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methylamino)benzoyl)-L-glutamic acid (22b).

All free acids had correct elemental analyses (C, H, N, F) for
the formulas listed in the table and NMR spectra consistent with
the assigned structures.
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Structure-Activity Studies of Potassium Channel Opening in Pinacidil-Type
Cyanoguanidines, Nitroethenediamines, Thioureas, and Ureas
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Potassium channel opening activity for pinacidil-type cyanoguanidines, nitroethenediamines, thioureas, and ureas,
has been assessed through simultaneous measurement of spontaneous contractile activity and stimulation of 3Rb*
efflux from rat portal veins loaded with ¥Rb*. The good correlation between these two effects suggests that the
vasodilator activity of the compounds is directly attributable to an increased opening of potassium channels. The
resulting quantitative in vitro data has been used to analyze the structure~activity relationships for potassium channel
opening, allowing the biological activity to be rationalized in terms of a pharmacophore involving a hydrogen-
bond-acceptor element, a hydrogen-bond-donor element, and a lipophilic binding group. A model for the binding
of pinacidil-related compounds to their potassium channel receptor has been developed, and compounds designed
to test this model have been synthesized and tested. Prototropic equilibria are implicated as playing a fundamental
role in determining the hydrogen-bonding ability of the compounds, and conformational changes in the receptor
are invoked to explain disparities in the chiral recognition of lipophilic groups in different compounds.

Following the discovery that the antihypertensive agent
pinacidil!? (19; Pindac; Leo, Eli Lilly) acts like cromakalim?®
(BRL 34915, Beecham) via the opening of potassium
channels®® and the promising clinical trials with this latter
compound in both cardiovascular indications®’ and asth-
ma,® much interest has been aroused in this new approach
to developing drugs for smooth muscle relaxation.

Potassium channels play an important role in controlling
cellular membrane potential and hence, in the case of
smooth muscle cells, contractility.®1° Pinacidil and cro-

(1) Petersen, H. J. N-Substituted N"-Cyano-N"-pyridylguanidine
Compounds. German Patent Offenleg. 2,5657,438.

(2) Petersen, H. J.; Nielsen, C. K.; Arrigoni-Martelli, E. Synthesis
and Hypotensive Activity of N-Alkyl-N’-cyano-N"-pyridyl-
guanidines. J. Med. Chem. 1978, 21, 773-781.

(3) Ashwood, V. A.; Buckingham, R. E.; Cassidy, F.; Evans, J. M.;
Faruk, E. A.; Hamilton, T. C.; Nash, D. J.; Stemp, G.; Will-
cocks, K. Synthesis and Antihypertensive Activity of 4-(Cyclic
amido)-2H-1-benzopyrans. J. Med. Chem. 1986, 29,
2194-2201.

(4) Bray, K. M.; Newgreen, D. T.; Small, R. C.; Southerton, J. S.;
Taylor, S. G.; Weir, S. W.; Weston, A. H. Evidence that the
mechanism of the inhibitory action of pinacidil in rat and
guinea-pig smooth muscle differs from that of glyceryl tri-
nitrate. Br.J. Pharmacol. 1987, 91, 421-429.

(5) Cook, N. S.; Quast, U.; Hof, R. P.; Baumlin, Y.; Pally, C. Sim-
ilarities in the Mechanism of Action of Two New Vasodilator
Drugs: Pinacidil and BRL 34915. J. Cardiovasc. Pharmacol.
1988, 11, 90-99.

(6) Vanden Burg, M. J.; Arr Woodward, S. M.,; Stewart-Long, P.;
Tasker, T.; Pilgrim, A. J.; Dews, L. M.; Fairhurst, G. Potassium
Channel Activators: Antihypertensive Activity and Adverse
Effect Profile of BRL 34915. J. Hypertension 1987, 5 (Suppl.
5), S193-S195.

(7) Thomas, P.; Dizon, M. S.; Winterton, S. J.; Sheridan, D. J.
Acute haemodynamic effects of cromakalim in patients with
angina pectoris. Br. J. Clin. Pharmacol. 1990, 29, 325-331.

(8) Williams, A. J.; Lee, T.; Cochrane, G. M.; Hopkirk, A.; Vyse,
T.; Chiew, F.; Lavender, E.; Richards, D. H.; Owen, S.; Stone,
P.; Church, S.; Woodcock, A. A. Attenuation of nocturnal
asthma by cromakalim. Lancet 1990, 336, 334-336.

(9) Kolb, H.-A. Potassium Channels in Excitable and Non-exci-
table Cells. Rev. Physiol. Biochem. Pharmacol. 1990, 15,
51-79.

makalim are thought to exert their biological effects by
increasing the open probability (P,p,,) of plasmalemmal
potassium channels in smooth muscle.!**¥ When these
channels are in their open state, intracellular potassium
effluxes along its electrochemical gradient, causing the cell
membrane to become hyperpolarized until it approaches
the potassium equilibrium potential. This hyperpolari-
zation prevents depolarization of the membrane and
thereby inhibits the opening of voltage-operated calcium
channels (VOCs);!¢ in addition the compounds inhibit
other pathways leading to increased cytosolic calcium,
involving mechanisms which in part may also depend on
membrane potential 121%15  With insufficient intracellular
calcium, smooth muscle cells are unable to contract, re-
sulting in their relaxation.

Most of the structure—activity studies reported to date
for potassium channel openers have relied upon in vivo
blood pressure lowering data.!é'” Such data is often very

(10) Potassium Channels, Structure, Classification, Function and
Therapeutic Potential; Cook, N. S., Ed.; Ellis Horwood Ltd.:
Chichester, 1990.

(11) Kajioka, S.; Nakashima, M.; Kitamura, K.; Kuriyama, H.
Mechanisms of Vasodilation Induced by Potassium-Channel
Activators. Clin. Sci. 1991, 81, 129-139.

(12) Edwards, G.; Weston, A. H. Potassium Channel Openers and
Vascular Smooth Muscle Relaxation. Pharmacol. Ther. 1990,
48, 237-258.

(13) Quast, U.; Bray, K. M.; Baumlin, Y.; Dosogne, J. Potassium
Channel Openers: Pharmacology and Therapeutic Targets. In
Pharmacochemistry Library; Angeli, P., Gulini, V., Quaglia,
W., Eds.; Elsevier: Amsterdam, 1992; Vol. 18, pp 309-332.

(14) Hamilton, T. C.; Weir, S. W.; Weston, A. H. Comparison of the
Effects of BRL 34915 and Verapamil on Electrical and Me-
chanical Activity in Rat Portal Vein. Br.J. Pharmacol. 1986,
88, 103-111.

(15) Ito, S.; Kajikuri, J.; Itoh, T.; Kuriyama, H. Effects of Lemak-
alim on Changes in Ca?* Concentration and Mechanical Ac-
tivity Induced by Noradrenalin in the Rabbit Mesenteric Ar-
tery. Br.J. Pharmacol. 1991, 104, 227-233.

(16) Moriguchi, I.; Komatsu, K.; Matsushita, Y. Adaptive Least-
Squares Method Applied to Structure-Activity Correlation of
Hypotensive N-Alkyl-N"-cyano-N -pyridylguanidines. J. Med.
Chem. 1980, 23, 20-26.
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unreliable for structure~activity studies, since it fails to
take into account pharmacokinetic or metabolic factors,
or even whether the blood pressure lowering effect is solely
due to potassium channel opening. Blood pressure data
is particularly unreliable for pinacidil-type compounds,
since pinacidil itself is known to relax blood vessels by
additional non potassium channel dependent mecha-
nisms.!#22 These additional mechanisms lack stereose-
lectivity and contribute toward vasorelaxation at concen-
trations much higher than those required to open potas-
sium channels,!® Thus recent reports indicate that racemic
pinacidil, at micromolar (=1 uM) concentrations, inhibits
calcium release from intracellular stores and/or the re-
filling of these stores?! and that at higher concentrations
(>10 M) it acts directly on the contractile apparatus to
inhibit calcium-induced contractions.?

In view of these complications it is important to quan-
titatively assess the potency of presumed potassium
channel openers through both their in vitro relaxant and
potassium channel opening effects. This may be achieved
through the simultaneous measurement of spontaneous
activity and rubidium efflux from rat portal veins loaded
with ®Rb*, where the latter qualitatively reflects the
change in potassium permeability of the smooth muscle

(17) Edwards, G.; Weston, A. H. Structure—Activity relationships
of K* channel openers. Trends Pharmacol. Sci. 1990, 11,
417-422.

(18) Cook, N. S.; Quast, U.; Manley, P. W. Potassium Channel
Opening Does Not Alone Explain the Vasodilator Activity of
Pinacidil and Its Enantiomers. Br. J. Pharmacol. 1989, 96,
181P.

(19) Anabuki, J.; Hori, M.; Ozaka, H.; Kato, I.; Karaki, H. Mecha-
nisms of Pinacidil-Induced Vasodilation. Eur. J. Pharmacol.
1990, 190, 373-379.

(20) Meisheri, K. D.; Swirtz, M. A.; Purohit, S. S.; Cipkus-Dubray,
L. A,; Khan, S. A,; Oleynek, J. J. Characterisation of K*
Channel Dependent as Well as Independent Components of
Pinacidil-Induced Vasodilation. J. Pharmacol. Exp. Ther.
1991, 256, 492-499.

(21) Xiong, Z.; Kajioka, S.; Sakai, T.; Kitamura, K.; Kuriyama, H.
Pinacidil Inhibits the Ryanodine-Sensitive Outward Current
and Glibenclamide Antagonises its Action in Cells from the
Rabbit Portal Vein. Br. J. Pharmacol. 1991, 102, 788-790.

(22) Itoh, T.; Suzuki, S.; Kuriyama, H. Effects of Pinacidil on
Contractile Proteins in High K*-Treated Intact, and in 8-Es-
cin-Treated Skinned Smooth Muscle of the Rabbit Mesenteric
Artery. Br.J. Pharmacol. 1991, 103, 1697-1702.

cell membrane as induced by the potassium channel
openers.?? In this study we demonstrate that for the
pinacidil class of compounds the inhibition of spontaneous
myogenic activity in rat portal veins is directly correlated
with the stimulation of ¥Rb* efflux and hence potassium
ion permeability. Consequently, we have been able to
generate quantitative in vitro structure—activity data for
potassium channel opening, analysis of which has enabled
us to postulate a receptor-binding model for pinacidil-type
compounds at the receptor responsible for opening these
ion channels.

Synthetic Chemistry

Whereas previously reported preparations of the enan-
tiomers of pinacidil (19a,b) have relied upon kinetic res-
olution of the D-(-)- and D-(+)-tartrates,? for this study
the pure enantiomers of pinacidil and related compounds
were synthesized from the corresponding (R)- and (S)-2-
amino-3,3-dimethylbutanes (3a,b), prepared enantiose-
lectively by utilizing (a)-phenethylamine as a chiral aux-
iliary (Scheme I).2* Thus reaction of pinacolone with the
(R)- and (S)-a-phenethylamines afforded the correspond-
ing chiral E-imines (1a,b). Reduction of the imines with
diborane in THF resulted in the addition of hydrogen to
the azomethine double bond from the face opposite to that
occupied by the bulky phenyl group, to give the (R,R)- and
(S,S)-benzylamines (2a,b). Catalytic hydrogenolysis of the
benzylamines afforded the optically pure (R)- and (S)-
amines (3a,b), which were subsequently used in the
preparation of the individual enantiomers of the required
cyanoguanidines and diaminonitroethenes with enantiom-
eric excesses >99.3% (NMR).

Cyanoguanidines 19 and 29-32 were synthesized ac-
cording to the method of Petersen et al.2 as outlined in

(23) Quast, U.; Baumlin, Y. Comparison of the effluxes of “°K* and
%Rb* elicited by cromakalim (BRL 34915) in tonic and phasic
vascular tissue. Naunyn-Schmiedeberg's Arch. Pharmacol.
1988, 338, 319-326.

(24) Arrigoni-Martelli, E.; Nielsen, C. K,; Olsen, U. B.; Petersen, H.
J. N”-Cyano-N-4-Pyridyl-N*1,2,2-trimethylpropylguanidine,
monohydrate (P1134): A new, potent vasodilator. Experi-
mentia 1980, 36, 445-447.

(25) Charles, J.-P.; Christol, H.; Solladie, G. Influence of Steric
Factors in the Asymmetric Synthesis of a-Substituted Ethyl-
amines from Schiff-Base Intermediates. Determination of
Optical Purity. Bull. Soc. Chim. Fr. 1970, 4439-4445.
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Scheme II. The intermediate ureas and thioureas were
prepared by the addition of the relevant amines to the
corresponding isocyanates or isothiocyanates (method A),
with the exception of the 4-pyridylthioureas, 18a and 18b,
which, due to the instability of 4-pyridyl isothiocyanate,
were prepared via carbamodithioic ester 4?¢ (method B).
Generally, the ureas and thioureas were then converted
into the desired cyanoguanidines via the intermediate
carbodiimides, prepared by the method of Appel,? in-
volving reaction with triphenylphosphine and carbon
tetrachloride in the presence of triethylamine, and these
were directly reacted with cyanamide (method C). How-
ever, for thioureas 18a and 18b, direct activation by di-
cyclohexylcarbodiimide with in situ addition of cyanamide
proved advantageous (method D).2

(26) Hansen, E. T.; Petersen, H. J. Preparation of N-Alkyl-N"-4-
pyridylthioureas via Isolable 4-Pyridylisothiocyanate or via
Aerial Oxidation of 4-Pyridylthiocarbamic Acid. Synth. Com-
mun. 1984, 14, 537-546.

(27) Appel, R. Tertiary Phosphine/Tetrachloromethane, a Versatile
Reagent for Chlorination, Dehydration and Phosphorous-Ni-
trogen Linking. Angew. Chem. 1975, 24, 863-874.

(28) Hansen, E. T.; Petersen, H. J. Synthesis of N-alkyl-N’-cyano-
N'-4-pyridylguanidines from 4-Pyridyldithiocarbamic Acid via
N-Alkyl-N’-4-pyridylthioureas, or via 4-Pyridylcyanimino-
thiocarbamic Acid. Synth. Commun. 1984, 14, 1275-1283.

Nitroethenediamines 20, 21, and 33-40 were prepared
by the method of Niemers et al.,?® utilizing a Michael
addition of the relevant amine to the E-N-aryl-1-(meth-
ylthio)-2-nitroethenamines (6-10; Table II), with concom-
itant elimination of methanethiol (Scheme III, method E).
Although this reaction was facile for unhindered amines,
those having bulky, tertiary-alkyl groups o to the amine
failed to react even under forcing conditions.

Cyanoamides 41 and 42 were synthesized using the
method of Kupchik and Hanke,® utilizing the reaction of
bis(triphenylstannyl)diimide with thioamides 12 and 14,
which were readily prepared by reacting the corresponding
amides with Lawesson’s reagent (Scheme IV). Thiazolines
43 and 44 were synthesized according to the route shown
in Scheme V. Thus for example, addition of amino alcohol
15, obtained by lithium aluminum hydride reduction of
DL-tert-leucine, to 3-pyridyl isothiocyanate afforded N-
(hydroxyethyl)thiourea 27. This, when treated with
methanesulfonyl chloride, furnished target compound 43,
via intramolecular S-alkylation by the intermediate me-

(29) Niemers, E.; Knorr, A.; Garthoff, B. Hypotensive 2-Nitro-1,1-
ethenediamines. U.S. Pat. 4,567,188.

(30) Kupchik, E. J.; Hanke, H. E. Reactions of Thicamides with
Bis(triphenylstannyl)carbodiimide and Triphenylstannylcyan-
amide. J. Organomet. Chem. 1978, 97, 39-44.
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sylate. Thiazole 45 was prepared via the Hantzsch syn-
thesis, involving S-alkylation of 3-pyridylthiourea with the
a-bromo ketone followed by in situ intramolecular con-
densation and dehydration (Scheme VI). Imidazolines
46-48 were obtained from the reaction of N-3-pyridinyl-
carbamimidothioic acid, methyl ester, with the corre-
sponding 1,2-diaminoethanes (Scheme VII).

Potassium Channel Opening Studies

The portal vein of rats is a spontaneously active vessel,
where some smooth muscle cells (pacemaker cells) spon-
taneously generate bursts of action potentials which

Manley and Quast
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propagate over large parts of the vein.81%2 Potassium
channel opening drugs, such as cromakalim and pinacidil,
inhibit this depolarization thereby reducing spontaneous
electrical activity and thus myogenic activity, leading to
a decrease in the duration, frequency, and amplitude of
the spontaneous contractions (Figure 1).45:38.34

In this study compounds were evaluated in rat portal
veins for their effect on both #¥Rb* efflux and spontaneous
myogenic activity. Figure 1 illustrates the effect of in-
creasing concentrations of (R)- and (S)-pinacidil (19a and
19b, respectively) on these parameters. The (R)-enan-
tiomer 19a was 23 times more potent than the (S)-enan-
tiomer 19b in inhibiting spontaneous activity, and 30 times
more potent in stimulating ¥Rb* efflux, representing eu-
dismic ratios similar to those reported for the enantiomers
of pinacidil in other systems.®® The results from the
simultaneous measurements of 3Rb* efflux and sponta-
neous activity in rat portal vein, on either phenomenon
under identical conditions, with pinacidil and the struc-
turally related compounds reported in this study, are
presented in Table III. The regression analysis between
the concentrations required for stimulation of ¥Rb* efflux
by 15%, expressed as pEC,; (-log EC,;), and the inhibition
of spontaneous activity by 50%, expressed as pIC;, (-log
ICy,), is shown in Figure 2. A good linear correlation was
found for the double-logarithmic plot (2 = 0.95, p <
0.0001, n = 25). From the slope value of 0.77 % 0.05 the
potencies for the two effects approximately follow a pro-
portional relationship on the linear concentration scale.
Thus it appears that the #Rb* efflux and inhibition of
mygenic activity are not independent events, with both
either having a common cause or one being the cause of
the other. Therefore the most plausible interpretation of
this data is that the increase in K* permeability, as mea-
sured by stimulation of 3%Rb* efflux, is the cause of the
inhibition of spontaneous myogenic activity.

A problem with this hypothesis is the fact that all of the
compounds increase ¥Rb* permeability only at concen-

(31) Johansson, B.; Somlyo, A. P. Electrophysiology and Excita-
tion-Contraction Coupling. In Handbook of Physiology. The
Cardiovascular System; Am. Physiol. Soc.: Bethesda, MD,
1980; Sect. 2, Vol. II, pp 138-143.

(32) Jones, A. W. Vascular Smooth Muscle and Alterations During
Hypertension. In Smooth Muscle: An Assessment of Current
Knowledge; Bulbring, E., Brading, A. F., Jones, A. W., Tomita,
T., Eds.; Edward Arnold: London, 1981; pp 397-430.

(33) Southerton, J. S.; Weston, A. H.; Bray, K. M.; Newgreen, D.
T.; Taylor, S. G. The Potassium Channel Opening Action of
Pinacidil; Studies Using Biochemical, Ion Flux and Microe-
lectrode Techniques. Naunyn-Schmiedeberg’s Arch. Phar-
macol. 1988, 338, 310-318.

(34) Quast, U.; Cook, N. S. In Vitro and In Vivo Comparison of
Two K* Channel Openers, Diazoxzide and Cromakalim, and
Their Inhibition by Glibenclamide. J. Pharmacol. Exp. Ther.
1989, 250, 261-271.

(35) Steinberg, M. L.; Wiest, S. A.; Zimmerman, K. M.; Ertel, P. J.;
Bemis, K. G.; Robertson, D. W. Chiral Recognition of Pinacidil
and Its 3-Pyridyl Isomer by Canine Cardiac and Smooth
Muscle: Antagonism by Sulfonylureas. J. Pharmacol. Exp.
Ther. 1991, 256, 222-229.
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Figure 1. Effects of (R)-pinacidil (19a) and (S)-pinacidil (19b) on spontaneous activity and *¥Rb* efflux in rat portal vein. Top left:
original traces from two vessels showing slow and fast recording of spontaneous contractions under control conditions, recorded after
15 min perfusion with 19a [(R)-Pin, 0.10 uM, concentration indicated as —log M] or 19b [(S)-Pin, 30 uM], and the reversal of this effect
by subsequent washing out of the drugs. Integrated spontaneous activity was reduced after 15 min with 19a (0.1 xM) and 19b (30
uM) from 1.03 to 0.14 mN/min and from 0.82 to 0.20 mN/min, respectively; the preparations recovered after washout to 0.92 and
0.85 mN/min. Note the differential effect of 19a and 19b on the duration, frequency, and amplitude of the contractions. Top right:
concentration dependence of the effect on integrated spontaneous activity (O, 19a; B, 19b). The data were fitted to the Hill equation
yielding the following parameters (19a/19b): IC5 = 34 £ 1/785 & 56 nM; Hill coefficients 1.8 £ 0.1/1.2 £ 0.1. The data are means
+ SEM from four to six observations. Bottom left: original traces showing the effect of 19a at 1.0 uM (perfused for 20 min, as indicated
by the bar) and 10 uM (10 min) and 19b at 30 uM (20 min) and 300 uM (10 min), on the rate constant, k, of ¥Rb* efflux (concentrations
are indicated as -log M). Bottom right: concentration dependence of the stimulation of the rate of #¥Rb* efflux. The data for 19a
were fitted to the Hill equation giving a midpoint of 2.7 £ 0.2 uM, a maximum increase of 46 * 1%, and a Hill coefficient of 1.4 £
0.1. Since the maximum effect of 19b is unclear (the value at 300 uM may be an artifact), the data were not fitted. The eudismic
ratio for a 15% increase in ¥Rb* efflux is 30. Data points are means SEM of four to six observations.

trations which are 100 times greater than those required 9.5 ' ' ' ' —
for them to antagonize spontaneous activity (see Figure
2). Cromakalim shows a similar discrepancy, and double
isotope experiments have shown the effect to be only |
partially due to a decreased permeability of the potagsium
channel toward #Rb* as compared to 2K*.2 This dis-
crepancy may be explained by a preferential action of the
potassium channel openers on pacemaker cells, which re-
sults in an inhibition of the spontaneous discharges without
producing a measurable increase in tracer efflux. The
action on the majority of the smooth muscle cells in the
preparation, accompanied by the observable increase in
tracer efflux, only then occurs at higher concentrations.143
Whatever the explanation for this discrepancy, it is similar
for all potassium channel openers at a particular potassium
channel in a particular tissue, and should therefore have 351
no influence on structure~activity studies based upon re- ‘ . ‘ ‘ . ‘ .
sults obtained under similar experimental conditions. 3 3.5 4 4.5 5 55 6 6.5 1 7.5
Therefore, it can be safely assumed that the compounds
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under evaluation in this study are indeed potassium
channel openers and that their activities may be quantified
either directly through their pEC,; value for stimulation
of ¥Rb* efflux or through their pIC,, value for inhibition
of spontaneous activity.

(36) Quast, U. Effect of the K* Efflux Stimulating Vasodilator BRL
34915 on ®¥Rb* Efflux and Spontaneous Activity in Guinea-Pig
Portal Vein. Br. J. Pharmacol. 1987, 91, 569-578.

86Rb efflux , pEC;s

Figure 2. Comparison of the potencies of the pinacidil-type
compounds in inhibiting spontaneous activity by 50% (pICs) and
stimulating #Rb* efflux by 15% (pEC,;) in rat portal vein.

Discussion

Structure-Activity Findings. A number of conclu-
sions regarding the structure~activity requirements for the



Table I. Physical Data for Pinacidil-Related Ureas, Thioureas, Cyanoguanidines, and Nitroethenediamines
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synthesis %

no. Ar R X method® yield® recryst solvent mp, °C  [a]p®* formula® analysis®

17 4'py1'idy1 CHszea 0 A 25 EtOH-ether 251-252 CllHl'lNaO. C,H,N,Cl,o
HCl

18a 4-pyridyl (R)-CHMeCMe, S B 96 acetone—ether 212-213 -35.9 CHgNsS. C,HN,CLS
HCl

18b 4-pyridyl (S)-CHMeCMe, S B 87 acetone—pentane 215-217 +324 C HgN,S: C,H,N,CLS
HCl

19a 4-pyridyl (R)-CHMeCMe, NCN D 65 acetone—ether 164-165 -147.9 C;3HoN; CHN

19b 4-pyridyl (S)-CHMeCMe;, NCN D 75 acetone—ether 135-136  +144.9¢ C3H;(N; C,HN

20  4-pyridyl CH,CMe; E-CHNO, E 63  benzene—cyclohexane 149-151 CsHigNO,» CHN,O
0.2H,

21 4-pyl'idy1 (ﬂ:)'CHMeCMea E'CHNOz E 30 CH2012-ether 148“150{' ClanmN‘Oz C,H,N

22 3'py1'idy1 CHZCMea 0 A 43 toluene 107_108. CllHl7N30 C,H,N ,O

23  3-pyridyl CMe, 0 A 35 CH,Cl,-pentane 145-147 C1oH5NsO C,HN

24  3-pyridyl CH,CMe, S A 67 toluene 138-139* CiH;7NsS C,H,N,S

25  3-pyridyl (£)-CHMeCMe, S A 64 CH,Cl,-ether 124-125 CH NS C,H,N

26 3—py1'idy1 CMezEt S A 37 CH2012—ether 133-135 CllHl7N3S C,H,N,S

27  3-pyridyl (£)-CH(CH,0H)CMe; S A 94 EtOH-ether 181-182 CgHpN;0S- CH,\N,CLS
HCl

28  3-pyridyl CMe,CH,0H S A 78 EtOH-toluene 125-127 CoH;sN;08 CHN,S

29  3-pyridyl CH,CMe, NCN C 63  EtOH-toluene 214-215™ 12H17Ng CHN

30  3-pyridyl (£)-CHMeCMe, NCN C 91 CHClj,—ether 163-165" 1 s C,H,N

31  3-pyridyl CMe,Et NCN C 92 EtOH-ether 185-187° CH7Ng C,H,N

32  3-pyridyl CMe; NCN C 55 EtOH-ether 204-206 CuH;sNs CHN

33  3-pyridyl CH;CMe;, E-CHNO, E 78 CH,Cl,-pentane 186-187 CHNO, CHN

34  3-pyridyl (£)-CHMeCMe;, E-CHNO, E 76 CH,Cl,-hexane 175-1779 CisHxoN, O, CHN

34a 3-pyridyl (R)-CHMeCMe, E-CHNO, E 36 CH,Cl,-pentane 194-195 -195.7 C3HxN, 0, CHN,0
0.2H,0

34b 3-pyridyl (S)-CHMeCMe;, E-CHNO, E 41 EtOAc—pentane 197-198  +195.9 C;gHxN,0, CHN,0

35  3-pyridyl CH,CH,CMe, CHNO, E 22 CH,Cl,—ether 132-134 C;;HyN, O, CHN

36  3-pyridyl c-CeHy,; CHNO, E 69 EtOH-CH,Cl, 180-182 CizHgN O, CHN,O
0.2H,0

37  3-pyridyl CHMe, E-CHNO, E 26 EtOH-CH,Cl, 178-179 CoH;NO, CHN

38a 5-methoxy-3-pyridyl (R)-CHMeCMe, E-CHNO, E 37 CH,Cl,—ether 170-171 -169.3 uH2NO; CHN,O

38b 5-methoxy-3-pyridyl (S)-CHMeCMe, E-CHNO, E 27 CH,Cl,—ether 167-168 +169.4 C;H,N,0; CHN,0

39 3-pyridyl-CH2 CHszea CHNOzr E 76 EtOH-ether 139-140 ClanmN‘Oz C,H,N,O

40 3-NCCgH, (£)-CHMeCMe;, CHNO, E 39 acetone 212-214 CisHpN O, CHN

°Refers to general method of synthesis as shown in Schemes II and ITI and detailed in the text. ®Yields are based on the final step of the indicated synthetic method
and are not optimized. ©All optical rotations were determined in EtOH (¢ = 1.00). ¢ Empirical formula with water of hydration. °All compounds were fully charac-
terized spectroscopically (H NMR; MS) and gave analytical results for the indicated elements within £0.4% of the calculated values. fReference 24, [a]p® -135°.
#Reference 24, [a]p® +135°. »Reference 29, mp 110 °C. ‘Reference 1, mp 107-108 °C. /Reference 1, mp 146-146.5 °C. *Reference 1, mp 139-139.5 °C. !Reference
1, mp 134.5-135.5 °C. ™Reference 2, mp 214-215 °C. "Reference 2, 167-168 °C. °Reference 2, mp 184-186 °C. P Reference 2, mp 204-205 °C. ?Reference 29, mp 182

°C. "Stereochemistry not definable by NOE.
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Table II. Physical Data for E-N-Aryl-1-(methylthio)-2-nitroethenamines (6-10)

no. Ar % yield® recryst solvent mp, °C formula analysis?
6 4-pyridyl 47 EtOH-ether 142-147° CgHgN;0,8
7 3-pyridyl 29 EtOH-ether 134-136 CsHoN,;0,S C,H\N,S
8 5-methoxy-3-pyridyl 31 EtOH-ether 165-167 CoH,;:N;0,8 C,H\N,S
9 3-pyridyl-CH, 62 EtOH-ether 130-131 CyH;N;0,8 C,H,N,S
10 3-NCCgH, 23 CHCl —ether 149-151 C1oHgN;0,8 C,H\N,S

% Yijelds are not optimized. ®All compounds were fully characterized spectroscopically (‘\H NMR; MS) and gave analytical results for the
indicated element within £0.4% of the calculated values. ¢Reference 29; crude material which, due to purification problems, was used

directly.

Table III. Ionization Constants and Biological Activity in Rat Portal Vein of Pinacidil-Related Ureas, Thioureas, Cyanoguanidines, and
Nitroethenediamines (17-40), Cyanoamidines (41-42; Scheme IV), and Cyclic Analogues (43-48; Schemes V-VII)

a

B
Y
X

no. Ar R X pK,° pK,2° pEC;s pICs?
17 4-pyridyl CH,CMe, 0 5.46 >14 3.3 5.5
18a 4-pyridyl (R)-CHMeCMe, S nde nd 4.0 6.3
18b 4-pyridyl (S)-CHMeCMe, S 4.89 12.99 4.0 6.5
19 4-pyridyl (x)-CHMeCMe, NCN 4.81 11.35 5.7 7.2
(pinacidil)
19a 4-pyridyl (R)-CHMeCMe, NCN nd nd 5.9 747
19b 4-pyridyl (S)-CHMeCMe; NCN nd nd 44 6.11
20 4-pyridyl CH,CMe;, E-CHNO, nd nd <3.5 5.0
21 4-pyridyl (x)-CHMeCMe, E-CHNO, 3.96 8.48 3.3 6.0
22 3-pyridyl CH,CMe, 0 3.74 >14 4.0 5.7
23 3-pyridyl CMe, 0 nd nd nd 5.7
24 3-pyridyl CH,CMe, S 3.08 13.11 5.0 6.7
25 3-pyridyl ()-CHMeCMe, S 2.97 13.24 5.7 7.3
26 3-pyridyl CMe,Et S nd nd 5.2 6.7
27 3-pyridyl ()-CH(CH,0H)CMe, ] nd nd <3.5 5.5
29 3-pyridyl CH,CMe;, NCN 2.83 11.82 5.5 7.0
30 3-pyridyl ()-CHMeCMe, NCN 2.70 12.04 6.3 78
30a 3-pyridyl (R)-CHMeCMe, NCN nd nd nd 7.0/
30b 3-pyridyl (S)-CHMeCMe, NCN nd nd nd 5.2f
31 3-pyridyl CMe,Et NCN 2.61 12.18 74 8.7
32 3-pyridyl CMe, NCN nd nd 6.1 79
33 3-pyridyl CH,CMe, CHNO,# nd 8.86 4.0 6.0
34 3-pyridyl (x)-CHMeCMe, E-CHNO, 2.28 9.03 5.5 7.5
34a 3-pyridyl (R)-CHMeCMe, E-CHNO, nd nd 38 6.0
34b 3-pyridyl (S)-CHMeCMe, E-CHNO, nd nd 5.8 8.0
35 3-pyridyl CH,CH,CMe, CHNOy nd nd 35 5.7
36 3-pyridyl c¢-CeHyy CHNO/# nd nd 3.5 5.5
37 3-pyridyl CHMe, E-CHNO, nd nd <3.5 4.5
38a 5-methoxy-3-pyridyl (R)-CHMeCMe, E-CHNO, nd nd 4.0 5.8
38b 5-methoxy-3-pyridyl (S)-CHMeCMe;, E-CHNO, 1.86 8.75 6.5 7.8
39 3-pyridyl-CH, CH,CMe; CHNOy nd nd <35 4.7
40 3-NCCgH, ()-CHMeCMe, CHNOy - 8.88 4.0 6.5
41 NCN 2.23 11.29 4.3 6.0
42 NCN 2.71 >14 3.5 5.3
43 3.89 nd nd 4.7
44 nd nd nd 4.5
.45 3.57 nd nd 6.0
46 2.03" 8.10° nd 5.5
47 nd 8.20¢ nd <5
48 nd nd <3.0 4.0

3 Negative logarithm of equilibrium constant for first proton dissociation of cation [HMH™] into uncharged molecule [HM]. °Negative
logarithm of equilibrium constant for dissociation of uncharged molecule [MH] into anion [M-]. <Negative logarithm of the concentration
causing a 15% increase in ¥Rb™* efflux from rat portal vein. ¢ Negative logarithm of the concentration causing a 50% inhibition of spon-
taneous activity in rat portal vein. ¢Not determined. /Reference 35; negative logarithm of the concentration causing a 50% relaxation of
noradrenaline-contracted dog cephalic vein. & Stereochemistry not definable by NOE. " Negative logarithm of equilibrium constant for first
proton dissociation from dication [HMH?*] into monocation [MH*]. ‘ Negative logarithm of equilibrium constant for second proton disso-

ciation from cation [MH?*] into uncharged molecule [M].

in vitro opening of potassium channels, caused by the
pinacidil-related compounds included in this study, are
revealed by the data presented in Table III. Primarily,
the data demonstrates that in addition to the cyano-
guanidine series of compounds (X = NCN), to which pi-
nacidil (19) belongs, potent activity also resides within both
the nitroethenediamine (X = CHNO,) and thiourea (X =

S) series, but not with the ureas (X = Q). In view of the
potency of some of the thioureas (24-26), a direct receptor
interaction involving the cyano and nitro groups of the
former two series of compounds can probably be excluded,
and consequently a possible key to a receptor binding
model for these compounds is an understanding of why
the ureas should be relatively inactive. The reason for this
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Figure 3. Conformational isomerism of nitroethenediamines (I), thioureas (II), and ureas (III).

inactivity is not immediately obvious on structural grounds
since the cyanoguanidine, nitroethendiamine, thiourea, and
urea functionalities are all planar structures with almost
identical C-N bond lengths and bond angles.?’

Nitroethenediamines have the potential to exhibit con-
siderable configurational and conformational isomerism.
Thus, due to tautomeric equilibria between the nitroena-
mine and iminonitronic acid forms,* resulting in restricted
rotation about both sp2-carbon to nitrogen bonds, the
nitroethenediamines possess eight possible conformations
(Ia-h, Figure 3). However, due to internal steric hin-
drance, those conformations in which the substituents are
eclipsed are energetically disfavored with respect to the
two staggered conformations Ib and Ih. In accordance
with this, NMR studies (DMSO-d¢, 25 °C) of the 3- and
4-pyridylnitroethenediamines showed strong NOE en-
hancements between the ethene proton and the two
proximal pyridine protons (e.g. the singlet at 6 6.09 with
the doublet of doublets at § 7.31 and doublet at § 8.07 in
38b), indicating that the compounds predominantly exist
in conformation Ib. In contrast, for the precursor
(methylthio)nitroethenamines (Scheme III) NOE en-
hancement was observed between the ethene proton and
the thiomethyl protons (e.g. the singlet at 6 6.80 with the
doublet of doublets at § 7.45 and doublet at 6 8.17 in 8).
This stereochemistry is such that the compounds pre-
dominantly exist in the configuration most stabilized by
intramolecular hydrogen bonding between the nitro group
and an amino group, with the alkylamino H bond being
preferred over the arylamino H bond in the nitroethene-
diamines.

(37) Durant, G. T.; Emmett, J. C.; Ganellin, R. C.; Miles, P. D.;
Parsons, M. E,; Prain, H. D.; White, G. R. Cyanoguanidine-
Thiourea Equivalence in the Development of the Histamine
H,-Receptor Antagonist, Cimetidine. J. Med. Chem. 1977, 20,
901-906.

(38) Rajappa, S.; Nagarajan, K.; Venkatesan, K.; Kamath, N.;
Padmanabhan, V. M.; von Philipshorn, W.; Chen, B. C.;
Muller, R. Studies on the Stereochemistry of 2-(Nitro-
methylidene)-Heterocycles. Helv. Chim. Acta 1984, 67,
1669-1680.

Cyanoguanidines, thioureas, and ureas also have the
propensity for conformational isomerism due to restricted
rotation about their carbon-nitrogen bonds (Figure 3).
However, whereas certain nitroethenediamine conforma-
tions can be stabilized by intramolecular hydrogen bond-
ing, this is not possible for these other groups and conse-
quently the relative populations of their different con-
formations is governed largely by steric interactions. Thus
the cyanoguanidines exist predominantly, as the cyanimino
tautomer, in a mixture of two staggered E,Z-conformations
(analogous to the nitroethenediamine conformations Ib
and Ih). In contrast N-aryl-N"-alkylthioureas (Ila-d), due
to the absence of the third, very sterically demanding
substituent, can additionally exist in the Z,Z-conformation
(I1d), although the staggered Z,E- and E,Z-conformations
(ITb and IIc) are normally favored, with the population
of conformation Ilc decreasing in favor of conformation
IIb (analogous to nitroethenediamine conformation Ib)
as the bulk of the N-alkyl substituent increases.?®*® Al-
though N,N'-disubstituted ureas show similar conforma-
tional behavior to that of their thiourea analogues, the
Z,Z-conformation (IIId) is strongly favored and the in-
crease in the proportion of staggered conformation IIIb
with increasing alkyl bulk is less marked, due to the smaller
size of the oxygen atom compared to that of sulfur.4!42
Consequently, the relative inactivity of the ureas may be
explained on conformational grounds, since only the
cyanoguanidines, nitroethenediamines, and thioureas can
readily adopt similar, relatively low-energy staggered

(39) Rao, C. N. R.; Gurudath Rao, K.; Goel, A.; Balasubramanian,
D. Configuration of Secondary Amides and Thioamides:
Spectroscopic and Theoretical Studies. J. Chem. Soc. (4)
1971, 3077-3083.

(40) Vassilev, G.; Koleva, V.; Ilieva, M.; Galabov, B. Spectra and
Conformations of Substituted Thioureas. J. Mol. Struct. 1982,
82, 35-41.

(41) Brett, W. A.; Rademacher, P.; Boese, R. Structure of N-
Methyl-N ~phenylurea. Acta Crystallogr. 1990, C46, 880-882.

(42) Mido, Y.; Okuno, T. The Intramolecular NH-Cl Hydrogen
Bond in Urea Derivatives Containing the o-Chlorophenyl
Group. J. Mol. Struct. 1982, 82, 29-34.
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conformations (Figure 3; type Ib in the case of the former
two series, and the Z,E-conformation IIb for the N-aryl-
N'-glkylthioureas) which could correspond to the active
conformation at the receptor. The function of the active
conformation would then be to hold the pyridyl and alkyl
groups in regions of space enabling favorable receptor
interactions. Indirect support for this comes from the SAR
discussed below, which suggests that the alkyl and pyridyl
groups both interact highly specifically with discreet
binding sites within the receptor and therefore their rel-
ative positions, as governed by the conformation of the
linking group, are an important determinant for activity.

The activity of the compounds within the cyano-
guanidine, nitroethenediamine, and thiourea series is
considerably influenced by the aryl ring, with the 3-pyridyl
derivatives being invariably more active in vitro (and in
vivo?) than the corresponding 4-pyridyl analogues (30 >
19; 33 > 20; 34 > 21; 25 > 18b) and the 3-cyanophenyl
analogue (34 > 40). It is difficult to rationalize these
activities purely on the basis of either a lipophilic or a
w-interaction involving the electron-deficient aryl ring.
Much of the observed structure-activity can be explained
on the basis of a highly directional receptor interaction at
the 3-pyridyl nitrogen, with the weaker activity of the
4-pyridyl compounds being due to an inappropriate ori-
entation of the nitrogen toward the receptor. However,
this is unlikely to be the only determinant of activity since
it does not explain either the relative weak activity of
cyanoamidines 41 (pICy, = 6.0) and 42 (pICy, = 5.3),
compared to that of N-tert-butylcyanoguanidine 32 (pIC;,
= 17.9), or the potency of the 3-cyanophenyl derivative 40
(pICs, = 6.5).

The pyridine group, in addition to contributing a ni-
trogen atom, the basicity of which is dependent upon the
ring substituents, also affects the acidity of the adjacent
NH group, with the degree of influence depending upon
the position of substitution. In the case of the 4-substi-
tuted pyridines this leads to the system of prototropic
equilibria shown in Figure 4, where aminopyridine species
IVA and VA coexist with iminopyridine species IVB and
VB. Although such equilibria are also possible for the
3-pyridyl compounds, the zwitterionic species corre-
sponding to IVB and VB are of much higher energy since
they cannot be stabilized by tautomerism to a neutral
imino species, and consequently they are far less predom-
inant. Direct evidence for this behavior comes from the
spectroscopic properties of the compounds. Thus, whereas
the IR spectra of the 4-pyridylnitroethenediamines ex-
hibited a series of broad bands in the 3300-2300 ¢cm™!
region, in contrast the corresponding 3-pyridyl compounds
showed only sharp absorptions in the range 3195-2850
cm™. Similarly in the case of the cyanoguanidines, whereas
both the 4-pyridyl (19) and 3-pyridyl (30) compounds

Journal of Medicinal Chemistry, 1992, Vol. 35, No. 12 2335

showed single, sharp »(C=N) absorptions at 2171 and 2179
cem™! (KBr disk), consistent with them predominating as
the cyanoimino tautomer,3” compound 19, in contrast to
30, exhibited a series of broad bands between 3300 and
2500 ecm™l. Furthermore, in both the nitroethenediamine
and cyanoguanidine series, at ambient temperature the
NMR spectra (CDCl; and DMSO-dg) of the 4-pyridyl
compounds showed only broad absorptions with little fine
structure for the aromatic protons, whereas the corre-
sponding 3-pyridyl derivatives had sharp absorptions with
well-resolved fine couplings. Low-temperature NMR
studies of the 4-pyridyl compounds revealed new peaks,
arising from the presence of two molecular species in slow
exchange. Thus for example, the NMR spectrum of com-
pound 19, in CDCl; at 300 K, showed two broad doublets
corresponding to the 4-pyridyl AB quartet at § 7.18 and
8.57, whereas at 223 K, in addition to the original AB
quartet at & 7.15 and 8.53, a second, less intense AB quartet
occurred at 6 7.40 and 8.38, with the two species being
present in a population ratio of approximately 8:1. These
observations are consistent with the 4-pyridylamino com-
ponds IVA (X = CHNO,) and VA (X = NCN) existing
in equilibrium with their corresponding imino tautomers,
IVB and VB (Figure 4), with tautomerization being fast
at ambient temperature on the NMR time scale, resulting
in the recording of a time-averaged signal.

Close precedence for this behavior is found with 3- and
4-hydroxypyridine, the former having a phenolic structure
whereas the latter exists as 4-pyridone,® and the meth-
anesulfonamidopyridines, in which the 3-substituted com-
pound exists mainly in the sulfonimido form whereas the
4-derivative predominates in the imino form.“

As a consequence of these prototropic equilibria, the
measured pK,’s of the 4-pyridyl compounds relate to the
macroscopic constants K,; and K,,, which are composites
of the individual microscopic ionization constants from
both the amino and imino forms, such that the first dis-
sociation constant K,, = k; + k, and the second dissocia-
tion K,, = kg + k, (Figure 4).# In contrast the pK, data
for the 3-pyridyl compounds relate more directly to the
protonation of the pyridine ring (pK,;) and proton loss
from the pyridine NH (pK,,). It can be seen from the pK,
data in Table II that on traversing the series urea —
thiourea — cyanoguanidine — nitroethenediamine, bas-
icity decreases for both the 4-pyridyl (pK,;: 17 > 18b >
19 > 21) and 3-pyridyl (pK,;: 22 > 25 > 30 > 34) com-
pounds. This trend reflects an increase in inductive
electron-withdrawing ability, which is also manifested by
an increase in acidity, urea — thiourea — cyanoguanidine
— nitroethenediamine, for both the 4-pyridyl (pK,,: 17
> 18b > 19 > 21) and 3-pyridyl (pK,,: 22> 25 > 30 > 34)
series of compounds. As indicated by the difference in
potency between cyanoguanidine 32 (pIC;, = 7.9) and
cyanoamidine 42 (pIC;, = 5.3), the pyridylamino group
makes an important contribution toward activity. In
contrast to simple alkylamines, activated NH groups can
act as hydrogen-bond donors and, as has been shown for
phenols,* their hydrogen-bonding ability should increase

(43) Voegeli, U.; von Philipsborn, W. 3C and 'H NMR Spectro-
scopic Studies on the Structure of N-Methyl-3-pyridone and
3-Hydroxypyridine. Org. Magn. Res. 1973, 5, 551-559.

(44) Jones, R. A,; Katritsky, A. R. Potentially Tautomeric Pyri-
dines. Part III. 2-, 3-, and 4-Methanesulphonamidopyridine.
J. Chem. Soc. 1961, 378-384.

(45) The ionization constant for the loss of a proton from the al-
kyl-NH site is also a component of K,,. However, since dis-
sociation from the Aryl-NH site is far more favorable due to
greater stabilization of the anion, the former contribution may
be ignored in these discussions.
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Figure 5. Stereo plot of the calculated minimum-energy conformation of 34b, showing postulated receptor-binding interactions.

in parallel with their acidity. Consequently, the hydro-
gen-bond-donating ability, particularly for the 3-pyridyl
compounds, should increase across the series urea —
thiourea — cyanoguanidine — nitroethenediamine. Since
potency increases in a similar rank order, activity may be
related to the acidity of the NH proton and consequently
to its ability/availability to behave as a hydrogen-bond
donor group. Indirect support for such a hydrogen-bond
interaction comes from the 4-pyridyl compounds, which
despite their greater acidity (pK,,: 18b > 25; 19 > 30; 21
> 34) are less active than the corresponding 3-pyridyl
compounds, presumably due to the population of imino
tautomers IVB and VB (Figure 4) not having an appro-
priate hydrogen-bond-donor site. Precedent for the
cyanoguanidine group being an effective intramolecular
hydrogen bond donor is found in IR studies of cimetidine.?’

If the only receptor interaction of the pyridylamino
portion of the molecules was such a hydrogen-bond-donor
interaction, the activity of (3-cyanophenyl)nitroethene-
diamine 40 (pK,, = 8.88, pICy = 6.5) should be more
comparable to that of the corresponding 3-pyridyl com-
pound 34 (pK,, = 9.03, pICy = 7.5). This relative inac-
tivity is not due to the additional bulk of the cyano group,
since the receptor can clearly accommodate the methoxy
group of compound 38b, but is consistent with a second
receptor interaction at the pyridine nitrogen. Considering
the weak basicity of the compounds and the fact that
decreasing pK,, further, as in 5-methoxypyridine 38b (pK,
= 1.86; pICs; = 7.8) compared to that of the unsubstituted
analogue 34b (pK,, = 2.28, pIC;, = 8.0), has little effect
on potency, it is unlikely that the pyridine nitrogen in-
teracts with the receptor as a pyridinium cation in a
Coulombic interaction. Consequently, the nitrogen prob-
ably acts as a hydrogen-bond acceptor, as discussed above,
with the interaction being less favorable for the 4-pyridyl
compounds due to either an inappropriate geometry, or
again, the population of imino tautomers IVB and VB
(Figure 4).

The third region of the molecules having a profound
effect on potassium channel opening activity is the alkyl
group. Although there is no obvious relationship between
activity and either bulk or lipophilic descriptors for the
alkyl group, as observed by Moriguchi and co-workers,'¢
the size and shape of R is critical for activity. Thus in the
nitroethenediamine series, optimum activity is observed

(46) Abraham, M. H.; Duce, P. P.; Prior, D. V.; Barratt, D. G;
Morris, J. J.; Taylor, P. J. Hydrogen Bonding. Part 9. Solute
Proton Donor and Proton Acceptor Scales for Use in Drug
Design. J. Chem. Soc., Perkin Trans. 2 1989, 1355-1375.

(47) Mitchell, R. C. An Infrared Study of Intramolecular Hydro-
gen-Bonding in the Histamine Hy-Receptor Antagonists, Bu-
rimamide, Metiamide, Cimetidine and Related Compounds. oJ.
Chem. Soc., Perkin 2 1980, 915-918.

for the (S)-enantiomers 34b (pIC;, = 8.0) and 38b (pICy,
= 7.8), and since distomer 34a (pICs; = 6.0) is only
equipotent with the corresponding desmethyl analogue 33
(R = CH,CMe,), chiral recognition of the a-methyl group
makes a highly significant contribution to receptor binding.
Paradoxically, in the cyanoguanidine series the more active
enantiomers are those having the opposite stereochemistry,
19a and 30a (R = (R)-CHMeCMe,),'®% but despite this
enantioselectivity achiral compounds 31 and 32, where R
represent CMe,Et and CMe;, respectively, have equal or
better activity than compound 30 (and consequently to
30a). These findings are consistent with an interaction
with a binding site having limited bulk tolerance and
within which a strong lipophilic interaction is possible for
a suitably oriented ethyl or methyl group. Thus although
compounds having R = CMe,Et and CMe; can readily
interact with the lipophilic binding site, in the case of
compounds where R = CHMeCMe;, the receptor can only
accommodate the a-methyl group in addition to the CMe;
group, when it is in a particular orientation, R in the case
of the cyanoguanidines and S for the nitroethenediamines.
Since there is no significant difference in activity between
(R)- and (S)-thioureas 18a and 18b, the observed enan-
tioselectivity may be related to the additional bulk of the
CHNO, and NCN portions of the molecule. These dis-
parate geometry requirements for activity between dif-
ferent enantiomeric pairs of compounds may then be ex-
plained by the receptor undergoing conformational changes
in order to accommodate either CHNO, or NCN moieties,
and bind the different pharmacophore elements. This
could involve different compounds being recognized by
different receptor conformations, or a stepwise binding,
where individual binding elements of the drug bind se-
quentially as the receptor adopts suitable conformations.
In the case of the latter “zipperlike” model,*® the struc-
ture~activity data for the pinacidil-type compounds
studied here would be consistent with the pyridine nitrogen
and the pyridylamino group initially interacting with the
receptor, which then undergoes conformational changes
until it is able to bind to the lipophilic alkyl group.
Receptor Binding Model. From the above discussions
it is apparent that the activity of these pinacidil-type
compounds can be rationalized in terms of three potassium
channel, receptor-binding elements: a hydrogen-bond-
donating site, flanked by a hydrogen-bond-accepting site,
and a lipophilic site. Although the relative spatial rela-
tionship between these fundamental binding sites, as
governed by the geometry of the linking group, is impor-
tant for these substances, as demonstrated by compounds
19a and 34b where different receptor enantioselectivity

(48) Burgen, A. S. V.; Roberts, G. C. K.; Feeney, J. Binding of
Flexible Ligands to Macromolecules. Nature 1975, 253,
763-7565.
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operates, a precise geometry pharmacophore model is not
relevant, because the receptor probably has a flexible ge-
ometry, which allows different structures to be accom-
modated through dynamic receptor-ligand interactions.
This binding model is illustrated for compound 34 (Figure
5), the structure of which was built using SYBYL and energy
minimized using the MAxXIMIN? force field.#* In this model,
the nitroethenediamine group adopts the same staggered
configuration as that indicated by the NMR studies, with
the preferred rotamer of the CHMeCMej; group being such
that the a-methyl group and a-hydrogen atom are stag-
gered with respect to the 3-pyridylamino proton. In order
to minimize steric interactions between the ethene proton
and the 2- and 4-pyridyl hydrogens, the molecule adopts
a conformation having an angle of 79° between the plane
of the nitroethenediamine group and that of the pyridine
ring.%® Consequently, the position of the pyridine nitrogen,
when hydrogen bonded to the receptor in the active con-
formation, is located somewhere on the surface of two arcs
taken from the circumference of the cone described by
rotation about the pyridine~-NH bond, with the two
missing surfaces being due to the disfavored conformations.
On the basis of such a ligand-receptor binding model the
two hydrogen bonds would need to be quite strong in order
to account for the potency of compounds such as 31,5 and
therefore the orientation of both the NH moiety and the
pyridine ring toward their receptor-binding sites should
be near optimal in the active conformations.
Conformationally Restricted Analogues. In an at-
tempt to test the soundness of the above binding model,
a series of conformationally restricted compounds were
prepared and tested for potassium channel opening ac-
tivity. In the design of these compounds, the 3-pyridyl-
amino portion of the molecule was kept constant, while
the central planar portion was replaced with a heterocyclic
framework capable of bearing alkyl groups to probe the
position of the lipophilic binding site. Initially we inves-
tigated thiazolidines 43 and 44, which, in addition to having
a suitably placed, weakly-acidic proton, possess a rigid
2-aminothiazolidine framework, shown by X-ray and NMR
studies to be planar due to endo—exo tautomerism of the
carbon-nitrogen double bond.’%53 Although neither 43
nor 44 showed significant activity, thiazole analogue 45
(pIC;, = 6.0), in which the position of the tert-butyl is
modified through attachment to a sp?-carbon, had suffi-
cient potassium channel opening activity to suggest that
such heterocyclic variations could lead to active com-
pounds. As a second approach the imidazoline ring system
was employed. In these compounds (46—48) the amino-
imidazolidine ring system is sufficiently basic for the
protonated species to predominate at physiological pH, and
this cation could then provide the hydrogen-bond-donor
interaction with the receptor. Furthermore, compound 48,

(49) SYBYL version 5.3, Tripos Associates, Inc., St. Louis, MO.

(50) The pinacidil enantiomer 30a and the analogue 31, built with
SYBYL using bond parameters for the cyanoguanidine moiety
derived from an X-ray crystal structure of cimetidine, gave
very similar energy-minimized structures to that of 34b, having
angles between the planes of the cyanoguanidine group and
that of the pyridine ring of 52° and 54°, respectively.

(51) Farmer, P. S. Bridging the Gap between Bioactive Peptides
and Nonpeptides: Some Perspectives in Design. Drug Des.
1980, 10, 119-143.

(52) Petrovic, D.; Ribar, B.; Argay, G.; Kalman, A.; Nowacki, W.
2-Phenyliminothiazolidine. Acta Crystallogr. 1977, B33,
106-108.

(53) Toth, G.; Almasy, A. Isomerization and Conjugation Charac-
teristics of the C=N Double Bond—!*N NMR Studies of
Tautomerism in 2-Phenylamino-2-thiazoline and Its Thiazine
Analogue. Org. Magn. Res. 1982, 19, 219-221.
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enabled us to probe the region of space occupied by the
lipophilic binding group in the nitroethenediamine mini-
mum-energy conformations. However, these latter three
compounds were less active than 45, suggesting that com-
pounds in which the central portion is protonated cannot
be accommodated within the receptor binding site. Con-
sequently, although these conformationally restricted
compounds were relatively inactive, their activities are not
incompatible with the postulated binding model.

Conclusion

In summary, we have shown that for pinacidil-type
cyanoguanidines, nitroethenediamines, and thioureas, there
is a good correlation between the inhibition of spontaneous
myogenic activity and the stimulation of 8Rb* efflux in
rat portal vein, which is attributable to the compounds
increasing the open probability of potassium channels.
The resulting quantitative in vitro data has been used to
analyze the structure~activity relationships for potassium
channel opening, allowing the biological activity to be ra-
tionalized in terms of a pharmacophore involving a hy-
drogen-bond-acceptor element, a hydrogen-bond-donor
element, and a lipophilic binding group. Conformational
changes in the receptor have been invoked to explain
disparities in the chiral recognition of lipophilic groups in
different compound classes.

Experimental Section

Chemistry. General Procedures. Reagents, starting ma-
terials, and solvents were purchased from common commercial
suppliers and were used as received or distilled from an appro-
priate drying agent. Reactions requiring anhydrous reaction
conditions were performed under an atmosphere of argon.
Evaporations were carried out on a rotary evaporator at bath
temperatures <50 °C and under an appropriate vacuum. Unless
stated otherwise, column chromatography was carried out at
medium pressure using silica gel (E. Merck, Grade 60, particle
size 0.040-0.063 mm, 230-400 mesh ASTM) with the solvent
system indicated. Melting points were determined with a Bu-
chi-Tottoli apparatus in open capillary tubes and are uncorrected.
Optical rotations were determined on a Perkin-Elmer Type 24
polarimeter. Proton NMR spectra were routinely recorded at
ambient temperature using a Brucker Spektrospin WH 360 (360
MHz), in either CDCl; or DMSO-d; with Me,Si as an internal
standard; chemical shifts are reported in § values (ppm) relative
to internal Me,Si, and J values are reported in hertz. Where
elemental analyses are indicated by the symbols of the elements,
they were performed by the analytical department at Sandoz and
results obtained were within £0.4% of the theoretical values.

(R)-a-Methyl-N-(1,2,2-trimethylpropylidene)benzene-
methanamine (1a). A mixture of pinacolone (75.0 g, 750 mmol),
(R)-(+)-1-phenylethylamine (45.5 g, 375 mmol), and p-toluene-
sulfonic acid (0.6 g) in dry benzene (750 mL) was heated under
reflux for 70 h with the liberated water being removed azeo-
tropically. The solvent was evaporated and the residue was
purified by column chromatography on basic alumina (500 g of
activity grade 1, 10% EtOAc in hexane) followed by vacuum
distillation to give 1a (55.2 g, 72%) as a colorless oil: bp 116-118
°C (13 mmHp); [«]®p +28.7° (¢ = 1.066, EtOH) [lit.® [a]®p +27.5°
(c = 1.54, EtOH)]; NMR (CDCly) 6 1.13 (s, 9, t-Bu), 1.36 (d, 3,
CHMe), 1.78 (s, 3, N=CMe), 4.57 (q, 1, CHMe), 7.19 (ddd, 1,
p-ArH), 7.30 (ddd, 2, m-ArH), and 7.40 (dd, 2, o-ArH).

(S)-a-Methyl-N-(1,2,2-trimethylpropylidine) benzene-
methanamine (1b), prepared from (S)-(—)-l-phenylethylamme
using the above procedure, was obtained as a colorless oil: g
110-112 °C (12 mmHg); [a]?*, -28.9° (c = 1.026, EtOH) [lit.
[a]®p —27.3° (c = 1.46, EtOH)].

(R,R)-a-Methyl-N-(1,2,2-trimethylpropyl)benzene-
methanamine (2a). A solution of 1a (12.2 g, 60 mmol) in dry
THF (150 mL) at 2 °C was treated with a solution of borane-
tetrahydrofuran complex (120 mL of 1.0 M) and stirred at room
temperature for 5 h. The mixture was evaporated to dryness to
give a residue which was treated with EtOH (300 mL) and heated
under reflux for 1 h. The mixture was again evaporated to dryness
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to give a residue which was purified by column chromatography
on basic alumina (activity grade 1, hexane) to give 2a (9.4 g, 74%)
as a colorless oil: [«]®p-2.14° (c = 0.981, EtOH); NMR (CDCl,)
4 0.80 (br s, 1, NH), 0.85 (d, 3, BuCHMe), 0.90 (s, 9, ¢t-Bu), 1.28
(d, 8, ArCHMe), 2.30 (q, 1, BuCH), 3.77 (q, 1, ArCH), 7.22 (ddd,
1, p-ArH), 7.31 (ddd, 2, m-ArH), and 7.35 (dd, 2, o-ArH).

(8,8)-a-Methyl-N-(1,2,2-trimethylpropyl)benzene-
methanamine (2b), prepared from 1b using the above procedure,
was obtained as a colorless oil: [a]®p +1.58° (c = 1.076, EtOH).

rac-2-Amino-3,3-dimethylbutanol (15). DL-tert-leucine (4.00
g, 30 mmol) was added in small portions to an ice-cooled, stirred
suspension of lithium aluminum hydride (3.8 g, 100 mmol) in dry
THF (150 mL). The mixture was heated at 50 °C for 1 h and
then cooled to 0 °C and treated dropwise with a saturated aqueous
solution of Na,SO, (8 mL). The precipitated salts were filtered
off and washed with hot MeOH (50 mL). The filtrate and
washings were combined, and the solvent was evaporated off to
give a residue which was purified by column chromatography
(silica gel, 0.5% NH,OH, 4.5% EtOH in CH,Cl,) to give 15 (1.8
g, 51%) as a pale yellow oil: NMR (CDCl) 5 0.90 (s, 9, t-Bu),
1.94 (br s, 3, NH, and OH), 2.51 (dd, 1, CHNH,), 3.21 (t, 1,
CHOH), and 3.71 (dd, 1, CHOH).

Method A. rac-N-3-Pyridinyl-N-[2,2-dimethyl-1-(hy-
droxymethyl)propyl]jthiourea, Hydrochloride (27). A mixture
of 3-pyridyl isothiocyanate® (0.92 g, 6.7 mmol) and 15 (0.79 g,
6.7 mmol) in EtOH (25 mL) was stirred for 2 h at 20 °C. The
solvent was evaporated and the residue was purified by column
chromatography (silica gel, eluent 0.5% NH,OH, 4.5% EtOH in
CH,Cl,) to give the free base (1.6 g, 94%) as a colorless oil. To
further characterize the base it was dissolved in EtOH (10 mL),
treated with EtOH/HC] (excess), evaporated to dryness, and
recrystallized from EtOH~ether to give hydrochloride salt 27 (0.90
g, 46%) as a pale yellow crystalline solid: mp 181-182 °C; NMR
(DMSO0-dg) 6 0.98 (s, 9, t-Bu), 3.53 (dd, J = 5.9, 38.6, 1, OCH),
3.64 (dd, J = 4.0, 38.6, 1, OCH), 4.30 (m, J = 4.0, 5.9, 1, t-BuCH),
7.95 (dd, 1, 5-PyrH), 8.54 (d, 1, 4-PyrH), 8.61 (dd, 1, 6-PyrH), 8.67
(brs, 1, NH), 9.54 (d, 1, 2-PyrH), and 11.44 (br s, 1, NH). Anal.
(CoH;pN;0S-HC]) C, H, N, CL, S.

Method B. (i) N-4-Pyridinylcarbamodithioic Acid, Methyl
Ester (4). A solution of N-4-pyridinylcarbamodithioic acid,
triethylammonium salt5 (56.6 g, 208 mmol), in EtOH (700 mL)
was treated with methyl iodide (14.0 mL, 225 mmol) and stirred
for 5 h at room temperature. The solution was evaporated to
dryness and the residue was purified by column chromatography
(silica gel, 0.2% NH,OH, 1.8% EtOH in CH,Cl,) to give 4 (32.8
g, 85%) as a yellow crystalline solid: mp 144-146 °C (lit.>* 142-144
°C); NMR (CDCly) 5 2.64 (s, 3, Me), 7.89 (AB q, 2, §-PyrH), and
8.51 (AB q, 2, a-PyrH).

(ii) (R)-N-4-Pyridinyl-N*-(1,2,2-trimethylpropyl)thiourea,
Hydrochloride (18a). A solution of 2a (5.10 g, 25 mmol) in EtOH
(250 mL) was hydrogenated at atmospheric pressure over 10%
Pd/C (0.8 g). The calculated amount of H, was taken up in 5
h. The solution containing (R)-1,2,2-trimethylpropylamine (3a)
was filtered, treated with 4 (4.60 g, 25 mmol), and heated at 40
°C for 24 h. The solvent was evaporated and the residue was
purified by column chromatography (silica gel, 0.5% NH,OH,
4.5% EtOH-in CH,Cl,) to give the free base (5.70 g, 96%) as a
yellow crystalline solid; mp 138-140 °C. To further purify the
base it was dissolved in EtOH (50 mL), treated with EtOH/HCl
(excess), evaporated to dryness, and recrystallized from ace-
tone-Et,;0 to give hydrochloride salt 18a (5.5 g, 80%) as a pale
yellow crystalline solid: mp 212-213 °C; [a]?%p -35.9° (¢ = 1.02,
EtOH); NMR (CDCl,) 4 1.01 (s, 9, t-Bu), 1.17 (d, 3, CHMe), 4.41
(m, 1, CHMe), 8.18 (d, 2, 8-PyrH), 8.53 (d, 1, NHMe), 8.71 (d,
2, a-PyrH), 11.84 (s, 1, PyrNH), and 12.7 (br s, 1, NH*). Anal.
(C,oH;gN,S-HC) C, H, N, Cl, S.

(S)-N-4-Pyridinyl-N’-(1,2,2-trimethylpropyl)thiourea,
Hydrochloride (18b), prepared from 2b by the above procedure,
was obtained as pale yellow crystalline solid: mp 215-217 °C;
}g]"gn +32.4° (¢ = 1.095, EtOH). Anal. (C,sH;yN;S-HCI) C, H,

, CL, S.

(54) Jochims, J. C. A New Synthesis of Aromatic Isothiocyanates.
Chem. Ber. 1968, 101, 1746~1752.

(55) Knott, E. B.; Heterocyclyl-rhodanines and -2-thiohydantoins.
J. Chem. Soc. 1956, 1644-1649.
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Method C. N-Cyano-N’-(1,1-dimethylpropyl)-N"-3-
pyridinylguanidine (31). A mixture of 26 (3.8 g, 17 mmol),
triphenylphosphine (6.6 g, 25 mmol), triethylamine (3.0 mL, 22
mmol), and CCl, (3.0 mL, 31 mmol) in dry CH,Cl, (60 mL) was
heated under reflux in an argon atmosphere for 4 h. The mixture
was evaporated to dryness and the residue was triturated with
Et;0 (3 X 100 mL). The combined extracts were dried (K,COj,),
and the solvent was evaporated to give the crude carbodiimide
which was treated with cyanamide (1.0 g, 24 mmol) and N-
ethyldiisopropylamine (1.0 mL, 6 mmol) and heated at 35 °C for
18 h. The mixture was purified by column chromatography (silica
gel, 5% EtOH in CH,Cl,) and recrystallized from EtOH-Et,0
to give 31 (3.6 g, 91%) as a colorless crystalline solid: mp 185-187
°C (lit.2 mp 184-186 °C); NMR (DMSO-dy) 6 0.81 (t, 3, CH,Me),
1.28 (s, 6, CMey), 1.71 (q, 2, CH,Me), 6.9 (br s, 1, NH), 7.35 (dd,
1, 5-PyrH), 7.50 (m, 1, 4-PyrH), 8.27 (dd, 1, 6-PyrH), 8.37(d, 1,
2-PyrH), and 9.1 (br s, 1, NH).

Method D. (R)-N-Cyano-N-4-pyridinyl-N"-(1,2,2-tri-
methylpropyl)guanidine (19a). A mixture of (R)-N-4-
pyridinyl-N~(1,2,2-trimethylpropyl)thiourea (free base of 18a)
(2.37 g, 10 mmol), cyanamide (0.84 g, 20 mmol), N,N"-dicyclo-
hexylcarbodiimide (4.10 g, 20 mmol), and N-ethyldiisopropylamine
(0.25 mL, 1.5 mmol) in dry Et;O (15 mL) was stirred at room
temperature for 72 h. The mixture was evaporated to dryness
and the residue was purified by column chromatography (silica
gel, 0.5% NH,OH, 4.5% EtOH in CH,Cl,) and recrystallized from
acetone-Et,0 to give 19a (1.6 g, 65%) as a colorless crystalline
solid: mp 164-165 °C; [«]®p -147.9° (c = 1.06, EtOH) [lit.*# [«]®p
-135° (¢ = 1, EtOH)]; NMR (10 mg/mL in CDCl,, 300 K) 4 0.97
(s, 9, t-Bu), 1.15 (s, 3, CHMe), 3.86 (m, 1, CHMe), 5.15 (d, 1,
NHCHMeBu), 7.18 (br d, 2, 8-PyrH), 8.40 (br s, 1, NHPyr) and
8.57 (br d, 2, a-PyrH); NMR (10 mg/mL in CDCl,, 223 K) 4 0.96
(s, 9, t-Bu), 1.14 (s, 3, CHMe), 3.75 (br s, 0.11, CHMe), 3.97 (m,
0.89, CHMe), 5.4-5.7 (br m, 1, NH), 7.15 (br d, 1.78, 8-PyrH), 7.40
(br d, 0.22, “g-PyrH"), 8.38 (br d, 0.22, “a-PyrH"), 8.53 (br d, 1.78,
a-PyrH), 8.80 (br s, 0.11, NH), and 9.70 (br s, 0.89, NH).

Method E. (i) (E)-5-Methoxy-N-[1-(methylthio)-2-nitro-
ethenyl]pyridin-3-amine (8). A mixture of 3-amino-5-meth-
oxypyridine® (10.7 g, 86 mmol) and 1,1-bis(methylthio)-2-nitro-
ethene (5)%7 (16.3 g, 90 mmol) in dry EtOH (500 mL) was heated
under reflux for 72 h. The solvent was evaporated and the residue
was purified by column chromatography (silica gel, 0.2% NH,OH,
1.8% EtOH in CH,Cl,) and recrystallized from EtOH-Et,0 to
give 8 (6.4 g, 31%) as a yellow crystalline solid: mp 165-167 °C;
NMR (DMSO-dy) 6 2.46 (s, 3, SMe), 3.84 (s, 3, OMe), 6.80 (s, 1,
=CH), 7.45 (dd, 1, 4-PyrH), 8.17 (d, 1, 2-PyrH), 8.27 (d, 1, 6-
PyrH), and 11.4 (brs, 1, NH). Anal. (CoH;;N;0:8) C,H, N, S.

(ii) (S)-E-N-(5-Methoxy-3-pyridinyl)-N’-(1,2,2-tri-
methylpropyl)-2-nitro-1,1-ethenediamine (38b). A solution
of 2b (3.95 g, 19.2 mmol) in EtOH (150 mL) was hydrogenated
at atmospheric pressure over 10% Pd/C (1.3 g). The calculated
amount of H; was taken up in 45 min. The solution containing
(S)-1,2,2-trimethylpropylamine (3b) was filtered, treated with 8
(4.6 g, 19.2 mmol), and heated under reflux for 22 h. The solvent
was evaporated and the residue was purified by column chro-
matography (silica gel, 0.3% NH,OH, 2.7% EtOH in CH,Cl,) and
recrystallized from CH;Cl,-Et,0 to give 38b (1.5 g, 27%) as a
colorless crystalline solid: mp 167-168 °C; [a]®p +169.4° (c =
1.062, EtOH); NMR (DMSO0-d;) 6 0.98 (s, 9, t-Bu), 1.19 (d, 3,
CHMe), 3.83 (m, 1, CHMe), 3.85 (s, 3, OMe), 6.09 (s, 1, =CH),
7.31 (dd, 1, 4-PyrH), 8.07 (d, 1, 2-PyrH), 8.18 (d, 1, 6-PyrH), 9.25
(br 8, 1, NH), and 10.6 (br s, 1, NH). Anal. (C;,H52N,0;) C, H,
N, O.

N-3-Pyridinyl-3,3-dimethylbutanamide (11). To a solution
of 3-aminopyridine (9.40 g, 100 mmol) and triethylamine (20.9
mL, 150 mmol) in dry CH,Cl, (200 mL) was added 3,3-di-
methylbutyryl chloride (14.8 g, 110 mmol) at -5 °C. The reaction
mixture was stirred at 0 °C for 1 h and allowed to warm to room

(58) Tamura, Y.; Fujita, M.; Chen, L. C.; Kiyokawa, H.; Ueno, K.;
Kita, Y. Studies on 3,5-Dioxopiperidines:!* Novel and Facile
Synthetic Routes to 3-Amino-5-hydroxypyridine Derivatives.
Heterocycles 1981, 15, 871-874.

(57) Compper, R.; Schaefer, H. Contributions to the Chemistry of
Dithiocarboxylic Acid Esters and Ketenemercaptals. Chem.
Ber. 1967, 100, 591-604.
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temperature during 3 h. The solution was washed with aqueous
NaHCO; (2 X 150 mL of 10%) and dried (Na,SO,) and the solvent
was evaporated. The residue was recrystallized from Et,0-
pentane to give 11 (17.4 g, 91%) as a colorless crystalline solid:
mp 100-101 °C; NMR (CDCl,) 6 1.11 (s, 9, ¢-Bu), 2.27 (s, 2, CHy),
7.27 (dd, 1, 5-PyrH), 8.20 (m, 1, 4-PyrH), 8.38 (dd, 1, 6-PyrH),
(8:.54 (dd, 1, 2-PyrH), and 9.04 (br s, 1, NH). Anal. (C;;H;¢N,0)
, H, N.

N-3-Pyridinyl-3,3-dimethylbutanethioamide (12). A so-
lution of 11 (9.4 g, 49 mmol) and Lawesson’s reagent [2,4-bis(4-
methoxyphenyl)-1,3,2,4-dithiadiphosphetane 2,4-disulfide; 19.8
g, 49 mmol] in toluene (250 mL) was heated under reflux for 3
h. The solvent was evaporated and the residue was purified by
column chromatography on basic alumina (500 g of activity grade
1, CH,Cl,) and recrystallized from Et,O-pentane to give 12 (8.2
g 80%) as a yellow crystalline solid: mp 118-119 °C; NMR
(CDCly) 4 1.15 (s, 9, t-Bu), 2.84 (s, 2, CHy), 7.36 (dd, 1, 5-PyrH),
8.38 (m, 1, 4-PyrH), 8.47 (dd, 1, 6-PyrH), 8.59 (d, 1, 2-PyrH), and
8.96 (br s, 1, NH). Anal. (C;;H;¢N.,S) C,H, N, S.

N-(1,1-Dimethylethyl)-3-pyridineacetamide (13). To a
solution of 3-pyridineacetic acid (15.2 g, 100 mmol), triethylamine
(34.8 mL, 250 mmol), and diphenyl phosphorazidate (21.6 mL,
100 mmol) in dry CH,Cl, (350 mL) was added tert-butylamine
(10.5 mL, 100 mmol) at 10 °C and the reaction mixture was stirred
at room temperature for 15 h. The mixture was extracted with
HCI (3 X 100 mL of 2 M), and the combined extracts were basified
(NayCO,) and extracted with CH,Cl, (3 X 100 mL). The combined
extracts were dried (Na,SO,), and the solvent was evaporated to
give the crude product which was purified by column chroma-
tography (silica gel, 0.2% NH,OH, 1.8% EtOH in CH,Cl,) and
recrystallized from Et,0-pentane to give 13 (16 g, 83%) as a
colorless crystalline solid: mp 100-102 °C; NMR (CDCly) é 1.32
(s, 9, t-Bu), 3.44 (s, 2, CH,), 5.4 (br s, 1, NH), 7.27 (dd, 1, 5-Pyr),
7.65 (ddd, 1, 4-PyrH), 8.49 (d, 1, 2-PyrH), and 8.53 (dd, 1, 6-PyrH).
Anal. (CuHmNzO) C, H, N.

N-(1,1-Dimethylethyl)-3-pyridinethioacetamide (14),
prepared from 13 and Lawesson’s reagent using the above pro-
cedure, was obtained as a colorless crystalline solid: mp 134-135
°C; NMR (CDCl,) 4 1.51 (s, 9, t-Bu), 3.98 (s, 2, CHy), 7.1 (br s,
1, NH), 7.30 (dd, 1, 5-PyrH), 7.71 (ddd, 1, 4-PyrH), 8.47 (d, 1,
é—PyrH), and 8.54 (dd, 1, 6-PyrH). Anal. (C;;H;(N,S)C,H, N,

N-Cyano-N"-3-pyridinyl-3,3-dimethylbutanimidamide,
Hydrochloride (41). A solution of 12 (1.0 g, 5 mmol) and bis-
(triphenylstannyl)carbodiimide® (3.7 g, 5 mmol) in dry EtOH (25
mL) was heated under reflux for 7 h. The mixture was cooled
to 5 °C and the precipitated bis(triphenyltin) sulfide was removed
by filtration. The filtrate was evaporated to dryness and the
residue was purified by column chromatography (silica gel, 2%
EtOH in CH,Cl,) to give the free base as a colorless crystalline
solid: mp 101-104 °C. The base was dissolved in CH,Cl, (20 mL),
treated with CH,Cl,/HCI (excess), evaporated to dryness under
reduced pressure, and recrystallized from DMF-toluene to give
hydrochloride salt 41 (0.19 g, 15%) as a colorless crystalline solid;
mp 210-213 °C; NMR (DMSO-dg) 6 1.11 (s, 9, t-Bu), 2.74 (s, 2,
CH,), 7.92 (m, 1, 5-PyrH), 8.63 (dd, 2, 4- and 6-PyrH), 9.21 (dd,
1, 2-PyrH), 11.56 (br s, 1, NH), and 12.3 (br s, 1, NH). Anal.
(CqustHCD C, H, N, Cl-

N-Cyano-N-(1,1-dimethylethyl)-3-pyridineacetimidamide
(42), prepared from 14 and bis(triphenylstannyl)carbodiimide
using the above procedure, was obtained as a colorless crystalline
solid: mp 137-139 °C; NMR (CDCl;) 6 1.36 (s, 9, t-Bu), 3.86 (s,
2, CHy), 7.0 (br s, 1, NH), 7.28 (m, 1, 5-PyrH), 7.67 (ddd, 1,
4'PyrH), and 8.52 (m, 2, 2- and 6'PyrH)- Anal. (C12H13N4) C,
H, N.

rac-N-[4,5-Dihydro-4-(1,1-dimethylethyl)-2-thiazolyl]-3-
pyridinamine (43). To a solution of 26 (0.56 g, 2.2 mmol) and
triethylamine (0.23 g, 2.3 mmol) in dry CH,Cl, (25 mL) was added
methanesulfonyl chloride (0.26 g, 2.3 mmol) at -10 °C. The
reaction mixture was stirred for 2 h and then allowed to warm
to room temperature during 17 h. The mixture was evaporated

(58) Cardona, R. A.; Kupchik, E. J. Synthesis and Some Reactions
of Bis(triphenylstannyl)carbodiimide, N-(Triphenylstannyl)-
N"-Tritylecarbodiimide and Triphenylstannylcyanamide. J.
Organomet. Chem. 1972, 34, 129-136.

Journal of Medicinal Chemistry, 1992, Vol. 35, No. 12 2339

to dryness and the residue was purified by column chromatog-
raphy (silica gel, 0.4% NH,OH, 3.6% EtOH in CH,Cl,) and
recrystallized from acetone—pentane to give 43 (0.18 g, 35%) as
a colorless crystalline solid: mp 173-174 °C; NMR (CDCl,) 6 0.99
(s, 9, t-Bu), 3.17 (dq, 2, NCH,), 3.73 (dt, 1, t-BuCH), 5.9 (br s,
1, NH), 7.19 (dd, 1, 5-PyrH), 7.43 (dd, 1, 4-PyrH), 8.27 (dd, 1,
g'PyrH), and 8.35 (d, 1, 2-PyrH). Anal. (Cle”Nas) C, H, N,

N-(4,5-Dihydro-4,4-dimethyl-2-thiazolyl)-3-pyridinamine
(44), prepared from 28 using the above procedure, was obtained
as a colorless crystalline solid: mp 190-192 °C; NMR (DMSO-d,)
4 1.36 (s, 6, CMe,), 3.13 (s, 2, CH,), 5.5 (br s, 1, NH), 7.16 (dd,
1, 5-PyrH), 7.56 (dd, 1, 4-PyrH), 8.11 (dd, 1, 6-PyrH), and 8.38
d, 1, 2-PyrH). Anal. (C,;H;sN;S-0.1H,0) C, H, N.

N-2-[4-(1,1-Dimethylethyl)thiazolyl]-3-pyridinamine (45).
A solution containing 3-pyridylthiourea (1.53 g, 10 mmol) and
1-bromo-3,3-dimethyl-2-butanone (1.80 g, 10 mmol) in dry DMF
(40 mL) was heated at 60 °C for 6 h. The solvent was evaporated
and the residue was treated with aqueous NaHCOj; (100 mL of
10%) and extracted with CH,Cl, (3 X 100 mL). The combined
extracts were dried (Na,SO,), and the solvent was evaporated to
give the crude product which was purified by column chroma-
tography (silica gel, 0.3% NH,OH, 2.7% EtOH in CH,Cl,) and
recrystallized from EtOAc to give 45 (1.3 g, 57%) as a colorless
crystalline solid: mp 196-197 °C; NMR (DMSO-d,) 6 1.28 (s, 9,
t-Bu), 6.48 (s, 1, SCH), 7.33 (dd, 1, 5-PyrH), 8.13 (dd, 1, 4-PyrH),
8.17 (ddd, 1, 6-PyrH), 8.78 (d, 1, 2-PyrH), and 10.31 (s, 1, NH).
Anal. (C,H;;N;gS) C, H, N, S.

N-[4,5-Dihydro-4-(1,1-dimethylethyl)-2-imidazolyl]-3-
pyridinamine, Dihydrochloride (46). A mixture of N-3-
pyridinylcarbamimidothioic acid, methyl ester® (1.67 g, 10 mmol),
3,3-dimethyl-1,2-butanediamine, dihydrochloride® (1.89 g, 10
mmol), and triethylamine (3.1 mL, 30 mmol) in EtOH (100 mL)
was heated under reflux for 16 h. The solvent was evaporated
and the residue was purified by column chromatography (silica
gel, 0.4% NH,OH, 3.6% EtOH in CH,Cl,) to give the base, which
was dissolved in EtOH (10 mL), treated with ethanolic HCI
(excess), evaporated to dryness, and recrystallized from EtOH-
ether to give dihydrochloride 46 (1.18 g, 41%) as a colorless
crystalline solid: mp 225-228 °C; NMR (DMSO-dg) 6 0.89 (s, 9,
t-Bu), 3.52 (dd, J = 7.0, 10.7, 1, t-BuCH), 3.72 (t, J = 10.7, 10.7,
1, trans-CHCH), 3.83 (dt, J = 7.0, 10.7, 1, cis-CHCH), 7.81 (dd,
1, 5-PyrH), 8.11 (dd, 1, 4-PyrH), 8.63 (d, 1, 6-PyrH), 8.75 (d, 1,
2-PyrH), 8.98 (br s, 1, NH), 9.15 (br s, 1, NH), and 11.35 (br s,
1, NH*). Anal. (C;H;sN,2HCI]) C, H, N, Cl.

N-(4,5-Dihydro-4,4-dimethyl-2-imidazolyl)-3-pyridinamine,
Dihydrochloride (47), prepared from N-3-pyridinyl-
carbamimidothioic acid, methyl ester, and 1,2-diamino-2-
methylpropane using the above procedure, was obtained as a
colorless crystalline solid: mp 205-207 °C; NMR (DMSO-dg) é
1.36 (s, 6, CMe,), 3.45 (s, 2, CH,), 7.85 (dd, 1, 5-PyrH), 8.18 (dd,
1, 4-PyrH), 8.66 (dd, 1, 6-PyrH), 8.79 (d, 1, 2-PyrH), 8.85 (br s,
1, NH), 9.17 (br s, 1, NH), and 11.61 (br s, 1, NH*). Anal.
(C10H14N4'2HC1) C, H, N, Cl-

rac-N-[4,5-Dihydro-3-(2-butyl)imidazolyl]-3-pyridinamine
(48), prepared from N-3-pyridinylcarbamimidothioic acid, methyl
ester, and N-sec-butylethylenediamine using the above procedure,
was obtained as a pale yellow oil: NMR (CDCl;) 6 0.98 (t, 3,
CH,CH,), 1.18 (d, 2, CH3;CH), 1.57 (m, 2, CH,Me), 3.36 (m, 4,
CH,CH,), 4.10 (br s, 1, NH), 4.12 (m, 1, CH), 7.13 (dd, 1, 5-PyrH),
7.24 (ddd, 1, 4-PyrH), 8.14 (dd, 1, 6-PyrH), and 8.25 (d, 1, 2-PyrH).
Anal. (C12H13N4‘0-2H20) C, H, N, O-

Macroscopic Ionization Constants. These were calculated®!
from spectrophotometric data obtained at 25 °C, in ethylene glycol

(59) Rasmussen, C. R.; Villani, F. J.; Reynolds, B. E.; Plamplin, J.
N.; Hood, A. R.; Hecker, L. R.; Nortey, S. O.; Hanslin, A.;
Constanzo, M. J.; Howse, R. M.; Molinari, A. J. A Versatile
Synthesis of Novel N,N’,N”-Trisubstituted Guanidines. Syn-
thesis 1988, 460.

(60) Hawkins, C. J.; Peachey, R. M. Conformational Analysis of
Coordination Compounds. VI P.M.R. Study of Diamagnetic
Five-Membered Diamine Chelate Rings. Aust. J. Chem. 1976,
29, 33-48.

(61) Albert, A.; Sergeant, E. P. Ionisation Constants of Acids and
Bases; Methuen and Co. Ltd.: London, 1981; pp 1-68.
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monomethyl ether/water (16 g/84 g), with a Hewlett-Packard
UV/VIS 8450A spectrophotometer.

Biology. Measurement of *Rb* Efflux and Spontaneous
Activity of Rat Portal Veins. Male Wistar rats were an-
esthetized with CO, and exsanguinated. The portal vein was
exposed and attached at either end to a cotton thread. After
removal of the surrounding connective tissue it was cut along the
length axis. The lumen was washed free of blood, the vessel
excised, and a tension of 500 mg was applied. The vein was then
incubated for 30 min in a HEPES-buffered physiological salt
solution (PSS) gassed with 95% 0,/5% CO, at 32 °C, pH 7.4.
The PSS contained NaCl (120 mM), KCl (5 mM), NaHCO; (15
mM), NaH,PO, (1.2 mM), MgCl, (1.2 mM), CaCl, (2.5 mM),
glucose (11 mM), and HEPES (20 mM) and had pH 7.4 at 37 °C.
For loading with ¥Rb*, the vein was incubated for an additional
80 min in PSS to which 5 4Ci/mL ¥RbC] had been added.

After loading with ®Rb*, the vein was shortly dipped into PSS
to remove excess radioactivity and mounted in a thermostated
perfusion chamber. A preload of 500 mg was applied and the
chamber was perfused with PSS at 37 °C at a rate of 2.5 mL/min.
The upper cotton thread was attached to an isometric force
transducer (Gould cell, Statham) that was connected to a cus-
tom-built amplifier from which the signal was given to a recorder
and to an integrator for quantitation of myogenic activity.

For measurement of ¥Rb* efflux, the perfusate was collected
at a sampling rate of 2 min and counted for radioactivity in the

Cerenkov mode at 50% efficiency. The radioactivity remaining
in the portal vein at the end of the assay was determined by
dissolving the vessel in 0.5 mL of Lumasolve (Lumac) at 50 °C
overnight. The sample was then supplemented with 0.5 mL of
1 M HCl and 10 mL of Optifluor (Packard) and counted in the
32P channel at 100% efficiency.

The rate constant, &, of ¥Rb* efflux, defined as the radioactivity
released from the vessel per minute divided by the concurrent
radioactivity of the vessel,’? was calculated as described.®® Drug
effects on the efflux rate constant were calculated as the peak
value of k obtained during drug application compared to the basal
value of k averaged over 6~10 min before drug application and
are expressed as a percentage scale (Ak%). Concentration—effect
curves were fitted to the law of mass action or to the Hill equation
by nonlinear least-squares analysis.
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Communications to the Editor

7-Oxabicycloheptylprostanoic Acids: Potent,
Time-Dependent Cyclooxygenase Inhibitors That
Induce a Conformational Change in the
Prostaglandin Endoperoxide Synthase Protein

Inhibition of the cyclooxygenase activity of prostaglan-
din endoperoxide (PGH) synthase is believed to be the
basis for the pharmacological action of nonsteroidal an-
tiinflammatory agents.!? Understanding the structural
basis of cyclooxygenase inhibition by diverse classes of
inhibitors has taken on added significance with the recent
discovery of a second cyclooxygenase gene that is expressed
in response to mitogenic stimulation of cells.>® The
protein coded by this gene is 60% similar to the consti-
tutively expressed cyclooxygenase protein but its substrate
specificity, sensitivity to inhibitors, etc., is not known.

The Squibb group recently described a novel series of
7-oxabicycloheptylprostanoic acid derivatives that inhibit

(1) Vane, J. R. Inhibition of prostaglandin synthesis as a mecha-
nism of action for aspirin-like drugs. Nature New Biol. 1971,
231, 232-235.

(2) Robinson, H. J.; Vane, J. R. Prostaglandin synthetase inhib-
itors—Their effects on physiological functions and pathologi-
cal states; Raven: New York, 1974.

(3) Xie, W.; Chipman, J.; Robertson, D. L.; Simmons, D. L. Clon-
ing and characterization of a pp60v-src-inducible prostaglandin
synthase. FASEB J. 1991, 5, 602.

(4) Xie, W.; Chipman, J. G.; Robertson, D. L.; Erikson, R. L.;
Simmons, D. L.; Expression of a mitogen-responsive gene en-
coding prostaglandin synthase is regulated by mRNA splicing.
Proc. Natl. Acad. Sci. U.S.A. 1991, 88, 2692-2696.

(6) Kujubu, D. A,; Fletcher, B. S.; Varnum, B. C.; Lim, R. W;
Herschman, H. R.; TIS10, a phorbol ester tumor promoter-in-
ducible mRNA from Swiss 3T3 cells, encodes a novel prosta-
glandin synthase/cyclooxygenase homologue. J. Biol. Chem.
1991, 266, 12866-12872.

800
500 1
£
E 4001
[
o
3 3001
™
5 2007
g
1001
0 . .
0 50 100 150

Time (sec)

Figure 1. Time course of loss of cyclooxygenase activity following
addition of 2. The assay mixture contained 0.20 uM protein
(specific activity 17 umol O, min™ mg™? protein), 1 uM hematin,
1 mM phenol, and 0.075 uM 2 in 1.25 mL Tris-HCI (100 mM, pH
7.4). At varying times after addition of 2, 97 uM arachidonic acid
was added and the rate of O, uptake determined. The O, uptake
rate in the absence of 2 was 629 uM O,/min.

arachidonic acid-induced platelet aggregation and ara-
chidonic acid oxygenation by platelet and bovine seminal
vesicle microsomes.*® The most potent compound among
a series of structural analogs is 1, which possesses bis-exo

(6) Harris, D. N,; Phillips, M. B.; Michel, I. M.; Goldenberg, H. J.;
Steinbacher, T. E.; Ogletree, M. L.; Hall, S. E. Inhibition of
prostaglandin biosynthesis by SQ 28,852, a 7-oxabicyclo-
[2.2.1]heptane analog. Prostaglandins 1986, 31, 651-667.

(7) Hall, S. E.; Han, W.-C.; Haslanger, M. F.; Harris, D. H.;
Ogletree, M. L.; 9,11-Epoxy-9-homo-14-oxaprosta-5-enoic acid
derivatives. Novel inhibitors of fatty acid cyclooxygenase. J.
Med. Chem. 1986, 29, 2335-2347.

(8) The Squibb numbers for compounds 1 and 2 are SQ 28,852
and SQ 29,535, respectively.®
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