodium
dithionite to yield 0.65 g (86%) of an orange-yellow semisolid,
which could not be crystallized. Its aleoholic solution shows a
slow reduction to alcoholic silver nitrate solution: UV max (buffer
pH 7.4) 388, 210 nm; NMR (CDCl;) 4 7.13 (s, 5 H, C¢H;), 6.76
(s, 1 H, C, pyridine protons), 3.51 (q, 4 H, J = 7 Hz, 2 NCH,),
3.06-2.60 (m, 9 H, OCH, + C, pyridine proton + NCHj).
5-Carbethoxy-1-methyl-3-(N-phenethylcarbamoyl)-1,4-
dihydropyridine (9b). This compound was prepared following
the same procedure as compound 6a with 1.0 g (0.002 mol) of 8b,
1.0 g (0.012 mol) of sodium bicarbonate, and 1.42 g (0.008 mol)

(23) N. Rabjohn, Ed., “Organic Syntheses”, Collect. Vol. IV, Wiley,
New York, 1963, p 88.

(24) V. F. Bohlmann, N, Ottawa, and R. Keller, Justus Liebigs
Ann. Chem., 587, 162 (1954).
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of sodium dithionite to yield 0.60 g (84%) of an orange-yellow
viscous oil, which reduces alcoholic silver nitrate, but very slowly:
UV max (buffer pH 7.4) 205, 330 nm; NMR (CDCl,) 6 7.33 (s,
5 H, CgH;), 7.0 (s, 2 H, C, and C; pyridine protons), 5.8-5.3 (broad,
1H, CONH), 4.2 (q, 2 H, J = 7 Hz, OCH,), 3.66 (g, 2 H,J =7
Hz, NCH,), 3.18 (br s, 2 H, C, pyridine protons), 3.0 (q, 2 H, J
= 7 Hz, CH,Ph), 1.4 (5, 3 H, J = 7 Hz, CHj,).

Oxidation by Hydrogen Peroxide. To 10 mL of 30% H,0,
was added 0.2 g of the dihydropyridine derivative (6a,b and 9a,b).
The mixture was stirred, and samples were taken to check the
UV spectrum.

Oxidation by Silver Nitrate. To 5 mL of saturated meth-
anolic AgNO; solution was added 1 mL of 5% methanolic solution
of the dihydropyridine derivative. The mixture was shaken, left
for 5 min to complete precipitation of silver and then centrifuged,
and an aliquot was taken to check the UV spectrum.

Calibration Curves. A UV study of compounds 5a,b, 6a,b,
7a,b, and 9a,b revealed that they obey Beer’s Law with good
correlation coefficients (not less than 0.999) and at a wide range
of dilution levels (104108 M) in both methanol and 2% aqueous
methanol. The study was done at 350 nm for the dihydro de-
rivatives and at 262 nm for all the quaternary salts.

Kinetics of Oxidation of the Dihydro Derivatives (Table
I). In Plasma, A freshly prepared solution of the dihydro
derivative (0.2 mL, 6.25 X 10™* M) in methyl alcohol was diluted
to 10 mL with 20% plasma (diluted with phosphate buffer, pH
7.4). The solution was kept at 37 °C and the UV spectrum was
scanned from 400 to 250 nm every 10 min for 2 h against a
reference sample made by dilution of 0.2 mL of methyl alcohol
with 20% plasma to 10 mL.

In Whole Blood. In each of five tubes containing 0.1 mL of
a 10 X 10™* M methanolic solution of the freshly prepared dihydro
derivative was added 2 mL of fresh heparinized whole human
blood, and the tubes were kept at 37 °C in a water bath. At the
end of the time period to be investigated, 8 mL of acetonitrile
was added, and the tubes were then shaken vigorously and cen-
trifuged. The absorption of the supernatant solution at 350 nm
was measured. A reference sample was made by addition of 0.1
mL of methyl alechol instead of the sample solution following
the same procedure.

In Brain Homogenate. Rat brain tissue (2.0 g) was homo-
genized in 10 mL of phosphate buffer, pH 7.4. The homogenate
was centrifuged for 15 min at 3000 rpm, decanted, heated in a
water bath at 50 °C for 5 min, and then centrifuged again. The
supernatant solution was diluted to 100 mL with phosphate buffer,
pH 7.4. To 10 mL of the freshly prepared homogenate was added
0.2 mL of a 6.25 X 10 M methanolic solution of the freshly
prepared dihydro derivative. The mixture was scanned at 37 °C
from 400 to 250 nm every 10 min for 2 h on a Cary 219 spec-
trophotometer.

Reference Sample. Methyl alcohol (0.2 mL) was diluted to
10 mL with the brain homogenate solution, and the mixture was
used to record the base line on a Cary 219 spectrophotometer and
as a reference of the dihydro derivative sample solution.

In Liver Homogenate. Liver Homogenate Solutions.
Sprague-Dawley rat liver tissue (5.0 g) was homogenized in 50
mL of phosphate buffer, pH 7.4. The homogenate was centrifuged,
decanted, heated in a water bath at 50 °C for 5 min, and then
centrifuged again. The supernatant homogenate was diluted to
250 mL with phosphate buffer, pH 7.4.

Reference Sample. Methyl alcohol (0.2 mL) was diluted to
10 mL with the liver homogenate solution, and the mixture was
used to record the base line on a Cary 219 spectrophotometer and
as a reference for the dihydro derivative sample solution.

Dihydro Derivative Sample Solution. A solution of the
freshly prepared dihydro derivative (0.2 mL, 6.25 X 107 M) in
methyl alcohol was diluted to 10 mL with liver homogenate so-
lution. The mixture was scanned at 37 °C from 400 to 250 nm
every 5 min for 1 h.

Analytical Methods. A high-pressure liquid chromatography
method was developed for the analysis of the quaternary 6a. The
chromatographic analysis was performed on a component system
consisting of a Waters Associates Model 6000A solvent-delivery
system, a Model UBK injector, and a Model 440 dual-channel
absorbance detector operated at 254 and 280 nm; a 30 cm X 3.9
mm (internal diameter) reverse-phase uBondapak C;4 column



318 J. Med. Chem. 1983, 26, 318-328

(Waters Associates), operated at ambient temperature, was used.
The mobile phase used consisted of a mixture of acetonitrile and
0.055 M phosphate buffer, pH 6.2 (3:2). At a flow rate of 2
mL/min, 6a has a retention time of 2 min.

Kinetics of the Disappearance of the Quaternary Salt (5a)
from the Brain Homogenate. A freshly perfused Sprague-
Dawley rat brain (2.0 g) was homogenized in 20 mL of phosphate
buffer, pH 7.4. A solution of 10.0 mg of 1-methyl-3-(N-phen-
ethylcarbamoyl)pyridinium iodide (5a) in 2 mL of aqueous
methanol (1:1) was added, and the thoroughly mixed mixture was
kept at 37 °C in a water bath. At each time period, 1 mL of the
mixture was taken, shaken thoroughly with 8 mL of acetonitrile,
centrifuged, and injected into the HPLC. The amount of qua-
ternary compound in the sample was determined from a standard
calibration curve and percentage recovery of a sample taken at
time 0.

In Vivo Study of 1-Methyl-3-(N-phenethylcarbamoyl)-
1,4-dihydropyridine (6a). A group of 22 male Sprague-Dawley
rats of average weight of 300 £ 50 g was anesthetized with Inovar,
and the freshly prepared dihydro compound (6a) was injected
through the external jugular as a solution in Me,SO (0.5 g/mL)
at a dose of 125 mg/kg animal body weight. The amount of
Me,SO thus injected is less than 0.2 g/kg, way below the dose
of 1 g/kg that was shown? as still not affecting the permeability

(25) D. M. Keane, 1. Gray, and J. A. Panuska, Cryobiology, 14, 592
(1977).

of the blood—brain barrier. At appropriate time periods, 1 mL
of blood was withdrawn from the heart and added to 3 mL of
saline in a tube; then the animal was perfused with 20 mL saline
solution and decapitated, and the brain was obtained. The brains
were weighed and, together with the blood samples, immediately
placed in the freezer for overnight storage. Each brain was
homogenized in 2 mL of water; then 8 mL of acetonitrile was
added, and the mixture was homogenized again and centrifuged.
To the blood samples was added 16 mL of acetonitrile, and the
mixture was shaken vigorously and centrifuged. The supernatants
from the brain and the blood samples were analyzed in duplicate
by using HPLC. The amounts of the quaternary compound were
determined from a standard calibration curve, and a recovery
experiment was made by injection of a certain amount of the
quaternary compound directly into a freshly perfused rat brain
or 1 mL of blood and then treated in the same manner as the brain
and blood samples.

Acknowledgment. This research was supported by
Grant GM 27167 from the National Institutes of Health.

Registry No. 4, 24303-08-0; 5a, 84254-38-6; 5b, 84254-40-0;
6a, 80703-25-9; 6b, 39713-12-7; 8a, 84278-95-5; 8b, 84254-42-2; 9a,
84278-96-6; 9b, 84254-43-3; 10a, 84254-39-7; 10b, 84254-41-1;
nicotinoyl chloride hydrochloride, 20260-53-1; phenethylamine,
84-04-0; 5-carbethoxy-3-pyridinecarboxylic acid, 84254-37-5;
trigonelline hydrochloride, 6138-41-5; phenethylamine hydro-
chloride, 156-28-5; diethyl 3,5-pyridinedicarboxylate, 4591-56-4;
1-methyl-3-(N-phenethylcarbamoyl)pyridinium, 80703-26-0.

Structure-Activity Relationships in the Antiinflammatory Steroids:

A Pattern-Recognition Approach

Nicholas Bodor,* Alan J. Harget,! and Edward W. Phillips

Department of Medicinal Chemistry, J. H. Miller Health Center, College of Pharmacy, University of Florida, Gainesville,

Florida 32610. Received March 25, 1982

A pattern-recognition technique has been used to determine structure-activity relationships for antiinflammatory
steroids. Experimental results using the human vasoconstrictor test of McKenzie and Stoughton and the rat granuloma
cotton pellet method of Meier were correlated with the various substructural descriptors. Steroids were classified
into two categories according to potency, and a pattern-recognition method was applied to determine their relative
ranking. The resulting structure—activity relationships obtained and the relative contributions of the various structural
variables for both bioassays are discussed. A synergistic effect was predicted to be in operation between certain

pairs of substituents.

The introduction and developoment of glucocortico-
steroids have been the major therapeutic advances in
dermatology during the past 50 years. Early work in
corticosteroid research was directed to the synthesis of
compounds with high antiinflammatory potency and to the
reduction of side effects such as sodium retention. These
attempts have been partially successful, since some cor-
ticosteroids have been synthesized that are locally active
but that have reduced systemic activity.

Topical antiinflammatory activity has been enhanced
by various modifications of the steroid nucleus, the most
important being the removal or masking of the hydroxy
groups and fluorination at the 6- and 9-positions. However,
it is now believed? that the initial importance attached to
fluorination has been overestimated, since a number of
nonfluorinated steroids exhibit high potency, for example,
hydrocortisone 17-butyrate and budesonide, and some

(1) Visiting Professor from the Computer Center, University of ’

Aston, Birmingham, B4 7PA, England.

(2) M. D. Stewart, J. O. Runikis, S. C. Verma, and S. Wallace,
Can. Med. Assoc. J., 108, 33 (1973); G. Bruini and G. Peverelli,
J. Int. Med. Res., 2, 240 (1974).
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fluorinated steroids display relatively low activity, such as
betamethasone and dexamethasone.

In an attempt to rationalize the large volume of data that
exists on the antiinflammatory steroids, we have applied
a pattern-recognition technique in order to determine
structure—activity relationships. Such relationships at-
tempt to rationalize the connection between the molecular
structure of a chemical compound and its measured bio-
logical activity. If such relationships could be determined
for the steroids, then they would be of considerable
practical and theoretical importance because of the sig-
nificant role that steroids play in medicinal chemistry. For
example, the relationships would allow the chemist to
predict the biological activity of untested, or unsynthesized,
steroids and, hence, adopt a more rational approach to
drug design.

Structure—activity studies employed in medicinal chem-
istry in the past have used the empirical method of
Hansch,® the mathematical model of the Free—~Wilson

(3) C. Hansch, J. Med. Chem., 19, 1 (1976); C. Hansch and T.
Fujita, J. Am. Chem. Soc., 86, 1616 (1964).
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